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Preface

For many years, the idea of reconfigurable hardware systems has represented the
Holy Grail for computer system designers. It has been recognized for a long time
that the microprocessor provides high flexibility but at a very low performance
merit in terms of MIPS/W or other such measures. Reconfigurable systems are
thus attractive as they can be configured to provide the best match for the
computational requirements at that specific time, giving much better area –
speed – power performance.

However, the practicalities of achieving such a reconfigurable system are nu-
merous and require the development of: suitable reconfigurable hardware to sup-
port the dynamic behavior; programming tools to allow the dynamic behavior of
the reconfigurability to be modelled; programming languages to support recon-
figuration; and verification techniques that can demonstrate that reconfiguration
has happened correctly at each stage. While the problems are many, the existence
and development of technologies such as the multi-core processor architecture,
reconfigurable computing architectures, and application-specific processors sug-
gest there is a strong desire for reconfigurable systems. Moreover, FPGAs also
provide the ideal platforms for the development of such platforms.

The major motivation behind the International Workshop on Applied Re-
configurable Computing (ARC) series is to create a forum for presenting and
discussing on-going research efforts in applied reconfigurable computing. The
workshop also focuses on compiler and mapping techniques, and new reconfig-
urable computing architectures. The series of editions started in 2005 in Algarve,
Portugal, followed by the 2006 workshop in Delft, The Netherlands, and last
year’s workshop in Mangaratiba, Rio de Janeiro, Brazil. As in previous years,
selected papers have been published as a Springer LNCS (Lecture Notes in Com-
puter Science) volume.

This LNCS volume includes the papers selected for the fourth edition of the
Workshop (ARC 2008), held at Imperial College London, UK during March
26–28, 2008. The workshop attracted a large number of very good papers, de-
scribing interesting work on reconfigurable computing related subjects. A total
of 56 papers were submitted to the workshop from 18 countries: UK (9), Repub-
lic of China (6), Germany (6), USA (5), The Netherlands (4), France (4), Greece
(3), Portugal (3), Brazil (3), Republic of South Korea (2), Japan (2), Spain (2),
Poland (2), India (1), Belgium (1), Turkey (1), Thailand (1) and Canada (1).

In most cases, submitted papers were evaluated by at least three members of
the Program Committee. After careful selection, 21 papers were accepted as full
papers (acceptance rate of 38.1%) and 14 as short papers (global acceptance rate
of 63.6%). Those accepted papers led to a very interesting workshop program,
which we consider to constitute a representative overview of on-going research
efforts in reconfigurable computing, a rapidly evolving and maturing field.
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Several people contributed to the success of the 2008 edition of the workshop.
We would like to acknowledge the support of all the members of this year’s
workshop Steering and Program Committees in reviewing papers, in helping
the paper selection, and in giving valuable suggestions. Special thanks also to
the additional researchers who contributed to the reviewing process, to all the
authors that submitted papers to the workshop, and to all the workshop atten-
dees. Last but not least, we would like to thank Springer, and Alfred Hofmann
in particular, for their continued support in publishing the proceedings as part
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Portugal)

Program Chairs Katherine Compton (University of
Wisconsin-Madison, USA)

Roger Woods (Queen’s University Belfast, UK)
Proceedings Chair Pete Sedcole (Imperial College London, UK)
Local Arrangements Chairs Alastair Smith (Imperial College London, UK)

Terrence Mak (Imperial College London, UK)
Web Design Iosifina Pournara (Birkbeck College, UK)
Secretary Wiesia Hsissen (Imperial College London, UK)

Steering Committee

George Constantinides Imperial College London, UK
João M.P. Cardoso IST/INESC-ID, Portugal
Koen Bertels Delft University of Technology, The Netherlands
Mladen Berekovic Braunschweig University of Technology, Germany
Pedro C. Diniz Instituto Superior Técnico, Portugal
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Seda Ö. Memik Northwestern University, USA
Oskar Mencer Imperial College London, UK
Walid Najjar University of California Riverside, USA
Horácio Neto INESC-ID/IST, Portugal
Joon-seok Park Inha University, Seoul, South Korea
Andy Pimentel University of Amsterdam, The Netherlands
Joachim Pistorius Altera Corp., USA
Marco Platzner University of Paderborn, Germany
Bernard Pottier University of Bretagne, France
Tsutomu Sasao Kyushu Institute of Technology, Japan
Pete Sedcole Imperial College London, UK
Lesley Shannon Simon Fraser University, USA
Russell Tessier University of Massachusetts, USA
Pedro Trancoso University of Cyprus, Cyprus
Ranga Vemuri University of Cincinnati, USA
Markus Weinhardt PACT Informationstechnologie AG, Germany
Stephan Wong Delft University of Technology, The Netherlands
Roger Woods Queen’s University Belfast, UK

Additional Reviewers

Esther Andres Qiang Liu
Kubilay Atasu Antonio Roldao Lopes
Alberto del Barrio Enno Lübbers
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Synthesizing FPGA Circuits from Parallel

Programs

Satnam Singh1 and David Greaves2

1 Microsoft Research Cambridge, UK
2 Cambridge University, UK

Abstract. In this presentation we describe recent experiments to rep-
resent circuit descriptions as explicit parallel programs written in regu-
lar programming languages rather than hardware description languages.
Although there has been much work on compiling sequential C-like pro-
grams to hardware by automatically “discovering” parallelism we work
by exploiting the parallel architecture communicated by the designer
through the choice of parallel and concurrent programming language
constructs. Specially, we describe a system that takes .NET assembly
language with suitable custom attributes as input and produces Verilog
output which is mapped to FPGAs. We can then choose to apply anal-
ysis and verification techniques to either the high level representation in
C# or other .NET languages or to the generated RTL netlisits.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, p. 1, 2008.
c© Springer-Verlag Berlin Heidelberg 2008



From Silicon to Science: The Long Road to

Production Reconfigurable Supercomputing

Keith Underwood

Intel Corporation, USA

Abstract. Over the last several years, multiple vendors have introduced
systems that integrate FPGAs, as well as other types of accelerators, into
machines intended for general purpose supercomputing. However, these
machines have not broadly penetrated production scientific computing
at any of the world’s top supercomputing centers. With the excitement
around accelerators and the numerous examples of their potential, why
haven’t they achieved widespread adoption in production supercomput-
ing? This talk will discuss several barriers to adoption based on input
from people who buy supercomputers and from people who use them.
The short answer is that FPGA enhanced supercomputers look very lit-
tle like traditional supercomputers and the performance advantage for
scientific applications is often not as compelling as advertised. This talk
will attempt to map barriers to adoption to specific research challenges
that must be addressed to see widespread usage of FPGAs for scientific
computing. These challenges include everything from the lowest level of
circuit design to the programming of applications, and point to a lot of
work between the current state of the art and widespread adoption of
reconfigurable computing.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, p. 2, 2008.
c© Springer-Verlag Berlin Heidelberg 2008



The von Neumann Syndrome and the CS

Education Dilemma

Reiner Hartenstein

Technical University of Kaiserslautern, Germany
http://hartenstein.de/

Abstract. Computing the von Neumann style is tremendously ineffi-
cient because multiple layers of massive overhead phenomena often lead
to code sizes of astronomic dimensions, thus requiring large capacity slow
off-chip memory. The dominance of von-Neumann-based computing will
become unaffordable during next decade because of growing very high
energy consumption and increasing cost of energy. For most application
domains a von-Neumann-based parallelization does not scale well, result-
ing in the escalating many-core programming crisis by requiring complete
remapping and re-implementation—often promising only disappointing
results. A sufficiently large population of manycore-qualified program-
mers is far from being available. Efficient solutions for the many-core
crisis are hardly possible by fully instruction-stream-based approaches.
Several HPC celebrities call for a radical re-design of the entire comput-
ing discipline. The solution is a dual paradigm approach, which includes
fundamental concepts known already for a long time from Reconfigurable
Computing. Whistle blowing is overdue, since these essential qualifica-
tions for our many-core future and for low energy computing are obsti-
nately ignored by CE, CS and IT curriculum task forces. This talk also
sketches a road map.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, p. 3, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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Optimal Unroll Factor for Reconfigurable

Architectures

Ozana Silvia Dragomir, Elena Moscu-Panainte, Koen Bertels,
and Stephan Wong

Computer Engineering, EEMCS, Delft University of Technology,
Mekelweg 4, 2628 CD Delft, The Netherlands

{O.S.Dragomir,E.Moscu-Panainte,K.L.M.Bertels,J.S.S.M.Wong}@tudelft.nl

Abstract. Loops are an important source of optimization. In this pa-
per, we address such optimizations for those cases when loops contain
kernels mapped on reconfigurable fabric. We assume the Molen machine
organization and Molen programming paradigm as our framework. The
proposed algorithm computes the optimal unroll factor u for a loop that
contains a hardware kernel K such that u instances of K run in parallel
on the reconfigurable hardware, and the targeted balance between perfor-
mance and resource usage is achieved. The parameters of the algorithm
consist of profiling information about the execution times for running K
in both hardware and software, the memory transfers and the utilized
area. In the experimental part, we illustrate this method by applying it
to a loop nest from a real-life application (MPEG2), containing the DCT
kernel.

1 Introduction

Reconfigurable Computing (RC) is becoming increasingly popular and the com-
mon solution for obtaining a significant performance increase is to identify the
application kernels and accelerate them on hardware. As loops represent an im-
portant source of performance improvement, we investigate how existing loop
optimizations can be applied when hardware kernels exist in the loop body.
Assuming the Molen machine organization [1] as our framework, we focus our
research in the direction of parallelizing applications by executing multiple in-
stances of the kernel in parallel on the reconfigurable hardware.

Optimal is defined in this paper as the largest feasible unroll factor, given
area constraints, performance requirements and memory access constraints, ta-
king into account also that multiple kernels may be mapped on the area. The
contributions of this paper are: a) an algorithm to automatically determine the
optimal unroll factor, based on profile information about memory transfers, avail-
able area, and software/hardware execution times; b) experimental results for a
well known–kernel – DCT (Discrete Cosine Transformation), showing that the
optimal unroll factor is 6, with a speedup of 9.55x and utilized area of 72%.

The paper is organized as follows. Section 2 introduces the background and
related work. In Section 3, we give a general definition of the problem and present

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 4–14, 2008.
c© Springer-Verlag Berlin Heidelberg 2008



Optimal Unroll Factor for Reconfigurable Architectures 5

the target architecture and application. We propose a method for solving the
problem in Section 4 and show the results for a specific application in Section 5.
Finally, concluding remarks and future work are presented in Section 6.

2 Background and Related Work

The work presented in this paper is related to the Delft WorkBench (DWB)
project. The DWB is a semi-automatic toolchain platform for integrated hard-
ware-software co-design in the context of Custom Computing Machines (CCM)
which targets the Molen polymorphic machine organization [1]. More specifi-
cally, the DWB supports the entire design process, as follows. The kernels are
identified in the first stage of profiling and cost estimation. Next, the Molen
compiler [2] generates the executable file, replacing function calls to the kernels
implemented in hardware with specific instructions for hardware reconfiguration
and execution, according to the Molen programming paradigm. An automatic
tool for hardware generation (DWARV [3]) is used to transform the selected
kernels into VHDL code targeting the Molen platform.

Several approaches – [4], [5], [6], [7], [8], [9] are focused on accelerating kernel
loops in hardware. Our approach is different, as we do not aggressively optimize
the kernel implementation, but we focus on the optimization of the applica-
tion for any hardware implementation, by executing multiple kernel instances in
parallel.

PARLGRAN [10] is an approach that tries to maximize performance on recon-
figurable architectures by selecting the parallelism granularity for each individual
data-parallel task. However, this approach is different than ours in several ways:
(i) they target task chains and make a decision on the parallelism granularity
of each task, while we target loops (loop nests) with kernels inside them and
make a decision on the unroll factor; (ii) in their case, the task instances have
identical area requirements but different workloads, which translates into dif-
ferent executions time (a task is split into several sub-tasks); in our algorithm,
all instances have the same characteristics in both area consumption and execu-
tion time; (iii) their algorithm takes into consideration the physical (placement)
constraints and reconfiguration overhead at run-time, but without taking into
account the memory bottleneck problem; we present a compile-time algorithm,
which considers that there is no latency due to configuration of the kernels (static
configurations), but takes into account the memory transfers.

3 Problem Statement

Loops represent an important source of optimization, and there are a number
of loop transformations (such as loop unrolling, software pipelining, loop shift-
ing, loop distribution, loop merging, loop tiling, etc) that are used to maximize
the parallelism inside the loop and improve the performance. The applications
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we target in our work have loops that contain kernels inside them. One challenge
we address is to improve the performance for such loops, by applying standard
loop transformations such as the ones mentioned above.

In this paper, we focus on loop unrolling and present the assumptions and
parameters for our model. Loop unrolling is a transformation that replicates the
loop body and reduces the iteration number. Traditionally it is used to eliminate
the loop overhead, thus improving the cache hit rate and reducing branching,
while in reconfigurable computing it is used to expose parallelism.

The problem definition is: find the optimal unroll factor u of the loop (loop
nest) with a kernel K, such that u identical instances of K run in parallel on the
reconfigurable hardware, leading to the best balance between the performance
and area utilization. The method proposed in this paper addresses this problem,
given a C implementation of the target application and a VHDL implementation
of the kernel.

We target the Molen framework, which allows multiple applications to run
simultaneously on the reconfigurable hardware. The algorithm computes (at
compile time) the optimal unroll factor, taking into consideration the memory
transfers, the execution times in software and hardware, the area requirements
for the kernel, and the available area (without physical details, P&R, etc). Thus,
because of the reconfigurable hardware’s flexibility, the algorithm’s output de-
pends on the hardware configuration at a certain time.

The main benefits of this algorithm are that it can be integrated in an au-
tomatic toolchain and it can use any hardware implementation of the kernel.
Thus, performance can be improved even when the kernel is already optimized.
Our assumptions regarding the application and the framework are presented
below.

Target architecture. The Molen machine organization has been implemented on
Vitex-II Pro XC2VP30 device, utilizing less than 2% of the available resources
of the FPGA. The memory design uses the available on-chip memory blocks of
the FPGA.

The factors taken into consideration by the proposed method are:

• area utilized by one kernel running on FPGA;
• available area (other kernels may be configured in the same time);
• execution time of the kernel in software and in hardware (in GPP cycles);
• the number of cycles for memory transfer operations for one kernel instance

running in hardware;
• available memory bandwidth.

General and Molen-specific assumptions for the model:

1. There are no data dependencies between different iterations of the analyzed
loop. Practical applications that satisfy this assumption exist, for example
MPEG2 multimedia benchmark.

2. The loop bounds are known at compile time.
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3. Inside the kernel, all memory reads are performed in the beginning and
memory writes in the end. This does not reduce the generality of the prob-
lem for most applications.

4. The placement of the specific reconfiguration instructions is decided by a
scheduling algorithm which runs after our algorithm, such that the config-
uration latency is hidden.

5. Only on-chip memory is used for program data. This memory is shared by
the GPP and the CCUs.

6. All data that are necessary for all kernel instances are available in the
shared memory.

7. The PowerPC and the CCU run at the same clock.
8. All transfers to/from the shared memory are performed sequentially.
9. Kernel’s local variables/arrays are stored in the FPGA’s local memory,

such that all computations not involving the shared memory transfers can
be parallelized.

10. As far as running multiple applications on the reconfigurable hardware is
concerned, for now we take into consideration only the area constraints.

11. The area constraints do not include the shape of the design.
12. Additional area needed for interconnecting Molen with the kernels grows

linearly with the number of kernels.

Motivational example. Throughout the paper, we will use the motivational ex-
ample in Fig. 1(a). It consists of a loop with two functions – one function is
executed always in software (CPar), and the other is the application kernel (K)
– implicitly, the execution time for CPar is much smaller than for K. In each
iteration i, data dependencies between CPar and K exist, as CPar computes
the parameters for the kernel instance to be executed in the same iteration. The
example has been extracted from the MPEG2 encoder multimedia benchmark,
where the kernel K is DCT.

for (i = 0; i < N ; i++ ) {
/*Compute parameters for
K()*/
CPar (i, blocks);
/*Kernel function*/
K (blocks[i]);

}

for (i = 0; i < N ; i += u) {
CPar (i + 0, blocks);
. . .
CPar (i + u − 1, blocks);
/*u instances of K() in parallel*/
#pragma parallel

K (blocks[i + 0]);
. . .
K (blocks[i + u − 1]);

#end parallel
}

(a)Loop containing a kernel call (b)Loop unrolled with a factor u

Fig. 1. Motivational example
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4 Proposed Methodology

In this section we present a method to determine the optimal unroll factor hav-
ing as input the profiling information (execution time and number of memory
transfers) area usage for one instance of the kernel. We illustrate the method by
unrolling with factor u the code from Fig. 1(a). Figure 1(b) presents a simplified
case when N mod u = 0. Each iteration consists of u sequential executions of the
function CPar() followed by the parallel execution of u kernel instances (there
is an implicit synchronization point at the end of the parallel region).

Area. Taking into account only the area constraints and not the shape of the
design, an upper bound for the unroll factor is set by

ua =
⌊

Area(available)

Area(K) + Area(interconnect)

⌋
, where:

• Area(available) is the available area, taking into account the resources uti-
lized by Molen and by other configurations;

• Area(interconnect) is the area necessary to connect one kernel with the rest of
the hardware design (we made the assumption that the overall interconnect
area grows linearly with the number of kernels);

• Area(K) is the area utilized by one instance of the kernel, including the stor-
age space for the values read from the shared memory. All kernel instances
have identical area requirements.

Memory accesses. In the ideal case, all data are available immediately and
the degree of parallelism is bounded only by the area availability. However,
for many applications, the memory bandwidth is an important bottleneck in
achieving the ideal parallelism. We consider that Tr, Tw, respectively Tc are the
times for memory read, write, and computation on hardware for kernel K. Then,
the total time for running K in hardware is Tr + Tw + Tc. Without reducing
the generality of the problem for most applications, we assume that the memory
reads are performed at the beginning and memory writes in the end. Then, as
illustrated in Fig. 2, where we consider Tw ≤ Tr < Tc and Tr + Tw > Tc, a
new instance of K can start only after a time Tr (we denote kernel instances by
K(1), K(2), etc)1.

The condition that memory access requests from different kernel instances do
not overlap sets another bound (um) for the degree of unrolling on the reconfi-
gurable hardware1:

u · min(Tr, Tw) ≤ min(Tr, Tw) + Tc ⇒ u ≤ um =
⌊

Tc
min(Tr, Tw)

⌋
+ 1 (1)

The time for running u instances of K on the reconfigurable hardware is1:

T
K(hw)(u) =

{
Tc + Tr + Tw + (u − 1) · max(Tr, Tw) if u < um
u · (Tr + Tw) if u ≥ um

(2)
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Since we are interested only in the case u < um, from (2) we derive the time for
u instances of K in hardware as:

T
K(hw)(u) = Tc + min(Tr, Tw) + u · max(Tr, Tw) (3)

(a) u <
Tc
Tw

+ 1 → Tk(hw)(u) = Tc + Tw + u · Tr (b) u ≥ Tc
Tw

+ 1 → Tk(hw)(u) = u · (Tr + Tw)

Fig. 2. Parallelism on reconfigurable hardware

Note that when applied to the example in Fig. 2, the case u < um corresponds
to Fig. 2(a) and the case u ≥ um corresponds to Fig. 2(b). In our example,
Tw ≤ Tr, thus max(Tr, Tw) = Tr and min(Tr, Tw) = Tw. In Fig. 2(a), the
time for running in parallel two kernel instances (K(1) and K(2)) is given by the
time for K(1) (Tc + Tr + Tw) plus the necessary delay for K(2) to start (Tr).
In Fig. 2(b), K(1) writing to memory is delayed because of K(3) reading from
memory; in this case, the actual kernel computation is hidden by the memory
transfers and the hardware execution time depends only on the memory access
times (u · (Tr + Tw)).

Speedup. In order to compute the optimal unroll factor, we use the following
notations:

• N - initial number of iterations (before unrolling);
• N(u) - number of iterations after unrolling with factor u: N(u) = �N/u�;
• Tsw - number of cycles for that part of the loop body that is always executed

by the GPP (in our example, the CPar function);
• T

K(sw) / T
K(hw) - number of cycles for one instance of K() running in

software/hardware;

1 (1) and (2) are derived from an exhaustive analysis of all possible cases with different
relations between Tc, Tr, and Tw. Fig. 2 represents only one of the 8 possible cases
(Tw ≤ Tr < Tc and Tw + Tr > Tc).
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• Tloop(sw) / Tloop(hw) - number of cycles for the loop nest with K() run-
ning in software/hardware (considering that the unroll factor satisfies the
condition u < um):

Tloop(sw) = (Tsw + T
K(sw)) · N (4)

Tloop(hw) = (Tsw + max(Tr, Tw)) · N + (Tc + min(Tr, Tw)) · N(u) (5)

The speedup at loop nest level is: Sloop(u) =
Tloop(sw)
Tloop(hw)

(6)

For u < um, Tloop(hw) is a monotonic decreasing function; as Tloop(sw) is
constant, it means that Sloop(u) is a monotonic increasing function for u < um.

When multiple kernels are mapped on the reconfigurable hardware, the goal
is to determine the optimal unroll factor for each kernel, which would lead to
the maximum performance improvement for the application. For this purpose,
we introduce a new parameter to the model: the calibration factor F , a positive
number decided by the application designer, which determines a limitation of
the unroll factor according to the targeted trade-off. (For example, you would
not want to increase the unrolling if the gain in speedup would be with a factor
of 0.5%, but the area usage would increase with 15%.) The simplest relation to
be satisfied between the speedup and necessary area is:

ΔS(u + 1, u) > ΔA(u + 1, u) · F

where ΔS(u+1, u) is the relative speedup increase between unroll factors u and
u + 1:

ΔS(u + 1, u) =
S(u + 1) − S(u)

S(u)
· 100 [%] (7)

and ΔA(u+1, u) is the area increase. Since all kernel instances are identical, the
total area grows linearly with the number of kernels and ΔA(u + 1, u) is always
equal to the area utilized by one kernel instance (Area(K))[%]).

Thus, F is a threshold value which sets the speedup bound for the unroll
factor (us). The speedup bound is defined as:

us = min(u) such that ΔS(u + 1, u) < F · Area(K).

Note that when the analyzed kernel is the only one running in hardware, it
might make sense to unroll as much as possible, given the area and memory
bounds (ua and um), as long as there is no performance degradation. In this
case, we set F = 0 and us = um.

Local optimal values for the unroll factor u may appear when u is not a divisor
of N , but u+1 is. To avoid this situation, as S is a monotonic increasing function
for u < um, we add another condition for us: ΔS(us + 2, us + 1) < F · Area(K).

By using (4) and (5) in (6) and the notations

x =
Tc + min(Tr, Tw)

(max(Tr, Tw) + Tsw) · N
and y =

Tsw + T
K(sw)

max(Tr, Tw) + Tsw
,
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the total speedup is computed by: Sloop(u) =
y

1 + x · N(u)
(8)

On the base of (8) and given the fact that the maximum unrolling factor is known
– being the number of iterations N –, binary search can be used to compute in
O(log N) time the value of us that satisfies the conditions ΔS(us + 1, us) <
F · Area(K) and ΔS(us + 2, us + 1) < F · Area(K).

Integrated constraints. In the end, speedup, area consumption and memory
accesses need to be combined in order to find the feasible unroll factor, given
all constraints. If us < min(ua, um), then the optimal unroll factor is min(u)
such that us < u ≤ min(ua, um); else, we choose it as max(u) such that u ≤
min(ua, um).

5 Experimental Results

The purpose of this section is to illustrate the presented method which computes
automatically the unroll factor taking into account the area constraints and
profiling information. The result and also the performance depend on the kernel
implementation. The order of magnitude of the achieved speedup in hardware
compared to software is not relevant for the algorithm, although it influences its
output. Instead, we analyze the relative speedup obtained by running multiple
instances of the kernel in parallel, compared to running a single one.

The loop from Fig. 3, containing the DCT kernel (2-D integer implementa-
tion), was extracted from MPEG2 encoder multimedia benchmark and executed
on the VirtexII Pro board. We used the following parameters: width = 64,
height = 64, block count = 6 (the picture size is 64 × 64, leading to N = 96
iterations).

The DCT implementation operates on 8 × 8 memory blocks, therefore one
kernel performs 64 memory reads and 64 memory writes. The memory blocks in
different iterations do not overlap, thus there are no data dependencies and the
first assumption in Section 3 holds.

for (j = 0, k = 0; j <height; j=j+16) {
for (i = 0; i <width; i=i+16 ) {

for (n = 0; n <block count; n++ ) {
/*Compute parameters for K()*/
CPar (n, i, j, k, blocks);
/*Kernel function*/
DCT (blocks[k∗block count+n]);

}
}

}

Fig. 3. MPEG2 loop with DCT kernel
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The VHDL code was automatically generated with DWARV [3] tool and
synthesized with Xilinx XST tool of ISE 8.1; it is not optimized, each memory
access and each loop are synchronization points. One instance of the DCT ker-
nel uses 12% of the total available area on VirtexII Pro. The execution times
measured using the PowerPC timer registers presented in Table 1 are for one
DCT instance (including the parameter transfer using exchange registers).

Table 1. Initial execution time (cycles)

Hardware Software Percent Speedup

TK 37 278 106 626 34.96% 2.86

Tpar 5 292 5 292 100% -

Tloop 4 093 308 10 751 868 38.07% 2.63

We used the following notations: (i) TK - the number of cycles for one instance
of the DCT kernel; (ii) Tpar - the number of cycles for CPar(); (iii) Tloop - the
number of cycles for the loop nest.

The experiment was performed with one instance of the kernel running on the
FPGA. We extrapolated these results for all possible unroll factors, computing
the number of cycles for software and hardware execution of the kernel, and also
for the loop nest. We observe that the theoretical (computed) execution time (in
cycles) for the loop nest (Tloop) with the kernel executed in software does not
depend on the unroll factor. Comparing with the measured execution time, there
is an error of approx 0.072%, due to not taking into account the loop overhead;
this error is negligible. Next, we compute the unroll factor applying the method
described in Section 4.

Area. The upper bound that satisfies the area constraints is:

ua =
⌊

Area(total) − Area(Molen)

Area(DCT ) + Area(interconnect)

⌋
= 8.

Memory accesses. For the considered implementation, the shared memory
has an access time of 3 cycles for reading and storing the value into a register
and 1 cycle for writing a value to memory; since there are 64 memory reads
and 64 memory writes, min(Tr, Tw) = 64 cycles. The computation time is Tc =
T

K(hw) − (Tr + Tw) = 37 022 cycles. Using these values in (1), ⇒ um = 579.

Speedup. To compute the speedup limit us, we use the data from Table 1. Thus,
Tpar = 5 292, T

K(sw) = 106 626, Tc = 37 022, max(Tr, Tw) = 192, N = 96, then

x ≈ 0.07 and y ≈ 20.9. According to (6), Sloop(u) ≈ 20.9
1 + N(u) · 0.07

.

Figure 4 presents the speedup for different unroll factors. One is the speedup at
kernel level, and the second at loop level.
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Fig. 4. Speedup obtained with loop unrolling

Assuming that we are interested in a relative speedup increase greater than
the area increase (ΔS(u + 1, u) > Area(K) and ΔS(u + 2, u + 1) > Area(K)) for
two consecutive unroll factors, ⇒ us = 6.

Integrated constraints. The condition us < min(ua, um) is satisfied, meaning
that u = 6, leading to a loop speedup of 9.55 and 72% area utilization of the
VirtexII Pro total area.

6 Conclusion and Future Work

In this paper, we presented a method to automatically compute the optimal
number of instances of a kernel K that will run in parallel on reconfigurable
hardware by applying loop unrolling. The algorithm uses only the profiling in-
formation about memory transfers, execution times in software and hardware,
and information about area usage for one kernel instance and area availability. Its
implementation in the compiler decreases the time for design-space exploration
and makes efficiently use of the hardware resources.

One of the main benefits of this algorithm is that it can be used to improve
performance even when given an already optimized VHDL implementation of
the kernel, if there are enough resources available (for instance, when moved
to a different platform). Different results will be obtained for different kernel
implementations, depending on how much optimized they are.

The presented method takes into account the area constraints when running
multiple applications on the reconfigurable hardware, but not the memory con-
straints for this case. This will be addressed in future work. However, as our
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approach demonstrates the potential for significant performance improvement
(experimental results for DCT show a speedup with a factor of 9.55, for an au-
tomatically generated VHDL implementation of the kernel), we plan to extend it
by combining loop unrolling with pipelining and considering also transfers from
a slow memory (DRAM).
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Abstract. This paper presents an innovative multimedia reconfigurable
accelerator for mobile systems associated to a programming model and
a compiler flow. The architecture implements a flexible memory sub-
system based on software controlled scratchpad shared memory banks.
The main concern of the paper is shared memory management as it is
a dominant factor in current designs and influences the performance of
embedded systems as well as their energy consumption. An embedded
shared-memory programming model is presented that abstracts the de-
tails of the hardware architecture but yet exposing parallelism to the
user. It is open and user friendly while the hardware can execute com-
plex data feeding on heavily pipelined datapath for compute intensive
kernels. The architecture has been designed, and synthesized for 65nm
technology for an operating frequency of 200MHz.

Keywords: coarse-grain architecture, shared-memory programming
model, multimedia applications, embedded systems.

1 Introduction

Many application circuits available in the market today adopt a heterogeneous
multiprocessor “SoC”1 architecture, based on a control processor (often an ARM
controller), one or several DSP cores, a set of dedicated hardware IPs which
perform the heavy computation burden, and an interconnect network to support
the data transfers between compute blocks and memories. In addition, a low
power silicon technology allows a low clock speed operation, in the order of a
few hundreds of MHz, to meet the stringent power requirements of the mobile
terminal.

The use of reconfigurable accelerators is attractive to avoid the presence of
several processing IPs, and to keep high flexibility. This paper will present such
an accelerator with aspects of its software support. The hardware implements

1 System on Chip.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 15–26, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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an array of compute resources and reconfigurable routing network, providing
high acceleration ratio for iterative kernels execution as found in multimedia
applications.

A very powerful addressing mechanism allows synchronized concurrent accesses
on a multibanked memory thus sustaining high data throughput for the compute
nodes. This level of performance is mandatory to support the needs of portable
multimedia applications of the incoming years. The proposed architecture shows
good adaptability and scalability characteristics, preserving the possibility to im-
plement complex algorithms due to its shared memory orientation.

We know that it is not enough to offer hardware support for the evolution of
the integrated portable platforms toward more applications and denser technolo-
gies. It is also mandatory to provide an easy access to the huge computing power
of this platform to the programmer through an adequate programming model,
and proper tools. To meet this strong requirement, the details of the hardware
architecture are abstracted, but yet exposing parallelism to the user. The pro-
gramming model based on shared memory is open and user friendly while the
hardware can execute complex data feeding on heavily pipelined datapath for
compute intensive kernels.

The paper outline is as follows. Section 2 describes the target architecture model
implemented in 65nm technology. Section 3 describes the programming concepts,
with a discussion on dynamic aspects of the execution model. Section 4 gives a brief
account of compiler flow. Related work is presented in section 5 and application
results are presented in section 6.

2 Architecture

2.1 Reconfigurable Decoupled Application Control Architecture

The target Reconfigurable Multimedia Accelerator (RMA) is in the category of
access/execute decoupled architecture. We refer this architecture as an RMA2

accelerator. Figure 1 shows the internal organization of our current target.
In an RMA architecture, an external control processor (CP) is in charge of

setting up and monitoring the components for a given application execution.
This CP is not shown here since it relies on specific reconfiguration and control
support.

The blocks appearing in the RMA architecture are as follow:

Address Generators (AG): 3 of thems are displayed on the right part. An-
other one appears in the main memory DMA engine.

DMA engine: Connected to a network on chip (NoC) interface, in relation
with 2 FIFOs for decoupling local execution from NoC and main memory
availability.

Clusters: Grouped around a multiplexor allowing exchange between them and
local memories or DMA engine. Clusters are data path enabling to set-up com-
putation graphs. The DSP Fabric holds the clusters and their multiplexor.

2 Reconfigurable Decoupled Application Control.
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DSP Fabric

AG AG Mem AG Mem AG Mem

Cntrl

Fifo

multiplexor

data bus

address bus

network interface

DMA
engine

proxy local memories and addressing

Cluster 1 Cluster 2 Cluster 8

Cm

Cd

Ca

Cg8

Fig. 1. Reconfigurable Multimedia Accelerator (RMA) block diagram

Address bus: Shared by all the local addressing mechanisms.
Data bus: Allows exchanges between the local memories, the FIFO internal to

the DMA engine, and the DSP fabric.

The control of the RMA comes partly from the configuration and AG micro-
programs participating in the configuration. A Control Unit (CU) also receives
its program from the configuration, this program being the dynamic part of the
control. The CU is connected to all the control points shown on figure 2.

micro

external
loops

burst
generation

routines
(data )

(addresses)
address 

generators

Cg

Fig. 2. Addressing mechanism block diagram producing data structure accesses

Address generators (AG) are an assembly of three components hierarchically
connected by control lines:

Burst Generators (BGen): That produces a serie of addresses based on a
count and a starting point,

Address Generators (AGen): That produces the external loop over a linear
data structure set-up in memory,
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Micro-control sequencement: Defining possible repetition for address pat-
tern generation in terms of micro-routines.

All the memory accesses are thus to be defined as AG microprogram config-
uration, including for main memory accesses. The CU program is critic since it
must bind the feeding of the compute part to the address generation part. As
there is a lot of potential concurrency in data use and communication, there is
also a serious problem in coordinating the data transfers and conflicts.

The architecture can also be seen as a tighly coupled shared memory machine
with conflicts resolved with a hardware support.

DSPFabric description. Figure 3 gives an overall picture of a 64 nodes/16
clusters DSPFabric co-processor. At level 0, it can be seen as an array of four
16-issues PEs, communicating through a collection of multiplexers, which realize
a multi input/output switch.
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Fig. 3. Hierarchical clustered DSPFabric

Each cluster set has N input wires and N output wires, output wires be-
ing possibly broadcasted to all the others. At the contrary, input wires can be
connected to only one source. Figure 3 shows a feasible data path at level 0,
assuming N equal to 4. At level 1, the spatial structure replicates itself inside
each set of clusters, presenting again an array of 4-issue processors, connected
together by multiplexers with capacity M. The last level is composed of com-
putation node (CNs) connected through a reconfigurable crossbar, which takes
as input the internal connection and K of the wire incoming from level 1. Each
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computation node has two incoming wires and one outgoing wire. The compu-
tation nodes are single issue pipelined machines, accessing their own register file
and functional units. Since DSPFabric has been specifically designed as loop ac-
celerator coprocessor, each cluster is equipped with hardware features for better
executing modulo scheduled code[1] like support for instruction predication and
rotating registers. Precisely, the application is scheduled using the Kernel-only
modulo Scheduling technique [1], which fully predicates loop prologue and epi-
logue. Thus, no branches are allowed and the execution is controlled by a cyclic
counter. The inter-cluster copies are controlled by receive primitives executed
by the destination cluster. Two regions of its register file are organized as input
buffers, which push the incoming values on top, but can be read randomly by the
receiver. To keep it as basic as possible, the compute node has no data memory
and all temporary results and constants must be stored in the local register file,
or in the memory banks of the RMA.

DSPFabric tools. Two different methods are used to map code on the DSP-
Fabric. Kernel only modulo scheduling and code cloning. Kernel only modulo
scheduling technique fully predicates prologue and epilogue of the loop, system-
atically speculates all branches of the if/then else expressions, and flattens all
the internal loops in the procedure, so that a pure data flow graph expression
of the algorithm is used as input to the schedule/place and route tool [2]. An
other technique uses a code cloning technique, where group of nodes execute the
same code shifted in time so that interconnect resources are time multiplexed
between the nodes. This last method allows preservation of the control structure
of the algorithm (loops are kept rolled and ’if’ statement are mapped to jump
instructions). In some cases, this last method can give better results that the
former in terms of throughput, because inactive ’if/then/else’ branches don’t
need to be speculatively executed.

This last method allows preservation of the control structure of the algorithm,
and can give good code compaction caracteristics compared to the former.

Flexible streaming engine. The DSPFabric cyclically executes a sequence
of instructions that consume and produce data through its I/Os primary ports.
Those streams of data are produced by a DMA attached to that port, which
reads and writes from a local buffer memory. In a steady state, a new data can
be accessed on each primary port by the DSPFabric at each clock cycle, and so
the maximum throughput can be sustained to feed the DSPFabric. The stream-
ing engine has been designed to meet this high throughput requirements. It is
composed of a local memory and a set of address generation units to drive the
DMAs attached to the DSPFabric ports. A multibanked multiported memory
block is used to store data prefetched from system memory, and to store tem-
porary results of computation from the DSPFabric. This local buffer is useful to
minimize traffic on the system interconnect, to mask bus latencies and keep a
high compute efficiency for the RMA.

The DMAs of the DSPFabric ports are under control of the address genera-
tion units (AGU). This is their task to update the DMA burst descriptors. Burst
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Descriptor is a structure that contains the start address, increment and last
address of the memory bank under access according to the application require-
ments. These processors are single issue machines with an instruction memory
and a data memory, and they communicate with each other through a set of
shared registers that are read/write accessed by all the AGU, for instance to
implement sync protocols.

3 Embedded Shared Memory Programming Model -
Dynamic Aspects

An important aspect in streaming applications is the dataflow management be-
tween off-chip and on-chip memory hierarchies. Our data-memory architecture
consists of a main memory and a scratch-pad memory. A scratch-pad mem-
ory is a fast software-managed SRAM as compared to cache-memory which is
hardware-managed.

Smalltalk runtime environment (VM3) is used for the co-execution of different
functional units of the heterogeneous reconfigurable accelerator (cf. section 2). The
goal is to separate application from its resource management logic and to make
resource management invisible from application’s point of view. This abstract ap-
proach allows application validation and rapid prototyping in a unified framework.
Application processes are defined as proxies. We define proxies as objects that im-
plement a list of tasks (interfaces) specified at runtime on an instance. These tasks
contribute to:

– load: pre-fetch data from virtual memory to SPM banks.
– transmit: feed data to the execution unit(s).
– retrieve: write back filtered data from execution unit(s) back to SPM banks.
– store: write data from SPM banks back to the virtual memory

The behavior of tasks is specified at method-level as:

– the natural encapsulation provided by methods can be used to drive hard-
ware-software partitioning

– it facilitates capturing the method invocation by injecting specialized objects
(discussed later)

– process and context management can be handled efficiently and dynamically

3.1 Method Wrappers

A transition of the execution state of a program module occurs when a designated
program module is called or returns from another program module, and when the
other program is called or returns from the designated program module. The first
step is to detect method invocation calls. In the second step, using detection of calls

3 Virtual Machine.
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and returns among program modules as triggers, transitions in execution state are
recorded, and the execution state of the designated program module is managed.

The transition between the objects is managed by injecting specialized objects
method wrappers [3], referred MW hereafter. It allows to determine dynamically
who calls a method, and which methods are called. In this manner, the commu-
nication between objects can be tracked and traced.

MW is a technique by virtue of which it replaces the method calling selector or
symbol with a new one which in turn invokes the old method. Thus, changing the
compiled method associated with a symbol or selector handles message-passing
control. It also specializes the controlling method which is called each time the
encapsulated method is invoked. For example, pseudocode below illustrates the
encapsulation of a method by beforeMethod and afterMethod.

controlMethod(argument)
//beforeMethod
[//original method source]

//afterMethod

At each invocation of the original method, the controlMethod is called. As a
natural consequence, we can:

– track the method invocations of all the methods that have been installed
with MW

– change at runtime what executes before and after the original method

The latter point is the key to handle proxies (described earlier) dynamically.

3.2 Dynamic Execution

At runtime, beforeMethod is efficiently used for context analysis. The decisions or
conditions that require context switch could be determined before the execution
of the method itself. The object which calls current active method is called
sender while the object being is called receiver. Analyzing this sequence during
execution helps in the application analysis. Encapsulation interfaces cause the
control method to be called at each invocation and hence allows to deduce the
active objects in the input application. We rely on this runtime analysis to
schedule memory accesses and allocate optimally the data from virtual memory
to scratch-pad memory banks.

3.3 Memory Access Scheduling

In a multi-threaded environment, synchronization between concurrent threads
is a critical aspect. Our solution is based on lock-free synchronization of shared
data structures. A shared object is lock-free (nonblocking) if it guarantees that
whenever a thread executes some finite number of steps, at least one operation
on the object by some thread must have made progress during the execution
of these steps. We rely on runtime scheduling which guarantees the atomicity
of operations dynamically. At each macro-pipeline step all the active tasks are
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analyzed. Clock step and memory access projection of each thread’s memory ac-
cess is determined by native code analysis. Bounding rectangles by loop indices
analysis are determined for each thread’s access. The overlap between bounding
rectangles representing memory access durations helps in the conflict inference
between concurrent threads. Runtime analysis also allows to record execution
steps of each concurrent thread. Complete control of local states of active ob-
jects as stated earlier allows to record the active or inactive phases of parallel
application execution.

The algorithms 1 and 2 illustrate the steps of the methodology described
above.

Algorithm 1. Algorithm for lock-free dynamic memory allocation management
in the shared SPM banks
Require: A linked list of processes: PList

Require: Sorting Queue: Squeue

Ensure: initialize method wrappers
while timeobserved < timesimulation do

select process Pi from PList

evaluate beforeMethod
if Pi != Proot then

memory access analysis (cf. Algorithm 2)
schedule memory accesses

sort the tasks in list, Squeue

(by giving priority to write access over read)
Pi suspend

else
set context to the process Pj of Squeue

evaluate executeMethod
end if

end while

Algorithm 2. Runtime memory access analysis
Require: Processes sampled for a macro-pipeline step: Psampled

num ⇐ size of Psampled

while num != 0 do
calculate memory access projection (bounding rectangles)
determine access duration (native code analysis, start clock step, stop clock step)
num ⇐ num - 1

end while

4 Synthesis for Architecture

A comprehensive high-level synthesis system requires step-by-step transforma-
tions of system specification or description with an objective of overlapping
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computation and communication optimally. In addition to this, it requires an
adequation of such transformations into a set of available system components
which could be synthesized and validated. A complete flow of our framework is
shown in figure 4.

Design of an appropriate intermediate representation (IR) is of crucial im-
portance to the effectiveness of an HLS environment. Our intermediate repre-
sentation, CDFG, captures simple operators, hierarchical constructs and control
structures. Hierarchical constructs are used both for readability and to force
parallel/sequential execution of branches/processes of the CDFG. The control
structure of the algorithm is reflected from conditional statements, loops, func-
tion call, etc. Concurrency appears at two levels: application process nodes and a
control structure inside the CDFG (parallel nodes). In addition to these elements,
synchronization is achieved through send/receive operations over channels.

The representation, IR, is then scheduled vis-à-vis the architectural constraints
to generate code for the target architecture. This code which represents the data
and program memory mappings specific to an application execution drives the
structural model of the architecture. This execution is traced/ visualized with a
discrete-event simulator which represents the gantt-diagram of the overall exe-
cution. The framework is expected to integrate synthesis, co-simulation, perfor-
mance estimation and design space exploration and graphic visualization tools.

5 Related Work

Bringing flexibility to the SoC has been a research challenge for years and has
lead to many proposals. Among them, the coarse grained approach has received
much attention with the concept of compute intensive kernel mapped on a cluster
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of very simple processing unit executing iteratively the same sequence of instruc-
tions. CoMAP[4] is an academic project proposing a weakly programmable array
of processors. The cell processor [5] from IBM/Sony/Toshiba consortium pro-
poses a cluster of processing elements with SIMD extension providing big MIPS,
with a ring interconnect for nearest neighbors connections, and a centralized
high throughput memory. It uses a streaming like programming model, with
task level granularity. ADRES[6] is a research program from IMEC, proposing a
coarse grained fabric of processing elements with a small register file and a mesh
interconnect. It supports compute kernels of a few tens of operations. It is tightly
coupled to a VLIW4 processor for data transfers. Except some very particular
cases, heavy control structures are embedded in the application code, and many
are even data dependent (like in adaptive filters) and those control structures
somehow decreases the benefit of using coarse grained fabric, and restrain their
deployment in a low cost product. The smart memory project [7] from Stanford
is an array of microcontrollers with reconfigurable distributed memory banks. It
supports either a streaming like or a shared memory with cache coherence pro-
gramming model. UCDavis reports an other array of processing elements with
fine granularity [8], and with a streaming programming model. The fact is that
all solutions showing fine granularity report high MIPS/mm2, but are difficult
to program by non architecture savvy developers. They all use a rigid memory
hierarchy based on data streaming transfers that also restrict their use by a
wider community.

This paper presents an innovative architecture with a flexible sub-memory
system based on software controlled scratch-pad memories. The programming
model is then responsible to manage data-transfers from main memory to the
local memory banks. Cited methodologies related to memory allocation under
the control of software can be categorized as static [9,10] and dynamic [11,12]
methods.

To the best of our knowledge, none of the cited methods considers the dynamic
allocation of heap data to scratchpad memory banks in a multi-threaded runtime
environment which favors communication and computation overlap. In addition
to the conventional memory allocation steps, the runtime environment also has
to schedule explicit data transfers between the offchip memory and the SPM so
as to maximize the communication and computation overlap or hide processor-
memory latency gap. To accomplish this, the runtime environment needs to
take into account the data layout in the off-chip memory, the application access
pattern, and the available memory space in the SPM.

6 Results - Mapping of the Deblocking Kernel on the
DSPFabric

The DFG of the kernel has 376 basic nodes once loop unrolling and if/then/else to
multiplexer transformation has been done. The graph is mapped on DSPFabric

4 Very Large Instruction Word.
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Table 1. Mapping of the deblocking kernel on DSPFabric

Kernel Number of ops Number of Data rate Cycle budget Schedule density
compute nodes (pix/sec)

376 32 2 XVGA 30 fps 14 84%
MPEG-4 (luma+chroma)
deblock 16 VGA 30 fps 29 81%

(luma+chroma)

using the joint scheduling/place and route method described in [2]. The mapping
routine tries to make the best use of the available resources to reach a specified
initiation interval for the input kernel.

Several trials have been performed targeting different initiation interval con-
straints, and the results are given in the table 1.

A solution with 16 nodes gives a pixel rate good enough for a VGA stream
format (640×480 pixels), while with 32 nodes we sustain 2 VGA streams. This
shows that performance grows linearly with the number of resources available,
and this comes with a good schedule density (ration of useful operations per-
formed during iteration execution).

7 Conclusion

The results shown in this paper are still of a preliminary development , but
appear very promising and worth deeper exploration of this methodology. This
research is paving the way for programming toolsets and methods for massively
parallel architectures with distributed memory, as envisioned in future compute
platforms for portable applications.
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Abstract. Reconfigurable architectures enable the hardware function
to be implemented by the user and, due to its characteristics, have been
used in many areas, including Bioinformatics. One application of Bioin-
formatics is the consecutive ones problem, which consists in finding a
permutation of columns in a binary matrix, in such a way that all the
ones in each row are consecutive. This matrix represents information
about DNA fragments and probes, which allow the determination of the
order of the nitrogenated bases that form the original DNA.

This work proposes a hybrid software/hardware system for solving the
consecutive ones problem. Since this problem processes large volumes of
data, the goal is to reduce its execution time, compared to a SW algo-
rithm. We present and analyze several implementations, in the reconfig-
urable hardware, of sections of this algorithm, using a Virtex-II FPGA.
Experiments performed using real chromosomes produced speedups of up
to 29.62 and show potential for further optimizations exploiting dynamic
reconfiguration.

Keywords: Consecutive ones problem, Reconfigurable architectures,
Software/hardware partitioning.

1 Introduction

Reconfigurable computing characterizes the hardware in which the logic imple-
mented is created and modified by the user and not by the manufacturer. It
introduces many application possibilities that could not be developed using a
hardware with fixed and predefined functionality. There is also a performance
improvement potential of the application implemented on a reconfigurable hard-
ware with respect to their implementation in software [1].

In another research area, the Bioinformatics, achievements have been reached
recently on DNA mapping, using computational techniques to assist the sequenc-
ing task, which consists of identifying the order of base pairs in a chromosome.
Due to technical limitations, the DNA is not directly sequenced and must be bro-
ken into fragments. One approach is to represent the information of fragments
and probes as a binary matrix and to arrange the columns of the matrix so that
all ones in each row are consecutive, in order to determine the order among the
fragments. This problem is called the Consecutive Ones Problem [2].

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 27–38, 2008.
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Besides its vast practical application, DNA mapping requires manipulating
huge volumes of data. In particular, the consecutive ones problem handles bi-
nary data. Such characteristics motivate the study and implementation, on re-
configurable devices, of solutions to this problem, in order to obtain a better
performance in its execution.

In this work we present a hybrid Software/Hardware (SW/HW) solution for
the consecutive ones problem. We developed several implementations, on a recon-
figurable hardware, of operations with high execution frequency in a well-known
algorithm [3] to the consecutive ones problem. These implementations exploit
different trade-offs between computation and communication costs, on the pro-
cessor/FPGA platform used. We performed an experimental evaluation, in order
to analyze our solutions and compare them to the pure SW solution, using chro-
mosomes of two living beings. The results show large performance gains and
possibilities for improvements using reconfiguration.

This paper is organized as follows: Section 2 describes previous works with
solutions for Bioinformatics problems using reconfigurable architectures. The
consecutive ones problem and an algorithm for it are introduced in Section 3.
Section 4 presents our hybrid implementations for this problem, while the results
obtained through experiments are analyzed in Section 5. Finally, in Section 6
the conclusions and future extensions of this work are discussed.

2 Related Work

Most of works which solve Bioinformatics problems using reconfigurable archi-
tectures focus on the sequence alignment problem using the Smith-Waterman
algorithm, which is based on the dynamic programming technique. The works in
[4,5] implemented this algorithm on a FPGA, using processing elements which
form a linear structure and operate in parallel. This processing elements com-
pute the similarity between two sequences and compute in parallel all the values
in each diagonal of the dynamic programming matrix.

The authors in [6] implemented the Smith-Waterman algorithm on a multi-
FPGA network. In [7], a prefetching scheme for search in a sequence database
is implemented, in order to accelerate the sequence alignment task on a FPGA,
overlapping computation with communication.

The work in [8] presents a hybrid SW/HW system for the reconstruction of the
phylogenetic tree of DNA sequences. This tree represents the evolution history of
different organisms. A genetic algorithm is implemented in SW and a maximum
likelihood function is implemented on a FPGA.

In [9] the authors designed a variant of BLAST, a well-known similarity search
tool to compare DNA sequences. The goal was to build a specialized BLAST
accelerator using a system with a general-purpose processor and a reconfigurable
hardware (FPGA) associated with the disk controller.

There is not, to our knowledge, any previous solution to the consecutive ones
problem in hardware, with either fixed or reconfigurable logic.
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3 DNA Physical Mapping

Many DNA molecules are over millions of base pairs long, therefore too large
to be sequenced as a whole. A physical map of a DNA contains the location of
certain markers along the molecule. Given a sequenced fragment of the DNA, the
physical map is used to locate the fragment in the DNA by matching markers
in the fragment and the physical map.

In order to create a physical map, it is necessary to obtain several copies of
the DNA, to use restriction enzymes to break each copy into fragments, and to
clone each fragment, producing a collection of clones. Then we need to examine
the clones for overlaps among them. The hybridization technique can be applied
to obtain overlap information from the clones, using probes (short sequences)
and verifying if each probe binds to each clone. If a probe hybridizes to two
clones, then the clones overlap each other. Using the overlap information from
the clones, it is possible to determine their relative order in the DNA.

3.1 Consecutive Ones Problem and Algorithm

The information produced by hybridization experiments with n clones and m
probes can be modeled by a binary matrix M , n × m, where the Mij position
says if probe j hybridized (Mij = 1) or not (Mij = 0) to clone i. M is said to
own the consecutive ones property for rows (C1P), if all ones in each row are
consecutive. In order to get the DNA physical map it is necessary to solve the
consecutive ones problem, i.e., to find a permutation of columns (probes) such
that all ones in each row (clone) are consecutive.

We describe briefly the polynomial time complexity algorithm proposed in [3]
to this problem. Other solutions can be found in [10,11]. The algorithm uses
certain criteria to separate the rows of M into components. If each component
has the C1P, then M will also have this property. The algorithm performs the
following steps: separate rows into components, permute the columns of each
component, and join the components [2]. The following relations between rows
and the number of intersections between their column sets are used to form the
components and to guide the permutation of their columns.

Definition 1. For each row i of M , let Si be the set of columns k where Mik = 1.
Given two rows i and j three situations can arise:

1. Si ∩ Sj = ∅;
2. Si ⊆ Sj or Sj ⊆ Si;
3. Si ∩ Sj �= ∅, and none of them is a subset of the other.

An undirected graph GC is built, where each vertex in GC corresponds to a row
of M . There is an edge between vertices i and j if Si ∩Sj �= ∅, and none of them
is a subset of the other. The components of M are the connected components
of GC . Thus, each component is a sub-matrix of M with the same number of
columns and possibly fewer rows than M .
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In order to permute the columns of a component, the rows are processed one
by one. We permute the first two rows placing the exclusive 1s of one row in a
direction (right or left), the exclusive 1s of the other in the opposite direction,
and the intersection 1s in the middle. To insert a new row k it is necessary to find
two previously placed rows, i and j, such that there are edges (k, i) and (i, j) in
GC . If |Sj ∩ Sk| < min(|Sj ∩ Si|, |Si ∩ Sk|), k is placed in the same direction of
i (with respect to j); otherwise, k will have the opposite direction.

We represent the permutation solutions by associating a set of possible
columns to each component column. These sets indicate which original matrix
columns correspond to the component column. In the end, the column sets cod-
ify the order in which the columns must be arrange so that matrix M has all 1s
consecutive in each row.

To join the components, a directed graph GM is built, where vertices corre-
spond to components of GC . There is a directed edge from vertex α to β if, for
every row i of component β, the set Si is contained at least in one set Sj of com-
ponent α. Since the relationship between components is given by edge direction,
the topological order of GM vertices indicates the order the components must be
joined. The first component, α, is fixed, and to join another component β, the
row l of β that has the leftmost 1 is chosen. Let cβ be this column. We must find
all rows in α that contain Sl, and find the leftmost column cα where all these
rows have 1. Then, cα and cβ are made the same column and the rows of β are
joined to α. The final matrix with C1P is obtained after joining all components.

Fig. 1 illustrates the algorithm steps [2]. Matrix M in Fig. 1(a) represents
hybridization results of 8 clones with 9 probes, and the corresponding graphs
GC , with four connected components, and GM are shown in Figs. 1(b) and 1(c).
Fig. 1(d) shows the result from the permutation of M .

4 Hardware/Software Solution

We use, in our solutions to the consecutive ones problem, an hybrid architec-
ture composed of general purpose processor with a reconfigurable component
attached to it. The reconfigurable hardware (a FPGA) is used to implement
a hardware accelerator for this application. Due to the characteristics of this
architecture, the coupling between host processor and FPGA is weak, and the
fastest available communication between them is through the network interface
present in both devices. Therefore, the communication overhead can cause a
major impact on the application total execution time, and consequently, the
implementation strategy chosen for the communication is very important.

Initially, we implemented a SW solution to the problem, which uses only the
host processor. Then, we profiled this implementation, determining the sections
of the algorithm that consume most of the execution time. Based on these profile
information, we performed the SW/HW partitioning. The application operations
are divided, such that operations that can not be easily mapped on reconfigurable
logic are executed on the host processor, and operations that can benefit from
hardware implementation and consume substantial execution time are executed
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{1} {2} {3} {4} {5} {6} {7} {8} {9}
l1 1 1 0 1 1 0 1 0 1
l2 0 1 1 1 1 1 1 1 1
l3 0 1 0 1 1 0 1 0 1
l4 0 0 1 0 0 0 0 1 0
l5 0 0 1 0 0 1 0 0 0
l6 0 0 0 1 0 0 1 0 0
l7 0 1 0 0 0 0 1 0 0
l8 0 0 0 1 1 0 0 0 1

(a)
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(b)

{1} {5, 9} {4} {7} {2} {6} {3} {8}
l1 1 1 1 1 1 1 0 0 0
l2 0 1 1 1 1 1 1 1 1
l3 0 1 1 1 1 1 0 0 0
l4 0 0 0 0 0 0 0 1 1
l5 0 0 0 0 0 0 1 1 0
l6 0 0 0 1 1 0 0 0 0
l7 0 0 0 0 1 1 0 0 0
l8 0 1 1 1 0 0 0 0 0

(d)

α β

γδ

(c)

Fig. 1. (a) Matrix M and corresponding (b) graph GC (with components α, β, γ, and
δ), (c) graph GM , and (d) final matrix

on the FPGA. Thus, some sections of the application code executed originally in
software have been replaced by function calls for communication to the FPGA.

We selected for hardware implementation two critical operations: clones com-
parison and construction of the column sets for each component. For each opera-
tion, we developed different hardware implementations, producing several hybrid
SW/HW solutions. The main goal is to reduce the execution time of the consec-
utive ones problem solution, when compared to its SW implementation.

The HW component of the hybrid solutions is composed of the main modules
described below. In addition to these modules, it can use memory banks available
on the board that contains the FPGA to increase the processing capacity.

– Control: Manages the data flow necessary for the other modules in the
FPGA, so it is the most complex module. The control consists of a state
machine which coordinates all steps of the HW operations.

– Compare clones: Compares two rows and counts their intersections.
– Construct sets: Constructs the column sets for each component.
– Receive data: Receives input data from the SW part of the application.
– Send data: Sends the operation results to the SW part of the application.
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4.1 Comparing Clones

The comparison of rows (clones) of M determines whether two rows belong to
same component and also the number of intersections between their column sets.
The rows, represented as sequences of bits, are sent from the SW program to
the FPGA. Given that the rows can be very long, the HW implementation of
this operation performs comparisons and intersection counting in blocks of bits.
In order to process two rows i and j, we operate the first block of i with the
first block of j, then the second block of i with the second one of j, and so on.
At each clock cycle, the circuit processes a pair of blocks, until the two rows are
entirely operated. We use 32 bit-blocks.

The circuit of Fig. 2 shows how the row comparison operation is implemented
in HW. At each cycle, the row comparator performs the following operations:

– Perform an AND operation with the two blocks, obtaining the auxiliary
result R.

– In parallel:
• If R is different from 0, the blocks have intersection. The relation result

is set appropriately.
• Perform a XOR operation with the first block and R. If the result is

different from 0, the first block is not contained by the second one. The
relation result is set accordingly.

• Perform a XOR operation with the second block and R. If the result is
different from 0, the second block is not contained by the first one. The
relation result is set accordingly.

• Count the number of 1s in R and accumulate the partial result.

Fig. 2. Circuit for clone comparison
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4.2 Constructing Column Sets

After permuting the component columns, the construction of the column sets
of each component is performed processing the components by columns. When
scanning column c, if the position corresponding to row i contains 1, it indicates
that at least one element from the set Si of columns of row i belongs also to the
column set of c. If this is the first 1 found, the set Si is copied to this column set.
Otherwise, only the columns belonging to both sets will be part of the column
set of c. If the position corresponding to row i contains 0, the columns belonging
to Si do not belong to this column set. So any element in Si should be removed
from the column set of c.

The column set construction operation implemented in HW uses memory
banks of the FPGA board to store the matrix M , the permuted component stored
by columns, and the indexes of the rows of M that belong to the component.
The set constructor uses the same strategy of the clone comparator and process
the input data in blocks. The input data to the set constructor are a block from
the component column and a block from the column set of a row. The output is
the block from the column set of the component.

The circuit of Fig. 3 shows how this operation is implemented in HW. The
constructor receives a column block every 32 clock cycles and a row block each
cycle. It maintains the partial result P and an index indicating the position to
be accessed in the column. After receiving a row block, the constructor verify
the column current position and performs the following operations:

– If this position has 0, the block of the row set is inverted (operation NOT )
and perform an AND operation with this result and P .

– If this position has 1, perform an AND with the block of the row set and P .
– The result is stored in P , and the column index is decremented.

Fig. 3. Circuit for column set construction
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4.3 Hybrid Implementations

We developed five different hybrid solutions using several implemented versions
of the two operations (clone comparison and set construction), with increasingly
functionality and control complexity, and exploring different trade-offs between
computation and communication costs.

SW/HW 1: Demand Sending and Clone Comparison
This solution implements in HW only the row comparison operation. There
is no use of memory banks and the communication is stream-based. The
SW determines which pairs of rows must be compared and for each pair,
sends a package containing the two rows to be compared. The rows are
processed in HW in a pipelined way: while some blocks are unpacked, others
are compared.

SW/HW 2: Complete Sending and Demand Clone Comparison
The second solution also implements in HW only the row comparison op-
eration, but it uses a memory bank to store the entire matrix M . The SW
initially sends the entire M to the HW. Then the SW determines which
pairs of rows must be compared and for each pair, sends a package contain-
ing only the two row indexes (rather than the two entire rows). The packages
are smaller and the replicated sending of the same row is eliminated (when it
is compared to several distinct rows). Therefore the communication overhead
can decrease.

SW/HW 3: Complete Sending, Demand Clone Comparison, and Set
Construction
This solution is similar to the previous one, but it includes the column set
construction operation in HW. Since more memory banks are used, the con-
trol becomes more complex accordingly.

SW/HW 4: Complete Clone Comparison, and Set Construction
The fourth solution implements in HW both the row comparison and the
column set construction operations. The SW initially sends the entire M
to the HW, which performs all row comparisons (each row is compared to
every row). The SW does not need to send a comparison request for each
pair of rows. The goal is to reduce the communication overhead when there
are many row comparisons. The set construction control is not changed with
respect to the previous implementation.

SW/HW 5: Parallel Clone Comparison and Parallel Set Construction
The last solution also implements in HW both operations and introduces the
exploitation of parallelism in their execution. There are in the HW two mod-
ules for row comparison and another two for set construction. Additional
memory banks are used and matrix M is stored in an interleaved way in
two banks. This way, both row comparison modules (as well as the set con-
structors) can work in parallel and provide twice the performance for each
operation.
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5 Experimental Results

The platform used to implement our solutions consists of a computer with a
general purpose processor Athlon 64 with 2.2 GHz clock frequency, 2 GB of
RAM, and a 100 Mb/s network connection, and a multimedia board from Xilinx
[12] containing a Virtex-II XCV2000 FPGA operating at 50 MHz clock frequency
and five memory banks of 2 MB each one. The pure SW implementation, as well
as the SW parts of the hybrid solutions were developed in the C programming
language. The HW parts of the hybrid solutions were developed using the VHDL
hardware description language and synthesized with the Xilinx/ISE tool.

We used chromosomes from two living beings to generate the clones and
probes, which in turn produced the binary matrices used in the experiments.
The first was the chromosome 5 of Arabidopsis thaliana (a plant of the mustard
family), and the second was a chromosome 2 contig of Homo sapiens, both ob-
tained from NCBI [13]. For the first chromosome, 3,285 clones and 4,096 probes
were generated, and for the second chromosome, 2,881 clones and 4,096 probes.

For each input matrix, the pure SW algorithm and the five hybrid solutions
described in Subsection 4.3 were executed. Table 1 shows the results for the var-
ious solutions, applied to the matrix formed with the Arabidopsis thaliana data.
For each operation implemented in HW (row comparison and set construction),
we show the time spent only on FPGA processing and the total time spent per-
forming the operation. The latter includes communication, FPGA processing,
and SW processing times. The number of row comparisons performed is also
shown. Finally, the table shows the total execution time of the solution and the
speedup of each hybrid implementation with respect to the SW algorithm.

The results show that, for the Arabidopsis thaliana data, a few compar-
isons between rows are necessary, indicating that the matrix has few compo-
nents. Therefore, the comparison of all row pairs (performed by implementations
SW/HW 4 and 5) offers no benefits because it makes a far greater number of
comparisons than are actually necessary. For this operation, the best solutions
are implementations SW/HW 2 and 3.

Considering the set construction operation, the first two hybrid implementa-
tions perform the set construction in SW, while implementations SW/HW 3 and
4 use one single constructor module in HW, and reduce in more than 16 times

Table 1. Results for Arabidopsis thaliana chromosome (execution times in seconds)

Implementation
Row Comparison Set Construction

Total Speedup
Number of Time in Total Time in Total time wrt. SW

comparisons FPGA time FPGA time
SW 7,879 – 0.70 – 571.45 573.11 –

SW/HW 1 7,879 0.04 1.30 – 589.34 591.45 0.97
SW/HW 2 7,879 0.04 0.67 – 572.59 574.11 1.00
SW/HW 3 7,879 0.04 0.63 34.45 35.17 36.67 15.63
SW/HW 4 5,393,970 27.72 29.95 34.45 35.16 65.89 8.70
SW/HW 5 5,393,970 13.92 16.14 17.22 17.94 34.86 16.44
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Table 2. Results for Homo sapiens chromosome (execution times in seconds)

Implementation
Row Comparison Set Construction

Total Speedup
Number of Time in Total Time in Total time wrt. SW

comparisons FPGA time FPGA time
SW 2,080,334 – 214.83 – 272.42 487.73 –

SW/HW 1 2,080,334 10.65 351.53 – 280.55 633.56 0.77
SW/HW 2 2,080,334 11.07 137.08 – 248.28 386.47 1.26
SW/HW 3 2,080,334 11.15 124.12 15.11 15.61 145.53 3.35
SW/HW 4 4,148,640 21.32 23.06 15.11 15.59 39.02 12.50
SW/HW 5 4,148,640 10.70 12.44 7.55 8.03 20.84 23.40

the total time spent on this operation. In the last implementation, the introduc-
tion of a new set constructor module provided a performance gain around 100%
when compared to the previous solution.

We can see from the SW solution results that, for this matrix, most of the
total execution time is spent on the set construction operation. We can develop
a SW/HW implementation 6, combining Complete Sending and Demand Clone
Comparison (as SW/HW 3) and Parallel Set Construction (as SW/HW 5). This
solution produces the best results for the Arabidopsis thaliana matrix, with 19.35
seconds of total execution time and yielding a speedup of 29.62 with respect to
the SW algorithm.

Table 2 presents the results obtained with the second matrix, containing the
Homo sapiens data. We can see that, for this matrix, it is necessary to compare
many more row pairs, and consequently the time spent on the row comparison
operation represents a considerable portion of the SW algorithm total execution
time. Thus, the implementation of this operation in HW has enabled all hybrid
implementations (except the first one) a substantial performance gain when com-
pared to the SW solution. The approach used in solution SW/HW 1 sends to the
FPGA a message with the pair of rows, for each row comparison, and produces
a negative impact on the communication time. Solutions SW/HW 2 and 3 send
all M rows once and, for each comparison, send only the row indexes, reducing
the communication time and yielding an average performance gain of 65%, for
this operation, with respect to the SW algorithm. Implementation SW/HW 4,
which makes all comparisons and does not send row indexes, reduces even fur-
ther the communication time and produces a performance gain of 832% in the
time spent on this operation, compared to the SW algorithm. The last hybrid
solution nearly doubles this gain, using two row comparison modules. Therefore,
we can conclude that if the number of comparisons is significant, it is better to
perform all comparisons than to send messages with comparison requests.

The results from Table 2 also show significant performance gains for imple-
mentations that perform in FPGA the set construction operation. The use of
parallel row comparison and set construction (solution SW/HW 5) produced the
hybrid implementation with the best results, for this matrix, yielding a speedup
of 23.4 when compared to the SW algorithm. Both operations benefit from par-
allelism, because their data can be partitioned and processed independently.
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(a) (b)

Fig. 4. Execution time for (a) Arabidopsis thaliana and (b) Homo sapiens chromosomes

Fig. 4 shows the total execution time for all implementations and for both
chromosomes. In order to analyze the impact of communication overhead in
each hybrid solution, the figure also shows the execution time without the com-
munication overhead, but including both FPGA and SW processing. We can
see that, for the Homo sapiens chromosome, some hybrid solutions can benefit
from a platform with a stronger coupling between processor and FPGA, and
consequently lower communication overhead.

6 Conclusions and Future Research

This paper presented several SW/HW solutions to the consecutive ones problem,
used in DNA physical mapping. We developed these solutions on a platform with
a processor and a reconfigurable component attached to it, and also implemented
the pure SW algorithm. The hybrid solutions perform in hardware operations
that most contribute to the SW algorithm total execution time. We performed
experiments with real chromosomes in order to compare the performance of these
solutions to the SW implementation, and analyze different trade-offs between
communication overhead and computation.

The results showed the reconfigurable device capability in efficiently execute
the operations, clone comparison and set construction, and both provided perfor-
mance gains. These operations perform repetitive tasks that require a continuous
data flow and present a considerable amount of data parallelism, features that
are benefited from the implementation in hardware.

We achieved drastic performance improvements using approaches with re-
duced communication and with pipeline and parallelism. The hybrid implemen-
tations yielded speedups up to 29.62, with respect to the SW algorithm, for
the Arabidopsis thaliana chromosome. For the Homo sapiens chromosome, we
produced speedups up to 23.4.

We can further improve these results using an architecture with stronger cou-
pling and a reconfigurable component without the strict limitations of low clock
frequency and small memory capacity. This way, communication time can be
reduced and more parallelism can be exploited. The solutions developed employ
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at most two hardware modules, for each operation, working in parallel, due to
memory limitations. However, the application offers more parallelism potential
and there was still plenty of area available in the FPGA.

From the experimental evaluation we conclude that the choice of the best
SW/HW solution may be different for each input matrix with clones and probes
data. A challenging approach is to identify which characteristics of this matrix
influence it to have a few or many components and affect the demand of a few
or many clone comparisons. Based on this investigation, we can dynamically
reconfigure the FPGA to implement the best solution to that matrix.
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Abstract. As one of the most widely used bio-sequence searching tools,
BLAST adopts index-based approach to detect the matches between
two substrings by looking up a large table and processing one match
per query. In this paper, we propose a systolic array approach to detect
string matches without using looking up tables. The pipelining systolic
array is implemented as a multi-seeds detection and parallel extension
pipeline engine to accelerate the first two stages of NCBI BLAST al-
gorithm. Different from the index-based approach, our implementation
consumes little memory resources and eliminates redundant string ex-
tensions by merging multiple adjoin seeds into a valid seed. Our FPGA
implementation achieves superior performance results in both of process-
ing element number and clock frequency over related works in the area
of FPGA BLAST accelerators. The experimental results also show the
speedup can reach about 17 and 48 compared to the NCBI BLASTp and
TBLASTn programs for 3072-residue queries on Intel P4 CPU, respec-
tively. Furthermore, the idea of multi-seeds detection also can be adopted
in other seed-based heuristic searching applications.

1 Introduction

The comparison of DNA or protein sequences has become a fundamental task
of modern molecular biology. BLAST (Basic Local Alignment Search Tool) [1]
as one of the most important tools has been designed to run on commodity PC
clusters at present to search for sequence similarity in genomic databases. With
the exponential growth of the bio-sequence databases, such as the NCBI (Na-
tional Center for Biotechnology Information) GenBank [2], which has doubled
in size every 12∼16 months for the last decade and now stands at over 56 billion
characters, the computational requirements for sequence comparisons have far
exceeded the computing capability.

General-purposed microprocessors typically provide very limited bit-level par-
allelism. However, sequence comparison algorithms exhibit a much higher de-
gree of bit-level data parallelism, typically hundreds of bit-level operations can
be performed in parallel. Therefore, many researchers keen on implementing
BLAST algorithms in hardware to avoid the low efficiency in general-purposed
microprocessors. Recently, FPGA chips have emerged as one promising applica-
tion accelerator, using a combination of FPGAs and general-purposed CPUs to

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 39–50, 2008.
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accelerate BLAST algorithm attracts much more attention. A number of par-
allel architectures have been proposed, such as Mercury BLASTn [3], [4], [5],
Tree-BLAST [6], Mercury BLASTp [7], RC-BLAST [8], FPGA/FLASH Accel-
erator [9],Multi-engine BLASTn Accelerator [10], [11] and many commercialized
system, BEE2 [12], CLC Cube [13], Mitrion [14] and DeCypher [15] et.al. have
been built.

Most of the current implementations adopt the index-based searching ap-
proach, which builds all kinds of tables to record the position of each word in
query sequence, then drives the words (or named w-mers) in database flowing
through the accelerator one by one and looks up the table to find the seeds. How-
ever, this method typically suffers two drawbacks. Firstly, only one word can be
searched per cycle (meaning at most one seed can be detected per cycle), with
the limitation on memory port number, no matter what the table is stored in
internal or external memory. Second, the storage and access overhead of lookup
table become the resource bottleneck.

Specifically, Mercury BLASTn [4] and Mitrion [14] implement a pre-filter
using hashing, then check words in database against a hash table constructed
from the query one by one. Hash table is stored in an external SRAM attached to
FPGA, since the internal block RAMs are too limited in size to hold the tables for
large query sequence. The accessing delay to external SRAM incurs long pipeline
cycle time. RC-BLAST [8] and BEE2 [12] implement the word-finding stage by
using query index. Each word from subject sequence is then used as an index
to lookup the table in order. Because of the limitation of on-chip memory size,
the design in RC-BLAST assumes that no word in query sequence is repeated
more than three times. Obviously, the assumption is unreasonable. Compared
with other designs, FPGA/FLASH adopted a novel approach, the database is
also formatted as an index structure. Each word is associated with its position
in the sequence and its neighboring environment. This information allows short
un-gapped alignments to be immediately computed, avoiding millions of random
accesses to the database. Unfortunately, the size of the database index has to
be very large. As an example, storing a 40 amino acid substring environment
leads to a 150 GB index for the Human genome. This is 50 times more than
the raw data [9]. The storage cost will be intolerable with the steeply growth of
database. To improve searching efficiency, Multi-engines BLASTn [11] fitted 64
identical computing machines in single chip to compare the query with 64 subject
sequences in database concurrently and Mercury BLASTp [7] implemented a
two-seed generator for accelerating the first stage of BLASTp. Unfortunately,
these approaches are still based on the query index essentially.

Besides the index-based searching approach, there exists another searching
strategy, which uses systolic array without lookup tables. D.Hoang et. al. [16],
[17] implemented the Needleman-Wunsch and dynamic programming algorithms
using systolic array implementation on SPLASH 2. Using JBits S.Guccione et.
al. [18]implements the Smith-Waterman algorithm. The most recent implemen-
tations were the Hyper Customized Processors in Nanyang Tech University [19]
and FPGA-Based Accelerators by Tom Van Court et. al [20]. It is a natural
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approach to use systolic array to mapping dynamic programming algorithms on
FPGAs. But it is rare to use systolic array for mapping the BLAST algorithm,
only Tree-BLAST [6] can be found.

At present, most of the seed-based solutions test the words from database
stream in a serial mode, one match per cycle. The searching efficiency can be
improved if hardware can detect multiple ”seeds” concurrently and extend them
in parallel. In this paper we present a Multi-seeds Detection and Parallel Ex-
tension Engine to accelerate BLAST algorithm. Our design is based on systolic
array rather than the static lookup table. It lessens the storage requirement to
on-chip memory because all positions of match points can be calculated dynam-
ically at seeds detection pipelines. The multi-seeds detection has three advan-
tages: Firstly, it improves the searching capability in word-matching stage, which
can execute up to 3072 matches/cycle and report all the match points contem-
porarily with the help of 3072 PEs. Secondly, all the reported seeds at a time
are located in identical diagonal, which is convenient for filtering some invalid
seeds. Finally, the mechanism of multiple seeds detection supplies enough seeds
to reduce the empty time in the extension stage.

2 BLAST Algorithm Overview

BLAST family is composed of five subprograms: BLASTn, BLASTp, BLASTx,
TBLASTn and TBLASTx. They provide functionalities for comparing all pos-
sible combinations of query and database sequence types by translating the se-
quences. Nevertheless, the algorithms for each type of search operate are almost
identically. The kernel of the algorithm can be summarized as 3 steps: Seeds
Hitting, Ungapped Extension and Gapped Extension. Previous study [4]
showed most of the execution time is spent in the step 1 and 2, over 99%, es-
pecially in the first one, over 80%. Therefore, how to detect and locate word
matching quickly is critical to accelerate BLAST algorithm.

3 The Structure of Multi-seeds Detection and Parallel
Extension Engine

Our BLAST searching system consists of an algorithm accelerator engine and
a host processor. The accelerator scans database for an input query sequence
and produces a HSP list. Then the host analyses the HSP list in order to assign
statistical significance to those matches. The accelerator engine comprises one
FPGA chip (Altera StratixII EP2S130C5), two 1GB SDRAM modules (Micron
MT16LSDT12864A) and an USB2.0 interface which is connected to the host.
The structure is shown in Fig.1(A). The design fitted in the FPGA includes
SDRAM&PE Array Interface Module, Sequence Memory Group, Multi-seeds
Detection Array, Seeds Merging Module and Multi-seeds Ungapped Extension
Module. SDRAM&PE Array Interface is responsible for system initialization
and providing the subject data stream. Sequence Memory holds the query and
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(A) (B)

Fig. 1. (A) The Structure of Multi-seeds Detection and Parallel Extension Engine, (B)
The Structure of Multi-seeds Detection Array

current subject sequence, and produces the subsequence including seeds for un-
gapped extension. The last three modules compose the algorithm core. In the
following subsections, we take BLASTp algorithm as example to illustrate our
implementation in detail.

