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TECHNICAL ABSTRACT:

The Air Force and other DoD organizationsare continuouslydeveloping new electroniccomponentsfor
theirweaponsandothersystems.In thiseffort they arein needof toolsto aid in theautomateddesign,or synthesis,of
these components. One component of particular importance is the computer processor.

The researchperformedhereappliesa new processorsynthesistechnique,basedon the methodsof RISC
computerdesign,to the synthesisof a widely used,commerciallyavailable microprocessorof interestto the Air
Force,the SPARC. This techniqueautomaticallygenerates,from a single instructionsetarchitecturespecification,
different implementationsoptimized for different applications,with the different implementationsbasedon the
instruction frequencies of the applications. Various implementations of the SPARC have been generated.

During PhaseI, proof-of-concepttestsof the synthesistechniquewere performed,and the strengthsand
weaknessesof the synthesissystemwereevaluated.PhaseII will involve the constructionanddemonstrationof a
robust tool basedon the currentprototype.Furthermore,referencemanualsanduserguideswill be developedand
training provided to USAF personnel in its use.

ANTICIPATED BENEFITS / POTENTIAL COMMERCIAL APPLICATIONS:

Thesynthesistool usedin this researchautomatesthedesignof computerprocessorsand,potentially, other
electroniccomponents.It speedsup the processof processordesignby rapidly producingan optimizedprototype
implementation.It alsoimprovesthe quality of the resultsby automaticallyspecializingcomputerimplementations
for particularapplications.Its possibleusesextendto bothintegratedcircuitsandelectronicsystemsconstructedfrom
standardparts.Thesynthesistechniqueis new, andhasnot beencommercialized.During PhaseIII it will be;testing,
marketing, support, and maintenance plans will be developed.
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1.  EXECUTIVE SUMMARY

Traditional,human-intensive methodsof electronichardwaredesignarerelatively slow andsomewhaterror
prone.This hasled to thegrowth of theelectroniccomputeraideddesignindustry, andtheproliferationof computer
aideddesign(CAD) tools. Integratedcircuits, in particular, have slow andexpensive designiterations(dueto mask
generationandchip fabrication),andarehardto debug. Additionally, hardwaredesignershave lacked the develop-
menttoolspossessedby softwaredesigners,who supportedtheir own activities with toolssuchascompilers,debug-
gers, libraries, and software engineering environments.

Thework performedheretakesadvantageof recentresearchinvolving thehigh level specificationandauto-
maticgenerationof hardware.A high level optimizationtool, calledViper, wasevaluated.It rapidlyproducesapplica-
tion specific hardware, microprocessors in particular.

The tool usesa new optimizationtechnique,basedon the methodsof RISC computerdesign.It automati-
cally synthesizes,from asingleinstructionsetarchitecturespecification,differentimplementationsoptimizedfor dif-
ferentapplications,with thedifferentimplementationsbasedon the instructionfrequenciesof theapplications.The
operation of the tool is based on three principles [Viper]:

• Givenconstraintson how muchhardwarecanbegenerated,processinstructionsin theinput speci-
fication in order of importance, allocating hardware for the most important operations first.

• Do not allocate hardware for unused instructions.

• Transformthe specificationusing a well known methodfor microcodecompilationcalled trace
scheduling([Trace]) that canincreasethe speedof executionof commoninstructionsby in-
creasing the potential parallelism in such instructions.

To evaluate the tool, the following major tasks were performed:

• A specificationof thecommerciallyavailableSPARCRISCmicroprocessorwaswrittenin aformat
suitable for input to the synthesis tool.

• Variousimplementationsof theSPARCweregenerated,usingthehigh levelsynthesisoptimization
techniques of the tool to explore the design space.

Additionally, a VHDL SPARC specificationwaswritten to explorethefeasibility of usingVHDL asa hard-
wareinputspecificationlanguageto thetool, andvariousissuesrelatingto theimplementationof thetool wereexam-
ined.

It was found that:

• OnceaSPARCprocessorspecificationin theproperformathadbeenwritten,implementationswere
in general generated quickly and relatively easily.

• Specialized microprocessors were essentially trivial to produce.

• At the costof morehardware,optimizeddesigns(40% fasterin termsof throughput)wereeasily
generated.

• Thetool wasrobustenoughto handletheSPARCdesign,but it pushedthelimits of theimplemen-
tation. Any further development will require a reimplementation, preferably in C++.

• UsingVHDL for specificationwassubstantiallyeasierandmorenaturalthanusingthetool’s origi-
nal input language.VHDL’s rich controlstructuresmadespecificationsmuchmorereadable,
andtheability to specifyhardwarestructuremadeit mucheasierto definea library of func-
tional units.

• The tool’s user interface and feedback to the user could be greatly improved.

2.  PROBLEM DEFINITION AND SIGNIFICANCE OF THE INNOVATIONS

2.1.  THE PROBLEM AND PROPOSED SOLUTION

The Air Force and other DoD organizationsare continuouslydeveloping new electroniccomponentsfor
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theirweaponsandothersystems.In thiseffort they arein needof toolsto aid in theautomateddesign,or synthesis,of
these components. One component of particular importance is the computer processor.

The rapid designof correct,efficient electronichardwareremainsa difficult taskdespiteadvancementsin
designautomation.This is evenmorethecasefor optimized,specializedhardware,becausework in designautoma-
tion hasfocusedon generaldesignproblemsratherthan domain-specificones,and hasconcentratedon reducing
design time rather than increasing application specific hardware performance.

In general,thesuccessfulefforts in electroniccomputeraideddesign(ECAD) have beenat thelower levels
of design-- printedcircuit boardlayout,gatearrayrouting,standardcell placement,physical layout,andlogic syn-
thesis. The need remains for performance oriented higher level tools.

The higherlevels of electroniccomputeraideddesignhave beenunderstudyfor a decade([HLVS], [Sur-
vey], [SiliComp]), a researchareathathascometo beknown ashigh level synthesis.High level synthesisoffers the
usualadvantagesof reduceddesigntime throughdecreasedhumaninvolvementin the designprocess(including
decreased numbers of design errors through automation).

Thegeneralproblemfacedby high level synthesisis theusualoneof producingdesignsthatareasgood(as
small, as fast)as thoseproducedby lessautomatedtechniques.Variousoptimizationsdevelopedfor programming
language compilation have been applied (and extended), with mixed success, to high level synthesis.

Recentlyanew optimizationtechniquehasbeendeveloped[Viper] whichattemptsto automatethehardware
designprocessby automatingthe approachusedto designRISC microprocessors.At its mostbasic,this technique
consistsof optimizinga designby optimizingfor commoncases,at thepotentialexpenseof infrequentones,a com-
montechniqueusedby practicingengineers.This techniquehasbeenimplementedin a researchprototypetool, with
suggestive results, but has not been widely tested and is not generally available in a usable tool.

ThePhaseI researchreportedhereinvolvedproof-of-concepttestsof thesynthesistechnique,andtheevalu-
ationof thestrengthsandweaknessesof thesynthesissystem.DuringPhaseII a robusttool will beconstructed,eval-
uated,anddemonstrated.Furthermore,referencemanualsanduserguideswill bedevelopedandtrainingprovidedto
USAF personnel in its use.

If successful,this tool would be valuable,specifically, for generatingapplication-specificmicroprocessor
implementations,and,moregenerally, application-specifichardware.Its significancewould be in the rapidity with
which it could generate error free, high performance hardware.

It would be of particularvalue to the Air Force,wherecomponentperformance,designcorrectness,and
designtimeof electroniccomponentsin weaponssystemsareall important.It wouldhavemoregeneralvalueto any-
one implementing a hardware system who desires to optimize all three of those factors.

2.2.  INNOVATIONS

The researchperformedhereappliesa new processorsynthesistechnique,basedon the methodsof RISC
computerdesign,to thesynthesisof thecommerciallyavailableSPARC processor. This techniqueautomaticallygen-
erates,from asingleinstructionsetarchitecturespecification,differentimplementationsoptimizedfor differentappli-
cations,with thedifferentimplementationsbasedon theinstructionfrequenciesof theapplications.Thesystemused
in this Phase I effort contains the following innovations:

• Thedesignautomationtool operatesat a higherlevel of abstraction,andthusis easierto use,pro-
videserror-freedesignsmorerapidly,andhandleslargerdesignsthancurrentlyavailableCAD
tools.

• Input to thetool is ahigh-levelinstructionsetarchitecture,alongwith theinstructionfrequenciesof
hostedapplications.Bothof theseinputsarenaturalandreasonablefor thedesigndomain;the
instruction frequencies are completely application specific.

• Theoutputof thetool is specializedprocessorstailoredto specificapplications,betteroptimizedfor
those applications than general purpose ones.
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3.  PHASE I TECHNICAL OBJECTIVES

In general,currenthigh level hardwaresynthesistechniquesdo not optimizehardwarefor specificapplica-
tions. The generalgoal of this researchis to explore a new techniquefor synthesizingspecializedoptimizedelec-
tronic hardware.

Simply put, the new techniqueautomatesthe ReducedInstructionSet Computer(RISC) designprocess.
Prior to PhaseI, the techniquehad beenusedto synthesizesmall microprocessors,and preliminary resultswere
obtained,motivatingfurthertests.In PhaseI, largerscaletestswith commercialmicroprocessorswereperformed.In
Phase II a general purpose, robust tool will be constructed.

The specific Phase I research objectives were:

• Developa SPARCprocessorspecificationin a format suitablefor input to a prototypehigh level
hardware synthesis system.

• Synthesizevariousmicroprocessorimplementationsof theSPARC,usingthehigh level synthesis
optimization techniques developed in [Viper] to explore the design space.

• EvaluateVHDL asahardwareinputspecificationlanguage,andasamechanismfor defininghard-
ware components in the library of components available to the synthesis process.

• Prepare and submit a Phase I final report.

Notethattheseobjectiveshavechangedslightly from whatwasoriginally proposed.TheAir Force’s1750A
processorhadbeenproposedas the testprocessor;at the Air Force’s suggestionthat waschangedto the SPARC.
Anotherproposedobjectivewasthedeterminationof anappropriatelong-termhardwareinputspecificationlanguage;
dueto theAir Force’s interestin VHDL this becameanextendedexaminationof VHDL asbothaninput andlibrary
definition language (which subsumed another objective).

Theresultsof PhaseI -- aSPARC processorspecificationandresultingsynthesizedimplementations,andan
evaluationof whatwouldberequiredfor producingarobustandgeneralizedsynthesistool -- shouldpartiallydemon-
stratetheutility of high level synthesistechniquesin thedomainof Air Forceapplications,andshouldprovidea road
map to the release of a generally valuable tool.

If a Phase II is approved, the Phase II objectives are:

• Implement a robust and easily maintainable high level synthesis tool in C++.

• EmployVHDL asaninputandlibrary specificationlanguage,acquiringandcustomizingtheneces-
sary parser front end.

• Developacomponentlibrary (or libraries)of generallyavailablecomponents.(It is anticipatedthat
users will also want to provide their own libraries.)

• Develop a set of Air Force oriented test cases and examples.

Theresultsof PhaseII -- a robustsynthesissystem,alongwith Air Forceorientedtestcasesanddemonstra-
tions -- shouldprove theutility of the tool to theAir Force,andprovide valuableexamplesto potentialcommercial
users of the tool.

If theresultsof PhaseII aresubstantialenough,they shouldform asolidbasisfor aPhaseIII commercializa-
tion effort, whichwould includelong termtool supportandmarketing(includingdemonstrationsat theDesignAuto-
mation Conference).

4.  TECHNICAL APPROACH

DuringPhaseI theprototypesynthesistool hasbeenextensively evaluated,anddevelopmentof it into agen-
erally usabletool hasbeenplanned.During PhaseII therobust tool will beconstructed,evaluatedanddemonstrated
in applicationareasof mostsignificanceto theUSAF. Furthermore,referencemanualsanduserguideswill bedevel-
opedandtrainingprovided to USAF personnelin its use.During PhaseIII commercialization,the tool will be inte-
grated into widely used commercial and industrial design environments, readied for market and beta tested.
Production and after-sales support plans will be developed.
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4.1.  TECHNICAL BACKGROUND

4.1.1.  Introduction

Traditional,human-intensive methodsof electronichardwaredesignarerelatively slow andsomewhaterror
prone.This hasled to theexplosive growth of theelectroniccomputeraideddesign(ECAD) industry, andtheprolif-
erationof computeraideddesign(CAD) tools.Integratedcircuits,in particular, haveslow andexpensivedesignitera-
tions (dueto maskgenerationandchip fabrication),andarehardto debug (it is muchharderto probethemthana
printedcircuit board),andhave thusbeenthefocusof CAD tool development.Additionally, hardwaredesignershave
lackedthedevelopmenttoolspossessedby softwaredesigners,who supportedtheir own activities with toolssuchas
compilers, debuggers, libraries, and software engineering environments.

Thehardwaredesigner'slot hasbeenimproving, however, with cell andchip libraries,routingtools,place-
menttools,bettersimulationenvironments(for theVHSIC HardwareDesignLanguage(VHDL) andVerilog in par-
ticular), and design management support (often integrated into new and evolving CAD tool frameworks).

In generalthesetoolshave helpedfreedesignersfrom thenecessityof manuallymanagingthelargequanti-
tiesof detailneededto completelyspecifya hardwaredesign.Thefocusof thetools,though,hasbeenthelower lev-
els of integratedcircuit design.Higher level, systemand applicationorientedoptimization tools (analogousto
optimizing compilers for programming languages) are lacking.

The work performedheretakesadvantageof recentresearchinvolving higher level optimizationtools to
develop a high level tool that will rapidly produce application specific hardware.

Consideranexample.It is theinstructionsetarchitecturedefinitionof asimplemachine,definingtheopera-
tion of microprocessorinstructions.Individual instructionspecificclausesare containedin a recursive instruction
executing definition (during synthesis this tail recursion is converted to iteration).

run :-
    fetch,
    access(memDR, opcode, OP),
    execute(OP),
    run.
run :- true.

Themachineis composedof a fetchphaseandanexecutephase,which arerecursively evaluateduntil one
fails. The machinehas four registers,a programcounter(pc), an accumulator(ac), a memory addressregister
(memAR), and a memory data register (memDR). The memDR has two fields, opcode and address.

The fetch phase is defined as a clause that retrieves an instruction from memory and increments the PC.

fetch :-
    access(pc, PC), set(memAR, PC),
    mem_read,
    access(pc, OldPC), NewPC is OldPC+1, set(pc, NewPC).

