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Abstract: The quality of high-levd synthess resuts for desigrs with compkex and nested
condtionals and loops can be improved signibcanty by employirg spealative code motions Two
technues are presenta tha add scheluling stegs to the brand of a conditiona constrict with
fewer scheluling steps This ObalazeDor equalses the number of scheduling steps in the
condtiond branche ard increases the scoge for application of speculatve code motions These
brarch balancing technigus hawe been apdied OdyamicallyGduring scheduling The authos have
implementel algorithms for dynamt brarch balancirg techngues in a C-to-VHDL high-level
syrthess framewak calledSpark The utility of thes technguesis demongrated by experimeral
reallts on four desgns derived from two moderatéy complex applications namel, MPEG-1 and
the GIMP image processig tod. Thes reallts shav that the two branc balanéng techngues can
redwce the cydes on the longes path through the desigh by up to 38% ard the numbe of states in

the cortroller by up to 37%.

1 Introduction

The orderirg and placemernt of opemtions in high-level
behavourd descrptions is usually governe by progam-
ming ea® ard varies from designe to designer Very
often this ordering is not condwive to, or optimal for,
downstrean high-levé synhess and optimisation tasks
[1]. This is particularly true for cortrol-intensive designs
due to the presence of nestel conditionds and loops. An
importart aspet of our approab to high-levd syrthesis
is the application of pamllelising trangormatiors that
move opewtions acioss condtionals and loops base on
the time criticality of an operatimm and in the process
expo® the paralldism available in the algorithm.

To this end we hawe developé a sd of speculaitve code
motions to alleviate the effects of progammirg styles and
congdructs on the qudity of synthess reallts. Thes code
motions enabk the movemnent of opeltions through across
and into conditionds with the objective of maximising
pefformance?2, 3]. However, this mears tha the heurigics
tha guide these code motions hawe to manage the resource
utilisation acrossseverabast blocks Thisisespedly true
for hardwae-expensie code motions, suc as conditional
spealation. Conditional speailation duplicates opetions
into the branche of a conditiond block (ses Sectim 4) [3].
Conditiond spealation shoud only be employed when the
resource utilisation technguesareableto Prd idle or unused
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resources in multiple basic blocks in the conditional
branches.

In this paper we presem algoiithms for two techniques
that insert new scheduling steps dynamically during
scheduling in the shorter of the two branches of a
conditional block withou increasng the longest path
through the conditional [4]. The new scheluling steps,
together with idle resoures in the basc block of the other
condtiond brarch, can be usal to schedut operatiors by
condtiond spealation. The brd techngue inserts sche-
duling steps while traversig the desig during scheluling,
and the secad technique insers st to enabk code
mations (specikeally condtiond spealation). We call
these tectiquesbrand balancing during desig traversal
(BBDDT) and branch balancing during the code maions
(BBDCM), respectiely. We explan thes techniqus in
detal with exanple in Sectiors 7 ard 8.

We haweimplemented thes brarch balanéng algorithms,
together with the spealative code motions ard scheluling
heuristcs tha enploy them in a highleved syrnthesis
framewok cdled Spark This pape demonstrats the utility
of the® techniques by preseting reallts for expeiments
performed on four large industriel strengh desigrs derived
from multimedia and image processirg domairs.

The pape builds on our earier presemations|[2, 3] in
which we introduced the individual speculative code
motions that can be applied for improving resource
utilisation and hen@ synthess results It introduces the
notion of dynamt brarch balancing and the heurigics to
guide the speculatve code mations for improving the
quality of syrthess reaults.

2 Related work

High-levd syrnthesk has been a subjed of researd for over
two decales [5]. Recem work has preseted speailative
cocde motions for mixed contrd dat Row type of designs.
CVLS [6] uses condition vectos to improve resurce
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sharirg among mutudly exclusive operations Radivojevic
ard Brewer [7] preseted an exad symbolc formulation,
which generges an ensemle schelule of valid, scheluled
traces. The QVavescheduleO approach [8] incorporates
speculatve exeattion into high-level synthess to achieve
its objective of minimising the expected nunber of cycles.
Rece work by Rim et al. [9] and dos Santos and Jesq10]
suppors genealised speculatve code mations for schelul-
ing in high-level synthesis Kolling et al. [11] preseh a
scheduliy heuristt basel on distribution grapts (similar to
forcedirected scheluling) tha is capdle of scheluling
desigrs with conditiona branches.

