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Preface

It is our pleasure to present the papers from the 20th International Workshop
on Languages and Compilers for Parallel Computing! For the past 19 years, this
workshop has been one of the primary venues for presenting and learning about
a wide range of current research in parallel computing. We believe that tradition
has continued in this, the 20th year of the workshop.

This year, we received 49 paper submissions from 10 countries. About a
quarter of the papers (12 out of 49) included authors from industry. We selected
23 papers to be presented at the workshop, for an acceptance rate of 47%, which
was similar to that of the last two years. Each paper received at least three
reviews, with about two-thirds of the papers getting four or more reviews each.
Most papers also received at least one review from an external reviewer. The
committee held a full-day teleconference to discuss the reviews and select papers.
Program Committee members who had a conflict with a paper left the call when
that paper was being discussed. There were seven submissions that included
Program Committee members as co-authors. These papers were evaluated more
stringently and four of seven were accepted.

The workshop this year also included two exciting special events. First, David
Kirk, Chief Scientist of nVidia and a member of the National Academy of Engi-
neering, gave a keynote talk on using highly multithreaded graphics processors for
accelerating general-purpose parallel computing applications. Kirk and nVidia
have led the drive to make the high parallelism in graphics processors more eas-
ily accessible for a wide range of applications beyond traditional graphics process-
ing, and this talk gave LCPC attendees a valuable perspective on the potential of
this work.

Second, a special panel was held on Friday morning to commemorate the
20th year of LCPC. This panel, organized and moderated by Steering Committee
Chair David Padua, was scheduled for an entire session to allow seven leaders
in parallel computing to give their perspective on how the field has evolved over
the past 20 years, and what the major challenges are for the future. The panel
included a number of luminaries in parallel computing — Arvind (MIT), David
Kuck (Intel), Monica Lam (Stanford University), Alexandru Nicolau (University
of California Irvine), Keshav Pingali (University of Texas, Austin), Burton Smith
(Microsoft Research), and Michael Wolfe (The Portland Group). Our thanks to
David Padua for organizing this panel.

We would like to thank the many people who contributed valuable time and
effort to making LCPC 2007 a success. Most importantly, we want to thank all the
members of the community who submitted papers to the workshop. This workshop
is, in the end, an (incomplete) representation of the results of their hard work.
Second, the Program Committee worked hard to review 12-13 papers each and
to participate in the all-day Program Committee teleconference. The quality of
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the technical program owes much to their effort. In his role as Steering Committee
Chair, David Padua provided valuable guidance and support. He also lent his stack
of 19 previous LCPC proceedings to mark the occasion!

Finally, Sheila Clark put in tremendous effort behind the scenes to manage
many organizational details for the workshop and we would not have been able
to pull it off without all her help.

October 2007 Vikram Adve
Maria Jesus Garzaran
Paul Petersen
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Keynote Presentation:
NVIDIA CUDA Software and GPU Parallel
Computing Architecture

David Kirk, Chief Scientist, nVidia Corp.

Abstract. In the past, graphics processors were special-purpose hard-
wired application accelerators, suitable only for conventional rasterization-
style graphics applications. Modern GPUs are now fully programmable,
massively parallel floating point processors. This talk describes NVIDIA’s
massively multithreaded computing architecture and CUDA software for
GPU computing. The architecture is ascalable, highly parallel architecture
that delivers high throughput for data-intensive processing. Although not
truly general-purpose processors, GPUs can now be used for a wide variety
of compute-intensive applications beyond graphics.

Panel I:
How Is Multicore Programming Different from Traditional Parallel
Programming?

Panelists:
Arch Robison (Intel)
Calin Cagcaval (IBM Research)

Wen-mei Hwu (University of Illinois at Urbana-Champaign)
Hironori Kasahara (Waseda University, Japan) and
Gudula Riinger (Chemnitz University of Technology, Germany)
Moderator:

Vikram Adve (University of Illinois at Urbana-Champaign)

Panel II:
What Have We Learned After 20 LCPCs?

Panelists:
David Kuck (Intel)
Arvind (MIT)
Monica Lam (Stanford University)

Alexandru Nicolau (University of California Irvine)
Keshav Pingali (University of Texas, Austin)
Burton Smith (Microsoft Research) and
Michael Wolfe (the Portland Group)
Moderator:

David Padua (University of Illinois at Urbana-Champaign)
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Compiler-Enhanced Incremental Checkpointing

Greg Bronevetsky!, Daniel Marques?,
Keshav Pingali?, and Radu Rugina®
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greg@bronevetsky.com
2 Department of Computer Sciences,
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Austin, TX 78712, USA
daniel@ices.utexas.edu, pingali@cs.utexas.edu
3 Department of Computer Science,
Cornell University,

Ithaca, NY 14850, USA
rugina@cs.cornell.edu

Abstract. As modern supercomputing systems reach the peta-flop per-
formance range, they grow in both size and complexity. This makes them
increasingly vulnerable to failures from a variety of causes. Checkpointing
is a popular technique for tolerating such failures in that it allows applica-
tions to periodically save their state and restart the computation after a
failure. Although a variety of automated system-level checkpointing solu-
tions are currently available to HPC users, manual application-level check-
pointing remains by far the most popular approach because of its superior
performance. This paper focuses on improving the performance of auto-
mated checkpointing via a compiler analysis for incremental checkpoint-
ing. This analysis is shown to significantly reduce checkpoint sizes (upto
78%) and to enable asynchronous checkpointing.

1 Introduction

The dramatic growth in supercomputing system capability from the tera-flop to
the peta-flop range has resulted in a dramatic increase in system complexity.
While efforts have been made to limit the complexity of the Operating System
used by these machines, their component counts have continued to grow. Even
as systems like BlueGene/L [3] and the upcoming RoadRunner grow to more
than 100,000 processors and tens of TBs of RAM, future designs promise to
exceed these limits by large margins. While large supercomputers are made from
high-quality components, increasing components counts make them vulnerable
to faults, including hardware breakdowns [11] and soft errors [6].
Checkpointing is a popular technique for tolerating failures. The state of the
application is periodically saved to reliable storage and on failure, the applica-
tion rolls back to a prior state. However, automated checkpointing can be very

V. Adve, M.J. Garzardn, and P. Petersen (Eds.): LCPC 2007, LNCS 5234, pp. 1-15, 2008.
© Springer-Verlag Berlin Heidelberg 2008



2 G. Bronevetsky et al.

expensive due to the amount of data saved and the amount of time that the
application loses while being blocked. For example, dumping all of RAM on a
128k-processor BlueGene/L supercomputer to a parallel file system would take
approximately 20 minutes [9]. Incremental checkpointing [10] is one technique
that can reduce the cost of checkpointing. A runtime monitor keeps track of any
application writes. If it detects that a given memory region has not been mod-
ified between two adjacent checkpoints, this region is omitted from the second
checkpoint, thus reducing the amount of data that needs to be saved. Possi-
ble monitors that have been explored in the past include virtual memory fault
handlers [5], page table dirty bits and cryptographic encoding techniques [4].

When virtual memory fault handlers are used to track application writes, it
is possible to further optimize the checkpointing process via a technique called
” copy-on-write checkpointing” or more generally, ”asynchronous checkpointing”.
At each checkpoint all pages that need to be checkpointed are marked non-
writable and placed on a write-out queue. The application is then allowed to
continue executing, while a separate thread asynchronously saves pages on the
write-out queue. When the checkpointing thread is finished saving a given page,
the page is marked writable. If the application tries to write to a page that
hasn’t yet been saved, the segmentation fault handler is called, a copy of the
page is placed in the write-out queue and the application is allowed to resume
execution. The result is that checkpointing is spaced out over a longer period of
time, reducing the pressure on the I/O system, while allowing the application to
continue executing.

In contrast to prior work, which uses runtime techniques for monitoring ap-
plication writes, this paper presents a compile-time analysis for tracking such
writes. Given an application that has been manually annotated with calls to a
checkpoint function, for each array the analysis identifies points in the code
such that either

— there exist no writes to the array between the point in the code and the next
checkpoint and/or

— there exist no writes to the array between the last checkpoint and the point
in the code

When the analysis detects that a given array is not modified between two check-
points, this array is omitted from the second checkpoint. Furthermore, the anal-
ysis enables asynchronous checkpointing by allowing the checkpointing thread
to save a given array during the period of time while there are no writes to
it. Because the compiler analysis can identify write-free regions that begin be-
fore the checkpoint itself, it allows asynchronous checkpointing to begin earlier
than is possible with purely runtime solutions. However, because it works at
array granularity rather than the page- or word-granularity of runtime moni-
toring mechanisms, it can be more conservative in its decisions. Furthermore,
the analysis makes the assumption that a checkpoint is taken every time the
checkpoint function is called, which makes it more complex for users to target
a specific checkpointing frequency.
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While prior work has looked at compiler analyses for checkpoint optimiza-
tion [7] [12], it has focused on pure compiler solutions that reduce the amount
of data checkpointed. Our work presents a hybrid compiler/runtime approach
that uses the compiler to optimize certain portions of an otherwise runtime
checkpointing solution. This allows us to both reduce the amount of data being
checkpointed as well as support purely runtime techniques such as asynchronous
checkpointing.

2 Compiler/Runtime Interface

Our incremental checkpointing system is divided into run-time and compile-
time components. The checkpointing runtime may either checkpoint application
memory inside of checkpoint calls or include an extra thread that checkpoints
asynchronously. Two checkpointing policies are offered. Memory regions that do
not contain arrays (a small portion of the code in most scientific applications)
are saved in a blocking fashion during calls to checkpoint. Arrays are dealt
with in an incremental and possibly asynchronous fashion, as directed by the
annotations placed by the compiler. The compiler annotates the source code
with calls to the following functions:

— add array(ptr, size) - Called when an array comes into scope to identify
the array’s memory region.

— remove array(ptr) - Called when an array leaves scope. Memory regions
that have been added but not removed are treated incrementally by the
checkpointing runtime.

— start chkpt(ptr) - Called to indicate that the array that contains the
address ptr will not be written to until the next checkpoint. The runtime
may place this array on the write-out queue and begin to asynchronously
checkpoint this array.

— end chkpt (ptr) - Called to indicate that the array that contains the address
ptr is about to be written to. The end chkpt call must block until the
checkpointing thread has finished saving the array. It is guaranteed that
there exist no writes to the array between any checkpoint and the call to
end chkpt.

Overall, the runtime is allowed to asynchronously checkpoint a given array be-
tween calls to start chkpt and end chkpt that refer to this array. If start chkpt
is not called for a given array between two adjacent checkpoints, this array may
be omitted from the second checkpoint because it is known that it was not written
to between the checkpoints.

For a more intuitive idea of how this API is used, consider the transformation
in Figure 1. The original code contains two checkpoint calls, with assignments
to arrays A and B in between. The code within the ...’s does not contain any
writes to A or B. It is transformed to include calls to start chkpt and end chkpt
around the writes. Note that while end chkpt (B) is placed immediately before
the write to B, start chkpt (B) must be placed at the end of B’s write loop. This
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Original Code  Transformed Code
checkpoint(); checkpoint();

AL...]=...; end chkpt(A);

AL...1=...;
for(...) { start chkpt(A);
B[...1=...; for(...) {
} end chkpt (B);
B[...1=...;
checkpoint(); ...

}

start chkpt(B);
checkpoint () ;

Fig. 1. Transformation example

is because a start chkpt(B) call inside the loop may be followed by writes to
B in subsequent iterations. Placing the call immediately after the loop ensures
that this cannot happen.

3 Compiler Analysis

The incremental checkpointing analysis is a dataflow analysis that consists of
forward and backward components. The forward component, called the Dirty
Analysis, identifies the first write to each array after a checkpoint. The backward,
called the Will-Write analysis, identifies the last write to each array before a
checkpoint.

3.1 Basic Analysis

For each array at each node n in a function’s control-flow graph(CFG) the anal-
ysis maintains two bits of information:

— mustDirty[n|(array): True if there must exist a write to array along every
path from a checkpoint call to this point in the code; False otherwise.
Corresponds to the dataflow information immediately before n.

— mayWillWrite[n|(array): True if there may exist a write to array along
some path from a this point in the code to a checkpoint call; False otherwise.
Corresponds to the dataflow information immediately after n.

This information is propagated through the CFG using the dataflow formulas
in Figure 2. The Dirty and Will-Write analyses start at the top and bottom of
each function’s CFG, respectively, in a state where all arrays are considered to
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be clean (e.g. consistent with the previous, next checkpoint, respectively). They
then propagate forward and backward, respectively, through the CFG, setting
each array’s write bit to True when it encounters a write to this array. When
each analysis reaches a checkpoint call, it resets the state of all the arrays to
False. For the Dirty Analysis this is because all dirty arrays will become clean
because they are checkpointed. For the WillWrite Analysis this is because at the
point immediately before a checkpoint there exist no writes to any arrays until
the next checkpoint, which is the checkpoint in question.

tDirty[n]( ) False if n = first node
mustDirty[n](array) =
Y v Ninepredn) mustDirtyAfter[m](array) otherwise

mustDirty A fter[m|(array) = [m](mustDirty[m](array), array)
False if n = last node

WillWrit =
mayWillWrite[n](array) {UmeSu“(n> mayWillWriteBe fore[m|(array) otherwise

mayWillWriteBe fore[m|(array) = [m](mayWillWrite[m](array), array)

Statement m [m](val, array)
array[expr] = expr True
checkpoint () False
other val

Fig. 2. Dataflow formulas for Dirty and Will-Write analyses

The application source code is annotated with calls to start chkpt and
end chkpt using the algorithm in Figure 3. Such calls are added in three sit-
uations. First, end chkpt (array) is inserted immediately before node n if n
is a write to array and it is not preceded by any other write to array along
some path that starts at a call to checkpoint and ends with node n. Second,
start chkpt (array) is inserted immediately after node n if n is a write to array
and there do not exist any more writes to array along any path that starts with
n and ends at a checkpoint call. Third, a start chkpt(array) is inserted on
a CFG branching edge m — n if mayWillWrite[n|(array) is true at m, but
false at n, due to merging of dataflow information at branching point m. This
treatment is especially important when an array is being written inside a loop.
In this case, mayWillWrite[n](array) is true at all points in the loop body,
since the array may be written in subsequent loop iterations. The flag becomes
false on the edge that branches out of the loop, and the compiler inserts the
start chkpt(array) call on this edge.

Because the Dirty analysis is based on must-write information, end chkpt
calls are conservatively placed as late as possible after a checkpoint. Further-
more, the Will-Write analysis’ use of may-write information conservatively places
start save calls as early as possible before a checkpoint.

To provide an intuition of how the analysis works, consider the example
in Figure 4. In particular, consider the points in the code where mustDirty
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foreach (array array), foreach (CFG node n) in application

// if node n is the first write to array since the last checkpoint call
if(mustDirty[n](array) = False A mustDirtyAfter[n](array) = True)

place end chkpt (array) immediately before n
// if node n is the last write to array until the next checkpoint call
if(mayWillWriteBe fore[n](array) = True N mayWillWrite[n](array) = False)

place start chkpt (array) immediately after n
// if node n follows the last write on a branch where array is no longer written
if(mayWillWriteBe fore[n](array) = FalseA

dm € pred(n). mayWillWritelm|(array) = True)
place start chkpt(array) on edge m — n

Fig. 3. Transformation for inserting calls to start chkpt and end chkpt

and mayWillWrite change from False to True. These are the points where
end chkpt and start chkpt calls are inserted.

3.2 Loop-Sensitive Analysis

While the basic analysis performs correct transformations, it has performance
problems when it is applied to loops. This can be seen in the transformed code in
Figure 4. While start chkpt (B) is placed immediately after the loop that writes
to B, end chkpt (B) is placed inside the loop, immediately before the write to B
itself. This happens because the placement of end chkpt depends on must-write
information, instead of the may-write information used in placing start chkpt.
While this placement is conservative, it becomes problematic in the case where
the first post-checkpoint write to an array happens in a small, deeply-nested loop,
which are very common in scientific computing. In this case end chkpt will be
called during each iteration of the loop, causing a potentially severe overhead.

Original Code |Code with Dirty States Code with Will-Write States |Transformed Code
checkpoint(); |checkpoint(); [A—F,B—F] |checkpoint(); [A—T,B—T] |checkpoint();
e . [A—F,B—F] ... [A—T,B—T] .
Al...]=...; A[...]=...; [A—F,B—F] A[...]=...; [A—F,B—T] end_chkpt (4) ;
. [A—T,B—F] [A—F,B—T] AL...]=...;
for(...) { for(...) { [A—T,B—F] for(...) { [A—F,B—T] start_chkpt (4);
L. . [A—T,B—F] ... [A—F,B—T] R
B[...1=...; B[...]=...; [A—T,B—F] B[...]=...; [A—F,B—T] |for(...) {
- . [A—T,B—T] ... [A—F,B—T] -
} } [A—T,B—T] } [A—F,B—T] end_chkpt (B) ;
. [A—T,B—F] ... [A—F,B—F] B[...]=...;
checkpoint(); |checkpoint(); [A—T,B—F] |checkpoint(); [A—F,B—F] .
}
start_chkpt (B) ;
checkpoint () ;

Fig. 4. Analysis example
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checkpoint(

);

: — mustDirty[B]=True
- = mayDirty[B]=True
------ mayWillWrite[B]=True

Fig. 5. Dataflow pattern for writes inside loops

To address this problem the above analysis was augmented with a loop-
detection heuristic, shown in Figure 5. This heuristic uses may-Dirty information,
in addition to the must-Dirty and may-WillWrite information of Section 3 and
identifies the patterns of dataflow facts that must hold at the top of the first
loop that writes to an array after a checkpoint. Figure 5 contains the CFG of
such a loop and identifies the edges in the CFG where the various dataflow facts
are T'rue. It can be seen that the pattern at node ¢ < n is:

— mustDirtyli < n|(B) = False
mayDirty[i < n|(B) = True
mayWillWrite[i < n](B) = True
— pred(i <n) >1

Furthermore, the CFG edge that points to ¢ < n from outside the loop is
the one coming from the predecessor p where mustDirtyAfter[p](B) = False.
Thus, by placing end chkpt(B) on this incoming edge we can ensure both that
end chkpt (B) is called before any write to B and that it is not executed in every
iteration of the loop.

Since this heuristic only applies to loops, it does not place end chkpt(A)
before the write to A in Figure 1. As such, we need to use both rules to en-
sure that end chkpt is placed conservatively. However, if both rules are used
then the example in Figure 1 will get two end chkpt (B) calls: one before B’s
write loop and one before the write itself, negating the purpose of the loop-
sensitive placement strategy. To prevent this from happening we propose an
extra EndChkpt-Placed analysis that prevents end chkpt(array) from being
placed at a given node if there already exists an end chkpt (array) on every
path from any checkpoint call to the node. EndChkpt-Placed is a forward
analysis that is executed as a separate pass from the Dirty and Will-Write
passes. It maintains a bit of information for every array at every CFG node.
must EndChkptPlaced[n](array) is set to True if end chkpt(array) is to be
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placed immediately before node n. It is set to False if start chkpt(array) is
to be inserted at m. The later rule ensures that the ”exclusion-zone” of a given
insertion of end chkpt(array) doesn’t last past the next checkpoint call.

To implement this rule the loop-sensitive analysis maintains for each CFG
node n the following additional dataflow information:

— mayDirty[n](array): True if there may exist a write to array along some
path from a checkpoint call to this point in the code; False otherwise.
Corresponds to the dataflow information immediately before n.

— mustEndChkptPlaced[n](array): true if all paths from any checkpoint call
to this point in the code contain a point where a end chkpt (array) call will
be placed.

This information is computed as shown in Figure 6. The modified rules for plac-
ing end chkpt calls are shown in Figure 7 and Figure 8 extends the example in
Figure 1 with the new must EndChkptPlaced information and the new place-
ment of end chkpt calls.

3.3 Inter-procedural Analysis

We have extended the above analysis with a context-insensitive, flow-sensitive
inter-procedural analysis. The inter-procedural analysis works by applying the
data-flow analysis from Section 3.2 to the CFG that contains all of the appli-
cation’s functions. When the analysis reaches a function call node for the first
time, it computes a summary for this function. This is done by applying the
dataflow analysis using the formulas in Figure 6 but with a modified lattice.

In addition to the standard True and False, we introduce an additional Unset
state that appears below True and False in the lattice. All the dataflow facts
for all arrays are initialized to Unset at the start or end of the function (start
for the forward analyses and end for the backward analysis). The standard anal-
ysis is then executed on the function using the extended lattice, with Unset
being treated as Flalse for the purposes of the EndChkpt-Placed analysis. If the
state of a given array remains Unset at the end of a given pass, this means
that it was not modified by the pass. In the case of the Dirty and Will-Write
analyses this means that the array is not written to inside the function. In the
case of the EndChkpt-Placed analysis, this means that no end chkpt calls are
placed for this array inside the function. The function summary then is the
dataflow facts for each array at the opposite end of the function: end for the
forward analyses and start for the backward analysis. Function calls are pro-
cessed by applying the function summary as a mask on all dataflow state. If
dataFlowlarray] = Unset in the function summary, array’s mapping is not
changed in the caller. However, if dataFlow[array] = True or False in the sum-
mary, the corresponding dataflow fact for array is changed to True or False in
the caller.
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False if n = first node

mayDirty|n|(array) =
Y y[n]( Y) {Umepmd(n) mayDirtyAfter[m](array) otherwise

mayDirty A fter[m](array) = [m](mayDirty|m|(array), array)
must EndChkpt Placed[n](array) =

False if n = first node
Ninepredn) MustEndChkptPlacedA fter[m](array) otherwise

must EndChkptPlaced A fter[m](array) =
if = placeStartChkptNode(m,array) A
= 3l € pred(m). placeStartChkptEdge(l,m,array)) then
False
else if (place EndChkptNode(m,array) V
3l € pred(m). place EndChkpt Edge(l,m,array)) then
True
else must EndChkpt Placed[m](array)

// end chkpt (array) will be placed immediately before node n if

place EndChkptNode(n,array) =
// node n is the first write to array since the last checkpoint
(mustDirty[n](array) = False A mustDirtyAfter[n](array) = True)

// end chkpt (array) will be placed along the edge m — n if

place EndChkpt Edge(m,n, array) =
// node n is itself clean but predecessor m is dirty, n contains or is followed
// by a write and predecessor m is not itself preceded by end chkpt(array)
(mustDirty[n](array) = False A mayDirty[n](array) = True/
mayWillWrite[n|(B) = True A mustDirtyA fter[m](array) = FalseA
must EndChkpt Placed|m|(array) = False)

// start chkpt(array) will be placed immediately after node n if
placeStartChkptNode(n, array) =
// node n is the last write to array until the next checkpoint
(mayWillWriteBe fore[n|(array) = True A mayWillWrite[n](array) = False)

// start chkpt(array) will be placed along the edge m — n if
placeStartChkptEdge(m,n, array) =
// node n follows the last write to array until the next checkpoint
(mayWillWriteBe fore[n](array) = False A mayWillWrite[m](array) = True)

Fig. 6. Dataflow formulas for the loop-sensitive extension
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foreach (array), foreach (CFG node n) in application
if place EndChkptNode(n, array)
place end chkpt (array) immediately before n
if 3m € pred(n). placeEndChkptEdge(m,n, array)
place end chkpt(array) on edge m — n

Fig. 7. Loop-sensitive transformation for inserting calls to end chkpt

Original Code  Code with Must-EndChkptPlaced States Transformed Code

checkpoint(); checkpoint(); [A—F,B—F] checkpoint () ;

... [A—F,B—F] o

Al...]1=...; A[...]=...; [A—F,B—F] end chkpt (4);

[A—T,B—F] AL...I=...;

for(...) { for(...) { [A—T,B—T] start chkpt(A);

- [A—T,B—T] ...

B[...1=...; B[...]=...; [A—T,B—T] end chkpt(B);

[A—T,B—T] for(...) {

} 1 [A—T,B—T]
[A—T,B—T] B[...1=...;

checkpoint(); checkpoint(); [A—T,B—T]

}...

start chkpt(B);
checkpoint () ;

Fig. 8. Transformation example with loop-sensitive optimizations

4 Experimental Evaluation

4.1 Experimental Setup

We have evaluated the effectiveness of the above compiler analysis by imple-
menting it on top of the ROSE [8] source-to-source compiler framework and
applying it to the OpenMP versions [1] of the NAS Parallel Benchmarks [2]. We
have used these codes in sequential mode and have focused on the codes BT,
CG, EP, FT, LU, SP. We have omitted MG from our analysis since it uses dynamic
multi-dimensional arrays (arrays of pointers to lower-dimensional arrays), which
requires additional complex pointer analyses to identify arrays in the code. In
contrast, the other codes use simple contiguous arrays, which require no addi-
tional reasoning power. Each NAS code was augmented with a checkpoint call
at the top of its main compute loop and one immediately after the loop.

The target applications were executed on problem classes S, W and A (S is
the smallest of the three and A the largest), on 4-way 2.4Ghz dual-core Opteron
SMPs, with 16GB of RAM per node (Atlas cluster at the Lawrence Livermore
National Laboratory). Each run was performed on a dedicated node and all re-
ported results are averages of 10 runs. Each application was set to checkpoint
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5 times, with the checkpoints spaced evenly throughout the application’s exe-
cution. This number was chosen to allow us to sample the different checkpoint
sizes that may exist in different parts of the application without forcing the ap-
plication to take a checkpoint during every single iteration, which would have
been unrealistically frequent.

The transformed codes were evaluated with a model checkpointing runtime
that implements the API from Section 2 and simulates the costs of a real check-
pointer. It performs the same state tracking as a real checkpointer but instead
of actually saving application state, it simply sleeps for an appropriate period of
time. One side-effect of this is the fact that our checkpointer does not simulate
the overheads due to saving variables other than arrays. However, since in the
NAS benchmarks such variables make up a tiny fraction of overall state, the re-
sulting measurement error is small. Furthermore, since the model checkpointer
can sleep for any amount of time, it can simulate checkpointing performance for
a wide variety of storage I/O bandwidths.

The model checkpointer can be run in both a blocking and a non-blocking
mode. In blocking mode the checkpointer does not spawn an asynchronous
checkpointing thread but instead saves all live state inside the main thread’s
checkpoint calls. The model runtime can simulate both a basic checkpointer,
which saves all state and an incremental checkpointer, which only saves the state
that has changed since the last checkpoint. In particular, in incremental mode
the the model checkpointer simulates the checkpointing of any array for which
start chkpt has been called since the last checkpoint call. Arrays for which
start chkpt has not been called are ignored.

In non-blocking mode, the model checkpointer spawns off an asynchronous
checkpointing thread. The thread maintains a write-out queue of memory regions
to save and continuously pulls memory regions the queue, sleeping for as long at it
takes to save the next memory region to disk at the given I/O bandwidth. When
the main thread calls end chkpt for one array, it may be that the checkpointing
thread is currently sleeping on another array. To control the amount of waiting
time, the model checkpointer breaks arrays up into smaller blocks and simulates
checkpointing at block granularity. start chkpt(array) inserts array’s blocks
at the end of the write-out queue. We also tried spreading the new array’s blocks
evenly across the queue but did not find a substantial or consistent performance
difference between the two policies.

4.2 Incremental Checkpointing

We evaluated the effectiveness of the above analysis for incremental checkpoint-
ing by comparing the performance of two configurations of the model check-
pointer’s blocking mode:

— CHKPT ALL - simulates the checkpointing of all application arrays inside each
checkpoint call.

— CHKPT INCR - same as CHKPT ALL but omits any arrays for which start chkpt
hasn’t been called since the last checkpoint call.
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Optimized Checkpoint Sizes
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Fig. 9. Checkpoint sizes in CHKPT INCR as a fraction of checkpoint sizes in CHKPT ALL

We first compare the checkpoint sizes generated by the two modes. In the
context of the NAS codes, which have a initialization phase, followed by a main
compute loop, the primary effect of the above analysis is to eliminate write-once
arrays from checkpointing. These are the arrays that are written to during the
initialization phase and then only read from during the main compute loop. As
such, since there do not exist any start chkpt calls for these arrays during the
main compute loop, they are only saved during the first checkpoint and omitted
in subsequent checkpoints.

The measured reductions in checkpoint size are shown in Figure 9. It can
be seen that even using array granularity, incremental checkpointing can result
in a dramatic reduction in checkpoint sizes. Indeed, in CG checkpoints drop to
below 22% of their original size, while FT’s drop to 60%. Other codes see drops
from 0% to 18%. While there are small differences in the effect of incremental
checkpointing across different problem sizes, the effect is generally small.

Figure 10 shows the the execution time of an application that uses incremen-
tal checkpointing as a percentage of the execution time of one that does not. We
show only CG and EP, since the behavior of these codes is similar to that of other
codes that have a large or a small checkpoint size reduction, respectively. The
x-axis is the I/O bandwidth used in the experiments, ranging from 1 MB/s to
1 GB/s in multiples of 4 and including Infinite bandwidth. This range includes
a variety of use-cases, including hard-drives ( 60MB/s write bandwidth) and 10
Gigabit Ethernet(1GB/s bandwidth). In the case of EP, although there is some
difference in performance between the two versions, the effect is at noise level
at all bandwidths, with no correlation between execution time and performance.
However, for CG, the effect is quite dramatic, ranging from pronounced differ-
ence in execution times for low bandwidths, when the cost of checkpointing is
important, to a much smaller difference for high bandwidths.
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Fig. 10. Relative execution time differences between CHKPT INCR and CHKPT ALL

4.3 Asynchronous Checkpointing

We examined the performance characteristics of asynchronous checkpointing by
looking at the relationship between the I/O bandwidth and the block size used
for queue management. To this end we examined a range of block sizes ranging
from 1KB to 64MB in multiples of 4, using the above bandwidth range. For al-
most all code/input class/bandwidth combinations we found that the execution
times formed a bowl shape, an example of which is shown in Figure 11. This Fig-
ure shows LU running on input size W. For each I/O bandwidth we can see high
execution times for the largest and the smallest batch size, with faster runs for
intermediate batch sizes. Large batch sizes have high overhead because of the in-
creased probability that an end chkpt call for some array will occur in the middle
of a long wait for a large block of another array. Small batch sizes are a problem
because of the increased overhead associated with synchronizing on and manip-
ulating a large number of memory regions. While this work does not address the
problem of picking an optimal batch size for a given code/input class/bandwidth
combination, we did find that in general the bottom of the bowl stays flat, with
a wide variety of batch sizes offering similarly good performance. This suggests
that near-optimal batch sizes can be found for a wide variety of combinations. In
our experiments, 64KB batches provided near-optimal performance in all config-
urations examined.

We evaluated the performance of asynchronous checkpointing by picking the
best batch size for each code/input size/bandwidth combination and compared
its performance to that of blocking incremental checkpointing (the CHKPT INCR
configuration from above). The result, for input size W, is shown in Figure 4.3.
For each application it plots:

execution time w/ asynchronous checkpointing) - (execution time w/ blocking checkpointin,
Y- p g g p g
(execution time w/ blocking checkpointing)

It can be seen that different applications respond very differently to the two algo-
rithms. Whereas CG performs better with asynchronous checkpointing, FT and IS
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tend to perform better with blocking checkpointing. Input class A shows very sim-
ilar results, while class S exhibits a stronger preference for blocking checkpointing.

While intuitively it may appear that asynchronous checkpointing should al-
ways perform better than blocking checkpointing, these experiments show that
there are some interference effects that complicate this simple analysis. While
the full reason for this effect is still under investigation, it appears that the
additional synchronization required to implement asynchronous checkpointing
may have a negative performance impact. In particular, each call by the appli-
cation thread to start chkpt and end chkpt requires synchronization with the
asynchronous checkpointing thread.

5 Summary

We have presented a novel compiler analysis for optimizing automated check-
pointing. Given an application that has been augmented by the user with calls
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to a checkpoint function, the analysis identifies regions in the code that do
not have any writes to a given array. This information can be used to reduce
the amount of data checkpointed and to asynchronously checkpoint this data
in a separate thread. In our experiments with the NAS Parallel Benchmarks
we have found that this analysis reduces checkpoint sizes by between 15% and
78% for most of the codes. These checkpoint size reductions were found to have
a notable effect on checkpointing performance. Furthermore, we evaluated the
performance of compiler-enabled asynchronous checkpointing. Although our ex-
periments showed that asynchronous checkpointing can sometimes be better
than blocking checkpointing, we discovered that this is frequently not the case.
As such, the choice between asynchronous and blocking checkpointing depends
on the application itself.
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Abstract. Dramatic increases in the number of transistors that can
be integrated on a chip make processors more susceptible to radiation-
induced transient errors. For commodity chips which are cost- and
energy-constrained, we need a flexible and inexpensive technology for
fault detection. Software approaches can play a major role for this sector
of the market because they need little hardware modifications and can
be tailored to fit different requirements of reliability and performance.
However, software approaches add a significant overhead.

In this paper we propose two novel techniques that reduce the over-
head of software error checking approaches. The first technique uses
boolean logic to identify code patterns that correspond to outcome toler-
ant branches. We develop a compiler algorithm that finds those patterns
and removes the unnecessary replicas. In the second technique we evalu-
ate the performance benefit obtained by removing address checks before
load and stores. In addition, we evaluate the overheads that can be re-
moved when the register file is protected in hardware.

Our experimental results show that the first technique improves per-
formance by an average 7% for three of the SPEC benchmarks. The
second technique can reduce overhead by up-to 50% when the most ag-
gressive optimization is applied.

1 Introduction

Dramatic increases in the number of transistors that can be integrated on a
chip will deliver great performance gains. However, it will also expose a major
roadblock, namely the poor reliability of the hardware. Indeed, in the near-future
environment of low power, low voltage, relatively high frequency, and very small
feature size, processors will be more susceptible to transient errors. Transient
faults, also known as soft errors are due to impacts from high-energy particles
that change the logic values of latches or logic structures [1,2,3,4].

In this new environment, we believe that a Software Checking System has a
fundamental role in providing fault detection and recovery. It is possible that
high-end architectures will include several hardware-intensive fault-tolerant tech-
niques that are currently supported by IBM mainframes [5], HP NonStop [6] or
mission-critical computers [7]. However, commodity multicore chips will likely be
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too cost- and energy-constrained to include such hardware. Instead, we believe
that they will likely include only relatively simple hardware primitives, such as
parity for certain processor buses and structures, error correction codes (ECC)
and scrubbing in the memory hierarchy [8] and low-cost support for memory
checkpointing and rollback (e.g., ReVive [9] or SafetyNet [10]). Then they will
rely on flexible and inexpensive software technology for error protection.

Current software approaches address the problem by replicating the instruc-
tions and adding checking instructions to compare the results, but they add a
significant overhead. In this paper we propose two novel techniques to reduce the
overhead of the software error checking approaches. The first technique is based
on the fact that programs already have redundancy, and if the compiler can
determine the programs sections where such redundancy exists, it can avoid the
replication and later checking. We use boolean logic to identify a code pattern
that corresponds to outcome tolerant branches and develop a compiler algorithm
that automatically finds those patterns and removes the unnecessary replicas.
The second technique is based on the observation that faults that corrupt the
application tend to quickly generate other noisy errors such as segmentation
faults [11]. Thus, we can reduce replication of the instructions that tend to gen-
erate these type of errors, trading reliability for performance. In this paper we
remove the checks of the memory addresses and discuss situations where remov-
ing these checks affect little to the fault coverage. This occurs when a check of
a variable is covered by a later check to the same variable, and thus errors in
the first check will be detected by the later checks; and in pointer-chasing, when
the data loaded by a load is used immediately by another load. Finally, We also
consider the situation where the register file is protected with parity or ECC,
such as Intel Itanium [12], Sun UltraSPARC [13] and IBM Power4-6 [14]. We
call them register safe platforms.

We have implemented the baseline replication and the proposed techniques
using the LLVM Compiler Infrastructure [15] and run experiments on a Pentium
4 using Spec benchmarks. Our results show that the boolean logic technique
achieves 7% performance speedup on three benchmarks, and 1.6% on average.
If we do not check load addresses, the performance is improved by 20.2%. If we
do not check addresses of both load and store, the performance is improved by
24.8%. On platforms where registers are protected in hardware, we can combine
these techniques and obtain an average speedup of 35.2% and 40.8%, respectively,
and decrease the software checking overhead by 44.9% and 50%, respectively. Our
fault injection experiments show that removing address checks before loads only
increases Silent Data Corruption (SDC) from 0.27% to 0.35%, and removing
address checks for loads and stores raises SDC to 1.11%.

The rest of the paper is organized as follows. Section 2 presents the back-
ground and the baseline software checking; Section 3 describes the techniques
to detect outcome tolerant branches; Section 4 describes the removal of address
checks; Section 5 discusses the benefits of having a register file that is checked in
hardware; Section 6 presents our experimental results; Section 7 presents related
work, and finally Section 8 concludes the paper.
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2 Background and Baseline Software Checking

The use of software approaches for fault tolerance has received significant atten-
tion in the research domain. Software techniques such as SWIFT [16] replicate
the instructions of the original program and interleave the original instructions
and their replicas in the same thread. Memory does not need to be replicated
because the memory hierarchy is protected with ECC and scrubbing. Stores,
branches, function calls and returns are considered “synchronization” points
and checking instructions are inserted before these instructions to validate cer-
tain values. Before a store, checking instructions verify that the correct data
is stored to the correct memory location. Before a branch, checking instruc-
tions verify that the branch takes the appropriate path. Before a function call
checking instructions verify the input operands by comparing them against their
replica. Before a function return, checking instructions verify the return value
by comparing the return register and its replica.

