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i W./Quh TN

HIl 5

REBNMERE B RATIE, HER 75 3E, KHIR, LR TIEPR
DHREIENT, RE[EMBIRL CEERF EPLILT 1, TARATZE 70
Mo BN REFAL A SRR, SLhR B AR BB m AR R A RR M Bm g
1o BEARREMR—LE “HE” REKN, SEHEMA G, IERITEE FTEm
155

/Al AL

B AR HE — DR R AE— DR B RN (D 5 —
), WANAHABARRSHUA, B PHES . FATRA IS S, AR —
/NI Y RISEERE B 2R, B IEFE A TR e SR AE — AR

[i8, 4, 8, 9, 16, 1, 14, 7, 19, 3, 0, 5, 2, 11, 6]

AERMDHIR PR/ E RECZ 10, XPMEEE LR 2R, FAT7] P2
5 H N E AR
1: function MIN-FREE(A)
2 x4+ 0
3 loop
4: if ¢ A then
5 return =
6 else
7: z+—z+1
HAS ¢ BYSBITR:
1: function ‘¢’(z, X)
2 for i < 1 to | X]| do
3: if x = X|[i] then
4 return False
5 return True
He | X| = n RFH X FKE, GEmEESNE TR —EMEERRSEIL
SHRAELE DN, R TR ERIR R 2, EIBFERIIN IR n (P77

i



i IS
B, fE— B X 2.10GHz AbFEES, 2G WERIFENL E, H CIESEMFEZE 5.4
AR TN EFHIREIE R, YEE AR —E I, WFEZE 8 248,

85

Xtn DNERE 21,20, 0, WERAFENT 0 BT EL, BRTFERD o AME
[0,n)" XNEEN, SMIXLEL—ER0,1,...,n — 1 FIEEDHA, ZXRE T, &/
Al HREOR no

minfree(xy, T, ..., xy) <N (1)

BATH—DRERN n+ 1 B F, RARIEXHE [0, n] MR DEEECE S AT,

1: function MIN-FREE(A)

2 F + [False, False, ..., False] >n+ 17
3: for z in A do

4 if x < n then

5 F[z] + True

6: for i < 0 ton do

7: if F'[i| = False then

8: return ¢

F HRRTTRAIA IR, W A HRECT, (2R © < n, BERRE Fla] BENE,
RJa A F, 85— MENRIOAE, BIEMARNF n BRIER. BAOVERT n 41
NS n MRE, FPAMGHE sort(A) = [0,1,2,...,n— 1] FIEN, IXDNTIERZE O(n)
A RERAFIEIRE Fo BIEREEHRIG, F XPRER T . [RERHIERIFE A THAER T,
PATTRT AW A5 4 RS R A, BIREIRE . 53 AT DUEE A I PR A RS
TR, EMFERTHENLE, VR CIESEFUH 0.023 PR DUEEE—5H 5D
B

JrmiiGZ

SIA Z BRI R (Rl g4 TR N7 IR, SR 5 1B A0 R DS Bl 2%
KR, KA 2, < [n/2] WBREIRANTIFII A" HETRATIFY A" HR4E
A (1), WRFY) A OKEEGFE |n/2], WHRT—Y A BEE“HT7, EX—EHE
A" BNERTE A H, X —X57, PSRN T . 27750 A7 i
B, BFEALE TN, EERTARAMNOZRT [n/2] + 1o FATRKEE BB
search(A,l,u), HH 1 2 R, u B L5, BB minfree(A) = search(A,l = 0,u =
|[A] — 1)

YEFAEXE [a, b) (4 o HAEEE b,



HARRBL iii

search(,l,u) = 1
|[A'|=m—1+1: search(A”,m+1,u)

A search(A’,1,m)

search(A,l,u) = {

¥

m=l
A=z <m,ze€ Al,A" =[x >m,z € A
R—TTIEATERINEE 2, FIRFEE O(|A]) IRELESI7 A HT A7 {E R R

Wk, BEANN T(n) = T(n/2) + O(n), B FEEESILER O(n)*s FHEIIHITF
FRAGSEN T X — k.

minFree xs = bsearch xs 0 (length xs - 1)

bsearch xs Tu | xs =[] =1
| length as = m - 1 4+ 1 = bsearch bs (m + 1) u
| otherwise = bsearch as 1 m
where
m= (1 +u) ‘div’ 2
as =[x | x + xs, x < m]
bs = [x | x < xs, x > m]

BBIARITR RN FARER 2 O(1gn)o FATTAT PATHERIE A IS ACSEEL :

1: function MIN-FREE(A)

2: [+ 0,u <« |A|

3: while v — > 0 do

s m e | ; ')

5: left +1

6: for right < [l to u—1 do
7: if A[right] < m then
8: M Alleft] <+ Alright]
o: left < left+1

10: if left <m +1 then

11: u < left

12: else

13: I+ left

WE 1R, BN B RTTREITI I, left ZRIRTTREAKRT m,
1Mii left 1 right Z AIRITCRAKT mo
BAFE O (g n) KRS, (HR] DU R I8 T LA bR,

SPATHLAT DUXFEHT : B —IRFTRE O (n) IRILEKISY, 3 ZIRFEILE O(n/2) IR, B=RFTEILE O(n/4) K......
BFN O +n/2+n/4+...) = O(2n) = O(n)s.
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left right

\ l
A[i]gm\> Afi] > m ..

B 1 BN, LT 0 <i < left ITTRIHE Ali] < m, (LT left <i < right BI7T
K2 Ali] > m, FIERPITTR AR,

IERLEL

5 IE@EEUZ UG 1500 NMEREL, ERIECR R EA 2,305 X=MH T/
HARE Y, 2.3.5 AGWRBIEEL 60 = 223'5" 25 25 NIEMIEL BT 21 = 20371
ESHERT 7, AR REMEL X1 = 203050 25 0 NEMEL 7T 10 N EMEAF:

1,2, 3,4,5,6,8,9, 10, 12, ...

VRS
BATATEAN 17148, B—1a &R B RS, MR EEE 2, 3.5 XA T AW A,
G A RALERIEG N 1:
1: function REGULAR-NUMBER(n)

2: x<+1

3: while n > 0 do

4: z+—a+1

5: if VALID?(z) then
6: n<n-—1

7: return z

8: function VALID?(z)

9: while x mod 2 =0 do

10: x4 x/2

11: while x mod 3 =0 do
12: x <+ x/3

13: while x mod 5 =0 do
14: x <+ x/5

15: return x =17

BEE n K, 55 255 IEEE i, FERAERIFENLE, H CIES SEIFRZL 40.39
FOAEREZE 1500 N ER AL (860934420)

EBGRHIUE 5OWREL, T RHURIZE T SRR BB A &R A - I,
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FREPEHE

BUSFIBRIZZFEN R THR LV, RAHERES —MEIE T, MZM 2. 3.5 1iE
IERUER, JXAE A R A5 A A ] A/ INBIRAR IR = 25 IE BR8] AT AT AfEE T RS,
M—HIA, 55— MER TR, oA esdi i, Fo et seth FIFO (First In First
Out)o fE 0 PNIEMEL 1 ARSI, AWTECH IEMEL, 725105 A 2,3, 5, 774 3 D IEM
BOHER/NMIF A, ZFELEL, WA 2 R,

function REGULAR-NUMBER(n)
Q1
while n > 0 do
x < DEQUEUE(Q)

1:

2

3

4

5: UNIQUE-ENQUEUE(Q, 2)
6 UNIQUE-ENQUEUE(Q, 37)
7 UNIQUE-ENQUEUE(Q, 52)
8 n<n-—1

9: return x

10: function UNIQUE-ENQUEUE(Q, x)
11: i+ 0,m + |Q)|

12: while i <m H Qli] < = do

13: 141+1

14: if i > m 8 z # QJi] then



VIR
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15: INSERT(Q, 7, x)

X FKEHR m HIBAF, UNIQUE-ENQUEUE T %5 O(m) I RII% . T & Huldi A 37
TR, PAFIRIKERES n LM (R — DM RZMA=DHITE, Mk
< 2), BB O+ 2+ 3+ ... +n) = O(n?). B 3 TR 1T BAFIRI I AR ER] n
ZIBIAIRER, TN —ikihgk, R O(n?) RIE 2R,

Queue access time - N

800000

700000

600000

500000

400000

== Queue accesstime
300000

200000

100000

a

0 500 1000 1500 2000

B 3: BAAITE IR OCEORT n BISRER

FEFFERITTEAL L, H CIBFSZBUYA 0.016 Fhglsmt 78 %, thrasiitk 2500
o TATHA] DUIBIASLIN, 2 s NEEFTE EMEIITCT P (21, 2, 23, ...]0 X HF
ANEREL, ¥ HIRDA 2 B EIBRRTCT IERES: 221, 220, 273, ...]o  [RIFEAKIRTE LA
3.5 23N H I TCTF IERES, ERKIX 3 NS ESNEH, ZREEHK 1
INEFESL, SEXASEN T s:

xs =1:[2z|x < xs] U [3z|z + xs] U [bx|x < xs] (2)

HP g:as RRKTTR o BEEFHIR s (IR, 1E Lisp FIXMRIEFEN cons, 1
W 0 NEMEL, fERATH. U SHMRDIIR,

a<b: a:asU(b:bs)
(a:as)U (b:bs) =<a=b: a:asUbs

a>b: b:(a:as)Ubs

xs =1 : [2%x | x + xs] ‘merge’ [3xx | x <+ xs] "merge’ [5xx | X < xs]

merge (a:as) (b:bs) | a<b =a : merge as (b:bs)
| a= b =a : merge as bs
| otherwise = b : merge (a:as) bs

X—HlFfF: xs ! 1500, FEFRFERTHENL LA 0.03 #PNIEEIZE 1500 P IE
AL
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A
bR TR E R E R TR, A DR A . AT IEEO =

ANk Qy = {21]i > 0} AL EHE 2 BIRIVEG Qus = {2087 > 0,5 > O} Quss =
{20375"]i,5 > 0,k > 0}o HH Qo3 TR j #£ 0, Quzs K k #£ 0, (RIUE T =REUE A
HE, BREEH - DBAIIR A, VIEI Qo = {2}, Qo = {3} Fl Qazs = {5}
IR =N AFIELER R iR/ VTR 2, RJEHET N AR A :

o W 2 kH Q2, ¥ 22 A Q2, 3x A @23, b PN Q2355

4 ZID% x 5'%5 ng, ){%’ 3z JJD)\ Qgg, ox t”])\ Q235o ?ﬁﬁ]f\@ﬂ% 2x b[l)\ Qz, jﬂ QQ

RSB 3 BEERAVEL
° ﬁﬂ% x ﬂ%g Q235, )I% 5%4 jJ[])\ Q235o ?ﬂiﬂ‘]f\lﬁﬂ% 2x 7][])\ Qg, 3x DH)\ Q23, ﬂg
BTN EHE 5 BEERATEL

AWM =BINHEH B/N n DTCER. Bl 4 481 TR 4 2,

min(4,6,5) =4 min(8,6,5) =5

(9) ()

4: FER = Q21 Qo3+ Qs FIE IEMERINIAT 4 2

1: function REGULAR-NUMBER(n)

2 x+1

3 Q2 <+ {2}, Qo3 + {3}, Q235 < {5}

4: while n > 0 do

> z « min(HEAD(Q:2), HEAD(Q23), HEAD(Q235))
6 if x = HEAD(Q>) then



viii =

7 DEQUEUE(Q2)

8 ENQUEUE(Q3, 2x)
9: ENQUEUE(Qa3, 37)
10: ENQUEUE(Q235, 57)
11: else if = HEAD(Q23) then

12: DEQUEUE(Q23)

13: ENQUEUE(Q23, 37)
14: ENQUEUE(Q235, 57)
15: else

16: DEQUEUE(Qa235)

17: ENQUEUE(Q235, 5)
18: n<n-—1

19: return z

BIRIEIA n o BHRMN=ANAIIRER U R/NTR, IX— PR EFE R, 2R
PRI TR ATERIAS, 7224 —Z =N BB, X — 2 R H i R, B4 E
EEZEN O(n)o

INE

RUE B RBEIARRE I 95 28 IR R R, (EREE AUBAE A, AT TS AT R E LRI,
AFAR - ARIEFZZR A IXH R T ABNEE W EAREN RS,
Xt Eega AR BT an S SUSE B, R BN RIAMBURS R A B, 1225
T DR AR ) AN B RTREM U, AR R B R TRPE I mAETE S . — 77
I E 2H B CRImEE, 75—/ IE 5 AR L, BT E 226 D S AIEL
FACTEN RIRATE S, FFHT PA—226 7. BRBGURRBIZEU Haskell, a7 < 2CHY
B LRE = HITR S,

ARAHSChR CRIEHTE) M 2009 FIHEE 1E, 2017 AR, 2020 SFRITIHETS,
2023 £F 5 A S8R T % A, FHHEN T 119 JESEE R, L ARAT PATE github _EARTS,
R EARIS AR, TETE github HERFRTE,

%31

L1, /e AR AR, A SRR AR VB FRATTRT DA IE S SR bnic — MK
FREFE, EHAAM—mIR, & 2| < n, B n AFIRKE, BAE [2|
R EN T, ZJEE AR, R85 — NEBTER A BRUE S
o HIEEINX —BIL,

12, n NMF L, 2, ., n, BEEEHE, BN SETEL 1, B
PR T yo RIE 1 <y < n, WIH—DITTIRREBELNERTH], =2 AT H
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1.3. N2 —BORIEMEHIED, ER—RBSIREA?

ix

Int regularNum(Int m) {
[Int] nums(m + 1)
Intn=0, i=0, j=0, k=0
nums[0] = 1
Int x2 = 2 % nums[i]
Int x3 = 3 % nums[j]
Int x5 = 5 * nums[k]
while n < m {
n=n-+1
nums[n] = min(x2, x3, x5)

if x2 = nums[n] {
i=1+1
X2 = 2 % nums[i]
}
if x3 = nums[n] {
j=j+1
x3 = 3 % nums[j]
}
if x5 = nums[n] {
k=k+1
x5 = 5 x nums[k]
}

}

return nums[m]
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1.1 fa4r

FIRMEA R e E BRI G, BN I EYE T ITR A &R
WA E R 2 —HIES IR, PRI — MRS XA Ber M EbiE
sHE N B, BEHRR/NEE T Z A A RTE, RN IR S, 7T CARER AT
o BT PANCKBIRARIGE IR AHHITTR, RIS, FIRE X RN
AR E REOEM 1o X T BB (map), IEIE (filter), BN (fold) FFHIXL
A, AT DA X — %, ERMEE —EIT a0 1L,

1.2 X

FIFRHREARER, & — R ARTEBURES A, — MYIREE NS, iLh [ ] 8 NIL;
EEE —MILR WHAE key) MI—D78IK, B 1.1 #5058 7 — DA T R
HIER, TR FHIRMISIHIERUE nexto DT RELABERE TP LE, E445
A NIL, 8% {2 SEdRai# 2 2 XA, flin:

B 11 i R R SIR

data List<A> {
A key
List<A> next

RZHGIEINE SRS 51 M NIL &, FAEMRARIR T IRRRb5&: —ME R
A NIL (88 null 8¢ @) ; 5 — M — IR, HAEAETTR, 2ok [ o KM
L, =G IRA S RN, (3 [ ] WEZEIEAAT.

MEE KSR, lambda I ELERIE RV SR s A 0] O
PZEIEIUR, FIRPICEG A SRR, GLEIREE (AN Lisp) KRS A EUEIAINFIR,

1




2 F-w AR

1.2.1 5@

B —MERSIER X, € XD REC RIRBCELE TR FFIR, e 1@ i
first X 1 rest X, B0 head X M tail X*, RZ, BRI AMN—1ICER = FIFIR as
(AN MG 5 — IR, 188 v:ose IX—HGIEIEFEIUAE cons, FATTHII TR FR:

{head (r:xs) ==z (1)

tail (r:xs) =uxs

BN 2 FRE IR, H X FRRRINE, B X = [21,29,23,..],

XI = [.’EQ,.’Eg, ...]o

83 1.2

1.2.1. MFICRIEN A WHIEL, WIREBHIMEMMNITE 2,y € A BEHTE, T
M= ANEERAWT B2 AT,

1.2.2  SIRKFEA R

AR S, TATAT OB VTR RANR AR : AR E N 0, MAREHIRK
JERPREE — N ITRII THIRK M —,

length [] = 0
length (z:xs) = 1+ length xs

RIA i AR H B RE, RS Z&ER O(n), H n BITEAN. FEAMLHE
TRERTEN R, BAMER | X | RFRVIE X (IKE, N 78RR E L, BT DO
KEFHE—NZES, AR cENENIX—E 8, FTHEHERKERNE
R :

(1.2)

1: function LENGTH(X)
2 n <0

3: while X # NIL do
4 n<n+1l

5 X < NEXT(X)

6: return n

1.2.3 &9l
B S DU BN R BEATLG PR AL E « TR, BAIRFEERH P ARERIR
TCEMTENE,

SABEHEKREORA f(x) 1IE8 f 2, 2R f(z,y,...,2) BN fay ... 2
4F£ Lisp W, BRI SE A, B4 car A1 cdr F LARER Y HLEs i 7 f7 8 1)




1.2 EX 3

) {’L =0: x
getAt i (x:xs) = (1.3)
1#0: getAt (i —1) xs
BATHOERA LSRG DL NREN [ ], BT R ARE XK. @ 8%
AT AR RE X, #5 0 > | X, BB, BNV S HIRE  — | XD
RERTED 5—77H, % i < 0, REUR—RHETEE M ES 0, REEA NI 255%
NIRRT IEN. BT 5, REIBENNEE2RERN O6), THEZx
IR ARSI :
1: function GET-AT(i, X)
2 while i # 0 do

3: X + NExT(X) > X = NIL I 45
4: 1 1—1
5: return FIRST(X)

3] 1.3

1.3.1. £ GET-AT(i, X) FIERSEIA, X NEXERE? ¢ AN XERE?

