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Abstract

COMPILER SUPPOR T FOR A MUL TIMEDIA
SYSTEM-ON-CHIP AR CHITECTURE

Utku Aydonat
Master of Applied Science
Graduate Departmert of Electrical and Computer Engineering
University of Toronto

2005

The Multi-L evel Computing Architecture (MLCA) is a novel parallel System-on-Chip
architecture targeted for multimedia applications. Although it provides a simple pro-
gramming model that easegorting of applications, the architecture requiresthe support
of a compilerto deliver good performance.We designcode transformationsthat increase
the performanceof MLCA programs. Thesecode transformations are parameter deag-
gregation, bu er privatization, bu er replication and bu er renaming. We implemert
the code transformationsin a prototype compiler which is basedon the ORC compiler.
We alsoprovide an API for programmersto optionally give high level data accessnfor-
mation to the compiler. Our experimenrtal ewvaluation of the prototype compiler, using
an MLCA simulator and real multimedia applications, shows that our code transforma-
tions generateMLCA programsthat exhibit scalingspeedupscomparableto that of the

manually ported versionsof the applications.
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Chapter 1

In tro duction

A System-on-a-ChipgSoC) is an integrated designthat incorporatesprogrammablecores,
custom or semi custom blocks, and memoriesinto a single chip [9]. This architecture
allows reuse of pre-designedcores (commonly referred to as intellectual property, or
IP), thus amortizing the design cost of a core over many system generations. It is
no surprise then that SoCshave becomea solution paradigm for processingin many

consumerproducts, sud as mobile phones,laptops and PDAs [25].

The increasingcomplexity of today's enmbeddedapplications, particularly multimedia
and network routing, has beenexerting considerabledemandson embedded processors.
Consequetly, SoC designershave resorted to the use of multiple programmable pro-
cessingelemerts in a single SoC. Examplesof sud parallel SoCsinclude systemsfrom

Daytona [13], picoChip [8] and Cradle Tednologies[1].

Howe\er, theseparallel SoCsposeprogrammingchallengego the application dewelop-
ers. This is mainly becausegprogramming parallel systemsis considerablymore complex
and time consumingthan programming single-pracessorsystems. This increasede ort

in programming resultsin increasedsoftware costsand lower productivity.

The Multi-L evel Computing Architecture (MLCA) is a novel SoC architecture cur-

rently being deweloped by STMicroelectronics[21]. It is intended to provide a simple
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programming model while delivering high performancefor multimedia applications. It
featuresmultiple processingunits, a sharedmemory and a top level cortroller that uses
well-deweloped superscalarprinciples to automatically exploit parallelism amongcoarse-
grain units of computation, or tasks The MLCA supports a programming model, which,
similar to that of sequetial programming, doesnot require programmersto specify syn-
chronization and/or data communication. In this model, an application consistsof tasks
(written in regular high-level languagessud as C) and a high-level control program that
represets the cortrol and data o w amongthesetasks. The usageof data amongtasks
is explicit in the form of the input and output argumerts of the tasks. Subsequetty,
the hardware is ableto renamethe input and output argumers of tasksand schedulein

parallel the tasksthat do not have data dependenceswith ead other.

In spite of its features, the MLCA requiresthe support of a compiler to alleviate
performanceproblemsthat may arise in multimedia applications. These problemsare
mainly causedby the usageof pointers to aggregatedata in sharedmemory, which limits
the ability of the MLCA hardware to exploit parallelism. The focus of this work is such

compiler support.

More speci cally, this thesisdescritesthe MLCA Optimizing Compiler, intended to
assistthe programmersin porting applicationsto the MLCA. The target classof applica-
tions for the MLCA Optimizing Compiler is multimedia applications. Theseapplications
have simple cortrol o w, usually a main loop consisting of calls to work functions and
which iterates until the endof input. Furthermore, multimedia applicationsgenerallyuse
simple data structures, mostly bu ers (arrays) and structures. The data ow between

the work functions is realizedby passingpointers to thesebu ers and structures.

We designseeral code transformations for the MLCA Optimizing Compiler, which
bene t from the commonproperties of the multimedia applications. Thesecode transfor-
mations are referred as parameter deaggregationpu er privatization, bu er replication

and bu er renaming. They enableparallel execution of tasks as well as handle correct-
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nessissuesin cortrol programs. They are basedon standard compiler analysessut
as inter-procedural data- ow and array section analyses. Furthermore, it is possible
for programmersto provide high-level data usageinformation, in the form of pragmas,
to complemen these compiler analyses. We beliewe that our code transformations are
applicable and bene cial to most multimedia applications, and they greatly reducethe
programmer'se ort in porting applicationsto the MLCA. On the other hand, the char-
acteristics of theseapplications may limit the applicability of the code transformations.
Parameter deaggregationcan not be applied to recursiwe structures, i.e. the structures
that cortain pointers to ead other, suc as linked lists. In addition, bu er privatiza-
tion, bu er replication and bu er renaming can not be applied or can only be applied
consenatively, in casethe cortrol program cortains loopsthat accesdli erent sections

of bu ers in di erent iterations.

We implemert a prototype of the MLCA Optimizing Compiler to evaluate our code
transformations. We use Open Researb Compiler (ORC) [7] as the infrastructure for
analyzingthe tasksand applying the code transformationsto cortrol programsand tasks.
We alsoimplement an API that allows programmersto insert/modify the prerequisite
analysesresults. This feature of our compileris usefulwhen ORC analysedfail or aretoo

consenrative becauseof compile time restrictions (such asl/O operations, aliasing, etc.).

We experimert with three multimedia programs that represen the classof appli-
cations that the MLCA Optimizing Compiler is targeted for. The results shav that
applying the code transformationsresultsin application performancethat is comparable

to that of hand-ported applications.

1.1 Thesis Contribution

This thesis makesthe following cortributions:
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1. Code Transformations: This thesis introducescode transformations for creating
correct and high performanceMLCA programs. The legality and the e ectiveness
of these code transformations are discussedand their implemertation is described

in detalil.

2. Design and Implementation of a Prototype Compiler: This thesis descrites the
designand implemertation of an optimizing compiler targeting the MLCA. The
phasesand the user APl of this compiler are designedand implemenried with an

open-sourcecompiler infrastructure.

3. Experimental Evaluation of the Code Transformations: This thesis provides an
experimertal evaluation of the code transformations. The overall and the individual

bene ts of thesecode transformations are shavn and their overheadsare assessed.

In addition, this thesisprovidespractical knowledgeabout porting applicationsto the
MLCA, by stating possibleperformancebottlenedks and critical programmer mistakes
in MLCA applications. A technique for porting applicationsto the MLCA programming
model is also suggestedn this thesis. Furthermore, by preseiing experimertal results
for three multimedia applications, this thesis gives an indication of the performanceof

the MLCA.

1.2 Thesis Organization

The remainder of this thesis is organizedas follows. Chapter 2 gives a brief a back-
ground on the conceptsusedin the thesis. Chapter 3 descrikesthe target architecture,
i.e. the MLCA. Chapter 4 discusseghe needfor compiler support for the MLCA. Chap-
ter 5 introducesthe code transformations designedfor the MLCA Optimizing Compiler.
Chapter 6 details the algorithms of the code transformations. Chapter 7 presers the

overall structure of the MLCA Optimizing Compiler. Chapter 8 preseits and discusses
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the experimertal results for the MLCA Optimizing Compiler. Chapter 9 discussegshe
related work. Chapter 10 concludesand givesdirections for future work. Appendix A

preseis someof the implemenation issuesfor the MLCA Optimizing Compiler.



Chapter 2

Background

In this chapter, we review someof the basic conceptsrelated to superscalarprocessors,
data dependencecortrol dependence put-of-order execution,speculative execution,reg-

ister renaming, aliasing, array sectionanalysisand array privatization.

2.1 Superscalar Pro cessors

Supersa@lar processorsare a genreof multiple-issue processorsin which varying number
of instructions areissuedper clock cycle. The eligibility of instructions for issueis chedked
by the fetch unit of the superscalarprocessorjn the programorder. Eligible instructions
are issuedto the computation unit, allowing the executionof multiple instructions in a
cycle, e ectively decreasingthe cycle-per-instruction (CPI) to belov one and exploiting

more instruction-level parallelism.

Most of the today's processorsare basedon superscalartechniques. Sun UltraSPARC
[I/I 11, IBM Power2, Pertium [11/4 and MIPS R10K are among the most well-known

commercialsuperscalarprocessors.
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2.2 Data Dependences

Data Dependene is said to exist betweentwo instructions if they accesshe samedata
(in aregisteror in memory) and at least one of them writes this data. Data dependence
is classi ed into three categories; ow, output and anti dependenceg17.

Flow dependenceoccurswhen data is read by an instruction after it is written to by
another. Flow dependencesare a part of natural program data- ow and in generalcan
not be eliminated. For this reason, o w dependencesre alsocalledtrue degendenes A
ow dependencebetweentwo instructions i ; andi, isidertied by i fis.

Output dependenceexists when two instructions are writing to the sameregister or
the samememorylocation. In orderto presene correctnessjnstructions have to write to
the memory or registerin the executionorder, causingthe secondnstruction to beissued
only after the rst oneis completed. In other words, the execution of the instructions
must be in program order, although there is no true dependencebetweenthem. Unlike
true dependencesoputput dependencesanbe eliminated with renaming. Therefore,they
are alsoreferredto asfalsedegndenes An output dependencebetweentwo instructions
ipandi,isidentied byi; ..

Anti dependenceexists when a register or memory location is written to by an in-
struction, after it is read by another. To ensurecorrect execution,the secondinstruction
must wait for the rst oneto read the data beforeit can write the data. Therefore,
the instructions have to accessthe memory location or register in the program order,
serializingtheir execution. Anti dependencesare alsofalsedependencesn that they can
be resohed using renaming. An anti dependencebetweentwo instructionsi; andi , is
idertied by i 2i,.

Figure 2.1 depictssomeexamplesof data dependenceslin the gure, instructions are
represeted by an opcode followed by a destination register and two sourceregisters. In
Figure 2.1(a), there is a ow dependencei; i, betweenthe two instructions, through

registerRQ In other words, the destination of the rst instruction, i.e. DIV, is ROregister,
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1) DIV RO, R2, R4
) ADD R10, RO, R8

(a) Flow dependence.

1) DIV R4, R2, RO
@) ADD R4, RO, R8

(b) Output dependence.

1) DIV R2, R1, R4
) ADD R1, RO, R8

(c) Anti dependence.

Figure 2.1: Data dependencetypes.

which is also a sourceregister for the secondinstruction, i.e. ADDIn Figure 2.1(b), the
secondinstruction has to wait the rst one, becausethey both write to register R4
This createsan output dependencei ; °i , betweenthe two instructions. Figure 2.1(c)
shavs an examplein which the two instructions have to be issuedin-order becauseof the

anti-dependence ; 2i, causedby the accessefo the register R1

2.3 Control Dep endences

Control Dependene is said to exist between two instructions, if the outcome of one
instruction, determineswhether the other instruction will be executedor not [17]. For
instance,cortrol dependencesausedby the brand instructions determinethe execution
order of instructions. In that sensegwery instruction, exceptfor thosein the rst basic
block of the program, is cortrol dependert on some set of branches, and, in general
thesecortrol dependencesnust be presened for correct execution. If an instruction i ;

is cortrol dependen to another instruction i ,, this is denotedby i ; €i,.
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if bl {
S1;
k

if b2 {
S2;
k

Figure 2.2: Control dependences.

For example,in the code segmeh of Figure 2.2, instruction S1is cortrol dependen
on bl brandh instruction, and S2is cortrol dependert on b2 but not on bl In other

words, there exist two cortrol dependencesS1 °bl and S2 “b2.

2.4 Out-of-Order Execution

Out-of-order exesution is a technique usedin superscalarprocessorsgnabling the issue
of instructions out of program order [17]. With out-of-order execution, instructions are
cheded for issuein programorder and an instruction may beissuedto computation units
regardlesswhether all the instructions previousto it have beenissuedor not. Thus,
in corntrast to in-order execution, a stalled instruction does not causeits subsequen
instructions to be stalled.

Figure 2.3 depictsa candidate code for out-of-order execution. In the gure, the rst
and the third instructions are division operationsthat take signi cantly longerthan the
secondaddition operation. While the rst instruction is being executed,the secondin-
struction cannot be issuedto the computation unit becauseof the true data dependence
causedby the accesseso ROregister. With in-order execution, the third operation, al-
though it doesnot have any data dependencewith either of the two previousinstructions,
is stalled until the rst instruction is completedand secondinstruction is issued. The
impact of this stall canbe signi cant on the executiontime, becausehe rst division in-

struction cantake many cyclesto complete. In cortrast, with out-of-order execution,the
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1) DIV RO, R2, R4
) ADD R10, RO, R8
(3) DIV R12, R8, R14

Figure 2.3: An examplecode for out-of-order execution.

third instruction will be issuedwithout waiting for the completion of the rst or second
instructions and therefore overlapping the two DIV instructions, considerablydecreasing
the executiontime (assumingthat hardware support existsto allow overlapped execution

of the two DIV instructions).

2.5 Speculativ e Execution

Speculative exesution eliminatesthe e ect of stalls causedby the cortrol dependence$17].
This is achieved by allowing instructions to executebeforethe cornrol dependencesare
resolhed. If the speculationis not correct, the e ects of the incorrectly speculatedinstruc-
tions are undone. Howewer, if the speculation is correct, the results of the speculative
instructions are committed. Therefore, speculative execution keepsa processorbusy,
which pays o when the speculation is correct, as well as opensup more opportunities

for better dynamically sdheduling instructions [17].

Figure 2.4 illustrates speculation using an examplecode sequence.Iln the example,
the fth instruction is a brandh instruction and ewery instruction insidethe loop s cortrol
dependert onthis branch instruction. Strictly, it is not possibleto know if the branch will
be taken or not until the branch instruction is actually executed. Without speculation,
instructions will be stalled until the branch is completedat the endof every loop iteration.
Howewer, with speculative execution, instructions are issued speculatively, even if the
branch condition is not resoled, basedon somepredictions about the outcome of the

brandh. If the speculation is correct, improvemer in the executiontime will result.
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1) LOOP: LOAD RO, O(R1)

) MUL R4, RO, R2
©) STORE R4, O(R1)

(4) ADDI R1, R1, #8
(5) BNE R1, R2, LOOP

Figure 2.4: An examplecode for speculative execution.

2.6 Register Renaming

Register Renaming is a technique usedto resole false dependences,.e. output and
anti dependencescausedby register accesse$l7]. It eliminates these dependenceshy
renaming all destination registers,including those with a pending read or write for an
earlier instruction, sothat the out-of-order write doesnot a ect any instructions that

depend on an earlier value of the operand.

Figure 2.5 givesan exampleof how renaming breaks output dependences.In Fig-
ure 2.5(a), there is an output dependencebetween the secondand third instructions
becausethey both write to register R6 The hardware or the compiler could replacethe
destination register of the latter instruction, i.e. SUBwith a newregister, eliminating the
output dependence.The Figure 2.5(b) shows the result of the renaming, when register
R6is replacedwith register R10in the destination of the SUB Subsequetty, register R10

is alsousedin all the subsequeninstructions instead of RG

Figure 2.6depictsrenamingfor anti-dependences.The anti-dependencen Figure 2.6(a) be-

tween ADDand SUBthrough register R3is resohed by renaming the destination of SUB
with registerR1Q asin Figure 2.6(b). Similarly, R10is usedin ewery subsequeninstruc-
tion, instead of R3 to presene the correctness.After the renaming,the hardware or the
compiler can sthedule the SUBInstruction earlier than ADDwithout violating program

correctness.
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1) DIV RO, R2, R4
) ADD R6, RO, R8
©) SUB R6, R2, R4
(4) MUL R7, R6, R4

(a) Before renaming.

1) DIV RO, R2, R4
) ADD R6, RO, R8
?3) SUB R10, R2, R4
(4) MUL R7, R10, R4

(b) After renaming.

Figure 2.5: Renamingfor output dependences.

1) DIV RO, R2, R4
) ADD R6, R3, R8
?3) SUB R3, R2, R4
(4) MUL R7, R3, R4

(a) Before renaming.

1) DIV RO, R2, R4
) ADD R6, R3, R8
©) SUB R10, R2, R4
(@) MUL R7, R10, R4

(b) After renaming.

Figure 2.6: Renamingfor anti dependences.



Chapter 2. Backgr ound 13

void Read_Data(FILE* file, int buf[])
inti;

for(i = 30; i <= 40; i++)
buf[i] = fgetc(file);

Figure 2.7: An examplecode for array sectionanalysis.

2.7 Alias Analysis

Two variablesare said to be aliases if they point to the samememory location. For in-
stance,in the C programminglanguage,if p = &i, thenit issaidthat < p;i > isanalias
pair, meaningthat the two elemeits referencedata in the samememory location. The
processof nding variable alias pairs in a program is called alias analysis This analysis
is very important in compilers,becausat allows building more accuratedata dependence
relationships among the variables, allowing more aggressie optimizations and instruc-
tion sdeduling. Alias analysisis a complex process,for which seweral approades have

beenproposed[11, 18 19.

2.8 Array Section Analysis

An array section descritesthe set of array elemens that are either read or written by
a group of program statemerts. Se\eral approadieshave beenproposedto obtain array
sections,di ering in their e ciency and accuracy[16]. Generally theseapproahesare
referredasarray section analysesand resulting array sectionsare represeted with a pair
of start o set and end o set inside bradkets together with the type of the access.For
instance, in Figure 2.7, [30:40]:Write  is the section of the array buf accessedy the

code fragmert shown.
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S1: for(l=1; 1 <N; I++4) {

S2: A[1] = X[1[J]

S3: for(J=2; J<N; J++) {
S4: Al =AJ-1] + Y[J];
S5:

S6: for(K=1; k < N; k++) {
ST: B[II[K] = B[I]IK] + A[K];
S8: }

S9: }

Figure 2.8: An examplecode for array privatization [27].

2.9 Array Priv atization

Privatization [12]is a technique that allows concurren threads or processordo allocate
a scalaror an array in their respective private memory space,allowing di erent threads
or processordo safelyaccesghis scalaror array without the needfor syndronization.
In other words, privatization eliminates memory related data dependenceby providing
a distinct instanceof a scalaror an array to ead thread or processor.If privatization is
appliedto a scalarvariable, the transformation is called salar privatization, whereasfor
arrays, it is called array privatization. In order for array privatization to be legal for an
array A in aloop L, ewery fetch to an elemen of A in L must be precededby a store to
the elemen in the sameiteration of L [27].

Figure 2.8 shows an exampleof array privatization. In the depicted example,eat
iteration of loop S1 accesseshe sameelemens of array A, forcing the iterations of S1
to serialize. Howewer, data written to A in oneiteration of S1is only accessedn the
sameiteration of S1. Therefore, marking A private to ead iteration of loop S1 allows
the parallel executionof ead loop iteration.

A number of techniqueshave beenproposedto privatize arrays including the one by

Tu [27].



Chapter 3

The MLCA

The Multi-level Computing Architecture (MLCA) is a template architecture for SoCsys-
tems intended for multimedia and streamingapplications. The MLCA featuresmultiple
processingunits and a top level cortroller that automatically exploits parallelism among
coarse-grainunits of computation, or tasks, using well-deweloped superscalarprinciples.
In this chapter, we give an overview of the MLCA. Section 3.1 descrikesthe archi-
tecture itself. Section 3.2 descrikes the programming model supported by the MLCA.
Section 3.3 descrites the renaming and syndironization medanism of the MLCA. Sec-
tion 3.4 arguesthe benets of the MLCA and its programming model. Section 3.5
preseits exampleof the performanceof the MLCA (using a simulator) for two multime-

dia applications.

3.1 The MLCA

The MLCA is a 2-lewel hierarchical architecture that at the lower level consistsof multiple
processingunits (PUs). A PU can be a full- edged processorcore (superscalar, VLIW,
etc), a DSP, a block of FPGA, or somecustom hardware. The upper level consistsof
a cortrol processor(CP), a task dispatdher (TD), and a universal register le (URF).

A dedicatedinterconnectlinks the PUs to the URF and to memory A block diagram

15
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of the MLCA is shown in Figure 3.1(a). It bearsconsiderablesimilarity to an abstract

microprocessorarchitecture, in Figure 3.1(b).

The novelty of the MLCA architecture stems from the fact that the upper level
of the hierardhy supports out-of-order, speculative and superscalarexecution of coarse-
grain units of computation, which is referred to as tasks. It does so using the same
techniques used in today's superscalar processors,sud as register renaming and out-
of-order execution, to exploit parallelism among instructions. This leveragesexisting
superscalartechnologyto exploit task-lewel parallelismacrossPUs in addition to possible

instruction-level parallelism within a PU.

The CP fetchesand decalestask instructions, ead of which speci es ataskto execute.
A taskinstruction alsospeci esthe inputs and outputs of the task asregistersin the URF.
Dependencesamong task instructions are detectedin the sameway that dependences
amonginstructions are detectedin a superscalarprocessor:by meansof the sourceand
sink registersin the URF. The CP renamesURF registersas necessaryto break false
dependencesamongtask instructions. Decaded task instructions are then issuedto the
TD unit. Basedon dynamic dependencestaskscan be issuedout-of-order, and may also

completeand commit their outputs out-of-order.

Task instructions are enqueuedin the TD unit, in a similar way instructions are
enqueuedin the instruction queueof a superscalarPU. When the operands of a task
instruction are ready, the task instruction is dispatched using a scheduling strategy to
the PUs. The simplestof sut strategiesdispatdchesinstructions to PUs in a round-robin

fashion. Howewer, more dynamic strategiescan also be used.

The MLCA is a template of an architecture. It does not specify the form of the
interconnect among the PUs. Seeral implemertations are possible, including buses,
cross-bars,and multi-stage interconnects. In addition, sinceinter-task dependencesare
enforcedby the CP, and since data comnunication is primarily accomplishedthrough

the URF, there is no needto assumea particular memory architecture. The PUs may
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Control Fetch &
Processor Decode
I I
Task
Dispatcher Instr Queue
I [ | 1 I [ | 1
W W w W W w
Mem | [PY] [PY PU URF Mem | [XU] [XU XUl | cpr
< > < >
(a) Macro-architecture. (b) Micro-architecture.

Figure 3.1: The MLCA high-lewvel architecture analogy

sharea singlememory, or may ead have its own private memory, or any conbination of
the two, depending on the application. Howewer, a sharedmemory accessibleby all the
PUs simpli es the application designand, hence,it is consideredasa part of the MLCA

hardware model.

3.2 Programming Mo del

The hardware featuresof the MLCA give rise to a natural programming model that is
very similar to sequetial programming. The MLCA programmingmodel is layered. The
bottom layer comprisesthe task bodies, or simply the tasks. Ead task implemerts a
given functionality and has de ned inputs and outputs. A task can be a sequetial C
program, a block of asserbly code executingon a programmablePU sudt asa processor
or DSP core,or a prede ned functionality of a non-programmablePU sud asa hardware
block.
The top layer of the model is a single task-program, referred as a control program,

which executeson the CP. It is a sequetial programthat speci es task instructions, and

is expressedin a C-like languagecalled Sarek The languagereplacesfunction calls with
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int Add() {
int n1 = readArg(0);
int n2 = readArg(1);

writeArg(0, nl1 + n2);

return (n1+n2) 1= 0;

Figure 3.2: An exampletask function body.

task calls, and adds explicit direction indications (in or out) for function argumerts.

Figure 3.2 and Figure 3.3 illustrate the MLCA programming model. The task Add
shown in Figures 3.2 is expressedas a C function that computesthe sum of two inte-
gers. The function hasno formal argumerts. Instead, it commnunicateswith the cortrol
program through an API, obtaining input data with a readArg call, and writing results
using an analogouswriteArg call. For example,readArg(1l) readsthe secondinput to
the function, while writeArg(0) writes the rst output of the function. The task also
returns a condition code that is written to a condition registerin the CP, and may be
usedin a cortrol programto make cortrol decisions.

The main part of the correspnding cortrol program for the exampleis shaovn in
Figures 3.3. It makesfour calls to the task Add In ead call, the variable namesof the
inputs and outputs of ead task are speci ed. In addition, accesdype indicators (in or
out) are alsospeci ed for eat variable.

Sarek has while-loops and if-statemerts for cortrol- o w, but it has only two data
types: cortrol variablesand data variables. Control variables store the return valuesof
task calls, and are usedto decide o w of cortrol in conditionals and loops. Sarekallows
bitwiselogical expressionsn cortrol variables. Data variablesprovide input and output
argumerts for task calls, asillustrated in the exampleabove. There is no restriction on
the type of data that can be carried by the data variables. In that sensea data variable
may cortain scalarvalues(sud asinteger) or pointer values.

Semattically, data variablesthat are outputted from tasksin a PU are available when
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do{

notzero = Add(in widthl, in width2, out totwidth);
notzero = Add(in width3, in totwidth, out totwidth);
if (notzero) {

Div(in areal, in totwidth, out length1l);

}
notzero = Add(in width4, in width5, out totwidth)
notzero = Add(in width6, in totwidth, out totwidth);
if (notzero) {

Div(in area2, in totwidth, out length2);

}

notfinished = NotDone(in index);
} while(notfinished);

Figure 3.3: A samplecortrol program.

the task writes them usingthe writeArg call. By cortrast, cortrol variablesare available
to the upper layer only when a task has completed execution. Consequetly, the rst
conditional if (notzero) ... in Figure 3.3 can be ewaluated only after the preceding
task Addhascompleted,even though the input argumert totwidth for the following task
Div is available earlier.

Sarekis compiledto generatea register-le\el intermediate represetation of the pro-
gram similar to asserbly, which is called HyperAssembly(HASM). The HASM code
fragmert in Figure 3.4 correspndsto the cortrol programin Figure 3.3. In this HASM
code, cortrol variablesare storedin URF cortrol registers,denoted CRx Data variables
are stored in URF data registers,denotedRx For URF data registers,the accesgype
of the register is also given, as :r for inputs, and :w for outputs, which is used for

dependenceanalysisby the hardware.

3.3 Renaming and Synchronization

In this section,we descrile the URF task comnunication in the MLCA and descrike the
architecture's renaming and syndironization medanisms.

Tasks commnunicate through the URF by reading from and writing to URF data
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DolTop:

task Add, CR1, R5:r,R3:r,R3:w

if false (CR1 & Ox7fffffff) jmpa If2False
If2True:

task Div, R5:r,R3:r,R4:w
If2False:

If2End:
task NotDone, CR2, R2:r
if true (CR2 & Ox7fffffff) jmpa DolTop

Figure 3.4: The HASM code for the cortrol program fragmert of Figure 3.3.

registersof xed sizeusing the readArg and writeArg routines. Howeer, type of data
communicated through URF is not limited. Thus, both scalarsand pointers can be
communicated through the URF. URF is more suitable for scalar data, but it is less

suitable for aggregatedata sud asbu ers and structures becauseof their large sizes.

Consider the simple code segmeh shovn in Figure 3.5 which illustrates the data
communication through the URF. In the samplecortrol program of Figure 3.5(a), TaskB
and TaskCusethe scalarcount value producedby TaskAand, similarly, TaskEusesthe
count value producedby TaskD Consequetly, count is the output argumert of TaskA
and TaskDand the input argumer of TaskB TaskCand TaskE It is important to note
that, sincethe count value producedby TaskAis not usedby TaskD it is not necessary
to make count an input argumert of TaskD When the cortrol programis asserbled, the
HASM programin Figure 3.5(b) is obtained, after the allocation of the physical registers

for the task argumerts.

One of the most signi cant bene ts of the MLCA is register renaming at the task
level. At run-time, dependencesamong URF registersare tracked by the CP. In case
of an output or an anti dependencethe CP allocatesa new register for the destination
of the subsequen task instruction, e ectively renaming the register and resolving the
dependence.This is illustrated usingthe exampleHASM programin Figure 3.5(b). The

CP will renamethe destination registerof TaskD togetherwith the subsequenuseof the
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TaskA(out count);
TaskB(in count);
TaskC(in count);
TaskD(out count);

TaskE(in count);

(a) Control program with URF data communication.

TaskA, R1:w
TaskB, R1:r
TaskC, R1:r
TaskD, R1:w
TaskE, R1:r

(b) The corresponding HASM program.

Figure 3.5: Samplecode fragmerts using URF data communication.

sameregisterin TaskE as showvn in Figure 3.6. As the result of register renaming, the
anti URF dependencesTaskB @ TaskDand TaskC 2 TaskD and the output dependence

TaskA ° TaskDare resoled, allowing their parallel and out-of-order execution.

The MLCA programming model intentionally lacks any syndronization routine, for
simplicity. Instead, the URF and the CP are handling both the syndironization and

the data comnunication of the tasks. Basically, whenthere is a URF ow dependence

TaskA, R1:w
TaskB, R1:r
TaskC, R1:r
TaskD, R2:w
TaskE, R2:r

Figure 3.6: The HASM program of Figure 3.5(b) after register renaming.
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betweentwo tasks, they are stheduledsequentially by the CP.

