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Preface

On behalf of al of the people involved in the program selection, the program
committee members as well as numerous other reviewers, we are both relieved and
pleased to present you with the proceedings of the 2006 Asia-Pacific Computer
Systems Architecture Conference (ACSAC 2006), which is being hosted in Shanghai
on September 6-8, 2006.

This is the 11th in a series of conferences, which started life in Australia, as the
computer architecture component of the Australian Computer Science Week. In 1999
it ventured away from its roots for the first time, and the fourth Australasian
Computer Architecture Conference was held in the beautiful city of Sails (Auckland,
New Zeaand). Perhaps it was because of a lack of any other computer architecture
conference in Asia or just the attraction of traveling to the Southern Hemisphere but
the conference became increasingly international during the subsequent three years
and also changed its name to include Computer Systems Architecture, reflecting more
the scope of the conference, which embraces both architectural and systemsissues. In
2003, the conference again ventured offshore to reflect its constituency and since then
has been held in Japan in the beautiful city of Aizu-Wakamatsu, followed by Beijing
and Singapore. This year it again returns to China and next year will move to Korea
for the first time, where it will be organized by the Korea University.

To understand the scope and constituency of the conference, papers have been
submitted from China, Taiwan, Korea, Japan, Austraia, the UK, the Netherlands,
Brazil, the USA, Norway, Sweden, Iran, Cyprus, Indiaand Romania with the majority
of papers coming from the Asia-Pacific region. The scope of the conference can be
gleaned by looking at the diversity of submissions, which include papers on processor
and network design, reconfigurable computing and operating systems, including both
low-level design issues in hardware and systems as well as papers describing large
and significant computer-based infrastructure projects. In keeping with the trends in
this field, many of the papers that reflect the changing nature of computing systems
and the constraints that the industry is working under. For example, there are many
papers that reflect the move to concurrency on chip in multi-core devices, and many
more are concerned with the significant problems industry will face with stricter
budgets in power dissipation.

In addition to the submitted papers we have three keynote presentations. These
presentations reflect the changing aspects of our industry as described above.
Guang R. Gao, who is the Distinguished Professor of Electrical and Computer
Engineering at Delaware University, will give a presentation on his work in
programming chip multiprocessors and other highly concurrent systems. Gao's
research is closely linked to IBM’s recently announced cell processor, and he is
developing compilers that enable thousands of processors to work together smoothly
and efficiently by dividing various tasks among them. This work is conducted through
the Computer Architecture and Parallel Systems Laboratory (CAPSL). Our second
keynote speaker is from Europe and represents a key company in the embedded
computer systems area. Vladimir Vasekin is a Russian Computer Scientist who was
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recruited by ARM Ltd. in 2003. He started his career working in the Kronos Research
Group at Novosibirsk University, developing the first 32-bit Russian workstations.
While at ARM he has been involved in extensions to the ARM V6 architecture as
well as in optimizing power dissipation in systems on chip. Our final invited speaker
is Alex Shafarenko, who is professor of Software Engineering at the University of
Hertfordshire in the UK and coordinator of the Compiler Technology and Computer
Architecture Research Group (CTCA). Shafarenko is undertaking pioneering work in
strongly-typed languages for coordinating concurrency in an asynchronous distributed
environment.

Finally we would like to thank all of those who worked hard to make ACSAC
2006 a success thisyear. Thisincludes all of the authors for submitting their work and
the program committee and reviewers, without whose significant effort in producing
reviews by our deadlines, we would have been unable to put this conference program
together. Finally we thank the other General Chairs, Minglu Li of Shanghai Jiao
Tong University and Minyi Guo from the University of Aizu for their effort in
managing the conference arrangements and last and by no means least, Feilong Tang,
also from Shanghai Jiao Tong University, who was in charge of local arrangements.

June 2006 Chris Jesshope
Colin Egan
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The Era of Multi-core Chips-A Fresh
L ook on Softwar e Challenges

Guang R. Gao

Endowed Distinguished Professor
Dept. of Electrical and Computer Engineering
University of Delaware
ggao@apsl . udel . edu

Abstract. In the past few months, the world has witnessed the impressive pace
that the microprocessor chip vendors switching to multi-core chip technology.
However, thisis preventing steep software challenges — both in the migration of
application software and in the adaptation of system software.

In thistalk, we discuss the challenges as well as opportunities facing software
technology in the era of the emerging multi-core chips. We review the software
effort failures and lessons learned during the booming years on parallel com-
puting — in the 80s and early 90s, and anayze the issues and challenges today
when we are once more trying to explore large-scale parallelism on multi-core
chips and systems. We then predict mgjor technology innovations that should
be made in order to assure a success thistime.

This talk will begin with a discussion based on our own experience on work-
ing with fine-grain multithreading from execution/architecture models, system
software technology, and relevant application software studies in the past dec-
ade. We then outline our recent experience in working on software issues for
the next generation multi-core chip architectures. We will present a case study
on amapping of OpenMP on two representative classes of future multi-core ar-
chitecture models. We discuss several fundamenta performance issues facing
system software designers.

C. Jesshope and C. Egan (Eds.): ACSAC 2006, LNCS 4186, p. 1, 2006.
© Springer-Verlag Berlin Heidelberg 2006



Streaming Networks for Coordinating
Data-Parallel Programs (Position Statement)

Alex Shafarenko

Compiler Technology and Computer Architecture Group, University of Hertfordshire,
United Kingdom
A.Shafarenko@herts.ac.uk

Abstract. A new coordination language for distributed data-parallel
programs is presented, call SNet. The intention of SNet is to introduce
advanced structuring techniques into a coordination language: stream
processing and various forms of subtyping. The talk will present the or-
ganisation of SNet, its major type inferencing algorithms and will briefly
discuss the current state of implementation and possible applications.

Process concurrency is difficult to deal with in the framework of a programming
language. If properly integrated into the language semantics, it complicates and
often completely destroys the properties that enable the kind of profound op-
timisations that make compilation of computational programs so efficient. One
solution to this problem, which is the solution that this talk will present, is the
use of so-called coordination languages. A coordination language uses a readily-
available computation language as a basis, and extends it with a certain com-
munication /synchronisation mechanism thus allowing a distributed program to
be written in a purely extensional manner. The first coordination language pro-
posed was Linda|Gel85, [GC92], which extended C with a few primitives that
looked like function calls and could even be implemented directly as such. How-
ever an advanced implementation of Linda would involve program analysis and
transformation in order to optimise communication and synchronisation patterns
beyond the obvious semantics of the primitives. Further coordination languages
have been proposed, many on them extensional in the same way, some not; for
the state of the art, see a survey in [PA9g] and the latest Coordination conference
[TPO5)].

The emphasis of coordination languages is usually on event management,
while the data aspect of distributed computations is not ordinarily focused on.
This has a disadvantage in that the structuring aspect, software reuse and com-
ponent technology are not primary goals of coordination. It is our contention
that structuring is key in making coordination-based distributed programming
practically useful. In this talk we describe several structuring solutions, which
have been laid in the foundation of the coordination language SNet. The lan-
guage was introduced as a concept in [Sha03]; the complete definition, including
semantics and the type system, is available as a technical report [Sha06].

The approach proposed in SNet is based on streaming networks. The appli-
cation as a whole is represented as a set of self-contained components, called

C. Jesshope and C. Egan (Eds.): ACSAC 2006, LNCS 4186, pp. 25 2006.
© Springer-Verlag Berlin Heidelberg 2006



Streaming Networks for Coordinating Data-Parallel Programs 3

“boxes” (SNetis not extensional) written in a data-parallel language. SNet deals
with boxes by combining them into networks which can be encapsulated as fur-
ther boxes. The structuring instruments used are as follows:

Streams. Instead of arbitrary communication, data is packaged into typed
variant records that flow in a sequence from their producer to a single con-
sumer.

Single-Input, Single-Output(SISO) box and network configuration. Multiple
connections are, of course, possible and necessary. The unique feature of SNet
is that the multiplicity of connection is handled by SNet combinators so that
a box sees a single stream of records coming in. The records are properly
attributed to their sources by using types (which include algebraic types,
or tagged, disjoint unions). Similarly, the production of a single stream of
typed records by a box does not preclude the output separation into several
streams according to the type outside the box perimeter.

Network construction using structural combinators. The network is pre-
sented as an expression in the algebra of four major combinators (and a
small variety of ancillary constructs): serial (pipelined) composition, parallel
composition, infinite serial replication (closure) and infinite parallel repli-
cation (called index splitter, as the input is split between the replicas ac-
cording to an “index” contained in data records). We will show that this
small nomenclature of tools is sufficient to construct an arbitrary streaming
network.

Record subtyping. Data streams consist of flat records, whose fields are
drawn from a linear hierarchy of array subtypes[Sha02} [SS04]. The records as
wholes are subtyped since the boxes accept records with extra fields and al-
low the producer to supply fewer variants than the consumer has the ability
to recognise.

Flow inheritance. Due to subtyping, the boxes may receive more fields in a
record than they recognise. In such circumstances flow inheritance causes the
extra fields to be saved and then appended to all output records produced
in response to a given input ond]. Flow inheritance enables very flexible
pipelining since, on the one hand, a component does not need to be aware of
the exact composition of data records that it receives as long as it receives
sufficient fields for the processing it is supposed to do; and on the other,
the extra data are not lost but passed further down the pipeline that the
components may be connected by.

Record synchronizers. These are similar to I-structures known from dataflow
programming. SNet synchronisers are typed SISO boxes that expect two
records of certain types and produce a joint record. No other synchronisation
mechanism exists in SNet, and no synchronisation capability is required of
the user-defined boxes.

The concept of network feedback in the form of a closure operator. This
connects replicas of a box in a (conceptually) infinite chain, with the input

! This is a conceptual view; in practice the data fields are routed directly to their
consumers, thanks to the complete inferability of type in SNet.



4 A. Shafarenko

data flowing to the head of the chain and the output data being extracted
on the basis of fixed-point recognition. The main innovation here is the
proposal of a type-defined fixed point (using flow inheritance as a statically
recognisable mechanism), and the provision of an efficient type-inference
algorithm. As a result, SNet has no named channels (in fact, no explicit
channels at all) and the whole network can be defined as a single expression
in a certain combinator algebra.

The talk will address the following issues. We will first give an overview of
stream processing pointing out the history of early advances [Kah74, [AWTT,
HCRPA1], the semantic theory [BS0I] and the recent languages [Mic02]. Then
the concepts of SNet will be introduced, focusing in turn on: overall organisation
and combinators, type system and inference algorithms, concurrency and syn-
chronisation, and the binding for a box language. Finally a sketch of a complete
application in the area of plasma simulation using the particle-in-cell method
will be provided.

Work is currently underway to implement SNet as a coordination language for
a large EU-sponsored Integrated Project named “EATHER” [Pro], which is part
of the Framework VI Advanced Computing Architecture Initiative. University
of Hertfordshire is coordinating the software side of the project; if time permits,
the talk will touch upon the progress achieved to date.
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Abstract. This paper discusses low-error, high-speed evaluation of two
elementary functions: square-root (which is required in IEEE-754 stan-
dard on computer arithmetic) and exponential (which is common in
scientific calculations). The basis of the proposed implementations is
piecewise-linear interpolation but with the constants chosen in a way that
minimizes relative error. We show that by placing certain constraints on
the errors at three points within each interpolation interval, relative er-
rors are greatly reduced. The implementation-targets are large FPGAs
that have in-built multipliers, adders, and distributed memory.

1 Introduction

Many techniques exist for evaluating elementary functions: polynomial approx-
imations, CORDIC algorithms, rational approximations, table-driven methods,
and so forth [I], [2]. For hardware implementation, accuracy, performance and
cost are all important. The latter two mean that many of the better techniques
that have been developed in numerical analysis (and implemented in software)
are not suitable for hardware implementation. CORDIC is perhaps the most
studied technique for hardware implementation. Its primary merits are that the
same hardware can be used for several functions, but, because of its iterative na-
ture, its performance is rather poor. High-order polynomial approximations can
give low-error implementations, but are generally not suitable for hardware im-
plementation, because of the number of arithmetic operations (multiplications
and additions) that must be performed for each value; either much hardware
must be used, or performance be compromised. And a similar remark applies
to pure table-driven methods, unless the tables are quite small: large tables will
be both slow and costly. The practical implication of these constraints is that
many of the better techniques that have been developed in numerical analysis,
and which are easily implemented in software, are not suitable for hardware
implementation.
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Given trends in technology, it is apparent that at present the best technique
for hardware function-evaluation is a combination of low-order polynomials and
small look-up tables. This is the case for both ASIC and FPGA technologies,
especially for the latter, in which current large devices (such as the Xilinx Virtex
[B], [6]) are equipped with substantial amounts of distributed memory as well
as many arithmetic units (notably mulipliers and adders) The combination of
low-order polynomials (primarily linear ones) is not new — the main challenges
has always been one of how to choose the best interpolation points and how to
ensure that look-up tables remain small.

For most elementary functions, interpolation with uniformly-sized intervals
(i.e. uniformly-spaced abscissae) is not ideal. Nevertheless, for hardware imple-
mentation, the need to quickly map arguments onto the appropriate intervals
dictates the use of such intervals. With this choice and linear interpolation, the
critical issue then becomes that of what function-value to associate with each
interval. The most common choice has been to arbitrarily select the value at the
midpoint of the interval — that is, if z € [L, U], then f(z) = f((L+U)/2) —or
to choose a value that minimizes absolute errorsd Neither is particularly good:
as we shall show, even with a fixed number of intervals, the best function-value
for an interval is generally not the midpoint. And, depending on the “curvature”
of the function at hand, relative error may be more critical than absolute error.
For the functions we consider, the effect of a given value of absolute error is
not constant or linear, and therefore the relative error is more critical than the
absolute error.

The rest of the paper is organized as follows. Section 2 gives a brief overview
of the Xilinx Virtex-4 FPGA. Section 3 outlines the general approach that we
use in the function approximation, and the next two sections, the main parts of
the paper, corespond to each of the two functions. Section 5 is a discussion of
the results we obtained. And Section 6 is a concluding summary.

2 Xilinx Virtex-4 FPGA

As indicated above, our primary target is large FPGAs. The structure of such
devices makes them particularly well suited to low-order polynomial approxima-
tions: the devices have in-built (and reasonably wide) adders and multipliers, as
well as relatively large amounts of memory. Moreover, the arrangement of the
arithmetic units is eminently suited to the multiply-then-add sequence that is
required in polynomial approximations. In this section, we shall briefly give the
details of a current FPGA device, the Xilinx Virtex-4, that is typical of such
state-of-the-art FPGA devices. We also indicate how its structure is well-suited
to piecewise-linear interpolation.

! This is validated by a recent study of FPGA implementations of various tech-
niques [3].

2 Following [4], we use absolute error to refer to the difference between the exact value
and its approximation; that is, it is not the absolute value of that difference.
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Fig. 1. DSP48 tile of Xilinx Virtex-4

The Virtex-4 is actually a family of devices with many common features but
with variations in speed, logic-capacity, and so forth. A Virtex-4 device consists
of an array of up to 192x 116 tiles (in generic FPGA terms, two tiles form a CLB),
up to 1392 Kb of Distributed-RAM , up to 9936 Kb of Block-RAM (arranged in
18-Kb blocks), up to 2 PowerPC 405 processors, up to 512 Xtreme DSP slices for
arithmetic, several Input/Ouput blocks, and so forth [18, 19]. There are currently
17 devices in the family:

— eight LX devices, optimized for logic intensive applications;
— three SX devices, optimized for embedded applications; and
— six FX devices, optimized for digital-signal-processing applications.
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Table 1 gives the parameters for typical members (the largest) of each class.
Observe that many neural-network computations are DSP-like, and, therefore,
the FX class may be taken as the ideal target.

Table 1. Xilinx Virtex-4 devices

Logic Distr. XDSP Block Power
Device Slices RAM (Kb) Slices RAM (Kb) PC

XC4VLX200 89,088 1,392 96 6,048 0
XC4VSX5H5 24,576 384 512 5,760 0
XC4VFX140 63,168 987 192 9,936 2

A tile is made of two Xtreme DSP48 slices that together consist of eight
function-generators (configured as 4-bit lookup tables capable of realizing any
four-input boolean function), eight flip-flops, two fast carry-chains, 64 bits of
Distributed-RAM, and 64-bits of shift register. There are two types of slices:
SLICEM, which consists of logic, Distributed RAM, and shift registers, and
SLICEL, which consists of logic only. Figure 3 shows the basic elements of a tile.
(For ease of visual presentation, we have not shown the memory elements.) Since
the approximation scheme we use is based on linear interpolation, Distributed
RAM is not suitable for the storage of the required constants, unless there is
only a small number of such constants and they are of low precision. Block RAM
should therefore be used for such storage.

Blocks of the Block-RAM are true dual-ported and are recofigurable to various
widths and depths (from 16Kx 1 to 512x36); this memory lies outside the slices
but operates at the same high speed. Distributed RAM is located inside the slices
and is nominally single-port but can be configured for dual-port operation. The
PowerPC processor core is of 32-bit Harvard architecture, implemented as a 5-
stage pipeline. The significance of this last unit is in relation to the serial parts
of even highly parallel applications — one cannot live by parallelism alone. The
maximum clock rate for all of the units above is 500 MHz.

Arithmetic functions in the Virtex-4 fall into one of two main categories:
arithmetic within a tile and arithmetic within a collection of slices; the latter
is necessary for high-precision computations. All the slices together make up
what is called the XtremeDSP. DSP48 slices are optimized for multipliy, add,
and mutiply-add operations. There are 512 DSP48 slices in the largest Virtex-4
device, organized in two-slice tiles (Figure 1). Each slice consists primarily of an
18-bit x 18-bit multiplier (with sign-extension of the result to 48 bits), a 48-bit
adder/subtractor, multiplexers, registers, and so forth. Given the importance of
inner-product computations, it is the XtremeDSP that is here most crucial for
neural-network applications. With 512 DSP48 slices operating at a peak rate
of 500 MHz, a maximum performance of 256 Giga-MACs (multiply-accumlate
operations) per second is possible. (As an aside, observe that this is well beyond
anything that has so far been offered by way of a custom ASIC neurocomputer.)
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The scheme we describe below is based on piecewise linear interpolation; that
is, the basic approximation function is f = ¢; +cox, for some constants ¢; and cs.
So the structure of Figure 1 is naturally suitable. Also, while it might appear that
for low-precision outputs, and given the relatively large amounts of memory in
the Virtex-4, a pure table-lookup approach might be better, that is not so: That
might be an important consideration in ASIC technology, because it eliminates
the need for a multiplier and an adder, but there is no advantage gained if
these arithmetic units are already available. We shall below return briefly to this
point.

3 Basic Approach

The general approach we take is as follows. Let I = [L, U] be a real interval with
L < U and let f: I — R be a function to be approximated (where R denotes
the set of real numbers). Suppose that f : I — R is a linear function — that

is, f(x) = c1 + cow, for some constants ¢; and ¢ — that approximates f. Our
objective is to investigate the relative-error function

~

f(@) = f(x)
f(x)

and to find ¢; and ¢y such that e(x) is small. One way to obtain reasonably good
values for ¢, co is to impose the condition

f(L)=F(L), fU)=FfU) (©)

to calculate ¢; and co. As we shall show, a much better result can be obtained
using the “improved” condition

(D) = [e(U)] = le(@star ), (IC)

where Zs1q: (stationary point) is the value of x for which £(z) has a local ex-
tremum.

An example of the use of this technique to approximate reciprocals can be
found in [2], the approximation of the reciprocal function. (The second and third
columns of Tables 1 and 2 show the differences between the direct reduction of the
relative error, i.e. our approach, and reduction of the relative error via reduction
in the absolute error.) We will study each of the three functions seperately and
in each case show that, compared with the results from using the condition (C),
the improved condition (IC) yields a massive 50% reduction in the magnitude
of the relative error. In each case we shall also give the analytical formulae for
the constants ¢; and cs.

It is well-known that by using more than two data points one can get bet-
ter approximation; that is, by subdividing the main interval for interpolation
into several subintervals and keeping to a minimum the error on each of the
subintervals yields to a better accuracy of approximation for the given function.

e(z) = , zel, (1)
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Since for computer-hardware implementations it is convenient that the num-
ber of data points be a power of two, we will assume that the interval I =
[L,U] is divided into 2" intervals: [L,L+ A/2%) [L+ A/2¥ L +2A/2F] ...,
[L+ (2% —1)A/2%, U], where A denotes the difference U — L. Then, given an
argument, x, the interval into which it falls can be located readily by using, as
an address, the k most significant bits of the binary representation of . The pro-
posed hardware implementation therefore has the high-level organization shown
in Fig. 2. The two look-up tables (ROMs, or RAMs in the case of FPGAs) hold
the constants ¢; and ¢ for each interval.

X
®
k bits k bits
Y Y
c, c,
ROM ROM
Co
X
C - -
1 =~ Multiplier

f(x)

Fig. 2. Hardware organization for function evaluation

For a high-speed implementation, the actual structure may differ in several
ways. Consider for example the Multiplier-Adder pair. Taken individually, the
adder must be a carry-propagate adder (CPA); and the multiplier, if it is of high
performance will consist of an array of carry-save adders (CSAs) with a final
CPA to assimilate the partial-sum/partial-carry (PC/PS) output of the CSAs.
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Now, the multiplier-CPA may be replaced with two CSAs, to yield much higher
performance. Therefore, in a high speed implementation the actual structure
would have the form shown in Fig. 3. It should be noted, though, that this new
oraganization may not be the best one for the sort of FPGAs that we envisage,
because the in-built structure of FPGAs impose certain constraints.

c, e

CSA
Array
PC PS
y \
CSA
PC PS

\ Y
CPA
f(x)

Fig. 3. High-performance hardware organization for function evaluation

Throughout the paper we shall illustrate our results with detailed numerical
data obtained for a fixed number of intervals. All numerical computations, were
done with the computer algebra system MAPLE [§] for the interval I = [0.5, 1]
and k = 4; that is, I was divided into 16 intervals:

117 9 19 5 1
27327167328

(Note that evaluation on any other interval can be transformed into evaluation
on the interval [0.5, 1].) We have also used MAPLE to perform many of complex
symbolic computations required throughout the paper.

Floating-point calculations in MAPLE are carried out in finite precision, with
intermediate results rounded to a precision that is specified by MAPLE constant
Digits. This constant controls the number of digits MAPLE uses for calculations.
Thus, generally, the higher the Digits value is, the higher accuracy of the obtain-
able results, with roundoff errors as small as possible. We set Digits value to 35
for numerical computations. Numerical results will be presented using standard
decimal scientific notation.
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4 The Square-Root Function

Let f: I — R, f(z) =/, and f: IR, f(m) = ¢1 + cox, where ¢1,co are
constants. By condition (C) we get the system

c1+ el = \/L,
4+ U = \/U7

which has the solution

o _ “UVL+VUL
L Y
oo VUYL
T U+L

Hence, fmay be written as

—U\/L+\/UL—:E(\/U—\/L)
f(z) = U+ , x el

Substituting the above into () and simplifying, we obtain the formula for the
relative error on the interval I = [L,U]:

UVL— VUL + (\/U - \/L)
ele) =1+ (~U + L)y !

of which the first derivative with respect to x is

VU — 2L —UVL++UL

¢'(z) = 223/2(~U + L)

By solving the equation &’(z) = 0, we get the unique stationary point

Lstat — \/UL
If we now take the second derivative of the error function

() = VU — 2L —3UVL +3VUL
B 425/2(—U + L) ’

substitute zs:q¢ into this formula, and simplify, we obtain

UVL—-+UL

& (Forar) = 2(—U + L) LUVVUL

Since U > L, the second derivative is negative at xgq¢, which means that the
relative error has a maximum value at this point. Moreover, by condition (C), €
vanishes at the end points of I, so it is in fact an absolute maximum. With this
extremum value for the error function, it makes sense to consider an (IC)-type
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of condition, in which we equalize errors at the end-point and the error at the
point of maximum-error amplitude.

For the 16-interval example, application of the condition (C) gives the results
shown in Fig. 4, of the approximation plots together with the corresponding
graph of the error function.

0.8 approximation
0.6
0.41

0.2

-0.2 error x 5000

0.6 0.7 0.8 0.9 1

Fig. 4. Piecewise-linear approximation of the square-root function

Note, that the maximum value for error occurs on the first interval and is
Emaa = 1.148435e — 04, (2)

which corresponds, approximately, to 0.57 on our (magnified) graph. We will
later compare this number with the corresponding value obtained using our
improved approximation.

We next derive an improved error-formula based on the condition (IC). The
first equation in condition (IC) gives

\/U_Cl_CQU - \/L—Cl —CQL
VU VL ’
whence
cl (\/L-\/U) 1

T VLU + VUL VUL
Consequently, by (), we get

C2

c1 1V )

“@=1= "
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and, taking the first and second derivative,

c1 (\/UL—$>
223/2\/UL

and <(x) = c1 (m — 3\/UL> |

’ _
£(e) = 425/2\/UL

for = € I. Solving £'(z) = 0, gives Zsias = VUL, and substituting s into the
second derivative formula yields

—C1

WINVVUL

5// (-Tstat) -

Since ¢; is positive (f(0) > 0 and f is increasing), from the last equation, we
may infer that the second derivative is negative at xsq¢, which means that the
error attains maximum at this point. It is a simple matter to check that it is in
fact an absolute maximum. By ({l), we may now write

C1 C1 \/Istat o 2C1

\/xstat \/UL T \/Istat ' (5)

E((Estat) =1-

since Tgpqr = VUL.
Observe that from condition (IC), we have
e(L) = —e(@stat)-
That is, by (@) and (@),

1 2¢q

C1
= —1 —|— y
U \/-Tstat

LTy

whence 5
Tstat
1 = )
2\/‘Tstat + \/U + \/L
and, by (@),
2
Cy = .
2\/~rstut + \/U + \/L
Therefore
ry Q(Istat + .73)

zel.

f(m) N 2\/Istat + \/U + \/L’

Finally, () gives the following improved formula for the relative error on

interval I
\/Istat +x

(2\/x3tat +VU + \/L) \/x

Figure 5 gives the graphs for the new approximation and the corresponding
relative error on the sixteen intervals.

e(x)=1-
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-0.21 error x 5000
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Fig. 5. Improved piecewise-linear approximation of the square-root function

The maximum value for relative error is now
Emaz = D.742506e — 05,

which corresponds approximately to 0.29 on the “magnified” graph. MAPLE
ensures us that this value is in fact the global maximum of the error-magnitude.
(We omit the tedious and rather long, but elementary, proof of this fact for the
general case). In fact, the maximum magnitude for the left-end is 5.74249902¢ —
05, and for the right-end it is 5.74245863e — 05.

To conclude the section, we compare the current maximum value to our pre-
vious error estimation given by (). An easy computation shows that the mag-
nitude of the maximum relative-error decreased by 50.00279 percent. There is
one further additional point that should be noted regarding the new approxi-
mation: observe that in Fig. 4 all the errors are of the same sign, i.e. positive.
This means that in a sequence of square-root evaluations, the total error will be
cumulative. On the other hand, in Fig. 5 there are changes of sign, which means
that there will be some cancellation. Note that this is precisely the reason why in
the mandated rounding method in IEEE-754 (i.e. round-to-nearest), boundary
cases are alternately rounded up or down, according to the least significant bit
of the number being rounded.

5 The Exponential Function

In this section we consider f: I — R, where f(z) = e¢® and, as in the preceding
section, we will look for a linear function f : I — R, where f(x) = ¢; + caz, such
that e(z), given by (), is small.



Implementations of Square-Root and Exponential Functions 17

We begin by an analysis based on a natural assumption expressed by condi-
tion (C): the error should vanish at both end-points of the considered interval.
This is expressed by the following pair of equations, with ¢;, c3 as unknown
variables

c1+ el = el
c1 4 U = €Y.

A routine algebraic calculation gives
~Uel +eVL —eU + ek

a= iy we= 5.0

Now, the function fmay be expressed as

-~ —Uel + eVL — zeV + zel
= I
f(m) _U + L ) X E 9

and the relative error on I is then

(—emU +e®L+Uel — VL 4 zel — aceL) e "

ele) = U+L

Differentiating e(x) twice, with respect to x, gives

e " (eU —el —Uel + VL — zeV + xeL)

’ _
£(e) = ~U+L '

zel,

and L U U L
g,l(x):e*"”(—Ue +e’L —zxe —|—ace)7 vel
-U+L

Solving &’(x) = 0, we find that the only stationary point is

—eV +el +Uel — VL
Tstat = —eU + eL .

To check for local extremum, we investigate the sign of the second derivative at
this point. Performing elementary algebraic computations, we derive the formula

e* (—eU + eL)

" _
3 (-Tstat) - —U+L )

where, for simplicity of notation, we have used « to denote the value

—eV el 4 Uel — UL
_eU + €L

(6)

Since e® is positive and the exponential is an increasing function, we may infer
that &”(2stq¢) is positive, which means that the magnitude of the relative error
has a maximum at this point. It suggests, as in the case of square-root function,
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that a better error approximation can be obtained if we try to bound the error
at this point. Figure 6 shows the approximation and the corresponding relative-
error for the 16-interval case. The maximum amplitude of the error is

Emas = 1.220761e — 04 (7)

which translates approximately to 0.61 on our “magnified” graph.

2.5
2] N
] approximation
1.5
1
0_55 error x 5000
0]
-1 0.6 0.7 0.8 0.9 1

Fig. 6. Piecewise-linear approximation of the exponential function

We next show that condition (IC) yields a much better error approximation.
The following equality, which follows immediately from (@), will be useful in the
sequel

—elU+evL

l—a= L_ U (8)

(&

Observe that the relative error is now
e’ —c1 — cox
e(x) = oo , rxel. (9)
Comparying e(L) and e(U) gives
eV —¢; — U _ el —¢1 — el
el o el ’

Hence, using (@),

¢y (eL - eU) c1

= . 1
—elU+eVL 1-a (10)

Cy =
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Substituting for ¢y into (@) we obtain

_ex—cl—lc_lax s
cwy=" T e (11)

and differentiation with respect to x yields

(=) = e |

Thus, ¢/(z) = 0 iff x = « (since e™ > 0 and ¢; > 0); that is, « is the only
stationary point for €.

We now need to check the sign of the second derivative at this point in order
to ensure that it is a local extremum. Let us take the second derivative of the
error function and apply (8):

g'(x) =cre ™ |1 - voa

11—«

l—a ]7 z el (12)

—x

e’ (z) = 1c_1a [—e Pz +e " +ae "] = ilia (—z+1+a), xel.
Hence
" . e
e(a) = L

This clearly shows that the second derivative is positive at this point, and,
therefore, that « is a local minimum for €.
We now turn to (1), which gives

ey - 0
8(&) - e ’
L c1
e” —c1 — 1ﬂlL
e(L) = oL .
From condition (IC), we have, in particular, (L) = —e(a); that is,
e —a— 1% —el e+ L
e N el '
Whence, by (§),
_ 2e%(1-a) (—e¥ +eb)
S —ex(U—-L)’
and by (I0),
2e” (—eU + eL)
Cy =

—eV +el —ex(U - L)’
We are now in a position to produce the final error formula:
e’ —c1 — e

_ B 2¢*(1 —a)B 2e%3 .
ela) = e _1_{ﬁ—ea(U—L) B—eU-L)"]°

2e“3(1 — a + x)} . 2e°B(1 —a+x)e ™

e ]_ —_
B — exU~L) B—ex(U—-L) ~’

xel,

where 3 = —eV + el and « is given by (@).
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For the 16-interval case, Fig. 7 shows the graphs for the improved approxi-
mation and the relative-error function.

approximation

error x 5000

-1 0.6 0.7 0.8 0.9 1

Fig. 7. Improved piecewise-linear approximation of the exponentialfunction

The maximum amplitude of the error is
Emaz = 6.103433e — 05

which translates approximately to 0.3 on our graph. A comparison of this result
with () finding that the reduction of the maximum error magnitude is 50.00968
percent. And similar remarks to those made at the end of the last section apply
equally here.