The instructions are defined in the following execute clauses.

execute(halt) :- !,
    fail.
execute(add) :- !,
    access(memDR, address, X), set(memAR, X),
    mem_read,
    access(memDR, T), access(ac, AC), A is T+AC, set(ac, A).
execute(and) :- !,
    access(memDR, address, X), set(memAR, X),
    mem_read,
    access(memDR, T), access(ac, AC), A is T /\ AC, set(ac, A).
execute(shr) :- !,
    access(ac, AC), A is AC>>1, set(ac, A).
execute(load) :- !,
    access(memDR, address, X), set(memAR, X),
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    mem_read,
    access(memDR, T), set(ac, T).
execute(stor) :- !,
    access(memDR, address, X), set(memAR, X),
    access(ac, T), set(memDR, T),
    mem_write.
execute(jump) :- !,
    access(memDR, address, T), set(pc, T).
execute(brn) :-
    access(ac, AC), AC<0, !,
    access(memDR, address, T), set(pc, T).
execute(brn) :- !,
    true.

This specificationitself is relatively abstract,comparedto many hardwarespecificationandsimulationlan-
guages.Explicit concurrency, timing, andconnectivity (buses)arenotpresent.It canbeusedasinput to aprocessthat
automatically synthesizes hardware.

4.1.2.  High-Level Hardware Synthesis

High-level hardware synthesis is composed of three basic tasks (see [Survey] and [Tutorial]):

• translationof abehavioralspecification,writtenin ahardwaredescriptionorprogramminglanguage,
into an internal representation;

• schedulingof operations,which assignseachoperatorin thebehavioralspecification,suchas"+",
to a hardware time step, or cycle (synchronous hardware is assumed); and

• allocationof hardwareelements,which assignseachoperatorto a pieceof hardware,a "+" to an
adder,for example(this includesboththeselectionof hardwareelementsandthemappingof
operations to those elements).

Thesetasksareperformedin the context of performanceandresourceconstraints,with performancecon-
straints usually expressed in terms of speed or delay, and resource constraints in terms of chip area.

4.1.3.  Translation

This task is essentiallyprogramminglanguagecompilation,from lexical input to intermediaterepresenta-
tion, andis well understood(see[Dragon]).Most compileroptimizationsusedat this level, suchasdeadcodeelimi-
nation,for example,apply to high-level hardwaresynthesis.Any effective synthesissystemmustemploy someof
these common optimizations.

Lesscommoncompileroptimizations,particularly thoseusedby vectorizingandparallelizingcompilers,
suchas loop unrolling, canalsobe applied(see[Dragon]). Theseoptimizationsarecharacterizedby codemotion
betweenbasicblocks,andare,in general,largescaletransformations.In high-level synthesis,suchtransformations
are performed in connection with scheduling and related scheduling optimizations.

4.1.4.  Scheduling

The primary goal in schedulingis to balancehigher performance(greaterspeedthroughgreaterconcur-
rency) with lower cost(limited resources).In general,greaterconcurrency requiresgreaterresources,which permit
more operationsto be performedin parallel. Henceschedulingis dependenton resourceconstraintsand is thus
affected by allocation.

Schedulingmethodscanbe divided into two types.The first type alwaysoperateswithin the confinesof
basicblocks(in thecompilersense,abasicblockbeingasequenceof consecutivestatementsin whichflow of control
only entersat thebeginningandonly leavesat theend).Thesecondtypemovesoperationsbetweenbasicblocks,in
aneffort to increaseconcurrency. Thesecondtypeoftenmustduplicateoperationsin orderto preserve correctness,
further increasing cost for an added increase in performance.
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4.1.5.  Allocation
Theprimarygoalof allocationis to generatecosteffectivedatapaths.Thekeyto achievingthisgoalis sharing

hardware -- having several behavioral operators use the same functional unit.

Virtually all allocationtechniquesattemptto produceminimalhardwarewithin cost(area)anddelay(critical
path) constraints. The techniques differ in how they determine minimal cost.

4.2.  ALTERNATE APPROACHES

Theprocessof high level synthesisis aprocessof optimization,of generatingtheminimumamountof hard-
ware needed with as much speed as possible, trading off hardware resources for hardware speed.

This optimizationproblemis a complex one,with severalcomputationallydifficult (NP-complete)subprob-
lems. Thus there is no efficient algorithm that solves the problem, but rather a number of approximation techniques.

A numberof optimizationtechniqueshave beendevelopedfor high level synthesis(Referto [Viper] for a
detaileddiscussionof thesetechniques).Many of themarebasedonmathematicalmethodsthattry to minimizehard-
ware by maximizing hardware sharing.

High performancedesignsarepossible,usingapplication-drivenoptimizationtechniquesdevelopedfor high
level synthesis.Thesetechniquesare basedon the observation, which hasalso motivatedRISC-basedcomputer
design,that, in a given hardwaresystem,somepartsof the hardwareareusedmoreoften thanothers,andthat the
hardware should be optimized for these common uses.

In particular, aspecificapplicationprogramwill usesomecomputerinstructionsmorethanothers.A proces-
sor optimized for that application will have optimized implementations of those commonly used instructions.

RISCcomputersaregenerallybasedon thefurtherobservationthatmostapplicationsuseonly a few, simple
instructions. Hence, processors optimized for those applications will be simple.

The underlyingdesignprinciple of optimizing for commoncases,however, doesnot per seprecludecom-
plex instructions, if they are used frequently.

4.3.  ADOPTED APPROACH

Thegeneraltechnicalapproachproposedhereis thatof high level hardwaresynthesis.In generalit is prom-
ising because

• it operatesatahigh levelof abstraction,savingdesigntimeandreducingthedesigner'sexposureto
detail, and

• it can optimize hardware implementations for specific applications.

A complete introduction to high level synthesis and its component tasks can be found in [Tutorial] and [Viper].

High level hardwaresynthesisconsistsof thegenerationof hardwarestructurefrom a high level specifica-
tion of the hardware's behavior. Specifically:

Input: The input to high level synthesisis a "behavioral" specification,written in a hardwaredescriptionlanguage
(similar to, and in somecasesbasedon, a programminglanguage).The input behavioral specification
describes actions using programming language-like operators, such as "+".

Output: Thesynthesisprocesscreatesnetlistsof hardwarecomponents,suchasadders,which implementthedesired
actions, along with controlling logic, often in the form of a finite state machine.

For example,the behavior of a single computerinstruction,an add instruction,is defined(see[SPARC-
User], page 6-7) via:

[rd] <- r[rs1] + (r[rs2] or sign extnd(simm13))

This addsthe contentsof two sourceregistersandstoresthe result in a destinationregister. (A completeprocessor
specificationwould include the definition of all the processor'sinstructions.)This behavioral descriptiondoesnot
definehow theadditionis performed,or how thevaluesin theregistersaremanipulated(how busesareusedto trans-
fer data between the registers). It is the task of high level synthesis to define such details.
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Thefollowing figureshows whathigh level synthesisproduces:a completeprocessorspecification(includ-
ing all instructions)-- asetof connectedhardwarecomponentsimplementingtheprocessor(thefiguredoesnotshow
all thecontrolling logic). This is theCypressCY7C601SPARC implementation’s integerunit block diagram(from
[SPARC-User],page2-1). Thediagramillustratesthe implementation’s commitmentto a basicsetof hardwareele-
ments and interconnections.

Theoptimizationprocessemployedhereis in practicesomewhatcomplicated[Viper], but it is basedon the
following three principles:

• Givenconstraintsonhowmuchhardwarecanbeallocated,processinstructionsin theinputspecifi-
cation in order of importance, allocating hardware for the most important operations first.

• Do not allocate hardware for unused instructions.

• Transformthe specificationusing a well known methodfor microcodecompilationcalled trace
scheduling([Trace]) that canincreasethe speedof executionof commoninstructionsby in-
creasing the potential parallelism in such instructions.

Automatingthisoptimizingdesignstrategy for high level synthesisrequiresmoreinput to thesynthesispro-
cessthanjust the input specificationdescribedabove. It alsorequiresweightsindicatingthe relative importanceof
differentpartsof the specification.In the caseof a microprocessor, this is simply the frequency with which each
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instructionis executed;the more frequentlyexecutedinstructionswill have higherweightsandwill thusbe more
important. An artificial set of instruction frequencies, used in experiments, appears below.

% 40%
count(add, 25).
count(and, 15).
% 30%
count(load, 20).
count(stor, 10).
% 30%
count(brn, 18).
count(shr, 6).
count(jump, 5).
count(halt, 1).

A prototypehigh level synthesissystemhasbeenconstructedthatgeneratesoptimizedprocessorimplemen-
tations([Viper-Intro], [Viper]). Prior to thisPhaseI it hadbeenusedto generateapplicationspecificversionsof agen-
eral purpose processor ([BAM], [BAM-Manual]).

Thesystemtakesasinput a microprocessorspecification,theinstructionfrequenciesof a compiledapplica-
tion programrun with characteristicinput data,and,usinga library of hardwarecomponentsfrom which to build the
processor, producesasoutputaprocessorimplementation.Thesystemwasdevelopedaspartof a largerCAD system
([ASP-Intro], [ASP-Layers], [ASP-Prototype]).

Thesystemhasthusfarbeenusedto generatemicroprocessors,but thatorientationis not inherentto thesys-
tem. It can operate on any high level hardware specification.

The essenceof this PhaseI hasbeento further test theseoptimizationtechniqueson a morecomplicated,
modern,commerciallyavailablemicroprocessoranddeterminethe valueof andeffort neededto producea robust,
commercially viable high level synthesis tool.

5.  TECHNICAL IMPLEMENTATION

ThissectionpresentsinformationabouttheViperhigh level synthesissystemusedin thePhaseI effort. First
its input languageis described.Thenits operationis briefly presented.A morecompletediscussioncanbefound in
[Viper].

5.1.  Specifying Hardware in Prolog

Thissubsectionpresentsanintroductionto hardwarespecificationin Prolog.Theadvantagesanddrawbacks
of usingPrologfor hardwarespecificationarein generalthesameasthosefor any programminglanguageusedfor
behavioral hardwarespecification.Its advantagesarethatit is familiar, it is rootedin a simple,generalparadigm,and
it is easilyextendedfor hardwarespecificationwith built-ins. Its limitationsall relateto theneedto specifyhardware
details-- therepresentationof state(registers),andlow-level features(bit fields,priority interrupts,efficient bit test-
ing, efficient operators, and interfaces).

Themicroprocessorspecificationsthatserveasinput to theViperhardwaresynthesissystemarewritten in a
subsetof standardPrologthat roughlycorrespondsto thedescriptive power of ISPS([ISPS]).Specificationsin this
subset can be both simulated and synthesized.

Thelanguagehasbeenbothrestrictedandextended(with built-ins supportingsuchconstructsasarchitected
registers, bit fields, and a memory interface) to support hardware specification.

This level of hardwarespecificationis designedto bethelowestlevel thatcanstill beexecutedby a Prolog
interpreter. It is essentially register transfer level computation performed in the context of Prolog control structures.

5.1.1.  Restrictions

Given the microprocessorspecificationdomain of Viper, multiple asynchronousfinite state machines,
explicit parallelism,anddetailedoff-chip interfacedescriptionsarenot supported.The specificationdomainis also
constrainedby Viper’s pragmaticpurpose(andreasonfor existence)asa synthesissystem.Specificationsmustbe
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effectively realizable in hardware.

The Prolog restrictions in particular are that:

• the specification must be deterministic (with only shallow backtracking),

• it can contain no lists or structures,

• it must be only tail-recursive, without true recursion, and

• it can use only a limited set of built-ins.

It is alsoassumedthat:proceduresdo not fail; in a case,all armsaretaggedwith only oneliteral in thefirst
position; in a case, all arms with the same tag are contiguous.

5.1.2.  Extensions

On theotherhand,thesystemalsoextendsthestandardPrologbuilt-in set,both to relax theabove restric-
tions somewhat in a controlled way, and to support hardware-specific operations.

The extensions consist of three classes:

• support for maintaining global state (in the form of registers and register files),

• additional hardware-oriented operators (such as add with carry), and

• support for system functions (such as interfaces and memory).

5.1.3.  Basic Extensions and Specifications

This subsection describes registers, fields, and memory, and their simulation.

Registersand fields are specialin that they containglobal stateinformation.They also have definite bit
widthsandcanoverlap.StandardPrologdoesnot modelobjectswith definitewidths,nor doesits singleassignment
nature support overlapping values.

Viper allows the user to declare registers and fields with the constructs

stateRegister(<name>, <width>).
stateField(<field-name>, <register-name>, <field-position>).

Thusevery field is positionedwithin a specifiedregister. More will be saidabout<field-position> below,
which can have one of two forms.

Registers and fields are referenced with theset andaccess built-ins, which have the format

access(<register-name>, <Prolog-variable>), ...
set(<register-name>, <Prolog-variable>), ...
access(<register-name>, <field-name>, <Prolog-variable>), ...
set(<register-name>, <field-name>, <Prolog-variable>), ...

Theaccessbuilt-ins bind thevaluesin thenamedregistersandfieldsto thegivenPrologvariables,andthesetbuilt-
ins change the register and field values.

A specification’s state,whenrunning,is containedin its setof registers.Simulationorientedbuilt-ins are
provided for creating and examining register sets.

A final additionalsetof built-ins providesa memoryinterface.This memorydesignframerequiresthat a
memoryaddressregisterandmemorydataregisterbedeclared;with thoseregistersit performsreadandwrite func-
tions.

For example, an instruction fetch written in ISPS

memAR := pc;
mem_read;
pc := pc + 1;

would be written in Prolog as
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access(pc, PC), set(memAR, PC),
mem_read,
access(pc, OldPC), NewPC is OldPC+1, set(pc, NewPC).

Thespecificationcaneitherbesynthesized,or simulatedwith theaid of a packagethatprovidestheneces-
sary built-ins.

Note that the total state-- thecollectionof registers-- is implicit in thespecification,andis not anexplicit
structurethatcanbereferencedby theuser. If it wereexplicit theusercouldthenreferto multiplestates,whichwould
be useful for temporal reasoning but difficult to implement.

5.1.4.  Extensions: Registers

Built-ins areprovided for creatingandmanipulatingregistersandbit fields with specifiedwidths,andfor
managing the state those registers contain. These built-ins were introduced above, and consist of:

• stateRegister,

• stateField,

• access,

• set, and

• test.

The last one,test,hasthe sameform assetandaccess,andis a versionof accessthat expectsits valuefield to be
bound, and succeeds if that bound value is equal to the accessed value.

5.1.5.  Extensions: Register Files

Viper provides built-ins for creating and referencing register files (indexed arrays of registers).

Registerfiles aredeclaredin a mannersimilar to individual registers,with anaddedsizeparameter, indicat-
ing the number of registers in the file. The declaration has the form

stateRegisterSet(<name>, <width>, <size>).

Thus the declaration

        stateRegisterSet(r, 32, 16).

would create 16 32-bit registers.

