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Abstract Inspired by Hoare’s rule for recursive procedures, we present three proof rules
for the equivalence between recursive programs. The first rule can be used for proving partial
equivalence of programs; the second can be used for proving their mutual termination; the
third rule can be used for proving the equivalence of reactive programs. There are various
applications to such rules, such as proving equivalence of programs after refactoring and
proving backward compatibility.
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1 Introduction

We propose three proof rules for proving equivalence between possibly recursive programs,
which are inspired by Hoare’s rule for recursive procedures [7]. The first rule can be used for
proving partial equivalence (i.e., equivalence if both programs terminate); the second rule can
be used for proving mutual termination (i.e., one program terminates if and only if the other
terminates); the third rule proves equivalence of reactive programs. Reactive programs main-
tain an ongoing interaction with their environment by receiving inputs and emitting outputs,
and possibly run indefinitely (for example, an operating system is a reactive program). With
the third rule we can possibly prove that two such programs generate equivalent sequences
of outputs, provided that they receive equal sequences of inputs. The premise of the third rule
implies the premises of the first two rules, and hence it can be viewed as their generalization.
We describe these and other notions of equivalence more formally later in this section.

The ability to prove equivalence of programs can be useful in various scenarios, such as
comparing the code before and after manual refactoring, to prove backward compatibility, as
done by Intel for the case of microcode [1] (yet under the restriction of not supporting loops
and recursions) and for performing what we call regression verification, which is a process
of proving the equivalence of two closely-related programs, where the equivalence criterion
is user-defined.

First, consider refactoring. To quote Martin Fowler [4, 5], the founder of this field, “Refac-
toring is a disciplined technique for restructuring an existing body of code, altering its internal
structure without changing its external behavior. Its heart is a series of small behavior preserv-
ing transformations. Each transformation (called a “refactoring”) does little, but a sequence
of transformations can produce a significant restructuring. Since each refactoring is small,
it’s less likely to go wrong. The system is also kept fully working after each small refactoring,
reducing the chances that a system can get seriously broken during the restructuring”. The
following example demonstrates the need for proving equivalence of recursive functions after
an application of a single refactoring rule. A list of some of the refactoring rules that can be
handled by the proposed rules is given in Appendix B.

Example 1 The two equivalent programs in Fig. 1 demonstrate the Consolidate Duplicate
Conditional Fragments refactoring rule. These recursive functions calculate the value of a
given number sum after y years, given that there is some annual interest, which depends on
whether there is a “special deal”. The fact that the two functions return the same values given
the same inputs, and that they mutually terminate, can be proved with the rules introduced
in this article. O

Next, consider regression verification. Regression verification is a natural extension of
the better-known term regression testing. Reasoning about the correctness of a program
while using a previous version as a reference, has several distinct advantages over functional
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int calci(sum,y) { int calc2(sum,y) {
if (y <= 0) return sum; if (y <= 0) return sum;
if (isSpecialDeal()) { if (isSpecialDeal())
sum = sum * 1.02; sum = sum * 1.02;
return calcl(sum, y-1); else
} sum = sum * 1.04;
else { return calc2(sum, y-1);
sum = sum * 1.04; ¥
return calcl(sum, y-1);
}
¥

Fig. 1 A refactoring example

verification of the new code (although both are undecidable in general). First, code that can-
not be easily specified and verified can still be checked throughout the development process
by examining its evolving effect on user-specified variables or expressions. Second, compar-
ing two similar systems should be computationally easier than property-based verification,
relying on the fact that large portions of the code has not changed between the two versions'.

Regression verification is relevant, for example, for checking equivalence after imple-
menting optimizations geared for performance, or checking side-effects of new code. For
example, when a new flag is added, which changes the result of the computation, it is desir-
able to prove that as long as this flag is turned off, the previous functionality is maintained.

Formally verifying the equivalence of programs is an old challenge in the theorem-proving
community (see some recent examples in [10—12]). The current work can assist such proofs
since it offers rules that handle recursive procedures while decomposing the verification task:
specifically, the size of each verification condition is proportional to the size of two individual
procedures. Further, using the rules requires a decision procedure for a restricted version of
the underlying programming language, in which procedures contain no loops or procedure
calls. Under these modest requirements several existing software verification tools for pop-
ular programming languages such as C are complete. A good example of such a tool for
ANSI-C is CBMC [8], which translates code with a bounded number of loops and recursive
calls (in our case, none) to a propositional formula.?

1.1 Notions of equivalence

We define six notions of equivalence between two programs P; and P,. The third notion
refers to reactive programs, whereas the others to transformational programs.

1. Partial equivalence: Given the same inputs, any two terminating executions of P; and
P, return the same value.
2. Mutual termination: Given the same inputs, P terminates if and only if P, terminates.

! Without going into the technical details, let us mention that there are various abstraction and decomposition
opportunities that are only relevant when proving equivalence. The same observation is well known in the
hardware domain, where equivalence checking of circuits is considered computationally easier in practice
than model-checking.

2 CBMC, developed by D. Kroening, allows the user to define a bound k; on the number of iterations that
each loop i in a given ANSI-C program is taken. This enables CBMC to symbolically characterize the full
set of possible executions restricted by these bounds, by a decidable formula f. The existence of a solution
to f A —a, where a is a user defined assertion, implies the existence of a path in the program that violates a.
Otherwise, we say that CBMC established the K-correctness of the checked assertions, where K denotes the
sequence of loop bounds. By default f and a are reduced to propositional formulas.
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406 B. Godlin, O. Strichman

Reactive equivalence: Given the same inputs, Py and P, emit the same output sequence.
k-equivalence: Given the same inputs, every two executions of P; and P> where

— each loop iterates up to k times, and
— each recursive call is not deeper than k,

generate the same output.
Total equivalence: The two programs are partially equivalent and both terminate.
Full equivalence: The two programs are partially equivalent and mutually terminate.

Comments on this list:

Only the fourth notion of equivalence in this list is decidable, assuming the program
variables range over finite domains.

The third notion is targeted at reactive programs, although it is relevant to terminating
programs as well (in fact it generalizes the first two notions of equivalence). It assumes
that inputs are read and outputs are written during the execution of the program.

The fifth notion of equivalence resembles that of Bouge and Cachera’s [2].

The definitions of “strong equivalence” and “functional equivalence” in [9] and [13],
respectively, are almost equivalent to our definition of full equivalence, with the differ-
ence that they also require that the two programs have the same set of variables.

1.2 The three rules that we prove

The three rules that we prove in this work correspond to the first three notions of equivalence.
The rules are not simple to describe without the proper notation. We will give a sketch of
these rules here nevertheless. In all rules we begin with a one-to-one mapping between the
procedures on both sides such that mapped procedures have the same prototype.> If no such
mapping is possible, it may be possible to reach such a mapping through inlining, and if this
is impossible then our rules are not applicable, at least not for proving the equivalence of full
programs.

1.

The first rule, called (PROC- P- EQ), can help proving partial equivalence. The rule is
based on the following observation. Let F and G be two procedures mapped to one
another. Assume that all the mapped procedure calls in " and G return the same values
for equivalent arguments. Now suppose that this assumption allows us to prove that F’
and G are partially equivalent. If these assumptions are correct for every pair of mapped
procedures, then we can conclude that all mapped procedures are partially equivalent.
The second rule, called (M- TERM), can help proving mutual termination. The rule is
based on the following observation. If all paired procedures satisfy:

— Computational equivalence (e.g. prove by Rule 1), and
— the conditions under which they call each pair of mapped procedures are equal, and
— the read arguments of the called procedures are the same when they are called

then all paired procedures mutually terminate.

The third rule, called (REACT- EQ), can help proving that every two mapped procedures
are reactive-equivalent. Let F and G be such a mapped pair of procedures. Reactive
equivalence means that in every two subcomputations through F and G that are input

3 We refer to procedures rather than functions from hereon. The prototype of a procedure is the sequence of
types of the procedure’s read and write arguments. In the context of LPL, the programming language that we
define below, there is only one type and hence prototypes can be characterized by the number of arguments.

@ Springer



Inference rules for proving the equivalence of recursive procedures 407

equivalent (this means that they read the same sequence of inputs and are called with the
same arguments), the sequence of outputs is the same as well.
If all paired procedures satisfy:

— given the same arguments and the same input sequences, they return the same values
(this is similar to the first rule, the difference being that here we also consider the
inputs consumed by the procedure during its execution), and

— they consume the same number of inputs, and

— the interleaved sequence of procedure calls and values of output statements inside
the mapped procedures is the same (and the procedure calls are made with the same
arguments),

then all mapped procedures are reactive equivalent.

Checking all three rules can be automated.

The description of the rules and their proof of soundness refer to a simple programming
language called Linear Procedure Language (LPL), which we define in Sect. 2.1, together
with its operational semantics. In Sects. 3-5 we state the three inference rules respectively
and prove their soundness. Each rule is accompanied with an example.

2 Preliminaries

Notation of sequences. Ann-long sequenceisdenotedby (o, ..., [,—1)orby (l;)icio,..n—1}-
If the sequence is infinite we write (/;)iefo,...}- Given two sequences @ = (a;)ie(0,....n—1} and
b = (bi)ieo,....m—1}»

a-b
is their concatenation of length n 4 m.

We overload the equality sign (=) to denote sequence equivalence. Given two finite
sequences a and b

(@=>b) & (lal=|b| AVi €{0,...,|al — 1}. a; = by),

where |a| and |5Ldenote the number of elements in @ and b, respectively.
If both @ and b are infinite then

@="b) & (Vi >0.a; = b;),
and if exactly one of {@, b} is infinite then @ # b.
Parentheses and brackets We use a convention by which arguments of a function are
enclosed in parenthesis, as in f (e), when the function maps values within a single domain. If
it maps values between different domains we use brackets, as in f[e]. References to vector
elements, for example, belong to the second group, as they map between indices and values in

the domain of the vector. Angled brackets ({-)) are used for both sequences as shown above,
and for tuples.

2.1 The programming language

To define the programming language we assume a set of procedure names Proc = {po, ...,
Pm}, where pg has a special role as the root procedure (the equivalent of “main” in C). Let
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D be a domain that contains the constants TRUE and FALSE, and no subtypes. Let Op be a
set of operations (functions and predicates) over D. We define a set of variables over this
domain: V = | peProc V. where V), is the set of variables of a procedure p. The sets V),
p € Proc are pairwise disjoint. For expression e over D and V' we denote by vars[e] the set
of variables that appear in e.

The LPL language is modeled after PLW [6], but is different in various aspects. For
example, it does not contain loops and allows only procedure calls by value-return.

Definition 1 (Linear Procedure Language (LPL)) The linear procedure language (LPL)
is defined by the following grammar (lexical elements of LPL are in bold, and S denotes
Statement constructs):

Program :: (procedure p(val arg-r,; retarg-w,):S,) peproc
S x:=e|S;S|if B then S else S fi | if B then S fi |
call p(e; x) | return

where p € Proc, e is an expression over Op, and B is a predicate over Op. arg-r,, arg-w,
are vectors of V), variables called, respectively, read formal arguments and write formal
arguments, and are used in the body S, of the procedure named p. In a procedure call
“call p(e; x)”, the expressions e are called the actual input arguments and X are called the
actual output variables. The following constraints are assumed:

1. The only variables that can appear in the procedure body S, are from V).

2. For each procedure call “call p(e, x)” the lengths of e and x are equal to the lengths of
arg-r, and arg-w,, respectively.

