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ABSTRACT

When integrating software threads together to boost padace
on a processor with instruction-level parallel processuogport,
it is rarely clear which code regions should be aligned are-in
grated, and which regions should be left alone. This prolgesws
even worse on a modern VLIW DSP due to complicating factors in
both the hardware and compiler: software pipelining, pration,
branch delay slots, load delay slots and limited resourdes.a
result, finding an effective integration strategy requieggensive
iteration through the integrate/compile/analyze segeenc

In this paper we introduce methods to quantitatively eséma
the performance benefit from the integration of multipletwafe
threads. We use resource modeling, consider registenpecand
compensate for compiler optimizations. This enables iiffesce-

1. INTRODUCTION

Many modern microprocessors and digital signal proceq4gbrs
SPs) are capable of issuing multiple instructions per cyelew-
ever, they typically fall short of full utilization due to adk of in-
dependent instructions. Software pipelining (SWP) is toati op-
timization which improves loop performance on such prooess
Hence any further optimizations must coexist with SWP.

Existing methods for software thread integration (STI)\Wery
long instruction word (VLIW) processors [28] address howam-
plement and reinforce software pipelining by selectivgiplging
STI based upon characteristics of two loops. Each loop’srass
bly code is examined to characterize the loop based uporispee
from SWP and whether dependence bounds and complex control
flow limited SWP’s effectiveness. A transformation rule mats

narios to be compared and ranked. We then use these estimateg§xamined based upon characteristics of the two loops tordite

to guide integration by concentrating on the most benefsxial
nario. Information from each iteration of compilation isedsto
update the rankings of scenarios. We find that our modelirtp-me
ods combined with limited compilation quickly find the beste-
gration scenario without requiring exhaustive integmatio
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whether to integrate, and if so, how. These existing metlusdsa
general test which provides a yes/no answer to whetherdgriate,
and high-level information on which methods to use. Howener
attempt is made to quantify the performance of the intedretele,
limiting the ability to objectively rank potential combitians of
loops.

The first contribution of this paper is methods to quantityi
estimate the performance impact of integration, allowiagous
integration scenarios to be compared and ranked, leadintpte
efficient integration. This is a difficult problem becausecofn-
plexity in both the hardware and the compiler for modern psac
sors (the Texas Instruments TMS320C64x DSP in this casd). So
ware pipelining, predication, branch and load delay slat$ lan-
ited resources all complicate the prediction of the impdanhte-
gration and software pipelining. We rely on resource maugli
emulating list scheduling (vipseudo-schedulingnd take into ac-
count register pressure and machine features such as qredic
and compensate for compiler optimizations as needed.

The second contribution of this paper is methods which usseth
guantitative estimates to guide the alignment of regions/mpro-
cedures to yield the fastest code with a small number oftitera
compilation cycles. This iterative approach allows inaacies
in the static performance estimation to be corrected guicke
demonstrate the methods using code examples from the Texas |
struments DSP and image processing libraries and MiBenah. W
find that our approach effectively identifies good integnatstrate-
gies.

This paper is organized as follows. Section 2 describes #tB-m
ods for analysis, estimation, code transformation andtitex com-
pilation. Section 3 presents the hardware and softwareacteais-



tics of the experiments run, which are analyzed in SectioBet-
tion 5 summarizes the related work.

2. METHODS

Software thread integration (STI) is essentially procedam-
ming (or fusion) with intraprocedural code motion transfations
which allow arbitrary alignment of instructions or code itets.
This alignment allows code to be moved to use available axatu
resources better and improve the execution schedule. lpredr
vious work [27], we investigated how to select and integrate
cedures to enable conversion of coarse-grain parallelistween
procedures) to a fine-grain level (within a single procejuséng
procedure cloning and integration

For this paper, we focus on an efficient method for finding the
best integrated procedure from two independent procedunes
there are multiple possible scenarios. The proposed metted
dresseghe problem of integrating two procedures with arbitrary
control flow and utilizationThough dealing with 3 or more proce-
dures including multiple call hierarchies is beyond thigkydhis
is a key step for extending STI to more complicated cases.

Integration begins with an appropriate representatiorrigfreal
procedures. Analysis of the compiled code provides usefok
mation to identify potentially profitable code combinasorAfter
defining the design space for possible integration scesiasie de-
velop an efficient searching technique to find the best sazbgr
incorporating static estimation with iterative compitati

2.1 Program Representation

procA {
S1;
if (P1) s2;
el se S3;
for (L1) {
S4;
if (P2) {
for (L2) S5;
} I+ endif =/
S6;
} 7+ endfor */
}

D Code
<> Predicate
Q Loop

Figure 1: Example C source code and corresponding SCDG

which contain statements identify the code regions whiah lma
integrated. Though predicate and loop nodes have corrdsgp@
source expressions (P1, P2, L1 and L2), the impact of thie éod
mostly negligible because it includes considerably lesscgocode
than code nodes do, and we therefore do not expand thesesexpre
sions.

2.2 Schedule Analysis

By analyzing the assembly code obtained after compilatian,
extract useful information for efficient integration. Thigorma-
tion is annotated into the SCDG and guides the followingstep

2.2.1 Schedule and profile information

STI uses the control dependence graph (CDG, a subset of the After the original procedures are compiled separatelyatisem-

program dependence graph) to represent the structure girdhe
gram: its hierarchical form simplifies analysis and transfation.
CDGs are constructed for both host and guest (or secondary an
primary) threads to move code from the guest thread to hosadh
Since the STI code transformations have been traditionlalhe at

the assembly language level, the CDGs have been constifuated
(compiler-generated) assembly code.

