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Abstract

In this paperwe propse a new methal to arrarge
a library of applicationgraphpatterns.Such libraries
are employed in the designprocessfor Application
Specificlnstructio-setProcessa (ASIPs)to find op-
portuwnities to specializea processoinstructionsetfor
anapplicationdomain In currert appr@achestheseli-
braries are unodered data collectiors. Therebre, to
searcha library for a specific patternentails compar
ing the patternwith eachentryin the library, which is
O(n - p) with n thetotal numberof opeation nodesof
all patternsin the library andp the size of the pattern
sougl.

Ournew methodemploysidentity opeationsto orga-
nizealibrary in sucha way thata directedsearchstrat-
egy with only O(d) andd < p is possible Furthemore,
the organizatio revealssynepies betweerpatterrs for
the ASIP designprocessandfor codegeneation.

1 Introduction

A crucial stepin the designof Applicaion-Specific
Instruction-setProcessorASIPs)is theinstructian-set
geneation. Methods for automatilg this process,sur
veyedin [1], extractpatterndrom applicatiors, usually
in theform of data-flav grapts (DFGs),andinsertthem
into a patternlibrary. Along with eachpattern,statisti-
cal datais stored,suchasthe nunber of occurences
of a patternin the applicatims. Basedon this data,a
subsebf the patternsn thelibrary is thenselectedor
implemenationasspecializednstructions.

For eachpatternwhichis found in theapplicatiors, a
searchn thelibrary is perfamedto checkwhetherthe
patternis alreadypreset andthe patternis theneither
addedo thelibrary or only thestatisticsareupdaed.

In current appraches,the patternlibraries are un-
ordeedcollectionsof patters—providedthelibrary or-
garizationhasbeendescribedatall. A searchalgoritim
on sucha library hasto compare all operatia nodes
of the patternin questionwith all operaion noces of
all patterrs in thelibrary, in the worstcase Hence the

computational compleity of this searchis O(n - p),
with n the total numter of operatiom nodes of all pat-
ternsin thelibrary andp the size of the patternsought
[2]. Becausea searchis condictedfor eachpatternin
the applicatiors and becausehe patternlibraries tend
to belarge, the computationalcompgexity of the search
algoithm hasa significantimpacton the total runring
time of the instructionset geneation. In [2] for in-
stancememay requirenentsof more than200MB are
given for singlebenchnark applicatiors, resultingin a
ruming time of morethan 24 hours with a nurber of
heuisticsalreadybuilt in to keeplibrary sizelow.

In this paper we introdwce a novel organizationfor
patternlibraries that enablesa searchalgorithm with
only O(d), whered is the sizeof the patternsough up
to themaximum patternsizein thelibrary (d < p). Fur
thernore,thelibrary organizationreveals oppatunities
to substituteone patternby another This may be ex-
ploitedfor moreefficientinstructian selectionandcode
geneation. The methal is preseted for tree-shapd
patterrs but canbe exterdedto directedacyclic grapls
(DAGS).

Theremainer of this paperis structurel asfollows:
In Section2 we referto relatedwork on instructin-set
geneation. In Section3 we introdwce our concep of
anidentity gragh andits usefor anovd library organi-
zation.Section4 presets a searchalgorithm andSec-
tion 5 an insertionalgorithm for idertity-graph-based
libraries.Boundsof thelibrary sizearederived analyt-
ically in Section6 andcompmredwith cornventionéa li-
braiies.We concludethe paperwith Section7 andindi-
catesomedirectiors for future work.

2 Related Work

An early apprach to instructionset generatia for
ASIPscanbefoundin [3]. Parallel opeationsin DFGs
are scheduledinto time steps,and operatims in the
sametime stepform an instruction.A simulatedan-
nealingalgoilithm is then usedto modfy the original
opeationscheduldo find betterinstruction sets.More-
over, differert operad encodngsaretried outin order
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to meetagiven instruction-sizecorstraint.A datastruc-
ture for the collection of instructioncandidcatesis not
described

In [2], existing pracessorsareextenced for anappli-
cationdomainby implementing patternsas specialin-
structiongthatconsistof sequential and parallel opei-
tionswhich shareatleastoneopeand.Applicatiors are
not repesentedy the comgler output directly but by
execuiontraceswhichenableshedetectiorof patterrs
acrosscontol-flow bourdariesanda betterestimateof
theirfrequeng of occurence.

