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Abstract. W e describ e the use of the A CL2 theorem pro v er to mo del

and v erify prop erties of TLA

+

sp eci�cations. W e ha v e written a trans-

lator whose input is a TLA

+

sp eci�cation along with conjectures and

structured pro ofs of prop erties of the sp eci�cation. The translator's out-

put is an A CL2 mo del of the sp eci�cation, and a list of A CL2 conjectures

corresp onding to those sections of the pro of outlines 
agged for mec han-

ical v eri�cation. W e ha v e used our to ols to translate the Disk Syno d

algorithm, and to v erify t w o in v arian ts of the algorithm.

1 In tro duction

Reasoning in TLA consists largely of reasoning ab out actions. By most accoun ts,

90% of all reasoning in TLA

+

sp eci�cations

1

o ccurs at the action lev el, where

temp oral logic has b een eliminated. Action reasoning alone, for example, is in-

v olv ed in all but the last step of establishing an in v arian t of a sp eci�cation.

Consider a system whose starting state satis�es the form ula Init , and whose

next-state relation is describ ed b y Next . In order to pro v e an in v arian t Inv of

the system, t w o lemmas are established:

1. Init ) Inv

2. Inv ^ Next ) Inv

0

Once w e establish these t w o lemmas, one application of a TLA inference

rule, along with simple temp oral reasoning, lets us establish the in v arian t at the

temp oral lev el (the form ula 2 Inv ). In the Disk Syno d algorithm [2], establishing

2 Inv from form ulas lik e (1) and (2) ab o v e tak es up one page, while the creation

of an in v arian t and its v eri�cation at the action lev el spans 18 pages.

This rep ort summarizes our exp eriences using a mec hanical theorem pro v er

to v erify prop erties of TLA

+

sp eci�cations. Our goal is to pro vide mec hanical

supp ort for pro ving TLA

+

in v arian ts at the action lev el. A system that deals

?

This w ork w as supp orted b y an IBM P artnership Aw ard to J Strother Mo ore, a

UR OP gran t from the Educational Adv ancemen t F oundation, and b y Compaq's

Systems Researc h Cen ter.

1

TLA is a �rst-order temp oral logic, while TLA

+

is a sp eci�cation language based

on TLA.



e�ectiv ely with action-lev el form ulas w ould tak e us a long w a y in mec hanically

v erifying the correctness of sp eci�cations.

Our platform of c hoice for mec hanical v eri�cation is A CL2 [3]. The A CL2

system is attractiv e for sev eral reasons. It is among the most automated in

the sp ectrum of theorem pro v ers, it blends arithmetic decision pro cedures with

rewriting tec hniques, and it is a stable and robust system, designed to tac kle

industrial-sized v eri�cation pro jects.

There are t w o main dra wbac ks to the use of A CL2 for v erifying TLA

+

sp eci-

�cations. One is that, to mak e e�ectiv e use of the pro v er's strengths, our TLA

+

constructs m ust b e �nite. Th us, in�nite sets are not allo w ed in our sp eci�ca-

tions. The second dra wbac k to using A CL2 is the di�eren t lev els of abstraction

at whic h TLA

+

and A CL2 users commonly op erate. A CL2 theories are usually

fairly lo w-lev el, concrete and computational. On the other hand, TLA

+

sp eci�-

cations tend to b e more descriptiv e than constructiv e, and mak e lib eral use of

higher-lev el concepts whic h are di�cult to handle in A CL2's �rst-order, essen-

tially quan ti�er-free logic. F or example, in TLA

+

w e migh t write the maximal

elemen t of a set of in tegers as

Max

�

= CHOOSE x 2 S : 8 y 2 S : x � y .

W e can faithfully translate Max in to A CL2 as follo ws. First, w e de�ne a

function (forall-1 S x ) that captures the meaning of the univ ersally quan ti�ed

statemen t 8 y 2 S : x � y . Forall-1 go es through ev ery elemen t y in S , c hec king

whether x � y , and returns t or nil accordingly . Next, w e de�ne a function

(filter-1 S ) that �nds ev ery elemen t m in S suc h that (forall-1 S m ) = t .

Finally , w e de�ne Max as follo ws.

(defun Max (S) (choose (filter-1 S))).

Without the restriction of a faithful translation, w e ma y b e inclined to de�ne

the same concept|the maximal elemen t of a set|in A CL2 with a single de�ni-

tion, sa y , as (choose-max S ) , where choose-max is a recursiv e function that �nds

a maximal elemen t in S b y gradually w orking on a larger subset of S . (Ignore

for the momen t the represen tation of sets as A CL2 lists):

(defun choose-max (s)

(cond ((empty s) nil)

((empty (cdr s)) (car s))

((>= (car s)

(choose-max (cdr s)))

(car s))

(t (choose-max (cdr s)))))

Not surprisingly , prop erties of a maximal elemen t are m uc h easier to deriv e

in A CL2 under the second represen tation.

A w a y to reconcile the con
ict b et w een a faithful translation and an e�ectiv e

translation is to do our pro ving using what comes naturally in A CL2, and then

relate our \natural" constructs to their corresp onding \sp ec-faithful" v ersions.

(Notice that \natural" de�nitions in A CL2 will usually b e at a lo w er-lev el of



abstraction than their \sp ec-faithful" coun terparts). In our ab o v e example, w e

could pro v e a theorem stating the relationship b et w een choose-max and Max .

Then, theorems ab out choose-max could b e transferred to Max under appropri-

ate h yp otheses. This solution requires a greater degree of in teraction with the

theorem pro v er, but its lets us use A CL2 e�ectiv ely and at the same time relates

our w ork to to the original sp eci�cation.

