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Abstract. W e formalized the DE2 hierarc hical, o ccurrence-orien ted �-

nite state mac hine (FSM) language, and ha v e dev elop ed a pro of the-

ory allo wing the mec hanical v eri�cation of FSM descriptions. Using the

A CL2 functional logic, w e ha v e de�ned a syn tax w ell-formedness pred-

icate and a sym b olic sim ulator that de�nes the DE2 cycle-based sim u-

lation seman tics. DE2 is deeply em b edded within A CL2, and the DE2

language includes an annotation facilit y that can b e used b y programs

that manipulate DE2 descriptions; this facilit y ma y restrict the use of

de�ned mo dules or it ma y pro vide other mo dule information. The DE2

user ma y write and pro v e the correctness of programs that generate DE2

descriptions. W e ha v e used DE2 to mec hanically v erify comp onen ts of

the TRIPS micropro cessor implemen tation.

1 In tro duction

W e presen t a formal description of and pro of mec hanism for the DE2 hierarc hi-

cal, o ccurrence-orien ted �nite state mac hine (FSM) description language, that

w e use to design and v erify FSM-based designs or to optimize existing designs in

a pro v ably correct manner. This de�nition is primarily aimed at the represen ta-

tion and v eri�cation of hardw are circuits, but could other areas suc h as proto cols

and soft w are pro cesses. De�ning a hardw are description language (HDL) is di�-

cult b ecause of the man y di�eren t w a ys in whic h it ma y b e used; for example, a

HDL ma y b e used to sp ecify a sim ulation seman tics, de�ne what circuits can b e

sp eci�ed, restrict allo w able names, enforce circuit in terconnect t yp es, estimate

p o w er consumption, and pro vide la y out or other man ufacturing information. W e

ha v e formally describ ed the DE2 language using the A CL2 logic [16], and w e

ha v e formally v eri�ed DE2 descriptions using the A CL2 theorem pro v er.

DE2 is designed to p ermit the rigorous hierarc hical description and hierar-

c hical v eri�cation of �nite-state mac hines (FSMs). W e call our language DE2

( D ual- E v al 2 ) b ecause of the t w o-pass approac h that w e emplo y for the language

recognizers and ev aluators. DE2 is actually a general-purp ose language for sp ec-

ifying FSMs; users ma y de�ne their o wn language primitiv es. W e recognize v alid

DE2 descriptions with an A CL2 predicate that de�nes the p ermissible syn tax,

names, and hierarc h y , of v alid descriptions. The DE2 language also pro vides a



ric h annotation language that can b e used to enforce syn tactic and seman tic

design restrictions.

W e b egin our presen tation b y listing DE2 language c haracteristics, con trast-

ing the DE2 language with other related e�orts, and presen ting some DE2

language examples. W e presen t the de�nition of its sim ulation-based seman tics.

W e conclude b y describing ho w w e use the DE2 language to v erify circuits from

the TRIPS micropro cessor design [7].

2 DE2 Language F eatures

The dev elopmen t of DE2 required balancing man y demands. In particular, the

demand for hardw are v eri�cation requires that it b e as simple as p ossible to

ev aluate, translate, and extend. In this section w e list the resulting c haracteristics

of DE2 .

{ Hierarc hical: A mo dule is de�ned b y connecting submo dules. Circuits ma y

b e de�ned in terms of mo dules that are small and easily v eri�ed.

{ Occurrence-Orien ted: Eac h reference to a previously de�ned mo dule or

primitiv e is called an o ccurrence. All de�ned mo dules are de�ned as a se-

quence of o ccurrences.

{ Deep Em b edding in A CL2: DE2 mo dules are represen ted as A CL2 con-

stan ts. Using the terminology de�ned b y Boulton et al. [13], DE2 is deeply

em b edded in the A CL2 language. This em b edding allo ws us to write A CL2

functions whic h sim ulate, analyze, generate, and manipulate DE2 mo dules.

{ Annotation Mec hanisms: W e use annotations to describ e elemen ts of a

circuit whic h are not de�ned b y ev aluation (e.g. la y out information). In DE2 ,

annotations are �rst class ob jects.

{ P arameterized Finite T yp es: In DE2 , ev ery mo dule input and output

is a bit v ector of parameterized length. When the lengths of all the inputs

and outputs are kno wn, w e ma y app eal to BDD- and SA T-based tec hniques

for v eri�cation.

{ Tw o-pass Ev aluation: A DE2 mo dule is ev aluated b y t wice in terpreting

its list of o ccurrences. This t w o-pass ev aluation necessitates a lev el-order for

the com bination functions.

{ Represen tation of In ternal State: This represen tation limits us to de-

signing FSMs, but greatly simpli�es the design and v eri�cation of these ma-

c hines.

{ User-de�ned Primitiv e Mo dules: W e allo w users to de�ne primitiv e

mo dules, rather than requiring that primitiv e mo dules b e built in to the lan-

guage.