For this work, we use transformations at the C source level to
avoid duplicating the complexity of a VLIW compiler [27, 28for
transformation consistency, the CDG is constructed frasturce
code. In order to do this, we modify some definitions in the-ori
inal CDG and redefine the graph as tBienplified CDG (SCDG)
We limit our scope to structured source code because mosti€ co
is structured and most non-structured code can be convirted
structured code. The rules to construct the SCDG follow:

1. Alist of C statements without control flow change forms a
codenode. A subroutine call is not considered to be control
flow change.

. A loop statement (for, while, do-while) formslaop node
and a child node containing statements inside a loop body.
The loop type, loop-entry condition and loop incremental ex
pression are stored as attributes of a loop node, if any.exist

. A conditional statement (if, if-else, switch-case) ferapred-
icate node and child nodes, each of which contains condi-
tionally executed statements. The conditional type and con
dition expressions are stored as attributes of a predicate.n

. The graph is constructed hierarchically by applying ¢hes
rules repeatedly.

Figure 1 shows the example C source code and the correspond-

ing SCDG. The S1,S2,...,S6 labels can represent a list ofi-mul
ple statements as well as a single statement. The leaf catésno

bly code for both procedures is obtained. For analysis,rsttic-
tions are divided into basic blocks (BB). We do not treat asub
tine call as a branch instruction for consistency with thevimus
step. By analyzing assembly code for each basic block, flefo
ing information is obtained:

1. Basic schedule information per basic block: number oédeh
uled cycles (i.e. schedule cycle count) and number of instru
tions

. Software pipelining (SWP) information for every inneosh
loop: Resource Minimum Initiation Interval (ResMIl) and
Recurrence Minimum Initiation Interval (RecMIl), reasdn o
SWP failure if SWP fails

. Resource usage per cycle: instruction and its resousgeus

. Register usage per basic block: registers accessedliesgar
of use and definition

It is possible to construct a control flow graph (CFG) from the
assembly code. Based on the CFG and the schedule cycle count
of each BB, the static execution time (SET) of each procedure
computed. The SET of sequence of BBs is sum of their schedule
cycle counts. If a BB is inside a loop, the SET is the product of
its schedule cycle count and loop count. If a BB is conditiigna
executed, the SET is the product of the schedule cycle couht a
branch fraction. If it contains a subroutine call, we ignoyeles
spent on the callee. Therefore, the SET of the whole proeeidur
summarized by the following equation:

Z Svb; Job; Mbb;

bb;c BB

SETproca (1)

whereB B is a set containing all basic blocks of the procedtibe,
is an element in the sé& B andssy, , fos, , nsy, represent the sched-



ule cycle count, the execution fraction and the executiamtof 2.3 Definition of Alignment Set

thebb; respectively. There are numerous possible integration scenarios dependi
Since the execution count) and the execution fractiory} are number of code nodes and their control and data dependefcies
determined at run time in most cases, the execution profileds efficient exploration, we first define the design space fa finob-
essary to compute the SET. If the given profile is completely-c  |em, Each integration scenario corresponds to a ceaé@gnment
sistent with the actual run, the SET represents the actodime. of code nodes from two procedures, which determines whidesio
A discrepancy between the profile and the actual run may causeare integrated with each other and which nodes are left unyeith
the SET and actual run time to differ. Besides the SET, tHewel A combinationindicates a pair of code nodes integrated with each
ing steps are affected because they also use the profile foutem  other. Therefore, aalignmentincludes at least a singteombina-
profitability. However, it is a common weakness of profiledgd tion of code nodes. LeR4 and Ry denote the code node sets for
optimizations rather than one specific to this method. procedure A and B respectively.
If the execution profile is not provided, we can generate seba
on static prediction or estimation schemes. For examplecame Ra=A{ai,a2,....,am}, Rp=1{b1,b2,....;0n}

treat every if-else conditional body equally by settifigo 0.5.
Looping code can have higher impact than the other code by fix- whereas, ..., a., andb, ..., b, represent the code nodes in proce-
ing n to a certain number, which is considered as priority of loops dure A and B respectively by the order in each SCDG. Cats

over acyclic code. The following steps guided by this prdéied denote the set including atbmbinationsand L 41 denote the set
to the improvement of the average case instead of the speatfic including allalignmentsfor procedure A and B.
of the provided execution profile.

Cap = {(a1>b1)>(a17b2)7-~~7(am>bn)} = Ra X Rp

Lap = {{(a’17 bl)}> {(a1> b1)> (a27 b2)}7 ey {(a’m7 b”)}}

= {zlxCcCap and z#0 and zislegal}

2.2.2 Modification and annotation of SCDG The combination se€p is the product set oR4 and Rp.

In order to use the information from schedule analysis aod pr  Each element in the alignment séfi 5 is a subset o4z which
filing to guide integration, the information must be annetbto the 1S legal. Being legal means that two distinct combinations in one
SCDGs of both procedures. Since the SCDG is constructed from @lignment do not violate data dependencies of the origiodéc If
the C source code while the information for each basic bleak we conservatively assume that succeeding statements origie

tracted from the compiled assembly code, the SCDG must be mod inal code are always data-dependent on preceding statgmient

ified to reflect possible control flow changes caused by canpil ¢an be rephrased into these two conditions: two distinctizom
optimizations. nations in one alignment (1) neither include the same codie no

