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ABSTRACT

LINEARIZATION OF THE TIMING ANALYSIS AND OPTIMIZATION OF LEVEL-SENSITIVE

SYNCHRONOUS CIRCUITS

BarisTaskin, M.S.

Universityof Pittsburgh,2003

This thesisdescribesa linearprogramming(LP) formulationapplicableto thestatictiming analysisof

largescalesynchronouscircuitswith level-sensitive latches.Theautomatictiming analysisprocedurepre-

sentedhereis composedof deriving the connectivity information,constructingthe LP modelandsolving

theclock periodminimizationproblemof synchronousdigital VLSI circuits. In synchronouscircuitswith

level-sensitive latches,operationat a reducedclock period(higherclock frequency) is possibleby taking

advantageof both non-zeroclock skew scheduling
���������

andtime borrowing
���
	��

. Clock skew schedul-

ing is performedin orderto exploit thebenefitsof nonidenticalclock signaldelayson circuit timing. The

time borrowing propertyof level-sensitive circuitspermitshigheroperatingfrequenciescomparedto edge-

sensitive circuits. Consideringtime borrowing in thetiming analysis,however, introducesnon-linearityin

this timing analysis. The modifiedbig M (MBM) methodis definedin order to transformthe non-linear

constraintsarisingin theproblemformulationinto solvablelinearconstraints.EquivalentLP modelprob-

lemsfor single-phaseclock synchronizationof the ISCAS’89 benchmarkcircuits aregeneratedandthese

problemsaresolvedby theindustrialLP solver CPLEX
���
���

. Throughthesimultaneousapplicationof time

borrowing andclock skew scheduling,up to 63% improvementsaredemonstratedin minimum clock pe-

riod with respectto zero-skew edge-sensitive synchronouscircuits. The timing constraintsgoverningthe

level-sensitive synchronouscircuit operationnotonly solve theclockperiodminimizationproblembut also
�
Bracketedreferencesplacedsuperiorto theline of text referto thebibliography.
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provide a commonframework for thegeneraltiming analysisof suchcircuits. The inclusionof additional

constraintsinto theproblemformulationin orderto meetthetiming requirementsimposedby specificap-

plicationenvironmentsis discussed.

DESCRIPTORS

Digital synchronousVLSI circuits LinearProgramming

Optimization Statictiming analysis
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1.0 INTRODUCTION

The timing analysisof a digital VLSI synchronouscircuit is subjectto the structuralandapplication-

specific timing constraintsof the circuit. Variousalgorithmshave beenproposedto model the timing

schedulingproblemof synchronouscircuits asboth linear andnon-linear continuousoptimizationprob-

lems
�����������	��
��	�����
�����������������������������
���

. A high-level categorizationof suchtiming analysesis by the

registertype;analysestargetingedge-sensitive(flip-flop based)andlevel-sensitive(latchbased)digital syn-

chronouscircuits.Thetiming schedulingproblemof edge-sensitive synchronouscircuitshasbeensuccess-

fully addressedby both linear andquadraticprogrammingapproachesin
�������

. Furthermore,it is known

that thetiming constraintsfor level-sensitive synchronousdigital circuitscontainnon-linearitydueto time

borrowing
�����
�

. Previousstudieson level-sensitive circuitshave focusedon relaxingthesenon-linearcon-

straintsby usingiterative solutionmethodologies
�������������������
���

. In
���
���

, theeffectsof time borrowing on

thecircuit operationareconsideredusinganiterativeapproachstartingwith aboundfor theminimumclock

periodandcheckingfor timing violations.Theformulationin
���
���

providesa limited considerationof non-

zeroclock skew in thetiming analysisandis modifiedin
�����

to accommodatefor local clock skew aswell

asglobal clock skew. Both of the analysesofferedin
���
���

and
�����

considerclock skew asa fixednumer-

ical constant.Consideringclock skew asa variable within a permissiblerange,insteadof a fixed value,

permitsoperationat higheroperatingfrequencies(throughclock skew scheduling
�������

). In this work, the

linear timing analysisproblemgeneratedby themodifiedbig M(MBM) methodnot only accountsfor time

borrowing
�����
�

but alsoappliesclock skew scheduling
�������

in orderto calculatetheminimumclock period

of a level-sensitive synchronouscircuit.

This thesisintegratesthe ongoing researchefforts at the Electrical EngineeringDepartmentof the

University of Pittsburgh in orderto develop a novel timing analysisandoptimizationprocedurefor high-

performancelevel-sensitive synchronouscircuits.Theformulationandsolutionproceduresproposedherein

arealsointroducedin
���



–
�
���

. Notethatthestatictiminganalysisof level-sensitive synchronouscircuitsis

pursuedbothin previousandthepresentedwork.

1



The objective of this work is to formulatethe clock period minimization problemof level-sensitive

synchronouscircuits undernon-zeroclock skew asa Linear Programming(LP) problem. In this type of

timing analysis,time borrowing is accountedfor andclock skew schedulingis appliedin a single-phase

synchronizationschemeof operation.The resultingproblemfor level-sensitive circuits is inherentlynon-

linear. Thus,theMBM methodis introducedin orderto linearizetheproblemformulation. Theproposed

formulationandcalculationproceduresarecompletelyautomated.The linearizationprocedurepresented

herediffers from the iteration-basedalgorithms
�������������������
���

in that it providesa stand-aloneLP model

with a specificobjective function and distinct set of constraintsthat can be solved by any standardLP

solver. TheLP problemsformulatedin this work aresolved usingthe industrialLP solver CPLEX which

implementsa rich setof memoryandspeedefficient optimizationalgorithms
�������

. As theCPLEX solvers

implementvariantsof thesimplex method
�������

to solve theLP modelproblem,theexpectedcomputational

complexity of theprocedureis polynomiallybounded
�����

.

Therestof this documentis organizedasfollows. Thefundamentalsof synchronoussystemoperation

andsystemmodelingfor computationalanalysisaresummarizedin Chapter2. Abstractoperationof system

storageelementsandparameterizationof therelevanttiming propertiesandproblemvariablesarepresented

in Chapter3. Chapter4 summarizesthecurrentstateof statictiming analysisof level-sensitive synchronous

circuitsandintroducesthe timing constraints.Thedevelopmentof theproposedproblemformulationand

thegeneratedLP modelproblemarepresentedin Chapter5. Theanalysisandvalidationof the resultsas

thepresentedprocedureis appliedon thesuiteof ISCAS’89benchmarkcircuitsarepresentedin Chapter6.

Commentson theexperimentalresultsandconcludingremarksareofferedin Chapter7.
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2.0 SYNCHRONOUSDIGIT AL VLSI SYSTEMS

VLSI is anacronym thatstandsfor very largescaleintegration.This termis usedto referto abroadarea

of electricalandcomputerengineeringapplicationfields,wherethe focusis on thedesignandanalysisof

denseelectronicintegratedcircuits. The investigationof high-performancecomputationalelements,high-

densitymemoryelements,sequentialandcombinationalcontrollogic units,sub-micronsizeanalogcircuits,

etc.aresomesamplesamongvariousothers,in fieldsrelatedto VLSI circuit design.

VLSI circuits canbe classifiedaccordingto typical field of application,detailsof the manufacturing

process,operationalcharacteristicsandotherfeatures.In this study, digital VLSI circuit designis of partic-

ular interestandin therestof thedocument,thetermVLSIdesignis usedto referto thisparticulargroupof

circuitsunlessotherwiseindicated.

The term digital VLSI circuit designimplies the designof sequentialandcombinationalcircuits. Se-

quentialcircuitsconsistof logic andregister(or storage) elementswhile combinationalcircuitsconsistonly

of the former. A detaileddiscussionof sequentialandcombinationalcircuits is presentedin
�����
�

. All se-

quentialcircuits have a well-definedorderingof switching eventsthat ensurethe correctorderingof data

propagationbetweenregisterelementsandultimately betweenthe input andoutputpins. Themajority of

thesequentialcircuitscurrentlyon themarket aresynchronouscircuits,wherethesequentialityin time of

the datatransfersareprovided by a globally distributed synchronizationsignal. The globally distributed

synchronizationsignal is calledthe clock signalanddefinesthe timing schemeor timing disciplineof the

synchronouscircuit
��
��

. Furthermore,the distribution of the clock signal throughoutthe circuit, in order

to generateanddistribute thetime referenceto eachregister, is accomplishedthrougha highly specialized

structurecalledtheclock distribution networkor clock treenetwork.

A digital synchronouscircuit is a network of combinationallogic elementsandglobally clocked reg-

isters. The combinationallogic elementsimplementthe functionality of the circuit, wherethe clocked

registersserve to storethe computationresultsat eachclock cycle. The logical orderof the computation

andstorageprocessesis synchronizedby theglobally distributedclock signal.An overall representationof

a typical synchronouscircuit is shown in Figure2.1.

3
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Figure 2.1 Finitestatemachinemodelof asynchronoussystem.

Theoperationof asynchronoussysteminvolvesgradualpropagationof datasignalsfrom theinputpins

towardsthe output pins of the circuit. The gradualadvancement—andcomputation—ofthe datasignal

is orchestratedby the clock signal. Typically, the active level or transitionof the clock signal initiates

the propagationof datafrom the input terminalsand storageelementstowardsthe output terminalsand

next stagesof storageelements.Eachclock cycle constitutesa computationalcycle, wherethedatasignal

departsfrom thesource,is processedin thecombinationallogic betweentheregistersandis finally stored

in or deliveredto thedestinationregisteror theoutputterminalsof thesynchronouscircuit, respectively.

In orderto analyzetheoperationalcharacteristicsof asynchronouscircuit, local datapathsaredefined.

Theoverall operationof a synchronouscircuit is thesequentialexecutionof a largesetof simplecomputa-

tionsthatoccurateachlocaldatapath.A localdatapathis thebuilding blockof asynchronouscircuit andis

4
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Figure 2.2 A localdatapathin aglobally clockedsynchronouscircuit network.

formedby acollectionof combinationallogic blocksbetweentwo clockedstorageelements.Thedatasignal

is processedwithin a local datapathoncefor eachclock signalcycle, wherethedatasignalinitiating from

a storageelementis processedin the combinationallogic block andis storedin the next stageof storage

elements,readyfor thenext clockcycle.

Definition1: Localdatapath. Let !#" and !%$ betwo registersin theclockedcircuit network wherei and

f standfor initial andfinal, respectively. Let theinputandoutputterminalsof theseregisters,andthesignals

presentat theseterminalsbe definedasshown in Figure2.2. A local datapath is the circuit architecture

formedby a sequentiallyadjacentpair of registers
�������

andthe combinationallogic block betweenthem.

Theoutput & " of theinitial registerpropagatesthroughthecombinationallogic block,evaluatingto thedata

signal '($ , beforethedatasignal '($ arrivesat thefinal register !%$ . For properoperationof thesequentially

adjacentpair of registers!#" and !%$ , thedatastoredin !)" mustbemanipulatedby thelogic andstoredinto

!%$ duringthenext cycle of theclock signal *+$ . Notethat theclock signals*," and *+$ arerepresentations

for the two synchronizationsignalsat the clock input terminalsof registers !)" and !%$ , respectively. The

clock signals*," and *+$ differ by thenonidenticalclocksignaldelaysat respective registers.

The modelingand behavior of synchronousdigital systemsare describedin the rest of this section.

Specifically, theoperationof a synchronoussystemwith level-sensitive latchesis presentedin Section2.1.

Themodelingof asequentialcircuit asagraphis briefly reviewedin Section2.2.Differentsynchronization

schemesadoptedfor synchronouscircuitsarebriefly introducedin Section2.3.
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2.1 Operation of a SynchronousSystemwith Registers

Becauseof interconnectdelaysandprocessparametervariations,theremaybesignificanttime delays

betweenthe clock signalsoriginating at the clock sourceand arriving at the destinationregisters. The

algebraicdifferencebetweenthedelaysof thesynchronizingclocksignalsof theinitial andfinal registerof

a local datapathis definedasclock skew
�������

:

Definition2: Clock Skew. Let ! " and !%$ beasequentiallyadjacentpairof registers(only combinational

delaybetweenregisters)synchronizedby theclocksignals*," and *+$ , respectively. Theclockskew between

!#" and !%$ is definedas

-/.10�2436587 �:9<;>=@? "�A ? $ � (2-1)

where
? " and

? $ aredelaysof theclock signals,* " and *+$ , from acommonclock sourceto theregisters! "
and !%$ , respectively

�������
.

The clock skew is an algebraicdifferencewhich may evaluateto a negative, zero or positive value

dependingon thevaluesof
? " and

? $ . Positive clock skew hasa limiting effect on themaximumoperating

frequency of a synchronouscircuit. Negative clock skew on the otherhandmay effectively improve the

minimumclock periodof a circuit. Preciseengineeringof theclock treenetwork enablestheutilization of

negative skew on critical pathsandpermitspositive clock skew on less-criticalpathsin orderto speedup

thedatapropagation.Thisapproachis calledclock skew scheduling
�������

.

Definition3: Clock skew scheduling. Clockskew schedulingis amethodologyto determinetheoptimal

valuesof clock signaldelays
? 0

to eachregister ! 0 in orderto obtainthemaximumoperatingfrequency.

Clock skew schedulingprovidesshorterminimumclock periodson critical paths.Note thatgenerally, the

termclock skew schedulingrefersto non-zero clock skew scheduling
�������

.

Excessive negative andpositive clock skew may leadto timing hazardsin the circuit. Negative skew

maycausedatato be latchedinto thefinal register !%$ duringanearlierclock cycle thanintended,thereby

overwritingdatalatchedduringtheearlierclockcycle. This typeof hazardis known asdoubleclocking
�������

.

Similarly, positive skew maycausedatato belost by arriving lateat thefinal register. This phenomenonis

6



known aszero clocking
�������

. Thedoubleclockingandzeroclockinghazardsarealsocalledhold andsetup

timeviolations, respectively
���
���

.

Data propagationin level-sensitive circuits is substantiallydifferent comparedto edge-sensitive syn-

chronouscircuits due to the transparency propertyof latches. In level-sensitive circuits, the datasignal

arriving at a latch in the transparentphaseis immediatelypropagatedthroughthe latch. This fact leadsto

thephenomenoncalledtimeborrowing.

Definition4: Time borrowing
���
���

. Time borrowing (alsocalledcycle stealing
�����B�

) refersto the time

sharingphenomenonbetweenconsecutive clock cyclesof adjacentlocal datapathsdueto thetransparency

of level-sensitive latches.Let !#"6CD!FE and !FEGCD! 0 betwo local datapathsin a synchronouscircuit H .

Let H�I/I and H�J denotethe edge-sensitive (flip-flop-based)andlevel-sensitive (latch-based)synchronous

circuits,respectively. In theedge-sensitive synchronouscircuit H�I/I , theupperboundon datapropagation

time on the local datapaths !)"KC !+E and !FELC ! 0 is the minimum clock period
- I/I . In the level-

sensitive circuit H�J , the transparency propertyof the latch !FE permitsdatapropagationtimeshigherthan

the minimum clock period
- J on the local datapath ! " C ! E by borrowing time from the propagation

on the next local datapath—next clock cycle—!FEMC ! 0 . It is known that unlessthe circuit topology

of the edge-sensitive circuit H�I/I or the level-sensitive circuit H�J is modified,the datapropagationtimes

in both circuits are identical. Therefore,a shorterminimum clock period
- JON - I/I is feasiblefor the

level-sensitive circuit H�J . This fact is illustratedin Figure2.3,wherethetiming diagramsfor H/J and H�I/I
areshown on the left andright, respectively. Detailedinvestigationof the time borrowing phenomenonis

presentedin
�����
�

.

