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Abstract

Parallel processingechniquedor compilershavebeen
extensivelyreseathedin the pastdecadesMore recentis
thework donein the contextof back-endompilerdor Sub-
WordParallelism(SLP).Thispaperanalyzeswo stateofthe
art compilersand exposetheir main problemawith respect
to SLP codegenerationfor codedominatedoy backgound
data. We suggestsomewaysto ovecometheseproblems
andtheir potentialbene tsare analyzed.As a fundamen-
tal part of our proposedolutiondirection,we alsodescribe
the stronginteractionbetweerbackgound and foregiound
dataformatorganizationin the contextof enegy and per-
formancefocusingon two costfactorsinherentto SLP re-
ordering oveheaddue to subwordcommunicationon the
onehandanddatapaddingin thedatamemoryontheother
hand. To our knowledgetheseproblemsthat we identify
havebeerignoredbothin theacademiandin theindustrial
compilersupport. Neverthelesgheyhavea highimpacton
themain costmetricsofthedesignspaceespeciallyor data
dominatecembeddedpplications.

Resultsshowthat our appmachsigni cantly improves
the SLP codegenerationof boththe Intel and Larsencom-
pilers.

1 Introduction

In the mid-nineties researchersfrom the processor
architecture community proposed a relatively simple
hardwar e technigue that would allow a more efficient
use of the already available resources[9]. They re-
alized that in the majority of the applications the re-
quir ed bit-widths do not match well with the proces-
sor width. Dividing the full width of the datapathinto
smaller chunks would enable a compiler to Il up the
otherwise wasted bits with useful data and enable a
kind of data parallelism called SubwordLeveldataPar-

allelism(SLP).

Functional units enhanced with SLP properties re-
quir e the input data to be presentedin a packed fash-
ion. This meansthat eachinput register contains sev-
eral logical data elementswhich areworked onin par-
allel. In fact, the full width functional unit canbe seen
asa collection of parallel processingelements. This is
illustrated in Figure 1 for a standard addition. Note
that only an extra mux and demux is required to im-
plement SLPin hardware.
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Figure 1: A full-width addition (solid box) is sub-
divided into two half-width additions (dotted boxes)
when the DualAdd Control signal is activated and “cuts”
the carry signal.

The main advantage of SLPis its exibility in sup-
porting many different word lengths (for the sub-
wor ds) on the samedatapath. Specially for DSPappli-
cationsthis leadsto important opportunities for power
efficiency.

The main difference between subword-level and
traditional data-level parallelism is the fact that the
ordering of the processing elements inside the SLP
functional units is xed. This imposes more restric-
tions on the search spacefor parallelization compared
to non-SLP architectures. Indeed, for non-SLP archi-
tectures the optimal ordering of operations for par-
allelization is only constrained by data and control
ow dependencies,while for SLP architectures data-
layout constraints have to be considered aswell. If the



data layout required by the SLP units is not matching
the one presentin the memory hierarchy, then extra
memory accessesand reordering operations may be
required resulting in an energy and cycle overhead.

When this problem appears, the current compilers
inhibit the SLPcodegeneration evenif thereisinherent
parallelism that could be efficiently exploited if both
algorithm and data are treated together in a holistic
way, given that these issues are tackled at compile-
time. The main contribution of this paper is the clear
identi cation of the nature and causeof this problem.
Mor eover, asequenceof steps,basedon the polyhedral
representation of loop nests with affine accessfunc-
tions, is presentedasthe rst insight to overcome this
problem. We do not yet describe the fully systematic
compiler techniques that will be required to solve the
related compiler support.

The restof the paper is organized asfollows. Some
basicde nitions and the basicproblemsthat affectsthe
efficient SLP code generation are covered in Section 2
while in Section 3 we introduce a very simple exam-
ple that will help us to illustrate the weakness of the
actual SLP compilers. In Section4 we describe some
related work and Section5we illustrate our approach,
that solvesthe problem. The latter is evaluated in Sec-
tion 6. Finally the main conclusions of this reseach
are presentedin Section7.

2 Common definitions and SLP issues

Necessaryor otherwise reasonableconditions for a
statementto becomea candidate for SLP are:

the operation inside the statementshould beavail-
able on a SLPfunctional unit,

the statement should be inside aloop nest, and

the statement should accessarrays whose ele-
ments are smaller than the full bit width.

We will give some de nitions that apply for these
statements.

Definition 2.1 (subword)Let D bean array accesseith a
statemensuitedfor SLP. Theelement®fD arealsorefered
to assubwords.

Up to two subwords of 16 bit can be processedin
parallel on a 32-bit architecture. Likewise, if the sub-
words are 8-bit data elements, four of those can be
grouped together.

Definition 2.2 (superword) The collection of subwords
that are operatedn in paralleland needto bemergedto-
getheris calleda superword.
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Figure 2: Suppose the subwords SW{ and SW{ need
to be assembled by a SubWord Shift Left operation in
order to feed the SLP unit properly. This is equivalent
to communicating S Wg to subPE; and SW1 to subPE of
the SLP unit.

The subwords that form a superword are referred
to as SWy; SWi; ::: and their order in the superword is
important for the SLPcomputations. If the sizeof asu-
perwor d is smaller than the full bit width, the available
subword level parallelism is not fully exploited.

Definition 2.3 (sws) The maximumnumberof subwords
that t into onesuperwords de nedasthe superwordsize
Or SWS.

Although in practice swsis a power of 2 and a divi-
sor of the full data-path width, thereis no good reason
for such arestriction in general. For instance, a super-
word with sws= 3 could bedivided in threesubwords
of 12,12and 8 bits respectively in an architecture with
a 32 bit datapath.

Definition 2.4 (sub-piocessingelement) For each SLP
functionalunit thereexistsanumberof predeterminegdub-
divisionsinto sub-piocessinglementsAt runtime thecho-
sensubdivisionis activatedwith a control signal. Each
sub-pocessingelementis labeledsubPE; subPg;::: and
worksonthesubwordsSWy; SW;; : :: respectively

Severalissuesare crucial for the efficient SLP code
generation in the embedded context.

Subword communication A common problem for
any data-level parallelization schemeis communica-
tion and synchronization. The communication prob-
lem in the context of SLP occurs when the required
subwords by an SLPfunctional unit arelocated in:

di fferent superwor ds, or
the samesuperword but have to be reordered

What happensis illustrated in Figure 2. Clearly ex-
tra operations are needed to combine or reorder sub-
wor ds. Theseoperations do not come for freeand can



be avoided or elseminimized by a careful mapping of
the loop nest.

Superword layout in background memory What
happens when some superwords contain less sub-
words than others? Or in other words, what hap-
pensin those caseswhere not all of the available sub-
processingelements can do useful work?
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Figure 3: Padding effect

To answer this question we focus on a technique
called paddingin which we force each superword to
have equal size by padding the smaller sized super-
words. The effectis visualized in Figure 3(b) and can
be summarized as an increasein data elements that
needto betransferred from background to foreground
memory.

3 Motivating example

To illustrate the efficiency problems of the actual
SLPcompilers, we usean example borrowed from [11].
The pseudo-codeis given in Listing 1.

Listing 1 An illustrative parallelizable loop nest

fori =1to N-1 do
forj=1to N-1 do

Afi,jl =A[i,j] +B[i-1,j; (statementl)
B[ij] = Ali,j-1] + B[i,jl; (statemen®)
end for
end for

Listing 2 Motivating example unrolled and reordered.

fori =1to N-1 do
forj=1to N-1 by 2do
Alfijl =Alij] +BJi-1,j]; (statementl.g
Afi,j +1] = Afi,j +1] + B[i-1,j+1]; (statementl.h
B[i,j] = Ali,j-1] + B[i,jJ; (statemen.g
B[i,j+1] = Afi,j] +BIi,j+1]; (statemen®.b
end for
end for

Let us analyze the inherent problems of this algo-
rithm applying asimplied script of the SLPcodegen-
eration stage in the conventional compiling process.
In order to nd candidates for SLP computations the
compiler would unroll the inner loop in a number of
steps equal to the sws(we will use sws= 2). In the
unrolled loop body it tries to group the statementsso
that the data accessedin all statements become con-
tiguous. The result is shown in Listing 2. Finally the
compiler generatesa code in which the statement.x.és
mapped to the SW, and the statement.x.lto the SW; of
the respective superwor ds.

Unfortunately data dependencies may causeprob-
lems: the elementA[i; j] computed in SW, of the super-
word generated by statement 1, is needed in the SW,
for the SLP version of statement 2. This implies com-
municating SW, of superword 1to SW; in superword
2.

A further problem hasto do with the data layout.
Due to the memory architecture, an efficient load of a
superword from the background memory leadsto the
following requirements:

The subwor ds that constitude a superword hasto
be stored contiguously in memory.

Superwords have to be stored on aligned ad-
dresses.

