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Unique Normal Form Property of Higher-Order Rewriting Systems

Ken MANO' and Mizuhito OGAWA 11

#HHFEL Van Oostrom ¢ van Raamsdonk DR L k% — v ERBEEZ ZONMEK BT, EEPHEEZEE

LA WE—IERPHo+o882 R T.

F—U—F HEZHZR GRBETHOR G BEIERPH

1. FAHLEX

FEORHAENR & LB EBR IR ONMNR v
O2BEERINTW 3B 3][7].
Raamsdonk (&, Conbinatory Reduction System [3]
% Higher-Order Rewrite System [7], & biC(ZIHE X
Bz R[4 R EBFEOI EXEREEIRIREH—T 3
P e LcERsE X #12 & (Higher-Order Rewriting
System, HORS) ®##& L 2 [10][11]. ¥7%, (—F&
D) EHHEHLFZOELHICHY T 2 HE & EhE & H
ARECHLTERET I LICXY, 2oRFo+%
HERL 7.

P E E M R OB, FEHIBAI X 3HOE
#r, 2oBHUNEHAT 2 2HOMEE - RAX AR
St Lz b ThH B HBERE, KRAEE (Substitution
Calculus, SC) ¢t XX 3FEHW|ARC L > TR IR,
RAGHHDEEBAIEAIE & D ICHREBERL R EE
FTEATA—FLLTNBESTLRE. [9], [11] o
BHETH B [10] TR, EFRAGH & BEICHE ¢
T, b Y IcE T & RAG RS TR & &M
PHETN, LRSS OWEBET PN
I, RAGHH & LCHMBIN . 7 4 X5 % b0 “HRE
WAL 2 — v ERE TR Bt h b oRl%
WET 5 e RENT.

—h, EXLRHEBFEHRLR, ThbbEREHOHE

Van Oostrom & van
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BRAEHEZ A REATHEE b O LS T w5,
T b, R IRET 3 C & a LICE—IEB 2R
AET 5 T0&tss, wonEbhtwns [1][2][8][6].
HM—IEHpEE, ROBPEHSEOTI&ETH B [5]
ARLTE, ThoDiERD 1 DR EREE X #L R Ik
RU, EREHEGE LR wE—IEREo &%
L3, BEHE, “TRERERA S - EREEERSAL
RGHE—EHEELRD” TH 5.
ARLOBRE LI TO@EY ¢H 5. 2 HicHEAN A
BERS, 3HTAL—EREEEIRLRCOWTEHEA
T35 AEICRA2ADOIICAE —vERBEEHRLZFZD
YIRGEHHEAL L 5 b DFEAL, FRAEHERE
DebDTREMERT. ZOMRESEL, 5 HiTA
2 —vEREE L ROB—EHBEo T34t 54
5.

2 #E K

AEiOERE, FEAWIC[4],[10] IKFES.
2.1 BEEXHIR

FExR (D, =) ik, B D EoFEEHx LI
Bhd 2HE% — b5 URsLHLAREE D
BLELEEWEIN S, E¥Hz — oxtFig, K
#HBHE, KE#EBRAHAER, thth«, =5
= ehobEIng BRdeDwkong, d—d
hBd eDBEELANEE, dBEZEDEXH2F
DEHE e XiEng. EEFHEIR — OEHBOREE:
NF_. Thobt. di —"ds 5D da BEHETHS
2%, dy i di DEHBTHB v, d = dy T
bobT.

BEMZIF — &, di — da, — - TR BHERRYRE
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HELEWE ZEEEEDDE RS,

EEEXH2H — @& EEOEHEE 4, d Kow<
d =*d'noFd=d naE*HEo e %, B—IF
HEHEEZ DD WwS. FEEHIZ — &, FED
dy, do, dz KDOWT dy —* da, dy —* ds BHIEX
da =" da 2D ds —* ds 25 de BIFET S 25
a2 L EAFERED L b b, BEXHL RS
IEHEE ARt REO L %, FEfiTHE LS.

2.2 EB{EMTEFIE

AT, [10] KA b > THEME % OB O IHES
AT S, [10] OEHCREM A, RS
HEBZ IR EE: LTRAILTWwE & TH 5.
[Ez2.1] BMEL, DTo XS KFHNIcERS
5.
(1) FEAM o FHMITH 5.

(2) o, 7 2BMEIAL LI, B o — 7 b BAH
mchs.

BB oESE® T Thobl, o, 7, v XEMEED
bbhTDORHNWS. 1
[EF2.2] HMAMo FoRS arity : T — NZLF
DE5ICERTS:

(1) arity(o) =i,

(2) arity(oc — 7) = arity(r) + 1.
arity(s) % s D5 B LS. 1
[(EF23] TA77<Xy } (a,b,c€) A BUTOFRES
oA BVHESTH B.

(1) PHEGER P EEN 3585 -(-),

(2) WAL LTRSS -

(3) #MMM o cxtLc, B

(a) FETF (B2ViEH F,67H, -

(b) FRAEEH 7,07, ¢7, -

(c¢) HEHZEH 27,y7,27, . ToORdKE, L&
MR BRI REES 07,03, & ENRD.
EATLHHEROMPZBERELTA7 7y } XK
Ar TFEF.

&%, F7, 27, O7 i, LELEE F oz, O, DX
S IKBEER L <EPNS.

TAZ77<y ' OHFOREP L, (HMENE) K
BIEANTOX S KiEbh 3. (EEOREEROES
Z kowt, 7 ko (A) FERiEHOBES (s,t,r €)
RPT(A, Z) G FO X 5 ICEHI NG

1) : [10] ez OFRICRABETF (substitution operator) XHh 3
2%, AFRICIC BRI O THES

2

(1) FREER T eZ ik, Z Lofl o OFERIET
5. &2ToM o OFRB XCEHHERE Z Lol o
DFRIHTD 5.

(2) s, t25 BxWo—1, 0 #F> Z LOF
BiEA LI, s(t) & Z Lol r DJERIED 5.

(3) s 7 %2Fo ZU{¢7) LOFREE LI,
s 7 Lol o — r DFERIETH 5.