2.2 Graph Model of a SynchronousDigital VLSI System

A graphmodel is often usedfor computerrepresentationof a synchronousdigital system. For con-

venience,thegraphmodelrepresentinga synchronouscircuit, whereeachvertex representsa registerand

eachedgerepresentsa localdatapath,is calledacircuit graph.A circuit graphprovidesacommonabstract

framework for theautomatedanalysisof circuits.
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Figure 2.3 Effects of time borrowing on circuit operation. The timing diagramfor the edge-sensitive
circuit H/I/I andlevel-sensitive circuit H/P areshown. ThevariablesQ "RES andQ E 0S representdatapropagation
times on local datapaths !#"TC !+E and !FE@C ! 0 , respectively. Data propagationis representedby
the arrows. Note that in the local datapath ! " C ! E of H J , the datasignalarrival at ! E occursduring
the transparentphaseof !FE , borrowing time from the adjacentlocal datapath !+EUC ! 0 . For identical
datapropagationtimeson adjacentlocal datapaths,a smallerclock period(higheroperatingfrequency) is
possiblefor H�J , thatis,

- JVN - I/I .

Definition 5: Circuit graph
�������

. A fully synchronousdigital circuit H is representedastheconnected

undirectedsimplegraph W%X . Thegraph W%X is theorderedsix-tuple

W%X =ZY\[^] X`_ �baK] Xc_ �bde] Xc_ �:f ] X`_P �:f ] Xc_g �:f ] Xc_h i , where
[K] Xc_ =kj�l���mnmn�oj�p

is the setof verticesof the graph

W X ,
aK] Xc_ =Oq l ��mnmn�:qbr

is theedgesof thegraph W X ,
de] Xc_ =s� t ] Xc_"�E � pvu`p is thesymmetricadjacency matrix of

W%X ������� . Notethat w is thenumberof registersandx is thenumberof datapathsin thesynchronouscircuit.

Eachvertex from
[ ] Xc_ representsa registerof the circuit H . The mappings

f ] Xc_P :
a ] Xc_ C y and

f ] X`_g :a ] Xc_ C y to the setof real numbersy assignthe lower andupperpermissibleboundsQ 0S�z and Q 0S<{ ,

respectively. The lower andupperboundsof datapropagationtime Q 0S�z , Q 0S<{ aredefinedbetweenthe

sequentially-adjacent pair of registers(on the local datapath)representedby theedge
q 0}| a

. Theedge

labeling
f ] X`_h definesa directionof signalpropagationfor eachedge

j�~
,
q��

,
j��

, wherethesubscripts� and� denotetwo arbitraryregistersforming thelocal datapathindicatedby thesubscript� .
The describedundirectedgraphis usedas the basisfor a directedgraphwith the sameverticesset[

and edgeset
a

. The topology of the graphis preserved, while the edgeset is modified in order to
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Figure2.4 A graphrepresentationof asynchronoussystem.Thegraphverticesarefour differentregisters,
with five localdatapaths.

accommodatefor thedirectionof dataflow betweenthevertices.Thegenerateddirectedgraph,whereeach

vertex correspondsto a registerandeachdirectededgecorrespondsto a datapath,representsa sequential

circuit. Thedirectedgraphrepresentationof asamplenetwork is presentedin Figure2.4.

2.3 Single-PhaseSynchronization

As mentionedearlier, the operationof a synchronouscircuit is orchestratedby a globally distributed

clocksignal.Theclocksignalensuresthecorrectorderingof operationsonlocaldatapaths.Synchronization

in suchcircuits canbe provided by a singleor multi-phaseclock signal. A singlephaseclock signal is a

periodicsignalwherethephasesor cyclesareindistinguishableinstancesreferredto afixedreferencecycle.

However, theeasy-to-implementandeasy-to-analyzesingle-phaseschemehasseveralshortcomingsin the

synchronizationof state-of-the-artVLSI circuits. Below nanometerfeaturesizes,the wire sizesshrink

disproportionallywith the featuresize. Thus,only a certainpercentageof the chip is reachableduring a

singleclockcycle
�����

. For instance,for 0.1�/� featuresize,only 16%of thedie is predictedto bereachable

within a singleclock cycle
�����

. A multi-clock domainapproachis advantageousin termsof increasingthe

reachabilityof circuit registers,routing andcreatinglessskew within physicallyneighboringlocal clock

domainsandsaving power. Furthermore,individual domainscanbedesignedandoperatedindependently,

whichprovideshighergranularitytowardsfrequency andvoltagescaling.

Eventhoughmulti-phasesynchronizationis advantageousin many aspects,theanalysesof suchclock-

ing schemespresentmany challenges.Identificationof the clock treeandpartitioninginto variousclock
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Figure 2.5 Singleandmulti-phasesynchronizationof asynchronouscircuit. In multi-phasesynchroniza-
tion, the non-overlappingclock phasesaredefinedwith identicalon-times( * J� ). The parameter* .1� g po� 2
denotesthe clock signalat the originatingclock source.The superscripts� ����m�m�m��o��� representindividual
clock phases.Notethatthemulti-phaseclock synchronizationis definedfor

��� �
, where

�
representsthe

numberof clock phases.

domains,identifying signalsthatwork acrossdifferentclockdomains,identifying datastability andcombi-

natorialinput isolationsarecommonconcerns.In thepresentedwork, only thesingle-phasesynchroniza-

tion of synchronouscircuitsis investigated.Figure2.5presentsagenericrepresentationof single-phaseand

multi-phasesymmetricclocksignals.

Thegenericformulationfor multi-phaseclockingis definedfor
� i � . Thelatency of eachclock cycle

with respectto thecommonclock signalis uniqueandis denotedhereby theparameter¡�" . Theparameter

¡ " is thelatency of theclock signalat register ! " , which is synchronizedby clock phase* r�¢ . Thesymbol

¡ " $ is calledthephaseshiftoperator
�����

whichis usedto transformtiming variablesbetweendifferentcycles

of theclock signal.Thephaseshift operator¡ " $ is definedby thealgebraicequation¡ " $ = ¡£"�AM¡�$)¤¦¥ - ,

where ¥ is thenumberof clock cyclesoccurringbetweentheclock phases* rv¢ and * r�§ . Note that for the

single-phaseclock methodology, the phaseshift operatorevaluatesto ¡ " $ = -
. The improvementof the

presentedtiming analysisin orderto accommodatemulti-phaseor multi-domainclock synchronizationis

amongthefuturedirectionsof this research.
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3.0 TIMING PROPERTIES OF SYNCHRONOUSDIGIT AL SYSTEMS

Thegeneralstructureandprinciplesof operationof a fully-synchronousdigital VLSI systemwerede-

scribedin Chapter2. In an abstractoverview, a synchronouscircuit is identifiedby the storageelements

andthesynchronizationschemeof thecircuit. As presentedin Section2.3, theoperationof a digital VLSI

circuit is heavily dependentonthesynchronizationscheme.Furthermore,theregistersdirectlycontributeto

theoperationof thecircuitsby storingthedatavaluesat theendof eachcomputationalcycle andproviding

stabledatasignals.

Registerscanbe classifiedinto two categories: (edge-triggered)flip-flops aresensitive to thechanges

in their datainput terminalswhenthe clock signalhaslow-to-high or high-to-low transitionwhile (level-

sensitive) latchesaresensitive whentheclock signalhasa certainlevel or value. In level-sensitive circuits,

theactive level of thesynchronizingclock signaldefinesthe transparentphaseandtheinactive level of the

clock signaldefinestheopaquephaseof latchoperation.Thetransitionof theclock signalwhich startsthe

transparentphaseis calledtheleadingedge,while thetrailing edgeis thetransitionof theclocksignalwhich

concludesthetransparentphaseandmarksthebeginningof theopaquephase.Thischapterbeginswith the

introductionof two differenttypesof storageelements—flip-flopsandlatches. Theprinciplesof operation

of theseregistersarediscussedandparametersdefiningthe operationalcharacteristicsareintroduced. In

particular, theoperationof edge-triggeredflip-flops arediscussedin Section3.1andtheoperationof level-

sensitive latchesarediscussedin Section3.2.

3.1 Parametersof an Edge-Sensitive SynchronousCir cuit

Thespecificcircuit designor electricalimplementationof anedge-triggeredflip-flop neednot becon-

sideredin this work. At a higherlevel of abstraction,thetiming propertiesof flip-flops areencapsulatedby

certaintiming parameters.Theseparametersconnecttheeventson theinput,outputandclock terminalsof

aflip-flop.

11



A flip-flop is a type of registerwhich is sensitive to the transitionof the synchronizingclock signal.

Therefore,a flip-flop is commonlyreferredto asan edge-triggeredflip-flop or edge-triggeredregister. A

typical edge-triggeredflip-flop with a clock signal * , input signal Q and output signal & is shown in

Figure3.1. The operationof a flip-flop is presentedin Figure3.2. Note that the presentedflip-flop is a

Data
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Data

Input

C̈lock

©
Input


D


C

© Q


Figure3.1 An edge-triggeredflip-flop or registersymbol.

positive-edgetriggeredflip-flop, whosedataoutputlatchesthe input signalwhentheclock signalmakesa

low-to-high transition. Thesensitive region for a flip-flop, wherethe registerlatchesthedata,is indicated

by theshadedregion in Figure3.2.

C


D


Q

ª

Clock Period T

 

CLK


DATA
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«

Figure3.2 Typicaloperationof anedge-trigerredflip-flop shown in Figure3.1.

Parameters¬­$ , H/$ , Q^®/¯ and * J� which standfor thehold time,setuptime,clock-to-outputdelayand

clock on-time,respectively areintroducedbriefly. Hold time is the minimum time that the datasignal Q
mustremainstableafter the latchingedgeof the clock signalso that it is registeredat the intendedclock

cycle. In Figure3.3,thevalue ¬($ =@?±° A ?±² labelstheholdtimefor thegivenclockcycleon !%$ . Setuptime
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Figure3.3 Timing propertiesof anedge-sensitive flip-flop in acircuit with aclockperiod
- =³?±´ A ?µl

.
Theoperationof thefinal flip-flop !¶$ of a local datapathis illustrated.

is theminimumtime betweenthelatchingedgeof therespective clock cycle anda changein '($ suchthat

thenew datavaluecanberegisteredin the intendedclock cycle. Thesetuptime on !¶$ is illustratedwith

H/$ =·? ² A ?¹¸ . Thepropagationdelayof thedatasignalfrom theinput terminalto theoutputterminalafter

theactive transitionof theclock signal—clock-to-output delay—isshown as
?¹º A ?¹² . Thesubscriptsm and

M appendedto theparameterQ ®/¯ standfor theminimumandmaximumdelayvalues,respectively.

A typical clock cycleof aclock signalis shown in Figure3.3. Thelengthof theclockperiodis denoted

by theparameter
-

. Theminimumtime interval betweentheleadingandtrailing edgesof theclock signal

is representedby theparameter* J� . In Figure3.3, the leadingandtrailing edgesoccurat times
?¹²

and
?¹»

,

respectively. As pointedout in Section2.2, thedatapropagationtime Q S throughthecombinationallogic

block of a localdatapath !)"<C¼!%$ is definedQ S�z N½Q S N½Q S<{ . Thesubscripts� and ¾ standfor the

minimumandmaximumvalues,respectively.

3.2 Parametersof a Level-SensitiveSynchronousCir cuit

Thespecificcircuit designor electricalimplementationof a level-sensitive latchneednotbeconsidered

in this work. At a higher level of abstraction,the timing propertiesof suchlatchesareencapsulatedby
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certaintiming parameters.Theseparametersconnecttheeventson theinput,outputandclock terminalsof

a level-sensitive latch.

A latch is a typeof registerwhich is sensitive to the level of synchronizingclock signal. Therefore,a

latch is commonlyreferredto asa level-sensitive latchor level-sensitive register. A typical level-sensitive

latchwith a clock signal * , input signal Q andoutputsignal & is shown in Figure3.4. Theoperationof
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Figure3.4 A level-sensitive latchor registersymbol.
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Figure 3.5 Typicaloperationof a level-sensitive latchshown in Figure3.4.

thelevel-sensitive latchis presentedin Figure3.5. Notethatthepresentedlatchis a positive-level sensitive

latch,whosedataoutputfollows any changein theinputsignalwhentheclocksignalremainsat its positive

valueor level. As statedbefore,thestateof the level-sensitive latch,whereany changein the input signal

is propagatedto the output is calledthe transparent stateor phase.In Figure3.5, the transparentstateis

indicatedby theshadedregionon thetiming diagram.
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Figure 3.6 Timing propertiesof a level-sensitive latch in a circuit with a clock period
- =O?¹´ A ?µl . The

operationof thefinal latch !%$ of a localdatapathis illustrated.

Parameters¬($ , H/$ , Q^Ä ¯ , Q ®/¯ and * J� whichstandfor theholdtime,setuptime,data-to-outputdelay,

clock-to-outputdelayandclockon-time,respectively areintroducedbriefly. Hold timeis theminimumtime

thatthedatasignal Q mustremainstableafterthetrailing edgeof theclocksignalsothatit is latchedduring

the intendedclock cycle. In Figure3.6, the value ¬($ =Å?¹¸ A ? l labelsthe hold time for the given clock

cycle on the final register !%$ of a local datapath. Setuptime is the minimum time betweenthe trailing

edgeof the respective clock cycle anda changein '($ suchthat thenew datavaluecanbe latchedin the

intendedclock cycle. Thesetuptime on !%$ is illustratedwith H/$ =Æ?¹´ A ?oÇ . Thepropagationdelayof the

latchfrom thedatainput terminalto theoutputterminal—data-to-output delay—on!%$ is shown as
?¹» A ?¹º .

The propagationdelayof the latch from the clock input terminal to the output terminal—clock-to-output

delay—isshown as
?1° A ?¹² . Thesubscriptsm andM appendedto theparametersQ^Ä ¯ and Q ®/¯ standfor

theminimumandmaximumdelayvalues,respectively.

Without affecting the generalityof the presentedwork, the formulation of the timing constraintsis

derived for a specificreferenceclock cycle. Thereferenceclock cycle canbeselectedasstartingwith the

inactivevalueof theclocksignalfollowedby theactivevalue(opaque-phase-first)or viceversa(transparent-

phase-first). In this work, the timing constraintsare formulatedconsideringan opaque-phase-firstclock

signal driving positive level-sensitive latches. A typical clock cycle of sucha clock signal is shown in
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Figure3.6. The lengthof the clock period is denotedby the parameter
-

. The minimum time interval

betweentheleadingandtrailing edgesof theclock signal—commonlycalledtheon-timeanddefiningthe

transparentphase—isrepresentedby theparameter* J� . In Figure3.6,the leadingandtrailing edgesoccur

at times
?±²

and
?¹´

, respectively.