Registerfile referencesinvolve two quantities,thevalueto bereador written,andtheindex of theregisterto
bemodified.Two built-ins arerequired.Thesebuilt-ins take asargumentsa port, an index, anda value,andreador
write the value in one cycle. The built-ins have the form

rval(port(<file-name>, <port-name>), <index>, <value>), ...
% read value
wval(port(<file-name>, <port-name>), <index>, <value>), ...
% write value

For example, register 10 in register file r is read via

rval(port(r, read), 10, ReadValue), ...

and is written using

wval(port(r, write), 10, WriteValue), ...

5.1.6.  Extensions: Operators

Additional operatorshave beendefined,to provide hardwareorientedfunctionality. Theseoperatorscanbe
constructedout of regular Prolog(the built-ins that simulatethemobviously are),but they aredefinedexplicitly so
thatViper doesnot have to analyzethespecificationanddetermine,for example,that two adds,with oneoperanda
one bit field, can be done as an add with carry.
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In general,to producehighqualityoutput,eachspecificationrequiresasmallcollectionof speciallytailored
operators.

5.1.7.  Extensions: System Support

Additionalbuilt-ins havebeendefinedto providesupportfor system-level functions,primarily in theform of
interfaces.Theseinterfacesaresimpleandstylized,andViper hasthe capacityto generatethe hardwareassociated
with them.

The most fundamentalinterfaceis the oneto the memorysystem.This interface,andits simulation,have
beenintroducedabove. Both the simulatorand the synthesizerprocessmem_read and mem_write built-ins, and
assumetheproperdatahasbeenput into theregistersnamed,by convention,memAR andmemDR. Thememorysys-
temalsosupportsportedmemory, invokedby thebuilt-ins mem_read(<port-number>) andmem_write(<port-num-
ber>). Thesereferencesimilarly indexed addressanddataregisters,memAR(<port-number>) andmemDR(<port-
number>).

Thereis alsoa bitwise interfaceto lines that canbe testedandsetsynchronously. Theselinesaredeclared
with thestateInterface declaration, which defines the name of the bit line being declared.

5.2.  The Viper Synthesis System

A generalprinciple of designis to optimizefor commoncases.Within the context of global requirements
andconstraints,improving theperformanceof commonlyoccurringcasesoftenimprovestheoverall performanceof
acompletedesign.Thesuccessfulapplicationof thisprinciplerequiresthatcommoncasesbeidentified,andthatper-
formance be effectively measured.

TheVipersynthesizerappliesthisprincipleto theautomatedhigh-level synthesisof hardware,microproces-
sorsin particular. For microprocessors,commonlyexecutedinstructions(commoncases)areidentifiedwith instruc-
tion frequency statistics,andperformanceis measuredin termsof instructionsexecutedperunit of time. In general,
Viperusesinstructionfrequenciesto drivedesignchoices.Suchchoicesarereflectedin theorderin whichobjectsare
processed, and in weights associated with possible design elements.

Viper is a completehigh-level synthesissystem.It wasprimarily constructedto synthesizemicroprocessors
rapidly -- to beusedasa tool for architecturalexploration.It wasdesignedto operatewithout userinteraction.It was
alsodesignedto reflectanarchitect’s perspective on synthesis,particularlyin its useof instructionfrequency statis-
tics. It uses Prolog for specification and implementation.

In general,high-level synthesisin Viper follows the form describedabove in TechnicalBackground.Viper
operateson input specificationswritten in thesubsetof executablePrologdescribedabove. Theoutputof Viper is a
conventional collection of connected data path elements and a controlling finite state machine.

An extensive discussion of the implementation of Viper, along with source code, can be found in [Viper].

5.2.1.  Scheduling In Viper

Viper usesa general,efficient, inter-block usagedrivenscheduler. In particular, high-level synthesisis simi-
lar to very long instructionword (VLIW) compilation(see[Bulldog]), with theinstructionword width (theavailable
resources)notfixedin advance.Viperappliesthis inter-block traceschedulingtechniquedevelopedfor VLIW compi-
lation to high-level synthesis.

5.2.2.  Allocation In Viper

Minimizing datapathcostis not necessarilydesirablewhendesigningfor performance(that is, overall exe-
cutionspeed).Commonlyexecutedoperationsaremoreimportantthaninfrequentones.Viperusesagreedy, iterative
allocation technique that gives priority to common operations, allocating resources to them first.

5.2.3.  The Operation of Viper

Viper has three fundamental modes of operation, basic, reducing, and optimizing.
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• In the basicmode,Prologspecificationsaretranslatedinto registertransferlevel representations,
whichareusedfor interrelatedhardwareschedulingandallocation,whichin turnproducecon-
trol and data paths.

• Thereducingmodeis similar to thebasicmode,exceptthat thehardwareneededby seldom-used
instructions(definedby acutoff specifiedby theuser)is omittedfrom thesynthesizeddesign.

• Theoptimizingmodeusestraceschedulingto modify theintermediateRTL to improvethethrough-
put of the design.

Thesemodesare incorporatedinto the operationof Viper, which during synthesisperformsthe following
steps:

• It translates the Prolog input specification into a data flow graph and a control flow graph.

• It converts the data flow graph into an equivalent set of register transfers.

• It computes instruction frequencies.

• It optionally trace schedules, using instruction frequencies.

• It computes preliminary as-soon-as-possible dependency-based intra-block schedules.

• It performs a preliminary allocation of functional units, guided by instruction frequencies.

• It performsafinal allocationandscheduling,againguidedby instructionfrequencies,andby global
resource constraints and frequency cutoffs (if any) supplied by the user.

5.2.4.  Measuring Results

The primary metricsconventionally applied to microprocessorimplementations,and usedwith Viper to
evaluatethequality of synthesizeddesigns,arerelative chip areaandspeed.Speedcanbedescribedin a numberof
ways (including clock rate and instructionsexecutedper second);a well-known performancemetric is employed
here,cyclesper instruction(CPI). The Viper systemincludestools that computeCPI metricsandthat measurethe
approximate size of control paths.

6.  RESEARCH RESULTS

6.1.  Translating ISP SPARC into Prolog SPARC

TheSPARC architectureis definedbehaviorally in ISPin AppendixC (pages151-187)of Version8 of The
SPARC Architecture Manual [SPARC]. Developinga versionof theSPARC specificationin Prolog,suitablefor syn-
thesis,thusconsistedof translatingthatISPspecificationinto Prolog.This wasperformedin threestages:converting
theregisterdefinitions,translatingtheoverall structureof thespecification(trap-fetch-execute),andconverting indi-
vidual instructions.

Note that the floating point and multiprocessing components of the SPARC architecture were not translated.

See Technical Implementation above for a discussion of hardware specification in Prolog.

6.1.1.  Basic Translation

The translationof theSPARC specificationinto Prologwasperformedin two stages.In thefirst stage,the
essenceof theISPwascapturedin Prolog.In thesecondstage,theability of thesynthesissystemto efficiently imple-
mentvariousconstructs(especiallycontrolconstructsandoperators)wastakeninto consideration,andchangesto the
specification, the library, and the synthesis system itself were contemplated.

In thefirst stagethespecificationcomponentsweretranslatedin sequence.Theactualtranslationsarepre-
sented in an appendix. The components, in translation order, are:

• architected register definitions;

• implementation register definitions;

• interface definitions;
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• the trap-fetch-execute loop;

• trap handling;

• trap execution;

• instruction fetch;

• general instruction execution;

• updating the program counter;

• arithmetic, logical, and shift instructions;

• load and store instructions;

• call, jump, and link instructions;

• save and restore instructions,

• return from trap instructions; and

• branch and trap on condition code instructions.

6.1.2.  Improving the Specification

After the specificationwas completed,it was reviewed for possibleimprovementand optimization.The
actual improvements are presented in an appendix. The improvements include:

• trap handling dispatch;

• register windows;

• conditional sources and destinations in operands;

• sign extension; and

• conditions codes.

6.2.  Synthesis of SPARC

Highlightsof theViper synthesissystemarediscussedabove in TechnicalImplementation.A completedis-
cussion can be found in [Viper].

6.2.1.  Synthesis Experiments

To investigatethe quality of Viper’s varioussynthesismodes,a sequenceof SPARC implementationswas
synthesized from the single Prolog SPARC specification presented above.

• A pure baselineimplementationwas synthesized,using the basicmodeand uniform instruction
weights.

• A gccbaselineversionwassynthesized,thesameasthefirst versionbut usingthegccSPECmark
instructionweights(seechapters6 and9 in [Viper] for adiscussionof theseweights)to com-
pute the CPI metric.

• An eqntottbaselineversionwassynthesized,similar to thefirst versionbutusingtheeqntottSPEC-
mark instruction weights to compute the CPI metric.

• A highspeedversionwassynthesizedwith a30nanosecondcycletimeconstraint,to generateahigh
speed data path implementation.

• A 0.1%reducedversionwassynthesized,in whichtheinstructionusecutoff was0.1%(thehardware
neededonly by instructionsusedlessfrequentlywasomitted).The gcc instructionweights
wereused.Thiswasdoneto seehowmuchsmallerandfastersuchareducedprocessorwould
be.
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• A 1%reducedversionwassynthesized,thesameasthe0.1%version,butwith a1%cutoff.Thiswas
done to compare with the 0.1% version.

• A second1%reducedversionwassynthesizedusingtheeqntottinstructionweights.Thiswasdone
to compare with the 1% gcc version.

• An optimizedversionwassynthesized,usingthegccinstructionweightsandtracescheduling.This
was done to evaluate trace scheduling.

All versions, unless otherwise noted, were synthesized with a 100 nanosecond cycle time constraint.

6.2.1.1.  The Basic Uniform Version

Thebasicuniformversionhas:uniform instructionweights,all instructionssynthesized,andno tracesched-
uling.

Themajordatapathfunctionalunitsallocatedby Viper, asitemsin Prolog(includingname,type,delayin
nanoseconds, and area in square microns), were:

elem(o(alu,1), alu(ripple), 40.9, 280800).
elem(o(alu,2), alu(ripple), 40.9, 280800).
elem(o(cmp,1), cmp, 8.5, 56000).
elem(o(shf,1), shf, 17.7, 819840).

The data path operations (including unit name), were:

elemFn(o(alu,1), add).
elemFn(o(alu,1), and).
elemFn(o(alu,1), dec).
elemFn(o(alu,1), inc).
elemFn(o(alu,1), or).
elemFn(o(alu,1), sub).
elemFn(o(alu,1), xor).
elemFn(o(alu,2), add).
elemFn(o(cmp,1), gt).
elemFn(o(cmp,1), iszero).
elemFn(o(shf,1), asr).
elemFn(o(shf,1), shl).
elemFn(o(shf,1), shr).

Most of the data path area was taken up by registers and register files.

elem(reg(pc), reg, 3.1, 118400).
elem(reg(npc), reg, 3.1, 118400).
elem(reg(psr), reg, 3.1, 118400).
elem(reg(tbr), reg, 3.1, 118400).
elem(reg(wim), reg, 3.1, 118400).
elem(reg(inst), reg, 3.1, 118400).
elem(reg(p), reg, 3.1, 118400).
elem(reg(q), reg, 3.1, 118400).
elem(reg(tempCWP), reg, 3.1, 118400).
elem(reg(tempAddr), reg, 3.1, 118400).
elem(reg(tempMask), reg, 3.1, 118400).
elem(reg(memAE), reg, 3.1, 3700).
elem(reg(memDR), reg, 3.1, 118400).
elem(reg(memAR), reg, 3.1, 118400).
elem(reg(memBM), reg, 3.1, 14800).
elem(reg(memAS), reg, 3.1, 29600).
elem(regfile(r), regfile, 9.4, 1460000).
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The tabulated synthesis results are:

6.2.1.2.  The Basic gcc Version

The basic gcc version has: gcc instruction weights, all instructions synthesized, and no trace scheduling.

The tabulated synthesis results are:

The only difference between this version and the one above is the expected one, namely a slightly different
CPI result due to different instruction weights.

6.2.1.3.  The Basic eqntott Version

The basic eqntott version has: eqntott instruction weights, all instructions synthesized, and no trace schedul-
ing.

The tabulated synthesis results are:

This, like the gcc version above, is the same as the basic uniform version except for a slightly different CPI
result due to different instruction weights.

6.2.1.4.  The High Speed Data Path Version

The high speed version has: gcc instruction weights, all instructions synthesized, no trace scheduling, and a
30 nanosecond cycle constraint.

The only difference between this version and the one above is that the synthesized data path has two faster,
larger ALUs (carry bypass instead of ripple carry):

elem(o(alu,1), alu(bypass), 20.26, 392000).
elem(o(alu,2), alu(bypass), 20.26, 392000).

SPARC V8 Basic Version

Total Area 4560664

Cycles Per Instruction 5.61474

Number of blocks 700

Number of cycles 709

Number of transfers 1444

SPARC V8 Simple gcc Version

Total Area 4560664

Cycles Per Instruction 5.58755

Number of distinct cycles 709

Number of register transfers 1444

SPARC V8 Simple eqntott Version

Total Area 4560664

Cycles Per Instruction 5.58755

Number of distinct cycles 709

Number of register transfers 1444
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The tabulated synthesis results are:

6.2.1.5.  The 0.1% gcc Version

The 0.1% gcc version has: gcc instruction weights, instructions used 0.1% or less not synthesized, and no
trace scheduling.

The synthesized data path was virtually the same, with the same functional units.

The data path operations required were:

elemFn(o(alu,1), add).
elemFn(o(alu,1), and).
elemFn(o(alu,1), dec).
elemFn(o(alu,1), or).
elemFn(o(alu,1), sub).
elemFn(o(alu,2), add).
elemFn(o(cmp,1), gt).
elemFn(o(cmp,1), iszero).
elemFn(o(shf,1), shl).

The tabulated synthesis results are:

6.2.1.6.  The 1% gcc Version

The 1% gcc version has: gcc instruction weights, instructions used 1% or less not synthesized, and no trace
scheduling.

Again, the synthesized data path was virtually the same, with the same functional units.

The data path operations (including unit), were:

elemFn(o(alu,1), add).
elemFn(o(alu,1), and).
elemFn(o(alu,1), dec).
elemFn(o(alu,1), or).
elemFn(o(alu,2), or).
elemFn(o(cmp,1), gt).
elemFn(o(shf,1), shl).

SPARC V8 30 nanosecond Version

Total Area 4783064

Cycles Per Instruction 5.58755

Number of distinct cycles 709

Number of register transfers 1444

SPARC V8 0.1% gcc Version

Total Area 4546012

Cycles Per Instruction 5.56577

Number of distinct cycles 427

Number of register transfers 670
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The tabulated synthesis results are:

6.2.1.7.  The 1% eqntott Version

The 1% eqntott version has: eqntott instruction weights, instructions used 1% or less not synthesized, and no
trace scheduling.