Stores are executed only once, but loads are replicated because the loaded
data can be corrupted. However, uncachable loads, such as those from external
devices, and loads in a multithreaded program may return different values when
executing two consecutive loads to the same memory address; so rather than
replicating the load, checking instructions are also added before loads to verify
that the address of the load matches its replica. After that verification, the
loaded value can be copied to another register [16,17,18]. Thus, since loads are
not replicated, they are also considered “synchronization” points. An example
with the original and its corresponding replicated code is shown in Figure 1-
(a) and (b), respectively. The replicated code contains additional instructions
and uses additional registers marked with a ’>. The additional instructions are
shown in bold and numbered. Instructions 1 and 2 check that the load is loading
from the correct address, instruction 3 copies the value in r3 to r3’, instruction
4 replicates the addition, and instruction 5-8 check that the store writes the
correct data to the correct memory address.

cmpr6,r6’ (1)
jnefaultDet (2)

Id r3=[r6] 1d r3=[r6] 1d r3=[r6]
movr3=r3 (3

add r4= 3.1 add r4=r3,1 add r4=r3,1
addr4'=r3,1(4) add r4=r3,1 (4
(;r-r;pr4,r4’ 5) cmp rd, rd  (5)
jnefaultDet (6) jnefaultDet (6)
cmp r6, ré’
jnefaultDet (8)

store [r6]=r4 store [r6]=r4 store [r6]=r4

(a) Origina code

Fig. 1. Example of baseline software replication and checking

(b) Replicated code

(c) Saferegisters
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3 Use of Boolean Logic to Find Outcome Tolerant
Branches

In this Section we explain how to use boolean logic to reduce the amount of
replicated instructions. We first do an overview (Section 3.1) and then explain
the compiler algorithm (Section 3.2).

3.1 Overview

Our technique is based on the fact that programs have redundancy. For instance,
Wang et al. [19] performed fault injection experiments and found that about 40%
of all the dynamic conditional branches are outcome tolerant. These are branches
that, despite an error, converge to the correct point of execution. These branches
are outcome-tolerant due to redundancies introduced by the compiler or the
programmer. An example of outcome-tolerant branch appears in a structure such
asif (A || B Il C) then X else Y. In this case if A is erroneously computed
to be true, but B or C are actually true, this branch is outcome tolerant, since
the code converges to the correct path. The control flow graph of this structure
is shown in Figure 2-(a).

The state-of-the-art approach to check for errors is to replicate branches as
shown in Figure 2-(b), where the circles correspond to the branch replicas. How-
ever, we can reduce overheads by removing the comparison replica when the
branch correctly branches to X. If the original comparison in A is true we need
to execute the comparison replica to verify that the code correctly branches to
X. However, if A is false, we can skip the execution of the A replica and move to
check B. We will only need to execute the A replica if both B and C are also false.
The resulting control flow graph is shown in Figure 2-(¢). In situations where A
and B are false, but C is true, we can save a few comparisons.

Outcome tolerant branches also appear in code structures such as if (A &
B & C) then X else Y, and in general in all the code structures that contain
one or more shortcut paths in the control flow graph. A basic shortcut path is
edge (A->X) in Figure 3-(a), where both A and its child point to the same block.
However, most shortcut paths are more complex. For instance, in Figure 3-
(b), block A points to the same block pointed by its grandchild (not its direct

(@) Original (b) State of the art (c) Optimized

Fig. 2. Eliminating replicated predicate evaluation
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Fig. 3. Shortcut graphs and optimizations

child). Thus, the optimizer should move A’ from edge(A->B) to edge(B->Z)
and edge (C->Y). The example in Figure 3-(c) can be optimized in two different
ways. If A and B are considered as a whole unit, edge (B->Y) is the shortcut path,
and the graph can be optimized as shown in Figure 3-(d); otherwise, it can be
optimized as shown in Figure 3-(e).

Detecting the existence of a shortcut path is not sufficient to determine that
there is an outcome tolerant branch. The reason is that one of the blocks involved
in the shortcut can modify a variable that is later used by instructions outside
the block. That block needs to be replicated or the error could propagate outside
the block. Next we show two examples:

(a) if (xm > 0) && (m < N) then X else Y
(b) if (t=(Cxm > 0)) && (m < N) then X else Y

In the example in (a), if (*m>0) is mistakenly computed as True, but (m<N) is
False, we can safely ignore the error on (*m>0) and take the Y path. However,
if the error occurs to the example in (b), and t is used in Y, ignoring the error
will result in a wrong value for t being propagated to Y, which may end up
corrupting the system. To avoid this type of errors our compiler algorithm only
considers blocks that are involved in a shortcut path and produce values that
are only used by the block itself.

3.2 Compiler Algorithm

Our algorithm analyzes the control flow graph of the original program and ex-
tracts the shortcut paths and the related blocks. A shortcut graph always has a
head node (block A in all the examples in Figure 3), one or more intermediate
nodes (like B and C), two or more leaves (like X and Y), and one or more shortcut
paths. Notice that in this paper we call a block to a single basic block or a list
of basic blocks connected one by one with edges of unconditional branches.
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intermediate
node

Fig. 4. Constructing potential shortcut graphs

Our algorithm has two phases: first a search of all potential shortcut graphs,
and second, the optimization and appropriate placement of the replicas.

Shortcut Graphs Search. The searching process starts by classifying each
block as an intermediate node or a leaf, and building an intermediate node set
and a leaf set. A block is called “intermediate node” if it ends with a conditional
branch and does not contain side effects (does not contain a function call, a
memory write or generates a value used by another block). In addition, to avoid
being trapped in loops, we require that none of the outgoing edges of an interme-
diate node is a loop backward edge. If the node does not classify as intermediate
node, then it is considered a “leaf”, meaning that this block can be at the most
an ending node in a shortcut graph. At the same time we build the intermediate
and leaf sets, we also build a separate head node set. A block is called ”"head
node” if it ends with a conditional branch and none of the outgoing edges is
backwards, no matter it has side effects or not. Thus the head node set contains
all intermediate nodes and some of the leaves.

After building the intermediate node set, the leaf set, and the head node set
the shortcut graphs are built from bottom to up by scanning the head node set
repeatedly. We start by initializing an empty set “graph-head-set”, which will
contain temporary graph head nodes. For any node(A) in the head node set, we
check its two children (see Figure 4):

1. If the two children are leaves, this node is added to the graph-head-set (Fig-
ure 4-(a)).

2. If one child is a leaf(X) and the other child is an intermediate node(B) and
node(B) is already in the graph-head-set, node(B) is replaced by the current
node(A) in the graph-head-set (Figure 4-(b)). We also check if the leaf(X) is
a child or grandchild of node(B), in which case a shortcut path for node (A)
is marked.

3. If the two children are both intermediate nodes((B) and (C)) and both are
in the graph-head-set, nodes (B) and (C) are replaced by node(A) in the
graph-head-set (Figure 4-(c)). We also check if (A) introduces new shortcut
paths.
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Childo Child1
©

Fig. 5. Optimizing shortcut graphs

The scan continues until all the nodes in the head node set have been visited.
Then, a node in the graph-head-set represents a graph led by this node together
with the shortcut paths found. A final pass traverses the graph-head-set and
removes those heads that do not contain any shortcut path.

Optimization. After the shortcut paths are found we start applying the opti-
mization, but we first check when it is legal to perform it. In Figure 2-(b), our
optimization will move the replica A’ from edge (A->B) to edge(C->Y). How-
ever, this is only legal if A dominates C. Otherwise A’ may use undefined values
in the new position. Thus to apply our optimization phase we first verify the
domination relationship of all shortcut paths.

The goal of our optimization pass is to move replicas of the non-shortcut
path down to the edge/s between the last child and the leaf/leaves. Next, we
explain how this algorithm proceeds using the example in Figure 5. For each
shortcut graph in the graph-head-set the algorithm finds all the shortcut paths
(edge (A->X) in Figure 5-(a)), marks the replica ( A’) on the other path as
temporary (temp), and records the destination of the shortcut path (X). Next
the optimization pass scans all the intermediate nodes in the shortcut graph in a
top-down fashion, and moves temporary replicas from the incoming edges to all
the outgoing ones, except to those where the recorded destination of the replica
and the destination of the intermediate node that we are processing are the same
(an example is shown in Figure 5-(b)). Notice that when an intermediate node
has multiple incoming edges (as shown in Figure 5-(c)) we only move the replicas
that appear on all the incoming edges. Also notice that this optimization pass
processes nodes top-down, and it does not treat multiple nodes as a single unit.
Thus, for the example in Figure 3-(c), the optimized version after this pass will
be the one shown in Figure 3-(e).

Finally note that A, B and C can contain computations like (s+1) == 5. In this
case, if the computations are only used to determine the outcome of the branch, the
computation replicas are also eliminated when the branch replica does not need to
execute.
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4 Removal of Address Checks

Recent experiments have shown that faults produce not only data corruption,
but also events that are atypical of steady state operation and that can be used
as a warning that something is wrong [11]. Thus, we can reduce the overhead
of the software approaches and trade reliability for performance by reducing the
replication, hoping that the error will manifest with these atypical events.

In this Section we consider the removal of address checks before load and store
instructions. Errors in the registers containing memory addresses may manifest
as segmentation faults. However, any fault-tolerant system must also include
support for roll-back to a safe state and thus, on a segmentation fault we can
roll-back and re-execute, and only communicate the error to the user if it appears
again. However, by doing this the system will be vulnerable to errors, since some
of these faulty addresses will access a legal space and the operating system will
not be able to detect the error. Thus, this technique will decrease error coverage.
Next, we discuss two techniques that the compiler can use to determine which
load and store instructions are most suitable for address check removal.

Address checks can be removed when there are later checks checking the same
variable. For example, in Figure 1-(b), checking instructions (1-2) and (7-8) are
checking the register r6. This makes the first check (1-2) unnecessary, because if
an error occurs to ré it will manifest as a segmentation fault or will be eventually
detected by the checking instructions (7-8). We have observed many of these
checks in the SPEC benchmarks due to the register indirect addressing mode,
since the same register is used to access two fields of a structure, or because
two array accesses share a common index. Removing these replicated checks can
significantly reduce the software overhead.

Address checks can also be removed when the probability of error to the loaded
value is small. This case appears in pointer chasing, where the data loaded from
memory is used as the address for a subsequent load. An example is shown in
Figure 6-(a) and (b). In this case, since the processor will issue the second load
as soon as the first one completes, the probability of error is very small. In some
cases, however, the value loaded by the first load is not exactly the one used by
the next load, if not that it may be first modified by an add instruction. This
occurs when accessing an element of a structure that is different from the first
one. In this case, the probability of error is higher, and the checking instructions
will also determine if an error occurred during the computation of the addition.
An example is shown in Figure 6-(c) and (d).

Idr2=[r1] Id r2=[r1] Idr2=[r1] Idr2=[r1]
CheekrZ_ addr4=r2,16 addr4=r2,16
1dr3=[r2] 1dr3=[r2] check r4
Id r3=[r4] Id r3=[r4]
€) (b) (© (d)

Fig. 6. Address check removal for pointer chasing
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In this paper we evaluate the removal of the address checks for only the loads, or
for both loads and stores. Thus, our results are an upper bound on the performance
benefit that we can obtain and the reliability that we can lose. In the future we
plan to write a data flow analysis to identify the checks that are safe to remove, as
explained above.

5 Register Safe Platforms

In this Section we consider the situation where the register file is hardware
protected with parity or ECC, or other cost-effective mechanisms as the ones
proposed by [20,21,22,23]. In fact, the register file of the Intel ITtanium [12], Sun
UltraSPARC [13] and IBM Power4-6 [14] are already protected by parity or
ECC. However, the ALUs and other portions of the processor are not protected,
so arithmetic and logic operations can return wrong results. Thus, all the in-
structions that imply ALU operations need to be replicated; however, memory
operations such as load and stores are safe. As a result, a register that is defined
by a load does not need to be replicated, saving the instruction to perform the
copy and the additional register. An example is shown in Figure 1. The repli-
cated code in Figure 1-(b) can be simplified as shown in Figure 1-(c). Register
r3’ is not necessary because registers and memory are safe, and instruction 4
can use directly the contents from register r3. Instructions 1, 2, 7 and 8 can be
removed if we assume register ré has been defined by a load. Instructions 5 and
6 cannot be removed because register r4 is defined by an addition, and we need
to validate the results of the addition.

6 Evaluation

In this Section we evaluate our proposed techniques. We first discuss our envi-
ronmental setup (Section 6.1), analyze our techniques statically (Section 6.2),
evaluate performance (Section 6.3), and measure reliability (Section 6.4).

6.1 Environmental Setup

We use LLVM [15] as our compiler infrastructure to generate redundant codes.
Replicated and checking instructions are added at the intermediate level, right
after all the static optimizations have been done. We replicate all the integer
and floating point instructions. Previous implementations have replicated in-
structions at the backend, right before register allocation [16,24] or via dynamic
binary translation [25]. However, the advantages of working at the intermediate
level are: i) the redundant code can be easily ported to other platforms, ii) we do
not need to fully understand the assembly code for that platform, and iii) at the
intermediate level we see a simple memory access model rather than complex one
of the x86 ISA. To prevent optimizations done by the backend generator such
as common subexpression elimination and instruction combination, we tag the
replicated instructions, and the backend optimizations are applied separately to
the tag and the untag instructions.
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For the evaluation we use SPEC CINT2000 and the C codes from SPEC CFP
2000, running with the ref inputs. Experiments are done on a 3.6GHz INTEL Pen-
tium 4 with 2GB of RAM running RedHat9 Linux.

6.2 Static Analysis

In this Section we characterize load addresses depending on whether the regis-
ter is checked by a later checking instruction (Covered), or if the register used
by the load was just loaded from memory (Loaded), as in the pointer chasing
example of Section 4. All the remaining load addresses are classified as (Other).
The breakdown is shown in Figure 7. On average more than 40% load addresses
have nearby later checks on the same value. About 20% of the loads use registers
whose contents where just loaded from memory. As we have discussed in Sec-
tion 4, the probability of error of any of these addresses is very small, because
the processor will likely issue the second load as soon as the first one completes.
Also, if we assume a register safe platform these checks are unnecessary. For
the remaining 40% of the addresses, an error in the most significant bits will be
detected as a form of segmentation faults, but an error in the least significant
ones can cause a silent error.

6.3 Performance

Figure 8 shows the performance speedup obtained when using boolean logic to
eliminate replication and checks on outcome tolerant branches (Section 3). Three
benchmarks (gzip, vpr, and perlbmk) achieve 7% performance gains, though the
average speedup is 1.6% through all tested benchmarks. Notice that there is also
a negative impact on vortex, where we observe more load/store instructions after
the optimization, meaning that this optimization introduces additional register
spills that hurt the benefit of less dynamic instructions.

Figure 9 evaluates the performance benefit of our second technique (Section 4):
baseline Fully Replicated(FullRep), No checks for Address of Loads(NAL), No
checks for Address of Load and Store(NALS), and No checks when the Regis-
ter file is safe (R). The Fully Replicated code(FullRep) is on average 2.38 times

100% %

80% Other

60% O Loaded
40%
Covered

20%

7/ \
727 N\
72 N\

7

0%

7
N
\

Fig. 7. Characterization of load addresses
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Fig. 8. Performance speedup with boolean logic optimization compared to baseline
replication

OFullRep

ENAL
ONALS
OR+FullRep

ER+NAL

BR+NALS

gzip vpr mcf  parser perbbmk gap  vortex bzip2 mesa art  equake ammp AVG

Fig. 9. Performance of the different optimizations normalized against the original non-
replicated code

slower than the original code. This large overhead is due to high register pres-
sure and additional instructions. On average, register safe optimization (R) runs
16.0% faster than the (FullRep).

After we remove checks for address of loads (NAL), we get an average 20.2%
speedup over the baseline Fully Prelicated (FullRep). If we further remove checks
for address of stores (NALS), we improve 4.6% more. And if the register is
protected in hardware and we combine (NAL) or (NALS) with (R), we can
obtain an average speedup of 35.2% and 40.8% respectively, what will reduce
the the software checking overhead by 44.9% and 50%, respectively. Notice that
with (NALS) all address checks before loads and stores are removed, so the
performance benefit of (R+NALS) versus (NALS) is due to the reduced register
pressure (the register of the load does not need to be replicated) and the removal
of a few additional checks before the data being stored.

6.4 Reliability

Our first technique is very conservative and should not affect the fault cover-
age. But for the second technique, since we remove all the checks for memory
addresses, memory can be corrupted. In order to evaluate the loss of fault cov-
erage, we use Pin [26] and inject faults to the binary file (excluding system
libraries). We assume a Single Event Upset(SEU) fault model, so only one bit
fault is injected during the execution of the program. In total 300 faults are
injected for each program. Although both integer and floating point registers
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can be corrupted, in order to magnify the impact of the errors we only inject
fault to the 8 32-bit integer registers and the status flags EFLAGS. When we
consider that the register file is not protected in hardware we mimic the fault
distribution by randomly selecting a dynamic instruction and flipping a random
bit in a random register (we call this scheme “random fault injection”). When
the register file is protected in hardware, we do the same, but flip the random
bit from its “output”. The output can be in a register or in memory if it has
been spilled. In this scheme, memory load instructions are avoided (we call this
scheme “safe register fault injection”).

After injecting an error into the binary, the program is run to completion
(unless it aborts) and its output is compared to a correct output. Depending on
the result the error will be categorized as: (unACE), the bit is unnecessary for
Architectural Correct Execution [27]; (Detected), the error is detected by our
checking code; (Self-Detected), the error is detected by the program assertions;
(Seg Fault), the error manifests as an exception or a segmentation fault; (SDC),
Silent Data Corruption, when the program finishes normally but the produced
output is incorrect. (SDC) is the first type of errors we want to prevent. Then,
we also want to minimize (self-Detected) errors and (Seg Fault), because it is
usually hard to determine if the error is due to a program bug or a soft error.
But with proper support, if we can roll-back and re-execute, these faults can be
recovered, so they are less harmful.

Figure 10-(a) and (b) show the experimental results for random fault injec-
tion and safe register fault injection, respectively. The fault detection rates for
these two schemes are very similar. Notice that the original program (O) has
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on average 75% (unACE) and less than 10% (SDC), which means that the soft-
ware itself has a certain fault maskability. With the safe register scheme more
faults result in SDC than with the random scheme (8.5% over 5%) and less
Seg Fault (15.6% over 17%). The reason is that the random scheme is more
likely to pick up a dynamic dead register or a register that holds the index for
addresses.

After the program is replicated (FR), most (Seg Fault), (Self-Detected) and
(SDC) go to the (Detected) category. (SDC) errors appear because some faults
are injected before the value is used but after is checked. If we remove checks
for addresses, reliability does not drop much. Under random injection scheme,
if we remove checks for load addresses (NAL), comparing to (FR), (SDC) in-
creases from 0.36% to 1.08%, (Seg Fault) increases from 4.47% to 8.05%. If we
also remove checks for store addresses (NALS), (SDC) rises to 1.44%, and (Seg
Fault) rises to 9.02%. Under safe register injection scheme, removing checks for
load addresses increases (SDC) from 0.27% to 0.38%, increase (Seg Fault) from
2.66% to 4.99%. Removing checks for store addresses further results in (SDC)
of 1.11%, and (Seg Fault) of 4.99%. In other words, when normalized to the
original program, under the safe register scheme removing checks for addresses
of load only incurs an extra 1.3% (SDC), while removing checks for all addresses
incurs 9.8%(SDC). Given that we almost decrease the performance overhead by
half, this loss of fault coverage seems acceptable.

7 Related Work

Previous work on compiler instrumentation for fault tolerance focuses on repli-
cation and checking. There have been previous works on software checking opti-
mization. For example, SWIFT [16] merges checks before branches into control
flow signature checks, and removes checks for blocks that do not have stores.
In this paper, we propose a new area for optimization: when the code structure
itself can mask errors and the compiler can determine those programs sections,
replication and later checking can be avoided.

Some previous works provide ways to trade reliability for performance. For ex-
ample, the work by Oh and McCluskey [28] selectively duplicates procedure calls
instead of replicating instructions inside them. This way error detection latency
is sacrificed for less power consumption. But for each procedure, either all the
instructions in the procedure or the call needs to be replicated. PROFiIT [29] and
Spot [25] divide program into regions and pick up only important regions to do
software replication and checking. Spot provides very flexible selection granular-
ity, ranging from a few blocks to a whole procedure. However, in Spot making a
good selection requires knowledge of fault mask probability and replication over-
head for each region. Jonathan Chang et. al [20] propose to protect a portion of
the register file based on a profile of register life time and usage. For different
platforms or different programs, the protected portion may be different. In this
paper, we provide a fine and simple leverage control: we choose to remove checks
for addresses of load or stores. With static compiler analysis, this technique can
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be applied independently of the target platform. Furthermore, we can combine
this technique with previous ones to trade fault coverage with performance.

Previous works on compiler instrumentation for fault-tolerance implement
their techniques at the source level [30], compiler backend [16,24,31,29,32], or
runtime binary level [25]. However, our techniques are implemented at the in-
termediate level, which makes it portable across platforms and friendly to users
who are not expert on the target ISA.

8 Conclusion

This paper makes several contributions. First, we identify a code pattern that
corresponds to outcome tolerant branches, and develop a compiler algorithm
that finds these patterns, avoiding unnecessary replication and checking. Second,
we evaluate the removal of address checks for loads and stores, and analyze
situations where these checks can be removed with little loss of fault coverage.
We also identify the check and replicated registers that can be removed on a
register safe platform.

Optimizing outcome tolerant branches obtains 7% performance speedup for
3 benchmarks, and an average of 1.6% for all, while keeping the same level of
reliability. We also find that on register safe platforms removing the checks for the
addresses of load reduce the replication overhead by 44.9%, and only increases
SDC (Silent Data Corruption) rate from 0.27% to 0.38%. Also, if 1.11% SDC
rate is acceptable, we can furthermore reduce the replication overhead by 50%
by also removing checks for the store addresses.
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Abstract. Massively parallel SIMD array architectures are making their way into
embedded processors. In these architectures, a number of identical processing
elements having small private storage and using asynchronous 1/O for accessing
large shared memory executes the same instruction in lockstep.

In this paper, we outline a simple extension to the C language, called C",
used for programming a commercial SIMD array architecture. The design of C"
is based on the concept of the SIMD array type architecture and revisits first
principles of designing efficient and portable parallel programming languages.
C" has alow level of abstraction and can also be seen as an intermediate language
in the compilation from higher level parallel languages to machine code.

1 Introduction

Massively parallel SIMD array architectures are no longer merely the province of large
supercomputer systems but are making their way into embedded processors. What
seemed a cautious extrapolation a decade ago (“‘even a parallel SIMD coprocessor em-
bedded in a single-user workstation may not be such a far-fetched idea” [1]) has now
become a reality.

In the 40 years since the design of Illiac IV [2], the first large-scale array computer
consisting of 64 processing elements (PEs), the progress of VLSI technology allows to
pack even more PEs into a single-chip microprocessor that in most respects can be con-
sidered “embedded”. For example, ClearSpeed’s CSX600 array processor consisting of
96 PEs has excellent performance per unit power by delivering more than 3 GFLOPS
per watt [3].

The CSX is a SIMD array architecture with a control unit and a number of processing
elements, with each PE having relatively small private storage and using asynchronous
I/0 mechanisms to access large shared memory.

In this paper, we describe a data-parallel extension to the C language, called C", for
programming the CSX architecture. In C", parallelism is mainly expressed at the type
level rather than at the code level. Essentially, C™ introduces a new multiplicity type
qualifier pol y which implies that each PE has its own copy of a value of that type. For
example, the definition pol y i nt X; implies that, on the CSX600 with 96 PEs, there
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exist 96 copies of integer variable X, each having the same address within its PE’s local
storage.

The multiplicity is also manifested in conditional statements. For example, the fol-
lowing code assigns zero to (a copy of) X on every even PE (the runtime function
get _penun{() returns the ordinal number of a PE):

i f(get_penum()% == 0) X = 0;

On every odd PE, the assignment is not executed (this is equivalent to issuing a NOP
instruction, as the SIMD array operates in lock-step).

We describe designing C™ as an efficient and portable language. Efficiency and
portability often conflict with each other (especially in parallel languages [4]). We argue
that the CSX architecture (§2) is representative of its class and thus can be considered
as a SIMD array type architecture (§3). Core C™ operations (§4) can be thought of as
cheap (in the spirit of C), while more expensive operations are relegated to the standard
library. We compare and contrast C™ design decisions with similar approaches (§5),
and then argue that C” can be seen as an intermediate language in the compilation from
higher level parallel languages (§6). We briefly discuss the C™ compiler implementation
(§7) and outline future work in conclusion (§8).

2 CSX Architecture

This section outlines ClearSpeed’s CSX architecture [3], which largely honours the
classical SIMD array organisation pioneered by the Solomon/Illiac IV designs [5], al-
beit embodied in a single chip.

2.1 CSX Family

The CSX architecture is a family of processors based on ClearSpeed’s multi-threaded
array processor (MTAP) core. The architecture has been developed for high rate pro-
cessing. CSX processors can be used as application accelerators, alongside general-
purpose processors such as those from Intel and AMD.

The MTAP consists of execution units and a control unit. One part of the processor
forms the mono execution unit, dedicated to processing scalar (or mono) data. Another
part forms the poly execution unit, which processes parallel (or poly) data, and may
consist of tens, hundreds or even thousands of identical processing element (PE) cores.
This array of PE cores operates in a synchronous, Single Instruction Multiple Data
(SIMD) manner, where every enabled PE core executes the same instruction on its local
data.

The control unit fetches instructions from a single instruction stream, decodes and
dispatches them to the execution units or I/O controllers. Instructions for the mono and
poly execution units are handled similarly, except for conditional execution. The mono
unit uses conditional jumps to branch around code like a standard RISC architecture.
This affects both mono and poly operations. The poly unit uses an enable register to
control execution of each PE. If one or more of the bits of that PE enable register is
zero, then the PE core is disabled and most instructions it receives will be ignored. The
enable register is a stack, and a new bit, specifying the result of a test, can be pushed
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onto the top of the stack allowing nested predicated execution. The bit can later be
popped from the top of the stack to remove the effect of that condition. This makes
handling nested conditions and loops efficient.

In order to provide fast access to the data being processed, each PE core has its
own local memory and register file. Each PE core can directly access only its own stor-
age. (Instructions for the poly execution unit having a mono register operand indirectly
access the mono register file, as a mono value gets broadcast to each PE.) Data is trans-
ferred between PE (poly) memory and the poly register file via load/store instructions.
The mono unit has direct access to main (mono) memory. It also uses load/store instruc-
tions to transfer data between mono memory and the mono register file. Programmed
1/0 (PIO) extends the load/store model: it is used for transfers of data between mono
memory and poly memory.

2.2 CSX600 Processor

The CSX600 is the first product in the CSX family. The processor is optimised for in-
tensive double-precision floating-point computations, providing sustained 33 GFLOPS
of performance on DGEMM (double precision matrix multiply), while dissipating an
average of 10 watts. The poly execution unit is a linear array of 96 PE cores, with 6KB
SRAM and a superscalar 64-bit FPU on each PE core. The PE cores are able to com-
municate with each other via what is known as swazzle path that connects each PE with
its left and right neighbours. Further details can be found in white papers [3].

2.3 Acceleration Example

A C" implementation of Monte-Carlo simulations for computing European option pric-
ing with double precision performs 100,000 Monte-Carlo simulations at the rate of
206.5M samples per second on a ClearSpeed Advance board having two CSX600 chips.
In comparison, an optimised C program using the Intel Math Kernel Library (MKL) and
compiled with the Intel C Compiler achieves the rate of 40.5M samples per second on
a 2.33GHz dual-core Intel Xeon (Woodcrest, HP DL380 G5 system). Combining both
the Intel processor and the ClearSpeed board achieves the rate of 240M samples per
second, which is almost 6 times the performance of the host processor alone.

3 C™ Design Goals and Choices

The key design goals of C" were efficiency and portability. We first discuss these goals
in a broader context of programming languages for sequential and parallel computers
(8§3.1), and then discuss how they affected the design choices of C™ (§3.2).

3.1 Efficiency and Portability

Program efficiency and portability are two common tenets of high-level programming
languages. Efficiency means that it is possible to write a compiler generating code that
is “almost” as fast as code written in assembly. Portability means that software can be
adapted to run on different target systems.
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Languages like C have been successful largely because of their efficiency and porta-
bility on von Neumann machines, having a single processor and uniform random
access memory. Efficiency comes from the programmer’s clear understanding of the per-
formance implications of algorithm selection and coding style. Portability is achieved
because languages like C hide most features of physical machines, such as instruction
set, addressing modes, register file, efc. Moreover, the hidden features apparently have
a negligible effect on performance, so porting often maintains efficiency [4].

Efficiency and portability are even more desired when programming parallel sys-
tems. Performance is the most compelling argument for parallel computing; and given
the amount of human effort required to develop an efficient parallel program, the result-
ing program should better have a long useful life [6].

In the world of parallelism, however, no single model accurately abstracts the vari-
ability of parallel systems. While it is possible, for example, to program distributed
memory machines using a shared memory model, programmers having limited control
over data distribution and communication are unlikely to write efficient programs. So
in this world, sadly, efficiency and portability are no longer close friends.

Snyder introduced [7] the notion of a type architecture—a machine model abstract-
ing the performance-important features of a family of physical machines, in the same
way as the RAM model abstracts von Neumann machines. He proposed the Candidate
Type Architecture (CTA) which effectively abstracts MIMD machines (multicomput-
ers) with unspecified interconnect topology. The key CTA abstraction is that accessing
another processor’s memory is significantly more expensive than accessing local mem-
ory (typically by 2-5 orders of magnitude) [4].

3.2 C™ as a Language for the SIMD Array Type Architecture

Our key observation is that the CSX architecture can be considered a SIMD array
type architecture (SATA), as it respects classical organisation and has typical costs
of communicating data between main (mono) and local (poly) memory. Designing a
core language based on the type-architecture facilities should provide both efficiency
and portability [7]. To match the programmer’s intuition, core language operations are
cheap, while operations relegated to the standard library are more expensive. For ex-
ample, arithmetic operations are cheap, while reduction operations (using the inter-PE
communication) are somewhat more expensive, albeit still cheaper than data transfer
operations between mono and poly memories.

Efficiency mandates only providing language constructs that can be reliably imple-
mented on the SATA using standard compiler technology. History shows that languages
that are difficult to implement are also rarely successful (HPF is a dismal example [8]).

Portability is important because the CSX architecture family (§2.1) does not fix the
PE array size. Also, as the number of PE cores increases, other (than linear) interconnect
topologies could be introduced.

Designing C" as a C extension provides a known starting point for a large community
of C programmers. In addition, software development tools can be written by making
(small) modifications to existing ones, rather than from scratch.
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4 C™ Outline

In this section we outline the most salient features of C"”. We give further rationale
behind some design decisions in §5.

4.1 Types

C" extends C with two additional keywords that can be used as part of the declaration
qualifier for declarators, i.e. logically amend the type system [9]. These keywords are
multiplicity qualifiers and allow the programmer to specify a memory space in which a
declared object resides. The new keywords are:

— mono: for declaring an object in the mono domain (i.e. one copy exists in main
memory);

— pol y: for declaring an object in the poly domain (i.e. one copy per PE in its local
memory).

The default multiplicity is nono. Wherever a multiplicity qualifier may be used, an
implicit nono is assumed, unless an explicit pol y is provided. A consequence of this
is that all C programs are valid C™ programs, with the same semantics. Thus, C" is a
superset of C (but see §5.2).

Basic types. C" supports the same basic types as C. They can be used together with a
multiplicity qualifier to produce declarations (only one of the qualifiers can be used in
a basic type declaration). Some example declarations follow:

poly int i; // nultiple copies in PE local (poly) nenory
nono unsigned cu; // a single copy in nain (nmono) nenory
unsigned long cs; // a single copy in main (nono) nenory

Pointer types. The pointer types in C" follow similar rules to those in C. Pointer
declarations consist of a base type and a pointer. The declaration on the left of the
asterisk represents the base type (the type of the object that the pointer points to). The
declaration on the right of the asterisk represents the pointer object itself. It is possible
to specify the multiplicity of either of these entities in the same way as const and
vol ati | e work in C. For example:

poly int » poly sam // poly pointer to poly int
poly int * frodo; /'l nono pointer to poly int
int * poly bil bo; /1 poly pointer to nono int

Thus, there are four different ways of declaring pointers with multiplicity qualifiers:

— mono pointer to mono object (e.g. "ONO i nt * nono);
mono pointer to poly object (e.g. poly i nt * npno);
poly pointer to mono data (e.g. mono i nt * pol y);
poly pointer to poly data (e.g. poly int * poly).



Revisiting SIMD Programming 37

Note that in the case of a poly pointer, multiple copies of the pointer exist, potentially
pointing to different locations.

As in C, pointers are used to access memory. The compiler allocates named poly
objects to the same address within each PE local memory. Thus, taking the address of a
named object (whether mono or poly) always yields a mono pointer.

Array types. The syntax for array declaration in C™ is similar to that in C. It is pos-
sible to use a multiplicity qualifier in an array declaration. Consider the declaration
poly int Al 42];.The multiplicity qualifier applies only to the base type of the ar-
ray (i.e. to the type of array elements). This declaration will reserve a poly space for 42
integers at the same location on each PE. Similar to C, we can say that the array name
is coerced to the address of its first element, which is a mono pointer to poly object (e.g.
poly int * nono).

There are some additional restrictions when dealing with arrays, specifically with
array subscripting, discussed in §4.3.

Aggregate types. Similar to C, C" distinguishes between declaration and definition of
objects. A declaration is where an object type is specified but no object of that type is
created, e.g. a struct type declaration. A definition is where an object of a particular type
is created, e.g. a variable definition. Structs and unions in C™ match their C equivalents,
the only difference being the type of fields one can specify inside a struct or union type
declaration.

Standard C allows essentially any declaration as a field, with the exception of stor-
age class qualifiers. C™ allows the same with the additional restriction that fields cannot
have multiplicity qualifiers. This is because a struct type declaration just specifies the
structure of memory. Memory is not allocated until an instance of that struct type is cre-
ated. Thus, putting a poly field in a struct declaration and then defining an instance of
that struct in the mono domain would result in having contradictory multiplicity spec-
ifications. (Similarly for a mono field in a struct instance defined in the poly domain.)
For example:

/'l legal struct declaration

struct _A {
int a;
float b;
}
poly struct _A Kkai ser;
/1 illegal struct declaration
struct _B {
poly int a; /1 illegal use of multiplicity
nono float b; // illegal use of nmultiplicity
b

nmono struct _B king; // where should king.a go?
poly struct _B tsar; // where should tsar.b go?

Multiplicity qualifiers, however, can be used on the base type of pointers (otherwise
pointers to poly data could not be declared as fields). For example:
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union _C{ // define a union
poly int * a;
nono int * poly * b;

b

poly union _C fred;

nono uni on _C bar ney;

In the declaration of fred, the field a is created as a poly pointer to a poly int
(poly int * poly)andb is created as a poly pointer to a poly pointer to a mono int
(mono int * poly = poly). In the declaration of bar ney, a is created as a mono
pointer to a poly int (pol y i nt * npno) and b is created as a mono pointer to a poly
pointer to a mono int (mono int * poly * nono).

4.2 Expressions

C" supports all the operators of C. Mono and poly objects can usually be used inter-
changeably in expressions (but see §4.3 for exceptions).

Note that the result of any expression involving a mono and a poly object invari-
ably has a poly type. Thus, mono objects are promoted to the poly domain in mixed
expressions. In the following example,

poly int x; int y; x = x +vy;

where y is promoted to pol y i nt before being added to (every copy of) x. (Techni-
cally, the promotion is done by broadcasting values from the mono register file to the
poly execution unit.)

4.3 Assignment Statements

Assignment within a domain (i.e. poly to poly, or mono to mono) is always legal and
has the obvious behaviour.

A mono value can also be assigned to a poly variable. In this case the same value is
assigned to every copy of the variable on each PE. For example, poly int x = 1;
results in (every copy of) x having the value of 1. (Again, the architecture supports such
assignments by broadcasting the mono value to the poly unit.)

It is not obvious, however, what should happen when assigning a poly to a mono, i.e.
when taking data from multiple copies of the poly variable and storing it in the single
mono variable. Therefore direct assignment from the poly domain to the mono domain
is disallowed in C™.

Note that certain C™ expressions are disallowed, as otherwise they would require an
implicit data transfer from mono to poly memory. One such expression is dereferencing
of a poly pointer to mono data (e.g. nobno i nt * poly). Attempting to dereference
such a pointer would result in poly data, but the data is stored in the mono domain and
would therefore need to be copied to poly memory. Since broadcasting can only send a
single mono value to the poly unit at a time, such a copy would involve expensive pro-
grammed I/O mechanisms. Therefore, allowing such dereferencing would conflict with
the design goal that the core language operations should be cheap. Thus, the compiler
reports dereferencing a poly pointer to mono data as an error.
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Since, following C, C™ treats x[ i ] as equivalentto*(x + i), it follows that index-
ing a mono array with a poly expression is also forbidden, because it would implicitly
dereference a poly pointer to mono data.

In all the cases when data transfers between mono and poly memories are required,
the programmer has to use memory copy routines from the standard C" library.

4.4 Reduction Operations

Many parallel algorithms require reducing a vector of values to a single scalar value.
In addition to the core operations defined above, the C" standard library provides sum
ti mes, and bit-wise operations defined for basic types for reducing a poly value into a
mono value. For example, on an array of n PEs,

poly float x; nono float vy;

y = reduce_nono_sun(Xx);
means

y = x(0) + x(1) + ... + x(n-1);
where x(i ) refers to the value of x on ith PE.

For some algorithms another form of reduction is useful: logically, a poly value is
reduced to an intermediate mono value which is then broadcast into a result poly value.
Thus,

poly float x, z; ...

z = reduce_poly_sun(x);
means

z(0) = ... =2z(n-1) =x(0) + x(1) + ... + x(n-1);

Both forms can be efficiently implemented on the CSX using the inter-PE swazzle
path. The order in which the result is evaluated is unspecified.

4.5 Control Statements

The basic control flow constructs in C™ are the same as in C. Conditional expressions,
however, can be of mono or poly domain. Consider the i f statement:

i f(expression) { statenent-list }

A mono expression for the condition affects both the mono and poly execution units.
If the expression is false, the statement list will be skipped entirely, and execution will
continue after the i f statement.

