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TECHNICAL ABSTRACT:

The Air Force and other DoD organizationsare continuouslydeveloping new electroniccomponentgor
theirweaponsandothersystemsin this effort they arein needof toolsto aid in theautomatediesign or synthesisof
these components. One component of particular importance is the computer processor

The researchperformedhereappliesa new processosynthesigechnique pasedon the methodsof RISC
computerdesign,to the synthesisof a widely used,commerciallyavailable microprocessopf interestto the Air
Force,the SFARC. This techniqueautomaticallygeneratesfrom a single instructionsetarchitecturespecification,
different implementationsoptimized for different applications,with the differentimplementationsbasedon the
instruction frequencies of the applicationaridus implementations of the SIRC hare been generated.

During Phasel, proof-of-conceptiestsof the synthesistechniquewere performed,and the strengthsand
weaknessesf the synthesissystemwere evaluated.Phasell will involve the constructionand demonstratiorof a
robusttool basedon the currentprototype.Furthermorereferencemanualsand userguideswill be developedand
training pravided to USAF personnel in its use.

ANTICIPATED BENEFITS / POENTIAL COMMERCIAL APPLICATIONS:

The synthesidool usedin this researctautomateshe designof computemprocessorsind,potentially other
electroniccomponentslt speedaup the processof processodesignby rapidly producingan optimized prototype
implementationlt alsoimprovesthe quality of the resultsby automaticallyspecializingcomputerimplementations
for particularapplicationslts possibleusesextendto bothintegratedcircuitsandelectronicsystemsonstructedrom
standardparts.The synthesigechniquds new, andhasnotbeencommercializedDuring Phasdll it will be;testing,
marketing, support, and maintenance plans will bestigped.
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1. EXECUTIVE SUMMARY

Traditional,human-intensie methodsof electronichardwaredesignarerelatively slov andsomeavhaterror
prone.This hasled to the growth of the electroniccomputeraideddesignindustry andthe proliferationof computer
aideddesign(CAD) tools. Integratedcircuits, in particular have slow andexpensve designiterations(dueto mask
generatiorand chip fabrication),andarehardto detug. Additionally, hardware designershave lacked the develop-
menttools possessely softwaredesignersywho supportedheir own actvities with tools suchascompilers,detug-
gers, libraries, and softwe engineering ®ironments.

Thework performedheretakesadwantageof recentresearchnvolving the high level specificatiorandauto-
maticgeneratiorof hardware.A highlevel optimizationtool, calledViper, wasevaluatedlt rapidly producespplica-
tion specific hardare, microprocessors in particular

The tool usesa new optimizationtechnique basedon the methodsof RISC computerdesign.It automati-
cally synthesizedrom asingleinstructionsetarchitecturespecificationdifferentimplementationsptimizedfor dif-
ferentapplicationswith the differentimplementationdasedon the instructionfrequencief the applicationsThe
operation of the tool is based on three principlepd\:

» Givenconstraintson how muchhardwarecanbe generatedprocessnstructionsin 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 foleing major tasks were performed:

* A specificationof thecommerciallyavailableSPARCRISCmicroprocessowaswrittenin aformat
suitable for input to the synthesis tool.

« Variousimplementationef the SPARCweregeneratedjsingthe highlevel synthesisptimization
techniques of the tool to explore the design space.

Additionally, aVHDL SFARC specificationvaswritten to explorethefeasibility of usingVHDL asa hard-
wareinput specificatioanguageo thetool, andvariousissueselatingto theimplementatiorof thetool wereexam-
ined.

It was found that:

» OnceaSPARCprocessospecificationin theproperformathadbeenwritten,implementationsvere
in general generated quickly and relatively easily.

* Specialized microprocessors were essentially trivial to produce.

* At the costof more hardware pptimizeddesigng(40% fasterin termsof throughput)were easily
generated.

 Thetool wasrobustenoughto handlethe SPARCdesign butit pushedhelimits of theimplemen-
tation. Any further development will require a reimplementation, preferably in C++.

» UsingVHDL for specificatiorwassubstantiallyeasiemndmorenaturalthanusingthetool’s origi-
nalinputlanguageVHDL's rich control structuresnadespecificationgnuchmorereadable,
andthe ability 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 electroniccomponentgor



theirweaponsandothersystemsin this effort they arein needof toolsto aid in theautomatediesign,or synthesisof
these components. One component of particular importance is the computer processor

The rapid designof correct,efficient electronichardware remainsa difficult task despiteadvancementsn
designautomationThis is evenmorethe casefor optimized,specializechardware,becausavork in designautoma-
tion hasfocusedon generaldesignproblemsratherthan domain-specificones,and hasconcentratean reducing
design time rather than increasing application specific leadperformance.

In generalthe successfuéfforts in electroniccomputeraideddesign(ECAD) have beenat the lower levels
of design-- printedcircuit boardlayout, gatearrayrouting, standarccell placementphysicallayout, andlogic syn-
thesis. The need remains for performance oriented higredrtémls.

The higherlevels of electroniccomputeraideddesignhave beenunderstudyfor a decadg([HLVS], [Sur-
vey], [SiliComp]), aresearctareathathascometo be known ashigh level synthesisHigh level synthesiffersthe
usualadwantagesof reduceddesigntime through decreasediumaninvolvementin the designprocess(including
decreased numbers of design errors through automation).

Thegenerabproblemfacedby high level synthesidgs the usualoneof producingdesignghatareasgood(as
small, asfast) asthoseproducedby lessautomatedechniquesVariousoptimizationsdevelopedfor programming
language compilation ke been applied (andiended), with mird success, to highviel synthesis.

Recentlya new optimizationtechniquehasbeendeveloped[Viper] which attemptgo automatehehardware
designprocesshy automatingthe approachusedto designRISC microprocessorsAt its mostbasic,this technique
consistof optimizing a designby optimizingfor commoncasesat the potentialexpenseof infrequentones,a com-
montechniqueusedby practicingengineersThis techniquehasbeenimplementedn aresearctprototypetool, with
suggestie results, bt has not been widely tested and is not generadlijadble in a usable tool.

ThePhasd researchieportedhereinvolved proof-of-conceptestsof the synthesigechniqueandtheevalu-
ationof thestrengthsandweaknessesf the synthesisystemDuring Phasdl arobusttool will be constructedeval-
uated,anddemonstrated-urthermorereferencamanualsanduserguideswill be developedandtrainingprovidedto
USAF personnel in its use.

If successfulthis tool would be valuable,specifically for generatingapplication-specifianicroprocessor
implementationsand, more generally application-specifihardware. Its significancewould be in the rapidity with
which it could generate error free, high performance harelw

It would be of particularvalueto the Air Force,wherecomponentperformancegdesigncorrectnessand
designtime of electroniccomponentsn weaponsystemsreall important.lt would have moregeneralalueto ary-
one implementing a hardwe system who desires to optimize all three of thas®ffs.

2.2. INNOVATIONS

The researchperformedhereappliesa new processosynthesigechnique pbasedon the methodsof RISC
computerdesign to the synthesif the commerciallyavailable SFARC processarThis techniqueautomaticallygen-
eratesfrom asingleinstructionsetarchitecturespecificationdifferentimplementationsptimizedfor differentappli-
cations,with the differentimplementationdasedn theinstructionfrequencie®f the applicationsThe systemused
in this Phase | &rt contains the follawing innovations:

* The designautomatiortool operatesat a higherlevel of abstractionandthusis easierto use,pro-
videserror-freedesignsnorerapidly, andhandledargerdesignghancurrentlyavailableCAD
tools.

* Inputto thetool is ahigh-levelinstructionsetarchitecturealongwith theinstructionfrequencie®f
hostedapplicationsBoth of thesenputsarenaturalandreasonabléor thedesigndomain;the
instruction frequencies are completely application specific.

» Theoutputof thetool is specializegrocessorsailoredto specificapplicationshetteroptimizedfor
those applications than general purpose ones.



3. PHASE | TECHNICAL OBJECTIVES

In generalcurrenthigh level hardware synthesidechniquegio not optimize hardwarefor specificapplica-
tions. The generalgoal of this researchs to explore a new techniquefor synthesizingspecializedoptimizedelec-
tronic hardvare.

Simply put, the new techniqgueautomateghe Reducedinstruction Set Computer(RISC) designprocess.
Prior to Phasel, the techniquehad beenusedto synthesizesmall microprocessorsand preliminary resultswere
obtained motivating furthertests.In Phasd, largerscaletestswith commerciaimicroprocessora/iereperformedin
Phase Il a general purpose, uebtool will be constructed.

The specific Phase | research objexgiwere:

» Developa SPARCprocessospecificationin a format suitablefor input to a prototypehigh level
hardware synthesis system.

* Synthesizevariousmicroprocessoimplementation®f the SPARC,usingthe high level synthesis
optimization techniques developed in [Viper] to explore the design space.

* EvaluateVHDL asahardwardnput specificationanguageandasa mechanisnfor defining hard-
ware components in the library of components available to the synthesis process.

* Prepare and submit a Phase | final report.

