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Intraprocedural analysis

procedure main procedure p

a*b available?
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Interprocedural challenges

Recursion Infeasible paths Function variables
& Virtual functions

main

* Infinite paths  Filter invalid paths « No static call graph
« Efficiency vs. « Precision and Efficiency
Precision
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= Notation and Review

= Functional Approach

= Interprocedural MOP

= Pragmatic Considerations
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Notations

Control Flow Graphs
main

Tmain

NO parameters

€main
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Data Flow Frameworks

» (L,F)is a data flow framework:

L is a meet-semilattice

A = greatest lower bound
T = smallest element (no information)
1L = largest element ("undefined")

=  pounded - No infinite descending chain
1

/\ lAnaIysis direction

Vi

\/

T
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Data Flow Frameworks

» (L,F)is a data flow framework:

F is a monotone space of transfer functions

1. Closed under composition and meet (f Ag)(x) = f(x) A g(x)

2. Contains idp(x) =xand f,(x) =1

F is distributive iff Vf,x,yv: fGO)Af(y) = f(x AY)
= Restrict F to graph ¢ = (N, E):

Smallest S € F such that {f;,y|(m,n) € E} € S and 1. and
2. hold
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Intraprocedural example

= Available expression framework for the

single expression a * b:
L={T111J-} F={fT;f1;idL;fJ_}

T:a * b not available

1: a * b available

frf) =T, filx) =1
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Intraprocedural example

main

Tmain

Cmain

Nmain

€main
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Intraprocedural equations

The data flow equations
X, =T

=\ fonmCim) neN - (r}

(m,n)€EE

approximate the meet-over-all paths (MOP)
solution

v = \Up(DIp € pathgrm}  nen
where fp=(n1,...,nk) — f(nk_l,nk) ©r-0 f(nl,nz)
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Intraprocedural solutions

F 1Is distributive =

The maximum fixed point solution x;;, =y,

F Is monotone = x, < y,
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= Notation and Review

= Functional Approach
= Interprocedural MOP

= Pragmatic Considerations
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Interprocedural Graphs

Two representations:

. G=(U,N,,U,Ep) E,=E)VUE, E°=UE3
2 G*=(UpN,, E¥) E*=E°UE! p
S P
.- > Ep
-7 O Intraprocedural edges

- - El p E}]j_
Intraprocedural edges with

E) interprocedural control flow

€p
El
Interprocedural edges
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Example

main

Tmain

€main
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Example
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Interprocedurally Valid paths

IVPy(1,,n)
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Interprocedurally Valid paths

main VP (rmain: n)
", @1 € VPo(Tingin, 1)
, D2
Teain)
qz € IVPy(1y,, 1)
, Dj
q; € VP (1, 1)
-
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Path notations

" D1,D7 € pathg*(rq,n)

= ;|1 = Sequence of call & return edges in p;

= p =p, || p, ;= Concatenation of p4, p,
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Interprocedurally Valid paths

= pE pathG*(rq,n) IS In IVPO(rq,n) =

plg1 is complete R q’
defined as: | 2
1. 4 El =&

2. plg =p1 I p2 and py,p, are complete

3. plp = (m, rq,) |l o1 |l (eq,,m’) and p, is complete
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Interprocedurally Valid paths

= q € [VP(Tmgin, 1)

q=a1 1l (ci,m,) N gz 11 (o0, ) 1l g

Vi<j:q; € IVPO(rpi, cl-) and q; € IV P, (rpj,n)

» Also called Path Decomposition
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Examples

G* (Cmain' rp)' (Cp' rp)' (ep' n)
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Examples

G* (Cmain' rp)' (Cp' rp)' (Cp' rp)' (ep' n), (ep' n)
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Functional approach

Information x at r,

is transformed to ¢r,n(x) at n
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Functional Approach equations

¢rp,rp = idp
¢rp,n — /\ (h(m,n) © ¢rp,m) ne N, —{n}
(m,n) € Ey
h _ {f(m,n) (m, Tl) € Eg
(m,n) Prie,  (m,n) € EL,mcalls q
Recursion implicitly encoded
= |nitialize the equations with in equations
¢rp,rp =idy,
¢rp,n =f1 ne Np - {rp}