The datapropagationtime Q S throughthe combinationallogic block of a local datapath !)"eC !%$
wasdefinedin Section2.2 (Recallthat Q S�z NÈQ S NÈQ S<{ ). Thepropagationof thedatasignalthrough

thedatapath !)",CÉ!%$ is formulatedduring two consecutive clock cycles,genericallycalledthe ¥ -th and5 ¥Z¤ �v; -th. Thedatasignaldepartsfrom !#" duringthe ¥ -th clock cycle, is processedin thecombinational

logic blockandarrivesatthedestinationregister !¶$ duringthe
5 ¥�¤ �v; -th clockcycle. Notethatthedeparture

of thedatasignalfrom ! " occursduringthetransparentphaseof the ¥ -th cycle. Thearrival of thedatasignal

at !¶$ canoccurboth during the transparentandopaquephasesof the
5 ¥^¤ �v;

-th cycle. If thedatasignal

arrivesduring the transparentphase,it is immediatelypropagatedthroughthe latch !%$ . If thedatasignal

arrivesduring the opaquephaseof !%$ , the datasignalhasto remainstableuntil the latchingedgeof the

clock signal(beginningof thetransparentphase)to propagatethroughthelatch !%$ .
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4.0 TIMING ANALYSIS OF LEVEL-SENSITIVE SYNCHRONOUSCIRCUITS

Digital VLSI synchronouscircuits aresubjectto different typesof timing analyses.The presenceof

a globally distributedsynchronizationsignalconstitutesa merit of comparisonbetweenany given setsof

synchronouscircuits. This fact hasbeenwidely usedin the electronicsindustry. Generaltiming analysis

of suchcircuits, however, spanmoredetailedanalysesof the circuit performanceandhave beenutilized

for variousengineeringpurposes.Timing analysisof synchronouscircuitshave traditionallybeenstudied

on threedifferentproblems:clock periodminimization
�����������	���
�
���������������
�

–
�BÊ��

, clock periodverifica-

tion
���������
�

andclock retiming
�������

. Clock periodminimizationis theanalysisof a synchronouscircuit in

order to solve for the minimum clock period, in otherwordsfor the maximumoperatingfrequency, of a

synchronouscircuit. Clock periodverificationis theanalysisto ensurethata synchronouscircuit is fully-

operationalfor agivenclockperiod.Clockperiodretiming—alsocalledcircuit retiming—is theanalysisof

asynchronouscircuit aimingto achieve higheroperatingfrequenciesby modifying thecircuit architecture.

Even thoughtherearedifferent typesof timing analysisproblems,the operationof the synchronous

circuit underscrutiny is generallyidentical in all cases(possiblyexceptfor retiming problems).Thus,in

theformulationof thetiming analysisproblem,a framework of constraintsidentifying synchronouscircuit

operationis essential. For instancethe setupand hold time requirementsof eachregister elementin a

synchronouscircuit posecertainconstraintson circuit operation,thusthey arerepresentedin all typesof

timing analysisproblems.

Thegenerationof a generalframework for thetiming analysisof level-sensitive circuits is discussedin

this chapter. Theclock periodminimizationproblemis modeledandthegeneratedproblemis latersolved

in Chapter5. In Section4.1, theoperational constraints
���BÊ��

governinglevel-sensitive operationareintro-

duced.In Section4.2,a brief overview of previously offeredalgorithmsfor theclock periodminimization

problemis described.Theconstructionalconstraintsdefinedfor thenovel linearprogrammingmodelof the

clock periodminimizationproblemarepresentedin Section4.3.
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4.1 ProblemFormulation

Certainconditionsmustbe satisfiedfor every sequentiallyadjacentpair of registersin a synchronous

circuit in order to prevent timing hazards.Theseconditionsareencapsulatedby four setsof operational

constraintsandtwo setsof constructionalconstraints.Theoperational constraints
���BÊ��

aretheconstraints

that model the operationof a synchronouscircuit. The constructionalconstraints
���BÊ��

are definedto

ensurethe correctnessand completenessof the proposedmodel of te optimizationproblem. The defi-

nitions for the first threesetsof operationalconstraints—calledlatching, synchronizationand propaga-

tion constraints,respectively—areborrowed from
�����

. The fourth set of operationalconstraints—called

the skew constraints
���

��

—are derived from the skew definitionsfor edge-sensitive synchronouscircuits

presentedin
�������

. The latching,synchronization,propagationandskew constraintsaredescribedin Sec-

tions4.1.1, 4.1.2, 4.1.3and4.1.4,respectively.

4.1.1 Latching Constraints

Latchingconstraintsboundthearrival timeof thedatasignal '($ (recallthelocaldatapathin Figure2.2)

in orderto ensurethat '($ is latchedduringtheintendedclock cycle. Theearliestarrival time of '($ at the

datainput terminalof !%$ is denotedby theparameter
t $ . Similarly, thelatestarrival timeof '($ is denoted

by
d $ . Bothparametersaredefinedin theframeof referenceof thenativeclockcycle, thatis, relative to the

beginningof thecurrentclockcycle. In Figure4.1for instance,theearliestdataarrival at !%$ occursat time? $#¤@¥ - ¤ t $ with respectto global time zero(
? $%¤@¥ - is thebeginningof thecurrentclock cycle). The

interval for thedataarrival time is characterizedby thehold time andthesetuptime requirementsof !%$ as

follows:

¬­$%N t $ (4-1)d $ËN - A�H<$ m (4-2)

Eq. (4-1) above constrainstheearliestarrival of '($ at !%$ . Theearliestdataarrival time mustbeno earlier

thanhold time afterthetrailing edge(
?±¸

in Figure3.6)of thepreviousclock cycle. Supposethe
5 ¥G¤ �v; -th
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Figure 4.1 Propagationof the datasignal in a simplecircuit. Note that two local datapathsstartingat
the latches!#"ÔÓ and !)"�Õ andendingat !%$ areconsidered.The time intervals for thearrival anddeparture
timesof thedatasignalareillustratedby theupperandlowerparalleldottedlines,respectively. Thelengths
of thewhite andblackrectangularboxescorrespondto theclock-to-outputanddata-to-outputlatchdelays,
respectively.

clock cycle at latch !%$ is illustratedin Figure3.6, where
? l =Ö? $e¤@¥ - . Thehold time is definedby the

difference
? ¸ A ?µl . If dataarrivesat !¶$ earlierthanthehold time,adouble-clocking hazardoccurs

�������
.

Similarly, Eq. (4-2) representsthesetupconstrainton !¶$ . As shown in Figure3.6,thedatamustarrive

atthefinal latchat leastsetuptimeprior to thetrailing edgeof theclockcycle. Assumingthe
5 ¥<¤ �v; -th clock

cycle is illustratedin Figure3.6,thetrailing edgeof theclockcycleoccursat
? ´ = ? $×¤ 5 ¥6¤ �v; - . Thus,data

cannotbelatchedinto !%$ duringthe
5 ¥#¤ �v; -th cycle if thedataarriveslaterthan

?oÇF=@? $,¤ 5 ¥#¤ �v; - A}H/$ .
Latearrival of thedatasignalresultsin azero clocking hazard

�������
aspreviously explained.

4.1.2 Synchronization Constraints

Synchronizationconstraintsdefinethe departuretime of the datasignal &%" from the initial latch of a

local datapathas illustratedin Figure4.2. The departuretime from a latch dependson the stateof the

latch—transparentor opaque.Implementation-specificregisterinternaldelays,Q Ä ¯ and Q^®/¯ , affect the
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departuretimesin transparentandopaquestatesof operation,respectively. Theearliestdeparturetime Øc" of

&¶" from !#" is definedin Eq. (4-3). Thelatestdeparturetime QZ" is definedby Eq.(4-4):

ØB" =¦Ù^Ú�Û^ÜÝt "�¤MQ "Ä ¯ z � - A�* J� ¤ÞQ "®/¯ z¶ß � (4-3)

QZ" =¦Ù^Ú�Û Ü d "£¤ÞQ "Ä ¯ { � - A�* J� ¤¦Q "®/¯ { ß m (4-4)

An exhaustive inspectionof all possiblecasesof earliestand latestdeparturetimesduring the ¥ -th clock

cycle is shown in Figure4.2.

ConsiderEq. (4-3),whichdescribestheearliestdeparturetime of thedatasignal & " from latch ! " . The

first termof the
Ù^Ú�Û

function, à t "	¤¦Q "Ä ¯ zâá , describesthetime instantwhentheinput dataarrival occurs

at its earliesttime during theactive phaseof theclock signal *," . Thedatasignalimmediatelypropagates

throughthelatch(asillustratedin casesI andVIII of Figure4.2). In thesecases,theearliestdeparturetime

ØB" from !)" dependson theearliestarrival time
t " of thedatasignalandthetime Q "Ä ¯ it takesfor thedata

to appearat theoutputterminalof !#" .
The secondterm of the

Ù(Ú�Û
function, à - A�* J� ¤¦Q "®/¯ zâá , refersto the casewhentheearliestdata

arrival time occursduringtheopaquephaseof !#" . In theopaquephaseof operation,thedeparturetime of

the datasignal from the initial latch occursclock-to-outputdelay Q "®/¯ later thanthe leadingedgeof the

clock signal.Suchdatapropagationis illustratedin casesII-VII of Figure4.2. The
Ù(Ú�Û

functionis usedto

combinethesecases,andto definetheearliestdeparturetime Ø " from theinitial latch ! " . Similar reasoning

appliesto thederivationof thelatestdeparturetime Q " definedby Eq.(4-4).

4.1.3 PropagationConstraints

Propagationconstraintsdefinethearrival timeof thedatasignal '($ at thefinal latch !%$ of a local data

path.Theseconstraintsareasfollows:

t $ =Åã£Ù^ä�å"Dæ ØB"£¤MQ " $S�z ¤ -/.10�243,587 �:9<;4ç�è A - (4-5)d $ = ã Ù^Ú�Û" æ QZ"�¤MQ " $S<{ ¤ -<.40�213,587 �:9<; ç
è A - m (4-6)
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k-th clockcycle

� ti éëê k ì 1í T ti é kT �
k-th clockcycle

� ti éëê k ì 1í T ti é kT �
CaseI CaseII

k-th clockcycle

� ti éëê k ì 1í T ti é kT �
k-th clockcycle

� ti éëê k ì 1í T ti é kT �
CaseIII CaseIV

k-th clockcycle

� ti éëê k ì 1í T ti é kT �
k-th clockcycle

� ti éëê k ì 1í T ti é kT �
CaseV CaseVI

k-th clockcycle

� ti éëê k ì 1í T ti é kT �
k-th clockcycle

� ti éëê k ì 1í T ti é kT �
CaseVII CaseVIII

Figure4.2 Possiblecasesfor thetiming relationshipsamongarrival anddeparturetimesfor thedatasignal
at thelatch !#" . Thetime intervals for thearrival anddeparturetimesareillustratedby theupperandlower
paralleldottedlines, respectively (The left andright endsof thesedottedlines correspondto earliestand
latesttimes,respectively.). The lengthsof thewhite andblack rectangularboxescorrespondto theclock-
to-outputanddata-to-outputlatchdelays,respectively. NotethatcasesV throughVIII mayexhibit clocking
hazardsasexplainedin thetext.

For eachincomingpathto latch !%$ , thelower boundfor
t $ is individually calculatedusingtheexpression

æ ØB"£¤MQ " $S�z ¤ -<.10î213,587 �:9<; A - ç . The minimum of the arrival timesamongthe incomingdatapathsis as-

signedastheearliestarrival time at !%$ . The latestarrival time
d $ for thedatasignalis definedsimilarly.

In caseof multiple datapathsfanninginto !¶$ , themaximumof thearrival timesamongtheincomingdata

pathsis thelatestarrival timeof thedatasignalat !%$ . Thesetwo factsareimplied in theformulationby the

inclusionof the
Ù^ä�å

and
Ù(Ú�Û

functionsin Eqs.(4-5)and(4-6), respectively.

Thepropagationconstraintsareillustratedon a samplesynchronouscircuit in Figure4.1. Theearliest

arrival time is illustratedonthedatapath !#"8ÓïCð!%$ . Thedatasignaldepartsfrom !#"8Ó at time ØB"8Ó andprop-

agatesonthedatapath !#"8Ó,Cð!%$ for a timeperiodof Q "ÔÓ $S�z . Onthisdatapath,therecordedearliestdataar-

rival time æ Øc"ÔÓñ¤MQ "8Ó $S�z ¤ -<.40�2136587 lv�:9<; A - ç isearlierthanthearrival time æ ØB"�Õò¤MQ "�Õ $S�z ¤ -<.10î2136587 ¸ �:9<; A - ç
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recordedon the only other incoming path to !%$ , !#"�Õ�C !%$ . Hence,the earliestdataarrival time
t $

at !%$ is definedby the propagationon the !#"8ÓLC !¶$ datapath. Similarly, on the datapath !#"�Õ¦C
!%$ , a maximum data propagationtime of Q "�Õ $S<{ elapsesconferring the latest data arrival time at !¶$ ,
æ d $ = QZ" Õ ¤MQ "�Õ $S<{ ¤ -<.10î2136587 ¸ �:9<; A - ç .

The departureof &%" andthe arrival of '($ mustoccurduring two consecutive clock cyclesfor proper

circuit operation.Thephaseshift operator¡ " $ = - is subtractedfrom thecalculatedarrival time in orderto

changethepoint of referenceof thedataarrival timeat !¶$ to thebeginningof thepreviousclockcycle.

4.1.4 SkewConstraints

Skew constraints
���

��

introducelowerandupperboundson clockskew ona local datapath:

d " ¤ÞQ "Ä ¯ { ¤MQ " $S<{ N � - A -<.40�2136587 �:9<; A�H/$ (4-7)

Q "®/¯ { ¤MQ " $S<{ N - ¤½* J� A -<.40�2136587 �:9<; A�H<$ (4-8)Ù(Ú�Ûëóôt "�¤MQ "Ä ¯ z � - A�* J� ¤MQ "®/¯ zâõ ¤MQ " $S�z � - A -/.10�243ï587 �:9<; ¤M¬($ m (4-9)

Presenceof clock skew in level-sensitive synchronouscircuitssignificantlyaffectsthesystemtiming. The

latching[Eqs.(4-1) and(4-2)], synchronization[Eqs.(4-3) and(4-4)] andpropagation[Eqs.(4-5) and(4-

6)] constraintspresentedpreviously are derived consideringthe presenceof non-zeroclock skew in the

clock treenetwork. Thesethreesetsof constraintsnaturallyimposelowerandupperboundsonclock skew.

Thus,theskew constraintsareredundantif a typical minimizationof theclock periodproblemis pursued.

However, if implementation-specificconstraintsmodify or suppressany of thegivenconstraints,suchthat,

the boundson clock skew areinvalidated,the skew constraintsareessentialto the correctanalysisof the

circuit. The skew constraintsare importantandcompleteprovide a timing analysisframework for level

sensitive circuits.

Theeffectsof clock skew on synchronouscircuit operationcanbederivedfrom thelatching[Eqs.(4-1)

and(4-2)], synchronization[Eqs.(4-3) and(4-4)] andpropagation[Eqs.(4-5) and(4-6)] constraints.Note

thatthevariable
d $ describedin Eq.(4-2) canbeexpressedasfollows:

d $ = QZ"£¤MQ " $S<{ ¤ -<.40�213,587 �:9<; A - m (4-10)
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SubstitutingEq. (4-4) in Eq.(4-10),thensubstitutingtheresultinto Eq.(4-2) leadsto,

Ù^Ú�Û ó d "�¤MQ "Ä ¯ z � - A�* J� ¤MQ "®/¯ z õ ¤¦Q " $S<{ ¤ -/.10�2436587 �:9<; A - N - AÞH/$ � (4-11)

convenientlyrepresentedby thefirst two setsof skew constraints[Eqs.(4-7)and(4-8)].