3. return must appear at the end of any procedure body S, (p € Proc). O

For simplicity LPL is defined so it does not permit global variables and iterative expres-
sions like while loops. Both of these syntactic restrictions do not constrain the expressive
power of the language: global variables can be passed as part of the list of arguments of each
procedure, and loops can be rewritten as recursive expressions.

Definition 2 (An LPL augmented by location labels) An LPL program augmented with
location labels is derived from an LPL program P by adding unique labels before[S] and
after[S] for each statement S, right before and right after S, respectively. As an exception,
for two composed statements Sy and S> (i.e., S1; S2), we do not dedicate a label for after[S;];
rather, we define after[.S;] = before[$;]. m]

Example 2 Consider the LPL program P at the left of Fig. 2, defined over the domain
7 U {TRUE, FALSE} for which, among others, the operations +, —, = are well-defined. The
same program augmented with location labels appears on the right of the same figure. O

procedure p;(val x; ret y): procedure p;(val x; ret y):
z:=x+ 1; h z:=x+1;
y:i=x-1; lo yi=x-1;
return l3 return l4

procedure po(val w; ret w): procedure po(val w; ret w):
if (w = 0) then ls if (w = 0) then

w:=1 le w:=1 I
else w := 2 elsels w:=2 g
fi; fi;
call pi(w;w); lio call p1(w;w); i1
return return [

Fig. 2 An LPL program (left) and its augmented version (right)
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The partial order < of the locations is any order which satisfies :

1. For any statement S, before[S] < after[S].
2. For an if statement S : if B then S else 5 fi,
before[S] < before[ S]], before[S] < before[S,], after[S;] < after[S] and after[S>] <
after[S].
We denote the set of location labels in the body of procedure p € Proc by PC . Together
the set of all location labels is PC = J PC).

peProc
2.2 Operational semantics

A computation of a program P in LPL is a sequence of configurations. Each configuration
C = (d, O, pc, o) contains the following elements:

1. The natural number d is the depth of the stack at this configuration.

2. The function O : {0,...,d} — Proc is the order of procedures in the stack at this
configuration.

3. pc = (pco, pci - .., peg) is a vector of program location labels* such that pcy € PCo
and for each call level i € {1,...,d} pc; € PCoy; (i.e., pc; “points” into the procedure
body that is at the ith place in the stack).

4. Thefunctiono : {0, ...,d}xV +— DU{nil}is avaluation of the variables V of program

P at this configuration. The value of variables which are not active at the i-th call level
isinvalidi.e., fori € {0, ...,d},if O[i] = p and v € V\V,, then o[(i, v)] = nil where
nil ¢ D denotes an invalid value.

A valuation is implicitly defined over a configuration. For an expression ¢ over D and V,
we define the value of e in ¢ in the natural way, i.e., each variable evaluates according to the
procedure and the stack depth defined by the configuration. More formally, for a configuration
C =(d, O, pc, o) and a variable x:

[o[(d,x)] if xeV, and p= 0ld]
olx] =
nil otherwise

This definition extends naturally to a vector of expressions.

When referring to a specific configuration C, we denote its elements d, O, pc, o with
C.d,C.0,C.pc, C.o[x], respectively.

For a valuation o, expression e over D and V, levels i, j € {0, ..., d}, and a variable x,
we denote by o [(i, e)|(J, x)] a valuation identical to o other than the valuation of x at level
J, which is replaced with the valuation of e at level i. When the respective levels are clear
from the context, we may omit them from the notation.

Finally, we denote by o |; a valuation o restricted to leveli,i.e.,o|;[v] = o[{i, v)] (v € V).

For a configuration C = (d, O, pc, o) we denote by current-label[C] the program loca-
tion label at the procedure that is topmost on the stack, i.e., current-label[C] = pcy.

Definition 3 (Initial and Terminal configurations in LPL) A configuration C = (d, O,
pc, o) with current-label[C] = before[S, | is called the initial configuration and must sat-
isfy d = 0 and O[0] = po. A configuration with current-label[C] = after[S),] is called the
terminal configuration. O

Definition 4 (Transition relation in LPL) Let “—” be the least relation among configura-
tions which satisfies: if C — C’, C = (d, O, pc, o), C' = (d’, O', pc’, o’) then:

4 ‘pc can be thought of as a stack of program counters, hence the notation.
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410 B. Godlin, O. Strichman

1. If current-label[C] = before[S] for some assign construct S = “x := ¢” then d’ = d,
0' =0, pc = (pcidie,...a—1y - (after[S]), o’ = olelx].
2. If current-label[C'] = before[S] for some construct

S = “if B then Sj else S, fi”’
then

d =d, 0'=0, pc = (pci)ico...a—1) - {labg), o' =0

where
before[S|] if o[B] = TRUE
faby = [before[Sz] if o[ B] = FALSE
3. If current-label[C] = after[S;] or current-label[C] = after[S;] for some construct
S = “if B then S else S, fi"
then

d'=d, 0'=0, pc' = (pci)icq....a-1) - (after[S]), o' = o

,,,,,

4. 1If current-label[C] = before[S] for some call construct S = “call p(e; X)” then d’ =
d+1, 0 = 0-(p), B¢ = (pci)ieo...a—1) - (after[S]) - (before[S,1), o' =
ol{d, e1)|{d + 1, (arg-rp)1)]...[{d, e;)|{d + 1, (arg-rp);)] where arg-r, is the vector
of formal read variables of procedure p and [ is its length.

5. If current-label[C] = before[ S] for some return construct S = “return” and d > 0 then
d'=d—1, 0'=(0)ieq,...a-1}, PC = (pci)ieo....a-1}, o = o[{d, (arg-wp)1)l
(d—1,x1)]...[{d, (arg-wp)1)|{d — 1, x;)] where arg-w), is the vector of formal write
variables of procedure p, [ is its length, and X are the actual output variables of the call
statement immediately before pcg_1.

6. If current-label[C] = before[S] for some return construct S = “return” and d = 0 then
d' =0, O' = {(pg), pc’ = (after[Sy,]) and 0’ = 0. O

Note that the case of current-label[C] = before[S] for a construct S = Sy; 5> is always
covered by one of the cases in the above definition.

Another thing to note is that all write arguments are copied to the actual variables follow-
ing a return statement. This solves possible problems that may occur if the same variable
appears twice in the list of write arguments.

2.3 Computations and subcomputations of LPL programs

A computation of a program P in LPL is a sequence of configurations C = (Cy, C1, ...)
such that Cy is an initial configuration and for each i < |C| — 1 we have C; — Ciy1. If the
computation is finite then the last configuration must be terminal.

The proofs throughout this article will be based on the notion of subcomputations. We
distinguish between several types of subcomputations, as follows (an example will be given
after the definitions):

Definition S (Subcomputation at a level) A continuous subsequence of a computation is a
subcomputation at level d if all its configurations have the same stack depth d. O

Clearly every subcomputation at a level is finite.
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Inference rules for proving the equivalence of recursive procedures 411

d+3
d+2

d+1

d

Fig. 3 A computation through various stack levels. Each rise corresponds to a procedure call, and each fall
to a return statement

Definition 6 (Maximal subcomputation at a level) A maximal subcomputation at level d
is a subcomputation at level d, such that the successor of its last configuration has stack-depth
different than d, or d = 0 and its last configuration is equal to after[So]. ]

Definition 7 (Subcomputation from a level) A continuous subsequence of a computation
is a subcomputation from level d if its first configuration Cy has stack depth d, current-label
[Co] = before[S,] for some procedure p and all its configurations have a stack depth of at
least d. O

Definition 8 (Maximal subcomputation from a level) A maximal subcomputation from
level d is a subcomputation from level d which is either

— infinite, or

— finite, and,

— if d > 0 the successor of its last configuration has stack-depth smaller than d, and
— if d = 0, then its last configuration is equal to after[So]. O

A finite maximal subcomputation is also called closed.

Example 3 In Fig. 3, each whole segment corresponds to a maximal subcomputation at
its respective stack level, e.g., segment 2 is a maximal subcomputation at level d + 1, the
subsequence 8—11 is a finite (but not maximal) subcomputation from level d + 1, and the
subsequence 2—4 is a maximal subcomputation from level d + 1.

Let 7 be a computation and 7" a continuous subcomputation of 7. We will use the fol-
lowing notation to refer to different configurations in 7’

— first[x’] denotes the first configuration in 7',

— last[x'] denotes the last configuration in 7/, in case 7’ is finite.

— pred[7'] is the configuration in 7 for which pred[z'] — first[7'].
— suce[n’] is the configuration in 7 such that last[7'] — succ[7'].

2.4 An assumption about the programs we compare

Two procedures

procedure F(val arg-rr; ret arg-wr),
procedure G (val arg-rg; ret arg-wg)

are said to have an equivalent prototype if |arg-rr| = |arg-rg| and |arg-wr| = |arg-wgl|.
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412 B. Godlin, O. Strichman

We will assume that the two LPL programs Py and P, that we compare have the following
property: | Proc[P1]| = | Proc[ P»]|, and thereis a 1-1 and onto mapping map : Proc[Pi] —
Proc[ P,] such that if (F, G) € map then F and G have an equivalent prototype.

Programs that we wish to prove equivalent and do not fulfill this requirement, can some-
times be brought to this state by applying inlining of procedures that can not be mapped.

3 A proof rule for partial procedure equivalence

Given the operational semantics of LPL, we now proceed to define a proof rule for the partial
equivalence of two LPL procedures. The rule refers to finite computations only. We delay
the discussion on more general cases to Sects. 4 and 5.

Our running example for this section will be the two programs in Fig. 4, which compute
recursively yet in different ways the GCD (Greatest Common Divisor) of two positive inte-
gers. We would like to prove that when they are called with the same inputs, they return the
same result.

3.1 Definitions

We now define various terms and notations regarding subcomputations through procedure
bodies. All of these terms refer to subcomputations that begin right before the first statement
in the procedure and end just before the return statement (of the same procedure at the same
level), and use the formal arguments of the procedure. We will overload these terms, how-
ever, when referring to subcomputations that begin right before the call statement to the same
procedure and end right after it, and consequently use the actual arguments of the procedure.
This overloading will repeat itself in future sections as well.

