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Program analysis is an automatic technique for finding out properties of
programs without having to run them.

® Optimising compilers
$® Automated program verification

® Security
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Some techniques:

® Data Flow Analysis

® Control Flow Analysis

® Types and Effects Systems
<

Abstract Interpretation

Book: Principles of Program Analysis by F. Nielson, H.R. Nielson and C.

Hankin, Springer Verlag, 2005 (2nd corrected printing).
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A first example:

whi l e [n > 1]° do

[m :=m x n]%;

[n:=n—1];

[ m|’;

| ]
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We can statically determine that the value of m at statement 6 will be even
for any input n. A program analysis can determine this by propagating
parity information forwards from the start of the program.

We can assign one of three properties to each variable:
® even — the value is known to be even
® odd - the value is known to be odd

® unknown — the parity of the value is unknown
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(Take care of loop)
1.  m: unknown

2.  m: unknown

3. m:even
4. m: even
5. m:even
6: m: even

|

- unknown

- unknown

- unknown

- unknown

: unknown

- unknown
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Replacing statement 2 by:

(m :=1]";

gives a program that computes factorials but then the program analysis is
unable to tell us anything about the parity of m at statement 6.

The program computes 2 times the factorial of n for any positive value of n

]
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This is correct because m could be even or odd. However, even if we fix

the input to be positive and even, by some suitable conditional assignment,

the program analysis will still not accurately predict the evenness of m at

statement 6.
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This loss of accuracy is a common feature of program analyses: many
properties that we are interested in are essentially undecidable and
therefore we cannot hope to detect them accurately. We have to ensure
that the answers from program analysis are at least safe.

® yes means definitely yes, and
® no means possibly no.

In the modified factorial program, it is safe to say that the parity of m is

unknown at 6 — it would not be safe to say that m is even.

| ]
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Overview
’7 Effi ciency —‘

Contro Type and Effect
Systems

Data Flow

Analysis pretation

Correctness
Introduction — two approaches to correctness

Fixed Points — widening and narrowings
Galois Connections

© o0 @

Induced operations
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Abstract interpretation invented by Patrick Cousot and Radhia Cousot in
1977.

® strictness analysis (Mycroft, 1981; Burn, Hankin and Abramsky,
1985)

® many applications in logic programming
® general semantics-based framework applied to many paradigms

We will give a language and semantics independent treatment.

]
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A first-order approach
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To set the scene, imagine some programming language. Its semantics
identifies some set V' of values (like states, closures, double precision
reals) and specifies how a program p transforms one value v, to another
vo; WEe may write

In a similar way, a program analysis identifies the set L of properties (like
shapes of states, abstract closures, lower and upper bounds for reals) and
specifies how a program p transforms one property [, to another [5:

It is customary to require > to be deterministic and thereby define a func-

tion; this will allow us to write f,(I1) = o to mean p - [; > [5.
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Every program analysis should be correct with respect to the semantics.
For a class of (so-called first-order) program analyses this is established
by directly relating properties to values using a correctness relation:

R:V x L — {true, false}

The intention is that v R [ formalises our claim that the value v is described

by the property [.

]
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To be useful one has to prove that the correctness relation R is preserved
under computation: if the relation holds between the initial value and the
initial property then it also holds between the final value and the final
property. This may be formulated as the implication

A relation R satisfying a condition like this is often called a logical relation

and the implication is sometimes written (pF -~ -)(R — R)(pF - > ).
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The theory of Abstract Interpretation comes to life when we augment the
set of properties L with a preorder structure and relate this to the
correctness relation k. The most common scenario is when
L= (L,C,u,r, L, T)is acomplete lattice with partial ordering C. We
then impose the following relationship between R and L:

vRI; N1 Cly = vRIy (1)

(lel'CL:vRl) = vR( |L) @)

]
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® The first condition says that the smaller the property is with respect to
the partial ordering, the better (i.e. more precise) it is.

vRIi Nl1Cly=v Rl

® This is an “arbitrary” decision in the sense that we could instead have
decided that the larger the property is, the better it is, as is indeed the
case in much of the literature on Data Flow Analysis; luckily the
principle of duality from lattice theory tells us that this difference is
only a cosmetic one.
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(Miel'CL:vR)=vR( |L)

® The second condition says that there is always a best property for
describing a value. This is important for having to perform only one
analysis (using the best property, i.e. the greatest lower bound of the
candidates) instead of several analyses (one for each of the
candidates).

® The condition has two immediate consequences:

vRT

vRIi NvRIly, = ’UR(Z1|_|ZQ)

]
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Representation functions
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An alternative approach to the use of a correctness relation
R:V x L — {true, false} between values and properties is to use a
representation function:

B:V — L

The idea is that 5 maps a value to the best property describing it. The
correctness criterion for the analysis will then be formulated as follows:

5(1}1)El1/\p|—vlvv2/\pl—lll>lg = 6(U2)El2

Thus the idea is that if the initial value v, is safely described by /; then the

final value v, will be safely described by the result /5 of the analysis.
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We first show how to define a correctness relation Rz from a given
representation function g:

vRgl iff B(v)Cl

Next we show how to define a representation function Gz from a
correctness relation R:

Br(v) = | [tlvRY

| ]
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A modest generalisation
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We shall conclude this section by performing a modest generalisation of
the development performed so far. A program p specifies how one value
vy 1S transformed into another value v,:

p|_U1’\f>U2

Here v; € V7 and v, € V5 and we shall subsequently refrain from imposing
the condition that V; = V5; thus we shall allow the programs to have dif-
ferent “argument” and “result” types — for example, this will be the case for

most functional programs.
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The analysis of p specifies how a property [, is transformed into a
property ls:
p - ll > lz

