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Proving Method of Termination/Non-Termination
for Functional Programs with Exception Handling

TakeSHI HAMAGUCHI, T MASAHIKO SAKATLT!
MASATAKA BaBafl*! and Krvosnr Acusafl

We present a proving method of termination/non-termination for functional
programs based on eager-evaluation with exception handling. We give a trans-
formation of functional programs into Context-Sensitive Term Rewriting Sys-
tems (CS-TRSs). This enables us to use recent-developed termination provers
for CS-TRSs as termination provers for functional programs. Since eager-

evaluation computes a return value of a function after all values of its arguments
are computed in right-to-left order, this evaluation corresponds to the inner-
most reduction on generated TRSs. The termination property is affected by
the occurrences of non-terminating argument and exception-raising argument.
This means that we have to handle the evaluation order strictly. Thus we used
context sensitiveness for this purpose and design the transformation produc-
ing rewrite rules, that repeatedly pass back an exception to the caller until it
is handled when exception occurs. We prove the soundness and completeness
of the transformation, that is, the innermost termination of the CS-TRS im-
plies the termination of the program and vise versa. This allows us to prove
(non-)termination of programs by proving (non-)termination of CS-TRSs.
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exception A

exception B

fun £ x = ((raise A) + £(0)) handle A => 1
01 00000000000 SMLOOOOO

Fig.1 SML program with termination including exception handling.
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p(raise) = p(fire) = p(isData) = u(+) = p(+3) = u(f) = p(f2) =0,

p(suce) = p(if) = p(handle) = p(guard) = p(select) = p(+1) = p(f1) = {1},

n(+2) = {2}

guard(tt,y) — y

guard(fire(z),y) — fire(x)

isData(succ(x)) — isData(x)

isData(0) — tt

isData(True) — tt

isData(False) — tt

isData(fire(z)) — fire(x)

succ(fire(x)) — fire(x)

if(True,y,z) — y

if(False,y, z) — z

if(fire(z),y, z) — fire(z)

select(tt, z,y,z) — x

raise(A) — fire(A)

raise(B) — fire(B)

handle(x, A, z) — select(isData(z), z, A, z)
handle(z, B, z) — select(isData(z), z, B, z)
select(fire(A),z, A, z) — z
select(fire(B),z, B, z) — z

select(fire(A), z, B, z) — fire(A)
select(fire(B), z, A, z) — fire(B)

+(£E, y) - +1(IE, y)

+1(z,y) — guard(isData(z), +2(z,y))
+(z,y) — guard(isData(y), +3(z, 1))
+3(0,y) —y

+3(succ(z),y) — succ(+(z,y))

f(z) = fi(x)

f1(x) — guard(isData(x), f2(z))

f2(x) — handle(+(raise(A), £(0)), A, succ(0))

03 ML/exO0ODOODDODOOOO CS-TRS
Fig.3 CS-TRS transformed from ML/ex program.
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f(0) — f1(0)
— guard(isData(0), f2(0))
— guard(tt, f2(0))
— f2(0)

— handle(+

(+(raise(A), f(0)), A, succ(0))
— handle(+ (raise(A), f(0)), A, succ(0))
— handle(+1 (fire(A), f(0)), A, succ(0))
— handle(guard(isData(fire(A)), +2(fire(A), £(0))), A, succ(0))
— handle(guard(fire(A), +2(raise(A), f(0))), A, succ(0))
— handle(fire(A), A, succ(0))
— select(isData(fire(A)), fire(A), A, succ(0))
— select(fire(A), fire(A), A, succ(0))
— succ(0)

04 CS-TRSOOOODODODOODO
Fig.4 Term Rewriting by CS-TRS.
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P = ({0, succ, +, True, False, if, raise, handle, f}, Fundef, { A, B})
Fundef = { f(z) — handle(if{ True, raise(A), f(z)), A, succ(0))}

05 00000000000 ML/exODOOOOO20
Fig.5 ML/ex program with termination including exception handling (2).

P = ({0, succ, +, True, False, if, raise, handle, f}, Fundef,{ A, B})
Fundef = { f(z) — handle(if( False, raise(A), f(x)), A, succ(0))}

06 0D000000O0DDDOD ML/exODOOOOO30
Fig.6 ML/ex program with non-termination including exception handling (3).

P = ({0, succ, +, True, False, if, <=, raise, handle, f}, Fundef, { A, B})
Fundef = {f(z) — handle(if{(<= (0, succ(0)), raise(A), f(x)), A, succ(0))}
07 00000000000 ML/exOOOOOO40
Fig.7 ML/ex program with termination including exception handling (4).

P = ({0, succ, +, *, True, False, if, <=, raise, handle, f}, Fundef, { A, B})
Fundef = {f(0) — succ(0), f(succ(x)) — *(succ(z), f(x)), }

08 OD000OO0ODOODDODDODO ML/exOODOOOOB0
Fig.8 ML/ex program with termination not including exception handling (5).
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*1 http://aprove.informatik.rwth-aachen.de/
*2 http://zenon.dsic.upv.es/muterm/
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01 0000O000O0oooao
Table 1 Result of (non-)termination proof.

program tool result time

Fig. 2 APROVE(Web) | time out > 120 sec.

(with termination) p-Term(Web) time out > b5 sec.
APROVE(1.2) time out > 12 hours

Fig.5 APROVE(Web) | termination | 2.48sec.
p-Term(Web)
APROVE(1.2)

time out > 5sec.
> 12 hours

(with termination)
time out

Fig. 6 APROVE(Web) | time out > 120 sec.
(with non-termination) p-Term(Web) time out > b sec.
APROVE(1.2) time out > 12 hours
Fig. 7 APROVE(Web) | time out > 120 sec.
(with termination) p-Term(Web) time out > b5 sec.
APROVE(1.2) time out > 12 hours

Fig. 8 APROVE(Web) | termination | 52.14sec.
p-Term(Web)
APROVE(1.2)

time out > 5sec.
> 12 hours

(with termination)

(not including exception) time out

00003GO000000000000100000000APROVE Web Interface O
goooooobobsboooosbboboboooooooobooboooobooooooboooo
ooboooooboo0ooooboboooboo0o0120000000000000000 p-Term
Web Interface 00 0000000000000 OOO0ODOOOOOOOOOOODOOO
goo0s00000000000DOO00O0O000O0DODODODOODOODODOODDbOODO
AProVElI200000000D0D0000000 120000000000000000O0O
goboooooooooooooooooooobobooooooonbolooobooooooa
gobooboooobooooobooobobooobooooooooboooobooooon
os00o00ooon