A �rst exp erimen t at the Univ ersit y of T exas at Austin [8] consisted in man-

ually translating the Disk Syno d algorithm in to A CL2 and v erifying t w o in v ari-

an ts of the algorithm. The next step, p erformed at Compaq's Systems Researc h

Cen ter, w as to automate the translation. Our to ol not only translates TLA

+

sp eci�cations, but also structur e d pr o ofs [4] of conjectures ab out the sp eci�ca-

tions. In writing a structured pro of, w e mark some reasoning steps as \c hec k ed

b y A CL2" and lea v e others unmark ed. The translator creates a list of A CL2

defthm forms corresp onding to the structured pro of, and giv es sp ecial names to

those corresp onding to the \pro of b y A CL2" steps in the structured pro of. W e

use A CL2 to v erify only suc h defthm forms. The idea is that, short of mec hani-

cally v erifying ev ery step of a pro of, a user migh t �rst w an t to explore pieces of

a pro of that are not en tirely clear or where he lac ks con�dence. Also, w e w an t

to use A CL2 only on those steps where it is appropriate to use A CL2 (lo w-lev el,

quan ti�er-free form ulas). A future pro of c hec k er for TLA

+

migh t, in addition to

steps lab eled \c hec k ed b y A CL2," also ha v e steps lab eled \c hec k ed b y X " where

X is a di�eren t theorem pro v er.

In Section 2 w e la y out the translation pro cess from TLA

+

to A CL2. Section

3 discusses brie
y the framew ork used to v erify prop erties of translated sp eci�-

cations, and discusses some asp ects of the Disk Syno ds sp eci�cation where our

v eri�cation e�ort shed ligh t. Section 4 summarizes what w e learned. App endix A

describ es the mec hanical translator in more detail.

2 T ranslation

TLA

+

is based in set theory , so w e need an e�ectiv e framew ork to reason ab out

sets in A CL2. Our translation sc heme builds up on the �nite set theory w ork

dev elop ed b y Mo ore [7]; w e will assume familiarit y with it. (W e also assume

familiarit y with A CL2 [3] and with TLA

+

[5].) Mo ore's theory allo ws us to

express in a natural w a y basic set concepts lik e mem b ership, set equalit y , ordered

pairs, functions and sequences.

W e use recursiv e functions on sets to de�ne sev eral concepts. Quan ti�cation

is represen ted as a recursiv e function that tests a set's elemen ts for the desired

prop ert y . Set constructors, lik e f x 2 S : p ( x ) g and f f ( x ) : x 2 S g , are also

de�ned as recursiv e functions that transform or �lter elemen ts of a set. Through

the use of A CL2 macros, w e pro vide for a con v enien t notation to express quan-

ti�cation or set comprehension. F or example, the A CL2 macro

(defall name (s) :forall x :in s :holds (p x))

creates a function ( name s) that returns t if ev ery elemen t x in s satis�es

(p x) , and returns nil otherwise. Examples of other frequen tly used macros are:



{ (defexists name (s) :exists x :in s :such-that (p x)) creates a function

( name s) that returns t if some elemen t x in s has prop ert y (p x) , and

returns nil otherwise.

{ (defmap name (s) :for x :in s :such-that (p x)) creates a function

( name s) that returns the set of elemen ts x in s with prop ert y (p x) .

{ (defmap name (s) :for x :in s :map (f x)) creates a function ( name s)

that maps eac h elemen t x in s in to (f x) , and returns the set of mapp ed

elemen ts.

{ (defmap-fn name (s) :for x :in s :map (f x)) creates a function ( name s)

that maps eac h elemen t x in s in to (f x) and returns the set of ordered

pairs h x , (f x) i .

Figure 1 presen ts our translation sc heme for some TLA

+

expressions. W e

do not pro vide en tries for concepts that translate directly in to A CL2's built-in

de�nitions (e.g. ^ , _ , ) ) or in to Mo ore's �nite set theory de�nitions (e.g. 2 ,

� , [ , \ ). Ev ery set app earing in Figure 1 is assumed to b e �nite. Note that

the constructs w e cannot directly translate deal with quan ti�cation o v er the

(in�nite) univ erse of TLA

+

ob jects.

2.1 Naming Con v en tion

As w e men tion ab o v e, an expression lik e f x 2 S : p ( x ) g is translated using the

defmap macro, whic h de�nes a function that constructs the giv en set. As an A CL2

function, this set constructor needs a name. W e name suc h expressions b y con-

catenating the name of the top-lev el de�nition in whic h the expression app ears

with forall , exists , subsetof or setofall , dep ending on the expression.

Finally , w e app end a n um b er to the name to disam biguate similar expressions

app earing in the same top-lev el de�nition. F or example, if the TLA

+

expression

f x 2 S : p ( x ) g is the �rst \set �ltering" expression to o ccur as part of the

de�nition of action A , it gets translated in to something lik e (A-subsetof-1 s) ,

where A-subsetof-1 is de�ned using the defmap macro:

(defmap A-subsetof-1 (s) :for x :in s :such-that (p x)).

Other TLA

+

constructs requiring a name in A CL2 are sets of records and

quan ti�ed expressions. Their naming con v en tions are similar to the ab o v e exam-

ple.

2.2 System V ariables

W e represen t TLA

+

v ariables as A CL2 v ariables. W e write the v ariable x as x ,

and the primed v ariable x

0

as x-n .

In TLA

+

, state v ariables are global. TLA

+

de�nitions usually do not pass as

parameters state v ariables in v olv ed in the de�nitions. Since A CL2 is applicativ e,

w e m ust include as argumen ts an y v ariables used, including state v ariables. F or

example, the action Next ( a )

�

= x

0

= x + a translates in to the A CL2 ev en t

(defun next (a x x-n) (= x-n (+ x a))).