The patternmatchirg algorithm thatworks on these
tracesdevelops its patternlibrary on the fly: It starts
with a library of basicoperdions andtheniteratively
addsall possiblecombirationsof eachopeation node
with its neightors, i.e., combnationswith othernodes
that shareat leastone opeand with it in the applica-
tion graph. Patterndrom thislibrary arethenselectedo
cover the applicationgraph suchthateachoperatio is
covered by exadly onepattern.This selectionis called
acover of theapplication graph A variationof dynamic
progammirg is emplo/ed to minimize the implemen
tation costof the cover.

The patterrs in thelibrary are sortedby the numter
of timesthey occurin theapgication grapls andby the
numter of timesthey were selectedfor a cover. From
this list, patterrs are manually selectedgroyed, and
implemerted.

The library-constrution algoithm tries to find pat-
tern matchesby iterating over all operdion nodesof
all patterrs in the library andcompaing themwith all
nodes in a subjectpattern We concludethatthelibrary
is anunaderedcollectionof patterrs. The searchalgo-
rithm givenhasa computationalcomplexity of O(n - p),
asexplairedin Sectionl. In orderto keepn low, heuris-
ticsareintroducedto limit thelibrary sizeby excluding
patternghatdo not seenbeneficial.

A differentmethodto clusterparallel opeationsto
form new instructims is proposedin [4]. DFG nodes
arescheduledas soonaspossibleandaslate aspossi-
ble to determire their mobility. Fromthis information,
agraphis derivedin whichtwo nodesareconrectedby
anedgeif they canbe schedled in the sameschedule
step.Theedgesareweightedwith the nunberof times
the nodes can be scheduledtogethe. For instruction
selection,a profiling function is employed to find the
most frequently occuring opeation pairs. This func-
tion mustmaintaina library of canddatepairsin order
to collect profiling information, but is not describedn
thepaper

Idertity operatios, whichwe useto find relationsbe-
tweenpatternshave beenexploitedfor basicalgebraic
transfamationsin compilers[5] andin high-level syn-
thesig6]. In [7] and[8], identity operatimsareinserted
into sequenes of opeation nodesin order to increase
the number of identical patterns.We go the oppcite
way by usingidentity elementgo eliminate nodesfrom
patterrs. As a sideeffect, however, thelibrary we con-
structin this way revealsthe sameoppatunitiesto sub-
stitute one patternby anotter. Moreover, our apprach
is notconstrairdto smallsequentiapatterrs.

3 Organizing Librariesas|dentity
Graphs

Most primitive operaionsthatarefound in theinstruc-
tion setsof geneal-puposeprocessorsanbe usedto
maponeinput operanl a to itself by applying aniden-
tity opeandop;d, i.e.thealgebric identity elemen for
thatoperaor, to theotherinput suchthat

aoopig =a, or

opia © a = a,

turning the primitive opeationo into anidentity opea-
tion. Exanplesof identityopeandsaregivenin Tablel.

Tablel: Identity Operands.

primitive left right
operdion || operan | operawl
+ 0 0
- n/a 0
. 1 1
/ n/a 1
<<, >> n/a 0
AND all1's all1's
OR,XOR 0 0

An operarl for anoperatiom noce in a DFG pattern
is eithergenerged by anotter nodein the samepattern
or is anexterral inputto the pattern Dependitg ontheir
operndswe distingush threetypes of nodes:

e A leaf node hastwo opeandsthatareexternalin-
putsto the pattern

e An internal node hastwo operandsthat are both
geneatedby othernodesn the samepattern
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e A cyclops node has only one operad that is
an exterral input to the pattern and the other
operand is generatedvithin the pattern Depend
ing on whetherthe externd input is the right or
left operanl, we call the noce aright cyclops or a
left cyclops, respectiely.