6 Comparison of Errors

In this section we will compare the average and maximum errors for the discussed
two approximation schemas: the one based on condition (C) and the other using
the improved condition (IC). Following [7], we define average error as follows. For

function f : I = [L,U] — R approximated by f : I — R the average absolute
error is the average value of | f(u) — f(u)‘ for u uniformly sampled on N points
in the interval I. That is,

S | £ = Flu)

Average Absolute Error = N )
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where u; = L+ i* A, and A = U L. Similarly, we define the average relative
error over the interval I:

N—1 | F(ui)=Flus)]
i=0 f(ui)

Average Relative Error = N

Let us also also remind ourselves the definition of the L-infinity norm on the
interval I:

Maximum Absolute Error = max ‘f(u) — A(u)‘ .

Analogously, for the relative error, we will use
[F(w) = Fw)
Maximum Relative Error = max .
uel f(u)

We will use the above definitions to compare the two approximation techniques.

As we have already seen in previous sections the improved schema yields
approximately 50 percent maximum error reduction for each of the considered
functions. In the sequel we present data showing that error reduction of similar
magnitude also happens for the average errors for each of those functions. We
also investigate the influence on relative and absolute error of rounding cl, ¢2
to k bits, where k is choosen based on most common applications of a given
function. Since for functions v/x and exp(x), k = 16, k = 32 and k = 64 are
most important we treat these cases separately. All error values are obtained for
the interval I = [0.5,1] with N = 21° uniformly sampled points. The precision
used in an an actual implementation will, naturally, depend on the particular
device employed. For example, given the size of the mutipliers and adders in the
Xilinx Virtex-4, 16-bit precision would be ideal.

Table 2 presents results based on condition (C), and Table 3 shows the cor-
responding values for the improved condition (IC) for /z and exp(x).

7 Conclusion

The paper shows the use of piecewise-linear interpolation to provide relative
error evaluation for certain important elementary functions. Applications to
high-performance hardware implementation is also discussed. The square-root
function, which is part of the IEEE standard for floating-point arithmetic on all
computers is investigated first. Then, the exponential function, which is com-
monly used in numerical computations, is treated.

In each case we demonstrate that it is possible to find a low-error linear
approximation, which can be relatively easily implemented in hardware, re-
sulting in a low-error, high-performance implementation of these mathematical
functions.
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Table 2. Absolute and relative errors for condition (C)

C1,C2

exact
16 bits
32 bits
64 bits
exact
16 bits
32 bits
64 bits

average

absolute
error
maximum

exact
16 bits
32 bits
64 bits
exact
16 bits
32 bits
64 bits

average

relative
error
maximum

Vu

3.369593e-05
3.281906e-05
3.369593e-05
3.369593e-05
8.245153e-05
7.397733e-05
8.245153e-05
8.245153e-05

4.066859e-05
3.962489e-05
4.066859e-05
4.066859e-05
1.148435e-04
1.030403e-04
1.148435e-04
1.148435e-04

exp(u)

1.740368e-04
1.751525e-04
1.740368e-04
1.740368e-04
3.266860e-04
3.369909e-04
3.266861e-04
3.266860e-04

8.136299¢-05
8.172013e-05
8.136299e-05
8.136299¢-05
1.220761e-04
1.266475e-04
1.220762e-04
1.220761e-04

Table 3. Absolute and relative errors for condition (IC)

C1,C2

exact
16 bits
32 bits
64 bits
exact
16 bits
32 bits
64 bits

average

absolute
error
maximum

exact
16 bits
32 bits
64 bits
exact
16 bits
32 bits
64 bits

average

relative
error
maximum

Vu

1.541342e-05
1.534050e-05
1.541342e-05
1.541342e-05
4.185535e-05
4.298745e-05
4.185525e-05
4.185535e-05

1.860786e-05
1.857589e-05
1.860787e-05
1.860786e-05
5.742506e-05
5.987699e-05
5.742520e-05
5.742506e-05

exp(u)

7.960265e-05
7.934758e-05
7.960264e-05
7.960265e-05
1.659085e-04
1.717649e-04
1.659085e-04
1.659085e-04

3.722859e-05
3.706073e-05
3.722858e-05
3.722859e-05
6.103433e-05
6.531079e-05
6.103440e-05
6.103433e-05
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Abstract. This paper describes a new on-demand wakeup prediction policy for
instruction cache leakage control that achieves better leakage savings than prior
policies, and avoids the performance overheads of prior policies. The proposed
policy reduces leakage energy by more than 92% with only less than 0.3%
performance overhead on average. The key to this new on-demand policy is to
use branch prediction information for the wakeup prediction. In the proposed
policy, inserting an extra stage for wakeup between branch prediction and fetch,
alows the branch predictor to be also used as a wakeup predictor without any
additional hardware. Thus, the extra stage hides the wakeup penalty, not
affecting branch prediction accuracy. Though extra pipeline stages typically add
to branch misprediction pendlty, in this case, the extra wakeup stage on the
normal fetch path can be overlapped with misprediction recovery. With such
consistently accurate wakeup prediction, al cache lines except the next
expected cache line are in the |eakage saving mode, minimizing leakage energy.

Keywords: Instruction Cache, Low Power, Leakage, Drowsy Cache, Branch
Prediction.

1 Introduction

As process technology scales down, leakage energy accounts for a significant part of
total energy. The International Technology Roadmap for Semiconductor [23] predicts
that by the 70nm technology, |eakage may constitute as much as 50% of total energy
dissipation. In particular, the leakage energy for on-chip caches is crucial, since they
comprise a large portion of chip area. For instance, 30% of the Alpha 21264 and 60%
of the StrongARM are devoted to cache and memory structures [13]. However, cache
size can not be decreased to reduce leakage power since cache size is directly related
to the performance.

There have been four major circuit techniques to reduce leakage energy
dynamically: ABB (Adaptive-reverse Body Biasing) MTCMOS [16], DRG (Data-
Retention Gated-ground) [1], Gated-Vdd [17], and DV S for VVdd (which is aso called
drowsy cache) [3]. In the ABB MTCMOS technique, threshold voltage is dynamically
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changed but the wakeup penalty between the active mode and the leakage saving
mode is long, which makes it difficult for usein L1 caches [4]. DRG retains the data
while reducing leakage by gating ground and using remaining leakage to retain cell
contents, but the wakeup penalty is long. Thus, this technique may be inappropriate
for timing critical caches such as an L1 cache, even if it is effective for less timing
critical caches such as L2 [10]. The gated-Vdd technique reduces the |eakage power
by breaking the connection from the supply voltage (Vdd) or ground (the difference
compared to DRG is that a larger deep transistor is used and cell contents are not
preserved) when the cell is put to sleep. While this technique dramatically reduces the
leakage, its main disadvantage is that it does not preserve the state of the data in the
sleep mode [4]. When the line is needed after it has been put into the leakage saving
mode, the line must be refetched from a lower-level memory, which leads not only to
additional dynamic energy consumption but also to performance degradation. To
prevent these costs, conservative prediction policies should be employed [5][20][21].
Gated-Vdd may, however, be suitable for some L1 data caches where re-fetch penalty
is short [12]. Another leakage saving technique is to lower the supply voltage. In this
technique, data is not lost when the cache line is in the leakage saving mode (called
“drowsy” mode). In the drowsy mode, datais retained, although it can not be accessed
for read or write operation. Fortunately, most cache lines are unused for long periods
due to temporal locality. Thus, by putting infrequently used cache lines into drowsy
mode and keeping frequently accessed cache lines in the active mode, much leakage
power is reduced without significant performance degradation. Please note that there
is awakeup penalty to restore the voltage level of the Vdd from the drowsy mode into
the active mode. However, the wakeup penalty is expected to be one cycle in 70nm
process technology [3]. There has been concern that drowsy cache is more susceptible
to soft errors than conventional caches [10]. Fortunately, instructions are read-only
and must be protected by parity even in the absence of drowsy techniques. In the
infrequent cases when an error is detected, the instruction only has to be refetched.
Among the above four techniques, drowsy technique is most suitable for L1
instruction caches, since it retains data and has short wakeup penalty. In order to
prevent (or hide) the wakeup penalty of the drowsy cache, many prediction policies
have been proposed. The easiest policy is “no prediction”: to place all the cache lines
into the drowsy mode periodically and restore the voltage level of Vdd of accessed
cache lines, suffering the wakeup penalty. It performs well with data caches because
they have high temporal locality, leading to little performance loss, and out-of-order
processors can often tolerate extra latency from waking up lines [3]. For instruction
caches, however, this “no prediction” technique does not perform well, because any
wakeup penalty that stalls fetching directly impacts the performance. Many prediction
policies have been proposed for instruction caches. (Details will be explained in the
next section). None of them has simultaneously shown consistent leakage energy
reduction with negligible performance degradation. In this paper, we propose a new
on-demand wakeup prediction policy for an instruction cache. By on-demand, we
mean that only currently necessary cache ling(s) needs to be awake. This technique
takes advantage of the fact that we can accurately predict the next cache line by using
the branch predictor. Thus, the wakeup prediction accuracy capitalizes on branch
predictors that have aready proven to be very accurate [14]. A further advantage
compared to previous policies is that the proposed policy does not require an
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additional predictor. To utilize the branch predictor for wakeup prediction, we can
dlow a pipeline stage between branch prediction and instruction cache fetch.
Allowing the branch predictor to be accessed one cycle earlier permits the branch
prediction outcome to be used for wakeup, without harming branch prediction
accuracy or requiring additional wakeup prediction hardware. Please note that this
approach does not suffer the traditional branch-misprediction overhead of inserting
extra stage in the pipeline. On a branch misprediction, the extra wakeup stage is
overlapped with misprediction recovery. For further details, see Section 3.

This work focuses on use of drowsy cache (actually super-drowsy cache [9],
explained in Section 2) for the leakage saving circuit technique. In this paper, we
distinguish the wakeup prediction policy from the leakage saving circuit technique.
The wakeup prediction policy predicts which cache line will be woken up, while the
leakage saving circuit technique is the mechanism for putting lines to sleep and
waking them up, independent of the prediction policy.

2 Background

Kim et.al proposed a refinement of the drowsy technique, called super-drowsy cache
[9]. A single-Vdd cache line voltage controller with Schmitt trigger inverter replaces
multiple supply voltage sources in order to alleviate interconnect routing space. In
addition, the on-demand gated bitline precharge technique [19] is employed to reduce
the bitline leakage. We apply our prediction policy to the super-drowsy cache because
it is the most advanced circuit technique for instruction cache leakage control as far as
we know.

The success of the drowsy-style cache depends on how accurately the next cache
line can be predicted and woken up. Especially for an instruction cache, accuracy is
crucial since the accuracy directly affects performance degradation. A simple policy is
noaccess [3]: This uses per-line access history and puts al the unused lines into
drowsy mode periodically. For more accurate wakeup prediction, two prediction
policies were proposed for a drowsy instruction cache [8] — NSPB (Next Subcache
Prediction Buffer) and NSPCT (Next Subcache Predictor in Cache Tags). Additional
storage is required to predict the next subbank (not a cache line) using NSPB, whereas
cache tags are extended to provide the subbank predictor in NSPCT. Therefore,
NSPCT requires less hardware overhead but is comparable to NSPB in accuracy
(performance loss is 0.79%). However, leakage reduction is weak [8] due to large sub-
bank turn-on energy. Zhang et.al. proposed the Loop policy [21] where all cache lines
are put into the drowsy mode after each loop was executed. This bears some similarity
to the DHS (Dynamic HotSpot Based Leakage Management) policy, which was
proposed in [5]. DHS makes use of the branch target buffer (BTB), since branch
behavior is an important factor in shaping the instruction access behavior. In the DHS
policy, the global turn-off (drowsy) signal is issued when a new loop-based hotspot is
detected. Thus this policy can lower the supply voltage of unused cache lines before
the update window expires by detecting that execution will remain in a new |oop-based
hotspot. The DHS-PA (DHS-Per Access) policy employs a Just-In-Time-Activation
(JITA) strategy on top of the DHS policy [5]. The JTA strategy is to wake up the next
sequential line, exploiting the sequential nature of code. However, thisis not successful
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when a taken branch is encountered. The DHS-Bank-PA policy [5] issues the global
turn-off signal at fixed periods, when the execution shifts to a new bank, or when a
new loop hotspot is detected. It attempts to identify both spatial and temporal locality
changes. It also employs hotspot detection to protect active cache lines and the JITA
policy for predictive cache line wakeup. As shown in [5], athough the DHS-Bank-PA
reduced |eakage energy significantly, performance degradation is severe.

The super-drowsy cache deploys the noaccess-JITA policy with as large as a 32K-
cycle update window size for next cache line prediction to achieve high accuracy [9].
The noaccess-JITA puts only lines that have not been accessed during a fixed time
period into drowsy mode and activates the first sequential cache line. The super-
drowsy cache also deploys an additional NTSBP (Next Target Sub-Bank Predictor)
that predicts next sub-bank to be bitline precharged in advance, since the on-demand
gated precharge incurs extra penalty to enable an inactive sub-bank, and this can
result in significant execution time increase. The noaccess-JITA/NTSBP with 32K
cycle update window size is a leakage energy reduction policy with the most accurate
wakeup prediction but with modest leakage energy reduction. However, the accuracy
of the noaccess-JTA/NTSBP is so dependent on program behavior, especialy
locality, that the accuracy of no-access-JITA/NTSBP is poor in some applications.

3 Novel Wakeup Prediction Policy: Utilizing Branch Prediction
Information

In previous wakeup prediction policies, additional predictors are required in order to
wake up a cache line, and accessed cache lines remain active for a fixed time period.
Accordingly, the accuracy of the previous policiesis highly dependent on the locality.
As shown in Figure 1(a), the additiona predictors, such as JTA [5], NSPB [8],

Wakeup Stage Fetch Stage

. Instruction
Predictor to Cache (Data)
wake up cache line
!

Way Predictor (for JITA) Way (Sub-Bank) Predictor

Instruction
Cache (Tag)

(a) Conventional Drowsy Instruction Cache

Wakeup Stage Fetch Stage

Instruction
Cache (Data)

- Instruction
Way Predictor Cache (Tag)

(b) Proposed Drowsy Instruction Cache

Fig. 1. Pipeline stage comparison
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NSPCT [8] and NTSBP [9], are accessed before looking up the branch predictor in
order to hide the wakeup penalty. However, the accuracy of additional predictors was
not satisfactory. For near-optimal leakage energy reduction and performance, we
propose a new wakeup prediction policy which enables on-demand wakeup. In the
proposed policy, as shown in Figure 1(b), the branch predictor, consisting of
Prediction History Table (PHT) and Branch Target Buffer (BTB), is accessed one
cycle earlier than in conventional policies.

There are two architectural options in branch resolution. When a branch turns out
to be mispredicted in the execution stage, some time is usually required to clean up
mis-speculated state and generate the next address (Figure 2(a)), but depending on
exactly where during the branch-resolution cycle the misprediction is detected, it may
be possible to complete this without any extra overhead (Figure 3(a)). Requiring at
least one cycle for cleanup and fetch-address generation, as shown in Figure 2 (a),
appears to be common [22].

- Additional penalty for recovery after the execution stage

As shown in Figure 2 (b), after the execution/branch-resolution stage of the
instructtion n, cleanup, effective address calculation, and wakeup occur simul-
taneoudly. Thusthere is always only one active cache line.

o Write
Instruction n | Fetch Decode Execute
| back

Instruction n+4 |
| Generation | {| Fetch

t t+4
(a) Traditional Pipeline

Write

Instruction n back |

Wakeup Fetch Decode Execute

Address |}
Generation | |

Fetch

instruction n+4 :
| Wakeup| |

(b) Proposed Pipeline t+4

Fig. 2. Pipeline structure (when there is one-cycle pendty for effective address calculation)

- No penalty for recovery after the execution stage

In Figure 3 (b), it is impossible to wake up only one correct cache line after a
misprediction without incurring a one-stage penalty, because cleanup and address
generation occur in the same stage as misprediction detection. Instead, the potential
aternative path should be woken up speculatively in parallel with branch resolution.
This means that during some cycles, two lines are awake.
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— Write
Instruction n I'| Fetch Decode Execute back

Instruction n+3

Fetch

t t+4
(a) Conventional Pipeline

Write

Instruction n back

Wakeup ' Fetch Decode Execute

q . Wakeup Fetch
instruction n+3

t t+4
(b) Proposed Pipeline

Fig. 3. Pipeline structure (when there is no penalty for effective address calculation)

It is possible to determine the alternative path in parallel with branch resolution.
For predicted-taken branches, the not-taken path must be woken up and the branch
address itself (usually carried with the instruction) can be used. For predicted not-
taken branches, the taken target is needed. This can either be carried with the
instruction or reside in some dedicated storage. This capability must exist anyway in
current microprocessors because every taken branch in flight must be able to check
whether the target address obtained from the BTB is correct or not. Note that the
taken target is available at branch-prediction time regardless of predicted direction,
because the direction predictor and target predictor are usually consulted in parallel.

In both options of Figure 2 and Figure 3, there is no penalty when there is no
branch misprediction. In case of branch target misprediction, the penalty is inevitable.
However, there is only one case that we can not hide the penalty in case of branch
direction misprediction. Since the stored cache line address woken up is not that of
(mispredicted branch instruction address + 4), but the mispredicted branch instruction
address itself, there is a penalty when the resolved branch instruction is at the end of
the cache line and the correct next instruction is sequential. It is possible to make use
of the instruction address +4, but it requires extra adder or storage for the instruction
address + 4. Even though this cost may be minor, in this paper we do not use an extra
adder or extra storage, since the probability that a mispredicted instruction is at the
end of the cache lineisrare.

In the proposed policy, only one cache line (or two cache lines in Figure 3)
expected to be accessed exists in the active mode and all the other cache lines are in
the drowsy mode. For a set-associative cache, only one way should woken up to save
the energy. We adopt a way predictor [18] that employs MRU (Most Recently Used)
bit and integrates a way predictor and a BTB for high accuracy, which is known as
one of the most accurate way predictors. In the noaccess-JI TA/NTSBP, the way
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predictor is used for cache line wakeup prediction, while for NTSBP it is used for
precharging and way prediction of cache line to be read. When the way predictor can
have 2-read ports in order to predict the next cache line that will be actualy read as
well, the prediction accuracy for precharging is higher and the NTSBP is unnecessary
(In this paper, we cal this policy as Noaccess-JITA utilizing w.p. (Way Predictor)).
Both options (noaccess-JITA/NTSBP and noaccess-JITA (utilizing w.p.) are
evaluated in this paper. In DHS-Bank-PA, way prediction is not required in case of
actual cache read, since the whole sub-bank is put in the sleep mode when execution
jumps from one sub-bank to another, resulting in overlapping of wakeup penalty and
precharging penalty. In the proposed policy, the PHT and the BTB are accessed one
cycle earlier, which leads to one cycle earlier way prediction. There is no need for
another way prediction to read the instruction cache, since only one woken up cache
line can be read in the proposed on-demand policy. In case of Figure 3, however, a
two-port way predictor is reguired to support concurrent two accesses: one is to wake
up the next cache line in case of correct branch prediction (to wake up instruction
n+3, when instruction n is predicted correctly in Figure 3 (b)) and the other is to wake
up a probable cache line recovered from branch misprediction (to wake up instruction
n+3, when instruction n is recovered from branch misprediction in Figure 3 (b)).

4  Experimental Methodology
We extended Simplescalar 3.0 [2] to evaluate energy and performance. The processor

parameters model a high-performance microprocessor similar to Alpha 21264 [7],
as shown in Table 1. The power/energy parameters are based on the 70nm/1.0V

Table 1. Architecture/circuit parameters

Processor Parameters

Branch Predictor Gshare/4K, 1024-entry 4-way BTB
32 KB, 4 way, 32B blocks, 1 cycle latency, 4KB sub-
L1 I-Cache
bank size
L1 D-Cache 32 KB, 4 ways, 32B blocks, 1 cycle latency
Power/Energy Parameters
Process Technology 70 nm
Threshold Voltage 02V
Supply Voltage 1.0 V (active mode), 0.25 V (drowsy mode)
Leakage Power/Bit in Active Mode w
/o Gated Precharging (1 cycle) 0.0778 uW
Leakage Power/Bit in Active Mode w 0.0647 {W
/ Gated Precharging (1 cycle)
Leakage Power/Bit in Drowsy Mode
. 0.0167 uW
w/o Gated Precharging (1 cycle)
Leakage Power/Bit in Drowsy Mode
w/ Gated Precharging (1 cycle) 0.00387 uW
Turn-on (drowsy to active) Energy/Bit 115f)
Turn-on (drowsy to active) Latency 1 cycle

Clock Cycle Time 12 * FO4 (395ps)
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technology [9]. We use all integer and floating point applications from the SPEC2000
benchmark suite [24]. Each benchmark is first fast-forwarded half a billion
instructions and then simulated the next half a billion instructions.

We selected three previous prediction policies (noaccess-JITA/NTSBP, noaccess-
JTA (utilizing w.p.), and DHS-Bank-PA, described in Section 2 and Section 3) for
comparison. We use same details of the policies as proposed in [5][9]. The noaccess-
JITA/NTSBP has a 32 K cycle update window to periodically update mode of each
cache line. Although execution moves from one sub-bank to another sub-bank,
the precharge circuits of the previous sub-bank remain on for 16 cycles to prevent the
misprediction of sub-bank. After 16 cycles, the bitline of the sub-bank isisolated. The
DHS-Bank-PA has 2 K cycle update window and its hotness threshold is 16.

5 Experimental Methodology

This section presents our simulation results and compares the proposed policy to other
policies. We analyze each policy’s energy reduction and execution time increases.

5.1 Drowsy Fraction and Gated Bitline Precharging Fraction

Figure 4 shows the drowsy fraction in the 4-way set-associative cache. Since the
update window size of the noaccess-JITA/NTSBP is as large as 32K, the drowsy

El Noaccess-JITA/NTSBP O Noaccess-JITA (utilizing w.p.) 8 DHS-BANK-PA B On-Demand

Fraction of Drowsy Lines

Applications

Fig. 4. Average drowsy fraction in instruction cache

fraction is 66.9%, on average. In the DHS-Bank-PA, the drowsy fraction is 98.2%, on
average. The reason is that the update window size is as small as 2K and additionally
cache lines are put into the drowsy mode when a new hotspot is detected. In the
proposed on-demand policy, only one (or two in the proposed policy of Figure 3)
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cache line is in the active mode and the others are in the drowsy mode, resulting in
99.9% (or 99.8% in the proposed policy of Figure 3) drowsy fraction, on average.
There is little difference between the noaccess-J TA/NTSBP and the noaccess-JITA
(utilizing w.p.), since the NTSBP and the 2-read port way predictor are not related to
the drowsy fraction but related to the precharging fraction.

Figure 5 shows the fraction of isolated bitines in the 4-way set associative cache. In
case of bitline precharging prediction, there is no energy penalty but there is one cycle
timing penalty when mispredicted. In the noaccess-JITA/NTSBP, on average 75.7%
of the sub-banks are bitline gated. The fraction is relatively small, because a sub-bank
should be remained bitline precharged for 16 cycles to prevent bitline precharging
mispredictions when execution moves to another sub-bank. However, the noaccess-
JTA (utilizing w.p.) always has 87.5% since way predictor is used for subbank
prediction. In the other two techniques, only one sub-bank is bitline percharged. Thus,
the portion of gated bitline precharging is always 87.5% (1 sub-bank/8 sub-banks).

O Noaccess-JITA/NTSBP O Noaccess-JITA (utilizing w.p.) B DHS-BANK-PA B On-Demand

o
<

o
o

Fraction of Gated Bitlines
=] =]
= v«

o
w

0.2

SO SR IR SN F O
‘&\Q o@k L &P ((\Q'z’@eﬂ\o& "‘\04& Ai«ftﬁ
N

Applications

Fig. 5. Averageisolated bitline fraction in instruction cache

5.2 Total Leakage-Related Energy

In the proposed policy, the next cache line is woken up on-demand. Thus, the leakage
energy in the active mode is minimized, whereas turn-on energy by prediction is
expected to be larger due to more frequent sleep/activation round-trips compared to
the other previous policies. However, turn-on energy in the proposed policy till
accounts for a small portion of total leakage-related energy. Figure 6 shows
normalized leakage-related energy to the base model. The base model does not use
any leakage-saving policy but it has the way predictor. Average leakage-related
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JITA/NTSBP, noaccess-JITA (utilizing w.p.), DHS-Bank-PA, on-demand of Figure

energy reduction is 68.1%, 69.8%, 90.4%, 92.5%, 92.2%, and 92.6% in the noaccess-
2, on-demand of Figure 3, and optimal policies, respectively.
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5.3 Wakeup Prediction Accuracy

On average, the branch prediction accuracy is 94.3% and the branch instruction ratio
is 8.7% for SPEC applications. Recall that wakeup misprediction is mainly caused by
branch misprediction by incorrect target address. As the number of branch
instructions gets smaller, the branch prediction accuracy affects wakeup prediction
accuracy less. For example, gcc and gzip shows similar branch prediction accuracy
but the branch instruction ratio of gzip is much less than that of gcc, resulting in
higher wakeup prediction accuracy of gzip in Figure 7.

As explained in Section 2.2, correct cache line prediction for drowsy cache does
not always mean correct sub-bank prediction for bitline precharging in the noaccess-
JTA/ NTSBP, since the cache line is predicted by noaccess-JI TA and the sub-bank is
predicted by NTSBP (In other words, cache lines in the active mode are spread across
sub-banks). The same is applied to the noaccess-JITA (utilizing w.p.) in the set-
associative cache. In the other policies, cache lines in the active mode are in one sub-
bank.

Figure 7 shows the wakeup prediction accuracy, including bitline precharging and
way prediction accuracy in the 4-way set-associative cache. The accuracy of the
optimal policy implies the way prediction accuracy. Please note that the results are
not per instruction but per fetch. Average accuracy of the noaccess-JITA/NTSBP is
71.9% since a set-associative cache make it more difficult to predict sub-bank
precharging. However, the noaccess-JITA (utilizing w.p.) and the proposed on-
demand policy shows 87.3% and 87.6% accuracy, respectively which is close to the
accuracy (way prediction accuracy) of the optimal policy. The accuracy of DHS-
Bank-PA is as low as 57.6%, on average, which might result in severe performance
degradation. Thisis caused by flushing the previous sub-bank when execution jumps

‘ﬁ Noaccess- JITA/NTSBP O Noaccess- JITA (w/ w.p.) ODHS-BANK-PA B On-Demand B Optimal ‘

racy (%)

Wakeup Prediction Accul

Fig. 7. Wakeup prediction accuracy per fetch, Including bitline precharging and way prediction
accuracy
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from one sub-bank to another, since the sub-bank hoppings are much more frequent in
a set-associative cache.

5.4 Execution Time

Even one percent increase of execution time leads to substantial increase of the total
processor energy, which might counterbalance the reduced L1 instruction cache
leakage. Thus, it is crucial to maintain execution time close to the base model. We
only show the proposed policy of Figure 2, since there is negligible difference from
that of Figure 3.

When a wakeup misprediction (including precharging misprediction and way
misprediction) and an instruction cache miss occur at the same time, the wakeup
pendlty is hidden by the cache miss penalty. Thus, the wakeup prediction accuracy is
related to the execution time but thisis not always exactly proportional.

Figure 8 shows the execution time normalized to the base model in the 4-way set-
associative cache. The increases of execution time are 2.09%, 0.15%, 5.36%, and
0.27% for noaccess-JITA/NTSBP, noaccess-JITA (utilizing w.p.), DHS-Bank-PA,
and the proposed on-demand policy. Though the noaccess-JITA/NTSBP increases the
execution time by inaccurate next sub-bank prediction, the noaccess-JITA (utilizing
w.p.) does not since it utilizes the 2-read port way predictor which is more accurate
than the NTSBP. In equake, The DHS-Bank-PA degrades the performance as much as
30.1%, which istoo severe to be tolerated.

|E|Noaccess—J|TA/NTSBP O Noaccess-JITA (utilizing w.p.) B DHS-BANK-PA B On-Demand

1.32

1.28
1.26
1.24
1.22
1.2
1.18
1.16
1.14
1.12 =
1.1 —
1.08
1.06
1.04
1.02

Normalized Execution Time

0.98
0.96
0.94
0.92

Applications

Fig. 8. Normalized execution time

5.5 Comparison of Hardwar e Over head

For a wakeup prediction policy, hardware overhead is inevitable in additional to the
DVS control circuitry. We compare the hardware overhead of each policy. In the
noaccess-J' TA/NTSBP, one bit per cache line is required in order to detect whether
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the cache line is accessed or not in the fixed time period. In addition, the NTSBP has
1K entries (3 bits/entry). The noaccess-JITA (utilizing w.p.) requires one bit per cache
line same as the noaccess-JITA. In addition, it needs the 2-read port way predictor for
bitline precharging (sub-bank) prediction. In the DHS-Bank-PA, one bit per cache
line is also required to store the access history. Additionally, ten bits (haf for the
target basic block counter and the other half for the fall-through basic block counter)
are required to locate a hotspot [5]. Since the BTB has 1024 entries, the total storage
overhead is 10K. For the proposed policy, only a small register (ex. 10 bit for our
1024-entry cache) is needed to record the most recently accessed cache line.

6 Conclusions

In this paper, we propose an on-demand wakeup prediction policy using the branch
prediction information. Our goa is not only less energy consumption but aso
consistent near-optimal performance. The noaccess-JI TA/NTSBP and the noaccess-
JTA (w/ w.p.) show competitive performance consistently but their energy consump-
tion is more than four times of the proposed policy, on average. The DHS-Bank-PA
reduces leakage-related energy significantly but it increases the execution time by
more than 10% in many cases. In severa cases, the increase is more than 20%. The
proposed policy degrades the performance by only 0.27%, on average, and 2.1% for
the worst case. At the same time, |eakage energy is almost eliminated since only one
(or two) cache line is active while al the other lines are in the drowsy mode. Thisis
especialy beneficia for controlling leakage in future instruction caches which might
be much larger. The leakage energy reduction by the proposed policy is on average
92.2~92.5%, almost identical to the reduction by the optimal policy (92.6%).
Therefore, we conclude that the proposed on-demand wakeup prediction policy is
near-optimal.

We believe that there is no reason to try to reduce remaining leakage by adopting
non-state-preserving techniques, at the risk of severe performance degradation. The
proposed policy can be adopted for other state-preserving leakage saving circuit
technigues as long as the wakeup penalty is at most one cycle.
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Abstract. The Imagine processor is designed to address the processor-memory
gap through streaming technology. Good performance of most media appli-
cations has been demonstrated on Imagine. However the research whether
scientific computing applications are suited for Imagine is open. In this paper,
we studied some key issues of scientific computing applications mapping to
Imagine, and present the experimental results of some representative scientific
computing applications on the ISIM simulation of Imagine. By evauating the
experimental results, we isolate the set of scientific computing application
characteristics well suited for Imagine architecture, analyze the performance
potentiality of scientific computing applications on Imagine compared with
common processor and explore the optimizations of scientific stream program.

Keywords: scientific computing application, Imagine, stream, three level
parallelism, multinest.

1 Introduction

Scientific computing applications widely used to solve large computation problems
are pervasive and computationally demanding. These applications require very high
arithmetic rates on the order of billions of operations per second. But the performance
of these applications is restricted by both the latency and bandwidth of memory
accessing [1][2]. Scientific computing applications often exhibit large degrees of data
paralelism, and as such maybe present great potential opportunities for stream
architectures [3][4], such as Imagine architecture [4]. Imagine is a programmable
stream processor aiming at media applications [5], which contains 48 arithmetic units,
and a unique three level memory hierarchy designed to keep the functiona units
saturated during stream processing [6][7]. With powerful supports of the architecture,
Imagine can exploit the parallelism and the locality of a stream program, and achieve
high computational density and efficiency [8]. In this paper, we describe and evaluate
the implementation of mapping scientific computing applications to stream programs
formed of data streams and kernels that consume and produce data streams on the
Imagine stream architecture, and compare our results on a cycle-accurate simulation
of Imagine. The purpose of our work is to exploit the salient features of these unique
scientific computing applications, isolate the set of application characteristics best

" This work was supported by the National High Technology Development 863 Program of
China under Grant No. 2004AA1Z2210.