O0o0000o0o0o0ooooo0o0oo0oooooooOoo CS-TRSOOOOOOOO
gbobooobooboooooboooobooooboboooOoobooboboOooOooooDbo
APROVE O p-Term 0000000000000 0DOODOOO CS-TRSOOOOOODO
gooooobooobooo

6. 0 O00O0O

gboboooooooooboobooooooobooooobooobooooOoooboooooon
Oo0O000oO0O0000O00O00000O0000000000000CS-TRSOOOOOO

(© 2011 Information Processing Society of Japan



19 OD00O0O0OO0OO0O0O0ooooooOobocoOoOoOoooooooo

CS-TRSOOODOOOOOOO00O0ODOOOOOOU00OOODDOOOOOOOOOoDOO
ooooooooooooooooocs-TRSOOOOOOOOOoOoooOoOooOoOoooo
gobooooooboooooboooooooood
goboboobooooooobobooooooobooooooobooooooobon
goooboooooooboooooobooooooboo0ooboooooobooboOoooDbonoo
gobodoooobooobooooooobo 2000000000000DO0

e J0IODO CS-TRSOUODODUDODODOODUOOIDODOOOODOOOOOODO
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(1) ev(t,§)=0|000 td =" v e T(Fc) t0 = handle(t16, E,t30)
(2) ev(t,§)=ET000 th —" fire(E) —" handle(fire(E), E, t30)
(3) ev(t,§)=1L000 th —*be NFN(T(F)\(T(Fe) U {fire(E) | E € Except})) — select(isData(fire(E)), fire(E), E, t36)
(4) evArgs([ti,...,tn],0) =[v1,...,v,] 0000 01<:<n00000 t,0 =" v; € — select(fire(E), fire(E), E, t36)
T(Fe) — 130
(5) evArgs([ti,...,ta],0) = E] 000000000001 < 4 < n00000 —* v e T(Fe)
t:0 —* fire(E)000 1<j<:0000000 j0000 ¢,6 —* v; € T(Fe) o t=if(ti,ta,t3) D0 OO ev(t,§) =v| 00000 ev(t,§) 000DOOOD 2
(6) evArgs([ti,...,ta],0) = LOOODODOO000 1<i<nO0000 0 —*b; € oooooooo
NF N (T(F)\(T(Fe) U {fire(E) | E € Except})) 0001 <j<i0000000 — ev(t1,0) = Truel 00 ev(tz,f) = v D0D00D0OO0DO (1)00
jO0000 40 —* v € T(Fe) $10 —* True 0000 20 —* v e T(Fe)0O0DDODOO
00 (1)00 (6)000 evOO0D evArgs 0000000000000 D000000 0 = if{t10,120,t30)
gooogoogoog 33000 340b0b0ob0oboobobooooooooo —" if('True, t20,t30)
(1) ev(t,)=v|00000000000000000000 .
e t=xcVO000W=20=v00 t0 —"veT(Fc)O —"veT(Fe)
o t=succ(t)OODODev(t,0) 000 | 000000 suce(v')=v00000 — ev(ti1,0) = False] 00 ev(ts,0) = 0] 0000000000 (1)00
00000 (1)00 #9 —* v € T(F)00DODOO 0 =" False D000 t30 »* v e T(Fe)D0DO0DO0
t0 = succ(t'0) —* succ(v') = v € T(Fe) t0 = if(t10,t20,130)
et = c € (Fc\{suec}) DO0O0Ov = 0000 = c = 000000 —" if( False, t20, t30)
t0 —*veT(Fe)O — 130
e t = handle(ti,t2,t2) D00 Dev(t,0) =v, 00000 to = E € Except 00 —"veT(Fe)
000000 ev(t,d) 00000000 200000000 ot = f(t1,....tn) D0 f € F U Fp 000 DevArgs([ts, ... tn],0) 00O
—ev(t,0) =0 0000000000 (1)00 ©#60 ="veT(Fe)ODOO O [v1,...,0,]l 0000 f(lh,...,ln) — r € FundefU BuiltinDef 10 o =
ooo matchlvi, ..., vn][l1,...,lx]0ev(r,o) =0 0000000000 (4)000 4
t0 = handle(t10, E, t30) 01<i<n00000 60 —" v € T(Fe)OOO
—" handle(v, E, t30) t = f(ti,t2,...,tn)0
— select(isData(v), v, E, t30) = f(t10,t20,...,t,0)
—" select(tt, v, E,t30) — f1(t10,120, ... ,t,0)
— v € T(Fe) =" fi(vi, t20, ..., t,0)
—ev(t1,0) = E1T 00 ev(ts,f) = »| 0000000000 (2)00 — guard(isData(v1), f2(v1,t20, .. .,t.0))
t10 —* fire(B) 0000000000 (1)00 t30 —* v € T(Fe) O —" guard(tt, fa(vi,t20,...,t,0))
ooooo o fovr, 120, . .. tn0)
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*