Notethattheseobjectiveshave changedslightly from whatwasoriginally proposedThe Air Forces 1750A
processohad beenproposedasthe testprocessorat the Air Forces suggestiorthat was changedo the SFARC.
Anotherproposedbjective wasthe determinatiorof anappropriatdong-termhardwareinput specificatiodanguage;
dueto the Air Forcesinterestin VHDL this becamean extendedexaminationof VHDL asbothaninputandlibrary
definition language (which subsumed another objekti

Theresultsof Phasd -- a SFARC processospecificatiorandresultingsynthesizedmplementationsandan
evaluationof whatwould berequiredfor producinga robustandgeneralizegynthesigool -- shouldpartially demon-
stratethe utility of high level synthesigechniquesn thedomainof Air Forceapplicationsandshouldprovide aroad
map to the release of a generaliyuable tool.

If a Phase Il is appw@d, the Phase Il objects are:
» Implement a robust and easily maintainable high level synthesis tool in C++.

* EmployVHDL asaninputandlibrary specificationanguageacquiringandcustomizingheneces-
sary parser front end.

» Developa componentibrary (or libraries)of generallyavailablecomponents(lt is anticipatedhat
users will also want to provide their own libraries.)

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

Theresultsof Phasdl -- arobustsynthesisystemalongwith Air Forceorientedtestcasesanddemonstra-
tions -- shouldprove the utility of thetool to the Air Force,andprovide valuableexamplesto potentialcommercial
users of the tool.

If theresultsof Phasdl aresubstantiabnoughthey shouldform asolid basisfor aPhasdll commercializa-
tion effort, which would includelong termtool supportandmarketing (including demonstrationat the DesignAuto-
mation Conference).

4. TECHNICAL APPROACH

During Phasé the prototypesynthesigool hasbeenextensiely evaluated anddevelopmenibf it into agen-
erally usabletool hasbeenplanned.During Phasdl the robusttool will be constructedevaluatedanddemonstrated
in applicationareasof mostsignificanceo the USAF. Furthermorereferencenanualsanduserguideswill bedevel-
opedandtraining providedto USAF personneln its use.During Phasdll commercializationthe tool will beinte-
grated into widely used commercialand industrial design environments, readied for market and beta tested.
Production and aftesales support plans will beidgoped.



4.1. TECHNICAL BACKGROUND

4.1.1. Introduction

Traditional,human-intensie methodsof electronichardwaredesignarerelatively slov andsomeavhaterror
prone.This hasled to the explosive growth of the electroniccomputeraideddesign(ECAD) industry andthe prolif-
erationof computeraideddesign(CAD) tools.Integratedcircuits,in particular have slow andexpensve designitera-
tions (dueto maskgeneratiorand chip fabrication),andare hardto dehug (it is muchharderto probethemthana
printedcircuit board),andhave thusbeenthefocusof CAD tool developmentAdditionally, hardwaredesignerdhave
lackedthe developmentools possesselly softwaredesignerswho supportedheir own actwities with tools suchas
compilers, debggers, libraries, and sofare engineering eironments.

The hardwaredesigner'dot hasbeenimproving, however, with cell andchip libraries,routingtools, place-
menttools, bettersimulationervironments(for the VHSIC Hardware DesignLanguaggVHDL) andVerilog in par-
ticular), and design management support (oftergrated into n& and &olving CAD tool framevorks).

In generakhesetools have helpedfree designergrom the necessityof manuallymanaginghe large quanti-
tiesof detailneededo completelyspecifya hardwaredesign.Thefocusof thetools,though,hasbeenthelower lev-
els of integrated circuit design.Higher level, systemand application oriented optimization tools (analogousto
optimizing compilers for programming languages) are lacking.

The work performedheretakes advantageof recentresearchnvolving higherlevel optimizationtools to
develop a high leel tool that will rapidly produce application specific haadev

Consideranexample.lt is theinstructionsetarchitecturedefinition of a simplemachine definingthe opera-
tion of microprocessomstructions.Individual instructionspecificclausesare containedin a recursve instruction
executing definition (during synthesis this tail recursion isrecied to iteration).

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

run :- true.

The machineis composedf a fetch phaseandan executephasewhich arerecursvely evaluateduntil one
fails. The machinehas four registers,a programcounter (pc), an accumulator(ac), a memory addressregister
(memAR), and a memory datagister (memDR). The memDR hasatfields, opcode and address.

The fetch phase is defined as a clause thatvesrign 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 feliag execute clauses.

execute(halt) :- !,

fail.
execute(add) :- !,

access(memDR, address, X), set(tmemAR, 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), Ais T A AC, set(ac, A).
execute(shr) :- 1,

access(ac, AC), A is AC>>1, set(ac, A).
execute(load) :- !,

access(memDR, address, X), set(memAR, X),



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) :- I,

access(memDR, address, T), set(pc, T).
execute(brn) :-

access(ac, AC), AC<0, !,

access(memDR, address, T), set(pc, T).
execute(brn) :- I,

true.

This specificationtself is relatively abstractcomparedo mary hardwarespecificationrandsimulationlan-

guagesExplicit concurreny, timing, andconnectiity (buses)arenotpresentlt canbeusedasinputto aprocesghat
automatically synthesizes hardre.

4.1.2. High-Level Hardware Synthesis
High-level hardvare synthesis is composed of three basic tasks (seefBand [Tutorial]):

« translatiorof abehaviorakpecificationrittenin ahardwarelescriptioror programmindanguage,
into an internal representation;

» schedulingof operationswhich assigneachoperatorin the behavioralspecificationsuchas"+",
to a hardware time step, or cycle (synchronous hardware is assumed); and

» allocationof hardwareelementswhich assignsachoperatorto a pieceof hardwarea "+" to an
adder for example(this includesboththe selectionof hardwareelementsandthe mappingof
operations to those elements).

Thesetasksare performedin the context of performanceandresourceconstraintswith performancecon-
straints usuallyxpressed in terms of speed or dekayd resource constraints in terms of chip area.

4.1.3. Trandation

This taskis essentiallyprogramminglanguagecompilation,from lexical input to intermediaterepresenta-
tion, andis well understoodsee[Dragon]). Most compileroptimizationsusedat this level, suchasdeadcodeelimi-
nation, for example,apply to high-level hardware synthesisAny effective synthesissystemmustemploy someof
these common optimizations.

Lesscommoncompiler optimizations,particularly thoseusedby vectorizingand parallelizingcompilers,
suchasloop unrolling, canalsobe applied(see[Dragon]). Theseoptimizationsare characterizedy codemotion
betweenbasicblocks,andare,in generallarge scaletransformationsln high-level synthesissuchtransformations
are performed in connection with scheduling and related scheduling optimizations.

4.1.4. Scheduling

The primary goal in schedulingis to balancehigher performance(greaterspeedthrough greaterconcur-
reng/) with lower cost(limited resources)ln generalgreaterconcurrenyg requiresgreaterresourceswhich permit
more operationsto be performedin parallel. Henceschedulingis dependenbn resourceconstraintsand is thus
affected by allocation.

Schedulingmethodscan be divided into two types.The first type always operateswithin the confinesof
basicblocks(in thecompilersenseabasicblock beinga sequencef consecutie statementé which flow of control
only entersat the beginningandonly leavesat the end). The secondype movesoperationsetweerbasicblocks,in
an effort to increaseconcurreng. The secondype often mustduplicateoperationsn orderto presere correctness,
further increasing cost for an added increase in performance.



4.1.5. Allocation

Theprimarygoalof allocationis to generateosteffectivedatapaths Thekeyto achievingthis goalis sharing
hardware -- having several behavioral operators use the same functional unit.

Virtually all allocationtechniquesttemptto produceminimal hardwarewithin cost(area)anddelay(critical
path) constraints. The techniques differ in how they determine minimal cost.

4.2. ALTERNATE APPROACHES

Theproces®f highlevel synthesiss a procesf optimization,of generatinghe minimumamountof hard-
ware needed with as much speed as possible, tradihgrdfrare resources for hardwe speed.

This optimizationproblemis a complex one,with severalcomputationallydifficult (NP-completeubprob-
lems. Thus there is nofiient algorithm that soks the problem,ut rather a number of approximation techniques.

A numberof optimizationtechniqueshave beendevelopedfor high level synthesigReferto [Viper] for a
detaileddiscussiorof thesetechniques)Many of themarebasedn mathematicamethodshattry to minimize hard-
ware by maximizing hardare sharing.

High performancealesignsarepossible usingapplication-dnvenoptimizationtechniqueslevelopedfor high
level synthesis.Thesetechniquesare basedon the obsenation, which has also motivated RISC-basedccomputer
design,that, in a given hardware system,somepartsof the hardware are usedmore often thanothers,andthat the
hardware should be optimized for these common uses.

In particular a specificapplicationprogramwill usesomecomputeiinstructionsmorethanothers A proces-
sor optimized for that application will @ optimized implementations of those commonly used instructions.

RISC computersaregenerallybasedn thefurtherobserationthatmostapplicationsuseonly a few, simple
instructions. Hence, processors optimized for those applications will be simple.

