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Abstract Execution



Properties of Concrete Programs:

Program Verification

//@ ensures \result >= 0;
public int abs(int a, int b) {
if (a < b) {
int tmp = a;
a = b;
b = tmp;

return a - b;
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Hierarchy of Verification Approaches

Testing Show correctness of one program for
one set of inputs

Program Proving ~ Show correctness of one program for
all possible inputs

Abstract Show correctness of all programs for
Program Proving  all possible inputs (matching a pattern).

Abstract Programs =
Programs with Abstract Placeholder Statements (APSs)
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How does one show the correctness of an program?

Inductive com : Type :=
| CSkip : com
| CAss: pvs — aexp — com
| CSeq: com — com — com
| CIf: bexp — com — com — com
| CWhile : bexp — com — com.

Inductive ceval : com — state — state — Prop =
| E_Skip : forall st,
SKIP / st \\ st
| E_Ass : forall st al n x,
aeval st al = n —
(x =!'a1) / st \\ (s_update st x n)
(x ... %)
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How does one show the correctness of an program?

Theorem evaluation_deterministic:

V ¢ st stl st2,

c/st\\stl — c/st)\\st2 - stl=st2

Proof.

intros c st stl st2 H1 H2.

generalize dependent st2.

induction H1.

— (x E_Skip *) reflexivity.

— (x E_Ass *) reflexivity.

— (* ... %)
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Abstract Program Proofs by

e Frequently practiced in
e pen-and-paper proofs and
e interactive theorem provers like Isabelle and Coq (e.g.,
CompCert [Ler09] and CakeML [TMK™16])

e Precise second-order reasoning over program properties

e ...but very hard to automate!
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Reasoning about Properties of

Programs in an

Use Symbolic Execution with abstract state changes

Model irregular termination

(exceptions, (labeled) breaks, (labeled) continues, returns)

Retain sufficient precision due to fine-grained

specification language

Case study: Correctness of refactoring techniques
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Example: Refactoring

if (b) { p
o if (b) {
} e11se { refactored Q
- to } else {
Q;
Q, }

Martin Fowler: Refactoring - Improving the Design of Existing Code. Addison-Wesley 1999
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Declaring a Program with Abstract Placeholders

abstract_statement Init;

if (b) {
abstract_statement P;
abstract_statement Q1;

} else {
abstract_statement P;
abstract_statement Q2;
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Declaring a Program with Abstract Placeholders

abstract_statement P;

abstract_statement Init; abstract_statement Init;
if (b) { if (b) {
abstract_statement P;
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to Constrain Represented Programs

b=x<0;
abstract_statement Init; if (b) {
if (b) { result = y/2;
abstract_statement P;
abstract_statement Q1; } else {
} else { result = y/2;
abstract_statement P;
abstract_statement Q2; }
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to Constrain Represented Programs

abstract_statement Init;

if (b) {
abstract_statement P;
abstract_statement Q1;

} else {
abstract_statement P;
abstract_statement Q2;

b=x<0; x = 42;

if (b) {

result = y/2;

X = -X + result;
} else {

result = y/2;

X = X + result;
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to Constrain Represented Programs

//@ assignable b;
abstract_statement Init;
if (b) {
abstract_statement P;
abstract_statement Q1;
} else {
abstract_statement P;
abstract_statement Q2;

b=x<0;
if (b) {

result = y/2;

X = -X + result;
} else {

result = y/2;
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to Constrain Represented Programs

//a) assignable b;
abstract_statement Init;
if (b) {
abstract_statement P;
abstract_statement Q1;
} else {
abstract_statement P;
abstract_statement Q2;

X < 0;
if (b) {

result = y/2;

X = -X + result;
} else {

result = y/2;

X = X + result;
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to Constrain Represented Programs

//@ assignable hasTo(b);
abstract_statement Init;
if (b) {
abstract_statement P;
abstract_statement Q1;
} else {
abstract_statement P;
abstract_statement Q2;

b=x<0;
if (b) {

result = y/2;