N
—* fn+1(v1,...,vn)
= fati(lio, ..., lno)
— ro

00000000 (1)00 re—*ve T (Fe) D000 —* v e T(Fe)O
(2) ev(t,§)=El00000000DO00DO0DO00OO00O0
o t = succ(t)DOD0Dev(t,9) = E1000D000O0DOD (2)00 6 —*
fire(E) 000000
t0 = succ(t'0) —* succ(fire(E)) — fire(E)
e t=raise(t) 0000ev(t,§)=F100000 ¢ =FE € Except0000000
000 0t0 = raise(E) — fire(E)0
e t = handle(t1,t2,t3) 000 0ev(t,§)=E1 00000 t2 =E' € Except 00
000000 ev(t;,/) DO00DO0ODOOUODO 200000000
— ev(t1,0) = E'1 00 ev(ts,) = E] 0000000000 (2)00
110 —" fire(EYOO DO O t30 —* fire(F) 000000
t = handle(t10, E',t36)
—" handle(fire(E"), E', t30)
— select(isData(fire(E")), fire(E'), E', t36)
— select(fire(E'), fire(E'), E', t30)
— 130
—" fire(E)
— E#E 00 ev(t1,0) = E0000000000 (2)00 40 —* fire(E)
gooooo
t0 = handle(tle,El,tg,G)
—* handle(fire(E), E’, t36)
— select(isData(fire(E)), fire(E), E’, t36)
— select(fire(E), fire(E), E', t30)
— fire(E)
o t=if(t1,ts,t3) 000 ev(t,0) = E] 00000 ev(t,§) 00D00000D 3
gooooooo
— ev(t1,0) = Truel OO ev(ts,§) = E1 0000000000 (1)00
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$0 —* True0 000000000 (2)00 60 —* fire(E) 000000
t0 = if(t10,t20,t30)
—" if( True, t20, t36)
— 120
—" fire(E)
— ev(t1,0) = False] 00 ev(ts,) = 1 0000000O0O0OO (1)00O
$10 —* False 0000000000 (2)00 t30 —* fire(E) 00000 D
t0 = if(t10,t20,t30)
—" if(False, t20,t30)
— 130
—" fire(E)
— ev(t,0)=E1000000000 (2)00 t0 —* fire(E) 000000
10 = if(t16, 120, 136)
—" if(fire(E), t20, t30)
— fire(E)
et = f(t1,...,tx)0f € Fp UFp D0 00ev(t,§) = ET 00000
ev([ts,...,t,],0) 00000000 200000000

— evArgs([ti,...,tn],0) = [v1,...,v,]l 0000 f(lh,...,ln) — 7 €
FundefU BuiltinDefll o = match[v1, . ..,vn][l1,...,1,] 00 ev(r o)=E1
0000000000 (4)00041<i<a00000 60 —* v; € T(Fe)
oo

9 = f(ti6,...,t.0)
— f1(t10,t20, ..., t,0)
—* fi(v1,t20,. .., t,0)
— guard(isData(v1), f2(v1,t20, ... ,t0))
—* guard(tt, fa(v1,t20, ..., ,0))
— fa(v1,t20,...,t.0)

*

N
=" fat1(vi,. .., 00)
= fati(lio, ..., lno)
— ro
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000000000 (2)00 ro—="fire(F)D0D0O00O —" fire(E)O
— evArgs([t1,...,t,],0) = E1 0000000000 (5) 00000 i01<
: <n00000 t0 =" fire((E)DOODO0O0O jO01 <j<00000
t,0 = v; € T(F)DOOODODOD
t = f(t16,...,tn0)
— f1(t10,...,tn0)
—* fitvi, ..., vi21,t:0, 6410, ..., tn0)
—* fi(viy...,vi—1, fire(E), t;410,...,tn0)
— guard(isData(fire(E)), fi+1(v1,...,vi—1, fire(E), t;410,...,tn0))
— guard(fire(E), fi+1(v1,...,vi—1, fire(E),t;+10,...,tn0))
— fire(E)
000000t —* fire(E)D
(3) ev(t,) = LOODODOODODOODOOOO0O0O0OO0OTNCF) = NFn
(T(FIO\(T(Fe)u{fire(E) | E € Except})) 0000
o t=FE¢c Except0000ev(E,0) =L 0000E=E € TV (F)0
o t=succ(!)0000ev(¢,0)=1L0000000000 (3)00 t0—"be
TN FYyoooooo
t0 = succ(t'0) —" succ(b)
000Osuce(b) € TVC(F)0000000 (3)00000
o t=raise(t)0000ev(t,0) =1L 00000 ' ¢ Except 000000000
00 0 = raise(t'd) € TVC(F)OD O OO

e ¢ = handle(t1,t2,t;) 000 Dev(t,0) = LO00000000 300000000
—to = E € Except 00 ev(t1,0) = ET700 ev(ts,#) = L OO0OO

000000 (2)00 t6 —* fire(E) 0000000000 (3)00
t30 —* b e TNC(F)O
t0 = handle(t10, E,t30)

—" handle(fire(E), E, t30)

— select(isData(fire(E)), fire(E), E, t30)

— select(fire(E), fire(E), E, t30)

— 130

—*be TNC(F)
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—to = F € Except 00 ev(t,,§) = L OD0O000O00O0OO (3)00

t0 —*be TNC(F)O
t0 = handle(t10, E,t30)
—" handle(b, E, t30)
— select(isData(b), b, E, t36)
oooos0O0O0000 200000000

% root(b) = succ 000 0b = succ® (V) k > 1000 root(b') # succ
000000000 e TVC(F) 000 Oselect(isData(b), b, E, t30) —*

select(isData(b'), b, E, t30) € TNC(F")

% root(b) # succ 0 0 O O select(isData(b), b, E, t30) € TN (F")

— ty ¢ Except 00000 = handle(t10, 120, ts0) € TNC(F)O

o t=if{ty,to,t3) D00 ev(t,0) = LOOODD ev(b,) 00000000 40
ooooooo
— ev(t1,0) = Truel 00 ev(tz,) = L 0000000000 (1)00

#0 —* True00D0000000D0 (3)00 tf —* b € TVNCF) O

ooooo
0 = if(t10, 120, t30)
—* if(True, t29, t39)
— 120
—"be TVC(F)

— ev(ti,0) = False] 00 ev(t3,§) = LOOODOD0OOOOO0O (1)00O
$0 —* False D0D0D00D000 (3)00 ts0 —* b € TVF) O

goooo
t0 = if(t16,t20,130)
—" if(False, t20,t30)
— 130
—*be TV(F)

— ev(t,0) =11 00 t) # True0 0 t] # False 0000000000 (1)

00 t0 ="t e T(Fe)ODDODOO
t0 = if(t10,t20,t30)
" it 120, 30) € TVC(F)
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— ev(t,0)= 1000000000 (3)00 t0—*be TVC(F)
t0 = if(t10,t20,t30)
—" if{b, 120, t30) € TNC(F')
ot = f(t,....to,)0f € Fp UFp O0O00Dev(t,d) = L OODODO
ev([ts,...,t,],§) 000D00DO0D 200000000
— evArgs([t1,...,tn],0) = [vi,...,vn]l OO0O00O f(l1,...,ln) — r €
Fundef U BuiltinDefll ¢ = match[vi,...,vn][l1,...,1,] 00 ev(r,o) = L
0000000000 (4)000d1<i<a00000 t0 —* v € T(Fe)
ooo
0 = f(t10,...,t.0)
o Fi(t10, 120, . .. £n0)
=" fi(v1,t20,...,tn0)
— guard(isData(v1), fa(v1,t20, ..., tn0))
—" guard(tt, fa(v1,t20, ... ,t,0))
— fa(v1,t20,...,t,0)