C. Jesshope and C. Egan (Eds.): ACSAC 2006, LNCS 4186, pp. 38— 2006.
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suited for the stream architecture by evaluating the experimental results, and explore
the optimizations of scientific stream program.

2 Thelmagine Stream Processing System

2.1 Imagine Architecture

The Imagine architecture developed at Stanford University is a single-chip stream
processor that operates on sequences of data records called streams, supporting the
stream programming system. It is designed for computationally intensive applications
like media applications characterized by high data parallelism and producer-consumer
locality with little global data reuse [6][7]. The Imagine processor consists of 48-
ALUs arranged as 8 SIMD clusters and three level memory hierarchy to ensure the
data locality and keep hundreds of arithmetic units efficiently fed with data. Several
local register files (LRFs), directly feed those arithmetic units inside the clusters with
their operands. A 128 KB stream register file (SRF) reads data from off-chip DRAM
through a memory system interface and sequentially feeds the clusters [8][9]. Fig. 1
diagrams the Imagine stream architecture. One key aspect of Imagine is the concept
of producer-consumer locality, where data is circulated between the SRF and
arithmetic clusters, thereby avoiding expensive off-chip memory access overhead
[10]. Based on the foregoing architecture supports, Imagine can efficiently exploit
data paralelism aong three levels: instruction-level paralelism (ILP), data-level
parallelism (DLP), and task-level parallelism (TLP).

Imagine Pocessor

Hog Stream
Procesaor Cortroller

Microcontroller
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Stream = | 544
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Fig. 1. The Imagine stream architecture

2.2 Imagine Programming M odel

The programming model of Imagine is described in two languages: the stream level
and the kernel level [11][12][13][14]. A stream level program is written in StreamC
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language, which is derived from C++ language. A kernel level program of the clusters
is written in KernelC language, which is C-like expression syntax. The StreamC
program executed for the host thread represents the data communication between the
kernels that perform computations. However, programmers must consider the stream
organization and communication using this explicit stream model, increasing the
programming complexity [15]. So the optimization for stream programming is
important to achieve significant performance improvements on the Imagine
architecture. The fine stream program can explore ILP, DLP and TLP to maximize
performance, asit processes individual elements from streamsin parallel.

3 Implementation of Scientific Computing Stream Applications

Imagine system promises to solve many computationally intensive problems much
faster than their traditional counterparts. Scientific computing applications contain a
great lot of loops possessing a high degree of instruction, data and task level
parallelism that can be exploited by decomposing the scientific computing task into
smaller subtasks, which are mapped into different computational elements, distri-
buting the scientific stream to different processors. However, because a stream
program is more complex than an equivalent sequential program, to realize this
increase in speed some challenges must be overcome first [12].

3.1 Stream Leve

The key tasks of stream level are partitioning kernels and organizing input streams.
Since parallelizable parts focus on loops, we present corresponding streaming method
based on different loop transformations. Aiming at exploiting ILP within a cluster,
DLP among clusters and TLP of a multi-lmagine system, programmers distribute
paralelizable data among the clusters and put the data that dependence can’'t be
eliminated on the same cluster via loop analysis. Due to wire delay becoming
increasingly important in microprocessor design, reducing inter-cluster communi-
cation must also be taken into account. It is necessary to modify the original algorithm
when we write a stream program. We explicate our key methods in detail according to
an example that is modified from a part of a scientific computing program named
Capao introduced in the fourth section. Fig. 2 shows the example program including
two main loops named loopl and loop2 by us, and loop2 is a multinest with two inner
loops labeled as loop3 and loop4 specially.

3.1.1 Multinest

In order to make the best use of the powerful computing ability of Imagine, kernel
must process suitable granularity. Computationally intensive operations centre on
multinest loops. It is a simple method to look upon each inner loop as a separate
kernel. But this partition method brings memory access overhead due to replacing
microcode frequently, and causes so much lower repeatable use ratio of SRF as to
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al fa[ 0] 0;
alfa[1l] = b/c;
for (i=2;i<511;i++) }
loopl
alfa[i]=b/(c-a*alfa[i-1]);
al fa[ 511] =0;
bet a[ 0] =0;
for (j=1;j<511;j+4+)
{
for (i=1;i<511;i++)
10 {
11|00p3 f=t[i][j+1]-t[i1[il;
12 beta[i]= (f+beta[i-1])/alfa[i-1];
13 } loop2
14 W 511] [j]=0;
15 for (i=510;i>0;i--)
16100 wWilljl=alfa[i]*wi+1][j]+beta[i];
17 WOl [j]=0;
18 }

© 00 N O O~ WN B

Fig. 2. Example program

make memory access become bottleneck. So that multinest loop is mapped into a big
kernel results in better execution time than several small kernels. Because having
more operations in one kernel gives more opportunities to parallel the operations and
generates more compact schedules with better resource utilization. There are two key
steps to partition multinest loops into kernel codes on Imagine.

e  Loop combination

Combine the inner loops without array dependence by instruction scheduling. This
way can increase the computing scale within kernels, and reduce the number of single
instructions outside the inner loops.

e Loop splitting

If inner loops can’t be combined, then consider splitting the multinest loop. In this
way, the computing amount of outer loops can be involved in kernels, and
accordingly parallelism of kernel level program can be improved. This method relates
to array saving creating array copies. We can add one dimension based on origina
array to save the results of previous loops. It is a way that bartering space overhead
for efficiency. For example, loop3 and loop4 in Fig. 2 exist array dependence. Hence
we split the big multinest loop2 into two two-nest loops. The computing scale of
kernelsis increased from 510 to 510*510. For loop splitting, the dimension degree of
array beta is increased to save the results of loop3, and prepare the input data for
loop4. Fig. 3 shows loop2 is divided to two new multinest named loop3’ and loop4’
according to the dimension variety of array beta.
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for (j=1;j<511;j++)
for (i=1;i<511;i++)
{
f=t[i][j+1-t[il[j]; loop3’
beta[i][j]=(f+beta[i-1][j])/alfa[i-1];
}
for (j=1;j<511;j++)
{

W 511] [j]=0;

for (i.:S:FO;i>0;i-.-) . . A loop4'
willjl=alfalil*wi+1][j]+betalil[j];

W 0] [j]=0;

Fig. 3. Loop splitting

3.1.2 Coupled Dependent L oop

It is difficult that single loop existing data coupled dependence is parallelized. So
expanding one dimension based on the original array within multinest to exploit
paralelism on the new dimension is an optional means. Then we can choose multi-
form methods of stream organization, aiming at exploiting parallelism among clusters
and making full use of LRF according to the LRF capacity. For instance, in Fig. 2, the
array beta in the twelfth row of the example code is expanded into two-dimension
array. The new dimension direction j exists data coupled dependence, but there is
independence between new columns. The coupled dependent code is as follows.

beta[i][j] = (f + a * beta[i-1][j] ) / alfa[i-1].

For making full use of arithmetic units per cluster, we must avoid assigning the
coupled dependent data to different clusters. Doing everything possible to place the
coupled dependent data within a cluster can reduce the influence of wire delay, and
improve parallelism on Imagine. There are two ways to solve this problem.

e Combine the coupled dependent record into a big record according to the
capacity of LRF. Then make the big records form a new input stream. The
implementation of this method is complex in some sort, but comprehended
easily. We emphasize that the infilling of new records may flush the LRF. So
the dependent records are loaded into LRF as successively as possible. At the
same time, we must claim attention to save the array boundary of big record.
Because the record may be as large as the capacity of LRF. When next record
coming, we must save the previous record as the input data of the next
operation to avoid record losing. Fig. 4 presents the stream organization of
this method on Imagine with 8 clusters.

e Compared with the foregoing way, the second method is easy to implement,
because the records of stream are not altered. We place the dependent record
onto a cluster by a special index stream. Same as the foregoing method, every
eight columns are treated as a group. The index stream is formed successively
by row of independent records in a group. Each column of recordsis assigned
onto a cluster. Fig. 5 presents the stream organization of this method.
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3.1.3 SinglelInstruction
If there are a great deal of single instructions in original program, whether they are

within loops or not, the partition of kernel is influenced, and the kernel granularity
can’'t be suitable. To solve the problem, we present two optimization methods.

e Loop expending
In order to increase the computing scale of kernels and avoid using index stream

that causes DRAM reordered overhead, some single instructions need to be expanded
into appropriate loops. Then we can either use successive basic stream as input data or
provide uniform loop variable for multinest combination. For instance, the second

instruction of the example codein Fig. 2 is expanded into loopl.

e Instruction scheduling

When above factors are satisfied, on the premise of accuracy being ensured, this
method may reduce the number of write times to the same record, and prepare for
combining single instruction operations. For example, the fourteenth and seventeenth
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instructions of the example code in Fig. 2 are scheduled out of loop2 to lessen the
computing amount of loop4 so that loop4’ in Fig. 3 can be mapped to stream program
obvioudly. Fig. 6 illustrates the two methods of single instruction optimization.

alfa[0] = O; alfa[0] = O;
alfa[l] = b/c; for (i=1;i<511;i++){
for (i=2;i<511;i++) alfa[i]=b/(c-a*alfa[i-1]);
alfa[i]=b/(c-a*alfa[i-1]); W 511][i]=0;
W 0] [i]=0;
for (j=1;j<511;j++){ }
W 511][j]=0;
for (i=510;i>0;i--) for (j=1;j<511;j++)
wWi][jl=alfali]*wi+1][j]+betali]; for (i=510;i>0;i--)
W 0] [j]=0; will[j]=alfa[i]*wi+1][j]+betali];
}

Fig. 6. Single instruction optimizations

3.2 Kernel Level

An Imagine application is written as a sequence of smaller tasks, called kernels. A
kernel operation performs a computation on a set of input streams to produce a set of
output streams. Typically, kernels loop over an input stream, performing identical
operations on each input element to produce their outputs. Each kernel runs on all
eight clusters while processing its input streams and completes the processing of its
input streams before the next kernel begins. In this way, producer-consumer locality
is exploited by consuming the result of one kernel as soon as it is produced. As an
example, Fig. 7 shows how the program in Fig. 2 is mapped to streams and kernels. In
the event where inter-cluster communication is required, each cluster has a cluster id
tag that can be used to identify the cluster and send/receive data to/from the right
cluster. In order to expand the scale of kernel, along stream is generally asinput data.
When computing data are not in native register, additional inter-cluster
communications are required to transfer the data to the right cluster. And since all
applications are not perfectly data paralel, many kernels require data reordering to
place the data on the right clusters.

beta_out

w_out
L]

Fig. 7. Example program mapping to stream program model
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4 Experimental Resultsand Analysis

We implement some scientific computing applications on ISIM that is a cycle-
accurate simulator of Imagine [14], including 171.Swim in SPEC2000 and Capao.

4.1 Application Analysis

Swim is a weather prediction program for comparing the performance of current
supercomputers. Fig. 8 shows data flow chart of Swim. Its main computing amount
focuses on aloop of calculating fourteen arrays with 513*513 size. The data amount
of Swim is large, but the computing operations are few correspondingly. The array
access pattern presented in Fig. 9isirregular.

Capao is an application on the field of optics. Its computing amount is very huge.
According to its result of serial version, 65.49% of time overhead comes from
subroutine dfft, and 13.36% comes from subroutine transp. So we just consider
mapping the two subroutines to stream program so that improve performance of the
whole application. The subroutine dfft possesses small computing amount and fine
computation intensiveness. We implement two version of dfft. One that applies
butterfly algorithm is called DFFTN in this section, and another formulized without
any optimization is called DFFT. The computing amount is exponent distinction
between DFFTN and DFFT. It is time-consuming on general scalar processors that
DFFTN performs bit reverse operation. Imagine supports this operation on hardware
level, so the performance of DFFTN may be increased. The experiment on DFFT
purposes certifying powerful computing ability of Imagine.
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Fig. 8. The data flow chart of Swim Fig. 9. Accessing pattern of Swim

4.2 Experimental Results

For comparison purpose, actual measurements of performance were taken using a
general scalar processor system. Table 1 illustrates the result of a rough comparison
between the performance of Imagine and the general scalar processor. It is obvious
that Imagine provides high speedup of computationally intensive applications such as
DFFTN, DFFT and Transp compared with general processor system in terms of
number of cycles, due to the simple control logic and parallel processing ability of



46 J Duetal.

many arithmetic units. And compared with highly sensitive to memory latency of
general processor, these applications can hide latency to achieve good performance.
But for data intensive applications such as Swim, the speedup is low due to irregular
access pattern so that memory access latency can't be hided.

Table 1. Comparison of different implementation for the scientific applications

DFFTN Swim DFFT Transp
Cycles 52335 6689051178 1620615 9287445
(StreamCé&
KernelC)
Cycles 3705560 | 132895126660 | 28093910 | 158444624
(C code)

Fig. 10 shows the three level bandwidth hierarchy of these applications. The LRF
to memory bandwidth ratio are over 33:1, 70:1 and 592:1 across DFFTN, Transp and
DFFT, due to the abundant memory access of these three applications focusing on
LRF. So they can achieve good performance on Imagine with relatively low memory
bandwidth for exposing a large register set with two levels of hierarchy to the
compiler enables considerable locality to be captured that is not captured by a
conventional cache. While the streams of Swim are very long, which can’'t be
partitioned due to dependence, causing low locality of SRF and LRF. Notice that the
bandwidth of LRF is much lower than that of SRF, because a mass of index streams
derived dynamically inhabit the SRF space.

1000
@ 100
[an}
Q
O MEM
c
E 10 M SRF
3 B LRF
3
m 10
0.
DFFTN SWIM DFFT Transp

Fig. 10. Bandwidth hierarchy of applications

Table 2 presents the computation rate of these applications measured in the number
of operations executed per second. Imagine achieves 16 GOPS ALU performance on
media applications and sustains between 2% and 31% of the peak performance on
these applications. On DFFT, Imagine averages 10 arithmetic operations per cycle
across al the clusters for an aggregate rate of 5 GOPS. This high computation rate
indicates that the stream programming system delivers high computational density on
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the DFFT application. But for Swim, the computing time is 13%~38% of the whole
run time. The great mass of work is to wait for result of memory accessing leading to
inefficient performance.

Table 2. Computation rate of applications

DFFTN Swim DFFT Transp
Cycle 52335 6733615303 | 1620615 9287515
Ops 209920 3409274134 | 16248880 8359056
GOPs 2.0 0.25 50 0.45

Fig. 11 shows the size of the computation kernel, as well as the number of
arithmetic operations per memory access. Imagine’s stream model requires large
number of arithmetic operations per memory access to effectively use the underlying
hardware. We can observe that Transp has enough bandwidth to sustain one operation
per memory access, while DFFT and DFFTN that are computationally intensive
applications require high computation per memory access to amortize off-chip
memory bandwidth. Swim characterized by irregular data access results in low
computation per memory access, and the SRF is not used effectively since there is bad
producer-consumer locality in this example. In conclusion, Swim is not well suited
for the Imagine architecture. The performance is limited by memory bandwidth due to
the relatively low computation per memory access.
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Fig. 11. Computational intensity of applications

4.3 Optimization

Aiming at solving the inefficiency problem of Swim, we apply some optimizations on
the application. There are two levels of stream program optimized method.
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4.3.1 Kernel Level Optimization

Compuitation is the bottleneck in the unoptimizable version of our stream programs
not for saturation of the ALUs but for their poor utilization. The Imagine software
environment allows for automatic code optimizations such as loop unrolling and
software pipelining [12]. At the kernel level, the programmer can instruct the
compiler to unroll/pipeline by simple compiler directives for program optimization.
Then the loop in the cluster is unrolled and pipelined in order to achieve higher
arithmetic intensity. The left part of Fig. 12 shows that the VLIW schedule of the
unoptimizable code is quite sparse. The optimized schedule shown in the right part of
Fig. 12 is dense. Fig. 13 presents that the computation time is reduced according to
unrolling and piplining of diverse times on identical program. We can conclude that
unrolling four times is a critical point. Unrolling too many times increase loading
overhead of the microcode with enlarging code amount.
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Fig. 12. Schedule diagram of kernel level optimization for Swim
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Fig. 13. Performance obtained from unrolling and piplining optimizations

4.3.2 Stream Level Optimization

By exploiting kernel level optimization, the total execution time reduces. Based on
the most perfect optimization in kernel, we adjust the input stream length to observe
the performance variety. Fig. 14 shows that it gives more improvements with shorter
input stream, and longer stream results in worse speedup. Specially, when the length
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longer than 512*4, performance is reduced sharply due to appearance of double-
buffer. Optimization is invalid when the stream length greater than 512* 32, because
the optimization increases microcode loading overhead with enlarging code amount.
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Fig. 14. Speedup obtained from varying stream length

Above analyses show that the organization of stream, especially the partition of
long stream, influences on program performance deeply. To eliminate this bottleneck,
it is necessary to reduce data transmission between memory and SRF so that the
locality of SRF is enhanced. There are two optimizations of stream level accordingly,
stripmining and Software pipelining.

The input streams of most applications are too large to fit the SRF directly. To
solve this problem, stripmining is brought forward to process a great deal of input
stream into small portions that fit in the SRF. Then the small input portions are
applied to produce small portions of the final output that fit in the SRF. This
optimization isimportant to achieve good performance [16].

Software pipelining divides aloop into sections so that the execution of one section
in an iteration can be overlapped with execution of another section of another
iteration. This optimization is implemented for exploiting producer-consumer locality
and effectively hiding memory access overhead.

5 Conclusion and Future Work

In this paper, we explain the method of scientific computing applications mapping to
stream programs, and present the experimental results. Partial programs fit for stream
application, such as DFFT and DFFTN. For analyzing whether scientific computing
applications are suited for stream architecture, we come up for discussion.

Three level parallelisms and two level data localities of Imagine architecture make
the performance of scientific computing stream programs improve possibly. And the
memory operations and computation overlapping can be propitious to cover the
memory delay and implement optimizations, with the goal of keeping al the units
busy at al times. Scientific computing applications often exhibit large degrees of data
parallelism, and as such may be good candidates for SIMD stream applications. But
comparing scientific computing applications with media applications, the former has
irregular data organization, multiform data accessing pattern, new compiling
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problems caused by large computing scale, much higher precision in calculation, and
bandwidth in great demand. It is difficult to suit for the stream architecture
completely. For the reason of making full use of the supports of stream architecture
and exploiting the potentiality of scientific computing programs mapping to Imagine,
we need to study the optimization algorithm of the existing stream programs. At
present, the stream compiler is good at optimizing the stream code like loop unrolling,
software pipelining, stripmining and so on, but the optimizations are restricted to
agorithm of original stream programs. So we need to modify the original algorithm
so that these optimizations can be performed effectively. For example, DFFTN
achieves higher performance due to applying butterfly algorithm on DFFT. Stream
organization and multi-level paralelism of the algorithm modified can exploit more
potentiality of stream architecture, with higher computation per memory access and
better datalocality of LRF.

Through optimization of agorithm and compiler, there will certainly be a large
class of scientific computing applications where stream architectures are more
effective. Since there exists a lot of data parallelism in such applications, and the
overhead of loading and changing kernels is amortized by large stream sizes
[16][17][18]. Also, the memory operations and computation can overlap in order to
hide the time spent in memory accesses, with large kernel of scientific computing
stream programs. Furthermore, the amount of arithmetic units are enough to exploit
data parallelism effectively, and memory accessing focuses on LRF and SRF mostly
after optimizations to take advantage of consumer-producer locality so that make
more efficient use of the memory bandwidth hierarchy. Powerful computational
ability of stream architecture is emerged to sustain a high computation rate.

Future plans include exploiting common programming model to improve coding
efficiency, due to existing program model exposing so many controlsto programmers.
Also, it is significant to construct a scientific computing kernel library that is valuable
on agorithm design and shifting much of the complexity to the development of
stream applications. This approach lowers the barrier to developer participation and
can simplify collaborations among research teams by allowing each group to focus on
their interests and expertise.
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Abstract. While bypassing algorithms have been applied to the first-
level cache, we study for the first time their effectiveness for the last-
level caches for which miss penalties are significantly higher and where
algorithm complexity is not constrained by the speed of the pipeline.
Our algorithm monitors the reuse behavior of blocks that are touched
by delinquent loads and re-classify them on-the-fly. Blocks classified as
bypassed are only installed in the level-1 cache. We leverage the algorithm
to early send out a miss request for loads expected to request blocks
classified to be bypassed. Such requests are sent to memory directly
without tag checks at intermediary levels in the cache hierarchy. Overall,
we find that we can robustly reduce the miss rate by 23% and improve
IPC with 14% on average for memory bound SPEC2000 applications
without degrading performance of the other SPEC2000 applications.

1 Introduction

As the speedgap between processor and memory has increased, the cache memory
hierarchies have become deeper and the last-level caches (typically L2 or L3) have
become bigger. Unfortunately, continuing along this route yields diminishing
returns on investments because cache hit rate improves quite modestly with
cache size and adding more levels increases the penalty taken when a request
misses at all levels. Thus, it is important to study techniques that increase the
utilization of deep cache memory hierarchies and that reduce the miss penalty.

One source of poor resource utilization is blocks with streaming behavior.
Typically, there are multiple accesses to such blocks just after the miss. After
this initial burst of accesses, the reuse distance is typically very long. When
such blocks are installed in the cache, they may trigger replacement of blocks
with a shorter reuse distance, thereby increasing the miss rate. One approach
to reduce the detrimental effect of such blocks is to bypass them, rather than
installing them. Several techniques to predict blocks subject to bypassing have

* This work is partly sponsored by the HIPEAC Network of Excellence funded by EU
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been studied in the past. They typically fall into two broad categories — static [4]
15] and dynamic [I5L[7, 10,60, T3L8TI65]. In the static approach, either blocks
touched by specific memory instructions in the program are bypassed, or the
compiler partitions memory blocks that should be bypassed into special address
space regions that are bypassed. In the dynamic approach, bypassing is based
on the past behavior of an instruction or a block which guides future decisions
whether to bypass or not. Statistics are stored in special data structures which
guide bypassing decisions. Blocks predicted to have a reuse distance longer than
their lifetime in the cache will be bypassed. To exploit the spatial locality of
the initial burst of accesses, most approaches assume that they are installed
in a special buffer that is significantly smaller than the cache. A misprediction
can increase the miss rate: If the block is reused after it has been replaced
from the special buffer but before it would have been replaced in the cache,
the bypass operation results in a miss that would have been avoided without
bypassing. While published prediction techniques have achieved high prediction
coverage, they sometimes increase the miss rate due to low accuracy which leads
to inconsistent performance gains.

While previous attempts using bypassing were applied to first-level caches, we
study in this paper block bypassing algorithms for last-level caches. They have
a much higher potential than for the first-level cache for several reasons. First,
the first-level cache is heavily constrained by the speed of the pipeline. Hence,
cache management algorithms must be simple. Second, the latency of first-level
cache misses that hit in subsequent levels does not incur much penalty because it
can be often successfully hidden by the latency tolerance capability of multiple-
issue out-of-order cores of moderate issue rate. Third, bypassing has much higher
potential at the lower levels as the miss penalty is significantly higher. On the
contrary, mispredictions are also much more costly making algorithm robustness
a key issue. However, assuming a two-level cache hierarchy, which forms the base
for our experiments, our overall strategy is to bypass blocks at the second level
but always install them at the first level. As a result, as long as the reuse distance
for incorrectly predicted bypassed blocks is smaller than the size of the level-1
cache, there will be no penalty for mispredictions.

Previous studies [12l[T] have shown that a few load instructions are responsible
for most of the cache misses, called delinquent loads. Our approach is to base the
prediction of which blocks to be bypassed by detecting such loads and record
them at run-time. However, we validate the correctness of the prediction and
change it by also monitoring whether we erroneously bypass a block with a reuse
distance shorter than the L2 cache but longer than the L1 cache by monitoring
the reuse at the L2 cache. While this basic approach uses some of the components
from the dynamic scheme proposed by Tyson et al. [15], we found that the
Tyson scheme increased the miss rate for many of the applications. We identified
several useful extensions that eventually offered more consistent performance
improvements. For example, by storing tags for bypasses we can identify when
bypasses are done incorrectly and stop bypassing for the involved instruction.
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Another disadvantage of using deeper memory hierarchies addressed in the
paper, is the increased miss penalty for the requests that miss at all levels. If
one could determine that a miss will not be satisfied at any level without doing
tag checks at all levels, the miss penalty can be reduced quite significantly. We
also present results for a simple early miss determination approach that leverages
our bypassing algorithm. If the instruction that causes the L1 miss is predicted
to bring a bypassed block into the cache, it is likely that it will not be found
at any level. We then send this request speculatively to the memory, potentially
reducing the miss penalty.

We evaluated our algorithm using 23 applications from SPEC2000 on a simu-
lation model based on SimpleScalar V3 modeling a 4-issue out-of-order core. On
average we improved the L2 miss rate by 23% as compared to the upper-bound
achieved by an oracle algorithm which is 34%. The infrastructure needed to mon-
itor access behavior is quite small — the storage area of the cache is increased
with less than 7%. We found that our early miss determination scheme could
correctly predict that the block is not available for 27% of the cases with only 1%
of the accesses incorrectly predicted as misses on average. Overall, the bypassing
algorithm together with the early miss determination scheme improved the IPC
by 14% for the memory bound applications. The algorithm is robust and for the
non-memory-bound applications the average IPC is slightly improved in contrast
to Tyson’s scheme [I5] where most of the applications suffer.

Our baseline architecture and the Tyson algorithm are presented in the next
section. Sections ] to B present the new schemes including our bypassing algo-
rithm, an oracle algorithm and our early miss determination algorithm. Experi-
mental methodology and our evaluation are found in Sections[fl and [l We relate
our findings to prior work in Section [§ and conclude in Section Bl

2 The Tyson Scheme for Dynamic Bypassing

Two schemes for dynamic bypassing of memory accesses for the L1 cache were
described and evaluated by Tyson et al. in [I5]. Only one of them, called improved
dynamic bypassing scheme, improved the performance and therefore we do not
consider the other scheme. We call this scheme the Tyson scheme. The principle
of this scheme is that a few instructions load data that pollute the cache. These
instructions shall not store data in cache — data is bypassed to the processor.
This increases the hit rate for the other instructions and for the total system.
Another advantage is that when bypassing data only a single word is read from
main memory and hence the memory bandwidth usage is reduced.

2.1 Structures

A table associates a counter with each instruction that is a candidate for by-
passing as shown in Fig. Instructions are identified by their static memory
address (inst). The cache blocks are extended with the fetched by field which
refers to an entry in the instruction table, see Fig.
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Instruction |Counter Index |Tag _|Cache line|Fetched by inst
insta 2 Oltag a |.. . insta
instc 3 lltagc |.. instc

(a) The instruction table (b) The extended cache structure

Fig. 1. The structures for Tyson Scheme

2.2 Algorithm
The Tyson scheme uses the following events:

1. Cache miss. The instruction (inst) that triggers a cache miss is inserted
into the instruction table with a zero counter if it is not already present.
For instructions that are already present, the counter is incremented. In Fig.
1(a)l if instruction inst, is requesting a non-existing cache block, inst,’s
counter is increased from two to three.

2. Cache hit. The instruction (inst) that caused the cache hit is looked up in
the instruction table and its counter is decremented. The instruction referred
to by the fetched by field is also looked up in the instruction table, and if
present its counter is decremented. For example if instruction inst, requests
the cache block with index 1, which was fetched by inst., the counter of
inst. is decremented from value three to value two, see Fig. [

3. Bypassing. A bypass is performed when an instruction causes a cache miss
and the instruction is found in the instruction table with its counter equal
or greater than a preset threshold value. Instead of loading a cache line, only
a single word is fetched from main memory and it is not stored in L1 cache.

The threshold value for bypassing and the maximum value for the counter in
our evaluation of the Tyson scheme later in the paper is set to three.

2.3 Discussion

The processor is able to load a single word of eight bytes in the Tyson scheme,
and this is said to be four times more efficient than loading a cache line that
consists of four words. This is not true for today’s systems with wide data buses,
interleaved main memory banks, pipelined memory accesses and burst transfer
options. Incorrect or very aggressive bypassing of cache lines in the Tyson scheme
have a limited impact since the latency of bypassing a cache line, i.e., fetching a
single word, is less than loading a cache line (in their model). In [15] it was found
that the memory bandwidth requirements was reduced by more than 20% for
integer applications which is not surprising as most of the integer application do
not benefit from prefetching of longer cache lines. It was found that the cache hit
ratio was increased by up to 26% for some floating point benchmark applications,
and for some cache configuration the cache hit ratio was increased by 2-3% on
average. Unfortunately, the performance was found to be unstable across the
benchmarks and the median performance is a degradation of the cache hit rate.
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Using Tyson’s scheme in an L2 setting increases the aggressiveness by which
blocks are bypassed. Instructions with three consecutive cache misses trigger by-
passing if the fetched cache lines are not re-accessed in L2 between the execution
of each of these instructions. Data is more likely to be re-accessed in the L1 cache
than in L2 cache since the L1 cache filters out some of the hits in the L2 cache.
This makes Tyson’s algorithm more aggressive in bypassing the L2 cache than
in its original setting in the L1 cache and creates a serious disadvantage.

In general, out-of-order execution processors tolerate memory latency to some
extent, which makes L1 misses that hit in L2 less serious. However, misses caused
by incorrect bypassing in the last level cache (L2 in our experiments) is expected
to stall the processor for a significantly longer time. Consequently, a more so-
phisticated heuristic is needed to control the bypassing of the L2 cache. The
accuracy of the bypassing heuristics then becomes crucial.

3 New Scheme for Bypassing

Our proposed scheme increases the precision of the bypassing using a feedback
loop in which the correctness of its decisions is used as inputs to the heuristics
controlling the algorithm. In addition to keeping the tag for the present cache
line, each cache block contains the tag for the other cache line that would have
been present if the previous fetch was bypassed/not bypassed. Detection of evic-
tion of cache blocks that are not accessed is used to determine if instructions
should be bypassed. All this information is used for the feedback loop to enable
or disable bypassing for each instruction which results in robust performance.

3.1 Structures

Like in the Tyson scheme, instructions that cause cache misses are inserted in
a table as shown in Fig. Instructions are identified by their static memory
address (inst). The cache block is extended with new fields as shown in Fig.[2
The fetched by field contains the instruction (inst) that fetched the cache line.

Index |Tag |Cache line |Fetched by inst. |Used |Shadow inst. |[Shadow tag |Shadow status
Oftaga |.. inst a FALSE |instb tag b bypassed
1ltagc |.. inst ¢ TRUE |instd tag d replaced

Fig. 2. The cache structure is extended to include data used for the heuristics

The used field is used to detect cache blocks that are replaced without being
accessed, an indication that the cache line should have been bypassed. It is reset
when the cache line is replaced, and set on a cache hit. The shadow instruction is
set to the instruction (inst) that caused the replacement or that was bypassed.
For a replaced cache line the shadow tag is updated with the tag of the replaced
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cache block, and for bypassed cache lines the shadow tag is updated with the
value of the tag of the block that is bypassed. shadow status indicates if the last
request was bypassed or caused a replacement.

3.2 Algorithm
The events that trigger actions in the new scheme are the following:

1. Cache miss. An instruction that triggers a cache miss is inserted into the
instruction table with a zero counter if it is not already present. The counter
is incremented for the instruction. For example, if instruction inst, is re-
questing a non-existing cache block, its counter is increased (Fig. [L(a)]). The
shadow tag is updated with the tag of the data that was in the cache block,
the shadow instruction with the instruction that caused the miss and the
shadow status is set to "replace”.

2. Cache hit. The counter for an instruction that triggers a cache hit is de-
creased if present in the instruction table. If the instruction referred to by
the fetched by field in the cache block is in the instruction table, its counter
is also decreased. Finally, the field fetched by is cleared. This means that
fetching data for other instructions is only used once by the heuristic. For
example if instruction inst, requests a cache block with index 1 which was
fetched by inst., its counter is decreased from value three to two, see Fig. 2

3. Cache hit caused by bypassing. A cache hit is said to be caused by bypassing
when the cache block contains information about bypasses for that cache
block. The counter for the instruction referred to by the shadow instruction
is increased if the instruction is present in the instruction table. If not, it is
inserted. Finally the shadow information is cleared which means that this
event is only used once. For example if data with tag, in index 0 is requested,
the inst, will be inserted into the instruction table.