For instance,whenthe HASM programshawn in Figure 3.6is executedby the CP, af-
ter renamingis performed, TaskBand TaskCwill be dispatched after TaskAis completed,
becauseof the URF ow dependencesTaskA ' TaskBand TaskA ! TaskC Similarly,

TaskEwill only start after TaskDis completed.

3.4 Benets of the MLCA

The combination of architecture and programming model of the MLCA give rise to a

number of advantagesfor SoC designs:

Reduad software complexity. The programming model of MLCA is closeto that of
sequetial programming. An order of executionis given to the CP and the PUs,
which when executedsequetally is consideredto provide correct results. This
alleviates the needfor explicit parallel programming, which leadsto considerable

software complexity.

Automatic extraction of the parallelism. Similar to instruction-level parallelism,
speedup can be adhieved through register renaming and out-of-order execution.
For output and anti dependences,the CP allocates new registers, allowing the

tasksto run in parallel on separatePUs.

Multiple levelsof parallelism. The MLCA combines task-lewel parallelism at the
top-level and instruction-level parallelism in the PUs. Task-lewel parallelism is
potertially higherthan the instruction-level parallelismthat canbe extracted from

sequetial code [28].

Sepration of communiation and synchionization from computations Syndro-
nization and comrmunication are often signi cant cortributors to the complexity

and cost of an enbeddedsystem. Both can lead to cortention on interconnects,
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increasedlatency, and power consumption. In addition, software dewelopmen is
complicated by the needto insert syndironization and communication primitiv es.
The MLCA programming model provides separationof syndironization and com-
munication on the one hand, and computations on the other. Computations are
doneentirely within the tasks, i.e. they are accomplishedby the PUs. Task com-
munication and implicit syndironization are performed by the CP and the URF.
This cortrasts with most current parallel programming models usedwith existing
multi-pro cessorSoCs,where the comnunication and syndironization are explicit

and are mixed in with the application code modules.

E cient communiation. Tasks may communicate through the URF instead of
relying on a sharedmemory, leadingto potentially faster and more e cient com-

munication.

Fast architecture explomtion. The modularity and exibilit y of the template archi-
tecture that accommalates heterogeneiy and the independenceof the code from
resourcemanagemet) allow fast exploration of a MLCA con guration for a speci c

application.

3.5 Performance

We have performed a preliminary study of the performanceof the MLCA using two
realistic multimedia applications and a functional simulator [20, 21]. In this section,we
report on the overall performanceof the thesemultimedia applicationson the MLCA, in
order to show the potential for the architecture.

The two applications we useare MAD and FMR. MAD is an MPEG audio decaler
that translates MPEG layer-3 (mp3) les into 16-bit PCM output. FMR is an audio
application that performsFM demadulation on a 16-bit input data stream, producing 32-

bit output data stream. Figure 3.7 shaws speedupsfor the MAD and FMR applications
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asa function of both the number of processorsand the number of renamingregisters.

In Figure 3.7, it is seenthat ead application exhibits scaling speedup, which is
relatively closeto ideal whenthe number of renamingregistersis su cien tly large. The
gure alsoshaows that speedupof eat application dependson the number of renaming
registers;in general,the morerenamingregistersare available, the higheris the speedup.
This behavior is due to the fact that the increasein the number of renaming registers
breaks more false inter-task dependences,allowing more tasks to executein parallel.
When all false dependencesare removed by the addition of enoughrenaming registers,
the execution speed of eat application is dictated by the true dependencesamongits
tasks. After enoughrenamingregistersare used,the addition of more renamingregisters
doesnot lead to the executionof more tasks and thus further speedup.

In our view, the MLCA is a promising novel architecture providing easyportabilit y of
applications, while good and scaling performanceis obtained. Its natural programming
model reducessoftware complexity, with automatic syndironization of tasks, whereas
the architecture providesboth ne and coarsegrain parallelism. The MLCA alsorelieves
the programmersfrom the burden of the implicit syndironization and comnunication

routines inside computation, by separatingtheir designspace.
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Figure 3.7: The speedupof the MAD and FMR applications[20, 21].
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Compiler Support For The MLCA

In this chapter, we descrite the compiler support for the MLCA. Section4.1 introduces
our vision of the MLCA compilation ervironmert, intendedto create high-performance
HASM programsand tasks, starting from sequetial applications. Section4.2 presens
performanceand e ciency issuesn cortrol programsand discusseshe role of the MLCA

compilerin overcomingthem.

4.1 The MLCA Compiler

We ernvision a compilation ervironment for the MLCA, which is shavn in Figure 4.1.
The environment converts sequetial application code into a cortrol program and a set
of tasksthat executeon an instanceof the MLCA and that exhibit high performance.
The sequetial application code is processedising a task selectorthat groupsthe in-
structions of the application in tasksand forms a cortrol programthat represen the data
and cortrol ow amongthesetasks. A cortrol program together with its correspnding
tasks is referred as the task distribution. The task distribution produced by the task
selectoris processedy an optimizer to improve the performance. The optimized cortrol
program is assemled to HASM by an asserbler and the optimized tasks together with

the other functions of the application are compiledto macdine code by a native compiler

26
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Figure 4.1: The MLCA compilation environmert.
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(sudh asgcec, ecc, etc.) for the target PUs of the MLCA instance. A performanceealua-
tor is usedto predict the performanceof theseoptimized and asserbled/compiled codes.
The performancepredictions, and the output of the task selectorand the optimizer are
usedto provide feedba& to the userthrough a feedba& generator. The compilation
environmert is invoked iterativ ely, by starting with an initial task distribution, revising
and optimizing the distribution in ewery invocation. The user decideson whento stop
in this iterativ e processbasedon the feedba& generatedby the feedba& generatorand

the performancerequiremerts of the application.

We beliewe this compilation ervironmert is suitable for the classof applications the
MLCA is targeted for, namely multimedia applications. An MLCA instanceis intended
to executeone or few applications, and hencedesignersare willing to spend the time
and e ort in this iterative processto ensurethat the code performswell. Further, this
ervironmert allows experimerting with many MLCA instancesfor designersto reduce
cost/performance. Thesedesignersare usually familiar with the application to a point
which allows them to put the feedbak provided by the compiler into the context of the

application and the MLCA instanceused.

In the remainder of this section,we elaborate on eaty componert of the compilation

environmernt.

The task selectoris responsible of determining which instructions of the application
are to serwe astasks. A cortrol program that represets the cortrol and the data ow
among the selectedtasks is also generatedby the task selector. This cortrol program
and the correspnding tasks are newly createdin the rst invocation of the task selector

or they are revisedin later invocations.

An important aspect in the selectionof tasksis task granularity. Coarsegrain tasks
tend to hide parallelism by assigninglarge portions of sequetial code on a single pro-
cessor. In cortrast, ne-grain but higher number of tasks increasecortention over the

CP, and consequetly, the task issuecosts. Therefore, ne grain tasksshould be selected
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over the coarsergrain onesonly if there is parallelism to be extracted. Howewer, the
impact of the task granularity on the performanceof cortrol programsis hard to predict
at compile-time. Consequetly, the selectionof the optimum task granularity is best
achieved with an iterative and pro le-based approad. Furthermore, sud an approat
can provide the optimizer with crucial information that may not be obtainable through
static compiler analysesand increasethe e ectivenessof the optimizations. As a result,
the MLCA compilation ervironmernt is chosento be iterative and includesa performance

ewvaluator.

The purposeof the optimizer is to solve performanceand correctnesgssuesn cortrol
programs and tasks, which will be descrited in the remainder of this chapter. In fact,
in order to obtain sucient performancefrom a task distribution, generatedby the
task selector, the cortrol program and the tasks should be optimized through some
transformations speci ¢ to the MLCA, which will be presetted in Chapter 5. Thesecode
transformations rely on someanalysesresults which are obtained using static compile-

time analyses.

The asserbler and the native compiler are necessaryfor generatingthe executable
codesthat will run on the CP and the PUs respectively. Consequetly, the asserbler is
alsoresponsibleof allocating the physical registersfor the URF data and cortrol registers
of the MLCA. Similarly, the native compiler generatesthe madine code for the target
PUs and also optimizesthe tasks and the other functions of the application via regular

compiler analyses.

The performanceevaluator provides performancefeedba& to the componerts of the
compilation ervironmert, namely the task selectorand the optimizer, and the program-
mer. It can be a static model of the MLCA which estimatesthe performanceof the
cortrol program basedon predictions about cortrol decisionsand I/O operations. It can
alsobe a dynamic model of the MLCA, which actually simulates the ported application,

providing more accuraterun-time information.
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The purposeof the feedba& generatoris to organizethe performance,task selection
and optimization results in a human-readableformat that the programmer can under-
stand. In that sensedi erent aspectsof the performanceealuation, the revisionsmade
to the cortrol program and any applied and/or not-applied code transformation(s) are
presented to the programmer.

The focus of our work is the optimizer. We beliewe that for most of the multime-
dia applications, making a good selectionof tasks is not very dicult becauseof the
simple cortrol ow of sud applications. Howeer, the real challengeis in nding ways
of improving the performanceof a cortrol program and the correspnding tasks, which
is realized by the optimizer. In the following section, we elaborate on the needfor the
optimizer by describingthe performanceand e ciency issuesin cortrol programsand

tasks.

4.2 The Need For Optimization in Control Programs

In the MLCA programming model, tasks can commnunicate through the URF and/or
sharedmemory The URF comnunication is descriked in Section3.3. In this section,
we introduce sharedmemory data comnunication and presen the correctnessand per-
formance problems causedby this commnunication. In fact, these problems necessitate
compiler optimizations in cortrol programs.

Comnunication through shared memory is achieved by reading and storing data
from/to the specic addressean the shared memory Howewer, these addressesmust
be comnunicated amongtasks, in order for thesetasks to accesshe samedata. Often
data in memory is located in consecutie addressesand store aggregatedata structures,
sud asbu ers and structures. Therefore, rather than comnunicating the addressef
eath accessecelemen of aggregatedata, it is sucient to commnunicate the start ad-

dress. The individual elemers (elemerts in bu ers, elds in structures) can be accessed
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by adding o sets to thesestart addresses.In other words, when someaggregatedata
structure producedby a task T1is neededto be usedby anothertask T2, T1 storesthe
data to a speci ¢ regionin the sharedmemory and copiesthe start addressof this region
to a URF register. Next, T2 copiesthis speci ¢ URF register corntaining the start ad-
dressof the regionto its local stadk and accessethe regionusingthis address.When the
memoryregionis a bu er, the start addressof the bu er, i.e. the pointer to the bu er is
communicated through the URF. Similarly, whenthe memory regionis a structure, the
addressof the structure in the memory; i.e. the pointer to the structure, is communicated

through URF.

With sharedmemory data commnunication, the URF accesgsypes (read or write) of
the shared memory addresseshemseles do not necessarilyrepreseh the accessypes
(read or write) of data. In other words, whether the data in the memory is read or
written, the addressof the data is always read from the URF by a task. This is the case
becausedhe task needsthis addressto accesshe data in the memory The only exception
is the task that allocates/createsa memory region and, thus, assignsthe addressof the
regionfor the rst time, in which case,the addressitself is only an output argumert of

the task.

Figure 4.2 depicts an exampleof sud sharedmemory comnunication. In the cortrol
program showvn of Figure 4.2(a), the accesdypesof data are shavn ascommerts in the
cortrol program for easeof presertation. In this cortrol program, TaskA TaskB TaskG
TaskDand TaskEaccesgshe memory region createdin Init , via the pointer ptr , which
points to the start of this memoryregion. Sincethe value of ptr is assignedn Init , it is
an output argumert of this task. In this cortrol program, TaskAand TaskDare writing to
the memoryregion,whereasTaskB TaskCand TaskEare only readingfrom it. Therefore,
tasks comnunicate the data through the sharedmemory while the pointer/address of
the memoryregionis comnunicated through the URF. It canbe seenthat all tasksread

the value of the pointer from the URF (exceptInit ) but, the accesdype of the data in
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memory can not be extracted just from the cortrol program and tasks shouldin fact be
inspected. Figure 4.2(b) depictsthe HASM program createdfrom the control program,

by de ning the physical registersfor the task argumerns.

//Creates the memory region
Init(out ptr);

/[Writes to the whole memory region
TaskA(in ptr);

/IReads the whole memory region
TaskB(in ptr);

/IReads the whole memory region
TaskC(in ptr);

//Writes to the whole memory region
TaskD(in ptr);

//Reads the whole memory region
TaskE(in ptr);

(a) Control program with sharedmemory data communication.

Init, R1:w

TaskA, R1:r
TaskB, R1:r
TaskC, R1:r
TaskD, R1:r
TaskE, R1:r

(b) The corresponding HASM program.

Figure 4.2: Samplecode for sharedmemory data communication.

The comrmunication through sharedmemoryresultsin syndironization and renaming
problemsthat requirecompilerassistance.Theseproblemsare describedin the remainder

of this section.
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4.2.1 Incorrect Synchronization

A seriousproblem causedby the shared memory comnunication is incorrect syndro-
nization. This problem is causedby the fact that, the URF accesdypes (input/output)
do not match the accesdypes(read/write) of the data; hence,the URF dependencesio
not re ect the dependencescausedby the accesseso the data in the shared memory
Consequetly, whenthe CP syndironizestasksaccordingto the URF data dependences,
sharedmemory dependencesnay be violated.

Considerthe cortrol program showvn in Figure 4.2(a). Sinceptr is only input argu-
merts of TaskA TaskB TaskG TaskDand TaskE thesetaskswill be stheduledin parallel
by the CP. Howeer, this parallel executionwill violate the data dependencesj.e. ow
dependence®f TaskA " TaskB TaskA  TaskG TaskD f TaskE the output dependence
TaskA ° TaskDand the anti dependencef TaskB @ TaskDand TaskC 2 TaskD These
dependencesare all causedby the accesseso the shareddata in memory.

A simple solution to this problemis to represeh the memory dependencesvith URF
dependences.This solution is consideredas a rule of thumb and applied intuitiv ely by
MLCA programmers.In the remainder of this section,we will elaborate on this solution
to the syndironization problem and discussits weakness.

In acorrectcortrol program, the sharedmemorydata dependenceshouldbe captured
by URF data dependences.This canbe achieved by explicitly represeting memory data
dependenceswith URF ow dependences,j.e. additional output and input argumerns
in the cortrol program. In this way, when there is a memory data dependencebetween
any two tasks, a URF ow dependencewill also exist, forcing the CP to syndironize
the two tasks. Programmersintuitiv ely realize this by arti cially making any pointer
indirectly accessedn a task also an output argumert of the task (in addition to being
an input argumert). With this approad, ewen though the value of the pointer itself is
not modi ed inside the task, it is written bad to the URF after the task is complete.

Becauseany task accessinghe pointer will have it asan input argumen, this approad



Chapter 4. Compiler Support For The MLCA 34

//Reads from the buffer using ptr pointer
Read_Data(in ptr);

[/Writes to buffer using ptr pointer
Write_Data(in ptr);

(a) Execution of tasks is parallel, asthere is no URF dependencebetweenthem.

/IReads from the buffer using ptr pointer
Read_Data(in ptr, out ptr);

//Writes to buffer using ptr pointer
Write_Data(in ptr);

(b) Execution of tasks is serializedthrough arti cial output argumert in Read Data.

Figure 4.3: An exampleof syndironization output argumerts.

introducesURF ow dependencesausedby the accessew the value of the pointer and,
hence, preverts the violation of any ow, output and anti memory dependenceswith
the subsequen tasks accessinghe samepointer. A pointer which is made an output
argumen by the programmeris nameda synchionization output argument(SOA).

Figure 4.3 depictsan exampleof an SOA, wherethe argumern ptr , carrying a bu er-
pointer, is made an output argumert in task ReadData to serialize the execution of
ReadData and Write _Data becauseof the sharedmemory anti-dependence.

Although SOAs prevert incorrect syndironization, they causeunnecessarysyndro-
nization, i.e. they introduce false dependencesamongtasks accessinghe samepointer.
This is due to the fact that making a pointer both input and output argumeris of all
the tasksaccessingt, serializesthesetasks. Even though someof theseaccessesverlap
with memory data dependenceswhich needto be satis ed via SOAs, somedoes not,
serializingtasksthat canindeedexecutein parallel. This introduceswhat we refer to as
synchmonization false degndenes (SFDs).

Figure 4.4 preseits a casewherea SOA ptr createsa SFD betweentasks ReadDatal

and ReadData2. Nonetheless,ptr is neededto be declared as output argumert in
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/IReads data from buffer ptr
Read_Datal(in ptr, out ptr);

/[Reads data from buffer ptr
Read_Data2(in ptr, out ptr);

//\Writes to buffer ptr
Write_Data(in ptr, out ptr);

Figure 4.4: An exampleof syndronization false dependence.

ReadDatal and ReadData?2 to satisfy the anti-dependencedwith Write _Data through
sharedmemory.

Therefore,compiler support is neededo detect SFDsand re-arrangetasksargumens
in away that only data-dependen tasksare serialized. On the other hand, in caseshat
SOAs are not usedto satisfy the memory dependencegusually resulting in incorrect
programs), the compiler should e ectively syndronize tasks accordingto the memory

dependencesysing the appropriate SOAs.

4.2.2 The Renaming Problem

When tasks produce and use data comnunicated only through the URF, the renaming
medanism of the CP, descrited in Section 3.3, is successfuin resolving the false de-
pendencesamongtasks. In casesharedmemory is also a medium of comnunication,
the URF dependencesare causedby the accesse$o the value of the pointer. On the
other hand, the real data dependencesamong tasks are causedby the accesse$o data
in the sharedmemory Sincethe CP can only keeptrack of URF accessesit is only
ableto renamethe registerscarrying the value of the pointers. Consequetly, the MLCA
renaming medanism is ine ectiv e in resolving false sharedmemory data dependences.
This inability to resole false dependenceson data in memory may limit the available

parallelism and thus reducethe performance.

In the samplecortrol program shown in Figure 4.2(a), the URF true dependences,



Chapter 4. Compiler Support For The MLCA 36

causedby the accesseso the addressof the memory region, are among Init and the
remaining tasks. Howeer, the true data dependencescausedby the accesses$o the
memory region, are TaskA f TaskB TaskA ' TaskCand TaskD f TaskE Furthermore,
there are also anti data dependencesof TaskB 2 TaskDand TaskC 2 TaskD and the
output dependenceTaskA ° TaskD When the HASM program of the cortrol program,
shown in Figure 4.2(b), is executed,no renaming will be performedby the CP, because
R1, which correspndsto Sarekvariable ptr , is (and must be) an output argumert of
only Init . Even if the renaming was performed, R1would be renamed. Consequetiy,
the anti and output data dependenceghat exist on the sharedmemory will still remain,
preverting the parallel executionof TaskA TaskBand TaskCwith TaskDand TaskE
Thus, compiler support is neededto resohe the shared memory output and anti

dependencesjn order to improve parallelism.



Chapter 5

The Code Transformations

This chapter presens the code transformations designedto e ciently run MLCA ap-
plications. These code transformations are applied on the cortrol programswhich are
written in the Sareklanguage. Thus, they are collectively referred as the Sarek code
transformations The task functions may also needto be modied as a side e ect of
thesecode transformations.

Section5.1 preselts parameter deaggegation as a solution to the renaming problem
descriled in Section4.2.2. Section5.2 introducesa memory renamingtechnique for re-
solving the sharedmemory dependencescausedby bu er accessesSection5.3 preselts
bu er renamingwhich is e ective in resolving syndironization false dependencesmen-
tioned in Section4.2.1. Section5.4 describes code hoisting which enablesa task to write

its argumerts earlier sothat any task waiting for theseargumeris can start earlier.

5.1 Parameter Deaggregation

We propose parameter deaggregationas a compiler solution to the renaming problem,
descriled in Section4.2.2, speci cally for task argumeris of type pointer-to-structure.
The purposeof parameter deaggregationis to exposethe elemens of structures in the

parameter list of tasks, e ectively transforming shared memory dependencesto URF

37
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dependences.Consequetly, the CP is ableto renamethe elds of the structures, which
becomethe parametersof tasks, eliminating the falsedependencedor the scalar elds of

thesestructures.

Parameterdeaggregations performedby replacingpointers to structuresby the elds
of the structures, until all task parametersare of primitiv e types(e.g., int , float , int
* etc.). Sincestructures may cortain other structures or pointers to other structuresin

the sharedmemory parameterdeaggregations a recursive transformation.

A naive replacemen of task argumerts of type pointer-to-structure with all the elds
of the correspnding structures canresult in unnecessarygependencesamongtasks, thus
eliminating parallelism. Therefore,it is essetial to considerthe accesseto the structure
elds in tasks during the processof deaggregation. A eld of a structure should be
transformedinto an input argumert to a task only if it is used(beforebeing written) by
the task. Similarly, a eld of a structure should be made an output argumen to a task
only if it is written to in the body of the task. Thus, tasks should not have asinput any
eld that they do not use. Similarly, tasks should not have any eld asoutput that they

do not de ne.

Parameterdeaggregations always legalbecausat doesnot changethe data accesses
of the program. It only transforms shared memory data dependencesto URF data

dependences.

Figure 5.1 depicts an example of parameter deaggregationfor parameter st _ptr .
For simplicity, accessedo structure elds are shovn as commerns to the task calls.
Furthermore, st _ptr is both input and output to the tasks in order to prevent the
data dependenceviolations, with SOAs. The structure declarations, usedin the task
bodies, are given in Figure 5.1(a). In fact, st _ptr is a pointer to storage structure
in the bodies of the ReadFramel, Process_Frame and ReadFrame2 tasks. In the
cortrol program of Figure 5.1(b), ReadFramel de nes count and value elds of the

storage structure, thus, parameter deaggregationmakesthese elds output argumeris
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to the task. On the other hand, task Process_Frameusesvalue eld of the structure,
which is an input parameter of the task after deaggregation. Process_Frametask also
de nes the result eld of the outcome structure which is indirectly accessedvith the
output eld of type pointer-to-structure. Recursive parameterdeaggregatiormakesthis
result eld an output parameter. Furthermore, ReadFrame?2 task is also a ected by
the transformation, in which value and count elds are made output parameters. On
the other hand, dummyeld of the storage structure and previous _result eld of the
outcome structure are not made input/output argumeris for any task as they are not

read/written in any of the task bodies.

The resulting cortrol programafter parameterdeaggregatioris shovn in Figure 5.1(c).
In this cortrol program, CP is able to eliminate the false output dependencebetween
ReadFramel and ReadFrame?2 tasks, by renamingthe st _ptr _count variable, conse-

guertly executingReadFrame?2 task in parallel with ReadFramel and Process_Frame

Parameterdeaggregatiorhasthe overheadof increasedcortention over the URF, due
to higher number of task parameters. A URF with more registersis also needed. Fur-
thermore, eat elemen of the structure would have to be read/written using a separate
readArg / writeArg routine, which will createadditional overheadin task bodies. How-
ewer, structures usually cortain few elds in many multimedia applications and, only
few of the elds are accessedn eadt task. Consequetly, the overhead of parameter
deaggregationis expectedto be low for most multimedia applications. Furthermore, the
parameter deaggregationis very e ective in extracting parallelism, as will be showvn in
Chapter 8. Thus, overheadof parameterdeaggregations expectedto be outweighedhby

gainsin speedup.
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struct storage {
int count;
int value;
struct outcome *output;
int dummy;

struct outcome {
int result;
int previous_result;

(a) Structure de nitions.
//Defines st_ptr->count and st_ptr->value
Read Frame_1(in st_ptr, out st_ptr);

/lUses st_ptr->value and defines st_ptr->output->result
Process_Frame(in st_ptr, out st_ptr);

/IDefines st_ptr->count and st_ptr->value
Read_Frame_2(in st_ptr, out st_ptr);

(b) Control program before deaggregation.

Read_Frame_1(out st_ptr_count, out st_ptr_value);
Process_Frame(in st_ptr_value, out st_ptr_output_result);

Read_Frame_2(out st_ptr_count, out st_ptr_value);

(c) Control program after deaggregation.

Figure 5.1: Parameter deaggregationexample.
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5.2 Memory Renaming

In this section,we descrile the memoryrenamingtechnique intendedto solwe the renam-
ing problem discussedn Section4.2.2,for the task argumerts of type pointer-to-bu er.
The purposeof memory renamingis discussedand two code transformations that apply
memory renaming are presered.

Memory renaming allocatesextra storagein memory to break memory false depen-
dencesin the sameway extra registersare usedin the URF to break register false de-
pendences. Memory renaming is performed for memory bu ers but not for structures
becausestructures often have a small number of elds, and it is possibleand indeed
easierto renamethem using the URF after deaggregation.In cortrast, memory bu ers
have many elemerts that are hard to store all in URF and, even if they are stored high
comrmunication costswill be resulted for reading and writing task argumerts.

In the following sections,we descrike two code transformations that apply memory

renamingin di erent ways for di erent data dependencesituations.

5.2.1 Buer Replication

Bu er replication is the generalapplication of memory renaming, where an anti depen-
denceon the sharedmemory is resohed for two tasks, enablingtheir parallel execution.
With bu er replication, the memorybu er causingthe memory dependencebetweentwo
tasksis replicated by allocating an extra bu er and initializing this newly createdbu er
with the original bu er. This new copy of the bu er is given to the task that readsthe
bu er, while the other task that writes to the bu er still processeghe original bu er.
In this way, the two tasks accessesli erent bu ers, eliminating the false dependence
betweenthem.
Bu er replication is implemerted with the creation of three helper tasks. The Init

task allocatesthe neededextra storage and inserts the pointer value into its output



Chapter 5. The Code Transf ormations 42

register variable. This register variable is given to the task that needsthe extra storage,
asinput argumert by replacing/renamingits original input register variable. The Copy
task initializes the extra storagewith the data from the original storage,in order to
presene data- ow correctness.Finally, when the extra storageis no longer needed,it is
deallocated with the Finish task.

Bu er replication is always legal, becausefalse dependenceqcausedby register ac-
cesse®r memory accessesgan always be resoled with renaming the storage (register
or memory).

Figure 5.2 depictsan exampleof the bu er replication wherethe sharedmemory anti-
dependencebetweentasks ReadData and Update Data through bu er buf is resohed.
For simplicity, the bu er regionsaccessedy eadt task are shovn ascommerts to corre-
sponding task calls. In the examplecortrol program, after bu er replication, task Init
allocatesa new copy of the buf, i.e. newbuf, and Copy initializes newbuf with the
data in buf. New bu er newbuf is given to the rst task of memory anti-dependence
(ReadData), while the secondtask (Update Data) takesthe original bu er, i.e. buf.
After the newbuf is usedin ReadData, it is deallocated with task Finish .

Bu er replication hasan overheadof allocating and initializing the copy of the original
bu er space.The performancegain comeswith the parallel executionof two tasks, which
are serial without bu er replication. Therefore, bu er replication should be performed

in a consenative way, by inspecting the available gain againstthe possibleoverhead.

5.2.2 Buer Priv atization

Bu er privatization resolesthe memory false dependencesetweencollectionsof tasks,
enablingtheir parallel execution.

With bu er privatization, a set of tasks Ty, Ty, ..., T, that accessa memory bu er
buf is divided into disjoint subsetsof tasks S;, S, ..., & that accesghe samedata in

buf. In other words, in a subsetS, for every use of data stored in buf, the de nition
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/IWrites to buf[0:10]
Write_Data(in buf, out buf);

/IReads from buf[0:10]
Read_Data(in buf, out buf);

/IWrites to buf[0:10]
Update_Data(in buf, out buf);

(a) Control program beforebu er replication.

//Writes to buf[0:10]
Write_Data(in buf, out buf);

/Inew_buf is allocated
Init(out new_buf);

/Inew_buf is initialized with buf
Copy(in new_buf, in buf,
out new_buf, out buf);

/IReads new_buf[0:10]
Read_Data(in new_buf, out new_buf);

/Inew_buf is deallocated
Finish(in new_buf);

//Writes to buf[0:10]
Update_Data(in buf, out buf);

(b) Control program after bu er replication.

Figure 5.2: Bu er replication example.
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of the data is alsoin §. A single private memory bu er, the samesizeas buf, is given
to ead subsetof tasks instead of buf, sothat tasks in ead subsetaccessa di erent
bu er in the memory Since,tasksthat are accessinghe samedata are still using the
samebu er, no true dependencesre violated, maintaining correct execution. Sincethe
describked code transformation e ectively privatizesa bu er for a setof tasks,it is named

bu er privatization.

Bu er privatization can be adcieved by applying a similar memory renaming code
transformation sdhemeto the one explainedin Section5.2.1for bu er replication; how-
ewer, in this case,the scope of the memory renamingis a collection of tasks, rather than
a singletask. In addition, sinceno ow-dependenceis broken by bu er privatization,
renamedmemory doesnot needto be initialized after it is created. In order to privatize
a bu er buf for a collection of tasks Ty, Ty, ..., Ty, rst, a private copy pri of buf is
createdwith an Init task beforeany of Ty, Ty, ..., T, starts executing. Next, Ty, Ty, ...,
T, are given the private copy by meansof replacing buf with pri in the input/output
argumerns. Finally, after T,, T,, ..., T,, are all executed,the no longer neededprivate

copy is destroyed with the Finish task.