The underlyingdesignprinciple of optimizing for commoncaseshowever, doesnot per se precludecom-
plex instructions, if thg are used frequently

4.3. ADOPTED APPROACH

Thegenerakechnicalapproactproposedereis thatof high level hardwaresynthesisin generait is prom-
ising because

« it operatesta highlevel of abstractionsavingdesigntime andreducingthe designer'&xposureo
detail, and

« it can optimize hardware implementations for specific applications.
A complete introduction to highwtel synthesis and its component tasks can be founditoif@l] and [Mper].

High level hardware synthesisconsistsof the generatiorof hardware structurefrom a high level specifica-
tion of the hardwre's behdor. Specifically:

Input: Theinputto highlevel synthesids a "behavioral” specificationwritten in a hardwaredescriptionlanguage
(similar to, and in some casesbasedon, a programminglanguage).The input behaioral specification
describes actions using programming languagediterators, such as "+".

Output: Thesynthesiprocessreatesietlistsof hardwarecomponentssuchasadderswhichimplementthe desired
actions, along with controlling logic, often in the form of a finite state machine.

For example,the behaior 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 resultin a destinationregister (A completeprocessor
specificationwould include the definition of all the processor'snstructions.)This behaioral descriptiondoesnot

definehow theadditionis performedor how the valuesin theregistersaremanipulatedhow busesareusedto trans-
fer data between thegisters). It is the task of highvel synthesis to define such details.



The following figure shavs what high level synthesiproducesa completeprocessospecification(includ-
ing all instructions)- a setof connectedardwarecomponentsmplementinghe processo(the figuredoesnot shav
all the controllinglogic). This is the CypressCY7C601SFARC implementatiors integer unit block diagram(from
[SPARC-User],page2-1). The diagramillustratesthe implementatiors commitmentto a basicsetof hardwareele-
ments and interconnections.

Destination
Register File
136 x 32 bits
Source 1 Source 2
Arithmetic _ _
and Logic Unit Shift Unit
PC Adder
Program
Counters Align
Processor State Align Instruction
Window Invalid Decode
Trap Base
Multiply Step
Address Instruction/Data

The optimizationprocesemployed hereis in practicesomeavhatcomplicatedViper], but it is basedon the
following three principles:

* Givenconstrainto©n how muchhardwarecanbe allocated processnstructionsin theinput specifi-
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 microcodecompilation called trace
scheduling([Trace]) that canincreasethe speedof executionof commoninstructionsby in-
creasing the potential parallelism in such instructions.

Automatingthis optimizing designstratayy for high level synthesigequiresmoreinputto the synthesigro-
cessthanjust the input specificationdescribedaborve. It alsorequiresweightsindicatingthe relative importanceof
different partsof the specification.In the caseof a microprocesseorthis is simply the frequeng with which each



instructionis executed;the more frequently executedinstructionswill have higherweightsandwill thusbe more
important. An artificial set of instruction frequencies, usedpedaments, appears balo

% 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 synthesisystemhasbeenconstructedhatgeneratesptimizedprocessoimplemen-
tations([ViperIntro], [Viper]). Priorto this Phasd it hadbeenusedto generatapplicationspecificversionsof agen-
eral purpose processor §®1], [B AM-Manual]).

The systemtakesasinput a microprocessospecificationthe instructionfrequencie®f a compiledapplica-
tion programrun with characteristiénput data,and,usinga library of hardwarecomponent$rom which to build the
processqgmroducesasoutputa processoimplementationThe systemwasdevelopedaspartof alarger CAD system
(JASP-Intro], [ASP-Layers], [ASP-Prototype]).

Thesystemhasthusfar beenusedto generatenicroprocessorgut thatorientationis notinherentto thesys-
tem. It can operate onahigh level hardvare specification.

The essencef this Phasd hasbeento further testtheseoptimizationtechniqguesn a more complicated,
modern,commerciallyavailable microprocessoand determinethe value of and effort neededo producea robust,
commercially viable high el synthesis tool.

5. TECHNICAL IMPLEMENTATION

This sectionpresentsnformationaboutthe Viper high level synthesisystemusedin the Phasd effort. First
its input languagés describedThenits operationis briefly presentedA morecompletediscussiorcanbe foundin
[Viper].

5.1. Specifying Hardwarein Prolog

This subsectiorpresentanintroductionto hardwarespecificatiorin Prolog.Theadwantagesanddravbacks
of usingPrologfor hardware specificationarein generalthe sameasthosefor any programmindanguageusedfor
behaioral hardwarespecificationlts advantagesrethatit is familiar, it is rootedin a simple,generaparadigmand
it is easilyextendedfor hardwarespecificationwith built-ins. Its limitations all relateto the needto specifyhardware
details-- the representatiownf state(registers),andlow-level featureqbit fields, priority interrupts,efficient bit test-
ing, eficient operators, and intades).

Themicroprocessospecificationshatsene asinputto the Viper hardwaresynthesisystemarewrittenin a
subsetof standardPrologthatroughly correspondso the descriptve power of ISPS([ISPS]). Specificationsn this
subset can be both simulated and synthesized.

Thelanguagehasbeenbothrestrictedandextended(with built-ins supportingsuchconstructsasarchitected
registers, bit fields, and a memory inter€) to support hardwe specification.

This level of hardwarespecificationis designedo bethelowestlevel that canstill be executedby a Prolog
interpreter |t is essentially mgister transfer kel computation performed in the coxitef Prolog control structures.

5.1.1. Restrictions

Given the microprocessorspecificationdomain of Viper, multiple asynchronoudinite state machines,
explicit parallelism,anddetailedoff-chip interfacedescriptionsare not supportedThe specificationdomainis also
constraineddy Viper's pragmaticpurpose(andreasonfor existence)as a synthesissystem.Specificationamustbe



effectively realizable in hardare.
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 alsoassumedhat: procedureslo notfail; in acase all armsaretaggedwith only oneliteral in thefirst
position; in a case, all arms with the same tag are contiguous.

5.1.2. Extensions

On the otherhand,the systemalsoextendsthe standardPrologbuilt-in set,bothto relaxthe above restric-
tions somehat in a controlled &y, and to support hardwe-specific operations.

The etensions 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 describegisters, fields, and memgmgnd their simulation.

Reyistersand fields are specialin that they containglobal stateinformation. They also have definite bit
widthsandcanoverlap.StandardPrologdoesnot modelobjectswith definitewidths, nor doesits singleassignment
nature support\werlapping alues.

Viper allovs the user to declaregisters and fields with the constructs

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

Thusevery field is positionedwithin a specifiedregister More will be said about<field-position> below,
which can hae one of tw forms.

Rajisters and fields are referenced withghtandaccessuilt-ins, which hae 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>), ...

The accessuilt-ins bind the valuesin the namedregistersandfieldsto the given Prologvariablesandthe setbuilt-
ins change the gister and field alues.

A specifications state,whenrunning,is containedin its setof registers.Simulationorientedbuilt-ins are
provided for creating andxamining reister sets.

A final additionalsetof built-ins providesa memoryinterface.This memorydesignframerequiresthat a
memoryaddresgegisterandmemorydataregisterbe declaredwith 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

10



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

The specificationcaneitherbe synthesizedor simulatedwith the aid of a packagehat providesthe neces-
sary hilt-ins.

Note thatthe total state-- the collectionof registers-- is implicit in the specificationandis not an explicit
structurethatcanbereferencedy theuser If it wereexplicit theusercouldthenreferto multiple statesywhichwould
be useful for temporal reasoningtHifficult to implement.

5.1.4. Extensions: Registers

Built-ins are provided for creatingand manipulatingregistersand bit fields with specifiedwidths, and for
managing the state thos@isers contain. Theseaiitt-ins were introduced abe, and consist of:

* stateRegister,
* stateField,

* access,

* set, and

e test.

The last one, test,hasthe sameform assetandaccessandis a versionof accesdhat expectsits valuefield to be
bound, and succeeds if that bouradire is equal to the accessedire.

5.1.5. Extensions. Register Files
Viper provides huilt-ins for creating and referencinggister files (indeed arrays of mgisters).

Rajisterfiles aredeclaredn a mannersimilar to individual registers,with anaddedsize parameterindicat-
ing the number of gasters in the file. The declaration has the form

stateRegisterSet(<name>, <width>, <size>).
Thus the declaration

stateRegisterSet(r, 32, 16).
would create 16 32-bit gisters.

Registerfile referencegnvolve two quantitiesthevalueto bereador written, andtheindex of theregisterto
be modified. Two built-ins arerequired.Thesehuilt-ins take asargumentsa port, anindex, anda value,andreador
write the \alue in one ycle. The hilt-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, rgister 10 in rgister 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 hardware orientedfunctionality Theseoperatorsanbe
constructecbut of regular Prolog (the built-ins that simulatethem obviously are),but they are definedexplicitly so
that Viper doesnot have to analyzethe specificatioranddeterminefor example,thattwo adds,with oneoperanda
one bit field, can be done as an add with carry
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In generalto producehigh quality output,eachspecificatiorrequiresa small collectionof speciallytailored
operators.