The first source of this change is the compiler's front-enti-op ~ (2) nor change the original order of the code nodes. For ekamp
mizations. The compiler may unroll loops with a fixed number o {(a1,01), (a1,b2)} is not legal because two combinations include

iterations and a small loop body. If loop unrolling is appli¢he the same code;. The codeu, can not be divided inté, andb,
SCDG is modified to match with the compiled code. If any other &rbitrarily due to possible data dependency and control déw
front-end optimizations are performed, the appropriaiegforma-  ference between them. The sub$gts, b2), (a2,b1)} is also not
tion is followed. The second source is predication. The dtenp  |€gal because the order f anda; forcesb, andb: to be reversed.
tries predication for conditionals if there is architeaiusupport. If & control dependency exists between code nodes from the sa
If conditionals are predicated, they no longer cause a obfiaw procedure, the conditions become more restrictive. In asg cle-
change, hence they are treated as one statement duringraode t ~ 9@lity is determined by checking if an alignment reversesditler
formation. This causes the predicate node and its childsitibe of original code nodes. These conservative assumptiorls teu
merged into the parent code node or constructed as a sepadete relaxed using data flow analysis but we leave this for futunekw
node. Though STI code transformation enables arbitrary comiminat

Once the control flow of the SCDG and the assembly code are ©f code nodes, allowing all possible combinations resaleslo-
consistent, we annotate each code node in the SCDG withiteeisc ~ Sion of the alignment set size. The number of combinatiors in
ule and profile information given by the previous step. Matgta creases quadratically (i.e:(Cap) = n(Ra) x n(Rp) = mn)
code node inthe SCDG with a BB in the compiled assembly code is @"d the upper bound of the number of alignments increases exp
often nontrivial because the assembly code has underganerau ~ nentially (i.e. mn < n(Lag) < 2™") with the number of code

ous optimization phases. The compiler optimizations cangh nodes. _ _

control flow as a byproduct of optimization. Instruction edbling In order to reduce the number of alignments, we include only
techniques can move instructions beyond basic block boigsiso combinations of code nodes under loop nodes (i.e. cycliekod
that the boundaries between statements in the source codmbe N the alignment set, as this code dominates performancee Th
ambiguous after the code is scheduled. Hence, there is rfedpe combinations of other code nodes which are not under loopsiod
one-to-one mapping between code nodes in the SCDG and BBs in(i-8- acyclic code) are examined after finding the best atigmt

the assembly code. of cyclic code. Second, we exclude combinations which have a

The ‘best’ mapping is pursued by choosing the BB which has extremely !ow _probability of speedup such as SWP and Non-SWP
the most influence in terms of performance. For a code noderund 0P combinations.
a loop node, only the loop body is considered. When a loop is . . - . .
software pipelined, the SWP kernel is used while the prolg a 2.4 Static Profitability Estimation
epilog are ignored. For a code node under a predicate ncelBBh The alignment set given by the previous step defines themlesig
with the most instructions which correspond to the code risde  space for integration. If the size of the alignment set islknta
selected. Remaining code nodes are matched with the re®of B is not hard to examine all possible scenarios by compilihgnsd-
in the assembly code by choosing in-between BBs. grated procedures. However, it is quite ineffective if thare nu-



merous possible alignments. Therefore, it is necessaryidatjze
alignments based on an integration profitability measure.

Static profitability estimatiofis a modeling method for estimat-
ing profitability of a certain alignment. Since we are inttesl
in improving run-time performance by integration, the ayypi-
ate measure of profitability is execution cycle count reidunctFor
modeling, we assume the following: (1) Only the parts of code
which have changed after integration (i.e. integrated aumies)
influence the execution cycle count. (2) Overall profitapitf a
certain alignment is sum of profitability of code combinagdn-
cluded in the alignment. If the alignmehte L 4 includes mul-
tiple combinationsg:, ..., ¢, (i.e. l; = {c1, ..., cn}), theestimated
profitability (EP) for this alignment is given by sum of the prof-
itability of each combination:

EP, = ) pe

cr€l;

)

The profitability of a certain code combinatiop.() depends
on two factors: (1) The schedule cycle count reduction bg-int
gration of code nodesXs., ) and (2) the impact of the integrated
code on execution cycle count. The first is determined by v t
compiler schedules the integrated code and the second jsdte
uct of the execution fractiorf(, ) and the execution count.y, ).

If a; € Ra,b; € Rp denote code nodes to be integrated and
¢k = (ai,b;) € Cap denote the combination of those, the esti-
mated profitability of the combinatiog). (p., ) is computed by the
following equations:

ka fai, fb]‘ (3)
Ney, = min(nai y T ) (4)
ASe, = Sa; + Sb; — Scy, (5)
Pe, = AS% fer ey, (6)

where f,,, fo;s fe, are the execution fractionsyq,, Ny Moy,
are the execution counts, ang,, s»;, s, are the schedule cycle
counts ofas, b, ci, respectively.

Since the schedules;, sy,) and profile (o, , fo,, na;, 15,) IN-
formation are already provided, the only unknown variakl¢hie
schedule cycle count of the combination,(). The schedule of in-
tegrated code depends on various characteristics of twe wodes
such as utilization, used registers and their usage pajtdata de-
pendencies between instructions and so on. Since it is aimes
possible to predict the accurate schedule without perfogrechedul-
ing, we propose a method callpdeudo-schedulintp estimate the
schedule cycle count of the integrated code.