Logic

BOOLEAN (brace t nil)

8 x : p no tr anslation

9 x : p no tr anslation

8 x 2 S : p ( f S v

1

: : : v

k

) , where f adheres to the naming con v en tion, and is

de�ned b y

(deftla-forall f (dom v

1

: : : v

k

) :forall x :in dom :holds p ) .

9 x 2 S : p ( f S v

1

: : : v

k

) , where f adheres to the naming con v en tion, and is

de�ned b y

(deftla-exists f (dom v

1

: : : v

k

) :exists x :in dom

:such-that p ) .

CHOOSE x : p no tr anslation

CHOOSE x 2 S : p (choose ( f S v

1

: : : v

k

)) , where f adheres to the naming con v en tion,

and is de�ned b y

(deftla-map f (dom v

1

: : : v

k

) :for x :in dom :such-that p ) .

Sets

SUBSET S (powerset S )

UNION S (union* S )

F unctions

f [ e ] (apply f e )

DOMAIN f (domain f )

[ x 2 S 7! e ] ( f S v

1

: : : v

k

) , where f adheres to the naming con v en tion, and is

de�ned b y

(deftla-map-fn f (dom v

1

: : : v

k

) :for x :in dom :map e ) .

[ S ! T ] (all-fns S T )

[ f EX CEPT ! [ e

1

] = e

2

] (except f e

1

e

2

)

Records

[ h

1

7! e

1

; : : : ; h

n

7! e

n

] (func ( h

1

e

1

) : : : ( h

n

e

n

))

[ h

1

: S

1

; : : : ; h

n

: S

n

] ( name ) , where name adheres to the naming con v en tion and is de�ned

b y

(defrec name ( h

1

S

1

) : : : ( h

n

S

n

)) .

Fig. 1. TLA{A CL2 translations.



W e ha v e created a series of macros that let us de�ne and use state func-

tions and actions without explicit reference to the v ariables in v olv ed. The macro

(defaction next (a) (= x-n (+ x a))) expands in to the follo wing ev en ts.

(defun next (a x x-n) (= x-n (+ x a)))

(defmacro next (a) ( next a x x-n))

No w, w e can write (next a) when referring to action Next ( a ), without writ-

ing do wn the state v ariables in v olv ed. Similar macros used to hide v ariable ar-

gumen ts are:

{ defstate : for de�ning state functions with v ariable hiding. The macro

(defstate name ( x

1

: : : x

n

) � ) creates in turn t w o macros, ( name x

1

: : : x

n

)

and ( name -n x

1

: : : x

n

) , referring to the state function in the curren t and next

state, resp ectiv ely .

{ deftla-exists : same as defexists , with v ariable hiding.

{ deftla-forall : same as defall , with v ariable hiding.

{ deftla-map : same as defmap , with v ariable hiding.

{ deftla-map-fn : same as defmap-fn , with v ariable hiding.

A CL2 expands a w a y all macro calls in its output, so w e will see the system

v ariables as argumen ts to functions in A CL2's output. W e ha v e not found it a

ma jor distraction.

3 Pro ving Conjectures

Disk Syno d is a distributed consensus algorithm in whic h a group of pro cessors

comm unicate through disks. In the pap er in tro ducing Disk Syno d [1], Gafni and

Lamp ort establish six in v ariance conjectures of Disk Syno d. These in v arian ts

are used to pro v e consistency of the algorithm. Using our to ols, w e translated

a TLA

+

sp eci�cation of Disk Syno d, as w ell as structured pro ofs of three of

Gafni and Lamp ort's in v arian ts. Of the three structured pro ofs w e translated,

w e c hec k ed most of the pro of steps in t w o of them with A CL2. W e will not

discuss the Disk Syno d algorithm or its pro of of correctness here; for suc h a

discussion refer to [1]. The Disk Syno d sp eci�cation, the structured pro ofs and

their translation can all b e found under the src/paxos/ directory (where src/

is the directory where this rep ort is lo cated).

Figures 2 and 3 sho w the pro of outlines for lemmas I 2 a and I 2 c . These pro of

outlines (cast in a sp ecial syn tax{see App endix A) are the input to our to ol,

whic h translates them in to A CL2 defthm ev en ts. In designing the translator, w e

w an t to ensure that someone lo oking at the structured pro of of a conjecture can

tell easily whic h steps are claimed to b e mec hanically c hec k ed. W e also w an t to

ensure that someone lo oking at the �le of A CL2 defthm ev en ts corresp onding to

a structured pro of can tell easily whic h ev en ts to pro v e in order to b e consisten t

with an y claims made in the structured pro of. It is ob vious from lo oking at the

structured pro ofs in Figures 2 and 3 whic h steps are claimed to b e mec hanically

c hec k ed. As for the list of defthm ev en ts corresp onding to the structured pro ofs,



our translator app ends the su�x \-A CL2" to those ev en ts that m ust b e mec han-

ically c hec k ed. Other ev en ts are named according to their step n um b er in the

structured pro of.

W e write structured pro ofs using a sp ecial syn tax (see App endix A). W e

use the TLA

+

fron t end (in dev elopmen t at SR C) to parse the pro of outlines.

Ho w ev er, the fron t end has no notion of structured pro ofs; it only parses TLA

+

expressions and mo dules. Using TLA

+

syn tax that the fron t end can handle,

w e enco de structured pro ofs as TLA

+

expressions. After the fron t end parses

them, w e detect them as structured pro ofs and handle them accordingly . F or

more details on ho w structured pro ofs are handled and translated in to A CL2

defthm ev en ts, see App endix A.