4. Cache miss caused by bypassing. A cache miss is said to be caused by by-
passing when the tag of the requested data is found in the shadow tag and
the shadow status indicates bypassing. The counter for the instruction that
caused the bypassing is decreased in the instruction table, if present. For
example if the data with tag, is requested in index 0, the counter for inst;
is decreased if the instruction was in the instruction table.

5. Cache miss caused by not bypassing. A cache miss is said to be caused by not
bypassing when the requested tag matches the shadow tag and the status bit
indicates that the shadow data reflects a replacement. The counter for the
instruction that replaced the cache block is increased. If the instruction is
not present in the table, the instruction is inserted. For example if data with
tagq is requested with index 1, the counter for inst. is increased.

6. Data replaced without being used. This happens when an instruction loads a
cache block that is not accessed before it is overwritten. The counter of the
instruction that fetched the data is increased, if present. For example if the
first cache block is replaced, the counter for inst, is increased.

7. Bypassing. A bypass is triggered by a cache miss and requires that the
counter for the instructions that caused the cache miss is above a threshold
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limit. The cache block is loaded from main memory and into the L1 cache
without being stored in the L2 cache. The shadow tag is updated with the
tag of the data that is bypassed, the shadow instruction with the instruction
that caused the miss and the shadow status is set to ”bypass”.

Each event can increase or decrease the value of the counter with different
values, see Fig. [Bl and different levels of threshold and maximum value of the
counter can be used.

Tyson New Scheme Shadow Replace Equal Tyson I
Cache miss 1 0 1
Cache hit
Cache hit caused by bypassing
Cache miss caused by bypassing
Cache miss caused by not bypassing
Data replaced without being used
Bypassing threshold/max counter value

N U wN e
.
wlolololof-
o |~ |- - w |-
wlo|hl-l-lolo
w |~ |ololoo
[0 [ N I N
.
o |olololofb|n

Fig. 3. Different configurations for the heuristics for bypassing

3.3 Discussion

The shadow data is used to monitor the consequences of bypasses and replace-
ments. Different applications benefit from different parameter settings. However,
as we will see, the described algorithm with the new scheme (see Fig. B) works
well across different benchmarks and for different cache sizes.

Structures for storing the data shown in Figures and [P are assumed to be
implemented in hardware. The instruction table is limited in size and all simu-
lations are done with a size of 32 elements. The resources needed are therefore
small in comparison to the ones needed for an L2 cache. The extension of the
cache block to include information for the heuristics will however require more
hardware. The number of bits needed to store a cache block for a conventional
architecture and the new scheme are shown in Fig. 4l The shadow tag is of the
same size as the tag for the cache block. Given a system with 8-GByte physical
memory (33 bits) and a 1-MByte 4-way set associative cache 6 bits are used to
address the byte within the cache line and 12 bits are used to index the cache
block which leaves 33 — 6 — 12 = 15 bits for the tag. There are two references
to two instructions in the instruction table, i.e. the fields fetched by instruction
and shadow instruction. These contain the address for the instruction in mem-
ory. The address of the instruction is used as a key and is 33 bits. By changing
the algorithm slightly so that instructions are only placed in the instruction ta-
ble on cache misses, these two fields only need to point to an instruction in the
instruction table and it is not necessary to store the whole address of the instruc-
tion. This modification does not incur any measurable performance degradation.
However, when these address fields only point to the instruction table, there is
no way of detecting when the instructions in the table are replaced. Therefore
the instruction address should be hashed and stored in the cache block to dis-
cover when instructions are replaced. This results in 5 bits for pointing into the
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Field Tag |Cache Line Data |LRU data |Fetched by inst. |Used |Shadow inst. [Shadow tag [Shadow status |Total
Conv. architecture 15 512 2 0 0 0 0 o 529
New Scheme 15 512 2 33 1 33 15 1] 612
Instruction pointers 15 512 2 9 1 9 15 1| 564

Fig. 4. The number of bits used for storing a cache block for a computer with 8 GBytes
memory (33 bits) and a 1 MByte 4-way set associative cache

instruction table, and let us assume 4 bits for hashing the instruction address.
The total increase in number of bits of storage is less than 7% for the cache
block with pointers as shown to the right in the table.

Bypassing breaks the inclusion; blocks in L1 cache are not guaranteed to
exist in the L2 cache. The L1 cache must be accessed to get the latest values
by memory coherence schemes. However, this is no different from conventional
caches with delayed write back schemes. Directory coherence protocols can be
used to know what data that are loaded in L1.

4 Oracle Bypassing Algorithm

In this section, we derive an algorithm to assess how optimally our scheme can
avoid misses by bypassing blocks in the cache. Optimal algorithms depend on
the problem space, e.g. deciding which cache block that should be replaced. In
this case the trace of memory accesses can be analyzed and blocks are installed
in the cache if the reuse distance is shorter than the reuse distance for the block
that is replaced [3l[14]. However, we are not considering the replacement policy
for the cache. We are interested in the optimal algorithm for deciding whether
to bypass cache blocks combined with the standard least recently used (LRU)
policy. This makes the optimal algorithm more complex, it can not just look at
the reuse distance to decide upon bypassing or not.

We have made a new algorithm that requires only a single run of the bench-
mark and is optimal for direct-mapped caches and set-associative caches with
random replacement policies. The algorithm is based on the idea to postpone
the decision regarding bypassing until it is known whether it reduces the cache
miss rate or not. For an instruction that causes a miss, the algorithm maintains
the cache state for the two possible outcomes: bypassing versus not bypassing.
That is, each cache block is extended dynamically to keep track of data for both
outcomes. On a hit to the cache block it is known which requests that should
have been bypassed and which should be replaced, and the simulation will only
consider one of the alternatives for the rest of the simulation. Consider the fol-
lowing example. Several requests that map to the same cache block appear in the
following order: a, b, ¢, and a. Without bypassing, b will replace a, ¢ will replace
b and then a will replace c, i.e. only cache misses. With optimal bypassing b and
c are bypassed, and the last a will become a hit instead of a miss. Our oracle
algorithm will extend the cache structure dynamically to contain first a, then a
and b, and then a, b and c. In the end when a is requested again, it sees that by
bypassing b and ¢, a hit is generated for a, and the decision about bypassing is
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done. The extra data stored can be deleted at this point. An application with-
out any hits will build up a large data structure, but only linear to the number
of instructions. Set-associative caches with LRU algorithms are more complex.
Storing information about both decisions doubles the storage requirement for
each missed block. One way to reduce the storage requirements is to change the
replacement policy. For each bypass we change the LRU cache block to become
the recently used in the same way as a replacement of the cache blocks does,
i.e. bypass and replacement change the LRU stack in the same way. A decision
to bypass or not only regards one element in the cache and only one additional
element need to be stored for each miss. Again, the data structure needed is
linear in the number of instructions (in case of only misses).

The result is an oracle algorithm with a cache with an LRU replacement policy
that is not LRU when accesses are bypassed. This tends to underestimate the
performance gains of bypassing and hence reduces the upper bound. With this
caveat, the oracle algorithm is nevertheless used to assess if there is a potential
for using bypassing, and whether there is room for improvement.

5 Early Miss Determination

A problem with deep hierarchies is that the miss penalty is increased for each
level added. By predicting early on whether a request will miss at all levels, and
accessing main memory in parallel with tag checks at the intermediary level, the
miss penalty is expected to be reduced substantially [I1].

If the data is found in the cache, the data from cache is used. However, we
assume that there is no way of removing the ongoing memory access to main
memory system. Miss-prediction will thus increase the memory bandwidth usage
and can stall other memory accesses. We look at using the heuristic for bypassing
data in the new scheme to early determine cache misses and launch a memory
access. Instructions that are in the instruction table and with maximum counter
value are considered to miss in the L2 cache. An oracle scheme for early miss
determination would manage to predict all cache misses.

6 Methodology

Simulation is used to study the efficiency of the two schemes for bypassing mem-
ory accesses for the L2 cache, the oracle algorithm, and early miss determination
scheme. The sim-cache model is used for studying cache miss rates and the exe-
cution model is single-issue in-order. No timing information is included in these
simulations. The sim-outorder model used for studying IPC improvements is
a clock-cycle level out-of-order execution model with non-blocking caches. The
models are part of SimpleScalar version 3 [2]. These models are extended to sim-
ulate memory congestion, the different bypass schemes, the oracle algorithm, and
the early miss determination scheme. A logical sketch of the simulated system
is shown in Fig. Bl
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—_of- /| L1 data cache L2 Unified cache, w/ .
Out-of-order Bypass & early miss Ma|r[1)g1:’\n;ory
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Fig. 5. The simulated single processor core with the memory hierarchy

Parameter Value

RUU size 128 instructions
LSQ size 64 instructions
Fetch queue size 4 instructions

Fetch, Decode, Issue and

Commit width 4 instructions/cycle

Functional Units 4 INT ALUs, 4 FP ALUs, 1 INT Multiply/Divide, 1 FP_Multiply/Divide |
Branch Predictor Combined, Bimodal 4K table, 2-Level 1K table, 10-bit history table, 4K Chooser

BTB 512-entry, 4 way

Mispredict Penalty 7 cycles

L1 Instruction/Data Cache |32K, 4-way (LRU), 64 B Blocks, 1 cycle latency

L2 Cache Unified, 1 M, 4-way (LRU), 64 B Blocks, 24 cycles latency

Main Memory 200 cycles first chunk, 10 cycles inter chunk. 4 independent subbanks |
I-TLB/D-TLB 128-entry, fully associative, 30 cycles miss penalty

Fig. 6. Micro-architectural parameters

The baseline for the simulator is shown in Fig. [6l Data and instruction look-
aside buffers (DTLB and ITLB) are not simulated in the sim-cache model. We
assume that the hit and miss latency for the L2 cache are equal.

The size of the instruction table is 32 for all experiments. The original Tyson
scheme used a branch predictor like table for the L1 cache. This means that
our implementation of Tyson is slightly different, and the reason is that we are
bypassing the L2 cache.

SPEC2000 applications were used as benchmarks with the reference data sets.
Each simulation is forwarded one billion instructions and then simulated for two
billion instructions.

7 Evaluation

7.1 L2 Cache Misses Reduction

There are two groups of applications that are of interest: (a) memory bound
applications that should obtain increased speedup and reduced cache miss rate
for L2 cache and (b) non-memory-bound applications. The last group will not
receive much benefit, but should not be slowed down or suffer from an increased
cache miss rate. The reduction of the L2 cache miss rate is shown for the Tyson
scheme, the new scheme, and the Oracle algorithm for SPEC2000 applications in
Fig.[M For the 1-MByte configurations and the memory bound applications (art,
mef and ammp) all schemes reduce the average miss rate. However, for the rest
of the applications Tyson’s scheme increases the miss rate by average 43%. The
scheme is aggressive and therefore is only suitable for applications that benefit
from bypassing. The new scheme is more robust and only increases the miss rate
with average 2%. Compared to the Oracle scheme 68% of the possible misses are
removed for the memory bound application and the new scheme, which means
that the scheme is working well but there is still room for improvement.
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256k L2 1 MByte L2

Spec # of L2 Convent. Reductions of miss rate in % Convent. Reductions of miss rate in %
benchmark [lacesses Miss rate Tyson New Sch. Oracle Miss rate Tyson New Sch. Oracle

art 308461787 0.826 3 9 15 0.603 58 47 67
mcf 265670845 0.616 -44 -5 1 0.599 -13 -3 5
ammp 132534118 0.920 5 7 8 0.845 27 25 29
average 235555583 0.787 -12 4 8 0.682 24 23 34
swim 77712825 0.591 -17 -2 0 0.590 -20 -2 0
applu 63107223 0.667 0 (0] 1 0.666 0 0o 2
gcc 59690438 0.153 13 16 40 0.037 -19 2 23
lucas 51951704 0.862 -7 3 15 0.843 -16 3 14
facerec 36104376 0.657 -34 5 15 0.360 -69 -7 1
apsi 34560805 0.435 -9 4 18 0.206 -60 o 0
mgrid 31808765 0.760 -14 2 15 0.478 -53 -1 0
parser 24836151 0.349 -76 -5 11 0.165 -111 -18 7
galgel 20719227 0.880 4 13 24 0.352 -61 50 75
bzi2p 17548828 0.384 -33 -6 9 0.175 =27 3 14
crafty 16956861 0.065 -24 -2 21 0.007 -2 0o 15
gzip 15660311 0.072 -3 4 19 0.039 -13 -6 1
gap 9244337 0.505 -78 0o 0o 0.499 -78 o 0
wupwise 8914610 0.679 -33 0o 6 0.628 -44 -7 2
fma 8064048 0.000 0] -36 0 0.000 2 -37 0
equake 2758253 0.028 -84 -1 o) 0.028 -84 -1 0
eon 2293674 0.000 0 -13 o) 0.000 0 -13 0
perlbmk 799811 0.285 -146 -2 16 0.239 -132 -5 5
average 26818458 0.410 -30 1 12 0.295 43 2 9

Fig. 7. Reduction of cache miss rate for different bypass schemes for two sizes of L2

For the 256-KByte configuration Tyson scheme does not work even for the
memory bound application. The new scheme reduces the miss rate by 4% while
the Oracle scheme obtains an 8% reduction.

7.2 Early Miss Determination

The results for using the proposed scheme for early miss determination is shown
in Fig. Each bar in the graph consists of four parts. The top part, which
is black, is the amount of the L2 cache accesses that are predicted as misses
incorrectly. These increase the memory bandwidth usage by a modest 1%. 27%
of the memory accesses with cache misses are correctly predicted as misses. The
advantage of the early miss determination depends on the latency of cache misses
in the L2 cache. This miss latency increases with the size of the cache.

100 MW False Early
80 + —| - Determinations
60 — — O Hits, correctly

determined
40 + - -
20 4 L] L] @ Misses not
determined
0 e R T e e i
£ 5 a g =2 8 9 8 98 T2 5 3 & &L 2 o0 8 g v S x @ Early miss
© € Es=s 8§ ° 8> 585 8 ° E g > g 2 & 85 3§ determination
s 7 © - & EES s E = > correctly
= o

Fig. 8. Memory accesses to the L2 cache divided into four groups
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7.3 Memory Bandwidth Reduction

The reduction of the memory bandwidth usage is shown in Fig. [@l The total
number of accesses is decreased for both the new scheme and also when the new
scheme is combined with early miss determination. Tyson’s scheme reduces the
number of accesses well for the MCF application even though it increases the
miss rate for the same application. This is because Tyson’s scheme reduces the
number of write-backs by 48% for the L2 cache. By comparison the new scheme
only reduces the number of write-backs by 8%.

Tg‘ 300 @ Conventional —
2 250 @ New Scheme L
g O Early miss detrm + New scheme

S 200 O Tyson —
a

@ 150

o

[+

s 100

<<

: % —— n Iy I I
5 W
[

g mcf ‘ art ‘ammp‘ swim | applu | lucas ‘facerec mcf ‘ art ‘ammp‘ swim | applu | lucas ‘facerec
=]

z 1024k L2 cache 256k L2 cache

Fig. 9. The number of DRAM accesses (sum of L2 misses and L2 write-backs) executed
for the different applications in the SPEC2000 benchmark

7.4 Instructions Per Clock Cycle (IPC)

We have studied the IPC for two different configurations, with and without main
memory congestion. Four memory banks are used for simulation with conges-
tions. These are interleaved so that one cache line fits into one bank. Each bank
can handle only one read or write access at any time, which means that the
entire system is capable of handling up to four read/write accesses simultane-
ously. There is no writeback buffer for the main memory, but L1 and L2 have
writeback buffers. The model without congestion uses unlimited size writeback
buffers to main memory and an unlimited number of parallel read operations
can be executed simultaneously. Simulation with congestion is shown in Fig.
and no congestion in Fig. [[Il These figures represent the speedup compared
to the IPC of the conventional architecture which is shown in Fig. We see
two important observations: The first is that the performance for the memory
bound applications is improved significantly. However, for the Tyson scheme
the performance is decreased for non-memory bound application. For galgel, the
simulation with congestion results in an IPC degradation of 22% and for the
non-congestion simulation the IPC is degraded by 10%. There are three appli-
cations that are memory-bound: ammp, art and mcf. With memory congestion
modeled, Tyson’s scheme is able to increase the IPC quite well. This is not true
when not using congestion because the bandwidth consumed by write-backs of
dirty cache blocks then does not have any impact. Tyson’s scheme bypasses
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Fig. 12. IPC with and without simulation of congestion to main memory

write-backs from dirty L1 cache blocks well. Overall, the combination of bypass-
ing and early miss determination can improve IPC with up of up to 34%. For

applications with many incorrect early determinations (see Fig. [§]) the IPC can
be degraded.
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7.5 The Heuristics

In the description of the algorithm used by the new scheme, the counter was
added/subtracted with different values for different events. Different configura-
tions for the heuristic is shown in Fig. Bl In the shadow configuration only the
shadow events are enabled. This is learning by considering what could have been
in the cache line if the bypass decision was inversed. In some sense this is learning
by history and mistakes. In the Replace configuration bypassing is done when
an instruction fetches a cache block which is replaced without having any cache
hits. The configuration is aggressive since there are no negative numbers in the
configuration. The Fqual configuration increases/decreases the counter with the
value one for all events. The Tyson II is the Tyson algorithm tweaked a little bit
to become less aggressive. The different configurations from Fig. Bl are evaluated
in Fig. [3 Even though the new scheme has overall good performance, tuning
the heuristic differently for each application has a potential for improving the
performance further.

Tyson New Scheme Shadow Replace Equal Tyson Il _Conventional

ammp 1 3 10 7 8 0 37,
apsi 82 0 0 22 42 18 0|
art 0 26 46 4 7 33 140
bzi2p 54 0 23 226 26 7 3|
crafty 17 1 29 562 13 3 (o)
facerec 75 7 9| 74 70 36 0
galgel 231 24 0 203 22 7 147
gcc 24 1 0 2 11 4 3
qzip 17 7 1] 0 14 10 1]
lucas 11 3 0 6 17 9 5|
mcf 14 3 12 34 9 8 0
mesa 13 1 0| 0 2 3 0
mgrid 52 1 2 12 45 21 0
parser 124 18 20 100 67 35 (o)
swim 17 ﬂ 0 8 14 28 0

Fig.13. The numbers show the increase in cache miss ratio compared to the best
configuration. The best configurations are grayed and have value zero

8 Related Work

Bypassing can reduce conflict misses by using a bypass buffer in parallel with a
direct mapped cache [7,[10,[6]. However, direct mapped caches are not used in
state-of-the-art high performance microprocessors and reduce the potential for
these techniques.

9 Conclusion

This work is the first to explore the gains of bypassing for last-level caches. The
potential for improvement is higher compared to bypassing L.1 cache because the
latency of an L2 miss is much higher than an L1 miss seen from the processor.
A new scheme for bypassing is presented based on a feedback loop. This im-
proves the performance in terms of cache miss ratio and IPC to the same level
as simpler schemes for memory bound applications, but it does not degrade the
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performance for non-memory bound applications which is the case for earlier
schemes. We include early miss determination which further improves perfor-
mance by predicting misses in the cache simply by using the heuristics for the
bypassing scheme. This reduces the latency time for memory accesses at the cost
of a small increase in bandwidth usage. The final contribution is our establish-
ment of an upper-bound of miss-rate reduction in last-level caches by devising
an oracle algorithm. Even though this algorithm is not fully optimal, it shows
that there is room for improvements and more research is needed.
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Abstract. Instruction hints have become an important way to commu-
nicate compile-time information to the hardware. They can be gener-
ated by the compiler and the post-link optimizer to reduce cache misses,
improve branch prediction and minimize other performance bottlenecks.
This paper discusses different instruction hints available on modern
processor architectures and shows the potential performance impact on
many benchmark programs. Some hints can be effectively selected at
compile time with profile feedback. However, since the same program
executable can behave differently on various inputs and performance
bottlenecks may change on different micro-architectures, significant per-
formance opportunities can be exploited by selecting instruction hints
dynamically.

1 Introduction

Cache misses and branch mispredictions have become the major bottlenecks of
modern microprocessors. Attacking such performance issues has been a chal-
lenge for both hardware designers and software developers. Many modern ar-
chitectures, including RISC, VLIW and EPIC, have paid much attention to the
effective cooperation between the compiler and the hardware to achieve highly
efficient execution. For instance, new instructions such as data and instruction
cache prefetch have been introduced and they have been effectively used by the
compiler and post-link optimizers (including runtime optimizers) to reduce cache
miss penalties. Besides introducing new instructions, recent architectures also
use instruction hints as another way to facilitate the communication between
the compiler and the hardware. Unlike adding new instructions, using hints does
not compromise binary compatibility. Instruction hints use a small number of
available bits in the instruction encoding to allow programmers, compilers and
other software tools to convey suggestions to the hardware. Since they are de-
fined as hints, they do not pose correctness issues. Their presence can be simply
ignored if the underlying micro-architecture does not support the needed feature.

C. Jesshope and C. Egan (Eds.): ACSAC 2006, LNCS 4186, pp. 67-80] 2006.
© Springer-Verlag Berlin Heidelberg 2006
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Instruction hints are often used in architecture extensions and new architectures
to expose new hardware features to software via some reserved bits.

Judiciously selecting the instruction hints can have very significant perfor-
mance impact on applications. The selection of instruction hints relies on in-
formation such as working set, access patterns and effective memory latencies,
which are not generally available at the compile time. Although profile-guided
optimization (also known as profile-based or profile-directed optimization) can
assist the selection process by using profile information collected via training
runs, applications can behave differently on various inputs, and the profile col-
lected from the training input may not be representative for the actual run.
Furthermore, the runtime behavior of a program can change even within one
run (i.e. execution phase changes). Although we have seen encouraging results
from static hint selection, we believe there are significant performance potentials
to be exploited with dynamic hint selection.

Dynamic binary optimizers [6][7] can monitor the execution of a program and
perform the cost-effective optimization based on observed hot spots and respec-
tive performance bottlenecks. Dynamic hint selection requires relatively small
amount of code analysis and binary modification and can be a good candidate
for dynamic optimization. However, the extension of current dynamic binary
optimization frameworks and the enhancement of current microprocessors are
needed to support comprehensive dynamic hint selection.

The paper makes the following contributions,

— We show the performance impact of several architecture hints using the
SPEC2000 CPU programs.

— We show the potential of using correct architecture hints over what have
been done statically by the compiler.

— We discuss the limitations and difficulties associated with static hint selec-
tion.

— We discuss the current limitation on the hardware performance monitoring
capability for exploiting dynamic hint selection.

The rest of the paper is organized as follows. Section Pl will provide a survey of
instruction hints available on the mainstream architectures. Section 3 shows the
performance impact of several instruction hints. In section [4] we discuss the se-
lection of hints by some production compilers, the effectiveness of such selection,
and the limitations. In section[f] we discuss the upside potential of selecting such
hints at runtime, and the constraints and challenges for the dynamic optimizers.
Related work is highlighted in section [l Section [7] contains the conclusion and
future work.

2 Instruction Hints

Most instruction hints are targeting at the two major performance bottlenecks,
cache misses and branch mis-predictions. They can be divided into three main
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categories, branch prediction hints to improve branch prediction, memory local-
ity hints to improve both data and instruction cache performance, strong/weak
prefetch hints to improve the effectiveness of the data prefetch instructions.

2.1 Branch Prediction Hints

Many architectures use one or two bits in the conditional branches as a hint for
static branch prediction. Itanium [I4] uses one bit to indicate whether prediction
resources should be allocated for the branch and the other bit to indicate the
direction. Similarly Power4 [8] uses two previously reserved bits in conditional
branch instructions for software branch prediction. Hardware branch prediction
can be overridden by software branch prediction on Power4. One bit is used for
that purpose while the other bit indicates the direction. PA-RISC 2.0 [I5][17]
does not have the luxury of one available bit but it defines the branch prediction
convention to achieve the same effect. If the register numbers of the two operands
in a conditional branch is in increasing order, the backward branch is predicted
taken and the forward branch is predicted not taken; otherwise the branch is
predicted the other direction. Compared with using a dedicated hint bit, this
approach adds complexity to the instruction decoding.

Many microprocessors uses a return address stack to predict the target of a
procedure return. When a procedure call is executed, the address of the next
instruction is pushed onto the stack. The stack will be popped during the ex-
ecution of a procedure return and the instruction fetching will start from the
popped address. But in architectures such as Alpha [I], PowerPC [12] and PA-
RISC [II][15], there are no dedicated instructions for procedure call and return.
In Alpha [1], hints are introduced to push and pop procedure return addresses.
PA-RISC 2.0 [15] and Power4 [§] adopted the same approach.

2.2 Memory Locality Hints

Memory locality hints are designed to achieve better cache performance by im-
proving the allocation and replacement policy or initiating hardware prefetching.
The temporal locality hints are used to indicate whether the data will be reused
to help the hardware decide whether to allocate the data in a higher cache level.
The temporal locality hints can be applied to all memory instructions including
load, store and data prefetching. HP PA-RISC 1.1 architecture [11] defines a
2-bit cache control field, cc, which provides a hint to the processor on how to
allocate data in the cache hierarchy. On PA-7200 [I6], the processor will not
allocate the cache line on the off-chip cache if the cc is specified to indicate
poor temporal locality. The cache control field is also included in the prefetch
instruction introduced in PA-RISC 2.0 [15].

Five variants of prefetch are defined in Sparc V9 [18], read many, read once,
write many, write once and prefetch pag. The once and many hints are used

L prefetch page has not been implemented in any existing Sparc v9 microprocessors.
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to indicate the temporal locality. UltraSparc IIT [20] implements a small pre-
fetch cache (2KB) which can be accessed in parallel with the L1 data cache for
floating-point loads. The once/many hint specifies whether the data should be
brought into P-cache. However, no temporal hints are available for other memory
instructions.

Itanium [I4] provides locality control with finer granularity. Four completer
(t1, nt1, nt2 and nta) are used to specify whether the data has temporal locality
at a given cache level. These completers will affect how cache lines are allocated
in the cache hierarchy and whether the LRU bit should be updated. Using t1
will cause the data to be allocated at all cache levels while using nt! suggests
the data not to be allocated at L1. The Itanium 2 processor does not have a non-
temporal buffer and L2 is used for that purpose. nt2 accesses are still allocated
in L2 but the LRU bit will not updated and thus the line has a high probability
to be replaced. nta completer further causes the line not to be allocated in L3.
Only Ifetch instructions can use all four possible completers and the completers
for different memory instructions may have different meanings.

Instruction references exhibit good sequential locality. Many microproces-
sors implement hardware prefetcher to sequentially prefetch instruction cache
lines. Itanium [I4] introduces the sequential prefetch hint to initiate instruc-
tion prefetching. The sequential prefetch hint on branches indicates how many
cache lines the processor should prefetch starting at the branch target. On Ita-
nium 2 [I3], a branch with the many completer initiates the hardware streaming
prefetching and the prefetch engine will continuously issue prefetch requests for
subsequent instruction cache lines till a stop condition] happens.

2.3 Weak/Strong Prefetch Hints

The effectiveness of prefetching can be affected by whether micro-architecture
implementations allow a prefetch to continue if it triggers a data TLB miss or
there is not enough resource to handle the prefetch request. The UltraSparc
IV+ processor [21] implements two more variants of prefetch instructions in ad-
dition to the five flavors defined in Sparc V9 [I8]. Weak prefetches are dropped
if the target address translation misses the TLB, while strong prefetches will
generate software traps and be re-issued after the TLB entries are filled. The
prefetch requests are tracked by an eight-entry prefetch queue. A strong prefetch
will not be dropped even if the prefetch queue is full when it is issued and the
pipeline will stall until one of the outstanding prefetches completes. The PCM
(P-Cache Mode) in DCU (Data Cache Unit) control register provides further
control on the behavior of weak prefetches under a prefetch queue full event.
When the bit is on, a weak prefetch will also be recirculated if the prefetch
queue is full.

On Itanium [I4], a TLB miss will not necessarily generate a fault since it im-
plements hardware page walker to reduce the latency of a TLB miss. If a lookup

2 A stop condition can be a branch misprediction, the execution of an taken branch
or the execution of a special instruction explicitly indicating the stop condition.
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fails in both levels of the DTLB, hardware page walker can be triggered to re-
solve the miss by searching the page table. Slightly different with strong prefetch
on UltraSparc IV+, fault completer is used to indicate whether a fault raised
by an Ifetch instruction should be handled by the processor. If the hardware
page walker fails, only Ifetch.fault will raise a software fault. Unlike UltraSparc
IV+ [21], there is no dedicated resource for tracking data prefetching requests
on Itanium. They share the same resource with the other memory requests. An
Ifetch instruction will not be dropped if there is not enough resource to handle
it. Instead it will wait for the resource to be available.

3 Performance Impact of Instruction Hints

Though the instruction hints do not affect the correctness of a program’s exe-
cution, they can have great impact on program performance. This section uses
several instruction hints to show the compiler can improve program performance
by judiciously using the available hints.

Normalized Execution Time

168.wupwise 171.swim 172.mgrid 173.applu 179.art 183.equake 191.fma3d 301.apsi

B all_read_many Ball_read_once

Fig. 1. Performance comparison of prefetch variants with different locality hints on
UltraSparc III Cu for SPEC CPU2000 [19]. All binaries are compiled with the base
option including PBO using Sun Studio 11 compiler and the data are collected on
Sun Blade 1000. The execution time is normalized using the binaries generated by the
compiler as the bases. The first bars are all 1 since the compiler only generates many
hints.

Figure [I] shows the comparison of using two different locality hints for data
prefetching on UltraSparc III Cu. By using the read many hint, the prefetched
data are brought into both P-cache and L2 cache while the data are only
brought to P-cache for read once. The compiler only generates read many hint
for prefetches intended for data reads. Although only using the read many hint
gives better performance in most cases, for 183.equake, only using read once
actually has a 27% speedup.

The comparison of using different locality hints for load on Itanium 2 is shown
in figure @l For every possible completer allowed, we convert all loads into that
single flavor and compare the performance with the binaries generated by the
compiler. Two separate graphs are shown for SPEC CINT2000 and CFP2000
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Fig. 2. Performance comparison of load variants with different locality hints on Itanium
2. All binaries are compiled with the base option including PBO using Intel C/C++
Compiler 9.0 and the data are collected on HP zx6000. The execution time is normalized
using the binaries generated by the compiler as the bases. The first bars are all 1 since
the compiler only generates ¢1 hints.

[19] since ¢t1 and nt! have different meanings for floating point loads B. Intel
compiler only uses t1 for loads and using t1 is clearly a better choice than using
ntl or nta as shown in figure 2l But there is one exception that mcf benefits
from only using Id.nta.

1.2

1.15

1.1

1.05

Dall_few
= all_many

0.95

Normalized Execution Time
B

0.9

0.85

o.8

176.gcc 186.crafty 254.gap 178.galgel 191.fma3d 301.apsi

Fig. 3. Performance impact of streaming prefetch hint on Itanium 2. The same envi-
ronment as specified in figure 2 is used for data collection.

The performance impact of streaming prefetch hint on Itanium 2 is shown in
figure Bl The many completer is clearly preferable than the few completer. On
three occasions (gce, crafty and apsi), triggering streaming prefetches on every
branch delivers better performance. Only using few completers can slow down a
program as much as 17% in the case of fma3d.

Figure M shows the comparison for weak and strong prefetches on UltraSparc
IV+. Again we show two extreme cases by converting all prefetches into weak or
strong versions. In general, the compiler chooses strong versions for the majority

3 For floating point loads, data are not allocated in L1 even tI is used and LRU bit
is not updated for nt1.
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Fig. 4. Performance comparison of weak/strong prefetches on UltraSparc IV+. The
data are collected on a Sun Fire E4900 sever and all binaries are compiled with the
latest Sun Studio compiler [22] with the base option including PBO. The execution
time is normalized using the binaries generated by the compiler as the bases.

of the prefetches and it yields better performance for six programs compared with
only using the weak versions. Only using strong prefetches provides even slightly
better performance overall. For 168.wupwise, 3% speedup can be obtained by
only using strong prefetches.