2.4.1 Pseudo-scheduling

Since VLIW machines use static instruction schedulingsttieed-
ule is embedded in the compiled code. We convert the ingbruct
schedule of each BB into thesource map (RM)a table where
number of rows is the schedule cycle count and number of aidum
is the number of functional units (FU). For each instructioa BB,
there is a mapping between the issued cycle and the issuefid-U.
cording to this mapping, each instruction is assigned tortaice
entry of the table. Therefore, free spaces in the RM reptsseie
issue slots in the resulting schedule.

dependencies between instructions. We force instructmnsin-
tain the same cycle distance between them after they arechiove
the other resource map. We conservatively apply this st
even though some instructions are independent. Dataflolysama
would loosen this constraint.

For software pipelined (SWP) loops, the method above does no
make sense because instructions from different iteratioa®ver-
lapped in the SWP kernel. Therefore, we use a specializadipse
scheduling method for SWP loops based on modulo scheduling a
gorithm. In modulo scheduling, the schedule cycle count®W&
loop kernel (nitiation Interval (I1)) is constrained by thBlinimum
Il (M) . The MIl is the maximum oResource MIl (ResMlland
Recurrence MIl (RecMl|)where the RecMll is determined by the
length of recurring dependency and the ResMll is a functibn o
the number of instructions which uses each resource. FdviRes
we use aResource Vector (RVyvhere each element is the num-
ber of instructions which uses a specific resource. The nuwibe
elements in a RV and the function for computing ResMlb(nput-
eResMI) are architecture dependent. For a TI C64x DSP, there are
20 types of resources involved in ResMIl.

Besides ResMIl and RecMIl, the final Il depends on the com-
plexity of instruction sequence because the Il is detercheer
the compiler finds a valid schedule. While Il is equal to Mllevh
the compiler find a schedule on the first try, Il becomes latigan
MII as it experiences more trouble to find one. The differebee
tween Il and MII (i.e. 1l - MII) grows with the complexity of #
instruction sequence, which generally rises with morerimsions,
more dependencies between instructions, and more regiger
sure.

The following equations summarize the pseudo-schedulietpm
od for software pipelined loops to estimate the schedullegaunt
of the integrated codes{, ).

ResM1I1., = ComputeResMII(RV.,)
RV., = RV, + RV,
RecMII., = Ma:c(RecM[Iai,RecMIij)
MII., = Max(ResMII.,,RecMII.,)
Sep = 11¢),
= MII, + (I, — MIL,) + (ITy, — MII,))

where

2.4.2 Register pressure estimation

Since pseudo-scheduling moves instructions from one resou
map to the other without considering additional registerspure
caused by integration, it ignores the possibility that tbenpiler
may generate different or more instructions to resolve #dugsr
ter conflict. Hence the schedule obtained by pseudo-scingcdisl
usually better than the real schedule. If many additionglisspc-
cur due to heavy register pressure, the schedule of inezfycatde
is much worse than that of original code. Therefore, it iSrdéte
to avoid code combinations which cause spills. We use a model
calledregister pressure estimatioiWe compute number of regis-
ters accessed by code nodes and estimate the registerrpre$su
integrated code by adding them. If the sum is larger than tine-n
ber of total physical registers, we discard it from the camalibn
set. If there are predicated instructions, the predicajister pres-

Given resource maps from two code nodes, pseudo-schedulingsure is estimated in the same way.

constructs the schedule of integrated code by moving icttmns

in one resource map to the idle slots in the other one. Two re-

strictions are applied during this process. The first onessurce
compatibility. In most architectures, instruction and Rlgds are
tied. Depending on its type, an instruction can be issuey tmnl
a certain FU or subset of FUs. The second restriction is tfe da

There are still some cases where differences between the est
mated schedule and the real schedule are large. If the campil
generates different sequences of instructions for theraiigand
integrated code, pseudo-scheduling can not be accuraaeised
assumes that the same sequence of instructions are gehfmate
the same code after integration. For example, if the compile-



ceeds in SIMD optimization for the integrated code thoudhils
for original code, the generated instructions show a bifgéhce.
However, it is extremely hard to predict how every optimiaat
impacts code generation. In reality, instruction schedudind reg-
ister allocation are closely coupled, though we use sepanatiels
for those. These facts force estimation inaccuracy.

Though there are numerous options to improve the accuracy of
estimation, we maintain this level of complexity and dependhe
target compiler’s result to determine the actual profitghilThere
is a design trade-off between estimation and compilatiéresti-
mation is as accurate as compilation, the best alignmertdsen
based on this estimation without iterative compilation. wdwaer,
the high computation complexity raises time spent on estima
significantly. For this work, the balance between moderatiena-
tion complexity and target compiler’s feedback is pursueddse
we try to define a more general method than one tightly coupled
with a certain architecture and compiler.

2.5 Code Transformation

Code transformation is the step where an alignment is ctetver
to the corresponding integrated procedure. Since therabghde-
termines which parts of the code are integrated, diffenemtsfor-
mation techniques are applied depending on their contrpéile
dencies. Figure 2 illustrates basic code transformatiohrigues
and corresponding estimated profitability (EP) for STI detieg
on the parent node types.