X = -X + result;
} else {

result = y/2;
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to Constrain Represented Programs

//@ assignable hasTo(b);
abstract_statement Init;
if (b) {
abstract_statement P;
abstract_statement Q1;
} else {
abstract_statement P;
abstract_statement Q2;

b=x<0;
if (b) {

X =-1;

X = -X + result;
} else {

X =-1;

X = X + result;
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Add to Constrain Represented Programs

Object abstractMethod() {
W ooc

//a assignable hasTo(b);
abstract_statement Init;
if (b) {

abstract_statement P;

abstract_statement Q1;
} else {

abstract_statement P;

abstract_statement Q2;

I ooc

b=x<0;
if (b) {

result = y/2;

X = -X + result;
} else {

result = y/2;

X = X + result;
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Add to Constrain Represented Programs
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Add to Constrain Represented Programs

//@ declares final(args);
Object abstractMethod() {
A ooc

//a assignable hasTo(b);
//Q accessible args;
abstract_statement Init;

if (b) { b=xc<0;
//a assignable result; .
//® accessible result, args; if (b) {
abstract_statement P; result = y/ 2;
X = -X + result;
abstract_statement Q1; } else {
} else { result = y/2;

//@ assignable result;

//® accessible result, args;
abstract_statement P; }

X = X + result;

abstract_statement Q2;

/... 13/34



Add to Constrain Represented Programs

//@ declares final(args);
Object abstractMethod() {
/] ...

//@ assignable hasTo(b);

//@ accessible args;
abstract_statement Init;

A7 () o b=xc<0;
//@ assignable result; .
//® accessible result, args; if (b) {
abstract_statement P; result = y/ 2;
//® assignable \everything; X = -x + result:
//® accessible \everything; !
abstract_statement Q1; } else {

bl | result = y/2;
//a) assignable result;

= + .
//@ accessible result, args; } X X result;
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Add to Constrain Represented Programs

//@ declares final(args);
Object abstractMethod() {
/] ...

//@ assignable hasTo(b);
//@ accessible args;
abstract_statement Init;

if (b) { b=xc<0;
//@ assignable result; .
//® accessible result, args; if (b) {
abstract_statement P; result = y/ 2;
//a@ assignable \everything; X = -X + result:
//a) accessible \everything; !
abstract_statement Q1; } else {

} else { result = y/2;
//@ assignable result;

= + .
//@ accessible result, args; } A A result,

abstract_statement P;

//@ assignable \everything;
//a) accessible \everything;
abstract_statement Q2;

/... 13/34



to Constrain Represented Programs

Prohibit Abrupt Completion Behavior

//@ return_behavior requires false;

//@ exceptional_behavior requires false;
//@ continue_behavior requires false;

//@ break_behavior requires false;
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to Constrain Represented Programs

Bind Abrupt Completion Behavior to Formula
//@ return_behavior requires returnsSpec;
//@ exceptional_behavior requires excSpec;
//@ continue_behavior requires contSpec;

//@ break_behavior requires breaksSpec;

13/34



Specification Constructs for APSs

Spec. Construct Explanation

locals(P) Refersw Skolem‘ktract) lo a%%set of\cal variables of
S with symbol P%Ie frmmﬁde
= L7
declares skLogg‘ Specifies that an APS4g@Hed deglates a list skl of Skolem
» 4 ocation set speuﬁﬁﬁo ob 'rapped in £irgl (-) mod-

/J,I,f'/iw i used in A% in .$Qsible scope JRerwards.
l

Be ass%iﬁble by the AR\ /locs
©lem location set speW‘lers
od|f|er

m» >
&s locs t Pe acce55|ble by the APS. __. ;’

return_ v1ozx&u1res ?‘ C|f|es that the APWrns iff © holds.

exceptional behavz%u??es ©; |> Spec. tMe APS throws an exc. iff ¢
-1 <> hojg,o’

break behavi‘ requires ¢; é\pemfles that the APS breaks/continues

continue behav&r requires 4,0, during loop execution iff ¢ holds.