Some platforms, like Intel 1A32, allow memory ac-
cessesto fetch a non aligned superword, at the ex-
penseof a decreasein performance and an increasein
energy consumption. If this kind of accesss not avail-
able, two normal accessesare needed to fetch a non
aligned superwor d, of coursegiven that the subwords
are contiguous in memory, otherwise it can be even
worse. Obviously, it is not energy efficient to increase
the number of load/stores so the embedded oriented
compilers avoid the SLP generation in thesecases.

Normally , the compilers align the rst element of
each array that is going to be vectorized. Even in
that case,depending on the dimensions of the array,
the elementsto be fetched in the inner loop could be
missaligned.

4 Related work

Severalacademiccompilers with SLPextensionsare
available. One of them is the Lance compiler [10]
which transforms the code selection problem into an
integerlinear programformulation. Tackling SLPat this
level leavesthe traditional compiler stepslike register
allocation and instruction scheduling intact.



Another well-known compiler effort came from
Larsen and Amarasinghe who have implemented an
SLP module in SUIF [7]. They adopt a heuristic ap-
proach which can produce good resultsin avery rea-
sonabletime.

Both approachesshould be considered as a back-
end step for SLR. None of them describe prior loop
transformations to enhancethe compilers ability to ex-
ploit SLP In this paper we show how a SLP back-end,
and in particular the SLPcompiler by Larsen, canpro-
duce better code by performing, in a systematic way,
loop transformations.

At the industrial side, the Intel compiler [2] can be
considered as a major referencefor SLP code genera-
tion (in particular for IA32 architectures). It offers the
possibility to manually vectorize C code using intrin-
sics,i.e. function callsthat becomeadir ectly translated
into native instructions. In the paper we will show that
this compiler is also not able to manage the problems
observed for the Larsen compiler.

It is interesting to analyze the way this compilers
handle the problems described in Section 3. We ob-
served that the Larsen backend inserts communica-
tions and extra memory aligned accessesn order to
fetch non aligned superwor ds. Mor eover,we observed
that the code generated by Larsen is only vectorial if
N is amultiple of the superword size,sothat eachrow
of the arrays is aligned in memory.

Furthermor e, the vectorial code generated does not
use superwor ds of the maximum size due to the fact
that the loop starts in one (the secondelement of each
row which is not aligned). We also observed that the
Larsencompiler decidesnot to vectorize the statement
2 due to the necessary communication described in
Listing 2.

On the other hand, Intel platforms provide non
aligned memory accessest the expenseof anincrease
in the latency and the memory consumption. The only
decision taken by the compiler, regarding to the back-
ground memory, is to align the rst element of the
array. Therefore, in a given iteration, it hasto check
whether the data to be processedare aligned or not,
in order to seeif the superwords can be efficiently
loaded. The Intel compiler splits the loop in some
piecesto handle the caseof aligned and missaligned
data. This could beaproblem in embedded systemsif
the code size becomeslarger than the loop buffer.

Summarizing, the analysis of SLP code generation
methodologies of the Intel and Larsen compilers for
the example in Listing 1 shows that:

1. None of the compilers is able to extract acommu-
nication free SLP code. Mor eover, Larsen avoids
the vectorization of statement 2 in order to avoid

the communication problem.

2. Regarding to the memory layout, compilers align
the rst element of the arrays. This makes the
resultant SLP codesinefficient in the sensethat:

() Not the full superword width is usedor even
non SLPcodeis obtained (Larsen Compiler).

(b) Code size can increasefor some values of
the problem size. In those cases checks
for aligned data are needed and some non
aligned accessesreused (in Intel Compiler).

The costimpact of both alternatives will beanalyzed
in Section6, wher e the effect of applying our approach
to this motivating example will be analyzed.

5 Polyhedral model for SLP

In this Sectionwe will presentour approachwhich
makes use of the Polyhedral model. In this paper we
restrict ourselves to loop nestswith affine and man-
ifest accessfunctions. This is reasonablein a large
set of data-dominated applications and it is the same
assumption that is used for data parallel compilers.

In the complete compiling script someaccessorder-
ing constraints, decided during previous steps, may
have to be taken into account. Typically, these con-
straints are only affected by the outer loops and there-
fore they are out of the scope of this paper.

The remaining k loop iterators, together with their
domains, de ne a polyhedron I, which is a bounded
region in the iteration space 1* = Z*. Eachpoint in |
representsan instance of the body of the loop nest. The
polyhedr on I which is scannedby the codeillustrated
in Listing 1,is visualized in Figure 4.
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Figure 4: The iteration space of the original example;
vectors d4 and dj represent the dependence distances.

5.1 Space-Time Transformation

During the Space-Tme transformation we impose
no restrictions on the width of the SLPunit of the target
platform. Later on we will seehow to impose platform
speci ¢ constraints.



We formulate the problem of assigning each in-
stance of a statementsin Listing 1to a processorin-
side the SLP unit. This is dubbed as spacemapping.
Oncethis is done, several instanceswill have beenas-
signed to the sameprocessorin the SLPunit and atime
scheduling has to be decided so that the data depen-
dencies are respected. The whole processis referred
to asSpace-Tme (S-T)transformation in the literatur e
for data parallel compilation [8].

In its most general form this is expressedasthe di-
rectsum I =S P [5]. Weinterpr et P asthe processor
spaceand S governs how P is moved through 1. For
a detailed study we referto [5, 13].

Severalexisting techniques canbe usedto nd and
explore expressionsfor S and P [8]. We propose to
reusethe algorithm described in [11] that minimizes
the number of communication points in the data par-
allel context. The result for the processormapping for
the two statementsin Listing 1is:

1(1)
2(i)

(1 1)i=i |
(1 1)i+1l=i j+1 1)

We should remark that for the considered example
still alot of freedomin choosing the time scheduling
exists. One possibility is to map the time variable to i
which give us the S-T transformation (2) represented
in Figure5.

Slzszz{sjs=(})z;1 zZ n 1};
Pi={pip=(%y n+3 y n 1; @
P2={PJP= O)y+(®); n+2 y n 2};

In Equation (2) z representsthe time and y the pro-
cessor The i iteration of a statement can now be
split into aprocessorand scheduling part. For the rst
statementin Listing 1 this would give, using the same
notation asin [5]

i==(%)y+MNz1 z n 1, n+3 y n 1@

Note that this expressionis identical to 1. Applying
this transformation to the loop nestin the example we
arrives to the algorithm version describedin Listing 3.
Current method produces only one best solution but
we would like to obtain all good solutions, even the
one that could not be the bestin this stage but they

could globally perform better (see5.3).

Figure 5: A feasible subdivision of I for the original
example.

Listing 3 ST applied on the motivating example

fort =1to N-1 do
A[t,N-1] = A[t,N-1] + B[t-1,N-1];
forp =t-(N-2) top =t-1 do
Alt,t-p] = A[t,t-p] + B[t-1,t-p];
B[t,t-p+1] = A[t,t-p] + BJ[t,t-p+1];
end for
B[t,1] = A[t,0] + B[t,1];
end for

5.2 Partitioning

In the previous Sectionwe made no restrictions on
the width of the SLP functional unit of the target plat-
form. Now we have to consider the real case. For the
example we assumea bit width of 16for both A and B,
hence sws= 2 on a 32-bit architecture. To impose this
constraints the processorspacehas to be further sub-
divided or partitioned into a processorspaceP™ and
aschedule S™, much the sameway aswas done for 1.
All iterations i belonging to the coset(s + s™) + P™ are
executedin parallel, i.e. all the iteration points in P™
scheduled out (s + s™) are executed in parallel. Note
that the cardinality of P™ should be equal to swsor two
in this case.

Again alot of freedom exists. In areal casethe ac-
cessordering constraints decided in previous steps of
the compiler script may restrict the possibilities. Fur-
thermore, aswill be explained later, partitioning will
strongly in uence the datalayout. Thus, when several
loop nestsaretaken into account, wherethe samedata
are being accessed,some constraints can be imposed
to the partitioning stageto balanceits impact on the
costfunction of eachsuch loop nest.

We now give two useful de nitions.

Definition 5.1 (accessunction) Fp,s is the affine access
function F usedby thea” acces$o array D in statemens.
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Figure 6: Partition of the original processor space P. For
some some s + s™ values only one element is mapped
to the P™ space, it is a border effect.

Definition 5.2 (gffiliated with) For eachstatementt we
de netheequivalenceelation” affiliated with ” as
ool V1 :ioioj) i;j 2 (st +s]) + P
This tells us that i and j will be executedin paral-

lel. We can now make an important statementin the
context of subwordlevelparallelism

Theorem 5.1 (superword)Data elementsD (Fp,(i)) and
D(Fpat(j)) belongto the samesuperwordff i oo j-

For instance, one of the partitioning functions that
we will consider in this paper correspondsto atiling
transformation to the inner loop in Listing 3 with tile
size equal to the swsand zero offset. This situation is
sketchedin Figure 6 and is given by

<2};
s n_EZ}

where is the position within the tile and ° the
position of the tile in the processorspace. Here tile
and superword can be equally used. The i iteration
cannow bewritten as

PT={p"ip"=(%); 0

ST = is™ = ()2 51242

(4)

i=()=( +29+(Dzizt ()

All points generatedby Equation (5), while keeping
* and z constant are affiliated (i.e. two points because
canbeOor 1).