The list of required instructions:

keep(call).
keep(jmpl).
keep(save).
keep(restore).
keep(rett).
keep(lda).
keep(sta).
keep(ta).
keep(tne).

The synthesized data path was substantially smaller:

elem(o(alu,2), alu(ripple), 40.9, 280800).
elem(o(alu,1), alu(ripple), 40.9, 280800).
elem(o(cmp,1), cmp, 8.5, 56000).

Additionally, the tempMask, wim, and memBM registers were omitted.

The data path operations (including unit), were:

elemFn(o(alu,1), add).
elemFn(o(alu,1), and).
elemFn(o(alu,1), dec).
elemFn(o(alu,1), sub).
elemFn(o(alu,2), add).
elemFn(o(cmp,1), gt).
elemFn(o(cmp,1), iszero).

The tabulated synthesis results are:

6.2.1.8.  The Trace-Scheduled gcc Version

The trace-scheduled version has: gcc instruction weights, all instructions synthesized, and trace scheduling.

The synthesized data path was again the same, with the same functional units.

The data path operations (including unit), were:

SPARC V8 1% gcc Version

Total Area 4544680

Cycles Per Instruction 5.47583

Number of distinct cycles 386

Number of register transfers 553

SPARC V8 1% eqntott Version

Total Area 3470576

Cycles Per Instruction 5.37412

Number of distinct cycles 73

Number of register transfers 138
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elemFn(o(alu,1), add).
elemFn(o(alu,1), addc).
elemFn(o(alu,1), and).
elemFn(o(alu,1), dec).
elemFn(o(alu,1), inc).
elemFn(o(alu,1), invert).
elemFn(o(alu,1), or).
elemFn(o(alu,1), sub).
elemFn(o(alu,1), subc).
elemFn(o(alu,1), xor).
elemFn(o(alu,2), add).
elemFn(o(cmp,1), equal).
elemFn(o(cmp,1), gt).
elemFn(o(shf,1), asr).
elemFn(o(shf,1), shl).
elemFn(o(shf,1), shr).

The tabulated synthesis results are:

The additional time taken by the trace scheduling optimizer was 3 1/2 hours.

6.3.  Translating Prolog into VHDL

VHDL is a complex languagewith multiple capabilities.It is: a programminglanguage;a simulationlan-
guage;a languagefor describinghardwarestructure;anda languagefor specifyinghardwaretiming characteristics.
RecastingViper to operateonVHDL meantchoosinganappropriatesubsetof VHDL, onethatroughlycorresponded
to the subsetof Prologusedby Viper. The VHDL Cookbook,by PeterJ. Ashenden[VHDL-Intro], andthe VHDL
Language Reference Manual [VHDL-STD] were used as references.

The startingpoint for theseinvestigationswasthe PrologSPARC specification,not the ISP of the original
Sunspecification,becausethe synthesizeroperateson Prolog,andthe basicoperationof the synthesizerwasto be
preserved.

The translation proceeded in stages.

• The register definitions were translated, ultimately using VHDL alias statements.

• Interfaces were translated using VHDL signal declarations.

• Register files were converted to VHDL arrays.

• A canonical arithmetic instruction, add, was translated, ultimately using connection variables.

• Theloadandstoreinstructionsweretranslatedusingmechanismsdevelopedfor theaddinstruction.

• The main run loop was translated.

• Instruction dispatch and traps were translated using VHDL control structures.

Translation was relatively straightforward once the appropriate VHDL constructs were developed.

Details of the translation can be found in an appendix.

SPARC V8 Trace Version

Total Area 4560664

Cycles Per Instruction 3.98386

Number of distinct cycles 1667

Number of register transfers 3543
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7.  CONCLUSIONS AND RECOMMENDATIONS

This sectionsummarizesthePhaseI results,draws conclusionsfrom thoseresults,andmakessomerecom-
mendations about future work.

7.1.  SPARC Synthesis Result Summary

The following table summarizesthe resultsof the different synthesisexperimentsperformedwith the
SPARC specification and Viper:

Highlighting thesenumbers,thefollowing tableshowsthepercentagedifferencesbetweenthebasicuniform
version and the other versions.

These results indicate:

• Thereis little differencein datapathsbetweenversions.Thedatapathsarein fact relativelysimple,
and there is little room for difference.

• Thereducedversionsfeaturesmallercontrol,but no othermajordifferences-- exceptfor theques-
tionable eqntott results.

• Most of the smaller control benefit of the reduced versions comes at 0.1%.

• Trace scheduling improves throughput substantially with the same basic data path.

• Thetraceschedulingthroughputimprovementcomesat thepriceof aproportionallylargerincrease
in control size.

Theimportantmetaobservationhereis thatoncetheSPARC specificationwasconstructed,differentproces-
sor implementations could be generated with a few minutes of setup and a few hours (see below) of synthesis time.

7.2.  VHDL and Viper

A simpledefinitionof thesubsetof VHDL synthesizableby Viper (drivenby theneedfor specificationsto
be effectively realizable in hardware) is:

• a pre-defined set of data types, including field, storage, and connection data types, must be used;

• other types can appear only in library models;

• a pre-defined memory interface must be used;

• a limited set of built-in functions are available; and

• recursion is not allowed.

Version Basic gcc eqntott 30 ns 0.1% gcc 1% gcc 1% eqntott Trace

Instruction Weight uniform gcc eqntott gcc gcc gcc eqntott gcc

Reduction 0% 0% 0% 0% 0.1% 1% 1% 0%

Other Synthesis Option - - - fast clock - - - trace sched

Total Area 4560664 4560664 4560664 4783064 4546012 4544680 3470576 4560664

Cycles Per Instruction 5.61474 5.58755 5.57457 5.58755 5.56577 5.47583 5.37412 3.98386

Number of distinct cycles 709 709 709 709 427 386 73 1667

Number of register transfers 1444 1444 1444 1444 670 553 138 3543

Version gcc eqntott 30 ns 0.1% gcc 1% gcc Trace

Area benefit (cost) 0% 0% (4.88%) 0.32% 0.35% 0%

CPI benefit 0.49% 0.72% 0.49% 0.88% 2.54% 40.94%

Transfer benefit (cost) 0% 0% 0% 54% 62% (145%)
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Performingthe translationsenumeratedabove in ResearchResultshasled to someobservationson using
Viper for VHDL synthesis.

• Thenotionof acycle-- access-operation-set-- permeatesViper specificationsandViper synthesis.
SynthesizableVHDL canbewritten without accessandset,but, to useViper, ultimatelythat
VHDL will be translated into some form using access and set.

• Prologspecificationshavearelativelyflat controlstructure.Therearefew levelsof proceduralnest-
ing or conditionals.ThePrologprocedureis thebasicunit of conditionalexecution,andsuch
proceduresarenotsimple,localconstructs.VHDL, in contrast,hasarich collectionof control
structures.Thesecontrolstructuresmakespecificationssimplerandmorereadable,but com-
plicate translation by Viper.

• With structuralVHDL, operationssuchasaddwith carrycanbedefinedeasily(in contrastwith Pro-
log). Suchfunctionswill notbesynthesizedby Viper, however.Suchlibrary VHDL canserve
asasimulationmodel,with, for example,anactualaddfunctionimplementedin anoptimized
ALU.

• VHDL controlstructuresalsoallow theeasyexpressionof functionsthatcanmoreefficiently beim-
plementedwith logic gates,asopposedto finite statemachinestates.Consider,for example,
theselectionof thesecondoperandto theaddinstruction,which caneitherbea registeror an
immediate.This if-then is bestimplementedin gates,asopposedto a multiple statetest.In
VHDL such functions can be easily identified by the user and realized using logic synthesis.

• For registerfield datadependencyanalysis,theVHDL aliasstatementswill haveto beusedto de-
termine the actual registers where the data resides.

7.3.  An Assessment of the Current Viper System

Thecurrentimplementationof Viper was,in general,adequatefor theseexperiments.Its weaknessescanbe
divided into three categories, bugs, library extensions, and performance.

7.3.1.  Viper Bugs

Coming into these experiments, the Viper system was surprisingly robust, with one major exception.

Theexceptionwasthecomponentthat preparesregistertransfersfor tracescheduling(thefirst item in the
traceschedulingactiontablebelow). It wasquitelimited, and,asoriginally written,couldnot handlethecomplexity
of the SPARC design. It required substantial modification (it had to be extended to handle seven additional cases).

Otherwise,only oneotherbug wasdetected,that in thedatapathallocationcode(again, exercisedbecause
of the complexity of the SPARC specification).

7.3.2.  Viper Library Elements

Eachprocessorsynthesizedby Viper so far (the 6502,the BAM, andthe SPARC) hasrequiredadditional
operators.This hasbeenthecasefor two reasons.First, thesetof operatorsin Prologis not particularlyrich, espe-
cially with respectto commonhardwareoperations(thereis no exclusive or, for example).Second,in orderto pro-
duceimplementationswith goodperformance,somecomplex computationsarebestmadeinto hardwaremodules,
put in the library, and treated as single operators by Viper.

With theSPARC, addwith carryandsignextensionwereaddedto thelibrary. Becauseof theimpactopera-
torshave on parsingandRTL optimization,modificationof theViper codethatperformsthosefunctionswasneeded
(five modulesin all -- lib, opmap,scan,mort,andcomo-- werechanged;seeAppendixF in [Viper] for a discussion
of adding operators to the system).

In asystemretargetedto VHDL themostunpleasantaspectsof thisextensionprocesswouldbeobviated.In
particular, VHDL’ssupportof modularityandoverloadingwouldgreatlysimplify specificationprocessing.Addition-
ally, structural VHDL is a natural mechanism for representing connectivity.
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7.3.3.  Viper Performance

Becauseof thesizeof theSPARC specification,thespeedof Viperbecameafactor, which it hadnotbeenin
earlier experiments (see [Viper]).

A basicSPARC designtakesaboutsix hoursto synthesize,anda tracescheduleddesigntakesninehours.
The component actions and their times, on a Sun SPARCstation 1:

Trace scheduling actions (starting with the optimized RTL of a basic design) and their times:

Given the known performanceweaknessesof Prolog,andthe fact that Viper is essentiallya compilerand
shouldexhibit performancesimilar to compilersfor programminglanguages,it is reasonableto expectthata reimple-
mentation of Viper in a more efficient language would speed up its operation considerably.

7.4.  Overall Conclusions

The major findings of this project are:

• TheProlog-basedhardwarespecificationmethoddefinedin [Viper] wasadequateto specifyamod-
ern RISC processor, meeting its design goal of being equivalent to ISP.

• UsingVHDL for specification,onceinitial definitionalissueswereovercome,wassubstantiallyeas-
ier andmorenaturalthanusingProlog.VHDL’s rich control structuresmadespecifications
muchmorereadable,andtheability to specifyhardwarestructuremadelibrary elementsmuch
easier to define.

• Definingalibrary of operatorsandprocedureswasnecessarywith bothlanguages,in orderto realize
designsof reasonablequality.Suchdefinitionsarein fact themethodusedto tailor theViper

Basic Action Elapsed Time Prolog Used

translate Prolog to RTL 4:09:52 C-Prolog

optimize RTL 4:11 C-Prolog

compute probabilities 1:00:11 SICStus

schedule RTL 6:42 SICStus

compute data path needs 5:05 SICStus

create data path 3:15 SICStus

compute throughput 3:19 C-Prolog

estimate control size 4:04 C-Prolog

Trace Scheduling Action Elapsed Time Prolog Used

convert RTL for trace scheduling 2:26 C-Prolog

trace schedule 29:18 SICStus

convert RTL for allocation 28:11 SICStus

optimize RTL 22:17 C-Prolog

compute probabilities 55:42 SICStus

schedule RTL 43:39 SICStus

compute data path needs 18:36 SICStus

create data path 6:45 SICStus

compute throughput 6:16 C-Prolog

estimate control size 17:43 C-Prolog
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synthesisprocessto a particularmicroprocessordesign,by handoptimizing selectedcon-
structs.

• Non-pipelined designs were generated quickly and relatively easily.

• Enhanced designs (reduced and trace scheduled) were generated easily.

• Reduced designs featured smaller control paths, but not smaller data paths.

• The trace scheduled design was substantially faster, with a much larger control path.

• TheViper systemwasrobustenoughto handletheSPARCdesign,but it pushedthe limits of the
implementation.Performancein particularbecameafactor,whichit hadnotbeenin earlierex-
periments (see [Viper]).

In sum,the currentsystemis adequatefor rapid prototypingnon pipelinedversionsof commercialRISC
microprocessors.It supportsbothautomaticoptimization(throughtraceschedulingandinstructionsetreduction)and
manual improvement (via additions to the library).

ThePrologimplementationof theViper systemhasbeenadequatefor thesetests,but any furtherdevelop-
ment will require a reimplementation.

7.5.  A Processor Design Aid

Viperwasprimarily constructedto synthesizehigh-qualitymicroprocessorsrapidly -- to beusedasatool for
architecturalexploration.It wasdesignedto operatewithout userinteraction.It wasalsodesignedto reflectanarchi-
tect’s perspective on synthesis, particularly in its use of instruction frequency statistics.

It hasdemonstratedits ability to generatereasonableimplementationsquickly given a specificationanda
tuned library.

This basic functionality is valuable and can be pursued further.

Viper hastwo weaknessesthatspringfrom its original designgoals.It wasdesignedto operatewithout user
interaction,andwasdesignedto producedesignsquickly, which meantde-emphasizingpipeliningandits complexi-
ties. These weaknesses became obvious as Viper was used as a tool in this Phase I.

A new implementation can address these issues.

• Theallocatorcanbeeasilymodifiedto allow thehumandesignerto partly specifyandmodify the
datapath(in a user-friendlymanner).This would allow thedesignermoredirectcontrolover
thedatapath,asopposedto indirectly affectingit by changingthe library. (Thecapabilityto
modify the library is additionally useful and would be retained.)

• Thebasicschedulerandallocatorcannowalreadywork with partiallyspecifiedschedules;this fea-
ture hasbeenusedto generatepipelineddesigns(seeChapter13 in [Viper]). Suchpartial
schedules are now difficult to specify -- the user-system interface should be improved.

• Feedbackfrom Viper aboutthesynthesizeddesigncanbeimproved.It should,for example,inform
the user as to which instructions are not being implemented in reduced mode.

• In partbecauseof thetextualorientationof Prolog(lacking,for example,thegraphiclibrariesof Vi-
sualC++), andin partbecauseof therapidprototypingnatureof Viper development,Viper’s
userinterfaceis primitive. Thesystemshouldbeableto displaya graphicalrepresentationof
thedevelopingdesign,with which theusercaninteract.Structuralcomponentsin particular,
such as library elements and the data path, should be displayed graphically.