/) rew ©; Specifies that the APS breaks/continues to

continue_behavmfw requires ¢; the (loop) label Ib! iff ¢ holds.

break_behavior
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of an Assignment (in JavaDL)
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of an Assignment (in JavaDL)

{x == e} w]g

M x=e; w]
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of an Assignment (in JavaDL)

= {U}{x := e} w]|p,A
= {U}[1 x=¢; w]|p,A

assignment
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of a Conditional Statement (in JavaDL)

[ if (e) p; else p, Jo
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of a Conditional Statement (in JavaDL)

e = TRUE = [ p1 o

[ if (e) p; else p, Jo
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of a Conditional Statement (in JavaDL)

e = FALSE — [ p2 o
[ if (e) p; else p, Jo
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of a Conditional Statement (in JavaDL)

IfElseSplit
M e =TRUE = {U}[1 py w]p,A
[,e = FALSE = {U}[r p, w]p, A
= {U}mif (e) p; else p, w]p,A
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A Very Simple Symbolic Execution Rule for Abstract Execution

[ abstract_statement P; ¢
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A Very Simple Symbolic Execution Rule for Abstract Execution

simpleAERule
= {U}{Up(allLocs :~ allLocs)}(Cp(allLocs) — [ w]p), A

— {U}[m abstract_statement P; w]p,A

Dominic Steinhéfel, Reiner Hihnle: Modular, Correct Compilation with Automatic Soundness Proofs. ISoLA 2018
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Soundness of Abstract Execution Rules

Definition (Legal Instantiations of Sequents)
A sequent is a legal instantiation if it results from substituting

all updates Up, path conditions Gp and APS symbols with legal
instantiations.

It is valid iff all its legal instantiations are valid.
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Soundness of Abstract Execution Rules

Definition (Legal Instantiations of Sequents)
A sequent is a legal instantiation if it results from substituting

all updates Up, path conditions Gp and APS symbols with legal
instantiations.

It is valid iff all its legal instantiations are valid.

Definition (Standard Sequent Calculus Rule Validity)
A sequent calculus rule is valid if the validity of the conclusion is

implied by the validity of the premisses.
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Abstract Execution rule...

simpleAERule
= {U{Up(allLocs :~ allLocs)}(Ce(allLocs) — [ w]p), A

[+ {U}[r abstract_statement P; w|p, A
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The Abstract Execution rule is

Too restrictive
Does not allow instantiations with irregular termination

simpleAERule
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[+ {U}[r abstract_statement P; w|p, A
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The Abstract Execution rule is

Too restrictive

Does not allow instantiations with irregular termination

Too abstract
Abstract updates/path conditions may read /write from any
location, no “has-to" assignables

simpleAERule
I+ {UH{Up(allLocs :~ allLocs)}(Ce(allLocs) — [ w]p), A

[+ {U}[r abstract_statement P; w|p, A
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A More Complex AE Rule
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A More Complex AE Rule

nonLoopNonVoidAERule
H {Up (assignables :~ accessibles)}

( Ce(accessibles)

— [m
if (returns) return result;

w]9)

= [Tabstract_statement P; w]}
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A More Complex AE Rule

nonLoopNonVoidAERule
H {Up (assignables :~ accessibles)}

( Ce(accessibles)

— [m
if (returns) return result;
if (exc !'= null) throw exc;
wle)

= [Tabstract_statement P; w]}
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A More Complex AE Rule

nonLoopNonVoidAERule
H {Up (assignables :~ accessibles)}
{returns := returnso || result := resulto || €XC := exco}
( Ce(accessibles)
A —(returns A exc # null)
A (returns = TRUE ¢ returnsSpec)’
A (exc # null < excSpec)’

— [m
if (returns) return result;
if (exc !'= null) throw exc;
wle)

= [Tabstract_statement P; w]}
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A More Complex AE Rule

nonLoopNonVoidAERule
I = {UHUp(assignables :~ accessibles)}
{returns := returnso || result := resulto || €XC := exco}
( Ce(accessibles)
A —(returns A exc # null)
A (returns = TRUE « returnsSpec)’
A (exc # null < excSpec)’