1.2.4 KREIHE

FELE—XFH first /rest RFRIVERIE, FRA last /inito M TAEZHIFR X = [21, 29, ..., 7],
B last JEFIRRICE o, T init WEALINE (21, 29,0 20 1]o BIXFAHELEA
ADNFR, B last /init 75 ZEERIE H] 2 512,

last [x] = = init [x] = [] (1.4)
last (x:xs) = lastxs  init (x:x8) = x:init xs

last/init #IR A BB HIRIVEDL, HEN [ | N, ITNRARE XK, NHEZAHEM
IS,

1: function LAST(X)

2 z < NIL
3: while X # NIL do
4 x + FIRST(X)
5 X + REsT(X)

6: return x

7. function INIT(X)

8: X'+ NIL

9. while REST(X) # NIL do > X N NIL B %%
10: X'+ Cons(FirsT(X), X')



4 F-w AR

11 X + REST(X)
12: return REVERSE(X")

Inir JE Cons BRGER, XFEFAERNYIREN R, &5 7K RS
FROLET 1.3.2),

1.2.5 RIARSI

last SRR ARG K —RRiBl, B —RAE 2R IREGIR P HIEIECER TR, &
B R BRI I IR 2 — UORBANR L n, 38 —IRBREGE n — i — 1 PILER:

lastAt i X = getAt (| X|—i—1) L

BAFRIfRIRE B N EEE po T po, BEATHEEE ¢« 22, B rest’(ps) = p1, HH
rest'(po) FREEPITHRE rest 2 i R WHLRTL, M py BITHE ¢ PREATEDNE pro po —
THBTERBERIISLE, R RNFRTSIEN], B2 p, FIABERIER, RS p,
TEUHEmAEIEEE « TR, B 1.2 8 TIX—75%. BT py, po IEH—PE O, X —75
FAAR RS E Lk,

D2 i D1
(a)

(b)

B 1.2: BUBHHTESNE Lo (a) p fRMAIFRK, BHES p1 ZJ5 i 225 (b) 3 p EIEREM, p,
TR @ T

1: function LAST-AT(i, X)

2 p+— X

3: while ¢ > 0 do

4 X + REST(X) > BRI S
5 1+—1—1

@

while REST(X) # NIL do
7: X + REST(X)
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8: p < REST(p)
9: return FIRST(p)

AR RSN AN REEL R TR R, VILERATA] PARIN I X = (24, 2o, ..., 2] T
Y = 24, Tiga, . ), HB Y BERERT 0 — 1 DITRIEHITHIFR,

lastAt i X = slide X (drop i X) (1.5)
Hr:
slide (z:xs) [y] = = (1.6)
slide (z:xs) (y:ys) = slide xs ys

P& drop m X EFFAT m PILE:

drop 0 xs = xs
dropm (] = [] (17)
drop m (z:xs) = drop (m—1) zs
%> 1.4

1.4.1. 7€ IntT FR, A] PAF APPEND(X', FIRST(X)) K& #t Cons 4.2
1.4.2. {E LasT-At 1, 0 AbBRR 51 AR AR 150 2

1.2.6 W

FE SR EARTSIN, A BT, MHIRR, e e E R IR A SCER N QIR 1 3R, 1
JRFNFLREF (persist) AN, FFTEIE Y RINBEREURIGZIR (1)) 25 2 &), IRy
append, 1 cons X #R, cons FEFRKIE M, append TEREEE M, KRILWHZFRIE snoc CK
cons RIS KPEF), HTEmFHEIFIREL, HEHREN O(n). N TG E T, 72
1TRT DUKs 2 A7 BLAE G T oK, IR AE SRS AT,

append [ | x = [z]

(1.8)
append (y:ys) x = y:append ys x
XF R AIEARSE AT °:
1: function APPEND(X, x)
2 if X = NIL then
3: return Cons(z, NIL)
2 HeX > RAFRk

5: while REST(X) # NIL do

SBHIRF SRR cons © xs. append s xo
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6: X + REST(X)
7: REST(X) < Cons(z, NIL)
8: return H

BB ResT HNI @ E LB next 5IHSE, a0 NEAIHIFAHS:

List<A> append(List<A> xs, A x) {
if xs — null then return cons(x, null)
var head = xs
while xs.next # null {
XS = Xs.next
}
xs.next = cons(x, null)
return head

A1 get At %00, RINFEBHFIFE 5T A8 UMSHOTE, B IS ZEN
(i), Hortt i RBEMIIRLE,

setAt 0 z (y:ys) = x:ys (1.9)
setAt i x (y:ys) = y:setAt (i—1) z ys ‘

23] 1.5

1.5.1. {EFIERATE A — DR R tail, FASINRIA LA BRI AL,
1.5.2. I RLIZFEHT tail &2 AEREA TR ?
1.5.3. 1E set At H1, QAL BR S HIRANBA A 1F L ?

i

BIRIEANE WA S X (D EFEEMEHRA—DNITE, Id N insert i « X, H
SCERFN set At K101 () FEEFHIRFIZFBA—TIEE,

msert 0z ys = x:ys
(1.10)
insert i x (y:ys) = y:insert (i —1) z ys
4 ¢ I RA RS, BATTA] DOR HAR PR AN, WA S/, N2 A R AIER
SEER:
1: function INSERT(7, z, X)
2: if i = 0 then

3: return CoNs(z, X)
4: H+ X
5: p < X

6: while ¢ > 0 and X # NIL do
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7 p+— X
8 X < REST(X)
o: 141—1

10: REST(p) < CoNs(z, X)
11: return H

RINE X = (11, 29,...,7,) OF, BTN E 1 <i<j<n Haz <z, XH
< B SRR, Bl MRERAEMIA PR, ffs > () RENEE KR,
BATE XA FFEN, IR RF AT,

insert x [| = |[z]
r<y: x:y:yS (1.11)

By insert x ys

insert © (y:ys) = {

T2 — RO, ARINFE AN O(n). XM AIEASEELT:
1: function INSERT(z, X)
22 if X = NIL 8{ z < FIRST(X) then

3: return CoNs(z, X)

4: H+ X

5: while REST(X) # NIL H FirsT(REST(X)) < = do
6: X + REST(X)

7: REST(X) < Cons(z, REST(X))

8: return H

BATA] DO — D LA AHE R : B R T RGP R A 2IFIR . T RIR AR
T LR MER R, X — P E N O(n?),

sort [| = []

(1.12)
sort (x:xs) = insert x (sort xs)

BATTRT LA RIS, SEENERE TR B — WAIR A B HTT R L Pl A ZIIZE R A
1: function SORT(X)

2 S < NIL

3: while X # NIL do

4 S < INSERT(FIRST(X), S)

5 X + REsT(X)

6: return S
TENERHRRAEMINZ, G RINRA R EFI, FSIHSZBMEEL, B8 —DMARR
AFE: fiENGALEAESR, mEEMNLAALE, BITHEE/”RE ‘BB (3
127 R UAEIRIX — £ R, 5 3 EIFMN A AT, EEERE AL,
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3] 1.6

1.6.1. i AR E G, K HAZ IR IIRAL
1.6.2. FAEEAHLIIEANRE, MALE  ERTATTRF LA ERS—ME,

Llles

TR AR, MRt A PR S (D) FEFEE N BEMIBRITR delAt @ X; (2) BRI
MEFEMIER delete x Xo ATMBRALIE ¢ LHITTER, Jeniit i 6, REEHE—PITR,
RERIARER LR

delAti[] = []
delAt 0 (x:xzs) = xs (1.13)
delAt i (z:xs) = x:delAt (i—1) s

W TR EERTEE ¢ 27, HINTRAIE RN O (i), T2 MHMATIE SR :

1: function DEL-AT(i, X)

2. S+ Cons(L,X) > HHE
3: p+ S

4: while i > 0 H X # NIL do

5 i+i—1

6 p+— X

7 X < REeST(X)

8: if X # NIL then

9: REST(p) < REST(X)

10: return REST(S)

N T RCA FIBOAE T, TSI RS, B ERIRE L, HiEm X, (]
AP YRR X R A, B SR R RJEHR S TRAkRIER R E, HFEFE S,
“EHFMIBR” AT DL — 40 3 A O (1) $EIEE— DT RIEMIER; (2) $REfr
AETRERTTRETMER, 55 BM—K, WATES,

delete x [] = []
{x:y: ys (1.14)

r#y: y:delete x ys

delete = (y:ys) =

W T EIAHBR TR, RN O(n). RIS, TATTRIAEfEE A 4B
TR TAMLACEE
1: function DELETE(z, X)
2: S « Cons(L,X)
3: p+— X
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4: while X # NIL H FIrsT(X) # x do

5: p+— X

6: X + REST(X)

7: if X # NIL then

8: REST(p) - REST(X)
9: return REST(S)

23] 1.7

L.7.1. WHEREETAEEN TR TR MR,
1.7.2. W EBEARIMERE X, BiBRAE S E TR F LA s — M B,

L 7
BRI E — BN, BmmEsREHMA—NITER, EEmERTMAZ
ML, (BURIEI Z R EI, WEAAMERE R TR0, 2 |as| = n,
lys| = m, PHPRMDFIRISE, BREINHAE ZRER R, B3I m R, &
INEEREN O(n+ (n+1) + ...+ (n+m)) = O(nm + m?),
xsH[] = as
xsH (y:ys) = append xs y+ys

M cons AEEE AR Ch LS 1RD) , FRATTAT DARTIER] s B RS R FFRERE ys:

[J4ys = ys
xsH[] = ws (1.15)
(x:zs) Hys = z:(xs+Hys)

BOEIERREN O(n)o EMTIAEEH, W T EE S, AT SEILH B0 RlHY
ERE R E (AT S/
1: function CoNcAT(X,Y)
2 if X = NIL then
3 return Y
4 if Y = NIL then
5: return X
6 H+ X
7 while REST(X) # NIL do
8 X + REsT(X)
9: REST(X) <« Y

10: return H
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1.2.7 Ff5#H

BATHE HHFERYIROF S, ENEER-FNITREN, ROEET 1.5 %
XEATHATIR & LEHNRIFY 0. 1,
sum[] = 0 product [|] = 1 (1.16)
sum (z:xs) = x+sumaxzs  product(x:xs) = x-product xs '
AN RER TR Zm 53R, BAE Y O(n). HHEIUF WA, BA TR E SR
e B

sum' a[] = a prod al] = a
sum’ a (z:xs) = sum (x+a)xs  prod a (z:xs) = prod (z-a) zs
(1.17)
KA 0 FFEa 2NN, KA 1 A 23k
sum xs = sum’ 0 xs product xs = prod' 1 xs (1.18)
sl A AT AL A
sum = sum’ 0 product = prod’ 1

PIHE IR B 25 F5/R (Schonfinkel, 1889 - 1942) £ 1924 FE4RHIMY, MEHTFE/R - Fi] B
15 1958 Ja T2 R 1, B ITHE f(z,y), MRAUEN o, EMEH Y — DR T
y —TCREL: g(y) = f(z,y), 18N g = f xo WS BIZITHEEL f(2,v, ..., 2), BITKIX
e NS, ATCARRHON — RENREL: f, f o, f 2wy, ..o BATIFRIZARI LA B AL, EA]
DI Z ST R B N — R 5 —TeREL, B f (2, y, 0 2) = f(2)(y)..(2) = f 2y ... 20
RHARBEE, HRIFZ I MNERSG, F BIEFiC sk H g R, RS TEA,
FTE IS E NS (BN o) RN, SEFAM (Bl RITTER) . IXAERTE
A A ONIERR, BATFRIZAERI RO “ i7" (8 R , FRXAHEREE)
AIPEAE R “ R IAfeie” 01, B R, FEIX SRR, IR AR TR RS, g
PEAE AT DA HUR s R RE, FFilE S b T3 T3S RS A A AR tHe E3X (1.12) X T
AP RTE Sy, HR TSI E A Te R T, BATHA] DORF H R (o 2 i -
sort' a[] = a | (1.19)
sort’ a (x:xs) = sort' (insert x a) xs
BN [ ] JEshHy W EATEZD : sort = sort’ [ 1o EREZEITRHAIG]F FoAl]
FEa T ERet TR o (07, 1,16 79,) o REEITIERM 1 FREE R b Hn
R, X O(n) BRI FTIA:
1: function Pow(b, n)
2: x <1
3: loop n X
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4: r1x-b
5: return z
FEUE PR, ERBRRERLIATMNIOEN, RIDEE ¢ = »? BISR, It
i, TATTTCFEA o LA b 155 o3, ] NEREROGRE b* 53] bt ARG HRTFETTHE
(b")? = b8, HEAEIA 4 IR, TAE 8 IR # n 1GUFN 2 WEBERE, Rl n = 2m, B
m e AETUREEY, FATTRT DA Ry 77 PO T AR o7

BATEE n 4 BUERIERREEC 0 = 0, EX W0 = 1; 4 n AEEL K n BEE,
Jet B b2 RIS FRREERTTT 45 n NAT R, RN n— 1 2BEL, AT DASEE TR !,
I FRRIEE R LA b

Wo= 1
o on:  (b2)? (1.20)
A0 bepnt

(B (b2)2 TR ELREEHON IR, Aitt, TRATAT DA RECT 77, S8J5 FHAHERL
RFo

W= 1
, on: ()2 (1.21)
& pepnt

Zidix—Bek, Bl DO RE R Oy R, BATIEEE R o = pow(b, n, 1) T
",
pow(h,0,a) = a
2An:  pow(b?, g,a) (1.22)
AN pow(b,n — 1, ab)

pow(b,n,a) = {

X—FENEZE R O(gn)e ¥ n TR I n = (amam_1...a1a0)2, WIF
a; = 1, BATEBHAE, BEHE b2, XM W HER B IR (BT 10.2), KPR
AN 1 R R, RS SR RGNS R, Blan, 2MiTE o,
11 B HHIN 11 = (1011)5 = 28 + 2+ 1, K 011 = 02° x b2 x by FATTAT AT A
NS B T

1. HE 15 b
2. NiX—&5 R mig 2 v2;

3. A48 2 LTSS, T2 67
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4. Y555 3 BHILE R, 155 b2,

&JE, BATESE 1. 2, A5 4 DO R —i, 58] o', 22 E, TR DAkt
WnR:

pow(b,0,a) = a
n
2ln: pow(d? -, a) (1.23)
BN pow(b?, Lij,ab)

XA BRI n GRS — DA QBIZH n BREA 2), HRARA
(LSB: Least Significant Bit) 4 0, n %L A TEIRECE T, h808 0, TTHRHRE
BREER a0 XA _EHEIBIFHIE 3 5% LSB A 1, n N, BT RIRECETT, IE
2R b RENBRGER o b5 20 o I, BANTELEE n HHIFTERL, HASREUE
BRUE a0 TEMETRE, SEHHIRE o' BALEHITEE n/ BIEER o SR AR
b = a(b)o MERTEISIEY n NEFEON, SOCKHIE —F A O TAL B X — 2K
UK n . 45 n FIZHESIZORPA m AL X—FRAHE m e, SRER
EARENRN O(lgn). BATRHASALIENZS,

[EIZRFN SR, AEIRRSEEL A, ATT—10i@ 1, —Ia BREE R :

1: function SuM(X)

2 5+ 0
3: while X # NIL do
4 s < s+ FIRsT(X)
5 X + REST(X)

6: return s

7. function PrRoDUCT(X)

8: p+1

9: while X # NIL do
10: p < p - FIRST(X)
11 X < REST(X)
12: return p

AIFSRIRIE, JATA] DO I e SEBMIEHE 75 3K n! = product [1..n]o

1.2.8 ImAMEMER/IME

AISRAEZ A IRAIR AP AYTCER AT T EeA, WIFAE R, B/IME. max / min fYTHE
LERIMIR): PR A A —DITR (2], E5RN @15 B, BVAHAEFHIR P FHEK,
B/ME, FHFMFSLTR BTG RIREK LS R,
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min [z] = =z max [z] = =z

{x<min rs: X {x>max rs: X

min (z:xs) max (z:xs)

IZIIW—\”J . max Is
(1.24)
HWEMNGRERT, BATAEEZ D REEH, XFEES T “fELk” M)+
faliHfige, AN AR 2 CACERER 7 P AR, B/ IMBL. BA min 9l

min’ a[] = a

{:r <a: min’ z s (1.25)

A min xs

min’ a (z:xs5) =
AN min’ a xs

5 sum/ /prod’ N, TATARER] min’ / max’ & A—DEEWENRIGHE, FRARREH
+oo (FTEALTE) :

min = min’ oo max = max’ —oo
FERIER, B MBSO IERAIRE X, 7] LR R TTREATENREIG(E
min (z:xs) = min’ = s max (z:xs) = max’ x s (1.26)

IR AR, B/ MERTAAT AP R AR ASEEL, A Min i :
1: function MIN(X)
2 m < FIRST(X)
3 X < REsST(X)
4: while X # NIL do
5 if FIRST(X) < m then
6 m <— FIRST(X)
7: X <+ REST(X)
8: return m
R —RERIASKE, o] IR ARSOTRE N RS BN, iaRhED
AMDTER, BAMFREH AT R, ZF 1, REHSUEHRIREITTR, L min
i
min [z] = =
x1 < zy: min (z1:28) (1.27)

AN min (z9:75)

min (z1:x9:28) = {

3] 1.8

1.8.1. fEHEBIALIN length
1.8.2. fff n B3I, SCHUR on OPRETHH R, 155 40 O(lgn)
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1.3 7%

MAREAER, AMRARFER S — R RFFIRE, (UXRTEER,; 55—k
IR, AR SN RAF R, BAIIROREF I RETA B2 78— W

1.3.1 Bt
BANEIL — LB FHRINTRBE , EB— DB 7R — S B S o R e 7
U0 [3, 1, 2, 4, 5] BN [“three”, “one”, “two”, “four”, “five”],
toStr [| = ]
toStr (z:xs) = (str x):toStr xs

FABITRRTHRIFASIHR, HE— D7, WEE T8, HFUelINE Y
BE e, BN :

(1.28)

[[a, an, another, ... ],
[bat, bath, bool, bus, ...],
[zero, zoo, ...]]
P ORBAVMEH —BoCE, HIandEF 2 MNID), Frit iafe Hrag
[[(a, 1041), (an, 432), (another, 802), ... ],

[(bat, 5), (bath, 34), (bool, 11), (bus, ), ...],

[(zero 12), (zoo, 0), ...]1]

IR TRATTERR Y, 0 BN B, MR BRI FH A OB 27 Wil R 2 —
M EIASIR, RPN R RTES B FRAPHIMREZH—, JPA: [a, but,
can, ...Jlo BAFRERI—MMET, K—4H i /IREON B R LB — D Ha 5|
o BEIE N —REL, Bz — DR /BN AR, IR B R Z IR, BATTE™H
HEFp, R SL MR IRY max By cmp xs, HH emp 2R BT LIRS,

maxBy emp [x] = x
cmp x1 Tz : marBy cmp (z2:x8) (1.29)
maxBy ecmp (x1:22:28) =
A0 maxBy cmp (z1:x5)

X —RHE (AR p = (a,b), B LRELC

fst (a,b) = a
snd (a,b) = b

(1.30)

ST SCERTA] /UCESOR Y LA R A

less p1 pa = snd p1 < snd ps (1.31)
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¥ less & N\ max By AT tH B B 22 0 R 0R (R EEAE) t max” = max By lesss
e, VAR max” ACH TR S 5155%

solve [| = [] (1.32)

solve (z:xs) = (fst (max” x)): solve s
RUE RN R BN, solve F toStr RBLH FIMER B L5, BATHIXFERIZ5H
R NiZ— WUt
map f[] = []
map [ (x:xs) = (fxz):map [ xs
map T DR f ENSE, RIEREN A ZISIRPRIE TR B TATIRE
HEREE RN R EECN ‘@ EE8”, AR f A0 A — B, BIHEA A
ITCRMU AR B BT, W map FIZEEN:

(1.33)

map :: (A — B) — [A] — [B] (1.34)

AR map TR — NN A — B BIREL, 5/ —DREDN [A] BIFIFRAE N
H—NRAEDN (B BIFIFR, b5 m] DA RS & S (R ERAL) «

toStr = map str solve = map (fst o max")

Ho f o g TREEALE, UE RN AR g, RGNS f, B (fog) z =
F(g(w))a VAE [ AERITF g 2 5, A THLRT DU S 00 £ RE SR LS, By = f(x)
T — IS X RITEE o SIS Y RITEE y O

Y = {f(2)|z € X} (1.35)

AP RE IR EFON “REY — =5/ BEMWR (WK ZF &KX
10 Ve ARIZAAET, BATE LHIZMFIER X FIFIR Y FIBSY = [f(2)]z « X],
MAZE ARG, Hia] IS HEETTR. JIRN ZF FRIXAKERIEDIRENR ", &
B MIRARR LR, fENBIF, B TEBZ S — DML, BN
&, & SCHE—RHTHRSI L perm X r, FIZE NN n BIFIER X g » DITR

%@%ﬁﬂo#ﬁﬁfz_ofiyﬁﬁﬁ%ﬁﬂo

I X|<r8r=0: [[]]
perm X r =
&0 [z:ys | © + X,ys < perm (delete x X) (r —1)]

(1.36)
W 0 DNITRAA, BFIRFP TR DNEUNT r, HAIE R SHIRFIE [
1]; &0, BATE—ERHFNRAPGENITCE o, BITMFIR n — 1 DTEFIEE » — 1
DNICEHA, R BT &MY BRI,
T L A SRR, RHERE S T — MBI R,
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1: function Map(f, X)
2 X’ < Cons(L, NIL) > FBNT R
3: p+— X'
4 while X # NIL do
5: x + FIRST(X)
6: X < REST(X)
7: REST(p) < CoONs(f(x), NIL)
8: p < REST(p)
9: return REST(X') > ERFBI R
FEAHNE P EAAMER AR PRSI IR, MICTAEIISIR, HIandT
El— IR ITR:
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4: X + REST(X)
wE, TAHEELNEA— NI P, KGRI, K P MAZIE TR L.
1: function FOR-EACH(P, X)
2: while X # NIL do
3: P(F1rsT(X))
4 X < REST(X)
TERBIF, BATEE — T “n BAT @8 0 B BHAE n 2R4T, &R IE K, TR
17 NEBERE n K

L. RKATERIATERTIT
2. PENE 2.4.6..... BATHOIT SR, QHERATIZ SR, KR an SFRU2 KR, s ;
3. =T, |WEN— kIR 56 3.6.9.... LB ERYATAYIAREIRZS DI ;

o — eI, ARG —aKT (38 n ) BT REdREN. RIREAILSAT 2R
(? ZIET28%, € n RFTRRN—H 0.1 850 K 15%). THER#EZKH [0, 0,
oy 0o FFKTGRSN 1 2 n, RJEMRES R —DRT (4, 52 /2K) HIFIER:

lights = map (i — (7,0)) [1,2,...,n]

X — MR N S AR R 0, 5 RAIFERH n NMEBHR: L = [(1, 0), (2, 0),
oy (n, 0)]o #81E L3 n iR 1258 « IR, B—HREBXNE (4, 7), % i|7 (B j mod i = 0)
BN /K, 1 -0=1H1—-1=0, PERIIRE = VN 1 — .
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switeh i (j,x)) = 49 medi=0: (1 =a) (1.37)
A (J: )