A poly expression for the condition can be true on some PEs and false on others.
This is where the PE enable state (described in §2.1) comes in: all the PEs for which
the condition is false are disabled for the duration of executing the statement list. The
statement list is executed (even if all PEs are disabled by the condition), but any poly
statements (e.g. assignments to poly variables) have an affect only on the enabled PEs.
Mono statements inside a poly i f, however, get executed irrespective of the conditions.
Consider the following example:
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poly int foo = 0; nono int bar = 1;

if(get_penum()% == 0) { // disable all odd PEs
foo =1; // foois 1 on even and 0 on odd PEs
bar = 2; // bar is 2

}

Effectively, a poly condition is invisible to any mono code inside thati f statement.!
This language design choice may seem counterintuitive and is indeed a controversial
point in the design of SIMD languages, to which we return in §5.2.

A poly condition in an i f. . el se statement implies that for the i f -clause all the
PEs on which the condition evaluates to true are enabled, and the others are disabled.
Then, for the el se-clause, the enable state of all the PEs is inverted: those PEs that
were enabled by the condition are disabled and vice-versa.

Conditional statements can be nested just as in C. Poly statements are only executed
on PEs when all the nested conditional expressions evaluate to true.

These rules, of course, dictate different compilation of conditional statements. Mono
conditional statements result in generating branch instructions, while poly conditional
statements result in generating poly instructions enabling and disabling PEs (enable
stack operations on the CSX; see §7 for more details).

Similar principles apply to loop constructs f or , whi | e and do. . whi | e. A loop with
a poly control expression executes until the loop condition is false on every PE. Note
that a poly loop can iterate zero times, so in that case, unlike the i f statement, even
mono statements in its body will not be executed.

4.6 Functions

Multiplicity qualifiers can be specified for the return type of a function, as well as the
types of any arguments. We refer to a function as being mono or poly according to
whether its return type is mono or poly.

A return statement from a mono function behaves exactly as expected by transferring
control to the point after the call statement. A poly function does not actually return
control until the end of the function body. A return from a poly function works by
disabling the PEs which execute it. Other PEs execute the rest of the function code.
When the function returns, all PEs have their enable state restored to what it was on
entry. Note that all mono code in the function is always executed (unless branched over
by mono conditional statements).

5 C™ Design Rationale

5.1 Low-Level Abstraction

Early SIMD programming languages for the Illiac IV computer included Glypnir [10],
with syntax based on Algol 60, and CFD [11], based on Fortran. The main design
goal of these languages was “to produce a useful, reliable, and efficient programming

"It way be worth noting that the block structure of code is still relevant. So, for example, any
mono declarations within the body of a poly conditional statement are local to that body.
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tool with a high probability of success” [10]. Given the state of compiler technology
in the early 1970s, the languages could not both be machine independent and satisfy
this goal.? In addition to explicit means for specifying storage allocation and program
control as in C™, these languages even provided means for accessing subwords and
registers.

Many vector processing languages have appeared since then, providing higher levels
of abstraction for array-based operations (e.g. Actus [12], Vector C [13], High Perfor-
mance Fortran [8], etc.). Unfortunately, such languages present greater complexity for
the implementors because of data alignment, storage allocation and communication is-
sues on SIMD machines (e.g. see [14,15]).

C” builds on the C strength of “solving” most implementation efficiency problems
by leaving them to the programmers. While not the most desirable solution, it relieves
the programmers from solving the same problems using assembly language. In §6 we
argue that C" can be seen as an intermediate representation for compiling from higher
level parallel languages.

5.2 C™ and Other SIMD Dialects of C

C" is by no means the first C dialect for SIMD programming. Notable examples include
C* [16] for programming the Connection Machine models, MPL [17] for the MasPar
models, and 1DC (one-dimensional C) [18] for the IMAP models.

All these languages intentionally reflect their respective architectures. The unify-
ing theme is the use of a keyword to specify multiple instance variables (pol y in C*,
pl ural in MPL, sep in 1DC). The language differences stem from the differences
between the architectures and design goals.

Communication. While the pol y keyword implies the physical data distribution, C*
enshrines the viewpoint that no parallel version of C can abandon the uniform address
space model without giving up its claim to be a superset of C. Uniform memory means
that a PE can have a pointer p into the memory of another PE. For example, the state-
ment *p = X; means “send message x to a location pointed to by p”. Thus, C* relies
on pointers for interprocessor communication.

This C* feature is underpinned by Connection Machine’s key capability allowing any
PE to establish a connection with any other PE in the machine (via the global routing
mechanism or local meshes). Still, the programmer relies on the compiler writer’s abil-
ity to implement pointer-based communication efficiently. Perhaps, this is the reason
why, in contrast, MasPar’s MPL provides explicit communication operators, although
the MasPar has connection capabilities similar to the Connection Machine.

The IMAP architectures have a linear nearest neighbour interconnect, as does the
CSX. 1DC supports special operators for nearest neighbour communication, while C"
relegates communication functions to the C" standard library.

Dereferencing pointers. Even rejecting the pointer-based communication in C* does
not mean that the compiler will be able to optimise poorly written code; in particular,

% Indeed, the compiler for Tranquil—the first Tlliac IV language—was abandoned because of
implementation difficulties and lack of resources [10].
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code that makes a heavy use of costly DMA transfers between mono and poly mem-
ories. The C" ban on dereferencing poly pointers to mono data (which would transfer
only several bytes at a time) aims to shut the door in front of the abusing programmers.
In contrast, MPL does not sacrifice convenience for efficiency and allows all pointer
operations.

Poly conditional statements. In §4.5, we discussed the behaviour of poly i f state-
ments in C": even if the poly condition is false on every PE, the statement list is exe-
cuted regardless, including all mono statements in the list. This model of execution is
easy to implement on the CSX by inserting operations on the hardware enable stack
(see §7). The same model was used in MPL [19].

The designers of C* followed the other route by adopting the “Rule of Local Sup-
port” [16, §6.2]: if the poly condition is false on every PE, then the statement list is not
executed at all. The Rule of Local Support required extra implementation trouble but
preserved the usual model of a whi | e loop in terms of i f and got o statements. The C*
designers, nevertheless, admitted that their rule occasionally also caused inconvenience
and confusion.

Deciding on whether to preserve or to change the semantics of familiar statements
when extending a sequential language for parallelism is hard, and may even drive the
designers to a thought that designing a language from scratch is a better idea (e.g. see
the history of ZPL [4]). In the case of i f statements, the solution does not need to
be that radical and could merely come as using different keywords in a more general
language supporting both execution models (for example, i f p for the C"/MPL model
and i f mfor the C* model).

6 C™ as Intermediate Language

SIMD array supercomputers went out of fashion in the early 1990s when clusters of
commodity computers proved to be more cost effective. Ironically, vector-style instruc-
tions reemerged in commodity processors under the name of SIMD (or multimedia)
extensions, such as Intel MMX/SSE and PowerPC AltiVec.

The principal difference between “real” (array) SIMD and vector extensions is that
the latter operate on data in long registers and do not have local memory attached to
each PE as in SIMD arrays. In terms of the C™ language, this means that it would be
inefficient (if not impossible) to use pointers to poly data when programming in C"
for vector extensions. This is because it would not be straightforward to compile C"
programs expressing memory operations that are not supported by the hardware.

We argue, however, that the C" language can be regarded as a “portable assembly”
language for both SIMD and vector architectures. Given an architecture description,
high-level languages providing more abstract array-based operations can be translated
to C™ and then efficiently mapped to machine code by the C" compiler.

For example, consider a Fortran 90 style statement B[ 0: 959] = A[ 0: 959] +42;
where Al ] and B[] are arrays of floats. This statement loads 960 values from A, adds
42 to each, and stores 960 results to B. Suppose that the target architecture is a vector
machine with 96 elements per vector register, hence the statement parallelism needs to
be folded 10 times to fit the hardware by strip mining [20,15].
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For a vector machine, the declaration poly float va, vb; can be thought of as
defining two vector registers in a similar way as vector float vc; can be used to
define a (4-element) vector in the AltiVec API [21]. The vector statement can then be
strip-mined horizontally [15], resulting in:

const poly int me = get_penun(); // get PE nunber
nono float * poly pa = A + ne;
nono float * poly pb = B + n¥;

for(int i =0; i < 10; i++, pa += 96, pb += 96) {
va = =*pa; // |oad 96-el enent vector
vb = va + 42;
*pb = vb; // store 96-el enent vector

}

(Note that here we have lifted the C™ ban on dereferencing poly pointers to mono data,
which is the artefact of distributed memory SIMD arrays.)

The same strategy works on a SIMD machine having 96 PEs: 10 vector indirect
loads (one on each iteration) are replaced with 10 DMA transfers from mono to poly
memory, 10 vector stores with 10 DMA transfers from poly to mono memory; each
transfer moves a single float to/from a PE. It is more efficient, however, to strip-mine
vertically [15], which in pseudo-vector notation can be written as:

poly float pAl 10], pB[10];

pA[ 0: 9] = A[10*ne: 10*xnme+9]; // DMA nono to poly
pB[0: 9] = pA[0:9] + 42;

B[ 10+ ne: 10xne+9] = pB[0:9]; // DNMA poly to nopno

This requires only two DMA transfers of 10 floats each. Given high DMA start-up
costs, vertical strip-mining is several times more efficient. Hence, the compiler should
favour the second form on SIMD machines. (This is a trivial example of the decisions
we referred to in §5.1 that the compiler needs to make to efficiently compile high-level
vector abstractions).

To summarise, C™ code can be seen as an intermediate language, from which tar-
get code can be generated. Once a C™ compiler is written and well-tuned, the qual-
ity of target code should principally depend on the ability of the (machine-description
driven) front-end to generate efficient intermediate code from a higher level parallel lan-
guage. Even if the front-end generates suboptimal intermediate code, the performance-
conscious programmer still has a fallback to the intermediate language, rather than to
assembly.

C™ has already been targeted from a subset of OpenMP [22]. We believe that C" can
also be targeted from high-level data parallel libraries such as MSR Accelerator [23]
and memory hierarchy oriented languages such as Stanford Sequoia [24].

7 C"™ Compiler Implementation

ClearSpeed has developed a C™ optimising compiler for the CSX architecture using
the CoSy compiler development framework [25]. Small modifications to the front-end
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were needed to support the multiplicity qualifiers in the source code. Each type is sup-
plemented with a flag indicating whether it is mono or poly. A special phase was written
to recognise poly conditional statements and transform them into a form of predicated
execution. For example, assuming that both x and y are in the poly domain,

if (y >0) {
X =y,
}

becomes
enabl estate
X ?=y;
enabl estate = pop(enabl estate);

push(y > 0, enablestate);

where the predicated assignment operator ?= assigns its rhs expression to the /hs loca-
tion only on those PEs where all the bits of the hardware enable stack (represented by
the variable enabl est at e) are 1.

Predicated execution requires careful rethinking of standard optimisations. For ex-
ample, the standard register allocation algorithm via coloring has to recognise that live-
ness of a virtual poly register is not simply implied by its def-use chain but is also a
function of the enable state. This is not, however, a new problem (e.g. see [26]).

7.1 C™ Compiler Performance

ClearSpeed has developed a number of interesting applications in C”, including func-
tions from the molecular dynamics simulation package AMBER, Monte-Carlo option
pricing simulations, implementations of 2D and 3D FFTs, and others.

The C™ design choice of only including features that can be efficiently implemented
using standard compiler technology pays off handsomely, since the implementors can
concentrate their efforts on optimisations that the programmer expects the compiler to
get right. For example, Fig. 1 shows on 20 benchmarks the performance improvement
achieved by the version 3.0 of the C™ compiler over the version 2.51.

Much of the improvement comes from the work on the register allocator and other
optimisations becoming aware of poly variables. Particular optimisations, e.g. loop-
invariant code motion, have proved to benefit from the target processor’s ability to issue
forced poly instructions which are executed regardless of the enable state.

Code for the anber benchmark generated by the current version of the compiler
performs within 20% of hand-coded assembly. (No other similar data is available for
comparison, because it makes little sense to re-implement assembly programs in C”,
other than to improve portability.)

8 Future Work and Conclusion

Programming in C” tends to require the programmer to restructure programs to expose
the parallelism lost when writing in a sequential language. Essentially, the C" program-
mer indicates a parallel loop. We believe it is possible to ease the programmer’s task
of annotating sequential C programs (but expressing parallel algorithms) with the pol y
qualifier, if the programmer can assert certain properties.
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Fig. 1. Performance improvement of code generated by the compiler version 3.0 over code gen-
erated by the compiler version 2.51

We are developing an auto-parallelising compiler module converting C code to valid
C" code using programmer’s annotations based on the concept of delayed writes [27].
The resulting C™ code is then fed into the optimisation and code generation phases of
the C™ compiler.

ClearSpeed has developed a set of production quality tools targeting the CSX ar-
ray architecture, including an optimising compiler, assembler, linker and debugger, that
make software development in C™ a viable alternative to hand-coding in assembly as
loss in performance is far outweighed by the advantages of high-level language pro-
gramming.
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Abstract. Partitioned Global Address Space (PGAS) languages offer an attrac-
tive, high-productivity programming model for programming large-scale paral-
lel machines. PGAS languages, such as Unified Parallel C (UPC), combine the
simplicity of shared-memory programming with the efficiency of the message-
passing paradigm by allowing users control over the data layout. PGAS lan-
guages distinguish between private, shared-local, and shared-remote memory,
with shared-remote accesses typically much more expensive than shared-local
and private accesses, especially on distributed memory machines where shared-
remote access implies communication over a network.

In this paper we present a simple extension to the UPC language that allows
the programmer to block shared arrays in multiple dimensions. We claim that this
extension allows for better control of locality, and therefore performance, in the
language.

We describe an analysis that allows the compiler to distinguish between lo-
cal shared array accesses and remote shared array accesses. Local shared array
accesses are then transformed into direct memory accesses by the compiler, sav-
ing the overhead of a locality check at runtime. We present results to show that
locality analysis is able to significantly reduce the number of shared accesses.

1 Introduction

Partitioned Global Address Space (PGAS) languages, such as UPC [14], Co-Array For-
tran [10], and Titanium [16], extend existing languages (C, Fortran and Java, respec-
tively) with constructs to express parallelism and data distributions. They are based on
languages that have a large user base and therefore there is a small learning curve to
move codes to these new languages.

We have implemented several parallel algorithms — stencil computation and lin-
ear algebra operations such as matrix-vector and Cholesky factorization — in the UPC
programming language. During this effort we identified several issues with the current
language definition, such as: rudimentary support for data distributions (shared arrays
can be distributed only block cyclic), flat threading model (no ability to support subsets
of threads), and shortcomings in the collective definition (no collectives on subsets of
threads, no shared data allowed as target for collective operations, no concurrent partic-
ipation of a thread in multiple collectives). In addition, while implementing a compiler
and runtime system we found that naively translating all shared accesses to runtime

V. Adve, M.J. Garzardn, and P. Petersen (Eds.): LCPC 2007, LNCS 5234, pp. 47-62, 2008.
(© Springer-Verlag Berlin Heidelberg 2008
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calls is prohibitively expensive. While the language supports block transfers and cast
operations that could alleviate some of the performance issues, it is more convenient to
address these problems through compiler optimizations.

Tackling some of these issues, this paper makes the following contributions:

— propose a new data distribution directive, called multidimensional blocking, that al-
lows the programmer to specify n-dimensional tiles for shared data (see Section 2);

— describe a compile-time algorithm to determine the locality of shared array ele-
ments and replace references that can be proven to be locally owned by the execut-
ing thread with direct memory accesses. This optimization reduces the overhead of
shared memory accesses and thus brings single thread performance relatively close
to serial implementations, thereby allowing the use of a scalable, heavier, runtime
implementation that supports large clusters of SMP machines (see Section 3);

— present several benchmarks that demonstrate the benefits of the multidimensional
blocking features and the performance results of the locality analysis; these perfor-
mance results were obtained on a cluster of SMP machines, which demonstrates
that the flat threading model can be mitigated through knowledge in the compiler
of the machine architecture (Section 5).

2 Multidimensional Blocking of UPC Arrays

In this section we propose an extension to the UPC language syntax to provide addi-
tional control over data distribution: tiled (or multiblocked) arrays. Tiled data structures
are used to enhance locality (and therefore performance) in a wide range of HPC ap-
plications [2]. Multiblocked arrays can help UPC programmers to better express these
types of applications, allowing the language to fulfill its promise of allowing both high
productivity and high performance. Also, having this data structure available in UPC
facilitates using library routines, such as BLAS [4], in C or Fortran that already make
use of tiled data structures.

Consider a simple stencil computation on a 2 dimensional array that calculates the
average of the four immediate neighbors of each element.

shared double A[M][N];

1
3 for (i=1.M—=2j=1..N-2)
4 BLi][j] = 0.25%(A[i —1][jI+A[i+1][jI+A[i][j—1+A[1][j+1]);

Since it has no data dependencies, this loop can be executed in parallel. However, the
naive declaration of A above yields suboptimal execution, because e.g. A[ i - 1] [] ]
will likely not be on the same UPC thread as Al i ] [j] and may require inter-node
communication to get to. A somewhat better solution allowed by UPC is a striped 2D
array distribution:

shared doubl e [Mb] AIM[N;

M x bis the blocking factor of the array; that is, the array is allocated in contiguous
blocks of this size. This however, limits parallelism to ]z\f processors and causes O( ll))
remote array accesses. By contrast, a tiled layout provides MbéN parallelism and O( ;)

of the accesses are remote. Typical MPI implementations of stencil computation tile
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the array and exchange “border regions” between neighbors before each iteration. This
approach is also possible in UPC:

struct block { double tile[b][b]; };
shared bl ock AIMb] [N b];

However, the declaration above complicates the source code because two levels of
indexing are needed for each access. We cannot pretend that A is a simple array any-
more. We propose a language extension that can declare a tiled layout for a shared array,
as follows:

shared <type> [bO][b1l]...[bn] A[dO][d1] ... [dn]:

Array Ais an n-dimensional tiled (or “multi-blocked”) array with each tile being an
array of dimensions [0b0][b1]...[bn]. Tiles are understood to be contiguous in memory.
2.1 UPC Array Layout

To describe the layout of multiblocked arrays in UPC, we first need to discuss conven-
tional shared arrays. A UPC array declared as below:

shared [b] <type> A[dO][d1l]...[dn];

is distributed in memory in a block-cyclic manner with blocking factor b. Given an
array index v = vg, vy, ...U, 1, to locate element A[v] we first calculate the linearized
row-major index (as we would in C):

n—1 n—1
L(v) = vo x de+v1>< de+...+vn_1 (D)
Jj=1 j=2

Block-cyclic layout is based on this linearized index. We calculate the UPC thread on
which array element A[v] resides. Within the local storage of this thread the array is
kept as a collection of blocks. The course of an array location is the block number in
which the element resides; the phase is its location within the block.

thread(A,v) == VE}V)J mod T
phase(A,v) = L(v) modb
course(A,v) = HS,T)J

Multiblocked arrays: The goal is to extend UPC syntax to declare tiled arrays while
minimizing the impact on language semantics. The internal representation of multi-
blocked arrays should not differ too much from that of standard UPC arrays. Con-
sider a multiblocked array A with dimensions D = {dy, d1, ...d,, } and blocking factors

B = {bo, by, ...b, }. This array would be allocated in k = []}'~' H] blocks (or tiles)

of b = H?;OI b; elements. We continue to use the concepts of thread, course and phase
to find array elements. However, for multiblocked arrays two linearized indices must
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be computed: one to find the block and another to find an element’s location within a
block. Note the similarity of Equations 2 and 3 to Equation 1:

n—1 n—1
Linfblock:(v) = ((vk mod bk) X H bj) (2
k=0 j=k+1
n—1 vk n—1 ds
Lv) = ({ Jx {ﬂ) 3)
o Lbx j—];[+1 bi

The phase of a multiblocked array element is its linearized in-block index. The
course and thread are calculated with a cyclic distribution of the block index, as in
the case of regular UPC arrays.

thread(A,v) == {Hégl)bJ mod 7
phase(A,v) = Lin_plock(V) @)
course(A,v) = LHZ%(ZBXTJ

Array sizes that are non-multiples of blocking factors: The blocking factors of multi-
blocked arrays are not required to divide their respective dimensions, just as blocking
factors of regular UPC arrays are not required to divide the array’s dimension(s). Such
arrays are padded in every dimension to allow for correct index calculation.

2.2 Multiblocked Arrays and UPC Pointer Arithmetic

The address of any UPC array element (even remote ones) can be taken with the upc
addr essof function or with the familiar & operator. The result is called a pointer-to-
shared, and it is a reference to a memory location somewhere within the space of the
running UPC application. In our implementation a pointer-to-shared identifies the base
array as well as the thread, course and phase of an element in that array.

UPC pointers-to-shared behave much like pointers in C. They can be incremented,
dereferenced, compared etc. The familiar pointer operators (*, & ++) are available. A
series of increments on a pointer-to-shared will cause it to traverse a UPC shared array
in row-major order.

Pointers-to-shared can also used to point to multiblocked arrays. Users can expect
pointer arithmetic and operators to work on multiblocked arrays just like on regular
UPC shared arrays.

Affinity, casting and dynamic allocation of multiblocked arrays: Multiblocked ar-
rays can support affinity tests (similar to the upc t hr eadof function) and type casts
the same way regular UPC arrays do.

Dynamic allocation of UPC shared arrays can also be extended to multiblocked
arrays. UPC primitives like upc al | al | oc always return shared variables of type
shared voi d *; multiblocked arrays can be allocated with such primitives as long
as they are cast to the proper type.
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2.3 Implementation Issues

Pointers and dynamic allocation of arrays: Our current implementation supports only
statically allocated multiblocked arrays. Dynamically allocated multiblocked arrays
could be obtained by casting dynamically allocated data to a shared multiblocked type,
making dynamic multiblocked arrays a function of correct casting and multiblocked
pointer arithmetic. While correct multiblocked pointer arithmetic is not conceptually
difficult, implementation is not simple: to traverse a multiblocked array correctly, a
pointer-to-shared will have to have access to all blocking factors of the shared type.

Processor tiling: Another limitation of the current implementation is related to the
cyclic distribution of blocks over UPC threads. An alternative would be to specify a
processor grid to distribute blocks over. Equation 3 would have to be suitably modified
to take thread distribution into consideration. We have not implemented this yet in the
UPC runtime system, although performance results presented later in the paper clearly
show the need for it.

Hybrid memory layout: Our UPC runtime implementation is capable of running in
mixed multithreaded/multinode environments. In such an environment locality is inter-
preted on a per-node basis, but array layouts have to be on a per-UPC-thread basis to be
compatible with the specification. This is true both for regular and multiblocked arrays.

3 Locality Analysis for Multi-dimensional Blocking Factors

This section describes a compile-time analysis for multi-dimensional blocking factors
in UPC shared arrays. The analysis considers loop nests that contain accesses to UPC
shared arrays and finds shared array references that are provably local (on the same
UPC thread) or shared local (on the same node in shared memory, but on different UPC
threads). All other shared array references are potentially remote (reachable only via
inter-node communication).

The analysis enables the compiler to refactor the loop nest to separate local and
remote accesses. Local and shared local accesses cause the compiler to generate simple
memory references; remote variable accesses are resolved through the runtime with a
significant remote access overhead. We consider locality analysis crucial to obtaining
good performance with UPC.

In Figure 1 we present a loop nest that will be used as an example for our analysis.
In this form the shared array element in the affinity test — the last parameter in the
upc forall statement — is formed by the current loop-nest index, while the single
element referenced in the loop body has a displacement, with respect to the affinity
expression, specified by the distance vector k = [ko, k1, ..., kn—1]. Any loop nest in
which the index for each dimension, both in the affinity test and in the array reference,
is an affine expression containing only the index in the corresponding dimension can be
transformed to this cannonical form.' Table 1 summarizes the notation used throughout

! An example of a loop nest that cannot be transformed to this cannonical form is a two-level nest
accessing a two-dimensional array in which either the affinity test or the reference contains an
expression such as Al vo + v1] [ v1] .
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shared [bo] [bl] B [ bk_l] | nt A[ do] [dl] B ‘[dk_l] ;
for(vw=0 ; vo<do—ko ; wvot+)
for(v=0 ; vi<di—ki; vitt){
upe forall( v, 1=0 ; vn1<dn-1—kn-1 ; va1t+t; &Alwo][vi]...[vn-1])
Al vo+ kol [vi+ki]...[vn-1+kno1] = voxvi*...%0n_1;

Fig. 1. Multi-level loop nest that accesses a multi-dimensional array in UPC

Table 1. Expressions used to compute the node ID that each element A[v] of array A belongs to

Ref Expression Description
1 n number of dimensions
2 b; blocking factor in dimension ¢
3 d; array size in dimension %
4 Vi position index in dimension ¢
5 v = [vo, V1, .., Un—1] Index of an array element
6 T number of threads
7 t number of threads per node
8 B; = LZ:J Block index in dimension
9 L(v) = Y1) B x [T}y, [ ] Linearized block index
10 L'(v) = L(v)%T Normalized linearized block index
11 Nw) ="M Node ID
12 O(v) = L(v)%t Block offset within a node

this section and the expressions used by the locality analysis to compute the locality of
array elements. The goal of the locality analysis is to compute symbolically the node
ID of each shared reference in the loop and compare it to the node ID of the affinity
expression. All references having a node ID equal to the affinity expression’s node ID
are local.

Locality analysis is done on the n-dimensional blocks of the multiblocked arrays
present in the loop. For conventional UPC shared arrays declared with a blocking factor
b, the analysis uses blocking factors of 1 in all dimensions except the last dimension,
where b is used. The insight of the analysis is that a block shifted by a displacement
vector k can span at most two threads along each dimension. Therefore locality can
only change in one place in this dimension. We call this place the cut.

Once the cut is determined, our analysis tests the locality of the elements at the 2"
corners of the block. If a corner is found to be local, all the elements in the region from
the corner up to the cuts in each dimension are also local.

Definition 1. The value of a cut in dimension i, C'ut;, is the distance, measured in
number of elements, between the corner of a block and the first transition between
nodes on that dimension.

Consider the two-level loop nest that accesses a two-dimensional blocked array shown
in Figure 2. The layout of the array used in the loop is shown to the right of the code.
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Fig. 2. A two-dimensional array node example

Thin lines separate the elements of the array. Large bold numbers inside each block of
2x3 elements denote the node ID to which the block is mapped. Thick lines separate
nodes from each other. The grey area in the array represents all elements that are ref-
erenced by iterations of the f or al | loop that are affine with &A[ 0] [ 0] ; cuts in this
iteration space are determined by the thick lines (node boundaries).

Finding the cuts: In general, for dimensions ¢ = 0 to n — 2 the value of the cut in that
dimension is given by the following expression.

Cuti = bi - ki%bi (5)

Thus in the example Cuty = 1, which means that the only possible change of locality
value happens between the first and second row of the block being accessed.

The cuts in the last dimension of the array are not necessarily the same for each
corner. In Figure 2, for the top corners the cut is 4 but for the bottom corners the cut is
1. This happens when there are multiple colocated UPC threads in a node (in a hybrid
setup); because the blocks in a node may “wrap around” the rows in the array.

Thus the analysis has to compute two separate values for the last cut: one for the
upper corners and a second one for the lower corners. Upper and Lower refers to the
last dimension in a multi-dimensional array. Let k' = [ko +byg — 1, k1, ..., kn—1]. The
expression for the last cut in the upper corner is as follows:

CutVPP" = (£ — O(K)) X by_1 — kp_1%by,_1 (6)
Cut=o"er = (t — O(K')) X by_1 — kp_1%b,,_1 (7

where ¢ is the number of threads per node.
When there is a single thread per node (i.e. ¢ = 1), the normalized linearized block
index is zero, and thus equations 6 and 7 simplify to equation 5.

Axiom 3.0.1. Given an upc foral | loop with affinity test AffTest = A(v) and a
shared array reference Ref = A(v +XKk), this reference is local if and only if
N (AffTest) = N (Ref)



54 C. Barton et al.

Theorem 1. Let A be an n-dimensional shared array with dimensions dy, dy, . . ., dp_1
and with blocking dimensions by, b1, ...,by,_1. Let W = 09,01, ...,Vp,...,Up_1 and
Y =U0,01,...,0p+1,...v5_1 be two vectors such that A(w) and A(y) are elements
of A. Let Bog = O(vg,v1,...,0) be the block offset for the first element in the block
in dimension n — 1. Let

'U/ o vl%bl—kz%bz if 4 7571— 1 (8)

¢ 7\ (v; + Bog % b;)%(b; x t) Otherwise.

if vy, # Cuty, — 1 then N(w) = N(y).

Proof. We only present the proof for the case p # n — 1 here. The proof for the case
p = n — 1 follows a similar reasoning but is more involved because it has to take into
account the block offset for the first element in dimension n — 1.

From the expressions in Table 1 the expression for the node id of elements w and y

are given by: N L(w)%T L(y)%T
(W):{ t J and/\f(y)=L : J ©

The linearized block index for w and y can be written as:

n—1 n—1
(3 d;
L(w):Z{b.JxH LA (10)
i=0 L' g=ip1 1Y
n—1
vy + 1 v d;
L@):L(wHQ ’ J_M) 11 m (an
P P j=p+1 ' 77
From equations 5 and 8:
v, = Cut, — 1 (12)
vp,% by, — k,% b, = b, — k,% b, — 1 (13)

From equation 13, the condition v;, # Cut,, — 1 implies that v,% b, # b, — 1, which
implies that v,% b, < b, — 2. Therefore:

Vp—&-lJ _ V}Z)J (14)
by by

Substituting this result in equation 11 results that L(y) = L(w) and therefore N (w) =
N(y)-

Theorem 1 is the theoretical foundation of locality analysis based on corners and cuts.
It establishes that the only place within a block where the node ID may change is at the
cut. The key is that the elements A(w) and A(y) are adjacent elements of A.

4 Identifying Local Shared Accesses

In this section we present an algorithm that splits a loop nest into a number of smaller
regions in the iteration space, such that in each region, each shared reference is known
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to be local or known to be remote. In a region, if a shared reference is determined to be
local then the reference is privatized otherwise a call to the runtime is inserted.

To determine such regions, our analysis reasons about the positions of various shared
references occuring in the loop nest relative to the affinity test expression. For each
region, we keep track of a position relative to the affinity test shared reference. For each
shared reference in the region, we also keep track of position of each reference relative
to the region.

We start with the original loop nest as a single region. This region is analyzed and
the cuts are computed. The region is then split according to the cuts generated. The
new generated regions are again analyzed and split recursively until no more cuts are
required. When all of the regions have been generated, we use the position of the region,
and the position of the shared reference within the region to determine if it is local or
remote. All shared references that are local are privatized. Figure 3 provides a sample

1 shared [5][5] int A[20][20];
2 int main() {

3 int i,j;

4 for (i=0; i < 19; i++)

5 upce forall (j=0; j < 20; j++; &A[i][j]) {
6 A[i+1][j] = MYTHREAD;

7

s }

Fig. 3. Example upc f oral | loop containing a shared reference

loop nest containing a upc foral | loop and a shared array access. We will assume
the example is compiled for a machine containing 2 nodes and will run with 8 UPC
threads, creating a thread group size of 4. In this scenario, the shared array access on
Line 6 will be local for the first four rows of every block owned by a thread 7" and
remote for the remaining row. The LOCALITYANALYSIS algorithm in Figure 4 begins
by collecting all top-level loop nests that contain a candidate upc f oral | loop. To
be a candidate for locality analysis, a upc f oral | loop must be normalized (lower
bound begins at 0 and the increment is 1) and must use a pointer-to-shared argument for
the affinity test. The algorithm then proceeds to analyze each loop nest independently
(Step 2).

Phase 1 of the per-loopnest analysis algorithm finds and collects the upc f or al |
100p lforan. The affinity statement used in ljorqu, Asime iS also obtained. Finally the
COLLECTSHAREDREFERENCES procedure collects all candidate shared references in
the specified upc foral | loop. In order to be a candidate for locality analysis, a
shared reference must have the same blocking factor as the shared reference used in
the affinity test. The compiler must also be able to compute the displacement vector
k = ref  pareq — affinityStatement for the shared reference, the vectorized difference
between the indices of the reference and of the affinity statement.

In the example in Figure 3 the loop nest on Line 4 is collected as a candidate for
locality analysis. The shared reference on Line 6 is collected as a candidate for locality
analysis; the computed displacement vector is [1,0].

Phase 2 of the algorithm restructures the loop nest by splitting the iteration space of
each loop into regions where the locality of shared references is known. Each region has
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LOCALITYANALYSIS(Procedurep)

1. NestSet < GATHERFORALLLOOPNESTS(p)
2. foreach loop nest L in NestSet

Phase 1 - Gather Candidate Shared References

3. lforant <— upc foral | loop found in loop nest L

4. nestDepth «— depth of L

5. Agtme < Affinity statement used in L, g1

6. SharedRefList « COLLECTSHAREDREFERENCES (foraii; Astmt)
Phase 2 - Restructure Loop Nest

7. FirstRegion < INITIALIZEREGION(L)

8. Lr «— FirstRegion

9. while £ r not empty

10. R <« Pop head of L

11. CutList < GENERATECUTLIST(R, SharedRefList)

12. nestLevel < R.nestLevel

13. if nest Level < nestDepth — 1

14. Lr < LrU GENERATENEWREGIONS (R, CutList)

15. else

16. £ — £y GENERATENEWREGIONS (R, Cut List)
17. endif

18. end while

Phase 3 - Identify Local Accesses and Privatize

19. foreach R in £}

20. foreach ref ..., in SharedRefList

21. refPosition «—COMPUTEPOSITION(7€f,},1req> R)
22. nodeld < COMPUTENODEID(7ef }, ,eq, TefPosition)
23. if nodeld =0

24. PRIVATIZESHAREDREFERENCE(7€f ), ca)
25. endfor

Fig. 4. Locality analysis for UPC shared references

a statement list associated with it, i.e. the lexicographically ordered list of statements
as they appear in the program. Each region is also associated with a position in the
iteration space of the loops containing the region.

In the example in Figure 3 the first region, R contains the statements on Lines 5 to
7. The position of Ry is 0, since the iteration space of the outermost loop contains the
location 0. Once initialized, the region is placed into a list of regions, Lr (Step 8).

The algorithm iterates through all regions in L. For each region, a list of cuts is
computed based on the shared references collected in Phase 1. The cut represents the
transition between a local access and a remote access in the given region. The GEN-
ERATECUTLIST algorithm first determines the loop-variant induction variable v in R
that is used in 7€ fspqreq. The use of iv identifies the dimension in which to obtain the
blocking factor and displacement when computing the cut. Depending on the dimension
of the induction variable, either Equation 5 or Equations 6 and 7 are used to compute
the cuts.
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GENERATECUTLIST sorts all cuts in ascending order. Duplicate cuts and cuts out-
side the iteration space of the region (Cut = 0 or Cut > b) are discarded. Finally, the
current region is cut into multiple iteration ranges, based on the cut list, using the GEN-
ERATENEWREGION algorithm. Newly created regions are separated by an if statement
containing a cut expression of the form v%b < C'ut (the modulo is necessary since a
cut is always in the middle of a block).

Step 13 determines if the region R is located in the innermost loop in the current
loop nest (i.e. there are no other loops inside of R). If R contains innermost statements
the regions generated by GENERATENEWREGIONS are placed in a separate list of final
regions. E{{”“l. This ensures that at the end of Phase 2, the loop nest has been refactored
into several iteration ranges and final statement lists (representing the innermost loops)
are collected for use in Phase 3.

1 shared [5][5] int A[20][20]; 1 shared [5][5] int A[20][20];
2 2 int main() {
3 int main() { 3 int i,j;
4 int i,j; 4 for (i=0; i < 19; i++)
5 for (i=0; i < 19; i++) 5 if ((i %5 < 4) {
6 if ((i %5 < 4){ 6 upce forall (j=0; j < 20; j++;
7 upe forall (j=0; j < 20; j++; 7 &ALiI1L]]) {
8 &ATiI1[]]) { 8 offset = ComputeOffset(i,j);
9 Ali+1][j] = MYTHREAD; 9 base A+offset = MYITHREAD;
10 } 10 }
1 1
12 else { 12 else {
13 upc forall (j=0; j < 20; j++; 13 upc forall (j=0; j < 20; j++;
14 &ALiT[j1) { 14 &ALi1[j1) {
15 Ali+1][j] = MYTHREAD; 15 Ali+1][j] = MYTHREAD;
16 16
17 } 17 }
18} 18}
Fig. 5. Example after first cut Fig. 6. Example after final code generation

The second phase iterates through the example in Figure 3 three times. The first
region, Ry and the CutList = 4, calculated by GENERATECUTLIST are passed in
and the intermediate code shown in Figure 5 is generated. GENERATENEWREGIONS
inserts the if ((i \%5) < 4) branch and replicates the statements in region Ry. Two new
regions, R; containing statements between lines 8 to 10 and R», containing lines 14 to
16, are created and added to the NewList. The respective positions associated with R;
and R, are [0] and [4], respectively.

The new regions, Ry and Rs are popped off of the region list L in order. Neither
region requires any cuts. GENERATENEWREGIONS copies R; and R; into R3 and R4
respectively. Since 71 and R represent the innermost loops in the nest, the new regions
R3 and R4 will be placed into the final regions list (Step 16 in Figure 4). The position
of region R3 is [0,0] and the position of region R, is [4,0].

Phase 3 of the algorithm uses the position information stored in each of the final
regions to compute the position of each shared reference in that region (Step 21). This
information is then used to compute the node ID of the shared reference using the equa-
tions presented in Section 3 (Step 22). All shared references with a node ID of 0 are
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local and are privatized (Step 24). The shared reference re fﬁfme 4 located in I3 is com-
puted to have a position of [1, 0] based on the position of R3,[0, 0], and the displacement
vector of e fspared, [1,0]. The node ID for this position is 0 and thus refﬁf;"ed is lo-
cal. The shared reference ref ﬁ;fne 4 is computed to have a position of [5, 0] using the
position for region Ry, [4,0]. The node ID for this position is 1, and thus this reference

is remote. Figure 6 shows the final code that is generated.

