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Example

proc fib(val z, u; res v)

[call

fib(x,0,y)

is 1
[Z<3]2 no
yes
1% | [v=u+13]  [cal fibz-Luyv) 14
[call fib(z-2,v,v) 18
|

end®




Language

Syntax for procedures

Programs: P1 = begin D1 Si end

Declarations: D ::= D;D | proc p(val x;resy) is" S end *
Statements: S = aaafcall p(a,z)] ::f

Example:

begin proc fib(val z, u; res v) is’

if [2z<3]? then [v:=u+1]3
else ([call fib(z-1,u,v)]2; [call £ib(z-2,v,v)]5)
end8;
[call £ib(x,0,y)] 7,
end




Flow Graphs

le

{10}

nit ([ call p(a, 2)] :;f)

Pnal([ call p(a, 2)] :i) =
blocks ([call p(a,2)],?) = {[call p(a, )]}
labels ([ call p(a, 2)] :i) = {l¢ !}

{(Metn), (T )}

if proc p(val x; res y) is'" S end'® is in D~

Bow ([ call p(a, 2)] )
¥ (I 1y) is the Bow corresponding to calling a procedure at !. and
entering the procedure body at ', and

¥ (1,.:1,) is the Bow corresponding to exiting a procedure body at l 2
and returning to the call at !,.




Flow Graphs

For the program

init 1
Pnali
blocks |
labels

Row |

InterfSow |

P = begin D1 Si end:

nit (Sr)
PnaI(S!)

{blocks (p) | proc p(val x;res y)is " Send*isin D}
; blocks (Sr)

{labels (p) | proc p(val x;res y)is " SendX isin D1}
I! labels (Sr)

{lZow (p) | proc p(val x;res y)is " SendXisin D1}
I Bow (Sr1)
{("c,"n,"x,"r) | proc p(val x;res y)is " S endX isin Di

and [call p(a,z)] ::f isin Si}




Example

begin proc fib (val z, u; resv) is !
if [z<3]? then [vi=u+1]3
else ([call fib (z-1,u,v)]Z; [call fib (z-2,v,v)]%)
end®;
[call fib  (x,0,¥)]%,
end

We have

Gow . = {(1,2),(2,3),(3,8),
(2,4),(4;1),(8;5),(5,6),(6;1),(8;7),(7,8),
(9;1),(8;10)}
interBow . = {(9,1,8,10), (4,1,8,5), (6,1,8,7)}
and init , =9 and Pbnal, = {10}.




Formulation

Treat the three kinds of Row in the same way:

Row treat as
('1,'2) | (M1,12)
(ertn) | (Teytn)
(T by) | (Testy)

Equation system:
Ax(l) = Ai(As(1))

Ao(1) = LKA 1) € For (V1) € For (V) € Fyuy

But there is no matching between entries and exits.




Paths

We need to match procedure entries and exits:

A complete path from !y to !5 in P+ has proper nesting of procedure
entries and exits; and a procedure returns to the point where it was

called:
CP!l,!Q — 1 whenever 11 =15
CP!L!?) — 1, CP!27!3 whenever (11,!5) € flow:

CPy.y — !¢, CP 1 ,,CP | whenever P contains [call p(a,z)]ii
and proc p(val z;res y) is ‘v S end -




A new monotone framework

¥L'= P(A" D); Enrich lattice with context information

¥ the transfer functions in F! are completely additive; and

¥ each f| is given by f/(Z) = | (R #(d) | (8 d)# 2}

Ignoring procedures, the data 3ow equations will take the form:

Ax(l) = Fi(As(!))
for all labels that do not label a procedure call

As() = {AY 1LY #F or (151 # F) %g
for all labels (including those that label procedure calls)




Transfer Functions

Procedure declarations
proc p(val x;res y)is'" S end*
have two transfer functions, one for entry and one for exit:

f, . f1, P xD)—P@lx D)

For simplicity we take both to be the identity function (thus incorpo-
rating procedure entry as part of procedure call, and procedure exit as
part of procedure return).
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Transfer Function for Procedure
Calls

Procedure calls [call p(a, z)]ij have two transfer functions:

For the procedure call

ff:p(@M D) Pp(IM' D)

and it is used in the equation:

Ax(le) = f!lc(A#(!c)) for all procedure calls [call p(a,z)]i;f

For the procedure return

f2, :P(IM' D) P(IM! D) P(IM! D)

and it is used in the equation:

Ay(ly) = f!QC,!T( Ax(le) |, A#(1y)) for all procedure calls [call p(a, z)]ij

(Note that Ax(!,) will equal Ax(!;) for the relevant procedure exit.)
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Procedure calls/returns

Z

\

Z N ‘,,,7,,,,\\\\ /,

[call_p(a,z)hi

1702, 7Y

proc p(val x;res y)

####&#

isgn

" endfe
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Ignoring calling contexts

proc p(val Xx;res vy)

| % iS! "
[call p(a,z)]'c = %5fﬁ

[call p(a,2)], |

| L
| end x

fh(Z)y= {"}" #(d)| (".d)#Z $"' = 44444d44E 444}

f!ZC,!r(Z’Z !) = f!zr(Z!)
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Joining Contexts

proc p(val z;res )

o lig I
! I f'lc :
[call p(a,z)]'c| .| |
24
!Ca!T |
[call p(a,z)]!5 ®sls g ¢
2§$$$$$
f!a!r v $$$$$ !

" lend«

ff2)= JE #Hd) 1 (", d # Z $"' = aa4a4adaadaad)

[ (2,7 = flzci?T(Z) %fE0 (2
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Joining Contexts on Return

proc p(val X; res Y)

is
lo "
[call p(a,2)] o] -
2A
f£C1€r I
[call p(a,2)] gg| b
f2§ $$$$$$ .
EC”er $$$$$$$ !
*s | endfx
1 ! / 1 /
fo.(Z) = {0y x ¢p(d) | (6,d) €Z A" = ---5---d---Z .-}

t2,(2,2"y= 125 (z) ut?B (2"
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Call-strings of unbounded length

I = Lab*

Transfer functions for procedure call

1(2) = U x #i.(d) | ( d)EZ]}/\

12,022y =" x #2,,.(d,d) | (".d) € Z A
(dyez A =11
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Call-strings of bounded length

= Lab' "

Transfer functions for procedure call

L= EYRE@D DS 7 %
=& k}

R(27)= () # AR, (dd)] () S 7%
(",d)$Z %"= &1}
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