{ User-selectable Libraries: Sets of primitiv es can b ecome libraries. Li-

braries can b e loaded in to similar pro jects, whic h allo ws reuse of mo dules

and v eri�cation e�orts from past pro jects.

{ V eri�ed DE2 Language Generators: W e can write A CL2 functions

whic h to DE2 mo dules. Since the seman tics of DE2 ha v e b een formalized in
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A CL2, these generation functions can b e sho wn to alw a ys generate correct

DE2 co de.

{ Hierarc hical V eri�cation: Our v eri�cation pro cess in v olv es v erifying prop-

erties of submo dules and then using these prop erties to v erify larger mo dules

built from these submo dules. This hierarc hical tec hnique allo ws us to a v oid

reasoning ab out the in ternals of complex submo dules.

{ Bo oks for V eri�cation Supp ort: W e ha v e de�ned a n um b er of A CL2

\b o oks" to assist the v eri�cation of DE2 mo dules. When loaded in to the

theorem pro v er, these b o oks use the A CL2 seman tics of DE2 to v erify prop-

erties of DE2 mo dules. W e ha v e used these b o oks on a n um b er of v eri�cation

pro jects, some of whic h in v olv e the v eri�cation of A CL2 functions that gen-

erate DE2 circuits.

3 Related W ork

The hardw are v eri�cation comm unit y has tak en t w o approac hes [13] to de�n-

ing the seman tics of circuits: shallo w and deep em b edding. Shallo w em b edding

de�nes the seman tics of a circuit description b y translating it in to some formal

language. Deep em b edding uses a formal language to de�ne the syn tax and se-

man tics of a HDL b y em b edding its de�nition and represen tation in to the formal

language b eing used.

The DE2 language presen ted here has b een de�ned b y deeply em b edding it

inside the A CL2 language, a primitiv e recursiv e functional subset of Lisp [17].

By em b edding DE2 within A CL2, w e are giv en access to a theorem pro ving

en vironmen t whic h has successfully v eri�ed large-scale hardw are systems [8, 9].

The formalization of the DE2 language is similar in st yle to the em b edding

of the DUAL-EVAL HDL in NQTHM [11] and the DE language in A CL2 [10].

The DE language is di�eren t from DUAL-EVAL in that it p ermits user-de�ned

primitiv es, re-usable libraries, annotations, and con tains a di�eren t structuring

of data for state-holding elemen ts. The DE2 language con tains the new features

of DE , but also has a parameterized t yp e system, a more sophisticated system

for applying non user-de�ned primitiv es (implemen ted as A CL2 functions), and

a more automated v eri�cation system.

In other hardw are v eri�cation e�orts with A CL2, hardw are descriptions w ere

translated directly to A CL2 mo dels in the st yle of shallo w-em b edding [8, 9].

These e�orts do not p ermit the syn tactic analysis of the circuits so represen ted;

that is, it is not p ossible to treat the circuit descriptions as data so a program

ma y b e used to analyze its suitabilit y .

T om Melham used the HOL system [12] to deeply em b ed some elemen ts

of a hardw are description language [12]. Bo y er and Hun t attempted to deeply

em b ed a subset of VHDL in the A CL2 logic, but this sp eci�cation grew to

more than 100 pages of formal mathematics, and its usefulness b ecame susp ect.

Deeply em b edding a HDL in to another language brings great analytical p o w er

at the cost of ha ving to manage all of the logical formalisms required|but these

formalisms represen t the real complexit y that are inherit in suc h languages and
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in their asso ciated analysis and sim ulation systems. T o mak e suc h an em b edding

useful, a serious e�ort needs has to b e made to ensure an absolute econom y of

complexit y , and there needs to libraries that ease the use of suc h an em b edding.

A signi�can t amoun t of w ork has fo cused on the use of functional program-

ming languages to simply the writing of HDL-based descriptions. Mary Sheeran

has dev elop ed the language La v a [1] and she has used it to design fast m ulti-

pliers [2]. The strengths of La v a is its facilities to write programs that generate

hardw are|similar to the A CL2 programs w e write to generate DE2 descriptions

|and its abilit y to em b ed la y out information in the La v a language|simil ar to

annotations in DE2 . The La v a implemen tation do es not include an asso ciated

reasoning system, but a user can app eal to SA T pro cedures to compare one La v a

description against another description.

Our recen t v eri�cation metho dology , whic h com bines a SA T-based decision

pro cedure with theorem pro ving, w as partially inspired b y the w ork at In tel com-

bining sym b olic tra jectory ev aluation with theorem pro ving. This w ork mak es

use of the functional languages Lifted-FL [4] and, most recen tly , reFLect [3].

Some of the w a ys DE2 di�ers from these languages include its simpler seman-

tics (e.g. t w o pass ev aluation), its simple syn tax, its close corresp ondence to a

subset of V erilog, and its em b edding within a general-purp ose theorem pro v er.