3.1 Multi-seeds Detecting

The function of this stage is similar to word matching in NCBI BLASTp. It finds
out the common appearance of subsequence with 3 amino acids (3-AA word)
in both query sequence and subject sequence in database. The main difference
is that with the help of systolic array, multiple seeds can be detected at each
clock cycle, instead of one match per cycle in usual index-based method. Suppose
qi−1qiqi+1 and sj−1sjsj+1, (i, j ≥ 1) are substrings in query and subject sequence
respectively. If (qi−1 = sj−1)∧(qi = sj)∧(qi+1 = sj+1) that means a 3-AA word
matching occurred and a seed had been detected. The structure of systolic seed
detecting array as shown in Fig.1(B).

The array consists of a series of Processing Elements (PEs), which holds
the query(a char per PE) while the database stream flows through the array.
PE[i](the ith PE) compares qiwith sj , then send the match flag to previous and
next PEs, per cycle. At the same time, PE[i] receives the match flags, compares
results of amino acid pairs (qi−1, sj−1) and (qi+1, sj+1) , generated by neighbour
PEs and judges if a seed has been detected. Therefore, the array is capable of
processing word matching at up to L Matches/cycle (L is the PE array size) and
can report multi-seeds per cycle if they are detected. The array reports two seeds
(word AKL on PE2 and KLP on PE3) at the same time, as shown in Fig.1(B).
The multi-seeds detect algorithm is illustrated in Fig.2(A).

Seed detecting and locating are two key functions of PE module implemented.
Statement S3 in algorithm1 implements the seed-detecting. The location of word
hit consists of the offsets in query and in subject, the subject sequence ID in
database, which calculated dynamically by S2(Initial phase), S1 and S2 in pro-
cessing phase respectively.
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Algorithm 1: Seed-detecting Algorithm for Each PE  (PE[i], 1≤i≤L)
Initial phase:  // drive query sequence into PE array and record the location of each AA char
S1：Query_reg ← 0;     PE_match_flag ← 0;     Find_3-AA_Match ← 0; 

Hit_location_Query_reg ← 0;  Hit_location_Subject_reg ← 0;  // registers clear
S2：if  (Query_stop_in = 0)     // PE array no pause

Query_reg ← Query_in;    Query_out ← Query_in;
Location_Query_reg ← Location_Query_reg + 1;  // compute location in query

        else all signals hold on;        

if  (Subject_stop_in = 0)    // the database stream no pause
S1：Subject_out ← Subject_in;

Location_Subject_reg ← Location_Subject_reg + 1;  // compute location in subject
S2：if (Subject_in = Sequence_end_flag)       

Sequence_ID_Subject ← Sequence_ID_Subject +1; // sequence number in DB
        else if  (Sj = Qi)

Current_PE_match_flag ←  1;  // amino acid pair matching is detected
Match_flag_left_out ←  1;        // send match flag to previous PE
Match_flag_right_out ←  1;     // send match flag to next PE

S3：if ((Current_PE_match_flag = 1)&(Match_flag_left_in = 1)&(Match_flag_right_in = 1))
Find_3-AA_Match ← 1;             // seed is detected and set hitting flag
Hit_Location_Query ← Hit_Location_Query_reg;   
Hit_Location_Subject ← Hit_Location_Subject_reg;// output match-point location

else  all signals hold on;        

Processing phase:             // drive database stream into PE array and detect all the seeds

(A) (B)

Fig. 2. (A) The Seeds Detecting Algorithm for Each PE, (B) PE Module Structure

3.2 Successive Seeds Merging

The systolic array implements the multi-seeds detect procedure very quickly. The
array may report a lot of seeds contemporarily when there is enough similarity
between the query and subject. It is hard for ungapped extension stage to catch
up with the speed of multi-seeds detect with the growth of the array size. Finally,
it will cause the unbalance in processing capability between the two stages.
To address the problem, we add a seeds merging stage to merge the adjacent
successive word-hits (because those seeds belong to identical HSP) into a valid
seed and pass it to extension stage as shown in Fig.3(A). The benefit of merging
seeds is that the number of valid seed can be reduced significantly. As result,
the efficiency of ungapped extension stage is improved since the duplication
extension of single HSP had been eliminated.

3.3 Multi-seeds Extension

This stage extends the seeds to either side to identify a longer pair of protein
sequence with the score exceeds the threshold. To improve the extension effi-
ciency, we adopt the Multi-channel Parallel Extension Strategy, which will be
introduced particularly in section 4.4.

4 FPGA Implementation and Optimization

4.1 Multi-seeds Detection Array

As for the basic cell in multi-seeds detection array, PE Module performs the
character comparison in pipeline mode and calculates the hit position. The kernel
in PE module is a 3-input AND Gate(the middle rectangle area in Fig.2(B)),
which implements seed detection. The two input signals named Match flag left in
and Match flag right in generated by adjacent PEs and the current pair match-
flag are sent to input ports of the 3-input AND to generate a hit signal when



44 F. Xia, Y. Dou, and J. Xu

all inputs are TRUE. Three accumulators calculate the offsets of the seed by
counting the amino acid characters passed through. Since the Find 3-AA Match
flag depends on the comparing result of amino acid pairs calculated by adjacent
PEs, the calculating the hit flag is the critical path. Timing analysis shows the
path delay is less than 3ns, thus it is not the bottleneck in FPGA implementation.

The PE array size is limited by logic (LUT) resource in FPGA. Generally,
the larger array size is, the higher searching efficiency can be reached since more
words are scanned and more seeds may be detected at the same time. However
with the increase in seed-detection capability, multi-seeds recording becomes a
critical issue because the number and location of seeds generated by PE array
at each time is random. When there is enough similarity between the query and
subject, a lot of seeds are reported contemporarily. The overhead recording the
seeds orderly will lead to a long pause and low efficiency since the array must
be held up until all the seeds have been recorded. To address this problem, we
adopt two schemes: decomposing the PE array and merging successive seeds.

4.2 Decomposing the Detection Array

The idea of this strategy is decomposing the Multi-seeds Detection Array into PE
Groups to record the seeds in parallel. To record the seeds detected by the array,
the Seeds Merging Module should also be partitioned into some SM subModules
(corresponding to PE Groups), each of which records and merges the seeds
detected by local PE Group then sends it to a local Hit FIFO. The seed in Hit
FIFOs is delivered to Hit information FIFO by multilevel Fifo Merger Modules.
The partition and hierarchical merging process is illustrated in Fig.3(A). The
other advantage of decomposing the detection array is eliminating the bottleneck
in implementing the huge multiplexer (MUX) between the Multi-seeds Detection
Array and Seeds Merging Module as shown in Fig.3(B). We transform the huge
multiplexer into several smaller ones (subMUX) by partitioning the large array
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Fig. 3. (A) The Array Partition and Hierarchical Multi-seeds Merging Process, (B)
The Port Connection between PE Array and Seeds Merging Module
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and Seeds Merging Module into small groups. Thus the multiplexer units no
longer become the bottleneck in FPGA implementation. The synthesis results
show that the 64 PEs compose a group is an optimal choice. The clock frequency
of the detection array with 512 PEs increases from 55MHz to 156MHz since the
large MUX (512-line to one) is divided into eight small subMUX (64-line to one)
and it does not change visibly with the array size growth.

4.3 The Algorithm of Merging Successive Seeds

As far as each PE Group is concerned, recording multi-seeds still have to be
processed in order. If the two subsequences in query and current subject are
highly similar, many seeds will be reported by adjacent PEs contemporarily.
It will take a long time to record them one by one. Additionally, it will cause
redundant extension if every seed in successive position is sent to the Hit FIFO
because the seeds belong to the identical HSP.

To filter the redundant seeds and reduce unnecessary extension overhead, we
adopt a merging seeds strategy in SM sModule. The successive seeds merging
algorithm is illustrated in Fig.4. Each SM sModule registers the seed flags as
statement S1 in processing phase and checks whether word matches are detected.
The function in S4 finds the first position ”1” (”1” means a word hit), which
corresponds to the location of first seed detected. The loop in S6 merges the
successive word hits into a valid seed then reports it (S8). Suppose the current

Algorithm 2：Successive Seeds Merging
Initial phase:

S1：Hit_location ← 0;    Subject_stop ← 0;    Word_hit_reg[1..m]  ← 0;     i  ← 0;  

S1：Word_hit_reg[1..m]  ← Word_hit[1..m];    Hsp_flag   ←  0;    i  ← 0;  
S2：While  (Word_hit_reg[1..m] != 0)
              Do  S3 ~ S8;
                     S3：Subject_stop ← 1;                  // Stop current subject sequence passing through
                     S4：FUNCTION Find the first location of   ‘1’ (n); // The value returned is n (1≤n≤m).
                     S5：Word_hit_reg[n] ←  0;     n ← n +1; i  ← 1;  
                     S6：While  (Word_hit_reg[n] = 1)
                                   Do  { Word_hit_reg[n] ←  0;            // record the match point and clear the hit flag
                                             n ← n +1; i  ← i  +1;  }  

S7：If (i  > T)                           //  judge if finds a segment matched exactly with enough length
Hsp_flag  ← 1;    

S8：Hit_location ←  { Hsp_flag, Hit_info[n] };
S9： Subject_stop ← 0;    Returns  S1;

Processing phase:

Fig. 4. Successive Seeds Merging Algorithm for Each SM subModule

status of PE Group as shown in Fig.1(B). Both PE2 and 3 find a seed at the
same time. The SM sModule will deliver the two seeds to Hit FIFO and the
extension operation will be executed twice without the phase of merging seeds.
In fact only one extension is needed since the seed AKL and KLP can be merged
into a bigger seed AKLP.

Statement S7 judges whether it finds a segment matched exactly with enough
length from the count of successive hit flags (variable i). If i is greater than
the value set by user (suppose T = 8, that means the substring with more than
10 amino acid pairs matched exactly is detected), then Hsp flag is set active.
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The extension module will no longer extend the seed but output it directly
because the extension have finished. Our method reduces unnecessary extension
and endows the PE array with a measure of ”macroscopic” searching ability.

4.4 Multi-channel Parallel Extension Strategy

In this stage seeds are read out from Hit information FIFO and extended (adopt-
ing Blosum62 Matrix) to either side to identify a HSP. So the seed’s context
characters are needed for extension. However, because of the powerful capabil-
ity of multi-seeds detecting and the serial extension procedure (only one amino
acid pair can be read out per cycle from Sequence Memory), the seed-extension
capability can’t catch up with the throughput of multi-seeds detection units.

To solve the problem, we adopt the Multi-channel Parallel Extension method
by setting several Ungapped Extension Modules as shown in Fig.5. Because each
Extension Module accesses query and subject sequence memory contemporarily
to get the seed’s context characters, several Qry/Sub Memory copies are fitted
to supply enough access ports for multi-channel extension. Thus, multiple seeds
from different Hit info FIFO can be extended in parallel.
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Fig. 5. The Structure of Multi-channel Parallel Extension

5 Experiments and Performance Comparison

The NCBI BLAST software with default parameters (Ver:2.2.16) runs on a desk-
top computer with a 2.60GHz P4 CPU and 1.5GB Memory. Theoretically, the
Multi-seeds Detection Array can detect all seeds. We searched a sequence se-
lected in Swiss-Prot with 2048 residues against a small part of Swiss-Prot with
65536 total letters. As a result, 12629 seeds have been detected and 793 seeds
have been extended successfully. Using the merging seeds strategy, the number of
seeds reported in our design is greatly less than that of the software, but the HSP
list accords with the software version. We did a series of tests to evaluate our
implementation in the aspects of synthesis performance, storage requirement,
actual searching capability and speedup over related works.



Hardware BLAST Algorithms with Multi-seeds Detection 47

Test 1: Comparing Synthesis Performance to Systolic Array Approa-
ches. We fit our design on FPGA EP2S130C5 with 3072 PEs as shown in Table
1. Without seed-detecting, Tree-BLAST [6] finds HSP directly by adding up the
scores of individual alignments between two amino acids. It allocates a BRAM
for every four PEs to index the scoring matrix, therefore the BRAM count limits
the query size up to 600 on XC2VP70 and 1024 on XC4VLX160. Different from
Tree-BLAST, the array size is not limited by BRAM but LUTs in our implemen-
tation. It only consumes 38% on-chip memory resource of FPGA XC4VLX160,
compared with nearly 88% of related work. We also implement 1024 PEs on
XC2VP70-5, the same platform with Tree-BLAST. The result shows our design
is superior to Tree-BLAST in both PE number and clock frequency.

Table 1. Performance results and comparison

Ours Tree-BLAST [6]

FPGA EP2S130C5 XC2VP70-5 XC4VLX160 XC2VP70-5 XC4VLX160

PEs Fitted 3072 1024 3072 600 1024

ALUT/Slice (%) 92098/(87%) 20007/(60%) 48272 /(71%) −− 78%

Memory (%) 741376 bits/(11%) 36 BRAM/(11%) 110 BRAM/(38%) −− 88%

Clock (MHz) 113 140 189 110 178

Single PE 42 ALUTs or 31 Slices −− −−

Test 2: Comparing Storage Requirement to Index-based Approaches.
As stated before, the systolic array storage requirements less than index-based
approaches. The main storage expense in our design is Sequence Memory and
multistage Hit FIFO (When the array size is 3072, the memory overhead is
692Kbits, which is only 11% of the memory capacity in EP2S130C5). On the
contrary, the index-based approach is limited to the capacity of on-chip block
RAMs. RC-BLAST [8] fitted a query index with the size of 64K×64bits in Xilinx
4085XLA, which can only record three offsets for each word. Due to the same
reason, Mercury [4] and Mitrion [14] have to store the hash table to external
SRAM. The delay of memory access becomes the performance bottleneck. Com-
pared to index-based RC-BLAST and systolic-based Tree-BLAST, our approach
reduced the storage requirement by about 90% and 50% respectively. Further-
more, in our implementation, little memory requirement reduces the complexity
of memory access and lessens the difficulty in FPGA layout and routing.

Test 3: Comparing to Index-based Hardware Accelerators
(1) Word-scanning Capability. Most of the current implementations can ex-
ecute only one word-match per cycle, such as [3], [4], [5], [8], [12], [14]. The
word-scanning capability in Mercury BLASTn [3] is 96M matches/s. Mercury
BLASTp [7] designed a two-seed generator, the processing capability reaches
up to 219M matches/s for 2048-residue queries. The capability in Multi-engine
BLASTn Accelerator [11] achieves 6400M matches/s by using 64 identical par-
allel engines. Comparatively, our searching engine can execute 294912M word
matches per second, over 40 times, by using the multi-seeds parallel detecting
approach.
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(2) Actual Searching Capability. We use the measurement unit, the number
of Kilo Amino Acids (Kaa) compared to the number of Mega nucleotides (Mnt)
performed every second, KaaMnt/s, to measure the actual computing power,
because of the variation in the hardware structure, the amount of FPGA resource
and clock frequency among all kinds of accelerators. The computational power
of FPGA/FLASH and Timelogic Decypher Engine reported in [9] is 451 and
182KaaMnt/s respectively. In our implementation, it took 424ms to search a
3072-residue query against drosoph.nt downloaded from NCBI BLAST Database
[21] on our engine. We calculate our computational capability:

3Kaa × 122Mnt

424ms
= 863KaaMnt/ sec

Hence, as for the actual searching capability, our design is 1.91 and 4.74 times
as fast as the FPGA/FLASH and Timelogic Decypher Engine respectively.

Test 4: Comparing Execution-time to Software Version. We fit the design
on our testbed to accelerate the first two stages of BLASTp and TBLASTn. The
experimental results are listed in Table 2.

Table 2. Execution time (ms) and speed-up for different queries

Array Size BLASTp TBLASTn

(Query length) Software Hardware Speedup Software Hardware Speedup

128 1901 1047 1.82 3203 150 21.3

256 3087 1057 2.92 3641 163 22.3

512 5603 1090 5.14 5156 199 25.9

1K 9327 1157 8.06 9891 254 38.9

2K 17814 1227 14.5 15438 358 43.0

3K 25132 1487 16.9 20328 424 47.9

4K 32469 1620 (simulated) 20.0 25656 480 (simulated) 53.4

8K 61162 2207 (simulated) 27.7 47797 570 (simulated) 83.8

(1) Comparing to BLASTp. We did a series of experiments to search queries
selected in Swiss-Prot with different length(128∼8K, which equals array size)
among the database Swiss-Prot, including 274,295 sequences, 100,686,439 total
letters, downloaded from EBI [22]. The software execution time, with the growth
of query size, is increasing very fast. It only took 1901 ms to search the database
with 128-residue queries, while the time added up to 61162 ms to finish the mis-
sion with 8K-residue queries. The reason is the cost in both index constructing
and searching object increasing greatly with the query size growth. However, the
time on our accelerator increases very slowly. This is due mainly to searching
cycles of our accelerator equals to the time of database stream flow through
the array (that is L + S, where L is the array size and S is the database size)
plus the pausing time. In the above factors, S is a const and the variation in L
can be ignored compared with S. In addition, the pausing cost is related to the
number of seeds detected directly. When searching domain (DB) is certain, the
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valid seeds number and the extension overhead will not increase sharply with the
query size growth since the optimized strategies introduced in section 4 are used
in our implementation. Thus, the larger the array size is, the better the speedup
achieves. It is about 17 times faster than the desktop computer for 3072-residue
queries. Simulation result shows it can reach 27.7 with the array size of 8K.

(2) Comparing to TBLASTn. Queries were selected in Swiss-Prot with the
length from 128 to 8K residues. The run time of TBLASTn is tested for searching
the database drosoph.nt downloaded from NCBI BLAST Database [21], which
includes 1170 sequences, 122,655,632 letters and the accelerator searches against
the Coding Sequence (CDS) picked out from drosoph.nt. TBLASTn is used for
searching protein sequence against DNA database. It translates all the DNA
sequences into the 6 possible potential proteins before searching. Therefore, for
the same query, it is slower than BLASTp. However, the execution time of our
accelerator does not increase steeply with the query size growth for the same
reason as the Test4(1), so the higher speedup can be achieved. Our implementa-
tion has a speedup of approximately 48 for 3072-residue queries using the array
with 3072 PEs and the value can reach about 84 for 8K-PE array.

6 Conclusion

In this paper we present a systolic array, which supports Multi-seeds Detec-
tion and Multi-channel Ungapped Extension in parallel, to accelerate the first
two stages of NCBI BLASTp and TBLASTn. Our implementation reduces un-
necessary extension by using merging seeds strategy and decreases the memory
requirement on-chip as a result of eliminating the lookup tables. The experi-
mental results show about 17 and 48 times faster than BLASTp and TBLASTn
program running on a desktop computer with 2.60GHz P4 CPU and 1.5GB Mem-
ory for 3072-residue queries, respectively. Furthermore, our design is suitable to
BLASTn and the Multi-seeds Detecting Array also can be used to accelerate the
seed detection stage in other seed-based heuristic searching applications.
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Abstract. Signature based network intrusion detection systems (NIDS)
rely on an underlying string matching engine that inspects each network
packet against a known malicious pattern database. Traditional static
pattern descriptions may not efficiently represent sophisticated attack
signatures. Recently, most NIDSs have adopted regular expressions such
as Perl compatible regular expressions (PCREs) to describe an attack
signature, especially for polymorphic worms. PCRE is a superset of tra-
ditional regular expression, in which no counters are involved. However,
this overloads the performance of software-based NIDSs, causing a big
portion of their execution time to be dedicated to pattern matching.
Over the past decade, hardware acceleration for the pattern matching has
been studied extensively and a marginal performance has been achieved.
Among hardware approaches, FPGA-based acceleration engines provide
great flexibility because new signatures can be compiled and programmed
into their reconfigurable architecture. As more and more malicious sig-
natures are discovered, it becomes harder to map a complete set of ma-
licious signatures specified in PCREs to an FPGA chip. Even worse is
that the counters used in PCREs typically take a great deal of hardware
resources. Therefore, we propose a space efficient SelectRAM counter for
PCREs that involve counting. The design takes advantage of components
that consist of a configurable logic block, and thus optimizes space usage.
A set of PCRE blocks has been built in hardware to implement PCREs
used in Snort/Bro. Experimental results show that the proposed sheme
outperforms existing designs by at least 5-fold. Performance results are
reported in this paper.

1 Introduction

Signature based network intrusion detection systems (NIDS) such as Snort [1]
and Bro [2], inspect packets on a network segment and seek for known mali-
cious attacks against a rule database. The advance of attack techniques create
a need to describe sophisticated attack signatures using Perl compatible regu-
lar expressions (PCRE)[3], which have been adopted and implemented in the
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aforementioned NIDSs. Based on our previous study [4,5], more than 70% of the
Snort execution time is found to be on string comparisons and their related ma-
nipulations. Such computations need to move network packets from the media
access control (MAC) layer across the system bus to the CPU. This data path
can be shortened and efficiently implemented in FPGAs with their flexibility
and parallelism to achieve high performance.

PCREs are not traditional regular expressions (which typically are composed
of a set of alphabet with operations such as concatenation, alternation, and
Kleene star). However, the PCREs allow counting operations such as Exactly,
AtLeast, and Between a range of matches. For example, a{n} is looking for n
continuous matches of the character a; a{n, } specifies at least n continuous
matches of the character a, and a{n, m} indicates a match when the number of
matches is between n and m, inclusively. Obviously, PCREs require counters in
addition to a typical implementation via either non-deterministic final automata
(NFA) or deterministic final automata (DFA). Furthermore, each PCRE of the
above forms will be associated with one or two counters. When implemented in
hardware, these counters may take a large portion of hardware resources.

PCRE is a superset of regular expression which can be constructed as an
equivalent NFA using the Thompson’s construction method [6]. Each NFA can be
derived to an equivalent DFA using the subset construction process [6]. However,
the exponential space complexity (O(2n), where n is the length of a regular
expression) may not be suitable for a hardware implementation. NFA, on the
other hand, are suited for hardware implementations for their parallel nature and
expressiveness. Over the past decade, NFA based hardware implementations of
string matching have been widely studied. However, the efficiency of hardware
implementations for PCREs with constrained repetitions remains to be studied.

The rest of this paper is organized as follows. Section 2 discusses previous re-
lated work in hardware implementations for PCREs. Section 3 describes PCREs
used in NIDSs. Our proposed 20-bit SelectRAM counter will be depicted in
Section 4, followed by the performance evaluation and comparisons with other
approaches in Section 5. Section 6 concludes the paper.

2 Related Work

Regular expression string matching implemented in hardware has been exten-
sively studied over the past decade. Back in 1982, Floyd and Ullman proposed
a technique to compile regular expressions into integrated circuits [7] using the
McNaughton-Yamada algorithm [8]. In 2001, Sidhu and Prasanna presented an
efficient method for fast regular expression matching using FPGAs. Regular ex-
pressions such as a single character, alternation, concatenation, and Kleene star
are converted to NFA which are placed and routed on a self-reconfigurable gate
array (SRGA) device. Afterwards, a number of authors have proposed to en-
hance the performance of pattern matching using hardware. In 2002, Hutchings,
Franklin, and Carver [9] studied a JHDL-based module generator using the ba-
sic regular expression blocks proposed by Sidhu and Prasanna. This generator
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additionally supports regular expressions such as meta-characters “?”, “.”, and
“[]”, and optimizes space usage via common prefix sharing.

Clark and Schimmel (2004) proposed a pre-decoding technique to share hard-
ware matchers with an attempt to reduce resource usage [10]. Sutton proposed a
partial character decoder for NFA-based regular expression matching to reduce
the number of signals needed to be routed around the FPGA [11]. Lin, Huang,
Jiang, and Chang minimized hardware space by sharing sub-regular expressions
[12]. Brodie, Taylor, and Cytron proposed an approach to translate static pat-
terns and regular expressions to DFA based on a pipelined state-machine rep-
resentation that uses encoding and compression techniques to improve density
[13]. Baker, Jung, and Prasanna proposed a microcontroller architecture to em-
ulate DFA-based regular expressions stored in run-time programmable memory
tables [14]. This flexible design allows regular expressions to be swapped in and
out hardware on-the-fly.

Yusuf, Luk, Szeto, and Osborne proposed a uniform hardware-based network
intrusion detection engine based on content addressable memory (CAM) and
binary decision diagrams (BDDs) [15]. Bispo, Sourdis, Cardoso, and Vassiliadis
proposed a space efficient NFA-based regular expression matcher with constraint
repetitions used in PCREs [16]. Their approach employs built-in shift registers
(SRL16) for counting to reduce resource usage. These authors also pointed out
open issues in synthesizing regular expressions in FPGAs [17], in which one
of the emerging issues is area reduction. DFA-based approaches [18,13,14] may
result in a significant space demand. The related works in NFA-based approaches
may not implement constraint repetitions except the work conducted by Bispo,
Sourdis, Cardoso, and Vassiliadis [16].

3 Perl Compatible Regular Expressions Used in Network
Intrusion Detection Systems

Due to their expressiveness, PCREs have been adopted by NIDSs such as Snort,
and Bro to describe sophisticated attack signatures. The official Snort ruleset
is certified by the Sourcefire Vulnerability Research Team (VRT) and is avail-
able to the public [1]. The Snort ruleset released on October 15, 2007 is used in
this paper. Bro analyzes network traffic against rules that describe activity re-
strictions, policies, and signatures of known attacks. Signatures defined in Snort
can be converted to Bro using a utility called “snort2bro.” Currently, there are
about 47,355 static patterns and 18,350 PCREs defined in Snort. However, the
repeated rates are over 85% as shown in Table 1.

A typical implementation will share identical patterns among rules, and com-
mon prefix sharing can also further reduce space requirement [16,14]. For exam-
ple, there is a signature that describes “IMAP create buffer overflow,” defined
in Snort and Bro, which is listed in Table 2 and Table 3.

PCRE is defined using “pcre” keyword in Snort; Bro uses “payload” keyword
to specify a PCRE. This PCRE describes any string that starts with a space,
followed by “CREATE”, followed by another space, and followed 1024 non-new
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Table 1. Statistics of Signatures Used in Snort

Pattern Type # of instances repeated rate total characters repeated rate
Static 47,355 85% 560,401 64%
Non-Repeated Static 7,127 203,133
PCRE 18,350 87% 775,797 51%
Non-Repeated PCRE 2,427 378,066

Table 2. The Signature That Describes IMAP Create Buffer Overflow Attemp Used
in Snort

alert tcp $EXTERNAL_NET any -> $HOME_NET 143 (msg:"IMAP create buffer
overflow attempt"; flow:to_server,established; content:"CREATE";
isdataat:1024,relative; pcre:"/\sCREATE\s[^\n]{1024}/smi";
metadata:service imap; reference:bugtraq,7446; classtype:misc-attack;
sid:2107; rev:5;)

line characters (ASCII value 10). The “.*” prefixed in the Bro payload attribute
is to filter out non-matched characters, and it is semantically identical to the
PCRE defined in Snort. Other portions of the signature define the condition of
a header in a packet to be inspected, such as source/destination IP addresses,
ports, protocols, etc.

Table 3. The Signature That Describes IMAP Create Buffer Overflow Attemp Used
in Bro

signature sid-2107 {
ip-proto == tcp
src-ip != local_nets
dst-ip == local_nets
dst-port == 143
event "IMAP create buffer overflow attempt"
tcp-state established,originator
payload /.* CREATE [^\x0a]{1024}/
}

4 Our Proposed 20-Bit SelectRAM Counter

In a Xilinx Virtex-II Pro configurable logic block (CLB), there are four slices,
each of which includes two 4-input function generators, two flip-flops (FFs), carry
logic, arithmetic logic gates, and multiplexers. The 4-input function generator
can be configured as a 4-input lookup table (LUT), 16 bits of distributed memory
(RAM16), or a 16-bit shift register (SRL16). In order to save space, a function
generator is confgiured as a RAM16 which keeps a count value, and another is
programmed as another RAM16 which acts as a counter. Figure 1 shows the
schematic design of our proposed 20-bit counter. Since the RAM16 is 16 bits
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long and one bit wide, it requires 16 clock cycles to reset and a 4-bit address
bus. Therefore, we will need a 4-Bit counter to provide an address and a 16 cycles
reset (Ready signal) for the RAM16 counter. Once reset, the RAM16 counter
will be reset in the first 16 cycles and will count up by one in every 16 cycles
achieved by the half adder (HA). A 1-Bit comparator is used to compare the
RAM16 counter and the RAM16 value. The RAM16 value is set to be 32 far
from the final count for the sentinel register to set timely. The relation of the
final count and the RAM16 value is RAM16 value = �(final count − 32)/2�.
After the sentinel register is set, the output is high if the 4-Bit decoder detects
the leftover counts, i.e., final count mod 16.

>

4−Bit
Counter

RAM16 Value

RAM16 Counter

1−Bit
Comp

FF
>

HA
s

1

c

Reset

Sentinel

4−Bit Decoder

Ready

FF
Output

Fig. 1. Our Proposed 20-Bit SelectRAM Counter

For example, a count to 33 will require 16 cycles to reset RAM16, 16 cycles
to increase the RAM16 counter to 1 (the 17th cycle), and 16 cycles to increase
its value to 2 (the 34th cycle). It will be too late if we check the counter at the
34th. Therefore, the RAM16 value is set to 1. In our design, the sentinel register
is set at the 32nd cycle. Thus, if a decoder is used for “0001”, then in the 33rd
cycle, the circuit will signal that the count has been reached.

Characteristics of the 20-Bit SelectRAM Counter. Based on the design
of the proposed 20-bit counter, it will count to any number as large as 220

using the same hardware resource, i.e., the resource usage is constant and is not
dependent on the count value. A count value is decomposed into two portions:
multiple of 16 (stored in a RAM16) and residue of 16 (detected by the 4-Bit
decoder). Each RAM16 can be mapped to a LUT nicely with a design goal to
miminize hardware resource usage (the two RAM16 can be mapped to a single
slice). For small counts less than 16, a simple LUT configured as SRL16 will
be a good option instead. A 16-cycle reset is required to initialize the 20-bit
counter because the RAM16 is 16 bits deep and 1 bit wide. Another 16 cycles
are required to read its value. Therefore, by its nature, the counter will count
any number larger than 32. Once started, the counter can not be stopped unless
there is a reset. However, it will output high for one cycle when the final count is
reached. A detailed description of using the counter in designing PCRE hardware
will be delineated in a later section. The characteristics of the proposed 20-bit
SelectRAM counter are summarized as follows:
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– needs 16 clocks to reset.
– 4-bit counter counts for the RAM16’s addresses and the residue counts.
– is either reset or +1 in any 16 clock cycles.
– can only count by 16.
– can count any value between 32 and 220.
– two LUTs (one slice) are used for the counter and the final count.

4.1 A PCRE Exactly Block Based on the 20-Bit SelectRAM
Counter

Assume that the PCRE Exactly block will count any number larger than 32.
A match signal driven from a previous PCRE block will be used to reset the
20-bit SelectRAM counter and enable the output. The reasons why the 20-bit
SelectRAM is reset whenever a pre-match is asserted are as follows. First, if
a counter is not mature and the following pre-match is found to be within 16
cycles, there would not be enough time for the counter to reset its RAM16 to
zero. Second, similarly, if the couter is reset once a mismatch is found, it would
miss the following prematch during the 16 cycles of reset. On the other hand,
if two or more pre-matches are found within 16 cycles, the counter would not
be reset completely until the last pre-match. It should not be a problem in our
design because any count less than 32 is taken care of by other simple LUT
counters. Figure 2 shows the design of a PCRE Exactly block, such as a{n},
based on the proposed 20-bit SelectRAM counter.

20−Bit

FF

SelectRAM
Counter

>

Pre−Match
Output

Match

Fig. 2. A PCRE Exactly Block Based on the 20-Bit SelectRAM Counter

Whenever there is a mismatch, the FF is reset to disable the output. Note that
the counter will not stop regardless if a mismatch character is found. However,
the 20-bit SelectRAM counter will output high for one cycle when a final count
is reached. Therefore, the Exactly block will output high for that cycle even
though there are more matches.

4.2 A PCRE AtLeast Block Using the Proposed SelectRAM
Counter

Our PCRE AtLeast block is composed of a PCRE Exactly block and a register
that keeps the state of when the minimal number of matches are reached. When a
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FF
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Pre−Match Output

Match

Exactly
Block

20−Bit PCRE

Fig. 3. A PCRE AtLeast Block Based on the 20-Bit SelectRAM Counter

pre-match occurs, the Exactly block will be reset and start counting. Once a des-
ignated count is reached, the output from the Exactly block will be kept in the
register and the the output will remain high until a mismatch occurs. Figure 3 il-
lustrates our design for aPCRE AtLeast block using the 20-bit SelectRAM counter
(a{n, }).

4.3 A PCRE Between Block Using the 20-Bit SelectRAM Counter

Our 20-bit SelectRAM counter can be modified with maximum resource sharing
to implement a PCRE Between block such as a{n, m} where n is the lower bound
and m is the upper bound. The circuit should output high after a pre-match and n
continuous matches of a pattern. The output remains high until the upper bound is
reached. Whenever there is a mismatch, the output goes to low. Instead of two full
counters, we add a RAM16 (one LUT) to keep the upper bound and some mux
logic blocks to switch the 1-bit comparator to the upper bound when the lower
bound is reached. It is worth mentioning that there are mux’es in a logic cell and
this modificatin should be space efficient. Figure 4 depicts our design for a space
efficient PCRE Between block using the 20-bit SelectRAM counter. Because the
sentinel register is set every 16 cycles, one more sentinel register is needed in order
to check if the upper bound is reached. Otherwise, the Match lb register will be
reset immediately after it is set by the lower bound match logic. Moreover, there
should be two sets of residue decoders: one for the lower bound and the other for
the upper bound. Since the sentinel register is set 32 cycles ahead of the final count,
and reset in the first clock of a 16-cycle update period, then there is an intrinsic
limit that the minimal difference between an upper bound and a lower bound is
16. For small counts, they can be implemented using one LUT instead.

4.4 Kleene Star and Plus Blocks

The Kleene star (a∗) operator used in PCRE can be easily implemented in
hardware based on a PCRE Plus block (a+). For example, a ∗ b is equivalent to
b|a + b. In practice, it is hard to have a dedicated hardware block to the Kleene
star because it depends on the next character. The PCRE Plus block, however,
does not need to have a counter to keep its states. Therefore, it can be simply
implemented using a register as shown in Figure 5.
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Fig. 5. A PCRE Plus Block

5 Performance Evaluation and Comparison

We have implemented the proposed 20-bit SelectRAM counter on a Xilinx Vertex
II pro device and a similar result also applies to other devices. Table 4 shows a
performance comparison of our proposed 20-bit SelectRAM counter with other
approaches. The results are optimized either in area or in speed set in the Xilinx
Synthesis Tool (XST), i.e., the numbers are the same either optimized by area
or by speed. Data are collected after place and route operations are complete.
The 8 ∼ 20-bit LUT counters are purely based on a 4-bit LUT counter which
is composed of 4 LUTs. Each bit is latched using a register as shown in the
Table 4, in which the number of FFs is increasing accordingly. The SRL16-based
11-bit counter proposed by Bispo et al. [16] is based on the shifter register (16
bits deep and 1 bit wide) in a typical Xilinx logic cell. However, the number of
SRL16 needed for a counter depends on the count value, i.e., the larger the count
value, the more space is required. Nevertheless, the SRL16-based approach is the
fastest (397 MHzVirtex V5-3) among all the approaches. Also, its performance
would not be degraded when the count value increases. The Xilinx 32-bit counter
is synthesized by XST whenever a counter is inferred in a VHDL process. The
Xilinx ISE 8.2i will always generate a 32-bit counter, and even a smaller width
is set for the counter. It is worth mentioning that a basic Xilinx 20-bit counter
will cost 20 FFs in 10 slices. However, when compared to a designated count, it
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Table 4. A Performance Comparison on the Proposed 20-Bit SelectRAM Counter with
Other Approaches

FF LUT Slice V2P-7(MHz) V4-12(MHz) V5-3(MHz)
Our Proposed 20-bit 11 19 15 185 224 234
20-bit LUT 20 25 17 199 187 183
16-bit LUT 16 21 13 181 169 201
12-bit LUT 12 16 10 181 169 201
8-bit LUT ) 8 11 7 204 185 261
SRL16-based 12-bit [16] 246 247 486 304 255 397
SRL16-based 8-bit [16] 21 22 36 304 255 397
Xilinx XST 32-bit 32 73 37 239 282 322

adds up as shown in Table 4. Among the listed approaches, our proposed 20-bit
SelectRAM counter outperforms others in terms of space usage and performance.

Based on the 20-bit SelectRAM counter, the PCRE blocks such as Exactly,
AtLeast, Between, and Plus, are implemented and their performances are listed
in Table 5 and Table 6. Resource usages for the PCRE basic blocks are tab-
ularized in Table 5, in which the targeted device is Virtex-II Pro with speed
and area optimization. Implementation on Virtex-II Pro, Virtex-4 and Virtex-E
shows exactly the same resource usage. It is worth noting that the Exactly block
and the AtLeast block use exactly the same amount of resource whereas the
SRL16-based design [16] may vary. Our approach takes advantage of the space
efficient design of the 20-bit SelectRAM counter in those two PCRE blocks. As
a result, there is only an AND gate difference as shown in Figure 2 and Figure 3.
Moreover, the PCRE Between block shares most of the hardware resource used
in the Exactly Block in our design. It only uses 19 LUTs as it may require more
than 26 LUTs if two Exactly blocks are to be built, in which one is in charge of
lower bound counting and the other is in charge of upper bound counting.

Table 5. Resource Usage for the Proposed PCRE Basic Blocks

FF LUT Slice
Character 1 1 1
Plus 1 2 2
Exactly 9 13 12
AtLeast 9 13 12
Between 11 19 15

The maximal frequencies (MHz) of the PCRE basic blocks over different
FPGA devices measured from Xilinx ISE tools are reported in Table 6. The
results for the Exactly block and the AtLeast block are almost identical and
Virtex-5 shows higher performance among the others. The Between block per-
forms slower but is very close to the other two PCRE blocks.
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Table 6. Maximum Frequency (MHz) for the Proposed PCRE Basic Blocks

Character Plus Exactly AtLeast Between
Virtex-II Pro -7 1,011 480 185 185 183
Virtex-4 -12 1,122 441 224 224 191
Virtex-5 -3 1,039 468 234 234 229

Table 7. Performance Indices of All Approaches

V2P-7 V4-12 V5-3
Our Proposed 20-bit 195 236 246
20-bit LUT 159 150 146
16-bit LUT 138 129 153
12-bit LUT 136 127 151
8-bit LUT 148 135 190
SRL16-based 12-bit 15 12 19
SRL16-based 8-bit 111 93 144
Xilinx XST 32-bit 105 124 141

Table 8. Comparison between Our Proposed PCRE Pattern Matching Engine and
Other PCRE Approaches

Approaches Bits Device Throu- Logic Logic MEM # of PEM
/Clk ghput Cells Cells Kbits Char-

(Gbps) /char acters
Our Approach 8 Virtex-4-200 1.5 5947 0.15 0 40,209 10.26
Bispo et al.[16] 8 Virtex-4 2.9 25,074 1.28 0 19,580 2.27
Lin et al.[12] 8 Virtex-E 2000 - 13,734 0.66 0 20,914 -
Brodie et al.[13] 64 ASIC 16.0 ∼247K 22.2 2,296 11,126 0.66
Baker et al.[14] 8 Virtex-4-100 1.4 - 2.56 6,000 16,175 0.22
Sidhu et al.[19] 8 Virtex-100 0.46 1,920 66 0 29 0.01

In order to fairly compare overall performance among different designs, we use
a performance index that takes into considerations the maximum frequencies and
hardware resources used. The performance index is defined as follows:

performance index = maximum frequency/total logic cell ∗ number bits

Table 7 shows performance index of the designs over different devices (Virtex II,
Virtex-4, and Virtex-5). The results show that our proposed 20-bit SelectRAM
approach outperforms other approaches in terms of the performance index. The
performance can be 1.2 to 19 times better (in the instance of SRL16-based on
Virtex-4).

To measure space efficiency of our proposed PCRE building blocks, a tool
written in PERL is developed to automatically extract and compile PCREs de-
fined in Snort to VHDL modules. As an experiment instance, 700 PCRE rules are
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converted into VHDL, in which 733 Plus blocks, 2,877 Kleene Star blocks, 96 Ex-
actly blocks, 217 AtLeast blocks, 4 Between blocks, and 36,282 static characters
are implemented and synthesized. Table 8 lists detailed performance efficiency
metric (PEM) [16] numbers among related schemes. Since our proposed PCRE
building blocks are highly space efficient, the overall performance implemented
on Virtex-4-LX200 is at least 5-fold compared to other related works.

6 Conclusions

As powerful PCREs are being used to describe sophisticated network attack sig-
natures for NIDSs, the performance of PCRE-based pattern matching engines
may be a bottleneck to the overall system throughput. To cope with a high
speed network, NIDSs have to process incoming network traffic in a timely pace;
otherwise, malicious packets would not be detected. Software implementations
typically suffer from I/O intensive operations and complicated PCREs pattern
matching. With the advanced VLSI techniques, it is inevitable to map software
routines (such as PCREs) to hardware, which improves system throughput. How-
ever, these PCREs involve counters which may consume a tremendous amount
of hardware resources. In this research, a highly space efficient PCRE implemen-
tation on FPGAs is proposed. Our scheme takes advantage of CLB structures
in FPGAs to optimize resource usage, and thus its performance is at least 5-fold
compared to existing designs when implemented for NIDSs. This design can also
be applied to other fields such as Bioinformatics that requires extensive string
comparisons.
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Abstract. This paper presents a custom processor designed to execute a time
consuming function in a CFD application. The selected function implements the
method TDMA (Tri-Diagonal Matrix Algorithm) for solving a tri-diagonal sys-
tem of equations. The custom processor was implemented in a commercial PCI
prototyping board based on Virtex4LX FPGAs and uses a dedicated memory
cache system, address generators and a deep pipelined floating-point datapath.
Running at 100MHz and assuming the input data already in the cache memories,
the system reaches a throughput greater than 1.4GFLOPS.

1 Introduction

Computational Fluid Dynamics (CFD) are numeric intensive computer applications to
simulate the behavior of a fluid flow over a given physical domain, under certain initial
and boundary conditions. The CFD application addressed in this work is the simulation
of wind flow over complex terrain. In this class of applications, a CFD simulation is
carried out over a 3D rectangular volume corresponding to the location under study,
that is divided into a 3D mesh with a variable grid size. Final results of a simulation are
the physical properties of the air flow at each point in that mesh like the 3 orthogonal
components of wind speed, pressure and kinetic energy of the air. These values allow
to construct a 3D map of the wind flow in the domain under study at a given point in
time (stationary simulations) or to evaluate the steady state behavior of these variables
over time, at a selected point in the simulation domain (transient simulations).

These simulations are performed by numeric iterative processes well known by the
scientific community, for which stable resolution methods exist. These techniques rely
on solving numerically a set of partial differential equations that describe the physical
relationship among the variables at each grid node and its neighbors (the Navier-Stokes
equations) as an approximation by finite-difference equations. In the work addressed in
this paper, a function was selected from a FORTRAN software code [1], [2], [3] that
uses the method SIMPLE, (Semi-Implicit Method for Pressure-Linked Equation) [4]
to model the Navier-Stokes equations and the TDMA algorithm to solve the system of
equations.

Duration of simulations, performed by desktop computers, may range from hours
to days, depending on the number of points of the 3D grid that represent the domain
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under simulation and the speed of convergence of the iterative process (this if affected,
for example, by the complexity of the terrain that may slow the convergence process).
This way, even a modest speedup in the computation process may represent a signif-
icant amount of absolute time saved to run a simulation. Preliminary profiling of the
original software code has shown that approximately 60% of the overall execution time
is spent in a very regular sequence of computations that implement the method TDMA
(from now we will refer to this function as ’solver’). This routine is formed by a set
of 6 similar FOR loops, where the inner computations share the same structure and
use only elementar arithmetic operations performed on single precision floating-point
data. This regularity and the high cost of the execution of this small code in the overall
program has selected this as the first candidate for migration to a custom processor.
Measuring the real CPU time taken by this section of code and counting the number of
elmentar floating point operations executed has shown an average performance around
100MFlops, for a typical sized problem (121x36x62 nodes). With appropriate pipelined
datapaths, control and memory strutctures this value can be easily overtaken by current
FPGA technology, thus the motivation for this development.

Little previous work has been found on FPGA-based acceleration applied to this
class of problems. A first proposal for a custom computer for CFD applications was the
DREAM-1 and DREAM-1A machines [5]. The authors propose a parallel processing
system made of vector processing nodes and local memory partially implemented by
hard disks. By this time, FPGA technology had no capacity for such applications and
the hardware system was built with discrete chips. In [6] a custom processing architec-
ture is proposed for CFD computations, targeted to the BenNUEY card and BenDATA
modules [7]. The authors propose a computing architecture tailored for that hardware
platform, using massive parallel memory access and mapping each arithmetic operation
in the software code to a floating-point hardware operator in the computation pipelines.
Actual datapath architecture and implementation data is presented for only a specific
function and performance results presented are based on projections for some of the
most computing intensive functions. However, some critical aspects are not addressed,
like the operation scheduling and techniques to overcame the data dependencies that
otherwise will stall the pipelines.

This paper presents the implementation of a FPGA-based custom processor for ac-
celeration of the most time consuming function in a CFD application. The rest of the
paper is organized as follow. Section 2 presents the function targeted in this work. Sec-
tion 3 addresses the high-level transformations that were exploited to resolve data de-
pendencies and maximize the pipeline efficiency. Section 4 presents the reconfigurable
hardware platform that is being used in this work. In section 5, the organization of the
custom processor is presented, including the cache memory subsystem and computa-
tion datapath. Closing the paper, section 6 shows preliminary results and draw the final
conclusions.

2 CFD - The Problem

The CFD application addressed in the work was derived from a FORTRAN software
code to simulate the wind flow over complex terrain. The TDMA solver selected to be
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implemented in the custom computing platform has a very regular structure with vari-
ous nested FOR loops and performs a set of arithmetic operations on single-precision
floating-point matrices. Current FPGA technology can easily surpass the 100MFLOPS
performance measured for a typical sized simulation running on a 3.2GHz PC, through
custom design of the datapath, controlpath and, in particular, the memory subsystem.

Figure 1 shows the structure of the function ’solver’. The input variables are 8 three-
dimensional matrices representing the coefficients of the system of equations being
solved, plus another three-dimensional matrix (phi()) containing the data that rep-
resents the current solution. The output results of this computation are placed in the
matrix phi(). In each iteration, this function is called with a set of different coeffi-
cients computed by other sections of the program that were not addressed in this work.

for n=1 to nsweep

for k=kmin to nk

a(jminm1)=0

for i=imin to ni

c(jminm1)=phi(i,jminm1,k)

for j=jmin to nj

a(j) = an(i,j,k)

b(j) = as(i,j,k)

c(j) = ae(i,j,k) * phi(i+1,j,k) +

aw(i,j,k) * phi(i-1,j,k) +

at(i,j,k) * phi(i,j,k+1) +

ab(i,j,k) * phi(i,j,k-1) + su(i,j,k)

d(j) = ap(i,j,k)

term = 1 / ( d(j) - b(j) * a(j-1) )

a(j) = a(j) * term

c(j) = ( c(j) + b(j) * c(j-1) ) * term

for j=nj to jmin step -1

phi(i,j,k) = a(j) * phi(i,j+1,k) + c(j)

forward
loop

backward
loop

Fig. 1. The pseudo-code illustrating the structure of one of the six blocks in function ’solver’.
The other 5 blocks are similar to this by permuting the i, j and k control variables of the three
nested FOR loops.

The sequence of operations shown in figure 1 can be divided into 2 sections: forward
loop and backward loop. The forward loop produces as output the vectors c(j) and
a(j), executing 8 multiplications, one division and 6 additions/subtractions in each
loop iteration (for each j). The backward loop uses these two vectors to compute the
final elements of the output matrix phi(i,j,k), along the dimension j; this section
performs one more multiplication and one addition. A straightforward mapping of the
dataflow graph of each section into an arithmetic datapath can be obtained easily, as
shown in figure 2.

In spite of the simple structure of these circuits, there are two problems that must
be solved in order to exploit efficiently the low level parallelism afforded by these
datapaths, considering their implementations as a network of pipelined floating-point
operators. One is the (relatively) large number of operands required for the forward dat-
apath. To maximize the efficiency of the pipeline, the 15 operands must be issued at the
pipeline clock rate, what requires a convenient organization of the memory system and
dedicated address generators. The other problem is the data dependencies that exist in
the forward loop: to start the computation of one instance of c(j) and a(j) the previ-
ously computed values for c(j-1) and a(j-1) must be ready at the pipeline inputs.
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Fig. 2. The datapath that implements the core operations of the forward loop and the backward
loop

This means it will not be worth to schedule the computations through the pipeline in
the same sequence represented by the original code, because that would require an issue
rate for the input data equal to the pipeline latency. On the other hand, if the schedul-
ing of the computations do not follow the same order as in the original code, the final
numerical results may alter in some way the overall output of the iterative process.

3 High-Level Transformations

Analyzing the figures 1 and 2, the inner computation in both loops is performed along
index j, for a fixed k and i (note the outer loop is just a repetition nsweep times of
the whole process). Assuming a pipeline with N stages and considering the original
scheduling, the input dataset for index j+1 could only be issued to the pipeline inputs
N clock cycles after the input dataset for index j, thus leaving N − 1 empty slots in
the pipeline. Besides, in the original code, the calculation of each c(j) uses the most
recent values of phi(i±1,j,k±1). According to the iteration order, the loops along
j (inner loop) for a given i and k will always use the results of phi(i-1,j,k-1)
already computed for the previous values of i and k (i − 1 and k − 1, respectively).
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To fully utilize the pipeline slots, the solution adopted was to dispatch into the com-
putation pipeline (forward loop) a sequence of input data for the same j (inner loop)
but for k and i (the two outer loops) addressing the elements of the (i,k) plane in a
checkerboard fashion: first, compute all the elements along j on the “black” cells and
then on the “white” cells. Considering a pipeline with N pipestages, the computations
corresponding to the loop instance (i,j + 1,k) may be started N clock cycles after the
instance (i,j,k). This is when the c(j) and a(j) values required to start iteration
(i,j+1,k) are ready at the pipeline outputs and may be feed back to the datapath inputs.
This is functionally equivalent to the pseudo-code shown in figure 3.

for n = 1 to nsweep*2

for k = kmin to nk

a(jminm1) = 0

k1 = k - kmin + n %2

for i = imin + k1%2 to ni step 2

c(jminm1) = phi(i,jminm1,k)

for j = jmin to nj

a(j) = an(i,j,k)

c(j) = ( c(j) + b(j) * c(j-1) ) * term

for j = nj to jmin step -1

phi(i,j,k) = a(j) * phi(i,j+1,k) + c(j)

( -1)

...

forward
loop

backward
loop

Fig. 3. The modified pseudo-code of the main loop in function ’solver’, modified to reflect the
scheduling implemented by the hardware system

To verify the feasibility of the application of this process, in terms of the numeric
results obtained for a real CFD simulation, the original FORTRAN code of function
’solver’ was modified to execute in the same fashion depicted in figure 3. The execution
of a few typical CFD simulations using this new arrangement of the function ’solver’
has shown surprisingly good results. All the runs experimented have reached the con-
vergence criteria of the iterative process not slower than the original code. In one case,
the solution has even converged after running only 50% of the number of iterations
required by the original program. Besides, the final simulation results that represent
the physical parameters of the simulated wind flow differ from the “golden” results by
differences that, in terms of their physical meaning, can be considered negligible. Al-
though these results cannot formally prove the validity of the method for all the cases,
we can affirm with an high degree of confidence that the same behavior will certainly
be observed in simulations with similar characteristics.

3.1 Example of Scheduling

This strategy is exemplified in figure 4, assuming a datapath with 8 pipeline stages and
issue rate equal to 1 clock cycle. For a matter of clarity, we will call j-column(i,k) to the
vector formed by all the elements of a matrix along the dimension j, for a given (i,k); a
black j-column starts in a black cell of the checkerboard and a white j-column starts in
a white cell. First iteration (stage 1) starts with (i,j,k)=(0,0,0); next dataset sent to the
pipeline inputs is the position (i,j,k)=(2,0,0), then (4,0,0) and so on, until the results of
the first input data are present at the output of the pipeline, 8 clocks later (the schedule
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Fig. 4. Scheduling the operations through the forward loop pipeline

order of the first elements in each j-column is represented by the numbers 1 to 8 in the
black cells of the checkerboard in figure 4).

At this point (stage 9), these results are re-injected in the pipeline inputs c(j-1)
and a(j-1) to execute the iteration j + 1: (i,j,k)=(0,1,0), then (2,1,0), (4,1,0) and
so on. Sixty-four clock cycles after the first dataset was sent to the pipeline inputs, the
computation of the first block of 8 j-columns (dot-dot contour) is complete and the
results stored in 8 vectors c(j) and a(j). This happens at stage (clock cycle) 65,
when the computation of a new block composed by the next 8 black j-columns can
start (dash-dash contour). At the same time, the backward loop is executed along the
freshly computed j-columns, using a similar scheduling mechanism to compute the final
phi() values for the matrix positions corresponding to the black j-columns.

Note the value of the results computed during the forward loop (the vectors c(j)
and a(j)) only use the phi() values of the neighbor nodes corresponding to the
original input data. Thus, there are no data dependencies among the calculation of the
results for each j-column.

When the first outer loop iteration is concluded (corresponding to n = 1 in the
code of figure 3, the matrix phi() has newly computed values in the positions cor-
responding to the black j-columns, and the original input values in the positions of
white j-columns. The second iteration along i repeats the process described above for
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the white j-columns. During this phase, the computation of each element of the vectors
c(j) and a(j) performed during the forward loop will use the four neighbor values
phi(i±1,j,k±1) computed during the previous phase.

3.2 Memory Requirements

In order to fully utilize the computation pipeline shown in figure 2, a set of 14 single
precision floating-point data values (32 bit) must be issued to the datapath inputs at the
pipeline clock rate. This suggests the necessity of having local RAMs (on-chip) ded-
icated to hold each vector, because a single RAM would not be capable of sustaining
such throughput. For example, assuming a 100MHz clock rate (this is the clock fre-
quency our processor runs), this represents a throughput equal to 5.6GByte/s (14 floats
×4 bytes per float × 100MHz). However, the limited amount of on-chip SRAM in cur-
rent FPGAs cannot hold the complete input, temporary and output data set needed to
run the function ’solver’ for realistic CFD simulations (tens of nodes in each dimen-
sion). One solution to overcame this consists in dividing the simulation domain (the
3D rectangular volume) in smaller volumes partially overlapped and execute separately
the processing of each volume. This is the same solution adopted in [6] and was also
experimented with success to run parallel versions of CFD applications on clusters of
workstations.

4 The FPGA-Based Platform

The hardware platform chosen for this project was the Virtex-4 based DN8000K10PSX
from the DiniGroup, USA [8] populated with one V4LX40 and two V4LX80 FPGAs
and one module with 512MB of DDR2 SDRAM. By the time this was bought (end of
2006), this board was found to be the most adequate to host the implementation of our

V4LX40-10
(FPGA A)

configuration
(SpartanII)

uP config

clock
generator

USB RS232

PCI 64 bit / 66 MHz

CF card

PCI 64/66
(QL5064)

DDR2 SODIMM
(512MB)

SSRAM
(1M x 16)

31+31

main bus (32 bit data)

62+62

32

32

38

124+124

V4LX80-10
(FPGA B)

V4LX80-10
(FPGA C)

DDR2 SODIMM
(up to 4GB)

DDR2 SODIMM
(up to 4GB)

Fig. 5. Simplified block diagram of the DN8000K10PSX board. Presently, only one module of
512MB of DDR2 SDRAM, 200MHz is installed in the slot of FPGA B.
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CFD processor, for the budget available (around USD $8000). Figure 5 shows a simpli-
fied block diagram of the DN8000K10PSX board, with the actual devices installed in
the system used in this project.

Although the board supports the 64bit/66MHz PCI, only the 32bit/33MHz interface
is being used due to the unavailability of a 64 bit PCI slot in the host PC. At power
up the FPGAs are configured from a set of bit files stored in the compact flash mem-
ory card. Later reconfiguration can be done via USB or PCI using functions and soft-
ware applications provided by the vendor. The transfer of data between the host PC
and the FPGAs is done through a 32 bit data/address bus driven by the configuration
FPGA (Main bus), that is supported by library functions for easy interface with software
applications.

5 Hardware Implementation

Presently we have implemented a first prototype processor capable of executing the
function ’solver’, according to the schedule presented in section 3.1. Current imple-
mentation uses only FPGA B and the DDR2 SDRAM module directly attached to this
FPGA. All the communication with the host PC is done through the PCI interface and,
locally in the board, using the main bus. Due to on-chip memory limitations (BRAMs),
the processor is limited to three-dimensional matrices of a maximum 16x16x16 nodes.
The execution of larger problems will require the partitioning of the simulation domain
into smaller volumes that can fit the local memories.

Figure 6 presents the general organization of the custom processor. Interfacing with
the host is made through a bank of registers accessed by the host computer via the
PCI interface and the board main bus. This block accesses the local cache memory
to upload the data matrices and download the result matrix. This module was not yet
subject of special attention and there is some room to improve the transfer rate with the
host computer (using, for example, automatic address generators).

5.1 Address Generation

The address generation unit produces the addresses for the local memories, correspond-
ing to the sequence of loop indexes, according to the scheduling presented above. As
explained above, the complete code of the ’solver’ routine is composed of 6 instances
of the loop with the same structure of the pseudo-code shown in figure 1, for the 6
permutations of the loop indexes i, j and k. A finite-state machine generates the same
sequence of i, j and k indexes for the 6 loops, using the iteration limits selected for each
loop instance by a set of multiplexers. After that, another set of multiplexers perform
the permutation of the three indexes, according to the loop being computed (figure 7).

5.2 Cache Memory

The local cache memory feeds the forward and the backward loop with 13 single-
precision floats and stores the final result computed by the backward loop pipeline (fig-
ure 8). This unit is built with 13 dual-port RAMs, each with a total of 16 × 16 × 16 × 4
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bytes/float each (16 KBytes). Eight of these RAMs store the 8 matrices of coefficients
(vectors as(), ae(),...,su()) and share a common address bus because their ele-
ments are always accessed for the same indexes (i,j,k). Five other memories store 5
replicas of the input matrix phi(): four of them feed the inputs of the forward loop
pipeline with the 4 elements phi(i±1,j,k±1); a fifth memory is required to feed
the backward loop execution unit with a different element of the phi() matrix, dur-
ing the execution of the backward loop. All these memories were implemented with
BRAMs by the Xilinx tool Coregen.

5.3 Execution Units

The forward loop execution unit implements the pipelined datapath by mapping directly
the dataflow graph shown in figure 2. The single-precision floating-point operators were
built by the Coregen Xilinx tool. Dummy pipestages were introduced where necessary
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to balance the latency to the inputs of each arithmetic operator. The forward pipeline
has 8 multipliers, 5 adders, one subtracter and one divider. The pipeline latency is 44
clock cycles with an issue rate equal to 1 clock.

The backward loop execution unit includes a pipeline with only one multiplier and
one adder. Although the minimum latency of this datapath is 12 clock cycles, an ad-
ditional delay of 32 clock cycles was introduced to facilitate the synchronization of
the two pipelines during the parallel execution of the forward loop and the backward
loop. This unit includes four additional dual-port RAMS to store the vectors c() and
a() computed by the forward loop execution unit for a j-column block (total of 44×16
floats), and to feed them to the backward loop execution unit. These four memories (two
for vector c() and the other two for vector a()) switch their role for each j-column
block being computed: while one pair is being read by the backward loop execution
unit during the computation of one j-column block, the other pair is being written by
the forward loop execution unit with the results computed for the next j-column block.

6 Results and Conclusions

The first prototype processor implemented uses only the FPGA B and executes on data
matrices already stored in the cache memories. The host processor loads the memories
through the PCI interface, starts the processor and pools a status register to wait for the
end of execution. Final results (the contents of phi() matrix) are then read from the
cache memory. The functional correctness of the computation process was verified by
comparing the contents of the output matrix with the results calculated on the PC by a
C program implementing exactly the same sequence of calculations.

The processor runs at 100MHz, although the two arithmetic datapaths alone may be
clocked at 200MHz. In the current version the global clock frequency is being limited by
the path from the cache address generator through the cache memories. This is related
with the dispersion of the various cache memories within the FPGA array and may be
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improved by replicating the cache address generators and forcing their placement near
each memory.

Table 1 summarizes the FPGA occupation. Although only 14% of the LUTs are
used, the BRAM occupation is 57% (the aditional 5% is used by the DDR2 interface)
invalidates the implementation of a second processor within the FPGA.

Table 1. Summary of the FPGA occupation (Virtex4 LX80-10)

4-input LUTs 10,137 (14%)
Flip-flops 16,116 (22%)
Occupied slices 12,187 (34%)
LUTs used as route-thru 162 (<1%)
LUTs used as SRAM 32 (<1%)
LUTs used as shift-registers 448 (<1%)
FIFO16/BRAM16 124 (62%)
DSP48 36 (45%)
Equivalent gate count 8,369,419

Running at 100MHz, the total time needed to process the data matrices stored into
the 16 × 16 × 16 cache memories is 43μ seconds. A total of 61200 floating point
operations are executed, which corresponds to an average throughput of 1.4GFLOPS.
This figure shows, apparently, a good result, but it cannot be fairly compared to the
performance obtained by the original software code running in a PC (around 100MFlops
measured for a real simulation problem). Although the incorporation of the scheduling
optimizations done in the hardware processor into the original software code has shown
no significant modification of the overall running times of the function ’solver’, the
custom processor runs with the data already placed into its local cache, which is not
the case for software version. Besides, smaller problems will certainly reach higher
throughput for the software version due to the increase of data locality in the memory
accesses to the data matrices.

Further developments will implement a mechanism to load the data matrices from
the DDR2 main memory in blocks (partially overlapped) that can fit the dimensions
of the cache memories. Although a similar domain decomposition strategy is valid for
dividing a simulation domain into smaller parts dispatched to different processors, it is
still needed to validate the approach of applying such partitioning only at the level of
the function ’solver’ addressed in this work.
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Abstract. As Field Programmable Gate Arrays (FPGAs) have reached
capacities beyond millions of equivalent gates, it becomes possible to
accelerate floating-point scientific computing applications. One type of
calculation that is commonplace in scientific computation is the solution
of systems of linear equations. A method that has proven in software to
be very efficient and robust for finding such solutions is the Conjugate
Gradient algorithm. In this paper we present a parallel hardware Conju-
gate Gradient implementation. The implementation is particularly suited
for accelerating multiple small to medium sized dense systems of linear
equations. Through parallelization it is possible to convert the compu-
tation time per iteration for an order n matrix from Θ(n2) cycles for
a software implementation to Θ(n). I/O requirements are scalable and
converge to a constant value with the increase of matrix order. Results on
a VirtexII-6000 demonstrate sustained performance of 5 GFLOPS and
projected results on a Virtex5-330 indicate sustained performance of 35
GFLOPS. The former result is comparable to high-end CPUs, whereas
the latter represents a significant speedup.

1 Introduction

One area where Field Programmable Gate Arrays (FPGAs) are increasingly
important is in the acceleration of scientific computations. Some important ex-
amples of these applications include genetics, robotics, computer graphics and
optimization problems. This paper introduces some typical solutions for solving
systems of linear equations, a basic and recurring sub-task in scientific com-
putation, and goes on to detail the Conjugate Gradient (CG) method [1]. A
parameterizable hardware implementation of this algorithm is outlined, a com-
parison with software is made and results reported.

Due to deep pipelining, our proposed implementation is particularly suitable
for accelerating computations of multiple small to medium sized dense systems
in parallel. An example of such application arises when solving large banded
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linear systems using the parallel algorithm described in [2] or in Multiple-Input-
Multiple-Output adaptive equalization [3]. These computations are widespread
and include the numerical solution of partial differential equations used in opti-
mal control problems [4].

The main contributions of this paper are thus:

– a parameterizable deeply pipelined hardware design for solving systems of
linear equations,

– a detailed analysis of the Conjugate Gradient algorithm and its affinity for
FPGA based implementation,

– a design capable of 5 GFLOPS on VirtexII, and projected results predicting
that a sustained performance of 35 GFLOPS is possible for a Virtex5-330; a
speedup of 5× compared to the peak theoretical performance of a Pentium
IV running at 3 GHz, and an order of magnitude compared to the measured
performance of this processor.

After discussing the relevant background in Section 2, we present an overview
of the CG method in Section 3. Section 4 presents the proposed hardware de-
sign. Section 5 details resulting resource utilization, achievable throughput, I/O
requirements, and comparison to a high performance CPU is made. Section 6
concludes the paper.

2 Background

Most scientific computation involves the solution of systems of linear equations.
To address this problem there are some well studied and proven methods. These
are divided into two main categories: direct, where the solution is given by evalu-
ating a derived formula, and iterative where the solution is approximated based
on previous results until a certain acceptable value is reached. Examples of direct
methods include Cholesky factorization and Gaussian Elimination, while itera-
tive methods include Generalized Minimal Residual Methods (GMRES) and the
Conjugate Gradient Method that is described in this paper.

For large problems, matrix and vector operations can be computationally in-
tensive and may require significant processing time. Nonetheless they can be
accelerated by performing, whenever possible, parallel operations. As a result of
advancements in FPGA density, massively parallel floating point computation
has become feasible. Although there has been an increasing interest into the use
of Field Programmable Gate Arrays to accelerate scientific computation, with
recent supercomputers incorporating these devices [5,6], only very recently there
has been research focused on developing hardware optimized linear algebra [7].
This has led to the study and comparison of the performance and precision
against conventional microprocessors. The results forecast a very promising fu-
ture for FPGAs by predicting that by the year 2009 they will be an order of
magnitude faster in peak performance [8].



A High Throughput FPGA-Based Floating Point 77

Some typical methods for solution of linear equations finding have already
been implemented on FPGAs. A Cholesky implementation has demonstrated a
performance increase by 50% over software on a APEX EP20K1500E FPGA [9].
A Jacobi solver has been implemented on a Xilinx VirtexII Pro XC2VP50 and
demonstrated a speedup of 1.3 to 36.8 relative to uniprocessor implementations,
depending on the matrix structure [10]. There are also two papers that discuss
an implementation of the Conjugate Gradient method: one uses a Logarithmic
Number System (LNS) and achieves up to 0.94 GFLOPS on a VirtexII-6000
[11], the other uses a rational number representation and achieves 0.27 GFLOPS
using a VirtexII Pro XC2VP4 [12] and projects that it will be able to sustain
1.5 GFLOPS with Virtex4-55. In contrast, we present a parallelised and deeply
pipelined Conjugate Gradient method using the IEEE 754 [13] single precision
floating point number representation. We are able to achieve approximately 5
GFLOPS on a readily available VirtexII-6000 and 35 GFLOPS on a high-spec
Virtex5-330, for matrices of order 16 and 58 respectively.

Table 1 summarizes FPGA implementations of Conjugate Gradient method
in terms of year of publication, number system, device and GFLOPS achieved.

Table 1. Previous FPGA-based Conjugate Gradient implementations

Year Reference Number System Device GFLOPS

2005 [11] LNS VirtexII-6000 0.94
2006 [12] Rational Virtex4-25 1.5
2007 this paper FP single VirtexII-6000 5
2007 this paper FP single Virtex5-330 35

3 Conjugate Gradient Method

The Conjugate Gradient Method is an iterative method for solving systems of
linear equations of the form given in (1), where the n by n matrix A is symmetric
(i.e., AT = A) and positive definite (i.e., xT Ax > 0 for all non-zero vectors x
in R

n) [1]. When matrix A is positive definite, the associated quadratic form
given by J(x), defined in (2), is convex. J ′(x), the differential of J(x), is given
in (3). Notice that setting J ′(x) = 0 is identical to (1), hence the the solution
to the linear system is equivalent to minimizing the quadratic function given in
(2). This is the basic intuition of CG and other iterative algorithms.

Ax = b

⎡
⎢⎢⎢⎣

a11 a12 · · · a1n

a21 a22 · · · a2n

...
...

. . .
...

an1 an2 · · · ann

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

x1
x2
...

xn

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

b1
b2
...

bn

⎤
⎥⎥⎥⎦

(1)
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J(x) =
1
2
xT Ax − bT x (2)

J ′(x) =

⎡
⎢⎢⎢⎣

∂
∂x1

J(x)
∂

∂x2
J(x)
...

∂
∂xn

J(x)

⎤
⎥⎥⎥⎦ = Ax − b (3)

3.1 Algorithm Description

The algorithm, described in Fig. 1, consists of two parts. The first is an initializa-
tion that produces a ‘residual’ or search direction. The second part iterates until
the residual error is sufficiently small. The algorithm is intuitive and comprises
of the following steps:

1. Determine a search direction, d, of steepest descent in J(x). (cg1) and (cg12).
2. Perform a line search to determine the best step length, α, in the steepest

descent direction. (cg5) and (cg6).
3. Generate the new solution by adding the vector d times the determined step

length α to the current solution x and update the residual r. (cg7) and (cg8).
4. Iterate until the residual error is negligible. (cg13).

4 Implementation

4.1 Overview

The dataflow of this iterative algorithm is depicted in Fig. 2. The most compu-
tationally intensive operation is the matrix-by-vector multiplication in (cg5). To
obtain scalable performance, the proposed design implements this computation
by sequentially operating on each matrix row in turn; each constituent vector-by-
vector multiplication, however, is fully unrolled and parallelised (see Fig. 3). We
also use the same vector-by-vector unit for operations (cg2), (cg6) and (cg10).
These operations are represented in the double lined boxes on dataflow diagram
of Fig. 2. This vector-by-vector unit is fully pipelined, with a new vector intro-
duced each cycle. As a result, this implementation is able to complete a conjugate
gradient iteration every n + 3 cycles. This throughput is given by the vector-
by-vector computational unit that has to compute for n cycles to perform the
block matrix-by-vector operation and another 3 cycles to compute the remaining
vector-by-vector operations (cg2), (cg6) and (cg10).

The latency of one CG iteration is given by (4) where the linear growth
comes from the row-by-row processing, the logarithmic growth comes from the
addition tree in the inner-product computation, and the constants are due to
the pipeline depths of the components. The discrepancy between a throughput
of one iteration every n + 3 cycles and the latency given in (4)is used to our
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Input : Matrix A, Vector b,
Error tolerance ε

Output : x Such that ‖Ax − b‖2 ≤ ε‖b‖2

d ← b (cg1)
r ← b (cg2)
δ0 ← rT r (cg3)
δnew ← δ0 (cg4)
do

q ← Ad (cg5)
α ← δnew

dT q
(cg6)

x ← x + αd (cg7)
r ← r − αq (cg8)
δold ← δnew (cg9)
δnew ← rT r (cg10)
β ← δnew

δold
(cg11)

d ← r + βd (cg12)
while δnew > ε2δ0 (cg13)

Fig. 1. Conjugate Gradient Algorithm [14]

SOLUTION

Fig. 2. Circuit data flow diagram. Single boxed operations are implemented using a
single floating point unit each. Double boxed operations are implemented on the single
matrix/vector by vector module that requires 2n − 1 FP units.

advantage, by using the slack to operate on multiple different matrix/vector pairs
in a pipelined fashion. The total number of linear systems that can be processed
simultaneously by the pipeline is therefore given by (5), a Θ(1) function that
converges to 7 for large n as shown in Fig. 4. Note that in order to continuously
process problems every n + 3 cycles, a constant κ is introduced into (4) so that
the number of clocks per iteration is a multiple of n + 3. This is implemented
through the addition of a FIFO at the output of last operation (cg12). This
guarantees the new value of d is output at the start of a new iteration in (cg5)
ensuring full pipeline utilization.

One of the major advantages of the proposed row-based scheme is its scalable
FPGA I/O requirements, eliminating I/O bottlenecks. The conjugate gradient
algorithm completes in n iterations under infinite precision, and Ω(n) iterations
under finite precision [1] [15]. Since one iteration is completed by our design every
Θ(n) cycles and to find the solution for this system under its finite precision we
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Fig. 3. Partial circuit schematic displaying the vector-by-vector module, two of con-
stant by vector multiplications, a vector by vector summation, vector by vector subtrac-
tion and FIFOs. Some of these FIFOs use a combination of Xilinx SRLC32 primitives
and BlockRAMs and store various vectors including A matrices in the row-by-row form.

require at least n iterations, the the data transfer bandwidth required is a Θ(1)
function, i.e. approaches a constant for large n. Section 5 quantifies this I/O
requirement for synthesized designs, and shows it to be well within PCI-express
bandwidth limitations.

Clocks per Iteration(n) = 7n + 36�log2 n� + 127 + κ (4)

Pipeline Depth(n) =
7n + 36�log2 n� + 127 + κ

n + 3
(5)

4.2 Performance

In order to optimize for throughput, floating point modules with the highest
latency were selected from the Xilinx Coregen Library. From results gathered,
the maximum frequency achievable on the Virtex5-330 is 364MHz limited by the
divider. In practice, when included with the other logic, this falls to 287MHz on
the Virtex5-330 (and 126MHz for the VirtexII-6000).

Since this implementation does not have every floating point computational
module in operation for the entire iteration of the CG method, as described in
Section 4.3, two performance formulas were deduced. One describes the peak
performance (6) when all the modules are in operation simultaneously (e.g. at
the start of a n + 3 period when the pipeline is full) and the other counts the
number of operations per iteration divided by clocks per iteration (7). This
second formula accounts for the idle time of floating point units involving vector
operations that only function for n cycles, every n + 3 cycles.

FLOPS Peak(n) = (2n + 7) × MaxFreq (6)

FLOPS Sustained(n) =
2n(n + 5)

n + 3
× MaxFreq (7)
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Fig. 4. Pipeline depth and required cycles per iteration with matrix order

4.3 Floating Point Unit Operations

Due to the iterative nature of the algorithm it is possible to reutilize all allo-
cated floating point units. A single module is instantiated to perform all vector-
by-vector multiplications, n times in (cg5), and once in (cg2), (cg6) and (cg10).
This module implements the double boxed computations in Fig. 2, and operates
continually processing and outputting new values every n+3 cycles. The remain-
ing vector operations, in order to output a solution every n + 3 cycles, require a
single floating point unit each. These units operate for n (+ latency) clock cycles
before a vector solution is output. After this solution is output, each unit is idle
for 3 cycles to compensate for the matrix and vector by vector operation mod-
ule delay. In brief, every constant by vector multiplication and vector by vector
addition/subtraction operates for n cycles every n + 3 cycles. The divisions in
(cg6) and (cg12) only operate for 1 (+ latency) clock cycle every n + 3 cycles.
The total number of floating point units is detailed in Table 2.

Table 2. Floating Point units used in this implementation

Operation FP units

Matrix/Vector by Vector Multiplier 2n − 1
Constant by Vector Multiplier 3
Vector by Vector Summation 2
Vector by Vector Subtraction 1
Floating Point Divider 2

Total (FPunits) 2n + 7
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5 Results

5.1 Resource Utilization

Theoretical floating point resource utilization grows as Θ(n). However for this
method to be efficient the coefficients of each problem to be solved need to be
stored or generated within the FPGA. This requires a storage that grows with
Θ(n2) (Θ(n2) for one problem, with Θ(1) problems in the pipeline). To store
these values a mixture of embedded BlockRAMs [16] and SRLC32 primitives
are used. This mixture depends on the length of the FIFO. When this length
is equal to or below 64, they are implemented solely using SRLC32 primitives.
When above 64, they are implemented by combining BlockRAMs and SRLC32
primitives for efficiency. This is due to the fact that Xilinx Coregen BlockRAM
FIFOs are only available in sizes of 2n with n > 3; thus SRLC32 primitives are
used to take up any slack. Fig. 5 depicts resource usage as a function of the
matrix order. Growth of each resource is approximated linearly as predicted,
with the exception of BlockRAMs that are also used for matrix storage. The
usage of these BlockRAMs is asymptotically quadractic, however for the depths
in the range of our implementation, this growth is at most O(n log n), since the
BlockRAMs are deep enough to implement the required FIFOs and a further
O(log n) units can be used to help fill the slack mentioned earlier.

For the Virtex5-330, resources are saturated for matrices orders above 58
having depleted all BlockRAMs. Best fit resource usage for REGisters, LUTs,
BlockRAMs and DSP48Es usage as a function of matrix order is described in
(9), (10), (11) and (8) respectively. BlockRAMs usage varies significantly, from
the best fit, because they are used in conjunction with SRLC32s, as explained
previously.

