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Abstract. In Codeplay’s Sieve C++, the programmer can place code inside a
“sieve block” thereby instructing the compiler to delay writes to global mgmor
and apply them in order on exit from the block. The semantics of sievék®loc
makes code more amenable to automatic parallelisation. However, striethggu
ing writes until the end of a sieve block incurs overheads and is typically un-
necessary. If the programmer cassert that code within a sieve block does not
write to and then subsequently read from a global memory location, the siev
semantics can be relaxed: writes can be executed at any point fronotlgir
nally scheduled time until the end of the block. We present experimerstaltse
demonstrating the benefits of relaxed sieving on an x86 multi-core system.

1 Introduction

We are living in a time of change, where commodity computetesns are becoming
increasingly parallel and heterogeneous. General-perposcessor vendors, such as
Intel and AMD, have shifted their efforts away from boostthg clock frequency and
architectural complexity of single-core processors, emkating instead on producing
processors consisting of multiple simpler cores.

Another growing trend is to supplement general-purposest’hprocessors with
special-purpose co-processorsaocel erators. Co-processors can either be located on
the same chip as the host, or on a different chip (often on aragpplug-in board).
Examples include the Synergistic Processing Unit (SPUhefCell processor, as well
as graphics, physics and scientific computing boards. &catdrs which are comprised
of tens or hundreds of cores can be dubbetica- andhecto-core respectively, to distin-
guish them from the currently offered dual- and quad-coreegal-purpose processors.

Parallel and heterogeneous systems are fast and efficiémeamy but are hard to
program in practice. Unsurprisingly, efficient automatargllelisation has been a pro-
grammer’s sweet dream for many decades. Ideally, the pmogex would like to write
clear and concise code in a familiar, mainstream programgridnguage assuming a
single processor and uniform memory; concentrate on coatipatrather than on com-
munication; and then sit back and relax, while the compilgo@matically distributes
the program across the target system in an efficient and-g#gemanner.

* This author gratefully acknowledges the financial support by a TNKGBmbridge Kapitza
Scholarship and by an Overseas Research Students Award.



But the dream is but a dream. Difficulties abound.

Compilers excel at doing mechanical tasks, that are eith&ceessible to program-
mers in high-level languages (such as register allocatidnatruction scheduling) or
too tedious (such as common subexpression eliminationrength reduction). Com-
pilers cannot in general convert a sequential algorithim énparallel one. Human inge-
nuity is required to invent a new parallel algorithm whicmahen be presented to the
compiler for optimisation. Expressing an explicitly paehlalgorithm in a sequential
language, however, may not be natural.

These problems aside, semantics-preserving re-ordefisgsequential program
requires accurate dependence analysis which is difficyréctice. Mainstream pro-
gramming languages, particularly object-oriented onesiyvd from the C/C++ model
in which objects are manipulatdyy reference, for example, by using pointers. While
such languages allow for efficient implementation on setijgecomputers, the pos-
sibility of aliasing between references complicates dependence analysiy, Skat
analysis is undecidable in theory and intractable in practice fogéaprograms. This
often precludes parallelisation, even when the progranfkreows” that computation
can proceed in parallel.

The compiler’s failure to notice opportunities for paréiBation which are obvious
to the programmer provides a strong arguneg#inst the use of sequential languages.
The programmer, however, can help the compiler by explidiling it more infor-
mation about the sequential program than the compiler caaabitself. The grateful
compiler can, in return, generate more efficient paralleleco

1.1 Restricted pointers in C99

In ANSI C99 [1], the programmer can declare a pointer withest ri ct qualifier
to assert that the data pointed to by the pointer in a given scope willb@accessed
via any other pointer in that scop€orrect use ofr estri ct has no effect on code
semantics, but may enable certain compiler optimisationstwvwould otherwise be
precluded by the possibility of aliasing; incorrect usesesiundefined behaviour.