5.2.1 Partition function
Equation 5is an instance of the transformation T given
by

V4

T=(P L)( G s)); (6)

where (; °):2Z> A Zis the partition function of
the line P™ and (P, L) is the transformation matrix. In

this paper we restrict the partition functions to those
which canbe decomposed as

sws—1 sws—1
k

G =21 O T = (7)
(W

j=0

onthe lattice f0:::sws 1g Z. Forsws= 2equation (7)
simplies to

()= «(%); 2101y ®)
The above restriction (7) still allows non-affine parti-
tion functions, useful in for instance buttery compu-
tations. But at the sametime it can be expressedasa
Presburger Formula,

( =07 o N_( =217 1)) ©)

This property is necessaryto enable analysis tech-
nigues that make use of, for instance, the Omega Li-
brary [12] which transforms Presburger Formulas into
polytopes.

The partition function +2 fin equation (5) canbe
derived from equation (7) and (8) using

ol H=2°%and 1(°)=2°+1 (10)

and the corresponding transformation T is given by

T=(011( G S)) (11)

z

5.2.2 Subword communication

We are now able to restatethe subwordcommunication
problemasdiscussedin Section2. We have the follow-
ing result.

Theorem 5.2 (non communication-fee)Givena depen-
dencerelation R betweerstatementsa and b. Thetrans-
formationsT, and T, apply. R will resultin subword
communicatioriff

AL 2R:i=Tj Nj=Tpju ™ # = (11)

Note that for SLR these dependencesalso include
false dependencies. This is one of the differenceswith
traditional data parallelism.

By now, we know that subword communication
translatesto data reordering operations that will have
to be inserted in the code to swap subwords from
one “sub” location to another. Typically subwords
are gathered from different superwords and merged
together. This meansthat several superwor ds have to



be accessedwhile not all of the subwords are going
to be used in the reordering result. Usually, however,
these wasteful subwords are reordered later on them-
selves. We have experienced large gains when localiz-
ing all thesereordering operations becauseit enables
the script to bring these superwords to foreground
memory (e.g.register le). We will call this step inter-
superwordoptimizationand it is related to layout issues
described in the following section.

5.3 Data layout

Although data layout transformations are not
strictly required for SLR it is sufficiently motivated in
the past that they enable the full potential of SLP [4].
In our motivating example (Section 3) we have ana-
lyzed some of the problems that might occur due to
the memory data layout. If data elements belonging
to the same superword (de ned in Theorem 5.1) are
not contiguously stored in memory then alot of extra
data restructuring and memory accessoperations are
needed. In the worst caseswsaccessesre required to
construct one superwor d.

We de ne two types of data layout, inter and in-
tra superword layout. Intra superword layout places
the elements belonging to the same superword con-
tiguously in background memory. Inter superword
layout works on a coarsergranularity and decidesthe
memory placement of the superwor ds themselves. We
should remark that still some degreesof freedom ex-
ist, for both inter and intra superwor d layouts, that can
be left to other stagesin the compiler script, e.g. the
ordering of the subwords inside the superword.

If P™ is scannedin the most inner loop, which is
enforced, then existing locality algorithms like the one
described in [6] can be used to perform a good intra
superword layout.

5.3.1 Superword layout problem

Often it isnot possibleto keep every processingnode in
P™ busy all of the time, i.e. holesin some superwor ds
will exist. Usually these instances are border-effects
and they occur becausel cannot always be perfectly
covered with P™ scheduled according to S S™. Fig-
ure 6 illustrates the problem.

Theseborder-effectswill partly undo the positive ef-
fectsof the data layout transformations. This is due to
the strict order in which SLPrequiresits data. Border-
effectswould have to beidenti ed in the codeto allow
non-SLPoperations and to replacesuperwor d accesses
by explicit subword fetches. But that problem is still
largely ignored in the current literatur e. Furthermor e,

sincethe sizesof subwords and superwor ds areinher-
ently different this will intr oduce misalignment in the
memory map.
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Figure 7: Final layout with padding (a) in transformed

iteration space; and (b) in the data cache.

In this paper we analyze one possible way to over-
come this problem, by padding I such that all nodes
in P™ appearto bebusy all of the time. This resultsin a
bigger array, which will affectthe data memory perfor -
mance asis shown in Figure 7. Additionally , we will
useadifferent space-timeand/or partitioning transfor-
mation, from the set of good solutions coming out of
step 5.1, but that may have different communication
requirements.

6 Evaluation

The main goal of this Section is to show the im-
portant impr ovementsin performance and energy ob-
tained by both Intel and Larsen compilers when our
approach is fully applied. Nevertheless, also some
experiments are performed in order to show the po-
tentiality of this approach when all the parameters,
S-Ttransformation, Partitioning and Data Layout, are
exploredto nd the bestsolution.

For the Intel case,two versions of the compiler have
been analyzed (7.1 and 8.1), using as experimental
platform aPentiumM (1.5GHz,400MHz FSB,2MB L2
cache,32K data cache).

In the caseof the Larsen Compiler, all the code ver-
sions have been analyzed on a retargetable Very Long
Instruction Word (VLIW) compiler/simulator called
Con gurable Recon gurable Instruction Set Processor
(CRISP)[3]. This environment is basedon Trimaran [1]
and incorporates several power models, including
Cacti for caches[14]. SLP operations have been di-
rectly inserted into the source code using intrinsic
functions. Theseare function calls recognized by our
compiler asnative operations. In our experiments we
use an architecture with Data Path similar to that of
an TIC64 DSP including the SLPinstruction set. The
data memory, however, hasbeenadapted to re ect the
trend in power aware embedded systemsto use small
L1 data caches.We have chosena cachesize of 1Kbyte
and a cacheline size of 8bytes][?].



6.1 Performance improvements on the Intel and
Larsen compilers

Threedifferent versions will be considered, the rst
isoutlined in Listing 1and will bereferredto asoriginal
in the following. In version ST, described in Listing 3,
only S-Ttransformation has beenapplied whereasin
version ST+P+L we also apply the simple mapping
function (4) and a data layout that follows the con-
straints given in Subsection5.3.

Obviously all the steps of our approach have been
manually performed and the resultant C codesarefur -
ther processedusing both the Intel and the Larsen
compilers as back-ends. For all casesthe datapath
is 128bits and the sws4. We have used 32 bits integer
data although similar results canbe obtained for oat-
ing point data. All our versions have beenrun with
increasingn. The problem size is approximately n?.

n original ST ST+P+L  original/ST  original/ST + P+ L
24 2575 2204 2323 1.168 1.108
26 3732 3523 2448 1.059 1.524
32 4970 4475 2948 1.110 1.685
38 7427 7426 4601 1.000 1.614
42 9240 9187 5364 1.005 1.722
46 10918 10560 6214 1.033 1.757
50 12538 13401 7077 0.935 1.771
54 14879 14542 7877 1.023 1.888
58 17176 16949 8761 1.013 1.960
62 19785 20290 10062 0.975 1.966

Table 1: Intel Compiler version 7.1. Cycles.

n original ST ST+P+L
24 2111 2099 2370
26 2284 4157 2576
32 3347 5218 3398
38 6319 7804 4565
42 7618 10390 5502
46 9136 12720 6453
50 10827 14132 7326
54 12927 16225 8279
58 15203 18554 9323 0.819392 1.630698
62 17468 21827 9715 0.800293 1.798044

Table 2: Intel Compiler version 8.1. Cycles.

original /ST
1.005717
0.549434
0.641433
0.809712
0.733205
0.718238
0.766133
0.796733

original /ST + P+ L
0.890717
0.886645
0.984991
1.384227
1.384587
1.415775
1.477886
1.561420

For the Intel compiler case, we have measured
the total number of cycles involved in the process-
ing of eachof the threeversions using the Time Stamp
Counter. The results in Tables 1 and 2, clearly show
that

High speedups are obtained when the full ap-
proachis applied.

A performance impr ovement cannot be achieved
in all casesapplying only Space-Tme mapping.

For small problem sizes, and using the version
8.1 of the compiler, our approach (with a simple
partitioning function) is not performing as good
as the methodology applied by the compiler on
the original code.

As we could expect,the performance impr ovements
increasewith the problem size,achieving the speedups
values around 95%and 80%for the 7.1and 8.1versions
of the compiler respectively.

In most casesthe speedup obtained by applying
only the ST transformation is much lower than the
potential one, achieved when alsothe partitioning and
datalayout stepsareperformed. This behavior ismore
dramatic for the version 8.1 0of the compiler.

The experiments for small problem sizes, with the
version 8.10f the Intel compiler, suggestthat someop-
timizations performed in the compiler script for small
loops interfere with some of steps in our approach.
This effect should be studied in more detail.