Bu er privatization is illustrated usingthe examplecortrol programin Figure 5.3(a).
In the cortrol program, TaskA TaskB TaskCG TaskD TaskEand TaskF accessa bu er
buf in the sharedmemory For simplicity, the bu er regionsaccessedy ead task are
shovn as commerts to correspnding task calls. Sincethe tasks of the cortrol program
accesghe sameaddressesn buf, false dependencesserializethe execution of the tasks

asshown in Figure 5.3(b), for three processorsand two iterations of the loop.

The tasksthat accesshuf can be divided into three setsS;, S; and S; accordingto
the data they accessn buf, asshavn in Figure 5.4. In the gure, TaskBis in the same
set S, as TaskAbecauset usesthe data de ned in TaskA Similarly, TaskCand TaskD

form the set S,, and TaskEand TaskFform the third setS;.

Ead of the three setscan be assigneda private bu er which breaksthe falsedepen-
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/I Allocates buf of type int(*)[10]
Allocate(out buf);

/I Defines buf[0:9]
TaskA(in buf, out buf);

/I Uses buf[0:9]
TaskB(in buf, out buf);

while(...)

/I Defines buf[0:9]
TaskC(in buf, out buf);

/I Uses buf[0:9]
TaskD(in buf, out buf);

/I Defines buf[0:9]
TaskE(in buf, out buf);

/I Uses buf{0:9]
TaskF(in buf, out buf);

}

/I Deallocates buf
Deallocate(in buf);

(a) Example control program.

P 1 TaskB

P 3 | TaskC |—>| TaskD | | TaskE |—>| TaskF |

— true dependences
false dependences

(b) Tasksare serializeddue to false dependences.
Figure 5.3: Example cortrol program and run-time executionof its tasks.
S =f TaskA, TaskB g

S =f TaskC, TaskDg
S = f TaskE, TaskF g

Figure 5.4: The data accesssetsfor the tasks of the running example.
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dencesTaskB 2 TaskC TaskD 2 TaskE TaskF 2 TaskG TaskA ° TaskG TaskA ° TaskE
and TaskC ° TaskE Privatization in the cortrol program is achieved with the help of
Init and Finish tasks,which arecreatingand destroying the private bu ers for the tasks
of S, S and S;. After the privatization, the buf argumens of the tasks are renamedto
pri , in order to accesghe private bu ers rather than the original bu er buf. After the

privatization, the resulting cortrol program is depictedin Figure 5.5.

Bu er privatization enablestwo typesof parallelism, whena bu er buf, accessedy
a set of tasks S = Ty; Ty;::1; Tn, is privatized for a subsetS, of S, that cortains data
dependen tasks. First, if all the tasksof S, are inside a loop |, Init and Finish tasks
are also inserted to the body of |. This results in the creation and the destruction of
a private bu er referredby a task argumen pri in ewery iteration of I. When the CP
renamespri in ead iteration of I, it will renameit alongwith the correspnding private
buer in the sharedmemory Consequetly, tasks of S, are assigneda private copy of
buf in ewery iteration of |, resolvingloop-carriedfalsedependencesand enabling parallel
executionof task instancesin di erent iterations of |. Sincethe parallelism happensin a

loop, we namethis kind of parallelism loop-levelparallelism.

Second,after bu er privatization, sincethe elemens of S, accessa di erent bu er
from the subsetof the remainingelemeits S of S sud that S, = S S, the tasksin S,
can executein parallel with the tasksin S . Sincethe parallelism happensbetweenthe
tasksin the samebody of a loop or in the body of the main program, we namethis kind

of parallelism body-levelparallelism.

Dependingon wherethe private copy is createdor destroyed, privatization canhappen
in the main body of the cortrol programor in aloop body. In the rst case,only body-
level parallelism can be obtained, as the private bu er is createdand destroyed oncein
the main body of the cortrol program. Howeer, in the latter case,both body-level and
loop-lewel parallelism is possible,as the tasks that accesshe private bu er pri of buf

can executein parallel with ead other aswell asthe remaining tasksin the loop.
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/I Allocates buf of type int(*)[10]
Allocate(out buf);

/I Allocates pri of type int(*)[10]
Init(out pri);

/I Defines pri[0:9]
TaskA(in pri, out pri);

/I Uses pri[0:9]
TaskB(in pri, out pri);

/l Deallocates pri
Finish(in pri);

while(...)

/I Allocates pri of type int(*)[10]
Init(out pri);

/I Defines pri[0:9]
TaskC(in pri, out pri);

/I Uses pri[0:9]
TaskD(in pri, out pri);

// Deallocates pri
Finish(in pri);

/I Allocates pri of type int(*)[10]
Init(out pri);

/I Defines pri[0:9]
TaskE(in pri, out pri);

/I Uses pri[0:9]
TaskF(in pri, out pri);

// Deallocates pri
Finish(in pri);
}

/I Deallocates buf
Deallocate(in buf);

Figure 5.5: The cortrol program after bu er privatization for the running example.
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In the running example,whenthe cortrol programshaown in Figure 5.5is taken by the
CP, for ead Init task, the pri output argumert will be renamedat run-time, together
with the pri input argumers in the subsequen tasks, as shovn in the Figure 5.6.
Howewer, ead renamedargumen argl, arg2 and arg3 will represeth a new bu er in
the memory Sincethe tasks of the cortrol program are accessingdistinct regionsin
the sharedmemory, no false dependenceexists and the tasks will executein parallel as
shown in Figure 5.7 for v e processorsand two iterations of the loop. The tasks of sets
S, S and S are executingin parallel with ead other inside the loop and the body of
the main program, which realizesthe body-level parallelism. On the other hand, tasks
of S, aswell as S, are executingin parallel with ead other in di erent iterations of the
loop, which createsloop-lewel parallelism. The existing type of parallelism among the

processorss shavn in Figure 5.8.

In order for the bu er privatization to be legal for a bu er buf, it is necessarythat,
after bu er privatization, no true dependencesare broken among the tasks that are
accessingouf. When buf is privatized for a set of tasks S, since S cortains all data-
dependert tasks, no true dependenceexistswith the remainingtasks. As a result, body-
level parallelismwill always be valid. Howewer, whenloop-lewel parallelismis possible,i.e.
tasksof Sarein aloop, the dependencemmongthe tasksof Smay beloop-carried. In suth
casesprivate copiescreatedin ead iteration of the loop will breaktheseloop-carriedtrue
dependencesgausingincorrect execution. Therefore,in order for the bu er privatization
to be legalfor a bu er buf and a setof tasks S, no loop-carried o w-dependenceshould
exist betweenthe tasksof S causedby accesseto buf. In fact, in the bu er privatization
example,the data accesssetsshowvn in Figure 5.4 can be privatized becausethe tasks

they contain do not have loop-carried dependenceswvith ead other.

Bu er privatization enablesboth body-level parallelismand loop-lewel parallelism. As
it is mertioned in Section2.9, a similar well-known compiler transformation, called array

privatization, privatizesarrays for iterations of loops, which are the units of parallelism.
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/I Allocates buf of type int(*)[10]
Allocate(out buf);

/I Allocates argl of type int(*)[10]
Init(out argl);

/I Defines arg1[0:9]
TaskA(in argl, out argl);

/I Uses arg1[0:9]
TaskB(in argl, out argl);

// Deallocates argl
Finish(in argl);

while(...)

/I Allocates arg?2 of type int(*)[10]
Init(out arg2);

/I Defines arg2[0:9]
TaskC(in arg2, out arg2);

/I Uses arg2[0:9]
TaskD(in arg2, out arg2);

/l Deallocates arg2
Finish(in arg2);

/I Allocates arg3 of type int(*)[10]
Init(out arg3);

/I Defines arg3[0:9]
TaskE(in arg3, out arg3);

/I Uses arg3[0:9]
TaskF(in arg3, out arg3);

// Deallocates arg3
Finish(in arg3);

/I Deallocates buf
Deallocate(in buf);

Figure 5.6: CP renamesthe pri argumerts along with private bu ers in the shared

memory,
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Pl E I:I first iteration of the loop E
E I:I second iteration of the loop E
P2 e itiiitiiaia =

P4

P5

Figure 5.7: The run-time execution of tasks after bu er privatization for the running

example.

P1 & P2 & P3: body level parallelism
P1 & P4 & P5 : body level parallelism
P2 & P4 : loop level parallelism
P3 & P5 : loop level parallelism

Figure 5.8: The typesof the available parallelism amongprocessorsafter bu er privati-

zation.
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As a result, loop-lewel parallelism amongthe loop body instructions is obtained. Bu er
privatization, on the other hand privatizesbu ers for tasks, which are the units of paral-
lelism in a cortrol program. Thus, comparedto array privatization, bu er privatization
o ers parallelism of ner granularity.

Bu er privatization has the overhead of creating and destroying private bu ers.
Therefore, bu ers should be privatized for a set of tasks S, if either body-level or loop-
level parallelism is obtainable. In other words, when accesse$o bu ers in the memory
or to URF serializetasks of Swith ead other in loopsand with the remaining tasks of
the cortrol program, a bu er should not be privatized.

Although bu er privatization is e ective in eliminating false dependencessinceits
application dependson somelegality conditions, it doesnot guarartee to eliminate all
the false memory dependenceghat exist in a cortrol program. Thus, bu er replication
code transformation, which aims to resole false dependencesamong every task pairs,
is necessaryand may potentially resole the false dependenceghat can not be resohed

with bu er privatization.

5.3 Buer Renaming

Bu er renamingis a solution to the syndironization falsedependencegroblem, discussed
in Section4.2.1. When two tasks have a SFD, the dependencecreating SOA is renamed,
eliminating the falsedependence.In orderto ensuredependencesvith other tasks,i.e. to
cortrol syndironization, arti cial URF dependencesrecreatedwith temporary variables.
Figure 5.9illustrates bu er renamingwith an examplecortrol program. In the exam-
ple, thereis a SFD betweentasksReadDatal and ReadData2. Bu er renamingrenames
the SOA in task ReadDatal (it might aswell be ReadData2) with an arti cial register
variable arti . This arti cial variable is given to task Write _Data as an input parame-

ter, in order to syndronize ReadDatal and Write _Data tasksin serial by satisfying the
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/[Reads data from buffer buff
Read_Datal(in buff, out buff);

/IReads data from buffer ptr
Read_Data2(in buff, out buff);

/IWrites to buffer ptr
Write_Data(in buff, out buff);

(a) Control program beforebu er renaming.

/IReads data from buffer buff
Read_Datal(in buff, out arti);

//Reads data from buffer ptr
Read_Data2(in buff, out buff);

[IWrites to buffer ptr
Write_Data(in buff, out buff, in arti);

(b) Control program after bu er renaming.

Figure 5.9: Bu er renaming.

memory anti-dependencewith an arti cial URF true dependence.
Bu er renaminghasthe overheadof using extra registervariables,which may require
a bigger URF. Consequetly, bu er renaming should be performed consenratively, if it

enablesparallel executionor whenthe URF sizeis not a concern.

5.4 Code Hoisting

Code hoisting is applied to the body of a task T in order to move writeArg callsto the
earliest execution location possible. This enablesother tasks, which are dependert to
task T to possibly start executingearlier.

For hoisting scalar argumeris (int , char, long, etc), we follow the following algo-

rithm. Using standard compiler analyses, for ead writeArg call for an argumen arg

1A very busy expressionsalgorithm is used[23].
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of the task, we nd the earliest point P in the program, referred as an hoisting point,
beyond which the writeArg is always called and beyond which a de nition of arg does
not exist. If there existssud a hoisting point Pfor awriteArg routine, the writeArg call
is movedto P. On the other hand, if sud a hoisting point P doesnot exist, the writeArg

call remainsin its original location in the program. In casethe hoisting point P is same
for multiple writeArg calls of the sameargumen, only one writeArg call is moved to
P and the other onesare removed from the program. Finally, in casea writeArg call is
already s in its hoisting point, it remainsin its position in the program. In order not to
causemissing or extra calls to writeArg routines, hoisting points are not chosento be

inside loopsor if statemens?.

For hoisting pointer argumerts (int  *, int (*)[] , etc), we follow the samehoisting
algorithm of the scalarargumernts, but we usea di erent de nition of a hoisting point. In
order not to break syndironization false dependencesfor argumeris of type pointer, we
de ne the hoisting point asthe program point beyond which awriteArg for the argumen
is always called and the argumert is not accessedqusedor de ned). By consideringthe
accesseso the pointer argumerts, rather than the de nitions, we guarartee that the

argumerts will not be written to the URF beforethey are accessed.

Figure 5.10depicts an exampleof code hoisting. In the sampletask function shovn
in Figure 5.10(a), the program points of concernare represeted as P1and P2 whereas
the writeArg callsareindexedasW1..., W8 W3and Wawrite the size output argumen
of the task. For thesecalls, P1is the hoisting point, i.e. the point beyond which no
de nition of size existsand both W3and W7are always called. Therefore, code hoisting
algorithm movesone of the callsto P1and removesthe other onefrom the program. W5
writes the count output argumen of the task. For W5 P2is the hoisting point (beyond
P2 no de nition to count exists and WA5is always called). Thus, W5is movedto P2 For

W1 W2and W4no hoisting point exists, therefore, they remain in their original position

2A hoisting point should dominate its corresponding writeArg call.
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in the program. Weand W@&are already in their hoisting points, becausethe scalaroutput
variable output is last de ned just before W6and the pointer output variable input is
last accessegust beforeW8 Figure 5.10(b) shaws the resulting task function after code

hoisting is applied.
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int Task_Function() {
int count, size, output = 0;
int (*input)[1000];

input = readArg(0);
count = readArg(1);
size = readArg(2);

size += 10;

/IP1

if(count > 1000) {
writeArg(0, count); //W1
writeArg(1, output); //W?2
writeArg(2, size); //W3
writeArg(3, input); //W4
return O;

count++;

/P2

for(inti=0; i < size; i++)
output += (*input)[i];

writeArg(0, count); //W5
writeArg(1, output); //W6
writeArg(2, size); /W7

writeArg(3, input); //W8

return 1;

}

(a) Task function before code hoisting.

int Task_Function() {
int count, size, output = 0;
int (*input)[1000];

input = readArg(0);
count = readArg(1);
size = readArg(2);

size += 10;
writeArg(2, size);

if(count > 1000) {
writeArg(0, count);
writeArg(1, output);
writeArg(3, input);
return O;

count++;
writeArg(0, count);

for(inti=0; i < size; i++)
output += (*input)[i];

writeArg(1, output);

writeArg(3, input);

return 1;

}
(b) Task function after code hoisting.

Figure 5.10: Code hoisting example.



Chapter 6

Transformation Algorithms

This chapter preselts a detailed description of the parameterdeaggregationpu er priva-
tization, bu er replication and bu er renamingcode transformations, discussedn Chap-
ter 5. Section6.1 preselts the preliminary analysesperformedin preparation for all four
code transformations. Section 6.2 introducesthe conceptof pointer websand discusses
the algorithm to nd them. Section6.3 descritesthe algorithm for parameterdeaggrega-
tion. Section6.4 presetts the sectiondata ow solver which is usefulin computing data
dependencesamongtask calls causedby the accesseto memorybu ers. Section6.5dis-
cussesvarious graph represemations for task data dependences.Section6.6 preseits the
stagesof bu er privatization code transformation. Section 6.7 discusseghe algorithm

for bu er replication. Section6.8 descritesthe bu er renaming code transformation.

6.1 Preliminary Analyses

There are a number of preliminary compiler analysesperformed on the input cortrol
program in preparation for our compiler transformations. They comprisea number of
standard analysesand are descriled in the remainder of this section.

First, the cortrol ow graph (CFG) of the input cortrol program is constructed. In

this CFG, we electto make ead task call a basic block of its own in order to simplify

56
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the analyses.The dominator, post-dominator, depth- rst traversalorder, the ancestor(s)
and the descendat{s) of ead basicblock are determinedusing this CFG [23].

Second,the reading de nitions for task argumerts, which are of data type reg_t
in the cortrol program, are computed using the CFG and a standard forward any-path
data ow analysis. In this data ow analysis,eadt task argumert is treated as a scalar
and marked as de nition/use basedon its accessype, i.e. output/input. Finally, the
def-useand use-defchains are formed for task argumerts, using the reading de nitions
and standard compiler analyses[23].

The Sarekcode transformations that will descriked in the remainder of this chapter
rely on someanalysesresults of the task functions. Theseresults are provided by a C
compiler in the context of the MLCA Optimizing Compiler, asit will be descriked in
Chapter 7. Howewer, when the algorithms of the code transformations are presered,
the analysesresults of the task functions are shovn ascommerts in the examplecortrol

programs,for simplicity.

6.2 Pointer Webs

Arguments to tasks can be of two types: salar valuesand pointers. Further, pointer
argumens may be pointers to arrays or pointers to structures It is important to point
out that, becauseSarekladks strong typing (all variablesare of type reg t), the same
Sarekvariable may be of di erent typesin di erent tasks of the cortrol program. Since
the code transformationsare analyzingbu ers and structuresin the memory; it is crucial
to idertify the task argumerts of type pointer and determine their pointed data type,
i.e. bu ers and structures.

In addition, a Sarekvariable of type pointer cancarry di erent pointer valuesthrough-
out the executionof a cortrol program. Thus, a Sarekvariable, pointing to abu er/structure

in a task, may point to a di erent bu er/structure in anothertask. Further, two Sarek
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variablesmay point to the samebu er/structure in the memory becauseof aliasing. As
a result, it is not possibleto exactly represen bu ers and structures that exist in the
memoryby just Sarekvariables. Sincethe code transformationsare making useof bu ers
and structures, it is important to idertify which bu er/structure ead task argumert is

referring to.

We de ne a pointer webasthe list of task argumerts that are referring (pointing) to
the samebu er or structure in the memory Pointer websare namedas bu er websor
structure websdependingon the type of the referreddata. Each elemen of a pointer web
is of type bu er/structure pointer inside the task it appearsin and points to the same
bu er/structure. In that sensegad pointer web represets a singlebu er or structure
that existsin the memory during the execution of the cortrol program. As a result, a
cortrol programhasasmany pointer websasthe number of the dynamic bu er/structure
allocations escapingtask functionst. Argumernts in pointer websare represeted with the
basicblock id (bb_id) of their respective task call and their argumert id (arg.id) in that
task call, which starts from zero. In every code transformation and analysesusingbu ers
and structures of the sharedmemory, pointer webswill be usedto represeh the bu ers

and structuresin the cortrol program.

Pointer websare similar to register websusedfor register allocation [23]. Howeer,
they dier in somekey aspects. First, a register web starts with the allocation of a
registerin the register le, which happensin ewvery de nition of a variable. In cortrast, a
pointer web starts with the allocation of the bu er/structure in the memory which does
not happen ewery time a Sarekargumert is written to. In other words, unlike register
webs, a de nition of a Sarekvariable represets a new pointer web, only if the de ned

Sarekvariable refersto a newly created/allocated memory region, inside a task.

Second,a variable doesnot necessarilyneedto be de ned in a task to be an output

Temporary bu ers or structures usedin task functions have no a ect on the overall execution of the
cortrol program asthe data they contain is not accessedn the other tasks.
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TaskA(out bufl);
TaskB(in bufl, out buf2);
TaskC(in buf2);

(&) Samplecortrol program.

int Function_of_TaskB()
{
int (*var)[10];

var = readArg(0);
writeArg(0, var);

return 1;

}

(b) Task function of TaskB

Figure 6.1: Example cortrol program and task function.

argumernt of this task. In other words, output argumeris of a task can sometimescarry
the samedata asthe input argumerns of the sametask, even if they are di erent Sarek
variablesin the cortrol program. In that sense,an output argumen of a task may be
in the same pointer web as an input argumert, ewen if they are not the same Sarek
variables. Figure 6.1 depictssud a case wherethe Sarekvariablesbufl and buf2 of the
cortrol program (Figure 6.1(a)) referto the samestructure in the memory becausdocal
variable var is written to URF without any modi cation in the task body of the TaskB

task (Figure 6.1(b)).

Thus, a pointer web starts with the allocation of a bu er and/or a structure in the
memory and includes all the accessegboth usesand de nitions) to the bu er and/or
the structure throughout the cortrol program and may consistof more than one Sarek
variable. Consequetly, pointer webs are computed using def-usechains for task argu-
merts and the results of task function analysesincluding allocation/deallocation, types

of input/arguments and de nition of argumerts.
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Find_Pointer_Webs:

for each task call task_call in the control program
for each output argument arg in the task_call
if arg is a pointer to buffer/structure in task function
if arg is allocated in the task function of task_call
Create a new buffer/structure web ptr_web
Insert arg (arg_id of arg + bb_id for task_call) to ptr_web
Fill_Pointer_Web ptr_web starting from arg

Fill_Pointer_Web ptr_web starting from start_arg:

for each input argument in_arg that start_arg is reaching
Insert in_arg (arg_id + bb_id) to ptr_web
if in_arg is not deallocated in task function
if in_arg is also an output argument out_arg of task call

if in_arg is defined in task function
mark ptr_web as not optimizable

Insert out_arg (arg_id of arg + bb_id for task_call) to ptr_web

Fill_Pointer_Web ptr_web starting from out_arg

Figure 6.2: Algorithm to nd pointer webs.

If a pointer is re-de ned in a task but not allocated, this meansthat the pointer
no longer points to the start of the bu er or structure it was pointing. Thus, in sud
casesthe algorithm marksthe pointer web cortaining this pointer asnot-optimizable for
the Sarekcode transformations. For simplicity, aliasing betweentask argumerts is not
included in the algorithm. Howeer, the support for aliasingis simple to incorporate to
pointer webs. If aliasing analysisof the task functions provesthat two output argumeris
of atask point to the samememorylocation, they shouldbe insertedto the samepointer
web. If analysescan not prove that two pointers are not aliases,the pointer webswhich
include these two pointers should not be processedby the code transformations, for

consenativeness.

The algorithm to nd pointer websis depictedin Figure 6.2. Figure 6.3 illustrates
pointer webs with a sample cortrol program. In the corntrol program shown in Fig-
ure 6.3(a), for simplicity, the analysesresults of the task functions are represeted with
commers to the task calls. In the cortrol program, Init task allocatesa bu er of type
int(*)[10]  and writes the pointer of this bu er to bufl Sarekargumert, asits 0" out-

put argumen. TaskAtakesthe bufl argumen asinput, accessethe bu er and outputs
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/I Allocates the int(*)[10] buffer bufl
Init(out bufl);

/I bufl is outputted without being defined
TaskA(in bufl, out bufl);

/! buf3 carries the value of bufl
TaskB(in bufl, out buf3);

TaskC(in buf3);

/I buf3 is deallocated
Finish(in buf3);

(&) Samplecortrol program.

Buffer Web 1 = { (Init, 0),
(TaskA, 0),
(TaskA, 1),
(TaskB, 0),
(TaskB, 1),
(TaskC, 0),
(Finish, 0) }

(b) Pointer webs.

Figure 6.3: Pointer websexample.

the pointer, without modifying it, asits 0" output argumer bad to the bufl. TaskB
takes bufl, assignsit to a new variable and outputs the new variable to buf3, as its
0" output argumen. TaskCgets buf3 and accesseshe bu er without outputting any
argumen. Finish task takesbuf3 and deallocatesthe bu er.

In this example cortrol program, eat task is called once. Thus, for simplicity, we
referto ead task call with the name of the task, although in generalthe name doesnot
represen a singletask call. Further, ead input and output argumert will be referenced
by a unique id starting from zero, which includesall the input and output argumeris of
the task. In other, words, the represetation (T, n) signi es the n" argumert of task T.

In the example cortrol program of the gure, Init allocatesa bu er, thus a new
bu er pointer eld ertry is created. (Init,  0), which carries the pointer to the al-

located bu er, is addedto this buer eld. Furthermore, since(lnit, 0), readesto
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(TaskA, 0), (TaskA, 0) is alsoaddedto the pointer web. (TaskA, 0) is written badk
to URF as(TaskA, 1) without being modi ed, thus (TaskA, 1) is alsoinsertedto the
pointer web. Next, the readting input argumert for (TaskA, 1), which is (TaskB, 0),
is added. (TaskB, 1) carriesthe samevalue of the pointer as(TaskB, 0), thereforeit is
added. Finally, the readiing input argumerts of (TaskB, 1), which are (TaskC, 0) and
(Finish, 0) are added. Since(TaskC, 0) is not written badk to URF and (Finish,
0) is deallocated in the task function, the buer eld endsat TaskCand Finish . Fig-
ure 6.3(b) lists the elemers of the bu er web for the examplecortrol program.

In the remainder of the chapter, in every phaseof code transformations, eat dy-
namic bu er and structure accessedn the cortrol program will be referred with the

bu er/structure webs,rather than the individual Sarekvariables.

6.3 Parameter Deaggregation

As it is discussedn Section5.1, parameter deaggregationrecursiwely replacespointers
to structures by elds, until all task parametersare of primitiv e types. In preparation
for parameter deaggregation for ead structure web, a unique Sarekvariable is created
for ead eld of the correspnding structure. Theseunique variablesrepresem a speci ¢
eld of a specic structure and they are used as input/output argumens when this
structure is deaggregated.This ensurescorrect data ow in the cortrol program after
the deaggregation.

Using the unique variablesof the structure webs,eadt task argumert of ead structure
web is deaggregatedo individual elds of the correspnding structure, both in the task
call and the task function it appearsin. The analysisresultsof the task functions, suc as
de nition, use,allocation and deallocation of the structure elds, are usedto determine

if a eld of a structure will be madeinput and/or output argumeri(s) of a task.

If atask argumert in a structure web is allocated in a task function, all the elds of
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the structure are made output argumerts of this task. Similarly, if a task argumen in a
structure web is deallocated in a task function, all the elds of the structure are elected
to be input argumerns of this task. This is to ensurethe syndironization of the tasks
via task argumert dependencessud that no other task accessea eld of the structure

beforeits allocation and no other task accessea eld of a structure after its deallocation.

In addition, if a task argumert in a structure web is not allocated or deallocated in
the task it appearsin, the elds of the structure are madeinput or output argumerns of
the task, accordingto the de nition and use state of ead individual eld. A eld of a
structure web is madean input argumert if the eld is used(beforebeing written) or it

is madean output argumert if the eld is de ned in the task.

The conditions in which a structure is declaredto be allocated or deallocated and a

structure eld is declaredto be usedand/or de ned are discussedn Section7.2.

Apart from the basicsof deaggregationprocessdiscussedabove, two special cases
are handled in parameter deaggregation. First, since structure-pointers may be elds
of structures, parameter deaggregationprocessesall the accessiblestructures from a
structure-pointer (which an input argumert of a task). In other words, not only scalar
and pointer elds, corntained in a memory structure str , referredto asdirect elds of str
are deaggregatedbut also elds that canbe accessedhrough structure-pointer elds of
str , which are referredto as indirect elds of str , are also deaggregated.In order to
achiewe this, indirect elds of a structure are made input/output argumeris of a task,
in the sameway that the direct elds are madeinput/output argumerts, i.e. depending
whetherthe eld is used/de ned in the task and by inserting a unique Sarekvariable for

eah eld.

Howewer, when a structure is allocated or deallocated, in order to correctly re ect
the data ow in the cortrol program after the deaggregationdirect and indirect elds of
structures are treated di erently. In fact, only direct elds of the allocated/deallocated

structures are made output/input argumerts of tasks. Becausea structure eld existsin



Chapter 6. Transf ormation Algorithms

for each task T
for each input argument in_arg of T
if in_arg is an element of a structure web str_web
if in_arg is deallocated in T
for each field fld of str_web
if fld is not direct field of str_web
if structure of fld is deallocated in T
insert unique variable for fld to input arguments of T
else
I insert unique variable for fld to input arguments of T
else
ifin_arg is notused in T
remove in_arg from the input arguments of T
for each field fld of the str_web
iffldisusedinT
insert unique variable of fld to input arguments of T
else
if a region of fld is used or defined in T
insert unique variable of fld to input arguments of T
if fld is defined in T
insert unique variable of fld to output arguments of T
else
if a region of fld is used or defined in T
insert unique variable of fld to output arguments of T
for each output argument out_arg of T
if out_arg is an element of a structure web str_web
if out_arg is allocated in T
for each field fld of str_web
if fld is not direct field of str_web
if structure of fld is allocated in T
insert unique variable for fld to output arguments of T
else
insert unique variable of fld to output arguments of T
else
if out_arg is not defined in T
remove out_arg from the output arguments of T

Figure 6.4: Algorithm for parameterdeaggregation
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the memory only after the allocation of the structure that it is storedin, indirect elds

are made output argumerts only if the structure, that the indirect elds are stored in,

is allocated. Similarly, only direct elds of a structure are made input argumeris when

the structure is deallocated.