Eq. (4-1) musthold to prevent the early arrival of datasignal,where
t $ dependson Øc" asimplied by

Eq.(4-5):

t $ = Øc"	¤¦Q " $S�z ¤ -<.40�2136587 �:9<; A - m (4-12)

Eq. (4-12) alsodependsuponwhetherthe datasignalarrivesbeforeor during the transparentstateof the

latch. SubstitutingEq. (4-3) into Eq. (4-12),Eq. (4-12) into Eq. (4-1) andrearrangingthetermsleadto the

lastsetof theskew constraints,Eq.(4-9). Eq.(4-9),re-writtenin Eq.(4-13),is anon-linearskew constraint,

astheeliminationof the
Ù^Ú�Û

functionis not straightforward:

¬($ZN Ù^Ú�ÛTóôt "�¤MQ "Ä ¯ z � - A�* J� ¤¶Q "®/¯ z õ ¤MQ " $S�z ¤ -/.10�243ï587 �:9<; A - m (4-13)

As statedbefore,theskew constraints[Eqs.(4-7),(4-8)and(4-9)] areredundantin theformulationof a typ-

ical clock periodminimizationproblem,astheseconstraintsarederivedfrom theexisting setof constraints

[Eqs.(4-1)–(4-6)].Theskew constraintsarenot includedin theLP modelpresentedin Section5.2,but are

usedin theverificationof theproposedsolutionmethodin Section6.3.

4.2 Iterati ve Solution Approach

Theoperationalconstraints(Section4.1) provide a systemof equationsdefiningtheabstractoperation

of a level-sensitive synchronouscircuit. Differentversionsof theconstraintspresentedin Section4.1have

beenusedby designersin orderto developa timing analysismodelfor thelevel-sensitive circuits.

Themostsignificantly-adaptedandstudiedtiming analysisapproachis presentedin
�������������������
���

. The

timing analysisapproachpresentedin thisseriesof papersinvolve severalalgorithmstargetingclockperiod

verificationandminimizationproblems,all basedon theframework of equationsdescribedin Section4.1.

23



//Initialize the latch arrival times
for i = 1 to |r| �d r p 21ö" =

t r p 21ö" = A)÷ ;

// iterate the evaluation of the departure and arrival time equa-
tions

// until convergence or a maximum of |r| iterations
iter = 0;
repeat

iter = iter + 1;
// update the latch departure times based on the latch arrival

times
// computed in the previous iteration
for

7
= 1 to |r| �QZ" = Ù^Ú�Û

(
d r p 21ö" , ¡£" + QZ" );Øc" = Ù^Ú�Û

(
t S p 21ö" , ¡�" + ØB" );�

;
// update the latch arrival times based on the just-computed
// latch departure times
for

7
= 1 to |r| �d " = Ù(Ú�Û E ( QeE + Q S<{ );t " = Ù(ä�å E ( Ø�E + Q S�z );�

;
until ( ( (

d " = d r p 21ö" ) && (
t " = t r p 24ö" ) ) || ( iter + 1 > |r| ) ) )

;�
;

// check and record setup and hold violations
for

7
= 1 to |r| �H q�?±ø x [ 74ù [ 7 ] =

d " > -
- H�" + ØB" ;¬ ù�ú Ø [ 74ù [ 7 ] =

t " < ¬ " + Q " ;�
;

Figure4.3 Theiterativealgorithmofferedin
�������

. Notethat w is thenumberof registersin thesynchronous
circuit. The

t
, Ø , d and Q vectorsaretheearliestarrival/departureandlatestarrival/departuretimes,respec-

tively, wherethesuperscriptx£w q�j identifiesthevalueof avariablein thepreviousclockcycle. ThevariablesH q�?1ø x [ 71ù and ¬ ù�ú Ø [ 74ù hold thetiming violation informationfor eachregister.
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The algorithmsproposedin thesepapersare iterative algorithms. In particular, very small valuesareas-

signedto thetiming variablesof a circuit andthecircuit is investigatedfor timing violationsby iteratively

incrementingthevaluesof thetiming variables.Theiterative algorithmofferedin
�������

for theclock period

minimizationproblemof level-sensitive circuits is presentedin Figure4.3. In this algorithm,the arrival

timesareinitialized to
t " =ûd " = A)÷ , wherethe algorithmsimulatesthe start-uptiming of the circuit.

At eachiterationstep,the executionof the circuit at a clock cycle is simulated. Finally, oncethe arrival

anddeparturetimesof the latchesaredetermined,the algorithmchecksfor potentialsetupandhold time

violations.

Thealgorithmpresentedin Figure4.3hasbeenshown to converge to solutionsquite rapidly
�������

. The

algorithmcomplexity is reportedas ü 5bý w ýný x ý ; , where
ý w ý is thenumberof latchesin a circuit and

ý x ý is the

numberof edgesof acircuit graph(Recallfrom Section2.2thatthenumberof edgesof acircuit graphis the

numberof local datapaths).However, it hasbeenprovenin
���
���

that in caseof data-pathloops(sequential

feedback)in the synchronouscircuit, the arrival anddeparturetimesmight increasewithout bound. This

leadsto a setupviolation andthe describedalgorithmfails to provide reasonablerun-times. In
���î�

, a fix

is offeredto the algorithm. Thefix is basedon theassumptionthat,a datapathloop in thecircuit canbe

detectedin
ý w ý iterations.Thus,thealgorithmis modifiedto artificially limit thenumberof iterationstepsbyý w ý . In thisalgorithm,theworstcasecomplexity of theresultingalgorithmis cubicin thenumberof registers

w , aseachiterationinvolvesexaminingup to
ý x ý edges,andx is atmost

ý w ý ¸ ���î� .
The iterative algorithmpresentedin Figure4.3 is latermodifiedin

�����
and

�������
in orderto accountfor

multiple clock domainsandcrosstalk,respectively. Briefly, eventhoughtheiterative algorithmprovidesan

initial andusefulformulationfor thetiming analysisof level-sensitive circuits,thealgorithmhasfallaciesin

presenceof datapathloopsandis insufficient to provide acommonframework for generaltiming analysis.

In thepresentedwork, a novel modelfor the timing analysisof level-sensitive synchronouscircuits is de-

veloped.Thedevelopedmodelconstitutesa well-definedframework for generaltiming analysisproblems.

Furthermore,theintegrationof clockskew schedulinginto thetiming analysisproblemis introduced,which

permitsoperationat higheroperatingfrequencies.Section4.3describesthenecessarysetof constraintsin

order to derive the LP model formulationof the clock periodminimizationproblem. The entiretyof the
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constraintspresentedin Section4.1 (operationalconstraints)andSection4.3 (constructionalconstraints)

form thenecessarysetof constraintsfor thederivationof theLP modelproblem.

4.3 LP ProblemApproach

As mentionedin Section4.1,certainconditionsmustbesatisfiedfor every sequentiallyadjacentpair of

registersin a synchronouscircuit in orderto prevent timing hazards.Theseconditionsareencapsulatedby

thefour setsof operationalconstraintsandtwo setsof constructionalconstraints.Theoperationalconstraints

definedin Section4.1build anintroductorymodelfor thetiming analysisproblemof level-sensitive circuits.

Theiterative solutionmethodologydiscussedin Section4.2 is built usingthismodel.

In thepresentedwork, a novel timing framework for level-sensitive circuits is proposed.Furthermore,

a novel linearprogrammingmodelfor theclock periodminimizationproblemis derivedusingthereferred

framework. This sectionintroducestheconstructionalconstraints,which areintroducedto fulfill thecom-

pletenessof the timing framework. The constructionalconstraints,calledvalidity and initialization con-

straints,arerequiredto ensurethecorrectnessof theproposedLP formulation. Thefirst typeof construc-

tional constraints,thevalidity constraints,arepresentedin Section4.3.1.Thesecondtypeof constructional

constraints,theinitialization constraints,arepresentedin Section4.3.2.

4.3.1 Validity Constraints

Thedefinitionsof theparameters
t $ , d $ , Ø`$ and Q^$ requirethevalueof

t $ 5 Ø�$ ; to besmallerthanor

equalto thevalueof
d $ 5 Q^$ ; :

d $ �½t $ (4-14)

Q^$ � Ø`$ m (4-15)

While the four setsof operationalconstraintsintroducedin the precedingsectionssummarizethe timing

propertiesof thecircuit, therequiredsequentialityin timeof thereferredvariablesis notexplicitly enforced.

Consistency in thedefinitionsof
t $ , d $ , Ø`$ and Q^$ , mustbemaintainedthroughpost-solutionchecksor
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by includingadditionalconstraints.A solutionleadingto a resultwhere
t $ i d $ , for instance,is incorrect

andmustbedisregarded.

Introducingthevalidity constraints[Eqs.(4-14)and(4-15)]in theLP modelis preferredoverperforming

post-solutionchecksfor two significantreasons.The first reasonis to gain the ability to easilydetectthe

feasibilityof theproblem.Thesecondreasonis to preserve theautomationof thesolutionprocedure.

4.3.2 Initialization Constraints

Recallthat theprocedureproposedin this work is developedin orderto minimizetheclock periodof a

synchronouscircuit. Besidestheminimumclock period,it mayprove essentialto accuratelycalculatethe

nominaldataarrival anddeparturetimesfor eachregister. The initialization constraintsareintroducedin

orderto generateaconsistenttiming schedulefor thedatasignalpropagationin asynchronouscircuit.

Thesensitivity rangesof theparametersincludedin theLP modelarenot crucially heededin thegiven

formulation. Due to the slack
�������

on datapropagationtimes,the feasiblesolutionsetfor somevariables

canbea rangeof valuesratherthana specificvalue. For instance,supposethat theearliestarrival time of

a datasignalat an arbitrarylatch ! 0 canget any valuein the interval
��mþ� N t 0 N ��mþ�

without changing

theminimumclock periodof thecircuit. For consistency, it is preferableto assignthesmallestvalueto the

earliestarrival time
5 t 0 =ÿ��mþ�B;

. In general,it is betterto assignthesmallestpossiblevaluesto theearliest

arrival anddeparturetime variablesandthe largestpossiblevaluesto the latestarrival anddeparturetime

variables(whereapplicable).Identificationof suchsensitivity informationis essentialfor theconsistency of

thegeneratedtiming schedulefor any givencircuit.

Note that, the earliestandlatestdataarrival timesat all except for the input registers,areset to their

lowestandhighestpossiblevalues,respectively, by thepropagationconstraints[Eqs.(4-5) and(4-6)]. The

valuesassignedto the earliestand latestdataarrival times
5 t£�bd%;

at the input registersdo not affect the

minimum clock period unlessthe assignedvaluescausethe departuretimes to change. It may even be

consideredunimportantto defineearliestand latestarrival time variables
5 t£�bd%;

at the input registersas

the non-localdatapathsdo not affect the circuit timing directly. For consistency and completenessof
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the generatedtiming schedule,the dataarrival timesat the input registersaredefinedand the following

constraintsareincludedin theLP formulationfor eachinput register !¶P :
d P = Ø`P�AOà�Q P®/¯ z or Q PÄ ¯ z á�� !¶P�� ý � t`� A 7 � 5 !¶P ; ý = ��m (4-16)

NotethatEq.(4-16)is only valid for input registers.
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5.0 PROBLEM FORMULA TION AND THE PROPOSEDSOLUTION PROCEDURE

The non-linear
Ù^Ú�Û

and
Ù^ä�å

functions in the constraintsshown in Eqs. (4-3), (4-4), (4-5) and (4-

6) presenta major challengein solving the problemof minimizing the clock period. The MBM method

introducedin this work is usedreplacethe non-linearconstraintswith equivalent linear constraints.The

equivalencebetweenthe non-linearprogramming(NLP) model formulationand the re-formulatedlinear

programming(LP) modelproblemis preserved.

The proposedlinearizationmethodis describedin Section5.1, and the LP model is offered in Sec-

tion 5.2.

5.1 Modified Big M (MBM) Method

Thelinearizationof theconstraintswhichexhibit non-linearbehavior is acommonlyappliedprocedure

in operationsresearch.Non-linearconstraintsaremanipulatedto deriveequivalentlinearconstraints,which

areinherentlyeasierto solve. In this work, a collectionof known linearizationproceduresareappliedon

thenon-linearconstraintsof the timing analysisproblem.Thecollectionof theseproceduresis namedthe

Modifiedbig M (MBM) method
���

��

. It hasbeenconsideredreasonableto denominatethe collectionof

linearizationproceduresthe MBM method, asthe researchis developedby an inspirationfrom the big M

method
�����B�

. Thebig M methodis a specialcaseof thesimplex algorithm
�������

which hasapplicationsin a

completelydistinctsetof problemswith respectto theMBM method.Theonly similarity betweenthebig M

methodandtheMBM methodis theuseof theconstant¾ in bothmethods.Theconstant¾ symbolically

representsa verylarge positive numberusedto assignanoverwhelminglylargepenaltyto a variablein the

objective functionin orderto increasethepriority of thevariablein theoptimizationprocess.

Thecollectionof linearizationprocedurescomposingtheMBM methodis presentedin Table5.1.For a

minimizationtypeLP problem—subjectto constraintsthathave
Ù^ä�å

and
Ù^Ú�Û

functions—thetransforma-

tionslistedin Table5.1areappliedto replacenon-linearconstraintswith linearconstraints.Notethatonly

relevantconstraintsandrelevantportionsof theobjective functionareincludedin Table5.1.
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Definea finite set � , consistingof the variables� = � t������	����m�m�m �o��� . Considerall variablesin the

finite set � to beelementsof therealnumbersset � = � t������	����m�m�m �o����
 y . Theobjective function � is

a linearfunctionof thevariables� t����v�	����m�m�m �o��� andis defined�
��y � ��� C y . Thereareno limitationson

variablesbeinginclusive,providedthelinearity of theconstraintsis preserved.

Two different linearizationscenariosarepresentedin Table5.1. In the first scenario[linearizationoft =\Ù(Ú�Û 5 ���	��;
expression],the variable

t
is constrainedto be the greaterof the variables

�
and

�
. The

constraintis replacedwith two new constraints,explicitly requiringthevariable
t

to begreaterthanor equal

to the variables
�

and
�
. The initial constraintand the relaxed constraintsareequivalent if eitherof the

following conditionsholds:

1. Equalityconditionis observedfor at leastoneof theinequalities,while theotherinequalityoperation

returnstrue.

2. Equalityconditionis observedfor bothinequalities.

The costfunction denotedby the product ¾ t
is addedto the objective function. The product ¾ t is

overwhelminglylargewith respectto othercostfunctionsin theobjective functionasa resultof thehighly-

weighedcost figure (recall the very large coefficient ¾ ). Thus, ¾ t is given the highestpriority in the

minimizationprocess.As a result,thegreaterof thevariables
�

and
�

is assignedto variable
t
.

The relaxationmethodin the secondscenario[linearizationof
t�=ÅÙ^ä å 5 �v�	��;

expression]is alsopre-

sentedin Table5.1. In this case,thecostfunction ¾ t
is subtractedfrom theobjective functionin orderto

exploit themaximumvalueto beassignedto thevariable
t
.