1
i x OFERIHE—EAEEZ DD T, arity(s) % B
IR & JERTE s OBOF RO E LTERTE 5.
E#24] A 2777 <y + &35 H4
(6,9, x €) Pos = {0,1}* RfrBOES LIS M
B Pos : RPT(A) — 27°% 3, FRIEY 2h 0B
Boe, B top: RPT(A) — A &, FEREY 20K
FoftEic, BB / : RPT(A) x Pos — RPT(A)
Gl s, ¢ % s OfiE ¢ KB 3HIFERIHIC, EhE
NUUFCEREI NS X 5 IKET

de:

(1) L s =i30(81) ol

Pos(s) = {e}U{04|¢ € Pos(so)}
U{1¢|¢ € Pos(s1)}
top(s) = -(-)
sle = s
s/0¢ = so/d
s/16 = s1/6

(2) dL sEes b,

Pos(s) i% {e} U {06]| 6 € Pos(so)}

top(s) --
sle = s
s/0¢ = so/o

(3) =hlsor %,

Pos(s) = {¢}
top(s) = s

sle = s

WE ¢, ¥ KHLT, ¢ & ¢ OEEER ¢;¢ THhbb
. G ¢ 2 Y OEEFTHBEE, Y =64 k&
2 ¢ BELETECEH NV, ZD2E ¢ < ¢ &F
. 2 ODMER, BEwicd 5 —FDEEH TR W &
%, MM THBEE w5, Pos LoRERIEFR C T
T ¢C v 0rE ¢ XVE ek
VEICDE LS. JERH s s O ¢ KELBE



L/ R E R X RO B—IEBEE

2% s(¢) = top(s/p) ET. #Zac AKHL
<, FRIE s OHT a OB BB OES aPos(s) %
{¢ € Pos(s)|s(¢) = a} DX 5 IKEHKTS. aPos(s)
BE—ERELTHB L E, FOEREHD aPos(s) T
bobTCeBEDDB. Ei, s ORHT Ar OILEH
B 20E% RPos(s) THbb¥. B Bvar (Fvar)
FIERRIE% 2 O ICE R 2 AR (HHER) o%
BIEY. Hs tME ¢ KOWT, s/t =¢s o
b2 hB Y BELETEADE 6k s CBAT D
REOEMEFHOFICDH L LS. £, s(d)=¢& n
D¢ B E OFRMOBRMAHTAVE E, ¢ T DORR
BB E XU, XorkEDEE (& s KRFEEICD
bbhdiws. FEiE s ICREGICEN 3 JISERD
%A% UBvar(s) THbobT. 1
[E3%25] A#TArzrxy Y &55. RiEHEG,
ZHRE EORFIE ThbbRRMICHIET 2 REE
BxEFEAVENETH 3. Dk A 20N 3
BiHDOHE A% PT(A) TFRL, s, t,r € PT(A) &
5. 31 Frar(s) = 0 A, s GALTwE 2w
W, ¥y n0RnE s GvwTw3 e ws. HHEZEHR
PRIEONOES 0 = {zi i=ti|i=1,---,n} %
RAEWS. BiH ¢ KHLT, to Xt KERBT
RTD z; % ti TEAEHRZTEBOLNIFEYET.
AIH s KWHNBLOoFKH A Oy,---,0, OWnFhh
THELE, sk m-5IBORSURTH S & 5. A
YREFEToOK C, D, E Z%Hw3. m 38O
XHR% C[m], D[m], E[m] ¢&L. 15Hndo%
Cll, 2 Bl D dbo% C[,] REHEFC L bH5.
Clml{0; :==si|i=1,---,m} & C[s1,+,8m] TH
bbd. BIXR C[m] . Oy, -, 0, B53F4xH x5
F1o328nz L%, Clm] BEHTtHstwns. |
(£ 2.6] s #RiH z 2HEZE TS z8s kK
BT { OFRBOEHHEHCEHN T, D s Ohhic
Bnd ¢ #2T ¢ CHEBATEOLLEIOE s’ &
T5e, (8 B s -FAETHEES. FRIE s
DETD - A% clos.(s) THbbT. FIGEHY

def

0 = T1,  ,Tm KXLT, s D o-PHELEE, s D
tm-BAE, ..., z1-HHEZIEKRE >TELRLEDIDT
»5. 1

3. SREEEEAR

AL DOEETHRR X 5K, BREFEHRLRCE
JeEEFMHiIG, EXWIABACLsBEHm e, HE R
A%FTS D5 —o0FEMHMIF (RAGH) cksHE

Wz lICk->TERENSG. FIASETC2E, EBHEEE
Bz ROBERZ GRAGHELHE L LTEHEI NS, &
ExE, RAFHE LT 7 X5 HED D, HF
D4 OrEEFHIHNNE T oEMEXMIRLELDL

1+1  — 2
242 — 4
£€/6 — &1
£2x& — §L+E

corE, EXHIENTOLS CHbRS. EEHiz
SNASET X N7 % [] CRT

2 % (1/1 + 3/3)
=5 (2xn.(n(1) +20(3)))([€-£/€])
= (2 x(n.(n(1) +n(3))))(&-1)
—5 2x([1+1)
— 2% 2
—5 ([£2x€)(2)
- (££+9(2)
—5 [2+72]
— 4

AEICH, FEFERARO—DDRTHEAE—vE
BEEHIRLCOWTRNS. ~x—rEREE IR
REMRIS & 7 2 X HO—EERAGHELTH B,
FTRTOFBEFHEZBFAUOLEAZAX — v TN BHF
BAIHTH 3. Conbinatory Reduction System [3],
Higher-order Rewriting System [7], JHE: X #z % [4]
REXIFIERBERAR Y, "2 —rEREEIHBELR
DOHICIEYIAL C & 25TE 3 [10]

EFEAFEAMIC[10] ICKES. FRICHT DR ERD, ARHi
TEHE LTRRON 3 b [10][11] cBh’
HDTH 5.

3.1 EHMAMNEZLSHE
[e#3.1] DTFoEXEsHAIE PT(A) hice®T
5.

(1) « =t {80 — s1| 50,51 € closs(s)}.