4 Example

The use of the DE2 language is similar to the use of other hardw are description

languages. Circuits are sp eci�ed in a hierarc hical manner, and the syn tactic form

of the hierarc hical circuit description also de�nes the hierarc hical structure of a

description's asso ciated state. Here w e giv e an example of a DE2 circuit sp eci-

�cation, and describ e some of the restrictions imp osed b y the DE2 language.

Our DE2 language de�nition is a tremendous abstraction of this ph ysical

realit y . The DE2 language de�nes �nite-state mac hines b y p ermitting a user to

de�ne primitiv e elemen ts. F or this section, w e assume the de�nition of Bo olean

connectiv es and state-holding elemen ts ha v e already b een giv en. Issues suc h as

clo c king, wire dela y , race conditions, p o w er distribution, and heat, ha v e b een

largely ignored.

Informally , the DE2 language hierarc hically de�nes Mealy mac hines: the out-

puts and next state of ev ery mo dule is a function of its inputs and in ternal state.

By successiv ely rep eating the ev aluation of an iden ti�ed FSM, the DE2 system

can b e used to em ulate t ypical �nite-state mac hine op eration. DE2 language

de�nitions are written with a Lisp-st yle syn tax using the Lisp syn tax p ermit-

ted for writing constan t expressions; that is, mo dules de�nitions are represen ted

as Lisp data, and they are not Lisp function de�nitions, macros, or other suc h

constructs. W e �rst giv e an example of sev eral com binational circuits, where

w e exhibit some of the restrictions our ev aluation approac h imp oses. Later w e

exhibit a sequen tial circuit.
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Fig. 1. Sc hematic of an Accum ulator

4.1 Com binational Mo dules

Consider the circuit sho wn in Figure 1. In DE2 , this circuit is represen ted as

follo ws.

(accumulator

(params width)

(outs (out width))

(ins (in width) (load 1))

(wires (adder-out width) (mux-out width))

(sts reg)

(labels (out 'data) (in 'data) (adder-out 'data)

(mux-out 'data) (load 'control))

(occs

(reg (out) (register width 'data) (mux-out))

(adder (adder-out) (bufn width 'data) ((bv-adder width in out)))

(mux (mux-out) (bufn width 'data) ((bv-if load in adder-out)))))

A mo dule is iden ti�ed b y its name, in this case accumulator . Eac h mo dule

is comp osed of a set of k ey-v alue pairs whose en tries dep end on the t yp e of the

mo dule. All mo dules ha v e parameters, inputs, states, and outputs lists, iden ti�ed

b y params , ins , sts , and outs , resp ectiv ely . This mo dule also has a labels

en try , whic h is an annotation. Annotations are not required, but can b e used to

enable optimizations, assist v eri�cation, or pro vide information to other to ols.

In this case, w e use the labels annotation, along with a static c hec k er, to ensure

that w e do not use a data wire when a control wire w as exp ected or vice v ersa.

Annotations can also b e used to represen t la y out information or other ph ysical

attributes { a user ma y de�ne their o wn annotations.

A mo dule will also include o ccurrences whic h de�ne the relationship b et w een

its inputs, outputs, and in ternal mo dules. Eac h o ccurrence consists of a unique
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o ccurrence name, a list of outputs, a mo dule reference com bined with its pa-

rameter list, and a list of inputs. F or example, the �rst o ccurrence in the ab o v e

example is named reg . The reg o ccurrence consists of an instance of a register

mo dule with the parameter width , input mux-out , and output out . The fact the

reg o ccurs in the accumulator mo dule's sts list denotes that it is a state-

holding o ccurrence. Eac h input consists of an A CL2 expression of the inputs

and in ternal \wires" of the mo dule. Our primitiv e sim ulation-based ev aluator

only de�nes a �nite list of A CL2 functions (e.g. b v-adder and b v-if ) for use in

suc h an expression.

The DE2 language ev aluation seman tics de�ne the outputs of a mo dule as

a function of its inputs and in ternal state. The next state of a mo dule is also a

function of a mo dule's inputs and in ternal state. Ev aluation is discrete; that is,

there is an implicit notion of time whic h is brok en in to discrete steps.

Mo dule ev aluation b egins b y binding input v alues to a mo dule's inputs, and

binding state v alues to a mo dule's states. Eac h o ccurrence is then ev aluated in

the order of its app earance. An o ccurrence is ev aluated b y binding its inputs

and state to the sp eci�ed argumen ts and then ev aluating the reference itself. F or

the mo dule de�ned ab o v e, the o ccurrence reg is ev aluated �rst; the output of

a register dep ends only on its in ternal state, not its inputs. After the v alue of

mux-out is determined b y ev aluating the mux o ccurrence then in ternal state of

the reg o ccurrence is up dated.

In Section 6.1 w e presen t some prop erties of this example whic h w e ha v e

pro v en mec hanically . Using the A CL2 theorem pro v er, w e pro v e that for an y

data-path width a LO AD of A (i.e. load is high, in is A) follo w ed b y an ADD

of B (i.e. load is lo w, in is B) pro duces the addition of A and B.