= Compute the maximal fixed point
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Example

id,

fie ¢rm,rm

¢rp,ep ° ¢rm,cm

fie (.brm,nm

12.06.2010

main

'm
f1

e

Cm

~

nm>
f1

em

Klaas Boesche

~

~

25



Example

¢rp,ep ° ¢rp,cp

main
id,
Tm
fi idy, © ¢rp,rp
cm
fre ¢rp,np
1

.
f
€m
(idL ° ¢rp,rp) A (fl ° ¢rp,mp)
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Example

¢rm,rm = id,, ¢rm em — =fro ¢rm Nm ¢rp cp — =fro ¢rp np
¢rm,cm =f1° ¢rm,rm ¢rp rp idp, ¢rp my — ¢rp ep ¢rp Cp

(l)rm,nm = ¢rp,ep ° ¢rm,cm ¢rp,np =idj o ¢rp,rp ¢rp,ep = (ldL o ¢, ,Tp) (fl o ¢Tp,mp)

ncton Tt e Jeston L2 _L_>__

Prorm

Proem f 1 f 1 f 1 f 1
Grnim fi fi fi fi
Proem fi fi f1 fi
b, id, id, id, id,
Py f1 idy idy idy
bro ey fi fr fr fr
Prypm fi fi fr fr
Prpe, fi idy, idy, id
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=T

Tmain

Xy, = /\ {qbrq,C (xrq) | c calls p in q}

= Compute the maximal fixed point iteratively

Xn = ¢rp,n (xrp)

= Computes the solution for all other nodes
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Example (continued)

Xy = ¢rm,cm (xrm) A ¢rp,cp (xrp)

= f1 (xrm) /\pr (xrp)

Functions T

main

m ¢rm,rm = idy,
¢rm,cm =fi T
c. ¢rm,nm =fi
¢rm,em =fi T
¢rp,rp = idL
¢rp,np = idL
Mm ¢rp,cp = fr T
¢rp,mp = f T
em bre, = 1d; T
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= Notation and Review

= Functional Approach

= |[nterprocedural MOP

= Pragmatic Considerations
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Interprocedural MOP solution

Yn = /\{fql q € IVP(rmain’ n)}

Yn = l/Jn (T)
main
P e
" fCI1 ,:I fCIz
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IVP, Lemma

" ¢rp,n — /\{fql q € IVPO(rp»n)}
p

S
¢rp,n ::: ’:\’ /\{fql q € IVPO (rp'n)}
v v
L
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IVP, Lemma: Proof

" ¢rp,n = /\{fql q € IVPO(Tp:n)}

= By induction on qb,‘lp,n, the i-th approximation

Fori=0:
r Ifn =1, then o2 = idy = f; = A{fyl q € IVPy(1p,7,)}
* If n # 1, then gb,‘-)p,n =fi=2f€F

IH: ¢t o = N, | q € IVPy(r,,n)}

Fori+ 1: see blackboard
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IVP, Lemma: Proof

o /\{fql q € IVPO(T'p,Tl)} = ¢rp,n

= Show: ¥q € IVPy(7,,n): fy = ¢r, n by induction

over the length k of g
For k=0:

= Then f, = br,r, = Udy,
IH: vq € IVPy(1,1),1q| < k: f3 = by n
For k+ 1: see blackboard
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MOP Rewritten

" P, = /\{fql q € IVP(Tmain, n)}
[ | Xn —

A {¢rpj,n ° ¢rpj_1,cj_1 00 ¢rmain,c1| ¢; calls pi+1}

= Then y,, = y,, with IVP, Lemma and Path

decomposition

= Thus y, = ¢, (T) = x,(T)
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Equivalence to MOP

s F distributive = y, = x,

= Proof: Show that Xr, = Vr, then with
Xn = ¢rp,n (x‘rp) — ¢rp,n (y‘rp) y Yn = Xn(T) —
A {¢rpj,n ° ¢rpj_1,cj_1 00 ¢rmain,c1| ¢; calls pi+1} (T) =

(¢rp,n © er) (T) — ¢rp,n (er)

it follows that x,, =y, vn € N*
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Equivalence to MOP

= New "Intraprocedural” Data Flow Problem:

* G. = (N, E;) E. = E{ UE}

L d
“

-
-
- |

-~

‘g _ Gmn, (M) € EJ
(m,n) id;, (m,n) € E}
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Equivalence to MOP