In addition to these methods, there are some pretransfimmat
techniques which can be applied before integration. Thoslede
loop unrolling and loop peeling as shown in Figure 3. Loop un-
rolling can be used to provide additional instructions corat
with loop jamming. It is powerful in cases where two loop bedi
are asymmetric in terms of size, utilization and loop coJyagj.
Loop peeling can be used to lower a loop nesting level. If $oop
with different nesting levels need to be integrated, it guised to
make both nesting levels identical by lowering the nestewgl of
one loop. Since only inner-most loops are software pipdliftes
often required to integrate SWP loops with different nestavels.
By combining and hierarchically applying both sets of teghes,
any alignments can be successfully realized.

The transformation techniques presented above are terfmte
the general case. Depending on the situation, some codeecan b
removed if unnecessary. For example, if both loop count$ixed
and the same, copies of the original loops in Figure 2(a) araec-
essary. Transformation leaves opportunities for furth@maeiza-
tions such as induction variable elimination. The jammezpto
may have two induction variables unnecessarily after natégn,
which can be reduced into one.

2.6 Iterative Compilation

We depend on the final stepitérative compilatiorto determine
which alignment is best. The method for iterative compdlatpre-
sented here is a heuristic approach to find the best alignwiémt
the least compilations (i.e. cost). We define the followimgidct
measures for an alignment:

1. Estimated profitability of the alignmeht(E P;) is obtained
by the equation (2) and (6). Initial, is computed by pseudo-
scheduling but is updated by the real schedule cycle count
obtained after each compilation. Therefdid’; converges
to X P;.

. Expected profitability of the alignmeht(X P;) is computed
by the same way &k P; but usess., given by the real sched-
ule of the integrated code after compilation.

1: Choosd; € Lag WhereEP; = Max(EP, ..., EP,);

2: loop

3:  Perform code transformation foy,

4:  Compile integrated procedure;

5.  ComputeX P; andAF;

6: UpdateE P, foralll, € Lap wherel; Nl # 0;

7:  Remove all, whereEP, < Oforallly € Lag;

8: Choosd; € Lap WwhereEP; = Max(EP;,..., EP,);
9: if j=1dthen

10: break;

11: endif

12: i — 7;

13: end loop

14: Choosé; € Lag WhereAP; = Max (AP, ..., AP,/);

Figure 4: Algorithm for iterative compilation

3. Actual profitability of the alignmerit (AP;) is the static ex-
ecution time (SET) difference between original procedures
and the integrated procedure. The SETs are obtained by an-
alyzing its assembly code as described in Section 2.2.

The EP; is the only measure which can be computed initially
before any compilation. Th& P; reflects the schedule of the in-
tegrated code but still implies some inaccuracy from sideces
of code transformation. Thd P; reflects the real schedule of the
whole integrated procedure. The inequalify?; > XP;, > AP;
therefore holds for most cases because the schedule framgse
scheduling is more optimistic than the real schedule araleffécts
of code transformation usually have a negative impact. Thaaa
profitability of the integrated procedure is determined4sy; while
we useFE P; for prioritizing alignments and{ P; for determining
when the iterative compilation cycle stops.

Figure 4 shows the algorithm for iterative compilation. SEir
the alignment ;) with the largest EP is chosen and an integrated
procedure is generated (Line 1-4). After compilation, thiesl-
ule of integrated code is determined from the assembly cade a
the XP and AP are computed (Line 5). Since the real schedéiles o
the code combinations (i.e. integrated code) includederaifgn-
ment are obtained, the EPslgfand other alignments which share
the same combinations are updated (Line 6). After this updhae
alignments with a negative EP are removed from the aligneent
because compilation may have identified unprofitable codeb¢o
nations (Line 7). Then we choose the alignment with the maxi-
mum of updated EPs again (Line 8). If the alignment is the sasne
the one just compiled, the iterative cycle stops (Line 9-Tther-
wise, another compilation cycle is performed with the neatyp-
sen alignment (Line 12). Once the cycle stops, we choosedste b
integrated procedure from compiled ones based on the ARe(Lin
14).

This algorithm has two important implications. The first is a
feedback mechanisimplemented by an EP update. Since this
feedback reprioritizes alignments based on updated ERgnit
mizes the impact of pseudo-scheduling inaccuracy on figlige-
ments by considering previous compilation results. Thersgds a
decision mechanisimplemented by a comparison of EP and XP.
After an EP update, EP is the same as XP for alignments which
have been compiled. By comparing the EP(=XP) of compileghali
ments with the EP of yet-to-be-compiled alignments, therillgm
effectively filters out the alignments which are not wortlietbe-
cause the EP generally determines the upper bound of the XP.



Code 1:
for(i=0;i<nl;i++) SI;
Code 2:
for(j=0;j<n2;j++) S2;
I ntegrated code:
for(i=0,j=0;i<nl&& <n2;
i ++, ] +4)

Code 1:

if (pl) S1;
el se S2;
Code 1: Code 2:
i ; if (p2) s3;
ARG el se S4;
el se S2; )
Code 2: I ntegrated code:
S3; switch ( ((pl!'=0)<<1) | (p2!'=0)) {

I ntegrated code:

case 3: S1;

S3; break;

case 2: Sl; S4; break;

{s1; s2;}
for(;i<nl;i++) S1;
for(;j<n2;j++) S2;

if (p1) {S1; S3;}
el se {S2; S3;}

case 1:
defaul t:

S2; S3; break;
S2; S4;
}

EP = Ass1,s3) X f1 + Assz,s3)x (1-f1)

EP = Ass1,s2) X min(nl, n2)