5 ARVESEINN map (switch i) Lo IXBEAT switch BIFBEMATER, TR
TE SCERER op, AT n X op [1,2,...,n] Lo

op[]L = L

iy . o (1.38)
op (izis) L = opis (map (switch i) L)
e, K R B IERMR I E R,
solve n = sum (map snd (op [1,2,...,n] L)) (1.39)

PHEEIBIF IR KL T 55285,

solve = sumo (map snd) o proc where
lights = map (A1 — (i, 0)) [1..n]
proc n = operate [1..n] lights
operate [] xs = xs
operate (i:is) xs = operate is (map (switch i) xs)
switch i (j, x) = if j ‘'mod” i — 0 then (j, 1 - x) else (j, x)

FATHNHEITHIEE Y 1.2, ...l 100 FINAYEZE ONREIN T #47) -
[1,1,1,
2,2,2,2,2,

3,3,3,3,3,3,3,

4,4,4,4,4,4,4,4,4,

5,5,5,5,5,5,5,5,5,5,5,
6,6,6,6,6,6,6,6,6,6,6,6,6,
T,7,7,7,7,7,7,7,7,7,7,7,7,7,7,
8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,
9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10]

XS RARE R 3 SAT DA, e 1 s3AT5% ;4 25 8 AT, &5 2 =8
f15¢;9 B2 15 RSTN, &Iah 3 AT ... BERITHEEN 2 8 (i+1)2 -1 2%
I, &IEH @ k5. AT LAERIX —25ie:

HERA. ¥ n SRATHE N 1 2 n, ZERGTIARIATELT, HTWIGEN, FrEa T X
[, BATTAT DA E , AR A BURTF RIAT B G 2 e . NS i BIAT, 45 i Al A
W2 5 BEBR RN i), MIFESE j 58, BRITFRMEREI—IR, Fi LAY AT ISR 5 &6 A k
NMRFN, BERIRSERN N THRHEERILT, BATFRERUE &6 T
KFHE. N EEERE n, I1C S N n WITERTFIES, SHIGEIN o, EpHn
B — A, WAAIRIELE— N IEREEL g, (15 n = pgo RN ¢ 12 n FIRF. itk
MHAY p £ g N, BATAES S HIRIMRDNARREF, X6 S| ¥R EEL BRIE
p = q, WIS n WERTERF . XN HEEMEE S M —"NEF, Wi SEE L
MAEF O
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FATAT ASHE n DAY SE 27 75 BOR R RIX — R,
solve(n) = [v/n] (1.40)
NHEABIFREFRE 12, 100 =AT I 4,

map (floor o sqrt) [1..100]

W2 — MRS, EAMURIRTHIR, tA] DAY RSV 2 2 2RI REEE .,
DB RA S AW EEA AT , LRI TR — 454, I B 4E
FHE X, 5 AT DAfSE FH S A RBE &

1.3.2 %

GRART P R/ N S TR B e — N BRIV R 2 —E R M H , TR AT AR Y5
Mo A—MRRAYTHRRES: (1) 85 H— P aiEamg; (2) BaonEiE; (3) fREIHE
B S RE, SRR EN:

reverse [| = []

reverse (x:xs) = append (reverse xs) x

BT TEBIA. D RAERIDRRERETR, HEANHIRKIG5:

reverse = reverse’ [ |o

reverse’ a[] = a (1.41)

reverse’ a (z:xs) = reverse (r:a) xs

R TFAEREBIRN, cons () RHBTHRIE, BT MEIE ISk E —
TLR, HHETRERERIATH, XM TREMITREAN— DR, 5 R
the A RREMM B, HTREBIATCHTICK NSO, BT DA A8
REAR:
1: function REVERSE(X)
2 A+ NIL
3: while X # NIL do
4 A < Cons(FIrsT(X), A)
5 X < REST(X)

6: return A

B, X—FIRER T — IR IIR, AR ERSIR EERES, Bl
IeRESET EN X R HEOvHH B RIE R, R

List<T> reverse(List<T> xs) {
List<T> p, ys = null
while xs # null {

p = Xs
Xs = xs.next
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p.next = ys
ys =p
}

return ys

23 1.9
1.9.1. IR [(k,v)] FIFRH v BEERKITE,

1.4 THIFE

EAH AT DAPR S 73 B DS T) Fr, A2 53 BN 75 20 7, R X R4 R &R 2
ERMER RN, take MAIZRAERH AT n DNITER, YT sublist 1 n X, drop MNFIFRH
ZFHI n DICE, HA T isublist (n+1) |X| Xo B take AR 6:

take 0 zs = |[] drop0zs = uxs
taken[] = [] dropn (] = []
take n (z:xs) = x:take (n—1)xzs  dropn (x:xs) = drop (n—1) xs

(1.42)

X — BRI FER FE L) G0 n > | X| 3 n L, R X

BB FHE G FATHERT B ARSI A EAT ST, (B B 7R, 7] AT
FIEAA BB E K E TR,

sublist s n X = take n (drop (s — 1) X) (1.43)
FHHN—FTE R, BAR N LRG3 5
slice s e X = drop (s — 1) (take e X) (1.44)
DX [s, e] CAEMH, FAl T AT DATEFE & A B HEFI R 73 EIFF:
splitAt i X = (take i X,drop i X) (1.45)

take/drop FEEBENEREFF I ML, FATTAT AN EY™ g, HERM & RLT, BN
Wi B E EFICE, WM take While/drop While, EAIE— B ITTREGTHEAT
M p, WA, WY IEAS BRI R AR 73, XS H A BN 8B A B AN,

takeWhilep [] = [] dropWhilep [] = []

p(x): a: takeWhile p xs p(z):  dropWhile p xs

takeWhile p (x:xs) = {TJ
A )

dropWhile p (z:xzs) = {lellj
e/ R o]

(1.46)

SHUTESHNE TIXF MR, B Python H:xs[:m] Fl xs[m:] 2BIMHET take/drop.
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1.4.1 Y)irfigd

PIn o ARV AR PR T R E R ZHCE T FAIR, JEE s H—Iai
17, (E1S N [ B 28 N, VI al DABON 2 — R kY split, B TR ZTERRE N
A ERYNRSTT, MERES N TREGW e — &M, RIEEMHRERKITS. V)
DERZ—RNFINR, = MREKEK, 5H—TMERRE T Va2 —
P2 e SRR K TR 55— AW R Z R K THIER, #iIEMN span, &
BN breaks

spanp [] = ([],[])
. B {p(x) : (x:as,bs) HH (as,bs) = span p xs (1.47)
span p (r:xs) =

AR ([, 2z:2s)

HEBEEZABOZHEIE, #rT ASZEL break p = span (—p)o span i break #5=

PR KRS, —HBRAFTHHOI RS T, ZREFIRE 7. THZ SPAN HYIEUSLER:

1: function SPAN(p, X)

2 A« X

3: tail + NIL

4: while X # NIL H p(FirsT(X)) do

5 tail < X

6 X < REST(X)

T: if tail = NIL then
8: return (NIL, X)

9: REST(tail) < NIL
10: return (4, X)

span F break ¥HNRY) 77 NWER 5T, 3 4IEH|RAPTTE D G T AR, Blan
KRR EOE T T8, MRS ESAMHEE 7T

[(L \ 1 PRS- b PRS- PR bR IS N R4 PR 7’]
)

group “Mississippi” = i7, “ss”, “i7, “gs”,“1”, “pp”, “i

AN, B —FEFE: X = (15, 9, 0, 12, 11, 7, 10, 5, 6, 13, 1, 4, 8, 3, 14, 2], {il
B EcETH, BB TRIERE T

group X = [[15,9,0], [12,11,7], [10,5], [6], [13, 1], [4], 8, 3], [14, 2]]

XM B A L RIME. TR dlE, Al SRR T PSR R (5
6 %), AFFAIRMEIMBRTFFHF (38 13 3), FAHEHFAMR IR ER
~o ERTHIMHMHALICR oy BEFN" 12 ~ yo FATBHINE, BFRHLEH D
TLERe WERTFO, WU EMET —H,; SNHE 2.y D BT WA,
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]
]
v~y (ziys)yss, HH : (ysiyss) = group ~ (y:xs)

group ~ [| = [
group ~ [z] = ||

group ~ (z:y:xs) = {

BN [x]iysiyss
(1.48)
X—RBIENNEERERN O(n), Hdn 2KE, AT DIHIERR 7T LB —
Bk, X ANZ, BAE AL RN [[241]]. AJENE ZAITTRERFMGETS
R, HHBEIHDITCR “EN”, BA TR BT R RG—4H, &N l# —
T,
1: function GROUP(~, X)
2: if X = NIL then

3: return [[ |]

4 x + FIRST(X)

5: X < REST(X)

6: g < |z]

o Gl

& while X # NIL do

9: y < FIRST(X)

10: if x ~ y then

11: g < APPEND(g, )
12: else

gy

14: G < APPEND(G, g)
15: Ty

16: X + NEXT(X)

17: return G

RGN AprpeND 1&H BES5 L, iX—SZELRYE A& 24 IR O(n?),
WA, 7] LAKF APPEND BN CoNS, {8 50 2H BRI, A5 LR M3l 1]
SEIN : group (=) “Mississippi” # group (>) Xo tHA]PAEH span RS H, &
A—NEE, span ¥HN R EIRNES 77 - Hp 2z — 2 il E SR RK FAIER, AT
FIREB D AWTHAT span WIRTETE TR, HEIEA span BIZEMERECR — TR, M
FHEFMERBZZITRE, P DA BEACRRERIX—ER KPR EAZTH
W bR O [E7E

group ~ [] = [[]]
group ~ (z:xs) = (x:as):group ~ bs, HH : (as,bs) = span (v ~) s
(1.49)

BIRXAHTERECRT DR SOR A R 7 BEZX 4, (B AT RE IE WA R % R e 70
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H: group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]]c FH—TILEE 15, EHE
T > BEMBHITEIEL, 15 BIIRFHRAITTER, Hit span A TTREET as H,
MM bs 4. IXFHFAREER, M2 ERRAT . KO AT RS540 T R E
—, TERRTIR, SRR (~) SO0 R =R : B R R AR

1. Atz ~ xT;

2. MRk ~y &y ~ 0

AR 2~y y~v 2= 2~ 2

Xt “Mississippi” 74K, HHES (=), EIR=DZAEGE, 724 TIEFSE R,

M BRI RTETE C) MEREMXAR, R T B RMEFNFRE, FifhiZi
P, FH span SKIREYEE — D HEIE, Ked RFIOVE ™ RIEN KR, M

— N HBIENTCHRR A, e BRI MHTTTR B G e 4 0F, XL &I

%3] 1.10

1.10.1. B take/drop, 2 n BT take IR[E] [ ], drop IR[EI2HFFFR,
1.10.2. SCEIREHBIEELHY take FI1 drop Hi%.

1.10.3. ¥4 sublist Ml slice X5 IMTEMIER, TTFH X 1ERSEL

1.10.4. ZJERMHE span FISZEL:

spanp [] = ([,[])
span p (z:xs) = {

p(z): (z:as,bs), W : (as,bs) = span(p, zs)

A0 (as,x : bs)

ERBA AT 4G AT SCLIA FALAF?

1.5 &m

JUPRATA AR BB A E RS, XA — N6 XA FRE
FIREBIAMER, FRATA] LKA R BEEMR B E S BRI S & 7, EAR L2
FTE SR ERRGARE, EEEE sum. product. sort, EATERE FLRIIEER : 51138 K
ZSINIEE R, KA 00 KRN 9 1 HERIY [ ]; N RSOTEMRIHEE RitT —otia
B ORI 2 AN, SRA 2 AH3. HEp i 2 e rifiA. FATTR 53RN RS SRR oy
PIEME - (R IE), ZJTis BN o, & XUTNE:

h®z[] = =z

(1.50)
h @ z(xxs) = z®(h & zwxs)

THIYFE reduce
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BMAFIR X = [21, 70, ..., 2], WRISERITWT:

h & z[x1,2a,...,2,)
= 10 (h & 2 [r3,13,...,2,])
= 21D (1@ (h @ z[x3,...,2,]))

= 210 @@ (.(z,®d(h & 2[])...))
= 21D (22D (c.(x), @ 2)...))
IXEEAEIR L TR, E R EIT A TG (2, @ 2), AWra e AT E 2
w10 IXFNE 1.3 MR EAEEL 7R BT AR K, 2R SR A —
2, IERFNREEHTTE, ZEBGER—R,

& 1.3: $T5

XEREHR T — DR, WO T e ER R — R B CWGERIER
2 to BRANNIWGEE A2, WO AE M —3m 4R, AW —JcHtE, B2
AR B AR B A, SRR SRABIERIYGECT B R A2 2 A R Y,

sum [1,2,3,4,5] =1+ (24 B3+ (4+5))) product [1,2,3,4,5] =1x(2x (3x(4x5)))

=14+(2+3+9) =1x(2x (3x20))
=1+(2+12) =1 x (2 x60)
=1+14 =1x120
=15 =120
PAWRX — A BN, R, BT E N — s, BATRIEIEN foldr:
foldr f z[] = =z (151)

foldr f z (x:xzs) = fax (foldr f z xs)
M foldr, KIS KA DUE AN

Z?:l T, =T+ (l‘g + (153 + ...+ (xn—l —+ l‘n))>

(1.52)
= foldr (+) 0 [x1, 2, ..., Ty

[Tz =21 % (w2 X (T3 X oo + (Tt X Tp))..)

(1.53)
= foldr (x) 1 [x1,za,...,2y)
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BEE BT EATE: sum = foldr (+) 0 Ml product = foldr (x) 1o {AHEF
HIERE N sort = foldr insert [ o TATAILAMY foldr ¥t NIV, TR ZMA
AHITHY, FATRIEIEH foldl:

foldl f z[] = =z
foldl f z (z:xs) = foldl f (f z x) xs

PA sum M, 7T DAE BB B E R A R

(1.54)

foldl (+) 0 [1,2,3,4,5]
= foldl (+) (0+1) [2,3,4,5]
= foldl (+) (0+1+2) [3,4,5]
= foldl (+) (0+1+2+3) [4,5]
= foldl (+) (0+1+2+3+4) [5]
= foldl (+) (0+1+2+34+4+5)[]
= 0+1+2+3+4+5

PR T f 2 o IR, XREURERTTT N, SO RIER
FI04 [1,3,6,10,15)c —MK, foldl AT LARIFN AR (FREILER) |
foldl (@) z [x1,%2,..., T, =2 DX DX2 D ... DTy (1.55)
foldl ZRIBVANY, vl LR HSLHUNTEEA, 1B HFRME REDUCE,

1: function REDUCE(f, z, X)
2: while X # NIL do

3: z < f(z, FIRST(X) )
4: X + REsT(X)
5: return z

foldr R foldl % BEHGEEMIN AR, ENFREREEfL, Hlin, FHLesas i
FEM IR noe & (%) . BATEE L —A fromList B, M—DFIEEH A S
(FTEEAL)

fromList = foldr add @

Hep o B2H R, RABERAGMRIXE—FEa. EREANTRAMERE
LB FAE R RN, A B M FI RIS, foldr HUE— 1 ERIGIERE, T
foldl WIFFAEBFPHIBIFR  FEIRASCUN Oy T ORI e Ala, FeAI TRl PAJe S e S 3%, 7
PUT reduce 1

1: function REDUCE-RIGHT(f, z, X)
2: return REDUCE(f, z, REVERSE(X))

A NINARALTEEE foldl, ROV EZREEIARY, [RI 2 e e <1757,
HHERELRIR, BAELETH1FR (RIS TERESEDD N, #USGEM foldr
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NEEGI TR — DS SRR TRACE T N ERE SRR, IR E T
10

take 10 (foldr (x xs — [z]:xs) [ ] [1,2,...])

= [[1], 21, [3], [4], 5], [6], [7], [8], [9], [10]]

IXEARERER foldl, SN EKIEARTEM HEABA XN, TATHG—H)
5 folde AFWMFEMRFFE fold, F fold, KERHBIMAG WA A, REAENE
R THIER, (HREBIESZ AR, ©n] AN A e REE A, BliTa] DO
(9126 19)  BAIIFISE AR AUEEHEAT BN, RE B NI N (DEXT
22 (BIGHZERE) 5 (2) w] o3RRI IALEAE (BN —ERIRE BT o ol FAANTR) o AT —
A RX LSRG R BN, A FRE AlE 5%,

VEABIF, BATH fold 1 map KR n SRAT BN, (E55 28, FAl1Q1EE T —4
SR, BATERE—AME (4,5), WELTHIFES « MPARIRES s B E1ET, R
AR @ REMEREL j B0, BN ELATHUIRGS, IX—dAE T DAAT fold 7E X:

foldr step [(1,0),(2,0),...,(n,0)] [1,2,...,n]

G A KT EOR K, ZHT BRI 1 2] n HUECEL, BRI step D
SH B KT R S RS HI5R step i L = map (switch i) Lo foldr FIZ5 SR E i
KPS /IR IRE R, # TRH map WERHEFFEEHIRE, BH sum KHEHAL
TR R

sum (map snd (foldr step [(1,0),(2,0),...,(n,0)] [1,2,...,n])) (1.56)

R GX (L) fE—HPIR BT S, S THEENTHRBR— MR, XA
B 22U :

concat = fold, () [ ] (1.57)

Blan: concat [[1],2,3,4],[5,6,7,8,9]] = [1,2,3,4,5,6,7,8,9

23 1.11

L11.1. N TH foldr & XARNHET, BATRAGRABEIL IR insert X, IXFEEFA]
PAFRIR A 1 sort = foldr insert [ |o foldr HIZRELN:

foldr::(A— B — B)— B — [A] -+ B
HAPE—NS F NEBLE A - B — B, VIIRAE - WA B, BXITEK
T A WPIET RN, SRS RIORTY B, WG foldl 5 S AHEFE?
foldl AR 24?7
1.11.2. concat N E ZE R 27 "IH—DNERIER R concat Hiko
1.11.3. i foldr K€ X map.
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1.6 AR NE

B PRI IR RGBS, AMURTHIFR, WrlHTH 2N R XTI, @
HRREIEN DIREIGE R, BHEANBREZAMILR « 2ERTHIR X2 BT R
AR TERM o MEATH EE,

ac|[] = False
b=a: True 1.60
ac (b:bs) = (1.60)
b#a: ac€bs

X—1RERFRAE elem, HIXEN O(n), BMESIRA T, MATTIEERILE]
O(lgn)o IXZRIMFNRASHF B RIAIREALTT A, TeikeE i — &8 (L5 3 ),
FETNRY I elem #0E, 1E n mXT RS, BAVER 78 /(E" NI [(k,v)]. BXIT
REEHAE, FRIERBAIR, Tl i S & W R HN M AYE,

lookup x [| = Nothing

{k =x: Just (k,v) (1.61)
lookup x ((k,v):kvs) =
k#x: lookup x kvs

1 elem A, BATMUEHIE o FIES S, IER BRI M AE, BHT# 2 FA
—EFLE, BAT5 I “FIRE" A Maybe A, EEWFARFRIE: 28 A BIHAME
a BB, 7AIEHN Just a B Nothing, X2 — M5 H 75 8 (0914.2.2 75),
BE—BY I lookup Bl —IE L. A BT HAME, M & R — 5
JLER:

findp|[] = Nothing
z): Justx 1.62
find p (x:xs) = P(@) (1.62)
BN find p xs

RERIRER Z D TTRI R &M, find HIREIE —4 FATA] DY ROV E LI
SR ERTR, XA FE IR eI IR, A 1.4 R, HESXOh (ZF £iX30)
filter p X = [z|lz « X,p z]o ATDAHIZESRIEIESAFBIGER: filter (p1 Ap2 A

o) X =[zlz e X, pi(a),pa(a), - ]%

N — filter p — i

1.4: BN [, T, ..., ), WO [0, 2, oy 2! 1o TR V2, = p(ah).

