SF=ECE-mb, Nk 2lE=3 4
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Sleator & Tarjan (Z& % H A% 2K (splay tree) (25 U CUFHEE FIREICT DEMET IV T AL RRETS.
RETDITNTV AL, FA—ORITHT SEBMOER - FA - BIRIEIED /S 75 A VINRIETEHL, o
PERFID AN =T (BALRE B P UIR AT BE R EAEDMEE) & L AR Y A (% OIFAEDOEHIFFE (amortized
complexity)) 2z XD L2 HWE LTWD. A)V—"T7v hOflE & i AREOREMN L AR 2220 T
FHGRIRS IR 279, HIBRERIEIE, ROBRICET 2 RWIEEZEDIZE 22D 5T, Sleator S DA Tld i

AT IR, ZOZ &2V TEHRUD.

1 ELoIC

O 5K (AT LV —K, splay tree) [2] I, 7
72 AU FH R U TR AL (splaying) #:4F (2.1
fi) 2Tz eicky, ROBIREZESWIZE#ELT D
ZHBRBEROBITH Y, £ < DM AREEH ALY 3L
DIEWBOMOTND. RIfXTIE, FA—DAT L —
RIZHF 2 EOFAHIBRFEDEAED /1 TF 1 VI
WiFIFAT% MIREIC T 2 LR #METT 5. B, T
DEHELE W TERETIVT) AL,/ THS.

1. (LRERYR) BEDAT LV —KOEMEL FAkk,
R B HIFHH & (amortized complexity) [4]
ZED.

2. (RI—=Ty b) BAEBEORDOIKD, BRITIEND
2 B EEZAD > THHEIIZTEE T2 £ 512
%2 LT, flHx OEIEDFRRHCMESE L &1 ik
SRVHIROBEEZOQ) MBI X5

HEUAN—TY NEZTVWEHERLIE, ZAKREHOVA
{TH, Y ANEANTEDIERTES. LA
MNoT, VARV AL ZN—Ty N ZREIERT S

Concurrent Operations on Splay Trees.
Kazunori Ueda, FfifiH K% 3 T 505 %2R, Dept.
of Information and Computer Science, Waseda

University,

ZEWARBNICEETHD. BRPEZOLRIINT
B WMHNESEDWFRIE AR KRV [1] 28, AT L —KRD
Wis I BT 2 geid i<, EHOMBEY, i
D2 TUF TN T ALNTEEZREEIN
TR,

AL T, ZHBRBROEMH I F— O %
REFT2EDL L, HiRIZF—DONFIE (symmetric
order) IZHATWD T 5. HAEELLT, XD
ZO%FERD. BRDEAMEOHH UL update DHL
MBEEEEZDZZENTES.

update(i,v,v',t): F— i & EH DHIEAK ¢t O
ZhhiE, TOHRDOBEDEE v ITRALZ
He, HimITHZBE Y BRNT S, RiThE,
F—i &fi 2EOHiNE ¢ ITHIAL, v ITIE
i8I0z Z L 2R THRHIOMEEZ R AT 5.
delete(i,v,t): F¥—1i %5 DHIMIAA Lt OFIZH
L, TOHiRDOBEDEE v ITRA LD L,
HimAHEET D, RiIFNIE o IR O E R
T5.

2 BEEMR

2.1 BEE MY T VREL

ATV —RIZBIFDREAL &I, HiSoBERERE
ZBWTT 72 ALENRNADEIX 2B L ZEDICL
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(b)
(2) (x)
(¥) (¥ (2)
oA
/A\ /A B\ /oy /o)
6\ /o\
(c)
M1 Ko7y TRECEEDL ZFTYy . =z 2791
Z LS. (a) zig: 1 OOAELRE (y B'ROBEDH),

(b) zig-zig: M yz &8 2y 2 ZDIEICELE, (c)
zig-zag: Ry ZZO% L, T 2z 2EEE.

2D, HEEI (delete IZHWTI, HEHROHER]
FLFEBEDOF—2 L OHIR) e KORETHFLIYE
SEBETH L. WAL DEEL (rotation) % HEA
B LTEHY, 1 IZRT zig, zig-zig, zig-zag D
DLOMY)REEERNLT Y TITHEYET. DR
KL TIE, LEENIREBERIET DR DA ZR
T F AP ONFIFA R, RKXFIFIRS AR 2R
T, update, delete FEDMPIOESET VTV XAIZD
WTRZLDOEFENRH L. MELOKREBREL, 7
DR AU A LOREROWS 2 HPEDITT D —F
T, TZRAULZNNAD EIZBWHiIS%E, &%0(1)
BUMESLRNWZI L THD.