4 Static Selection of Instruction Hints

As shown in section B prudently using instruction hints can significantly im-
prove program performance. In this section, we discuss the issues involved in
static selection of these hints, including the branch prediction hints, instruction
prefetching hints, data cache locality hints and weak/strong prefetch hints. We
also show limitations of static selection using case studies for several benchmark
programs.

4.1 Issues in Static Selection

Locality Hints for Data Prefetching. The cache hierarchies in modern
processors are increasingly more complex. The cache hierarchy in the Itanium 2
has three levels of on-chip caches. They are non-blocking and can handle cache
miss requests out-of-order. Therefore, it is difficult to estimate the precise cost
of an [fetch instruction. In general, Ifetch instructions with ¢7 completers are
more expensive than those with nt completers while Ifetch instructions with nt
completers (nt1, nt2, and nta) have similar costs.

On Itanium 2, every memory request that cannot be satisfied by L1D will be
sent to L2 and must be scheduled within a 32-entry queue called OzQ. If the
0zQ is full, the L1D pipeline must stall and it in turn causes the main pipeline
to stall. Bank conflicts and multiple misses to the same cache line can increase
the lifetime of the entries in the OzQ. An Ifetch can be expensive if it cause
either case to happen. Placing one of the nt completers mitigates those effects
and reduces the cost of an Ifetch. However, using the nt completer reduces the
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benefit of an [fetch since the prefetched data will only be brought up to the L2
cache. When deciding to use the t1 completer, the compiler needs to be confident
that the benefit outweighs the cost. The Intel compiler tends to use nt more often
than t1 for SPEC CINT2000 programs. But choosing between t1 and nt relies
largely on the application’s working set as discussed in and neither of them
works best all the time.

Streaming Prefetch Hints. The Itanium 2 processor has a relative small
instruction cache (16K), from the perspective that it has a very strong issue
bandwidth (up to 6 instructions can be issued per cycle). Overly aggressive
streaming prefeching can cause instruction cache pollution and have negative
impact on the pipeline front-end. The benefit of streaming prefetching can be
determined by whether the lines brought into the L1I are used in the near future.
A good indicator will be the number of instructions between the branch target
to the first statically predicted taken branch. ISpike [4] defines this as span and
uses a size of 128 bytes as a threshold to trigger streaming prefetching.

Intel compiler is rather conservative in selecting many completers. On average
only one out of four branches uses the many completer for SPEC CPU2000
programs even we compile all programs with high optimization level (O3) and
profile based optimization. Three programs (gcc, crafty and apsi) benefit as
much as 4.5% from only using many completers as show in figure Bl All three
programs have large instruction footprints and streaming prefetch can reduce
the stalls when the pipeline front-end is unable to supply new instructions to
the back-end.

Weak/Strong Prefetch Hints. As shown in section Bl strong prefetch can
provide additional benefits over weak prefetchs on UltraSparc IV+, but a strong
prefetch could be more expensive than a weak one. Firstly, a strong prefetch
must wait when the prefetch queue is full while a weak prefetch can be simply
dropped in this case. Secondly, a TLB miss triggered by a strong prefetch must
be handled. The compiler must carefully use strong prefetches and make sure
the performance gain from the prefetches is higher than the additional cost.
The weak prefetches can be made ”stronger” on UltraSparc IV+ by setting the
PCM bit to 1 so that they will not get dropped when the prefetch queue is full.
With the PCM bit set on, the difference between weak and strong prefetches
becomes smaller, which makes it easier to select strong prefetch as the default.
However, we have observed that setting the PCM bit on does not always yield
better performance since programs may spend a significant portion of execution
on waiting for available entries in the prefetch queue. The stall can be avoidable
by providing flexible control over the PCM bit and relying on the compiler to
more intelligently select the more suitable prefetch variants.

4.2 Limitations of Static Selection

As shown in section [B though overall the compilers do well in selecting in-
struction hints, there are cases the compilers still leave significant performance
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opportunities on the table. This is evident when we blindly convert all instruc-
tion hints into one flavor. Static selection of instruction hints is also limited by
lacking knowledge of a program’s runtime behavior.

whil e (node) { (pl7) adds r46=40,r37
tenp = node; (pl7) 1d8 r36=[r46]
node = node->chil d; C

} (pl7) cnp.eq pO, pl6=r36,r0

(pl6) br.wtop.dptk.few
(a) C code (b) assembly code

Fig. 5. Code snippet from 181.mcf

Ambiguous Memory Access. The static analysis can be hindered by some
programming language features. Figure [l shows a code snippet from function
refresh potential in SPEC CINT2000 benchmark 181.mcf. The loop is software
pipelined but no prefetch instructions are generated by the compiler. The d8
instruction which tries to access node — child is delinquent and the program
stalls on the cmp instructions. Since the data loaded by ld8 are not reused,
changing its completer to nta can reduce its latency without increasing the
number of cache misses. The program can be sped up by 8.7% after this simple
change. However, it is unlikely that the compiler can determine whether the data
are reused with the presence of intensive dynamic memory objects and frequent
pointer references.

voi d daxpy(double *x, int ix, double xy, int iy, int a, int n)

{

int i;

for (i =0; i <n; i++4)
y[i * iy] += a * x[i * ix];

Fig.6. DAXPY loop

Memory Access Pattern. The behavior of a program can change dramat-
ically with different memory access patterns. Figure [0l shows a typical DAXPY
loop with the strides for both arrays passed as the parameters. The Sun Studio
compiler generates one strong prefetch for each array on UltraSparc IV+. As
seen in the figure [ the benefit of using weak prefetches is decreasing as the
stride gets larger. When the memory stride (1024 for the arrays) is equal to
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Fig.7. Average cycles per iteration for DAXPY loop for different array stride (iz
and 7y.

the page size (8KB), we can see a sharp increase on average cycles spent on
each iteration because of the TLB pressure. Using weak prefetches cannot pro-
vide better performance since most of the prefethes will cause TLB misses and
get dropped. Strong prefetches clearly outperform weak prefetches for the large
strides. But when the stride is no larger than 512 bytes (64 for iz and iy), using
strong prefetches is hardly better than using weak prefetches. If the PCM bit is
set to be off, weak prefetches may be more profitable for smaller strides because
of their lower costs.
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Fig. 8. Average cycles per iteration for IAXPY loop

Working Set Size. The runtime behavior of a program can largely rely on its
working set. A static hint is unlikely to provide good performance across different
working sets. To show the effect of t1 completer, we change the DAXPY loop
in figure [ to TAXPY (i.e., both z and y are changed to integer arrays and the
strides are fixed to be 1). The Intel C compiler generates a software-pipelined
loop for TAXPY and one prefetch is included to prefetch both array z and y
alternatively. Figure 8 shows the average cycles per iteration for the TAXPY on
an Itanium 2 machine for two cases when the temporal completer of the prefetch
is nt1 or t1. When the working set of the loop is bigger than the size of L1D (16K)
and but less than the size of L2 (256KB), using ¢1 gives better performance. But
if the size of array exceeds the size of L2, nt! will provide better performance
and the performance gap is increasing as the work set increases.
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5 Dynamically Selecting Instruction Hints

Static selection of instruction hints is limited by the lack of knowledge of pro-
gram’s runtime behavior and a static hint cannot adapt to behavior changes at
runtime. Two ways can be used to select instruction hints dynamically. The first
approach uses the compiler to generate multiple copies of an instruction with all
possible hints, and have check instructions to select the desirable one based on
the runtime performance information. The second approach is to use a dynamic
binary optimizer, such ADORE [6], to adjust the hint bits at runtime.

5.1 Generating Multiple Copies

Compiler can generate multiple copies of an instruction with different hints and
the corresponding code to select the hints at runtime as discussed in [2][3].
The selection can be based on the calculation on various runtime parameters
(working set, stride and etc.). This scheme has two disadvantages which make it
impractical. Firstly, it is known to cause severe code expansion since the compiler
has to generate extra instructions to select the instruction with the wanted hint.
Secondly, the cost of the additional calculations can offset the performance gain
of using the right hints.

5.2 Adjusting Instruction Hints Using Dynamic Binary Optimizers

Using compiler to generate multiple copy of an instruction with different hints
causes code expansion and has high runtime overhead. This approach has another
limitation since the compiler can only generate the instruction hints with the
knowledge of the target architecture. A binary compiled for an older micro-
architecture cannot benefit from the additional instruction hints available on
the newer micro-architecture. Recompilation is one possible solution but the
source code for the legacy binaries may not be available.

A dynamic binary optimizer can monitor a program’s performance during the
execution of the program. It can identify program hot spots as well as pin down
the performance bottlenecks. Based on the observed performance bottleneck and
hot spots, the dynamic optimizer can perform the most needed optimizations,
and deploy the optimized code by patching the binary. It has been shown to
effectively address runtime performance bottlenecks such as data cache misses.
Compared with generating multiple copies at the compile time, using dynamic
binary optimizers to adjust instruction hints can have very low overhead and
adapt to different target micro-architectures and computing environments.

Compared with other optimizations currently implemented in dynamic bi-
nary optimizers, dynamically adjusting the instruction hints is less expensive.
Optimizations such as partial dead code elimination requires flow analysis of
the binary. Those optimizations also need to be carefully applied since they can
change the architecture state and cause imprecise exceptions. Most optimiza-
tions require some free registers and acquiring them from the binary at runtime
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is very challenging. For dynamically adjusting instruction hints, if sufficient in-
formation can be obtained from hardware, the optimization only needs to patch
one or two bits for some instructions. Trace formation and register acquisition,
two of the most difficult tasks in dynamic optimizers, can be avoided.

However, similar to other runtime optimizations, dynamic hint selection needs
proper support from software and hardware. The lack of appropriate performance
counter information related to the instruction hints may limit the effectiveness of
hint selection. Furthermore, the lack of comprehensive control flow information
may also limit the code region where hint selection can be applied.

Hardware Support. Dynamic binary optimizers rely on the runtime perfor-
mance monitoring features provided by recent architectures. Itanium 2 provides
more than 400 different counters and advanced monitoring features such as
Branch Trace Buffer (BTB) and Event Address Registers (EAR). Those fea-
tures are very useful in the design of a dynamic binary optimizer. However, they
are still insufficient for dynamically adjusting instruction hints. For example, to
select the memory locality hints, nta, no temporal locality at all cache levels,
requires cache reuse information. We need to know if the cache line referenced
by one memory operation is not going to be reused, or the line may be replaced
before it is used again. Current hardware performance counters do not provide
this type of details. Furthermore, it is important that the cache line reuse in-
formation should be associated with the PC address of the memory instruction.
One naive hardware implementation is to tag the cache line with the full ad-
dress of the instruction which requests the line. This may be too expensive to be
practical. So using partial address (e.g. lower bits) may be a good compromise.
A few bits like the LRU bits can also be added to track whether the line has
been used recently.

Software Support. Data cache prefetching is the major optimization per-
formed in current dynamic binary optimizers such as ADORE/Itanium [6] and
ADORE/Sparc [7]. Therefore the trace selection and formation in these two
systems focus on loops which are the best candidates for data cache prefetch-
ing. Dynamically adjusting instruction hints requires different type of traces.
The effect of changing some instruction hints such as the temporal hints may
not be visible immediately. For example, adjusting the temporal hints for a
loop may not improve the performance of itself but the performance of another
loop next to it. In such cases, we need a larger scope such as a complex loop
nest in the trace selection in order to effectively apply hint selection. Secondly,
self monitoring and dynamically undoing and redoing the optimization become
critical. For example, the dynamic optimizer may initiate some hint selection
to a loop, and monitor what performance change it may have. If the perfor-
mance degrade in the monitored region, the optimizer should undo the selected
hints.
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6 Related Work

Even though there are quite a few instruction hints available on recent architec-
tures, very limited research has been done to evaluate their performance impacts
and no one has tried to select instruction hints using dynamic binary optimizers.

Memory Locality Hint: Wang et al. [I0] propose to add an evict-me bit to
each cache line, which indicates a cache line is a good candidate for replacement.
Compilers set this bit for memory instructions based on locality analysis. Their
study shows that using the evict-me algorithm in both L1 and L2 caches can
improve the performance of a set of scientific programs over LRU policy by
increasing the cache hit rate. Yang [5] et al. has a detailed study on the compiler
algorithms to generate cache hints. Beyles and D’Hollander [2][3] proposes a
compiler framework using reuse distance profile to generate temporal hints for
memory instructions. Their study is based on the temporal completers available
on Ttanium architecture [I4] and they used a physical Itanium server for their
experiment. They also propose to use prediction or extending the format of the
memory instructions to support dynamic cache hint for an individual access.

Weak /Strong Prefetch: Song et al. [9] briefly describe the weak and strong
prefetch on UltraSparc VI4 [21]. They only use strong prefetches in the statically
generated helper thread by the compiler and they claim the benefit of helper
thread will be greatly reduced if prefetches are dropped on TLB misses. In
[7], Lu et al. evaluate the performance impact of using strong prefetches in
their dynamic helper threaded prefetching on UltraSparc IV+ [21]. Even though
they conclude using strong prefetches in the helper thread code is generally
a preferable strategy, they also find cases when weak prefetches yield better
performance.

Sequential Prefetch Hint: Luk et al. [4] study the performance potential of
streaming prefetching on Itanium [I4] using a post-link optimizer (Ispike). They
find streaming prefetching helps a little for SPEC CPU2000 Int [19] programs
but they observe larger speedup on a commercial database application with a
much bigger code footprint.

7 Conclusions and Future Work

Modern processors have increasingly relied on using hints associated with in-
structions to pass performance related information from software to hardware.
We have shown the use of such hints could have significant performance impact
on recent Itanium and Sparc processors. The statically hint selection by the com-
piler cannot address the performance opportunities created by dynamic program
behavior changes and has room for improvement. With appropriate software and
hardware support, we believe a dynamic optimizer can make more effective use
of instruction hints for future systems.

Our future work will focus on the software and hardware support for dynamic
selecting instruction hints. We want to enhance the current dynamic binary
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optimizer to handle more complex trace types other than loops. We also plan
to improve the self-monitoring ability and add support for undoing and redoing
optimizations. Finally we would like to have more detailed study and evaluation
for possible hardware support to assist future dynamic selection of instruction
hints.
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Abstract. In this paper, we discuss the architecture of a modular
UNIX-compatible operating system, MINIX 3, that provides reliabil-
ity beyond that of most other systems. With nearly the entire operating
system running as a set of user-mode servers and drivers atop a minimal
kernel, the system is fully compartmentalized.

By moving most of the code to unprivileged user-mode processes and
restricting the powers of each one, we gain proper fault isolation and
limit the damage bugs can do. Moreover, the system has been designed
to survive and automatically recover from failures in critical modules,
such as device drivers, transparent to applications and without user in-
tervention.

We used this new design to develop a highly reliable, open-source,
POSIX-conformant member of the UNIX family. The resulting system
is freely available and has been downloaded over 75,000 times since its
release.

1 Introduction

Operating systems are expected to function flawlessly, but, unfortunately, most
of today’s operating systems fail all too often. As discussed in Sec. 2l many
problems stem from the monolithic design that underlies commodity systems.
All operating system functionality, for example, runs in kernel mode without
proper fault isolation, so that any bug can potentially trash the entire system.

Like other groups [1I2I3/4], we believe that reducing the operating system
kernel and running drivers and other core components in user mode helps to
minimize the damage that may be caused by bugs in such code. However, our
system explores an extreme position in the design space of UNIX-like systems,
with almost the entire operating system running as a collection of independent,
tightly restricted, user-mode processes. This structure, combined with several
explicit mechanisms for transparent recovery from crashes and other failures,
results in a highly reliable, multiserver operating system that still looks and
feels like UNIX.

To the best of our knowledge, we are the first to explore such an extreme
decomposition of the operating system that is designed for reliability, while pro-
viding reasonable performance. Quite a few ideas and technologies have been
around for a long time, but were often abandoned for performance reasons. We
believe that the time has come to reconsider the choices that were made in
common operating system design.

C. Jesshope and C. Egan (Eds.): ACSAC 2006, LNCS 4186, pp. 8194 2006.
© Springer-Verlag Berlin Heidelberg 2006
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1.1 Contribution

The contribution of this work is the design and implementation of an operating
system that takes the multiserver concept to its logical conclusion in order to
provide a dependable computing platform. The concrete goal of this research is
to build a UNIX-like operating system that can transparently survive crashes of
critical components, such as device drivers.

As we mentioned earlier, the answer that we came up with is to break the
system into manageable units and rigidly control the power of each unit. The
ultimate goal is that a fatal bug in, say, a device driver should not crash the
operating system; instead, a local failure should be detected and the failing
component should be automatically and transparently replaced by a fresh copy
without affecting user processes.

To achieve this goal, our system provides: simple, yet efficient and reliable IPC;
disentangling of interrupt handling from user-mode device drivers; separation
of policies and mechanisms; flexible, run-time operating system configuration;
decoupling of servers and drivers through a publish-subscribe system; and error
detection and transparent recovery for common driver failures. We will discuss
these features in more detail in the rest of the paper.

While microkernels, user-mode device drivers, multiserver operating systems,
fault tolerance, etc. are not new, no one has put all pieces together. We believe
that we are the first to realize a fully modular, POSIX-conformant operating
system that is designed to be highly reliable. The system has been released
(with all the source code available under the Berkeley license) and over 75,000
people have downloaded it so far, as discussed later.

1.2 Paper Outline

We first survey related work and show how operating system structures have
evolved over time (Sec. ). Then we proceed with an architectural discussion of
the kernel and the user-mode servers and drivers on top of it (Sec.[3). We review
the system’s main reliability features (Sec.[]) and briefly discuss its performance
(Sec. B)). Finally, we draw conclusions (Sec. [f]) and mention how the system can
be obtained (Sec. 7).

2 Related Work

This section gives an overview of the design space that has monolithic systems
at one extreme and ours at the other. We briefly discuss starting with the short-
comings of monolithic systems and ways to retrofit reliability. Then we survey
increasingly modular designs that we believe will help to make future operating
systems more reliable.

It is sometimes said that virtual machines and exokernels provide sufficient
isolation and modularity for making a system safe. However, these technologies
provide an interface to an operating system, but do not represent a complete sys-
tem by themselves. The operating system on top of a virtual machine, exokernel,
or the bare hardware can have any of the structures discussed below.
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2.1 Retrofitting Reliability in Legacy Systems

Monolithic kernels provide rich and powerful abstractions. All operating system
services are provided by a single program that runs in kernel mode. A simplified
example, vanilla Linux, is given in Fig.[I(a). While the kernel may be partitioned
into domains, there are no protection barriers enforced between the components.

Monolithic designs have some inherent reliability problems. All operating sys-
tem code, for example, runs at the highest privilege level without proper fault
isolation, so that any bug can potentially trash the entire system. With millions
of lines of executable code (LOC) and reported error rates up to sixteen or 75
bugs per 1000 LOC [56], monolithic systems are prone to bugs. Running un-
trusted, third-party code in the kernel also diminishes the system’s reliability, as
evidenced by the fact that the error rate in device drivers is 3 to 7 times higher
than in other code [7] and 85% of all Windows crashes are caused by drivers [§].

An important project to improve the reliability of commodity systems such as
Linux is Nooks [8J9]. Nooks keeps device drivers in the kernel but transparently
encloses them in a kind of lightweight protective wrapper so that driver bugs
cannot propagate to other parts of the operating system. All traffic between the
driver and the rest of the kernel is inspected by the reliability layer.

Another project uses virtual machines to isolate device drivers from the rest
of the system [2]. When a driver is called, it is run on a different virtual machine
than the main system so that a crash or other fault does not pollute the main
system. In addition to isolation, this technique enables unmodified reuse of device
drivers when experimenting with new operating systems.

A recent project ran Linux device drivers in user mode with small changes to
the Linux kernel [3]. This work shows that drivers can be isolated in separate
user-mode processes without significant performance degradation.

While isolating device drivers helps to improve the reliability of legacy operat-
ing systems, we believe a proper, fully modular design from scratch gives better
results. This includes encapsulating all operating system components (e.g., file
system, memory manager) in independent, user-mode processes.
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Fig. 1. Three increasingly modular designs of the Linux operating system: (a) Vanilla
Linux (widely deployed); (b) L*Linux and specialized components (working prototype);
and (c) envisioned structure of SawMill Linux (abandoned project)
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2.2 Architecting New Modular Designs

In modular designs, the operating system is split into a set of cooperating servers.
Untrusted code such as third-party device drivers can be run in independent user-
mode modules to prevent faults from spreading. In principle, modular designs
have great potential to increase reliability as each module can be tightly confined
according to the principle of least authority [10].

One approach is running the operating system in a single user-mode server
on top of a microkernel, for example, L*Linux on top of L4 [TI]. This structure
can be combined with specialized components as in DROPS [I] and Perseus [12],
which is illustrated in Fig. [[(b). While the specialized components run in isola-
tion, a single bug can still crash Linux and take down all legacy applications.

Some commercial systems like Symbian OS and QNX [I3] are also based
on multiserver designs, but do not use such an extreme decomposition of the
operating system as we do. In Symbian OS, for example, only the file server and
the networking and telephony stacks are hosted in user-mode servers, while the
QNX kernel still contains process management and other functions which could
have been isolated in separate user-mode processes.

SawMill Linux [I4] would have been a more sophisticated approach to split
the operating system into pieces and run each one in its own protection domain,
as illustrated in Fig. [[i(c). Unfortunately, the project was abruptly terminated
in 2001 when many of the principals left IBM Research, and the only outcome
was a rudimentary, unfinished prototype.

The GNU Hurd is a collection of servers that serves as a replacement for the
UNIX kernel. The goal of this project is similar to ours, but the distribution
of functionality over various servers is different. The current status seems to be
that the multiserver system did not work as intended on top of either Mach or
L4, and the project is currently seeking another microkernel.

A recent multiserver system developed by Microsoft Research is Singular-
ity [4]. In contrast to other systems, Singularity uses language protection and
bypasses the hardware protection offered by the MMU. The system can be
characterized as a microkernel running a set of verifiably safe, software-isolated
servers. While language safety might be a viable approach to build reliable sys-
tems, Singularity means a paradigm shift for the programmer and is not back-
wards compatible with any existing applications.

2.3 What’s Next?

Although several multiserver systems exist, either in design or in prototype im-
plementation, none of them provides the highly reliable, UNIX-like environment
that we strive for. Our approach to operating system reliability is practical for
real-world adoption, as we reorganize only the internals of the operating system
and do not change the interface offered to applications. Users can still run their
favorite software, but now without rebooting their computer every now and then.

In the rest of this paper, we present a new, highly reliable, open-source,
POSIX-conformant multiserver operating system that is freely available for
download, and has been widely tested.
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3 Owur Multiserver Architecture

In our design, called MINIX 3, the operating system runs as a set of user-mode
servers and drivers on top of a tiny kernel, as illustrated in Fig.[2l The kernel
is responsible for low-level and privileged operations such as programming the
CPU and MMU, interrupt handling, and IPC, and contains two tasks (SY'S and
CLOCK) to support the user-mode parts of the operating system.

The simplest servers provide file system (F'S), process management (PM),
and memory management (MM) functionality. The data store (DS) is a small
database server with publish-subscribe functionality. Finally, the reincarnation
server (RS) keeps track of all servers and drivers and can transparently repair
the system when certain failures occur.

Each component in our design is a small, well-defined entity with limited re-
sponsibility and power, as in the original UNIX philosophy. The kernel consists
of under 4000 lines of executable code (LoC) and the sizes of the servers ap-
proximately range from 1000 to 3000 LoC per server, which makes them easy to
understand and maintain. The small size also might make it practical to verify
the code either manually or using formal verification tools.
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Fig. 2. The core components of the full multiserver operating system, and some typical
IPC paths. Top-down IPC is blocking, whereas bottom-up IPC is nonblocking.

Before we continue with the discussion of the core components, we illustrate
how our multiserver operating system actually works. Although the POSIX API
is implemented by multiple servers, system calls are transparently targeted to
the right server by the system libraries. Four examples are given below:

(1) An application that wants to create a child process calls the fork() library
function, which sends a request message to the process manager (PM). PM
verifies that a process slot is available, asks the memory manager (MM) to
allocate memory, and instructs the kernel (SYS) to create a copy of the process.
Finally, PM sends the reply and the library function returns. All message passing
is hidden to the application.
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(2) A read() or write() call to do disk I/O is sent to F'S. If the requested block
is in the buffer cache, F'S asks the kernel (SYS) to copy it to the user. Otherwise
it sends a message to the disk driver asking it to retrieve the block from disk.
The driver sets an alarm, commands the disk controller through an I/0 request
to the kernel (SYS), and awaits the hardware interrupt or timeout notification.

(3) Additional servers and drivers can be started on the fly by requesting
them from the reincarnation server (RS). RS then forks a new process, sets the
process’ privileges at the kernel (SYS), and, finally, executes the given path in
the child process (not shown in the figure). Information about the new system
process is published in the data store (DS), which allows parts of the operating
system to subscribe to updates in the system’s configuration.

(4) Although not a system call, it is interesting to see what happens if a user
or system process causes a fatal exception, for example, due to an invalid pointer.
In this event, the kernel’s exception handler notifies PM, which transforms the
exception into a signal or kills the process when no handler is registered. Recovery
from failures in servers and drivers is handled by RS and is discussed below.

3.1 The Kernel

The kernel can be characterized as a true microkernel and provides low-level
operations that cannot be done by unprivileged user-mode processes. First, the
kernel is responsible for low-level resource management and interaction with the
hardware. For example, this includes interrupt handling, programming the CPU
and MMU, device I/O, and process scheduling.

Second, the kernel provides a reliable set of interprocess communication (IPC)
primitives. Our IPC design eliminates the need for dynamic resource allocation,
both in the kernel and in user space. The standard request-reply sequence uses
a rendezvous. If the destination is not waiting, the IPC REQUEST blocks the
sender until the IPC REPLY has been sent. Similarly, a receiver is blocked on
IPC SELECT when no IPC is available. Messages are never buffered in the kernel,
but always directly copied from sender to receiver, speeding up IPC and eliminat-
ing the possibility of running out of buffers. For special events, the IPC NOTIFY
primitive can be used to send nonblocking notification messages. Notifications
are not susceptible to resource exhaustion either, since at most one bit per event
is saved in a bitmap that is statically declared as part of the process table.

Third, the kernel maintains several lists and bitmaps to restrict the powers of
all system processes. As discussed in Sec.[] the restriction include IPC primitives
that can be used, possible IPC destinations, kernel calls available, I/O ports, IRQ
lines, and memory regions. The policies are set by a trusted user-space server
(RS), and enforced by the kernel at run time. Each process has its own policy,
allowing for fine-grained control of privileges in the system.

Fourth, two independently scheduled processes, SYS and CLOCK, are part
of the kernel to support the rest of the operating system. These processes are
called tasks to distinguish them from the user-mode servers. Although the tasks
are in kernel address space and run in kernel mode, they are treated in the same
manner as any other user processes.
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System Task (SYS). SYS is the interface to the kernel for all user-mode
servers and drivers that require low-level kernel-mode operations. All kernel calls
in the system library are transformed into a request message that is sent to SYS,
which handles the request if the caller is authorized and sends a reply. SY'S never
takes initiative by itself, but is always blocked waiting for a new work.

The kernel calls handled by SYS can be grouped into several categories,
including process management, memory management, copying data between
processes, device I/O and interrupt management, access to kernel data struc-
tures, and clock services. Some typical examples of kernel calls were already
mentioned in the scenarios above: SYS DEVIO to do device I/O, SYS VIRCOPY
to copy data using virtual addressing, SYS SETALARM to schedule an alarm,
and SYS PRIVCTL to set a process’ privileges.

Clock Task (CLOCK). CLOCK is responsible for accounting for CPU us-
age, scheduling another process when a process’ quantum expires, managing
watchdog timers, and interacting with the hardware clock. When the system
starts up, CLOCK programs the hardware clock’s frequency and registers an
interrupt handler that is run on every clock tick. The interrupt handler only
increments a process’ CPU usage and decrements the scheduling quantum. If
a new process must be scheduled or an alarm is due, a notification is sent to
CLOCK to do the real work at the task level.

Although CLOCK has no direct interface from user space, its services can be
accessed through the kernel calls handled by SYS. The most important call is
SYS SETALARM that allows system processes to schedule a synchronous alarm
that causes a ‘timeout’ notification upon expiration. Since both tasks are in the
kernel, SYS can directly call CLOCK’s functions.

3.2 The User-Space Servers

On top of the kernel, we have implemented a POSIX-conformant multiserver op-
erating system. All servers and drivers run as independent user-mode processes
and are highly restricted in what they can do, just like ordinary user applica-
tions. The servers and drivers can cooperate using the kernel’s IPC primitives
to provide the functionality of an ordinary UNIX operating system. Below we
will discuss the core operating system servers shown in Fig. 2 in detail.

Process Manager (PM). Together with FS, PM implements the POSIX
interface that is available to application programs. PM is responsible for process
management such as creating and removing processes, assigning process IDs and
priorities, and controlling the flow of execution. Furthermore, PM maintains
relations between processes, such as process groups and parent-child blood lines.
The latter, for example, has consequences for signaling the parent of exiting
processes and accounting of CPU time.

PM is also responsible for POSIX signal handling. When a signal is to be
delivered, by default, PM either ignores it or kills the process. Ordinary user
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processes can register a signal handler to catch signals. In this case, PM inter-
rupts pending system calls, and puts a signal frame on the stack of the process
to run the handler. This approach is not suitable for system processes, however,
as it interferes with IPC. Therefore, we implemented an extension to the POSIX
sigaction() call so that system processes can request PM to transform signals
into notification messages. Since event notification messages have the highest
priority of all message types, signals are delivered promptly.

Although the kernel provides the low-level mechanisms, for example, to set
up the CPU registers, PM implements all process management policies. As far
as the kernel is concerned all processes are similar; all it does is schedule the
highest-priority ready process. The higher-level process management provided
by PM is responsible for the UNIX look and feel of our system.

Memory Manager (MM). To facilitate ports to different architectures, we
use a hardware-independent, segmented memory model. Each process has a text
segment, which can be shared with processes that execute the same program, and
a stack and data segment. System processes can be granted access to additional
memory segments, such as the video memory or the RAM disk memory. In
addition, they are allowed to request chunks of free memory.

The text segment of all processes has read-only protection and the stack and
data segments are not executable, which makes buffer overrun vulnerabilities
harder to exploit by viruses and worms, since injected code cannot be executed
directly. Other memory protection mechanisms are discussed in Sec. @l

Although the kernel is responsible for hiding the hardware-dependent details
such as programming the MMU, MM does the actual memory management.
MM maintains a list of free memory regions, and can allocate or release memory
segments for other system services. Currently MM is integrated into PM, but
work is in progress to split it out and offer virtual memory capabilities.

File Server (FS). FS manages the file system. It is an ordinary file server that
handles standard POSIX calls such as open(), read(), and write(). More advanced
functionality supported includes symbolic links and the select() system call. For
performance reasons, file system blocks are buffered in FS’ buffer cache. To
maintain file system consistency, however, crucial file system data structures use
write-through semantics, and the cache is periodically written to disk.

Currently, our system offers only one file system—our own native file system—
but work is in progress to transform FS into a virtual file system server (VFS)
that supports multiple, different file system servers. Both VFS and each file
server will be run as an isolated, user-mode process. The file system underneath
each mount point will be served by a separate file server so that a file server
failure can affect only a subtree of the virtual file system.

Since device drivers can be dynamically loaded in our system, each file server
maintains a mapping of major numbers onto specific drivers. As discussed below,
changes in the configuration are broadcast through a publish-subscribe system.
This mechanism decouples the file servers and the drivers they depend on.
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Reincarnation Server (RS). RS is the central component responsible for
managing all operating system servers and drivers. While PM is responsible for
general process management, RS deals with only privileged processes: servers
and drivers. It acts as a guardian and ensures liveness of the operating system.
Administration of system processes also is done through RS. A utility program,
service, provides the user with a convenient interface to RS. It allows the ad-
ministrator to start and stop system services and (re)set the policy script that
is run on certain events, including driver crashes.