1 Find R, WS EMTERIRAAF, filter BEZIIE, TE—HEIIE,
Rt TR

SR THALEIRFZ AT OptionalcA>,
1 B R SOE RN R A DARIE N : [z <+ X, pi(2), p2(2), ...] B [p1(x), p2(z), ...]o
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filterp[] = []
filter p (J;:xs) _ {p(az) 2 x: filter p xs (1.63)

HBN o filter p s

X—HEMNG ARG R, EEAREIH, tRA ArpenD SRIAIESEER, e

X TFEE O(n?). WRA Cons B, MG REH I, FATAT AT —IRER M N
A S e (MR SD) o

1: function FILTER(p, X)

2 X'+ NIL

3: while X # NIL do

4 if p(FIRST(X)) then

5 X'« ApPEND(X’, FIRST(X)) > 2RI R]

6: L + REST(X)

MG AT R BRI DU foldr SRE X, WK f EF IR, IR
FFESEMEINEILE R f p 2 as = if p « then z:as else as, T XILIEHN (F]
Bk

filter p = foldr (x as — f p x as) | ] (1.64)
A DARE— A iy (FRAE 2845 09) -
filter p= foldr (f p) [] (1.65)

IR - MEHAES, AIRTHIFR, T DO AT AT 3 73 A S8 AR B A 3T E
e, IR SRR ER 73

PERC— MR B T — D a iR I — R, BMERRE N FIRM 71T 8, ILAC 2
= IRARRE G 14 5) o BB EBRESIR as ZEHIAESIR bs HHY
AR, X AR HIWT as ZER bs PRI JFSe span FHERFERAN MW
BRKHIS, EHEMNTTIRE — L as. bs PENITR. H as 2 bs HIRTER, 1L M:

as C bs,

bs = True
[

| = False

1.66
a#b: False ( )

a=b: asCbs

(a:as) C (b:bs) = {

BT8R, Mg SN FE), EERMAERFERERTT ka5
XI5TREER, AE WA TR, X — RS, 7 LN RS8R E, 7]
PAREGANEIR, e o RIS A :

as D bs = reverse(as) C reverse(bs) (1.67)
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fEH C, Al DUER AR A (PSR ) , & LB ARBAEMBIRIT PSR, &
HIER bs NHTHEATRISAGE -
infix? (a:as) [] = False
as C (b:bs): True (1.68)

A0 infir? A bs

infix? AB = {

R L IE SR :
1: function Is-INFIX(A, B)
2 if A = NIL then
3 return TRUE
4 n < |A]

5: while B # NIL H n < |B| do
6 if A C B then

7 return TRUE

8 B <+ REST(B)

9: return FALSE
H T RS TN 7R 22 RIS (A], 7 BL7E R D IR A, X —RENE R E
O(mn), HH m F n 252 WDFIRKE, MFRM, 17 AL B (IATA S
&, Naked A BRI ERETH:

infix? A B =3S € suffizes B,AC S (1.69)
NERB TR SR TR B T XI5k

isInfix0f a b = (notonull) [s | s « tails b, a “disPrefix0f s]

Hrp isPrefix0f #THIZME, tails B DIIRNITAEER (K14,

23 1.12

1.12.1. i reverse SEERLI:I RIS FE BT,
1.12.2. SH/E— MR, KL ENE R

1.7  RIPEfsy i

KRNI — Ml S s (i), F DAC B/ D B, e bLA, e &8, (EERER
SR, 1 STHITR, Bl B — B QU EIAIZ  map (i > (5,0)) [1, 2, . 1o
N RERT AR, X zip BRELC

zipas [] = []
zip[]bs = [] (1.70)
zip (a:as) (b:bs) = (a,b): zip as bs
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X7 B R AN RIS . SRIBRES TR BRI R A — M TR, FRATTEE
R PARETC T A3 (RIAEMERAE) , #4010 zip [0,0,..] [1,2,...,n], ZA7EHIEY]
=, BATT AR BN RIARFIR S A zip [1, 2, ...] [a, an, another, ...]o zip WGFAIAL
Hpas R, BATATLAA foldr & X E. BAEN O(m), HA m BEHRIIRIKE,
TEIRASEIN, anEREM AppenD, HERES NREN-FITIN T, 7] PAER Cons F e
SR, BB PR, RS, ATAEH A RAFESSF (I — ik
5 R —FITT R N —FITTER ) .

1: function Z1p(A4, B)

2 C < NIL

5 while A # NIL H. B # NIL do

1 C < AppPEND(C, (FIRST(A), FIrST(B))) > 2RI R
5 A < REST(A)

6 B < REST(B)

7: return C
H—HY 8 zip RERZNHIER, BLEmEINGEREET zip, zip3. zip4....... B
INF AT B SR 2 & R, AR BT R A, BlAN, 4878 KRBT HIFIER : 3
ROEF EE.. NN [1.00,0.80,10.05,...] OT) ; BUE M LEE 7 [3,1,0,...], TR
MESET 3 DR 1 METF.0 MEE, FHNER BN

paysus [] = []
pays []qgs = []
pays (u:us) (q:qs) = ugq:pays us qs

BR T R SRIEAER cons, HIT LM zip MR, TAVGHERHIGE N [ Htes4h
zip TE SCH— ORI :
zipWith fas[] = []

zipWith f [ bs = [] (1.71)
zipWith f (a:as) (b:bs) = (f ab): zipWith f as bs

I zipWith B] A XNAR GRERD) U9 A- B = sum (zipWith (-) A B)o zipWith
SEE A MESRAEDE AT A X Te55 AR5 -
F=0:1:zipWith (+) F F’ (1.72)
ERE SO F I MRS, - IR Z2 0, B IITRE L. F/ 2
EHEKERTRAY T LRI, MNEBE="1TeRE, LIRS, 2 F 1 F
FO RTTERATR, N EIRYEIFRERE A TR 15 DNEERIREEL

fib =0 : 1 : zipWith (+) fib (tail fib)

108f zip (repeat 0) [1..n], HH repeat © = = : repeat x
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take 15 fib
[e,1,1,2,3,5,8,13,21,34,55,89,144,233,377]

zip BB EIE unzip, 1&REA| R 2 RN N3, A] DA A foldr E Ny i
(FTE4E)

unzip = foldr ((a,b) (as,bs) — (a:as,b:bs)) ([ ],[]) (1.73)

XN T SEKREF, R EEARKYIRERXSGH . U = [(apple, 1.00),
(orange, 0.80), (banana, 10.05), ...], WEEEMZ KEYFR : Q = [(apple, 3), (orange,

1), (banana, 0), ...Jo HREEDHA, PRSI 0 iR H B NFIECE, RETHRE
HAR:
pay = sum (zipWith (-) snd(unzip U) snd(unzip Q)) (1.74)

zip Tl unzip FIBESRIR I, FATATCAY & zip ASREXFARRY, 17 s AR 2
TLEN, 7R BB R, R zip F0 unzip JEA] DU T BRI S5 A0 A 1k 7 %
12, MLk s S XA RN S5 (U iR e — %) o

HIZR B R BRSNS IR R ESA,  T R UV, AN T
R, 3 fife, BE O AR B R A AT A T A EA R R IR T T, R
ERZHEGREIAETARTE M T TERSRANER, BAIAM AL ENTEERE T Rabhi
1 Lapalme ™) /M T KT AR 2 REGURTER, Haskell SREPESRAE 70 TR
TRTE SR, B0 B TIRZ 58 IHEXIGIF, a8 T S & ER”,

£5:3) 1.13

1.13.1. &1t iota BIK (ISR D HMAEWE:
o iota(...,n) =1[1,2,3,...,n];
e iota(m,n) = [m,m+1,m+2,....n], HH m < n;
e iota(m,m+a,...,n) = [m,m+a,m+2a,.. m+kal, k BHEFEm+ka <n
ISP §
o iota(m,m,...) = repeat(m) = [m,m,m, ...|;
o iota(m,...) =m,m+1,m+2,..Jo
1.13.2. KSR AR 23K zip BIX.
1.13.3. HBINE X zip F&s & X DFIRIIBIN foldr2 f 2 x5 ys)o
1.13.4. i zip SZFN last At

1.13.5. 5 —MEFMIIRPRPREERITR, eI, 16 At B 75
AMFRXEEE TR, EAREONGES, WD HEHARFETTRITHR,
LERIN R A A TTRINT M ARFF IR SR AR — 5, X —BIRNE AR B
Y2 AR STV E RS MR SE A, m] AN ] fag L S TR ?
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1.13.6. A LUSIFRRFR R IE R, B0 1024 ATDAFOR N : "4 — 2 —» 0 —
17 — KWL, n = dp,...dody AILAFTRN:“dy = dy — ... = dy,”o (ERTHTH
FIRRFTRTEL o F1 b, LI ENRIE RS T IEFERR) o

1.13.7. £, 1ESIRE —MrEBRIEAISR BT R T 1 DARTRIALE,
ik 1.6 Fiose SR, KBEATCIRIE, &It — P RIERERE IR
AN, AR b, RO ERIREIEIA AR T L (B AN FIRE S
FRFIATT D

1.5: A TEFAISIER
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ALK



off T ERERR

HAHMEERIEF PO B R ER, HLEMEARR (58 12 8), £
FEERGH, AR RAARAN, HERER ] DRSS (FET 3.4), 5—75
TH], 15 R BRI H, BERAU Dy i B AR ST A H e B 5 2R 454
CXARRBR S —MEREIRAE . T - ARFFIFECIRIEERT L U AR, 1E T gt
—BOCT R RIEN N NEBBITREFRS T T M EE.

void wordCount(Input in) {
Map<String, Int> map
while String w = read(in) {
map[w] = if map[w] — null then 1 else map[w] + 1
}
for var (w, c) in map {
print(w, ":", c)

}

2.1 EX

IXER) map J2 M = ALK LB SRS, BT BRI o, B
BRI ENE, IXBAREF R T AR RWAIIARIN . FRAT15E T — T =X,
— R EE NE (2) !, ZFEEE =D — DR E EGW DD L r, XM
oy SABERR =X, BN (1 k, 7)o oA 7 SCHARFR N 227 IR T3, BRETFRON £
Fo AT DAL —HRI F A T R, TR BN BB E AN K I, XY
KN Tree Ko QHIR—D RIS FRHENZE, BAIWRZ M5, BNFRN 72
X Ko

T XRAERE AR IR S, ERIE R] DU T ERER 2, IF e - N THEATAE
R (L k), ZEM o SRR RHERRNT ks kAN P ATERIE. B 2.2 &
TR RR, FIE 2.1 F#R, AT DAE R RAS T REIARFE, — R AR
{ERT DU RS, T = AR 2R E R ELIRERET LR 20 0 T 5 AIX A X 5,
FAVRAIFR = AL R M AMENE (key), FRTT A EIERTH EEEIENE (value), HIH

Lo RBCERLMEL - BTN TR, FRFRE

IR, Bl RfEEEFFRR, ARPRONTRERNS < BRI,
S LR TIIR I NT RS T LR T,

33
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ORNOXO
(

b)

B 2.1 ~XRIEE A E]+

N Tree (K,V)o N 71778 EBZIRESE, ATDMET RAPFIERT REIH. BAELT
SCIETERIIE LT RIS E, AEMSREGH T B 7 o EREEIMEN, —BAMER S
FIEEET 1, A B T R EE A TR, MR B EEUE B OX30E X
PR REE SRR, fi'5 8 ADT) :

B 2.2 ZXIERMAIBE] T

data Tree a = Empty | Node (Tree a) a (Tree a)

2.2 #HiA

6] — SCARRMAEA & RIS HIER) I, T Z iR R TR A . A RIEE X
GuR: (D) GERBRENZE, B —DITRN k BIHF R (2) 2R k/NTART R BT
=, RERmAZEFRd; SN K kARG R, 5k FETRY RHRITR,
WEECAFE T AT DA S DARTRIEE CEF) , st BdE (e /s m, th
A DABRIE AMEAE B, fa s AL, Fed TR B IX — 15 o
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insert k @ = (,k,9)
kE<z: (insertkl,xz,r) (2.1)

insert k (L,xz,r) =
( : A0 (1,2, insert k)

N ERAR N EI B AR

insert k Empty = Node Empty k Empty
insert k (Node 1 x r) | k < x = Node (insert k 1) x r
| otherwise = Node 1 x (insert k r)

X TR TR, ARG H TR RIS, AT DA
PRIz, FIEASCEIEA -
1: function INSERT(T, k)
2: root < T
3 x <~ CREATE-LEAF (k)

4: parent < NIL
5: while 7" # NIL do

6: parent < T

7: if £ < KEY(T) then

8: T < LerT(T)

9: else

10: T < RiGHT(T)

11: PARENT(x) < parent

12: if parent = NIL then > T A=
13: return z

14: else if k < KEY(parent) then

15: LEFT(parent) + x
16: else

17: RIGHT(parent) < x
18: return root

19: function CREATE-LEAF(k)
20: z < EMPTY-NODE

21: KeY(2) + k

22: LEFT(z) < NIL

23: RIGHT(z) < NIL

24: PARENT(z) < NIL

25: return x

Hrb Key(T') PRI X s E, B R BUEN R :
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key @ = Nothing (2.2)
key (I,k,r) = Justk
BATTRT LAESHE N, o —HIT R IR
fromList[] = @
fromList (x:xs) = insert x (fromList xs)

a5 1 F) ¥ fromList & XN (FIEAL) : fromList = foldr insert @,
BATRF RSB B X FRIY insert k t # INSERT(T, k)o A& foldr, J5& H
foldl (B for THIR) :

1: function FROM-LIST(X)

2: T + NIL

3: for each z in X do
4: T + INSERT(T), x)
5: return T'

2.3 Wh

plyap S (= LTRVN i L S v o Sl VS S hv e S S Rt i /T D RT3 2 V7 NG S B 7 N
JEFPIET o EATRAL IRV AR sfl 779 R e SR I 44 9

o HOFPIE: JeVi T R, SRJE VI RIZE F4, S e i T
o FRRPIE I SR VI R, SRJE VT AR AL, ST A TR
o JEFPIEI: SeVi R LI, SRIE VRIS TR, B E VT TR R

I B 3100 R 2B VA . Sebi IR IS VI IR+ 0 SFoh e, e Rl 2453
XA T ARARCOA RS, ST A SR VT RARFR NG . XN T & 2.2 FRE = XA,
— Rk P OSSR AT

. HIFIEIG:4,3,1,2,8, 7,16, 10, 9, 14
o HFIE:L,2,3,4,7,8,9, 10, 14, 16
o A2, 1,3,7,9,14, 10, 16, 8, 4

Rt o il T AL IR N BRI fan e 2R, — ARRMATE ARIE 73X
—MER (%R 2.1.3)0 X map $ZH PR REL £ B2 TR b, AT
SR 53 — AR IRIAL R

map f @ = O

(2.3)
map f (I,k,r) = (map f 1, f k,map fr)
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GRERIVAIA), BRSO, JCTR A S A — AR, BT DASCERLAN R R 7
ik
1: function TRAVERSE(T, f)
2 if T' # NIL then
3 TRAVERSE(LEFT(T), f)
4 f(KEY(T))
5 TRAVERSE(RIGHT(T, f))

BATTA] PMES map, 8IS A7 7R — AR = SRR A T 51

toList @ = []

2.4
toList (I,k,r) = toList |+ [k] 4 toList r 24

PRI AT S B — N HEFP 77 A ST AR R — SRR, BT it
WHEHEIE FHIR, T BHET " sort X = toList (fromList X), 805 pRREEH & T
otk

sort = toList o fromList (2.5)
AT A XA TR RS (BINMEMEE WS —F),

foldt fgz@ = =z
foldt f gz (L,k,r) = g (foldt fgz1l)(fk)(foldt f gzr)
XH f: A — B, B¥WHREDH A LRGN B, IXFE f(k) = mo BEIRIM
MNEGFREM O 2 FFR) 58] 2 fl y, RGH g K="MEHEEK g 2 m yo FIH
foldt, BATAT PAE S = ARG map 79

(2.6)

map [ = foldt f (xmy — (x,m,y)) & (2.7)
foldt TEBNNINFIFH =JCREL g tR17 77— XIMAYLEHY, aNRASOEEH, AT DA
TITEREL f : Ax B — B SEHIEN, KREDN Tree A KIRENNNRILN B HIMHE:
fold fzo = =z
fold f z (IL,k,r) = fold f (f k (fold f zr)) 1
BN : sum = fold (+) 0 K ~XMF A HITCRBIER, length = fold (z n

n+1) 0 AfAGE TR N, B2 fold TEIEE X map, K ZJTEREL f B TH
45K,

(2.8)

23] 2.1

2.1.1. SEA NI FE AT BRI R, EERE X, e riEiir
%%O
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. HifFEHEER 1, 2,4, 3,5, 6
o PREDER 4,2,1,5,3,6
o JEFIEHEER:?
2.1.2. YRS I MG 5 R s g 25 SR B A
2.1.3. UEBAX Z AS R BT IR ik I AT DA R T A BN BRI 4
2.1.4. WHEFRIE RERTA?
2.1.5. fEHZNE X toList
2.1.6. HHABNESN depth t, JKIF—HE = XM EE,

2.4 R

T = AR R A RTCR R IZ IR IF B, &R DT S R iR Xt
RN H 2N MR REE, A =MORERER: D ER &R — D
2) FEEAER/NTLR; 3) EHHF —TLRAIATIR (E—M) a4k (R —) IR, HE
FERAUN Tree (K, V) B AR HEBIENE 2 X AI(E:

o WIRMINZ, x NETE;
o WMRRTTRITE (k,v) H k = 2, RN v;
o WIR z < k, EAEFHARIITEL; GNTEL TS EE,

lookup * @ = Nothing
k=x: Justv
(2.9)
lookup = (I, (k,v),7),2) = Sx<k: lookup zl
S0 lookup x 7

IXHEH Maybe 28U 4 EBORERBNME L, ICHATE RN b, EERETENE IR E
N O(h)o RSP (WEPYES) , X T n DITRH =X, EEEITEREN O(1gn)o
QIR = AR P, EARAIIN RIFERIME DL N IRILE] O(n). T HEZHFRIEITHNIER
S
1: function LOOKUP(T, x)
2 while T' # NIL H Key(T) # z do
3 if < KEY(T) then
4: T < LerT(T)
5 else
6 T + RicHT(T)

BN fE Optional<T>RA NI —2,
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7: return VALUE(T) > T =NIL IR [\ &

1E = ARRM R, BUNITTR R TAEM 3L, MERKTR SR T A 2
o AIDAMIAIX —RMsREN IR, S/NTR. N T HREIR/INITER, AT DA
FEMIRTIE, EEEM 2SO, XEFRith, FATTRT DU A e TR E R AT R,
XA B EHIPERERR )2 O(h), Horb h 2RI S R

mi1.1 (2, k,r) = k. max (I,k, @) = k (2.10)
min (I, k,7) = min [ max (I,k,r) = max r

AN FRE AR LR E T, B/ NITERITR, B— AR shF]

RATLR, BEHEFRICEE5, NEAB T2 T i TR

void printTree (Node<T> t) {
for var it = Iterator(t), it.hasNext(), it = it.next() {
print(it.get(), ", ")
}

RXTEER DT RATIREURHITTR, « BEHRE SR © < y BB/ yo
QISR 2 B TR A, WG TR PR R MERUZ R4k, B 2.3 FF 8 FUEHITRN 9,
ES2 8 A TR ATR/IME. AR o B TR, FREm BRI, SREFIEH—D
HIE p, (615 p BIZE TR = HUHIE, 12 2.3 /1, 70K 2 FTERT T RIE G M 2 3,
[A)_E[E— D 2OTER 1, (B2 1 IRA M2 3, 8 EERFTR 3. 3 A FRiHE
2 2 MHHE, IXHE 2 HUJE4EN 3.

()

&l 2.3: 8BSk AN HAM )X E/IME 9; 8 T 3R1F 2 IS 4K, E5em E3kE 1, Bk
BT, dksin EERE] 3, 3 B2 FRiHIZ 2 9RH e, BT a4k 3.

