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Abstra
tWe use the ACL2 theorem prover to verify invariants of a distributedalgorithm spe
i�ed in TLA (Temporal Logi
 of A
tions). The algorithm,Disk Synod, a
hieves 
onsensus among a set of pro
essors 
ommuni
atingthrough disks. We dis
uss the translation of TLA spe
i�
ations into a �-nite set theory framework in ACL2, as well as the proof of two invariantproperties of Disk Synod.



Chapter 1Algorithms, Languages, and ToolsCivilization advan
es by extending the numberof important operations whi
h we 
an performwithout thinking about them.Alfred Whitehead,An Introdu
tion to Mathemati
s.1.1 Introdu
tionReasoning in TLA 
onsists largely of reasoning about a
tions|relationsbetween pairs of states. A

ording to Lamport [15℄,What makes veri�
ation of TLA pra
ti
al is that most of the worklies in the a
tion reasoning|whi
h is ordinary math|rather than intemporal reasoning. This is espe
ially important for formal veri�
a-tion, be
ause temporal reasoning is a lot harder to do formally thanordinary mathemati
al reasoning.This proje
t does not deal at all with temporal reasoning. By mosta

ounts, 90% of all reasoning in TLA spe
i�
ations o

urs at the a
tionlevel, where temporal logi
 has been eliminated [15, 20℄. Interestingly, a
tionreasoning seems to be the least dis
ussed aspe
t in previous TLA veri�
ationwork [2, 11, 20℄. On se
ond look, this is not surprising, sin
e reasoning aboutordinary math is a problem all to its own.While there is no hope of providing satisfa
tory support|a good degreeof automation|for an arbitrary theorem stated in TLA, we bene�t fromthe fa
t that TLA spe
i�
ations and theorems follow a similar pattern. At1



2 CHAPTER 1. ALGORITHMS, LANGUAGES, AND TOOLSits heart, this thesis 
on
erns reasoning about simple set theory 
on
epts,
ast in a spe
i�
 format.We build upon the �nite set theory framework for ACL2 developed byMoore[21℄. A
quaintan
e with Moore's work is an advantage, but we providea basi
 introdu
tion. This proje
t has augmented ACL2's �nite set theorywith some new 
on
epts, added both by Moore and by the author.The obje
t of investigation is Disk Synod [3℄, an algorithm for a
hieving
onsensus among a group of pro
essors. Disk Synod was suggested by Lam-port as a nontrivial example to test the feasibility of a veri�
ation system[18℄. Inspe
tion of other spe
i�
ations [10, 14℄ suggests that our observations
arry over to them as well.Our endeavor partitions naturally into two tasks: translating TLA 
on-stru
ts to ACL2, and proving properties of the translation. After a brief in-trodu
tion to TLA and ACL2, we des
ribe a translation s
heme developed.Then we dis
uss the me
hani
al veri�
ation of two invariant properties ofDisk Synod that we su

essfully proved with ACL2.As this is a work in progress, we will point out without hesitation im-portant issues that have not yet been addressed.1.2 The Temporal Logi
 of A
tionsWe now present a brisk and sele
tive introdu
tion to TLA. For a moredetailed exposition, refer to [16℄ or [14℄.TLA is a �rst-order temporal logi
. Its formulas are built from the usualpredi
ate 
al
ulus 
onstru
ts (fun
tion symbols, predi
ate symbols, variablesymbols, :, ^, =, and 9) as well as the spe
ial symbols 2, 0 , and 999999 . Alsoassumed is an in�nite set of values, an in�nite set of variable names, andthe booleans true and false.The semanti
s of TLA is de�ned in terms of states. A state is an assign-ment of values to variables. The expression x 2+ y � 3 has value 6 in a statethat assigns 2 to x and 5 to y , and it has value 0 in a state that assigns 1 tox and 2 to y . Variables that may assume di�erent values from state to stateare 
alled 
exible variables. Variables denoting a single value that doesn't
hange with time are 
alled rigid variables (programmers usually 
all them
onstants).Algorithms 
an be thought of as rules that spe
ify sequen
es of states.A behavior is an in�nite sequen
e of states; it 
orresponds to a single \run"of an algorithm. For a sequen
e of states hS 1;S 2; : : :i, and two 
ontiguousstates S i and S i+1, we 
all S i the old state and S i+1 the new state.



1.2. THE TEMPORAL LOGIC OF ACTIONS 3Init� �= (x = 0) ^ (y = 0)M 1 �= (x 0 = x + 1) ^ (y 0 = y)M 2 �= (y 0 = y + 1) ^ (x 0 = x )M �= M 1 _M 2� �= Init� ^2[M ℄(x ;y) ^WF (x ;y)(M 1) ^WF (x ;y)(M 2)Figure 1.1: A simple in
rement program [16℄.An a
tion is a boolean-valued expression made up of variables, primedvariables, and 
onstant symbols. The expression y 0+3 = y + z is an a
tion,where y and z are variables. The unprimed variable y represents the valueof y in the old state, and y 0 represents the value of y in the new state. Forour purposes, it's enough to think of a primed variable v 0 not as an operatorapplied to a variable, but as just another variable name, whi
h happens todenote the value of v in the next state.To illustrate the above 
on
epts, we introdu
e an example due to Lam-port [16℄. Figure 1.1 des
ribes a system with two variables x and y , bothinitially 0 and in
reasing nondeterministi
ally. The next-state a
tion M de-s
ribes how the system 
an 
hange from one state to the next. Formula �expresses the requirement that the system always exe
utes an M -a
tion (orstutters), and that both x and y are in
remented in�nitely often.Invariant PropertiesWe 
an prove properties of our in
rement example. Useful properties of asystem are often invariant properties|those whi
h are true of the systemat every state of its exe
ution. In temporal logi
, invariant properties areof the form 2P , where the 2 operator applied to a property P means thatP holds in every state. In TLA, one proves an invarian
e property 2P of asystem with initial state Init and next-state N by establishing the following
onditions (ignoring the f subs
ript). 1Init ) II ) PI ^ [N ℄f ) I 01Noti
e that formula I appears primed. What does it mean for a formula to be primed?In our 
ontext, we think of I 0 as formula I where all variables are primed.



4 CHAPTER 1. ALGORITHMS, LANGUAGES, AND TOOLSAn appli
ation of a TLA inferen
e rule, along with simple temporal rea-soning, lets us establish2P from the above 
onditions. We should emphasizethat this last step of 
onverting a
tion-level properties into temporal prop-erties is not where the work lies. In the Disk Synod algorithm, establishing2P takes up one page, while the 
reation of an invariant and veri�
ationof the three 
onditions spans 18 pages. Creativity is needed to formulate asuitable invariant; the proof e�ort lies in verifying the invariant.Going ba
k to our simple example, we may wish to establish type invari-an
e of the system variables:T �= (x 2 Nat) ^ (y 2 Nat).To establish T , we must show (again ignoring subs
ripts):Init� ) T (1)T ^ [M ℄(x ;y) ) T 0 (2)The proof of (1) is trivial. The proof of (2) is a
hieved by 
onsidering a
tionsM 1 and M 2 separately. For example, in the 
ase of M 1 we must show(x 2 Nat) ^ (y 2 Nat) ^ (x0 = x+ 1) ^ (y0 = y)) (x0 2 Nat) ^ (y0 2 Nat):Another ExampleIn TLA, there is no distin
tion between program and spe
i�
ation. Formula� in Figure 1.1 
ould des
ribe a (very simple) program, or spe
ify the prop-erties that a more elaborate program must satisfy. Figure 1.2 shows a TLAformula 	 that implements �.2 Formula 	 
onsists of two pro
esses exe
ut-ing a loop with three atomi
 operations. The pro
esses share a semaphorevariable sem.We will not go into the details of the proof that 	 implements �, butonly remark that the theorem to prove is	) �.2To say that 	 implements � means that for any behavior, 	 satis�es the requirementsimposed by �|in this 
ase, it means that 	 always exe
utes an a
tion in whi
h either xor y is in
remented, and both x and y are in
remented in�nitely often.



1.2. THE TEMPORAL LOGIC OF ACTIONS 5Init	 �= ^ (p
1 = \a") ^ (p
2 = \a")^ (x = 0) ^ (y = 0)^ sem = 1�1 �= ^ (p
1 = \a") ^ (0 < sem)^ p
01 = \b"^ sem 0 = sem � 1^ un
hanged hx ; y ; p
2 i�2 �= ^ (p
2 = \a") ^ (0 < sem)^ p
02 = \b"^ sem 0 = sem � 1^ un
hanged hx ; y ; p
1 i�1 �= ^ (p
1 = \b")^ p
01 = \g"^ x 0 = x + 1^ un
hanged hy ; sem; p
2 i�2 �= ^ (p
2 = \b")^ p
02 = \g"^ y 0 = y + 1^ un
hanged hy ; sem; p
1 i
1 �= ^ p
1 = \g"^ p
01 = \a"^ sem 0 = sem + 1^ un
hanged hx ; y ; p
2 i
2 �= ^ p
2 = \g"^ p
02 = \a"^ sem 0 = sem + 1^ un
hanged hx ; y ; p
1 iN 1 �= �1 _ �1 _ 
1N 2 �= �2 _ �2 _ 
2N �= N 1 _N 2w �= (x ; y ; sem; p
1 ; p
2)	 �= Init	 ^2[N ℄w ^ SFw (N 1) ^ SFw (N 2)Figure 1.2: A more detailed in
rement program [16℄.



6 CHAPTER 1. ALGORITHMS, LANGUAGES, AND TOOLSSin
e both 	 and � are logi
al formulas, simulation is expressed asimpli
ation. Not surprisingly, an invariant is needed in the proof. In se
tion2.5 , we dis
uss the invariant and its proof in ACL2.TLA+TLA provides the logi
 ne
essary to reason about 
on
urrent systems. TLA+is a spe
i�
ation language based on TLA. It is formally de�ned and has a pre-
ise grammar, whi
h makes it amenable to me
hanized tool support. TLA+introdu
es the mathemati
al 
on
epts ne
essary for spe
i�
ation, as well asa module system not dis
ussed here. Some 
on
epts (or their parti
ularsyntax) may be unfamiliar to the reader, so we introdu
e them here.The 
hoose operator. The expression 
hoose x : p denotes an un-spe
i�ed value v su
h that p holds when v is substituted for x , if su
h a vexists. Otherwise, the expression denotes an arbitrary value.Fun
tions. In TLA+, a fun
tion is an unspe
i�ed set with 
ertain proper-ties. The following 
onstru
ts are primitives:� f [e℄ : The fun
tion f applied to e.� domain f : The domain of f .� [S ! T ℄ : The set of all fun
tions with domain S and range a subsetof T .� [x 2 S 7! e℄ : An expli
it way to de�ne a fun
tion: for ea
h x in itsdomain S , x is mapped to e.Fun
tions 
an be modi�ed through the ex
ept 
onstru
t. The expres-sion[f ex
ept ! [m℄ = u℄denotes the fun
tion g that is equal to f , ex
ept it maps m to u.There are two ways to write fun
tions of several arguments. One is tolet the domain of a fun
tion be an n-tuple, and the other is by writing a
urried fun
tion. A fun
tion f with domain a set of triples A� B � C andrange R applied to the argument ha; b; 
 i, is written f [ha; b; 
 i℄ or f [a; b; 
℄.It belongs to the set [A�B�C ! R℄. On the other hand, a 
urried fun
tion



1.2. THE TEMPORAL LOGIC OF ACTIONS 7belonging to the set [A! [B ! [C ! R℄℄℄, applied to three arguments a, band 
, is written f [a℄[b℄[
℄.TLA also introdu
es operators, whi
h are di�erent from fun
tions. Fun
-tions have a domain (a set), while operators do not. Fun
tions 
an be de�nedre
ursively, but operators 
annot. Fun
tion appli
ation uses square bra
k-ets, while operator appli
ation uses parentheses. Thus f [x ℄ reveals that f isa fun
tion, while g(x ) reveals that g is an operator. We do not elaboratefurther on this distin
tion; more information 
an be found in [14℄.Re
ords. Re
ords are de�ned in terms of fun
tions; their notation is similarto fun
tional notation. The expression[h1 7! e1; h2 7! e2; h3 7! e3℄denotes a re
ord with (�eld ; value) pairs (h1; e1), (h2; e2), and (h3; e3). Moreformally, it is the fun
tion that maps the string \h1" to the value e1, thestring \h2" to the value e2, and the string \h3" to the value e3. The expres-sion[h1 : S 1; h2 : S 2; h3 : S 3℄denotes the set of all re
ords with �elds h1, h2 and h3, and 
orrespond-ing value sets. More formally, it is the set of all fun
tions with domainf\h1"; \h2"; \h3"g and range the union S 1 [ S 2 [ S 3, su
h that if r is in theset, the appli
ation r [\hi"℄ is an element of S i .The �eld h1 of a re
ord r is written r :h1, whi
h is equivalent to r [\h1"℄.Other 
onstru
ts. The un
hanged 
onstru
t is used to spe
ify 
ex-ible variables that do not 
hange within an a
tion. The expressionun
hanged hx ; y ; z iis equivalent to(x 0 = x ) ^ (y 0 = y) ^ (z 0 = z ).The following 
onstru
ts are formally introdu
ed in TLA+. Their mean-ing should be familiar to 
omputer s
ientists.



8 CHAPTER 1. ALGORITHMS, LANGUAGES, AND TOOLSif p then e1else e2
ase p1 ! e12 : : :2pn ! en
ase p1 ! e12 : : :2pn ! en2 other! elet d �= fin eMe
hani
al Support for TLAOurs is not the �rst e�ort to provide me
hani
al support for TLA. A parserand a model 
he
ker [14℄ have dete
ted bugs in TLA spe
i�
ations. In thetheorem proving arena, Lar
h [2℄, Isabelle [20℄ and HOL [11℄ have been usedto verify TLA theorems. Among these, TLP has been used to verify largespe
i�
ations. The above resear
h has highlighted the bene�t in separat-ing temporal reasoning from a
tion reasoning. While most of the previouswork pays great attention to the temporal aspe
ts of TLA, our e�ort dealsex
lusively with a
tions. In doing this, we hope to fo
us our energies in thearea where me
hani
al veri�
ation might be most useful to the TLA user:reasoning about large formulas 
omposed of simple mathemati
al 
on
epts.Having dis
ussed some basi
 TLA 
on
epts, we address Moore's work on�nite set theory in ACL2 [21℄. We invite the reader to draw 
onne
tions be-tween the TLA 
on
epts just introdu
ed and the ACL2 
on
epts introdu
edin the next se
tion. These 
onne
tions will be made expli
it in se
tion 2.3.1.3 Finite Set Theory in ACL2How 
an sets be represented in ACL2? One answer is to use lists. Butwriting down the list '(1 2 3) to represent the set f1; 2; 3g is not enough.Lists have properties that sets do not|they distinguish dupli
ation andorder.To deal with sets in a more natural way, Moore has developed a the-ory of hereditarily �nite sets [21℄. In this theory, the universe is dividedinto ur-elements and sets. The ur-elements are all ACL2 numbers, strings,
hara
ters, symbols and 
onses of the form (:UR-CONS (e1 . e2)). All other
onses represent sets. The symbol nil is both a ur-element and the emptyset.



1.3. FINITE SET THEORY IN ACL2 9Here are some examples of sets in 
onventional notation and in ACL2.(We use the notation [x 1; : : : xn ℄ to represent a list.)Conventional notation ACL2 notationfg nilffgg '(nil)f1g '(1 1 1)f1; 2; 3g '(1 2 3)f1; 2; 3g '(1 2 2 3)f1; f1g; 2; f3; 4gg '(1 (1) 2 (3 4))f1; f1g; 2; [3; 4℄g '(1 (1) 2 (:ur-
ons (3 4)))To reason about equality, we use the relation =. This relation en
om-passes both set equality and ur-elementp equality. It 
an re
ognize, forexample, '((1 2) 3) and '(3 3 (2 1)) as the same set. For ur-elements,= redu
es to equal. When de�ning a set-theoreti
 fun
tion, it is importantto establish =-
ongruen
e: it allows ACL2 to ex
hange two equal sets. Ifthis 
ongruen
e were not established for the se
ond argument of mem, ACL2wouldn't easily prove the following simple fa
t.(defthm mem-union-lemma(implies (and (mem e s1)(= s1 s2))(mem e s2)))Figure 1.3 shows many basi
 set-theoreti
 fun
tions de�ned by Moore.We have de�ned some additional fun
tions and do
ument them here.� (dot-dot m n): fi j i 2 N ^m � i � ng.� (union* a): the union over all elements in a.� (all-fns d r): the set of all fun
tions with domain d and range a subset of r .� (defre
 name (h1 S1) : : : (hk Sk)): de�nes (name) to be the set ofall fun
tions with domain fh1; : : : hkg and range S 1 [ � � � [ S k , su
hthat the value of name on h i is a member of S i .



10 CHAPTER 1. ALGORITHMS, LANGUAGES, AND TOOLS(ur-elementp a): t or nil a

ording to whether a is an ur-element.(setp a): t or nil a

ording to whether a is a set.(s
ons e a): feg [ a.(bra
e �1 : : : �k): the set whose elements are given by the values of thek expressions; this is known as \roster notation."(= a b): If a and b are the same obje
t, then t, otherwise, nil.(mem e a): e 2 a. Both arguments are treated as sets.(subsetp a b): a � b.(nats n): fi j i 2 N ^ 0 � i � ng.(union a b): a [ b.(interse
tion a b): a \ b.(diff a b): a n b.(
hoose a): an element of the set a, if a is non-empty.(fun
tionp f ): if f is a set of pairs and no two elements of f have the samehd, then t; otherwise, nil. If a fun
tion f 
ontains (pair e v), then wesay v is the value of f on e.(domain f ): fe j 9x (x 2 f ^ e =(hd x) )g.(range f ): fe j 9x (x 2 f ^ e =(tl x) )g.(apply f e): if f is a fun
tion and e is in its domain, then the value of fon e.(ex
ept f e v): If f is a fun
tion then the fun
tion that is everywhereequal to f ex
ept on e where the value is v .(fun
 (e1 v1) : : : (en vn)): the fun
tion mapping ei to vi . Presentationorder is used to resolve 
on
i
ts. That is, if ei is ej for some i < j , thenthe fun
tion maps ei to vi .(powerset a): fs j s � ag(defmap f (v1 : : : vk) :for x :in vi :su
h-that �):de�nes (f v1 : : : vk) to be fx j x 2 vi ^ �g.(defmap f (v1 : : : vk) :for x :in vi :map �):de�nes (f v1 : : : vk) to be fe j 9x (x 2 vi ^ e = �)g.Figure 1.3: Set theoreti
 fun
tions, ex
erpted from [21℄.



1.3. FINITE SET THEORY IN ACL2 11� (defmap-fn f (v1 : : : vk) :for x :in vi :map �):de�nes (f v1 : : : vk) to be fhx ; ei j 9x (x 2 v i ^ e = �)g.� (defexists f (v1 : : : vk) :exists x :in vi :su
h-that �):de�nes (f v1 : : : vk) to be t if 9x 2 v i : �, and nil otherwise.� (defall f (v1 : : : vk) :forall x :in vi :holds �):de�nes (f v1 : : : vk) to be t if 8x 2 v i : �, and nil otherwise.The ACL2 de�nitions of all-fns and defre
, as well as proofs of their
hara
teristi
 properties, are due to Moore. Appendi
es D.1, D.5, and D.4
ontain the ACL2 �les de�ning the above 
onstru
ts.We have only s
rat
hed the surfa
e of Moore's work, but it is enoughto get us started. For a detailed introdu
tion to �nite set theory in ACL2,refer to [21℄.



Chapter 2TranslationSeveral issues arise when we 
onsider the di�eren
es between the TLA andACL2 logi
s, and the stati
 nature of TLA as a spe
i�
ation language versusthe dynami
 nature of ACL2 as a theorem prover. We list some of theseissues here, limiting our dis
ussion to nontemporal aspe
ts of TLA.� TLAmakes heavy use of existential and universal quanti�
ation. ACL2formally has quanti�
ation (in the form of skolem fun
tions), but itisn't well supported; for that reason we do not use it.� ACL2 overspe
i�es TLA expressions. This 
an lead to 
on
lusions inACL2 that are not ne
essarily true in TLA. For example, Lamportand Gafni note [3℄:We dedu
e phase 0[p℄ = 2 from phase 0 = [phase ex
ept ![p℄ = 2℄only if phase is a fun
tion whose domain 
ontains p.However, in ACL2, given(= phase-prime (ex
ept phase p 2)),we 
an dedu
e (= (apply phase-prime p) 2))) with no further hy-potheses about phase. A more fundamental example is that 4 = \h"might be a theorem in TLA. Everything is a set in TLA, so 4 and \h"are sets. Sin
e sets like 4 and \h" are left unspe
i�ed, the set denotedby 4 and the set denoted by \h" may in fa
t be the same set. But inACL2, (= 4 "h") immediately evaluates to nil.This is a very important issue be
ause it deals with the relationshipbetween a theorem in TLA and its 
orresponding version in ACL2. Itis the next issue we plan to ta
kle in our proje
t.12



2.1. TRANSLATION GUIDELINES 13� In ACL2, theorems be
ome rules that guide the me
hani
al theoremprover in �nding proofs of further theorems. The user is keenly awareof this, and is sensitive, when writing down a theorem, to the way itwill be used by the system. The form of a theorem 
an make or breaka proof, even if two di�erent forms are logi
ally equivalent. TLAformulas, on the other hand, are not written to be
ome e�e
tive rules.A TLA user might state an assumption in an elegant form that wouldnot be a useful ACL2 rule.� In our ACL2 framework, all sets are �nite. Our 
urrent solution whendealing with an in�nite set in TLA is to reword the TLA expressionsurrounding the set. For example, the expression x 2 Nats, whereNats is the set of natural numbers, 
an be translated as(and (integerp x) (>= x 0)).All the in�nite sets we have en
ountered so far are amenable to thistype of transformation.� ACL2 is appli
ative: there is no notion of global variables. In TLA,state variables are global. In substan
e, this is a minor point|we 
ansimply pass all state variables as parameters among ACL2 fun
tions.But soon our ACL2 translations be
ome hideous to look at, and it'seasy to lose sight of a fun
tion body in a sea of parameters.We will address the above issues throughout our dis
ussion.2.1 Translation GuidelinesIn 
reating a translation s
heme, our overriding prin
iples are 
larity andsimpli
ity. We need a s
heme that makes it obvious how an ACL2 term
orresponds to a TLA expression. Otherwise, we might say things in ACL2that weren't intended in TLA.A simple translation s
heme has another advantage: me
hanization.While the translation of Disk Synod was done by hand, our experimentshighly suggest that it 
an be automated. This will be
ome a ne
essity forlarger spe
i�
ations. We hope the informal rules that we lay out suggesthow our translation s
heme 
an be me
hanized.We should mention that TLA 
onstru
ts and their ACL2 translationdi�er in how they are formally de�ned. For instan
e, the TLA 
onditional
onstru
ts are de�ned in terms of the 
hoose operator [14℄.



14 CHAPTER 2. TRANSLATIONif p then e1else e2 �= 
hoose v : (p ) v = e1) ^ (:p ) v = e2)
ase p1 ! e12 : : :2pn ! en �=
hoose v : (p1 ^ (v = e1)) _ : : : _ (pn ^ (v = en))It is obvious that if we want to use ACL2 in any sensible way, we shoulduse its built-in 
onditionals IF and COND, whi
h have nothing to do withthe fun
tion 
hoose. This deviation makes its diÆ
ult to establish a formal
orresponden
e between TLA and ACL2. But in our opinion, it is vastlymore important to use ACL2 to prove fa
ts about TLA spe
i�
ations thanit is to 
onstru
t a formal 
orresponden
e between the two logi
s.Before laying out the translation s
heme, we dis
uss three adopted 
on-ventions.2.2 Translation ConventionsThe Naming ConventionConsider the following TLA 
onstru
t:
olle
t �= fx + 2 : x 2 f3y : y 2 Sgg:How 
an we translate 
olle
t into ACL2? Trying to 
ast it in a moresu

in
t or 
lever form is not allowed|the role of a translator is to translate,not to illuminate. So let's begin with the innermost set f3y : y 2 Sg, andassume that S is a �nite set that translates as the ACL2 
onstant (S). Usingthe set 
omprehension ma
ro defmap, we obtain(defmap 
olle
t-1 (dom) :for y :in dom :map (* 3 y)).The set f3y : y 2 Sg 
an now be expressed as (
olle
t-1 (S)). Theoutermost set is translated similarly:(defmap 
olle
t-2 (dom) :for x :in dom :map (+ x 2)).Finally, we de�ne a fun
tion 
olle
t that 
orresponds to 
olle
t .



2.2. TRANSLATION CONVENTIONS 15(defun 
olle
t ()(
olle
t-2 (
olle
t-1 (S))))The above translation does not require imagination; it is dire
t andtherefore attra
tive. But it does de�ne three fun
tions, and three namesto go with them. In larger spe
i�
ations, name generation 
an be
ome aproblem. To drive our point home, let's 
onsider another TLA 
onstru
t:P �= 8 x ; y ; z 2 S : p(x ; y ; z ).The �rst thing to note is that P is shorthand for8 x 2 S : 8 y 2 S : 8 z 2 S : p(x ; y ; z ).Again, we assume that S translates into ACL2 as (S). We also assumethat p(x ; y ; z ) translates as (p x y z). Using the defall ma
ro (Se
tion1.3), we obtain the following translation.(defall forall-p-z (dom x y):forall z :in dom :holds (p x y z))(defall forall-p-y (dom x):forall y :in dom :holds (forall-p-z dom x y))(defall forall-p-x (dom):forall x :in dom :holds (forall-p-y dom x))We express P as (forall-p-x (S)).Again, the translation is straightforward. And again, there are morefun
tion names than we 
are for. There is no 
lear way to avoid generatingmultiple fun
tions for unnamed TLA expressions in our 
urrent framework.The best we 
an do is adopt a naming 
onvention, so that reasonable namesare generated me
hani
ally. What we deem a reasonable name is not yet
lear, so we postulate an unde�ned naming 
onvention, both expressing theneed for a uniform naming strategy, and our 
urrent la
k of 
ommitment toa parti
ular one.



16 CHAPTER 2. TRANSLATIONFlexible Variable ConventionsWe now present two 
onventions dealing with the translation of 
exiblevariables. The 
exible variables in a TLA+ spe
i�
ation are de
lared usingthe variables 
onstru
t. For instan
e,variables x ; y ; zde
lares x , y and z as 
exible variables in the given spe
i�
ation.Convention. A TLA variable name is translated without 
hange. Aprimed TLA variable is translated by appending \-n" to its unprimed variablename.For example, the TLA variable x translates to x, and x 0 translates to x-n.The next 
onvention hides 
exible variables in ACL2 translations. Thismakes ACL2 translations look more like the TLA formulas that produ
edthem, and prevents a large number of 
exible variables from taking up spa
ein ACL2 de�nitions. 1Convention. Flexible variables are always hidden by ma
ros.Consider a spe
i�
ation with �ve 
exible variables x 1; : : : ; x 5, and thea
tionA1 �= ^ x 02 = x 2 + 1^ un
hanged hx 1; x 3; x 4; x 5 i:To translate this a
tion, we need to de�ne a fun
tion that takes 10arguments|one for ea
h unprimed variable, and one for ea
h primed vari-able. The defa
tion ma
ro lets us hide 
exible variables in our de�nitions.A
tion A1 translates as follows:(defa
tion a1 ()(and (= x2-n (+ x2 1))(un
hanged x1 x3 x4 x5))).1The reader might wonder how mu
h spa
e 
exible variables as fun
tion arguments
an take. The answer is: enough to distra
t us from the fun
tions at hand.



2.3. TRANSLATION RULES 17This form expands to the following two events.(defun a1 (x1 x1-n x2 x2-n x3 x3-n x4 x4-n x5 x5-n)(and (= x2-n (+ x2 1))(= x1-n x1) (= x3-n x3) (= x4-n x4) (= x5-n x5)))(defma
ro a1 () '( a1 x1 x1-n x2 x2-n x3 x3-n x4 x4-n x5 x5-n))Afterwards, if we need to use A1 in a theorem, we 
an just type (a1).The defstate ma
ro is similar to defa
tion ex
ept it is used to de�ne statepredi
ates, whi
h do not in
lude primed variables. It is useful when de�ninginvariants. For example, the invariant from formula � in Se
tion 1.2,T �= (x 2 Nat) ^ (y 2 Nat),is translated using defstate as follows (t means true in ACL2, so we nameT di�erently).(defstate t-inv () (and (integerp x) (>= x 0)(integerp y) (>= y 0)))Defstate 
reates two forms, one to express T and one to express T 0.(defun t-inv (x1 x2) (and (integerp x) (>= x 0)(integerp y) (>= y 0))(defma
ro t-inv () '( t-inv x y))(defma
ro t-inv-n () '( t-inv x-n y-n))2.3 Translation RulesWith our previous dis
ussion in mind, we use the building blo
ks dis
ussedin Se
tion 1.3 to translate TLA 
onstru
ts into their ACL2 
ounterparts.Figures 2.1 and 2.2 show the translation s
heme. It is understood that allsets in question are �nite; otherwise the translation does not apply. Ourtranslation s
heme is not formal, but we believe it 
an be made formalenough to be me
hanized. The breakdown of 
ategories is from Lamport'sA Summary of TLA+[12℄. The reader 
an refer to Lamport's summary and�nd the 
on
epts we left out.



18 CHAPTER 2. TRANSLATIONWe do not provide entries for some obvious translations, su
h as 2, ^,_, �, et
. We not only show what 
an be translated, but also what 
annot.The 
onstru
ts we 
annot dire
tly translate deal with expressions quanti�edover in�nite sets.AbbreviationsSome TLA expressions have elaborate ACL2 translations that 
an be diÆ-
ult to understand. Consider the following example.[f ex
ept ! [x ℄[y ℄ = z! [a℄[b℄ = 
℄It denotes the fun
tion g equal to f ex
ept that g [x ℄[y ℄ equals z andg [a℄[b℄ equals 
. Its ACL2 translation is straightforward but 
rypti
:(ex
ept (ex
ept f a (ex
ept (apply f a) b 
))x(ex
ept (apply (ex
ept f a (ex
ept (apply f a) b 
))x)y z)).Using ma
ros, we 
an 
reate shorthand notation for 
ompli
ated expres-sions. Ex
ept-and is an example. The form(ex
ept-and f (x y z) (a b 
))expands to the same expression as the \
rypti
" one. Here are other ex-amples of TLA expressions, ma
ros that provide a su

in
t translation, andtheir expansion.� f [x ℄[y ℄ translates as the form(apply-m f x y), whi
h expands to(apply (apply f x) y).� [f ex
ept ! [x ℄[y ℄ = z ℄ translates as the form(ex
ept-m f x y z), whi
h expands to(ex
ept f a (ex
ept (apply f a) b 
)).



2.3. TRANSLATION RULES 19
Logi
boolean (bra
e t nil)8x : p no translation9x : p no translation8x 2 S : p (f S v1 : : : vk), where f adheres to the naming 
onvention,and is de�ned by(defall f (dom v1 : : : vk) :forall x :in dom :holds p).9x 2 S : p (f S v1 : : : vk), where f adheres to the naming 
onvention,and is de�ned by(defexists f (dom v1 : : : vk) :exists x :in dom:su
h-that p).
hoose x : p no translation
hoose x 2 S : p (
hoose (f S v1 : : : vk)), where f adheres to the naming
onvention, and is de�ned by(defmap f (dom v1 : : : vk) :for x :in dom :su
h-that p).Setssubset S (powerset S)union S (union* S)Figure 2.1: TLA{ACL2 translations.
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Fun
tionsf [e℄ (apply f e)domain f (domain f )[x 2 S 7! e℄ (f S v1 : : : vk), where f adheres to the naming 
onvention,and is de�ned by(defmap f (dom v1 : : : vk) :for x :in dom :map e).[S ! T ℄ (all-fns S T)[f ex
ept ! [e1℄ = e2℄ (ex
ept f e1 e2)Re
ords[h1 7! e1; : : : ; hn 7! en ℄ (fun
 (h1 e1) : : : (hn en))[h1 : S 1; : : : ; hn : Sn ℄ (name), where name adheres to the naming 
onvention andis de�ned by(defre
 name (h1 S1) : : : (hn Sn)).[r ex
ept ! [h℄ = e℄ (ex
ept r h e)Figure 2.2: TLA{ACL2 translations (
ontinued).



2.4. REQUIREMENTS FOR THE TLA SPECIFIER 21� un
hanged hx ; y ; z i translates as the form(un
hanged x y z), whi
h expands to(and (= x-n x) (= y-n y) (= z-n z)).These abbreviations may be 
onsidered just an aestheti
 issue. Butthey are important be
ause they make expressions easier to understand,and therefore easier to reason about.2.4 Requirements for the TLA spe
i�erA TLA spe
i�er using our translation s
heme is obliged to satisfy the fol-lowing requirements.WitnessesWhen a 
onstant or fun
tion is not expli
itly de
lared but assumed to have
ertain properties, we require a witness|an obje
t that has the same prop-erties as the de
lared 
onstant or fun
tion. Suppose we de
lare the 
onstantN to be a positive integer.
onstant Nassume (N 2 Nat) ^ (N > 0)The above statements are translated with an en
apsulate event [7℄. Thisevent lets us 
reate an unde�ned fun
tion enjoying the properties exportedfrom the en
apsulation. We are required to de�ne lo
ally a fun
tion thathas the properties 
laimed. Here is the en
apsulated event for N .(en
apsulate ((n () t))(lo
al (defun n () 1))(defthm n-
onstraint(and (integerp (n))(< 0 (n))):rule-
lasses :type-pres
ription))Exhibiting a witness is a good pra
ti
e regardless of ACL2 veri�
ation:it keeps us from writing unsound de�nitions.In future work, we hope to build a TLA{ACL2 translator that allowsthe TLA user to provide witnesses as part of a spe
i�
ation, 
agged in su
ha way that the translator 
an re
ognize them and use them appropriately.