Fault detection and recovery works as follows. During system initialization
RS adopts all processes in the boot image as its children. System processes that
are started later, also become children of RS. This ensures immediate crash
detection, because PM raises a SIGCHLD signal that is delivered to RS when a
system process exits. In addition, RS can check the liveness of the system. If the
policy says so, RS does a periodic status check, and expects a reply in the next
period. Failure to respond will cause the process to be killed. The status requests
and the consequent replies are sent using a nonblocking event notification.

Whenever a problem is detected, RS can replace the malfunctioning compo-
nent with a fresh copy, but the precise actions taken can be different for each
server and each driver. The associated policy (shell) script could restart the
failed component, enter the failure in a system log, backup the core image of
the failed component for later inspection, send an e-mail to a remote system
administrator, or other things. If crashes reoccur, a binary exponential back-
off protocol could be used to prevent bogging down the system with repeated
recoveries. More details about the recovery process are given in Sec. [

Data Store (DS). DS is a small database server with publish-subscribe func-
tionality. It serves two purposes. First, system processes can use it to store some
data privately. This redundancy is useful in the light of fault tolerance. A restart-
ing system service, for example, can request state that it lost when it crashed.
Such data is not publicly accessible, but only to the process that stored it.

Second, the publish-subscribe mechanism is the glue between operating system
components. It provides a flexible interaction mechanism and elegantly reduces
dependencies by decoupling producers and consumers. A producer can publish
data with an associated identifier. A consumer can subscribe to selected events
by specifying the identifiers or regular expressions it is interested in. Whenever
a piece of data is updated DS automatically broadcasts notifications to all de-
pendent components.

Among other things, DS is used as a naming service. Because every process
has a unique IPC endpoint that is automatically generated by the kernel, sys-
tem processes cannot easily find each other. Therefore, we introduced stable
identifiers that consist of a natural language name plus an optional number.
The identifiers are globally known. Whenever a system process is (re)started RS
publishes its identifier and the associated IPC endpoint at DS for future lookup
by other system services.
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Device Drivers. All operating systems hide the raw hardware under a layer of
device drivers. To get started and prove that our principles work in practice, we
have implemented drivers for ATA, S-ATA, floppy, and RAM disks, keyboards,
displays, audio, printers, serial line, various Ethernet cards, etc.

Although device drivers can be very challenging, technically, they are not very
interesting in the operating system design space. What is important, though, is
that each of ours runs as an independent user-mode process to prevent faults
from spreading and make it easy to replace failing driver without a reboot.

We are aware that not all bugs can be cured by restarting a failed driver, but
since the bugs that make it past driver testing tend to be timing bugs or memory
leaks rather than algorithmic bugs, a restart often does the job. Moreover, our
system can take other measures as well, such as pinpointing the driver that is
responsible for the failure and notifying a remote administrator.

4 Reliability

One of the strengths of our system is that it moves device drivers and other
operating system functionality out of the kernel into unprivileged user-mode
processes and introduces protection barriers between all modules. This strong
compartmentalization improves the system’s reliability in various ways [T5/T6].
Faults are properly isolated and the system can often gracefully recover by
restarting the failed component rather than rebooting the entire computer.

4.1 Fault Isolation

The kernel and MMU hardware ensure that processes are fully isolated. Each
server and driver is encapsulated in a private address space that is protected by
the MMU hardware. Illegal access attempts are caught, just like for user applica-
tions. Processes can exchange data in a controlled way by using the kernel’s vir-
tual copy construct. Copying is possible only with a capability-like descriptor—
created by the other party—that grants access to a precisely specified memory
region. This prevents memory corruption, even in the light of malicious processes.

The user-mode operating system components do not run with superuser priv-
ileges. Instead, they are given an unprivileged user and group ID to restrict file
system access and POSIX calls. In addition, each user, server, and driver process
has a restriction policy, according to the principle of least authority [10]. The
policies are set by RS and the kernel enforces them at run time.

Driver access to I/O ports and IRQ lines are assigned when they are started.
In this way, if, say, the printer driver tries to write to the disk’s I/O ports, the
kernel will deny the access. Stopping rogue DMA is not possible with current
hardware, but as soon as an I/O MMU is added, we can prevent that, too. A
temporary solution that is possible in our system is to deny access to the DMA
controller and, instead, have a trusted server to mediate any DMA attempts.

Furthermore, we tightly restrict the IPC and kernel call capabilities of each
process. For each user, server, and driver process we specify which IPC primitives
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it may use, which IPC endpoints are allowed, and which kernel calls it can make,
depending on their needs. Ordinary applications, for example, cannot request
kernel services at all, but need to contact the POSIX servers instead.

4.2 Fault Resilience

While we do not claim that our system is free of bugs, in many cases we can
recover from crashes due to programming errors or attempts to exploit vulnera-
bilities, transparent to applications and without user intervention. As discussed
in Sec. Bl the RS server executes a policy script when it detects a failure and
can automatically replace a failed system process with a fresh copy.

Next to RS, DS is an integral part of our design for fault tolerance. Its publish-
subscribe mechanism makes it very suitable to inform other processes of changes
in the operating system. For example, F'S subscribes to the identifier for the
disk drivers. When a driver crashes and RS registers a new one, DS notifies F'S
about the event; F'S then can take further action to recover from the failure.

Different recovery strategies are used depending on the kind of driver that
fails [15]. When a block device driver failure is detected, the file server can recover
transparently by retrying the I/O operation that failed. For character devices,
the file server pushes errors to user space, but transparent recovery sometimes
is also possible. A print job, for example, can be reissued by the print spooler
system. Finally, for Ethernet drivers, transparent recovery is possible when a
reliable transport protocol, such as TCP, is used. In this case, the network server
(not discussed here) can retransmit lost packets.

The underlying assumption of our approach is that failures are transient and
that restarting a component allows to fix the problem. The fault set that RS deals
with are internal errors, timing failures, aging bugs, and attack failures. Internal
errors mean that a system process encounters an exception and panics or gets
killed, for example, because it dereferences an invalid pointer. Timing failures
are caused by specific configuration or unexpected hardware timing issues. Aging
bugs are implementation problems that cause a component to fail over time, for
example, when it runs out of buffers due to memory leaks. Finally, attack failures
are caused by malicious code, such as variations on the ’ping-of-death.’

Byzantine failures and logical errors where a server or driver perfectly adheres
to the specified system behavior but fails to perform the actual request are
excluded. For example, consider a printer driver that accepts a print job and
confirms that the printout was successfully done, but, in fact, prints garbage.
Such bugs are virtually impossible to catch in any system.

In principle, RS guards both servers and drivers, but our system currently
is mainly designed to deal with device driver failures. If one of the core servers
discussed in the previous section crashes, recovery is not (yet) possible and the
system will be hampered. For example, a crash of PM or FS that together im-
plement the POSIX interface will directly affect application programs. However,
given that typically about 70% of the operating system consists of device drivers
and that they have error rates 3 to 7 times higher than ordinary code [7], we
have tackled an important class of problems with our design.
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5 Performance

Modular systems have been criticized for decades because of alleged performance
problems. Modern multiserver systems, however, have proven that competitive
performance can be realized [3IT1]. We have done extensive measurements of our
system (on a 2.2 GHz Athlon), showing that the performance overhead compared
to the base system with in-kernel drivers is limited to 5-10% [17].

The simplest system call, getpid(), takes 1.011 microseconds, which includes
passing two messages and two context switches. Rebuilding the full system, which
is a heavily disk bound job, has an overhead of 7% compared to the base system
with in-kernel device drivers. Jobs with mixed computing and I/O, such as sort-
ing, sedding, grepping, prepping, and uuencoding a 64-MB file have overheads
of 4%, 6%, 1%, 9%, and 8%, respectively. The system can build the kernel and
all user-mode servers and drivers in the boot image within 6 sec. In that time it
performs 112 compilations and 11 links (about 50 msec per compilation). The
overhead on disk transfer times of user-mode disk drivers is shown in Fig [Bf(a).
Fast Ethernet easily runs at full speed, and initial tests show that we can also
drive gigabit FEthernet at full speed from a user-mode driver. Finally, the time
from exiting the multiboot monitor to the login prompt is under 5 sec.

We have also measured the performance overhead of our recovery mechanisms
by simulating repeated crashes of the Ethernet driver during a transfer of a 512-
MB file from the Internet with crash intervals ranging from 1 to 15 sec. The
results are shown in Fig. B(b). The transfer successfully completed in all cases,
with a throughput degradation ranging from 25% to only 1%. The mean recovery
time was 0.36 sec. This recovery time is due to the TCP retransmission timeout;
restarting the failed driver takes only a few milliseconds.

It has to be noted that the overhead of the many new security checks is
not related to the multiserver design per se and will be visible in any system.
Furthermore, we did not yet do any performance optimizations. Careful analysis
and removal of bottlenecks may bring the performance.
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Fig. 3. Performance measurements: (a) Overhead of our user-mode disk driver com-
pared to the in-kernel driver of the base system. (b) Throughput while repeatedly
killing the Ethernet driver during a 512-MB transfer with various time intervals.
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6 Conclusions

Our main contribution in the research presented in this paper is that we have
actually built a highly reliable, UNIX-compatible multiserver operating system
with a performance loss of only 5% to 10%. We have discussed the design and
implementation of a useful and stable prototype that currently runs over 400
standard UNIX applications, including the X Window System, two C compilers,
many editors, a complete TCP /TP stack that supports BSD sockets, and all the
standard shell, file, text manipulation, and other UNIX utilities.

To achieve high reliability we have reorganized the monolithic design that is
common to many UNIX operating systems. Our design consists of a small kernel
running the entire operating system as a collection of independent, isolated,
user-mode processes. The kernel implements only the minimal mechanisms, such
as interrupt handling, IPC, policy enforcement, and contains two kernel tasks
(SYS and CLOCK) to support the user-mode operating system parts. The core
servers are the process manager (PM), memory manager (MM), file server (F'S),
reincarnation server (RS), and data store (DS). The size of the kernel and the
core servers ranges from about 1000 to 4000 lines of code.

Our multiserver architecture realizes a highly reliable operating system. We
moved most operating system code to unprivileged user-mode processes that are
encapsulated in a private address space protected by the MMU hardware. Each
user, server, and driver process has a restriction policy to limit their powers
to an absolute minimum. By fully compartmentalizing the operating system’s
device drivers, we were able to reduce the size of the TCB by over two orders
of magnitude. We do not claim we have removed all the bugs, but the system is
fault tolerant, and can withstand and often recover from common failures.

Given the low costs for this increase in operating system reliability and the
fact that we were able to maintain the look and feel of an ordinary UNIX system,
we believe that our reorganization of UNIX is practical for real-life adoption.

7 Availability

The system is called MINIX 3 because we started with MINIX 2 as a base
and then modified it very heavily. It is free, open-source software, available
via the Internet. You can download MINIX 3 from the official homepage at:
http://www.minix3.org/, which also contains the source code, documentation,
news, contributed software packages, and more. Over 75,000 people have down-
loaded the CD-ROM image since the release (October 2005) resulting in a large
and growing user community that communicates using the USENET newgroup
comp.os.miniz. MINIX 3 is actively being developed, and your help and feedback
are much appreciated.
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Abstract. The problem of scheduling a weighted directed acyclic graph (DAG)
to a set of heterogeneous processors to minimize the completion time has been
recently studied. The NP-completeness of the problem hasinstigated researchers
to propose different heuristic algorithms. In this paper, we present an efficient
Critical-task Anticipation (CA) scheduling agorithm for heterogeneous
computing systems. The CA scheduling agorithm introduces a new task
prioritizing scheme that based on urgency and importance of tasks to obtain
better schedule length compared to the Heterogeneous Earliest Finish Time
agorithm. To evaluate the performance of the proposed algorithm, we have
developed a ssimulator that contains a parametric graph generator for generating
weighted directed acyclic graphs with various characteristics. We have
implemented the CA a gorithm a ong with the HEFT scheduling a gorithm on the
simulator. The CA algorithm is shown to be effective in terms of speedup and
easy to implement.

1 Introduction

The demand for powerful computing to solve alarge application has emerged in recent
years. Some parallel architecture, such as multiple computers, or multiple processor
system, that employ numerous processors interconnected by high-speed network to
achieve superior performance than use a single computer. Because the diverse quality
among that processors (computers) or some special requirement, like exclusive
function, memory access speed, or the customize 1/O devices, etc.; the tasks have
distinct execution time on different processors (computers) and it named hetero-
geneous computing system.

The purpose of such system is to drive processors cooperate to get the application
(an application consists of tasks) done quickly. Therefore, one of the key factorsishow
to schedule individual task among processors to minimize execution time or maximize
processor utilization and so on. The primary scheduling methods can be classified into
two categories. dynamic scheduling and static scheduling. In dynamic algorithm, it
executes redistribution of tasks between processors during run-time, expect to balance
computational load, and reduce processor’'s idle time. On the contrary, in static
agorithm, it assigns tasks to processors at the compile time, attempt to minimize the
entire completion time, and satisfy the precedence of tasks [6, 14]. When the
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information of an application which predict tasks execution time, the message size of
communication among tasks, and tasks dependences are known a priori at the
compile-time, it called static model [6, 14], thus, schedule analysis must be done before
run time.

A Direct Acyclic Graph (DAG) [2] is used for modeling parallel applications which
consists of several independent tasks. The nodes of DAG correspond to tasks and the
edges of which indicate the precedence constraints between tasks. In addition, the
weight of an edge represents communication cost among tasks. Each node is given a
computation cost and it is represented by a computation costs matrix. Figure 1 depicts
an example of DAG and the computation cost matrix. Moreover, we consider that each
task can be executed on a single processor only and tasks are non-preemptable. A task
n; is asuccessor (predecessor) of task n; if there exists an edge from n; to n; (fromj to i)
in the graph. The task has precedence constraint, that is, only if the predecessor n;

completes  its execution and then its successor n; receives the messages from n;, the

successor n; can start its execution.

The scheduling problem has been widely researched in heterogeneous system where
the computational ability of processors is different and the processors communicate
over an underlying network. Many researchers had proposed articles on the subject.
The scheduling problem in general is proved to be NP-complete, so the desire of
optimal scheduling can lead to higher scheduling overhead. The negative result
motivates the requirement for heuristic approaches to solve the scheduling problem. A
comprehensive survey about static scheduling algorithmsis givenin [14]. The authors
of [14] have shown that the heuristic-based algorithms can be classified into avariety of
categories, such as clustering agorithms, duplication-based algorithms, and
list-scheduling algorithms.

The keynote of clustering algorithmsisamapping of the tasks onto n clusters. Each
task in a cluster must execute in the same processor. A nonlinear clustering is that at
least one cluster contains two independent tasks, otherwiseit called linear clustering. It
iterates clustering steps while no improvements in the scheduling length can be
obtained. The requirement of unbound processors was a disadvantage and it causes the
agorithm to work badly in practice [3, 16]. With the auxiliary of some cluster merge
steps, the problem was solved [7, 8], athough the approach is expensive.

The duplication-based algorithms [1, 9, 11] are another different skills. Those
agorithms utilize the duplicate technique which duplicates some critical tasks (i.e. the
parent tasks) on the same or another processor so that reduce the communication cost.
When duplication of the execution of tasks occurs in processors, it will result in an
increase in the space complexity since data must be duplicated too.

The list-scheduling algorithms [10, 13, 14, 15] divided the approach into two
independent parts, list phase and processor-selection phase. In the first part, list phase,
they used heuristic method to give the task a priority and then according as the priority,
make an arrangement for the task set. In the second part, processor-selection phase,
they used the result of the first part to select the most suitable processor for the task
assignment. Our Critical-task Anticipation (CA) agorithm belongs to this classi-
fication. This typical method is superior to the others because it is easier to practice,
lower complexity, and good performance.

In this paper, our proposed algorithm uses the following scheduling system model.
There are P fully connected heterogeneous processors in the system. The processors
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communicate over an underlying communication network which is contention-free.
The main intent of this problem is to minimize the schedule length (schedule length
also called makespan). Our proposed algorithm takes advantage of some graph
attributes used by heterogeneous earliest-finish-time (HEFT) algorithm [14], and
furthermore we came up with a novel idea to improve the performance. In the HEFT
agorithm, it detects the critical path length of a given node. To do so, it uses critical
score, i.e., as the name implies, an accumulative value that are computed recursively
travels along the graph upward, starting from the exit node. Intheliterature, the authors
exhibited the brilliant performance as compared with the Dynamic Level Scheduling
Algorithm [13], the Levelized-Min Time Algorithm [5], and the Mapping Heuristic
Algorithm [12]. Our algorithm is similar to the HEFT agorithm, except that we use a
critical-task anticipation skill. We add a simple modification to make significant
improvementsin schedule length as well as speedup of the application.

The rest of this paper is organized as follows: Section 2 introduces the scheduling
system and problem formulation. Section 3 presents the definitions used in our
proposed algorithm. In section 4, we discuss details of the CA scheduling algorithm
and give a simple comparison to the HEFT algorithm. Section 5 shows the simulation
results. Finally, in Section 6, some concluding remarks are made.

2 Preiminaries

2.1 Heterogeneous Scheduling System

As mentioned in section 1, the heterogeneous computing architecture is a set of
heterogeneous processors P = {p,: k = 1: p} connected in a fully connected topology,
where p = |P|. We also assume that:

1) Thereis no network contention between any arbitrary processors.

2) Computation and communication can be worked simultaneously because of the sep-
arated |/0.

3) Tasks are non-preemptable. In other words, once atask isassigned to a processor, it
starts execution and finishes to its completion.

4) After accomplish the task’ s execution, the task have to send operational result to al
immediate successor of it instantly.
Wisan n x p matrix in which w;; indicates estimated computation time to execute

task n; on processor p;. The mean value of task n; is calculated as follow:

w=>"wW,/p @

The communication cost depends on the size of message and communication latency
of processors. A p x p matrix T is structured to represent data transfer rate among
processors. Latency of processors is given in a p-dimensional vector V. The
communication cost of transferring data from task n; (execute on processor py,) to task
n; (execute on processor py) is denoted by ¢i; and can be calculated by the following
equation

Messag, |
T

mn

G :Vm+ ’ (2)
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Where:

Vn isthe latency of processor pp,

Message ; is the size of message from task n; to task nj,

Tmn is data transfer rate from processor py, to processor p,.

In static scheduling model, it isusually to use the mean value of communication cost
to ssimplify the presentation in a given DAG (as shown in Fig. 1). The mean value of
communication cost between tasks n; and n; can be formulated by the following
equation,

hAessagq,
—T .

©)

c,;=V+

Where:
V isthe average latency of processors.
T isthe average transfer rate.

Py P P
14 19 9
13 19 18
11 17 15
13 8 18
12 13 10
12 19 13

7 15 11

5 11 14
18 12 20
17 20 11

Fig. 1. An example of Direct Acyclic Graph (DAG) and the computation cost matrix

2.2 Problem For mulation

The application can be represented by a Directed Acyclic Graph (DAG), G = (V, E, C),
whereV ={n;:j = 1: v} isthe set of nodesand v = |V|, E = {&; = <n;, >} isthe set of
communication edgesand e =|E|; C isthe set of edge communication costs. Inthe DAG
model, each node indicates least indivisible unit, in other words, each node must be
executed on a processor from beginning to end. Each edge <n;, n> is adirect arc on
which n; is the immediate predecessor and nj is the immediate successor. There is
precedence relationship between tasks, namely task n takes it's turn to prepare for
starting execution after the n; has finished it's execution and n; receive the essential
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message from n,. The weight of edge <n;, n; > indicates the average communication
cost between n; and n;.

The node without any inward edge is called entry node neqry, and a node without any
outward edgeis called exit node n. Ingenera, it is supposed that the application has
only one entry node and one exit node. If the actual application claims more than one
entry (exit) node, we can accede a zero-cost fake entry (exit) node with zero-cost edge.

The goa of scheduling problem is minimizing the total execution time of the
application. If there are more than one exit tasks, we consider that the latest completion
task is the ending of the application. In other word, we want to shorten the schedule
length as far as possible.

3 Definitions

The list scheduling algorithm is broadly distinguished into list phase and processor-
selection phase. In this section, we give some definitions that will be used in both CA
and HEFT agorithms.

3.1 Parametersfor List Phase

Definition 1: In the list phase, the Critical Score of the task ne; denoted by CS(neyq) is

defined as CS(n,,) = Wy » Where w,,, isthe average computation cost of task Ney;.

exit
Definition 2: cgn)=w + Max (G, +CS(n;))» where yy is the average computation cost
nesuc(n)

of task n;, G, is the average communication cost of edge <n;, n>, and suc(n;) is the set
of immediate successors of task n;.

3.2 Parametersfor Processor-Selection Phase

In the processor-selection phase, the algorithm exploits a partial schedule to meet the
minimum schedule length. Thereisanintuitional ideato calculate the finish time (FT)
of task njthat will be executed on processor py, then we can select the minimum finish
time from the cal culated results and determine which processor is chosen to execute the
task n;. In such approach, each processor p, will maintain alist of tasks, task-list(py),
keeps the latest status of tasks correspond to the EFT(n;, py), the earliest finish time of
task n; that is assigned on processor py.

Recall having been mentioned above that the application represented by DAG must
satisfy the precedence relationship. Taking into account the sequence of tasks which
are assigned on the processors, atask n; can intend to execute on a processor pyonly if
its all immediate predecessors send the essential messages to n; and n; successful
receives al these messages. Thus, the latest message arrive time of node n; on
processor py, denoted by LMAT(n;, py), is evaluated by the following equation,

LMAT(n;, p )= M )(EFT(W )+a) @

n e pred(n;

where pred(n;)) is the set of immediate predecessors of task ;. Note that if tasks n; and
n; are assigned to the same processor, c isassumed to be zero becauseit is negligible.
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Definition 3: The nNeyy, has no inward arc, therefore for the task Neyy,
LMAT (ngry pic )= 0> forall k=1top.

Definition 4: The start time of task n; executed on processor py is denoted as ST(n;, py).
The determination of start time aimsto search available time g ot on processor py that is
large enough to execute task ny; (i.e., length of time slot > w; ). Note that the search of
available time slot is started from LMAT(n,, p,)

Definition 5: The finish time of task n; completes its execution on processor py is
denoted as FT(n;, p,) and calculated by the following equation,

FT(n;, p)=ST(n;, p)+ W 5

Definition 6: The earliest finish time of task n; completes its execution is denoted as
EFT(n;) and determined by the following equation,

EFT(n,) = Min{FT(n;, p,)} (6)

Definition 7: According to definition 6, if the EFT of task n; is determined upon task n;
executed on processor p, then the target processor of task n; is denoted by TP(n;), and
TP(n) = pv.

4 The Proposed Scheduling Algorithm

In this section, we first present a new scheduling agorithm, the critical-task
anticipation algorithm (outlined in Figure 2) which will be operated in the
heterogeneous scheduling system. The proposed scheduling algorithm will be verified
beneficial for the readers while we delineate a sequence of the algorithm and show
some example scenarios. Intherest of this section, we will review the HEFT algorithm
which is the best known list-scheduling agorithm and provide some different
viewpoint between both algorithms.

4.1 TheCritical-Task Anticipation Scheduling Algorithm

The CY(n;) is known as the maxima summation of scores including the average
computation cost and communication cost from task n; to the exit task, that is, CS(n;) is
the longest length of critical path. Therefore, the magnitude of the task’s critical score
isregarded asthe decisive factor when we arrange the priority. Inthe HEFT algorithm,
it sorts the tasks in L by non-increasing order of critical scores. This method seems
good intuitively that it provides suitable priorities for the tasks. In this study, we
propose an improving scheduling heuristic, the critical-task anticipation scheduling
agorithm (CA). The origin of the CA agorithm is owing to the following three
observations.

Observation 1: The processors are heterogeneous, namely, there are variations in
execution cost from processor to processor for each task. Different processor
assignments for tasks result in adifferent computational cost. In that event, we always
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wish to give the task n; which has large average computation cost higher priority. This
can aid the task n; to get chance to reduce the finish time.

Observation 2: Except for the entry task, each task hasto receive the essential messages
fromitsimmediate predecessors. In other words, atask will bein waiting state when it
does not collect complete message yet. For this reason, we emphasize the importance
of the last arrival message such that the succeeding task (node) can start its execution
earlier. Therefore, it is imperative to give the predecessor who sends the last arrival
message higher priority. Thiscan aid the task to get chance to advance the start time.

Observation 3: If atask n; isinserted into the front of the scheduling-list, it occupies
advantage position. Namely, n; has higher probability to reduce its finish time.
Consequently, the start time of suc(n;) can be advanced with higher probability.

According to the above observations, we have a different viewpoint on the
importance of a key task, the critical-task is defined as following.

Definition 8: A task n; isacritical-task of task n;, denoted as CT(n), iff n; is not inserted
into scheduling list L yet and CS(n;) = Max )(Cs(nk)) .
e pred(n;

Our viewpoint differs from the majority of literatures in terms of task prioritizing. In
most algorithms, their thought is to schedule high critical score task first (even the
estimation of critical scoresin these algorithms are different). In our approach, the CA
algorithm prioritizes the task n; according to the influence of task n; which effects the
successors of n; (Observation 2) and devotes to lead to an accelerated chain
(Observation 1). In short, our scheme is not only prioritizing tasks by the importance
(i.e., critical score) but also prioritizing tasks by the urgent among tasks.

Begin:
1. Input the information of DAG and matrix.
/* List Phase */
2. Construct an empty scheduling-list L which is FIFO.
3. Calculate CS(n;) for task n; V n,e V.
4. Prioritize the tasks into L by CA procedure.
/ICA procedure is shown in figure 3.
/* In the HEFT algorithm, tasks in L are sorted by
non-increasing order according to critical
scores */
/* Processor Selection Phase*/
5. While L is not empty do
6. Remove task n; from L.
7. Compute LMAT(n;, pi), ST(n;, pr), FT(n;, p;) for all k =1 to p.
8. Determine EFT(n;), EST(n;).
9. Assign task n; to processor TP(n;)
10.  Modify the task-list (TP(n;)).
11.Endwhile
End

Fig. 2. The Proposed Critical-Task Anticipation Algorithm
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4.2 Detailsand Example

The procedure of Critical-task Anticipation is outlined in Fig. 3. It maintains the
following data structures: a scheduling list L which is first-in first-out, an auxiliary
stack S, a temporary container C and an array of Boolean called queue vector (QV).
QV[nj] =trueindicatesthat task n; has queued into L. QV[n;] = false indicates that task
n; has not yet queued into L.

We now perform a running trace of the CA algorithm. Let's consider again the
example shown in figure 1, which hasten tasks. These tasks will be executed on three
fully-connected heterogeneous processors. According to this DAG, the critical scores
of tasks can be evaluated by definitions 1 and 2. We proceed to the computation of
critical scores from the n,; by bottom-up fashion. For example, for the exit node ny,
the CS(ny0)=16, and for node ng, CS(ng)=10 + max(10 + CY(nyg)) = 10 + max(26) = 36.
We start to examine the procedure of critical-task anticipation algorithm which is
illustrated in Fig. 3. The step by step execution sequence is given below.

Initialy, QV =[F, F, F, F, F, F, F, F, F, F], Sisempty, L is empty, where Fisfalse
and T istrue. Theindex isthe serial number of the task, from 1 to 10.

1) Push nygonstack S. S=[ny).

2) Sisnot empty, begin the while loop (Fig. 3, Line5).

3) Pop Ny, predecessors of task nyg are n,, Ng, Ng. Since the condition of QV at line
7 isn't satisfied, it then goes to the next stage, searching CT(n,g) at line 11 and resulting
C={ns, ng, ng}. Finally, S=[ng, ns, Ng, Nyg]. Notethat CT(ny0) = ng, which ispushedon
thetop of S, and ng has the highest priority than the other tasksin stack S

4) Peek at ng (top of stack), then S =[Ny, Ny, Ns, Ny, N7, Ng, Nyg] (after lines 11-20 in
CA procedure are processed).

5) Peek at n,, then S=[ny, Ny, Ny, N, Ng, N7, Ng, Nyg].

6) Peek at ny, note that n, is entry node, so it follows lines 7~10, S = [y, Ny, Ns, Ng,
Nz, Ng, Nyo], L = [Ny] and set QV[n,] =T.

7 Peek at n,, because pred(ng) = {n.}, wethen check QV[ny] and have QV[n] =T.
Thisimpliesthat pred(n,) areinserted into L. Therefore, S=[n,, ns, Ng, N7, Ng, Nyg], L=
[Ny, ng and set QV[ny] =T (Lines 7-10).

8) Peek at n,, S =[ns, Ng, N7, Ng, Nyg], L =[Ny, Ny, Ny] @and set QV[ny] =T.

9) Peek at ns, S =[ng, Ny, Ng, N1g], L =[Ny, Ny, Ny, Ng] @nd set QV[ng] = T.

10) Peek at ng, pred(ng) ={ny, N4, Ns}. SinceQV =[T,T,F, T,T,F F, F F, F], the
condition“all QV[n] aretrue, m;€ pred(n;)” at line 7 is satisfied. Wethen haveS=[ny,
Ng, Nio], L = [Ny, N4, Nz, N5, Ng] @nd set QV[ng] = T.

11)  Peek at ny, then S = [ng, Ny, Ng, Nyg].

12)  Peek at ns, then S =[Ny, Ng, Nyg], L =[Ny, Ny, Ny, N, Ng, N3] and set QV[ng] =T.
13)  Weomit therest process until only task nyg remainsin stack S. Whentask nygis
popped, S becomesempty and L =[Ny, ng, Ny, Ns, Ng, N3, N7, Ng, Ng, Nyg]; the values of QV
areadl true. Thelist phaseis done.

We continue the processor-selection phase by deploying tasks from list L in FIFO
manner to suitable processor. According to L =[Ny, N4, Ny, Ns, Ng, N3, N7, Ng, Ng, Nyg], &t
the beginning, task n; is assigned to processor ps because it produces the earliest finish
time, i.e., EFT(ny) =9 and TP(n,) = ps. Then, n, isthe next task to be removed from L.
The LMAT(n4, p1) = Max(EFT(n,) + 9) = 18, according to the partial schedule, the
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ST(ng, p1) = 18 and FT(ny, p1) = ST(N4, P1) + Wy, = 18 + 13 = 31. Wehave FT(ny, p2) =
18 + 8 =26 and FT(ny, p3) =9+ 18 = 27. Therefore, the EFT(n,) = Min {31, 26, 27} =
26 and TP(n,) is p, since p, is the best choice among the processors.

1. Procedure Critical-task Anticipation:

2 Initially, construct an array of Boolean QV and a stack S.

3 QVI[n/] = false, \v ne V.

4. Push n.,; on top of S.

5.  While S is not empty do

6 Peek task n; on the top of S;

7 If( all QV[n;] are true, for all n,€ pred(n;) or task n; is n.,.y)

8 Pop task n; from top of S and put »; into scheduling-list L;

9. QVI[ nj] = true;

10. EndlIf.

11. Else  /* search the CT(n;) */

12. For each task n;, where n;€ pred(n;) do

13. If(QV[n;] = false)

14. Put CS(n;) into container C;

15. Endif

16. EndFor

17. Push tasks pred(n;) from C into S by non-decreasing order
according to their critical scores;

18 Reset C to empty;

19. /* if there are 2+ tasks with same CS(n;), task n; is randomly

pushed into S. */
20. EndElse
21. EndWhile

Fig. 3. The Critical-Task Anticipation Procedure

(@)

# /—J 2 | | 9 |
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P2 |l &« | 6 | L_zs |
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(b)

Fig. 4. Scheduling results for the DAG in Fig. 1 using () CA algorithm (makespan = 81) (b)
HEFT agorithm (makespan = 92)
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The scheduling result obtained by the CA agorithm for the DAG given in Fig. 1 is
depictedin Fig. 4(a). Ontheother hand, the HEFT resultsL = [ny, ny, N3, Ny, Ns, Ng, Ng, N,
Ng, Nyo] inthelist phase and the scheduling result isgivenin Fig. 4(b) and it demonstrates
that the CA agorithm outperforms the HEFT a gorithm in terms of makespan.

