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CPS Conversion of Imperative Language with Exception Handling

and its Formalization

Enmro Suwmil,t YuicHI ONEDAT and AKINORI YONEZAWA'

We propose a method of compiling a generic imperative language (similar to control flow
graphs) by using CPS (continuation passing style) as an intermediate representation. CPS is
a form of functional programs that puts all function calls and all conditional branches into tail
positions by generating functions to represent “the rest of the computation” (called continua-
tions). It is widely used as an intermediate representation in compilers of functional languages
such as Scheme and ML. By translating an imperative language into CPS, complicated control
flow as in function application and exception handling is clarified because activation records
and exception handlers are made explicit as continuations. As a result, many optimizations
including inline expansion and tail-call optimization can be easily implemented. We give a
simple formulation to the process of converting the imperative language into CPS and prove

its correctness.
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int all, r, i;
LO: r = 1;
i=0;
L1: if i = 10 then return r;
L2: r =1 * al[i];
i=1+1;
goto L1;
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fo(a, r, i) =
let r =1 in
let i = 0 in
fi(a, r, i)
fi(a, r, i) =
if i = 10 then r else
f2(a, r, i)
f2(a, r, i) =
let r = r * a[i] in
let i =i+ 1 in
fi(a, r, i)
ogd fo, f1, f20000000 Lo, L1, L20000O
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int main(int al[l) {

int r, i;
r =1;
i=0;

Li: if i = 10 then return r;
L2: r = mul(zr, alil);
i=1i+1;
goto L1;
}
int mul(int x, int y) {
return x * y;
}
0oooooooooooon
main(k, a) =
let r =1 in
let i = 0 in
fi(k, a, r, i)
fi(k, a, r, i) =
if i = 10 then k(r) else
f2(k, a, r, i)
f2(k, a, r, i) =
let k’(r) =
let i =i+ 1 in
fi(k, a, r, i) in
mul(k’, r, alil)
mul(k, x, y) = k(x * y)
o0 f£20000000000000x0000 mul
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int main(int al[l) {

int r, i;
try {
r =1;
i=0;

Ll1: if i = 10 then return r;
L2: if a[i] = O then raise;
L3: r =1 * al[i];

i=1+1;

goto L1;
} catch {
L4: return O;

}
¥
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main(k, a) =
let r

1 in
let i = 0 in
fi(k, a, r, i)
fik, a, r, 1) =
if i = 10 then k(r) else
f2(k, a, r, i)
f2(k, a, r, i) =
if al[i] = O then f4(k, a, r, i) else
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£3(k, a, r, i)
f3(k, a, r, i) =
let r = r * a[i] in
let i =i+ 1 in
fi1(k, a, r, i)
fa(k, a, r, i) = k(0)
U000 L20 raise0000000 L4000 goto U
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int main(int al[l) {

int r, i;
try {
r =1;
i=0;

L1: if i = 10 then return r;
L2: r = mul(x, alil);

i=1+1;

goto L1;
} catch {
L3: return O;
}
}

int mul(int x, int y) {

if y = O then raise;

L4: return x * y;

}
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main(k, h, a) =
let r =1 in
let i = 0 in
fi(k, h, a, r, i)
fi(k, h, a, r, i) =
if i = 10 then k(r) else
£f2(k, h, a, r, i)
f2(k, h, a, r, i) =
let k’(r) =
let i =i+ 1 in
fi(k, h, a, r, i)
and h’() = f3(k, h, a, r, i) in
mul(k’, h’, r, ali])
£3(k, h, a, r, i) = k(0)
mul(k, h, x, y) =
if y = 0 then h() else
f4k, h, %, y)
f4(k, h, x, y) = k(x * y)
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int main() {
int x;
x = 0;
try {
Li: x = 1;

raise;

