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Approach to Procedural-program Verification
Based on Implicit Induction of Constrained
Term Rewriting Systems

Yukr FuruicHr, ! Naokr Nisampa,! Masaniko Sakar, !
KEncHIROU KUSAKARIT! and TOSHIKI SAKABE'!

In the field of procedural programming, several verification methods based
on model checking or Hoare logic have been proposed. On the other hand,
in the field of term rewriting, implicit induction and rewriting induction have
been widely studied as methods for proving inductive theorems. In this paper,
we try to take advantages of methods for proving inductive theorems in veri-
fying procedural functions written in a “while” language with natural number
type. More precisely, we propose a transformation from procedural programs to
constrained term rewriting systems whose constraints are in Presburger arith-
metic, and show that the transformation reduces the equivalence of procedural
programs to that of functions in rewrite systems. By verifying the equivalence
between rewrite systems, we verify the equivalence between the correspond-

ing procedural functions. To establish this approach, we extend Critical Pair
Theorem and the basic completion procedure for constrained systems.
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Fig.1 Framework of a verification proposed in this paper.
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Fig.2 Syntax of our procedural language.
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Fig.3 Semantics = of the procedural language.
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int sum1( int n ){

int i = 1;

int z = 0;

while( i <= n ){
z =z + i,
i=1i+1;

}

return z;

04 000000000 suml

Fig.4 Procedural program suml.
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Fig.5 Transformation T from statement sequences into Presburger-constrained TRSs.
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- (8)112(s(n),s(i),z+i)7zu.g(n,i,z)+s(n)¢i<=n+1/\i<=n+17 s
(2) (9) zRug(n,i,2) +s(n) < i<=n+1A-(i<=n+1)
R U {(6) ua(s(n),i,2z) »uz(n,i, z) +s(n) < i<=n+1}

8) },RU{(6)})

=m)—(n ({ (7)) sum(n) = uz(n,s(0),0),
uz(n,52(0>,0+5(0)> < 1<=n, }

(7-1) sum(n)
(7-2) sum(n) uz(n,s(0),0) < =(1<=n),
= (g) usg(n,i,2) +s(n) < (i<=m+1Ai<=n+1) A =(i+1l<=n+1),
ug(n,i,z) +s(n) < (i<=m+1Ai<=n+1) Ai+l<=n+1

(8-1) uz(s(n),s(i), z + 1)
(8-2) uz(n,s(i), z + 1) +s(n)

QR

RuU{(6)}
(7-17) sum(n) = uz(n,s2(0),s(0)) < 1<=n,
(7-2%) sum(n) =~ 0 < —(1<=n),
= (h) {(8-1’) z+i~ z+s(n) < (i<=n+l1Ai<=n+1) A -(i+l<=n+1), }’
(8-2°) ug(n,s(i),z+ 1) +s(n) = uz(n,s(i),z+ 1) +s(n) < (i<=n+1Ai<=n+1)Ai+l<=n+1
RU{(6) }
717, (7-27),  (8-2°
= ({ (8-1") z + i ~ z +s(n) c(((i<=)n+1</\ i<>=n+(1) /\)ﬁ(i+1<=n+1)) A =(i==n) } JRUL(6) }>

Sa_q { (-1, (7-2) },RU{ (6) })

(7-27),
{ (10) 0 ~ u3(0,52(0),s(0)) < 1<=0, } ,
= (a) (11) sum(n) + s(n) ug(s(n),s2(0),s(0)) < 1<=n+1
RU {(6), (7-1°) sum(n) — us(n,s2(0),s(0)) < 1<=n}
=m)— ({ (7-27), (11) }, RU{ (6), (7-1") })

(7-27),
({ (11-1) ug(n,s2(0),s(0)) +s(n) = uz(s(n),s2(0),s(0)) < l<=n+1Al<=n, } )
= (g)

QR

2

(11-2) sum(n) + s(n) uz(s(n),s2(0),s(0)) < 1<=n+1 A —=(1<=n)
RuU{ (6), (7-1") }

Qo

(11-2°) sum(n) + s(n) s(0) <= 1<=n+1 A —=(1<=n)

(7-27),
{ (11-1°) uz(n,s2(0),s(0)) +s(n) ~ uz(n,s2(0),s(0)) +s(n) < l<=n+1 A l<=n, )
= ()
RU{ (6), (7-1") }

Sa_q { (7-2), (11-2) },RU{ (6), (7-1) })

S { (11-2) },RU{ (6), (T-1), (7-2") sum(n) — 0 < —(1<=n) })
{ (11-27), (12) 0 &~ 0 <= —(1<=0), (13) 0 & sum(n) +s(n) < ~(1<=n+1) },

T ®) RU{ (6), (7-17), (7-2) }

(o) ({ (11-27) s(n) & 5(0) < 1<=n+1 A —(0<=n), (12), (13) },RU{ (6), (7-17), (7-2) })

