Static Analyses



Summary of analyses and transformations

Analysis

Available expressions analysis
Reaching Definition

Live variables analysis
Detection of induction variables

Equivalent expression analysis

Transformation

Common subexpression elimination
Invariant code motion

Dead code elimination

Strength reduction

Copy propagation



The essence of program analxsis

Program analysis offers techniques for predicting statically
at compile-time

safe & efficient approximations
to the set of configurations or behaviours arising dynamically at run-
Time

Safe: faithful to the semantics
Efficient: implementation with
- good time performance and

- low space consumption



Why approximations?

read(x); (if x>0 then y=1 else (y=2.;5)); z=y
Assume S does not contain any assignment to y

Which values of y can reach the assignment z=y??
It depends if S diverges

Correct (Safe) approximations :
- {1,17} if S diverges

- {125, 27} otherwise

Best (Precise) approximations :
* {1} in the first case

- {1,2} otherwise



The nature of approximations

The exact world Over-approximation Under-approximation

universe

exact set of
configurations

or behaviours

e =
approximation uhder=
approximation

Trade precision for efficiency!

but approximation have to be on the right sidel



AEEroaches to Proc_qr'am Analxsis

A family of techniques . .. that differs in their focus
* data flow analysis - algorithmic methods

: . - semantic foundations
* constraint based analysis

- language paradigms

* type and effect systems — imperative/procedural

* abstract interpretation — object oriented
— logical
— functional

— concurrent/distributive

— mobile



Dataflow Analxsis

The ideas :

- Based on the CFG

- Constructs an equation system in terms of the
property at the entry and exit of a node in the CFG

- Looks for solution of the system of equations as a
fix point

- Compute either a least fixpont or a greatest fix point depending on
the direction of the approximation



An Example Reaching Definitions

[y := 2]*; [z := 1]%; whilely > 1]°dolz = z x y]*; [y := y — 1]°0d; [y := 0]°




(v.2).0y.1)(y 5)(y.6) (y.1)

An example : RD

(z,2)(z,2)(z4) (z,2)
(z.?)(z,2)(z,4) (z,4)
(y.2).(y 1)(y.2)(y.6) (y,5)
(v.2).(y 1)(y.5)(y.6) (y.6)

Second iteration fix point!

RD,,..,(1)= 1(x,?)(%,?)(z,?)}

RD,,;.(1) = {(x,)(y,1)(z,?)}
RD,...,(2)= {(x,?)(v,1)(z,?)}
RD,,;(2)= {(x,?)(y,1)(z,2)}

RD, ..., (3)=1(x,2)(y,1)(z,2) (z,4)(y,3)}
RD,,; (3)={(x,2)(¥,1)(z,2) (z,4)(v,5)}
RD,_,...(H)={(x,?2),(y,1)(z,2)(z4) (v,5)}

RD,,; (4)={(x,?),(y,1)(z4) (v,5)}

RD_.... (5)= {(x,?),(,1)(z,4) (1,5}
RDemy(p) ={(x,?)| xin Vars}, if p is initial RD__..(5)= {(x,?),(y,5)(z,4)}
RD, 1., (P) =U{RD,,,(q) | q in pre[p]}, otherwise RD_.. (6)= {(x,2),(¥,1)(z,2) (z,4)(y,5)}

RD,s(P) = (RD¢py,, (P) \ Killgs[p]) U gengy[p] RD,,;(6)= {(x,?),(y,6)(z,2) (z,4)}



Control Flow Analysis

- Constructs a constraint system
- Looks for a solution of the constraint system as a

fix point



Control Flow Analxsis

* An alternative to equational approach is the constraint based
approach.

» The idea is to extract a number of inclusions (equation or
constraints) out of the program

- Once again we consider the property at the entry and exit of a
hode

- We encode with constraints the information of the flow of the
CFG



[y =1]" [z =1]*; while [y > 1]° do ([z = zx y]% [y =y — 1]°); [y = 0]°

* We have constraints that express the effects for elementary
blocks

RDemit(l) ) RDentry(l)/{(yp l) such that | € Lab}
RDeazit(l) 2 {(y7 1)}

RDexit(z) D RDentry(Q)/{(Z, l) such that [ € Lab}
RDe:cit(z) 2 {(Za 2)}

RDea:z't(S) 2 RDent’r'y(g)

RDeyit(4) D RDopiry(4)/{(2,1) suchthat | € Lab}
RDexit(4) D {(Z74)}

RDexit(5) » RDentry(E))/{(y, l) such that [ € Lab}
RDe:cit(5) 2 {(?J; 5)}

RDe:m't(6) ) RDentry(6)/{(ya l) such that | € Lab}
RDe:cit(6) 2 {(yv 6)}



More constraints

- We have constraints that expression control may flow through the

program
[y =1]% [z = 1]%; while [y > 1]° do ([z = z*x y]*; [y = y — 1]°); [y = 0]°

RDentry(2) 2 RDeyit(1)  |¥=%;

2
z:= 1;

(
Demit(5)
Dexit (4) {r/—\
Degit(3)

y>1;