5 Experimental Evaluation

In this section we propose to evaluate the claims we have made in the paper: namely
the usefulness of multiblocking and locality analysis. For our evaluation platform we
used 4 nodes of an IBM Squadron™<cluster. Each node has 8 SMP Power5 processors
running at 1.9 GHz and 16 GBytes of memory.

Cholesky factorization and Matrix multiply: Cholesky factorization was written to
showcase multi-blocked arrays. The tiled layout allows our implementation to take di-
rect advantage of the ESSL [5] library. The code is patterned after the LAPACK [4]
dpot r f implementation and adds up to 53 lines of text. To illustrate the compactness
of the code, we reproduce one of the two subroutines used, distributed symmetric rank-k
update, below.

1 void update mb (shared double [B][B] A[N][N], int col0, int coll) {

2 double a local[B*B], b local [BxB];

3 upc forall (int ii=coll; ii<N; ii+=B; continue)

4 upc forall (int jj=coll; jj<ii+B; jj+=B; &A[iil[jj]) {

5 upc memget (a local , &A[ii][col0], sizeof(double)xBxB);

6 upc memget (b local, &A[jj][col0], sizeof(double)xBxB);

7 dgemm (”T”, "N”, &n, &m, &p, &alpha, b local, &B, a local,
8 &B, &beta, (void *)&A[ii][]jj], &B);

o}

0 }

The matrix multiply benchmark is written in a very similar fashion. It amounts to little
more than a (serial) K loop around the updat e function above with slightly differ-
ent loop bounds and three shared array arguments A, B and C instead of only one. It
amounts to 20 lines of code. Without question, multiblocking allows compact code
representation. The benchmark numbers presented in Figures 7 show mediocre scaling
and performance “hiccups”, which we attribute to communication overhead and poor
communication patterns. Clearly, multiblocking syntax needs to be extended with a dis-
tribution directive. Also, the UPC language could use better collective communication
primitives; but that is in the scope of a future paper.

Dense matrix-vector multiplication: This benchmark multiplies a two-dimensional
shared matrix with a one-dimensional shared vector and places the result in a one-
dimensional shared vector. The objective of this benchmark is to measure the speed
difference between compiler-privatized and unprivatized accesses.

The matrix, declared of size 14400 x 14400, the vector as well the result vector are
all blocked using single dimensional blocking. The blocking factors are equivalent to
the [*] declarations. Since the vector is shared, the entire vector is first copied into a
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Cholesky Performance (GFlops) Matrix Multiply Performance (GFlops)
1 node 2 nodes 3 nodes 4 nodes 1 node 2 nodes 3 nodes 4 nodes
1TPN 537 10.11 1543 19.63 1TPN 594 1130 16.17 2224
2TPN 9.62 16.19 28.64 3541 2TPN 11.76 21.41 29.82 42.20
4TPN 1498 23.03 4543 59.14 4TPN 2324 39.18 51.05 7344
6 TPN 18.73 35.29 52.57 57.8 6 TPN 31.19 5451 66.17 89.55
8§ TPN 26.65 23.55 59.83 74.14 8TPN 4420 63.24 79.00 99.71
80
1 B 1 node / 100 T~ /./.
70TV 2n0des 90—
B Vi I o
& 4 nodes / :é/" 70 T M 4 nodes
/ A M

GFlops
8
i‘
A
A

threads

Threads

Fig. 7. Performance of multiblocked Cholesky and matrix multiply as a function of participating
nodes and threads per node (TPN). Theoretical peak: 6.9 G Flops X threads x nodes.

Matrix-vector multiply Stencil benchmark

Naive 1 node 2 nodes 3 nodes 4 nodes Naive 1 node 2 nodes 3 nodes 4 nodes
LITPN 2755 1657 1413  9.21 1 thread 35.64 24.59 19.04 13.41
2TPN 1657 859 722 432  2ihreads 18.85 13.56 982 7.9
4TPN 857 43 363 218  4threads 9.8 13.64 5.58 8.9
6TPN 72 362 243 189  gGthreads 10.85 898 7.53  6.12
8 TPN  4.33 22 196 128  gihreads 4.9 558 952  3.66

Opt. 1 node 2 nodes 3 nodes 4 nodes Opt. 1 node 2 nodes 3 nodes 4 nodes
ITPN 208 122 078 06 lthread 030 1.10 141 074
2TPN 17 085 063 043 2threads 073 072 075 1.06
4TPN 085 044 033 023 4threads 044 1.19 039 0.84
6TPN 065 035 025 0.19 6threads 032 030 111 0.75
STPN 044 023 022 0.7 Sthreads 022 063 1.07 1.02

Fig. 8. Runtime in seconds for the matrix-vector multiplication benchmark (left) and for the sten-
cil benchmark (right). The tables on the top show naive execution times; the tables on the bottom
reflect compiler-optimized runtimes.

local buffer using upc nmenget . The matrix-vector multiplication itself is a simple 2
level nest with the outer loop being upc foral | . The address of the result vector
element is used as the affinity test expression.

Results presented in Figure 8 (left side) confirm that compiler-privatized accesses
are about an order of magnitude faster than unprivatized accesses.



60 C. Barton et al.

5-point Stencil: This benchmark computes the average of a 4 immediate neighbors
and the point itself at every point in a 2 dimensional matrix and stores the result in a
different matrix of same size. The benchmark requires one original data matrix and one
result matrix. 2-d blocking was used to maximize the locality. The matrix size used for
the experiments was 5760 x 5760. Results, presented in Figure 8 (right side), show that
in this case, too, run time is substantially reduced by privatization.

6 Related Work

There is a significant body of work on data distributions in the context of High Per-
formance Fortran (HPF) and other data parallel languages. Numerous researchers have
tackled the issue of optimizing communication on distributed memory architectures by
either finding an appropriate distribution onto processors [1,9] or by determining a com-
putation schedule that minimizes the number of message transfers [7,12]. By contrast
to these works, we do not try to optimize the communication, but rather allow the pro-
grammer to specify at very high level an appropriate distribution and then eliminate the
need for communication all together using compiler analysis. We do not attempt to re-
structure or improve the data placement of threads to processors in order to minimize
communication. While these optimizations are certainly possible in our compiler, we
leave them as future work.

The locality analysis presented in this paper is also similar to array privatization
[13,11]. However, array privatization relies on the compiler to provide local copies
and/or copy-in and copy-out semantics for all privatized elements. In our approach,
once ownership is determined, private elements are directly accessed. In future work
we will determine if there is sufficient reuse in UPC programs to overcome the cost of
copying array elements into private memory.

Tiled and block distributions are useful for many linear algebra and scientific codes
[2]. HPF-1 provided the ability to choose a data distribution independently in each dime-
sion if desired. Beside HPF, several other languages, such as ZPL [3] and X10 [15]
provide them as standard distributions supported by the language. In addition, libraries
such as the Hierarichical Tiled Arrays library [2] provide tiled distributions for data de-
composition. ScaLAPACK [6], a widely used parallel library provides a 2 dimensional
block-cyclic distribution for matrices which allows the placement of blocks over a 2-
dimensional processor grid. The distribution used by ScaLAPACK is therefore more
general than the distribution presented in the this paper.

7 Conclusions and Future Work

In this paper we presented a language extension for UPC shared arrays that provides
fine control over array data layout. This extensions allows the programmer to obtain
better performance while simplifying the expression of computations, in particular ma-
trix computations. An added benefit is the ability to integrate existing libraries written
in C and Fortran, which require specific memory layouts. We also presented a compile-
time analysis and optimization of shared memory accesses. Using this analysis, the
compiler is able to reduce the overheads introduced by the runtime system.
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A number of issues still remain to be resolved, both in the UPC language and more
importantly in our implementation. For multiblocked arrays, we believe that adding
processor tiling will increase the programmer’s ability to write codes that scale to large
numbers of processors. Defining a set of collectives that are optimized for the UPC pro-
gramming model will also address several scalability issues, such as the ones occuring
in the LU Factorization and the High Performance Linpack kernel [8].

Our current compiler implementation suffers from several shortcomings. In particu-
lar, several loop optimizations are disabled in the presence of upc forall loops. These
limitations are reflected in the results presented in this paper, where the baseline C
compiler offers a higher single thread performance compared to the UPC compiler.
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Abstract. The OpenMP standard was conceived to parallelize dense
array-based applications, and it has achieved much success with that.
Recently, a novel tasking proposal to handle unstructured parallelism in
OpenMP has been submitted to the OpenMP 3.0 Language Commit-
tee. We tested its expressiveness and flexibility, using it to parallelize a
number of examples from a variety of different application areas. Fur-
thermore, we checked whether the model can be implemented efficiently,
evaluating the performance of an experimental implementation of the
tasking proposal on an SGI Altix 4700, and comparing it to the perfor-
mance achieved with Intel’s Workqueueing model and other worksharing
alternatives currently available in OpenMP 2.5. We conclude that the
new OpenMP tasks allow the expression of parallelism for a broad range
of applications and that they will not hamper application performance.

1 Introduction

OpenMP grew out of the need to standardize the directive languages of several
vendors in the 1990s. It was structured around parallel loops and was meant to
handle dense numerical applications. The simplicity of its original interface, the
use of a shared memory model, and the fact that the parallelism of a program
is expressed in directives that are loosely-coupled to the code, all have helped
OpenMP become well-accepted today. However, the sophistication of parallel
programmers has grown in the last 10 years since OpenMP was introduced, and
the complexity of their applications is increasing. Therefore, OpenMP is in the
process of adding a tasking model to address this new programming landscape.
The new directives allow the user to identify units of independent work, leaving
the decisions of how and when to execute them to the runtime system.

In this paper, we have attempted to evaluate this new tasking model. We
wanted to know how the new tasking model compared to traditional OpenMP
worksharing and the existing Intel workqueueing model, both in terms of expres-
sivity and performance. In order to evaluate expressivity, we have parallelized a
number of problems across a wide range of application domains, using the tasking
proposal. Performance evaluation has been done on a prototype implementation

V. Adve, M.J. Garzaran, and P. Petersen (Eds.): LCPC 2007, LNCS 5234, pp. 63-77, 2008.
© Springer-Verlag Berlin Heidelberg 2008
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1 void traverse(node *p, bool post)
1 #pragma omp parallel private (p) 2 {
2 3 if (p—>left)
3 #pragma omp for 4 #pragma omp task
4 for (i=0; i< n lists; i++) { 5 traverse(p—>left , post);
5 p = listheads[i]; 6 if (p—>right)
6 while (p) { 7 #pragma omp task
7 #pragma omp task 8 traverse (p—>right , post);
8 process(p) 9 if (post) { /x postorder! x/
9 p=next (p); 10 #pragma omp taskwait
10 } 11
11 } 12 process(p);
12} 13 }
Fig. 1. Parallel pointer chasing on mul- Fig.2. Parallel depth-first tree
tiple lists using task traversal

of the tasking model. Performance results must be treated as preliminary, al-
though we have validated the performance of our implementation against the
performance of the commercial Intel workqueueing model implementation[1].

2 Motivation and Related Work

The task parallelism proposal under consideration by the OpenMP Language
committee [2] gives programmers a way to express patterns of concurrency that
do not match the worksharing constructs defined in the current OpenMP 2.5
specification.The proposal addresses common operations like complex, possibly
recursive, data structure traversal, and situations which could easily cause load
imbalance. The efficient parallelization of these algorithms using the 2.5 OpenMP
standard is not impossible, but requires extensive program changes, such as
run-time data structure transformations. This implies significant hand coding
and run-time overhead, reducing the productivity that is typical of OpenMP
programming|3].

Figure 1 illustrates the use of the new omp task! construct from the proposal.
It creates a new flow of execution, corresponding to the construct’s structured
block. This flow of execution is concurrent to the rest of the work in the parallel
region, but its execution can be performed only by a thread from the current
team. Notice that this behavior is different from that of worksharing constructs,
which are cooperatively executed by the existing team of threads. Execution of
the task region does not necessarily start immediately, but can be deferred until
the runtime schedules it.

The p pointer variable used inside the tasks in Figure 1 is implicitly deter-
mined firstprivate, i.e. copy constructed at task creation from the original copies
used by each thread to iterate through the lists. This default was adopted in
the proposal to balance performance, safety of use, and convenience for the pro-
grammer. It can be altered using the standard OpenMP data scoping clauses.

! This paper will express all code in C/C++, but the tasking proposal includes the
equivalent directives in Fortran.
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The new #pragma omp taskwait construct used in Figure 1 suspends the
current execution flow until all tasks it generated have been completed. The
semantics of the existing barrier construct is extended to synchronize for com-
pletion of all generated tasks in the team.

For a programming language extension to be successful, it has to be useful,
and must be checked for expressiveness and productivity. Are the directives able
to describe explicit concurrency in the problem? Do data scoping rules, defaults
and clauses match the real programmers’ needs? Do common use cases exist
that the extension does not fulfill, forcing the programmer to add lines of code
to fill the gap? The two examples above, while illustrative, involve very basic
algorithms. They cannot be considered representative of a real application kernel.

In principle, the more concurrency that can be expressed in the source code,
the more the compiler is able to deliver parallelism. However, factors like subtle
side effects of data scoping, or even missing features, could hamper the actual
level of parallelism which can be achieved at run-time. Moreover, parallelism per
se does not automatically imply good performance. The semantics of a directive
or clause can have unforeseen impact on object code or runtime overheads. In a
language extension process, this aspect should also be checked thoroughly, with
respect to the existing standard and to competing models.

The suitability of the current OpenMP standard to express irregular forms
of parallelism was already investigated in the fields of dense linear algebra [4,5],
adaptive mesh refinement [6], and agent-based models [7].

The Intel workqueueing model [8] was the first attempt to add dynamic task
generation to OpenMP. The model, available as a proprietary extension in In-
tel compilers, allows hierarchical generation of tasks by the nesting of taskq
constructs. Synchronization of descendant tasks is controlled by means of the
default barrier at the end of taskq constructs. The implementation exhibits
some overhead problems [7] and other performance issues [9].

In our choice of the application kernels to test drive the OpenMP tasking pro-
posal, we were also inspired by the classification of different application domains
proposed in [10], which addresses a much broader range of computations than
traditional in the HPC field.

3 Programming with OpenMP Tasks

In this section we describe all the problems we have parallelized with the new
task proposal. We have worked on applications across a wide range of domains
(linear algebra, sparse algebra, servers, branch and bound, etc) to test the expres-
siveness of the proposal. Some of the applications (multisort, fft and queens) are
originally from the Cilk project[11], some others (pairwise alignment, connected
components and floorplan) come from the Application Kernel Matrix project
from Cray[12] and two (sparseLU and user interface) have been developed by
us. These kernels were not chosen because they were the best representatives of
their class but because they represented a challenge for the current 2.5 OpenMP
standard and were publicly available.
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We have divided them into three categories. First were those applications that
could already be easily parallelized with current OpenMP worksharing but where
the use of tasks allows the expression of additional parallelism. Second were
those applications which require the use of nested parallelism to be parallelized
by the current standard. Nested parallelism is an optional feature and it is not
always well supported. Third were those applications which would require a
great amount of effort by the programmer to parallelize with OpenMP 2.5 (e.g.
by programming their own tasks).

3.1 Worksharing Versus Tasking

SparseLU. The sparseLLU kernel computes an LU matrix factorization. The
matrix is organized in blocks that may not be allocated. Due to the sparse-
ness of the matrix, a lot of imbalance exists. This is particularly true for the
the bmod phase (see Figure 3). SparseLU can be parallelized with the current
worksharing directives (using an OpenMP for with dynamic scheduling for loops
on lines 10, 15 and 21 or 23). For the bmod phase we have two options: paral-
lelize the outer (line 21) or the inner loop (line 23). If the outer loop is paral-
lelized, the overhead is lower but the imbalance is greater. On the other hand, if
the inner loop is parallelized the iterations are smaller which allows a dynamic
schedule to have better balance but the overhead of the worksharing is much
higher.

1int sparseLU() {

2 int ii, jj, kk;

3#pragma omp parallel
a#pragma omp single nowait

5 for (kk=0; kk<NB; kk++) {

6 luO (A[kk][kk]);

7 /* fwd phase =/

8 for (jj=kk+1; jj<NB; jj++)

9 if (A[kk][jj] !'= NULL)

10 #pragma omp task

1 fwd (A[kk ] [kk], A[kk][jj]);
12 /* bdiv phase x/

13 for (ii=kk+1; ii<NB; ii++)

14 if (A[ii][kk] !'= NULL)

15 #pragma omp task

16 bdiv (A[kk][kk], A[ii][kk]);
17 #pragma omp taskwait

18 /* bmod phase x/

19 for (ii=kk+1; ii<NB; ii++)

20 if (A[ii][kk] != NULL)

21 for (jj=kk+1; jj<NB; jj++)

22 if (A[kk][jj] !'= NULL)

23 #pragma omp task

24 {

25 if (A[ii][jj]==NULL) A[ii][jj]l=allocate clean block ();
26 bmod(A[ii][kk], A[kk][jj], A[ii][ii]);
27

28 #pragma omp taskwait

29 }

30 }

Fig. 3. Main code of SparseLU with OpenMP tasks
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Using tasks, first we only create work for non-empty matrix blocks. We also
create smaller units of work in the bmod phase with an overhead similar to the
outer loop parallelization. This reduces the load imbalance problems.

It is interesting to note that, if the proposed extension included mechanisms
to express dependencies among tasks, it would be possible to express additional
parallelism that exists between tasks created in lines 12 and 17 and tasks created
in line 25. Also it would be possible to express the parallelism that exists across
consecutive iterations of the kk loop.

Protein pairwise alignment. This application aligns all protein sequences
from an input file against every other sequence. The alignments are scored and
the best score for each pair is output as a result. The scoring method is a full
dynamic programming algorithm. It uses a weight matrix to score mismatches,
and assigns penalties for opening and extending gaps. It uses the recursive Myers
and Miller algorithm to align sequences.

The outermost loop can be parallelized, but the loop is heavily unbalanced,
although this can be partially mitigated with dynamic scheduling. Another prob-
lem is that the number of iterations is too small to generate enough work when
the number of threads is large. Also, the loops of the different passes (forward
pass, reverse pass, diff and tracepath) can also be parallelized but this paral-
lelization is much finer so it has higher overhead.

We used OpenMP tasks to exploit the inner loop in conjunction with the
outer loop. Note that the tasks are nested inside an OpenMP for worksharing
construct. This breaks iterations into smaller pieces, thus increasing the amount
of parallel work but at lower cost than an inner loop parallelization because they
can be excuted inmediately.

1#pragma omp for
2 for (si = 0; si < mnseqs; si++) {
3 lenl = compute sequence length(si+1);

4
5 /* compare to the other sequences x/
6 for (sj = si + 1; sj < nseqs; sj++) {
7 #pragma omp task

8

9 len2 = compute sequence length(sj+1);

10 compute score penalties (...);

11 forward pass (...);

12 reverse pass (...);

13 diff (...);

14 mm score = tracepath (...);

15 if (lenl == 0 || len2 == 0) mm score = 0.0;
16 else mm score /= (double) MIN(lenl ,len2);
17

18 #pragma omp critical

19 print score ();

20 }

21}

22 }

Fig. 4. Main code of the pairwise aligment with tasks
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3.2 Nested Parallelism Versus Tasking

Floorplan. The Floorplan kernel computes the optimal floorplan distribution of
a number of cells. The algorithm is a recursive branch and bound algorithm. The
parallelization is straight forward (see figure 5). We hierarchically generate tasks
for each branch of the solution space. But this parallelization has one caveat. In
these kind of algorithms (and others as well) the programmer needs to copy the
partial solution up to the moment to the new parallel branches (i.e. tasks). Due
to the nature of C arrays and pointers, the size of it becomes unknown across
function calls and the data scoping clauses are unable to perform a copy on their
own. To ensure that the original state does not disappear before it is copied, a
task barrier is added at the end of the function. Other possible solutions would
be to copy the array into the parent task stack and then capture its value or
allocate it in heap memory and free it at the end of the child task. In all these
solutions, the programmer must take special care.

Multisort, FFT and Strassen. Multisort is a variation of the ordinary merge-
sort. It sorts a random permutation of n 32-bit numbers with a fast parallel
sorting algorithm by dividing an array of elements in half, sorting each half

1 void add cell(int id, coor FOOTPRINT, ibrd BOARD, struct cell xCELLS) {
2 int i, j, nn, area; ibrd board; coor footprint , NWS[DMAX];

3

4 for (i = 0; i < CELLS[id].n; i++) {

5 nn = compute possible locations(id, i, NWS, CELLS);

6 /* for all possible locations x/

7 for (j = 0; j < nn: j+4) {

8#pragma omp task private(board, footprint ,area) \

9 shared (FOOTPRINT,BOARD, CELLS)

10 { /* copy parent statex/

11 struct cell cells [N+1];

12 memcpy( cells ,CELLS, sizeof (struct cell )*(N+1));

13 memcpy (board, BOARD, sizeof(ibrd));

14

15 compute cell extent (cells ,id ,NWS,j);

16

17 /* if the cell cannot be layed down, prune search x/
18 if (! lay down(id, board, cells)) {

19 goto end;

20 }

21 area = compute new footprint(footprint ,FOOTPRINT, cells [id]);
22

23 /+ if last cell x/

24 if (cells[id].next == 0)

25 if (area < MIN AREA)

26 #pragma omp critical

27 if (area < MINAREA) save best solution ();
28 } else if (area < MIN AREA)

29 /+ only continue if area is smaller to best area, otherwise prune x/
30 add cell(cells[id].next, footprint , board, cells);
31 end:;

32 }

33 }

34}

35  Fpragma omp taskwait

36 }

Fig. 5. C code for the Floorplan kernel with OpenMP tasks
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recursively, and then merging the sorted halves with a parallel divide-and-
conquer method rather than the conventional serial merge. When the array is
too small, a serial quicksort is used so the task granularity is not too small.
To avoid the overhead of quicksort, an insertion sort is used for arrays below a
threshold of 20 elements.

The parallelization with tasks is straight forward and makes use of a few task
and taskgroup directives (see figure 6), the latter being the structured form of
the taskwait construct introduced in section 2.

FFT computes the one-dimensional Fast Fourier Transform of a vector of n
complex values using the Cooley-Tukey algorithm. Strassen’s algorithm for mul-
tiplication of large dense matrices uses hierarchical decomposition of a matrix.
The structure of the parallelization of these two kernels is almost identical to
the one used in multisort, so we will omit it.

N Queens problem. This program, which uses a backtracking search algo-
rithm, computes all solutions of the n-queens problem, whose objective is to find
a placement for n queens on an n x n chessboard such that none of the queens
attacks any other.

In this application, tasks are nested dynamically inside each other. As in the
case of floorplan, the state needs to be copied into the newly created tasks so
we need to introduce additional synchronizations (in the form of taskgroup) in
order for the original state to be alive when the tasks start so they can copy it.

void sort (ELM xlow, ELM xtmp, long size) {

1
2 if (size < quick size) {

3 /* quicksort when reach size threshold x/
4 quicksort (low, low + size — 1);

5 return;

6 }

7 quarter = size / 4;

8

9 A = low; tmpA = tmp;

10 B = A 4+ quarter; tmpB = tmpA 4+ quarter;

11 C = B 4+ quarter; tmpC = tmpB 4 quarter;

12 D = C + quarter; tmpD = tmpC + quarter;

13

14 #pragma omp taskgroup {

15 #pragma omp task

16 sort (A, tmpA, quarter);

17 #pragma omp task

18 sort (B, tmpB, quarter);

19 #pragma omp task

20 sort (C, tmpC, quarter);

21 #pragma omp task

22 sort (D, tmpD, size — 3 % quarter);

23 }

24 #pragma omp taskgroup {

25 #pragma omp task

26 merge (A, At+quarter —1, B, B+quarter —1, tmpA);
27 #pragma omp task

28 merge (C, C+quarter —1, D, low+size —1, tmpC);
29

30 merge (tmpA, tmpC—1, tmpC, tmpA+size —1, A);
31 }

Fig. 6. Sort function using OpenMP tasks
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Another issue is the need to count all the solutions found by different tasks.
One approach is to surround the accumulation with a critical directive but this
would cause a lot of contention. To avoid it, we used threadprivate variables
that are reduced within a critical directive to the global variable at the end
of the parallel region.

Concom (Connected Components). The concom program finds all the
connected components of a graph. It uses a depth first search starting from all
the nodes of the graph. Every node visited is marked and not visited again.

The parallelization with tasks involves just four directives: a parallel directive,
a single directive, a task directive and a critical directive. This is a clear example
of how well tasks map into tree-like traversals.

3.3 Almost Impossible in OpenMP 2.5

Web server. We used tasks to parallelize a small web server called Boa. In
this application, there is a lot of parallelism, as each client request to the server
can be processed in parallel with minimal synchronizations (only update of log
files and statistical counters). The unstructured nature of the requests makes it
very difficult to parallelize without using tasks.

On the other hand, obtaining a parallel version with tasks requires just a
handful of directives, as shown in figure 8. Basically, each time a request is
ready, a new task is created for it.

1void CC (int i, int cc) {

2 int j, n;

3 /* if node has not been visited x/

4 if (!visited[i]) {

5 /+ add node to current component x/

6 add to component(i, cc); /+* omp critical inside =x/
7

8 /+ add each neighbor’'s subtree to the current component =/
9 for (j = 0; j < nodes[i].n; j++) {

10 n = nodes[i].neighbor[j];

11 #pragma omp task

12 CC(n, cc);

13

14 }

15 }

16

17 void main () {

18 init graph ();

19 cc = 0;

20 /+* for all nodes ... unvisited nodes start a new component x/
21 for (i = 0; i < NN; i++4)

22 if (!visited[i]) {

23 #pragma omp parallel

24 #pragma omp single

25 CC(i, cc);

26 ccH++;

27 }

28

29 }

Fig. 7. Connected components code with OpenMP tasks
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1#pragma omp parallel
2#pragma omp single nowait
3 while (!end) {
process signals (if any)
foreach request from the blocked queue {

5
6 if ( request dependences are met ) {
7 extract from the blocked queue
8 #pragma omp task
9 serve request (request);

10 }

11

12 if ( new connection ) {

13 accept it ();

14 #pragma omp task

15 serve request (new connection);
16

17 select ();

18 }

Fig. 8. Boa webserver main loop with OpenMp tasks

The important performance metric for this application is response time. In the
proposed OpenMP tasking model, threads are allowed to switch from the current
task to a different one. This task switching is needed to avoid starvation, and pre-
vent overload of internal runtime data structures when the number of generated
tasks overwhelms the number of threads in the current team. The implementa-
tion is allowed to insert implicit switching points in a task region, wherever it
finds appropriate. The taskyield construct inserts an explicit switching point,
giving programmers full control. The experimental implementation we used in
our tests is not aggressive in inserting implicit switching points. To improve the
performance of the Web server, we inserted a taskyield construct inside the
serve request function so that no request is starved.

User Interface. We developed a small kernel that simulates the behavior of
user interfaces (UI). In this application, the objective of using parallelism is
to obtain a lower response time rather than higher performance (although, of
course, higher performance never hurts). Our UI has three possible operations,
which are common to most user interfaces: start some work unit, list current
ongoing work units and their status, and cancel an existing work unit.

The work units map directly into tasks (as can be seen in Figure 9). The
thread executing the single construct will keep executing it indefinitely. To be
able to communicate between the interface and the work units, the programmer
needs to add new data structures. We found it difficult to free these structures
from within the task because it could easily lead to race conditions (e.g. free
the structure while listing current work units). We decided to just mark them
to be freed by the main thread when it knows that no tasks are using it. In
practice, this might not always be possible and complex synchronizations may
be needed.

We also used the taskyield directive to avoid starvation.
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1 void Work::exec ( ) {

2 while (!end) {

3 //do some amount of work
4 #pragma omp taskyield
o}

7

8 void start work (...) {
9 Work swork = new Work (...);

10 list of works.push back(work);

11 #pragma omp task

12

13 work—>exec ();

14 work—>die ();

15

16 ge();

17 }

18

19 void ui () {

20

21 if ( user input == STARTWORK ) start work (...);
22 }

23

24 void main ( int argc, char xxargv ) {
25 #pragma omp parallel

26 #pragma omp single nowait

27 ui ()

28 }

Fig. 9. Simplified code for a user interface with OpenMP tasks

4 Evaluation

4.1 The Prototype Implementation

In order to test the proposal in terms of expressiveness and performance, we
have developed our own implementation of the proposed tasking model. We
developed the prototype on top of a research OpenMP compiler (source-to-source
restructuring tool) and runtime infrastructure [13].

The implementation uses execution units, that are managed through different
execution queues (usually one global queue and one local queue for each thread
used by the application). The library offers different services (fork/join, syn-
chronize, dependence control, environment queries, ...) that can provide the
worksharing and structured parallelism expressed by the OpenMP 2.5 standard.
We added several services to the library to give support to the task scheme.
The most important change in the library was the offering of a new scope of
execution that allows the execution of independent units of work that can be
deferred, but still bound to the thread team (the concept of task, see section 2).

When the library finds a task directive, it is able to decide (according to in-
ternal parameters: mazimum depth level in task hierarchy, mazimum number
of tasks or mazimum number of tasks by thread) whether to execute it imme-
diately or create a work unit that will be queued and managed through the
runtime scheduler. This new feature is provided by adding a new set of queues:
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team queues. The scheduler algorithm is modified in order to look for new work
in the local, team and global queues respectively.

Once the task is first executed by a thread, and if the task has suspend/resume
points, we can expect two different behaviors. First, the task could be bound to
that thread (so, it can only be executed by that thread) and second, the task
is not attached to any thread and can be executed by any other thread of the
team. The library offers the possibility to move a task from the team queues to
the local queues. This ability covers the requirements of the untied clause of
the task construct, which allows a task suspended by one thread to be resumed
by a different one.

The synchronization construct is provided through task counters that keep
track of the number of tasks which were created in the current scope (the current
scope can be a task or taskgroup construct). Each task has in its own structure
with a successor field that points to the counter it must decrement.

4.2 Evaluation Methodology

We have already shown the flexibility of the new tasking proposal, but what
about its performance? To determine this, we have evaluated the performance
of the runtime prototype against other options.

We have run all the previous benchmarks but we do not include the results for
the webserver (due to a lack of the proper network environment) and the simple-
ui (because it has an interactive behavior). For each application we have tried
each possible OpenMP version: a single level of parallelism (labeled OpenMP
worksharing), multiple levels of parallelism (labeled OpenMP nested) and with
OpenMP tasks. For those applications that could be parallelized with Intel’s
taskqueues, we also evaluated them with taskqueues.

Table 1 summarizes the different input parameters and the experiments run
for each application.

Table 1. Input parameters for each application

Application Input parameters Experiments

strassen Matrix size of 1280x1280 nested, tasks, taskqueues

multisort Array of 32M of integers nested, tasks, taskqueues

fft Array of 32M of complex nested, tasks, taskqueues
numbers

queens Size of the board is 14x14. nested, tasks, taskqueues

alignment 100 sequences worksharing, nested, tasks

floorplan 20 cells nested, tasks, taskqueues

concom 500000 graph  nodes, nested, tasks, taskqueues
100000 edges

sparseLU Sparse matrix of 50 blocks worksharing, nested,

of 100x100 tasks, taskqueues
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We compiled the codes with taskqueues and nested parellelism with Intel’s icc
compiler version 9.1 at the default optimization level. The versions using tasks
use our OpenMP source-to-source compiler and runtime prototype implementa-
tion, using icc as the backend compiler. The speedup of all versions is computed,
using as a baseline the serial version of each kernel. We used Intel’s icc compiler
to compile the serial version.

All the benchmarks have been evaluated on an SGI Altix 4700 with 128 pro-
cessors, although they were run on a cpuset comprising a subset of the machine
to avoid interference with other running applications.

4.3 Results

In figure 10 we show the speedup for all the kernels (except the concom) with the
different evaluated versions: OpenMP worksharing, OpenMP nested, OpenMP
tasks and Intel’s taskqueues. We do not show the results of the concom kernel
because the slowdowns prevented us from running the experiments due to time
constraints. These slowdowns were not only affecting the OpenMP task version
but also the OpenMP nested and Intel’s taskqueues. The main reason behind
the slowdown is granularity. The tasks (or parallel regions in the nested case)
are so fine grained that it is impossible to scale without aggregrating them. That
is something that currently none of the models supports.

For a small number of threads (up to 4) we see that the versions using the
new OpenMP tasks perform about the same as those using current OpenMP
(worksharing and nested versions). But, as we increase the number of processors
the task version scales much better, always improving over the other versions
except for the multisort kernel, which has the same performance. These improve-
ments are due to different factors, depending on the kernel: better load balance
(sparseL U, alignment, queens, [ft, strassen and floorplan), greater amount of
parallel work (alignment and sparseLU) and less overhead (alignment). Overall,
we can see that the new task proposal has the potential to benefit a wide range
of application domains.

When we compare how the current prototype performs against a well estab-
lished implementation of tasking, Intel’s taskqueue, we can see that in most
of the kernels the obtained speedup is almost the same and in a few cases
(sparseLU and floorplan), even better. Only in two of them (fft and strassen)
does taskqueue perform better, and even then, not by a large amount.

Taking into account that the prototype implementation has not been well
tuned, we think that the results show that the new model will allow codes to
obtain at least the performance of Intel’s taskqueue and is even more flexible.

5 Suggestions for Future Work

While the performance and flexibility of the new OpenMP tasking model seem
good, there is still room for improvement. We offer these suggestions for ways
to improve the usability and performance of the model, based on our experience
with the applications described in this paper.
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Fig. 10. Evaluation results for all the kernels. Speedups use serial version as baseline.
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One problem we encountered consistently in our programming was the need
to capture the value of a data structure when all we had was a pointer to it.
If a pointer is used in a firstprivate directive, only the pointer is captured.
In order to capture the data structure pointed-at, the user must program it by
hand inside the task, including proper synchronization, to make sure that the
data is not freed or popped off the stack before it is copied. Support for this in
the language would improve the usability of the tasking model.

In the N Queens problem, we could have used a reduction operation for tasks.
In other words, we could have used a way to automatically make tasks contribute
values to a shared variable. It can be programmed explicitly using threadprivate
variables, but a reduction clause would save programming effort.

The taskgroup and taskwait constructions provide useful task synchroniza-
tion, but are cumbersome for programming some types of applications, such as a
multi-stage pipeline. A pipeline could be implemented by giving names to tasks,
and waiting for other tasks by name.

We anticipate much research in the area of improving the runtime library. One
research direction that would surely yield improvements is working on the task
scheduler, as it can significantly affect application performance. Another inter-
esting idea would be to find the impact of granularity on application performance
and develop ways, either explicitly or implicitly, to increase the granularity of
the tasks (for example by aggregating them) so they could be applied to applica-
tions with finer parallelism (e.g. the connected components problem) or reduce
the overhead in other applications.

Of course, we have not explored all possible application domains, so other
issues may remain to be found. Therefore, it is important to continue the asses-
ment of the proposal by looking at new applications and particularly at Fortran
codes, where optimizations could be affected differently by the tasking model.
Another interesting dimension to assess in the future is the point of view of
novice programmers and their learning curve with the model.

6 Conclusions

This paper had two objectives: first, test the expressiveness of the new OpenMP
tasks proposal. Second, verify that the model does not introduce hidden factors
that hamper the actual level of parallelism which can be achieved at runtime.

We have shown that the new proposal allows the programmer to express the
parallelism of a wide range of applications from very different domains (lin-
ear algebra, server applications, backtracking, etc). Furthermore, we have found
different issues that OpenMP language designers may want to consider in the
future to further improve the expressiveness of the language and simplify the
programming effort in some scenarios.

Using these applications we have seen the new proposal matches other task-
ing proposals in terms of performance and that it surpasses alternative imple-
mentations with the current 2.5 OpenMP elements. While these results are not
conclusive, as they certainly have not explored exhaustively all possibilities, they
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provide a strong indication that the model can be implemented without incurring
significant overheads. We have also detected two areas where runtime improve-
ments would benefit the applications (i.e. task scheduling and granularity).

In summary, we think that while the new OpenMP task proposal can be
improved, it provides a solid basis for the development of applications containing
irregular parallelism.
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Abstract. In this paper, we propose an approach to automatic com-
piler parallelization based on language extensions that is applicable to
a broader range of program structures and application domains than in
past work. As a complement to ongoing work on high productivity lan-
guages for explicit parallelism, the basic idea in this paper is to make se-
quential languages more amenable to compiler parallelization by adding
enforceable declarations and annotations. Specifically, we propose the
addition of annotations and declarations related to multidimensional ar-
rays, points, regions, array views, parameter intents, array and object
privatization, pure methods, absence of exceptions, and gather/reduce
computations. In many cases, these extensions are also motivated by
best practices in software engineering, and can also contribute to per-
formance improvements in sequential code. A detailed case study of the
Java Grande Forum benchmark suite illustrates the obstacles to compiler
parallelization in current object-oriented languages, and shows that the
extensions proposed in this paper can be effective in enabling compiler
parallelization. The results in this paper motivate future work on build-
ing an automatically parallelizing compiler for the language extensions
proposed in this paper.