5.1.7. Extensions: System Support

Additional built-ins have beendefinedto provide supportfor system-leel functions,primarily in theform of
interfaces.Theseinterfacesare simpleandstylized,and Viper hasthe capacityto generatehe hardware associated
with them.

The mostfundamentainterfaceis the oneto the memorysystem.This interface,andits simulation,have
beenintroducedabove. Both the simulator and the synthesizemprocessmem read and mem write built-ins, and
assumehe properdatahasbeenputinto theregistersnamed by corvention,memAR andmemDR. The memorysys-
tem alsosupportsportedmemory invoked by the built-ins mem_read(< port-number>) andmem write(<port-num-
ber>). Thesereferencesimilarly indexed addressand dataregisters,memAR(< port-number>) and memDR(< port-
number>).

Thereis alsoa bitwise interfaceto lines that canbe testedand setsynchronouslyTheselines aredeclared
with thestatel nterface declaration, which defines the name of the bit line being declared.

5.2. TheViper Synthesis System

A generalprinciple of designis to optimizefor commoncasesWithin the contet of global requirements
andconstraintsimproving the performancef commonlyoccurringcaseoftenimprovesthe overall performancef
acompletedesign.Thesuccessfuhpplicationof this principlerequireshatcommoncasedeidentified,andthatper-
formance be ééctively measured.

The Viper synthesizeappliesthis principleto the automatedigh-level synthesiof hardware,microproces-
sorsin particular For microprocessorg;ommonlyexecutedinstructions(commoncasespreidentifiedwith instruc-
tion frequeny statistics,andperformanceas measuredn termsof instructionsexecutedper unit of time. In general,
Viper usesnstructionfrequencieso drive designchoicesSuchchoicesarereflectedn the orderin which objectsare
processed, and in weights associated with possible design elements.

Viper is a completehigh-level synthesisystemlt wasprimarily constructedo synthesizemicroprocessors
rapidly -- to beusedasatool for architecturakxploration.It wasdesignedo operatewithout userinteraction.t was
alsodesignedo reflectan architects perspectie on synthesisparticularlyin its useof instructionfrequeny statis-
tics. It uses Prolog for specification and implementation.

In general high-level synthesidgn Viper follows the form describedabore in TechnicalBackground Viper
operaten input specificationgwvritten in the subseif executablePrologdescribedaborve. The outputof Viperis a
conventional collection of connected data path elements and a controlling finite state machine.

An extensvie discussion of the implementation ap¥sf, along with source code, can be found ifpgY].

5.2.1. Scheduling In Viper

Viper usesa general gfficient, inter-block usagedriven schedulerin particular high-level synthesids simi-
lar to very long instructionword (VLIW) compilation(see[Bulldog]), with theinstructionword width (the available
resourceshotfixedin advance Viperappliesthisinter-block traceschedulingechniquedevelopedfor VLIW compi-
lation to high-leel synthesis.

5.2.2. Allocation In Viper

Minimizing datapathcostis not necessarilydesirablevhendesigningfor performancedthatis, overall exe-
cutionspeed) Commonlyexecutedoperationsaremoreimportantthaninfrequentones.Viper usesa greedyiterative
allocation technique thatwgs 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,Prolog specificationsare translatednto registertransferlevel representations,
whichareusedfor interrelatechardwareschedulingandallocation whichin turn producecon-
trol and data paths.

» Thereducingmodeis similar to the basicmode,exceptthatthe hardwareneededoy seldom-used
instructions(definedby a cutoff specifiedby the user)is omittedfrom the synthesizedlesign.

» Theoptimizingmodeusedraceschedulingo modify theintermediateRTL to improvethethrough-
put of the design.

Thesemodesareincorporatednto 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 allocationandschedulingagainguidedby instructionfrequenciesandby global
resource constraints and frequency cutoffs (if any) supplied by the user.
5.2.4. Measuring Results

The primary metrics corventionally appliedto microprocessoimplementationsand usedwith Viper to
evaluatethe quality of synthesizedlesignsarerelative chip areaandspeed Speedcanbe describedn a numberof
ways (including clock rate and instructionsexecutedper second);a well-known performanceametric is employed
here,cycles per instruction(CPI). The Viper systemincludestools that computeCPI metricsand that measureghe
approximate size of control paths.

6. RESEARCH RESULTS

6.1. Trandating ISP SPARC into Prolog SPARC

The SFARC architecturas definedbehaiorally in ISPin AppendixC (pagesl51-187)of Version8 of The
SPARC Architecture Manual [SPARC]. Developinga versionof the SFARC specificatiorin Prolog,suitablefor syn-
thesis thusconsistedf translatingthat ISP specificatiorinto Prolog. This wasperformedn threestagescorverting
theregisterdefinitions,translatingthe overall structureof the specification(trap-fetch-aecute),andconvertingindi-
vidual instructions.

Note that the floating point and multiprocessing components of thRGRBrchitecture were not translated.
See Echnical Implementation abe for a discussion of haréwe specification in Prolog.

6.1.1. Basic Trandation

The translationof the SFARC specificationinto Prologwasperformedin two stageslin thefirst stage the
essencef thelSPwascapturedn Prolog.In thesecondstage theability of the synthesisystemto efficiently imple-
mentvariousconstructgespeciallycontrol constructandoperatorsyvastakeninto considerationandchangeso the
specification, the librapyand the synthesis system itself were contemplated.

In thefirst stagethe specificationcomponentsveretranslatedn sequenceThe actualtranslationsarepre-
sented in an appendix. The components, in translation, @ameer

« 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;

e 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 impre@ements are presented in an appendix. The inepnents include:

« trap handling dispatch;

* register windows;

» conditional sources and destinations in operands;
* sign extension; and

» conditions codes.

6.2. Synthesis of SRRC

Highlights of the Viper synthesisystemarediscusse@bove in TechnicallmplementationA completedis-
cussion can be found in iper].

6.2.1. Synthesis Experiments

To investicate the quality of Viper's varioussynthesianodes,a sequencef SFARC implementationsvas
synthesized from the single PrologAHC specification presented aleo

» A pure baselineimplementatiorwas synthesizedusing the basic mode and uniform instruction
weights.

* A gcchaselineversionwassynthesizedthe sameasthefirst versionbut usingthe gcc SPECmark
instructionweights(seechapters$ and9 in [Viper] for adiscussiorof theseweights)to com-
pute the CPI metric.

* An egntottbaselineversionwassynthesizedsimilarto thefirst versionbutusingthe egntottSPEC-
mark instruction weights to compute the CPI metric.

* A high speedrersionwassynthesizedavith a30 nanosecondycletime constraintto generatehigh
speed data path implementation.

* A 0.1%reducedrersionwassynthesizedn whichtheinstructionusecutoff was0.1%(thehardware
neededonly by instructionsusedlessfrequentlywas omitted). The gcc instructionweights
wereused.Thiswasdoneto seehow muchsmallerandfastersuchareducedrocessowould
be.
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* A 1%reducedrersionwassynthesizedhesameasthe0.1%version butwith a 1% cutoff. Thiswas
done to compare with the 0.1% version.

* A secondl% reducedversionwassynthesizedisingthe egntottinstructionweights.Thiswasdone
to compare with the 1% gcc version.

 An optimizedversionwassynthesized,singthegccinstructionweightsandtracescheduling This
was done to evaluate trace scheduling.

All versions, unless otherwise noted, were synthesized with a 100 nanosgderiting constraint.

6.2.1.1. TheBasic Uniform Version

Thebasicuniform versionhas:uniforminstructionweights,all instructionssynthesizedandno tracesched-
uling.

The major datapathfunctionalunits allocatedby Viper, asitemsin Prolog(including nametype, delayin
nanoseconds, and area in square microns), were:

elem(o(alu,l1), 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 areawtalen up by rgisters and igister 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(redfile(r), redfile, 9.4, 1460000).
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The tabulated synthesis results are:

SPARC V8 Basic Version
Total Area 4560664
Cycles Per Instruction 5.61474
Number of blocks 700
Number of cycles 709
Number of transfers 1444

6.2.1.2. TheBasic gcc Version

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

SPARC V8 Simple gcc Version
Total Area 4560664
Cycles Per Instruction 5.58755
Number of distinct cycles 709
Number of register transfers 1444

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

6.2.1.3. TheBasic egntott Version

The basic egntott version has: egntott instruction weights, all instructions synthesized, and no trace schedul-
ing.
The tabulated synthesis results are:

SPARC V8 Simple egntott Version
Total Area 4560664
Cycles Per Instruction 5.58755
Number of distinct cycles 709
Number of register transfers 1444

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. TheHigh Speed Data Path Version

The high speed version has: gcc instruction weights, al 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 bypassinstead of ripple carry):

elem(o(alu,1), alu(bypass), 20.26, 392000).
elem(o(alu,2), alu(bypass), 20.26, 392000).
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The tabulated synthesis results are:

SPARC V8 30 nanosecond Version
Total Area 4783064
Cycles Per Instruction 5.58755
Number of distinct cycles 709
Number of register transfers 1444

6.2.1.5. The0.1% 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:

SPARC V8 0.1% gce Version
Total Area 4546012
Cycles Per Instruction 5.56577
Number of distinct cycles 427
Number of register transfers 670

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).
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The tabulated synthesis results are:

SPARC V8 1% gcc Version
Total Area 4544680
Cycles Per Instruction 5.47583
Number of distinct cycles 386
Number of register transfers 553

6.2.1.7. The 1% egntott Version

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

Thelist 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,l1), 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:

SPARC V8 1% egntott Version
Total Area 3470576
Cycles Per Instruction 5.37412
Number of distinct cycles 73
Number of register transfers 138

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:
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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 talulated synthesis results are:

SFARC V8 Trace \érsion
Total Area 4560664
Cycles Per Instruction 3.98386
Number of distinct gcles 1667
Number of rgister transfers 3543

The additional time tadn by the trace scheduling optimizess\3 1/2 hours.