(2) BE{s'(t) — s{z :=1}|s' € clos.(s)}.

(3) n={&s(8) — s}

FRROBEZHEABAIR (= a,8 d L) KK, LT
DHRIER L ERE NS PT(A) LoEE#z Bk
—n = U¢ePos —(gn) EXHE & 3:

HBz IKDONT ¢ € clos,(s) 2t € clos,(¥)

3
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tLT,
i O L s—ten
4T%»@¢m%ﬂﬂ(appl) SN
L)_ S (g,
T(S)_,(l‘:i)r(t) (aPPr) S/—_,((;—’};))?(abs)

FIRMA & B e PEHh 2 FEH %
— (o E (o) — —p LEETE. —n P D
WT —(gn) OMELoDDOTH B EXHLIHR
—aU—pU—, CERINIBERIRE Ay T
bbb

YPpDEE, BEMEX s —yn)t XY LLFTHS
Eny. BEBLIRH s =31 T, 2rBENIEEH
ABTRT Y LUFCHEESRDDF, s =0t
eE;L. 1

UTorEs, AHHOSFTCI<MmbhTns. #
%%, [12] Thm 2.35 B8 X(f 2.38 BB I i\~
[EH3.2] —pU —p & —h ODbREWEEET S 2
FHTH 5. 1

DT o#imcl, RiED <L ObEWEEET 5
L, 20X 5 AA—HICE 5T Ay poEbh s B &
2% —pn THLDLT.

[ 3.3] BiEH s KDoWwT s € NF_, ThbBeT
5. 2Dt Es—pgt hbolXte NF, TH3. b
K, u€ NF_p bl s{z:=u} € NF_, TH5.
1

[E#k3.4] H CGUR) &, —pn- EREORIHE
XR) orrths A HoOEEY® T(A) Tthobbd
EN 1
[(EE3.5] 5IHOB m o s’ ZHEIC

&1 Emea(sy) - (sp) e/ e TES. Tk
3 a DFBOBTHB. XTI, si,-00,8; bIFEBARTE
ZLTw3E. Thbb, s EHBHs = a(s1) - (sk)
DHATHSE. oL %, ald s OHEMELFLH, £
DhiE#% head(s') TFT. I

FHERIE, —RFIK residual, trace R ¥ & Xidn3d
b LT ds. EL, THRHERAEXHZT
A7 7y MCERT 5 RAREL 3.

[EF3.6] Ay ofTEHZ v HL T, THRER

(descendant relation) |u|: Pos — Pos %I FD X
SICEHRKT 5 ¢

¢ € RPos(s), ¥ € RPos(t) &1,

(1) u=s—ayt b ¢yl ¢

(2) u = s'(t) —ep sz =t} 255 20e
%, b s() # v AbE 006 |ul ¢ XdARFRE
19 |u] ¢5 9.

4

(3) uw=Es(8) —(emy s mDIE, 004 [u] .

(4) w='s—(ent BoE |u/Et —(en sl
Wl e N TOEERH2z CHLTR, UTFDXS5 IE
EINE: w = s st THBEETBE, VYo
ROl ¢ |ul ¥, TbHORE Y = g LT
¥ |u| ¢; 0" & @' U] 9"

THERE, Ay oBERLBRIC X BEROZ EH
ZRHNd  ty —pp - —pnta KNLT, FRICHIET
T HMGRoEE E LTiliEEhd. ¢ € RPos(t1) IC
LT, ¢ld v THEELEY I ¢ DFHETHEI LN
5. ¥EDLE, ¢ % ¢ O EITR .

UFoMHERZ, [10] KBWnwTik Ay ©7 A— 2

(parametricity) &FEIEH, [11] TREKRX (natu-
rality) #3ET 3580—2L LTHL 3.

[CH3.7] RiH s 2o ZDIEHE s| ~D A7 KX 3
AEOE XML RY] d, e KDONWT |d|=|e]. I

3.2 - EREXBAR
[E#3.8] SIBOBm O B 23, 1Dz, Tm-
Hachz T3 UToflrHesrse sl g
2—v EWEENRB.

(1) 1 o, EETILESTH5.

(2) HED z; (i=1,---,m) €LDOWT, z; DF|
ROBxEk 2322,

(a) ey 1M &l cBns.

(b) I OHOEED = OFIE ¢;0F KkowT, dL
l —>(!t¢,,7) g b, g/¢ =xi(é) - (&) TH 5.
CTC, &, Er FHEL ZREEHTD 3.
¥7, ko (a) % “by5 ¥ 1Al o 31BN IC
BEHATEONILRBEMET 2 d DB 2 — v
& XA 1
EENCR, EowHo (1) @&, 1BoEEEHz A
B0 5 “EAREREH ARV 2w &, ¥
e (2) &, “BHCENIEBEIEILCHENE” tn
5&MBICHIGLT VWS, 1 BEOEZEEBLR & oXBIC
B 2 REF i, #RE 3.11 2BB I Wi
[EF3.9] ~Z—rEREEBEIREE, TArry
P A RAGFE A, ~F— v HEHZHAIOES R 2
b7k 3 DMl (A N7, R) THB. AX—vEEHRIE
Al il — r R2HOXNT, AFOEE% Hicd:

(1) I, r BEACTw 3.

(2) 1@ z2—rvTdsd.

(3) 1&roBMF%E L
X ok, EAPKGIERANAEZ—vTHERF—vEEHZ
HAIE R~ 2 — B ER A XU, Ak



L/ R E R X RO B—IEBTE

RE—vEERBZPAORE SO — v EEE R
REEMG AR — v EEEEHRIRE IR

EXHIBEURET O, R, i SEHn2 #E
B HAIR OF 1 ER, B8Ry ehEhfAl, £
A EWEE 1hs(R), rhs(R) TH L DT A& — v HiE
EEXWARE HETRT. NE—vEEESEHELR
HEZ (AN, R) KHLT, Bl ED2 OB XML
% (B, BMzPR) 2EHT 5.

(1) #EHABUR 1 — r € R 2HIURCY]
KL<, C[] ksidsd R oy Cll] —¢y Clr]
KT S EEOXRCHT S R oy — &
UC[] —cw] THLDbT. bk, FEDO R oFEH

def

2B X 2 EH#E —r= yer —n 2EL.