1 Introduction

It is now well established that parallel computing is moving into the mainstream
with a rapid increase in the adoption of multicore processors. Unlike previous
generations of mainstream hardware evolution, this shift will have a major im-
pact on existing and future software. A highly desirable solution to the mul-
ticore software productivity problem is to automatically parallelize sequential
programs. Past work on automatic parallelization has focused on Fortran and
C programs with a large body of work on data dependence tests [1,25,18,9] and
research compilers such as Polaris [7,19], SUIF [10], PTRAN [21] and the D Sys-
tem [12]. However, it is widely acknowledged that these techniques have limited
effectiveness for programs written in modern object-oriented languages such as
Java.
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In this paper, we propose an approach to compiler parallelization based on
language extensions that is applicable to a broader range of program structures
and application domains than in past work. As a complement to ongoing work
on high productivity languages for explicit parallelism, the basic idea in this
paper is to make sequential languages more amenable to compiler paralleliza-
tion by adding enforceable declarations and annotations. In many cases, these
extensions are also motivated by best practices in software engineering, and can
also contribute to performance improvements in sequential code.

A detailed case study of the Java Grande Forum benchmarks [22,13] confirms
that the extensions proposed in this paper can be effective in enabling compiler
parallelization. Experimental results were obtained on a 16-way Power6 SMP to
compare the performance of four versions of each benchmark: 1) sequential Java,
2) sequential X10, 3) hand-parallelized X10, 4) parallel Java. Averaged over ten
JGF Section 2 and 3 benchmarks, the parallel X10 version was 11.9x faster than
the sequential X10 version, which in turn was 1.2 x faster than the sequential Java
version (Figure 1). An important side benefit of the annotations used for paral-
lelization is that they can also speed up code due to elimination of runtime checks.
For the eight benchmarks for which parallel Java versions were available, the par-
allel Java version was an average of 1.3X faster than the parallel X10 version (Fig-
ure 2). However, for two of the eight benchmarks, the parallel Java version used a
different algorithm from the sequential Java version, and resulted in super-linear
speedups. When the sequential and parallel X10 versions for the two benchmarks
were modified to be consistent with the new algorithms, the parallel Java and X10
versions delivered the same performance on average (Figure 3).

The rest of the paper is organized as follows. Section 2 describes the language
extensions (annotations and declarations) proposed in this paper. Section 3 sum-
marizes the results of the case study including experimental results, and Section 5
contains our conclusions.

2 Language Extensions

While modern object-oriented languages such as Java have improved program-
ming productivity and code reuse through extensive use of object encapsulation
and exceptions, these same features have made it more challenging for automat-
ically parallelizing compilers relative to Fortran programs where data structures
and control flow are more statically predictable. In this section, we propose a
set of declarations and annotations that enable compilers to perform automatic
parallelization more effectively for these languages. Unlike annotations that ex-
plicitly manage parallelism as in OpenMP [6], our approach is geared toward
enforceable declarations and annotations that can be expressed and understood
in the context of sequential programs, and that should be useful from a software
engineering viewpoint because of their ability to reduce common programming
errors. Another difference from OpenMP is that the correctness of all our pro-
posed annotations and declarations is enforced by the language system i.e., they
are all checked statically or dynamically, as outlined below.
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2.1 Multidimensional Arrays, Regions, Points

Multidimensional arrays in Java are defined and implemented as nested unidi-
mensional arrays. While this provides many conveniences for guaranteeing safety
in a virtual machine environment (e.g., subarrays can be passed as parameters
without exposing any unsafe pointer arithmetic), it also creates several obsta-
cles to compiler optimization and parallelization. For example, a compiler cannot
automatically conclude that A[i] [j] and A[i+1] [j] refer to distinct locations
since the nested array model allows for the possibility that A[i] and A[i+1]
point to the same subarray. Instead, we propose the use of object-oriented mul-
tidimensional arrays as in X10 [3], in which a compiler is guaranteed that A[1,j]
and A[i+1, j] refer to distinct locations. Array Views (Section 2.2) make it possi-
ble to safely work with subarrays of multidimensional arrays without introducing
unsafe pointer arithmetic.

A related issue is that induction variable analysis can be challenging in cases
when an iterator is used or an integer variable is incremented by a step value
that is not a compile-time constant as illustrated in the following common idiom
from a DAXPY-like computation:

iy = 0; if (incy < 0) iy = (-n+1)x*incy;
for (i = 0;i < n; i++) {

dy[iy +dy_off] += . . .; iy += incy;
}

In the above example, it is not easy for compilers to establish that incy # 0
and that there are no loop-carried dependences on the dy array.

To simplify analysis in such cases, we recommend the use of regions and
points as proposed in ZPL [23] and X10, with extensions to support two kinds
of region constructors based on triple notation, [<start-expr> : <end-expr>
: <step-expr>] and [<start-expr> ; <count-expr> ; <step-expr>], both
of which are defined to throw a ZeroStepException if invoked with a zero-valued
step expression. The use of high level regions and points distinguishes our ap-
proach from past work on annotations of arrays for safe parallelization [16].

A key property of regions and points is that they can be used to define both
loops and arrays in a program. The above DAXPY-like example can then be
rewritten as follows:

iy = 0; if (incy < 0) iy = (-n+1)x*incy;
// Example of [<start-expr>;<count-expr>;<step-expr>] region
for (point p : [iy ; n ; incy] ) {
dylpl += . . .;
¥

In this case, the compiler will know that incy # 0 when the loop is executed,
and that all dy [p] accesses are distinct.

2.2 Array Views

As indicated in the previous section, it is easier for a compiler to parallelize code
written with multidimensional arrays rather than nested arrays. However, this



Language Extensions in Support of Compiler Parallelization 81

raises the need for the programmer to work with subarrays of multidimensional
arrays without resorting to unsafe pointer arithmetic. Our solution is the use of
array views. An array view can be created by invoking a standard library method,
view( <start-point-expr>, <region-expr>),on any array expression (which
itself may be a view). Counsider the following code fragment with array views:

// Allocate a two-dimensional M*N array
double[.] A = new double[[1:M,1:N]];

Ali,j1 = 99;

// Allocate a one-dimensional view on A for row i
double[.] R = A.view([i,1], [1:N]1);

temp = R[jl; // R[j] = 99, the value stored in A[i, j]

In the above example, R can be used like any one-dimensional array but ac-
cesses to R are aliased with accesses to A as specified by the region in the call to
A.view(). A ViewOutOfBoundsException is thrown if a view cannot be created
with the specified point and region. All accesses to R can only be performed with
points (subscripts) that belong to the region specified when creating the view.

Views can also be created with an optional intent parameter that must have
a value from a standard enum, {In, Out, InOut}. The default value is InOut
which indicates that the view can be used to read and write array elements. In
and Out intents are used to specify read-only and write-only constraints on the
array views. Read-only views can be very helpful in simplifying compiler paral-
lelization and optimization by identifying heap locations that are guaranteed to
be immutable for some subset of the program’s lifetime [17]. The runtime system
guarantees that each array element has the same intent in all views containing
the element. If an attempt is made to create a view that conflicts with the intent
specified by a previous view, then a ViewIntentException is thrown.

2.3 Annotations on Method Parameters

We propose the use of a disjoint annotation to assert that all mutable (non-
value) reference parameters in a method must be disjoint. (The this pointer is also
treated as a parameter in the definition of the disjoint annotation.) If a disjoint
method is called with two actual parameters that overlap, a ParameterOverlap-
Exception is thrown at runtime. Declaring a method as disjoint can help
optimization and parallelization of code within the method by assisting the
compiler’s alias analysis. This benefit comes at the cost of runtime tests that
the compiler must insert on method entry, though the cost will be less in a
strongly typed language like Java or X10 compared to a weakly typed language
like C since runtime tests are not needed for parameters with non-compatible
types in X10 but would be necessary in C due to its pointer addressing and cast
operators. This is also why we expect it to be more effective for X10 than the
noalias and restricted proposals that have been made in the past for C.
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In addition to the disjoint annotation, we also propose the use of in, out,
and inout intent annotations on method parameters as in Fortran. For ob-
ject/array references, these annotations apply only to the object/array that is
the immediate target of the reference.

2.4 Array and Object Privatization

It is well known that privatization analysis is a key enabling technique for com-
piler parallelization. For modern object-oriented languages with dynamically al-
located objects and arrays, the effectiveness of privatization analysis is often
bounded by the effectiveness of escape analysis [4]. We propose a retained
type modifier! for declarations of local variables and parameters with reference
types which asserts that the scope in which the local/parameter is declared will
not cause any reference in a retained variable to escape. We also permit the
retained modifier on declarations of methods with a non-value reference return
type, in which case it ensures that the this pointer does not escape the method
invocation.

The following loop from the MonteCarlo benchmark illustrates the use of
the retained modifier to declare that each ps object is private to a single loop
iteration.

results = new Vector (nRunsMC) ;

for( int iRun=0; iRun < nRunsMC; iRun++ ) {
// ps object is local to a single loop iteration
retained PriceStock ps = new PriceStock();
// All methods invoked on ps must be declared as "retained"
ps.setInitAl1Tasks ((ToInitAl1Tasks) initAllTasks);
ps.setTask((x10.lang.0Object) tasks.elementAt(iRun));
ps.run();
results.addElement (ps.getResult());

} // for

To enable automatic parallelization, the compiler will also need information
that indicates that results.addElement() is a reduction-style operator (associa-
tive and commutative). We discuss later in Section 2.7 how this information can
be communicated using a gather clause.

2.5 Pure Annotation for Side-Effect-Free Methods

The return value (or exception value) and all parameters of a method annotated
as pure must have value types i.e., they must be immutable after initialization.
Pure methods can call other pure methods and only allocate/read /write mutable
heap locations whose lifetimes are contained within the method’s lifetime (as
defined with the retained type modifier). Therefore, if two calls are made to
the same pure method with the same value parameters, they are guaranteed

! The retained name chosen because other candidates like “private” and “local” are
overloaded with other meanings in Java.
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to result in the same return value (or exception value). The only situation in
which the two calls may not have the same outcome is if one of the calls triggers a
nonfunctional error such as Out0fMemoryError. This definition of method purity
is similar to the definition of “moderately pure” methods in [26]. The correctness
of all pure annotations is enforced statically in our proposed approach, analogous
to the static enforcement of immutability of value types in the X10 language [3].

2.6 Annotations Related to Exceptions

We propose the following set of declarations and annotations that can be used to
establish the absence of runtime exceptions. All type declarations are assumed
to be checked statically, but dynamic cast operations can be used to support
type conversion with runtime checks. Some of the type declarations are based
on the theory of dependent types (e.g., see [11]) as embodied in version 1.01 of
the X10 language [20].

— Null Pointer exceptions: A simple way to guarantee the absence of a
NullPointerException for a specific operation is to declare the type of the un-
derlying object/array reference to be non-null. As an example, the Java lan-
guage permits null-valued references by default, with a proposal in JSR 305
[15] to introduce an @NonNull annotation to declare selected references as
non-null. In contrast, the X10 language requires that all references be non-
null by default and provides a special nullable type constructor that can be
applied to any reference type. Though the results in our paper can be used
with either default convention, we will use the X10 approach in all examples
in this paper.

— Array Index Out of Bounds exceptions: A simple way to guarantee the
absence of an Index0Out0fBoundsExecption for an array access is to ensure
that the array access is performed in a loop that is defined to iterate over
the array’s region e.g.,

for (point p : A.region) Alp] = ... ; //Iterate over A.region

This idea can be extended by iterating over a region that is guaranteed to
be a subset of the array’s region, as in the following example (assuming &&
represents region intersection):

// Iterate over a subset of A.region
for (point p : A.region &% region2) Alp]l = ... ;

When working with multiple arrays, dependent types can be use to establish
that multiple arrays have the same underlying region e.g.,

final region R1 = ...;
// A and B can only point to arrays with region = R1
final double[:region=R1]
final double[:region=R1]
for (point p : R1 ) A[p]

.

F(B[pl) ; // F is a pure method

I W =
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In the above example, the compiler knows from the dependent type decla-
rations (and from the fact that the loop iterates over region R1) that array
accesses A[p] and B[p] cannot throw an exception.

Dependent types can also be used on point declarations to ensure the
absence of IndexOutOfBoundsException’s as in the access to A[p] in the
following example:

final region R1 = ...;

final double[:region=R1] A = ...;

// p can only take values in region R1
point(:region=R1) p = ...;

double d = A[p];

— Zero Divide/Step exceptions: A simple way to guarantee the absence of
a DivideByZeroException or a ZeroStepException for a specific operation is
to declare the type of the underlying integer expression to be nonzero using
dependent types as follows:

int(:nonzero) n = ...; // n’s value must be nonzero
int ¢ = m / n; // No DivideByZeroException
region R3 = [low : high : n]; // No ZeroStepException

— ExceptionFree annotation: A code region annotated as ExceptionFree is
guaranteed to not throw any user-defined or runtime exception. As with pure
methods, it is possible that a region of code annotated as ExceptionFree
may encounter a nonfunctional error such as an OutOfMemoryError. The
compiler checks all operations in the annotated code region to ensure that
they are statically guaranteed to not throw an exception (by using the dec-
larations and annotations outlined above).

2.7 Gather Computations and Reductions in Loops

A common requirement in parallel programs is the ability to either gather or
reduce values generated in each loop iteration into (respectively) a collection or
aggregate value. There has been a large body of past work on compiler analyses
for automatically detecting gather and reduction idioms in loops and arrays
e.g., [14,8], but the presence of potentially aliased objects and large numbers
of virtual calls render these techniques ineffective for object-oriented programs.
Instead, we propose an extension to counted pointwise for loops that enables the
programmer to specify the gather and reduce operators explicitly in a sequential
program in a way that simplifies the compiler’s task of automatic parallelization.
Specifically, we extend the for loop with an optional gather clause as follows:

for ( ... ) { <body-stmts> gather <gather-stmt> }

A unique capability of the gather statement is that it is permitted to read
private (retained) variables in the loop body that have primitive or value types,
including the index/point variables that control the execution of the counted for
loop. The design of gather clause is similar to the inlet feature in Cilk [24],
which represents a post-processing of each parallel thread. Informally, the se-
mantics of a for loop with a gather clause can be summarized as follows:
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1. Identify retained variables in <body-stmt> with primitive or value types
that are also accessed in <gather-stmt>. We refer to these as gather vari-
ables.

2. Execute all iterations of the for loop sequentially as usual, but store the
values of all gather variables at the end of each iteration.

3. Execute <gather-stmt> once for each iteration of the for loop in a non-
deterministic order (analogous to the nondeterminism inherent in iterating
over an unordered collection in Java).

4. During execution of an instance of <gather-stmt> in Step 3, resolve read
accesses to gather variables by returning the corresponding instances stored
in Step 2.

We use the loop from the MonteCarlo benchmark discussed earlier to illustrate
the use of the gather clause to specify the gather statement:

results = new Vector (nRunsMC) ;
for( point p[iRun] : [0 : nRunsMC-1] ) {
// ps object is local to a single loop iteration
retained PriceStock ps = new PriceStock();
// All methods invoked on ps must be declared as "retained"
ps.setInitAl1Tasks ((ToInitAllTasks) initAllTasks);
ps.setTask((x10.lang.0bject) tasks.elementAt(iRun));
ps.run();
retained ToResult R = ps.getResult(); // must be a value type
gather {
// Invoked once for each iteration of the for loop
results.addElement (R));

3 Case Study: Java Grande Forum Benchmarks

In this section, we present the results of a case study that we undertook to val-
idate the utility of the language annotations and extensions introduced in the
previous section for compiler parallelization. The case study was undertaken on
the Java Grande Forum (JGF) benchmark suite [22] because this suite includes
both sequential and parallel (multithreaded) Java versions of the same bench-
marks. We converted the sequential Java versions into sequential X10 versions,
and then studied which annotations were necessary to enable automatic paral-
lelization. A summary of the results can be found in Table 1, with discussion
of the LUFact and Euler benchmarks in the following subsections. Performance
results for sequential and parallel versions of the Java and X10 programs are
presented later in Section 4.

3.1 LUFact

This benchmark solves a N x N linear system using LU factorization followed
by a triangular solve. The kernel computation of the sequential Java version is
as follows:
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Table 1. Annotations required to enable parallelization of Java Grande Forum bench-
marks

Series Sparse™ SOR Crypt LUFact FFT Euler MolDyn Ray™ Monte™

Multi-dim arrays X X X X
Regions, Points X X X X X X
Array views X X
In/Out/InOut X
Disjoint X X X
Retained X X X
Pure method X X
NonNull X X X X X X X X X X
Region Dep-type X X X X X
Nonzero X
Exception free X X X X X X
Reduction X X X X

* Sparse: SparseMatmult, Ray: RayTracer, Monte: MonteCarlo

for (k = 0; k < nml; k++) {
col_k = alk];
1 = idamax(n-k, col_k, k, 1) + k;

for (j = kpl; j < n; j++) {
col_j = aljl;
t = col_jl1]1;
if (1 '=k) { col_j[1] = col_jlkl; col_jlkl =t; }
daxpy(n-(kpl), t, col_k, kpl, 1, col_j, kpl, 1);

It is well known that all iterations of the inner j-loop can logically be executed
in parallel, however there are numerous obstacles that make it challenging or in-
tractable for a parallelizing compiler to discover this fact automatically. First,
most compilers will have to conservatively assume that references to col j from
distinct iterations could potentially be aliased to the same subarray. Second,
it will be hard for a compiler to statically establish that no array element ac-
cess in the loop will throw an ArrayIndexOutOfBoundsException, especially the
col j[1] access with subscript 1 that is the return value of the call to function
idamax. Third, a compiler will need to establish that the call to daxpy will not
inhibit parallel execution of the j loop.

Now, consider the scenario in which the sequential code is written as follows
using some of the language extensions proposed in this paper:

for (point k : [0:nm1-1] && a.region.rank(0) && a.region.rank(1l)) {
final double[.] col_k = a.view([k,0], [0O:nm-1], IN);
point (:region=a.region.rank(1)) 1 =
(point (:region=a.region.rank(1))) idamax(n-k, col_k, k, 1) + k;
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for (point j : [kpl:n-1] && a.region.rank(0)) {

final double[.] col_j = a.view([j,0], [0:nm-1], OUT);
t = alj, 11;

if (1 !'=%) { alj, 1] = alj, k1; alj, kX1 =t; }
daxpy (n-(kp1), t, col_k, kpl, 1, col_j, kpl, 1);

As indicated in Table 1, the following annotations are sufficient to enable
compiler parallelization for the LUFact benchmark:

Multi-dimensional arrays, Regions and Points, Array views: In this
example, array a is allocated as a two-dimensional array, and the use of
multidimensional array views ensures that references to col j from distinct
iterations are guaranteed to point to distinct subarrays.

In/Out intents: The use of an IN intent for col k and an OUT intent for
col j ensures that accesses to the two subarrays will not inhibit parallelism.
NonNull: Unlike Java, the default in X10 is that all object references are
non-null by default, thereby ensuring that NullPointerException’s cannot
inhibit parallelism in this loop.

Region dependent types: The use of a dependent type with a region
constraint in the declaration of variable 1 ensures that all uses of 1 as a
subscript in the second dimension (dimension 1) of array a must be in bounds
— the cast operator effectively serves as a runtime check on the return value
from function idamax.

Exception free: Finally, an exception-free annotation on the daxpy method
declaration (not shown above) assists the compiler in establishing that no
exceptions can inhibit parallelization of the j loop.

With these extensions, it becomes entirely tractable for a compiler to automat-
ically determine that iterations of the j loop can be executed in parallel.

3.2 Euler

The Euler benchmark solves a set of equations using a fourth order Runge Kutta
method. It has many loops that can only be parallelized if the compiler knows
that certain objects being accessed are private to each loop iteration. For exam-
ple, consider the following i loop in method calculateDummyCells:

private void calculateDummyCells(double localpgl][],

double localtgl[][], Statevector localugl[][]) {
Vector2 tan = new Vector2();

for (i = 1; i < imax; ++i) {
tan.ihat = xnode[i] [0] - xnode[i-1][0];
tan.jhat = ynode[i] [0] - ynode[i-1][0];
scrap = tan.magnitude();



88 J. Shirako, H. Kasahara, and V. Sarkar

In the sequential version, a single instance of the tan object is allocated and
reused across all iterations of the i loop. However, a closer examination reveals
that each iteration could use a private copy of the tan object, thereby removing
one of the obstacles to parallelization of the i loop.

We now consider the following alternate sequential version written using some
of the language extensions proposed in this paper:

private disjoint void calculateDummyCells(double[.] localpg,
double[.] localtg, Statevector[.] localug) {
for (point i : [1:imax-1] && xnode.region.rank(l) && ...) {
retained Vector2 tan = new Vector2();
tan.ihat = xnode[i, 0] - xnodel[i-1, 0];
tan.jhat = ynode[i, 0] - ynodel[i-1, 0];
scrap = tan.magnitude();

}

As indicated in Table 1, the following annotations are sufficient to enable
compiler parallelization for the Euler benchmark:

— Multi-dimensional arrays, Regions and Points: As with LUFact, the
use of multidimensional arrays, regions and points enables a compiler to
ensure that distinct iterations of the i loop are guaranteed to access distinct
subarrays of xnode and ynode without ArraylndexOutOfBoundsException.

— Disjoint: The disjoint annotation on method calculateDummyCells en-
sures that references localpg and localtg must point to distinct arrays.

— Retained: The retained annotation on the declaration of variable tan
can be used by the compiler to determine that there are no loop-carried
dependences on that variable.

— NonNull: As with LUFact, the fact that all object references are non-null
by default ensures that NullPointerException’s cannot inhibit parallelism in
this loop.

4 Experimental Results

We then compared the performance of four versions of the Java Grande Forum
(JGF) benchmarks:

1. Sequential Java: This set consists of six Section 2 benchmarks (Crypt,
FFT, LUFact, Series, SOR, SparseMatmult) and four Section 3 benchmarks
(Euler, MolDyn, MonteCarlo, RayTracer) taken from version v2.0 of the
JGF benchmark release [13]2.

2. Sequential X10: Since the sequential subset of X10 overlaps significantly
with the sequential subset of Java, this version is quite close to the Sequential

2 Section 1 was excluded because it only contains microbenchmarks for low-level op-
erations.
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Java version in most cases. As in [2] we use a “lightweight” X10 version with
regular Java arrays to avoid the large overheads incurred on X10 arrays in
the current X10 implementation. However, all the other characteristics of
X10 (e.g., non-null used as the default type declaration, forbidden use of
non-final static fields, etc.) are preserved faithfully in the Sequential X10
versions.

Hand Parallelized X10: This version emulates by hand the parallel ver-
sions that can be obtained by a compiler, assuming that annotations are
added to the sequential X10 versions as outlined in Table 1.

Parallel Java: This is the threadv1.0 version of the JGF benchmarks [13],
which contains multithreaded versions of five of the six Section 2 benchmarks
and three of the four Section 3 benchmarks. The unimplemented benchmarks
are FFT and Euler. Further, the threaded versions of two of the Section 2
benchmarks, SOR and SparseMatmult, were implemented using a different
underlying algorithm from the sequential versions in v2.0.

All performance results were obtained using the following system settings:

The target system is a p570 16-way Power6 4.7GHz SMP server with 186GB
main memory running AIX5.3 J. In addition, each dual-core chip can access
32MB L3 cache per chip and 4MB L2 cache per core. The size of the L1
instruction cache is 64KB and data cache is 64KB.

For all runs, SMT was turned off and a large page size of 16GB was used.
The sequential Java and X10 versions used only 1 processor, where as the
parallel Java and X10 versions used all 16 processors.

The execution environment used for all Java runs is IBM’s J9 VM (build 2.4,
J2RE 1.6.0) with the following options, ~-Xjit:count=0,optLevel=veryHot,
ignoreIEEE -Xms1000M -Xmx10O0OM.

The execution environment used for all X10 runs was version 1.0.0. of the
X10 compiler and runtime, combined with the same JVM as above, IBM’s J9
VM (build 2.4, J2RE 1.6.0), but with additional options to skip null pointer
and array bounds checks in X10 programs in accordance with the annota-
tion in the X10 source program. The INIT THREADS PER PLACE parameter
was set to 1 and 16 for the sequential and parallel X10 runs respectively.
(MAX NUMBER OF PLACES was set to 1 in both cases.)

The X10 runtime was also augmented with a special one-way synchroniza-
tion mechanism to enable fine-grained producer-consumer implementations
of X10’s finish and next operations.

For all runs, the main program was extended with a three-iteration loop
within the same Java process, and the best of the three times was reported
in each case. This configuration was deliberately chosen to reduce/eliminate
the impact of JIT compilation time in the performance comparisons.

4.1 Sequential and Parallel Versions of X10

Figure 1 shows the speedup ratio of the serial and parallel X10 versions relative
to the sequential Java version (JGF v2.0) for all ten benchmarks. An interesting
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Fig. 1. Performance of Sequential and Parallel versions of X10 relative to Sequential
Java

observation is that the sequential X10 version often runs faster than the se-
quential Java version. This is due to the annotations in the X10 program which
enabled null checks and array bounds checks to be skipped. On average, the
sequential X10 version was 1.2x faster than the sequential Java version, and the
parallel X10 version was 11.9x faster than the sequential X10 version.

The sources of large speedups for SOR and LUFact were as follows. SOR’s
pipeline parallelism (faithful to the sequential version) was implemented using
tightly-coupled one-way synchronizations which were added to the X10 runtime.
The annotations for LUFact enabled a SPMD parallelization by following clas-
sical SPMDization techniques such as the approach outlined in [5].

The speedup was lowest for two benchmarks, Fuler and Raytracer. The chal-
lenge in Fuler is that it consists of a large number of small parallel loops which
could probably benefit from more aggressive loop fusion and SPMD paralleliza-
tion transformations than what was considered in our hand-parallelized experi-
ments. The challenge in Raytracer is the classic trade-off between load balance
(which prefers cyclic-style execution of the parallel loop) and locality (which
prefers a block-style execution of the parallel loop).

4.2 Comparison with Parallel Java Versions

In this section, we extend results from the previous section by including results
for Parallel Java executions as well. As mentioned earlier, Parallel Java ver-
sions (threadvl.0) are available for 8 of the 10 benchmarks. Results for these 8
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Fig. 2. Performance of Sequential and Parallel versions of X10 and Parallel Java relative

to Sequential Java

benchmarks are shown in Figure 2. The two benchmarks for which the Parallel
Java versions significantly out-performed the Parallel X10 versions were SOR
and SparseMatmult. On closer inspection, we discovered that the underlying se-
quential algorithm was modified in both parallel versions (relative to the v2.0
sequential Java versions).

For SOR, the threadv1.0 parallel Java version uses a “red-black” scheduling
of loop iteration to expose doall parallelism, even though this transformation
results in different outputs compared to the sequential Java version. In contrast,
the parallel X10 version contains pipeline parallelism that we expect can be
automatically extracted from the sequential X10 version, and in fact returns the
same output as the sequential X10 version.

For SparseMatmult, the thread v1.0 parallel Java version inserts an algorith-
mic step to sort non zero elements by their row value, so that the kernel compu-
tation can be executed as simple doall loop. Unfortunately, this additional step
isn’t included in the execution time measurement for the Parallel Java case.

To take into account the algorithmic changes in the Parallel Java versions,
Figure 3 show an alternate version of Figure 2 in which the algorithms used for
the sequential and parallel X10 versions are modified to match the algorithm
used in the parallel Java versions. With the algorithmic changes, we see that the
performance of the parallel Java and X10 versions are now evenly matched in
the average case.
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Fig. 3. Performance of Sequential and Parallel versions of X10 and Parallel Java relative
to Sequential Java, with alternate Parallel X10 versions for SOR and SparseMatmult

5 Conclusions and Future Work

In this paper, we proposed a set of language extensions (enforced annotations and
declarations) designed with a view to making modern object oriented languages
more amenable to compiler parallelization. Many of the proposed extensions
are motivated by best practices in software engineering for sequential programs.
This is in contrast to the OpenMP approach where the annotations are geared
towards explicit parallel programming and the correctness of user pragmas is
not enforced by the language system.

We also performed a detailed case study of the Java Grande Forum bench-
marks to confirm that the extensions proposed in this paper are effective in
enabling compiler parallelization. Experimental results obtained on a 16-way
Power6 SMP showed that the use of these language extensions can improve
sequential execution time by 20% on average, and that a hand-simulation of
automatically parallelized X10 programs can deliver speedup by matching the
performance of the multithreaded Java versions of the JGF benchmarks.

The main topic for future work is to build an automatically parallelizing
compiler which exploits the language extensions proposed in this paper. Another
topic is to extend the definition of the language extensions to apply to explicitly
parallel code e.g., defining array views in the presence of distributions, and
defining the semantics of in/out/inout intents for array views in the presence of
concurrent array operations.
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Concurrency analysis is a static analysis technique that determines whether two
statements or operations in a shared memory program may be executed by
different threads concurrently. Concurrency relationships can be derived from
the partial ordering among statements imposed by synchronization constructs.
Thus, analyzing barrier synchronization is at the core of concurrency analyses for
many parallel programming models. Previous concurrency analyses for programs
with barriers commonly assumed that barriers are named or textually aligned.
This assumption may not hold for popular parallel programming models, such as
OpenMP, where barriers are unnamed and can be placed anywhere in a parallel
region, i.e., they may be textually unaligned. We present in this paper the first
interprocedural concurrency analysis that can handle OpenMP, and, in general,
programs with unnamed and textually unaligned barriers. We have implemented
our analysis for OpenMP programs written in C and have evaluated the analysis
on programs from the NPB and SpecOMP2001 benchmark suites.

1 Introduction

Concurrency analysis is a static analysis technique that determines whether two
statements or operations in a shared memory program may be executed by dif-
ferent threads concurrently. Concurrency analysis has various important appli-
cations, such as statically detecting data races [6,10], improving the accuracy of
various data flow analyses [16], and improving program understanding. In gen-
eral, precise interprocedural concurrency analysis in the presence of synchroniza-
tion constraints is undecidable [15], and a precise intraprocedural concurrency
analysis is NP-hard [18]. Therefore, a practical solution is to make a conservative
estimate of all possible concurrency relationships, such that two statements that
are not determined to be concurrent cannot execute in parallel in any execution
of the program. If two statements are determined to be concurrent, they may
execute concurrently.

In this paper we present a new interprocedural concurrency analysis that can
handle parallel programming models with unnamed and textually unaligned bar-
riers. We present our analysis in the context of the OpenMP programming model
but our approach is also applicable to other SPMD (Single Program Multiple
Data) parallel programming models.
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OpenMP is a standardized set of language extensions (i.e., pragmas) and APIs
for writing shared memory parallel applications in C/C++ and FORTRAN.
Parallelism in an OpenMP program is expressed using the parallel construct.
Program execution starts with a single thread called the master thread. When
control reaches a parallel construct, a set of threads, called a thread team, is
generated, and each thread in the team, including the master thread, executes a
copy of the parallel region. At the end of the parallel region the thread team syn-
chronizes and all threads except for the master thread terminate. The execution
of the parallel region can be distributed within the thread team by work-sharing
constructs (e.g., for, sections and single).

Synchronization is enforced mainly by global barriers and mutual exclusion
(i.e., critical constructs and lock/unlock library calls). When a thread reaches
a barrier it cannot proceed until all other threads have arrived at a barrier. In
OpenMP, barriers are unnamed and they may be textually unaligned. Thus,
threads may synchronize by executing a set of textually distinct barrier state-
ments. Textually unaligned barriers make it difficult to reason about the synchro-
nization structure in the program. Some parallel languages, therefore, require
barriers to be textually aligned [19]. Textually unaligned barriers also hinder
concurrency analysis because understanding which barrier statements form a
common synchronization point is a prerequisite to analyzing the ordering con-
straints imposed by them. Our analysis is the first interprocedural concurrency
analysis that can handle barriers in OpenMP and, in general, programs with
unnamed and textually unaligned barriers. Figure 1 shows an OpenMP example
program with a parallel region.

Barriers structure the execution of a parallel region into a series of synchro-
nized execution phases, such that threads synchronize on barriers only at the
beginning and at the end of each phase. Computing these execution phases for
each parallel region provides the basic skeleton for ordering relationships among
statements. Statements from different execution phases cannot execute concur-
rently. Thus, only statements within the same phase need to be examined for
computing the concurrency relation.

To illustrate the concept of execution phases consider the sample program
shown in Figure 1. The first execution phase, denoted as (begin, {b1,b2}), starts
at the beginning of the parallel region and extends up to barriers b; and bs.
Note that barriers by and by establish a common synchronization point, i.e., they
match. The next barrier synchronization point is at barriers {bs, b4 }. Hence, the
next execution phase is ({b1,b2}, {b3,b4}).

It is easy to see that statements from two different execution phases are or-
dered by barriers and thus cannot be concurrent. On the other hand, two state-
ments from the same execution phase may be concurrent, such as S; and Ss in
Figure 1. However, barriers are not the only constructs that need to be considered
to determine execution phases. Additional ordering constraints may be imposed
by control constructs. Consider statements Sg and Si; in Figure 1, which are
on different branches of the conditional statement with predicate Cy. Since all
threads agree on the value of predicate Cy (i.e., the predicate is single-valued),
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main()

{ .
int my_ID, num, i, y, sum = 0; g%: if(my_ID != 0){

#pragma omp parallel private(my_ID, num, y) S8 L
{ }

my_ID = omp_get_thread_num(); P2:  num = omp_get_num_threads();
Cl: if(my_ID > 2){ C4: if(num > 2){
S1: i=0; s9: L
#pragma omp barrier // bl #pragma omp barrier // b5
S2: y=i+1; S10: ...
} else { } else {
S3: i=1; Si1: ...
#pragma omp barrier // b2 #pragma omp barrier // b6
S4: y=i-1; S12: ...
} }
PI: sum += my_ID; CS5:  if(my_ID ==0)
C2:  if( my_ID == 0){ printf("i = %d\n", 1);
850 e ) } // end of parallel
#pragma omp barrier // b3
s6: ... } // end of main

Fig.1. Example OpenMP program. The OpenMP library function calls
omp get thread number() and omp get num threads() return the thread identifier
of the calling thread and the total number of threads in the current team, respectively.

statements Sy and S7; can never be executed together in one execution, hence
they cannot be concurrent. On the contrary, predicate C is evaluated differently
by different threads (i.e., the predicate is multi-valued), so that statements on
the two branches may execute concurrently. Thus, another key issue in under-
standing the concurrency constraints is determining whether a control predicate
is single- or multi-valued.

In this paper, we propose an interprocedural concurrency analysis technique
that addresses the above ordering constraints imposed by synchronization and
control constructs. Our analysis computes for each statement s the set of state-
ments that may execute concurrently with s. The analysis proceeds in four major
steps:

Step 1: CFG construction: The first step consists of constructing a control
flow graph (CFG) that correctly models the various OpenMP constructs.

Step 2: Barrier matching: As a prerequisite to computing execution phases
we need to understand which barrier statements synchronize together, i.e, which
barrier statements match. We solve this problem as an extension to barrier
matching analysis [20]. Barrier matching verifies that barriers in an SPMD pro-
gram are free of synchronization errors. For verified programs, a barrier matching
function is computed that maps each barrier statement s to the set of barrier
statement that synchronize with s in at least one execution. Barrier matching
was previously described for MPI programs and we have extended it to handle
OpenMP programs. The computed barrier matching function is an input to the
next step.
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Step 3: Phase partition and aggregation: In this step, we first partition
the program into a set of static execution phases. A phase (b;,b;) consists of
a set of basic blocks that lie on a barrier-free path between barrier b; and b;
in the CFG. We then aggregate phases (bp,b,) and (b, by,) if b, matches by,
and b, matches b,. A dynamic execution phase at runtime is an instance of an
aggregated static execution phase.

Step 4: Concurrency relation calculation: We first conservatively assume
that statements from the same execution phase may be concurrent but state-
ments from different phases are ordered and non-concurrent. We then apply a
set of ordering rules that reflect the concurrency constraints from other OpenMP
synchronization and work-sharing constructs to iteratively refine the concurrency
relation.

We have implemented the analysis for OpenMP programs written in C and
evaluated it on programs from the NPB [5] and SpecOMP2001 [17] benchmark
suites. Our evaluation shows that our concurrency analysis is sufficiently accurate
with the average size of a concurrency set for a statement being less than 6% of
total statements in all but one program.

The rest of the paper is organized as follows. We first present related work
in Section 2. The control flow graph is presented in Section 3. In Section 4
we first review the barrier matching technique and then present extensions to
handle multi-valued expressions in OpenMP and structurally incorrect programs.
Phase partition and aggregation is presented in Section 5, and the concurrency
relation calculation is presented in Section 6. We present experimental results in
Section 7, and finally conclude in Section 8.

2 Related Work

A number of researchers have looked at concurrency analysis for programs
with barriers. Lin [10] proposed a concurrency analysis technique (called non-
concurrency analysis) for OpenMP programs based on phase partitioning. Lin’s
analysis differs from our concurrency analysis in two main aspects. First, Lin’s
method is intraprocedural and cannot compute non-concurrency relationship
across procedure calls. Second, Lin’s method cannot account for synchronization
across textually unaligned barriers. The analysis does not recognize that textu-
ally unaligned barriers may in fact synchronize together, resulting in spurious
non-concurrency relationships. For instance, Lin’s technique would wrongfully
conclude that S; and S3 in Figure 1 are non-concurrent.

Jeremiassen and Eggers [7] present a concurrency analysis technique that, sim-
ilar to our analysis, first partitions the program into phases, then aggregates some
phases together. Their analysis avoids the problem of having to identify whether
textually unaligned barriers synchronize together by assuming that barriers are
named through barrier variables. Barrier statements that refer to the same barrier
are assumed to be matched. Their technique also does not account for concurrency
constraints imposed by control constructs with a single-valued predicate. For in-
stance, in Figure 1 their analysis would conclude that S9 and S1; are concurrent.
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#pragma omp parallel #pragma omp for #pragma omp sections

body for(...){ #pragma omp section
body body 1
} #pragma omp section
body2

barrier* barrier*
sectionend

(a) parallel construct (b) for construct (c) sections construct

#pragma omp critical
body

#pragma omp master
body

#pragma omp single
body

criticalbegin

masterend

(d) single construct (e) master construct (f) critical construct

#pragma omp flush #pragma omp ordered
body

#pragma omp barrier #pragma omp atomic

¢ expression stmt ‘

(g) barrier construct (h) atomic construct (i) flush construct (k) ordered construct

Fig. 2. Control flow graph construction

Kamil and Yelick [8] proposed a concurrency analysis method for the Titanium
language [19] in which synchronization across textually unaligned barriers is not
allowed.