Definition 9 (Argument-equivalence of subcomputations with respect to procedures)
Given two procedures F € Proc[P;] and G € Proc[P>] such that (F, G) € map, for any
two computations 71 in Py and 72 in P>, 7] and 7, are argument-equivalent with respect to
F and G if the following holds:

1. 71{ and né are maximal subcomputations of 7y and m, from some levels d; and d,

respectively,
2. current—label[ﬁrst[ﬂl’]] = before[ F] and current—label[ﬁrst[ﬂé]] = before[G], and
3. first{n{l.o[arg-rr | = first[n)].o[arg-r¢ ], |

Definition 10 (Partial computational equivalence of procedures) If for every argument-
equivalent finite subcomputations 77| and 7} (these are closed by definition) with respect to
two procedures F and G,

last[z|].o[arg-wr | = last[7}].o[ arg-wg |

then F and G are partially computationally equivalent. O

procedure gcd;(val a,b; ret g):

if b = 0 then procedure gcdz(val x,y; ret z):
g:=a 7 1= X;

else if y > 0 then
a := a mod b; lo call geda(y, z mod y; z) 4
Iy call gedi(b, a; g) I3 fi:

fi; return

return

Fig. 4 Two procedures to calculate GCD of two positive integers. For better readability we only show the
labels that we later refer to
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Inference rules for proving the equivalence of recursive procedures 413

Denote by comp-equiv(F, G) the fact that F' and G are partially computationally equiv-
alent. The computational equivalence is only partial because it does not consider infinite
computations. From hereon when we talk about computational equivalence we mean partial
computational equivalence.

Our proof rule uses uninterpreted procedures, which are useful for reasoning about an
abstract system. The only information that the decision procedure has about them is that they
are consistent, i.e., that given the same inputs, they produce the same outputs. We still need a
semantics for such procedures, in order to be able to define subcomputations that go through
them. In terms of the semantics, then, an uninterpreted procedure U is the same as an empty
procedure in LPL (a procedure with a single statement—return), other than the fact that it
preserves the congruence condition: For every two subcomputations 7r; and 7> through U,

first{zry .o [arg-ry | = first[my].o[arg-ry |
— (D
last[mr1].o[arg-wy ] = last[mp].o[arg-wy .

There are well known decision procedures for reasoning about formulas that involve
uninterpreted functions—see, for example, Shostak’s algorithm [14], and accordingly most
theorem provers support them. Such algorithms can be easily adapted to handle procedures
rather than functions.

3.2 Rule (PROC- P- EQ)

Defining the proof rule requires one more definition.
Let UP be a mapping of the procedures in Proc[ P1]UProc[ P»] torespective uninterpreted
procedures, such that:

(F,G) € map <= UP(F) = UP(G), 2)

and such that each procedure is mapped to an uninterpreted procedure with an equivalent
prototype.

Definition 11 (Isolated procedure) The isolated version of a procedure F, denoted F Up,
is derived from F by replacing all of its procedure calls by calls to the corresponding unin-
terpreted procedures, i.e., FUP = F[f <« UP(f)|f € Proc[P]]. o

For example, Fig. 6 presents an isolated version of the programs in Fig. 4.

Rule (PROC- P- EQ), appearing in Fig. 5, is based on the following observation. Let F' and
G be two procedures such that (F, G) € map. If assuming that all the mapped procedure
calls in F and G return the same values for equivalent arguments enables us to prove that F
and G are equivalent, then we can conclude that ' and G are equivalent.

The rule assumes a proof system Lyp. Lyp is any sound proof system for a restricted
version of the programming language in which there are no calls to interpreted procedures,

(3.1) Y(F,G) € map. {
(3.2) Fry comp-equiv(FUP GUF) }
(3.3) Y(F,G) € map. comp-equiv(F,G)

(PROC-P-EQ) (3)

Fig. 5 Rule (PROC- P- EQ): An inference rule for proving the partial equivalence of procedures
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procedure gcd (val a,b; ret g):

if b =0 then procedure gcdz(val x,y; ret z):
g:=a Z = X;

else if y > 0 then
a := a mod b; call H(y, z mod y; z)
call H(b, a; g) fi;

fi; return

return

Fig. 6 After isolation of the procedures, i.e., replacing their procedure calls with calls to the uninterpreted
procedure H

and hence, in particular, no recursion®, and it can reason about uninterpreted procedures. Lyp
is not required to be complete, because (PROC- P- EQ) is incomplete in any case. Nevertheless,
completeness is desirable since it makes the rule more useful.

Example 4 Following are two instantiations of rule (PROC- P- EQ).
— The two programs contain one recursive procedure each, called f and g such that map =
{(f. &)}
Frye comp-equiv(fLf < UP(f)]. glg <~ UP(g)])
comp-equiv(f, g)
Recall that f[f < UP(f)] means that the call to f inside f is replaced with a call to
UP(f) (isolation).
— The two compared programs contain two mutually recursive procedures each, fi, f> and

81, g2, respectively, such that map = {(f1, g1), (f2, 82)}, and fi calls fa, f> calls f1, g1
calls g, and g; calls g1.

FLyp comp-equiv(filf2 < UP(f2)], g1lg2 < UP(g2)]),
FLyp comp-equiv(f2[f1 <= UP(f1)], g2[g1 < UP(g])

comp-equiv(fi, g1), comp-equiv(f2, g2)

m}

Example 5 Consider once again the two programs in Fig. 4. There is only one procedure in
each program, which we naturally map to one another. Let H be the uninterpreted procedure
to which we map gcd; and gecda, i.e., H = UP(gced)) = UP(gcd,). Figure 6 presents the
isolated programs.

To prove the computational equivalence of the two procedures, we need to first translate
them to formulas expressing their respective transition relations. A convenient way to do so
is to use Static Single Assignment (SSA) [3]. Briefly, this means that in each assignment
of the form x = exp; the left-hand side variable x is replaced with a new variable, say
x1. Any reference to x after this line and before x is potentially assigned again, is replaced
with the new variable x1 (recall that this is done in a context of a program without loops). In
addition, assignments are guarded according to the control flow. After this transformation, the
statements are conjoined: the resulting equation represents the states of the original program.
If a subcomputation through a procedure is valid then it can be associated with an assignment
that satisfies the SSA form of this procedure.

5 In LPL there are no loops, but in case (PROC- P- EQ) is applied to other languages, Lyjp is required to handle
a restricted version of the language with no procedure calls, recursion or loops. Indeed, under this restric-
tion there are sound and complete decision procedures for deciding the validity of assertions over popular
programming languages such as C, as was mentioned in the introduction.
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Inference rules for proving the equivalence of recursive procedures 415

The SSA form of gcd is

apg=a A
b()Zb A\
T _ bo:O—)go:ao AN (4)
gedi (bp #0 = a; = (ap mod b)) A (b =0 — a; =ag) A |-
(bo #0 — H(bo,ar; g1)) A (bo =0 — g1 = go) A
8 = 81
The SSA form of gcd is
X0 =X AN
Yo=Yy A
Toca, = | 20 = X0 AL ()
(o > 0— H(yo,(zo mod y0); z1)) A (yo <0 — z1 =2z0) A
z=12

The premise of rule (PROC- P- EQ) requires proving computational equivalence (see Defini-
tion 10), which in this case amounts to proving the validity of the following formula over
positive integers:

(@a=xAb=yATgeq, NTgcay) — g=2. (6)

Many theorem provers can prove such formulas fully automatically, and hence establish the
partial computational equivalence of gcd; and gcds. O

It is important to note that while the premise refers to procedures that are isolated from
other procedures, the consequent refers to the original procedures. Hence, while Lyp is
required to reason about executions of bounded length (the length of one procedure body)
the consequent refers to unbounded executions.

To conclude this section, let us mention that rule (PROC- P- EQ) is inspired by Hoare’s rule
for recursive procedures:

{p}eall proc{q} -n {p}S{q}
{plcall proc{q}

(REC)

(where S is the body of procedure proc). Indeed, both in this rule and in rule (PROC- P- EQ),
the premise requires to prove that the body of the procedure without its recursive calls sat-
isfies the pre-post condition relation that we wish to establish, assuming the recursive calls
already do so.

3.3 Rule (PROC- P- EQ) is sound

Let 7 be a computation of some program P;. Each subcomputation 7’ from level d consists
of a set of maximal subcomputations at level d, which are denoted by in(’, d), and a set
of maximal subcomputations from level d + 1, which are denoted by from(n’, d + 1). The
members of these two sets of computations alternate in 7. For example, in the left drawing
in Fig. 7, segments 2, 4, § are separate subcomputations at level d + 1, and segments 3, and
5-7 are subcomputations from level d + 2.

Definition 12 (Stack-level tree) A stack-level tree of a maximal subcomputation 7 from
some level, is a tree in which each node at height d (d > 0) represents the set of subcom-
putations at level d from the time the computation entered level d until it returned to its
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d+3 Pz@
d+2 3 p2 o P4®
d+1 2 p2 pl

Fig.7 A computation and its stack levels (left). The numbering on the horizontal segments are for reference
only. The stack-level tree corresponding to the computation on the left (right)

calling procedure at level d — 1. Node n’ is a child of a node n if and only if it contains one
subcomputation that is a continuation (in ) of a subcomputation in n. O

Note that the root of a stack-level tree is the node that contains first[sr] in one of its sub-
computations. The leafs are closed subcomputations from some level which return without
executing a procedure call. Also note that the subcomputations in a node at level d are all
part of the same closed subcomputation 7’ from level d (this is exactly the set in(n’, d)).

The stack-level tree depth is the maximal length of a path from its root to some leaf. This
is also the maximal difference between the depth of the level of any of its leafs and the level
of its root. If the stack-level tree is not finite then its depth is undefined.

Denote by d[n] the level of node n and by p[n] the procedure associated with this node.

Example 6 Figure 7 demonstrates a subcomputation 7 from level d (left) and its corre-
sponding stack-level tree (upside down, in order to emphasize its correspondence to the
computation). The set in(w,d) = {1, 9} is represented by the root. Each rise in the stack
level is associated with a procedure call (in this case, calls to pl, p2, p4, p2), and each fall
with a return statement. To the left of each node 7 in the tree, appears the procedure p[n]
(here we assumed that the computation entered level d due to a call to a procedure p0). The
depth of this stack-level tree is 4. O

Theorem 1 (Soundness) If the proof system Lyp is sound then the rule (PROC- P- EQ) is
sound.

Proof By induction on the depth d of the stack-level tree. Since we consider only finite
computations, the stack-level trees are finite and their depths are well defined. Let P} and P>
be two programs in LPL, 7 and > closed subcomputations from some levels in P; and P>,
respectively, #1 and #, the stack-level trees of these computations, 71 and n; the root nodes of
t1 and tp, respectively. Also, let F = p[n;] and G = p[n;] where (F, G) € map. Assume
also that 771 and m, are argument-equivalent with respect to F" and G.

Base Ifboth ny and n are leafs in #; and #, then the conclusion is proven by the premise of
the rule without using the uninterpreted procedures. As 7r; and 7, contain no calls to proce-
dures, then they are also valid computations through FU? and GU?, respectively. Therefore,
by the soundness of the proof system Lyp, 771 and 7> must satisfy comp-equiv(FY*, GUP)
which entails the equality of arg-w values at their ends. Therefore, 71 and 7, satisfy the
condition in comp-equiv(F, G).