Swaon {3 RUL(6), (7-17), (T-2) })

pOOOOOCOOOOODOOOOOOOOoOOOOOOOOOOODOOOOOOOOOO
0000000000 uy(s(n),i,z) ~us(n,i,z) +s(n) «i<=n 00000000000
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000 SIMPLIFICATION 00000000 uz(n,s(0),0) +s(n) ~ uz(s(n),s(0),0) 0000
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goooooo+~+ooboooobobooootbtzs+1014+y00000ODODODO

(© 2008 Information Processing Society of Japan



114 0O0O00O0O0O0O0O0OOOOOO0COOOOOCOOOOO0OO0COOOOO000O

Ogo0o0oooooooooobooood sam1 OO0 sumOO0O0O0O0O0O0OO0O0OOOOOO
Osumi0 POOO TRSOOOOOOOO Rum DO0OOOOOOODODOO

J000ooooooooo0o0o0O0O0O0Oddg Standard ML of New Jersey 000000
oooo0ooO0ooO0oo0oU0o0oUoUOoLOOoOoOoOoOoOooLD9(4)o0DUoUono
Jddd00d000000000UOoOoOoOoOoOoOoOoOoDOoDoDOOoOO TRSOOOOOOOO
Jd0000000o0o0o0oOoOooOoOoOooOoOoOoOoOO TRSOOOOOOCOMPOSITION O
SIMPLIFICATION D 000 000000000000 O000D0OO000DO0O0OO0O0ODOO
00o0o00boO00bOoO00DOo0bDO00bOo00boOOoO0bOO00DOOdExeANsIiON OO
0000000 1000000000000 D00OE-DECcomposiTiONDO0O0OO0OOOODO0O
gooboobooooboooboooboobobobobooobDooboooobooboooo
00 E-DecomposiTioN 000000000 COCOOOOOOOOO E-DECOMPOSITION
gooboooobOoOooobooo0obDbooobOooooDboooboooooo

POOO TRSOOOOOOOOODOOODODO E-DecomposiTioN00000000OO
000000 0sumi OsumOIO0000000DO0OD0DOOODOOODOOOOOODOODOO
goobooooobood

8. 40 ookn

0000000000000 TRSOOOOOODOO0DO0OO0D0O0000000000000
0oo

0000 TRSOODOOOOODOOOOD0000O0 10000000000000000
0000000000000000%71019:19.202M.290000000 z e 700000
O000000000000zeTO 20000000 000000 70000000
0000000000000000000000000000

00 27)000000000000000Orestricted nonlineard 000000000
0O TRSROOODOODOOOOO ROOOODOOODOclosed0000OD0O0OD0OOO 5.4
0 “0000070 “000”000000000000000000000000O000
0000000000000 0000000000000000000000000000
000 2e7000000000007T00000+¢000007T0000000000
ooo

00 29)000000000000000000000 27)000000000000
0000000000000000000000 5.300000000000000000

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

goooobooooooooooooooboboooooooDooboooooooDbOoDbDo
ooobooboooooooooboooooboboooooooooooobooooooDooo
gooobooooobooodoooobobooooooboboo0ooboooooOobooOoooooo
gooobooboooooooobooocooooboobooooooobooooOooboooooooo
goboooboooodoooooooooobobooobooOobooOoDbog 8300000
gobobooodooooobooooboooooooboooooOoooobobloooooDooo
gboooboooooooobooooooooboooooooobooboboobOooooDo
0000o0o0o0o0o0ooUooUo0UoOoLUoOO 29)UUoboo0oooULoUoo
ooooooooooooooOOOoo0O000ooooooooOoODO0Ob0b000zeTO
OoT0000000000C0O0O00000000 E-DecomposiTioNO00000O00OO
gooooooooooooooboooooboooooobooooooDobooooooDoDo
OOo0oOOoOoOoO0OD0 MGU-DeLerioN00000000000000000000O0O0OO
goboooooboooooboooobooooobooboooooooooooboOooboboOoooo

00 15)0000000000002000000000=0#000000000 TRS
goboooooboooooooobooooboooboooobooooobooobooboo

00 8)-10)019)020) 0000000000000 TRSOOOOOOOOOOODO
O TRSOOOOODOOOOOOOOOOOOOOOOOOOOODOODODODOOOOOO
gooobooooboooboobooooboooooboooooooooobooobooooDo
gooobooooooooobooooboobooooboooboooooboDbooboOoDOo
0000000000oooooo TRSOOO 8)-10)019)020) 0000000 TRSOO
O0o0ooooo 8)-10)019)020) 000000000 oooooooouoooooa
gooobbooooboooooooooobooooboboOoobobooooboOoCcOooOooDoon
bobooboobooooodoboooobooooboOooobOoboboOobDOoOooOoobo
0 8)-10)019)020) 0000000000000 0UO0O0O0OO0OUDUOOOO
O0oO0oooUooOo 29)ooooUo0ooooooooouoooooo