(2) Rr—vEpEEXHmIR H o2z BRE,
= E ey R by & LTERENS.

1

DEWK, NE—rEEEERARCET ZEARN LT
= WHIK D WTIRR 3.

DFcr, H Thbb —py R <5, FEHE
PREFETLETSE. £, NF—vEEBERIROEEL
iz —n b, FANE LTH e HOBRICHIBEST 3. %
D%, DToWET#HRTBRET 2 D iIciEro.
CERE 3.10] ~#— vghEE T R oF &4 2 Bk
—n ZHECHRT 3 & &%, —@EZRbTUTOC
LERETE B!

(1) —r oEHCBGTZ O[] AREAIRTD
5.
(2) BEEX — OERICBT S <5, —r; <y
DHDYIC —fhp—r;—pn ZHS.

(2) KBWT, <%, —b ¥ETRLEhE &R 0L
i’ R e s 1

DIFoMER, [10] ks w»wTiHEHPERME (head-
definedness) tWEEH, [11] TEREERD 5 BIcHwn
bhTnb.

(HEE3.11] Rl - 7r Z#RE2—vEREXHZIZH
OEEFHIHANE T 5. | OFEMOMNER head(l) &F
e, UFaAYZD:

(1) C] *ABZoHBAXRE L, ¢ ¥ 2Dk
DHOMEET 3. 20 %, O[] »blEUEBER
DRAFHHEIC X 2 fEIRIIIC BT, P head(l) F—
BhTHRER.

(2) Hs offiE x KL T, DFo&f%iies
5 AR C[] 56T % &1 5:

(a) s 2o Cl] ~ORAFIHIC X BHELRFAET
%.
(b) ¢ % C[] oflofiiEe 35 & &, y;head(l)
Bx o Clll tsdsiHTH5.

*pL%, O] 3—ETH5.

1
EIREREE, 1 BoEEfii sl 3 e EE
Bz AN X > TEEHZ H—BIEEL” w5 HH
B, NE—vERBIRIARCBTO AV DL LR
AT 5. XoT, UTOERSABEKC A S,
[E#%3.12] EofED (2) ¢, dL C[] “FEET S
b, l(x,N) % s DFDYFy 7R X8 ¥,
s b Cl] ~OEROMEE (x,N) @ (C[] ~»)
HeEwns.,

FEHL w:s —y t OIRE (6,8) OMHETH S
tE, wik(o,R) FEBEHIDL L, s =)t T
HobT.

RAGHCERI N THRREL, 2 —vEEEE

Bz B~ LHET 3.
(B 3.13] H 24— vEBEEXHIR, R:l-7
* Ho@dx@#Es T2 R CX2EHE v
Cll] —cpy Clr] I€HLT, FERHR |ul: Pos(C[1]) —
Pos(C[r]) #L T X 5 IKEkT 5:

¢ |u| ¥ iff ¢ =9 # OPos(CY]).

HICE2EEHL s - t KHLT, FHREIR
|s = t| &, ZOEBEE * TR B B0
ST 2 FHREROEETHS. Ay OHE & FRRIK,
H oBEBFRZRINICTLTD, THEREPILET 52
HWTEB. 1
[E#3.14] H % RZ2—vEREEXH2R, u:s ="
tE HBBeEA, CX2EEHIRIEL, (4,8)
s DHDYFy 72,55, §|ul ¢ o (¢,R) 23
tOFRDYFy 72 THEEE, (¢,R) % (¢,R) DFE
4 (residual) & X3 I

DEWK, EREHOMBIRTHEC &, NE—vEH
FREEHL ROATMOTA&BERoTwE T & *iR
3. Gtk AERBRHAEE?»HMM S, Chid,
1 PEDOEE XL ROIEL R >TnE. ~NF— v ERE
FEHRAROBEE, “FRE &v 5 B 2B
BAZHh, chick), To%&MEt (b bHEERsD
EiY) L AREREHESHEEL S h 3.

[E#£3.15] H# A2 —vEMREBXZHEIRZEL, U %
Hsy DHDOYFy 7 20HEH/ET5. EXHIRY

5
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—H Sn &, DTORBZMHET S &%

U DER (development) & XiXh 3:
BED wi t; —x tipr KDOWT, D5 u; €U

BHEELT, w BREEHWZ L) Fv 7RG uw: ©

BATHB.
EDI, sn DA U DEKBHFLELANEE, w

BAFEETHE LS.

[E#3.16] H %~ 42— vEEEsHmas U =
{ur, -, um} 2TH s POEREOHERER 2 ) 7 v 7 20%
Bel, u; ES (xi, Ni), R =L (i=1,.--,m)
ET%. Hike:s —5, Cllh, -, lm] BELTFD 220
SURTBREND X U O s b Clm] ~OdfiH & &
3.

(1) Clm] &®.

(2) head(li) % l; OFEROME LT &, FED
u; €U IKDNWT, O,,Pos(C[m]);head(l;) & x: DH
STh 3.

CHXS AMEATAET S L ¥, U GFEMHR (si-
multaneous) JF v 7 ADEEG EVEENE. NF—v
EREE &L RE, EEDY T v 7 ADEEHFERT
5 LEFAMKMTEE L vbhd. EEEOHEELS
U7y 7 20BN TH 5 & EXAFRHTH S 2 »
bhb. 1
[E#3.17] X, | 2EGBAx— VA, u =
(6;0™,R), v = ($;0",i ) %I s OHOHERELB Y
FyrZReL, m,n%theh 1hs(R), 1hs(i ) O
WECZ D5 o e T 5.

(1) dL ¢ & ¢ 2L ADLE, v & v FHLT
HrEwns.

(2) xdnohE—mEERScehLIC Y = ¢
CRETES. HAIRN OB Gl Dz, 20
AThb LT3

(a) 2 z € {z1,---,zn} BHELELT,
arity(z) = 1, I(X;Oi) =1z D dxw=1vTdh
2%, ulk v CARTFLTWwS LS.