DSP48Es(n) = 2n + 2 (8)

REG Slices(n) = 3007n + 6446 (9)

LUT Slices(n) = 2361n + 3426 (10)

BlockRAMs(n) = 25n log2 n − 2n − 3 log2 n − 39 (11)

5.2 Software Comparison and Discussion

Acceleration relative to software is provided by pipelining and parallelization
of vector operations. In this implementation considerable speedup is due to the
block module that performs a fully parallelized vector by vector multiplication.
Each of these operations requires 2n − 1 sequential operations in software while
in hardware they can be reduced to Lm+Ls�log2 n� cycles for a single problem,
where Lm is the latency of the multiplication core, Ls the latency of the addition
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Fig. 5. BlockRAMs, REGisters and LUTs resource utilization with matrix order for
the Virtex5-330. Lines represent the best fit based on the synthesis reports of Look-
Up-Tables, REGisters, BlockRAMs and DSP48Es usage.

Fig. 6. Iteration time required for solving a number of CG problems as a function of
matrix order on a CPU and FPGA. The bold line represents a high end CPU operating
at 6 GFLOPS [17]. The remaining lines show the FPGA Virtex5-330 implementation
with a single problem in the pipeline, with 8 problems and a fully loaded pipeline. This
last line also depicts the number of problems in the pipeline for that matrix order in
accordance with (5).
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core and n, the matrix order. In the case where several vectors need to be
multiplied, they can be pipelined and a result provided for every clock cycle at
the initial cost of filling the pipeline.

The overall speedup given by the combination of parallelization and pipelining
is illustrated in Fig. 6, which compares the processing time, for each CG iteration,
on an FPGA and on a Pentium IV running at 3.0 GHz. Three lines are shown
for the FPGA implementation: one representing the pipeline containing only a
single problem, another intermediate line showing the pipeline with 8 problems,
and a third line representing a full pipeline. Below this last line, the number
of problems pipelined and being concurrently solved, given by (5), is shown
for every 20 matrix orders. The dark bold line represents the CPU at its best
case scenario of peak theoretical performance at 6 GFLOPs [17]. Comparing
the FPGA with a full pipeline and a CPU, it is possible to observe that the
FPGA is faster than the CPU for orders greater than 10. For a single problem
in the FPGA pipeline, the CPU becomes slower than the FPGA for matrix
orders above 105. With the intermediate FPGA line showing the time required
to process 8 pipelined problems it is possible to observe its convergence to the
FPGA full line as demonstrated in (5). Thus with only eight parallel problems,
FPGA superiority is clearly established, even for low matrix orders.

5.3 Input/Ouput Considerations

As input, this method requires a matrix A and a vector b to be introduced.
As a output, it requires the solution vector x, which, under finite precision, is
generated after at least n iterations [15]. This translates to the need to trans-
fer 32(n2 + 2n) bits per problem for a total number of problems given by (5).
This transfer can occur over a period given by at least n times the clocks per
iteration (4) because this is the time it takes to generate a solution and start a
new problem. Combining these data we can deduce the a minimum bit rate as
given in (12). For the Virtex5-330 limit matrix order of 58, running at 287MHz
this, translates to a data rate requirement of 1.1GB/s, a value well within the
operation range of PCI-Express [18].

I/O Bits per Clock Cycle = 32 − 32
n + 3

(12)

6 Conclusions

This paper describes a Conjugate Gradient implementation. It analyzes its re-
source utilization growth with matrix order, peak performance achievable, com-
pares this performance with a high end processor and demonstrates that this
method exhibits high performance with scalable I/O requirements.

It is demonstrated that multiple dense problems of matrix order 16 can be
solved in parallel with a sustained floating point performance of 5 GFLOPS,
for the VirtexII-6000 and multiple dense matrices of order 58, with a sustained
floating point performance of 35 GFLOPS, for the Virtex5-330. Multiple parallel
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solutions of these orders are required, for example, in Multiple-Input-Multiple-
Output communication systems using adaptive quantization [3] and in solving
large banded matrices using the algorithm described in [2]. These banded systems
arise in a number of problems including optimal control systems [4].

For the lower density VirtexII-6000 FPGA, the GFLOPS are between peak
theoretical performance and the measured performance of a Intel Pentium IV 3.0
GHz CPU, based on a Linpack benchmark [17]. Taking advantage of hardware
parallelization, the required latency for a single iteration is reduced from Θ(n2)
to Θ(n), at the cost of increasing hardware computational utilization from Θ(1)
to Θ(n).Since generating each solution requires at least n iterations under finite
precision [1] and each iteration requires n + 3 clock cycles, this design exhibits
scalable I/O transfer rates that converge to a constant number, as matrix order n
increases. Hence, its inherent properties make it exceptionally suited for FPGA
implementation.

Future work will be focused on the direct solution of structured systems origi-
nating in [4] and matrix sparsity will also be exploited to accelerate the solutions
of especial cases.
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Abstract. In this article we discuss dual/multi-rail routing techniques in an island
style FPGA for robustness against side-channel attacks. We present a technique to
achieve dual-rail routing balanced in both timing and power consumption with
the traditional subset switchbox. Secondly, we propose two switchboxes (namely:
Twist-on-Turn & Twist-Always) to route every dual/multi-rail signal in twisted
pairs, which can deter electromagnetic attacks. These novel switchboxes can also
be balanced in power consumption albeit with some added cost. We present a layout
with pre-placed switches and pre-routed balanced wires and extraction statistics
about the expected balance. As conclusion, we discuss various overheads associ-
ated with these techniques and possible improvements.

1 Introduction

Due to their increasing integration capability, current FPGAs can be programmed with
entire system-on-chips (SoCs.) This makes them an attractive alternative to ASICs for
low to medium production volumes.

In the mean time the applications have become communication-centric, which ex-
plains why virtually every SoC embeds a cryptographic engine.

Standard cryptographic algorithms are chosen to be resistant against exhaustive
key search and various mathematical attacks, such as linear or differential cryptanal-
yses. However their implementations in CMOS face a severe challenge from Side-
Channel Attacks (SCA) [5,13]. The attacker can use either known or chosen plaintexts/
ciphertexts and concomitantly gather information leaked through various side-channels,
such as timing, power consumption, electromagnetic (EM) radiations [1], etc.

To the authors’ knowledge, this paper is the first published initiative towards a se-
cured by design FPGA. Our goal is to propose a secure reconfigurable hardware which
enables implementation of proved counter-measures at the logical level.

The rest of this article is organized as follows. Section 2 motivates the need for
new FPGA interconnect styles that allows FPGAs to resist SCA. We introduce sound
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R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 87–98, 2008.
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specifications suitable for trusted computing in FPGAs. Section 3 states the basic as-
sumptions, security objectives, and notations used throughout the article. Section 4 dis-
cusses a routing technique balanced in power consumption using the conventional sub-
set switchbox. Section 5 presents two variants of a novel switchbox, called “twisted-
bus switchbox”, that aims at reducing EM emissions. A possible implementation of this
switchbox is proposed. Section 6 details the secured connection between switchboxes
and logic blocks. The CMOS layout of the switchbox, and its security evaluation are
presented in section 7. As conclusion, we compare in section 8 the costs associated with
these routing techniques and additional measures that can be taken to improve immunity
against SCAs.

2 Why Do We Need Secure FPGAs?

The security of FPGAs in general is a wide problem, that encompasses, amongst others,
bitstream format confidentiality (FPGA vendor IP), bitstream protection (user IP) and
the application itself (user data). A comprehensive survey of the issues raised by FPGA
security is given in [20].

In this article, we do not address the question of bitstream reverse-engineering fea-
sibility. Instead, we focus on protecting the data handled by the FPGA. Our goal is to
show that unprotected applications programmed in FPGAs leak information in a similar
way as ASICs. Nevertheless, in the rest of the paper, we argue that the structure of the
FPGA can be devised in such a way that the implementations of counter-measures be
efficient. Our methodology consists in adapting the counter-measures used to protect
ASICs to the FPGA; in the sequel, we thus consider FPGAs as special ASICs.

An efficient attack to retrieve secrets from a cryptographic device the differential
power attack (DPA, [5]). The DPA is a special case of SCA. Its principle is to correlate
a physical leakage (power as for DPA, electromagnetic emanations as for EMA [3],
etc.) with results expected from a power consumption model. Although the first SCA
has been realized on a commercial smart card, this attack can target an FPGA as well.
To the authors’ knowledge, the first successful DPA on an FPGA was performed on a
stand-alone DES [7] block cipher, programmed in a Xilinx Virtex XCV800 by Standaert
et al. [10].

We have been able to reproduce this attack independently on a DES co-processor
embedded in a SoC (10,157 logic elements and 286,720 memory bits), programmed in
an Altera Stratix EP1S25. As illustrated in Fig. 1, we found that less than 2 000 traces
were enough to retrieve the full key. The rapidity of the attack demands that adequate
and sound counter-measures be researched.

Some counter-measures against SCAs have been proposed in the literature. Notably,
the wave dynamic differential logic (WDDL [15]) consists in the usage of dual-rail
logic to obtain a power-constant design. The WDDL technique has been adapted by
its inventor, Tiri, to Xilinx FPGAs in [17]. Nonetheless, this protection strategy is im-
plemented at the register transfer level (RTL), on top of an off-the-shelf FPGA fabric.
Quoting Tiri [13]: “for the RTL counter-measures (e.g. dual-rail logic) to be effective
[. . . ], matching the interconnect capacitances of the signal wires is essential.”. Other
counter-measures at the logical level include asynchronous styles [6,9] which demands
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Fig. 1. DPA on DES (in an Altera EP1S25B672C7) first round: Bad and correct subkey (left) and
signal-to-noise ratio of the attack (right)

the balancing of interconnect capacitances as well. This motivates researches towards
granting a natively balanced interconnect. In the paper, we investigate generic geomet-
rical routing techniques that allow to meet the balancedness constraint.

3 Principles of Balanced Bus Routing in FPGA

3.1 Delay Model

Delays in integrated circuits can be modeled at three different levels, presented below
in increasing accuracy order:

D1: Sum of routing segments R × C making up a point-to-point connection (El-
more’s formula.)

D2: The impedance of each terminal is taken into account, leading to standing
waves according to S-matrix transmission lines theory.

D3: The coupling with the EM environment is part of the model. This introduces
the notion of cross-talk.

For our purpose we assume the simplified Elmore delay model, while being aware of
the impedance and crosstalks effects. We define equitemporal lines based on this delay
model. An equitemporal line ( ) is the set of points attainable simultaneously
by signals originating from synchronized sources (i.e. wave fronts.) Furthermore, we
make the following assumption: the same length of wire of same width, charging the
same capacitances, causes the same delay irrespective of any bends.

3.2 Power Consumption Model

We use a simplified power consumption model in which only active gates consume
power depending on their output capacitive load. Tri-state buffers and multiplexors are
active, whereas pass-transistors or transmission gates are passive (i.e. do not leak any
observable syndrome.) We also assume that equal lengths of wire of equal width present
the same amount of load to its driving active gate.
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3.3 Embedding Security Against SCAs into FPGAs

Intensive efforts have been deployed to secure custom circuits (ASICs.) Many types of
primitive gates suitable for secure computation have been proposed [14,15,6,4,9]. Two
papers address this issue of balancing interconnects: the “fat wires” routing [16] and the
“backend duplication” method [12]. These methods are presented on dual-rail circuits,
but can easily be generalized to any bus width. As illustrated in Fig. 2, the fat wires
equitemporals make a π/4 angle with the cell rows, whereas the backend duplication
equitemporals are collinear with the (x, y) vector, where x is the routing pitch and y is
the placement cell height.

split

AND1 AND2 AND2AND1 OR1 OR2

-late
trans

AND1 AND2AND1 AND2

OR1 OR2
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ce
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h
ei

gh
t

placement row

fat wire

Fig. 2. Fat wire (left) and backend duplication (right) paths balancing illustration in semi-custom
ASICs using WDDL (logic in which AND & OR gates are mutually dual)

In [18], Kris Tiri shows how to implement WDDL in Xilinx. However, only the
security at the gate level is tackled with. The routing is done automatically, and thus
opens up potential vulnerabilities. Some techniques, such as dynamic masking [8], can
be used to alleviate the routing security issue. However, such tricks add extra activity
and require more logic than strictly necessary. Static and secure routing in FPGAs is
thus an issue, for which we provide two solutions in this paper. Off-the-shelf FPGAs
are not suitable, because balanced interconnect is not part of their specification. A cus-
tom layout meticulously drawn by hand is thus needed; our methodology consists in
transposing ASIC secured routing techniques to FPGAs. The problematic is however
different, in the sense that:

– ASIC secured bus routing is a matter of properly constraining CAD tools, whereas
– FPGA secured bus routing consists in proposing one tile secured by design.

The security of custom FPGAs has thus two complementary aspects:

– A balanced layout,
– Security-centric FPGA CAD tools which allow the designer to implement the de-

sired dependability level.

3.4 Secured Routing Objectives

In an ideally secured scheme, each wire in a n-wire signal should be indiscernible from
each other w.r.t. power consumption and EM emission.
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Indiscernability in power consumption. This constraint implies not only the same
average power consumption for all the signals in a bus, but also the same delay
between each active gate commutation. For example, if the same number of buffers
are placed along two parallel wires but not at the same position, the average power
consumption is the same for two wires but their power consumption pattern distin-
guishes them.

Indiscernability in EM emission. The radiation pattern measured at any point in
space should be the same for each wire of a n-wire bus. For example, given a
set of parallel wires (not twisted), we can choose a point closer to one of the wire
and further from others. At that very point in space, radiation patterns emitted from
different wires will be distinguishable.

Although we disassociate these two aspects for convenience, in reality they are related
one to each other. In a programmable device the n-wires buses can be of varying size
depending on applications. Thus we loose generality by fixing a particular bus width.
We aim to plan a routing fabric where a n-wire signal can be routed as a bus from
point-to-point for different values of n ≥ 2.

In addition, only the functional parts of the routing resources will be balanced. The
functional switchbox and connection boxes constructions can all be laid out with only
two metal layers, and do not add extra vias w.r.t. to other interconnect styles. Metal
levels 2 and 3 will typically be used to perform the secured interconnect: by this way,
it will be buried below higher metallization levels, and so protected against malevolent
probing attacks. The remaining silicon area and routing tracks (metal 2, 3, and above)
are devoted to the static programmation logic, placed-and-routed automatically without
any security constraints. This approach is similar to the security partitioning in crypto-
graphic ASICs; only the datapath, that handles secret data, is designed with the care.
By contrast, the control block is allowed to leak, because it only manipulates public
information about the algorithm.

3.5 Notations

We will use the following notation [19] to describe switchboxes: each terminal is rep-
resented as t(j, i), where j denotes each subset corresponding to each side ( 0 = left,
1 = top, 2 = right, 3 = bottom ) and i ∈ [0, W [ denotes the position of the terminal in that
subset. For example, a W ×W “subset” switchbox S can be represented as a set of arcs
between these terminals:

S =
W−1⋃
i=0

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

[t(0, i), t(2, i)],
[t(1, i), t(3, i)],
[t(0, i), t(1, i)],
[t(1, i), t(2, i)],
[t(2, i), t(3, i)],
[t(3, i), t(0, i)].

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

4 Balanced Bus Routing with Subset SwitchBox

A subset switchbox [2] can be built by repeating a basic six-way switchpoints along
a diagonal, as shown in figure 3(a). We consider that the diagonal formed by the six-
way switchpoints makes up equitemporal signals if these signals are outputs of the
same FPGA logic element CLB. Figure 3(b) shows the routing matrix using a subset
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(a) Subset switchbox using six-
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(b) Equitemporal lines for subset
switchbox routing.

Fig. 3. subset switchbox

switchbox. Connection boxes from the equitemporal lines to the CLB inputs/outputs are
considered as equitemporals. They are discussed in section 6. In figure 3(b), the dual
pair signals corresponding to connections {A, A’} and {D, D’} have exactly the same
length and the same electrical characteristics. The same goes for buses {B, B’} and {C,
C’}. Notice that the dual-rail signals are not necessarily routed in an adjacent way (case
of A and D) and that it is possible to route in the same fashion multi-wires signals.

5 Balanced Routing with Twisted-Bus SwitchBox

As a countermeasure against information leakage through EM radiations, we propose
to route every n-rail signal as a twisted bus. Figure 4(a) shows the advantages of using
a twisted pair compared to parallel routed wires. If we consider the twisted pair as
made up of several elementary radiating loops, we see that the radiation from a loop is
canceled by that of adjacent loops.

In addition to reducing EM compromising radiations (outputs), the twisted bus gains
immunity from its EM vicinity (inputs). Consequently, twisting signals bundles reduces
cross-talk, which enhances the routing security by meeting the equitemporal require-
ments under D1, D2 and also now D3 delay models refinements (cf. definitions of
section 3.1.)

In order to route any n-rail signal as a twisted bus throughout the FPGA, two novel
switchboxes are introduced.

5.1 Twist-on-Turn Switch Matrix

The basic idea behind this switchbox is that every pair or n-uplets of signals deflected
by the switchbox must come out twisted. As shown in figure 4(b), every ±π/2 bend
through this switchbox is a twisted pair. We can express this switchbox using the nota-
tion described in section 3 as:

S =
W−1⋃
i=0

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

[t(0, i), t(2, i)] ,
[t(1, i), t(3, i)] ,
[t(0, i), t(1, i)] ,

[t(1, i), t(2, W − i − 1)] ,
[t(2, i), t(3, i)] ,

[t(3, i), t(0, W − i − 1)] .

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭
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twisted-pair switchbox.

Fig. 4. twisted-pair switchbox

Connection boxes from the equitemporal lines to the CLB inputs/outputs are consid-
ered as being equitemporal perpendicular to the routing channel. They are discussed
in section 6. In figure 4(b), the dual pair signals corresponding to connections {A, A’}
and {D, D’} have exactly the same length even if they cross at the switching box. It is
exactly the same for buses {B, B’} and {C, C’}.

When turning, this switch matrix introduces a small imbalance for the arrival time
on the deflecting switch point. If the switch point is implemented thanks to a passive
gate, this balance violation is not observable by an attacker. The counterpart is that the
channels must be buffered, which can safely be done with active gates, because every
wire in a channel is equitemporal.

5.2 Twist-Always Switch Matrix

The twist-on-turn matrix does not twist buses when they are routed straight. This matrix
can be transformed in a twist-always matrix by twisting the wire i wire with wire W −
1 − i for straight connections, as shown in figure 5, W being the number of channels.

This matrix allows the use any 1-of-n (asynchronous) style, as it is possible to twist
a number of lines greater than two.

This switchbox cannot be implemented with traditional six-way switchpoints, even
if the number of transistors remains the same. A possible implementation of the twist-
always switch box is shown in figure 5(b). It can be laid out in silicon with two inter-
connect layers and by repeating two basic patterns over space. Note that for straight
(e.g. from left to right) connections, the outer rails are drawn wider than the inner rails
to compensate for the difference in lengths. Alternatively, every wire can keep the same
nominal width, but inner rails are forced to zigzag so as to make up for their shorter
length. For bends, every rail traverses an equal distance, hence this compensation is not
required.
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Fig. 5. The twisted-pair switchboxes

These new switchboxes are close to conventional universal/subset switchbox in terms
of connectivity. Hence we can expect similar performance in routability of netlists in
the FPGA.

6 Balanced Bus Routing at Connection Box Level

6.1 Cross-Bar Connection Box

As depicted in figures 3(b) and 4(b), a signal routed from one equitemporal line to
another have the same delay. Therefore the connection box (C-Box) between the W
channel wires and the CLB I ∈ [0, W [ inputs/outputs should also keep this equitem-
porality. We propose to use a crossbar connection box based on balanced binary trees,
built according to the following three rules: (i) from the channel, W trees have I equal-
length branches, (ii) from the CLB, I trees have W equal-length branches, (iii) the two
trees are superimposed orthogonally and the W × I branches from each tree type meet
via a switch point.

Figure 6(a) illustrates the layout of the balanced crossbar with W = 4 and I = 4,
using only two metal layers (represented with two different thicknesses.) The cross-
bar area is W · �log2 (I)� × I · �log2 (W )� square routing pitches, and can be freely
depopulated without altering its security level.

6.2 C-Box for Subset and Twisted-Pair Switch Matrix

The equitemporal lines are either diagonal (for the subset switch matrix, cf Fig. 3(b))
or horizontal/vertical (for the twisted switch matrix, cf Fig. 5(b).) The connections be-
tween the channel and the crossbar should compensate the wire length delays. A solu-
tion for both cases is illustrated in figure 6.
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Fig. 7. Semi-custom layout for The T-Pair SwitchBox and Connection Box
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7 Physical Layout

Figure 7 shows the layout of the T-pair switchbox with 8 channels in STMicroelectron-
ics 65 nm 7 metal layer process. The functional part (see fig. 7(a)) of the switchbox is
laid out according to the scheme presented in fig 5(b). Note that we used tri-state buffers
from the standard library as basic switches. The slight asymmetry in the pin positions of
the tri-state buffer switches could be improved with a full-custom layout. The rest (i.e.
the configuration memory points and programmation logic) is placed and routed auto-
matically as shown in figure 7(c). We used SOC ENCOUNTER 5.1.41 from Cadence.
The final layout makes use of 5 levels of metal; the switchbox is thus constraint by the
logic, and by the routing. The layout area is as 2216 μm2 (47.0×47.16) compared to an
automatically generated layout [11] 2199 μm2. The overhead of the manual placement
is acceptable.

Table 1. Average and worst-case unbalancedness (E01)

E01 No Compensation After Compensation
Average 0.073 0.018

Worst Case 0.178 0.045
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(c) Total net capacitance after compensation

Fig. 8. Security evaluation of T-pair switchbox

Figure 8 shows a comparative chart for total capacitances and net lengths for each
track. The capacitance profile is as expected: the capacitance of track i is roughly equal
to that of track 8 − i. Indeed the outer tracks traverse more length than the inner tracks
for straight connections. Figure7(d) shows a sample layout of 4x8 connection box. One
tree (horizontal) with equal length branches from CLB i/o (see fig 6(a)) and one tree
from the channel side (vertical) is highlighted.



Physical Design of FPGA Interconnect to Prevent Information Leakage 97

7.1 Security Evaluation

The proposed twisted-pair switchbox is designed to prevent leakage of information
through the EM side-channel. We can see from figure 8(a) that it introduces an un-
balancedness in power consumption of dual rails. In figure 7(b) we show the layout
where the inner tracks are routed with more length of wire for straight connections.
Due to this compensation this switchbox can minimize information leakage through the
power-consumption side-channel as well. In fig. 8(c) we show the capacitances after
compensation. Note that in fig. 5(b) we have shown the outer tracks compensated in
width, however in the actual layout (see fig. 7(b)) we length-compensated the inner
tracks so that all the dual rail connections charge the same capacitance.

To quantitatively evaluate the security (unbalancedness in dual rails) w.r.t. power
side-channel we use the following metric (since in CMOS the power consumption is
proportional to the capacitance of an equipotential):

E01 =

∣∣∣∣∣log(
C0

C1
)

∣∣∣∣∣ ,

where C0 and C1 denotes the total capacitance of the rail 0 and rail 1. To evaluate
the security of the twisted-pair switchbox we take all possible dual rail routes possible
through this switchbox and calculate the average unbalancedness. Table 1 shows the
results before and after compensation.

8 Conclusion

This paper presents solutions to secure island-style FPGAs at the interconnect level for
multi-rail signals. The proposals aim mainly at balancing interconnections for both the
switch matrix and the connection box. An effort has been made to satisfy stringent timing,
power consumption and EM radiation constraints: all the wires of a bus travel through
the same length of wire and an identical number of switch points. Additionally, equi-
temporal multi-rail signals are easily obtained with classical subset switch matrix; this
ensures that switch points are reached simultaneously for all wires in a bus. Improve-
ments to impede electromagnetic attacks while reducing crosstalk can be obtained with
two proposed twisted-pairs switch matrices. Connection boxes take advantage of a fully
balanced crossbar which allows to connect wire channels to CLBs with few place/route
effort. Based on a case-study in 65 nm technology, the switchbox is shown to remain
balanced (hence secured) even after layout extraction. The proposed solutions are very
generic and can thus be used for mixed single/multi-rail signals in synchronous/
asynchronous FPGAs. Future works will focus on the security evaluation of an actual sil-
icon implementation of a prototype FPGA natively robust against side-channel attacks.

References

1. Agrawal, D., Archambeault, B., Rao, J.R., Rohatgi, P.: The EM Side-Channel(s). In: Kaliski
Jr., B.S., Koç, Ç.K., Paar, C. (eds.) CHES 2002. LNCS, vol. 2523, pp. 29–45. Springer,
Heidelberg (2003)

2. Betz, V., Rose, J., Marquardt, A.: Architecture and CAD for Deep-Submicron FPGAs.
Kluwer Academic Publishers, Dordrecht (1999)



98 S. Chaudhuri et al.

3. Gandolfi, K., Mourtel, C., Olivier, F.: Electromagnetic analysis: Concrete results. In: Koç,
Ç.K., Naccache, D., Paar, C. (eds.) CHES 2001. LNCS, vol. 2162, Springer, Heidelberg
(2001)

4. Guilley, S., Hoogvorst, P., Mathieu, Y., Pacalet, R., Provost, J.: CMOS Structures Suitable
for Secured Hardware. In: Proceedings of DATE 2004, Paris, France, (February 2004), pp.
1414–1415 (2004)

5. Kocher, P.C., Jaffe, J., Jun, B.: Differential Power Analysis. In: Wiener, M.J. (ed.) CRYPTO
1999. LNCS, vol. 1666, Springer, Heidelberg (1999)

6. Moore, S., Anderson, R., Cunningham, P., Mullins, R., Taylor, G.: Improving Smart Card
Security using Self-timed Circuits. In: Proceedings of ASYNC 2002, Manchester, United
Kingdom (April 2002), pp. 211–218 (2002)

7. NIST/ITL/CSD. Data Encryption Standard. FIPS PUB 46-3 (October 1999)
http://csrc.nist.gov/publications/fips/fips46-3/fips46-3.pdf

8. Popp, T., Mangard, S.: Masked Dual-Rail Pre-charge Logic: DPA Resistance without the
Routing Constraints. In: Rao, J.R., Sunar, B. (eds.) CHES 2005. LNCS, vol. 3659, pp. 172–
186. Springer, Heidelberg (2005)

9. Razafindraibe, A., Robert, M., Maurine, P.: Asynchronous Dual Rail Cells to Secure Cryp-
tosystems against Side Channel Attacks. In: Proc. of SAME 2005 forum, 8th edn., Sophia
Antipolis, France, (October 6, 2005),
http://www.same-conference.org/same_2005

10. Standaert, F.-X., Örs, S.B., Quisquater, J.-J., Preneel, B.: Power analysis attacks against
FPGA implementations of the DES. In: Field Programmable Logic and Applications, Lon-
don, UK, (August 2004), pp. 84–94. Springer-Verlag, Heidelberg (2004)

11. Chaudhuri, S., Danger, J.-L., Guilley, S.: Efficient Modeling and Floorplanning of
Embedded-FPGA Fabric, FPL, Netherlands (August 2007), pp. 665–669 (2007)

12. Guilley, S., Hoogvorst, P., Mathieu, Y., Pacalet, R.: The Backend Duplication Method. In:
Rao, J.R., Sunar, B. (eds.) CHES 2005. LNCS, vol. 3659, pp. 383–397. Springer, Heidelberg
(2005)

13. Tiri, K.: Side-Channel Attack Pitfalls. In: 44th Design Automation Conference (DAC), San
Diego, California, USA, (June 4 & 8, 2007), pp. 15–20 (2007)

14. Tiri, K., Akmal, M., Verbauwhede, I.: A Dynamic and Differential CMOS Logic with Signal
Independent Power Consumption to Withstand Differential Power Analysis on Smart Cards.
In: Proceedings of ESSCIRC 2002, pp. 403–406 (September 2002)

15. Tiri, K., Verbauwhede, I.: A Logic Level Design Methodology for a Secure DPA Resistant
ASIC or FPGA Implementation. In: Proceedings of DATE 2004, pp. 246–251 (February
2004)

16. Tiri, K., Verbauwhede, I.: Place and Route for Secure Standard Cell Design. In: Proceedings
of CARDIS 2004, pp. 143–158 (August 2004)

17. Tiri, K., Verbauwhede, I.: Secure Logic Synthesis. In: Becker, J., Platzner, M., Vernalde, S.
(eds.) FPL 2004. LNCS, vol. 3203, pp. 1052–1056. Springer, Heidelberg (2004)

18. Tiri, K., Verbauwhede, I.: Synthesis of Secure FPGA Implementations. In: Proceedings of
IWLS 2004, (June 2004) pp. 224–231. Springer, Heidelberg (2004)

19. Wilton, S.J.: Architectures and Algorithms for Field-Programmble Gate Arrays with Embed-
ded Memories. PhD thesis, University of Toronto (1997)

20. Wollinger, T., Guajardo, J., Paar, C.: Security on FPGAs: State-of-the-art implementations
and attacks. Transactions on Embedded Computing Systems 3(3), 534–574 (2004)

http://csrc.nist.gov/publications/fips/fips46-3/fips46-3.pdf
http://www.same-conference.org/same_2005


Symmetric Multiprocessor Design for Hybrid

CPU/FPGA SoCs

Shane Santner1, Wesley Peck2, Jason Agron3, and David Andrews4

1 University of Kansas, Lawrence KS 66045, USA
2 The NNSA’s Kansas City Plant managed and operated by Honeywell FM&T,

Kansas City MO 64141, USA

Abstract. This paper presents the design of a Symmetric Multiproces-
sor (SMP) hybridthreads (hthreads) system that allows multiple threads
to execute in parallel across multiple processors controlled by a single
hardware scheduler. This approach increases the performance of soft-
ware at a minimal cost to hardware. The issues that must be addressed
for extending a uniprocessor kernel include system initialization, proces-
sor identification, context switching and concurrency control. As a proof
of concept this paper shows how hthreads, an existing hardware/software
co-designed kernel can be extended to control multiple processors from
a single, centralized hardware scheduler. Analysis results from executing
on hardware reveal that for computationally intensive programs the typ-
ical speedup is in the range of 1.65x. This shows improvement in system
performance while also illustrating issues associated with bus arbitration
and memory access times.

1 Introduction

The hybridthreads project is a real-time embedded operating system that allows
programmers to run threads simultaneously on the embedded processor and
the FPGA fabric [6]. The previous hthreads design targeted a single processor
and focused on achieving software acceleration through hardware co-processors
attached to one of the peripheral buses. The new version of hthreads builds upon
the foundation from the previous design while making use of the previously idle
second PowerPC that is embedded in the FPGA. Utilizing this resource would
allow two software threads to execute in parallel with the potential to increase
the overall system performance in direct proportion to the number of processors
in the system. This would be useful for a wide range of applications where
performance and real-time execution are critical factors.

As previously mentioned, the work in this paper builds upon the original
hthreads design and therefore a basic understanding of this design is required to
understand the principles and design decisions used when extending the hthreads
kernel to multiple processors. The details of the original hthreads design is out-
side the scope of this paper, however it is available through previous publications
from the hthreads project [3] [4] [5] [6] [7].
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The remainder of the paper is partitioned as follows: System Initialization,
Hardware and Software design (due to the nature of hardware/software co-design,
there will be some overlap on certain topics), Implementation Results (from exe-
cuting the hthreads kernel on a Virtex-4 FX FPGA) and the Conclusion.

2 System Initialization

The hardware configuration for the SMP hthreads system is a combination of
processors, bus architectures, memory and hardware cores. The performance of
the processors embedded in the FPGA will be severely crippled if they cannot
access shared resources such as memory and the custom hardware cores. This
responsibility lies with the Processor Local Bus (PLB) and the On-Chip Pe-
ripheral Bus (OPB), which can both be used to connect these vital components
together. Figure 1 shows a block diagram view of the SMP version of hthreads.

Fig. 1. Block Diagram of the SMP hthreads system

From figure 1 it is evident that both PowerPC’s share the same PLB which
allows the DDR SDRAM to be placed directly on the PLB. As a result of this
placement, the access times to global memory are faster compared to accessing
memory that is placed on the OPB because of the additional overhead that is
associated with transmitting information across the bridges between the PLB
and OPB. One final note of interest is that the custom hardware cores are placed
on the OPB. This placement reduces the traffic on the PLB, reducing the amount
of arbitration necessary to communicate with global memory on the PLB.
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3 Design

3.1 Hardware

The first modification required was to the hardware scheduler core. To imple-
ment a multi-processor hardware scheduler required adding additional current
thread registers to the scheduler and thread manager cores. The purpose of the
current thread register is to identify which threads are currently executing on
each processor. Since the design now includes more than one processor the num-
ber of current thread registers were increased to equal the number of processors
in the system.

Similar in concept to the current thread register is the next thread register
which contains the thread id of the highest priority thread on the ready-to-run
queue. For this design the decision was made to continue to use only one next
thread register. This allows the deterministic scheduling that was achieved in
the previous design to continue through this version of the hthreads kernel.

An integral part of the new scheduler design was to develop a method for
determining the next thread to execute from the pool of available threads on the
ready-to-run queue. Several factors must be considered when making a schedul-
ing decision. First, the scheduler needs to know the priorities of all currently
running threads. This required creating a new register solely responsible for
tracking this information (current priority reg). Secondly, the scheduler needs
to ensure that if multiple processors could be preempted, that only one proces-
sor is interrupted and furthermore that the processor that is interrupted is the
processor currently executing the lowest priority thread. For example, if the first
processor is executing a thread of priority equal to ten and the second processor
is currently running a thread of priority equal to seven, and the highest priority
thread on the ready-to-run queue has a priority equal to five, then for proper
operation the scheduler must ensure that the first processor is interrupted and
not the second one (zero is the highest priority in the hthreads system).

To ensure that this occurs the check preempt function was created to handle
these scenarios. This function takes the highest priority thread on the ready-to-
run queue and the priority register as parameters, and determines which proces-
sor if any should be preempted. The method used to make this determination
is to compare priorities, and if the highest priority thread on the ready-to-run
queue is better than the currently executing thread then the function tracks the
difference between these priorities. In the end the highest difference corresponds
to the processor that should be preempted. Figure 3.1 helps to illustrate this
point.

If there does not exist a higher priority thread in the ready-to-run queue to
execute then C NUM CPUS is returned which is an indication to the caller that
preemption should not occur. This is because C NUM CPUS will always be one
value higher than the highest Processor Identification Number (PIN) assignment
in the system.

State Machine Modifications to the Hardware Scheduler. Once the
check preempt function was added to the hardware scheduler, preexisting



102 S. Santner et al.

Fig. 2. Illustration of the check preempt function implemented in the hardware scheduler

internal states within the scheduler now required modifications, the first state
being the ENQUEUE operation. To account for multiple processors, the first
change is to read the processor id from the bus, encoded into the request itself.
Due to bit mapping definitions from the previous design the mapping of the pro-
cessor id bits into the request was limited to bits 14 and 15 of all memory mapped
reads, regardless if the operation is requested from the hardware scheduler or
thread manager. Extracting this information from the bus has become a com-
mon procedure in the SMP version of the design. The second modification to the
ENQUEUE operation is to determine if the thread being added to the ready-to-
run queue is an idle thread. This check is done because idle threads cannot exist
on the ready-to-run queue because then it would be possible for an idle thread
to be put into the next thread register which means that it could be dequeued
by the wrong processor (idle threads are processor specific in hthreads). If this
check returns true, then the hardware simply returns without adding the thread
to the queue. The final modification required to the ENQUEUE request was to
determine which processor needs to be preempted when a thread with a higher
priority becomes available to execute. This is handled by the check preempt
function as previously described.

The second modification to the internal states of the hardware scheduler
involved the DEQUEUE operation. Like the ENQUEUE operation, the first
modification is to again read the processor id from the bus. This information
is necessary because the scheduler needs to track the priorities of the threads



Symmetric Multiprocessor Design for Hybrid CPU/FPGA SoCs 103

that are currently executing on all the processors in the system. This is one
of two places where this information gets updated, the other being inside the
IDLE ID DEQ operation where an idle thread is chosen to execute on a par-
ticular processor because there are no threads in the ready-to-run state. The
other change to the DEQUEUE operation occurs when the ready-to-run queue
is empty. When this happens, the next thread is invalidated. Previously the idle
thread was set up as the next thread to run, however due to the nature of SMP
systems and how idle threads are handled, this was changed because again if an
idle thread is placed into the next thread register it is possible that the wrong
processor could attempt to dequeue and execute the idle thread which was ini-
tialized for the other processor.

SET SCHED PARAM begins as the previous two operations, by acquiring
the processor id from the bus. The second change to this set of states within the
finite state machine of the scheduler is to skip the preemption check if the thread
is not on the ready-to-run queue. This is important because a thread could have
its priority elevated above a currently executing thread, however the thread that
is being updated might not be in the ready-to-run state. Therefore this would
cause a processor to respond to an interrupt and attempt to execute a thread
that is not on the ready-to-run queue. Conversely, if the thread being modified is
on the ready-to-run queue then the check preempt function is called to determine
if a processor should be preempted in light of the updated scheduling parameters
for this particular thread. This operation and the ENQUEUE operation are the
only places in the hardware scheduler where preemption can occur.

Because idle threads are handled differently in the SMP hthreads system, there
must now be a way to ’dequeue’ idle threads when a better thread is not available
to execute. To accomplish this the IDLE REQUEST ID state was added to the
state machine. This is a request from the thread manager when either a YIELD
or DEQUEUE system call has been requested. The thread manager checks to see
if the ready-to-run queue is empty, and if so it instead requests the idle thread
for the requesting PIN. This functionality allows each processor to have its own
unique idle thread to execute.

System calls were one area that was identified as a critical region of code in
the design which needed the protection of a lock. These regions of code modify
critical shared data which are used to store information about threads in the
system. If both processors have access to this region of code at the same time
then race conditions can occur with the outcome of the data being inconsistent.
To protect this region of code a shared lock between both processors has been
implemented through the SYSCALL LOCK state in the hardware scheduler.

Adding this functionality into the system required modifying the hardware
scheduler core to include this critical lock around system calls. This is a memory-
mapped read operation from the kernel with the type of request being encoded
into the address. Two types of requests exist around the call to lock system
calls, a request to lock the critical region of code and a request to release the
lock around the critical region of the code. The scheduler implements this func-
tionality by creating two new registers, syscall mutex and syscall mutex holder.
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The register syscall mutex is used to track whether or not the mutex is locked
and the syscall mutex holder keeps track of which processor currently holds the
lock. When a request is made to acquire the lock the scheduler checks the status
of the mutex. If the mutex is in use then a zero is returned on the bus and
the scheduler returns to the idle state. However, if the mutex is not in use then
syscall mutex is updated to a value of one and the value of the requesting pro-
cessor is stored in the syscall mutex holder. This is important because it allows
the scheduler to only release a lock if it is owned by the processor requesting
the release. This safeguard is used to ensure that only the processor which owns
the lock is allowed to release the lock. In this scenario, the scheduler will update
both registers and return the value of one on the bus to show that the release
operation was successful. Conversely, the scheduler will return a zero on the
bus when a request to release the lock has been denied. Figure 3 illustrates the
SYSCALL LOCK scheduler implementation.

Fig. 3. Illustration of the SYSCALL LOCK implemented in the hardware scheduler

MALLOC LOCK is also critical for system stability in SMP systems. This
is because malloc is not thread-safe by default [8]. The libc implementation of
malloc calls two functions to lock around critical regions of software - malloc lock
and malloc unlock. However, by default these calls do nothing unless the system
designer implements these calls. This means that without modification it would
be possible for malloc to allocate the same region of memory for multiple threads.
It would also be possible for the libc function free to attempt to deallocate
memory that is still in use. This scenario only worsens when caching is enabled
(because of the lack of a snoopy cache implementation). Malloc also requires
the locks to be recursive, therefore a completely new type of lock had to be
added to the hardware scheduler, however most of the basic concepts from the
SYSCALL LOCK could be carried into the MALLOC LOCK operation. Bit 13
is still used to encode the type of operation into the request. However this time
instead of locking on the PIN, the lock is based on the thread id. This allows the
malloc call to complete before another thread can call malloc. Also, a new signal
was added to the state machine called lock count which tracks the depth of the
recursion. Only when this signal returns to zero can the lock be released, and
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of course only when the correct thread id is requesting the release. This ensures
the correct functional operation of the recursive lock required by malloc.

State Machine Modifications to the Thread Manager. Similar to the
hardware scheduler, the thread manager also required changes to internal states
within the state machine. The first addition to the thread manager was to add
the ASSIGN CPU state which returns the PIN to the requesting processor. This
is a memory mapped read from the thread manager and returns the PIN on the
two least significant bits of the bus. The logic is simple for this state - a counter
tracks which PIN should be returned on the bus. Each time this operation is
requested the counter increments. The counter is a two-bit register which allows
for a maximum of four processors in the system. When the counter returns PIN
three it overflows to zero.

The only other state requiring modification was the NEXT THREAD state
which is used to dequeue the thread stored in the next thread register by the
scheduler. The modification to this state involves dequeueing the idle thread
from the scheduler. This state initially checks to see if the next thread is valid,
and if it is not then the hardware will check to see if the idle thread is setup
for the requesting processor and if so will request a ’pseudo dequeue’ of the
idle thread for that processor. This ensures correct operation of the idle threads
with multiple processors.

3.2 Software

Transforming non-physically concurrent system-level software into SMP compat-
ible code is challenging. Several problems exist either from hardware limitations
or from troubleshooting concurrency issues. The following sections will describe
the natural progression of the software as the project matured, along with the
difficulties and successes that accompanied this progress.

Cache Coherency. Due to limitations of the hardware design provided by Xil-
inx, cache coherency is extremely difficult to achieve. Xilinx does not implement
a snoopy cache protocol which severely limits the use of cache in SMP systems.
Even worse, the implementation of a custom snoopy cache protocol is even more
difficult because Xilinx does not extend the necessary hardware cache lines to
perform this type of an operation. Initially, the SMP hthreads design attempted
to incorporate data caching into the system. To work around this issue of in-
coherency the cached section of data was limited to the first 128 MB of main
memory. Conversely, the non-cached section occupied the remaining memory.
Through modifications to the linkerscript and special gcc directives, critical sys-
tem variables that are shared between processors were specified to be stored in
the non-cached region of memory. This does not prevent race conditions, how-
ever it does keep the data that is shared cache coherent. The data that is being
stored in this region of memory is an array of hthread thread t struct’s. This
data is analogous to the Task Control Block (TCB) in linux. It is critical that
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this information is stored in the non-cached region of memory to eliminate erro-
neous errors that occur from reading the incorrect context of the thread or using
the incorrect stack to access data.

After many attempts to enable data caching for limited portions of the soft-
ware, it became obvious that the system would not stabilize and that it was
hindering the overall goal of porting hthreads to an SMP architecture. Due to
this limitation, data caching was completely removed from the system.

To further ensure stability in the developmental stages of this project certain
portions of concurrency have been removed from the system. To accomplish this
spin locks have been inserted around system calls in the system-level software
as shown in figure 4.

Fig. 4. Entry and Exit paths for acquiring system call locks

This will ensure that only one processor has access to shared system data
at a time. The initial call to acquire the lock is immediately before the system
call and inside the non-critical exception handling code. Entry into kernel-space
occurs at these two entry points exclusively. Unlock calls are placed at the end
of the system call, immediately before running a newly created thread and when
returning from a non-critical interrupt. Exiting from kernel-space occurs at these
three exit points exclusively.

After examining the possible scenarios for acquiring and releasing the system
call lock in more detail it can be shown that in the hthreads system where a
thread ’comes out’ of a context switch depends on if the thread is a new thread
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or has already been executed and blocked. If the thread is new then it is ’boot-
strapped’ into execution and it is critical that the system call lock is released
by this processor before the new thread begins execution. The other option for
’coming out’ of a context switch is when the context of a previously executed
thread has been restored which will then release the system call lock when re-
turning from the system call handler. Also, interrupts acquire and eventually will
release the system call lock inside the non-critical exception handling code. It
is also important to remember that this lock is PIN specific, therefore different
threads can acquire and release the lock as long as they both execute on the
same processor.

Handling SMP Malloc. Finally, as previously stated the libc implementation
of malloc is not thread-safe by default [8], and this became evident through nu-
merous hours of debugging. The problem was encountered when the free routine
was attempting to deallocate memory that was still valid - the pointer to the
region of memory to be freed was actually pointing to a valid region of memory
for another thread.

In order to have a thread-safe implementation of malloc, it is imperative
that the system design implements the stub function calls to malloc lock()
and malloc unlock(). These are required by the libc implementation of malloc
to ensure that race conditions do not occur when attempting to allocate and
deallocate memory. Furthermore, the locks which are used inside malloc lock()
and malloc unlock() must be recursive locks [8] to ensure proper operation.
The implementation of this lock is in the hardware scheduler state machine and
is an atomic operation because the bus is locked until the scheduler returns the
result of the request on the bus.

4 Implementation Results

The SMP version of hthreads has been successfully tested on the Xilinx XUP
development board [1] and the Avnet Virtex-4 FX PCI Express Board [2]. The
results in this section were obtained from executing on the Avnet Virtex-4 FX
PCI Express Board.

Two software test cases were developed to stress the system and measure the
capabilities of the SMP hthreads system. These tests were designed to illustrate
the expected speedup when executing computationally intensive applications.

The first test is the producer/consumer (simple buffer.c) problem which
demonstrates nearly a 2x speedup for small buffer sizes - this is illustrated in fig-
ure 5. The almost linear speedup when the buffer size is one is caused by nearly
constant context switching for the uniprocessor system. This buffer size however
has no effect on the SMP version because each thread can execute exclusively on
one of the PowerPC’s, therefore eliminating the majority of context switching.
It is also interesting to note the performance results as the buffer size increases,
which relieves the amount of context switching required for the uniprocessor
system. The data illustrates that as the buffer size increases, the performance
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Fig. 5. simple buffer.c results

Fig. 6. dual test.c results

improvement of the SMP system plateaus at around 1.2x. This is because paral-
lelism is being removed from the application and the effect of context switching
is being masked out by the increasing size of the buffer.

Similar to simple buffer.c, dual test.c is also computationally intensive. This
application divides an array of N elements in half, allocating each half to a
separate thread. Each thread will then perform a summation operation on the
data, and the final value is the difference of the two summation results once
both of the threads have completed. One important note about this application
is that the data is not shared until the final difference operation. This eliminates
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the overhead of communicating between processors and should provide a greater
amount of speedup compared to the producer/consumer test with large buffer
sizes. Figure 6 illustrates this accurately, showing a speedup of approximately
1.65x compared to the single processor implementation for large amounts of
data.

It is also interesting to note that the speedup does not plateau at 2x for
this application. This is because of bus contention on the PLB between the
two PowerPC’s. Both processors are reading large amounts of data from main
memory which results in collisions on the PLB. This leads to bus arbitration
which restricts main memory access to only one processor due to limitations of
the PLB arbitration scheme [12] provided by Xilinx. Other than providing fair
arbitration between the PowerPC’s, this issue could also be greatly improved by
turning on the data cache for both processors which would relieve the amount
of stress on the PLB.

5 Conclusion

The SMP version of the hthreads kernel now utilizes the second PowerPC proces-
sor which can significantly improve the performance of computationally intensive
applications. This required making modifications to the hardware scheduler, the
thread manager and the hthreads kernel software. Due to the lack of cache-
coherency support data caching must be disabled to ensure proper operation.
Furthermore, hardware locks were implemented to prevent race conditions and
to ensure that memory allocation and deallocation calls were handled properly.

Two software tests were developed to show the performance of the new SMP
hthreads system. Using a producer/consumer model with a buffer size of one,
simple buffer.c showed a performance improvement of 1.95x. This is explained by
the almost constant context switching of the uniprocessor system between pro-
ducer and consumer threads, contrasted with the SMP design where each thread
occupies a PowerPC for exclusive execution. The second example, dual test.c re-
vealed more of a typical performance improvement for computationally intensive
applications with a speedup of 1.65x when operating on large amounts of data.

For further information on the SMP port of hthreads please visit the hthreads
wiki [6] or the main hthreads web-site [7].
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Abstract. As embedded applications are getting more complex, they are also 
demanding highly diverse computational capabilities. The majority of all 
previously proposed reconfigurable architectures targets static data stream 
oriented applications, optimizing very specific computational kernels, 
corresponding to the typical embedded systems characteristics in the past. 
Modern embedded devices, however, impose totally new requirements. They 
are expected to support a wide variety of programs on a single platform. 
Besides getting more heterogeneous, these applications have very distinct 
behaviors. In this paper we explore this trend in more detail. First, we present a 
study about the behavioral difference of embedded applications based on the 
Mibench benchmark suite. Thereafter, we analyze the potential optimizations 
and constraints for two different run-time dynamic reconfigurable architectures 
with distinct programmability strategies: a fine-grain FPGA based accelerator 
and a coarse-grain array composed by ordinary functional units. Finally, we 
demonstrate that reconfigurable systems that are focused to single data stream 
behavior may not suffice anymore. 

1   Introduction 

While the number of embedded systems continues to grow, new and different devices, 
like cellular phones, mp3 players and digital cameras keep appearing on the market. 
Moreover, a new trend can be observed: the multi-functional embedded system, 
which performs a wide range of different applications with diverse behaviors, e.g. 
present day portable phones or PDAs. As a consequence, simple general purpose or 
DSP processors cannot handle the additional computational power required by these 
devices anymore. Although a large number of techniques that can solve the 
performance problem are available, they mainly exploit the instruction level 
parallelism (ILP) intrinsic to the application, e.g. the superscalar architectures. 
However, these architectures spend a considerable amount of power while finding the 
ILP [1]. For that reason, alternative approaches, such as reconfigurable fabrics, have 
been gaining importance in the embedded domain, speeding up critical parts of data 
stream oriented programs. By translating a sequence of operations into a hardware 
circuit performing the same computation, one could speed up the system and reduce 
energy consumption significantly [2]. This is done at the price of additional silicon 
area, exactly the resource mostly available in new technology generations. 
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Recent FPGA based reconfigurable devices targeting embedded systems are 
designed to handle very data intensive or streaming workloads. This means that the 
main design strategy is to consider the target applications as having very distinct 
kernels for optimization. This way, speeding up small parts of the software allows one 
to obtain huge gains. However, as commented before, the number of applications a 
single embedded device must handle is increasing. Nowadays, it is very common to 
find embedded systems with ten or more functions with radically different behaviors. 
Hence, for each of these applications, different optimizations are required. This, in 
consequence, increases the design cycle, since mapping code to reconfigurable logic 
usually involves some transformation, which is done manually or by the use of special 
languages or tool chains. To make this situation even more complicated, some of 
these applications are not as datastream oriented as they used to be in the past. 
Applications with mixed (control and data flow) or pure control flow behaviors, 
where sometimes no distinct kernel for optimization can be found, are gaining 
popularity. As it will be demonstrated, the JPEG decoder is one such example. 

In accordance to the facts commented above, the main contributions of this paper 
are: 

• To evaluate the potential performance of two representative run-time dynamically 
reconfigurable architectures with different programmability strategies for the 
same set of embedded systems benchmarks; 

• To provide indication for the need of mixed behavior architectures supporting 
different reconfiguration mechanisms based on the above results.  

This work is organized as follows: Section 2 discusses classic reconfigurable 
architectures and shows how they are applied in embedded systems. In Section 3 we 
discuss two representative architectures with different configuration strategies used in 
our study. Section 4 summarizes the analysis done on the benchmark set with these 
two systems. Finally, Section 5 draws conclusions and indicates some directions. 

2   Related Work 

Reconfigurable systems have already shown to be very effective in mapping certain 
pieces of the software to reconfigurable logic. Huge software speedups as well as 
significant system energy reductions have been previously reported [2]. Careful 
classification study in respect to coupling, granularity and instructions type is 
presented in [3]. In accordance with this study, in this section we discuss only the 
most relevant work.  For instance, processors like Chimaera [4] have a tightly coupled 
reconfigurable array in the processor core, limited to combinational logic only. The 
array is, in fact, an additional functional unit (FU) in the processor pipeline, sharing 
the resources with all normal FUs. This simplifies the control logic and diminishes the 
communication overhead between the reconfigurable array and the rest of the system. 
The GARP machine [5] is a MIPS compatible processor with a loosely coupled 
reconfigurable array. The communication is done using dedicated move instructions.  

More recently, new reconfigurable architectures, very similar to the dataflow 
approaches, were proposed. For example, TRIPS is based on a hybrid von-Neumann/ 
dataflow architecture that combines an instance of coarse-grained, polymorphous grid 
processor core with an adaptive on-chip memory system [6]. TRIPS uses three different 
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execution modes, focusing on instruction-, data- or thread- level  parallelism. 
Wavescalar [7], on the other hand, totally abandons the program counter and the linear 
von-Neumann execution model that is limiting the amount of exploited parallelism. As 
these two examples, Piperench is also a reconfigurable machine highly relying on 
compiler driven resource allocation [8]. 

Specifically concerning embedded systems, Stitt et al. [9] presented the first 
studies about the benefits and feasibility of dynamic partitioning using reconfigurable 
logic, showing good results for a number of popular embedded system benchmarks. 
This approach, called warp processing, is based on a complex SoC. It is composed by 
a microprocessor to execute the application software, another microprocessor where a 
simplified CAD algorithm runs, local memory and a dedicated FPGA array. Firstly, 
the microprocessor executes the code, and a profiler monitors the instructions in order 
to detect critical regions. Next, the CAD software decompiles the application to a 
control flow graph, synthesizes it and maps the circuit onto the FPGA structure. At 
last the original binary code is modified to use the generated hardware blocks. In [10] 
another reconfigurable architecture is presented, called Computer Configurable 
Accelerator (CCA), working in granularity of the instruction level. The CCA is 
composed by very simple functional units, tightly coupled to an ARM processor.  

We can observe two main trends concerning reconfigurable logic organization for 
embedded systems. The first one is aimed at optimizing the most executed kernels, 
with a fine grain array usually being relatively loosely coupled to the processor, or 
avoiding a central processor at all [6][7][8][9]. The second class are tightly coupled 
coarse grain units, embedded as ordinary FUs in the processor pipeline [4][5][10], 
attacking lowest levels of parallelism, such as ILP.  That is why in this work we are 
considering two representative examples from these two distinctive groups for our 
evaluation. 

3   Evaluated Architectures 

In this study we are employing two different run-time dynamically reconfigurable 
systems to perform our analysis. Although they represent different programming 
paradigms, both are implemented using the same general-purpose processor (GPP): a 
MIPS R3000. The first one is Molen, an FPGA reconfigurable architecture [11]. 
Because of the high penalties incurred by reconfiguration, it is usually used to speed 
up the applications at loop and subroutine levels. Since it is based on fine grain 
devices and variable size of instruction blocks, code can be transformed into 
reconfigurable logic with huge potential for optimizations. However, one must take 
into account that there is a design effort to create the optimized hardware blocks for 
each kernel. Implementing huge parts of the code in a reconfigurable logic can 
sometimes become very complex, putting pressure on the development time, which, 
in turn, cannot be always tolerated. The design process can be seen as designing a 
VHDL engine for a specific subroutine inside the targeted program.   

The second reconfigurable system is tightly coupled to the processor and has a 
coarse-grain nature [12], acting at the instruction level. This way, the allocation of 
reconfigurable resources becomes easier, since the implementation of execution 
blocks is usually based on a simple allocation of instructions to an array of ordinary 
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functional units. However, as it does not work at bit level and optimizes smaller parts 
of the code, the degree of potential performance gains of such system is not the same 
as for fine grain approaches. The designer effort, however, can be significantly 
decreased (or avoided), and a vast number of different reconfigurations could be 
available, which makes this approach more suitable for systems with a large number 
of hot spots. In the two sub-sections to follow both systems are explained in more 
details.  

3.1   Fine-Grain Based Reconfigurable System 

The two main components in the Molen organization are depicted in Figure 1a. More 
precisely, they are the Core Processor, which is a GPP (in this case study MIPS 
R3000), and the Reconfigurable Unit (RU). The Arbiter issues instructions to both 
processors; and data transfers are controlled by the Memory MUX.  The 
reconfigurable unit (RU), in turn, is subdivided into the pµ-code unit and the Custom 
Computing Unit (CCU). The CCU is implemented in reconfigurable hardware, e.g., a 
field-programmable gate array (FPGA), and memory. The application code runs on 
the GPP except of the accelerated parts implemented on the CCU used to speed up the 
overall program execution. Exchange of data between the main and the reconfigurable 
processors is performed via the exchange registers (XREGs).  

The reconfigurable processor operation is divided into two distinct phases: set and 
execute. In the set phase, the CCU is configured to perform the targeted operations. 
Subsequently, in the execute phase, the actual execution of the operations takes place.  

3.2   Coarse-Grain Based Reconfigurable System 

This reconfigurable array operates as an additional functional unit in the execution 
stage, using an approach similar to Chimaera’s in this aspect. This way, no external 
accesses (from the processor perspective) to the array are necessary. The array is two-
dimensional, organized in rows and columns, and composed by ordinary functional 
units, e.g ALUs, shifters, multipliers, etc.  

An overview of the general organization of the DIM system is shown in Figure 1b. 
Each instruction is allocated in an intersection between one row and one column. If two 
instructions do not have data dependences, they can be executed in parallel, in the same 
row. Each column is homogeneous, containing a determined number of a particular type 
of functional units. Depending on the delay of each functional unit, more than one 
operation can be executed within one processor equivalent cycle. It is the case of the 
simple arithmetic ones. On the other hand, more complex operations, such as 
multiplications, usually take longer to be finished. The delay can vary depending on the 
technology and the way the functional unit was implemented. Moreover, regular 
multiplexers are responsible for the routing (Figure 1c and Figure 1d). Presently, the 
reconfigurable array does not support floating point operations. 

The array works together with a special hardware designed to detect and transform 
instruction groups for reconfigurable hardware execution. This is done concurrently 
while the main processor fetches other instructions. When this unit detects a minimum 
number of instructions worth being executed in the array, a binary translation is  
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Fig. 1. The (a) FPGA-based and the (b) coarse-grain array reconfigurable architectures 

applied to this code sequence. After that, this configuration is saved in a special 
cache, and indexed by the program counter (PC). The next time this sequence is 
found, the dependence analysis is no longer required: the processor just loads the 
configuration from the special cache and the operands from the register bank, then 
activating the reconfigurable hardware as functional unit. Thereafter, the array 
executes the configuration with that context and writes back the results, instead of 
executing the normal instruction flow of the processor. Finally, the PC is updated in 
order to continue with the execution of the normal (not translated) instructions. 

4   Experimental Results 

4.1   Benchmarks Evaluation 

In our study we use the Mibench Benchmark Suite [13]. This suite has been chosen 
because it has a large range of different application behaviors. We are using all 
benchmarks with no representative floating point computations and that could be 
compiled successfully to the target architecture.  

First, we characterize the algorithms regarding the number of instructions executed 
per branch (classifying them as control or dataflow oriented based on these numbers). 
As it can be observed in Figure 2b, the RawAudio Decoder algorithm is the most 
control flow oriented one (a high percentage of branches executed per program) while 
the Rijndael Encoder is quite the opposite. It is important to point out that, for 
reconfigurable architectures, the more instructions a basic block (BB) has, the better, 
since there is more room for exploiting parallelism (a basic block is code that has one 
entry point, one exit point and no jump instructions contained within it). Furthermore, 
more branches mean additional paths that can be taken, increasing the execution time 
and the area consumed by a given configuration, when implemented in reconfigurable 
logic. Our experiments presented in Figure 2b show similar trends as the ones reported 
in [13], where the same benchmark set was compiled on a different processor (ARM).  

Figure 2a shows our analysis of distinct kernels based on the basic blocks present 
in the programs and their execution rates. The methodology involves investigating the 
number of basic blocks responsible for a certain percentage of the total number of 
basic block execution figures. For instance, in the CRC32 algorithm, just 3 basic 
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blocks are responsible for almost 100% of the total program execution time. Again, 
for typical reconfigurable systems, this algorithm can be easily optimized: one just 
needs to concentrate all the design effort on that specific group of basic blocks and 
implement them to reconfigurable logic.  

However, other algorithms, such as the widely used JPEG decoder, have no 
distinct execution kernels at all. In this algorithm, 50% of the total instructions 
executed are due to 20 different BBs. Hence, if one wished to have a speedup of 2x 
(according to Amdahl’s law), considering ideal assumptions, all 20 different basic 
blocks should be mapped into reconfigurable logic. This analysis will be presented in 
more details in the next section. 
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Fig. 2. (a) Instruction per Branch rate. (b) How many BBs are necessary to cover a certain 
amount of execution time. 
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Fig. 3. Amount of execution time covered by 1, 3 or 5 BBS in each application 

The problem of not having a clear group of most executed kernels becomes even 
more evident if one considers the wide range of applications that embedded systems 
are implementing nowadays. In a scenario when an embedded system runs RawAudio 
decoder, JPEG encoder/decoder, and StringSearch, the designer would have to 
transform approximately 45 different basic blocks into the reconfigurable fabric to 
achieve a 2x performance improvement. 
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Furthermore, it is interesting to point out that the algorithms with a high number of 
instructions per branch tend to be the ones that need fewer kernels to achieve higher 
speedups. Figure 3 illustrates this trend by using the cases with 1, 3 and 5 basic 
blocks. Note that, mainly when we consider the most executed basic block only (first 
bar of each benchmark), the shape of the graph is directly proportional to the 
instructions per branch ratios shown in Figure 2b (with some exceptions, such as the 
CRC32 or JPEG decoder algorithms). A deeper study about this issue is envisioned to 
indicate some directions regarding the reconfigurable arrays optimization just based 
on very simple profile statistics. 

4.2   Potential of Optimization 

In this section, we first study the potentiality of fine grain reconfigurable arrays. 
Considering the optimization of loops and subroutines, we analyze the level of 
performance gains if a determined number of such hot spots is mapped to the Molen 
based reconfigurable logic.  

Fine Grain reconfigurable architecture. In this first experiment, we are assuming 
that just one piece of reconfigurable hardware is available per loop or subroutine. This 
means that the only part of the code that will be optimized by the reconfigurable logic 
is the one which is common in all itterations. For example, let us assume a loop that 
should be executed 50 times. 100% of the code is executed 49 times, but just 20% is 
executed 50 times (all the iterations). This way, just this 20% is available for 
optimization, since it comprises the common instructions executed in all loop 
iterations. Figure 4a illustrates this case. The dark part is always executed, so just this 
part can be transformed to reconfigurable logic. Moreover, subroutines that are called 
inside loops are not suited for optimization.  

Figures 5a and 5b show, in the y-axis, the performance improvements (speedup 
factor) when implementing a different number of subroutines or loops (x-axis) on 
reconfigurable logic, respectively. It is assumed that each one of these hot spots 
would take just one cycle for being executed on reconfigurable hardware. As it can be 
 

 

Fig. 4. (a) Just a small part of the loop can be optimized (b) Different pieces of reconfigurable 
logic are used to speed up the entire loop 
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observed, the performance gains demonstrated are very heterogeneous. For a group of 
algorithms, just a small number of subroutines or loops implemented on FPGA 
reconfigurable logic are necessary to show good speedups. For others, the level of 
optimization is very low. One reason for the lack of optimization is the methodology 
used for code allocation on the reconfigurable logic, explained above. This way, even 
if there is a huge number of hot spots subject to optimization, but presenting different 
dynamic behaviors, just a small number of instructions inside these hot spots could be 
optimized. This shows that automatic tools, aimed at searching the best parts of the 
software to be transformed to reconfigurable logic, might not be enough to achieve 
the necessary gains. As a consequence, human interaction for changing and adapting 
parts of the code would be required. 

Sp
ee

du
p

Fa
ct

or

(a) (b)
 

Fig. 5. Speedup factor considering different numbers of subroutines and loops being executed 
in 1 cycle 
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Fig. 6. Speedup factor considering different numbers of subroutines and loops being executed 
in (c) (d) 5 cycles and (e) (f) 20 cycles in reconfigurable logic 
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In the first experiment, besides considering infinite hardware resources and no 
communication overhead between the processor and reconfigurable logic, we were 
also assuming an infinite number of memory ports with zero delay, which is 
practically infeasible for any relatively complex configuration. Now, in Figures 6a 
and 6b, we consider a more realistic assumption: each hot spot would take 5 cycles to 
be executed on the reconfigurable logic. When comparing this experiment with the 
previous one, although the algorithms that present performance speedups are the 
same, the speedup levels vary. This obviously demonstrates that the performance 
impact of the optimized hot spots is directly proportional to how much they represent 
considering total algorithm execution time. 

In Figure 6c and 6d we present the same analysis that was done before, but 
considering more pessimistic assumptions. Now, each hot spot would take 20 cycles 
to be executed on the reconfigurable hardware. Although usually a reconfigurable unit 
would not take that long to perform one configuration, there are some exceptions, 
such as really large code blocks or those that have massive memory accesses. Also, 
one can observe that some algorithms present losses in performance. This means that, 
depending on the way the reconfigurable logic is implemented and how the 
communication between the GPP and RU is done, some hot spots may not be worth to 
be executed on reconfigurable hardware. 

In Figure 7 a different methodology is considered: a subroutine or loop that can 
have as much reconfigurable logic as needed to be optimized, assuming that enough 
reconfigurable hardware is available to support infinite configurations. This way, 
entire loops or subroutines could be optimized, regardless if all instructions inside 
them are executed in all iterations, in opposite to the previous methodology. Figure 4b 
illustrates this assumption. A reconfigurable unit would be available for each part of 
the code. 

 

(b)

Speedup Factor

(a)

Speedup Factor

(a) (b)  

Fig. 7. Infinite configurations available for (a) subroutine or (b) loop optimizations: each one 
would take 5 cycles to be executed 
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In this experiment it is considered that the execution of each configuration would 
take 5 cycles. Comparing against Figures 6a and 6b (same experiment using a 
different methodology), huge improvements are shown, mainly when considering 
subroutine optimizations. This, in fact, reinforces the use of totally or partially 
dynamic reconfigurable architectures, which can adapt to the program behavior 
during execution. For instance, considering a partially reconfigurable architecture 
executing a loop: the part of the code that is always executed could remain in the 
reconfigurable unit during all the iterations, while sequences of code that are executed 
in certain time intervals could be configured when necessary. 

Coarse Grain reconfigurable architecture. Now, we analyze the performance 
improvements when considering such architecture. Since it works at the instruction 
level, and in this version no speculative execution is supported, the optimization is 
limited to basic block boundaries. The level of optimization is directly proportional to 
the usage of BBs (Figure 2a): for a determined basic block, the more it is executed, 
more performance boost it represents. Even this coarse grain reconfigurable array 
does not demonstrate the same level of performance gains as fine grain reconfigurable 
systems show, more different configurations are available to be executed on this kind 
of system. This way, even applications which do not have very distinct kernels could 
be optimized. 

Considering the ideal assumption of one configuration taking just one cycle to be 
executed, let us compare the instruction level optimization against the subroutine 
level, which had shown more performance improvements than the loop level, as 
expected. When comparing the results of Figure 8a against the ones of Figure 5a, one 
can observe that for some algorithms the number of basic blocks optimized does not 
matter: just executing one subroutine in reconfigurable logic would achieve a high 
performance speedup. However, mainly for the complex algorithms at the bottom of 
the figure, the level of optimization is almost the same for basic blocks or subroutines. 
This way, using the instruction level reconfigurable unit would be the best choice: it is 
easier and cheaper to implement 10 different configurations for that than 10 for the 
FPGA based one. 

When assuming that 5 cycles are necessary for the execution of each configuration 
in coarse grain reconfigurable hardware, there is a tradeoff between execution time 
and how complex are the basic blocks (in number of instructions, kind of operations, 
memory accesses etc). This assumption is demonstrated in Figure 8b: in the Rinjdael 
algorithms, the optimization is worth until a certain number of basic blocks being 
implemented on reconfigurable logic. After that, there is a performance loss. In Figure 
8c, considering 20 cycles per basic block execution on the reconfigurable array, this 
situation is even more evident. 

Mixed Systems. Hybrid systems are envisioned as a mix of the two different 
reconfiguration approaches investigated above. In Figure 9a it is assumed that the 
most executed subroutine would be implemented into the FPGA reconfigurable logic. 
Then, considering that the first 3 most executed basic blocks would be contained in 
this subroutine, the next 17 would be executed on the coarse grain unit. In Figure 9b 
the same approach is used, but now considering 2 subroutines implemented on FPGA 
and 45 basic blocks on the coarse grain (assuming that the first 5 basic blocks are part 
of the two subroutines already implemented on FPGA).  
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Fig. 8. Optimization at instruction-level with the basic block as limit. (a) 1 cycle, (b) 5 cycles 
and (c) 20 cycles per BB execution 

As it can be observed, even though some algorithms do not present a significant 
performance gain while having this mixed architecture, the majority of the benchmark 
applications can take advantage of this system. This group would achieve almost the 
same performance boost when just using one or two pieces of FPGA-based 
reconfigurable logic together with the coarse grain unit, when comparing against a 
large number of huge blocks just implemented in FPGA. 

(a) (b) 

Speedup Factor Speedup Factor

 

Fig. 9. Simulating a mixed system. (a) One subroutine optimized by FPGA and 17 basic blocks 
by coarse grain unit. (b) two subroutines - FPGA / 45 BBs – coarse grain 

ILP, context loading and saving. Still assuming mixed systems, we repeat the 
previous examples but now considering the ILP available in each hot spot when 
computing their execution time. For instance, subroutines with more exposed ILP will 
execute faster than those with almost no parallelism. The algorithms chosen for this 
experiment are: Rawaudio Decoder, Rijndael Encoder, CRC32 and Quicksort, since 
they are the most control and dataflow ones, and have a small or great number of 
distinct kernels, respectively. 
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The following assumptions have been done: 

•  Three simple arithmetic/logic execution per cycle, one multiplication, infinite 
memory ports, when executing on the coarse grain reconfigurable architecture; 

• Nine simple arithmetic/logic execution per cycle, three multiplications, infinite 
memory ports when executing on the fine grain logic. 

We also vary the reconfiguration (which comprises the configuration of the unit 
itself and the context loading, as register and memory reads) and write back times, 
considering them as being responsible for more 10%, 30% and 50% of the total 
execution time spent by each hot spot when using the coarse grain unit; and 3 times 
more when executing on fine grain logic. This way, if we are considering that FPGA 
is 3 times faster when executing its instructions, we are also assuming that it is 3 
times slower for the reconfiguration process. 

As it can be observed in Figures 10a and 10b, the importance of each architecture 
varies in each algorithm. In CRC32, there is no need of having a mixed architecture to 
speed up the system, since there is a small number of distinct kernels to be optimized. 
Quicksort, on the other hand, is quite different. Its gains are all presented by the 
coarse grain array, exactly because of its behavior is exactly the opposite of CRC32. 
Both Rawaudio and Rijndael benefits from the mixed system, but at different levels.  

It is important to point out that the reconfiguration time starts to play an important 
role depending on the time it takes. For instance, in the CRC32 algorithm, more time 
can be spent in the reconfiguration/write back than the in the execution itself. This 
way, for a given hot spot, one needs to pay attention on the size of the context and the 
resources available for its loading. 

 

Fig. 10. Mixed system – Two subroutines executed on FPGA and 45 basic blocks on the coarse 
grain unit, considering different reconfiguration/write back times 

5   Conclusions and Directions 

Reconfigurable systems have already proven to be an efficient strategy to serve as 
platform for modern embedded systems. However, the number of different applications 
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being executed on these systems has been increasing. In addition, the characteristics of 
the embedded system workloads have been changing as well. In this work we 
demonstrated that reconfigurable systems focusing just on the most executed kernels 
still can be used for some algorithms. This strategy, however, may require long 
development times that may not be acceptable. On the other hand, an alternative option 
is the employment of simpler reconfigurable architectures. The latter do not bring as 
much improvement as the fine grained approaches show, but could be easier to 
implemented due to its simplicity. 

Considering fixed embedded applications, or yet those with long lifetime periods 
such as an MP3 player, FPGA based reconfigurable systems with high granularity 
grains can be a good choice. According to the results section, one can observe 
algorithms that present huge performance improvements, such as CRC32, SHA or 
Dijkstra. They need a small number of hot spots to achieve such gains, which would 
lead to a short development time. 

On the other hand, there are other embedded devices, such as PDAs, with almost 
no pre installed applications. As they give to the user the freedom for installing 
applications, PDAs become a very heterogeneous environment. They will probably 
demand more flexible reconfigurable devices. Considering the benchmark set, some 
examples can be cited, as Rijndael and Susan Corners, which can just show good 
improvements when a large number of hot spots are optimized. As it was commented 
before, one also needs to take into consideration the assumption of having a great 
number of these applications being executed on the same device at the same time. 

Finally, one could consider the example of next generation of mobile phones. 
Besides having fixed applications such as audio, image and video decompression, 
various Java applets can be installed. This way, mixed systems behavior appears as 
being a good choice. Moreover, we could envision some general directions when 
developing reconfigurable systems targeting to embedded applications, based on the 
discussion in section 3: 

• Automated tools aimed at searching hot spots to be executed on reconfigurable 
logic may need human interaction; 

• Algorithms with a great number of instructions/branch tend to present a small 
number of distinct kernels for optimization; 

• For both level of granularities, some hot spots, even if they are highly used 
through program execution, may not be worth to be implemented in 
reconfigurable logic, due to low amount of ILP, great number of memory 
accesses for a given configuration, high overhead for context loading/saving; 

• Partially reconfigurable systems may be a good choice in the sense that they can 
adapt themselves to parts of loops or methods that change while keeping other 
kernels always in the reconfigurable logic; 

• The use of mixed systems, composed by both kinds of architectures, can be a 
good alternative. However, the reconfiguration/write back times must be taken 
into account when choosing the kernels to be optimized. 

As future work, we will analyze both architectures in more details, as their area 
overhead and power consumption. 



124 A.C.S. Beck et al. 

References 

1. Wilcox, K., Manne, S.: Alpha processors: A history of power issues and a look to the 
future. In: CoolChips Tutorial An Industrial Perspective on Low Power Processor Design 
in conjunction with Micro, vol. 33 (1999) 

2. Stitt, G., Vahid, F.: The Energy Advantages of Microprocessor Platforms with On-Chip 
Configurable Logic. IEEE Design and Test of Computers (2002) 

3. Compton, K., Hauck, S.: Reconfigurable computing: A survey of systems and software. 
ACM Computing Surveys 34(2), 171–210 (2002) 

4. Hauck, S., Fry, T., Hosler, M., Kao, J.: The Chimaera reconfigurable functional unit. In: 
Proc. IEEE Symp. FPGAs for Custom Computing Machines, Napa Valley, CA, pp. 87–96 
(1997) 

5. Hauser, J.R., Wawrzynek, J.: Garp: a MIPS processor with a reconfigurable coprocessor. 
In: Proc. 1997 IEEE Symp. Field Programmable Custom Computing Machines, pp. 12–21 
(1997) 

6. Sankaralingam, k., Nagarajan, R., Liu, H., Kim, C., Huh, J., Burger, D., Keckler, S.W., 
Moore, C.R.: Exploiting ILP, TLP and DLP with the Polymorphous TRIPS Architecture. 
In: Proc. of the 30th Int. Symp. on Computer Architecture, pp. 422–433 (2003) 

7. Swanson, S., Michelson, K., Schwerin, A., Oskin, M.: WaveScalar. MICRO, vol. 36 
(December 2003) 

8. Goldstein, S.C., Schmit, H., Budiu, M., Cadambi, S., Moe, M., Taylor, R.R.: PipeRench: A 
Reconfigurable Architecture and Compiler. IEEE Computer, 70–77 (April 2000) 

9. Lysecky, R., Stitt, G., Vahid, F.: Warp Processors. ACM Transactions on Design 
Automation of Electronic Systems (TODAES), 659–681 (July 2006) 

10. Clark, N., Kudlur, M., Park, H., Mahlke, S., Flautner, K.: Application-Specific Processing 
on a General-Purpose Core via Transparent Instruction Set Customization. In: International 
Symposium on Microarchitecture (MICRO-37), pp. 30–40 (December 2004) 

11. Beck, A.C.S., Rutzig, M.B., Gaydadjiev, G.N., Carro, L.: Transparent Reconfigurable 
Acceleration for Heterogeneous Embedded Applications. In: Design, Automation and Test 
in Europe (DATE), Munique (March 2008) 

12. Vassiliadis, S., Cotofana, S.D., Wong, S.: The MOLEN ρμ-Coded Processor. In: Brebner, 
G., Woods, R. (eds.) FPL 2001. LNCS, vol. 2147, pp. 275–285. Springer, Heidelberg 
(2001) 

13. Guthaus, M.R., Ringenberg, J.S., Ernst, D., Austin, T.M., Mudge, T., Brown, R.B.: 
MiBench: A Free, Commercially Representative Embedded Benchmark Suite. In: 4th 
Workshop on Workload Characterization, Austin, TX (December 2001) 



FPGA-Based Real-Time Super-Resolution on an
Adaptive Image Sensor

Maria E. Angelopoulou, Christos-Savvas Bouganis, Peter Y. K. Cheung,
and George A. Constantinides

Department of Electrical and Electronic Engineering, Imperial College London,
Exhibition Road, London SW7 2BT, UK

{m.angelopoulou,christos-savvas.bouganis,p.cheung,
g.constantinides}@imperial.ac.uk

Abstract. Recent technological advances in imaging industry have lead to the
production of imaging systems with high density pixel sensors. However, their
long exposure times limit their applications to static images due to the motion
blur effect. This work presents a system that reduces the motion blurring using
a time-variant image sensor. This sensor can combine several pixels together to
form a larger pixel when it is necessary. Larger pixels require shorter exposure
times and produce high frame-rate samples with reduced motion blur. An FPGA
is employed to enhance the spatial resolution of these samples employing Super
Resolution (SR) techniques in real-time. This work focuses on the spatial reso-
lution enhancement block and presents an FPGA implementation of the Iterative
Back Projection (IBP) SR algorithm. The proposed architecture achieves 25 fps
for VGA input and can serve as a general purpose real-time resolution enhance-
ment system.