} catch {
L2: return x;
}

}
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main(k, h) =
let x = 0 in
let () = £f2(k, h, x) in
f1(k, h’, x)
f1(k, h, x) =
let x = 1 in
h(O
f2(k, h, x) = k x
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let x =1 in
£f2(k, h, x)
£2(k, h, x) =k x
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int main(int x) {
goto L1;
try {
L1: return sub(x);
} catch {
L2: raise;
}
}
int sub(int x) {
if x = 0 then raise;
L3: return x;
}
O00000oooooooooooo ceSOgong
oopoooooboooooo
main(k, h, x) = fi(k, h, x)
f1(k, h, x)
let k’(r) = k(r)
and h’ () = £2(k, h, x) in
sub(k’, h’, x)
f2(k, h, x) = h(Q
sub(k, h, x) =
if x = 0 then h() else k(x)
oooDoo0ooOOooboOoOonD £1,£2, sub 0000
oopooooon
main(k, h, x) =
let k’(r) = k(x)
and h’() = h() in
if x = 0 then h’() else k’(x)
0000000k 000000000000
main(k, h, x) =
if x = 0 then h() else k(x)
gobooooooobooooooo

gooooooooooooooo cpsoOoOOOOOO 5

int main(int x) {
if x = 0 then raise;
return x;
}
0000000000000 00D00nDoO SSAOD
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3. 00000

gooooboooboocbOoobocboooooooa
01000000000 POOOOO DOOOOO
oooobO pOOOOOODOOOOD fOODOOO
000 1,...,0000000000 y1,...,ym0
oooooooono ppoooooooooooo
B,...,B,000000000DO00O00O0O0OOO
000 {f,¢g,h,...}000000000000000
0 {z,y,2,..}00000000000000000
ooboooOooOoOo0oDOoO0DOboO0DbD Xy,..., X,
0000000000 XO0O0Oooo0oooooo
oooooooo B, 000000 L;0ooobo0o
0O H;,0000000HOO0O0O0O0OCDOODODOODOO
O0o00D0 Lo0ooooooobooooooobooo
00000000 LO0OO002000000000
O00L(L):BOL: BOOL(L): BO L: try B
catch goto L’ 00000000 DO0OOO BOOO
ggbooobooboobooboboooboboo
U0 raise0000000O0O0O0O0OO0OOOO0O
gooooooooooooooooooooboooa
gooooboooooooooboooooobooboa
goobooooooooooooocooooobooboo
gobobooboooouoooooooocoooooboooboo
goooobooooooooooooooooooboo
goboocoooooooroooooon

gooooooooooobo 200000000
o0 soopoOoOopoooooooooOoo soooo
00000 (Phalt ) 00000000 (P, abort)
00800 (P, f,H,B,o,r, F,EYDOOOOPOOOO
ooooooooof000000OO0O0ODOO0OOH
ooobooooooopOO0OO0OO0OOOODOOO
db0d0s0OO000D0COO0ODOOOOOOOOOOO
O000r-00000000000 caller0O0O0OF
gooooooooooooooooooooreOO
goboooooooooooooooooooon

0200000000300000000000O0
gooooooooooobooob 200000000
ggboobooboboboboobooboobono
gobobooboooooooooboooooooood



6 ooooooooo 2004
ooooo P (D1,...,Dn}
oooo D == [f(z){var y; Bo; L1(H1) : B1j...; Ln(Hy) : Bn}
gooooo H == L
| L
gooooo B o= z:=uB
| z=yB
| z:=y—2zB
| z=fE)B
| goto L
| returncz
| if £ <y then L; else Lo
| raise
01 0Ooogoooooo
Fig.1 Abstract Syntax of Source Language
0oooOoOoooono F o:= ()
| (f,L,B,o,r,F,E)
0oooooooono E = ()
| (f,L,o,r,F,E)
(P, f,H,(z:=1;B),o,7, F,E) — (P, f,H,B,co[z:=1i],r F,E)
(P, f,H,(z:=y;B),o,7, F,E) — (P, f,H,B,c[z:=0(y)],r, F,E)
(P,f,H,(x:=y—z;B),o,7,F,E) — (P, f,H,B,o[z:=0(y) —o(2)],r, F,E)
(P, f,L,(z:=g(y); B),o,r, F,E) — (P,g,L1,Bo,[z:=0(y),T:=0],
z,(f,L,B,o,r, F,E), E)
if g(z){var 7; Bo;...} € P
(P, f,L,(z :==g(y); B),o,r, F, E) — (P,g,1,Bo,[z:=0(y),z:=0],
z,(f,L,B,o,r,F,E),(f,L,o,r, F, E))
if g(z){var 7; Bo;...} € P
(P, f,H,goto L,o,r, F, E) — (P, f,H',B,o,r,F,E)
if fx){...;L(H"):B;...} e P
(P, f,H,return z,0,1,(9,H',B,0o',r',F,E),E'Y — (P,g,H,B,d'[r :=0(z)],r",F,E)
(P, f,H,return z,0,r,(), E) —  (P,halt o(z))
(P, f,H,if x <y then L; else Ly,0,r, F, E) — (P, f,H1,B1,0,r,F,E)
ifo(z) <o(y) and f(Z){...; L1(H1): B1;...} €P
(P, f,H,if x <y then L; else Ly,0,r, F, E) — (P, f,H2,Bs2,0,r,F,E)
if o(x) > o(y) and f(z){...; L2(H2): Ba;...} € P
(P, f,L,raise,o,r, F, E) — (P, f,H,B,o,r, F,E)
if f(){...;L(H):B;...} €P
(P, f, L, raise, 0,7, F,(g,L,0',7", F', E)) — (P,g,H,B,o’,r",F' E)
ifg@){...;L(H):B;...} P
(P, f, L,raise,o,r, F,()) — (P, abort)
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Fig. 2