There also has been a lot of work on concurrency analysis for other parallel
programming languages, such as Ada and Java [3,2,6,11,13] in which synchro-
nization is mainly enforced by event-driven constructs like post-wait /wait-notify.
Agarwal et.al. [1] presents a may-happen-in-parallel analysis for X10 programs.

3 Step 1: Control Flow Graph Construction

The control flow graph for an OpenMP program is an extension of the control
flow graph for a sequential program. Figure 2 illustrates the graph construction
for each OpenMP construct. Begin and end nodes are inserted for each OpenMP
directive with a construct body. To model the sections construct, we insert a
control flow edge from the begin node to the first statement node of each section
in the construct, and a control flow edge from the last statement node of each
section to the end node of the sections construct. Constructs without a body
statement (e.g., barrier and flush) are represented by a single block.
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There is an implicit barrier at the end of the work-sharing constructs for,
sections and single, unless the nowait clause is specified. Implicit barriers
are depicted as barrierx in Figure 2. Similarly, there is an implicit barrier at
the beginning of a parallel region, and an implicit barrier at the end of a parallel
region.

4 Step 2: Barrier Matching

The second step in our concurrency analysis consists of identifying the matching
barrier statements that synchronize together. Barrier matching analysis [20] was
previously described for MPI programs. In this section we first review the MPI
barrier matching analysis and then show how to extend it to handle OpenMP.

4.1 Review of Barrier Matching for MPI Programs

Barrier matching is an analysis and verification technique to detect stall condi-
tions caused by barriers. When the program is verified, the analysis computes
a barrier matching function that maps each barrier statement s to the set of
barrier statements that synchronize with s in at least one execution. The MPI
barrier matching analysis proceeds in three main steps:

Multi-valued Expression Analysis: In SPMD-style programs all threads ex-
ecute the same program but they may take different program paths. The ability
to determine which program paths may be executed concurrently requires an
analysis of the multi-valued expressions in the program. An expression is called
multi-valued if it evaluates differently in different threads. If used as a control
predicate, multi-valued expressions split threads into different program paths
that are executed concurrently by different threads. An example of a multi-
valued expression is my ID shown in Figure 3(a). Conversely, an expression
that has the same value in all threads is called single-valued. SPMD program-
ming paradigms like MPI or OpenMP usually contain multi-valued seed expres-
sions, such as library calls that return the unique thread identifier. All other
multi-valued expressions in the program are directly or indirectly dependent on
these multi-valued seed expressions.

The interprocedural multi-valued analysis is solved as a forward slicing prob-
lem based on a revised program dependence graph. The revised program depen-
dence graph contains nodes to represent statements that are connected through
data dependence edges and so called ¢-edges. ¢-edges are based on the notion of
¢-nodes in Static Single Assignment (SSA) form [4]. In SSA, a ¢-node is inserted
at a join node where multiple definitions of a variable merge. The predicate that
controls the join node is called a ¢-gate. A ¢-edge connects a ¢-gate with the
corresponding ¢-node. Multi-valued expressions result as those expressions that
are reachable from a multi-valued seed expression along either data-dependence
or ¢-edges in the revised program dependence graph.

Figure 3(c) illustrates the revised program dependence graph and multi-valued
expression analysis for the MPI program shown in Figure 3(a). It is important
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...... get my_ID o
MPI_Comm_rank(COMM, &my_ID); /\ e

Cl: if(my_ID > 2){ ‘ my_ID > 2‘
S1: i=0;
MPI_Barrier(COMM); // bl
S2: y=i+1;
}else {

/
Li=0]
$3: i=1;

Li=o] [y=i+1] [i=1] [y=i-1]

MPI_Barrier(COMM) // b2

S% } y=i-1k y=it+ y=i-1 — data dependence edge
...... ----» ¢ -edge
9,0
(a) (b) (c)
#pragma omp parallel private(my_ID, num, y) PP
{ o N RN
my_ID = omp_get_thread_num(); ‘ my_ID = \ ‘ my_ID > 2‘ ‘ o (y)
Cl:  if(my_ID > 2){ /
St: i=0;
#pra‘gma omp barrier // bl m H : ; : .
S2: y=i+l; Li=zo] [y=wl] [i=1] [y=in1]
}else { bl b2
S3: i=1; w w
#pragma omp barrier // b2 - - — = data dependence edge
S4: y=i-1; y=itl y=i-1 = G -edge
}
} // end of parallel
(d) (e) ®

Fig. 3. An MPI program (a), its CFG (b), and its revised program dependence graph
(c). An OpenMP program (d), its CFG (e), and its revised program dependence graph
(f). The multi-valued expression slices are shown as shaded nodes in (c¢) and (f).

to note that variables ¢ and y are single-valued for the executing threads inside
the conditional statement but they become multi-valued after the conditional
paths merge at the ¢-node.

Barrier Expressions: A barrier expression at a node n in the CFG represents
the sequences of barriers that may execute along any paths from the beginning of
the program to node n. Barrier expressions are regular expressions with barrier
statements and function labels as terminal symbols, and three operators: con-
catenation (-), alternation (|) and quantification (x), which represents barriers in
a sequence, in a condition, and in a loop, respectively. For example, the barrier
expression for Figure 3(a) is (b1] b2). A barrier expression is usually represented
by a barrier expression tree. Figure 4 shows the barrier expression tree for the
program shown in Figure 1.

Barrier matching: The final step combines the results of the previous two
steps to detect potential stall conditions caused by barriers. Recall that multi-
valued predicates create concurrent paths. Thus, a barrier subtree whose root
is an alternation with a multi-valued predicate describes two concurrent barrier
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T=(((bl 1°b2) - (b3 1°8)) - (b4 1°0)) - (b51b6)

Tl/ \

Tg/ S AN
Ts/ o SO

b4 0

/\/\

b2 b3

Fig. 4. The barrier expression tree for the program in Figure 1. The symbol |° denotes
alternation with a multi-valued predicate.

sequences. Similarly, a quantification tree with a multi-valued predicate describes
concurrent barrier sequences in a loop in which threads concurrently execute
different numbers of iterations.

A barrier tree that does not contain either concurrent alternation or concur-
rent quantification describes a program in which all threads execute the same
sequence of barriers (although the sequence may be different across different ex-
ecutions of the program). Such a tree is obviously free of barrier synchronization
errors. A concurrent quantification tree signals a synchronization error because
concurrent threads execute different numbers of loop iterations and hence differ-
ent numbers of barriers. Therefore, the barrier verification problem comes down
to checking that all concurrent alternation subtrees in the program’s barrier tree
are well-matched, i.e., the two alternation subtrees always produce barrier se-
quences of the same length. The barrier matching analysis implements this check
by a counting algorithm that traverses the two subtrees of each concurrent al-
ternation tree. Details of the counting algorithm can be found in [20].

After verifying a concurrent alternation barrier tree, the analysis computes
the barrier matching function by ordering the leave nodes from each of its two
subtrees in a depth-first order, and then matching barriers in the same position
of the two ordered sequences.

4.2 Multi-valued Expressions Analysis for OpenMP Programs

In order to use barrier matching for our concurrency analysis, we developed an
extension of the multi-valued expressions analysis for shared variables. In MPI
programs all variables are local to the executing thread. In OpenMP programs,
on the other hand, variables are either shared or private. Private variables are
stored in thread private memory and observable only by the executing thread.
Private variables in OpenMP can therefore be handled in the same way as vari-
ables in MPI programs. Shared variables in OpenMP programs are stored in
global memory and observable by all threads simultaneously. The order of a
sequence of shared variables reads and writes that is observed by a thread is
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not only determined by the program order, but also influenced by the memory
consistency model. The memory consistency model also complicates the multi-
valued expressions analysis by making some expressions that are not dependent
on the seed expression multi-valued.

To simplify the presentation we first assume the sequential consistency model
(SC model) [9]. The SC model requires that the result of the execution is the
same as if the operations of all the threads were executed in some sequence, and
the operations of each individual thread occur in the order specified by the pro-
gram. All threads observe the same sequence of operations. For instance, consider
the program fragment in Figure 5(a), in which variable ¢ is shared, and variable
x is private. Figure 5(b) illustrates one of the possible execution sequences with
two threads under the SC model. Thread 1 reads ¢ = 0 in statement S3 due to
the preceding write operation issued by thread 2, while thread 2 reads i = 1
in statement Ss. In this example the shared variable ¢ is multi-valued even if
it is not dependent on the seed expression. Therefore, we need to extend the
multi-valued expressions analysis for shared variables under the SC model by
incorporating all read operations on shared variables as multi-valued, and no
further slicing for shared variables is needed.

S1: i=0; Thread1 i=0 i=1 x=i
S2:i=1; N S S——
S3: x=1; Thread 2 i=0 i=1  x=i

() (b)

Fig.5. (a) Example program (b) An execution sequence under the SC model

OpenMP provides a relaxed memory consistency model, under which a thread
may have its own temporary view of memory which is not required to be consis-
tent with global memory at all times. As a consequence, different threads may
observe different sequences of shared memory operations, and the shared vari-
able ¢ in Figure 5(a) may be single-valued in some executions. However, since
the execution sequence illustrated in Figure 5(b) is also a valid execution under
OpenMP’s relaxed memory model, we still need to conservatively incorporate
all read operations on shared variables as multi-valued.

Consider again our sample program shown in Figure 3(d). Since variable i is
shared, we treat two reads on 7 at .S; and S3 as multi-valued. We then apply the in-
terprocedural forward slicing algorithm used in the original MPI analysis to com-
pute multi-valued expressions for private variables in OpenMP. Figure 3(f) shows
the resulting multi-valued expressions as the set of shaded nodes in the graph.

As in the original MPI multi-valued expression analysis, we assume OpenMP
and other library calls are annotated as either single- or multi-valued. Arrays are
treated as scalar variables and pointers are conservatively handled by treating
every pointer dereference and every variable whose address is taken as multi-
valued.
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4.3 Barrier Trees and Barrier Matching for OpenMP Programs

Once the multi-valued expressions have been computed, barrier tree construc-
tion and barrier matching for OpenMP programs proceed as described for MPI
programs. Figure 4 shows the barrier expression tree for the program shown in
Figure 1. Barrier matching checks the three concurrent alternation subtrees T5,
Ts and Ty. The analysis verifies subtree T5 as correct and reports that barriers
b1 and by match. However, the other subtrees T and T, cannot be statically ver-
ified and the analysis would report a potential error, warning that the subtrees
are structurally incorrect.

4.4 Handling Structurally Incorrect Programs

Barrier matching analysis produces a barrier matching function only for verified
programs. As a static analysis, barrier matching is conservative and may there-
fore reject a program, although the program produces no synchronization errors
at runtime. Programs that will always be rejected are so called structurally incor-
rect programs. Informally, structural correctness means that a program property
holds for a program if it holds for every structural component of the program,
(i.e., every statement, expression, compound statement, etc.). In other words, a
structurally incorrect program contains a component that, if looked at in isola-
tion, has a synchronization error, although in the context of the entire program
no runtime error may result. Figure 1 is an example of a structurally incorrect
program because it contains two structural components, the conditionals Cs
and C5 that, if looked at in isolation, are incorrect. Thus, the overall program
is deemed incorrect although no runtime synchronization error would result be-
cause Cj5 is the logical complement of C3. As reported in the previous section,
barrier matching analysis reports a potential error for each of the two conditional
components.

We discuss in this section modifications to compute partial barrier matching
information for programs whose synchronization structure is dynamically cor-
rect (i.e., the program terminates) even if they cannot be statically verified. Our
approach to handling structural incorrectness is to isolate the program region
that cannot be statically verified, and to partition the program into structurally
correct and structurally incorrect regions. Based on this partition we can ap-
ply barrier matching and, in turn, our concurrency analysis for the structurally
correct, components of the program. For the structurally incorrect regions we
conservatively assume that all statements may execute concurrently.

When barrier matching encounters a program with a structurally incorrect
component p, a synchronization error is detected when processing the root of
the barrier expression subtree that represents p. We refer to such structural
component as an error component. For example, the barrier tree in Figure 4,
contains two error components Ty and Tg.

Based on these error components we define two well-matched regions of a
structurally incorrect program. The first well-matched region consists of any
sequence of statements along an error-component-free path in the CFG that
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starts at the program entry and terminates at a program point immediately
preceding an error component. Similarly, the second well-matched region consists
of any sequence of statements along an error-component-free path in the CFG
that starts at a program point immediately following an error component and
terminates at program exit. We define the “structurally incorrect region” as the
remainder of the program, that is, any statement that is not included in one
of the above well-matched regions. We conservatively treat all statements in
the structurally incorrect region as concurrent and compute barrier matching
functions for the structurally correct regions.

Consider again our example in Figure 4 and recall that barrier matching re-
ports two error components Ty and Tg. The two well-matched regions of the
program in Figure 1 are defined as follows. The first region starts at program
entry and terminates at program point P, in Figure 1 which immediately pre-
cedes the error component Ts. The second region starts at program point P
which immediately follows the error component 7T, and extends up to program
exit. All statements between P; and P, are assumed to be concurrent.

5 Step 3: Phase Partition and Aggregation

The third step of the OpenMP concurrency analysis uses the computed barrier
matching function to divide the program into a set of static phases. A static
phase (b;, b;) consists of a sequence of basic blocks along all barrier-free paths in
the CFG that start at the barrier statement b; and end at the barrier statement
b;. Note that b; and b; may refer to the same barrier statement.

The phase partition method proceeds as proposed by Jeremiassen and Eg-
gers [7]. First we assume each barrier statement b; corresponds to a new global
variable V4,. We then treat each barrier statement as a use of its corresponding
barrier variable, followed by definitions of all barrier variables in the program.
The problem of phase partition is then reduced to computing live barrier vari-
ables in the program. Recall that a variable v is live at program point p if the
value of v at p is used before being re-defined along some path in the control
flow graph starting at p. Precise interprocedural live analysis has been described
in [12]. Let Live(b) denote the set of barrier variables live at the barrier b. The
set of static phases in an OpenMP program is then summarized as:

{(bs,05)|Vy, € Live(b;), for all i and j}

In order to determine to which phases a basic block u belongs, we need to
reverse the control flow edges in the CFG and calculate live barrier variables for
each basic block again. Let LiveR(u) denote the set of live barrier variables at
basic block u in the reversed CFG. The phases to which block u belongs are:

{(bi, bj)|b; € LiveR(u) ANb; € Live(u)}

According to the barrier matching information, we then aggregate phases
(b, by) and (by, by) if barriers by, matches b, and b, matches b,. A dynamic
execution phase is an instance of an aggregated phase at runtime.
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6 Step 4: Concurrency Relation Calculation

The final step of our concurrency analysis consists of calculating the concur-
rency relation among basic blocks. Since basic blocks from different aggregated
phases are separated by barriers, no two blocks in different phases can be exe-
cuted concurrently. We can therefore establish a first safe approximation of the
concurrency relation in the program by assuming that all blocks from the same
aggregated phase may be concurrent. However, this first approximation is overly
conservative and does not take concurrency constraints from certain OpenMP
constructs into account. We have developed the following set of concurrency rules
that address these constraints to refine the initial concurrency approximation.

1. (Concurrency Rule) Any two (possibly identical) basic blocks from the
same aggregated phase are concurrent. The set of concurrency relationships
obtained from this rule is denoted as C'R.

2. (Non-concurrency Rules)

(a) Any two basic blocks from a master construct under the same paral-
lel region are not concurrent because they are executed serially by the
master thread.

(b) Any two basic blocks from critical constructs with the same name
(or from within the lock regions, enclosed by the omp set lock() and
omp unset lock() library calls, that are controlled by the same lock vari-
able) are not concurrent because they are executed mutually exclusively.
Note that we treat two potentially aliased lock variables as different.

(¢) Two blocks in the same ordered construct are not concurrent because
the ordered construct body within a loop is executed in the order of
loop iterations.

(d) Two blocks from the same single construct that is not enclosed by a se-
quential loop are not concurrent. Note that OpenMP requires a single
construct body to be executed by one thread in the team, but it does
not specify which thread. Therefore two instances of a single construct
inside a sequential loop might be executed by two different threads con-
currently.

The set of non-concurrency relationships obtained from the non-concurrency

rules is denoted as NCR.

Finally, the concurrency relation among basic blocks results as CR — NCR.

Returning to our sample program in Figure 1. S; and Ss; are concurrent
because they are in the same aggregated phase (start, {b1,b2}). The same holds
for S5 and S4. However, Sy and Sp1 are not concurrent because barrier b5 does
not match barrier bg (due to the single-valued predicate Cy4) thus Sy and S, are
in different phases.

7 Experimental Evaluations

We have implemented the concurrency analysis for OpenMP/C programs on
top of the open-source CDT (C Development Tool) in Eclipse. The Eclipse CDT
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Table 1. Experimental results

Benchmark FT IS LU MG SP quake
Source NPB2.3-C NPB3.2 NPB2.3-C NPB2.3-C NPB2.3-C SpecOMP2001
# Souce Lines 1162 629 3471 1264 2991 1591
# Blocks 682 278 2132 909 2503 1191
# Procedures 17 9 18 15 22 27
# Barriers 13 5 30 28 67 13
OpenMP constructs single for for single for for
master single for master
for critical critical
critical master
flush
# Aggr. phases 29 11 41 103 223 24
Max. concurrency 101 59 83 256 130 33
set size
Relative max. 14.8%  21.2% 3.9% 28.1% 5.2% 2.8%
concurrency set size
Avg. concurrency 40 36 23 50 52 15
set size
Relative avg. 5.9% 12.9% 1.1% 5.5% 2.1% 1.3%

concurrency set size

constructs Abstract Syntax Trees for C programs. We evaluated the effectiveness
of our OpenMP concurrency analysis on a set of OpenMP programs from the
NPB (Nas Parallel Benchmarks) and SpecOMP2001 benchmark suites, as shown
in Table 1.

FT (3-D FFT), LU (LU solver), MG (Multigrid), and SP (Pentadiagonal
solver) are derived from the serial Fortran versions of NPB2.3-serial by the Omni
OpenMP compiler project [14]. IS (Integer sort) is an OpenMP C benchmark
from NPB3.2. Quake from SpecOMP2001 benchmark suite simulates seismic
wave propagation in large basins.

The top part of Table 1 lists several characteristics of the benchmark programs
such as the number of source lines, the number of barriers, either explicit or
implicit, and the various OpenMP constructs used in each benchmark.

The results of the concurrency analysis are shown in the bottom part of the
table. As an intermediate result, the table lists the number of aggregated phases
that have been computed. To estimate the accuracy of our concurrency analysis
we computed the average and maximum set size among the concurrency sets for
all nodes in the CFG. Our CFG is based on the CDT and includes statement
level block nodes. Set sizes would be smaller if statements would be composed
into basic block nodes. The table shows the absolute set size and the relative size
which is the percentage of the total number of nodes in the CFG. Recall that
the concurrency set of a block b consists of a set of blocks that might execute
concurrently with b in at least one execution. A concurrency set is usually a
superset of the real concurrency relation. Therefore the smaller the concurrency
set, the less conservative our concurrency analysis is. Table 1 indicates that our
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analysis is not overly conservative since the size of the average concurrency set
is less than 6% of the total blocks for all benchmarks except IS, for which the
average concurrency set is 12.9% of the total number of blocks in the program.

8 Conclusions

In this paper we present the first interprocedural concurrency analysis that can
handle OpenMP and, in general, shared memory programs with unnamed and
textually unaligned barriers. Our approach is built on the barrier matching tech-
nique that has previously been described to verify barrier synchronization in
MPI. We extended barrier matching to handle shared variables and OpenMP.
We have implemented our analysis for OpenMP C programs and evaluated the
effectiveness of our analysis using benchmarks from the NPB and SpecOMP2001
benchmark suites. The experimental results confirm that our analysis is not
overly conservative. We are currently exploring the use of our concurrency anal-
ysis in combination with a dynamic data race detection tool by limiting the
instrumentation points that have to be considered during dynamic checking.
Other potential uses are in combination with performance tools to point the
user to areas with low levels of concurrency.
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Abstract. Media and scientific simulation applications have a large
amount of parallelism that can be exploited in contemporary multi-core
microprocessors. However, traditional pointer and array analysis tech-
niques often fall short in automatically identifying this parallelism. This
is due to the allocation and referencing patterns of time-slicing algo-
rithms, where information flows from one time slice to the next. In these,
an object is allocated within a loop and written to, with source data
obtained from objects created in previous iterations of the loop. The ob-
jects are typically allocated at the same static call site through the same
call chain in the call graph, making them indistinguishable by traditional
heap-sensitive analysis techniques that use call chains to distinguish heap
objects. As a result, the compiler cannot separate the source and des-
tination objects within each time slice of the algorithm. In this work
we discuss an analysis that quickly identifies these objects through a
partially flow-sensitive technique called iteration disambiguation. This is
done through a relatively simple aging mechanism. We show that this
analysis can distinguish objects allocated in different time slices across
a wide range of benchmark applications within tens of seconds even for
complete media applications. We will also discuss the obstacles to au-
tomatically identifying the remaining parallelism in studied applications
and propose methods to address them.

1 Introduction

The pressure of finding exploitable coarse-grained parallelism has increased with
the ubiquity of multi-core processors in contemporary desktop systems. Two do-
mains with high parallelism and continuing demands for performance are media
and scientific simulation. These often operate on very regular arrays with rela-
tively simple pointer usage, which implies that compilers may be able to identify
coarse-grained parallelism in these applications. Recent work has shown that
contemporary analyses are capable of exposing a large degree of parallelism in
media applications written in C [14].

However, there are still obstacles to be overcome in analyzing the pointer be-
havior of these applications. A significant percentage of these applications are
based on time-sliced algorithms, with information flowing from one time slice
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© Springer-Verlag Berlin Heidelberg 2008
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to the next. The code of these applications typically consists of a large loop,
often with multiple levels of function calls in the loop body, where each iteration
corresponds to a time slice. Results from a previous iteration(s) are used for com-
putation in the current iteration. While there are typically dependences between
iterations, there is usually an ample amount of coarse-grained parallelism within
each iteration, or time slice, of the algorithm. For example, in video encoding
applications, there is commonly a dependence between the processing of consec-
utive video frames, a fundamental time slice of video processing. However, there
is significant parallelism within the video frame, where thousands of sub-pictures
can be processed in parallel.

From our experience, time-sliced algorithms typically operate by reading from
data objects that are written in the previous time slice, performing substantial
computation, and writing to data objects that will be used by the next time
slice. The primary step of parallelizing the computation of the time slice lies in
the disambiguation between the input and output objects of the time slice. This
proves to be a challenging task for memory disambiguation systems today. The
difficulty lies in the fact that the code is cyclic in nature. The output objects
of an iteration must become the input of the next iteration. That is, the input
and output objects are coupled by either a copying action or a pointer swap-
ping operation during the transition from one time slice to the next. Without
specialized flow sensitivity, a memory disambiguation system will conclude that
the input and output objects cannot be distinguished from each other.

Three different coding styles exist for transitioning output objects to input
objects in time-sliced algorithms:

1. Fixed purpose: The data objects operated on are allocated in an acyclic
portion of the program and designated specifically as input and output struc-
tures. At the end of an iteration, the data in the output structure are copied
to the input structure for use in the next iteration. Previous parallelism-
detection work [14] assumes this coding style.

2. Swapped buffer, or double-buffering: Two or more data objects are created
in the acyclic portion of the program and pointed to by input(s) and output
pointers. At the end of an iteration, the pointer values are rotated.

3. Iterative allocation: A new data object is allocated and written during
each iteration of the primary program loop and assigned to the output
pointer. At the end of the iteration, the output object of the current it-
eration is assigned to the input pointer in preparation for consumption by
the next iteration. Objects that are no longer needed are deallocated.

Many compiler analyses, even some that are flow-sensitive, will see the point-
ers in the latter two categories as aliasing within the loop. This is true when
considering the static code, since the stores in one iteration are writing the
objects that will be read in the next iteration. When the dynamic stream of
instructions is considered, however, the pointers and any stores and loads from
them are independent within a single iteration of the loop. In media and simu-
lation applications, this is where much of the extractable loop-level parallelism
lies. The goal of our work is to create a targeted, fast, and scalable analysis that
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is cycle-sensitive, meaning that it can distinguish objects allocated or referenced
in cyclic patterns. We will address the third category; the first is adequately
disambiguated by traditional points-to analysis and the second can be handled
by tracking the independence of the pointers via alias pairs [10] or connection
analysis [4].

Figure 1 shows an example of this within a video encoder. At least two related
images exist during MPEG-style P-frame encoding: the frame currently being
encoded and reconstructed and the frame(s) that was/were previously recon-
structed. During motion estimation and compensation, the encoder attempts to
achieve a close match to the desired, current image by copying in pieces from the
previous reconstructed frame. In terms of memory operations, it reads data from
the previous frame and writes it to the current frame. In the reference MPEG-4
encoder [11], these objects can come from the same static call sites and calling
contexts and must be disambiguated by determining that they were created in
different iterations of a control flow cycle.

struct Vop *prev, *recon;

prev = Encode_I_Vop();

while (keep_coding) { alias VopMotionCompensate (Vop *recon,
/7,—69,'0,73 Vop *prev)
recon = create_new_ frame(); { .
VopMotionCompensate (recon, prev); /| no-gjias for (i = 0; i < mb_height; i++)
/ region for (3 = 0; j < mb_width; j++) |
delete frame (prev); GetPred_Default(j, i, prev,
alias-causing recon->image [i*mb_width+j]..);
_—assignment }
} }
(a) Pseudocode of the frame-by-frame loop of encoding: (b) Pseudocode of VopMotionCompensate: recon
recon and prev alias because of circled assignment. and prev point to different objects at call site and do

not alias within the function.

Fig. 1. An example of cycle-sensitivity enabling parallelism

In the loop shown in Figure 1(a), the pointers prev and recon will point to
the same object at the circled assignment. Within the middle shaded region,
however, the two pointers will always point to different objects, since recon is
allocated in the current loop iteration and prev is not. Thus, loops within this
region, such as those within VopMotionCompensate as shown in Figure 1(b),
can have their iterations executed in parallel. The goal of our analysis, iteration
disambiguation, is to distinguish the most recently allocated object from older
objects that are allocated at the same site. This and similar cases require an
interprocedural analysis to be effective because the objects and loops involved
nearly always span numerous functions and loop scopes.

We first cover related work in Section 2. We then describe the analysis in
Section 3. Section 4 shows analysis results for several benchmark programs. We
conclude with some final comments and future work.
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2 Related Work

The intent of iteration disambiguation is to quickly distinguish objects that come
from the same static call site and chain, but different iterations of a control flow
loop. It is designed as an extension of a more general pointer analysis system.
By doing this, the analysis is able to capture cases which general analyses are
incapable of distinguishing or cannot accomplish in an inexpensive manner. For
an overview of previous work in pointer analysis, we refer to [8].

The closest existing work to iteration disambiguation, in terms of disambigua-
tion results, is connection analysis, as proposed by Ghiya and Hendren [4]. It at-
tempts to overcome the limitation of basic points-to analysis and naming schemes
by using a storeless model [3] to determine the sets of interacting, or connected,
pointers that may alias. At each program point and for each calling context, the
analysis maintains the sets of connected local and global pointer variables. Each
pointer’s connection set approximates the set of other pointers with which it may
alias. Connections are removed, or “killed”, for a pointer when it is assigned, and
replaced with the connection information of the right-hand expression, if any. At
a given program point, disjoint connection sets for two pointers indicates that
they have not interacted in any way and do not conflict. Interprocedural analysis
is handled by exhaustive inlining.

Connection analysis distinguishes new and old objects in a loop by making
a newly-allocated object be initially unconnected to anything else. The basic
example shown in Figure 1 can be disambiguated by connection analysis because
the assignment to the variable recon kills recon’s connection to previous objects.
However, control flow within the loop body can foil connection analysis. When
a variable is assigned on only some paths through a loop, its connections are not
killed on the other paths. This leads to pointer aliasing of the variable and its
connected variables after the paths merge. This case has been observed in video
encoders and obscures parallelism in those applications.

Shape analysis is a flow-sensitive analysis which attempts to analyze the pat-
tern of pointer usage to express relationships between different instances of the
same abstract heap object, examples of which are presented in [5,6,15]. This
can improve pointer disambiguation for recursive data structures. Generally, the
possible types of structures must be known a priori to the analysis, with the
exception of [6]. The purpose of this work is not to identify the relationship be-
tween instances of recursive structures, but to disambiguate “top-level” pointers
retained in local or global variables that refer to objects created in different it-
erations of a control flow cycle. Shape analysis generally does not focus on this
aspect of pointer behavior.

Two independently developed may-alias points-to analyses [16,17] can distin-
guish different elements of an array where array elements are initialized in a loop
using a monotonically increasing variable to index the array. In their analyses,
there can be no data transfer between the array elements, whereas the objects
targeted by iteration disambiguation are coupled through copying or pointer as-
signment at the end of loop iterations. Their work is complementary to ours and
can be combined to provide greater precision.
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3 Analysis

This section describes iteration disambiguation, a dataflow algorithm that dis-
tinguishes objects allocated in different iterations of a cycle at compile-time. It
does this by marking objects’ references with different ages. Intuitively, if one
considers a loop body as a code segment observed during dynamic execution, the
objects created outside of the segment or in previous instances of the segment
are distinct from any objects created in the examined segment.

3.1 Example

Figure 2(a) shows the control flow graph for a simple example of an iteration
disambiguation opportunity, while Figure 2(b) shows an unrolled version of the
loop to clarify the relationship between pointers a and b within each outer loop
iteration. We define two memory objects A and B by their static allocation sites.
Since object B lies within a loop, its instances are given subscripts to indicate
the iteration of the loop in which they were allocated.

object 2
‘I’ -~ allocation ‘I’ 7
a = malloc (size); ®| a = malloc (size); |
object B T T
aging
point N x object B L ] v 22

b = malloc (size); allocation @@) a f a; ) @ a - a; . .
b = malloc (size); @ b = malloc (size);

L1 =% (O
4.2
free (a);
Q= = s
5
reference is:
left: object & right: object & \L
@ aged @ aged
(a) Simple code with per-iteration allocations @ rew @ rew (b) Unrolled version

Fig. 2. Iteration disambiguation example

In the first iteration of the loop in Figure 2(b), pointer a points to object A,
while pointer b points to object By, created in block 2.1. These two pointers do
not alias within block 3.1 but do in block 4.1. There is a similar situation in
block 3.2, except that in this case a points to object By, created in block 2.1,
while b points to object Bg, created in block 2.2. Additional iterations of the
loop would be similar to the second iteration. Although b aliases with a within
instances of block 4, the two do not alias within any instance of block 3: a points
to A or B,_1, while b points to B,,. The compiler can determine that loads are
independent from stores within the smaller loop in block 3 and can combine this
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with array index analysis to determine that parallel execution is safe for those
loop iterations.

Another way of looking at this relationship is that object B, is a separate
points-to object from previously created objects. We call the B, object new,
while B,,_; and older objects are lumped together as aged. Objects become aged
at aging points, which are ideally just before a new object is created. Between
the aging points for an object, or between an aging point and the end of the
program, two pointers that point to these two objects cannot alias for any n.

3.2 Algorithm

Our algorithm operates on non-address-taken local variables in the program’s
control flow graph. A pointer analysis, run prior to the algorithm, annotates
variables with sets of objects they may point to. Points-to sets are represented
as a set of abstract object IDs, where each ID stands for an unknown number of
dynamic objects that exist at runtime. Intuitively, the analysis distinguishes new
references to an abstract object created within the body of a loop from aged ones
that must have been created prior to entering the loop or within a prior iteration
of the loop. References are ambiguous when it becomes unclear whether they
refer to aged or new objects. As long as the ages of two references are distinct
and unambiguous, they refer to independent dynamic objects within the scope
of an iteration of the most deeply nested loop that contains both references and
the allocation for that object. The algorithm is described for a single abstract
object with a unique allocation site and calling context. When analyzing multiple
objects, analyses of separate abstract objects do not interact. The compiler may
choose the objects which are potentially profitable; at this time every heap object
allocated within a cycle is analyzed.

The analysis uses aging points in the control flow graph to delineate the
scope over which a reference is considered new. A reference becomes aged when
it crosses an aging point. Aging points are placed at the entry point of each loop
and function containing the allocation. Placing aging points at the beginning
of loop iterations ensures that all new references within the loop are to objects
created in the current loop iteration. New references outside the loop point
to objects created in the last loop iteration. Aging at function entry points is
necessary for recursive function calls.

Recursive functions require additional consideration. A new reference becomes
aged at the entrance of a recursive function that may allocate it, and could be
returned from the function. This is effectively traveling backwards across an
aging point, creating a situation where the same reference is both aged and new
in the same region. We avoid this error by conservatively marking an aged
return value of a recursive function ambiguous when it is passed to callers which
are also in the recursion. !

L If a function could have multiple return values, the same situation can occur without
recursion. We analyze low-level code that places a function’s return data on the stack
unless it fits in a single register. Our conservative handling of memory locations yields
correct results for multiple return values on the stack.
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The example in Figure 2 obtained the aged reference via a local variable
that was live across the back edge of the loop. However, many programs retain
pointers to older objects in lists or other non-local data structures and load them
for use. In order to detect these pointers as aged, the analysis must determine
that the load occurs before any new references are stored to non-local memory.
Once non-local memory contains a new reference, the abstract object is labeled
escaped until control flow reaches the next aging point. Loads of an escaped
object return references that are ambiguous instead of aged. Effectively, non-
local memory is an implicit variable that is either ambiguous (escaped) or aged
(not escaped). Escaped reference analysis runs concurrently with propagation
of new and aged reference markings.

Setup. There are several items that need to be performed prior to executing
the dataflow algorithm:

1. A heap-sensitive pointer analysis is run to identify dynamically-allocated
objects, distinguished by call site and calling context [2], and find which
variables may reference the object(s). Figure 3(a) shows a code example
with initial flow-insensitive pointer analysis information.

2. SSA notation is constructed for each function in the program, with p-functions
at loop entry points. Although constructing SSA notation prior to pointer
analysis can improve the resolution of the input information via partial flow-
sensitivity [7], this is not necessary for the algorithm to function correctly.

3. Aging points are marked, for each abstract object, at the entry of each
loop or function containing an allocation of the object. This is a bottom-
up propagation and visits strongly connected components in the program
callgraph only once. In loops, p-functions that assign references to objects
created within the loops are aging points. The input parameters to a function
that may create the object are also marked as aging points.

4. A dataflow predicate, representing age, is initialized for each pointed-to ob-
ject on each pointer assignment, including SSA’s u- and ¢-functions, and
function parameter. The latter are treated as implicit copy operations dur-
ing interprocedural propagation. We initialize these predicates as follows:

— Pointer variables which receive the return address of the allocation call
are marked with new versions of the references.

— The destination of p-functions are marked aged for an object if the
corresponding loop contains an allocation of the object.

— Destinations of loads that retrieve a reference from memory are opti-
mistically marked aged. Unlike the previous two cases, this initialized
value may change during propagation of dataflow.

— All other pointer assignments are marked unknown.

Figure 3(b) shows the results of SSA construction, marking of aging points,
and initialization of dataflow predicates for the example in Figure 3(a).

2

? p-functions were proposed for the Gated Single Assignment notation [1]. Unlike that
work, it is not necessary to know which references are propagated from the loop
backedges; we use the form simply to mark entries of loops.
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Fig. 3. Iteration disambiguation dataflow

Propagation. Figure 3(c) shows the results of dataflow propagation for the
given example. Conceptually, the algorithm marks a reference returned by an
allocation routine as new. This dataflow predicate propagates forward through
the def-use chain until it reaches an aging point, after which it becomes aged.
This aged reference is also propagated forward. If aged and new references for
the same object meet at control flow merges other than aging points, the result
becomes ambiguous. Separate abstract objects do not interact in any way; for
example, propagation from ag to a; remains new for object A because there is
only an aging point for object B for that transition.

As mentioned previously, we desire that the analysis capture cases where older
object references are loaded from non-local memory. For this, the analysis iden-
tifies regions of the program where new or ambiguous references have escaped to
non-local memory. References loaded from memory outside this region are guar-
anteed to be aged, but those loaded within the region are ambiguous because a
potentially new reference has been placed in memory.

Propagation of age markings for object references and detection of escaped
references proceed concurrently. All propagation is done in the forward direction.
Age markings propagate via SSA def-use chains, while escape markings propa-
gate along intra- and inter-procedural control flow paths. Age propagation uses
a three-stage lattice of values, depicted in the legend in Figure 3. The least value
of the lattice is unknown. The other lattice values are aged, new, and ambiguous.
The join or union of an aged and a new reference is ambiguous, which means
that the compiler cannot tell the iteration relationship of the reference relative
to other object references in the loop. The contents of memory are ambiguous
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where an object has escaped; elsewhere, memory only contains aged references.
Age and escape markings increase monotonically over the course of the analysis.
The analysis provides a measure of flow-sensitivity if the base pointer analysis
did not support it: references that remain unknown at analysis termination are
not realizable.

Age markings propagate unchanged through assignment and address arith-
metic. The union of the ages is taken for references passed in to ¢-functions
or to input parameters of functions that do not contain an allocation call. New
and ambiguous ages do not propagate through aging points. Function return
values are handled differently depending on whether the caller and callee lie in
a recursive callgraph cycle. For the nonrecursive case, return values are simply
propagated to the caller. For the recursive case, aged returns are converted to
ambiguous. This is necessary to preserve correctness; since the call itself is not
an aging point but the callee may contain aging points, a new reference passed
into the recursive call may be returned as aged while other references in the
caller to the same dynamic object would remain new.

Propagation proceeds analogously for escaped markings. The union of escaped
markings is taken at control flow merge points. Escaped markings are not prop-
agated past aging points since all references in memory become aged at those
points. At the return point of a call where the caller and callee lie in a recursive
cycle, memory is conservatively marked escaped.