Table5.1 ModifiedBig M transformationsÙ^ä�å � C Ù^ä�å 5 �Þ¤½¾ t	;t^= Ù^Ú�Û 5 ���	��; C t ���t ���Ù^ä�å � C Ù^ä�å 5 � A�¾ t	;t^= Ù^ä�å 5 ���	��; C t N �t N �
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Similar to its implementationin thebig M method,theconstant¾ is definedsufficiently largeto ensure

theequivalenceof thelinearandnon-linearproblems.Theselectionof a valuefor theconstant¾ depends

on thesolutionspaceof a specificproblem(problemconstraints)andtheobjective function � . Typically,

thenumber¾ mustbechosensignificantlylargerthanthevaluesof any parameterin theproblem.However

selectionof anextremelylarge ¾ maycausetheLP solver to fail drastically
�����

. A valueof ¾ = ���
�
�
was

experimentallyfoundto besufficiently largefor theanalysisof circuitswith arrival anddeparturetimesupto���
�
(time units),numberof registersup to

���
�
�
, andnumberof datapathsup to

���
�
�
�
. Theinterpretation

of valueassignmentandthe derivation of a lower boundon the constantM fall outsidethe scopeof this

thesisandwill not bediscussed.However, verificationof theequivalencebetweenthenon-linearproblem

andtheMBM method-transformedlinearproblemis astraight-forwardpost-solutioncheck.

5.2 LP Model

An equivalentLP modelof theclock periodminimizationproblemis generatedthroughtheapplication

of theMBM method.Therearefive setsof constraintsin thefinalizedequivalentLP model. As explained

in Chapter4, thesesetsarethelatching[Eqs.(4-1)and(4-2)], synchronization[Eqs.(4-3)and(4-4)], prop-

agation[Eqs. (4-5) and(4-6)], validity [Eqs. (4-14)and(4-15)] andinitialization [Eq. (4-16)] constraints.

Notethat,for simplicity, theskew constraints[Eqs.(4-7),(4-8)and(4-9)] arenot includedin theLP model.

ThefinalizedLP modelfor theclock periodminimizationproblemis shown in Table5.2.

Thelatching,validity andinitialization constraintsexhibit linearbehavior. Therefore,theseconstraints

remainunchangedin boththeLP andNLP modelsasshown in constraints(i-ii , vii-ix) of theformulation.

Thesynchronizationconstraints,however, areformedby the
Ù^Ú�Û

functionandexhibit non-linearbehavior.

The MBM methodis usedon the synchronizationconstraintsin order to generateequivalent linear con-

straintsfor theLP modelproblem(constraintsiii andiv). For instance,(iii ) depictsthereplacementof the

non-linearconstraintpresentedin Eq. (4-3) with two linearconstraints,where Øc" is greaterthanor equalto

bothoperandsof the
Ù^Ú�Û

function, à t "�¤MQ "Ä ¯ z á and à - A�* J� ¤MQ "®/¯ z á . Note that thecostfunction

¾ ØB" is addedto the objective function. Propagationconstrainton the latestdataarrival time (Eq. (4-6)),

exhibits similar non-linearitywith thesynchronizationconstraintssuchthat the
Ù^Ú�Û

functionis used.The
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Table5.2 Thetransformedconstraintsfor the‘Modified big M’ method.

LP ModelÙ^ä�å - ¤¦¾ �������� 5 Ø�E+¤ÞQeE ; ¤ �������� � I��	�� �"!� ] �"� _ � # l 5 d 0 A t 0 ;4�
subjectto

(i)
t $ � ¬($
[Latching-Holdtime]

(ii )
d $^N - A�H/$
[Latching-Setuptime]

(iii ) ØB" �½t "	¤¦Q "Ä ¯ zØB" � - AÞ* J� ¤MQ "®/¯ z
[Synchronization-Earliest time]

(iv) QZ" �½d "�¤MQ "Ä ¯ {QZ" � - A�* J� ¤MQ "®/¯ {
[Synchronization-Latest time]

(v)
t $^N½ØB"8Óñ¤MQ "ÔÓ $S�z ¤ -<.10î213,587 l��:9<; A -

...t $^N½ØB"%$#¤¦Q "%$ $S�z ¤ -<.40�213,587 � �:9<; A -
[Propagation-Earliesttime]

(vi)
d $ � QZ" Ó ¤¦Q "8Ó $S<{ ¤ -/.10�2436587 l��:9<; A -

...d $ � Q " $#¤MQ "%$ $S<{ ¤ -<.40�2136587 � �:9<; A -
[Propagation-Latesttime]

(vii)
d $ �½t $
[Validity-Arrival time]

(viii) Q^$ � Ø�$
[Validity-Departure time]

(ix)
d P = ØcP�A 5 Q P®/¯ z or Q PÄ ¯ z ; , � !¶P&� ý � tc� A 7 � 5 !#P ; ý = �
[Initialization]

equivalent propagationconstraintsin the LP modelareshown in (vi). In the LP model, the variable
d $

is greaterthanor equalto theexpressionsà æ QZ"£¤MQ " $S<{ ¤ -/.10�2436587 �:9<; ç AÞ¡ " $ á , evaluatedfor eachfan-in

pathof register !%$ . In theformulation,fan-inpathsof !%$ areindexedby theparameter
�

.

Unlike othernon-linearconstraintsin theformulation,thepropagationconstrainton theearliestarrival

time
t $ is modeledby the

Ù^ä�å
function. In this typeof linearization,

t $ is setto belessthanor equalto each

operandof the
Ù(ä�å

function. As shown in (v), the expressionsæ Ø " ¤MQ " $S�z ¤ -<.10î213,587 �:9<; A - ç evaluated

for eachfan-inpathof register !%$ areincludedin thefinalizedLP model.

In order to illustrate the derivation of the NLP and LP model formulationsfor a clock period mini-
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mizationproblem,a simplesynchronouscircuit is investigated.The NLP modelformulationof theclock

periodminimizationproblemfor thesamplecircuit (shown in FigureA-1) is presentedin AppendixA. The

non-linearconstraintsin theNLP problemformulationarelinearizedusingtheMBM methoddescribedin

Section5.1. ThefinalizedLP modelformulationfor theclock periodminimizationproblemis presentedin

AppendixB.

33



6.0 AN EXAMPLE AND EXPERIMENT AL RESULTS

Thecircuit network shown in Figure6.1is analyzedin orderto illustratetheapplicationof theproposed

procedure.Without affecting the generalityof the solution, zerosetupandhold timesandzero internal

delaysareconsidered( H " = ¬ " = Q^®/¯ = Q Ä ¯ = � ).

R1 R2 R3

R
'

4

(
2 ) 9 * 3+� (

5 * 7+�,
3-

4.� / 20 51 5
2 �

(
3 * 4+�

Figure 6.1 A simplesynchronouscircuit. Notethat theminimumclock periodwith zeroskew andusing
flip-flops is

- =ÈÊ
(timeunits).

Givensingle-phasesynchronizationunderzeroandnon-zeroclockskew, theclockperiodminimization

problemsof threedifferentsynchronouscircuitswith samecircuit topologyareformulated.Thesimpler(in

termsof timing analysis)circuit, whichis usedasthebasisof comparisonfor othercircuits,is thezero clock

skew edge-sensitivecircuit. Theminimumclockperiodof azeroclockskew edge-sensitive circuit is defined

by themaximumdatapropagationtime in thecircuit
�������

. Thus,thesynchronouscircuit network presented

in Figure6.1 hasa minimumclock periodof
- = Q ² ¸S<{ = Ê

(time units)whenusedwith edge-triggered

flip-flops.

The secondsynchronouscircuit of interestis the zero clock skew level-sensitivecircuit. In order to

designa level-sensitive synchronouscircuit, eachflip-flop in thegiven circuit topologyis replacedwith a

level-sensitive latch. Zero clock skew level-sensitive circuits exhibit improved circuit performancedueto

time borrowing. Finally in the third synchronouscircuit, clock skew schedulingis applied.This non-zero

clock skew level-sensitivecircuit exhibits performanceimprovementdueto thesimultaneousconsideration

of time borrowing andclock skew scheduling.

ThecommercialoptimizationpackageCPLEX
�����
�

is usedto solve for theclock periodminimization

problemof thegeneratedsynchronouscircuits. ThegenericLP modelconstitutinga fully-linear optimiza-
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tion problemfor suchtiming analysisis presentedin Table5.2. In orderto solve this typeof anLP problem,

CPLEX implementsoptimizersbasedon simplex algorithms(both primal anddual simplex). In the ex-

periments,theparticularoptimizeris automaticallyselectedby thesolver. Theworst caseanalysisshows

thatthesimplex methodandits variantsmayrequireexponentialnumberof stepsto reachanoptimalsolu-

tion
�����

. However, a vastamountof practicehasconfirmedthat in mostcases,thenumberof iterationsto

reachanoptimalsolutionis a linear functionof thenumberof variables
�

anda quadraticfunctionof the

problemconstraints� �����
. Thus,theexpectedcomputationaleffort of thepresentedprocedureis similar to

the ü 5 � ¸ �ñ; of thesimplex method.

Notethatthenumberof problemconstraints� is proportionalto thenumberof registersw andthenum-

berof localdatapathsx in thecircuit. Let 3 denotethenumberof input registersfor which theinitialization

constraintsaredefined.In theLP modelclock periodminimizationproblemshown in Table5.2, thereare

eight (8) constraintsfor eachregister, two (2) constraintsfor eachlocal datapath,andone(1) constraint

for eachinput register. Thus,the numberof constraintsin theproblemformulationis � =Å� we¤ � x ¤43 .
Theminimumclock period

-
is a problemvariable.Also, therearefive (5) problemvariablesdefinedfor

eachregister leadingto a total numberof
�ÿ= � wZ¤ �

variablesin the problemformulation. Thus, the

problemcomplexity is ü ó 5 � w)¤ � xK¤53 ; ¸ 5 � w)¤ �v; õ . Note that theexactcomputationalcomplexity cannot

bedeterminedsincetheinternalpresolver, matrix-sparsitycheckerandlarge-scaleoptimizer
�����������

routines

employedwithin CPLEX areproprietaryandunknown.

In the analysis,theminimum clock periodfor the zeroclock skew level-sensitive circuit is calculated

as4.66 (time units), which is a 33% improvementover the zeroclock skew edge-sensitive synchronous

circuit. Note that thepercentageimprovementis calculatedby theexpression
���
� 5Ô-/� P h A - � 213 ;�6 -/� P h . As

statedbefore,clock skew schedulingis appliedon the level-sensitive circuit in orderto generatethenon-

zeroclockskew level-sensitive circuit. Thecalculatedminimumclockperiodof 4.05for thenon-zeroclock

skew level-sensitive circuit is a 13% improvementover the zeroclock skew level-sensitive circuit anda

42%improvementover thezeroclock skew edge-sensitive circuit. Notethat13%improvementis only due

to clock skew scheduling,while 42% improvementis dueto time borrowing and clock skew scheduling.

Furtheranalysisof thetimeborrowing andclockskew schedulingeffectsoncircuit timing will bepresented
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Figure 6.2 Zero clock skew andnon-zeroclock skew clocking schedulesfor the synchronouscircuit in
Figure6.1.Theclockingschedulefor thezeroclockskew circuit is shown ontheleft, with aminimumclock
periodof BDCFEHGJIKI . Non-zeroclock skew schedulingresultswith a minimumclock periodof BFCFEHGMLON is
shown on theright. For non-zeroclock skew scheduling,theoptimalclock signaldelaysat theregisterareP�Q�R C�LSGMLON , PTQ"U CVLSGJWKXKN , PTQ�Y CVL and

PTQ�Z CVLSG[E�\]N . Thearrows representdatasignalpropagationon the
respective critical paths.Notethatunlike thepresentedcase,thecritical pathsfor zeroandnon-zeroclock
skew schedulingneednotbeidentical.

in Section6.2. The clocking schedulesand the datapropagationon the critical pathsof the circuit in

Figure6.1 in caseof zeroandnon-zeroclockskew schedulingareshown in Figure6.2.

6.1 Digital SynchronousCir cuit Stateof Operation

Presenceof datapath loops (cycles) and transientstateerrorsare two major issuesthat needsto be

identifiedin thetiming analysisof level-sensitive circuits.As discussedin Section4.2,theiterative solution

procedureofferedin ^`_ba�c wasshown to suffer from excessive run-timesandproducefalsenegative outputs

in presenceof datapathloops ^[X�EKc . In ^[X�EKc , modificationsareofferedfor the iterative algorithmin orderto

detectandhandletheeffectsof datapathloopsin thecircuit. Also in ^[X�EKc , it hasbeenshown thatsynchronous

circuitsareproneto suffer from transientstateerrors.Thetransientstateerrorsoccurdueto thenon-unique

solutionsetsof theproblemparameterŝ[X�EKc . In circuitsundertransientstateerrors,setupviolationsoccur

in certainregistersafter thesystemis initiated from a resetstate.Thearrival anddeparturetimesmaynot
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bestableat start-up,in which casethesetimeschangeduringinitial clock cycles,constitutingthetransient

state.As circuit operationprogressesin time, thearrival anddeparturetimesconverge to their steady-state

values.

Thereare two major conventionsin evaluating the transienterrorsand determiningthe steady-state

behavior. Thefirst conventionoverlooksthetransienterrorsandpresumesthatthedeparturetimesconverge

to theopeningedgeof thedriving clock, which is theexpectedschedulefor thesteady-stateof operation.

Thesecondconventionis morestrict in that transientstateerrorsarenot permitted.Thefirst conventionis

morewidely acceptedwithin theproposedsolutionalgorithmsandleadsto a generallyacceptablesolution

unlessthetransientstateoperationof thelevel-sensitive circuit is decisive to overallcircuit operation.Given

thatthesecondconventionis adopted,theresetstateis preferablyextendeduntil thesteadystateof operation

is reached̂[X�EKc .
TheLP modelproposedin this work assumesthetransient-stateoperationof a level-sensitive circuit to

benegligible. Theaimof thegeneratedmodelis tosolvefor thesteady-statetimingschedulingproblem.The

simplex algorithm-basedLP solverdirectsthegradualadvancementof parametervaluesasthey areenforced

by theLP model(Table5.2). Previously offeredalgorithmsarevulnerableto potentialfallaciescausedby

datapathloopsdueto their iterative nature.However, in thepresentedprocedure,complicationsposedby

the presenceof datapath loopsareresolved within the mechanicsof the LP solver without significantly

affectingtherun-timeor quality of thesolution. If theproblemremainsfeasible,thetiming parametersfor

thesteadystateoperationof thecircuit arecalculated.

In order to illustrate the describedphenomenon,the steady-stateoptimal timing schedulefor the IS-

CAS’89 benchmarkcircuit s27 is presentedin Figure6.3. Thecircuit s27hasoneinput registeranda data

pathloop consistingof two otherregisters.Thedatasignaldepartsfrom input register dfe andperpetually

propagateson the loop betweendhg and dfi . The minimum clock period is calculatedto be EHGj_ , where

the calculatedpropagationdelaysareindicatedon the circuit graph. Note that the propagationdelaysare

calculatedto beconstantsusingtheauthors’genericdelaycalculationprocedure.This factdoesnot effect

the generalityof the solution and the inclusionof variablepropagationdelay in the problemsolution is

straightforward.
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Figure 6.3 Theoptimizedtiming schedulefor thebenchmarkcircuit s27operablewith a minimumclock
periodof B4C�EHGj_ . Notethat ���j��&� C4���j��>����� d ��� d � and � � C�� � C�� ���� C4� �� � C4L areconsidered.

In Figure6.3,thedatapropagationoccurringonall datapathsof the ��XO\ benchmarkcircuit is analyzed.