6.3. Trandating Prolog into VHDL

VHDL is a complex languagewith multiple capabilities.It is: a programminglanguagea simulationlan-
guage;a languageor describinghardware structure;anda languageor specifyinghardwaretiming characteristics.
Recasting/iperto operateon VHDL meantchoosinganappropriatesubseof VHDL, onethatroughlycorresponded
to the subsetof Prologusedby Viper. The VHDL Cookbook,by PeterJ. AshenderVHDL-Intro], andthe VHDL
Language Reference Manual [VHDL-STD] were used as references.

The startingpoint for theseinvesticationswasthe Prolog SFARC specificationnot the ISP of the original
Sunspecification pecausehe synthesizeoperaten Prolog,andthe basicoperationof the synthesizemwasto be
presered.

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.
» Theloadandstoreinstructionswveretranslatedusingmechanismsgevelopedor theaddinstruction.
» The main run loop was translated.
« Instruction dispatch and traps were translated using VHDL control structures.
Translation vas relatvely straightforvard once the appropriate VHDL constructs wengetigped.

Details of the translation can be found in an appendix.
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7. CONCLUSIONSAND RECOMMENDATIONS
This sectionsummarizeshe Phasd results,dravs conclusiondrom thoseresults,and makessomerecom-

mendations about futureonk.

7.1. SPARC Synthesis Result Summary
The following table summarizesthe resultsof the different synthesisexperimentsperformedwith the

SFARC specification and iger:

Version Basic gcc egntott | 30ns | 0.1% gcc| 1% gcc | 1% eqntoty  Trace
Instruction Wight uniform gcc| egntott 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 47830641 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 ycles 709 709 709 709 427 386 73 1667
Number of rgister transfers 1444 1444 1444 1444 670 553 138 3543

Highlighting thesenumbersthefollowing tableshavs the percentagéifferencedetweerthe basicuniform

version and the otheevsions.

Version gcc | egntott) 30 ns | 0.1% gcc| 1% gece| 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%)

These results indicate:

* Thereis little differencein datapathsbetweerversionsThe datapathsarein factrelativelysimple,

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.
* Thetraceschedulinghroughpuimprovementomesattheprice of aproportionallylargerincrease

in control size.

Theimportantmetaobsenationhereis thatoncethe SFARC specificatiorwasconstructeddifferentproces-
sor implementations could be generated withnarfénutes of setup and anéhours (see belg) of synthesis time.

7.2. VHDL and Viper

A simpledefinition of the subsetof VHDL synthesizabldy Viper (driven by the needfor specificationgo
be efectively realizable in hardare) 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.
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Performingthe translationsenumerateagbove in ResearctResultshasled to someobsenationson using
Viper for VHDL synthesis.

» Thenotionof a cycle-- access-operation-setpermeate¥iper specificationsandViper synthesis.
Synthesizabl&HDL canbe written without accesandset,but, to useViper, ultimately that
VHDL will be translated into some form using access and set.

* Prologspecification$avearelativelyflat controlstructure Therearefew levelsof procedurahest-
ing or conditionals.The Prologproceduras the basicunit of conditionalexecutionandsuch
proceduregrenotsimple,local constructsVHDL, in contrasthasarich collectionof control
structuresThesecontrol structuresmakespecificationsimplerandmorereadablebut com-
plicate translation by Viper.

* With structuraMHDL, operationsuchasaddwith carrycanbedefinedeasily(in contraswith Pro-
log). Suchfunctionswill notbesynthesizedby Viper, however.Suchlibrary VHDL canserve
asasimulationmodel,with, for exampleanactualaddfunctionimplementedn anoptimized
ALU.

* VHDL controlstructureslsoallow theeasyexpressiomf functionsthatcanmoreefficiently beim-
plementedwith logic gates,asopposedo finite statemachinestates Consider for example,
the selectionof the secondperando theaddinstruction,which caneitherbearegisteror an
immediate.This if-then is bestimplementedn gates,asopposedo a multiple statetest.In
VHDL such functions can be easily identified by the user and realized using logic synthesis.

* Forregisterfield datadependencynalysisthe VHDL aliasstatementsvill haveto be usedto de-
termine the actual registers where the data resides.

7.3. An Assessment of the Current Viper System

The currentimplementatiorof Viper was,in generaladequatdor theseexperimentslts weaknessesanbe
divided into three cagries, lngs, library g&tensions, and performance.

7.3.1. Viper Bugs
Coming into thesexperiments, the Ner system s surprisingly rolist, with one majoneeption.

The exceptionwasthe componenthat preparesegistertransfersfor tracescheduling(the first item in the
traceschedulingactiontablebelow). It wasquite limited, and,asoriginally written, could not handlethe compleity
of the SRRC design. It required substantial modification (it had toxtengled to handle gen additional cases).

Otherwise only oneotherbug wasdetectedthatin the datapathallocationcode(again, exercisedbecause
of the complgity of the SRRC specification).

7.3.2. Viper Library Elements

Eachprocessosynthesizedy Viper so far (the 6502,the BAM, andthe SFARC) hasrequiredadditional
operatorsThis hasbeenthe casefor two reasonsFirst, the setof operatordn Prologis not particularlyrich, espe-
cially with respecto commonhardware operationgthereis no exclusive or, for example).Secondjn orderto pro-
duceimplementationsith good performancesomecomplex computationsare bestmadeinto hardware modules,
put in the libraryand treated as single operators lijyey

With the SFARC, addwith carryandsignextensionwereaddedto thelibrary. Becausef theimpactopera-
torshave on parsingandRTL optimization,modificationof the Viper codethat performsthosefunctionswasneeded
(five modulesin all -- lib, opmap,scanmort, andcomo-- werechangedseeAppendixF in [Viper] for adiscussion
of adding operators to the system).

In asystenretagetedto VHDL the mostunpleasanaspect®f this extensionprocessvould be obviated.In
particular VHDL's supportof modularityandoverloadingwould greatlysimplify specificatiorprocessingAddition-
ally, structural VHDL is a natural mechanism for representing comitgcti
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7.3.3. Viper Performance

Becausef thesizeof the SFARC specificationthe speedf Viper becameafactor whichit hadnotbeenin
earlier eperiments (see [ger]).

A basicSFARC designtakesaboutsix hoursto synthesizeanda tracescheduledlesigntakesnine hours.
The component actions and their times, on a S#REBtation 1:

Basic Action Elapsed ime | Prolog Used
translate Prolog to R 4:09:52| C-Prolog
optimize R'L 4:11| C-Prolog
compute probabilities 1:00:11| SICStus
schedule RL 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 actions (starting with the optimizé&d Bf a basic design) and their times:

Trace Scheduling Action Elapsed ime | Prolog Used
corvert RTL for trace scheduling 2:26| C-Prolog
trace schedule 29:18| SICStus
convert RTL for allocation 28:11| SICStus
optimize R'L 22:17| C-Prolog
compute probabilities 55:42|  SICStus
schedule RL 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

Given the known performancenveaknessesf Prolog,andthe factthat Viper is essentiallya compilerand
shouldexhibit performancesimilarto compilersfor programminganguagest is reasonabléo expectthatareimple-
mentation of Nper in a more ditient language wuld speed up its operation considerably

7.4. Overall Conclusions

The major findings of this project are:

» TheProlog-basethardwarespecificatiormethoddefinedin [Viper] wasadequatéo specifyamod-
ern RISC processor, meeting its design goal of being equivalent to ISP.

» UsingVHDL for specificationpnceinitial definitionalissuesvereovercomewassubstantiallyeas-
ier and more naturalthanusing Prolog.VHDL's rich control structureamadespecifications
muchmorereadableandtheability to specifyhardwarestructuremadelibrary elementsnuch
easier to define.

« Definingalibrary of operatorandproceduresvasnecessaryith bothlanguagesn ordertorealize
designsof reasonablguality. Suchdefinitionsarein fact the methodusedto tailor the Viper
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synthesisprocessto a particular microprocessodesign,by hand optimizing 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.

* The Viper systemwasrobustenoughto handlethe SPARCdesign,but it pushedhe limits of the
implementationPerformancén particularbecameafactor,whichit hadnotbeenin earlierex-
periments (see [Viper]).