1 Introduction

Every imaging system is based on an image sensor, a 2-D array of pixels that convert
incident light to an array of electrical signals (Fig. 1(a)) [1]. Two types of resolution
determine the quality of information collected by the sensor: the spatial and the tempo-
ral resolution. The spatial resolution depends on the spatial density of the photodiodes
and their induced blur. The most intuitive solution to increase the spatial resolution
corresponding to the same field of view would be reducing the pixel size, hence in-
creasing the pixel density. However, the smaller the photodiodes become, the smaller
is the amount of incident light and, therefore, a longer integration time is required for
each photodiode to achieve an adequate signal to noise ratio [1, 2].

In the case of no relative motion between the camera and the scene, the reduction in
the amount of light can be compensated by increasing the exposure time of the pixels,
i.e. increasing the integration time of the photodiodes. However, in real-life systems ei-
ther the camera is shaking or/and objects are moving in the scene during the integration
time. In this case, the integration time spans a large number of real-world ‘frames’, and
the output suffers from motion blur, thus reducing the temporal resolution. In Fig. 1(b),
the effect of motion blur is clearly visible: the exposure time was too long for the fast
moving bus to be captured. Thus, there is a fundamental trade-off in imaging systems:
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Fig. 1. (a) A hypothetical 3×3 CMOS image sensor. (b) A moving bus as opposed to a still bike.
The first creates motion blur, whereas the second is fully captured.

an increase in the spatial resolution by reducing the pixel size reduces the temporal res-
olution and vice-versa. For the rest of the paper, ‘LR’ denotes the low spatial resolution
and, thus, high temporal resolution image samples, while ‘HR’ refers to high spatial
and low temporal resolution.

Recently researchers have focused on the problem of enhancing both spatial and
temporal resolution. Resolution in both time and space can be enhanced by using mul-
tiple cameras to capture a fast moving scene with different subpixel spatial shifts and
different subframe temporal shifts [3]. The main strength of the algorithm in [3] is that
it treats motion blur independently of the cause of temporal change. Its main weakness
lies in the large number of required cameras (such as 18). In real-life systems, this also
introduces additional difficulties in the alignment of all the captured images from differ-
ent cameras, a step known as registration. Apart from having to perform registration on
many images, the large number of cameras increases the distances between the camera
axes, making accurate registration difficult. This limits the applicability of the system.

In [4] the proposed system consists of a HR and a LR imaging device. The LR de-
vice deblurs the image captured by the HR device, by obtaining motion information
for the estimation of the motion Point Spread Function (PSF). Then, the HR image is
deblurred using deconvolution-based techniques. This approach mainly considers cap-
turing a single image focusing in solving the blur caused by the undesired global motion
due to camera shaking. The proposed system uses either two separate image sensors or
a sensor with a LR periphery. If two separate image sensors are used, motion trajecto-
ries can be detected anywhere in the frame and, thus, the approach can be extended to
dealing with the motion of objects. However, the use of two image sensors results in
registration-related problems and an increased size of the device. In addition, the pixel
size of the LR detector remains fixed over time regardless of the motion magnitude.

In summary, the contributions of the paper are: (1) The introduction of a motion-
deblurring system which employs an FPGA to dynamically configure a time-variant im-
age sensor. The size of the pixels is adapted according to local motions within the frame.
The FPGA is used for the spatial enhancement of the high frame-rate areas, which are
locally formed on the sensor, to provide super-resolution (SR) effects. (2) An efficient
FPGA architecture is proposed for the implementation of the resolution enhancement
module of the SR algorithm based on the Iterative Back Projection approach, and its
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performance is investigated. To the best of our knowledge, no FPGA implementation
of an SR algorithm has been previously reported in literature.

The structure of the paper is as follows. Section 2 presents the architecture of the
proposed FPGA-based motion-deblurring system and focuses on the spatial enhance-
ment block, introducing SR and the Iterative Back Projection algorithm in particular.
Section 3 describes the FPGA implementation of the SR block. In Section 4 hardware
and quality results of the implementation are presented. Section 5 concludes the paper.

2 Surpassing the Fundamental Trade-off: Our Proposal

2.1 Description of the Motion-Deblurring System

The state of the art in imaging technology has produced sensors that are no longer
subject to the constraint of time-invariant fixed pixel size [6, 5]. Elementary pixels can
be grouped together over time, to form neighborhoods of different resolution. Taking
advantage of what imaging technology has to offer, this work proposes an FPGA-based
system that uses an adaptive image sensor to locally form areas of larger pixels and
execute on-line, real-time motion deblurring. Fig. 2 presents an overview of this system.
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Fig. 2. The proposed motion-deblurring FPGA-based system that uses an adaptive image sensor.
Areas of large pixels are formed where motion exists and the LR samples are spatially enhanced.

Let Sh denote the size of the elementary pixel of the sensor, corresponding to reso-
lution HR (i.e. the highest spatial and lowest temporal resolution). Let m and n be the
height and width of an area of the sensor measured in Sh units. That area may include
pixels larger than Sh and, thus, produce multiple time samples during the HR integra-
tion. If all pixels, regardless of their size, are considered as points in the 3-D space,
then during the HR integration m × n such points will be produced for an m × n area.
The distribution of these points between time and space is determined by the pixel size.
Increasing the pixel size of a particular region, decreases the density of these points on
the 2-D plane and increases their density along the time axis, as the total number of
points should remain m × n for the given area. Therefore, in one end, there is the still
regions - covered with HR pixels - with distribution m × n × 1 (m in x, n in y and 1 in
t), and at the other end lies the configuration 1× 1× (m × n), if all the available pixels
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are grouped together to form one large pixel. Thus, if the pixel size of area Q equals
2 × 2 Sh, the LR spatial resolution is 4 times lower than the HR resolution, while the
temporal resolution is 4 times higher, i.e. 4 LR time samples are produced for Q during
the HR integration. If the spatial relation is 3 × 3, 9 LR samples are produced, etc.

The Blur Detection block of Fig. 2 reads the sensor’s output and indicates the blurred
regions. These regions of the sensor will be configured to larger pixel sizes. If the mo-
tion blur derives from camera shaking a single motion region spans the entire sensor.
During the HR integration time, a sequence of LR frames will be produced at every mo-
tion region, where the blur effect is reduced. Before executing SR on this group of LR
frames, the static background should be removed by applying a background extraction
algorithm.

The Motion Estimation block of Fig. 2 reads the sequence of LR frames and returns
the motion vectors, i.e. the displacements of selected features between each LR frame
and the reference LR frame. Any frame of the LR sequence can be chosen as the refer-
ence frame. These displacements will then be used by the SR unit to enhance the spatial
resolution. The spatial resolution and the frame-rate of the final deblurred output will
be those corresponding to the HR sequence.

The robustness of the system is increased by applying the following two techniques.
The error information at the output of the Motion Estimation block [7] is used by the
SR block to weight the information of the different LR samples and decrease the con-
tribution of those with large error values. Additionally, to increase the available spatial
information at the input of the SR block, neighboring LR samples before and after the
integration interval of interest contribute in SR with adjustable weights.

2.2 Super Resolution

The forward model of generating LR pixels is shown in Fig. 3. Many HR pixels are
mapped on a single LR pixel, thus imitating the integration of a group of HR pixels on a
single photodiode. The weights with which these HR pixels contribute in the formation
of the particular LR pixel form a gaussian kernel–the 2-D PSF shown in Fig. 3. Every
LR pixel can be thus expressed as a weighted sum of HR pixels, and the following linear
system of equations is formed:

Ah = l (1)

where h and l denote the vectors of unknown HR pixels and known LR pixels, and
matrix A contains the relative contribution of each HR pixel to each LR pixel.

The aim of spatial SR is to solve the inverse problem of finding h. The HR grid on
which reconstruction will occur is the HR grid underlying the LR reference grid (Fig. 3).
Thus, h consists of the HR pixels of this grid. Each LR frame adds an extra set of
equations in the system, one for every LR pixel.

Spatial SR is based on subpixel shifts on the LR reference grid. If a group of LR
frames were shifted on the reference LR grid (Fig. 3) by integer LR pixel units, they
would all give the same set of equations since the same groups of HR pixels would form
in the same manner their LR pixels. Therefore, for a LR frame to contribute uniquely
in the system of Eq. 1, it should be shifted by subpixel units on the LR reference grid
compared to the other LR frames. However, although in theory the above statements
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Fig. 3. The formation of the LR output presented mathematically. A 4 × 4 PSF is employed. Two
simulated LR frames with displacements (0, 0) and (0.25, 0.25) are produced.

are true, in practice LR frames with the same integer displacements may give different
sets of equations. This is partly due to errors in the motion estimation procedure [7] and
partly due to the quantization of the LR grid on the HR grid on which reconstruction is
executed. Therefore in practice it is preferable if more LR frames are considered, even
if their displacements overlap.

The SR methods found in the literature solve the SR problem either in the spatial
or in the frequency domain. In this work, a spatial domain method is implemented.
This avoids the transformations between the two domains, and also removes the need
to handle outputs with large dynamic range as produced by frequency domain analysis.
Therefore, the need for long word-lengths in hardware implementations is not required.
Among the spatial domain methods the Iterative Back Projection (IBP) [8] approach
was selected because of its hardware-friendly characteristics. Instead of solving Eq. 1
for h, the IBP produces a simulated LR sequence and iteratively minimizes its differ-
ence from the observed LR sequence. This iterative scheme is suitable for hardware due
to its potential for maximum parallelism and data re-use, as it will be demonstrated in
Section 3.

Iterative Back Projection (IBP). The IBP employs an iterative refinement scheme on
the HR grid, starting with an initial HR approximation such as the interpolation of
the reference LR frame. Then, at every iteration of the algorithm the forward model
of Fig. 3 is applied on the current HR approximation using the displacements of the
corresponding observed LR frames to produce a simulated LR sequence. The aim of
IBP is to minimize the difference between the observed and the simulated LR sequence,
by refining the HR estimation.

All of the observed LR pixels and the corresponding simulated LR pixels which are
influenced by a particular HR pixel contribute in the refinement of that HR pixel. This
contribution is weighted according to the relative position of that HR pixel and the
LR pair. For instance, in the refinement of HR pixel a (Fig. 3), pixel L0 of frame L
participates with a weight proportional to PSF (1, 1), whereas for L′0 of L′ this weight
will be proportional to PSF (0, 0).
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At iteration i, every pixel of the current HR approximation Hi is refined as follows:

Hi+1(xh, yh)=Hi(xh, yh)+
K−1∑
k=0

∑
(xl,yl)∈Y

(Lok(xl, yl)−Lsk
(i)(xl, yl))×W (k, xl, yl),

(2)
where Lok and Ls

(i)
k denote the kth observed and simulated LR frame, (xh, yh) and

(xl, yl) denote the HR and LR coordinates, Y is the set of LR coordinates of the pixels

of Lok and Ls
(i)
k which are influenced by point (xh, yh), W is the weight with which

Lok(xl, yl) and Ls
(i)
k (xl, yl) contribute in the refinement of Hi(xh, yh), and K is the

number of LR frames.

3 Architecture of the SR System

Figure 4 shows an overview of the proposed system. For every new group of LR frames,
produced during a particular HR integration interval (Sect. 2.1), an SR stage occurs. At
the beginning of each SR stage an initial HR approximation is produced by applying
interpolation on the reference LR frame. Once this initial phase is completed, the itera-
tions of the algorithm begin. When the iterations are over, the next LR group (associated
with the next HR integration interval) is processed, and so on. The rest of the section fo-
cuses on the description of the individual blocks. It should be mentioned that the target
system has 4 memory banks, each with a word-length of 4 bytes.

3.1 Off-Chip Memory Banks

LR RAMs. The LR memory banks store the incoming LR frames. As has been men-
tioned, the processing of the LR frames is performed in groups that correspond to one
HR frame. However, in order to increase the spatial information available to the pro-
posed system, a number of neighboring LR frames are used in addition to those pro-
duced during the HR integration (Fig. 5(a)). In hardware, this means that two memory

HR RAM

FPGA

LR RAM
0

LR RAM
1

LR RAM
2

Extract
Processing

Window (EPW)

Interpolation

Transform
HR to LR

Buffering of
Observed

LR Frames

Buffering of
Simulated
LR Frames

HR Pixel
Refinement

MEMORY BANKS

Fig. 4. Architecture overview
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Fig. 5. The numbers correspond to the LR frame number. Four LR frames are produced during
the HR integration and two pairs of neighboring frames (one pair at each side of the integration
interval) are considered. (a) A sliding window indicates the group of LR frames processed during
the current SR stage. While the processing occurs on these frames, a new group of four frames is
written in the memory banks. (b) Triple buffering scheme applied on the LR RAMs. As the SR
stages succeed one another the LR frames are written and read from the LR RAMs according to
the current state of an FSM. There are three possible configurations.

banks need to be read in parallel, as Fig. 5(b) illustrates for the case of a 2 × 2 PSF and
four neighboring frames. For instance, in SR stage 1 (Fig. 5(b)) frames 8-11 need to be
read together with frames 4-7 which are in a different RAM bank due to the state of SR
stage 0. In order to handle this we employ a triple buffering scheme. The access pattern
of LR RAMs is shown in Fig. 5(b).

HR RAM. This external memory stores the computed HR pixels. During the initial
phase of the current SR stage, data come into the HR RAM from the Interpolation
unit. Once the initial estimation is computed, data come from the HR Pixel Refinement
unit, which iteratively updates the content of the RAM until the end of the current SR
stage. Before a pixel is written in HR RAM it is rounded to 8 bits. This allows storing
HR pixels in groups of four in the 32-bit RAM, thus increasing the available memory
bandwidth.

3.2 Individual Processing Units

The Extract Processing Window (EPW) unit of Fig. 4 produces the processing window
for both the Interpolation and the Transform HR to LR units, at different phases of the
SR stage. Thus, it operates in two modes. In Mode 1 it returns a 2 × 2 window to the
Interpolation unit, while in Mode 2 it returns an S × S window to the Transform HR to
LR unit, with S being the size of the PSF relating the LR to the HR grid. The EPW unit
consists of S − 1 FIFOs which are connected to S × S registers to form the processing
window.
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To compute the initial HR guess, the Interpolation unit executes bilinear interpola-
tion. Each interpolated HR pixel is a weighted sum of the surrounding 2 × 2 LR pixels.

The Transform HR to LR unit multiplies each HR pixel of an S × S processing
window with the PSF weight corresponding to its location in the window. The Ls pixels
of the simulated LR sequence (Sect. 2.2) will be produced by subsampling the output
of the convolution of the last HR approximation. All possible subpixel displacements
should be covered, therefore the HR pixels should ‘move’ in the FIFOs of the EPW unit
one location at every cycle. This poses a minimum in the number of cycles of every
iteration. This minimum will be equal to the number of HR pixels.

The HR Pixel Refinement Unit includes parallel processing branches each one of
them associated with a LR frame. These parallel branches meet at a final adder, which
corresponds to the external summation in Eq. 2, to produce the refined version of the
HR pixel which is currently under process.

3.3 Data Re-use and Maximum Performance

To maximize data re-use every HR and Lo pixel are read from the corresponding RAM
only once and remain on-chip until all the processing associated with them is over.
Also, for maximum performance, one iteration requires the minimum number of cy-
cles imposed by the HR convolution (Sect. 3.2). To achieve this, the EPW unit, which
produces the processing window for convolution, is designed to produce the synchro-
nization control signals for the entire system. When a HR pixel is first brought on-chip
it is ‘pushed’ into the FIFOs of the EPW. When it is no longer needed by the EPW it
will be the input of the next level of processing, that is the HR Pixel Refinement Unit
unit. When this happens, all the LR pixels influenced by the particular HR pixel, both
actual (Lo) and simulated (Ls), should be available on-chip.

3.4 On-Chip Memory

The units Buffering of Simulated LR Frames and Buffering of Observed LR Frames of
Fig. 4 include the Ls and Lo groups of line-buffers, respectively. In order to achieve a
throughput of one HR pixel per cycle, at every cycle all Ls and Lo buffers of all LR
frames are accessed in parallel, while new data is brought in. Therefore, every group
contains a separate buffer for every LR frame. These buffers only get updated when
their content will not be used anymore at the current iteration. The width of the Ls
buffers is equal to that of the LR frames. The Lo buffers are made wider, to surpass the
limited memory bandwidth of the LR RAM. Specifically, the used Lo buffers are twice
as wide as the LR frames and are written using a poling scheme.

4 Results

4.1 Implementation Requirements

The design was implemented on a Celoxica RC300 board using the DK5 Handel-C
compiler, and was placed and routed using Xilinx ISE v.9.1. The RC300 board hosts
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Table 1. Iterations for real-time performance for different HR sizes

Mh × Nh 64 × 64 128 × 128 256 × 256 240 × 320 512 × 512 480 × 640 1024 × 1024
Iterations 585 146 36 31 8 7 2
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Fig. 6. The number of FPGA resources increases linearly with the number of LR frames (K).
(a) Number of FPGA slices. (b) Number of BRAMs. The number of BRAMs is independent of
the image sizes reported in Table 1.

a Xilinx Virtex-2 FPGA and on-board ZBT SRAMs. The operating frequency of the
design on RC300 is 60 MHz. To meet real-time requirements the system should achieve
25 fps. The required number of cycles is: C = reset cycles+ Ml × Nl + Mh × Nh ×
Iterations+ [Nh × (S − 1)+S]+Latency, where Mh (Ml) and Nh (Nl) denote the
number of rows and columns of the HR (LR) frame. Thus, C depends on the image size
and on the number of LR frames (K) which contributes in Latency by �log2(K + 1)�,
i.e. the latency of the final adder of the HR Pixel Refinement unit. For K ∈ [8, 15] the
number of maximum iterations of the IBP leading to 25 fps is given in Table 1.

The number of FPGA slices is mainly affected by K and does not significantly vary
for different image sizes, as Fig. 6(a) demonstrates for 256 × 256 and 480 × 640 HR
size. The number of BRAMs equals (S − 1) + K × 2, as (S − 1) BRAMs are used by
the EPW unit, and K are occupied by each group of LR line-buffers (Fig. 6(b)).

4.2 Performance Evaluation

The performance of the system has been evaluated under two different scenarios. The
first one is concerned with the classic SR problem where a sequence of shifted LR
frames is used as the input to produce a HR output. The second deals with the motion
deblurring of a moving object, presenting the SR results based on time samples read
from a LR motion area. To incorporate motion estimation errors in the simulation pro-
cess, the OpenCV Lucas & Kanade optical flow [7] and Shi & Tomasi good feature
extraction [9] algorithms were used in both scenarios to calculate the motion vectors.
The calculated motion vectors were inserted in the SR system.
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(a) (b) (c)

Fig. 7. (a) Ground-truth reference frame (i.e. the real-world reference frame without any degrada-
tion). (b) Floating point bicubic interpolation of the reference LR frame. (c) Reconstructed frame:
Hardware output after 8 iterations (i.e. the number of iterations leading to real-time performance
for Mh × Nh = 512 × 512).

In the first experiment, a 512×512 natural image was used (Fig. 7(a)) and a sequence
of 8 shifted 256 × 256 LR images was generated. The LR sequence was synthetically
produced by first using randomly generated displacements to move the original image
on the HR grid and then applying a 2 × 2 spatial blur kernel on that HR sequence.

The produced LR sequence was used as input to the proposed system. Fig. 8(a) shows
the decrease in the Root Mean Square Error (RMSE) as the iterations of the algorithm
proceed. The vertical line indicates the number of iterations which complies with real-
time requirements for the given image size (Table 1). The results corresponding to the
8 bit rounding of the output of every iteration derive from the FPGA implementation of
the algorithm. Apart from those, Matlab results are reported for the following scenarios:
floating point version, floating point bicubic interpolation of the reference frame, 8 bits
truncated, 9 bits truncated and 9 bits rounded (the last three are bit-accurate models).
Fig. 8(a) illustrates that for large image sizes that impose a small number of iterations
for real-time performance, the 8 bit rounding scenario gives outputs of similar quality
as both larger word-lengths and the floating point SR, clearly prevailing against ‘8 bits
truncated’. The detail images of Fig. 7 show the higher quality obtained by the FPGA
implementation, after the number of iterations allowed for real-time performance, com-
pared to floating point bicubic interpolation.

In the second experiment, a motion area employing pixels of 2×2 HR is considered,
which produces 4 time samples during the HR integration. The size of the HR frame is
240 × 320. To increase the robustness of the system a neighborhood of 2 LR frames at
each side of the integration interval is considered, so 8 LR frames are used in total.
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Fig. 8. RMSE as a function of the number of iterations of the IBP. The solid vertical line indicates
the number of iterations allowed to obtain 25 fps for the given HR frame size (Mh × Nh).
(a) Experiment 1: Mh × Nh = 512 × 512 (b) Experiment 2: Mh × Nh = 240 × 320.

(a) (b) (c) (d)

Fig. 9. (a) Ideal frame with HR spatial resolution and LR temporal resolution. This is the out-
put of an ideal sensor that combines HR spatial resolution with LR integration time. (b) Motion-
blurred output produced if the motion area had HR pixels. (c) Floating point bicubic interpolation
of the reference LR frame. (d) Reconstructed frame for a motion area with LR pixels: Hardware
output after the number of iterations leading to 25 fps. Using FPGA-based SR, the ideal combi-
nation of HR spatial resolution and LR temporal resolution is achieved.

If very fast motion is involved (as in Fig. 1(b)), the LR frames are blurred themselves.
To incorporate this intra-LR-frame motion, we first generated a dense HR sequence of
32 frames, using random HR displacements, and then created the LR motion blurred
sequence in two steps. First we averaged groups of 4 successive frames and produced
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sequence A, with LR pixel temporal resolution and HR pixel spatial resolution. This
would be the output of an ideal but unrealistic sensor that combines LR temporal res-
olution with HR spatial resolution. A 2 × 2 PSF was then applied on sequence A to
produce the actual LR sequence.

The desired output belongs to sequence A and is shown in Fig. 9(a). Note how close
the detail of the reconstructed output presented in Fig. 9(d) is to Fig. 9(a), as opposed
to Figures 9(b) and 9(c). The system can be easily modified to accommodate high pre-
cision in the pixels, which is required for further improvement in the quality. This is
useful when a smaller frame size is considered and, therefore, more iterations can be
performed (Fig. 8(b)).

5 Conclusions and Future Work

In this paper an FPGA-based system that forms areas of large pixels to cure motion blur
was proposed. To compensate for the low spatial resolution of such areas FPGA-based
SR is used. The reconstructed frame is of similar quality as the output of an ideal sensor
with HR spatial resolution but LR temporal resolution, thus surpassing the fundamental
trade-off between space and time. Future work includes the quantification of the scaling
of the pixel size of the motion areas with the magnitude of motion, the use of bicubic
interpolation as the initial estimation for faster convergence, and the implementation
of the motion estimation, blur detection and background extraction blocks as well on
FPGA.
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Abstract. This paper presents a real time parallel hardware architec-
ture for image feature detection based on the SIFT (Scale Invariant Fea-
ture Transform) algorithm. This architecture receives as input a pixel
stream read directly from a CMOS image sensor and produces as output
the detected features, where each one is identified by their coordinates,
scale and octave. In addition, the proposed hardware also computes the
orientation and gradient magnitude for every pixel of one image per oc-
tave, which is useful to generate the feature descriptors. This work also
presents a suitable parameter set for hardware implementation of the
SIFT algorithm and proposes specific hardware optimizations considered
fundamental to embed whole system on a single chip, which implements
in parallel 18 Gaussian filters, a modified CORDIC (COordinate Ro-
tation DIgital Computer) algorithm version and a considerable number
of fixed-point operations, such as those involved in a matrix inversion
operation. As a result, the whole architecture is able to process up to
30 frames per second for images of 320×240 pixels independent of the
number of features.

1 Introduction

Image feature detection has received for many years a considerable attention
from the scientific community. One of the first widely used feature detection al-
gorithms for image matching purpose was proposed by Harris and Stephens [1]
extended from the Moravec corner detector [2], which extracts interest points
from edge and corner regions based on gradient magnitude information. Shi
and Tomasi have also proposed a system where good features are detected by
analysing the pixel intensity behavior of the feature regions during the tracking
operation [3]. From these important contributions there has been a continuous
effort in to develop robust algorithms to detect features invariant to scale, affine
transformations, rotation and change in illumination [4] [5]. Among these pro-
posals, Lowe [6] has presented one of the most complete and robust results, which
has been named SIFT.
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In [7] a partial implementation of the SIFT algorithm on FPGA for stereo
calibration is demonstrated. It presents an architecture to detect feature candi-
dates, which operates at 60 frames per second. However, the work does not state
the image resolution or discuss FPGA resource architecture. Another FPGA-
based system for SIFT is presented in [8], which needs 0.8ms to process an
image of 320×240 pixels. However, again little information about the architec-
ture has been provided. In contrast, we present the architecture for all phases
of the original SIFT algorithm needed to detect a feature along with its de-
scriptor information. Our architecture requires 33ms per 320×240 frame and is
completely embedded on an FPGA (Field-Programmable Gate Array). It pro-
cesses pixel stream read directly from a CMOS image sensor, and returns the
detected features represented by their coordinates, scale, and octave. It also re-
turns the orientation and gradient magnitude of every pixel of one image per
octave. The coordinates represent the feature location in an image and the scale
and octave represent the image frequency and the image resolution from where
the feature was detected (see [6] for more details). The main contributions of
this work are: it identifies appropriate hardware optimizations to embed whole
architecture on-a-chip and, differently from other papers mentioned, it provides
the implemented hardware details.

The paper is organized as follows. Section 2 presents our own hardware-
orientated architecture of the algorithm, along with a detailed description of
the architecture developed. In Section 3, experimental results are presented in
order to verify the system performance. In addition, the FPGA resources and
the processing performance are also presented. Finally, Section 4 concludes the
work.

2 The Proposed Parallel Hardware Architecture

In this section we present a System-on-a-Programmable-Chip (SOPC) to detect
features at 30 frames per second independent of the number of features. Fig. 1
shows a block diagram of the proposed architecture, featuring three blocks in
hardware and one in software. The hardware blocks detect the features and
compute the orientation and gradient magnitude for every pixel of one image
per octave. The software block is only used to read data from the hardware
blocks, which is prepared to be used for additional functionalities, such as the
feature descriptor association by using the BBF algorithm [9] suggested in the
original SIFT paper.

2.1 The System Configuration

The SIFT algorithm has parameters and functionalities that directly affect the
complexity and the performance of the hardware architecture. To identify a suit-
able configuration for hardware implementation, Fig. 2 shows 16 configurations
and their influence on the feature matching reliability. The first parameter de-
termines whether the orientation and gradient magnitude are computed from an
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Fig. 1. Block diagram of the implemented system, composed of three hardware blocks,
used to extract features from the images and to pre-compute data for the descriptors,
and one block in software, which associates descriptors to features. The blocks are
connected using dedicated channels, where each one, except the channel between DoG
and OriMag, has internal FIFOs used as buffer while a receiver block is temporarily
unavailable.

image chosen by the feature scale or from a pre-defined image scale. The second
parameter gives the option to either duplicate the image size used as input or to
keep the original size. The other two parameters are related to feature stability
checking; the first one activates the keypoint (candidate to feature) location and
the second one verifies the contrast threshold and the edge response.

The features used in the matching test were generated from two sets of ten
images each, where the second set is a transformation of the first one in relation
to scale, rotation and viewpoint. As seen in Fig. 2, the configuration options from
12 to 16 produce a very similar rate of incorrect matching (false positive). Based
on this information the proposed architecture has been developed using option 12
because this configuration allows the gradient magnitude and orientation to be
computed in parallel while the keypoint is been detected and reduces the on-chip
memory needs by processing the input image in its original size. Another motive
is that most computations in the threshold and the edge response functions are
reused from the keypoint location function.

The system has been configured for three octaves (octave 0 to 2) with five
scales (scale 0 to 4) in each one. This number of octaves is sufficient for images of
320×240 pixels, since a fourth octave would produce small and blurred images,
resulting in a remote chance of detecting features. However, the number of scales
has been chosen based on [6], where it has demonstrated that this number has
the highest feature repeatability rate.

2.2 Gaussian Filter Cascade and the Difference of Gaussian

A simple approach to implement a Gaussian filter is through convolving a two-
dimensional Gaussian kernel with the image. However, this method is computa-
tionally inefficient where the complexity to filter an image is given by Θ(n2m2),
where n and m are the kernel and image dimensions, respectively. Considering
that this kernel K is separable, i.e. K = kkt for some vector k, representing
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Fig. 2. An analysis showing the feature matching error in relation to the system
configuration

a unidimensional Gaussian distribution, the filter can be implemented in opti-
mized manner by convolving the input image I in row order with vector k and
then convolving the result H in column order with vector k again. Equations (1)
and (2) present these operations. In this case the computational requirements is
reduced to Θ(nm2).

H(x, y) = k(x) ∗ I(x, y) (1)
G(x, y) = kT (x) ∗ H(x, y) (2)

Fig. 3 shows a pipeline architecture for the optimized Gaussian filter using a
7×7 kernel. The left side shows the convolution in row and the right in column.
In this implementation we also take the advantage of the kernel symmetry and
save two multipliers on the left side by reusing data from the multiplication result
at k1 and k2. On the right side the same number of multipliers can be saved,
however, for this case, as the convolution is performed in column order, it is
necessary a buffer of size 6×w to store the data to be reused, where w is the image
width. This architecture is again optimized so as to save more four multipliers by
assuming that the kernel vector has always the values one or zero at position 1
and 7 and consequently avoid the multiplications at those points. It is possible to
keep this pattern for kernels generated with any σ values by simply multiplying
it by a constant. As the proposed system has 18 Gaussian filters working in
parallel these optimizations strongly reduce the hardware resources necessary
for the implementation. Another optimization is also obtained by connecting
the filters in cascade in order to reduce the kernel dimension for higher image
scales.

The next operation computes the difference of Gaussian Di by subtracting
pairs of Gaussian smoothed images (Gi, Gi+1) synchronized by internal buffers.
Each octave produces five Di in parallel totaling fifteen for the three octaves,
which are sent to the Kp hardware block (see Fig. 1). Fig. 4 shows three graphs
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Fig. 3. An pipeline architecture for the optimized Gaussian filter version

(a) (b)

(c)

Fig. 4. Pixel range for fifty Di images, where the image resolution for (a) is 320×240,
(b) 160×120 and (c) 80×60

generated from 50 Di images, demonstrating that most Di pixel values are lo-
cated in the range from -15 to +15. These three graphs also show that the range
for the higher octaves is slightly bigger as a consequence of the accumulative
smoothed level caused by the Gaussian filter cascade.

As the Gs images use 8 bits to represent one pixel, 9 bits would be sufficient
to store the Di pixels with the sign. However, a considerable amount of FPGA
resources is saved by taking into account the distribution for the Di pixel values
shown in Fig. 4. Thus, in the proposed system we have used five bits (without
the sign) to store Di as it is highly unlikely to have its value bigger than 25.
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Fig. 5. A pipeline architecture implementing the Gaussian filter cascade and the dif-
ference of Gaussian function

Finally, Fig. 5 presents the proposed architecture for whole DoG block. In ad-
dition to the functions previously described, this architecture also down-samples
the images for the octaves and generates the coordinate references for the pixels
used in the forward blocks.

2.3 Orientation and Gradient Magnitude Computation

In this work we propose an architecture for pre-processing the orientation and
gradient magnitude of every pixel for one image per octave independent of
whether or not it lies inside a keypoint neighbourhood. These images are taken
from scale zero of each octave after being Gaussian blurred, which is different
from the original algorithm where the images are chosen according to the key-
point scale. However, our solution provides a significant hardware complexity
reduction while it maintains a similar system robustness, as demonstrated in
Fig. 2. The purpose of computing the orientation and gradient magnitude in ad-
vance is to exploit parallelism, as this operation can be carried out while features
are being detected.

The trigonometric operation atan2 and the square root are performed in hard-
ware using an adapted version of the CORDIC algorithm in vector mode [10].
One of the standard function of the CORDIC algorithm is to compute atan,
where each algorithm iteration is performed according to Equations (3), (4) and
(5). Given the coordinates of a pixel < x0, y0 >, the rules for iteration transition
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and the initial rotation z0 set to zero, the values from Equations (3) and (5) at
iteration n correspond to the square root and atan, respectively.

xi+1 = xi − siyi2−i (3)
yi+1 = yi + sixi2−i (4)

θi+1 = θi − siatan(2−i) (5)

where: si = +1 whether yi < 0, si = −1 otherwise.

The atan is given in the range of [0, π]. However, as in this system the ori-
entation is computed for atan2 the range is [−π, π]. Considering that CORDIC
rotates up to π in any direction the initial rotation to compute atan2 needs to be
no further than π from the final rotation (result). Hence, a new initial rotation
has been proposed as follows, where not only x0 is considered as in the atan
operation, but also y0 value is taken into account in order to know in which of
the four quadrants of the arctangent the pixel belongs.

x0 = s0x0
y0 = s0y0
θ0 = α

(6)

where:
s0 = −1 if x0 < 0
s0 = +1 otherwise
α = 17 if s0 = −1
α = 0 if s0 = 1 and y0 ≥ 0
α = 35 if s0 = 1 and y0 ≤ 0

As in the original version, the proposed system represents [−π, π] in the range
of [0, 35]. When s0 is negative atan2 can be in either quadrant 2 or 3 (range
[9, 23]) and when is positive it can be in either 1 [0, 8] or 4 [24, 35], being therefore
defined by the < x0, y0 > values.

Computation architecture. The proposed architecture, which is shown in
Fig. 6, implements the CORDIC algorithm to compute the orientation and gra-
dient magnitude of the pixels for three octaves in parallel. This architecture
embeds two identical hardware blocks of the CORDIC algorithm, where the
first one is dedicated to process data for octave 0 and the second one is shared
between octaves 1 and 2. The input for the CORDIC blocks are the pixel dif-
ference in x and y directions directly computed from the pixel stream received
from the DoG block. As seen in the figure, the pixel differences are performed
by a simple circuit composed by synchronization buffers and subtractors.

Internally, the CORDIC represents data in fixed-point (11.8) format with 11
bits for the integer part since the maximum internal value is 594, which is given
by the maximum value of the gradient magnitude multiplied by the CORDIC
gain 1.647, and with 8 bits for the fraction part as, empirically, this resolution is
sufficient for the application. However, the final results are given using integer
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Fig. 6. Orientation and gradient magnitude computation architecture based on the
CORDIC algorithm

number format where the magnitude is represented by 10 bits and the orientation
by 6. In this architecture each CORDIC iteration needs 3 clock cycles and, as it
has been configured to run five iterations for each pixel computation, the final
result is given in 15 clocks. The result is then sent to the software block (NIOS
II processor) via an Avalon bus using a DMA (Direct Memory Access) channel.
To optimize the use of the data bus each word sent through the DMA channel
has 32 bits allowing the concatenation of the magnitude and orientation of two
pixels per word. The results in Section 3 demonstrate the performance and the
necessary FPGA resources to implement this architecture.

2.4 Keypoint Detection with Stability Checking

This section presents an architecture for keypoint detection from three octaves,
along with stability checking in relation to location, contrast and edge responses.
The proposed hardware, shown in Fig. 7, receives as input fifteen pixel streams
in parallel from the DoG block and gives as a result the features location given
by the < x, y > coordinates and the octave and scale numbers.

Each pixel stream is temporarily stored in on-chip memory banks in order
to keep in memory the latest five image lines received from the DoG block,
which is utilized to form a 5×5 image region (neighbourhood) needed for the
keypoint computation. Having the image regions in memory, the first step is to
analyse whether the DoG pixel located at the centre is a candidate keypoint.
It is positive only if it has either the minimum or the maximum value in rela-
tion to its neighbourhood defined by a 3×3 window located at the same scale
space and at the upper and lower adjacent scales (total 26 pixels). This archi-
tecture has been developed to identify candidate keypoints for an entire octave in
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parallel, which is performed by the Extreme blocks presented in Fig. 7. For every
positive candidate keypoint the next step is to perform the location refinement
for the coordinates < x, y > and scale s, in a 3D dimensional space delimited by
the neighbourhood regions located at the current keypoint scale and at one scale
above and one below, which is implemented in the Location block. If the final
location is still between scale one and three and inside of the 5×5 neighbourhood
region, then the contrast and edge response functions are applied. Finally, if the
candidate keypoint has been approved in all previous phases it is classified as a
feature, and their coordinates, scale and octave are sent to the NIOS II processor
via the Avalon bus.

The location, contrast threshold and the edge response functions were imple-
mented using fixed-point representation (20.8). The 20 bits integer part is needed
to store the intermediate values in a matrix inversion operation and the 8 bits
fraction part was adopted since it provides a good balance for the application
between hardware requirement and result precision. Fixed-point format allows
more operations to be processed in parallel than would have in the case of us-
ing a floating-point approach in single precision as the FPGA resources needed
to implement fixed-point hardware are considerably lower than the second al-
ternative. This information is based on the fixed and floating-point libraries
provided by the DK development environment from Celoxica [11]. Although we
have adopted fixed-point, the high level of parallelism needed to achieve high
performance has consequently increased the hardware cost for the implemen-
tation, using approximately 50% of whole system hardware. To have a feasible
solution for embedding whole system on-a-chip this Kp hardware block is shared
between the three octaves.

Fig. 7. Architecture for keypoint detection with stability checking
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Table 1. Operational frequency and throughput for each hardware block

Hardware blocks Function Clock cycles per result Freq (MHz)

DoG all 1 pixel rate
OriMag all 21 100

keypoint detection 4 to 9
kp stability checking 44 to 132 50

total 4 to 141

3 Experimental Results

The hardware blocks were developed to process up to 2.3M pixels per second,
which corresponds to 30 fps of 320×240 pixels each. Table 1 shows the oper-
ational frequency and throughput obtained for each block in order to achieve
this performance. The DoG block is the only one that works in a pipeline mode,
producing one result per clock cycle, which is given by the pixel rate. OriMag
generates one result for every 21 clock cycles as the CORDIC algorithm needs
five iterations to compute its results. Hence, its clock must be at least 21 times
faster than the pixel rate; 100MHz is used in these experiments. For the Kp
block, the throughput does not depend only on the pixel rate, it also depends
on the image feature number. The fastest case is 4 clock cycles which happens
when the data to be processed (DoG pixel) are located at the border region.
An intermediate point is when the DoG pixel is on the image active region and
is not a keypoint candidate. Another level is when the DoG pixel is a keypoint
candidate and the stability checking is carried out. In this case the time varies
from 44 to 132 clock cycles, depending on whether the keypoint is rejected dur-
ing the checks and on how many times the location correction is realised. In the
worst case, the whole operation takes 141 clocks.

If the system had been developed only for the worst case, the minimal fre-
quency for the Kp block should be 2.3M times 141, resulting in 327MHz. For
FPGA technology, such frequency for the Kp hardware is difficult to achieve. To
tackle this problem the system has internal buffers to retain data whenever the
Kp hardware needs to perform a stability check operation. The current block
frequency is 50MHz, which is 21.7× faster than the DoG pixel rate. As a DoG
pixel is rejected or classified as a keypoint candidate in 9 clocks, the remaining
time is then used to compute those data from the buffers. On average fewer
than 2% of the image pixels are classified as keypoints, so this solution has been
implemented using internal buffer to store 1023 DoG pixels for octv0, 511 for
octv1 and 127 for octv0 (see Fig. 1), and with these parameters an overflow has
not occurred during our experiments.

The hardware blocks are implemented in Handel-C [11] and the Avalon com-
ponents (DMA channels, FIFO controls and camera interface) and the camera
interface are in VHDL. Table 2 presents the resources used to implement the sys-
tem on an Altera Stratix II 2S60 FPGA [12]. Note that whole system in the table
adds also the NIOS II processor, the camera interface and the Avalon components.
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Table 2. FPGA (Altera Stratix II EP2S60F672C3) resources for each hardware block
and for the whole system together

EP2S60
DSP blocks
(9 bits)

RAM
(Mbits)

Reg. LUT
Max. F.
(MHz)

DoG 0 0.91 7256 15137 149
OriMag 0 0.03 670 1863 184
Kp 48 0.20 2094 14357 52
Whole system 64 (22%) 1.32M (52%) 19100 (37%) 43366 (90%) -

As can be seen, the whole system uses approximately all FPGA resources. This is
because the DoG block has 18 Gaussian filters using 7×7 kernels and also because
the Kp block implements in fixed-point format a considerable number of opera-
tions for the stability checking, such as the 3×3 matrix inversion. For the current
FPGA practically no extra logic elements have been left for another applications.
Nonetheless, it is necessary to consider that nowadays there are newer FPGAs
with 3× more elements than this one.

As the DoG block implements highly customized Gaussian filters and its
throughput is one pixel per clock, the DoG block can process 1940 fps of 320×240
pixels. However, when whole system is connected together the performance is
limited to the slowest block and to the internal buffer overflows. Hence, these
performance bottlenecks were considered in order to support 30 fps by balancing
the desired performance and hardware resources.

4 Conclusion

The optimizations proposed in the hardware blocks were fundamental to allow
the whole system to be embedded on-chip. Other decisions, such as the use
of the CORDIC algorithm and the fixed-point format have also a significant
influence in the hardware resource optimization. As a result, the system, fully
embedded on an FPGA (Field-Programmable Gate Array), detects features up
to 30 frames per second (320×240 pixels) and has a result quality similar to the
original SIFT algorithm. The hardware blocks were developed to support any
number of features per frame. The only parameter that needs to be adjusted is
the internal buffer size between DoG and Kp blocks so as to avoid overflow. The
proposed system has been applied to our simultaneous localization and mapping
system for autonomous mobile robots [13], where robot navigation environment
maps are built based on features extracted from images.
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Abstract. Driver assistance systems significantly increase the driving
comfort and can prevent accidents. On the other side, they require high
performance and computations need to adopt to the environment to
reach their goals. Reconfigurable architectures offer the requested flexi-
bility and performance, if care is taken to partition the tasks in hardware
and software parts. Elsewise, real-time requirements can’t be fulfilled. In
this paper, the implementation and a hardware/software partitioning
of a driver assistance system for a reconfigurable architecture are pre-
sented. The assistance system detects taillights of ahead moving vehicles
in dark environments or in tunnels and visualizes the results. A detailed
description of the implementation on a reconfigurable platform is given.
Furthermore, the experimental results demonstrate the effectiveness of
the approach.

1 Introduction

Driver assistance systems are gaining increased importance in the automotive
sector. Cars get equipped with additional sensors and displays in order to, e.g.,
help the driver to smoothly back into a parking space. Real-time processing
is an important requirement in most driver assistance systems, as the driver
needs an immediate response to his actions. Furthermore, driver assistance is a
highly performance-sensitive task, especially if image processing is involved. In
video-based driver assistance systems, a camera records the view seen from the
front window, performs certain computation steps on the images, and returns
the driver a visualization of the results on a display. This visualization may
significantly contribute to a higher level of driving comfort and prevent serious
accidents. What kind of assistance is be appropriate depends on the driving
context, e.g., when moving on the highway, no parking assistance is needed. Fur-
thermore, driving by night or by day, through a tunnel or in the countryside, all
may require different pattern recognition algorithms to detect, e.g., cars moving
in front or sign-postings besides the lane. In short, the driving assistance systems
must adapt to the environment along the road.

Reconfigurable systems, like FPGAs-based platforms, may be engaged to ful-
fill all the above mentioned requirements. They combine performance and flexi-
bility. Tasks implemented in hardware can be loaded and executed in parallel on
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the dynamically partially reconfigurable hardware and thus achieve a high per-
formance. In contrast, control-sensitive tasks are rather implemented as software
tasks and executed on the control CPU of the applied reconfigurable platform.
Thus, to effectively use reconfigurable architectures for driver assistance, the
tasks must be wisely partitioned in software and hardware parts in the design
phase.

In this paper, we concentrate on one specific problem in driver assistance:
detecting vehicles in dark environments in real-time. This will help a driver at
night or in a tunnel to recognize moving cars ahead more quickly. Our approach
is based on gray-scale images taken by a low-cost camera mounted in the driver’s
vehicle. A self-developed taillight-recognition algorithm is used on these video
images. Thus, moving cars in front are detected by their taillights. The detected
cars and lights, respectively, are presented to the driver on a display.

In the following section, related image recognition approaches for driver as-
sistance systems are presented. In Section 2, the taillight recognition algorithm
is explained shortly. In Section 4, the applied reconfigurable platform is intro-
duced. In Section 5 a HW/SW partitioning of the algorithm on the specified
platform is proposed. In Section 6, the implementation details of the taillight
algorithm and required platform extensions are given. In the final section, this
paper is summarized and an outlook is given.

2 Related Work

Many authors have described their work on hardware acceleration for image
processing. Venkatesan et. al describe in [1] the implementation of a hardware
accelerator for Edge detection based on the Canny edge filter. Compared to a
PC based solution running on a PentiumIII with 1.3 GHz the processing could
be accelerated by a factor of 20. In [2] the authors present an implementation
for image segmentation algorithm that was compared against a software solution
running on a PentiumIV with 2.4 GHz. Although running at a system frequency
of only 66 Mhz, a performance improvement between 22% and 57% is reported.
Benkrid et. al published an FPGA implementation of Connected Component
Labeling in [3] which took 1.57 seconds to label an image (1024x1024 resolution).
Compared to the equivalent software realization running on a 1.6 GHz Pentium-
IV PC which took 18.17 seconds the FPGA-based solution is more than ten
times faster. This publications prove that hardware acceleration in the field of
image processing is meaningful and necessary especially for image pre-processing
steps (e.g. segmentation). The authors in [4] describe the Hardware/Software
Co-Design of a tracking system on an FPGA. The portions of the algorithm
most appropriate for hardware were identified and implemented. A meaningful
HW/SW partitioning of an algorithm to detect cars by their taillights as well as
a detailed description of the algorithm itself is presented in [5]. This algorithm,
which is part of the Autovision project [6] was modified and implemented on the
ESM platform to benefit from its slot-based architecture which is suitable for
dynamic partial reconfiguration.



Reconfigurable HW/SW Architecture 151

3 Taillight Recognition

In order to understand the behaviour of the TaillightEngine the algortihm is
described briefly. A detailed version can be found in [5]. First, the input data is
extracted from the video stream received from the camera mounted at the own
vehicle. In the next step, a pattern matching is done by the so-called Spotlight-
Engine module. It identifies the light sources in the pictures. Based on these, the
LabelingEngine performs a segmentation of the recognized light sources. The re-
sult is a list of lights. In a next step, the static light sources, e.g., street lanterns,
are determined and sorted out of the light list. In the following step, light pairs
are build out of the list of non-static lights. Then, the probability of the pair
being a taillight of an ahead moving vehicle is analyzed. Finally, a list of valid
taillights is sent to the visualization module in order to signal the driver the
detected vehicles moving ahead. A complete overview of the data flow of the
TaillightEngine is shown in Figure 3.

3.1 SpotlightEngine

In the first processing step of the TaillightEngine, the SpotlightEngine module
performs a pattern matching in which the individual light sources in the image
are identified. Thus, the SpotlightEngine recognizes taillights in a picture by
finding bright pixels within a roughly square shape surrounded by distinctly
darker pixels. The general form of the pattern is illustrated in Figure 1a). PO

denotes the mask for the brightness range of possible lights, PU the mask of the
dark environment. This pattern is applied to every pixel in the current image,
and the darkest pixel in PO is determined. If there is no brighter pixel in PU ,
PO is marked as a light source.

A demonstration of this approach is illustrated in Figure 1b). Hereby, a car
taillight pattern is detected. In Figure 1c) a lane is not recognized as light since
the lane is bright in the area of PO and exhibits the same brightness in PU .

3.2 LabelingEngine

In the second step of the processing chain, segmentation is done by the La-
belingEngine. Light points are grouped together to regions and based on these
a summary list is compiled. Each region data consists of the coordinates of the
included pixels and their overall brightness. The regions are recognized in a pixel-
based manner, similar as in the SpotlightEngine. This approach is also known as
“Connected Component Labeling” [3].

3.3 Determination of Static Lights

The aforementioned processing of the SpotlightEngine and the LabelingEngine
result in a list of light sources. In the next step, the static lights, e.g., idle vehicles,
roadway lighting or reflections of roadway restrictions, are filtered out of the
list. Previous images and light sources lists, respectively are used to determine a
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Fig. 1. a) Light pattern in SpotlightEngine, b) applied to taillight in image and c)
applied to lane

motion vector for each light source. The apparent movement of a static light is
obviously not caused by a motion of the static light, but by the movement of the
own vehicle and the camera, respectively. Thus, the light’s motion vector can be
used to find out, whether it is static or not. Furthermore, direction changes of the
road or fluctuating lighting can lead to motion vectors of static objects, which
don’t exactly point in the opposite direction of the vanishing point. Therefore,
more than just two subsequent images are considered to determine the motion
vector. The experiments proofed that this increases the accuracy of the results.

3.4 Determining Light Pairs

The second processing step on the light sources list examines the relationship
between two or more individual lights. Our objective is to find light pairs, which
correspond to the taillights of a moving vehicle. There are initially

(
n
2

)
= n!

2!(n−2)!
light pairs from the n lights in the list. Each light pair is evaluated according
to a sum of criteria, resulting in a value between 0 (worst value) and 1000 (best
value). This indicates the probability that the light pair in the image corresponds
to a taillight of a moving vehicle.

4 Architecture

For the implementation of the drive assistance system, we apply a self-developed,
dynamically partially reconfigurable platform called ESM [7,8]. The platform
is centered around an FPGA serving as the main reconfigurable engine and
an FPGA realizing a crossbar switch, see Fig. 2. They are separated into two
physical boards called BabyBoard and MotherBoard and are implemented using
a Xilinx Virtex-II 6000 and a Spartan-II 600 FPGA [9], respectively. The slot-
based architecture of the ESM consists of the Virtex-II FPGA on the BabyBoard,
the so-called Main FPGA, local SRAM memories, configuration memory, and a
reconfiguration manager. In Figure 2 the two connected boards of the platform
are shown. Additionally, there exists a control CPU, a PowerPC MPC875, which
schedules the configuration of the Main FPGA.
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The main idea of the ESM architecture is to accelerate application develop-
ment as well as research in the area of partially reconfigurable hardware. The
advantage of the ESM platform is its unique slot-based architecture which al-
lows to configure individual hardware modules independently of their peripheral
needs at run-time arranged in 1-D vertical slots. A separate crossbar switch is
in charge of routing dynamically the data from the periphery, e.g., a video input
signal, to the current position of the responsible hardware module. We decided
to implement the crossbar off-chip on the Motherboard in order to have as many
resources free on the FPGA for partially reconfigurable modules.

Reconfiguration
Manager FPGA

Crossbar FPGA PowerPC
MPC875Main FPGA

Fig. 2. Implementation of the ESM BabyBoard and MotherBoard. Technical data
sheets are available at http://www.r-space.de

Thus, the ESM architecture is based on the flexible decoupling of the FPGA
I/O-pins from a direct connection to an interface chip. This flexibility allows the
independent placement of application modules in any available s lot at run-time.
As a result, run-time placement is not constrained by physical I/O-pin locations
as the I/O-pin routing is done automatically in the crossbar.

5 HW/SW Partitioning

On the one side, the taillight recognition system consists of image processing
operations on each camera image. On the other side, more complex operations
must be applied for processing a list of recognized lights. Different criterions are
evaluated to differentiate between static lights and vehicle taillights. The pixel-
level image operations are simple and may be executed in parallel. Therefore,
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Fig. 3. HW/SW partitioning of the TaillightEngine on the ESM

they should be implemented in hardware. The operations on the light lists are
more complex and include control-intensive steps. Therefore, these operations
should be partially or completely implemented on the ESM in software. Hereby,
our decision was based on two measurements. First, we investigated the data
transfer rate between a hardware task and a software task on the ESM platform.
Secondly, we evaluated the control CPU performance with a prototype algorithm
of the light list processing steps. Based on these results, we decided to completely
implement those tasks in software (see Figure 3, because it allows the extension
and modification of those tasks in a very short time.

6 Implementation

The implementation of the TaillightEngine on the ESM corresponds to the hard-
ware/software partitioning described in Figure 3. The data transfer between the
control CPU and the hardware modules on the Main FPGA required a new
hardware/software communication module. This is presented in the following
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subsection 6.1. The actual implementation of the hardware and software com-
ponents of the TaillightEngine is given in subsection 6.2.

6.1 HW/SW Communication

The Main FPGA and the control CPU can only communicate via the crossbar,
as they do not share any common clock, memory or signals. The control CPU is
connected to the crossbar FPGA with its full 32 bit address and data bus. The
crossbar contains a register bank that is transparently mapped into the PowerPC
address space. Access to these registers is implemented through simple memory
I/O read or write functions. The software drivers are implemented as Linux
character device drivers. They control the access to the crossbar register bank
and are responsible for read and write access to the memory mapped I/O regis-
ters. After successful driver installation a custom file descriptor /dev/hwswcom
is available for any software application. In order to ease the software interface, a
custom software library is provided, named libhwswcom. This library implements
functions necessary for sending or receiving whole data buffers to and from the
Main FPGA.

The communication between the Main FPGA and the crossbar is realized
with asynchronous FIFOs. These use a four-way handshake as the Main FPGA
and the crossbar do not have a common clock. The FIFO implemented for the
crossbar to Main FPGA communication can store 4096 words of 32 bits. The
FIFO of the control CPU can store 2048 words of 32 bits. Both FIFOs are
realized using BlockRAMs but can also be implemented using distributed RAM.
In order to minimize the number of used I/O pins on the Main FPGA the
communication channel is realized with a 2 bit wide data bus pair with the
aforementioned four-way handshake.

6.2 Taillight Engine

The pattern matching of the SpotlightEngine is realized by a hardware module for
the Main FPGA. The brightness of each pixel in the current frame is compared to
the border of the 11x11 pattern matrix (see Figure 4a) ). This processing step is
based on fast access to the image data. Due to the differing memory architecture
of the ESM, a new memory interface and a new addressing sequence of the image
data was required.

One option is to store the current image in the external single-ported SRAMs
of the ESM. A bandwidth saving method of loading the pixel matrix has to be
used for fast processing. In each step, the matrix is shifted vertically by one pixel
(see Figure 4b) ). By doing so, per pixel only the first line of the matrix has to
be loaded from the SRAM. The pixels in the outer columns and in the last line
are made available by shift registers or FIFO buffers (see Figure 4b)). Still, this
method requires several clock cycles per pixel.

Another option was to use the internal BlockRAMs on the Xilinx Virtex-II
6000 FPGA [9], which has a capacity of 2592 Kbit. This size is sufficient to store
a grayscale image also in full VGA resolution (640 · 480 · 8 bit = 2457 Kbit).
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Furthermore, BlockRAMs offer a higher bandwidth and also supports dual-port
access. This enables the loading of the first and the last line of pixels in a single
clock cycle (see Figure 4c) ). The first, fifth and eleventh column of pixels can
be contained in shift registers.

Due to the increased performance of the BlockRAMs, the latter approach
was applied. Thus, a BlockRAM controller with a bandwidth of 128 bit is imple-
mented to read 80 bits of each line in the matrix. In fact, 16 internal BlockRAMs
are cascaded to to store the pixel data required by the matrix. Thus, the mem-
ory interface allows a byte-by-byte addressing and may also be used with other
pattern matrices.

Furthermore, the actual implementation uses images with a size of 384 ·288 ·8
bits = 110592 bits (QVGA). Therefore, each BlockRAM contains 110592/16
bits = 6912 bit. Based on the new memory interface, the pattern matrix can
be applied in each clock cycle. The brightness of the pixel in the middle of the
matrix is compared with the brightest pixel at the border. First, the maximum
brightness of the 40 pixels at the border is determined and afterwards compared
with the middle point. A pipeline architecture is applied to increase the execution
time. A maximum number of pixel comparisons is performed in each pipeline
stage. With a total of 40 pixels, the pipeline consists of �ld(40)� = 6 stages.
Furthermore, extra effort is spent to handle pixels at the border of the image.
Thus, also lights in these regions are now recognized.

Fig. 4. Efficient pattern matching sequence with the new memory interface

Another BlockRAM is used to store the results of the pattern matching. For
each pixel a zero is written to the corresponding position in this buffer, if the
pixel in the image is darker than these at the border of the matrix. Elsewise, the
difference in their brightness values is saved.

The LabelingEngine processes the output buffer of the SplotlightEngine. Re-
gions with a similar positive difference value are grouped together to light re-
gions. Only minor modifications on the original VHDL sources were required for
the implementation on the ESM. A list of light sources is created as a result.

The new hardware-software communication module (see the section above) is
used to transfer this list to the external control CPU. There, all possible light
pairs are created and the valid taillights are filtered out. Afterwards, this list of
detected taillights is sent back to the Main FPGA. The original C sources of these
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Fig. 5. ESM platform visualizing detected static lights by green boxes and taillights
by red boxes in the video output stream

algorithms were adopted to use the hardware-software communication module
and ported to the ESM control CPU. Based on the results of the software, the
visualization module draws green boxes around static light pairs and red boxes
around taillights in the input image (see Figure 5).

7 Experimental Results

Runtime analysis and worst-case tests were performed on video data with a
frame rate of 25 frames per second. The image resolution of each video frame
is 384x288 pixels. Thus, the hardware and software components have to finish
each execution run within 40 ms.

The hardware runtime can be calculated accurately. Both SpotlightEngine and
LabelingEngine are working at 50 MHz. The SpotlightEngine is based on a hard
real time clock. It calculates one pixel per clock. An exceptionally low amount of
only four clocks is needed at the start of each column. During this time, the pixel
matrix is initialized with the proper values. There is no additional wait time at
the end of a column, neither is there a wait time at the end of an image. This is
obtained by starting the LabelingEngine while the SpotlightEngines pipeline is still
filled up. The resulting runtime for the SpotlightEngine can be calculated by:
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tSpotlight =
w · (h + (�N/4�) + 1)

fHW

With h, w representing height and width of the image, N being the dimension
of the pixel matrix. For an image size of 384x288 and a 11x11 pixel matrix, the
runtime can be calculated by tSpotlight = 2.23 ms.

The runtime of the LabelingEngine is limited by an absolute upper bound of
four clocks per pixel. The needed time depends on the amount of white pixels,
i.e. lights recognized by the SpotlightEngine. There is no additional time needed
for initialization, neither to finish the calculation.

tLabeling =
h · w · (4 · p + 2 · (1 − p))

fHW

With h, w representing the image size. p is the probability for each pixel to
be a light pixel extending an existing light region. As experience shows, p is
lesser than 0.01 in common video data. The obtained runtime at p = 0.01 is
tLabeling = 4.46ms.

The total hardware runtime is the sum of tSpotlight and tLabeling . With the
data being used, an upper bound of tHW = tSpotlight + tLabeling ≤ 2.23ms +
4.46ms = 6.69ms can be given. The maximal clock speed is at 52,1 Mhz, 90%
of the BlockRAMs and 30% of the FPGA logic resources are currently used.

8 Conclusion

In this paper, we present an efficient, reconfigurable HW/SW architecture for
a real-time vehicle recognition system. Ahead moving vehicles are recognized in
the dark or in a tunnel by their taillights. We propose HW/SW partitioning in
which the simple image operations are implemented in hardware. Based on re-
sults of prototype implementations and performance measurements, all complex
operations evaluating the light sources are covered in our approach by software
parts. The experimental results demonstrate the effectiveness of this partition-
ing. Furthermore, they show that the real-time requirements can be met.

In further work, additional assistance modules, e.g., lane detection for bright
or dark environments, may be integrated in the current work. Dynamic recon-
figuration can be applied to switch between the assistance modules, depending
on the current environment. For example, the driver assistance system could be
aware of a nearby tunnel entrance by corresponding maps and GPS-coordinates,
and thus trigger the reconfiguration of the taillight module.
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Abstract. Given the scale and complexity of today’s systems, it is of
increasing importance that they handle and manage system’s problems
on their own in an intelligent and autonomous way. To cope with all non-
deterministic changes and events that dynamically occur in a system’s
environment, a new “self-managing based” design approaches must be
developed. Within this framework, an architectural network-based ap-
proach can be a good solution for the high demanding computation and
self-managing needs. In this paper, we present the basic concept of such
a design approach, its main properties and uses. A case study that proves
the feasibility of this approach is demonstrated and validated on a small
image-processing application.

1 Introduction

In literature, we can find lots of terms and definitions relative to a system that
exhibits a form of a life-like system. This system is characterized by intelligent
and autonomous way of the system handling and managing itself. Within this
framework, the term of self-organization appears. Finding a clear definition of
this term that would satisfy everyone is extremely difficult because the con-
cepts behind it are still only partially understood. However, one considers that
the self-organizing systems are the systems that try to behave like natural sys-
tems whose behaviour emerges and evolves without an outside intervention or
programming [1]. The main properties of these systems are high degree of robust-
ness, flexibility and adaptability allowing tackling problems far more complex
than any computer system ever made. They are also characterized by: interactiv-
ity, dynamic, decentralized control, increase in order of their internal structure
and autonomy.

Another more restrictive and less general term relative to self-organization
that we can find in literature is the term of autonomic computing [2]. The
autonomic computing systems function largely independently of their human
supervisors, adapting, correcting and repairing themselves whenever a problem

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 160–171, 2008.
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occurs. They called them autonomic, referring to the autonomic nervous sys-
tem which controls bodily functions such as respiration and heart rate without
requiring any conscious actions by the human being.

Implementation of self-* properties in technical domains presents a great chal-
lenge. This work seems more probable and realistic with the advent of FPGA
reconfigurable technology. To face all non-deterministic (wished or unwished)
events without the external control, such systems must have possibilities to
evolve and adapt their functionality by changing their hardware structure. Some
advantages of the FPGA reconfigurable technology, such as a spatio-temporal
allocation by a run time reconfiguration and a partial reconfiguration match
very well to these dynamically changing environments [8, 7]. Within this frame-
work, we present our new design approach which allows us to design a system
exhibiting a sort of self-managing properties.

This paper is organized as follows. In the Section 2 we present some related
work on architectural concepts for autonomic computing systems. Section 3 de-
tails our design approach. The basic concept of this approach and its main
properties are presented. Section 4 proves the feasibility of this approach on
an image-processing application. At the end, in Section 5 some conclusions are
given.

2 Background and Related Work

The Autonomic Computing was presented as an IBM initiative to face the grow-
ing IT (Information Technology) complexity crisis [2, 9]. As a result of this
initiative, the four main areas of self-management, as an essence of the auto-
nomic computing, are defined:

– Self-configuration : automatically configure components according to high-
level policies to adapt them to different environments

– Self-optimization: Automatically monitor and adapt resources making ap-
propriate choices to ensure optimal functioning regarding the defined re-
quirements

– Self-healing: Automatically detect, diagnose, and repair hardware and soft-
ware faults.

– Self-protection: Anticipate, identify, and prevent from arbitrary attacks and
systemwide failures

IBM has expanded these autonomic and self-management concepts with the
following additional criteria [4, 5, 6]:

– The system must perform something like healing - recovering from routine
and external events

– The system continually optimizes, never maintaining the status quo
– The system requires self-knowledge of the whole and the components of the

system
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The basic building block of an autonomic system is the autonomic element.
It consists of a managed element and its autonomic manager that controls it in
accordance with defined policies. The managed element can be either a hardware
or software resource or a combination of both. Essentially, an autonomic element
consists of a closed control loop which can theoretically can control a system
without an external intervention.

In [12], the authors describe behavioural properties of the autonomic ele-
ments, their interactions and how to build an autonomic system starting from
a collection of the autonomic elements. They define some required behaviour of
the autonomic elements. The autonomic element must handle problems locally,
whenever possible. Its services must be defined accurately and in a transparent
way to the other neighbouring elements. It must reject any services that would
violate its policies or agreements. They also define different forms of policy at
different level of specifications that the autonomic elements must respect in or-
der to ensure desired behaviour. An overview of the policy management for the
Autonomic Computing is given in [10].

In [11], the authors state that the core problems still remain. Those are the
lack of appropriate standards and a precise definition describing self-managing
system, the absence of mechanism for rendering self-managing systems adaptive
and capability to learn . They expect the other scientific disciplines such as
biology, physics and sociology to contribute towards vital concepts enabling the
current systems to overcome existing problems of self-management.

An autonomic system by these definitions is highly desirable in the context of
either software or hardware applications or a combination of both. For designing
a hardware autonomic computing system with above mentioned properties, some
aspects regarding the real-time constraints, failure-detection and fault-tolerance
must be considered. Some works on failure-detection have already been done [3].
In contrast with these previous works based generally on software approaches, we
focus on hardware self-management approach that realize the self-* properties
without a closed control loop.

3 Architectural Design Approach for Self-management

3.1 Introduction

We apply a classic reductionist approach for a better understanding of function-
ing of how the whole system functions. Let us suppose that there is a system
S which is composed of N modules Ei, 0 < i < N , that can communicate and
exchange data with each other. Each module Ei carries out a function ei at
a given time. Each module’s function presents a part of a set of the available
functions (or services) that could be accomplished by the given module, Si, and
contributes to the system’s global function eg. Defined that way, the system can
be described by the following set of expressions:

e1 ∈ S1, S1 =
{
e11 , e12 , ..., e1n1

}
e2 ∈ S2, S2 =

{
e21 , e22 , ..., e2n2

}
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... (1)

eN ∈ SN , SN =
{

eN1, eN2 , ..., eNnN

}

eg ∈ Sg, Sg =
{

eg1 , eg2 , ..., egng

}

eg = ∪N
i=1ei

where ng = n1n2 . . . nN is the maximal number of different functions that this
system can perform with a guaranteed service quality. Some functions of the
system can be performed with a smaller number of modules to the detriment of
the system’s performances.

Let us also suppose that for each module’s function ei exists a set of the other
modules’ functions {ei1 , ei2 , . . . , eir} (i �= i1 �= i2 �= . . . �= ir and r ≥ 3) that can
at the same time successfully replace the function concerned and perform their
own functions, as it presented by expression 2:

ei ⊂ (ei1 ∪ ei2 ∪ . . . eir) (2)

Without a loss of generality, we limit the set of the modules’ functions to three
and consider that the modules whose functions are in the given set of functions
present direct neighbouring modules. This means for each group of 4 neighboring
modules of the system, the statement described by the expression 2 is always
valid. For a rectangular structure of modules nc × nr, where nc and nr are
numbers of columns and rows respectively, and for a module Eij with (i, j)
coordinates (0 < i < nc, 0 < j < nr), there exist 4 sets of functions which can
replace functionally the concerned module (see Figure 1).

3.2 Modules Awareness - Flux

To make all modules aware of their neighbours and their states, we have in-
troduced a dynamic data stream called flux. This is the main originality of our
work. The main objective of this data stream is to gather information about
the states of the modules and to inform the modules about the states of their
neighboring modules.

The flux circulates through the module, gathers information about its func-
tion, current functioning mode, states and then informs the other modules about
it. The flux is not a control structure. It does not impose any decisions on the
module. Its main role is gathering and informing. On the other hand, the flux
helps modules to make decisions taking into account agreements with their direct
neighbours and their states.

Neither of the modules can make a decision before it informs its direct neigh-
bours and gets from them a sort of agreement for the wished decision. Whenever
a change of some parameters occurs, each module “proposes” its solution and
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Eij

S1

S2

S3

S4

Fig. 1. For module Eij there exist 4 sets of functions with which it can be replaced

through the flux informs other modules about the change and action that it is
going to perform. Other modules analyse the flux, become aware of the changes
and give a (dis)agreement for the proposed actions and eventually if they agree
with the actions that will be taken, complement them with their own actions.
Each module updates the flux about its intentions and actions that it will take.

If we compare our module and the autonomic element as defined in autonomic
computing [2, 9], the “module’s manager” makes decisions in accordance with
the neighbouring modules. This is the consequence of its continuous monitoring
and controlling by the other modules through the flux. That way the module
cannot make a decision that would violate its own and policies and agreements
of the other modules.

Moreover, the flux allows the system to handle the problems locally, whenever
it is possible. For example, it can happen that a module discovers that its neig-
bouring modules which is on the way of the flux cannot perform the demanding
services. In that case, it tries with the other modules affected by the same flux,
to resolve the existing problem. If they do not succeed in it, there are three
more fluxes comprising the same module and their modules will try to resolve
the problem as well. In the worst case, if the problem cannot be solved locally,
the rest of the system will become progressively aware of it. This is presented in
Figure 2. The direct neighbouring modules of the module Eij with the problem
are shaded and surrounded by the first dotted circle. If they do not succeed in
solving of the problem, the other modules (between two dotted circles) become
aware of it and so on for the rest of the system.
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3.3 Flux Structure

Figure 3 details a structure of the flux affecting 4 modules. The number of
fields corresponds to the number of modules affected by the flux and it can be
extended. Each module has its field in the flux. Each module’s field contains
several subfields. The number of subfields is not limited and it can be extended
depending on designer’s concepts. Each subfield refers to a module’s param-
eter. These parameters give information about the functional correctness, the
intention of module removing (for reconfigurable systems), the module’s current
functioning mode and wished functioning mode. The current functioning mode
is the function which the module executes at given time. The wished functioning
mode is the future functioning mode that will be executed by the module and it
presents a result of an analysis of functioning modes of other modules affected
by the same flux. This is more detailed in the next section. In Figure 3, the first
subfield denotes the functional verification information. If this subfield is set,
the module executes correctly its function otherwise its function is corrupted
and it must be replaced. If a module must be replaced because of its corrupted
function or from another reason (i.e. defragmentation of a reconfigurable area),
the second subfield called “Presence” indicates these information. The current
functioning mode is contained in this subfield whereas the wished functioning
mode is placed in the last one (see figure 3).

Eij

Flux

Eij Module with a 
problem

Direct neighbouring 
modules

Other modules

Fig. 2. The system solves the existing problem locally, if it is possible, if not, the rest
of the system becomes aware of it. The first neighouring modules, if they cannot solve
the problem, through the fluxes inform progressively the rest of the system. The arrows
indicate the sense of the system’s awareness for the existing problem.
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Fig. 3. An example of the flux in the case when it covers a group of 4 modules

3.4 Modules Descriptors

To ensure establishing and maintening relationships with the other modules
through the flux, the module uses descriptors. The descriptor is defined as a
static structure that is used to describe the module in an accurate way.

Each descriptor gives a faithful image of the module. It contains module’s
functioning modes, services that it can deliver, the ways how the services can be
replaced and all information that could be useful for the other modules.

The descriptor is created at the system’s designing phase but can be updated
at run-time, if the concerned module would like to add some additional services
to its basic set of services. The descriptor of a module is placed in its first
neighbouring module in the way of circulation of the flux. That way, in the

Fig. 4. a) Descriptor b) Placement of descriptors in a group of 4 modules affected by
the same flux
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case of the complete failure of the concerned module, the neighbouring modules
have the “recipe” to recover its services and thus the global system function.
This mechanism is presented in Figure 4b on the example of 4 modules. Each
module contains its own descriptor and the descriptor of its direct neighbour. In
Figure 4a is presented the descriptor which contains only functioning modes of
other modules. The module’s descriptor can be changed at the run-time, if the
concerned module changes its structure or gets some ”new functions” that are
not previously described by the descriptor.

3.5 Self-management through the Flux Verification

Figure 6 shows the control flow graph of the flux verication block. Each module
contains this block in which the received flux is analysed and treated. Firstly,
each module verifies the states of other modules affected by the flux. Secondly,
it updates its own states taking into account the states of other modules. For
example, in the case of 4 modules covered by the flux, each module verifies the
states of 3 others (see Figure 5).

The flux verification part is presented in Figure 6 with the dotted block called
“Verification”. Each subfield of each module’s field is analysed. For instance, if
the functional verification field of a module refers to a functional corruption of
the module, the module that analyses the flux must take some actions and must
adapt its functioning to the occurred problem. If it has not the descriptor of
the faulty module, it waits for it from the direct neighbouring module placed
in the sense of circulation of the flux. If the module has the descriptor of the
faulty module, it will send it with the flux to other modules. Once the descriptor
is received, the module compares its own descriptor with the one of the faulty
module and it takes a decision. It chooses another functioning mode in which it
will cover its own function and a part of the function of the faulty module. This
phase is presented with the “Decision making” block in Figure 6. After having
verified all modules’ states, the flux verification block of the module updates its
own states and sends the flux and eventually the descriptor to other modules.

Each module except the faulty one carries out the same procedure and after
one flux circulation tour is finished, the faulty module module should be replaced
by other modules. Of course the modules take also into account the changing of
the flux circulation path which will not take anymore the faulty module.

Fig. 5. Each module verifies the fields of the flux corresponding to the states of other
modules affected by the flux and updates only the field corresponding to its own states
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Fig. 6. Flux verification

This self-managing of the modules is possible if we have only one failure or
another demand at the time. This approach can be simply extended to cover
other cases but that will cause large system area overheads.

4 Case Study

We have implemented the flux on the example of an edge-detection image-
processing application. This application is composed of an averaging filter fol-
lowed by two spatial edge detectors and a final gradient computing [13]. The
data-flow graph of this application is divided in four parts, each part is car-
ried out in one module (see Figure 7a). For each module we have added some
additional resources in order to respect the statement 2 from Section 3. That
means, each of the 4 presented modules can be replaced with 3 others in the
detriment of system’s performances. These additional logics are presented with
the M1p,M2p,M3p and M4p respectively for the M1,M2,M3 and M4 modules
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Fig. 7. Case study: an edge-detection image-processing application implemented on
the CuNoC using proposed design approach: a) DFG of the application before and b)
after applying proposed design approach

Fig. 8. Simulation cases before (a) and after (b) the failure of the module M1

(see Figure 7b). We have used the descriptors which contain only the modules’
functioning modes. As a communication medium for the modules, we have used
the 4 × 4 CuNoC communication approach [15, 14]. The flux also circulates via
the CuNoC.
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We have simulated the complete failure of each module of the system at
different times. Figure 7a illustrates the applied procedure on the failure of the
module M1.

At a given time, the problem occurs and the other modules (M2, M3 and M4)
through the flux become aware of it and make some decisions. They chose another
functioning mode which covers a part of the M1 function. After a while when
the flux accomplished the circulation tour and all modules became aware of the
problem, all services of the module M1 are replaced. Then the global function of
the system is established again. The system’s response time to occurred problem
is equal to a time needed to flux to accomplish the circulation tour. During this
time, all modules keep running their previous services till they become aware
of existing problem of one of the modules. For the M1 failure simulation case,
instead of the previous data path comprising the modules M1, M2, M3 and
M4, the new data path comprises only of M2, M3 and M4 but in the sequence
M2 − M3 − M4 − M2 − M3 − M4. The first sequence of the modules M2, M3
and M4 is used to replace the function of the module M1, and second one for
their own functions. This is the main reason for the system’s response time after
reestablishing the system’s global function which is much bigger than before.

We have implemented the system on Xilinx Virtex IV technology [16]. The
implementation results show an area overhead of about 40 % with regard to
the system without self-managing properties. This overhead is mostly due to
additional logics which were implemented (M1p,M2p,M3p and M4p) in order to
respect the statement 2 from Section 3. The area overhead due to flux verification
block per computing module is insignificant.

5 Conclusion

In this paper, we presented a new hardware design concept making a system
self-managing adapted for FPGA based reconfigurable systems. The originality
of our approach is that the self managing is based on decentralized control from
a scalable stream data which inform only the specification of the new inter-
actions between system’s element. The basic concept of this design, as well as
its main characteristics are both presented. We have defined the dynamic and
static structures called respectively the flux and the descriptor which present
the main mechanisms of our design approach. These mechanisms are validated
on an edge-detection image-processing application. As an ongoing work, some
learning mechanisms that allow learning from past experience and remember
effective responses are about to be considered as well as failure-detection and
fault-tolerance mechanisms.
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Abstract. Task preemption is a critical mechanism for building an effec-
tive multitasking environment on dynamically reconfigurable processors.
When being preempted, necessary state information of the interrupted
task in registers and distributed internal memories must be correctly pre-
served. This paper aims at studying a method for saving and restoring
the state data of a hardware task, executing on a dynamically reconfig-
urable processing array, taking into account the great amount and the
distribution on different storage elements of data. Performance degra-
dation caused by task preemption is minimized by allowing preemption
only at predefined points where demanded resources are small. Specifi-
cally, we propose: 1) algorithms to insert preemption points subject to
user-specified preemption latency and resource overhead constraints; 2)
modification steps to incorporate the offered algorithms on the system
design flow. Evaluation results on the NEC DRP architecture show that
the proposed method achieves a reasonable hardware overhead (from 6%
to 14%) while satisfying a given preemption latency.