— [
if (returns) return result;
if (exc !'= null) throw exc;
w]@), A

I+ {U}[mabstract_statement P; w]|¢p,A
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Abstract Execution

Specification of APSs +
Symbolic Execution of APSs +
Simplification of Abstract State Changes
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Three Categories of Abstract Update Simplification Rules

1. Removal of ineffective (assignables in) updates (1 rule)
2. Interplay between concrete and abstract updates (2 rules)

3. Abstract update concatenation and permutation (2 rules)
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Case Study: Correctness of Refactoring Rules
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and

with Abstract Execution: Methodology

1. Create refactoring model: Two abstract programs
(before / after refactoring) with minimal specification
2. Load proof obligation
(“before refactoring < after refactoring”) into KeY
3. Start automatic proof

e Proof closed = Modeled refactoring correct
e Open goals = Inspect proof, maybe adapt model

27/34



Proof Inspection:

w Proof Options Extensions

About
Current Goal C i i onditi 7 s java |
C_02(alllLocs), N s . ixd B
exc_Q2_0 = null, public class ConsolidateDuplicateConditionalFragments { —
returns_02_0 = TRUE, public Object before(Object result, boolean b) {
Post((java.lang.Object)(result_g1 o)), if (b) {
C_Ql(allLocs), abstract_statement P;
exc QL @ = null, abstract_statement Q1;
returns_Q1 0 = TRUE, )
exc_P_0 = null, else {
b = TRUE, abstract_statement P;
C_P(allLocs) abstract_statement Q2;
}
|l {b:=TRUE}{u_P(allLocs:=alllocs)} (b = TRUE) | return result; M
TaveTrangTon] e y
public Object after(Object result, boolean b) {
abstract_statement P;
if (b) {
abstract_statement Q1; =
else {
}
return result;
}
: -
a] il D]
< L ol Show Postcondition/Assignable
Strategy: Applied 7171 rules (16.6 sec), closed 108 goals, 36 remainin
K@Y gy: Appl g g

28/34



Proof Inspection:

Eile View Proof Options Extensions About
\cup result), 4" ExtractMethodRefactoring.java |
Post((java.lang.Object) (result_Q @)), =
{result:= result || tmp:=_tmp} //@ declares \dl_args; =
{U_P(heap, localsP, args, tmp, result:= public void after(object res, object tmp) {
heap \cup localsP \cup args \( //@ declares \dl_localsP;
\cup _result) //@ assignable \dl_heap, \dl_localsP, \dl_args, tmp, res;
++ U_Q(hasTo(tmp), heap, localsQ:= //@ accessible \dl_heap, \dl_localsP, \dl_args, tmp, res;
heap \cup 1 { abstract_statement P; }
\cup localsQ
\cup args tmp = extracted(res, tmp};
\cup tmp
\cup result)} //@ declares \dl_localsR;
c_Qt( heap \cup localsP //@ assignable \dl_heap, \dl_localsP, \dl_localsR, \dl_args, tmp,
\cup args //@ accessible \dl_heap, \dl_localsP, \dl_localsR, \dl_args, tmp,
\cup tmp { abstract_statement R; }
\cup result),
L return res;
} =
//@ declares \dl_final(\dl_localsP), \dl_final(\dl_args);
:= result || tmp:=_tmp} private Object extracted(final Object res, Object tmp} {
{U_P(heap, localsP, args, tmp, result:= //@ declares \dl_localsq;
heap \cup localsP \cup args \d_| //@ assignable \dl_hasTo(tmp), \dl_heap, \dl_localsQ; L
\cup _result)} r //@ accessible \dl_heap, \dl_localsP, \dl_localsQ, \dl_args, tmp, |
C_P( heap \cup localsP \cup args { abstract_statement Q; }
\cup result)
=> return tmp;
returns_P_8 = TRUE, }
Post((java.lang.Object) (result_R_0)) =]