A compex patterncanbetransfomedinto a simpler
patternby applying the identity operarls of its oper
ation nodesto the apprgriate inputs, thus effectively
eliminatingnodesrom the pattern Particularoperands
can be apgied directly to leaf nodesand to cyclops
nodes. Thenoncommuative opeationsin Tablel have
no left identity opeand.Nodesof theseoperatio types
mustbe leafs or right-cyclops nhodesto be removable,
i.e., their right input must be accessibldrom outside
thepattern.

By applying identity opeandsto onenock atatime,
a patternof n noces, of which m are removable can
be transfoamedinto m patternsof n — 1 nodes.By re-
cursively repeatiig this on eachof thesimplerpatterns,
thecompex patterncaneventially bereducel to primi-
tive operatims.If all leafnodesandall cyclopsnodes at
ary stageof therecusionareremovablethenthe setof
primitive opeatationsincludesall opeationtypesthat
occurin the pattern.The primitive operatimsfinally all
corverge to a move operaion.

If all patternsgeneated this way are enteredinto
the patternlibrary then the sequenceof applying the
identity operands can be usedto sort the patternsin
the library. We representthis sorting as a gragh with
the graph nocdes being the patterrs and the directed
graphedgesepreseting the applicdion of anidentity
operand to oneparticdar operatia nodein the pattern.
The edgesaredirectedfrom the morecompex pattern
to thederived smallerone We call thistypeof graphan
identity graph (ID graph). Figurel showns an exanple
ID-graph of a patternfrom an apgication that parses
heades of network paclets[9].

The library ID-graph shavs which simpler patterrs
canbe coveredby a compex instructionduring code
geneation, againby applyirg the apprgriate identity
operandsto its input. Therefae, thesesimplerpatterrs
neednot be implementedas individual instructionsif
the comgex patternis chosenfor implementation—
providedthatthepossiblyslower executionandthecost
of apgying theidentity operauls canbe afforded.This
costmaybe,for instanceadditioral move instructiors.

To this end,the power of a compex patternto cover
all derived simpler patteris seemgo suggesthatonly

the most complex patternsshould be chosenfor im-
plemenation.But in ASIP designmethalologesthere
is animplementationcostfunction C'(pattern) associ-
atedwith thepatterrsthatusuallyincreasesvith pattern
compexity, capturirg for instanceoperand encodirg ef-
fort, die area,or lateng. This cost function balanes
thederivedtendecy towardsmore comgex patteris for
implementation.

4 Searchingan Ordered Library

Theaccesgo the patternlibrary canbe acceleratedig-
nificantly by exploiting the orderof the patternsWhen
searchig for a particdar patternin thelibrary, we start
with oneof the primitive operatiomnodesit compises,
namely the roat node.We thenaddoperaion nodesin

thepatternin reversetopdogical order by following the
edgesdn thelibrary ID-graph againsttheir directian. In

this way, we arrive at the completepattern provided it

existsin thelibrary.

The following is the pseudocodeof a recursve al-
gorithm thatimplemerts the proppsedsearchstrateyy.
It traversesthe patternsough depthfirst and right-
brarch-first. It retums eitherthe positionof the pattern
in thelibrary or NULL.

= find Root,

0)

patternl  nLibrary (pattern

libLevel

libNode find
libNode =
libNode.nex

(patNod e, libNode) {

t[patNode.op  erandNumber,
patNode.op erator]
if patNode.ri ghtOperand != NULL then
libNode = find (patNode .rightChild,
libNode )
if patNode.le ftOperand != NULL then
libNode = find (patNode .leftChild,
libNode )
return  libNode

}

Figure2 shaws the graphfor the patternin Figurel
with only the reverseedgesthat are requiredfor the
searclalgoithm. We call thisanID-basedsearchgraph.