W e discuss lemmas I 2 a and I 2 c and their pro ofs at length in [8]. Here, w e

giv e some highligh ts.

In addition to sp otting a n um b er of t yp ographic errors in Gafni and Lam-

p ort's written pro ofs, w e disco v ered a non trivial error in the statemen t of the-

orem I 2 c : an in v arian t ( HInv 2) w as omitted as a h yp othesis. Our pro of e�ort

has yielded a correction to the statemen t of Lemma I 2 c .

Our goal of mec hanical v eri�cation also forced us to think ab out subtle and

imp ortan t details that should b e men tioned in the original structured pro ofs of

Lamp ort and Gafni. W e no w discuss t w o examples.

The next-state action. Disk Syno d's next-state action is existen tially quan-

ti�ed on the outside:

Next

�

= 9 p 2 Pr o c : _ StartBal lot ( p )

_ 9 d 2 Disk : _ Phase 0 R e ad ( p ; d )

_ Phase 1 or 2 Write ( p ; d )

_ 9 q 2 Pr o c p : Phase 1 or 2 R e ad ( p ; d ; q )

_ EndPhase 1 or 2( p )

_ F ail ( p )

_ EndPhase 0( p )

The next-state action is t ypically a h yp othesis in an in v arian t conjecture. In

suc h a pro of, w e migh t w an t to sho w that ev ery pro cessor in the system has some

prop ert y � whic h is preserv ed across steps. W e do this b y assuming a constan t

pro cess p with prop ert y � ( p ), and sho wing that �

0

( p ) holds with resp ect to the

next-state action. Notice that w e ha v e men tioned the v ariable p t wice|once in

the de�nition of Next ab o v e, and once in men tioning a particular pro cessor p for

whic h � holds. Ho w ev er, these t w o men tions of p are not necessarily men tions

of the same pro cessor.

What do es it mean to assume Next ? It means that for some pro cessor |call

it p

2

| Next holds, or in tuitiv ely , an action of Next is \executed." Do es it follo w

that p

2

is the same as the constan t p for whic h � ( p ) holds? Not necessarily . Y et,

in their pro of of lemma I 2 c , Gafni and Lamp ort mak e no distinction b et w een

p

2

and p . In our v eri�cation e�ort, w e w ere required to mak e suc h distinctions,

and to establish in v arian ts for b oth cases.



HInv 1 ^ HNext ) HInv 1

0

Assume : 1. const ant p 2 Pr o c

2. const ant q 2 Pr o c n f P g

3. const ant d 2 Disk

4. HInv 1

5. _ S tar tB al l ot ( p )

_ P hase 0 R ead ( p; d )

_ P hase 1 or 2 W r ite ( p; d )

_ P hase 1 or 2 R ead ( p; d; q )

_ E ndP hase 1 or 2( p )

_ F ail ( p )

_ E ndP hase 0( p )

6. ChosenAllinputAction

Pr o ve : HInv 1

0

h 1 i 1. case : StartBallot(p)

Assume : 1. const ant b 2 Bal lot ( p )

2. ^ b > dbl ock [ p ] :mbal

^ dbl ock

0

[ dbl ock ex cept ! [ p ] :mbal = b ]

Pr o ve : HInv 1

0

Pr oof : By A CL2.

h 1 i 2. case : Phase1or2W rite(p,d)

Pr oof : By A CL2.

h 1 i 3. case : Phase1or2Read(p,d,q)

Pr oof : By A CL2.

h 1 i 4. case : Phase0Read(p,d)

Pr oof : By A CL2.

h 1 i 5. case : F ail(p)

Pr oof : By A CL2.

h 1 i 6. case : EndPhase0(p)

Assume : 1. const ant b 2 Bal lot ( p )

2. ^ 8 r 2 al l B l ock sR ead ( P ) : B > r :mbal

^ dbl ock

0

= [ dbl ock ex cept ! [ P ] = [ r ex cept ! :mbal = B ]] i

Pr o ve : HInv 1

0

Pr oof : By A CL2.

h 1 i 7. case : EndPhase1or2(p)

Pr oof : By A CL2.

h 1 i 8. Q.E.D.

Pr oof : Cases are exhaustiv e.

Fig. 2. Lemma I2a.



HInv 1 ^ HInv 2 ^ HInv 3 ^ HNext ) HInv 3

0

Assume : 1. const ants p ; p 2 2 Pr o c

2. const ant q 2 Pr o c

3. const ant q 2 2 Pr o c n f P g

4. const ants d ; d 2 2 Disk

5. HInv 1 ^ HInv 2 ^ HInv 3

6. _ S tar tB al l ot ( p 2) P hase 0 R ead ( p 2 ; d 2)

_ P hase 1 or 2 W r ite ( p 2 ; d 2) P hase 1 or 2 R ead ( p 2 ; d 2 ; q 2)

_ E ndP hase 1 or 2( p 2) F ail ( p 2) E ndP hase 0( p 2)

7. ChosenA l linputA ction

8. phase

0

[ p ] 2 1 ; 2 ^ phase

0

[ q ] 2 1 ; 2 ^ hasR e ad ( p ; d ; q )

0

^ hasR e ad ( q ; d ; p )

0

Pr o ve : _ [ bl ock 7! dbl ock

0

[ q ] ; pr oc 7! q ] 2 bl ock sR ead

0

[ p ][ d ]

_ [ bl ock 7! dbl ock

0

[ p ] ; pr oc 7! p ] 2 bl ock sR ead

0

[ q ][ d ]

h 1 i 1. case : StartBallot(p)

Assume : 1. const ant b 2 Bal lot ( p )