1.2 Sieve blocks in Sieve C++

In Codeplay’s Sieve C++ [2—4], the programmer can place & doagment inside a
sieve block— a new lexical scope prefixed with theeve keyword — thereby instructing
the compiler to:

— delay writes to memory locations defined outside of the block (glalbnemory),
and
— apply themin order on exit from the block.

We illustrate the sieve semantics using the following cadgrhent:
floatx a;
for(int i =0; i < 8; ++i)
afi] =a[i] + a[4];
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(a) Original schedule. zb) Delaying writes.

Fig. 1. The schedules of memory accesses for the examgjé.af

Fig. 1(a) represents the logical schedule of memory acse$be x-axis shows the
offset froma; the y-axis shows the logical time. Blue boxes represerisg@d boxes
represent writes. For example, the row marked ‘0’ represém first iteration of the
loop, during whicha[ 0] anda[ 4] are read, and[ 0] is written. The write happens
after the reads, hence the red box is placed lower than tleetiukes.

Placing this code fragment inside a sieve block:

sieve {
for(int i =0; i < 8; ++i)
a[i] = a[i] + a[4];

} /] wites to a[0:7] happen on exit

changes the schedule to that in Fig. 1(b). The side-effeetsallected at the end of the
block, as if the code has been raked from the beginning tortdeo&éthe block using a
sieve, which is pervious to reads and impervious to writes (heheenme).

Note that this new schedule results in different values dp@imitten to a[ 5: 7]
because the write taf 4] is delayed.

1.3 Declaring, not instructing

The use of sieve blocks eases parallelisation, becauseothpiler is free to reorder
computation involving reads from global memory. (The ordiwrites to global mem-
ory can be preserved by recording such writes in a FIFO qued@pplying the queue
on exit from the sieve block.)

It is easy to see that the sieve semantics is equivalent tootieentional semantics
if code within a sieve block does not write to and then subsatjy read from a global
memory location. (We will also say that such code does notgea true dependences
on global memory.) In other words, for any column in the meyrarcess schedule, no
blue box is located below a red box (unlike in Fig. 1).

In this paper, we advocate that the use of¢heve keyword on a block should be
treated as aassertion that code inside the sieve block generates no true depeaslenc
on global memory, rather than the directive to delay sideet$ (as irg1.2). As in the
case of estri ct in C99,correct use ofsi eve will have no effect on code semantics;
incorrect use will cause undefined behaviour.



We further illustrate and contrast use of thest ri ct andsi eve keywords §2),
and explain that the assertion that code generates no tpendences not only makes
code easier to develop and mainta§3)(but also may reduce the overheads of side-
effect queueing§d). We conclude by presenting experimental resfs. (

2 Mary Hope and the Delayed Side-Effects

In a free interpretation given in [3], the programmer infartie compiler that code
inside a sieve block generates no true dependences. This ssmnsible: why would
the programmer ever want to write a new value into a global prgriocation and then
read from this location, knowing that the write will be dedaly(by his/her own request)
and the read will return the old value of this memory loca®ion

In this section, we illustrate that the programmer may wanéxploit the sieve
semantics, but argue that he/she should be discouragedstahning.

2.1 FIR filter design

Suppose Mary Hope, an expert in digital signal processiagdesigned a one-dimensional
mean filter, for which the output at tinigs given by the formula:

1 k—1

Yi = Ej;oxi-‘rj—“:/%ifori: Lk/QJaanili U{:/2Ja

where{z;} and{y;} are, respectively, the input and output sequences (signals
the number of input samples, akdis the number of input samples to compute the
mean over. Since the outputs of this finite impulse respofitse ¢ian be computed in
parallel, Mary hopes that the compiler will exploit her nndbre computer to speed up
the processing.

2.2 FIR filter implementations

Implementation in C Mary decides to implement the filter in a familiar, efficiemtda
portable languagd,e. C. She represents the signals as arrays, and passes them into
the filter function in Fig. 2(a). Sadly, arrays in C are pasasdointers. As in most
signal-processing codes, if two arralg®k different, theyare different. This domain-
specific knowledge, however, is unknown to the compiler,chtsees that the function
receives pointers to two memory regions thaty overlap. That is, on one iteration an
assignmentnay write into a memory location that will be read on a subseqiterdtion.