4.2 Primitiv es

A primitiv e mo dule, corresp onding to a hardw are comp onen t built-in to a syn-

thesis to ol, has a de�nition in DE2 that a non-primitiv e mo dule. The di�erence

b et w een a primitiv e mo dule is that rather than b eing de�ned in terms of o ccur-

rences of submo dules, a primitiv e mo dule is de�ned b y lisp functions accessed

through lam b da mo dules. A lam b da mo dule has formals corresp onding to the

o ccurrence's list of parameters follo w ed b y the o ccurrence's list of inputs. The

lam b da mo dule ev aluates to a list with its �rst elemen t b eing the state of the

lam b da mo dule follo w ed b y its outputs. F or example, the follo wing is a de�nition

of the primitiv e mo dules bufn , whic h is a submo dule of our accum ulator.

(bufn

(type primitive)

(params n sig-type)

(outs (q n))

(ins (x n))

(labels (q sig-type) (x sig-type))

(occs (st (q)

((lambda (x) (list 'nil x)))

(x))))
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The bufn mo dule instan tiates a single lam b da mo dule. Since the bufn mo dule

has no state, this lam b da expression ev aluates to a list whose �rst elemen t is

nil . The output of the bufn mo dule, whic h corresp onds to the second elemen t

of the list, is equal to its input. The other primitiv e found in our accum ulator

example, register , is de�ned as follo ws.

(register

(type primitive)

(params width sig-type)

(outs (q width))

(ins (d width))

(sts st)

(st-decls (st width))

(labels (q sig-type) (d sig-type))

(occs

(st (q)

((lambda (width st d) (list d st)) width)

(st d))))

The register example sho ws ho w a state-holding primitiv e is de�ned in DE2 .

The state of the register mo dule is accessed through a lam b da mo dule named

st , whic h turns the implicit input and output of state in to an explicit input and

output. The lam b da mo dule returns its input d as the next state and its state

st as its output. Note that the register mo dule also has a new �eld st-decls ,

whic h declares that the state elemen t st is a bit-v ector of length width . This

declaration is not a requiremen t of DE2 mo dules, but enables the later use of

decision pro cedures.

5 The DE2 Ev aluator

The de�nition of the DE2 ev aluator is comp osed of t w o groups, eac h con taining

t w o m utually recursiv e functions. These four functions implemen t the en tire

hierarc hical ev aluation of the outputs and next-state v alues for an y w ell-formed

hierarc hical FSM de�ned using the DE2 language, except for the ev aluation of

the lam b da and A CL2 (primitiv e) expressions. This set of functions w as designed

with a n um b er of di�eren t goals in mind, so design decisions w ere made to

attempt to implemen t the desired prop erties while k eeping the size of the system

as small as p ossible.

The DE2 language can b e though t of as ha ving t w o parts: primitiv e op era-

tions and in terconnect. W e ha v e de�ned di�eren t primitiv e ev aluators, dep ending

on our needs. The primitiv e ev aluator w e use for v eri�cation of gate-lik e primi-

tiv es in terprets suc h primitiv e mo dules b y applying ordinary Bo olean op erations.

If w e are in terested in the fan-out of a set of signals, w e use a di�eren t primitiv e

ev aluator. If w e w an t to generate a coun t of the n um b er of and t yp e of primitiv e

mo dules required to implemen t a referenced mo dule, w e use a primitiv e ev alu-

ator that collects that information from ev ery primitiv e encoun tered during an

ev aluation pass { note that this do es not just coun t the n um b er of de�ned mo d-

ules, but it coun ts the n um b er of ev ery kind of mo dules required to realize the
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FSM b eing ev aluated. If w e w an t to compute a crude dela y or p o w er estimate,

w e use other primitiv e ev aluators.

The seman tic ev aluation of a DE2 design pro ceeds b y binding actual (ev al-

uated) parameters (b oth inputs and curren t states) to the formal parameters of

the mo dule to b e ev aluated; this in turn causes the ev aluation of eac h submo dule.

This pro cess is rep eated recursiv ely un til a primitiv e mo dule is encoun tered, and

the sp eci�ed primitiv e ev aluator is called after binding the necessary argumen ts.

This part of the ev aluation can b e though t of as p erforming all of the \wiring";

v alues are \routed" to appropriate mo dules and results are collected and passed

along to other mo dules or b ecome primary outputs. This set of de�nitions is

comp osed of four (t w o groups of ) functions (giv en b elo w), and these functions

con tain an argumen t that p ermits di�eren t primitiv e ev aluators to b e used.