W ©

f1 1-f1

(a) loop + loop

(b) predicate + code

EP = Assi,s3) X f1 X 12 + Assise x f1 x (1-2)
+AS(32153)>< (1-f1) x f2 + AS(52v54) X (1-f1) x (1-f2)

f1 1-f1 2 1-f2 : ! !'\

S1|S1|S2|S2

S3|S4{S3|84
(c) predicate + predicate

Figure 2: Code transformation techniques for STI

Bef or e:
for(i=0;i<nl;i++) S1;
After:
for(i=0;i<n%;i++) S1;
for(;i<n;i+=2) {S1;S1";}

© @
nl

(a) loop unrolling

o ®@

Bef or e:
for(i=0;i<nl;i++) SI; nl
After:

for (l =1;i<nl;i ++) S1; (b) |00p peellng

Figure 3: Pretransformation techniques for STI

3. EXPERIMENTS

3.1 Target Architecture

Our target architecture is the Texas Instruments TMS32QC64
From TI's high-performance C6000 VLIW DSP family, the C64x
is a fixed-point DSP architecture with extremely high perfance.
The processor core is divided into two clusters with 4 fuorei

units and 32 registers each. A maximum of 8 instructions @n b

issued per cycle. Memory, address, and register file crods pa
are used for communication between clusters. Most instmgt
introduce no delay slots, but multiply, load, and branclringions
introduce 1, 4 and 5 delay slots respectively. 6 generastexg can
be used as predication registers.

3.2 Compiler and Evaluation Methods

We use the Tl C6x C compiler to compile the source code. Orig-

inal procedures and integrated ones are compiled togeitie©fx
compiler option ‘-02 -mt’. The option ‘-02’ enables all optiza-
tions except interprocedural ones. The option -mt’ helpf$vgare
pipelining by performing aggressive memory anti-aliasitignin-
imizes dependence bounds (i.e. RecMIl), maximizing uwttian
for software pipelined loops. The C6x compiler has varices- f
tures and is usually quite successful at producing effigefttvare
pipelined code. For performance evaluation, we use thelsitbome
simulator in Texas Instruments’ Code Composer Studio (CE8)
sion 2.20. By enabling profiling, the execution cycles ofyoral
and integrated procedures are measured.

3.3 Procedure Selection and Integration

Four pairs of procedures are chosen from TI DSP/Image iibrar
[29] and MiBench benchmark suite [16] for integration. Argon
procedures which are relevant to main program workloadsus
procedures with multiple loops (SWP or Non-SWP), condiien
or calls are selected to show the effectiveness of our methbat
ble 1 summarizes selected procedures for experiments.hEset
four pairs of procedures, the iterative compilation metisapplied
and examined by generating all possible integrated praesdiél-
though analysis and estimation are automated, code tramstion
is performed manually for this work. The whole process caalse
tomated by combining the compiler front- and back-ends with
analysis tools.

For the alignment set, we include only looping code as disstis
in Section 2.3. For integration of looping code, we use lcop-j
ming without any pretransformation to avoid complexity. nce
eral transformation techniques are performed; some fudps-
mizations discussed in Section 2.5 are performed for sitoolps
with fixed iterations. For simulation, test inputs are getexdl, and
variable-iteration loops are adjusted to execute at ledginges.
The profile used for static profitability estimation is assahto be
consistent with the actual run in order for the fair comparisf
profitability measures from static estimation and simolati

4. RESULTS AND ANALYSIS

Figure 5 shows the SCDGs of original procedure pairs used for

experiments annotated with basic schedule and profilerirdton.
The profile information annotated on edges represents #zacu
count or execution fraction. Below a code node, the scheidule



Table 1: Summary of procedure pairs used for experiments

Case Proc.A Name Proc.B Name Program Benchmark suite
[E) XF shatransform BR byte reverse sha Mibench/security
(b) DB DSP.bexp IH IMG _histogram N/A TI DSP/Image Lib.
(c) BCE BF_cfb64.encrypt BSK BF_setkey blowfish Mibench/security
(d) AC Autocorrelation CLTP Calculationof_the LTP_parametersg gsm Mibench/telecomm,

Table 2: SCDG characteristics of procedure pairs and STI reslts
Procedure Proc.A Proc.B Integration Space Total # of Best
Pairs L P Ra L P RB Ra X Rp CaB Lap Compilations Speedup|
(a) XF+BR 5 0 5 1 0 1 5 5 5 1 9.82%
(b) DB + IH 2 0 2 2 0 2 4 4 5 2 6.55%
(c) BCE +BSK 2 3 4 3 0 3 12 4 4 1 15.48%
(d) AC + CLTP 4 3 7 5 2 5 35 7 11 4 11.00%
L: Loop nodes, P: Predicate nodes
formation is annotated with instruction and cycle count)(énd 7
predicate and general registers used (p-g). The letten‘&’lbop 6l -
node indicates that it is software pipelined and ‘call’ sgmsdn the
annotation if there is a subroutine call inside a code nodely O 5
code nodes under loop nodes are annotated because onlyneembi
tions of those are considered for integration. 4 1 ]

Table 2 summarizes the characteristics of original proesjun-
tegration space and result of the iterative algorithm rdre L, P 3
and R4 (R5) columns represent number of loop nodes, predicate , |
nodes and code nodes located under loop nodes. Clhe and
L ap columns show the number of combinations and alignments 1 |
for integration. The actual combination set used for iraégn is a |_| |_|
subset of the whole combination set (i€ap C Ra x Rg) be- 0

<2 -2 -1 0 1 >1

cause some combinations such as SWP/Non-SWP pairs, orres wit
heavy register pressure are discarded by the estimatiaregso
The last two columns show the number of compilations peréatm
by the iterative algorithm and the speedup of the integrptede-
dure finally selected. While only 1 compilation is neededdase

(a) and (c), 2 and 4 compilations are performed for case @)@n
Compared with the total number of all possible alignmerits £
column), there are significant compilation savings by outhoe.

