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Abstract

This document describes a theory of imperative programs, i.e. programs that op-
erate on a system state which is modified by their execution.

For this purpose, we define the syntax and formal semantcs of a small imperative
programming language, introduce judgements for reasoning about programs writ-
ten in this language, and define rules for deriving true judgements. Our treatment
includes variable scopes, control flow interruptions, and (also recursive) methods
whose contracts are specified in the style of behavioral interface description lan-
guages by preconditions, postconditions, and frame conditions. All reasoning is
modular, i.e. based on the contracts of methods rather than their implementations.

The core of the calculus on the translation of commands to logical formulas de-
scribing the state transitions allowed by the commands; this translation thus re-
moves the “syntactic disguise” of a command and discloses its “semantic essence’.
The calculus supports reasoning about a program’s well-formedness, partial cor-
rectness, and termination, as well as the automated construction of preconditions,
postconditions, and assertions.
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Chapter 1

Introduction

We present a calculus for reasoning about the properties of imperative programs
and verifying their correctness with respect to their specifications. Our presenta-
tion consolidates the results presented in [14] where we have elaborated various
variants of the calculus in a number of iterations that helped us to clarify our un-
derstanding. For more detailed explanations on the rationales behind the concepts
presented in this document, we mainly refer the reader to that report.

Nevertheless, to make our presentation more self-contained, we repeat here the
essence of the introduction of [14]:

The core idea of the corresponding program reasoning calculus is to lift the “com-
mands as relations” principle from the meta-level (the definition of the semantics)
to the object-level (the judgements of the calculus): a command/program imple-
mentation is translated to a predicate logic formula I that captures the program
semantics; the specification of the command/program given by the user is also
such a formula §S; the implementation is correct with respect to the specification,
if I = S holds.

We believe that, independent of the actual verification, the translation of com-
mands to logical formulas may give (after appropriate simplification) crucial in-
sight into the behavior of a program by pushing through “the syntactic surface” of
a program and disclosing its “semantic essence’; this is similar to Schmidt’s ap-
proach to denotational program semantics [13] (which however uses a functional
model rooted in Scott’s domain theory). For this purpose, the calculus is settled
in classical predicate logic (in contrast to other approaches based on e.g. dynamic
logic [2]); this is the logic that (if any) most software developers are familiar with.

The idea of programs as state relations is not new: it is the core idea of the
Lamport’s “Temporal Logical of Actions” [10] where the individual actions of
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a process are described by formulas relating pre- to post-states; Boute’s “Calcu-
lational Semantics” [3] defines program behavior by program equations; related
approaches are Hehner’s “Practical Theory of Programming” [5] and Hoare and
Jifeng’s “Unifying Theories of Programming” [6]. Calculi for program refine-
ment [1, 12, 11, 4] allow specifications as first-order language constructs at the
same level as program commands with which they may be freely intermixed.

While the present report builds upon these ideas, it has a different focus. Most of
the calculi described above work on simple “while languages” that have clean and
elegant calculi but neglect “messy” constructs that would complicate the calculus.
Our goal, however, is to model the full richness of program structures including

e local variable declarations (and thus commands with different scopes),
e commands that break the control flow (continue, break, return),
e commands that raise and handle exceptions (t hrow, try ...catch),

e expressions that raise exceptions (1/0).

Furthermore, our calculus includes program procedures (“methods”) with static
scoping; it supports modular reasoning about programs on the basis of method
specifications (rather than on the basis of method implementations). A core mo-
tivation of our work was to understand in depth the semantics of modern ‘“be-
havioral interface specification languages” such as JML [7] or Spec# [15] (which
build upon earlier specification languages such as VDM [8]) as the basis of soft-
ware systems for specitying and verifying computer programs; the method spec-
ifications in the present paper are derived from these. The current version of the
calculus handles most aspects of imperative programming languages with the ma-
jor exception of datatypes and pointer/reference semantics semantics (programs
operate on mathematical values). It does also not address object-oriented features
(object methods, inheritance, overriding) or concurrency.

Since our language model is much closer to real programming languages, the rules
are frequently considerably more complicated than those in the calculi presented
above. However, we wanted to deal with the current programming reality “as it
is” in contrast to what one might think it “should be”. We also wanted to stay
as close to the source language as possible and avoid translations to simple core
languages (such as performed in ESC/Java2 [9]) since these tend to obfuscate the
relationship between the program text accessible to the user and the ultimately
constructed semantic interpretation which is used for reasoning/verification.

While relational frameworks are good for modeling “partial correctness” (no ter-
minating computation exhibits a wrong result), they have problems with model-
ing “total correctness” (every computation terminates). There have been various
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attempts to embed “termination” into the relational structure, e.g. including “non-
termination states” (L) into the domains of the relations or by simply demanding
that for correct programs all computations must terminate. We find these ap-
proaches not satisfactory and therefore treat “termination” as an issue orthogonal
to (partial) correctness: every program/command is, in addition to a state rela-
tion R, specified by an accompanying state condition C: only if C is satisfied in
a pre-state, the command is required to terminate (in some post-state allowed by
R); the only connection between C and R is that that for every prestate on which C
holds, R must allow some post-state (otherwise, the specification is inconsistent).

While we took great effort in [14] to prove the soundness of the rules in a rea-
sonable level of detail, the goal of the present document is to give a consolidated
“reference manual” for further work (in particular the implementation of the cal-
culus); no proofs are given at all.

With respect to the soundness of the calculus presented in this paper, intellectual
integrity demands to clearly state that

1. already the results of [14] depend on a number of unproved lemmas and
results from simpler models have been transferred to more general ones
without complete formal re-checking,

2. moreover, the semantic framework in this paper has been further generalized
by a more comprehensive treatment of recursion,

3. also references to global variables have been introduced to the programming
language (in addition to the formula language),

4. furthermore, the rules have been consolidated and modified for a clearer and
more concise presentation, and

5. the soundness of the translation of specification formulas to classical for-
mulas (with respect to the preservation of validity) has not been proved.

Therefore, while our previous work gives us reason to believe that the calculus pre-
sented in this document is “essentially” sound, it may nevertheless have “small”
technical errors arising from the various generalizations and changes (notwith-
standing any errors that may have already plagued our previous results). Never-
theless, we feel that the foundation is now stable enough for an actual implemen-
tation in a software environment for “program exploration” by which our efforts
are spent better than by starting a new round of soundness proofs; with little doubt,
by this implementation technical and pragmatical problems will be detected.



Chapter 2

Programs

In this chapter, we define the abstract syntax and formal semantics of the program-
ming language about which we are going to reason.

2.1 Example Programs

Figures 2.1 gives an example of a program written in the imperative programming
language which we are going to formalize in this document. A program written
in this language consists of a sequence of method declarations and a “main” com-
mand that is executed in the scope of the declarations; the methods and the main
command are annotated by specifications that describe their respective behaviors.

The example program sets the global variable z to the sum of the values of the
global variables x and y; it also sets x to 0 and leaves y unchanged. If the global
variable x is shadowed (such as by the parameter declaration in method add), we
still may refer to the variable by the special syntax ?x.

The specifications of methods and of the main command consist of

e aframe condition “writesonly Rs” which lists all the global variables Rs
that are changed by the execution of the method/command,

e an exception condition “throwsonly Is” which lists the names of all the
exceptions Is that may be thrown by the method/command,

e a precondition “requires F” which describes by the formula F' a con-
dition which must be true in that state in which the method/command is
executed (the prestate),
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method add (x)
writesonly ?x throwsonly
requires isnat(?x) and isnat(x)
ensures next.executes and ?x’ = 0 and next.value = ?x+x
decreases dummy

var r = X;

invariant next.executesand ?x +r=?x +1r
decreases 7X

while (?x > 0)

r = r+l;
?x = ?x-1

return r;

writesonly X,z throwsonly _,
requires isnat(x) and isnat(y)
ensures next.executes and x’ = 0 and z’ = x+y
decreases dummy
{
z = add(y)

Figure 2.1: A Program




method prod(x,vy)
writesonly _, throwsonly |
requires isnat(x) and isnat(y)
ensures next.executes and next.value = x*y
decreases dummy

{ return xx*xy }

recursive (
method factO (x)
writesonly _, throwsonly
requires isnat(x) ensures
decreases X

if (x = 0)
return 1
else
var y; var r;
( y=fact (x-1); r=prod(x,y); return r; )

method fact (x)
writesonly _, throwsonly
requires isnat(x) ensures
decreases X

if (x = 0)
return 1
else
var y; var r;
( y=fact0(x-1); r=prod(x,y); return r; )

writesonly y throwsonly
requires isnat(x)

ensures next.executes andy = ...
decreases dummy

{ vy = fact(x) }

Figure 2.2: A Recursive Program
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e a postcondition “ensures F” which describes by the formula F' a relation
that must hold between the prestate of the method/command and the state
in which the execution of the method/command terminates (the poststate),

e a fermination measure “decreases 17 with a term T which denotes a
natural number that is decreased by every recursive invocation of a method
(see below, T is not used, if the method is not recursive).

In a postcondition, plain references x respectively ?x refer to the values of the
corresponding variables in the prestate, while primed reference x’ respectively ?x’
refer to their values in the poststate. The formula next.executes says that the
poststate of the method/command is “executing” (i.e. e.g. no exception is raised),
the term next.value refers to the return value of a method after the execution of a
return command.

Also loops may be annotated by specifications that consist of

e an invariant “invariant F” where the formula “F” describes a relation-
ship between the loop’s prestate and the state after every execution of the
loop body.

e atermination measure “decreases T where the term T denotes a natural
number that is decreased by every iteration of the loop.

Without provision, every method may only call those methods that appear ear-
lier in the list of method declarations (which prevents recursion). However, as
shown in Figure 2.2, the construct “recursive Ms” may be used to introduce
a “recursive method set” Ms, i.e. a set of methods that may call each member
in the set, also (directly or indirectly) recursively. In order to guarantee the ter-
mination of recursive method invocations, every method in Ms must specify by
“decreases T atermination measure, i.e. a term 7 that denotes a natural num-
ber. If method a with measure 7; calls method b with measure 7, the value of T},
(in the state in which b is called) must be less than the value of 7, (in the state
in which a was called)!. The methods in the recursion set may nevertheless call
those methods that were declared prior to the set without this provision.

IThis condition is actually stronger than required. By the analysis of the concrete method
call dependencies in Ms, infinite “recursion cycles” can be ruled out, even if not all method calls
decrease the respective measures. All that is needed is that in every cycle there exists some measure
that is decreased while no other measure is increased. For simplicity, the calculus presented in this
paper does not make use of this generalization.
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2.2 Syntax

Figure 2.3 gives the (abstract) syntax of the programming language which is used
to write programs while Figure 2.4 gives the (abstract) syntax of the formula lan-
guage which is used to write the corresponding program specifications.

The programming language models the core features of classical imperative pro-
gramming languages but omits type declarations: all variables range over an un-
specified domain of “values”. For simplicity, there are no global variable decla-
rations, instead we assume that every identifier denotes a distinct variable; local
variable declarations (introduced by the keyword var) may shadow global vari-
ables. A variable reference [ refers to the value of / in the current context (where /
may denote a global variable or a local one) while 2/ always denotes the global
variable. A method call always returns a value and may appear only as sepa-
rate command that assigns the return value to a variable (i.e. no method calls are
allowed within expressions). The keyword assert introduces an assertion; a
failed assertion “blocks” the program i.e. prevents the generation of any poststate.

The specification language is essentially the language of first order predicate
logic. Specification formulas are interpreted over pairs of states, typically the
prestate of a command and its poststate, denoted by the constants now and next,
respectively.

In formulas, references to program variables may appear as value constants where
an unprimed reference R denotes the value of the program variable in the prestate
and a primed reference R’ denotes its value in the postate. If a formula shall ex-
press a condition on a single state, it is simply interpreted over a pair of identical
states, i.e. R and R’ are then considered as synonyms. The formula “readsonly”
states that the prestate and the poststate have the same values in all variables de-
noted by some identifier; the formula “writesonly Rs” allows the prestate and the
poststate to hold different values for those variables that are referenced by Rs.

Formulas may refer to two kinds of logical variables:

e Value variables of form $/ which are bound to values and may be quantified
by forall, exists, and let.

e State variables of form #/ which are bound to states and may be quantified
by allstate and exstate.

Program values may be compared by the predicates = and /=. The formulas lan-
guage includes value predicates isnat and < and an unspecified set of other value
predicates and value functions.
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2.2 Syntax

Method Language: Abstract Syntax

P € Program

RMs € RecMethods
RM € RecMethod
Ms € Methods

M € Method

S € Specification
LS € LoopSpec

C € Command

E € Expression

R € Reference
F,G,H € Formula
T € Term

1,J,K, L € Identifier

P:=RMsS {C}.

RMs ::= _ | RMs RM.

RM ::=M | recursive Ms.

Ms:=_ |MsM.

M ::=method [ (I,...,I) S {C}.

Si=writesonly Ry,....R,
throwsonly Kj,...,Kj,

requires Fc ensures Fg decreases T.

LS ::=invariant F decreases T.

C:=R=E|varl; C|varlI=E; C|C;

|if (E) C|if (E) Cielse(,

|while (E) C|LSwhile (E) C
| continue | break | returnE | throw [ E

| try Cy catch (It I,) C;
|R=1(E,...,E,) | assert F.

E:=R]| ...
R:=1|zI
[:=...

... (continued in Figure 2.4)

Figure 2.3: The Programming Language
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Formula Language: Abstract Syntax
... (continued from Figure 2.3)

F,G € Formula
T € Term

U < StateTerm
p € Predicate
f € Function

F ::=true | false
|p(T1,...,Tn) | T1 =T2 | T1 /= Tz
| readsonly | writesonly Ry, ..., R,
’ |F ‘ F andF2 ‘ FiorF, ’ Fi=>F ’ Fi<=>F
| Fy xor F, | if F then F] else F> |
| forall $1,,...,$1,: F | exists $11,...,$1,: F
|let $1,=T1,...,$1,=T, in F |
| allstate #11,...,#1I,: F | exstate #1,... ,#I,: F
U ==U,
| U.executes | U.continues | U.breaks
| U.returns | U.throws | U .throws /
T:=R|R|S$I|f(Ty,....T,)
| if F then T} else T»
| let $11=T1, e ,$In=Tn inT |
| U.value
U ::=now | next | #/
pu=isnat| <] ...

fa=...

Figure 2.4: The Formula Language
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Program states may be compared by the predicate ==. Every state has a specific
status which is indicated by the predicates .executes (normal execution), .contin-
ues (after execution of the command cont inue), .breaks (after execution of the
command break), .returns (after execution of the command return), .throws
(after execution of the command throw). After the execution of throw with
exception type [, the state satisfies the predicate .throws |. After the execution
of return or throw, a state carries a (return/exception) value which can be
queried by the state function .value.

2.3 Semantics Overview

Before going into the details of the formal semantics of the programming lan-
guage, we present in this section an overview of the general ideas.

States and Stores Our goal is to describe the behavior of programs that execute
commands which modify the state of a system. The most important part of a state
is the store which holds for every variable a value which may be read and updated
by the command. The other part of the state are control data which indicate the
status of the program after the execution of the command (see Figure 2.5). The
corresponding domains are defined as

Store := Variable — Value
State := Store x Control

The control data of a state consist of

e a flag indicating the execution status (“executing” normally, “continuing” a
loop body, “breaking” from a loop, “returning” from a method, or “throw-
ing” an exception),

e akey, i.e. an identifier indicating the exception type (only used if the execu-
tion status is “throwing”),

e a value indicating the return value (if the execution status is “returning’’) or
the exception value (if the execution status is “throwing”).