As main conclusion we would like to remark that
the most relevant impr ovements are achieved by the
partitioning and the improved data layout in back-
ground memory, which are propagated to the cache

n | original ST ST+P+L  original/ST  original /ST + P + L
4 430 547 90 0.79 6.08
24 15825 9736 2315 1.62 4.20
64 114295 66736 12625 1.71 9.05
128 476389 264432 45761 1.80 10.41

Table 3: Larsen Compiler. Cycles

For the Larsen compiler, the number of cycles to
compute the threekernelsweremeasured using CRISP
Only problem sizes for which the Larsen compiler
could generateSLPcodefrom the original version were
considered.

Table 3 shows a more dramatic impact of our ap-
proach on this compiler than for the Intel case. For
problem sizesthat ts into the cache,speedupsaround
400%are obtained. Theseperformance impr ovements
rise to 1000%when cacheissuesare involved.

One of the main reasonsof this big impact is that
the Larsen compiler only generatesSLP code for one
statement in the original version. On the other hand,
when the full approachis applied, the Larsencompiler
generatesSLP code for the two statements.

Nevertheless, the main conclusions that we have
extracted from the Intel experiments are also valid for
the Larsen compiler. For instance,we canobservethat
only asmall fraction of the performance impr ovements
is due to the Space-Tme mapping. The most relevant
impr ovements are achieved by the partitioning and
background memory issues.

6.2 Partitioning and padding effects

Three different partitioning functions have been
tested in order to show the impact of this method-
ological parameter in the performance. The explored
functions are described in Table 4. None of the com-
pilers could be used as back-end as such. Instead,



code modi cations were manually performed for all
the experiments.

| name P S P, S,
P Dy +(Dz DC+25;0 <2
TSP Sy + )z (N +2%0 <2

PFP %(11)y+§(i)z 3@ )+ 2 9y
0 <2
Table 4: Di erent partitioning functions evaluated

Version TP (Tile Partitioning) is essentially the sim-
ple partitioning that we have used asexample in Sec-
tion 5.2and we have analyzed in the Section6.1. It is
easily veri ed that it is communication-fr ee.

Version TEP (Tessellation Partitioning) is what
could be called the natural subdivision becauseit de-
scribesthe regular two-by-two tessellationof | ,i.e. a
tiling applied to 3. For this version less padding is
needed but this it leadsto some communications.

The nal version IP (Interleaving Partitioning) is
somewhat specialin that the partition function is non-
a ne, but the restrictions described in Section 5.2.1
obviously hold. The interesting feature of IP is that it
merges subwords from both A and B into one super-
word, eliminating the padding. Without going into
detalil, this is achieved by the fraction 3 (seeTable 4),
that allows us to interleave both arrays.

Note that we have been very careful to generate
comparable versions mainly by applying array privati-
zation (i.e. moving array accesseso foreground mem-
ory) after SLPsource code generation. Neglecting this
dilutes the e ect of padding, becauseextra data ac-
cesseswvould take place which canbe removed, while
the e ect of padding cannot. We have also comple-
mented the SLP parallelizing technique with a local-
ity impr oving inter-superword layout transformation.
This type of layout transformation has been briey
discussedin Section5.3.

All our versions have beenrun with increasing n.
The problem sizeis approximately n?. We have chosen
a cachesize of 1Kbyte and a cacheline size of 8bytes
Deliberately n was kept small such that the total array
size could t into the rst level data cache,again to
eliminate unwanted e ects.

n original TP TEP 1P gain TEP! IP
(%)
4 7.9 4.6 5.7 221 61.28
8 45.03 22.24 29.59 12.87 56.52
12 111.21 53.12 70.77 32.35 54.29
16 206.79 97.24 12959 60.66 53.19
20 331.78 15459 206.05 97.79 52.54
24 486.19  225.17 300.17 143.74 52.11

Table 5: Energy and energy gain in L1 data cacheprior
to inter-superwor d optimizations.

In Table 5 we presentthe energy dissipated in the
data cache after partitioning, but prior to any inter-
superword locality optimizations. Clearly, TEP is the

worst (50%) and this is largely becausethe subword
reordering is suboptimally implemented. Recall that
inter-superwor d optimizations are required to bring
together all the reordering operations which happen
to take place on a group of superwords. After this
localization, these superwords can be moved to fore-
ground memories. The e ect of this optimization is
given in Table 6.

n original TP TEP IP gain TP! IP  gain TEP! IP
(%) (%)

8 54.04 26.29 25.73 23.16 11.89 10

12 133.45 61.58 60.66 56.61 8.06 6.67

16 248.15 11157 110.29 104.77 6.1 5

20 398.14 176.28 174.62 167.64 4.9 4

24 583.42 255.68 253.66 245.21 4.1 3.33

Table 6: Finall énergy and energy gain in L1 data cache

The results in Table 6 further demonstrate a % rela-
tion for the relative gain (e.g.gainre |p) of the padding
e ectin the data cache. Intuitively this stemsfrom the
fact that padding is inherently a border e ect. For
theseversions, the problem sizeis square and thus the
borders are linear, hencethe relative e ectis %

We also notice that the amount of padding is lessin
TEP compared to TP.

We also report the numbers for the original, non
SLR code. The gains there are at least a factor of 2,
demonstrating the potential of subwordevelparallelism

n TP TEP gain TEP! TP
(%)

8 116.03 127.46 8.96

12 24957 277.53 10.07

16  432.37 484.64 10.78

20 664.44 7488 11.27

24 94578 1070 11.61

Table 7: Energy and energy gain in register le; increase
due to communication

n original TP TEP IP gain TP! IP  gain TEP! IP
(%) (%)

8 1525 1189 1133 952 19.93 15.98

12 3184 2177 2215 1920 11.81 13.32

16 5514 4543 4577 3272 27.98 28.51

20 9794 6601 6743 6124 7.23 9.18

24 14854 10311 10621 9792 5.03 7.81

Table 8: Total cyclesand cycle gain

The e ect of communication is most apparent in
the register le. This is becauseSLP communication
is achieved through the register le and this is even
stronger so, after the inter-superword optimization
mentioned earlier. In Table 7 we verify that TEP is
worse over TP and the relative gain is rather constant.
The reasonis becausecommunication happensin each
iteration.

Finally, the combined e ectof padding and commu-
nication is demonstrated in the total amount of cycles
given in Table 8. For n small, the e ectdue to padding
is most signi cant, hence TP is the worst. However,
for increasingn the e ectsof communication become



more and more dominant and TEP turns out to be the
worst case.

7 Conclusions

In this paper we show the problems of actual com-
pilers to generatee cient SLPcode. We show that po-
tential possibilities to signi cantly impr ove this com-
pilers exist by better exploiting the DL in backgorund
memory. In most cases,performance impr ovements
cannot be obtained applying only ST mapping, and
the full sequence (ST, partitioning and data layout)
hasto be applied.

In this context, we explore two main e ects
which are intrinsic to SLP, namely data reordering
and padding. Communications arise when a sub-
processingelement share subwords. In SLPthis means
that data reordering operations need to be inserted
in the code. We have given the criteria to have a
communication-fr ee partitioning. Padding is used to
eliminate border-e ectswhich arise becausenot every
processingnode can be kept busy all of the time.

Applying the complete approachwith di erentpar-
titioning functions, worst and best SLP versions dif-
fer as much as50%in data cacheenergy dissipation.
This di erencecanbe made smaller by applying inter-
superwor d optimizations. Communication in the con-
text of SLPis achieved through the register le. The
extra energy dissipation associatedis constantand lim-
ited to a 11%. The gain in total cyclesis as much as
20%in the worst case. Finally, a cross-over point is
presentin the overall performance wherethe e ectsof
communication becomedominant over padding.
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ABSTRACT

Superscalar processors improve the execution time of se-
quential programs by exploiting instruction-level parallelism
(ILP). The efficiency of parallelization at run-time can be
increased through an additional scheduling phase for a con-
crete target machine in the compiler. But if the target ma-
chine is not known at compile-time, scheduling must be de-
ferred to a later phase immediately before program execu-
tion. In this paper we present a novel technique, which pre-
pares parallelization at compile-time and performs schedul-
ing at load-time of a program. Our approach called CALS
(Code Annotations for Load-time Scheduling) uses proof-
carrying code techniques for scheduling in linear time by us-
ing a new algorithm. Additionally, the closely related task
of register allocation is split between compile-time and load-
time of a program. CALS achieves improvements of up to
23.8% over simple compilation without scheduling. It ob-
tains results comparable to conventional list scheduling or
even outperforms it by up to 12.4%.

1. INTRODUCTION

Superscalar processors improve the execution time of se-
quential programs by exploiting instruction-level parallelism
(ILP). A dispatcher issues machine instructions to several
functional units, where they are executed in parallel. But
a dispatcher can re-arrange instructions only in a very con-
strained context of e.g. 4 consecutive operations in case of
PowerPC hardware [29].