This creates a loop-carried data dependence, which petletompiler from running

loop iterations in parallel [5]. The compiler has to consgiwely preserve the order of
iterations of the outer loop.

Implementation in C99 Mary is aware of this problem and annotates pointessd
y with the C99r est ri ct qualifier as in Fig. 2(b), indicating to the compiler that the
input and output memory regions dot overlap. Thus, the compiler can deduce that the
outer loop is free of loop-carried dependences, and hencigiterations in parallel.



voi d meanld(fl oat * X, voi d meanld(float *» restrict x,

float » vy, float » restrict vy,
int n, int k) int n, int k)
{
for(int i =k/2; i <n-kl2; ++i) { for(int i =k/2; i <n-kl2; ++i) {
float sum = 0.0f; float sum = 0.0f;
for(int j = -k/2; j < k-k/2; ++j) for(int j = -k/2; j < k-k/2; ++j)
sum += x[i+j]; sum += x[i+j];
/1 wite to disjoint menory? /1l wite to disjoint nmenory!
y[i] = sum/ (float)k; y[i] = sum/ (float)k;
}
} (a) Implementation in C. } (b) Implementation in C99.
voi d meanld(float » x, float * vy, voi d meanld(fl oat * x,
int n, int k) int n, int k)
{ {
sieve { sieve {
for(intitr i(k/i2); i <n-k/l2; ++i){ for(intitr i(k/i2); i <n-k/2; ++i){
float sum= 0.0f; float sum = 0.0f;
for(int j =-k/2; j < k-k/2; ++)) for(int j = -k/l2; j < k-kl2; ++j)
sum += x[i+]; sum += x[i+];
/1 delay wites to disjoint nmenory /] delay wites to same menory
y[i] = sum/ (float)k; x[i] = sum/ (float)k;
}
} }
B . . } . . . . .
(c) Implementation in Sieve C++. (d) Controversial implementation in Sieve C++.

Fig. 2. Implementations of a one-dimensional mean filter in C, C99 and Sieve C++.

Implementation in Sieve C++ To Mary’s disappointment, her favourite compiler lags
behind the latest hardware trends and only generates simgladed code, which ef-
fectively exploits instruction and subword-level parki#im, but underutilises Mary’s
multi-core computer. Mary sets out to exploit alternatieesl finds a paper on Sieve
C++ ([4] or [3]). Mary is pleased to learn that she only neaalenclose the function
body in a sieve block and use an instance of the Sieve i@#ator class® i ntitr to
control the outer loop as in Fig. 2(c).

Controversial implementation in Sieve C++ After pondering a bit more on the sieve
semantics, Mary modifies her code: she is happy to discarahfhas after the results
are computed, so she assigns the results to the inputs ag.i@(B). Since within the
sieve block the writes to global memory are delayed, the ecgatpn produces exactly
the same results as before, but — as Mhrgks — requires less memory.

In the next section, we will explain this it the case, and discourage Mary Hope
from writing code in this way.

3 Strict and relaxed sieving

3.1 Going from sequential to parallel

We may interpret the sieve construct as a means to add gaetantics to a sequential
language. We draw an analogy with different semantics drexssignment statements
in early PL/I and Fortran 90. Consider the statemep@: 7] = a[0:7] + a[4];

3 lterator classes are described in [4].



One interpretation of this statement is the following loof PL/I before the ANSI
standard of 1976 [6]):

for(int i =0; i < 8; ++i)

a[i] = a[i] + a[4];
which may look as if it adds a scalar to a vector, but does nitégtne value ofa[ 4]
changes after five iterations, so one value (the originalevafa[ 4] , sayt ) is added to
the first five elements of the vector and another vafitg {o the rest. So iterations need
to be executed in the given order to ensure correctness.