Theclock signals���u� Q R � ���t� Q U and ���u� Q Y , wherethesubscriptsindicatetheregisterbeingsynchro-

nizedby theclocksignal,build theframefor theanalysis.Theclocksignalsmaynotbecompletelyaligned

in time dueto the non-identicalclock signaldelaysto the respective registers. The clock signal ���t� Q�Y
at the input register dfe hasno delayin time with respectto theclock signalat theclock source � P e C�L¢¡ .
Hence,theorigin of theclock signalat thesourceis alignedwith theorigin of ���t� Q�Y . Theclock signals

���u� Q>R and ���t� Q�U however, areshiftedin timeby
P g£C�¤¥GJa and

P i C¦_]GJ¤ relative to theorigin of theclock

signalat thesource.Thehorizontalaxisof Figure6.3 representsthe time, wherethebeginning �¨§ª©4_«¡¬B
of the § -th clock cycle of ���u� Q�Y , is definedasthe local time reference,with an assignedvalueof zero.

In Figure6.3, the numbersassociatedwith the enablingandlatchingedgesof the clock signalslabel the

timeswith respectto the local time reference.Thearrows illustratethepropagationbetweenthe registers

andaredrawn to scale.Illustrationof thedatapropagationonthreeconsecutive clockcyclesaresufficient to
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analyzethebehavior of thedatapathloop of thebenchmarkcircuit ��XO\ ; the § -th, �¨§�­4_«¡ -th and �¨§h­®XO¡ -th
clock cyclesareselectedto illustratethebehavior. Thesolid arrows representthedatapropagationduring

the selectedclock cycles. For instance,the propagationbetweend¯e and dhg is representedby the arrows

initiating from the ���t� Q Y row at times X¥GMLON and I¥Gj_bN , andconcludingat the ���u� Q U row at times a¥GJIKN and

_bX¥G°\]N , respectively. Datapropagationonthedatapathloopbetweentheregistersd g and d i is visibleby the

cross-structuredarrows initiating andconcludingin thecorrespondingclock signalrows. Notethatthecal-

culatednominalarrival anddeparturetimesareillustratedon thecircuit graph,insidetheboxesassociated

with eachnode.

In steady-stateof operation,thedeparturetimesof theregistersthatconstituteadatapathloopconverge

to the beginning of their respective clock cycles. The circuit s27 in Figure6.3 is scrutinizedin order to

provide a betterinsight on how the latestdeparturetimesconverge to a certainvalue in the steady-state.

Definea variable ± , where ± is a very small periodof time. Supposethat a deviation of ± occursin the

departuretimeof thedatasignalfrom dfe . Thesignaldeparturefrom dfe occursat time2.05+± , delayingthe

arrival timesat d²g and dfi by ± . Thedeparturefrom dfi is graduallydelayedby ± every turn,which in turn

delaysthearrival time at dhg . Thearrival anddeparturetimescumulatively increasein eachturn of thedata

signalaroundthe loop. Eventually, thesignalarrivalsat the latchesoccurduring thenon-transparentstate

of thelatches.At thispoint, thesignaldeparturetimesreturnto their startingvalues,whicharethelatching

edgesof theirrespectiveclockcycles.It is evidentthatthearrival timeswill finally berestoredto their initial

valueswhenthesourceof thedeviation vanishes.Thus,theassignmentof thetime-varyingdeparturetimes

to theenablingedgesof thesynchronizingclocksignalsis referredto asthesteady-stateof operationfor the

synchronouscircuit.

6.2 PerformanceResultsof the Procedure on the ISCAS’89 Benchmark Cir cuits

The timing analysisalgorithm describedin this thesisis appliedon the selectedsuite of ISCAS’89

benchmarkcircuits in orderto derive theperformanceresultsandillustratetheefficiency of thepresented

algorithm.Theoriginal ISCAS’89benchmarkcircuitsareedge-sensitive synchronouscircuitsandthespe-

cific timing informationof differentcircuit elementsis not defined.A genericdelaycalculationprocedure
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is generatedin order to provide timing informationfor eachlocal datapath. The datapropagationtimes³ � �j��²´ on local datapathsarecalculatedusingpre-determineddelaytimesfor eachlogic gatetype. The

numberof fanoutbranchesoneachnodeis alsoconsideredeffective on thedatapropagationtime.

Thelevel-sensitive circuit is generatedby replacingeachflip-flop in theoriginalbenchmarkcircuit with

a level-sensitive latchasexplain in Chapter6. Notethat this proceduredoesnot affect theoperationof the

original circuit andpreservesthecircuit topology. In experimentation,50%duty cycle is selectedboth for

thesinglephaseclock signal.Without affectingthegeneralityof thesolution,thesetupandhold timesand

the internaldelaysareassumedto be zero( � � Cµ� � Cµ� ��� Cµ� � � CµL ). The considerationof these

numericconstantsin anactualproblemis straightforward. Edge-sensitiveand level-sensitivesynchronous

circuit implementationsareanalyzedfor zero andnon-zero clock skew schedulingapplications.Theeffects

of time borrowing andclock skew schedulingin circuit implementationareinvestigated.Theresultsof the

analyses—computedona440MHzSunUltra-10Workstation—arepresentedin Table6.1.For eachcircuit,

the following dataarelisted—thecircuit name,the numberof registers ¶ andthe numberof paths· , the

clock periodsB ¸]¹�º¬»½¼¿¾À�À for a zeroskew circuit with flip-flops, B ¸]¹�º¬»½¼¿¾Á for a zeroskew circuit with latches,

B¯º¿»½¼¬¾&¼¿ÂÀ�À for anon-zeroskew circuit with flip-flops, B¯º¿»Ã¼¿¾&¼¿ÂÁ for anon-zeroskew circuit with latches,and B ÄÁ
for a non-zeroskew circuit wheretheclock delaysto I/O registersarerestrictedto beequal.ThesubscriptsÅ�Å � � representcircuit topologiesfor flip-flop basedandlatch-basedcircuits,respectively. Thesuperscripts

Æ>Ç �È§HÉbÊ � ��§HÉ�ÊfÉbË indicatezero or non-zeroclock skew scheduling. Also listed are the calculationtime

of B º¿»½¼¬¾&¼¿ÂÁ ,
P º¬»½¼¿¾"¼�ÂÁ , andthe clock periodimprovementsÌKÍ"ÎÁ , Ì ��Ï¢ÏÀ�À and ÌOÍ"Î ��Ï�ÏÁ , wherethe superscripts

B�Ð � �²�t� � B�ÐÑ�²�Ò� standfor time borrowing, clockskew schedulingandboth,respectively.

Theminimumclock periodscalculatedfor theedge-sensitive synchronouscircuitsunderzeroandnon-

zero clock skew scheduling( B ¸]¹�º¬»½¼¿¾À�À and B º¬»½¼¿¾"¼�ÂÀ�À , respectively) areborrowed from ^`_bX�c . It is reported

in ^`_bX]c that, due to clock skew scheduling,an averageimprovementof 30% is reportedin the minimum

clock periodfor theISCAS’89benchmarkcircuits.

Theexperimentalresultsshown in Table6.1 representsignificantimprovementsin theminimumclock

periodfor synchronouscircuitswith level-sensitive latches.In digital synchronouscircuits,utilizing latches

as memoryelementsinsteadof flip-flops may result in up to 33% improvementof the minimum clock
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Table 6.1 ISCAS’89 benchmarkcircuits resultsshowing the numberof registers ¶ andpaths· (before
modification).Optimalclockperiods,improvementsandcalculationtimearedenotedby B , Ì and

P
, respec-

tively. Subscripts
Å�Å � � representcircuit topologiesfor flip-flop basedandlatch-basedcircuits,respectively.

SuperscriptsÆ>Ç ��§HÉ�Ê � �È§HÉbÊ¯É«Ë � ¶ indicatezeroor non-zeroclock skew andrestrictedcircuit (for clock peri-
odsonly), and B�Ð � �²�Ò� � B¯Ð��h�Ò� standfor timeborrowing, clockskew schedulingandboth,respectively.

Cir cuit Inf o Zero CS I (%) Non-Zero CS I (%) T (sec) R I (%)
Circuit Ó Ô Õ×Ö�Ø¬Ù¨Ú�ÛÝÜÞ�Þ Õ×Ö�Ø¬Ù¨Ú�ÛÝÜß àbáKâß Õ×ÙÝÚ�ÛÝÜKÛäãÞ�Þ ÕåÙ¨Ú�ÛäÜKÛäãß à«æ�çbçÞ�Þ àbáKâ¥æ¢çbçß à«æ¢çbçß è Ù¨Ú�ÛÝÜKÛäãß Õåéß à éß
s27 3 4 6.6 5.4 18 4.1 4.1 38 38 24 0.02 4.1 38
s208.1 8 28 12.4 8.6 31 4.9 5.2 60 58 40 0.01 7.6 39
s298 14 54 13 10.6 18 9.4 9.4 28 28 11 0.02 10.6 18
s344 15 68 27 18.4 32 18.4 18.4 32 32 0 0.03 18.4 32
s349 15 68 27 18.4 32 18.4 18.4 32 32 0 0.03 18.4 32
s382 21 113 14.2 10.3 27 8.5 8.5 40 40 17 0.04 8.72 39
s386 6 15 17.8 17.3 3 17.3 17.3 3 3 0 0.03 17.3 3
s400 21 113 14.2 10.4 27 8.6 8.6 39 39 17 0.05 8.8 38
s420.1 16 120 16.4 12.6 23 6.8 7.2 59 56 43 0.04 10.27 37
s444 16 113 16.8 12.4 26 9.9 9.9 41 41 20 0.07 9.9 41
s510 6 15 16.8 14.8 12 14.8 14.3 12 15 3 0.02 14.8 12
s526 21 117 13 10.6 18 9.4 9.4 28 28 11 0.05 10.6 18
s526n 21 117 13 10.6 18 9.4 9.4 28 28 11 0.05 10.6 18
s641 19 81 83.6 66.2 21 61.9 61.9 26 26 6 0.05 63.1 25
s713 19 81 89.2 71.2 20 63.8 63.8 28 28 10 0.05 65 27
s820 5 10 18.6 18.3 2 18.3 18.3 2 2 0 0.01 18.3 2
s832 5 10 19 18.8 1 18.8 18.8 1 1 0 0.01 18.8 1
s838.1 32 496 24.4 20.6 16 8.3 9.1 66 63 56 0.28 15.6 36
s938 32 496 24.4 20.6 16 8.3 9.1 66 63 56 0.31 15.6 36
s953 29 135 23.2 21.2 9 18.3 18.3 21 21 14 0.10 21.2 9
s967 29 135 20.6 17.9 13 16.2 16.6 21 19 7 0.08 17.9 13
s991 19 51 96.4 91.6 5 79.4 79.4 18 18 13 0.02 79.4 18
s1196 18 20 20.8 16 23 10.8 7.8 48 63 51 0.03 16 23
s1238 18 20 20.8 16 23 10.8 7.8 48 63 51 0.01 16 23
s1423 74 1471 92.2 86.4 6 77.4 75.8 16 18 12 1.10 75.8 18
s1488 6 15 32.2 29 10 29 29 10 10 0 0.02 29 10
s1494 6 15 32.8 29.6 10 29.6 29.6 10 10 0 0.01 29.6 10
s1512 57 415 39.6 34.8 12 34.8 34.8 12 12 0 0.28 34.8 12
s3271 116 789 40.3 29.8 26 28.6 28.6 29 29 4 0.69 29 28
s3330 132 514 34.8 23.4 33 17.8 17.8 49 49 24 0.49 23.2 33
s3384 183 1759 85.2 77.4 9 67.4 67.4 21 21 13 1.88 76.2 11
s4863 104 620 81.2 75.4 7 69 69 15 15 8 0.64 69 15
s5378 179 1147 28.4 23.2 18 22 22 23 23 5 1.66 22 23
s6669 239 2138 128.6 124.6 3 109.8 109.8 15 15 12 3.62 109.8 15
s9234 228 247 75.8 64.8 15 54.2 54.2 28 28 16 4.59 59.2 22
s9234.1 211 2342 75.8 64.8 15 54.2 54.2 28 28 16 3.88 59.2 22
s13207 669 3068 85.6 67.4 21 57.1 57.1 33 33 15 14.86 57.1 33
s15850 597 14257 116 92.8 20 83.6 83.6 28 28 10 76.96 83.6 28
s15850.1 534 10830 81.2 71.4 12 57.4 57.4 29 29 20 58.89 57.4 29
s35932 1728 4187 34.2 34.1 0 20.4 20.4 40 40 40 80.03 20.4 40
s38417 1636 28082 69 54.8 21 42.2 42.2 39 39 23 603.49 43 39
s38584 1452 15545 94.2 76.4 19 65.2 65.2 31 31 16 321.74 64.8 31
Average 204 2141 44.7 38.1 15 29.6 32.6 30 27 14 28.01 34.29 23.74
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periodunderzeroclockskew. OntheISCAS’89suiteof benchmarkcircuitsfor instance,anaverageof 15%

improvementis observedwhentheflip-flopsarereplacedby latches(underzeroclockskew). Therecorded

improvementis solelydueto timeborrowing.

Utilizing non-zeroclock skew, anevenhigherimprovementis possible:up to 63%improvement—over

flip-flop basedsynchronouscircuit with zeroclock skew—is observed. The averageimprovementin the

minimumclock periodin this caseis calculatedto be 27%. The recordedimprovementis dueto simulta-

neousapplicationof clock skew schedulingandconsiderationof time borrowing. Note that thefunctional

characteristicsof any synchronouscircuit mustnotbeaffectedby replacingtheflip-flopswith level-sensitive

latches.In addition,theclockskew distribution of acircuit blockmustbeperformedconsideringadditional

application-specificconstraintssuchasgloballayoutdesignrestrictionson placementandrouting.

As mentionedearlier, the improvementin the minimum clock period for non-zeroclock skew level-

sensitive circuits is due to simultaneousconsiderationof time borrowing and applicationof clock skew

scheduling. The improvementdue to time borrowing is 15% and the improvementdue to clock skew

schedulingis 14%. It is interestingto note that the improvementsachieved throughtime borrowing and

clockskew schedulingarenot fully additive in definingtheoverall improvement.Timeborrowing andclock

skew schedulingarecontradictoryeffectsin performanceimprovement,thusleadingto thedegradationin

the overall improvement. Thereis a limited amountof slackpropagationtime on the critical pathsanda

circuit wheretimeborrowing is abundantlyrealized,cannotbenefitasmuchfrom clockskew scheduling.It

hasbeenshown however, thateventhoughtime borrowing andclock skew schedulingarebattlingeffects,

dramaticallyshorterclock periodsareachievablethroughthecollaborationof botheffects.

Thezeroclock skew level-sensitive circuit implementationis analogousto thecircuitspreviously ana-

lyzedin ^`_ � XKNÈc , whichalsosolvefor theclockperiodminimizationproblem.Notethatunlike theunit-delay-

per-gateapproachusedin ^`_ � XKN�c , thecombinationallogic delayis calculatedby assumingdifferentdelay

timesfor eachlogic gatetypeandconsideringeffectsof fanouton thepropagationtime. Thus,theobtained

resultsarenot directly comparableto thepreviously publishedalgorithmresults.However, presumingthe

accuracy andcorrectnessof bothprocedures,thelistedresultsfor B ¸]¹�º¬»½¼¿¾Á presentthestateof improvement

achievedthroughpreviouswork in theliterature.
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It is evident that a fair comparisonof the run timesfor the previous andpresentedproceduresis not

feasibledueto the differencesin the problemformulations. Without any formal proof, assumingthat the

proceduredescribedin this thesisandpreviously publishedalgorithmsareequivalentformulationsfor the

clock periodminimizationproblem,the calculatedminimum clock periods B�¸�¹�º¿»Ã¼¿¾Á areusedin order to

comparethe improvementsachieved throughbothapproaches.As will bediscussedshortly, simultaneous

considerationof time borrowing and clock skew schedulingin the proposedprocedureresultsin higher

improvements( ÌOÍ"Î ��Ï�ÏÁ ) comparedto considerationof time borrowing andconstantclock skew in thepre-

viouslypublishedalgorithms.Therefore,theprocedurepresentedin thiswork is superiorin termsof circuit

improvement.A comparisonof algorithmrun-timesis not rational,however, astheproblemformulations

arenonidentical.