*

N
=" far1(v1, .. vn)
= fot1(lho,...,lL0)
— ro
000000000 (3)00 re —*beTN(F)0DDODODW —"be
TNC(FHD
— evArgs([t1,...,tn],0) = LOOODDO0OODOO00 (6) 00000401 <

i<n0000004I —*be TN (F)DDDDOODOD j01<j<i00
000 46 —*v; € T(F)0ODODDOOOO
0 = f(116,...,tn0)
— fi(16, .., n0)
=" filvi, .. v, 80,4440, ... 1,0)
=" filvi, .. vi—1, b, ti410, ... 1,0)
— guard(isData(b), fit1(v1,...,vi—1,b,ti+10,...,tn0))
oobys0OO0OOOO0O2000DC0O0OO
% root(b) = succ 000 0b = succ®(¥)D k > 1000 root(b') # succ O
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ooooooool e TN F)oooo
guard(isData(b), fit1(v1,...,vi—1,b,ti410,...,t,0))
—* guard(isData(b'), fit+1(v1,...,vi—1,b,ti410, ... ,t,0))
e TVC(F)
x root(b) #succO 000
guard(isData(b), fis1(v1,...,vi1,b,tis10,. .. t,0)) € TNC(F')
(4) evArgs([ti,...,tn],0) =[v1,...,v,]]00< 00000
e n=00000evArgs([],0)=[]00000O0
e n>00000ev(t,0) =v1| OO0 evArgs([te,...,tn],0) = [v2,...,v,]l OO
00000000 (1)00 48 —* v € T(F)ODOO0000D0000 (4)00
0j02<j<n00000 ;6 > v; € T(F)OOOO0D (4)00000
(5) evArgs([ti,...,ta],0) = EI000000000n#00000ev(t,0) 00000
oboOo200000000
o ev(t1,0) = vi| 000D evArgs(ta, ... ta],0) = E] 0000000000
(1)00 t6 —* v, € T(F) DDODOODODODOOOD (5)0000 4
02<:<n00000 0 —"fire(E)00 2<j<:000000 5700000
0 —*v; € T(F)OOODODO (5)00000
e ev(t1,0) = EI 0000000000 (2)00 ¢,0 —" fire(B)0000(5) 0
googd
(6) evArgs([ti,...,tn],0) = LOODO000000n£00000ev(t1,0) 00000
gboo 200000000
o ev(t1,0) =v1 | 0000evArgs([te,...,t,],0) = LO00000000O0O0 (1)0
0to—-"veT(Fe)DUOODOOOOOOOODOO (6)0000 02<i<n0
0000 t0 —* be TN(F)OO 2 < j <i000000 ;00000
0 —*v; € T(F)DOODODOD (6)00000
e ev(t1,§) = LOOOO000000 (3)00 60 —*beTVNF)OOOD(6)
goooo
O
00 A.1.6 0t07T(FV)0000D0 00 Var(t) C Dom(0)00:V — T(Fe) O
0000000000 (1)00 (4)000000
(1) td—=>"veT(Fe)OOO ev(t,0) =v]