A range of similar parallelisig code trangorméion
techngues has been previowsly develope for software
compilers (egecidly pamllelising compilers) [12, 13].
Although the basic transformations (e.g. dead code
elimination, copy propag#éon) can be usel in synthegs as
well, other transfomatiors neel to be re-instumentel for
synthess by taking into account hardwae cog models and
mutud exclusvity of operations.

Comyglers traditionally focus on minimising the com-
pensatioa code overhead while applying code mation
techngues that lead to operatio duplication [13, 14]. On
the other hand in high-level synthess operatio duplication
can be tolerated as long asit does not increase the cycleson
the longes path throudh the design.

3 Model and termi nology

Weusethefollowingterminology inthispape: A scheluling
stepis an aggreg#on of operatiors tha execué concur-
rently. A seqeence of schaluling stegs with no contrd Row
betwea them is encapslated in a basc block We capure
the contrd Row between bast blocks using a hierarchical
intermediate repreentation cdled hierarchicd task graphs
(HTGs)[15, 16]. HTGs modé the desgn with three type of
nodes. (a) single nodes that encapsulate basic blocks,
(b) compound nodes tha are hierachicd in natue and
encapsulate conditional constructs such as if-then-else
blocks ard switch-cag blocks, and (c) loop nodes that
encapslate for-loops while-loops etc.

An exampe of hierachicd task graph representatin of
an if-then-el® condtiond constriet is shovn in Fig. la.
Asshowninthisbgure anif-then-elseor If-HT G conssts of
a condtion bast block, compourd HTG nodes for the true
and false brarches and an empty basc block for the merge
or join of the condtiond branches Similarly, the HTG
repregntation of aFor-logp isshownin Fig. 1b. A For-HTG
consiss of an optiond initialisation bastc block i 0,

For Loop HTG node

[ooion ]| M=o

— Y

If HTG node

False

Y True

Compound Compound Compound
HTG node HTG node HTG node
(Loop Body)

e
V Empty BB

¥ Loop Exit
a b
Fig. 1 Exampé HTG representation

a If-then-dse conditiond block and
b aFor loop
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a condition che& bast block i N, a compourd HTG

nock for the loop body, an optiond incremert bast block
i i 1,ardanemply bast block for theloop exit. Inthis
Figure bast block  ; isthe condtiond bast block of the
if-then-else (or If-HTG), ,and jarethetrueardfalse
branchsrespetively and 4 isthejoin basc block of the
If-HT G (i.e. where the contrd RBow in the If-HTG merges).
This Figure also shows the operatiors and the daia Row
between them.

Also note that we say aresoure is idle in a scheduling

step when there is no operatian scheluled on the resoure in
tha scheduliny step.

4 Speculative code moti ons

We have previously developed a se of code mation
trangormatiors tha reomer opestions to improve the
synthess resuls in desigrs with complex contrd RBow.
Thes beyond-baic-block code motion trangormations are
usualy spealative in naure and attempt to extrad the
inherent parallelism in designs and increase resource
utilisation.

Generally, speculation refers to the unconditional
exealtion of operatons tha were originally suppaed to
hawe exeated conditiondly. Howewer, frequenty there
are situatons in which there is a neal to move operatons
into condtionals [2, 3]. This may be dore by reverse
speculation, where operations before conditionals are
moval into subgquent conditiond blocks and exeated
conditiondly, or it may be dore by conditiond spew-
lation, in which an operation from after the condtional
block is duplicated up into preceding condtiond brarches
ard executel conditiondly. Reverse speculaion can be
couplad with early condition executionin which con-
ditional cheds are evaluatel as som as possble, so that
the operatios in their brandes do not hawe to be
spealated for scheluling.

The various spealative code mations are shown in Fig. 2.
Also shawn is the movenent of opeitions across entire
hierarchicd blocks, sud asif-then-else blocks or loops.