Here [, € L, and I € L, and again we shall refrain from imposing the

restriction that L; = Lo.

| ]
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Turning to the correctness conditions we shall now assume that we have
two correctness relations, one for V; and L; and one for V5 and Ls:

Ry : Vi x Ly — {true, false} generated by 3, : V4 — L,
Ry : Vo x Ly — {true, false} generated by G5 : Vo — Lo
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Correctness of f, now amounts to
vi R 11 A p v~ vy = vy Re fp(ll)

forall v, € Vi, vo € Vo and [; € Lq. Using the concept of logical relations
(briefly mentioned above) this can be written as:

(pF-~) (B — R2) fp
To be precise, ~ (R; — R») f means that:

\V/Ul,vz,ll vy~ v A vy Rl = vy Ry f(ll)

| ]
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Higher-order formulation.
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The representation function 5 can be defined from the representation
functions 5, and 3> and it will be denoted 3; — (5

(B — B2)(~r) = M. | [{Ba(v2) | Br(vr) Tl A vy~ 02}
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Consider the program pl us with the semantics given by
plus F (21, 22) ~ 21 + 29

where z1, zo € Z. A very precise analysis might use the complete lattices
(P(Z),C) and (P(Z x Z), C) as follows:

fplus(zz) = {21 + 29 ’ (zl,z2) S ZZ}

where ZZ C Z x Z.

]
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Consider now the correctness relations Ry and Ry generated by the
representation functions:

Bz(z) = {z}
Bzxz(z1,22) = {(z1,22)}

The correctness of the analysis of pl us can now be expressed by

Vz1,29,2,ZZ : plus F (21, 22) ~ 2
AN (21,22) RZXZ 7 = z RZ fpluS(ZZ)

or more succinctly

(plus b= -~ -) (Rzxz — Rz) fplus
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The representation function 8.y — (7 satisfies

(Bzxz — Bz)(pk -~ ) =
MNZAz | (z1,22) €ZZ N pF (21,22) ~ 2}

so the correctness can also be expressed as (8zxz — fz)(plus k-~ ) C

fplus .

| ]
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The above example illustrates how the abstract concepts can give a more
succinct formulation of the correctness of the analysis. In the following we
shall see several cases where we move freely between what we may call
a “concrete” formulation of a property and an “abstract” formulation of the
same property. And we shall see that the latter often will allow us to reuse
general results so that we do not have to redevelop parts of the theory for

each application considered.
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We shall now present a complete lattice that may be used for Array Bound
Analysis, i.e. for determining if an array index is always within the bounds
of the array — if this is the case then a number of run-time checks can be
eliminated.

The lattice (Interval, C) of intervals over z may be described as follows.
The elements are

Interval = {L} U {[z1,22] | 21 < 22,21 € ZU{—00}, 20 € ZU{o0}}

| ]
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The ordering < on z is extended to an orderingon z’ = Z U {—o0, oo}
by setting —oo < z, z < o0, and —oo < oo (for all z € Z).

#® Intuitively, | denotes the empty interval and [z, 2o] is the interval
from z; to z5 including the end points if they are in z.

® We shall use int to range over elements of Interval.

Intuitively int; C int; meansthat {z | z €int;} C {2z | z € inty}



|
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To give a succinct definition of the partial ordering we define the infimum
and supremum operations on intervals as follows:

iy | o0 ifint=1
N 21 if int = [21, 22]

(int) —oco ifint= L
Su =
P 29 if int = [21, 22]

This allows us to define:

int; Cinty iff inf(inty) <inf(inty) A sup(int;) < sup(ints)
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Given a complete lattice L = (L, C, 11,1, L, T) the effect of a
program, p, in transforming one property, /;, into another, Is,
l.e. p I > lo, IS normally given by an equation

fll) =12

for a monotone function f : L — L dependent on the program p.

Note that the demand that f is monotone is very natural for program
analysis; it merely says that if [} describes at least the values that [,
does then also f(I}) describes at least the values that f(/,) does.

]
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For recursive or iterative program constructs we ideally want to obtain
the least fixed point, Ifp(f), as the result of a finite iterative process.

However, the iterative sequence (f™ (L)), need not eventually
stabilise nor need its least upper bound necessarily equal Ifp(f).

This might suggest considering the iterative sequence (f™(T)),, and,
even when it does not eventually stabilise, we can always terminate
the iteration at an arbitrary point in time. While this is safe it turns out
to be grossly imprecise in practice.



’* ® A fixed point of f is an element [ € L such that f(I) = [ and we write “

|
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Since L is a complete lattice it is always the case that the set Fix(f) will
have a greatest lower bound in L and we denote it by Ifp(f); this is actually

Fix(f) = {L | (1) = 1}

for the set of fixed points.
The function f is reductive at [ if and only if f(I) C [ and we write

Red(f) ={l| f(l) E 1}
for the set of elements upon which f is reductive; we shall say that f
itself is reductive if Red(f) = L.