(© 2011 Information Processing Society of Japan



24 O0O0O0OO0O0OO0O0OOOOOOCOOOOOOOOOOOO0OO

t0 —* fire(F) 000 ev(t, ) = E7 select(isData(t}), t1, E, t30) —* select(tt, t1, E, t36)
000 fe€Fp UFp 0000 f(t1,...,tn)0 =" fur1(vi,...,v,) 000 301 < — t)
i<n00000 60 —" v € T(Fe) 000 evArgs([t, ... tn],0) = [v1, ..., va]l #, e NFOOO¢, =v000040—*v00000000000 (1)00
(4) 000 feFpUFp ODD000001<i<n000000 f(t,...,tn)0 — ev(t1,0) =v|000000 ev(t,0) =v|0
fi(vr, ... vim1, fire(E), tit10,...,t,0) D001 < j<¢0000000 0000 — isData(ty) —* fire(E) 0000t = fire(E) D000
t;0 =" v; € T(Fe) OO0 evArgs([ty,...,tn],0) = ET select(isData(t}), t, F, t36)
00 (1)00 (4)000000000000000000000000000000 = select(isData(fire(E)), fire(E), E, t30)
00D000D000D000000000 k0 (1)00 (4)000000000000 — select(fire(E), fire(E), E, t30)
goooboboo Dk</D0000OD0COO0O0O0ODOO0O0OOOOOODOOUOODODO — t30
0000 »»O0O0OO (1)00 (4)0000000000O0O0OOOOOO0ROM<nOO —" v
000000000000 000000000000000000OOUDOUOLDOnO (1) t10 =" firef(F) 0000000000 (2)00 ev(ts,0) = E100O00O0O
0t=suce(t) 0000000000000 0000DOO00NONO00DO000NOO00 ev(t,0) = ev(ts, )00 00000 (1) 00 ev(ts,d) = v|0000000
0000 Al2000000000000000000 ev(t,0) =v|0
(1) 9 —*"veT(F)DOOODDOOCSTRSOOOOD 90 ve T(F)DODODO o t=iflty,ta,ts) DO OO0 = if(t10,£20,430) DO DD t0 —* v e T(Fe) 0D D
gooooooooobobobo oboobogo 200000000
e teVIUOUON=veT(Fe)DDOODev(t,0) =t0 =v]0 — t10 =" True 00 00t —* if('True, t20,t30) — t20 —* v 00000
o t=succ(t') DO DDt = succ(t'd) —* succ(v')=v0000veT(Fe)DDOO 00000 (1)00 ev(t1,0) = Truel 00 ev(te,) =0, 00000
10 =" v e T(F)Ot'0 —*v e T(Fe)D t =" 000000000000 ev(t,0) = v|0
00000 ¢ > [#| 0000000000 (1)00 ev(t,0) =+/|00000 — 410 —* False 00 000 —* if(False, t20,t30) — t360 —* v 00000
0 ev(t,0) = succ(v')|0 00000 (1)00 ev(ti,0) = Falsel 00 ev(tz,0) =0 000000
o t=cec (Fe\{succ}) DOOO0 =c=v000ev(t,0) =c|l =v] ev(t,0) =v |0
o t = handle(ty,ts,ts) D000t —* v € T(Fe) JDOD0O0 t, = E € o t=f(tr,...,tn)0fE€EFp UFp D000 - veT(F)DDOODOOD
Except 00000000004HA)=¢, e NFOOOOOWOOOODOOOD 000 fi,fe,...,fas1 00000000000000000000
0oooooo 0 = f(t10,...,t.0)
t0 = handle(t10, E,t30) — f1(t10,t20,...,t,0)
—* handle(t}, E, t36) =" fi(vi, t20, ..., t,0)
— select(isData(t}), t1, E, t30) — guard(isData(v1), f2(v1,t20, .. .,t.0))
) —*veT(F)ODOODO isData(t}) 00 00000D0O0000D 200 — guard(tt, f(v1, 120, . .., ta0))
0ooooo — fovr, 120, ... tn0)
— isData(t;) —* tt0000O =T
=" fat1(v1,...,vn)
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000 f(l,...,ln) — r € Fundef U BuiltinDef 0 ¢ 000000 =
matchvy, ..., vn][l1, ..., 0] 00 fag1(vi,...,vn) = re 0000
frt1(vi,...,vn) — 1O
—"v
gdbb0b—-00000000Db00bD 1<y <nb0b0oooo <0000
vi € T(F)DOODO f(th,... tn)0 =" fasi(v1,...,v,) 0000000000
(3)000evArgs([t1,...,tn],0) =[v1,...,v,]| 0000rc =0 00000
000000 (1)00 ev(r,o) =v|00000ev(t,0) = ev(r,0) =v| 0000
t0 —* fire(E) 000D DO0OCS-TRSOO DO 90 fire(E) 0000000 DD
gooooooooooo
o t = succ(t) 0000t = succ(t'd) —* succ(fire(E)) — fire(E) 0000
#0 —* fire(E) D0ODDOOODOO (2)00 ev(t,0) = E{0000D0O
ev(t,0) = ET0
o ¢ = raise(t) D00 0Ot) = raise(t'd) —* fire(E) 000¢ = EODODODO
t =raise(E) D0 00ev(t, ) = ET
o t = handle(t,,t2,t3) D000 —* fire(E) D00DO0D ty, = E' € Except
0000000000#e=¢t, e NFOOOOOWOOODOOOOODOODO
ogo
t0 = handle(t10, E',t30)
—* handle(ty, E’, t30)
— select(isData(ty),t1, E', t30)
t0 —* fire(E) 000 DO isData(t;) 00 000000000000 20000
gooo
— isData(ty) — fire(E') 000 t| = fire(E') 0000
select(isData(t}),ty, E’, t30)
= select(isData(fire(E")), fire(E'), E', t360)
— select(fire(E"), fire(E"), E', t30)
— t30
—" fire(E)
$,0 —* fire(E')DDDD00O000 (2)00 ev(ty,6) = E000000
evOODOODO ev(t,d) = ev(ts, )0 000000 (2)00 ev(ts, ) = E1D
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00000 ev(t,d) = FE10
— isData(t)) — fire(E)OO E# E' 0000t =fire(E) 0000
select(isData(t1),ty, ', t30)
= select(isData(fire(E)), fire(E), E’, t30)
— select(fire(E), fire(E), E’, t36)
— fire(E)
0000 t0 —* fire(B) D000D000000 (2)00 ev(ty,0) = B0
00000 evODOO0O ev(t,d) = B0
o t=if(t,ta,t3) D OO 0tO = if(t10,4:0,4,0) DO 0 00 —* fire(E) D0 D00
oobOs30oboooooo
— 10 =" True 00000 —* if(True, t20,t30) — t20 —* fire(E) 0000
000000 (1) 00 ev(t,0) = Truel 0000000000 (2)00
ev(tz,0) = E1 000000 ev(t,0) = B1D
— t10 —* False 000 00 —* if(False, t20,t30) — t30 —* fire(E) D000
000000 (1)00 ev(ty,f) = False, 0000000000 (2)00
ev(ts,0) = E1 000000 ev(t,0) = B0
— 10 —* fire(E) 0000t —* if{fire(E), 120, t30) — fire(E) 0 00000
0000 (2)00 ev(t,0) =EI0000000ev(t,0) = E1D
o t=f(t1,...,t,)0f € Fe UFp 000Dt —* fireE) 00000000 20
goooooad
- 00401 <i<n00000 t60 —"fire(P)000O0OOO
0 = f(t16,...,tn0)
o f1(t10, 826, . .., tn0)
—* fa(vi,t20,...,t,0)
—* fi(vi,v2,.. ., 051,80, t;410,...,tn0)
—* fi(vi,v2,...,vi—1, fire(E), ti410,...,tn0)
— guard(isData(fire(E)), fi4+1(v1,...,vi—1, fire(E), t;410,...,tn0))
— guard(fire(E), fi+1(v1,v2,...,v;—1, fire(E), t;116,...,tn0))
— fire(E)
gobooboooboobo—-00000000O0b0O0D0O0 1 £ <ddooo
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(3)

ooo0o0ooooo0 OoooooOd Vol.4 No. 2

000 j0000 w0 € T(F)0ODDO0000D00000 (4)000
evArgs([ti, ..., tn],0) = E] 0000000 Dev(t,0)=E1 0000
— fi,f2y...,fa1000000000000000
t = f(ti0,...,tn0)
— f1(t10,¢20, . ..,t,0)
=" fi(vi,t20,...,t.0)
— guard(isData(v1), f2(v1,t20, ..., t0))
— guard(tt, fo(v1,t20, ..., tn0))
— fa(v1,t20,...,tn0)

*

N
=" fat1(v1,...,vn)
000 f(li,...,ln) — r € Fundef U BuiltinDef0 ¢ 000000 =
match[vi, ..., va][l1,..., ] 00 foy1(v1,...,vn) > rc 0000
fo+1(vi, .o vn) — 1O

—" fire(E)
bod—-00000000D000D0D 1 << <nO0000000 0
000 v € T(F)OOODO fte, ... tn)d —* fari(vi,...,v) 0000
Oo0ooooo (3) 0D00evArgs([tr, ... tn],0) = [v1,...,v,]l OO00O0O
re =" fire(E) 00000000000 (2)00 ev(ir,o) =E10000O
00000 ev(t,§) =ET000D

f(tl,...,tn) —* fn+1(111,...71}n)|]|] 1<:<n0O0000 t;0 —* ’UiGT(]‘—c)D
000 fas1(vs,...,v,) 00000000000000000000
Ftayeostn)f = f(116,. .., 100)