4] I I

<| Il ]

Show Postcondition/Assignable

K" strategy: Applied 3789 rules (19.4 sec), closed 46 goals, 6 remaining
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e Proved correctness of models for 8 refactorings:
(1) Consolidate Duplicate Conditional Fragments (four variants), (2)
Decompose Conditional, (3) Extract Method, (4) Replace Exception with
Test, (5) Move Statements to Callers, (6) Slide Statements, (7) Split

Loop, (8) Remove Control Flag

e Elicitation of non-trivial behavioral restrictions not
mentioned in literature for 10 out of 11 studied models

e Automatic proofs for loop-free problems,
small proof scripts for problems with loops (coupling)

30/34
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Don’t use exceptions...

z=0;

try {
Z = 42;
X=x/Yy;

} catch (ArithmeticException e) {
X = Integer.MAX_VALUE;
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Example:

Example run for y =0

z =0;

try {
Z = 42;
X=x/Yy;

} catch (ArithmeticException e) {

X = Integer.MAX_VALUE;
}
// z == 42

z = 0;
if (y 1= 0) {
Z = 42;
X=Xx/YV;
} else {
x = Integer.MAX_VALUE;
}
/] z ==
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Example:

Lets “fix” the refactoring!

I'f" ‘~\\
et U N
Zh= 0, </"/Z‘/454%‘. . ‘\‘ )ﬂ \
-~ LS ?‘ $. 7 °
Z&* - =\ '\ ‘\“ “',,' PR
try { ‘,1/',:""!-' % lf‘ 1= 0Ye w":,/
ARt S\ L
=X /,y( = B "§‘I‘—X: X/ v;

catchfﬁlnithm cExceptld§55L{ ¥ else {
'$< (Intége} Mse,VAuJE,f " x = Integer.MAX_VALUE;
‘ %, }

AN Y ‘;f.— P
/]2 X %r = //2==0
\
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Exa

mple:

“Roll back” to a common program state.

try

} catch (ArithmeticException e) {

}
// z

0;

{

Z = 42;
X=x/Yy;

X = Integer.MAX_VALUE;

== 42

z = 0;
if (y 1= 0) {
Z = 42;
X=Xx/YV;
} else {
x = Integer.MAX_VALUE;
}
/] z ==
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Example:

“Roll back” to a common program state.

z=0; z =0;
try { if (y '=0) {
Z = 42; Z = 42;
x=x/y; x=x/Yy;
} catch (ArithmeticException e) { } else {
zZ=0; x=0; zZ=0; x=0;
X = Integer.MAX_VALUE; X = Integer.MAX_VALUE;
} }
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Example:

“Roll back” to a common program state.

z=0;

try {
Z = 42;
X=x/Yy;

} catch (ArithmeticException e) {
z=0; x=0;
X = Integer.MAX_VALUE;

z = 0;

if (y '=0) {
Z = 42;
X=Xx/YV;

} else {
zZ=0; X =0;

X = Integer.MAX_VALUE;

31/34
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e Apply to (e.g., iterative vs. recursive)
& programs
e Apply to different :
X é’- ° (cooperation ongoing)
O ° (formal foundations already established)
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and irregular termination behavior

Core idea: 2nd-order Skolemization Up(x ~y,2)
Implemented for the KeY framework ﬁ
Case Study: Correctness of v
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Properties of Concrete Programs:

Verification

//d requires a '= 0 §5 b != 0;
public int abs1(int a, int b) {
if (a<b) {

int tmp = a;
a=b;
b = tmp;

}

return a - b;

}
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Verification

//® requires a !'= 0 66 b !=0; //@ requiresa !=08&5b !=0;
public int absi(int a, int b) { public int abs2(int a, int b) {

if (a<b) { if (a<b) {
int tmp = a; a=a"b;
a=b; b=a"b;
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} }
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} }



Properties of Concrete Programs:

Information Flow

// low: OK, userInput | high: pin
public void checkPIN(int userInput) {
if (pin == userInput) {