Stiimpel et al. [28] demonstrated that an extra scheduling
phase in the compiler can increase efficiency of the dispatcher
in a PowerPC 604 [20]. Scheduling techniques at compile-
time consider a larger analysis context than dispatcher hard-
ware at run-time, e.g. a basic block or a loop body. Addi-
tionally, more precise information about data dependencies
between operations, especially memory accesses, are avail-
able due to prior program analysis.

Scheduling in a compiler also accounts for the types and
numbers of functional units in the processor and hence op-
timizes a program for a concrete target machine. On the
other hand, there exist so-called families of processors, which
all use the same instruction set and encoding, but differ in
types, numbers and effectiveness of their parallel execution
units. In principle, all processors of a family can execute par-
allelized machine code, but maximum performance is only
achieved for the processor model that was used as target
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machine during scheduling.

For mobile code in a heterogenous network with processors
of one family, the precise machine model is not known at
compile-time. Hence scheduling must be deferred to a later
phase immediately before program execution.

In this paper we present a novel technique for increasing
performance of applications on the superscalar PowerPC
processors: Parallelization of machine code is prepared at
compile-time, while scheduling for a concrete target ma-
chine is performed at load-time of a program. Our CALS
approach uses Proof-Carrying Code (PCC') techniques [24].
The compiler produces code annotations, which enable very
fast scheduling immediately before execution. In fact, our
scheduling algorithm needs only linear time, while other
scheduling techniques such as list scheduling [18] etc. have
at least quadratic complexity. Additionally, the closely re-
lated task of register allocation is split between compile-time
and load-time.

The rest of the paper is organized as follows: Section 2 dis-
cusses work related to our approach. Section 3 motivates the
structure of our system as well as its compiler and scheduler.
Section 4 outlines the major aspects towards preparation of
scheduling at compile-time. Section 5 presents the structure
of our load-time scheduler and the novel scheduling algo-
rithm. Section 6 discusses the evaluation of our approach
including key data such as speed-up and size of annotations.
Finally, section 7 concludes the paper.

2. RELATED WORK

The related work is separated into two parts: First, we
discuss five supposedly similar approaches that adapt pro-
gram code to the target machine at run-time and emphasize
the differences to our idea. Then we present several com-
puter architectures that reconfigure the target machine for
each program and compare them with our approach.

2.1 Selected Topics

Dynamo [2] optimizes the machine code of a program at
run-time. It is an interpreter, which determines frequently
executed code fragments and stores optimized versions in
a fragment cache. If possible, the interpreter executes ma-
chine code from the fragment cache to improve execution
time. Otherwise, the slow interpreting mechanism is used.
Hence, performance is poor when starting a program, but
improves during run-time. In contrast to our approach, the



optimization at run-time is not prepared by a compiler.

dcg [10] is a retargetable system for dynamic code gener-
ation. The input is specified in the intermediate language
IR, which is also used for the lcc compiler [13]. At run-
time, the intermediate code is transformed into executable
code for the concrete target machine by the code generator
burg [14]. To simplify code specification VCODE [9] was de-
veloped, which accepts assembly language for an ideal model
of a RISC processor. Like our approach, dynamic code gen-
eration offers high flexibility by creating executable machine
code only at run-time. But it is not focused on scheduling
and propagates a high computing effort from compile-time
to run-time.

Our CALS is a concrete instance of a mobile code appli-
cation. Another interesting example are slim binaries [12],
which contain compact and architecture-neutral intermedi-
ate code. In contrast to a fat binary, that includes differ-
ent versions of a program, the same intermediate code is
transformed into specific native machine code on the target
system. But again major parts of the compilation must be
done immediately before or during program execution.

The motivation for dynamic rescheduling [6] is the lack
of object code compatibility across generations of a VLIW
architecture. Unlike superscalar processors, object code for
VLIW machines consists of large instruction words, which
specify multiple and independent scalar instructions for each
functional unit. Hence, a transformation of VLIW code
mainly has to conduct further scheduling. Dynamic re-
scheduling applies a scheduling during first-time page faults
and thereby adapts object code to a concrete target machine.
In contrast to our load-time scheduler, the rescheduling is
not prepared at compile-time.

Binary translation [27] is a generalization of dynamic re-
scheduling and refers to object code transformation between
different architectures. One example is DAISY [8], which
emulates the PowerPC family on a VLIW machine. The
famous Crusoe processors [22] execute Intel £86 code and
combine high performance with low power consumption.
Such a processor consists of a VLIW machine and a soft-
ware layer, which transforms z86 code into VLIW code at
run-time by using a Code Morphing Software [7]. Like dy-
namic rescheduling, all mentioned approaches do not pre-
pare scheduling at an earlier time instant.

2.2 Reconfigurable Architectures

Reconfigurable hardware offers a promising extension of
our approach: Currently, the load-time scheduler adapts the
abstract machine code to a concrete and static target ma-
chine. In the future, we plan to extend our approach to re-
configurable architectures, where the target machine adapts
itself to the code also. For example, a superscalar RISC pro-
cessor could merge some of its functional units into SIMD-
like structures on demand. By these means, ILP could be
exploited more efficiently and hence execution time could
be improved. In the following we discuss selected reconfig-
urable architectures and compare them with our approach.

Garp [17, 4] and MorphoSys [26] combine a RISC pro-
cessor with a reconfigurable array to accelerate loops. Both
approaches suffer from communication bottlenecks due to
transfers between the main processor and the reconfigurable
hardware at the entrance and exit of loops. Additionally,
the programmer must manually partition source code (Mor-
phoSys) or generate hardware configurations (Garp) to take

advantage of those systems. Our system accepts ANSI C
code and requires no further administration by the user.

Chimaera [16] overcomes the bottleneck of systems like
Garp or MorphoSys by integrating a reconfigurable func-
tional unit (RFU) into the host processor itself. The in-
tention of the RFU is to customize the instruction set for
a certain application. Hence, the compiler combines multi-
ple adjacent operations into a single RF'U instruction. The
RFU is a cache for instructions, which have recently been
executed or might be needed soon. To use instructions in
the RFU, the application code includes calls to the RFU by
means of special operations. In contrast to our approach,
the Chimaera compiler does not utilize ILP, but optimizes
the instruction set of the target machine.

DISC [25] was designed for high performance real-time
systems, which are characterized by stochastically occuring
interrupts as well as high throughput requirements. It uses
dynamic instruction stream interleaving, i.e. the next in-
struction to be executed is dynamically selected from several
simultaneously active streams. In contrast to our load-time
scheduler, which is presented in 3.2, DISC operates com-
pletely at run-time.

OneChip [30] tightly couples a RISC processor with recon-
figurable logic by integrating an RFU into the processor’s
pipeline. It was designed to speed up computing-intensive
application in the multimedia or DSP domain on the loop-
level. But like Garp and MorphoSys, OneChip offers no
compiler support to partition source code.

Spyder [21] is a superscalar processor with three execu-
tion units, which offer fine-grained reconfiguration at the
gate level. But it suffers from the typical disadvantages of
many reconfigurable architectures: First, Spyder is realized
as a coprocessor, which is loosely coupled to the host work-
station. This causes a major bottleneck between the host
processor and the reconfigurable logic. Second, programm
code must be split into two parts, with one part running on
the host processor and the other part on Spyder. This diffi-
cult task is actually left to the programmer, because there is
no automatic compiler available. Third, the user must pro-
vide a hardware configuration for the functional units, which
cannot be changed at run-time by dynamic reconfiguration.

Hence, we will aim for a more coarse-grained, tightly in-
tegrated solution, where interconnection structures between
fixed components can be reconfigured with minimum run-
time effort.

3. STRUCTURE OF SYSTEM

Figure 1 shows the structure of our CALS system accord-
ing to the PPC approach. The compiler transforms a C
program into abstract machine code and appends code an-
notations. Then code and annotations are sent to the target
machine in one object file. At load-time the scheduler ar-
ranges the abstract code for a concrete target machine with
the help of the annotations. Apart from the partitioning in
two phases, our system features another important property
of the PPC approach: The load-time scheduler can operate
very fast (linear time), while the compiler must determine
the annotations with high computing effort.

Actually, our system allows only simple validation of the
annotations: The abstract machine code is rejected, if the
size of the annotations is wrong. We plan to improve CALS
to completely support the PPC approach by adding checks
which guarantee that the annotations match the code.
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Figure 1: Structure of the whole system

3.1 Compiler

The load-time scheduler must be as fast as possible. There-
fore we have chosen scheduling at basic block level and
skipped enhanced techniques such as software pipelining [23]
or trace scheduling [11]. Furthermore, the evaluation in [28]
has shown that list scheduling already achieves a signifi-
cant speed-up over simple compilation without scheduling.
For the PowerPC processors, the results of software pipelin-
ing fall short of the expectations, because these superscalar
processors have far fewer execution units than VLIW ma-
chines. More recent PowerPC processors feature even fewer
functional units, but compensate this with higher clock fre-
quency and larger caches. Additionally, the PowerPC 60/
has a bottleneck in the write-back stage of the common in-
struction pipeline.