Operational Semantics of Source Language
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wf({fC- {3 =

wf({f}, f(@){var 7; Bo; L(H) : B}) =
wf({L},L) =
wf({L}, 1) =
wf({fH{ZH AL}, (v =35 B)) =
wf({f},{Z} AL}, (= = y; B)) =
wf({f},{Z} AL}, (z ==y — 2, B)) =
wf({f},{Z} AL}, (= = f(7); B)) =
wf({f}.{z},{L},goto L) =
wf({f},{Z}, {L}, return z) =
wf({f},{Z},{L},if = < y then L} else L)) =
wf ({7}, {7}, {T}, raise) -

Meicnwf (T}, £i(. ). }) AT distinct

/\Ogignwf({?}7 {57 5}7 {Z}7 Bl) A f € {?} A
N<j<nwf({L}, H;) A L distinct A T, 7 distinct

Le{L}

true

v € {Z} Awf({f},{z}, {L}, B)

{z,y} € Z} A wf({F}. {7}, {L}. B)

{z,y,2} C {z} Awf({F}, {z}. {L}, B)
fe{fy Mg} C {Z} Awf({f} {Z}{L}. B)
Le{L}

z € {z}

{z,y} € {Z} A {L1, Lo} € {L}

true

03 ODOOooOOOooo
Fig.3 Well-Formed Programs

wf((P, f,H,B,o,r,F,E)) = wf(P
wf (

) A f(@){var ¥; Bo; L1(H1) :Bf;...
{L} H) A wf(dom( )7 {f,g}, {L},B) A dom(o) = {f,g} A

s Ln(Hyp) : Bp} € PA

wf(P,r, F) A wf (P, E)
wf ((P,halt i)) wf (P)
wf (P, abort)) wf (P)
wf(P, T, ()) = true
wf(P,r,(f,H,B,o,r', F, E)) f(@){var §; Bo; L1(H1) : B1;...;Lo(H,) : B,} € PA

wf({L}, H) A wf(dom(P),{z,y},{L}, B) Ar € dom(c) = {Z,7} A
wf(P,r', F) A wf (P, E)

true

wf (P, ()
wf (P, (f,L,o,r, F,E))

f(Z){var 7; Bo; L1(H1) : By;. ..
L € {L} Adom(o) = {Z,7} A wf(P.

;Ln(Hyp) : Bn} € PA
r, F) ANwf(P, E)

04 DOODOODO
Fig.4 Well-Formed Execution States

S —* (Phalt i)
(P, halt(r), [r :==1]) /~
S —* (P,abort) A 00 T(S) —* (P, abort(),0) 4
S—...—...00000000C00000D0O0
0o0o07(S)— —...0000000D000
goooo