• Currentsupportfor pipeliningcouldbeimproved.Theruptool, partof Viper (seechapter13in [Vi-
per]), identifiescommonresourceusagepatternsin instructiondefinitions,patternsthatsug-
gestpipelining strategies.The tool wasappliedto the SPARC,and identified 519 potential
resourceusagepatternsin variouspartsof thespecification(asopposedto 17for theBAM mi-
croprocessor).This tool couldbeenhancedby usingclassesof resourcesto reducethenumber
of potentialpatterns,andby detectingdependenciesbetweenpatterns.Thetool couldalsobe
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moreuseful if it could be appliedinteractively,with the userindicatingpotentialsharedre-
sources and selecting promising patterns.

Theabove enhancements,in additionto a reimplementationin C++ anda retargetingto VHDL, would lead
to a valuable prototyping tool.
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9.  Appendix: The Prolog SPARC Specificaiton

9.1.  Architected Register Definitions

TheSPARC processorfeaturessix registersandthreeregisterfiles (definedin AppendixC.3).Theregisters
aretheProcessorStateregister(psr), theTrapBaseRegister(tbr), theWindow Invalid MaskRegister(wim), theY
Register (y), the ProgramCounter(pc), andthe Next ProgramCounter(npc). The registerfiles arethe Windowed
Registers(r[i]), theGlobalRegisters(g[i]), andtheAncillary StateRegisters(asr[i]). Thepsrandthetbr haveanum-
ber of component fields.

The definitionsof theseregisterswerereadily convertedto Prologusingthe Prologconstructsintroduced
above (Specifying Hardware In Prolog). The psr is the most complex, with numerous bit fields.

% Processor State Register
stateRegister(psr, 32).
stateField(psr, impl, (31-28)). % implementation id
stateField(psr, ver, (27-24)). % implementation version
stateField(psr, icc, (23-20)). % IU condition codes

stateField(psr, n, 23). %   negative
stateField(psr, z, 22). %   zero
stateField(psr, v, 21). %   overflow
stateField(psr, c, 20). %   carry

stateField(psr, reserved_PSR, (19-14)). % unused
stateField(psr, ec, 13). % enable CP
stateField(psr, ef, 12). % enable FP
stateField(psr, pil, (11-8)). % acceptable interrupt level
stateField(psr, s, 7). % supervisor mode
stateField(psr, ps, 6). % previous s value
stateField(psr, et, 5). % enable traps
stateField(psr, cwp, (4-0)). % current window pointer

The pc and npc registers are straightforward.

% Program Counter
stateRegister(pc, 32).

% Next Program Counter
stateRegister(npc, 32).

The windowed registerfile of the SPARC is somewhat complicated.It involvesa movablepointer into an
otherwisenormalregisterfile (thepointeris containedin thecwp field of thepsr, above),which is usedby thehard-
wareasanindex into thefile on every registerreference.Eachwindow contains16 registers(registerspecifiersare4
bits),half of whichareoverlappedwith its precedingwindow andhalf with its following window. TheSPARC archi-
tecturerequiresthatevery implementationhave at least2 windows,anda maximumof 32.For thePhaseI, thenum-
berof windows wassetat 4, to keeptheregisterfile small in relationto therestof thedatapath(to betterilluminate
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differencesin datapatharea).Additionally, thewindow indexing mechanismwasnot specifiedbehaviorally in Pro-
log, but implemented in the register file addressing logic.

Thewindowedregisterfile waseasilydefined,but its implementationis subtle;thesesubtletiesarecaptured
in comments based on the ISP. The wim register, which specifies which windows can be used, was also defined.

% Windowed Registers
nwindows(4).
stateRegisterSet(r, 32, 64).
% *** note:
% *** two read and write ports (r1, r2)
% *** same-cycle indexing used
% *** Since R0 contains 0,
% wval(port(r, w), 0, N)
% set(port(r, w), 0), set(reg(r, w), N)
% *** suppresses storing to R0
% Windowed register reference r[n]:
% if (n = 0) then 0
% else if (1 <= n <= 7) then G[n]
% else R[((n-8)+(CWP*16)) modulo (16*NWINDOWS)]
%   This is implemented by running psr.cwp into the register file
% address decode (implicitly part of the port builtin).

% Window Invalid Mask Register
stateRegister(wim, 32).

Other assorted registers are needed in the specification.

% Trap Base Register
stateRegister(tbr, 32).
stateField(tbr, tba, (31-12)).
stateField(tbr, tt, (11-4)).
stateField(tbr, zero, (3-0)).

% Y
stateRegister(y, 32).

% Global Registers
stateRegisterSet(g, 32, 7).

% Ancillary State Registers
stateRegisterSet(asr, 32, 31).

9.2.  Implementation Register Definitions

In addition to thesearchitectedregisters,someimplementationregisterswere defined.Implementation
dependentregisters(16-31)of theasrregisterfile couldhave beenused,but, for clarity, separateindividual registers
were defined.

Oneimportantregister(moreprecisely, setof flip-flops), p, holdsthestateof theprocessor. This registeris
implied in the ISP but not explicitly represented as such; its component bits appear as ISP variables.

% Implementation Registers

% the global state register and its bits
stateRegister(p, 32).
stateField(p, annul, 32).
stateField(p, cp_disabled, 31).
stateField(p, cp_exception, 30).
stateField(p, data_access_error, 29).
stateField(p, data_access_exception, 28).
stateField(p, data_store_error, 27).
stateField(p, division_by_zero, 26).
stateField(p, error_mode, 25).
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stateField(p, execute_mode, 24).
stateField(p, fp_disabled, 23).
stateField(p, fp_exception, 22).
stateField(p, illegal_instruction, 21).
stateField(p, instruction_access_error, 20).
stateField(p, instruction_address_exception, 19).
stateField(p, mem_address_not_aligned, 18).
stateField(p, privileged_instruction, 17).
stateField(p, r_register_access_error, 16).
stateField(p, reset_mode, 15).
stateField(p, reset_trap, 14).
stateField(p, tag_overflow, 13).
stateField(p, trap, 12).
stateField(p, trap_instruction, 11).
stateField(p, unimplemented_FLUSH, 10).
stateField(p, window_overflow, 9).
stateField(p, window_underflow, 8).

The q register is used to hold trap and interrupt information.

% the interrupt and trap level register
stateRegister(q, 32).
stateField(q, interrupt_level, (13-10)).% <3:0> from bp_IRL
stateField(q, ticc_trap_type, (6-0)).% <6:0> from icc trap

Three temporary registers are used in computation.

% temporaries for SAVE and RESTORE, JMPL, RETT
stateRegister(tempAddr, 32).
stateField(tempAddr, byteAddr, (1-0)).
stateRegister(tempCWP, 32).
stateRegister(tempMask, 32).

An instructionregister, with its decodefields (which arepart of the architecturalspecification),is usedto
hold theresultsof instructionfetch for decoding.This registercouldhave beenintegratedwith thememorysystem,
but for simplicity was defined separately.

% The instruction register and its fields
stateRegister(inst, 32).
stateField(inst, op, (31-30)).
stateField(inst, op2, (24-22)).
stateField(inst, op3, (24-19)).
stateField(inst, opf, (13-5)).
stateField(inst, opc, (13-5)).
stateField(inst, asi, (12-5)).
stateField(inst, i, 13).
stateField(inst, rd, (29-25)).
stateField(inst, a, 29).
stateField(inst, cond, (28-25)).
stateField(inst, rs1, (18-14)).
stateField(inst, rs2, (4-0)).
stateField(inst, simm13, (12-0)).
stateField(inst, shcnt, (4-0)).
stateField(inst, trapnum, (6-0)).
stateField(inst, disp30, (29-0)).
stateField(inst, disp22, (21-0)).

Note that the instruction fields are defined in Appendix C.4.

The memory interface registers were translated and defined (as per Appendix C.2).

% Memory system use in ISP:
%
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%     (load_data, MAE) <- memory_read(addr_space, address)
%
%     MAE <- memory_write(addr_space, address, byte_mask, store_data)
%
% Memory system use in Prolog:
%
%     set(memAS, Space),
%     set(memAR, Addr),
%     mem_read,
%     access(memDR, Data), ... (memAE also available)
%
%     set(memAS, Space),
%     set(memAR, Addr),
%     set(memBM, Mask),
%     set(memDR, Data),
%     mem_write, ... (memAE available)
%
stateRegister(memAR, 32).
stateField(memAR, doubleAddr, (2-0)).
stateField(memAR, wordAddr, (1-0)).
stateField(memAR, halfAddr, 0).
stateRegister(memDR, 32).
stateField(memDR, firstByte, (31-24)).
stateField(memDR, secondByte, (23-16)).
stateField(memDR, thirdByte, (15-8)).
stateField(memDR, fourthByte, (7-0)).
stateField(memDR, firstHalf, (31-16)).
stateField(memDR, secondHalf, (15-0)).
stateRegister(memAS, 8).
stateRegister(memBM, 4).
stateRegister(memAE, 1).

The byte, half word, word, and double word fields are used by the load and store instructions.

9.3.  Interface Definitions

Off-chip interface lines were defined (from Appendix C.2).

stateInterface(bp_IRL, (3-0)).
stateInterface(bp_reset_in, 0).
stateInterface(pb_error, 0).
stateInterface(pb_block_ldst_word, 0).
stateInterface(pb_block_ldst_byte, 0).
stateInterface(bp_FPU_present, 0).
stateInterface(bp_FPU_exception, 0).
stateInterface(bp_FPU_cc, (1-0)).
stateInterface(bp_CP_present, 0).
stateInterface(bp_CP_exception, 0).
stateInterface(bp_CP_cc, (1-0)).

9.4.  The Trap-Fetch-Execute Loop

Thebasicstructureof theSPARC specificationconsistsof (AppendicesC.5andC.6):1) a resettestandwait
loop, 2) anerror testandwait loop, 3) trapexecution,4) instructionfetch,5) instructionexecution,and6) program
counter update. This was defined in Prolog.

The basic tail-recursive run loop, the heart of the specification, was defined.

run :-
reset,
error,
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trap,
fetch,
execute,
run.

run :- true.

The reset loop, which loops while reset is high, was defined. It initializes the basic state of the processor.

reset :-
test(bp_reset_in, 1), !,
% initialize state
set(p, reset_mode, 0),
set(p, execute_mode, 1),
set(p, trap, 1),
set(p, reset_trap, 1),
reset.

reset :- true.

The error loop, which loops while error is high, was defined. Error reset was also defined.

error :-
test(p, error_mode, 1), !,
errorReset,
error.

error :- true.

errorReset :-
test(bp_reset_in, 1), !,
% initialize state
set(p, error_mode, 0),
set(p, reset_mode, 1),
set(pb_error, 0).

errorReset :- !.

9.5.  Trap Handling

The trap handlerwasdefined.It setsthe interrupt level, dependingon the modeof the processor. It also
causes the trap to be executed.

trap :-
trapint,
traptest.

% set the interrupt level
trapint :-

test(psr, et, 1),
access(bp_IRL, IRL),
RL = 15, !,
set(p, trap, 1),
set(q, interrupt_level, IRL).

trapint :-
access(psr, pil, PIL),
access(bp_IRL, IRL),
IRL > PIL, !,
set(p, trap, 1),
set(q, interrupt_level, IRL).

trapint :- !.

% if there is a trap pending, execute it
traptest :-

test(p, trap, 1), !,
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trapex.
traptest :- !.

9.6.  Trap Execution

Trap execution was defined. The handling of individual traps consists of (see Appendix C.8)

• identifying the trap,

• zeroing various state bits,

• and setting the program counter appropriately.

First, the root procedure including setting state bits:

trapex :-
% identify the trap
trapsel,
% zero state bits
set(p, trap, 0),
set(p, instruction_access_exception, 0),
set(p, illegal_instruction, 0),
set(p, privileged_instruction, 0),
set(p, fp_disabled, 0),
set(p, cp_disabled, 0),
set(p, window_overflow, 0),
set(p, window_underflow, 0),
set(p, mem_address_not_aligned, 0),
set(p, fp_exception, 0),
set(p, cp_exception, 0),
set(p, data_access_exception, 0),
set(p, tag_overflow, 0),
set(p, division_by_zero, 0),
set(p, trap_instruction, 0),
set(q, interrupt_level, 0),
% update the pc
trappc, !.

Second, trap identification:

% identify the trap
trapsel :-

test(p, reset_trap, 1), !.
trapsel :-

test(psr, et, 0), !,
set(p, execute_mode, 0),
set(p, error_mode, 0).

trapsel :-
test(p, data_store_error, 1), !,
set(tbr, tt, tmask1).

trapsel :-
test(p, instruction_access_error, 1), !,
set(tbr, tt, tmask2).

... (several traps omitted for brevity)
trapsel :-

% interrupt level > 0
access(q, interrupt_level, IL),
set(tbr, tt, IL).
% tt <- 0001 [] interrupt_level

Third, updating the pc -- this involves

• testing for errors and leaving the pc untouched in that case;

• setting the window pointer;
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• saving the old pc (based on annulling); and

• setting the new pc (based on whether or not the trap was a reset):

% update the pc
trappc :-

test(p, error_mode, 0), !,
set(psr, et, 0),
access(psr, s, OldS),
set(psr, ps, OldS),
trapCWP,
trappcLast,
set(psr, s, 1),
trappcNext.

trappc :- !.

% set the current window pointer
trapCWP :-

test(psr, cwp, 0), !,
% NewCWP is NWindows - 1
% nwindows = 4
set(psr, cwp, 3).

trapCWP :-
access(psr, cwp, OldCWP),
NewCWP is OldCWP - 1,
set(psr, cwp, NewCWP).

% save the old pc
trappcLast :-

test(p, annul, 0), !,
access(pc, OldPC),
wval(port(r, w), 17, OldPC),
access(npc, OldNPC),
wval(port(r, w), 18, OldNPC).

trappcLast :-
access(npc, OldPC),
wval(port(r, w), 17, OldPC),
OldNPC is OldPC + 4,
wval(port(r, w), 18, OldNPC),
set(p, annul, 0).

% set up the new pc
trappcNext :-

test(p, reset_trap, 0), !,
access(tbr, ThisPC),
set(pc, ThisPC),
NextPC is ThisPC + 4,
set(npc, NextPC).

trappcNext :-
set(pc, 0),
set(npc, 4),
set(p, reset_trap, 0).

9.7.  Instruction Fetch

Instruction fetch was defined. It distinguishes between user mode and privileged instructions.

fetch :-
test(psr, s, 0), !,
set(memAS, 8),
access(pc, Addr),
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set(memAR, Addr),
mem_read.

fetch :-
set(memAS, 9),
access(pc, Addr),
set(memAR, Addr),
mem_read.