1 Introduction

To make the best use of the flexibility of reconfigurable devices like FPGAs, op-
erating systems for managing task allocation, scheduling and configuration have
been researched. Although being studied and implemented in some experimental
systems, hardware task preemption still accompanies problems such as how to
stop hardware execution, how to efficiently save and restore hardware context.

Recently, dynamically reconfigurable processing arrays (DRPAs) have been
developed and widely introduced such as DRP, FE-GA and SAKE. They consist
of a coarse-grained processing element (PE) array, and exploit the multi-context
architecture to reduce configuration overhead. By providing storage for multiple
configurations in each PE and broadcasting a pointer to individual configuration,
hardware configuration can be changed very fast within a single clock cycle.

Compared with fine-grained FPGAs, since the configuration data of such DR-
PAs and the time for setting configuration data from outside are small, the task
switching involving preemption in such devices is much more realistic than those
for FPGAs. However, only a few researches[1] to implement such functions into

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 172–184, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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DRPAs have been exerted. Toward an efficient task preemption mechanism on
DRPAs, we propose an approach where hardware tasks can only be preempted
at predefined points based on their resource usage. By inserting special states
for capturing and restoring context data into the state transition graph of an
application at states where requirements for resources are small, the impact of
preemption on the performance and cost for task switching could be reduced.

2 Related Work

Hardware multitasking on FPGAs and other reconfigurable devices have been
a challenging subject for many researches. [2] deals with the support of concur-
rent applications in a multi FPGA-system by reconfiguring entire FPGAs. A
multitasking environment allowing several tasks, which do not require all FPGA
resources, to run in parallel is mentioned in [3]. In a preemptive multitasking
environment on DRPAs, several solutions for saving and restoring context data
when a hardware task is preempted have been proposed.

– Readback: The solution is based on the configuration readback capability,
which allows to read the content of both registers and memories[4][5][6][7].
Although requiring no extra hardware, the solution is slow due to a great
amount of data and needs additional computation to get useful information.

– State supervision: By adding extra interface to registers and memories, it is
possible to access these elements when saving and restoring context data.
This solution could be implemented as a scan chain, a memory-mapping
structure, or a scan chain with shadow registers [7][8][9][10]. The advantage of
the approach is the data efficiency as only the required information are saved;
but, it demands extra resources and design efforts to implement interfaces.

[1] proposes a systematic methodology for incorporating preemption con-
straints in application specific multi-task VLSI systems. By considering a pre-
determined set of applications, the method tries to insert preemption points
taking into account both dedicated and shared registers in order to to minimize
the context switch overhead.

3 Target Device

Although the preemption algorithms proposed here can be extended to apply on
other reconfigurable devices, in this research, we focus on DRP-1 as the target
model. Being a coarse-grain dynamically reconfigurable processor core released
by NEC Electronics in 2002[11], DRP-1 carries an on-chip configuration data
corresponding to multiple contexts, which are dynamically rescheduled to realize
multiple functions with one chip.

The primitive unit of the DRP core is called a tile, and a DRP core consists of
arbitrary number of tiles. The primitive modules of a tile are processing elements
(PEs), a State Transition Controller (STC), a set of 2-ported vertical memory
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(VMEM) and 1-ported horizontal memory (HMEM). The structure of a tile is
shown in Fig. 1. There are 64 PEs located in one tile. The architecture of a PE
is shown in Fig. 2. It has an 8-bit ALU, an 8-bit data manipulation unit, sixteen
8-bit register file units, and an 8-bit flip-flop. As shown in Fig. 3, the prototype
chip DRP-1 consists of a 8-tile DRP Core, eight 32-bit multipliers, and 256-bit
I/Os. The maximum operation frequency is 100-MHz.

An integrated design environment called Musketeer, which allows applications
described in a C-based hardware description language called Behavioral Design
Language (BDL), is provided. Although BDL supports pointers, dynamically
memory allocation is not allowed. All memory and register assignment as well
as state registers allowing the DRP to transition from one state to another
are determined at the compile time. The input/output interface of the DRP-
1 is supported via two 64-bit separated channels. One input and one output
operation can be executed concurrently in a clock cycle. Currently, the DRP has
no multitasking capability. At one time, only one application can be configured
and executed on the whole 8-tile reconfigurable array.

4 Preemption Analysis

4.1 Task Switch

Fig. 4. Task switching

In a preemptive multitasking environment
on DRPAs, a typical task switching process
can be illustrated on Fig. 4. While Task 1
is running, an interrupt signal, often caused
by a system timer, indicating a possible
task switch is generated. Before a new task
(Task 2) can be executed, several preparing
stages have to be done. First, an interrupt
service is called to decide whether a task
switch is necessary (Stage A). If it is, the
state data of Task 1 is saved in Stage B; and, that of Task 2 is loaded in Stage
C. Furthermore, the configuration data of Task 2 is loaded in Stage D. (t1) can
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(a) IMDCT (b) JPEG (c) Turbo

Fig. 5. Memory and Register usages vs. Computation States

be considered as interrupt latency; and, (t2) is context switch latency. The sum
t = t1 + t2 can be considered as preemption latency. Usually, Stage A does not
take a long time for modern processors and operating systems. The informa-
tion representing the context of of a hardware task is specific for a given task
implementation and may scatter on different state-holding elements including
registers, memories, and flip-flops.

4.2 Our Approach

During an execution, the amount of registers and memories for storing inter-
mediate results is considerably varying over time. Most target applications of
reconfigurable devices are stream processing, that is, data blocks to be pro-
cessed are iteratively received in a certain interval. Between two data blocks,
the required amount of state data is relatively small. This fact can be applied to
build a preemption mechanism where preemption is allowed only at predefined
steps called preemption points [12] or switchpoints.

Preliminary evaluation. Fig. 5 shows the memory and register usages in
each computation state when an IMDCT, a JPEG encoder and a Turbo encoder
are implemented on DRP-1. X ans Y axis show computation states and the
amount of resources respectively. As seen from Fig. 5, the number of registers
and memories for storing intermediate results and context switches greatly varies
from state to state. For example, in IMDCT, states 0, 1, 2, 3, 4, 6, 13, 19,
22, 29 and 34 do not require too many memories and registers; in addition,
states 10, 11, 23, 24 and 29 do not use a lot of memories through the number
of registers is remarkable. Accordingly, by only allowing preemption at states
where the requirement for resources is minimized, the amount of state data can
be dramatically reduced.

Solution. Our proposed preemption method is based on the state transition
graph and the resource examination of a particular application. The method
could lead to the reduction of task switching overhead. The solution should be
automatically done with a certain algorithm, since it must be combined into the
design tool in the future.
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– States where preemption is allowed are limited at predetermined points (pre-
emption points) where resource usage is smaller than a certain limitation.

– At preemption points, special states tailored to current contexts are added
for flushing and restoring state data.

– The performance degradation resulting from preemption is evaluated in order
to optimize preemption points.

– The proposed algorithm are integrated into the system design flow.
– Algorithms for selecting and inserting preemption states are based on the

design tools of DRP.

5 Preemption Algorithms

5.1 State Transition Graph

The homogeneous synchronous data flow [13] is used as the computational model
for applications. The model iteratively processes semi-finite data blocks arriving
in a certain interval. Stream applications, which are the main target of DRPAs,
are suitable to be represented by this model. In this paper, an application is
implemented and completely mapped onto on a DRPA for execution as a hard-
ware task. In DPRAs, the behavior of a hardware task is often represented in
the form of a State Transition Graph (STG) G(N, E, START, END), where N
is the set of nodes representing computation states; E is the set of edges showing
the transition and data dependences between states; START ∈ N is a distin-
guished start node with no incoming edges; and END ∈ N is a distinguished
end node with no outgoing edges Fig. 7 shows the STG of Task 1 and Task
2, where (ai, bi) (i = 0...n) shows numbered states, arrows represents possible
transitions from states to states, (a0, b0) and (a9, b6) are start and end states.
Transition can be branched conditionally as in state a2.

5.2 Metrics for Evaluating Preemption

In order to examine how a preemption mechanism affects the performance of an
implementation, we define some metrics as follows.

– Hardware overhead or context switch overhead H specifies the amount of
additional resources required by added preemption states. If HPE and H∗

PE

denote the number of required PEs in the original and modified implemen-
tations respectively, H can be represented by: H = H∗

PE − HPE .
– Preemption latency τ can be defined as the time from a preemption request

until a preempting task is ready to run. In this paper, we consider preemption
latency as time for saving and restoring state data, and, τ can be computed
as: τ = Tp + Ts + Tr where: Tp, Ts and Tr are time to reach the closest
preemption point from the moment a preemption request is issued, time to
save the state data of the preempted task, and time to restore the previously
captured data of the preempting task respectively.
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5.3 System Design Flow

Fig. 6. System design flow

The left part of Fig. 6 shows
a typical design flow for the
DRP. First, a source C-based
program using BDL and an ar-
chitecture description are taken
as the input for the behavioral
synthesis. The synthesis allo-
cates operation resources and
produces reports like required
resources for reference or im-
provement. Next, the technol-
ogy mapper actually produces
HDL codes for STCs and PEs,
and, an RTL functional simula-
tion can be executed. The place-
and-route compiles the HDL
code into the netlist. Exact re-
ports about the resource usage and the critical path can be achieved at this step.
Finally, the code generator produces the configuration code for the underlying
reconfigurable hardware.

Fig. 7. Proposed solution

The right part of Fig. 6 presents the mod-
ified design flow with the proposed preemp-
tion algorithm. Since, the DRP development
environment does not support dynamic mem-
ory allocation, the resource report produced by
the behavioral synthesis could describe quite
exactly how temporary variables are allocated
and which registers are necessary for context
switches. This is the basic for preliminary
analyzing preemption points and inserting pre-
emption states at the step preemption inser-
tion. The evaluation step is based on the RTL
simulation for evaluating how added preemp-
tion states affect the implementation. The last
step is the preemption refinement where pre-
emption points are modified according to the
exact report of resource usages and the evalu-
ation result. Modified source will be fed back
to the technology mapper for re-compiling.

5.4 Example

Fig. 7 shows an example with the STGs of Task 1 and Task 2. The preemption
algorithm traverses the STG to find out the states where used resources are
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Fig. 8. Example code Fig. 9. Proposed method

smaller than a certain limit; for example, states (a1, a4, a6, a8) of Task 1 and
(b2, b4, b5) of Task 2 with gray circles are such states. These states are marked as
preemption points, where special states for saving (states sai, sbj) and restoring
(states rai, rbj) data are inserted and the STG is modified. These inserted states
are assumed to be executed only when their coupled states are preempted. For
example, when Task 1 is executing at state a0, a preemption request occurs.
Since a0 is not a preemption point, Task 1 is not interrupted but continues to
run. When the execution reaches a1, which is a preemption point, Task 1 is
stopped after a1, and the execution is transferred to the correspondent state for
saving state information of a1 (state sa1). After state rb2, which restores the
state data of b2, is executed, the execution is moved to Task 2, and Task 2 starts
to run from b3 (assume that Task 2 was preempted before at b2). Switching from
Task 2 back to Task 1 is handled in the similar way, for instance, when Task 2
is preempted at b4.

The example code in Fig 8 illustrates how state data can be saved and restored
by states sai, sbj and rai, rbj . The example is coded in NEC’s BDL, which is a
C-based language. r, mi (i = 0, 1, 2, 3) are arrays of register and memory
types, which represent hardware registers and memories respectively, with the
bit width of 16 bits. Symbol :: shows a concatenation operator, which links
variables together to form a larger bit width result. For example, the statement
r[3]::r[2]::r[1]::r[0] concatenates four 16-bit elements of array r to create an
output of 64 bits. DataOut and DataIn are output and input functions working
with 64-bit output/input interfaces via 64-bit variables dout and din. Symbol $
presents a timing descriptor to manually divide the codes into different states.

The example shows that by modifying source programs at high level to insert
preemption states, we can avoid the details of the underlying hardware architec-
ture such as the exact place of a register variable.

5.5 Preemption Algorithm

In this research, the DRP is assumed to be a part of a system consisting of
an outside general-purpose processor and an operating system for managing
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run-time environment on the device. The proposed method will be supported by
the underlying hardware architecture for task preemption (stopping a hardware
task at a preemption point according to a request, and transferring execution to
saving and restoring states), and be integrated into the operating system to be
a part of the task management module.

The proposed algorithm achieves the target of minimizing context switch over-
head by: 1) allowing preemption only at computation states where used resources
are small, and, 2) inserting special states for saving and restoring state data.
They include just input/output instructions, so require small number of PEs,
and no extra register files as well as memories.

The algorithm proposed here is consisting of three stages: inserting preemp-
tion states into the original STG, evaluating, and refining. Each stage requires
different inputs and produces correspondent results as shown on Fig. 9.

Inserting preemption states. Using the resource report generated by the
behavioral synthesis as an estimation, the insertion algorithm tries to find out
potential preemption points.

– Loop detection: At the beginning, the algorithm detects all computation
loops L = l1, l2, ..., ln using the given STG. Each loop li contains a number
of states li = sij , sij+1, .... The detection of computation loops is impor-
tant since they are likely to take a considerable amount of time. Taking
into account preemption latency, a loop without any preemption points in-
serted could violate a required preemption latency. Fortunately, instead of
analyzing a complicated source program, it is more convenient to deal with
the STG represented in the form of a flowgraph. Applying a loop detection
algorithm[14] on the STG of an implementation, all loops are identified and
marked in order that the insertion algorithm will analyze and insert at least
one preemption point among states constituting a loop.

– Sorting: Using a suitable sort algorithm, loops li are sorted incrementally
according to numbered states, i.e. ∀su ∈ li and sv ∈ lk : su ≤ sv (i < k).

– Preemption point finding: Based on the resource report generated by the
behavioral synthesis, loops are searched for possible preemption points where
used resources are within a given threshold θ. States that do not belong to
any computation loops are also investigated to find out preemption points
using the threshold θ.

– New states insertion: At preemption points, new states are inserted for trans-
ferring necessary resources to outside. Since the input/output interface of the
DRP uses 64 bits, resources are grouped into packets of 64 bits for output.
Depending on the amount of resources and how memories are allocated, it
would take a number of clock cycles for transferring. This contributes to the
preemption latency and affects the overall performance of the task.

Refining preemption points. To prepare for refining preemption points, it
is critical to quantitatively evaluate how preemption states inserted affect the
implementation. This can be done by executing simulations on the original and
modified implementations. Using design tools of DRP-1, the RTL simulation can
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be performed in order to obtain the critical path and the used resources at the
technological mapping. With suitable computations, other parameters such as
the throughput and the preemption latency at a given state can be determined.

Preemption points generated by the previous step may be improved since the
insertion algorithm often generates more than necessary. Moreover, the estima-
tion of the critical path at the early stage of the design flow, which is basic for
computing the preemption latency, is usually larger than the real one. Therefore,
based on the resource reports of the place-and-route phase and the evaluation re-
sults, redundant preemption points could be eliminated. Different requirements
for the preemption mechanism could become criteria for removing preemption
points from the list. In the simplest case when the preemption latency can be
tolerated, the refining algorithm just tries to eliminate preemption states con-
suming a larger number of clock cycles. In many cases, a user specified constrain
on preemption latency may be given. The following refining algorithm uses the
input preemption latency as a criterion for optimize preemption points.

– Preemption point scanning: First of all, the algorithm scans the list of pre-
emption points P generated at the previous stage to find out if the condition
∀i : τi ≤ ψgiven (i = 0..n) is satisfied. If not, extra preemption points are
inserted at states where required resources are small.

– Unnecessary preemption point elimination: The algorithm tries to remove
unnecessary preemption points using the given preemption latency ψgiven.
Any preemption points in the list P between two points t1 and t2 that
satisfies ∀pi ∈ P : τpi ≤ psigiven, will be eliminated.

– Preemption state modification: Next, preemption states for saving and restor-
ing context data are inserted or modified based on the accurate resource
report generated by the place-and-route tool.

– Management structure: A structure should be defined for correctly manag-
ing data when saving and restoring, and for the outside operating system
to control and schedule tasks. Therefore, while inserting extra states, for
each preemption point, a data structure containing information such as the
amount and the order of data saved and restored must be defined. The out-
side controller does not need to know about where data come from (registers
or memories), and if values are 8, 16 or 32 bits. What it has to do is to
allocate 64-bit buffers to hold data, to maintain the order of saving data,
and to send in exactly the same amount in the type of 64-bit packets and
order of data when data are restored.

6 Evaluation

The proposed preemption algorithm in this paper was evaluated on a number of
real applications shown in Table 1. For each application, different cases are im-
plemented and shown in column V ersion. Cases include implementations when
no preemption points are inserted (A0), when preemption points are inserted
without any constrain on preemption latency (A1), when the latency is specified
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Table 1. Target applications and evaluation results

Applications Abbr. Version Node Edge
τinput Delay Preemption latency Used
[ns] [ns] τmin[ns] τmax[ns] PEs

Discrete Cosine
Transform

DCT

A0 28 32 - 67.3 - - 1105
A1 - - - - 0 431.2 1197
Aψ - - 300 - 67.3 296.6 1218
An - - - - 0 180 1459

Inverse Modified
DCT IMDCT

A0 40 48 - 129.5 - - 2582
A1 - - - - 18.0 827.5 2854
Aψ - - 500 - 54.0 478.5 2820
An - - - - 18.0 612.0 3714

Viterbi decoder Viterbi

A0 10 10 - 30.4 - - 843
A1 - - - - 0 182.4 843
Aψ - - 200 - 67.3 186.8 958
An - - - - 0 828.0 1371

JPEG encoder JPEG

A0 62 76 - 54.7 - - 1851
A1 - - - - 18.0 436.9 2078
Aψ - - 250 - 72.7 344.1 2052
An - - - - 18.0 378.0 2742

Turbo encoder Turbo

A0 35 41 - 77.8 - - 3008
A1 - - - - 18.0 712.4 3169
Aψ - - 400 - 18.0 314.4 3287
Aon - - - - 18.0 324.0 4232

MPEG-2
decoder

MPEG

A0 89 101 - 67.9 - - 2787
A1 - - - - 18.0 751.0 3200
Aψ - - 350 - 78.9 293.7 3052
An - - - - 0.0 288 4431

G721 encoder G721

A0 12 17 - 93.6 - - 1085
A1 - - - - 111.6 392.6 1126
Aψ - - 300 - 111.6 295.2 1150
An - - - - 18.0 252.0 1376

(Aψ) (the proposed algorithm), and when preemption is allowed at every states
(An). Columns 4 and 5 show the number of nodes and the number of edges in
the STG of each application. Columns 6-10 denote the given preemption latency
(τinput), the critical path (Delay), the minimum and maximum preemption la-
tency of each implementation (τmin and τmax), and the total number of used
PEs (Used PEs) respectively.

All implementations do not pack multiple states into a single context in order
to see the impact of inserted states on the performance. Although this prevents
implementations with more than 16 contexts from executing on the real chip,
it is still possible to complete the place-and-route phase, to execute simulations
and to achieve suitable reports.

The result of preemption latency is computed using formula in Section (5.2).
In a multitasking environment, the calculation of preemption latency depends on
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Fig. 10. Hardware overhead

the set of running applications, and the combination of saving/restoring states
of preempted and preempting applications. The former is difficult to determine
and depends on specific scenarios; and, the latter causes preemption latency to
vary even if there are only two applications executing in a system. In this paper,
the calculation of preemption latency is performed at every state on the STG of
a single application with the assumption that the same set of resources is applied
for both saving and restoring. Though not being the exact situation in a real
system, this gives us a relative overview on how preemption latency may vary.

The delay shown in Table 1 is the critical path of implementations. Since
the option to pack multiple states into a context is not used, added states con-
taining only input/output instructions do not have any influence on the critical
path mainly formed by other main computation states. Furthermore, additional
states are assumed to be executed with a different operating frequency. This is
reasonable since in a real device, the input and output of state data could be
done independent from the main task on preemption.

6.1 Hardware Overhead

Although containing only input/output instructions, saving and restoring states
still use PEs for concatenating data into 64-bit packets. Column Used PEs in
Table 1 shows the required hardware resource in term of PEs. Using implemen-
tations without preemption points (A0) as the basic, Fig. 10 presents how the
hardware overhead varies when preemption points are inserted. The hardware
overhead varies from 0% to 15% for the A1 case, from 6% to 14% for the Aψ

case, and from 27% to 63% for the An case. The hardware overhead of 0% for
the A1 Viterbi implementation comes from the fact that preemption points in
the implementation are at states that do not use any registers or memories.

The hardware overhead of implementations according to the proposed algo-
rithm is not large. More importantly, it is even smaller than the correspondent A1
implementations in some cases (IMDCT, JPEG and MPEG). This results from
the optimization performed by the refining algorithm to eliminate redundant
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preemption points using the given preemption latency as a criterion. Although
some additional preemption points need to insert in order to satisfy the given pre-
emption latency, other unnecessary preemption points could be removed. There-
fore, the hardware overhead could become smaller.

6.2 Preemption Latency

For each specific implementation, as shown on Table 1, it is possible to compute
the minimum and maximum preemption latency. In some cases, the minimum
preemption latency become zero since there is nothing to be saved and restored
when preemption occurs at certain points (DCT and Viterbi with A1, An ver-
sions, and MPEG with An version).

In many implementations (IMDCT, Viterbi, JPEG and Turbo) the preemp-
tion latency τmax of the Aψ version is even smaller than that of the An although
the latter has no delay for reaching a preemption point (all states in An versions
can be preempted). This means in those cases, time to save and restore state
data at some points dominates the total preemption latency.

7 Conclusion

A preemption method that allows task preemption at predetermined states where
required resources are small is proposed to reduce the downside effects of pre-
emption on hardware tasks in a multitasking environment on dynamically re-
configurable devices. Evaluation results on the DRP architecture show that the
proposed method achieves a reasonable hardware overhead while satisfying a
user-specified preemption latency.
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Abstract. We present an improved method for scheduling speculative
data paths which relies on cancel tokens to undo computations in mis-
speculated paths. Performancewise, this method is considerably faster
than lenient execution, and faster than any other known approach appli-
cable for general (including non-pipelined) computation structures. We
present experimental evidence obtained by implementing our method as
part of the high-level language hardware/software compiler COMRADE.

1 Introduction

Many compilers for compilation from C to hardware have been developed in the
last few years; the following list is far from complete: GarpCC [1], NIMBLE [2],
CASH [3], SPARK [4], ROCCC [5], Tartan [6], COMRADE [7,8]. All of these
compilers make use of speculative execution to produce efficient hardware real-
isations of sequential code. Speculative execution in hardware means the tech-
nique of computation without knowing if such precomputed data will actually be
needed for successive computations. Applying this concept to if statements re-
sults in computing both, the then and the else block in parallel, as soon as data
dependencies are fulfilled. Analogously, all cases of a switch statement would
also be computed in parallel. In the literature, this approach is referred to as an
upward code motion before the condition [9], or a weakening of guards, in the
extreme case: the complete removal of guards or replacement of all predicates
by true [10]. Such speculative data paths are combined in multiplexers. Only
one of the computed values, depending on the result of the control condition
or predicate, flows through the mux to subsequent data paths, the others are
discarded. In many cases these parallel, speculative data paths have different
lengths, resulting in different computation time periods or numbers of cycles.
Control conditions, often being composed of simple comparisons, are typically
computed much faster than the longest speculative data path. Assuming that
the result of the short data path in Fig. 1 as well as the control condition cond
are already available, and cond is true, then the value of x2 will pass the mux,

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 185–195, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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Fig. 1. Speculative data paths of different length. Gray highlighted operations denote
currently available results.

while the current computation of the else block must be discarded to prevent
erroneous results.

Section 2 outlines related work and motivates our approach of using cancel to-
kens. After describing the intermediate representation that we use to implement
cancel tokens (Sec. 3), we present details on their functionality (Sec. 4) and give
a solution for the problem of control redundance (Sec. 5), which is inherent in
cancel tokens. Section 6 summarises the advantages of cancel tokens, before we
conclude with experimental results.

2 Related Work

The trivial approach for discarding speculated computations is to wait until all
speculative data paths have finished their computation and only then forwarding
the valid result through the mux.

The problem of waiting for the critical speculative data path is irrelevant
if the traditional approach of hardware loop pipelining is used (such as in the
StReAm compiler [11]). Short data paths can simply be extended with flipflops
to match the length of critical paths. As long as the pipeline is efficiently used,
computing multiple loop iterations at the same time, the length of the pipeline
itself does not affect the throughput. However, if the loop contains a loop-carried
dependency (LCD), the associated computation for iteration n + 1 cannot start
before the value from iteration n has been computed. In such a situation, a
pipelined solution suffers from the same latencies as the trivial approach.

Lenient execution is used by Pegasus/CASH [3]. This method allows an oper-
ator to compute its result and forward it to successive operators, although not
all data inputs are available yet. Typical examples are lenient ANDs, ORs and
multiplexers. Note that lenient execution does not cancel any mis-speculated
inputs.

Styles and Luk [12] present a method to accelerate the execution of loop nests,
which contain an inner loop with LCDs while the outer loop is a non-LCD loop.
During cycles in which the pipeline inputs of the inner loop are stalled (waiting
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for the LCD data to appear), an new iteration of the outer loop is executed in an
overlapped fashion. Sequencing tokens are attached to the data items generated
in the outer loop, identifying the loop iteration. Using these sequencing tokens
later allows the correct ordering of data commits.

Our approach, which we briefly outlined already in [8], is even able to accel-
erate LCD loops without the presence of an enclosing non-LCD outer loop. We
explicitly cancel mis-speculated operators using cancel tokens. In Fig. 1, x2 would
then flow through the multiplexer in the next cycle, while a cancel token would
be created at the node which computes x6. The cancel token would then move
backwards along incoming data edges and finally cancel the mis-speculated com-
putations. Thus, the runtime delays of the trivial approach are eliminated, while
mis-speculated results are deleted. This methodology is not only able to acceler-
ate LCD loops — it performs very well in designs employing non-pipelined opera-
tors, too: Cancelling a non-pipelined high-latency operator for a mis-speculation
in the current iteration allows this operator to start the computation for the
next loop iteration earlier. Furthermore, if speculative, cached memory accesses
are used (something we intend to tackle next), cancel tokens can remove mis-
speculated accesses from the load/store queue before they are actually executed.
This increases the cache efficiency, both by reducing the general demand on
cache bandwidth (fewer loads/stores in general) as well as limiting the cache
thrashing (fewer mistakenly evicted lines due to mis-speculated loads).

A similar methodology for killing selected computations before they are com-
pleted has first been presented by Brej [13] (later extended by Ampalam [14],
who correctly addresses metastability issues), but at the lower level of asyn-
chronous gates in ASIC designs. Our own, independently developed approach
for performing such actions on the higher-level of synchronous operators was
first introduced in [7] and explained in more detail in [15]. The novel techniques
we present in this work refine that scheme to handle cancellation of nested con-
ditional constructs, which requires the construction of an efficient forwarding
mechanism for cancel tokens along control edges.

3 CMDFGs

Before the functionality of cancel tokens is explained (Sec. 4), we describe the
CMDFG (Control Memory Data Flow Graph), the intermediate representation
(IR) we use to support cancel tokens in the COMRADE compiler.

Fig. 2(a) shows a C code sample which will be referred to as test through-
out the paper. Fig. 2(b) shows the corresponding control flow graph (CFG) in
static single assignment-form (SSA), Fig. 2(c) depicts a section of the resulting
CMDFG. The CMDFG is a low-level, fine-grain IR similar to the program depen-
dence graph (PDG) [16]. Its nodes are HW operations (arithmetic, logic, mux,
registers, I/O), connected by three different types of edges that represent data,
control and memory dependencies. The latter, being out of scope of this paper,
guarantee the correct execution order of memory access nodes. Without memory
edges, the CMDFG is somewhat similar to the dependence graph as used in [10]
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Fig. 2. test — (a) sample C source code; (b) SSA form CFG; (c) CMDFG for the loop
body (redundancy not yet removed)

as well as the program dependence web (PDW) [17]. However, CMDFG nodes
do not contain complete data flow graphs like in this prior work, but single HW
operators (similar to Pegasus [3] and HCDG [9]). Compared to the PDW, the
CMDFG contains neither γ and β functions, nor data flow switches. Instead it
employs a more hardware-centric view by relying on multiplexers, whose prede-
cessor nodes (and, for loop-carried values: successor nodes) are targets of control
edges. In this model, mis-speculated and superfluous values can be cancelled
(described in Sec. 4).

4 Activate and Cancel Tokens

CMDFGs operate in the data flow paradigm: as soon as all data predecessor
nodes of a node provide a datum, the node starts its computation (i.e., CMDFGs
use a self-timed scheduling). For a mux, this condition is somewhat altered in
that the mux computes (i.e. passes on) the datum already if the selected datum
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Fig. 3. Activate and cancel token flow

is available, the others are not required to be present. For any computing node
that is also the target of a control edge, its result is not considered valid until the
associated control condition is also fulfilled. A valid result of a CMDFG node
corresponds to a so-called activate token, depicted as ’+’ in Fig. 3. An activated
node holds one activate token per outgoing edge, the tokens each moving along
their edges to the successor nodes. Conversely, cancel tokens usually (there are
exceptions, see Section 5) move backwards, erasing data incoming from edges
determined to have been mis-speculated.

In Fig. 3(a), both the activate token associated to the edge (n6, n29) of node
n6 and the one associated to edge (n2, n29) of node n2 move forward along the
data edges to n29, which means that n29 holds a valid result at its data output
in cycle 1 (Fig. 3(b)). The figure also shows how mux predecessors are controlled
via control edges. Node n16 is false in cycle 0, i.e. the left speculative data path
is valid; thus, the value computed by n29 is valid in cycle 1. At the same time, a
cancel token is created in n19, because it is the target of a control edge, whose
control condition is not fulfilled. By causing these two actions, n16’s two activate
tokens are consumed in cycle 1. While the valid result of the adder moves forward
to the mux in cycle 2, the cancel token moves backwards along n19’s incoming
data edges, killing the two activate tokens remaining in the mis-speculated path.

5 Removing Control Redundance and the Control
Redundance Frontier

Similar to [10], we connect nested conditionals via control edges, e.g. edge (n13,
n16) in Fig. 2(c). This is reasonable in context of cancel tokens: If an outer
condition has already established that the entire subgraph is not to be executed,
that subgraph can be completely cancelled. This is achieved by making cancel
tokens move forward along control edges. Thus, a cancel token in a control node
higher up in the hierarchy is propagated down to all sub-control nodes, which
then cancel all the subgraph computations.
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With this approach, however, a difficulty becomes apparent: In the initial
model described so far, too many cancel tokens are generated at outer levels
of the control hierarchy. For example, if i 2 0 �> 0 in Fig. 2(c), a cancel token
created in n16 by n13 to disable inner conditionals cancels n29 and n19. However,
the outer cancel token sent to n24, now no longer has a result to delete: While n2
does supply data (and an activate token) to the left input of n24, no data (and
activate token) is forthcoming from n21, since both of that mux’ inputs have
already been cancelled by the inner condition. Without a datum to neutralise,
the cancel token itself remains here indefinitely.

In this situation, we term n24 to be redundantly controlled. In order to avoid
such a creation of excess cancel tokens, which do not have a corresponding ac-
tivate token to neutralise, we have to remove such redundancies. One solution
would be the removal of the control edge (n13, n24) and the addition of an edge
(n13, n2), which would lead to the neutralisation of the activate token coming
into n24 from n2.

We now describe an algorithm that can solve this problem in the general case.
First, we define that x, y and c are nodes in a CMDFG T . x is termed to be
controlled by c (written as x ∈ C(c)) if there exists a control edge (c, x) ∈ T or
there exists a direct data or control predecessor z of x which is not a mux and
is itself controlled by c. x is redundantly controlled by c (written as x ∈ R(c)) if
there exists a control edge (c, x) ∈ T and there exists a direct data predecessor
z of x with z ∈ C(c). In order to remove the redundancy, we define the c-control
redundance frontier of x as F (c, x), being the set of direct data predecessors
z of x, with z /∈ C(c). Token imbalances can thus be avoided by removing all
redundant control edges (c, x) with x ∈ R(c), and adding instead non-redundant
edges (c, z) for z ∈ F (c, x). This is precisely the solution we used in the example
described in the last paragraph.

6 Advantages of Cancel Tokens

Cancel tokens avoid delays due to waiting for the results of mis-speculated
branches of the computation. However, this applies to non-pipelined compu-
tations. In pipelined computations, it is not possible to cancel a branch (sub-
pipeline), since this would alter the latency of this computation path. That is of
course not acceptable in a pipelined compute unit where merging paths must all
be balanced to have the same latency from the input nodes. Here, mis-speculated
results are always fully computed, just not used afterwards.

However, since we are aiming for the compilation of general C code, possibly
with irregular control flow in loops and loop-carried dependencies (as shown
for the variable s in Fig. 2(a)), we cannot always generate strictly pipelined
compute units (the next set of input data cannot enter the pipeline before the
previous result has been computed by the pipeline). In order to handle even the
non-pipelined case efficiently, we rely on the cancel mechanism.

Another advantage of cancelling non-pipelined multi-cycle operators (e.g.
div, transcendental functions, etc.) is that the next computation — typically
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corresponding to the next loop iteration — of such operators can start earlier,
reducing the execution time for the correlated loop iterations. The advantages to
cancelling mis-speculated memory operations were already pointed out in Sec. 2.

7 Experimental Results

To evaluate the practical impact of our approach, we extended the COMRADE
compiler appropriately. COMRADE creates combined HW/SW solutions for
adaptive computing systems (consisting of both a software-programmable pro-
cessor and a reconfigurable compute unit, [18]). After HW/SW partitioning the
input C program, COMRADE transforms the HW-suitable pieces of the code
to SSA form and creates a CMDFG for each HW kernel. For each CMDFG
operator node, our module generator library GLACE [19] creates an optimised,
pre-placed netlist. Furthermore, a central controller is generated as a Verilog
netlist. It holds the token registers for each HW operator (an activate and a
cancel bit per outgoing edge) and dynamically controls the data flow.

This initial implementation of the controller synthesis is not yet optimal:
A target node of a control edge starts its computation only after the control
condition has been computed; a better design would be to start computation
as soon as all data dependencies are fulfilled (cf. Sec. 4). Also, all operators are
currently registered, i.e. we have not exploited chaining yet. However, despite
these deficiencies, we can already measure the impact of the cancel mechanism.

While we can demonstrate the actual system-level execution of COMRADE-
generated HW/SW applications on a Xilinx Virtex-II Pro-based hardware plat-
form, our techniques are applicable to all fined-grained reconfigurable devices. For
the experiments, we consider HW kernels from different benchmark suites (mostly
from MediaBench and MiBench), as well as three additional synthetic HW kernels
of our own design: the parallel kernel computes 100 iterations of 50 independent
additions contained in the body of an if statement; test corresponds to the code in
Fig. 2(a); test unrolled refers to the same code with the loop unrolled. After using
COMRADE for compilation to HW, we obtained the values listed in Table 1 by
post-place&route analysis. For checking the feasibility of the approach in actual
hardware, the most demanding (in terms of token amounts) parallel kernel was
also successfully executed on a prototype HW platform, achieving the 100 MHz
clock frequency required for this reference design [20].

The adpcm, des and pegwit kernels contain memory loads and stores. These
are currently executed non-speculatively and serialised, because COMRADE
does not exploit its memory dependence analyses during hardware generation
yet. While not critically relevant in context of this paper (we have not dis-
cussed the memory-dependence handling parts of the CMDFG IR here), we give
some performance numbers for reference: Accesses to the DDR-DRAM-based
main memory are routed through a fully-associative 4 KB cache running at 100
MHz, provided by the configurable MARC memory system [21]. For a hit, the
read/write latency is 1 cycle; a miss takes 45 cycles to load a cache line of 128
bytes. Also, all HW operators are currently non-pipelined (a new GLACE version
currently under development will change this, too).
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Table 1. Benchmarks obtained from simulating selected kernels; #lines: number of
C source code lines (HW relevant part only), excluding comments, declarations, con-
stant array definitions and white space; #cycles: HW computation cycles only, without
SW/HW transfer of live variables; DOP (degree of parallelism): max. number of paral-
lel computing operations; #AT: max. number of activate tokens; #CT: max. number
of cancel tokens; #Op: total number of HW operators.

#lines #cycles DOP max #AT max #CT max #Op
adpcm 79 4497 4 101 7 123
bitcount 5 99 2 12 1 12
des 7 437 6 57 1 74
pegwit 9 797 4 70 6 96
parallel 55 398 50 256 50 315
test 11 77 2 21 5 21
test unrolled 57 64 7 77 12 60
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Fig. 4. test (left) and test unrolled (right): tokens and parallel computations over time

The DOP value of the parallel kernel in Table 1 reveals that all data-
independent computations are actually done in parallel. The number of activate
tokens (AT) in flight exceeds the operator parallelism, since each operator stores
an AT per outgoing CMDFG edge. Thus, an increase of operator dependencies
directly translates into an increase of ATs. The number of cancel tokens (CT)
is much smaller, which means that only a relatively small number of operations
had to be cancelled due to mis-speculation.

The left graph of Fig. 4 shows the AT, CT and DOP values for test over time.
The peaks are correlated to new loop iterations. The first five iterations (6 or
9 cycles each) are much faster than the last iteration (40 cycles), because the
data path containing the high-latency divider was cancelled in all but the last
iteration, demonstrating the efficiency of cancel tokens.

As the test example contains a loop-carried dependency (variable s), unrolling
the for-loop achieves only a relatively small performance gain (64 instead of 77
cycles), at the large expense of tripling the number of HW operators. This shows
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Table 2. Measured and calculated execution times for the separate iterations of the
test example. The number of cycles per iteration corresponds to the number of cycles
needed to compute a new value for variable s 2 0 (see Fig. 2(b,c)).

Iteration trivial approach lenient execution lenient execution cancel tokens
(non-pipelined div) (pipelined div)

#cycles (calc.) #cycles (calc.) #cycles (calc.) #cycles (meas.)
i = 0 40 6 6 6
i = 1 40 36 36 9
i = 2 40 36 6 6
i = 3 40 36 35 6
i = 4 40 36 6 6
i = 5 40 72 41 40
Total 240 222 130 73

a typical situation where pipelining would be similarly inefficient. Here, it would
be more efficient to omit the unrolling and execute the loop in a non-pipelined
fashion, relying instead on our cancel mechanism for speed-ups.

For the test example, Table 2 compares our cancel token approach to the trivial
approach and lenient execution. The values shown are actual measurements for the
cancel-token approach using non-pipelined operators. The trivial approach and
lenient execution values had to be manually calculated, since no corresponding
compiler implementations are available. To calculate these numbers, we assume
the same operators and data flow as used by the cancel token approach.

Assuming the trivial approach, each iteration would require 40 cycles since
the merge points in the data path would always have to wait for the slowest
branch (the divider). Because of the LCD, this holds for both using a pipelined
or a non-pipelined divider.

Lenient execution with a non-pipelined divider computes the first iteration in
only 6 cycles, but consecutive iterations have to wait for the divider, resulting
in 36 cycles per iteration. In the last iteration, the divider first has to finish its
computation for i = 4 and after that additionally computes the value for i = 5,
which results in 72 cycles.

A pipelined divider significantly increases the performance of the lenient ex-
ecution version. But there are still long delays every two iterations arising from
the fact that the multiplexer for s 7 0 (the successor of the divider in the data
flow) cannot forward a value before the divider has completed its computation
of the previous iteration (i.e., the multiplexer cannot store the information that
two or more values from one of its inputs have to be discarded).

In the cancel token approach, the divider being non-pipelined, the time-
consuming data flow branch containing the divider is cancelled in the first five
iterations, thus its latency affects only the iteration for i = 5. Here, a pipelined
divider wouldn’t increase performance due to the LCD.

In summary, Table 2 shows that cancel tokens can achieve significant im-
provements of runtime compared to the other approaches. These gains are due
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to the differing lengths of data path branches, which of course vary between
different applications. Note that we did not yet consider the impact of reduced
memory traffic due to cancelling of mis-speculated memory accesses. This will
be evaluated in future work.

8 Conclusion and Future Work

We have presented a method for dynamically scheduling speculative data paths
using cancel tokens, which allow the explicit cancelling of mis-speculated paths
at run-time. We have already implemented cancel tokens in the hardware gen-
eration passes of the compiler COMRADE, and have thus practically demon-
strated their feasibility and measured their effect on several benchmark kernels.
Our method leads to significantly faster hardware than the trivial and lenient
execution approaches commonly used today. The impact of cancelling in-flight
memory accesses has not even been considered here yet. Future work will concen-
trate on implementing the mechanisms (both in the compiler as well as in the
hardware memory system) allowing this cancelling of mis-speculated memory
operations.
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Abstract. ARISE introduces a systematic approach to extend once a
processor to support thereafter the coupling of an arbitrary number of
Custom Computing Units (CCUs). A CCU, hardwired or reconfigurable,
can be utilized in a hybrid, tight and/or loose, model of computation. By
selecting the appropriate model for each part of the application, the com-
plete application space can be considered for acceleration, resulting to
significant performance improvements. To support these features ARISE
proposes: i) a machine organization, ii) a set of Instruction Set Exten-
sions (ISEs), and iii) a micro-architecture. To evaluate our proposal, a
MIPS processor is extended with the ARISE infrastructure and imple-
mented on an FPGA. Results show that the ARISE infrastructure can
easily fit into the timing model of the processor. A set of benchmarks is
mapped on the evaluation machine and it is proved that exploiting the
hybrid model of computation, performance improvements of up to 68%
are achieved compared to the case when only one model is supported.
This results to significant application speedups from 2.4x up to 4.8x.

Keywords: reconfigurable instruction set processor, coprocessor, cus-
tom unit, FPGA.

1 Introduction

Extending a general purpose processor with CCUs is an effective way to meet
the computational demands of modern applications. In such systems, the base
Instruction Set Architecture (ISA) of the processor serves as the bulk of flexi-
bility to execute any algorithm, while the CCUs are exploited through ISEs to
accelerate the execution of computational-intensive parts. Furthermore, provid-
ing the CCUs with the capability to reconfigure their functionality, high degrees
of flexibility are gained. Reconfigurable CCUs provide dynamic ISEs offering the
adaptation of the system to the target application.

In the majority of existing systems the CCUs are coupled to the processor
following either a tight (as a functional unit) or a loose (as a co-processor) model
of computation. Each of these models exhibits advantages and disadvantages
making it preferable for specific type of applications. Thus, supporting only one
model may lead to unexploited performance gains. To address this drawback
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we introduce the Aristotle Reconfigurable Instruction Set Extensions (ARISE )
framework. ARISE proposes a systematic approach to extend once a processor
to support thereafter any number and type of CCUs. ARISE is comprised of: i)
a machine organization that allows the co-operation of the CCUs and processor,
ii) an one-time extension of the ISA of the processor with eight new instructions,
called ARISE ISEs, to control the CCUs, and iii) an efficient micro-architecture
implementation. After an ARISE-aware machine has been developed, arbitrary
number and types of CCUs can be coupled to the processor and utilized following
any model of computation to meet the specifications of the target application.

To evaluate our proposal a MIPS-I processor core is extended and an ARISE
machine is developed. The machine is implemented on a Xilinx FPGA and val-
idate that the performed extensions do not affect the timing model of the pro-
cessor. A set of benchmarks is implemented on the machine and experimental
results prove that ARISE combines the tight and loose model of computations
to achieve important performance improvements.

The rest of the paper is organized as follows. Section 2 discusses related work.
In Section 3 the general overview of ARISE machine is given. Section 4 presents
the development of the evaluation ARISE machine, its synthesis and performance
experimental results. Finally conclusions are drowned in Section 5.

2 Related Work

Over the last years a number of academic (e.g. [17], [18]) and commercial (e.g.
Xtensa, ARC) configurable systems have been introduced that extend a core pro-
cessor with application-specific CCUs. As these systems supports CCUs of small
or none reconfigurability they lack flexibility. Reconfigurable technology offers
a lot of advantages to meet the computational demands of modern application.
Thus, a number of commercial processors supporting the coupling of reconfig-
urable CCUs became available. Such processors are available as soft-cores (e.g.
NIOS II, microBlaze) or hard-cores (e.g. Xilinx PowerPC APU, Stretch S6000).

Based on the approach followed to couple the CCUs to the processor, the
existing systems can be divided in two categories. In the first one, the CCUs
are loosely-coupled to the processor following a co-processor model of com-
putation, like [1]-[4]. In these systems, the CCUs undertake the execution of
computational-intensive parts that loosely interact with the remaining parts of
the application. Due to the loose interaction between them, the processor and
the CCUs can operate concurrently resulting in high performance. However, the
control of the CCUs and the data communication between the CCUs and the
processor are done explicitly through a number of instructions. This results in
a communication and control overhead, which may eliminate the performance
gains if autonomous tasks can not be found.

In the second category, the CCUs are tightly-coupled as functional units of the
processor’s pipeline (e.g. [5]-[8]). In these systems the CCUs execute fine-grain
tasks that strongly interact with the execution flow of the processor. The com-
munication of operands between the processor and CCUs is performed through
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the register file. Operations that are executed by the CCUs are identified and
controlled via opcodes encoded in the instruction word. Thus, the communica-
tion and control overheads are reduced. However, the size of the instruction word
limits the number of different operations and the number of operands supported
per operation resulting in unexploited performance improvements.

It is clear that each of the above models of computation exhibits advan-
tages and disadvantages. Thus, a hybrid approach supporting both models can
increase the efficiency of the machine. For example in [18] a methodology to gen-
erate and select hybrid CCUs targeting at a configurable Xtensa processor was
presented. Experimental results proved that a hybrid approach achieves better
area/performance tradeoffs than using only one of them.

In contrast to the presented related work, ARISE proposes a systematic ap-
proach to extend once any typical embedded processor with the necessary in-
frastructure to support thereafter the coupling of any number of reconfigurable
CCUs. The CCUs can then be exploited using any computational model or even
a hybrid combination of them, to satisfy the needs of the target application. This
results to significant speedup improvements and reduction of area requirements.

3 Overview of ARISE Machines

Our approach assumes that several computational-intensive parts of the appli-
cation have already identified and each of them can be more efficiently executed
on a CCU as a single operation called ARISE operation. Such an operation may
be as simple as a few nodes of the application’s DFG or as complex as a kernel.

3.1 Machine Organization and Instruction Set Extensions

An ARISE machine, depicted in Figure 1, consists of: a) the Core Processor
(CP), b) the ARISE instruction decoder, c) the ARISE interface, and d) the
CCU wrappers. The interface is further divided into: i) the control unit, ii) the
Opcode-to-Id table, and ii) the Input/Output Buffer (IOB).

The extension of the processor with the interface is performed once. Then,
an arbitrary number of CCUs can be attached, via the interface, employing a
wrapper for each CCU. To provide CCUs with configuration bits and data, the
memory is accessed through the memory ports of the processor. Additionally,
dedicated configuration memory and memory ports can be used to increase mem-
ory bandwidth. To utilize the CCUs, the processor’s ISA is extended once with
a set of specific instructions, called ARISE instructions, which control: 1) the
execution of the ARISE operations on the CCUs, 2) the data communication
between the CP and the CCUs, and 3) the configuration of the CCUs.

All ARISE instructions have the same format that includes three fields defin-
ing: i) the type of the ARISE instruction (instr), ii) the opcode (opc) of an
ARISE operation, and iii) the operands (operands) of the instruction. To extend
the CP’s ISA with ARISE instructions these fields are encoded into the instruc-
tion word of a CP as shown in Figure 2. As an example, a typical format of
a processor’s instruction word is assumed of which only one opcode is reserved
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Fig. 2. Encoding the ARISE instruction word into a processor’s instruction word

for all ARISE instructions. The secondary field, sec, is used to encode both the
instr and opc fields, while the operands fields are the same. The operands of an
ARISE instruction are accessed via the register file of the CP.

Instructions are pre-decoded by the ARISE Instruction Decoder to determine
their type (CP or ARISE instructions) and they are issued accordingly to the CP
or to interface. On the Opcode-to-Id Table the opc field, which has limited bit-
width, is assigned to a unique identifier, Id, which can be of arbitrary size. The Id
identifies an ARISE operation implemented on a CCU. The table also allows the
dynamic (at execution time) re-assignment of the opc to an Id. Thus, the same
opc in an ARISE instruction can be assigned to different ARISE operations.
In that way the number of different ARISE operations is not constraint by the
limited bit-width of the opc field. Also, the assignment of opc to operations is
not fixed. Thus, new CCUs and ARISE operations implemented on them can be
easily ported providing them with an Id.

The IOB provides temporary storage space for the operands of an ARISE
operation. It is exploited (through a sequence of move instructions) to support
operations with more operands than the CP’s register file provides/accepts per
instruction. It is also configured to utilize the complete bandwidth of the register
file (i.e. all register file ports) and it is implemented to do the above without
extra latency. The IOB is not exposed to the architecture meaning that its
registers are not addressable. Operands of an ARISE operation are stored and
accessed from consecutive places in the IOB. Exploiting the IOB the operand
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limitation problem is alleviated with the minimum communication overhead
(without considering the case of increasing the register file ports).

The wrapper controls the configuration and execution of an ARISE operation.
It also serves the memory accesses of the CCUs through the CP’s memory ports.
Moreover, the wrapper stores the ARISE configuration bitstream for each oper-
ation. Two types of configuration bitstreams exist in an ARISE machine. The
first is the one required by reconfigurable CCUs and it is provided by the CCU’s
vendor tools. The second, is the ARISE configuration bitstream that specifies
the way an ARISE operation is handled . Specifically, for each operation the
ARISE configuration bitstream defines: 1) if it accesses the data memory, 2) if
its latency is known or not at compile time, 3) its latency (CP cycles), and 4)
its exception policy. With this information the wrapper controls the execution
of the ARISE operation transparently to the processor architecture.

ARISE instructions are configured at design time to match the characteristics
of the CP. The typical configuration presented below assumes that the register
file provides at least two read and one write port, which is a typical case for
embedded processors. It can be also configured to utilize register files with more
ports. The typical configuration contains the following ARISE instructions:

confopc2id <opc>, <id>: The ”configure opcode-to-id” instruction assigns
the opcode of an ARISE operation to a unique identifier Id. This assignment is
stored in the Opcode-to-Id table.

confld <opc>, <start addr>, <end addr>: The ”load configuration” in-
struction is responsible for the loading of the ARISE and CCUs (if reconfig-
urable CCUs are used) configuration bitstreams. The loading is performed for
the operation assigned to the <opc> value. The <start addr> and <end addr>
operands determine the memory space where the bitstreams are placed. During
the execution of this instruction the CP is stalled. An extra instruction, the con-
fld conc (”load configuration in concurrent mode”) is included to perform the
same operation without stalling the CP.

movta <src1>,...., <srcM>: The ”move to ARISE” instruction transfers
the contents of registers src1...srcM to the Input Buffer. <srcM> corresponds to
the m-th read port of the register file of the CP. A sequence of movta instructions
stores the input operands of an ARISE operations in consecutive places in the
Input Buffer.

movfa <dest1>, ...., <destN>: The ”move from ARISE” instruction
moves the results of an ARISE operation from the Output Buffer to registers
dest1 ...destN. <destN> corresponds to the n-th write port of the register file.
A sequence of movfa instructions reads the output operands of an ARISE oper-
ations from consecutive places of the Output Buffer.

execa <opc>, <dest1>,.., <destN>, <src1>, .., <srcM>: The ”execute
ARISE” instruction initiates the execution of the ARISE operation defined by
the <opc> field. The input operands are moved from the src1srcM registers of
the CP’s register file to the Input Buffer, while the output operands are moved
from the Output Buffer to the dest1destN registers. Until the completion of
the ARISE operation the CP is stalled. The execa conc <opc>, <src1>,..,
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<srcM> (”execute ARISE in concurrent mode”) that performs the same oper-
ation without stalling the CP, is also supported. It does not contain destination
operands, while the results of the ARISE operation are returned to CP explicitly
through movfa instructions. Fetching a movfa instruction before the completion
of an execa conc instruction breaks the concurrent operation of CP and CCU to
ensure data coherency.

checka <dest>: The ”check ARISE status” instruction returns the ARISE
Status Register (ASR), which encodes the current status of the ARISE (error,
configuring, executing etc) to the register <dest> of the CP register file.

For all the aforementioned instructions the operands are accessed through
the register file. The only exception is the <opc> that is encoded in the opc
field of the ARISE instruction word. A more detailed description of the machine
organization, the ARISE ISEs, and the programming of an ARISE machine
exist in [14], which also includes a version of ARISE instructions that support
one operand per instruction.

In an ARISE machine, a CCU is tightly integrated in the processor’s architec-
ture. However, this CCU can execute operations in a loose computational model
by operating concurrently with the CP while direct memory access is provided
to the CCU through the wrapper. Furthermore, using the execa instruction the
same CCU can execute operations in a tight computational model with minimum
communication and control overhead. Concluding, the proposed machine orga-
nization and ISEs can exploit a CCU in a hybrid, loose or tight, computational
model based on the characteristics of the target application.

3.2 Micro-architecture Implementation

The block diagram of Figure 3, presents the micro-architecture of an ARISE
machine, which is composed of the CP and the ARISE interface. The interface
is organized in a pipeline structure, which designed to easily extent the pipeline
of the CP. As an example, a single-issue in-order processor with five pipeline
stages is used. The interface consists of three pipeline stages, which are: 1) the
pre-processing (PRE), in which the instructions are decoded and the operands
are fetched, 2) the processing (PRO), in which the operands are processed, and
3) the post-processing (POST) stage, which returns the result of the processing.
To incorporate the ARISE interface the pipeline of the CP is augmented with a
number of well-defined extensions, which have been marked with circled numbers
in Figure 3. In addition, the interface can stall the CP.

To pre-decode the fetched instruction, the IF stage of the CP is extended
by the ARISE instruction decoder. This decoder produces the ARISE and CP
instruction words and forwards them to the PRE and ID stages, respectively.
At the PRE stage, based on the received instr value, the ARISE Control Unit
generates the control signals for all ARISE components. Also, based on the
executed ARISE instruction, the Opcode-to-Id table provides the Id that already
has assigned to the opc of the executed instruction or performs a new assignment.
The Id is forwarded to the CCU wrapper at stage PRO to define the ARISE
operation.
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The second extension point (2) is a link from the read ports of the CP’s
register file to the PRE stage of the interface. This link is used for providing
the operands of an ARISE instruction from the register file. The operands of an
ARISE operation are temporary stored into the Input Buffer that operates as a
pipeline register between the PRE and PRO stages. Thus, an execa instruction
reads the input operands at the PRE stage and initiates the execution of the
ARISE operation without extra latency.

The interface access the data memory through points (3) and (4). The wrapper
controls the multiplexer at point (3) for sharing the memory between the CP and
CCUs. If both request access to memory the wrapper stalls the CP. Afterward,
via the link (4) the data are accessed by the CCUs. The results of an ARISE
operation are stored in Output Buffer, which operates like a pipeline register
between the PRO and POST stages. At the POST stage, the results of the
ARISE operation are returned to the register file via the multiplexer at point
(5) which is controlled by the ARISE control unit.

Since ARISE is tightly integrated to the processor, modifications on the pro-
cessor’s micro-architecture are needed. However, the control of the processor re-
mains unchanged. The only, requirement is that the ARISE interface should be
able to stall the CP and block interrupts/exceptions. Also, ARISE is organized
into a pipeline that operates in parallel to the CP’s pipeline. The implementa-
tion (see next section) shows that ARISE fits in the CP’s timing model without
degrading its performance.

4 Experimental Results

To evaluate our proposal, we experimented with a MIPS processor that was ex-
tended with the ARISE components. Specifically, the MIPS-I ISA and its R3000
implementation was used. This is an in-order, five-stage pipelined, 32-bit RISC
processor, featuring a three-address ISA similar to that used in Section 2. Thus,
all conclusions presented in Section 2, are applicable and no any further consid-
eration is required concerning the extension of the MIPS core. The configuration
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Table 1. ARISE configuration

Feature Configuration

opc length 6-bit; 64 opcodes
Id length 7-bit; 128 operations

# of configurations in wrapper 32
ARISE Configuration bitstream 24 bits
Input Buffer size / write ports 16 registers/2 ports
Output Buffer size / read ports 8 registers/1 port

Table 2. ARISE machine synthesis results

FPGA Slices fmax (MHz)

CP MIPS-I 27881 103

Wrapper 722 416
Instruct. Decoder 36 457

ARISE Input Buffer 319 537
Output Buffer 218 510
Opcode-to-Id 418 361

1Including 2 DSP Blocks

selected for the various features of the ARISE machine is shown in Table 1. Fur-
thermore, the CCUs access the data memory through the standard memory port
of the processor that provides a bandwidth of 32-bits per cycle.

4.1 Synthesis Results

This ARISE machine was implemented on a Xilinx xc4vlx25 device (speed grade
12) and synthesis results are presented in Table 2. Results indicate that the
ARISE components consume a reasonable amount of resources. The remaining
FPGA resources were used to implement a CCU on which the ARISE operations
are executed. The frequency values were derived measuring the critical-path of
the whole ARISE machine (CP extended with the ARISE components) that each
component contributes to. Results prove that the ARISE infrastructure easily
fits into the timing model of the processor. For the rest of the experiments the
ARISE machine was clocked at the operation frequency of the MIPS processor,
namely at 103 MHz.

4.2 Performance Study

In the following we study the performance improvements when a loose, tight,
or hybrid computational model is adopted. As mentioned, ARISE offers the
capability to support both these models allowing some parts of the application
to be accelerated under the loose and some other parts under the tight model. To
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the best of our knowledge ARISE is the only machine in the field that supports
such a hybrid model.

The compiler of the ARISE machine is based on the GNU tool-chain. The
GNU compiler was cross-built targeting at MIPS-I, while its assembler was ex-
tended to support the interpretation of the ARISE instructions. The ArchC
[9] MIPS processor model was also modified to implement the ARISE infras-
tructure and used as simulation and evaluation platform. It must be stressed
that this platform is cycle accurate ensuring the correctness and accuracy of
the results presented bellow. To evaluate performance we experimented with a
set of benchmarks derived from the MiBench [10] (adpcm.enc, adpcm.dec) and
Motorola Powerstone [11] (crc, jpeg, des, pocsag) benchmarking suites.
Loosemodel of computation. In thismodel, the parts of the application that are
considered for acceleration as ARISE operations are coarse-grain computational-
intensive parts (kernels) that weakly interact with the rest of the control flow of
the application. Usually, they are identified as application’s procedures. Thus, the
benchmarks were first compiled for MIPS-I and the GNU gprof tool was used to
identify such kernels for each benchmark. The SPARK [15] high-level synthesis
tool was then used to generate VHDL code for each kernel. The kernels were im-
plemented on the FPGA and the synthesis results are presented in Table 3. The
second column of the table presents the kernel percentage of the total workload,
while column three shows FPGA resources consumed by each kernel. Column four,
reports the latency (in terms of processor cycles) required by each kernel to exe-
cute on the FPGA. Average latencies are reported for the cases when execution
time is not known at compile time. For all following experimental results, the com-
plete ARISE machine and ARISE operations were concurrently implemented on
the FPGA.

The source code of each benchmark was modified to configure and execute the
ARISE operations and the ARISE configuration bitstreams for each operation
was produced and included in the source code. Furthermore, the source code
was configured to execute the ARISE operation in concurrent mode, thus max-
imizing the performance improvements. Figure 4, specifically the second bar for

Table 3. Kernels synthesis results

Benhmark/Kernel Workload (%) FPGA Slices Latency (Cycles)

adpcm coder/ adpcm.enc 99.9 588 123612

adpcm decoder/ adpcm.dec 99.9 406 103552

icrc1/crc 72.1 218 12
set key/des 60.8 1021 224
encrypt/des 32.9 1120 206

fast idct 8/jpeg 56.3 9731 20
find syndromes/pocsag 39.3 149 95

comp32/pocsag 29.7 169 7
alpha proc/pocsag 4.6 562 7
num proc/pocsag 2.5 125 14

1Including 24 DSP Blocks 2Average
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Table 4. Speedup comparison for ARISE and co-processor approaches

Benchmark Co-Processor ARISE Differ.(%)

adpcm.enc 4.0 4.0 0.0
adpcm.dec 3.7 3.8 2.7

crc 2.3 2.8 21.7
des 4.6 4.8 4.3
jpeg 2.0 2.1 5.0

pocsag 1.7 2.2 29.4

each benchmark, shows the speedups achieved for each benchmark for the loose
model of computation. The speedup is calculated by comparing the number of
cycles required to execute the benchmarks with and without support of ARISE
operations. In all cases, overhead cycles required to configure ARISE for exe-
cution were included in the results. As presented, significant speedups ranging
from 2.1x to 4.8x are achieved.

A key-feature of ARISE machines is that they effectively address the commu-
nication overhead between the CP and CCUs. To evaluate this for the case of
loose model of computation, we compared the ARISE machine against an alter-
native approach which follows a typical co-processor programming paradigm. To
accomplish this, the above kernels were coupled to the CP as memory-mapped
co-processors. This means that the CP and the co-processors are exchanging
control and data values via memory. The memory latency for each exchange was
assumed to be one cycle. Speedup comparisons are shown in Table 4. Results in-
dicate that when the time required to execute a kernel on the CCU/co-processor
(see Table 3) is high the impact of the communication overhead is negligible.
Thus, performance is not affected in this case. Therefore, the two adpcm bench-
marks achieve the same speedup for both approaches. However, as the execution
time reduces the impact of the communication overhead increases. As shown in
Table 4, this affects mainly the co-processor approach. Since ARISE alleviates
this limitation performance improvements up to 29.4% are achieved compared
to co-processor approach.
Tight model of computation. In this model, the parts of the application
which are considered for acceleration as ARISE operations are simpler than those
of loose model. Specifically, they are acyclic sub-graphs of the application’s DFG
and consist of a few nodes collapsed into a single operation. They do not access
the data memory, while due to their tight interaction with the application’s
flow they cannot benefit by concurrent execution. Therefore, such operations
may provide smaller performance improvements compared to the loose model.
However, a wider range of the application’s space, rather than only the kernels,
can be considered for acceleration.

To identify such operations and evaluate the performance of the ARISE
machine, the following were performed. First, the MaxMISO [12] (Maximal
Multiple-Input Single-Output) algorithm was implemented into the Harvard
Machine SUIF [13] back-end compiler framework. This algorithm identifies the
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Table 5. MaxMISO operations results

Benchmark Operations FPGA Slices

adpcm.enc 7 116
adpcm.dec 7 148

crc 15 318
des 46 1410
jpeg 42 8881

pocsag 10 164
1Including 24 DSP Blocks

maximum non-overlapping connected sub-graphs of the basic blocks that pro-
duce a single result. Then, it was used to automatically identify such sub-graphs
for each benchmark. The obtained sub-graphs implemented on the FPGA as
ARISE operations and synthesis results are presented in Table 5.

Speedup results achieved for each benchmark operating under the tight model
of computation are shown in Figure 4 (first bar for each benchmark). As expected
the achieved speedups are significantly smaller compared to the loose model.
They are ranging from 1.2x for the two adpcm benchmarks, to 1.9x for the
case of des. It must be noticed that the tight model of computation and the
corresponding operations cannot be supported by machines developed only for
a loose computational model. This happens because in the tight model each
operation contributes a small number of cycle count reduction. Therefore, if
the communication overhead is high this contribution is eliminated. To prove
this statement we re-performed the experiments comparing against the memory
mapped co-processor used before. For all benchmarks the co-processor approach
failed to deliver any performance improvements.
Hybrid model of computation. In an ARISE machine the two models of
computation can be combined into a hybrid model to achieve better performance
improvements. That is, the kernels of the application are accelerated following
a loose model, while the reaming part of the application is accelerated based on
a tight model. Since, the whole application space is improved, high performance
gains are expected. To evaluate this feature we combined the two previously
presented experiments into one that exploits both models. Specifically, it was
assumed that the benchmarks are first implemented following a loose model
while the remaining parts of the benchmarks are considered by the MaxMISO
algorithm to produce the operations corresponding to the tight model. For the
hybrid model case speedups are reported for each benchmark by the third bar
in Figure 4. The two adpcm and the des benchmarks were not benefited from
the hybrid model, since almost the complete application workload is consumed
into kernels. However, for the other benchmarks the ARISE machine operating
in hybrid model, efficiently combines the advantages of tight and loose models
to achieve impressive performance improvements. Thus, for the crc and jpeg
benchmarks speedup is improved by 68% and 62% respectively, compared to the
loose model of computation. For the pocsag the limited performance from the
MaxMISO operations resulted to only 10% speedup improvement.
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5 Conclusions

A systematic approach to extend a typical processor once to support thereafter
the coupling of arbitrary hardware accelerators was presented. It was proved that
the extensions can be easily fit into the timing model of a processor without de-
grading its performance. Then, it was demonstrated how the resulting machine
exploits a hybrid, loose or tight, model of computation to increase the perfor-
mance. Performance results showed an improvement of up to 68% compared to
a typical approach that utilizes only one of the two models.
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Abstract. Over the last years, we have witnessed the increased use of
Application-Specific Instruction-Set Processors (ASIPs). These ASIPs
are processors that have a customizable instruction-set, which can be
tuned towards specific requirements. The identification, definition and
implementation of those operations that provide the largest performance
improvement and that should be hardwired, extending in this way the
Instruction-Set, constitutes a major challenge. The purpose of this paper
is to investigate and study the issues regarding the customization of an
Instruction-Set in function of the specific requirements of an application.
Additionally, the paper provides an overview of all relevant aspects of
the problem and compensates the lack of a general view of the problem
in the existing literature.

1 Motivation

Electronic devices are very common in everyday life. It’s enough to think about
mobile phones, digital cameras, etc. This great variety of devices can be im-
plemented using different approaches and technologies. Usually these function-
alities are implemented using either General Purpose Processors (GPPs), or
Application-Specific Integrated Circuits (ASICs), or Application-Specific Instruc-
tion-Set Processors (ASIPs). GPPs can be used in many different applications in
contrast to ASICs which are processors designed for a specific application such
as the processor in a TV set top box.

The main difference between GPPs and ASICs is in terms of flexibility. The
programmability of GPPs supports a broad range of possible applications but
usually leads to more power consumption due to the inefficient units consump-
tion. On the other hand, ASICs are able to satisfy specific constraints such as
size, performance and power consumption using an optimal architecture for the
application, but today designing and manufacturing an ASIC is a long and ex-
pensive process [1]. This design complexity grows exponentially due to shrinking
geometries and the high mask and testing costs constitute a significant part of
the manufacturing cost.
� This work was supported by the European Union in the context of the MORPHEUS

project Num. 027342.
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Over the last years, we have witnessed the increased use of GPPs that are
combined with ASIPs. These ASIPs are processors situated in between GPPs
and ASICs that have a customizable instruction-set, which can be tuned towards
specific requirements. Time-to-market and reduced development costs have be-
came increasingly important and have paved the way for reconfigurable archi-
tectures. These combine the flexibility of SW with the performance of HW. The
higher cost/performance ratio for ASIPs have led researchers to look for methods
and properties to maximize the performance of these processors. Each partic-
ular configuration can then be seen as an extension of the instruction-set. The
identification, definition and implementation of those operations that provide
the largest performance improvement and that should be hardwired, constitutes
a major challenge.

The issues involved at each step are various and range from the isomorphism
problem and the covering problem, well known computationally complex prob-
lems, to the function’s study necessary for the guide function and the cost func-
tion, involved in the generation step and in the selection step respectively. Beside
these, all the issues involved in this problem will be analyzed and studied in detail.

The customization of an instruction-set can be categorized in two main ap-
proaches. As the name suggests, complete customization involves the whole in-
struction-set which is tuned towards the requirements of an application [2,3,4,5],
while partial customization involves the extension of an existing instruction-set
by means of a limited number of instructions [6,7,8,9,10,11,12,13,14]. In both
cases the goal is to design an Instruction-Set containing the most important
operations needed by the application to maximize the performance. Besides pro-
viding an overall account, we also address considerations such as scalability, how
to deal with overlapping instructions and how to address the complexity of the
problem at hand.

The instruction-set customization problem represents a well specified topic
where results and concepts from many different fields, such as engineering and
graph theory are required. Especially the latter is the dominant approach and
seems to provide the right analytical framework. Every application is thus rep-
resented by a directed graph and the required new complex instructions are seen
as subgraphs having particular properties. The problem then translates into
recognizing isomorphic subgraphs. Equally important are the covering and the
selection problem. These are addressed by different techniques such as branch-
and-bound, dynamic programming, etc. The proposed solutions are either exact,
mathematical models whenever appropriate and possible or, given that the prob-
lem involved is known to be computationally complex, heuristics that are used
in those cases where the mathematical solution is not computable.

The purpose of this paper is to investigate and study the issues regarding
the customization of an instruction-set in function of the specific requirements
of an application. The main goal of the paper is to provide a critical and de-
tailed overview of all the aspects involved in instruction-set customization. The
contribution of the paper is twofold: firstly, it provides an overview of all rele-
vant aspects of the problem. Secondly, it compensates for the lack of a general
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view of the problem in the existing literature which only consists of sporadic
comparison limited to isolated issues involved.

The paper is structured as follows. In Section 2, an introduction to the prob-
lem is presented. Section 3, 4 and 5 present the subproblems involved in the
instruction-set customization, namely instruction generation and selection and
the guide/cost function respectively. Section 6 presents an analysis of the type
of instructions which is possible to generate. Concluding remarks and an outline
of research conducted are given in Section 7.

2 Introduction to the Problem

Typically we start with a high level code, like C, that specifies the application
and we manually specialize the embedded processor in a way that performance
and cost constraints are satisfied. Irrespective of the type of customization, com-
plete or partial, we can distinguish two approaches related to the level of ab-
straction on which we operate, i.e. the granularity at which code is considered:
fine-grained and coarse-grained. The first one works at the operation level and
implements small clusters of operations in HW [7,10,12,13,14,43,59,44]; the sec-
ond one operates at the loop or procedure level and identifies critical loops or
procedures in the application, and displaces them from SW to HW as a whole
[16,17,18,19,20,21]. The main differences are in terms of speedups and flexibility:
although a coarse-grained approach could produce a large speedup, its flexibility
is limited, given that this approach is often performed on a per application basis
and it is difficult that other applications have the same loop or procedure as
critical part. Consequently many authors prefer either a fine-grained approach,
even if it limits the achievable speedup compared to the coarse-grained one, or a
mix of coarse and fine-grained techniques, since they operate at different levels
and do not interfere with each other.

Basically the target is the identification of the operations that should be
implemented in HW and the ones that have to be left for SW execution to
achieve the requirements of the application. For this reason many authors natu-
rally define this problem as a HW-SW codesign problem or HW-SW partitioning
[22,23,24,25,26] which consists of concurrently balance at design time, the pres-
ence of HW and SW. The operations implemented in HW are incorporated in
the processor either as new instructions and processor capabilities, in the form
of special functional units integrated on the processor or implemented as periph-
eral devices. The interface between these systems parts is usually in the form
of special purpose instructions embedded in the instruction stream. These HW
components are more or less tightly coupled to the processor and involve different
synchronization costs. Thus it becomes necessary also to select an appropriate
communication and synchronization method within the architecture. The imple-
mentation of clusters of operations in HW as new complex operations, whatever
nature they have, will benefit the overall performance only if the time the HW
platform takes to evaluate them is less than the time required to compute the
same operations in SW. As a result, compilation time and initialization time of
the reconfigurable resources have to be considered as well.
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At first, we profile the application SW looking for computation intensive seg-
ments of the code which, if mapped on HW, increases performance. The proces-
sor is then manually tailored to include the new capabilities. Although human
ingenuity in manual creation of custom capabilities creates high quality results,
performance and time-to-market requirements as well as the growing complexity
of the design space, can benefit from an automatic design flow for the use of these
new capabilities [28,29,12,30,31,32,13,14,60]. Moreover the selection of multiple
custom instructions from a large set of candidates involves complex tradeoff and
can be difficult to be performed manually.

There is a huge number of different interpretations and possible solutions to
the instruction-set extension problem. Many authors adopt a graph theoretical
approach in their work. Graph theory has became the dominant approach and
seems to provide the right analytical framework. In this context the code of the
application is represented with a directed graph, called the subject graph, and
the intensive segments of the code to map on HW are subgraphs of the subject
graph [12,14]. Depending on the level of abstraction on which we operate, nodes
represent basic operations as well as entire procedures, functions or loops; edges
represent data dependencies.

The extension of an instruction-set with new complex instructions can for-
mally be divided into instruction generation and instruction selection. Given the
application code, instruction generation consists of clustering of basic operations
(such as add, or, load, etc.) or of mixed operations into larger and more com-
plex operations. These complex operations are identified by subgraphs which can
cover entirely or partially the subject graph. Once the subgraphs are identified,
these are considered as single complex operations and they pass through a se-
lection process. Generation and selection are performed with the use of a guide
function and a cost function respectively, which take into account constraints
that the new instructions have to satisfy to be implemented in HW. We now
analyze instruction generation and instruction selection in more detail.

3 Instruction Generation

Instruction generation is mainly based on the concept of template. We call tem-
plate a set of program statements that is a candidate for implementation as a
custom instruction. Therefore a template is equivalent to a subgraph represent-
ing the list of statements selected in the subject graph, where nodes represent
the operations and edges represent the data dependencies.

Instruction generation can be performed in two non exclusive ways: using
existing templates or creating new templates. A collection of templates consti-
tutes a library of templates. Many authors assume the existence of templates
which are given as an input and which are identified inside the subject graph
[33,6,31], however this is not always the case and many authors develop their
own templates [16,17,34,7,10,35,14,43,59].

In the first case, instruction generation is nothing more than the identification
of recurrences of specific templates from the library within the application. It
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is similar to the graph isomorphism problem [36,37,62]. In this case instruction
generation can be considered as template identification. In the second case
templates are identified inside the graph using a guide function. This function
considers a certain number of parameters (often called constraints) and starting
from a node taken as a seed, grows a template which respects all the parameters.
Once a certain number of templates is identified the graph is usually reanalyzed
to detect recurrences of the built templates.

The analysis of the application to identify instructions is often called design
space exploration. We can detect a certain number of problems involved in in-
struction generation: (1) the complexity of the exploration, (2) the shape of the
graph and (3) the overlapped templates.

A graph with n nodes contains 2n subgraphs. Theoretically this means that
there is an exponential number of possible new complex operations which can
be selected inside a graph. This turns into an exponential complexity in the de-
sign space exploration. This problem can be avoided in two ways: reducing the
design space explored, for example using heuristic instead of exact algorithms,
or introducing more parameters into the guide function and introducing efficient
bounding techniques. The use of heuristics, even though it reduces the design
space explored, turns into the generation of non optimal solution or feasible ones,
and they are often used with no theoretical guarantee. The introduction of addi-
tional parameters in the guide function can reduce the number of candidates for
HW implementation, but has the drawback that every time a node is evaluated
for a possible inclusion or not in the cluster, every parameter has to be satisfied
and therefore the reduction of candidates turns into an increase of complexity
of the approach due to the multiple analysis of the nodes.

A way to solve exactly covering problem is by using a branch-and-bound
approach. This approach starts with a search space potentially exponential in
size, and reduce step by step the search space using effective bounds and pruning
techniques [38,39]. Other covering approaches use dynamic programming which
is a way of decomposing certain hard to solve problems into equivalent formats
that are more amenable to solution. A drawback of dynamic programming is
that it can only operate on tree-shaped subject graph and patterns, excluding
directed graph with cycles. Thus the non-tree-shaped graph has to be decom-
posed into sets of disjoint trees. Other approaches, like [10], are based on dynamic
programming, without the requirement that the subject graph and the patterns
are trees.

The second difficulty concerns the shape of the graph. First of all graphs
can be divided in cyclic and acyclic graphs. Usually only acyclic graphs are
considered during the analysis. This follows from the fact that acyclic graph can
be easily sorted, for example by a topological ordering, whereas cyclic graph
cannot. Therefore the trouble of defining a one-to-one order of the nodes to the
complexity of the problem is added. Moreover a cyclic graph can be transformed
into an acyclic one if, for example, the cycles are unrolled. An other problem is
given by the management of disconnected graphs. Even though the study of the
problem including disconnected graphs in the analysis allows for exploiting the
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parallelism provided by considering each connected components at the same time
[40,12,14], in many cases the authors have taken up only the study of connected
graphs [10,28,25,31,32,41], shifting the study of disconnected graph in the study
of k graphs, where k is the number of connected components.