6.3 Verification and Inter pretation of Results

Certainsynchronouscircuitsareinoperablewith level-sensitive latchesor fail to satisfythetiming con-

straintsdueto predeterminedcircuit or clock treetopologies.In suchcircuits, the minimum clock period

problemis infeasible.Theproposedtiming analysisprocedureeasilydetectstheinfeasibility of a problem

andprovides diagnosticsmessages.The slackandexcessvaluesassociatedwith eachconstraintcanbe

examinedin thesensitivity analysisoutputprovided by theLP solver. Eventhoughthedetailswill not be

discussedhere,careful interpretationof the sensitivity output leadsto the identificationof the necessary

modificationson the circuit topologyto achieve the desiredoperatingfrequency. The sensitivity analysis

outputof the LP solver CPLEX for the timing analysisdiscussedin AppendicesA andB is presentedin

AppendixC.

The interpretationof the timing schedulefor a synchronouscircuit presentsa modelto investigatethe

effectsof zeroandnon-zeroclock skew schedulingon synchronouscircuit operation. In the restof this

section,the timing schedulesgeneratedfor the synchronizationof the ISCAS’89 benchmarkcircuit s938

with zeroandnon-zeroclock skew schedulingareanalyzed.Theanalysesincludethedatadistributionsfor

variousparameters,whicharepresentedin Section6.3.1.Theverificationof clockskew valuesis discussed
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Figure 6.4 Distribution of datapropagationtimesfor s938with ¶êCF¤KX registersand·�C<E¢WKI datapaths.
Theheightof eachbarcorrespondsto thenumberof pathswithin a givendelayrange.For example,there
arenine(9) pathswith delaysbetween4 and5 timeunits.

in Section6.3.2. In Section6.3.2,theskew constraintsof Section4.1.4areusedto derive lower andupper

boundson clock skew.

6.3.1 Parameter Data Distributions

In Section3.2, datapropagationtime ���j�� is definedastheperiodof time thedatais processedin the

combinationallogic blockof alocaldatapath d � � d � . Without lossof generality, anempiricalcalculation

methodis usedto calculatethedatapropagationtimesof eachlocal datapathof a circuit (a simplefan-out

delaymodelis usedastiming datais not includedin theISCAS’89benchmarkcircuits).Thedistribution of

thecalculateddatapropagationtimesfor theISCAS’89benchmarkcircuit ��WK¤Ka is illustratedin Figure6.4.

Definetheeffectivepathdelay ^`_bX]c asthetime periodbetweenthedepartureof thedatasignalfrom the

initial registerandthearrival of thesamedatasignalat thefinal register. Theeffective pathdelayof a local

datapathdiffersfrom datapropagationdelay, becauseof theadditionalpropagationtimeprovidedby clock

skew andthe time borrowing propertyof level-sensitive synchronouscircuits. Note that in level-sensitive

synchronouscircuits,theeffective pathdelayis definedwithin a permissiblerangeinsteadof a fixedvalue,

asthearrival anddeparturetimesareindeterminate.Thenominaleffective pathdelayis determinedwhen

thearrival anddeparturetimesarerealizedin run-timeascertainvaluesin thepermissiblerangeŝ ë � �	ì � c
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Figure 6.5 Distribution of themaximumeffective pathdelaysin datapathsof s938for zeroclock skew.
The target clock period is B = 20.6. The heightof eachbar correspondsto the numberof pathswith an
effective pathdelaywithin agivenrange.

and ^ Ë � � � � c , respectively. Specifically, theshortesteffective pathdelayoccurswhenthedatasignaldeparts

at its latesttime � � from theinitial register d � andarrivesat its earliestarrival time ë � at thefinal register

d � . The longesteffective pathdelayis realizedby theearliestdepartureË � of thedatasignalfrom d � and

latestarrival ì � at d � . Hence,theinterval for theeffectivepathdelayof level-sensitivesynchronouscircuits

canbedefinedas:

ë � ©î� � ©ïB º¿»Ã¼¿¾ �äð ��ñ ¡�­òBFó Effective pathdelay ó ì � ©îË � ©ïB º¿»½¼¬¾ �äð ��ñ ¡>­òB G (6-1)

In this work, the longesteffective pathdelay is investigatedin order to illustrate the effectsof clock

skew andtimeborrowing ondatapropagation.Theaim is to observe theincreasein theeffective pathdelay

of a circuit, which in turn leadsto a higheroperatingfrequency, by replacementof flip-flops with latches

andintroducingnon-zeroclock skew. Observe that thedistribution of thepropagationdelaysfor the ��WK¤Ka
benchmarkcircuit presentedin Figure6.4 is exactly thesameasthedistribution of theeffective pathdelay

of thesamebenchmarkcircuit �ÈWK¤Ka , whenoperationalwith flip-flops (underzero-clockskew). In circuits

with flip-flops,theeffectivepathdelaysaredeterminateôj���j�� ©ïB º¬»½¼¿¾ �äð ��ñ ¡¬õ asthedatadeparturesoccurat

theactive transitionof theclock signal.
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with aneffective pathdelaywithin agivenrange.

Thedistribution of themaximumeffective pathdelaysof thelevel-sensitive s938circuit with zeroclock

skew schedulingis shown in Figure 6.5. Note that the maximumeffective path delay is calculatedby

the expression ^ ì � ©öË � ©÷B º¿»½¼¬¾ �äð ��ñ ¡>­ùø �j� c . It is observed by comparingFigures6.4 and 6.5 that the

maximumeffective pathdelaysare increasedin the level-sensitive circuit, aswell asproviding a smaller

minimum clock period úÝB ¸]¹�º¬»½¼¿¾À�À C�X�EHG[E v.s. B ¸]¹�º¬»½¼¿¾Á C�X]LSGJIKû . The increasein the effective pathdelays

is dueto time borrowing. Cumulationof effective pathdelayvaluesslightly below or above theminimum

operatingclock period B
C
X]LSGJI is visible. Notethat theeffective pathdelayhaving largervaluesthanthe

minimum clock period is a sufficient but not a necessaryconditionfor time borrowing. Thus, local data

pathswheretheeffective pathdelayis calculatedto besmallerthan BüCýX]LSGJI maystill benefitfrom time

borrowing. Furthermore,it canbe observed that certaindatapathsin the circuit benefitmore from time

borrowing, realizinganeffective pathdelaycloseto thetheoreticallimit of þ%ø �%� ­ù� Áÿ © B º¬»½¼¿¾ �äð ��ñ ¡ � .
6.3.2 SkewAnalysis

As discussedthroughoutthis thesis,non-zeroclock skew schedulingin synchronouscircuits permits

smallerclock periods.Note that in presenceof non-zeroclock skew, the effective pathdelayfor the data

signalover adatapathmostlikely getssmallercomparedto its valueobservedin zeroclock skew schedul-
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ing. This fact is directedby Eq. (6-1) ( B getssmaller). However, as the minimum clock period B gets

smaller, the percentageof the datapaths,on which the effective pathdelayexceedsthe minimum clock

period,significantlyincreases(seeFigure6.6). Theeffect of clock skew on improving theminimumclock

periodis visible by comparingthehistogramspresentedin Figures6.5and6.6.

Theskew constraints[Eqs.(4-7), (4-8) and(4-9)] introducedin Section4.1.4canbeincludedin theLP

model(Table5.2)in orderto ensurethecorrectnessof thesolution.Theskew constraintsnotonly constitute

anextrameasureto checkfor thefeasibilityof thesolutionbut arealsousedin collectingstatisticaldataon

clockskew values.Interpretationof Eqs.(4-11)and(4-13)leadto theupperandlowerbounddefinitionsfor

theclockskew. In orderto generateanexpressionfor theupperbound,Eq.(4-11)rewritten as:

� � ­5���j��>� © ø �j� ­òB º¿»Ã¼¿¾ �äð ��ñ ¡ ó®B�©ò� � G (6-2)

In Eq. (6-2), theearliestpossibletime is assignedto � � in orderto realizetheupperboundon clock skew.

Theearliestpossibletime thata datasignaldepartsfrom a latch is � ��� later thanthe leadingedgeof the

clock signal, ú B�©ò� Áÿ ­ � ��� û . Reorderingtheexpressiongivestheupperboundon clockskew:

B º¬»½¼¿¾ �äð ��ñ ¡£ó�ø �j� ­ù� Áÿ ©î���j��>� ©î� ��� ©ò� � G (6-3)

Thelower boundon theclock skew is derivedsimilarly from Eq.(4-13),which leadsto:

ë � ­®���j��&��� ø �j� ©ïB º¬»½¼¿¾ �äð ��ñ ¡>­®� � G (6-4)

In order to derive the lower bound,the dataarrival time at d � must be consideredto occur at its latest

possibletime. The latestdataarrival time is the setuptime � � earlier thanthe trailing edgeof the clock

signal, B�©î� � . Thus,thelowerboundon theclockskew is:

B º¬»½¼¿¾ �äð ��ñ ¡ � ø �j� ©ïB�©ö� �j��&� ­ù� � ­5� � G (6-5)

CombiningEq.(6-3) andEq.(6-5), thetheoreticallimits onclock skew is expressedasfollows:

ø �j� ©÷B�©ö���%��&� ­ù� � ­ � � ó®B º¿»Ã¼¿¾ �äð ��ñ ¡ ó�ø �j� ­�� Áÿ ©÷���j��>� ©ö� ��� ©ò� � G (6-6)
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Figure 6.7 Distribution of the clock skew valuesof the non-zeroclock skew casefor s938. The target
clock period is B C W¥GMLOaKNO\¥_½E . The heightof eachbar correspondsto the numberof pathsformedby
sequentiallyadjacentpair of registerswhichhave aclockskew within thegivenrange.

Recall that in experimentation,the parameters� � � � � ��� � � � � � � areconsideredzeroand50% duty

cycle is selectedfor thesingle-phasesynchronizationclock signal.In orderto evaluatetheupperandlower

boundson clock skew in this simplifiedcase,theparametersaresubstitutedin Eq. (6-6):

© ���j��&� ó®B º¬»½¼¿¾ �äð ��ñ ¡ ó<_]GJNÈB4©ö���j��>� G (6-7)

Specificallyon theISCAS’89benchmarkcircuit s938, theclock skew boundsareverifiedusingtheexper-

imentalvaluesshown in Figure6.4. For thebenchmarkcircuit s938with a minimumclock periodof 9.09,

theminimumandmaximumpropagationdelaysarecalculatedto be5 and24.4,respectively. Thus,thevalue

setfor theclock skew variableon thedatapathsof s938is constrainedby © X�EHG[E�ó®B º¿»Ã¼¿¾ �äð ��ñ ¡ ó�a¥GJI�E .
The distribution of the clock skew valuesof s938, when operablewith a minimum clock period of

W¥GMLOW , is presentedin Figure6.7. The calculatedclock skew valuesarewithin the derived limits, mostof

which arenegative. Negative clock skew betweenregistershelp improve theminimumclock periodof the

synchronouscircuit dueto theadditionaltime it providesfor datasignalpropagation.The datapaths,on

which positive skew is recorded,mostlikely occurdueto two reasons.Thefirst reasonis thepresenceof

datapathloopswithin thecircuit. Thesecondreasonarethe—faster—pathswhich provide extra time for

neighboringcritical paths.
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Figure 6.8 Distribution of the clock delayvaluesof the non-zeroclock skew casefor s938. The target
clockperiodis B4C<W¥GMLOaKNO\¥_½E . Theheightof eachbarcorrespondsto thenumberof latchesbeingdrivenby
aclock signalwith a timedelaywithin thegivenrange.

Thedistribution of theclock delaysto eachregisterpresentedin Figure6.8. Thedistribution is signif-

icantly wide-spread,rangingfrom 0 to 19 (time units),wheretheminimum clock periodis B C W¥GMLOW . If

theclock treenetwork of thesynchronouscircuit is implementedto accommodatefor thesenominalclock

delays,operationat thetargetminimumclock periodis achieved.

6.4 Further Considerations

ThepresentedLP modelformulationis demonstratedto beeffective for thestatictiming analysisof syn-

chronouscircuits. In theanalyses,classicalcircuit implementationsareinvestigated,suchthat,noadditional

timing dependenciesbetweentheregistersof a synchronouscircuit, otherthanthedependenciesleadingto

thepredefinedtiming constraints,areprescribed.As theapplication-specificintegratedcircuit (ASIC) de-

signtechniquesbecomewide-spreadandwith thegrowing impactof secondaryeffectson theoperationof

sub-microndevices,theneedfor a timing analysismodel,meritedto accommodatefor application-specific

constraints,becomesessential.Unlike thepreviouswork, thepresentedformulationis highly amenableto

suchmodifications,constitutingawell-definedtiming analysisframework.
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The following describesa potentialproblemin the timing analysisof SOCdesigns.In an ASIC/SOC

implementation,theclock signaldistribution betweendifferentIP blocks(or clock domains)aresubjectto

considerationaswell as the distribution of the clock signalwithin an IP block. The clock delaysto the

I/O registersof a synchronousIP block arelessflexible comparedto theclock signaldelaysto the internal

registers. It is likely that the timing analysiswill be performedon individual IP blocksby the vendors,

without a priori informationof the applicationenvironment. Therefore,timing violationsmay occur on

outgoing(non-local,intra-block)datapaths,astheclock skew on thesedatapathswill beunaccountedfor

in theinitial computation.A simplesolutionto avoid timing violationsbetweentheIP blocksis to equalize

all I/O registerclock delayvalues.In thepresentedframework, additionaltiming constraintsenforcingthe

equalityof theclock signaldelayscaneasilybeintegratedinto theconstraintssetof theLP modelproblem

presentedin Table5.2.

Another commonly encountereddesignconstraintis to implementa predetermined—possiblynon-

optimal—clocktreenetwork for the synchronouscircuit. If the clock treetopologyis predetermined,the

minimum clock periodproblemmustbe solved with known clock delaysto eachregister. The LP model

presentedin Table5.2 caneasilybe modified to accountfor suchchanges,by assigningthe given clock

signaldelaysto therespective clockdelayvariables.
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7.0 CONCLUSIONS AND FUTURE WORK

The timing analysisandoptimizationof synchronouscircuits aresubjectto non-zeroclock skew (in-

tentionalor not) andothereffectsof processparametervariations. A novel timing analysisprocedureis

introduced,which considersthesimultaneousapplicationof time borrowing andclock skew schedulingto

improve the performanceof level-sensitive synchronouscircuits. The describedprocedureis the first to

integratenon-zeroclock skew schedulingin the timing analysisof level-sensitive circuits. The procedure

is basedon a stand-aloneLP modelformulation(to besolvedby any standardLP solver) which constitutes

a novel timing analysisframework for level-sensitive synchronouscircuits. The timing framework is for-

mulatedfor a single-phasesynchronizationscheme.The optimal clocking andtiming schedulesfor data

propagationbetweenregistersarecomputedasa resultof thetiming analysis.