The secondspecialcasehandledby the parameterdeaggregations the usageof bu er-

pointers as elds of structures. If abu er sectionaccessedia a bu er-p ointer ptr , which

isa eld of a structure str , is de ned or usedin a task T, ptr is made both an input

and an output argumerts to T, in order to serializetasksthat accesghe samebu er, via

syndironization falsedependencesas discussedn Section4.2.1.
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The algorithm for parameter deaggregationis depicted in Figure 6.4. Figure 6.5
and Figure 6.6 illustrates the algorithm with an example. In the input cortrol program
shown in Figure 6.5(a), for simplicity, the results of the task function analysesare shaovn
ascommerts to task callsinsidethe cortrol program. Figure 6.5(b) depictsthe de nitions
of the structures accessedn the task functions. Figure 6.5(c) shows the structure webs
that exist in the samplecortrol program. Sincestrl and str2 represeh ewvery elemen
of the structure web O and structure  web 1 respectively, through the remainder of

the example,structure webswill be referredasstrl and str2 for simplicity.

When the samplecortrol program (Figure 6.5(a)) is given to parameter deaggrega-
tion asinput, together with the correspnding structure de nitions (Figure 6.5(b)) and
structure webs (Figure 6.5(c)), rst, a unique Sarekvariable is created for ead direct
and indirect eld of ead structure web as shavn in Figure 6.6(a). Then, theseunique
Sarekvariablesare insertedto input and output argumert lists of tasksaccordingto the
parameter deaggregationalgorithm. First, sincestrl and str2 are allocated in Init ,
ewery direct eld of strl and str2 are madean output argumert of Init . In addition,
becausesmall eld of str2 , which is of type pointer-to-structure, is alsoallocatedin the
task function of Init , the singledirect eld of str2->small , which is str2->small->b
with correspndingunique Sarekvariable str2 _small _b is alsomadean output argumernt
of Init . On the cortrary, sincesmall eld of strl is not allocatedin Init , the unique
Sarekvariable strl _small _b, correspnding to b direct eld of strl->small , doesnot
appear in the output argumerns of Init . Further, the input and output argumerts of
TaskA TaskBand TaskCare modi ed accordingto the use and de nition of the eath
eld of strl and str2 . As the small eld of strl is allocated in TaskA strl _small
and strl _small _b appear asthe output argumertis of TaskA In addition, sectionsof the
buer eld buf ofstrl andstr2 areusedandde ned in TaskA TaskBand TaskC Thus,
correspnding unique Sarekvariablesstrl _buf and str2 _buf appear asboth input and

output argumerts of thesetasks. It is important to note that str2 _a in TaskAis neither
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/I Allocates strl and str2,

/I which are of type (struct big_struct *)
I/l Allocates str2 >small

/I which is of type (struct small_struct *)
Init(out strl, out str2);

/I Uses strl >a

I/ Defines strl >a, str2 >small >b, strl >buf[0:20]
/I Allocates strl >small

TaskA(in strl, in str2, out strl, out str2);

/I Uses str2 >small >b, Defines str2 >buf[0:10]
TaskB(in str2, out str2);

/I Uses strl >a, Uses strl >buf{0:20]
TaskC(in strl, out strl);

/I DeAllocates strl >small and str2 >small
/I DeAllocates strl and str2
Finish(in strl, in str2);

(a) Example cortrol program.

struct big_struct

int a;
int (*buf)[21];
struct small_struct *small;

}

struct small_struct

int b;
}

(b) Structure de nitions inside the task functions.

Structure Web 0 = { (Init, 0),
(TaskA, 0), (TaskA, 2),
(TaskC, 0), (TaskC, 1),
(Finish, 0) }

Structure Web 1 = { (Init, 1),
(TaskA, 1), (TaskA, 3),
(TaskB, 0), (TaskB, 1),
(Finish, 1) }

(c) Structure websfor the sample control program.

Figure 6.5: Example cortrol program, structure de nitions and the correspnding struc-

ture webs.
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input nor output argumeris, becauseits correspnding eld str2->a is not usedand is
not de ned inside the task function. Similarly, none of the elds of strl in TaskBand
noneof the elds of str2 in TaskCare argumeris of their respective tasks. In addition,
sincestrl->small , str2->small , st1 andstr2 are deallocatedin Finish all the elds
of strl andstr2 aremadeinput argumens. The resulting output cortrol program after

parameter deaggregations showvn in Figure 6.6(b).

6.4 Section Data-Flo w Analysis

We usea data ow solwer to propagate sectionde nitions and usesin the CFG of the
cortrol program,in orderto nd sharedmemory dependences.

A reaching section de nition (RSD) is a de nition of a bu er sectionthat reathesa
useof an overlapping section. Similarly, a reaching section use (RSU) is a useof bu er
sectionthat readesa de nition of an overlapping section.

We descrile the data ow analysesthat are usedto determine the reading section
de nitions and the readiing sectionusesfor ead bu er webin a cortrol program. These
are later usedto computethe ow, output and anti dependencesamongtask callsin a
cortrol program.

The RSD analysisis a forward-any path data ow analysisthat determinesfor eat
sectionuseof a bu er (represetted by a bu er web), all the reating de nitions of the
samesection. The setsRSin(i) and RSout(i) represets the reating sectionde nitions
at the beginning and exit of eat basic block. The set RSgen(i) is the set of section
de nitions for all the bu er webs,generatedby basicblock i . The set RSkill(i)  repre-
serts the set of sectionde nitions killed by basicblock i. This includesall the section
de nitions for all the bu er websin basicblock i . It alsoincludesthe allocated section
(if any) for ead bu er web in basicblock i. The data ow equationsfor the reading

sectionde nition analysisare:
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strl>a:strl_a

strl >buf : strl_buf

strl >small : strl_small

strl >small >b : strl_small b

str2 >a : str2_a

str2 >buf : str2_buf

str2 >small : str2_small

str2 >small >b : str2_small_b

(a) Unique Sarekvariables for example structure webs.

/I Allocates strl and str2,
/I which are of type (struct big_struct *)
[/l Allocates str2 >small
/I which are of type (struct small_struct *)
Init(out strl, out strl_a, out strl_buf,
out strl_small,
out str2, out str2_a, out str2_buf,
out str2_small, out str2_small_b);

/I Uses strl >a
/I Defines strl >a, str2 >small >b, strl >buf[0:20]
/I Allocates strl >small
TaskA(in strl_a, in strl_buf,
out strl_a, out strl_buf, out strl_small,
out strl_small_b, out str2_small_b);

/I Uses str2 >small >b, Defines str2 >buf[0:10]
TaskB(in str2_small_b, in str2_buf,
out str2_buf);

/I Uses strl >a, Uses strl >buf[0:20]
TaskC(in strl_a, in strl_buf, out strl_buf);

/I DeAllocates strl >small and str2 >small
I/l DeAllocates strl and str2
Finish(in strl, in strl_a, in strl_buf,

in strl_small, in strl_small_b,

in str2, in str2_a, in str2_buf,

in str2_small, in str2_small_b);

(b) The output control program of parameter deaggregation.

Figure 6.6: Parameter deaggregationexample.
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RSIN() = > sppreqsy RSOULS)
RSout(i) = RSgen(i) S [ RSin(i) - RSKkill(i) ]
where initially, RSin(i) = and RSout(i) = RSgen(i)
The union \S" operator, usedin the data ow equations,is the set union operator.
The \ " operator is de ned asfollow:
Set; - Set, =
for every element elem; of Set;
for every element elem, of Set,
if elemy and elem, are from the samebuffer web
Diff(elem 1, elemy)

wherethe Diff operator is de ned as
8

[a:c 1] ifa< c<=b<=d;
if c<= a<=b<=d;
. [d+ 1:0] ifc<=a<=d< b
Dif f ([a: bf;[c:d]) = S
[a:c 1] [d+1:0h ifa<c<=d<Db
[a: b ifa<=b< c<=(;

[a: b ifc<=d< a<=h:

The RSUsare computedusing the samedata ow equationsand S and - operators,
as RSDs above. Howeer, for RSU analysis, RSgen(i) includes, for all the bu er webs,
all the usedbut not de ned sectionsof the basicblock i , while the RSkill(i) set,includes
the allocated and de ned sections,if any, in the basicblock i .

Using the RSDs and RSUs, three types of data- ow relationships amongtask calls,
causedby accesse$o bu ers, are computed for ead bu er web: ow, output and arti
dependences. These dependencesare represeted with directed edgesfrom the source
task calls of the dependenceso the sink task calls of the dependencesin seeral graphs
that will be discussedn Section6.5. Theseedgesare called ow, output and anti edges

and they are determinedaccordingto the following rules:
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Flow Edges: links the task call T; of a sectionde nition def; to the task call T, of
an overlapping sectionuseuse, (from the samebu er web) that def; readesto in

the readiing sectionde nitions.

Output Edges: links the task call T, of a sectionde nition def; to the task call T, of
an overlapping sectionde nition def, (from the samebu er web) that def, reades

to in the reading sectionde nitions.

Anti Edges: links the task call T; of a section use use; to the task call T, of an
overlapping sectionde nition def, (of the samebu er web) that use; readesto

in the reading sectionuses.

In the cortrol program depicted with the Figure-6.7(a), there is a singlebu er web,
shawvn in Figure-6.7(b).

Sincein the examplecortrol program of Figure 6.7(a), ead task is called once,task
callsarereferredby the nameof the task called. Howewer, generally task calls, which are
the computation units of sectiondata ow analysis,do not form a one-to-onemapping
with the tasks; therefore, they should be referencedwith the basic block that the task
call isin.

Furthermore, in the remainder of this chapter, for a task call, the list of reading
sectionde nitions are given on the right hand side of \=" operator. A reading section
is represerted with a sectioninside bradkets followed by the task call that the sectionis
generatedin.

The reading sectionde nitions are listed in Figure 6.8(a). In the gure, it is seen
that no sectionde nition is reading Fill _Buffer . The reasonis the allocation of the
bu er web in task Init , which is killing any readiing de nition from the previousiter-
ation of the loop. Similarly, the Update Result task is killing the [0:20] section of the
bu er and consequetly, only [21:40]sectionis reading from the Fill _Buffer task to

Output_Results task.
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while(cont)

/IAllocates buffer
Init(out buf);

//Defines buf[0:40]
cont = Fill_Buffer(in buf);

//Uses buf[0:20]
Process_Buffer(in buf);

while(correct)

//Uses buf[21:40] and Defines buf[0:20]
correct = Update_Results(in buf);

/[Uses buf[0:40] and Defines buf[0:40]
Output_Results(in buf);

/IDeAllocates buf
Finish(in buf);

(&) Samplecortrol program.

Buffer Web 0 = { (Init, 0),
(Fill_Buffer, 0),
(Process_Bulffer, 0),
(Update_Results, 0),
(Output_Results, 0),
(Finish, 0) }

(b) Buer webs.

Figure 6.7: Example input cortrol program and the correspnding input bu er websfor

the sectiondata ow soler.
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Init = { [0:40]:Fill_Buffer,
[0:40]:Output_Results }

Fill_Buffer ={}
Process_Buffer = { [0:40]:Fill_Buffer }

Update_Results = { [0:40]:Fill_Buffer,
[0:40]:Output_Results }

Output_Results = { [0:20]:Update_Results,
[21:40]:Fill_Buffer,
[21:40]:Output_Results }

Finish = { [0:40]:Fill_Buffer,
[0:40]:Output_Results }

(a) Reading sectionde nitions for Buffer WebO of the example control program.

Init = { [0:20]:Process_Buffer }

Fill_Buffer = {}

Process_Buffer ={}

Update_Results = { [0:20]:Process_Buffer }
Output_Results = { [21:40]:Update_Results }
Finish = { [0:20]:Process_Bulffer }

(b) Reading section usesfor Buffer WebO0 of the example control program.

Figure 6.8: Sectiondata ow example.
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Fill_Buffer > Process_Buffer
Fill_Buffer > Update_Results
Output_Results > Update_Results
Update_Results > Output_Results
Fill_Buffer > Output_Results

Output_Results > Output_Results

(a) Flow edges.

Fill_Buffer > Update_Results
Output_Results > Update_Results
Update_Results > Output_Results
Fill_Buffer > Output_Results

Output_Results > Output_Results

(b) Output edges.

Process_Buffer > Update_Results

Update_Results > Output_Results

(c) Anti edges.

Figure 6.9: Flow, output and anti edges.

Figure 6.8(b) lists the reating usesfor the examplecortrol program of Figure 6.7(a).
Since usescan be killed by allocations, Init task kills any reading section use and
no section use reades Fill _Buffer and Process _Buffer . Further, the section usein
Process_Buffer reatesFinish and Update Results , but sinceUpdate_Results de nes
the exactsamesection,it iskilled in Update_Results and doesnot reach Output _Results .
Similarly, the sectionusein Update Results readesOutput _Results , whereit is killed.
On the other hand, the sectionusein Output_Results is killed by the sectionde nition

inside the sametask and, thus, it doesnot read any task.
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Figure 6.9 illustrates ow, output and anti edgesfor the example cortrol program
shown in Figure 6.7(a), starting with the reading sectionde nition and usesshown in

Figure 6.8.

6.5 Dependence Graphs

The transformations we descrike in the remainder of this chapter require use of seeral
dependencegraphs. Thesegraphsare descrited in this section.

A demendene graphis a directed multi-graph G = (V;E) whoseverticesV are the
task calls of the cortrol program and the edgeskE are the dependencerelations among
task calls. In the dependencegraph, there is an edgefrom a task call T, to another task
call T, if and only if T, is data-dependen on T;.

If a dependencegraphincludesdependencerelationscausedby the accesset asingle
bu er (represered by a bu er web), the graphis calleda single-bu er degendene graph
Howeer, if dependencescausedby accesseso URF and alsoto all the bu ers in the
cortrol program are represeted in a singledependencegraph, this graph is called multi-
variable dependene graph In the multi-v ariable dependencegraph of a cortrol program,
there is an edgefrom a task call T; to another task call T, if there is a data-dependence
from T, to T, causedby any bu er in the memory or any Sarekvariable in the cortrol
program. Similarly, a dependenceis said to exist from T; to Ty, if there is an edgefrom
T, to T, in the multi-v ariable dependencegraph.

In a dependencegraph G two verticesy; and v, are saidto be connected, if there is a
path from v; to v; in G The connectionrelationship partitions the graph into subgraphs
V1, Vo, ..., Vk. Thesesubgraphsare calledthe connected components(CC) of the depen-
dencegraph. The non-overlapping largest connectedcomponerts are called maximally
connected components (MCC). A pair of vertices (i.e. task calls) are connectedif and

only if they belongto the sameMCC of the data dependencegraph.
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A task call T, is said to be independentof another task call T,, accordingto a depen-
dencegraph G if there is no path from T, to T, in G Conversely a task call T, is said to
be dependenton another task call T,, accordingto a dependencegraph G if there is at

leastonepath from T, to T; in G

Dependencegraphs G = (V; E) are categorizedinto three typesin terms of the data
dependenceit represets: ow dependene graphs (FDGs), output dependene graphs
(ODGs) and anti degendene graphs(ADGS).

The FDG is a graph G; = (V; E¢) whosevertices are the task calls of the cortrol
program and the edgesEs arethe ow edges.The ODG is a graph G, = (V; E,) whose
verticesare the task calls of the cortrol program and the edgesE, are the output edges.
Finally, the ADG is a graph G, = (V; E,) whoseverticesare the task calls of the cortrol
program and the edgesk, are the anti edges. In other words, the graphs respectively
represen the ow, output and anti dependencesamongtask calls causedby accesseto

bu ers in the memory and they consistof ow, output and anti edges.

FDGs are particularly important in the sensethat they represen unbreakable con-
straints for the run-time execution of tasks. Two independern task calls, accordingto
the FDG, may executein parallel at run-time. On the other hand, two dependen tasks

will de nitely be serializedduring execution.

In order to perform the bu er privatization, bu er replication and bu er renaming
code transformations, an FDG, an ODG and an ADG are constructed for eat bu er
web. In addition, a multi-v ariable o w-dependencegraphis built to represen all the ow
dependencesamongall the task calls, causedby accesseto both the shared-memoryand
URF registers. For this purpose, rst, pointer type Sarek variables are excludedfrom
the def-usechains of task argumerts (as discussedn Section6.1) and o w dependences
are computed for the remaining scalartype task argumerns, similar to the way they are
computedfor bu er webs,asdiscussedn Section6.4. Then, thesedependencesand the

FDGs of all the bu er websare mergedto form the multi-v ariable dependencegraph.
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Figure 6.10depictsthe FDG, ODG and ADG of bufl in the examplecortrol program

shown in Figure-6.7(a)with the ow, output and anti edgedlisted in Figure 6.9.

6.6 Buer Priv atization

Bu er Privatization aimsto break falsedependencesausedby the accesseso the same
buer, asit is descrited in Section5.2.2. It doesso by creating private copiesof the
bu ers for certain tasks, allowing thesetasksto executein parallel with ead other as
well with the remaining tasks. In this section, the details of bu er privatization are
presered.

Bu er privatization is implemerted in six steps,usingthe bu er webs,FDG of eath
bu er web and the multi-variable FDG of the cortrol program.

First, maximally connectedcomponerts of the FDG of ead bu er web are deter-
mined. Each of thesecomponerts represets the set of task callsin which every task call
is depender to only the task calls from the samecomponert. Theseconnectedcompo-
nerts are the candidatesfor bu er privatization. Second,ead connectedcomponert is
ewvaluated to determineif it is eligible for privatization. Third, the headand tail elemeits
of eadh connectedcomponert are found. Fourth, by using the multi-variable FDG of
the cortrol program, the eligible connectedcomponerts are merged,in order to perform
the privatization more e ciently. Fifth, the mergedeligible connectedcomponerts are
evaluated for e ciency conditions. Finally the eligible componerts are privatized in the
cortrol program using the helper tasks and the task functions of these helper tasks are
createdaccordingto the type of the privatized bu er.

The following sectionsexamineead step of the bu er privatization in detail. These
stepsareillustrated with the help of a cortrol programshaown in Figure 6.11. Throughout
any analysis required, the section de nition, section use, allocation and deallocation

information is taken from the results of the analysesof the task functions. Howeer, for
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(b) Output dependencegraph (ODG).

Output_
Results

(c) Anti dependencegraph (ADG).

Figure 6.10: Dependencegraphs.
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easeof presenation, theseare shovn ascommerts in the cortrol program.

For the cortrol programin Figure 6.11,the Sarekvariablesof bufl and buf2 carry the
samevalue of the pointer throughout the executionof the cortrol program. Therefore,
through the remainder of the section, for simplicity, we will refer to the bu er websas
bufl and buf2, even though Sarekvariablesdo not necessarilyrepresen bu er websin
general.

After the ow edgesare createdfor ead bu er web, the resulting multi-v ariable FDG
of the cortrol program (i.e. for bu er websbufl and buf2 and the Sarekvariable count)
is obtained as depictedin Figure 6.12.

In the following sections,bu er privatization will be illustrated for bufl of the ex-
ample program. Therefore, FDG of bufl, showvn in the Figure 6.13, will be usedin the

stepsof the bu er privatization.

6.6.1 Finding Maximally Connected Comp onents

By the de nition of an MCC (mertioned in Section 6.5), two vertices (i.e. task calls)
are connected(i.e. depender) to ead other if and only if they are in the sameMCC.
Therefore,in an FDG of a bu er web buf, MCCs represen the collection of task calls, in
which ead task call is dependen only on task calls of the sameMCC, in terms of accesses
to buf. Thus, tasksin dierent MCCs of the FDG of buf do not accesyqread/write)
the samedata in buf. Consequetly, if task callsin an MCC accesqread and write) a
di erent bu er buf_newin memory, the tasksin other connectedcomponerts will be not
a ected, asthey will still accesghe correctdata in buf. In fact, task callsin eaca MCC
can safelyaccesdli erent bu ers in the memory without a ecting the correctnessof the
overall program. Thus, MCCs of FDGs are consideredas the privatization candidates,
for which a private copy of the bu er (that MCC belongsto) can be resened.
Furthermore, MCCs of FDGs are minimal self-degnder units of privatization, in the

sensethat, removing even a singlevertex (i.e. task call) from an MCC, would break the
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/I Allocates bufl and buf2 of type int(*)[21]
/I count is of type int
Init(out bufl, out buf2, out count);

contl = 0x1,;
while(contl)

{
/I Defines buf1[0:10]
contl = Task1(in bufl, out bufl);

cont2 = 0x1;
while(cont2)

{
/I Uses bufl1[0:10]
/I Defines buf2[0:20]
cont2 = Task2(in bufl, in buf2, out bufl, out buf2);

I/l Uses buf1[11:20]

/I Defines buf1[11:20]

/I Uses buf2[0:20]

Task3(in bufl, in buf2, out bufl, out buf2);

/I Uses buf1[11:20]
I/ Defines buf1[11:20]
Task4(in bufl, out bufl);

/I Uses buf1[11:20]
/I Defines buf1[11:20]
Task5(in bufl, out bufl);

/I Defines buf1[0:10]
Task6(in bufl, out bufl);

/I Uses buf1[0:10]
/I Defines buf2[0:20]
Task7(in bufi, in buf2, out bufl, out buf2);

/I Defines buf1[0:10]
/I Uses buf2[0:20]
Task8(in bufl, in buf2, out bufl, out buf2);

/I Uses buf1[0:10]
Task9in bufl, out bufl);

cont3 = Ox1;
while(cont3)

/I Defines buf1[0:20]
cont3 = Task10(in bufl, out bufl, in count);

/I Uses buf1[0:20]
/I Defines buf2[0:20]
Task11(in bufl, in buf2, out bufl, out buf2);

/I Uses buf2[0:20]
Task12(in buf2, out buf2, out count);
}
}

/I Defines buf1[0:20]
Task13(in bufl, out bufl);

/I Uses buf1[0:20]
Task14(in bufl, out bufl);

/I Deallocates bufl and buf2
Finish(in bufl, in buf2);

Figure 6.11: Example cortrol program for bu er privatization.
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@ @ @ @ —bufl flow dependences
buf2 flow dependences
count flow dependences

Figure 6.12: Multi-v ariable FDG for the examplecortrol program.
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Figure 6.13: FDG for bufl.
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Figure 6.14: MCCs for the running example.

o w dependencesand result to incorrect executionwhenthe MCCs are resened private
bu ers. Howewer, mergingmultiple MCCs is always correct, becauseno o w dependences
are broken.

Figure 6.14depictsthe connectedcomponerts of the data- ow graph of bufl, for the

examplecortrol programin Figure 6.11.

6.6.2 Heads and Tails of Maximally Connected Comp onents

A head elementis an elemen of a MCC that is not dependernt on any task call of the
MCC, whereasa tail elementis an elemen of a MCC that no other task call of the MCC
depend on. E ectiv ely, the head and tail elemeits are the entry and exit points of a
connectedcomponert.

An elemen n is a headelemen if n is not a sink node in any ow edgeof the MCC.
Similarly, an elemen n is a tail elemen if nis not a sourcenode in any ow edgeof the
MCC. In an MCC, there may be more than one head or tail elemens or there may be
none.

The headand tail elemens of eadh MCC are computedin order to be usedin eval-
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_________________________

O head elements

O tail elements

Figure 6.15: Head and tail elemerts for the running example.

uating privatization conditions and determining the boundariesof privatization in the
cortrol program aswill be discussedn Section6.6.6.

The head and tail elemerns for the connectedcomponerts shovn in Figure 6.14 are
depictedin Figure 6.15. In the gure, no headand tail elemens are found in the MCC
consisting of Task3 Task4 and Task5 becauseewery task call is a sink node and also
a sourcenode in at least one o w-edgeof the MCC. On the other hand, the remaining
MCCs consistof single o w-edges.Thus, the sourcenodesof the o w-edgesare selected

as head elemerts, whereasthe sink nodesare selectedas tail elemerts.

6.6.3 Finding Eligible Connected Comp onents

The MCCs of a bu er buf, is the units of privatization that can accessa private copy
of buf. As discussedin Section 5.2.2, privatization can happen in the main body of
the cortrol program or inside the body of a loop, depending wherethe private bu er is
allocatedand destroyed. In the rst case,a private copy will be createdonce,for the task
calls(of the privatized MCC of buf), sothat thesetaskscansafelyexecutein parallel with

the remaining task calls that are accessingouf. Howewer, in the latter case,a separate
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Q head elements !

Q tail elements

_________________________

Figure 6.16: Eligible MCCs.

private copy of buf will be createdin ewery iteration of the loop, sothat task calls from
di erent iterations can safely executein parallel. For this approad to generatecorrect
programs, the task calls in oneiteration should not use data producedin the previous
iterations. In other words, there should not exist loop-carrieddata dependencesn terms
of accesse$o buf.

In orderto nd the tasksthat are eligible for bu er privatization, eady MCC of eath
bu er webis chedkedfor loop-carrieddata dependencesNo loop-carrieddata dependence
existsin an MCC, for every ow-edgeof the MCC, if the sourcenode is an ancestorof
the sink node or the sink node is a descenden of the sourcenode, in the CFG of the
cortrol program, i.e. the sourcenode of the dependenceexecutesearlier than the sink
node of the dependence.The MCCs that satisfy this condition are called eligible MCCs.

When the eligibility condition of the bu er privatization is appliedto the privatization
candidates shovn in Figure 6.15, the MCC consisting of Task3 Task4 and Task5 is
eliminated due to the loop-carried data-dependencefrom Task5 to Task3 which would
be broken by privatization. Figure 6.16list the MCCs eligible for bu er privatization.

It is important to note that if a MCC doesnot cortain any loop-carrieddependence,
it is guararteed to have at least one head and onetail elemen. This is due to the fact

that, if there exist a tail elemen t and a headelemen h of an MCC, then there existsa
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path starting from h and endingat t. A tail or a headelemen do not exist, only if there
are circular paths in the graph. Sincecircular paths requiresloop-carried dependences
to exist, if an MCC doesnot cortain any loop-carrieddependenceat leastoneheadand

onetail elemen exist in this MCC.

6.6.4 Merging Eligible Maximally Connected Comp onents

After the MCCs containing loop-carried dependencesare eliminated, ead eligible MCC
can safely be assigneda separatecopy of the privatized bu er. Although this approat
doesresult in correct execution,it may not be the most e cient. This is becausebu er
privatization introducesa run-time overheadto the execution of the cortrol programs
which should be avoided, if privatization doesnot lead to additional parallel execution.
Therefore,privatization is applied to groupsof MCCs, rather than for every singleMCC,
as long as performanceis not a ected. In this step, for eat bu er web, the eligible
MCCs that can sharea single bu er with no lossin parallelism are mergedto form a
single privatization unit.

First, by the de nition of an MCC, task callsin two MCCs mland m2that belongto
buf are not dependernt on ead other in terms of accesseso buf. Howewer, they can be
dependen, in terms of accesse# other bu ers in the memory or scalarsin the URF, in
which casethey can not executein parallel. If thesedependencesamongtask calls of m1
and m2 causedby accesse$o other bu ers and scalarsin URF, are true dependences,
they cannot be brokenby the hardware or by any other code transformation. In this case,
sincetask calls in mland m2can newer executein parallel, assigninga separateprivate
copy to mland m2has no benet over assigninga single private copy to both mland
m2 Consequetly, two MCCs that are dependert on ead other in terms of accesse$o
any bu er in the memory or scalarin the URF are mergedto form a single privatization
candidate.

In orderto e ciently nd out if task callsin two MCCs mland m2 that belongto a
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bu er buf, are dependert on ead other, the dependencesamongheadand tail elemeits
of mland m2are cheded, in the multi-variable ow dependencegraph of buf. If all the
headelemeits of m2are dependert on at leastonetail elemen of mlor, similarly, all the
head elemeits of mlare dependert on at least onetail elemen of m2 none of the task
calls of m2can executein parallel with the task calls of m1 For all the bu er websin
the cortrol program, the MCCs that satisfy this condition are mergedto form a single
privatization candidate,thusto avoid any privatization overhead. It isimportant to note
that in this merging step, every MCC will have at least one head elemeih and one tail
elemen, becausean the previousstepthe MCCs with loop-carrieddependencesthat may

not have heador tail elemers, have already beeneliminated.

Furthermore, the fact that task calls in two MCCs mland m2of a bu er buf do not
have true dependenceswith ead other in terms of accesseso buf (by the de nition of
MCC), doesnot require that they have false dependenceswvith ead other. In caseno
false dependence(output or anti) exists amongtask calls of mland m2 thesetask calls
canexecutein parallel evenif they are accessinghe samebu er. Consequetly, separate
privatization for mland m2will not result in any performancegain. In order to avoid
unnecessaryprivatization overheads,when there are no false dependencesamong task

calls of two MCCs, thesetwo MCCs are mergedto form a singleprivatization candidate.

The falsedependenceamongtask calls of di erent MCCs are chedked by the accessed
regionsof ead MCC. If the total region accessedwritten and read) by task calls of an
MCC doesnot overlap with the total regionaccessedby the task calls of another MCC,
falsedependencesan not exist amongtask calls of thesetwo MCCs. Therefore,for eah
bu er web and for eady MCC, total accessedegionsare found by merging the de ned
and usedsectionsof the bu er, that MCC belongto, for eat task call in the MCC. Next,
for eath bu er web, MCCs that have non-overlapping total accesgegionsare mergedto

form a single privatization candidate.

After the mergeoperation, as the mergedconnectedcomponerts do not necessarily
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Q head elements !

Q tail elements

_________________________

Figure 6.17: Merged componerts for the running example.

include connectedvertices,ead mergedconnectedcomponert is referredasonly a mergel
component (MC).