00 001000200000

400 T(S) —*

6. U 4ookn

00 (continuation) 00O 00000 gotoO OO
00000000000 0000000000000
o0®o0000000000000000DO0non
0CpPSOODDOOOODOOOODOOOOODOD
00000000000000Guy Steele d MIT O
000000000 Schemed0000 RABBIT!VO
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oooog p = {di,...,dn}
oooo d f@=e
O e = letx=1ine

letz =y ine

letx =y—=zine

if x <y then e; else ez

let x = A\y.e; in e2

|
|
|
| z(y)
|
|
|
|

let x = Ay.e; and 2 = A_.e2 ine3

05 OOODOOOOOO
Fig.5 Abstract Syntax of Target Language

(p,let x =i ine,p)
(p,let x =y ine,p)
(p,let x =y —z in e, p)

(p, f(), p)

(P, z(y), p)

(P, z(), p)

(p,if x <y then e; else ez, p)
(p,if z <y then e; else ez, p)
(p,let z = Ay.e1 in ez, p)

(p

,let z = Ay.e; and z = A_.ez in eg, p)

ool

(p,

@ [ MWD

(p, &, plz := p(y) — p(2)])

(p,e, [y := p(T)]) if (f(y)=e)ep
(pep'lz:=p(y)]) if p(x) = cls(z,e,0)
(p,e,p") if p(x) = cls(_, e, p")
(p,e1,p) if p(z) < p(y)
(p, €2, p) if p(z) > p(y)
(p, e2, plz == cls(y, e1, p)])

(p, es, plz = cls(y, e, p), z := cls(_, ea, p)])

06 ODOO0ODOODOOOOO
Fig.6 Operational Semantics of Target Language
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T({Dx,...

T(f(@){var 7; Bo; L1(H1) :

,Dn})

Bl;..

T(f,k,h,V,H,(z :=1; B))
T(f,k,h,V,H,(z:=y; B
T(f,k,h,V,H,(x:=y— 2; B))
T(fk.h,V, L, (z:=g({y); B))

7(f,
7(
T(fk
7(
7(

fk

h,(z), H,goto L)
h,V, H,return x)

h,(Z),H,if x <y then L else L2) =
7 k h,V, 1, raise)
f.k,h,(Z),L,raise)

.Ln(Hy) :

= T(D)U...UuT(Dy)

Bn})

{f(ka h, f) =

let y1 =0 in

let ym =0 in
T(f7kah7 (57?)7L7B0)7
f.L1(]€7 h,f7@) = T(f, k., h, (5,5)7 Hi, .Bl)7
fL’ﬂ(k7 hvjv y) = T(fa k? h7 (jvy% H’ﬂv Bn)}
k, h fresh

— letx=iinT(f,k h,V,H,B)

= letx=yin T(f,k,h,V,H,B)

= letx=y—zin7(f,k,h,V,H,B)
let k' = A\z. 7(f,k,h,V, L, B) in
g(K', h, )

— et K = A\ae.T(f,k,h,V, L, B)
and h' = A_. f.L(k,h,Z) in
g(k',h', )

—  fL(kh37)

= k(=)

if z <y then f.Li(k,h,z) else f.La(k,h,Z)

= h()

= f.L(k,h,Z)

k' fresh

k', h' fresh

07 DOODOOOOO
Fig.7 Translation of Programs

T(<P7f7H7B7U7T7F7E>)

7T ({P,halt i))
T ((P, abort))

T(P,k,r,())

T(P,k,

(P h, ()

T(P,

h7 (f? L7 07 T7 F7 E))

/r7 (f7 H7 B7 0—7 T./7F’ E))

(T(P),T(f,k b, (2,9), H,B),0 W T (P, k,r, F') & T (P, h, E))
if f(Z){var y;...} € P and k, h fresh
(P, halt(r), [r :=1]) r fresh

(P, abort(), D)

[k := cls(r, halt(r), 0)]
[k = cls(r, T(f,K',h,(@,), H,B),c WT (P, k',1", F) & T(P, h, E))]
if f(T){var7;...} € P and k’, h fresh

[h := cls(_, abort(), D))
[h:= cls(-, f.L(k,h\F,5),0 O T (P, k,r, F) O T(P, I,
if f(z){var7;..