2. ^ b > dbl ock [ p ] :mbal

^ dbl ock

0

[ dbl ock ex cept ! [ p ] :mbal = b ]

Pr o ve : _ [ bl ock 7! dbl ock

0

[ q ] ; pr oc 7! q ] 2 bl ock sR ead

0

[ p ][ d ]

_ [ bl ock 7! dbl ock

0

[ p ] ; pr oc 7! p ] 2 bl ock sR ead

0

[ q ][ d ]

Pr oof : By A CL2.

h 1 i 2. case : Phase1or2W rite(p,d)

Pr oof : By A CL2.

h 1 i 3. case : Phase1or2Read(p,d,q)

h 2 i 1. case : d2 6= d

Pr oof : By A CL2.

h 2 i 2. case : d2 = d

h 3 i 1. case : p2 6= p ^ p2 6= q

Pr oof : By A CL2.

h 3 i 2. case : p2 = p

h 4 i 1. case : q2 6=q

Pr oof : By A CL2.

h 4 i 2. case : q2=q

Pr oof : By A CL2.

h 4 i 3. Q.E.D.

Pr oof : Cases h 4 i 1 and h 4 i 2 are exhaustiv e.

h 3 i 3. case : p2=q

h 4 i 1. case : q2 6=q

Pr oof : By A CL2.

h 4 i 2. case : q2=q

Pr oof : By A CL2.

h 4 i 3. Q.E.D.

Pr oof : Cases h 4 i 1 and h 4 i 2 are exhaustiv e.

h 3 i 4. Q.E.D.

Pr oof : Cases h 3 i 1, h 3 i 2 and h 3 i 3 are exhaustiv e.

h 2 i 3. Q.E.D.

Pr oof : Cases h 2 i 1 and h 2 i 2 are exhaustiv e.

h 1 i 4. case : Phase0Read(p,d)

Pr oof : By A CL2.

h 1 i 5. case : F ail(p)

Pr oof : By A CL2.

h 1 i 6. case : EndPhase0(p)

Pr oof : By A CL2.

h 1 i 7. case : EndPhase1or2(p)

Pr oof : By A CL2.

h 1 i 8. Q.E.D.

Pr oof : Cases are exhaustiv e.

Fig. 3. Lemma I2c.



An unmen tioned in v arian t. F or our v eri�cation to succeed, w e had to

establish an unmen tioned in v arian t of Disk Syno d, whic h w e call the w ell-b eha v ed

in v arian t. In Disk Syno d, if ev ery pro cessor has a lo cal cop y of a v ariable named

x , the set of these lo cal v ariables is mo deled as one shared v ariable x , whic h is

a function mapping eac h pro cessor p to its corresp onding v alue x [ p ]. The w ell-

b eha v ed in v arian t sa ys that when a pro cessor p c hanges the v alue of a shared

v ariable lik e x , it c hanges only its o wn slot in the v ariable. Figure 4 sho ws the

w ell-b eha v ed in v arian t. This in v arian t is crucial in c hec king most steps of Lemma

I 2 c .

HNext ( p 2) ^ ( p 2 6= p ) ) _ input

0

[ p ] = input [ p ]

_ output

0

[ p ] = output [ p ]

_ disk

0

[ p ] = disk [ p ]

_ phase

0

[ p ] = phase [ p ]

_ dblo ck

0

[ p ] = dblo ck [ p ]

_ diskswritten

0

[ p ] = diskswritten [ p ]

_ blo cksr e ad

0

[ p ] = blo cksr e ad [ p ]

Fig. 4. The \w ell-b eha v ed" in v arian t.

4 Conclusion

An imp ortan t lesson w e learned is p erhaps an ob vious one: use a to ol only where

its strengths will shine. A CL2 is a general-purp ose theorem pro v er, and one can

use it to v erify ev ery step of a pro of in an y mathematical domain, from real

analysis to circuit design. In our �rst exp erimen ts, w e used A CL2 to v erify ev ery

step in the pro ofs of I 2 a and I 2 c . More than half our time w as sp en t trying to

reason ab out simple steps in higher-lev el concepts lik e quan ti�cation. Our second

approac h w as to use A CL2 only where it migh t b e suitable|closer to the lea v es

of a pro of, where quan ti�cation has b een eliminated and all that remains are

large but lo w-lev el form ulas. Although lo w-lev el, these form ulas are non trivial

and w ould b e a c hallenge for an y theorem pro v er. Moreo v er, it is most often

in these elab orate steps where errors are unco v ered. It is to A CL2's credit that

it did so m uc h w ork with little guidance. A t the correct lev el of abstraction,

the pro v er not only help ed us v erify statemen ts, but it also p oin ted the w a y to

omissions and errors with remark able precision.

In further w ork, w e w ould con tin ue fo cusing A CL2's atten tion on lo w-lev el

segmen ts of TLA

+

pro ofs, re�ning our to ols and lemma libraries to increase the

pro v er's p o w er in this restricted domain. F or the remaining high-lev el steps of

TLA

+

pro ofs, w e migh t recruit a di�eren t theorem pro v er with a logic more

expressiv e than A CL2's. The framew ork for structured pro ofs w e ha v e follo w ed

allo ws for collab oration among m ultiple pro v ers|eac h with its o wn strengths|

in attac king a v eri�cation pro ject.
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A The Mec hanical T ranslator

This app endix describ es the mec hanical translator in more detail. Our starting

p oin t is the TLA

+

Ja v a fron t end dev elop ed at SR C. The fron t end tak es as

input a TLA

+

mo dule, parses it, p erforms some seman tic analysis, and returns

a set of seman tic trees corresp onding to the TLA

+

de�nitions and declarations

app earing in the giv en mo dule.