SRR R RS —ERIAE TART A, R RENL T A M RIE S, X
W o A a4 (MR e — 1T R).
1: function Succ(x)
2: if RIGHT(z) # NIL then
3: return MIN(RIGHT(z))

4: else
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p < PARENT(x)
while p # NIL H 2 = RicaT(p) do
T p

p < PARENT(p)

©

return p

4z AR A NIL, SFHRATIKTTER S HFR:
: function PRED(z)
if LEFT(z) # NIL then
return MAX(LEFT(z))

else

1
2
3
4
5: p < PARENT(x)
6 while p # NIL H z = LEFT(p) do
7 D
8 p < PARENT(p)

9: return p

AR B IA  — AR Y REIH ° B RSEBIHER P 8 R Rid, FECK

SKe[ml 1L 25 B REARM, RN zipper (1Y) BE—5), B IRATIAIEARAIRIZZ “1E N
—MERE A, W EETTR " ARSI, TATEE ) map PR
FTETER, ATIRFEERIELR, (HEm LRI A HE L,

.3 2.2

2.2.1. HMIEANE &k BEFET SRR ¢,

2.2.2. {H Prep Ml Suce EM—P ZIERRIANEREF. HEBH—REE n DT
R E IR E R A2

2.2.3. NEARAA] DUE S — X E (o, b] NRYTTER:
for_each (m.lower_bound(12), m.upper_bound(26), f)
T A R B 75 TR R RIX — [A] e

2.5 B

BATT I PRUEMIBR 5 — AR B ER A 7 - T R BN 0 ST RN T s
TLR, HMISOTRITR T RATTR, BEMPRT SRR~ MERT A 2
ROTIEATR T (D ISR o B9 B —BRAR S 4, ERERE o "V (2) SR
o AWERAEZ 0, -G TR/ ME y Bt o, RISRIESER) o U™, FATH

SML 8 OCaml H1H ref 51 HMEE, X BEA IR T Al s8R 5L
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T IXFERI R A T P R R /AME AN AT RER PIARAE2S T4 IR EE Al ik
TSR —R, I ERR IR B N R VIR, QA& 2.4, B 2.5, & 2.6 flR,

NIL NIL

2.4: HREUHS" 7T 2o

EQ
o E

L
NIL R

() (d)

(a)

2.5: MHIBRE — N EAS ST R

deletex @ = O
x <k: (deletexl k,r)
(2.11)
delete v (I,k,r) = Sax>k: (I, k delete z )
z=k: dellr
Hrr:
del dr = r
dell @ = 1 (2.12)

del lr = (l,y,deletey r),y =min r
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TR

A

(a)

& 2.6: MHBRA PIIEZE 73 SR

1: function DELETE(T), x)

Y

«

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

r<T
'
p < PARENT(x)
if LEFT(2) = NIL then
x + RIGHT(x)
else if RicHT(z) = NIL then
x < LEFT(x)
else
y < MIN(RIGHT(2))
KEeY(z) + KEY(y)
VALUE(z) < VALUE(y)
if PARENT(y) # « then
LEFT(PARENT(y)) < RIGHT(y)
else
RiGHT(z) < RIGHT(y)
if RIGHT(y) # NIL then
PARENT(RIGHT(y)) <— PARENT(y)
Remove y
return r
if  # NIL then
PARENT(z) < p
if p = NIL then
T

else

FoE XIRRM

delete(min(R), R)

(b)

FRFIERI BN O(h), Hd h BB, an S EIATR ZAEMPREIRER

> RTF 2

> PSR s

>y BE TN

>y B T RHIR

> HERIR
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26: if LEFT(p) = 2’ then
27: LEFT(p) < x

28: else

29: RIGHT(p) + =z

30: Remove 2’

31: return r

BE » AR, EHEIER AR RRIHERTT s R H AT e HIBRAS IO 75 B Ab 1
y I AT REARTT SUX— RIS I, HE I B B R I AT s EE TR s, iR
A oA, NIRRT AR s, IXFEI T, FEIREHTIR, R LB LG,
SR AZ 2R = 7

X AR E 2 TR S ho QIERBEARSE, O(h) BEE O(n)s
Z AN, O(h) B5E O(gn). BVY. AEEABFRNE ShAEREHIN 5. E—Rh
a7 B S SRS (1 28 265-268 T1) < it FENUAS R J/ NS AR . ST F EATLER
BATEL TR NIRT, RIGER IR

Al DA = X AS R SR Sep i e S (Map, HFR N XBERE i) | 7 iEE T
“HEOET N, BRME—D, SRS —ME, SHRMEAE K, HRRER
V, BUEZRADN Map K V 8 Map<K, V>, IEZEBEHLE n DR (G KR!
{ky v w1, kg > Vg, ey b > v Yo [ SRR I, ARSI K WA FE
Bo BN MG E, BN Tree (K, V). BATH ZXIERMAEA
BB BT L — o (E SCBREOR, A EEE k, TRAME lookup IRAEIREXMLEHE v, 4N
Bk RTELE, WHRIE] @, 550U, TuEE AR ALL A, AVL At a] DU SR Sz Pp s (B i 5

£:3] 2.3

2.3.1. LRI KA NN, FAE M FRIIERE TR : e TR RRE
EHAFBRE T R, RS R R RER R U) R it S — Rk,

2.3.2. ZRFESEPIBENIAE,
2.3.3. QIAIAE—R = SR RSN “ B B B R AN 1T 2

2.6 B4R
18 A B | PR AR R B T

data Node<T> {
T key
Node<T> left
Node<T> right
Node<T> parent

Node(T k) = Node(null, k, null)
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Node (Node<T> 1, T k, Node<T> r) {
left = 1, key = k, right =r
if (left # null) then left.parent = this
if (right # null) then right.parent = this

ENEd LS U NpUURE N RES:

Node<T> insert (Node<T> t, T x) {
if (t = null) {
return Node(null, x, null)
} else if (t.key < x) {
return Node(insert(t.left, x), t.key, t.right)
} else {
return Node(t.left, t.key, insert(t.right, x))

ARk =)IE

mapt _ Empty = Empty
mapt f (Node 1 x r)= Node (mapt f 1) (f x) (mapt f r)

foldt z Empty = z

foldt f g z (Node 1 k r) =g (foldt f g z 1) (f k) (foldt f g z r)

maptr :: (a — b) — Tree a — Tree b
maptr f = foldt f Node Empty

fold _ z Empty = z
fold f z (Node 1 k r) = fold f (k "f° (fold fzr)) 1

HERE AR

Optional<Node<T>> lookup (Node<T> t, T x) {
while (t # null and t.key # x) {
if (x < t.key) {
t = t.left
} else {
= t.right

}
return Optional.of(t);

B HBINTR:

Optional<Node<T>> min (Node<T> t) {
while (t # null and t.left # null) {
t = t.left
}
return Optional.of(t);




HARIE
SHERETE T R EYE:

Optional<Node<T>> succ (Node<T> x) {
if (x = null) {
return Optional.Nothing
} else if (x.right # null) {
return min(x.right)
} else {
p = x.parent
while (p # null and x — p.right) {
X =p
p = p.parent
}
return Optional.of(p);

iR

delete _ Empty = Empty

delete x (Node 1 k r) | x < k = Node (delete x 1) k r
| x>k Node 1 k (delete x r)
| otherwise = del 1 r

ol

where
del Empty r = r
del 1 Empty = 1
del 1 r = let k' = min r 1in Node 1 k' (delete k' r)
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Ho5 EAHDE

AHE R — MR EMAHP R o 58 -5, A H T ERfEIE
AT HAZRTE R, BTN EHTTR, R i AR — MR, BT
BRI NER T B LM ], HEP I IR O(n?), H n BITRIINEL, ANEE 2
IEHEFRIE, PSR PRIV HE . RAETNIE, EPRN A T I, an P
F B SEELIE B R BRSOz, [R 2 AHER

3.1 fET

FE AT AR Guthdtiid 7 AHERP RO REAR (1 28 15 - 19 1), AN, Bt
P HHIMECR G PR, B INE— S8, wita MR 8, A SIS ER AL,
3.1o MELIX —id ARl r] ASCEL S AHER -

%
%

3.1 REAE 8 A F|— TR

1: function SORT(A)

2: S+ 1]

3: for each a € A do
4: INSERT(a, S)

5: return S

X SR gl R EAERT R S v, tha] DUR R R B Tt s HE e -

ang B Ik

47
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1: function SORT(A)
2: for i + 2 to |A| do
3: ordered insert A[i] to A[l...(i — 1)]

HR5 i FEEMM 18] n = |Al, REE—IITRITEAH Al 2EFH, &
MINEZATTRIHER A S i DITRN, T @ ZATRTRE2E R, Tl
AR ARHEFP IR, WNE 3.2 iR,

insert
... sorted elements ... T ... unsorted elements ...

3.2: AWrRTRBAEF D

3.2 A

BB THIREAR L, N THEH, tha] DUsd & — e &AL E,
KRl O RAA BE WATAE# T, T EAySCHE NG A T A -
1: function SORT(A)
2 for i < 2 to |A] do > Insert A[i] to A[l...(i — 1)]
3 x <+ Ali] > R Ali] RFE 2
" jei-1
5 while j >0 H z < A[j] do
6 Alj + 1] «+ A[j]
7 jJj—1

o

Aj+ 1]« =z
HTHEHRIESAAEN, EE—NEHA TR E — MU R ESHRIE, HIESF
MIBHATTR v, 2 ¢ JFHETE TR (B Al + 1], Al + 2]......) B AR
—MMIE, K i MIBZHLIAN z. WE 3.3 FirR.

AR | AR | | Al AR+ - | A

T insert

Z

3.3: KILR o ABEAH A P « MrE
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BEHAEN n, 5 LR « FORT ¢ DITR)G, AR THAME, T REERF
R n— i+ 1 BICRAEERBD), BER o TS « ME. BEEE, JMMESTIE
AN TN, ST, ERMWAAEACEE, WFRERE n — i+ 1 TIT&,
HMITH AR EIERIE, TCIRRMNERA MG R, il NIRRT E Lt
I TR], RIS AHEFP B SRS 25 O (n?)e BATHLAT DAE C— D ESHAY INSERT() BF
B DA A

3] 3.1

3.1.1. SEHMEAA AR A FRIE,
3.1.2. G SCEPRATHER A B DASE BB AT

3.3 &

TEBTHM s BRI g, AT Z B — L BB AR B ), AT A ARERIEE
7, RN FHEAEEFANZE R CFPH. —0EHRE—ME BRI PigE AL
75 %o

1: function SORT(A)

2 for i < 2 to |A] do

3 x + Alil

4 p < BINARY-SEARCH(z, A[1...(1 — 1)])
5 for j < ¢ down to p do

6 Alj]  Alj —1]

7: Alp]

BRI, BRI AL - 1] BREFRN. BATHRERE —ME j
A —1) < < Aljlo Hebea PPIIRLETTE Afm], Hf m = [ )0 W« < Afml,
WA AT — A &G BNERE—F. BT EBREHRRE TR,
T EFEE O(1gi) RN EIE N EHEA Ao

function BINARY-SEARCH(z, A)

[+ 1u<+1+]A]
while [ < u do
[+u
me 0

1:

2

3

4

5: if Ajm| =z then
6

7

8

9

return m > HEILR
else if A[m] < z then

l+—m+1
else

10: U<—m
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11: return [

X—BOH A RER SR AT AR E g, SRINARZE O(n?). B— LI
HAHF R E O(n?) IRELEFN O(n?) IXF8h; (&G, B2 T
O(nlgn), HREINRETLZ O(n?),

3.4 HIF

ZOBEBRE SRR IR B KE] O(nlgn), (HH T ERRB AR, B
REIRENIRR O(n?)e H5— T3, EMSIRFMHTRN, —~BERsIEEEE, A
BRAEA S R H BN AR, E58 —Fr, T8 X 70T A RAE A H 7 %

sort [| = []

(3.1)
sort (x:xs) = insert x (sort xs)

BEH foldr FIRTEATE: sort = foldr insert [ | AT RRERT, FIFRH
insert FIETELMER R :

insert x [| = |[z]
{:vgy: T:yY:ys (3.2)

insert x (y:ys) =
BN y:insert x ys

AT DU B, TS — N RE BRI, MR Al
Neatli] 1 T Ali] 2J6 F— e RIRE], WRERE A[Neat[]] & Ali] B9 F—7t
%, HPEF MRS TAIRIARRIEE Ajm), Y Newt[m] = —1, For ks
[ NIL; BEANE X Neat[0] FEISIZRAISK AR, FIFIZREIERAL, Bl 17 SR A BT

1: function INSERT(A, Next, )

2 j<«0 > Next[0] 8k
3: while Next[j] # —1 and A[Next[j]] < Ali] do
4: j < Next|j]

5: Next[i] + Next[j]
6: Next[j] <1

7. function SORT(A)

8 n < |A]

9: Next =[1,2,...,n,—1] >n+17MERI
10: for i + 1 ton do

11: INSERT(A, Next, 1)

12: return Next
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AR, REFES IO BT T ZH LN ], (H5506 0 A4 REFREHiA
WE, BIAITRE O(n?) IREER, SEAARRE, FIRASHRRENLI W], AREFH =72
EHSETHE MO

#3) 3.2

3.2.1. ERIRSIEA, HIFERZE - PEHRHFINRS BH— DI, RIEFHIR
5| Newt, EHHFHEIEE A,

3.5 . X{HEM

BABER] T — A IRIXESHE - LSRN FE 2 BRI A BDEE, (R Rz —1)
SRR O(n?) MERE, —J7mH, T EM 0 EBIEHEIREFERE] O(lgn); 55—
JiTH, TR ERARAREEA, KB A SRR AL E AR BN IR A TR, 1558 =
B, B T YRR BRI &K, —EE MR AME, B8]
DAFH B B3O TR A BT 1 o

1: function SORT(A)

2: T+ o

3: for each x € A do

4 T < INSERT-TREE(T, )

5: return To-LisT(7T)

MNTHNFRE XA sort = toList o fromList, 5 B T INSERT-TREE()\ To-
LisT(). fromList BJE Lo ~FIIHEBT, WHEFRIEZREN O(nlgn), Hrf n ZITRK
N XIRF T BT R AHEE BRI RER (U7 38 180-193 T, [ 58 167 1), fHAE
BRINMEILT, SRAREAPE, HERES TREE] O (n?).

MAHEFPEEE NS~ MEFRIERO T, EE R EN, [EMERER VI,
A AR ZR A, IR POEHE B ARSI : 2/ MR SR N [EE
EHAHE R DARTHIE I AR



52

AR )



HUE LLRR

2B FERIHI 6 = SRR SCE R BIRR IR, BETS A ESRACFIE TR
SREIERRANE? 40 N HE R+

void addrBook(Input in) {
Map<String, String> dict
while (String name, String addr) = read(in) {
dict[name] = addr

}
loop {
string name = read(Console)
var addr = dict[name]
if (addr = null) {
print("not found")
1} else {
print("address: ", addr)
}
}

EXANTTIEMEREAE, JLHZER Zara, Zed, Zulu FEEAINEIAE, EiR2
PR BT HEFI . RARIRAE 1, 2, 3, ..., n AR, B EIE 4.1
MIEER, EERIEREN O(h), h N, VIl b = O(lgn). X—HmEIL T, B
AITEREIRILIN O(n), IR THIIZR T,

N\

.

4.1: AN

53




54 BV LM
3] 4.1

411 NTERIGESK, A 7P, o] AR H R IES : — Pk
HRIAE, SO G TARTEEE, S MESS BN AR, XA A =X
EEMZH 2 TR? GEREERR S KE 2 F i, (2SS 24
R? Z25E 4.2, IREEZ BT DL

B 4.2: —LEAPHTH) — A

4.1 Al

H ARG L, AR A AIHTEL (BT 2.5), (HXMT756 RRTE,
TEEAE AL B ANRT s NS T — LR R 7715, EATTR 2K —
AIBEREFRAE, A] DAMESCEMEE RN CREFF T R A 7. AETHLLER, T —ENH
AVL B, EATTERZ B, 565 8 EIE XM RN, EREVREE 1R1F, BAIKE
i1, ANEIA A AT DA AR B A R e 5 5. e an &l 4.3 Fi, AT DA A
FOPEALRE X :

rotate; (a,z,(b,y,c)) = ((a,z,b),y,c)) rotate, ((a,z,b),y,¢) = (a,z,(b,y,c))

rotate;, T = T rotate, T = T
(4.1)
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& 4.3: WA RS

an SR A TLAC (BN AR &R aS) , AT BISE ZATRFIN AN, BEkE
AT DS — RSP KB, Bl 1772 TR QG IR E . RN, (1%
IR R T AL 0

1: function LEFT-ROTATE(T), x)

2: p < PARENT(z)
3y <+ RigHT(T) > ¥y # NIL
4: a < LEFT(7)

5: b+ LEFT(y)

6: ¢ + RIGHT(y)

7. REPLACE(z,9) > H oy Bk«
8 SET-SUBTREES(z,a,b) > % a,b Nz KIFH
9. SET-SUBTREES(y, 2, ) > 2z, e Ny TR
1.  if p= NIL then > AT 2 R
11: T<+vy
12: return T'

GliE RiGHT-ROTATE FYSEEE XM FREY (453 4.2) REPLACE(w, y) R y &k

1: function REPLACE(z,y)

2: p < PARENT(z)

3 if p= NIL then >z BRI R
4: if y # NIL then PARENT(y) < NIL

5: else if LEFT(p) = = then

6: SET-LEFT(p, y)

7 else

8: SET-RIGHT(p, y)

9: PARENT(z) < NIL

SET-SUBTREES(z, L, R) ¥ L 0 o WA T, R NG TH:
1: function SET-SUBTREES(z, L, R)
2: SET-LEFT(x, L)
SET-RIGHT(z, R)

w
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EiE—H A Ser-Lert M SET-RicHT 52K FHIVIZE :
1: function SET-LEFT(z, )
2: LEFT(z) <y
3: if y # NIL then PARENT(y) + =

4: function SET-RIGHT(z,y)
5: RIGHT(z) <y
6: if y # NIL then PARENT(y) < z

X L, BT A BIAR FCUTAC A ] fa PO BEe RO Sl MIX— il & IRFE 1995
GRS INEAR Sy SN EOIESE S Gaw R R

8.3 4.2

4.2.1. LA TE RicHT-ROTATE #21E,

4.2 EX

ZLRMR — R0 B P SRR U, B 2-3-4 ISR L IR A
1T R hefe, 2L R] DA RO R R, BT e = SRR E X BT R
OLRBE, TRATPR— BRI VLT AR, AR e e N 5 SRR

L. R E L R,

2. MR RO R A,

3. NIL RN AE,

4. IR =T RORLLE, WIE RIS F17 R 2 R,

5. ME—T7 IR BIFTA 715 B2 L S RIBCR ) 5

20X 5 F&5PERAEPRUEZL R I RN ? SCHEAE T 2 MR st & BIIA -
RITEBET, RKEEASET RERENE. MR 4 RIE T AFEIEN NESLRY
AT R F, BENERE R ESA RO R, EEKNEB R —E S HL AT R
MRABRPERR 5, MR U R A A R R E & AR E N R AT R, BRIXEN
T RN, IXERALRIE T IR A MRS R R R KRS, & 4.4
BB T —RREL B,

T NIL R &R 2 R R, @ E BSOS E Y, i 4.5 iR, A ARG
FERVEER AN — A R AR, A &R BvIMES, HA T AFMMBRIRE 2Rk
o NHEIIE|FAZ P = ISR A B3I T E . FITESHRN o, B
18N (¢, 1, k,r), TARTBUE (L1 /38) TR k, EAGFH 1o

LT E, B, NTFE— 2-3-4 B, EIEEE D AR, Eor BRI,
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Kl 4.5: Bk NIL 9

data Color =R | B
data RBTree a = Empty | Node Color (RBTree a) a (RBTree a)

8.3 4.3

3.1, VEBE n AN A0, HERE b RS 21g(n + 1),

4.3 @A

IAFIRLEM NP ER: B = XERRAAR, R RESR G AP 55 =
PR LRMAIB G, AR, JATSH T RONL A, REEARRRY A, BRT
SBPUSRINI A PE TR T AT 2 o ME— AR AT RES I N MBIV G =, SEF
A RERREBE, BMNRAS—FR, WA 4.6 For.

PR LER L tra ERE S — )R, ERMEAT BRA EANEIBE, TRESER
TR, MRAETET 2, ffa T BHEMRT R AR | R, AR, BA1E X
balance FREUEE V-, 2T RBIEZREN C, BUE N RA B 4t R,

balance B (R,(R,a,z,b),y,c) zd = (R,(B,a,x,b),y,(B,c,z,d))
balance B, (R,a,z,(R,b,y,c)) zd = (R,(B,a,x,b),y,(B,c,z,d))
balance B a x (R,b,y,(R,c,z,d)) = (R,(B,a,z,b),y,(B,c,z,d)) (4.2)
balance B a x (R, (R,b,y,¢),z,d) = (R,(B,a,z,b),y, (B, ¢, z,d))

balance T = T
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4 a
b
\ /
a b ¢ d
/v a b c d \
d a
a d
b c b c

B 4.6: NG THREBERIPURIE I

AR R PR AN /2, BeJm — AT RIEIN AR SR AT IR, ZLRBH IR AR
ERE N N vinsert x T = makeBlack (ins x T), 85 BT REILATE A :

insert © = makeBlack o ins x (4.3)
Hr:
insx @ = (R,9,z,9)
x <k: balance C (insx 1) kr (4.4)

ins x (C,lk,r) =
x>k: balance Clk (ins x r)

GRERR S, BATREE—MEDN = BULLEM 779 1 SIS 2 Rk BIRVD, 380
R 2 FBAZ TR, RIEH balance (BE VAT, &IEHERT AR S,

makeBlack (C,l, k,r) = (B,1,k,r) (4.5)

RS IV A g

insert x = makeBlack o (ins x) where
ins x Empty = Node R Empty x Empty
ins x (Node color 1 k r)
| x < k = balance color (ins x 1) k r
| otherwise = balance color 1 k (ins x r)
makeBlack (Node 1 kr) =Node B1Kkr

balance B (Node R (Node R a x b) y ¢c) z d = Node R (Node B a x b) y (Node B c z d)
balance B (Node R a x (Node R by c)) z d =Node R (Node B a x b) y (Node B c z d)
balance B a x (Node R by (Node R c z d)) = Node R (Node B a x b) y (Node B c z d)
balance B a x (Node R (Node R by c) z d) = Node R (Node B a x b) y (Node B c z d)

balance color 1 k r Node color 1 k r
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B E TESENGCE, REHANECKEE, BN DERNES, &
AT DATE s — N SRR N B (1), 269 1), & 4.7 45 H T AL BH, B
T8I 11, 2, 14, 1, 7, 15, 5, 8, 4 F1 1, 2, ..., 8 &K, & MElFi5BH, B
EFIC T, £LRRHM R R,

4.7: TN RILT B

LT NS BE, N T EERN b IR, BERER O(h), HTIR
TARL AL BRI, » F RN n ERNECCR, MABZBNERER
O(lgn).