O00O00oooOoOoPOOO TRSOOOOOOO TRSOOOOOODOODOOOOOO
gobooooobooooooooooboOoboboboooboOooboooobooOooooOoboooon
000 TRSOOOOODOOOODOOOOOOOO0OO0OOO0OOOOO0OOOOoOOoOoOO
000 PUOO TRSUOOOOUOODOO 1)00000O0O0 TRSOUOQOOOOUOUOO
OO0 pOOOOOOOOOOOOOOOOOOOOOOOOOODOOOOOOOODODODOO
goooooooboooooooooooooooboOoooobooboOgr4b0b00b0bOO

(© 2008 Information Processing Society of Japan



115 O0000000O0C0COO000000o0O0O0O0Cb0cO000ooooooOoOboOO

gooooooboooobogo

00 405 000000000000000 TRSOUOUODOOOOOOODOOOOO
ooo0ooooo0o0ooOooOoUoUOoOooOoUOoUOO 49Os)0ooUoooooa
gboboobooodoboooodooocobooooboooobobooooooboOooooDa
goooooooooobooodoooooobooooooboOoboOoooooobooboooooDooo
0000000000000 0000000000000000000 MGU-DELETION
gobooooooooooooooooooooooboooobooo

9. 0 O00O0O0

ooo0o0oO0oTRSOOOOOOOOOOOOOOOOOOOOOOO TRSOOOODO
O0000o00o00o0o0oo0o TRSOOOODOOOOOOOOOOOOOoOOoooOoO
ooooooooo0oOoooob0 pOO0O0 TRSOOODODOOOOOOODOOOOOOO
gooooooboooobooooboooooboobooooo10bbo0obboooobobooooDooo
goooobooooooooobooooooboobooooooobobooobooobooboOoooo
goboboooooooooooobooooboooooobooooooboooooooDoboo
gogoboboooobooboobuoobboooobooboobobobbobbobo
goooood
pogoobooboboobooboboobobbooboobooboobobboo
00000000000 b0ObO0OODE-DECcOMPosITION DD 00D0OO0DOOODOOODODO
gogbooobooobobooboboboobboboobbobobobboobbobnboobo
goboodoooooboooobooooobooooboooboooooobooOoobboOoooo
e I0IUD0DODUDDOODDDOUIOUODOOODO TRSOUOODOOOODOODOOODOO
e 0 9(g) 000 E-DecomposiTION I O00OO00OOOOOOOOO
gbooobobodooo -dboboouobtoobotossmO0OoOoOooooooooonoo
ocooooooooobOoooooobOoooobOOObOOoOooobooboObObObOOO0O 740
00o0UoUD (2)Uo0opoUoUoUUOUO0UOO0ODUOLOULDUOUDUOUODO
000000000 oo0ooU0ooo0o0ooU0o0oooooo POOO0O TRSOOOO
O00o00o00oo0oo0oooo0oooOo0ooooOoPOOO TRSOOOOOOOO
goboooooooooooooo

sunl 000000000000 COO0OOCO00OO0OO0O0O000O00O00O0O0000O0O
goooobooooooooobooooobooooooboobooooooobooooooooDoboo

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

goooooooooooooooobooooooboboooooooboooooDboooDooDo
0000000000000 POOO TRSOOOuwOOOOOODOOOOOOOODOOO
0000000000000 0 TRSOODOODOOOO0OO0O0O0oOO0O0ooO0o0ooooo
gbooobooobooooboooobooobooooooOooOo0bobooDbOoOooOoDo
goooobobooooooooboooooOooooobobooOobooobooOoboOobobooooooDon
gobodooboooooooooon

goboobooboooooooocooooooOobooooooooooooOoooboObOoOoo
00000 POOO TRSOOOOOOODOOOOOOOOOOOO

00 0000000000 O000000O#185000110 #203000100 4205000080 O
ooboooobooobooooboooobooooon

o o o 0O

1) Baader, F. and Nipkow, T.: Term Rewriting and All That, Cambridge University
Press (1998).

2) Bachmair, L.: Canonical Equational Proofs, Birkhauser (1991).

3) Bouhoula, A.: Automated Theorem Proving by Test Set Induction, Journal of
Symbolic Computation, Vol.23, No.1, pp.47-77 (1997).

4) Bouhoula, A. and Jacquemard, F.: Automated Induction for Complex Data Struc-
tures, Research Report LSV-05-11, Laboratoire Spécification et Vérification, ENS
Cachan, France, pp.1-24 (2005).

5) Bouhoula, A. and Jacquemard, F.: Automating Sufficient Completeness Check for
Conditional and Constrained TRS, Proc. 20th International Workshop on Unifica-
tion, pp.108-128 (2006).

6) Boyer, R.S. and Moore, J.S.: A Computational Logic, Academic Press (1979).

7) Clarke, E.M. and Emerson, E.A.: Design and Synthesis of Synchronization Skele-
tons Using Branching Time Temporal Logic, Proc. Logic and Programs Workshop,
Lecture Notes in Computer Science, Vol.131, pp.52-71, Springer (1981).

8) Comon, H.: Completion of Rewrite Systems with Membership Constraints, Proc.
19th International Colloquium on Automata, Languages and Programming, Lecture
Notes in Computer Science, Vol.623, pp.392—403, Springer (1992).