5 Enabling new code motion s by branch
balancing

Often design descriptions are structured so that one
conditiond brarch in an if-then-el& HTG node has fewer
scheluling steps than the other We call thisan If-HT G with
unbalanced conditional branches. Consider the input
descrption shovn in Fig. 3a. One possilbe scheluled
design (with a resoure allocation of an adde ard a
subtrater) isasshavnin Fig. 3b; operatonsa andc exeaite
concurently in state SO in bast block > The state
assigment (S0, S1, and so on) are demarcadd by broken
lines in these Figures We can see from Fig. 3b that,
after scheluling this exampe, the false branch 3

Across

Reverse!
Speculation

Conditional:

Speculation

Fig. 2 Various speculatie code motions
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{If Node III BB,

iBB, T_=="=_F BB

Fig. 3

a HTG representatin of an example

b After schedulimg bast block

¢ Insertian of a new schedulimg step in bast block

of the If-HT G node has fewer schaluling stgps than the true
brarch o Thus, If Node is an If-HTG in Fig. 3b with
unbdancel condtiond branches.

In such unbalaned If-HTGs, it is possilbe to insett anew
scheluling step in the brarch with fewer schedulilg steps,
without increasiny the length of the longes pat throudh the
If-HT G. Hence in the scheluled desgn in Fig. 3b, we can
insert a new scheluling step in bast block 3 since
has more schedulig stesthan 3 This new step and the
presenee of ascheluling stepin  , with anidle subtrater
enales the condtiona spealation of opertion e, as
operations e; and , in basic blocks , and 3
regectively. The reallting desgn is showvn in Fig. 3c.

The desgn in Fig. 3c requires one stak less to execute
than the scheluled design in Fig. 3b. Thus brand balanéng
can introdue new opporturities for apdying conditional
spealation and thus further compad the design schedu.
Also, sincethe longest pat throudh the If-HT G isundtered,
this techngue does nat lead to an increa® in longes$ path
length through the design Note that, if proHing information
is available, we can insteal inset schedulng steys to basic
blocks in branchs tha areless likely to be taken.

6 Incorporatin g condition al branc h balancing
into a high-lev el synth esis scheduler

To enale code mations, brarch balancing has to be
enployed dynamically during scheluling. If brarch balan-
cing is apgied after schediling, it is too late to affect
scheluling decisons Convesely, brarch balancirg cannot
be applied before scheluling since the number of scheluling
stepsin the brarches of the condtiond block is known only
after schedulilg them.

Figure 4 shavsthe overal archite¢ure of the scheluler in
our synthess framework. The componens of this scheluler
framework are:

Scheduler

| IR Walker . Available Ops

i

| Candidate Fetcher

i

| Candidate Chooser

i

| Candidate Mover

i

| Dynamic Transforms

| Candidate Walker |

| I
| N | CandidateVaIidator|

Fig. 4 Architectue of the schedulilg heuristics in the Spark
framework
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3 enable conditional speculation of operatione

(& An IR (intermediate representation) Walker that
traverses the design and returrs the nex stgp and basic
block to schelule.
(b) A Candidate Fetcher that itself consists of two
components:
(i) A Candichate Walker that traveses the desgn and
bPnds the unscleduled opemtions tha are canddates for
schealuling on the current step being schedutd. These
canddat operatiors are called Available Operations
(i) A Candidate Validater that removes those unsched-
uled avdlable opemtions whos dat depenlencies are
not satisbd or tha cannd be moved to the currert step
being schaluled.
(c) A Cost Function that calculates the cost of each
canddat in the available opemtions list. The scheluler
then picks the operatia with the lowed cost.
(d) A Candidate Mover tha moves the chosen opetion
from its currert bast block to the current stgp being
scheluled.
(e) A Dynamic Trandormationspas that applieslow level
compiler optimizations sud as common subexression
elimination (CSE) and copy propagation dynamically
during scheluling, basel on the new position ard possble
duplication of the scheduéd operation[17].

We perfom dynamic brand balancirg during two tasks of
the schedudr:

1 Branch Balancirg during Design Traversal (BBDDT):
The IR walker travases the despn in a top-dovn manner
starting from the brg basc block in the design It traverses
the cortrol-Bow graph of the design in a topdogically
manner until al the basic blocks have been visited
(i.e. scheluled) During this desgn travesal we balance
the brarches of unbalaned condtiond blocks as they are
encountered.

2 Brandch Balancirg during Code Motions (BBDCM): The
canddate move can call the brand balanéng algorithm to
insert new scheluling steps in unbalanced conditional
blocks if this enable a code motion required to move the
canddat opetion. This means tha during the canddate
validate task we validat operatiors that can be movel if
branc balancirg is enployed.