Another interpretation is that no writes occur until all deahave completed (cf.
Fortran 90 [5]), as in the sieve construct. This can be esaieas:

float t = a[4];

for(int i =0; i < 8; ++i)

a[i] = a[i] +t;

This loop indeed adds to vectaf 0: 7] a scalat — the original value of its fifth
element. Moreover, any order of iterations produces theesasult. For this reason, we
believe this interpretation is more natural in the age o&pelism.

Similarly, the sieve construct, which performs writes tolghl memory only after
all reads and computation have completed, provides a natasato endorse parallel
semantics over a block of statements.

3.2 Block-based structure of the sieve construct
Sieve blocks generalise single statement vector assigsrivetwo ways:

— Sieve blocks can define local memory, writes to which are idtiate.
— Sieve blocks can be nested.

Sieve blocks have a natural interpretation (“read in, compurite out”, e.g. via DMA)
on heterogeneous systems having complex memory hierari@jid-or example, Clear-
Speed’s CSX [7] is a SIMD array processor consisting of arcbnnit (CU) core and
96 identical processing element (PE) cores operating ik-#bep. The CSX processor
is located on a plug-in board together with large on-boardnory. Each PE core has
its own local memory.

Thus, a host workstation equipped with a ClearSpeed boasdnt@an memory,
on-board memory, and PE memory. This complexity can be attsl away by using
nested sieve blocks, as in the following example:

int a =0; // host nmenory

si eve {

int b =0; // on-board nenory
sieve {

int ¢ =0; // PE menory

a++; b++; c++;

print(a,b,c); // prints 0,0,1

}
print(a,b); // prints 0,1

}
print(a); // prints 1



For each hierarchy level, delayed writes to non-local mgnaoe queued. In this exam-
ple, writes toa are queued twice.

3.3 Disadvantages of strict sieving

Strictly following the original sieve semantic§1(.2) in general incurs space and time
overheads. The runtime system needs to maintain a FIFO qieige-effects to non-
local memory (space overhead) and apply the queue on exit &asieve block (time
overhead).

Moreover, delayed side-effects may need to be copied mare dhce. First, this
may happen in the case of nested sieve blocks. Second, tgisiapaen if the queue
does not fit into local memory, in which case the runtime systeeds to “spill” the
queue to the previous level of memory hierarchy. On exit fittin block, the runtime
will have to apply the queue from the spill location.

Hopefully, the overheads will be compensated for by parakecution. The com-
piler, however, may have a cost model and decide that it ismooth parallelising a
sieve block. Still, the sieve semantics must be presenedhes program is likely to
suffer an execution overhead.

All this is clearly not in Mary Hope’s interests.

3.4 Benefits of relaxed sieving

We suggest that Mary should be able to asegsticitly that code she places inside a
sieve block doegot generate true dependences on global data.

First, the explicit assertion gives the desired equivadenith the conventional se-
mantics. By analogy, this is as if Mary writes:

float t = a[4];

a[0:7] = a[0:7] +t;
without relying on any specific semantics of vector assigmsel' he benefit is that code
is easier to reason about, hence write and maintain.

Second, writes to non-local memory can be applieaghgtmoment from their orig-
inal schedule to the end of the block. For example, if the dtenpelieves that it is not
worth parallelising a sieve block, it can generate seqakntidewithout the overhead
of maintaining the side-effect queue. As we will showg#y optimisation can reduce
this overhead on a parallel system.

We will say that the assertion that code generates no truendiemces allowse-
laxed sieving (by this we emphasise that under this assertionefféets donot need to
bedtrictly delayed until the end of the block).

3.5 Analogy in HPF

Interestingly, this distinction between strict and reldyseving has an analogy with
the | NDEPENDENT directive in High Performance Fortran, which says that taplit

is attached to is safe to execute in parallel [8]. This divedis essential for loops that
cannot be analysed (for example, if array subscripts araffioe functions of the loop



variables). If the loop has loop-carried dependences, iervaunning it in parallel may
produce different results from sequential execution.