Starting with the seman tic trees generated b y the Ja v a fron t end, the trans-

lation in to A CL2 pro ceeds in t w o stages.

A.1 Stage 1: Generating S-expressions

The �rst part of our translation to ol is a program written in Ja v a, p ass-one ,

that is resp onsible for calling the fron t end on a TLA

+

�le sp eci�ed b y the

user. If the fron t end successfully pro cesses the �le, p ass-one creates a new �le,

interme diate.lisp , whic h con tains basically the same seman tic trees generated b y

the fron t end, enco ded as s-expressions. W e no w describ e the enco ding pro cess.

Assume a seman tic tree S . In what follo ws, w e iden tify S with the TLA

+

ex-

pression it represen ts, so instead of sa ying that S is a seman tic no de of t yp e

StringKind that represen ts the string str , w e sa y that S is the string str .



{ If S is a CONST ANT declaration of a constan t C with n argumen ts, it is

enco ded as the s-expression ( C n ) . Pass-one actually obtains all constan t

declarations at the same time from the fron t end, enco des them as describ ed

ab o v e, and wraps them in to the follo wing s-expression:

(tla-constants ( C

1

n

1

) ... ( C

k

n

k

))

{ If S is an ASSUME declaration, it is not translated or app ended to the list

of s-expressions. (This has nothing to do with our abilit y to pro cess these

declarations. A more dev elop ed translator w ould handle ASSUME declara-

tions.)

{ If S is the n um b er n , it is enco ded as n .

{ If S is the string s , it is enco ded as " s " .

{ If S is a de�nition f ( x

1

; : : : ; x

n

)

�

= exp , it is enco ded as

(definition ( line c ol ) level f ( x

1

: : : x

n

) exp

2

)

where line and c ol are the line and column n um b ers where f 's de�nition ap-

p ears in the source TLA

+

�le, level equals constant-level , variable-level

or action-level , dep ending on the lev el of exp (deduced b y the fron t end),

and exp

2

is the enco ding of exp .

{ If S has the form

let def

1

�

= exp

1

: : :

def

n

�

= exp

n

in exp

,

it is enco ded as (let-in ( de
ist ) exp

2

) , where de
ist is the list obtained b y

enco ding de�nitions def

1

through def

n

, and exp

2

is the enco ding of expres-

sion exp .

{ If S is the set of records [ h

1

: S

1

; : : : ; h

n

: S

n

], it is enco ded as

(set-of-records ( line c ol ) ( h

1

S

1

) : : : ( h

n

S

n

)).

NOTE: F or successful translation in to A CL2, a set of records m ust b e a

constan t expression|it m ust not b e de�ned in terms of an y v ariables.

{ The follo wing constructs are enco ded as (set-comp typ e ( line c ol ) (( x

1

S

1

)

: : : ( x

n

S

n

)) � ) , where typ e corresp onds to the kind of expression as follo ws.

f x

1

2 S

1

: � g ( typ e = subsetof )

f � : x

1

2 S

1

g ( typ e = setofall )

8 x

1

2 S

1

; : : : ; x

n

2 S

n

: � ( typ e = forall )

9 x

1

2 S

1

; : : : ; x

n

2 S

n

: � ( typ e = exists )

CHOOSE x 2 S : � ( typ e = boundedchoose )

[ x

1

2 S

1

7! � ] ( typ e = function )

{ If S is the unprimed v ariable x , it is enco ded as x .

{ If S is the primed v ariable x

0

, it is enco ded as x -n .

{ If S is f ( x

1

; : : : ; x

n

)

0

for some user-de�ned op erator f , it is enco ded as ( f -n x

1

: : : x

n

) . NOTE: This enco ding mak es sense for user-de�ned state functions,

b ecause for state functions, w e will ultimately create t w o A CL2 function

calls, f and f -n , denoting f in its curren t and next state. The enco ding

mak es no sense for other primed expressions, lik e ( x + y )

0

. W e assume that

only user-de�ned state functions or v ariables are primed in the sp eci�cation.

This limits the TLA

+

expressions w e can translate.



{ An y other op erator application f ( x

1

; : : : ; x

n

) is enco ded as ( f

2

x

1

: : : x

n

) ,

where f

2

equals f for user-de�ned op erators, but ma y di�er from f for other

op erator names lik e in , whic h is replaced b y mem , the A CL2 set mem b ership

function name.

NOTES:

{ W e do not add de�nitions of op erators already built in to A CL2, suc h as

b o olean op erators or set theory op erators.

{ There is no supp ort for primed expressions other than the ones outlined

ab o v e; other primed expressions will b e translated incorrectly .

{ W e do not exp ect to encoun ter un b ound expressions lik e 8 x : p : If w e do

encoun ter them, the translation will con tin ue, but the �nal translation will

fail to b e admitted b y A CL2 (it's easy to see wh y it fails b ecause in place of

the un b ounded expression, an error message is inserted.)

A.2 Stage 2: Generating A CL2 Ev en ts

W e no w describ e p ass-two , the program that translates the �le interme diate.lisp

in to a �le of A CL2 ev en ts

2

. This program is written in A CL2 itself, a subset of

Common LISP .

F or an input TLA

+

�le sp e c.tla , p ass-two creates t w o �les, sp e c.lisp and sp e c-

c onstants.lisp . The �le sp e c-c onstants.lisp con tains a list of A CL2 constan ts (not

to b e confused with TLA

+

constan ts) helpful to the dev elop er of the TLA-

A CL2 system. F or instance, the constan t *all-defs* is a listing of the con ten ts

in interme diate.lisp . Since this constan t will b e loaded in to the system along with

a sp eci�cation, the in termediate translation will b e a v ailable, and macros can b e

dev elop ed that use *all-defs* to lo ok for information ab out the sp eci�cation.