The follo wing four functions completely de�ne the ev aluation of a netlist of

mo dules, no matter whic h t yp e of primitiv e ev aluation is sp eci�ed. The functions

presen ted in this section constitute the en tire de�nition of the sim ulator for

the DE2 language. This de�nition is small enough to allo w us to reason with

it mec hanically , y et it is ric h enough to p ermit the de�nition of a v ariet y of

ev aluators. The se function ev aluates a mo dule and returns its primary outputs

as a function of its inputs. The de function ev aluates a mo dule and returns

its next state; this state will b e structurally iden tical to the mo dule's curren t

state, but with up dated v alues. Both se and de ha v e sibling functions, se-occ

and de-occ resp ectiv ely , that iterate through eac h sub-mo dule referenced in the

b o dy of a mo dule de�nition. W e presen t the se { de ev aluator functions to mak e

clear the imp ortance w e place on making the de�nition compact.

The se and de functions b oth ha v e a flg argumen t that p ermits the selection

of a sp eci�c primitiv e ev aluator. The fn argumen t iden ti�es the mo dule name of

a mo dule to ev aluate; its de�nition should b e found in the netlist . The ins and

st argumen ts pro vide the primary inputs and the curren t state of the mo dule fn

to b e ev aluated. The params argumen t allo ws for parameterized mo dules; that

is, it is p ossible to de�ne mo dules with wire and state sizes that are determined

b y this parameter. The env argumen t p ermits con�guration or test information

deep to b e passed deep in to the ev aluation pro cess.

The se-occ function ev aluates eac h o ccurrence and returns an en vironmen t

that includes v alues for all in ternal signals. The se function returns a list of

outputs b y �ltering the desired outputs from this en vironmen t. T o compute the

outputs as functions of the inputs, only a single pass is required.

(defun se (flg fn params ins st env netlist)

(if (consp fn)

;; Primitive Evaluation.

(cdr (flg-eval-lambda-expr flg fn params ins env))

;; Evaluate submodules.

(let ((module (assoc-eq fn netlist)))

(if (atom module)

nil

(let-names

(m-params m-ins m-outs m-sts m-occs)
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(m-body module)

(let*

((new-env (add-pairlist m-params params nil))

(new-env (add-pairlist (strip-cars m-ins)

(flg-eval-list flg ins env)

new-env))

(new-env (add-pairlist m-sts

(flg-eval-expr flg st env)

new-env))

(new-netlist (delete-assoc-eq-netlist fn netlist)))

(assoc-eq-list-vals

(strip-cars m-outs)

(se-occ flg m-occs new-env new-netlist))))))))

(defun se-occ (flg occs env netlist)

(if (atom occs) ;; Any more occurrences?

env

;; Evaluate specific occurrence.

(let-names

(o-name o-outs o-call o-ins)

(car occs)

(se-occ flg (cdr occs)

(add-pairlist

(o-outs-names o-outs)

(flg-eval-list

flg (parse-output-list

o-outs

(se flg (o-call-fn o-call)

(flg-eval-list flg

(o-call-params o-call)

env)

o-ins o-name env netlist))

env)

env)

netlist))))

Similarly , the functions de and de-occ p erform the next-state computation

for a mo dule ev aluation; giv en v alues for the primary inputs and a structured

state argumen t, these t w o functions compute the next state of a sp eci�ed mo dule.

This result state is structured isomorphicall y to its input's state. Note that

the de�nition of de con tains a reference to the function se-occ ; this reference

computes the v alue of all in ternal signals for the mo dule whose next state is

b eing computed. This call to se-occ represen ts the �rst of t w o passes through

a mo dule description when DE is computing the next state.

(defun de (flg fn params ins st env netlist)

(if (consp fn)

(car (flg-eval-lambda-expr flg fn params ins env))

(let ((module (assoc-eq fn netlist)))

(if (atom module)

9



nil

(let-names

(m-params m-ins m-sts m-occs) (m-body module)

(let*

((new-env (add-pairlist m-params params nil))

(new-env (add-pairlist (strip-cars m-ins)

(flg-eval-list flg ins env)

new-env))

(new-env (add-pairlist m-sts

(flg-eval-expr flg st env)

new-env))

(new-netlist (delete-assoc-eq-netlist fn netlist))

(new-env (se-occ flg m-occs new-env new-netlist)))

(assoc-eq-list-vals

m-sts

(de-occ flg m-occs new-env new-netlist))))))))

(defun de-occ (flg occs env netlist)

(if (atom occs)

env

(let-names

(o-name o-call o-ins) (car occs)

(de-occ flg (cdr occs)

(cons

(cons

o-name

(de flg (o-call-fn o-call)

(flg-eval-list flg (o-call-params o-call) env)

o-ins o-name env netlist))

env)

netlist))))

This completes the en tire de�nition of the DE2 ev aluation seman tics. This

clique of functions is used for all di�eren t ev aluators; the sp eci�c kind of ev al-

uation is determined b y the flg input. W e ha v e pro v ed a n um b er of lemmas

that help to automate the analysis DE2 mo dules. These lemmas allo w us to

hierarc hically v erify FSMs represen ted as DE2 mo dules. W e ha v e also de�ned

functions that rep eatedly reference these functions so w e can sim ulate a DE2

design through an y n um b er of cycles.