Finally the constraint Y=

RDeniry(1) 2 {(2,7), (y,7), (2,7)} /




Summary of the constraints system

RDewz’t(l) 2 RD entry( )/{(y, )suchfha‘r [ € Lab}
RDczir(1) 2 {(y, 1)}
RDea:it(2> D) RD entry( )/{(Z l) such that [ € Lab}
RDcrit(2) 2 {(2,2)}
RDe:m't(g) 2 RDentry(S)
RDea:it(4> . RDentry(4)/{(Za l) such that | € Lab}
RDcrir(4) 2 {(2,4)}
RDe:m't(5) D) RD entry( )/{(y, )such that | € Lab}
RD.zit(5) 2 {(y,5)}
RDe;mt(G) D) RD entry( )/{(y7 ) such that [ € Lab}
RDczit(6) 2 {(y,6)}

RDentry(Q) 2 RDe.’m)t(l)

RDentry (3) 2 RDe:m't<2)

RDentT’y (3> 2 RDewzt<5)

RDentry(5) B RDexz't (4)

RDentry (6) 2 RDexit(g)

RDentry(l) B {(1‘7 ?)7 (y

12 sets
17 constraints

), (2,7} We look for D

+— —
RDZJ F(RD)

the solution is a prefix
point



Remember..Fixpoints on Complete Lattices

Prefixpoints
{1€L | f(l) =1}

Fix(F) ={ €L | f()=N /

Ifp(f) =glb{1eL|f() =]}

The solution can be computed as a least fix pointl



The same solution!

RD.,...,(1)={(x?)(v,?)(z,?)}

RD_,; (1) = {(x?)(v,1)(z,?)}
RD_,..,(2)= {(x,2)(y,1)(z,?)}
RD,;.(2)= {(x,?)(y,1)(z,2)}
RD,..,(3)={(x,?)(v,1)(z,2) (z4)(y,3)}
RD_,; . (3)={(x,?)(v,1)(z,2) (z,4)(Y,3)}
RD,,..., (4= {(x?),(v,1)(z,2)(z,4) (v,3)}
RD_,; (4)= {(x,?),(v,1)(z,4)(Y,3)}
RD.,...,(3)= {(%,?),(y,1)(z,4)(y,3)}
RD,;.(5)= {(x,?),(v,5)(z4)}
RD,..,(6)= {(x,?),(y,1)(z,2)(z,4)(Y,3)}
RD,..(6)= {(x,?),(v,6)(z,2) (z.4)}



Constraint based analxsis

How to automate the analysis

extract compute the
constraints| least solution

from the V to the

program constraints




Type and Effect Systems

idea:
-annotated base types
- annotated type constructors

* fypes:
Y’ is the type of states:;
all statements S have type > — X written =S: X — X



Annotated data types

type of initial state type of final state(s)
S X — X
Idea: RDi C RD.(init(S))
J
Analysis: Vel € final(S) :
RD.(¢) C RD»
F S: RD;y — RD»
analysis information analysis information

for initial state for final state(s)



Annotated type system I

- [z:=a]" : RD, —>$RD\{(x,€’)|€’§Lab})u{(x,€)l

before after
FS1:RD1 —RD> F S :RDs— RD3 assumptions
-S1;5>: RD; — RDs3 conclusion
—~—~ —~—~

before after

Implicit: the analysis information at the exit of Sy
equals the analysis information at the entry of S»



Annotated type system IT

|—512RD1—>RD2 FSQZRD1—>RD2

- if [b]’ then S else S, fi : RD; — RD»

Implicit: the two branches have the same analysis information
at their respective entry and exit points

S :RD —RD

- while [b]Y do S od: RD — RD

Implicit: the occurrences of RD express an invariance
I.e. a fixed point property!



Annotated type system ITT

T he subsumption rule:

FSIRD’l—>RD/2
"S:RD]_—>RD2

if RD; C RD} and RD5 C RD»

The rule is essential for the rules for conditional and iteration to work

e RDq C RD’l: strengthen the analysis information for the initial state

° RD’2 C RD»>: weaken the analysis information for the final states



FS1:RD; —RDy> F S>:RD> | RD3

FS1;S>: RD; — RD3




FS1:RD; —RDy> F Sy :RDy}— RD3

FS1,50: RD; — RDs3




. / /
+S1:RDy —RDy F Sy :RDs}— RD3 l_SRDl_)RDQ IfRDlgRD/]_ and RDIQQRDQ
et e e 2 s - S :RDy — RD,

FSq1;52: RD; — RD3




FS:RD— RD

- while [b]¢ do S od: RD — RD
We are left ta nrove that

whilely := 1]°dolz = z x y|*; [y := vy — 1]°0d :
RD — RD

Abbreviation: RD = {(x,7),(y,1),(y,5),(z,2),(z,4)}

= [z:=z+y]*: RD — {(x,7),(y,1),(y,5), (2, 4)}
= ly=y-11° {(x,7), (v, 1), (5,5), (2,9} = {(x,7),(v,5), (z,4)}
= [z:=zxy]*; [y:=y-1]>: RD — {(x,7),(y,5),(z,4)}

- [z:=z*y]*; [y:=y-1]°: RD — RD
using {(x,7),(y,5),(z,4)} CRD

- while [y>1]° do [z:=z*y]*; [y:=y-1]° od: RD — RD



How to automate the analys|s

Specification Implementation

|

annotated

extract
constraints
from the program

type system
(axioms and

rules)

compute the
least solution
to the constraints

|