A command always starts its execution in status “executing” but it may terminate
in a state which has any execution status indicated above. The corresponding
domains are defined as

Control := Flag X Key x Value
Flag :={E,C,B,R, T}
Key := Identifier
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Global View Local View Space
Identifiers I b ... I b . XayXpyXey oo Context
Variables X1 X2 X Control
Values vi | v2 | v3 c State
Store
Sflag key value

Figure 2.5: States, Stores and Contexts

State Relations and State Conditions A command consists of two parts:

e a state relation which describes those transitions from a prestate to a post-
state that may be performed by the command,

e a state condition which describes those prestates for which the command
must make a transition and yield a poststate.

The state relation must for every prestate included in the state condition allow at
least one poststate.

The corresponding domains are

StateRelation := IP(State x State)
StateCondition := P(State)
Command := StateRelation x StateCondition

The state relation of a command C is denoted by the expression [C];;" while its

state condition is denoted by (C);;"; here ¢ denotes the command’s context, me
its method environment (both see below) and [, ] ; and (), are the denotation

functions with signatures

[_],;: Command —

(Context x MethodEnvs) — StateRelation
{_);: Command —

(Context x MethodEnvs) — StateCondition
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The subscript d parameterizes the semantics with respect to the behavior of “un-
defined” program expressions; if set to TRUE, the result are simply “undefined”
values, if set to FALSE they cause the program to raise an “expression evaluation”
exception.

Contexts A method’s context determines to which variables a command has
access. A context consists of (see Figure 2.5)

e a global view which assigns to every global identifier 2/ a variable in the
store,

e alocal view which assigns to every local identifier / a variable in the store,

e a space which is a pool of variables that are not assigned to any identifiers
and may be used for allocation of local variables.

Identifiers 2/ and / may be assigned the same variables (the local view coincides
with the global view) but, due to the declaration of a local variable /, they may
also differ. The space does not share any variables with either the global or the
local view. The corresponding domains are defined as

View = Identifier — Variable
Space = P> (Variable)
Context = View x View X Space

Methods A command’s method environment determines to which methods a
command has access by assigning to every identifier a method that can be called
by the command. A method essentially is a mapping from values (the method’s
arguments) to a command (the method’s body); the arguments are provided by the
caller of the method.

Actually, a method not only depends on arguments but, for execution of its body,
also on a context and a method environment. The method environment is the one
which is active at the point where the method is declared while the context of the
method is constructed as follows:

e the context’s global view is the one which is active when the method is
declared,

e the method’s local view is identical to the global view,
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e the method’s space is the one from the context of method’s caller and pro-
vided by the caller.

Since a method needs access to both the global view and the method environment
active at the point of its declaration, a method environment assigns to an identifier
actually not only a method but also global view and a method environment. We
therefore construct the domains of method environments and method behaviors
in “stages”: a method environment of type MethodEnv'*! assigns to an identi-
fier a behavior of type Behavior'™!, a global view, and an environment of type
MethodEnyv'. The corresponding declarations are (the gaps “...” are filled later):

Method := Value* — Command
MethodEnvs = J;cy MethodEnv' U . ..

MethodEm° := Identifier — View x Behavior®
MethodEnv't! .= DirMethodEnv' U ...

DirMethodEnv' := Identifier — View x MethodEnv' x Behavior'™!

Behavior® := Context — Method
Behavior't! .= Context x MethodEnv' — Method

Method environments are constructed by method declarations; given a method en-
vironment of type MethodEnv', a method declaration M constructs an environment
of type MethodEnv'*!.

Recursion The situation gets more complicated, if also recursive method sets
are considered. The behavior b of a recursive method is essentially modelled
by an infinite sequence by, b1, ... of non-recursive method behaviors where each
behavior b;, | may make use of behavior b}, i.e. b;; 1 denotes the behavior of the
recursive method with not more than j recursive invocations. The execution of
a recursive method in prestate s terminates in a poststate s’ if there exists some j
such that the execution of b; in s terminates in .

Given a method environment of type MethodEnv', the declaration of a recursive
method set recursive Ms correspondingly constructs an infinite sequence of
method environments of types RecMethoa’Env; (for each j € N) where an envi-
ronment of type RecMethodEnvi- holds methods of type RecBehavior; that allow
less than j recursive invocations. The corresponding definitions are as follows:
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Definitions: Variables and Values

Variable := . ..
Value :=BUNU. ..

Predicate := P(Value™)
Function := Value* — Value

1 :=sucHv:v & Value
Value | := Value U {1}

Figure 2.6: Variables and Values

MethodEnvs := ;e MethodEnv' U\ jeN RecMethodEnvz-
MethodEnv'™! := DirMethodEnv' U RecMethodEny'

RecMethodEnv6 =

Identifier — View x MethodEnv' x RecBehaviorf)
RecMethodEnv; 1=
Identifier — View x RecMethodEnv; X RecBehaviorj~ 11
RecBehavior6 := Context X MethodEn' — Method
RecBehaviori- 41 := Context x RecMethodEnv§~ — Method

In the following section, we will give the full definitions of the semantic algebras
implementing the ideas sketched above.

2.4 Semantic Algebras

Figures 2.6-2.17 introduce the semantic algebras, i.e. the domains (aka “types”)
and associated operations, on which the formal model of the programming lan-
guage depend. See Appendix A for information on the mathematical language in
which these definitions are written.
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Definitions: Contexts

View = Identifier — Variable
Space = P> (Variable)
Context = View X View X Space

gview : Context — View, gview(vg,v,s) = v,
lview : Context — View,lview(vq, vy, s) = Vv
space : Context — Space, space(vq,vy,s) =§

context : View x View x Space — Context
context(vg,vy,s) = (vg,vy,S)

call : View x Space — Context
call(v,s) = context(v,v,s)

range : Context — P(Variable)
range(c) = range(gview(c)) Urange(lview(c)) U space(c)

take : Space — (Variable x Space)
take(s) = LET x = SUCH x : x € s IN (x,s\{x})

push : Context x Identifier — Context
push(c,I) =
LET (x,s") = take(space(c)) IN
context(gview(c),view(c)[I — x],s')

push(c,Iy, ..., I,) = push(...push(c,I)...,I,)

Figure 2.7: Contexts
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2.4 Semantic Algebras

Definitions: States
State := Store x Control

store : State — Store, store(s,c) =s
control : State — Control, control(s,c) = c
state : Store x Control — State, state(s,c) = (s,c)

StateFunction := State — Value
StateFunction | := State — Value |
BinaryStateFunction := State x State — Value
ControlFunction := State x State — Control

Figure 2.8: States

Definitions: Stores
Store := Variable — Value

read : State x Variable — Value
read(s,x) = store(s)(x)

write : State X Variable x Value — State
write(s,x,v) = state(store(s)|x — v],control(s))

Writes(s,X1,V1,- .., Xn, V) = write(...write(s,x1,v1)

s =5 EXCEPTV =
Vv € Variable : read(s,v) # read(s',v) = v eV

s EQUALS® s’ =
s = s' EXCEPT space(c)

s =5 EXCEPT® Rs =
s = s/ EXCEPT space(c) U{[R]" : R € Rs}

Figure 2.9: Stores

ey Xny V)




21

Definitions: Control Data

Flag :={E,C,B,R, T}
Key := Identifier
Control := Flag x Key X Value

flag : Control — Flag,flag(f,k,v) = f
key : Control — Key, key(f,k,v) =k
value : Control — Value,value(f k,v) =v

cont : Flag x Key x Value — Control

cont(f,k,v) = (f,k,v)

execute : State — State
execute(s) =
LET ¢ = control(s) IN state(store(s),cont(E, key(c),value(c)))
continue : State — State
continue(s) =
LET ¢ = control(s) IN state(store(s),cont(C, key(c),value(c)))
break : State — State
break(s) =
LET ¢ = control(s) IN state(store(s),cont(B, key(c),value(c)))
return : State X Value — State
return(s,v) =
LET ¢ = control(s) IN state(store(s),cont(R, key(c),v))
throw : State x Key x Value — State
throw(s,k,v) =
LET ¢ = control(s) IN state(store(s),cont(T,k,v))

executes : P(Control), executes(c) < flag(c) = E
continues : P(Control), continues(c) < flag(c) =
breaks : P(Control),breaks(c) < flag(c) =B
returns : P(Control), returns(c) < flag(c) =R
throws : P(Control),throws(c) < flag(c) =T

C

Figure 2.10: Control Data
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2.4 Semantic Algebras

Definitions: Expression Evaluation Exceptions
EXP :=SUCHk: k € Key
VAL := SUCH v : v € Value

expthrow : State — State
expthrow(s) = throw(s, EXP,VAL)

expthrows : P(Control)
expthrows(c) < throws(c) Nkey(c) = EXP

Figure 2.11: Expression Evaluation Exceptions

Definitions: Commands and Methods

StateRelation := P(State x State)
StateCondition := P(State)
Command := StateRelation x StateCondition

rel : Command — StateRelation, rel(r,c) =r
cond : Command — StateCondition, cond(r,c) = ¢

command : StateRelation x StateCondition — Command
command(r,c) = (r,c)

Method := Value* — Command

Figure 2.12: Commands and Methods
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Definitions: Iteration

iterate C N x State™ x State™ x x StateFunction | X StateRelation
iterate(i,t,u,E,C) <
—breaks(control(u(i))) A executes(control(t(i))) N
E(t(i)) = TRUEAC(t(i),u(i+ 1)) A
IF continues(control(u(i+1))) V breaks(control(u(i+1)))
THEN (i + 1) = execute(u(i+1))
ELSEf(i+1)=u(i+1)

leaves : P(State)

leaves(s) < —executes(s) N\ —continues(s)

Figure 2.13: Iteration

Definitions: Environments

ValueEny := Identifier — Value
ControlEnyv := Identifier — Control
Environment := ValueEnv X ControlEny

venv : Environment — ValueEnv, venv(v,c) = v
cenv : Environment — ControlEnv, cenv(v,c) = ¢
env : ValueEnv x ControlEnv — Environment, env(v,c) = (v,c)

elli —vi,....In— v,y =
env(venv(e)[I} — vi,..., I, — v, |, cenv(e))
elly —cy,....In—cplc =
env(venv(e),cenv(e)[ Iy — ci,...,I, — cu])

Figure 2.14: Environments




2.4 Semantic Algebras

Definitions: Method Environments and Behaviors
MethodEnvs := ;e MethodEnv' U jeN RecMethodEnv;

DirMethodEnvs := | J;en DirMethodEnv".
RecMethodEnvs := | J;cn RecMethodEny'

MethodEn° := Identifier — View x Behavior®

MethodEmv't! .= DirMethodEnv' U RecMethodEn'
DirMethodEnv' := Identifier — View X MethodEnv' x Behavior' ™

RecMethodEnv)) =

Identifier — View x MethodEnv' x RecBehaviorl,
RecMethodEnvi]- 1=

Identifier — View x RecMethodEnvj- X RecBehavior

i

j+1

Behavior® := Context — Method
Behavior'™! := Context x MethodEnv' — Method

RecBehaviorf) := Context X MethodEnv' — Method
RecBehavior’j 41 := Context x RecMethodEnv’j — Method

Figure 2.15: Method Environments and Behaviors
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Definitions: Method Access

recmethod; j

RecMethodEnv'; x Identifier x Context — Method
remethod; j(me, I, c) =

LET (v,me,b) = me(L,,),c’ = call(v,space(c)) IN b¢ ¢

recmethod; : RecMethodEnv' x Identifier x Context — Method
recmethod;(me, L, c)(vi,...,v,) =
LET
R : StateRelation
R(s,s") &
JdjeN:
LET com = recmethod; j(mej,Ly,c) IN
rel(com)(vy,...,vp)(s,s")
C : StateCondition
C(s) <
JdjeN:
LET com = recmethod; j(mej, Ly, c) IN
cond(com)(vi,...,v,)(s)
IN command(R,C)

method : MethodEnvs x 1dentifier x Context — Method
method(me, Iy, c) <
LET sp = space(c) IN
IF me € MethodEn® THEN
LET (v,b) = me(l,,),c" = call(v,sp) IN b¢
ELSE IF me € DirMethodEnvs THEN
LET (v,me’,b) = me(l,,),c’ = call(v,sp) IN b€
ELSE IF me € RecMethodEnvs THEN
LET i := SUCH i € N : me € RecMethodEnv' IN
recmethod;(me, L, c)
ELSE
LET i,j:=SUCHI,j€ N:me € RecMethodEnv; IN
recmethod; j(me, Iy, c)

Figure 2.16: Method Access
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Definitions: Method Environment Construction

behavior; : MethodEnv; x Identifier — Behavior;
behaviori(me,I,,) =
LET
b : Context x MethodEnv' — Method
b = method(me, Iy, c)
IN D

ebase; : View x MethodEnv' x P(Identifier) — RecMethodEnv},
ebase;(v,me,Is)(I,) =
LET
b: RecBehaviorf)
by, vp) =
IF I, €Is
THEN (0, 0)
ELSE method(me, Iy,c)(vi,...,vp)
IN (v,me,b)

enext; j : View X RecMethodEnvj- X — RecMethodEnvj- 4
enext; j(v,me)(I,) =
LET
b: RecBehavior; L1
be™¢ = recmethod, j(me, Iy, c)
IN (v,me,b)

Figure 2.17: Method Environment Construction
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2.5 Program Semantics

Figure 2.18 defines the semantics associated to the top-level syntactic domains of
the programming language:

Program The valuation function takes a global view v and a space sp and con-
structs from this a context ¢ in which the method definitions RMs are evalu-
ated. These definitions take a method environment me of type MethodEnv'
and return a method environment me’ of type MethodEnv’. The state rela-

/ /
tion [C];™ and state condition (C) ;" are used to construct the semantics
of the method body.

RecMethods The valuation function takes a method environment me of type
MethodEny' and return a method environment of type MethodEnv/ (pro-
vided that the “RecMethods” argument consists of j —i “RecMethod” com-
ponents).

RecMethod Given a non-recursive method M, a method environment me of type
MethodEnv', and a global view v, the valuation function constructs a “di-
rect method environment” of type DirMethodEnv' which maps a method
identifier 1,,,,

e if [, denotes M, to a triple of v, me, and a “direct semantics” [ M | di
of M, and

e if [, denotes another method, to a triple of v, me, and the behavior of
the method, which is looked up in me as an object of type Behavior;
and “lifted” to type Behavior;.