Age and escaped reference markings influence one another through load and
store instructions. Stores may cause a new or ambiguous reference to escape past
the bounds that can be tracked via SSA. For our implementation, this occurs
when a pointer is stored to a heap object, global variable, or local variable which
is address-taken. At that store instruction, the analysis sets an escaped marking
which propagates forward through the program. The region where this escape
dataflow predicate is set is called the escaped region.

The analysis optimistically assumes during setup that loaded references are
aged. If a loaded reference is found to be in the escaped region, the analysis must
correct the reference’s marking to ambiguous and propagate that information
forward through def-use chains. Conceptually, the compiler cannot determine
whether the reference was the most recent allocation or an earlier one, since a
new reference has been placed in memory. An example of an escaped reference is
shown in the bottom block of Figure 3(c). Aged references do not escape because
the default state of references loaded from memory is aged.

Iteration disambiguation preserves context-sensitivity provided by the base
pointer analysis. The calling context is encoded for each object. When the anal-
ysis propagates object references returned from functions, the contexts are ex-
amined and objects with mismatched contexts are filtered out. The analysis also
performs filtering to prevent the escaped dataflow from propagating to some
unrealizable call paths: references can escape within a function call only if they
were created in that function or passed in as an input parameter. Our implemen-
tation currently is overly conservative for escaped dataflow when a reference is
an input parameter which doesn’t escape on some call paths. Handling this case
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requires an analysis to determine which input parameters may escape, and the
case has not been prominent in studied applications.

3.3 Properties and Limitations

The iteration disambiguation algorithm explained here is only able to distinguish
the object from the current/youngest iteration of a cycle from objects allocated
during previous iterations. In other terms, the analysis is k-limited [9] to two
ages. The benefit of this is that the analysis is relatively simple and can be
formulated as an interprocedural, monotonic dataflow problem. In general only
the most recently allocated object is written, while older ones are read-only, so
a single age delineation is sufficient to identify parallelism.

The profitability of iteration disambiguation depends on how long a new ob-
ject stays in a local variable and is operated on before escaping. In studied media
and simulation applications, new references are often created at the top of loop
bodies and escape towards the bottom of the loop after significant computation
is performed. This exposes the available parallelism within the primary compu-
tation loops. However, is not uncommon for a reference to escape immediately
on allocation and not be retained in a local variable, which prevents benefit
from iteration disambiguation. The common case for this is sub-objects which
are linked into an aggregate object, such as separate color planes of an image.
Possible methods for resolving these objects are discussed in the next section.

The presented algorithm’s effectiveness is also inversely tied to the distance
between the aging points and the allocation of the object, since all objects be-
tween the aging locations and the allocation are aged. These cases might be
disambiguable if the aging point were relocated, but this causes more complex-
ity in utilizing the analysis results.

4 Experiments

This section presents empirical results that show that iteration disambiguation
generally takes a small amount of time and can identify the distinction between
cyclic objects. We covered two categories of benchmarks. For the first, we chose
programs from SPEC CPU 2000 and 2006, excluding those from 2000 that have
newer versions or equivalents in 2006, and those that the current version of our
compiler cannot compile correctly, notably gce and perl. For the second category,
we used several applications from MediaBench I as well as a few independent
ones. Our intent with the broad selection is to show that the analysis can dis-
ambiguate references in application domains other than media and scientific
simulation. We use Fulcra [12] as our base pointer analysis.

4.1 Analysis Statistics

Figure 4 shows analysis statistics for the benchmark programs analyzed. The bars
represent iteration disambiguation’s time to analyze, annotate, and count statistics
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Fig. 4. Iteration disambiguation analysis time and object count

inseconds, on a 1.8 GHz Athlon 64. The dots connected by lines represent the num-
ber of distinct cyclic objects, distinguishable by call site and calling contexts. The
number of heap objects is dependent on the degree of cloning (replication per call
site and path) [13] performed by the base pointer analysis. For example, the MPEG-
4 decoder and encoder applications have a large number of nested allocation func-
tions which create the large number of objects seen in the figure. The “lowest-level”
objects tend to be replicated the most, which affects some of our metrics.

In general the analysis is fast; for most programs, which have few cyclic ob-
jects, the analysis takes only a few seconds. Even for programs with many cyclic
objects, such as 464.h264ref and mpegdenc, the analysis runs within 16 sec-
onds. The majority of analysis time is spent in the setup phase and the time for
propagation of age markings and escaped dataflow is usually insignificant. The
primary outliers are two SPEC CPU2000 benchmarks, 254.gap and 255.vortex.
These benchmarks are over twice as large as the majority of the benchmarks
in the program, with a correspondingly higher setup time. The larger size also
increases the amount of code that escaped reference dataflow must propagate
through. Finally, they have an unusually high number of references relative to
the size of the codes. Unlike the other benchmarks, the time for age propagation
and escaped reference dataflow is on the same order as setup time.

4.2 Object Classifications

There are two special object classifications which are exposed by the analysis.
First, some objects allocated within cycles are used as temporary storage and are
deallocated within the same iteration. These cases are interesting because they
represent privatization opportunies. In iteration disambiguation, these objects
are recognizable since only new references are used to load data from or store data
to them. The percentage of only-new objects is shown in Figure 5. Benchmarks
that have no cyclic objects are omitted.
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Fig. 5. [teration disambiguation results: proportion of only new and ambiguous objects

Second, for some cyclic objects, there are either no new markings or no aged
markings. For these objects, iteration disambiguation has no useful effect. We
term these ambiguous objects. In programs with inherent parallelism, these ob-
jects are commonly multidimensional arrays and sub-structures, which require
complementary analyses when detecting parallelism. As mentioned previously,
these lower-level objects are a significant portion of the total object count due
to heap cloning, and thus increase the apparent number of ambiguous objects
beyond a static count of call sites when heap cloning has an effect. Even exclud-
ing this effect, direct inspection of several of the applications has shown that the
majority of the heap objects are ambiguous.

4.3 Analysis Results

Prior to discussing the analysis results, we break the categories of aged and
ambiguous references into subcategories to gain a better understanding of the
results and program properties. They are:

— Loop Aged: The reference was passed via a local variable across the back-
edge of a loop, or entered a recursive function that may allocate the object.

— Loaded Aged: The reference’s source is loaded from memory in a region
where a new or ambiguous reference has not escaped.

— Merge Ambiguous: The age of the reference is ambiguous due to a control
flow or procedure call merge in which new and aged references of an object
merge via dataflow, such as for conditional allocations.

— Escape Ambiguous: The age of the reference is ambiguous because it was
obtained via a load in a code region where a new or ambiguous reference has
escaped. We also include aged references returned from a recursive function
to callers within the recursion in this category.

— Combination Ambiguous: This represents a merge of an escape-ambiguous
reference with other types of references.
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Figure 6 shows statistics of the results of iteration disambiguation. Results are
shown as a percentage of the total static, heap-referencing memory operations,
in an assembly-like representation, for each program. When a memory operation
may access multiple cyclic objects, an equal fraction is assigned to each object.
References to objects that are only new have been omitted because they inflate
the apparent utility of the analysis. A significant percentage of both new and
aged references indicates likely independence of operations within a loop body.
Applications that have no useful cyclic objects have been omitted.

Although a more appropriate test of this analysis would be to show the amount
of parallelism exposed by the analysis, we do not attempt this for this work. The
objects of interest in many time-sliced applications are children objects of the
top-level objects that iteration disambiguation can operate on, and are identified
as ambiguous objects. We currently do not have an analysis to prove that children
are unique to a parent object, so the amount of extractable parallelism is small.
In the future we hope to show the difference in application performance when
the additional analyses are integrated into our framework.

The high percentage of escape and combination ambiguous references indicate
that many static operations on heap objects use references that have been stored
to and then loaded back from memory prior to an aging point. This is expected
for programs that build up large aggregate structures and then operate on them,
such as the larger SPEC CPU benchmarks. Despite the fact that ambiguous
objects tend to make up the majority of objects, they do not always dominate
the references because of fractional counting per memory operation. We observed
a tendency for operations to be one type of reference, because the objects they
reference usually have similar usage patterns.

Media programs have a high percentage of ambiguous references because the
majority of operations work on data substructures linked to top-level structures.
As previously mentioned, escaped references are often multidimensional arrays
and can be addressed with the appropriate analysis. Another case that is missed
by iteration disambiguation is sub-structures of a cyclic object linked into an



Iteration Disambiguation for Parallelism Identification 123

aggregate structure. We are currently developing a complementary analysis to
address this shortcoming.

One interesting case is 464.h264ref, which is a video encoder application and
thus expected to do well with iteration disambiguation. However, it has a smaller
percentage of new references than most applications. The reason is the common
use of an exit-upon-error function, which both calls and is called by many of
the allocation and free functions used in the application. This creates a large
recursion in the call graph, which has the effect of aging new references rapidly.
In addition, we discovered that approximately half of the loaded aged references
become escape ambiguous if the analysis does not prevent dataflow propagation
through unrealizable paths, such as calls to exit ().

5 Conclusions and Future Work

This paper discusses iteration disambiguation, an analysis that distinguishes
high-level, dynamically-allocated, cyclic objects in programs. This cyclic rela-
tionship is common in media and simulation applications, and the appropriate
analysis is necessary for automatic detection and extraction of parallelism. We
show that we can disambiguate a significant percentage of references in a sub-
set of the presented applications. We also explain some of the reasons why the
analysis was not able to disambiguate more references in cases where we would
expect a compiler to be able to identify parallelism.

For future work, we will be developing complementary analyses which will
enable a compiler to automatically identify parallelism within programs that are
amenable to parallel execution. These include array analyses, analyses that iden-
tify structure relationships such as trees, and value flow and constraint analyses.
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Abstract. This paper describes the implementation of a runtime library for
asynchronous communication in the Cell BE processor. The runtime library im-
plementation provides with severa services that allow the compiler to generate
code, maximizing the chances for overlapping communication and computa-
tion. The library implementation is organized as a Software Cache and the main
services correspond to mechanisms for data look up, data placement and re-
placement, data write back, memory synchronization and address trandation.
The implementation guarantees that all those services can be totally uncoupled
when dealing with memory references. Therefore this provides opportunities to
the compiler to organize the generated code in order to overlap as much as pos-
sible computation with communication. The paper also describes the necessary
mechanism to overlap the communication related to write back operations with
actual computation. The paper includes the description of the compiler basic al-
gorithms and optimizations for code generation. The system is evaluated meas-
uring bandwidth and global updates ratios, with two benchmarks from the
HPCC benchmark suite: Stream and Random Access.

1 Introduction

In a system where software is responsible for data transfers between certain memory
regions, it is desirable to assist the programmer by automatically managing some or
al of these transfersin system software. For asynchronous data transfers, it is possible
to overlap the memory access time with computation time by initiating the data trans-
fer request in advance, i.e. before computation reaches the point when it needs to use
the data requested. The placement of such memory access calls in the code is impor-
tant since it can change the amount of overlap between data communication and com-
putation, and thus affect the overall performance of the application. In this work, we
target a Cell BE system to explore our approach to automatically managing asynchro-
nous data transfers. Our technique implements a software caching mechanism that
works differently from traditional hardware caching mechanisms, with the goal being
to facilitate the decoupling of the multiple steps involved in a memory access
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(including address calculation, cache placement, and data transfer) as well as the
actual use of the data. Software caching is not a novel proposal since it has been ex-
tensively used in specific domains, like embedded processors [4][5][6].

Our target platform, the Cell BE architecture [2], has nine processing cores on a
single chip: one 64-bit Power Processing Element (PPE core) and eight Synergistic
Processing Elements (SPE cores) that use 18-bit addresses to access a 256K Local
Store. The PPE core accesses system memory using a traditional cache-coherent
memory hierarchy. The SPE cores access system memory via a DMA engine con-
nected to a high bandwidth bus, relying on software to explicitly initiate DMA re-
quests for data transfer. The DMA engine can support up to 16 concurrent requests of
up to 16K, and bandwidth between the DMA engine and the bus is 8 bytes per cycle
in each direction. Each SPE usesits Local Storeto buffer data transferred to and from
system memory. The bus interface allows issuing asynchronous DMA transfer re-
quests, and provides synchronization calls to check or wait for previoudy issued
DMA requests to complete.

The rest of this paper is organized as follows. In Section 2, we motivate the use of
a novel software cache organization for automatically managing asynchronous data
transfers. In Section 3, we detail the structure and implementation of this software
cache mechanism. In Section 4, we describe the compiler support needed to enable
effective use of the runtime software cache services. In Section 5, we evaluate basic
performance of our software caching technique using the Stream and Random Access
benchmarks from the HPCC benchmark suite. In Section 6 we present some conclud-
ing remarks.

2 Motivation

The particular memory model in the Cell BE processor poses severa difficulties for
generating efficient code for the SPES. The fact that each SPE owns a proper address
space within the Local Storage, plus the limitation on its size, 256Kb shared by data
and code, causes the performance being very sensible on how the communications are
scheduled along the computation. Overlapping computation with communication
becomes a crucial optimization.

When the access patterns in the computation can be easily predicted, static buffers
can be introduced by the compiler, double-buffering techniques can be exploited at
runtime, usually involving loop tiling techniques [1][7]. In the presence of pointer—
based accesses, the compiler is no longer able to transform the code in order to over-
lap communication and computation. Usualy, this kind of access is treated by a run-
time library implementing a software cache [1]. The resulting code is difficult to be
efficient as every memory reference in the code has to be monitored in order to ensure
that the data is present in the Local Store, before any access to it takes place. Thisis
usually implemented through the instrumentation of every memory reference with a
runtime call responsible for the monitoring, where many checks have to occur. A
general protocol to treat a single memory reference could include the following steps:

1. Check if the datais already present in local storage
2. In case not present, decide whereto placeit and ...
3. If out of space, decide what to send out from Local Storage
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4. If necessary, perform DMA operations

5. If necessary synchronize with DMA

6. Trandate from virtual address space to Local Storage address space
7. Perform memory access

Under that execution model, the chances for overlapping computation with com-
munication are quite limited. Besides, the memory references instrumentation incurs
in unacceptable overheads. The motivation of this paper is to describe what should be
the main features within a software cache implementation that maximizes the chances
for overlapping computation and communication, and minimizes overhead related to
the memory references instrumentation.

Following the previous scheme, the overlap of communication with computation it
can only be implemented by uncoupling the DMA synchronization (step 5) from the
previous runtime checks (steps 1 to 4). If the runtime were to support such uncou-
pling, then it could be possible to reorganize the code, placing some amount of com-
putation between step 4 and step 5 of every reference. Notice that this optimization is
conditioned by the computation, in the sense that it might happen that data depend-
ences do not alow the code reorganization. Although that, decoupling steps 4 and 5
still can offer some important benefits. It is aso possible to mix the 1, 2, 3, and 4
steps of two or more memory references and group al the DMA synchronization in
one single step. That would translate on some overlapping between cache manage-
ment code and data communication, reducing the overhead impact. But such overlap-
ping needs of some specific features within the implementation of steps 1, 2 and 3. It
is necessary that no conflict appears between steps 1, 2 and 3 of every memory refer-
ence treated before the synchronization step. That is, the placement and replacement
mechani sms must not assign the same cache line for two different memory references.
This is one point of motivation of the work in this paper: the implementation of a
software cache that enhances the chances for the overlapping of computation (whether
it is cache control code or application code) and data communication, by uncoupling
steps 4 and 5 and reducing the cache conflicts to capacity conflicts.

Because of the limited size of the Local Storage, it is necessary to provide the
cache implementation with a write back mechanism to send out data to main memory.
The write back mechanism involves a DMA operation moving data from the Local
Storage to main memory, and requires the SPE to synchronize with the DMA engine
before the flushed cache line is being reused. Deciding the moment to initiate the
DMA operation becomes an important issue to increase performance. If the write
back mechanism is invoked just when a modified cache line has to be replaced, then
the SPE is going to be blocked until the associated DMA operation ends. The imple-
mentation described in this paper introduces two mechanisms to minimize as much as
possible the number of lost cycles waiting for a DMA operation to complete (related
to a flush operation). First, a mechanism to foresee future flush operations, based on
information about what cache lines are referenced by the code, and detecting the pre-
cise moment where a cache line becomes unreferenced. Second, a specific replace-
ment policy that delays as much as possible the next assignment for a flushed cache
line, thus giving time to the flush operation to complete, and avoid lost cycles dedi-
cated to synchronization at the moment of reuse.
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3 Software Cache I mplementation

The software cache is described according to the cache parameters, cache structures
and the main services: look up, placement/replacement policies, write back, commu-
nication/synchronization and address trand ation.

3.1 Cache Parameters

The main cache parameters are the following: capacity, size of cache line and associa-
tivity level. For the rest of this document C stands for capacity, L stands for the cache
line size, S stands for the level of associativity and N=C/L stands for the number of
cachelines.

3.2 Cache Structures

The cache is composed mainly by three structures. Two list-based structures, where
the cache lines can be placed depending on their state and attributes value. These are
the Directory and the Unused Cache Lines lists. A third structure under a table shape,
basically used for look up and trandation operations. the Look Up and Translating
table.

e TheDirectory list holds all the cache lines that are resident in the cache.

e The Unused Cache Lineslist holds all cache lines that are no longer in use
by the computation. The notion of being under use is defined by the exis-
tence of any memory reference in the computation that references the in-
use cache line. The cache implementation is able to keep track of what
cache lines are being referenced, and what are not.

e The Look Up and Trandating table holds information for optimizing the
look up mechanism and for implementing the translation from the virtual
address space to the Local Storage address space.

3.2.1 Directory

The Directory is composed of S lists. Cache lines in the Directory are stored in a
double -inked list form. There is no limitation on the number of cache lines that can
be placed in any of the Slists. That makes the cache implementation a full-associative
cache. Basically the S lists are used as a hash structure to speed up the look up proc-
ess.

3.2.2 Unused CachelinesList

This list holds the cache lines that were previously used by the computation, but
that at a given moment they were no longer in use. The main role for this structure
is related to the placement/replacement policy. Cache lines placed in this list be-
come the immediate candidates for replacement, thus placement for other incoming
cache lines required by the computation. The cache lines are stored in a double-
linked list form.
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3.2.3 Look up and Trandating Table

This structure is organized as a table, where each row is assigned to a particular
memory reference in the computation. A row contains three values used for the look
up and trandation mechanisms: the base address of the cache line in the Local Storage
address space, the base address of the correspondent cache line in the virtual address
space and a pointer to the structure representing the cache being used by the memory
reference.

3.24 Cacheline Stateand Attributes

For every cache line, the implementation records information about the cache line
state and other attributes, necessary to control the placement/replacement, write back,
look up, and tranglation mechanisms.

The state of a cache line is determined by the fact any memory reference in the
computation referencing the cache line. The implementation keeps track of what
cache lines are under use, by maintaining a reference counter associated to each cache
line. The reference counter is incremented/decremented appropriately during the Look
Up mechanism. Therefore, the state of a cache line can take two different values:
USED or UNUSED. Besides the cache line state, there are other attributes:

= CLEAN: the cache line has been only used for READ memory operations.
The data stored in the cache line has not been modified.

= DIRTY: the cache line has been used for WRITE and/or READ memory
operations. The data stored in the cache line has been modified.

= FLUSHED: the cache line has aready been flushed to main memory.

= LOCKED: the cache line is excluded from the replacement policy, which
means that a cache line holding this attribute can not be replaced.

= PARTITIONED: the data transfer from/to main memory involves a dif-
ferent amount of data than the actual cache line size. The total number of
bytes to be transferred is obtained by dividing the cache line size by a fac-
tor of 32.

The implementation also records the mapping between the cache line in the Local
Storage, and its associated cache linein virtual memory.

3.3 Look up

The Look Up mechanism is divided in two different phases. First phase takes place
within the computation code, second phase occurs inside the cache runtime system.
For the first phase of look up, it is necessary some coordination with the compiler
support. For each memory reference the implementation keeps track about the base
address for the cache line being accessed. This information is stored in the Look Up
and Trandating table. Each time a new instance of a memory reference occurs, the
implementation checks if the referenced cache line has changed. If this happens, then
the second phase for the look up isinvoked. Detecting if the cache line has changed is
as simple as performing an AND operation between the memory address generated in
the memory reference, and a particular mask value (in C syntax: ~(L-1)), plus a com-
parison with the value in the Look Up and Trandating table. It is under the compiler
responsibility to assign an entry in the Look Up and Trandating table for each



130 J Balart et a.

memory reference in the code. Section 4.2 is giving the detailed description on how
thisisimplemented.

The second phase of the Look Up mechanism accesses the cache Directory looking
for the new required cache line. Only one of the S lists has to be selected to perform
the search. This is done through a hash function applied to the base address of the
cache line. The implementation ignores the offset bits, and takes al other most sig-
nificant bits. Then applies an S-modulo operation and determines one of the S lists.
The Look Up continues with the list traversal, and if the cache line is found, a hit is
reported. In case not, the placement/replacement mechanisms are invoked, and the
necessary DM A operations are programmed.

During the Look Up process, the reference counters for the two cache lines that are
going to be involved are incremented/decremented. For the cache line that is no
longer referenced by the memory reference, the counter is decremented. For the new
referenced cache line, the counter isincremented, no matter the Look Up ended with a
hit or miss.

At the end of the Look Up process the Look Up and Translating table is updated.
The row assigned to the memory reference the Look Up operation was treating is
appropriately filled: base address of the cache line in the Local Storage, base address
of the cache line in virtual memory and a pointer to the structure representing the
cacheline.

3.4 WriteBack

The Write Back mechanism only applies for modified cache lines, that is, those lines
that hold the DIRTY attribute. The write back is activated when the reference counter
of a modified cache line reaches the zero value. This event is interpreted by the im-
plementation as a hint of future possible uses of the cache line. Particularly, the event
isinterpreted as if the cache line is not going to be referenced by the computation up
to its completion. Therefore, this point becomes a good opportunity to go in advance
to the needs of the computation and program the flush of the cache line, under an
asynchronous scheme. Naotice that this is giving, but not ensuring, time to the imple-
mentation to overlap communication and computation. Of course, it is necessary at
some point to synchronize with the DMA operation. In order to do so, the implemen-
tation records the TAG used in the DMA operation, and delays the synchronization
until the next use of the cache line, when ever the replacement policy determines the
next reuse to happen.

3.5 Placement / Replacement

The Placement/Replacement mechanisms are executed during the second phase of
Look Up. The replacement policy relies on the reference counter and the Unused
Cache Lines list. When the cache line reference counter equals zero, the cache line is
placed on the Unused Cache Lines list as the LAST of the list, and as stated in previ-
ous section, if the line was modified, a flush operation is immediately programmed.
Notice that the cache line is not extracted from the Directory.

The Unused Cache Lines list contains the cache lines candidates for replacement
actions. When new data has to be brought in the cache, a cache line has to be selected.
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If the Unused Cache Lines list is not empty, the implementation selects the FIRST in
thelist. If the line is holding the FLUSHING attribute, the tag that was recorded dur-
ing write back execution is used to synchronize with the DMA engine. After that, a
DMA operation is programmed under an asynchronous scheme to bring in the data,
relying on the compiler for placing in the computation code the necessary synchroni-
zation statement. Notice that selecting the FIRST element in the list, while unused
cache lines are placed as LAST, is what separates as much as possible the DMA op-
eration associated to a flushed cache line, and its next reuse. Hence, delaying as much
as possible the execution of the necessary synchronization with the DMA engine and
avoiding unnecessary stallsin the SPE.

If the Unused cache Lines list is empty, then the replacement policy traverses the
Directory from set 0 to S-1, and selects the line that first entered in the cache. Thisis
implemented through the assignment of a number that is incremented each time a
cache line is brought in. The minimum number within al resident cache lines deter-
mines the cache line to be replaced. If the replaced line was modified, the line is
flushed to main memory under a synchronous scheme. After that, the data is brought
in through an asynchronous DMA operation, and relying on the compiler to introduce
the necessary synchronization statement. Notice that an appropriate relation between
the number of cache lines and the number of memory references might perfectly
avoid this kind of replacement, since it can be ensured that the list of unused cache
linesis never going to be empty (see section 4.6).

Initialy, all cache lines are stored in both the Directory and the Unused Cache
Lines list, with the counter reference equaling zero.

3.6 Communications and Synchronization

The implementation distinguishes between DMA transfers related to write back op-
erations and DMA transfers responsible for bringing data into the cache. For the for-
mer case, a set of 15 tags are reserved, for the latter another different 15 tags. For both
cases tags are assigned in a round robin fashion, which means after 15 DMA opera-
tions tags start being reused.

All DMA operations assigned to the same tag, are executed always one after the
other. This is achieved through the use of fenced DMA operations that forbids the
memory flow controller to reorder any DMA operations associated to the same tag.
This becomes necessary for treating the following situation: suppose a modified cache
line is no longer in use, so it is flushed to main memory, and placed in the Unused
Cache Lines list. Then the code being executed references again the data in the cache
line, and since it was not extracted from the Directory, no miss is produced, but it is
necessary to extract the cache line from the Unused Cache Lines list. The cache line
might or might not be modified, but at some point the cache line will be no longer in
use. In the case the cache line was modified it will be flushed again. It is mandatory
for memory consistency that the two flush operations get never reordered. To ensure
that, the implementation reuses the same tag for both flush operations, and introduces
a“memory fence” between them.

All DMA operations are always programmed under an asynchronous scheme,
unless those associated to a replacement that found empty the Unused Cache Lines
list. Those related to flush operations, synchronize at the next reuse of the flushed
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cache line. Those related to bring data into the cache get synchronized by specific
statements introduced by the compiler. It is important to mention that this is what
alows the compiler to try to maximize the overlap between communication and
communication. Section 4 describes the necessary compiler support to achieve the
communi cation/computation overlapping.

3.7 Address Trandation

To perform the trandlation from the virtual address space to the Local Storage address
space the data in the Look Up and Trandating table is enough. Each memory refer-
ence has been assigned with a row in the Look Up and Trangdlating table. In that row,
the base address for the cache line in the Local Storage can be obtained. Trandlation is
as simple as computing the offset of the access and add the offset to the base address
of the cacheline in the Local Storage. The offset computation can be done through an
AND operation between the generated address in the memory reference and a bit
mask according to the size of the cacheline (e.g: ~(L-1)).

4 Compiler Code Generation

This section describes the compiler support and code generation for transforming
programs to SPE executables relying on the software cache described in the previous
section. In this paper we describe the compiler support that is required to target the
execution of loops.

4.1 Basic Runtime Services

This section describes the main runtime available services which the compiler should
target while generating code.

_LOOKUP: runtime service performing the phase 1 in the Look Up mechanism.
_MMAP: runtime service executing phase 2 in the Look Up mechanism. In case a
miss is produced, then the placement/replacement mechanisms are executed, the ref-
erence counters are incremented/decremented, and the all necessary DMA operations
are performed asynchronously. In case the replacement algorithm indicates the use of
apreviously flushed cache line, synchronization with the DMA engine occurs.
o MEM_BARRIER: runtime service that forces the synchronization with the DMA
engine. It is ablocking runtime service.
e LD, _ST: runtime services responsible for the address translation between the virtual
address space and the Local Storage address space. Include arithmetic pointer opera-
tions such as the computation of the offset in the access to the cache line base address
in virtual memory, and the computation of the actual Local Storage address by adding
the offset to the base address of the cache linein the Local Storage.

4.2 Code Generation

This section describes the basi ¢ algorithms and optimizations related to code generation.
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4.2.1 Assign ldentifiersto Memory References

The first step for the compiler is to assign a numerical identifier to each different
memory reference in the code. This identifier is going to be used at runtime to link
each memory reference to the runtime structure supporting the Look Up (phase one),
and the trandating mechanisms. The runtime structure corresponds to one entry in
theLook Up and Trandating table.

for (1i=0;i<NUM_ITERS;i++) {
vi[i] = v2[i];
v3[v1l[i]]++;

}

Fig. 1. Example of C code for code generation

For the example shown in Figure 1, three different memory references can be dis-
tinguished: v1[] , v2[] and v3[] . The compiler would fro example associate identifi-
ers0, 1, 2 to memory referencesto v1[] , v2[] and v3[] respectively.

for (i=0;i<NUM_ITERS;i++) {
if (_LOOKUP(0, ,&v2[il]l,...)) {
_MMAP (0, &v2[il,...);
_MEM_BARRIER(0) ;
}
if (_LOOKUP(1l, ,&v1[il,...)) {
_MMAP(1,&v1[i],...);
_MEM_BARRIER(1);
}
_LD(0,&v2[i], _int_tmp00);
_ST(1,&v1[i],_int_tmpO00);
if (_LOOKUP(2, ,&v3[_int_tmp00],...)) {
_MMAP (2, &v3[_int_tmp00],...);
_MEM_BARRIER (2) ;

LD(2,&v3[_int_tmp00],_int_tmp01);
int_tmpO0l++;

}
:ST(Z,&VB[7int7tmp00],7int7tmp01);

}

Fig. 2. Initial code transformation

4.2.2 Basic Code Generation

For every memory reference, the compiler has to inject code to check if the data
needed by the computation isin the Local Storage. The compiler injectsa_LOOKUP
operation for every memory reference, and a conditional statement depending on the
output of the L OOKUP operation. Figure 2 shows the transformed code for the ex-
ample in figure 1. All _MMAP operations are controlled by a_LOOKUP operation,
relying on the runtime structures pointed out by the assigned identifier according to
what has been described in the previous section. Right at the end on the conditional
branch, the compiler injectsa_ MEM_BARRIER operation that enforces the synchro-
nization with the DMA engine.
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_1b_01 = 0; _ub_01 = NELEM;

_work_01 = (_1b 01 < _ub_01);
while (_work_01) {
_start_01 = _1b_01;
_LOOKUP (0, ,&v2[i],...,_lookpu_01);
if (_lookup_01) _MMAP(0, &v2[_start_01], ..., LOCK);
_LOOKUP (1, ,&v1[i],...,_lookup_01);
if (_lookup_01) _MMAP(1l, &vl1[_start_01], ..., LOCK);
_next_iters_01 = LS_PAGE_SIZE;
_NEXT_MISS(0, &v2[_start_01], float, sizeof(float), _next_iters_01);
_NEXT_MISS(1l, &vl[_start_01], float, sizeof(float), _next_iters_01);
_end_01 = _start_01 + _next_iters_01;
if (_end_01>_ub_01) _end_01 = _ub_01;
_1b_01 = _end_01;
_work_01 = (_1b_01 < _ub_01);
_MEM_BARRIER() ;
for (int i = _start_01; i < _end_01; i=i+1) {

_LD(0,&v2[1i],_int_tmp00) ;
_ST(1l,&v1[i],_int_tmp00);
if (_LOOKUP (2, &v3[_int_tmp00],...)) {
_MMAP (2, &v3[_int_tmp00],...);
_MEM_BARRIER(2) ;
}
_LD(2,&v3[_int_tmp00],_int_tmp01l);
_int_tmp0l++;
_ST(2,&v3[_int_tmp00],_int_tmp01l);

}

}

Fig. 3. Code transformation for stride accesses

This preliminary version of the transformed code does not allow any overlap be-
tween computation and communication. It contains unnecessary conditional state-
ments that for sure are not going to be optimal. Besides, it does not take into account
the different type of accesses in the code, distinguishing between strided accesses and
pointer-based accesses. But before describing any optimization technique, it is neces-
sary to outline what are the limitations that condition the compiler transformations.
Since the main target of the compiler is to enhance the overlapping of computation
(whether cache control code or original computation in the code) it is reasonable to
try to reorganize the preliminary code in order to group _MMAP operations, making
them to be executed at runtime right one after the other. Notice that such grouping
makes all the communication performed within a _MMAP operation, be overlapped
with the execution of the following _MMAP operations. In the example, the if state-
ments corresponding to the accesses to v1[i] and v2[i] could be joined. One if state-
ment should include the two _MMAP operations, and only one _ MEM_BARRIER.
Generally, the compiler is only limited by the fact that grouping the _ MMAP opera-
tions must be done taking to account the possibility of conflicts within the grouped
_MMAPs. A conflict may appear along the execution of several _MMAP operations
if two of them require the same cache line to bring data in the Local Storage. A con-
flict is not acceptable to appear before the data of the conflicting _MMAP operations
has been accessed. That is, between the execution of a particular _MMAP operation
and the LD/ ST operations with the same identifier, it is not acceptable to place a
number of _MMAP operations that can cause a conflict. Since the cache implementa-
tion follows afull-associative scheme, conflicts may only appear as capacity conflicts.
This determines the limits on the grouping: the compiler can not group _MMAP op-
erations if doing so is causing that between a LD/ ST operation and the correspond-
ing _MMAP operation (indicated by the identifier associated to _MMAP and



A Novel Asynchronous Software Cache Implementation for the Cell-BE Processor 135

_LD/_ST operations) N _MMAP operations are executed, where N stands for the
number of cache lines. Formally, we define the distance of a_ MMAP operation as the
maximum number of _MMAP operations between the  MMAP and the LD/ ST op-
erations with the same identifier. The compiler is now free of reorganizing the code,
grouping _MMAP operations, aslong as it keeps every _ MMAP distance in the range
of [0..N].

4.3 Optimization for Strided Accesses

Strided accesses offer the possibility of reducing the number of the _MMAP opera-
tions that need to be performed during the execution of the loop. The basis for such
optimization is that the runtime can be provided with a service that computes how
many accesses are going to be produced along a cache line, given the starting address
and the stride. This information can be used to partition the iteration space in different
chunks, defining the initial iteration of each chunk, a change of cache line (actually a
miss) in a strided memory access.

Figure 3 shows the compiler code for the example code in Figure 1. Notice that the
original loop, has been embedded in an outer while loop. The while loop iterates along
the chunks of iterations, and the inner loop iterates along the actual iteration space. The
use of the runtime service  NEXT_MISS computes the number of iterations that can be
performed without having a miss on that access, given an initial address and a stride.
For every strided access, the _NEXT_MISS service is invoked, and the minimum of
these val ues defines the number of iterations for the next chunk. In the example, the two
stride accesses are treated with two _MMAP operations that are going to overlap the
communication of the first one with the cache control code of the second one.

Notice the attribute LOCK provided to the runtime system _MMAP, that ensures
that the mapped cache line is going to be excluded from the replacement policies.
This causes the runtime to treat the memory references in the inner loop, with a dif-
ferent distance boundary, since now the compiler has to assume 2 less available cache
lines in the overall cache capacity. A _MEM_BARRIER is placed right before the
inner loop execution ensuring that the data is resent before the next chunk of
iterations is executed. This synchronization only involves incoming data to the Local
Storage. Write back operations executed along the _"MMAP runtime service corre-
sponding to the vi[i] access operation, are synchronized whenever the cache lines
associated to this access are being reused.

4.4 Optimization for Non-strided Accesses

Non-strided accesses become an important source of overhead, since they do not
usually spatia locality. Therefore, overlapping computation and communication for
this type of access should be highly desirable. Figure 4 shows the compiler transfor-
mation for this kind of access, corresponding to the v3[v1[i]] accessin the examplein
Figure 1. Only the innermost loop where the non-stride access is placed is showed.
The loop has been unrolled 2 times, offering the possibility of grouping the 2
_MMAP operations associated to that access. The 2 factor has been only used as ex-
ample, since the limit on the unrolling factor is going to be determined by the number
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for (int i = _start_01; i < _end_01; i=i+2) {
(O &v2[i],_int_tmp00);
_ST(1l,&v1[i],_int_tmp00);
_LD(0,&v2[i+1],_int_tmp02);
_ (1 &v1[i+1],_int_tmp02);
_LOOKUP(Z &v3[_int_tmp00], ..., _lookup_01)
_LOOKUP (2, &v3([_int_tmp02],..., _lookup_01)

if (_look_up_01) {
_MMAP (2, &v3[_int_tmp00],...);
_MMAP (3, &v3[_int_tmp02],...);
_MEM_BARRIER(2) ;

}
_LD(2,&v3[_int_tmp00],_int_tmp01l);
_int_tmpO0l++;
_ST(2,&v3[_int_tmp00],_int_tmp0l);
LD(3,&v3[_int_tmp02],_int_tmp03);
_int_tmp03++;

ST(3,&v3[_int_tmp02],_int_tmp03);

Fig. 4. Code transformation for non-stride accesses

of cache lines, minus 2 (two cache lines have been locked for v1 and v2 accesses), as
the distance boundary has to be preserved for all _MMAP operations. Notice that the
compiler has to assign different identifiers for both accesses to v3 vector, since they
define two different memory references.

45 Settingthe CachelLine Size

Depending on the number of memory references detected in the code, the cache line
size has to be adapted to avoid unnecessary capacity conflicts within the execution of
aloop iteration. If the number of references exceeds the number of cache lines, then
conflicts are quite probable to appear. Therefore, the compiler has to select a cache
line size that ensures that the number of available cache lines is greater or equal that
the number of memory references.

5 Evaluation

The software cache implementation has been tested with two benchmarks from the
HPCC benchmark suite [3]: Stream and Random Access. The Stream benchmark
measures bandwidth ratios. It is composed by four synthetic kernels that measure
sustainable memory bandwidth (in GB/s) and the corresponding computation rate for
simple vector codes. The Random Access benchmark is composed by one kernel that
operates on a single vector data type. The benchmark computes Global Updates per
Second (GUPS). GUPS are calculated by identifying the number of memory locations
that can be randomly updated in one second, divided by 1 billion (1€9). The term
"randomly" means that there is little relationship between one address to be updated
and the next, except that they occur in the space of 1/2 the total system memory.

All the measures were taken in a Cell BE-based blade machine with two Cell
Broadband Engine processors at 3.2 GHz (SMT enabled), with 1 GB XDR RAM (512
MB each processor), running Linux Fedora Core 6 (Linux Kernel 2.6.20-CBE).
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The software cache implementation was configured with the following cache pa-
rameters: 64Kb of capacity, 1024 sets and a varying cache line size ranging from 128
bytes up to 4096 bytes.