(b) XdARUNIE, vk viKEAZLWVS.
HAIR, i €2nT, HER-IFy 7L i-VFy
IARELRLEE, REi GEALZENS. R"&x—v
EREE X BRI RAER B ER O L &, BkCTH D L
Vi, 25 ThneE, WEBIRCTHE L5, 1

DR 3.18, 3.19, 3.20 &, ZHFR[11] ®
Lemma 3.9, 3.8, Theorem 3.10 KKX{ind 3.
[ERE3.18] H % EfhF—vEEEEHLAR
T5. H Q) EEkchdce, (i) SFARHTD

WS —H

Bz, XU (i) AWchsc LR, TXCFE
<H 5. 1
CEH 3.19] (FIRBAEHE) KB 2 —rafgEE
#¥az ZORBHRY Fv 7 20ESOREHGHFEL
L, ZOREZEL W

Thio 2 20EHIY, EbUTOMRSEIN
3.
[ZEH 3.20] MEEBBRA IR~ F — v EREE EHL R
& BHERR. 1

4. ARG

AECED LI, ~F—vEhEE &L ROIRSE
BB WO BERFEAT 5. chid, (2], [6] %
Bn s 1 o B2 ROLEA &V LOBIEY, ~
- v EREBEERIRCANRE LD DTH S, 7L,
A2 — v EREE B2 R oB E RN OWARHET
bore, BEHAPRAFFZER L LTERI LT
5T ehb, TOIRGEHPATEAR .

b, RGHHRALBEHEE RO DD T35k
HE LT

4.1 XIR%E#

LE#4.1] H ! CHHZER = € Fvar(l) 25, m [b]

(m21) Bhadeds y, -, ym BEWCEL?S
BHHEHRCTH>T, {y, -, ym}N(Fvar(l)—{z}) =0
PO E€{y, ,ym} EWMET LTS HI DA
D E, ErbIECBDBD y1,-- -, ym TEEHEZ T
BOoN2EFI LT3 20L%, %10y, yn
CX2 - BIBAEEIR. o= oy, zn 2L, Xi¥%
BEEHEDS TS (i=1,---,n) . 1D X, X,
X3 o- 8Bk R, lIK X, KX3 z,.- WL,
o X1 XD o-RBAERIERBEE C LD DTH
3. ]
T oG, RGHRBHEIIZERT S L &C
Hw 3.

[ 4.2] FEONZ—vEREEFHRLAROBEHL
AN — v k2w :

(1) 1 E g Fty) - (th) D2k, o =
Mmoo mea(sy) - (sy) EELHEETES. COLE,
arity(l') = arity(r') = m T» 3.

(2) 2okl 3, 1D xy,....,2-HETHB 2
X r'Br Do, ca-HEERBXS R r B35
CHIET 5.

B ()@, U ey oBMBEH LW LD ED
2 (2) Fa(sy)---(sh) CARFHHCENS 0, 0m



L/ R E R X RO B—IEBTE

r1,...,m CEREHEZLDOF r THREX .
[E#43] EROANX—vEREEHLAROEFEHRL
BHIR U — ' £gLT, UFD 3 27y 7Ficko
TELRE RET] - 7 < Q i, X OXRGHGET
b &P 5.

(1) & EmF(t) - (t) B L=
F(t ) (k) @ o1, em-BE | % 1 o
X1, Xm X3 21,2, ET B %
prk 'glosHacds oo, 64
Xy, , X OEETH .

(2) W42 X0, o Zoeogmea(sy) - (sh)
Br Dz, Tp-PEERD LSRR r B—EICHLE
T5 k%, i @dros-aThs BEMioE
Bhb, fEDi=1,-- ., mEOnT z; T X; cH
heot, ¢ BEE: AL C L EEI L -

(3) 6%z, zm LETET. QEUTDXS
CEHEINZ BRBOWIEEDH N1, N TH
5

X,':ZJ,---,ZH.JI &f?PfNi={j;"':j+jl}-
L, 1 £i<mTdhH3 URGHBEGALE

U~ = Q0 Q LMY LS, ' — i %

def def

R=E! —
TGRSy & VR
AR — v EREEERIR HE (AN, R) & R D
HHI O RGHFAL OIS EE R IKDnT, FED
RER IKHLTRER BHELT R F X ORSEMH:
B TH B2 T5. 2oL E, H = (A4 ,R) &
H OXRGEHARUALTH B 2 vwbh 5. I
EHRD DL HIC, URGHHFAL DS &2 3RO
TGRS &, BRI — v HIHICH 5.
(H14.4] 2 — o ERESE X BB R £D(E)(E) —
EE(¢) kLT,

£.£'D(€)(E) — ELE(E) = {1,2}

£.£'.D(¢")(€) — ELE(¢) = {1,2}
¢.ED(8)(¢') — ¢ €E(¢) = {1,2}
¢.ED(¢')(¢) — €' €E(¢) = {1,2}

7 R OXIRGHHRUALTD 2. I
Ll H = (AN, R) |, % — v ElE 2 xR

HE (AN, R) OXIREHSIALY B b b T & KR

F5.

[%3%45] R:l—7i<Ny,-.- Nn,eR 2¥5%. R

KX37v7 i DF#HE 1=0,1,--.) —z #UF0X

5 ICIFHARICER T 5!

Qo= 0,

—Rit1= {(C[i]yC[f])

BISTIR O[] & R & H;l-}
SR et % i 5.

def def
C T, i = Uief{ —>iAi, —>Hi=<—>gn;—>7éi

oy THY, O[] %R 0 o - URKHEHET 2
tid, UFBSHEOALT 32 2%n5:
fEE®D 1 € OPos(C[]) KD2WT,

(1) ¢ BELELT, ¥ = ;0™ »o
Cl/Y' = (1) (sm) 7L, T &l DF
BoBTH 5.