Given a “recursive method set” Ms and me respectively v as above, the
valuation function constructs a “recursive method environment” of type
RecMethodEnv'; this environment actually represents an infinite sequence
of environments:

e the element at position O in this sequence is constructed by the function
ebase such that it looks up the behavior of every method which is not
in Ms in me and lifts it to type RecBehavior6 and maps every method
which is in Ms to the empty behavior (representing a non-terminating
recursive call),

e the element at position j+ 1 in this sequence is constructed from the
element me’ at position j by
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2.5 Program Semantics

Program Semantics

[o]as, ; : Program — View x Space x MethodEnv' — Command

[RMs S (C} ;7 (me) =
LET ¢ = call(v,sp),me’ = [RMs] ; ;(me) IN

command([C ]]fjme, .(C) fg’mel )

[ 14 ;: RecMethods — View x MethodEnv' — MethodEny’

[ ]]ri,i,i(me) = me
[RMs RM1; ;. (me) = [RMT, (IRMsTy, (me))

[_]4;: RecMethod — View x MethodEnv' — MethodEny' !
[[M]]‘:i,i(me) (In) =
IF I, = [M];
THEN (v,me,[M], ;)
ELSE (v,me, behaviori(me,l,))

[recursive Ms]; (me)o = ebase;(v,me,[Ms];)
[recursive Ms]; (me)ji1 =
LET me’' = [recursive Ms]y ;(me); IN
[[MS]]ZJ,I‘,J‘ (mé' enextq ; j(v,me’)

[_]4;;: Methods —
View x (RecMethodEnv; x RecMethodEnv' |) —

: J
RecMethodEny', , |

I ]]:mj(me,me') = me’
[Ms M]]Zz,i.,j<me7mel) = [[M]]Z,i,j(me’me/)(me7 [[MS]]Z,i,j(meame’))
[_]4;;: Method —
View x (RecMethodEnv} X RecMethodEnvj- 1) —
RecMethodEnvj- 41
[M]y, j(me,me’) = me'[[M]; — (v,me,[M]y,; ;)]

Figure 2.18: Program Semantics
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Method Semantics

[ ]; : Methods — P(Identifier)
[L]i:=0

[Ms M ], := [Ms],U{[M];}

[

[

_ |; : Method — Identifier
method Ly (J,...,Jp) S {C}], =

[]a, : Method — Behavior'""
[method I, (J1,...,Jp) S{C} ﬂz”:tlj(vl,...,vp) =
LET
¢ =push(c,Jy,...,Jp)
r € StateRelation
r(s,s') &
dsg, s1 : State :
50 = writes(s,[[Jl]]cl,vl,...,[[Jp]]C Vp) A
[CT5™ (s0,51) A
s' = IF throws(control(sy))
THEN s ELSE executes(sy)
t € StateCondition
t(s) &
LET so = writes(s,[J) ]]c/,vl, e[ Ip] vp) IN

(C)5™ (50)

IN command (r,t)

[o1ai; Method—>RecBehav10r] 41
[method Ly (J1,...,Jp) S {C} ﬂ27?fj(v1,...,vp) = ... (as above)

Figure 2.19: Method Semantics
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1. first building a “start environment” by the application of func-
tion enext which looks up the behavior of every method in me’ as
an object of type RecBehavior’; and lifts it to a behavior of type
RecBehavior‘j +1-and

2. then updating this environment by every declaration in Ms.

Methods The valuation function updates the method environment me' of type
RecMethodEnv’j 41 by every method which is declared in environment me

of type RecMethodEnvj-.

Method The valuation function updates environment me’ by a mapping of the
identifier of method M to a triple of the global view v, method environment
me, and the behavior of M.

The core of Figure 2.19 are the two last valuation functions which construct the
direct respectively recursive behavior of a method:

e the first constructs a direct behavior of type Behavior'"! which takes a
context and a method environment me of type MethodEnv' and returns a
method,

e the second constructs a recursive behavior of type Behavior; 1 Which takes

a context and a method environment me of type RecMethodEnv; and returns
a method.

Both valuation functions are defined in a syntactically identical way, since the
command valuation functions [_, ] and {_ ) accept method environments of type
MethodEnvs which encompasses both cases.

2.6 Command Semantics

Figures 2.20-2.25 describe the core of the program semantics: the formalization
of a command as a pair of a state relation and and a state condition which repre-
sent the possible state transitions and the prestates with guaranteed termination,
respectively. The various kinds of commands are formalized based on the follow-
ing intuitions:

Assignment First, the expression E is evaluated. If this yields an undefined
value (L), the command raises an exception, otherwise, the variable denoted
by the identifier is updated by the value. The command always terminates.
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Command Semantics

[.1],;: Command —

(Context x MethodEnvs) — StateRelation
{(_)4: Command —

(Context x MethodEnvs) — StateCondition

[R=E];™(s,s) <
LETv =[E]5(s) IN
IFy=_1
THEN s" = expthrow(s)
ELSE s’ = write(s,[R],val)
(R=E);"(s) < TRUE

[var1; C];™(s,s') &

LET ¢ = push(c,I) IN [C]5 ™ (s,5)
(var1; C)™(s) &

LET ¢ = push(c,T) IN (C)5™(s)

[var I=E; C];™(s,s') <
LET v =[E]y(s) IN
IF v = 1 THEN
s’ = expthrow(s)
ELSE
LET ¢ = push(c,1),so = write(s,[ ], v)
IN [C]"™ (s0,5")
(var I=E; C)™(s) <
LET v = [E[(s) 1
IF v = 1 THEN
TRUE
ELSE
LET ¢y c:nIZeMSh(C’I)’SO = write(s,[1]7,v)
IN (C)P™ (o)

Figure 2.20: Command Semantics (1/5)
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Command Semantics (Contd)

[C1i G ™ (s,8) <
dsg € State :
[C1]5™ (s,50) A
IF executes(control(sp))
THEN [C2 ] (s0,5")
ELSE s = 50
(Cr; Ca)g ™ (s) =
(Cidg ™ (s) A
Vso € State :
[C1]5™ (s,50) A executes(control(sy)) = (C2)5™ (s0)

[if (E) C];™(s,s") &
LETv =[E];(s) IN
IF v = 1 THEN
s' = expthrow(s)
ELSE IF v = TRUE THEN
[CI5™ (s,5)
ELSE
s'=s
(if (E) C)™(s) &
[E]4(s) = TRUE = (C);"(s)

[1f (E) Cjelse G (s,s) &
LETv = [E];(s) IN
IF v = 1 THEN
s' = expthrow(s)
ELSE IF v = TRUE THEN
[CI5™ (5,5
ELSE
[[CZ ]]Z"me(&sl)
(if (E) Crelse )™ (s) <
LET v =[E]3(s) IN

IFv=_1
THEN TRUE
BLSE IF v = TRUE THEN (C1)§"(s) ELSE (C2)5"(s)

Figure 2.21: Command Semantics (2/5)
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Variable Declaration A new context ¢’ is created by introducing a local vari-
able 1. The declaration body C is executed in ¢’. The command terminates,
if the body does.

Variable Definition First, the expression E is evaluated. If this yields an unde-
fined value (L), the command raises an exception. Otherwise, a new context
¢ is created by introducing a local variable I and the variable denoted by I is
updated by the value. The definition body C is executed in ¢’. The command
terminates, if the body does.

Command Sequence The first command Cj is executed yielding an intermediate
state so. If this state is not executing, it immediately represents the se-
quence’s poststate. Otherwise, the second command C; is executed with sq
as its prestate which yields the sequence’s poststate. The command ter-
minates, if C; terminates and if C; terminates in every executing poststate
of C 1.

One-Sided Conditional First, the expression E is evaluated. If this yields an
undefined value (L), the command raises an exception. Otherwise, if the
expression value is TRUE, the branch C is executed. The command termi-
nates, if C terminates in every state in which E yields TRUE.

Two-Sided Conditional First, the expression E is evaluated. If this yields an
undefined value (L), the command raises an exception. Otherwise, if the
value is TRUE, the first branch Cj is executed, and else the second branch
(, is executed. The command terminates, if E yields L, or if E yields TRUE
and C; terminates, or if E yields neither L nor TRUE and C, terminates.

While Loop The behavior of a while loop is determined by two sequences of
states ¢ and u both starting with the loop’s prestate s (see Figure 2.23). The
execution of the loop body C transforms every 7(i) to u(i+ 1) from which
the prestate #(i + 1) of the next iteration is constructed by setting the sta-
tus from “continuing” or “breaking” to “executing”. The loop is terminated
with state #(k) if u(k) indicates a “leaving” (not executing and not contin-
uing) state or if the loop expression E does not yield TRUE in 7(k); if the
loop expression yields an undefined value, the poststate s” is constructed
from #(k) by throwing an exception, otherwise s’ equals #(k). The loop ter-
minates if for every prestate ¢(k) of the loop body C the execution of C
terminates and if no infinite sequence of iterations arises.

Continue The statement sets the poststate to “continuing” and terminates.

Break The statement sets the poststate to “breaking” and terminates.
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Command Semantics (Contd)

[while (E) C];"(s,s') &
dk € N,t,u € State™ :
t(0) =sAu(0)=sA
(Vi € Ny iterate(i,t,u,s,[
(leaves(u(k)) v/ [E [ (t(k))
IF leaves(u ( N VIE];(t(k)
THEN s =t (k)
ELSE s’ = expthrow(t(k))
(while (E) C)7™(s) &
Vt,u € State™ :1(0) = s Au(0) =s =
(VkeN:
(Vi € Ny :iterate(i,t,u,s,[E]y,[C];™)) A
—leaves(u(k)) N[ E]y(t(k)) = TRUE =
5" e n
—(Vi € N:iterate(i,t,u,s,[E]g,[C];"™)) A

EJa,[C1g™)) A

# TRUE)
) #

[LS while (E) C];"(s,s') < ... (as above)
(LSwhile (E) C);™(s) < ... (as above)

Figure 2.22: Command Semantics (3/5)

/

0 1 2 3 k—1 k / S
¢ s expthrow

[C] execute

Figure 2.23: While Loop
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Command Semantics (Contd)
[continue];"(s,s") < s = continue(s)
c,me

{continue) ;" (s) < TRUE

[break];™ (s,s") < s = break(s)
(break)y™(s) < TRUE

[return E];"™(s,s') <
LETv =[E];(s) IN
IFv=_1

THEN s" = expthrow(s)
ELSE s’ = return(s,v)
(return E)™(s) < TRUE

[throw I E];"(s,s') &
LETv =[E];(s) IN
IFv=_1

THEN s" = expthrow(s)
ELSE s’ = throw(s,I,¢)
(throw I E)y™(s) < TRUE

[try Ci catch (I L) G ] (s,s")
dso,s1 € State :
[C1]5™ (s,50) A
IF throws(control(sg)) N key(control(sg)) = Iy THEN
LET ¢ = push(c,1,) IN
s1 = write(execute(so), [ 1,], value(control(sy))) N
[C1g" (s1,5)
ELSE 5" = 50
(try Ci catch (I L,) C)5™(s) &
(Cidg™ (s)n
Vso € State :
[C1]5™ (s,50) A
executes(control(sg)) N key(control(sy)) = Iy =
LET ¢ = push(c,1,) IN
s1 = write(execute(sg), [ 1,]°, value(control(sg))) A
(C2)g™ (s1)

Figure 2.24: Command Semantics (4/5)
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Command Semantics (Contd)

[R=1u(Ei,....Ep) | (s,5) &
LET vy = [Eq ]y(s),...,vp = [Ep]y(s) IN
IFvi=1V...Vv,=_1 THEN
s' = expthrow(s)
ELSE
LET r = rel(method(me,Ly,c)(vy,...,vp)) IN
dsg € State :
r(s,s0) A
IF throws(control(sg))
THEN §' = sy
ELSE s’ = write(so, [ R], value(control(sy)))
(R=1n(E\,....Ep) )™ (s) &
LET v = [Eq Jg(s),...,vp = [Ep]5(s) IN
IFv;=_1V...Vv,= L THEN
s' = expthrow(s)
ELSE
LET t = cond(method(me,L,,c)(vi,...,vp)) IN £(s)

[assert F];™(s,s") & [Fl.(s,5) N5 =5
(assert F)J"™(s) & [Fi(s,s)

Figure 2.25: Command Semantics (5/5)
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Return First, the expression E is evaluated. If this yields an undefined value (1),
the command raises an exception. Otherwise, the statement sets the post-
state to “continuing” and the control value to the value of E and terminates.

Throw First, the expression E is evaluated. If this yields an undefined value
(L), the command raises an exception. Otherwise, the statement sets the
poststate to “throwing”, the control data’s key to the indicated identifier,
and the control data’s value to the expression value.

Exception Handler The first command C; is executed yielding an intermediate
state sg. If sg does not throw an exception of type I, it immediately repre-
sents the handler’s poststate. Otherwise, a new context c is created with the
handler’s parameter /, as a local variable. A new executing state s is created
from s by updating this variable with the exception value of sg. Then C; is
executed with s| as prestate which yields the handler’s poststate. The com-
mand terminates, if C;| terminates and if C, terminates in every prestate s
that can be derived from any poststate so of C; as indicated above.

Method Call First, the argument expressions E,...,E), are evaluated. If any of
the evaluations yields an undefined value (L), the command raises an ex-
ception. Otherwise, the method environment me is looked up for the method
identified by 1,,,. This method is applied to the argument values which yields
a command behavior from which the transition relation is extracted. The
application of this transition relation to the prestate gives a poststate sp;
if 59 throws an exception, it already represents the postate of the command.
Otherwise sg is updated by writing into the variable referenced by R the
method’s return value. The method terminates, if the evaluation of some ar-
gument expression yields an undefined value, or if the command behavior’s
termination condition indicates termination.

Assertion If the condition holds, the command does not change the state. Other-
wise, the command blocks.

2.7 [Expression Semantics

The core semantics of an expression E is defined in two parts (see Figure 2.26):
Given a context ¢ and a state s,

e the value semantics [ E ], maps E to a value.

e the definedness condition [ E ]]D tells, whether this value makes sense or not.
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Expression Semantics

| : Expression — Context — B — StateFunction |
15(s) =1Fd V[E]5(s) THEN [E](s) ELSE L
]

b : Expression — Context — StateCondition
R];(s) < TRUE
I

() =

[
[E
[
[
[
[_ ]y : Expression — Context — StateFunction
[
[
[
[
[

R\ (s) = read(s,[R]")
To(s) =

| : Reference — Context — Variable
1] = lview(c)(I)
21" = gview(c)(I)

Figure 2.26: Expression Semantics

The overall semantics [ E | ; then depends on a boolean value d:

e If d is true, the value of [ E ], is unconditionally forwarded;

e If d is false, then [ E ]|, is only returned if [ E ]|, says that this makes sense;
otherwise, the special value L (“undefined value”) is returned.

In the second case, a command that evaluates the expression transforms an unde-
fined value to an “expression evaluation exception” in the command’s postate (see
the previous section).

2.8 Formula and Term Semantics

Figures 2.27 and 2.28 introduce the semantics of specification formulas while
Figure 2.29 defines the semantics of terms within these formulas. Here we should
especially note the differences in the semantics of references to program variables
in the prestate respectively poststate (R and R’), the semantics of logical value
variables ($/), and the semantics of logical state variables (#1).