The MCs depicted in Figure 6.17 are obtained for bufl, after the eligible MCCs of
bufl shawvn in Figure 6.16are merged. It is seenthat the MCC consistingof Task6 and
Task7is mergedwith the MCC of consistingof Task8 and Task9. This is becauseof the
ow dependencefrom Task7, which is the tail elemen of its MCC, to Task8 which is
the head elemen of its MCC. This ow dependenceis causedby the accesseso buf2

and can be seenin the multi-variable FDG of the cortrol program shown in Figure 6.12.

6.6.5 Finding Ecien t Eligible Comp onents

When an MC mis the only MC that is includedin aloop body | (including loopsnested
in 1) of the CFG of the cortrol program, the only parallelism that can be obtained
by privatizing mis the loop-lewel parallelism. Thus, if privatizing mdoes not result in
loop-lewel parallelism, no gains are realized through privatization. In order to avoid
unnecessaryverhead,eat MC of ead bu er is chedkedto ensurethat privatization will
result in loop-lewel parallelism.

A cycleis saidto existamongtask callsof an MC mthat belongsto buf, if all the head
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elemens of mare dependert on the tail elemeits of m in terms of accesseto other bu ers
in the memory or to scalarsin the URF. Cyclesprevens the overlap of executionof the
task calls of minside the loop of m preverting the loop-lewel parallelism. Consequetly, if
an MC of a bu er web, is the only MC in its loop (containing nestedloops) and a cycle
exists amongits task calls, this MC is eliminated, becauseit is not promising neither

loop-lewel parallelism nor body-level parallelism.

Furthermore, if no loop includesall the task calls of an MC m only body-level paral-
lelism can be obtainedin the main body of the cortrol program. In casethis mis alsothe
only MC in the main body, the opportunity of body-level parallelism will be lost. Thus,
for ea bu er web, if there exist a single MC msud that no loop corntains all the task

calls of m mis marked as not-eligible for privatization.

After this step, the remaining MCs of eat bu er web can safelyand e cien tly pri-

vatized; thus, they are called e cient-eligible components (EEC).

Among the MCs depicted in Figure 6.17, the MC including task calls of Task1Q
Tasklland Task12is discardedbecauseof the data dependencerom Taskl1to Task1Q
Eventhough there is no direct o w-dependencefrom Taskl1to Task1Q the data depen-
dencecausedby buf2 (showvn in Figure 6.12) which is from Task1l1lto Task1l2 and the
data dependencecausedby scalar Sarek variable count which directs from Task12 to
Task10form a dependencepath from Taskllto Task1l0causinga cycle. Although this
cycleis not causedby accesse$o bufl, it eliminatesloop-lewel speedupgain obtainable
by privatizing bufl for the mertioned MCC task calls. Sincethis MCC is the only MCC
that is located inside the loop while(cont3) , body-level parallelism can not realize for
the task calls inside it, and, therefore, it is eliminated. The remaining MCs, forming

EECs, and are shown in Figure 6.18.
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_________________________

O head elements !

O tail elements
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Figure 6.18: E cien t-eligible componerts for the running example.

6.6.6 Priv atization In The Control Program

The tasksin the EECs constitute the bu er privatization targets, i.e. the tasksthat will

accesgrivate copiesof the bu er.

The medanicsof the privatization in the cortrol program are asfollows:
1. A private bu er is createdfor eat EEC.
2. This private bu er is passedto the target tasks instead of the original bu er by

meansof renaming the Sarekargumerts carrying the original bu er pointer with

the Sarekargumerns carrying the value of the private bu er pointer.

3. Private bu er is destroyed after it is accessedby all the target tasks.

A crucial question arisesat this point about where to create and destroy the pri-
vate copy, referredas the boundariesof privatization. Valid locations for allocation and

destruction of the private bu er should satisfy the following conditions:

1. Allocation and destruction should either be in the sameloop or in the main body

of the cortrol program.

2. Allocation location should be earlier than all the tasks of the componert in terms

of the program execution.
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3. Destruction location should be later than all the tasks of the componert in terms

of the program execution.

4. The executiondistancebetweenthe allocation and destruction should be minimal

in order not to increasethe physical register pressure.

To satisfy the above conditions, the following schemeis usedto nd the allocation

and destruction locations:

1. As all the privatization candidatesare dependen on the head elemerts, head ele-
merts executesearlier than all the privatization candidates. Therefore, allocation

location should be earlier than all the head elemens of the EEC task calls.

2. As all the tail elemens depend on the other privatization candidates,tail elemeis
executedater than all the privatization candidates. Therefore,destructionlocation

should be later than all the tail elemens of the EEC task calls.

In order to follow the above descriked rules, we de ne the allocation location for a
privatization candidate asthe basicblock location that dominatesall the head elemelts
andisinsidethe innermostloop body that includesall the task callsof the EEC. Similarly,
we de ne the destruction location for a privatization candidateasthe basicblock location
that post-dominatesall the tail elemens and that is inside the sameloop body as the
allocation location.

After the allocation and destruction locationsarefound; bu er privatization isrealized

with the insertion of two helper task calls.

1. Init task allocatesthe private bu er at the allocation location and has a single
output argumert, i.e. private bu er pointer, and no input argumeris. The format

of an Init task call is as follows:

Init _P_.n(out buffer _p_n); where n is the unique buffer privatization id.
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2. Finish task deallocatesthe private bu er at the destruction location and has a
singleinput argumer, i.e. private bu er pointer, and no output argumeris. The

format of a Finish task call is as follows:

Finish _P_n(in buffer _p_n); where n is the unique buffer privatization

After the descriked bu er privation sdhemeis applied to sample program in Fig-
ure 6.11 for bufl with the EEC in Figure 6.17, the cortrol program in Figure 6.19is
obtained. In the cortrol program shawvn in the gure, bufl is privatized for Taskl and
Task2 in the outermost loop. In addition, bufl is privatized for Task6, Task7, Task8
and Task9 in the innermost loop and for Task13 and Task14 in the main body of the

cortrol program.

6.6.7 Creating Help er Task Functions

After the privatization in the cortrol programis achieved, the last stepof the privatization
is to create the function bodies of the helper tasks, i.e. Init _P_.n and Finish _P_n. In
orderto realizethis, the type of the bu er istakenfrom the allocation node of the original
bu er and a malloc operation (in Init _P_n) and a free operation (in Finish _Pn) are
performed.

For the examplebu er privatizationsin Figure 6.19,the Init and Finish task bodies

shown in Figure 6.20are created.

6.7 Buer Replication

Bu er privatization successfullyyemovesmemory output dependences.Thus, only mem-
ory anti dependencegamongfalsedependencesyemainat the endof bu er privatization.
Consequetly, bu er replication targets only memory anti dependences.

In general,bu er replication removesan anti dependencethat ows from T; to T,

causedby accesse® amemorybu er buf. This is doneby making a copy of buf together

id.
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/I Allocates bufl and buf2 of type int(*)[21]
/ count is of type int
Init(out bufl, out buf2, out count);

while(contl)
Init_P_1(out buffer_p_1);

/I Defines buffer_1[0:10]
contl = Task1(in buffer_p_1, out buffer_p_1);

while(cont2)

/I Uses buffer_p_1[0:10]
/I Defines buf2[0:20]
cont2 = Task2(in buffer_p_1, in buf2, out buffer_p_1, out buf2);

/I Uses buf1[11:20]

/I Defines buf1[11:20]

/I Uses buf2[0:20]

Task3(in bufl, in buf2, out bufl, out buf2);

/I Uses buf1[11:20]

/I Defines buf1[11:20]
Task4(in bufl, out bufl);
/I Uses buf1[11:20]

/I Defines buf1[11:20]
Task5(in bufl, out bufl);
Init_P_2(out buffer_p_2);

/I Defines buffer_p_2[0:10]
Task6(in buffer_p_2, out buffer_p_2);

/I Uses buffer_p_2[0:10]

/I Defines buf2[0:20

Task7(in buffer_p_2, in buf2, out buffer_p_2, out buf2);
/I Defines buffer_p_2[0:10]

/] Uses buf2[0:20]

Task8(in buffer_p_2, in buf2, out buffer_p_2, out buf2);

/I Uses buffer_p_2[0:10]
Task9in buffer_p_2, out buffer_p_2);

Finish_P_2(in buffer_p_2);

Finish_P_1(in buffer_p_1);

/I Defines buf1[0:20]
Task10(in bufl, out bufl, in count);

/I Uses buf1[0:20]

/I Defines buf2[0:20]

Task11(in bufl, in buf2, out bufl, out buf2);

/I Uses buf2[0:20]

Task12(in buf2, out buf2, out count);
Init_P_3(out buffer_p_3);

/I Defines buffer_p_3[0:20]
Task13(in buffer_p_3, out buffer_p_3);

I/ Uses buffer_p_3[0:20]
Task14(in buffer_p_3, out buffer_p_3);

Finish_P_3(in buffer_p_3);

// Deallocates bufl and buf2
Finish(in bufl, in buf2);

Figure 6.19: Privatization in the cortrol program.
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int Init_P_1()
int(*new_buffer)[21];
new_buffer = malloc(sizeof(int) * 21);
writeArg(0, new_buffer);

return 1;

() The body of the Init _P_1 task.

int Finish_P_1()
int(*new_buffer)[21];
new_buffer = readArg(0);
free(new_buffer);

return 1;

}

(b) The body of the Finish _P_1 task.

Figure 6.20: The bodiesof the Init _P_1 and Finish _P_1 tasks.
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/I Allocates bufl, buf2 and buf3 of type int(*)[21]
/I Initializes count of type int
Init(out bufl, out buf2, out buf3, out count);

/I Defines buf1[0:10]
TaskA(in bufl, out bufl);

while()

{
/I Uses bufl1[0:20]
TaskB(in bufl, out bufl);

/I Defines buf1[11:20]
TaskC(in bufl, out bufl);

/I ' Uses buf2[0:20]
/I Defines buf2[0:20]
TaskD(in buf2, out buf2);

/I Uses buf2[0:20]
TaskE(in buf2, out buf2);

/I Uses buf2[0:20]
/I Defines buf2[0:20]
TaskF(in buf2, out buf2);

/I Defines buf3[0:20]
TaskG(in buf3, in buf3, in count);

/I Uses buf3[0:20]
TaskH(in buf3, in buf3, out count);

}

/l DeAllocates bufl, buf2 and buf3
Finish(in bufl, in buf2, in buf3);

Figure 6.21: Example cortrol program for bu er replication.

with the data contained in buf. This copy is givento the sourceof the dependenceg(T,),

whereasthe sink task (T,) still processeghe original bu er buf.

Bu er replication is realizedin three steps: nding eligible replication candidates,
performing replication in the cortrol program and creating helper task functions. In the
remainder of this section,ead step of bu er replication will be descriked in detail with
help of an examplecortrol program shown in Figure 6.21. In the gure, the results of
task analysesare shovn ascommerts to correspnding task calls. In the examplecortrol
program, since eat of the Sarek variables bufl, buf2 and buf3 represen a di erent

bu er in memory, for simplicity, bu er webswill be referredwith the Sarekvariables.
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For the examplecortrol program and the correspnding bu er webs, it is important
to note that bu er privatization can not be applied to bufl, becauseof the loop-carried
data dependencefrom TaskCto TaskBand, similarly to buf2 becauseof the loop-carried
data dependencefrom TaskFto TaskD On the other hand, buf3 can not be privatized
dueto the ow dependencecausedby the scalarURF variable count which createsa cycle
from TaskHto TaskG Consequetly, there exist unresohed anti dependencesgcausedby

accesse$o bufl, buf2 and buf3, in the examplecortrol program.

6.7.1 Finding Eligible Replication Candidates

In order to perform bu er replication, all pairs of tasks that have an anti dependence
with ead other are neededfor ead bu er in the memory Theseare obtained from the
ADGs of the bu er webs. Each anti dependenceedgein the ADG of eat bu er web is
initially declaredasa bu er replication candidate.

Sinceeery false dependencecan safely be resolved with memory renaming, there is
no correctnesscondition applicableto replication candidates. In other words, whenevery
replication candidate, i.e. ewery anti dependence,in a cortrol program is resolhed via
replication, correct data ow in the output cortrol program will be obtained.

Howewer, we opt not to apply bu er replication to a bu er buf, if the sourcetask T;
of the anti dependencecausedby accesse$o buf, alsowrites to a sectionof buf. Sud
a situation will require that all other tasksthat are ow dependert on T; in terms of
accesse$o buf be modi ed to usethe copy. This is in generaldi cult to perform and
may not always produce optimized code.

Furthermore, it may not always be possibleto obtain performancegainswith bu er
replication. The reasonis that even though bu er replication breaksan anti dependence
betweentwo tasks causedby accessew a bu er, there may exist other true dependences
between these two tasks that prevent their parallel execution. Thus, in order not to

introducethe run-time overheadof bu er replication causedby the helper tasks, we opt
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(a) FDG of bufl. (b) ADG of bufl.

i
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(c) FDG of buf2. (d) ADG of buf2.

O
OO

(e) FDG of buf3. (f) ADG of buf3.

Figure 6.22: FDGs and ADGs for the running examplebu er webs.
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—>bufl anti dependences
buf2 anti dependences

Figure 6.23: Eligible bu er replication candidatesfor the running example.

not to apply bu er replication to an anti dependence|f the sink and sourcetasks of the
dependenceare ow-depender to ead other.

For the running examplewith ADGs of Figure 6.22,the replication candidate of buf3,
i.e. the anti-dependencerom TaskHto TaskG is eliminated, becauselaskGis dependent
to TaskHdue to accesse$o scalar URF variable count. On the other hand, the anti-
dependencesof bufl and buf2 do not cortain serializedtask calls, therefore they are
eligible for bu er replication. The eligible bu er replication candidatesfor the running

exampleare shovn in Figure 6.23.

6.7.2 Buer Replication in the Control Program

For ead eligible anti dependence with sourcenode T; and sink node T,, of ead bu er

web buf, bu er replication is performedin four steps:
1. A private copy pri of buf is created.
2. pri isinitialized with buf.
3. buf argumerts of T, are renamedto pri .

4. pri is destroyed after T;.

Bu er replication is performedwith insertion of three helper tasks.
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Init:  Similar to bu er privatization, an Init _Rtask is inserted, just beforethe source
node of the target anti dependenceto createthe copy of the bu er to bereplicated.
This Init _Rtask has a single output argumert, i.e. copy buer, and no input

argumen. Its format is asfollows:

Init _Rn(out buffer _r_n); where n is the unique buffer replication id.

Copy: A CopyRtask is insertedjust after the Init _Rtask to initialize the copy bu er
with data in the replicated bu er. This CopyRtask hastwo input and two output

argumerts: the copy bu er and the replicated bu er. Its format is asfollows:

CopyRn(in buffer _r_n, in buf, out buffer _r_n, out buf); where n is the

unique buffer replication id and buf is the replicated buffer.

Finish: A Finish _Rtask is insertedafter the sourcenode of the target anti-dependence
to destroy the no longerneededcopy. This Finish _Rtask hasoneinput argumert,

i.e. copy bu er, and the following format:

Finish _Rn(in buffer _r_n); where n is the unique buffer replication id.

Figure 6.24 depicts the resulting output cortrol program after bu er replication is

applied to the input cortrol program of the running example.

6.7.3 Creating Help er Task Functions

After the replication in the cortrol program is completed, the function bodies of the
helper tasks, i.e. Init _Rn, CopyRn and Finish _R.n, should be generatedaccordingto
the type of the replicated bu er. For this purpose,the type of the replicated bu er is
taken from the allocation node of the bu er. Then, a malloc operation in Init _Rn,
a memcpyperation in CopyRn and a free operation in Finish _Rn are performedin

order to create,initialize and destroy the replica of the bu er.
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/I Allocates bufl, buf2 and buf3 of type int(*)[21]
/I Initializes count of type int
Init(out bufl, out buf2, out buf3, out count);

/I Defines buf1[0:10]
TaskA(in bufl, out bufl);

while()
Init_R_O(out buffer_r_0);
Copy_R_0(in buffer_r_0, in bufl, out buffer_r_0, out bufl);

/I Uses buffer_r_0[0:20]
TaskB(in buffer_r_0, out buffer_r_0);

Finish_R_0(in buffer_r_0);

/I Defines buf1[11:20]
TaskC(in bufl, out bufl);

/I Uses buf2[0:20]

/I Defines buf2[0:20]

TaskD(in buf2, out buf2);

Init_R_1(out buffer_r_1);

Copy_R_1(in buffer_r_1, in buf2, out buffer_r_1, out buf2);

/I Uses buffer_r_1[0:20]
TaskE(in buffer_r_1, out buffer_r_1);

Finish_R_1(in buffer_r_1);
/I Uses buf2[0:20]

/I Defines buf2[0:20]
TaskF(in buf2, out buf2);

/I Defines buf3[0:20]
TaskG(in buf3, in buf3, in count);

/I Uses buf3[0:20]
TaskH(in buf3, in buf3, out count);

/I DeAllocates bufl, buf2 and buf3
Finish(in bufl, in buf2, in buf3);

Figure 6.24: The output cortrol program of bu er replication.
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For the examplebu er replication in Figure 6.24,the Init _R CopyRand Finish _R

task bodiesshavn in Figure 6.25are createdfor bufl and, similarly, for buf2.

6.8 Buer Renaming

As it is discussedin Section 5.3, bu er renaming aims to solwe syndironization false
dependencesntroducedby the MLCA programming model.

By de nition, a syndironization false dependenceexists when two tasks T; and T,
do not have any memory dependence(i.e. ow, output and anti) with ead other, for
a buer buf in the memory, but a URF dependencein the cortrol program, causedby
accessefo the pointer of buf, preverts the parallel executionof T; and T,. With bu er
renaming,for ead bu er web, the graph of syndronization falsedependencess obtained
and eat syndironization falsedependences solved separatelyby meansof renamingthe
argumerts of the dependert tasks.

A synchionization false degendene graph (SFG) is a directed multi-graph Gg =
(V; Es) whoseverticesV are the task calls of the cortrol program and the edgesEg
are the syndronization false dependencesamongtask calls. Therefore,in the SFG that
belongsto a bu er web buf, there exist an edgefrom T, to T,, only if all the below

conditions are satis ed.

1. If T, is not data-dependent on Ty, in terms of accesseso all the memory bu ers
and URF registersin the cortrol program, i.e. there exists no path from T, to T,

in the multi-variable FDG of the cortrol program.

2. No memory falsedependenceexistsfrom T; to T, in terms of accesse® the bu er
referred by buf, i.e. there exist no path from T, to T, in the ADG and ODG of
buf.

3. An elemen of buf is an output argumert of T; and an input argumert of T,.
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int Init._ R_0()
int (*copy_buffer)[21];
copy_buffer = malloc(sizeof(int) * 21);
writeArg(0, copy_buffer);

return 1;

(a) Task function of the Init _RO.

i{nt Copy_R_0()

int (*copy_buffer)[21];
int (*original_buffer)[21];

copy_buffer = readArg(0);
original_buffer = readArg(2);

memcpy(copy_buffer, original_buffer,
sizeof(*copy_buffer));

writeArg(0, copy_buffer);
writeArg(1, original_buffer);

return 1;

(b) Task function of the Copy RO.

int Finish_R_0()
int (*copy_buffer)[21];
copy_buffer = readArg(0);
free(copy_buffer);

return 1;

(c) Task function of the Finish _RO.

Figure 6.25: Taskfunctions of the bu er replication helper tasksfor the running example.
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Syndronization false dependencesare solved using the SFG in two steps.

First, for eat bu er web buf _weband for ead task call T, in the SFG of buf _weh if
there existsan edgeoriginating from Ty, for every output argumert arg of T;, which is an
elemen of buf _weh arg is renamedto an arti cially createdSarekvariable arti _arg _n,
wheren is a unique bu er renamingindex. In other words, by renamingthe syndroniza-
tion argumen causingthe ow dependencebetweentwo task calls which, in fact, can
executein parallel, the false dependencebetweenthe two tasks is eliminated, enabling

their parallel execution.

Second hewsyndronization falsedependencesre createdbetweenT; and other tasks
T,, T3, ... T, that are memory dependen (o w, output, anti) on T; in terms of accesses
to buf; sud that the new arti cial argumert arti _arg is declaredas input argumerns
of T,, T3, ... T,. This is necessarybecauseafter the renaming, none of tasks that are
accessinghe bu er buf, referred by buf _weh will serializewith T,, possibly violating
true and false memory dependences.The reasonis the lack of syndironization output
argumerts to sdheduleT; in serial with other tasks accessingouf. In addition, in order
to serializeT; alsowith the task Ty that is deallocating buf, arti _arg is alsodeclaredas

an input argumert of Ty.

Furthermore, sincebu er renaming breaksall the syndironization false dependences
originating from Ty, the other syndironization false dependencesriginating from T, do
not needto be processed.In other words, after the renaming of arg with arti _arg in
T,, noneof the tasksthat are accessingouf will serializewith T;, breaking other, if any,
syndironization false dependencesriginating from T,. Consequetly, for ead task call
T in the SFG only one syndironization false dependenceoriginating from T is solwed, as

the otherswill be automatically solved.
The algorithm of bu er renamingis shown in Figure 6.26.

It is crucial to note that, in the MLCA programmingmodel, no exceptionis generated

when a task's input argumert that is not de ned previously i.e. not written to URF
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for each buffer web buf web
for each vertex v1 in the SFG
if there exists an edge that has v1 as its source
increment buffer renaming index n
for each output argument arg of buf_web in v1
rename arg to arti_arg_n
for each FDG, ODG, ADG of buf_web
for each path from v1 to a vertex vp
insert arti_arg_n to input arguments of vp
for each deallocation task vd of buf_web
insert arti_arg_n to input arguments of vd

Figure 6.26: The algorithm of bu er renaming.

TaskA(out value);
TaskB(in value, in count);

TaskC(out count);

Figure 6.27: No exceptionis generatedin TaskB

previously is read from the URF. For example,the cortrol program in Figure 6.27 will
not produce any exceptionfor TaskB ewven though it readscount Sarekvariable from
the URF, beforecount is de ned in TaskC

Furthermore, no exceptionis generatedwhen a task T hasan n" input argumert arg
speci ed in the cortrol program, but this n input argumer is not read from URF in
the task function with a readArg routine. On the other hand, since URF dependences
are processedoy the CP accordingto only cortrol program but not task functions, any
dependenceon arg will not be violated, i.e. false dependenceswill be resoled through
renaming and true dependenceswill be satis ed by serializing dependen tasks. For ex-
ample,in the cortrol programand the correspnding task functions shown in Figure 6.28,
TaskBwill be serializedwith TaskAalthough TaskBdoesnot readthe dependencecausing
argumernt count in its task function; further, no exceptionwill be generatedwhen TaskB
executes.

In the light of above discussionsjt can be concludedthat bu er renamingis a valid

transformation and requiresno modi cation on the task functions of the modi ed task
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TaskA(out count);

TaskB(in count);

(a) The example control program.

int TaskA()

int var = 0;
write_Arg(0, var);
return 1;

}

(b) The body of TaskA

E{nt TaskB()

return 1;

(c) The body of TaskB

Figure 6.28: TaskBand TaskCare serializedand no exceptionis generatedwhen TaskB

executes.

calls.

Bu er renamingis illustrated with the examplecortrol programshown in Figure 6.29.
In the examplecortrol program, for simplicity, the results of the allocation, deallocation,
sectionde nition and sectionuse analysesof the task functions are shavn as commerts
to task calls. In addition, buf _1 variable is declaredasboth output and input argumerns
of the tasks it appearsin, in order to syndironize tasks that are accessinghe bu er
accordingto the true and false dependences. This may be the casewhen the cortrol
programis directly generatedby the programmeror by the previouscode transformations

sudh as parameterdeaggregationpu er privatization and bu er replication.

Moreover, although bu er privatization code transformation canbe appliedfor buf _1,

for simplicity, we will assumethat it is not applicable.
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/I Allocates buf_1
Init_1(out buf_1);

while(cont)

/I Defines buf_1[0:10]
TaskA(in buf_1, out buf_1);

/I Uses buf_1[0:10]
TaskB(in buf_1, out buf_1);

/I Uses buf_1[0:10]
TaskC(in buf_1, out buf_1, out count);

/I Defines buf_1[11:20]
TaskD(in buf_1, out buf_1);

/I Uses buf_1[0:20]
TaskE(in buf_1, in count, out buf_1);

// Deallocates buf 1
Finish_1(in buf_1);

Figure 6.29: The examplecortrol program for bu er renaming.

Furthermore, buf _1 Sarekvariable represets the only bu er web in the cortrol pro-
gram, thus, it will be usedto represen the referredmemory bu er. Figure 6.30depicts
the FDG, ADG and ODG of buf_1. Since TaskAand TaskDde ne distinct regions of
buf _1, the ODG of buf _1 cortains only self-edgeon TaskAand TaskD

Apart from buf_1, there also exists a count Sarekvariable which is of scalartype,
in the examplecontrol program. Consequetly, the union of FDGs of count and buf _1
composethe multi-v ariable FDG of the cortrol program, which is shovn in Figure 6.31.

Using the multi-v ariable FDG of the cortrol program, FDG, ADG and ODG of buf _1,
the SFG of buf_1 is generatedas shavn in the Figure 6.32. In the corntrol program of
the running example, TaskCcan executein parallel with TaskB asthere is no path from
TaskBto TaskCin the multi-variable FDG and in any ADG and ODG of all the bu ers.
Howe\er, they are serializedbecausebuf _1 is declaredas an output argumert of TaskB
and an input argumert of TaskC Consequetly, there is an edgefrom TaskBto TaskC
in the SFG of the buf_1. In addition, TaskGC in oneiteration of the loop, can execute

in parallel with the TaskBof the next iteration, becausethere is no path from TaskCto
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(a) FDG of buf _1.

(b) ADG of buf _1.

(c) ODG of buf _1.

Figure 6.30: FDG, ADG and ODG of buf _1 for the running example.
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—bufl flow dependences
count flow dependences

Figure 6.31: The multi-variable FDG for the running example.

T
(=

Figure 6.32: SFG of the cortrol program for the running example.
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TaskBin the above mertioned dependencegraphs. Newertheless,the fact that buf 1 is
declaredas an output argumen in TaskCand as an input argumert in TaskBprevens
this parallel execution. For this reason,there is alsoan edgefrom TaskCto TaskBin the
SFG. Similarly, there exist edgesbetween TaskBand TaskE Howewer, there exist only
a single edgebetweenTaskCand TaskE becauseTaskEcan not executein parallel with
TaskCin the sameiteration of the loop becauseof the scalar o w dependencecausedby
the count Sarekvariable seenin the multi-variable FDG. On the other hand, TaskCin
oneiteration can executein parallel with TaskEof the previousiteration, asthere is no
path from TaskEto TaskCin the multi-variable FDG.

When the algorithm of bu er renamingis applied to the SFG of buf _1, buf _1 is re-
named in the output argumerts of all vertices of SFG, i.e. TaskB TaskCand TaskE
In TaskB the output argumert buf_1 is renamedto buf_arti _1 in order to solwe the
syndronization false dependencefrom TaskBto TaskCand TaskE Howewer, sincethe
syndironization dependencdrom TaskBto TaskA which is satisfyingthe anti-dependence
betweenthem, is also broken by this renaming, buf _arti _1 is also made an input ar-
gumern of TaskA Similarly, buf _1 output argumens of TaskCand TaskE are renamed
to buf_arti _2 and buf _arti _3 respectively, breaking the syndronization false depen-
dences,and buf_arti _2 and buf _arti _3 are made input argumerns of TaskAin order
to satisfy the anti-dependencedrom TaskCand from TaskEto TaskA Furthermore, the
arti cial argumerns buf _arti _1, buf _arti _2 and buf _arti _3 are madeinput argumeris
of Finish , which deallocatesthe bu er buf _1 and, thus, shouldexecuteafter all the tasks
accessingouf _1 are complete.

Figure 6.33depicts the cortrol program obtained as the result of bu er renaming.
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/I Allocates buf_1
Init_1(out buf_1);

while(cont)
/I Defines buf_1[0:10]
TaskA(in buf_1, out buf_1,
in buf_arti_1, in buf_arti_2, in buf_arti_3);

/I Uses buf_1[0:10]
TaskB(in buf_1, out buf_arti_1);

/I Uses buf_1[0:10]
TaskC(in buf_1, out buf_arti_2, out count);

/I Defines buf_1[11:20]
TaskD(in buf_1, out buf_1, in buf_arti_3);

/I Uses buf_1[0:20]
TaskE(in buf_1, in count, out buf_arti_3);

Finish_1(in buf_1,

in buf_arti_1, in buf_arti_2, in buf_arti_1);

Figure 6.33: The cortrol program after bu er renaming.
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Chapter 7

Compiler Design

In this chapter, we prese the MLCA Optimizing Compiler (MOC). The designcriteria
for the MOC are discussedand an overview of its architecture is given. Section 7.1
presens the overall designof the MOC. Section7.2 preserts the Sarek pragmas,which
are the medium of communication between di erent compilation phases,and between

the programmerand the MOC.