The last problem is the management of overlapped templates1 [32,42]. This
problem is mainly related to the case when templates are provided. Usually, when
a template is grown, the nodes included in the template are removed from the
nodes subject to further analysis and therefore two disjointed templates can not
overlap. This problem which, for instance, can be solved with the replications of
the common nodes between the overlapped template, is very important. By the
replication of few nodes, the cost of the replicated nodes can be paltry compared
to the gain in performance which it is possible to get implementing in HW all the
overlapped templates, especially under tight area constraint. Although mainly
related to instruction generation, overlapped templates are a problem which
affects also instruction selection.

4 The Guide Function and the Cost Function

Instruction generation as well as instruction selection make use of a function to
identify or select the most profitable instructions to hardwire. These functions
are called guide function and cost function respectively. They are strictly
related one another and both are used to help the search of new instructions.

The aim of the guide function in template generation is to help the identifica-
tion of a certain number of templates inside the graph. The output of the guide
function is a set P defined as follows: P = {Ti ⊆ G, with i ∈ N}, where G is the
subject graph and Ti are the templates identified in G.

Instruction selection makes use of a cost function. This function, similar to
the guide function, is used to prune the set of candidates P generated during
instruction generation. The main goal of the cost function is the identification
of an optimal subset POpt ⊆ P of templates. These templates satisfy a certain
number of constraints. This is usually reflected into a reduction of the execution
time of the application, and/or into a properly filling of the available area on
the reconfigurable component, and/or into a minimization of the delay, and/or
of reduction the power consumption, etc. Clearly the bigger is the size of P , i.e.
the greater is the number of templates identified inside the subject graph, the
harder is the selection of POpt ⊆ P . Although this can be seen as an additional
problem, it is not always the case. A big size of P in terms of candidates for HW
implementation becomes useful when the constraints are changed, shrunk or re-
laxed allowing different choices of the subset POpt satisfying the new constraints.
As a consequence, the reconfigurability of the approach benefits.

The guide function usually includes physical constraints as parameters like
the number of inputs and outputs. Apart from that, the guide function can
include more generally constraints which, if respected, allows the implementation
1 For example two subgraphs with set of nodes {1, 2, 4} and {1, 3, 5} respectively

overlap at node 2 and then only one of them is enumerated.
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in HW. A cost function, however, reduces a big set and leaves those elements
which increase performance. The two functions are often considered together
since they have a similar use. When the functions are considered independently,
a right division of the parameters taken into account by the functions can reduce
the complexity of the approach limiting the number of checks. For example [12]
describes an approach for the generation of convex MIMO operations. The new
operations are grown from a single operation/node taken as a seed and the
adjacent nodes are evaluated for inclusion in the cluster. Every time a node is
analyzed for inclusion in the cluster, the node passes through a triple check:
inputs, outputs and convexity. Using this approach to identify convex MISO
operations the complexity can be reduced. This because a MISO operation is
naturally a convex operation [14,43,44] and therefore a check on single outputs
of the final cluster naturally implies that the cluster is convex.

The main metrics which usually are all or part of the parameters used by the
guide and cost functions are the following :

– number of inputs and outputs, usually related to the type of architecture
used. Although limitations on input and output result in reduced perfor-
mance, many architectures impose severe limitations on the characteristic of
the final cluster to implement in HW.

– area, although it is hardly related to the single instructions, each instruction
occupies a certain area, hence the total area of the cluster is an important
factor;

– execution time, even though not possible to obtain accurate estimates of the
system’s cycle time in all cases. Therefore cycle count is often used as a
substitute for the execution time;

– power consumption.

Usually a subset of the above metrics is used to identify and select an optimal set
of new instructions. An exhaustive outline of metrics can be seen in [2, Chap.4].
One of the main goals when designing an instruction-set is to make the design
appropriate for an implementation on many different technologies.

The coming of new technologies, and especially the increased use of recon-
figurable technologies in the last decade can therefore lead researchers to think
about the design of an instruction-set technology independent and suitable for
multiple reuses. Theoretically exact, this concept has to deal with the effective
implementation of an instruction-set which includes compilation time, initializa-
tion time as well as time for loading and reading parameters from memory or
registers. Since these metrics are strictly dependent on the effective implementa-
tion, the design of an optimal instruction-set cannot be completely independent
of the effective architecture on which it is implemented. Additional metrics can
be identified in specific properties that the final cluster has to satisfy, as graph
properties (like convexity, a property which guarantees a proper scheduling, etc.).
Additional properties can be seen as a metric but in this survey we make a dis-
tinction between metrics and graph properties like connection, convexity, etc.
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5 Instruction Selection

The main goal of instruction selection is the identification of a set of optimal
new instructions to hardwire from a superset of candidates generated by the
instruction generation step. One of the main problem during the selection of
the best candidates is the covering of the design space: exact algorithms can be
too expensive in terms of computational cost. Heuristics alone do not guarantee
optimality, or even feasibility of the solution. The selection can follow different
policies. The elements of POpt

2 can be selected attempting to minimize the
number of distinct templates that are used [7], or the number of instances of each
template, or the number of nodes left uncovered in the graph [45,46], or in such
a way that the longest path through the graph should have minimal delay. Other
approaches select instructions based on regularity, i.e. the repeated occurrence
of certain templates [47,48,49,40], or resource sharing [50,51], or considering the
frequency of execution, or the occurrence of specific nodes [11,52]. Instruction
selection, guided by the cost function, can take one or more of these targets as
parameters for an optimal choice of the instructions.

A way to address instruction selection is by using Integer Linear Program-
ming (ILP) and more generally Linear Programming (LP) in combination with
efficient LP solver. Basically each instruction is associated to a variable which
can have integer value (Integer Linear Programming, ILP), non integer value
(Linear Programming, LP), or boolean value (0-1 Linear Programming). The
instructions, and then the variables, have to satisfy a certain number of con-
straints which are expressed with a system of linear inequalities and the optimal
solution is the one that maximize or minimize the, so called, objective function.
Example of instruction selection by using LP can be seen in [53,22,13,14].

A way to solve exactly covering problem is by using dynamic programming
or branch-and-bound methods. Exact solutions are proposed in [54,55]. Clearly
a method is efficient if it is possible to prevent the exploration of unsuccessful
branches at earlier stages of the search, and this relies on efficient bounding
techniques [38,39,56,57].

6 The Type of Instructions

Basically, there are two types of clusters that can be identified, based on the
number of output values: Multiple Input Single Output (MISO) and Multiple
Input Multiple Output (MIMO). Clearly the set of MIMO graphs includes the
subset of MISO graphs. We identify these two types of graphs for a specific
reason: the sequence of instructions to shift from SW to HW can be seen as a
multivalued function: given n ≥ 1 input the function produces m ≥ 1 outputs:
(Out1, ..., Outm) = f(In1, ..., Inn), which can be written in a short way using a
vector notation as Out = f(In).

Accordingly, there are two types of algorithms for instruction set extensions
which are briefly presented in this section.
2 In case an optimal solution is not feasible, POpt contains elements which are close-

to-optimal.
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For the first one, a representative example is introduced in [58,28] which ad-
dresses the generation of MISO instructions of maximal size, called MAXMISO.
The proposed algorithm exhaustively enumerates all MAXMISOs. Its complex-
ity is linear with the number of nodes. The reported performance improvement
is of some processor cycles per newly added instruction. Access to memory, i.e.
load/store instructions, are not considered.

The approach presented in [32] targets the generation of general MISO instruc-
tions. The exponential number of candidate instructions turns into an exponen-
tial complexity of the solution in the general case. In consequence, heuristic and
additional area constraints are introduced to allow an efficient generation. The
difference between the complexity of the two approaches in [32,58] is due to the
properties of MISOs and MAXMISOs: while the enumeration of the first is simi-
lar to the subgraph enumeration problem (which is exponential) the intersection
of MAXMISOs is empty and then once a MAXMISO is identified, it is removed
generating a linear enumeration of them. A different approach is presented in [44]
where, with an iterative application of the MAXMISO clustering presented in [58],
MISO instructions called SUBMAXMISOs are generated with linear complexity
in the number of processed elements. The iterative application of this algorithm
allows the generation of MISO instructions of smaller size at each iteration when,
for instance, tight limitations on the total number of inputs are applied.

The algorithms of second type are more general and provide more significant
performance improvements. However they also have exponential complexity. For
example, in [12] the identification algorithm detects optimal convex MIMO sub-
graphs based on Input/Output constraints but the computational complexity is
exponential. A similar approach described in [41] proposes the enumeration of
all the instructions based on the number of inputs, outputs, area and convexity.
The selection problem is not addressed. Contrary to [12] which has scalability
issues if the data-flow graph is very large or the micro-architectural constraints
are too fine, this approach is quite scalable and can be applied on large data-
flow graphs with relaxed micro-architectural constraints. The limitation to only
connected instructions has been removed in [61], where the authors address the
enumeration of the disconnected instructions.

In [13] the authors target the identification of convex clusters of operations
given input and output constraints. The clusters are identified with a ILP based
methodology. The main characteristic is that they iteratively solve ILP problems
for each basic block. Additionally, the convexity is verified at each iteration
increasing in this way the overall complexity of the approach.

In [14] the authors address the generation of convex MIMO operations in a man-
ner similar to [13] although the identification of the new instructions is rather dif-
ferent. The authors construct convex MIMO based on MAXMISOs clustering in
order to maximally exploit the MAXMISO level parallelism. The main difference
between this approach and [13] is that the latter iteratively solves ILP problems
for each basic block, while the former has one global ILP problem for the entire
procedure. Additionally the convexity is addressed differently: in [13] the convex-
ity is verified at each iteration, while in [14] it is guaranteed by construction.
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An extension of the work in [14] is presented in [43]. In [43], the authors
present a heuristic of linear complexity which address the generation of convex
MIMO instruction. The key difference between the two solutions presented in
[14] and [43] is the combination per levels. Since single MAXMISO execution
in HW does not provide huge improvements in performance, the main idea is
to combine, per levels, MAXMISOs available at the same level in the reduced
graph, into a convex MIMO that is executed as a single instruction in HW where
convexity is theoretically guaranteed. The idea of combining MAXMISO per
level(s) has been further extended in [44,59] where linear complexity algorithms
based on the notion of MAXMISO are presented.

7 Conclusions

In this paper, we presented an overview of the Instruction-Set extension prob-
lem providing an analysis of all relevant aspects involved in the problem. It
compensates the lack of a general view of the problem in the existing literature
which only consists of sporadic comparisons that address only a limited number
of the issues involved. Additionally, we provided an in-depth analysis of all the
subproblems involved. Therefore, our study benefits different kinds of readers
ranging from the one simply interested in the issues involved in the problem, to
the one interested in advancing the state-of-the-art and needs to know in detail
the existing approaches and the open issues.
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Abstract. Monte Carlo financial simulation relies on the generation of
random variables with different probability distribution functions. These
simulations, particularly the random number generator (RNG) cores,
are computationally intensive and are ideal candidates for hardware ac-
celeration. In this work we present an FPGA based Log-normal RNG
ideally suited for financial Monte Carlo simulations, as it is run-time pa-
rameterisable and compatible with variance reduction techniques. Our
architecture achieves a throughput of one sample per cycle with a 227.6
MHz clock on a Xilinx Virtex-4 FPGA.

1 Introduction

The Log-normal random-walk is a key feature of many financial models, as it
captures random changes in relative magnitude, rather than the absolute mag-
nitude changes provided by the Gaussian random-walk. Using relative changes
has two key benefits that match the behaviour of asset prices in the real-world:
prices can never go negative, and the magnitude of price changes is proportional
to the magnitude of the price.

While it is known that real-world asset prices do not actually follow Log-
normal walks (usually very small and very large changes in price are more
frequent than predicted), the approximation is sufficiently good for many ap-
plications, and it forms part of the Black-Scholes-Merton model which underlies
much of modern financial theory [1, 2].

As its name implies, a Log-normal distribution is a probability distribution
function whose logarithm is a normal distribution. We define the PDF (Proba-
bility Density Function) f and the CDF (Cumulative Distribution Function) F
in terms of φ and Φ (the PDF and CDF of the standard Gaussian distribution)
for x > 0, where μ and σ are respectively the mean and the standard deviation
of the Log-normal distribution:

f(x; μ, σ) =
1

xσ
φ

[
ln(x) − μ

σ

]
, φ(x) =

exp(−x2

2 )√
2π

(1)

F (x; μ, σ) = Φ

[
ln(x) − μ

σ

]
, Φ(x) =

∫ x

−∞

1
xσ

φ(y)dy (2)
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Fig. 1. Log-normal Distributions (PDFs)

Note that the Log-normal distribution has two parameters, μ and σ, that
can cause great variation among Log-Normal distributions (see Figure 1, where
the PDF of different distributions are plotted). In financial terms, these two
parameters represent the estimated growth and volatility of an asset’s price in
the future. An established company’s stock might have low μ and low σ (a low-
return low-risk investment), while a new-technology startup might have high μ
(good potential for growth) and high σ (uncertainty about that growth).

One of the benefits of the Log-normal distribution is that it allows one to easily
explore the behaviour of future prices using Monte-Carlo simulation. Assume
that we have a portfolio containing derivatives (e.g. futures or options) that
depend on asset price S, and the value of the portfolio at any point is given by a
pricing function p(S). Given S0, the initial price of an asset, and an estimate of
μ and σ over a time period t, we can generate a random sample from the future
price distribution as St = S0x, where x is a Log-normal sample1 randomly
generated. We can then estimate the value p̂ of the portfolio at a given time t:

p̂ =
1
N

N∑
i=1

p(S0xi) (3)

where N is the number of individual simulations needed in the Monte Carlo
stochastic approach.

This Monte-Carlo pricing approach is simple, but it has a number of problems,
all relating to the random generation of the Log-normal samples x1..xN :

1. In general N might need to be very large to achieve sufficient accuracy,
so a large number of independent Log-normal samples must be generated

1 This is a slight simplification: the distribution parameters are actually chosen as a
simple function of the time period, price growth and volatility.
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and evaluated. However, each random trial can be evaluated independently,
presenting huge amounts of parallelism with almost no I/O constraints.

2. Generating samples from the Log-normal distribution is very expensive, un-
less μ and σ are fixed. However, a financial application often requires multiple
parameterisations of the distribution, as μ and σ will vary from asset to asset.

3. Methods exist for drastically reducing N while maintaining accuracy based
on Variance Reduction techniques [3], but these require that z1..zN , where
zi = Pr[xi ≤ L], cover the range (0..1) very uniformly. Generating such
uniformly spaced samples is only possible using the inversion method [4],
the most expensive generation method (see Section 2).

Since such Monte-Carlo applications present both huge amounts of parallelism,
and compute-bound number-crunching, they are natural candidates for FPGA-
based acceleration [5]. However, the missing component is the Log-normal ran-
dom number generator (RNG), which is a key component for several financial
Monte Carlo simulations. The software complexity of a Log-normal RNG makes
it ideal for hardware acceleration, taking advantage of the excellent performance
of the latest FPGAs.

In this work we present an FPGA design for such accelerator, with single
precision floating point arithmetic and throughput of one random sample per
cycle. This accelerator is also run-time parameterisable and compatible with
Variance Reduction techniques.

The paper is organised as follows. Section 2 introduces the main characteristics
of our Log-normal generator, while Section 3 describes its architecture. Section 4
details the experimental results, and finally Section 5 draws some conclusions.

2 Log-Normal RNG

As discussed in Section 1, the high speed generation of random samples from
a Log-normal distribution is critical for hardware acceleration of Monte-Carlo
pricing approach. What is needed is an FPGA Log-normal generator that meets
the following requirements:

Fast and Efficient: It should generate one sample per cycle at high clock rates
with low resource usage.

Parameterisable: The parameters μ and σ should be changed on a per-cycle
basis.

Inversion Based: The generation method must be inversion-based so that
Variance Reduction techniques can be used.

High Quality: The statistical quality of the overall distribution must be very
high.

Previous methods for sampling from the Log-normal distribution meet some of
these requirements, but none meet all. An efficient, high-quality inversion-based
method has previously been presented [6], which uses a customized function-
approximation technique to construct an approximation to F−1. However, μ
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and σ must be given as parameters to the function-approximation process, and
cannot be changed without re-synthesizing the circuit from scratch.

A number of methods exist for approximating arbitrary distributions [7, 8],
which offer fast and resource efficient circuits, and allow the distribution to be
changed at run-time. However, per-cycle modification of μ and σ is not pos-
sible, as hundreds or thousands of cycles are needed to modify block-RAMs.
Additionally, such generators cannot always provide high quality distributions,
particularly when approximating the Log-normal distribution (due to the PDF
shape near zero).

The only approach we know that provides a truly per-cycle parameterisable
generator is to combine an exponential function unit with a Gaussian RNG. If
X is a Log-normal distribution, then Y = lnX is a Gaussian distribution, and
inversely X can be obtained from the Gaussian distribution: X = eY .

This way, using an exponential function unit, any N(μ,σ) can be transformed
into a LogN(μ,σ). The introduction of the two parameters can be handled in
the generation of N(μ,σ). Due to the mathematical properties of Gaussian dis-
tributions, variables from one distribution N1(μ1, σ1) (v1) can be transformed
to variables from N2(μ2, σ2) (v2) directly:

v2 = (v1 − μ1) × σ2

σ1
+ μ2 (4)

Most Gaussian generation methods cannot provide the quasi-random point
distribution required to apply Variance Reduction techniques, except the in-
version method [4]. The inversion method is a general technique to generate
non-uniform distributions using the inverse function of the corresponding cumu-
lative distribution function (CDF) and a uniform distribution. Uniform variables
correspond to values of the cumulative probability that are converted to the de-
sired distribution through CDF−1. Since CDF−1 conserves the properties of
the uniform distribution, Variance Reduction techniques can be easily applied
to the uniform distribution and in this way to the non-uniform distribution.

3 Hardware Architecture

As seen previously in Section 2, the Log-normal distribution with any mean, μ,
or standard deviation, σ, can be generated from a Gaussian one with the same
μ and σ just by applying an exponential operation to the Gaussian distribution.

Thus, the architecture of the parameterisable Log-normal RNG can be re-
duced to two main components: a parameterisable N(μ,σ) RNG, and an ex-
ponential unit. From formula (4) it is clear that the simplest way to generate
the parameterisable N(μ,σ) is to use as base Gaussian RNG one with normal
distribution, N(0,1), so the previous transformation is reduced to:

v2 = vn × σ2 + μ2 (5)

as μ1 = 0 and σ1 = 1.
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Fig. 2. Log-normal RNG Hardware Architecture

Figure 2 shows the complete architecture for the parameterisable LogN(μ,σ).
It is composed of a Normal RNG based on the inversion method and three math-
ematical units: a multiplier, an adder/subtracter unit and an exponential unit.
The Normal RNG with the multiplier and the adder form the parameterisable
N(μ,σ) RNG, while the exponential unit transforms the previous distribution
into the desired Log-normal distribution.

3.1 Arithmetic Considerations

Once the Log-normal RNG architecture has been designed, the next step is to
determine what type of arithmetic suits the proposed generator. A key choice is
to decide between fixed point arithmetic and a floating point arithmetic.

After analyzing the exponential function, it is clear that floating point arith-
metic is needed to represent accurately a Log-normal distribution. The output
range of the function, (0,∞) is achieved with a reduced input range, as it tends
quickly to zero for negative inputs and to infinity for positive ones. A fixed point
arithmetic would need a large number of bits to represent Log-normal variables
with adequate resolution, or a large reduction of the input range to reduce the
bit-width of the output.

When choosing between standard floating point arithmetic, single precision
(32 bits) is appropriate since double precision (64 bits) requires a large amount of
resources and more complex units. Additionally, we are not aware of any double
precision exponential operator or Normal RNG in previous literature.

Using single precision for the exponential operator reduces its input range to
(-103.98, 88.723) when denormalized numbers are considered at the output, or
to (-87.337, 88.723) when only normalized numbers are considered. For larger
negative numbers, the result is always zero, while for larger positive numbers the
result is always ∞. Meanwhile, handling denormalized numbers in the output
implies that the logic needed in the exponential unit increases considerably. We
have chosen to round them to zero to reduce resources, thus considering only
the (-87.337, 88.723) input range because the accuracy lost is very small as
denormalized numbers are very close to zero (< 2−126).

3.2 N(μ,σ) RNG

The components of the N(μ,σ) RNG follow the previous scheme, involving single
precision floating point arithmetic without handling denormalized numbers, just
rounding them to zero. This is because the exponential unit has no resolution for
denormalized inputs: their results are always one, as for zero input. The single
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Fig. 3. Inversion Gaussian RNG

precision RNG is based on the inversion method, as we have previously developed
an inversion-based N(0,1) RNG using quintic Hermite interpolation [9]. Our
generator implements the Normal CDF−1 with a non-uniform, non-hierarchical
segmentation (and a five degree polynomial as interpolation for each segment,
using Hermite coefficients) that ensures the accuracy of the inversion with at
least 21 bits accuracy (see in detail in [9]).

Figure 3 shows a simplified architecture for computing N(0,1). Our inversion
N(0,1) RNG is composed of a base uniform RNG and three main units involved
in the calculation of the CDF−1: a spline search unit to determine the correct
calculation spline for each uniform sample, the coefficient tables storing the
polynomial coefficients for every spline, and the five degree polynomial unit
(composed of five multipliers and five adders with a tailored arithmetic).

In addition to using accurate segment interpolation, this architecture employs
a spline search algorithm. Non-uniform, non-hierarchical segmentation ensures
high accuracy with a reduced number of segments, but it needs hardware to over-
come the multicycle search of software algorithms. Taking advantage of the char-
acteristics of current FPGAs with dual port RAM memory blocks, an adapted
indexed searching method (using index and search tables) has been used.

GCDF−1 is monotonically increasing and so will be the resulting segmen-
tation. Thus, the index search method has been extended to ensure that the
pointer obtained from an index table (constructed with a local search scheme
based on fixed arithmetic and multiple local index tables) always points to the
correct segment or the segment immediately below in the search table. This way,
each search can finish with just one access to the indexed table to obtain the
pointer, and another access to the search table reading simultaneously the seg-
ment starting points at pointer and pointer+1. A subsequent comparison of the
searched value with the segment starting point at pointer+1 will determine to
which of the two segments the searched value belongs.

In Figure 3 also shows the compatibility of the N(0,1) RNG with Variance
Reduction techniques. Units implementing these techniques can be introduced
immediately after the Uniform RNG (and both modules can be considered as a
Uniform RNG itself). Meanwhile, the modules involved in the calculation of the
CDF−1 (segment search, coefficients tables, and five degree polynomial) remain
unchanged.

Another important feature of the architecture is that the multiplier and the
adder/subtracter single precision units, used for transforming the N(0,1) RNG
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into an N(μ,σ) RNG (as well as the ones calculating the five degree polyno-
mial), require fewer resources than the ones handling denormalized numbers,
because the pre-normalization and post-normalization operations of both units
are greatly simplified. In the standard units, most logic for those operations is
needed for the case of a denormalized input or output [10].

3.3 Exponential Unit

The most complex of the three operators involved in the Log-normal RNG is the
exponential unit. As shown in Section 3.1, this is also the operator that mainly
determines the characteristics of the arithmetic needed.

Previous work either employs an algorithm that does not exploit FPGA char-
acteristics [11], or tend to have a complex architecture [12]. Our design (depicted
in Figure 4) is inspired by [12] but is simpler and faster. It combines an approxi-
mate calculation of the exponent of the result ±1 (k in the figure) with an input
range reduction technique to obtain a smaller number range for the exponential
computation:

x ≈ k ln 2 + y → ex
≈ 2key

The calculation of ey, that will generate the significand of the result, also involves
a second range reduction as y can be splitted, ey = ey1ey2 . The calculation of
both exponentials is based on a table-driven method and while ey1 is calculated
directly, ey2 is calculated using the Taylor formula T (y2) ≈ ey2 − 1− y2 (bottom
part of the figure). Finally the exponent of the result is adjusted depending on
the value of the significand. The innovative features of our design include:

Specialisation for single precision: our design is optimised specifically for
single precision arithmetic. In particular, constant coefficient multipliers are
used where appropriate; for instance, they are used in the calculation of the
exponent for the result. The use of constant coefficient multipliers improves
performance and reduces size.

Unsigned arithmetic: operations involving range reduction and calculation
of the exponent for the result are signed. Some operations are, however,
consecutive and related, and the sign of the result can be inferred from
the input sign. For such operations signed arithmetic has been replaced by
unsigned arithmetic with the corresponding logic reduction.

Improved pipelining: the speed of the exponential unit is enhanced by sys-
tematically introducing pipeline stages to the datapath of the exponential
unit and its subunits.

4 Experimental Results

The architecture for the Log-normal RNG has been implemented on a Xilinx
Virtex-4 XC4VF140-11 FPGA. The results are divided into two main parts.
Firstly, the results for the exponential unit are described, focusing on the ad-
vantages and trade-offs of different possible configurations. Secondly, the results
for the whole Log-normal RNG are discussed.
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Fig. 4. Exponential Hardware Architecture

4.1 Exponential Unit

The results for the redesigned exponential unit are summarized in Table 1, where
the base parameterisable exponential unit is compared with some configurations
of our unit: V1 employs a LUT based multiplier for the largest multiplication
in algorithm [12], while in V2 the embedded FPGA multipliers are used. The
configurations in brackets correspond to the same implementations but replacing
the largest LUT exponent table [12] by a block RAM.

As one can observe, the speed of the unit has been substantially increased by
67% although we have reduced the number of stages of the pipelined architecture
(between two and four stages). This is due to the redesign of the datapath,
and the use of unsigned arithmetic for consecutive operations instead of signed
arithmetic in each operation, which eliminates unnecessary stages. This way the
need for additional pipeline stages to enhance speed has been eliminated.

The resources required vary considerably depending on the configuration em-
ployed. When only LUTs are considered, our implementation increases the slices
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Table 1. Exponential Units Comparison (Xilinx Virtex-4 XC4VF140 -11)

Base [12] V1 (RAM) V2 (RAM)
Slices 1054 1226 (974) 726 (492)

18x18 Mult. 0 0 4
Block RAMs 0 0 (1) 0 (1)
Speed [MHz] 148.9 250.2 250.2

Samples/Cycles 1 1 1
Pipeline Stages 19 18 16

used by 16.5% with respect to the previous implementation [12], as the en-
hanced speed has been achieved by duplicating some resources and redesigning
units with faster but more expensive architectures.

The LUT based multiplier mentioned above is responsible for almost half
of the unit (592 slices). Replacing part of the multiplier logic with four 18x18
embedded multipliers reduces its slices to just 42 while also eliminating two
pipeline stages. Finally, the largest exponent table is responsible for a large
proportion of resources. Introducing a Block RAM eliminates completely the
slices used by this table (approximately 270 slices). This way the number of
slices used can be reduced up to 53% when both multipliers and a Block RAM
are used.

4.2 Complete Log-Normal RNG

The implementation parameters are the following:

– Gaussian and Log-normal RNG periodicity of 288.
– Architecture with 65 pipeline stages.
– μ and σ with single precision floating point inputs.
– One 32 bit single precision floating point sample per cycle.

Table 2 shows the experimental results of the whole Log-normal RNG, and its
corresponding elements. From the previous exponential unit configurations, we
have selected the one using both multipliers and a Block RAM.

As one can observe, the N(μ, σ) RNG is the component that uses most re-
sources: 79.5% of slices, 71% of Block Rams and 82% of the embedded multi-
pliers. It also determines the throughput of the system as it is slower than the
exponential unit. The complexity of the N(0,1) RNG [9], involving a five degree
polynomial and a search algorithm, is mainly responsible of these resources.

Moreover, most of the stages of this deeply pipelined architecture also corre-
spond to the N(0,1) RNG, which contains 39 stages. The design with 55 stages
reported in [9], has been optimised by improving the polynomial adders and
multipliers, eliminating two stages on the adders and one on the multipliers,
while the remaining stage is eliminated in the search unit.

Table 3 compares the performance of our hardware with a comparable software
implementation when random samples are taken at each stage of the generation
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Table 2. Log-normal RNG Implementation results (Xilinx Virtex-4 XC4VF140 -11)

Slices Block 18x18 Speed Stages
RAMs Mult [MHz]

LogN(μ, σ) RNG 2381 6 23 227.6 65
exp unit 492 1 4 250.2 16

N(μ, σ) RNG 1892 5 19 227.6 49
N(0,1) RNG 1473 5 15 236.8 39

x unit 118 0 4 242.2 4
+ unit 313 0 0 242.0 6

Table 3. Comparison of software and hardware generation rates (in MSamples/s)

Uniform Gaussian Log-Normal
Pentium-4 2.4GHz 136.7 59.0 12.5
Opteron 2.2GHz 127.0 40.6 15.3

Virtex-4 XC4VF140 989.1 227.6 227.6

process. The software implementation uses the Ziggurat method to generate
Gaussian samples, starting from a low quality but high speed uniform source.
Then the Gaussian samples are converted to Log-normal using the C library
function expf. Single precision is used throughout and the average generation
rate in MSamples/s is measured on an otherwise unloaded machine for at least
10 seconds2.

We see that although the software is able to generate uniform samples quickly,
the generation rate rapidly declines when those samples must then be shaped.
Both conversion stages reduce performance by two thirds, with the result that
Log-normal generation is only about one tenth that of uniform generation. In
contrast, the FPGA maintains a high clock rate for all stages as the conversion
of the gaussian sample to a Log-normal one does not affect the generation rate.
Even so, the Log-normal generator uses only a small amount of the resources on
Virtex-4 XC4VF140 (11% of DSP, 3% of slices and 1.2% of Block RAMs) , leaving
plenty of room for the logic that will consume the random numbers, whereas in
software the consuming process would be interleaved with the generation process,
reducing the generation rate even further.

Finally, Table 4 compares this LogN(μ, σ) RNG and previous implementa-
tions, in terms of the requirements in Section 2. We have compared against [6],
which is also an inversion based RNG, but it is just designed for fixed μ and
σ. Using different values for these parameters will require of a redesign of the
whole RNG. Meanwhile [7, 8] are capable of run-time parameterisation using
FPGA run-time reconfigurability to modify the values stored in block-RAMs.
However, this solution is not reliable as it implies a huge amount of cycles to

2 The code is compiled using gcc with the flags “-O3 -ffast-math -mfpmath=sse”.
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Table 4. Log-normal RNG requirements

[6] [7] [8] This work
Fast & Efficient yes yes yes yes

Run-time Parameterisable no yes yes yes
(per cycle) (no) (no) (no) (yes)

Inversion based yes no no yes
High Quality yes no no yes

complete the changing of memory values, while the statistical quality of the
distribution achieved with these implementations is not very good.

In contrast, our LogN(μ, σ) RNG fulfills the four requirements in Section 2.
The architecture achieves per cycle run-time parameterisation since only μ and
σ must be fed to the adder and multiplier of the N(μ, σ) RNG. The use of the
developed base N(0,1) RNG ensures the statistical high quality of the Log-normal
distribution. Finally the combination of the high performance arithmetic units
and the N(0,1) RNG designed produces a fast and efficient LogN(μ, σ) RNG
that generates one sample per cycle.

As future work, a smaller and simpler implementation can be developed by
improving the exponential unit works. Its input range is only (-87.337,88.723)
and internally it transforms the single precision floating input into a signed fixed
point number of 36 bits [12]. An alternative fixed point arithmetic can be adopted
for the N(μ, σ) RNG, while μ and σ values should be restricted to fixed values.

5 Conclusions

This work presents an FPGA design and architecture of a parameterisable single
precision floating point Log-normal RNG. The use of a base N(0,1) combined
with a multiplier and an adder/subtracter unit achieves run-time parameterisa-
tion to form a N(μ, σ) RNG, while the use of a high-performance exponential unit
transforms N(μ, σ) into LogN(μ, σ). The use of an inversion method for N(0,1)
ensures the compatibility of the solution with advanced Monte Carlo simulation
capabilities like the use of Variance Reduction techniques. Our hardware acceler-
ator achieves high performance due to a pipelined architecture with a 227.6 MHz
clock and a throughput of one sample per cycle on a Xilinx Virtex-4 FPGA.
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Abstract. Financial applications are one of many fields where a multi-
variate Gaussian random number generator plays a key role in perform-
ing computationally extensive simulations. Recent technological advances
and today’s requirements have led to the migration of the traditional soft-
ware basedmultivariate Gaussian random numbergenerator to a hardware
based model. Field Programmable Gate Arrays (FPGA) are normally used
as a target device due to their fine grain parallelism and reconfigurability.
Aswell as the ability to achieve designswith high throughput it is also desir-
able to produce designs with the flexibility to control the resource usage in
order tomeet given resource constraints. This paper proposes an algorithm
for a multivariate Gaussian random number generator implementation in
an FPGA given a set of resources to be utilized. Experiments demonstrate
the proposed algorithm’s capability of producing a design that meets any
given resource constraints.

Keywords: Multivariate Gaussian Distribution; Random Numbers;
FPGA; Resource Constraint.

1 Introduction

Financial applications are one of the fields that require computationally exten-
sive simulations. Examples of these applications include equity returns modeling
and portfolio optimization [1]. Many of these applications involve simulations
for predicting the behaviour of stock prices in the stock market. Monte Carlo
simulation is a well known technique that is widely used in order to realize these
simulations [2]. A key component in a Monte Carlo simulation is a random num-
ber generator which generates random samples from a variety of distributions
that model certain aspects in equity pricing. One of the most widely used dis-
tributions is the multivariate Gaussian distribution which is defined by its mean
and covariance matrix. The function of the covariance matrix is to encapsulate
correlation information of the random variables.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 233–244, 2008.
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In certain applications, such as calculating the value-at-risk, it can take up to
a day to complete the simulation using a cluster of PCs due to its computation-
ally demanding nature [3]. In order to accelerate this task, one possibility is to
improve the speed of the random number generator. One way to achieve that is
by dedicating a hardware device which implements the multivariate Gaussian ran-
dom number generator. Often, this target device is a Field Programmable Gate
Array (FPGA) due to its fine grain parallelism and reconfigurability properties.

In most applications, a random number generator module constitutes part of
a larger application such as modeling equity returns and portfolio optimization.
As the number of resources on a single FPGA is limited, it is essential to keep
the number of resources dedicated to such a module as low as possible. Recently,
Thomas and Luk [4] have proposed an architecture for generating multivari-
ate samples from a Gaussian distribution. Their algorithm, however, does not
have the flexibility to tune the number of resources required to implement the
proposed architecture in hardware to a specific resource requirement. Moreover,
since the covariance matrix is constructed empirically from historical data it is
expected that its elements deviate by certain amount from the underlying values.
Therefore, a certain degree of freedom is allowed in the search for a hardware de-
sign by allowing some deviation in the approximation of the original covariance
matrix. In order to exploit this idea we require a methodology which produces a
design that generates multivariate Gaussian random samples by permitting an
approximation to the original covariance matrix. The quality of the approxima-
tion depends on the number of utilized resources when the design is mapped into
hardware. This paper presents a novel architecture for the implementation of a
multivariate Gaussian random number generator in hardware, with the ability
to tune the resource usage to user’s requirement.

The organization of this paper is as follows. The background theory involved
in this paper is explained in Section 2, while a description of current related
work concerning Gaussian random number generators is given in Section 3. Sec-
tion 4 focuses on the detailed description of the proposed algorithm and on the
hardware implementation. Results regarding the performance evaluation of the
proposed architecture are presented in Section 5. Finally, Section 6 concludes
the paper.

2 Background Theory

Many existing techniques are available in the literature for the generation of mul-
tivariate Gaussian random samples such as the Rotation method [5], the Condi-
tional method [6] and the Triangular Factorization method [7]. One of the current
techniques that researchers have heavily focused on is the Triangular Factoriza-
tion method where multivariate Gaussian samples are generated based on univari-
ate Gaussian random samples. This approach factorizes the covariance matrix C
into a product of a lower triangular matrix A and its transpose, C = AAT . The
required multivariate Gaussian random samples x are generated by multiplying
a vector containing univariate Gaussian random numbers, r ∼ N(O, I) with the
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lower triangular matrix A to achieve the desired correlation structure while a vec-
tor m is added to adjust the mean values as shown in (1).

x = Ar + m. (1)

3 Related Work

In the literature researchers have focused on various techniques to generate mul-
tivariate Gaussian random samples. In [8], three methods for generating multi-
variate Gaussian random vectors are reviewed. These are the Rotation method,
the Conditional method and the Triangular Factorization method which are all
based on univariate Gaussian random samples. The authors in [8] implemented
these approaches in software and evaluation of results have shown that the Tri-
angular Factorization method is the most preferable method out of the three
approaches as it requires less processing time and memory.

Recent technological advances coupled with today’s requirements have driven
designers towards hardware implementation of these generators on digital cir-
cuits. Many architectures exist for the generation of univariate Gaussian random
numbers on an FPGA platform. This includes the Ziggurat method [9], the Wal-
lace method [10] and the Box-Muller method [11]. An extensive review of these
techniques has been performed in [12] where it has been concluded that the
Wallace method has the highest throughput while the Ziggurat method comes
second. However, the Wallace method is susceptible to correlation problems. Al-
though these three methods are capable of producing Gaussian random samples
using an FPGA platform, their hardware architectures involve the use of embed-
ded multipliers. An alternative approach is established by Thomas and Luk [13]
targeting an architecture without multipliers. The piecewise-linear approxima-
tion technique enables the design to be pipelined easily in order to perform high
speed operations. This is because the design does not require any multipliers but
only a lookup table, a subtractor and a comparator are utilized instead.

In the case of a multivariate random number generator in hardware, designs
can be classified into two major categories, serial and parallel. If a vector of
N samples is to be generated then a serial generator outputs one element of
the vector in every clock cycle requiring N clock cycles for creating a complete
vector. On the other hand, a parallel generator produces a complete vector of
size N every clock cycle. The parallel approach has a larger throughput than the
serial approach requiring however many more resources than the serial design.
Thus, a trade off between throughput and resource usage exists between the two
approaches. The rest of the paper focuses on the class of serial designs.

Thomas and Luk [4] developed a hardware model to generate multivariate
Gaussian random numbers based on the Triangular Factorization method. To
date, this is the only hardware based approach to generate such samples where
the design is mapped onto an FPGA. Their design is capable of producing a
vector of length N which contains multivariate random samples for every N
clock cycles. In terms of resource usage their approach requires N Multiply
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Accumulate (MACC) Units which are directly mapped into DSP blocks on an
FPGA.

If we consider a scenario where the number of available DSP blocks on an
FPGA is fewer than the size of the output vector N then the number of avail-
able MACC units will not be adequate to implement Thomas and Luk approach
[4] on to a single FPGA, maintaining the same throughput. In order to further
illustrate this point, if a vector of 1000 multivariate samples is to be generated
then a 1000x1000 covariance matrix is required resulting in 1000 DSP blocks
to be implemented on an FPGA using Thomas and Luk architecture [4]. This
amount exceeds the number of available DSP blocks available on a modern high-
end FPGA. For example, a high-end FPGA such as a Xilinx Virtex-4 offers up
to 512 available DSP blocks [14]. As a consequence, multiple FPGAs would be
required to map this architecture. Thus, a drawback of this approach is the lack
of flexibility to accommodate designs where the size of the output vector is larger
than the available DSP blocks on a single FPGA or the case where the system
designer does not want to allocate the required resources to this module. In order
to address this problem, this paper proposes an approach that produces multi-
variate Gaussian random samples by utilizing only a certain number of available
DSP blocks specified by the system designer by allowing some error in the ap-
proximation of the covariance matrix while maintaining the same throughput as
Thomas and Luk approach [4].

4 Proposed Algorithm

The proposed algorithm is based on the Triangular Factorization method. Ac-
cording to this method, the covariance matrix C is decomposed into a product
of a lower triangular matrix A and its transpose using Cholesky Decomposition
[15]. This lower triangular matrix A is multiplied with a vector r ∼ N(O, I)
which contains univariate Gaussian samples in order to produce multivariate
samples (2) which have zero mean and covariance matrix C.

x = Ar. (2)

For an N ×N lower triangular matrix A the number of multiplications required
to perform the computation in (2) is N(N + 1)/2 which corresponds to the
number of non-zero elements in matrix A. In the proposed algorithm, the lower
triangular matrix A is approximated by applying the Singular Value Decom-
position algorithm. The Singular Value Decomposition algorithm [16] or SVD
is a technique where a matrix is decomposed into a product of an orthogonal
matrix U, a diagonal matrix S and the transpose of another orthogonal matrix
V. The diagonal matrix S contains only positive or zero elements in its main
diagonal which are sorted in descending order, hence s1,1 ≥ s2,2 ≥ s3,3 and so
on. Essentially, the SVD algorithm expresses an initial matrix A as a linear com-
bination of separable matrices using the least number of decomposition levels,
K, as possible.
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The result of applying the SVD algorithm to the lower triangular matrix A
is shown in (3) where the original matrix multiplication can be expressed as
vector multiplication. ui denotes the i(th) column of matrix U while vi denotes
the i(th) column of matrix V. K is the number of decomposition levels used by
the algorithm. Using the SVD algorithm the number of general multiplications
to achieve the same output is 2KN where K is the number of decomposition
levels. Therefore, the number of required multiplications can be reduced if K is
less than N/2 in comparison with Thomas and Luk approach [4].

x = Ar = USVT r =
( K∑

i=1

uisivT
i r

)
=

K∑
i=1

uisi

(
vT

i r
)

. (3)

Due to the fact that most of the large covariance matrices are constructed em-
pirically, it is expected that they deviate from the true underlying matrix. The
proposed methodology exploits this fact by approximating the covariance matrix
up to the appropriate precision level defined by the user.

The metric which is used to assess the quality of the approximation is the
mean square error (MSE) between the original covariance matrix and its ap-
proximation using (4).

ErrK =
1

N2

N∑
i=1

N∑
j=1

(
CK

i,j − Ĉ
K

i,j

)2

. (4)

C represents the original covariance matrix, Ĉ corresponds to the approximated
covariance matrix after approximating matrix A through the SVD algorithm,
N is the size of the output vector and K is the decomposition level. i and j are
the row and column indices of the matrix respectively.

4.1 Generation of U and V Using the SVD algorithm

The proposed algorithm takes a covariance matrix C as an input and produces
matrices U and V which contain the decomposition vectors ui

q and vi
q for each

decomposition level i by applying the SVD algorithm. The subscripts q denotes
the quantized version of the vectors. The decomposition can be driven either by
the required MSE in the covariance matrix approximation or by the number of
available resources.

In the proposed algorithm, fixed point number representation is used to store
the matrix coefficients since fixed point arithmetic leads to designs which are
smaller and have higher operating frequency in an FPGA compared to floating
point arithmetic based designs. Thus, quantization error is introduced when
the vectors are mapped into hardware. The proposed algorithm minimizes the
inserted error in the system due to quantization effect by propagating it to the
next level of decomposition [17]. Hence, the added error is taken into account in
the remaining decomposition stages.

The pseudo-code that illustrates the outline of this operation is shown in Fig. 1.
The first step of the proposed algorithm is to obtain the first level of the decompo-
sition of the lower triangular matrix A resulting in the generation of vectors u and
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Algorithm: Approximate a covariance matrix C given K DSP blocks and p bits precision
Calculate lower triangular matrix A using Cholesky Decomposition A = Chol(C)
Ar = A
N = �K

2
�

FOR i = 1 : N
Calculate the first decomposition level of A using [ui, si,vT

i ] = SVD(Ar, 1)
Transform

√
sui and

√
svT

i to be in the range [-1,1) using a power of 2 scaling
Quantize

√
sui: ui

q ←
√

sui with p bits precision
Quantize

√
svi: vi

q ←
√

svi with p bits precision
Â =

∑i
K=1 uK

q (vK
q )T

Ar = A − Â
Store ui

q in a 2-dimensional array U(:,i)
Store vi

q in a 2-dimensional array V(:,i)
END LOOP
RETURN U and V

Fig. 1. Outline of the algorithm

v and a scalar s. As the order in which the scalar s is multiplied to vector u and
v has no effect on the resulting product, the coefficient

√
s is multiplied to both

u and v. The two vectors are then transformed so that their coefficients lie in the
range [-1,1) using a power of 2 scaling. This is to ensure that the range of numbers
representable in hardware implementation is maximized. The vectors

√
su and√

sv are quantized to a user specified number of bits and an initial approximation
of the A matrix is obtained. The two quantized vectors are now represented by uq

and vq respectively. The entire process is repeated, having the remaining matrix
Ar as a starting point, until the termination condition is met.

4.2 Hardware Implementation

Fig. 2 illustrates a high level hardware implementation of the multivariate Gaus-
sian random number generator. In the figure, the circuit comprises of two com-
putational blocks representing the two decomposition levels. In terms of the
architecture the vectors ui

q and vi
q generated from the proposed algorithm are

stored in the embedded block RAMs on the FPGA permitting parallel access to
the data.

The inner structure of each computational block is illustrated in Fig.3. Both
the MACC unit and the multiplier are mapped onto one of the available DSP
blocks on the FPGA. The overall operation can be pipelined into two sections to
achieve improved throughput. The first part performs the multiply-accumulate of
the vector with univariate samples r and a vector vq to produce a scalar quantity
rv which is stored in a register. Note that the whole process of multiply-add
requires one clock cycle as this function is realized using the MACC unit. For a
vector of size N, it takes N cycles for the output in the register to be valid. The
second part of the circuit multiplies rv with the vector uq and N clock cycles are
required in order to generate a complete output vector of size N. As both stages
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Fig. 3. Inner structure of the computational block

take N cycles to produce a valid output, the design is optimized by running the
two modules in parallel. P denotes the precision of the system which is specified
by the user, while the block denoted by T is a truncation block where the data
is truncated to a specified precision. The final stage of the implementation is the
summing stage where an adder tree structure is utilized for adding the outputs
of K computational blocks to obtain an element in the output vector.

5 Performance Evaluation

In the hardware implementation, a Virtex-4 XC4VSX55 FPGA from Xilinx is
utilized to map the design. A benefit for selecting the Virtex-4 model is that it
provides DSP blocks which have the capability to perform a multiply-accumulate
operation (MACC) in one clock cycle [14]. This is desirable since we would like
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to produce a sample per clock cycle and if the multiply-accumulate was not
performed every clock cycle then two clock cycles would be required due to the
feedback. In this work we adopt the method in [13] for the implementation of
the univariate random number generator as it is the most efficient in terms of
resources requirement in comparison to other techniques in the literature.

5.1 Impact of the Matrix Structure on the Proposed Algorithm

The eigenvalues of a matrix can provide a lower bound on the error of the ap-
proximation for a given number of decomposition levels. In order to demonstrate
that we have selected, without the loss of generality, two lower triangular 30×30
square matrices A and B with different eigenvalue profiles to be applied with
the proposed algorithm. The first ten eigenvalues of both matrices are plotted
versus the level of decomposition in Fig. 4(a). From the graph, it can be seen
that matrix A is more separable than matrix B since fewer decomposition levels
are required before the eigenvalue drops to small values. Fig.4(b) illustrates the
mean square error (MSE) of covariance matrices CA = AAT and CB = BBT

for different decomposition levels. From the figure it is apparent that matrix
CA requires approximately 17 levels of decomposition to achieve an MSE of
around 10−30 while 30 levels of decomposition are required for matrix CB to
approximately obtain the same MSE. Thus, it can be concluded that matrices
with different separability properties require considerably different decomposi-
tion levels to achieve a certain error in the approximation. This provides a lower
bound for the achieved error for a given decomposition level in the proposed al-
gorithm since the quantization effect and truncation effect in the data path have
not been considered. In summary, the above demonstrates that the performance
of the proposed algorithm depends on the separability property of the matrix of
interest.
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5.2 Evaluation of the Proposed Algorithm

The main idea behind this work is that by permitting a certain error in the
approximation of the covariance matrix a reduction of the number of required
DSP blocks on the FPGA can be achieved.

As illustrated in Section 4.2, the proposed algorithm employs two DSP blocks
for every level of decomposition, one for the MACC unit and one for the multiplier.
An experiment is performed where matrices A and B are used from the previous
section to determine the achievable MSE given a range of resources.The calculated
MSE is the error between the original covariancematrixCA and the approximated
covariance matrix ĈA. The same principle applies for matrix B.

The proposed algorithm is applied to matrices CA and CB with no quanti-
zation, 4 bits quantization and 18 bits quantization. In order to compare the
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performance of the proposed algorithm with the technique proposed by Thomas
and Luk [4], the MSE is also obtained from Thomas and Luk algorithm [4] where
the algorithm is applied to the same matrices.

Fig. 5 illustrates the obtained results. The results show that regarding matrix
B there is only a considerable difference in the obtained MSE between 4 bits
quantization and 18 bits quantization when 10 or more DSP blocks are utilized
using the proposed algorithm. However, the difference in MSE between 4bit and
18 bit precisions can clearly be seen for matrix A as shown in the graph. The
difference in the patterns of the MSE plots between the two matrices is due
to the different eigenvalue profiles. Moreover, for both matrices A and B, the
MSE of the covariance matrix obtained using the proposed algorithm with 18
bits word-length is slightly higher than the optimum MSE obtained using the
proposed algorithm without any quantization. The approach by Thomas and
Luk [4] is only able to generate samples using a fixed number of resources as
can be seen on the graph where three different MSE values are plotted that
correspond to different level of precisions.

In addition, the results from the figure demonstrate that the proposed algo-
rithm has the ability to produce designs across the available design space while
the approach by Thomas and Luk [4] does not have this flexibility, with both
approaches maintaining the same throughput.

In order to fully assess the functionality of the proposed algorithm, it is nec-
essary to investigate the covariance matrix taking into account the quantization
effects of the data path. An experiment is performed to calculate the MSE be-
tween the original covariance matrix and the empirical covariance matrix. The
number of DSP blocks used is set to half of the size of the output vector N ,
thus, in all cases, the decomposition level K is equal to N/2. Fig. 6 illustrates
the result of this experiment. As expected, it is apparent that the MSE obtained
with 18bits precision is lower than that of 4bits precision. The graph also shows
the lower bound of MSE for the 4 and 18 bits precision and the case where no
quantization to the coefficients is performed. Moreover, a trend can be observed
where the MSE decreases as the size of the matrix increases. This behaviour de-
pends on the structure of the covariance matrix and it should not be generalized.
Matrices with different eigenvalue profiles are expected to have different levels
of approximation.

5.3 Hardware Synthesis

Table 1 illustrates the results of implementing the proposed algorithm onto a
Virtex-4 FPGA. In this paper the design is synthesized into hardware using
Handel-C. N denotes the size of the output vector while K represents the de-
composition level. Note that this data does not include the resource usage of a
univariate Gaussian random number generator, it solely considers the proposed
architecture. It is apparent from the table that the number of slices utilized scales
linearly with the levels of decomposition. The designs generated have 101.21MHz
operating frequency. Moreover, the percentage of DSP block usage is calculated
based on the fact that the Xilinx Virtex-4 XC4VSX55 contains 512 available
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Table 1. Resource usage in the Virtex-4 architecture using the proposed algorithm

Configuration Block RAM DSP Block Slices DSP Blocks Usage

N=20, K=5 10 10 185 1.95%
N=50, K=10 20 20 402 3.91%
N=100, K=30 60 60 913 11.72%
N=150, K=50 100 100 1841 19.53%
N=300, K=100 200 200 3678 39.06%

DSP blocks [14]. The table clearly illustrates the linear dependency between the
decomposition levels and the required Block RAMs, DSP blocks and slice usage.
On the other hand, the same design mapped onto an FPGA using Thomas and
Luk approach [4] requires N number of DSP blocks where N denotes the size of
the output vector.

In addition, synthesis results have shown that the proposed algorithm is able
to generate 1 sample every 9.88ns. Therefore, the throughput of the proposed
architecture is 1.01 × 108/N vectors per second where N denotes the size of the
output vector.

6 Conclusion

In this paper, a novel hardware architecture to serially generate multivariate
Gaussian random samples with the ability to control the resource usage in a
modern FPGA is presented. The key idea is the approximation of the lower
triangular matrix using the Singular Value Decomposition algorithm for the
generation of multivariate Gaussian random samples. The motivation behind
this work is the need to produce a design that generates multivariate Gaussian
random samples given any number of available resources and the fact that a
certain error in the approximation of the covariance matrix can be tolerated.
For large covariance matrices, where the size of the output vector is larger than
the available DSP blocks in a single FPGA, the proposed algorithm offers the
flexibility to implement the design in a single FPGA which is not possible using
the currently available approach [4]. Future work includes the investigation of the
appropriate level of quantization precision given the separability of the matrix
under consideration.
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Abstract. This paper explores the application of reconfigurable hard-
ware to the acceleration of financial computations involving binomial-tree
pricing models. A parallel pipelined architecture capable of computing
multiple binomial trees is presented, which can deal with concurrent re-
quests for option valuations. The architecture is mapped into an xc4vsx55
FPGA. Our results show that an FPGA implementation with fixed-point
arithmetic at 87.4MHz can run over 250 times faster than a Core2 Duo
processor at 2.2GHz, and more than two times faster than an nVidia
Geforce 7900GTX processor with 24 pipelines at 650MHz.

1 Introduction

The binomial option pricing model is a numerical method that can be used to
value and analyse financial options [5]. It is widely used within finance applica-
tions since it is simple, efficient, and can handle certain types of options that
cannot be priced using Monte-Carlo methods. The model is often used to provide
prices to a trader, but increasingly is also used as a component of larger applica-
tions, where the application may use the model to value hundreds or thousands
of options.

Pricing a single option using the binomial model is relatively fast, and can
typically be performed in milliseconds on a modern general-purpose processor.
However, when huge numbers of options need to be valued, for example if the
binomial pricing model is embedded in a Monte-Carlo simulation, or if a huge
number of options are being revalued on a second-per-second basis, the pricing
model can become the main computational bottleneck. This paper shows how
Field Programmable Gate Arrays (FPGAs) can provide a viable method of ac-
celerating binomial pricing computation, and how the proposed approach can be
mapped effectively onto reconfigurable hardware.

The main contributions of this paper are:

– a parallel pipelined architecture capable of computing multiple binomial
trees to support concurrent requests for option valuations,

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 245–255, 2008.
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– implementation of the architecture in reconfigurable hardware, exploiting
on-chip resources to avoid re-computing costly calculations,

– evaluation of the proposed approach and comparison with alternative im-
plementations based on general-purpose Intel processors and nVidia GPUs
(Graphics Processing Units).

In the following, Section 2 states the motivation of this paper. Section 3 in-
troduces the binomial option pricing model. Section 4 suggests an approach
to develop hardware architectures for such model. Section 5 explains how the
core evaluation computation of the binomial option pricing model can be imple-
mented in reconfigurable hardware. Section 6 contains results and comparison of
the proposed approach and other implementations in general-purpose processors
and GPUs. Section 7 concludes the paper.

2 Motivation

Previous work on hardware acceleration of financial simulation has focused on
Monte Carlo methods. Three examples are given below. First, a stream-oriented
FPGA-based accelerator with higher performance than GPUs and Cell proces-
sors has been proposed for evaluating European options [6]. Second, an auto-
mated methodology has been developed that targets high-level mathematical
descriptions of financial simulation to produce optimised pipelined designs with
thread-level parallelism [7]. Third, an architecture with a pipelined datapath and
an on-chip instruction processor has been reported for speeding up the Brace,
Gatarek and Musiela (BGM) interest rate model for pricing derivatives [12].
All three approaches result in designs based on Monte Carlo methods. However,
many financial simulations have closed-form solutions, for which techniques such
as binomial trees will be more effective.

Binomial trees can be seen as a discrete-time approximation to the continuous-
time Black-Scholes model [1]. We briefly explain the model in terms of an Amer-
ican call option. A call option is a contract that gives party A the right to buy
some asset S from party B at a fixed price K (called the strike price). The im-
portant factor is that the option provides a right, not an obligation: party A can
choose whether or not to exercise that right (i.e. to buy asset S at price K).

In general the option will only be exercised if St > K, i.e. the current price
of the stock (St) is greater than the strike price, as party A can immediately
sell the asset and realise a profit of St − K. If St < K then party A will choose
not to buy the asset and will neither gain nor lose money. By contrast party B
has no control over the option, so in the first case will lose St − K, and in the
second case will neither gain nor lose. Because party A only stands to gain, and
B only stands to lose, B must be offered some kind of compensation. The point
of an option pricing model is to determine how much A should pay B in order to
create the option contract, or equivalently how much A can charge some third
party for the option at a later date.

An American call option is one where party A can exercise the option at
any time up until the option expires at time T. In contrast, a European option
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is one where the option can only be exercised at time T. All else being equal,
an American option must be worth more than a European option with the
same parameters, as party A has more flexibility. With the flexibility come more
opportunities for profit, which translates to greater possible losses for party B,
so more compensation is required for the option contract.

The American option is very common, but presents some difficulties in pricing
due to the freedom to exercise the option before the expiry date. In particular it
becomes very difficult to determine the option price using Monte-Carlo methods,
another common method of option pricing mentioned earlier [7]. In contrast,
techniques based on binomial trees are able to accurately price both European
and American options.

3 The Binomial Option Pricing Model

The binomial model works by discretising both time and the price of asset S, and
mapping both onto a binary tree. Each step from the root towards the leaves
increases time by one step, and at each node one of the branches leads to an
increase in S, while the other branch leads to a decrease in S. This is shown in
Figure 1, with time along the horizontal axis, and asset price along the vertical
axis.

At each node the upper branch increases the asset price by a factor u, while
the lower branch decreases the price by a factor d. At the root of the tree the
asset price is S0, which is the asset price right now. At the leaves of the tree
are the possible asset prices at time T , which are defined by S0 and the path
through the tree to the leaf. For example, the highest price in Figure 1 is reach
by taking only upper branches from the root, so the asset price at that node is
S0u

3. Note that the asset price can only take a fixed number of values, shown as
a horizontal dashed lines. The tree also recombines, so the leaf node with value
S0u can be reached through three paths (uud, udu, or duu).

The idea behind binomial tree techniques is that we already know that the
option is worth max(ST − K, 0) at the leaves of the tree. Knowing the value at
all the leaves of the tree enables us to work backwards to previous time steps,
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Fig. 1. The left-hand side shows the recombining binary tree of asset prices. The right-
hand side shows the valuation of an option over one time period, with each node
showing the asset price on top, and the option price below.
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until eventually the root of the tree is reached. The right-hand side of Figure 1
gives a simplified example over just one time step. The node asset prices are
already known (shown at the top of each node label), so the option values at the
leaves (shown as vu and vd) can immediately be determined. To work back to
v0 we require another piece of information, which is the probability (p) that the
asset price will move up. Given p, the expected value of the option at the first
node can then be calculated.

Two further considerations are needed for practical use. The first is that
interest rate evolution means that money earned in the future is worth less than
money earned now. We handle this consideration by applying a discount factor r
(where r < 1) to option values as we move backwards up the tree. The second is
that at some nodes, early exercise may offer a better return than future exercise;
so at each node we need to choose the higher of the discounted future payoff
versus the payoff from early exercise.

From the above discussion, the pricing model can be described as:

vT,i = max(ST,i − K, r) (1)
vt,i = max(St,i − K, r(pvt+1,i+1 + (1 − p)vt+1,i−1)) (2)

St,i =
{

S0u
i, if i ≥ 0

S0d
i, otherwise (3)

where i is an integer indicating the number of steps up or down from the initial
asset price, and t is an integer indicating the number of time steps away from
the root of the tree, with the leaves at time t = T . All other values are real
numbers. The inputs to the model are T , S0, K, u, d and r, and the output from
the model is v0,0, which is the estimated price for the option.

The model can be implemented in computational form as a recursive function;
however a direct implementation of this function is inefficient unless memo-
isation is used. An efficient solution can be formulated in an iterative form, with
an outer loop stepping t backwards from T to 0, and an inner loop calculating the
price for each i at level t in the tree. A temporary array holds the intermediate
values, and can be updated in place.

4 Mapping the Binomial Model to Hardware

In mapping the binomial model into hardware, we make two central assumptions:

– The trees use a non-trivial number of time-steps, so the amount of I/O per
tree is small compared to the number of nodes that must be evaluated. The
number of parameters needed for transfer is of order x, where x is the number
of time-steps; this overhead is insignificant when compared with the number
of computations, which is of the order the factorial of x. In our case I/O
can be pipelined to take place concurrently with computation, hence further
reducing the overhead.

– Requests for option valuations are received concurrently, so many individual
trees can be valued in parallel.
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Fig. 2. System architecture for computing the binomial tree model

The first assumption means that we only need to consider evaluation when it is
computationally bound, so we can largely ignore the performance of any software
to hardware communications channels. The second assumption allows us to use
high-latency pipelined functional units to achieve high clock rates while still
achieving high throughput, by using the C-Slow approach [8].

Figure 2 shows our proposed architecture for mapping the binomial model
into hardware. On the left is a bank of parameter sets, each of which describes a
binomial tree which is currently in the process of being evaluated. In the center is
a large pipelined block which takes two previously calculated option values and
calculates the value of the parent node. To manage temporary storage, a set of
buffers (shown to the right) are used; ideally they should be FIFO stream buffers
which hold the option values until they are needed again. C-Slow operation
can be achieved by modeling multiple trees in parallel: we continuously provide
parameters into the pipeline to evaluate other trees while we are waiting for the
results required for the next iteration of the current tree. The stream buffers
are carefully designed for this approach. A controller manages the overall timing
of the system, ensuring that the intermediate values are stored and retrieved
correctly, and that the correct parameter set is selected on each cycle.

Figure 3 shows an example of the hardware design of the evaluation core. For
each tree it evaluates, it takes in a set of parameters that are shipped over by
the controller from the tree parameters table. To optimise performance, a lookup
table is initialised with all possible asset strike prices. The architecture takes from
the stream buffers three parameters: the two previous tree node values, and i, the
price offset. Using the price offset i the current strike price St,i can be retrieved
from the lookup table.

With all the parameters ready, the Algorithmic Core in Figure 3 computes
the option price vt,i for the current tree node. The result is then shipped back to
the stream buffers for later use. The C-Slow method can be implemented here
if:
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Fig. 3. Hardware design for the block Calculate Node Value in Fig. 2. The solid black
boxes denote registers and the dotted grey boxes denote pipeline balancing registers
that are allocated automatically by HyperStreams.

– The outside controller is able to ship over the correct parameters.
– The lookup tables in need are initialised.
– The controller is able to store the result into the right buffer.

So far the evaluation core would be the largest component that calculates the
next node value as specified by Equation 2. In the asymptotic case we would
expect the overall performance to be dominated by the size and speed of this
block, as the other components consist of a small amount of memories and se-
lection logic. In the next section we examine the implementation of this block in
hardware.

5 The Option Update Pipeline

Our FPGA implementation of the node evaluation logic to support the binomial
option pricing model is based on HyperStreams and the Handel-C programming
language.

HyperStreams is a high-level abstraction based on the Handel-C language [6].
It supports automatic optimization of operator latency at compile time to pro-
duce a fully-pipelined hardware implementation. This feature is useful when
implementing complex algorithmic calculations in FPGAs. In addition, Hyper-
Streams also provides various means of connecting to FPGA resources such as
block RAMs.
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Fig. 4. The data flow of the hardware part of the binomial tree model implemented on
FPGA; note the separation of control and pipelined data flow

Figure 4 shows a fully pipelined FPGA implementation of the node evalu-
ation logic indicated in Equation 2. Each symbol shown in a “HyperStreams”
block in Figure 4 refers to a HyperStreams operator: for example,

⊕
for HsAdd,

RAMRead for HsRAMRead and so on. Each arrow from DSM (Data Stream
Manager), the interface used for hardware-software communication, indicates a
stream data element received as an unsigned integer. The inputs are cast to
desired internal representation, for example HS DOUBLE, at the top of the Hy-
perStreams block. Once all the computations are finished, the output stream is
then cast back to the desired output format using the HsCast operator.

The control logic, which is used to send and retrieve data from pipelines, is
written in the Handel-C language.

We use block RAMs to implement a lookup table for St,i (see Equation 2),
which is initialized at the beginning of each tree-evaluation run, to get around
expensive exponential calculations in hardware. Once the evaluation is finished,
the result is then shipped back to software via the DSM interface.

The tool flow is as follows. Handel-C source code is synthesised to EDIF using
the Celoxica DK5 suite which supports HyperStreams. Xilinx ISE 9.2 project
navigator is used to place and route the design.

The target device on our Celoxica ADMXRC4SX platform is an xc4vsx55
FPGA [9] from the Xilinx Virtex 4 family, but it would be simple to re-target
our design to some other FPGAs supported by DK5.

6 Results

The American put option benchmark has been calculated using three different
FPGA implementations in different numerical representation as well as a ref-
erence PC implementation. All the FPGA implementations are compared to
software implementations on a PC which provide the reference. The reference
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Table 1. Performance/area results for xc4vsx55 FPGA, Geforce 7900 GPU, Intel Core2
Duo and Pentium4 processors; note that acceleration is compared with the reference
Intel PC1

FPGAs GPU Intel PC1 Intel PC2
Double Single Fix Single Double Double

Slices 8,270 (33%) 4,194 (17%) 1,980 (8%) - - -
FFs 6,882 (14%) 3,366 (6%) 1,888 (3%) - - -

LUTs 8,968 (18%) 4,821 (9%) 1,242 (2%) - - -
SRLs 8,270 (33%) 4,194 (17%) 1,980 (8%) - - -

BRAMs 20 (6%) 18 (5%) 18 (5%) - - -
DSPs 48 (9%) 12 (2%) 12 (2%) - - -
MHz 67.3 75.4 87.4 650 2200 3200

Replication
3 5 12 24 Pipelines 1 1

(cores/chip)
Processing Speed

67.3 75.4 87.4 477 4.2 1.1
(M nodes/sec)
Least2 Error 0 4×10−3 6×10−3 4×10−3 0 0
Acceleration 16× 18× 21× – 1× 0.26×
Acceleration

48× 90× 252× 114× 1× 0.26×
(replicated cores)

Intel PC1 implementation is based on C++ code fully optimized for local hard-
ware profile running on a 2.2GHz Core2 Duo processor with 1GB of RAM and
Windows XP pro operating system. The reference Intel PC2 is a 3.2GHz Pen-
tium4 processor with 1GB of RAM; this implementation is fully optimised C++
code with Intel SSE3 enabled.

The GPU design is implemented on an nVidia Geforce 7900GTX device with
512MB of on board RAM. The stated clock rate is the peak rate specified by
nVidia. Double-precision floating-point arithmetic is unavailable in the current
generation of GPUs [6]. The device utilization figures are shown in the upper
part of Table 1. The results indicate that none of the FPGA device is fully
occupied in all three cases involving double-precision, single-precision and fixed-
point arithmetic. Hence performance improvement can be achieved by replicating
the evaluation core in a single device. Although only nodes on the same level of
a binomial tree can be computed simultaneously, acceleration can be achieved
by evaluating several trees in parallel.

The lower part of Table 1 shows the acceleration results for different precision
implementations, including core replication that can be done on a single device
to gain further performance. The speed benchmark for both reference PCs and
GPU is to evaluate a 1 × 103 step binomial tree for 220 times.

First consider the acceleration of the FPGA over the Intel PC1 and PC2
benchmarks. From the results, it can be seen that the 32-bit 16.16 fixed-point
implementation offers a 21 times acceleration, while the 32-bit single precision
floating-point and the 64-bit double precision version offer 18 times and 16 times
speedup respectively.
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Not surprisingly, fixed-point arithmetic is faster and smaller than floating-
point arithmetic in an FPGA. For instance, 3 cores can be implemented on a
single xc4vsx55 device if double precision arithmetic is adopted, which leads to a
48 times speedup over optimized software running on a Core2 Duo processor. In
contrast, 12 cores in fixed-point arithmetic can be implemented in an xc4vsx55
FPGA, indicates a 252 times acceleration for multiple binomial trees evaluated
in parallel.

It is interesting to see that the floating-point implementation on GPU is faster
than the single precision implementation on FPGA with replicated cores. How-
ever it is worth noting that the difference is within a factor of 2, therefore not
significant.

Both the GPU and FPGA approaches are based on straightforward implemen-
tations without including further parallelism and optimisation. For instance, the
GPU can potentially be made 4 or 5 times faster with higher parallelism. Our
GPU is a Geforce 7900GTX, which is close to obsolescence. A significant per-
formance improvement can be expected if the latest Geforce 8800 class GPU
is adopted: 2.5 times speedup can be gained from clock speed increases (from
650MHz to 1.5GHz) and a further 1.5 times speedup from increased parallelism
(128 stream scalar processors versus 24 fragment 4-vector processors) plus pos-
sible improvement in instruction-level parallelism. However, since our problem is
compute bound, there will be no benefit from the Geforce 8800 memory system
unless the new CUDA technology [3] is deployed. However, we believe that the
Virtex-4 FPGA and the Geforce 7900GTX GPU are broadly comparable, since
both are based on 90 nm technology. Similarly, single precision operators in FP-
GAs can run at a clock rate of up to 322MHz [10]; our current implementation
at 75.4MHz has much scope for improvement. From experience, additional ac-
celeration of up to 4 times can be achieved if optimised manually. Furthermore,
if we are able to reduce device utilization to half of the original size with manual
optimisation, that would enable us to put twice as many evaluation cores on the
FPGA, producing a further 2 times speedup.

The speed benchmark is purely for the purpose of measuring maximum eval-
uation speed, hence we choose to measure 10242 trees to achieve maximum
parallelism. In reality, it is rarely the case that 10242 options will be chang-
ing price at the same time. Therefore the GPU implementation will not have
significant advantage in the real world where only hundreds of options will be
needed for parallel evaluation. The justification for this is that the node count
will be much less than the thread batch size of the GPU, which is predicted by
Mark Harris (from nVidia) on the nVidia forum to be 1000-2000 concurrently
live threads. In addition the requirement of varying tree depths for neighbouring
nodes would map inefficiently to the GPU SPMD (single program multiple data)
programming model. An FPGA implementation can be designed with data path
flexibility to alleviate this restriction.

The results show that there is a tradeoff when using HyperStreams between
the development time and the amount of acceleration that can be achieved.
Although we are able to implement complex algorithms easily in FPGAs with
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HyperStreams, the highest possible performance and utilisation of FPGA re-
sources is not guaranteed. The balance between development time and perfor-
mance needs to be explored with further research and experiment. However our
HyperStreams implementation still gives a satisfactory result with significant
acceleration over the software implementations. Hence HyperStreams is useful
particularly for producing prototypes rapidly to explore the design space; once
promising architectures are found, further optimisations can be applied. The data
also indicate that the FPGA implementations have advantages in terms of pro-
cessing speed and flexibility in implementing variable tree depths for computing
option pricing in parallel over other implementations. While further comparison
with nVidia’s new CUDA [3] technology is desirable, so far FPGA implementa-
tions have produced satisfactory results.

7 Conclusion

This paper describes a novel architecture for accelerating option pricing models
based on binomial trees. The proposed design involves a highly pipelined datap-
ath capable of supporting multiple binomial tree calculations in parallel, which
can deal with concurrent requests for option valuations. We have implemented
our design onto an xc4vsx55 FPGA, and demonstrate that our implementation
can run more than 250 times faster than a Core2 Duo processor, and more than
2 times faster than an nVidia GPU.

Further work is planned to carry out a complete hardware implementation
of the binomial tree model, with various speed and area optimisations based
on hardware cores with the highest performance. An important omission in our
current study is power consumption. Since both pipelining [11] and word-length
optimization [4] can improve performance and reduce power consumption, it
would be worthwhile to investigate how these two techniques can be used in
automating domain-specific strategies for producing binomial tree designs which
best meet user requirements in speed, area and power consumption. More so-
phisticated comparisons with nVidia’s new CUDA technology, AMD/ATI GPUs,
Altera FPGAs and the Cell Broadband Engine are also planned.
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Abstract. This paper presents a 32-bit floating-point CORDIC co-
processor on FPGA, providing all known CORDIC functions. Firstly, we
propose a hybrid-mode algorithm, combining hybrid rotation angle meth-
ods with argument reduction algorithm to reduce hardware area usage and
meanwhile keep unlimited convergence domain for any floating-point in-
puts. And according to algorithm, the hybrid-modeCORDIC co-processor
is organized into three phases, argument reduction, CORDIC calculation
and normalization with 34 pipeline stages for FPGA implementation. The
synthesis results show the clock frequency can reach 217MHz on Xilinx
Virtex5 FPGA. Comparing to general-purpose microprocessor in three
scientific program kernels, the CORDIC co-processor can guarantee at
least 23-bit precision and achieve a maximum speedup of 47.6 times, 35.2
times in average.

1 Introduction

The CORDIC (COordinate Rotation Digital Computer) was originally intro-
duced by Volder.J [9] in 1959 and later was bought into light again by J.S.Walther
[10] in 1971. Now, all kinds of CORDIC processors have been widely used in sig-
nal processing [4] and matrix operations [11] , such as in FFT, DCT, matrix
decomposition, etc. With the rapid development of large-scale integrated circuit
technology, FPGA chips have been used to accelerate scientific applications.

This paper presented a hybrid-mode CORDIC algorithm, which consists
of three phases: argument reduction, CORDIC calculation and normalization.
Based on the algorithm above, we implemented a 32-bit hybrid-mode CORDIC
co-processor on FPGA, which is organized as three modules according to three
phases of hybrid-mode CORDIC algorithm respectively. To achieve 23-bit pre-
cision and improve the clock frequency, we partition the CORDIC co-processor
into 34 pipeline stages. Synthesis and experimental results shows that the hybrid-
mode CORDIC co-processor can reach the clock frequency of 217MHz on Virtex5
FPGA.

2 Background and Related Works

The basic CORDIC iteration equations are [10]:

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 256–261, 2008.
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⎧⎨
⎩

Xi+1 = Ki(Xi − mσi2−S(m,i)Yi)
Yi+1 = Ki(Yi + σi2−S(m,i)Xi)
Zi+1 = Zi − σiαm,i

σi ∈ {−1, 1} , i = 0, 1,...n − 1 (1)

where the coordinate parameter m defines the coordinate system (circular, linear,
and hyperbolic coordinate for m equal to 1, 0, and -1 respectively). The rotation
angle is αm,i = m−1/2tan−1(m1/22−i) and the scaling factor is Km =

∏
i

Ki =
∏
i

√
1 + mσ2

i 2−2S(m,i). The rotation sequence S(m,i) is defined as follows:

S(m, i) =
{

0, 1, 2, 3, 4, 5, 6 . . . n, ... m = 1, m = 0
1, 2, 3, 4, 4, 5, . . . , 13, 13, 14,...,40, 40, 41,... m = −1

There are plenty of researches on CORDIC algorithm to enhance its performance.
Most of them are focused on CORDIC calculation time, hardware cost and
convergence domain.

Reducing the latency iteration and decreasing the iteration number are two
basic methods to accelerate the CORDIC algorithm. Redundant CORDIC [6]
is the main method to reduce the latency of each iteration in VLSI. And for
reducing the number of iterations, lots of techniques have been presented, such
as Unidirectional CORDIC [5] , Scaling-free CORDIC [3] and so on.

To solve the limited convergence domain, repetition of certain iteration steps
[2] and argument reduction [10] are different kind of approaches, which can be
employed to expand the range of convergence.

Recently, there are some CORDIC researches based on FPGA, such as liter-
ature [1] [8] and [7]. But all researches on FPGA either implemented the tradi-
tional CORDIC or the elementary function respectively, and did not present an
integrated CORDIC algorithm for FPGA implementation.

3 Hybrid-Mode CORDIC Algorithm

As shown in Figure 1, the hybrid-mode CORDIC algorithm consists of three
phases: argument reduction, CORDIC calculation and normalization. Argument
reduction phase transforms the inputs from floating-point format into fixed-point
format and expands the convergence range of hybrid-mode CORDIC algorithm.
All CORDIC functions computations are accomplished in the CORDIC calcula-
tion phase. Normalization phase performs the outputs transformation from fixed-
point format into floating-point format and standardized them into ANSI/IEEE
Std 754-1985 format.

The intention of hybrid rotation angle method is reducing the hardware cost of
CORDIC calculation phase implementation on FPGA. In this method, different
rotation angle is employed during the calculation.