Formula Semantics
_ | : Formula — Context x Environment — StateRelation

true];(s,s") < TRUE

[6(s,s") < FALSE

ST]e(s,s) < [PIAT (s, 8), - [ Tale(s.5))
Tz]] (5,8") < [T ]e(s,8") = [T2]c(s,5)
1 /=D (s,s') < [T1]e(s,5") # [T ] (s,5)
readsonly 5 (s, s’) < s EQUALS® s/

writesonly Ry, ..., R,[5(s,s") &
s = s' EXCEPT Ry,...,R,

ﬂ_ﬂia_r
IIF%

s e e /= /e —

['F]e(s.s") & —[F.(s,5)

[Fi and B[(s.s') < [F[<(5,8) AR (s.)
[Fi or Fz]] (s,8") & [F ]]Z(Sas) [[FZ]]Z(svs)
[F = B(s5) & [R8") = [BI.o)
[[Fl <=> Fz]] ( ) [[ ]]E(Sys/) <~ [[F2]] ( )
[F xor B]5(s,s") < [Fi]o(s,s") & [F]5(s,s")
[if F then Fy else F> (s,

s') &
IF [F[5(s,s") THEN [ Fi [5(s,s") ELSE [F2]o(s,s")
[forall $1;,...,$,: F].(s,s") <

Vi, v € Value : [F o oy g, (555)

lexists $11,....$L,: F](s,s') <
vi,..., vy € Value : [F,

e[Ip—>v1,...,In»—>vn]v(
[let $,=T1, ..., $1,=T, in F(s,5') <
LET
er =elly — [Ti ] (s,5") ]y

s,5')

en=eri [l [T, | (5.5))s
IN[F]g (s,s)

e

. (continued in Figure 2.28)

Figure 2.27: Formula Semantics (1/2)
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2.8 Formula and Term Semantics

Formula Semantics (Contd)
[_]: Formula — Context x Environment — StateRelation
. (continued from Figure 2.27)

[allstate #1y,...,#1,: F|.(s,s") <

Vey,...,cp € Control : [[F]]C[h'—m ..... Iisen]e (855
[exstate #1y,.... #1,: F [ (s,5') <

Jei,...,¢p € Control : [F; [
[0 == 521505, 5) & [0 [5(5,5) = [0 (5.5
[[U executes]] (s, s') & executes([[U]]Z(s,s’))
[U.continues|;(s,s") < continues([[U]]g(s,s’))
[U.breaks];(s,s") < breaks([U | (s,s"))
[U.returns];(s,s") < returns(JU [ (s,s"))
[U throws ] (s,s") < throws([U ] (s,s"))
[[Uthrowsl]] (s,5) &

LET ¢/ = [U5(s,s") IN throws(c") Nkey(c') =1

_ | : Predicate — Predicate

isnat](v) & veN
<]](V17v2) =V <V
L) &

[
[
[
[

Figure 2.28: Formula Semantics (2/2)
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Term Semantics

[.]: Term — Context x Environment — BinaryStateFunction
[R]C(s,s") = read(s,[R]")

[R]e(s,s") = read(s’, [R]")

117 (s,s)—venv( (I

)
(T T e(s,s") = AT Te(s,s), - [T (s, 57)
[if F then T; else Tr ] (s,s') =
IF [F | (s,s") THEN [T; [o(s,s") ELSE [ T2 ] (s,s")
[[Iet $6=T,...,91,=T, in T]] ( )
LET
e =e[li — [Ti],(s,5")]v

C
e
c
e

en: €n—1 [In = [[Tn]]gn_l <S7S,) ]V
IN[T]C (s,s)

€n

[U.value];(s,s") = value(JU ] (s,s"))

_ | : State — Context x Environment — ControlFunction

> S

ow[(s,s)
ext];(s,s") = control(s')
#1]5(s,s") = cenv(e)(I)

e

= control(s)
/

[
[
[
[

[_]: Function — Function
[["‘]](vla'-~;vn> ..

Figure 2.29: Term Semantics




Chapter 3

Judgements

In this chapter, we define the syntax and formal semantics of program judgements
which we are going to derive in our calculus.

3.1 Syntax

Figure 3.1 lists the syntax of the judgements that we are going to deal with. Their
informal interpretations are:

se F RMs S {C} states that for a given specification environment se which de-
scribes “predefined” methods, the program is correct with respect to the
specifications of its own methods and its main command. In particular, the
execution of the program

does not encounter the evaluation of “undefined expressions”,

does not change any variables protected by the frame conditions,

does not throw any exceptions prohibited by the exception conditions,

does not exhibit any state transitions that violate the postconditions,

A e

terminates in those states that are demanded by the preconditions.
se = RMs states that above holds for all methods declared in RMs.
se = RM states that above holds for all methods declared in RM.

se,Is = Ms states that above holds for all methods declared in method set Ms
provided that Ms is part of a “recursive method set” consisting of those
methods named in Is.

42
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List of Judgements

se = RMs S {C}

se = RMs
se = RM

se,Is = Ms
se,Is F M
se W M

se,Is,Vs - Cv F
se,Is,Vs - C: F
se,Is,Vs - C |' F

se,Is, Vs = PRE(C,Q) =P
se,Is,Vs = POST(C,P)=Q
se,Is,Vs F ASSERT(C,P) =C"

F§k
F § Fe
F 3§y Fp
F$f
F§e g,
>:RSF

Figure 3.1: List of Judgements




44 3.1 Syntax

se,Is = s states that above holds for method M provided that M is contained in a
“recursive method set” consisting of those methods named in Is.

se = M states that above holds for M provided that M is non-recursive.

se,Is,Vs = Cv F states that in a state that satisfies F' the execution of C does not
encounter the evaluation of “undefined expressions”, provided that

1. se represents a correct specification environment for the methods visi-
ble to C,

2. Is is empty and C occurs in a non-recursive method or Is is not empty
and C occurs in a method that is part of a recursive method set consist-
ing of those methods named in /s,

3. C occurs in the scope of those local variables that are identified by V.

se,Is,Vs = C: F states that the state relation of command C is described by the
formula F', provided that the same constraints concerning se, s, Vs hold that
were described above.

se,Is,Vs F C |' F states that in a state that satisfies formula F the execution
of command C terminates, provided that the same constraints concerning
se,Is, Vs hold that were described above.

se,Is,Vs = PRE(C,Q) = P and se,Is,Vs - POST(C,P) = Q state the same': if
command C is executed in a prestate in which formula P holds it only gives
rise to such a poststate in which formula Q holds.

se,Is,Vs = ASSERT(C,P) = C’ assert states that if command C is executed in a
state in which formula P holds, it can be substituted by command C’ without
difference to the behavior of the program.

F § g; states that any transition relation satisfying formula F ensures that only
the program variables referenced by Rs are changed and that no other ex-
ceptions are thrown than those listed in Ks.

F §. F. states that any transition relation satisfying formula F ensures that the
poststate is “continuing” only if formula F; is true.

F §. F, states that any transition relation satisfying formula F ensures that the
poststate is “breaking” only if formula Fj, is true.

F§ g; ensures that any transition relation satisfying formula F' and only chang-
ing those variables listed in Qs only changes those variables listed in Rs.

"However, there will be different rules for the two judgements.
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F §e % ensures that any transition relation satisfying formula ' and only throw-
ing those exceptions listed in Ls only throws those exceptions listed in K.

gy F ensures that F is true for every prestate and poststate that differ visibly
only by those variables referenced in Rs.

3.2 Semantic Algebras

Figures 3.2 to 3.11 introduce new semantic domains and operations which are
needed to formalize the semantics of the judgements stated in the previous section.
The core definitions are those of the following predicates:

e bspecifies (Figure 3.7) describes the correctness property for a pre-defined
“base” method (i.e. a method with a behavior of type Behavior),

e dspecifies; (Figure 3.7) describes the correctness property for a direct (non-
recursive) method defined in the program at stage 7 (i.e. a method with a
behavior of type Behavior't!),

e rspecifies; ; (Figure 3.8) describes the correctness property for a recursive
method defined in the program at stage i and with a recursion depth bound j
(i.e. for a behavior of type RecBehavior).

Based on these definitions, the following predicates express the correctness of
method environments with respect to specification environments:

o specifies; (Figure 3.10) states that a method environment me at stage i is
well specified with respect to specification environment se in context c;

e rspecifies; ; (Figure 3.9) states that a method environment me at stage i
and with recursion depth bound j (where identifiers Is denote the recur-
sive methods) is well specified with respect to specification environment se
in context c.

Finally, the predicates

e wellspecified (Figures 3.9 and 3.10) and

e iscorrect (Figure 3.11)

describe the semantics of the judgements as stated in the following section.
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3.2 Semantic Algebras

Definitions: Contexts

isvalid C View x Space

isvalid(v,s) <
VI, I, € Identifier: I) # I, = V(Il) =+ V(Iz) A
VI € Identifier : v(I) & s

isvalid C Context
isvalid(c) <
LET s = space(c) IN
isvalid(gview(c),s) Aisvalid(lview(c),s)

global C Context
global(c) < isvalid(c) A gview(c) = lview(c)

co =c1 EXCEPT I},....I, =
VI € Identifier: I AL} A... N1 # L, = [1]° =[1]"

co=c1 AT I1,..., I, :=
VI € Identifier: [ =1L, V...VI=1,= [I]° =[I]"

co EQUALS c1 =
VI € Identifier : [1]® = [I]"

contexts C Context x Context

contexts(cg,c) &
global(c,) Nisvalid(c;) N gview(cg) = gview(cy) A
space(c;) C space(cg)

contexts C Context x Context x Identifier*
contexts(cg,cy,Is) <

contexts(cg,cy) N

cg = ¢; EXCEPT IsA{[I] : I € Is} C space(cg)

Figure 3.2: Definitions: Contexts
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Definitions: Formulas and Terms

F is closed =
Ve € Context, e, e| € Environment,s,s' € State :
c / Cc /
[FI,(5.5) & [FI, 5.5)
F does not depend on the poststate =
Vc € Context,e € Environment,s, so,s| € State :

[F]e(s,50) < [F (s, 1)

T is closed =
Ve € Context, ey, e; € Environment,s,s' € State :

[[T]]Z()(S?s/) = [[T]]zl(svsl)

T does not depend on the poststate =
Vc € Context,e € Environment,s, so,s| € State :

[T [e(s,50) = [T J(s,s1)

F makes $/ a natural number =
Ve € Environment,c € Context,s,s' € State :

[F]o(s,s") =e(I) eN

F makes T a natural number =

Ve € Environment,c € Context,s,s' € State :
[F]o(s,s") = [T].(s,s') €N

Figure 3.3: Definitions: Formulas and Terms
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3.2 Semantic Algebras

Definitions: Method Specifications

Spec := Reference® x Identifier* x Formula x Formula x Term
MethodSpec := Identifier” x Spec
SpecEnv := Identifier — MethodSpec

spec :
Reference” x Identifier* x Formula x Formula x Term — Spec
spec(Rs,Ks,Fc,Fr,T) = (Rs,Ks,Fc,Fg,T)

pre : Spec — Formula
pre<Rs;KsaFC7FR7T) =Fc

mspec : Identifier* x Spec — MethodSpec
mspec(Is,S) = (Is,S)

wellformed C MethodSpec
wellformed({(J1,...,Jp), (Rs,Ks,Fc,Fg,T))) <
(g} = p A
{Jl,...,.]p} NRs=0A
Fc,Fgr and T are closed A
Fc and T do not depend on the poststate A
Fc makes T a natural number

wellformed C LoopSpec
wellformed(invariant F decreases T) &
F and T are closed A
T does not depend on the poststate A
F makes T a natural number

Figure 3.4: Definitions: Method Specifications (1/2)
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Definitions: Method Specifications (Contd)

[_1" : RecMethods —
(RecMethod x SpecEnv)* x SpecEnv —
(RecMethod x SpecEnv)* x SpecEnv
[T (s.5¢) = (5.5¢)
[RMs RM]"(s,se) =
LET (s',s¢’) = [RMs]"(s,se),se” = [RM]s(se’) IN
(s'[LENGTH(s") — (RM,sé’) ], se >

Is : RecMethods — SpecEnv — SpecEnvy

Is(se) = se
Ms RM [s(se) = [RM ] ([RMs]s(se))

_ |5 : RecMethod — SpecEnv — SpecEny

[o
[
[
[
[M]s(se) = [M]s(se)
[
[
[
[

recursive Ms|q(se) = [Ms]s(se)

_ |; : RecMethod — P(Identifier)
M, ={[M]}

recursive Ms]; = [Ms];

Figure 3.5: Definitions: Method Specifications (2/3)
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Definitions: Method Specifications (Contd)

_. |5 : Methods — SpecEnv — SpecEny
Is(se) = se

[

[

[Ms Mg(se) = [M]s(IMs]s(se))
[

[

[s : Method — SpecEnv — SpecEny

method Iy (J1,...,Jp) S {C}[s(se) =
se[l, — [method L, (Ji,...,Jp) S {C}]]

_ |s : Method — MethodSpec

[

[method Iy (J1,...,Jp) S {C}]g = mspec((J1,...,Jp),[S])

[_ ] : Specification — Spec

[writesonly Ry,...,R,,throwsonly Kj,...,K,
requires Fc ensures Fg decreases T]] =
spec((Ry,...,R,),(Ki,...,Kp),Fc,FR,T)

Figure 3.6: Definitions: Method Specifications (3/3)
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Definitions: Method Correctness

bspecifies C SpecEnv x MethodEm x Context
bspecifies(se,me,c) < VI, € Identifier : bspecifies(se,me,c,I,,)

bspecifies C SpecEnv x MethodEm® x Context x Identifier
bspecifies(se,me,c,I,) <
wellformed(se(I,)) N bspecifies(se(Ly),me,c, L)

bspecifies C MethodSpec x MethodEm' x Context x Identifier
bspecifies(((J1,...,Jp), (Rs,Ks,Fc,Fg,T)),me,c,I,) <
V¢’ € Context,s,s' € State, vy, ...,v, € Value,e € Environment :
contexts(c,c’) N executes(control(s)) =
LET
com = method(me, L,,c")(vi,...,vp),
" =push(c',Jy,....Jp),
s1 = writes(s,J1,v1,...,Jp,vp)°
IN
(rel(com)(s,s') =
([FcTe (s1,8") = [FRI; (s1,57) A
s = s’ EXCEPT range(c’) Urange(gview(c)) A
s = s EXCEPT® Rs A\
(executes(control(s')) V throws(control(s'))) A
(throws(control(s')) = key(control(s")) € Ks)) A

([F]S (s1.51) = cond(com)(s))

/!

dspecifies; C SpecEnv x DirMethodEnv' x Context
dspecifies;(se,me,c) < VI, € Identifier : dspecifies;(se,me,c,I,)

dspecifies; C SpecEny x DirMethodEnv' x Context x Identifier
dspecifies;(se,me,c, L) <
wellformed(se(L,)) N dspecifies;(se(L,),me,c, 1)

dspecifies; C MethodSpec x DirMethodEnv' x Context x Identifier

dSpeCiﬁesi(«Jl? s ;Jp)a <RS7KS7FC7FRaT>>ame7cvlm) Ang
... (like above)

Figure 3.7: Definitions: Method Correctness (1/4)
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Definitions: Method Correctness (Contd)

rspecifies; ; C .

SpecEnv X RecMethodEnv‘j x Context x Identifier x B
rspecifies;(se,me,c, I, isrec) <

wellformed(se(l,)) N rspecifies; ;(se(I),me,c, Iy, isrec)

rspecifies; ; C
MethodSpec x RecMethodEnv; x Context x Identifier X B
rspecifies; ;(((J1,---,Jp), (Rs,Ks,Fc,FR,T)),me,c, Iy, isrec) <
V¢’ € Context,s,s' € State,vy,...,v, € Value,e € Environment :
contexts(c,c’) \ executes(control(s)) =
LET
com = recmethod; j(me, L, c")(vi,...,vp),
" =push(c',Jy,...,Jp),
s1 = writes(s,J1,v1,...,Jp,Vp)°
IN
(rel(com)(s,s’) =
(LFS (s1,8") = [FR]S (s1,5)) A
s = s' EXCEPT range(c’) Urange(gview(c)) A
s = s' EXCEPT® Rs A\
(executes(control(s')) V throws(control(s'))) A
(throws(control(s")) = key(control(s')) € Ks)) A

(IR (s =
(nisrecV j > [T (s1,51)) = cond(com)(s))

/!