VAR N AT TREREETH D720, A
BEIZITES o, k2] ik by TR VAR
RELTVED, ZNRELOEGINPELREHINTH
Y, KOWIFHEMER T OER £ THE LR\,

()

2 ~yTIIURELICE D update

2.2 WHIREICET 2BEDHRE

HIH (5] &, WATRPERL S EE (3] ORI % V72
AT VTV XL EREL TS, TS, A
BEMALT, by &Y VRFEFEAL%E in-place TT
BOEDICUAEDERZTILETEDDY, update
DEDIT, WHRE R DEHEPERIEE T HBRORIIFET
52 EMNDOMNO>TWVBEEIE, ROBDF—%EHED
BANCHER X2 P KESRFHTHSD. LLLID
FiklE, delete D& 512, BAEFEROARDIMSHFTIZ
DS RWVGEIZIXEH T E R,

2.3 by 79U VRELOMESR

Ny TR VIRTEALIZ & B update 1%, 2.2 HiD &
DIIHRDOF — 2 BANIHEEI RS L 5L TE, MiFl
MEEOB S SIIRIED D, 722 21E, #iS z(< b)
(< FEF—ITL DIEFEMR) D update 12 &> Tl E
% 2 O zigzig #fE[5) 4% 2% (L L RIx, KC
2RV TEYVRFALL RO E (F) #5AKT,
update 56 7 Wf & TIZHERE).

Z D update DI, y(< x), 2(>b) NDT 7 AN
ZOIEIZHES &5, BAID z ~NDT 72 ARIZ x
MDA C DEDTNZH 727201 zig-zig IRIEDGE
{%B&, L OWIPHET D2DITEL LS. LML L
DIRMPHEET 2 LTI, KDy ANDT I &AW zig,
zig-zig, zig-zag D EN% LT WA T 2 0D LN A
W, FIT3HHD 2 ADT 7AW, 2 FBHDOEM
WZ& > THEEZIT D L DR b DAERD AKRIZ[HH
2ITEPPDLT, R 70y 7 LUTULES.

HIBREEIZ I SICMETH D, — RIS, RS
Wiz Z2HIRT 2121%, « DEED RDOEKDEHI
y ZBLUTENE c DEFRICBT I EAEAL LS.
LD L, WEEOERZAPD ST, yREO0E %
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Tld oz DEAICL 2H - RF—3HETT, BHED
B 70wy L TUES. UTO &S REIEE %
Z6NdH, WIhE D E<E;EL RV,

1. y BERONZET, v & BN LF—LLTH
HET2L, y<z<zxThHdLDRHM 2z O
PE% o 7 I~ L,

2. BHiSMER L EHEOF —% 5 DHifiNnD RS
VAEBRITEILIZEST, x DEFDEE y
I200) HETY 278 ATEDLDI2TH 2L
FEZbND. ZTHHDRA VY ZIEAKRDF ALK
BETLZHENZVE VS EERH L. LT
D FFEGERBEDO L T US> T<EEL RV,
BERD ZOHIRBRIEDORT OBIEN x & y &#E
SNAETERT, WTFhy IZBET 06 L
NZVNSETHS.

U8 TARFSCTIE, m%0(1) % e U

DO, HEIZ N TE I VIIRELERBL TP TV T
DAL%BZEZDZLLTD.

3 WMIHEH7ILIY XA

AREITIE, BEOEEEZ 70y 2 LA\ update
B2 52%. ERNERT AT T, zigzig & zig-zag
D FIZDOWT, BEHif%E ZO@EI DY ETLM?
7 LI R RV (semi-splaying) & HVWS Z &
THd (SCHk[2] DYREAIE, zigzig DA REL
ERBOTWE). ¢ 2BRNKOHiNETLE, 7
NIV ZLFUTFDOES 12585,

(a) ZEORITHT ALK 3 (al) DHEAE, (2T
B) KOS B HHIB 3(a2) DEFEEAT
B,

(b) zig: x WA RKDIBTDH D 5E1EK 3(b1)
DEAE, x PFETRELELDARPZEDL G
3(b2) DEIEZEATED.

(c) zig-zig: X 3(c) EZDRIZE TS z(< b) DR
T, B ba DEREEZITHRS>TTY 72 AL /S
ADOEX% 1EHET 5. XKk 1 L)L (JEkEaTo
RIXTIE2 V00 FRELT, MoK AIZHL
THRNICEREITED.