Similarly, the function f is extensive at [ if and only if f(/) O [ and we
write

ext(f) = {L] f(1) 21}

for the set of elements upon which f is extensive; we shall say that f
itself is extensive if Ext(f) = L.
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the least fixed point of f because Tarski's Theorem ensures that:

Itp(f) = |_|Fix ’_|Red € Fix(f) C Red(f)

Similarly, the set Fix(f) will have a least upper bound in L and we denote it
by gfp(f); this is actually the greatest fixed point of f because Tarski’s

Theorem ensures that:

ofp(f) = |_| Fix(f I_I Ext(f) € Fix(f) C Ext(f)



.

yiln Denotational Semantics it is customary to iterate to the least fixed poin
by taking the least upper bound of the sequence (f™(L)),,. However, we
have not imposed any continuity requirements on f (e.g. that
f(, ) =L, (f(,)) for all ascending chains (I,,),,) and consequently we
cannot be sure to actually reach the fixed point. In a similar way one could
consider the greatest lower bound of the sequence (f™(T)),,. One can
show that

FHL) E a1 () Eoam(f) C
o(f) C | |of™(T) € F(T)

indeed all inequalities (i.e. C) can be strict (i.e. #).

| ]
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Widenings
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Since we cannot guarantee that the iterative sequence (f"(L1)),
eventually stabilises nor that its least upper bound necessarily equals
Ifp(f), we must consider another way of approximating Ifp(f).

The idea is now to replace it by a new sequence (fg),, that is known to
eventually stabilise and to do so with a value that is a safe (upper) approx-
imation of the least fixed point. The construction of the new sequence is
parameterised on the operator V, called a widening operator; the precision

of the approximated fixed point as well as the cost of computing it depends

on the actual choice of widening operator.
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In preparation for the development, an operator LI : L x L — L on a
complete lattice L. = (L, C) is called an upper bound operator if

L C (L 0k) 3l

for all I1,l, € L, i.e. it always returns an element larger than both its ar-
guments. Note that we do not require LI to be monotone, commutative,

associative, nor absorptive (i.e. that [ 1 [ = 1).

| ]
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’7Let (In)n be a sequence of elements of L andlet¢: L x L — L be a total_‘

function on L. We shall now use ¢ to construct a new sequence (1),
defined by:

l, ifn=20
1 ¢l, ifn>0

The following result expresses that any sequence can be turned into an
ascending chain by an upper bound operator:

If (1,,)., is a sequence and LI is an upper bound operator then (I%),, is an

ascending chain; furthermore 1Y 3| [{lo, 11, --,1,} for all n.
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Consider the complete lattice (Interval, C) and let int be an arbitrary but

~ant

fixed element of Interval. Consider the following operator LI"" defined on
Interval:

int; Uinty ifint; Cint VvV inty T inty

int; 07 int, = ,
! ? { [—00,00]  otherwise

Note that the operation is not symmetric: for int = [0,2] we e.g. have

[1,2]0""[2, 3] = [1, 3] whereas [2, 3]0 [1, 2] = [—o0, x].

| ]
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It is immediate that L™ is an upper bound operator. Consider now the
sequence:
[07 0]7 [17 1]7 [27 2]7 [37 3]7 [47 4]7 [57 5]7 T

If int = [0, o], then the upper bound operator will transform the above
seguence into the ascending chain:

[07 0]7 [07 1]7 [07 2]7 [07 3]7 [074]7 [07 5]7 e
However, if int = [0, 2], then we will get the following ascending chain

0,0}, [0, 1], (0,2, [0, 3], [~00, 00], [—00, 50, - - -

which eventually stabilises.
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We can now introduce a special class of upper bound operators that will j
help us to approximate the least fixed points: An operator V: L x L — L
is a widening operator if and only if:

® itis an upper bound operator, and

® for all ascending chains (I,,),, the ascending chain (1Y),, eventually
stabilises.

The idea is as follows: Given a monotone function f : L — L on a
complete lattice L and given a widening operator V on L, we shall
calculate the sequence (), defined by

1 ifn=20
fa={ po ifn>0 A f(fo)C fo

fe TtV F(f&)  otherwise

| ]
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For any upper bound operator: —‘
(i) the sequence (f&), is an ascending chain;

(i) if f(f&') C f& for some m then the sequence (fg ), eventually
stabilises and furthermore Vn > m : f& = f& and | |, fo = f3

(i) if (f&), eventually stabilises then there exists an m such that
f(f¥) E /3 and
(iv) if (f&)r eventually stabilises then | | f& 3 ifp(f).

® Moreover, if V is a widening operator then the ascending chain (&),
eventually stabilises.
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Consider the complete lattice (Interval, C). Let K be a finite set of integers,
e.g. the set of integers explicitly mentioned in a given program. We shall
now define a widening operator Vi based on K. The idea is that

[Zl, ZQ] Vi [23, 2’4] IS Something like

[ LB(21,23) , UB(22, 24) |

where LB(z1, z3) € {z1} U K U {—o0} is the best possible lower bound and
UB(z2, 24) € {22} U K U {0} is the best possible upper bound. In this way
a change in any of the bounds of the interval [z, 25| can only take place in

a finite number of steps (corresponding to the elements of K).

| ]
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For the precise definition we let z; € 2’ = Z U {—o00, oo} and write:

s .
21 if 21 < z3

LBr(z1,23) = < k ifz3 <21 AN k=max{k € K|k <23}

[ — if23<21 ANVkeK:z3 <k

(ZQ ifZ4§Z2
UBK<z2,Z4) = < k if 29 < zg4 N k:min{k€K|z4 Sk}
| o ifzo <24 ANVkE K : k< 2y




-

We can now define V = Vi by:

1 if int1 = intg =1
int; Vinty = [ LBK(inf(intl), inf(intg)), UBK(sup(intl), sup(intg)) ]
otherwise

As an example consider the ascending chain (int,, ).,
[0,1], 10, 2], [0, 3], [0, 4], [0, 5], [0, 6], [0, 7], - - -
and assume that K = {3,5}. Then (int" ),, will be the chain

(0,11, [0, 3], [0, 3], [0, 5], [0, 5], [0, o], [0, 50, - - -

| ]
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Narrowings
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Using the technique of widening we managed to arrive at an upper
approximation fJ' of the least fixed point of f.