Figure 3.8: Definitions: Method Correctness (2/4)
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Definitions: Method Correctness (Contd)

rspecifies; ; C SpecEnv X MethodEnv; X Context X
P(Identifier) x P(Identifier)

rspecifies; ;(se,me,c,Is,Js) <
Vi, € Js : rspecifies; j(se,me,c, Iy, Iy € Is)

rspecifies; ; C SpecEnv X MethodEnvi- x Context x P(Identifier)
rspecifies; ;(se,me,c,Is) < rspecifies; ;(se,me,c,Is,Identifier)

wellspecified C Method x SpecEnv x P(Identifier)
wellspecified(M, se,ls) <
Vc € Context,d € B :
Vi,j € N,me € MethodEnv;,me’ € Methoa’Env; e
rspecifies; ;(se,me,c,ls) =
gview(c)

rspecifies; ;41 (se, [M1E7") (e, me') I, {[M1,})

wellspecified C Methods x SpecEnv x P(Identifier)
wellspecified(Ms, se,Is) <
Ve € Context,d € B :
Vi, j € N,me € MethodEnvi-,me’ € MethodEnvi- e
rspecifies; ;(se,me,c,Is) =

gview(c)

rspecz:ﬁesi,j-l—l (Se7 [[Msﬂd,iJ (me7 me,)a C7]S7 [[MS]]I)

Figure 3.9: Definitions: Method Correctness (3/4)
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3.2 Semantic Algebras

Definitions: Method Correctness (Contd)

specifies; C SpecEnv x MethodEnv' x Context x P(Identifier)
specifies;(se,me,c,Is) <
IF i = 0 THEN
bspecifies(se,me,c)
ELSE IF me € DirMethodEnv'~! THEN
dspecifies;_,(se,me,c)
ELSE
VjeN: rspeciﬁesiflyj(se,mej,c,Is)

specifies; C SpecEny X MethodEnv' x Context x [P(Identifier)
specifies;(se,me,c) < specifies;(se,me,c,0)

wellspecified C Method x SpecEnv
wellspecified(M , se) <
Vc € Context,d € B :
Vi € N, me € MethodEnv'
gview(c),me,M

specifies;(se,me,c) = specifies;, | (se,env; ,¢)

wellspecified C RecMethod x SpecEnv
wellspecified(RM, se) < .
V¢ € Context,i € N,me € MethodEnv',d € B :
specifies;(se,me,c) =
specifies; | ([RM |4 (se), [[RM]]fZ;eW(C) (me),c)

wellspecified C RecMethods x SpecEnv
wellspecified(RMs, se) <

LET r = [RMs]"(0,se).1 IN

Vi € Nigngun(r) : wellspecified(r(i).1,r(i).2)

Figure 3.10: Definitions: Method Correctness (4/4)
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Definitions: Program Correctness

iscorrect C Spec x Context X Environment X State X State
iscorrect((Rs,Ks,Fc,Fg,T),c,e,s,5") <
[FeLi(5,5) = [FeI(5:8) A
s =5 EXCEPT Rs A
—continues(control(s")) N\ —breaks(control(s')) N
(throws(control(s')) = key(control(s")) € Ks)

Figure 3.11: Definitions: Program Correctness

3.3 Judgement Semantics

Figures 3.12 to 3.16 introduce the semantic interpretation of the judgements based
on the predicates introduced in the previous sections. The definitions are intended
to formalize the informal semantics sketched at the beginning of this chapter. As
for the formalization of “does not encounter the evaluation of undefined expres-
sions”, we chose the strategy to state that the execution of the program does not
depend on the “definedness flag” d which decides whether an unevaluated ex-
pression gives rise to an “evaluation exception”; we may thus chose the (simpler)
semantics without such exceptions when reasoning about these programs.
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3.3 Judgement Semantics

Method Judgements

se = RMs S {C} &
specifies(RMs,se) N
LET se¢’ = [RMs]s(se) IN
Ve € Context,i € N,me € MethodEny' :
global(c) A specifies;(se’,me,c) =
Vs,s' € State,e € Environment :
executes(control(s)) =

([CITRUE(S:S") < [ClEaLsE

(5,57)) A
)

((C)TFRuE(s) © (C)Farse () A
([[C]]CTQ%E(S,S ) = iscorrect([S]s,c,e,s,5")) A
([pre(S)[o(s,s) = (C)TRUE(s))

se = RMs < wellspecified(RMs, se)
se = RM < wellspecified(RM, se)
se,Is = Ms < wellspecified(Ms, se, Is)
se,Is = M < wellspecified(M, se,Is)

se = M < wellspecified(M, se)

Figure 3.12: Method Judgements
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Command Judgements

se,Is,Vs - CV F <
F is closed A F does not depend on the poststate =
Veg,c; € Context,i € N,me € MethodEnv' :
contexts(cg, ¢, Vs) N specifies;(se,me, cg,Is) =
Ve € Environment,s,s' € State :
executes(control(s)) N[ F |5 (s,s) =
([[C]]%lfiliﬁ(sasl) = Hglﬂggfs}g(&sl)) A
((Chrru(s) < (C)EALsE(s))

se,Is,Vs H C: F &
F is closed A
Veg,c; € Context,i € N,me € MethodEnv'
contexts(cg,cy, Vs) A specifies;(se,me, cq,Is) =
Ve € Environment,s,s' € State :

cj,me

executes(control(s)) N[ Cltrug (S, s') =
[F]¢(s.s)

se,Is,Vs F C|'F <
F is closed A F does not depend on the poststate A
F makes $/ a natural number =
Veg,c; € Context,i € N,me € MethodEnv'
contexts(cg,cy, Vs) A specifies;(se,me,cq,Is) =
Ve € Environment,s € State

executes(control(s)) N[F ] (s,s) Ni > e(I) =

(C)TROE()

Figure 3.13: Command Judgements
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Transformation Judgements

se,Is,Vs = PRE(C,Q) =P &
Q does not depend on the poststate =
P does not depend on the poststate A
Veg,c; € Context,i € N,me € MethodEnv'
contexts(cg,cy, Vs) N specifies;(se,me, cq,Is) =
Ve € Environment,s,s' € State :
executes(control(s)) NP5 (s,s) =
([CIe s(5.5) = [0 (5,5)

se,Is,Vs = POST(C,P)=Q <
P does not depend on the poststate =
Q does not depend on the poststate A
Veg,c; € Context,i € N,me € MethodEnv'
contexts(cg,cy, Vs) N\ specifies;(se,me, cq,Is) =
Ve € Environment,s,s’' € State :
executes(control(s)) N[ P (s,s) =
(CTHe(5,5) = 101 (5.5)

se,Is,Vs = ASSERT(C,P) =C' &
P does not depend on the poststate =
Veg,c; € Context,i € N,me € MethodEnv'
contexts(cg,cy, Vs) Aspecifies;(se,me,cg,lIs) =
Ve € Environment,s,s' € State :
executes(control(s)) =
([C'IROE(s,8") =
[P (5) AICTHRIGE (5:5) A
{C)TRUE(S) <
[P]E () AMCYERUE(S))

Figure 3.14: Transformation Judgements
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Frame Judgements

F§& <
Ve € Context,s,s' € State,e € Environment :
global(c) N executes(control(s)) N
[FI<(s,s7) =
—continues(control(s')) N —breaks(control(s')) N
s =5 EXCEPT Rs A
(throws(control(s')) = key(control(s')) € Ks)

F§ Fe<
Vc € Context,s,s' € State,e € Environment :
global(c) N executes(control(s)) N
[FIEGs, ) ALE(5,5) =
—continues(control(s'))

F§ F, <
Vc € Context,s,s' € State,e € Environment :
global(c) N executes(control(s)) N
[FI(5,) AL IE(s,5) =
—breaks(control(s'))

F §, ,%; &

Ve € Context,s,s' € State,e € Environment :
global(c) N executes(control(s)) N
[F]5(s,s’) As =s" EXCEPT Rs =

s = s' EXCEPT Qs

F§ & o
Ve € Context,s,s' € State,e € Environment :
global(c) N executes(control(s)) N
[F]5(s,s") Athrows(control(s")) A
key(control(s')) € Ks =
key(control(s')) € Ls

Figure 3.15: Frame Judgements
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3.3 Judgement Semantics

Formula Judgements

|:Rs F&
Ve € Context,e € Environment,s,s' € State :
s = s EXCEPT® Rs =

[Fle(s:s)

Figure 3.16: Formula Judgements




Chapter 4

Rules

In this chapter we give rules for deriving judgements of the kinds introduced in
Chapter 3. We claim that the rules are sound, i.e. that by their application only
judgements can be derived that are true with respect to their formal semantics.

4.1 Definitions

Figures 4.1 and 4.2 give auxiliary definitions used in the formulation of the rules:

E‘:F/NFM{K] 7"'7Kn

Rs b denotes a transition relation by a particular pattern of a spec-

ification formula: its form makes explicit which variables may be changed
by the transition, which exceptions may be thrown, and whether the transi-
tion may result in a continuing, breaking, or returning poststate.

[F]

D . .
~ and ~ translate program expressions to formulas respectively terms: ~ trans-

) ) . . D
lates an expression to an equivalent formula respectively term while ~ gen-
erates from an expression a formula that characterizes those states in which
the expression is defined'.

[R]]XS determines a canonical version of reference R in the scope of the local
variables names Vs: this version is identical to R, except that if R is a global
reference which is not shadowed by the declarations in Vs, then it is replaced
by the local version of R (which refers to the same variable).

I'The translation depends on the expression language and the predicates/functions of the for-
mula language; we therefore give no rules for the translation in our calculus.

61
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4.1 Definitions

FC>F aFﬁ K 7~~7I(n —
[F]RS b { 1 } =
F and writesonly Rs and

(next.continues => F;) and
(next.breaks => F,) and
(next.returns => F;) and
(next.throws =>
(next.throws Kj or ... or next.throws Kj,))

. =~ _, € Expression x Formula
E~F &
F has no primed program variables A
F has no occurrence of next A
Ve € Context,e € Environment,s,s' € State :
[E](s) = TRUE < [F]S(s, ')

. =~ _, € Expression x Term
E~T<&
T has no primed program variables A
T has no occurrence of next A
Ve € Context,e € Environment,s,s' € State :

[ETv(s) =[TTe(s,s")

D .
~ _, € Expression x Formula

E2Fps
Ve € Context,s € State,s' € State :
Vs € State : [E | (s) < [Fp].(s,s')

Figure 4.1: Definitions (1/2)
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[_ ] : Reference — IP(Identifier) — Reference
[1lx' =1
[21]y =1F I € Vs THEN 21 ELSE [

Invariant(G,H,F) (g, . g} =

G is closed A
$5,...,$1,,#I;,#I, do not occur in G,H, and F A
‘:{Rl7"'7Rn}

forall $1,...,%1,: allstate #,,#1;:
(G#I;/next][$11 /Ry, ..., 31, /R,
and (#I;.executes or #I;.continues)
and #I;.executes
and H[#I; /now|[$], /Ry, ..., $1,/R,]
and F[#I, /now|[$], /Ry, ...,$1,/R,])
= G)

Figure 4.2: Definitions (2/2)

Invariant(G,H,F ){ R.....R,} essentially describes the obligation of proving that G
is an invariant for a loop whose condition is denoted by formula H and
where the effect of every iteration (which changes only variables identified
by {Ry,...,R,}) is described by formula F.

Based on these definitions, we give in the following section rules for each kind of
judgement.
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4.2 Judgement se - RMs S {C}

se = RMs

wellformed(S)

S = writesonly Rs throwsonly Ks
requires F¢ ensures Fg decreases T

se’ = [RMs]¢(se)

s¢' 0,0 - C: [F]EA;F‘”F”LS

I:F]]F‘;anaFﬁLs § [Igs
N )
se’,0,0 - CV F¢

Frs (now.executes and F) => (F¢ => Fg)
se’ 0,0 + Clj Fcand$J =T
se = RMs S {C}

Figure 4.3: Rules for se - RMs S {C}

4.2

Judgement se = RMs S {C}

Based on the rule depicted in Figure 4.3, to verify the correctness of a program
with respect to its specification, we have to

verify correctness of the methods RMs with respect to their specifications,
check well-formedness of the specification § of the main command C,

compute the specification environment se’ established by the methods for
use in the further steps,

FC7Fb7FV7LS
s

compute the formula [F],; denoting the transition relation of C,

check that this formula preserves several general constraints (command
does not result in a continuing or breaking postate, only modifies variables
and throws exceptions allowed by ),

check that the execution of C does not encounter the evaluation of any un-
defined expression in those states that are allowed by precondition F,

verify that F' implies the core specification F. => Fp,

verify that C terminates in every state allowed by Fc.

The correctness of the last judgement does actually not depend on the correctness
of th main command’s termination measure 7', because the command does not
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appear in a recursive method set; the measure can therefore be skipped from the
specification and the clause “and $J = 7"’ can be omitted from the last judgement.
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se F

se = RMs

se’ = [RMs]4(se)
se’ = RM

se = RMs RM

Figure 4.4: Rules for se = RMs

4.3 Judgement se - RMs

This judgement verifies the correctness of the method declarations RMs by ver-
ifying each component of RMs in the specification environment set up by the
previous components.
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se - M
se - M

Is = [ Ms],
se,Is = Ms
se - recursive Ms

Figure 4.5: Rules for se = RM

4.4 Judgement se - RM

This judgement distinguishes between two kinds of method definitions, the defini-
tion of a non-recursive method M and the definition of a recursive method set M:s.
The verification tasks are correspondingly delegated to the respective judgements.
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se,Is = |

se,Is = M
se,Is = Ms
se,Is = M Ms

Figure 4.6: Rules for se,Is = Ms

4.5 Judgement se,Is = Ms

To verify the correctness of a recursive method set, the correctness of each element
of the set can be independently verified.
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wellformed((Jy,...,Jp),S)

S=writesonly Rs throwsonly Ks
requires Fc ensures Fg decreases T

se,Is, {J1,...,J,} F C:[F]ioffts

$J1,...,8J,,8L4,...,$L, do not occur in F

[exists $J1,...,$J,,8L1,...,$L,:

F[$J1/J17"-7$JP/J[)7$L1/J1’7"-7$LP/‘]P’]
E‘?Fb7Fr7Ls Ks
]MS\{Jl,,..,Jp} §RS

se Is, {Ji,....Jp} F CV Fc
#I; does not occur in F'
r:Rs
(now.executes and
exstate #1;:
F[#I;/next] and
if #1;.throws then
next == #I;
else
next.executes and
next.value = #lI,.value) => (F¢ => Fg)
se,Is,{J1,...,J,} = C |/ Fcand$J =T
se,Is = method I, (Jy,...,Jp) S {C}

Figure 4.7: Rules for se,Is - M

4.6 Judgement se,Is - M

This judgement verifies the correctness of a recursive method that occurs in a
recursive method set that consists of those methods named in Is. The overall
verification steps are similar as for establishing the correctness of the program’s
main command:

e check wellformedness of the specification S of the method,

e compute the formula [F | f,;s’F”’F”LS denoting the transition relation of method

body C,

e check that this formula preserves several general constraints (the method
body does not result in a continuing or breaking postate, and only modifies
those variables and throws those exceptions that are allowed by ),
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e check that the execution of C does not encounter the evaluation of any un-
defined expression in those states that are allowed by precondition F¢,

e verify that a modified version of F implies the core specification F, => Fp,

o verify that C terminates in every state allowed by precondition F¢ using not
more recursive invocations than denoted by the termination measure 7.