22 CHAPTER 2. TRANSLATIONIn�nite setsAs mentioned earlier, we 
annot express in�nite sets. Our solution is to re-
ast expressions involving them. A TLA user planning to use our frameworkto verify a spe
i�
ation should be sensitive to this issue and avoid in�nitesets. Given that TLA is used to reason about 
omputational systems, we donot expe
t to see many in�nite sets in a spe
i�
ation. They might be morewidely used, however, when expressing properties of the spe
i�
ation.2.5 Translating the In
rement ExampleWe now revisit the example introdu
ed in Se
tion 1.2. Re
all formula 	from Figure 1.2, denoting two pro
esses that in
rement variables x and yand share a semaphore sem. Figure 2.3 shows the ACL2 translation of a
tionN in 	.In the pro
ess of proving that 	 implements � (Figure 1.1), the followinginvariant is de�ned [16℄.I �= ^ x 2 Nat^ _ (sem = 1) ^ (p
1 = p
2 = \a")_ (sem = 0) ^ _ (p
1 = \a") ^ (p
2 2 f\b"; \g"g)_ (p
2 = \a") ^ (p
1 2 f\b"; \g"g)Here is its ACL2 translation.(defstate i ()(and (and (integerp x) (>= x 0))(or (and (= sem 1) (= p
1 "a") (= p
2 "a"))(and (= sem 0)(or (and (= p
1 "a") (mem p
2 (bra
e "b" "g")))(and (= p
2 "a") (mem p
1 (bra
e "b" "g"))))))))A theorem to prove is I 's invarian
e a
ross states.I ^N ) I 0(defthm i-invariant(implies (and (i) (n))(i-n)))
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(defstate init(and (= p
1 "a") (= p
2 "a")(= x 0) (= y 0)(= sem 1)))(defa
tion alpha1 (defa
tion alpha2(and (= p
1 "a") (< 0 sem) (and (= p
2 "a") (< 0 sem)(= p
1-n "b") (= p
2-n "b")(= sem-n (- sem 1)) (= sem-n (- sem 1))(un
hanged x y p
2))) (un
hanged x y p
1)))(defa
tion beta1 (defa
tion beta2(and (= p
1 "b") (and (= p
2 "b")(= p
1-n "g") (= p
2-n "g")(= x-n (+ x 1)) (= y-n (+ y 1))(un
hanged y sem p
2))) (un
hanged x sem p
1)))(defa
tion gamma1 (defa
tion gamma2(and (= p
1 "g") (and (= p
2 "g")(= p
1-n "a") (= p
2-n "a")(= sem-n (+ sem 1)) (= sem-n (+ sem 1))(un
hanged x y p
2))) (un
hanged x y p
1)))(defa
tion n1 (defa
tion n2(or (alpha1) (beta1) (gamma1))) (or (alpha2) (beta2) (gamma2)))(defa
tion n(or (n1) (n2)))Figure 2.3: ACL2 translation of a
tion N



24 CHAPTER 2. TRANSLATIONACL2 proves i-invariant automati
ally. The �le 
ontaining ACL2 eventsfor the in
rement example is in Appendix A.2.6 Disk SynodDisk Paxos [3℄ is an algorithm for implementing an arbitrary distributedsystem with a network of pro
essors and disks. Disk Paxos is fault tolerant|it maintains 
onsisten
y in the event of lost or delayed messages and 
ertaintypes of pro
essor failure. It also ensures progress as long as one pro
essor
an read and write a majority of the disks, and all other pro
essors are eithernon-faulty or have failed 
ompletely.Implementing an arbitrary distributed system redu
es to solving the 
on-sensus problem. A system is represented as a deterministi
 state ma
hineexe
uting a series of 
ommands [17, 22℄. The state ma
hine represents agroup of pro
essors, and all pro
essors must agree on ea
h 
ommand. Torea
h agreement, the 
onsensus problem must be solved. Here is a des
rip-tion of the problem from Gafni and Lamport [3℄.In the 
onsensus problem, ea
h pro
essor p starts with an inputvalue input [p℄, and all pro
essors output the same value, whi
h equalsinput [p℄ for some p. A solution should be:� Consistent All value output are the same.� Nonblo
king If the system is stable and a non-faulty pro
essor
an 
ommuni
ate with a majority of disks, then the pro
essorwill eventually output a value.Disk Synod is the 
onsensus algorithm used by Disk Paxos. Our workdeals with the translation of Disk Synod and the proof of its 
onsisten
y.We will not explain Disk Synod; for a dis
ussion of the algorithm, refer to[3℄. All we need to know is that Disk Synod 
on
erns a group of pro
essorsPro
 and a group of disks Disk , 
ommuni
ating with ea
h other by writingto and reading values from the disks in Disk .The next-state a
tion of Disk Synod 
onsists of seven a
tions.



2.6. DISK SYNOD 25Next �= 9p 2 Pro
 :_ StartBallot(p)_ 9d 2 Disk : _ Phase0Read(p; d)_ Phase1or2Write(p; d)_ 9q 2 Pro
 n fpg : Phase1or2Read(p; d ; q)_ EndPhase1or2(p)_ Fail(p)_ EndPhase0(p)The algorithm has three phases, in whi
h pro
essors read values from aset of disks, try to submit a 
hosen value by writing to disks, or de
lare theiroutput value as the 
hosen one. These a
tivities are suggested by the namesof the various a
tions. What it means for a pro
essor to fail is spe
i�edin a
tion Fail(p). Appendix B 
ontains the 
omplete spe
i�
ation of DiskSynod.Let's look at an a
tion and understand its general shape. A
tionPhase1or2Write(p; d) is de�ned as follows.Phase1or2Write(p; d) �=^ phase[p℄ 2 f1; 2g^ disk 0 = [disk ex
ept ! [d ℄[p℄ = dblo
k [p℄℄^ disksWritten 0 = [disksWritten ex
ept ! [p℄ = � [ fdg℄^ un
hanged hinput ; output ; phase; dblo
k ; blo
ksRead iThe �rst 
onjun
t,phase[p℄ 2 f1; 2ga
ts as a guard. If pro
essor p is not 
urrently in phase 1 or 2, this 
onjun
tevaluates to false and therefore a
tion Phase1or2Write(p; d) evaluates tofalse, meaning that p 
annot exe
ute this a
tion in the 
urrent state (ana
tion being \exe
uted" from one state to the next is equivalent to thea
tion being true a
ross these states).The se
ond and third 
onjun
ts,disk 0 = [disk ex
ept ! [d ℄[p℄ = dblo
k [p℄℄disksWritten 0 = [disksWritten ex
ept ! [p℄ = � [ fdg℄des
ribe what variables are 
hanged when p exe
utes Phase1or2Write(p),



26 CHAPTER 2. TRANSLATIONand how they 
hange. 2 Finally, the fourth 
onjun
tun
hanged hinput ; output ; phase; dblo
k ; blo
ksRead ides
ribes the state variables that remain un
hanged when p exe
utesPhase1or2Write(p).Throughout the rest of this paper, we will refer not to a
tion Next butinstead to a
tion HNext (see Appendix B). The latter a
tion 
onjoins Nextwith two a
tions des
ribing the values of variables used to prove the 
onsis-ten
y of Disk Synod. Nothing is lost in our 
ontext if we assume that HNextlooks just like Next above.The 
omplete translation of Disk Synod 
an be found in Appendi
es Cand D.14. Appendix C 
onsists of ea
h TLA 
onstru
t followed by its ACL2translation. It omits ACL2 events that are in
luded in the a
tual translation�le, su
h as 
ongruen
e theorems and other lemmas needed to reason aboutthe translation. Its purpose is to show the reader TLA and ACL2 expressionsside by side. Appendix D.14 
ontains the ACL2 �le that in
ludes DiskSynod's translations, with all the events omitted in Appendix C.The 
omplete translation of Disk Synod 
onsists of 61 events. Defmapde
larations and regular fun
tion de�nitions 
omprise 16 events. We use9 defa
tion forms, 
orresponding to the seven suba
tions of Next plus thede�nitions of Next and HNext . In addition, we de
lare 14 quanti�
ationevents (defall and defexists). It takes ACL2 183 se
onds to pro
ess thetranslation.3 A large fra
tion of the time is spent admitting quanti�
ationand set 
omprehension events. We are 
urrently working on a modi�
ationto these types of events that will make them both more robust and fasterto pro
ess.There are two notable pla
es where we do not follow the translations
heme. The �rst is in translating TLA's assumed 
onstants. These arethe �rst 
onstru
ts appearing in Disk Synod, and also the �rst 
onstru
tswe translated in the proje
t. At the time, we translated without a rigoroustranslation s
heme. This is re
e
ted in the translation|rather than faith-fully translating TLA 
onstru
ts, we translated them dire
tly into usefulACL2 rules, both saving time and obs
uring a me
hani
al translation. Weplan to go ba
k and rework the translations under our now-stable framework.The se
ond pla
e where we deviate from the translation s
heme is intranslating existentially quanti�ed expressions. We do this be
ause ACL2has trouble reasoning with our translation on this front. An in-depth dis-
ussion of the problem is found in Se
tion 3.5.2The notation [f EXCEPT ![x ℄ = �[S ℄ is equivalent to [f EXCEPT ![x ℄ = f [x ℄[S ℄.3We used a 450 MHz Pentium III pro
essor.



Chapter 3Veri�
ation3.1 Consisten
y of Disk SynodIn the long version of their paper, Gafni and Lamport [3℄ establish 
onsis-ten
y of Disk Synod by in
rementally establishing an invariant. In otherwords, they establish I = I 1 ^ � � � ^ I i for in
reasing i , until the invariantI is strong enough to yield 
onsisten
y of the algorithm. We do not dis
usshow the invariant is used to establish 
onsisten
y.The �nal invariant in the Disk Synod proof 
onsists of six smaller invari-ants.HInv �= HInv1 ^HInv2 ^HInv3 ^HInv4 ^HInv5 ^HInv6Establishing HInv amounts to proving the following theorems, whereHInit is Disk Synod's initial state and Hnext its next-state a
tion.theorem I 1 HInit ) HInvtheorem I 2 HInv ^HNext ) HInv 0In this proje
t, we ta
kle the more 
hallenging theorem I 2. We haveused ACL2 to prove versions of I 2 for Hinv1 and HInv3:lemma I 2a HInv1 ^HNext ) HInv10:lemma I 2
 HInv1 ^HInv2 ^HInv3 ^HNext ) HInv30:Our 
hoi
e of invariants is not arbitrary. Invariant HInv1 is interestingto us be
ause it is boring to the TLA spe
i�er|it states type invarian
eof the spe
i�
ation's variables. It's an invariant that we expe
t a goodveri�
ation system to establish automati
ally. Invariant HInv3 is interesting27



28 CHAPTER 3. VERIFICATIONto us be
ause it is the �rst invariant for whi
h Gafni and Lamport providea proof. Can ACL2 follow their proof?Our proof e�ort yielded several positive results. In addition to �ndingsynta
ti
 mistakes in the written proof outlines given by Gafni and Lamport,we found a nontrivial error in the 
ourse of verifying I 2
 with ACL2|theoriginal formulation of lemma I 2
 omitted HInv2 as an assumption.The translated lemmas are:(defthm i2a(implies (and (hinv1)(hnext p d q b-witness1 ip-witness1 b-witness))(hinv1-n))).(defthm i2
(implies (and (hinv1)(hinv2)(hinv3)(hnext p d q b-witness1 ip-witness1 b-witness))(hinv3-n))).In Se
tion 3.5, we explain the six arguments in a
tion HNext .3.2 Controlling ACL2It is important to 
ontrol the amount of information in ACL2's database.Having too many rules 
an, at best, substantially slow down the prover, andat worst, lead ACL2 astray and result in failure. For this reason, we limitthe assumptions visible to ACL2 during a parti
ular proof step. Our generalapproa
h is to keep most de�nitions and theorems disabled, and enable themduring parti
ular proofs based on their need.In the proof of theorem I 2
, for instan
e, we keep all three assumedinvariants disabled, and enable a parti
ular invariant only when its infor-mation is ne
essary in a proof step. In fa
t, enabling an invariant rarelyprovides useful information (ex
ept for HInv1), be
ause the form in whi
hthe invariant is stated does not yield good rewrite rules. In the 
ase ofHinv2, we 
reate a separate �le HInv2-exports that massages HInv2 intorules useful to ACL2. These rules are disabled by default. A rule is en-abled only inside the theorem that needs it. The reader may wonder howmu
h we 
ripple ACL2 by disabling all the invariants. This approa
h does
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ripple ACL2 at all. The 
ases when invariant information is ne
essaryare interesting 
ases that would have failed anyway without user guidan
e.Providing information expli
itly in a theorem is also a way to do
ument anontrivial proof step, making expli
it the fa
ts it follows from.3.3 Type Invarian
eAmong the �rst theorems one en
ounters in a typi
al TLA spe
i�
ation is atheorem stating type invarian
e. Su
h is the 
ase for Disk Synod. FormulaHInv1 states the type of all 
exible variables.HInv1 �=^ input 2 [Pro
 ! Inputs℄^ output 2 [Pro
 ! Inputs [NotAnInput ℄^ disk 2 [Disk ! [Pro
 ! DiskBlo
k ℄℄^ phase 2 [Pro
 ! 0::3℄^ dblo
k 2 [Pro
 ! DiskBlo
k ℄^ disksWritten 2 [Pro
 ! subsetDisk ℄^ blo
ksRead 2 [Pro
 ! [Disk ! subset [blo
k : DiskBlo
k ; pro
 : Pro
℄℄℄^ allInput 2 subset Inputs^ 
hosen 2 Inputs [NotAnInputlemma I 2a HInv1 ^HNext ) HInv10:The translation ofHInv1 is straightforward (see Appendix D.7). We haveproved lemma I 2a with ACL2. A total of 32 lemmas lead up to its proof.Of these, 19 are general set theoreti
 lemmas that we have in
orporated intoour set theory framework. The remaining 13 are lemmas spe
i�
 to DiskSynod, all of whi
h 
an be generated automati
ally following an approa
hwe present below. The proof of I 2a, in
luding all 32 auxiliary lemmas, takes47 se
onds on a 450MHz Pentium III pro
essor.ACL2 splits theorems into 
ases when appropriate. For example, a goalof the form (IF e1 e2 e3) often generates a 
ase split on e1, resulting in twosubgoals: one to establish e2 assuming e1, and one to establish e3 assuming(not e1). The next-state a
tion HNext is a large expression. It 
ontainsseveral pla
es where ACL2 generates a 
ase split, and ea
h 
ase split doublesthe number of subgoals to establish. This leads to a severe 
ase explosionin the proof of I 2a. The solution is to prove I 2a one a
tion at a time. Inother words, we prove



30 CHAPTER 3. VERIFICATIONlemma I 2a i HInv1 ^Ai ) HInv10repla
ing Ai by ea
h of the seven a
tions in HNext . Lemma I 2a followsdire
tly from these smaller lemmas.ACL2 further divides the task of proving ea
h I 2a i into proving ea
h
onjun
t of HInv1 separately. Here is a subgoal involving the variable disk .HInv1 ^Ai ) disk 0 2 [Disk ! [Pro
 ! DiskBlo
k ℄℄ (1)Noti
e that most of the 
exible variables in Disk Synod|in
luding disk|denote fun
tions. These variables are generally modi�ed using the ex
ept
onstru
t. Suppose that a
tion Ai 
hanges disk as follows.disk 0 = [disk ex
ept ! [d ℄[p℄ = db℄Re
all that HInv1 is among our hypotheses, so we 
an assume thatdisk 2 [Disk ! [Pro
 ! DiskBlo
k ℄℄. The variable disk 0 is everywhere equalto disk , ex
ept that disk 0[d ℄[p℄ equals db. If we 
an show that disk 0 respe
tsthe type [Disk ! [Pro
 ! DiskBlo
k ℄℄ in the only pla
e where it di�ers fromdisk , we 
an establish (1). To do this, we must verify three fa
ts:(d 2 Disk) ^ (p 2 Pro
) ^ (db 2 DiskBlo
k).The proof of Hinv1 is basi
ally a large-s
ale version of the above example,
omprising about 200 
ases a
ross all a
tions of HNext . A key lemma is theone 
hara
terizing the set [D ! R℄ of fun
tions with domain D and rangea subset of R. In ACL2, we write this set as (all-fns D R).(defthm all-fns-property(iff (mem g (all-fns a b))(and (fun
tionp g)(= (domain g) (sfix a))(subsetp (range g) b)))).Establishing type invarian
e of a variable v 2 (all-fns D R) 
hangedthrough (ex
ept v x y) is equivalent to establishing the following threesubgoals.
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tionp (ex
ept v x y))� (= (domain (ex
ept v x y)) D)� (subsetp (range (ex
ept v x y)) R)The next three lemmas let us reason about type properties of fun
tions
hanged through ex
ept.(defthm fun
tionp-ex
ept(implies (fun
tionp f)(fun
tionp (ex
ept f x v))):hints...)(defthm domain-=-ex
ept(implies (and (mem x s1)(fun
tionp g)(= (domain g) s1))(= (domain (ex
ept g x y)) s1)))(defthm range-subsetp-ex
ept(implies (and (mem y s2)(subsetp (range f) s2))(subsetp (range (ex
ept f x y)) s2)):hints...)Generating lemmas automati
allyWe now have the lemmas needed to handle type invarian
e of ex
eptexpressions. But we aren't �nished proving all the lemmas that will establishHInv1. The missing lemmas are tedious but shallow; we 
laim that most ofthem 
an be generated automati
ally.Consider the operator allBlo
ksRead(p) in Disk Synod.allBlo
ksRead(p) �=let allRdBlks �= union fblo
ksRead [p℄[d ℄ : d 2 Diskgin fbr :blo
k : br 2 allRdBlksgWhat is the type of allBlo
ksRead(p)? If we assume Hinv1 and p 2 Pro
,
an we re
ognize the set to whi
h allBlo
ksRead(p) belongs?



32 CHAPTER 3. VERIFICATIONFirst let's 
onsider the set that 
omes after the union operator inallBlo
ksRead(p). Call it �.� �= fblo
ksRead [p℄[d ℄ : d 2 DiskgFrom HInv1, we know the type of the variable blo
ksread :blo
ksRead 2 [Pro
 ! [Disk ! subsetBlo
kPro
℄℄,where Blo
kPro
 is the set of re
ords [blo
k : DiskBlo
k ; pro
 : Pro
℄.Given the type of blo
ksRead , from p 2 Pro
 and d 2 Disk it follows thatblo
ksread [p℄[d ℄ belongs to the set subsetBlo
kPro
.1 Thus, the elementsof � are members of subsetBlo
kPro
, whi
h means � is a 
olle
tion of setsof Blo
kPro
 re
ords.Having determined the type of �, we determine the type of the expressionsurrounding it.allRdBlks �= union fblo
ksRead [p℄[d ℄ : d 2 DiskggApplying union to a 
olle
tion of sets of re
ords yields a set of re
ords|allRdBlks denotes a set of Blo
kPro
 re
ords. Finally, we must determinethe type of the set returned by allBlo
ksRead(p). Call it �.� �= fbr :blo
k : br 2 allRdBlksgBut this last step is easy: 
olle
ting all the blo
k �elds in a set ofBlo
kPro
 re
ords produ
es a set of DiskBlo
k obje
ts (by the de�nitionof Blo
kPro
). We 
on
lude that allBlo
ksRead(p) is a set of DiskBlo
kobje
ts.Can we me
hanize this train of thought? Let's �rst look at the transla-tion of allBlo
ksRead(p) into ACL2.(defmap allblo
ksread-map-2 (allrdblks):for br :in allrdblks :map (apply br "blo
k"))(defmap allblo
ksread-map-3 (disk p blo
ksread):for d :in disk :map (apply-m blo
ksread p d))1Remember that subset S is the powerset of S .
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ksread (p blo
ksread)(allblo
ksread-map-2(union* (allblo
ksread-map-3 (disk) p blo
ksread))))Allblo
ksread-map-3 
orresponds to the set �, and allblo
ksread-map-2
orresponds to �. The following propositions are a more formal version ofthe arguments we used to determine the type of allBlo
ksRead(p).Proposition 1. Consider the 
onstru
t(defmap f (dom v1 : : : vn) :for x :in dom :map (apply vi x)).If S � D , andvi 2 (all-fns D R),then (f S v1 : : : vn) � R.Proposition 2. Consider the 
onstru
t(defmap f (dom y v1 : : : vn) :for x :in dom :map (apply-m vi x y)).If S � D1,y 2 D2, andvi 2 (all-fns D1 (all-fns D2 R)),then (f S v1 : : : vn) � R.Proposition 3. Consider the 
onstru
ts(defre
 Re
 (h1 S1) : : : (hk Sk)) and(defmap f (dom v1 : : : vn) :for x :in dom :map (apply x hi)).If S � Re
,then (f S v1 : : : vn) � Si .Propositions 1 and 2 
an be paraphrased as follows: if we have afun
tion g 2 [D ! R℄ and we 
olle
t a number of its appli
ations g [x 2 D ℄,we are left with a subset of R. Proposition 2 applies to fun
tions of twoarguments, where we 
olle
t appli
ations of the form g [x 2 D1℄[y 2 D2℄. We
an 
ontemplate analogous propositions for fun
tions with a larger numberof arguments, up to a reasonable limit.Proposition 3 states that if we have a set of re
ords and we 
olle
t alltheir �elds h i : S i , we are left with a subset of S i .A 
omputer program with knowledge of these propositions and witha

ess to the Disk Synod translation, in
luding the translation of HInv1,should be able to dedu
e the type of allBlo
ksRead(p). The program wehave in mind works as follows. Let's say we want to determine the type of



34 CHAPTER 3. VERIFICATIONthe expression (f e1 : : : en), where the e i 's may themselves be expressions.We re
ursively determine the type of ea
h e i , and then determine the typeof (f e1 : : : en), perhaps with the help of Propositions 1{3.Our 
omputer program doesn't have to be sound. Its output is a list oftheorems that are submitted to ACL2. The point is to 
reate meaningfultheorems that 
apture the type of our 
onstru
ts. Let's try our program onallblo
ksread and see if it works in this 
ase.(defun allblo
ksread (p blo
ksread)(allblo
ksread-map-2(union* (allblo
ksread-map-3 (disk) p blo
ksread))))To determine the type of allblo
ksread, we must �rst determine the typeof the expression(union* (allblo
ksread-map-3 (disk) p blo
ksread)). (2)This leads us to ask for the type of(allblo
ksread-map-3 (disk) p blo
ksread), (3)where(newdefmap allblo
ksread-map-3 (disk p blo
ksread):for d :in disk :map (apply-m blo
ksread p d)).With a slight variation of Proposition 2, we postulate 2(defx allblo
ksread-map-3-subsetp(implies (and (mem blo
ksread(all-fns (pro
)(all-fns (disk)(powerset (blo
kpro
)))))(mem p (pro
)))(subsetp (allblo
ksread-map-3 (disk) p blo
ksread)(powerset (blo
kpro
)))):strategy subset-relation).The above theorem is used in the proof of HInv1.2The reader may regard the form defx as a defthm event. For more information onthis 
onstru
t, refer to [21℄.
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k to (2). First, here is a fa
t about union* that would needto be stored in our 
omputer program.(defthm union*-powerset(implies (subsetp s (powerset a))(subsetp (union* s) a)):hints...)This fa
t, together with the dedu
ed type of (3) above (
aptured by Theoremallblo
ksread-map-3-subsetp) lets us dedu
e the type of (2).(defthm allblo
ksread-union*-map-3(implies (and (mem blo
ksread(all-fns (pro
)(all-fns (disk)(powerset (blo
kpro
)))))(mem p (pro
)))(subsetp (union* (allblo
ksread-map-3 (disk) p blo
ksread))(blo
kpro
))))Finally, we arrive at the outermost fun
tion,(allblo
ksread-map-2 (union* (allblo
ksread-map-3 (disk) p blo
ksread))),where(defmap allblo
ksread-map-2 (allrdblks):for br :in allrdblks :map (apply br "blo
k")).By Proposition 3 and the dedu
ed type of (2) above (
aptured by Theoremallblo
ksread-union*-map-3), we obtain(defx subsetp-allblo
ksread-map-2-diskblo
k(implies (subsetp dom (blo
kpro
))(subsetp (allblo
kqsread-map-2 dom) (diskblo
k))):strategy subset-relation)where(defre
 blo
kpro
 ("blo
k" (diskblo
k)) ("pro
" (pro
))).



36 CHAPTER 3. VERIFICATIONNote that before writing down the theorem, we generalized it, using variabledom instead of the term(union* (allblo
ksread-map-3 (disk) p blo
ksread)).The above theorem is a
tually used in the proof of HInv1.Most the e�ort in dedu
ing the type of allblo
ksread involved keepingtra
k of the expression we were working on, and de
iding whi
h one ofPropositions 1{3 to apply. The one pie
e of ingenuity 
onsisted in usinga theorem about union*. In proving HInv1 with ACL2, we have observedthat the number of theorems invoked in dedu
ing type information is rathersmall, so a modest database of theorems would probably be enough for aprogram that generates type lemmas. Of 
ourse, our 
omments must betaken with a grain of salt until su
h a tool is built.After proving type lemmas about spe
i�
 Disk Synod 
onstru
ts, theproof of lemma I 2a goes through.3.4 A Se
ond InvariantThe se
ond invariant we establish, HInv3, states that when 
ertain 
ondi-tions hold for two pro
essors p and q and a disk d , at least one pro
essorhas some information about the other stored in d . Here is the invariant andthe lemma to establish, as given by Gafni and Lamport.HInv3 �=8p; q 2 Pro
; d 2 Disk :^ phase[p℄ 2 f1; 2g^ phase[q ℄ 2 f1; 2g^ hasRead(p; d ; q)^ hasRead(q ; d ; p)) _ [blo
k 7! dblo
k [q ℄; pro
 7! q ℄ 2 blo
ksRead [p℄[d ℄_ [blo
k 7! dblo
k [p℄; pro
 7! p℄ 2 blo
ksRead [q ℄[d ℄lemma (Wrong !) I 2
 HInv1 ^HInv3 ^HNext ! HInv30We have veri�ed lemma I 2
 with ACL2. The proof takes a total of 38se
onds, not 
ounting the time spent in the translation of Disk Synod. Atotal of 137 lemmas are needed. This number will probably go down to about50 lemmas on
e we develop better te
hniques to reason about quanti�
ation.



3.4. A SECOND INVARIANT 37In addition to spotting a typographi
 error in Gafni and Lamport's writ-ten proof of I 2
, we have dis
overed a nontrivial error in the statement of thetheorem: HInv2 was omitted as a hypothesis. Our proof e�ort has yieldeda 
orre
tion to Lemma I 2
, whi
h should be modi�ed to statelemma I 2
 HInv1 ^HInv2 ^HInv3 ^HNext ) HInv30.Gafni and Lamport provide a proof outline for lemma I 2
. Figure 3.1shows the general stru
ture of their outline. They start by assuming thatthe left-hand side of the impli
ation in HInv3 holds for some p; q 2 Pro
 andd 2 Disk . Then they show that the right-hand side follows for p; q and d . 3Let's 
onsider 
ase <1>1 in Figure 3.1. In this 
ase, sin
e we assume both:HInv3(p; q ; d):L and HInv3(p; q ; d):L0, it follows that one of the 
onjun
tsin HInv3(p; q ; d):L must have 
hanged from false to true. This means that1. :hasRead(p; d ; q) and hasRead(p; d ; q)0 , or2. :hasRead(q ; d ; p) and hasRead(q ; d ; p)0 , or3. phase[p℄ =2 f1; 2g and phase 0[p℄ 2 f1; 2g, or4. phase[q ℄ =2 f1; 2g and phase 0[q ℄ 2 f1; 2g.Sin
e Gafni and Lamport have a good intuition of their algorithm, they
an predi
t whi
h a
tions produ
e one of the above 
hanges. They at-tribute 
onditions 1 and 2 to the a
tion Phase1or2Read , and 
onditions3 and 4 to the a
tion EndPhase0. These a
tions are 
overed in 
ases<2>1 through <2>4 in Figure 3.1. Finally, Gafni and Lamport state that\Steps <2>1-<2>4 
over the four suba
tions of HNext that 
an make one ofthose 
onjun
ts true." In other words, they 
onsider <2>1 through3Gafni and Lamport use a spe
ial notation to refer to parti
ular pie
es of a formula.The notation HInv3(p; q ; d):L0 refers to the primed left-hand side of HInv3, instantiatedwith p, q and d |whi
h in this 
ase happen to have the same name as the variables p, qand d in HInv3. Re
all that priming a formula means repla
ing all the 
exible variableso

urring in it by their primed versions.



38 CHAPTER 3. VERIFICATIONWe prove Lemma I2
 by proving:ASSUME: 1. HInv1 ^ HInv3 ^ HNext2. CONSTANTS p, q 2 Pro
, d 2 Disk3. HInv3(p,q,d).L 0PROVE: HInv3(p,q,d).R 0<1>1. CASE: :HInv3(p,q,d).L<2>1. CASE: Phase1or2Read(p,d,q)<2>2. CASE: Phase1or2Read(q,d,p)<2>3. CASE: EndPhase0(p)<2>4. CASE: EndPhase0(q)<2>5. Q.E.D.PROOF: By assumption 3 and the level <1> 
ase assumption,one of the four 
onjun
ts of HInv3(p,q,d).L is 
hangedfrom false to true. Steps <2>1-<2>4 
overs the foursuba
tions of Next that 
an make one of those
onjun
ts true.<1>2. CASE: HInv3(p,q,d).L<1>3. Q.E.D.PROOF: Immediate from steps <1>1 and <1>2.Figure 3.1: Highlights in Gafni and Lamport's proof of Lemma I2
. [3℄<2>4 the only interesting 
ases|all other possibilities leave the 
onjun
ts ofHInv3(p; q ; d):L un
hanged.How many uninteresting 
ases are there?First, we must realize that the 
onstants p, q and d assumed in Figure 3.1are not the only pro
essors and disks to 
onsider. Let's look 
arefully at ourhypotheses. Among them, we haveassume : 1:HInv1 ^HInv3 ^HNext2:
onstants p; q 2 Pro
; d 2 Disk3:HInv3(p; q ; d):L0
ase :HInv3(p; q ; d):L:What does it mean to assume HNext? It means that for some pair ofpro
essors|
all them p2 and q2|and some disk|
all it d2|the formulaHNext holds, or intuitively, an a
tion of HNext is \exe
uted." Does itfollow that it is the assumed 
onstant values p; d ; q whi
h take part inthis exe
ution? Put another way, does it follow that p2 = p, q2 = q , andd2 = d? De�nitely not!



3.4. A SECOND INVARIANT 39Obviously, Gafni and Lamport know that if our parti
ular p; d ; q are notall part of the exe
uted a
tion, HInv3(p; q ; d):L remains un
hanged, makingit impossible for any of 
onditions 1{4 to hold, and thus establishing 
ase<1>1 by 
ontradi
tion. For ACL2|or equivalently, for someone not familiarwith the algorithm|this is not ne
essarily obvious. Imagine the followings
enarios.� p2 6= p, d2 6= d , and p2 6= q . In this 
ase, an a
tion is exe
uted bya pro
essor p2 di�erent from both p and q , a pro
essor q2 whi
h weknow nothing about, and a disk d2 di�erent from d . Does it matterif q2 = p or q2 = q? Does it follow that HInv3(p; q ; d):L remainsun
hanged?� p2 = p, d2 6= d , and q2 6= q . Pro
essor p parti
ipates in the exe
utionof an a
tion with some pro
essor q2 and disk d2. Does it follow thatHInv3(p; q ; d):L remains un
hanged?� p2 = p, d2 = d , and q2 6= q . Both our pro
essor of interest p andour disk of interest d parti
ipate in the exe
ution of an a
tion. Weknow that q 6= q2, but is q = p2? Does it follow that HInv3(p; q ; d):Lremains un
hanged?� p2 = p, d2 6= d , q2 = q . Both p and q parti
ipate in an a
tion, butd is not part of the exe
ution. Does it follow that HInv3(p; q ; d):Lremains un
hanged?� p2 = p, d2 = d , q2 = q . Our three variables of interest parti
ipate inthe exe
ution of an a
tion. We still must ask whether p = q . Does itfollow that HInv3(p; q ; d):L remains un
hanged?We also need to 
onsider the following s
enarios, not in
luded in 
ases<2>1-<2>4 from Figure 3.1.� Suppose that the a
tion making HNext true is StartBallot(p2). Doesit follow that HInv3(p; q ; d):L remains un
hanged?� Suppose that the a
tion making HNext true is Phase0Read(p2 ; d2).Does it follow that HInv3(p; q ; d):L remains un
hanged?� Suppose that the a
tion makingHNext true is Phase1or2Write(p2; d2).Does it follow that HInv3(p; q ; d):L remains un
hanged?



40 CHAPTER 3. VERIFICATION� Suppose that the a
tion making HNext true is EndPhase1or2(p2).Does it follow that HInv3(p; q ; d):L remains un
hanged?� Suppose that the a
tion making HNext true is Fail(p2). Does it followthat HInv3(p; q ; d):L remains un
hanged?The above s
enarios are not meant to be an exhaustive 
onsideration ofall the 
ases that must be 
onsidered in a me
hani
al proof of Lemma I 2
.But they illustrate the fa
t that there is a number of \trivial" 
ases to be
onsidered in the me
hani
al veri�
ation of I 2
.The Well-Behaved PropertyDispat
hing many of the above 
ases depends on a property impli
itly as-sumed by Gafni and Lamport: when a pro
essor p 
hanges the value of ashared variable, it 
hanges only its own slot in the variable. Consider thevariable phase in Disk Synod. We know its type is [Pro
 ! 0::3℄.4 Thisvariable re
ords some information about the pro
essors in the system|wedon't 
are what. For a parti
ular pro
essor p, phase[p℄ holds p's share ofinformation. When an a
tion exe
utes and it involves a 
hange of p's state,only phase[p℄ is modi�ed, if phase is modi�ed at all. We �nd an example inthe a
tion InitializePhase.InitializePhase(p) �=^ disksWritten 0 = [disksWritten ex
ept ! [p℄ = fg℄^ blo
ksRead 0 = [blo
ksRead ex
ept ! [p℄ = [d 2 Disk 7! fg℄℄This a
tion 
hanges p's slots in the shared variables disksWritten andblo
kRead . However, it is not illegal to de�ne an a
tion that 
hanges the val-ues of arbitrary pro
essors. Imagine an alternate version of IntializePhase.EvilPhase(p) �=let pevil �= 
hoose Pro
in ^ disksWritten 0 = [disksWritten ex
ept ! [pevil ℄ = fg℄^ blo
ksRead 0 = [blo
ksRead ex
ept ! [pevil ℄ = [d 2 Disk 7! fg℄℄The a
tion EvilPhase 
hanges disksWritten[pevil ℄ and blo
ksRead [pevil ℄for some pro
essor pevil in the set of pro
essors Pro
, not ne
essarily the pits argument advertises.4The TLA notation m::n denotes the set fi 2 Nat : m � i � ng when m � n.