® However, we have f(fZ') C f& so f is reductive at f&' and this
immediately suggests a way of improving the approximation by
considering the iterative sequence (f"(f&'))n.

® Since fJ € Red(f) this will be a descending chain with
f(f&) € Red(f) and hence f™(fa') Jifp(f) for all n.

® Once again we have no reason to believe that this descending chain
eventually stabilises although it is of course safe to stop at an
arbitrary point.
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An operator A : L x L — L is a narrowing operator if:
®» LTl = [HhC (ll A lg) Clh for all l1,l2 €L, and

# for all descending chains (I,,),, the sequence (I5'),, eventually
stabilises.

Note that we do not require A to be monotone, commutative, associative
or absorptive. One can show that (%), is a descending chain when (1,,).,

is a descending chain.

| ]
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For f&' satisfying f(f<') C f&', 1.e. ifpy (f) = f&', we now construct the
sequence ([f]X)n by

< ifn=0

/1A = » o
UTA " AS(AA) ifn>0
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If A is a narrowing operator and f(f&') C f&' then ([f]R ). is a
descending chain in Red(f) and

A 2 /(%) 2 1p(f)

for all n.

#® |If Ais a narrowing operator and f(f&') C f&' then the descending
chain ([f]} )» eventually stabilises.

® |tis important to stress that narrowing operators are not the dual
concept of widening operators. In particular, the sequence (fg),, may
step outside Ext(f) in order to end in Red(f), whereas the sequence
([f]X)n stays in Red(f) all the time.

| ]
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Consider the complete lattice (Interval, C). Basically there are two kinds of
infinite descending chains in Interval: those with elements of the form
[—o0, z] and those with elements of the form [z, oo] where z € Z. Consider
an infinite sequence of the latter form; it will have elements

-

[Z]_)OO], [zQ,OO], [23’00], . e

where z; < z9 < z3 < ---. The idea is now to define a narrowing operator
A that will force the sequence to stabilise when z; > N for some fixed
non-negative integer N. Similarly, for a descending chain with elements
of the form [—oo, 2;] the narrowing operator will force it to stabilise when

ZfLS—N
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Formally, we shall define A = Ay by

where

zZ1

<2

1 |f|nt1:J_ V intQIL

int; Ainty, = :
! ? { [21,22] oOtherwise

inf(int;) if N < inf(intz) A sup(intz) = oo
inf(intz)  otherwise

sup(inty) ifinf(inty) = —oco A sup(intz) < —NN
sup(inty) otherwise

APPSEM Il Summer School, 12 September 2005, Frauenchiemsee

So consider e.g. the infinite descending chain ([n, ]),,

and assume that N = 3. Then the operator will give the sequence

([, 00] %)

[0, o0], [1, <], [2, 00], [3, o0], [4, <], [5, o0, - - -

[0, o], [1, o], [2, 9], [3, <], [3, o], [3, 0], - - -

]
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Galois Connections

]
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Galois connections
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Sometimes calculations on a complete lattice L may be too costly or even
uncomputable and this may motivate replacing L by a simpler lattice M.
An example is when L is the powerset of integers and M is a lattice of
intervals.
To express the relationship between L and M it is customary to use an
abstraction function

a:L — M

and a concretisation function

vy: M — L



-
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We shall write

or y

We define (L, «,~, M) to be a Galois connection between the complete
lattices (L, C) and (M, C) if and only if

a: L — Mand~: M — L are monotone functions
that satisfy:

voa I A

aoy LC Am.m

]
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’7Let P(Z) = (P(Z),C) be the complete lattice of sets of integers and let _‘

Interval = (Interval, =) be the complete lattice of intervals. We shall now
define a Galois connection

(P(Z), az1, vz, Interval)

between P(Z) and Interval.
The concretisation function ~yy; : Interval — P(Z) is defined by

vz1(int) = {z € Z | inf(int) < z < sup(int)}

Thus ~z; will extract the set of elements described by the interval,

e.g. vz1([0,3]) = {0,1,2,3} and vz1([0,00]) = {2z € Z | z > 0}.
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The abstraction function az; : P(Z) — Interval is defined by

1 if Z =10
azi(Z) = { [inf’(Z),sup’(Z)] otherwise

Where, if Z/ = Z U {—00, 00} and inf’ and sup’ are the corresponding
infimum and supremum operators. For example, inf’(()) = oo, inf’(Z) = 2’ if
2! € Z is the least element of Z, and inf’(Z) = —oo otherwise.

Thus a7 will determine the smallest interval that includes all the elements

of the set, e.g. az1({0,1,3}) = [0,3] and az1({2* 2z | z > 0}) = [2, 0.

| ]
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Adjunctions
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’7We define (L, a, v, M) to be an adjunction between complete lattices
L= (L,C)and M = (M, C) if and only if

«a: L — M and~: M — L are total functions

that satisfy
al) Cm < [Cy(m)

foralll € L and m € M.
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We shall now see that representation functions can be used to define
Galois connections. So consider once again the representation function
6V — L mapping the values of V' to the properties of the complete
lattice L. It gives rise to a Galois connection

(P(V),a,7, L)

between P(V) and L where the abstraction and concretisation functions
are defined by

a(V') = [H{BW)|veV'}
v1@) = {veV|[pBw) i}
forV CVandl e L.

| ]
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Let us pause for a minute to see that this indeed defines an adjunction:

aVHYEL & [H{BW)|veV'}EI
& YweV B Cl
s V' CH()

It is also immediate that a({v}) = ((v) as illustrated by the diagram:
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A special case of the above construction that is frequently useful is when
L = (P(D),C) for some set D and we have an extraction function:

n:V —D.