For algorithm complexity, the time complexity of the CA agorithm for calculating

critical score is O(|P|+|E[), where O(|P|) is for w calculation. The procedure of

Critical-task Anticipation leads O(|E|+|V]) time complexity in the list phase and takes
O(|E|X |P]) in the processor-selection phase. Therefore, the time complexity of the CA
algorithm is O(|E| X |P)).

5 Simulation

In this section, we first introduce the random graph generator, a simulator that
generating weighted directed acyclic graphs with various characteristics. We then
explain metrics for performance comparison. Finally, we show the simulation results.

5.1 Random Graph Generator

To evaluate the efficiency of our algorithm, we implemented a Random Graph
Generator (RGG) to simulate applications with various characteristics. RGG uses the
following input parameters to produce diverse graphs.

e Weight of graph (weight), which isaconstant = {32, 128, 512, 1024} .

e Number of tasksin the graph (n). In our simulation, n = {20, 40, 60, 80, 100} .

e Parallelism of graph (p)
It influences the shape of the graph. The p is assigned for 0.5, 1.0 and 2.0. The
level of graphis |/ p|. For example, if the value p = 2.0, it will generate higher

parallelism graph and vice versa.

e Out degree of atask (d).
The d isassigned for 1, 2, 3, 4 and 5. The out degree represents the dependence
among tasks. If the degreeislarge, the task relationship is high.

e Heterogeneity of computation cost (h).
This parameter is used to control the computation cost w; , for atask n; on processor
Px. Thew,yisrandomly chosen from the following formula.

W,x(l—%}gw,‘kswlx(l+%j. )

RGG randomizes w; from the interval [1, weight]. Note that if the weight is
assigned with larger value, it represents the estimation of great precision. The his
assigned for 0.1, 0.25, 0.5, 0.75 and 1.0.

e Communication to Computation Ratio (CCR).
The CCRisassigned for 0.1, 0.5, 1.0, 2.0 and 10.0.

5.2 Comparison Metrics

As mentioned earlier, the objective of our scheduling algorithm is to shorten the
completion time of an application. Several comparative metrics are given below:
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e Makespan
The makespan (also known as schedule length) is defined as
makespan= max(EFT(n), for alli=1~n 8
e Speedup
The speedup is defined as
min, e{ W}
a)eajup:@ (9)

makespan

The numerator isthe minimal accumulated sum of computation cost of tasks which
are assigned on one processor. The meaning of Speedup is comparison between
sequential execution time and parallel execution time.

e Percentage of Quality of Schedules (PQS)
The percentage of the CA algorithm produces better, equal and worse quality of
schedules compared to the HEFT agorithm.

5.3 Simulation Results

In [14], HEFT demonstrated superior performance to other scheduling techniques, the
Dynamic Level Scheduling Algorithm [13], the Levelized-Min Time Algorithm [5],
and the Mapping Heuristic Algorithm [12]. Upon this reason, in this simulation, our
emphasis is on the performance comparison with HEFT. The first simulation aims to
demonstrate the merit of the CA algorithm by showing the quality of schedules using
the RGG. Figures 5 and 6 show the simulations make use of the parameters which
generate 1875 different DAGs. The CA scheduling algorithm provides superior
performance for 70% ~ 80% test samples. Fig. 5 (a) shows the effect of setting
different weight = { 32, 128, 512, 1024} . Thisresult shows that PQS does not changed
largely by varying the weight. Therefore, it is interesting to discover the effect on
different number of processors. Fig. 5 (b) shows that the CA algorithm performs very
well when the number of processor becomes large.

weight | 3 128 | 512 | 104 S 6 7 8
CA Better: | 74.61% | 73.22% | 72.42% | 73.13% Better. T7.41% | 80.45% | 82.56% | 85.46%
Equal: 0.21% 0.05% 0.05% 0.05% Equal: 0.10% 0.00% 0.16% 0.10%
3 0, 0, 0, 0,
CA Worse: | 25.18% | 26.73% | 27.53% | 26.82% Worse: wawh | 1959 | 1720% | 1444%

@ (b)

Fig. 5. PQS (a) CA compared with HEFT (3 processors) (b) CA compared with HEFT (weight =
128)

Figures 6 present the simulation results in terms of speedup by varying n, p, d, CCR
and h, respectively. The effect of number of task is shown in Fig. 6 (a). For both
agorithms, while the simulation has small number of processors, the speedup is placid.
However, when we adapt processors to eight, it is apparent that speedup increased
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Fig. 6. Performance comparison of the CA and the HEFT algorithms (a) speedup comparison
with different number of tasks (n) (b) speedup comparison with different degree of paralelism
(p) (c) speedup comparison with different out-degree of tasks (d) (d) speedup comparison with
different CCR (e) speedup comparison with different heterogeneity of computation cost (h)

significantly, especially in the situation of large number of task. Compare with the
HEFT algorithm, the improvement rate of the CA algorithm in terms of average
speedup is about 7% at processor = 4 and 11% at processor = 8; the Improvement Rate
(IRca) is estimated by the following equation:

_ Z speedup (CA)—Z speedup (HEFT )

- (10)
'Rea D" speedup (HEFT )
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Fig. 6 (b) helps in investigating the sensitivity of task parallelization. It is noticed
that, when pislarge, the graphs are tending parallelism. AsshowninFig. 6 (b), the CA
algorithm favors linear graphs (p=0.5), aso outperforms the HEFT algorithm in
general graphstoo (p=1.0), but is defeated in high parallelism graphs (p =2.0). Fig. 6
(c) gives the observation about the dependence relationship among tasks by fixing
number of processorsat 5. Although the speedups of both algorithms are stable, the CA
algorithm outperforms the HEFT in most cases. In Fig. 6(d), the impact of
communication on speedup is plotted for various value of CCR. We vary CCR by 0.1,
1.0 and 10. It is noted that an increase in CCR decreases the speedup rapidly. For
example, speedup offered by the CCR=0.1 used CA at processor = 8 is 6.45 and CCR
=10.0 used CA at processor =8 is only 2.2. This is due to the fact that when the
communication is higher than computation, the behavior of migration of tasks is not
useful. Beside, when the CCR is large, there is still poor performance even if the
numbers of processors are added. Namely, thereis no benefit of increase of processors
when communication is the bottleneck. Fig. 6 (€) showsthe effect of heterogeneity (h)
by fixed number of processor =8. From Fig. 6 (€), we observe that the speedup
increases with increasing h in both algorithms. Asthe result of simulation, we consider
the CA a gorithm achieves significant performance improvement in majority part.

6 Conclusion

In this paper, we proposed a new scheduling heuristic, the critical-task anticipation
(CA) algorithm for heterogeneous computing systems. The CA scheduling algorithmis
alist scheduling heuristic and has a simple structure and low complexity.

For performance evaluation, we compared CA with HEFT scheduling algorithm.
The experimental results showed that CA isin most cases equal or superior to HEFT
due to a more appropriate task prioritizing. Graphs with medium and high CCR were
aways best scheduled by CA. In the case of low CCR, the CA algorithm delivered
comparable results to the HEFT algorithm. Overall speaking, from the simulation, the
performance of the CA algorithm has been observed to fit most DAG.
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Abstract. The widening gap between today’s processor and memory perfor-
mance makes memory subsystem design an increasingly important part of
computer design. Processor directed dynamic page policy is proposed by
investigating the memory access patterns of applications. Processor directed
dynamic page policy changes page mode adaptively in accordance with the
directions of processor. It combines the advantages of close page policy and
open page policy. The processor directed dynamic page policy is based on
future memory access behavior. Compared with the direction information of
existing dynamic page policies which is based on the history of memory access
behavior, the direction information of processor directed dynamic page policy is
more accurate. Furthermore, memory access requests of processor are
scheduled based on the page policy to increase the page hit rate and reduce page
conflict miss rate. The performance of SPEC CPU2000 benchmarks is
improved significantly. The IPC is improved by 7.1%, 5.9% and 3.4% on
average compared with close page policy, open page policy and conventional
dynamic page policy, respectively.

Keywords: Godson-2, Memory Control Policy, Dynamic Page Policy, Open
Page, Close Page.

1 Introduction

With the processor-memory performance gap continuing to grow, the performance of
memory access becomes the major bottleneck of the performance improvement for
modern microprocessors [1]. It becomes a hot spot of research activities to propose new
memory control policiesin order that processor-memory gap will be decreased [2].
Several optimization techniques of memory control system to reduce DRAM
access latency have been developed [3], [4]. These techniques are based on open page
policy, which enables the accessed row active. In open page policy, if the next access
to the same bank goes to the same page, that is page hit, only column access is
necessary. One major bottleneck limiting open page policy comes from page conflict
misses. Page conflict misses occur in the row buffer, when a sequence of requests on
different pages goes to the same bank. Compared with a page hit, a page conflict miss
may cause additional DRAM precharge latency. Frequent page conflict misses will
significantly increase access latency and degrade overall performance. The latency of
open page policy is even longer than that of close page policy, when page conflict

C. Jesshope and C. Egan (Eds.): ACSAC 2006, LNCS 4186, pp. 109122, 2006.
© Springer-Verlag Berlin Heidelberg 2006
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miss rate is high. Dynamic page policies effectively reduce DRAM access latency by
changing page mode dynamically [5], [6]. The page mode is changed from open page
mode to close page mode, when the memory access result is speculated to page
conflict miss.

Based on investigations of memory access behavior, through experimentations of
SPEC CPU2000 benchmarks running on Godson-2 processor, a novel dynamic page
policy that can improve performance of memory system significantly, called
processor directed dynamic page policy is proposed and evaluated in this paper. The
Godson project [7] is the first attempt to design high performance general-purpose
microprocessors in China. Godson-2 processor [8] is a 4-issue superscalar, 9-stage
superpipeline microprocessor, which implements the 64 bit instruction set. Processor
directed dynamic page policy combines the advantages of close page policy and open
page policy. The direction information of processor directed dynamic page policy is
based on future memory access behavior. Compared with the direction information of
existing dynamic page policies which is based on the history of memory access
behavior, the direction information of processor directed dynamic page policy is more
accurate. Memory access requests of processor are scheduled based on the page
policy to increase the page hit rate and reduce page conflict miss rate. The hardware
cost of the processor directed dynamic page policy is trivia. We evaluate the
performance of various page policies for SPEC CPU2000 benchmarks [9] and
STREAM benchmarks [10]. It is shown that processor directed dynamic page policy
dramatically increases the page hit rate and reduces page conflict miss rate. The
memory access latency is reduced by 18.52% and 19.64% compared with close page
policy and open page policy respectively. The IPC is improved by 7.1%, 5.9% and
3.4% on average compared with close page policy, open page policy and conventional
dynamic page policy, respectively. The memory bandwidth is improved by 15% and
21% on average compared with close page policy and open page policy respectively.

The remainder of the paper is organized as follows. Section 2 describes related
work on page policy. Section 3 analyzes the memory access patterns of applications.
Section 4 proposes processor directed dynamic page policy. Section 5 evaluates the
performance of processor directed dynamic page policy for SPEC CPU2000 bench-
marks and STREAM benchmarks, after introducing our experimental environment.
Finally, conclusions and directions for future work are given in section 6.

2 Related Work

An access to DRAM consists of row access, column access and precharge. The lowest
order bits in memory access address are column address, the next bits are bank
address, and the highest order bits are row address. During row access, a row is
activated, namely a row of data containing the desired data is loaded into the row
buffer according to its row address. The data in the row buffer is also called a page of
data. Concurrent accesses to multiple interleaved memory banks are supported in
modern computer systems, where each bank has a row buffer holding a page of data.
During column access, the datais read or written according to its column address. The
page can be either open or closed after column access determined by memory page
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mode control policy. Memory page mode control policy is simply called page policy.
In open page policy, the DRAM precharge operation is not performed and the row
maintains active state. If the next access is page hit, only column access is necessary.
However, if the next access is page conflict miss, the DRAM precharge will not start
until the next request arrives. The close page policy allows the precharge operation to
begin immediately after the current column access completes. Both open page policy
and close page policy have their advantages and limitations, mainly depends on the
memory access patterns of applications. If the page hit rate is high, open page policy
is more beneficial than close page policy, and vice versa.

Figure 1 shows state transition and timing for DRAM read operation in close page
policy. In Figure 1, CL (CAS* Latency) denotes the latency from column access start
to the first data return. tRCD (RAS* to CAS*) denotes the latency from row access to
column access. tRP (RAS* Precharge) denotes the latency from precharge to row
access. The values of CL, tRCD and tRP depend on the clock frequency of system bus
and the clock frequency of DRAM. The CL, tRCD and tRP are usualy 2 cycles, 3
cycles, and 2 cycles. In close page policy, because the DRAM isin anidle state (Idle),
activate row (ACT, Activate Row), read (RD, Read), and precharge (PRE, Precharge)
operations are performed when DRAM is accessed. The latency of read operation
is from row access to desired data return. Hence, the latency of read operation
includes the cycles of activate row and read, that is Latency =tRCD + CL =3+2=5
cycles.

Fig. 1. State transition and timing diagram for DRAM read operation in close page policy

Figure 2 shows state transition and timing for DRAM read operation in open page
policy. In open page policy, row buffersin each of the banks of the DRAM can work
as a cache memory with large block size because the DRAM is in row active state
(Row Active) after accessed. The latency of DRAM access is non-uniform according
to page hits and page conflict misses. When the access result is a page hit, memory
access latency is reduced because precharge and activate row operations are
eliminated. As aresult, the latency of read operation only includes the cycles of read,
and the DRAM operating latency is Latency = CL = 2 cycles. When the access result
is a page miss, the latency of read operation includes the cycles of precharge, activate
row and read, that is Latency = tRP + tRCD + CL =2 + 3+ 2 =7 cycles. The latency
of read operation is two cycles longer than the latency in close page policy because
the extra precharge operation is needed. If the page miss rate is high, open page policy
is negative than close page policy.
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Fig. 2. State transition and timing diagram for DRAM read operation in open page policy

Most DRAM systems nowadays have multiple banks so that multiple row buffers
on different banks can maintain row active state simultaneously. However, DRAM
row buffer conflicts occur when a sequence of requests on different rows goes to the
same memory bank in open page policy, causing much higher memory access latency
than requests to the same row or to different banks. Dynamic page policy is aims at
combining the advantages of open page policy and close page policy. The basic idea
of dynamic page policy is that page mode can be changed between open page mode
and close page mode according to memory access patterns of applications. Figure 3
shows state transition for DRAM read operation in dynamic page policy. In open page
mode, when the access result is a page hit, the latency of read operation is 2 cycles. In
open page mode, when the access result is a page conflict miss, the precharge,
activate row and read operations are performed, the latency of read operation is 7
cycles. In close page mode, the latency of read operationis 5 cycles.

Memory Read Request

Dynamic Page Policy

Fig. 3. State transition diagram for DRAM read operation in dynamic page policy
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Miura proposed a dynamic page policy, called dynamic SDRAM mode control
scheme [5], which changes page mode between open page and close page based on
the history of memory access behavior. If there are several successive missesin open
page mode, the dynamic page policy changes the page mode from open page to close
page after column access completes. The memory controller of Alpha 21174 [6] also
implements dynamic page policy based on the history of memory access behavior.

The essential direction information of page change in existing dynamic page
policies is the future memory access patterns speculated by the history of memory
access behavior. The perfect dynamic page policy is directed by real memory access
behavior in the future. On the other hand, the memory access requests of processor are
not scheduled based on the page policy in existing dynamic page policies. Thus access
locality is not exploited effectively for reusing the datain the row buffer. Furthermore,
the existing dynamic page policies do not take the page mode change occasion into
account. Most memory controllers nowadays maintain multiple requests from
processor in its queue, and send the requests to DRAM device in the order determined
by the memory access scheduling scheme. Suppose there are multiple requests in the
queue of memory controller and the existing dynamic page policies perform precharge
operation for changing to close page mode according to the history of memory access,
precharge operation will delay the process of successive memory requests.

3 Analysisof Memory Access

This section analyzes the memory access locality of SPEC CPU2000. Figure 4 shows
the proportion of page hits and page misses in open page policy. The average page hit
rate of SPEC CPU2000 is 49.7%, which is almost equal to average page miss rate.
However, page hit rates are distinct in different programs. The page hit rates of gcc,
mcf, parser, eon, perlbmk, wupwise, vortex, twolf, applu, mesa, art and ammp programs
are higher than their page miss rates respectively. Especialy, the page hit rates of
wupwise and ammp programs are up to 90%. The page hit rates of gzip, vpr, crafy, gap,
bzip2, swim, mgrid, equake, sixtrack and apsi programs are lower than their page miss
rates respectively. Especially, the page hit rate of swim program is only 6.4%. Open
page policy will take negative effect on these programs whose page hit rates are low.
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Figure 5 shows the times of memory access during each thousand instructions
executed. The average times of memory access is 14. The times of memory access
affects the efficiency of memory access optimization. In this paper, we implement
processor directed dynamic page policy, and evaluate performance for mcf, parser,
perlbmk, gap, vortex, swim, mgrid, applu, art, equake, ammp and apsi programs in
SPEC CPU2000 benchmarks. These programs are memory access intensive. Memory
access optimization plays major role to improve performance of processor.
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Figure 6 shows proportion of read operations (memread count) and write
operations (memwrite _count) in al memory access operations. It indicates that the
proportion of read operations is 76.7%. The times of read operations are more than
the times of write operations clearly. The write operations have little effects on page
hit rate. Hence, page policy only need to optimize read operations. The latency of
memory accessis usually the latency of read operation.
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4 Processor Directed Dynamic Page Policy

According to the memory access analysis results in section 3, average page hit rate is
amost equal to average page conflict miss rate in open page policy. Dynamic page
policy can change page mode from open page to close page and from close page to
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open page dynamically based on the row buffer locality of the applications.
Therefore, dynamic page policy is prior to fixed page policy. In this paper, we
propose a hovel dynamic page policy, called processor directed dynamic page policy,
by analyzing the limitations of existing page policies. Processor directed dynamic
page policy compares the future memory access row address with last access row
address of the same bank. If the result is that no bank arise page hit, and a bank arises
page conflict miss, then the bank arising page conflict miss is directed to adopt close
page mode. The direction information that includes adopting close page mode and the
corresponding conflict bank address is sent to memory controller from processor.
Furthermore, processor schedules memory access regquests and the request whose row
address equals to last access address of the same bank has high priority to send
memory access operation. When memory controller has no memory access request to
send to DRAM device, it changes page mode according to the direction of processor.
Memory controller sends precharge command and bank address to DRAM device for
changing to close page mode.

Processor directed dynamic page policy includes processor directed scheme,
memory access scheduling scheme and page mode control scheme. We describe these
schemes and the advantages of processor directed dynamic page policy in detail.

4.1 Processor Directed Scheme

Control logic of processor directed scheme is shown in Figure 7. The processor
maintains a bank access history table, which saves bank address and last access row

Address of MSHR entry
| row addr | bank addr |co| umn addrl | row addr | bank addr |co| umn addrl

— L

Bank access history table
bank addr  last access row addr

conflict bank addr
comparator comparator

page conflict page hit

v page conflict
or

inverter multiplexer

page hit

close page mode direction  bank address of close page

Fig. 7. Control logic of processor directed scheme
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address of each bank. The future memory access requests are in MSHR (miss state
handle register) [11] of the processor. Processor directed scheme compares row
address (row addr) and bank address (bank addr) in each MSHR entry with bank
address (bank addr) and last access row address (last access row addr) in each bank
access history table entry. If the result is that no bank arise page hit (page hit), and a
bank arises page conflict miss (page conflict), then the bank arising page conflict miss
is directed to adopt close page mode. The direction information that includes adopting
close page mode (close page mode direction) and the corresponding conflict bank
address (bank address of close page) is sent to memory controller from processor.
Compared with the direction information based on the history of memory access in
existing dynamic page policies, the direction information of processor directed
dynamic page policy is more accurate.

4.2 Memory Access Scheduling Scheme

MSHR schedules memory access requests according to the criterion of page hit
priority. The request whose row address equals to last access address of the same
bank has high priority to send memory access operation. If memory controller has
multiple requests in its queue, it aso schedules multiple requests to send to DRAM
device according to the criterion of page hit priority. Thus memory access requests of
processor are scheduled based on the page policy to increase the page hit rate and
reduce page conflict missrate.

4.3 Page Mode Control Scheme

Page mode control scheme changes DRAM page mode from open page to close page
and from close page to open page adaptively based on the direction of processor.
Therefore, it reduces the latency of the DRAM access by combing the advantages of
open page policy and close page policy. Memory controller sends the precharge
command and bank address precharged for changing the corresponding bank of
DRAM device to close page mode based on the direction, only when it has no
memory access request to send to DRAM device. Thus page mode control scheme
avoids the negative effect of precharge operation.

Figure 8 shows page mode control scheme of processor directed dynamic page
policy. The detailed process of page mode control scheme includes the following
steps.

Step 1: After read operation is finished, judge whether page mode control enable
bit is 0. If the enable bit is O, then the bank accessed adopts close page mode and is
precharged, and go to Step 5. Else, do Step 2.

Step 2: Judge whether memory controller has read requests to process. If it has
requests to process, then do Step 3. Else, go to Step 4.

Step 3: The bank accessed adopts open page mode. Continue to process successive
requests.

Step 4: The bank of processor directed adopts close page mode and is precharged.

Step 5: Process ends.
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Page mode
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Memory controller
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process successive requests mode and is precharged precharged

Fig. 8. Page mode control scheme

4.4 Advantages of Processor Directed Dynamic Page Policy

Compared with existing page policies, processor directed dynamic page policy hasthe
following advantages: (1) Processor directed dynamic page policy combines the
advantages of open page policy and close page policy. It can change page mode
dynamically according to row buffer locality characteristics of applications. (2) The
direction information of processor directed dynamic page policy is based on future
memory access behavior. Compared with the direction information which is based on
the history of memory access behavior in existing dynamic memory page control
policies, the direction information of processor directed dynamic page policy is more
accurate. (3) Memory access requests are scheduled based on the page policy to
increase the page hit rate and reduce page conflict miss rate. (4) Only when memory
controller has no memory access request to send to DRAM device, it changes page
mode according to the direction of processor. It avoids the negative effect of
precharge operation to successive memory access.

5 Performance Evaluation

5.1 Experimental Environment

Performance evaluation is based on simulations. We developed our own cycle-by-
cycle simulator based on Godson-2 processor to build the processor prototype and
make performance analysis. Table 1 shows the architectural parameters of simulation.
The memory system contains 4 memory banks. The row buffer size of each bank is
8K Byte. Our experiments show that the simulator can match the real CPU chip quite
well. The error range is within 5%. We use SPEC2000 benchmarks [9] and STREAM
benchmarks [10] as workloads.
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Table 1. Architectural parameters of simulation

Parameter Value

CPU clock rate 800 MHz

L1inst Cache 64K B, 4-way, 32B block
L1 data Cache 64K B, 4-way, 32B block
MSHR 8 entries

System bus overhead 20 CPU clock

System bus width 64 bits

Memory clock rate 133 MHz

Memory bank number 4

Memory bus width 64 bits

Row buffer size 8KB

DRAM precharge latency 2 memory cycles

DRAM row access latency 3 memory cycles

DRAM column accesslatency 2 memory cycles

5.2 Page Hit Rates and Page Conflict Miss Rates

Figure 9 compares page hit rates in open page policy (page hit rate base) and that in
processor directed dynamic page policy (page hit rate control) of SPEC CPU2000
benchmark programs. The experimental results indicate that average page hit rate of
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Fig. 9. Comparison of page hit rates
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memory access intensive programs of SPEC CPU2000 is increased from 38.6% to
55% by memory access scheduling scheme combined with page policy.

Figure 10 presents the proportion of page conflict misses avoided by adopting
processor directed dynamic page policy. The results show that on average 24.5% page
conflict misses are avoided effectively due to changing page mode from open page to
close page adaptively directed by processor.

5.3 Comparison of Memory Access Latency

We estimate the average read operation latency of DRAM in open page policy, close
page policy and processor directed dynamic page policy. The average read operation
latency of DRAM isdefined as

LatenCy = Popen_hit X I-open_hit + Popen_miss X I-open_mis + Pclose X Lclose (1)

I:)open_hit + Popen_miss + Pclose =1 (2)

Where Pygen it 1S the page hit rate in open page mode. As shown in Figure 9, Popen pit =
55% in processor directed dynamic page policy. Pogen miss IS the page miss rate in open
page mode. As shown in Figure 9 and Figure 10, Popen miss = 1 — 38.6% — 24.5% =
36.9% in processor directed dynamic page policy. Py iS the proportion of close page
mode. By Definition 2, Pyose = 1 — Popen hit — Popen miss = 1 — 55% — 36.9% = 8.1% in
processor directed dynamic page policy. Lqpen it iS the page hit latency in open page
mode. As shown in Figure 2, Lopen it = CL = 2 memory cycles. Lgpen miss IS the page
miss latency in open page mode. As shown in Figure 2, Lgpen miss = tRP + tRCD + CL
= 7 memory cycles. Lyqe iS the latency in close page mode. As shown in Figure 1,
Lgose = tRCD + CL =5 memory cycles.

By Definition 1, Lpage conral = 55% % 2 + 36.9% X% 7 + 8.1% x 5 = 4.074 memory
cyclesin processor directed dynamic page policy. By Definition 1, Lgos page = 1 X 5=
5 memory cycles in close page policy. Compared with close page policy, processor
directed dynamic page policy reduces memory access latency by (Lgose page —
L page control) / Lelose page = (5 —4.074) / 5 = 18.52%. By Definition 1, Logen page = 38.6%
x 2 + (1 - 38.6%) x 7 = 5.07 memory cycles in open page policy. Compared with
open page policy, processor directed dynamic page policy reduces memory access
latency by (Lopen page — Lpage controt) / Lopen pege = (5.07 — 4.074) / 5.07 = 19.64%. The
memory access latency analysis results indicate that the latency of open page policy is
even longer than that of close page policy. However, processor directed dynamic page
policy can reduce memory access latency significantly by changing page mode from
open page to close page for avoiding most page conflict misses and changing page
mode from close page to open page for page hits.

5.4 Comparison of Memory Bandwidth

Figure 11 compares memory bandwidth of STREAM benchmarks in open page policy
(open_page), close page policy (close_page) and processor directed dynamic page
policy (page_control). Experimental results indicate that the memory bandwidth of
STREAM benchmarks is improved efficiently by adopting processor directed
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dynamic page policy. The bandwidth is improved by 15% and 21% on average
compared with close page policy and open page policy respectively.

5.5 Comparison of IPC

Figure 12 compares the IPC (instruction per cycle) of SPEC CPU2000 benchmark
programs in close page policy (close page), open page policy (open_page), dynamic
page policy proposed by Miura (dynamic_page), processor directed dynamic page
policy proposed in this paper (page control), and the page policy combining
processor directed dynamic page policy with Miura's page policy (dyn_con_page).
Experimental results show that the IPC of processor directed dynamic page policy is
improved by 7.1%, 5.9% and 3.4% on average compared with close page policy, open
page policy and conventional dynamic page policy, respectively. Especially for ammp
program and art program, the IPC isimproved significantly.

As shown in Figure 12, only for ammp program whose page hit rate is up to
90.3%, the IPC of open page policy approximates to the IPC of processor directed
dynamic page policy. Otherwise, the IPC of processor directed dynamic page policy
is higher than open page policy. For swim program and mgrid program, the IPC of
open page policy is dramatically lower than the IPC of close page policy due to their
low page hit rates. However, the performance of processor directed dynamic page
policy is improved due to its adaptive page change policy. The IPC of dynamic page
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policy proposed by Miura is also higher than the IPC of open page policy and close
page policy. However, processor directed dynamic page policy is prior to Miura's
policy due to its more accurate direction information.

When memory access requests are not intensive and there are no future requestsin
MSHR, processor directed dynamic page policy has no information to direct page
mode. Thus open page mode is adopted by default. In this case, the dynamic page
policy proposed by Miura has history information to direct page mode. We implement
the page policy combining processor directed dynamic page policy with Miura' s page
policy and evaluate its performance. A memory access history table is maintained in
memory controller. If processor has no future request in MSHR to direct page mode,
memory access history is used to direct page mode as Miura's policy. The
experimental results are shown in Figure 12. The results indicate that the IPC of the
page policy combining processor directed dynamic page policy with Miura's page
policy is improved by 7.5% compared with close page policy. The speedup of
processor directed dynamic page policy is approximately to the page policy
combining processor directed dynamic page policy with Miura's page policy. The
locality of row buffer is low, when there is no future memory access in MSHR.
Therefore, the direction information based on memory access history is not accurate
in this case. Additional hardware overhead of the page policy combining processor
directed dynamic page policy with Miura's page policy does not bring performance
improvement. In summary, processor directed dynamic page policy proposed in this
paper can direct page mode change effectively and improves performance
significantly.

6 Conclusions

In this paper, we propose processor directed dynamic page policy by investigating
memory access address spatial locality characteristics of applications. Our
experimental results show that average page hit rate is increased from 38.6% to 55%.
The memory access latency is reduced by 18.52% and 19.64% compared with close
page policy and open page policy respectively. In terms of overall performance, the
IPC is improved by 7.1%, 5.9% and 3.4% on average compared with close page
policy, open page policy and conventional dynamic page policy, respectively. The
memory bandwidth is improved by 15% and 21% on average compared with close
page policy and open page policy respectively. Our future work includes the study of
dynamic page policy and memory access scheduling scheme which adapt to SMT and
CMP processors.
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Abstract. Compiler-directed dynamic voltage scaling (DVS) is one of the
effective low-power techniques for real-time applications. Using the technique,
compiler inserts voltage scaling points into a real-time application, and supply
voltage and clock frequency are adjusted to the relationship between the
remaining time and the remaining workload at each voltage scaling point. In
this paper, based on the WCET (the worst case execution time) analysis tool
HEPTANE and the performance/power simulator Sm-Panalyzer, we present a
DV S-enabled simulation environment RTLPower (Rea-Time Low Power),
which integrates static WCET estimation, performance/power simulation,
automatically inserting the DV'S code into a real-time application, and profile-
guided energy optimization. By simulations of some benchmark applications,
we prove that the DV S technique and the profile-guided optimization technique
significantly reduce energy consumption.

Keywords: Rea-time, Low-power, WCET, Compiler.

1 Introduction

In the recent years, embedded systems for mobile computing, such as mobile phone
and PDA, are developing rapidly, and a crucial parameter of mobile systems is the
continued time of energy supply. Although the performance in the integrated circuits
(ICs) has been increasing rapidly in recent years [1], battery techniques are devel oped
very sowly [2] and it is of significant importance for battery-powered mobile systems
to utilize more effective low-power techniques.

Many novel low-power techniques in circuit, logic, architecture and software
levels, in order of increasing abstraction, have been proposed to reduce energy
consumption. Dynamic voltage scaling (DVS) [3], [4] is one of the low-power
techniquesin architecture level, and it is widely used in embedded systems for mobile
computing and desktop systems. Real-time dynamic voltage scaling dynamically
reduces supply voltage to the lowest possible extent that ensures a proper operation
when the required performance is lower than the maximum performance. Since the
dynamic energy consumption, the dominant energy consumption in ICs, is in direct
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proportion to the square of supply voltage V, it is possible for DVS to significantly
reduce energy consumption.

The voltage scheduling in a single task called an intra-task dynamic voltage scaling
(IntraDVS) [7] is proposed. IntraDVS assisted by compiler automatically inserts
voltage scaling points into a real-time task and divides the task into some execution
sections, and then supply voltage is adjusted to the relationship between the remaining
time and the remaining workload.