Hybrid rotation angle method consists of three data paths-X, Y and Z, as
shown in (b) of Figure 2. In hybrid rotation angle method, αm,i = 2−S(m,i) [6]
holds when the rotation sequence S(m, i) ≥ n/3. Therefore, αm,i can be replaced
by 2−S(m,i) as rotation angle for αm,i = 2−S(m,i). That can be used to optimize
Z-path of CORDIC calculation phase iin rotate and vectoring mode.
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4 Implementation of Hybrid-Mode Floating-Point
CORDIC Co-processor

The hybrid-mode 32-bit floating-pointCORDIC co-processor includes pre-process
module, CORDIC process module and post-process module, which corresponds to
the argument phase, CORDIC calculation phase andnormalizationphase depicted
in section 4 respectively. More detailed pipeline structures are shown in Figure 3.
Sub-figure (c) is the pre-process module; Sub-figure (c) is one pipeline of X and Y
data path and (d) is Z’s; Sub-figure (e) is the pipelines of post-process module. In
more details, the stages are arranged as follows:

S1: Converting the floating-point format of inputs into fixed-point format.
S2-S3: Scale factor compensation operations and angle mapping in argument

reduction.
S4-S5: Calculation mapped angle in argument reduction.
S6: Selecting the inputs of the CORDIC process module according to the

mode selecting sign Mode sel and the coordinate selecting sign CO sel.
S7-S14: The first part of CORDIC calculation phase.
S15-S31: The second part of CORDIC calculation phase.
S32: Finishing the calculation of corresponding functions.
S33: Counting leading zeros
S34: Normalization of output. X, Y, Z, and ex are shifted to the left according

to the number of the leading zeros and then are truncated to form the mantissas
of the outputs respectively.
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Table 1. Synthesis results of various CORDIC calculation modules

FPGA Item Tradition Ours Rotation Vectoring RV-Mode
frequency 210.79 211.60 226.81 223.86 223.58

StratixII LUT 3342 2776 2276 2218 4591
Reg 2500 2522 1550 2217 3829

frequency 285.50 285.61 278.07 311.19 275.34
Virtex5 LUT 2475 1947 1654 1545 3281

Reg 2527 2542 1786 2226 4116

5 Experimental Results

The first experiment aims to select the best approach to implement the module
of CORDIC calculation for the 32-bit floating-point hybrid-mode CORDIC co-
processor. We map different improvement methods advanced in [2] and
section 4 on FPGAs of StratixII and Virtex5, and then show the synthesis results
in Table 1. Here, the RV-Mode is the integration of Rotation’s and Vectoring’s.

In experiment 2, we synthesized our hybrid-mode floating-point CORDIC co-
processor on FPGAs of StratixII and Virtex5 respectively and the results are
summarized in Table 2. As shown in Table 2, 32-bit floating-point hybrid-mode
CORDIC co-processor occupy a little area of FPGA and several copies of this
architecture can be integrated in a single FPGA chip to compute several different
transcendental functions concurrently to accelerate the computation of scientific.
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Table 2. Synthesis results of 32-bit floating-point hybrid-mode CORDIC co-processors

FPGA Pre-Process CORDIC-Process Post-Process Total Frequency
LUT Reg LUT Reg LUT Reg LUT Reg (MHz)

StratixII 2135 2244 2776 2522 1008 558 6469(4.5%) 5372(3.7%) 195.08
Virtex5 2039 2037 1947 2531 1211 569 5412(2.6%) 5130(2.5%) 217.24

Table 3. Execution results of scientific program slices

Prog Pentium Single-CORDIC Mult-CORDICs
ram 4(μs) Time(μs) Speedup Time(μs) Speedup Num C

Slice1 293.02 42.17 6.9 6.16 47.6 8
Slice2 181.65 52.71 3.4 6.50 27.9 10
Slice3 179.22 21.17 8.5 5.95 30.1 4

Average 217.96 38.68 5.6 6.20 35.2 7.3

In experiment 3, we chose three program slices from two scientific computation
programs. One is UZ1 used to solve the Ordinary Differential Equations. The
other is UE2 used to solve Unbalance Stiff Equations. The three program slices
are executed in three different platforms. One is Pentium 4 CPU with 2.80GHz
clock frequency, where the source code is written in VC++ 6.0 environment
and compiled into release version. Another is a FPGA chip using only single
multifunctional floating-point CORDIC processor and the third is also a FPGA
chip using multiple CORDIC processors to parallel the computation. The test
results, as depicted in Table.3, demonstrate that parallel CORDIC processors
can be used to enhance the speed of scientific computation more, achieving a
maximum speedup of 47.6 times, 35.2 times in average.

6 Conclusion

In this paper, we presented a hybrid-mode CORDIC algorithm, which can pro-
vide all known CORDIC functions calculation and allows all floating-point val-
ues be its inputs. And then, we implemented a 32-bit floating-point hybrid-mode
CORDIC co-processor on FPGA and organized it into three modules according
to the three phases of the proposed algorithm with 34 pipeline stages. Synthe-
sis results tell us that the clock frequency of our 32-bit hybrid-mode CORDIC
co-processor reaches 217MHz on Virtex5 and 195MHz on StratixII.
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Abstract. This paper describes the design and implementation of a unit
to calculate the significand of a double precision floating point divider
according to the IEEE-754 standard. Instead of the usual digit recur-
rence techniques, such as SRT-2 and SRT-4, it uses an iterative technique
based on the Goldsmith algorithm. As multiplication is the main oper-
ation of this algorithm, its implementation is able to take advantage of
the efficiency of the embedded multipliers available in the FPGAs. The
results obtained indicate that the multiplier-based iterative algorithms
can achieve better performance than the alternative digit recurrence al-
gorithms, at the cost of some area overhead.

1 Introduction

FPGAs are becoming a commonplace in the design of computational units to
accelerate many applications. Some of these applications require the use of single
or double floating point arithmetic. Therefore, hardware designers are looking
for efficient solutions to implement floating point arithmetic in FPGAs using
the available resources of the programmable hardware units. The works from
[1], [2] and [3] are some of the first approaches implementing single precision
(or lower) floating-point division in FPGA. [4] extended the previous work with
a floating-point divider. [9] presents a divider core for both single and double
precision. [10] describes a double precision floating-point core for division and
other operations, that supports the complete IEEE-754 standard.

In the case of the floating point division operation, most implementations are
based on the well-known digit recurrence algorithms. However, today’s FPGAs
include a significant number of built-in multipliers, which makes multiplication-
based division algorithms increasingly interesting.

In this paper, a new architecture to calculate the division of the significands
of a double precision floating point divider according to standard IEEE-754 is
presented. The architecture is completely pipelined and is based on the Gold-
smith method for the calculation of division, instead of the more usual NRD or
SRT4 algorithms. The method is based on successive iterations and calculates
the division with better performance than previous approaches.

Section 2 describes the Goldsmith iterative division algorithm. Section 3 is
concerned with the generation of the seed. Section 4 presents the architecture

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 262–267, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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of the divisor. Section 5 describes the implementation results. Finally, section 6
ends the document with the conclusions.

2 Iterative Algorithm for Division

The Goldsmith method for division uses the Taylor series expansion to calculate
the reciprocal of the denominator (divisor), that is, q = N

D = N × g(y), such
that g(y) may be efficiently calculated using an iterative method.

A straightforward approach is to consider g(y) = 1/y with p = 1 and then
calculate the series. However, it is computationally more efficient to consider the
Maclaurin series g(y) = 1/(y + 1) (with p = 0). In this case, g(y) is given by

g(y) ≈ 1
(1 + y)

= 1 − y + y2 − y3 + y4 + · · · (1)

To obtain 1
D from g(y), y must be replaced by D - 1, with D normalized such

that 0, 5 ≤ D and |y| ≤ 0, 5. In this case, the quotient is given by:

q = N × [(1 − y)(1 + y)2(1 + y)4(1 + y)8...] (2)

This equation can be calculated iteratively, considering that an approximation
to the quotient can be calculated from qi = Ni

Di
, where Ni and Di are the values

of the numerator and the denominator after iteration i of the algorithm.
The Goldsmith algorithm starts with N0 = N and D0 = D. Then, in the first

iteration both N0 and D0 are multiplied by R0 = 1 − y = 2 − D to generate a
new approach for the numerator, N1, and for the denominator, D1.

Generically, the iterative process calculates the following recurrent equations:

Ni+1 = Ni × Ri, Di+1 = Di × Ri, Ri+1 = 2 − Di+1 (3)

where N and D have quadratic convergence to q and 1, respectively.
To reduce the number of iterations needed to achieve a certain precision, a

better precision for R0 may be used, which is usually designated seed. Based on
this idea, [6] proposed a modified Goldsmith algorithm that uses an initial seed
with enough precision to guarantee that a single iteration is sufficient to obtain
double precision. In this case, equations (3) are replaced by the equations,

G = R0 × N0,V = 1 − R0 × D0,Q = G + G × V (4)

which are mathematically equivalent but computationally more efficient.

3 Seed Generation

The seed is computed using an efficient algorithm based on a second degree
polynomial approximation, similar to the one proposed by Piñeiro [7] with the
modifications proposed by Muller [5]. The seed is calculated using second order
polynomial approximations calculated with the Minimax technique. The domain
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of the reciprocal is first divided into a power of two number of intervals and then
the two order polynomial approximation is found for each interval.

Assuming all operands are in IEEE-754 normalized form, in order to imple-
ment the 2nd degree minimax polynomial approximation the significand of the
input of the seed generator is split into an upper part X1 = [1.x1x2..xm1], a mid-
dle part X2 = [xm1+1..xm2] × 2−m1 and a lower part X3 = [xm2+1..xn] × 2−m2 .

An approximation to the reciprocal in the range X1 ≤ X < X1 + 2−m1 can
be found by evaluating the polynomial:

Xp ≈ C0 + C1 × X2 + C2 × X2
2 (5)

The coefficients C0, C1 and C2 are computed for each of the 2m1 intervals. So, a
different polynomial is used for each interval. X3 does not play any part in the
computation of the approximation.

The coefficients are then are stored in three lookup tables, each with 2m1

entries, one for each of the above mentioned segments. Each table is addressed
by the m1 most significant bits of the fractional part of the significand.

To determine the set of coefficients, the following steps are considered:

1. Step 1 - Given the desired precision (εd) the space of the 2nd degree minimax
polynomials approximation must be swept to find a good candidate for the
number of segments that the approximation function must be split into.

2. Step 2 - Find the appropriate word length for C0, C2, X2, and the number
of bits of X2 used as inputs to the squarer unit.

3. Step 3 - Fill in the tables of coefficients.

Step one. uses a semi-automatic iterative procedure in which a script is executed
with the following inputs:

1. Word length of C1, denoted k from now on.
2. Number of bits used to address the tables, m1.

For each pair (k,m1), the algorithm determines the coefficients C0, C1, and C2
with the computer algebra system Maple, which performs the minimax approxi-
mations using the Remez algorithm. Then the Partially Rounded (PR) approach
from Muller is applied. According to PR, C1 is rounded to k bits and, from
C1rounded, the new values of C0, and C2 are found as follows [5]:

C0new = C0 + (C1 − C1rounded) × 2−m1−3 (6)
C2new = C2 + (C1 − C1rounded) × 2m1 (7)

The difference between the polynomial approximation with both sets of values
is the error of the approximation with the pair of values (k,m1).

The script is run as many times as needed to find a good candidate, that is,
a tuple (k,m1) for which the accuracy found with the PR approach is greater
than the desired accuracy, εd.

Step two. consists in finding the appropriate word length for the parameters
of the polynomial. Once the value for the tuple (k,m1) and the accuracy (εpr)
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for the PR approximation is computed, the missing parameters may be easily
figured out. Due to the rounding of C0, C2 and X2 in the PR approximation,
the final accuracy is lower than εpr. Therefore, we try to achieve an accuracy
(ε′pr) = (εpr)−1, that is, an error less than 2−ε′

pr . Formally, we want an error on
the computation of C0new + C2new × (X − X1)2 ≤ 2−ε′

pr (from now on we will
refer to (X − X1) as h). Algebraically, we want to guarantee that

|C0new − C0newRounded| +
∣∣C2new × h2 − C2newRounded × (h + herror)2

∣∣ ≤ 2−ε′
pr

(8)
Given that h ≤ 2−m1 then the word lengths of C0 (C0W L), C2 (C2W L), h (hWL),
and X2 (X2WL) are as follows:

C0W L = ε′pr + 1 (9)
C2W L = ε′pr + 2 − 2 × m1 (10)
ChW L = ε′pr + 4 − 2 × m1 (11)
X2WL = ε′pr + 2 − m1 (12)

C0 will have 1 bit for the integer part and C0W L for the fractional part.
Step three. A script in Maple receives the size of the tables (m1), and the

word length of C0, C1 and C2 and generates the tables.

4 Architecture to Calculate the Significand

The architecture to calculate the significand consists in the unit to determine
the seed and the unit to calculate the significand with double precision.

Using the rounding criteria defined in [8] and knowing that the Goldsmith
algorithm has quadratic convergence, we conclude the seed must have at least
29 bits of precision so that a single iteration is enough to complete the division.

Figure (1) shows the hardware structure of the circuit used to calculate X−1.
The circuit has three coefficient tables, two multipliers, one squarer, one adder
and one subtractor. The size of each coefficient and of the arithmetic units were
obtained with the process described previously with ε′pr = 29.

From the seed, equations (4) are used to calculate the significand. Figure
(2) shows the structure of the unit to calculate the significand. As shown, the
Add/Sub operator implements an adder/subtractor controlled by bit 28 of V.
If V< 28 > is ’0’ then the adder unit is used. Otherwise, the operation is a
subtraction. Thus, it was possible to reduce the size of the operands of (4) and
the product G × V , that appears at the second term of equation (4). This is
due to the fact that the seed has 29 bits of precision, which guarantees that
|V | ≤ 2−29 and,therefore, at least the most significant 29 bits from the equation
(4) are fixed. Hence, it is possible to reduce 28 bits in the two’s complement
operator and, in the case of the multiplication G × V it allows the replacement
of a 57 × 57 multiplication for a 57 × 28 multiplication.



266 V. Silva et al.

_

X11. X2

LookUp
Table

C0

LookUp
Table

C1

LookUp
Table

C2

x2

xx

+

+

9

31

22

20

30

15

13

Xp C0 C1×X2 C2×X2
2

Fig. 1. Hardware to compute the seed

x

R0

31

N0

53

x

R0

31

D0

53

Cpl2

Aux<54:26>

1 0

x

V<27:0>

G<82:26>

Add
Sub

P<84:56> >> 28

Q<57:1>

V<28>

Fig. 2. Hardware to compute Q

5 Implementation and Results

The architecture was specified in VHDL, synthesized with Xilinx ISE8.2 and
then implemented in a Xilinx Virtex-2 6000 FPGA [13] with 144 multipliers
included in a Celoxica ADMXRC2 board.

From Table 1 we observe that our circuit calculates the significand in 33 cycles
at more than 350 MHz. Also observing the results of a straightforward approach
for the pre and postprocessing circuits we conclude the complete circuit can
achieve a frequency of 325 MHz in about 70 cycles. The performance of the
circuit is very good when compared to other recent approaches (see table 2).

Table (2) includes the works from [9], [10], [11] and [12]. The first two were
obtained with a Virtex 2/2P, while the others were obtained with a Virtex-4. All
algorithms use the digit-recurrence technique to calculate the significand, except
ours and the Xilinx IP core 1.0, which are iterative.

When compared to the works of [9] and [10], ours is much faster with about the
same number of cycles. While the former approach does not support exceptions
and only supports rounding to nearest, the second one supports the complete
standard. The main difference to our approach has to do with the algorithm
used to calculate the significand.

Table 1. Implementation of our circuit in a Virtex2TMpost-P&R

Stages Slices FFs MULT18×18s Mhz Latency
Preprocessing 1922 3220 0 325 MHz 12

Seed 2170 3802 3 372 MHz 11
Significand 6900 12331 28 361 MHz 22

Post processing 1549 2635 0 372 MHz 18
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Table 2. Comparison with our approach

Author Algorithm Mhz Latency
Underwood RD 83 67
Prasanna RD 140 68

Xilinx Div 1.0 Iter 284 99
Xilinx FP 3.0 RD 266 57

Ours Iter 325 70

6 Conclusions

The significand divider implemented in this work based on the Goldsmith algo-
rithm is very competitive when compared to algorithms based on digit recur-
rence. The proposed circuit achieves higher frequencies than previous works with
a similar number of cycles.

The next step of the project is to optimize the architecture to reduce the
latency of the circuit. Also, the complete double precision floating point divider
according to standard IEEE-754 is already being tested in a Virtex-II platform.
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Abstract. FPGA accelerated systems in High Performance Computing are 
typically limited to single digit numbers of FPGAs in a Single System Image 
(SSI).  However, SGI has built an SSI system with 70 FPGAs to study the 
feasibility of running real-world customer test cases on such a large scale 
system.  This paper will detail the system architecture, the implementation, and 
the results of performing both a real-world bioinformatics benchmark and a 
synthetic global bandwidth test where all 70 FPGAs were driven by a single 
process. 

1   Introduction 

As part of our on-going engineering and application development focused on applied 
heterogonous supercomputing, the SGI RASC Engineering and Manufacturing teams 
assembled a test system consisting of: 

• 32 CPU blades, each blade featuring a dual core Intel® Itanium® Montecito 
processor running at 1.6GHz 

• 35 RC100 RASC blades, each blade featuring two Xilinx Virtex 4 LX200 
FPGAs 

• 256 GB of physical and globally addressable cache-coherent memory 

The system was built within two days using off-the-shelf SGI parts from SGI’s SGI® 
Altix® 4700 series. We were able to boot our standard Linux OS, SUSE Enterprise 
Server 10 SP1 (kernel version 2.6.16.46-0.12), running our latest RASC Abstraction 
Layer (RASCAL) release without any modifications. 

About one-half day was used to run standard diagnostic tests as part of SGI’s 
Quality Process, and no problems were found. 

We performed functional testing of the new features in the next RASCAL release 
and ran a real-world benchmark using the popular bioinformatics application called 
BLAST.  The BLAST implementation used was Mitrion Accelerated BLAST 1.0 [3], 
which is based on NCBI BLAST 2.2.13 [4].  The same BLAST benchmark was also 
run on a typically used AMD Opteron cluster for comparison. 
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2   SGI Altix 4700 System Overview 

The SGI Altix 4700 computer system is based on a distributed shared memory (DSM) 
architecture. The system uses a global-address-space, cache-coherent multiprocessor 
that scales up to sixty-four Intel 64-bit processors in a single rack.  Because the 
architecture is modular via the NUMAflex and NUMAlink™ technologies, the DSM 
combines the advantages of lower entry cost with the ability to scale processors, 
memory, and I/O independently to a current maximum of 1024 processor sockets 
(2,048 processor cores) in a single-system image (SSI). Larger SSI configurations 
may be offered in the future. 

 

Fig. 1. Functional Block Diagram of the Individual Rack Unit (IRU)  

2.1   The SGI® RASC™ RC100 Blade 

The SGI® RASC™ RC100[1] blade is our fourth FPGA based acceleration product 
and has been in production for more than two years.  Its architecture is well balanced 
to suit a large set of applications and is tightly integrated into the SGI Altix 4700 
system infrastructure. 

The RC100 blade uses two Xilinx Virtex 4 LX200[2] FPGAs, each with five 36-bit 
wide independent SRAM banks supporting ECC. 

2.2   RASCAL Software Overview 

SGI’s RASCAL software stack provides an extremely flexible and powerful API to 
the application. This software stack provides, in addition to the administrative 
commands and low level driver, a resource manager which has shown to work well 
with this large configuration. The RASCAL software performs the device allocation, 
the reconfiguration of FPGAs, the automatic wide scaling across multiple FPGAs, the 
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management of data movement to or from the FPGAs, and the exception handling for 
error conditions in the algorithms.  The software also provides the interface for an 
FPGA aware version of gdb and configures the hardware abstraction layer for the 
algorithm block. 

3   Observations  

The test we used to verify bandwidth scaling was a very simple bitstream that pulled 
data off the data channel as fast as possible, incremented each word of the data, then 
pushed the data back into the data channel.  The data channel moves data at 6.4 
GB/sec theoretical peak.  This is bi-directional throughput, with 3.2 GB/sec in each 
direction, simultaneously.  The application bitstream was fully capable of driving the 
data at rated speed. 

In order to achieve full performance in a NUMA system, it is necessary to avoid 
oversubscribing the memory and processor resources on a node.  To achieve this, it 
was necessary to make the RASCAL libraries (RASClib) aware of the system 
topology.  Once RASClib was aware of the topology, it could then allocate memory 
on the node that was closest, topologically, to the FPGA that would use that memory. 
Further improvements can be made if the threads driving the FPGA are pinned to the 
node that is closest to the FPGA.  

We built the 70 FPGA system in order to verify that we could boot and run on a 
system of this size and to verify that the bandwidth would also scale. We were 
successful with the former, but disappointed with the latter. The system booted and 
ran with standard, released software without any problems or modifications. We were 
able to run the test applications on all 70 FPGAs concurrently. We were quite pleased 
with the performance of the BLAST-N application. However, the bandwidth bound 
application showed disappointing results with large numbers of FPGAs. 

Fig. 2. High Bandwidth Test with 16MB Data Transfers on 70 FPGA System 
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Fig. 3. High Bandwidth Test with 256MB Data Transfers on 70 FPGA System 

As can be seen from the plot in Fig. 2, the ability to scale dropped off dramatically 
at about 16 FPGAs. 

The above data was generated using a bandwidth limited application that did data 
transfers of 16 MB. We ran the same application again, using 256 MB data transfer 
sizes with the results in Fig. 3. 

These were better results, but there was still that precipitous drop-off at about 32 
FPGAs. Instrumentation showed that series of relatively minor issues with pthread 
jitter and another with a spin lock in the Linux kernel when pinning the huge page 
into memory in preparation for the data transfer to or from the FPGA contributed to 
each FPGA running at only 80% of theoretical peak of network bandwidth. 

Unfortunately, we did not have sufficient time to implement the fixes in software 
during our allotted time on the system. We were, however, able to reproduce the 
scaling issues on a smaller 16 FPGA system, to continue development. To handle the 
bandwidth limitations observed in the 70 FPGA system, an additional CPU blade per 
RC100 blade was added to bring this smaller system to 16 CPU blades and 16 
FPGAs. 

There were two issues associated with the use of pthreads. In the first case, a 
worker thread would fully utilize the processor core being used by the control thread. 
This was fixed with a call to pthread_cond_broadcast() to allow the control thread to 
complete prior to waking the worker threads. In the second case, two or more worker 
threads would contend for the same processor core despite having ample resources. 
This problem was alleviated by pinning the worker threads to specific processor cores 
on the node. 

Finally, there was a kernel lock issue that was fixed by putting the important work 
that the kernel call get_user_pages() did in the RASC driver without the lock. In the 
specific case the driver did not require the lock since the data structure the lock was 
protecting was not used. 
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After this work, we ran tests on the smaller, 16 FPGA, system and achieved nearly 
linear scaling results. Future work will include runs on a large machine to verify the 
improvements made. 

3.1   Using the System for Real World Applications 

Building a system of this size would be pointless if we did not include the test of a 
real-world application. For this we chose Mitrion Accelerated BLAST 1.0[3], 
developed by our partner Mitrionics. Mitrion Accelerated BLAST is based on NCBI 
BLAST 2.2.13[4], which is the most widely used sequence analysis application in the 
area of bioinformatics. Mitrion Accelerated BLAST is operational at several customer 
installations worldwide.  

The test case consists of searching the Unigene Human and Refseq Human databases 
(6,733,760 sequences; 4,089,004,795 total letters) with the Human Genome U133 Plus 
2.0 Array probe set from Affymetrix (604,258 sequences; 15,106,450 total letters). This 
test case is representative of current top-end research in the pharmaceutical industry. 

To run this test case on 70 FPGAs, the input queries were initially split into 169 
chunks to utilize the maximum total query length supported by Mitrion BLAST 1.0. 
Each chunk was then processed by one of the FPGAs using Mitrion Accelerated 
BLAST. The 169 chunks were distributed to the 70 FPGAs in 3 separate groups 
consisting of the first 70 chunks, followed by the next 70 chunks, and finally the 
remaining 29 chunks. The total wall clock time of running the test case on 70 FPGAs 
was 32 minutes 29 seconds. 

To run this test case on a typically used AMD Opteron cluster, the input queries 
were divided into 16 chunks (to use 16 AMD Opteron cores). Each chunk was then 
processed by one of the cores using NCBI BLAST 2.2.13. The total wall clock time 
of running the test case on a 16-core 2.8GHz AMD Opteron 8220 SE cluster was 
more than 4 days (101h:45m:48s).  

Therefore, the speedup of running this BLAST benchmark on the 70-FPGA system 
versus the 16-core Opteron cluster was 188x.  The magnitude of this speedup in 
BLAST processing speed is significant because scientists worldwide are being 
challenged by the exponential growth in genomic sequence data. 

Given a fairly complex job mix, we found that additional scheduling mechanisms 
would be required to guarantee optimal resource allocation. We believe that such an 
implementation would be straightforward to interface with our RASCAL devmgr tool 
that controls total device allocation and would further improve the production 
throughput benchmark. 

4   Conclusions 

We conclude that a large, production FPGA system can be built, tested, and deployed 
in a short period of time. We also find that an application that is bandwidth limited 
can be scaled, nearly linearly, with the system bandwidth scaling to reduce 
computation time.  We have shown that applications can make use of 64 or more 
FPGAs in a single system image to solve a common problem, and we have shown that 
the SGI Altix architecture and RASC software can handle this scaling with minimal 
effort on the part of the algorithm developer. 
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Abstract. This paper presents implementation of the double precision 
exponential function. A novel table-based architecture, together with short 
Taylor expansion, provides low latency (30 clock cycles) which is comparable 
to 32-bit implementations. Low area consumption of a single exp() module 
(roughtly 4% of XC4LX200) allows implementation of several parallel modules 
on a single FPGAs. The exp() function was implemented on the SGI RASC 
platform, thus external memory interface limitation allowed only a twin module 
parallelism. Each module is capable of processing at speed of 200 MHz with 
max. error of 1 ulp, RMSE equals 0,62. This implementation aims primarily to 
meet quantum chemistry’s huge and strict requirements of precision and speed. 

Keywords: HPRC (High Performance Reconfigurable Computing), FPGA, 
elementary function, exponent function. 

1   Introduction  

The HPRC (High Performance Reconfigurable Computing) has important advantages 
over HPC (High Performance Computing) like significantly lower power 
consumption and more efficient silicon coverage. Unfortunately conducting floating-
point operation within FPGA absorbs much more area than fixed-point calculations, 
therefore for a long time, FPGAs had not been employed to support double precision 
operation. Nowadays, there are some implementations of single precision floating-
point operations[1,2,3]. Since the proposed exp() module aims to speed up HPC 
chemistry and physics calculations, it has to be compatible with the data format 
employed so far. Consequently, the IEEE-754 double precision standard is adopted. 

2   Architecture of Exp Module 

To evaluate exp function the following commonly known mathematical identities are 
employed: 

exxxexx ii ee 22 log/log 22 −⋅ ⋅==  (1) 
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ex+y= ex⋅ey (2) 

where xi
 is an integer part of x⋅log2e. 

The equation (1) is employed to separate input argument into the integer part xi and 
fractional part xf. Integer part xi is used directly to evaluate the exponent part of the 
final result 2xi. Therefore the main problem is evaluation of the fractional part exp(xf). 

The proposed architecture of the exp function evaluation employs two methods to 
evaluate the fractional part: 

• Look-Up Table (LUT) based architecture 
• polynomial approximation. 

The partial results of these two methods are combined employing equation (2). 
Furthermore, (2) can be also used to divide one large LUT memory into several 
smaller LUT memories. Therefore employment of (2) is the main idea of the proposed 
architecture.  

The mixed method adoption always leads to the dilemma of the trade-off between 
LUT memories’ size  and  polynomial part evaluation cost. In the case of exp function 
implementation, increase of LUT memory size results in a decrease of the 
multiplication area. Nevertheless, analysis of the resources occupied by multipliers 
and LUT memories has led to the conclusion that employment of Block RAMs 
(BRAMs) embedded in the FPGAs would be the best solution. Replacement of 
floating-point multipliers with fixed-point ones further reduces occupied FPGA 
resources. It is possible because the input data was previously converted into a fixed-
point format. Furthermore input data smaller than 2-60 may be neglected during the 
calculation as they have unnoticeable impact on the final result. 

In the proposed architecture the polynomial approximation is significantly 
simplified. According to Taylor-Maclaurin exp(x) can be evaluated as follows:  

ex= 1 + x + x2/2 + x3/6 +  …. (3) 

In order to disregard x2/2 and higher degree expressions, the input argument must be 
very small to satisfy maximum mantissa error < 2-54 for double precision format.  This 
is satisfied for x<2-27. Consequently the most significant 27 bits of input xf

  are 
calculated employing LUT-based methods, the reset less-significant bits are 
calculated using Taylor-Maclaurin expansion limited to: ex≈ 1 + x. To obtain the final 
result, the results of the LUT-based algorithm and polynomial approximation are 
multiplied according to (2). It should be noted that (2) allows to use only LUT-based 
method, nevertheless employment of the polynomial approximation results in a 
significant decrease of the number of multipliers and LUTs. 

Summing up, the input argument x after conversion to fixed-point format is divided 
into 5 sections: 

1. integer part (11-bit), xi, which evaluates 2Xi (exponent part of the result), 
2. fractional MSB part, xM, bits 2-1 ÷ 2-9, 
3. fractional middle-bits part, xD, bits 2-10÷2-18, 
4. fractional LSB part, xL, bits 2-19÷2-27, 
5. fractional Taylor part, xT, bits 2-28… 
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Conversion to fixed-point 5 clock cycles  

Delay alignment 
Multiplication by constant 

1/ln(2) 
2 clock cycles  

Integer and fractional 
part separation  

LUT MSB LUT LSB LUT MID 

5 clock cycles  

Multiplier 6 clk

Multiplier 6 clk

Maclaurin 

add and round 1 clk  

 Round and add 2 clk

6 clk cycles delay 

Delay 5 clk 

1 clock cycle  

exponent out 

Floating-point argument 

Delay 17 clk 

Normalize 1 clk

mantissa out 

Multiplier  4 clk Delay 5 clk 

Align and add 1clk 

Delay alignment Delay alignment Delay alignment Delay alignment 1 clock cycle  

Round 1 clk

Delay 1 clk 

Delay 6 clk 

 

Fig. 1. Exp() module block diagram and its pipeline latency 

Afterwards the following mathematical operations are employed: 

xI= ⎣x⋅log2(e))⎦ (4) 

xF= xM & xD & xL & xT= x - xI⋅ (log2(2))-1 (5) 

)1(2 T
xxxx xeeey LDMI +⋅⋅⋅⋅=  (6) 

where: & - bit concatenation, ⎣x⎦ - rounding to the greatest integer xI such that xI≤x. 
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Using (4) and (5) enables separation of the integer and fractional parts. This step 
can be considered to be a scaling process that transforms input data to interval of 
boundaries at 0 and ln(2). It should be noted that xI is a small integer represented on 
10 bits, otherwise exp(x) results in infinity. Therefore this approach in practice 
replaces a large multiplication (required by identity ex = 2X/ln(2)) with two smaller 
multiplications, one to compute inaccurately xI according to (4), second to compute 
(accurately but with reduced width) xI⋅ln(2) according to (5). 

2.1   Error Analysis 

In the proposed architecture the following sources of errors can be distinguished: 

1. Taylor series expansion, 
2. multiplier (and LUT) width limitation. 

The Taylor series expansion is limited only to: ex≈ 1 + x. For x→0 the expansion error 
can be approximated by the next omitted expression, i.e. x2/2. As input argument 
xT<2-27 the Taylor series expansion error is limited roughly by 2-55. It should be noted 
that the input value is xT≥0, thus the result yT= 1+xT ≥1. Consequently relative error is 
also ≤ 2-55. Summing up, Taylor series expansion error is much lower than the double 
precision format accuracy. 

The multiplier inputs are roughly 54-bit wide, therefore the product width is 108-
bit wide. Such a bit-width is far beyond the required precision, therefore the LSBs of 
the product are usually disregarded. As a result, in the proposed architecture, some of 
the LSBs logic is not implemented at all. Unfortunately, calculation error is much 
greater for the given architecture. To decrease this error, some additional guard bits 
are provided. i.e. calculations are carried out on 62-bits. Similarly LUT memory bit-
width is extended by additional guard bits, as a single calculation error generated by 
LUT memory is within required double precision format, nevertheless aggregate 
whole system error can be outside requirements. 

3   Implementation Results 

The exp function was implemented on SGI Reconfigurable Application-Specific 
Computing (RASC) platform [4]. The presented in Tab. 1 and Tab. 2 implementation 
results contain exp module logic consumption together with RASC core services, 
essential to provide compatibility with Altix 4700. The RC100 Blade is connected 
using the low latency NUMALink interconnect to the SGI Altix 4700 Host System, 
for a rated peak bandwidth of 6.4GB per second. 

The RASC RC100 Blade consist of two Virtex-4 LX 200 FPGAs, with 40 MB of 
SRAM logically organized as two 16MB blocks and an 8MB block. The SRAM are 
36-bit QDR devices, thus transferring 128-bit data every clock cycle.  

128-bit data vectors are read from one SRAM bank, spread into two substreams 
consisting of 64-bit each. Every clock cycle (due to pipelining) data is processed by 
two exponential modules and results are concatenated to 128-bit vector which is 
finally written to the second SRAM bank. Afterwards the result is transferred through 
the NUMAlink to the rest of the system. 
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Table 1. Implementation results 

Implementation results # 4-input LUT # flip-flops # 18-Kb BRAMs 
Single exp() module 13,614 (7%) 19,704 (11%) 29 (8%) 
Twin exp() module 17,897 (10%) 25,461 (14%) 35 (10%) 

Table 2. The RASC system parameters 

Max. frequency 200 Mhz 
Max. error 1 ulp 

Root mean square error 0,6186052 

Pipeline latency 30 clk 

 

Fig. 2. Exp calculation on different platforms 

Table 3. Average calculation time [ns] per an exp calculation 

 Pentium 4 Itanium / Itanium 2 RASC 
Exp()  13.65 3.08 2.5 

 
To compare the calculation speed-up achieved by the RASC, average double 

precision calculation time per single exp function [5] is given in Tab. 3 for Pentium 4 
and Itanium processors. It is assumed that processors (Table 3) work at 2 GHz while 
single FPGA was clocked at 200 MHz. The RASC platform provides two FPGA 
chips (Xilinx Virtex 4 LX200), that allows to double the calculation rate by 
employing the second FPGA (this is not taken into account in Fig. 2 and Tab. 3). 

The calculation speed-up achieved by the RASC is not significant, nevertheless it 
should be noted that the throughput can be doubled by employing two FPGAs. 
Secondly, the calculation throughput is limited by external memory transfers and only 
10% of FPGA resources are occupied. Thus additional arithmetic functions can be 
incorporated in the same FPGA. Besides, by improving external memory interface, 
the number of parallel exp modules can be increased. 

It should be noted from Fig. 2 that for general-purpose processors, the calculation 
time decreases with increasing vector size only up to a curtain limit. Then the 
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calculation time rapidly increases. Probably the reason of this increase is that input or 
output data cannot be incorporated into internal processor cache memory, and 
external memory transfers significantly influence the whole system throughput. 
Summing up, both FPGA and general-purpose processors throughput degradation is 
caused by external memory access. Nevertheless, this degradation is not taken into 
account for the general-purpose processors in Tab.3. 

4   Summary 

This paper describes a novel architecture of double precision exponential function 
implemented in FPGAs and SGI RASC platform. The presented exp architecture 
introduces several novel hardware solutions never used for exp function: a) 3 
independent LUTs and Taylor series expansion for exp function, b) sign-migration to 
integer part xI, fractional part xF is always positive, c) optimized reduce-width 
multipliers.  

There are two improvements considerations worth introducing. Source code of 
quantum – chemistry software application can be substantially investigated in the 
future in order to eliminate a precision overhead. There is still a lot of silicon space on 
the FPGA (approximately 80%) that can easily fit addition logic. Investigations are 
being conducted to expand exp() function with additional logic of the hot spots found 
in quantum chemistry application source code. 
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Abstract. In this paper we present a framework for the automatic iden-
tification and selection of convex MIMO instruction-set extensions for
reconfigurable architecture. The framework partitions the analysis of the
problem into phases of different computational complexity and it gen-
erates instruction-set extensions of different granularity. The framework
is retargetable and additional clustering policies can be added with just
small modification on the design.

1 Introduction

In the past decade we have witnessed a general shifting from the use of general-
purpose computing systems to systems able to perform only a limited number of
tasks but more efficiently. Although general-purpose systems can execute a broad
range of applications making them extremely flexible, the power consumption
is relatively high. A good trade-off between flexibility and power consumption
is represented by reconfigurable systems. A simple reconfigurable system can
be realized, for instance, by coupling a General Purpose Processor (GPP) and
a reconfigurable hardware like an FPGA. When an application is executed on
a general system, a certain number of instructions are executed in hardware,
namely the ones that belongs to the Instruction-Set, whereas the rest of the
instructions is executed in software. If the same application is executed on a
reconfigurable system, we can use the reconfigurable hardware to execute addi-
tional more complex instructions, application-dependent, so that to extend the
Instruction-Set and speed up the execution of the application on the system.
The identification of those instructions suitable for hardware implementation
represents the so called Instruction-Set Extension (ISE) problem [2].

Taking into account the data-flow or control-flow graph of an application, it is
easy to understand that the parts of the application suitable for hardware imple-
mentations correspond to subgraphs of the graph representing the application.
The subgraph enumeration problem is a well known problem which is computa-
tionally complex and requires exponential time to provide an exhaustive enumer-
ation of all the subgraphs. Since not all subgraphs are suitable for a hardware
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Application
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HW 
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Fig. 1. The main parts of the ISE creation process: a) application to analyze, b) ex-
tension identification c) extension selection and d) hardware implementation of the
selected new instructions

implementation1, the problem becomes the design of efficient algorithms for the
identification of only instructions suitable for a hardware implementation.

Figure 1 depicts a general flow for ISE identification: once the application is
selected (Figure 1a), the application is analyzed to discover a certain number of
candidate instructions for hardware implementation (Figure 1b), the identified
instructions pass through a selection process which identify the most suitable
ones to hardwire usually based on hardware limitations (Figure 1c) and finally
the selected instructions are implemented in hardware (Figure 1d).

In this context, we present a framework for the automatic identification and
selection of Multiple Input Multiple Output Instruction-Set extensions. The pro-
posed design targets the Molen organization [1] which allows for a virtually un-
limited number of new instructions without limiting the number of input/output
values of the new instruction to be executed on the reconfigurable hardware.
More specifically the main contributions of this paper are the below listed:

– a framework for the automatic identification and selection of Instruction-Set
extensions which partitions the analysis into phases of different granularity
and computational complexity;

– an analysis of the main issues to export the presented framework, designed
for the Molen architecture, to general reconfigurable architectures.

The reminder of the paper is the following: in Section 2, a description of the
framework in detail together with a computational complexity analysis and an
analysis of the issues to improve the presented framework and extend it to a gen-
eral reconfigurable architectures are presented. Finally, in Section 3, we present
concluding remarks and an outline of future work.

2 Description of the Framework

In Figure 2, we present an overview of the framework proposed in this paper. For
more technical details about definitions and concepts addressed in the following,

1 Depending on the target architecture, the new instructions can have limitations
on the total number of inputs and/or outputs, or on the area they occupy when
implemented on the reconfigurable hardware, etc.
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Fig. 2. The Framework for the Automatic Generation of Instruction-Set extensions

the interested reader can refer to [5,6,4,7]. The main idea behind the design of
such a framework is the generation of convex MIMO instruction-set extensions
with multiple steps of different granularity and complexity. More specifically the
design can be split in two parts: the first part concerns a fine-grain clustering
(Figure 2a) and the second one concerns a coarse-grain clustering (Figure 2b).
The framework has three main stages: the fine-grain stage, the selector stage
and the coarse-grain stage described in the following. We assume the Molen
architecture as the target reconfigurable architecture. Some issues concerning
how to export the framework to general reconfigurable architecture and possible
extensions and improvements for the framework are addressed later in the paper.

One of the strengths of such a framework is the convexity guarantee of the
clusters generated. Traditional methods for convex instruction identification usu-
ally perform a check for the convexity of the cluster at each inclusion of a node
in the cluster. This affects the overall complexity of the solution which increases.
With our clusterings, the selected nodes do not have to be tested for convexity
since the convexity of the cluster is theoretically guaranteed by construction.

STEP 1: Fine-Grain Stage. The input of the framework is given by the DAG
G = (V, E) that represents the application to be analyzed where the nodes rep-
resent primitive operations and the edges represent the data dependencies. The
focus of the analysis is on which parts of the code are suitable for a software
implementation and which ones are suitable for a hardware implementation to
increase the overall performance of execution of the application onto the recon-
figurable architecture. We have three different paths that the input can follow
before arriving to the selector stage:

– PATH 1: The nodes of G are convoyed directly to the selector step;
– PATH 2: The nodes of G are partitioned in MAXMISOs [3];
– PATH 3: The nodes of G are firstly partitioned in MAXMISOs and subse-

quently every MAXMISO is partitioned in SMMs [4].
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In PATH 3, from the definition of SMM [4], we know that the SMM partition-
ing depends on the choice of the bereaved node2 and this node can be selected
in n different ways, where n is the order of G. In all the cases the output is a
minimal cover of convex non-overlapping MISO elements3. We remind that a
minimal cover is a cover for which removal of one member destroys the covering
property of the graph. We note that in all cases convexity is guaranteed theoret-
ically by construction while in general, other approaches perform an additional
analysis on the clusters to test the convexity. We remark that, in PATH 3, the
algorithm for SMM generation can also be used iteratively to generate MISO
instructions of relatively smaller size when tight constraints on the inputs are
imposed.

STEP 2: Coarse-Grain Stage. Based on the output of the fine-grain stage
(more specifically on the input selected by the fine-grain selector) there are three
possible ways to generate convex MIMO instructions depending on the shape of
the graph in terms of depth and width of the graph4.
CASE 1: w > d. (CLUST 1, Figure 2) Let us consider a partitioning of the
nodes of G in levels. When two nodes n1 and n2 with latency in hardware l1 an l2
at the same level are selected for hardware execution, if they are implemented as
separate instructions we have a performance loss, which can be roughly estimated
as l1 + l2 −max(l1, l2). An optimal selection of which nodes to select at the same
level to implement in parallel in hardware can then provide a considerable speed
up estimated as

∑
i li−maxi(li). An algorithm for the optimal selection of convex

MIMO ISE based on an ILP formulation, more suitable for graphs wider than
deeper, has been proposed in [5]. Although the algorithm has been designed for
an optimal selection through the levels of MAXMISOs at the same level, it is
possible to generalize the result to every minimal cover with non-overlapping
elements.
CASE 2: w < d. (CLUST 2, Figure 2) When a graph is deeper than wider, a
heuristic clustering algorithm of linear complexity in the number of processed
elements is proposed in [6]. Similarly to the previous case, the result is applicable
to every minimal cover with non-overlapping elements. This algorithm starts
from a node at a certain level and moving vertically through the levels it identifies
nodes to include in the cluster. Clustering is performed up to when there is
available area left on the reconfigurable hardware.
CASE 3: w ∝ d. (CLUST 3, Figure 2) When clustering is performed on graph
with comparable width and depth, an extended version of the algorithms pro-
posed in the previous cases is presented in [7]. This paper present a clustering
method of linear complexity based on a spiral search through the levels of a

2 The choice of the node can be random or directed by specific properties defined by
the user.

3 We note that a single node is trivially a convex subgraph and a MISO.
4 The depth, d, of a graph is defined as the maximum number of the levels of its node,

while the width, w, of a graph is defined as the maximum number of nodes belonging
to the same level through the levels.
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graph. Contrary to the previous two algorithms which select nodes favoring a
specific direction (horizontal CASE 1 and vertical CASE 2), this algorithm clus-
ters nodes following a spiral search centered in the initial node selected and
expanding the search through the levels in both directions: vertical and horizon-
tal. Also in this case clustering is performed up to when there is available area
left on the reconfigurable hardware. Similarly to the previous cases, the result is
extendible to every minimal cover with non-overlapping elements.

These algorithms perform instruction generation and selection at the same time
based on a certain number of parameters: hardware and software latency of the
generated instructions, total area occupied by the generated instructions when
implemented in hardware and total area available on the FPGA. Additionally,
while the first clustering produces an optimal solution, the other clusterings are
heuristics. We remark that although the algorithms are more suitable in specific
cases than others, there is no limitation in the use of any of them for any graph.

Fine- and Coarse-Grain Selector Stage. In Figure 2 two selectors are de-
picted: a fine-grain and a coarse-grain selector. The former, a 3-1 selector, for-
wards the output of one of the PATH 1-3 to the latter, a 1-3 selector, which
directs the data to one of the coarse-grain clustering algorithms. We have 3 × 3
possible combinations, which means that we can have up to 9 possible different
instruction-set extensions of different granularity. Additionally the framework
can be extended with additional algorithms for clustering in both stages, the
fine-grain and the coarse-grain stage, with small adjustments on only the selec-
tors to include more inputs or outputs for the additional clustering algorithms.

The Complexity of the Framework. As described before, the framework
produces an ISE depending on the input and output of the selectors. All the
clustering algorithms presented in the framework but one have linear complexity
in the number of processed elements. Only the clustering algorithm CLUST 1
has exponential complexity but it provides an optimal solution. This means that
when in the coarse-grain stage it is selected the first algorithm for the generation
of convex MIMO instruction set extensions, the overall complexity of the process
is exponential. In the remaining cases the overall complexity is linear in the
number of processed elements.

Additionally, the SMM clustering, CLUST 2 and 3 generate clustering based
on the initial selection of a node, which can be random or directed by specific
properties defined by the user. This means that keeping variable the selection
of the node, for each choice of the node it is possible to generate a different
instruction-set extension with the same computational complexity.

Extensions and improvements for the Framework. The framework pre-
sented in this paper has a flexible design: additional clustering algorithm can be
integrated into the design with modifications of only the selectors in principle.
As mentioned before, our target architecture is the Molen architecture. When
the present design is exported on different architectures, additional constraints
on number of I/O have to be usually introduced during the clustering in the
fine- and coarse-grain clustering step.



A Framework for the Automatic Generation of Instruction-Set Extensions 285

Hardware reuse can be considered to further speed up the overall execution
time of the application onto the reconfigurable architecture, implementing in
hardware only the unique instructions and saving area for additional ones. This
can be done with an isomorphism check strategically positioned into the design.
On one side, an isomorphism check for hardware reuse can save area and increase
the speed up using the saved area for additional new complex operations. On
the other side, no polynomial solution is known for the graph isomorphism prob-
lem. This means that the inclusion into the design of an isomorphism check will
increase the overall complexity of the solution. Efficient algorithms for graph iso-
morphism are available in literature, which represents a good trade-off between
their complexity and the quality of their solution [8].

Additionally, CLUST 2 and CLUST 3 perform selection of the clusters based
on the total available area left. An optimal selection of which are the instruc-
tions suitable for hardware implementation based on latency and area can be
obtained formulating the selection as an ILP problem and using efficient solver
to find the solution. This can be solved as in [5] without the requirements that
the selected clusters belong to specific levels. This will provide a better selection
of the instruction but it will increase the overall complexity of the generation
process as well. This means that all the clusters will be first generated, giving
a minimal cover of the graph and then the ones belonging to the optimal solu-
tion will be implemented in hardware based on the total available area on the
reconfigurable component.

3 Conclusions

In this paper we presented a framework for the automatic identification and selec-
tion of convex MIMO instruction-set extensions for reconfigurable architecture.
The framework partitions the analysis of the problem into phases of different
computational complexity and granularity. The framework is retargetable and
additional clustering policies can be added with just small modification on the
design. In our future work we intend to verify with experimental results the ben-
efit of the insertion of such a framework into the design for automatic instruction
set extension. Preliminary results presented in [5] and [6] have shown the benefit
of the insertion of part of the algorithms presented in this paper.
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Abstract. In this paper, we present the PARO design tool for the automated hard-
ware synthesis of massively parallel embedded architectures for given dataflow
dominant applications. Key features of PARO are: (1) The design entry in form of a
compact and intuitive functional programming language which allows highly par-
allel implementations. (2) Advanced partitioning techniques are applied in order
to balance the trade-offs in cost and performance along with requisite throughputs.
This is obtained by distributing computations onto an array of tightly coupled pro-
cessor elements. (3) We demonstrate the performance of the FPGA synthesized
hardware with several selected algorithms from different benchmarks.

1 Introduction and Related Work

The rising complexity of embedded digital applications and the growing importance of
time-to-market require powerful modeling methods and tools to automate the design
and implementation process. Whereas software compilers have reached a mature level,
there still exist only few and restricted tools for the synthesis of hardware implemen-
tations from high-level algorithm descriptions. Commercial examples of such systems
are Catapult-C from Mentor Graphics [9], Forte Cynthesizer [4], or PICO Express by
Synfora [11]. Apart from commercial systems, there exist several C-based synthesis
approaches for reconfigurable systems in academia. For instance, the SPARK [6] syn-
thesis methodology which is particularly targeted to control-intensive signal processing
applications. However, SPARK can handle only one dimensional arrays. The aforemen-
tioned design tools start from a subset of C, C++, or SystemC code. However, starting
with sequential languages has the disadvantage that their semantics force a lot of re-
strictions on the execution order of the program. Most of the parallelism contained in
the original mathematical model of the algorithm is lost during the transformation to
sequential code. One option is to directly start from a functional language as for in-
stance Haskell [13]. However, also Haskell has only restricted abilities to handle true
multi-dimensional arrays (i.e., arrays in which every dimension is treated as equiva-
lent). Other approaches try to avoid the restrictions of sequential languages by using
different programming and execution models. For instance, the MMAlpha system [5] is
based on loop parallelization in the polytope model similar to our approach. In previous
work, we used our methodology only for handcrafted mapping of certain algorithms [3]
or presented the generation of dedicated FPGA hardware accelerators for one parame-
terizable digital signal processing application [10]. Whereas, in this paper we present
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Fig. 1. PARO design flow trajectory for the generation of hardware accelerators

for the first time the PARO design tool for the automated generation of highly paral-
lel hardware accelerators for a broad variety of multi-dimensional dataflow dominant
applications selected from different benchmarks.

2 Description of the Front End

An overview of our tool’s design flow is depicted in Fig. 1. As design entry we de-
veloped a functional programming language. The class of algorithms that can be
expressed by a PARO program is based on the mathematical model of dynamic piece-
wise linear/regular algorithms (DPLA) [7]. The language consists of a set of recurrence
equations defined for a multi-dimensional iteration space as it occurs in nested loop
programs. When modeling signal processing algorithms, a designer naturally considers
mathematical equations. Hence, the programming is very intuitive. To allow irregulari-
ties in a program, an equation may have iteration and run-time dependent conditionals.
Furthermore, big operators (also often called reductions) which implement mathemat-
ical operators such as ∑ or ∏ can be used. In contrast to the common mathematical
notation, the iteration space is not required to be 1-dimensional, as the following image
processing code fragment of a 2-D Gaussian window filter demonstrates

w[0,0] = 1; w[0,1] = 2; w[0,2] = 1;
w[1,0] = 2; w[1,1] = 4; w[1,2] = 2;
w[2,0] = 1; w[2,1] = 2; w[2,2] = 1;
h[x,y] = SUM[i>=0 and i<=2 and j>=0 and j<=2](pic in[x+i,y+j] * w[i,j]);
pic out[x,y] = h[x,y] >> 4; // divided by 16

Based on a given algorithm, various source-to-source compiler transformations and op-
timizations can be applied within the design system. Among others, these transforma-
tions include: Constant and variable propagations, common sub-expression elimination,
loop perfectization, dead-code elimination, affine transformations of the iteration space,
strength reduction of operators (usage of shift and add instead of multiply or divide),
and loop unrolling. Algorithms with non-uniform data dependencies are usually not
suitable for mapping onto regular processor arrays as they result in expensive global
communication or memory. For that reason, a well known transformation called local-
ization exists which replaces affine dependencies by regular dependencies.

For such a regular algorithm, the data dependencies can be visualized as reduced de-
pendence graph (RDG), which contains one node for each variable. If there are several
equations defining the same variable due to iteration dependent conditionals, there is
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Fig. 2. Reduced dependence graph with annotated schedule for an example FIR filter algorithm

only one node for the corresponding variable in the graph. So, the terms variable and
node may be used synonymously in the following. The data dependencies are annotated
to the edges. Figure 2 shows the RDG after localization of data dependencies of an FIR
filter initially described by the equation Y (i) = ∑N−1

j=0 A( j) · U(i− j) with 0 ≤ i < T , N
denoting the number of filter taps, A( j) the coefficients, U(i) the filter input, and Y (i)
the filter result.

Partitioning is a well known transformation which covers the index space of compu-
tation using congruent hyperplanes, hyperquaders, or parallelepipeds called tiles. Well
known partitioning techniques are multiprojection, LSGP (local sequential global par-
allel, often also referred as clustering or blocking) and LPGS (local parallel global se-
quential, also referred as tiling). Partitioning is employed in order to match an algorithm
to given architectural constraints in functional resources, memory and I/O bandwidth.
Hierarchical partitioning methods apply multiple hierarchies of tiling [2].

Allocation and Scheduling. An important step in our design flow is the space-time
mapping which assigns each iteration point I ∈ I a processor index p ∈ P (allocation)
and a time index t ∈ T (scheduling) as given by the following affine transformation:

(
p
t

)
=

(
Q
λ

)
· I +

(
q
γ

)
(1)

with I ∈ I, Q ∈ Z
s×n, λ ∈ Z

1×n, q ∈ Z
s, and γ ∈ Z. T ⊂ Z is called time space, that is the

set of all time steps where an execution takes place. P ⊂ Z
s is called processor space. Q

is called allocation matrix and determines the processor that executes an iteration point
I. λ is called schedule vector and provides the start time of each iteration point I.

Having hardware implementation in mind, it is not enough to assign a start time to
each iteration point. In lieu thereof, one must determine the start time of each operation
in the loop body. Therefore, we extend the time mapping in order to include the offset
for the computation of each left hand side variable in the loop body and each node in the
RDG, respectively. For node vi, let this offset be τ (vi). The overall start time of node vi
at iteration point I is: t (vi (I)) = λ · I + γ + τ (vi).

The purpose of scheduling is to determine the optimal schedule vector λ (global
scheduling), and the value of τ (vi) for each node vi (local scheduling). The purpose of
binding is to assign each node a functional unit (resource) which can execute the node
functionality. After binding is done, each node is associated an execution time which
is denoted by w(vi). The problem of resource constrained scheduling and binding is
solved by mixed integer linear programming (MILP) similar as in [12, 7].
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3 Hardware Synthesis

This section describes the synthesis of hardware accelerators in form of a processor
array. The synthesis both of the array generates a completely platform and language in-
dependent register transfer level (RTL) description of the hardware as intermediate rep-
resentation. This representation is subsequently retargeted to HDL code (e.g., VHDL).
The synthesis of a regular processor array consists of several steps: synthesis of proces-
sor elements, the array interconnection structure, and the control path.

Synthesis of Processor Elements. A processor element (PE) consists of the processor
core and a local controller. The processor core implements the data path where the ac-
tual computations are performed. The synthesis of the processor requires a scheduled
reduced dependence graph. During the binding phase, each operation in the loop body
was assigned a functional unit (resource) that executes the operation. These functional
units are instantiated in the processor core. In case of reuse of functional units, input
multiplexers may be required in order to select the correct operands in every time step.
The interconnection between the functional units can be directly derived from the re-
duced dependence graph.

Synthesis of Interconnection Structure. In order to synthesize the processor inter-
connection structure, one must analyze the data dependencies of the program and use
the scheduling and placement information. Therefore, given the following equation
of an input specification, xi [I] = Fi (. . . ,x j [I + d ji] , . . .) if CI

i (I) and a space-time
mapping as in Eq. (1). The synthesis of processor interconnection for the data de-
pendency x j [I + d ji] −→ xi [I] is done by determining the processor displacement as
d p

ji = Q · (I + d ji) − Q · I = Q · d ji. For each pair of processors pt and ps = pt + d p
ji

with ps ∈ P ∧ pt ∈ P , a corresponding connection is drawn from the source pro-
cessor ps to the target processor pt . The time displacement denotes the number of
time steps that the value of x j [I + d ji] must be stored before it is used to compute
xi [I]. In processor arrays, the time displacement is equal to the number of delay reg-
isters on the respective processor interconnection. The time displacement is given by
dt

ji = λ ·(I + d ji)+τ (x j)+w(x j)−λ ·I −τ (xi) = λ ·d ji +τ (x j)+w(x j)−τ (xi) . Here,
τ (x j) is the offset of the calculation of x j, and w(x j) is the execution time of the asso-
ciated operation. If the number of delay registers is large or the delay registers are only
filled sparsely, FIFOs, or embedded memories are selected instead.

Synthesis of Control Structure. In the context of regular processor arrays, synthesis
of efficient control structures is of utmost importance for producing control signals to
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Table 1. Experimental results

max. Exec. avg. Output
No. of No. of No. of No. of No. of Clock Time Interval

Algorithm PEs LUTs FFs MULTs BRAMs (MHz) (cycles) (cycles)
Edge Detection
– 100×100 image, partitioned 1×4 2962 1455 0 4 143 7.7 · 103 3
– 1000×1000 image, partitioned 1×4 2997 1913 0 44 120 7.5 · 105 3
Gaussian Filtering
– 100×100 image, 3x3 mask 3×3 655 1439 9 2 171 1.0 · 104 1
– 1000×1000 image, 3x3 mask 3×3 683 1463 9 2 171 1.0 · 106 1
– 2000×2000 image, 3x3 mask 3×3 696 1472 9 4 169 4.0 · 106 1
– 1000×1000 image, 5x5 mask 5×5 1538 3909 25 4 171 1.0 · 106 1
FIR Filter
– 64 Taps, partitioned 1×4 773 834 4 0 125 71 16
– 64 Taps, partitioned 1×8 1915 1014 8 0 132 71 8
– 64 Taps, projected 1×64 5782 9089 64 0 167 68 1
Matrix Multiplication
– 6x6 matrix size, sequential 1 204 157 1 0 131 250 6
– 6x6 matrix size, partitioned 2×2 829 795 4 0 115 72 1.5
– 6x6 matrix size, projected 6×6 1888 4067 36 0 166 20 0.28
Discrete Cosine Transformation 2 1754 1152 8 1 130 94 0.65
Elliptical Wave Digital Filter 1 1169 624 1 0 94 2.5 · 105 1
Partial Differential Equation Solver 1 619 502 1 0 128 1.2 · 105 (1 result)
MPEG2 Quantisizer 1 637 1190 1 0 141 222 2.95
JPEG Loop 1 1 82 79 0 0 224 63 1
JPEG Loop 2 1 570 1139 0 0 158 126 1

orchestrate the correct computation of the algorithm. The size of the control path should
be as independent of the problem size and the processor array size as possible in order
to ensure the high scalability of regular arrays. The key characteristic of our control
methodology as depicted in Fig. 3 is the use of combined global and local control fa-
cilities. All control signals that are common for all processor elements are generated
by global control units and propagated through the array, whereas local control is only
necessary for signals that differ among the processor types. This strategy reduces signif-
icantly the required area and improves the clock frequency [1]. The central component
of the control architecture is a global counter which generates the non-constant parts of
the iteration vector. The counter signals are taken to compute the iteration dependent
conditionals. Here, one can identify conditionals which are independent of the current
processor index and can thus be evaluated by a global decoder unit. Only the proces-
sor dependent conditionals are subject to evaluation by per-processor local decoders.
The globally evaluated conditionals are propagated as Boolean signals along with the
counter signals with the appropriate delay through the processor array. Furthermore,
several operations scheduled at each iteration (with offset τ (vi)), so additional logic is
required to assure the correct execution behavior. During every iteration of an iterative
schedule the same sequence of control signals must be generated. Thus, the control
functionality can be implemented by a modulo counter whose output is connected to a
decoder logic along with globally and locally evaluated iteration dependent condition-
als. This decoder generates the control signals for the functional units and multiplexers.
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4 Case Studies

We have synthesized several algorithms from various application domains, some of
which are taken from the well-known MediaBench suite [8]. We profiled the JPEG and
MPEG2 algorithms and identified some of the most computational intensive loop ker-
nels. The results, and the results from some more algorithms, are shown in Table 1. All
algorithms were implemented using 16-bit integer or fixed point arithmetics, respec-
tively, and synthesized using the Xilinx ISE 6.3i toolchain targeting a Virtex-II 8000
FPGA.

For each example, the table shows the dimension of the processor array, the cost
in terms of FPGA primitives, the maximum clock frequency, the total execution time
for the algorithm in clock cycles, and the average number of clock cycles between the
availability of two successive output instances (for example samples, pixels). The latter
is the inverse of the throughput, that is, a smaller number denotes a higher throughput.
An initial latency does not affect the throughput. Note that an output interval less than 1
means that more than one output instances are available per clock cycle. The Gaussian
filter was partitioned such that implementation costs remain mostly constant for larger
image sizes — of course, the latency raises. For the FIR filter, we used partitioning to
trade throughput and cost at constant latency. The projected implementation is fast but
very expensive, whereas partitioning allows for a fine-grained design space exploration.
Similar are the results for matrix multiplication but partitioning was applied in a way
that the total execution time can also be selected according to the user’s requirements.

5 Conclusions

In this paper we presented PARO, a novel tool for the continuous design flow for the
mapping of computationally intensive nested loop programs onto parallel processor
arrays that are implemented in FPGAs. Starting point of our approach is a functional
programming language which preserves the inherent parallelism of a given application.
Partitioning is used as a core transformation in order to match a given algorithm to
hardware constraints and user requirements. For the first time, hierarchical partition-
ing is supported in the whole design flow, that is, during high-level transformations,
allocation, scheduling, hardware synthesis, and HDL generation phases.
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Abstract. A novel technique for balancing streams of data transferred
in every cycle in the wormhole routing dedicated for Networks on Chip
architectures is presented in this work. The influence of the traditional
and the proposed techniques over the total network flow is computed for
popular multimedia stream-based algorithms. The experimental results
confirming the proposed approach are provided.

Keywords: Networks on Chip, stream-based processing, wormhole rout-
ing, tapeworm routing, Ford-Fulkerson method.

1 Introduction

Since today single-processor computers are considered insufficiently powerful to
deal with demanding multimedia applications, the Multi Processor Systems on
Chips (MPSoCs) are often viewed as their natural successors in this domain
[2]. However, contemporary MPSoCs, whose connections are either bus-based or
point to point, do not scale well enough to maintain the foreseen growth of the
number of intellectual property (IP) cores in a single chip [1]. It is one of the
reasons of the mounting popularity of the Network-on-Chip-based (NoC-based)
connections in the contemporary designs. The popularity of this on-chip commu-
nication scheme is caused with the lower contention level in a chip with a large
number of cores, where traditional on-chip buses are considered as the main
obstacle in the MPSoC efficiency. The performance of both dedicated wiring
and buses has been reported as inferior to NoCs due to their worse reusabil-
ity, scalability, higher latency and noise [2]. The NoC architectures offer high
bandwidth and good concurrent communication capability, but an effective flow
control mechanism has to be applied to avoid resource starvation and conges-
tion [1]. As an MPSoC includes a set of IP cores, it usually exploits the tiled
architecture where the tiles comprise of (i) the core realizing the functionality of
the algorithm given with the high-level description and (ii) the router which is
typically connected to four neighboring tiles.

As a large number of popular multimedia applications make usage of the
streaming approach, e.g. MPEG, WiMax, DVB, etc., it may be important to
consider the data-flow management in a NoC dedicated to streaming data trans-
fer. In these applications, there are relatively large amount of data transmitted
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between predefined computing cores with a fixed time frame. Similarly, the effi-
ciency of these algorithms’ implementations raises if a pipeline scheme is applied
as the cores may work in parallel on subsequent amount of data. The data
streams are usually large, but fixed for relatively long time and the computation
expenditures of particular cores are equal for each sample. These properties of
data-flow streams, which are important to the efficiency of the proposed tech-
nique, are well characterized in [3].

2 NoC Routing Issues

One of the most popular packet switching techniques used in NoC is the worm-
hole routing [1], where a packet is split into smaller units, flits. The first flit
usually contains the destination address, whereas the second one keeps the in-
formation about the payload data length.

After obtaining the first flit, a router selects the next-hop router (using a
routing algorithm). This path is used for the remaining flits of the package.
Then, a package to be transferred between two non-adjacent cores has to cross a
number of connections and, consequently, uses these connections in an exclusive
manner and does not allow other transfers to use this link simultaneously. As
the result, the second transfer is blocked as long as the first is not finished. The
described situation is referred to as contention. In stream-based applications the
situation is even worse in comparison with other algorithms, as the same transfers
appear in every clock cycle and, consequently, it is hampered to compensate the
contention at further stages.

In the popular XY routing algorithm, a flit is firstly routed according to the X
axis as long as the X coordinate is equal to the X coordinate of the destination
core, and then the flit is routed vertically. Although being deadlock-free, this
algorithm does not adapt to the temporary dataflow and even two data-flows to
be transmitted by one link result in contention. Thus, the mapping of IP cores
into tiles in a NoC structure influences the level of contention.

3 Proposed Approach

The first stage of the proposed approach is to construct a flow network for a
given stream-based algorithm. The processing blocks of the algorithm are iden-
tified and the transfers between them are computed. Then, we have to determine
the mapping of the cores into the mesh structure leading to the improved per-
formance of the NoC structure.

The impact of the mapping on the final implementation properties is very
significant in case of the traditional wormhole XY routing approach. For the
example of MPEG-4 decoder [5], the difference between the required capacity
and the best and the worst mappings is about 203.04 per cent.

For example, the XY algorithm applied to the H.264 video decoder [4] for core
permutation 0-2-3, 7-8-4, 1-6-5 in the first, second, and the third row, respec-
tively, leads to the transfers presented in Fig. 2c. In this situation, the maximal
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transfer between adjacent cores is relatively high being equal to 2240 Mbit/s. It
means that in every second such amount of data is to be transferred between
cores 8 and 7, so that the NoC infrastructure has to offer capacities large enough
to cope with this transfer. Assuming the most popular regular NoC mesh archi-
tecture, all the links have to have equal capacities, so all of them have to be
capable of transferring 2240 Mbit/s. However, the majority of the remaining
links are utilized in small percentage of this maximal value. It may be expressed
with the standard deviation value, which is equal to about 598.36 Mbit/s. Thus,
we assumed that the standard deviation express the transfer balancing level. The
smaller the standard deviation, the transfers are closer to each other. Moreover,
only 13 links out of 24 are utilized, which results in unbalanced transfers and
poor utilization of the available resources.

This is our main motivation to introduce a routing scheme we named tapeworm
routing. We propose this name due to the similarity with the anatomy of a tape-
worm - both its body and a package body are split into segments; segments are
comprised of a number of flits, the first two flits of the segment forms a header. In
this approach, we modified the standard XY algorithm in the following way.

Having selected an appropriate mapping, it is important to balance transfers
between each path in a NoC structure. The algorithm (Fig. 1.) needs on its input
a complete list of data transfers in the network flow built at the previous stage.
We describe Ti, i.e., the i-th transfer, as a triplet (Si, Di, Ai), where Si and Di

denote the source and the destination nodes, and Ai is the size of the data stream
transferred between these nodes. The proposed technique takes advantage of the
well-known Ford-Fulkerson method for determining maximal throughput of the
network between a set of cores.

The decomposition of the package into segments is performed by a router in
the following way. Each router has a routing table that enlists all the routes to
a destination core sorted with respect to the length of the route and the equal-
length routes are sorted according to the XY rule. Consequently, the first route
is obtained with the traditional XY algorithm. In the second route the flit is
routed horizontally as long as the X coordinate of the router is lower by 1 than
the X coordinate of the destination core. Then, the flit is routed vertically by 1
link and further according to the standard XY algorithm. In the next path, the

1. for a given permutation p
2. Max =

∑
i Ai

3. Min = 0
4. while (Max > Min)
5. create flow network G for the appropriate NoC
6. for each transfer i
7. find all paths Pj between Si and Di

8. sort Pj with respect to the paths length
9. sort the paths in Pj of equal lengths according to XY rule
10. determine minimal flow cmin utilizing Ford-Fulkerson method
11. Ai = Ai − cmin

12. if (Ai > 0)
13. Max = Average(Min, Max) - 1
14. else
15. Min = Average(Min, Max) + 1

Fig. 1. Pseudo-code of the proposed algorithm for transfer balancing
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(a) (b)

(c) (d)

Fig. 2. Transfers comparison for the following decoders and routing algorithms: H.264,
Tapeworm (a); MPEG-4, Tapeworm (b); H.264, XY (c); MPEG-4, XY (d)

(a) (b) (c)

Fig. 3. Successive steps of the tapeworm algorithm

flit is routed according to the X axis as long as the X coordinate of the router is
lower by 2 than the X coordinate of the destination core, and so on.

The example of the three successive steps of the tapeworm algorithm is pre-
sented in Fig. 3. In this figure, the numbers written above links mean a flow
and a remaining available capacity. The data length to be sent between cores S
and D is equal 70 bits. At the first stage, 30 bits of the link between routers 2
and 3 have been already allocated. As the available capacity between routers 1
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and 2 (i.e., the link selected by the XY rule) is only 50 bits, 50 bits are sent by
this link, and the remaining 20 bits are sent by the alternative route to the 4th
router. In router 2, the package is further segmented: 20 bits follow the path to
the router 3, whereas 30 bits are sent to router 5. Thus, the total data length
sent between routers 5 and 6 is equal to 50 bits.

4 Experimental Results

We have implemented the tapeworm algorithm, described earlier in this paper for
H.264 and MPEG-4 decoders. Using exhaustive set of permutations, the average
throughputs for the whole population have been obtained. We have measured
that these values are about 2431.6251 Mbit/s (H.264) and 3903.1804 Mbit/s
(MPEG-4) for the traditional XY algorithm, whereas for the tapeworm rout-
ing we have obtained about 1303.1422 Mbit/s (H.264) and 2597.4315 Mbit/s
(MPEG-4). It means the proposed algorithm gains respectively about 46.41
(H.264) and 33.45 (MPEG-4) per cent of the overall transfers.

The total transfers by this routing technique for the same decoder, as de-
scribed in Section 3 for the XY algorithm, is shown in Fig. 2a. In this case, the
standard deviation is equal to 308.95 Mbit/s and only two links are not utilized.
Similarly, we utilized the proposed approach for MPEG-4 decoder and obtained
the transfers presented in Fig. 2b. For comparison, the XY algorithm leads to the
standard deviation of 1295.73 Mbit/s, whereas the tapeworm approach resulted
in 514.25 Mbit/s.

According to our test, performed as an area and critical path estimation for
the models synthesized into a cycle-accurate logic network, an implementation of
the router needs 102258 NAND gates and 2628 flip flops1. It has been shown in
[2] that the area and time requirements for NoC-based communication scheme
is similar to bus-based realizations and considerably less in comparison with
point-to-point (P2P) connections, whereas the performance scaling rate is quite
similar to the P2P approach. Moreover, these requirements are the result of
trade-off between the target chip area and efficiency; as five loop bodies have
been replicated 51 times each as the result of the unrolling operation, and five
others - 6 times each. Besides, each of the five router’s ports includes a relatively
large buffer that can store 30 flits. Thus it is possible to decrease the target area
significantly by eliminating some loop optimizations.

5 Conclusion and Future Work

In this paper, we have proposed an approach for balancing streams in multi-
media applications realized in a Network on Chip environment. Our routing
technique allows a segmentation of packages in comparison with the wormhole
XY algorithm. Having applied this technique, we have diminished the average
1 The estimation has been performed with Celoxica Agility software, for Xilinx

XC3S1500FG320-4.
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transfers by about 33 and 46 per cent for MPEG-4 and H.264 decoders, respec-
tively, taking into account all possible core mapping permutations. The transfer
overhead for transferring additional headers caused by an implementation of the
wormhole scheme is negligible (less than 10−6 per cent of all transferred flits).
Our balancing technique decreases the standard deviation by about 60 and 48
per cent respectively for MPEG-4 and H.264 decoders.

The obtained results confirm the advantage of the proposed technique over
the XY routing algorithm, which is one of the most widely-used routing schemes
in the Network on Chip architectures.

The research work presented in this paper was sponsored by Polish Ministry
of Science and Higher Education (years 2007-2010).
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Abstract. In this paper, we examine the efficiency of the ARRIVE ar-
chitecture, a coarse-grain reconfigurable datapath extension to an embed-
ded RISC microprocessor. It is considered platform specific, optimized
for the media and communication processing domain. Detailed chip area
requirements are obtained through the mapping to an UMC 0.18μm
standard cell ASIC process layout. Furthermore, we present hardware
utilization and power simulation results of six media/communication
benchmark applications based on post-layout process information. As a
result, we can recognize increased area efficiency ( operations

mm2·s ) and power
efficiency ( operations

mW ·s ) of the reconfigurable datapath extended RISC
microprocessor.

1 Introduction

SIMD datapath extensions commonly known as multimedia extensions have been
available for DSP algorithm acceleration in embedded microprocessors for several
years. Its main advantage is the low implementation effort required to extend
the core datapath. As a drawback, the utilization of the SIMD datapath is com-
paratively low in most cases. This disadvantage can be overcome by coarse-grain
reconfigurable datapath extensions, since they provide a higher degree of flexi-
bility. On the other hand, the flexibility gained from reconfiguration causes addi-
tional hardware costs. The configuration memory and the interconnect network
consume a significant amount of chip area. Also, in many cases a not negligible
number of reconfigurable elements may remain fully or partially unutilized be-
cause of application irregularity or resource constraints. Thus, a reconfigurable
datapath architecture is only beneficial compared to its hard-wired counterpart,
when it gains an increased flexibility at a comparable functional execution den-
sity and an acceptable cost vs. performance ratio. Previous work has mainly
focused on performance gain through hardware reconfiguration. It is interest-
ing to note that area and power efficiency of reconfigurable datapath extensions
have rarely been addressed as an embedded processor design issue [1]. In this
paper, we explore the efficiency of an 0.18μm CMOS ASIC implementation of
the ARRIVE architecture [2], a coarse-grain reconfigurable datapath extension
to an embedded RISC microprocessor. A detailed cost/benefit analysis is given
based on chip area requirements and power consumption.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 300–305, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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2 Datapath Architecture

The ARRIVE architecture extends an ARMv4 compatible RISC core [3] by
two coarse-grain reconfigurable functional units (RALU/VLSU) as illustrated in
Fig. 1. All units share the lower eight mode-independent registers of the RISC
core through a separate read/write port, which provides an efficient datapath-
coupling in case of a simultaneous operation of all units. To avoid transfer bot-
tlenecks, the RFUs are also connected to a parallel accessible local register file
not visible from the RISC core. The ARRIVE architecture is not an ISA exten-
sion, since the processing operations of the RFUs are controlled by a context
configuration manager (CCM) in accordance with the RISC instruction pointer.

The Reconfigurable ALU Array is composed of coarse-grain processing el-
ements (PEs), which can be controlled by 32 loadable contexts. Horizontal routing
is provided through dedicated busses. The inputs of the PEs are connected to the
source registers or the previous row via configurable switches. Vertical routing is
maintained only through the PEs. The PEs can be configured to execute 48 dif-
ferent arithmetic, logic, shift and conditional selection functions. Each PE also
includes a pipeline data register. For maximum performance, the adders of adja-
cent PEs are conflated horizontally and implemented using fast carry look-ahead
logic. Isolated operation of the PE adders is possible through dedicated config-
urable separation bits. This technique significantly reduces the combinatorial path
delay compared to carry chains often found in FPGA devices. The outputs of the
bottom row interface to the destination register bus. The size of the array is cur-
rently assigned - but not limited to - 4×4 16-bit PEs, as it was most suitable for
our benchmark applications. For the same reason, multipliers are only integrated
into the PEs of the first row, since they can hardly be utilized in the other rows.

The Vector Load/Store Unit (VLSU) provides a flexible and scalable
interface to dedicated local memories. It enables parallel data load/store of the
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Fig. 1. ARRIVE Overview
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RISC core registers or the RALU/VLSU local registers through the source and
destination register busses. Through special address registers the VLSU supports
typical DSP memory transfers including post-increment/-decrement, write-back
and offset address modes. Independently to the RALU array, the VLSU imple-
ments its own 32 loadable configuration contexts.

The Context Configuration Manager (CCM) activates the configura-
tion contexts in the RALU/VLSU. Its 64 entries define the relation of RISC PC
addresses to the context numbers to be activated accordingly. In each clock-cycle,
the RISC fetch address register is compared against all CCM address entries
simultaneously. In case of a match, the specified RALU/VLSU context num-
bers are transfered to the RFUs through separate context configuration busses.
Hence, the context numbers directly address the RALU/VLSU operations stored
in the local configuration memories. The configuration memories are pre-loaded
by the RISC core on a per-application basis. According to the RISC pipeline,
the context activation process is implemented as a triple-stage pipeline, achiev-
ing activation of the RFU functions exactly in the execution-stage of the RISC
core-pipeline.

3 ASIC Core Layout

The design of a standard-cell ASIC layout of the ARRIVE architecture was
created using an UMC 6 metal-layer 0.18μm 1.8V CMOS process [4] and the
UMC 0.18μm VST standard cell library [5] made available to universities through
Europractice IC Service. The VHDL RTL model of the ARRIVE architecture
was previously tested and evaluated by the mapping to a FPGA prototype [2].
Since the selection of SRAM modules available through Europractice is limited,
the entire chip layout had to be aligned to the geometry of the available SRAM
modules, which are oversized in the current implementation. The ASIC layout
was obtained using Cadence SoC Encounter v5.2 design environment. Table 1
summarizes the chip area of the ARRIVE components.