(2) EBEO N, (G=1,--,m) LDOnT,
Ny=id,--,i4+1 BbiE s H;%i..._,;%l Fipir.
77Uy U(31) - (3m) W& JERIE (1) (s0m)
DHEFOETORKRMLCD bbh 3 RIGER
&, & BT Vy v REHHER 1,3k T

BEHACTEONBRIETD 5.
—2Z U, —pi E L. XRGHSE 7 oBEHL
BRI, —n= U, =5 & LTEEX LB I

EEPOHDLPIC =0 C —pn S C —py AD
T, C1#53 i lconT R 0 =k - TREHEHE
Farer, of CREHRBRT S C & HFABETD
5. Dk, <3 - SURSH® BUCSURSGM: & W5

R DO OEEE R T2, —p,
oy BERGA R —ERE R R H E (A, 07, R)
D —p, —n PXRGHETHEBELZD DD EELBC L
BTES. ek, RABHE Ay cBALTlAALLED
PR KoT, NZ—rEEEEELRORAGHE
DHCHT B RE, %0 F  URGHHIBLIC b K
<% 3.

RE— v EREERIROZOMOER, HWHEHER L
MRGMAFTUALICHETE T 5 20K id, 2o TcHwbR 3
TELEh B (OE, RA, XROEBEHZ)
BWTRGESREI L AT E A bR v DIFo
3 DOMREEZ, ZNEREIET 5.

ROMEL, ERPOHLLTH 5.

[FE 4.6] (%) BISCR C[] 1 O 25 m B3 &

L, D[m] % D[0O,...,0] = C[O] % 2§52 RICIR

243 zor% C[#HR:I—-i<sQecHDX

Re&twMETsc e, FEDi=1,---,m CDOn»

< D[, -, 1,00, 1] 35 R OXRGMHHHRT 2 C
——

i—1
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L RRAETH 5. ]
[#ERE 4.7] (RA) EROBIH s, t,u & HHZER z I
DNVT s —p t bl s{r :=u} —p t{z :=u} TH
3. ERiCRC[] 25 R oRGHE TR T 572 b1k
C[{z :=u} d R OXIREHLMET 2.

SERE EH 33T, Tv 7o LRI X DEE
HXN 5. |
R 4.8] CUROEEH# L) BICR C[] 8 R € H
DMIRGHEF R TE T35, 20 %, DIFHEEYIL
D.

(1) O[] =5 C'[] &biEx, C'[] » R OXREH:
ET 5.

(2) O[] —pn C'[] mbix, C'[] d R OIREH:
e T 5.

S (1) R oHHUOEISHETHE C L b, &
E#1z C[] —5 C'[] & OPos(C[]) LA E T AT
Erd XotT, WRGHOBEDI LD E L
(2) R OELOBBOEE m & T35, O[] 2R o3UR
SHFWRT B T &b, EED ¢;0™ € OPos(C[)),
k=0,--,m, i =8,7302nT C[] = o C'[]
TlEAEWw o, Cll—=pClot%, DXL
Cll=sC'll D &ED, HEAT 2OBELL.
Y EoWE b, FFUTHEIND.
(R 4.9] TH3100H, R%H, RicEX#Hz
T/bN 3 EEFHKILT 5.

SFEH  [10] @ Proposition 3.1.17, 3.1.22 :[EEEICL
CTEFHX 3. SO BT

H OEROBEMRE s —h, C[l] =5 C[r'] =fp t
KowTEL2%. C[ll % C[] ® A\y-EfBe T3
&, Ay BEfThECE, s, tBA-EHETH
Bz r, BXURMEAS (1) b s —5, C[I'll —5
Clr'll —%n t BEEDILD. .

T oic, FHE 46 tHE 48 THwT, Bt
CI'l —5 C[r']l LT, 8IERIIRY AR
WRHIAREEXRL FLEX B L8 TES. Lo, B
$ad & & v 3 30RIZERE A b DICHIRT ¥ 2. 1
E#%4.10] £H 312 D

b1 C[] BELET I AhbE
%,
L O[] BFLEL, 2 R OXIREGH% e T 2

b
WWEEHZ 7D D2 URGHRIACD ) 7 v 7 2 DEHE

E¥ 5. 1

8

Ny — v EREE R ROTHRERE L BRROER
X, ZFEELICURGHSEULICIEX W 5.
[(E%4.11] BHE 316D H, X : L —r % H,
Ri:ly 7 < Q; KBEHz (i=1,---,m), C[m]
DR T_ELRHLELLT,

3. C[] offlx DL OHBE RSB EHET 5,

Thbb C[il,-'-,ii—l,l:‘,ii+1,"',im] g R oo

RGEE R iR T 5
ERGMA7ed 0%, REHRELDO Y 7 v 7 XD
HfEoE#R e 7 5. ]

def

LE#a.12] R, | % CRGERBABEI, o =
(6,8), &= (9,0) %H s OHOHRRB Y Fv 7
2L, R () %2R () oFEl®mIETs ud
v BERENHLTH S, ANTT 5, EAhdel, VU
Forzxa=(¢R), o= (¢,i) ML THE, A
nNFT3, ERdCe®nS. |
HAIBER 5, URGHIRIUALSER Y 250, Eo
B ER 3.17 LFERRICED b S.

4.2 XREMHERALDETKE

RGO ETED T4y Gette D, % — v E5kE
BERLROGE L ULFHETRENS.
DUTFo=o0XRE, tdcz—rEREELXHELIR
KB 2 dDTH 3B, IREBARTEAL OFEERM: B
FTEWEFTHT 2 0ICHWLR 3.
(&8 4.13] ([10] Lemma 3.1.40) H # ~Z— v &
PEEEHZR N H oFZxBiBEAEL (¢ =
Lieeoon), U = {(ps,R)]i = 1,---,n} %I s
DHEORKNEYFy 7 208575 B0 U
DO w Jn), wa
Colly, -, 1] ©KDWnwT, Ci[]=Cyl]
[(FRE4.14] R U — ¢ Rz —vEEHEZIEFA
F2. U % 1= F(ur) - (ug) D 21, 2m- AL
L, z; D588 % m; 2335 (=1,---,m) . X
bic, (¢;0k7N) ZHs DHDIFv 72X, u:s ‘—En
Cll'l #*oWiHie+3. 20t %, £ED z, &
B0 x; 0™ € zPos(l) IKDWT, DUFHELYILD
(i=1,---,m) :

(1) s—{r4pCl1

(2) s/g;x & C[1/¢; 0™ 7" 1;0™ (FHREZER DA
A CHL W

(3) ¢x;w € RPos(s) b, dx;w |y
$;0™ 7 1;0™ w

(4) OPos(C[]) = ¢;0™.