Step  Assume the consequent (3.3) is true for all stack-level trees of depth at most i. We

prove the consequent for computations with stack-level trees #; and #> such that at least one
of them is of depth i + 1.
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T

arg-r . Larg-w

Fig. 8 A diagram for the proof of Theorem 1. Dotted lines indicate an equivalence (either that we assume
as a premise or that we need to prove) in the argument that labels the line. We do not write all labels to
avoid congestion—see more details in the proof. 1 is a subcomputation through F. 7r{ is the corresponding

subcomputation through F UP | the isolated version of F. The same applies to 7 and né with respect to G.
The induction step shows that if the read arguments are the same in A.1 and A.2, then the write arguments
have equal values in B.1 and B.2

1. Consider the computation 77;. We construct a computation 77| in F UP 'which is the same

as mp in the level of ny, with the following change. Each subcomputation of 71 in a
deeper level caused by a call cF, is replaced by a subcomputation through an uninter-
preted procedure UP(callee[cF]), which returns the same value as returned by ¢ (where
callee[cF]is the procedure called in the call statement cr). In a similar way we construct
a computation 7} in GY” corresponding to 75.

The notations we use in this proof correspond to Fig. 8. Specifically,

Ay = first[m1], A} = first[z{], A} = first[z}], Ay = first[m],
B = last[m(], B} = last[n]], B} = last[xr}], B = last[m].
2. Asm and mp are argument-equivalent we have
Ayolargrpl= Ayolargrgl.
By definition,
Ayolargrpl=Ay.olargTrp]
and
As.olargrgl= Ar.olargrgl.

By transitivity of equality A}.o[arg-rp 1= Aj.clargrg1.

3. We now prove that the subcomputations sr{ and 7} are valid computations through F urp
and GUP . As JT{ and né differ from | and 7> only by subcomputations through unin-
terpreted procedures (that replace calls to other procedures), we need to check that they
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satisfy the congruence condition, as stated in (1). Other parts of 7| and 5} are valid
because 71 and m; are valid subcomputations. Consider any pair of calls ¢; and ¢, in
and mp from the current levels d[n] and d[n;] to procedures p; and p», respectively,
suchthat (p1, p2) € map.Letc] and ¢ be the calls to UP(p;) and UP(p>) which replace
c1 and ¢ in 7| and 7). Note that UP(p{) = UP(p») since (p1, p2) € map.

By the induction hypothesis, procedures p1, p» satisfy comp-equiv(pi, p2) for all sub-
computations of depth < 7, and in particular for subcomputations of 1, 7, that begin
in c¢1 and c;. By construction, the input and output values of ¢; are equal to those of
c}. Similarly, the input and output values of ¢, are equal to those of ¢/,. Consequently,
the pair of calls ¢} and ¢} to the uninterpreted procedure UP(p1) satisfy the congruence
condition. Hence, 7r{ and 7} are legal subcomputations through F UP and GUP.

4. By the rule premise, any two computations through FU? and GU? satisfy comp-equiv
(FUP, GUP). Particularly, as my and 7} are argument-equivalent by step 2, this entails
that B} .o [arg-w p]= Bj.o[arg-wg]. By construction, By.c[arg-w]|=B|.c[arg-w]
and By.o[arg-wg] = Bj.o[arg-wg]. Therefore, by transitivity,

Bi.olarg-wp ] = By.olarg-wg |,

which proves that 1 and 7, satisfy comp-equiv(F, G). O

4 A proof rule for mutual termination of procedures

Rule (PROC- P- EQ) only proves partial equivalence, because it only refers to finite computa-
tions. It is desirable, in the context of equivalence checking, to prove that the two procedures
mutually terminate. If, in addition, termination of one of the programs is proven, then “total
equivalence” is established.

4.1 Definitions

Definition 13 (Mutual termination of procedures) If for every pair of argument-
equivalent subcomputations 5{ and 7, with respect to two procedures F and G, it holds
that 77 is finite if and only if 7] is finite, then F and G are mutually terminating. O

Denote by mutual-terminate(F, G) the fact that ' and G are mutually terminating.

Definition 14 (Reach equivalence of procedures) Procedures F and G are reach-equivalent
if for every pair of argument-equivalent subcomputation 7 and t through F and G, respec-
tively, for every call statement cr = “call p;” in F (in G), there exists a call cg = “call py”
in G (in F) such that (p1, p2) € map, and 7 and 7 reach cr and cg, respectively with the
same read arguments, or do not reach them at all.

Denote by reach-equiv(F, G) the fact that F and G are reach-equivalent. Note that checking
for reach-equivalence amounts to proving the equivalence of the “guards” leading to each
of the mapped procedure calls (i.e., the conjunction of conditions that need to be satisfied
in order to reach these program locations), and the equivalence of the arguments before the
calls. This will be demonstrated in two examples later on.
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(7.1) V(F,G) € map. {

(7.2) comp-equiv(F, G) A

(7.3) FLye reach-equiv(FYP GUF) }
(7.4)  Y(F,G) € map. mutual-terminate(F,G)

(M-TERM)  (7)

Fig. 9 Rule (M- TERM): An inference rule for proving the mutual termination of procedures. Note that
Premise 7.2 can be proven by the (PROC- P- EQ) rule

4.2 Rule (M- TERM)

The mutual termination rule (M- TERM) is stated in Fig. 9. It is interesting to note that unlike
proofs of procedure termination, here we do not rely on well-founded sets (see, for exam-
ple, [6], Sect. 3.4).

Example 7 Continuing Example 5, we now prove the mutual termination of the two pro-
grams in Fig. 4. Since we already proved comp-equiv(gcdi, gcdz) in Example 5, it is left
to check Premise (3.3), i.e.,

FLyp reach-equiv(gcdlup, gcngP).

Since in this case we only have a single procedure call in each side, the only thing we need
to check in order to establish reach-equivalence, is that the guards controlling their calls are
equivalent, and that they are called with the same input arguments. The verification condition
is thus:

(Tgcd1 A Tgcd2 ANa=x)Ab=y) —
(((vo > 0) < (bo #0)) A /lEqual guards 8)
((yo > 0) = ((bo = y0) A (a1 =z0 mod yo)))) //Equalinputs

where Tgcq, and Tycq, are as defined in Eq. (4) and (5). m}

4.3 Rule (M- TERM) is sound

We now prove the following:
Theorem 2 (Soundness) If the proof system Lyp is sound then the rule (M- TERM) is sound.

Proof In case the computations of P; and P, are both finite or both infinite the consequent
of the rule holds by definition. It is left to consider the case in which one of the computations
is finite and the other is infinite. We show that if the premise of (M- TERM) holds such a case
is impossible.

Let Py and P, be two programs in LPL, 7r; and 77, maximal subcomputations from some
levels in P; and P, respectively, ¢ and 7, the stack-level trees of these computations, 7] and
n, the root nodes of #; and #, respectively and F = p[n1] and G = p[n,]. Assume m; and
7, are argument-equivalent. Without loss of generality assume also that 77y is finite and 7,
is not.

Consider the computation 7r;. We continue as in the proof of Theorem 1. We construct a
computation 77| in F UP 'which is the same as 771 in the level of n1, with the following change.
Each closed subcomputation at a deeper level caused by a call ¢, is replaced with a subcom-
putation through an uninterpreted procedure UP(callee[cF]), which receives and returns the
same values as received and returned by cr. In a similar way we construct a computation 7
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in GU? corresponding to 7. By Premise (7.2), any pair of calls to some procedures p; and
D2 (related by map) satisfy comp-equiv(p1, p2). Thus, any pair of calls to an uninterpreted
procedure UP(p1) (which is equal to UP(p,)) in 71 and 7} satisfy the congruence condition
(see (1)). As in the proof of the (PROC- P- EQ) rule, this is sufficient to conclude that 71{ and
) are valid subcomputations through F UP and GUP (but not necessarily closed).

By Premise (7.3) of the rule and the soundness of the underlying proof system Lyp, 7}
and 7} satisfy the condition in reach-equiv(F UP GUPY ltis left to show that this implies
that 7, must be finite. We will prove this fact by induction on the depth d of #;.

Base d = 0. In this case n is a leaf and 7| does not execute any call statements. Assume
that 7, executes some call statement cg in G. Since by Premise (7.3) reach—equiv(FUP,
GUY”) holds, then there must be some call ¢ in F such that (callee[cr], callee[cg]) € map
and some configuration C| € 71{ such that current-label[C;] = before[cr] (i.e., n{ reaches
the ¢ call). But this is impossible as 77 is a leaf. Thus m, cannot be infinite.

Step

1. Assume (by the induction hypothesis) that if | is a finite computation with stack-level
tree 71 of depth d < i then any 75 such that

first{mry].o[arg-rr ] = first[m].o[arg-rg ],

cannot be infinite. We now prove this for r; with #; of depthd = i.

2. Let 7, be some subcomputation of 7, from level d[ny] + 1, C; be the configuration in
75 which comes immediately before 7, (C, = pred[7;]). Let cg be the call statement in
G which is executed at C» (in other words current-label[C;] = before[cg]).

3. Since by Premise (7.3) reach-equiv(FUP, GUT), there must be some call cr in F
such that (callee[cF], callee[cg]) € map and some configuration C; € 711’ from which
the call ¢ is executed (i.e., current-label[C|] = before[cF]), and C| passes the same
input argument values to cr as C; to ¢g. In other words, if cr = call pj(er; x1) and
cc = call pr(ez; x2), then Cy.o[e1] = Cy.o[ ez ]. But then, there is a subcomputation
71 of 1 from level d[n] + 1 which starts immediately after C; (C; = pred[7;]]).

4. 7 is finite because 7 is finite. The stack-level tree 7; of 7] is a subtree of ¢ and its depth
is less than i. Therefore, by the induction hypothesis (the assumption in item 1) 77, must
be finite as well.

5. In this way, all subcomputations of 7> from level d[n>] + 1 are finite. By definition, all
subcomputations of m; at level d[n,] are finite. Therefore 7, is finite. O

4.4 Using rule (M- TERM): a long example

In this example we set the domain D to be the set of binary trees with natural values in the
leafs and the + and * operators at internal nodes.®
Let 1, 1o € D. We define the following operators:

— isleaf(#) returns TRUE if #] is a leaf and FALSE otherwise.
— isplus(#y) returns TRUE if #; has “+” in its root node and FALSE otherwise.
— leftson(#) returns FALSE if #; is a leaf, and the tree which is its left son otherwise.

6 To be consistent with the definition of LPL (Definition 1), the domain must also include TRUE and FALSE.
Hence we also set the constants TRUE and FALSE to be the leafs with 1 and O values, respectively.
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procedure Evali(val a; ret r):
if isleaf(a) then
r:=a
else
if isplus(a) then
Iy call Plusi(a;r) I3
else
if ismult(a) then
Is call Multi(a;r) Ir
fi
fi
fi
return

procedure Plusi(val a; ret r):
lo call FEval;(leftson(a);v);
111 call Eval,(rightson(a); u);
r := doplus(v, u);
return

procedure Multi(val a; ret r):
l13 call Evali(leftson(a);v);
l15 call Evali(rightson(a);u);
r := domult(v, u);
return

procedure Evalz(val x; ret y):
if isleaf(x) then
V=X
else
if ismult(z) then
lo call Multa(x;y) la
else
if isplus(z) then
le call Plusa(x;y) s
fi
fi
fi
return

procedure Plusz(val x; ret y):
lio call Evals(rightson(z); w);
l12 call Evalz(leftson(z); 2);
y := doplus(w, z);
return

procedure Multz(val x; ret y):
l1a call Evals(rightson(z); w);
l16 call Evals(leftson(z); z);
y = domult(w, z);
return

Fig. 10 Two procedures to calculate the value of an expression tree. Only labels around the call constructs

are shown

— doplus(/1, I) returns a leaf with a value equal to the sum of the values in /1 and I», if [

and [, are leafs, and FALSE otherwise.