0K = true;
} else {
0K = false;
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Properties of Many Programs:

(CbC)

//a ensures x >= 0;

{ refines
} to

//@ ensures x >= 0;

{
if (x < 0)



Properties of Many Programs:

Security Properties

// low: OK, userInput | high: pin
public void checkPIN(int userInput) {
P

OK = false;

userInput = null;
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Resty O
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A in a Loop Context

{Up (assignables :~ accessibles)}

( Ce(accessibles)

= bL:{-{ A
Oy if (returns) return result; if (exc != null) throw exc;
if (breaks) break; if (continues) continue;
if (breaksTolLbl_1) break l;; --- if (breaksTolLbl_n) break [,;
Resty O

Rest; }}---1 19)

[ i dln: o

O, abstract_statement P; Rest; ,O Rest;
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A in a Loop Context

{Up (assignables :~ accessibles)}

( Ce(accessibles)

A (returns = TRUE « returnsSpec)’ A (exc # null < excSpec)’
A (breaks = TRUE < breaksSpec)’

A (continues = TRUE ¢ continuesSpec)’

A (breaksToLbl_1 = TRUE ¢ breaksLbl1Spec)’ A - -

A (breaksToLbl_n = TRUE < breaksLbinSpec)®

= bL:{-{ A
Oy if (returns) return result; if (exc != null) throw exc;
if (breaks) break; if (continues) continue;
if (breaksTolLbl_1) break l;; --- if (breaksTolLbl_n) break [,;
Resty O

Rest; }}---1 19)

[ G- Al o
O, abstract_statement P; Rest; ,O Rest;
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A in a Loop Context

{Up (assignables :~ accessibles)}

( Ce(accessibles)
A mutex (returns,exc # null,breaksToLb1l_1,--- ,breaksToLbl_n)

A (returns = TRUE « returnsSpec)’ A (exc # null < excSpec)’
A (breaks = TRUE < breaksSpec)’
A (continues = TRUE ¢ continuesSpec)’
A (breaksToLbl_1 = TRUE ¢ breaksLbl1Spec)’ A - -
A (breaksToLbl_n = TRUE < breaksLbinSpec)®
= bL:{-{ A
Oy if (returns) return result; if (exc != null) throw exc;
if (breaks) break; if (continues) continue;
if (breaksTolLbl_1) break l;; --- if (breaksTolLbl_n) break [,;
Resty O

Rest; }}---} 1)

[ G- Al o
O, abstract_statement P; Rest; ,O Rest;
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A in a Loop Context

{Up (assignables :~ accessibles)}

{returns := returnso || result := result, || eXC := exco ||
breaks := breakso || continues := continuesy ||
breaksToLbl_1 := breaksToLabelly || - - ||
breaksToLbl_n := breaksToLabelng}

( Ce(accessibles)

A mutex (returns,exc # null,breaksToLb1l_1,--- ,breaksToLbl_n)
(returns = TRUE < returnsSpec)” A (exc # null « eweSpec)’
(breaks = TRUE < breaksSpec)’

(continues = TRUE « continuesSpec)’
(breaksTolLbl_1 = TRUE < breaksLbl1Spec)’ A - --
(breaksTolLbl_n = TRUE ¢ breaksLbinSpec)’
= bL:{-{ A
Oy if (returns) return result; if (exc != null) throw exc;
if (breaks) break; if (continues) continue;
if (breaksTolLbl_1) break l;; --- if (breaksTolLbl_n) break [,;
Resty O

Rest; }}---1 19)

A
N
A
A
N

[ G- Al o
O, abstract_statement P; Rest; ,O Rest;
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A in a Loop Context

nonVoidLoopAERule
[+ {UM{Up(assignables :~ accessibles)}

{returns := returnso || result := result, || eXC := exco ||
breaks := breakso || continues := continuesy ||
breaksToLbl_1 := breaksToLabelly || - - ||
breaksToLbl_n := breaksToLabelng}

( Ce(accessibles)