We will then define the representation function 3, : V. — P(D) by

Bn(v) = {n(v)} and the Galois connection between P(V') and P(D) will
now be written

(P(V), ans vy, P(D))

where

an(V') = UlBy(v) [veV}y = {n(v)veV'}
mD) = {veV|pBv)c D} = {v[nl)eD'}

| ]
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The relationship between 7, 3,, o, and v, is illustrated by the diagram: _‘

In
PV) T - P(D)
{-} 3, {-}
v T b




-

Let us consider the two complete lattices (P(Z), C) and (P(Sign), C)
where Sign = {-,0, +}.

{' 707+}

| ]
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The extraction function
sign : Z — Sign

simply defines the signs of the integers and is specified by:
- ifz<0

sign(z) =¢ 0 ifz2=0
+ ifz>0



-

The above construction then gives us a Galois connection
(P(Z), asign, Ysign, P(Sign))

with
asign(Z) = {sign(z) | z € Z}
Ysign(S) = {2z €Z|sign(z) € S}

where Z C Z and S C Sign.

| ]
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Properties of Galois Connections

o n

() « uniquely determines v by v(m) = | [{l | «(l) C m} and ~ uniquely
determines a by a(l) =[ [{m |l C v(m)}.
(i) « is completely additive and ~ is completely multiplicative.

L,a,~, M) is a Galois connection then:

In particular a(L) = Landv(T)=T.

If (L, «r,y, M) is a Galois connection then aocyoa=aand yoaoy =1.
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If there is a Galois connection (L, a,y, M) between L and M then we can
construct a correctness relation between V and M and a representation
function from V to M.

Let us first focus on the correctness relation. So let

R :V x L — {true, false} be a correctness relation. Further let (L, o, v, M)
be a Galois connection between the complete lattices L and M. It is then
natural to define S : V x M — {true, false} by

v Sm iff vR(y(m))

| ]
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Continuing the above line of reasoning assume now that R is generated
by the representation function 3 : V — L,i.e.v Rl < [(v) C . Since
(L,a,~, M) is a Galois connection and hence an adjunction we may
calculate

vSm < vR(y(m))

& PBv) Ev(m)
& (aofB)(v)CEm

showing that S is generated by ao 5 : V — M.



-

|

-

=

For a Galois connection (L, o, ~y, M) there may be several elements of M
that describe the same element of L, i.e. v need not be injective, and this
means that M may contain elements that are not relevant for the
approximation of L.

The concept of Galois insertion is intended to rectify this: (L, «, v, M) is a
Galois insertion between the complete lattices L = (L,C) and

M = (M,C) if and only if

a: L — Mand~: M — L are monotone functions
that satisfy:

yoa J M.

aory = Am.m

]
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Returning to our earlier example,

(P(Z), oz, 7yz1, Interval)

is indeed a Galois insertion: we start with an interval, use ~7; to determine
the set of integers it describes and next use ay; to determine the smallest
interval containing this set and we get exactly the same interval as we

started with.



- N

For a Galois connection (L, «, vy, M) the following claims are equivalent:
(i) (L,a,v,M)is a Galois insertion;
(i) «aissurjective: Vme M : 3l € L : al) = m;
(i)  ~ Isinjective:
VYmyi,mg € M : v(mq) = v(ms) = myp = msy; and

(iv) ~is an order-similarity: Ymy,my € M :
v(my) E v(m2) & my E ma.

| ]
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Consider the complete lattices (P(Z), C) and (P(Sign x Parity), C) where
Sign = {-,0,+} as before and Parity = {odd, even}. Define the extraction
function signparity : Z — Sign X Parity by:

(sign(z),o0dd) if z is odd
(sign(z),even) if z is even

signparity(z) = {

This gives rise to a Galois connection (P(Z), tsignparity, Vsignparity,  (Sign X
Parity)). The property (0, odd) describes no integers so clearly signparity is
not surjective and we have an example of a Galois connection that is not a

Galois insertion.



-

Given a Galois connection (L, a,y, M) it is always possible to obtain a j
Galois insertion by enforcing that the concretisation function - is injective.
Basically, this amounts to removing elements from the complete lattice M
using a reduction operator, ¢ : M — M, defined from the Galois

connection.

Let (L, «,~y, M) be a Galois connection and define the reduction operator
<: M — M by

sm) =| [{m | 7(m) = v(m")}

Then ¢[M] = ({s(m) | m € M}, Cy) is a complete lattice and

(L, a,7y,s[M]) is a Galois insertion.

| ]
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Systematic design of Galois connections
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When developing a program analysis it is often useful to do so in stages: —‘
The starting point will typically be a complete lattice (L, C) fairly closely
related to the semantics; an example is (P(V), C). We may then decide to
use a more approximate set of properties and introduce the complete

lattice (L, C) related to Ly by a Galois connection (Lg, a1, 71, L1). This

step can then be repeated any number of times: We replace one

complete lattice L; of properties with a more approximate complete lattice
(L;11, ) related to L; by a Galois connection (L;, c;11,vVit1, Liv1). SO

the situation can be depicted as follows:

71 Y2 3 Tk

- - - -
Lo L4 Lo e L
S S —_— —_—

a1 (8) a3 A



-

|

-

=

One of the components in the Array Bound Analysis is concerned with ap-
proximating the difference in magnitude between two numbers (typically the
bound and the index). We shall proceed in two stages: First we shall ap-
proximate pairs (z1, z2) of integers by their difference in magnitude |z1| — |2
and next we shall further approximate this difference using a finite lattice.
The two Galois connections will be defined by extraction functions and they

will then be combined by taking their functional composition.