23] 4.4

4.4.1. AMERERILE, 7l EPURIEOLSLIE insert BiK,

4.4 MHIER

ZLRBIMHER Ll A B 2% B AT DAEIE B DEACATIE A i (LR 2 B9SEEE, AT
I A] DA e 7 FORISEIMBRATRCR . Blan, — R MR — PR, F T 4kr9 2K
AU, WBRINAET R B —Rid, S AERICHIN S 50%, AR CHTY
REE R, PRSI B A PR, TREHATBE, WA MR G
T RNIE MR 5, (5 — B2 BB AT RS E DT HERNE, A5 WE
B (M, 290 00 W RORIRE B RN — NIRRT REER N RO S, MER
BT o I, BATPR R G EBEhEIR A, BE A MEEhE| 7 b, SRE
AU RN yo QIR o JFORIBALt, S HA N R, QIR ¢ JFORB R, W “ N EE R
@7, 18fF B2, NHEIGIFREEF I TONE R ORE X

data Color =R | B | BB
data RBTree a = Empty | BBEmpty | Node Color (RBTree a) a (RBTree a)

AT R (NIL) 2 A 1, i SR @R a3 2315 s, HAR Dy “ X B 2377 1
(BBEmpty BUAMFHAY @) BRI, 58— iE — AR A ; ar SR BmBR 5 U2
RO, TR TR

292lR L3I B AR IR S BT T A, IX—RHERRAE persist
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delete x = makeBlack o del x (4.6)

X—E SUEMBEME, R RE—NTE, MREELT N, AT X —
150, BATFENEK makeBlack BIE NI :

makeBlack & = © (4.7)
makeBlack (C,1,k,r) = (B,1,k,r) '
del ¥ ZMBREVTTE o FI—HF

delz @ = O
z<k: fizB%*C,(del z1),k,7)
x>k: fizB*(C,l,k,(del z 1))
del z (C,1,k,7) = l=@: ifC=Bthen shiftBrelser
=@ : if C = B then shiftB l else l
BN fixB2(C,l,m, (del m 7)), A :m = min(r)
(4.8)
WSR2, GRN o BNFRATECES = R &, R o < &k, TATIBIAH A
M5 STBR 25 GH5R © > k, WIANEIBNER, BT IS8R Al ge S A N E B E T A,
TEH fiaB* BH, 3z = kI, TAOTEAE] T ZRIBRAIT R WERE—FH N2,
55— s A e AR RO R AR, IEFRZER R OB g, M
BRFRERA N2, BATRA T B IME m = min r VIR, o m Bt k. T IREF
BT RN, shiftB KL ARy R A, KRG AR E B, SRR
FAEIPCEE R a7 5 b, A [E] R

r=%k: r

shiftB (B,l,k,r) = (B%1,k,r)

shiftB (C,Lk,r) = (B, k) (w9)
shiftBo = o
shiftBg = @

NHEZ MBI TR (AR S NERORBE D)

delete x = makeBlack o (del x) where
del x Empty = Empty
del x (Node color 1 k r)
| x < k = fixDB color (del x 1) k r
| x > k = fixDB color 1 k (del x r)
| isEmpty 1 = if color = B then shiftBlack r else r
| isEmpty r = if color = B then shiftBlack 1 else 1
| otherwise = fixDB color 1 m (del m r) where m = min r
makeBlack (Node 1 kr) =Node B1Kkr
makeBlack _ = Empty

isEmpty Empty = True
isEmpty _ = False
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shiftBlack (Node B 1 k r) = Node BB 1 k r
shiftBlack (Node _ 1 k r) = Node B 1 k r
shiftBlack Empty = BBEmpty
shiftBlack BBEmpty = Empty

PR fioB? 3 HER B E A B R PR E R, EE R G i BE AT REZ 50
B, BATRER ST R @0 A =FMENL:

o 1 W B AR LAY RO RE, FHERBV A MLy, TR
T e EIXAE O, ARG OL, ERBAT AR RS — Mg — R, WA 37

Pl 7o
~. //
b c ¢ d

e TN

4.8: 4 FFIEOLA] LMEE NG — A

fizxB? C ag> * (B, (R,b,y,¢),2,d) = (C,(B,shiftB(a),x,b),y, (B,c,z,d))
fixB? C agz x (B,b,y,(R,c,z,d)) = (C,(B,shiftB(a),z,b),y, (B, c,zd))
fixB? C (B,a,z,(R,b,y,c)) zdg= = (C,(B,a,z,b),y,(B,c,z,shiftB(d)))
fixB? C (B,(R,a,z,b),y,c) zdg: = (C,(B,a,z,b),y,(B,c,z shiftB(d)))
(4.10)

H ap: R o BERA.
ot 2: W BEN QRSB RO, rTDUE s, K HAHONIE DL 1 5
3o W 38 Fiime BATMER (4.10) HUELAE F3MIHE N 2 BIBE -

fizB% B ag: x (R,b,y,c) = fizB*>B (fizB>Razb)yc (4.11)
fixB? B (R,a,z,b) y cg: = fizB*> Baz (fixB> R by c)

oL 3 W EH LA, BOLR T RNMA PRI R G, ZXAEILT,
TAVRE LT R R, RONEE R I R 0, SR )5 RN B R M) A% — =
BN R W 39 FiR, AMMNFREN: N T ETTRIEN, R o BLL, Ny
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S
A

B 4.9: WEBOTRALHA T RN A

e

B, SR R T RSN, y B LS IEREL, BATIRSAER (4.11)

AL R IR

B 4.10: RpEE R AL AE0%

SR

fixB? C ag> x (B,b,y,c) = shiftB (C,(shiftB a),z,(R,b,y,c)) (4.12)
fixB? C (B,a,x,b) y cgz = shiftB (C,(R,a,z,b),y, (shiftB c)) .
fixB2Clkr = (C1k,r)

GUSRIA PEACE] bk =Mk, e — 1T R RN, WERGREE RS

o e IETMRIEN: — WO 1, DER O SBERR T B — W E R A
[A]_EASa), BRI R, FREIRE N B A, MBI R LR S

fixDB color a@(Node BB _ _ _) x (Node B (Node R by c) z d)
= Node color (Node B (shiftBlack a) x b) y (Node B c z d)

fixDB color BBEmpty x (Node B (Node R b y c) z d)
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= Node color (Node B Empty x b) y (Node B c z d)
fixDB color a@(Node BB _ _ _) x (Node B by (Node R c z d))

= Node color (Node B (shiftBlack a) x b) y (Node B c z d)
fixDB color BBEmpty x (Node B b y (Node R c z d))

= Node color (Node B Empty x b) y (Node B c z d)
fixDB color (Node B a x (Node R by c)) z d@e(Node BB _ _ _)

= Node color (Node B a x b) y (Node B c z (shiftBlack d))
fixDB color (Node B a x (Node R by c)) z BBEmpty

= Node color (Node B a x b) y (Node B c z Empty)
fixDB color (Node B (Node R a x b) y ¢) z d@(Node BB _ _ _)

= Node color (Node B a x b) y (Node B c z (shiftBlack d))
fixDB color (Node B (Node R a x b) y c) z BBEmpty

= Node color (Node B a x b) y (Node B c z Empty)
fixDB B a@(Node BB _ _ _) x (Node R by c)

= fixDB B (fixDB R a x b) y ¢
fixDB B a@BBEmpty x (Node R b y c)

= fixDB B (fixDB R a x b) y ¢
fixDB B (Node R a x b) y c@(Node BB _ _ _)

= fixDB B a x (fixDB R b y c)
fixDB B (Node R a x b) y c@BBEmpty

= fixDB B a x (fixDB R b y c)
fixDB color a@(Node BB _ _ _) x (Node B by c)

= shiftBlack (Node color (shiftBlack a) x (Node R by c))
fixDB color BBEmpty x (Node B b y c)

= shiftBlack (Node color Empty x (Node R by c))
fixDB color (Node B a x b) y c@(Node BB _ _ _)

= shiftBlack (Node color (Node R a x b) y (shiftBlack c))
fixDB color (Node B a x b) y BBEmpty

= shiftBlack (Node color (Node R a x b) y Empty)
fixDB color 1 k r = Node color 1 k r

MR EIEE A E S O(h), Hr b AWEIEE, TR RSP, X T n
AN B, h = O(lgn)o

3] 4.5

4.5.1. SEILFRIC — ST MIBRIRE : SRICHMBRA T A, EA T HIERBER, 4
BRRICHT T REEEIE 50% I B

4.5 mTAAFL «

A DL AR, BT AL BB, O 1ok, B4 tan 23N
K, FARIRRE — P = SXARRRAAIR, 52 N RIS e e B & T,
1: function INSERT(T, k)
2: root < T
3 x <~ CREATE-LEAF (k)
4 CoLOR(z) < RED
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10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

CEUE AR

p < NIL
while 7" # NIL do
p+<T
if £ < KEY(T) then
T + LerT(T)
else
T «+ RicHT(T)
PARENT(x) < p
if p = NIL then > BT =S
return x
else if £ < KEY(p) then
LEFT(p) + x
else

RIGHT(p) =

return INSERT-F1X(root, z)

ROV, BRI R, A 3 M AR, SAEH AN AREI IR O,

B 6 MIE DL, HAEPRIR] DLE I, S TEA LA A7 T s, AT AT
RIS iR AL M R, REAE AT s A AL

1: function INSERT-FIX(T, )

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

while PARENT(z) # NIL and COLOR(PARENT(z)) = RED do
if COLOR(UNCLE(z)) = RED then > TEIL 112 BT 4L
CoLOR(PARENT(2)) - BLACK
COLOR(GRAND-PARENT(2)) <— RED
CoLOR(UNCLE(x)) < BLACK
x <— GRAND-PARENT(z)

else >z BT U R
if PARENT(z) = LEFT(GRAND-PARENT(z)) then
if 2 = RIGHT(PARENT(2)) then > B0 2: 0 BT

x < PARENT(z)
T < LEFT-ROTATE(T, x)
> B0 3: 0 BT
COLOR(PARENT(z)) - BLACK
COLOR(GRAND-PARENT(z)) <~ RED
T < RIGHT-ROTATE(T, GRAND-PARENT(x))
else
if » = LEFT(PARENT(z)) then > TE 2 FNFR
x < PARENT(z)
T < RIGHT-ROTATE(T, )
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> 1H0L 3 HXSHR

20: COLOR(PARENT(z)) <— BLACK

21: COLOR(GRAND-PARENT(z)) + RED

22: T + LEFT-ROTATE(T, GRAND-PARENT(x))
23: CoLor(T) < BLACK

24: return T'

BARIEREREN O(gn), HA n BT REL M balance BREOT L, EATRIAL
BRI AME, BRI, L2 E A RRIZLRER, B 4.11 251 7 HER
LI, BN MME 4.7 PR FPIRE R, ARPCEC R R R
TE—EhREs R,

() 14
1 7

4.11: an L BRI 2L R AR

S AMBRE N BT, ZWABFR A, LLRMZ M WLH B PG =X, /T
B H R IR BARA I R Bl Fe 2 k NIFORFEFHT, siisfes] B i, Rk
fEAFIEEID LR S, g B, EZLRRRIEY SN, D TR PR, T
2RO, RS H T —RRI 75K, FHECR T 2RISR, ARy
AVL 4, Splay R#R /2 A TP AC LAY,

4.6 MBI

A R RS A RIZLRME X, BOAT ROV E,

data Node<T> {
T key
Color color
Node<T> left, right, parent

Node(T x) = Node(null, x, null, Color.RED)

Node (Node<T> 1, T k, Node<T> r, Color c) {
left = 1, key = k, right = r, color = c¢
if left # null then left.parent = this
if right # null then right.parent = this

}

Self setLeft(l) {
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left =1

if 1 # null then l.parent = this

Self setRight(r) {
right = r
if r # null then r.parent = this

Node<T> sibling() = if parent.left — this then parent.right
else parent.left
Node<T> uncle() = parent.sibling()

Node<T> grandparent() = parent.parent

LR

N

)

AR BN

Node<T> insert(Node<T> t, T key) {

root =t

x = Node(key)

parent = null

while (t # null) {
parent = t
t = if (key < t.key) then t.left else t.right

}

if (parent = null) { //tree is empty
root = x

} else if (key < parent.key) {
parent.setLeft(x)

1} else {
parent.setRight(x)

}

return insertFix(root, x)

AR EEE

// Fix the red—red violation
Node<T> insertFix(Node<T> t, Node<T> x) {
while (x.parent # null and x.parent.color — Color.RED) {
if (x.uncle().color — Color.RED) {
// case 1: ((a:R x:R b) y:B c:R) == ((a:R x:B b) y:R c:B)
x.parent.color = Color.BLACK
x.grandparent().color = Color.RED
x.uncle().color = Color.BLACK
X = x.grandparent()
1} else {
if (x.parent = x.grandparent().left) {
if (x = x.parent.right) {
// case 2: ((a x:R b:R) y:B c) == case 3
X = X.parent
= leftRotate(t, x)




HARX

}
// case 3: ((a:R x:R b) y:B c) == (a:R x:B (b y:R c))
x.parent.color = Color.BLACK
x.grandparent().color = Color.RED
t = rightRotate(t, x.grandparent())
1} else {
if (x = x.parent.left) {
// case 2': (a x:B (b:R y:R c)) == case 3'
X = X.parent
t = rightRotate(t, x)
}
// case 3': (a x:B (b y:R c:R)) == ((a x:R b) y:B c:R)
x.parent.color = Color.BLACK
x.grandparent().color = Color.RED
t = leftRotate(t, x.grandparent())

}
t.color = Color.BLACK
return t
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AVL it



BHE  AVL M

N PRV R, 2T PR BRI — A2 B B R AVL MR 73N E %
TE BB RRINESR MR T, 2 X

o(T) = [r| = | (5.1)

Hep |T| Fom T RIEE, Ior WEGFH. &2 6(2) = 0, IREHRFH
T #4 6(T) = 0, MRS PR, Blan, —BR&EEN h B2 XWE n =2" -1
MR BRTHF KON, BT RSB NS, o(T) RIZERHERU ), BT, 24T
PR S6(T) =P A+

51 EX

5.1: AVL ¥
— IR ISR AVL B, AR ATE 7 T #5240 &4
16(T)| < 1 (5.2)

PR o(T) HEeR +1. 0, B 5.1 Gt 7 —H#R AVL IS+, GHRMHHE n
AR, X XARUE TS h = O(lgn). FATAT DAERAIX AN, — &8 b
A9 AVL B, Ko BB H AR — MEERIE, HEREE XK, SHEYREE
R%, N2 — 1, BIROLEEDEEZ/DT R, EX N(h) REEN b # AVL K
AR/ N T REH . BT

o« M @:h=0,N(0)=0;

69
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o HAE—PTRAM:h=1,N1)=1;

5.2 RERH T —NEEON h BT AVL A To BB E =87 : 70K k MG T 1
ro BIHYEEE h AT Z Rl 2 R IEAISCER

h—1 h—2

B 5.2: N h B AVL B, Hr—#R 70 b — 1, BRI & EA/NT b — 2

h =max(|l], |r]) + 1 (5.3)

KD IRFE— D FIHTREN b — 1. Y8 AVL RESES, A |1 — |r]] < 1o
At A NIRRT EAS/NT b — 20 T T A & A9 8O A TR 8
M LCHR T A5

N(h)=N(h—=1)+N(h—2)+1 (5.4)

X IR E IR 28, SRAE X N (k) = N () + 1, el Tik
ALK (5.4) BEA AR AT BB X 2R

N'(h) = N'(h—1) + N'(h — 2) (5.5)

I8 5.1.1. # N(h) FREN b 1 AVL R S5 &/IME, 2 N'(h) = N(h) +1,
IR

N'(h) = ¢" (5.6)

T “5; L o e B,

UERH. SERTECAVANIE, 24 h =0 801 I

« h=0,N'(0)=1>¢"=1

e h=1,N'(1)=2> ¢! =1.618...
X FIBHEIF DL, R N/(h) > ¢l
N'(h+1) =N'(h)+N'(h—1) {ZEHEIHZ}

> g il (i)
RS N (NS Lok
— ¢h+1
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A5 B 5.1.1, TATISZEMG 2 T w45 R -
h <logs(n+1) =logy2-lg(n+1) = 1.441g(n + 1) (5.7)

IX—AEAXBEIH AVL SIS O(lgn), WIIERIE 7, AR
R EIEEAE, FBCOPHIR FRIZEEBH 1, FREEEBEERS 0] < 1. ERBET
Py i s 4 WA e BB~ o U BaW UL DA RPN i ARSI N VS B GaWE DA R
PEUSl, TR o — T BRI, AVL HUE —R B P R, BRATE A
TXARRMHE X, RE PR 6 A DOBIHIK Y, O 75, BAHESNMEE TR
T = (I, k,r,0) PORAZPHG IR 7 BUMHE, HAESCEM SN E e . NEiplF12mE

Iy — R 6

data AVLTree a = Empty | Br (AVLTree a) a (AVLTree a) Int

AVL B lookup, max, min FE(ER — ALRRIHIR, i AFIMHBRER 2R
TR,

5.2 A

6] AVL B i A—DHCRIN, SFEA FBI4EE |6(T)| AIREET 1. AT
LL R E AOREPCAC 7T IR R P, AR o 5, & BRI TR R 2 i
Lo AT ZENTE AR BT 7o 8 ARG RN —RHE (T7, AH), H
W T ARG HIR, AH Dy BRI AME, BRI RR B AR IR BT

insert x = fstoins x (5.8)

Hrb fst (a,b) = a REI—XHMEFHIE D ins o T RKITR o AW T -

insr@ = ((&,2,9,0),1)
<k:t ) 1) k(r,0)6 5.9
ins = (Lk.r8) = T ree (ins x 1) k (r,0) (5.9)
x> k:tree (1,0) k (insxz 1)

WMEMNT o, FHRNEE o WHFIT R, FEEF N 0, SN 1, &0, £
T = (I,k,7,0)0 BATELER = F &y, AR 2 < K, BADRVAHE o FAFILE T8 1,
BNHEANG TR ro BBIFFARISE RWZE—XE (U, Al) B (7, Ar)o FATTIET K%L
tree VEFHER FIFEMEE, B2 4 N8 (U, AD k. (', Ar). 8, FFr-A 4558
(T',AH)o HH T Jy¥imt, AH EXIR:

AH = |T'| - |T)| (5.10)

ER DA —20 g 4 FE
LT DA BB RE T 6 ).
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AH

T"| = |T|

1+ max(|r'[, [I']) = (1 + max(|r], |I]))
= max(|r'[, [I']) — max(|r[, [I])
0<0,0/>0: 6+ Ar

0>0,0 <0: Al—96

EIE Al

Hr o =6(17) = || — ||, RZAEHPER . sk B gt 7TAHKIER, 18
T EEAT, IO TR LA T T 0
7= -
Ir| + Ar — (|I| + Al)

(5.12)
= |r| =i+ Ar — Al
= 0+Ar—AI
{5 PR ) e P R AR P IR, s ml e — 20 3K (5.9) FRHTBREL tree:
tree (I',Al) k (r',Ar) § = balance (I', k7', ") AH (5.13)

NEARE RS T H AT HRESIE

insert x = fstoins x where
ins x Empty = (Br Empty x Empty 0, 1)
ins x (Br 1 k r d)
| x < k= tree (ins x 1) k (r, 0) d
| x > k = tree (1, 0) k (ins x r) d

tree (1, dl) k (r, dr) d = balance (Br 1 k r d') deltaH where
d'=d 4+ dr - dl
deltaH | d > 0 & d' > 0 =dr
| d < 0&d > 0=d+dr
| d >0&d < 0=dl-d
| otherwise = d1l

5.2.1 “FHiRR

H ARMBRTREEE, WE 5.3 for, PR 2 @8H T [-1,1] FEE, &
ITRHG— AN E LRSS, (15 0(y) = 0,

BAFRIX 4 MEOUNE —TE, H—A. B E—H. AR TN
§(x)s 6(y)~ 6(2); VAREIE A FEGTRF &' (2)s 6 (y) = 0.6 ()0 EMIIRERUT, Hiz
B 45 H TIER,