9) Comon, H.: Completion of Rewrite Systems with Membership Constraints. Part
I: Deduction Rules, Journal of Symbolic Computation, Vol.25, No.4, pp.397-419
(1998).

10) Comon, H.: Completion of Rewrite Systems with Membership Constraints. Part
II: Constraint Solving, Journal of Symbolic Computation, Vol.25, No.4, pp.421-453

(© 2008 Information Processing Society of Japan



116 OU0000O0OO0OO0OCOO0OO0O000O0O0OOOOCOOO000O0O0OOOObOOO

(1998).

11) Cooper, D.: Theorem Proving in Arithmetic without Multiplication, Proc. 7th
Annual Machine Intelligence Workshop, Machine Intelligence, No.7, pp.91-99,
Edinburgh University Press (1972).

12) Dijkstra, E-W.: A Discipline of Programming, Prentice-Hall (1976).

13) Ganzinger, H.: A Completion Procedure for Conditional Equations, Journal of
Symbolic Computation, Vol.11, No.1/2, pp.51-81 (1991).

14) Hoare, C.A.R.: An Axiomatic Basis for Computer Programming, Comm. ACM,
Vol.12, No.10, pp.576-580 (1969).

15) Hoot, C.: Completion for Constrained Term Rewriting Systems, Proc. 3rd In-
ternational Workshop on Conditional Term Rewriting Systems, Lecture Notes in
Computer Science, Vol.656, pp.408-423 (1993).

16) Huet, G.P. and Hullot, J.-M.: Proofs by Induction in Equational Theories with
Constructors, Journal of Computer and System Sciences, Vol.25, No.2, pp.239-266
(1982).

17) Huth, M. and Ryan, M.: Logic in Computer Science: Modelling and Reasoning
about Systems, Cambridge University Press (2000).

18) Kapur, D., Narendran, P. and Zhang, H.: Automating Inductionless Induction Us-
ing Test Sets, Journal of Symbolic Computation, Vol.11, No.1/2, pp.81-111 (1991).

19) Kirchner, C., Kirchner, H. and Rusinowitch, M.: Deduction with Symbolic Con-
straints, Revue d’Intelligence Artificielle, Vol.4, No.3, pp.9-52 (1990).

20) Lynch, C. and Snyder, W.: Redundancy Criteria for Constrained Completion,
Theoretical Computer Science, Vol.142, No.2, pp.141-177 (1995).

21) Musser, D.R.: On Proving Inductive Properties of Abstract Data Types, Confer-
ence Record of the Seventh Annual ACM Symposium on Principles of Programming
Languages, pp.154-162 (1980).

22) Ohlebusch, E.: Advanced Topics in Term Rewriting, Springer-Verlag (2002).

23) Presburger, M.: Uber die Vollstandigkeit eines gewissen Systems der Arithmetic
ganzer Zahlen, in welchem die Addition als einzige Operation hervortritt, Compte-
Rendus dei Congres des Mathematiciens des Pays Slavs (1929).

24) Queille, J.-P. and Sifakis, J.: Specification and Verification of Concurrent Systems
in CESAR, Proc. 5th International Symposium on Programming, Lecture Notes in
Computer Science, Vol.137, pp.337-351, Springer (1982).

25) Reddy, U.S.: Term Rewriting Induction, Proceedings of the 10th International
Conference on Automated Deduction, Lecture Notes in Computer Science, Vol.449,
pp.162-177, Springer (1990).

26) Reynolds, J.C.: Theories of Programming Languages, Cambridge University Press
(1998).

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

27) Toyama, Y.: Confluent Term Rewriting Systems with Membership Conditions,
Proc. 1st International Workshop on Conditional Term Rewriting Systems, Lec-
ture Notes in Computer Science, Vol.308, pp.228-241, Springer (1988).

28) Toyama, Y.: How to Prove Equivalence of Term Rewriting Systems Without In-
duction, Theoretical Computer Science, Vol.90, No.2, pp.369-390 (1991).

29) Yamada, J.: confluence of Terminating Membership Conditional TRS, Proc. 3rd
International Workshop on Conditional Term Rewriting Systems, Lecture Notes on
Computer Science, Vol.656, pp.378-392, Springer (1993).