In sum, the currentsystemis adequatdor rapid prototypingnon pipelinedversionsof commercialRISC
microprocessordt supportdothautomaticoptimization(throughtraceschedulingandinstructionsetreduction)and
manual impreement (via additions to the library).

The Prologimplementatiorof the Viper systemhasbeenadequatdor thesetests,but any further develop-
ment will require a reimplementation.

7.5. A Processor Design Aid

Viperwasprimarily constructedo synthesizénigh-qualitymicroprocessorsapidly -- to be usedasatool for
architecturakxploration.It wasdesignedo operatewithout userinteraction.lt wasalsodesignedo reflectanarchi-
tect’s perspectie on synthesis, particularly in its use of instruction frequetatistics.

It hasdemonstratedts ability to generataeasonablémplementationgjuickly given a specificationand a
tuned library

This basic functionality isaluable and can be pursued further

Viper hastwo weaknessethatspringfrom its original designgoals.It wasdesignedo operatewithout user
interaction,andwasdesignedo producedesignsquickly, which meantde-emphasizingipelining andits complexi-
ties. These weaknesses becamaals as Vper was used as a tool in this Phase 1.

A new implementation can address these issues.

* Theallocatorcanbe easilymodified to allow the humandesignetto partly specifyandmodify the
datapath(in a user-friendlymanner).This would allow the designemoredirectcontrol over
the datapath,asopposedo indirectly affectingit by changingthe library. (The capabilityto
modify the library is additionally useful and would be retained.)

 Thebasicscheduleandallocatorcannow alreadywork with partially specifiedschedulesthis fea-
ture hasbeenusedto generatepipelineddesigns(seeChapterl3 in [Viper]). Suchpartial
schedules are now difficult to specify -- the user-system interface should be improved.

» Feedbackrom Viper aboutthe synthesizedlesigncanbeimproved.It should.for examplejnform
the user as to which instructions are not being implemented in reduced mode.

* In partbecausef thetextualorientationof Prolog(lacking,for examplethegraphiclibrariesof Vi-
sualC++), andin partbecausef the rapid prototypingnatureof Viper developmentYiper’'s
userinterfaceis primitive. The systemshouldbe ableto displaya graphicalrepresentationf
the developingdesign,with which the usercaninteract.Structuralcomponentsn particular,
such as library elements and the data path, should be displayed graphically.

* Currentsupportfor pipeliningcouldbeimproved.Theruptool, partof Viper (seechapterl3in [Vi-
per]), identifiescommonresourceusagepatternsn instructiondefinitions, patternghat sug-
gestpipelining strategiesThe tool was appliedto the SPARC,andidentified 519 potential
resourcaisagepatternsn variouspartsof the specification(asopposedo 17 for theBAM mi-
croprocessor)Thistool couldbeenhancedby usingclasse®f resourceso reducethenumber
of potentialpatternsandby detectingdependencieBetweerpatternsThetool couldalsobe
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more usefulif it could be appliedinteractively,with the userindicating potentialsharedre-
sources and selecting promising patterns.

The abore enhancement#n additionto areimplementationn C++ anda retagetingto VHDL, would lead
to a \aluable prototyping tool.
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9. Appendix: The Prolog SFARC Specificaiton

9.1. Architected Register Definitions

The SFARC processofeaturessix registersandthreeregisterfiles (definedin AppendixC.3). Theregisters
arethe Processo6tateregister(psr), the Trap BaseRegister (tbr), the Window Invalid Mask Register (wim), the Y
Ragister (y), the ProgramCounter(pc), andthe Next ProgramCounter(npc). The registerfiles are the Windowed
Ragisters(r[i]), the GlobalRegisters(g[i]), andthe Ancillary StateRegisters(ast[i]). The psrandthetbr have anum-
ber of component fields.

The definitionsof theseregisterswere readily corvertedto Prologusingthe Prolog constructantroduced
above (Specifying Hardare In Prolog). The psr is the most compleith 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 gisters are straightforavd.

% Program Counter
stateRegister(pc, 32).

% Next Program Counter
stateRegister(npc, 32).

The windowed registerfile of the SFARC is somevhat complicatedlt involvesa movable pointerinto an
otherwisenormalregisterfile (the pointeris containedn the cwp field of the pst, above), which is usedby the hard-
wareasanindex into thefile on every registerreferenceEachwindow containsl6 registers(registerspecifiersare4
bits), half of which areoverlappedwith its precedingvindowv andhalf with its following window. The SFARC archi-
tecturerequiresthatevery implementatiorhave atleast2 windows, anda maximumof 32. For the Phasd, the num-
berof windows wassetat 4, to keeptheregisterfile smallin relationto the restof the datapath(to betterilluminate
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differencedn datapatharea).Additionally, the window indexing mechanisnwasnot specifiedoehaiorally in Pro-
log, kut implemented in the géster file addressing logic.

Thewindowedregisterfile waseasilydefined but its implementations subtle;thesesubtletiesarecaptured
in comments based on the ISMe wim rgister which specifies which windes can be used,as also defined.

% Windowed Registers

nwindows(4).

stateRegisterSet(r, 32, 64).

% *** note:

% ***  two read and write ports (r1, r2)
% ***  same-cycle indexing used

% *** Since RO contains 0,

% wval(port(r, w), 0, N)

% set(port(r, w), 0), set(reg(r, w), N)
% ***  suppresses storing to RO

% 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 gésters are needed in the specification.

% Trap Base Register
stateRegister(tbr, 32).
stateField(tbr, tha, (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, some implementationregisterswere defined. Implementation
dependentegisters(16-31)of the asrregisterfile could have beenused,but, for clarity, separaténdividual registers
were defined.

Oneimportantregister(moreprecisely setof flip-flops), p, holdsthe stateof the processarThis registeris
implied in the ISP bt not eplicitly represented as such; its component bits appear asat@Bles.

% 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 rgjister 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 gisters 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 are part of the architecturalspecification),s usedto
hold the resultsof instructionfetch for decoding.This registercould have beenintegratedwith the memorysystem,
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 intekce rgisters 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 wrd, word, and double wrd fields are used by the load and store instructions.

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

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

9.4. The Tap-Fetch-Execute Loop

Thebasicstructureof the SFARC specificatiorconsistof (AppendicesC.5andC.6): 1) aresettestandwait
loop, 2) anerrortestandwait loop, 3) trap execution,4) instructionfetch, 5) instructionexecution,and 6) program
counter update. Thisas defined in Prolog.

The basic tail-recurge run loop, the heart of the specificatiomsvaefined.

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

run :- true.

The reset loop, which loops while reset is highswlefined. 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 highgswdefined. Error resetaw 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 handlerwas defined.It setsthe interruptlevel, dependingon the modeof the processorlt also
causes the trap to brezuted.

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

% if there is a trap pending, execute it

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

9.6. Trap Execution

Trap «ecution vas defined. The handling of indiual 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, I

Second, trap identification:

% identify the trap
trapsel :-
test(p, reset_trap, 1), L.
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, tmaskl).
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 -- thisvnlves
« 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, OIdS),
set(psr, ps, OldS),
trapCWP,
trappcLast,
set(psr, s, 1),
trappcNext.

trappc :- 1.

% 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 OIdCWP - 1,
set(psr, cwp, NewCWP).

% save the old pc

trappcLast :-
test(p, annul, 0), !,
access(pc, OIldPC),
wval(port(r, w), 17, OIdPC),
access(npc, OIdNPC),
wval(port(r, w), 18, OIdNPC).

trappcLast :-
access(npc, OIldPC),
wval(port(r, w), 17, OIdPC),
OIdNPC is OIldPC + 4,
wval(port(r, w), 18, OIdNPC),
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 vas defined. It distinguishes between user mode awiteged 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

Generalinstruction executionwas defined. It distinguishesbetweenan annulledinstruction (the SFARC
architecturdeaturesonedelayslot afterjumps,with associate@nnulling),a badinstructionfetchaddressandanor-
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(imemAE, 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).

The codewasdefinedthat performspreliminarytestsbeforeindividual instructionsareexecuted It checks
for avalid opcodeg(andtrapsif theopcodeis invalid), andthenexecutegheinstructionif thereis no pendingtrap.The
executeprocedurewhich definesthe behaior of individual instructions,canbe foundbelow 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) :-

1

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

test(p, trap, 0), !,

execute(Op).
dispatch(Op) :-

1

9.9. Updating the Program Counter

The codeto updatethe PCwasdefined.lt testsfor instructionsthatthemselesupdatethe PC,andfor those
does nothing.

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

|

updatePC(rett) :-
L

updatePC(jmpl) :-
L

... (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, L ogical, and Shift

Individual instructionswere definedin order of relatve compleity, simplestfirst (not in the order they
appear in Appendix C.9).of brevity, only ekample instructions will be presented here.

First, the basicarithmetic,logical, and shift instructionswere defined. Thesehave a characteristiaccess-
access-operate-s&ttucturethe sourceoperandsareretrieved from theregisterfile andareusedto computea result,
whichis thenstoredinto a destinatiorregisterin theregisterfile. Alternatively, oneof the sourceoperandsanbean
immediate. In Prolog this alternatiis 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),
Dis 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),
DisS1+ S2,
access(inst, rd, RD),
wval(port(r, w), RD, D).