Other constan ts de�ned in sp e c-c onstants.lisp are *final-defs* , a list of all the

�nal ev en ts generated, and *variables* , a list of the system v ariables.

The �le sp e c.lisp is the most imp ortan t �le created in the translation pro cess.

It con tains the A CL2 ev en ts corresp onding to the translation.

Up to this p oin t, w e ha v e just tak en a list of seman tic trees stored as Ja v a

data structures, and con v erted them in to s-expressions. No w, w e detail ho w these

s-expressions are translated in to A CL2 ev en ts.

F or eac h (non-theorem) de�nition, p ass-two calls the function T r anslate . F or

eac h theorem, it calls the function Cr e ateThms .

Ho w T r anslate W orks T r anslate 's job is to tak e an s-expression generated

b y p ass-one , and pro duce an A CL2 ev en t, or list of ev en ts, corresp onding to the

expression. It w orks as follo ws. (Our description is in tuitiv e, and not mean t to

b e formal. F or more details, read the commen ted co de.)

2

An A CL2 ev en t is a form submitted at the A CL2 prompt that causes A CL2 to tak e

some action, lik e de�ne a new function or pro v e a theorem.



{ The expression (tla-constants ( C

1

n

1

) ... ( C

k

n

k

)) b ecomes the list of

ev en ts

(defstub C

1

( x

1

: : : x

n

1

) t)

...

(defstub C

k

( x

1

: : : x

n

k

) t)

{ The expression (tla-variables ( v

1

: : : v

n

)) b ecomes the ev en t

(defconst *variables* '( v

1

: : : v

n

)) .

{ The expression

(definition ( line c ol ) level f ( x

1

: : : x

n

) expr )

can o ccur in t w o con texts: as a top-lev el de�nition, or as a de�nition in a

LET-IN form. Both instances are handled the same w a y . The follo wing A CL2

ev en t is created:

( event f ( x

1

: : : x

n

) b o dy )

where event is deftla-fun , defstate , or defaction , dep ending on level b e-

ing constant-level , variable-level , or action-level (resp ectiv ely), and

b o dy is the result of calling T r anslate on expr .

{ The expression (set-of-records ( line c ol ) ( h

1

S

1

) : : : ( h

n

S

n

)) b ecomes the

A CL2 ev en t

(defrec name ( h

1

S

1

) : : : ( h

n

S

n

))

where name is obtained b y concatenating the iden ti�ers h

1

: : : h

n

. The o c-

currence of the set of records within an expression is replaced b y the function

call ( name ) .

{ The expression (set-comp typ e ( line c ol ) (( x

1

S

1

) : : : ( x

n

S

n

)) � ) is trans-

lated as follo ws.

1. If n = 1 (there is only one b ound pair ( x

1

S

1

) ), then

� (set-comp setofall ( line c ol ) (( x

1

S

1

)) � ) b ecomes

(deftla-map name (dom a

1

: : : a

n

) :for x

1

:in dom :map �

2

)

� (set-comp subsetof ( line c ol ) (( x

1

S

1

)) � ) b ecomes

(deftla-map name (dom a

1

: : : a

n

) :for x

1

:in dom :such-that �

2

)

� (set-comp function ( line c ol ) (( x

1

S

1

)) � ) b ecomes

(deftla-map-fn name (dom a

1

: : : a

n

) :for x

1

:in dom :map �

2

)

� (set-comp exists ( line c ol ) (( x

1

S

1

)) � ) b ecomes

(deftla-exists name (dom a

1

: : : a

n

) :exists x

1

:in dom

:such-that �

2

)

� (set-comp forall ( line c ol ) (( x

1

S

1

)) � ) b ecomes

(deftla-forall name (dom a

1

: : : a

n

) :forall x

1

:in dom

:holds �

2

)

Where

� a

1

: : : a

n

are the con text parameters app earing in � . W e illustrate the

meaning of c ontext p ar ameters with an example: giv en the TLA

+

def-

inition f ( a ; b ; c )

�

= a 2 f x 2 b : x = c g , the con text parameters

of the expression f x 2 b : x = c g are b and c .

� �

2

is the translation of � .

� name is determined b y the naming con v en tion (see Section 2).



The o ccurrence of the quan ti�ed expression is replaced b y the call ( name

S

1

a

1

: : : a

n

) .

2. if n > 1 (there are sev eral b ound pairs ( x

i

S

i

) ), w e �rst translate the

expression

exp

2

= (set-comp typ e ( line c ol ) (( x

2

S

2

) : : : ( x

n

S

n

)) � ) , and then w e

translate the expression (set-comp typ e ( line c ol ) (( x

1

S

1

)) �

2

) , where

�

2

is a call of the function resulting from exp

2

.

{ An y other expression translates in to itself.

Ho w Cr e ateThms W orks Ideally , the fron t end w ould b e able to parse struc-

tured pro ofs. Since it do es not, w e ha v e dev elop ed an ad-ho c enco ding for pro ofs,

using expressions (suc h as tuples and sets of records) that the fron t end handles.

This w a y , w e can write pro ofs inside a mo dule, and ha v e them parsed b y the

fron t end. T o the fron t end (and to p ass-one ) pro ofs are just TLA

+

expressions;

they aren't handled in an y sp ecial w a y . It is during the second stage of trans-

lation that w e recognize pro ofs and generate the appropriate A CL2 ev en ts for

them.

W e de�ne pro ofs and assertions in a m utually recursiv e fashion.