3.4. A SECOND INVARIANT 41Gafni and Lamport assume this kind of behavior never happens in theirspe
i�
ation of Disk Synod (and they are 
orre
t). The theorem 
apturingtheir assumption is straightforward to prove in ACL2.(defthm wb-hnext(implies (and (hnext p2 d2 q2 b-witness1 ip-witness1 b-witness)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d)(apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p))))We now illustrate how the well-behaved property 
an be used to dealwith some 
ases. We only do this for the easiest one.� p2 6= p, d2 6= d , and p2 6= q . An a
tion is exe
uted by a pro
essor p2di�erent from both p and q , a pro
essor q2 whi
h we know nothingabout, and a disk d2 di�erent from d . Does it matter if q2 = p orq2 = q? Does it follow that HInv3(p; q ; d):L remains un
hanged?In this 
ase, we 
an use the well-behaved property to redu
e HInv30 toHInv3. The intuition is that if p, d and q have nothing to do with thea
tion exe
uted, then HInv3(p; q ; d), whi
h states a relationship between p,d and q , should remain un
hanged after HNext exe
utes. Note that we 
anassume HInv3(p; q ; d), sin
e it is an instan
e of the assumption HInv3.Translating HInv3(p; q ; d)0 yields the following ACL2 expression.1. (implies (and (mem (apply phase-n p) (hide (bra
e 1 2)))2. (mem (apply phase-n q) (hide (bra
e 1 2)))3. (hasread p d q blo
ksread-n)4. (hasread q d p blo
ksread-n))5. (or (mem (fun
 ("blo
k" (apply dblo
k-n q)) ("pro
" q))6. (apply-m blo
ksread-n p d))7. (mem (fun
 ("blo
k" (apply dblo
k-n p)) ("pro
" p))8. (apply-m blo
ksread-n q d))))



42 CHAPTER 3. VERIFICATIONGiven the hypothesis (hnext p2 d2 q2 b-witness1 ip-witness1 b-witness)and the assumption (not (= p2 p)), we 
an use wb-hnext to dedu
e(= (apply phase-n p) (apply phase p)). Using this equality, line 1 be-
omes1*. (implies (and (mem (apply phase p) (hide (bra
e 1 2))).The same reasoning applied to (not (= q2 p)) transforms line 2 into2*. (mem (apply phase q) (hide (bra
e 1 2))).The de�nition of hasread is(defun hasread (p d q blo
ksread)(exists-hasread (apply-m blo
ksread p d) q)).Using this de�nition, the assumption (not (= p2 p)), and the well-behavedproperty, we rewrite lines 3 and 4 as follows.(hasread p d q blo
ksread-n)=(exists-hasread (apply-m blo
ksread-n p d) q))=(exists-hasread (apply-m blo
ksread p d) q))=(hasread p d q blo
ksread).Continuing in this manner, we are able to repla
e all the primed variablesin lines 1{8 with unprimed variables, whi
h impliesHInv3(p; q ; d) � HInv3(p; q ; d)0.Sin
e HInv3 ) HInv3(p; q ; d) and HInv3(p; q ; d) � HInv3(p; q ; d)0, wehave HInv3 ) HInv3(p; q ; d)0, establishing lemma I 2
 for the 
ase we're
onsidering.Noti
e that we have established the invarian
e of Hinv3 for the 
ase\p2 6= p, d2 6= d , and p2 6= q ." This 
ase has no 
orresponden
e to any ofthe 
ases in Gafni and Lamport's outline (Figure 3.1). We are following an



3.5. ISSUES IN VERIFICATION 43altogether di�erent proof of Lemma I 2
. Figure 3.2 shows an outline of ourproof. We have marked some points of interest. Line *3* 
orresponds tothe 
ase we just worked out. Line *1* 
orresponds to Gafni and Lamport's
ase <2>1. Noti
e the e�ort involved just to arrive at their starting point.In fa
t, on
e we arrive at 
ase <4>1 in line *1*, establishing the 
on
lusionfor this parti
ular 
ase is straightforward. Most of our e�ort is involved in
onsidering all the 
ase splits that Gafni and Lamport avoid. Line *2* (
ase<3>3) produ
es the same number of 
ase splits as <3>2. To save spa
e, wedo not in
lude all 
ases in our proof outline.Ideally, ACL2 would have easily followed Gafni and Lamport's proof.We would like to give ACL2 a high-level hint to split our proof into thenumerous 
ases in Figure 3.2 and have it establish automati
ally those whi
hthe designers of Disk Synod 
onsidered uninteresting. The verdi
t on thisfront is not in|we are in the pro
ess of analyzing our proof of HInv3 to seeif we 
an follow Gafni and Lamport's proof.Still, we 
laim that our own proof is not unreasonable. It gives as mu
hspa
e to the \obvious" as it does to the \non-obvious" but it makes expli
itthe fa
t that HNext is a general assumption that doesn't ne
essarily applyto a spe
i�
 pro
essor we may have in mind.3.5 Issues in Veri�
ationThis se
tion presents two examples of issues 
onfronted by the user of averi�
ation system. The �rst deals with representation. In TLA, one 
anbe an elegant mathemati
ian. But sometimes elegan
e gets in the way ofproofs|it 
an be diÆ
ult to prove basi
 properties about a 
onstru
t in itsoriginal TLA form. To establish these properties, we may need to take astep ba
k and de�ne an equivalent 
onstru
t, in a style more amenable toACL2. After proving the desired properties for the new 
onstru
t, we mustrelate it ba
k to its TLA 
ounterpart.The se
ond example illustrates the reality that no theorem prover isready-made for every task. It poses a problem in the interplay betweenACL2 and our translation s
heme, and o�ers a possible solution.Finding a Maximal ElementConsider a 
onstru
t found in a
tions EndPhase0(p) and EndPhase1or2(p)in the Disk Synod spe
i�
ation. The 
onstru
t appears unnamed within thea
tions; here we give it a name.



44 CHAPTER 3. VERIFICATION
We prove Lemma I2
 by proving:ASSUME: 1. HInv1 ^ HInv2 ^ HInv32. HNext(p2,d2,q2)2. CONSTANTS p, q 2 Pro
, d 2 Disk3. HInv3(p,q,d).L 0PROVE: HInv3(p,q,d).R 0<1>1. CASE: StartBallot(p2)<1>2. CASE: Phase0Read(p2,d2)<1>3. CASE: Phase1or2Write(p2,d2)<1>4. CASE: EndPhase1or2(p2)<1>5. CASE: Fail(p2)<1>6. CASE: Phase1or2Read(p2,d2,q2)<2>1. CASE: d2 = d<3>1. CASE: p2 6= p ^ p2 6= q<3>2. CASE: p2 = p<4>1. CASE: q2 = q *1*<5>1. CASE: p = q<5>2. CASE: p 6= q<5>3. Q.E.D. Immediate from <5>1 and <5>2.<4>2. CASE: q2 6= q<4>3. Q.E.D. Immediate from <4>1 and <4>2.<3>3. CASE: p2 = q *2*<3>4. Q.E.D. Immediate from steps <3>1-<3>3.<2>2. CASE: d2 6= d<3>1. CASE: p2 6= p ^ p2 6= q *3*<3>2. CASE: p2 = p<3>3. CASE: p2 = q<3>4. Q.E.D. Immediate from steps <3>1-<3>3.<2>3. Q.E.D. Immediate from steps <2>1 and <2>2.<1>7. CASE: EndPhase0(p2)<1>8. Q.E.D. Cases <1>1-<1>7 
over all the a
tions of Next.Figure 3.2: Our proof of Lemma I2
.



3.5. ISSUES IN VERIFICATION 45ChooseMaxBal �=
hoose r 2 allBlo
ksRead(p) : 8s 2 allBlo
ksRead(p) : r :bal � s:balThis expression denotes a re
ord from the set allBlo
ksRead(p) withmaximal bal �eld. The element of a set with some \maximal" property isa 
on
ept bound to 
ome up in di�erent 
ontexts, so let's generalize ourdis
ussion and 
onsider insteadChooseMax �= 
hoose r 2 S : 8x 2 S : g(r) � g(x ):Leaving g unde�ned, we 
apture the statement in its most general form.Here is its translation.(en
apsulate((g (x) t))(lo
al (defun g (x) (de
lare (ignore x)) t))(def
ong = = (g x) 1))(defall forall-x-is-greater (y s):forall x :in s:holds (>= (g r) (g x)))(defmap 
olle
t-maximal-elements (s1 s2):for x :in s1:su
h-that (forall-x-is-greater x s2))(defun 
hoose-max (s)(
hoose (
olle
t-maximal-elements s s)))Choose-max has the important =-
ongruen
e property (see Se
tion 1.3).(def
ong = = (
hoose-max s) 1)However, it is diÆ
ult to prove the two important theorems about 
hoosemax:(defthm 
hoose-max-exists(implies (not (ur-elementp s))(mem (
hoose-max s) s))).(defthm 
hoose-max->=(implies (mem x s)(>= (g (
hoose-max s))(g x)))).



46 CHAPTER 3. VERIFICATIONA more natural way to de�ne ChooseMax is to de�ne a re
ursive fun
tionthat �nds the maximal element. Having su
h a fun
tion, it is mu
h easierto prove the two above theorems. In fa
t, they follow immediately for thefun
tion below.(defun 
hoose-max-alt (s)(
ond ((ur-elementp s) nil)((ur-elementp (s
dr s)) (s
ar s))((>= (g (s
ar s))(g (
hoose-max-alt (s
dr s))))(s
ar s))(t (
hoose-max-alt (s
dr s)))))(defthm 
hoose-max-alt-exists(implies (not (ur-elementp s))(mem (
hoose-max-alt s) s)))(defthm 
hoose-max-alt->=(implies (mem x s)(>= (g (
hoose-max-alt s)) (g x))))Unfortunately, 
hoose-max-alt doesn't respe
t =-
ongruen
e. The rea-son is that (
hoose-max-alt S) pi
ks the �rst maximal element it �nds inthe list representation of the set S. If two equal sets S1 and S2 having morethan one maximal element happen to have their maximal elements pre-sented in di�erent order, the values returned by (
hoose-max-alt S1) and(
hoose-max-alt S2) 
ould di�er.Our goal is to prove 
hoose-max-exists and 
hoose-max->= with thehelp of 
hoose-max-alt. The key is to relate both fun
tions, 
hoose-maxand 
hoose-max-alt. We 
annot prove them equivalent, be
ause they aren't.But we 
an establish fa
ts that let us transfer theorems from 
hoose-max-altto 
hoose-max. Here are two observations.1. If S is not empty, then (
hoose-max-alt S) is an element of(
olle
t-maximal-elements S S),whi
h is involved in the de�nition of 
hoose-max.2. If S is not empty, then(fix (g (
hoose-max S))) = (fix (g (
hoose-max-alt S))).Observations like (1) and (2) let us translate knowledge about 
hoose-max-altinto knowledge about 
hoose-max. For the ACL2 events 
orresponding tothis 
laim, see Appendix D.2.



3.5. ISSUES IN VERIFICATION 47The Witness ProblemConsider the de�nition of a
tion Fail in the Disk Synod algorithm.Fail(p) �=^ 9ip 2 Inputs : input 0 = [input ex
ept ! [p℄ = ip℄^ phase 0 = [phase ex
ept ! [p℄ = 0℄^ dblo
k 0 = [dblo
k ex
ept ! [p℄ = InitDB ℄^ output 0 = [output ex
ept ! [p℄ = NotAnInput ℄^ InitializePhase(p)^ un
hanged diskIt translates into the following ACL2 events.(defexists exists-fail-1 (inputs input input-n p):exists ip :in inputs :su
h-that (= input-n (ex
ept input p ip)):mem-
orollary nil)(defa
tion fail (p)(exists-fail-1 (inputs) input input-n p)(= phase-n (ex
ept phase p 0))(= dblo
k-n (ex
ept dblo
k p (initdb)))(= output-n (ex
ept output p (notaninput)))(initializephase p diskswritten diskswritten-nblo
ksread blo
ksread-n)(un
hanged disk))Now, imagine a fun
tion � with the following property.(defthm theta-lemma(implies (mem y (inputs))(� (ex
ept w x y))))We are asked to prove the following theorem.(defthm fail-implies-theta(implies (fail p)(� input-n)))The way to pro
eed is to use lemma exhibit-member-fail-1.



48 CHAPTER 3. VERIFICATION(defthm exhibit-member-fail-1(iff (exists-fail-1 (inputs) input intput-n p)(and (mem (
hoose(exists-fail-1-map (inputs) inputinput-n p))inputs)(= input-n(ex
ept inputp(
hoose(exists-fail-1-map (inputs) inputinput-n p)))))))Exhibit-member-fail-1 
reates a witness obje
t that satis�es the prop-erties stated in the existentially quanti�ed statement9ip 2 Inputs : input 0 = [input ex
ept ! [p℄ = ip℄.Inspe
ting exhibit-member-fail-1, we �nd that the witness isW �= (
hoose (exists-fail-1-map (inputs) input input-n p)).How is W 
reated? Behind the s
enes, defexists 
reates a fun
tionexists-fail-1-map, analogous to exists-fail-1, that 
olle
ts all elementssatisfying(= input-n (ex
ept input p ip)).If (exists-fail-1 (inputs) input input-n p) holds, then some elementin (inputs) satis�es the above equation, and(exists-fail-1-map (inputs) input input-n p)) is nonempty. W 
olle
tsan element from this nonempty set.We 
an use exhibit-member-fail-1 to rewrite fail-implies-theta.



3.5. ISSUES IN VERIFICATION 49(implies (and (and (mem W (inputs))(= input-n(ex
ept input p W )))(= phase-n (ex
ept phase p 0))(= dblo
k-n (ex
ept dblo
k p (initdb)))(= output-n (ex
ept output p (notaninput)))(initializephase p diskswritten diskswritten-nblo
ksread blo
ksread-n)(un
hanged disk)(� input-n)))To establish (� input-n), we repla
e input-n by (ex
ept input p W ) inthe 
on
lusion. Then fail-implies-theta follows from theta-lemma. How-ever, ACL2 doesn't repla
e input-n. The reason is that input-n o

urs insideW :(
hoose (exists-fail-1-map (inputs) input input-n p)).ACL2 reasonably refuses to repla
e a variable with an expression 
on-taining it|this 
ould lead to an in�nite loop. But without the repla
ement,the 
on
lusion (� input-n) remains un
hanged, and we are unable to usetheta-lemma and prove the theorem.Currently, this problem is unresolved. To su

eed in our proofs, wedepart from our translation s
heme, translating statements of the form9x 2 S : p(x ) into(and (mem w i S)(p w i)).We are 
areful to 
hoose variables w i that do not o

ur in any other
ontext within the translated expression. HNext needs six su
h variables.That is why a 
all of HNext looks like(hnext p d q b-witness1 ip-witness1 b-witness).In lemma I 2a and lemma I 2
, all existentially quanti�ed expressionsappear in HNext , whi
h is on the left side of the impli
ation sign. So in this
ase our new translation is sound. We 
onsider this a temporary �x, not apermanent alternative.



50 CHAPTER 3. VERIFICATIONA solution proposed by Kaufmann and Moore[9℄ would involve a 
hangein ACL2's generalization strategy. The idea is that when ACL2 en
ountersa fun
tion symbol 
agged as \generalizable," it generalizes the 
urrent ex-pression. In our 
ase, 
hoose would be a generalizable fun
tion symbol. (If
hoose is used in other 
ontexts where we do not want generalization to hap-pen, we might 
reate a fun
tion 
hoose-witness, equal to 
hoose, and 
ag itas generalizable, leaving the original 
hoose un
hanged.) Now, when ACL2runs into W , it generalizes it to a fresh variable5 and produ
es a strongergoal.(implies (and (and (mem W23 (inputs))(= input-n(ex
ept input p W23)))(= phase-n (ex
ept phase p 0))(= dblo
k-n (ex
ept dblo
k p (initdb)))(= output-n (ex
ept output p (notaninput)))(initializephase p diskswritten diskswritten-nblo
ksread blo
ksread-n)(un
hanged disk))(� input-n))Now, input-n is su

essfully repla
ed by (ex
ept input p W23), andfail-implies-theta is established.This addition to ACL2 is 
urrently the best proposed solution to ourproblem, be
ause it leaves our translation s
heme inta
t.

5By `fresh', we mean a variable that doesn't already appear in the goal.



Chapter 4Con
lusionOur proje
t has a

omplished several obje
tives. The �rst and most stableresult is a straightforward translation s
heme. We have also be
ome familiarwith the stru
ture of invariant proofs in TLA. We su

essfully used ACL2to prove two invariants of Disk Synod. Our me
hani
al proof of HInv3 sug-gests that the translation s
heme 
an be used e�e
tively to verify nontrivialinvariants. A rewarding aspe
t of proving nontrivial invariants of a realisti
algorithm is that we have taken as a starting point a non-toy problem, andlearned mu
h from ea
h invariant proved. Starting with something as largeas Disk Synod might seem like a bad idea for a veri�
ation experiment, butin our 
ase it proved bene�
ial|it for
ed us to 
ome up with a translationthat would make sense for a sizable spe
i�
ation, and to develop our systemso it 
ould handle relatively large invariants from the outset. Our su

esswith Disk Synod attests to the system's strength, and shows promise foratta
king larger veri�
ation proje
ts.We have also developed a good intuition for type invarian
e proofs ofTLA spe
i�
ations, and are 
on�dent that a program 
an be written thatme
hani
ally generates most of the lemmas needed to establish type invari-an
e.Our proofs of HInv1 and HInv3 are fast. The proof of HInv1 breaksinto approximately 200 
ases. Adding the time taken by ACL2 to establishauxiliary lemmas, ea
h 
ase is proved in approximately 0.25 se
onds. Theproof of HInv3 is faster: all auxiliary lemmas plus the main theorem areestablished in 38 se
onds.Many issues are still unresolved. The most important is our desire tohave ACL2 fo
us on the most interesting parts of a proof and establishuninteresting aspe
ts automati
ally. In [10℄, Lamport et al. 
omment onthe use of a theorem prover to verify 
on
urrent systems.51



52 CHAPTER 4. CONCLUSIONUltimately, one rea
hes a point where prose 
an be eliminated andthe proof 
he
ked by 
omputer. However, the fun
tion of proofs inengineering is not to attain absolute 
ertainty, but to a
hieve a rea-sonable degree of 
on�den
e with a reasonable amount of e�ort. Webelieve that, at the moment, for many large appli
ations, the most
ost-e�e
tive approa
h stops short of me
hani
al veri�
ation.Our 
ontinuing resear
h will fo
us on strengthening our system to makeme
hani
al veri�
ation 
ost-e�e
tive at all levels of proof.4.1 Further WorkTo 
on
lude, we o�er a list of outstanding tasks.Short-term Further Work� As it turns out, we don't use HInv1 in the proof of I 2
, even though itis ne
essary. Is this alarming? We 
laim it isn't, in this parti
ular 
ase.The reason we don't use HInv1 is exempli�ed pre
isely in Chapter 2:We dedu
e phase 0[p℄ = 2 from phase 0 = [phase ex
ept ![p℄ = 2℄only if phase is a fun
tion whose domain 
ontains p. However, inACL2, given (= phase-prime (ex
ept phase p 2)), we 
an de-du
e (= (apply phase-prime p) 2))) with no further hypothe-ses about phase.In other words, the hypotheses that ACL2 fails to ask for are typehypotheses. But we prove type invarian
e separately, so (for example)while ACL2 does not ask for the hypothesis (mem p (pro
)) wheneverit en
ounters an expression of the form (ex
ept input p y), this hy-pothesis would be su

essfully relieved by virtue of HInv1's establishedinvarian
e.Some solutions to this problem have been o�ered. One of them usesACL2's guard me
hanism to 
ertify the 
orre
t \type" of TLA spe
-i�
ations. This work is in very early stages so we do not dis
uss itfurther, and note that our next immediate goal in the proje
t is toresolve the mismat
h between ACL2 and TLA.� Reasoning about nested quanti�ers like 8 x ; y ; z 2 S : p(x ; y ; z ) re-mains a manual task. We need methods that 
an automati
ally estab-lish the above fa
t from a proof of x ; y ; z 2 S ) p(x ; y ; z ).



4.1. FURTHER WORK 53� Our 
urrent version of defa
tion is hardwired for Disk Synod a
tions.A more sophisti
ated version would read a list of 
exible variables (usu-ally de
lared at the beginning of a TLA spe
i�
ation), and afterwardsgenerate the appropriate fun
tions with respe
t to the spe
i�
ation athand. The same applies to defstate.� In this �rst experiment, hand translation of Disk Synod helped usdevelop intuition for a good translation s
heme. Larger veri�
ationproje
ts will require an automati
 translator. The desire for automa-tion guided many of our translation de
isions.� The naming 
onvention dis
ussed in Se
tion 2.2 needs to be formu-lated, presumably when implementing an automati
 translator.� The \type lemma" generator dis
ussed in Se
tion 3.3 should follow|and possibly 
oexist with|a TLA{ACL2 translator. Regardless ofgeneral invariant veri�
ation, a type 
he
ker alone would be a usefultool.Long-term Further Work� A graphi
al interfa
e to ACL2 has been dis
ussed before by ACL2users|it would be parti
ularly helpful in our system. We mentionedthe problem of name generation for unnamed 
on
epts in TLA. Aninterfa
e that allowed us to, say, pla
e the mouse over a name andsee the logi
al 
onstru
t it represents, would speed up the veri�
ationpro
ess.� An eÆ
iently exe
utable model of a TLA spe
i�
ation would allowthe user to \run" the spe
i�
ation and learn from its behavior. Sin
eour translated spe
i�
ations are Lisp 
ode, 
an we exe
ute them? Thetheoreti
al answer is yes, but the pra
ti
al answer is no|
onsider theamount of time needed to exe
ute (mem e (all-fns D R)) even if Dand R are small sets. A solution would be to provide an es
ape me
h-anism: an expression like the above would not be 
omputed. Instead,ACL2 would inspe
t e and 
he
k if its elements are of the proper form.� We have fo
used on nontemporal aspe
ts of TLA veri�
ation. If oursystem 
ould be tied to a prover that dealt with temporal properties,we would have a 
omplete and powerful framework to reason aboutTLA spe
i�
ations.
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Appendix AThe In
rement Example
; in
rement.lisp(in
lude-book "/proje
ts/a
l2/v2-5/books/finite-set-theory/set-theory")(in
lude-book "../paxos/a
l2-files/tla-translation-ma
ros")(in-pa
kage "S")(defma
ro defa
tion (name a)`(progn(defun ,(pa
kn-in-pkg (list "_" name) 'defa
tion)(p
1 p
1-n p
2 p
2-n x x-n y y-n sem sem-n),a)(defma
ro ,name ()'(,(pa
kn-in-pkg (list "_" name) 'defa
tion)p
1 p
1-n p
2 p
2-n x x-n y y-n sem sem-n))))(defma
ro defstate (name a)`(progn(defun ,(pa
kn-in-pkg (list "_" name) 'defa
tion)(p
1 p
2 x y sem),a)(defma
ro ,name ()'(,(pa
kn-in-pkg (list "_" name) 'defa
tion)p
1 p
2 x y sem))(defma
ro ,(pa
kn-in-pkg (list name "-N") 'defa
tion) ()'(,(pa
kn-in-pkg (list "_" name) 'defa
tion)p
1-n p
2-n x-n y-n sem-n))))(defstate init(and (= p
1 "a") (= p
2 "a")(= x 0) (= y 0)(= sem 1))) 58



59(defa
tion alpha1(and (= p
1 "a") (< 0 sem)(= p
1-n "b")(= sem-n (- sem 1))(un
hanged x y p
2)))(defa
tion alpha2(and (= p
2 "a") (< 0 sem)(= p
2-n "b")(= sem-n (- sem 1))(un
hanged x y p
1)))(defa
tion beta1(and (= p
1 "b")(= p
1-n "g")(= x-n (+ x 1))(un
hanged y sem p
2)))(defa
tion beta2(and (= p
2 "b")(= p
2-n "g")(= y-n (+ y 1))(un
hanged x sem p
1)))(defa
tion gamma1(and (= p
1 "g")(= p
1-n "a")(= sem-n (+ sem 1))(un
hanged x y p
2)))(defa
tion gamma2(and (= p
2 "g")(= p
2-n "a")(= sem-n (+ sem 1))(un
hanged x y p
1)))(defa
tion n1(or (alpha1) (beta1) (gamma1)))(defa
tion n2(or (alpha2) (beta2) (gamma2)))(defa
tion n(or (n1) (n2)))



60 APPENDIX A. THE INCREMENT EXAMPLE(defun _i (x sem p
1 p
2)(and (and (integerp x) (>= x 0))(or (and (= sem 1) (= p
1 "a") (= p
2 "a"))(and (= sem 0) (or (and (= p
1 "a") (mem p
2 (bra
e "b" "g")))(and (= p
2 "a") (mem p
1 (bra
e "b" "g"))))))))(defma
ro i ()'(_i x sem p
1 p
2))(defma
ro i-n ()'(_i x-n sem-n p
1-n p
2-n))(thm(implies (and (i) (n))(i-n))); end of file



Appendix BDisk Synod Spe
i�
ationHere, we provide the TLA spe
i�
ation of the Disk Synod algorithm. Ourspe
i�
ation is organized slightly di�erently than Gafni and Lamport's be-
ause we do not make use of TLA+ 's module system. In parti
ular, weintrodu
e some TLA 
ontru
ts that aren't stri
tly part of Disk Synod (likea
tion HNext), and are de�ned in a separate module in Gafni and Lamport'spaper. This does not a�e
t the validity of the 
onstru
ts or the theorems.For more details, refer to [3℄.vars �= << input, output, disk, phase, dblo
k, disksWritten, blo
ksRead >>CONSTANT N, InputsASSUME (N 2 Nat) ^ (N > 0)Pro
 �= 1..NNotAnInput �= CHOOSE 
 : 
 =2 InputsCONSTANTS Ballot( ), Disk, IsMajority( )ASSUME ^ 8 p 2 Pro
 : Ballot(p) � {n 2 Nat : n > 0}^ 8 q 2 Pro
 p : Ballot(p) \ Ballot(q) = {}^ 8 S,T 2 SUBSET Disk :IsMajority(S) ^ IsMajority(T) ) (S \ T 6= {})DiskBlo
k �= [ mbal : (UNION {Ballot(p) : p 2 Pro
 }) [ {0},bal : (UNION {Ballot(p) : p 2 Pro
 }) [ {0},inp : Inputs [ {NotAnInput}℄hasRead(p,d,q) �= 9 br 2 blo
ksRead[p℄[d℄ : br.pro
 = q61



62 APPENDIX B. DISK SYNOD SPECIFICATIONallBlo
ksRead(p) �=LET allRdBlks �= UNION { blo
ksRead[p℄[d℄ : d 2 Disk }IN { br.blo
k : br 2 allRdBlks }InitDB �= [ mbal 7! 0 , bal 7! 0 , inp 7! NotAnInput ℄Init �= ^ input 2 [Pro
 ! Inputs℄^ output = [p 2 Pro
 7! NotAnInput℄^ disk = [d 2 Disk 7! [p 2 Pro
 7! InitDB℄℄^ phase = [p 2 Pro
 7! 0℄^ dblo
k = [p 2 Pro
 7! InitDB℄^ disksWritten = [p 2 Pro
 7! {}℄^ blo
ksRead = [p 2 Pro
 7! [d 2 Disk 7! {}℄℄InitializePhase(p) �=^ disksWritten 0 = [disksWritten EXCEPT ![p℄ = {}℄^ blo
ksRead 0 = [blo
ksRead EXCEPT ![p℄ = [d 2 Disk 7! {}℄℄StartBallot(p) �=^ phase[p℄ 2 {1,2}^ phase 0 = [phase EXCEPT ![p℄ = 1℄^ 9 b 2 Ballot(p) :^ b > dblo
k[p℄.mbal^ dblo
k 0 = [dblo
k EXCEPT ![p℄.mbal = b℄^ InitializePhase(p)^ UNCHANGED <input,output,disk>Phase1or2Write(p,d) �=^ phase[p℄ 2 {1,2}^ disk 0 = [disk EXCEPT ![d℄[p℄ = dblo
k[p℄℄^ disksWritten 0 = [disksWritten EXCEPT ![p℄ = � [ {d}℄^ UNCHANGED <input,output,phase,dblo
k,blo
ksRead>Phase1or2Read(p,d,q) �=^ d 2 disksWritten[p℄^ IF disk[d℄[q℄.mbal < dblo
k[p℄.mbalTHEN ^ blo
ksRead 0 =[blo
ksRead EXCEPT ![p℄[d℄ =� [ { [blo
k /! disk[d℄[q℄, pro
 /! q℄ } ℄^ UNCHANGED <input,output,disk,phase,dblo
k,disksWritten>ELSEStartBallot(p)



63Phase0Read(p,d) �=^ phase[p℄ = 0^ blo
ksRead 0 = [blo
ksRead EXCEPT![p℄[d℄ = � [ { [ blo
k /! disk[d℄[p℄,pro
 /! p ℄ } ℄^ UNCHANGED <input,output,disk,phase,dblo
k,disksWritten>Fail(p) �=^ 9 ip 2 Inputs : input 0 = [input EXCEPT ![p℄ = ip℄^ phase 0 = [phase EXCEPT ![p℄ = 0 ℄^ dblo
k 0 = [dblo
k EXCEPT ![p℄ = InitDB℄^ output 0 = [output EXCEPT ![p℄ = NotAnInput℄^ InitializePhase(p)^ UNCHANGED diskEndPhase0(p) �=^ phase[p℄ = 0^ isMajority( { d 2 Disk : hasRead(p,d,p) } )^ 9 b 2 Ballot(p) :^ forall r 2 allBlo
ksRead(p) : b > r.mbal^ dblo
k 0 = [ dblo
k EXCEPT![p℄ = [ (CHOOSE r 2 allBlo
ksRead(p) :forall s 2 allBlo
ksRead(p) :r.bal >= s.bal)EXCEPT !.mbal = b ℄ ℄^ InitializePhase(p)^ phase 0 = [ phase EXCEPT ![p℄ = 1 ℄^ UNCHANGED <input,output,disk>EndPhase1or2(p) �=^ IsMajority({ d 2 disksWritten[p℄ :forall q 2 Pro
 {p} : hasRead(p,d,q)})^ _ ^ phase[p℄ = 1^ dblo
k 0 =[dblo
k EXCEPT![p℄.bal = dblo
k[p℄.mbal,![p℄.inp =LET blo
ksSeen �= allBlo
ksRead(p) [ { dblo
k[p℄ }nonInitBlks �={ bs 2 blo
ksSeen : bs.inp 6= NotAnInput }maxBlk �=CHOOSE b 2 nonInitBlks :forall 
 2 nonInitBlks : b.bal >= 
.bal



64 APPENDIX B. DISK SYNOD SPECIFICATIONINIF nonInitBlks = {} THEN input[p℄ELSE maxBlk.inp ℄^ UNCHANGED output_ ^ phase[p℄ = 2^ output 0 = [output EXCEPT ![p℄ = dblo
k[p℄.inp℄^ UNCHANGED dblo
k^ phase 0 = [phase EXCEPT ![p℄ = � + 1℄^ InitializePhase(p)^ UNCHANGED <input, disk>MajoritySet �= { D 2 SUBSET Disk : IsMajority(D) }blo
ksOf(p) �=LET rdBy(q,d) �= {br 2 blo
ksRead[q℄[d℄ : br.pro
 = p }IN { dblo
k[p℄ } [ { disk[d℄[p℄ : d 2 Disk }[ { br.blo
k : br 2 UNION {rdBy(q,d) : q 2 Pro
,d 2 Disk }}allBlo
ks �= UNION { blo
ksOf(p) : p 2 Pro
Next �=9 p 2 Pro
 :_ StartBallot(p)_ 9 d 2 Disk : _ Phase0Read(p,d)_ Phase1or2Write(p,d)_ 9 q 2 Pro
 {p} :Phase1or2Read(p,d,q)_ EndPhase1or2(p)_ Fail(p)_ EndPhase0(p)HNext �=^ Next^ 
hosen 0 = LET hasOutput(p) �= output 0[p℄ 6= NotAnInputIN IF _ 
hosen 6= NotAnInput_ forall p in Pro
 : -hasOutput(p)THEN 
hosenELSE output 0[CHOOSE p in Pro
 : hasOutput(p)℄^ allInput 0 = allInput 
up { input 0[p℄ : p in Pro
 }



Appendix CDisk Synod Translationsvars �= << input, output, disk, phase, dblo
k, disksWritten, blo
ksRead >>CONSTANT N, InputsASSUME (N 2 Nat) ^ (N > 0)Pro
 �= 1..NNotAnInput �= CHOOSE 
 : 
 =2 Inputs(en
apsulate ((n1 () t))(lo
al (defun n1 () 1))(defthm n1-
onstraint(and (integerp (n1))(< 0 (n1))):rule-
lasses :type-pres
ription))(defstub inputs () t)(defun Pro
 () (dot-dot 1 (n1)))(en
apsulate ((notaninput () t))(lo
al (defun notaninput () (inputs)))(lo
al (defthm notaninput-helper(equal (a
l2::hide (notaninput))(inputs)):hints (("Goal" :expand (a
l2::hide (notaninput)):in-theory(disable(:exe
utable-
ounterpart notaninput))))))(defthm notaninput-
onstraint(not (mem (notaninput) (inputs)))))65



66 APPENDIX C. DISK SYNOD TRANSLATIONSCONSTANTS Ballot( ), Disk, IsMajority( )ASSUME ^ 8 p 2 Pro
 : Ballot(p) � {n 2 Nat : n > 0}^ 8 q 2 Pro
 p : Ballot(p) \ Ballot(q) = {}^ 8 S,T 2 SUBSET Disk :IsMajority(S) ^ IsMajority(T) ) (S \ T 6= {})
(en
apsulate ((ballot (p) t))(lo
al (defun ballot (p) (de
lare (ignore p)) nil))(defthm ballot-is-set-of-nats(implies (and (mem b (ballot p))(mem p (Pro
)))(and (integerp b)(> b 0))):rule-
lasses ((:forward-
haining:trigger-terms ((mem b (ballot p))))))(def
ong = equal (ballot p) 1)(defthm ballot-partitions-nats(implies (mem q (diff (pro
) (bra
e p)))(ur-elementp (interse
tion (ballot p) (ballot q))))))(en
apsulate ((disk () t)(ismajority (s) t))(lo
al (defstub disk () t))(lo
al (defun ismajority (s) (de
lare (ignore s)) nil))(def
ong = equal (ismajority s) 1)(defthm is-majority-thm1(implies (and (ismajority s)(ismajority s2)(subsetp s (disk))(subsetp s2 (disk)))(not (ur-elementp (interse
tion s s2))))))