While this conflicts with the design goal that an HPF progranstalways produce
the same results whether executing on a parallel system ar sgquential one (for
which the HPF directives are ignored), the standard defireSNDEPENDENT directive
as anassertion, and dictates that programs which violate this assertionat@onform
to the standard.

Similarly, under theassertion that a sieve block generates no true dependences on
global memory thesi eve keyword can be ignored when compiling for a sequential
system.

3.6 Undefinedness of relaxed sieving

The ANSI C99 standard [1] specifies undefined behaviour asa¥ieur, upon use of
a nonportable or erroneous program construct or erroneatss ¢br which this In-
ternational Standard imposes no requirements”. An exanspliee use of expression
++i + ++i, the result of which is compiler dependent.

Undefinedness is usually frowned upon, because it makeghtaravrite portable
and reliable programs. Thus, introducing a new languagetoact with potentially
undefined behaviour upon erroneous use may seem undesirable

We note, however, that in the case of relaxed sieving therpromer’s assertion
(that code in a sieve block generates no true dependence®loal gnemory) can be
verified at run-time (and used for debugging) by additionedicording executed reads
in the queue and checking that no read from a global memostitutis preceded by
a write to the same location. By contrast, it would be hardeverify at run-time an
erroneous use of theest ri ct keyword.

4 Optimising relaxed sieving

4.1 \Vectorisation

Suppose Mary Hope writes something like:
float * a;
sieve __attribute__ ((nodep(RAW) {
float t = a[5];
for(intitr i(0); i < 8; ++i)
a[i] = a[i+1] + t;
}
to inform the compiler that the enclosed code fragment doégenerate a true depen-
dence on global data and hence the compiler may relax sieving
Fig. 3(a) represents the logical schedule of memory aceeSiece no write to a
global memory location is followed by a read from the sameatmn, the writes can
be arbitrarily delayed (and the reads can be arbitrarilyaaded) from their original
schedule.
Assuming the architecture supports four-way vector irgtams, the compiler may
vectorise code producing:



: {01234252678

~0 0 —-

1 1

2 2

3 3

P P orrr

5 5

6 6

! ! e

i - )
(a) Original schedule. (b) Vector schedule.

Fig. 3. The schedules of memory accesses for the examijé.af

float t = a[5];
for(int i =0; i <8; i +=4)
a[i:i+3] = a[i+1:i+4] + t;
which has the memory access schedule as in Fig. 3(b), haeisgle-effect queueing
overheads.

4.2 Speculation

Note that if we speculatively distribute the first iteratiohthe vectorised loop above
to one core and the second iteration to another, we cannoméotime side-effects of
the second iteration (writes tf 4: 7] ) until the first iteration has read its input data
a[ 1: 4] (otherwise, the antidependenceajr#] is violated). In general, the side-effects
of a fragment [4] need to be held until all its preceding frags have completed and
committed theirs, which also incurs overheads (although tean for strict sieving).

5 Experimental evaluation

We present experimental data averaged over multiple ruash@mogeneous x86 multi-
core system, with two 2GHz quad-core AMD Opteron (BarceJgmacessors and 4GB
RAM, running under Windows Server 2003.

5.1 Implementation

We have implemented a prototype extension to CodeplayseSB+-+ compiler and
runtime system that allows sieve blocks to be annotatedyubia syntax o4 to in-
dicate that writes can be arbitrarily delayed from theiigoral schedule. Speculative
execution [4] of these annotated sieve blocks results ie-sftects that are commit-
ted, in order, by the run-time as soon as a speculated fragmeonfirmed to simulate
sequential execution.
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Fig. 4. Speedup w.r.t. sequential code.