An imp ortan t asp ect of this language seman tics is its brevit y; it is formal, and

it pro vides a seman tics for an y FSM de�ned using the DE2 language. Then, b y

using the A CL2 theorem pro v er, w e can mec hanically and hierarc hically v erify

prop erties ab out an y system de�ned using the DE2 language.

6 Our Use of the DE2 System

Ha ving an ev aluator for DE2 written in A CL2 enables man y forms of v eri�ca-

tion. In Figure 2 w e illustrate our v eri�cation system, whic h is built around the

DE2 language.
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Fig. 2. An o v erview of the DE2 v eri�cation system

W e t ypically use the DE2 v eri�cation system to v erify V erilog designs. These

designs are denoted in the upp er left of Figure 2. Curren tly , the subset of V er-

ilog includes arra ys of wires (bit v ectors), instan tiations of mo dules, assignmen t

statemen ts, and a n um b er of basic primitiv es (e.g. & , ?: and | ). W e also allo w

the instan tiation of memory (arra y) mo dules and v endor-de�ned primitiv es.

W e ha v e built a translator that translates a V erilog description in to an equiv-

alen t DE2 description. Our translator parses the V erilog source text in to a Lisp

expression, and then an A CL2 program con v erts this Lisp expression in to a DE2

description.

W e ha v e also built a translator that con v erts a DE2 netlist in to a cycle-

accurate A CL2 mo del. This translator also an A CL2 pro of that the DE2 de-

scription is equiv alen t to the mec hanical pro duced A CL2 mo del. The pro cess of

translating a DE2 description in to its corresp onding A CL2 mo del ma y include

cone-of-in
uence reductions; an A CL2 function is created for eac h mo dule's out-

put and irrelev an t parts of the initial design are remo v ed. This translator allo ws

us to enjo y b oth the adv an tages of a shallo w em b edding (e.g. straigh tforw ard

v eri�cation) and the adv an tages of a deep em b edding (e.g. syn tax resem bling

V erilog).

W e start with an informal sp eci�cation of the design in the form of English

do cumen ts, c harts, graphs, C-mo dels, and test co de whic h is represen ted in the

upp er righ t of Figure 2. This information is con v erted man ually in to a formal

A CL2 sp eci�cation. Using the A CL2 theorem pro v er, these sp eci�cations are

simpli�ed in to a n um b er of in v arian ts and equiv alence prop erties. If these prop-

erties are simple enough to b e pro v en b y our SA T-based decision pro cedure,

w e pro v e them automatically; otherwise, w e simplify suc h conjectures using the

11



A CL2 theorem pro v er un til w e can again app eal to some automated decision

pro cedure.

W e also use our system to v erify sets of DE2 descriptions. This is accom-

plished b y writing A CL2 functions that generate DE2 descriptions, and then

pro ving that these functions alw a ys pro duce circuits that satisfy their A CL2

sp eci�cations.

Since DE2 descriptions are represen ted as A CL2 constan ts, functions that

transform DE2 descriptions can b e v eri�ed using the A CL2 theorem pro v er.

By con v erting from V erilog to DE2 and from DE2 to bac k in to V erilog, w e

can use DE2 as an in termediate language to p erform v eri�ed optimizations.

Another use of this feature in v olv es p erforming reductions or optimizations on

DE2 sp eci�cations prior to v eri�cation. F or example, one can use a decision

pro cedure to determine that t w o DE2 circuits are equiv alen t and then use this

fact to a v oid v erifying prop erties of a less cleanly structured description.

W e can also build static analysis to ols, suc h as extended t yp e c hec k ers, in

DE2 b y using annotations. In DE2 , annotations are �rst-class ob jects (i.e. an-

notations are not em b edded in commen ts). Therefore an annotation, suc h as the

labels annotation in Section 4, is parsed as easily as an y core language features.

Suc h static c hec k ers, since they are written in A CL2, can b e analyzed and can

also assist in the v eri�cation of DE2 descriptions. F urthermore, annotations can

b e used to em b ed information in to a DE2 description to assist with syn thesis.

6.1 V eri�cation Example

T o v erify the DE2 circuit in Section 4, w e �rst generate an A CL2 mo del whic h

is equiv alen t to the DE2 circuit. The follo wing theorems, whic h are pro v en

automatically b y a pro of generated b y our translator, pro v e that the A CL2

functions accumulator-next- st and accumulator-out pro duce the next state

and the out output of the accum ulator mo dule.