A few new operatorshot found in Prolog, were definedfor theseinstructions(including addc,subc,and
Xor).
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9.11. Individual Instructions; L oad and Store

Theloadandstoreinstructionswerespecified jncludingthe privilegedalternatespace-A variants.The def-
inition of theseinstructionswas precededdy the constructionof several commonsubroutinesThe load and store

word instructions use these subroutines:

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

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

ThesetLoadAddresandsetStoreAddres®utinescomputetherespectie effective load or storeaddresand
setthe memoryaddresgegisteraccordingly Both computethe effective addressusing eithertwo registeroperands
(addressandoffset) or a registerandanimmediate.The setStoreAddressoutinealsochecksthe trap bit 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 Rl + RJ,
set(memAR, Address).
setLoadAddress :-
% register plus immediate
access(inst, rs1, ),
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), I
setStoreAddress :-
% two registers
test(inst, i, 0), !,
access(inst, rs1, ),
rval(port(r, r1), I, RI),
access(inst, rs2, J),
rval(port(r, r2), J, RJ),
Address is Rl + RJ,
set(memAR, Address).
setStoreAddress :-
% register plus immediate
access(inst, rs1, ),
rval(port(r, r1), I, RI),
access(inst, simm13, J),
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signExtend(J, 13, SignedJ),
Address is Rl + SignedJ,
set(memAR, Address).

Dependingon the supervisormodebit in the psi, the setAddrSpaceoutine setsthe memoryaddresspace
register

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

setAddrSpace :-
set(memAS, 11).

The testVdrdAlignment routine tests foravd alignment errors.

testWordAlignment :-

test(imemAR, 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 :- .

ThetestAccessoutineteststhe memoryaccesserror register (one bit) for memoryaccessrrors,andsets
the processor state accordingly

testAccess :-

test(imemAE, 1), !,

set(p, trap, 1),

set(p, data_access_exception, 1).
testAccess :- I

The loadDataVerd routine movesa word of datafrom the memorydataregisterinto the registerfile. This
movementis not performedf thetrapbit is setor if the destinatiorregisteris zero(which containsa read-onlycon-
stant zero).

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

The storeDataWrd routineis the storeanalogof loadDataVérd -- it movesaword of datafrom theregister
file into the memory datagestetr checking the trap bit.

storeDataWord :-
test(p, trap, 1), I
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), !,
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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 begacisante
the programcounter The call instructionsaves the programcounterand jumpsto a long immediateaddressThe
jump andlink instructionalsosavesthe programcounterandjumpsto a locationcomputecdeitherfrom two register
sources or a gister 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),
sighExtend(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 andrestoreinstructionswere defined.Theseinstructionsare somevhat subtle,sincethey change
the reyister windov.

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

36



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

ThesaveMalkeCWProutinedecrementshe currentwindow pointer usingthecwpfield from the psrregister
The routine, in performing modular addition, assumes the numbegisferewindaevs 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 OIdCWP - 1,
set(tempCWP, NewCWP).

The maskCWHProutineusesthe currentwindow pointerto producea maskin the tempMaskregister with a
onein the bit position of the currently active window. This maskis then testedfor validity againstthe permanent
maskcontainedn thewindow invalid maskregister Windowedregisterfiles weredevelopedby a smallteamof grad-
uate students at U.C. Belky who had little hardare experience.

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

The saveTestCWProutine teststhe result of the maskCWProutine, and setsthe window overflow flag if
appropriate.

saveTestCWP :-
test(tempMask, 0), !,
setCWP.

saveTestCWP :-
set(p, trap, 1),
set(p, window_overflow, 1).

The restoreMakCWP routine is the restoreanalogof saveMalkeCWP It incrementsthe currentwindow
pointer

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

The restored@stCWP is the restorefsion of seeTestCWR setting the underfio flag.

restoreTestCWP :-
test(tempMask, 0), !,
setCWP.

restoreTestCWP :-
set(p, trap, 1),
set(p, window_underflow, 1).

ThesetCWProutinesetsthecurrentwindow pointerof the psrregisterandperformsanaddinstruction(with
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the source operands from the old windand the destination in thewene).

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),
Dis 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),
Dis 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 instructionwas defined.It changeghe registerwindow, and doesconsiderablesrror
checking.

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

The rettCWP routine is analogous to restore®&@WR incrementing the current winglgpointer

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

TherettAddresgoutinecomputeghetagetaddresandstoresthe resultin the tempAddrregister pending
the outcome of the re®§t 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).

The rettTestandrettET routinestestfor variousconditions:trapsenabled usermode,invalid window, and
addressot 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(pst, 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(pst, 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 branchandtrap on conditioninstructionswere defined.Eachperformsa testand then, basedon the
result,eitherchangeghe pc or continuedinear execution.The representatie 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 ws consulted with respect to the actual implementation of the trap handlingreardw

Trap dispatch uses a sequence of tests to determine which trap shouldabedadtiis specified thus:

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

trapsel :-
test(p, instruction_access_error, 1), I,
set(tbr, tt, tmask?2).

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

Thereare23 armsin this conditional all testedsequentiallyln arealprocessothis testis performedoy asinglePLA
that does the priority encoded testing in a single operation.

A priority encoderconstructwasdevelopedthatwould supportsuchanimplementationThe variouscondi-
tions to be tested are aggated into a named list, which can then be used for dispatctangxdmple,

statePriority(
[ data_store_error,
instruction_access_error,
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r_register_access_error,
2
Priority),
defines the trap conditional list, and
trapsel(Priority),
invokes the trap selection procedure; thevitlial conditional clauses appear as

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

This form requires that all conditions testedleate to 1.

10.2. Register Windows

The managemenbf register windows requiresmodular arithmetic (modulo the numberof register win-
dows). In the plain specificatiorthis is donevia a test. Consideyfor example,the changingof the window pointerin
the sae instruction:

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

This calculation requires arnxtea ¢/cle for the test; a counter of the right sizeids this test.

Reagisterwindows alsoinvolve a one’s hot window invalid mask,which indicatesthat certainwindows can-
not be used.Thewindow pointermustbe testedagainstthis mask,which requiresthatthe pointer a numericindex,
must be coverted to ones 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),
Dis S1 + S2,
resultWrite(D).
execute(add) :-
access(inst, simm13, IMM),
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sighExtend(IMM, 13, S1),

access(inst, rs2, RS2),

rval(port(r, r2), RS2, S2),

Dis S1 + S2,

resultWrite(D).
resultWrite(D) :-

test(inst, rd, 0), .
resultWrite(D) :-

access(inst, rd, RD),

wval(port(r, w), RD, D).

Notethetwo testshere.Onedeterminesf theinstructionusesanimmediatefirst algumentinsteadof aregister The
otherdeterminesf the destinatiorregisteris zero(in which casethewrite is disabled)In arealprocessothesetests
are not performed sequentiallyt in parallel, with the test lines enablingfeient logic.

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

10.4. Sign Extension

The preparationof immediateand jump displacemenbperandsequiressign extension.In Prologthis is
specified with tests and masks, feample:

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

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

10.5. Condition Codes

Variousarithmeticandlogical instructions,suchas addccand orcc, set condition codes.Thesecondition
codes are functions ofwious 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, thistestingis expensve. This shouldbeimplementedslogic, theresultof which (thezerotest)is routed
to the psrregister This routingis donein Prologwith the tval procedurewhich routesdatapathtests(usuallyused
for control) into data path elements. The addcc instructionxtomple (the rgisterimmediate ersion), is

execute(addcc) :-
access(inst, simm13, IMM),
sighExtend(IMM, 13, S1),
access(inst, rs2, RS2),
rval(port(r, r2), RS2, S2),
Dis 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(pstr, v, Bool).
setFlagCarry(Data) :-
tval(isCarry, Data, Bool),
set(psr, ¢, Bool).

settingthe conditioncodes.Eachof theis... valuesis the outputof a library functionthat produceghe propervalue
(iszZero, for @ample, is the output of the zero test).

Notethatmostof theabove fixesinvolve addingfunctionsto thelibrary. Thisis problematidor two reasons.
First, modifying thelibrary is not entirely straightforvard. Secondjt hidesmoreandmore of the design,moving it
from the specification into magical ancillary files.

11. Appendix: Translating Prolog into VHDL
11.1. Registers: |

The first attempt replaced the Prolog access and set pastith VHDL equwalents.

In the subsebf Prologprocessedby Viper, registersandfields aredeclaredvia facts,which the accessand
set procedures referencarfexample, the processor statgister 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)...