9.8.  General Instruction Execution

Generalinstructionexecutionwas defined.It distinguishesbetweenan annulledinstruction(the SPARC
architecturefeaturesonedelayslotafterjumps,with associatedannulling),abadinstructionfetchaddress,andanor-
mal instruction.

execute :-
% annul
test(p, annul, 1), !,
set(p, annul, 0),
access(npc, PC),
set(pc, PC),
NPC is PC + 4,
set(npc, NPC).

execute :-
% instruction read exception
test(memAE, 1), !,
set(p, trap, 1),
set(p, instruction_address_exception, 1).

execute :-
access(inst, op, OPex),
disptest(OPex),
dispatch(OPex),
access(inst, op, OPup),
updatePC(OPup).

Thecodewasdefinedthatperformspreliminarytestsbeforeindividual instructionsareexecuted.It checks
for avalid opcode(andtrapsif theopcodeis invalid), andthenexecutestheinstructionif thereis nopendingtrap.The
executeprocedure,which definesthebehavior of individual instructions,canbefoundbelow in partsrelatedto spe-
cific instructions.

% verify that the opcode is a valid one
disptest(0) :-

test(inst, op2, 0), !,
set(p, trap, 1),
set(p, illegal_instruction, 1).

disptest(0) :-
!.

disptest(2) :-
test(inst, op3, unassigned), !,
set(p, trap, 1),
set(p, illegal_instruction, 1).

disptest(2) :-
!.

disptest(3) :-
test(inst, op3, unassigned), !,
set(p, trap, 1),
set(p, illegal_instruction, 1).

disptest(3) :-
!.

disptest(Op) :-
!.
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% if there is not a trap pending, execute the instruction
dispatch(Op) :-

test(p, trap, 0), !,
execute(Op).

dispatch(Op) :-
!.

9.9.  Updating the Program Counter

Thecodeto updatethePCwasdefined.It testsfor instructionsthatthemselvesupdatethePC,andfor those
does nothing.

%-- Test for PC changing instructions:
%--   CALL, RETT, JMPL, Bicc, FBfcc, CBccc, Ticc do not change PC.
updatePC(call) :-

!.
updatePC(rett) :-

!.
updatePC(jmpl) :-

!.
... (several instructions omitted for brevity)
updatePC(OP) :-

access(npc, PC),
set(pc, PC),
NPC is PC + 4,
set(npc, NPC).

9.10.  Individual Instructions: Arithmetic, Logical, and Shift

Individual instructionswere definedin order of relative complexity, simplestfirst (not in the order they
appear in Appendix C.9). For brevity, only example instructions will be presented here.

First, the basicarithmetic,logical, andshift instructionsweredefined.Thesehave a characteristicaccess-
access-operate-setstructure:thesourceoperandsareretrievedfrom theregisterfile andareusedto computea result,
which is thenstoredinto a destinationregisterin theregisterfile. Alternatively, oneof thesourceoperandscanbean
immediate. In Prolog this alternative is defined in a separate clause.

The add instruction is typical of such instructions:

execute(add) :-
test(inst, i, 0), !,
access(inst, rs1, RS1),
rval(port(r, r1), RS1, S1),
access(inst, rs2, RS2),
rval(port(r, r2), RS2, S2),
D is S1 + S2,
access(inst, rd, RD),
wval(port(r, w), RD, D).

execute(add) :-
access(inst, simm13, IMM),
signExtend(IMM, 13, S1),
access(inst, rs2, RS2),
rval(port(r, r2), RS2, S2),
D is S1 + S2,
access(inst, rd, RD),
wval(port(r, w), RD, D).

A few new operators,not found in Prolog,weredefinedfor theseinstructions(including addc,subc,and
xor).
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9.11.  Individual Instructions: Load and Store

Theloadandstoreinstructionswerespecified,includingtheprivilegedalternatespace-A variants.Thedef-
inition of theseinstructionswasprecededby the constructionof several commonsubroutines.The load andstore
word instructions use these subroutines:

execute(ld) :-
        setLoadAddress,
        setAddrSpace,
        testWordAlignment,
        readData,
        testAccess,
        loadDataWord.

execute(st) :-
        setStoreAddress,
        setAddrSpace,
        testWordAlignment,
        storeDataWord,
        storeData,
        testAccess.

ThesetLoadAddressandsetStoreAddressroutinescomputetherespectiveeffective loador storeaddressand
setthe memoryaddressregisteraccordingly. Both computethe effective addressusingeithertwo registeroperands
(addressandoffset)or a registerandan immediate.ThesetStoreAddressroutinealsochecksthe trapbit and,if set,
does not store the address.

setLoadAddress :-
        % two registers
        test(inst, i, 0), !,
        access(inst, rs1, I),
        rval(port(r, r1), I, RI),
        access(inst, rs2, J),
        rval(port(r, r2), J, RJ),
        Address is RI + RJ,
        set(memAR, Address).
setLoadAddress :-
        % register plus immediate
        access(inst, rs1, I),
        rval(port(r, r1), I, RI),
        access(inst, simm13, J),
        signExtend(J, 13, SignedJ),
        Address is RI + SignedJ,
        set(memAR, Address).

setStoreAddress :-
        test(p, trap, 1), !.
setStoreAddress :-
        % two registers
        test(inst, i, 0), !,
        access(inst, rs1, I),
        rval(port(r, r1), I, RI),
        access(inst, rs2, J),
        rval(port(r, r2), J, RJ),
        Address is RI + RJ,
        set(memAR, Address).
setStoreAddress :-
        % register plus immediate
        access(inst, rs1, I),
        rval(port(r, r1), I, RI),
        access(inst, simm13, J),
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        signExtend(J, 13, SignedJ),
        Address is RI + SignedJ,
        set(memAR, Address).

Dependingon thesupervisormodebit in thepsr, thesetAddrSpaceroutinesetsthememoryaddressspace
register.

setAddrSpace :-
        test(psr, s, 0), !,
        set(memAS, 10).
setAddrSpace :-
        set(memAS, 11).

The testWordAlignment routine tests for word alignment errors.

testWordAlignment :-
        test(memAR, wordAddr, 0), !.
testWordAlignment :-
        set(p, trap, 1),
        set(p, mem_addr_not_aligned, 1).

The readData routine performs the actual memory read.

readData :-
        test(p, trap, 0), !,
        mem_read.
readData :- !.

The testAccessroutineteststhe memoryaccesserror register(onebit) for memoryaccesserrors,andsets
the processor state accordingly.

testAccess :-
        test(memAE, 1), !,
        set(p, trap, 1),
        set(p, data_access_exception, 1).
testAccess :- !.

The loadDataWord routinemovesa word of datafrom thememorydataregisterinto the registerfile. This
movementis not performedif thetrapbit is setor if thedestinationregisteris zero(which containsa read-onlycon-
stant zero).

loadDataWord :-
        test(p, trap, 1), !.
loadDataWord :-
        test(inst, rd, 0), !.
loadDataWord :-
        access(memDR, Data),
        access(inst, rd, RD),
        wval(port(r, w), RD, Data).

ThestoreDataWord routineis thestoreanalogof loadDataWord -- it movesa word of datafrom theregister
file into the memory data register, checking the trap bit.

storeDataWord :-
        test(p, trap, 1), !.
storeDataWord :-
        set(memBM, 15),
        access(inst, rd, RD),
        rval(port(r, r1), RD, Data),
        set(memDR, Data).

The storeData routine performs the actual memory write.

storeData :-
        test(p, trap, 0), !,



36

        mem_write.
storeData :- !.

9.12.  Individual Instructions: Call and Jump and Link

The call and jump and link instructions were defined. These instructions are significant because they change
the programcounter. The call instructionsaves the programcounterand jumps to a long immediateaddress.The
jump andlink instructionalsosavestheprogramcounterandjumpsto a locationcomputedeitherfrom two register
sources or a register and an immediate, checking the alignment of the computed location.

execute(call) :-
        access(pc, SavedPC),
        wval(port(r, w), 15, SavedPC),
        access(npc, ThisPC),
        set(pc, ThisPC),
        access(inst, disp30, Disp),
        AlignedDisp is Disp /align30,
        NextPC is ThisPC + AlignedDisp,
        set(npc, NextPC).

execute(jmpl) :-
        test(inst, i, 0), !,
        access(inst, rs1, RS1),
        rval(port(r, r1), RS1, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        Address is S1 + S2,
        set(tempAddr, Address),
        jmplJump.
execute(jmpl) :-
        access(inst, simm13, IMM),
        signExtend(IMM, 13, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        Address is S1 + S2,
        set(tempAddr, Address),
        jmplJump.

jmplJump :-
        test(tempAddr, byteAddr, 0), !,
        access(pc, SavedPC),
        access(inst, rd, RD),
        wval(port(r, w), RD, SavedPC),
        access(npc, ThisPC),
        set(pc, ThisPC),
        access(tempAddr, NextPC),
        set(npc, NextPC).
jmplJump :-
        set(p, trap, 1),
        set(p, mem_address_not_aligned, 1).

9.13.  Individual Instructions: Save and Restore

The save andrestoreinstructionsweredefined.Theseinstructionsaresomewhat subtle,sincethey change
the register window.

execute(save) :-
        saveMakeCWP,
        maskCWP,
        saveTestCWP, !.
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execute(restore) :-
        restoreMakeCWP,
        maskCWP,
        restoreTestCWP, !.

ThesaveMakeCWProutinedecrementsthecurrentwindow pointer, usingthecwpfield from thepsrregister.
The routine, in performing modular addition, assumes the number of register windows to be four.

saveMakeCWP :-
        test(psr, cwp, 0), !,
        % modulo subtraction -- NewCWP is NWindows - 1
        % nwindows = 4
        set(tempCWP, 3).
saveMakeCWP :-
        access(psr, cwp, OldCWP),
        NewCWP is OldCWP - 1,
        set(tempCWP, NewCWP).

ThemaskCWProutineusesthecurrentwindow pointerto producea maskin thetempMaskregister, with a
one in the bit positionof the currentlyactive window. This maskis then testedfor validity against the permanent
maskcontainedin thewindow invalid maskregister. Windowedregisterfilesweredevelopedby asmallteamof grad-
uate students at U.C. Berkeley who had little hardware experience.

maskCWP :-
        set(tempMask, 1),
        access(tempMask, BaseMask),
        access(tempCWP, CWP),
        access(wim, WIM),
        ResultMask is (BaseMask << CWP) /\ WIM,
        set(tempMask, ResultMask).

The saveTestCWProutine teststhe resultof the maskCWProutine,andsetsthe window overflow flag if
appropriate.

saveTestCWP :-
        test(tempMask, 0), !,
        setCWP.
saveTestCWP :-
        set(p, trap, 1),
        set(p, window_overflow, 1).

The restoreMakeCWProutine is the restoreanalogof saveMakeCWP. It incrementsthe currentwindow
pointer.

restoreMakeCWP :-
        test(psr, cwp, 3), !,
        % nwindows = 4
        set(tempCWP, 0).
restoreMakeCWP :-
        access(psr, cwp, OldCWP),
        NewCWP is OldCWP + 1,
        set(tempCWP, NewCWP).

The restoreTestCWP is the restore version of saveTestCWP, setting the underflow flag.

restoreTestCWP :-
        test(tempMask, 0), !,
        setCWP.
restoreTestCWP :-
        set(p, trap, 1),
        set(p, window_underflow, 1).

ThesetCWProutinesetsthecurrentwindow pointerof thepsrregisterandperformsanaddinstruction(with
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the source operands from the old window and the destination in the new one).

setCWP :-
        test(inst, i, 0), !,
        access(inst, rs1, RS1),
        rval(port(r, r1), RS1, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        D is S1 + S2,
        access(tempCWP, CWP),
        set(psr, cwp, CWP),
        access(inst, rd, RD),
        wval(port(r, w), RD, D).
setCWP :-
        access(inst, simm13, IMM),
        signExtend(IMM, 13, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        D is S1 + S2,
        access(tempCWP, CWP),
        set(psr, cwp, CWP),
        access(inst, rd, RD),
        wval(port(r, w), RD, D).

9.14.  Individual Instructions: Return from Trap

The returnfrom trap instructionwasdefined.It changesthe registerwindow, anddoesconsiderableerror
checking.

execute(rett) :-
        rettCWP,
        rettAddress,
        maskCWP,
        rettTest.

The rettCWP routine is analogous to restoreMakeCWP, incrementing the current window pointer.

rettCWP :-
        test(psr, cwp, 3), !,
        % modulo addition -- NewCWP is NWindows + 1
        % nwindows = 4
        set(tempCWP, 0).
rettCWP :-
        access(psr, cwp, OldCWP),
        NewCWP is OldCWP + 1,
        set(tempCWP, NewCWP).

TherettAddressroutinecomputesthetargetaddressandstorestheresultin thetempAddrregister, pending
the outcome of the rettTest routine.

rettAddress :-
        test(inst, i, 0), !,
        access(inst, rs1, RS1),
        rval(port(r, r1), RS1, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        Address is S1 + S2,
        set(tempAddr, Address).
rettAddress :-
        access(inst, simm13, IMM),
        signExtend(IMM, 13, S1),
        access(inst, rs2, RS2),
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        rval(port(r, r2), RS2, S2),
        Address is S1 + S2,
        set(tempAddr, Address).

TherettTestandrettET routinestestfor variousconditions:trapsenabled,usermode,invalid window, and
addressnot aligned.If theseconditionsobtainvariouserror statusbits areset; if they do not a returnis performed
(changing the pc and the cwp).

% ET = 1 (traps enabled)
rettTest :-
        test(psr, et, 1), !,
        set(p, trap, 1),
        rettET.
% S = 0 (not supervisor mode)
rettTest :-
        test(psr, s, 0), !,
        set(p, trap, 1),
        set(p, privileged_instruction, 1),
        set(p, execute_mode, 0),
        set(p, error_mode, 1),
        set(tbr, tt, tmask5).
% window invalid
rettTest :-
        test(tempMask, 0), !,
        set(p, trap, 1),
        set(p, window_underflow, 1),
        set(p, execute_mode, 0),
        set(p, error_mode, 1),
        set(tbr, tt, tmask11).
% OK
rettTest :-
        test(tempAddr, byteAddr, 0), !,
        set(psr, et, 1),
        access(npc, ThisPC),
        set(pc, ThisPC),
        access(tempAddr, NextPC),
        set(npc, NextPC),
        access(tempCWP, CWP),
        set(psr, cwp, CWP),
        access(psr, ps, S),
        set(psr, s, S).
% address not aligned
rettTest :-
        set(p, trap, 1),
        set(p, mem_address_not_aligned, 1),
        set(p, execute_mode, 0),
        set(p, error_mode, 1),
        set(tbr, tt, tmask12).

rettET :-
        test(psr, s, 0), !,
        set(p, privileged_instruction, 1).
rettET :-
        set(p, illegal_instruction, 1).