The operators ismult(#), rightson(#;) and domult(¢1, #,) are defined similarly to isplus,

leftson and doplus, respectively.

The two procedures in Fig. 10 calculate the value of an expression tree.
We introduce three uninterpreted procedures E, P and M and set the mapping UP to

satisfy

UP(Evaly) = UP(Evaly) = E,

UP(Plusy) = UP(Plusy)

P,

UP(Multy) = UP(Multy) = M.

The SSA form of the formulas which represent the possible computations of isolated

procedure bodies are:

apg=a VAN
(isleaf (ag) — r1 = aop) A
Teva, = | (—isleaf (ap) N isplus(ap) — P(aog, 1)) A
(—isleaf (ap) N —isplus(ap) N ismult(ag) — M(ao,r1)) A
r=r
X0 =X 7AN
(isleaf (xo) — y1 = x0) A
TEval, = | (—isleaf (xo) A ismult(xo) — M (xo, y1)) A
(—isleaf (xo) A —ismult(xg) A isplus(xg) — P(xp,y1)) A

y=MN
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ap=a A Xp =X A
E(leftson(ap), vi) A E(rightson(xg), wi) A
Tpus, = | E(rightson(ag), ui) A Tpis, = | E(eftson(xo),z1) A
r1 = doplus(vy, u;) A y1 = doplus(wy, z1) A
r=ri y =y
apg=a A X0 =X A
E (leftson(ag), v1) A E(rightson(xg), wi) A
Tvmuiy, = | E(rightson(ao), ui) A Trmui, = | E(leftson(xo),z1) A
r1 = domult(vy, uy) N y1 = domult (w1, 71) A
r=ri y=mn

Proving partial computational equivalence for each of the procedure pairs amounts to proving
the following formulas to be valid:

(a=xA TEval; N TEvalz) —>r=Yy
(a=xn Tpius, N TPIusz) —>r=Yy
(a =XA TMult1 A TMull‘z) — r=y.

To prove these formulas it is enough for Ly r to know the following facts about the
operators of the domain:

Vi, lo(doplus(ly, Ip) = doplus(ly, 11) A domult(ly, ) = domult (I, 11))
Vti(isleaf (t1) — —isplus(t1) A — ismult (1))
Vt1(isplus(t)) — —ismult(t;) A —isleaf (1))
Vty(ismult(ty) — —isleaf (t1) A — isplus(ty))

This concludes the proof of partial computational equivalence using rule (PROC- P- EQ).
To prove mutual termination using the (M- TERM) rule we need in addition to verify reach-
equivalence of each pair of procedures.

To check reach-equivalence we should check that the guards and the read arguments at
labels of related calls are equivalent. This can be expressed by the following formulas:

@1 = (g1 = (—isleaf (ao) A isplus(ap)) A
g2 = (—isleaf (xo) A —ismult(xp) Aisplus(xg)) A
g3 = (—isleaf (ap) A —isplus(ag) N ismult(ag)) A

g4 = (—isleaf (xo) A ismult(xo)) A
81 < &2 A
83 <> 84 A
g1 — ap = X0 A

g3 —> ap = Xxo)

The guards at all labels in Plusy, Plusy, Mult; and Mult, are all true, therefore the reach-
equivalence formulas for these procedures collapse to:

¢ = @3 = ( (leftson(ag) = rightson(xg) V leftson(ag) = leftson(xop)) A
(rightson(ag) = rightson(xg) V rightson(ag) = leftson(xg)) A
(leftson(ap) = rightson(xp) V rightson(ag) = rightson(xg)) A
(leftson(ag) = leftson(xg) V rightson(ag) = leftson(xp)))
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In this formula each call in each side is mapped to one of the calls on the other side: the first
two lines map calls of side one to calls on side two, and the last two lines map calls of side
two to side one. Finally, the formulas that need to be validated are:

(a =x AN Tgval; N TEval,) —> @1
(a =x ATpius; N Tpius,) = ¢2

(a =XA TMult1 N TMultz) - ¢3.

5 A proof rule for equivalence of reactive programs

Rules (PROC- P- EQ) and (M- TERM) that we studied in the previous two sections, are concerned
with equivalence of finite programs, and with proving the mutual termination of programs,
respectively. In this section we introduce a rule that generalizes (PROC- P- EQ) in the sense
that it is not restricted to finite computations. This generalization is necessary for reactive
programs. We say that two reactive procedures F' and G are reactively equivalent if given
the same input sequences, their output sequences are the same.

5.1 Definitions

The introduction of the rule and later on the proof requires an extension of LPL to allow
input and output constructs:

Definition 15 (LPL with I/O constructs (LPL+I0)) LPL+IO is the LPL programming
language with two additional statement constructs:

input(x) | output(e)

where x € V is a variable and e is an expression over Op. If a sequence of input constructs
appear in a procedure they must appear before any other statement in that procedure. This
fact is important for the proof of correctness.’ O

The input and output constructs are assumed to read and write values in the domain D. A
reactive system reads a sequence of inputs using its input constructs and writes a sequence of
outputs by its output constructs. These sequences may be finite or infinite. A computation of
an LPL+I10 program is a sequence of configurations of the form: C = (d, O, pc, o, R, W)
where R and W are sequences of values in D and all other components in C are as in Sect. 2.2.
Intuitively, R denotes the suffix of the sequence of inputs that remains to be read after con-
figuration C, and W is the sequence of outputs that were written until configuration C.

Definition 16 (Transition relation in LPL+I0) Let “—” be the least relation among con-
figurations which satisfies: if C — C',C={(d, O, pc, 0, R, W),C'=(d’, O', pc’, o', R, W/)
then:

1. If current-label[C] = before[S] for some input construct S = “input(x)”, and Ry is
the value being read, thend’ = d, O’ = O, pc’ = (pci)ie(o....a—1) - (after[S]), o’ =

_, —,

ol[Rolx]l, R = (Ri)ie1,..}, W =W.

TA procedure that reads inputs during its execution rather than at its beginning can be simulated by replacing
the input command with a procedure call. The called procedure only reads the inputs and returns them to the
caller, and hence respects the requirement that the inputs are read at its beginning.
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2. If current-label[C] = before[S] for some output construct S = “output(e)” then d’ =
d, 0'= 0, pc' = (pciicpo....a-1) - (after[S]), o' =0, R =R, W =W - (ole])

and for all other statement constructs the transition relation is defined as in Definition 4. O

By definition of the transition relation of LPL+IO, the W sequence of a configuration con-
tains the W sequence of each of its predecessors as a prefix. We say that the input sequence of
a computation is the R sequence of its first configuration. If the computation is finite then its
output sequence is the W sequence of its last configuration. If the computation is infinite then
its output sequence is the supremum of the W sequences of all its configurations, when we
take the natural containment order between sequences (i.e., the sequence that contains each
W sequence as its prefix). For a computation 7z, we denote by InSeq[] its input sequence
and by OutSeq[] its output sequence. For a finite computation 7, we denote by AR[] the
inputs consumed along 7, and by AW [r] the outputs written during 7.

Definition 17 (input-equivalence of subcomputations with respect to procedures)
Two subcomputations 77; and 77} that are argument-equivalent with respect to two proce-
dures F and G are called input equivalent if

first[7r{].R = first[7;].R.
[m}

In other words, two subcomputations are input equivalent with respect to procedures F and
G if they start at the beginnings of F and G respectively with equivalent read arguments and
equivalent input sequences.

We will use the following notations in this section, for procedures F' and G. The formal
definitions of these terms appear in Appendix A.

1. reactive-equiv(F, G)—Every two input-equivalent subcomputations with respect to
F and G generate equivalent output sequences until returning from F and G, or forever
if they do not return.

2. return-values-equiv(F, G)—The last configurations of every two input-equivalent
finite subcomputations with respect to /' and G that end in the return from F and G,
valuate equally the write-arguments of F and G, respectively. (note that return-val-
ues-equiv(F, G) is the same as comp-equiv(F, G) other than the fact that it requires
the subcomputations to be input equivalent and not only argument equivalent).

3. input-suf fix-equiv(F, G)—Every two input-equivalent finite subcomputations with res-
pectto F and G that end at the return from F and G, have (at return) the same remaining
sequence of inputs.

4. call-output-seq-equiv(F, G)—Every two input-equivalent subcomputations with res-
pect to F' and G, generate the same sequence of procedure calls and output statements,
where corresponding procedure calls are called with equal inputs (read-arguments and
input sequences), and output statements output equal values.

5.2 Rule (REACT- EQ)

Figure 11 presents rule (REACT- EQ), which can be used for proving equivalence of reactive
procedures.
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1) V(F,G) € map. {

9.2) Frye  return-values-equiv(FYT GYT) A
9.3) FrLy input-suffiz-equiv(FUT,GUT) A
9.4) Frype  call-output-seq-equiv(FUY GYT) }
5) Y(F,G) € map. reactive-equiv(F, G)

(REACT-EQ)  (9)

Fig. 11 Rule (REACT- EQ): An inference rule for proving the reactive equivalence of procedures

5.3 Rule (REACT- EQ) is sound

Theorem 3 (Soundness) If the proof system Lyp is sound then rule (REACT- EQ) is sound.

Proof In the following discussion we use the following notation:

P, P programs in LPL+IO

T, T subcomputations in P; and P,, respectively,
t,h stack-level trees of 7 and 1, respectively,
ni,ny the root nodes of #; and #,, respectively,

F = p[n1], G = p[nz] the procedures associated with n and n»,
dy =d[n1],d> = d[ny] thelevels of nodes n and ny, respectively.

We assume that 7 and t are input equivalent and that (F, G) € map.
Our main lemma below focuses on finite stack-level trees. The extension to infinite com-
putations will be discussed in Lemma 5.

Lemma 1
If
(1)  and t are maximal subcomputations,
(2)  and t are input equivalent,
(3) first[m1.W = first[T].W,
(4) 7 is finite and its stack-level tree depth is d, and
(5) the premises of (REACT- EQ) hold,
then

(1) t is finite and its stack-level tree depth is at most d,
(2) last|z).o[arg-wF | = last[t].o[arg-wg ],

(3) last[).R = last[t].R, and

4) last{w].W = last[t].W.

While the lemma refers to 7 in the premise and 7 in the consequent, this is done without loss
of generality. If premise 1 or 2 is false, the rule holds trivially. Premise 3 holds trivially for the
main procedures, and premise 4 holds trivially for the finite computations case (which this
lemma covers) for some d. Note that consequent 4 implies the consequent of rule (REACT-
EQ). Hence proving this lemma proves also Theorem 3 for the case of finite stack-level trees.
Together with Lemma 5 that refers to infinite computations, this will prove Theorem 3.