67DiskBlo
k �= [ mbal : (UNION {Ballot(p) : p 2 Pro
 }) [ {0},bal : (UNION {Ballot(p) : p 2 Pro
 }) [ {0},inp : Inputs [ {NotAnInput}℄hasRead(p,d,q) �= 9 br 2 blo
ksRead[p℄[d℄ : br.pro
 = qallBlo
ksRead(p) �=LET allRdBlks �= UNION { blo
ksRead[p℄[d℄ : d 2 Disk }IN { br.blo
k : br 2 allRdBlks }
(newdefmap diskblo
k-map1 (pro
) :for p :in pro
 :map (ballot p))(in-theory (disable (:exe
utable-
ounterpart diskblo
k-map1)))(defre
 diskblo
k("mbal" (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))("bal" (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))("inp" (hide (union (inputs) (bra
e (notaninput)))))); The following 
onstru
t is not expli
itly defined in Disk Synod.(defre
 blo
kpro
("blo
k" (diskblo
k))("pro
" (pro
)))(defexists exists-hasread (blo
ksread-p-d q):exists br :in blo
ksread-p-d :su
h-that (= (apply br "pro
") q))(defun hasread (p d q blo
ksread)(exists-hasread (apply-m blo
ksread p d) q))(newdefmap allblo
ksread-map-2 (allrdblks):for br :in allrdblks :map (apply br "blo
k"))(newdefmap allblo
ksread-map-3 (disk p blo
ksread):for d :in disk :map (apply-m blo
ksread p d))(defun allblo
ksread (p blo
ksread)(allblo
ksread-map-2 (union* (allblo
ksread-map-3 (disk) p blo
ksread))))



68 APPENDIX C. DISK SYNOD TRANSLATIONSInitDB �= [ mbal 7! 0 , bal 7! 0 , inp 7! NotAnInput ℄InitializePhase(p) �=^ disksWritten 0 = [disksWritten EXCEPT ![p℄ = {}℄^ blo
ksRead 0 = [blo
ksRead EXCEPT ![p℄ = [d 2 Disk 7! {}℄℄StartBallot(p) �=^ phase[p℄ 2 {1,2}^ phase 0 = [phase EXCEPT ![p℄ = 1℄^ 9 b 2 Ballot(p) :^ b > dblo
k[p℄.mbal^ dblo
k 0 = [dblo
k EXCEPT ![p℄.mbal = b℄^ InitializePhase(p)^ UNCHANGED <input,output,disk>(defun InitDB ()(fun
 ("mbal" 0) ("bal" 0) ("inp" (NotAnInput))))(defmap-fn map-to-nil (dom):for x :in dom :map nil)(defun _initializephase (pdisksWritten diskswritten-nblo
ksRead blo
ksread-n)(and (= diskswritten-n (ex
ept disksWritten p nil))(= blo
ksread-n (ex
ept blo
ksRead p (map-to-nil (disk))))))(defma
ro initializephase (p)`(_initializephase ,p disksWritten diskswritten-nblo
ksRead blo
ksread-n))(defa
tion startballot (p b-witness)(and (mem (apply phase p) (bra
e 1 2))(= phase-n (ex
ept phase p 1))(mem b-witness (ballot p))(> b-witness (apply-m dblo
k p "mbal"))(= dblo
k-n (ex
ept dblo
k p(ex
ept (apply dblo
k p) "mbal" b-witness)))(initializephase p)(un
hanged input output disk)))



69Phase1or2Write(p,d) �=^ phase[p℄ 2 {1,2}^ disk 0 = [disk EXCEPT ![d℄[p℄ = dblo
k[p℄℄^ disksWritten 0 = [disksWritten EXCEPT ![p℄ = � [ {d}℄^ UNCHANGED <input,output,phase,dblo
k,blo
ksRead>Phase1or2Read(p,d,q) �=^ d 2 disksWritten[p℄^ IF disk[d℄[q℄.mbal < dblo
k[p℄.mbalTHEN ^ blo
ksRead 0 =[blo
ksRead EXCEPT ![p℄[d℄ =� [ { [blo
k /! disk[d℄[q℄, pro
 /! q℄ } ℄^ UNCHANGED <input,output,disk,phase,dblo
k,disksWritten>ELSEStartBallot(p)
(defa
tion phase1or2write (p d)(and (mem (apply phase p) (bra
e 1 2))(= disk-n (ex
ept-m disk d p (apply dblo
k p)))(= diskswritten-n(ex
ept diskswritten p (union (apply diskswritten p) (bra
e d))))(un
hanged input output phase dblo
k blo
ksread)))(defa
tion phase1or2read (p d q b-witness)(and (mem d (apply diskswritten p))(if (< (apply-m disk d q "mbal") (apply-m dblo
k p "mbal"))(and (= blo
ksread-n(ex
ept-m blo
ksreadpd(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k"(apply-m disk d q))("pro
" q))))))(un
hanged input output disk phase dblo
k diskswritten))(startballot p b-witness))))



70 APPENDIX C. DISK SYNOD TRANSLATIONSPhase0Read(p,d) �=^ phase[p℄ = 0^ blo
ksRead 0 = [blo
ksRead EXCEPT![p℄[d℄ = � [ { [ blo
k /! disk[d℄[p℄,pro
 /! p ℄ } ℄^ UNCHANGED <input,output,disk,phase,dblo
k,disksWritten>Fail(p) �=^ 9 ip 2 Inputs : input 0 = [input EXCEPT ![p℄ = ip℄^ phase 0 = [phase EXCEPT ![p℄ = 0 ℄^ dblo
k 0 = [dblo
k EXCEPT ![p℄ = InitDB℄^ output 0 = [output EXCEPT ![p℄ = NotAnInput℄^ InitializePhase(p)^ UNCHANGED disk
(defa
tion phase0read (p d)(and (= (apply phase p) 0)(= blo
ksread-n(ex
ept-m blo
ksreadpd(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k" (apply-m disk d p))("pro
" p))))))(un
hanged input output disk phase dblo
k diskswritten)))(defa
tion fail (p ip-witness1)(and (mem ip-witness1 (inputs))(= input-n (ex
ept input p ip-witness1))(= phase-n (ex
ept phase p 0))(= dblo
k-n (ex
ept dblo
k p (initdb)))(= output-n (ex
ept output p (notaninput)))(initializephase p)(un
hanged disk)))



71EndPhase0(p) �=^ phase[p℄ = 0^ isMajority( { d 2 Disk : hasRead(p,d,p) } )^ 9 b 2 Ballot(p) :^ forall r 2 allBlo
ksRead(p) : b > r.mbal^ dblo
k 0 = [ dblo
k EXCEPT![p℄ = [ (CHOOSE r 2 allBlo
ksRead(p) :forall s 2 allBlo
ksRead(p) :r.bal >= s.bal)EXCEPT !.mbal = b ℄ ℄^ InitializePhase(p)^ phase 0 = [ phase EXCEPT ![p℄ = 1 ℄^ UNCHANGED <input,output,disk>
(newdefmap ep0-map1 (disk p blo
ksread):for d :in disk:su
h-that (hasread p d p blo
ksread))(defall forall-endphase0-1 (allblo
ksread-p b):forall r :in allblo
ksread-p:holds (> b (apply r "mbal")))(defa
tion endphase0 (p b-wit)(and (= (apply phase p) 0)(ismajority (ep0-map1 (disk) p blo
ksread))(mem b-wit (ballot p))(forall-endphase0-1 (allblo
ksread p blo
ksread) b-wit)(= dblo
k-n(ex
ept dblo
k p(ex
ept (
hoose-max-bal (allblo
ksread p blo
ksread))"mbal" b-wit)))(initializephase p)(= phase-n (ex
ept phase p 1))(un
hanged input output disk)))



72 APPENDIX C. DISK SYNOD TRANSLATIONSEndPhase1or2(p) �=^ IsMajority({ d 2 disksWritten[p℄ :forall q 2 Pro
 {p} : hasRead(p,d,q)})^ _ ^ phase[p℄ = 1^ dblo
k 0 =[dblo
k EXCEPT![p℄.bal = dblo
k[p℄.mbal,![p℄.inp =LET blo
ksSeen �= allBlo
ksRead(p) [ { dblo
k[p℄ }nonInitBlks �={ bs 2 blo
ksSeen : bs.inp 6= NotAnInput }maxBlk �=CHOOSE b 2 nonInitBlks :forall 
 2 nonInitBlks : b.bal >= 
.balINIF nonInitBlks = {} THEN input[p℄ELSE maxBlk.inp ℄^ UNCHANGED output_ ^ phase[p℄ = 2^ output 0 = [output EXCEPT ![p℄ = dblo
k[p℄.inp℄^ UNCHANGED dblo
k^ phase 0 = [phase EXCEPT ![p℄ = � + 1℄^ InitializePhase(p)^ UNCHANGED <input, disk>(defall forall-ep12-1 (pro
-minus-p p d blo
ksread):forall q :in pro
-minus-p:holds (hasread p d q blo
ksread))(defexists exists-ep12-1 (blo
ksseen):exists bs :in blo
ksseen:su
h-that (not (= (apply bs "inp") (notaninput))))(newdefmap map-ep12-1 (diskswritten-p p blo
ksread):for d :in diskswritten-p:su
h-that (forall-ep12-1 (diff (pro
) (bra
e p)) p d blo
ksread))(newdefmap noninitblks (blo
ksseen):for bs :in blo
ksseen:su
h-that (not (= (apply bs "inp") (notaninput))))



73(defa
tion endphase1or2 (p)(and (ismajority (map-ep12-1 (apply diskswritten p) p blo
ksread))(or (and (= (apply phase p) 1)(= dblo
k-n(ex
ept-and dblo
k(p "bal" (apply-m dblo
k p "mbal"))(p "inp" (if (= (noninitblks(union (allblo
ksread pblo
ksread)(bra
e(apply dblo
k p))))nil)(apply input p)(apply (
hoose-max-bal(noninitblks(union (allblo
ksread pblo
ksread)(bra
e(apply dblo
k p)))))"inp")))))(un
hanged output))(and (= (apply phase p) 2)(= output-n (ex
ept output p (apply-m dblo
k p "inp")))(un
hanged dblo
k)))(= phase-n (ex
ept phase p (+ (apply phase p) 1)))(initializephase p)(un
hanged input disk)))



74 APPENDIX C. DISK SYNOD TRANSLATIONSMajoritySet �= { D 2 SUBSET Disk : IsMajority(D) }blo
ksOf(p) �=LET rdBy(q,d) �= {br 2 blo
ksRead[q℄[d℄ : br.pro
 = p }IN { dblo
k[p℄ } [ { disk[d℄[p℄ : d 2 Disk }[ { br.blo
k : br 2 UNION {rdBy(q,d) : q 2 Pro
,d 2 Disk }}allBlo
ks �= UNION { blo
ksOf(p) : p 2 Pro
(newdefmap majorityset (powset-disk):for d :in powset-disk:su
h-that (ismajority d))(newdefmap rdby (p blo
ksread-q-d):for br :in blo
ksread-q-d:su
h-that (= (apply br "pro
") p))(newdefmap rdby-pro
-disk-1-1 (disk-dom p q blo
ksread):for d :in disk-dom:map (rdby p (apply-m blo
ksread q d)))(newdefmap rdby-pro
-disk-1 (pro
-dom disk-dom p blo
ksread):for q :in pro
-dom:map (rdby-pro
-disk-1-1 disk-dom p q blo
ksread))(newdefmap br-blo
k (union-rdby-pro
-disk-1):for br :in union-rdby-pro
-disk-1:map (apply br "blo
k"))(newdefmap disk-d-p (disk-dom disk p):for d :in disk-dom :map (apply-m disk d p))(defun blo
ksof (p dblo
k disk blo
ksread)(union (apply dblo
k p)(union (disk-d-p (disk) disk p)(br-blo
k (union* (rdby-pro
-disk-1 (pro
) (disk) p blo
ksread))))))(newdefmap blo
ks-of-p-map (pro
-dom dblo
k disk blo
ksread):for p :in pro
-dom:map (blo
ksof p dblo
k disk blo
ksread))(defun allblo
ks (dblo
k disk blo
ksread)(union* (blo
ks-of-p-map (pro
) dblo
k disk blo
ksread)))



75Next �=9 p 2 Pro
 :_ StartBallot(p)_ 9 d 2 Disk : _ Phase0Read(p,d)_ Phase1or2Write(p,d)_ 9 q 2 Pro
 {p} :Phase1or2Read(p,d,q)_ EndPhase1or2(p)_ Fail(p)_ EndPhase0(p)
(defa
tion next (p ; witness for nextd ; witness for nextq ; witness for nextb-witness1 ; witness for startballotip-witness1 ; witness for failb-witness) ; witness for endphase0(and (mem p (pro
))(or (startballot p b-witness1)(and (mem d (disk))(or (phase0read p d)(phase1or2write p d)(and (mem q (diff (pro
) (bra
e p)))(phase1or2read p d q b-witness1))))(endphase1or2 p)(fail p ip-witness1)(endphase0 p b-witness))))



76 APPENDIX C. DISK SYNOD TRANSLATIONSHNext �=^ Next^ 
hosen 0 = LET hasOutput(p) �= output 0[p℄ 6= NotAnInputIN IF _ 
hosen 6= NotAnInput_ forall p in Pro
 : -hasOutput(p)THEN 
hosenELSE output 0[CHOOSE p in Pro
 : hasOutput(p)℄^ allInput 0 = allInput 
up { input 0[p℄ : p in Pro
 }(defall forall-hnext (pro
 output-n):forall p :in pro
 :holds (= (apply output-n p) (notaninput)))(newdefmap map-hnext (pro
 output-n):for p :in pro
 :su
h-that (not (= (apply output-n p) (notaninput))))(newdefmap map2-hnext (pro
 input-n):for p :in pro
 :map (apply input-n p))(defun _
hosen-allinput-a
tion (
hosen 
hosen-nallinput allinput-ninput-noutput-n)(and (= 
hosen-n (if (or (not (= 
hosen (notaninput)))(forall-hnext (pro
) output-n))
hosen(apply output-n(
hoose (map-hnext (pro
) output-n)))))(= allinput-n (union allinput (map2-hnext (pro
) input-n)))))(defma
ro 
hosen-allinput-a
tion ()'(_
hosen-allinput-a
tion 
hosen 
hosen-n allinput allinput-ninput-n output-n))(defa
tion hnext-with-vars (p d q b-witness1 ip-witness1 b-witness
hosen 
hosen-n allinput allinput-n)(and (next p d q b-witness1 ip-witness1 b-witness)(
hosen-allinput-a
tion)))(defma
ro hnext (p d q b-witness1 ip-witness1 b-witness)`(hnext-with-vars ,p ,d ,q ,b-witness1 ,ip-witness1 ,b-witness
hosen 
hosen-n allinput allinput-n))



Appendix DACL2 Event FilesAt the time of this writing, the proofs of lemma I 2
 and lemma I 2a areinelegant in some pla
es. We believe that many of the theorems in
ludedin these �les 
an be eliminated or generalized. We now present the �lesin
luding all events that lead to both lemmas in their present form.The �les are organized into three dire
tories: the base dire
tory plustwo subdire
tories i2a and i2
. The lo
ation of ea
h �le within this simpledire
tory stru
ture is re
e
ted by the se
tion name.Proofs of the two main theorems, I 2a and I 2
, 
an be found in �lesi2a/i2a.lisp and i2
/i2
.lisp.D.1 additions.lisp; additions.lisp; Some set theory additions; -------------------------; I used these 
ommands to 
ertify this book:; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "additions" 1)(in-pa
kage "S")(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/all-fns"); --------------------------------------------------------------; Two theorems about mem, range and ex
ept.(defthm mem-range-ex
ept-1 77



78 APPENDIX D. ACL2 EVENT FILES(mem e (range (ex
ept f x e))):hints (("Goal" :in-theory (enable ex
ept))))(defthm mem-range-ex
ept-2(implies (and (mem e (range (ex
ept f x y)))(fun
tionp f))(or (mem e (range f))(= e y))):rule-
lasses((:forward-
haining:trigger-terms ((mem e (range (ex
ept f x y)))))):hints (("Goal" :in-theory (enable ex
ept)))); --------------------------------------------------------------; At some point, we dis
ussed the following two theorems. I'm not sure; what was the 
on
lusion and if only one was ne
essary. For now, I'll; leave both in the file, sin
e they 
ause no harm.(en
apsulate nil(lo
al(defthm range-ex
ept-singleton-lemma1(implies (= (range f) (bra
e e))(subsetp (range (ex
ept f x e)) (bra
e e))):hints(("Goal":use (:instan
e subsetp-range-ex
ept(f f)(x x)(v e)):in-theory (disable subsetp-range-ex
ept)))))(lo
al(defthm range-ex
ept-singleton-lemma2(subsetp (bra
e e) (range (ex
ept f x e)))))(defthm range-ex
ept-singleton(implies (= (range f) (bra
e e))(= (range (ex
ept f x e)) (bra
e e))):hints (("Goal":use (range-ex
ept-singleton-lemma1range-ex
ept-singleton-lemma2(:instan
e =-iff-subsetps(a (range (ex
ept f x e)))(b (bra
e e))))))))



D.1. ADDITIONS.LISP 79(defthm better(implies (and (equal (
ardinality (range f)) 1)(= (
hoose (range f)) e))(= (range (ex
ept f x e))(range f)))); --------------------------------------------------------------; The following are general theorems, mostly about the relationship; among fun
tions, their domains and ranges.(defthm range-ex
ept-nil(= (range (ex
ept nil x e))(bra
e e)):hints (("Goal" :in-theory (enable ex
ept))))(defthm apply-range(implies (and (fun
tionp f)(mem e (domain f)))(mem (apply f e) (range f))))(defthm setp-sfix(implies (setp s)(= (sfix s) s)))(defthm mem-apply-2(implies (and (fun
tionp f)(mem e (domain f))(subsetp (range f) s))(mem (apply f e) s)))(defthm range-subsetp-ex
ept-1(implies (subsetp (range f) r)(subsetp (range (ex
ept f x y)) (s
ons y r))):hints (("Goal" :in-theory (enable ex
ept))))(defthm range-subsetp-ex
ept-2(implies (and (mem y s2)(subsetp (range f) s2))(subsetp (range (ex
ept f x y)) s2)):hints (("Goal" :in-theory (enable ex
ept))))(defthm domain-subsetp-ex
ept-2(implies (and (= (domain f) d)



80 APPENDIX D. ACL2 EVENT FILES(fun
tionp f))(= (domain (ex
ept f x y)) (s
ons x d))))(defthm domain-subsetp-ex
ept-1(implies (and (mem x s1)(fun
tionp g)(= (domain g) s1))(= (domain (ex
ept g x y)) s1))); --------------------------------------------------------------; Dot-dot; (dot-dot a b) 
reates the set { i | i \in Ints /\ a <= i <= b }(defun dot-dot (a b)(de
lare (xargs :measure (a
l2-
ount (- b a))))(if (and (integerp a)(integerp b)(< a b))(s
ons a (dot-dot (+ a 1) b))(bra
e (nfix a))))(defthm ur-elementp-dot-dot(not (ur-elementp (dot-dot a b))))(def
ong = = (dot-dot a b) 1)(def
ong = = (dot-dot a b) 2); After proving the right theorems about dot-dot, its definition; should be disabled, I think. I disable it now even though I don't; have all the right theorems about it yet, be
ause its opening up is; 
ausing problems in some proofs.(in-theory (disable dot-dot)); We want something that looks like the following theorem; (defthm mem-dot-dot; (equal (mem e (dot-dot a b)); (and (integerp e); (<= (nfix a) e)



D.1. ADDITIONS.LISP 81; (<= e (nfix b)))); :hints (("Goal" :in-theory (enable =)))); --------------------------------------------------------------; Union*; (union s) takes a s = { s_1, s_2, ..., s_n } where all the s_i are; themselves sets, and unions all the s_i's together.(defun union* (
olle
tion-of-sets)(if (ur-elementp 
olle
tion-of-sets)nil(union (s
ar 
olle
tion-of-sets)(union* (s
dr 
olle
tion-of-sets)))))(defthm setp-union*(setp (union* s)))(defthm mem-union*(implies (and (mem e s)(mem s s2))(mem e (union* s2))))(defx fooo (implies (and (mem sr s2)(subsetp x (union* s2)))(subsetp (union sr x) (union* s2))):strategy subset-relation)(
ongruen
e (union* s) 1 :method :subsetp); --------------------------------------------------------------; Defmap-fn; defmap-fn is similar to defmap using the :map argument. Consider one; su
h 
all of defmap:; (defmap foo-set (s) :for x :in s :map (foo x)); The fun
tion (foo-set s) builds a set 
onsisting of all (foo x) su
h; that x is in s, i.e. the mapping of s under foo. Now 
onsider the; analogous 
all of defmap-fn:; (defmap-fn foo-fn (s) :for x :in s :map (foo x)); The fun
tion (foo-fn s) 
reates the FUNCTION (set of ordered pairs)



82 APPENDIX D. ACL2 EVENT FILES; with domain s and range the mapping of s under foo. In other words, it; 
reates the fun
tion with pairs < x , (foo x) >, where x is in s.(defma
ro defmap-fn (name vars&key(for 'nil forp)(in 'nil inp)(map 'nil mapp))(
ond((not (and (symbolp name)(a
l2::symbol-listp vars)forp(symbolp for)(not (a
l2::member-equal for vars))inp(symbolp in)(a
l2::member-equal in vars)mapp))`(a
l2::er a
l2::soft 'defmap"No do
umentation yet. Sorry!"))(t ;;; :map(let* ((x for)(s in)(slo
 (- (length vars) (length (member s vars))))(body map)(fx (genname1 x 1 (
ons x vars)))(s1 (genname1 s 1 (
ons fx (
ons x vars))))(
all `(,name ,�vars))(r
all `(,name ,�(put-nth `(s
dr ,s) slo
 vars))))`(en
apsulatenil(defun ,name (,�vars)(if (ur-elementp ,s)nil(let ((,x (s
ar ,s)))(ex
ept ,r
all ,x ,body))))(defthm ,(pa
kn-in-pkg (list "SETP-" name) 'defmap)(setp ,
all))(defthm ,(pa
kn-in-pkg (list "UR-ELEMENTP-" name) 'defmap)(equal (ur-elementp ,
all)(ur-elementp ,s)))



D.1. ADDITIONS.LISP 83(defthm ,(pa
kn-in-pkg (list "WEAK-MEM-" name) 'defmap)(implies (and (mem ,x ,s)(= ,fx ,body))(mem (pair ,x ,fx) ,
all)))(defthm ,(pa
kn-in-pkg (list "SUBSETP-" name) 'defmap)(implies (subsetp ,s1 ,s)(subsetp (,name ,�(put-nth s1 slo
 vars)),
all))),�(defmap-
ongruen
es vars 
all (+ slo
 1) 1)(defthm ,(pa
kn-in-pkg (list "FUNCTIONP-" name) 'defmap)(fun
tionp (,name ,�vars)))(defthm ,(pa
kn-in-pkg (list "DOMAIN-" name) 'defmap)(= (domain (,name ,�vars))(sfix ,s)))))))); ---------------------------------------------------------------------------; Rules about all-fns; This rule subsumed by J's. I keep it just for hints that may use its; name.(defthm all-fns-def(iff (mem f (all-fns d r))(and (fun
tionp f)(= (domain f) (sfix d))(subsetp (range f) r))))(defthm all-fns-ex
ept(implies (and (mem f (all-fns d r))(mem x d)(mem y r))(mem (ex
ept f x y) (all-fns d r))))(defthm all-fns-apply(implies (and (subsetp (range f) (all-fns d r))



84 APPENDIX D. ACL2 EVENT FILES(mem x (domain f))(fun
tionp f))(mem (apply f x) (all-fns d r))))(defthm all-fns-apply-2(implies (and (mem f (all-fns d r))(mem x (domain f)))(mem (apply f x) r)))(defthm all-fns-apply-3(implies (and (mem f (all-fns d r))(mem x d))(mem (apply f x) r))); In reality all-fns-apply-apply should be 
overed by all-fns-apply-3. But it; helps with type invarian
e proofs be
ause we look expli
itly for; things of the form [ a -> [ b -> 
 ℄ ℄ in the hypotheses.; ugly but i'm trying to write a thesis here...(defthm all-fns-apply-apply(implies (and (mem f (all-fns a (all-fns b 
)))(mem x a)(mem y b))(mem (apply (apply f x) y) 
)):instru
tions (promote(:REWRITE all-fns-APPLY-3 ((D B)))rewrite)); The rule all-fns-def should be disabled in order to reason at a higher; level.(in-theory (disable all-fns-def)); ---------------------------------------------------------------------------(defthm union-nil(implies (setp s) (= (union s nil) s)))(defthm subsetp-s
ons-2(implies (and (subsetp a b)(mem e b))(subsetp (s
ons e a) b))); this worked wonders! how exa
tly does forward 
haining work?(defthm all-fns-property-forward-
hain(implies (mem f (all-fns d r))



D.2. CHOOSE-MAX.LISP 85(and ; (not (ur-elementp (all-fns d r)))(fun
tionp f)(= (domain f) (sfix d))(subsetp (range f) r))):rule-
lasses ((:forward-
haining)):hints (("Goal" :in-theory (enable all-fns-def)))); should i add something like this? its setp hypothesis reminds me of; powerset-property.; (defthm not-ur-elementp-s-iff-s; (implies (setp s) (iff (not (ur-elementp s)) s))); This rule's target is too general. You might find appli
ation of the; rule by spe
ializing it depending on the TLA spe
 (espe
ially by; looking at the type invariant).; (defthm subsetp-apply; (implies (and (fun
tionp f); (mem x (domain f)); (subsetp (range f) (powerset s))); (subsetp (apply f x) s)); :hints (("Goal" :use ((:instan
e mem-apply-2; (e x); (s (powerset s))); (:instan
e weak-powerset-property; (e (apply f x)))))); :rule-
lasses nil); End of file ---------------------------------------------------------------D.2 
hoose-max.lisp; 
hoose-max.lisp; I used these 
ommands to 
ertify this book:; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "
hoose-max" 1)(in-pa
kage "S")(in
lude-book "newdefmap")



86 APPENDIX D. ACL2 EVENT FILES(in
lude-book "defall")(en
apsulate((g (x) t))(lo
al (defun g (x) (de
lare (ignore x)) t))(def
ong = = (g x) 1)); Here is a definition of a fun
tion that returns one of possibly several; maximal elements in a set (as ordered by >=).(defun 
hoose-max0 (s)(
ond ((ur-elementp s) nil)((ur-elementp (s
dr s)) (s
ar s))((>= (g (s
ar s))(g (
hoose-max0 (s
dr s))))(s
ar s))(t (
hoose-max0 (s
dr s))))); One important fa
t is that every nonempty set has a maximal element.(defthm 
hoose-max0-exists(implies (not (ur-elementp s))(mem (
hoose-max0 s) s))); Another key fa
t about the maximal element.(defthm 
hoose-max0->=(implies (mem x s)(>= (g (
hoose-max0 s)) (g x)))); Unfortunately, 
hoose-max doesn't respe
t the following 
ongruen
e:; (def
ong = = (
hoose-max s) 1).; The reason is that (
hoose-max s) pi
ks the first maximal element it; finds in the list representation of the set s. If two equal sets s1; and s2 having more than one maximal element happen to have their; maximal elements presented in different order, then the value; returned by (
hoose-max s1) and (
hoose-max s2) 
ould be different.; Here is a different version that does respe
t set-equivalen
e.; This predi
ate 
he
ks that y is a maximal element with respe
t to the set s.(defall forall-x-is-greater0 (y s)



D.2. CHOOSE-MAX.LISP 87:forall x :in s:holds (>= (g y) (g x))); Here we 
olle
t all elements from s1 that are maximal with respe
t; to s2. That is, we 
reate the set of all x in s1 s.t. x>=y for all y; \in s2.(newdefmap 
olle
t-maximal-elements0 (s1 s2):for x :in s1:su
h-that (forall-x-is-greater0 x s2)); Finally, 
hoose-max1 
olle
ts all the maximal elements of set s, and; 
hooses one. Sin
e (
hoose x) always pi
ks the same element for a; given set, it 
hoose-max enjoys the 
ongruen
e property that; 
hoose-max1 doesn't.(defun 
hoose-max1 (s)(
hoose (
olle
t-maximal-elements0 s s)))(def
ong = = (
hoose-max1 s) 1); We would also like to show that it enjoys the two other important; properties that follow immediately for 
hoose-max-0, namely; 
hoose-max-0-exists and 
hoose-max-0->=. They don't follow; immediately.; This en
apsulate is 
lunky. As an exer
ise, I should elegantize the; proofs.(en
apsulatenil(lo
al(progn(in-theory (enable forall-x-is-greater0-predi
ate))(in-theory (enable forall-x-is-greater0))(defthm forall-x-is-greater-s
ons-2(implies (and (forall-x-is-greater0 x s)(>= (g y) (g x)))(forall-x-is-greater0 y (s
ons x s))))(defthm 
hoose-max-0-forall-x-is-greater(implies (not (ur-elementp s))(forall-x-is-greater0 (
hoose-max0 s) s)):hints (("Goal" :indu
t (
hoose-max0 s))))



88 APPENDIX D. ACL2 EVENT FILES(defthm 
hoose-max-0-mem-
olle
t-maximal-elements(implies (not (ur-elementp s))(mem (
hoose-max0 s) (
olle
t-maximal-elements0 s s))))(defthm 
olle
t-maximal-elements-not-empty(implies (not (ur-elementp s))(not (ur-elementp (
olle
t-maximal-elements0 s s)))):hints (("Goal" :use(:instan
e 
hoose-max-0-mem-
olle
t-maximal-elements)))); there's a smarter way to prove this theorem. do it.(defthm mem-
hoose-
olle
t-maximal-elements-dumb(implies (not (ur-elementp (
olle
t-maximal-elements0 s s)))(mem (
hoose (
olle
t-maximal-elements0 s s)) s)):hints (("Goal" :use ((:instan
e mem-
olle
t-maximal-elements0(x (
hoose (
olle
t-maximal-elements0 s s)))(s1 s)(s2 s))(:instan
e mem-
hoose(a (
olle
t-maximal-elements0 s s)))):in-theory nil))))) ; end lo
al progn; This is the only theorem we export from the en
apsulate.(defthm 
hoose-max-exists1(implies (not (ur-elementp s))(mem (
hoose-max1 s) s)))); Here I use fun
tional instantiation to prove the previous theorem; for the version of 
hoose-max1 used in the Disk Paxos algorithm.(defall forall-x-is-greater-bal (y s):forall x :in s:holds (>= (apply y "bal") (apply x "bal")))(newdefmap 
olle
t-maximal-elements-bal (s1 s2):for x :in s1:su
h-that (forall-x-is-greater-bal x s2))(defun 
hoose-max-bal (s)(
hoose (
olle
t-maximal-elements-bal s s)))



D.2. CHOOSE-MAX.LISP 89(defthm very-silly(EQUAL (COLLECT-MAXIMAL-ELEMENTS-BAL S1 S2)(AND (NOT (UR-ELEMENTP S1))(LET ((X (SCAR S1)))(IF (FORALL-X-IS-GREATER-BAL X S2)(SCONS (SCAR S1)(COLLECT-MAXIMAL-ELEMENTS-BAL (SCDR S1)S2))(COLLECT-MAXIMAL-ELEMENTS-BAL (SCDR S1)S2))))):hints (("Goal" :in-theory (enable 
olle
t-maximal-elements-bal))):rule-
lasses nil)(in-theory (enable forall-x-is-greater-bal
olle
t-maximal-elements-balforall-x-is-greater-bal-predi
ate))(def
ong = = (
hoose-max-bal s) 1:hints (("Goal" :by (:fun
tional-instan
e=-implies-=-
hoose-max1-1(
hoose-max1 
hoose-max-bal)(g (lambda (x) (apply x "bal")))(forall-x-is-greater0 forall-x-is-greater-bal)(
olle
t-maximal-elements0 
olle
t-maximal-elements-bal)(forall-x-is-greater0-predi
ateforall-x-is-greater-bal-predi
ate)))))(defthm 
hoose-max-bal-exists(implies (not (ur-elementp s))(mem (
hoose-max-bal s) s)):hints (("Goal" :by (:fun
tional-instan
e
hoose-max-exists1(
hoose-max1 
hoose-max-bal)(g (lambda (x) (apply x "bal")))(forall-x-is-greater0 forall-x-is-greater-bal)(
olle
t-maximal-elements0 
olle
t-maximal-elements-bal)(forall-x-is-greater0-predi
ateforall-x-is-greater-bal-predi
ate)))))(in-theory (disable 
hoose-max-bal)); end file ------------------------------------------------------------------



90 APPENDIX D. ACL2 EVENT FILESD.3 
ommon-all.lisp; 
ommon-all.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "
ommon-all" 1)(in-pa
kage "S")(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory")(in
lude-book "translations")(defma
ro enable-all-a
tions ()'(in-theory (enable startballot phase0read phase1or2writephase1or2read endphase1or2 fail endphase0
hosen-allinput-a
tionnext hnext initializephase)))(defma
ro disable-all-a
tions ()'(in-theory (disable startballot phase0read phase1or2writephase1or2read endphase1or2 fail endphase0
hosen-allinput-a
tionnext hnext initializephase))); Default: all a
tions are disabled.(disable-all-a
tions)(in-theory (disable hasread)); Pro
's definition doesn't help in proving type invarian
e, so I; disable it.(in-theory (disable pro
)); Found this rule expensive through a

umulated-persisten
e. I don't; seem to need it.(in-theory (disable subsetp-not-subsetp-tri
k)); More rules that might be good to disable:; (in-theory (disable mem-
ontainer)); (in-theory (disable subsetp)); (in-theory (disable mem-subsetp)); (in-theory (disable mem)); (in-theory (disable powerset-property)); (in-theory (disable apply-outside-domain))