5.2 Experimental setup

We use four benchmark programs. The matrix multiplicati@pérformed for square
2000 x 2000 matrices. The cyclic redundancy check (CRC) is performed camdom
32M (1M = 22°) word message. The Julia program ray tracee@ x 2000 3D slice of
a 4D quaternion Julia set. The Mandelbrot program calcsila®00 x 8000 fragment
of the Mandelbrot set.

The graphs in Fig. 4 show (we used most aggressive compitenigation flags):

— the speedup of Sieve C++ programs over the original (selp@t++ programs
using strict (first bar) and relaxed (second bar) sievinip@de generated by Code-
play’s Sieve C++ compiler);

— the speedup of C++ programs with OpenMP directives comgiledicrosoft’s
C++ compiler (version 14.00.50727.42, shipped with VisB&ldio 2005) over
the original C++ programs compiled by Codeplay’s compiteir@ bar) and Mi-
crosoft's compiler (fourth bar).
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5.3 OpenMP vs. Sieve C++

The third bar shows thperformance of OpenMP code relative to that of Sieve C++
code. For example, for the Mandelbrot benchmark [Fig. 4€ajje generated by Mi-
crosoft's compiler to run on a single core is over two timesasr than code gener-
ated by Codeplay’s compiler. On the other hand, for the Judiachmark [Fig. 4(b)]
code generated by Microsoft’'s compiler is over two timesdathan code generated by
Codeplay’s compiler.

The fourth bar shows thgealability of OpenMP code with the number of engaged
cores. For the matrix multiplication [Fig. 4(c)] OpenMP eodcales almost linearly
and appreciably better than Sieve C++ code. Similar, folGRE [Fig. 4(d)], with the
exception of running on eight cores when the performancepeetedly drops almost
to the same level as running on five cores. OpenMP code for gredlbrot and Julia
benchmarks scales sublinearly, running on eight coresfoniytimes as fast as sequen-
tial code. In contrast, Sieve C++ code shows consistentby goalability.

Preliminary profiling using AMD’s CodeAnalyst tool reveat® reasons for the
OpenMP performance anomalies, but confirms that all coeeatilised thoughout exe-
cution, and shows no significant difference in L2 cache rsigsgween configurations.

5.4 Strict sieving vs. relaxed sieving

Only the Mandelbrot benchmark [Fig. 4(a)] shows appregidlgtter performance im-
provement of relaxed sieving over strict sieving (up to 1X%tér on eight cores), ap-
parently because of the improved temporal locality. Wherkimgywith large data sets,
delaying side-effects until the end of a sieve block meaasttte side-effects of a spec-
ulated fragment get displaced from the cache by the sidstsfiof later fragments and
are brought back to the cache when committing them to glolehary. Committing
the side-effects as soon as a speculated fragment is codftongmulate sequential
execution reduces this overhead.

Note that Fig. 4 shows that Sieve C++ code implemented wittxeel sieving suf-
fers a (small) performance overhead on a single core. As we tliacussed i§3.4, the
compiler might have chosen instead to output sequentia woth no sieving, thereby
incurringno overheads.

Fig. 5 shows memory overhead of sieving (memory overheadpen®™P code is
negligible). Note that the more cores are active, the maegnfrents can be speculated
and their side-effects need to be held under relaxed sig€famgtrict sieving overhead
is invariant of the number of active cores). We report (maximy memory overhead for
eight active cores.

For the Mandelbrot benchmark relaxed sieving requires atrif times less mem-
ory overhead than strict sieving. The CRC benchmark peraarnXOR reduction of a
random message and generates a single value per fragmeag, ¢reating small mem-
ory overheads in both strict and relaxed sieving.
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6 Conclusion and future work

We have presented the concepts of strict and relaxed siedimgpmatic parallelisa-
tion based on sieving compares well to parallelisation yie@MP pragmas. Relaxed
sieving reduces memory overhead which can also result floeance improvement.

We are implementing relaxed sieving in the Sieve C++ backentthe Cell BE pro-
cessor (previously reported in [4]) and will investigatetfier optimisations of relaxed
sieving on heterogeneous multi-core platforms.
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