(defthm accumulator-de-rewrite

(implies (accumulator-& netlist)

(equal (de flg 'accumulator

params in-exprs st-expr env netlist)

(let ((st (flg-eval-expr flg st-expr env))

(in (get-nth-value 0 flg in-exprs env))

(load (get-nth-value 1 flg in-exprs env))

(width (nth 0 params)))

(accumulator-next-st st width in load)))))

(defthm accumulator-se-rewrite

(implies (accumulator-& netlist)

(equal (se flg 'accumulator

params in-exprs st-expr env netlist)

(let ((st (flg-eval-expr flg st-expr env)))

(list (accumulator-out st))))))

12



W e no w can pro v e prop erties ab out the A CL2 mo del using the A CL2 theorem

pro v er. F or example, consider the follo wing theorem:

(thm

(let* ((state1 (accumulator-next-st state0 width A (LOAD)))

(state2 (accumulator-next-st state1 width B (ADD))))

(equal (accumulator-out state2) (bv-adder width a b))))

In this theorem, state1 is the state of our accum ulator after an arbitrary

LOAD instruction (i.e. the load input to the accum ulator is high), and state2

is the state after follo wing this LOAD with an ADD instruction (i.e. the load

input is lo w). The theorem then states that the output of the accum ulator is

the addition of eac h cycles' inputs. W e pro v ed this theorem using the A CL2

theorem pro v er for an y width accum ulator. If w e c ho ose a sp eci�c width (e.g.

a 32-bit accum ulator), then this theorem can b e pro v en automatically with our

SA T-based decision pro cedure.

6.2 V erifying Comp onen ts of the TRIPS Pro cessor

W e are using our v eri�cation system to v erify comp onen ts of the TRIPS pro ces-

sor. The TRIPS micropro cessor is a protot yp e next-generation pro cessor b eing

designed b y a join t e�ort b et w een the Univ ersit y of T exas and IBM [7]. One

no v el asp ect of the TRIPS micropro cessor is that its memory is brok en up in to

four pieces; eac h piece of memory has a separate cac he and Load Store Queue

(LSQ). W e plan to v erify the LSQ design, based on the design describ ed in

Seth umadha v an et al [6], using our v eri�cation system. W e ha v e already v eri�ed

prop erties of its Data Status Net w ork (DSN) comp onen t.

The DSN hardw are pro vides the comm unication and bu�ering b et w een four

LSQ instances. Its design consists of 584 lines of V erilog co de (including around

200 lines of commen ts), whic h w e compile in to a 427-line DE2 description (with

no commen ts). W e use our v erifying compiler to translate this DE2 description

in to an A CL2 mo del and then pro v e the equiv alence of the DE2 description

and its A CL2 sp eci�cation. Using a mixture of theorem pro ving and a SA T-

based decision pro cedure, w e ha v e pro v ed prop erties that relate the output of

the four DSN instances, comm unicating with eac h other o v er m ultiple cycles, to

the output of a simpli�ed mac hine; this simpli�ed mac hine sp eci�es the output

that w ould b e immediately pro duced if the comm unication w ere instan taneous.

7 Conclusion

The de�nition of the DE2 language pro vides a user with a hierarc hical lan-

guage for sp ecifying FSMs. By deeply em b edding the de�nition of DE2 within

the A CL2 functional logic, w e ha v e pro vided a pro of theory for v erifying DE2

mo dule descriptions with resp ect to a n um b er of primitiv e in terpretations. The

extensible structure of the DE2 language and its general-purp ose annotation
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language allo w a user to em b ed other t yp es of information, suc h as a mo d-

ule's size, sp eci�cation, la y out, p o w er requiremen ts, and signal t yp es. Instead of

just v erifying large netlists, w e often compare netlists or transform one netlist

in to another netlist in a pro v able correct manner. W e ha v e extended the A CL2

theorem-pro ving system with a SA T pro cedure that can pro vide coun ter ex-

amples. W e also ha v e pro v ed the correctness of functions that automatically

generate circuits; this can greatly reduce the amoun t of DE2 mo dule de�nitions

written b y a user.

W e b eliev e that the design of DE2 more closely ful�lls the needs of mo dern

hardw are design and sp eci�cation b etter than more traditional HDLs. The in-

creasing demands placed on hardw are or FSM sp eci�cation languages is presen tly

b eing serv ed b y em b edding all kinds of extra information in the form of com-

men ts in to a traditional HDL. This pro cess forces non-standard, non-p ortable

use of HDLs, and prev en ts there from b eing a single design description that

can b e accessed b y all pre- and p ost-silicon dev elopmen t to ols. W e b eliev e that

DE2 is the �rst formal attempt to in tegrate disparate design data in to a single

formalism. W e b eliev e future design systems should include similar features.

The DE2 language, annotation system, and seman tics pro vide a user with

a uniform means of sp ecifying and v erifying a wide v ariet y of b oth functional

and extrinsic prop erties. W e con tin ue to expand the size and t yp e of designs

that w e ha v e v eri�ed. In the future, w e w an t to use DE2 to capture existing

design elemen ts to ease the reuse problem. T ypically , in an industrial design


o w, when a previously designed and v eri�ed design elemen t is used in a new

design, the v eri�cation has to b e completely redone. Our abilit y to sp ecify and

v erify mo dules in a hierarc hical manner p ermits the reuse of prior v eri�cations,

and p erhaps this v eri�cation reuse is the real k ey . Being able to reuse the design

and the e�ort required to v alidate it will greatly reduce the e�ort of reusing

previously designed mo dules.