. g — ¢m,n: (m) Tl) E Eg
(m.n) id;, (m,n) € E}

interprocedural intraprocedural

Tmain =T Xy = T

Xp, = /\ {cp,ﬂq,c (xrq) | c callspin q} Xn = /\ 9mn) Xm)

(mmn)€EE
Xn = ¢rp,n (xrp)
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Equivalence to MOP

interprocedural intraprocedural
Tmain T Tmain T
Xy, = /\{gbrq’c (xrq) | c callspin q} Xy, = /\ id; (x,)
(m,rp)eEL
Xn = ¢r n (xr )
P P = Xom
(m,rp)€EZ
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Equivalence to MOP

¢mn: (m,n) € EO

gmmn) = ldL, (m,n) € E}

interprocedural intraprocedural

= A\l 4 € VPGinain W} | 3= [\t (DIp € pathe(r,m)

= Follows from y,, = /\{c,brpj,n o-odp. . . |cicalls pi+1} (T)
and by construction of G,
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Equivalence to MOP

F Is distributive =

The maximum fixed point solution x;, of the
functional approach = the interprocedural
MOP solution y,

F is monotone = x, <y,
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= Notation and Review

= Functional Approach
= Interprocedural MOP

= Pragmatic Considerations
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Pragmatic problems

= Representation of ¢:

= Symbolic not always possible

= Explicit representation maybe not finite if L infinite:

main: P Br, e, ({(4,00])
A :=0 if cond then ¢rp’ep({(14, )
call P A :=A+1
print A call P gbrp,ep({(A, 2)})
A :=A-1
endlf

return
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Pragmatic problems

= Approach with symbolic representation may not

converge when L infinite and F unbounded:

vk > 0: Need k iterations to show qbrp,ep({(A, -k =0

main: p:
A =0 if cond then
call P A :=A+ 2+ (Ak9)?-1:1
print A call P
A :=A-1
endlf

return
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Practical result

o |f (L,F) distributive and L finite then the

iterative solution of #nn, =ids
¢‘rp,n — /\ (h(m,n) o ¢rp,m)

(m,n) € Ep

Tmain

converges and '_ A (4, (x, )1  catls ping)

p

Xn = (prp,n (xrp)
results in the interprocedural MOP solution
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Algorithm

= Assume L finite and no symbolic
representation available

= Compute ¢, only for necessary values

W = {(rmain» T} PHI(Tmainr =T
while W # @

remove some (n,x) fromW

update PHIs and W

Xn = NqeL PHI(n, a)
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Algorithm: updating PHIs and W

propagate(x,z, m):
PHI(m,x) := PHI(m, x) A z;
if PHI changed: W =W U {(m, x)}
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Algorithm: updating PHIs and W

Case 1
x_ g

N
~

y = PHI(n,x) ' p

n

z = PHI(ep,y)

if zundefined:

propagate(y,y, rp)
else:
propagate(x,z, m)
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Algorithm: updating PHIs and W

Case 2

| p

x = PHI(cp,u) X q

for each call ¢, to q and
u € Lwithx = PHI(cp,u) :
propagate (u, Y, mp)
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Algorithm: updating PHIs and W

Case 3
X q

~
~

y = PHI(n, x)

A

for each (n,m) € Eg:
propagate(x, fonm) ), m)
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Example

W ={mT) (nT) 01 ... (ep1) ...}
main PHI(1, T) =T
r, propagate(T, f1(T), cm)
PHI(c,,, T) =1
propagate(l,l, rp)

fi n,

PHI(1,,1) =1
propagate(l, id; (1), np)

Cp propagate(l, id (1), ep)

PHI(n, 1) =1
N m, PHI(ey 1) =1
N /
fl > N \" ldL .
e * e, propagate(T,1,n,,)

PHI(n,, T) = 1
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Summary: Define valid paths

IV P, (rp, n) IVP (Tmain: n)
main

q \‘) q1 € IVPO (Tmain: TL)
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Summary: Functional Approach

Information x at r,

is transformed to ¢r,n(x) at n
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Summary: Functional Result

F Is distributive =

The maximum fixed point solution x;, of the

functional approach = the interprocedural

MOP solution y,
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Summary: Practical Aspects

= Represent ¢, ;, symbolically or by explicit

relation
» Explicit approach may require much space
» L infinite = Explicit approach may diverge
» L infinite, F unbounded = Symbolic

approach may diverge
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