It is crucial for IntraDVS to properly place voltage scaling points in a real-time
application, and the configuration of voltage scaling points significantly affects
energy consumption. A good configuration could save more energy; however, due to
voltage scaling overhead, the improper one could waste much energy. For the past
few years, much work has been published on compiler-directed real-time dynamic
voltage scaling [5], [6], [7], [8], [9], [10], [11], [12], [13], and the agorithms have
utilized two kinds of configurations of voltage scaling points. The first is to make use
of fixed-length voltage scaling sections, the whole execution of atask is divided into
some equal subintervals and the voltage adjustment is made at the beginning of each
subinterval [6] [11]. The second is a heuristic method, the condition and loop
structure in real-time applications often bring about the workload variation and energy
consumption can be reduced enormoudly if voltage scaling points are put at the end of
the structures [7] [13]. Yi, et a proved that the heuristic configuration is the optimal
one when not considering the voltage scaling overhead [14]. At the same time they
presented a profile-guided optimizing configuration methodology, and using some
synthetic applications, they proved that the methodology significantly reduces energy
consumption. But they have not explained how to realize the method, and no
experimental results of real benchmark applications are given. Another problem of the
past works is not integrating with the WCET analysis tightly, but for real-time
applications, it is akey to give the time estimate method in detail.

In this paper, based on the WCET (the worst case execution time) analysis tool
HEPTANE and the performance/power simulator Sm-Panalyzer, we present a DV S-
enabled simulation environment RTLPower, which integrates static WCET estimation,
performance/power simulation, automatically inserting the DVS code into a real
application, and profile-guided energy optimization. By simulations of some real
benchmark applications, we prove that the DVS technique and the profile-guided
optimization technique significantly reduce energy consumption.

The rest of this paper is organized as follows. In Section 2, we list the related terms
of compiler-directed dynamic voltage scaling. In Section 3, we give the inserting
method of DV S code. In Section 4, we present the profile-guided energy optimization
method. In Section 5, we show by experiments that the DVS technique and the
profile-guided optimization technique significantly reduce energy consumption.
Finaly, we give the conclusions.

2 Related Terms

A real-time task has strict timing constraint and must finish before its deadline (d),
missing the deadline might lead to a catastrophic result. Real-time dynamic voltage
scaling guarantees a correct operation of a real-time task and dynamically reduces
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supply voltage and clock frequency to the lowest possible extent in the execution
course. Therefore, for real-time applications, the worst-case execution time (wcet) or
the worst-case execution cycle (wcec) must be estimated in advance [19] to ensure
that the timing constraint is met, that is, the worst-case execution time must be less
than or equal to the deadline. If the wcet is less than the deadline, we can
proportionally reduce clock frequency beforehand. Consequently, the weet is equal to
the deadline d and the obtained initial frequency is fgaic, that is, d=wcec/fgaic. Thisis
the starting point of dynamic voltage scaling in this paper. Current DV S-enabled
systems only can change the clock frequency on some discrete levels [15], [16], [17],
and therefore we assume that the clock frequency can change on some discrete levels
between consecutive interval [fiin, fmax -

IntraDVS divides the whole execution cycle of a task into n sections, and the
worst-case execution cycle and the actual execution cycle of each section are denoted
by wc; and ac; for i =1,...,n, respectively. It is obvious that 0<ac, <wc; for i=1..,n,

and weec=>"" wc, . The reduced worst-case execution cycle of the ith point is

denoted by rwec for i=1..n+1, and we have rwec=> wg for i=1..n,
1 =0

At the beginning of each section, supply voltage (V; for i=1..,n) and clock
frequency (fi for i =1,...,n) are adjusted to the relationship between the remaining time
and the remaining workload, and the lowest supply voltage and clock frequency are

utilized within timing constraint. The proportional voltage scaling sets the frequency
of the ith section to

f, =rwec, /(d —z:jtl )

r'wec,

where t; denotes the actual execution time of the Ith section. In the above formula, the
new clock frequency at the beginning of the ith section is set to the quotient of the
reduced worst-case execution cycle divided by the reduced time, which can guarantee
that the task can finish before its deadline at any time.

The formula f o (V -\, )?/V defines the relationship between clock frequency and
supply voltage of CMOS, where V; denotes the threshold voltage of CMOS.
The execution time t; of each section can be computed by

t; =ac /f

Finaly, dynamic voltage scaling have some energy overhead and time overhead,
which are closely related to the initial voltage Vppy, the fina voltage Vpp,, and the
switch capacitance C. Burd, et al [18] present the formula of energy overhead

E=(-n)-C- |V§DZ _V§Dl|
and the formula of time overhead
2-C
trran = I_'lvDDZ _VDDll
max

In this paper, we let n =0.9 (the typical value) and C =5pF . The time overhead is
fixed as 200 cycles for 100Mhz frequency variation.
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3 Inserting Method of DVS Code

Based on the WCET analysis tool HEPTANE [20], we present an automatically
inserting method of DV'S code. For areal application program, it includes condition
structures, loop structures, and function calls, besides the sequential codes. Our
method can insert into any location of an application program. At each voltage scaling
point, we need three parameters: the reduced worst case execution cycle (rwec), the
deadline (d), and the current time (ct). The deadline is defined before hand, and the
current time can be obtained dynamically from the simulation system. The modified
simulation system Sm-Panalyzer can accumulate the actual execution time, and
convey the time information to real-time applications by some predefined memory
port. Therefore, if rwec; is known, we can set the supply voltage and clock frequency
of each voltage scaling point. Furthermore, in order to make it possible to optimize
the insertion of voltage scaling points, we make each point executed by a prediction
insert_or_not[i]. Therefore, at each point, the DVS pseudo-code is illustrated at
Fig. 1. The function getcurrenttime obtains the current actual execution time from the
simulation environment. The function setnewfrequency sets new system execution
frequency, and based on the remaining time and the remaining workload, the function
computes new frequency and sets the nearest discrete voltage/frequency level that
guarantees the real -time execution. Both functions are realized by embedded assemble
language, which is supported by GCC compiler. Based on the different cases,
computecurrentRWEC can correctly give the reduced worst case execution cycle.

1if (insert_or_not[i]) {

2 getcurrenttime(ct);

3 computecurrentRWEC(rwec);
4  nf =rweg/ (d-ct-overhead);

5  setnewfrequency(nf);

6}

Fig. 1. The pseudo-code of DV S at each point

The time estimation process of the WCET analysis tool HEPTANE is as follows:

1. Based on the source code of an application, a syntax tree is produced, which
corresponds to the source code structure.

2. From the syntax tree, a context tree is formed, which corresponds to the
execution process of the application. At the same time, some labels are inserted in the
syntax tree, which are used to mark the basic block (no branch structure). The
resultant syntax tree is used to output the modified source code.

3. The modified source code is compiled using GCC compiler, and the assemble
file and binary file are produced. Using the specific architecture information (such as
cache size, pipeline stage), the worst case execution time of each basic block is
estimated.

4. Using the context tree and the time information of basic blocks, the worst-case
execution time of the whole application is accumulated by depth-firstly traversing the
context tree.
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Based on the time estimation process of HEPTANE, we select inserting the DVS
code in the syntax tree of the source code. By traversing the syntax tree, we mark the
location for al the DVS points. When outputting the modified source code, the DVS
code is inserted into the source code automatically. Therefore, the fina time
estimation includes the execution time of the DV S code (not DV'S overhead), and the
safe real-time DV S program is produced.

Next, we present how to correctly get the value of rwec; for the different cases. For
the code without loops and function calls, it is simple to make use of HEPTANE to
estimate the worst case execution cycle of each point. For the voltage scaling points
inserted into loops, the rwec; of each iteration is different. Similarly, for the voltage
scaling point inserted into function calls, the different call sites of the function have
the different rwec;,. Since it is possible for our inserting method to insert a point into
any place, we must solve the problem due to loops and function calls.

Loopl::for(il...) _ index1:-*__indexN =0
Loop2::for(i2...) Loopl::for(il...)
Loop2::for(i2...)
LoopN::for(iN...)
Votage scaling point LoopN::for(iN...)
LoopN end Votage scaling point
__indexN++
Loop2 end LoopN end
Loop! end __indexN =0
Loop2 end
__index2 =0
__index1++
Loopl end
index1 =0

Fig. 2. The pseudo-code of instrumented code for loops

3.1 Computetherwec; of Voltage Scaling Points Inserted into L oops

For the voltage scaling points inserted into loops, the rwec; of each iteration has the
different value, which is closely related to the specific iteration. We give the rwec; by
the parametric method:

n
- i j i
rwec; = rwa:basq + z (Ioopmax_ileranor\ - Ioopcur_\teralion, _l) : Wcmloog
j=0

where rwec,,., is the reduced worst case execution cycle for last iterations of all loop
levels including the voltage scaling point, chcl‘;m is the worst case execution cycle
of the jth loop level, 100p), ai, IS the maximum iteration number of the jth loop

level, 100p), jaiq IS the current iteration number of the jth loop level. Here, we
specify the compute method of rwec; when there are no function calls.
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Using the HEPTANE tool, we can obtain 100p..,, a0, from the loop annotation,
whereas 100p), i, N€€d add some instrumented code. Based on the syntax tree of

the source code, we insert the instrumented code to get 100p), aion » 8 IS ShOWN in

Fig. 2. At the beginning of the loop, the indexes of the corresponding loop levels are
initiated to zero. When getting into a more deep loop level, the corresponding index is
incremented; on the contrary, when getting out of aloop level, the index is cleared to
zero. The instrumented code is directly inserted into the syntax tree, and when
outputting the modified source code, the result includes the instrumented code.

int f1(int @
{

if(a>5)
return g
return O;

int main()
{
intij,a
a=0;
fi(a);
for(i=0; i<100; i++) [100]
for(j=0; j<10; j++) [10]
at+,;
fi(a);
return O;
}

Fig. 3. A source code and the corresponding context tree for time estimation

We can estimate wceq{,Opi directly using HEPTANE tool, but cannot directly get
rwec,., from HEPTANE. In order to compute rwec,,, , we modified the HEPTANE

tool, and estimate time by pruning the context tree of HEPTANE. The source code
and the corresponding context tree for time estimation are shown in Fig. 3. The source
code isatypical program except including some annotations of the maximum number
of loop iterations. The context tree is an expanded syntax tree, and it consists of all
execution instances of the functions. Suppose For(9) is selected as an voltage scaling
point, then only the nodes surrounded by the free curve have contribution to the
rwec,... , the nodes marked by the black dots only need to estimate the time of their

partial sub-nodes. From the voltage scaling point, we search the parent node, prune
the sibling node before current node, and maintain the current node and the sibling
node after current node. For loop node, only a single iteration is considered. Finally,
we estimate the worst case execution cycle of the reduced context tree from bottom to
top, whichisequal to rwec,,, -
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3.2 Computethe rwec; of Voltage Scaling Points I nserted into Function Calls

If the voltage scaling points are inserted into function calls, the rwec; is different for
each instance of a function call. We add the hint information of function calls to
estimate the rwec;:

FWEC, = F'WEC . + F'WEC o,

n
- i i i
rwec\oop‘ = rwecbasq + z(loopmax?iteauon‘ _Ioopcurglaalion, _l) : chc\oop‘
j=0

where weec),, . 100D}, igaioy » @1 100D}, 00, NAVE the same meanings as before,
rwec,.. is the reduced worst case execution cycle between current voltage scaling
point and the end of the function, rwec,,,. isthe reduced worst case execution cycle of

the end of current instance of the function call. For the different instances of function
cal, rwec,, could have the different value, and we simply use the maximum

rwec,., for all instances. Using the rwec,,, , we can differ one instance from the
others.

f1() f1(float rwec)
{ {
voltage scaling point voltage scaling point
} }
f2() f2(float rwec)
{ {
f1() rwecl = rwec+rwec_g;
f1() f1(rwecl)
} rwec2 = rwec+rwec_b;
f1(rwec2)
}

Fig. 4. The pseudo-code of instrumented code for function calls

As before, we need insert the instrumented code, and an example is shown in
Fig. 4. The function f1 includes a voltage scaling point, we add a parameter for the
function f1, which represent the rwec,,,, for the function f1. When the function f1 is

called, we can know the reduced worst case execution cycle at the end of the current
instance of the function f1. Similarly, the function f2 includes the call instance of the
function f1, and then it also needs an additional parameter to represent the reduced
worst case execution cycle at the end of the instance of the function f2. At the same
time, we make use of HEPTANE to estimate the worst case execution cycle rwec_a
between the end of the first instance of the function f1 and the end of the function f2,
and the worst case execution cycle rwec_b between the end of the second instance of
the function f1 and the end of the function f2. As a result, we can compute the
rwec,,, for two instances of the function f1, which are transferred to the voltage
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scaling point by the function parameter. Besides the voltage scaling points, some
other points such as rwec_a and rwec b also need estimate the reduced worst case
execution cycle, and we call them assistant voltage scaling points.

For each voltage scaling point, we find out the function including the point in
the syntax tree. Then, we search for the syntax tree and find out all the call sites of
the function. The call sites are the assistant voltage scaling points. Combining all
the voltage scaling points with the assistant voltage scaling points, we continue to find
out more assistant voltage scaling points till the number of the voltage scaling points
is not changed. For the different kinds of voltage scaling points, we insert the
corresponding code and correctly compute the rwec;. The pseudo-code algorithm of
searching for voltage scaling pointsis shown in Fig. 5.

Input:
list_dvspoint represents a list of all initial voltage scaling
points (the end of the uncertain loop and the beginning of each

condition path )
1 while(the size of list_dvspoint is changed)
2 while( list_dvspoint is not empty)
get a dvs point
search for the function f'including the dvs point
search for all the call sites of £, insert into a call site list
list_callpoint
6 combine list_callpoint with list_dvspoint, get an updated
list_dvspoint
7 for(each point in the list dvspoint)
8 if(dvs point)

wm AW

9 output the RWEC computing code
and the voltage scaling code
10 else if(assistant dvs point)
11 output the RWEC computing code, add the function

parameter and the parameter of function call

Fig. 5. The pseudo-code algorithm of searching for voltage scaling points

4 Profile-Guided Energy Optimization

When not considering the voltage scaling overhead, the optimal configuration
minimizing the energy consumption inserts voltage scaling points at the end of the
uncertain loop (for example, “while” in C language) and the beginning of each
condition path (for example, if-then-else and “switch” in C language). We redlize the
inserting method, search for the syntax tree, and insert voltage scaling points into the
end of each uncertain loop and the beginning of each path of the condition structure.
When considering the voltage scaling overhead, the inserting method are not the
optimal. Yi, et a [14] have presented an analytical energy model, and based on the
energy model, they give an optimizing method, which deleted overmany voltage
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scaling points from the initial set of voltage scaling points. The optimizing method
considers each time voltage adjustment as a voltage scaling point, and attempts to
maintain the optimal voltage adjustment. For a real application program, voltage
scaling points can be inserted into any place, each voltage scaling points can
correspond to multiple instances. For example, as shown in Fig. 2, a voltage scaling
point is inserted into a loop, and any iteration of the loop has made voltage
adjustment. For the voltage scaling point included in Fig. 4, each instance of the
function f1 corresponds to one voltage adjustment. It is not simple problem to delete
voltage adjustment of an application.

Generally speaking, a voltage scaling point corresponds to an inserting location.
For example, for the voltage scaling point included by f1 in Fig. 4, we consider it asa
voltage scaling point. When we del ete the voltage scaling point, we really delete two
times voltage adjustment corresponding to two instance of the function f1. It is
obvious that the voltage scaling point definition can lead to the ineffective
optimization, and the main problem comes from the voltage scaling points inserted
into loops. For example, for the voltage scaling point in Fig. 2, it is possible that it
corresponds to a large number of voltage adjustment, and as aresult, its deletion leads
to ineffective voltage scaling placement. Therefore, we need give special meaning for
the points inserted into loops.

1if (insert_or_not[i] && indexj mod stride==0) {
2 getcurrenttime(ct);

3 computecurrentRWEC(rwec);

4  nf=rwec / (d-ct-overhead);

5  setnewfrequency(nf);

6}

Fig. 6. The modified pseudo-code of DV S inserted into loops

We consider the point inserted into loops as multiple voltage scaling points and
need to be deleted in some sequence. Taking into account a modified DV S pseudo-
code as shown in Fig. 6, we add a prediction (indexj mod stride), where indexj is the
index of the jth loop level, stride is the stride length, and mod represents the modul us
operator. We can delete a voltage scaling point by clearing insert_or_not[i] to zero.
For the voltage scaling points inserted into loops, we also can delete some voltage
adjustment by setting indexj and stride to the different value. Therefore, we divide the
original optimizing methods [14] into two steps: optimizing the points inserted into
loops and globally optimizing the points inserted into the application. At the first step,
we delete the voltage adjustment by the order that firstly, stride is equal to 2" and n
changes from small to large value, where n belongs to positive integer and 2" is less
than the maximum iteration number of the jth loop level, then indexj changes from
more deep loop level to more exterior loop level. Actually, the process of deleting
voltage pointsis increasing the voltage scaling granularity, from more fine adjustment
to more coarse, and balances the energy saving with voltage scaling overhead. At the
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second step, we consider each inserting location as a voltage scaling point, and delete
the voltage scaling point by setting insert_or_not[i] into zero. The detailed optimizing
step is shown in Fig. 7. All the profile-guided time statistics are from HEPTANE
tool.

First Step: Second Step:

Input: the execution pattern of each loop in  Input: the output from the first step.

the most frequent execution case. Output: a configuration of voltage scaling

Output: a configuration of voltage scaling points.

points inserted into the loop. 1 Compute the energy consumption with

1 Aninitid optimal configuration without n points by using the analytical model
considering voltage scaling overhead. from [14]

2 Compute the energy consumption by 2  Compute the energy consumption with
using the analytical model from [14] one point deleted (n-1).

3 Compute the energy consumption with 3  Compute the difference of the energy
stride incremented or indexj being more consumption between step 2 and step
exterior loop level. 1, and find out the minimum.

4 Compare the energy consumption for 4 If the minimum is larger than zero,
step 2 and step 3. stop!

5 If step 2 hassmaller energy consumption, 5  Or else use the configuration with the
stop! minimum as the new configuration,

6  Or elserepeat the steps from 2 to 6. update n (-1).

6  repesat the stepsfrom 2 to 5.

Fig. 7. The improved optimizing method

5 TheExperiment Environment and Results

We redlize an experiment environment named RTLPower (Real-Time Low Power),
which integrates static time estimation, cycle-accurate performance/power simulation,
dynamic voltage scaling, and energy optimization. The front end is the modified
HEPTANE WCET analysis tool [20], and the back end is the modified Sm-Panalyzer
performance/power simulator [21]. The whole environment is based on the
SrongARM architecture, as shown in Fig. 8. The gray regions are the modified or
added modules. The front end of RTLPower receives the configuration information
and C source code file with the annotation [20], the configuration information and
source code file build the syntax tree of the application, and the code modification
module modifies the source code by manipulating the syntax tree. The modified
syntax tree is trandated into context tree that is used to time estimation in HEPTANE
tool. Using HEPTANE we estimate the worst case execution cycle of the application,
the worst case execution cycle of all the loops, and the reduced worst case execution
cycle of al the inserting points. The estimated time information is returned to the
code modification module, and is used to create the complete syntax tree and output
the DV S-enabled source code file. Integrated with the profile-guided optimization, we
get the modified source code file and the final executable binary file.
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Fig. 8. RTLPower experimental envioment

Table 1. The performance parameters of Sm-Panalyzer

Fetch width 1 Decode width 1
I ssue width 1 Commit width 1
RUU size 2 | Lsgsize 2
Int ALU 1 | IntMUL 1
Flt ALU 1 | FitMUL 1
Mem Port 1 In-order issue true

L1 datacache | 16 sets, 32 bytes block,

32 ways, 1 cycle latency
L1linst cache | 16 sets, 32 bytesblock,

32 ways, 1 cycle latency

TLB 32 sets, 4096 bytes page size,
32 ways, 30 cycles miss latency

The back end of RTLPower cycle-accurately simulates the binary program and
makes dynamic voltage scaling. It outputs time statistics, power statistics.

We use three typical applications of SNU-RT benchmark [22] from Real-Time
Research Group, Seoul National University to anayze the realization and
optimization of DVS. One of the applications is Adaptive Differential Pulse Code
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Modulation (adpcm), and the whole application includes three stages: data
initialization, data encoding, and data decoding. It includes 800 lines source code,
many loop structures, condition structures and function calls, and the data input length
is 2000. The second application is the fast fourier transform (fft1k), and the input data
length is 1024. The final program is matrix multiplication (matmul). Its initial data
size is 5x5, and we expand the size into 20x20. The performance parameters of Sm-
Panalyzer are listed in Table 1. The voltage/frequency model comes from Intel Xscale
[23], the frequency/voltageis listed in Table 2.

Table 2. The frequency and voltage of Intel Xscale

f(Mhz) [ 1000 800 600 400 150
V(V) 1.80 160 130 100 0.75

(a) The energy consumption (b) The actual execution cycle
120.00% S 120.00%
& =y
£'100.00% £100.00%
g E 80.00%
g 80.00% D nodvs g o0 000/0 Dnodvs
§ 60.00% Hdvs s ° Bdvs
= 40.00% g 40.00%
% 20'00(; Ooptdvs é 20.00% Ooptdvs
o
= 0'00(; 5 0.00%
. 0
RN N
& D &
bQQ& & & & s

(c) The actual execution time

270.00%
250.00%
230.00%
210.00% Onodvs
190.00%
170.00% dvs
150.00% Ooptdvs
130.00%
110.00%
90.00%

normalized execution time

PSP
9 & S
S &

Fig. 9. The statistics of experimental results

We presents the experiment results in Fig. 9, where nodvs indicates the results of
no voltage adjustment, dvs is the results with voltage adjustment, and optdvs is the
results after profile-guided optimization. All the results are normalized to the
maximum. The energy consumption without dvs and after voltage adjustment are
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shown in Fig. 9(a), we can save 10%~60% energy consumption. After the profile-
guided optimization, we further save 3%~6% energy consumption. In Fig. 9(b), we
show the actual execution cycle, which indicates the incremented computation
quantity. Generally speaking, dynamic voltage scaling leads to less computation
quantity increment. For the application adpcm, after profile-guided optimization,
fewer cycles are used, and we analyze that the result attributes to cache effect.
Dynamic voltage scaling reduces energy consumption by slowing the execution and
decreasing supply voltage, and in Fig. 9(c) we show the effect. The actual execution
times are prolonged by 50~150%, and after optimization, both the execution cycle and
time are reduced.

6 Conclusions

Based on the WCET (the worst case execution time) analysis tool HEPTANE and the
performance/power simulator Sm-Panalyzer, we present a DV S-enabled simulation
environment RTLPower, which integrates static WCET estimation, performance/
power simulation, automatically inserting the DV S code into a real application, and
profile-guided energy optimization. By simulations of some real applications, we
prove that the DVS technique and the profile-guided optimization technique
significantly reduce energy consumption.
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Abstract. Stochastic discrete-event simulation studies of communica-
tion networks often require a mechanism to transform self-similar
processes with normal marginal distributions into self-similar processes
with arbitrary marginal distributions. The problem of generating a self-
similar process of a given marginal distribution and an autocorrelation
structure is difficult and has not been fully solved. Our results presented
in this paper provide clear experimental evidence that the autocorrela-
tion function of the input process is not preserved in the output process
generated by the inverse cumulative distribution function (ICDF) trans-
formation, where the output process has an infinite variance. On the
other hand, it preserves autocorrelation functions of the input process
where the output marginal distributions (exponential, gamma, Pareto
with o = 20.0, uniform and Weibull) have finite variances, and the ICDF
transformation is applied to long-range dependent self-similar processes
with normal marginal distributions.

Keywords: Self-similar process, Arbitrary marginal distribution, Auto-
correlation function, Inverse cumulative distribution function, Stochastic
simulation.

1 Introduction

Stochastic simulation studies of communication networks often require the gen-
eration of random variables, or stochastic processes, characterized by differ-
ent probability distributions. We have investigated generation of self-similar
sequences with a normal marginal distribution. We can obtain sequences of num-
bers from normal distributions with different mean values and variances by ap-
plying such standard transformations as shifting and rescaling /normalization. In
practical simulation studies, however, generation of self-similar processes of sev-
eral different non-normal marginal probability distributions might be required.
The most common method of transforming realizations of one random variable
into realizations of another random variable is based on the inverse cumulative

C. Jesshope and C. Egan (Eds.): ACSAC 2006, LNCS 4186, pp. 137-{I46] 2006.
© Springer-Verlag Berlin Heidelberg 2006
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distribution function (ICDF) [I]. This method and its application in transfor-
mations of self-similar processes are discussed in [2] and [3] in detail.

The theory of transformations of strictly second-order self-similar processes
has not been fully developed. In this paper, we investigate how well ACFs of
the input process are preserved when transforming self-similar processes with
normal distributions into processes with arbitrary marginal distributions. We
look at applications of the ICDF transformatiod] to the generation of long-range
dependent (LRD) sequences governed by non-normal marginal distributions from
LRD sequences of normal marginal distributions.

For studying the properties of the ICDF transformation in the context of
self-similar processes we investigate its properties when it is applied to the ex-
act self-similar process, taking the self-similar fractional Gaussian noise (FGN)
process as the references [2], [8], [9], [I0]. This FGN process was generated by
the Durbin-Levinson algorithm, described in [I1] and [2]. We consider output
processes with different marginal probability distributions (exponential, gamma,
Pareto, uniform and Weibull), with finite and infinite variances, and compare
autocorrelation functions (ACFs) of output processes with those characterizing
input self-similar FGN processes. Our findings are summarized in Section [41

2 Generation of LRD Self-similar Processes with
Arbitrary Marginal Distributions

Simulation studies of communication networks require a mechanism to transform
self-similar processes into processes with arbitrary marginal distributions [12],
[13], [I0]. In this paper, we investigate preservation of ACFs in output processes
with different marginal distributions when transforming exact self-similar FGN
processes into self-similar processes with five different marginal distributions (ex-
ponential, gamma, Pareto, uniform and Weibull), with finite and infinite vari-
ances, using the ICDF transformation.

2.1 The Methods of the ICDF Transformation

The ICDF transformation is based on the observation that given any random
variable X; with a cumulative distribution function (CDF) F(x), the random
variable u = F(z) is independent and uniformly distributed between 0 and 1.
Therefore, x can be obtained by generating uniform realizations and calculating
r=F~1(u) [1].

We assume that a process X is a Gaussian process with zero mean, variance of
one and a given autocorrelation function (ACF) {pi}. Let Fx(z) be its marginal
CDF and Fy (y) be a marginal CDF of the process Y. The process Y with the
desired marginal CDF Fy (y) can be generated by the ICDF transformation from

! The TES (Transform-Expand-Sample) process [, [5] and the ARTA (Auto-
regressive-to-Anything) process [6], [7] can be used the generation of correlated
sequences.
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the process X. Following the ICDF transformation, when transforming a random
variable X; into a random variable Y;, we use the formula:

Fx(z) = Fy (y), (1)

Thus:
y=Fy' (Fx(2)) (2)

hence the method is called the ICDF transformation.

Here we consider five marginal distributions of output processes that are fre-
quently used in simulation practice: exponential, gamma, Pareto, uniform and
Weibull distributions. While exponential, gamma, Pareto with a > 2, uniform
and Weibull distributions have a finite variance, Pareto distribution with o < 2

has an infinite variance. For detailed discussions of five marginal distributions,
see [2], [3], [I.

2.2 Effects of Transformation

In simulation studies of such stochastic dynamic processes as those that occur in
communication networks one needs to decide both their marginal probability dis-
tributions and autocorrelation structures. The problem of generating a strictly
and/or second-order self-similar process of a given marginal distribution and an
autocorrelation structure is difficult and has not been fully solved. No existing pro-
cedure is entirely satisfactory in terms of mathematical rigor, computational effi-
ciency, accuracy of approximation, and precise and concise parameterization [14].

Applications of the transformation in Equation (2] to transformations of cor-
related processes have been studied by several researchers [15], [2], [9], []. In
general, as proved by Beran (see [I6], pp. 67-73), a transformation y = G(z)
applied to a strictly and/or second-order LRD self-similar sequence of num-
bers {z1,x2,...} does not preserve LRD properties in the output sequence
{y1,y2,...}. However, as proved in [I5], if in @):

e F'x(-) represents normal distribution,

e {x1,x5,...} is an LRD self-similar sequence,

e the transformation G?(x) is integrable, i.e.,

—+o00
G*(x)dFx (x) < oo, and (3)
— 00

e E(XY)#0,
then the output sequence {yi,¥s,...} is asymptotically self-similar, with the
same coefficient H as the sequence {z1,xa,...}.

Related issues have been investigated. Wise et al. [I7] and Liu and Mun-
son [I8] showed that, following the transformation of marginal distribution, the
transformation of ordinary ACF can be characterized when the input process
is normal. They also indicated other processes for which this could be applied.
Huang et al. [I5] demonstrated that, if the process X is self-similar and has a nor-
mal marginal distribution, under general conditions, the output process Y is an
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asymptotically self-similar process with the same Hurst parameter (% < H < 1);
for proof of the invariance of the Hurst parameter H, see [15]. Geist and West-
all [19] demonstrated that arrival processes, obtained by the FFT (Fast Fourier
Transform) method proposed by Paxson [10], have ACFs that are consistent with
LRD. However, it has not been fully developed to generate self-similar processes
with arbitrary marginal distributions from self-similar processes with (normal)
marginal distributions and autocorrelation structures [14], [19].

3 Numerical Results

The numerical results of this section are used to investigate how well ACFs of the
original Gaussian processes are preserved when they are converted into processes
with non-normal marginal distributions. For each of H = 0.6, 0.7, 0.8 and 0.9,
100 exact self-similar sample sequences of 32,768 (2!%) numbers starting from
different random seeds are used.

The following five different marginal distributions are investigated: the expo-
nential distribution with A = 0.9; the uniform distribution with ¢ = 0 and b =
1; the gamma distribution with = 2 and 8 = 1; the Pareto distributions with
a =12,14, 1.6, 1.8 (i.e., infinite variance) and 20.0 (i.e., finite variance); and
the Weibull distribution with « = 2 and g = 1.

3.1 Analysis of Autocorrelation Functions

Preservation of H in output processes with marginal probability distributions
and finite variances, which we showed in [3], are accompanied by preservation of
ACFs in all these cases as well; for H = 0.6, 0.7, 0.8 and 0.9, see Figures [ -4l
The output ACFs that significantly differ from the input ACFs of the exact FGN
process are associated with Pareto distributions with infinite variances (i.e., «
=12,14,1.6,1.8).

ACFs curves of LRD self-similar processes decay slowly and hyperbolically
rather than exponentially as H values increase. For example, Figure @] (a) shows
ACFs for the exact self-similar FGN process, and five approximately self-similar
processes with exponential, gamma, Pareto (o = 1.2), uniform and Weibull
marginal distributions for a range of lags. The ACF curve obtained from the
Pareto marginal distribution with o = 1.2 and H = 0.6393 lies lower than other
ACF curves with H > 0.88. In contrast, the ACF curve of a Poisson process
assumes value one at lag equals 0, and zero otherwise. We considered here a
Poisson process with A = 0.9.

Note that all ACF's of marginal probability distributions with finite variances
differ from the input ACFs by no more than 4% (Lower and upper dotted lines
in Figures [l - B are + 4% apart from the input ACFs.). In all cases of out-
put processes with Pareto distributions with infinite variances, the differences
between their ACFs and the ACF of input FGN process are substantial. Thus,
there is clear experimental evidence that ACF of the input process is not pre-
served in the output process generated by transformation (2]), where the output
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Fig. 1. Autocorrelation functions for the exact self-similar FGN process, five exponen-
tial, gamma, Pareto (a = 1.2, 1.4, 1.6 and 1.8), uniform and Weibull marginal distribu-
tions in autocorrelation lags between 1 and 50 for H = 0.6. The output processes preserve
LRD properties, except the Pareto marginal distribution with oo = 1.2, 1.4, 1.6 and 1.8.
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tial,

(¢) H = 0.7 and Pareto (o = 1.6)

2. Autocorrelation functions
gamma, Pareto (o = 1.2, 1.4,

(d) H = 0.7 and Pareto (o = 1.8)

for the exact self-similar FGN process, five exponen-
1.6 and 1.8), uniform and Weibull marginal distribu-

tions in autocorrelation lags between 1 and 50 for H = 0.7. The output processes preserve
LRD properties, except the Pareto marginal distribution with oo = 1.2, 1.4, 1.6 and 1.8.
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Fig. 3. Autocorrelation functions for the exact self-similar FGN process, five exponen-
tial, g