In orderto searchthis graph for, e.g.,the patternin
themiddle consistingof aright shift followedby a sub-
traction the algolithm startswith the patternroot—in
this casethe subtractionIn the first line of thefi nd
function, libNode is setto the library entry corre-
spondng to the patternroat by following the next -
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Figurel: ID-Graph of a Pattern

pointerindexed by the only opeandof thelibrary root
andby a SUB operato. Thenthe right operanl of the
patternroodt—Iabeledx2—is examinal, whichis NULL
becausat is an extemal patterninput. Theefore, it is
skippedandthe left operan is checled which is not
NULL becausét is conrectedto the output of the shift
operaor. Consequetty, thef i nd functionis calledre-
cursively with the shift opeationasthe next patNode
andthe subtractio asthelibNode

This time, the first line of the fi nd function fol-
lows the next -pointerindexed by the secondoperaral
of the subtractiom andby a SHR opeator and herely
setslibNode to thelibrary entrywe have beenseek-
ing. Both, the left andright opeandof patNode are
NULL andtherebrethelibrary entrysoughis returned
after unwindng the recusive calls, to be assignedo
patternin  Library

Thefi nd function is calledat mostoncefor each
nodein the patternsoudit. Therebre, this searchis
O(p), with p the numbe of operdion nodesin the

patternsought.If the patternsough is larger thanthe
largestpatternin thelibrary thenthe searchstopseven
earlier Hence the worst-casecompuational comple-
ity of a searchis O(d), with d the size of the pattern
sough up to the maximun numbe of opeation nodes
in ary patternin the library—which is equa to the
maximum depthof the library search-gaph.Note that
d<np.

5 InsertingPatternsintoalibrary

Toinsertapatterninto apatternlibrary thatis organized
asanl|D-basedsearchgraph,we corstructthe ID graph
of the new patternandderive the correspading search
grah. Then,for eachpathin this searchgraph,we try
to find the correspnding pathin the library. If a path
doesnot exist in its entiretyin the library thenthe part
existinghasto beconrectedo theremainekr of thepath
in thesearchyraph of thenew pattern Thosepartsof the
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new searchgraphthatalreadyexistedin thelibrary are
deleted A pseudccodeof this algorithm is asfollows:

newRoot =
insert

makeSearchG raph(newPatt
(newRoot , libraryRoo t)

ern)

insert
for
for

(sourceN ode,
each operand {
each operator {
if sourceNode.n ext[operand,
I= NULL then {
if destNode.n ext[operand,
== NULL then
destNode.ne xt[operand,o
= sourceNod e.next

destNod e) {

operator]

operator]

perator]

[operand, operator]
else {
insert  (sourceNod e.next
[operand, operator],
destNode. next
[operand, operator])
delete  (sourceNod e)

Thisi nsert function consides the possibilitiesof
growing the patterndrom onelevel of the searctgragh
to the next. It compaesthesepossibilitiesin the new

searchgraph with the library and links thoseto the
library that are missing. The numkber of possibilities,
which is alsothe number of next-pointe's storedwith

apatterncorrespodsto thenumbe of possiblecontin-
uatiors of asearcHor larger patternsthenumbe of ex-

ternalleft operamnlsonthetopleft fringe of the pattern,
plus oneright opeand,timesthe numker of primitive

opeatorsin thelibrary.

#FNextPointers = (Operandsioplet; + 1) Primitives

Only thetopright opeandof a patternhasto beconsid-
eredbecasetheotherright opeandshavebeerhanded
atlowerlevelsof thesearctgragh. Thesames truefor
left opeandsthat arenot in the top left fringe. In the
worstcase all left operadsin a patternareon thetop
left fringe. Thenthe nunber of next-pointes for this
patternwith p nodesis (p + 1) - Primitives. Notethat
pointersthatareNULL still have to be storedbecage
they area termimation conditian of the recursionin the
searchandinsertalgorithmrs.

We can provide a coarseestimateof the computa-
tional comgexity of the i nsert function whenwe
assumehe derived worst-casenunber of possibilities
of (p + 1) - Primitives for eachpatternin the search
gragh. The numter of primitive operatimsis constant.
Thenthealgoritmis O(s - p), with p thenumter of op-
erationnocesin the insertedpatternands the numter
of patterrsin its searchgragh.