Pro of. The pro of of a statemen t P is a sequence of steps:

[ step

1

: Assertion

1

;

: : :

step

n

: Assertion

n

;

step

n + 1

: QEDStep ]

Where

{ step

i

is a record �eld iden ti�er of the form s i j , where i and j are in tegers

denoting lev el and step n um b ers of the pro of (see [4]).

{ Assertion

i

is an assertion as de�ned b elo w.

{ QEDStep is a string con taining an explanation of the pro of of P . The string

m ust b egin with \Q.E.D.". Examples are \Q.E.D. By prop ositional logic"

or \Q.E.D. A CL2". The latter example is imp ortan t | this is ho w w e let

the translator kno w that a pro of is exp ected to b e mec hanically c hec k ed b y

A CL2.

W riting a QEDStep where a lev el- i pro of is exp ected is shorthand for

[ step i 1 : QEDStep ] :

Assertion. An assertion can ha v e t w o forms:

{ [ assume : Assumptions ; pr ove : Goal ; pr o of : Pro of ]

{ [ c ase : Case ; pr o of : Pro of ]

Where



{ Assumptions can b e a single TLA

+

expression, a sequence of TLA

+

expres-

sions h Assm

1

; : : : ; Assm

n

i , or a record [ a1 : Assm

1

; : : : ; an : Assm

n

].

The last option is in tended to let the user name assumptions and refer to

them b y name at a later stage in a pro of, but this functionalit y has not b een

implemen ted.

{ Pro of is a pro of as de�ned ab o v e.

{ Goal is a TLA

+

expression, denoting the statemen t to b e pro v ed.

{ Case is a TLA

+

expression, denoting the case to consider.

NOTE. An assertion [ c ase : Case ; pr o of : Pro of ] is equiv alen t to

[ assume : Case ; pr ove : P ; pr o of : Pro of ]

where P is the statemen t whose pro of con tains the assertion. T o illustrate,

the follo wing t w o assertions are equiv alen t.

[ assume : << >>, [ assume : << >>,

prove : P, prove : P,

proof : proof :

[ s_1_1 : [ assume : x = 1, [ s_1_1 : [ case : x = 1,

prove : P, proof : "Q.E.D." ],

proof : "Q.E.D." ], s_1_2 : [ case : x # 1,

s_1_2 : [ assume : x # 1, proof : "Q.E.D." ]]]

prove : P,

proof : "Q.E.D." ]]]

In tro ducing new iden ti�ers. Sometimes w e need to in tro duce new iden ti�ers

in a pro of. F or example, when pro ving ( 9 x 2 S ) ) P , w e migh t assume the

existence of a constan t c b elonging to S , and use c to establish P . W e in tro duce

new names in pro ofs using the LET-IN construct. In our example, w e w ould write

[ assume : << >>,

prove : P,

proof :

LET c == "new"

IN

[ s_1_1 : [ assume : c \in S,

prove : P,

Proof : .....]]]

The v alue "new" assigned to c is only a placeholder|in order for the ab o v e

structure to b e parsed c needs a de�nition. In A CL2, w e de�ne c to b e an

constan t with no prop erties.

Steps that c ho ose a v alue . A pro of step ma y in v olv e c ho osing a v alue with

certain prop erties from a set. Suc h a step is accompanied with a pro of of the

v alue's existence. Here is an example. (F or a ric her example, see [4] p.7)

< 3 > 1 : Cho ose x 2 S suc h that p ( x )

PR OOF: Let x b e 2. Then p (2).



< 3 > 2 ::::

< 3 > 3 ::::

W e translate the ab o v e example as follo ws. Notice that w e add a step corre-

sp onding to the pro of obligation arising from our c hoice of x .

LET x == CHOOSE S

IN

[ s_3_1 : p(x),

s_3_2 : ...

s_3_3 : ...]

Generating Theorems. W e no w describ e ho w a list of A CL2 defthm ev en ts

is generated from a structured pro of. W e start with the s-expression represen-

tation of a structured pro of (i.e. a set of records denoting a structured pro of ).

Se c ond-p ass recognizes de�nitions whose name con tains the substring theorem .

In the source TLA

+

�le, a theorem P lo oks lik e this.

Theorem Name ==

[ assume : << >>,

prove : P ,

proof : �

]

F or this description, w e assume that Cr e ateThms tak es three argumen ts: a

list of assumptions, a goal, and a pro of. The top-lev el call to Cr e ateThms is

Cr e ateThms ( nil ; P ; � ).

No w, consider a general instance Cr e ateThms ( assumptions ; go al ; pr o of ) of a

call to Cr e ateThms .

{ If pr o of is a Q.E.D. step, create the A CL2 ev en t

(defthm name (implies (and assumptions ) go al ))

where name is the name of theorem, concatenated with the step name, con-

catenated with the string \ -ACL2 " if the pro of is \Q.E.D. A CL2".

{ Otherwise, pr o of is a sequence of steps. F or eac h step s in the pro of, generate

a list of ev en ts as follo ws.

� If s is of the form

[ assume : newAssumptions ; pr ove : newGo al ; pr o of : newPr o of ],

generate a list consisting of the A CL2 ev en ts returned b y the call

Cr e ateThms ( assumptions + newAssumptions ; newGo al ; newPr o of )

and the ev en t

(defthm name (implies (and assumptions ) go al )),

where name is the name of the theorem, concatenated with the step

name.



� If s is of the form

[ c ase : newCase ; pr o of : newPr o of ],

generate a list consisting of the A CL2 ev en ts returned b y the call

Cr e ateThms ( newCase + assumptions ; go al ; newPr o of )

and the ev en t

(defthm name (implies (and assumptions ) go al )).

where name is the name of the theorem, concatenated with the step

name.

Concatenate all the lists of ev en ts resulting from pro cessing the steps, and

return the concatenated list.