D.4. DEFALL.LISP 91; end file ------------------------------------------------------------------D.4 defall.lisp; defall.lisp; I used these 
ommands to 
ertify this book:; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "defall" 1)(in-pa
kage "S"); Universal Quantifi
ation; ------------------------; Defall is my way of expressing universally quantified statements in; a finite set theory 
ontext. Consider a 
all to defall; (defall all-satisfy-q (a s b) :forall x :in s :holds (q a b x)); where (q a b) is a previously-defined predi
ate.; [Explanation to be 
ontinued...℄; I 
omment ea
h pie
e of the ma
ro with the translation generated by; the following 
ode:(defun defall-predi
ate-
ongruen
es (vars 
all i)(
ond((endp vars) nil)(t (
ons `(def
ong = equal ,
all ,i)(defall-predi
ate-
ongruen
es (
dr vars) 
all (+ 1 i))))))(defun defall-pred-set-
ongruen
es (vars 
all slo
 i)(
ond((endp vars) nil)(t (
ons (if (equal slo
 i)`(defx :strategy :
ongruen
e ,
all ,i :method :
anoni
alize)`(def
ong = equal ,
all ,i))(defall-pred-set-
ongruen
es (
dr vars) 
all slo
 (+ 1 i)))))))



92 APPENDIX D. ACL2 EVENT FILES; Problem to fix with this defall: some theorems use variables su
h as; e, a, b, 
, but I don't 
he
k to make sure that there variables are; not among those in `vars'. So for instan
e, if in some theorem I; want to express set membership within a defall named foo with; arguments (d e f), and I happen to say; (mem e ,(pred-set-
all ,�(pred-set-vars))), it will be
ome; (mem e (foo d e f)), whi
h is not what I mean.(defma
ro defall (namevars&key(forall 'nil forallp)(in 'nil inp)(holds 'nil holdsp))(
ond((not (and (symbolp name)(a
l2::symbol-listp vars)forallp(symbolp forall)(not (a
l2::member-equal forall vars))inp(symbolp in)(a
l2::member-equal in vars)holdsp))`(a
l2::er a
l2::soft 'defquant"Not do
umented."))(t(let* ((x forall)(s in)(slo
 (- (length vars) (length (member s vars))))(pred-name (pa
kn-in-pkg (list name "-PREDICATE") 'defall))(pred-set-name name)(pred-vars (substitute x s vars))(pred-set-vars vars)(pred-
all `(,pred-name ,�pred-vars))(pred-set-
all `(,pred-set-name ,�pred-set-vars))(r
all `(,pred-set-name ,�(substitute `(s
dr ,s) s vars))))`(en
apsulatenil



D.4. DEFALL.LISP 93; We will 
onsider the following 
all to defall:; (DEFALL FORALL-P-HOLDS (A S B) :FORALL X :IN S :HOLDS (P A X B)); We need to de
lare a fun
tion expressing the :holds; 
ondition in order to pla
e the 
ondition inside a bla
k; box. This enables the proofs below to go through with no; problems. The :holds 
ondition should have nothing to do; with the su

ess of a defall de
laration. However, if we do; not hide its details, it 
an interfere with a su

essful; proof.; (DEFUN FORALL-P-HOLDS-PREDICATE (A X B) (P A X B))(defun ,pred-name (,�pred-vars),holds); (DEFCONG = EQUAL (FORALL-P-HOLDS-PREDICATE A X B) 1); (DEFCONG = EQUAL (FORALL-P-HOLDS-PREDICATE A X B) 2); (DEFCONG = EQUAL (FORALL-P-HOLDS-PREDICATE A X B) 3),�(defall-predi
ate-
ongruen
es pred-vars pred-
all 1); Having proven the ne
essary 
ongruen
es about pred-name, I; disable it so it doesn't interfere with the rest of the; proofs.; (IN-THEORY (DISABLE FORALL-P-HOLDS-PREDICATE))(in-theory (disable ,pred-name)); Now we define the a
tual fun
tion that will be used outside; the ma
ro, with name equal to the one the user supplied.; (DEFUN FORALL-P-HOLDS (A S B); (IF (UR-ELEMENTP S); T; (IF (FORALL-P-HOLDS-PREDICATE A (SCAR S) B); (FORALL-P-HOLDS A (SCDR S) B); NIL)))(defun ,pred-set-name (,�pred-set-vars)(if (ur-elementp ,s)t(if (,pred-name ,�(substitute `(s
ar ,s) s vars))
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allnil))); (DEFCONG = EQUAL (FORALL-P-HOLDS A S B) 1); (DEFX :STRATEGY :CONGRUENCE (FORALL-P-HOLDS A S B) 2; :METHOD :CANONICALIZE); (DEFCONG = EQUAL (FORALL-P-HOLDS A S B) 3),�(defall-pred-set-
ongruen
es vars pred-set-
all (+ slo
 1) 1); trying this one 1.27.01(defthm ,(pa
kn-in-pkg (list pred-set-name "-MEM") 'defall)(implies (and (,pred-set-name ,�pred-set-vars)(mem ,x ,s))(,pred-name ,�pred-vars))); The next two theorems, FORALL-P-HOLDS-APPLY and; FORALL-P-HOLDS-PREDICATE-IMPLIES, are used in the proof of; FORALL-P-HOLDS-APPLY-2. While I'm 
ertain I don't want to; have FORALL-P-HOLDS-PREDICATE-IMPLIES around (and thus; de
lare it lo
ally), I haven't made up my mind yet about; FORALL-P-HOLDS-APPLY yet. So I export it.; (DEFTHM FORALL-P-HOLDS-APPLY; (IMPLIES (AND (FORALL-P-HOLDS A (RANGE S) B); (FUNCTIONP S); (MEM E (DOMAIN S))); (FORALL-P-HOLDS-PREDICATE A (APPLY S E) B)))(defthm ,(pa
kn-in-pkg (list pred-set-name "-APPLY") 'defall)(implies (and (,pred-set-name ,�(substitute `(range ,s) s vars))(fun
tionp ,s)(mem e (domain ,s)))(,pred-name ,�(substitute `(apply ,s e) s vars)))); Even though the `implies' below 
ould be substituted by; `equal' whi
h is stronger, the theorem is proved mu
h faster; with `implies'. Sin
e I only use this theorem as an; auxiliary one in a proof below, I don't 
are about strength; but only speed.; (LOCAL (DEFTHM FORALL-P-HOLDS-PREDICATE-IMPLIES; (IMPLIES (FORALL-P-HOLDS-PREDICATE A X B)



D.4. DEFALL.LISP 95; (P A X B)); :HINTS; (("Goal" :IN-THEORY; (ENABLE FORALL-P-HOLDS-PREDICATE))); :RULE-CLASSES NIL))(lo
al(defthm ,(pa
kn-in-pkg (list pred-name "-IMPLIES") 'defall)(implies (,pred-name ,�pred-vars),holds):hints (("Goal" :in-theory (enable ,pred-name))):rule-
lasses nil)); (DEFTHM FORALL-P-HOLDS-APPLY-2; (IMPLIES (AND (FORALL-P-HOLDS A (RANGE S) B); (FUNCTIONP S); (MEM E (DOMAIN S))); (P A (APPLY S E) B)); :HINTS; (("Goal" :USE; ((:INSTANCE FORALL-P-HOLDS-APPLY); (:INSTANCE FORALL-P-HOLDS-PREDICATE-IMPLIES; (X (APPLY S E)))); :IN-THEORY NIL)))(defthm ,(pa
kn-in-pkg (list pred-set-name "-APPLY-2") 'defall)(implies (and (,pred-set-name ,�(substitute `(range ,s) s vars))(fun
tionp ,s)(mem e (domain ,s))),(subst `(apply ,s e) forall holds)):hints (("Goal" :use ((:instan
e,(pa
kn-in-pkg (list pred-set-name "-APPLY")'defall))(:instan
e,(pa
kn-in-pkg (list pred-name "-IMPLIES")'defall)(,forall (apply ,s e)))):in-theory nil))); (DEFTHM FORALL-P-HOLDS-RANGE-EXCEPT; (IMPLIES (AND (FORALL-P-HOLDS A (RANGE S) B); (FORALL-P-HOLDS-PREDICATE A Y B)); (FORALL-P-HOLDS A (RANGE (EXCEPT S X Y)); B)); :HINTS



96 APPENDIX D. ACL2 EVENT FILES; (("Goal" :IN-THEORY (ENABLE EXCEPT))))(defthm ,(pa
kn-in-pkg (list pred-set-name "-RANGE-EXCEPT") 'defall)(implies (and (,pred-set-name ,�(substitute `(range ,s) s vars))(,pred-name ,�(substitute 'y x pred-vars)))(,pred-set-name ,�(substitute `(range (ex
ept ,s x y))s vars))):hints (("Goal" :in-theory (enable ex
ept)))); I had problems with some rewrite rules that 
onverted terms; into if-expressions. This is my 
urrent solution.; (DEFTHM FORALL-P-HOLDS-IF-BREAK-UP; (EQUAL (FORALL-P-HOLDS A (IF A1 B1 C1) B); (IF A1 (FORALL-P-HOLDS A B1 B); (FORALL-P-HOLDS A C1 B))))(defthm ,(pa
kn-in-pkg (list pred-set-name "-IF-BREAK-UP") 'defall)(equal (,pred-set-name ,�(substitute `(if a1 b1 
1) x pred-vars))(if a1(,pred-set-name ,�(substitute 'b1 x pred-vars))(,pred-set-name ,�(substitute '
1 x pred-vars))))); (DEFTHM FORALL-P-HOLDS-CHOOSE; (IMPLIES (AND (NOT (UR-ELEMENTP S)); (FORALL-P-HOLDS A S B)); (FORALL-P-HOLDS-PREDICATE A (CHOOSE S); B)); :HINTS; (("Subgoal *1/3" :CASES ((= (CHOOSE S) (SCAR S))))))(defthm ,(pa
kn-in-pkg (list pred-set-name "-CHOOSE") 'defall)(implies (and (not (ur-elementp ,s))(,pred-set-name ,�pred-set-vars))(,pred-name ,�(substitute `(
hoose ,s) x pred-vars))):hints (("Subgoal *1/3" :
ases ((= (
hoose ,s) (s
ar ,s)))))); (DEFTHM FORALL-P-HOLDS-UNION; (IMPLIES (AND (FORALL-P-HOLDS A S B); (FORALL-P-HOLDS A S1 B)); (FORALL-P-HOLDS A (UNION S S1) B)))(defthm ,(pa
kn-in-pkg (list pred-set-name "-UNION") 'defall)(implies (and (,pred-set-name ,�pred-set-vars)(,pred-set-name ,�(substitute 's1 s pred-set-vars)))



D.4. DEFALL.LISP 97(,pred-set-name,�(substitute `(union ,s s1) s pred-set-vars)))); (DEFTHM FORALL-P-HOLDS-INTERSECTION; (IMPLIES (AND (FORALL-P-HOLDS A S B); (FORALL-P-HOLDS A S1 B)); (FORALL-P-HOLDS A (INTERSECTION S S1); B)))(defthm ,(pa
kn-in-pkg (list pred-set-name "-INTERSECTION") 'defall)(implies (and (,pred-set-name ,�pred-set-vars)(,pred-set-name ,�(substitute 's1 s pred-set-vars)))(,pred-set-name,�(substitute `(interse
tion ,s s1) s pred-set-vars)))); (DEFTHM FORALL-P-HOLDS-SCONS; (IMPLIES (AND (FORALL-P-HOLDS-PREDICATE A X B); (FORALL-P-HOLDS A S B)); (FORALL-P-HOLDS A (SCONS X S) B)))(defthm ,(pa
kn-in-pkg (list pred-set-name "-SCONS") 'defall)(implies (and (,pred-name ,�pred-vars )(,pred-set-name ,�pred-set-vars))(,pred-set-name ,�(substitute `(s
ons ,x ,s) s vars)))); (DEFTHM FORALL-P-HOLDS-NIL; (FORALL-P-HOLDS A NIL B))(defthm ,(pa
kn-in-pkg (list pred-set-name "-NIL") 'defall)(,pred-set-name ,�(substitute nil s vars))); Finally, we disable both fun
tions. Currently, I hold the; view that these fun
tions should never be opened; we should; only have the needed theorems to reason about them. This is; most true of the re
ursive fun
tion. (I think) opening; re
ursive fun
tions 
an be expensive, and disabling all my; re
ursive fun
tions defined through defmap and defall made a; huge impa
t in performan
e.(in-theory (disable ,pred-set-name))(in-theory (enable ,pred-name))))))); ---------------------------------------------------------------------------



98 APPENDIX D. ACL2 EVENT FILES; Instantiatable theory -- plug and play!; proving `:forall: x :in: s : p(x)' statements; using `x :in: s => p(x)'#|(en
apsulate((p (x) t)(hyps () t)(s () t))(lo
al (defun p (x) (de
lare (ignore x)) t))(lo
al (defun hyps () nil))(lo
al (defun s () t))(def
ong = equal (p x) 1)(defthm mem-foo (implies (and (hyps)(mem x (s)))(p x))))(defall foo (s):forall x :in s :holds (p x)); ; ; on
e mem-foo theorem is proved, a ma
ro 
reates:(defthm helper2-foo (implies(and (hyps)(subsetp s1 (s)))(foo s1)):hints (("Goal" :in-theory (enable foo))))(defthm main-foo (implies (hyps)(foo (s))))|#; End of file ---------------------------------------------------------------D.5 defexists.lisp; defexists.lisp; I used these 
ommands to 
ertify this book:



D.5. DEFEXISTS.LISP 99; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "defexists" 1)(in-pa
kage "S")(in
lude-book "newdefmap"); Existential Quantifi
ation; --------------------------; My first thought was to express existential quantifi
ation simply by; writing; (foo-map s); where; (defmap foo-map (s) :for x :in s :su
h-that p); If there is some element in s with property p, then (foo-map s) will; be a nonempty set. If there is no element in s satisfying p, then; (foo-map s) will return nil. Thus (foo-map s) is logi
ally; equivalent (i.e. is nil/non-nil in unison) to existential; quantifi
ation.; The motivation behind defexists is my desire to have a pla
e where I; 
an think about existential reasoning without interfering with other; kinds of 
onstru
ts that I might define using defmap and whi
h might; have nothing to do with existential reasoning. There are theorems; that are useful for set 
onstru
tors that use defmap but are not; useful for existential quantifi
ation statements, and vis
eversa.; It also seems more satisfying to express existential quantifi
ation; using a boolean 
onstru
t.; However, I use an abbreviated version of defmap, in
luding the same; re
ursive definition that defmap defines, inside defexists. I do; this be
ause a theorem I want to prove the following theorem within; defexists:; (equal (exists-x-su
h-that-p s); (and (mem (witness s) s); (p (witness s)); where (defexists exists-x-su
h-that-p (s) :exists x :in s; :su
h-that (p x))



100 APPENDIX D. ACL2 EVENT FILES; (Witness s) is easily defined as follows:; (defmap 
olle
t-elements-su
h-that-p (s) :for x :in s; :su
h-that (p x)); (defun witness (s) (
hoose (
olle
t-elements-su
h-that-p s))); Sin
e I don't 
are to export 
olle
t-elements-su
h-that-p, I define; it lo
ally and prove some theorems about it, dire
tly lifted from; the defmap ma
ro.(defun defexists-
ongruen
es (vars 
all i)(
ond((endp vars) nil)(t (
ons `(def
ong = equal ,
all ,i)(defexists-
ongruen
es (
dr vars) 
all (+ 1 i))))))(defma
ro defexists (name vars&key(exists 'nil existsp)(in 'nil inp)(su
h-that 'nil su
h-thatp); I'll have to 
he
k if I need the rule that; led to this keyword in the proofs for; defexists. If not, the keyword 
an go away.(mem-
orollary 't))(
ond((not (and (symbolp name)(a
l2::symbol-listp vars)existsp(symbolp exists)(not (a
l2::member-equal exists vars))inp(symbolp in)(a
l2::member-equal in vars)su
h-thatp))`(a
l2::er a
l2::soft 'defmap "Not do
umented."))(t (let* ((x exists)(s in)(slo
 (- (length vars) (length (member s vars))))(body su
h-that)(s1 (genname1 s 1 (
ons x vars)))



D.5. DEFEXISTS.LISP 101; (
all `(,name ,�vars))(pred-name (pa
kn-in-pkg (list name "-PRED") 'newdefmap))(name-lo
al (pa
kn-in-pkg (list name "-LOCAL") 'newdefmap))(name-map (pa
kn-in-pkg (list name "-MAP") 'newdefmap))(r
all `(,name-map ,�(put-nth `(s
dr ,s) slo
 vars)))(
all-lo
al `(,name-lo
al ,�vars))(pred-
all `(,pred-name ,�(substitute x s vars))))`(en
apsulatenil(lo
al(progn(defun ,pred-name,(substitute x s vars),body),�(newdefmap-pred-
ongruen
es (substitute x s vars) pred-
all 1)(in-theory (disable ,pred-name)) ; We define name-lo
al in terms of pred-name.(defun ,name-lo
al (,�vars)(if (ur-elementp ,s)nil(let ((,x (s
ar ,s)))(if ,pred-
all(s
ons (s
ar ,s) (,name-lo
al ,�(put-nth `(s
dr ,s)slo
 vars)))(,name-lo
al ,�(put-nth `(s
dr ,s) slo
 vars))))))(defthm ,(pa
kn-in-pkg (list "SETP-" name-lo
al) 'newdefmap)(setp (,name-lo
al ,�vars)))(defthm ,(pa
kn-in-pkg (list "UR-ELEMENTP-" name-lo
al) 'newdefmap)(equal (ur-elementp ,
all-lo
al)(equal ,
all-lo
al nil)))(defthm ,(pa
kn-in-pkg (list "MEM-" name-lo
al) 'newdefmap)(equal (mem ,x ,
all-lo
al)(and ,pred-
all ; we write it this way in 
ase body(mem ,x ,s))) ; is not Boolean!:otf-flg t)



102 APPENDIX D. ACL2 EVENT FILES(defthm ,(pa
kn-in-pkg (list "SUBSETP-" name-lo
al) 'newdefmap)(subsetp ,
all-lo
al ,s)),�(newdefmap-lo
al-
ongruen
es vars 
all-lo
al (+ slo
 1) 1),�(if mem-
orollary`((defthm ,(pa
kn-in-pkg (list "MEM-" name-lo
al "-CORROLLARY")'newdefmap)(implies (and (subsetp ,s1 ,
all-lo
al)(mem ,x ,s1)),pred-
all)))nil)(defthm ,(pa
kn-in-pkg (list "CARDINALITY-" name-lo
al) 'newdefmap)(<= (
ardinality ,
all-lo
al)(
ardinality ,s)):rule-
lasses :linear)))(defun ,(pa
kn-in-pkg (list name "-MAP") 'defexists) (,�vars)(if (ur-elementp ,s)nil(let ((,x (s
ar ,s)))(if ,body(s
ons (s
ar ,s) ,r
all),r
all)))); Here is the definition that expresses existential quantifi
ation.(defun ,name ,vars(not (ur-elementp(,(pa
kn-in-pkg (list name "-MAP") 'defexists),�vars)))); Now, we show that foo-lo
al and foo-map are equal. Thus, any; theorems that held for foo-lo
al trivially hold for foo.(lo
al(defthm ,(pa
kn-in-pkg (list name-map "-EQUALS-" name-lo
al) 'newdefmap)(equal (,name-map ,�vars) (,name-lo
al ,�vars)):hints (("Goal" :in-theory (enable ,pred-name))))); We also show that pred-
all and body are equal.(lo
al(defthm PRED-EQUALS-BODY(equal ,pred-
all ,body):hints (("Goal" :in-theory (enable ,pred-name)))))



D.6. DEFPKG.LISP 103(defthm ,(pa
kn-in-pkg (list name "-IS-BOOLEAN") 'defexists)(booleanp (,name ,�vars)):rule-
lasses :type-pres
ription),�(defexists-
ongruen
es vars `(,name ,�vars) 1)(lo
al (in-theory (disablePRED-EQUALS-BODY)))(in-theory (disable ,(pa
kn-in-pkg (list name "-MAP") 'defexists),name)); We prove MEM-CHOOSE using <name>-LOCAL first.; (defthm ,(pa
kn-in-pkg (list name "-MEM-CHOOSE") 'defexists); (iff (,name ,�vars); (and (mem (
hoose (,name-map ,�vars)); ,s); ,(subst `(
hoose (,name-map ,�vars)) x body))))))))); End of file ---------------------------------------------------------------D.6 defpkg.lisp; defpkg.lisp(defpkg "S"(set-differen
e-equal(union-eq '(PACKORDINARYP<<<<-IRREFLEXIVITY<<-TRICHOTOMY<<-MUTUAL-EXCLUSION<<-TRANSITIVITYFAST-<<-TRICHOTOMYFAST-<<-MUTUAL-EXCLUSIONFAST-<<-TRANSITIVITYFAST-<<-RULES



104 APPENDIX D. ACL2 EVENT FILESSLOW-<<-RULES<<-RULES)(union-eq *a
l2-exports**
ommon-lisp-symbols-from-main-lisp-pa
kage*))'(union interse
tion subsetp add-to-set fun
tionp = apply))); end file ------------------------------------------------------------------D.7 hinv1.lisp; hinv1.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "hinv1" 1)(in-pa
kage "S")(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory")(in
lude-book "translations");-------------------------------------------------------------------------;; HInv1 ==;; /\ input in [Pro
 -> Inputs℄; /\ output in [Pro
 -> Inputs 
up { NotAnInput } ℄; /\ disk in [Disk -> [Pro
 -> DiskBlo
k℄℄; /\ phase in [Pro
 -> 0..3℄; /\ dblo
k in [Pro
 -> DiskBlo
k℄; /\ disksWritten in [Pro
 -> SUBSET Disk℄; /\ blo
ksRead in [Pro
 -> [Disk ->; SUBSET[blo
k : DiskBlo
k, pro
 : Pro
℄℄℄; /\ allInput in SUBSET Inputs; /\ 
hosen in Inputs 
up {NotAnInput};;-------------------------------------------------------------------------(defstate hinv1-with-vars (allinput 
hosen)(and (mem input (all-fns (pro
) (inputs)))(mem output (all-fns (pro
)(hide (union (inputs) (bra
e (notaninput))))))



D.8. HINV2-EXPORTS.LISP 105(mem disk (all-fns (disk)(all-fns (pro
) (diskblo
k))))(mem phase (all-fns (pro
) (nats 3)))(mem dblo
k (all-fns (pro
) (diskblo
k)))(mem diskswritten (all-fns (pro
) (powerset (disk))))(mem blo
ksread (all-fns (pro
)(all-fns (disk) (powerset (blo
kpro
)))))(mem allinput (powerset (inputs)))(mem 
hosen (hide (union (inputs) (bra
e (notaninput)))))))(defma
ro hinv1 ()'(hinv1-with-vars allinput 
hosen))(add-ma
ro-alias hinv1 _hinv1-with-vars); End of file ---------------------------------------------------------------D.8 hinv2-exports.lisp; hinv2-exports.lisp(in-pa
kage "S"); I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "hinv2-exports" 1)(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory")(in
lude-book "hinv2")(lo
al(progn(defthmforall-hinv2-2-mem-sane-version(implies(and (forall-hinv2-2 pro
 diskswrittenphase disk dblo
k blo
ksread)(mem p pro
))(forall-hinv2-2-1 (disk)p diskswrittenphase disk dblo
k blo
ksread))



106 APPENDIX D. ACL2 EVENT FILES:hints (("goal" :use forall-hinv2-2-mem)))(defthmforall-hinv2-2-1-mem-sane-version(implies (and (forall-hinv2-2-1 disk-dom p diskswrittenphase disk dblo
k blo
ksread)(mem d disk-dom))(and(implies (mem d (apply diskswritten p))(and (mem (apply phase p) (bra
e 1 2))(= (apply-m disk d p)(apply dblo
k p))))(implies (mem (apply phase p) (bra
e 1 2))(and (implies (not (= (apply-m blo
ksread p d) nil))(mem d (apply diskswritten p)))(not (hasread p d p blo
ksread)))))):hints (("goal" :use forall-hinv2-2-1-mem:in-theory '(forall-hinv2-2-1-predi
ate))))(defthmforall-hinv2-2-1-mem-sane-version-with-hide-and-disk(implies (and (forall-hinv2-2-1 (disk) p diskswrittenphase disk dblo
k blo
ksread)(mem d (disk)))(and(implies (mem d (apply diskswritten p))(and (mem (apply phase p) (hide (bra
e 1 2)))(= (apply-m disk d p)(apply dblo
k p))))(implies (mem (apply phase p) (hide (bra
e 1 2)))(and (implies (not (= (apply-m blo
ksread p d) nil))(mem d (apply diskswritten p)))(not (hasread p d p blo
ksread)))))):hints (("Goal" :use (:instan
e forall-hinv2-2-1-mem-sane-version(disk-dom (disk))):expand ((hide (bra
e 1 2))):in-theory nil))))) ; end lo
al progn(defthmhinv2-lemma2(implies (and (hinv2)(mem p (pro
))(mem d (disk))



D.9. HINV2.LISP 107(mem (apply phase p) (hide (bra
e 1 2)))(not (= (apply-m blo
ksread p d) nil)))(mem d (apply diskswritten p))):hints (("goal" :use (forall-hinv2-2-mem-sane-versionforall-hinv2-2-1-mem-sane-version-with-hide-and-disk):in-theory (enable hinv2))))(defthm hinv2-lemma(implies (and (hinv2)(mem p (pro
))(mem d (disk))(mem d (apply diskswritten p)))(and (mem (apply phase p) (hide (bra
e 1 2)))(= (apply-m disk d p) (apply dblo
k p)))):hints (("Goal" :use (forall-hinv2-2-mem-sane-versionforall-hinv2-2-1-mem-sane-version-with-hide-and-disk):in-theory (enable hinv2))))(defthm phase1or2read-phase-1(implies (and (hinv2)(mem p (pro
))(mem d (disk))(mem d (apply diskswritten p)))(mem (apply phase p) (hide (bra
e 1 2)))):hints (("Goal" :use (forall-hinv2-2-mem-sane-versionforall-hinv2-2-1-mem-sane-version-with-hide-and-disk):in-theory (enable hinv2)))); End of file ---------------------------------------------------------------D.9 hinv2.lisp; hinv2.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "hinv2" 1)(in-pa
kage "S")(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory")



108 APPENDIX D. ACL2 EVENT FILES(in
lude-book "translations"); -------------------------------------------------------------------------;; HInv2 ==; /\ forall p in Pro
 :; forall bk in blo
ksOf(p) : /\ bk.mbal in Ballot(p) 
up {0}; /\ bk.bal in Ballot(p) 
up {0}; /\ (bk.bal=0) === (bk.inp = NotAnInput); /\ bk.mbal >= bk.bal;; /\ forall p in Pro
, d in Disk :; /\ (d in disksWritten[p℄) => /\ phase[p℄ in {1,2}; /\ disk[d℄[p℄ = dblo
k[p℄; /\ (phase[p℄ in {1,2}) => /\ (blo
ksRead[p℄[d℄ # {}) =>; (d in disksWritten[p℄); /\ -hasRead(p,d,p); /\ forall p in Pro
 :; /\ (phase[p℄ = 0) => /\ dblo
k[p℄ = InitDB; /\ disksWritten[p℄ = {}; /\ forall d in Disk :; forall br in blo
ksRead[p℄[d℄ :; /\ br.pro
 = p; /\ br.blo
k = disk[d℄[p℄;; /\ (phase[p℄ # 0) => /\ dblo
k[p℄.mbal in Ballot(p); /\ dblo
k[p℄.bal in Ballot(p) 
up {0}; /\ forall d in Disk:; forall br in blo
ksRead[p℄[d℄ :; br.blo
k.mbal < dblo
k[p℄.mbal; /\ (phase[p℄ in {2,3}) => (dblo
k[p℄.bal = dblo
k[p℄.mbal); /\ output[p℄ = IF phase[p℄ = 3 THEN dblo
k[p℄.inp ELSE NotAnInput;; /\ 
hosen in allInput 
up {NotAnInput}; /\ forall p in Pro
 :; /\ input[p℄ in allInput; /\ (
hosen = NotAnInput) => (output[p℄ = NotAnInput);; -------------------------------------------------------------------------(defall forall-hinv2-1-1 (blo
ksof-p p):forall bk :in blo
ksof-p:holds (and (mem (apply bk "mbal") (union (ballot p) (bra
e 0)))(mem (apply bk "bal") (union (ballot p) (bra
e 0)))(iff (= (apply bk "bal") 0)



D.9. HINV2.LISP 109(= (apply bk "inp") (notaninput)))))(defall forall-hinv2-1 (pro
 dblo
k disk blo
ksread):forall p :in pro
:holds (forall-hinv2-1-1 (blo
ksof p dblo
k disk blo
ksread) p))(defall forall-hinv2-2-1 (disk-dom p diskswritten phase disk dblo
k blo
ksread):forall d :in disk-dom:holds (and (implies (mem d (apply diskswritten p))(and (mem (apply phase p) (bra
e 1 2))(= (apply-m disk d p) (apply dblo
k p))))(implies (mem (apply phase p) (bra
e 1 2))(and (implies (not (= (apply-m blo
ksread p d) nil))(mem d (apply diskswritten p)))(not (hasread p d p blo
ksread)))))); Abbreviation to add: (not (= s nil)) ---> s(defall forall-hinv2-2 (pro
 diskswritten phase disk dblo
k blo
ksread):forall p :in pro
:holds (forall-hinv2-2-1 (disk) p diskswritten phase disk dblo
k blo
ksread))(defall forall-hinv2-3-1-1 (blo
ksread-p-d p d disk):forall br :in blo
ksread-p-d:holds (and (= (apply br "pro
") p)(= (apply br "blo
k") (apply-m disk d p))))(defall forall-hinv2-3-1 (disk-dom blo
ksread p disk):forall d :in disk-dom:holds (forall-hinv2-3-1-1 (apply-m blo
ksread p d) p d disk))(defall forall-hinv2-3-2-1 (blo
ksread-p-d p dblo
k):forall br :in blo
ksread-p-d:holds (< (apply-m br "blo
k" "mbal")(apply-m dblo
k p "mbal")))(defall forall-hinv2-3-2 (disk-dom blo
ksread p dblo
k):forall d :in disk-dom:holds (forall-hinv2-3-2-1 (apply-m blo
ksread p d) p dblo
k))(defall forall-hinv2-3 (pro
 phase dblo
k diskswritten blo
ksread disk output):forall p :in pro
:holds (and (implies (= (apply phase p) 0)(and (= (apply dblo
k p) (initdb))(= (apply diskswritten p) nil)



110 APPENDIX D. ACL2 EVENT FILES(forall-hinv2-3-1 (disk) blo
ksread p disk)))(implies (not (= (apply phase p) 0))(and (mem (apply-m dblo
k p "mbal")(ballot p))(mem (apply-m dblo
k p "bal")(union (ballot p) (bra
e 0)))(forall-hinv2-3-2 (disk) blo
ksread p dblo
k)))(implies (mem (apply phase p) (bra
e 2 3))(= (apply-m dblo
k p "bal")(apply-m dblo
k p "mbal")))(= (apply output p)(if (= (apply phase p) 3)(apply-m dblo
k p "inp")(notaninput)))))(defall forall-hinv2-4 (pro
 input allinput 
hosen output):forall p :in pro
:holds (and (mem (apply input p) allinput)(implies (= 
hosen (notaninput))(= (apply output p) (notaninput)))))(defstate hinv2-with-vars (allinput 
hosen)(and (forall-hinv2-1 (pro
) dblo
k disk blo
ksread)(forall-hinv2-2 (pro
) diskswritten phase disk dblo
k blo
ksread)(forall-hinv2-3 (pro
) phase dblo
k diskswritten blo
ksread disk output)(mem 
hosen (union allinput (bra
e (notaninput))))(forall-hinv2-4 (pro
) input allinput 
hosen output)))(defma
ro hinv2 () '(hinv2-with-vars allinput 
hosen))(add-ma
ro-alias hinv2 _hinv2-with-vars); End of file ---------------------------------------------------------------D.10 hinv3.lisp; hinv3.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "hinv3" 1)(in-pa
kage "S")



D.10. HINV3.LISP 111(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory")(in
lude-book "translations"); ---------------------------------------------------------------------------;; HInv3 == :forall: p,q :in: Pro
, d :in: Disk :; /\ phase[p℄ :in: {1,2}; /\ phase[q℄ :in: {1,2}; /\ hasRead(p,d,q); /\ hasRead(q,d,p);; => \/ [blo
k |-> dblo
k[q℄, pro
 |-> q℄ :in: blo
ksRead[p℄[d℄; \/ [blo
k |-> dblo
k[p℄, pro
 |-> p℄ :in: blo
ksRead[q℄[d℄;; ---------------------------------------------------------------------------(defun hinv3.l (phase p d q blo
ksread)(and (mem (apply phase p) (hide (bra
e 1 2)))(mem (apply phase q) (hide (bra
e 1 2)))(hasread p d q blo
ksread)(hasread q d p blo
ksread)))(defun hinv3.r (dblo
k blo
ksread p d q)(or (mem (fun
 ("blo
k" (apply dblo
k q))("pro
" q))(apply-m blo
ksread p d))(mem (fun
 ("blo
k" (apply dblo
k p))("pro
" p))(apply-m blo
ksread q d)))); These 
ongruen
es are proven for purposes of forall-hinv3-1-1-1; below.(def
ong = equal (hinv3.r dblo
k blo
ksread p d q) 1)(def
ong = equal (hinv3.r dblo
k blo
ksread p d q) 2)(def
ong = equal (hinv3.r dblo
k blo
ksread p d q) 3)(def
ong = equal (hinv3.r dblo
k blo
ksread p d q) 4)(def
ong = equal (hinv3.r dblo
k blo
ksread p d q) 5)(def
ong = equal (hinv3.l phase p d q blo
ksread) 1)(def
ong = equal (hinv3.l phase p d q blo
ksread) 2)(def
ong = equal (hinv3.l phase p d q blo
ksread) 3)(def
ong = equal (hinv3.l phase p d q blo
ksread) 4)(def
ong = equal (hinv3.l phase p d q blo
ksread) 5)



112 APPENDIX D. ACL2 EVENT FILES(in-theory (disable hinv3.l hinv3.r))(defall forall-hinv3-1-1-1 (disk-dom p q phase dblo
k blo
ksread):forall d :in disk-dom:holds (implies (hinv3.l phase p d q blo
ksread)(hinv3.r dblo
k blo
ksread p d q)))(defall forall-hinv3-1-1 (pro
 p phase dblo
k blo
ksread):forall q :in pro
:holds (forall-hinv3-1-1-1 (disk) p q phase dblo
k blo
ksread))(defall forall-hinv3-1 (pro
 phase dblo
k blo
ksread):forall p :in pro
:holds (forall-hinv3-1-1 (pro
) p phase dblo
k blo
ksread))(defun hinv3-with-vars (phase dblo
k blo
ksread)(forall-hinv3-1 (pro
) phase dblo
k blo
ksread))(defma
ro hinv3 ()'(hinv3-with-vars phase dblo
k blo
ksread))(defma
ro hinv3-n ()'(hinv3-with-vars phase-n dblo
k-n blo
ksread-n))(add-ma
ro-alias hinv3 hinv3-with-vars); End of file ---------------------------------------------------------------D.11 newdefmap.lisp; newdefmap.lisp(in-pa
kage "S"); I used these 
ommands to 
ertify this book:; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "newdefmap" 1); This is a modified version of defmap, in whi
h I put the :su
h-that; predi
ate inside a bla
k box to prevent the predi
ate from