Proof (Lemma 1) By induction on the stack-level tree depth d.
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Base nj is aleaf. Since Premise (9.4) holds, T does not contain any calls from GY? Thus,
ny is a leaf as well, and the depth of 7, must be 1 (consequent 1). w and T contain no calls
to procedures, which implies that they are also valid computations through FU? and GU?,
respectively. Consequents 2, 3 and 4 of the lemma are implied directly from the three premises
of (REACT- EQ), respectively, and the soundness of the proof system Lyp.

Step We now assume that Lemma 1 holds for all callees of F" and G (the procedures of the
children in the stack-level trees) and prove it for F and G.

The computation 7 is an interleaving between “at-level” and “from-level” subcomputa-
tions. We denote the former subcomputations by 77; fori > 1, and the latter by 7 jforj>1.
For example, the subcomputation corresponding to level d + 1 in the left drawing of Fig. 7
has three “at-level” segments that we number 71, 72, 73 (corresponding to segments 2, 4, 8
in the drawing) and two “from-level” subcomputations that we number 771, 75 (segments 3
and 5-7 in the drawing).

Derive a computation 7" in F UP from 7 as follows. First, set first[r’] = first[ ]. Further,
the at-level subcomputations remain the same (other than the R and W values—see below)
and are denoted respectively 77/. In contrast the “from-level” subcomputations are replaced
as follows. Replace in 7 each subcomputation 77; € from(r, di) caused by a call cr, with a
subcomputation 7 ]/ through an uninterpreted procedure UP(callee[cF]), which returns the

same value as returned by cr. A small adjustment to R and W in 7’ is required since the
uninterpreted procedures do not consume inputs or generate outputs. Hence, R remains con-
stant in 7’ after passing the input statements in level d; and W contains only the output
values emitted by the at-level subcomputations. In a similar way construct a computation 7’
in GUP corresponding to 7.

In the course of the proof we will show that 7" and 7’ are valid subcomputations through
FUP GUP as they satisfy the congruence condition.

Proof plan Proving the step requires several stages. First, we will prove two additional
lemmas: Lemma 2 will prove certain properties of “at-level” subcomputations, whereas
Lemma 3 will establish several properties of “from-level” subcomputations, assuming the
induction hypothesis of Lemma 1. Second, using these lemmas we will establish in Lemma 4
the relation between the beginning and end of subcomputations 7 and 7. This will prove the
step of Lemma 1.

The notations in the following lemma correspond to the left drawing in Fig. 12. Specifi-
cally,

Ay = first[7;], A| = first[7r]], A}, = first[T/], Ay = first[7;],

B = last[7;], B =last[7r/], By = last[7/], By = last[;].

The figure shows the at-level segments 7;, ﬁi/ , Tis fi/ , the equivalences between various
values in their initial configurations which we assume as premises in the lemma, and the
equivalences that we prove to hold in the last configurations of these subcomputations.

The at-level segment 77; may end with some statement call p;(e;; X1) or at a return from
procedure F. Similarly, 7; may end with some statement call p>(e2; X») or at a return from
procedure G.

Lemma 2 (Properties of an at-level subcomputation) For each i, with respect to 7;, T;, 7}
and T/
i
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‘e L ° ) [
A By By (&
L : : arg-r _arg-n 0 v _
RW Lo e RW RW R,W
: 7! . ’ A;
o— L ¢
5617‘7(/*7“ arg-T
7! : T
Y i ° J
Al B By Ch
1 o o
o o L.
‘ 7 J_F # W_l

Fig. 12 (left) “at-level” subcomputations—a diagram for Lemma 2. (right) “from-level” subcomputations—
a diagram for Lemma 3

1) Ay.olg = Al.ola,

2) A2-g|d2 = Aé~0'|d2

3) Al.R = A,.R

4) A\W = AW

5)Ifi = 1 then (A|.R = A|.R and A».R = A,.R)
6) Ifi = 1then Ay.0lq, = A2.0a,.

then

1) Bi.olg, = Bj.ola,
2) By.olg, = Bé~U|d2
3) If ; ends with call pi(e1; X1) then T; ends with
call pa(ez; X2) and {p1, p2) € map
4) If w/ ends with a call statement, then B{.c[e|] = Bj.o[e]
5) If w; ends with a call statement, then By.o[e1] = By.o[e3]
6) Bi.R = B2.R
7) B1.W = B,.W

(In Fig. 12 consequents 4, 5 are represented by the requirement of having equal arg-r
values (equal formal parameters)).

Proof (Lemma 2)

1. (Consequent 1) For i > 1: Aj.o|g = A).0|q (Premise 1), hence, by definition of 7/

(which implies that 77; and 7] are equivalent, because they are defined by the same LPL
code and begin with the same variable values), we have Bi.0 |4, = Bi.a ld; -
Recall that by definition of LPL+IO, input statements may appear only at the beginning
of the procedure. Therefore, for i = 1 it is a little more complicated because of possible
input statements. In addition to Premise 1 we now also need A1.R = A’l .R (Premise 5)
and again, by definition of 7/ we have Bi.o|q, = B].0lq4,.

2. (Consequent 2) Dual to the proof of consequent 1, using Premise 2 instead of Premise 1.
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3. Since 7;, 7t/ are defined by the same LPL code and begin with the same variable values
and, for the case of i = 1, the same input sequence, they consume the same por-
tions of the input sequence and produce the same output subsequence. Thus, we have
AW([7;] = AW[7[], AR[7;] = AR[7/], and in a similar way with respect to 7;, 7/, we
have AW[7;] = AW[T/], AR[T;] = AR[T/].

4. Ifi =1,7;, 7/, t/ and 7; are the first segments in 7, 7/, r” and 7, and thus may contain

input statements. Then by Premise 5 of the lemma we have A;.R = A|.R, A2.R =
AR, and by A|.R = A,.R (Premise 3) and transitivity of equality we have A|.R =
AL.R.

5. (Consequents 3 and 4) The subcomputations from the beginning of 7’ to the end of 77/ and
from the beginning of t’ to the end of 7/ are prefixes of valid subcomputations through
FYP and GYP. These subcomputations are input equivalent due to Aj R = Aé.ﬁ (see
item 4 above) and A|.0 |4, = Az.0|g, (Premise 6). If 77; ends with call p;(e; x;) then
7! ends with call UP(p))(e;; X). Then, by call-output-seq-equiv(FUF, GYP) (pre-
mise 9.4 of (REACT- EQ)), fl.’ must end with call UP(p;)(e2; x2) where (p1, p2) € map,
and therefore 7; ends with call p,(e; x2). This proves consequent 3. The same pre-
mise also implies that B{ ole] = Bé.a[?z], which proves consequent 4, and that
AW[7]] = AW[T].

6. (Consequent 5) Implied by consequents 1, 2 and 4 that we have already proved, and
transitivity of equality.

7. Consider 77} and 7/. For i = 1, 7] and 7, are prefixes of valid input-equivalent subcom-
putations through FY” and GU”, and as in any such subcomputation the inputs are con-
sumed only at the beginning. Therefore, input-suf fix-equiv(FYF, GUP) (Premise 9.3),
which implies equality of AR of these subcomputations, also implies AR[7]] = AR[T{].
Fori > 1, no input values are read in 7/ and 7/ and hence AR[7/] = AR[7/] = {. Thus,
for any i we have AR[71]] = AR[7]].

8. (Consequent 6) By AR[7;] = AR[7/], AR[T;] = AR[7]] (see item 3), AR[7]] =
AR([7]] (seeitem 7) and transitivity of equality we have AR[7T;] = AR[7;]. This together
with A1.R = A,.R (Premise 3) entails consequent 6.

9. (Consequent 7) By AW[7;] = AW[7]], AW[T;] = AW[T]] (see item 3), AW[7]] =
AW['E{ ] (see end of item 5) and transitivity of equality we have AW[7;] = AW[T].
This together with A W = A,.W (Premise 4) entails consequent 7.

(End of proof of Lemma 2). m]

The notations in the following lemma corresponds to the right drawing in Fig. 12. The
beginning configurations By, B, B}, B, are the same as the end configurations of the draw-
ing in the left of the same figure. In addition we now have the configurations at the end of
the ‘from-level’ subcomputations, denoted by Cy, C i, Cy, Cé, or, more formally:

Ci = last[7}], C} = last[ﬁ}], C) = last[f}], Cy = last[7].

Note that 77 is finite by definition of 77, and therefore last[7 ;] is well-defined. We will show in
the proof of the next lemma that 7; is finite as well, and therefore last[ 7] is also well-defined.

Lemma 3 (Properties of a ‘from-level’ subcomputation) With respect to 7, T}, ﬁ; and

t' for some j, let current-label[ B1] = before[cf), current-label[B;] = before[ci), cr =
call pi(ey; x1), and cg = call pr(ez; x3). Then
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if
1) Bi.olg = Bi.U|dl
2) B2.0|4y = B}.ola
3) Bi.olei] = By.olex]
4) B;.o[?l] = Bé.a[?z]
5) Bi.R = B».R
6) Bi.W = B,.W
7) 7 has a stack-level tree of depth at most d — 1
8)(p1, p2) € map,

then

1)Ci.R=C>2.R

2)CL.W=Co.W

3) Ci.olg = Cl.ola

4) Cr.olg, = Cé.crldz

5) ©; has a stack-level tree of depth at mostd — 1.

Proof (Lemma 3)

1. (Consequents 1, 2, 5) As 7; has a stack-level tree of depth at most d — 1 (Premise 7),
by Bj.o[e;] = By.o[e,] (Premise 3), B|.R = B,.R (Premise 5), and the induction
hypothesis of Lemma 1, 7 ; has stack-level tree of depth at mostd — 1 and: Cy.o[ X1 ] =
Cr.0[X2], C1.R = C2.R and AW[#;] = AW|[%,]. Therefore, by B|.W = By.W
(Premise 6) we have C;.W = C,. W.

2. (Consequents 3, 4) As ﬁj’ and fjf are computations through calls to the same uninter-
preted procedure (by premise 8) we can choose them in such a way that they satisty
Ci.o[x1] = Ci.o[x1] = Ca.0[x2] = Cj.0[x2], and hence satisfy (1). As valuations
of other variables by o |4, and o4, are unchanged by subcomputations in higher levels
(above d and d», respectively), we have Cj.0 |4, = C{ .0lg, and Cr.o|g, = Cé.a|d].

(End of proof of Lemma 3). O

Using Lemmas 2 and 3 we can establish equivalences of values in the end of input-
equivalent subcomputations, based on the fact that every subcomputation, as mentioned ear-
lier, is an interleaving between “at-level” and “from-level” subcomputations.