(d) zig-zag: B 3(d) EORIZE T fimiz (b <
z < a) ODEERTIE, Kb DEMERE, TE

& ca ODAMIEEZFR, T2 AULEZNZAZ 1
MHHiT 2. 2 =cBOIEINTHRERRTTHD.
r<cBBHIE2 LAV JEMATORI T3 LA
V) FELT BOH»S » 2 HIRIVICHERT 5.
x> c BOIEFARKIZ C OHh O FHIRIIEERT
5. x> cDEHEITIIF ca DEELEEEZ BHE S
5ZLHFEZOND. b DEMARPEDLEL,
FTIIHiN e A LD L, EITRAZEE
BT,
PLEDEAET, TR AULANRAOEI GREETEN
2/3 127585, P THELST2/378DIF, Ll zig-zag
BEOHEIZELZ23DTH 5.

4 WHHERTILITY) XA

Wi FIHIERD 72 D DEEAR M 23550, FTPALEEZ,
IR ARSI A% FBEIES2ODICHEATE2ET
hB. TNETE, RECEETZE XS, BET Y
TAUED BRENEFLEIEZZOICHNLNT X
7o, TIZTHERI LI, HIBRNROHi AN 4
O(1) LRV UA FHIERNESIZTE 2 ETHS.
URTH, 2 ZHIBRW RO LT 5.

9, WMESOHIBRCTREN - THIHEEZR
5. ZOD%f, zipping LIESNEEEIZE>TENE
BB HIRTEDGRETTIHRIES. Himd &
BT HIRTE % 21X, TOEEAK, GBWAR, £
WAARDEIAR, HIHBARDERAIARDNT D
ZHTHBHILTHD. WHIRDOTREIZEL->T, TOE
WAREFWDAROHNEEDRED.

(a) “BHIZ HIRTE 258 :K4(al) £/21& (a2)

DEIIERTS.
(b) “BHIZ HIRTERWEE K 4(b) DL
zig-zag 2L, TOMERTE S b DAEHHARIZ,
(— 2O LIFEENIR) zig-zag &Y.
AEDOEEET 2 X2 VRIVTRT S, 2 OF-7%
WAKC & FiE ALV EES. Th
DADHREE 2L LRIV UNFRELRY. 2 %
& & 2872 B ER A AR U C FE R I 12 il g
ERLTIED M, z DTHRTHEVH AN TN L >
TISHITFETD Z LidAmn.
B 512, HREH 2z OHIRIC X 2 RKOIBIRDE{L%E
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@ ®
- ® @ °A - Ae
® ( } —> ( }
(al) A (a2) A A A A (b1) A A

(@) (b)

M4 #BEREETOYILAVEIBRZLIVILD L ATY TS

AN

HIBRG R 2 PR TH B LIZR S RVESE,
THIMDAIET 2 EHKT L. ZHUIRNS 2 I0F
SN2 BT 28R % E D, DEIT, 2 % zipping
IZ& > TTRIETHIBRT 5.

Zipping ##{EIZ/NADKMEZ T RDBRND, Tk

AUZHiSIZZE EIE 2L WS FRANIULAZND 485
I¥, zipping I25672> T, EMHORORAKERIZED
NAL IR ROBINBELZIZE DN AR ENTN MY
T Y OE VAL (zig-zig (K 3(c)) DR L) IZ
LoTEmT UL V. Z LI zipping & WifT
UTHBRDIZENTES.
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5 Zipping IC& 2815 2z DHIFR

Zipping (ZHEFEMEL BA Y, KHiHOF—HEH
DB AKRETET S, /2 zipping 1%, KTy &
KT (Ti DEDF—HL, L DEDF—F D ENX
WEDETD) D MY THY VHEBRIEIZEIRHT
5. TRDYL, WEBHA (F—IMER) 2#EL,
TOEMIARE T, ADARZ Th L LT—20DK%
M L7205, #ELZREIRZHEETIE L.

5 SIEEICEHTIRBREER

BRDZDOOREDSH, AN—Tv MIDNT
WBEBIZEMNTE S, T4bb, ZO0HEX
LAV (B2 LAV 0 & LT) Offisiz O() [ —
update \Z &4 (I 4 2) [Fl, zipping (&4 (21 + 2) [[
— DOFERIEODL IZHEEIES. IHILELH0
BEE, EiT 243 LAV R FR e
B7FTEN. INHDZEMNE, ROKIXPHEX
IZEBRWAN—TY NT, BERFNENA TV
FHZASILE T 5 Z e N TE 5.