The modification of F in the last but one step reflects the fact that a “returning”
poststate of the method body C is set to “executing” on return of the method.
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se,0 - M
se M

Figure 4.8: Rules for se - M

4.7 Judgement se - M

The verification of a non-recursive method M is simply delegated to the rule for
the verification of a recursive method with, however, an empty set of recursive
methods. The only difference in the core verification will be the proof of termi-
nation where it will be not necessary to consider the termination measure in the
specification of M (which thus can be omitted from the specification of M).
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4.8 Judgement se,Is,Vs - Cv' F

The rules for this judgement verify that, for given specification environment se,
recursive method names Is, local variable names Vs, the execution of command C
in a state for which condition F holds does not encounter the evaluation of “un-
defined expressions”. By the application of the rules, for every expression E with
“definedness condition” Fp, a proof obligation of form =g, ... => Fp is generated.
Some points to be highlighted are:

e For all local variables (introduced in variable declarations, variable defi-
nitions, and exception handler parameters), it is distinguished whether the
declaration shadows a global variable I (then [ has to be replaced by ?/ in
the respective state condition) or just another local variable / (then I has to
be replaced by a new mathematical variable $J).

e In the rules for command sequences and exception handlers, it is neces-
sary to generate the postconditions holding after the execution of the first
command Cj.

e The handling of loops profits from the existence of a loop invariant G which
can be used to strengthen the condition P that holds before the execution of
the loop body C.

e The rule for method calls only verifies the well-definedness of the method’s
arguments. It could be, however, also easily strengthened to verify the cor-
rectness of the method’s precondition (since the violation of a precondition
typically indicates an error situation rather than a lack of interest in the
properties of the poststate).
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EXFp
¢ (now.executes and F) => Fp

se,Is,Vs - I=EV' F

I ¢ Vs
se,Is,VsU{I} = CVv F[?1/I]

se,Is,Vs - varIl; CV F

1€Vs
$J does not occur in F
se,Is,Vs = Cv exists $J : F[$J /1]

se,Is,Vs - varl; CV F

I ¢ Vs
D
E ~ FD
=¢ (now.executes and F) => Fp
E~T
se,Is,VsU{I} + Cv F[?I/I)and I = T[?1/I]

se,Is,Vs - var I=E; CV' F

1€Vs

EXFp

o (now.executes and F) => Fp

E~T

$J does not occur in F and T

se,Is,Vs = Cv exists $J : F[$J/I) and [ =T[$J /I

se,Is,Vs - varI=E; CV' F

Figure 4.9: Rules for se,Is,Vs = Cv' F (1/4)
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4.8 Judgement se,Is,Vs - Cv' F

se,Is,Vs = POST(C|,F) =G
se,Is,Vs H C\ v F
se,Is,Vs = Cov' G

se,Is,Vs = C1;CovV F

E=Fp

o (now.executes and F) => Fp
E~G

se,Is,Vs H Cv' F and G

se,Is,Vs - if (E) CV F

EXFp

o (now.executes and F) => Fp
E~G

se,Is,Vs -V Civ F and G
se,Is,Vs = C1v G and |G

se,Is,Vs - if (E) Ci else oV F

Figure 4.10: Rules for se,Is,Vs = Cv F (2/4)
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E2Fp

o (now.executes and F) => Fp
E~H

se,Is, Vs = C: [FR]]%’f’f:II;;’KS
$1,...,$1,,#I; do not occur in F
P = H and

exists $11,...,$1,: exstate #:
F[#I;/now|[$], /R, ..., $1,/R,]
se,Is,Vs = Cv' P
se,Is, Vs = POST(C,P)=Q
o ((now.executes or now.continues) and Q) => Fp

se,Is,Vs - while (E) CV' F

E=Fp

=0 (now.executes and F') => Fp
E~H

se,Is,Vs = C: [FR]IQF”II;;KS

Invariant(G,H,FR) (g, .. R}
$5,...,$1,,#I;,#I, do not occur in F' and G
P = H and
exists $1,...,$1,: exstate #I, #1;:
F[#I;/now|[$], /Ry,...,$1,/R,] and
(Glnow/next|[R1/R}’,...,R,/R,’]
[#1;/now]|[$11 /Ry, ..., $1,/R,] =>
G[#IS/nOW] [$11/R1 yeee 7$In/Rn]
[#I; /next|[R1 /Ry, ... ,Ry/R,’] and
(!(#1;.continues or #I,.breaks) =>
now == #I;))
se,Is,Vs  Cv P
se,Is,Vs = POST(C,P)=Q
o ((now.executes or now.continues) and Q) => Fp

se,Is, Vs F
invariant G decreases T while (E) CV F

Figure 4.11: Rules for se,Is, Vs = Cv' F (3/4)




76

4.8 Judgement se,Is,Vs - Cv' F

se,Is,Vs = continuev F
se,Is,Vs = break v F

E ~ FD
o (now.executes and F) => Fp

se,Is,Vs - return EV' F

E ~ FD
=0 (now.executes and F) => Fp

se,Is,Vs - throw [ EV' F

I, ¢ Vs
se,Is,Vs - C\ v F
se,Is, Vs = POST(C1,F) =G
#I; does not occur in G
se, Is,VsU{L,} - C, v’
exstate #/;:
G[#I;/now|[?I,/1,] and
#1;.throws I, and #/;.value = I,

se,Is,Vs - try Cy catch (I I,) Cov' F

I, e Vs

se,Is,Vs V C\v F

se,Is,Vs = POST(C|,F) =G

$1,#I; do not occur in G

se,Is,Vs = Cy v

exists $/: exstate #I:

G[#I;/now|[$I/1,] and
#1;.throws I, and #I;.value = I,

se,Is,Vs - try Cy catch (I I,) CovV F

E\~F,... . Ep~F,
=o (now.executes and F') => (Fj and ... and F),)

seIs, Vs = I, =1, (Ey,...,E,) V' F
se,Is,Vs - assert GV F

Figure 4.12: Rules for se,Is,Vs = C v F (4/4)
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4.9

Judgement se,Is, Vs - C: F

The rules for this judgement are constructed in such a way that they compute for
given specification environment se, recursive method names Is, and local variable
names Vs, from a command C a formula F which captures the transition relation
of C; the formula is actually computed in the form

[F]£C7Fh7Fra{Kl7"'aKn}
S

which makes the “external effects” of the transition explicit.

We highlight the following items:

The first two rules are generic i.e. the do not depend on the kind of com-
mand: the first one allows to widen the frame Rs by another reference R,
while the second one allows to shrink the frame, if it can be proved that a
variable does not change from pre- to poststate. The first rule has to be es-
pecially applied in connection with the rules for the two-sided conditional,
command sequence, and exception handler, since these involve two com-
mands C; and C, whose transition relations have to be extended to a com-
mon frame (typically the smallest possible one).

The rules for variable declarations, variable definitions, and exception han-
dlers come in three variants depending on whether the declared identifier /
shadows a global variable or not, and if not, whether the global variable is
changed by the command body or not.

The first rule for command sequences handles the special case that the first
command C; always results in an “executing” poststate while the second
rule handles the general case.

There are two rules for each version of the while loop (with and without
invariants) that depend on the case whether the loop body may result in a
“breaking” state or not: only in the second case an “executing” poststate of
the loop indicates that the loop condition does not hold any more.

If a loop is provided with an invariant G, a corresponding proof obligation
is generated (see the definition of Invariant); G may be used to strengthen
the generated transition formula (which is otherwise pretty weak).

The rule for method calls comes in two variants depending on the fact
whether the reference I, denotes a global variable or not. If the method
raises an exception, it may have changed I, in the first case while I, remains
unchanged in the second case.
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4.9 Judgement se,Is,Vs - C: F

se,Is,Vs = C:[F]g;

FCva7Fr7KS

se,Is,Vs = C:[F and R'= R]

FC7Fb>Fr7KS
RsU{R}

se,Is,Vs b C: [F]%Fbﬂ,Ks
IZRS F => R’= R

se,Is, Vs = C: [F]Fcfbﬂ,lﬁ

Rs\{R}

se,Is,Vs = R =E :[R=T and next.executes]

false false.false.o
{[RIX}

se,Is,VsU{I} + C: [F]II;?F;,,F,,KS

$1,,%1, do not occur in F

se,Is,Vs = varl; C:
[exists $1,,$1: F[$1./1,$1,/I)[1/21,1 ) 21)] "< o LrKs

(Rs\{?1})U{I}

se,Is,VsU{I} + C: [F]Il;cs,Fb,Fr,Ks

$1,,$1), do not occur in F

se,Is,Vs = C:[F]g;
$1,, %1, do not occur in F

se,Is,Vs = varI; C:
[exists $1,,$1y: F[$1,/1,$1,/I[1/ 21,1 )21 ] FeilobrKs

Rs\{I}

Fc‘:Fb:FhKS

se,Is,Vs = varl; C:
[exists $1u,$1,: F[$1,/1,$1, /') el Ks

Rs\{I}

Figure 4.13: Rules for se,Is,Vs = C: F (1/8)
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I & Vs

se,Is, Vs U{I} F C:[F]E K
?l € Rs

$1,,%1, do not occur in F

E~T

se,Is,Vs - var I=E; C:
[exists $1,,$1,: $1, =T and
F[$1,/1,$1,/I[1)21,1 )21)] e o lrKs

(Rs\{?1})u{1}
I ¢Vs
se,Is, Vs U{I} F C:[F]E K
?1 ¢ Rs
$1,,%1, do not occur in F
E~T

se,Is,Vs - var I=E; C:
[exists $1,,$1,: $1, =T and

FI$1/1,80, /1)1 / 21,0 /20 gt

1€Vs
Se7ls7 Vs }_ C. [F]Z‘?Fb’FraKs
$1,,%1, do not occur in F

E~T
se,Is,Vs = var I=E; C:
[exists $1,,$1,: $1, = T and

FI8a/1,81/ 1) ol

Figure 4.14: Rules for se,Is, Vs = C: F (2/8)
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4.9 Judgement se,Is,Vs - C: F

se,Is,Vs = Cy: [Fl]false-,false,false,,@

{Ry,...R,}
se.l5,Vs b Cy: [F) folrfieks

$1,,...,$1,,#I; do not occur in F; and F;

se,Is,Vs = C1; Cy:
[exists $11,...,$1,: exstate #I;:
Fi [#Is/next] [$I] /Rl’, .. ,$In/Rn’] and

Fo[#l/mow)[$11 /Ry 81 /Ra) | 52"

. Fe1,Fp1,Fr1,Ks
se,Is,Vs = Cy: [Fl]{;el,...,R,,r}

. Feo,Fy,Fo Ls
se,Is, Vs & Ca: [B2 ]\ k"

$1,,...,$1,,#I; do not occur in F} and F>

se,Is,Vs = C1; Cy:

[exists $11,...,$1,: exstate #I;:
Fy[#I;/next|[$1,/R1’,...,$I1,/R,’] and
if #1;.executes then

Fz[#]s/nOW] [$11/R1, . ,$In/Rn]
else

next==#I; and R;’=$/; and ... and R,,’=$I,
]Fcl Or F,Fp OF Fyp,Fyy OF Fip,KsULs

{Rl,..‘,Rn}
C: [F]g;Fb,Fr,Ks
E ~ FO
if (E) C:[if Fythen F else readsonly]ﬁg’Fb’E”Ks
Cy: [FI]II?I,FM,FH,KS
Cy: [ Fz]gjz,sz,Frz,Ls
: s

E’:F()

if (E) Cp else (s

. F, I F.F I Fyp F, I F» KsUL
[If F, then F else FZ]R? Or Fio,Fpy OF Fip,Fy OF Fp,KsULs

Figure 4.15: Rules for se,Is, Vs = C: F (3/8)
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se,Is, Vs = C: [F]%’F”’Fr’KS

se,Is,Vs - while (E) C:
[Inext.continues and Inext.breaks| ;e;lse,false,F,,Ks

se,Is,Vs - C: [F]?;féFTSI??fr,Ks
E~H

se,Is,Vs - while (E) C:
[Inext.continues and Inext.breaks and
(next.executes => |H[next/now|[R,’/Ry,...,R,'/Ry])
false false,r ks
]{Rl,...,Rn}

Figure 4.16: Rules for se,Is, Vs = C: F (4/8)
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se,Is, Vs = C: [F]?;be;enK}s
E~H
Invariant(G,H,F) g, . r.
#1; does not occur in G
se,Is,Vs - invariant G decreases T while (E) C:

[Inext.continues and Inext.breaks and

(Glnow/next|[R/R}’,...,Ry/Ry] =>
exists #I; : G[#;/next] and
if #1;.continues or #I;.breaks
then next.executes

else next == #I;)
false, false F.Ks
] {Ry,...,

se,Is,Vs - C: [F]‘;;TéF?I?,I}’r,Ks
E~H

Invariant(G,H,F) g, . r.
#1; does not occur in G
se,Is,Vs - invariant G decreases T while (E) C:
[Inext.continues and Inext.breaks and
(next.executes =>
|H[next/now|[R;’/Ry,...,R,’/R,]) and
(Glnow/next|[R1/R1’,...,Ry/Ry| =>
exists #1; : G[#I;/next] and
if #1;.continues or #/;.breaks
then next.executes

else next == #I;)
]false,false,F,,Ks
{R17~-~>Rn}

Figure 4.17: Rules for se,Is, Vs = C: F (5/8)




: : rue false false.o
continue: [next.contlnues]g, ue/lalse,lalse,

break: [next.breaks]galse’true’false’w

T~F

return E :

false false true,0
[next.returns and next.value:T]q,a se/lalse,iue,

T~FE

throwl E:
[next.throws I and next.value:T];alse’false’false’{l}

I, ¢ Vs
se,Is,Vs = C; : [Fl]fjgl’f’,’.{;f;““

Feo Fip,Fr,Ls
se,VsU{L} = Cot [R] & Y
?I, € {Ry,...,R,}
$1;,...,%1,,#I; do not occur in F} and F>
$1,,%1,,#I; do not occur in F>
{$Ia,$lb,#ls} N {$Il, e ,$In,#ls} =0

se,Is, Vs F try Cy catch(l; I,) C; :
[exists $11,...,$1,: exstate #I;:
Fy[#1;/next|[$11 /Ry, ..., 81, /R, [I,/?1,,1,’ /?1,’] and
if #1;.throws I, then
exists $1,,, $1,: exstate #1;:
$1, = #I;.value and #I;.executes and
F[#l, /now][$1u/L)[$11 /Ry ... 1 /Ra] (81 /1]
[,/?1,,1, /21,
else

R;’=$I1, and ... and R,’=$1, and next==#I
]Fcl OrF Fip,Fy OF Fyp,Fyp OF Fip (Ks\{I})ULs
({Ry, R\ PL UL}

Figure 4.18: Rules for se,Is,Vs -+ C: F (6/8)
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I, & Vs

Fui Fyy Fop K
se,Is, Vs = C : [ﬂ]{%fﬁ}dh ’

se,VsU{L,} + Cy: [Fz]f;glg;{}fff}s
?I, & {Rl,...,Rn}
$1,,...,$1,,#I; do not occur in F} and F>
$1,,$1,,#I; do not occur in F;
{$1,,$1,, #1,} N {S$1,, ..., $1,, #1,} = 0
se,Is, Vs = try C catch(ly I,) C> :
[exists $11,...,$1,: exstate #I:
Fy[#1;/next][$1, /Ry, ..., $1,/R,][I,/?1,,1,’/?1,’] and
if #1;.throws I; then
exists $1,,$1,: exstate #1;:
$1, = #1;.value and #I;.executes and
Fy[#1, /now][$1,/L)[$11 /Ry . .., $1,/Ru][$1,/1,]
11,/°1,,1, /71,

else

R’=$I1, and ... and R,’=$I, and next==#I
]Fcl Or Fip,Fy OF Fyp,Fyp OF Frp (Ks\{I})ULs

{Ry,,Rn}
I, €Vs
se,Is,Vs = C : [Fl]i‘;glv?)-l}frlakvs
eV th) I Coi IR GE Ty

$1,,...,$1,,#I; do not occur in F} and F>
$1,,$1,,#I; do not occur in F;
{$1,, 81, #1,} N {S$I},..., 8L, #L;} =0
se,Is, Vs = try C; catch(ly I,) C, :
[exists $11,...,$1,: exstate #I:
Fy[#I;/next|[$1, /Ry, ..., 81, /R, and
if #1;.throws I; then
exists $1,,$1,: exstate #1;:
$1, = #1;.value and #I;.executes and
F>[#1, /now|[$1,/1,][$11 /Ry, .., $1,/R,|[$1,/1,]

else
R’=$I, and ... and R,’=$1, and next==#I
F1 OF Fep,Fy) OF Fyp,Fpq OF Fro,(Ks\{Ii})ULs
] {R1,...R,}