30) 0000000000000 000O0 0000000000000 000000 13
OOoooo (1980)0

3l) b000oU0oO0UOoUOUOLOOoUOUO0OO0OLDOUOOODLOUOUOUDOLOOOOO
0000000 Vol.J79-DI, No.11, pp.1-6 (1996)0

32) 0000000000000 000000000000D0000O0O0DO0DO0O0
00000 Vol.9, No.6, pp.31-39 (1992)0

33) b0oO00oUoUOoO0ooOUOUOUUOLOU0OUOLOLUOUOUOOUOOUOOUOODOO
0000000000000 0000000000000 SS2006-41, Vol.106, No.324,
pp-7-12 (2006)0

34) M. O0O0OUOO0OO0OUOooOUOOO0 0UOO0O0O0OO0 ODO0OoOOOoOoOOoDoOOooO
0 O Information & Computingd Vol.76, DO 0000 (1993)0

u U

Al 00 42000
50000000000000 POOO TRSODOOOOOOOOOOODOOOOO
ocoooooboooooooboooooooooboooooOobOboboboOoooooPOOO

TRSOOOOOOOOOOODOOOOOOOOOO

O00o0o0oo0oO0o0ooooo0oo0o PO0OO TRSOOOOOOOOOOO
0000000—0-P<O00000 pO0000p<¢qO00000DO0 ¢qOOO0O0O0O0O0OO

00 A1l ssOO0O0O0O0O0OO0OOOCO02,...,2, 0 ssO0DO0O0O0O0O0OCOOD

T(wj(21,...,20), 88, j+1) = (4, R k)00000000000 y,...,y» 000000
t=weo1(z1,. .., %0, Y1, ym)00000(ss,M) 34 (M) 000000000000
DDuj(xla"-7$n)0M LRURC t@M/D

oooo0o tobooooooboooooooooooooooboooboooobooOoooon

(© 2008 Information Processing Society of Japan



117 OO0O0O0OO0O00O0O0OOO0OO0O0COOOO0O0COOOOO0O0COOOO0O000O

ss0000 =, 0000000000000000000000000000000000
000000000 ss0000 5% 000000 200000000000000
000000000000 5% ={(s,t)|s 5x t€ NFg, }000D0 0

goboooboooooooboooooboooobooo 420000000000
A.2 00 5.2000
goboooooobooboooooon

00 A.21 O0OOOOO -OAOVODOOOOOOODOO

goob oooooobooboboboboboog

voooooob -ObAnO00ob0obobobobooooooo-0o AbODOoooo

e -000 (-¢)eUU00O0OD0OO0OUULUUUOUeccODODUOUOUDeOOOOO
000 co. 000O00ODOOOOOO(¢)o0OOOODOUOOO

e NOOO (c1Ae)o 0000000000000 0 coo000000c1 0 2000
00000 ciom 0 o 00000000 (c1AC2)o 000000000 (¢1 Ac2)o
goooboboioobdblaed0bb00ob0oO0O0ODO0O bODOODODO
o 00000000(anAc2)o 000000 O

gobobooooooobooboooooooooboooboooobooOoooooo

00 A22 Il—r«<c000000000 c0deP0 5,000000000000
DOO00root(l) ¢ Fp 0000dDO Spupre 0000000000000

0000 O0d0O0000DO000000O0DO0o0n0 FpO000000016 - r <« cd
T(Fp, X)0000D000DO0DO0ODOOOODOOODODO a

POOO TRSOOOOOOO POOOOOOOOOOO
00 A23 ¢cOPOOR, 000000000000 (Fpegr, Pbgr)00 POODO TRS

gobooboooben i>R+__I][IEII:JI:JI][IEII:JI][IEII:JEII:JDRC2R.~_’_EII:J RAR4 -
U+0-0000000000000000DOcO i>RCI]I:JI:JI:JI:JI:JEIEIEIEIEI[I[I

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

0000 OOC0OCOOOO0OO0OO0O0UUUUUUUOOoOoooDDoDOODOOOODOD A2200
goooo 0O

OO0 A230000 52000000

A.3 00 53000
oooo OOy 0000000 L —-r<ceRO0OD00O0 p;€O(s)000000O0OO0
0000O0s|y, = L0t = srioi],, 00000i=001Mpo0 p 0000000000
00000 200000000000000 TRSOOOOOOODOOODODOOOOOOO
boboobooooooooooooooboobobooouboooooudp =pep000OooO
p00000s = (loz]y)oo 00 o(z) = Clhor]y 00 p=¢¢ 0000000 D00DDOO
to = s[rooolpe0 t1 = s[(looo)[r1o1]plpe 000 00 = 00|pom(ep)\{z} U {x— C[rio1]} O
0000t = s[rocolpy — 1y —r e, S[r00)pe0 000t = s[(looo)[r101]plpe —1y ey
s[l001po 00 0 0 Ocooo 000200 —, .y o, o0 ROD0000000000000co0
000000000 0s[lo0lp, —ig—rgecy SIroolp 00000t lgt, 0000 o

A4 00 6.1000
ggoboobooooooooooobooooobbobooooooooobooooooooon
goboooobooooboboooo
00 A4l so zps1 »r - 2rs0000c00000000000 60000 so0

—p $10 —g -+ —p sp,00

0000 s —z s 0000000000l —r<deROIC[|Dc00000s; = Cllo]
00 ss41 =C[ro]000000O0OcEde0OOODOe OO 00O0Oded DO OOOOO
00000s0=C0[lod] —g COlrobd] = si+160 O

00 610000000000000
0000 (1)=(2) (2)000000000000000000000¢00000—,0
000000000000000000 so g8 —g--- 00000000 A4.10