]
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The first stage is specified by the Galois connection
(P(Z x Z), ougiee, vdise, P(Z))

where diff : Z x Z — Z is the extraction function calculating the difference
in magnitude:
diff(21, 22) = |21 — |22

The abstraction and concretisation functions ag;r and ~qg;r Will then be

adiff(ZZ) = |z —lz2| | (21,22) € ZZ}
vair(Z) = {(z1,22) | [z1] —|22| € Z}

forZZz CZ xZ and Z C Z.



-

|

-

The second stage is specified by the Galois connection
(P(Z)7 arange; f)/range, P(RaHQE))

where Range = {<-1,-1,0,+1,>+1}. The extraction function
range : Z — Range clarifies the meaning of the elements of Range:

(<-1 ifz< -1

-1 ifz=-1
range(z) = ¢ 0O if2z=20
+1  ifz=1

[ >+1 ifz>1

APPSEM Il Summer School, 12 September 2005, Frauenchiemsee

The abstraction and concretisation functions c:range aNd 7range Will then be

Qrange(Z) = {range(z) | z € Z}
Yrange(R) = {z | range(z) € R}

for Z C Z and R C Range.
We then have that the functional composition

(P(Z x Z), ar,vr, P(Range))

where ar = Qrange © Qdiff &N YR = 7Ydiff © Yrange, IS @ Galois connection.

]
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We obtain the following formulae for the abstraction and concretisation
functions:

ar(ZZ) = {range(|z1| —|22|) | (21, 22) € ZZ}
1r(R) = {(21,22) | range(|z1] —|22]) € R}

This is the Galois connection specified by the extraction function range o diff :

Z x 7. — Range.

| ]

APPSEM Il Summer School, 12 September 2005, Frauenchiemsee —p.81/116

N n

The final act



=

The first techniques we shall consider are applicable when we have
several analyses of individual components of a structure and we
want to combine them into a single analysis.

® We shall then look at constructions for function spaces.

Finally, we shall present techniques for combining several analyses
of the same structure.

| ]
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Independent Attribute Method
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Let (L1, 1,71, M;) and (Lo, as, 2, M2) be Galois connections. The
independent attribute method will then give rise to a Galois connection

(Ll X L2704777 Ml X M2)
where:
a(ly,lz) = (ai(l),az(ls))

y(mi,m2) = (y1(m1),v2(mz2))



-

|

-

=

The Array Bound Analysis will contain a component that performs a
Detection of Signs Analysis on pairs of integers. As a starting point, we
take the Galois connection

(P(Z)? Qlsign y Vsign s P(Sign))

specified by the extraction function sign.

]
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It can be used to analyse both components of a pair of integers so using
the independent attribute method we will get a Galois connection

(P(Z) x P(Z), ass,vss, P(Sign) x P(Sign))
where agg and ygg are given by
ass(Z1,72) = ({sign(z) | z € Z1}, {sign(z) | z € Z5})

vss(S1,82) = ({z|sign(z) € S1},{z | sign(z) € S2})

where Z; C Z and S; C Sign.
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In general the independent attribute method often leads to imprecision.
An expression like ( x, - x) in the source language may have a value in
{(z,—2) | z € Z} but in the present setting where we use P(Z) x P(Z) to
represent sets of pairs of integers we cannot do better than representing
{(z2,—2) | z € Z} by (Z,Z) and hence the best property describing it will
be ags(Z,Z) = ({-,0,+},{-,0,+}). Thus we lose all information about the

relative signs of the two components.

| ]
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The Relational method
’7Let (P(V1),01,7,P(D1)) and (P(Va), ae,v2, P(D2)) be Galois —‘
connections. The relational method will give rise to the Galois connection
(P(Vl X ‘/2)7047777)(191 X DQ))

where

aW) = (J{aa({v1}) x a2({ve}) | (v1,v2) € VW }
Y(DD) = {(vi,v2) | ar({v1}) X a2({v2}) € DD}

where VV C V; x Vo, and DD C Dy x Ds.



-

|

-

=

It is instructive to see how the relational method is simplified if the Galois
connections (P(V;), i, vi, P(D;)) are given by extraction functions

n; : Vi — Dy, le. if Oéi(‘/;/> = {771(’UZ> ‘ v; € V;/} and

vi(D}) = {vi | ni(v;) € D}}. We then have

a(W) = {(m(v1),n2(v2)) | (v1,02) € VV}
7(DD) = {(v1,v2) | (M (v1),7m2(v2)) € DD}

which also can be obtained directly from the extraction function n : V; x

Vo — D1 x Dy defined by n(vy,v2) = (71(v1), n2(v2)).