7 Branch balancing during design traversal

Our high-level synthesis scheduler calls the function
GetNextSchdulingSep to get the steps to schelule in the
design The algorithm for this functon is outlined in Fig. 5.
This agorithm takes as input the current scheduling
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GetNextSchedulingStep()
Inputs: G, of design, current scheduling step currStep
Output: next scheduling step nextStep
if (currStep = ¢) then
currentBB = GetNextBasicBlock(Gyrg: ¢)
return FirstStep(currentBB)

else

1
2

3

4

5: currentBB = ParentBB(currStep)

6 endif

7 nextStep = NextStep(currentBB, currStep)
8 if (nextStep = ¢) then

9 nextStep = BalanceBranchesDuringTrav(Gyrq, currentBB)

10:  if (nextStep = ¢) then

11: nextBB = GetNextBasicBlock(currentBB)
12: if (nextBB > ¢) then

13: nextStep = FirstStep(nextBB)

14: endif

15:  return nextStep

Fig. 5 Algorithm to get the nex step to schedule When all the
scheduliy steps in the currert bast block hawe been scheduled,
the algorithm calls the branch balancirg algorithm (lines 8 and 9)

step currSep ard returrs the next step (nextSep) in the
desig to schealule. On the brg cal to the algorithm (i.e.
currStepis f), the algoiithm cdls the GetNextBasBlock
function to get abasc block to schelule. Sineeit isalso the
brg call to the GetNextBasidlock function (nat given here),
it returrs the bra bast block in the desgn graphGyrg The
GetNextSchedulingStep algorithm then returns the
brg step in the bast block (lines 1 to 3 in the algorithm
in Fig. 5).

For subgquen calls the GetNexSchedlingStep func-
tion brd determies the currert bast block currentBB that
currStepis in. This is obtained by function ParernBB.
nextStepis then the scheluling stegp after currSep in
currentBB (line 5 in the algorithm) The algorithm then
checlsif nextSteps null; this happ@és when currSepisthe
lag scheluling step in currentBB. In this ca, the algorithm
shoud traverse the desigh graph and get the next basc block
in the design to schelule. However, it isat this point that we
employ the brand balanéng algoiithm by making a cdl to
the function BalanceBrarchesDuingTrav (lines 7 and 8).
This function is discussd in the next Section.

The BalanceBrarchesDuringrav function returns the
newly created scheduling step if branch balancing is
successful. This new step is then returned by the
GetNextSkeddingStepalgorithm to the schaluler. How-
ever, if the BalanceBraache®uringTrav functon returrs a
null step,nexStepis still null (line 10). The GetNexSche-
dulingStepalgorithm proceeds to get the next basc block,
nextBB in the desgn by calling the GetNextBaixBlock
function The bre schaluling step in the bast block
returnal by this function isthen the nextStef(lines 11to 13
in Fig. 5). The GetNextSkeduingStepalgorithm returns
this nextSteplf GetNexBasicBlockreturrs an emply basic
block (or if nextSep in nextBBis null), this indicates to the
schedudr that all the bast blocks in the desgn (and the
scheduling steps in them) have been scheduled.
The scheluler then terminaes.

7.1 Algorith m for the
BalanceBran chesDuringTra v function

The algorithm for the BalanceBrarthesDuingTrav func-
tion is outlined in Fig. 6. This algorithm takes the HTG of
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BalanceBranchesDuringTrav ()
Inputs: G, of design, current basic block currentBB
Output: newly created scheduling step newStep
newStep = ¢
complementBB = GetComplement(Gy,;, currentBB)
if (complementBB # ¢ and |sScheduled (complementBB)) then
if (NumSteps(currentBB) < NumSteps(complementBB)) then
newStep = CreateNewStepInBB(currentBB)

A

return newStep

Fig. 6 Brand balancirg during desig traversd algorithm This
algorithm adds new schedulig stes in the shorte branch of a
conditiond block

the design,Gyr¢ and the curren bast block currentBBas
input The algorithm starts by detemining the complemen-
tary bast block compkementBBof currentBB.

The compkmentarybast block of currentBB exist if
currentBBisin an If-HT G node and isthe basc block in the
mutually exclusve conditiond brarch of currentBB Hence,
if the currentBB is in the true brand, then its compk-
mentBBis the false brand of vice versa.

If a compementBBexists and if it has alread been
schaluled then we chek if complemeitBB has more
scheluling stegs thancurrentBB (lines 3 ard 4). If sq then
the If-HT G has unbdancel condtiond branche ard the
BalarnceBrantesDuringTravalgoiithm cdls the function
CreaeNewStpInBB to creak a new scheluling step in
currentBB (lines 4 and 5). This new scheluling step is
returred by the BalanceBrarchesDuingTravalgorithm.