Lemma 4 (Properties of subcomputations) Ler Ay = first[w;], A» = first[Ti], A/l =
first[z]] and A}, = first[t]] be the first configurations of 7;, T;, @] and T! respectively for
some i. Then these configurations satisfy the following conditions:

1) Aj.olg = Al.olg,
2) A2.g|42 = Aé~<7|dz
3) A;.R = A>.R

4 A\ W =AW

Proof By induction on i.
Base Fori = 1, ; and 7; start at the beginning of F and G. Hence 7] and 7/ are at the
beginning of FU? and GY”. By the definition of 7| and 7|, the lemma is valid in this case

because 7 and 7 are input equivalent (between themselves and with 7’ and t’). Consequent
4 stems from Premise 3 of Lemma 1.
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Step Consider in 7w some consecutive at-level and from-level subcomputations 77; and 7;

and their respective counterparts: (7, 7;) in 7, (7/, T}) in 7/, and finally (%;, 7;) in 7.

i’ i’

By the induction hypothesis and thej finiteness of]fn (guaranteed by the hypothesis of
Lemma 1), premises 1-4 of Lemma 2 hold. Premises 5 and 6 hold as well because they are
implied by the definitions of 7', 7/, 7 and . Thus, the premises and therefore the conse-
quents of Lemma 3 hold, which implies that the induction hypothesis of the current lemma
holds for i 4 1.

(End of proof of Lemma 4). O

Consequent 1 of Lemma 1 holds because for any j, if the depths of the stack-level trees of
7; are bounded by d — 1 (consequent 5 of Lemma 3) then the depths of the stack-level tree
of t is bounded by d.

The other consequents of Lemma 1 are proved by using Lemma 4. Let (77;,7;) be the last
pair of subcomputations (e.g., in the left drawing of Fig. 7, segment 8 is the last in level d +1).
Their counterparts in the isolated bodies F UP and GYP, r_rl’ and fl/ , are the last parts of the
computations 7" and t’. We use the same notation as before for denoting the configurations
in the end of these subcomputations:

By = last[x], B] = last[z'], B} = last[t'], B, = last[t].
Therefore return-values-equiv(FUP, GUT) entails
Bj.olarg-wr ] = B.olarg-wg ].

By Lemma 4 the configurations Ay = first[7r;], A| = first[7]], A}, = first[7]], and A =
first[7;] satisfy the Premises of Lemma 2. By consequents 1 and 2 of this lemma we have
Bi.olg, = Bj.olg, and By.o|g, = Bj.0lg,, and by transitivity Bj.o[arg-wr] = B;.
o[ arg-wg ] (this proves consequent 2 of Lemma 1). Further, consequents 5 and 6 of Lemma 2
yield Bi.R = B>.R and B;.W = B,.W (this proves consequents 3, 4 of Lemma 1).

(End of proof of Lemma 1). O

It is left to consider the case when 7 and t are infinite (recall that by Lemma 1 7 is
infinite if and only if 7 is infinite). Hence, there is exactly one infinite branch in each of the
stack-level trees #; and t, (the stack-level trees of = and 7 respectively). Figure 13 presents
a possible part of 7 and its corresponding stack-level tree. Consider these infinite branches
as infinite sequences of nodes, which begin at their respective roots and continue to nodes of
higher levels.

We first need the following definition:

Definition 18 (Call configuration) A configuration C is a call configuration if current-label
[C] = before[call p(e; x)] for some procedure p. O

Lemma 5 Let w and t be input-equivalent infinite computations through F and G, respec-
tively, with corresponding stack-level trees t| and t. Consider the series of call configurations
which are the last in their respective levels on the infinite branches of t; and t; (i.e., the ones
that bring the execution from one node of the infinite branch to the next one). Let By and
By be a pair of such configurations such that By.d = Bj.d and let current-label[B1] =
beforel[call py(ey; x1)] and current-label[ By] = before[call py(ea; x2)]. Then

1) {p1, p2) € map

2) Bi.o[e1] = By.o[ez]
3) Bi.R = B.R

4) Bi.W = B,.W.
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3D >
@Pl

Fig. 13 (left) A part of an infinite computation 7 and (right) its corresponding stack-level tree 71. The branch
on the right is infinite. The notation correspond to Lemma 5

%
o
\

As in the case of Lemma 1, if the premises do not hold (i.e., the computations are not
input-equivalent), Theorem 1 holds trivially. Also as in the case of Lemma 1, consequent 4
implies OutSeq[rr] = OutSeq[t] and hence the consequent of Theorem 1 for the case of
infinite computations.

Proof (Lemma 5) By induction on the index of the nodes in the infinite branches. Let B; and
B be a pair of call configurations on the infinite branches of #; and #, respectively, which
are at the same execution level, i.e., Bi.d = By.d.

Base Consider ny, ny, the root nodes of ¢ and #,. For each of the branches originating from
ny, ny that are not on the infinite branches (these are nodes containing segments (2, 4) and
(6) in 11, as appears in the figure), Lemma 1 holds.

This allows us to use Lemma 4 (for example, between points 61 and 6; in the left drawing),
and Lemma 2 (for example, between points 6, and Bj in the left drawing) with respect to
subcomputations starting in the beginning of F" and G and ending at By, B>.

By consequent 3 of Lemma 2 (p;, p2) € map, which proves consequent 1 of the current
lemma. Consequents 5,6 and 7 of Lemma 2 imply the other three consequents of the current
lemma: Bi.o[ei] = By.o[e:], Bi.R = B,.R and B;.W = B,.W.

Step Let the call configurations B3 and By be the successors of By and B; respectively on
the infinite branches. The subcomputations from B; to Bz and from B; to By are finite and
therefore Lemmas 1-4 apply to them.

We now assume that the induction hypothesis holds for By and B, and prove it for B3 and
By. By the induction hypothesis Bj.c[e;] = B>.c[e2], Bi.R = By.R, and B;.W = B,.W.

Let n3 and n4 be the nodes in the stack-level trees reached by the calls made at By and
B;. For each of the branches originating from n3, n4 that are not on the infinite branches
Lemma 1 holds.

Similarly to the base case, Lemmas 2 and 4 apply to the subcomputations starting in B
and B, and ending at B3, B4 respectively. By consequent 3 of Lemma 2 the procedures called
at B3 and B, are mapped to one another, which proves consequent 1 of the current lemma.
Consequents 5,6 and 7 of Lemma 2 imply the other three consequents of the current lemma:
Bs.o[e|] = Bs.o[e], B3.R = B4.R and B3.W = B4.W.

(End of proof of Lemma 5) O
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We proved for both finite and infinite computations that the premises of Theorem 3 imply
its consequent. This concludes the proof of soundness for the (REACT- EQ) rule.
(End of proof of Theorem 3). O

5.4 Using rule (REACT- EQ): a long example

Every reactive program has at least one loop or recursion, and, recall, the former can be
translated into recursion as well.

In this section we present an example of a pair of reactive programs which behave as a
simple calculator over natural numbers. The calculated expressions can contain the “+” and
“#” operations and the use of “(” and ““)” to associate operations. The calculator obeys the
operator precedence of “+” and “*”. We set the domain D = N U {“47,**” “(”,*)”}, where
“47 1k < and )7 are constant symbols, and the constants TRUE and FALSE to be the 1 and
0 values respectively. We define + and * to be operators over D. If #1, #, € N then the value
of 11 + 1t and #; * p is as given by the natural interpretation of this operations over N. If
t1 ¢ Nort, € N then we define 11 + to = 1 * t, = 0. We assume also the existence of the
equality operator = over D.

The two programs in Fig. 14 are executed by a call to their respective “sum” procedures
with 0 as the input argument. We assume that the input sequence to the program is a valid
arithmetical expression. Each time a program reads )" from the input sequence, it prints the
value of the expression between the parentheses that this input symbol closes. We proceed
with a short explanation of the programs’ operation.

The procedures sum" and sum® receive the value of the sum until now in the formal
arguments v" or v® respectively, add to it the value of the next product that they receive in
variable " or b* (from calls to prod" or prod®), and if the next symbol is “)” they output the
sum and return it in variable 7" or r® respectively. If the next symbol is “+4” they recursively
call sum" or sum® to continue the summation.

Similarly, the procedures prod" and prod® receive the value of the product up to now in
formal argument v* and v®, multiply it by the value of the next natural number or expression
in parentheses (received from num" or num® in variable r" or d®), and get the next symbol
in op" or op®. If the next symbol is “*” they recursively call prod" or prod® to continue
calculating the product. If the next symbol is “+” or *)”, they just return the product value
(in r* or r®).

The num" and num® procedure may read a number or a “(” symbol from the input sequence.
In the former case, they just return this number through i" or n®. In the latter case, they call
sum" and sum® to calculate the value of the expression inside the parentheses and return the
result through i* or n®.

The gerop" and getop® just read a single symbol from the input sequence (it can be “+”,
“*” or )”) and return it in op" or op®, respectively.

We use the (REACT- EQ) rule to prove reactive equivalence of sum" and sum®, under
the assumption that they receive a valid arithmetical expression. We introduce four unin-
terpreted procedures Uy, Up,, U, and U, and set the mapping UP to satisty U P(sum") =
UP(sum®) = Uy, UP(prod") = UP(prod®) = Up, UPmum") = UP(num®) = U, and
UP(getop") = UP(getop®) = U,.

In Fig. 15 we present the SSA form of the formulas that represent the possible computa-
tions of the isolated procedure bodies. Each of the procedures has at most a single input or
output statement. We mark the single input value by in; or iny, and the single output value
by out| or outs.
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procedure sum"(val v"; ret r"):
call prod“(1;7",0p");
rto=rt ot
if op"=‘)’ then

output(r");
fi
if op"=‘+’ then
call sum™(r"; r%)
fi
return

procedure prod"(val v"; ret r",

op"):
call num™(r");
rtoi=rt xo®;

call getop"(op");
if op" = “*’ then
call prod"(r™; r*, op")
fi
return

procedure num"(val; ret i"“):
input(i");
if i"=‘(" then
call sum"(0; i")
fi
return

procedure getop"(val; ret op"):
input(op");
return

procedure sum®(val v™; ret r™):
call prod™(1;b%, 0p™);
if op™ =+’ then
call sum™(v™ + b%; r®)
else
rR=op® 4 b%;
fi
if op®=‘)" then
output(v® + b%);
fi
return

procedure prod"(val v™; ret r%,
op™):
call num®™(dh);
call getop™(op™);
if op®=*" then
call prod®(v®xd¥; r®, op™)
else
o= Rk d®
fi

return

procedure num”(val; ret n™):
input(i®);
if "='(’ then
call sum™(0; n™)
else
nt ="
fi
return

procedure getop® (val; ret op™):
input(op™);
return

Fig. 14 Two reactive calculator programs (labels were removed for better readability). The programs output

a value every time they encounter the “)” symbol

— Premise 9.2 (return-values-equiv). Checking this premise involves checking all input-
equivalent subcomputations through the isolated bodies of each pair of the related pro-
cedures. As each of these isolated bodies include at most a single input statement, a
sequence of a single input is enough for each of these checks. We denote this single input
by Ro. We check the following formulas to be valid:

(vt = v A Tyt A Tyymr)
(V" =v* A TprodL A TprodR)

(iny = Ro Ainy = Ry A Tyt A Tyyurk) - — i = n®

— rb =R
— ' =r® Aop" = op®

(10)

(in1 = Ro AN ing = Ro A Tgeropt A Tgeropr) —> 0p= = op®.