18 <—g” Ci[ly, .- s ‘—En

PR BSOS LDT. B33 Xy, s 5 Cl]



L/ R E R X RO B—IEBTE

o, C b s ~OTO X5 AEEERFIZE
ET5.

i) ¥9, O[] oo 0O o358 OHE m %o
T, OPos(C[]) = ¢';0™ 2BbbT e TES.
C[l/¢' = O(s1) - (sm) EFBE, m ZFv 7D
FEWARG w2 Cll'] —(grom p) -+ —(gh01,8)
b KXoTC)e' = U'(s1) - (sm) & WHzi =
silt=1,---,m} CEXH|zONDE. DL E A8
D x; 0™ € z;Pos(l) ILDWVT ¢';0™ 74 1;0™ jw |uy |
¢ ;00w TH B.

i) 2FK, EED x1;0™ € zPos(l) —o
BE AZ—voREEPO, | =, 9 BbE
HRERZZHREER &, - 6my, BELELT g/xa =
z1(€1) + (bmy) Eie 51 DEFOBE my ROT, B
B iy Cmyy 51 BEAELT 51 = Crov o Cmy 51 &
#03. XoT, ¢ sx1 LTCHIEIh B EHZ v ¢
t—(raina,s B2 1 /8 ix1 &, s1/0T =5 @
FAGER R BRI X L e b DIcE &M 5 ¢ 2 ichhi b
e ZoeE, ¢ix1;0M0™w |ua] ¢ X1 T
»35.

e T D
B LTHTT5. ThbldNolfsT g-FE#Hx
ARz VBT, EHRE s KEET 5. [k,

¢ =¢ THZTEINHSD.

Ebic, EH 3.7 »b, WECERAEINE.
[HRE4.15] H 2SR & i, FEKTH 2.

S EF, H SRR b ENFARKTH B e
AT a4 = (6;05,R), &= (¢;00,)%IE s D
HOMBERZ ) Fy 725 EL, k () &R
(") DHEMIEDEROBTHS.

R, i OFEUHBBIEERENR, | 2T BE, E
H318 XY a = (¢;05R), o = (¢;0,1) o
Bl w : s —%y, D[1hs(R), 1hs(i )] 28FFET 3.
XoT, D[O,1hs(i)], D[1hs(R), 0] #2hEnR,
i OXRGHF R T B T & HREE L.

1. 3L @ & o 23 ALE, fE414 0 (1) Xy
Zh o OMERMSLANE ¢, ¥ BLTFTHT3. Xo
T, B WCHE R Dz R\ DL

2. ¥dhdhnE, —HHEELS R 4 0 ICA
NFT2EETES. XbIEH 413 XY, w @d5k
o ZMHL, B v oFHREMET 2 ERELTX
n,

def

RE i <eQel, I'#I=Flu) - (u) D

Ti, Ty BAETHBE LTS b, z; DFIHOK
m; 2535 GG=1,--,Mm). @D s roDHHE
u= s 5, Ol 633 ARTOEEDD, B3 1,
220 | ORORE x BEELT, ¢x;w=1v. Lo
<, W 414 D (2), (3) Bb ¥ |u| ;0™ 1;0™w
THY s/d;x & C[1/¢;07751;0™ BHMEER O
BiBLCE LW XotT, s 2bD i OMHETITo A&
DEALTE % D DTHY = (¢;0™751;0™w,i)
DO HHLOMETHFTSC B TES. Lot
D[1hs(R),0] & i" OXIRGH%THRET 3.

X blt, OPos(C[O]) = ¥;0™ &1, C[O)/y =
O(s1) - (sm) &3 3 &, o OMHEC[O] 5,
DO, 1hs(i )] OEEHELE s; D “WE OHRTHCT
3. C[]% R OXIRGM% 373 DT, D[O,1hs(i )]
b R OCIRGAM: % a7z

AR R D EFRThH b L ZAF — viEE X
Bz ROEE LFRRIC, #HE 4.7 FHWT) F v 7 20
EEDKE X D EDIBWIEECIIT X 5. 1
[#hRE 4.16] CURGHHALOFRRER) SURSGER
AL DFIEIR Y 7 v 7 Z0EEORRGEBFEIEL,
ZDORREFL

SR N F - v ERE I ROBE L EANKCHT
XL TRENSE S, IRGH BT 23R EH o &
EEdd. [11] T, <2 —rEREERIROARE
PIEEEOFIHE T D 3 Bfsch I e

U=VU{u} *Hs DHD I Fv 7 20%EFEL, L
(R) ®#V clvwbh okl (Gil) o%4,
1 (r) % u THYWOoh ZHAIOED (HH) &3 5.

1. U ORFAORHOEEHELCY 7 v 7 X v 2581
nNketsd 2ork% EXHZ s <—2n cl —Clior]
Clr] =5p s’ & V DFARCHELZD D, ThbL
s —hn DL —pir1mr DL, 1] kg ' ICHIGE &
LT LHRTEAB.

2. D[,r] =%, E[] &L, D'[] % D'[Q,...,0] =
E[0] %383 AXIRE T53. b, D'[L']= E[L]
&5 toek, s <5 DL @&V oBkoM
HickhoTtwd, L' s d34A8% R &1 5.
o, He HRABEOHW O FOIEFRR < %, <%,
EHABD EoRPEAR £ KFES L FHEXEF &
FEL, (4L,1) 21 o (L) £ () D& %
(t,2) < (t',1") 2EL. 20t %, n,n' %%« D, D
KB B e 53 & (D[R, r],n) = (D'[R],n")
thd - ZEBRIEFCHEC b, BOELE

9
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HenEHan 3.

3. IEF X o LogMEETHWTHU T &8
AREND Thbb EEOERAEBHE s —%,
D[L,l] —pir—ri—r] D[R,7] —=}py t KHIEZE ¢S
CeRTEL koT, BONIHEFTRTt KEHL
.,

XIRGHHTA L OB A CHIEIC A 2 D1k, 2 ¢ D'[L']
B LBRY Ty 7 ADEGOMHTH B C L ERTC
LThHB codicl, D] DfxOFLOHEHX
RGMEZTER T 2 C & BRTHERD B.