VARV AL, update IZDWTIE, B@HEDATL —
REFAEDENHERE2 L DI LMVHHTES. B
PRI IE, MM e DRE S s(2) % 2 2L THHL
RO EEEL, VT r(z) % log,(s(z)) &7
5. ZUTKDORF VY v L%, TRTOHIRDT YV
TOMEEFETD. TdL, update DIEHIRFRE, >
% 1) [IHEHR1E D MECCHl - 72 S R BT D R
TUYYINVOEEMAZEDIX, n % KOHisEE
LT, O(ogn) THDILERTILNTES. =
DI END, THRWEERFIOTIIL ARV AL

BETEMNBATHE Z LW bnd. 2] D& >
12, SiEICBREEAE DT TCsRr2EETH
LIk, JVMWEBEERZRTILETEDD, K
XTlEE L.

—J, delete \IZDWTIX, SCHk[2] DT HIETIE,
HBIMENHERZES ZLIITIRN., ZDZ L%
RY 72D, X4 (b) D4 EIDEHZIZEZRT VT v
NEALEEZD.

X 4(b) O—BHEMDAD T > 7B E + £ T 5.
—BEMDANSDRT VY VOEE, k%2dH
BIEFBE LT R () —r'(2) BIICHIS 22 2 &
MTEDILEmRTON, X2 T8 S HEHFHE
BOGPHEOHEATH- 7. LML, TNHDK
IZDOWT s(A) =s(B) =s(C)=h>t=s(D) =
s(E)=s(F) #IKE€T 2L, KTV v VAL h/t
IZBIL T O(log(h/t)) £ 5%, —H r'(b) — 1'(z) &
R/t IZBALT O(1) TH2ZDT, ERlDEFHE%AT
EWRTFAELBRNZ 230235, Zipping (25631 > TS
2L ZITR S BEIIOVTEH, FRDZ &%
5.

UL, B4 HOHIREELR, 7278 ALAEX
O DOBEI DR (FHAT S A G &
ML 7258E), TNIUANDOHI RS & L~V U
WMERNEND, HDFERAIIDOWTOAT L —
AR—HOMEIRZ LT3, TlE—#iz, Zo=>
DOMWE % W7~ HOHHENEART VT XAT, ¥
VARV AR T 2 6 hank >R, +
NEVEIERINIGFHET D2DEA D07 ZHIEEM
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WTHDH, AFLTRELZZBFEIZOVTE, F
U ARV ZAEADBL<EE O(vn) (EHDOAESIE
O(logn)) L FHEINSD.

ZTOMIEL LT, ZHHADHIBRLPTIDELES
Z%. iRz OHIRRERE d(z) %, z M5 TOEH]
DF—az_ 2 HLOMEANELNAE (v DEIEL R
WIHER, z- P OTHRTHEVEEIZ0 LEDD)
LEBEDF— zy 2HOHICES NS AROR/MEL E
HdL, B AHOD delete 1%, d DK ZIRHIMDHEE
IZIXRE D N2 E DD, Fo - KHimD d & &~
O(1) ULAKRE LA, 725 3 HiD update TH
TAZFEAUZZHiSD d 1k 0 THY, update 19 TIZ
FELUTWAEHRD dEE%0(1) LAKRESLA
V. (RRAT Y TREACICE T D HifD d ORI,
ETHZ D ZEMTERD, ) IhoDIenb

1. H7-2HimD d DEMN k EFTHRETDITE,

DD Q(k) [BIOFE AHIBRAS B E
THhdIeMNbnd., IHIC
2. ZARIZBITDEHND d DRINE, K& T
IN=AU & il 5 BODIENKRE % L% 2
LIEB V1S O(n)
THd. 1.2 2. 06, FEREHOFTAL, dDX
IRHROBEENREY R IND LD BEEOEIERT
EHEATE, BEOTVHOFEMIE O(V/n) THY, E
A EOMBIIEFEEOADGELIFEAEED S
BNEFPHRINSG.

6 FEHESEDRE
i DO SIMAIET2EE L OEEZ RS, D
SHEEORKRTRESR AN —TY M2 EDOHCHE

ZR RO (R, fRA, HIER, OFG) 7T
VALEREL 2. B OEFHP/HAICEL TEN
BRI RREEZ RO MR TEITEY, I5IC
T IR ANE =V OfR Y REITHT T B ERMER
ATV —KROFEOWMN P OHEELREEDSL < 245
NTWD. HIFROEHFEED & D ROEERHIERSL
ZEL (FRBZORFEERT) Z &3 5BEOHRE
ThHd. £/, 7IVAV XLOEBEIER, WFI5ER
BICORE, ICHOMEE S ROMETHS.

B ARG SCOPIDIIZ DV T L T\ 220z
Robert Tarjan K (Princeton X), EZHK (NEC),
HAHMTR (RMEX) ISE#T 5.
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