Although most basic blocks are rather short, loop un-
rolling can lead to much longer basic blocks, which are re-
sponsible for a significant share of a program’s execution
time. Hence even separate scheduling of these basic blocks
can improve performance dramatically.

Conventional VLIW compilers allocate registers imme-
diately after code scheduling. As the load-time scheduler
must be fast, register allocation could be performed com-
pletely at compile-time. But this would overly constrain the
scheduling phase at load-time. Hence we decided to split
the register allocation between compile-time and load-time
of a program: At compile-time all virtual registers, whose
life spans include more than one basic block, are replaced
by real registers. The other virtual registers are allocated
during code scheduling at load-time. By these means, the
possibilities for arranging instructions are scarcely limited.

As a result of these decisions we have developed an alter-
native compiler structure (see figure 2): First, registers are
allocated by graph coloring [5, 3] according to the above de-
scription. Second, a peephole optimization is performed to
remove superfluous instructions from the annotated code.
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language Til
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Code selection

Register allocation
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(DDG)
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Output %f code Production of Computation of
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Figure 2: Structure of compiler

After construction of the data-dependence graph (DDG),
the fine-grained parallelism is computed. This structure has
the outstanding advantage, that modifications of the ma-
chine program by spill code or peephole optimization are al-
ready considered when constructing the DDG. Finally, the
code annotations are produced and added along the abstract
machine code to an object file.

3.2 Scheduler

The structure of the load-time scheduler is shown in fig-
ure 3. First, the scheduler reads the object file and identi-
fies the sections containing the abstract machine code and
the annotations. Second, all functions are determined and
linked to annotations. It is possible that some functions are
not annotated, because linkers add code from static libraries
or startup code, which is not annotated.
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Figure 3: Structure of scheduler



Then all functions in the object file are processed in order:
If a function is annotated, the associated annotations are
read and scheduling is started. For each basic block, the
scheduler invokes an algorithm, which arranges the machine
instructions and performs register allocation. Finally, the
code for the concrete target machine is written out.

Our approach supports partially annotated object files
and linking against dynamic libraries with or without an-
notations. However non-annotated functions in the main
executable cannot simply be copied, because the integrated
register allocation may produce spill code. Hence, targets
of branch instructions and function calls must be corrected
in this case.

4. PREPARATION OF SCHEDULING

As our load-time scheduler operates at basic-block level,
we can re-use some ideas of the list scheduling algorithm.
List scheduling manages DDG nodes without predecessors
in a ready list. Selection of nodes is mostly done by us-
ing heuristics such as earliest scheduling time or height in
DDG. Our compiler determines cumulative costs [15] for all
instructions, that influence scheduling at load-time. The
cumulative costs for a node i are computed by taking the
maximum cumulative costs of its successors in the DDG and
adding the costs of executing node 7 itself. The costs of node
i are modeled as the latency of the associated instruction.
Hence the priority of an instruction is equivalent to the cu-
mulative costs of its associated DDG node.

The cumulative costs can easily be computed by a re-
cursive algorithm over the DDG. Then all instructions in
each basic block are arranged by a topological sort of the
DDG@, which uses the cumulative costs as a secondary crite-
rion. Such an ordering leads to the abstract machine code
of one basic block. Finally, the code annotations are pro-
duced using the dependencies modelled by the DDG and the
cumulative costs of each node.

4.1 Register Allocation

Our CALS approach splits register allocation between
compile-time and load-time of a program. The allocation
time of a virtual register can be determined by its life span.
Additionally, the effects of virtual registers with short life
spans on the allocation heuristic must be considered: Let us
imagine a function with an exceptionally long basic block b
and a virtual register v, whose life span covers the majority
of the block and is completely included (see figure 4). We
assume that the life spans of all other virtual registers cover
more than one basic block. But this property does not im-
ply that such life spans have a higher priority than the life
span of v in terms of the allocation heuristic.

Figure 4: Important life span in a single basic block

Hence, it could happen that no real register is available for
v at load-time, when using a strategy which just ignores v
at compile-time. If the life span of v overlaps with many life
spans of real registers, expensive spill code must be added.
Therefore virtual registers such as v are already considered
at compile-time without allocating a real register. By these
means, a real register is reserved to make it likely that v
gets a real register at load-time, if it would have got one at
compile-time.

For preparation of register allocation at load-time, all life
spans must be encoded in the annotations to avoid con-
flicts with already allocated registers. Additionally, the uses
of virtual registers as operands of instructions must be re-
membered. For simplification, all special registers such as
condition register fields are allocated at compile-time and
hence are not considered at load-time.

4.2 Alternative Compiler Structure

The CALS compiler has an alternative structure, because
effects of register allocation and peephole optimization can
already be considered when constructing the DDG. Thus
life spans must be stored temporarily after register alloca-
tion until the annotations have been generated. Each life
span is modelled by its first and last instruction to avoid
problems due to insertion of spill code. Additionally, the
representation is independent of peephole optimization, un-
less the first or last instruction is removed. In such cases,
affected life spans must be updated by considering the rules
of the peephole optimization in table 1.

l Rule [ Original code [ New code
(a) Superfluous move | move x, x
instructions

(b) Superfluous pairs
of move instructions

move X, y
move y, X

move X, y

(c) Superfluous load
or store instructions

store x, mem
load x, mem

store x, mem

branch label
label:

(d) Superfluous label:

branches

Table 1: Rules of peephole optimization

Rule (d) can be neglected, because no register and hence
no life span is concerned. In case (a), two life spans touch
at a superfluous move instruction. Effects of removing this
instruction can be avoided by a priori fusion of neighbouring
life spans that share the same real registers. The same works
for the case (c). Case (b) is more complicated, because life
spans must be corrected by picking adjacent instructions as
replacements (see figure 5): Life spans are always shortened,
i.e. first and last instructions are replaced by their succes-
sor resp. predecessor. By these means, life spans could be
shortened until they are empty and thus can be eliminated.

Life span

First instruction Last instruction

Figure 5: Replacement of first and last instruction
of a life span



High cumulative
costs

oo g

Figure 6: Situation demanding adjustment of cumu-
lative costs

The above method guarantees that first and last instruc-
tions of all life spans are well-defined when encoding an-
notations. But the topological sort according to cumula-
tive costs can modify the ordering of instructions for a life
span (see figure 6): The last instruction has higher cumu-
lative costs than some preceeding instructions and does not
depend on them. Such cases could cause conflicts during
register allocation at load-time, because life spans are ir-
reversibly shortened. Therefore we decided to adjust the
cumulative costs of all last instructions if necessary. In fact,
cumulative costs are set to the minimum of the costs values
of all other instructions for a certain life span. Additionally,
the topological sort has been modified to prefer the earlier
of two independent instructions with same cumulative costs.

4.3 Encoding of Life Spans

Life spans with real registers can be represented by three
parameters:

e Offset: number of instructions between start of func-
tion and first instruction in life span
e Length: number of instructions in life span

e Register: number of real register (r0 =0, ..., r31 =
31, f0 = 32, ..., £31 = 63)

Life spans with virtual registers are limited to one ba-
sic block by construction. Hence they can be partitioned
according to the basic blocks of a function and encoded sep-
arately. They also are represented as an offset and length as
well as register information and a list of forbidden registers.
In this context the offset gives the distance from the start
of the basic block to the first instruction.

The register information (see figure 7) contains informa-
tion about the register type (integer or floating-point) and
class (volatile or non-volatile) and a hint for a real register.
The hint is used to speed up register allocation by the load-
time scheduler: As motivated in 4.1, register allocation at
compile-time considers all life spans. Hence real registers are
known even for life spans, which are allocated at load-time.
These allocations serve as hints that can be overridden by
the load-time scheduler.

The register class indicates the preferred class to be used
at load-time if possible. The use of a non-volatile register
implies two additional instructions for saving and restoring
the register’s content at the beginning and end of a function.
A volatile register is mostly used for function parameters.
If the content needs to survive a function call, it must be
saved before a call and restored before the next use. Hence,
a volatile register should only be used if the number of func-
tion calls in the life span does not exceed 1.

Hint
Integer: 1
Floating-Point: 0

Volatile: 1
Non-volatile: 0

Figure 7: Register information for a virtual register

Conventional PowerPC compilers can determine the reg-
ister class by counting the function calls inside all life spans.
Although scheduling is done at load-time, we can estimate
the register class by a heuristic method at compile-time (see
figure 8): If there exists a path in the DDG from a function
call (1 to the first instruction in a life span resp. from the
last instruction to a function call Cs, the calls C1, Cy will
remain outside the life span after scheduling. If there is no
such path for a function call Cy,qz, this call can appear in-
side the life span after scheduling. If there are paths from
the first instruction to a function call Crin and from Cruin
to the last instruction, this call will always end up inside
the life span. Our compiler requests a volatile register, if
the maximum number of calls (Ciaz, Cmin) in the life span

does not exceed 1.
instruction

Last
instruction

Figure 8: Function calls in DDG

The very efficient one-pass scheduling algorithm depends
on advance information about forbidden registers. Other-
wise dead locks can occur during register allocation at load-
time. Hence, forbidden registers will never be assigned to a
life span by our load-time scheduler. Additionally, the com-
piler never emits a hint that refers to a forbidden register in
the first place.