D.11. NEWDEFMAP.LISP 113; interfering in the su

ess of proofs, and so that proofs go; faster. I also add a keyword to omit a theorem that fails if the; :su
h-that predi
ate has an outermost 
onjun
t of the form; (= <variable> <term>).; Initial i argument to newdefmap-pred-
ongruen
es should be 1.(defun newdefmap-pred-
ongruen
es (vars 
all i)(
ond((endp vars) nil)(t (
ons `(def
ong = equal ,
all ,i)(newdefmap-pred-
ongruen
es (
dr vars) 
all (+ 1 i)))))); Initial i argument to newdefmap-lo
al-
ongruen
es should be 1.(defun newdefmap-lo
al-
ongruen
es (vars 
all slo
 i)(
ond((endp vars) nil)(t (
ons (if (equal slo
 i)`(defx :strategy :
ongruen
e ,
all ,i :method :subsetp)`(defx :strategy :
ongruen
e ,
all ,i))(newdefmap-lo
al-
ongruen
es (
dr vars) 
all slo
 (+ 1 i))))))(defun 
ompute-hint (name name-lo
al theorem-name-lo
al)(de
lare (xargs :mode :program))`(:hints (("Goal" :use ((:instan
e PRED-EQUALS-BODY)(:instan
e ,theorem-name-lo
al)):in-theory '((:rewrite ,(pa
kn-in-pkg(list name "-EQUALS-" name-lo
al)'newdefmap))))))); Initial i argument to newdefmap-
ongruen
es should be 1.(defun newdefmap-
ongruen
es (name name-lo
al vars 
all i)(de
lare (xargs :mode :program))(
ond((endp vars) nil)(t (
ons `(def
ong = = ,
all ,i,�(
ompute-hint namename-lo
al(pa
kn-in-pkg(list "=-IMPLIES-=-" name-lo
al "-"(string (
ode-
har (+ 48 i))))'newdefmap)))(newdefmap-
ongruen
es name name-lo
al (
dr vars) 
all (+ 1 i))))))(defma
ro newdefmap (name vars&key



114 APPENDIX D. ACL2 EVENT FILES(for 'nil forp)(in 'nil inp)(su
h-that 'nil su
h-thatp)(map 'nil mapp)(mem-
orollary 't))(
ond((not (and (symbolp name)(a
l2::symbol-listp vars)forp(symbolp for)(not (a
l2::member-equal for vars))inp(symbolp in)(a
l2::member-equal in vars)(or (and su
h-thatp (not mapp))(and (not su
h-thatp) mapp))))`(a
l2::er a
l2::soft 'newdefmap "Not do
umented."))(su
h-thatp(let* ((x for)(s in)(slo
 (- (length vars) (length (member s vars))))(body su
h-that)(s1 (genname1 s 1 (
ons x vars)))(
all `(,name ,�vars))(r
all `(,name ,�(put-nth `(s
dr ,s) slo
 vars)))(pred-name (pa
kn-in-pkg (list name "-PRED") 'newdefmap))(name-lo
al (pa
kn-in-pkg (list name "-LOCAL") 'newdefmapJ))(
all-lo
al `(,name-lo
al ,�vars))(pred-
all `(,pred-name ,�(substitute x s vars))))`(en
apsulatenil(lo
al(progn(defun ,pred-name,(substitute x s vars),body),�(newdefmap-pred-
ongruen
es (substitute x s vars) pred-
all 1)(in-theory (disable ,pred-name))



D.11. NEWDEFMAP.LISP 115; We define name-lo
al in terms of pred-name.(defun ,name-lo
al (,�vars)(if (ur-elementp ,s)nil(let ((,x (s
ar ,s)))(if ,pred-
all(s
ons (s
ar ,s) (,name-lo
al ,�(put-nth `(s
dr ,s)slo
 vars)))(,name-lo
al ,�(put-nth `(s
dr ,s) slo
 vars))))))(defthm ,(pa
kn-in-pkg (list "SETP-" name-lo
al) 'newdefmap)(setp (,name-lo
al ,�vars)))(defthm ,(pa
kn-in-pkg (list "UR-ELEMENTP-" name-lo
al) 'newdefmap)(equal (ur-elementp ,
all-lo
al)(equal ,
all-lo
al nil)))(defthm ,(pa
kn-in-pkg (list "MEM-" name-lo
al) 'newdefmap)(equal (mem ,x ,
all-lo
al)(and ,pred-
all ; we write it this way in 
ase body(mem ,x ,s))) ; is not Boolean!:otf-flg t)(defthm ,(pa
kn-in-pkg (list "SUBSETP-" name-lo
al) 'newdefmap)(subsetp ,
all-lo
al ,s)),�(newdefmap-lo
al-
ongruen
es vars 
all-lo
al (+ slo
 1) 1),�(if mem-
orollary`((defthm ,(pa
kn-in-pkg (list "MEM-" name-lo
al "-CORROLLARY")'newdefmap)(implies (and (subsetp ,s1 ,
all-lo
al)(mem ,x ,s1)),pred-
all)))nil)(defthm ,(pa
kn-in-pkg (list "CARDINALITY-" name-lo
al) 'newdefmap)(<= (
ardinality ,
all-lo
al)(
ardinality ,s)):rule-
lasses :linear)(defthm ,(pa
kn-in-pkg (list "UNION-" name-lo
al) 'newdefmap)(= (,name-lo
al ,�(put-nth `(union ,s1 ,s) slo
 vars))
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al ,�(put-nth s1 slo
 vars)),
all-lo
al)))(defthm ,(pa
kn-in-pkg (list "INTERSECTION-" name-lo
al) 'newdefmap)(= (,name-lo
al ,�(put-nth `(interse
tion ,s1 ,s) slo
 vars))(interse
tion (,name-lo
al ,�(put-nth s1 slo
 vars)),
all-lo
al)))(defthm ,(pa
kn-in-pkg (list "MEM-CHOOSE-" name-lo
al "-1") 'newdefmap)(iff (mem (
hoose ,
all-lo
al),
all-lo
al)(not (ur-elementp ,
all-lo
al))))(defthm ,(pa
kn-in-pkg (list "MEM-CHOOSE-" name-lo
al "-2") 'newdefmap)(implies (not (ur-elementp ,
all-lo
al))(mem (
hoose ,
all-lo
al),s))))) ; Now 
omes the real fun
tion.(defun ,name (,�vars)(if (ur-elementp ,s)nil(let ((,x (s
ar ,s)))(if ,body(s
ons (s
ar ,s) ,r
all),r
all)))); Now, we show that foo-lo
al and foo are equal. Thus, any; theorems that held for foo-lo
al trivially hold for foo.(lo
al(defthm ,(pa
kn-in-pkg (list name "-EQUALS-" name-lo
al) 'newdefmap)(equal (,name ,�vars) (,name-lo
al ,�vars)):hints (("Goal" :in-theory (enable ,pred-name))))); We also show that pred-
all and body are equal.(lo
al(defthm PRED-EQUALS-BODY(equal ,pred-
all ,body):hints (("Goal" :in-theory (enable ,pred-name)))))(defthm ,(pa
kn-in-pkg (list "SETP-" name) 'newdefmap)(setp ,
all),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "SETP-" name-lo
al) 'newdefmap)))



D.11. NEWDEFMAP.LISP 117(defthm ,(pa
kn-in-pkg (list "UR-ELEMENTP-" name) 'newdefmap)(equal (ur-elementp ,
all)(equal ,
all nil)),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "UR-ELEMENTP-" name-lo
al) 'newdefmap)))(defthm ,(pa
kn-in-pkg (list "MEM-" name) 'newdefmap)(equal (mem ,x ,
all)(and ,body(mem ,x ,s))),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "MEM-" name-lo
al) 'newdefmap)))(defthm ,(pa
kn-in-pkg (list "SUBSETP-" name) 'newdefmap)(subsetp ,
all ,s),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "SUBSETP-" name-lo
al) 'newdefmap))),�(newdefmap-
ongruen
es name name-lo
al vars 
all 1),�(if mem-
orollary`((defthm ,(pa
kn-in-pkg (list "MEM-" name "-CORROLLARY")'newdefmap)(implies (and (subsetp ,s1 ,
all)(mem ,x ,s1)),body),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "MEM-" name-lo
al "-CORROLLARY")'newdefmap))))nil)(defthm ,(pa
kn-in-pkg (list "CARDINALITY-" name) 'newdefmap)(<= (
ardinality ,
all)(
ardinality ,s)):rule-
lasses :linear,�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "CARDINALITY-" name-lo
al) 'newdefmap)))(defthm ,(pa
kn-in-pkg (list "UNION-" name) 'newdefmap)(= (,name ,�(put-nth `(union ,s1 ,s) slo
 vars))(union (,name ,�(put-nth s1 slo
 vars))
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all)),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "UNION-" name-lo
al) 'newdefmap)))(defthm ,(pa
kn-in-pkg (list "INTERSECTION-" name) 'newdefmap)(= (,name ,�(put-nth `(interse
tion ,s1 ,s) slo
 vars))(interse
tion (,name ,�(put-nth s1 slo
 vars)),
all)),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "INTERSECTION-" name-lo
al)'newdefmap)))(defthm ,(pa
kn-in-pkg (list "MEM-CHOOSE-" name "-1") 'newdefmap)(iff (mem (
hoose ,
all),
all)(not (ur-elementp ,
all))),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "MEM-CHOOSE-" name-lo
al "-1")'newdefmap)))(defthm ,(pa
kn-in-pkg (list "MEM-CHOOSE-" name "-2") 'newdefmap)(implies (not (ur-elementp ,
all))(mem (
hoose ,
all),s)),�(
ompute-hint name name-lo
al(pa
kn-in-pkg (list "MEM-CHOOSE-" name-lo
al "-2")'newdefmap))); I disable the exported fun
tion be
ause I found out that it's; very expensive have it enabled, and the theorems proved should; suffi
e to reason about it. The same holds for defall and; defexists.(in-theory (disable ,name)))))(t ;;; :map(let* ((x for)(s in)(slo
 (- (length vars) (length (member s vars))))(body map)(fx (genname1 x 1 (
ons x vars)))(s1 (genname1 s 1 (
ons fx (
ons x vars))))
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all `(,name ,�vars))(r
all `(,name ,�(put-nth `(s
dr ,s) slo
 vars))))`(en
apsulatenil(defun ,name (,�vars)(if (ur-elementp ,s)nil(let ((,x (s
ar ,s)))(s
ons ,body ,r
all))))(defthm ,(pa
kn-in-pkg (list "SETP-" name) 'newdefmap)(setp ,
all))(defthm ,(pa
kn-in-pkg (list "UR-ELEMENTP-" name) 'newdefmap)(equal (ur-elementp ,
all)(ur-elementp ,s)))(defthm ,(pa
kn-in-pkg (list "WEAK-MEM-" name) 'newdefmap)(implies (and (mem ,x ,s)(= ,fx ,body))(mem ,fx ,
all)))(defthm ,(pa
kn-in-pkg (list "SUBSETP-" name) 'newdefmap)(implies (subsetp ,s1 ,s)(subsetp (,name ,�(put-nth s1 slo
 vars)),
all))),�(defmap-
ongruen
es vars 
all (+ slo
 1) 1)(defthm ,(pa
kn-in-pkg (list "CARDINALITY-" name) 'newdefmap)(<= (
ardinality ,
all)(
ardinality ,s)):rule-
lasses :linear)(defthm ,(pa
kn-in-pkg (list "UNION-" name) 'newdefmap)(= (,name ,�(put-nth `(union ,s1 ,s) slo
 vars))(union (,name ,�(put-nth s1 slo
 vars)),
all))); This 
omment is J's.; On
e I thought that; (image (interse
tion s1 s)) = (interse
tion (image s1) (image s)); But this is wrong. Consider; s1 = {(0 . 1) (0 . 2)}



120 APPENDIX D. ACL2 EVENT FILES; s = {(1 . 1) (1 . 2)}; let (body e) = (
dr e) (or (tl e) if the elements are pairps); Then the lhs is nil be
ause the two sets are disjoint, but the; rhs is {1 2}.(defthm ,(pa
kn-in-pkg (list "INTERSECTION-" name) 'newdefmap)(subsetp (,name ,�(put-nth `(interse
tion ,s1 ,s) slo
 vars))(interse
tion (,name ,�(put-nth s1 slo
 vars)),
all))); I disable the exported fun
tion be
ause I found out that it's; very expensive have it enabled, and the theorems proved should; suffi
e to reason about it. The same holds for defall and; defexists.(in-theory (disable ,name))))))); End of file ---------------------------------------------------------------D.12 newpowerset.lisp; newpowerset.lisp; To 
ertify this book: (ld "defpkg.lisp") (
ertify-book; "powerset-examples" 1)(in-pa
kage "S"); I used these 
ommands to 
ertify this book:; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/
arlos"); (
ertify-book "newpowerset" 1); Here is the definition of powerset.(defmap s
ons-to-every (e s):for x :in s :map (s
ons e x))(defun powerset (s)(
ond ((ur-elementp s) (bra
e nil))(t (union (powerset (s
dr s))(s
ons-to-every (s
ar s)
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dr s))))))); Powerset builds a set.(defthm setp-powerset(setp (powerset s))); In fa
t, it builds a set of sets. We have to define that 
on
ept; and prove that it admits = as a 
ongruen
e.(defun set-of-setsp (p)(if (ur-elementp p)t(and (setp (s
ar p))(set-of-setsp (s
dr p))))); Sin
e set-of-setsp is a predi
ate, we use the 
anoni
alize method.(defx :strategy :
ongruen
e (set-of-setsp p) 1 :method :
anoni
alize); Powerset builds a set of sets.(defthm set-of-setsp-powerset(set-of-setsp (powerset b))); Here is the fundamental fa
t about membership in s
ons-to-every.(defthm mem-s
ons-to-every(implies (and (setp p)(set-of-setsp p)(setp s1))(iff (mem s1 (s
ons-to-every e p))(and (mem e s1)(or (mem s1 p)(mem (diff s1 (bra
e e)) p)))))); The following fun
tion is used to tell ACL2 how to indu
t in the; next theorem. It says: indu
t on b and assume two indu
tive hypotheses.(defun indu
tion-hint (a b)(if (ur-elementp b)(list a b)(list (indu
tion-hint a (s
dr b)) ; hyp 1(indu
tion-hint (diff a (bra
e (s
ar b))) (s
dr b))))) ; hyp 2; The powerset 
ontains pre
isely the subsets.(defthm powerset-property(implies (setp e)(iff (mem e (powerset s))(subsetp e s))):hints (("Goal" :indu
t (indu
tion-hint e s))))



122 APPENDIX D. ACL2 EVENT FILES; The next lemma is needed for the final defx 
ommand.(defthm subsetp-s
ons-to-every-powerset(implies (and (set-of-setsp s)(subsetp s (powerset b))(mem e b))(subsetp (s
ons-to-every e s)(powerset b))):hints (("Goal" :indu
t (s
ons-to-every e s)))); This 
ommand establishes that powerset admits = as a 
ongruen
e.(defx :strategy :
ongruen
e (powerset s) 1 :method :subsetp); ---------------------------------------------------------------------------; Stuff below added by Carlos.; Powerset's key property established (theorem powerset-property), we; disable its definition.(in-theory (disable powerset)); This en
apsulate exports equal-mem-powerset. I am unhappy with the; 
lunkiness of the events. A good exer
ise would be to obtain better; proofs.(en
apsulate nil(lo
al (defthm mem-set-of-setsp(implies (and (set-of-setsp s)(mem e s))(setp e)):rule-
lasses nil))(lo
al (defthm mem-powerset-setp(implies (mem e (powerset s))(setp e)):hints (("Goal":use ((:instan
e mem-set-of-setsp (s (powerset s)))(:instan
e set-of-setsp-powerset (b s))):in-theory nil)):rule-
lasses nil))(lo
al (defthm rewrite-equal-to-iff(implies (and (booleanp (mem e (powerset s)))(booleanp (and (setp e) (subsetp e s))))(equal(equal (mem e (powerset s)) (and (setp e) (subsetp e s)))



D.12. NEWPOWERSET.LISP 123(iff (mem e (powerset s)) (and (setp e) (subsetp e s)))))))(lo
al (defthm iff-mem-powerset(iff (mem e (powerset s))(and (setp e)(subsetp e s))):hints (("Goal":use ((:instan
e mem-powerset-setp)(:instan
e powerset-property))))))(defthm equal-mem-powerset(equal (mem e (powerset s))(and (setp e)(subsetp e s))):instru
tions ((rewrite rewrite-equal-to-iff)(dv 1)(rewrite iff-mem-powerset)tops))); Now, some obvious theorems.(defthm union-powerset(implies (and (mem a (powerset s)) (mem b (powerset s)))(mem (union a b) (powerset s))))(defthm interse
tion-powerset(implies (and (mem a (powerset s)) (mem b (powerset s)))(mem (interse
tion a b) (powerset s))))(defthm s
ons-powerset(implies (and (mem a s) (mem b (powerset s)))(mem (s
ons a b) (powerset s))))(defthm mem-nil-powerset(mem nil (powerset s)))(defthm weak-powerset-property(implies (mem e (powerset s))(subsetp e s))); Three theorems in this file represent different approa
hes to; handling powerset reasoning. The user should 
hoose the approa
h; desired by enabling the 
orresponding theorem.



124 APPENDIX D. ACL2 EVENT FILES(in-theory (disable powerset-property))(in-theory (disable equal-mem-powerset))(in-theory (disable weak-powerset-property)); End of file ---------------------------------------------------------------D.13 tla-translation-ma
ros.lisp; tla-translation-ma
ros.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "tla-translation-ma
ros" 1)(in-pa
kage "S"); ---------------------------------------------------------------------------; Un
hanged(defma
ro un
hanged (&rest args)(
ond ((endp args) t)(t `(and (= ,(intern-in-pa
kage-of-symbol(
oer
e (append (
oer
e (symbol-name(
ar args))'list)(
oer
e "-N" 'list))'string)'un
hanged),(
ar args))(un
hanged ,�(
dr args)))))); ---------------------------------------------------------------------------; Apply-m (m for Multiple arguments); Apply-m must be provided at least two arguments. The first argument; is always the fun
tion being applied to.(defma
ro apply-m (&rest args)(
ond ((equal (length args) 2) `(apply ,(
ar args) ,(
adr args)))(t `(apply (apply-m ,�(butlast args 1)) ,�(last args))))); ---------------------------------------------------------------------------



D.13. TLA-TRANSLATION-MACROS.LISP 125; Ex
ept-m (m for Multiple arguments); (ex
ept-m f a b 
) 
orresponds to [f EXCEPT ![a℄[b℄ = 
℄; (ex
ept-m f a b 
) be
omes (ex
ept f a (ex
ept (apply f a) b 
)); Ex
ept-m must be provided at least three arguments. The first; argument is always the fun
tion being operated on, and the last; argument is the new value introdu
ed.; We follow the (ex
ept-m f a b 
) example in binding variables. This; binding is done purely for purposes of 
larity in the 
ode.(defma
ro ex
ept-m (&rest args)(let ((f (
ar args))(a (
adr args))(b (
addr args))(
 (
dddr args)))(
ond ((equal (length args) 3) `(ex
ept ,f ,a ,b))(t `(ex
ept ,f ,a (ex
ept-m (apply ,f ,a) ,b ,�
)))))); ---------------------------------------------------------------------------; Ex
ept-and; (ex
ept-and f (a b 
) (x y z)) 
orresponds to [f EXCEPT ![a℄[b℄ = 
; ![x℄[y℄ = z℄; (ex
ept-and f (a b 
) (x y z)) translates to; (ex
ept (ex
ept f x (ex
ept (apply f x) y z)); a; (ex
ept (apply (ex
ept f x (ex
ept (apply f x) y z)); a); b 
)); Ex
ept-and must be provided at least two arguments.; I'll better explain this ma
ro later.(defma
ro ex
ept-and (f &rest args)(
ond ((equal (length args) 1) `(ex
ept-m ,f ,�(
ar args)))(t `(ex
ept-m (ex
ept-and ,f ,�(
dr args)) ,�(
ar args))))); ---------------------------------------------------------------------------; deftla (a first shot)



126 APPENDIX D. ACL2 EVENT FILES; End of this file ----------------------------------------------------------D.14 translations.lisp; translations.lisp; Disk Paxos translations; =======================; I used these 
ommands to 
ertify this book:; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "translations" 1)(in-pa
kage "S")(in
lude-book "additions")(in
lude-book "newdefmap")(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/re
ords");-------------------------------------------------------------------------;; CONSTANT N, Inputs; ASSUME (N \in Nat) /\ (N > 0);;-------------------------------------------------------------------------(en
apsulate ((n1 () t))(lo
al (defun n1 () 1))(defthm n1-
onstraint(and (integerp (n1))(< 0 (n1))):rule-
lasses :type-pres
ription))(defstub inputs () t);-------------------------------------------------------------------------;; Pro
 == 1..N



D.14. TRANSLATIONS.LISP 127;;-------------------------------------------------------------------------(defun Pro
 () (dot-dot 1 (n1)))(in-theory (disable (:exe
utable-
ounterpart Pro
)))(in-theory (disable pro
));-------------------------------------------------------------------------;; NotAnInput == CHOOSE 
 : 
 notin Inputs;;-------------------------------------------------------------------------(en
apsulate ((notaninput () t))(lo
al (defun notaninput () (inputs)))(lo
al (defthm notaninput-helper(equal (a
l2::hide (notaninput))(inputs)):hints (("Goal" :expand (a
l2::hide (notaninput)):in-theory(disable(:exe
utable-
ounterpart notaninput))))))(defthm notaninput-
onstraint(not (mem (notaninput) (inputs)))));-------------------------------------------------------------------------;; CONSTANTS Ballot(), Disk, IsMajority();; ASSUME /\ \A p \in Pro
 : Ballot(p) \subset {n \in Nat : n > 0} |; /\ \A q \in Pro
 \ p : Ballot(p) \
ap Ballot(q) = {}; /\ \A S,T \in SUBSET Disk : |; IsMajority(S) /\ IsMajority(T) => (S \
ap T # {});;-------------------------------------------------------------------------(en
apsulate ((ballot (p) t))(lo
al (defun ballot (p) (de
lare (ignore p)) nil)); There is more than one way to express the first; 
onstraint.; (lo
al (defall forall-p-in-pro
 (pro
 e); :forall p :in pro




128 APPENDIX D. ACL2 EVENT FILES; :holds (implies (mem e (ballot p)); (and (integerp e) (> e 0))))); (lo
al (defall forall-p-in-pro
-minus-p (pro
-minus-p p); :forall q :in pro
-minus-p; :holds (= (interse
tion (ballot p) (ballot q)) nil))); This is the rule we really want. And it doesn't depend; on the defalls above. Perhaps an additional theorem to; prove for; (defall (s ...) :forall x :in s :holds (implies p q)); is (implies (and (mem x s) p) q). But do we always want; to produ
e su
h a theorem? And when do we want to; forward 
hain or not?(defthm ballot-is-set-of-nats(implies (and (mem b (ballot p))(mem p (Pro
)))(and (integerp b)(> b 0))):rule-
lasses ((:forward-
haining:trigger-terms ((mem b (ballot p))))))(def
ong = equal (ballot p) 1); Here might be another example of TLA statements that; might be better expressed otherwise in ACL2. I suspe
t; that this theorem might be used to prove a != b, given; that a = (ballot p), b = (ballot q), and p != q. But; the way the theorem is stated, I'm not sure ACL2 will; be able to figure things out (the vagueness of this; statement refle
ts my own un
ertainty of what I'm; saying!)(defthm ballot-partitions-nats(implies (mem q (diff (pro
) (bra
e p)))(ur-elementp (interse
tion (ballot p) (ballot q)))))); this 
onstraint is stronger than paxos: it applies to any s and t,; whereas the Paxos statement applies only to elements of SUBSET Disk.(en
apsulate ((disk () t)(ismajority (s) t))
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al (defstub disk () t))(lo
al (defun ismajority (s) (de
lare (ignore s)) nil))(def
ong = equal (ismajority s) 1); On
e again, I deviate from the TLA statement.(defthm is-majority-thm1(implies (and (ismajority s)(ismajority s2)(subsetp s (disk))(subsetp s2 (disk)))(not (ur-elementp (interse
tion s s2)))))); The translation of the above ASSUME statement repeatedly raises the; question: "how do we get from a TLA assumption to an effe
tive ACL2; rule?";-------------------------------------------------------------------------;; DiskBlo
k == [ mbal : (UNION {Ballot(p) : p \in Pro
 }) \
up {0},; bal : (UNION {Ballot(p) : p \in Pro
 }) \
up {0},; inp : Inputs \
up {NotAnInput}; ℄;;-------------------------------------------------------------------------(newdefmap diskblo
k-map1 (pro
) :for p :in pro
 :map (ballot p))(in-theory (disable (:exe
utable-
ounterpart diskblo
k-map1)))(defre
 diskblo
k("mbal" (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))("bal" (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))("inp" (hide (union (inputs) (bra
e (notaninput))))))(in-theory (disable diskblo
k-property))(defthm diskblo
k-def(iff (mem db (diskblo
k))(and (fun
tionp db)(= (domain db) (bra
e "mbal" "bal" "inp"))(mem (apply db "mbal")(hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))



130 APPENDIX D. ACL2 EVENT FILES(mem (apply db "bal")(hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem (apply db "inp")(hide (union (inputs) (bra
e (notaninput))))))):hints (("Goal" :use diskblo
k-property:in-theory (disable diskblo
k-property))))(defthm mem-ballot(implies (and (mem e (ballot p))(mem p (pro
)))(mem e (union* (diskblo
k-map1 (pro
))))))(defthm hide-lemma-1(implies (= e 0)(mem e (hide (union (union* (diskblo
k-map1 (pro
))) (bra
e 0))))):hints (("Goal" :expand (hide (union (union* (diskblo
k-map1 (pro
))) (bra
e 0))))))(defthm hide-lemma-2(implies (mem e (union* (diskblo
k-map1 (pro
))))(mem e (hide (union (union* (diskblo
k-map1 (pro
))) (bra
e 0))))):hints (("Goal" :expand (hide (union (union* (diskblo
k-map1 (pro
))) (bra
e 0))))))(defthm hide-lemma-3(implies (mem e (inputs))(mem e (hide (union (inputs) (bra
e (notaninput)))))):hints (("Goal" :expand (hide (union (inputs) (bra
e (notaninput)))))))(defthm hide-lemma-4(implies (= e (notaninput))(mem e (hide (union (inputs) (bra
e (notaninput)))))):hints (("Goal" :expand (hide (union (inputs) (bra
e (notaninput))))))); Instead of proving all the following "nil" rules, I should establish; a dis
ipline of, whenever expli
itly de
laring a diskblo
k re
ord,; using a pres
ribed order for entering the fields.(defthm diskblo
k-nil-1(implies (and (mem mb (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem b (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem i (hide (union (inputs) (bra
e (notaninput))))))(mem (ex
ept (ex
ept (ex
ept nil "mbal" mb) "bal" b) "inp" i)(diskblo
k))))
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k-nil-2(implies (and (mem mb (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem b (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem i (hide (union (inputs) (bra
e (notaninput))))))(mem (ex
ept (ex
ept (ex
ept nil "mbal" mb) "inp" i) "bal" b)(diskblo
k))))(defthm diskblo
k-nil-3(implies (and (mem mb (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem b (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem i (hide (union (inputs) (bra
e (notaninput))))))(mem (ex
ept (ex
ept (ex
ept nil "bal" b) "mbal" mb) "inp" i)(diskblo
k))))(defthm diskblo
k-nil-4(implies (and (mem mb (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem b (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem i (hide (union (inputs) (bra
e (notaninput))))))(mem (ex
ept (ex
ept (ex
ept nil "bal" b) "inp" i) "mbal" mb)(diskblo
k))))(defthm diskblo
k-nil-5(implies (and (mem mb (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem b (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem i (hide (union (inputs) (bra
e (notaninput))))))(mem (ex
ept (ex
ept (ex
ept nil "inp" i) "bal" b) "mbal" mb)(diskblo
k))))(defthm diskblo
k-nil-6(implies (and (mem mb (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem b (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))(mem i (hide (union (inputs) (bra
e (notaninput))))))(mem (ex
ept (ex
ept (ex
ept nil "inp" i) "mbal" mb) "bal" b)(diskblo
k))))
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k-ex
ept-inp(implies (and (mem f (diskblo
k))(mem e (hide (union (inputs) (bra
e (notaninput))))))(mem (ex
ept f "inp" e) (diskblo
k))):hints (("Goal" :expand (hide (union (inputs) (bra
e (notaninput)))))))(defthm diskblo
k-ex
ept-bal(implies (and (mem f (diskblo
k))(mem e (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0)))))(mem (ex
ept f "bal" e) (diskblo
k))):hints (("Goal" :expand (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))))(defthm diskblo
k-ex
ept-mbal(implies (and (mem f (diskblo
k))(mem e (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0)))))(mem (ex
ept f "mbal" e) (diskblo
k))):hints (("Goal" :expand (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0)))))); I 
annot introdu
e these rules in my defmaps. See "-IMPLIES". So I; have to do them one by one as I need them. But this is silly.(defthm silly1(implies (mem s (diskblo
k))(mem (apply s "inp")(hide (union (inputs)(bra
e (notaninput)))))):hints (("goal" :expand (hide (union (inputs) (bra
e (notaninput)))))))(defthm silly2(implies (mem s (diskblo
k))(mem (apply s "mbal")(hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))):hints (("goal" :expand (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))))(defthm silly3(implies (mem s (diskblo
k))(mem (apply s "bal")(hide (union (union* (diskblo
k-map1 (pro
)))
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e 0))))):hints (("goal" :expand (hide (union (union* (diskblo
k-map1 (pro
)))(bra
e 0))))))(defthm silly4(implies (and (subsetp s (diskblo
k))(not (ur-elementp s)))(mem (
hoose s) (diskblo
k))):hints (("goal" :use (:instan
e mem-subsetp(e (
hoose s))(a s)(b (diskblo
k))))))(in-theory (disable diskblo
k-def)); blo
kpro
 --------------------------------------------------------------(defre
 blo
kpro
("blo
k" (diskblo
k))("pro
" (pro
)))(defthm blo
kpro
-ex
ept-blo
k(implies (and (mem f (blo
kpro
))(mem y (diskblo
k)))(mem (ex
ept f "blo
k" y) (blo
kpro
))))(defthm blo
kpro
-ex
ept-pro
(implies (and (mem f (blo
kpro
))(mem y (pro
)))(mem (ex
ept f "pro
" y) (blo
kpro
))))(defthm blo
kpro
-apply-blo
k(implies (mem f (blo
kpro
))(mem (apply f "blo
k") (diskblo
k))))(defthm blo
kpro
-apply-pro
(implies (mem f (blo
kpro
))(mem (apply f "pro
") (pro
))))(defthm blo
kpro
-nil-subsetp(subsetp nil (blo
kpro
)))(defthm blo
k-pro
-nil-1(implies (and (mem p (pro
))(mem d (diskblo
k)))
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ept (ex
ept nil "pro
" p) "blo
k" d)(blo
kpro
))))(defthm blo
k-pro
-nil-2(implies (and (mem p (pro
))(mem d (diskblo
k)))(mem (ex
ept (ex
ept nil "blo
k" d) "pro
" p)(blo
kpro
))))(in-theory (disable blo
kpro
-property));-------------------------------------------------------------------------(in
lude-book "newpowerset")(in
lude-book "additions")(in
lude-book "
hoose-max")(in
lude-book "defall")(in
lude-book "defexists")(in
lude-book "tla-translation-ma
ros");-------------------------------------------------------------------------; Defa
tion and Defstate(defma
ro defa
tion (name args body)`(progn(defun ,(pa
kn-in-pkg (list "_" name) 'defa
tion) (,�args input input-noutput output-n disk disk-n phasephase-n dblo
k dblo
k-n diskswrittendiskswritten-n blo
ksread blo
ksread-n),body)(defma
ro ,name ,args(list (quote ,(pa
kn-in-pkg (list "_" name) 'defa
tion)),�args 'input 'input-n'output 'output-n 'disk 'disk-n 'phase'phase-n 'dblo
k 'dblo
k-n 'diskswritten'diskswritten-n 'blo
ksread 'blo
ksread-n))(add-ma
ro-alias ,name ,(pa
kn-in-pkg (list "_" name) 'defa
tion))))(defma
ro defstate (name args body)`(progn(defun ,(pa
kn-in-pkg (list "_" name) 'defa
tion) (,�args input output disk phase dblo
k diskswrittenblo
ksread),body)
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ro ,name ,args(list (quote ,(pa
kn-in-pkg (list "_" name) 'defa
tion)),�args 'input 'output 'disk 'phase'dblo
k 'diskswritten 'blo
ksread))(defma
ro ,(pa
kn-in-pkg (list name "-N") 'defa
tion) ,args(list (quote ,(pa
kn-in-pkg (list "_" name) 'defa
tion)),�args 'input-n 'output-n 'disk-n 'phase-n'dblo
k-n 'diskswritten-n 'blo
ksread-n))(add-ma
ro-alias ,name ,(pa
kn-in-pkg (list "_" name) 'defa
tion))));-------------------------------------------------------------------------;; hasRead(p,d,q) == exists br in blo
ksRead[p℄[d℄ : br.pro
 = q;;-------------------------------------------------------------------------(defexists exists-hasread (blo
ksread-p-d q):exists br :in blo
ksread-p-d :su
h-that (= (apply br "pro
") q))(defun hasread (p d q blo
ksread)(exists-hasread (apply-m blo
ksread p d) q))(def
ong = equal (hasread p d q blo
ksread) 1)(def
ong = equal (hasread p d q blo
ksread) 2)(def
ong = equal (hasread p d q blo
ksread) 3)(def
ong = equal (hasread p d q blo
ksread) 4);-------------------------------------------------------------------------;; allBlo
ksRead(p) ==;; LET allRdBlks == UNION { blo
ksRead[p℄[d℄ : d in Disk }; IN { br.blo
k : br in allRdBlks };;-------------------------------------------------------------------------(newdefmap allblo
ksread-map-2 (allrdblks):for br :in allrdblks :map (apply br "blo
k"))(newdefmap allblo
ksread-map-3 (disk p blo
ksread):for d :in disk :map (apply-m blo
ksread p d))