T H—4
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S(x)=2

sy =1

a b c
500 =1 ~

Q

0'(z) =d(x) () =0

My =0 d(y) =0 (5.14)
d(z) =0 8 (z) =04(z)
Hi— f i — A
ooy dy)=1: -1
T = {%‘)F“J 0
y(y)=0 (5.15)
5(z) = {5(y) =-1: 1
I 0

A FAREICAL, & SUEE N

balance (((a,z,b,0(x)),y,c,—1),2,d,-2) AH = ((a,z,b,(x)),y, (¢, 2,d,0),0,AH — 1)
balance (a,z, (b,y, (c,2,d,0(2)),1),2) AH = ((a,z,b,0),y,(c,2,d,0(2)),0,AH —1)
balance ((a,z, (b,y,c,d(y)),1),z,d,—2) A = ((a,z,b,0'(x)),y, (c,2,d,8'(2)),0,AH — 1)
balance (a,z, ((b,y,c,d(y)),z,d,—1), )AH = ((a,z,b,0(2)),y,(c,2,d,8(2)),0,AH — 1)
balance T AH = (T,AH)
(5.16)
Hrp 0 (x) $1 6" (2) $%083K (83) o WERIEA IEECEMIER, WIRF A, T
s EIVAN R Eta

balance (Br (Br (Br a x b dx) y ¢ (-1)) z d (-2)) dH =
(Br (Br a x b dx) y (Br c zd 0) 0, dH-1)
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balance (Br a x (Br by (Br c z d dz) 1) 2) dH =
(Br (Br a x b ®) y (Br c z d dz) 0, dH-1)
balance (Br (Br a x (Br b y c dy) 1) z d (-2)) dH =
(Br (Br a x b dx') vy (Br c z d dz') 0, dH-1) where
dx' = if dy — 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
balance (Br a x (Br (Br b 'y c dy) z d (-1)) 2) dH =
(Br (Br a x b dx') y (Br c z d dz') 0, dH-1) where
dx' = if dy — 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
balance t d = (t, d)

AN B IEE R & ROE b, ARIEZR (5.7), X T n DN SHIRE, insert
HIEZEH O(lgn).
5.2.2 i

I — AR B AVL MR EREN A (1) BE B ERR; () W TR T
BT, 30 (5.2):6(T) < 1 REMRSL, Rl B EOBITHIR A 413 1985 22 -

avl? @ = True (5.17)
avl? (I, k,r,0) = avl?l Havl?r H6=r|—|I| H |6 <1 '
Hrb &R
gl =
ol =0 (5.18)
(LR, 0)] = 1+ max(|r], [I])

NHEAEI TR EEL T AVL SRS A

isAVL Empty = True
isAVL (Br 1 _ r d) = isAVL 1 && isAVL r &&
d = (height r - height 1) & abs d < 1

height Empty = 0
height (Br 1 _ r _) = 1 + max (height 1) (height r)

3] 5.1
5.1.1. BATREUE T AVL S EMER, EREIEREFRE R XM 2 S E AVL
o
5.3 mFAREE &

N T B, AT AVL Man @ NRTR, FIZLRRM AT an S ZNRIARML, 3115k
% XALRREHCREA, 5 AR e R E IR P,
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1: function INSERT(T, k)

2: root < T
3: x <— CREATE-LEAF(k)
4: 5(1‘) 0

5: parent < NIL
6: while T # NIL do

7: parent < T

8: if £ < KEY(T) then

9: T + LerT(T)

10: else

11: T « RiGHT(T)

12: PARENT(x) < parent

13: if parent = NIL then > B T =S
14: return z

15: else if k < KEY(parent) then

16: LEFT(parent) + x

17: else

18: RIGHT(parent) < x

19: return AVL-INSERT-FIX(root, x)

AT RG, WY ATRERE N, RI-FEAF o h2Z ik, dmAZIG M AT RE
{5 0 0 1, FAZEMATRERE 6 18D 10 AT o THR, BRI HBE P, BE2RY
Mo ICHTHFEIR TR o, 30 3 AME DL

o [0l = 1.]0'| = 0, FHANJERALT PHERE. TR S ERA 2L,
o 6] =00 = 1. ARSI, FFEakstn_ b T,

o [0] = 1,10 = 2, TEIEE:MEE V.,

1: function AVL-INSERT-FIX(T, )
2: while PARENT(z) # NIL do

3: d < 6(PARENT(x))

4: if x = LEFT(PARENT(x)) then
5: 0 «—0—1

6: else

T: 0 +—d0+1

8 J(PARENT(2)) < ¢

9: P < PARENT(x)

10: L + LEFT(2)

11: R < RicHT(z)
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12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

AT

48:

if || =1 and |§’| = 0 then
return T'
else if [0| = 0 and |0'| = 1 then
x <+ P
else if |§| = 1 and |¢'| = 2 then
if 9’ = 2 then
if 5(R) =1 then
§(P)«+ 0
J(R) <0
T < LEFT-ROTATE(T, P)
if 6(R) = —1 then
dy < O(LEFT(R))
if 0, = 1 then
O(P) + —1
else
0(P)«+0
S(LEFT(R)) «+ 0
if 6, = —1 then
d(R) + 1
else
0(R) + 0
T < RIGHT-ROTATE(T, R)
T < LEFT-ROTATE(T, P)
if ¢/ = —2 then
if 6(L) = —1 then
J(P)<«0
(L)« 0
RIGHT-ROTATE(T, P)
else
9, < d(RicHT(L))
if 6, =1 then
O(L) + —1
else
(L)« 0
d(RIGHT(L)) < 0
if 0, = —1 then
0(P)«+1

BHE AVLH
> RIER AT

> AkEE E I B

> -4

> ME (72)

> G-I
> HRAEC (83)

> A

> B
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49: else

50: d(P)+0

51: LEFT-ROTATE(T, L)
52: RIGHT-ROTATE(T), P)
53: break

54: return T'

bR T ek, BFRBEEHEEE T 0, H—GHE— BN FRERIT—IRbEl; m
G —EERE -G TRERITMIRbER., B T AVL RMBRE, Bk B At T
TR A SR,

AVL #1962 4 (T4 24) B Adelson-Velskii 1 Landis!' 9, U] $2H ), FF
AN EE NG F sk, REBURENERERE O(gn). X (5.7) 15 AVL R
ST AT, EREEIE N, R FLUMN 10, (B2 BN
NFIHBRAIE L N RE B, 1R 2272 P e 8 P 21 SRR VE R B ST — S 2R 0 PR
SEP, AVL BRI AT DAL 1 3050 A o S 4f m) f

5.4 Btk R

AVL REFIE L

data Node<T> {
int delta
T key
Node<T> left, right, parent

FrEE

Node<T> insertFix(Node<T> t, Node<T> x) {
while (x.parent # null ) {
var (p, 1, r) = (x.parent, x.parent.left, x.parent.right)
var dl1 = p.delta
var d2 = if x =— parent.left then d1 - 1 else d1 + 1
p.delta = d2

if abs(dl) = 1 and abs(d2) = 0 {

return t
} else 1if abs(dl) = 0 and abs(d2) = 1 {
X=p
} else 1if abs(dl) — 1 and abs(d2) — 2 {
if d2 = 2 {
if r.delta =1 { //Right-right
p.delta = 0
r.delta =0
t = rotateLeft(t, p)
} else if r.delta = -1 { //Right-Left

var dy = r.left.delta
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p.delta = if dy — 1 then -1 else 0
r.left.delta = 0

r.delta = if dy — -1 then 1 else 0
t = rotateRight(t, r)

t = rotateLeft(t, p)

}
} else if d2 — -2 {
if l.delta = -1 { //Left-left
p.delta = 0
l.delta =0

t = rotateRight(t, p)

} else if l.delta = 1 { //Left-right
var dy = l.right.delta
l.delta = if dy — 1 then -1 else 0

l.right.delta = 0
p.delta = if dy =— -1 then 1 else 0
t = rotateLeft(t, 1)
t = rotateRight(t, p)
}
}
break
}
}
return t




FNE IR

X AERRRE R EET R, BT DU (edge) SKIEHEE 27 FEH
(Radix tree), B4H trie, HIZEM . JEZRM LR ARTEIX — BB B EHRSE M, e
FET 1960 4R, BUTIZ A TSR FAEYE B (40 DNA DL ) 2%
s,

6.1: FEEUR

6.1 JEm T —RRE SO, B T kAR 101110011, 100, 0, 1REHK
HEHIEL k= (boby...b,, )o, BATE AT MR ENL boo A 0, ML A2 TR S A
B, BR 1, WA T, 8%, RITKESR N, HEEX —-IREER MRS
B n ALECENRFE—MF 0 . FADFATFELE W SR (key), X—(EEHILEK
KFEe B 6.1 FRIELE W R IUUZEN TR

6.1 EEE trie

FATFRIE 6.1 FTRABIRSSHIAN binary trie. Trie 72 Edward Fredkin 7E 1960 £F
TR, B3Rk B PSR retrieval, Fredkin KSR/ tri: /, BHAMAIRAE ) trai/ (1
YA try AR SEHER) P, FLEIEUUT trie WHEFR AT, AR trie MHTER
PR AR BIRSER, —1% binary trie B —RVRFERA — XA, BN B B ER
THIRROVE, 0 R T, 1 FoR AT P, BEE 6.2 Y trie, “117, 40117,

79
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“0011" AR A — >+ EHIFEEL 3,

6.2: K (big-endian) trie

£ 32 AEEEGR ST, NSHERTIRY 0 S EE RN, A 1 FIEARRZ — R 32
BRI, O T ORI — I, IRTE S /s Y kR R s (MSB) @
WAL/, BARAL (LSB) (A1, XM IR AIEEEL, Kz S AR AR/
IR BRI, 1 3R (1)2,2 A (01)2.3 A (11);......

6.1.1 X

B XIS, — AR E#E A, B B A TR —ME (A=)
FEFRGRED N 0, 5 TSN 1o

data IntTrie a = Empty | Branch (IntTrie a) (Maybe a) (IntTrie a)

XF binary trie HHEE—15 i, HOW W AR 2 FH 1Y B B E— R E .
WBRATEFE T PGt mRFEEEE, BERSRAINE e R, i RER2RA
A, NI HIZERR IntTrie A,

6.1.2 A

M AN K AME o B, BRATE ka6, iR £ 2, RIKALZ 0,
AR FRHEA; WR b 238, BIRAE 1, BATRIAMA FRHEA. 3% R
BATE k BRDA 2 BOE AR RARAL, NTFIEZW T = (1,v,r), HF Lr BEH T, v
TE AN, 8 R insert IR :

insert k x @ = insert k x (&, Nothing, &)
insert 0 x (l,v,r) = (I, Just z,r)
k
even(k) : (insert 5% Lv,r)
k
odd(k): (l,v,insert L§J xr)

(6.1)

insert k x (I,v,7)
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WRE =0, T o TAT A Wk EEFE, X—BEESERINE, K
T AT DA —DMIREMEZME, HHR” o BRINEIFIR S, HZE k£ 0, FATIHRSE £
Ha PRI, B2 o UL — ST R (9, Nothing, @), Bl 6.3 26 AR
{1 = a,4—b5—c9—dER, THNGIFREFEZIRT insert PREL:

B 6.3: /NHEEEL trie, WEME {1 — a,4 — b,5 — ¢,9 — d}

insert k x Empty = dnsert k x (Branch Empty Nothing Empty)

insert 0 x (Branch 1 v r) = Branch 1 (Just x) r

insert k x (Branch 1 v r) | even k = Branch (insert (k ‘div’ 2) x 1) v r
| otherwise = Branch 1 v (insert (k “div’ 2) x r)

H T FIE A, FATTAT DU ERR DA 2 HIAEK B 2) 25 0 even(k) — (k mod
2=0), WEAHLHMISH, W: (k & 0x1) == 0, HATATLATHFRIEDFHTEPASL LA
Rk

1: function INSERT(T, k, x)
2: if T' = NIL then

3: T + EMPTY-NODE > (NIL, Nothing, NIL)
4: p+«T

5: while k£ # 0 do

6: if EVEN?(k) then

7 if LEFT(p) = NIL then

8: LEFT(p) < EMPTY-NODE
9: p < LEFT(p)

10: else

11: if RIGHT(p) = NIL then

12: RIGHT(p) +— EMPTY-NODE
13: p < RIGHT(p)

14: k<« |k/2]

15: VALUE(p) + =
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16: return 7'

INSERT #£32 3 NSEC I T EHEARHE b AIERAVEHRE 2o X TH m ARG 3k
HIEEEL ko, X —BIEVIF trie B om B, NEEREN O(m)o FATE insert k z T
INSERT(T, k, z) RIS BT R ANFR, BiE R foldr. IGE R foldl (BX for FHIF)
M T 5 AR R,

fromList = foldr (uncurry insert) & (6.2)

iR fromList [(1, a), (4, b), (5, c), (9, d)], EH uncurry J9f B HIZ
B EHE ENIRFFIEN insert, HE X :

uncurry f (a,b) =fabd (6.3)

6.1.3 &K

TR/ NS RN trie HHEER & I, 45 & = 0, MR EIARY )7 B EdE. A IARYE &
Ja—hiig 0 382 1, A F R TIBIT AR,
lookup k @ = Nothing
lookup 0 (l,v,r) = w

k .
even(k) :  lookup B l (6-4)

lookup k (l,v,r) = L
odd(k) :  lookup L§J r

B AT PATH PRI T LSRR B R A

1: function LookKUP(T, k)

2 while k£ # 0 and T #NIL do
3 if EVEN?(k) then
4: T < LerT(T)

5 else

6 T «+ RicHT(T)
7: k<« |k/2]

8: if T # NIL then

9: return VALUE(T)
10: else

11: return NIL

KT m R &, lookup FEKHIE ZEEN O(m).

#:3] 6.1

6.1.1. 2B EN Branch (IntTrie a) (Maybe a) (IntTrie a) Zhy
Branch (IntTrie a) a (IntTrie a), WWREANFEIRE Nothing, &5
MR [E] Just v?
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6.2 TEBEISHH

Trie FGRFUR S RITHFAER, £ 6.3 (B, A 4 M RfeaEdE, He s 1
TRER S, ERFHRARE 50%. AT iR FAHZR, TATA DR R —iE
A RUEHE R — e BIZRM U IXFEREHESE Y, i Donald R. Morrison {E 1968 4
et fi#RZ N Patricia, /& Practical Algorithm To Retrieve Information Coded In
Alphanumeric FYFHE 7, U2 EEELN, TATHRZ 9 EEELHIZEMT, L5 B 1S
U RO IR, IIREEGE H T BB SEEL P, K18 6.3 FRITT R A, IR
6.4 FRAIM, TEREEM R, BT mON VB R B ATE R AL TS, T
BAE NIRRT — RGN R, IXAEREER THER 7 AL E R A,

6.4: /NEREEEOR TR {1 — a,4 — b,5 — ¢,9 — d}

6.2.1 EX

BERTATSRIZ — PR IR X, BRE N o, B BT (k,v), B8
Bk FME v, 8EE BB R (p,m, L), HEG T 1 r B —D 38 R A
& p, £ —AL2 0, A FRIE) N —(Z 1o RS m RIAMIE—ALHE B H
T RN m = 2m BB, BB n > 0, ATAIRT n AL ZHHIAE AR T2
HATS. AR E T BT

EEs

=

data IntTree a = Empty
| Leaf Int a
| Branch Int Int (IntTree a) (IntTree a)

6.2.2 A

Hra T AR y I, & T oz, BATH ¢ QDM G R T A
HFREE MM TR o, BACTE—DIE, FHRAADHFT 5 2 1y BT
N TWERES, BATTREKE « My R AIRETZ po BIUN, = = 12 = (1100).
y =15 = (1111)y, W p = (1100)2, HH 0 FIRTATASOLRT ZHERINZ, FATIEE FAHERD
m K (mask) XN, TEARGIN, m =4 = (100),, BEAILHIL p JFHEHA—AL




84 COVAT e = ()

2, o HIX—AZ 0, 1My HIX—i2 1o itk BETFH, 1y 24 . WE 6.5
Fli7Ro
mask = 100

6.5: T M 12; 4 A 15 5

U T BEAS s, SR 75 5, Bl by R T IR A SRt
2 p VURT, ATSRDUA, MR R — G2 0 5k 1 It /2, 5 TR, i, 25
y =14 = (1110); FHAE 6.5 FRAIRE, TR K ATRIZ p = (1100)s, I HLHE FRAY
(2 R 1, FOTBITHAE y FEAA T, A1y R KA SRR p AUURD, 311
FTES N T A AL W 6.6 FR.

prefix = 1100
mask = 100

(a) A 14 = (1110)2, EF
e, 1348 AL TR,

prefix = 1100
mask = 100

(b) A 5 = (101)., EFEHRKAILH]
HE, 73— A9 5

2
3
Il
_
=
[ew]
(=]
g
A
4

B 6.6: RN
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insert kv @ = (k)
insert kv (k,v") (k,v)
insert kv (K',v") = joink (k,v) K (k',v")

zero(k,m): (p,m,insert kv l,r)

insert kv (p,m,l,r) =

match(k,p,m) : {

otherwise : (p,m,l insert k v r)
A join k (k,v) p (p,m,l,r)
(6.5)
YT =g, GE—MFTR (ko) WRHEERNIEE, KE match(k, p, m)
Fa BBk M A AR p 7R850 m N2 G MIE :mask(k,m) = p, HF mask(k,m) =
m — 1&ko ‘BN m — 1R, RIGH k %0605, BREL zero(k, m) M &S m =2
JEH RN Z 0 102 1o BATE m MR8 1 A7, AREHT k#4005

zero(k,m) = k&(m > 1) (6.6)

EKIER join(py, Ty, pa, To) FESZ M D ETZEFIFIERRT . M piy po SR AT FTE
(p,m) = LCP(p1,p2), QEE—DNF R, 70 7. T BT

o zero(py,m): (p,m,T1,Ts)
join(py, Th, p2, To) = (6.7)
%§mu: (PaTﬂvjﬁ,jﬂ)
NTHEERKAEIR, AR pi. p AR, AEKHESM L =
highest(xor(py,p2)):
highest(0) 0
highest(n) = 14 highest(n > 1)

FETRBAT LIS m = 200 BIAILRTS p AT AR m F1 py.p, HREAM]
— M. B p = mask(pr,m)e FHEHIIGIFREFIZIT insert BKEL:

insert k x t
= case t of
Empty — Leaf k x
Leaf k' x' — if k = k' then Leaf k x
else join k (Leaf k x) k' t
Branch pm 1 r
| match k p m — if zero k m
then Branch p m (insert k x 1) r
else Branch p m 1 (insert k x r)
| otherwise — join k (Leaf k x) p t

join pl tl p2 t2 = if zero pl m then Branch p m t1 t2
else Branch p m t2 t1
where
(p, m) = lcp pl p2

lcp pl p2 = (p, m) where
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m = bit (highestBit (pl “xor' p2))
p = mask pl m

highestBit x = if x =— 0 then 0 else 1 + highestBit (shiftR x 1)
mask x m = x .&. complement (m - 1)
zero x m = x .&. (shiftR m 1) — 0

match k p m = (mask k m) = p

T AT DU a2 77550 insert:
1: function INSERT(T\ k, v)
2: if T'= NIL then

3: return CREATE-LEAF(k,v)

4: y<«T

5: p < NIL

6: while y is not leaf, and MATCH(k, PREFIX(y), MASK(y)) do
7: Py

8: if ZERO?(k, MASK(y)) then

9: y < LEFT(y)

10: else

11: y < RIGHT(y)

12: if y is leaf, and k = KEY(y) then

13: VALUE(y) v

14: else

15; z < BRANCH(y, CREATE-LEAF(k,v))
16: if p = NIL then

17: T+ z

18: else

19: if LEFT(p) = y then
20: LEFT(p) « 2

21: else

22: RIGHT(p) + 2

23: return T'

Hrp BRANCH(Ty, Ty) B — DAL, i KAHTR, R/ T # T, BN
T,
1: function BRANCH(T}, T5)
2: T < EMPTY-NODE
3: (PREFIX(T), MASK(T')) - LCP(PREFIX(T}), PREFIX(T3))
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4: if ZERO?(PREFIX(T}), MASK(T')) then

5: LerT(T) « T}
6: RIGHT(T) + T»
7: else

8: LErFT(T) < T3
9: RIGHT(T) < Ty
10: return T'

11: function ZERO?(x, m)
12: return (x&L%j) =0

BT LCP FREUH MR AR K AFERTSR
1: function LCP(a,b)

2: d « xor(a,b)

3: m<+1

4: while d # 0 do

5: d «+ ng

6: m < 2m

7: return (MASkBIT(a,m), m)

8: function MASkBIT(x,m)

9: return z&m — 1

6.7 Jeor 1B N SLIEAIE R RTZRIN . BRARTEEUM R4 11 A, (BATE
LM kAL DR B TSR, X m A8, i ARIEE ZXE 2 O(m),

K 6.7 FABET 1 — 2,4 — y, 5 — 2 B RIHEEHTZRM
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6.2.3 &k

SRR I, DI T — o Wy, SRR T AT — (1, 0) 1L 2
W & ARAEAE AR = b, W o AR WU T = (pom 1.r) R—MBET AL R
AREHRILAAR p Al b R m TRAVERC, FARE TR O/ BT
Sk R, RIS AR p, W & AL,

lookup k @ = Nothing
k=Fk: Just v
lookup k (K',v) =
otherwise :  Nothing

(6.8)

zero(k,m) : lookup k[

lookup k (p,m,l,r) = otherwise : lookup k r

match(k,p,m) : {
otherwise : Nothing

BATTHL AT DATH BRI S IR sUSE LA
1: function Look-Up(T\, k)

2 if T'= NIL then

3 return NIL

4 while T is not leaf, and MATCH(k, PREFIX(T'), MASK(T')) do
5: if ZERO?(k, MASK(T)) then

6 T < LerT(T)

7

8

else
T < RicuT(T)

9: if T is leaf, and KEY(T') = k then

10: return VALUE(T)
11: else
12: return NIL

XFE m A I HIEEEL lookup BIEMEZH O(m).
%3 6.2

6.2.1. Zn'5 R SKINEEERT ST lookup Hi%o
6.2.2. SCIUEEEL trie AIEEKU AR IEDT, (B A 20T R, 45 RA (TALE?

6.3 Trie

BATAT DA WER B R BB 3R HoA— DRBIIZ AT R TSR trie AT DAME
NSRRI E I T B SN 3 0/1 5 FREE IR, SEEHt B R =X
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YR Z R, ESERL, —IF 26 MR, RZIE KNG, 73RN Eom]
PUAE] 26, tNE 6.8 FiR.