References

1. P er Bjesse, Ko en Claessen, Mary Sheeran, and Satnam Singh. La v a: Hardw are De-

sign in Hask ell. The International Confer enc e on F unctional Pr o gr amming (ICFP) ,

pages 174{184, V olume 32, Num b er 1, A CM Press, 1998.

2. Mary Sheeran. Generating F ast Multipliers Using Clev er Circuits. In Alan J. Hu

and Andrew K. Martin, editors, F ormal Metho ds in Computer-A ide d Design (FM-

CAD) , pages 6{20, LNCS, V olume 3312, Springer V erlag, 2004.

3. Sa v a Krstic and John Matthews. Seman tics of the reFLect Language. Principles

and Pr actic e of De clar ative Pr o gr amming (PPDP) , pages 32{42, A CM Press, 2004.

4. Mark D. Aagaard, Rob ert B. Jones, and Carl-Johan H. Seger. Lifted-FL: A Prag-

matic Implemen tation of Com bined Mo del Chec king and Theorem Pro ving. The-

or em Pr oving in Higher Or der L o gics (TPHOLs) , LNCS, V olume 1690, Springer

V erlag, 1999.

5. Mark D. Aagaard, Rob ert B. Jones, John W. O'Leary , Carl-Johan H. Seger, and

Thomas F Melham. A metho dology for large-scale hardw are v eri�cation. In W ar-

ren A. Hun t, Jr. and Stev e Johnson, editors, F ormal Metho ds in Computer-A ide d

Design (FMCAD) , LNCS, V olume 1954, Springer V erlag, 2000.

14



6. S. Seth umadha v an, R.Desik an, D.Burger, C.R.Mo ore and S.W.Kec kler. Scalable

Hardw are Memory Disam biguation for High ILP Pro cessors (Load/Store Queue

Design). 36th International Symp osium on Micr o ar chite ctur e (MICR O 36) , pages

399{410, 2003.

7. The T era-op Reliable In telligen tly adaptiv e Pro cessing System(TRIPS),

h ttp://www.cs.utexas.edu/users/cart/trips/

8. Bishop Bro c k, Matt Kaufmann, and J Mo ore. A CL2 Theorems ab out Commer-

cial Micropro cessors. In M. Sriv as and A. Camilleri, editors, F ormal Metho ds

in Computer-A ide d Design (FMCAD'96) , pages 275{293, LNCS, V olume 1166,

Springer-V erlag, 1996.

9. Jun Sa w ada. F ormal V eri�cation of an Adv anced Pip elined Mac hine. PhD Thesis,

Univ ersit y of T exas at Austin, 1999.

10. W arren A. Hun t, Jr. The DE Language. Computer-aide d R e asoning: A CL2 c ase

studies , pages 151{166, Klu w er Academic Publishers, 2000.

11. Rob ert S. Bo y er and J Strother Mo ore. A Computational L o gic Handb o ok . Aca-

demic Press, Boston, 1988.

12. M. J. C. Gordon and T. F. Melham (editors). Intr o duction to HOL: A The or em

Pr oving Envir onment for Higher-Or der L o gic. Cam bridge Univ ersit y Press, 1993.

13. Ric hard Boulton, Andrew Gordon, Mik e Gordon, John Harrison, John Herb ert, and

John V an T assel. Exp erience with Em b edding Hardw are Description Languages in

HOL, The or em Pr overs in Cir cuit Design , pages 129{156, IFIP T ransactions A-10,

Elsevier Science Publishers, 1992.

14. Mik e Gordon. Wh y Higher-order Logic is a Go o d F ormalism for Sp ecifying and

V erifying Hardw are. T ec hnical Rep ort 77, Univ ersit y of Cam bridge, Computer Lab-

oratory , 1985.

15. W arren A. Hun t, Jr. and Bishop C. Bro c k. A F ormal HDL and Its Use in the

FM9001 V eri�cation. In C.A.R. Hoare and M.J.C. Gordon, editors, Mec hanized

Reasoning and Hardw are Design, pages 35{48, Pren tice-Hall In ternational Series

in Computer Science, 1992.

16. Matt Kaufmann and J Strother Mo ore. A CL2: An Industrial Strength V ersion of

NQTHM. Eleventh A nnual Confer enc e on Computer Assur anc e (COMP ASS-96) ,

pages 23{34, IEEE Computer So ciet y Press, 1996.

17. Guy Steele. Common Lisp: The Lan ugage, Second Edition. Digital Press, 1990.

18. Phillip J. Windley and Mic hael L. Co e. A Correctness Mo del for Pip elined Micro-

pro cessors, The or em Pr overs in Cir cuit Design : The ory, Pr actic e, and Exp erienc e ,

LNCS, V olume 901, Springer V erlag, pages 33-51, 1995.

15