6 Library Size
6.1 Analytical Bounds

The patternswith the largestID graghs are thosefor
which eachopegtion noce canbe eliminatedby its ID
opeand.This is the casefor patternshat consistonly
of right-cyclops nodeswith right identity operarls,
suchas the patternin Figure 1. Thesepatternsform
a sequenceof nodes, eachof which obtainsits left
opeand from a previous noce—excep for the first
noce—andthatprovidesits resultastheleft operadto
thefollowing noce—exceptfor therootnoce. All right
opegndsare patternexterral inputsthrowgh which the
ID operamniscanbeapgied to eliminateany nodeatary
level of thelD graph.For theworst-casdibrary size,we
conside patterrs of thiskind in thefollowing.

The derivation of patterndrom a paret patterncan
be formulatedasa comhinatorial prablem at eachlD-
grafh level: On level k, how mary differentwaysare
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thereto choosek nodesout of the n nodes in the par
entpatterr? Hence apatternof n different right-cyclops
nodes generatea graphof

n
> (i)
k=0 k
patternghroughidentity-operai transfornations.This
includes the parentpatternitself, the primitive opeg-
tions,andthefinal move node.For thefirst patternto be
insertednto anemptylibrary, thisis alsothenumter of
new patterndor thelibrary.

Whena paren patternthatis beinginsertedhasoff-
spring patterrs that are alreadypresen in the library
thenthe numker of new patterrs that the parer intro-
ducesntothelibrary is accordngly lower. EachlD sub-
graphthatthelibrary andthelD graph of thenew parent
patternhave in common compisesthe memge pattern
whereboth grapls meet,andits comgete coneof ID
transfomationsdown to thefinal move operaion. For a
meige patternthatcomgisesm right-cyclops nodesout
of then nodes of the paren, the nunber of additianal
patternghatareintrodwedto thelibrary by the parent

patternis only
m
i)

If the library and the parent have more than one
meige patternthenthe ID graphs of the meige patterrs
may oveiap. In this case the oveldappingregion must
be subtrated only once from the contibution of the
paren to the library. For a paren that hastwo meige
patternswith thelibrary, comgisingm andms nodes,
respectrdy, andthe ID graphs of the two meige pat-
ternsmeging ata patternof mg nodes,thecortribution
of theparentto thelibrary is compued by

~ n ma 2 mo 3 ms
2 (-2 (75 (7) -2 (5)
k=0 j=0 9=0
Thepatternswith thesmallesiD graphsarethosefor
which only onenodecanbe removed at eachtransfo-
mationlevel. This is true for patternghat consistonly
of left-cyclopsnodesof noncommuative operates. In
thesepatterrs, theonly removablenoce is theleafnode
becausaét is the only nodewith a patternexterral left
operand. The ID graph of sucha paren hasonly one
patternat eachlevel, nanely, the patternat one level
highe withouttheleaf node.If the parentcompisesn

> (1)-3

i=0

mi

>

i=0

operationnodesits ID graphwill consistsof n patterrs
andthe move nock.

Patternghatcompise multiple instance®f thesame
opeationwill resultin smallerID grapts asredundant
child patterswill occuronly oncein thelD graph Each
dugicatedoperation noderesultsin oneprimitive node
fewer on level 1 of the ID graph Furthernore, dupli-
catedopeationswill probably alsoresultin reduindant
patterrs onhigherlD-graphlevels.Eachof theseredun-
dancis redu@sthenumler of patterrsin theID graph.