000000 so6 —g 18 —z--- 0000000000 (1)0000000000(1)
000 (2)0000

(© 2008 Information Processing Society of Japan



118 OD000000O0C0COO00000O0O0O0OO0b0cO0O00ooooooOoOboOO

2)=(1) cO00trmue000000—-pr=——,,00000000@)000 (1)DOO
- R true B

oo a

A5 00 64000

oU0o0ooo0U 1)oooooUoooo TRSOOUOOOOUOOODOOOUOOOO
000 TRSOOOOOOOOODOOOOOOOO
gobobooooooobooooobooooooooboooobo voooooooooooo

00 A5.1 (E,R)F¢ (F/,R)000D0D0D0O00O0DOOOOODOOOOOD

(A) —-pC>=0000—g C>0O

(B) Sgur= “purl

(C) E000D0DOODOODO ROODOODOOOOODDO S,000000000
0000000F 000000000000 RO0ODODOO0ODO0OD0OO 550
goboooooooooo

(D) Cr=CpU

0000 (A)EXPANSIONOSIMPLIFICATIONODELETION O 00 000 00O OEXPANSION O
O000000000000000000CompPosITIONOOO000—,_,,cc € —, 1 cer®
—-rC>=o>-000000-00000000000000O(B)O(D)ODOODOODO
O00O0(C)ExpaNnsioN 0000000000000 E O RROODODODODODOOED R
O0o00o0o0o00oO0o0oAOOO0ODOO0ODOOO0OO00O0DODOO0O00000 A210
O0DF 000000000000 ROOD0DO0O0OODODDODOOD S,000000000
O000Oroot(s) ¢ Fp 000000 A22000FE' 000000000O0ODO ROOO

000000000 5, 0000000000000 CoMPOSITIONT SIMPLIFICATIOND

Deterion 0000 E'0 RFODD0O0O00 ED ROODDOOOOOOOOODDO Sy
cC Lx,00000000000000 a

0800000000000000000000O0O0D0000 20000000000
0000000000000000000000000 A51(B)0000O0O0O0OO00
0000000000000000000000000000000000000 f(z,y)
0yO000 f(z,y) ~y00000000000000000 f(z,y) —»y < 2==00
f(z,y) >y <2>000000000000000000 «0y000000000000

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

gbobooboooooboboobooboobooboobobobooboboooobooon
gobodoooboooooooboobooooa

00 A.5.2 (B,R)F (E/,R)00D00D000DOOODOOOOODOO

(A) —-pC>=0000—g C>0O

(B) 00000 Spup=<Spord

(C) E00000DODODO0OO0 ROODODOOOOODDD S,000000000
00000DO0OFE 000000000000 ROODOO0O0ODO000O0 5,0
gooogooooooon

(D) Cr=CrD

0000 E-DecomposiTioN 0 MGU-DeELETIONOOO0OOO0OO0OO0O0O0O0OO0OOO A.5.3
000 A5400 (B)ODOoUooooooO

]

o0 A3 DOOOO <_>{szt<:cl/\cz,szt<:cl/\ﬁcz} = H{sztﬁcl}[l

00 A5.4 cePbgri0s0 t00000000O006 O Dom(o) C fv(c) OO Ran(o) C
T (Fpogr,tv(c)) DOOD sO t000000O0Od € Pbgr QO /\zepom(g)m==E(a¢a) oo
uoooooooooon T smtec} T (ch UH{S%)N:C/\ﬁd})D

0000 «000000s0¢t000000000 0000 s |r, 0000 ~ddODO
gobooooobooooboooobooooboooobOOooooOoOoobOoOooboOooooOo o

R =) RiDEx=, ,E;0000R,00000000000000

00 Ab5.5 Eor 0000000OR O —p, € =-00000000000 TRSOODO
E, 000D000O0O0O0O0O0O0 RoOODDOOOOOODOODOD i>R0DDEIEIDDEID
(Eo,Ro) F¢ -+ F¢ (En,R,) D0O0O0O0O0O0O0DOUOOOOOOUDOOOD 2000
i > m<ca€Rc0l -ro<c€eR0000 (s,t)y «cO0000D00DOODODOO
ooooooo

e st c000 R, OOODOOOODODODDODO

(© 2008 Information Processing Society of Japan



119 0000000OO0C0CO00000O0oOOoOO0bOcO0OO00ooooooOoOboOo

e 00iD1<i<n000000000000200006hL —7f < ¢ €R0O
lp >y <c2 € R O00D (s,t) =0 E; 000008 Sp_ s0t' 5, t00
ooo

gboob nO00OO0O0OO0ODODODODOD a

—p_uUr, J00000000000 R, 00000000000 OOOOOOOOOO
gboboooooobobo

00 A5.6 EDDDDDDROO0O000 TRSOOOD S0 < mun 81 “suR - < BUR
$, 0000 (50,81, ,8,) 000000000 <55, t0000 Cost(s,t) 0000 20
goobooobobooobbooobpbooobboooobooobobo

e s=C[s'0] < gnpeey Clt'ol =t 0000 Cost(s,t) = ({s,t},{s",t'}, (0,¢))0

e s —p t0000Cost(s,t) = ({s}, {t},—)O

e s «—pt0000Cost(s,t) = ({t}, {s},—)O

gobob-0oooooooo a

Cost0 1000 2000000000000000000000 =000000000
0000000 =-MYpoooooo300000 (o,¢) 0 E-DEcomposiTiON 0 MGU-
DeLeTion 00 000000000000000000000O00e0000000000
000000000 (0,¢)00000fv(c) C Pom(o)I00000000000000O00
0oooooood
e Dom(0) = Dom(o)0
e /00D
e tcRan(A)DDDODDO Ran(e) 00000000 OOOOOOODODN