To understand why we insert scheduling steps in
complementBB only if it is scheduled (line 3 in the
algoithm in Fig. 6), consde the exampe in Fig. 7a.
Suppos tha we schealule the true brand of the If-HTG
brst Hence, while schaluling  , the algoithm deteds
thet its complkementay bast block 3 has more schelul-
ing steps Howe\er, it would be erroneos to inset a new
scheluling step in > without scheduling 5 This is
becaise after scheduli, 3 has the sanme numbe of
schealuling stqpsas 5 as shown by the scheluled design
in Fig. 7b.

The BalanceBraiche®uringTrav algoiithm thus insets
new scheduling steps only after scheduling both the
branche of a condtional. Howewr, we can miss same
scheluling opportunities due to this restridion. To over-
come this limitation, we hawe devdopel a tedhnique that
insers schaluling steps if they enalbe a code motion. This
techngue is presentd in the nex Section.

8 Branch balancing durin g code mot ions

Brand balancing can alo be performal when moving an
operatia in the design Thisisdemongrated by the exampe
in Fig. 8a. In thisexample, conside tha bast block g is
the lag conditional brarch to be schedudd ammg the
branches » s and 5 While scheluling 5 the
schaluler bndsthat it is possibe to schedut operatiorf into
the secom schedulig step of 5 by conditiond spea-
lation. Howe\er, this requiresf to be duplicated into basc
blocks ,and , Although , hasaresurcetha is
unusel in its secand scheduing step, 4 doesnot hawe an
idle resource.

It is at this point tha we can take advarage of the fact
that , is patt of an unbdancel conditiond branch We
caninset anew schedulig stepin -~ 4 since 4 hasfewer
schaluling stesthan  , and 5 as shawn in Fig. 8b.
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Fig. 7

a Unscheduld example HTG repregntation with dat Bow deperencies betwea operatiors also shown

b After schedulig bast blocks , and 3
c Itis now possibé to conditiorelly specula¢ operationf into bast blocks
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Fig. 8
a Unscheduld example
b New scheduliy step isinsertal in bast block 4

¢ This enable us to conditiorally speculat operationf as operationd; f, andfs in bast blocks ,

sand 5

Fig. 9 Algorithm called by candidae validate to determireif it is possibé to specula¢ operatian op conditionally into scheduling
step currStep in baskc block currStep by duplicating into the basic blocksin BBList The BBDCM techniqe is employeé to inseit new

scheduliy steps in bast blocks in BBLig as and when required

This enalbes us to speculat operationf condtionally asthe
opertionsf; f, andfs in bast blocks 5 sand g
This resultan desgn is shown in Fig. 8c.

Thusit is possilbe to enploy brarch balandng to enable
code motions. We integrae thisBBDCM technique into our
scheluler at two places:

(a) Candidate validater: We validate operatiors that can be
condtionally spealated if brarch balancirg isenployed on
the conditional branches that the operation will be
duplicated into.

334

(b) Candidate mover: Thisiswhere we perform the branch
balancirg if the scheluler decides to schelule an opeation
validated earler on the premise of brand balanéng.

The algoiithm tha the candidae validate calls to validate
operatiors tha require duplication for scheluling islisted in
Fig. 9. This algorithm, called CanOpersionBeMoved, takes
as input the list of bast blocks (BBLisf) into which an
operationop will hawe to be duplicated if it were to be
schealuled on the scheluling step CurrSep in bast block
currentBB. The algorithm returrs a true reault if it is
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possibé to duplicate op into the bast blocks in BBListand
false otherwise.

If arny bast block bb in the BBListis unscleduled then
this algorithm returrs afalse reallt (line 3in Fig. 9). Thisis
becaus we do nat know the resoure utilisation in an
unschedled bast block. Only after scheluling do we know
the number of scheluling stegs in a basic block and which
resoures are idle in eat scheduliig step.