How mary patterrs a library will ultimately incor
poratestrondy dependson the prapertiesof the parent
patterrs thathave beeninsertedandtherebre canrot be
derivedanalytically

6.2 Comparison with Unordered Li-
braries

An unoderedpatternlibrary only comprisesparentpat-
ternsandtheir sub-grghs. Many offspring patternsin
ID graphs are also sub-gaphsof the paren pattern.
They would have beenaddedo thelibrary by acornven-
tional library-constriction algoithm aswell. But there
areotherpatterrsin anlD graph thatarenotsub-gaphs
of the paren andthat, comparedwith conventiona li-
braiies,therefoe constituteanoverhead

For eachtransfamation stepfrom a parentpattern
to primitive patterrs, a simpler patternis a sub-gaph
of its parentif the operatim node eliminatedwas a
leaf or a root node,i.e., the eliminatednode had only
patternexterral inputsor its only output wasa pattern-
exterral outpu. Eliminating other nodes, i.e. cyclops
nocks, always leadsto conneting previously uncan-
nectechodesThis new conrectioncannd occurin sub-
graphs of the paren pattern.Hence,commredwith an
unaderedpatternlibrary, patternghatincorpaatesuch
aconnectio representheoverheaddf anID gragh.

Thenumbe of patternsn theID graphthataresub-
graghs of the paren is equalto the sumof leaf nodes
andremovableroat nodesof the paren patternand of
all its generged sub-gaphs.If aleafthatis beingelim-
inatedfrom a patternfeedsinto a cyclops nodethenthe
child patterngereratedhasthe samenumter of leaves.
If theleaffeedsinto aninterral node thenthe child has
oneleaffewerthanits parent.

The patterrs with the highestnumbe of childrenthat
arenot sub-gaphsof the parent, i.e. the patternswith
thelargestiD-graphovemeadcompaedwith unoidered
patterrlibraries,areagainpatternf only right-cyclops
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nodes and a single leaf node, such as the patternin

Finally, we will explore the possibility to substitute

Figure 1. EachlD-graphlevel from the parentpattern thepatternfindingalgorithirs thatfeedapatternlibrary

to level 1 hasone sub-grgh more than the previous

by insertingthe completeDFG of eachbasicblodk into

level—startingwith onein the highest level. Subtract- anlD-graph library. We expectto beableto generatell
ing the total numter of sub-gaphsfrom thetotalnum  sub-gaphsof aDFG by allowing asmallsetof nodesto

ber of patternsin the ID graphof a pattern minus the
final move operatim, whichwill notberepresentedn a
practicallibrary, resultsin thefollowing formulafor the
worst-casdD-graph oveteadfor a paren patternof n

nodes:
> () -+

k=1

n

>

k=0

n
n .
(k) —1-)i=
i=1
In practice,insertedpatternswill have a significant
numter of interral nodes that canna be eliminated
Moreover, they will compriseredundantsub-gaphghat
areinsertedinto the library only once Conseqently,
theoverheadof suchpatternds significantlylowerthan
in theworstcasegiven here.

7 Conclusionsand Future Work

In this papemwe have preseteda novel methal to orga-
nizelibrariesof DFG patternsasID grapls. Compaed
with corventicnalunaderedibraries,|D graphsenable
moreefficient searchesvith a comptationalcomplec-
ity of O(d) insteadof O(n - p) with d < p. Because
this eliminatesthe depenleny betweencomptational
compexity andlibrary size,large patternlibrariescan
behandledGiventhememay sizesof todaysworksta-
tions, the needfor heuistics that exclude lesspromis-
ing patternds significantlyredwced,andexactmethod
becone possible Furthemore,ID grapts reveal oppa-
tunitiesto substitutgpatterngy othes. This canbe ex-
ploited for instruction-setgeneation andcodegenea-
tion.

We have preseted our metha for opeation nodes
with only oneoutput, i.e., for tree-shape patterrs. The
next stepin developing the methodwill beto exterd it
for ary kind of directedagyclic graph(DAG). We plan
to achieve this by introdwcing a visited-flag for pattern
nodes to keepthe searchalgoiithm from searchig the
samenodetwice while traversinga pattern

Furthemore, we will study how to find patterrs
determinstically that perform the samefunction but
have differert shapeshecase of comnutative opea-
tions.We try to achieve this by ordeing operateos and
operands,whichresultsin acanoricalizationof thepat-
terns.

beremosedfrom a patternthatarenot remosablewith
ID operamls.
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