— Premise 9.3 (input-suf fix-equiv). Recall that calls to uninterpreted procedures consume
no values of the input sequence. Thus, to verify the satisfaction of input-suf fix-equiv, we
only need to check that any two related procedures have the same number of input state-
ments. In this way, when the configurations at the beginning of the two isolated procedure
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vé‘ =" VAN v§ =P A\
Up(1; 7Y, opY) A Up(1; b1, opt) A
S =17 +ug A
(OP% =) — outr = r5) A (Opg =4 — U;(U(l} —é—b?;g?)) A
(opt =+ — U(Tzﬂ‘?%))/\ (opt # 4+ — r'=wvy +b1) A
(opy # ‘47 — r§ =13) A opi =)' — outr = vy +b1) A
rt =r§ r® =]
TsumL TsumR
U(I)‘ =" A vg‘ =" AN
ULn(rIf)L . A Un(di}z A
T9 :7;1 * Vg A Ug(}?pl) " A
U, (r?pl) L. A (opt =% — Up(vg *d%\;
(o opr = R UpL(Tz;TL:s;OPz)) A N RT1,0£2))R A
(opf # % — (ry =r¥A (opy' # % — (ry = o * di'A
ops = opy)) A ops = opy)) A
r" =¥ Aop"” = op5 r® = rF A op™ = opy
T L T R
prod prod
7,(1] =1in A iOR = ing2 A
(i = — U.(0:35) A (i = = Uy(mf) A
(i #C — 7 =1g) A ic #'(C — ni =1ip) A
it =iy n' =ni
numl TnumR
oplg‘ = mi A opg = in% A
op” = opg op = Opo
TgetopL TgetopR

Fig. 15 The SSA corresponding to the programs in Fig. 14

bodies have equal input sequences, also the configurations at the end of these bodies have
equal input sequences as the same prefix was consumed by the computations through the
bodies. This condition is satisfied trivially for all mapped procedures.

— Premise 9.4 (call-output-seq-equiv). In procedures sum", sum®, prod"“, prod®, num"
and num?®, the execution may take several paths. We need to compare the guard and input
values of each procedure call and each output statement in each path. Note that the calls
to U, and U, are always unconditioned and have no read arguments. Therefore, they
trivially satisfy the call-output-seq-equiv conditions. The check involves validating the
following formulas:

(UL =" A T:vumL A Tsumk) g

(1=1A

(opy =) < op} =) Aopy =) — out; = outr) A
(opf =+ < op} = ‘+") A (op} =+ — r5 = v} + b})).

(an

It is easier to follow this formula while referring to the definition of T,,,,,. and Ty,,,x. The
second line asserts that the input arguments of U, are the same. The third line asserts that
the guards of the output statements are the same, and if they both hold, then the output
value is the same. The last line asserts that the guards of the call to U; are the same, and
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if they both hold, then the read arguments of Uy are the same.

(W =v8A Tyroar N TprodR) - (12)
((op} = ¥ < op} = ¥) A (op] = F — 1y = v *d}))

(in1 = Ro Niny = Ro A Tyt A Tyymr) — 13)
(i ="C o if =) Alf="C—>0=0).
Using the uninterpreted procedure relations and commutativity of the “+”” and “*” operators,
one can prove the validity of (10)—(13). Note that uninterpreted procedures which have no
read arguments return non-deterministic but constant values in their write arguments.

This concludes the verification of the premises of rule (REACT- EQ), which establishes,
among other things, that reactive-equiv(sum", sum®) holds. Consequently we know that
the two programs generate the same output sequence when executed on the same arithmetical
expression.

6 What the rules cannot prove

All three rules rely on a 1-1 and onto mapping of the procedures (possibly after inlining of
some of them, as mentioned in the introduction), such that every pair of mapped procedures
are computationally equivalent. Various semantic-preserving code transformations do not
satisfy this requirement. Here are a few examples:

1. Consider the following equivalent procedures, which, for a natural number n, compute

izt

procedure F(val n; ret r): procedure G(val n; ret r):
if n <1thenr :=n ifn <1lthenr:=n
else else

call F(n — 1,r); call G(n — 2, r);
re=n-+r r=n+m-1+r
fi fi
return return

Since the two procedures are called with different arguments, their computational equiv-
alence cannot be proven with rule (PROC- P- EQ).

2. Consider a similar pair of equivalent procedures, that this time make recursive calls with
equivalent arguments:

procedure F(val n; ret r): procedure G(val n; ret r):
if n <Othenr :=n ifn <1thenr:=n
else else

call F(n — 1,r); calG(n — 1,r);
r.=n+r r.=n+r
fi fi
return return
The premise of (PROC- P- EQ) fails due to the case of n == 1.

3. We now consider an example in which the two programs are both computational
equivalent and reach-equivalent, but still our rules fail to prove it.

@ Springer



436 B. Godlin, O. Strichman

procedure F(val n; ret r): procedure F(val n; ret r):
if n <Othenr :=0 if n <Othenr :=0
else else
call F(n — 1,r); call F(n —1,r);
r.=n+r if r>0thenr :=n+r;
fi; fi
return fi
return

In this case the “if” condition in the second program always holds. Yet since the
Uninterpreted Functions return arbitrary, although equal, values, they can return a neg-
ative value, which will make this “if”” condition not hold and as a result make the two
isolated functions return different values.

7 Summary

We presented three proof rules in the style of Hoare’s rule for recursive procedures: rule
(PROC- P- EQ) proves partial equivalence between programs, rule (M- TERM) proves mutual
termination of such programs and, finally, rule (REACT- EQ) proves reactive-equivalence
between reactive programs, and also generalizes the first two.

These rules can be used in any one of the scenarios described in the introduction. We
are using them as part of an automated regression-verification tool for C programs that we
currently develop, and so far used them for proving such equivalence of several non-trivial
programs. Deriving the proper verification conditions automatically is easy in the isolated
procedures, and the verification conditions themselves are typically not hard to solve with the
underlying proof engine that we use, namely CBMC.® Once this system will be capable of
handling a larger set of real programs (it currently does not support various language features
of C), it will be interesting to see in how many cases real changes, made between versions
of real programs, can be proven to be equal with the rules described in this article.

Appendix A: Formal definitions for Sect. 5

Definition 19 (Input/output subsequences of a subcomputation)

Let 7’ be a subcomputation of a computation 7. If 7’ is finite then the input subsequence

of 7’ is the prefix sequence Q;y that satisfies first{z'].R = Qy - last[z’].R and the output

subsequence of 7' is the tail sequence Q oy that satisfies first[n'].W - Q oy = last[n'].W.

If 7/ is infinite then the input subsequence of 7’ is simply first{z'].R and the output sub-

sequence of 7' is the tail sequence Q oy that satisfies first{7'].W - Qoyr = OutSeq[r].
O

Less formally, an input subsequence of a subcomputation 7’ is the subsequence of inputs
that is “consumed” by 7', whereas the output subsequence of a subcomputation 7’ is the
subsequence of outputs of 7.
We mark the input subsequence of 7’ by AR[7'] and its output subsequence by AW [r’].
In all subsequent definitions P; and P, are LPL+IO programs.

8 This depends more on the type of operators there are in the procedures than the sheer size of the program.
For example, a short program that includes a multiplication between two integers is hard to reason about
regardless of the length of the procedure.
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Definition 20 (Reactive equivalence of two procedures)

Given two procedures F € Proc[P;] and G € Proc[P,] such that (F, G) € map, if for
every two subcomputations 7] and 7 that are input equivalent with respect to F and G it
holds that AW[n{] = AW[né] then F and G are reactively equivalent. O

Denote by reactive-equiv(F, G) the fact that F and G are reactively equivalent.

Definition 21 (Return-values equivalence of two reactive procedures)
If for every two finite subcomputations 7r{ and 5} that are input equivalent with respect to
procedures F and G it holds that

last[z{].o[arg-wr | = last[}].o0[arg-wg |
then F and G are Return-values equivalent. O

(Recall that input-equivalent subcomputations are also argument-equivalent and hence max-
imal—see Definition 9).
Denote by return-values-equiv(F, G) the fact that F' and G are return-value equivalent.

Definition 22 (Inputs-suffix equivalence of two reactive procedures)
If for every two finite subcomputations 7| and 5} that are input equivalent with respect to
procedures F and G it holds that

AR[7{] = AR[7}],
then F and G are Inputs-suffix equivalent. O

Denote by input-suf fix-equiv(F, G) the fact that F and G are inputs-suffix equivalent.

Definition 23 (Output configuration) A configuration C is an output configuration if
current-label[C] = before[output(e)]. m]

Definition 24 (Call and output sequence of a subcomputation) The call and output
sequence of a subcomputation 7’ contains all the call and output configurations in 7’ in
the order in which they appear in 7’. O

Definition 25 (Call and output sequence equivalence between subcomputations) Finite
subcomputation 7; and 7, from some levels are call and output sequence equivalent if the
call-and-output-sequences CCy of 7| and CC5 of 7}, satisfy:

L. |CCy| =|CCy
2. Ifforsomei € {1,...,|CC|}, current-label[ (CC});] = before[call p;(e;; x1)]), then

— current-label[(C C3);] = before[call py(ez; X2)],

- (p1., p2) € map, and
- (CCpi.oler] =(CC)j.0lez].

3. Ifforsomei € {1,...,|CC|}) current-label[(CC});] = before[output(e;)]), then
— current-label[(CC3);] = before[output(e,)], and
- (CCyi.olel] = (CCy);.olea]. o
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Extending this definition to procedures, we have:

Definition 26 (Call and output sequence equivalence of two procedures) Given two pro-
cedures F' € Proc[P1] and G € Proc[P,] such that (F, G) € map, if for every two finite
subcomputations 7r{ and 77} that are input equivalent with respect to F and G it holds that 7]
and 5} are call and output sequence equivalent, then F and G are call and output sequence
equivalent. O

Denote by call-output-seq-equiv(F, G) the fact that F' and G are call-sequence equiv-
alent.

Appendix B: Refactoring rules that our rules can handle

It is beneficial to categorize refactoring rules that can be handled by our proof rules. In gen-
eral, every change that is local to the procedure, and does not move code between different
iterations of a loop or recursion, can be handled by the proof rules.

Considering the list of popular refactoring rules in [4] (while ignoring those that are
specific to object-oriented code, or Java):

— Our rules can handle the following rules: Consolidate Duplicate Conditional Fragments,
Introduce Explaining Variable, Reduce Scope of Variable, Remove Assignments to Param-
eters, Remove Control Flag, Remove Double Negative, Replace Assignment with Initial-
ization, Replace Iteration with Recursion, Replace Magic Number with Symbolic Con-
stant, Replace Nested Conditional with Guard Clauses, Replace Recursion with Iteration,
Reverse Conditional, Split Temporary Variable, Substitute Algorithm.

— If the rules are used in a decision procedure that is able to inline code, they can also prove
the correctness of the following refactoring rules:

Decompose Conditional, Extract Method, Inline Method, Inline Temp, Replace Param-
eter with Explicit Methods, Replace Parameter with Method, Replace Temp with Query,
Self Encapsulate Field, Separate Data Access Code.

— Finally, the following refactoring rules cannot be handled by our rules:

Replace Static Variable with Parameter (change in the prototype of the function), Separate
Query from Modifier (splits a function to two functions with different behaviors), Split
Loop (since in our setting, loops are modeled as recursive functions, this transformation
turns one recursive function into two).
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