)l
.} € P and k, i/ fresh

08 DOOOOOO

Fig.8 Translation of Execution States
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o0 o00bO2000

020000000000 $S—580000000000000000
S = (P, f,H,(x := i;B),o,r,FE) — (P, f,H,B,olx :=i|,r, ,E) = 000 SO0000000O
f@){varg;..} e POODOOOODO
T(S
=(T(P), T(f,k,h,(T,9),H,(x:=4B)),c WT(Pk,r, F)WT(Ph,E))
= (T(P),let x =4 in 7(f,k,h,(z,7y),H,B),c WT (P, k,r,F)WT (P, h, E))
—{(T(P), T(f,k,h,(T,y),H,B),clz :=i|WT(Pk,r,F)WT(PhFE))
=T7(9)
S=(P f,H,(z:=y;B),o0,r,F,E) — (P, f,H,B,olx :=0o(y),r, /,;E)=5 000 SO00000000OO
f@){vary;...} ePOOODOOOOODO
T(S)
(T(P), T(f,k,h,(x,y),H,(z:=y;B)),cWT(Pk,r,FF)§T(P,h,E))
(T(P),let x =y in T(f,k,h,(z,7),H,B),c WT (P, k,r, F)WT (P, h,E))
—(T(P), T(f k,h,(T,y),H,B),olx:=0(y)|wT(Pk,r,F)WT(Ph,FE))
=T(9)
S=(P, f,H(x:=y—2B),o,r,F,E) - (P, f,H,B,olz :=o(y) —o(2)],r, F,; E) =5 000 SO00O
000000 f(@){var5;...} e POOOODOOO0O
T(S
(T(P),T(f, k,h,(x,y),H,(x:=y—2;,B)),c T (P, k,r, F)WT(P,h,E))
(T(P),letx=y—2zin T(f,k,h,(Z,Y),H,B),c WT (P, k,r, F)WT (P, h, E))
— (T(P),T(f,k,h,(T,y),H,B),clz :=0(y) —o(2)] T (P,k,r,F)WT(P,h,E))
=T7(5")
S=(P,f,L,(z:=g(¥);B),o,r,F,E) — (P,g, L, Bo, [z :=0(y),z :=0],z,(f,L,B,o,r, F,E),E) =50
0 g(z){var 7;Bo;...} e POOD SOOO000000Df(F){var¥;...} € POODOOOOOO
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T(5)
(T(P), T(f, ko by (7)), L (& = 9(3); B)), o 0 T(P,k, 1, F) 0 T(P, h, E))
= (T(P),1et k' = Xx. T(f,k,h,(F,7), L, B) in g(k', h,5), 0 W T (P, k,r, F)Ww T (P, h, E))
(T(P), gk, 7).
w7 (Pk,r, F)WT(Ph E)d
[k := cls(x, T(f,k,h,(@,¥), L,B),c 0 T(P,k,r, F)wT (P h,E)))
— (T(P),let 1 =0 1in ... let &, =0 in T (g, k", 1, (Z,%), L, Bo),
k" = cls(z, T (f, k,h,(@,¥), L,B),c T (P k,r, F)6WT(P,h,E)),
B :=T(P,h,E)(Rh),Z = o(¥)])
—T(P), T (g, K", I, (,7), L, Bo),
K = cls(z, T(f, k, h, (T, 7), L, B),o WT(P,k,r, F) & T (P, h, E)),
h':=T(P,h,E)(h),Z = o(7),T := 0])
= (T(P), T(g, K, (2,7), L, Bo),
k" := cls(x, T(f,k, h, (T, ¥), L,B),c 0T (P k,r,F)wT(P,h,E))] W
T(P,W,BE)¥[z:=0(),T —0]>
= (T(P),T(¢, K", I, (z7), L, Bo),
Z:=0(y),z:=0]W
k" = cls(z, T(f, k,h, (@, 7)), L,B),c W T(Pk,r, /)W T(P,h,E))d
T(P,W,E))
= (T(P),T(g,k",1,(%,7), L, Bo),
Z:=0(®),z:=0WT(Pk" z (f,L,B,or F,E)wT(P,h, E))
= T(8")

—

)

S = <P7f7L7('T ::g(g);B),a,r,F,E) - <Pvg,J—,BO7[E:: 0(5)75:: 0],I,(f,L,B,U,T,F,E),(f,L,O’,T,F,E» =

s’'o0 g(Z){var T; Bo;...} e PO OO SDDDDDDDDDf(f'){Vary/;,..}EPDDDDDDDDD
T(S)