For eat schaluled bastc block bb in the BBList the
algorithm calls the function FindldleResImBB to brd an idle
resoure on which opewtion op can be schedled. This
function is presenta in the next secton. If the FindldleRe-
sIinBBdoesnaot brd anidleresourcein bbto schedille op, then
theCanOgperationBeMoved algorithm cheksif itispossble
to schealule opin bb by perfoming brand balancing brst It
thus cheds if bb has more scheluling stes thancurrentBB
(line5inthealgorithmin Fig. 9). If thisistrue, thenitisnot
possibetoinset anew schaluling stepinto bband henewe
cannot schedule op in bb. The CanOperationBeMoved
function thusreturrs afalse resut (line 6).

If the bast block bb eithe has an idle resource for op for
bb has fewer scheduing stefs thancurrentBB it is possble
to inset to schelule op in bb. The CanOperationBeMoved
algorithm chedks all the bast blocks in BBListin the same
manne ard returrs atrueresut if it is possilbe to schelulea
copyopin eachbbin BBListeithea on anidleresurce or by
insertirg a scheluling step (by brand balancing).

This algoiithm is useal by the scheluler during candidate
validaion. If the scheluler decidesto schelule an operation
tha requires conditiona spealation, a similar algorithm is
usel by the candida¢ move to schelule op in eat basic
blockbbin BBListby insertirg scheluling stesif required.

8.1 Algorith m for bnding an idleresourcein a
basic block

The algorithm to bnd an idle resoure for an opeition opin
abast block bb is outlined in Fig. 10. This algorithm starts
by calling the function FindMatchingResForOp (not given
herg to detemine the list of reurces,machingReslst,
on which the opestion op can be exeaited There may be
multiple resoures in matchingResListas there may be
severd instarces of the resurce type on which op may
execute.

The FindldleResInBB function then calls the function
GetStepnBBAfteDataDepsto Prd the brg scheduling step

in bbtha does not have an operatio with adata depemnlency
with op. This function (not given her) looks for operatons
who reallt op reads and that are in bast block bb. It then
Pnds the lag schealuling step in bb with ary of these
operations that op depends on and returns the next
scheluling step. This returred step, currStep, signibes the
bra scheluling step in bb that op can be potentidly
scheluled on. Note that the ordeing of schedulig stepsina
bast block denote their exeation sequence.

Using this scheluling step (currStep as a starting point,
theFindldleResInBBalgoiithm determnesif thereisanidle
resoure for op in currSep or ary of its sucessa stefs in
bast block bb (shown by the while loop Fig. 10). Each
resourceres in matchingResListin currStepis cheked to
see if it isidle, i.e. there is no opemtion scheluled on it
ard hene it is potentialy availabk for schedulig the
operationop (lines 4 and 5 in the algorithm).

If resis idle in currSep ard if resis a multi-cycle
resoure, we must make sute thatresis idle in scheduling
steps befae and after currSep for the duraton of its
exealtion. We brg determine the nunber of stepsnumsStes
that neal to be chedked. nunepsis one less than the
exealtion cycles of the resoure (line 6 in the algorithm in
Fig. 10). The algoiithm then calls the GetPrvStepsand
GetSuecStepsfunctons to get nunteps prececesso steps
and nuneps sucessa steps (lines 7 ard 8 in Fig. 10).
Since the predecessor and successor steps can, and
frequerly arg in the predecesa and successo basc
blocks of bb, these two functiors (nat descrbed here look
for steps not only in the currert bast block bb but also may
traveseto the prececesso and sucessa bast blocks of bb.
Hence the reurce utilisation of the resarrcereshas to be
cheked beyord the curren basic block.

If theresourceresisnat usal in ary of thes predecesor
ard successostes, an idle reource has been found in the
currert step currSep ard the algorithm terminates by
retumning currStep (lines 9 and 10 in the algorithm).
However, if resisused in any of these steps the procedure
isrepeatd for the next resoure in thematctingReskistand
so on. Thisisdore for all the stegsfollowing currSepinthe
given bast block bb, until eithe astep with an idle resource
is found or all the ste in bb hawe bee visited.