]
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The relational method can be used to construct a more precise analysis.
We will now get a Galois connection

(P(Z X Z), ass/,WSS/,P(Sign X Sign))
where aggs and ysgs are given by

ass (ZZ) = {(sign(z1),sign(z2)) | (21, 22) € ZZ}
vss'(SS) = {(z1,22) | (sign(z1),sign(z2)) € SS}

where ZZ C Z x Z and SS C Sign x Sign. This corresponds to us-

ing an extraction function twosigns’ : Z x Z — Sign x Sign given by

twosigns’ (21, z2) = (sign(z1), sign(z2)).



-

’70nce again consider the expression ( x, - X) in the source language that
has a value in {(z,—z) | z € Z}. In the present setting {(z,—z) | z € Z}
is an element of P(Z x Z) and it is described by the set ags ({(z,—2) |
zeZ})=A{(-,+),(0,0), (+,-)} of P(Sign x Sign). Hence the information

about the relative signs of the two components is preserved.

| ]
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Total function space
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Let (L, a,y, M) be a Galois connection and let S be a set. Then we obtain

a Galois connection
(S—L,a,v,S— M)

by taking
o(f) = aof
Y (g) = ~vog
L S Vs L —1 M
f o' (f) 7' (g) g



- N

Let (L1, 1,71, My) and (Lo, as, v2, M>) be Galois connections. Then we
obtain the Galois connection (L — Lo, «, vy, M1 — M>) by taking

a(f) = agzofom
Y(g) = "2o0goa
f v(g)

Ly ~ Lo Ly ~ Lo
Y1 %) o 72
M, - Mo M, - Mo

a(f) g
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’780 far our constructions have shown how to combine Galois connections
dealing with individual components of the data into Galois connections
dealing with composite data. We shall now show how two analyses deal-
ing with the same data can be combined into one analysis; this amounts
to performing two analyses in parallel. We shall consider two variants of

this analysis, one “corresponding” to the independent attribute method and

one “corresponding” to the relational method.
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Let (L, 1,71, M7) and (L, as, 2, Ms) be Galois connections. The direct
product of the two Galois connections will be the Galois connection

(L7 a7, Ml X M2)
where « and ~ are given by:

a(l) = (ax(l), az(l))

y(mi,mz) = y1(m1) Myz(ms)

| ]
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’7Let us consider how this construction can be used to combine the
detection of signs analysis for pairs of integers with the analysis of
difference in magnitude.

We get the Galois connection

(P(Z x Z), assr, vssr, P(Sign x Sign) x P(Range))

where assg and ~ssr are given by:

assr(ZZ) = ({(sign(z1),sign(z2)) | (21, 22) € ZZ},
{range(|z1] —|zaf) | (21, 22) € ZZ})
Yssr(SS, R) = {(z1,22) | (sign(z1),sign(z2)) € SS}

N{(z1, 22) | range(|z1| —|22|) € R}



-

|

-

-

Note that the expression ( x, 3*Xx) in the source language has a value
in {(z,3 % 2) | 2 € Z} which is described by assr({(z,3*2) | z € Z}) =
({(-,-),(0,0),(+,+)},{0,<-1}). Thus we do not exploit the fact that if the
pair is described by (0, 0) then the difference in magnitude will indeed be
described by 0 whereas if the pair is described by (- ,- ) or (+,+) then the

difference in magnitude will indeed be described by <- 1.

]
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Direct tensor product
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It is possible to do better by letting the two components interact with one
another. Again we shall only consider the simple case of powersets so let
(P(V), a;,7vi, P(D;)) be Galois connections. Then the direct tensor
product is the Galois connection

(P(V)7 a, 7, P(Dl X DZ))

where « and ~ are defined by:

a(V') = (Ha({v}) x az({v}) [v e V'}
7(DD) = {v|ai({v}) x az({v}) € DD}

where V! C V and DD C D; x Ds.



-

where

We will now get a Galois connection

(P(Z x Z), assr/, Vssr, P(Sign x Sign x Range))

(QSSR/ (ZZ) =

’YSSR’(SSR) =

{(
[ (
{(
[ (

sign(z1), sign(z2), range(|z1| — |22]))

21,29) € ZZ}

21, 22)

sign(z1), sign(z2), range(|z1| — |22])) € SSR}

for ZZ C Z x Z and SSR C Sign x Sign x Range.

|
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Reduced product and tensor product
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Let (L, ay,7v1, My) and (L, as, v, M) be Galois connections. Then the
reduced product is the Galois insertion

where

(L, a7y, s[My x Ma])

= (a(l),2(1))

= 71(m1) My2(m2)

= |—|{(m'1,m/2) | 1 (ma) M2(me)

= m(my) My2(my)}



-

|

-

Next let (P(V), a;,v:, P(D;)) be Galois connections for i = 1,2. Then the

reduced tensor product is the Galois insertion
(P(V),a,7,s[P(D1 x Ds)])
where
a(V') = (Haa({o}) x as({v}) | v eV}

DD) = {v]a({v}) x az({v}) < DD}
DD) = [ }{DD’|~(DD)=~(DD")}
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We noted that the complete lattice P(Sign x Sign x Range) contains mor

=

]
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e

than one element that describes the empty set of P(Z x Z). The function

sssr Wil amount to

sssr/ (SSR) = N{SSR’ | vssr/(SSR)
= vssr/(SSR')}

where SSR, SSR’ C Sign x Sign x Range.
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In particular, ¢ssgs Will map the singleton sets constructed from the 16

elements
('707<' 1)7 ('707'1)7 ( 7 )
(0,-,0), (0,-,+1), (O,-, >+1)
(0,0,<-1), (0,0,-1), (0,0,+1), (0,0,>+1),
(0,+,0), (0,+,+1), (0,+,>+1),
(+,0,<-1), (+,0,-1), (+,0,0)

to the empty set.