— f1(t10,t20, ... ,1.0)

—* fi(vi,t20,.. ., t,0)

— guard(isData(v1), f2(vi,t20, ... ,t.0))
— guard(tt, fa(vi,t20,...,t,0))

— fa(v1,t20,...,t,0)

*
—

=" fat1(vi,...,vn)
000001<i<nO000 t0 —* v € T(F)0OODODODODOOOO (1)0

13-30 (Mar. 2011)

O ev(t;,0) =v;|0000000000evArgs0 0000 evArgs([ty,...,tn],0) =
[v1,...,v,]l 0000
00@01<i<nO000000 f(t,....tn) —" fi(v1,- ., Vi1, ire(E), tis1, ... tn)
001<j<+«00000005j0000¢40-"v;€eT(Fe)00OOOOOO
1<n0000000D00DO00D00OO00OO00OOO0O0OO0O
flt1, ... tn)0 = f(ta0,...,tn0)
— f1(t160,120,...,t,0)
—" fa(vi,t20, ..., t,0)

*
— ...

Vi1, 840, 8110, £n0)

—* fi(vi,va,...,vi—1, fire(E), ti110, ..., t,0)
000DD01<j<i0000 0 —* v € T(Fe) DOOOOO0DOOO (1)0
O ev(t;,) = v;] 0000000LO —* fireE) 0000000000 (2)00
ev(t;,) = E|000000000 DevArgs 00000 evArgs([ti, .. ., tn],0) = BT
gooo

—* fi(’Ul,Uz,. .

O

o0 4.2000

OO0 00 Al15000 Al60000 42000000 O
A2 00O 5100000000

00000 A21000 A220 ¢(P)0D000D0ODOOODO CS-TRSOOODOOOOO

goboooooon
00 A.21 (R,u) 0 CS-TRSOOOOOsD,t — (g, vd100000 tooog

ST (R =Y
00 s2,t00 ¢t =slp,p € Pos“(s)0t — g,y w00 s[t], — (g, su,,0000
m

in

slulp, 2, u00000s — (g, Slulp Buu 0O
00 A22 — 3z, 00000000000 (= g, Us,) 00000000
00 (= (rw U>)000000000000000000—(r,y 00000000
00 t1,..e te OO0 0O (— (ry Ubuta(— (g Usu)ts--- 00000000000
000000>,00000000000000— %, 0 > 000000000000
alsfalsisluls K
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+ +
bna 22 (Ropy tnz Prutng Ty

O1<ni<n2<n3---0000000000000 A21000— g, 0000000
000000z, 0000000000 0
00 A.2.3 evArgs([tr,...,tx),0) 0000000 Dev(t;,§) 0000000 000
ooo
00 nO000000000O0000evArgs(t,...,t,),d) 00000000
e n=000000evArgs([,/)) 000 00000000000000O
e n>00000
— ev(t1,0) =v| 0000evArgs([ts,...,t,],§) J000000000000000
ev(t;,0)02<j<n00000000 ¢+ 000000
— ev(t1,0) = E1 0000 evArgs(ts,...,t,],0) J00000000000000
000
— ev(ty,0) = L 0000 evArgs([t1,...,t,),#) 000000000000000
000
— ev(t;,$) 00000000+ 00000000

00 A.24 ev(t,§) 00000000 (1)000 (2)000 (3)00000

(1) 0D wD @ 0000000 —+uf 00 ev(v,d)00000000

(2) 00w000000¢t>,u00 ev(u,§) 00000000

(3) O00sOw0@O0000WW—"s900 s>,ul0ev(e,)00000000

00 ev(t,g)DOOOOODOOOOO

e t=xcV0OOOOev(t,)DOUOODOOOOODOOOOODOO

o t=succ(t')OO0O0Oev(t,0) 0000000000 0O0O0O1L € p(succ) 00 t1>,t' O
000(2)00000

o t=ce (Fe\{succ}) 00D ev(t,§) 00DDDDDDDOOOOO0000

o t=raise(t’) D000t =F € Except 000 ev(t,0) =E1 000 ev(t,§) 0000
0000000000000¢ ¢ Except 000 ev(t,6) = LO00 ev(t,d) 0000
obooooooooooo

e ¢ = handle(t1,t2,t3) 00 O
— to=F € Except 000
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x ev(t,0)=v|0000ev(t,)) DD O0DODO0DO0ODOO0ODOOODOODO
x ev(t1,0) =FE100 E£E 0000ev(t,0) =E1000 ev(t,d) 0000
goooooooooboon
x ev(t1,0) =E1000000 4200 t10 -~ fire(E) 000
t0 = handle(t10, E, t30)
—" handle(fire(E), E, t30)
— select(isData(fire(E)), fire(E), E, t36)
— select(fire(E), fire(E), E, t30)
— t30
0000 —* t:00ev(t,0) 00000000000 ev(ts,0) 000000
00o0oUuoooooo (1)boooo
« ev(t1,0) = LOOODev(t,0) = LOOODev(t,§) 00000000000
gooooo
% ev(t;,0) 000000001 € p(handle) 00 t>, ¢ 0000 (2)00000
— ty ¢ Except 00D ev(t,0) = LODOO ev(t,) 000000000000 0D0
gooo
o t=if{t1,t2,t3) 0000
— ev(ty,0) =Truel, 000000 4200 t,0 =" True0 00O
t0 = if(t10, 20, t30) —" if( True, t20,t36) — t20
0000t - t,00ev(t,0) J0000000000 ev(t,0) 00000000
ooooooooo (1)yooooo
— ev(ti,0) =Falsel 000000 4200 ¢:.0 —~ FalseO OO
t0 = if(t10,t20,t30) — if( False, t20,t30) — t30
0000 —* t:00ev(t,0) 00000000000 ev(ts,§) 00000000
ooooooooo (1)yooooo
— ev(t1,0) =v| 00 v# True0OO v # FalseOOOOev(t,)) DODO0DO0OOOO
goooooood
— ev(t1,0) = ET000 ev(t,) J000D0DO00DO00O00OO00O
— ev(t,§)= LO000Dev(t,d) 0000000000 O0DODO0O
— ev(t1,0) 000000001 € u(iH00 t>,t, 0000(2)00000
o t=f(t1,....tn) 00 f€Fy UFp 0000
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], 0) = [vi,...,0.]l OO f(lh,...,ln) — r € FundefU
L) 000000 4200040

— evArgs([ty, ...
BuiltinDef 0 0 ¢ = match[vy, ...
000 66 —* v € T(Fe) OO0

t0 = f(t10,...,tn0) =" f(vi,...,vn)
= f(lo,...,lno)
= f(la,...,ln)o
— ro
0000t —* ro0ev(t,d) 00000000000 ev(r,o) 000000000
OUoo0ooouo (1)ooooo

7Un][l1>' .