Forbidden registers can be determined in a way similar to
register classes: Our compiler checks the DDG, wether life
spans of a given virtual and a given real register will always
be disjoint after scheduling. If an overlap is possible, the
real register is marked as forbidden for the other life span.

4.4 Encoding of Virtual Registers

Beyond the life spans proper, the load-time scheduler must
know the uses of each virtual register to replace it with a
real register. Representations of life spans mainly consist of



an offset and a length, both measured in instructions. In the
same manner, the uses of virtual registers can be encoded
by counting register operands in a basic block from top to
bottom and left to right within each instruction: The first
use of a virtual register is modelled as the offset from the
beginning of a basic block. All following uses are represented
as their distance from the previous use. A naive encoding
would just store the number of uses and the offset values
into the annotations.

To reduce the size of annotations, we developed an effi-
cient encoding, which reuses the space of the unused reg-
ister operands themselves: Every operand for an integer or
floating-point register of a PowerPC processor is 5 bits wide.
Hence a value, that can be encoded in 5 bits, is stored in
place of the register operand. Otherwise, the value is stored
in the annotations and the register operand is marked ac-
cordingly. Only the number of uses and the first offset value
are written to the annotations by default. By these means,
only two values end up in the annotations per life span in
the best case.

4.5 Encoding of Annotations

An ideal encoding of the annotations should be both com-
pact and flexible. Therefore we used the VL@ encoding
(Variable Length Quantity) known from the music file for-
mat MIDI [1]. VLQ encoding and decoding requires less
time and memory than other techniques such as Huffman [19]
or Lempel-Ziv [31].

The VL@ encoding of a number consists of a sequence
of bytes, where data is stored in the last seven bits (right-
justified) of a byte. The last byte of a sequence is marked by
setting the MSB to 0. In all predecing bytes the MSB is set
to 1. Hence values between 0 and 127 can be represented in
one byte using VL. Because most values are even smaller
than 16 in our context, we use nibbles instead of bytes as
basic units of our VL@ encoding.

5. LOAD-TIME SCHEDULER

Here we present the structure of the core load-time sched-
uler (see figure 9, bold-printed in figure 3). It consists of
the scheduling algorithm and three managers.

- Furlher instr.uctions available? Instruction

- Add mstrl_.lctlons_ Manager

- Request instructions

- Update instruction queues

Scheduling
Algorithm

- Allocate/free registers
- Spilling/Unspilling of registers
- Creation of prologue/epilogue
- Further help functions

Instruction schedulable
without conflict?

Resource
Manager

Manager
Figure 9: Structure of load-time scheduler

The instruction manager organizes the instructions of a
basic block and has a structure as shown in figure 10. The
algorithm submits all instructions of a basic block to the
instruction manager before scheduling and requests instruc-
tions one by one during scheduling. For efficiency, instruc-
tions are managed in several queues: A single queue contains

all instructions with at least one unscheduled predecessor.
Other instructions are distributed to special queues, which
are sorted according to decreasing cumulative costs.

Add instruction

Number of
unscheduled
predecessors > 0

Number of
unscheduled
predecessors = 0

Function FUtype FU type FU type
#2

calls #1 #n

Next instruction?
Figure 10: Queues of the instruction manager

Special queues correspond to the functional unit types of
the concrete target machine. In addition there is a queue for
function calls, because these are typically not executed on a
separate functional unit, but together with branch instruc-
tions on a branch unit. By the means of a separate queue,
function calls can be preferred over other instructions to re-
duce code size and hence execution time. Otherwise many
instructions would be scheduled prematurely before func-
tion calls. This would imply additional code for saving and
restoring volatile registers.

New instructions are inserted into the appropriate queues.
After handling each cycle, the scheduler propagates all in-
structions without unscheduled predecessors to the correct
special queue (1. 31 of the scheduling algorithm).

The resource manager organizes all resources of the con-
crete target machine and interacts with the other compo-
nents as follows: During each cycle, the algorithm requests
instructions for each functional unit from the instruction
manager (1. 6/8 of the scheduling algorithm). It searches
through the associated special queue for the first schedula-
ble instruction. These schedulability checks are performed
by the mentioned resource manager. If an appropriate in-
struction is found, it is returned to the algorithm. Other-
wise, the scheduler cannot utilize the functional unit during
this cycle. In contrast to conventional techniques such as list
scheduling, the number of instructions, which are considered
per cycle, is limited (see 5.1).

The register manager organizes all registers of the con-
crete target machine. The algorithm can (de-)allocate regis-
ters and select registers for spilling. Additionally, the regis-
ter manager creates machine code for prologue and epilogue
parts of functions.

5.1 Scheduling Algorithm

Algorithm 5.1 shows the pseudo code of our scheduling
algorithm. For simplification, we neglect the integrated reg-
ister allocation (1. 13) as well as spilling. The algorithm
primarily comprises a loop (ll. 2-32), which is executed un-
til all instructions have been scheduled. The loop consists



of three parts: First, new instructions for a cycle are re-
quested from the instruction manager and marked as exe-
cuting (1l. 3-20). Then the cycle number is incremented by
1 (1. 21). Finally, all completed instructions are finished and
the number of unscheduled predecessors is decremented at
their immediate successors (1. 22-30).

Require: Instructions of basic block with cumulative costs
and dependencies
Ensure: Scheduled instructions as list

1: cycle := 0; exe_list :== &; block list := &;

2: while not iman_empty() do

3 for all fu € FU do

4: real_fu := real_funcunit|ful;

5: if fu = calls then

6: instr := iman_next_call();

7 else

8: instr := iman_next_instr(real_fu);
9: end if
10: if instr = @ then
11: continue;
12: end if
13: update_registers(instr);
14: if peephole(instr) then
15: continue;
16: end if
17: endcycleinstr] := cycle + latency[instr];
18: exe_list := insert(exe_list, instr);
19: block_list := append(block_list,instr);

20: end for
21: cycle = cycle + 1;
22: while eze_list # @ do

23: instr := first(exe_list);

24: if endeyclelinstr] > cycle then

25: for all succ € succslinstr] do

26: num_precs|succ| := num_precs[succ] — 1;
27: end for

28: end if

29: exe_list := rest(exe_list);

30: end while
31: iman_update();
32: end while

Algorithm 5.1: Algorithm of load-time scheduler

The number of instructions, which can be considered by
the instruction manager per cycle, is limited by A = 2 x
#FUs. We decided against bounding the number per queue,
because evaluation showed that the queues clearly vary in
length. With our bound, the instruction manager can han-
dle more instructions of a long queue, if other queues are
very short or even empty.

Hence our algorithm needs linear time only: Given a ba-
sic block with n instructions. We assume initially that all
instructions have uniform latency I. As the maximum num-
ber of instructions considered is limited by A, our algorithm
needs only constant effort A for scheduling one cycle. In
worst case, the algorithm covers n - [ cycles and we get a
total runtime of O(n -1+ A) = O(n). The list scheduling al-
gorithm does not place an upper bound on the number of
instructions considered and thus has quadratic complexity.

Now, we permit that latencies of instructions are not uni-
form. Again, our algorithm needs only linear time, because

its effort per cycle is still constant. The list scheduling al-
gorithm has quadratic or higher complexity in this context.

5.2 Strategiesfor Scheduling

The strategy of our scheduler prefers instructions with
high cumulative costs. But in situations with only a few
free registers left much spill code would be added, because
the register needs of instructions are ignored completely.

Hence we decided to support two scheduling strategies,
which are selected depending on the number of free registers:
The first strategy is based on cumulative costs as outlined
above. The second strategy uses the number of life spans
that end at an instruction as its primary criterion. In case
of equality, the instruction with higher cumulative costs is
preferred. By selecting an instruction which finishes many
life spans, the number of free registers is increased and hence
spilling is avoided. On the other hand, instructions with
high cumulative costs are possibly discriminated.

Selection and application of strategies is integrated in
the instruction manager. Hence the scheduling algorithm
is completely independent of the active strategy and new
strategies can be added easily. During a strategy change, all
special queues of the instruction manager are re-arranged
according to the new sort order. This operation is quite ex-
pensive compared to the common algorithm and should be
performed as seldom as possible.

Therefore, we use a hysteresis: If the number of integer or
floating-point registers falls below 4, the second strategy is
chosen. The value 4 should be high enough to respond to a
high register need in a timely manner. A return to the first
strategy occurs only after at least 8 free registers of each
type are available.