7.1 The MLCA Optimizing Compiler

In this section,we discussthe architecture of the MOC. First, we presen the architecture,
then, we justify this architecture basedon the featuresof our code transformations and
the Sareklanguage.Finally, we presen the bene ts of this architecture.

The MOC is responsible of optimizing the performanceof its input cortrol program
together with the correspnding task functions, in terms of total executiontime. This
is achieved by applying the Sarekcode transformations descrited in Chapter 5, i.e. pa-
rameter deaggregationpu er privatization, bu er replication, bu er renamingand code
hoisting.

MOC is designedto be a system of two sub-compilers,a C-Compiler and a Sarek-

Compiler, processingtwo di erent languagesn a singlerun, asdepictedin Figure 7.1.
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Control

Program l
Optimized

Task C Annotated Control Program
Functions Compiler .
Functions

Figure 7.1: The architecture of the MLCA Optimizing Compiler.

Sarek

Compiler .
Mod ified

Task Functions

The C-Compiler takesthe task functions and other helper functions of the applica-
tion asinput and appliescompileranalysessud asinter-proceduralarray-sectionanalysis
and inter-procedural data- ow analysisof the structure elds. The results of theseanal-

yses,together with the typesof the task argumeris are sert to the Sarek-Compiler.

The Sarek-Compiler takesthe input cortrol program and the results of the task
function analysesproducedby the C-Compiler asinput. It appliesthe Sarekcode trans-
formationsto the input cortrol program, optimizesthe cortrol program and modi es the

task functions accordingly

The communication between the C-Compiler and the Sarek-Compileris adieved
with annotations inserted in the task functions. The results of the analysesperformed
by the C-Compiler are insertedin the code of the task functions in the form of pragma
statemens. The Sarek-Compilertakesthe annotatedtask functionsasinput andretrieves
the pragma annotations. It appliesthe Sarekcode transformations using these results

and modi es the cortrol program and the task functions accordingly

An API is alsoprovided for the pragmaannotations, which allowsthe programmersto
directly insert data usageinformation in the code of the task functions. Pragmasinserted
by the programmeroverride the pragmaannotationsgeneratedoy the C-Compiler; hence,

the programmercan modify the information suppliedto the Sarek-Compiler.

The design of the MOC is basedon the fact that it is not possibleto considera

cortrol program apart from the task functions, consequetty a Sarek-Compilerfrom a
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C-Compiler. In the remainder of this section,we justify this with three facts.

First, Sarek, by being a high level language, is designedto represem the inter-
proceduraldata and cortrol o w of an application. It is not involvedin any computation,
i.e. it doesnot perform or represemh any work; rather, it shedulestasks which are the
work functions. Therefore, in order to processthe work of the tasks, sud&x as mem-
ory accessesvariable de nition/use, etc., cortrol programsare not su cient sourcesof
information and, in fact, task functions are neededto be analyzed.

Second,Sarekdoesnot include strong typing, asead of its registervariables(reg _t)
represets data of xed size,which caneither beascalarvalueor a pointer. Consequetiy,
it is not possibleto distinguish the typesof the task argumerts from the cortrol program
point-of-view. Therefore, the inspection of the task functions for the types of their
input/output variablesis necessary

Third and more signi cantly, the Sarek code transformations can not be applied

without analyzing or modifying the task functions, becauseof the following reasons:

1. Bu er privatization, bu er replication, bu er renamingand parameter deaggrega-

tion require the typesof the task argumerts to distinguish bu ers and structures.

2. Bu er privatization, bu er replication andbu er renamingrequirethe inter-procedural

array-sectionanalysisresults for the task functions.

3. Parameterdeaggregatiorrequiresinter-proceduraldata- o w analysisresultsfor the

structure elds.

4. Code-hoisting requiresthe intra-procedural data- ow analysisresults for the task

argumerts inside the task functions.
5. Code-hoistingrelocatesthe writeArg routinesin the task functions.

6. Parameter deaggregationmodi es the task argumerts; thus, writeArg routines

have to be altered accordingly inside the task functions.
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7. Buer privatization and bu er replication create new tasks, for which new task

functions hasto be generated.

The designof the MOC provides someimportant bene ts.

Di er ent Compiler Infrastructures: Di erent compiler infrastructures for the C-
Compiler and the Sarek-Compilercan be used. This provides the freedom of se-
lecting the most suitable infrastructure for ead sub-compilerand also replacing

one sub-compilerwithout modifying the other one.

Easeof Development:The sub-compilerscan be deeloped separately Thus, after
one sub-compileris dewloped and tested, the other one can be started. This will
easedebuggingduring the dewelopmen process,becausen caseof an unexpected

transformation outcome, it is possibleto isolate the failing sub-compiler.

Simple Sub-Compilers: The Sarek-Compileris only responsible of applying the
Sarekcode transformations and is not involved in any complexanalysesof the task
functions. Similarly, the C-Compiler only performscompiler analyseson the input
functions and is not involved in any modi cation of the cortrol program. In fact,

the control programis not an input to the C-Compiler.

Easy Observation of the Information Flow: The information ow from the C-
Compiler to the Sarek-Compilercan be obsened by the programmer by only in-
specting the output task functions of the C-Compiler. Hence,adjustmers about

the consenrativenessof the C-Compiler can be made easily

SimpleControl Program: The fact that the information o w from the C-Compilerto
the Sarek-Compileris through the task functions keepsthe cortrol program simple
and allowsindepender dewelopmern of the task functions. In other words, after the
cortrol program is generatedfor an application, task functions can be dewloped

independerly, aslong asthe input and the output argumerts are consistem with
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the cortrol program. Thus, any changein the implemenation of a task function
will be re ected on the pragmasinside the task function, but not on the cortrol

program.

Programmer Control Over Compilation: The API for the pragmaannotations pro-
videsto the programmerthe ability to control the compilation of the cortrol pro-
gram. Any missing and/or incorrect analysisresults can be replacedby the pro-
grammer,who hasa reasonableunderstandingof the application's functionality or
by a pro ler that hasrun-time pro ling information of the application. Consider-
ing that someof the analysesrequired by the Sarekcode transformations, sud as
array-section analysis, are complex compiler analysesthat do not have successful
implemertations in the literature and are dependert on the run-time behavior of
the applications, the feedba& of a programmeror a pro ler is crucial for the MOC.
In fact, in most casesa sectionde nition/use in a task function, which can easily
be obsened by the programmerwith the inspection of the code, may not be impos-
sible for the compiler to producedueto I1/O operations and cortrol- o w decisions

that can not be predicted at compile-time.

7.2 Sarek Pragmas

The Sarekpragmasare special commerns that areidenti ed with a unique sertinel. The

syntax of the user API for the Sarekpragmasis as follows:
sentinel directive_name iteml [item2] [identifierl] [identifier2]

The scope of the pragmasis the task function they appearin and their functionality
is independen of their location inside the function. The following sectionsdescrite the

typesand functionalities of the Sarekpragmas.
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7.2.1 Items

Items are the a ected targets of the pragmas. For the task and clone pragmas,the item
is a task name,while for others, it is either a structure eld accessedia a local structure
pointer, or alocal variable which points to a bu er or a structure. For variables,variable
nameis usedto descrike the item, whereasfor the structure elds, the o set of the eld
with respect to the local structure pointer is given, using\->" or \.", in the sameway
the eld is accessedn a C expression.

In casethe item is a bu er pointer, it may be followed by a regionidenti er to specify

a region of the bu er.

7.2.2 Region Identier

The regioniderti er describesa region for an item. Two real numbers de ne the start

and the end o set valuesfor the region. The syntax of the identi er is asfollows:
[start_offset:end_offset]

For instance,buf[20:40] represets the bu er regionbetween20" and 40" elemers
(inclusive) of the bu er (or the bu er pointed by) buf.

Optionally, \*" wildcard can be usedto descrike a full regionfor an item, spanning
the whole bu er. For examplebuf[*] represets all the elemets of the bu er buf.

The regionsfor arrays with multiple dimensionsare represeted as o sets from the

start addressof the array.

7.2.3 Task Pragma

The Taskpragmade nes a task function for a speci ed task of the cortrol program. The
task function is the function that the pragmais in and the task nameis given asthe item
of the pragma.

The syntax of the Task pragmais asfollows:
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#pragmamlca Task task_name
function_header
start_of function
[ statements ]

end_of function

The task _nameis the name of the task that the task function belongsto.

7.2.4 Clone Pragma

When two tasks have the samefunction astheir task functions, it is said that the two
tasks are clonesof eat other. In casethat multiple tasks are clonesof ead other, one
task is de ned asthe primary task usinga Task pragmaand the other tasksare declared
asthe clonesof the primary task using Clone pragmas.

Sincea single function may be the task function for multiple tasks, there may exist
multiple clonesof a task and therefore multiple Clone pragmasfor a single function.

The Clone pragmahasthe following syntax:

#pragmamlca Task task _name

#pragmamlca Clone clone_task_name clone_id
function_header

start_of function

[ statements ]

end_of function

The task _nameis the name of the primary task for the task function, whereasthe
clone _task _nameis the name of the clonetask for the task function.
Ead clonetask is given a unique clone _id to be usedin De nition, Non-De nition,

Use and Non-Usepragmas. In fact, when a clone _id is not given, these pragmasare
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e ective for the primary task and alsofor all the clonetasks. When a clone _id is given,

they are only e ective for the clonetask with the id clone _id .

7.2.5 Allo cation Pragma

The syntax of the Allocation pragmais as follows:
#pragmamlca Alloc item [ allocation_size ]

The Allo cation pragmadeclaresthat a memory location pointed by the item is allo-
cated inside the function that the pragmais attached to.

The following conditions should be speci ed for an item to be declaredas allocated:
1. The item should be of type pointer.
2. The item should be an output variable.

3. The item should carry the value of the pointer for the allocated memory in every

writeArg routines it appears.

In casesvherethe item is of type pointer to scalar,the allocation sizein bytes should

beidentied with allocation _size .

7.2.6 Deallo cation Pragma

The syntax of the Deallocation pragmais as follows:
#pragmamica DeAlloc item

The Deallocation pragma declaresthat a memory location pointed by the speci ed
item is destroyed in the function that the pragmais in.
In order for an item to be declaredas deallocated, the following conditions should be

met:
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1. The item should be of type pointer.
2. The item should be an input argumert.

3. The item should carry the value of the pointer to the shared memory location

destroyed, in the readArg routine it is assignedn.

7.2.7 De nition Pragmas

The generalsyntax of the De nition pragmais asfollows:
#pragmamlca Defs item [ identifier ] [ Clone clone_id ]

The De nition pragmadeclareshat the speci ed item is de ned in the task function.
The item should be an input argumert of the task function that the pragmais in.

The types of the items and the identi ers dier accordingto the meaning of the
De nition pragma. In fact, the De nition pragmasare divided into two in terms of the

typesof their items and identi ers.

Structure De nition Pragma

The format of the Structure De nition pragmais as follows:
#pragmamlca Defs item [ * ] [ Clone clone_id ]

The Structure De nition pragmais usedto declarethat the speci ed item, which
is either a local structure pointer (input argumert of task function) or a structure eld
accessedvith a local structure pointer (input argumen of task function), is de ned
in the task function the pragmais in. If the de nition of the item does not occur in
ewvery invocation of the task function, the item should also be declared as used with
a Use pragma in addition to being declaredas de ned. This situation is discussedin

Section7.2.12.
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In caseswvherethe item is of type pointer-to-structure, the \ *" identi er marks every

eld in the pointed structure asde ned.

Section De nition Pragma

The format of the SectionDe nition pragmais as follows:
#pragmamlca Defs item region_identifier [ Clone clone_id ]

The Section De nition pragma is usedto declarethat the region specied by the
region _identifier  of the bu er speci ed by the item, which is either of type pointer-
to-scalar or pointer-to-bu er, is de ned in the task function that the pragmais in.

In order for a regionto be declaredas de ned, all the elemens of the region should
be de ned in at least one invocation of the task. In that sensethe Section De nition
pragma considersthe union of all the regions(of a speci ¢ bu er) de ned by atask. In
casethere exists a region of the bu er which is de ned in someinvocations of the task
function, but not in all of its invocations, then this regionshouldalsobe declaredasused
with a Usepragma, in addition to being declaredasde ned. This situation is discussed
in Section7.2.12.

In case,se\eral SectionDe nition pragmasare provided for the sameitem, the spec-

i ed regionsare merged.

7.2.8 Non-De nition  Pragmas

The generalsyntax of the Non-De nition pragmais asfollows:
#pragmamlca NoDefs item [ identifier ] [ Clone clone_id ]

The Non-De nition pragmais usedto declarethat the item specied is not de ned
in the task function. The item should be an input argumert of the task function that

the pragmais in.
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This pragmais not generatedby the C-compiler. It is designedto allow the program-
mer to eliminate the de nition pragmasgeneratedby the C-compiler.

The typesof the items and the identi ers di er accordingto the meaningof the Non-
De nition pragma. In fact, the Non-De nition pragmasare divided into two in terms of

the type of their items and identi ers.

Structure Non-De nition ~ Pragma

The format of the Structure Non-De nition pragmaAPI is asfollows:

#pragmamlca NoDefsitem [ * ] [ Clone clone_id ]

The Structure Non-De nition pragmais usedto declarethat the speci ed item, which
is either a local structure pointer (input argumert of task) or a structure eld accessed
with a local structure pointer (input argumen of task), is not de ned in any execution
path of the task function that the pragmais in. In other words, Non-De nition pragma
states that, not a single de nition to the item exists, in any readable location of the
procedure. It is usedto eliminate the e ect of any Structure De nition pragmafor the
speci ed item.

In caseswvherethe item is of type pointer-to-structure, the \*" identi er marks every

eld in the memory storagepointed by the item as not-de ned.

Section Non-De nition  Pragma

The format of the SectionNon-De nition pragmais as follows:

#pragmamlca NoDefs item [ region_identifier ] [ Clone clone_id ]

The SectionNon-De nition pragmais usedto declarethat the regionspeci ed by the
region _identifier  of the bu er speci ed by the item, which is either of type pointer-to-

scalaror pointer-to-bu er, is not de ned in any executionpath of the procedurethat the
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pragmaisin. In fact, SectionNon-De nition pragmaeliminatesany de nition declaration

for the speci ed region of the speci ed item throughout the task function.

7.2.9 Use Pragmas

The syntax of the Usepragmais as follows:

#pragmamlca Uses item [ identifier ] [ Clone clone_id ]

The Usepragmamarks an item asusedfor the task function that the pragmais in.
The item should be an input argumen of the task function that the pragmais in.

The typesof the items and the identi ers di er accordingto the meaningof the Use
pragma. In fact, the Use pragmasare divided into two in terms of the types of their

items and identi ers.

Structure Use Pragma

The format of the Structure Use pragmais as follows:

#pragmamlca Usesitem [ * ] [ Clone clone_id ]

The Structure Usepragmais usedto declarethat the speci ed item, which is either
a local structure pointer (input argumert of the task) or a structure eld accessedvith
a local structure pointer (input argumer of the task), is usedin the task function the
pragmais in. The Structure Usepragmarequiresthat at leasta singleuseof the speci ed
item dominatesewery de nition to the item or there exist de nitions to the item which
do not occur in ewery invocation of the task function.

In caseswvherethe item is of type pointer-to-structure, the \*" identi er marks every

eld in the memory storagepointed by the item asde ned.
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Section Use Pragma

The format of the SectionUse pragmais as follows:
#pragmamlca Uses item region_identifier [ Clone clone_id ]

The SectionUsepragmais usedto declarethat the regionspeci ed by the region _identifier
of the bu er speci ed by the item, which is either of type pointer-to-scalar or pointer-
to-bu er, is usedin the task function that the pragmais in.

The Section Use pragma further statesthat section usesof the region for the item
dominatesewery de nition of the samesectionor de nitions to the section of the item
doesnot occur in every invocation of the task function. If di erent sectionsof an item
are usedin distinct invocations of the task function then, the union of these sectionsis
declaredasused.

In case,se\eral Section Use pragmasare provided for the sameitem, the speci ed

regionsare merged.

7.2.10 Non-Use Pragmas

The syntax of the Non-Usepragmais as follows:
#pragmamlica NoUsesitem [ identifier [Clone clone_id] ]

The Non-Usepragmamarksan item asnot usedfor the task function that the pragma
isin. It eliminatesthe e ect of any Usespragmafor the sameitem in the task function.
The item should be an input argumen of the task function that the pragmais in.

This pragmais not generatedby the C-compiler. It is designedto allow the program-
mer to eliminate the Use pragmasgeneratedby the C-compiler.

The typesof the items and the identi ers di er accordingto the meaningof the Non-
Use pragma. In fact, the Non-Usepragmasare divided into two in terms of the type of

their items and identi ers.
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Structure Non-Use Pragma

The format of the Structure Non-Usepragmais asfollows:

#pragmamlca NoUsesitem [ * ] [ Clone clone_id ]

The Structure Non-Usepragmais usedto declarethat the speci ed item, which is
either a local structure pointer or a structure eld accessedavith alocal structure pointer,
is not usedin any execution path of the task function that the pragmais in. In other
words, the Structure Non-Usepragmastatesthat, either not even a singleuseof the item
exists or every use of the item is dominated by a de nition to it, and ewery de nition
to the item occursin ewery invocation of the task function. In fact, Non-UsePragmais
usedto eliminate the e ect of any Structure Use pragmafor the speci ed item.

In caseswhereitem is of type pointer-to-struct, the \*" iderti er marks every com-

ponert in the memory storagepointed by the item asun-de ned.

Section Non-Use Pragma

The format of the SectionNon-UsePragmaAPI is asfollows:

#pragmamlca NoUsesitem [ region_identifier ] [ Clone clone_id ]

The Section Non-Use pragma is used to declare that the region speci ed by the
region _identifier ~ of the bu er speci ed by the item, which is either of type pointer-
to-scalar or pointer-to-bu er, is not usedin any executionpath of the function that the
pragmais in. In other words, Section Non-Usepragma states that either the speci ed
regionis not usedin any part of the function or every useof the sectionis dominated by
a de nition to the samesectionand ewery de nition to the region of the item is de ned
in ewery invocation of the task function. In fact, Section Non-Use pragma e ectively
eliminates any usedeclaration for the speci ed region of the speci ed item throughout

the task function that the pragmais in.
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7.2.11 Alias Pragma

The generalsyntax of the Alias pragmais as follows:
#pragmamlca Alias iteml item2 identifier

The Alias pragmadeclaresan aliasrelationship betweeniteml1 and item2, which are
of type pointer. item2 should be an output argumen, whereasiteml1 can either be an
input or output argumern of the task.

The identifier  may be onethe following three:

simple statesthat item2 points to the sameexact location asiteml at the exit of the

task function.

complex statesthat iteml and item2 may be aliasesat the exit of the task function,

but whether they point to the samelocation can not be determined.

none statesthat item2 is not alias with item1 at the exit of the task function.

7.2.12 Declaring Data as Input

In the MLCA programming model, input and output argumeris of tasks are uncondi-
tional. In other words, cortrol processorexpectsa task to read and write all of its input
and output argumens in ewery invocation of the task. A variable should be made an
output argumert of the task, if it is de ned in the task. Howewer, in somecases,a
variable which is an output argumen of a task may not be de ned in ewery invocation
of the task becauseof cortrol o w paths taken at run-time. This variable should alsobe
declaredas an input argumen of the task, even if it is not explicitly usedin the task.
Thus, the variable will carry the value stored in the URF during the execution of the
task and, in casethe variable is not de ned, the correct value will be written to URF.
Figure 7.2 depicts sud a case,in which the output argumen arg is also made an

input argumert of the task, even though it is not usedin the task. Hence,when arg is
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not de ned in the task (i.e. if condition is false), correct value of arg will be written to
the URF.

int Task()

{int arg, b;
arg = readArg(0);
b=...

if(b < 0)
arg = ...

writeArg(arg);

return 1;

Figure 7.2: arg is alsoan input argumen becauset is not always de ned in the task.

The descriked situation is alsovalid for the structure elds and bu er sections.Con-
sequetly, in casea task doesnot always de ne a eld of a structure, this structure eld
should be marked as used(with a Usepragma) in addition to being declaredas de ned
(with De nition pragma). Similarly, when a section of a bu er is not always de ned
inside a task, this sectionshould alsobe marked as usedin addition to being marked as

de ned.



Chapter 8

Exp erimen tal Evaluation

In this chapter, we evaluate the performanceof the MLCA compilerusingreal multimedia
applications. Section8.1 introducesour experimert platform. Section8.2 describesthe
multimedia applications ported to MLCA and usedas bendimarks in the experimerts.
Section 8.3 presens our methodology. Section 8.4 evaluates the performanceof the
MLCA Optimizing Compiler using manually inserted pragmas. Section8.5 discusseshe

succes®f the C-Compiler in generatingthe required pragmasto the Sarek-Compiler.

8.1 Experiment Platform

We usea timed functional model to simulate the performanceof the MLCA. The model
consistsof 6,000lines of C++/SystemC and re ects the overall structure of the MLCA,
with a Control Processor,TaskDispatcher, UniversalRegisterFile, somePUs, and shared
memory,

The model instantiates the desired con guration at runtime. Parametersinclude:
number and type of PUs, URF size,number of renamingregisters,memory con guration
and assaiated latencies,relative speedof CP, TD and PUs.

The model usesARM processordor PUs. Each PU can be con gured with a com-

bination of local and global memory The interconnectadds a constart delay, and the
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memory model implemerts a simple cortention medanism, where the requestsare en-
gueuedin order and dequeuedat a givenrate. The simulator modelsthe URF cortention
in similar way.

The model producesa number of statistics, including: the length of the simulation,
the number of instructions for ead PU, number of read/write for the URF, the memories,
number of cyclesspent waiting for 1/0, averagelatency for the memory operations, etc.

There alsoexistsa simpletool to compile Sarekto HASM. The tool doesnot perform
any optimizations, but its functionality is su cient to avoid writing asserbly-level code
when applications are ported manually. The tasks themseles are compiled for ARM
using the linux-to-ARM cross-compiler3.2.2 version of GNU's GCC, arm-elf-gc. The
model loadsinto memory the ELF object le.

We run the model on a workstation which hastwo 2.0 GHz AMD Athlon MP 2400+

processorswith 256 KB cate and 512 MB of memory

8.2 The Applications

In this section, we descrite the applications usedas bendimarks in evaluating the per-

formanceof the MLCA compiler.

8.2.1 MAD

MAD [4] is an open sourceMPEG audio decaler that translates MPEG layer-3 (mp3)
les into 16-bit PCM output. We usea stripped-dovn versionof the code, which doesnot
include multithreading, but retains the functionalities and code structure of the original
application.

The input to MAD is a byte streamthat represets a sequencef audio frames. Each
frame consistsof a frame headerand framedata. The frameheadercortains con guration

information sud asaudio layer type, channelmode, samplingfrequency streambit rate,
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and the location of the frame's main data in the input stream. Sinceframesmay be of
di erent sizes,a frame headeralso cortains the sizeof its correspnding frame.

The main data structure in MAD is a C structure called maddecoder. It cortains
global variablesand three other C structures: madstream, madframe, and madsynth.
The madstream structure storesthe start and end addressesof the input stream in
memory, a pointer to the start of the current frame being decaled, a pointer to the
next frame to be decaled, and bu ers usedfor decaling a frame. The madframe and
madsynth structures hold bu ers for the decaled and the synthesized PCM output of
a frame, respectively. Thus, most of the pointers and bu ers within madstream, aswell
aswithin the madframe and madsynth structures are re-usedfor the decaling of eah
frame.

MAD application rst starts by allocating and initializing various data structures.
Then, the le corntaining the input stream is mapped to memory, and the frames are
decaded oneat atime until end-of- le is readed. For eat frame, the decaled output is
copiedto madframe. Next, the PCM output is syrthesizedand placedin the madsynth
structure. The structure is sen to either a le or the standard output. Finally, the input
le is unmapped from memory, and the various structures are deallocated.

In our experimerts, we run the MAD application to decale 64 frames, which takes

72.5million cycleswithout any optimization.

8.2.2 FMR

FMR [3]is an open-sourceaudio application that performsFM demadulation on a 16-bit
input data stream, producing a 32-bit output data stream. The input stream consistsof
data padkets of 1536bytes ead.

The main data structures usedin the program are a set of bu ers that are usedto
store and processead input padket. Pointers to thesebu ers are passedas argumeris

to the various functions.
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The FMR application primarily performsa sequenceof operations, sud as CIC low
pass Itering, FM demaddulation, and IIR/FIR de-emphasison ead input padket to
produce the output. Thesestepsare performedin the main function by 70 callsto 16

di erent functions.

In our experimerts, we run the FMR application to decale 22 input data padkets,

which takes 146.2million cycleswithout any optimization.

8.2.3 GSM Encoder

The GSM encadler [5] is the open sourceimplemenation of the European GSM 06.10
provisional standard for full-rate speet transcoding, developed by the Tednical Univer-
sity of Berlin. It uncompressesramesof 160 16-bit linear samplesinto 33-byte frames.

The quality of the algorithm is good enoughfor reliable speaker recognition.

The main data structures of the GSM encaler consistof a structure namedgsm an
input bu er, and an output bu er. The gsmstructure cortains se\eral scalarsthat store
various information about the encaling process,and bu ers that store the intermediate
results of the encaling. Someof thesescalarsand bu ers are reusedfor the encaling of

eah frame, whereassomeare sharedbetweenthe encaling of subsequenframes.

The processof encaling a single GSM frame consist of six phases: preprocessing,
linear predictive coding (LPC) analysis, short-term residual signal analysis, long-term
predictor, regular pulse excitation (RPE) coding and frame formation. Ead frame is
taken from the input le and processedn thesesix phases,which are implemerted in
distinct functions. The output of encaling is storedto the output bu er and the output

bu er is either written to a le or sen to the standard output.

In our experimerts, we run the GSM application to decale 64 frames,which takes33

million cycleswithout any optimization.
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8.3 Metho dology

We take three di erent approatesto port ead bendmark application for the MLCA.
First, for ead application, we prepare a baseline (B) version of the application, in
which only onetask, that callsthe main function of the application, is de ned and, thus,
the cortrol program consistsof a singletask call to this task. A baselineversionis the
simplest version of an application that canrun in MLCA; therefore,it doesnot include
any overheadsand is useful for comparing the impact of task selectionand code trans-
formations. Second,for eat application, we prepare a manually-optimized (MO)
version of the application, in which both the task selectionas well asthe code transfor-
mations are performed manually, aiming for the highest performancepossible. Third,
for eat application, we preparecompiler-optimized (CO) versionsof the application,
in which the task selectionis performed manually; but, the code transformations are
applied by the MLCA compiler. Further, for eat application se\eral compiler-optimized
versionsare generated(with user-de ned pragmas,without user-de ned pragmas,with
di erent code transformations enabled,etc.) leadingto the experimerts descriked in the
remainder of this chapter.

We de ne the base-spedup asthe ratio of the total executioncyclesof an application
(either manual-optimized or compiler-optimized) to the total execution cycles of the
baselineversion of the sameapplication. Similarly, we de ne the relative-sgedup as the
ratio of the total executioncyclesof an application (either manual-optimized or compiler-
optimized) to the total executioncyclesof the sameversionrun on a single processor.
Thus, base-speduptakesinto accoun all the factors a ecting the performanceof the
ported application, sud as the overhead of the cortrol processorand URF accesses,
which are dependent on the architectural parameters. In corntrast, the relative-speedup
re ects only the impact of the code transformations on the total execution cyclesof a
cortrol programand, hence,is usedto ewaluate the e ectivenesof thesetransformations.

For all the bendhmark applications, we selectthe cortrol programand the correspnd-
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ing tasks with a top-bottom approad. With this approad, the functions on the top of
the application's call graph are rst selectedas tasks and the functions that are called
by the current tasks are promoted to be the new tasks in later iterations of the task
selectionprocess.By following the sametask selectionapproad in every experimert, we
show that the compilation environmert presered in Section4.1is e ective in porting
applications and it is possibleto designa task selectorthat will work with the MLCA
Optimizing Compiler.

We compiledthe task functions and the helper functions of eatch bendmark applica-
tion with the O2optimization level of the arm-elf-gcc and ran our experimerts with an
instanceof MLCA which doesnot introduceany limitation on the maximum parallelism.
In that sensethe number of renamingregisters,the number of URF/memory ports, the
depth of out-of-order executionand the shared/local memory sizesare chosensu cien t
enoughto obtain ideal speedups$. The architectural parametersof the MLCA instance

usedin our experimerts are shavn in Table 8.1.

Sincethe model is not fully capableof simulating cade behavior, in our experimerts

no cadesare simulated.