Figure 4.19: Rules for se,Is, Vs = C: F (7/8)




se(In) = ((J1,...,Jp), (Rs,Ks,Fc,Fg,T))
Ei~T,....E,~=T,

I €{Vi,....Vo}VI. &{L,....1,}
$6,...,%1,,8L1,...,$L,,$R do not occur in F¢ and Fg

se. Is, {Vi,....Vo} b I, =1, (Ey,...,Ep) :
[exists $11,...,$1,,8L1,...,$L,, $R:
$/1=T; and ... and $/,=T, and
(FC => FR)
$1/1,...,$1,/J,,$L1/JV, ..., $L, /T, | [$R/1)]
[?VI/VI, .. .,?VO/VO,?VI’/VI’, .. .,?VO’/VO’] and
if next.executes
then I, = next.value
else I’ = I,
] false false.false. ks
(Is\{V1,....Vo WU{ 21T €Isn{ V...V, L YU{L}

se(ln) = ((J1,---,Jp), (Rs,Ks, Fc,Fr,T))
Ei~T,....E,~=T,

I, € Is\{V1,...,V,}

$6,...,%1,,8Ly,...,$L,,$R do not occur in F¢ and Fg

se Is,{Vi,....Vo} F L, =1L, (Ey,....Ep) :
[exists $11,...,$1,,8L1,...,$L,,$R:
$/,=T; and ... and $/,=T,, and
(FC => FR)
[$II/J17' "7$IP/JP7$L1/‘11,7"'7$LP/JP,H$R/I”,]
[?V]/Vl, .. .,?VO/VO,?VI’/Vl,, .. .,?VO,/VO’] and
if next.executes
then I, = next.value
else I’ = $R
] false false false ks
(Is\{V1,....Vo WU{ ?LI€Isn{ V...V, } }

se,Is,Vs - assert F:

[if F then readsonly else false];alse,false,false,m

Figure 4.20: Rules for se,Is, Vs = C: F (8/8)




86 4.10 Judgement se,Is,Vs - C |’ F

4.10 Judgement se,Is,Vs - C |/ F

The rules for this judgement are constructed in such a way that they verify for
given specification environment se, recursive method names /s, and local variable
names Vs, whether command C terminates in every state in which formula F holds
provided that $J denotes a bound for the depth of method calls allowed by the
execution of C (if the bound is exceeded, the method does not terminate).

We highlight the following items:

e The overall structure of the rules resemble those for verifying the “well-
definedness” of expression evaluations; both kinds of judgements could be
correspondingly combined to a single “top-down checking” judgement.

e The only potential sources of non-termination are loops and method calls;
our focus is therefore on the rules for these constructs.

e Loops without a loop specification can only be verified in trivial cases (the
loop condition does already not hold at the very beginning).

e For loops with a specification, we have to verify

1. that formula G indeed represents an invariant and that G holds in the
initial state,

2. that the loop body C terminates whenever the loop is entered (i.e. it
holds in those states that are characterized by the loop expression E
and the invariant G),

3. that the loop terminates in a finite number of iterations.

The proof of the last item involves the loop termination measure 7" which
must denote a natural number that is decreased by every iteration.

e For method calls, we have to verify that the method’s precondition holds
and, if we call a method in the recursion set Is (which is only possible if the
current method is a member of this set) that the termination measure of that
method denotes a natural number that is smaller than the one denoted by $J.

Rather than natural numbers, any well-founded ordering might be chosen as the
domain of the termination measure; furthermore, different recursive method sets
in the same program may chose different well-founded orderings. Since a typ-
ical well-founded ordering are tuples of natural numbers under lexicographical
ordering, every recursive method set might choose a domain of tuples of a certain
length n with n = 1 being the case presented in this section.
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seIs,Vs W I1=E |’ F

1 ¢Vs
se,Is,VsU{I} + C |/ F[?1/I]

se,Is,Vs - varIl; C|'F

1€Vs
$K does not occur in F
se,Is, Vs = C |’ exists $K: F[$K/I]

se,Is,Vs - varIl; C|'F

I & Vs
E~T
se,Is,VsU{I} = C |/ I=T[?1/I] and F[?1/I]

se,Is,Vs - varI=E; C |’ F

1€Vs

E~T

$K does not occur in 7 and F

se,Is, Vs = C |’ exists $K: I = T[$K/I] and F[$K/I]

se,Is,Vs - varI=E; C |’ F

se,Is,Vs = poST(C,F)=G
se,Is,Vs - C; |’ F
se,Is,Vs - C, |7 G

se,Is,Vs - C1;C, | F

Figure 4.21: Rules for se,Is,Vs = C |/ F (1/4))
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4.10 Judgement se,Is,Vs - C |/ F

E~G
se,Is,Vs - C | Fand G

se,Is,Vs - if (E) C|'F

E~G
se,Is,Vs - C; |/ Fand G
se,Is,Vs - C, |Y F and |G

se Is,Vs - if (E) Cielse G, [T F

E~G
Eo F =>1G

se,Is,Vs - while (E) C |’ F

wellformed(LS)
LS = invariant Gdecreases T
E~H

se,Is,Vs = C: [FR]I{F;?T_’%”IL(}S

Invariant(G,H,FR) (g, ... R}
o F => G[now/next|[[, /I, ...,I,/1,’]
$5,...,81,,#I;,#I, do not occur in F,G,H
P=
#1;.executes and
F[#I;/now|[$], /Ry,...,$1,/R,] and
G[#;/now, #I; /next]
($1,/R1,...,81,/R,,R1/R}’,...,R,/R,’] and H and
(#1;.executes or #I;.continues)
C |’ exists $1I,...,$1,: exstate #I,#I,: P
F (R R}
forall $1;,...,%$1,: allstate #1;, #I;:
P and now.executes and Fy and
(next.executes or next.continues) =>
let $N=T,$M = T[R\’/R1,...,Ry’ /R
in nat($M) and $M < $N

se,Is,Vs - LSwhile (E) C|'F

Figure 4.22: Rules for se,Is,Vs = C |/ F (2/4))




89

se,Is,Vs - continue |/ F
se,Is,Vs - break | F

se,Is,Vs - returnE |’ F
se,Is,Vs - throw L E | F

I, ¢ Vs
se Is,Vs - C; | F
se,Is,Vs = poST(C,F) =G
#1; does not occur in G
se Is,Vs - Cy |7
exstate #1;:
G[#l;/now][?1,/I,] and
#1;.throws I, and #/;.value = I,

se,Is,Vs - try Cj catch (It I,) Co | F

I, eVs

se,Is,Vs - C; | F

se,Is,Vs = POST(C|,F) =G

$1,#I; do not occur in G

se Is, Vs = Cy |7

exists $/: exstate #I:

G[#I;/now|[$I/1,] and
#1;.throws I, and #/;.value = I,

se,Is,Vs - try C) catch (It I,) C; |7 F

Figure 4.23: Rules for se,Is,Vs - C |7 F (3/4))




4.10 Judgement se,Is,Vs - C |/ F

I, &Is
se(ln) = ((J1,...,J,), (Rs,Ks, F¢, Fg, T))
E; ZTl,...,EpﬁTp
$11,...,81, do not occur in F¢
¢ now.executes and (exists $J : F) =>
forall $11,...,$I, :
$/1=Ty and ... and $/,=T,, =>
Fel$ /1. 81,/ 05,81 /Iy, ..., 81,/
ALTAL TR AL A A A L TAA A

se, Is, {Vi,...,Vo} b I, =1y (E\,....Ep) |7 F

I, €ls
se(n) = ((J1,---,Jp), (Rs,Ks, Fc,Fr, T))
E; ETl,...,Ep’;“Tp
$11,...,81, do not occur in F¢ and T
=o forall $11,...,$1,,$J:
now.executes and F and
$/1=T; and ... and $1,=T), =>
Fo[$L /v, 80,/ 0,80 /1, .. $1, /)]
[?Vl/Vl,...,?VO/VO,?Vl’/Vl’,...,?VO’/VO’] and
let SM=T'[$1,/J1,...,$1,/J,, 811 /Ty, ..., $1,/] ]
(V1 /Vi, e WV [V 2V IV 2V, VY
in nat($M) and $M < $J

se, Is,{V1,...,Vo} &b I, =Ly (E\,....Ep) |7 F

se,Is,Vs - assert G|/ F

Figure 4.24: Rules for se,Is, Vs = C |/ F (4/4))
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se,Is,Vs - C: [F]?;J”F;ef}y

$1,,...,$1,,#I; do not occur in Q
se,Is,Vs = PRE(C,Q) =
forall $1;,...,$1,: allstate #I:
(now.executes and F [#I;/next|[$1; /R}’,...,$1,/R,’]) =>
Q[#I;/now|[$1, /Ry, ..., 1, /R,]

Figure 4.25: Rules for se,Is, Vs = PRE(C,Q) =P

4.11 Judgement se,Is,Vs - PRE(C,Q) =P

The rule for this judgement constructs (for given specification environment se,
recursive method names Is, and local variable names Vs), from a command C
and a condition Q on its poststate a suitable condition P on its prestate. It is
interesting to note that the precondition can be computed generically from the
formula denoting the command’s state transition relation.

The precondition is not necessarily the weakest one (it indeed is, if the command
does not contain loops).

This judgement is actually not used by any rule of the calculus; it might neverthe-
less be provided to the user on demand for exploring the properties of a program.
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se.ls, Vs b C:[F) ks

$1,,...,81,,#I; do not occur in P
se,Is, Vs = POST(C,P) =
exists $/;,...,$1,: exstate #/;:
#1;.executes and
P[#I;/now|[$I, /Ry, ...,$1,/R,] and
F [#;/now, now/next]|
[$1,/R1,...,$1,/Ru,R1 /R, ... . Ru/Ry]

Figure 4.26: Rules for se,Is,Vs = pOST(C,P)=Q

4.12 Judgement se,Is,Vs - POST(C,P) =Q

The generic rule for this judgement constructs (for given specification environ-
ment se, recursive method names Is, and local variable names Vs), from a com-
mand C and a condition P on its prestate a suitable condition Q on its poststate. It
is interesting to note that the postcondition can be computed generically from the
formula denoting the command’s state transition relation.

The postcondition is not necessarily the strongest one (but if the command does
not contain loops it indeed is).

The judgement is used in the rules for verifying the well-definedness, for comput-
ing the state transition relation, and for verifying the termination of a command.
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4.13 Judgement se,Is,Vs - ASSERT(C,P) =C"

The rules for this judgement construct (for given specification environment se, re-
cursive method names Is, and local variable names Vs), from command C and a
condition P on its prestate a version C’ of C in which every subcommand (includ-
ing C itself) is preceded by an annotation expressing all the information available
on the prestate of the subcommand.

The overall structure of the rule set closely resembles (a non-generic version of)
the rule set for the computation of a command’s postcondition.

This judgement is actually not used by any rule of the calculus; it might neverthe-
less be provided to the user on demand for exploring the properties of a program.
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4.13 Judgement se,Is,Vs = ASSERT(C,P) =C’

se,Is,Vs - ASSERT(R=E,P) = assert P; R=E

1 ¢ Vs
se Is,VsU{I} = ASSERT(C,P[?1/I]) =C"

se,Is,Vs = ASSERT(var I;C,P)=assert P; varl;C’

1€Vs
$J does not occur in P
se,Is,Vs = ASSERT(C,exists $J : P[$J/1]) =C’

se,Is,Vs - ASSERT(var I;C,P)=assert P; var I;C’
1 ¢ Vs
E~T
se,Is,VsU{I} + ASSERT(C,P[?I/IJand I =T[?1/1]) =C'

se,Is, Vs = ASSERT(var I=E;C,P) =
assert P; var I=E; ('

1€Vs

E~T

$J does not occur in P and in T’

se,Is,Vs b ASSERT(C,exists $J: P[$J/I] and [ =T[$J/I]) =C’

se,Is, Vs = ASSERT(var I=E;C,P) =
assert P; var I=E;(C’

se,Is, Vs = POST(C1,P) = Q

se,Is,Vs |+ ASSERT(C},P) = C]

se,Is,Vs b ASSERT(C»,Q) =C}

se,Is,Vs b ASSERT(C;; C»,P) = assert P; Cy;C,
E~F

se,Is,Vs - ASSERT(C,Pand F) ="

se,Is,Vs - ASSERT(if (E) C,P)=assert P; if (E)(C’

E~F
se,Is,Vs b ASSERT(C,P and F) = C;
se,Is, Vs = ASSERT(C»,P and IF) = C,

se,Is,Vs = ASSERT(if (E) Cj else (3,P) =
assert P; if (E)Cjelse(,

Figure 4.27: Rules for se,Is, Vs = ASSERT(C,P) =C' (1/3)
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E~H
se,Is, Vs = C: [F]?}f”%ﬁs
$1,,...,%1,,#I; do not occur in P
se,Is, Vs = ASSERT(C,
H and
exists $1;,...,$1,: exists #I;:
P[#I;/now][$1, /Ry, ..., $1,/R,]) =C’

se,Is,Vs = ASSERT(while (E) C,P) =
assert P; while (E) C'

E~H
se,Is, Vs - C: [F]I{F;QIF”IT;Q’:?
Invariant(G,H,F) g, . g}
$1,,...,$1,,#I;,#I; do not occur in P
se,Is,Vs = ASSERT(C,
H and
exists $1,...,$1,: exstate #I, #1;:
P[#I;/now|[$], /R,...,$1,/R,] and
(Glnow/next|[R1 /Ry, ..., R,/R,’]
[#I;/now|[$1, /Ry, ..,$1,/R,] =>
G[#l;/now|[$1, /R, ..,$Jn/R)]
[#I; /next][R;/R}’,...,R,/R,’] and
('(#1;.continues or #1,.breaks) =>
now == #1,))) = C’

se,Is, Vs
ASSERT(invariant G decreases T while (E)C,P) =
assert P; while (E) C'

Figure 4.28: Rules for se,Is, Vs = ASSERT(C,P) = C' (2/3)
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4.13 Judgement se,Is,Vs = ASSERT(C,P) =C’

se,Is, Vs = ASSERT(continue,P)=assert P; continue

se,Is,Vs = ASSERT(break,P)=assert P; break

se,Is,Vs - ASSERT(return E,P) = assert P; returnkE

(
(
(
se,Is,Vs = ASSERT(throw [y E,P) = assert P; throw [ E
I, ¢ Vs
#I; does not occur in Q
se,Is,Vs = POST(C1,P)=Q
se,Is,Vs |+ ASSERT(C},P) = C]
se,Is,VsU{l,} = ASSERT(C,

exstate #I;:

Q|[#1;/now|[?1,/1,] and
#I,.throws I and #I,.value = ) = C,

se,Is,Vs = ASSERT(try Cj catch (I I,) Cy,P) =
assert P; try C| catch (I I,) C,

I, € Vs
$J,#I; do not occur in Q
se,Is,Vs = POST(C1,P)=Q
se,Is,Vs | ASSERT(C},P) = C]
se,Is, Vs = ASSERT(Cy,
exists $J: exstate #/;:
O[#I;/now|[$J/1,] and
#I,.throws I and #I,.value = I,) = C,

se,Is, Vs = ASSERT(try Cj catch (It I,) Co,P) =
assert P; try C| catch (I I,) C,

se,Is,Vs = ASSERT(I. =1, (E\,...,E,) ,P) =
assert P; I, =1, (Ey,...,Ep)

se,Is,Vs = ASSERT(assert Q,P) =assert P; assert Q

Figure 4.29: Rules for se,Is, Vs = ASSERT(C,P) = C’ (3/3)
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F §. F.
F§ Fy
F§ &

F §e
Fe Fy FrLs
[Flg " 8 &

Figure 4.30: Rules for F § £

4.14 Judgement F § X

This judgement verifies that the state transition formula [ F | Z”S’Fb’F”LS derived from

a command (the program’s main command or a method’s body) conforms to the
overall constraints of the command’s behavior and its specification. This task is
delegated to four “subjudgements”.