0000000000000 000000000000000000000000000
00000006A000D0000000000000000000 (6,¢)0 (0,¢)0000
00000000000000 (o,¢) > (0,d)00000000000000000000
oooooo

00 A.5.7 o0 Dom(o) #0000000000c0 fv(c) C Pom(e) 00D D0O0D0d
0 fv(d) C Dom(s) 000000000000000c¢k=d0000(0,¢) > (0,cA—d)0 O

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

0000000000000000000

0D000000D0D0 »¢coe 000D00DODOODOODOD Mg Mg s
00000000D000000000 (so,81,--+,5,) D000 Cost((so, 51, ,5,)) 00
55,800<i<n00000000000000»¢,: 000000000000 000
00 =¥y pgpnoo=-YY0000000000000000000

00 A5.8 -0000000000=X¥ 00000000 O

gopb20000000000000D0O00DO0

OO0 Ab59 EO00O0O0OOORODOOOO TRSO-0000000p10 p2000000
O00—pC>0000pl0p2000000000000000Cost(pl) =274 Cost(p2)
oooog
(1) pl0 s«—xt0000p20 s —p t0
2 plO s - t000OOp20 s «op u «—p tO
pll s -pt0000P20 s - u «—p td
pl0 s -pt0000P20 ¢t -5 uld
pl0 s -pt0000p20 ¢t »xt1 —pR -
plO s »pt »puldp20 s «—p ---
O0tm <pt Hpu, 00000
(7) sOt0000O0cO dO fv(d) Civ(e)U0 eAdD0D00O0ODOODOOOOOOp]
U s ooy tUO0O0P20 s o ponycongy tU

[V

[V

(
(3
(4
(5 — g ta0n > 0
(6

— — — — —

—ptm g Un g - —mpu —pull

0000 CostU »¥ 000000 —p C 000000 ]

0000008y “p_uR. 51 “BoURL ©
00000000000000

B _UR., Sm 00000so 0 s, O R,

00 A.5.10 E,0000000Ry 0 —p, C>~00000000000 TRSOOO Eo
000000000000 R OODODDO0DO00D 5, 00000000 (Eo,Ro)
bo - Fe (BnyRy) = (0,R,) 000000080 <p_up. 1 “B_uR. * -
smOm >0000000000000000s |g, tO

“ FooURoo

(© 2008 Information Processing Society of Japan



120 J0000O0OO0OO0OCOO0O0000O0O0OOO0OOCOO0000OoOooOooOOObOOO

U0 pO0000U S0 B _UR. S1 B URw. "
O0-¥Y 000000000000 0000000000E-DeEcomposiTION O MGU-
DeLerion 0000000000000 OOOOOOOOOCODODOO

R, C Ro 0UOODOOODOOO <p ur, UOep Oeop \g,Ueor, 0000000
0000000 so —g, *** —r, —g, sSm 00000000 Rn=0000
OO0so |, sn,000000000000O0O0O0O0O0OODOOOOOOO

(1) si o sipa0

(2) sieop, sp100s=s531100n>0000<i<n0

B UR. SmOm > 0000

Si R, '

(3) s —Ro\R, Si+1 000 si —pg_\g, si+10
(4) si1 g, Si —g, sit10
000000oooOo Ass50000000000000D0O00O0OD0O0OODODOOOOOO
(1) (a)
(b) s Slsmtecy Si+1 000008 =g u g siq1 000 si = u =g
$i+1 000 8i < pynpeennay Si+100000%(d) Cfv(c) OO0 eAdODDO
0 0 M E-DECOMPOSITION[T]
(¢) i o (smtee si+1 00 s0¢0000000000000000d0000
O0s; lry, si+1 000 s fomteenngy Si+10000 Ofv(d) Civ(e)D OO
000 MGU-DELETIONIT]
(2) s;41 0000DELETION]

Si — R, Sitl ooo s; “—Reo Si+1[| EXPANSION[T]