In addition, the MLCA model introducesa limitation on cortrol programs. For the
model to correctly run the applications with multiple ARM processorsall the memory
allocations and deallocations, should be run on a special processor,called MemoryProc,
which hasthe samefunctionality asan ARM processof. This is achieved, during the task
selection,by grouping sudh memory operationsin special tasksthat the MemoryProc is
assignedto. On the other hand, all the remaining tasks are run on a number of regular
ARM processorsdependingon the experimert. In fact, we presen our resultsasa func-
tion of the number of regular ARM PUs. Howewer, the mandatory processorassignmen

of memory allocation and deallocations hidestheir impact on the total executioncycles,

1The e ect of these architectural parameterson the execution cycles of our benchmarks is outside
the scope of this thesis and examinedin our previous work [21].
2This limitation is not necessaryfor single ARM processorruns.
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becausewith MemoryProc sud&x memory operations may run in parallel with the rest
of the application's instructions running on the ARM PUs. In fact, memory allocations
and deallocations are the overheadof the bu er privatization and bu er replication code
transformations preserted in Chapter 5. Nonetheless,we also examine the impact of
sudh memory operations (with one processorsimulations), together with various other

overheads,in the remainder of this chapter.

8.4 Sarek Compiler Performance

In this section,we presem and report on the experimerts on the speedupsof the bend-
mark applications with the MOC, overheadsa ecting thesespeedupsand the impact of

the code transformations on the executioncycles.

8.4.1 Speedup Exp erimen ts

In orderto ewaluate the performanceof the MOC and the e ectivenessf the code trans-
formations, we preparedcompiler-optimizedversions(in addition to the baselineand the
manual-optimized versions)of eaty bendimark application with manually provided prag-
mas. Thesepragmasgive the MOC completebu er sectionde nition/use and structure
elds de nition/use information and are obtained by manually inspecting the code of the
correspnding application. Similarly, in order to enablethe code transformations, the
allocation and deallocation of ead bu er and structure is also marked with Allo cation
and Deallocation pragmasinside the task functions.

Figure 8.1showsthe relative and basespeedupdor the manual-optimized and compiler-
optimized versionsof the MAD, FMR and GSM applications, with respectto a number of
ARM PUs and a MemoryProc. In the gure, the trends of the relative and basespeedups
indicate the extracted parallelism. In addition, the starting points of the base-sgedup

curvesindicate the overheads.Howeer, the overheadsof bu er privatization and bu er
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Parameter Value | Description
ARMGLOBABTART | 0x20000| The start addressof the shared memory.
Everything below this addressis consid-
eredaslocal memory ewerything above as
shared.
DELAXCRPFETCH 1 CP fetches an instruction ewery
DELAYXCRPFETCHycles.
DELAYNTERCONNECT 1 The delay for a read/write requestto go
through the interconnect.
NBREG 5000 | The number of logicalregistersin the URF.
OOMEPTH 1000 | The depth of the out-of-order execution.
SIZECRF 16 The number of logical cortrol registersin
the Control RegisterFile.
SIZE CREKTB 100 | The sizeof the renamingtable for the Con-
trol RegisterFile.
SIZEKTB 5000 | The size of the renaming table for the
URF.
TDQUEUE 1000 | The sizeof the task dispatdher queue.
URB.ATENCY 1 The intrinsic latency of the URF for read-
ing/writing oneregister.
URENBPORTS 100 | The number of read/write requeststhat
canbe processedconcurrerily in the URF.
MEMORATENCY 1 The intrinsic latency of the memory for
reading/writing one 32-bit word.
MEMORYROUGHPUT1000 | The number of 32-bit memory requests

handled per cycle.

133

Table 8.1: The architectural parametersof the MLCA instanceusedin the experimerts.
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replication are hidden by the MemoryProc and, hence,are not re ected on the speedup
curves, as is explainedin the previous section. It is crucial to note that, CP and the
task dispatcher plays a very important role during the executionand their impact on the
execution cyclesis dependent on the parametersof the MLCA instance experimerted
with. Therefore,with di erent MLCA instancesor with a real MLCA architecture, the
extracted parallelism, i.e. speeduptrends, are expectedto remain the same;on the other

hand, the speedupvaluesmay change.

Performance Scalabilit y

The manually and compiler optimized versionsof all three applications exhibit scaling
performance.

The speedupofthe MAD application scaleswvell up to 6 processorsWith 8 processors,
the available parallelismis fully exploited. Consequetly, the relative speedup attens at
3.9and the basespeedup attens at 2.4. This upper limit for the performanceis because
of the loop-carriedtrue dependencesetweenthe subsequen executionsof a large task,
which executesoncefor every input frame. Instancesof this task (from di erent iterations
of the loop) cortinues executing, even after all instancesof all the remaining tasks are
complete, prolonging the execution of the MAD application.

For the FMR application, the speedup scaleswell with 8 processors. Due to the
increasingtrend of the speedups,we can speculatethat there still is non-exploitedparal-
lelism and even higher speedupsare possiblewith larger number of processors.This high
performancebehavior is due to the parallel processingof multiple input padets. Since
as mary input padets as the number processorscan be processedconcurrerly, FMR
application scaleswell even with large number of processors.

For the GSM application, the speedupscaleswell up to 8 processors.Unlike MAD
and FMR, in GSM, the parallel executionis realized, not by the parallel processingof

di erent input frameswith ead other; but, in fact, by the parallel processingof a single
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Figure 8.1: The speedupsof the benchmark applications.
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frame. This setsa limitation onthe available parallelismand resultsin arelative-spgeedup
of 4 with 8 processordor the compiler-optimizedversion.

The fact that all three applications scalewell proves that the applications bene t
from the proposedcode transformations (Chapter 5), whether the transformations are

applied manually by a programmeror automatically by a compiler.

Comparison of the Man ually and Compiler Optimized Versions

The di erences betweenthe speedupsof the manually and compiler optimized versions
are little for the three bendimark applications.

For the MAD application, the speedupsof the manually and compiler optimized
versionscompletely match.

For the FMR application, the speedupsof the manually-optimized versionare higher
than that of the compiler-optimized version. This di erence is causedby the ability of
the arm-elf-gcccompilerto better optimize the compiler-optimizedversionthan both the
manual-optimized version and the baseline. We noticed that this behavior, which will
be demonstratedwith experimertal resultsin the following section, expandsthe parallel
portion of the FMR application in the manually-optimized versionand resultsin better
speedups.

For the GSM application, the basespeedupsfor both the compiler-optimizedand the
manual-optimized versionsare close. In fact, with 8 processorghe relative-spgeedupis
attened at 3.1with the manual-optimized version;howeer, with the compiler-optimized
version there still exists non-exploited parallelism, i.e. the speedupcan potertially in-
crease. This demonstratesthat the MOC is more successfuin extracting parallelism,
than the programmer. We can speculate that bu er renaming code transformation is
the main reasonof this behavior becauset requiresa completecomparisonof the bu er
sectionsfor ewery task pair in the cortrol program and thereforeis not easily applied by

a programmer.
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The fact that the speedupsof the compiler-optimizedversionsare closeto that of the
manually-optimized versions(closefor MAD and FMR, and even higher for GSM) proves
that the implemerted Sarek-compileris ableto apply the necessaryode transformations

that the applications bene t from.

Comparison of the Base and Relativ e Speedups

For the MAD application, the di erence betweenthe baseand relative speedupss caused
by the overheadsintroduced by the task selectionand the code transformations, which
will be discussedn the remainder of this section.

For the FMR application, the basespeedupis higher than the relative speedupfor the
compiler-optimized version. This is cortrary to what one expects becausethe relative
speedupre ects overheadsthat do not exist in the basespeedup. We conjecture that
this behavior is alsothe result of the arm-elf-gccoptimizations, which will be discussed
in the following section.

For the GSM application, the di erence betweenthe baseand the relative speedups

is mainly becauseof the overheadintroducedby the task selection.

The Impact of the Overheads

The impact of the overheadson the executioncycleswill be investigatedin the following
section. We report on the o sets that the overheadsintroduce on the speedupresults.
The MAD application exhibits the overheadsintroduced by the task selectionand
parameter deaggregationcode transformation. These causea base-sgedup of 0.6 with
one processot.
The FMR application exhibits the overheadsintroducedby the task selection. How-
ewer, again the O2 optimization level of arm-elf-gcc, eliminates the e ect of the task

selectionand code transformations overheadsin compiler-optimized version and causes

3Again, bu er privatization and replication overheadsare hidden by the MemoryProc.
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a base-spedupof 1.1 with one processor.
The GSM application exhibits the overheadsintroducedby the task selection,which

caused).8 base-spedupwith one processorifor the compiler-optimizedversion.

8.4.2 Overhead Exp eriments

In a compiler-optimizedapplication, three main sourcesof overheadshave impact on the
total executioncycles. First, the code transformations introduce overheads,by increas-
ing the total number of instructions (bu er privatization and bu er replication) and the
number of input and output argumerts (parameter deaggregationand bu er renaming).
Second,becausedispatcdiing a task takeslonger than a function call due to the delays
in the CP and the task dispatdcher, renewingthe task selectionwith ner-grain tasks
introducesoverheads,due to the increasednumber of task calls in the cortrol program.
Sincemore task calls also result in more input and output argumerns, a task selection
with ner-grain tasksyields even more overheadscausedby the increasedhnumber of URF
accesses$or reading/writing the task argumerts from/to URF. It is important to note
that the overheadof task selectionis dependert onthe MLCA parametersand may have
signi cantly di erent e ects on the execution cyclesin a real MLCA instance. Third,
sincethe task functions needto be modi ed accordingto the outcomeof the code trans-
formations, the MOC includesa code generator, as explainedin SectionA.2. Because
transforming the intermediate represeation of the MOC badk to the C language,does
not always yield the original input code, possibleextra instructions may causeoverheads
in the generatedtask functions, even though arm-elf-gccoptimizations are expected to
clean most of them.

Among the descrited sourcesof overheadsfor the compiler-optimized versions,the
manually-optimized versionsinclude the task selectionand the code transformation over-
heads. On the other hand, sincethe baselineversionscortain a singletask, no compiler

generatedtask functions and no code transformation, they do not re ect any overhead.
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In order to evaluate the e ect of di erent overheadson the execution of the appli-
cations, we preparetwo more versionsof ead application, in addition to baseline(B),

manually-optimized (MO) and compiler-optimized (CO) versions.

The OV1 is a version of the application where the tasks and the cortrol program
are selectedand are the sameas in the compiler-optimized version; on the other
hand, this cortrol program is not optimized via any code transformation and is
not processedy the MOC. In that sensean OV1 versiondoesexperiencethe task
selectionoverheads,but not the overheadsintroducedby the code transformations

and the compiler generatedtask functions.

The OV2 is a version of the application that the OV1 versionis given to the MOC as
input; howeer, the code transformationsare disabledand, thus, not applied by the
MOC. On the other hand, the MOC producesthe task functions asit would if the
codetransformationswereapplied, eventhough the task functions are not modi ed.
Consequetly, the OV2 versionsexhibit the overheadsof the task selectionand the

compiler generatedtask functions, but not the code transformation overheads.

We compile all 5 di erent versionsof eat bendymark application with O2optimiza-
tion level of arm-elf-gccand run them with one ARM processorand no MemoryProc.
This eliminatesthe e ect of MemoryProc on the speedupresults, discussedn previous
section, and enablesa complete comparisonof the di erent overheads. Figure 8.2 de-
picts the executioncyclesof the di erent versionsof MAD, FMR and GSM applications,
normalizedwith respect to the baselineof the correspnding application.

For the MAD application, the 54:6% of di erence betweenthe baselineand the OV1
version represets the overhead of the task selection, which is high due to the ne-
grain tasks that exist in the application. Furthermore, a code transformation applied
during the task selection process,which duplicates a portion of a large task to enable

the early computation of someloop-carriedtask argumeris, also cortributes to the task
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Figure 8.2: Single processorexecution cyclesfor di erent versionsof the bendymark

applications.

selection overhead with a ratio of 10% with respect to the baselind. The fact that
the execution cycles of the OV1 and the OV2 versionsare the same proves that the
compiler generatedtask functions do not causesigni cant overheads. Moreover, the
10:6% di erence betweenthe OV2 and the compiler-optimized version represets the
overheadof the code transformations. As aresult, the total of 65:1% overheadintroduced
by the task selectionand the code transformationscauseghe 3.9relative speedupto drop
to 2.4 base-seedupfor the MAD application, in Figure 8.1.

For the FMR application, the expected pattern of increasingexecution cycles,from
the baselinetowards the compiler-optimizedversion,is not seenbecauseof the optimiza-
tions applied by arm-elf-gcc. In fact, we conjecturethat the arm-elf-gccoptimizes the
application's code signi cantly better after the task selectionis performed comparedto
the baseline.Moreover, the compiler generatedtask functions resultsin even better opti-
mization with arm-elf-gcc. In fact, arm-elf-gccoptimizations causea 5:7% of drop in the

executioncycleswith OV1 versionand another 5:8% of drop with the OV2 version, with

4This is the only transformation, other than the Sarek code transformations, applied to any of the
three applications.
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respect to the baseline. The 0:5% increasebetweenthe OV2 and the compiler-optimized

versionis causedby the overheadsof the code transformations.

In order to prove our conjecture,i.e. the e ect of arm-elf-gccoptimizations on the
executionof FMR, we compiledall 5 versionsof FMR with no arm-elf-gccoptimization
and repeatedthe experimerts. With OOQOoptimization level of arm-elf-gcc,unlike O2 the
OV1 versiontook 5:4% more cyclesto completethan the baseline,OV2 resultedin 35:8%
of slov down comparedto OV1 version (causedby the overheadof compiler generated
code), and a 13% overheadis introduced by the code transformations to the compiler-
optimized version. The reasonof the signi cant di erence in terms of executioncycles,
betweenthe O2and OOoptimization levels of arm-elf-gcc,is due to the approad followed
during task selection. With this approad, constan scalars,passedasinput argumeris to
function calls,are propagatedto the function bodies,whensud functions aretransformed
to tasks. This manual inter-procedural constart propagation enablesintra-procedural
constart propagation, which can not be performedin the baseline,becausearm-elf-gcc
cannot successfullyapply the inter-proceduralconstarn propagation. Furthermore, when
applied to the compiler generatedtask functions, the O2optimization level is even more
successful speculating that the MOC opens up more opportunities for the arm-elf-gcc
optimizations. As a result, the total of 11% decreasein the execution cycles of the
compiler-optimized version comparedto baseline,causesthe base-sgedup of the FMR

application to be higher than its relative speedup,in Figure 8.1.

For the GSM application, comparedits baseline,the task selectionoverheadcausesan
18:5%slowv-down in the OV1 version. Furthermore, the compiler-generatedask functions
causean additional 1:7% overheadin the OV2 version and the code transformations
produceanotheradditional 2:7% overheadin the compiler-optimizedversion. As aresult,
atotal of 229% of slov-down is experiencedby the compiler-optimizedversioncompared
to the baseline,which reducesthe relative-speedup of 4 to a base-sgedup of 3.2 with

8 ARM processorgin Figure 8.1). The fact that the manual-optimized version is 4%
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faster than the baseline(in Figure 8.2), is causedby someunusedfunctionalities of the
GSM application, which are omitted by the programmer. This causesa bias of 0.1 in
the speedupcurvesof manual-optimized version,in Figure 8.1, which doesnot a ect the
slope of the speedupcurves,i.e. extracted parallelism. In fact, when executedwith 8
ARM processorsthe base-sgedupof the compiler-optimizedversionovercomeshis bias,
by extracting more parallelism, and exceedshe base-sgedupof the manual-optimized

version.

8.4.3 Code Transformation Exp erimen ts

In order to test the e ectivenessof the code transformations applied by the MOC, we
experimert with 5di erent versionsof eat application, incremenally enablingead code
transformation in the MOC. In theseexperimerts, the completebu er section, structure
elds, allocation and deallocation pragmas are obtained through code inspection and
manually provided to the MOC, in order to obtain the maximum performanceout of the

code transformations

The OPTO is the versionin which all the code transformations are disabledand, hence,

is the sameas OV2 versiondescriled earlier.
The OPT1 is the versionto which only parameterdeaggregations applied.

The OPT2 includesparameterdeaggregatiorand bu er privatization code transforma-

tions.

The OPT3 is applied parameterdeaggregationpu er privatization and bu er replica-

tion code transformations.

The OPT4 is the versionto which all the code transformations (parameter deaggrega-
tion, bu er privatization, bu er replication and bu er renaming) are applied, and,

therefore, is the sameasthe compiler-optimized version described previously



Chapter 8. Experiment al Evalua tion 143

In this experimert, the code transformations are incremenally applied becausethey
are e ective on the outcomeof ead other. Parameter deaggregationopensup more op-
portunities for the bu er transformations, by extracting bu ers inside structures. Bu er
privatization, by resolving memory false dependencese ectively, reducesthe need for
bu er replication and, therefore,the overheads.Bu er privatization and bu er replica-
tion, by resolvingmemoryfalsedependencescreatemore parallel tasksand openup more
opportunities for bu er renaming. In addition, as our task function bodies are minimal
in size,code hoisting did not improve the performanceof the applications. Thereforeit

is not included in our evaluation.

The codesof the applications are compiled with O2optimization level of arm-elf-gcc
and the cortrol program is run with 8 ARM processorsand a MemoryProc. Figure 8.3
shows the execution cyclesof eat version descriked above, normalized with respect to

the OPTOQversion.

Parameterdeaggregatiorhasno e ect on the executioncyclesof FMR, becauseFMR
doesnot useany structures. On the other hand, it is seenthat parameterdeaggregation
speedsup MAD by 9:3% and GSM by 3%. Theseimprovemeris are causedby the deag-
gregatedtwo main structures of the MAD and GSM applications. Howewer, in GSM,
the deaggregatedstructure consistsmainly of bu ers. As it is explainedin Section6.3,
the structure elds of type bu er are marked both as input and output argumens to
the tasks, during the parameterdeaggregation,jn order not to violate the false memory
dependences.As a result, the GSM application bene ts little from parameter deaggre-
gation by itself becausefalse dependencesof the deaggregatedou ers are not resohed
via bu er code transformations,i.e. bu er privatization, replication and renaming. On
the other hand, the deaggregatedstructure of MAD consistsmainly of scalars. These
scalars,when deaggregatedintroduce no false dependencesamongtasks, due to the re-
naming medanism of the MLCA. As a result, in MAD, someparallelism is obtained

amongthe tasks accessinghesescalars. However, sincethe deaggregatedstructures of
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GSM and MAD contain bu ers, buer code transformations are necessaryto get the
most parallelism out of the parameterdeaggregation.
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Figure 8.3: The e ect of the code transformations on the total executioncycles.

Bu er privatization reducesthe executioncycles26:5% in MAD, 76:6%in FMR and
30:5%in GSM after the parameterdeaggregations applied. Theseimprovemeris aredue
to 18 bu ers privatized in MAD, 21 bu ers privatized in FMR and 15 bu ers privatized
in GSM.

Bu er replication is not applied in FMR and GSM, becauseall the bu er replication
candidate task pairs are dependen to eat other with true dependences.On the other
hand, bu er replication causesa 1:1% of drop in MAD performanceatfter the privati-
zation. This is due to the optimizations applied by the arm-elf-gccwhich reducesthe
executioncyclesof the replication target tasks. Sincethe overheadsof allocating, initial-
izing and deallocating the replicais not a ected by the arm-elf-gccoptimizations, bu er
replication decreaseshe performanceof the MAD application. However, for MAD with
no arm-elf-gccoptimizations and during the dewelopmen of the MOC, we noticed that
bu er replication is bene cial. Bu er replication is especially e ective for applications

which cortain many loop-carriedbu er true dependencesnd, hence,bu er privatization
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is ine ective. Since,all three of our bendimark applications greatly bene t from bu er

privatization, not much improvemern in performanceis left for the bu er replication.

Bu er renamingimprovesthe performanceof MAD by 38:2% and the performanceof
GSM by 39.7%, after the bu er replication. Theseimprovemerts in GSM and in MAD
are due to a large number of tasks that accesdi erent sectionsof a bu er. When the
syndironization false dependencesamongthesetasks are resoled with bu er renaming,

thesetasks can executein parallel, improving the performance.

In conclusion,when provided with completebu er sectionsand structure eld de ni-
tion/uses information, the MOC is successfuln extracting parallelism via the proposed
code transformations discussedn Chapter 5. This succesgesults in equally good per-
formance as manual-optimized versionsin MAD and FMR applications and a better

performancein GSM.

Furthermore, most of the overheadswhich reducethe performanceof the compiler-
optimized applicationsare, in fact, causedby the task selection,whereasthe a ect of the
compiler generatedcode is insigni cant with O2optimization level of arm-elf-gcc,and the
code-transformationsintroduce little overheads(2:7% with GSM, 0:5% with FMR and

10.6% with MAD).

Finally, parameter deaggregationnot only opens up opportunities for bu er code
transformations, but also improves the performance,when deaggregatedstructures in-
clude scalars(9:3% in MAD). Buer privatization is very e ective in extracting par-
allelism from the multimedia applications that involvesframe/packet processing(26:5%
improvemert in MAD, 76:6%in FMR and 30:5%in GSM). Bu er renaming,on the other
hand, is e ective in applicationsthat involvesaccesset di erent sectionsof bu ers. In

fact, the speedupis almost tripled with bu er renamingin MAD and GSM.
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8.5 Performance with the ORC C-Compiler

In orderto ewaluateto the ability of today's compilers(speci cally ORC [7]) in generating

the pragmas,we usefour versionsof ead application.
The OPTO is the versionto which no code transformation is applied.

The PRA GMAL is the versionin which only the bu er and structure allocation and
deallocations are provided with manually de ned pragmas,in order to enablecode
transformations. Howeer, the bu er sectionsand structure elds de nition/use
pragmasare generatedby the C-compilerand the code transformations are applied

by the MLCA compiler accordingto theseprovided pragmas.

The PRA GMA2 is the versionin which, in addition to allocation and deallocation
pragmas,bu er regionpragmasare provided manually in away to x the problems
of the ORC array sectionanalysis,discussedn Chapter A. In other words, rather
than providing all the bu er regionswith pragmas,only the regionsof the bu ers
inside the structures are provided. In addition, since ORC array section analysis
is ow-insensitive, bu er section NoUsespragmas are provided, in casea bu er

sectionis not used,but is de ned.

The PRA GMA3 is the versionin which all the bu er section and structure elds
de nition/use pragmasare provided manually and is the sameas the compiler-

optimized versiondescriled in the previous section.

We compileead versionof ead bendimark application, with O2optimization level of
the arm-elf-gccand run them with the MLCA instanceof Table 8.1,8 ARM PUs and a
MemoryProc. Figure 8.4 depictsthe executioncyclesof ead versionof eat bendimark
application, normalizedwith respect to the OPTO version.

For the MAD application, with PRAGMAL version,a speedupof 9:3% s experienced

comparedto the OPTO version. This speedupis dueto the correct structure elds data-
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Figure 8.4: The e ect of userpragmason the total executioncycles.

ow analysis performed by the C-compiler. As a result, the parameter deaggregation
code transformation is applied completely by the MLCA compiler, resulting the same
performanceimprovemen asin the OPT1 version (in which only parameter deaggrega-
tion is applied) presertied previously On the other hand, sincethe majority of the bu ers
are stored inside structures and excessie pointer arithmetic is usedto accesshe bu ers
of the MAD application, the array sectionanalysisof the C-compileris unableto provide
the MLCA-compiler with the bu er sections.Consequetly, bu er code transformations,
i.e. bu er privatization, bu er replication and bu er renamingcould not be applied by
the MLCA compiler. Howewer, when the bu er regionsare provided manually to the
MLCA compiler,in the PRAGMAS3 version,all the bu er code transformations are suc-
cessfullyapplied by the MLCA compiler. Therefore,the full speedupof the application,
i.e. the speedupof the application when all the pragmasare provided manually, is ob-
tained, resulting in normalized executioncyclesof 27:1%. Sincein the MAD application
almost all the bu ers usedare storedin structures, PRAGMAS version (in which all the
bu er regionsare provided) is the sameas the PRAGMAZ2 version (in which regionsof

bu ers inside structures are provided).
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The FMR application doesnot include any structure, and thus, the structure elds
data- ow analysisis not performed by the C-compiler. On the other hand, since eat
bu er is accessedn for-loop's and only inside the task function bodies, array section
analysis of the C-compiler is successfulin predicting the accessedegions. Howeer,
the ow-insensitive array-section analysis createsextra memory true dependencesand
prevents bu er code transformations. Consequetly, a 435% improvemern is obtained
with respect to the OPTO version. When, the ow insensitive analysisresults are xed
with NoUsespragmasin the PRAGMAZ2 version,an additional improvemern of 31:5%is
obtained. The 1:6% of di erence betweenthe PRAGMA2 and the PRAGMAS3 versionis
causedby a bu er section predicted consenratively, which preverts bu er privatization

for the bu er that this sectionbelongsto.

The GSM application experiencessimilar performanceimprovemeris as the MAD
application. When no pragmasare provided manually, the structure eld data- ow anal-
ysis of the C-compiler, provides the required pragmasfor the parameter deaggregation
transformation and a 3% improvemert is obtained asa result. When the bu er sections
are provided manually for the bu ers of the structures and NoUsespragmasare pro-
vided for the bu er sectionsnot usedinside the tasks, a normalized execution cyclesof
66:2%is obtained with PRAGMAZ2 version. The fact that, evenwith the descrited bu er
pragmas,the performanceis signi cantly lower than the PRAGMAS3 version, is caused
by a large number of bu ers for which the sectionsare predicted consenratively by the

C-compiler (ORC). This is dueto, again, the excessie pointer arithmetic usagein GSM.

In conclusion,for applicationsthat do not involve pointer arithmetic and useloopsto
accesdu ers, sud asFMR, the array sectionanalysisof the C-Compiler is successfuin
predicting the bu er sections.On the other hand, the lack of o w-sensitive analysisand
the fact that bu ers insidethe structuresareignoredby the C-Compilerduring the section
analysis, limits the succes®f the MLCA compilerin applying the code transformations.

Alias analysis, ow sensitieness,analysesof the bu ers inside structures and inter-
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procedural array-section propagation are neededin the C-compiler to make its array-
sectionanalysissuccessfuenoughfor the MOC to apply the Sarekcode transformations.
Implemerting theseimprovemerts is outside the scoe of this thesis.

Furthermore, unlike the array-section analysis of the C-compiler, the implemerted
structure elds inter-procedural data- ow analysisis successfuln providing the MLCA
compilerwith the de nition and usepragmasfor the structure elds. As aresult, param-
eter deaggregationcode transformation is successfullyapplied for the MAD and GSM

applications, opening up more opportunities for bu er code transformations.



Chapter 9

Related W ork

There existsa number of SoC systemsthat usemultiple processingunits for multimedia
and other applications[1, 2, 8, 13]. Daytona's scalableDSP architecture [13]featuresmul-
tiple processorswith a split-transaction bus for comnunication and caded semaphores
for syndhronization. The picoChip [8] is a cascadableecon gurable architecture of array
processorsntended for 3G wirelesscomnunications. Cradle's Tednologies's3SOCis a
shared-addresspacemulti-pro cessorSoC. It consistsof a number of processorclusters
that are connectedby two levels of buses[1]. The system provides 32 semaphoreregis-
ters for syndironization, which must be explicitly usedin a parallel program. All these
systemsrequire their usersto explicitly expressapplications as parallel programs. In

cortrast, the MLCA is programmedin a semi-sequetmal programming model.

Our code transformations build on a number of well-known compiler analysesand

optimizations, including privatization, sectionanalysis,dependenceanalysisand hoisting.

Privatization [12] is an optimization technique applied by parallelizing compilersto
improve loop-lewel parallelism in programs. Parallel Computing Forum (PCF) For-
tran [14], IBM parallel Fortran [26 and OpenMP [6] include private declarations for
scalarsand arrays in the context of loops, which enablethe programmerto declarean

array or a scalarprivate to the iterations of a loop.
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Tu and Padua [27] proposea technique to automatically apply array privatization.
Their algorithm usea data ow analysisto nd arrays that are usedin an iteration of a
loop but are not exposedto de nitions outside the iteration. Sud arrays are marked as
privatizable. Then, eadt privatizable array is testedfor pro tabilit y. If di erent iterations
of a loop accesghe sameset of locationsin a privatizable array, this array is considered
as pro table for privatization. Finally, eat array to be privatized is tested for liveness
after the loop. If array data is usedafter the loop, the usedlocations are copiedto the
privatized array after the loop. If array data is not usedafter the loop, no data is copied

to the privatized array.

Our bu er privatization transformation bears similarities to the array privatization
approad of Tu and Padua. First, similar to our bu er sectiondata ow analysis,they
perform data ow analysisto detect the array referenceshat are not exposedto def-
initions outside a loop iteration. Second,they concludethat privatizing an array is
pro table, if iterations of a loop accesghe samelocations of the array. We perform the
samee ciency ched in our bu er privatization algorithm by comparingaccessedegions

of eadt task.

Howe\er, our bu er privatization transformation is alsodi erent from array privatiza-
tion, mainly due to the granularity of the targeted parallelism. Array privatization aims
for parallelism among loop iterations, whereasbu er privatization aims for task-lewel
parallelismamongtask callsin a cortrol program. This resultsin three major di erences
betweenthe two transformations. First, for detecting privatizable arrays, array priva-
tization performsdata ow analysison the array elemem accessesn a loop body. In
cortrast, bu er privatization performsdata ow analysison the array sectionaccesseby
tasksin a cortrol program. Second,array privatization privatizes arrays for whole loop
iterations, whereasbu er privatization privatizesbu ers for collection of tasks. This en-
ablesbu er privatization to extract more parallelism, sinceead bu er may be privatized

seeral times in a singleloop iteration, resulting body-level parallelism. Third, in casea
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bu er is accessedbeyond a loop, bu er privatization consenratively marks the bu er as
not privatizable for the iterations of this loop. Array privatization, on the other hand,
useslive value analysisto detect the cortents of the privatized array after the loop is

executedand performsthe privatization.