Theaccessoutine,usingthe above definitions,fetchesthe appropriatebits from the registerdataword, and
thesetroutinemodifiesthem.In this way the systemexplicitly maintainsthe stateof all registersandtheirfields. The
user nger accesses the contents ofgister directly

This mechanism as copied in VHDL.
A register type vas defined:
subtype storage is BIT_VECTOR(wordsize - 1 downto 0);
The raister psr vas 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 mechanisms notably"unnatural”-- tediousandratherclumsy andthis detail mustbe definedby the
*user*. In Prolog,in contrastgivenits built-in databaseandpatternmatchingcapabilitiestheseregisterspecificenu-
merated types and cases are unnecessary
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11.2. Registers: 11
A second attempt & made using VHDL records.
Ragister and rgister 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 vass then declared:

type psrRegister is
record
impl : field4;
ver : field4;
icc : psrRegisterCC,;
reserved_psr : field6;
ec : field1;
ef : fieldl;
pil : field4;
s : field1;
ps : field1;
et : fieldl;
cwp : field5;
end record;
type psrRegisterCC is
record
n : fieldl;
z : field1;
v : fieldl;
c : field1;
end record;
variable psr : psrRegister;

This is arelatively straightforvard specificationIn addition,setandaccessarenot needed- fieldscanbe
referenced directly

This design has twfatal flavs, havever.

First, notethat psris of type psrRaistet not type storage Every registerwith differentfieldsis a different
type,andcannotbe assignedo anothertype of register The contentsof the memorydataregister for example,can-
not be assigned to agister in the rgister file.

Secondgseveral registershave overlappingfields, including the memoryaddressegister the memorydata
register andtheinstructionregister(in which variousopcodeandoperandieldsoverlap).Recordsio not supporthis
notion.

11.3. Registers: 111
A third attempt vas made using VHDL alias statements.

The VHDL aliasstatementvasdesignedo solve the secondlaw above. It allows a subsef bitsin a vari-
able to be gien an separate name and referenced independently
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Ragister and field subtypes were declared asa@kio 4). The psr as 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 : fieldl 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 : fieldl is psr(5); -- enable traps

alias psr_cwp : field5 is psr(4-0);  -- current window ptr

Note the naming caention: a field F of mgister R is avays named R .F
This allavs ragisters and fields to be freely assignable.

All of the registerandfield definitionsfor the SFARC processofAppendicesC.3 andC.4) weredefinedin
this style.

11.4. Interfaces

Off chip interfacesweretranslatedrom statelnterdcedeclarationsn Prologto VHDL signaldeclarations,
to wit:

statelnterface(bp_IRL, (3-0)).
statelnterface(bp_reset_in, 0).
statelnterface(pb_error, 0).
statelnterface(pb_block_ldst_word, 0).
statelnterface(pb_block_Idst_byte, 0).
statelnterface(bp_FPU_present, 0).
statelnterface(bp_FPU_exception, 0).
statelnterface(bp_FPU_cc, (1-0)).
statelnterface(bp_CP_present, 0).
statelnterface(bp_CP_exception, 0).
statelnterface(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
Ragister 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. Theadd Instruction: |

Giventhe VHDL aliasversionof the SFARC registerdefinitions,it wasdecidedo startthetranslationof the
restof the specificationwith the add instruction,which would exposemary issueswithout introducingtoo much
compleity.

Thefirst attemptat the addinstructioncopiedthe Prologversionasmuchaspossible The Prologform for
the raister to rgister 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),
Dis S1 + S2,
access(inst, rd, RD),
% test for rd = 0 done in wval
wval(port(r, w), RD, D).

This translates straightfoesdly 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 requirgeyeio

First, accessaand setmustbe defined;they aretrivial. Theseroutinesarein the library andare not 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;

Notetheslight differencewith the 3 agumentPrologversionsthe VHDL aliaseshave theregisternamebuilt into the
field name.

The add proceduremust also be defined.Unlike Prolog, which is untyped,VHDL requirescorversion
between bits (BIT_VECDRS) and intgers. Hence the add procedure:

procedure add(S1: in BIT_VECTOR;
S2:in BIT_VECTOR,;
D: out BIT_VECTOR) is
variable IS1 : INTEGER;
variable 1S2 : 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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I1S2 := bits_to_int(S2);

ID :=1S1 + 1S2;
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 andare not
synthesized.

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

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

Here,aswith add,corversionbetweerbits andints is neededAlso, atype declaratiorfor port_namethelist of pos-
sible read and write ports on theister file, is required.

type port_name is (r1, r2, w);

Finally, thevariablesS1,S2,D, RS1,RS2,andRD mustbedeclaredin ablock or environmentglobalto theinstruc-
tion dispatchcasestatement)They canbe declaredasbit vectors,but it is usefulanddescriptie to declaretwo bit
vector subtypes of which thesariables 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. Theaddcc Instruction

The addcc instruction @s 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, 2);
set(psr_v, V);
set(psr_c, C);

This simply requires a more compladd function (in the librarynot 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 1S2 : 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 +1S2;
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, \ and C must be declared with S1, S2, etc.
variable N, Z, V, C : field1;

11.8. Theadd Instruction: Il

A secondversionof theaddinstructionwasdefined without set,accesstval, andwval, but with connection
variables:

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

This s obviously muchmorestraightforvard from a humanstandpointhanthefirst version,andthe synthe-
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sizer could &irly easily dene the first ersion, which it vants, from this, with te exceptions.

Thefirstis theif-thentestfor theresultregister Fromthe synthesizes point of view this testwould bemore
easilyhandledf it wereencapsulateth alibrary procedurea givenfragmentof logic. Otherwisefor all instructions
that perform this test, the synthesizeruhd have to recognize the test as a common fragment and optimize it.

Given such a procedure, r_store,,2hg definition wuld appear

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

The secondexceptionis thelossof registerports,with thelossof rval andwval. Theseportsrequiretheuser
to scheduleeferenceso theregisterfile, bindingthemto specificports. This schedulingcouldbe doneby the synthe-
sizer but it is not done currently

Thereis, however, alargerflaw. Remembethatinst_rslisaBIT_VECTOR, notanintegerasis requiredfor
array references. Thigxsion is not xecutable VHDL.

11.9. Theadd Instruction: |11

A third version vas defined eliminating unnecessaayiables and fixing the gester indeing 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_intwamsion.
The synthesizer could dee the secondarsion from this one.

11.10. Theadd Instruction: IV

A fourth version vas 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_etend the obious (unsynthesized) library routine.

Here,asabove with r_store thereis theissueof whethertheimmediateshouldbe handledcompletelyin the
instruction definition, or whether a library routine should be defined.

11.11. Theadd Instruction: V

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

when add =>
S1 :=rsl;
S2 :=rs2imm1l3;
add(S1, S2, D);
rd(D);

function rsl return BIT_VECTOR is
variable | : BIT_VECTOR;
variable S : BIT_VECTOR;
begin
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access(inst_rs1, I);
rval(r, r1, 1, S);
return S;

end rsi;

function rs2imm13 return BIT_VECTOR is
variable | : BIT_VECTOR;
variable S : BIT_VECTOR;
begin
ifinst_1 =0 then
access(inst_rs2, I);

rval(r, r2, 1, 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 1 /=0 then
wval(r, w, |, D);
end if;
end rd;

This makesthe definition of the actualinstructionshort,anddefinesprocedureshatareusedextensvely in
other instructions.

In general,instructiondefinitionsdescribedatamovementthroughthe datapath. The philosoply is to put
operationghatwill notbe performedby datapathfunctionalunits (suchastestsdoneby specializedogic ratherthan
ALUS) into the library The procedures rs1, rs2imm13, and rdvebmpuld be put in the library

11.12. Load and Store Instructions

With the experienceof theaddinstruction theloadandstoreinstructionswveretranslatedsincethey aresub-
stantially diferent in form from add.

With the register and field definitionsdone,including thosefor the memoryinterface,the load and store
instructions were easily defined (and are resyunteresting).

The Id instruction, forxample, in Prolog:

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

and in VHDL:

when Id =>
setLoadAddress;
setAddrSpace;
testWordAlignment;
readData;
testAccess;
loadDataWord;
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with two of the supporting procedures, foaenple:

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. TheMain Loop

Themaincontrolloop of the SFARC processofAppendixC.5)wasthentranslatedrom Prologinto VHDL.
The translation as relatiely straightforvard, consisting primarily of status tests and bit assignments.

Centralto this translationwasthe definition of variousinternal statusbits, which had beendefinedin the
Prolog \ersion and had been translated into VHDL along with thister definitions (see abe).

variable p : storage;

alias p_annul : field1 is p(32);

alias p_cp_disabled : fieldl 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 : fieldl is p(27);

alias p_division_by_zero : field1 is p(26);

alias p_error_mode : fieldl is p(25);

alias p_execute_mode : field1 is p(24);

alias p_fp_disabled : fieldl is p(23);

alias p_fp_exception : field1 is p(22);

alias p_lillegal_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_regqister_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 : fieldl 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, appearsin Prolog:

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

error :- I,

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 aw translated. This is a gy case statement, otherwise uninteresting.

AppendixC.8, Traps,wastranslatedAgain, becausé’rologdoesnot have if-thens,the Prologspecification
is fragmentedln contrastthe VHDL appeardessspreadout and morereadableand coherentln the codebelow,
each commented gment is a separate procedure in Prolog, each consisting of at leataises.

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 := thr + 4;
else
pc :=0;
npc := 4,
p_reset_trap :=0;
end if;
end if;
end execute_trap;
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