4 Efficiency Evaluation

In this section, we discuss the mapping of six significant DSP algorithms onto
the ARRIVE architecture. Further, we show the increase of area efficiency EA

(performance per chip-area) and power efficiency EP (performance per mW)
compared to an original 200MHz ARM922T embedded core [6], which has a
comparable core size and is also implemented in a 0.18μm CMOS process. A
detailed comparison of both cores is shown in table 2.

GA =
EAARRIV E

EAARM922T

=
OPARRIV E · AARM922T · tARM922T

OPARM922T · AARRIV E · tARRIV E

GP =
EPARRIV E

EPARM922T

=
OPARRIV E · PARM922T · tARM922T

OPARM922T · PARRIV E · tARRIV E
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Table 1. Chip Area Consumption
of the ARRIVE Core

CCM 0.325 mm2

LR 0.100 mm2

RISC 0.480 mm2

ARRAY IN 0.225 mm2

RALU Row 0 0.750 mm2

RALU Row 1 0.525 mm2

RALU Row 2 0.525 mm2

RALU Row 3 0.525 mm2

ARRAY OUT 0.400 mm2

VLSU 0 0.300 mm2

VLSU 1 0.300 mm2

VLSU OUT 0.030 mm2

I/O & Debug 1.000 mm2

ARRIVE Core total 5.485 mm2

Table 2. Chip Area Comparison of the ARRIVE
and ARM922T Core

ARRIVE SoC Layout Chip Area

ARRIVE Core total 5.49 mm2

Memory 3 × 16384 × 32 9.86 mm2

ARRIVE total 15.35 mm2

ARM922T SoC Layout Chip Area

ARM9TDMI Core total 6.87 mm2

Cache 2 × 2048 × 32 1.23 mm2

ARM922T total 8.10 mm2

Table 3. Benchmarks: Cycle Counts and Power Consumption

Benchmark Cycle Count Power consumption
ARM922T ARRIVE ARRIVE (mW)

FFT Radix-2 (512pt.) 99608 4996 592
FIR Filter (Tap) 9.5 0.25 541
DCT (2D, 8pt.) 5213 149 589
IIR Filter (Biquad) 59.7 3 536
Viterbi (Symbol) 212 10 460
Turbo Decoder (Symbol) 4648 216 566

For the calculation of the functional efficiency, both chip area values A in-
clude the memory areas. The power efficiency evaluation is based on an averaged
power consumption P obtained by a post-layout power simulation of the partic-
ular benchmark application using Synopsys PrimePower software. Additionally,
the ARRIVE implementation has been verified to meet the timing requirements
for a 100MHz operation in conjunction with our benchmark applications. Ta-
ble 3 shows the achieved cycle counts and the power consumption of the AR-
RIVE ASIC implementation. Fig. 2 summarizes the increase of area and power
efficiency of the 100MHz ARRIVE implementation compared to the 200MHz
ARM922T processor consuming 1mW/MHz [6]. Further, a detailed RFU data-
path utilization is given in Fig. 3 for the pipelined and non-pipelined mappings
of the benchmark algorithms.

FIR Filter. The implemented FIR uses the direct-form structure and operates
on 16-bit fractional input, output and coefficient values. The intermediate
results are 32 bit wide. In each iteration, two consecutive output values are
calculated in parallel.

IIR Filter. The implemented IIR filter can be considered a cascade of IIR filter
blocks with an order of two. A direct-form-II structure was chosen for the
filter block implementation as it requires less delay stages. 16-bit fixed-point
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Fig. 2. Efficiency Gain of the ARRIVE processor compared to the ARM922T processor
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numbers are used for the input values, output values and coefficients, and
32-bit values for the intermediate results.

Fast Fourier Transform. The FFT is computed in-place and uses a radix-2
butterfly decomposition. The implementation is based on 16-bit fixed-point
numbers for the real and imaginary values. The addressing scheme was laid
out for parallel calculation of two butterfly operations.

Viterbi Decoder. For the Viterbi algorithm implementation we chose the
“class 1” polynomial of the GSM standard [7] with a code-rate of 1/2 and
a trellis graph with 16 states. Soft-decision is used for the input stream to
achieve higher decoding gain.

Discrete Cosine Transform. The DCT is decomposed into two blocks with
N one-dimensional DCTs [8]. The schedule is optimized for 8 × 8 points
as it can be often found in digital image processing. Each one-dimensional
eight-point DCT operates on 16-bit integer data.

Turbo Decoder. The chosen Turbo code [9] following the 3GPP-standard con-
sists of two parallel concatenated convolutional codes with 8 states and a
code rate of 1/2. The overall code rate is 1/3, since systematic information
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is transmitted only once. The SISO decoders uses the Max-LogMAP algo-
rithm and 8 decode iterations. A forward-backward-forward recursion was
selected in the current algorithm implementation.

5 Conclusions

In this paper, we have shown the area and power efficiency of a coarse-grain
reconfigurable datapath extension for DSP algorithm acceleration. As a result
of a chip-area comparison, we estimated the ARRIVE core area size lower than
the core area size of a less powerful, but entirely hard-wired ARM922T proces-
sor core. Further, we have shown that it is possible to integrate a reconfigurable
datapath extension using an industry-standard ASIC design flow. This makes re-
configurable datapath extensions a considerable alternative in embedded system
design. It is interesting to note, that through increased pipeline depth, the power
efficiency increases compared to the single-stage versions. Obviously, the amount
of toggling signals within the array decreases due to the insertion of pipeline reg-
isters, which eventually reduces ripple on combinatorial paths inside the RALU
array. Further improvements are required to reduce the global routing effort by
the implementation of a more efficient RISC/RALU communication mechanism
since the available bandwidth of the chosen tight register-set coupling was not
utilized in any of the considered applications.
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Abstract. In this paper, we propose an online hardware task scheduling
and placement algorithm and evaluate it performance. Experimental re-
sults on large random task set show that our algorithm outperforms the
existing algorithms in terms of reduced total wasted area up to 89.7%,
has 1.5 % shorter schedule time and 31.3% faster response time.

1 Introduction

Reconfigurable devices with partial reconfigurable capabilities allow partial up-
date of their hardware resources without interrupting the overall system oper-
ation [1]. Embedded applications which have exploited this capability include:
neural network implementation [2], video communication [3], cryptography [4],
crossbar switches [5], image processing [6], and more. Such functionality also
allows multitasking applications on a single chip. However to fully exploit the
advantages of such platforms the scheduling and placement problems are to be
considered. This is to use the limited hardware resources as efficient as possible.

Our approach focusses on a number of shortcomings of existing algorithms
in order to improve the FPGA resources utilization and improve the overall
execution times. The main contributions of this paper are:

– a novel online scheduling and placement algorithm, called ”Intelligent
Stuffing”;

– careful experimental evaluation of our and other existing algorithms based
on statistically large 100k task sets randomly generated;

– improvements of up to 89.7% in terms of reduced total wasted area, 1.5% in
schedule time and 31.3% shorter response time.

The remainder of this paper is organized as follows. The problems of schedul-
ing and placement in dynamic reconfigurable devices is introduced in Section 2.
In Section 3, we briefly discuss the previous art. Details of our algorithm are
depicted in Section 4. In Section 5, we present the evaluation of the algorithm.
Finally, we conclude the paper in Section 6.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 306–311, 2008.
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2 Problem of Scheduling and Placement in Dynamic
Reconfigurable Devices

Given a task set representing a multitasking application with their arrival times
ai, execution times ei and widths wi

1 , online scheduling and placement algo-
rithms have to determine placements and starting times for the task set such as
there are no overlaps both in space and time among all tasks. The goals of the
algorithms are: a) to utilize effectively the available FPGA resources (referred as
minimize wasted area in this paper); b) to run the overall application on FPGA
faster (minimize schedule time); c) to shorten waiting time of the tasks to be
executed on the FPGA (minimize response time) and d) to keep the runtime
overhead low (minimize the algorithm execution time).
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Fig. 1. Performance parameters and previous algorithms

We define total wasted area as the overall number of space-time units that
are not utilized as shown in Figure 1(a). Total schedule time is the total num-
ber of time units for the execution of all tasks. Response time is the differ-
ence between starting and arrival times for each task (in time units). Total
response time is the sum of response times for all tasks. The overall algorithm
execution time is the cumulative time needed to schedule and place all the
tasks.

1 We use 1-D model for the FPGA as more representative for the current technology.
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3 Previous Algorithms

In [7] [8], Steiger et al. proposed the Stuffing. It schedules tasks to arbitrary free
areas that will exist in the future, including areas that will be used later by tasks
currently in its reservation list. It always places a task on the leftmost of its free
space as shown in the left of Figure 1(b). Because the Stuffing algorithm always
places tasks on the leftmost edge of the available area, it places tasks T1 and
T2 as shown in the left of Figure 1(c). These placements block task T3 to be
scheduled earlier. In this case, it fails to place task T3 earlier.

In [9], Chen and Hsiung proposed the Classified Stuffing to solve the drawback
of the Stuffing in case 1 (Figure 1(c)). The main difference between the algorithm
and the Stuffing is the classification of tasks. It can place a task on the leftmost
or rightmost of its free space based on the task Space Utilization Rate (SUR).
SUR is the ratio between the number of columns required by the task and its
execution time. High SUR tasks (SUR > 1) are placed starting from the leftmost
available columns of the FPGA space, while low SUR tasks (SUR ≤ 1) are placed
from the rightmost available columns as shown in the right of Figure 1(b). In
case 1, it can recognize the difference between tasks T1 (high SUR task) and
T2 (low SUR task), so it places successfully tasks on different placements. This
makes task T3 earlier scheduling possible. However in case 2 (Figure 1(d)), it fails
to solve the problem of the Stuffing. Because it doesn’t recognize the difference
between tasks T1 and T2 (both of the tasks are low SUR tasks), it fails to place
tasks on different placements. These placements block task T3 to be scheduled
earlier. Therefore in case 2, both of the previous algorithms fail to schedule task
T3 earlier. Total wasted area, total schedule time, and total response time will
increase as a consequence.

4 The Proposed Algorithm

Figure 2(a) (top) shows an empty FPGA and a leftmost alignment status is de-
fined, e.g. a new free space always will be allocated at the leftmost position. At
this point, the free space list SL contains only a single free space (FS1) defined by
its leftmost column (CL1), its rightmost column (CR1) and free time FT1.

When a new task T 1 arrives, the algorithm searches the free space list SL and
places it on the leftmost edge of FS1 (according to its alignment status). This
action reduces the size of FS1 as shown in the middle of Figure 2(a), toggles
the alignment status of FS1 from leftmost to rightmost, and creates a new free
space FS2. FS2 has (CL2, CR2) dimension and its free time is FT2 and leftmost
alignment status.

Assume there is another task T 2 simultaneously arriving with T 1 the free
space list SL will be processed again. Because the alignment status of FS1 was
changed to rightmost, T 2 will be placed on rightmost edge of FS1. This action
reduces the FS1 size as shown in Figure 2(a) (bottom) and again toggles the
alignment status of FS1 to leftmost. The size of FS2 is also adjusted and a new
free space FS3 (CL3,CR3) is created with free time FT3 and leftmost alignment
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{

1. search pointer=top of space list
2. while conflict do

    3. find pointer=find free space from search pointer
    4. check conflict

}
12. schedule and place task in the free space on location

13. update the free space size and toggle the free space

14. update the affected free space sizes
15. add new free space on free space list (sorted in order

16. add new task on task list (sorted in order of increasing

    11. search pointer=next of find pointer

5. if "quality" mode do
{

{

{
10. toggle the free space aligment status

}
}

}

6. if conflict and the free space size > task width do

7. toggle the free space aligment status
8. check conflict
9. if conflict do

   according to the free space alignment status

    alignment status

    of increasing free times)

     start times)

(c)

Fig. 2. Our algorithm

status. By keeping tasks T 1 and T 2 on the edges, the largest space possible is
created, so future tasks can be scheduled earlier and we can address the problem
of previous algorithms for both case 1 and case 2 as shown in Figure 2(b).

Our algorithm maintains two linked lists: a free space list (SL) and a task
list (TL). The SL contains all free spaces FSi with their previous pointers PPi,
dimensions (CLi and CRi), free times FTi, alignment statuses ASi and next
pointers NPi. The free time is the time when the corresponding free space can
be used. The alignment status is a boolean determining the placement location
of the task (leftmost or rightmost) within this free space segment. The new list
entries of SL are inserted in order of increasing free times.

The TL stores all scheduled tasks with their previous pointers PPj , start times
STj, task dimensions (CLj , CRj), task execution times ETj and next pointers
NPj . The start time is the time that the task initiates execution on the FPGA.
The column left (CLj) and right (CRj) determine the FPGA area that is used by
the task. The new list entries of TL are inserted in order of increasing of start times.

There are two operating modes: speed and quality. In the speed mode, the algo-
rithm execution time is more important than the quality of scheduling and place-
ment.While thequalitymode is designed for higher utilizationof the resources.The
pseudocode of our algorithm is presented in Figure 2(c). When a new task arrives,
our algorithm walks through the SL to find a first fit free space avoiding conflicts
with the scheduled tasks in the TL (line 1 to 11). The first fit free space has the
earliest free time which enough columns of reconfigurable units to fit the task.

If quality mode is chosen, lines 6 to 10 are executed for better quality (in speed
mode those lines are skipped to reduce the algorithm execution time). In lines 6
to 8, a placement of the task at the opposite position to the alignment status is
attempted. This action increases the quality, but it requires additional algorithm
time. If the task still conflicts with the currently scheduled tasks in the TL (line 9),
the alignment status of the corresponding free space is set to its initial condition
(line 10).
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In line 12, the first fit free space without conflicts with the TL list is found,
however this space may be wider than that the task requirements. The task is
placed on the FSi edge according to its alignment status. As mentioned earlier,
every placement changes the size and toggles the alignment status of the used free
space (line 13). This action can also affect the other free space sizes (line 14) and
adds a new free space in the SL (line 15) in addition to the new scheduled task in
the TL (line 16).

The main difference between our algorithm and previously proposed algorithms
is the additional alignment status of the free space segments and its handling. This
status guides our algorithm to make the correct decision on task placement posi-
tion in order to maximize the free space area and allow earlier placing of further
tasks. In addition, our algorithm does not need to compute SUR, therefore it runs
faster than the Classified Stuffing.

5 Evaluation

We implemented four different algorithms (the Stuffing [7] [8] (STF), the Classi-
fied Stuffing [9] (CTF) and our algorithm using speed mode (ISS) and quality mode
(ISQ)) in ANSI-C and run them on a Pentium-IV 3.4 GHz PC using the same
task sets. The simulated device consists of 96 columns to model Xilinx XCV1000
(96x64 reconfigurable units). The task widths and execution times are uniformly
distributed in [1,96] columns of reconfigurable units and [1,1000] time units. We
generate randomly 20 tasks for each task set and run all algorithms using 100,000
task sets. The evaluation is based on four performance parameters: total wasted
area (TWA), total schedule time (TST), total response time (TRT), and total al-
gorithm execution time (TAT) (μs).

Table 1. Experimentation results using 100,000 task sets

Performance parameters STF CTF ISS ISQ
TWA 1035449499 783069435 367934139 106709691
TST 651128773 648499814 644175488 641454400
TRT 335229077 317655028 276949454 230250447

TAT(μs) 2076694 2184614 2074848 2168651

Table 1 shows that even in speed mode our algorithm utilizes the FPGA better
(decreasing the wasted area compared to the Stuffing by 64.5 %) with only 0.1 %
algorithm time overhead used for saving the alignment status bit. In addition, it
makes the overall application execution 1.1 % faster and has 17.4 % shorter waiting
time. The speed mode is not only faster than the Classified Stuffing (5 % shorter
algorithm execution time) but also utilizes the FPGA more effective by decreasing
the wasted area by 53 %. Furthermore the application execution is reduced by 0.7
% with 12.8 % shorter total waiting time.

In quality mode the wasted area is decreased by 89.7 % compared to the Stuffing
with only 4.2 % algorithm execution time overhead (saving the alignment status
bit and finding alternative placements). Moreover it makes the application run-
ning 1.5 % faster with 31.3 % shorter total waiting time. In respect to the Clas-
sified Stuffing the quality mode is not only faster by 0.7 % in terms of algorithm
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execution time but also decreases the FPGA wasted area by 86.4 %. Additionally,
the overall application execution time is reduced by 1.1 % with 27.5 % better total
waiting time.

6 Conclusions

In this paper we proposed a new algorithm for online task scheduling and show
how it outperforms previous art in terms of reduced total wasted area, schedule
time and response time. We also evaluated two different modes of our algorithm:
the quality mode for better placement and scheduling quality and the speed mode
the algorithm execution time is considered more important.

Acknowledgment

This work is sponsored by the hArtes project (IST-035143) supported by the Sixth
Framework Programme of the European Community under the thematic area
“Embedded Systems”.

References

1. Lysaght, P., Dunlop, J.: Dynamic Reconfiguration of FPGAs. In: More FPGAs, pp.
82–94, EE&CS Books, Abingdon (1993)

2. Eldredge, J.G., Hutchings, B.L.: Density Enhancement of a Neural Network Using
FPGAs and Run-Time Reconfiguration. In: Proceeding of IEEE workshop on FPGAs
for custom computing machines, pp. 180–188 (1994)

3. Villasenor, J., Jones, C., Schoner, B.: Video Communications Using Rapidly Recon-
figurable Hardware. IEEE Transactions on circuits and systems for video technol-
ogy 5(6), 565–567 (1995)

4. Vuillemin, J., Bertin, P., Roncin, D., Shand, M., Touati, H., Boucard, P.: Pro-
grammable Active Memories: Reconfigurable Systems Come of Age. IEEE Transac-
tions on VLSI Systems 4(1), 56–69 (1996)

5. Eggers, H., Lysaght, P., Dick, H., McGregor, G.: Fast Reconfigurable Crossbar
Switching in FPGAs. In: Field-Programmable Logic: Smart Applications, New
Paradigms and Compilers, pp. 297–306 (1996)

6. Wirthlin, M.J., Hutchings, B.L.: Sequencing Run-Time Reconfigured Hardware with
Software. In: ACM/SIGDA International Symposium on Field Programmable Gate
Arrays, pp. 122–128 (1996)

7. Steiger, C., Walder, H., Platzner, M.: Heuristics for Online Scheduling Real-Time
Tasks to Partially Reconfigurable Devices. In: Cheung, P.Y.K., Constantinides, G.A.,
de Sousa, J.T. (eds.) FPL 2003. LNCS, vol. 2778, pp. 575–584. Springer, Heidelberg
(2003)

8. Steiger, C., Walder, H., Platzner, M.: Operating Systems for Reconfigurable Embed-
ded Platforms: Online Scheduling of Real-Time Tasks. IEEE transaction on Comput-
ers 53(11), 1393–1407 (2004)

9. Chen, Y., Hsiung, P.: Hardware Task Scheduling and Placement in Operating Systems
for Dynamically Reconfigurable SoC. In: Yang, L.T., Amamiya, M., Liu, Z., Guo, M.,
Rammig, F.J. (eds.) EUC 2005. LNCS, vol. 3824, pp. 489–498. Springer, Heidelberg
(2005)



Data Reallocation by Exploiting FPGA

Configuration Mechanisms

Oliver Sander, Lars Braun, Michael Hübner, and Jürgen Becker
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Abstract. Xilinx Virtex and Spartan FPGAs offer the possibility of
dynamic and partial reconfiguration. This feature can be used in self-
adaptive systems for providing the possibility to meet application re-
quirements by exchanging parts of the hardware while other parts stay
operative. The designer has to pay special attention to the communi-
cation wires connecting and crossing the reconfigurable areas. Module
interfacing is still relatively complex, resource consuming and inflexi-
ble especially when regarding 2-dimensional reconfiguration approaches.
In this paper a method is exploitet that overcomes these limitations
achieved by using the reconfiguration interface not only for device con-
figuration but also for data transfer between modules. In this paper we
describe the approach in detail and present first implementation results.

1 Introduction

Today, field programmable gate-arrays (FPGAs) are used for a wide range of
applications. Particularly the possibility of run-time reconfiguration which is
supported by some present FPGA architectures allows introducing new ideas
for self-adaptive systems [MH06],[JB06] . SRAM or FLASH based FPGAs can
be reconfigured many times for different applications. Modern state-of-the-art
FPGA devices like Xilinx Virtex family FPGAs additionally support a partial
dynamic run-time reconfiguration which reveals new aspects for the designer in
order to develop future applications demanding adaptive and flexible hardware.
The idea here is to provide the required hardware function for an application
only when data has to be processed. Run-time adaptive systems use the flexibil-
ity of an FPGA by partially reprogramming the configuration. A function can be
substituted by another on demand while used parts stay operative as described
in [ea05]. The designer of a dynamic and partial reconfigurable system on an
FPGA has to ensure that no signal lines of a module cross the border to another
reconfigurable functional block. During reconfiguration such a signal line might
cause a malfunction or a short-circuit which destroys the FPGA. Therefore it is
necessary to implement interfaces that are used as fixed routing resources. These
interfaces, usually called bus macros, are placed in the same position for each
functional block. Connecting the modules with signal lines on the same position
grants the option to substitute a module by another. Although it sounds very
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straightforward this task has a big impact on the overall design flow as any mod-
ule slot (1- as well as 2-dimensional) has to offer all necessary connections for all
possible configuration combinations. Often more than one reconfigurable slot is
used, which means each slot introduces a pair of incoming and outgoing macros.
Although bus macros are key components of partial and dynamic reconfiguration
for data in- and output they introduce a lot of complexity into the overall design
process. The possibility of realizing partial dynamical reconfigurable systems
without bus macros can improve flexibility and decrease the resource utilization.
One approach, namely the usage of the reconfiguration interface for inter module
communication, is presented in this paper. The following paragraphs are orga-
nized as follows: Related work is summarized in chapter 2. Chapter 3 explains
the basic idea, while chapter 4 presents the system that demonstrates the fea-
sibility. Implications are being discussed and the final conclusions are drawn in
chapter 5.

2 Related Work

Getting more functionality out of the configuration plane was discussed by
Lysaght and Dunlop in [PL93] highlighting the necessity for dynamically re-
configurable FPGAs. Furthermore they mention a close coupling between con-
figuration and the logic circuitry that allows self reconfiguration. The FastMap
processor interface introduced in the Xilinx XC6200 device family allowed direct
and arbitrary access to the configurable array. This means data can be trans-
ported via configuration plane and no extra wiring for logic coupling is necessary.
The ideas presented by Brebner in [Bre96] define two different models for cou-
pling of accelerators. The parallel harness model is based on wiring between the
different mapped functions defined as swappable logic unit (SLU). In the sea
of accelerators model only the configuration plane is used for SLU communi-
cation. Further refinement of both models has been done in [Bre97]. The Self
Modifying Circuitry approach presented by Donlin [Don98] added the self con-
figuration to the given context. Again the FastMap interface is used for data
transfers. Both, communication between the SLUs as well as the configuration
of SLUs are managed by the Ultimate RISC core. The impacts of this approach
have been discussed by Brebner and Donlin [GB98], analysing several concepts
of SLU communication. The conclusions made in this paper are not based but
related to the FastMap configuration features only available within the XC6200
architecture. An API giving access to the configuration memory of the Virtex
II devices was presented by Blodget et al. [ea03] including several methods for
configuration plane modification. While data streams via this API are possible
in principle they have not been discussed within this approach. The Virtual File
System presented by Donlin et al. [ea04] is another API that gives access to
the configuration plane by a file structure added to embedded Linux systems.
Data transport using the Virtual File System is feasible but isn’t mentioned as
application.
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3 Exploiting the ICAP Core for Data Reallocation -
Overview

3.1 ICAP

The HWICAP core is an IP core to control the Internal Configuration Access
Port (ICAP). This core is part of the Xilinx EDK and it is available at the IP
catalogue. It supports FPGAs from the Virtex-II Pro and Virtex-II FPGA fami-
lies. The core allows the user to read and write the FPGA configuration memory
through the ICAP at run time and thereby change its configuration including the
content of a specific BRAM. Further details can be found in [Xil05b], [BML03]
and [Xil05a].

3.2 Methodology

The internal configuration interface is only used for reconfiguration of the FPGA
area in state of the art approaches. This means there is no dataflow associated
with bitstream configuration. The result is a strong partitioning between the func-
tional units that are configured via the ICAP interface and the data exchanged
between the functional units via bus macros. The main idea in our approach is
to overcome this traditional system view in FPGA design and use the configura-
tion interface not only for configuration but also for data transfers. This brings
both streams for configuration and data together. Being able to feed functional
units with data this way leads to much more flexibility because there is no bus
macro needed for module communication. A similar approach was also used in
[BHB+07] where the content of a LUT was modified by also using the configu-
ration mechanism for controlling switches. We use the BRAMs to store the data
that is used by the configurable modules. Therefore each module has to be located
next to at least one BRAM block. Besides this fact all modules in this approach
can be placed almost freely on the FPGA since no communication infrastructure
is needed. The transfer of the utilizable data is managed over the ICAP. A small
example and test system will illustrate this approach in chapter 6. In figure 1 left
the structure of a typical reconfigurable FPGA-system is shown. In the picture
different reconfigurable Blocks are placed nearby at least one BRAM. The mod-
ules can be put on any place of the FPGA. The results can be stored into the
same or another BRAM. This allows reading back the data via ICAP. It is also
conceivable that results that have been processed by a module could also resist
within the BRAM and only the processing module is being reconfigured. This can
decrease configuration and processing time because no data has to be loaded.

4 System Implementation - Structural Overview

Figure 1 right presents a systematic overview of the system that demonstrates
the feasibility. Basically we display an image on a screen. On the left side a VGA
controller that loads the image data out of a BRAM memory which works as
frame buffer can be seen. On the right hand side one can see a simple PowerPC
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system that has been designed and implemented on a Virtex2Pro device. This
system can read different bitstreams containing just the image data from the at-
tached DDR memory. On the PowerPC there is a simple software running that
manages to configure the different bitstreams onto the FPGA. As the data con-
tained in the bitstreams is just image data only the content of the BRAM blocks
that build the VGA frame buffer is reconfigured and the new image is displayed.
This is done without a logical connection between the two parts of the system.
The VGA Core is designed to display a resolution of 640x480 pixels by 3 bit
colour depth with a refresh rate of 60Hz. The data displayed on the screen are
collected by the VGA core from an enclosed BRAM. The position of this BRAM
on the FPGA is known by the controlling PowerPC and thereby the PowerPC
can manipulate the content of this BRAM. The PowerPC system includes the

Fig. 1. System Implementation-Overview

HWICAP which is provided by Xilinx as IP Core to use by an embedded proces-
sor for internal reconfiguration. Furthermore the RS232 IP Core to communicate
with the user and a DDR-RAM controller is implemented to store the different
bitstreams which hold the BRAM content for the frame buffer. At startup the
system is completely configured on the FPGA including the initial BRAM data.
After uploading different bitstreams into the DDR Ram via UART the system
is able to perform a partial write operation into the corresponding BRAMs to
change the display. The system functions correctly as intended. However, the
performance is a big issue. Compared to some other systems that were designed
it was observed that the ICAP is running at 5 MB/s. This differs drastically
from the theoretical rate of 66MB/s. As this delay mainly depends on the HW-
ICAP implementation and not on the silicon there is still potential for increasing
the performance of the system. Tests with the ICAP have shown that the data
throughput can be increased at least by the factor of 10. Furthermore the ICAP
of the newer Xilinx Virtex 4 series has the benefit to provide a 32 bit wide ICAP,
that means that it is possible to perform a data transfer which is four times faster
than the transfer of the ICAP used in Virtex 2. This shows that the ICAP has a
large performance potential which will be utilized in the future and makes this
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approach much more usable and also feasible for more communication intensive
applications. In the test application we presented here we want to show the pos-
sibility to use the ICAP as data transfer for systems with lower and non time
critical data throughput as the presented frame buffer. To display a complete
picture on the screen 640 x 480 pixels with a width of 3 bit has to be transferred.
This means 115.2 Kbyte have to be transferred to display a complete picture on
the screen. To show a nonstop video sequence at least 25 frames per second have
to be displayed. According to our example a data transfer rate of 2.88 MB/s has
to be performed. Therefore the data throughput of the conventional HWICAP
as it is provided by Xilinx is fast enough. However, for more data intensive ap-
plications the transfer rate of the ICAP has to be improved, especially if there
is more than one module which has to be allocated by data. Another point to
be stressed here is the possibility of the bidirectional communication. Because
of the absence of a conventional communication structure, the readback and the
monitoring if new data in the modules are ready to be read back has also been
performed by the ICAP. Therefore the ICAP has to poll each module to check if
new valid data are ready and have to be prepared to be read back by the ICAP.
The outcome of this is that the ICAP has to manage three tasks: transfer data
into the BRAM of the modules, poll the modules if new data has to be read
back and read back the computed data from the modules.

5 Discussion and Conclusions

We believe macro less partial reconfiguration has its advantages for selected ap-
plications. However, there are some drawbacks in this approach one has to be
aware of. A communication is triggered, planned and executed by the configura-
tion interface in both read and write directions. That means this is primarily a
single master multiple slave concept, with the master which is the static slot and
the slaves build by several reconfigurable slots or modules. It must be considered
that using this approach means to use one interface (ICAP) for all communi-
cations and the configurations. Compared to what has been learned from the
von Neumann concept we can be sure that this is the overall bottleneck. Simi-
lar impacts have been described in [GB98]. Here a placing of the corresponding
modules next to each other and establishing a local communication structure can
help. Another interesting aspect is temporal parallelism. While in traditional ap-
proaches data has to flow to the functional unit we consider functional units to
come to the data. As already mentioned one could imagine the data being pro-
cessed and stored in the same buffer. The functional unit is reconfigured next to
the data and works on the data stored in the buffer. One also has to take into ac-
count that disregarding macros can make the tool flow much easier. Introducing
neighborhood or local communication does not change this fact because there is
no module crossing. And additionally there is no overhead for the macros that
can stretch over en entire slot. Regardless of the mentioned drawbacks we think
it is very important to investigate the potentials given by the reconfiguration
interface in the FPGA fabric.
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In the approachpresented in this paper we demonstrated the feasibility of bring-
ing the reconfiguration stream and the data stream together within the reconfig-
uration interface of modern dynamically reconfigurable devices. A demonstrator
was presented and described in detail. The upcoming bottleneck was identified
and methods for solution proposed. For this a faster controller would be neces-
sary. First results gained by using a modified HWICAP implementation achieve a
throughput sufficient for a broad field of applications. Further research will focus
on detailed performance measurements and evaluation of the overall concept.

References

[BHB+07] Braun, L., Huebner, M., Becker, J., Perschke, T., Schatz, V., Bach, S.:
Circuit switched run-time adaptive network-on-chip for image processing
applications. In: Hubner, M. (ed.) Proc. International Conference on Field
Programmable Logic and Applications FPL 2007, pp. 688–691 (2007)

[BML03] Blodget, B., McMillan, S., Lysaght, P.: A lightweight approach for embed-
ded reconfiguration of fpgas. In: Proc. Design, Automation and Test in
Europe Conference and Exhibition, pp. 399–400 (2003)

[Bre96] Brebner, G.: A virtual hardware operating system for the xilinx xc6200.
In: Glesner, M., Hartenstein, R.W. (eds.) FPL 1996. LNCS, vol. 1142.
Springer, Heidelberg (1996)

[Bre97] Brebner, G.: The swappable logic unit: a paradigm for virtual hardware.
In Proc. 5th Annual IEEE Symposium on FPGAs for Custom Computing
Machines 16–18, pp. 77–86 (April 1997)

[Don98] Donlin, A.: Self modifying circuitry - a platform for tractable virtual
circuitry. In: Hartenstein, R.W., Keevallik, A. (eds.) FPL 1998. LNCS,
vol. 1482, pp. 199–208. Springer, Heidelberg (1998)

[ea03] Blodget, B., et al.: A self-reconfiguring platform. In: Y. K. Cheung, P.,
Constantinides, G.A. (eds.) FPL 2003. LNCS, vol. 2778. Springer, Heidel-
berg (2003)

[ea04] Donlin, A., et al.: A virtual file system for dynamically reconfigurable
fpgas. In: Becker, J., Platzner, M., Vernalde, S. (eds.) FPL 2004. LNCS,
vol. 3203. Springer, Heidelberg (2004)

[ea05] Becker, J., et al.: Automotive control unit optimisation perspectives: Body
functions on-demand by dynamic reconfiguration. In: Date 2005. Munich,
Germany (2005)

[GB98] Donlin, A., Brebner, G.: Runtime reconfigurable computing. In:
IPPS/SPDP (1998)

[JB06] Huebner, M., Becker, J.: Run-time reconfigurabilility and other future
trends. In: SBCCI 2006. Brazil (2006)

[MH06] Becker, J., Huebner, M.: Exploiting dynamic and partial reconfiguration
for fpgas - toolflow, architecture and system integration. In: SBCCI2006.
Brazil (2006)

[PL93] Dunlop, J., Lysaght, P.: Dynamic reconfiguration of field programmable
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Abstract. In this paper we present a networked lightweight and par-
tially reconfigurable platform assisted by a remote bitstreams server. We
propose a software and hardware architecture as well as a new data-link
level network protocol implementation dedicated to dynamic and par-
tial reconfiguration of FPGAs. It requires a network controller and much
less external memories to store reconfiguration software, bitstreams and
buffer pools used by standard communication protocols. Our measures,
based on a real implementation, show that our system can download re-
mote bistreams with a reconfiguration speed ten times faster than known
solutions.

Keywords: partial reconfiguration, FPGA, link layer, bitstream server.

1 Introduction

FPGAs provide reconfigurable SoCs with a way to build systems on demand. In
particular, Xilinx’s Virtex FPGA reconfiguration can be exploited in different
ways, partially or globally, externally (exo-reconfiguration) or internally (endo-
reconfiguration). Virtex’s dynamic and partial reconfiguration (DPR) requires
additional resources to store the numerous partial configurations bitstreams.
Today, researchers exploit in vast majority local FLASH and RAM memories
as repositories. In the best case Huebner et al. [1] reduce up to 50% of the bit-
stream memory footprint with the help of a small hardware decompressor. Then,
we face the migration of silicon square millimeters from FPGAs to memories.
Although their low cost, when compared to FPGAs, is in favor of this migration,
there are some drawbacks: 1) low reuse rate, 2) increase of number of compo-
nents and PCB size, 3) reduction of MTBF and 4) impossibility to store all
the possible bistreams (FPGA models, bistream locations, areas shapes) for a
single IP.

In the following we review in Sect. 2 the previous DPR related works via
a standard LAN. In Sect. 3 we present our contribution in terms of embed-
ded hardware and software and propose a LAN-level protocol adapted to DPR
constraints and objectives. In Sect. 4 we describe our experiments and mea-
sures about the partial reconfiguration speeds and memory footprints. Finally, in
Sect. 5, we conclude.
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2 Related Works

Partial reconfiguration of Xilinx’s FPGAs goes through the control of a configu-
ration port called ICAP [2] (Internal Configuration Access Port). Virtex2 PRO,
Virtex4 VFX and now Virtex5 contain this port. The reconfiguration peak rate
announced is exactly of one byte per clock cycle: be 100 MB/s (100 MegaBytes)
for 100 MHz systems. Because systems work at different frequencies, we’ll ex-
press measures in bits transmitted per seconds and per MHz. The reference
ICAP bandwidth of 100 MB/s becomes 8 Mb/s.MHz (8 Megabits).

Claus et al. [3] consider that, for automotive real-time video applications,
the average bitstreams size is about 300 KB. Claus accepts to loose one eighth
of the processing time to reconfigure. For 25 images/s, the processing time is
40 ms, and a maximum of 5 ms is devoted to endo-reconfiguration. The speed
constraint is 60 MB/s. The experimental platform is a Virtex2 inside which a
PPC405 executes the software managing the DPR. Claus’s paper lets us think
that no functional system was ready at publication time.

The XAPP433 [4] application note, describes a system built around a 100
MHz Virtex4 FX12. It contains a synthesized Microblaze processor executing
the code of an HTTP server. The HTTP server downloads files via a 100 Mb/s
Ethernet LAN. The protocol stack is Dunkel’s lwIP [5] and the operating system
is Xilinx’ XMK. A 64 MB external memory is necessary to store lwIP buffers.
The announced downloading rate is 500 KB/s, be 40 Kb/s.MHz. This rate is
200 times lesser than ICAP’s one.

Lagger et al. [6] propose the ROPES system, dedicated to the acceleration of
cryptographic functions. It is build with a 27 MHz Virtex2 1000. The processor
is a Microblaze executing νClinux’s code. It downloads bitstreams via Ethernet
with HTTP and FTP protocols on top of a TCP/IP/Ethernet stack. For 70 KB
bitstreams, DPR latencies are about 2380 ms with HTTP, and about 1200 ms
with FTP. The max reconfiguration speed is about 60 KB/s, be 17 Kb/s.MHz.

Finally, Williams and Bergmann [7] propose νClinux as a RDP platform. They
have developed a device driver on top of the ICAP. Junction between a remote
file system and the ICAP is done at the user level by a shell command or a user
program. When a remote file system is mounted via NFS/UDP/IP/Ethernet
the bitstreams located there can be downloaded into the ICAP. The system is
built with a Virtex2 and the processor executing νClinux is a Microblaze. No
measures are provided. To have an estimation of such performances we made
some measures in a similar context and got transfer speeds ranging from 200
KB/s to 400 KB/s, representing a maximum of about 32 Kb/s.MHz.

3 Contribution

In this section we present our contribution in terms of hardware architecture,
software architecture and data-link level protocol for DPR. We present in details
the essential points improving the speed and reducing the memory footprint.

The hardware architecture we propose (Fig. 1) relies on a 100 MHz Virtex2
PRO 30. A PPC405 core executes the DPR software. We consider that IPs
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Fig. 1. Bistreams path from Ethernet to ICAP through PLB and OPB buses

communicate with the FPGA environment directly via some pads. Communi-
cation with the PPC405 and inter-IPs communication are out of the scope of
this article but can be implemented with Xilinx’s and Huebner’s bus macros [8]
and OPB/PLB wrappers as well as with an external crossbar like in the Erlan-
gen Slot Machine of Bobda et al. [9]. We have specified with EDK, XPS and
Planahead tools a system which contains a PPC405 surrounded by its minimal
devices set for DPR. We have added two memories. These are respectively the
IOCM (Instruction On Chip Memory) and the DOCM (Data On Chip mem-
ory). The PPC405 communicates with its devices through two buses connected
through a bridge. These are the PLB bus for the faster devices and the OPB bus
for the slower devices. The Ethernet PHY controller is connected to the PLB.
The UART serial line, for instrumentation and trace purpose, is connected to
the OPB. Finally the ICAP, connected to the OPB, manages the access and the
downloading of bitstreams into the reconfigurable areas. The exo-reconfiguration
is done through the JTAG port while the endo-reconfiguration is done through
the ICAP.

The software architecture is a two layers one. Bottom (level 1) layer is based
on the ICAP and Ethernet drivers. Top (level 2) layer handles the DPR protocol
processing. They establishe a data pipeline between the remote bitstreams server
and the reconfigurable areas in the FPGA. To uncouple ICAP and Ethernet
we have designed a producer-consumer paradigm. The producer is the Ethernet
controller and the consumer is the ICAP port. A circular buffer is asynchronously
fed with packets by interrupt handlers. Packet reception occurs by bursts and the
burst length is less than or equal to the half capacity of a reception packets buffer.
Each packet has a maximum size of 1518 bytes and has a maximum payload of
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Fig. 2. RDP Protocol state machines for server (left) and target (right)

1500 bytes of bitstream data. The DPR protocol is executed concurrently with
the interrupt handlers. It analyzes the packet content and transfers the bitstream
data to the ICAP port. The bigger the burst is, the faster the protocol is.

Our protocol (Fig. 2) implements a data link with error detection and flow
control. It is qualified as ”adaptive” because it is able to adapt itself to the
memory resources available in the lightweight system at endo-reconfiguration
time. Would an error be detected, the DPR is instantaneously stopped after sig-
nalization of the error to the remote bitstreams server and the reconfiguration
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restarted from the beginning. The Virtex tendancy (Virtex4 and Virtex5) being
to systematically reduce bitstreams sizes for partial reconfiguration, we think a
bitstream level restart strategy is better than a packet level restart one. This
choice is, of course, only valid for small amount of data transmitted over a very
low error rate LAN, which is our context. So the Ethernet controller detects all
transmission errors and the sequential numbering of packets allows detection of
missing, duplicated and moved packets in the packets flow. To implement the
necessary data flow regulation, we have chosen a positive acknowledge scheme
every P packets. P is determined by the DPR module from the available memory
space at the reconfiguration time. The DPR protocol can be used in two different
modes. In ”optional master” mode (top of Fig. 2) the lightweight system speci-
fies the identity (a file name relative to the bitstream directory managed by the
server) of the bitstream to send. In ”slave” mode it receives the bitstream with-
out knowledge of its function and location in the FPGA. When a transmission
starts, the server sends the total number of packets, N, that will be transmitted
for the full bitstream. The target answers with the number P which specifies the
burst size. Immediately after this parameters negotiation, and after every pos-
itive acknowledge, the server sends a burst of P packets and waits for the next
acknowledge. The finite state machine on the left describes the server’s behavior
and the one on the right the target’s behavior. The downloading is constituted
by �N/P � bursts of maximum P packets, until the Nth packet ends the session.
In case of hardware reset, both state machines come back to their waiting state.
Timers on both sides help in the detection of unexpected death of an extremity
of the pipeline and restart state machines if necessary.

4 Results

Our measures are based on the repetitive endo-reconfiguration of cryptography
IPs like DES and triple DES producing bitstreams file sizes about 60 KB and
200 KB. Results obtained depend, as we could expect, on the producer-consumer

Table 1. Comparative endo-reconfiguration speeds and memory footprints

Lagger [6] Williams [7] Xilinx [4] RDP [authors]
Speed (Mb/s@MHz) 17 32 40 375-400

Memory (bytes) > 1M > 1M > 1M < 100K

packets buffer size allocated to the DPR protocol. So the speed depends on P.
Measures establish that in both cases (60 KB and 200 KB bistreams), when the
packets burst has a size greater or equal to three packets (P = 3), a maximum
speed ranging from 375 to 400 Mb/s.MHz is reached and is stabilized. The size
of the circular buffer being 2P + 1, it needs room for exactely seven packets,
be 10.5 KB (7 ∗ 1.5KB) only. Compared to usual buffer pools of hundredths
of KB for standard protocol stacks, this is a very small amount of memory to
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provide a continuous DPR service. In this context our DPR protocol exhibits a
sustained reconfiguration speed about 40 Mb/s. Finally, our DPR software fits
into 32 KB of data memory and 40 KB of executable code memory. This memory
footprint and the reconfiguration speed enable us to qualify this system as being
a ”lightweight DPR system”. Table 1 sums up the respective speeds expressed
in Mb/s.MHz and memory footprints in bytes.

5 Conclusion and Future Extensions

Our DPR platform shows there is still opportunities to improve LAN-level, and
probably IP-level, protocols in order to provide an efficient and remote reconfig-
uration service (or communication service as well) over a standard network. Our
implementation exhibits an order of magnitude gain in speed when compared to
related works.

References

1. Hubner, M., Ullmann, M., Weissel, F., Becker, J.: Real-time Configuration Code
Decompression for Dynamic FPGA Self-Reconfiguration. In: Proceedings of the 18th
International Parallel and Distributed Processing Symposium (IPDPS 2004) (2004)

2. Blodget, B., McMillan, S., Lysaght, P.: A lightweight approach for embedded re-
configuration of fpgas. In: Proceedings of Design, Automation and Test in Europe
(DATE 2003) (2003)

3. Claus, C., Zeppenfeld, J., Muller, F., Stechele, W.: Using Partial-Run-Time Re-
configurable Hardware to accelerate Video Processing in Driver Assistance System.
DATE 2007

4. Web Server design using MicroBlaze Soft Processor, Xilinx, XAPP433 (October
2006)

5. Dunkels, A.: lwIP, Computer and Networks Architectures (CNA), Swedish Institute
of Computer Science, http://www.sics.se/∼adam/lwip/

6. Lagger, A., Upegui, A., Sanchez, E.: Self-Reconfigurable Pervasive Platform For
Cryptographic Application. In: Proceedings of International Conference on Field
Programmable Logic and Applications (FPL 2006) (2006)

7. Williams, J., Bergmann, N.: Embedded Linux as a platform for dynamically self-
reconfiguring systems-on-chip. In: Proceedings of the 2004 International Conference
on Engineering of Reconfigurable Systems and Algorithms (ERSA 2004) (2004)
ISBN 1-932415-42-4

8. Huebner, M., Becker, T., Becker, J.: Real-Time LUT-based Network Topologies for
Dynamic and Partial FPGA Self-Reconfiguration. In: 17th Symposium on Integrated
Circuits and Systems Design (SBCCI 2004) (September 2004)

9. Bobda, C., Majer, M., Ahmadinia, A., Haller, T., Linarth, A., Teich, J.: The Erlan-
gen Slot Machine: Increasing Flexibility in FPGA-Based Reconfigurable Platforms.
Journal of VLSI Signal Processing Systems 47(1), 15–31 (2007)

http://www.sics.se/~adam/lwip/


Neuromolecularware – A Bio-inspired Evolvable

Hardware and Its Application to Medical
Diagnosis

Yo-Hsien Lin and Jong-Chen Chen

Department of Information Management,
National YunLin University of Science and Technology, Taiwan, R.O.C.

g9220805@yuntech.edu.tw, jcchen@mis.yuntech.edu.tw

Abstract. Computer systems have powerful computational capability.
However, it is brittle in that a slight program modification can inad-
vertently change the system functions. Biological systems demonstrate
better adaptability than computer systems. An evolvable neuromolecular
hardware motivated from some biological evidence is proposed. The hard-
ware was further applied to medical diagnosis with a clinical database of
premature babies who are given total parental nutrition (TPN). Exper-
imental results show that the neuromolecular hardware was capable of
learning to differentiate data in an autonomous manner.

Keywords: Adaptability, Artificial Brain, Evolvable Hardware, Evolu-
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1 Introduction

Computer systems provide effective programmability that allows us to explore
various problem domains. It has powerful computational capability in perform-
ing repetitive jobs. Intelligent models represent the effort to assist clinicians in
making a medical diagnosis. However, most models developed so far are soft-
ware simulation systems. It is very time-consuming to simulate a population of
networks, in particular an ensemble of evolutionary neural networks. Further-
more, computer structures are brittle in that a slight program modification can
inadvertently change the system functions [1].

Biological systems demonstrate better adaptability than computer systems.
The ability to evolve, self-organizing dynamics, and a close structure-function
relation provide organisms with great malleability (gradual transformation) in
coping with environmental changes. Malleability characteristics play significant
roles in facilitating adaptive learning [2].

Evolvable hardware (EHW) is a new approach that attempts to apply evo-
lutionary learning techniques to a reconfigurable hardware [3,4]. The idea is to
combine the merits of biological systems and computer systems together and,
hopefully create hardware with better adaptability. EHW might have the fol-
lowing benefits: speed up various evolutionary operations, low hardware design
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costs, automatic design, innovative design, better adaptability in dealing with
environmental changes, and good fault tolerant capability [3,5].

The artificial neuromolecular (ANM) model [6] was motivated from the molec-
ular mechanisms inside real neurons. The model consists of two types of neurons:
cytoskeletal neurons and reference neurons [2]. However, it is still a software sim-
ulation system that runs on top of a serial digital computer. The implementation
of this model on hardware would allow it to perform on a real-time basis, speedup
performance, parallel processing, and to provide an architectural paradigm for
emerging molecular or neuromolecular electronic technologies. In this paper,
evolvable neuromolecular hardware is proposed. The hardware is further applied
to medical diagnosis for premature babies who are given daily TPN treatment.

2 Architecture of Neuromolecularware

In this section, we descript the mechanisms of cytoskeletal and reference neurons
and present how to implement the cytoskeletal neuron on digital hardware.

2.1 Cytoskeletal Neurons

The cytoskeletal neurons have significant intra-neuronal dynamics that serves to
transduce specific combinations of input signals in space and time to an output
signal. The transduction mechanism of the cytoskeletal neurons is motivated
by some physiological evidence that the intra-neuronal dynamics of a neuron
controls its firing behavior [7]. The cytoskeletal neuron is simulated with a two-
dimensional cellular automaton.

The cytoskeleton has three major fibers: microtubules, microfilaments, and in-
termediate filaments (denoted by C1, C2, and C3 component-type in this model),
each of which is responsible for transmitting a specific type of cytoskeletal signal.
When an external signal impinges on the membrane of a cytoskeletal neuron, it
will activate a readin enzyme at the site of the input. The activation of a readin
enzyme will thus trigger a unidirectional signal flow along a chain of neighboring
components of the same type. For example, in Fig. 1, the activation of the readin
enzyme at site (1,5) will trigger a cytoskeletal signal flow along the C3 compo-
nents, starting from site (1,5) and running to site (5,5). An activated component
will enter a refractory state for a certain amount of time.

These fibers might interact with each other through the proteins (microtubule
associated proteins, MAPs) that connect them together [8]. For example, as
shown in Fig. 1, a signal will interact the components at sites (5,4) and (6,5) via
the MAP connecting them together when it arrives at site (5,5). The strength of
the interactions depends on the types of fibers involved. When the spatiotempo-
ral combination of cytoskeletal signals arriving at the site of a readout enzyme is
suitable, the readout will be activated and the neuron will fire. Specific combina-
tions of these signal interactions may in turn fire a neuron. Another important
feature is that different types of components transmit signals at different speeds.
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Fig. 1. Cytoskeletal neuron

2.2 Hardware Architecture of Cytoskeletal Neuron

The cytoskeleton is implemented with a 2-D grid of basic units, molecular units
(MUs). Figure 2 shows the digital architecture of a molecular unit, consisting of
four evolutionary control parameters (Readin, MAP, C-Type, and Readout) and
three signal processing components (Connector, Processor, and Transmitter).

The evolutionary control parameters provide the interface that decides an
MU type and its state. There are four MU types: C1, C2, C3, and none. Two
bits are used to each MU type (parameter C-Type). Readin serves as receptor
to process an external stimulus. One bit is required to determine whether it is
on or off (parameter readin). Readout parameter plays the role of determining
whether a fire is about to fire (parameter readout). Similarly, one bit is used. As
to the connections to the neighbors of an MU, four bits are used to decide their
connections with neighboring MUs (parameter MAP). The output of each MU
has four channels: S, I, W, and Firing. Channel S, I, and W indicate a signal
from a highly activated C1, C2, and C3 component, respectively. For example,
channel S will be turned on whenever a C1-type MU is about to send its outputs.
The Connector processes all the signals from the channels S, I, and W of each
neighboring MU and external signals. The Processor is the major component
of MU for integrating each signal from its neighbor. The Processor serves as a
recorder, keeping the present state of an MU. Whenever the Processor receives
a signal from the Connector, an MU enters a new state. For an MU in the most
highly activated state, a neuron will fire if there is a readout enzyme sitting at
the same site. If a neuron is not firing, an MU in the highly active state will
continue to transmit signals to Transmitter. At the same time, the signal in
Processor will decrease over time. The Transmitter is responsible for two tasks.
One is to control the transmitting speed of signals. The ratio of signal speed of
C1, C2, and C3 is 3:2:1. The other task is to turn off Connector for a specific
period of time, indicating an MU is in the refractory state.

All of the digital circuit modules were designed with Verilog using Quartus II
software. The final design of circuits was implemented with an FPGA device.
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Fig. 2. Digital architecture of molecular unit

2.3 Reference Neurons

Reference neurons play the role of selecting appropriate combinations of cy-
toskeletal neurons to complete specific tasks (Fig.3). Low-level reference neu-
rons select comparable cytoskeletal neurons in each subnet. High-level reference
neurons select different combinations of the low-level reference neurons. The ac-
tivation of a high-level reference neuron will fire all of the low-level reference
neurons that it controls, which in turn fires a specific combination of cytoskele-
tal neurons. We note only those cytoskeletal neurons indirectly activated by the
reference neurons are allowed to perform input-output processing tasks.

Fig. 3. Connections between reference and cytoskeletal neurons layers

3 Evolutionary Learning and Problem Domain

There are eight comparable subnets, each consisting of 32 cytoskeletal neurons.
Comparable subnets are similar in terms of their inter-neuronal connections and
intra-neuronal structures. This ensures that comparable cytoskeletal neurons
in different subnets will receive the same external stimuli. Five parameters of
evolutionary learning are allowed in this system. They are C-Type, MAP, readin
enzyme, readout enzyme, and reference neurons (grouping cytoskeletal neurons).
Evolutionary learning has three steps:
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1. Each subnet is activated in turn for evaluating its performance.
2. The pattern of readout enzymes, readin enzymes, MAPs, connectivities, and

other components of best-performing subnets is copied to lesser-performing
subnets, depending on which level of evolution is operative.

3. The pattern of readout enzymes, readin enzymes, MAPs, connectivities, and
other components of lesser-performing subnets is slightly varied.

In this study, the neuromolecular hardware was employed to differentiate a
clinical TPN database of premature babies. The TPN database consists of 274
records. Each of these records comprised 30 parameters: 7 observatory param-
eters, 12 laboratory parameters, and 11 TPN diet parameters. Based on the
degrees of weight changes, these 274 records were further divided into three
groups: weight-gain, weight-loss, and weight-sameness group.

Cytoskeletal neurons were equally divided into three classes, corresponding to
three groups of records. For each record, we defined that the hardware made a
correct response when the class of the first firing neuron was in accordance with
the group shown in the database. The greater the number of correct responses
made by the neuromolecular hardware, the higher its fitness was.

4 Experimental Results

Two experiments were performed. The first was to test the differentiation
capability of the neuromolecular hardware. In the second experiment, we in-
vestigated the contributions made by parameter changes during evolutionary
learning. These 274 records were divided into two sets: training and testing. The
training set consisted of 174 records. The testing set consisted of 100 records. The
neuromolecular hardware was first trained with the training set for over 20000
cycles. The experimental result showed that the number of records recognized by
the neuromolecular hardware increased continuously during the course of learn-
ing (Fig. 4a). Correct classification rate improved significantly in the early stage
of learning, but slowed down in the later stage. The classification rates for the
training and testing sets were 87.9% and 62.0%, respectively. This result implied
that the system possessed a certain degree of differentiation capability.
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Closer examination of the data showed that learning proceeded in an alternate
manner. That is, each parameter more or less contributed to learning progress
(Fig. 4b). This suggested synergies occurred among different parameters of evo-
lution, implying that learning at one parameter opened up opportunities for
another. We noted that in the early stage of learning contributions were made
by several parameters of evolution. This was because the initial repertoire of
neurons was sufficient to differentiate the majority of patterns.

5 Conclusion

Computer systems are suited for performing high computing tasks. However,
its structure is rigid, lacking flexibility. Relatively, biological systems exhibit
high adaptability but with limited computational capability. The neuromolecular
hardware presented in this paper is a system lying between these two extremes.
The neuromolecular hardware is a model that combines the merits of biological
information processing and evolutionary learning techniques into a system. The
implementation of the system with digital circuits allows us to create hardware
with better adaptability.

TPN is our present application domain. We have demonstrated that the sys-
tem is capable of learning to differentiate TPN data in a continued manner.
That is, it does not stagnate during the learning process. Learning in a contin-
uous manner is an important feature for perpetual evolutionary learning.
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Abstract. FPGAs are widely used recently, and security on configura-
tion bitstreams is of concern to both users and suppliers of configuration
bitstreams (e.g., intellectual property vendors). In order to protect con-
figuration bitstreams against the threats such as FPGA viruses, piracy
and reverse engineering, configuration bitstreams need to be encrypted
and authenticated before loaded into FPGAs. In this paper, we propose
a new FPGA configuration scheme that can authenticate and/or decrypt
a bitstream. The proposed scheme has flexibility in choosing authentica-
tion and/or decryption algorithms and causes only a small area overhead
since it utilizes programmable logic blocks to implement authentication
and/or decryption circuits.

Keywords: FPGA configuration, bitstream protection, bitstream
encryption, bitstream authentication.

1 Introduction

FPGAs are widely used recently, and security on configuration bitstreams is of
concern to both users and suppliers of configuration bitstreams (e.g., intellec-
tual property vendors). Configuration bitstreams are exposed to the threats of
piracy, reverse engineering and code theft. Moreover, a tampered configuration
bitstream can be an FPGA virus [4], which is a hardware analogue of a computer
virus. In order to defend against such threats, we need encryption/decryption
and authentication of bitstreams at configuration. Some commercial FPGAs have
a cryptographic circuit in it [1,8]. Also various methods that protect bitstream
security have been proposed [2,3,5,6,7]. Most of them equip dedicated decryp-
tion and/or authentication circuits in an FPGA. This causes a hardware over-
head. Note that circuits for asymmetric cryptography need large area. Because
of the overhead, dedicated decryption and/or authentication circuits equipped
in an FPGA are limited to symmetric key cryptography. On the other hand, a
method that utilizes reconfigurable logic blocks to implement a decryption cir-
cuit was proposed [2]. This might solve the area overhead problem. However,
the whole circuit cannot be encrypted because at the end of a configuration, the
decryption circuit is replaced with a part of the target circuit whose bitstream
is a plain text. This limits the size of the decryption circuit to be implemented
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since a large part of the target circuit cannot be encrypted if we implement a
large decryption circuit. In addition, it needs a dedicated authentication circuit
in order to authenticate the bitstreams of the decryption circuit, causing an area
overhead.

In this paper, we propose a new configuration scheme such that the whole
circuit can be encrypted while the proposed scheme causes only a small area
overhead. In our scheme, a decryption circuit is implemented using reconfigurable
logic blocks, and a bitstream of (a part of) the target circuit is decrypted using
the decryption circuit. At the end of a configuration, the decryption circuit is
replaced with the remaining part of the target circuit whose bitstream is one-
time padded. Thus, the whole circuit can be securely downloaded into an FPGA.
To do this, we use a part of the target circuit as a one-time pad for the bitstream
to be loaded in the last phase of the configuration.

Since the proposed scheme can use a large reconfigurable area to implement a
decryption circuit, it can handle computationally demanding cryptography such
as public key cryptography.

This paper is organized as follows. In Sect. 2, we describe the proposed scheme.
In Sect. 3, we discuss the security of the proposed scheme. In Sect. 4, we show
how to enhance security and flexibility of the proposed scheme. In Sect. 5, we
describe architecture requirements for realization of the proposed scheme. And
Section 6 concludes the paper.

2 The Proposed Scheme

Our concern is to protect designs from piracy, reverse engineering and code theft.
So we focus on encryption/decryption of bitstreams in this section, although our
enhanced scheme can be used to authenticate bitstreams as we will describe
later. That is, a bitstream supplier encrypts the bitstream of a circuit, then
send it to a user. The user’s FPGA (not the user!) decrypts the bitstream and
the decrypted bitstream is stored in the configuration memory. The important
point is decryption is completed within an FPGA, i.e., a user cannot access to
the decrypted bitstream. To do this securely, only an authenticated (or built-in)
decryption circuit should be implemented in an FPGA. We describe the proposed
scheme in the following.

We divide Configurable Logic Blocks (CLBs) into two sets; One is the set
that consists of CLBs chosen regularly skipping several blocks, and the other
consists of the remaining CLBs. (See Fig. 1.) We also divide a bitstream into
three bitstreams. The first one is a bitstream for configuring CLBs in set A, the
second one is for CLBs in set B, and the third one is for the routing information.

Our main idea is as follows. We first implement a decryption circuit using
CLBs in set A, decrypt a bitstream for set B and configure CLBs in set B by
loading the decrypted bitstream. Then the decryption circuit is replaced with
the remaining part of the target circuit by reconfiguring CLBs in set A. The
bitstream used in the reconfiguration of CLBs in set A is one-time padded,
and the decrypted bitstream for set B is used as the one-time pad. So we need
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CLB in A

CLB in B

Fig. 1. Grouping CLBs

(3) Replacing the decryption circuit
with the remaining part of the
target circuit.

(1) Implementing a decryption
circuit using A.

(2) Loading a part of the target circuit into B.

Loading a routing information.

Fig. 2. Configuration flow

no decryption circuit for reconfiguration of CLBs in set A; just XORing the
encrypted bitstream and the one-time pad is enough to decrypt it. After finishing
configuration of CLBs, routing information is loaded. The configuration flow is
illustrated in Fig. 2.

In the following, we describe the configuration scheme in detail.
Phase 1: Implementation of a decryption circuit - Configuration of A
The configuration memory of each CLB in set A has initial values, which are
fixed during manufacturing. It is initialized by the initial values at start-up of a
configuration. This initial configuration implements the decryption circuit. Sim-
ilarly, the routing configuration memory has initial values, and is also configured
by initializing them.
Phase 2: Decryption of a bitstream for B - Configuration of B
An encrypted bitstream is passed to the decryption circuit. And then, the de-
crypted bitstream is loaded into CLBs in B, which implements (a part of) the
target circuit.
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Phase 3: Implementation of the remaining part of the circuit - Recon-
figuration of A and reconfiguration of routing information
A configuration bitstream, which is encrypted by one-time pad, is loaded into
CLBs in set A. Each CLB loads the configuration data by XORing them with
the configuration data of the neighboring CLB, i.e., using the values stored in
the configuration memory of the neighboring CLB as a one-time pad. And then,
routing information, which is a plain text, is loaded.

Note that we can use large reconfigurable area in an FPGA to implement a
decryption circuit, so that we can implement a large circuit such as public key
cryptography.

3 Security of the Proposed Scheme

In this section, we discuss the security of the proposed scheme.
Confidentiality of the target circuit
The confidentiality of part B of the target circuit is guaranteed since its bit-
stream is encrypted. As for the confidentiality of part A of the target circuit, the
one-time pad might be weak since it is not a random bit string but the configu-
ration data of the neighboring CLBs. However, we can enhance the randomness
of the one-time pad as we will describe later. The routing information is not
encrypted in the above scheme. This is because for an evil user, obtaining the
routing information alone makes no sense. However, for higher security, it can
be encrypted as we will describe later.
Security of the embedded secret key
Our FPGA architecture has an embedded secret key, which is used by the de-
cryption circuit in Phase 2. Only the decryption circuit in Phase 2 can access to
the embedded secret key; After Phase 2, the connection port to the secret key is
disabled. Note that the decryption circuit is fixed during manufacturing. Thus,
the embedded secret key is securely managed.

4 Enhancing Security and Flexibility

In this section, we describe how the security of the bitstream for part A and the
routing information can be enhanced. We also describe an enhanced configura-
tion scheme that can implement an arbitrary decryption and/or authentication
circuit instead of the built-in decryption circuit.

4.1 Encryption of the Bitstream for A and the Routing Information

As we described in Sect. 2, the secret key (the one-time pad) for the encryption
of the bitstream for A is not a random bit string but a configuration bitstream
stored in a neighboring CLB. However, we can enhance the randomness of the key
by generating a key by bitwise XORing the bit strings stored in the neighboring
four CLBs instead of using a single bit string in a neighboring CLB as a key.
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Routing information can also be encrypted similarly by using configuration data
stored in CLBs that are placed around the routing configuration memory in
order to create a one-time pad.

4.2 Enhancing Flexibility of Decryption Algorithms

In the configuration scheme described in Sect. 2, we can use only the built-in
decryption circuit in Phase 2. However, we can enhance the configuration scheme
so that the authorized suppliers of configuration bitstreams (e.g., the authorized
intellectual property vendors) can distribute arbitrary decryption circuits for
the use of the decryption in Phase 2. Moreover, a circuit to be implemented in
Phase 2 is not limited to a decryption circuit. We can implement an arbitrary
cryptographic circuit such as an authentication circuit. We describe the enhanced
configuration scheme below.

We divide CLBs into two sets, A and B, as in Sect. 2. We also divide set
B into two sets, A′ and B′, similarly. Then, we replace Phase 1 with Phase 1′

below.
Phase 1′: Implementation of an authenticated decryption circuit
First, we implement an authentication circuit using CLBs in A′. Similarly to
the case of the decryption circuit described in Sect. 2, the authentication circuit
is built-in, and is configured just by initializing the configuration memory. The
authentication keys that are generated by the authorized suppliers of configu-
ration bitstreams are also embedded, i.e., they are fixed during manufacturing.
Then it loads an arbitrary decryption and/or authentication circuit into A while
verifying the MAC for the bitstream of it. Thus only the decryption and/or au-
thentication circuits authorized by the suppliers of configuration bitstreams can
be implemented.

The remaining phases are the same as in the configuration scheme described
in Sect. 2. The configuration flow is illustrated in Fig. 3.

(3) Replacing the cryptographic circuit with the 
remaining part of the target circuit.

(1) Implementing an authentication
circuit using CLBs in A’.

(2) Loading a portion of the target circuit into B (= A’ U B’).

Loading a routing information.

X

X

X

X

X

X

X X

X

X

X

X

X

X

Implementing a decryption and/or
an authentication circuit using CLBs in A.

Fig. 3. Enhanced configuration scheme
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5 Architecture Requirements

In this section, we describe architecture requirements for realization of the pro-
posed configuration scheme. In order to configure A, A′, B and routing informa-
tion, four configuration systems (chains of configuration memories) are needed.
Each configuration memory of a CLB in A′ has its initial value, and can be ini-
tialized at the start-up of a configuration. A memory controller for dealing with
this initialization is needed. As for the management of the embedded secret keys,
a connection port to the embedded secret keys can be disabled after finishing
Phase 2.

All the above features together with a controller that manages the whole con-
figuration procedure realizes the proposed configuration scheme. All the above
features are easy to implement, and the area overhead is very small.

6 Conclusion

We proposed a configuration scheme that can securely download a bitstream
into an FPGA. By using the proposed scheme, we can encrypt the whole circuit
with only a small area overhead. Also the proposed scheme has flexibility; An
arbitrary cryptographic circuit can be implemented.
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Abstract. This paper presents a novel dynamically reconfigurable hard-
ware architecture for lossless compression and its optimization for space
imagery. The proposed system makes use of reconfiguration to support
optimal modeling strategies adaptively for data with different dimen-
sions. The advantage of the proposed system is the efficient combination
of different compression functions. For image data, we propose a new
multi-mode image model which can detect the local features of the im-
age and use different modes to encode regions with different features.
Experimental results show that our system improves compression ratios
of space image while maintaining low complexity and high throughput.

1 Introduction

Advances in remote sensing facilities generate massive amounts of data. For in-
stance, SAR (Synthetic Aperture Radar) and the LANDSAT can produce hun-
dreds of gigabytes of data per day, not to mention the 224 bands hyperspectral
image from AVIRIS (Airborne Visible/Infrared Imaging Spectrometer). These
data are transmitted to the Earth for further processing. However, the data vol-
ume is often several times larger than the transmission capacity of the downlink
circuit, which limits the scientific data return from the spaceborne instruments.
This is known as the “Bandwidth vs. Data Volume” challenge for modern space-
craft [1]. An effective solution to this problem is compression. As space data
is costly and subject to processing, all the information in the data should be
preserved. Therefore, lossless compression is necessary in space applications.

There are various kinds of data that need to be sent from spacecraft to the
Earth, such as 1-D general data, 2-D image data, 3-D multispectral image data
or video, etc. These data are likely to be transmitted along the same physical
channel. Therefore, a system that can compress different types of data with real-
time adaptation is of interest to space applications. The Consultative Committee
for Space Data Systems (CCSDS) recommended an ASIC device PRDC (Payload

� Thanks to the support from EPSRC under grant EP/D011639/1.

R. Woods et al. (Eds.): ARC 2008, LNCS 4943, pp. 336–341, 2008.
c© Springer-Verlag Berlin Heidelberg 2008



Lossless Compression for Space Imagery 337

Fig. 1. Architecture of the Lossless Compression System

Rice Data Compressor) [2] for 1-D data, and NASA proposed a FPGA device [3]
based on the LOCO algorithm [4] for 2-D image compression. However, in terms
of compression ratios, there is still a gap between the performance of hardware
and software-based algorithms. Examples of the latter include the context-based
PPMZ [5] for 1-D data, and CALIC [6] for 2-D data.

To bridge the performance gap between software and hardware algorithms,
and to meet the challenge of data transmission, we propose a reconfigurable ar-
chitecture targeting to FPGA devices for lossless compression of various types
of data from space imagery. Fig. 1 shows the architecture of the system, which
consists of four modules: reconfiguration, dynamic modeling, probability estima-
tor and arithmetic coder. The novelty of our proposed system is to effectively
combine the statistical models for different data types with the reconfiguration
technique. We design three hardware amenable models dedicated to each type of
data in the dynamic modeling module. These models share a similar structure,
which utilizes contexts, a common probability estimator and arithmetic coder.
The reconfiguration technique takes advantage of this feature and efficiently re-
allocates the hardware resources to execute only the required functionality, in
order to minimize the silicon requirements and power consumption. The switch-
ing between different models is done adaptively according to the incoming data
type. Experimental results show that we achieve superior compression ratios to
other state-of-the-art schemes while still keep the system complexity low.

The rest of the paper is organized as follows. In Section 2 we introduce the
reconfiguration module. In Section 3 we explain the details of the dynamic mod-
eling, followed by the probability estimator and arithmetic coder in Section 4. We
show the performance comparison result with other current hardware amenable
algorithms in Section 5 and conclude our work in Section 6.

2 Reconfiguration

Our proposed system is a real-time processing system that encodes and decodes
data on the fly. As illustrated in Fig. 1, the reconfiguration module works as
the brain of the system, controlling the activities of the dynamic modeling and
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probability estimator. It detects the data type of the incoming data by exam-
ining their file extensions or headers, and activates the corresponding hardware
resources in other modules during the coding process. To be more specific, we
use a Leon3 processor as a reconfiguration controller, which is connected with
the dynamic modeling module, probability estimator, and an external memory.
Once a function is requested, the controller loads the configuration data from the
memory to the dynamic modeling module and probability estimator. This tech-
nique integrates all the modules into a system and reuses the hardware resources,
resulting in a reduced amount of resources usage and power consumption.

3 Dynamic Modeling

The dynamic modeling module carries out the major algorithmic tasks. The
three models in this module are all context based. Context, here means the
previously seen symbols in 1-D data, or the surrounding symbols of the current
symbol in 2-D or 3-D data.

3.1 Lossless 1-D Data Modeling

Lossless data modeling deals with 1-D data. It is based on the PPMH algorithm
implemented in the high-speed hardware compressor Byacom [7]. According to
the variable-order Markov modeling mechanism, the variable-order contexts are
formed and searched in a context tree, which is built dynamically as more data
is seen. The context of the current symbol is stored in a FIFO, whose length is
configurable and depends on the maximal model order. The main part of the
model is implemented as a context tree, which enables fast search operations with
low complexity. A single-cycle reset and rescale of the tree are also implemented
to speed up the operation of the model. Once a context is matched, the context
area address and the context symbols are sent to the probability estimator.

3.2 Lossless Image Modeling

Lossless image modeling handles image or any data which has two-dimensional
correlations. We propose a segmentation-based lossless image model. Segmenta-
tion, here means partitioning of an image into multiple regions according to its
features. We use this idea to group pixels with similar features and use different
modes to compress them. A new ternary-mode is proposed to detect and encode
the edges, while the run-length coding [4] is adopted to encode the homogeneous
regions. The rest of the image, mostly the texture regions, is compressed with a
regular-mode, which is based on the Gradient-Adjusted Prediction (GAP) from
CALIC [6] but is simplified. As the mode selection is made by adaptive online
checking of neighboring symbols, no side information is transmitted.

We identify certain conditions for entering each mode. If the four nearest
symbols of the current symbol are the same, a homogeneous region is assumed
and the run-mode is triggered. If the current symbol is identical to its previous
symbol, the symbol occurrence, called run, increases by one; otherwise “run”
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stops and the current run length is encoded. In regions where edges are present,
we examine if there are no more than three distinct symbol values in a small
neighborhood of the current symbol and the ternary-mode is triggered. Thus only
four symbols are needed to encode this group of symbols and lower entropy can
be obtained. When the entry conditions for run-mode or ternary-mode cannot
be met, or when coding in other modes fails, the regular mode is used.

Fig. 2 illustrates the dataflow of the image model. The implementation is
achieved with two pipelines running in parallel. Line 1, indicated by the flow
on the left, operates on the current symbol and yields the prediction error with
the selected mode for the probability estimator; Line 2, indicated by the flow
on the right, calculates the prediction value and context index for the next
symbol under the selected mode. Since complicated calculation on coefficients
are not needed, and simple division is done by small lookup table, this model
is hardware amenable. Note that this model is the base of the video model
and can be extended to handle multispectral images. The details of the image
compression algorithm is reported elsewhere.

3.3 Lossless Video Modeling

Lossless video modeling compresses data which contains three-dimensional cor-
relations, typically videos or multispectral images. Based on the 2-D model, the
video model incorporates the decorrelation in spectral domain and temporal
domain. An inter-band prediction is used to exploit the correlation in spectral
domain and a switching strategy is designed to switch between intra-band and
inter-band prediction, according to which correlation is stronger in the local area.
For temporal domain, we intend to use a zero-side-information (no motion vec-
tors) motion estimator to remove redundancy between frames. Implementation
details of this model are currently under investigation.
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Table 1. Lossless Image Compression Bit Rates (bpp) Comparison

image CCSDS PRDC JPEG-LS JPEG2000 SPIHT ICER proposed

coastal b1 3.36 3.56 3.09 3.13 3.09 3.07 3.00
coastal b2 3.22 3.32 2.90 2.97 2.94 2.92 2.84
coastal b3 3.48 3.68 3.22 3.23 3.21 3.20 3.14
coastal b4 2.81 2.91 2.41 2.53 2.57 2.55 2.37
coastal b5 3.16 3.30 2.81 2.94 2.91 2.89 2.79
coastal b6h 3.02 2.75 2.50 2.60 2.71 2.54 2.52
coastal b6l 2.35 2.03 1.76 1.96 2.02 1.87 1.84
coastal b7 3.45 3.66 3.17 3.22 3.17 3.15 3.10
coastal b8 3.66 3.93 3.42 3.40 3.35 3.31 3.28
europa3 6.61 7.48 6.64 6.52 6.46 6.30 6.42
marstest 4.78 5.39 4.69 4.74 4.64 4.63 4.60
lunar 4.58 5.23 4.35 4.49 4.43 4.40 4.20
spot-la b3 4.80 5.20 4.53 4.69 4.70 4.56 4.43
spot-la panchr 4.27 4.87 4.00 4.13 4.11 4.03 3.90
average 3.82 4.09 3.54 3.61 3.59 3.53 3.46

4 Probability Estimator and Arithmetic Coder

The probability estimator is shared by all the models in the dynamic modeling
module. Fig. 3 shows a simplified diagram of the probability estimator. It is
a SRAM memory where the probability of symbols in each coding context is
stored. Coding context is defined by the local feature of the data and is used
to group symbols in the way that a lower conditional entropy can be achieved.
Each coding context is represented by a balanced binary tree with n (n is the
alphabet size of the data) nodes associated with each symbol. The values of the
tree nodes reflect the symbol occurrence adaptively and are used to calculate the
symbol probability. This module maps the probability data into a set of binary
decisions (left or right, represented by 0 or 1) from the root to the leaves through
each context tree. The binary arithmetic coder is driven by these decision bits
and the probability data. It is multiplication-free, resulting in an improved clock
ratio of the system. One decision bit is processed per clock cycle, and hence 8
cycles are needed for encoding one byte. More details can be found in [7].

5 Performance Comparison

The experimental result of image compression ratios is presented in this section.
We use the 8-bit CCSDS reference image set as test images. As the proposed sys-
tem is intended for high-speed spaceborne application, test results relevant for
this purpose are presented. We compare the proposed scheme with some state-
of-the-art low complexity schemes. CCSDS is the current Recommendation for
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space image compression; PRDC is the CCSDS Rice coder; JPEG-LS is the
lossless image compression standard; JPEG2000 [8] is the current standard for
lossy to lossless compression; SPIHT [9] is a low-complexity progressive image
compressor; ICER [10] is another progressive wavelet-based image compressor.
When strip-based and frame-based options are available for these algorithms, the
better ones are chosen in this comparison. Table. 1 shows that the proposed sys-
tem outperforms the others in terms of bit rates. The proposed system processes
1 bit per clock cycle, which is translated into a throughput of 100Mbits/sec on
a Xilinx Virtex-4 SX35 FPGA. Results on general data can be found in [7].

6 Conclusions and Future Works

A novel dynamically reconfigurable FPGA architecture for lossless compression
of space imagery is presented. The proposed hardware amenable algorithms pro-
duce superior image compression ratios and the reconfiguration technique effi-
ciently combines models for different data types with online adaptation. These
features make our system suitable for space application. The complete hardware
implementation of the system and its extensions is part of our future works.
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