The bu er sectiondata ow analysisusedin the algorithms of our code transforma-
tions is similar to the symbolic array data ow analysis technique proposedby Li and
Lee [16]. They compute de ned, used and killed regionsof arrays in eat procedure
and propagatethesearray regionsalongthe call graph to enablecoarsegrain parallelism
optimizations, sud as array privatization. They use similar array section operations,
sud asintersection,union and di erence, to the onesusedin our bu er sectiondata ow
analysis. Howeer, sinceour bu er sectiondata ow analysisis only applied to cortrol
programs,we usea limited (only intra-procedural) versionof the array data ow analysis.
Furthermore, they useguardedarray regionswhich assaiate cortext with array region
accessesWe beliewe that, if the C-Compiler of the MOC incorporatesthe symbolic array
data ow analysiswith guarded array regions,our bu er section analysiscan easily be
improved to processthese guarded regions. This will increasethe e ectivenessof our

code transformations.

We usesimple represemations of array sectionsin Sarekpragmasand bu er section
analysisalgorithm. Balasundaramand Kennedy [10] use similar array sectionrepresen-
tations, referredto assimple sections, to enhancethe task level parallelismin programs.
Howeer, they concetrate on detecting parallel tasks, and on pipelining tasks. We use
array sectionsto create parallel programsfrom sequetial programs. More complexrep-
reserations of array sectionsare proposedby Ho inger [24]to be usedin array section

analyses.

Our codetransformationsrely on the characteristicsof multimedia applications. Fritts
et. al [15] givesan overview of multimedia applications. Lee et. al [22] proposeMedia-

Bend [5] asbendimark tools to represen the classof multimedia applications. We use
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GSM application, which belongsto MediaBend, in our experimerts.



Chapter 10

Conclusion and Future Work

10.1 Conclusion

The MLCA is a SoC architecture that incorporates a cortrol processor(CP), multi-
ple processingunits (PUs), a universal register le (URF) and a sharedmemory It is
intended to support a conveniert programming model for the multimedia applications,
and provide high performance.The CP dispatchescoarsegrain computation units, called
tasks, to the PUs. Ead task readsfrom and/or writes to the URF its input and output
argumerts respectively. The CP keepstrack of the URF dependencedetweentasksand
syndironizesthem accordingly It alsorenamesthe URF registersto resole falsedepen-
dencedetweentasks. The MLCA programmingmodel consistsof a cortrol programthat
represets the cortrol ow of the tasksand their argumerts, and task functions. Control
programs are written in a high level programming languagecalled Sarek whereasthe

task functions can be written in a regular programming language,sud asC.

Despite the bene ts of the MLCA programming model, the naive expressionsof a
multimedia application asa cortrol program and task bodiesmay causeincorrect execu-
tion and/or poor performance.This is often causedby the usageof the pointers (in the

URF) to data in sharedmemory, which rendersthe syndironization and renamingmed-
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anismsof the MLCA ine ectiv e. Sincehardware canonly renamethe URF registers,the
false dependencesn the shared memory are not resolhed, which reducesperformance.
Thus, compiler support is required for the MLCA in order to handle these correctness

and performanceissues.

In this thesis, we descriked the MLCA Optimizing Compiler, designedto facilitate
the processof porting applications to the MLCA programming model. It handlesthe
correctnessand performanceissuesby applying four code transformations collectively
referred to as the Sarek code transformations. First, parameter deaggregationmoves
scalardata inside sharedmemory structuresto the URF, which enablesthe hardware to
resolhe the false dependencesamongthese scalars. Second,bu er privatization creates
a private copy of a bu er in sharedmemory for a collection of tasks, which resohesthe
falsedependencesamongthesetasks, causedby the accessew that bu er. Third, bu er
replication generatesa copy of the bu er to bereadin a singletask, which resohesthe
memory false dependence(s)betweenthis task and the subsequen tasks that write to
that bu er. Finally, bu er renamingprevers incorrect executioncausedby violated data
dependencespy reorganizingthe argumens accordingto the data dependencescaused

by the sharedmemory accesses.

We have implemerted a prototype implemertation of the MLCA Optimizing Com-
piler usingthe ORC open sourcecompiler asthe infrastructure. The MLCA Optimizing
Compiler consistsof two main compilers: the C and the Sarekcompilers,which respec-
tively analyzethe task bodiesand optimizesthe cortrol program. The C compilerinserts
the analysesresults of the task functions into the code of the tasksin the form of pragma
statemerts which are later extracted and processedy the SarekCompiler. The compiler
analysesperformedby the C compiler are inter-proceduralarray sectionanalysisand the
inter-procedural data ow analysis. In order to addresssomeof the limitations intro-
ducedby the ORC, an API is also provided to allow programmersto provide high-lewvel

data usageinformation into the application code. We beliewe that sud information can
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easily be obtained by just inspecting the code of an application by a programmer with

reasonableunderstanding of the application.

In order to assesshe bene ts of our code transformations, we ported three multime-
dia applications(MAD, FMR and GSM) to the MLCA programmingmodel and reported
on their performanceusing a functional simulator of the MLCA. When provided with
perfectanalysesresultsvia the pragmaAPI, scalingspeedupsare obtainedwith all three
applications: 3.9,4.8 and 4.0in MAD, FMR and GSM, respectively, with 8 processors.
Thesespeedupsare comparableto the speedupsof the hand-ported versionsof the same
applications: 3.9, 6.8 and 3.1, respectively, with 8 processors.Our experimerts shoved
that the overheadsof the code transformations are negligible. We also ewaluated the
individual cortributions of ead code transformation to the overall speedup. The results
showved that all the code transformations cortribute to the performanceincrease, except
the bu er replication code transformation which we beliew is e ectivein di erent circum-
stancesthan our applications. More speci cally, the parameter deaggregationmproved
the performanceup to 9:3% in MAD and 3:0% in GSM, which both cortain structures.
Bu er privatization resultedin 26:5% and 30.:5%, and bu er renamingresultedin 38:2%
and 39:7% performanceincreasesn MAD and GSM applications. Bu er renamingdid
not cortribute to the speedupin FMR application becausebu er privatization exploits

all the available performancewith a performanceincreaseof 76.6%.

We also experimerted with task analysesresults provided by the ORC compiler.
Theseexperimerts shaved that the inter-procedural data- ow analyzerthat we imple-
merted with the ORC is successfuin producing the necessarypragmasto perform the
parameter deaggregationcode transformation. Newertheless,the inter-procedural array
sectionanalysisis too consenative and without the cortribution of the programmerin
providing accessedbu er sectionsinsidetasks,it is unableto provide the Sarekcompiler
with satisfactoryresults. On the other hand, in applicationsthat include simple accesses

to bu ers without any pointer usage,sud asin the FMR application, the array section
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analysismay provide the information required by the Sarek compiler, which results in
increasedspeedup. In fact, the performanceincreasedby 43.5% in the FMR application

without any user pragmas.

10.2 Future Work

There are a number of future work directions that either addresssomeof the limitations
of this work or extend it.

The inter-proceduraldata ow analysisand the inter-proceduralarray sectionanalysis
performed by the C-Compiler (i.e. inter-procedural analyzer of ORC) are consenrative
becausethey are ow-insensitive. This is a limitation introducedby the ORC compiler
and the inter procedural analysis phase (IPA) of ORC can be enhancedto overcome
this limitation. Newertheless,we should note that, in our experimerts, the implemerted
0 w-insensitive inter procedural data ow analysisfor structure elds produced perfect
results and, thus, the parameter deaggregationtransformation could be applied even in
the absenceof the userpragmas.

The inter-procedural array section analysisof the ORC originally doesnot consider
bu ers that are inside structures or that are accessedising pointer arithmetic. Also,
when the addressof a bu er is passedto a function, no array section information is
generatedfor the bu er in the function. Theselimitations reducethe accuracy of the
array sectionanalysissigni cantly. Thus, the intra-procedural analyzer (IPL) phaseof
the ORC compiler can be enhanced.

The current designof the code transformations and implemertation of the Sarekand
C compilers assumeno aliasing of task argumerts. This is a realistic assumption for
the Sarek compiler becausemultimedia applications usually involve no aliasing among
pointers passedo the tasksasargumerts. In fact, a bu er or a structure createdin the

beginning of a program is accessedn ead task with its start address,which does not
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changethroughout the executionof the program. Although we have designedpragmas
to handle simple casesof aliasing in the corntrol programs, our bendhmark applications
did not include these cases. Newertheless,the code transformations can be altered to
handle aliasing amongthe task argumerts to improve e ectiveness.The aliasingin the
C-Compiler, on the other hand, a ects the producedanalysisresults. The implemerted
inter procedural data ow analyzer for the structure elds takesinto accour aliasing
among the structure pointers, thus, it does not require any enhancemets. Howe\er,
becausethe original array sectionanalyzerof the ORC doesnot considerpointers, any
new functionality to analyzebu er pointers would require alias analysis.

Our de nition and usageof array sectionsis context insensitive. This may limit
parallelism in somecases. Thus, a possible extension of our work is to use guarded
regions[16] proposedby Gu et al. that allow a regionto be asseiated with cortext.
Also, symbolic lower and upper boundsfor array sectionsmay improve the e ectiveness
of the code transformations.

The work descriked in this thesis opensup opportunities for di erent researt top-
ics related to the MLCA. As the preserted compile-time code transformations enhance
the performanceof the ported applications, solutions to the remaining issuesof port-
ing applications and reducing the resourceusagecan be focused. A promising researt
areawould be solving the task selectionproblem that was mertioned in di erent con-
texts throughout the thesis. Furthermore, task sdeduling for further improving the
performanceand/or reducing power consumptionis an interesting problem. Se\eral ar-
chitectural designquestions,sud as the structure of the URF, PU interconnection or

memory model in the MLCA are also open for investigation.



App endix A

Compiler Implemen tation

This chapter preseits an overview of the MLCA Optimizing Compiler (MOC) implemen-
tation. SectionA.1 briey descritesthe selectedinfrastructure, i.e. ORC. SectionA.2
descrikesthe implemertation of the MLCA Optimization Compiler, together with the C
and Sareksub-compilers. The compilation phasesand the major modules are preserted
to describe the Sarek-Compiler.In addition, the modi cations performedon the ORC in

order to adopt the necessarycompiler analysesare brie y discussedor the C-compiler.

A.1l The ORC Compiler

In this section, we descrike the compiler infrastructure selectedfor implemerting the
MLCA Optimizing Compiler. We justify our decisionand briey presen the featuresof
the infrastructure.

We have selectedOpen Researb Compiler (ORC) [7] asthe infrastructure for both

C and Sarekcompilers,becauseof seweral reasons:

1. It is eort and time saving to build the MLCA compiler prototype as a part of
an existing compiler in order to bene t from the intermediate represetation (IR)

tools and data structures.
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2. ORC is an open sourcecompiler infrastructure.

3. ORC is designedfor robustness performance,and exibilit y. Moreover, there is an

increasinginterest towards ORC amongcompiler researb comrmunity.

4. ORC is basedon the MIPSpro compiler of SGI and wert through se\eral re-designs

and enhancemets.

5. ORC includesC/C++/F ortran front ends.

6. ORC hastoolsfor most of the analysemneededor the MLCA Optimizing Compiler,

including array-sectionanalysisand inter-procedural data- ow analysis.

7. ORC's sourcecodeis well structured and tools for manipulating IR are satisfactory

ORC hasthe major componerts of C/C++/F ortran front-ends, inter-proceduralanal-
ysesand optimizations, loop-nest optimizations, scalar optimizations and code genera-
tion. It is designedfor Linux platform and targets IA64 architectures. Its intermediate
represetation is calledWhirl. Whirl is AST basedand providescomrmunication between
gfec(C front-end), gfecc(C++ front-end), F90 (Fortran front-end), IPL (intra-procedural
analyzer), IPA (inter-procedural optimizer), LNO (loop-nestoptimizer), WOPT (global
optimizer), whirl2c (Whirl-to-C corverter), whirl2f (Whirl-to-F ortran corverter) and CG
(code-generator)phases.

Multi-lev el lowering is the most signi cant property of the Whirl. Whirl consistsof
four di erent levels: very high, high, medium and low. Higher levelsare more structured
than lower ones,howe\er; lower levelscortain moreinformation and is closerto asserbly.
Whirl is cortinuously lowered during compilation and low Whirl is nally transformed
to asserbly during the CG phase. Figure A.1 depicts the lowering of Whirl between
di erent phasesof ORC.
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Figure A.1: ORC phasesand Whirl lowering [7].

A.2 The MOC Implemen tation

The overall architecture of the MOC is depictedin Figure A.2.

The C-compilerand the Sarek-compilerare both implemerted with ORC. For easeof
implemertation and faster compilation, the communication betweenthe Sarek-Compiler
and the C-Compiler, via the Sarek pragmas, is realized with intermediate object les.
In other words, the C-compiler generatesthe object les including the Sarek pragmas
for the task functions. The Sarek-compilertakestheseobject les, opensthe Whirl tree
of the task functions and the symbol table, extracts the Sarekpragmasfrom the Whirl
tree, and optimizes the input cortrol program using the analysesresults cortained in
the Sarek pragmas. The descrited implemertation is possibledue the fact that early
phasesof ORC include the necessarycompiler analyses(such as inter-procedural data-
ow and array-section analyses),and its late phasesare suitable for implemerting the

Sarek-compiler.
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Figure A.2: The implemertation of the MLCA Optimizing Compiler.

In the remainder of this section,the implemertations of the Sarek-Compilerand the

C-Compiler are descriked.

A.3 The Sarek-Compiler Arc hitecture

In order to optimize cortrol programs,a Sarekfront-end, a Sarekoptimizer and a Sarek
code generator are implemerted. In addition, in order to generatethe modi ed task
functions after the Sarekcode transformations, a C code generatoris also incorporated
into the Sarek-Compiler.

A Sarekfront-end is designedfor the Sarek grammar, basedon the ORC C front-
end and named as safee. For implemerting the Sarek code transformations, the global
optimizer (WOPT) of ORC is used,wherethe cortrol- o w, data- ow and regular scalar

transformation tools are available. The new global optimizer that is adoptedfor Sarekis
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called the Sarek Optimizer (SOPT). In addition, a Sarekcode generatoris implemened
for transforming Whirl to the Sareksyntax. For this purpose,the whirl2c module of the
ORC, which transforms Whirl to C, is modi ed for Sarek languagegrammar and the
new tool is called whirl2sa Furthermore, the original ORC designis modi ed to attach
whirl2c and whirl2sa at the end of WOPT, becausein the original implemenation of
ORC (Figure A.1), whirl2c and WOPT are in fact independernt and alternative tools. In

order to run the phasesin the appropriate order, the universaldriver of ORC is altered.

The compilation starts with parsing the input cortrol program in the safec. The
result of the parseris very-high Whirl, which is later loweredat end of safec. The output
of safecis a .B le which cortains high Whirl. This .B le of the cortrol program is
transferredto SOPT. On the other hand, the task functions and the other functions of
the application are processedy the C-compiler and object codesfor ead le cortaining
the pragma annotations are given to the SOPT phaseof the Sarek-Compiler. SOPT
readsthe .B le and the object les of tasks, and processeshe Whirl code of the cortrol
program, usingthe annotations extracted from the Whirl code of the task functions. The
output of SOPT is the Whirl code of the optimized cortrol program and the modi ed
task functions. Theseare then transferredto whirl2sa and whirl2c to producethe output
Sarekand C codesrespectively. The output of whirlsa is the optimized cortrol program

in a.opt le, whereasthe output of whirl2c is the modi ed task functionsin .w2c.c les.

In the remainder of this section, we will descrite the implemertation of the Sarek
optimizer phase,i.e. SOPT. The major modules implemerted and the comnunication

amongthesemoduleswill be presened.

The SOPT takes Whirl represetation of a cortrol program and task functions as
input, appliesthe Sarekcode transformations discussedn Chapter 5, and generateshe

Whirl represetation for the optimized cortrol program and the modi ed task functions.

Support for the Sarekcode transformations is addedto the original WOPT of ORC

with three major modules. The purposeof ead module and the comnunication among
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Figure A.3: SOPT phasesand modules.

them are depictedin Figure A.3.

Pragma Files Mo dule

PragmaFiles Module (PF) consistsof classesand tables for managingthe les of input

task functions. For this purpose,the list of the les is kept in the PF and the necessary

tools to open and processthe cortained Whirl code are implemerted.

As apart of initialization in the SOPT, the list of les cortaining tasks,i.e. file _list ,

isgivento PF. Then, ead le is openedand the Whirl tree is scannedfor Sarekpragmas,

in the form of pragmastatemers. The annotationsfound (wnnode) aresert to the Sarek

Support Module for processing.
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Sincethe global optimizer of ORC (WOPT) is originally designedto processonly one
le at ead invocation, it cortains functionality to store only onesynbol table. Howe\er,
Sarekoptimizer (SOPT) should processmultiple les (a Sarek le and multiple les for
the task functions) and thus, it requiresmultiple symbol tables for ead input le. For
this reason,PF also storesthe symbol tables for the task functionst. Consequetly, if
the SarekSupport Module needsthe synbol table information for a Whirl tree node, it
passeghe node, i.e. wnnodeto the PF with the id of the le that the node belongsto.

i.e. file _id.

Furthermore, at the end of SOPT, the Whirl code of eat task function hasto be
transformedto C language,re ecting the results of the Sarekcode transformations. To
achiewe this, for eat task function le, PF asksthe SarekSupport Module for the results
of the code transformations, updatesthe Whirl code accordinglyand sendsthe list of the

modi ed Whirl codesof the task functions (pu_tree _list ) to whirl2c.

Sarek Support Mo dule

Sarek Supmrt Module (SS) is responsiblefor storing information about ead task of the
cortrol program. It canbe consideredasan extensionto original symbol tablesof SOPT,
for the Sarekcode transformations. In fact, SSstoresthe information transferredto the

Sarek-Compiler,from either the C-Compiler or the programmer,via the Sarekpragmas.

SS mostly commnunicates with the Sarek Optimizer Module. It suppliesthe Sarek
Optimizer Module with the required information in excdange with a unique task _id ,
argumern type arg_type (input/output) and the argumert number arg_id. In cases
that the symbol table for the task function is required, it comnunicates with PF. For
instance,in orderto nd out whethera synmbol isa eld of a structure, type table of the

task function that the symbol belongsto is required

1The symbol table for the cortrol program is the original symbol table of SOPT.
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Sarek Optimizer Mo dule

Sarek Optimizer Module (SO) is the optimizer classfor Sarek. It is invoked from the
original global optimizer procedureof the SOPT. It takesthe necessarynformation from
the SSand optimizesthe Whirl code of the cortrol program accordingly

Inside SO, eat task call is represeted by a basicblock id bb_id and eadh argumert
is represeted by an argumert index number arg_idx. To commnunicate with SS, SO
cornains tables mapping bb_id to task _.id and arg_idx to arg_.id and arg_type. In
addition to these,se\eral classesare usedfor transformations, amongwhich the cortrol
ow, the scalardata ow, the bu er sectiondata ow, sewral graphsand the pointer
webs are someimportant ones. The cortrol ow graph cfg is obtained from the ORC
optimizer.

The algorithms of the Sarek code transformations applied by SO are descriked in

Chapter 6.

A.4 The C-Compiler

The purposeof the C-Compiler is to insert the results of the compiler analysesto Whirl
represemation of the task functions in the form of Sarek pragmas. The required anal-
ysesresults help the Sarek-compilerto perform the Sarek code transformations. The
inter-proceduraldata- o w analysisfor structure elds and inter-proceduralarray section
analysis are the necessarycompiler analysesfor the Sarek code transformations. The
C-compiler includes functionality to perform these analysesand insert their results to
the Whirl code of the task functions.

The IPL and IPA phasesof the ORC compiler constitute the C-Compiler for the
MLCA Optimizing Compiler. This design decision is based on the fact that these
phasesare originally responsible of the inter-procedural analysesand optimizations,

sud asinter-procedural constarnt propagation, inter-procedural alias analysesand inter-
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procedural dead function and dead global variable analyses. As a part of these anal-
yses,inter-procedural data- ow analysisfor global variables and array-section analysis
for global arrays are also a part of the IPL and IPA modules. In fact, IPL performs
the intra-procedural analyses(sudh as scalardata- ow and array sections)and inserts a
summary of the results of theseanalysesto the output object code. On the other hand,
IPA takesthesesummariesand mergesthem, following the call graph of the application.

In addition to IPL and IPA, the C front-end of ORC, i.e. gfec,is modi ed to include
a pragma parser, in order to processthe Sarek pragmasdiscussedin Section 7.2 and
included as a part of the C-Compiler.

Furthermore, the MLCA Optimizing Compiler is implemerted in sud way that the
C-Compiler analysesare optional. In fact, if the programmer does not needany help
from the C-compilerin terms of providing the pragmas,the overall C-compiler support
or eah separateanalysis can be disabled. In sud cases,triggered by the argumeris
passedo the MLCA Optimizing Compiler, the task functions are again processedy the
C-Compilerand sert to the Sarek-Compiler,but only the selectedanalysesare performed
and the selectedpragmasare inserted.

In the remainder of this section,we presen the alterations madeto the IPL and IPA
phasesof ORC, in order to obtain the necessaryinter-procedural data- ow analysisfor

the structure elds and the inter-procedural array sectionanalysis.

A.4.1 Inter-pro cedural Structure Fields Analysis

The aim of the Inter-procedural Structure Fields Analysis in the C-Compiler is to com-
pute the de ned and used elds of the structures that are input argumerts to the task
functions. Thesestructures are accessedy multiple tasksand usually represeted by a
variable of type pointer-to-structure.

Becausethe original inter-procedural data- ow solver of the IPA analyzesthe de ni-

tions and usesonly for the global variables,during IPL, every input and output argumen
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of task functions, which are of type pointer-to-structure, are promoted to global. After
the data- ow analysisis completed,they are transformedbadk to their original scope, in

order to keepthe task functions unmodi ed.

Furthermore, the original inter-procedural data- ow solver of the ORC, does not
analyzethe de nition and usesof the structure elds. In fact, whena eld of a structure
is accessedia a variable (of type structure or pointer-to-structure), the variable is only
marked asindirectly accessedwithout the information of the accessedeld. In orderto

solve this problem, seweral modi cations are implemerted in IPL and IPA.

First, in IPL, ewery structure eld in the type table is given a unique id for eath
structure the eld may be directly or indirectly accessedrom. Theseids are usedto
keeptrack of the de ned and used elds of the structures. A eld of a structure may
have multiple ids if the pointer of the structure isa eld of other structures. Second the
intra-procedural data- ow analyzerof IPL is modi ed to compute de nitions and uses
for the structure elds accessedia structure pointers. Finally, ead global and formal
variable of type pointer-to-structure (including the input and output argumerts of tasks)
is annotatedwith the ids of the de ned/used structure elds of the correspndingvariable.
Theseannotations are insertedto the output object code togetherwith the original local

data- ow and cortrol- o w analysesresult summaries.

Second,in IPA, the ids of the structure elds are re-computedin sud a way that
they match with the onesusedin IPL. In this way, similar to how de nitions and uses
are computedfor the global variables,for ead global and formal variable, the ids of the
structure elds de nitions and usesare propagatedfrom the bottom of the call graph
towards the top of the call graph?. Oncethe ids of the de ned and usedstructure elds
are propagatedup to the cortrol program and the task functions, they are transformed
to Sarekpragma statemerts in the form of Whirl nodesand inserted to the Whirl tree

of the task functions.

2The top most node of the call graph is the cortrol program, and the leavesof it are the task functions.
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In order for the inter-proceduraldata- ow solver to producethe exactdata- ow infor-
mation for ead task, it shouldbe ow dependen. In other words, a useu of a structure
eld f should not be marked as usedin a task t, if de nitions of f precedeu in ewery
cortrol path from the start of t to u. This ensuresthe computation of only the upward
exposedusesof structure elds. For de nitions, sud a condition is not necessarybecause
ewery de nition of a variable or a structure eld will be downward exposed,which is the
information that the Sarekcode transformations needfor de ned structure elds.

The implemerted inter-procedural data- ow solver for the structure elds is a con-
senative analysisbecausdt is ow independen. In IPL, the intra-procedural data- ow
solver is ow-dependert; howewer, in IPA, the propagation of the de nitions and uses
of the structure elds on the call graph is ow-independen. In fact, in IPA, a useof a
structure eld is propagatedfrom a leaf node to a parert node on the call graph, even if
the useof the structure eld is dominatedby a de nition ofit in the parert node. In other
words, if a structure eld is marked asusedin a function f1, it will be marked asusedin
all the functions 2, f3, ..., fn that call f1, whether a de nition the structure eld
dominatesall the callsto f1 or not.

This ow-independen nature of the inter-procedural data- ow solver in IPA results
in extra Uses Sarek pragmasfor the structure elds that do not actually have upward
exposeduses. The e ect of these extra pragmason the execution cyclesof somemul-
timedia applications is investigatedin Chapter 8. As the main motivation behind this
work is to implement an optimizing compilerfor the MLCA, the implemenation ofa ow
dependen data- ow solver for structure elds is left asa future work. As the compiler

technology advancessud compiler transformations will be available.

A.4.2 Inter-pro cedural Array Section Analysis

The aim of the inter-procedural array sectionanalysisin the C-Compiler is to generate

the de ned and/or usedsectionsof the arraysthat areinput argumerns to tasksfunctions.
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Similar to the inter-procedural data- ow soler, the inter-procedural array-section
analyzerof the ORC considersonly globalarrays. Furthermore, for de nition/use sections
of aglobalarray to be generated the accesse® this global array shouldbevia OPRARRAY
operations of Whirl. This operation is only generated,by the frontend, for only array
accessen Fortran and for the global arrays accessedisingbrackets|[ and] in C. In fact,
the array-section analyzer of IPA is designedfor Fortran programsand it is successful
in analyzing C programsin casethe syrntax of the array accessess similar to that of
Fortran. As aresult, array accessessingpointer arithmetic and accesse® arrays inside
structures are ignored by the IPA. Becausesubstartial modi cation is required to solwe
theseproblemsof IPA array-sectionanalysis,we left the implemertation of an aggressie
array-sectionanalyzerasfuture work and concenrated our work to obtain array sections
for regular accesseg$without using pointer arithmetic) of stand-alone(not cortained in
structures) arrays. For this purpose,intra-procedural array-section analyzerin IPL is
altered in order to processsud array accessesOn the other hand, the original inter-

proceduralarray sectionpropagationalgorithm of IPA is usedwithout any modi cation.

The MLCA Optimizing Compiler requiresthe array sectionsfor the arrays that are
communicated amongtasks’. Sud arrays have two properties. First, they are accessed
via a pointer. For easeof implemertation, we assumethat sud arrays are accessedia a
variable of type pointer-to-scalar(eg. int *buf) or pointer-to-array (eg. int (*buf)[] ).
Second becausdasksneedaddresseso accessrrays, thesepointers areinput argumeris

to the correspnding tasks.

The inter-proceduralarray-sectionanalysisof ORC is originally designedsimilar to the
other inter-proceduralanalysesof ORC. In other words, IPL processegad function one
by one,i.e. performsintra-proceduralarray-sectionanalysis,and generatesa summary of

the array sections.Then, IPA takesthesearray-sectionsummariesand propagatesthem

SStatically de ned local arrays or dynamically createdtemporary arrays, accessednside a singletask,
are ignored.
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to the caller functions in the call graph. Sincethe original array-section propagation
algorithm of IPA is satisfactory we madeno modi cation on the IPA in terms of array-
section analysis. Howewer, in order to obtain the required array sectionsthat will be
propagatedin IPA, the following modi cations are implemerted in IPL. First, for every
task function, input argumerns of type pointer-to-scalar or pointer-to-array, referred as
bu er arguments are promoted to global, in order to enable array-section analysis for
theseargumerns. Again, after the intra-proceduralanalysisof array sectionsis completed
in IPL, the scopesof the bu er argumerts are transformedbad to their original. Second,
the Whirl tree of ead function is transformedto Fortran style. In other words, we make
surethat arrays of concern,i.e. bu er argumerts, are accessedia OPRARRAperations
of Whirl. For this purpose,wheneer we seean indirect accesqusually with OPRLOAD
operation) to the bu er argumerts, we transform the Whirl tree of the accesgo a Whirl

tree that usesOPRARRAYperation.

We run the original array sectionanalyzerof IPL and obtain the array sectionsfor
eadh function. During IPA, thesearray sectionsare propagatedtowards the task func-
tions in the call graph. Finally, at the end of IPA, we transform ead array section
de nition/use to SarekDefs/Uses Pragmastatemeris and insert theseto the Whirl tree

of the correspnding task function.
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