= (T(P),T(f k,h,(@,¥),L,(x:=g(¥);B)),c T (P,k,7,F) & T(P,h, E))

= (T(P),let k' = \x. T(f,k,h,(T,¥),L,B) and b’ = A_. f.L(k,h, T, %) in g(k', k', 7),
o WT(Pk,rF)&T(P,h E))

— (T(P), (K17,
oW T(Pk,r F)&T(Ph, E)w
k' := cls(z, T(f,k, h, T ,7),L,B),c WT(Pk,r,F)WT
W = cls(_, f.L(k, h,T',¥),c WT(Pk,r, F)WT(P,h,E)

(P h, E))] W
)

— (T(P),let 21 =0 1in ... let x,», =0 in T (g, k", h", (%, 7), L, Bo),
K" 1= cls(a, T(f, b, by (,7), L, B), 0 WT(P, k7, F) 0 T(P, b, E),
n" = cls(_, f.L(k,h,T,¥),0 WT (P, k,r, )W T (P, h, E)),z := o(7)])

—*(T(P),T(g9,k",h",(z,7), L, Bo),
" = cls(z, T(f, k,h, @, ¥), L,B),c T (P k,r, F)6T(P,h,E)),
R = cls(_, f.L(k, h,T',¥),c WT (P, k,r, FYWT(P,h,E)),z := 0(¥y),z := 0])
— (T(P), T(g,K", 1", (%), L, Bo),
Z:=0(y),z:=0]W
k" = cls(z, T(f, k,h,(@,7),L,B),c WT(Pk,r, F)WT(P,h, E))d
W' = cls(., f.L(k,h,T,y"),c WT (P, k,r, F)WwT(P,h,E))
= (T(P),T(9,k",h", (%), L, By),
Z:=0®),z :=0wT(Pk" x (f,1,B,o,r F,E)wT(PhL" (f L,arFE)))
= T(S")
S = (P, f,H,goto L,o,7,F,E) — (P, f,H,B,o,r, F;E) =800 f@{...;L(H"):B;...} e POODO
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S0000000f(Z){var5;...;L(H):B;..} e POODOOODODO dom(o)={z,5} 000000

7(S)
=(T(P), T(f k,h,(Z,7),H,goto L),c WT (P, k,r, F)WT(P,h,FE))
= (T(P), f.L(k,h,%,7),0 WT(P,k,r,F)WT(P,h, E))
—(T(P),T(f,K',0,(Z, %), H,B), [k :=T(P,k,r,F)(k),h := T(P,h,E)(h),T := 0(Z),7 := o(7)])
=(T(P), T(f,k',h,(Z,9),H B),cwT(Pk',r, )wT(Ph,E))
=T(5)

S = (P, f,H,return z,0,7,(9,H',B,o’,r',F\E),E'Y — (P,g,H',B,o'[r :== o(z)],r',F,E) =8 000
SO000000000 f(Z){var3;...} € POODOD gF){var7;...} € POOODOOOOOC

z), oWk = cls(r,T(g, k', 0, (,¥), H ,B),0’ W T(P,k',r', F)WwT(P,h',E))]WT(Ph,E")
— (T(P),T(g,k',h',(@,¥),H,B),c’ W T(P,k',»', F)wT(P,h,E"YW[r:=c(z)])
=T7(5")
S = (P, f,H,return z,0,7,(),E) — (P,halt o(z)) = S'000 SOOO00D0O0C0O0O0f(T){vary;...} €P
goooooood

(T(P)
= (T(P),k(z),c WT(P,k,r,(9,H B,o',r',F,E)) & T(P,h,E))
= (T(P), k(

)

(’T(P ,T(f, k,h,(z,y),H,return z),c WT (P, k,r,()) WT(P,h, E))
z), o WT(Pk,r,()WT(Ph,FE))
) oW [k = cls(r halt(r),0)] W T (P, h, E))

l
i
T
3
=
|
i

. f, H,if ¥ <y then L else Lo,0,7,F,E) — (P, f,H1,B1,0,r, F,E) =5 000 o(z) <o(y) O
O f( W...;Li(Hy): By;...} e PO0O0O SOO0O0OOO f(@){vary;...;L1(H1): By;...} e PODO0ODO
00000 dom(o) = {75 000000