The rationale for this judgement is that is sometimes may not suffice to prove by
“static” program analysis the conformance of a command to general constraints
but that sometimes a “dynamic” proof might be necessary.

However, in practice only the third judgement might be of relevance (conformance
to a variable frame) whose purpose is also served by the “frame shrinking rule” in
the computation of command transition relations.
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F §. false

o (now.executes and F) => Inext.continues
F § true

Figure 4.31: Rules for F §. F,

4.15 Judgement F §, F,

This judgement verifies that a command does not result in a “continuing” post-
state; the first rule covers the typical situation where the command does not in-
volve a continue statement outside a loop body; the second rule handles the
general case where it can be proved that such a statement is never executed.
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F §, false

=p (now.executes and F') => Inext.breaks
F §y true

Figure 4.32: Rules for F §, F},

4.16 Judgement F §, F;

This judgement verifies that a command does not result in a “breaking” poststate;
the first rule covers the typical situation where the command does not involve a
break statement outside a loop body; the second rule handles the general case
where it can be proved that such a statement is never executed.
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Qs CRs
F$ g

QS\RS - {Q17 cecy QU}
=0 (now.executes and F) => (Q;=0,’ and ... and 0,=0,’)

F§.5

Figure 4.33: Rules for F §, I%S

4.17 Judgement F §, £

This judgement verifies that a command does not change any variables outside
the frame Rs; the first rule covers the typical situation where the command does
not change any variables outside of frame Qs which is contained in Rs; the second
rule handles the general case where it can be proved that all variables outside of Rs
have the same value before and after the execution of the command.
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Ls C Ks
F§ R
Ls\Ks ={Ly,...,L,}
o (now.executes and F) =>
(Inext.throws L; and ... and Inext.throws L;)

F§ &

Figure 4.34: Rules for F §. &

4.18 Judgement F §, %

This judgement verifies that a command does not throw any exceptions outside
the set Ks; the first rule covers the typical situation where the command does not
throw any exceptions outside Ls which is contained in Rs; the second rule handles
the general case where it can be proved no command is executed that throws some
exception outside of Rs.



102 4.19 Judgement =g, F

4.19 Judgement |=x, F

This judgement verifies the validity of a specification formula F for pairs of pre-
and poststates that have the same values in all variables denoted by identifiers
except for those listed in Rs (this information is necessary for the handling of the
specification formulas writesonly and readsonly, see below).

The validity of this judgement can be proved by

1. translating F to a classical first order predicate logic formula F’ and by

2. proving the validity of F’ in first order predicate logic with equality over a
domain that includes the natural numbers.

The translation is informally sketched below:

e The specification predicates = and /= on values and == on states are trans-
lated to the predicates

= #

with the classical interpretation of equality/inequality.

e The specification formulas isnat(7') and 7;<T, are translated to the corre-
sponding classical formulas interpreted over the domain of natural numbers.

e The specification constants now and next are translated to the uninterpreted
classical constants

now, next

e The specification formulas U.executes, U.continues, U.breaks U .returns,
U .throws and U .throws [ are translated to the classical formulas

executes(U'),breaks(U"), returns(U’)
throws(U"), throws(U") Nkey(U") = I,

where the predicate/function constants remain uninterpreted and /. is a con-
stant that is uniquely derived from /.

e The specification term U.value is translated to the classical term
value(U")

where the function constant value remains uninterpreted.

e The formula readsonly is first translated to
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R :Rl’ and ... and R :Rl’
(where {R1,...,R,} = Rs) and is then translated further as described below.

The formula writesonly Sy, ...,S,, is first translated to
hi=Tyand ... and T, =17’

(where {T1,...,T,} = Rs\{S1,...,Snx}) and is then translated further as de-
scribed below.

The specification constants true and false and the connectives not, and, or,
=>, <=>, X0or are translated to the classical constants/connectives

TRUE,FALSE, 1, A,,V, =, & &
The program variables 1,I’,?1, 7’ are translated to the classical constants
Lia, Dby Lgas Igp
The logical variables $/ and #/ are translated to the classical variables
1, I
The specification formulas forall $/: F' and exists $/: F are translated to the
classical formulas
VI, : isvalue(l,) = F'
3l < isvalue(,) N F'
with an uninterpreted unary predicate isvalue.
The specification formulas allstate #I: F' and exstate #I: F are translated to
to the classical formulas
VI : isstate(l) = F'
A, : isstate(I;) NF’
with an uninterpreted unary predicate isstate.

The specification formula if F; then F, else F3 is translated to the logical
formula

(F{ = F) AN (oF = F)

A specification formula F[if F. then T else T (where F is the innermost
formula that includes the term if F,. then T; else T») is translated to the
classical formula

A, (F. =1, =T))A(—F. = I, =T}) AF'[L,]
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e The specification formula let $/,=T1,...,$1,=T, in F is translated to the clas-
sical formula

Ly, Ln Ly =T{A...ANLy =T, NF'

e A specification formula F|[let $1,=Ty,...,$1,=T, in T| (where F is the inner-
most formula that includes the term let $1,=T1,...,$1,=T, in T) is translated
to the classical formula

Uty hon Iy =TI A ... ALy = T/ ANF'[T']

Let {ky,k,k3,...,k,—1,k,} be the set of all constants derived from specification
formulas U.throws [ as explained above. The validity of this formula can be
proven by using the axioms depicted in Figure 4.35 which give a meaning to the
uninterpreted predicate/function symbols.
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ki ko Nki FksN...Nky # ky_1 Nki £ ky
ky #£kyN...Nky #kn_1 Nka # ky

kn—1 7é ky
VI :isvalue(I) <~ isstate(I)
VI :isnat(I) = isvalue(I)
isstate(now)
isstate(next)
VI, : isstate(Is) =
isvalue(value(Iy)) N
(key(I;) = ki V... Vkey(Iy) = kn) A
(executes(Is) V continues(Is) \V breaks(I;) V
returns(I;) \V throws(Iy)) N
(executes(I;) =
—(continues(Iy) V breaks(I) V returns(I;) \V throws(I5))) A
(continues(Iy) =
—(executes(I;) V breaks(I) \V returns(I;) \V throws(I))) A
(breaks(I;) =
—(executes(Iy) V continues(Iy) V returns(Is) V throws(Is))) A
(returns(Iy) =
—(executes(I;) V continues(Is) V breaks(I) V throws(Is))) N
(throws(Iy) =
—(executes(Iy) \ continues(Iy) \/ breaks(I) \V returns(Iy)))

Figure 4.35: Axioms
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Appendix A

Mathematical Language

This appendix summarizes the mathematical language used in this document. Our
theoretical framework is classical Zermelo-Fraenkel set theory (ZF) formalized
in first-order predicate logic (FOL), as it is presented in typical introductions to
mathematics for computer scientists. We therefore mostly refrain from providing
formal definitions of the concepts but focus on a presentation of the notations
we use together with informal explanations of their interpretations. The exact
definitions can be looked up in various text books on this subject.

In the following descriptions, we use the meta-variables x,xy,... to denote ob-
ject variables, f, f1,... to denote function names, p, pp,... to denote predicate
names, 7,7, ... to denote terms, F, Fi,... to denote formulas, and P, Pj, ... to de-
note generic phrases (terms or formulas).

Terms We use the following kinds of terms to denote values:

e X : the variable x.

e f: the constant (0-ary function) f.

e f(Ty,...,Ty): the application of the n-ary function f to T,..., T, (n > 1).
e SUCH x : F: some x such that F is true for x, if F is true for any value, and

x is arbitrary, otherwise.

Formulas We use the following kinds of formulas to denote propositions:

e p(Ty,...,Ty): the n-ary predicate p is true for 7y,..., T, (n > 1).

108



109

e T; =T,: T equals 7.

e —F: F is not true.

e F{ AF,: F is true and F; is true.

o F{VF,: Fj is true or F, is true (also both may be true).

o F| = F,: if F] is true, then F, is also true (but F; may be false).
e F; & F5,: both Fj and F> are true or both are false.

e Vx:F: for every x, F is true.

e Jx: F: for some x, F is true.

Generic Phrases We use the following generic phrases:

e IF F THEN P; ELSE P,: if F is true, then Py, else P.

e LET x =T IN P: P, where the value of x is the value of 7' (the meaning of
this phrase is the same as that of P[T /x], see below).

Free and Bound Variables An occurrence of a variable x in one of the phrases
SUCHXx:F,Vx:F,dx:F,or LETx=T IN P is called bound by that phrase. A
non-bound occurrence of a variable in a phrase is free in that phrase.

Term Substitutions We introduce the following substitutions of terms by other
terms in a phrase P:

e P[U;/Ty,...,Uy/Ty|: that variant of P where all occurrences of terms
1y,...,T, (pairwise-different) are replaced by terms Uy, ..., U,.

e P[U;(x)/T1(x),...,Un(x)/Tn(x) : F]: that variant of P where, for every
term x for which F is true, all occurrences of terms 77 (x),...,T,(x) (pair-
wise different and different for different x) are replaced by the correspond-
ing terms Uj (x),...,U,(x).
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APPENDIX A. MATHEMATICAL LANGUAGE

Sets

We use the following predicates, constants, and functions on sets:

T1 €Ty Ty isin T>.

Ty C Ty: Ty is a subset of T3, i.e., every x which is in 77 is also in 75.

@: the empty set.

Ti N T, Ty UT,, T \T: the intersection, union, and difference of 77 and T5.
{Ty,...,Tn}: the set of values T,...,T,,.

{x € T: F}: the set of values x in T for which F is true.

{f(x1,...,xn) € T: F}: the set of values f(xi,...,x,) in T such that F is
true for xq,...,x,.

B: the set {TRUE,FALSE} of truth values (Boolean values).
N: the set {0,1,2,...} of the natural numbers including 0.

Np: the set {0,1,...,n— 1} of the n natural numbers less than n (hence
No = 0).

Z: the set {0,1,—1,2,—2,...} of the integer numbers including O (hence
Zo =0).

Zn: the set {—n,...,—1,0,1,...,n— 1} of the 2n integer numbers greater
than or equal —n and less than n.

Q: the set of all rational numbers.

P(T): the powers et of T (the set of its subsets), also considered as the set
of relations on 7': for every r in P(T) (i.e. r C T) and for every x in T, r(x)
(i.e. x € r) is true or false.

P=(T): the set of all infinite subsets of 7.

Tuples The datatype fuple (ordered sequence of unnamed values) is introduced
as follows:

e Ty x...xTy: the set of tuples (vq,...,v,) withvy € Tq,...,v, € T,; if t =

(vi,...,vu), thent.i=v; (1 <i < n).

e T[i — T]|: the tuple which is identical to tuple 7; except that 7;.i = T (i.e.

T,[i— T].i' = T;.i', for all i # i).
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Records The datatype record (ordered sequence of named values) is introduced
as follows:

o t1: Ty x...xty: Ty the set of records (t1 : vi,..., 1, : vy) (= {{t1,v1),...,
(th,vn)}) where t1,...,t, are disjoint values (tags) and v; € Ty,...,v, € Tp;
ifr={(t1:vi,....tn:vp), thenrt; = v; (1 <i <n).

e T.[t— TJ: the record which is identical to record 7, except that 7,.t =T
(e. Tt — T).t' =T, for all ¢’ #r).

Maps The datatype map (the set-theoretic counterpart of a function) is intro-
duced as follows:

e Ty party T,: the set of partial maps from 77 to 7>; for every f in Tj bty T

and for every x in domain(f) C 77, f(x) is in 75 and (x, f(x)) is in f (i.e.
T party T, is a subset of 77 x T>).

e Ty — T,: the set of total maps from 7} to 7, (a subset of T; Lk T»); for
every f in Ty — T and for every x in Ty, f(x) is in 73 (i.e. domain(f) = T).

e Ty [Tx — Tyl: the map which is identical to map T, except that T, [T, —
T))(Tx) =T, (i.e. T[T — Ty)(x) = T, (x) for every x # Ty).

e [Ty — Ty|: the map m such that domain(m) = {7, } and m(T;) = T,.

Sequences The domain sequence (finite sequence of arbitrary length) is intro-
duced as follows:

o AK:= Ny — A: the set of sequences of length k € N whose values are in A;
for every s € A¥,i € Ny, v € A, we have s(i) € A and s[i — v] € A*.

o A" :=Uken Ak: the set of finite sequences whose values are in A with func-
tion LENGTH : A* — N: for every s € A¥ C A*, we have LENGTH(s) = k.

The domain of infinite sequences is correspondingly introduced:

e A” :=N — A: the set of infinite sequences whose values are in A; for every
seA”ieNjveA, wehave s(i) € A and s[i — v] € A~.
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APPENDIX A. MATHEMATICAL LANGUAGE

Abbreviations We use the following syntactic abbreviations of terms and for-
mulas (“P; = P»” means “P; is an abbreviation of P”):

SUCHXE€T:F= SUCHx:xeTAF

VxeT:F =Vx:xeT=F

Vi €Tq,....xn €Th:F =VxieT:...:Vx, €T, F
Vx1,...,.xn € T:F =Vx€T,....x, €T F
IxeT:F =dx:xeTAF
Ix€Ty,....xn€Th:F=3dqeTy:...:3dx, €T, F
IXq,....xn €T:F = dx€T,....x, €T : F

LETx;=Tq¢,....Xxa =To INP = LET x; = 7] IN LET ... IN LET x, =
T, INP

TT1—Ty,....,Ta— Ty =TT —T/]...|T, — T,]
T1—T,....Ta— Ty =[N —T{]...[T,— T,
MINXES:F = SUCHxe€S: (FA—-JyeS:y<xAF[y/x])

MAXX€E€S:F = SUCHxe S: (FA-JyeS:y>xAF[y/x])

Definitions of Relations and Maps We use the following formats to define re-
lations and maps.

rCTyx...xTy, r(xg,...,%n) < F

This definition introduces a relation r on 7 X ... x T,, such that, for all
x) €Ti,...,x, € Ty, the formula r(xy,...,x,) is true if and only if F is true.

The relation r € P(T} x ... x T;,) is the set
r={{x1,...;.xn) EN1 x...xT,: F}
The formula r(x,...,x,) is the syntactic abbreviation

(X1, oy Xn) = (X1,..,%n) €T
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° f:TIX...XTn—>T0, f(Xl,...,Xn):T

This definition introduces a total map f from 77 X ... X T;, to Ty such that,
for all x; € Tq,...,x, € T,, the value of the term f(xy,...,x,) is in Ty and
equals the value of T'.

The map f € Ty x ... x T, — Ty is the set
f={l,.cox,) €N x...xTyxTy: y=T}
The term f(xy,...,x,) is the syntactic abbreviation

f(x1,...,x%,) = SUCHY E Ty : (x1,...,X,y) € f

Since relations and maps are just special sets, they may serve as the values of
variables in terms and formulas (in contrast to logical predicates and functions).
On the other hand, the abbreviations r(xi,...,x,) and f(xi,...,x,) make a relation
rand a map f usable like a predicate respectively function; we thus use the notions
“predicate” and “’relation” respectively “function” and “map” interchangeably.