A mutex (returns,exc # null,breaksToLb1l_1,--- ,breaksToLbl_n)
A (returns = TRUE « returnsSpec)’ A (exc # null < excSpec)’
A (breaks = TRUE < breaksSpec)’
A (continues = TRUE ¢ continuesSpec)’
A (breaksToLbl_1 = TRUE ¢ breaksLbl1Spec)’ A - -
A (breaksToLbl_n = TRUE < breaksLbinSpec)®

LA CIS PR B |

Oy if (returns) return result; if (exc != null) throw exc;

if (breaks) break; if (continues) continue;
if (breaksTolLbl_1) break l;; --- if (breaksTolLbl_n) break [,;
Resty O

Rest; }}---} u)]d)),A

FTE{Uml - {l o
O, abstract_statement P; Rest; ,O Rest;

}}...}wm)’A

nd
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Use the invariant when proving the post condition (“

")

looplnvariantAE

= {U} Inv (initially valid)

={U'} (Inv =arey (preserved & use case)
((loopEzited — P ) A
(loopContinues — (Inv )))>

F{U}while(expr) body] ©



Handling Programs with Loops:

Post , separates

looplnvariantAE

= {U} Inv (initially valid)

={U'} (Inv =arey (preserved & use case)
((loopEzited — ([Post(result, TRUE)|) A
(loopContinues — (Inv )))>

F{U}while(exzpr) body|(p[Post(result, TRUE)))



Handling Programs with Loops:

Post , separates

looplnvariantAE

= {U} Inv (initially valid)

={U'} (Inv =arey (preserved & use case)
((loopEzited — ([Post(result, TRUE)|) A
(loopContinues — (Inv )))>

F{U}while(ezpr) body|(p[Post(result, TRUE)])



Handling Programs with Loops:

Post , separates

looplnvariantAE

= {U} Inv (initially valid)

={U'} (Inv =arey (preserved & use case)
((loopEzited — ([Post(result, TRUE)|) A
(loopContinues — (Inv )))>

F{U}while(exzpr) body|(p[Post(result, TRUE)])



Handling Programs with Loops:

Post , separates

looplnvariantAE

= {U} Inv (initially valid)

={U'} (Inv =arey (preserved & use case)
((loopEzited — ([Post(result, TRUE)|) A
(loopContinues — (Inv )))>

F{U}while(exzpr) body|(p[Post(result, TRUE)])



Handling Programs with Loops:

Post , separates

looplnvariantAE
= {U} Inv (initially valid)
={U'} (Inv =arey (preserved & use case)
((loopEzited — ([Post(result, TRUE)|) A
(loopContinues — (Inv A (p[Post(result,FALSE)])))>

F{U}while(exzpr) body|(p[Post(result, TRUE)])




Handling Programs with Loops:

Post , separates

looplnvariantAE
= {U} Inv (initially valid)
={U'} (Inv =arey (preserved & use case)
((loopEzited — ([Post(result, TRUE)|) A
(loopContinues — (Inv N\ (p[Post(result,FALSE)])))>

F{U}while(exzpr) body|(p[Post(result, TRUE)])




Handling Programs with Loops:

+ Scripted , Iteration Structure

looplnvariantAE
= {U} Inv (initially valid)
={U'} (Inv =arey (preserved & use case)
((loopEzited — ([Post(result, TRUE)|) A
(loopContinues — (Inv A (p[Post(result,FALSE)])))>

F{U}while(exzpr) body|(p[Post(result, TRUE)])
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{z:=ylz={z:=y}y
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y=1{z:=vy}y
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(2.1) Application of Updates

{Up(x' = 17,2)}{y := z}(z > 0)
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(3.1) Application of Updates

{Up(x = y)H{Ua(z = W)}



Three categories of Abstract Update Simplification Rules

(3.1) Application of Updates

{Up(x :~ 7) o Ug(z i~ W)}
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Three categories of Abstract Update Simplification Rules

(3.2) in Concatenations

{Ug(z = w) o Up(x i~ y)}p
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