9.15.  Individual Instructions: Branch and Trap on Condition Codes

The branchand trap on condition instructionsweredefined.Eachperformsa testand then,basedon the
result,eitherchangesthe pc or continueslinear execution.The representative branchif not zeroandbranchif zero
instructions, with branch and nobranch routines (note the handling of annulled instructions in nobranch):
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execute(bne) :-
        test(psr, z, 0), !,
        branch.
execute(bne) :-
        nobranch.

execute(be) :-
        test(psr, z, 1), !,
        branch.
execute(be) :-
        nobranch.

branch :-
        access(npc, ThisPC),
        set(pc, ThisPC),
        access(inst, disp22, Disp),
        AlignedDisp is Disp /align22,
        % align22 is 22 bit mask, 2 low bits zero
        signExtend(AlignedDisp, 22, Offset),
        NextPC is ThisPC + Offset,
        set(npc, NextPC).

nobranch :-
        test(inst, a, 0), !,
        access(npc, ThisPC),
        set(pc, ThisPC),
        NextPC is ThisPC + 4,
        set(npc, NextPC).
nobranch :-
        access(npc, ThisPC),
        set(pc, ThisPC),
        NextPC is ThisPC + 4,
        set(npc, NextPC),
        set(p, annul, 1).

10.  Appendix: Impr oving the Specification

10.1.  Trap Handling: Dispatch

A SPARC designer was consulted with respect to the actual implementation of the trap handling hardware.

Trap dispatch uses a sequence of tests to determine which trap should be activated. It is specified thus:

trapsel :-
        test(p, data_store_error, 1), !,
        set(tbr, tt, tmask1).
trapsel :-
        test(p, instruction_access_error, 1), !,
        set(tbr, tt, tmask2).
trapsel :-
        test(p, r_register_access_error, 1), !,
        set(tbr, tt, tmask3).
...

Thereare23armsin thisconditional,all testedsequentially. In a realprocessorthis testis performedby asinglePLA
that does the priority encoded testing in a single operation.

A priority encoderconstructwasdevelopedthatwould supportsuchanimplementation.Thevariouscondi-
tions to be tested are aggregated into a named list, which can then be used for dispatching. For example,

statePriority(
[ data_store_error,

          instruction_access_error,
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          r_register_access_error,
  ...],
Priority),

defines the trap conditional list, and

trapsel(Priority),

invokes the trap selection procedure; the individual conditional clauses appear as

trap(data_store_error) :-
        set(tbr, tt, tmask1), !.
trap(instruction_access_error) :-
        set(tbr, tt, tmask2), !.
trap(r_register_access_error) :-
        set(tbr, tt, tmask3), !.
...

This form requires that all conditions tested evaluate to 1.

10.2.  Register Windows
The managementof register windows requiresmodulararithmetic (modulo the numberof register win-

dows). In theplain specificationthis is donevia a test.Consider, for example,thechangingof thewindow pointerin
the save instruction:

saveCWP :-
        test(psr, cwp, 0), !,
        % nwindows = 4
        set(tempCWP, 3).
saveCWP :-
        access(psr, cwp, OldCWP),
        NewCWP is OldCWP - 1,
        set(tempCWP, NewCWP).

This calculation requires an extra cycle for the test; a counter of the right size avoids this test.

Registerwindows alsoinvolve a one’s hot window invalid mask,which indicatesthatcertainwindows can-
not beused.Thewindow pointermustbetestedagainstthis mask,which requiresthat thepointer, a numericindex,
must be converted to one’s hot form. The Prolog code to do this is:

maskCWP :-
        set(tempMask, 1),
        access(tempMask, BaseMask),
        access(tempCWP, CWP),
        access(wim, WIM),
        ResultMask is (BaseMask << CWP) /WIM,
        set(tempMask, ResultMask).

This can be done more simply with a PLA in the library.

10.3.  Operands: Conditional Sources and Destinations

Consider the add instruction:

execute(add) :-
        test(inst, i, 0), !,
        access(inst, rs1, RS1),
        rval(port(r, r1), RS1, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        D is S1 + S2,

resultWrite(D).
execute(add) :-
        access(inst, simm13, IMM),
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        signExtend(IMM, 13, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        D is S1 + S2,

resultWrite(D).
resultWrite(D) :-
        test(inst, rd, 0), !.
resultWrite(D) :-
        access(inst, rd, RD),
        wval(port(r, w), RD, D).

Notethetwo testshere.Onedeterminesif theinstructionusesanimmediatefirst argumentinsteadof a register. The
otherdeterminesif thedestinationregisteris zero(in which casethewrite is disabled).In a realprocessorthesetests
are not performed sequentially, but in parallel, with the test lines enabling different logic.

In the Prologcontext the resultwrite testcanbe built into the registerfile handlinglibrary routines(wval
here).Theimmediatetestis harderto optimize.Onepossibility is to make thecompilationsystemsmarterandmove
the test into the caller.

10.4.  Sign Extension

The preparationof immediateand jump displacementoperandsrequiressign extension.In Prolog this is
specified with tests and masks, for example:

signExtend8(Byte, Word) :-
        Byte > 127, !,
        Word is Byte / mmask8.
signExtend8(Word, Word) :- !.

This test costs another cycle. It can be optimized through implementation as a library function.

10.5.  Condition Codes

Variousarithmeticand logical instructions,suchasaddccandorcc, set conditioncodes.Thesecondition
codes are functions of various result and operand bits. Consider the zero condition code and the add instruction:

setAddZ :-
test(result, 0), !,
set(psr, z, 1).

setAddZ :-
set(psr, z, 0).

Onceagain,this testingis expensive.Thisshouldbeimplementedaslogic, theresultof which(thezerotest)is routed
to thepsr register. This routing is donein Prologwith the tval procedure,which routesdatapathtests(usuallyused
for control) into data path elements. The addcc instruction, for example (the register-immediate version), is

execute(addcc) :-
        access(inst, simm13, IMM),
        signExtend(IMM, 13, S1),
        access(inst, rs2, RS2),
        rval(port(r, r2), RS2, S2),
        D is S1 + S2,
        access(inst, rd, RD),
        wval(port(r, w), RD, D),
        setFlagNeg(D),
        setFlagZero(D),
        setFlagOverflow(D),
        setFlagCarry(D).

with

setFlagNeg(Data) :-
        tval(isNeg, Data, Bool),
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        set(psr, n, Bool).
setFlagZero(Data) :-
        tval(isZero, Data, Bool),
        set(psr, z, Bool).
setFlagOverflow(Data) :-
        tval(isOverflow, Data, Bool),
        set(psr, v, Bool).
setFlagCarry(Data) :-
        tval(isCarry, Data, Bool),
        set(psr, c, Bool).

settingtheconditioncodes.Eachof the is... valuesis theoutputof a library function thatproducesthepropervalue
(isZero, for example, is the output of the zero test).

Notethatmostof theabovefixesinvolveaddingfunctionsto thelibrary. This is problematicfor two reasons.
First, modifying the library is not entirelystraightforward.Second,it hidesmoreandmoreof thedesign,moving it
from the specification into magical ancillary files.

11.  Appendix: Translating Prolog into VHDL

11.1.  Registers: I

The first attempt replaced the Prolog access and set primitives with VHDL equivalents.

In thesubsetof Prologprocessedby Viper, registersandfieldsaredeclaredvia facts,which theaccessand
set procedures reference. For example, the processor state register and its fields are declared with

% Processor State Register
stateRegister(psr, 32).
stateField(psr, impl, (31-28)). % implementation id
stateField(psr, ver, (27-24)). % implementation version
stateField(psr, icc, (23-20)). % IU condition codes

stateField(psr, n, 23). %   negative
stateField(psr, z, 22). %   zero
stateField(psr, v, 21). %   overflow
stateField(psr, c, 20). %   carry

stateField(psr, reserved_PSR, (19-14)). % unused
stateField(psr, ec, 13). % enable CP
stateField(psr, ef, 12). % enable FP
stateField(psr, pil, (11-8)). % acceptable interrupt level
stateField(psr, s, 7). % supervisor mode
stateField(psr, ps, 6). % previous s value
stateField(psr, et, 5). % enable traps
stateField(psr, cwp, (4-0)). % current window pointer

and incrementing the cwp field is done with the code

access(psr, cwp, OldCWP),
NewCWP is OldCWP + 1,
set(psr, cwp, NewCWP)...

Theaccessroutine,usingtheabove definitions,fetchestheappropriatebits from theregisterdataword,and
thesetroutinemodifiesthem.In thisway thesystemexplicitly maintainsthestateof all registersandtheir fields.The
user never accesses the contents of a register directly.

This mechanism was copied in VHDL.

A register type was defined:

subtype storage is BIT_VECTOR(wordsize - 1 downto 0);

The register psr was declared:

variable psr : storage;
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The field names were declared in an enumerated type:

type psrField is
   (impl,           -- implementation id
    ver,            -- implementation version
    icc,            -- IU condition codes
        n,          --   negative
        z,          --   zero
        v,          --   overflow
        c,          --   carry
    reserved_PSR,   -- unused
    ec,             -- enable CP
    ef,             -- enable FP
    pil,            -- acceptable interrupt level
    s,              -- supervisor mode
    ps,             -- previous s value
    et,             -- enable traps
    cwp);           -- current window pointer

and then specific access and set procedures for the psr were defined:

procedure accessPSR(variable FieldName : in psrField;
                    variable Data : out BIT_VECTOR) is
begin

         -- psr is global
    case FieldName is
        when impl =>
            Data := psr(31 downto 28);
        when ver =>
            Data := psr(27 downto 24);

...
        when et =>
            Data := psr(5);
        when cwp =>
            Data := psr(4 downto 0);
    end case;
end accessPSR;

procedure setPSR(variable FieldName : in psrField;
                 variable Data : in BIT_VECTOR) is
begin
    -- psr is global
    case Field is
        when impl =>
            psr(31 downto 28) := Data;
        when ver =>
            psr(27 downto 24) := Data;

...
        when et =>
            psr(5) := Data;
        when cwp =>
            psr(4 downto 0) := Data;
    end case;
end setPSR;

This mechanismis notably"unnatural"-- tediousandratherclumsy, andthis detailmustbedefinedby the
*user*. In Prolog,in contrast,givenits built-in databaseandpatternmatchingcapabilities,theseregisterspecificenu-
merated types and cases are unnecessary.
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11.2.  Registers: II

A second attempt was made using VHDL records.

Register and register field subtypes were declared:

subtype storage is BIT_VECTOR(wordsize - 1 downto 0);

subtype field1 is BIT_VECTOR(0 downto 0);   -- for consistency
subtype field2 is BIT_VECTOR(1 downto 0);
subtype field3 is BIT_VECTOR(2 downto 0);
subtype field4 is BIT_VECTOR(3 downto 0);
subtype field5 is BIT_VECTOR(4 downto 0);
subtype field6 is BIT_VECTOR(5 downto 0);
subtype field7 is BIT_VECTOR(6 downto 0);
subtype field8 is BIT_VECTOR(7 downto 0);
...

The psr was then declared:

type psrRegister is
    record

impl : field4;
        ver : field4;
        icc : psrRegisterCC;
        reserved_psr : field6;
        ec : field1;
        ef : field1;
        pil : field4;
        s : field1;
        ps : field1;
        et : field1;
        cwp : field5;
    end record;

type psrRegisterCC is
    record
        n : field1;
        z : field1;
        v : field1;
        c : field1;
    end record;

variable psr : psrRegister;

This is a relatively straightforwardspecification.In addition,setandaccessarenot needed-- fieldscanbe
referenced directly.

This design has two fatal flaws, however.

First, notethatpsr is of typepsrRegister, not typestorage.Every registerwith differentfields is a different
type,andcannotbeassignedto anothertypeof register. Thecontentsof thememorydataregister, for example,can-
not be assigned to a register in the register file.

Second,several registershave overlappingfields, including the memoryaddressregister, the memorydata
register, andtheinstructionregister(in whichvariousopcodeandoperandfieldsoverlap).Recordsdonotsupportthis
notion.

11.3.  Registers: III

A third attempt was made using VHDL alias statements.

TheVHDL aliasstatementwasdesignedto solve thesecondflaw above. It allows a subsetof bits in a vari-
able to be given an separate name and referenced independently.
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Register and field subtypes were declared as above (in 4). The psr was then defined:

variable psr : storage;

alias psr_impl : field4 is psr(31-28);  -- id
alias psr_ver : field4 is psr(27-24);   -- version
alias psr_icc : field4 is psr(23-20);   -- IU condition codes
    alias psr_n : field1 is psr(23);    --   negative
    alias psr_z : field1 is psr(22);    --   zero
    alias psr_v : field1 is psr(21);    --   overflow
    alias psr_c : field1 is psr(20);    --   carry
alias reserved_psr : field6 is psr(19-14); -- unused
alias psr_ec : field1 is psr(13);       -- enable CP
alias psr_ef : field1 is psr(12);       -- enable FP
alias psr_pil : field4 is psr(11-8);    -- acceptable int level
alias psr_s : field1 is psr(7);         -- supervisor mode
alias psr_ps : field1 is psr(6);        -- previous s value
alias psr_et : field1 is psr(5);        -- enable traps
alias psr_cwp : field5 is psr(4-0);     -- current window ptr

Note the naming convention: a field F of register R is always named R_F.

This allows registers and fields to be freely assignable.

All of theregisterandfield definitionsfor theSPARC processor(AppendicesC.3 andC.4) weredefinedin
this style.

11.4.  Interfaces

Off chip interfacesweretranslatedfrom stateInterfacedeclarationsin Prologto VHDL signaldeclarations,
to wit:

stateInterface(bp_IRL, (3-0)).
stateInterface(bp_reset_in, 0).
stateInterface(pb_error, 0).
stateInterface(pb_block_ldst_word, 0).
stateInterface(pb_block_ldst_byte, 0).
stateInterface(bp_FPU_present, 0).
stateInterface(bp_FPU_exception, 0).
stateInterface(bp_FPU_cc, (1-0)).
stateInterface(bp_CP_present, 0).
stateInterface(bp_CP_exception, 0).
stateInterface(bp_CP_cc, (1-0)).

signal bp_IRL : field4;
signal bp_reset_in : field1;
signal pb_error : field1;
signal pb_block_ldst_word : field1;
signal pb_block_ldst_byte : field1;
signal bp_FPU_present : field1;
signal bp_FPU_exception : field1;
signal bp_FPC_cc : field2;
signal bp_CP_present : field1;
signal bp_CP_exception : field1;
signal bp_CP_cc : field2;

11.5.  Register Files

Register files were translated into VHDL arrays:

type register_file is array(natural range <>) of storage;
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variable r : register_file(0 to (16 * nwindows) - 1);
variable g : register_file(1 to 7);
variable asr : register_file(1 to 31);

11.6.  The add Instruction: I

GiventheVHDL aliasversionof theSPARC registerdefinitions,it wasdecidedto startthetranslationof the
rest of the specificationwith the add instruction,which would exposemany issueswithout introducingtoo much
complexity.