| ]
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The remaining 29 elements of Sign x Sign x Range are
-7'7-1)7 (_7_70)7 (-7_7+1)7 ('7-7>+1)7

( (

( (

( ('7+7'1)7 ('7+70)7 ('7+7+1)7 ('7+7>+1)7
(0,-,<-1), (0,-,-1), (0,0,0), (0,+,<-1), (0,+,-1),
( (+7'7'1)7 (+7'7O)7 (+7'7+1)7 (+>'7>+1)7
( (
( (

+,+,-1), (+,+,0), (+,+,+1), (+,+,>+1)
and they describe disjoint subsets of Z x Z. Let us call the above set of 29

elements for AB (for Array Bound); then ¢gsr/ [P(Sign x Sign x Range)] is

isomorphic to P(AB).
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To conclude the development of the complete lattice and the associated
Galois connection for the Array Bound Analysis we shall simply construct
the reduced tensor product of the Galois connections. This will yield a
Galois insertion isomorphic to

(P(Z x Z), assr/,vssr, P(AB))

Note that from an implementation point of view the last step of the con-
struction has paid off: if we had stopped with the direct tensor product then
the properties would need 45 bits for their representation whereas now 29

bits suffice.

| ]
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Summary. The Array Bound Analysis has been designed from three simple
Galois connections specified by extraction functions:

(i) an analysis approximating integers by their sign,

(i) an analysis approximating pairs of integers by their difference in
magnitude, and

(i) an analysis approximating integers by their closeness to 0, 1 and -1.
We have illustrated different ways of combining these analyses:
(iv) the relational product of analysis (i) with itself,
(v) the functional composition of analysis (ii) and (iii), and
(vi) the reduced tensor product of analysis (iv) and (v).



-

=

Suppose that we have Galois connections (L;, a;,~;, M;) such that each
M; is a more approximate version of L; (for i = 1,2). One way to make
use of this is to replace an existing analysis f, : L; — Lo with a new and
more approximate analysis g, : M; — Ms. We already saw that

ag o f, o~y is a candidate for g,

(just as 2 o g, o 3 would be a candidate for f,). The analysis o o f, o 11

is said to be induced by f,, and the two Galois connections

]
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We studied the simple program pl us and specified the very precise
analysis

fplus(zz) = {Zl + 29 ‘ (21722) S ZZ}

using the complete lattices (P(Z),C) and (P(Z x Z), Q).
We introduced the Galois connection

(P(Z)7 asignp Wsign, P(Sign))

for approximating sets of integers by sets of signs.
We used the relational method to get the Galois connection

(P(Z x Z), assr, vssr, P(Sign x Sign))

operating on pairs of integers.

| ]
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We now want to induce a more approximate analysis for the pl us
program
gplus : P(Sign x Sign) — P(Sign)

from the existing analysis f1us. To do so we take

Gplus = Osign © fplus O 7¥ss/



-

and simply calculate (for SS C Sign x Sign)

Iplus(SS)
= Osign(fpius (759 (SS)))
= Qsign(fplus({ (1, 22) € Z X Z | (sign(z1 ), sign(z2)) € SS}))
= asign({71 + 22 | 21, 22 € Z, (sign(21), sign(z2)) € SS})
= {sign(z1 + 22) | 21, 22 € Z, (sign(z1), sign(z2)) € SS}
U{s1 ® s2 | (s1,82) € SS}

where @ : Sign x Sign — P(Sign) is the “addition” operator on signs (so

|

-

eg.+@+={+}and+&- = {-.0,+}).

]
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Let us next consider the situation where the analysis f, : L1 — Lo
requires the computation of the least fixed point of a monotone function
F: (L1 — Ly) — (L1 — Lo) so that f, = Ifp(F'). The Galois connections
(L;, s, v, M;) give rise to a Galois connection (L; — Lo, v, 7y, My — M)
between the monotone function spaces. We can now apply our technique
of inducing and let G : (M, — Ms) — (M, — M>) be an upper
approximation to o o F' o . It will be natural to take g, : M; — M, to be

Ip = Ifp(G).



-

|

-

=

Suppose that we have a Galois connection (L, o, vy, M) between the
complete lattices L and M, and also a monotone function f : L — L.
Often the motivation for approximating f arises because a fixed point of f
is desired, and the ascending chain (f"(_L)),, does not eventually stabilise
(or may do so in too many iterations). Instead of usingao foy: M — M
to remedy this situation it is often possible to consider a widening operator
Vi : M x M — M and use it to define V, : L x L — L by the formula:

I Vi I = ~(a(ly) Var a(lz))

]
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Let (L, a,y, M) be a Galois connection and let V; : M x M — M be an
upper bound operator. Then the formula

lh Vi la = y(a(l) Var a(lz))
defines an upper bound operator V;, : L x L — L. It defines a widening
operator if one of the following two conditions are fulfilled:
(i) M satisfies the Ascending Chain Condition, or

(i) (L,a,~y,M)is a Galoisinsertionand V,; : M x M — M is a
widening operator.



=

’7” (L,a,~, M) is a Galois insertion such that v(L ;) = L, and if
Vi : M x M — M is a widening operator, then the widening operator
VL : L x L — Ldefined by l; Vi, ls =v(a(l1) Vi a(lz)) satisfies

Ifow, (f) = Y(Ifpy,, (o f o))

for all monotone functions f : L — L.

| ]
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