6. EVALUATION

Our current prototype of the CALS system does not for-
ward the scheduled machine code to the loader directly. In-
stead, it updates the object code in memory and writes back
an object file which is then executed by the PowerPC simu-
lator PSIM. The simulator allows cycle-accurate execution,
i.e. the evaluation results are not influenced by dynamic
effects like caching etc. It supports the PowerPC proces-
sors 601, 603, 603e and 604. Additionally, a variant of
the 604 with only one SCIU (Single-Cycle Integer Unit) can
be simulated. In the following, we call this variant 750CX,
because both machines have a great deal in common, ne-
glecting unimportant technical details.

6.1 Modelling of Power PC processors

We decided to evaluate our CALS approach for the pro-
cessors 604, 603 and 750CX. The 603e¢ was not modelled,
because it is almost similar to the 603. Just as well, the
601 is very constrained in our context due to poor degree of
parallelism and a common cache for instructions and data.

We adopted a machine model for the 604 from a project
presented in [28]. The model was specified with our machine
specification language UPSLA (Unified Processor Specifica-
tion LAnguage), which represents the successor of the lan-
guage Masl used for [28]. The UPSLA compiler generates
machine specific parts of the compiler backend and the load-
time scheduler. Additionally, we developed a second speci-
fication language and a compiler to generate an instruction
decoder as well as operand access functions for the sched-
uler. We plan to merge both languages in the future.



In contrast to Masl, a specification in UPSLA consists of a
sequence of element definitions. The element types are fixed
and include instructions, instruction attributes, resources,
functional units and register banks. Mappings between re-
sources, functional units and register banks can be modelled
with so-called mapped resources. Processor specification is
simplified by features of object-oriented languages like ele-
ment inheritance, abstract elements, grouping of elements
and equivalence classes with identical resource mappings.

The 750CX could be modelled easily by removing the sec-
ond SCIU from the specification of the 604. A 603 has only
one IU (Integer Unit), while a 604 features two SCIUs and
one MCIU (Multiple-Cycle Integer Unit). For simplifica-
tion, we modelled the IU by a separate SCIU and MCIU
with a virtual resource for mutual exclusion. Additionally,
the latencies of some multiplication and division instructions
had to be modified.

6.2 Benchmarks

For the initial evaluation we have chosen six rather small
programs from the Stanford Benchmarks, which have been
made conformant to the ANSI C standard:

b_bubble: bubble sort

b_mm: matrix multiplication (floating-point entries)
b_quick: quick sort

b_trees: tree sort

intmm: matrix multiplication (integer entries)
puzzle: compute bound program

In the following sections, we discuss the evaluation of
CALS (Code Annotations for Load-time Scheduling).

6.3 Runtime

Here we compare CALS to simple compilation without
scheduling and conventional techniques such as ASAP and
ALAP. Figure 11 shows a summary of the runtime im-
provements for all machines. First, our approach achieves
promising results of 8.4% in average over simple compila-
tion. The highest improvement is obtained for intmm on
a 604 (23.8%). The worst case occurs for b_mm on a 603
(0.2%), but still represents a minimal speed-up.

Second, runtime is only 1.7% higher in average than for
ASAP. In comparison with ALAP, we can even observe
an average speed-up of 1.8%. Only the b_trees benchmark
shows a degradation in performance and is responsible for
nearly all of the worst case figures.

25% T123,8%

w best

20%

15%

12,4%

10%

0,4%

-10% 9,5%
None ASAP ALAP
Figure 11: Comparison with conventional tech-

niques

Now we consider the results for certain target machines
(figure 12-14): The 604 offers the highest parallelism of the
three machines and also shows the largest speed-up over
simple compilation. But the best cases compared to ASAP
and ALAP are achieved on a 750CX, which has only one
SCIU. Our load-time scheduler, in contrast to conventional
schedulers, takes spill code generated at compile-time into
account. Precise placement of spill code is more important
on the 750CX with is limited dispatching abilities.

To summarize, our approach achieves noticable improve-
ments over simple compilation without scheduling. Addi-
tionally, CALS obtains results comparable to list scheduling
or even outperforms it.

As our load-time scheduler knows the concrete target ma-
chine precisely, CALS should obtain shorter runtimes than
static list scheduling for the wrong target machine. Other-
wise, the additional effort at load-time could not be justi-
fied and one could just perform list scheduling for a generic
processor of the PowerP(C family. Again, the evaluation
revealed the feasibility of our approach: CALS achieves
performance improvements of up to 12.4% over static list
scheduling for the wrong target machine.
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Figure 12: Comparison with conventional tech-

niques on PPC 603
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Figure 13: Comparison with conventional tech-

niques on PPC 604

The best results can be observed on the 750CX, which has
medium parallelism of the three machines. At first glance,
this is surprising, because the 603 has the lowest parallelism.
Hence, code that was scheduled for a better machine should
exhibit a massive slow-down on the 603. But at the begin-
ning we mentioned that the best results compared to ASAP
and ALAP for the correct target machine are achieved on
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Figure 14: Comparison with conventional tech-
niques on PPC 750CX

a 750CX . Hence, the speed-up by CALS on a 750CX more
than compensates the slowdown due to the low parallelism
of the 603.

On the 604, the improvements over static list schedul-
ing for the wrong target machine are minimal. This is to
be expected, because the 604 offers the highest parallelism
and therefore the dispatcher has the biggest potential for
re-arrangement of poorly scheduled code.

Finally, we can conclude that the promising results of our
approach justify the additional overhead at load-time. Ad-
ditionally, the effort for load-time scheduling is low, because
our algorithm only needs linear time due to the annotations.

6.4 Sizeof Annotations

Here we discuss the relative size of the annotations with
respect to the code size. The object files mainly consist of
non-annotated functions from libraries, which were added
during linking. Hence, the relative size with respect to the
total code size is very small (2-4% with all optimizations).
One exception is puzzle with a relative annotation size of
11%, because large offset values (up to 500) of life spans with
real registers must be encoded. Thus, future work should
also review the computation of values to be encoded, next
to improving the encoding method.

But the total code size is not really representative, be-
cause library functions could also be annotated in future. If
only the size of annotated code is considered, the relative
size of annotations is 157-220% (avg. 180%) when using the
original VL@ method and a naive encoding of virtual reg-
ister uses. The usage of nibbles instead of bytes as basic
units of VLQ has reduced annotation size by 24-29%. Ad-
ditional savings of 6-8% have been achieved by encoding the
uses of virtual registers in the space of the register operands.
Currently, the relative size is 106-154% (avg. 125%), which
represents an improvement of 30-33%.

In the future, we will evaluate other encodings such as
Huffman or Lempel-Ziv, although more time and memory is
required compared to VLQ. Additionally, we will reconsider
the exact information stored in the annotations.

6.5 Design-specific Aspects

In this paper, we have presented several ideas to support
efficient scheduling like split register allocation, computa-
tion of hints and forbidden registers as well as preference
of function calls. Our evaluation has shown that these con-
cepts have met or exceeded our expectation in most cases.

Hence, we do not discuss runtime results in detail at this
point. Instead, we focus shortly on design-specific aspects:

The encoding of a life span with virtual register contains
the preferred register class and a hint for a real register.
First, our evaluation has shown that volatile registers are
preferred and also used at load-time in most cases. Second,
our compiler can determine 40% more hints, if forbidden
registers are computed by using the DDG. A naive com-
putation would just forbid all real registers which are used
in a basic block. But such a strategy would partition real
registers according to compile-time and load-time. Hence,
register need would increase and many in fact superfluous
instructions could not be eliminated by the peephole op-
timization at load-time. Third, the scheduler can re-use
50-80% of the hints at load-time, which implies very fast
register allocation without additional effort. Hence, the reg-
ister allocation at load-time differs from register allocation
at compile-time only slightly (hints), but at the same time
enlarges the freedom of our load-time scheduler.

Finally, we focus on the special queues of the instruction
manager. The special queues for function calls, BPU, and
FPU resp. MCIU and LSU contain at most one or two
instructions. Only the SCIU queue contains up to 14 in-
struction. Therefore bounding the number of instructions
considered per cycle globally is better than a separate up-
per limit per queue. Additionally, evaluation has shown
that complete register allocation at compile-time severely
constrains the scope of the load-time scheduler: Maximum
lengths of special queues decrease to 1/2 (or even 1/7 for
puzzle) of the observed values.

7. CONCLUSION

We have implemented a novel system, which prepares par-
allelization and register allocation at compile-time and per-
forms scheduling at load-time of a program. Our CALS
approach achieves noticable improvements over simple com-
pilation without scheduling. Its results are comparable to
list scheduling or even better by up to 12.4%. Addition-
ally, the effort for load-time scheduling is low, because our
algorithm only needs linear time due to its reliance on the
precomputed annotations. At a modest cost in file size, our
approach provides higher performance for mobile code in a
heterogenous network, where the precise machine model is
not known at compile-time.

Our next step will be the evaluation of CALS based on
larger, realistic application programs. Furthermore, we en-
vision to extend our methodology to reconfigurable archi-
tectures, where the target machine adapts itself to the char-
acteristics of a program, which in turn is scheduled by a
load-time scheduler.
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