136 APPENDIX D. ACL2 EVENT FILES(defun allblo
ksread (p blo
ksread)(allblo
ksread-map-2 (union* (allblo
ksread-map-3 (disk) p blo
ksread))))(def
ong = = (allblo
ksread p blo
ksread) 1)(def
ong = = (allblo
ksread p blo
ksread) 2);-------------------------------------------------------------------------;; InitDB == [ mbal /-> 0 , bal /-> 0 , inp /-> NotAnInput ℄;;-------------------------------------------------------------------------(defun InitDB ()(fun
 ("mbal" 0) ("bal" 0) ("inp" (NotAnInput))))(in-theory (disable (:exe
utable-
ounterpart initdb)));-------------------------------------------------------------------------;; InitializePhase(p) ==; /\ disksWritten' = [disksWritten EXCEPT ![p℄ = {}℄; /\ blo
ksRead' = [blo
ksRead EXCEPT ![p℄ = [d \in Disk /-> {}℄℄;;-------------------------------------------------------------------------(defmap-fn map-to-nil (dom):for x :in dom :map nil)(defthm apply-map-to-nil(= (apply (map-to-nil d) x) nil))(defthm range-map-to-nil(subsetp (range (map-to-nil d))(powerset x)))(defthm map-to-nil-all-fns-powerset(mem (map-to-nil s)(all-fns s (powerset x))):hints (("Goal" :in-theory (enable all-fns-def))))(defun _initializephase (pdisksWritten diskswritten-nblo
ksRead blo
ksread-n)



D.14. TRANSLATIONS.LISP 137(and (= diskswritten-n (ex
ept disksWritten p nil))(= blo
ksread-n (ex
ept blo
ksRead p (map-to-nil (disk))))))(def
ong = equal (_initializephase p a s d f) 1)(def
ong = equal (_initializephase p a s d f) 2)(def
ong = equal (_initializephase p a s d f) 3)(def
ong = equal (_initializephase p a s d f) 4)(defma
ro initializephase (p)`(_initializephase ,p disksWritten diskswritten-nblo
ksRead blo
ksread-n))(add-ma
ro-alias initializephase _initializephase);-------------------------------------------------------------------------;; StartBallot(p) ==; /\ phase[p℄ :in: {1,2}; /\ phase' = [phase EXCEPT ![p℄ = 1℄; /\ :exists: b :in: Ballot(p) :; /\ b > dblo
k[p℄.mbal; /\ dblo
k' = [dblo
k EXCEPT ![p℄.mbal = b℄; /\ InitializePhase(p); /\ UNCHANGED <input,output,disk>;;-------------------------------------------------------------------------(defexists exists-startballot (ballot-p dblo
k dblo
k-n p):exists b :in ballot-p:su
h-that (and (> b (apply-m dblo
k p "mbal"))(= dblo
k-n (ex
ept dblo
k p(ex
ept (apply dblo
k p) "mbal" b)))); mem-
orollary nil must be used when the :su
h-that term is of the form; (and ... (= <variable> <term>)). For more information, see newdefmap.lisp.:mem-
orollary nil)(defa
tion startballot (p b-witness)(and (mem (apply phase p) (bra
e 1 2))(= phase-n (ex
ept phase p 1))(mem b-witness (ballot p))(> b-witness (apply-m dblo
k p "mbal"))(= dblo
k-n (ex
ept dblo
k p
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ept (apply dblo
k p) "mbal" b-witness))); (exists-startballot (ballot p) dblo
k dblo
k-n p)(initializephase p)(un
hanged input output disk)));-------------------------------------------------------------------------;; Phase1or2Write(p,d) ==; /\ phase[p℄ :in: {1,2}; /\ disk' = [disk EXCEPT ![d℄[p℄ = dblo
k[p℄℄; /\ disksWritten' = [disksWritten EXCEPT ![p℄ = � :
up: {d}℄; /\ UNCHANGED <input,output,phase,dblo
k,blo
ksRead>;;-------------------------------------------------------------------------(defa
tion phase1or2write (p d)(and (mem (apply phase p) (bra
e 1 2))(= disk-n (ex
ept-m disk d p (apply dblo
k p)))(= diskswritten-n(ex
ept diskswritten p (union (apply diskswritten p) (bra
e d))))(un
hanged input output phase dblo
k blo
ksread)));-------------------------------------------------------------------------;; Phase1or2Read(p,d,q) ==; /\ d :in: disksWritten[p℄; /\ IF disk[d℄[q℄.mbal < dblo
k[p℄.mbal; THEN /\ blo
ksRead' =; [blo
ksRead EXCEPT ![p℄[d℄ =; � :
up: { [blo
k /-> disk[d℄[q℄, pro
 /-> q℄ } ℄; /\ UNCHANGED <input,output,disk,phase,dblo
k,disksWritten>; ELSE; StartBallot(p);;-------------------------------------------------------------------------(defa
tion phase1or2read (p d q b-witness)(and (mem d (apply diskswritten p))(if (< (apply-m disk d q "mbal") (apply-m dblo
k p "mbal"))(and (= blo
ksread-n(ex
ept-m blo
ksreadpd(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k"



D.14. TRANSLATIONS.LISP 139(apply-m disk d q))("pro
" q))))))(un
hanged input output disk phase dblo
k diskswritten))(startballot p b-witness))));-------------------------------------------------------------------------;; Phase0Read(p,d) ==; /\ phase[p℄ = 0; /\ blo
ksRead' = [blo
ksRead EXCEPT; ![p℄[d℄ = � :
up: { [ blo
k /-> disk[d℄[p℄,; pro
 /-> p ℄ } ℄; /\ UNCHANGED <input,output,disk,phase,dblo
k,disksWritten>;;-------------------------------------------------------------------------(defa
tion phase0read (p d)(and (= (apply phase p) 0)(= blo
ksread-n(ex
ept-m blo
ksreadpd(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k" (apply-m disk d p))("pro
" p))))))(un
hanged input output disk phase dblo
k diskswritten)));-------------------------------------------------------------------------;; Fail(p) ==; /\ exists ip in Inputs : input' = [input EXCEPT ![p℄ = ip℄; /\ phase' = [phase EXCEPT ![p℄ = 0 ℄; /\ dblo
k' = [dblo
k EXCEPT ![p℄ = InitDB℄; /\ output' = [output EXCEPT ![p℄ = NotAnInput℄; /\ InitializePhase(p); /\ UNCHANGED disk;;-------------------------------------------------------------------------(defexists exists-fail-1 (inputs input input-n p):exists ip :in inputs :su
h-that (= input-n (ex
ept input p ip)):mem-
orollary nil)(defa
tion fail (p ip-witness1)(and (mem ip-witness1 (inputs))
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ept input p ip-witness1))(= phase-n (ex
ept phase p 0))(= dblo
k-n (ex
ept dblo
k p (initdb)))(= output-n (ex
ept output p (notaninput)))(initializephase p)(un
hanged disk)));-------------------------------------------------------------------------;; EndPhase0(p) ==;; /\ phase[p℄ = 0; /\ isMajority( { d in Disk : hasRead(p,d,p) } ); /\ exists b in Ballot(p) :; /\ forall r in allBlo
ksRead(p) : b > r.mbal; /\ dblo
k' = [ dblo
k EXCEPT; ![p℄ = [ (CHOOSE r in allBlo
ksRead(p) :; forall s in allBlo
ksRead(p) :; r.bal >= s.bal); EXCEPT !.mbal = b ℄ ℄; /\ InitializePhase(p); /\ phase' = [ phase EXCEPT ![p℄ = 1 ℄; /\ UNCHANGED <input,output,disk>;;-------------------------------------------------------------------------(newdefmap ep0-map1 (disk p blo
ksread):for d :in disk:su
h-that (hasread p d p blo
ksread))(defall forall-endphase0-1 (allblo
ksread-p b):forall r :in allblo
ksread-p:holds (> b (apply r "mbal")))(defexists exists-endphase0-1 (ballot-p p blo
ksread dblo
k-n dblo
k):exists b :in ballot-p:su
h-that(and (forall-endphase0-1 (allblo
ksread p blo
ksread) b)(= dblo
k-n(ex
ept dblo
k p(ex
ept (
hoose-max-bal (allblo
ksread p blo
ksread))"mbal" b)))):mem-
orollary nil)(defa
tion endphase0 (p b-wit)



D.14. TRANSLATIONS.LISP 141(and (= (apply phase p) 0)(ismajority (ep0-map1 (disk) p blo
ksread))(mem b-wit (ballot p))(forall-endphase0-1 (allblo
ksread p blo
ksread) b-wit)(= dblo
k-n(ex
ept dblo
k p(ex
ept (
hoose-max-bal (allblo
ksread p blo
ksread))"mbal" b-wit)))(initializephase p)(= phase-n (ex
ept phase p 1))(un
hanged input output disk)));-------------------------------------------------------------------------;; EndPhase1or2(p) ==;; /\ IsMajority({ d in disksWritten[p℄ :; forall q in Pro
 \ {p} : hasRead(p,d,q)}); /\ \/ /\ phase[p℄ = 1; /\ dblo
k' =; [dblo
k EXCEPT; ![p℄.bal = dblo
k[p℄.mbal,; ![p℄.inp =; LET blo
ksSeen == allBlo
ksRead(p) 
up { dblo
k[p℄ }; nonInitBlks ==; { bs in blo
ksSeen : bs.inp # NotAnInput }; maxBlk ==; CHOOSE b in nonInitBlks :; forall 
 in nonInitBlks : b.bal >= 
.bal; IN; IF nonInitBlks = {} THEN input[p℄; ELSE maxBlk.inp ℄; /\ UNCHANGED output;; \/ /\ phase[p℄ = 2; /\ output' = [output EXCEPT ![p℄ = dblo
k[p℄.inp℄; /\ UNCHANGED dblo
k;; /\ phase' = [phase EXCEPT ![p℄ = � + 1℄; /\ InitializePhase(p); /\ UNCHANGED <input, disk>;;-------------------------------------------------------------------------(defall forall-ep12-1 (pro
-minus-p p d blo
ksread)



142 APPENDIX D. ACL2 EVENT FILES:forall q :in pro
-minus-p:holds (hasread p d q blo
ksread))(defexists exists-ep12-1 (blo
ksseen):exists bs :in blo
ksseen:su
h-that (not (= (apply bs "inp") (notaninput))))(newdefmap map-ep12-1 (diskswritten-p p blo
ksread):for d :in diskswritten-p:su
h-that (forall-ep12-1 (diff (pro
) (bra
e p)) p d blo
ksread))(newdefmap noninitblks (blo
ksseen):for bs :in blo
ksseen:su
h-that (not (= (apply bs "inp") (notaninput))))(defa
tion endphase1or2 (p)(and (ismajority (map-ep12-1 (apply diskswritten p) p blo
ksread))(or (and (= (apply phase p) 1)(= dblo
k-n(ex
ept-and dblo
k(p "bal" (apply-m dblo
k p "mbal"))(p "inp" (if (= (noninitblks(union (allblo
ksread pblo
ksread)(bra
e(apply dblo
k p))))nil)(apply input p)(apply (
hoose-max-bal(noninitblks(union (allblo
ksread pblo
ksread)(bra
e(apply dblo
k p)))))"inp")))))(un
hanged output))(and (= (apply phase p) 2)(= output-n (ex
ept output p (apply-m dblo
k p "inp")))(un
hanged dblo
k)))(= phase-n (ex
ept phase p (+ (apply phase p) 1)))(initializephase p)(un
hanged input disk)));-------------------------------------------------------------------------;



D.14. TRANSLATIONS.LISP 143; MajoritySet == { D in SUBSET Disk : IsMajority(D) };; blo
ksOf(p) ==;; LET rdBy(q,d) == {br in blo
ksRead[q℄[d℄ : br.pro
 = p }; IN { dblo
k[p℄ } 
up { disk[d℄[p℄ : d in Disk }; 
up { br.blo
k : br in UNION {rdBy(q,d) : q in Pro
,; d in Disk }};; allBlo
ks == UNION { blo
ksOf(p) : p in Pro
;;-------------------------------------------------------------------------(newdefmap majorityset (powset-disk):for d :in powset-disk:su
h-that (ismajority d)); Translation problem. In spe
, we have rdBy(q,d). But here, we 
an't; pass q and d as parameters, they have to be given in the 
all.(newdefmap rdby (p blo
ksread-q-d):for br :in blo
ksread-q-d:su
h-that (= (apply br "pro
") p))(newdefmap rdby-pro
-disk-1-1 (disk-dom p q blo
ksread):for d :in disk-dom:map (rdby p (apply-m blo
ksread q d)))(newdefmap rdby-pro
-disk-1 (pro
-dom disk-dom p blo
ksread):for q :in pro
-dom:map (rdby-pro
-disk-1-1 disk-dom p q blo
ksread))(newdefmap br-blo
k (union-rdby-pro
-disk-1):for br :in union-rdby-pro
-disk-1:map (apply br "blo
k"))(newdefmap disk-d-p (disk-dom disk p):for d :in disk-dom :map (apply-m disk d p))(defun blo
ksof (p dblo
k disk blo
ksread)(union (apply dblo
k p)(union (disk-d-p (disk) disk p)(br-blo
k (union* (rdby-pro
-disk-1 (pro
) (disk) p blo
ksread))))))(def
ong = = (blo
ksof p dblo
k disk blo
ksread) 1)(def
ong = = (blo
ksof p dblo
k disk blo
ksread) 2)



144 APPENDIX D. ACL2 EVENT FILES(def
ong = = (blo
ksof p dblo
k disk blo
ksread) 3)(def
ong = = (blo
ksof p dblo
k disk blo
ksread) 4)(newdefmap blo
ks-of-p-map (pro
-dom dblo
k disk blo
ksread):for p :in pro
-dom:map (blo
ksof p dblo
k disk blo
ksread))(defun allblo
ks (dblo
k disk blo
ksread)(union* (blo
ks-of-p-map (pro
) dblo
k disk blo
ksread)));-------------------------------------------------------------------------;; Next ==;; exists p in Pro
 :; \/ StartBallot(p); \/ exists d in Disk : \/ Phase0Read(p,d); \/ Phase1or2Write(p,d); \/ exists q in Pro
 \ {p} :; Phase1or2Read(p,d,q); \/ EndPhase1or2(p); \/ Fail(p); \/ EndPhase0(p);;-------------------------------------------------------------------------(defa
tion next (p ; witness for nextd ; witness for nextq ; witness for nextb-witness1 ; witness for startballotip-witness1 ; witness for failb-witness) ; witness for endphase0(and (mem p (pro
))(or (startballot p b-witness1)(and (mem d (disk))(or (phase0read p d)(phase1or2write p d)(and (mem q (diff (pro
) (bra
e p)))(phase1or2read p d q b-witness1))))(endphase1or2 p)(fail p ip-witness1)(endphase0 p b-witness))))



D.14. TRANSLATIONS.LISP 145;-------------------------------------------------------------------------;; HNext ==;; /\ Next; /\ 
hosen' = LET hasOutput(p) == output'[p℄ # NotAnInput; IN IF \/ 
hosen # NotAnInput; \/ forall p in Pro
 : -hasOutput(p); THEN 
hosen; ELSE output'[CHOOSE p in Pro
 : hasOutput(p)℄; /\ allInput' = allInput 
up { input'[p℄ : p in Pro
 };;-------------------------------------------------------------------------(defall forall-hnext (pro
 output-n):forall p :in pro
 :holds (= (apply output-n p) (notaninput)))(newdefmap map-hnext (pro
 output-n):for p :in pro
 :su
h-that (not (= (apply output-n p) (notaninput))))(defthm hnext-forall-map-property-(implies (not (forall-hnext pro
 output-n))(not (ur-elementp (map-hnext pro
 output-n)))):hints (("Goal" :in-theory(enable forall-hnext map-hnext forall-hnext-predi
ate))))(newdefmap map2-hnext (pro
 input-n):for p :in pro
 :map (apply input-n p))(defun _
hosen-allinput-a
tion (
hosen 
hosen-nallinput allinput-ninput-noutput-n)(and (= 
hosen-n (if (or (not (= 
hosen (notaninput)))(forall-hnext (pro
) output-n))
hosen(apply output-n(
hoose (map-hnext (pro
) output-n)))))(= allinput-n (union allinput (map2-hnext (pro
) input-n)))))(defma
ro 
hosen-allinput-a
tion ()'(_
hosen-allinput-a
tion 
hosen 
hosen-n allinput allinput-ninput-n output-n))(add-ma
ro-alias 
hosen-allinput-a
tion _
hosen-allinput-a
tion)



146 APPENDIX D. ACL2 EVENT FILES(defa
tion hnext-with-vars (p d q b-witness1 ip-witness1 b-witness
hosen 
hosen-n allinput allinput-n)(and (next p d q b-witness1 ip-witness1 b-witness)(
hosen-allinput-a
tion)))(defma
ro hnext (p d q b-witness1 ip-witness1 b-witness)`(hnext-with-vars ,p ,d ,q ,b-witness1 ,ip-witness1 ,b-witness
hosen 
hosen-n allinput allinput-n))(add-ma
ro-alias hnext _hnext-with-vars); what about the other arguments for the following fun
tions?(def
ong = equal (startballot p b-witness) 1)(def
ong = equal (phase0read p d) 1)(def
ong = equal (phase0read p d) 2)(def
ong = equal (phase1or2read p d q b-witness) 1)(def
ong = equal (phase1or2read p d q b-witness) 2)(def
ong = equal (phase1or2read p d q b-witness) 3)(def
ong = equal (endphase0 p b-wit) 1)(def
ong = equal (endphase1or2 p) 1)(def
ong = equal (phase1or2write p d) 1)(def
ong = equal (phase1or2write p d) 2)(def
ong = equal (fail p ip-witness1) 1); End of file ---------------------------------------------------------------D.15 i2a/i2a.lisp; i2a.lisp ------------------------------------------------------------------; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "i2a" 1)(in-pa
kage "S")(in
lude-book "i2a-1")(in
lude-book "../
ommon-all"); LEMMA I2a. Hinv1 /\ HNext => HInv1'(disable-all-a
tions)



D.16. I2A/I2A-1.LISP 147(in-theory (disable hinv1))(in-theory (enable hnext next))(defthm i2a(implies (and (hnext p d q b-witness1 ip-witness1 b-witness) (hinv1))(hinv1-n))); End of file ---------------------------------------------------------------D.16 i2a/i2a-1.lisp; i2a-1.lisp; I used the following 
ommand to 
ertify this book:; (in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory"); (
ertify-book "i2a-1" 1)(in-pa
kage "S")(in
lude-book "../translations")(in
lude-book "../hinv1"); next time you 
ertify all-fns, make sure to disable this theorem.(in-theory (disable main)); i2a-1.lisp ----------------------------------------------------------------; I forgot to in
lude this one in hinv1.lisp. This should be; automati
ally generated on
e I have a better version of defa
tion.(defma
ro hinv1-n ()'(hinv1-with-vars-n allinput-n 
hosen-n))(en
apsulatenil(lo
al(defthm map2-hnext-subsetp-1(implies (not (ur-elementp pro
))(iff (mem x (map2-hnext pro
 input-n))(or (= x (apply input-n (s
ar pro
)))



148 APPENDIX D. ACL2 EVENT FILES(mem x (map2-hnext (s
dr pro
) input-n))))):hints (("Goal" :indu
t (map2-hnext pro
 input-n):in-theory (enable map2-hnext)))))(lo
al(defthm map2-hnext-subsetp-2(implies (and (mem input-n (all-fns pro
2 inputs))(subsetp pro
 pro
2)(mem x (map2-hnext pro
 input-n)))(mem x inputs)):hints (("Goal" :indu
t (map2-hnext pro
 input-n):in-theory (enable map2-hnext)))))(lo
al(defthm map2-hnext-subsetp-3(implies (and (mem input-n (all-fns (pro
) (inputs)))(mem x (map2-hnext (pro
) input-n)))(mem x (inputs))):hints (("Goal" :use ((:instan
e map2-hnext-subsetp-2 (pro
2 (pro
)) (pro
 (pro
))(inputs (inputs)))(:instan
e subsetp-x-x (x (pro
))))))))(lo
al(defx map2-hnext-subsetp-4(implies (mem input-n (all-fns (pro
) (inputs)))(subsetp (map2-hnext (pro
) input-n) (inputs))):strategy subset-relation))(defthm map2-hnext-subsetp(implies (mem input-n (all-fns (pro
) (inputs)))(mem (map2-hnext (pro
) input-n) (powerset (inputs)))):hints (("Goal" :in-theory (enable powerset-property))))); (enable-all-a
tions)(lo
al (in-theory (enable hinv1)))(defthm hinv1-startballot(implies(and (startballot p b-witness)(
hosen-allinput-a
tion)(hinv1)(mem p (pro
)))(hinv1-n)))(defthm hinv1-phase1or2write



D.16. I2A/I2A-1.LISP 149(implies (and (phase1or2write p d)(
hosen-allinput-a
tion)(hinv1)(mem p (pro
))(mem d (disk)))(hinv1-n)))(defthm hinv1-phase1or2read(implies (and (phase1or2read p d q b-witness)(
hosen-allinput-a
tion)(hinv1)(mem p (pro
))(mem q (pro
))(mem d (disk)))(hinv1-n)))(defthm hinv1-phase0read(implies (and (phase0read p d)(
hosen-allinput-a
tion)(hinv1)(mem p (pro
))(mem d (disk)))(hinv1-n)))(defthm hinv1-fail(implies (and (fail p ip-witness1)(
hosen-allinput-a
tion)(hinv1)(mem p (pro
)))(hinv1-n)))(en
apsulatenil(lo
al (defthm allblo
ksread-map-3-subsetp-1(implies (not (ur-elementp disk))(iff (mem x (allblo
ksread-map-3 disk p blo
ksread))(or (= x (apply-m blo
ksread p (s
ar disk)))(mem x (allblo
ksread-map-3 (s
dr disk) p blo
ksread))))):hints (("Goal" :indu
t (allblo
ksread-map-3 disk p blo
ksread):in-theory (enable allblo
ksread-map-3)))))(lo
al (defthm allblo
ksread-map-3-subsetp-2(implies (and (mem blo
ksread (all-fns pro
 (all-fns disk2 powerset-blo
kpro
)))(subsetp disk disk2)



150 APPENDIX D. ACL2 EVENT FILES(mem p pro
)(mem x (allblo
ksread-map-3 disk p blo
ksread)))(mem x powerset-blo
kpro
)):hints (("Goal" :indu
t (allblo
ksread-map-3 disk p blo
ksread):in-theory (enable allblo
ksread-map-3)))))(lo
al (defthm allblo
ksread-map-3-subsetp-3(implies (and (mem blo
ksread (all-fns (pro
) (all-fns (disk) (powerset (blo
kpro
)))))(mem x (allblo
ksread-map-3 (disk) p blo
ksread))(mem p (pro
)))(mem x (powerset (blo
kpro
)))):hints (("Goal" :use ((:instan
e allblo
ksread-map-3-subsetp-2(disk2 (disk)) (disk (disk)) (pro
 (pro
))(powerset-blo
kpro
 (powerset (blo
kpro
))))(:instan
e subsetp-x-x (x (disk))))))))(defx allblo
ksread-map-3-subsetp(implies (and (mem blo
ksread (all-fns (pro
) (all-fns (disk) (powerset (blo
kpro
)))))(mem p (pro
)))(subsetp (allblo
ksread-map-3 (disk) p blo
ksread)(powerset (blo
kpro
)))):strategy subset-relation)) ; end of en
apsulate; I like this theorem.(defthm union*-powerset(implies (subsetp s (powerset a))(subsetp (union* s) a)):hints (("Goal" :in-theory (enable union* powerset-property))("Subgoal *1/3.1" :in-theory (enable weak-powerset-property))))(en
apsulatenil(lo
al(defthm subsetp-allblo
ksread-map-2-diskblo
k-1(implies (not (ur-elementp dom))(iff (mem x (allblo
ksread-map-2 dom))(or (= x (apply (s
ar dom) "blo
k"))(mem x (allblo
ksread-map-2 (s
dr dom)))))):hints (("Goal" :indu
t (allblo
ksread-map-2 dom):in-theory (enable allblo
ksread-map-2)))))(lo
al(defthm subsetp-allblo
ksread-map-2-diskblo
k-2



D.16. I2A/I2A-1.LISP 151(implies (and (subsetp dom (blo
kpro
))(mem x (allblo
ksread-map-2 dom)))(mem x (diskblo
k))):hints (("Goal" :indu
t (allblo
ksread-map-2 dom):in-theory (enable allblo
ksread-map-2)))))(defx subsetp-allblo
ksread-map-2-diskblo
k(implies (subsetp dom (blo
kpro
))(subsetp (allblo
ksread-map-2 dom) (diskblo
k))):strategy subset-relation)) ; end of en
apsulate(defthm subsetp-
hoose-max-bal(implies (and (subsetp s s2)(not (ur-elementp s)))(mem (
hoose-max-bal s) s2)):hints (("Goal" :use (:instan
e mem-subsetp (e (
hoose-max-bal s))(a s) (b s2)))))(defthm subsetp-noninitblks-2(implies (subsetp s s2)(subsetp (noninitblks s) s2)):hints (("Goal" :in-theory (enable noninitblks))))(defthm goodorbadrule?(implies (setp s)(iff (= s nil) (ur-elementp s)))); (defthm goodorbad2; (implies (setp x); (iff (not (ur-elementp x)) x)))(defthm subsetp-nil-x(subsetp nil x))(defthm hinv1-endphase1or2(implies (and (endphase1or2 p)(
hosen-allinput-a
tion)(hinv1)(mem p (pro
)))(hinv1-n))); add to set theory?



152 APPENDIX D. ACL2 EVENT FILES(defthm interse
tion-s-s(implies (setp s)(= (interse
tion s s) s)))(lo
al(progn(defthm is-majority-implies-not-ur-elementp(implies (and (ismajority s)(subsetp s (disk)))(not (ur-elementp s))):hints (("Goal" :use ((:instan
e is-majority-thm1 (s s) (s2 s))(:instan
e interse
tion-s-s)):in-theory (disable interse
tion-s-s is-majority-thm1))))(defthm step1(iff (not (ur-elementp (ep0-map1 disk p blo
ksread)))(mem (
hoose (ep0-map1 disk p blo
ksread))(ep0-map1 disk p blo
ksread))))(in-theory (disable mem-
hoose-ep0-map1-1))(defthm step2(implies (not (ur-elementp (ep0-map1 disk p blo
ksread)))(hasread p (
hoose (ep0-map1 disk p blo
ksread)) p blo
ksread)):instru
tions ((:DV 1) (:REWRITE STEP1)(:REWRITE MEM-EP0-MAP1) top bash))(defthm step3(implies (not (ur-elementp (ep0-map1 disk p blo
ksread)))(exists-hasread(apply-m blo
ksread p (
hoose (ep0-map1 disk p blo
ksread))) p)):hints (("Goal" :use (:instan
e step2))))(defthm step4(implies (exists-hasread dom p)(not (ur-elementp dom))):hints (("Goal" :in-theory (enable exists-hasread exists-hasread-map))):rule-
lasses nil)(defthm step5(implies (exists-hasread(apply-m blo
ksread p (
hoose (ep0-map1 disk p blo
ksread))) p)(not (ur-elementp(apply-m blo
ksread p (
hoose (ep0-map1 disk p blo
ksread))))))



D.16. I2A/I2A-1.LISP 153:hints (("Goal" :by step4)))(defthm step5andahalf(implies (and (mem d disk)(not (= (apply-m blo
ksread p d)(s
ar (allblo
ksread-map-3 disk p blo
ksread)))))(mem (apply-m blo
ksread p d)(s
dr (allblo
ksread-map-3 disk p blo
ksread)))):hints (("Goal" :in-theory (enable allblo
ksread-map-3))))(defthm step6(implies (and (not (ur-elementp (apply-m blo
ksread p d)))(mem d disk))(not (ur-elementp (union* (allblo
ksread-map-3 disk p blo
ksread))))):hints (("Goal" :indu
t (allblo
ksread-map-3 disk p blo
ksread):in-theory (enable allblo
ksread-map-3)))))) ; end lo
al progn; yu
k.(defthmismajority-implies-not-ur-elementp-allblo
ksread(implies(ismajority (ep0-map1 (disk) p blo
ksread))(not(ur-elementp(allblo
ksread-map-2 (union* (allblo
ksread-map-3 (disk)p blo
ksread)))))):instru
tions(:promote (:dv 1)(:rewrite ur-elementp-allblo
ksread-map-2)(:rewrite step6((d (
hoose (ep0-map1 (disk) p blo
ksread)))))(:
hange-goal nil t):bash (:dv 1)(:rewrite step5)(:rewrite step3)(:rewrite step1):bash))(lo
al (in-theory (enable powerset-property)))(defthm hinv1-endphase0(implies (and (endphase0 p b-wit)



154 APPENDIX D. ACL2 EVENT FILES(
hosen-allinput-a
tion)(hinv1)(mem p (pro
)))(hinv1-n))); End of file ---------------------------------------------------------------D.17 i2
/
ommon-i2
.lisp; 
ommon-i2
.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "
ommon-i2
" 1)(in-pa
kage "S")(in
lude-book "/home/pa
he
o/a
l2-sour
es/books/finite-set-theory/set-theory")(in
lude-book "../translations")(in
lude-book "../hinv1")(in
lude-book "../hinv2")(in
lude-book "../hinv3")(in
lude-book "../
ommon-all")(disable-all-a
tions)(in-theory (disable hinv1 hinv2 hinv3)); (defthm exists-hasread-nil; (equal (exists-hasread nil q) nil)); The next three in order of usefulness (I think).; (defexists exists-hasread (blo
ksread-p-d q); :exists br :in blo
ksread-p-d :su
h-that (= (apply br "pro
") q))(defthm not-exists-hasread-nil(not (exists-hasread nil q)):hints (("Goal" :in-theory (enable exists-hasreadexists-hasread-map))))(defthm initphase-hasread-2(implies (initializephase p2)



D.17. I2C/COMMON-I2C.LISP 155(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :in-theory (enable initializephase hasread))))(defthm initphase-hasread(implies (and (initializephase p)(= p2 p))(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :use initphase-hasread-2:in-theory (disable initphase-hasread-2))))(defthm wb-initializephase(implies (and (initializephase p2)(not (= p2 p)))(and (= (apply diskswritten-n p) (apply diskswritten p))(= (apply blo
ksread-n p) (apply blo
ksread p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d)))):hints (("Goal" :in-theory (enable initializephase))))(defthm initializephase-hasread(implies (and (initializephase p2)(not (= p2 p)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread))))(lo
al(DEFTHMFORALL-HINV3-1-1-MEM-painful(IMPLIES(AND (FORALL-HINV3-1-1 PROC P PHASE DBLOCK BLOCKSREAD)(MEM Q PROC))(FORALL-HINV3-1-1-1 (DISK) P Q PHASE DBLOCK BLOCKSREAD)):hints (("Goal" :use (forall-hinv3-1-1-memforall-hinv3-1-1-predi
ate):in-theory nil))))(lo
al(DEFTHMFORALL-HINV3-1-Mem-painful(IMPLIES(AND (FORALL-HINV3-1 PROC PHASE DBLOCK BLOCKSREAD)(MEM P PROC))(FORALL-HINV3-1-1 (PROC)



156 APPENDIX D. ACL2 EVENT FILESP PHASE DBLOCK BLOCKSREAD)):hints (("Goal" :use (forall-hinv3-1-memforall-hinv3-1-predi
ate):in-theory nil))))(lo
al(DEFTHMHINV3-IMPLIES-PARTICULAR0(IMPLIES (AND (HINV3)(MEM P (PROC))(MEM Q (PROC))(MEM D (DISK)))(FORALL-HINV3-1-1-1-PREDICATE D P Q PHASE DBLOCK BLOCKSREAD)):INSTRUCTIONS(:PROMOTE (:REWRITE FORALL-HINV3-1-1-1-MEM((DISK-DOM (DISK))))(:REWRITE FORALL-HINV3-1-1-MEM-PAINFUL((PROC (PROC))))(:REWRITE FORALL-HINV3-1-MEM-PAINFUL((PROC (PROC)))):DEMOTE (:DV 1 1):EXPAND :TOP :BASH)))(defthm hinv3-implies-parti
ular(implies (and (hinv3) (mem p (pro
)) (mem q (pro
)) (mem d (disk))(hinv3.l phase p d q blo
ksread))(hinv3.r dblo
k blo
ksread p d q)):hints (("goal" :use (hinv3-implies-parti
ular0):in-theory '(forall-hinv3-1-1-1-predi
ate)))); End of file ---------------------------------------------------------------D.18 i2
/
ommon-p12r.lisp; 
ommon-p12r.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "
ommon-p12r" 1)(in-pa
kage "S")



D.19. I2C/EP0.LISP 157(in
lude-book "
ommon-i2
")(in
lude-book "startballot"); Follows from startballot(defthm p12r-trivial-on-else-bran
h(implies (and (hinv1) (hinv2) (hinv3)(phase1or2read p2 d2 q2 b-witness)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(not (< (apply-m disk d2 q2 "mbal")(apply-m dblo
k p2 "mbal")))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable phase1or2read))))(defthm wb-phase1or2read(implies (and (phase1or2read p2 d2 q2 b-witness)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable phase1or2read startballot))))(defthm wb-phase1or2read-hasread(implies (and (phase1or2read p2 d2 q2 b-witness)(not (= p2 p)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread)))); End of file ---------------------------------------------------------------D.19 i2
/ep0.lisp; ep0.lisp(in-pa
kage "S")



158 APPENDIX D. ACL2 EVENT FILES; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "ep0" 1)(in
lude-book "
ommon-i2
")(lo
al(progn(defthm wb-endphase0(implies (and (endphase0 p2 b-wit)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable endphase0))))(defthm i2
-ep0-0(implies (and (hinv1) (hinv2) (hinv3) (endphase0 p2 b-wit)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 p)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))(defthm i2
-ep0-1(implies (and (hinv1) (hinv2) (hinv3) (endphase0 p2 b-wit)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))(defthm i2
-ep0-2(implies (and (hinv1) (hinv2) (hinv3) (endphase0 p2 b-wit)(mem p (pro
))