(3) sieop_ tep s 000s g _t<pg_ sit10 COMPOSITION]
—po tj —p. . tk=5,0000000000000

oo

(4) si=to —p, -
o0 530000 s;=to —g,, -
000 AssMM

p00 1000000000000000000000000 p' 0 ) —p_vr. 5

S BUR.  BUR Sey 00000sh =500 s, =s,000000 A59000

Cost(p) =oI"! Cost(p) DO OO OOOOOOO0OODS, |r, s, 00000s |&, sm0 O

—Re Ui “EL Ui+l <Ry " SRy tk = Sit1

gobooob e4000000D0O0OOO

0000 Sgpoom, =
000
00000000000000000000¢ &5 s S 000000000

&RHDRnDDDDDDDDDDDDDDDDDDD As51000

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

R, C R 000t &g _up, 0000000000 A510000¢ |, 000
O0R, 00000000 O

A6 00O 75000
TRSOOOOODOOOOOOOOOOOOOOODOODODOOOOOO0O0O0O0O0O0ooOOOD
0000 TRSOOOOOOOOOOooooooooood

OO0 A.6.1 ROODOOO TRSOf e DpUOOOOOOO #,...,tn € T(Cr) D OOO
fti,...,t,) 0 ROOODOOOOOOOfO ROODODODDOOODOOUOOOOOO O

00 A6.2 ROOODDOOO TRSOf€Dr 000000000 0= {z; —t]1<
i<nt; €7T(Cr)}ODOOODOD (\/f(xl’m,xn)_miccieRci)9DEIEIDDEIEIEIDEIEI
DO00f0 ROOODDDDOOOOOOO

0000 00000000 & € T(Cg) DDODDOOODODOOD 1000000
flz1, -, an) > u < ¢ 00000000000 f(t, -,tn) —g 00000 f O
0o00O000O0o0 O

OO0 A.63 D0000O0000O0O00OOOODOO TRSRODODODDOOODOOO

0000 ROODOODOOODOODOOteT(F)OOD0O¢t S, ue NFg(F)DOO
0w00000000000ugT(Cr)0000000feDrO0 ¢t €T (Ck)OOOD
w0000 f(th,-,t,) 000000ROOO0O0DO0O0D0O00O0DO00O0O00OO0
00000000 «0000000000000000000RO0O0O000000 O

oo rs50000000000000

0000 0000000 O00O0O0O00OoTROODOOOOOOOOOOO Ae6200000
oooooooO0o0o0oooOO0OOoR. 0O0O0O0O0DOOOOOOODOOOOOOOOOOOOO
O00000O0O00ooD Ae30000000O0OOO O

(© 2008 Information Processing Society of Japan



121 0O000O0O0OO0OO0OCOO0OO0OO0OO0O0O0OO0OOOOCOOO0O0O0O0O0OODOObOOO

A7 00 76000
0000 R =ROR =RO00 —,0 -5 0000S;=(7(F),—,)0000000
O0ROODDOOODOOODOOS 00000000000000000000 6.400
00 &pup € Sp 00 NFo, (F)=NF—, (F)000DOR 00000000000
00000000, C&,00 NFs, =NFs, 00008, 0000000000008,
0SS O00000000000000000071000&,=4,0000000000
&g = SE, 00000000s~t<ce E0 ¥, 000000000 6,00000

505 < (antee) g D00 80, —p 9, DOODOR 00000 s, <5 9, 000000
0000s6, Spth, D00000s~t<«c0 ROODOOOOOOODO O

(0020020 17000)
(0020050 8000)

0o 00

20050 000000000000000000000200700000
== 000000000000 000000000000000000000
‘%?{ oooooo

o0 OO0

000000000000000D0O00DOCOOOOO200200000
o0o0o0oooooooOoobobo0o0o0oooobz2e04000000000
goboooooboooooboobodb204b0oobbOOoO0bOoOoOOOoOon
‘“‘;/}h 20000000000 0C0OO0O0O0O00OCOOOOO0OOOOO0O00O
‘ ' goooooooooooobboooooboOooooooooooooo

oo oo

1989 00uoboooouoooooobobooooboobooOoononngs
ooooooooooooboooooogyroooboooboooooo
goboboodzeo2z0o0c0oooz2e0300boobooooooooooboooo
gboooooooigen soospoouoooboooooobooono
gobooobooboooobooooooboooooooboobooooooon
gooooboobooobooooobo 3sbooooobooboooobooobooooooooooDooboDo
gobooooboooooboo

gooooooobooo

19940000000000000000001996000000000
gbooooobooooboooobooooooooonoz2c000b000000DDO
goooobooooooooboooooboobooboobooobbooOog2o0030
gboooobooooboooobooooooooooboooboboO206000
gbooooboooobooooboooooooooboz2c0rObOboOOoODDO
goooooobooooobooooooooooooooobooboDbbooDoOobo
goooooobogo

o0 ooboooo

9r2000000000000000DYTOOODOOOODOO
oboooooobooocoooooooooooobooooonono99s
goboooooooooooboobooooobooooooboobooon
goboboobooodbooooooboobooooooooboOoobooooooo
goooboboobooodooobooooooooboobooooooboooooon
0000000000000 000000000000000EATCSOOOO

000000000 0o0ooOoooOd Volb1 No.2 100-121 (Sep. 2008)

(© 2008 Information Processing Society of Japan