— evArgs([t1,...,tn],0) = E]00D00ev(t,d) 00 000000000000000
— evArgs([t1, ..., tn],0) = LO0OO0Dev(t,f) D00D0000000000000
— evArgs([t1,...,1,],6) 0000000000 A23000ev(t;,0) 0000000

t, 0000000000 1<j<:0000000 50000 ¢0 —wv; €T(Fe)
doowooooooooooooooon
0 = f(t,...,tn)0
— f(116,...,tnB)
— f1(t10,t20, ... ,t,0)
=" fa(vi,t20,...,t,0)

*
—

,vi,l,tie,tiﬂo,...,tne)
= fi(vi,va,. .., Vi1, tiytig1, ..., tn)0
i€ pu(f) 00 filvr,va, .. ), 0000(3)00000

e tcExceptU00Dev(t, ) D00 UIOODOUOOOOOOOODO
D0D0OOev(t,/) 00000D000(1)000 (2)000 (3)00000 O
Oogd s.1000
0000000000 0000000 5100000 ¢(P)D0000UOOUODOUOOO PO
gooboooboboooboobooo

00 PLOOUOCOUOOOOOO¢(P)LULOUOOOOOLOODOODOUDOOOOtON
O00Oev(t,p)JOODOODOODWOOUOOOD —000000OUOOODOOOOOOOO
000ev(t,d) 0000000000 A24 00 t9(— U p)t16:1(— Usu)tabz--- 0000
0000000000000000 A21000 A2200+¢wWD00000 — 00000

- fi(’Ul,Uz, N

S Vim1, iy i, .
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goboooooooo 0
A3 00O 5200000000

00 A3.1 t—"sO00000¢teISNODOOODDOOOODOOO selISN

OO0 O«0O 00 Al2000000

U=0 O0O0ooocooo O
00 A3.2 t—"sUO0 se NFOOO te ISN
OO0 00 A31000000 O

00 A.83 PODOODOODOODG(P) D000 Oroot(t) =g € FOODDODO
t=g(ts,....ta) € T(F)OOOO t¢ISNOOD ¢, ¢ ISNOOOD 00000000
oboobooooboon
(1) succ(t1) ¢ ISNODODO 1 ¢ ISNO
(2) raise(t:) ¢ ISNODOO ¢ ¢ ISNO
(3) handle(t:, ta,t3) ¢ ISNODOOO ¢ ISNO ¢, ¢ ISNO t3 ¢ ISNOODO DD OO

gooo
(4) if(ts, ta,ts) ¢ ISNOODO Ot ¢ ISNO ¢, ¢ ISNO 3 ¢ ISNOOOODODOOOODD
(5) g€Fy UFpOOOOOg(t,... t.) ¢ ISNODOD ¢; ¢ ISNOOD ;000000
00 0000000 ¢t eISNO1<:<n0000 t=g(t1,...,t,) €ISNOOOO
(1) succ(ty) O00DDO ¢, € ISNOODOODOOOKY = w000 v, 00000
succ(ty) — succ(ur) 00O 0O
e uy = fire(E) 00 E € Except 00 0O 0O succ(fire(E)) — fire(E) € NFO
e 000D0O0DOOOSsucc(ur) € NFO
000000000 A3.200 suce(t) € ISNODO OO
(2) t=raise(t1) 0000
e {1 € Except 00 00O raise(t1) — fire(t1) € NFO
e ¢ ¢ Except 000 raise(t;) € NFO
000000000 A3.200 raise(t1) €e ISNOOOO
(3) handle(t1,t2,t3) 00000t € ISNODO t2 € ISNOUO ¢3 € ISNOOOOODODOODO
t1l =wiltad = w03 =us U000 ur10 w20 wug 00000 handle(t, ta, t3) —*
handle(u1,t2,t3) 00 00O
e {y = FE € Except 0 00 handle(ui, E,t3) — select(isData(u1),u1, E, t3)0
— w €T(F)OODO
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select(isData(u1),u1, E, t3) —™ select(tt, u1, E,t3) — u1 € NF
— wy = fire(s) 00O O
select(isData(fire(s)), fire(s), F, ts) — select(fire(s), fire(s), E, t3)0
* s=FE 0000 select(fire(E), fire(E), E, t3) — t3 =" us € NF
* sZE00 s€ Except 0000
select(fire(s), fire(s), t2, t3) — fire(s) € NF
% s ¢ Except 0000 select(fire(s), fire(s), t2,t3) € NF
—w ¢ T(Fe) OO ur # fire(s) 00 w1 = succ®(uf))Jk > 1000
root(u}) # succ0 000
select(isData(u1),u1, ta,t3) —* select(isData(u}), u1,te,t3) € NFO
—w, 000000000 select(isData(u1),u1,te,t3) € NFO
e iy ¢ Except 000 handle(us,ts,t3) € NFO
000000000000 A.3.200 handle(ti,tz,ts) € ISNOO OO
(4) if(t1,t2,t3) 00000t € ISNOD ¢ € ISNOD t5 € ISNODDOOOOD Ot =
u10tod = u20t3y =us 000 wiOwueOus 0000 Oif(t1, t2,t3) —* iflur, ta,t3)0
e u; = True0 00O if(True,t2,t3) — t2 —* uz € NF
e u; = False 00 0O if(False, ta,t3) — t3 —* uz € NF
o uy = fire(s) 00O if{uy,ta,ts) — fire(s) € NF
e u, 000000000 iflur,ts, ts) € NFO
000000000000 A3.200 if(ti,te,t3) € ISNOODODO
(5) g(t1,...,t,) 00000001 <:i<p00000¢eISNOODOOODDOOO G
gooboboobobD wwOoooooooboo
e 0000 01<i<n000000isData(t:}) —* ¢t 000 t:dh = us € T(Fe)
00000000 g(ty,... tn) =" gng1(u,...,u,) 000000 ¢t ¢ ISNOOO
00 A3100 gny1(ui,...,un) ¢ ISNOOOODODO OO0 Ogng(ut, ..., un)
000000000000000 ! —r00000000 = gnsa(u1,...,un) O
00000000 2 € Var() 0000 w20 000020 € T(Fe) C T(F)
0000000007 e 7(FV)00000 reT(F)0OOO0POODDOO
OU0O0 ev(r,§)0J0OO0O0OOODOO AlS50070€ISNODODOOOOOOOO
g(t1,... ta) €ISNODO DD
e 00 i01<¢<n00000 isData(u;) =" fire(s) 00 1<j<¢00000
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00 70000 isData(u;) =" tt000 g(t1,...,tn) =" fire(s) € NF
e 00 i01<i<n000000 sData(u)l =, 00 u, # tt 00 ) # fire(s)
00001< j<:0000000 ;0000 isData(u;)—"tt000