In thisthesis,thedescribedtiming analysisframework is usedto automatetheclockperiodminimization

problemof level-sensitive synchronouscircuits. Accuratetiming analysesof relatively biggerbenchmarks

areperformedby usingtheMBM methodin orderto generateequivalentLP modelproblems.Thegener-

atedLP modelformulationis sufficiently generalandcanbemodifiedto accommodateapplication-specific

constraintsandtiming properties.Thestand-alonenatureof thepresentedtiming framework supportseasy

adaptationto varioustiming optimizationproblemssuchastheclockperiodverificationproblemandstatis-

tical timing analysis.

The work presentedin this thesishasbeenpublishedin ^[XKI –XKa�c . In ^[XKI � XO\Èc and the thesis,single-

phasesynchronizationof level-sensitive circuits is analyzed.The proposedformulation(Section4.3) and

solution(Section5) procedurescanbemodifiedsothattheseproceduresapplyto multi-phasesynchronized

circuits.Theformulationof thetiming analysisof level-sensitive circuitsfor multi-phasesynchronizationis

addressedin ^[XKa]c . Otherenhancementsontheformulationof thetiming analysisof synchronouscircuitsfor

multi-phasesynchronizationareamongfuturedirectionsof research.

A potentialdirectionof researchis to develop analgorithmto determinetheoptimal numberof clock

phasesfor any givenlevel-sensitive circuit. It is shown in ^[XKa]c that theoptimalnumberof clock phasesfor

any two level-sensitive circuitsneednot beidentical.Theoptimalnumberof clock phasesin a multi-phase
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synchronizationschemeis fully dependenton thespecificdesign.In general,asthenumberof clockphases

increases,themaximumoperatingfrequency of thecircuit increasesat theexpenseof circuit area.It maybe

possibleto formulateanoptimizationproblemto solve for theoptimalnumberof clockphasesfor any given

level-sensitive circuit, by formulatingthetrade-off betweentheincreasein circuit areaandtheimprovement

in themaximumoperatingfrequency.

Finally, the problemdefinition can be improved by targeting the statistical timing analysisof level-

sensitive circuits insteadof thestatic timing analysis.Thetiming analysisproceduresofferedin this thesis

definesstatictiming variablesin orderto modelcircuit timing. Thedifferencebetweena statictiming vari-

ableanda statisticaltiming variableis that, a static timing variableidentifiesthe permissiblerangefor a

variable,but doesnot identify the probability of that variablehaving a particularvalue in the given per-

missiblerange.While thestatictiming analysisidentifiesthecircuit operationat theoperatingfrequency

margins,it fails to provide aprobabilisticprofile for differentstatesof circuit operation.Thestatisticaltim-

ing analysisof a synchronouscircuit is performedin orderto derive theprobabilitiesof a circuit operating

at any feasiblefrequency (or moregenerally, at any feasibletiming schedule).It may be possibleto use

theproposedformulationasa templateor a well-definedstartingpoint in orderto derive a novel problem

formulationfor thestatisticaltiming analysisof level-sensitive circuits. In very deepsub-micron(VDSM)

circuits, theuncertaintyin circuit operationincludingtheuncertaintyin theprecisionof circuit timing sig-

nificantly increases.This fact leadsto the growing attentionof the digital circuit designersto statistical

timing analysisapproachesfor synchronouscircuits.Statisticaltiming analysisis worth exploring in future

research.
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APPENDIX A

NONLINEAR PROBLEM FORMULA TION

ThisappendixdemonstratestheNonlinearProgramming(NLP) modelproblemformulationof theclock

periodminimizationproblem.Thecircuit network shown in Figure6.1 is investigatedfor theclock period

minimizationproblemandthe NLP modelproblemformulation is demonstrated.The circuit network in

Figure6.1 is presentedin FigureA-1 for convenience.
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Figure A-1 A simplesynchronouscircuit.

(Obj) �Dð Æ B
suchthat

(i) LatchingConstraints- Hold Time

ë�g � L ë�i � L
ë¥e � L ë�� � L

(ii) LatchingConstraints- SetupTime

ì gt©ïBFó�L ì i ©ïB
óùL
ì e ©ïBFó�L ì � ©ïB
óùL
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(iii) SynchronizationConstraints- EarliestTime

Ë g£C����! >�Ýë g � LSGJNÈB�¡ Ë¢i C��"�! ��Ýë¥i � LSGJNÈBf¡
Ë�e C����! >�Ýë�e � LSGJNÈB�¡ Ë#��C��"�! ��Ýë$� � LSGJNÈBf¡

(iv) SynchronizationConstraints- LatestTime

� g C%���! �� ì g � LSGJNÈBf¡ � i C����! >� ì i � LSGJNÈB�¡
��e C%���! �� ì e � LSGJNÈBf¡ �&��C����! >� ì � � LSGJNÈB�¡

(v) PropagationConstraints- EarliestTime

ë¥i C���')(�^%�ÝËHg×­5X¥GJW ­ P gt© P i ©ïBf¡ � �¨Ë�et­5N ­ P e © P i£©÷Bf¡ � �ÝË#�u­ù¤ ­ P � © P i ©ïB�¡¬c
ë¥e C4Ë g×­5¤ ­ P gt© P e ©ïB
ë$��C4Ë�et­5X¥GJN ­ P e © P � ©÷B

(vi) PropagationConstraints- LatestTime

ì i C����! �^j�Ý�ªg×­5¤�­ P gt© P i ©ïBf¡ � �¨��et­�\ ­ P e£© P i ©ïBf¡ � �Ý�&�u­ E¯­ P � © P i © B�¡¿c
ì e C4�ªg×­ Ef­ P gt© P e ©ïB
ì ��C4��et­5N�­ P e © P � ©ïB

(vii) Validity Constraints- Arrival Time

ì gt©öë�g � L ì i ©öë¥i � L
ì e ©öë e � L ì � ©öë � � L

(viii) Validity Constraints- DepartureTime

�ªgt©îËHg � L ��i ©÷Ë¢i � L
��e ©îË¢e � L �&� ©÷Ë#� � L

(ix) Initialization Constraints

ì g£C4Ë g
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APPENDIX B

LP PROBLEM FORMULA TION

This appendixdemonstratesthe Linear Programming(LP) model problemformulation of the clock

periodminimizationproblem.Thecircuit network shown in Figure6.1 is investigatedfor theclock period

minimizationproblemandtheLP modelproblemformulation1 is derived.Thecircuit network in Figure6.1

is presentedin FigureB-1 for convenience.
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FigureB-1 A simplesynchronouscircuit.

(Obj) �Dð Æ B�­
_�LKLKLKËHg£­
_�LKLKLKË�i�­F_�LKLKLKË¢e�­
_�LKLKLKË���­
_�LKLKLK�ªg ­F_�LKLKLK��i�­
_�LKLKLK��e ­
_�LKLKLK�&��­
_�LKLKL ì i£­�_�LKLKL ì eu­�_�LKLKL ì �¯©ù_�LKLKLKë�i ©ù_�LKLKLKë�e�©ù_�LKLKLKë$�
suchthat

(i) LatchingConstraints- Hold Time

* _,+�ë g � L * X&+Oë�i � L
* ¤&+�ë�e � L * E�+Oë�� � L

1Theconstraintsarelabeledc1–c43in orderto improve theoutputreadability.
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(ii) LatchingConstraints- SetupTime

* N&+ ì gt©ïB
óùL * I&+ ì i ©÷BFóùL
* \-+ ì e ©ïB
óùL * a&+ ì � ©÷BFóùL

(iii) SynchronizationConstraints- EarliestTime

* W&+�Ë g ©öë g � L * _�L.+¢Ë g ©îLSGJNÈB � L
* _K_/+OË¢i ©öë¥i � L * _bX.+OË�i ©öLSGJNÈB � L
* _b¤�+OË¢e ©öë¥e � L * _½E"+OË�e ©öLSGJNÈB � L
* _bN�+OË#� ©öë$� � L * _bI.+OË�� ©öLSGJNÈB � L

(iv) SynchronizationConstraints- LatestTime

* _«\.+O�ªgt© ì g � L * _ba.+O�ªgt©îLSGJNÈB � L
* _bW�+O� i © ì i � L * X]L�+O� i ©îLSGJNÈB � L
* XS_/+O� e © ì e � L * XKX.+O� e ©îLSGJNÈB � L
* XK¤�+O�&� © ì � � L * X�E"+O�&� ©îLSGJNÈB � L

(v) PropagationConstraints- EarliestTime

* XKN�+Oë�i ©öË gt© P g�­ P it­îBFó�X¥GJW * XKI&+¢ë¥e ©öËHgt© P g×­ P e ­ BFó�¤
* XO\.+Oë�i ©öË�e © P e ­ P it­îBFó�N * XKa�+Oë�� ©îË¢e © P eÒ­ P �u­ BFóùX¥GJN
* XKW�+Oë�i ©öË�� © P �Ò­ P it­îBFó�¤

(vi) PropagationConstraints- LatestTime

* ¤]L"+ ì i ©ö�ªgt© P gå­ P it­òB � ¤ * ¤S_,+ ì e£©î�ªgt© P g×­ P eÒ­òB � E
* ¤KX�+ ì i ©ö��e © P eÒ­ P it­òB � \ * ¤K¤&+ ì � ©î��e © P et­ P �t­òB � N
* ¤�E0+ ì i ©ö�&� © P �t­ P it­òB � E

(vii) Validity Constraints- Arrival Time

* ¤KN�+ ì g ©öë g � L * ¤KI&+ ì i ©îë i � L
* ¤O\.+ ì e ©öë e � L * ¤Ka&+ ì � ©îë � � L
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(viii) Validity Constraints- DepartureTime

* ¤KW�+O�ªgt©öËHg � L * EOL.+¢��i ©÷Ë¢i � L
* E _/+O��e ©öË¢e � L * E¢X&+¢�&� ©÷Ë#� � L

(ix) Initialization Constraints

* E¢¤�+ ì g ©öË g C4L

59



APPENDIX C



APPENDIX C

LP PROBLEM SOLUTION - CPLEX OUTPUT

This appendixincludesthe solution of the LP model problemdescribingthe clock period minimization

problemof the circuit network shown in Figure B-1. The LP model problemshown in Appendix B is

solvedusingtheindustrialsolver CPLEX ^`_�L]c andtheresultsareshown below. In theresults,SECTION 1

- ROWS sectionpresentstheoptimalsolutionfor eachconstraintandSECTION 2 - COLUMNS section

presentstheoptimalresultsfor eachvariable.

Notethattheoptimalobjectivefunctionvalueisnotcompletelyrelevantto theclockperiodminimization

problem.Obtainingtheminimumvaluefor theclock signalperiodis themainobjective of theclock period

minimiation problemandtheminimum clock periodis presentedin SECTION 2 ( B CýEHGMLON ). Likewise,

theoptimalvaluesfor thedatasignalarrival anddeparturetimesarepresentedin SECTION 2, constituting

the optimal clocking and timing schedulesfor the synchronouscircuit underinvestigation. For detailed

informationaboutCPLEXoperationandoutputformatting,see ^`_�L]c .
PROBLEM NAME fig7.lp
DATA NAME
OBJECTIVE VALUE 26254.05
STATUS OPTIMAL SOLN
ITERATION 27

OBJECTIVE obj (MIN)
RHS
RANGES
BOUNDS

SECTION 1 - ROWS

NUMBER .ROW... AT .ACTIVITY... SLACK ACTIVITY .LOWER LIMIT. .UPPER LIMIT. .DUAL ACTIVITY

1 obj BS 26254.05 -26254.05 NONE NONE 1
2 c43 EQ 0 0 0 0 -0
3 c1 BS 0 0 0 NONE 0
4 c5 BS -2.025 2.025 NONE 0 -0
5 c9 BS 2.025 -2.025 0 NONE 0
6 c10 BS 0 -0 0 NONE 0
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7 c17 BS 0 -0 0 NONE 0
8 c18 LL 0 0 0 NONE -2000
9 c35 BS 2.025 -2.025 0 NONE 0

10 c39 LL 0 0 0 NONE -2500.5
11 c26 UL 3 0 NONE 3 1000
12 c31 LL 4 0 4 NONE -3500.5
13 c25 UL 2.9 0 NONE 2.9 2500.5
14 c32 BS 6.95 -3.95 3 NONE 0
15 c4 BS 0 0 0 NONE 0
16 c8 BS -1.55 1.55 NONE 0 -0
17 c15 BS 2.025 -2.025 0 NONE 0
18 c16 LL 0 0 0 NONE -1000
19 c23 LL 0 0 0 NONE -1000
20 c24 BS 0.475 -0.475 0 NONE 0
21 c38 BS 2.5 -2.5 0 NONE 0
22 c23 BS 0.475 -0.475 0 NONE 0
23 c29 BS 2.475 0.525 NONE 3 -0
24 c34 BS 6.05 -2.05 4 NONE 0
25 c2 BS 0 0 0 NONE 0
26 c6 UL 0 0 NONE 0 500.5
27 c11 BS 2.025 -2.025 0 NONE 0
28 c12 LL 0 0 0 NONE -1000
29 c19 LL 0 0 0 NONE -1000
30 c20 BS 2.025 -2.025 0 NONE 0
31 c36 BS 4.05 -4.05 0 NONE 0
32 c40 BS 2.025 -2.025 0 NONE 0
33 c3 BS 1.025 -1.025 0 NONE 0
34 c7 BS -2.025 2.025 NONE 0 -0
35 c13 BS 1 -1 0 NONE 0
36 c14 BS 0 -0 0 NONE 0
37 c21 LL 0 0 0 NONE -2500.5
38 c22 LL 0 0 0 NONE -2000
39 c37 BS 1 -1 0 NONE 0
40 c41 LL 0 0 0 NONE -1000
41 c27 BS 2.95 2.05 NONE 5 -0
42 c28 UL 2.5 0 NONE 2.5 2000
43 c32 LL 7 0 7 NONE -2500.5
44 c33 LL 5 0 5 NONE -2000

SECTION 2 - COLUMNS

NUMBER .COLUMN. AT .ACTIVITY... ..INPUT COST.. .LOWER LIMIT. .UPPER LIMIT. .REDUCED COST.

45 T BS 4.05 1 0 NONE 0
46 D1 BS 2.025 1000 0 NONE 0
47 BD1 BS 2.025 1000 0 NONE 0
48 A4 LL 0 -1000 0 NONE 1000
49 BA4 BS 2.5 1000 0 NONE 0
50 D4 BS 2.025 1000 0 NONE 0
51 BD4 BS 2.5 1000 0 NONE 0
52 A2 LL 0 -1000 0 NONE 1500.5
53 BA2 BS 4.05 1000 0 NONE 0
54 D2 BS 2.025 1000 0 NONE 0
55 BD2 BS 4.05 1000 0 NONE 0
56 A3 BS 1.025 -1000 0 NONE 0
57 BA3 BS 2.025 1000 0 NONE 0
58 D3 BS 2.025 1000 0 NONE 0
59 BD3 BS 2.025 1000 0 NONE 0
60 BA1 BS 2.025 0 0 NONE 0
61 A1 LL 0 0 0 NONE 0
62 T1 BS 0.05 0 0 NONE 0
63 T3 LL 0 0 0 NONE 0
64 T2 BS 0.925 0 0 NONE 0
65 T4 BS 0.475 0 0 NONE 0
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