T(S)
=(T(P), T(f k,h,(T,y),H,if © <y then Ly else L), 0 W T (P, k,r,F)WT(P,h, E))
= (T(P),if z <y then f.L1(k, h,T,7) else f.L2(k,h,T,Y),c WT (P, k,r, F) W T (P, h, E))
— (T(P), f.L1(k,h,Z,y),0 WT (P, k,7, F)WT(P,h, E))
—{(T(P), T(f, kKW, (Z,9),H1,B1),[k =T (P k,r,F)(k),h :=T(P,h,E),Z:=0(Z),7 :=o(@)])
= (T(P), T(f kK, K,(Z,7),H1,B1),c T (P,k',r, F)WT(P,}L, E))
=17(5"

= (P, f,H,if x <y then L; else La,0,7, F,E) — (P, f,H2, B2,0,7, F,E) =8 000 o(z) > o(y) O
O f( {...;L2(H2): Bg;...} e PO0O0O SOOO0OOO0OOOf(@){vary;...;L2(H2): Be;...} e PODOODO
00000 dom(o) = {75 000000

7(5)

(T(P),T(f, k,h,(z,y),H,if x <y then L else L2),c W7 (P k,r,F)WT(P,h,E))
= (T(P),if z <y then f.L1(k, h,T,y) else f.L2(k,h,T,Yy), 0 WT (P, k,r,F) W T (P, h, E))
— (T(P), f.L2(k,h,Z,y),0 WT (P, k,7, F)WT (P, h, E))
—{(T(P), T(f, kW, (Z,7), Ha, B2),[k' := T (P k,r,F)(k),h :=T(P,h,E),Z :=0(T),7 := o(7)])
=(T(P),T(f, k.1, (z,)),H2, B2),0 WT (P,k',r, F)WT(P, I, E))
=17(5"

S = (P, f,L,raise,o,r,F,E) — (P, f,H,B,o,r,F,E) =500 f@){..;L(H): B;...}ePO0OO S
000000000 f&){var3;...;L(H): B;..} ¢ POODDOOODDOO
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7(5)
=(T(P),T(f,k,h,(Z,7y),L,raise),c WT (P, k,r, F)WT (P, h,E))
= (T(P), f.L(k,h,Z,7),0 WT (P, k,7, F) W T (P,h, E))
— (T(P), T(f,K,h,(Z,%), H,B), [k :=T(P,k,r,F)(k),h :=T(P,h,E)(h),T := 0(%),7 := o(7)])
= (T(P),T(f,K,1,(Z,%),H,B),c T (P,k,r,F)WT(P,h,E))
=T7(5")

S = (P, f, L ,raise,o,n, F,(g,L,0’,v',F',E)) — (P,g,H,B,o’, 7', F',E) = S 00 g@){...;L(H) :
B;...}ePOO0O SODOOOOOOOf(m){vary;...} ePOO0OD0O g@){vary’;...;L(H):B;...} eP
goooooooo

7(95)
= (T(P),T(f k,h,(%,7), L,raise),c WT (P k,r, F)WwT (P, h,(g,L,0', 7', F', E)))
(T(P),h(),c WT(Pk,r, FYWT(P,h,(g,L, o', 7 F' E)))
= (T(P),h(),0 WT (P, k,r, F)W[h:= cls(_,g.L(k, ', T, ¥'),0’ wT(P,k,v',FYwT (P, E))])
— (T (P),g.L(k,h,Z,¥),0' WT (P, k,r', F') W T(P,h, E))
—(T(P),T(g,K, ', (T ,¥), H,B),[k :=T(Pk,v,F)k),h =T(P,h,E)K),T =0@),7 =)
=(T(P),T(g,k, 0", (& ,%),H,B),cwT(PK v FYwT(P,h" E))
=T7(5")

S = (P, f, 1L ,raise,o,r, F,()) — (P,abort) =S'000 SO0000000OO f(z){vary;...} e PODO
goooood

Jh),c W T (P k,r,F)WT(P,h,())
yh(),c T (P k,r,F)d [h:= cls(-, abort(),D)])