The FindldleReshBB function is cdled by the candidae
validate and by the canddaie mover. Wherea the validater
only cheds for idle resairces in bast blocks, the candidae

Fig. 10 Determinirg if thereis an idle resour@ in bast block bb for schedulig operatian op
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Table 1: Characteristic s of the four design s used in our experiment s along wit h the resource s allocate d for scheduling

them

Benchmar k Numbe r of ifs  Numbe r of loops  Numbe r of basic blocks  Numbe r of operation s  Resources
MPEG-1 pred1l 4 2 17 123 2 2 2
MPEG-1 pred2 11 6 45 287 2 2 2
GIMP tiler 11 2 35 150 3 1 2 2
GIMP nlblt 16 0 37 127 3 1 1 1

Table 2: Schedulin g result s after applyin g conditiona | speculatio n (CS), branch balancin g durin g design traversal
(BBDDT) and durin g code motion s (BBDCM) for MPEG-1 pred 1 and pred 2

MPEG-1 pred 1

MPEG-1 pred 2

Strateg y applied numb er of states long path numbe r of states long path
Baseline (all CMs) 55 2595 112 5790
Cond Spec (CS) 52( 5.5%) 2466( 5.0%) 106( 5.4%) 5469( 5.5%)
CS BBDDT 41( 25.5%) 1825( 29.7%) 85( 24.1%) 4188( 27.7%)

CS BBDCM
CS BBDDT BBDCM

45( 18.2%)
41( 25.5%)

2081( 19.8%)
1825( 29.7%)

92( 17.9%)
85( 24.1%)

4636( 19.9%)
4188( 27.7%)

Table 3: Schedulin g result s after applyin g conditiona | speculation s (CS), branch balancin g durin g design traversal

(BBDDT) and durin g code motion s (BBDCM) for GIMP tiler and nIblt designs

GIMP tiler GIMP nlplt
Strateg y applied Numbe r of states long path Numbe r of states long path
All CMs-CS 67 6431 37 37
Allow CS 65( 3%) 6231( 3.1%) 37(0%) 37(0%)
CS BBDDT 52( 22.4%) 4931( 23.3%) 33( 10.8%) 33( 10.8%)
CS BBDCM 47( 29.9%) 4431( 31.1%) 34( 8.1%) 34( 8.1%)
CS BBDDT BBDCM 42( 37.3%) 3931( 38.9%) 33( 10.8%) 33( 10.8%)

mover scheduts the operationop on the scheluling step
currSepreturred by the FindldleReshBB function.

9 Experimental setup and results

The dynamic conditional branch balancing agorithms
presental in this pape hawe been implemented in a high-
level syrnthesk reseach framewak called Spark[16]. This
syrthess framewak takes a behaviowa desciption in
ANSI-C as input and geneates synthessabk regster-
trander level VHDL. In addition to the spealative code
motions, severastandad compiler transformatiors sud as
CSE, copy and constant propagation and dead code
elimination are also implementel in the Sparkframework.

For our experimers, we have chosn the predl andpred?
functions from the prediction block of the MPEG-1
apgication [18] ard the nibIt and tile functions (with the
scak function inlined) [Note 1] from the GIMP image
processirg tool [19]. The run time of our sygem for these
desgnsislessthan 5 use secondon a 1.6 GHz PC runnng
Linux.

Table 1 lists the characteriscs of the various designs
usal in terms of the numbe of if-then-elg conditional

Note 1: Thes Roatirg point functions have been arbitrarily convertel to
intege functionshere Thisdoes nat affect the natuie of the datand control
Bow, but only the data values that are processe.
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blocks (If-HT Gs), loops (Loop-HTG9), bast blocks ard the
total number of opemtions in the input desciption. The
number of If-HTGs, Loop-HTGs and basic blocks is
indicative of the contrd complexity of the design The
Table als gives the resoure allocation used for scheluling
the desigrs in the experimers presentel below: does
add and subltract, is a comparata, amultiplier, a
divider, [16] an array addresdecodr and isashifter. All
repurces are single cyde excet the multiplier (two cydes)
and the divider (bwe cycles.

For all the expegiment preseted below, we usel a
priority-based list schedudr tha employs speallative code
moations[16]. The scheluling resuls for thes four functions
are preseied in Tables 2 and 3 in terms of the number of
statesin the Pnitestate machie cortroller and the cydeson
the longest pah through the design The longest path
through a conditional is the longer of the two brarches and,
for loops, the longes pat is the length of the loop body
multiplied by loop iterations.

The brd rows in Tables 2 and 3 list the reallts for when
all the code motiors from Fig. 2 are enabled; except
condtiond speculaion. We call this the baselire case
The secom row has conditiona speculaton (CS) enabled
along with the reg of the code motions In the third row, all
the code motions including CS are enalbed along with the
BBDDT. The fourth row lists the results for when all the
code motions are enablel along with the BBDCM. The bfth
row has both the brand balancimg algorithms enalbed along
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