5.1 Stream Benchmark

Figure 5 shows the comparison between three different implementations, differing in
the way the communications are managed. The Synchronous version forces a DMA
synchronization after every DMA operation is programmed. This version corresponds
to an implementation that would not allow for any overlapping between computation
and communication. The Synchronous Flush version, alows for having asynchronous
data communication from main memory to the Local Storage, but implements the
flush operations (transfers from Local Storage to main memory) under a synchronous
scheme. This version is not using the reference counter for cache lines, as a hint for
determining the moment where a cache line has to be flushed before any reuse of it is
required. Finally, the Asynchronous version, implements the software cache described
in this paper, trying to maximize the overlapping of computation and communication.

For every version, the performance of each kernel (Copy, Scale, Add and Triad) is
shown varying the size of the cache line (128, 256, 512, 1024, 2048 and 4096 bytes,
from left to right). The results correspond to the obtained performance while execut-
ing with 8 SPEs. For brevity, the results executing with 1, 2 and 4 SPEs have been
omitted as they were showing a very similar behavior. Clearly, and as it could be
expected, every version significantly improves as long as the cache line size is in-
creased. The comparison of the three versions allows for measuring the capabilities of
the software cache implementation to overlap computation and communication. The
results for the Synchronous version are taken as a baseline to be improved by the two
other versions. The performance for the 128 bytes executions show how the different
kernels behave while being dominated by the DMA operations.

The Synchronous version reaches 1.26 Gb/sec in average for the 4 kernels, the
Synchronous Flush version reaches 1.75 Gb/sec, and finally the Asynchronous ver-
sion reaches 2.10 Gb/sec. This corresponds to a speed up about 1.66. Similar behav-
ior is observed when the cache line is increased from 128 up to 2048, reaching the
best performance with a 2048 cache line size: 9.17 Gh/sec for Synchronous, 10.46 for

8 SPEs compatrisson
14 - Synchronous Synchronous Flush Asynchronous
12 = _
10 1
©
S 8
o
2 6
E-}
Ca
24
0- |
Copy Scale Add Triad Copy Scale Add Triad Copy Scale Add Triad

Fig. 5. Code transformation for non-stride accesses
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Synchronous Flush and 11.38 for Asynchronous. This corresponds to a speed up
about 1.24. Notice that when the cache line size is 4096, the increment of perform-
ance is not sustained. For the moment, it is not clear the reason of that behavior, so
this needs more study.

5.2 Random Access Benchmark

The Random Access benchmark is used for evaluate the overlapping of computation
and communication when the parallel code includes pointer-based memory accesses.
Four different versions of the benchmark have been evaluated, depending on the un-
roll factor in the loop computation. Figure 6 shows the core of the computation. The
unroll factor determines how many DMA transfers can be overlapped for the memory
references to variable Table, according to the transformation described in section 4.5.
For a 2 unroll factor, 2 _MMAP operations can be executed one immediate after the
other. An unroll factor of 4 allows for overlapping 4 MMAP operations, afactor of 8
alowsfor overlapping 8 _MMAP operations.

for (i=0; i<NUPDATE/128; i++) {
for (j=0; j<128; j++) {
ran[j] = (ran[j] << 1) ~ ((s64Int) ran[j] < 0 ? POLY : 0);
Table[ran[j] & (TableSize-1)] "= ran[j];
}
}

Fig. 6. Source code for Random Access benchmark

Figure 7 shows the results executing with 1 and 8 SPEs. The cache line size has
been set to 4096, but the access to the Table variable it is performed with he
_PARTITIONED _ attribute, which makes every DMA transfer just involve 4096/32 =
128 bytes of data. This shows the ability of the software cache implementation to deal
with both strided accesses and non strided accesses. The base line measurement corre-
sponds to the version with no loop unrolling. The Y axis measures GUPS (Giga Up-
dates per Second). The 1-SPE version significantly improves while the unrolling
factor isincreased. |mprovements are about 30%, 56% and 73% with 2, 4 and 8 unroll
factors respectively. Similar improvements are observed in the 8-SPE version.

Random Access
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Fig. 7. Performance for Random Access
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Although the difference in performance between the non-unrolled and the 8-urolled
versions, we have detected a limiting factor due to the relation between the execution
time for the _"MMAP runtime service, and the DMA time for small data transfers
(e.g.: 128 bytes). Small transfers perform very fast in the Cell-BE so they do not offer
many chances for overlapping unless the execution time for the _ MMAP service is
such that can be fitted several times in one DMA transfer. The measurement for the
Random Access show that our implementation is limited to the overlapping of 8
_MMAP operations for small DMA transfers. This suggests further study on how to
optimize the _MMAP mechanism.

6 Conclusions

This paper describes the main features that have to be included in the implementation
of a software cache implementation for the Cell BE processor, in order to maximize
the chances for overlapping computation and communication.

It has been proved that a full-associative scheme offers better chances for overlap-
ping computation and communication. It also has been pointed out the necessity of
providing with mechanisms to detect the precise moment to initiate write back opera-
tions. This trandlates to overlapping the data transfer from the cache to main memory
with actual computation, since the implementation guarantees that the necessary syn-
chronization associated to the write back operation is going to be produced at next
reuse of the flushed cache line. Besides, this is accompanied with a replacement pol-
icy that tends to increase the time between a use / reuse of the same cache line. Thus,
delaying as much as possible the synchronization point and giving the hardware the
necessary time to complete the data transfer.

The implementation has been evaluated with two benchmarks in the HPCC suite:
Stream and Random Access. For both benchmarks, improvements are significant,
ranging from 1.25 and 1.66 of speed up.
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Abstract. As parallelism in microprocessors becomes mainstream, new prog-
ramming languages and environments are emerging to meet the challenges of
parallel programming. To support research on these languages, we are develop-
ing a low-level language infrastructure called Pillar (derived from Parallel Imple-
mentation Language). Although Pillar programs are intended to be automatically
generated from source programs in each parallel language, Pillar programs can
also be written by expert programmers. The language is defined as a small set of
extensions to C. As a result, Pillar is familiar to C programmers, but more im-
portantly, it is practical to reuse an existing optimizing compiler like gcc [1] or
Open64 [2] to implement a Pillar compiler.

Pillar’s concurrency features include constructs for threading, synchroniza-
tion, and explicit data-parallel operations. The threading constructs focus on cre-
ating new threads only when hardware resources are idle, and otherwise executing
parallel work within existing threads, thus minimizing thread creation overhead.
In addition to the usual synchronization constructs, Pillar includes transactional
memory. Its sequential features include stack walking, second-class continua-
tions, support for precise garbage collection, tail calls, and seamless integration of
Pillar and legacy code. This paper describes the design and implementation of the
Pillar software stack, including the language, compiler, runtime, and high-level
converters (that translate high-level language programs into Pillar programs). It
also reports on early experience with three high-level languages that target Pillar.

1 Introduction

Industry and academia are reacting to increasing levels of hardware concurrency in
mainstream microprocessors with new languages that make parallel programming ac-
cessible to a wider range of programmers. Some of these languages are domain-specific
while others are more general, but successful languages of either variety will share key
features: language constructs that allow easy extraction of high levels of concurrency,
a highly-scalable runtime that efficiently maps concurrency onto available hardware
resources, a rich set of synchronization constructs like futures and transactions, and
managed features from modern languages such as garbage collection and exceptions.
In addition, these languages will demand good sequential performance from an opti-
mizing compiler. Implementing such a language will require a sizable compiler and
runtime, possibly millions of lines of code.

To reduce this burden and to encourage experimentation with parallel languages, we
are developing a language infrastructure called Pillar (derived from Parallel Implemen-
tation Language). We believe that key parts of the compilers and runtimes for these

V. Adve, M.J. Garzaran, and P. Petersen (Eds.): LCPC 2007, LNCS 5234, pp. 141-155, 2008.
(© Springer-Verlag Berlin Heidelberg 2008
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Fig. 1. The Pillar architecture and software stack

languages will have strong similarities. Pillar factors out these similarities and provides
a single set of components to ease the implementation and optimization of a compiler
and its runtime for any parallel language. The core idea of Pillar is to define a low-level
language and runtime that can be used to express the sequential and concurrency fea-
tures of higher-level parallel languages. The Pillar infrastructure consists of three main
components: the Pillar language, a Pillar compiler, and the Pillar runtime.

To implement a parallel language using Pillar, a programmer first creates a high-
level converter (see Fig. 1). This converter translates programs written in the parallel
language into the Pillar language. Its main task is to convert constructs of the parallel
language into Pillar constructs. The Pillar language is based on C and includes a set
of modern sequential and parallel features (see Section 2). Since the Pillar compiler
handles the tasks of code generation and traditional compiler optimizations, creating a
high-level converter is significantly easier than creating a new parallel language com-
piler from scratch.

The second step is to create a runtime for the high-level language that provides
the specialized support needed for that language’s features. We call this runtime the
language-specific runtime (LSR) to distinguish it from the Pillar runtime. The LSR
could be written in Pillar and make use of Pillar constructs, or could be written in a
language such as C traditionally used for runtime implementation. In either case, the
Pillar code generated by the converter can easily call the LSR where necessary. The
LSR can also make use of Pillar’s runtime that, in addition to supporting the Pillar im-
plementation, provides a set of services for high-level languages such as stack walking
and garbage collection (GC) support. The Pillar runtime is layered on top of McRT, the
Multi-Core RunTime [3], which provides scheduling, synchronization, and software
transactional memory services.

Once the converter and LSR are written, complete executables can be formed by
compiling the converted Pillar code with the Pillar compiler to produce object code,
and then linking this with the LSR, the Pillar runtime, and McRT. The Pillar compiler
produces both object code and associated metadata. This metadata is used by the Pil-
lar runtime to provide services such as stack walking and root-set enumeration, and
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because of it, the code is said to be managed. (Pillar also supports integration with non-
Pillar code, such as legacy code, which is said to be unmanaged.) The Pillar compiler
controls the metadata format, and provides its own metadata decoder library to interpret
it to the Pillar runtime. The metadata and decoder are also linked into the executable.

The design and implementation of Pillar is still in its early phases, and currently has
a few key limitations: most notably, a cache-coherent shared-memory hardware model.
Another consequence is that we are not yet in a position to do meaningful performance
analysis, so this paper does not present any performance results. We intend to address
these issues in the future, and we also hope to increase the range of high-level languages
that can target Pillar.

The following sections focus on the Pillar language, compiler, and runtime.

2 ThePillar Language

The Pillar language has several key design principles. First, it is a compiler target lan-
guage, with the goal of mapping any parallel language onto Pillar while maintaining
that language’s semantics. As such, Pillar cannot include features that vary across high-
level languages, like object models and type-safety rules. C++, C#, and Java, for ex-
ample, are too high-level to be effective target languages, as their object models and
type-safety rules are not appropriate for many languages. Therefore, of necessity, Pil-
lar is a fairly low-level language. Although most Pillar programs will be automatically
generated, expert programmers must be able to directly create Pillar programs. As a
result, assembly and bytecode languages are too low-level since they are difficult even
for experts to use. Although inspired by C- - [4,5], we decided to define Pillar as a set
of extensions to C because then we could utilize existing optimizing C compilers to get
quality implementations of Pillar quickly.

Since the Pillar language is based on C, type safety properties of the source paral-
lel language must be enforced by the high-level converter. For example, array bounds
checks might be implemented in Pillar using a combination of explicit tests and con-
ditional branches. Similarly, null-dereference checks, divide-by-zero checks, enforcing
data privacy, and restricting undesired data accesses must be done at a level above the
Pillar language by the high-level converter. One notable exception is that we are work-
ing on annotations to express immutability and disambiguation of memory references.

Second, Pillar must provide support for key sequential features of modern program-
ming languages. Examples include garbage collection (specifically, the ability to iden-
tify live roots on stack frames), stack walking (e.g., for exception propagation), proper
tail calls (important when compiling functional languages), second-class continuations
(e.g., for exception propagation and backtracking), and the ability to make calls between
managed Pillar code and unmanaged legacy code.

Third, Pillar must also support key concurrency features of parallel languages, such
as parallel thread creation, transactions, data-parallel operations, and futures. Fig. 2
summarizes the syntax of the Pillar features added to the C language. These features
are described in the following sections.
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Sequential constructs Concurrency constructs

Feature Syntax example Feature Syntax example
Second-class continuation k(a, b, c¢): Pcall pcall (aff) foo(a,b,c);
continuations cut to k(x, y, z); Prscall prscal |l (af f) foo(a, b, ¢);
Alternate foo() al so cuts tokl,k2; Futures fcal | (aff, &st) foo(a, b, c);
control flow  foo() al so unwi nds t o k3, k4; ftouch(&st);

foo() never returns; fwait(&st);
Tail call tailcall foo(); Trans- TRANSACTI ON(k) {
Spans span TAG value { --- } actions
Virtual stack  VSE(k) { --- continuation k(reason):
and destructors continuation k(target): if (reason==RETRY)
cut to target; else if (reason==ABORT)

GC references ref obj; }

Managed/ #pragnma managed( of f)
unmanaged  #include <stdio.h>
calls #pragma managed( on)

printf(- - -);
Fig. 2. Pillar syntactic elements

2.1 Sequential Features

Second-class continuations: This mechanism is used to jump back to a point in an
older stack frame and discard intervening stack frames, similar to C’s setjmp/longjmp
mechanism. The point in the older stack frame is called a continuation, and is declared
by the cont i nuat i on keyword; the jumping operation is called a cut and allows
multiple arguments to be passed to the target continuation. For any function call in
Pillar, if the target function might ultimately cut to some continuation defined in the
calling function rather than returning normally, then the function call must be annotated
with all such continuations (these can be thought of as all alternate return points) so that
the compiler can insert additional control flow edges to keep optimizations safe.
Virtual stack elements: A VSE (virtual stack element) declaration associates a clean-
up task with a block of code. The “virtual stack” terminology is explained in Section 5.2.
This cleanup task is executed whenever a cut attempts to jump out of the region of code
associated with the VSE. This mechanism solves a problem with traditional stack cut-
ting (such as in G- - ) where cuts do not compose well with many other operations. For
example, suppose that code executing within a transaction cuts to some stack frame
outside the transaction. The underlying transactional memory system would not get no-
tified and this is sure to cause problems during subsequent execution. By using a VSE
per transaction, the transactional memory system in Pillar is notified when a cut at-
tempts to bypass it and can run code to abort or restart the transaction. Since cuts in
Pillar compose well with all the features of Pillar, we call them composable cuts.
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Stack walking: The Pillar language itself has no keywords for stack walking, but the
Pillar runtime provides an interface for iterating over the stack frames of a particular
thread. Pillar has the al so unwi nds t o annotation on a function call for providing
a list of continuations that can be accessed during a stack walk. This is useful for im-
plementing exception propagation using stack walking, as is typical in C++, Java, and
C# implementations.

Spans: Spans are a mechanism for associating specific metadata with call sites within
a syntactic region of code, which can be looked up during stack walking.

Root-set enumeration: Pillar adds a primitive type called r ef that is used for declar-
ing local variables that should be reported as roots to the garbage collector. During stack
walking these roots can be enumerated. The r ef type may also contain additional pa-
rameters that describe how the garbage collector should treat the reference: e.g., as a
direct object pointer versus an interior pointer, as a weak root, or as a tagged union
that conditionally contains a root. These parameters have meaning only to the garbage
collector, and are not interpreted by Pillar or its runtime. If r ef S escape to unmanaged
code, they must be wrapped and enumerated specially, similar to what is done in Java
for JNI object handles.

Tail calls: Thet ai | cal | keyword before a function call specifies a proper tail call:
the current stack frame is destroyed and replaced with the callee’s new frame.

Calls between managed and unmanaged code: All Pillar function declarations are
implicitly tagged with the pillar attribute. The Pillar compiler also understands a spe-
cial pragma that suppresses the pillar attribute on function declarations; this pragma is
used when including standard C header files or defining non-Pillar functions.! Calling
conventions and other interfacing depend on the presence or absence of the pillar at-
tribute in both the caller and callee, and the Pillar compiler generates calls accordingly.

Note that spans, second-class continuations, and stack walking are C- - constructs
and are described in more detail in the C- - specification [6].

2.2 Concurrency Features

Pillar currently provides three mechanisms for creating new logical threads: pcal |,
prscal |l ,andf cal | . Addingthe pcal | keyword in front of a call to a function with
a void return type creates a new child thread, whose entry point is the target function.
Execution in the original parent thread continues immediately with the statement fol-
lowing the pcal | . Any synchronization or transfer of results between the two threads
should use global variables or parameters passed to the pcal | target function.

The prscal | keyword is semantically identical to pcal | , but implements a par-
allel-ready sequential call [7]. Pr scal | s allow programs to specify potential paral-
lelism without incurring the overhead of spawning parallel threads if all processors are
already busy. A pr scal | initially starts running the child thread as a sequential call
(the parent is suspended). However, if a processor becomes free, it can start executing
the parent in parallel with the child. Thus, pr scal | s are nearly as cheap as normal
procedure calls, but take advantage of free processors when they become available.

! One particularly pleasing outcome of this syntax is that managed Pillar code and unmanaged
C code can coexist within the same source files.
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The f cal | construct can be used to parallelize programs that have certain serial-
izable semantics. The f cal | annotation indicates that the call may be executed con-
currently with its continuation, while allowing the call to be eagerly or lazily serialized
if the compiler or runtime deems it unprofitable to parallelize it. The St parameter to
the f cal | is a synchronization variable, called a future, that indicates the status of
the call: empty indicates that the call has not yet been started, busy indicates that the
call is currently being computed, and full indicates that the call has completed. Two
forcing operations are provided for futures: f t ouch and f wai t . If the future is full,
both return immediately; if the future is empty, both cause the call to be run sequen-
tially in the forcing thread; if the future is busy, f wai t blocks until the call completes
while f t ouch returns immediately. The serializability requirement holds if, for each
future, its first f t ouch or f wai t can be safely replaced by a call to the future’s target
function.

Bothprscal | andf cal | are geared toward an execution environment where pro-
grams have a great deal of available fine-grain concurrency, with the expectation that the
vast majority of calls can be executed sequentially within their parents’ context instead
of creating and destroying a separate thread.

These three keywords take an additional affinity parameter [8] that helps the sched-
uler place related threads close to each other to, e.g., improve memory locality.

Pillar provides support for transactions. A syntactic block of code is marked as a
transaction, and transaction blocks may be nested. Within the transaction block, trans-
actional memory accesses are specially annotated, and a continuation is specified as the
“handler” for those situations where the underlying transactional memory system needs
the program to respond to situations like a data conflict or a user retry.

The concurrency constructs described so far relate to lightweight thread-level paral-
lelism. To support data parallelism, we intend to add Ct primitives [9] to Pillar. These
primitives express a variety of nested data-parallel operations, and their semantics allow
the compiler to combine and optimize multiple such operations.

3 Compiler and Runtime Architecture

The design of the Pillar language and runtime has several consequences for the Pillar
compiler’s code generation. In this section, we discuss some of the key interactions
between the compiler-generated code and the runtime before getting into more detailed
discussion of the compiler and the runtime in the following sections.

We assume that threads are scheduled cooperatively: that they periodically yield con-
trol to each other by executing yield check operations. Our experience shows that coop-
erative preemption offers several performance advantages over traditional preemptive
scheduling in multi-core platforms [3]. The Pillar compiler is expected to generate a
yield check at each method entry and backward branch, a well-known technique that
ensures yielding within a bounded time. In addition to timeslice management, cooper-
ative preemption is used on a running thread to get race-free access to a target thread’s
stack, for operations like root-set enumeration and prscall continuation stealing.

As we explain in Section 5, our pr scal | design allows threads to run out of stack
space. This requires compiled code to perform an explicit limit check in the method
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Compiler phase Pillar changes Percentageof GC-related
compiler code Pillar changes

Front-end 5 Kloc 1.2% 5.8%
Middle-end 6 Kloc 0.5% 1.2%
Back-end 11 Kloc 4.2% 20.7%
Total 22 Kloc 1.3% 12.0%

Fig. 3. Compiler modification statistics

prolog, jumping to a special stack extension routine if there is insufficient space for this
method’s stack frame. This strategy for inserting such copious limit and yield checks is
likely to have a noticeable performance impact; future research will focus on mitigating
these costs.

Stack walking operations like span lookup, root-set enumeration, and single-frame
unwinding require the compiler to generate additional metadata for each call site. One
approach would be to dictate a particular metadata format that a Pillar compiler must
adhere to. Another approach, which we adopted, is to let the Pillar compiler decide on its
own metadata format, and to specify a runtime interface for metadata-based operations.
This means that the Pillar compiler also needs to provide its own library of metadata-
decoding operations to be linked into Pillar applications, and the Pillar runtime calls
those routines as necessary. We favor this latter approach because it gives the compiler
more flexibility in generating optimized code.

4 ThePillar Compiler

We implemented our prototype Pillar compiler by modifying Intel’s product C compiler.
The compiler consists of a front-end, middle-end, and back-end, all of which we modi-
fied to support Pillar. Fig. 3 shows the number of lines of source code (LOC) changed or
added, as well as the percentage of those source lines compared to those of the original
code base. The front-end modifications are relatively small, limited to recognizing new
Pillar lexical and syntax elements and translating them into the high-level intermediate
representation (IR). In the middle- and back-end, our changes included adding new at-
tributes and nodes to the existing IR and propagating them through compilation phases,
as well as generating additional metadata required at run time. In addition, we added
new internal data structures to accommodate Pillar constructs (e.g., continuations) and
the necessary new analyses and phases (e.g., GC-related analysis).

Some Pillar constructs are implemented as simple mappings to Pillar runtime rou-
tines. These include some explicit Pillar language constructs, such as cut t o, pcal | ,
prscal | ,and f cal | , as well as implicit operations such as stack limit checks, stack
extension, yield checks, and managed and unmanaged transitions. The compiler may
partially or fully inline calls to the runtime routines to improve performance. Fig. 4
gives an example showing how the compiler deals with some of these constructs:

1. The compiler calculates the function’s frame size and generates the stack limit
check and extension in the prolog (line 5).
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2. For cooperative scheduling, the compiler needs to generate the yield check in the
prolog and at loop back-edges (line 5 & 11).

3. For Pillar concurrency constructs (pcal | , prscal |, and f cal | ), the compiler
maps them to corresponding Pillar runtime interface functions (line 9).

4. When calling unmanaged C functions, the compiler automatically generates the
transition call to the runtime routine pr t | nvokeUnmanaged (line 10).

Other Pillar constructs required deeper compiler changes. Continuation data struc-
tures must be allocated on the stack and initialized at the appropriate time. The con-
tinuation code itself must have a continuation prolog that fixes up the stack after a
cut operation and copies continuation arguments to the right places. Continuations
also affect intra-method control flow and register allocation decisions. The VSE and
TRANSACTI ON constructs require control-flow edges into and out of the region being
split so that a VSE is always pushed upon entry and popped upon exit (the push and pop
operations are implemented as inlinable calls to the Pillar runtime). For every call site,
the compiler must generate metadata to support runtime stack walking operations, such
as unwinding a single frame, producing span data, and producing the set of live GC ref-
erences. Tracking live GC references constitutes the most invasive set of changes to a C
compiler, as the new r ef type must be maintained through all IR generation and opti-
mization phases. GC-related changes account for about 20% of the Pillar modifications
in the back-end, and a very small fraction of the front-end and middle-end changes.

Some Pillar constructs need special treatment when implementing function inlining.
First, the compiler cannot inline functions containing t ai | cal | . Second, if the com-
piler decides to inline a call, and that call site contains explicit or implicit al so cut s
t 0 and al so unwi nds t o0 annotations, then all call sites within the inlined method
inherit these annotations. (Implicit al S0 cut s t 0 annotations arise from calls inside a
VSE or TRANSACT| ON construct—there is an implicit cut edge to the destructor con-
tinuation.) Third, the compiler needs to maintain extra metadata to support intra-frame
unwinding, to ensure that the stack trace looks identical regardless of inlining decisions.

Even though some deep compiler changes were required, we are pleased that the
changes only amounted to about 1-2% of the code base of a highly-optimizing

1 #pragma managed( of f)
2 #include <stdio. h>
3 #pragna nmanaged(on)

Stack check & extend | 4
“~+.5 void pillar_main()
Thread yield 16 {

int i;
for (i =0; i <10; i++) {

prtPcal | ;
9 ——pcall (i) task(i);
1

Auto generated [
prtl nvokeUnnmanaged | 10—~ printf(“Hello pillar!\n");

) o111 e}
Thread yield 12 }

Fig. 4. A Pillar example
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production C compiler, and that they preserved the compiler’s traditional optimizations.?
Of those changes, about 12% overall were related to GC, which is the single most inva-
sive Pillar feature to implement. We believe that Pillar support could be added to other
optimizing compilers at a similarly low cost.

One limitation of basing the Pillar compiler on an existing large C compiler is that
we are constrained to using Pillar constructs that can be fitted onto C. It would be hard,
for example, for us to support struct layout control or multiple return values. The more
non-C features we choose to support, the more work we would incur in modifying the
compiler to support them. We believe we have chosen a reasonable point in the language
design space for Pillar.

5 ThePillar Runtime

The Pillar runtime (PRT) provides services such as stack walking, root-set enumeration,
parallel calls, stack management, and virtual stack support to compiled Pillar code and
to an LSR. It is built on top of McRT [3], which the PRT relies on primarily for its
scheduling and synchronization services, as well as its software transactional memory
implementation [10]. The PRT interface is nearly independent of the underlying hard-
ware: its architecture-specific properties include registers in the stack frame information
returned by the stack walking support, and the machine word size. The remainder of this
section provides some details on how the PRT supports its services.

5.1 Stack Walking and Root-Set Enumeration

The PRT provides support for walking the stack of a thread and enumerating the GC
roots in its frames. To do this, PRT functions are called to (cooperatively) suspend the
target thread, read the state of its topmost managed frame, then repeatedly step to the
next older frame until no frames remain. At each frame, other functions can access that
frame’s instruction pointer, callee-saved registers, and GC roots. An additional function
enumerates any roots that may be present in the thread’s VSEs.

Stack walking is complicated by the need to unwind the stack in the presence of inter-
leaved managed and unmanaged frames. The PRT does not presume to understand the
layout of unmanaged stack frames, which may vary from compiler to compiler. Instead,
it uses the VSE mechanism to mark contiguous regions of the stack corresponding to
unmanaged code, and skips over the entire region during unwinding.

5.2 Composable Cuts

The PRT provides the implementation of composable cuts. These operate much like
simple cuts but execute any destructor or cleanup operations of intervening VSEs.
Each thread contains a virtual stack of VSEs, in which the thread explicitly maintains
a pointer to the virtual stack top, and each VSE contains a link to the next VSE on the
stack. The continuation data structure also contains a slot for the virtual stack top. The

% Note, however, that a couple of optimization phases have not yet been made Pillar-safe, and
are currently disabled.
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PRT provides interfaces to push and pop VSEs. When a continuation is created, the
current virtual stack top is stored in the continuation. Later, if a cut is made to this
continuation, the PRT compares the current virtual stack top against the value saved
in the target continuation. If these are the same, the PRT cuts directly to the target
continuation. If they differ, one or more intervening frames require cleanup, and the
PRT instead cuts directly to the destructor of the topmost VSE on the virtual stack,
passing the original target continuation as an argument. When each VSE destructor is
executed, it does its cleanup, removes itself from the virtual stack, then does another
cut to the original target continuation passed to the destructor. This sequence continues
until the target continuation is reached.

5.3 Prscalls

The Pillar compiler translates a pr scal | into a call to the PRT’s prscall interface
function. This function pushes a prscall VSE onto the virtual stack, copies arguments,
and calls the prscall’s child. Thus the child immediately starts executing sequentially.
Later, an idle thread looking for work may steal the remainder of the parent’s execution
(unfortunately also called the parent’s “continuation”) by setting a continuation-stolen
flag and restarting the parent. When the child terminates, it checks the continuation-
stolen flag to determine whether to return to the parent or to simply exit because the
continuation was stolen.

Our prscal | design has interesting implications for stack management. When a
prscal | continuation is stolen, the stack becomes split between the parent and child
threads, with the parent and child each owning one contiguous half. Since a stack
can contain an arbitrary number of active pr scal | s, each of which can be stolen,
a stack can become subdivided arbitrarily finely, leaving threads with tiny stacks that
will quickly overflow. To deal with this, the Pillar runtime allows a thread to allocate a
new “extension” stack (or “stacklet”) to hold newer stack frames.

The PRT provides a stack extension wrapper that allocates a new stack (with an
initial reference count of one), calls the target function, and deallocates the stack when
the function returns. The stack extension wrapper also pushes a VSE whose destructor
ensures that the stack will be properly deallocated in the event of a cut operation. To
support stack sharing, each full stack contains a reference count word indicating how
many threads are using a portion of the stack.

Logically, each pr scal | results in a new thread, regardless of whether the child
runs sequentially or in parallel with its parent. When managing locks, those threads
should have distinct and persistent thread identifiers, to prevent problems with the same
logical thread acquiring a lock in the parent under one thread ID and releasing it under a
different ID (the same is true for pcal | and f cal | ). Each thread’s persistent logical
ID is stored in thread-local storage, and locking data structures must be modified to
use the logical thread ID instead of a low-level thread ID. This logical thread ID is
constructed simply as the address of a part of the thread’s most recent pcall or prscall
VSE. As such, the IDs are unique across all logical threads, and persistent over the
lifetimes of the logical threads.
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5.4 Fcalls

The Pillar compiler translates an f cal | into a call to the PRT’s future creation func-
tion. This function creates a future consisting of a status field (empty/busy/full) and a
“thunk” that contains the future’s arguments and function pointer, and adds the future
to the current processor’s future queue. Subsequently, if a call to f t ouch orf wai t is
made and the future’s status is empty, it is immediately executed in the current thread.

At startup, the PRT creates one future pool thread for each logical processor and pins
each thread to the corresponding processor. Moreover, the PRT creates a future queue
for each future pool thread. A future pool thread tries to run futures from its own queue,
but if the queue is empty, it will try to steal futures from other queues to balance system
load.

Once the future has been evaluated, the future’s thunk portion is no longer needed. To
reclaim these, the PRT represents futures using a thunk structure and a separate status
structure. These point to each other until the thunk is evaluated, after which the thunk
memory is released. The memory for the status structure is under the control of the
Pillar program, which may allocate the status structure in places such as the stack, the
malloc heap, or the GC heap. We use this two-part structure so that the key part of the
future structure may be automatically managed by the GC while minimizing the PRT’s
knowledge of the existence or implementation of the GC.

6 Experience Using Pillar

This section describes our experience using Pillar to implement three programming
languages having a range of different characteristics. These languages are Java, IBM’s
X10, and an implicitly-parallel functional language.

6.1 Compiling Javato Pillar

As part of our initial efforts, we attempted to validate the overall Pillar design through
a simple Java-to-Pillar converter (JPC), leveraging our existing Java execution environ-
ment, the Open Runtime Platform (ORP) [11]. Given a trace of the Java classes and
methods encountered during the execution of a program, the JPC generates Pillar code
for each method from its bytecodes in the method’s Java class file.

The resulting code exercises many Pillar features. First, Java variables of reference
types are declared using the r ef primitive type. Second, spans are used to map Pil-
lar functions to Java method identifiers, primarily for the purpose of generating stack
traces. They are also used, in conjunction with the al SO unwi nds t o annotation,
to represent exception regions and handlers. Third, when an exception is thrown, ORP
uses Pillar runtime functions to walk the stack and find a suitable handler, in the form
of an al so unwi nds t o continuation. When the continuation is found, ORP sim-
ply invokes a cut t o operation. Fourth, VSEs are used for synchronized methods.
Java semantics require that when an exception is thrown past a synchronized method,
the lock is released before the exception handler begins. A synchronized method is
wrapped inside a VSE whose cleanup releases the lock. Fifth, Java threads are started
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via the pcal | construct. Sixth, Pillar’s managed/unmanaged transitions are used for
implementing JNI calls and other calls into the ORP virtual machine.

Although several Pillar features were not exercised by the JPC, it was still effective
in designing and debugging the Pillar software stack, particularly the Pillar compiler
that was subjected to hundreds of thousands of lines of JPC-generated code.

6.2 Compiling X10to Pillar

X10 is a new object-oriented parallel language designed for high-performance comput-
ing being developed by IBM as part of the DARPA HPCS program [12]. It is similar to
Java but with changes and extensions for high-performance parallel programming. It in-
cludes asynchronous threads, multidimensional arrays, transactional memory, futures,
a notion of locality (places), and distribution of large data sets.

We selected X10 because it contains a number of parallel constructs not in our other
efforts, such as places, data distributions, and clocks. We also want to experiment with
thread affinity, data placement, optimizing for locality, and scheduling. X10, unlike our
other languages, is a good language in which to do this experimentation.

We currently compile X10 by combining IBM’s open-source reference implementa-
tion of X10 [13] with the Java-to-Pillar converter. We are able to compile and execute a
number of small X10 programs, and this has substantially exercised Pillar beyond that
of the Java programs. In the future we will experiment with affinity and data placement.

6.3 Compiling a Concurrent Functional Language

Pillar is also being used as the target of a compiler for a new experimental functional
language. Functional languages perform computation in a largely side-effect-free fash-
ion, which means that a great deal of the computational work in a program can be
executed concurrently with minimal or no programmer intervention [14,15].

Previous work has compiled functional languages to languages such as C [16], Java
byte codes [17,18], and the Microsoft Common Language Runtime (CLR) [19]. These
attempts reported benefits such as interoperability, portability, and ease of compiler
development. However, they have also noted the mismatches between the functional
languages and the different target languages. The inability to control the object model
in Java and CLR, the lack of proper tail calls, the restrictions of type safety in Java and
CLR, and the inability to do precise garbage collection naturally in C, all substantially
complicate compiler development and hurt performance of the final code.

C- - and Pillar are designed to avoid these problems and provide an easy-to-target
platform for functional languages. Like the Java-to-Pillar converter, our experience with
the functional language showed Pillar to be an excellent target language. Pillar’s lack
of a fixed object model, its support for proper tail calls, and its root-set enumeration all
made implementing our functional language straightforward. Also, since Pillar is a set
of C extensions, we implement most of our lowest IR directly as C preprocessor macros,
and generating Pillar from this IR is straightforward. We can include C header files for
standard libraries and components (e.g., the garbage collector) coded in C, and Pillar
automatically interfaces the Pillar and C code. Pillar’s second-class continuations are
used to provide a specialized control-flow construct of the language. The stack walking-
based exceptions of Java and CLR would be too heavyweight for this purpose, and
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C’s setjmp/longjmp mechanism is difficult to use correctly and hinders performance.
Implementing accurate GC in the converter is as easy as in the Java-to-Pillar converter—
simply a matter of marking roots as r ef s and using the Pillar stack walking and root-set
enumeration support.

7 Related Work

The closest language effort to Pillar is C- - [4,5,6]. C- - is intended as a low-level
target language for compilers—it has often been described as a “portable assembler”.
Almost all Pillar features can be expressed in C- - , but we designed Pillar to be slightly
higher level than C- - . Pillar includes, for example, r ef s and threads instead of (as C- -
would) just the mechanisms to implement them. We also designed Pillar as extensions
to C, rather than directly using C- -, to leverage existing C compilers.

LLVM [20] is another strong and ongoing research effort whose goal is to provide
a flexible compiler infrastructure with a common compiler target language. LLVM’s
design is focused on supporting different compiler optimizations, while Pillar is aimed
at simplifying new language implementations, in part by integrating readily into an
existing highly-optimizing compiler. Comparing language features, the most important
differences between Pillar and LLVM are that LLVM lacks second-class continuations,
spans, pcalls, prscalls, and fcalls.

C# and CLI [21,22] are often used as intermediate languages for compiling high-
level languages, and early on we considered them as the basis for Pillar. However, they
lack second-class continuations, spans, prscalls, and fcalls. Furthermore, they are too
restrictive in that they impose a specific object model and type-safety rules.

Pillar uses ideas from or similar to other projects seeking to exploit fine-grained
parallelism without creating too many heavyweight threads. Pillar’s prscalls are taken
directly from Goldstein’s parallel-ready sequential calls [7], which were designed to
reduce the cost of creating threads yet make effective use of processors that become
idle during execution. Also, like Cilk [23] and Lea’s Java fork/join framework [24],
Pillar uses work stealing to make the most use of available hardware resources and
to balance system load. Furthermore, during prscall continuation stealing, Pillar tries
to steal the earlier (deeper) continuations as Cilk does, since seizing large amounts of
work tends to reduce later stealing costs. Pillar’s future implementation differs from the
lazy futures of Zhang et al. [25], which are implemented using a lazy-thread creation
scheme similar to Pillar’s prscalls. Since Pillar supports both prscalls and a separate
future pool-based implementation, it will be interesting to compare the performance of
both schemes for implementing futures.

8 Summary

We have described the design of the Pillar software infrastructure, consisting of the
Pillar language, the Pillar compiler, and the Pillar runtime, as well as the high-level
converter that translates programs from a high-level parallel language into Pillar. By
defining the Pillar language as a small set of extensions to the C language, we were able
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to create an optimizing Pillar compiler by modifying only 1-2% of an existing optimiz-
ing C compiler. Pillar’s thread-creation constructs, designed for a high-level converter
that can find a great deal of concurrency opportunities, are optimized for sequential ex-
ecution to minimize thread creation and destruction costs. Pillar’s sequential constructs,
many of which are taken from C- - , have proven to be a good target for languages with
modern features, such as Java and functional languages.

Our future work includes adding support for nested data parallel operations [9] to
efficiently allow parallel operations over collections of data. In addition, although we
currently assume a shared global address space, we plan to investigate Pillar support for
distributed address spaces and message passing.

We are still in the early stages of using Pillar, but our experience to date is positive—
it has simplified our implementation of high-level parallel languages, and we expect it
to significantly aid experimentation with new parallel language features and implemen-
tation techniques.
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