D.19. I2C/EP0.LISP 159(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread))))(defthm i2
-ep0-3(implies (and (hinv1) (hinv2) (hinv3) (endphase0 p2 b-wit)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l))))(defthm i2
-ep0-4(implies (and (hinv1) (hinv2) (hinv3) (endphase0 p2 b-wit)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r)))))) ; end lo
al progn(defthm i2
-ep0(implies (and (hinv1) (hinv2) (hinv3) (endphase0 p2 b-wit)(mem p (pro
))(mem q (pro
))(mem d (disk))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((and (not (= p2 p)) (not (= p2 q))))))); End of file ---------------------------------------------------------------



160 APPENDIX D. ACL2 EVENT FILESD.20 i2
/ep12.lisp; ep12.lisp; (ld "defpkg.lisp"); (
ertify-book "ep12" 1)(in-pa
kage "S")(in
lude-book "
ommon-i2
")(lo
al(progn(defthm endphase1or2-hasread(implies (and (endphase1or2 p)(= p2 p))(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :in-theory (enable endphase1or2))))(defthm endphase1or2-hasread-2(implies (endphase1or2 p2)(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :in-theory (enable endphase1or2))))(defthm wb-endphase1or2(implies (and (endphase1or2 p2)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable endphase1or2))))(defthm i2
-ep12-0(implies (and (hinv1) (hinv2) (hinv3) (endphase1or2 p2)(mem p (pro
))(mem q (pro
))



D.20. I2C/EP12.LISP 161(mem d (disk))(= p2 p)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))(defthm i2
-ep12-1(implies (and (hinv1) (hinv2) (hinv3) (endphase1or2 p2)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))(defthm i2
-ep12-2(implies (and (hinv1) (hinv2) (hinv3) (endphase1or2 p2)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread))))(defthm i2
-ep12-3(implies (and (hinv1) (hinv2) (hinv3) (endphase1or2 p2)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l))))(defthm i2
-ep12-4(implies (and (hinv1) (hinv2) (hinv3) (endphase1or2 p2)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))



162 APPENDIX D. ACL2 EVENT FILES(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r)))))) ;end lo
al progn(defthm i2
-ep12(implies (and (hinv1) (hinv2) (hinv3) (endphase1or2 p2)(mem p (pro
))(mem q (pro
))(mem d (disk))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((and (not (= p2 p)) (not (= p2 q))))))); End of file ---------------------------------------------------------------D.21 i2
/fail.lisp; fail.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "fail" 1)(in
lude-book "
ommon-i2
")(lo
al(progn(defthm fail-hasread(implies (and (fail p ip-witness1)(= p2 p))(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :in-theory (enable fail))))(defthm fail-hasread-2(implies (fail p2 ip-witness1)(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :in-theory (enable fail))))



D.21. I2C/FAIL.LISP 163(defthm wb-fail(implies (and (fail p2 ip-witness1)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable fail))))(defthm i2
-fail-0(implies (and (hinv1) (hinv2) (hinv3) (fail p2 ip-witness1)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 p)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))(defthm i2
-fail-1(implies (and (hinv1) (hinv2) (hinv3) (fail p2 ip-witness1)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))(defthm i2
-fail-2(implies (and (hinv1) (hinv2) (hinv3) (fail p2 ip-witness1)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread))))



164 APPENDIX D. ACL2 EVENT FILES(defthm i2
-fail-3(implies (and (hinv1) (hinv2) (hinv3) (fail p2 ip-witness1)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l))))(defthm i2
-fail-4(implies (and (hinv1) (hinv2) (hinv3) (fail p2 ip-witness1)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r)))))) ;end lo
al progn(defthm i2
-fail(implies (and (hinv1) (hinv2) (hinv3) (fail p2 ip-witness1)(mem p (pro
))(mem q (pro
))(mem d (disk))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((and (not (= p2 p)) (not (= p2 q))))))); End of file ---------------------------------------------------------------D.22 i2
/i2
.lisp; i2
.lisp(in-pa
kage "S"); (ld "defpkg.lisp")



D.22. I2C/I2C.LISP 165; (
ertify-book "i2
" 1)(in
lude-book "startballot")(in
lude-book "p0r")(in
lude-book "ep0")(in
lude-book "p12w")(in
lude-book "p12r")(in
lude-book "ep12")(in
lude-book "fail")(en
apsulate((p (x) t)(hyps () t)(s () t))(lo
al (defun p (x) (de
lare (ignore x)) t))(lo
al (defun hyps () nil))(lo
al (defun s () t))(def
ong = equal (p x) 1)(defthm mem-foo (implies (and (hyps)(mem x (s)))(p x))))(defall foo2 (s):forall x :in s :holds (p x))(defthm foo-main-helper(implies(and (hyps)(subsetp s1 (s)))(foo2 s1)):hints (("Goal" :in-theory (enable foo2))))(defthm main-foo (implies (hyps)(foo2 (s))))(defthm i2
-1(implies (and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2b-witness1 ip-witness1 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q))



166 APPENDIX D. ACL2 EVENT FILES:hints (("Goal" :in-theory (enable hnext next))))(defthm i2
-2(implies (and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2b-witness1 ip-witness1 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk)))(forall-hinv3-1-1-1-predi
ate d p q phase-n dblo
k-n blo
ksread-n)))(in-theory (enable forall-hinv3-1-1-1))(defthm i2
-3(implies (and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2b-witness1 ip-witness1 b-witness)(mem p (pro
))(mem q (pro
)))(forall-hinv3-1-1-1 (disk) p q phase-n dblo
k-n blo
ksread-n)):hints (("Goal" :by (:fun
tional-instan
emain-foo(s (lambda () (disk)))(foo2-predi
ate (lambda (x)(forall-hinv3-1-1-1-predi
ate x p q phase-n dblo
k-n blo
ksread-n)))(hyps (lambda ()(and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2b-witness1 ip-witness1 b-witness)(mem p (pro
)) (mem q (pro
)))))(p (lambda (x)(forall-hinv3-1-1-1-predi
ate x p q phase-n dblo
k-n blo
ksread-n)))(foo2 (lambda (dom)(forall-hinv3-1-1-1 dom p q phase-n dblo
k-n blo
ksread-n)))))):otf-flg t)(in-theory (enable forall-hinv3-1-1))(defthm i2
-4(implies (and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2b-witness1 ip-witness1 b-witness)(mem p (pro
)))(forall-hinv3-1-1 (pro
) p phase-n dblo
k-n blo
ksread-n)):hints (("Goal" :by (:fun
tional-instan
emain-foo(s (lambda () (pro
)))(foo2-predi
ate (lambda (x)(forall-hinv3-1-1-predi
ate x p phase-n dblo
k-n blo
ksread-n)))



D.23. I2C/P0R.LISP 167(hyps (lambda ()(and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2b-witness1 ip-witness1 b-witness)(mem p (pro
)))))(p (lambda (x)(forall-hinv3-1-1-predi
ate x p phase-n dblo
k-n blo
ksread-n)))(foo2 (lambda (dom)(forall-hinv3-1-1 dom p phase-n dblo
k-n blo
ksread-n)))))):otf-flg t)(in-theory (enable forall-hinv3-1))(defthm i2
-5(implies (and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2b-witness1 ip-witness1 b-witness))(forall-hinv3-1 (pro
) phase-n dblo
k-n blo
ksread-n)):hints (("Goal" :by (:fun
tional-instan
emain-foo(s (lambda () (pro
)))(foo2-predi
ate (lambda (x)(forall-hinv3-1-predi
ate x phase-n dblo
k-n blo
ksread-n)))(hyps (lambda ()(and (hinv1) (hinv2) (hinv3) (hnext p2 d2 q2 b-witness1 ip-witness1 b-witness))))(p (lambda (x)(forall-hinv3-1-predi
ate x phase-n dblo
k-n blo
ksread-n)))(foo2 (lambda (dom)(forall-hinv3-1 dom phase-n dblo
k-n blo
ksread-n)))))):otf-flg t)(in-theory (enable hinv3))(defthm i2
(implies (and (hinv1) (hinv2) (hinv3)(hnext p2 d2 q2 b-witness1 ip-witness1 b-witness))(hinv3-n))); End of file ---------------------------------------------------------------D.23 i2
/p0r.lisp; p0r.lisp



168 APPENDIX D. ACL2 EVENT FILES(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p0r" 1)(in
lude-book "
ommon-i2
")(lo
al(progn(defthm phase0read-hasread(implies (and (phase0read p d)(= p2 p))(not (mem (apply phase-n p2) (hide (bra
e 1 2))))):hints (("Goal" :in-theory (enable phase0read))))(defthm phase0read-hasread-2(implies (phase0read p2 d)(not (mem (apply phase-n p2) (hide (bra
e 1 2))))):hints (("Goal" :in-theory (enable phase0read))))(defthm wb-phase0read(implies (and (phase0read p2 d2)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable phase0read))))(defthm i2
-p0r-0(implies (and (hinv1) (hinv2) (hinv3) (phase0read p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 p)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))



D.23. I2C/P0R.LISP 169(defthm i2
-p0r-1(implies (and (hinv1) (hinv2) (hinv3) (phase0read p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r endphase0))))(defthm i2
-p0r-2(implies (and (hinv1) (hinv2) (hinv3) (phase0read p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread))))(defthm i2
-p0r-3(implies (and (hinv1) (hinv2) (hinv3) (phase0read p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l))))(defthm i2
-p0r-4(implies (and (hinv1) (hinv2) (hinv3) (phase0read p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r))))(defthm i2
-p0r-5



170 APPENDIX D. ACL2 EVENT FILES(implies (and (hinv1) (hinv2) (hinv3) (phase0read p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :use hinv3-implies-parti
ular:in-theory (disable hinv3-implies-parti
ular)))))) ; end lo
al progn(defthm i2
-p0r(implies (and (hinv1) (hinv2) (hinv3) (phase0read p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((and (not (= p2 p)) (not (= p2 q))))))); End of file ---------------------------------------------------------------D.24 i2
/p12r-d2=d.lisp; p12r-d2=d.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12r-d2=d" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(in
lude-book "startballot")(in
lude-book "p12r-p2=p")(in
lude-book "p12r-p2=q"); 
ase: (and (not (= p2 p) (= p2 q))); -----------------------------------



D.24. I2C/P12R-D2=D.LISP 171(defthm p12r-p2not=p-p2not=q-hinv3.l(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(not (= p2 p))(not (= p2 q)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l))))(defthm p12r-p2not=p-p2not=q-hinv3.r(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(not (= p2 p))(not (= p2 q)))(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r))))(defthm p12r-p2not=p-p2not=q(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(not (= p2 p))(not (= p2 q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :use hinv3-implies-parti
ular))); 
ase: (= p2 p); --------------; 
ase: (= p2 q); --------------(defthm p12r-d2=d(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))



172 APPENDIX D. ACL2 EVENT FILES(phase1or2read p2 d2 q2 b-witness)(= d2 d)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((and (not (= p2 p)) (not (= p2 q))))))); End of file ---------------------------------------------------------------D.25 i2
/p12r-d2not=d.lisp; p12r-d2not=d.lisp; (ld "defpkg.lisp"); (
ertify-book "p12r-d2not=d" 1)(in-pa
kage "S")(in
lude-book "
ommon-i2
")(in
lude-book "startballot")(lo
al(progn(defthm p12r-trivial-on-else-bran
h(implies (and (hinv1) (hinv2) (hinv3)(phase1or2read p2 d2 q2 b-witness)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(not (< (apply-m disk d2 q2 "mbal")(apply-m dblo
k p2 "mbal")))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable phase1or2read))))(defthm disk-helper-maybe(implies (and (phase1or2read p2 d2 q2 b-witness)(< (APPLY-M DISK D2 Q2 "mbal")(APPLY-M DBLOCK P2 "mbal"))(not (= d2 d)))(= (apply (apply blo
ksread-n p) d)(apply (apply blo
ksread p) d))):hints (("Goal" :in-theory (enable phase1or2read):
ases ((= p2 p)))))



D.25. I2C/P12R-D2NOT=D.LISP 173(defthm disk-helper1(implies (and (phase1or2read p d2 q2 b-witness)(< (APPLY-M DISK D2 Q2 "mbal")(APPLY-M DBLOCK P "mbal"))(not (= d2 d)))(= (apply (apply blo
ksread-n q) d)(apply (apply blo
ksread q) d))):hints (("Goal" :in-theory (enable phase1or2read))))(defthm disk-helper2(implies (and (phase1or2read p d2 q2 b-witness)(< (APPLY-M DISK D2 Q2 "mbal")(APPLY-M DBLOCK P "mbal"))(not (= d2 d)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread))))(defthm disk-helper3(implies (and (phase1or2read p2 d2 q2 b-witness)(< (APPLY-M DISK D2 Q2 "mbal")(APPLY-M DBLOCK P2 "mbal"))(not (= d2 d)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l hasread phase1or2read))))(defthm disk-helper4(implies (and (phase1or2read p2 d2 q2 b-witness)(< (APPLY-M DISK D2 Q2 "mbal")(APPLY-M DBLOCK P2 "mbal"))(not (= d2 d)))(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r hasread phase1or2read)))))) ; end lo
al progn(defthm p12r-d2not=d(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(not (= d2 d))



174 APPENDIX D. ACL2 EVENT FILES(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((< (APPLY-M DISK D2 Q2 "mbal")(APPLY-M DBLOCK P2 "mbal"))))("Subgoal 2" :in-theory (enable phase1or2read))):otf-flg t); End of file ---------------------------------------------------------------D.26 i2
/p12r-p2=p.lisp; p12r-d2=d.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12r-p2=p" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(in
lude-book "startballot")(in
lude-book "p12r-pdp")(in
lude-book "p12r-pdq")(in
lude-book "p12r-q2not=q"); 
ase: (= q2 q) -- leslie's 
ase; --------------; 
ase (= p q)(defthm p12r-p=q(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(= q2 q)(= p q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)))



D.26. I2C/P12R-P2=P.LISP 175; end 
ase (= p q); 
ase (not (= p q))(defthm p12r-pnot=q(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(= q2 q)(not (= p q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q))); end 
ase (not (= p q))(defthm p12r-q2=q(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(= q2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((= p q))))); 
ase: (not (= q2 q)); --------------------(defthm p12r-p2=p(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((= q2 q))))); End of file ---------------------------------------------------------------



176 APPENDIX D. ACL2 EVENT FILESD.27 i2
/p12r-p2=q.lisp; p12r-d2=d.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12r-p2=q" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(in
lude-book "startballot")(in
lude-book "p12r-p2=p")(lo
al(progn(defthm hinv3.l-p-q(equal (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase-n q d p blo
ksread-n)):hints (("Goal" :in-theory (enable hinv3.l))):rule-
lasses nil)(defthm hinv3.r-p-q(equal (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k-n blo
ksread-n q d p)):hints (("Goal" :in-theory (enable hinv3.r))))(defthm p12r-p2=q-0(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 q)(hinv3.l phase-n q d p blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n q d p)):hints (("Goal" :by p12r-p2=p))))) ; end lo
al progn(defthm p12r-p2=q(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)



D.28. I2C/P12R-PDP.LISP 177(= d2 d)(= p2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :use (hinv3.r-p-q hinv3.l-p-q p12r-p2=q-0):in-theory nil))); End of file ---------------------------------------------------------------D.28 i2
/p12r-pdp.lisp; 
ase: phase1or2read(p,d,q), p=q; -------------------------------(in-pa
kage "S"); I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "p12r-pdp" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(in
lude-book "startballot")(in
lude-book "../hinv2-exports")(lo
al(progn(defthm xxx4(implies (and (mem p (pro
))(mem q (pro
))(mem d (disk))(phase1or2read p d q b-witness)(< (apply-m disk d q "mbal")(apply-m dblo
k p "mbal"))(= (apply-m disk d q) (apply dblo
k q)))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("goal" :in-theory (enable phase1or2read hinv3.r))))(defthm xxx5(implies (and (hinv2)



178 APPENDIX D. ACL2 EVENT FILES(= p q)(mem p (pro
))(mem q (pro
))(mem d (disk))(phase1or2read p d q b-witness)(< (apply-m disk d q "mbal")(apply-m dblo
k p "mbal")))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("goal" :in-theory (enable phase1or2read)))))) ; end lo
al progn(defthm p12r-pdp.lisp(implies (and (hinv1) (hinv2) (hinv3)(= p q)(mem p (pro
))(mem q (pro
))(mem d (disk))(phase1or2read p d q b-witness)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((< (apply-m disk d q "mbal")(apply-m dblo
k p "mbal")))))); End of file ---------------------------------------------------------------D.29 i2
/p12r-pdq.lisp; 
ase: phase1or2read(p,d,q), p#q; -------------------------------(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12r-pdq" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(in
lude-book "../hinv2-exports")(lo
al(progn



D.29. I2C/P12R-PDQ.LISP 179; Now I show that the theorem follows if the if bran
h is taken.(defthm hasread-stays-hasread(implies (and (phase1or2read p d q b-witness)(< (apply-m disk d q "mbal") (apply-m dblo
k p "mbal"))(not (= p q))(hasread q d p blo
ksread-n))(hasread q d p blo
ksread)):hints (("Goal" :in-theory (enable hasread phase1or2read))))(defthm phase-stays-phase(implies (and (phase1or2read p d q b-witness)(< (apply-m disk d q "mbal") (apply-m dblo
k p "mbal"))(not (= p q))(mem (apply phase-n q) (bra
e 1 2)))(mem (apply phase q) (bra
e 1 2))):hints (("Goal" :in-theory (enable phase1or2read))))(defthm phase-stays-phase-with-hide(implies (and (phase1or2read p d q b-witness)(< (apply-m disk d q "mbal") (apply-m dblo
k p "mbal"))(not (= p q))(mem (apply phase-n q) (hide (bra
e 1 2))))(mem (apply phase q) (hide (bra
e 1 2)))):hints (("Goal" :use phase-stays-phase:expand ((hide (bra
e 1 2))):in-theory nil)))(defthm hasread-blo
ksread-q-d-not-nil(implies (hasread q d p blo
ksread)(not (= (apply-m blo
ksread q d) nil))):hints (("Goal" :in-theory (enable hasread))))(defthm xxx4(implies (and (mem p (pro
))(mem q (pro
))(mem d (disk))(phase1or2read p d q b-witness)(< (apply-m disk d q "mbal")(apply-m dblo
k p "mbal"))(= (apply-m disk d q) (apply dblo
k q)))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints(("goal" :in-theory



180 APPENDIX D. ACL2 EVENT FILES(enable phase1or2read hinv3.r))))(in-theory (disable hinv2)); at this point, i have everything i need to prove this theorem and i; 
an do so with the proof
he
ker. i just need to figure out what goes; wrong with a
l2.(defthm xxx5(implies (and (hinv2)(mem p (pro
))(mem q (pro
))(mem d (disk))(phase1or2read p d q b-witness)(not (= p q))(< (apply-m disk d q "mbal")(apply-m dblo
k p "mbal"))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):instru
tions(:bash (:rewrite xxx4):bash :bash (:dv 1)(:rewrite hinv2-lemma):top :bash :bash (:rewrite hinv2-lemma2):bash (:
hange-goal nil t)(:dv 1)(:rewrite hasread-blo
ksread-q-d-not-nil):demote (:dv 1 8):expand :top :bash(:rewrite phase-stays-phase-with-hide):bash :bash :bash :demote (:dv 1 8):expand :top :bash)))) ;end lo
al progn(defthm p12r-pdq(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p d q b-witness)(not (= p q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((< (apply-m disk d q "mbal") (apply-m dblo
k p "mbal")))))); End of file ---------------------------------------------------------------



D.30. I2C/P12R-PDX.LISP 181
D.30 i2
/p12r-pdx.lisp; p12r-pdx.lisp(in-pa
kage "S"); I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "p12r-pdx" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(lo
al(progn(newdefmap exists-hasread-map2 (blo
ksread-p-d q):for br :in blo
ksread-p-d :su
h-that (= (apply br "pro
") q))(defun exists-hasread2 (blo
ksread-p-d q)(not (ur-elementp (exists-hasread-map2 blo
ksread-p-d q))))(defun hasread2 (p d q blo
ksread)(exists-hasread2 (apply-m blo
ksread p d) q))(in-theory (enable exists-hasread-map2))(defthm z(implies (not (= q2 q))(ur-elementp (exists-hasread-map2(s
ons (fun
 ("blo
k" (apply-m disk d q))("pro
" q))nil)q2))))(defthm one(implies (and (= blo
ksread-n(ex
ept-m blo
ksread p d(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k" (apply-m disk d q))



182 APPENDIX D. ACL2 EVENT FILES("pro
" q))))))(not (= q2 q))(hasread2 p d q2 blo
ksread-n))(hasread2 p d q2 blo
ksread)))(defthm two(implies (and (= blo
ksread-n(ex
ept-m blo
ksread p d(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k" (apply-m disk d q))("pro
" q))))))(not (= q2 p))(hasread2 q2 d p blo
ksread-n))(hasread2 q2 d p blo
ksread)))(defun hinv3.l2 (phase p d q blo
ksread)(and (mem (apply phase p) (hide (bra
e 1 2)))(mem (apply phase q) (hide (bra
e 1 2)))(hasread2 p d q blo
ksread)(hasread2 q d p blo
ksread)))(defthm three(implies (and (phase1or2read p2 d2 q2 b-witness)(< (apply-m disk d2 q2 "mbal")(apply-m dblo
k p2 "mbal"))(not (= q2 q))(not (= q2 p))(hinv3.l2 phase-n p d q blo
ksread-n))(hinv3.l2 phase p d q blo
ksread)):hints (("Goal" :in-theory (enable phase1or2read))))(defthm exists-hasread-map2=exists-hasread-map(equal (exists-hasread-map2 dom q)(exists-hasread-map dom q)):hints (("Goal" :in-theory (enable exists-hasread-map))))(defthm hasread2=hasread(equal (hasread2 p d q blo
ksread)(hasread p d q blo
ksread)):hints (("Goal" :in-theory (enable hasread exists-hasread))))(defthm hinv3.l2=hinv3.l(equal (hinv3.l2 phase p d q blo
ksread)(hinv3.l phase p d q blo
ksread)):hints (("Goal" :in-theory (enable hinv3.l))))



D.30. I2C/P12R-PDX.LISP 183(defthm four(implies (and (MEM (FUNC ("blo
k" (APPLY DBLOCK Q))("pro
" Q))(APPLY-M BLOCKSREAD P D))(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))(MEM (FUNC ("blo
k" (APPLY DBLOCK-n Q))("pro
" Q))(APPLY-M BLOCKSREAD-n P D))):hints (("Goal" :in-theory (enable phase1or2read))))(defthm five(implies (and (MEM (FUNC ("blo
k" (APPLY DBLOCK P))("pro
" P))(APPLY-M BLOCKSREAD Q D))(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))(MEM (FUNC ("blo
k" (APPLY DBLOCK-n P))("pro
" P))(APPLY-M BLOCKSREAD-n Q D))):hints (("Goal" :in-theory (enable phase1or2read))))(defthm six(implies (and (hinv3.r dblo
k blo
ksread p d q)(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable phase1or2read hinv3.r))))(defthm seven(implies (and (phase1or2read p2 d2 q2 b-witness)(< (apply-m disk d2 q2 "mbal")(apply-m dblo
k p2 "mbal"))(not (= q2 q))(not (= q2 p))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.l phase p d q blo
ksread)):hints (("Goal" :use three)))(defthm eight(implies (and (hinv3)



184 APPENDIX D. ACL2 EVENT FILES(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal"))(not (= q2 q))(not (= q2 p))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :use hinv3-implies-parti
ular:in-theory (disable hinv3-implies-parti
ular)))))) ; end lo
al progn(defthm p12r-pdx(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p d q2 b-witness)(not (= q2 q))(not (= q2 p))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))))); End of file ---------------------------------------------------------------D.31 i2
/p12r-q2=p-2.lisp; p12r-q2=p-2.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12r-q2=p-2" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(in
lude-book "startballot")(in
lude-book "p12r-pdx")(in
lude-book "p12r-pdp")



D.31. I2C/P12R-Q2=P-2.LISP 185(lo
al(progn(newdefmap exists-hasread-map2 (blo
ksread-p-d q):for br :in blo
ksread-p-d :su
h-that (= (apply br "pro
") q))(defun exists-hasread2 (blo
ksread-p-d q)(not (ur-elementp (exists-hasread-map2 blo
ksread-p-d q))))(defun hasread2 (p d q blo
ksread)(exists-hasread2 (apply-m blo
ksread p d) q))(in-theory (enable exists-hasread-map2))(defthm z(implies (not (= q2 q))(ur-elementp (exists-hasread-map2(s
ons (fun
 ("blo
k" (apply-m disk d q))("pro
" q))nil)q2))))(defthm one(implies (and (= blo
ksread-n(ex
ept-m blo
ksread p d(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k" (apply-m disk d q))("pro
" q))))))(not (= q2 q))(hasread2 p d q2 blo
ksread-n))(hasread2 p d q2 blo
ksread)))(defthm two(implies (and (= blo
ksread-n(ex
ept-m blo
ksread p d(union (apply-m blo
ksread p d)(bra
e (fun
 ("blo
k" (apply-m disk d q))("pro
" q))))))(not (= q2 p))(hasread2 q2 d p blo
ksread-n))(hasread2 q2 d p blo
ksread)))(defun hinv3.l2 (phase p d q blo
ksread)(and (mem (apply phase p) (hide (bra
e 1 2)))(mem (apply phase q) (hide (bra
e 1 2)))



186 APPENDIX D. ACL2 EVENT FILES(hasread2 p d q blo
ksread)(hasread2 q d p blo
ksread)))(defthm three(implies (and (phase1or2read p2 d2 q2 b-witness)(< (apply-m disk d2 q2 "mbal")(apply-m dblo
k p2 "mbal"))(= d2 d)(= p2 p)(= q2 p)(not (= q2 q))(not (= p q))(hinv3.l2 phase-n p d q blo
ksread-n))(hinv3.l2 phase p d q blo
ksread)):hints (("Goal" :in-theory (enable phase1or2read))))(defthm exists-hasread-map2=exists-hasread-map(equal (exists-hasread-map2 dom q)(exists-hasread-map dom q)):hints (("Goal" :in-theory (enable exists-hasread-map))))(defthm hasread2=hasread(equal (hasread2 p d q blo
ksread)(hasread p d q blo
ksread)):hints (("Goal" :in-theory (enable hasread exists-hasread))))(defthm hinv3.l2=hinv3.l(equal (hinv3.l2 phase p d q blo
ksread)(hinv3.l phase p d q blo
ksread)):hints (("Goal" :in-theory (enable hinv3.l))))(defthm four(implies (and (MEM (FUNC ("blo
k" (APPLY DBLOCK Q))("pro
" Q))(APPLY-M BLOCKSREAD P D))(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))(MEM (FUNC ("blo
k" (APPLY DBLOCK-n Q))("pro
" Q))(APPLY-M BLOCKSREAD-n P D))):hints (("Goal" :in-theory (enable phase1or2read))))(defthm five(implies (and (MEM (FUNC ("blo
k" (APPLY DBLOCK P))



D.31. I2C/P12R-Q2=P-2.LISP 187("pro
" P))(APPLY-M BLOCKSREAD Q D))(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))(MEM (FUNC ("blo
k" (APPLY DBLOCK-n P))("pro
" P))(APPLY-M BLOCKSREAD-n Q D))):hints (("Goal" :in-theory (enable phase1or2read))))(defthm six(implies (and (hinv3.r dblo
k blo
ksread p d q)(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable phase1or2read hinv3.r))))(defthm seven(implies (and (phase1or2read p2 d2 q2 b-witness)(< (apply-m disk d2 q2 "mbal")(apply-m dblo
k p2 "mbal"))(= d2 d)(= p2 p)(= q2 p)(not (= q2 q))(not (= p q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.l phase p d q blo
ksread)):hints (("Goal" :use three)))(defthm eight(implies (and (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p d q2 b-witness)(< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")); (= d2 d); (= p2 p)(= q2 p)(not (= q2 q))(not (= p q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :use hinv3-implies-parti
ular



188 APPENDIX D. ACL2 EVENT FILES:in-theory (disable hinv3-implies-parti
ular)))))) ;end lo
al progn(defthm p12r-q2=p-2(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(= q2 p)(not (= q2 q))(not (= p q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((< (apply-m disk d q2 "mbal")(apply-m dblo
k p "mbal")))))); End of file ---------------------------------------------------------------D.32 i2
/p12r-q2not=q.lisp; p12r-q2not=q.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12r-q2not=q" 1)(in
lude-book "
ommon-i2
")(in
lude-book "
ommon-p12r")(in
lude-book "startballot")(in
lude-book "p12r-pdx")(in
lude-book "p12r-pdp")(in
lude-book "p12r-q2=p-2"); 
ase: (= q2 p); --------------



D.32. I2C/P12R-Q2NOT=Q.LISP 189; 
ase: (= p q) -- then we're ba
k to p12r(p,d,p)(lo
al(progn(defthm p12r-q2=p(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(= q2 p)(= p q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q))); 
ase: (not (= p q))(defthm p12r-q2=p-2(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(= q2 p)(not (= q2 q))(not (= p q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q))); 
ase: (not (= q2 p)); --------------------(defthm p12r-q2not=q-3(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(not (= q2 q))(not (= q2 p))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q))))) ; end lo
al progn



190 APPENDIX D. ACL2 EVENT FILES(defthm p12r-q2not=q(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(= d2 d)(= p2 p)(not (= q2 q))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((= q2 p))))); End of file ---------------------------------------------------------------D.33 i2
/p12r.lisp; p12r.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12r" 1); 
ase: (= d2 d); --------------(in
lude-book "p12r-d2=d"); 
ase: (not (= d2 d)); --------------------(in
lude-book "p12r-d2not=d"); p12.lisp; --------(defthm p12r(implies (and (hinv1) (hinv2) (hinv3)(mem p (pro
)) (mem q (pro
)) (mem d (disk))(phase1or2read p2 d2 q2 b-witness)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q))



D.34. I2C/P12W.LISP 191:hints (("Goal" :
ases ((= d2 d))))); End of file ---------------------------------------------------------------D.34 i2
/p12w.lisp; p12w.lisp(in-pa
kage "S"); (ld "defpkg.lisp"); (
ertify-book "p12w" 1)(in
lude-book "
ommon-i2
")(lo
al(progn(defthm phase1or2write-hasread-3(implies (and (not (hasread p d q blo
ksread))(phase1or2write p2 d2))(not (hasread p d q blo
ksread-n))):hints (("Goal" :in-theory (enable phase1or2write))))(defthm phase1or2write-hasread-4(implies (and (not (mem (apply phase p) (hide (bra
e 1 2))))(phase1or2write p2 d2))(not (mem (apply phase-n p) (hide (bra
e 1 2))))):hints (("Goal" :in-theory (enable phase1or2write))))(defthm wb-phase1or2write(implies (and (phase1or2write p2 d2)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable phase1or2write))))



192 APPENDIX D. ACL2 EVENT FILES(defthm wb-phase1or2write-2(implies (phase1or2write p2 d2)(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable phase1or2write))))(defthm i2
-p12w-1(implies (and (hinv1) (hinv2) (hinv3) (phase1or2write p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread))))(defthm i2
-p12w-3(implies (and (hinv1) (hinv2) (hinv3) (phase1or2write p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l))))(defthm i2
-p12w-4(implies (and (hinv1) (hinv2) (hinv3) (phase1or2write p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk)))(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r)))))) ; end lo
al progn(defthm i2
-p12w(implies (and (hinv1) (hinv2) (hinv3) (phase1or2write p2 d2)(mem p (pro
))(mem q (pro
))(mem d (disk))
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ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((and (not (= p2 p)) (not (= p2 q))))))); End of file ---------------------------------------------------------------D.35 i2
/startballot.lisp; startballot.lisp; I used the following 
ommand to 
ertify this book:; (ld "defpkg.lisp"); (
ertify-book "startballot" 1)(in-pa
kage "S")(in
lude-book "
ommon-i2
")(lo
al(progn(defthm startballot-hasread(implies (and (startballot p b-witness)(= p2 p))(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :in-theory (enable startballot))))(defthm startballot-hasread-2(implies (startballot p2 b-witness)(not (hasread p2 d q blo
ksread-n))):hints (("Goal" :in-theory (enable startballot))))(defthm wb-startballot(implies (and (startballot p2 b-witness)(not (= p2 p)))(and (= (apply input-n p) (apply input p))(= (apply output-n p) (apply output p))(= (apply-m disk-n d p) (apply-m disk d p))(= (apply phase-n p) (apply phase p))(= (apply dblo
k-n p) (apply dblo
k p))



194 APPENDIX D. ACL2 EVENT FILES(= (apply diskswritten-n p) (apply diskswritten p))(= (apply-m blo
ksread-n p d) (apply-m blo
ksread p d))(= (apply blo
ksread-n p) (apply blo
ksread p)))):hints (("Goal" :in-theory (enable startballot))))(in-theory (disable startballot))(defthm i2
-startballot-0(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 p)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r))))(defthm i2
-startballot-1(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.l hinv3.r))))(defthm i2
-startballot-2(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hasread p d q blo
ksread-n)(hasread p d q blo
ksread))):hints (("Goal" :in-theory (enable hasread)))); this is not needed(defthm i2
-startballot-3(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))



D.35. I2C/STARTBALLOT.LISP 195(not (= p2 q)))(iff (hasread q d p blo
ksread-n)(hasread q d p blo
ksread))):hints (("Goal" :in-theory (enable hasread))))(in-theory (disable hinv1 hinv3))(defthm i2
-startballot-4(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.l phase-n p d q blo
ksread-n)(hinv3.l phase p d q blo
ksread))):hints (("Goal" :in-theory (enable hinv3.l))))(defthm i2
-startballot-5(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(not (= p2 p))(not (= p2 q)))(iff (hinv3.r dblo
k-n blo
ksread-n p d q)(hinv3.r dblo
k blo
ksread p d q))):hints (("Goal" :in-theory (enable hinv3.r))))(defthm i2
-startballot-6(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(= p2 p)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.r hinv3.l))))(defthm i2
-startballot-7(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))



196 APPENDIX D. ACL2 EVENT FILES(= p2 q)(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :in-theory (enable hinv3.r hinv3.l)))))) ; end lo
al progn(defthm i2
-startballot(implies (and (hinv1) (hinv2) (hinv3) (startballot p2 b-witness)(mem p (pro
))(mem q (pro
))(mem d (disk))(hinv3.l phase-n p d q blo
ksread-n))(hinv3.r dblo
k-n blo
ksread-n p d q)):hints (("Goal" :
ases ((= p2 p) (= p2 q)))):otf-flg t); End of file ---------------------------------------------------------------