Figure 6 shows different profitability measures discusaegiic-
tion 2.6 obtained after generating and compiling all pdssitste-
grated procedures. For convenience, the AP is measuredrby si
ulation instead of static execution time measurement destin
Section 2.2 because they are basically the same when thé&profi
is consistent with the actual run. Though the EP is updatedt af
every compilation cycle, this figure depicts the initial Effrgputed
by the static estimation with no feedback. Alignments (irgte-
grated procedures) are numbered by the descending ordeeiof t
initial EPs from the left. The alignment finally selected I tit-
erative algorithm (alignment 1, 2, 1 and 8 for each case) iketh
with its % speedup.

The most important observation from this figure is that tree pr
cedure selected by our method is the actual best one for emsgy
The marked procedure shows the highest AP after actual eompi
lation and simulation. In case (a) and (c), the alignmenhlie
largest initial EP (i.e. alignment 1) is chosen as the bast abm-
pilation of itself. Recall that the algorithm decides wlestit con-
tinues or not based on a comparison of EP and XP. In both dhses,
iteration stops after the first compilation becaué® > EP,. In
case (b), one more compilation cycle is performed becalBe <
EP, butX P, > EP;. Regarding relationship between EP and XP,
they show similar trends, meaning that static estimatiorksavell
for case (a), (b) and (c). The inequaliyP; > X P;, the founda-

Figure 7: Histogram for schedule cycle count errors between
pseudo-scheduling and real scheduling results

tion of decision mechanism, holds for all alignments in ¢hésee
cases.

The case (d) is interesting because EP and XP show a signif-
icant difference for the first 5 alignments. This is due toxine
pected errors from static estimation. Two combinations \&FS
loops, which were estimated to be highly beneficial, turnran-
beneficial after actual compilation because SWP fails aftegra-
tion due to high register pressure. For these loop combingtithe
estimated number of used registers is slightly less thamtime-
ber of physical registers. In such cases, SWP either suscaed
fails depending on the real schedule. A large estimaticor &mun-
avoidable when SWP fails because pseudo-scheduling wodesu
the assumption that SWP still succeeds after integration.

When a large error occurs, the feedback mechanism plays a key
role of removing non-beneficial combinations then re-ragkine
alignments. When we see the details of compilation cyclesdse
(d), alignments 1 through 5 which have negative XP are rechove
after compilation of 1 and 3. The alignments 6 and 8 are them co
piled based on updated EPs and 8 is chosen as the best aftak 4 to
compilation cycles. This is clear advantage over 11 cortipila
cycles considering 11 possible alignments.

Figure 7 shows the histogram for schedule cycle count ebers
tween pseudo-scheduling and real scheduling results 20albde
combinations included in 4 cases. Most errors are negatdieat-
ing that pseudo-scheduling is more optimistic than reaéduate.
The errors are within 2 cycles for 12 combinations includinex-



64
14/7 / 31/8 38/8 31/8 30/9
0-9 1-37 0-27 0-29 0-29 1-15

(@) XF + BR

SA1 64117
5- 160 160 160 160  1-52 1-6 2-49  2-17
g s o) [ [ []
5/1 11/14

72 72 T2 2 16 1-8
45/25 46/25 16 16 16 16 Icall
0-22 0-24
leall Leall (d) AC + CLTP

(c) BCE + BSK

Figure 5: SCDGs of original procedure pairs with basic annoations

250 600 —
-+ -EP -+ -EP
—m— XP i F o =——n
200 | _ 500 N —a- XP
« —4— AP(Sim) \, :
'\ N —&— AP(Sim)
. 400 - N -
150 . N
Speedup = 982% 300 \\
AY \‘
100 1 200 1 LN
Speedup = 6.55%" \
AN
100 - r/\ AR
50 NPT
. ‘ N
AY -
1 2 = 4 \\5
0 -100 |
1
- -200
(a) XF +BR (b) DB +1H
5000 e — 1000
4000 | — - EP —-+-EP Speedup = 11.00%
« —a— XP 800 1 | —®— XP
3000 1 S —— AP(Sim) —a— AP(Sim)
Speedup = 15.48%, - 600
2000 4 S
1000 0
o 200 A
-1000 0
-2000 -200 4
-3000 |
-400 4
-4000 |
-600 1
-5000 |
-6000 o0
+
(c) BCE + BSK (d) AC+CLTP

Figure 6: Different profitability measures of all alignments for each integration case



actly accurate ones. Among 6 combinations in which erra $ems
than -2, two correspond to the SWP loop combinations in adjse (
where SWP fails after integration as discussed above. Timer ot
4 combinations come from the case (c) where the integratéd co
includes subroutine calls. The errors are relatively ldrgeause
pseudo-scheduling does not treat a call instruction siheeidaile
the real compiler does. However, the errors occur in all doab
tions so they do not affect the EP and XP relationship.
Experimental results demonstrate that the static profityabiti-
mation via pseudo-scheduling works well despite some eiaep
The iterative compilation algorithm compensates for gassésti-
mation inaccuracy and finds the best integration scenationea-
sonable efficiency. When estimation works well, the aldgonitef-
fectively filters out the integrated procedures for whichpdation
is unnecessary by comparing realized profitability (XP}wgibten-
tial profitability (EP). For the cases where estimation it good
enough, the feedback mechanism in the algorithm enablegrcon
gence of estimated profitability (EP) with the real profitigp(XP)
by applying previous compilation results to the future @igents.