g(th N 7tn) —>* gi(ul, ey, Uj—1, ui7ti+1, . ,tn)
— guard(isData(us), gi+1 (U1, -« -, Uiy tit1, .-y tn))
—* guard(u}, gi+1(u1, ..., Ui, tit1,. .. tn)) € NF

O0ooUo0oooooO A3200 g(t,....t,) € ISNOODODO

O
Oogd s5.2000
000000000000 0000 5200000 POUOOOOOOODO ¢(P)LDOO
dooodoooboooboobOobdnD 31 0b0o0oo0o0 FOooooboPOoOODO
0000000000000 410000000 F O CS-TRS¢(P)OD0DODOOODODO
0000000000 ¢(P)000000000O000000O0DO0ODO0OUOOO Ty O
{t|teT(F)At¢ISNAVu<t,ucISN}OODOOOO0OO000¢(P) 0000000
00000000000000 T =00000
OO0 POOOOOOOTY #p00000000000te TwOOOOoOOOO
t¢ ISNODODODOD ¢0D0D000000 ISNOODDODO
. rOOt(t)=g€fDDDDt¢ISNDDDDDD A3300 ¢g0O000O u¢ISNDD
0000000t>uwd0 welISNOOOOOOOD
. root(t):ttD[l[l te NFCISNODOOODODODODOO
e root(t)=fire0 00 te NFCISNOOOOOOOOOOOO
e root(t) = guard 0 00 Ot = guard(ui,u2) 0000 0ui,ue € ISNODO OO
—w=tt0000t—-"u € ISNOOODOOOOODO A3.100 up ¢ ISNOO
oooo
— wl = fire(s) 0000t —* fire(s) € ISNOOOOOOOOO A3100
fire(s) ¢ ISNOODOOOO
— urll # tt Aurd # fire(s) 0000t —* guard(uidl,us) € NF C ISNOO OO
ooo
e root(t) = select 000 t = select(ur,u2,us,us) 00000 uq,uz,us,ua € ISN O
oono
—w{=tt0000t—-"u, € ISNODOODOOO
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— w=fire(E) 00 E € Except 00 uz = E' € Except 0100
x F=FE'000t—=*welISNOOODOOO
x E£AE'000t—>*w €ISNOODOOODO
— 0000000 ¢ —" select(ui, uz,us,uq) € NFOO OO OO
e root(t) = isData 0 00 t = isData(u) 0 00 O O p(isData) = u(fire) = 0 0O
—uweT(Fe)OOOOt—" tt € NF
— u=fire(s) 0000t — fire(s) € NF
—u ¢ T(Fe)OO u = succ”(v)Ok > 1000 root(u') # succ00 00t —*
isData(u’) € NF
— 00000000teNF
000000000 A3200¢teISNOOOO¢¢ ISNOODOOO
e root(t) = fi € FeOarity(f;) =n0000¢ = fi(t1,...,t,) 00000 ¢ € ISNOO

og O

199 00000000000000O0000O00ODODO0OODOOO199
obooooooooboz2oe0700o0oOoOooooOoboboboOoooooon
goboooooooooobooooooobooooood

oo do

1989 00uobooooouobooooboooobooboooononnggs
oboooooooboooboobobocoboroocoooooooooo
gobooogdzeo2z000002003000000000000000C0O
obooooobogi9ee 0 30800 nooooooooooooonon

O0w(f;) =4j}01<;<n000¢t0000000000DO0OO0DOOOOOOOO ‘ 0000000000000 bOoooooDoobOooDboooooo
ooo 0000o0o0ooOo0o0bO0obOo 300o00ob0bobo0obDo0obOo0ooDbobDooobooOooo
t—" f¢+1(t1,...,ti_htill,ti_,_l,...,tn) ooo
¥

oo oo
0o0o000ooooboooboooooobboooboobooooooo
goboOooooOo KbblIoooooood

=" far1(tr, . tim, Gl tira U, - t0dl)

D000t € ISNO1 < j <i— 100000y € NFOi < k < n00000
tj = u;0tx) = we 00000w € ISNO1 < 1 < n00000p(faps) = 00
D000D00000000000 fasi(h,...,ln) — r € Fundef’ 000000
o = match[us, ..., un]ll1,...,l,] 00000 o 0000D000000000000
O fat1(u1,...,upn) »rc 000070 ¢ ISNOO v <rO00 rceTyy 000 7 00
ooobooboboon erar(r’)QVar(r)DDDDDDDiDlgignDDDD
od xo‘ﬂuiDDDDDDDDEUGISNDT,ET(]:,V)DDDDD A3300000
000007 cISNOODODOODOOOre €cISNOODODOOO A3.100 teISN
OO0 t¢ISNOOUOOOO

U oooodgoo
vrooooooooboOOo0oobo0oooo120000000000
O0000o0oooOoOOO0O0o00000000o0o0oo00197400000
0 gobooooobooobobooboobooboogooouobooonon
(OO0 220 9028000) goooboobooooooooboooooooobooooboOoooobooDboo
(00220 120 21000) obobooooooooocoooooooooon

000000000 0O0oo0o0oo0O0 Vol.4 No.2 13-30 (Mar. 2011) (© 2011 Information Processing Society of Japan