Thefirst attemptat theaddinstructioncopiedthePrologversionasmuchaspossible.ThePrologform for
the register to register add (without an immediate operand):

execute(add) :-
access(inst, rs1, RS1),
rval(port(r, r1), RS1, S1),
access(inst, rs2, RS2),
rval(port(r, r2), RS2, S2),
D is S1 + S2,
access(inst, rd, RD),
% test for rd = 0 done in wval
wval(port(r, w), RD, D).

This translates straightforwardly into VHDL:

when add =>
    access(inst_rs1, RS1);
    rval(r, r1, RS1, S1);
    access(inst_rs2, RS2);
    rval(r, r2, RS2, S2);
    add(S1, S2, D);
    access(inst_rd, RD);
    wval(r, w, RD, D);

Additional declarations and a library of support procedures are required, however.

First, accessandsetmustbe defined;they aretrivial. Theseroutinesarein the library andarenot synthe-
sized.

procedure access(field: in BIT_VECTOR; data: out BIT_VECTOR) is
begin
    data := field;
end access;

procedure set(field: out BIT_VECTOR; data: in BIT_VECTOR) is
begin
    field := data;
end set;

Notetheslightdifferencewith the3 argumentPrologversions;theVHDL aliaseshavetheregisternamebuilt into the
field name.

The add proceduremust also be defined.Unlike Prolog, which is untyped,VHDL requiresconversion
between bits (BIT_VECTORS) and integers. Hence the add procedure:

procedure add(S1: in BIT_VECTOR;
              S2: in BIT_VECTOR;
              D: out BIT_VECTOR) is
    variable IS1 : INTEGER;
    variable IS2 : INTEGER;
    variable ID : INTEGER;
-- bits_to_int and int_to_bits in VHDL cookbook, page 7-8
begin
    IS1 := bits_to_int(S1);
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    IS2 := bits_to_int(S2);
    ID := IS1 + IS2;
    D := int_to_bits(ID);
end add;

This procedure is in the library and is not synthesized.

Next, the registerfile routinesrval andwval mustbe defined.Theseroutinesarein the library andarenot
synthesized.

procedure rval(regfile: in register_file;
               regport: in port_name;
               index: in BIT_VECTOR;
               data: out BIT_VECTOR) is
-- regport is used in synthesis for scheduling
    variable I : INTEGER;
begin
    I := bits_to_int(index);
    data := regfile(I);
end rval;

procedure wval(regfile: inout register_file;
               regport: in port_name;
               index: in BIT_VECTOR;
               data: in BIT_VECTOR) is
-- regfile is inout so that the other registers in the file
--   are passed through.
    variable I : INTEGER;
begin
    I := bits_to_int(index);
    regfile(I) := data;
end wval;

Here,aswith add,conversionbetweenbits andints is needed.Also, a typedeclarationfor port_name,thelist of pos-
sible read and write ports on the register file, is required.

type port_name is (r1, r2, w);

Finally, thevariablesS1,S2,D, RS1,RS2,andRD mustbedeclared(in ablockor environmentglobalto theinstruc-
tion dispatchcasestatement).They canbedeclaredasbit vectors,but it is usefulanddescriptive to declaretwo bit
vector subtypes of which these variables are instances:

-- non-storage variables (realized as buses)
-- From VHDL’s point of view these are basically the same
--   thing as registers; from the synthesizer’s point of
--   view they are very different.
subtype connection is BIT_VECTOR(wordsize - 1 downto 0);

-- size is number of bits in index
-- Other register files (g, asr) are different sizes;
--   their indices are different sizes and they require
--   different subtypes.
subtype register_index

is BIT_VECTOR(log2(16*nwindows) downto 1);

variable S1, S2, D : connection;
variable RS1, RS2, RD : register_index;

11.7.  The addcc Instruction

The addcc instruction was then defined in a similar style:
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when addcc =>
    access(inst_rs1, RS1);
    rval(r, r1, RS1, S1);
    access(inst_rs2, RS2);
    rval(r, r2, RS2, S2);
    add(S1, S2, D, N, Z, V, C);
    access(inst_rd, RD);
    wval(r, w, RD, D);
    set(psr_n, N);
    set(psr_z, Z);
    set(psr_v, V);
    set(psr_c, C);

This simply requires a more complex add function (in the library, not synthesized).

procedure add(S1: in BIT_VECTOR; -- also connection
      S2: in BIT_VECTOR;

              D: out BIT_VECTOR;
              N: out BIT_VECTOR; -- also field1
              Z: out BIT_VECTOR;
              V: out BIT_VECTOR;
              C: out BIT_VECTOR) is
    variable IS1 : INTEGER;
    variable IS2 : INTEGER;
    variable ID : INTEGER;
-- bits_to_int and int_to_bits in VHDL cookbook, page 7-8
begin
    IS1 := bits_to_int(S1);
    IS2 := bits_to_int(S2);
    ID := IS1 + IS2;
    D := int_to_bits(ID);
    N := D(31);
    if result = 0 then

Z := 1;
    else

Z := 0;
    end if;
    -- see SPARC Appendix C.9, page 173
    V := (S1(31) and S2(31) and (not D(31))) or

 ((not S1(31)) and not S2(31) and D(31));
    C := (S1(31) and S2(31)) or

 ((not D(31)) and (S1(31) or S2(31)));
end add;

Also, N, Z, V, and C must be declared with S1, S2, etc.

variable N, Z, V, C : field1;

11.8.  The add Instruction: II

A secondversionof theaddinstructionwasdefined,withoutset,access,rval, andwval, but with connection
variables:

when add =>
    S1 := r(inst_rs1);
    S2 := r(inst_rs2);
    add(S1, S2, D);
    if inst_rd /= 0 then
        r(inst_rd) := D;
    end if;

This is obviouslymuchmorestraightforwardfrom ahumanstandpointthanthefirst version,andthesynthe-
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sizer could fairly easily derive the first version, which it wants, from this, with two exceptions.

Thefirst is theif-then testfor theresultregister. Fromthesynthesizer’spointof view this testwouldbemore
easilyhandledif it wereencapsulatedin a library procedure,agivenfragmentof logic. Otherwise,for all instructions
that perform this test, the synthesizer would have to recognize the test as a common fragment and optimize it.

Given such a procedure, r_store, say, the definition would appear

when add =>
    S1 := r(inst_rs1);
    S2 := r(inst_rs2);
    add(S1, S2, D);
    r_store(inst_rd, D);

Thesecondexceptionis thelossof registerports,with thelossof rval andwval. Theseportsrequiretheuser
to schedulereferencesto theregisterfile, bindingthemto specificports.Thisschedulingcouldbedoneby thesynthe-
sizer, but it is not done currently.

Thereis, however, a largerflaw. Rememberthatinst_rs1is aBIT_VECTOR,notanintegerasis requiredfor
array references. This version is not executable VHDL.

11.9.  The add Instruction: III

A third version was defined eliminating unnecessary variables and fixing the register indexing problem.

when add =>
    add(r(i(inst_rs1)), r(i(inst_rs2)), D);
         r_store(inst_rd, D);

The i procedure simply does a bits_to_int conversion.

The synthesizer could derive the second version from this one.

11.10.  The add Instruction: IV

A fourth version was defined, which included handling an immediate operand.

when add =>
    if inst_i = 0 then
        S2 := r(i(inst_rs2));
    else
        S2 := sign_extend(inst_simm13);
    end if;
    add(r(i(inst_rs1)), S2, D);

                 r_store(inst_rd, D);

with sign_extend the obvious (unsynthesized) library routine.

Here,asabovewith r_store,thereis theissueof whethertheimmediateshouldbehandledcompletelyin the
instruction definition, or whether a library routine should be defined.

11.11.  The add Instruction: V

A final version was defined, using library routines to handle sources and destinations.

when add =>
    S1 := rs1;
    S2 := rs2imm13;
    add(S1, S2, D);
    rd(D);

function rs1 return BIT_VECTOR is
    variable I : BIT_VECTOR;
    variable S : BIT_VECTOR;
begin
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    access(inst_rs1, I);
    rval(r, r1, I, S);
    return S;
end rs1;

function rs2imm13 return BIT_VECTOR is
    variable I : BIT_VECTOR;
    variable S : BIT_VECTOR;
begin
    if inst_1 = 0 then
        access(inst_rs2, I);
        rval(r, r2, I, S);
    else
        S := sign_extend(inst_simm13);
    end if
    return S;
end rs2imm13;

procedure rd(D: in BIT_VECTOR) is
    variable I: BIT_VECTOR;
begin
    access(inst_rd, I);
    -- conversion to integer necessary?
    if I /= 0 then
        wval(r, w, I, D);
    end if;
end rd;

This makesthedefinitionof theactualinstructionshort,anddefinesproceduresthatareusedextensively in
other instructions.

In general,instructiondefinitionsdescribedatamovementthroughthe datapath.The philosophy is to put
operationsthatwill notbeperformedby datapathfunctionalunits(suchastestsdoneby specializedlogic ratherthan
ALUs) into the library. The procedures rs1, rs2imm13, and rd above could be put in the library.

11.12.  Load and Store Instructions

With theexperienceof theaddinstruction,theloadandstoreinstructionsweretranslated,sincethey aresub-
stantially different in form from add.

With the registerandfield definitionsdone,including thosefor the memoryinterface,the load andstore
instructions were easily defined (and are not very interesting).

The ld instruction, for example, in Prolog:

execute(ld) :-
setLoadAddress,
setAddrSpace,
testWordAlignment,
readData,
testAccess,
loadDataWord.

and in VHDL:

when ld =>
    setLoadAddress;
    setAddrSpace;
    testWordAlignment;
    readData;
    testAccess;
    loadDataWord;



52

with two of the supporting procedures, for example:

procedure setLoadAddress is
begin
    S2 := rs2_or_imm13(inst_i, inst_rs2, inst_simm13);
    add(r(i(inst_rs1)), S2, D);
    memAR := D;
end setLoadAddress;

procedure setAddrSpace is
begin
    if psr_s = 0 then
        memAS := 10;
    else memAS := 11;
    end if;
end setAddrSpace;

11.13.  The Main Loop

Themaincontrolloopof theSPARC processor(AppendixC.5)wasthentranslatedfrom Prologinto VHDL.
The translation was relatively straightforward, consisting primarily of status tests and bit assignments.

Centralto this translationwasthe definition of variousinternalstatusbits, which hadbeendefinedin the
Prolog version and had been translated into VHDL along with the register definitions (see above).

variable p : storage;

alias p_annul : field1 is p(32);
alias p_cp_disabled : field1 is p(31);
alias p_cp_exception : field1 is p(30);
alias p_data_access_error : field1 is p(29);
alias p_data_access_exception : field1 is p(28);
alias p_data_store_error : field1 is p(27);
alias p_division_by_zero : field1 is p(26);
alias p_error_mode : field1 is p(25);
alias p_execute_mode : field1 is p(24);
alias p_fp_disabled : field1 is p(23);
alias p_fp_exception : field1 is p(22);
alias p_illegal_instruction : field1 is p(21);
alias p_instruction_access_error : field1 is p(20);
alias p_instruction_address_exception : field1 is p(19);
alias p_mem_address_not_aligned : field1 is p(18);
alias p_privileged_instruction : field1 is p(17);
alias p_r_register_access_error : field1 is p(16);
alias p_reset_mode : field1 is p(15);
alias p_reset_trap : field1 is p(14);
alias p_tag_overflow : field1 is p(13);
alias p_trap : field1 is p(12);
alias p_trap_instruction : field1 is p(11);
alias p_unimplemented_FLUSH : field1 is p(10);
alias p_window_overflow : field1 is p(9);
alias p_window_underflow : field1 is p(8);

Given these definitions...

-- main run loop

  loop
      reset;
      error;
      execute;
  end loop;
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-- reset

  procedure reset is
  begin
      while bp_reset_in = 1 loop
          p_reset_mode := 1;
      end loop;
      if p_reset_mode = 1 then
          p_reset_mode := 0;
          p_execute_mode := 1;
          p_trap := 1;
          p_reset_trap := 1;
      end if;
  end reset;

-- error

  procedure error is
  begin
      if p_error_mode = 1 then
          while bp_reset_in = 0 loop
              null;
              -- control synthesis must handle null
          end loop;
          p_error_mode := 0;
          p_reset_mode := 1;
          pb_error <= 0;
      end if;
  end error;

-- execute

  procedure execute is
  begin
      trap;
      if p_execute_mode = 1 then
          fetch;
      -- bad address
      if ((memAE = 1) and (annul = 0)) then
          p_trap := 1;
          p_instruction_address_exception := 1;
          return;
          -- control synthesis must handle return
      end if;
      -- annulled
      if p_annul = 1 then
          p_annul := 0;
          pc := npc;
          npc := npc + 4;
          return;
      end if;
      -- normal
      execute_dispatch;
      updatePC;
  end execute;

... and so on.

This style is substantially more readable than the equivalent Prolog which, using clause selection in place of
if-thens, is more fragmented. The error procedure, for example, appears in Prolog:

% loop while error is high
error :-
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        test(p, error_mode, 1), !,
        errorReset,
        error.
error :- !.

errorReset :-
        test(bp_reset_in, 1), !,
        % initialize state
        set(p, error_mode, 0),
        set(p, reset_mode, 1),
        set(pb_error, 0).
errorReset :- !.

11.14.  Instruction Dispatch and Traps

Appendix C.6, Instruction Dispatch, was translated. This is a large case statement, otherwise uninteresting.

AppendixC.8,Traps,wastranslated.Again,becausePrologdoesnot have if-thens,thePrologspecification
is fragmented.In contrast,the VHDL appearslessspreadout andmorereadableandcoherent.In the codebelow,
each commented segment is a separate procedure in Prolog, each consisting of at least two clauses.

procedure execute_trap is
begin
    trapsel;        -- a large case statement
    trapex;         -- set 16 assorted status flags to 0
    -- trappc
    if p_error_mode = 0 then
        psr_et := 0;
        psr_ps := psr_s;
    -- trapCWP (use library function)
        window_decrement(psr_cwp);
    -- trappcLast
        if p_annul = 0 then
            r(17) := pc;
            r(18) := npc;
        else
            r(17) := npc;
            r(18) := npc + 4;
            p_annul := 0;
        end if;
        psr_s := 1;
    -- trappcNext
        if p_reset_trap = 0 then
            pc := tbr;
            npc := tbr + 4;
        else
            pc := 0;
            npc := 4;
            p_reset_trap := 0;
        end if;
    end if;
end execute_trap;