5. RELATED WORK

5.1 Software Pipelining

Software Pipelining (SWP) [12, 25, 26] is a scheduling mdtho
to run different iterations of the same loop in parallel. Hwer,
software pipelining can suffer or fail when confronted witbm-
plex control flow, excessive register pressure, or tighploarried

5.3 Loop Transformations

Loop Jamming (or fusion) and unrolling are well-known opti-
mizations for reducing loop overhead. Unroll-and-jam [2716]
can increase the parallelism of an innermost loop in a loa. ne
This is especially useful for software pipelining as it exes more
independent instructions, allowing creation of a more igffitsched-
ule [9]. Unrolling factors have been determined analytycgd].

Loop fusion, unrolling, and unroll-and-jam have been used t
distribute independent instructions across clusters irLB\War-
chitecture to minimize the impact of the inter-cluster conmica-
tion delays [23, 24]. The technique called Deep Jam alsolases
jamming to increase ILP [10]. It recursively applies conations
of loop jamming and code duplication for inner loops and ¢ond
tionals. However, transformation is limited to threadsdtulets)
with the identical control flow while STI works both identland
heterogeneous control structures.

STl is different from these loop-oriented transformatiomsvo
ways. First, STI merges separate procedures, increasengutim-
ber of independent instructions within the compiler’s szofsec-
ond, STI distributes instructions or code regions to lagatiwith
idle resources, not just within loops. It does this with cougtion
as well as loop transformations (peeling, unrolling, $ipl, and
fusing).

5.4 Procedure Inlining

Procedure inlining (inline expansion) is a widely reseacthnd
accepted means to enable whole program optimization. taugs

dependences. Much work has been performed to make softwarecompiler analysis and enables other optimizations as veelha

pipelining perform better on code with multiple controlvfipaths.

Hierarchical reduction [21] merges conditional constsuictto
pseudo-operations and list schedules both conditiondispatf-
conversion [3] converts control dependences into datardkpees.
Enhanced modulo scheduling [30, 31] begins with if-conesrso
enable modulo scheduling then renames overlapping redjigte
times and finally performs reverse if-conversion.

STIimproves the performance of SWP for control-intensb@pls
[28]. It increases the number of independent instructideile
to the compiler while effectively reducing loop overheddr¢ugh
loop jamming). This enables the compiler to use existing SWP
methods to create more efficient schedules.

5.2 Global Acyclic Scheduling

Compilers try to extract more ILP by forming bigger schedgli
regions for acyclic code through merging multiple basichkio In
trace scheduling [14], compilation proceeds by selectitigzedy
path of execution, called a trace. Superblock schedulidg 20]
forms superblocks, regions with a single entrance and ipg$s
multiple exits. A hyperblock [22] is a set of predicated lbddbcks,
in which control may only enter from the top, but may exit from
one or more locations. Treegion scheduling [18] forms agimee
single-entry/multiple-exit global scheduling region wiiconsists
of basic blocks with control flow forming a tree.

In region scheduling [15, 5], a program is divided into regio
containing statements requiring the same control conditida the

Program Dependence Graph (PDG). Guided by the estimates of

the parallelism present in the program regions, the regibaduler
repeatedly transform the PDG, uncovering potential palisth in
regions.

STI assists the compilers to exploit parallelism acrosfedht
procedures by merging them [28]. STI also allows arbitrdigna
ment of instructions or code by control flow transformatiamsl
code motion so that compilers use independent instructdfins
ciently.

struction scheduling [4, 19, 13]. Way [33, 32] extends ragiased
compilation [17] to perform inlining and cloning based omdand
and run-time profile information.

STI differs with procedure inlining techniques in two wa¥stst,
overlap of the code of independent procedures by STl is not li
ited to the callees of the same procedure. Second, STI ddes no
only merge two procedures but also transforms control siras
so that the compiler generate an efficient schedule.

5.5 Software Thread Integration with Soft-
ware Pipelining

A method for using STI to improve the performance of looping
code on a VLIW DSP was proposed [28]. Efficient code trans-
formation techniques using loop unrolling and loop jammivere
defined depending on software pipelining (SWP) charatiesis
SWP-Good, SWP-Poor and SWP-Fail — of loops to be integrétted.
was shown that STI complements SWP by improving loops which
benefit little from SWP.

Although the potential benefit of STI was shown, no method of
high-level integration selection and guidance was pray;itEaving
unanswered the question of how to integrate two arbitraoger
dures. This paper focuses on methods to find the best ini@grat
scenario from arbitrary code.

6. CONCLUSIONS

In this paper we propose an efficient method for finding the bes
integration scenario given two independent procedurels aribi-
trary control flow and utilization. Static profitability éstation re-
lying on resource modeling, pseudo-scheduling and registes-
sure estimation allows various integration scenarios wopepared
and ranked, identifying more beneficial ones. The iteratv@pi-
lation algorithm compensates for possible estimationdneacy by
decision and feedback mechanism, enabling quick seleofitme
best scenario with the least compilations. By experimeamnitad on
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