EFErD D[, offix I OHBXUIRSGH % i
T5. D#gkxic, #E 4.8 (1) X9 D[,r], #E 4.8
(2) X v E[], #FE 4.6 X b D'[] ol x pfLoHE
RGH R TR T 5 ¢ LARENB. 1
[FE4.17] [10] THHEfHEhTwd X5 K, BFIC
X, EOFEHD 1 KB 5 u DFEUHICX > THERZ
Ebobhnwi eHERENAThEAbAR W FEE, Yo
X5 RlEFcB#EfToTd D[L,I] 5 D[R,r] KFl
ETEBC LARE 4.8 (1) X VREND.
[EPE4.18] ~x—vEREEEHAR H OSURSGHHR
WAL H 2SR b1, T EavitefEo.

SFRE #HEH 4.15, 4.16 X hi¥izh 3. 1
5. NRH—CEREEBIROE—EREHE

Aficr, oeHEEFIAHLT, <% —EEEEH
2 RBEE—EHBHE RO DD T0&E%RT. ¢D
ToyGetk, BME X UEIEERFEL R W
CefRE 5.1] —n & —a
B R U — v e H oXIREHBEEILE
R:l' = # «QecH ey, BEEIPLHLL
! —Bns R — BN . XoTHHTH 3. 1
CRbRE 5.2] H BEHHER O L ET 3. 2D &,
NFPyCNFy,.

S NFPpENFEy YRELTFEREL. Hs %,
s € NFy, — NFy THoTho8N 35508 s ®m/D
DLDERET .
sORD H DYV Fy 7 2% @ = (6;05,R) 273

RE] - # <Ny, . N, ER %#ReER OXR
GERAL, % U oS RofeL, k% I oiE
LEOSMORETB. s 5, Cl'] % @ oM & F
3. s <Ly Cll'l moc, FHIHE s/¢, C[l/¢ OFK
REAREEROHEY 7 Ly v 2 T HHERCEE
sz CELRBEY s, C[] &3 2or%, ®E

10

414 0 (1) kY & <Lz C'1 52 C'[] & R DX
REMEZTRT 2. XoT s O/MELD, ¢ =cT
5.

L7edo CHBE 414 o (4) b, C]] &
O(sy) - (spm) B eRTES. C[] 2HTH 3
C b, 81,0, 8m ICRIERFIGER BN
criEEEs R O[] 25 R OXIRGH*HET 2
zehb,

FEEON;, (j=1,---,m) LDOnT,
Ny=id,oyi+1 BB si =3 o oF sipi
Xbic, M 414 D (2) & s DR/MEXD si € NFy,

(i=1,-.-,m) DT, —y DETHED b,

FED N, (j=1,---,m) KDOnT,

N; =4, 041 ol si = = Sipi.
LTARTDEE, URGHFIALDOVEY 520 (0%,R)
B soFn (Ho) V 7y 72Th5 ThiEREK
FET3. I
CEREs.3] ([2],[1]) FEHABR —0, —1 KDW
<,

(1) —o C —,

(2) —1 ZEFHEEZ b

(3) NF_,CNF_,.
2L E, —o ZH—IEHBHERRO.

[(E#F54] ~F—vERELTHRLR H OSUREHE
AL H CHEBRRR b OXFET B & &, H RN
THbdLns. 1
[EH 5.5] FRIEEIR A~ — v EREEE R AR~
B %R

SFRH  MEEE 5.1,5.2, EH 418, 53 X hE LA g
[#15.6] BUEL AGIHE, DFoksiclcix—v
B A RICEERT s c TR B [10) ¥, A
DhEvAEE T(A) OFCTREAT 220, HikthER
abs: (0 —o0)—o, app:o— (0 — o) ¥EAT 3.
coekE, BURLAGED g B, HToksis
2 —vERES 2 ROBAICERRE 1 5.

beta : £.n.app(abs(C.€(¢)))(n) — €.n.€(n)
Xbic, UFoEEH#IzB*E 2 5.
D : {.app(app(D)(£))(€) — &.E

chix, [ ZchobnbEE#2HA Dz — F
AR —vEEEXRIRCEERR L2 DTHE. o
L%, R ={beta,D} CXoTERINEIAZ—VEH



L/ R E R X RO B—IEBTE

P X 12 RASTRINEBIRCH 5 ¢ L BRBRSHIKHEID LI
3. XoT, H—IEHPHEED

¥ U

AP — BB R ROM—EEBEOF L0
FHICOWTR~ . HEBEERIROWETHESL
BOFE L UTURGHHFUALEZAL, Thavavit:
BROODOTHFEEER L. ZORRICH L TE,
R — v R E & 2 R OSTEIREEER 7 b (X B — IR
kb0 LBk, COFHBREXNTHY, Eik
ek, (MR REL R

EiRels, BIEEER Rk wER L E R A RO~
EREHEG, fxoZ B HAlOBRECOWT[E] &
ETilbhTwd. Lil, »3BINREE ik
TEREEEBL RO 7 A L TH—EEBHERL
TetERBEEE TR o 7.

ASBoBEE LT, BEERe W &HEEv L
BH 5. T RGHRIAAL OEER & w5 &%, H
BHZAEE AR D (trivial overlap[10]) KBIL CTRHBT S
X5 gD Td, gRtERRend tELLbRE. Eh
KIHUT, BIEER e WO KDDL NE. E, [1]
T 1 BB EHZ R I L TEA IR compatibility
REDGBEERELHMIRICHETIc e BEL LR
5. ZDXS RIIRIC K > T, S EIELEEHLIFZD
H—IEHTPH B3 2 i e i —AICE Y 1 5 T & 23]
Elcimd &% 5.

i B OHBKBOCE LA CTHWAT L 2T
X LABEEAZ¥ D Vincent van Oostrom 1L 3.
¥7%, TRS I—7F 4 v 7 DA v DIE3ERHRICHEH
LET
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