6.8: BHZIA 26 T trie, L& HE : a, an, another. bool, boy. zoo

HAERTA R 26 BRI S8R, £ 6.8 FIRT "ok, HEREK a bz 1Y
3RTMANZE, HEHL, FIINAER ¢ B, 2EUEH. TR AT DLR I 225 11
FREER,  AHIRIX 0 R/NG B T B — PR T AT B R EIR AR, v DA
1 map SFEHREEHTRACERSIASE B 0B, —BREEADN Trie K V BIWEE N o,
BB RN, B DU A

LB v T 1, AEE T, 128 (v, 2), B o B30 v

2. R R, BEE v MR, BRFRNNER K REME £, 124
(v,ts)e HH ts = {ky = Ti,ky = Toy ooy b > T} B Ky FIFR T [AIFY RS
5o AT DA FH SCIRH I B E B P ie SE BN (LEE 4.5 &),

TE S NBNZZHIRN  (Nothing, @)o  RHIBIBIFREFE X T trie:

data Trie k v = Trie { value :: Maybe v
, subTrees :: Map k (Trie k v)}

6.3.1 ffiA

FIEMA R B trie B, HAPBNE TITRIFIR, 2 trie N T = (v, ts)o
ic ts[k] FEMRGS ts FRAFREE & M MVAVE, GRRERENREIZSH; I ts[k] « ¢ EBEY
ts FPANEE kB ¢, ANARAFAE IS 55, IR A1 ST JE RO U
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(Just v, ts)
(v, ts[k] < insert ks v ts[k])

insert [ | v (V/,ts)

insert (k:ks) v (v',ts)

Xt LB -

(6.9)

insert [] x (Trie ts) = Trie (Just x) ts

insert (k:ks) x (Trie v ts) = Trie v (Map.insert k (insert ks x t) ts) where

t = case Map.lookup k ts of
Nothing — Trie Nothing Map.empty
(Just t) — t

BAHE AT PATHBRIE S, SCIEATT KA insert BRI
1: function INSERT(T\ k, v)
2: if T'= NIL then

3: T <+~ EMPTY-NODE

4: p«T

5: for each c in k£ do

6: if SUB-TREES(p)[c] = NIL then

7: SUB-TREES(p)[c] < EMPTY-NODE
8: p < SUB-TREES(p)[c]

9: VALUE(p) < v

10: return T'

AR (K] (K B951K), K B2EE m DITRIVARE, AN n, W
ANBEREZEN O(nlgm). HHR/NGISCTFRFERN, m = 26, BARIEEAE
T HR R B AR E L

6.3.2 Tk

TET = (v, ts) PER DR (k:ks) N, FATME—DICER k FHA, WRFTE
BRI & BF0 T, W TORIBAHAE 77 2R kso 2SI, IR B2 575 ALY
{EFENEER:

lookup [ ] (v,ts) = wv
lookup (k:ks) (v.ts) {ts[k‘] = Nothing : Nothing (6.10)
ts[k] = Just t : lookup ks t
SR AR N A IE AR
1: function LOOK-UP(T, key)
2: if T' = NIL then

3: return Nothing

4: for each ¢ in key do
5: if SUB-TREES(T')[c] = NIL then
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6: return Nothing
7: T < SuB-TREES(T)[c]
8: return VALUE(T)

BEHRBEIENEREN O(nlgm), KA n BEIVKE, m BILRATEE AR,

6.4 RIS

Trie B3 RIFHRMRAR.  BATTA] DA RIAERY 77 IR AR BEREAE — A9 53, IX AR
520 7RI, AT ¢ EWE D — DR ERE o, TAEGE T F RIS,
BERTI ¢, W B—DHIR ;0 FIRFFRIAIIES L RIEN [s; — 1] XEIRIE
HFEIIRTSE s, T s BB R 6o WALRL s 2 s + s1vs 4 so.... MR K AHHETZ,
XA 0 # §, 51K sins; AMAEIEEHIAIRETZR, 1E 6.8 PR R RE
AR, ATLMSEIANE 6.9 ARTERI

K 6.9: —RRETZM, B & #E : a. an, another, bool, boy. zoo

NERIB TR E ST RIS

data PrefixTree k v = PrefixTree { value :: Maybe v
, subTrees :: [([k], PrefixTree k v)]}

BATCHTEEN A t = (v, ts)o FinlHl, (Nothing, [ ]) RmWNBENZTZHITT R (Just v, [])
FOREN v BIHFT R

6.4.1 A

AT s I, BTSN =S, |ATY s QIE—DHF 5, WEl 6.10(a) AT
o WIER s FIFEDTH ¢, X RAY s, FFEAFERTER, FATQTE — DT ¢,
HATERTSE, HR BB — N ¢ b, RG> ti t; 25000 ¢ IR R, 40
6.10(b) FR, XEAWMEIIRIEIL: s N s; BIRTER, GHEl 6.10(c) — (e); AN s;
s BIRIZE, A&l 6.10(d) — (e)o
MUATDAF Map [k] PrefixTree k v fEfifiT#,
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another

bool boy

other ol Y

boy
an bo another bool boy

bool boy

ol

(a) (b) (e)
bool boy

(d)

K 6.10: (a) MZMHEA boy; (b) A bool, BIIEHT 7347 ; (c) A (b) fiA another (d)
[A] (b) A an (e) [A] (c) A an, &R 51 (d) ffi A another FH[F]

TN E A EREAI TS ¢ = (v, ts) AR s FIME o:

insert [|v (v',ts) = (Justv,ts)

insert sv (v',ts) = (v ins ts)

(6.11)

GNEREE s v, TATH v B st PLRTRE,; NIHH ins R& A ETIRTSE,

ins[] = [s+— (Justv,[])]
match s s’ : (branch sv s’ t):ts (6.12)

ins ((' —t):ts’) = {

EUE (s +—t):ins ts

GRIRTT RS0, TRATENE—DNMEN o BIFRE, FHORE s BREFEIHE_E; S0,
XFED TR s — ¢, TATELEL o/ 70 so WERENTE RILHTER OB match LGS
0, WA branch MBI, BATTE KPR LA EAN A AHATA:

match [ ] B = True
match A[] = True (6.13)
match (a:as) (b:bs) = a=b

BATTE LREL (C, A/, B') = lep A B REZIBSIER A B BRI AILRETL, H
C+ A =AH C+H B = BiL, 1R A, B FRHE— M AZEEENRIE —IT
R, MASEFTLR C = [ ]; S0, FADBITHM 7R IRIR AL FILR, HoR ST
ESURpIEETR
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lep[] B =
lep Al] = [
b: ([],a:as,b:bs)
BN (azes,as’,bs’), HH (s, as',bs') = lcp as bs
(6.14)
BREL branch A v B t #ZNME AL B, —ME v AR ¢, EHEEH AL B FIRK A
HATER O, R HMRERH BT =L, IR E I
branch Av Bt =
(C,[],B"): (C,(Justv,[B +t)]))
lep AB=<(C,A"[]): (C,insert A" vt)
(C,A",B"): (C,(Nothing,[A" — (Just v,[]), B’ — t]))

AR A2 B BIRISE, MR A MR o FT7ERY A, F1ZR AT 5B 0 45 28 et
B R HIME— T8 ¢; G0ER B 52 A BURGER, TA T8 VSRR A RAME TR AZ] ¢ H; 45
], BATCER—ME v B9 5, B HAD ¢ AR RRR 7R, RG] FRERF
ST insert Bik:

lep (a:as) (b:bs) =

(6.15)

ts) = PrefixTree (Just v) ts
insert k v (PrefixTree v' ts) = PrefixTree v' (ins ts) where
ins [] = [(k, leaf v)]
ins ((k', t) : ts) | match k k' = (branch k v k' t) : ts
(k', t) : dins ts

insert [] v (PrefixTree

| otherwise

leaf v = PrefixTree (Just v) []

match [] _ = True
match _ [] = True
match (a:_) (b:_.) =a=—»>b

branch a v b t = case lcp a b of
(c, [1, b') — (c, PrefixTree (Just v) [(b', t)])
(c, a', []) — (c, insert a' v t)
(c, a', b'") — (c, PrefixTree Nothing [(a', leaf v), (b', t)])

lep [1 bs = ([1, [1, bs)
ICP as [] = ([]’ as, [])
lcp (a:as) (b:bs) | a # b= ([], a:as, b:bs)
| otherwise = (a:cs, as', bs') where
(cs, as', bs') = lcp as bs

P A DATHRRIE YT, FHIEEASEIE AL
1: function INSERT(T, k, v)
2: if T'= NIL then
3: T < EMPTY-NODE
4: pT
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5: loop

6: match < FALSE

7: for each s; — T; in SUB-TREES(p) do

8: if £ = s; then

9: VALUE(T}) + v > 78 i
10: return T

11: ¢ < LCP(k,s;)

12: ki k—c ky+s;—c

13: if ¢ # NIL then

14: match < TRUE

15: if k, = NIL then > s; = k BIRTSR
16: p <— Ti, k k‘l

17: break

18: else > HT AR
19: ADD(SUB-TREES(p), ¢ — BRANCH(k1, LEAF(v), ko, T}))

20: DELETE(SUB-TREES(p), s; — T;)

21: return 7'

22: if not match then > HHT
23: ADD(SUB-TREES(p), k — LEAF(v))

24: break

25: return T'

BEL LCP $2HRH RIS RTAL:
1: function LCP (A4, B)

2: 11

3: while ¢ < |A] and ¢ < |B| and A[i] = B[i] do
4: 14141

5: return A[l...0 — 1]

BRANCH(s1, T}, 82, To) H 75 ZACHIRATE L. Q2R s, 9723, BAHARFE AR 2 B
DFIBTRTER, TATRE To IREN T BIF SN, FATOIE— ST &, R
Ty Ty B TR,

1: function BRANCH(s1, T4, s2, 1)
2: if s; = NIL then

3: ADD(SUB-TREES(T}), so — T5)

4: return 7T}

5: T <+ EMPTY-NODE

6: SUB-TREES(T') < {s1 — 11,82+ To}

7 return T
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BIRRSTR = T B RA AR, BHERENRZ O(mn), B n Z2RITKE, m
RHIRTLREGHIR/N,

6.4.2 Tk

AARHE kI, FAIMARTY ROFHG, R & = [ ] 22, WHREART sAE; 53R4T
A TR IRES, $REILES s, — ¢, (015 s; 2 k BUATER, IA)G FHB I A3 ¢, &
Bk —sio WNMRFTER s; BAZ k HIRTER, WA AR E R E R B

lookup [] (v,ts) = w
lookup k (v,ts) = find ((s,t) = sC k) ts =
Nothing : Nothing (6.16)
{Just (s,t): lookup (k—s)t

Hr AT B&RR AZ B IRIR, B find HIE X — &, ELEFIR DA
RIEEFRMFRITR, NHEEIBIFIEFSRI T ERE R,

lookup [] (PrefixTree v _) = v
lookup ks (PrefixTree v ts) =
case find (\(s, t) — s 'isPrefix0f ks) ts of
Nothing — Nothing
Just (s, t) — lookup (drop (length s) ks) t

AT AR 25 Pl 5 AN TR AN S R B R AR EE B, Lookup SRR XN O (mn), HA
m BYNRITTRE AR, n BINIRHIKE,

#.3] 6.3
6.3.1. JHFR lookup BEIEHAIIEEIS, FITEIALEN RIS I AR,

6.5 Trie FIRGTZR IR FH

BATTAT LA trie FNRTSRRIKARRVE 2 A RBHT A1, ELEG IR, B ) ARPST, 87
B AR, SRMSCIUAE, A48 B 7882 R E R,

6.5.1 R/ 4Ll H Zh#h 5T

QI 6.11 AR, M PR AGELE TG, RS ERIAE, 51 ik #in .,

TR SOE A R )7 BA, EEEREITHRR, mLR RS 2 M TR
FTIEDMR SRR, BARRTE. RO 1%, B 6.12 2— VA B STIREREARE, Y
BMANRG, 25— RERIBEETL, EATI DA PR AR A VTSR,

XWAGIFH R T B NSTRIZIRE, FRATTAT AR RTSRRERCEIE, RS,
PATER T HFBRIE FAF NI, EFIRAEE n DEH. —MARE T2
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AlA Q, introl

Al BEF[EW English Thesaurus ~ Simplified Chinese

s intro | 'mtrau |

intro- noun (pl. intros) informal

introduce . .

an introduction.

introduced

introducer

introducers ORIGIN

introduces

, 9 early 19th cent.; abbreviation.

introducing

introduction
introductions
introductory

introgression

intro- | 'mtrau |
prefix

into; inwards: introgression | introvert.

6.11: jrjdiL

pref

prefix
prefrontal cortex

prefab homes

o O PO P

prefab homes oregon

6.12: A H KN AT AME

LA
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(B, Horr iR S s SRl s ia A, (20 B AR B ERE, S P AT E s I, 3R
TIHERTZRAR SEIRA TR B PR ARG A s JHRRUEE. A0SR s 2, ity R HATE T E
ENEF n ZRE5R; BN, BARIEITECA F BRI AR, (£ SCHRHEMERIER A, TR
AT LAY e th 2 BRI, SRS TZTRIUSHT n D take n (startsWith s t), B ¢ 2
GOE-L
startsWith [ | (Nothing,ts) = enum ts
startsWith [ | (Just x,ts)
startsWith s (v,ts) = find ((k,t)—~sCkor kLCs)ts= (6.17)
Nothing []
Just (k,t): [(k 4 a,b)|(a,b) € startsWith (s — k) t]

([],z) : enum ts

BN s, KL startsWith TERTZM P EZRFTE DA s WRIZEIGE R, R
s N2, EREFTA T, AR R EE o A2, WK ([ ], ) SIS R 2§,
BRI enum ts XU

enum = concatMap (k,t) — [(k + a,b)|(a,b) € startsWith [ ] t] (6.18)

Hr concatMap (WFRN flat Map) BHNFR T EFN—DNEEME, SR EHST
FoR N TCR AT, NG R A Rk, 1B M build-foldr & HR LI,
PAERRIF R A A R R R R 512 (07 25 5 &), NS s A2, Bl TR 2 T st
XTHENMES (k,t), R s 8L k BRI —TRVRTER, TAT TSI B8t ¢, FHR &
BN EN 45 R A Al A, WIER s AFIEAR]F- B Bt DEAC, MARAEAE LA s U R
KSR, NHEHAYH P T IX—FIA:

startsWith [] (PrefixTree Nothing ts) = enum ts
startsWith [] (PrefixTree (Just v) ts) = ([], v) : enum ts
startsWith k (PrefixTree _ ts) =
case find (A(s, t) — s “isPrefix0f k || k “disPrefix0f  s) ts of
Nothing — []
Just (s, t) — [(s # a, b) |
(a, b) « startsWith (drop (length s) k) t]

enum = concatMap (A(k, t) — [(k # a, b) | (a, b) « startsWith [] t])

FA AT U a2 2077 RSEI STARTS-WITH(T, '\ n)o MR s IT4R, FoA G

MG EFD MBS & — T, WER & Z2EDFH T, AT, BATHCRAXR TRy R
FRZ n R WER K, 2 k WA, FAVIRIAT8E 7, W b — &, 72 T, B
HEHK,

1: function STARTS-WITH(T, k, n)

2: if T'= NIL then

3: return NIL

4: s «+ NIL
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5: repeat

6: match < FALSE

7: for k; — T; in SUB-TREES(T) do

8: if k is prefix of k; then

9: return EXPAND(s + k;, T3, n)
10: if k; is prefix of k then

11: match < TRUE

12: kk—k > RIHATH
13: T« T;

14: s+ sHk;

15: break

16: until not match

17: return NIL

HAFRE ExpAND (s, T, n) T Y R n DEER, K s BEIITES DR RTE.

BATRT DA AR R I ERB e (ET 14.6.1):
1: function EXPAND(s, T, n)
2: R < NIL
3 Q< [(s,7)]
4: while |R| < n and Q # NIL do

5: (k,T) < Popr(Q)

6: v < VALUE(T)

7: if v # NIL then

8 INSERT(R, (k,v))

9: for k; — T; in SUB-TREES(T) do
10: PusH(Q, (k # k;,T3))

6.5.2 AL

2010 1, RZEFH L#HAE—NNE 6.13 Frnifs i, #1209 ITU-T 4,
RSN 3 2] 4 DNISCTRE B, NRE A TSR home, FRATATLATZ

R T 4 5 -
L PRI 4 S NFAT h;
2. =R 6 BERATAT o;
3. H—IR 6 BERANTH m;
4. MR 3 BT e;
5 b — TR B ) 7 AR A T SR -
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1 |[ ABC |( DEF
2 3
GHI |[ JkL
4 5
Pars|( Tuv |(wxyz
7 8 9
@@

6.13: FHLITU-T 4

1. RIXAE R 4.6, 6. 3, FEIE A home HER;
2. # R SHELIA R R —MEIE HIA good;
3. %R Y SHEEIRR S N — M BA] gone;

JEBERR TN, AR To P POl R SEB@ & £ N RIS RS 8
MZREAFMRT EARB, TATA] DLRF BRI 7 B A — D RTSR A R SEELX R A
Ko B FCHAN TR ZE ST AL -

Mpg ={ 2+ "abc",3— "def" 4+ "ghi",
5 ’_> ||jk1||’6 H llmnoll77|_> Ilpqr-sll7 (6'19)
8 "tuv",9— "wxyz" }

Meoli] BREG HELT 0 X LA T4, FRATHRT DUE ST BT IS A
My = concatMap ((d, s) = [(c,d)|c < s]) Mrg (6.20)
ISR Mg, BATA] DURF R B il — A% B 51,
digits(s) = {Mpg [c]|c < s} (6.21)

NFEAANET [a. . z] TR, BATREEBR SRR TR # 0 B NHEAEIE]
REFE ST iR :

mapT9 = Map.fromList [('2', "abc”), ('3', "def”), ('4', 7"ghi”),
(YSI, 77jk177), (IGY’ 77mn077)’ ( 7l, 77pqrs17),
(|8l’ 77tuv77)’ (l9l’ ”WXyZ”)]
rmapT9 = Map.fromList $ concatMap (A(d, s) — [(c, d) | ¢ < s]) $
Map.toList mapT9

digits = map (Ac — Map.findWithDefault '#' c rmapT9)
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2 (v, ts) BMFITE I BT R ORISR . FRATTA] PME L B 3l ST R AL
BT dse FAHEEANFRIBUR (s — t) € ts PHIRIS s 4008 digits(s), &
B ds DL LA —N N5 —PNRIRTESR) . ATREFFAEZ D TIRITAC ds AUTEIL:

pfr=1(s,t)|(s —t) € ts,digits(s) C ds or ds C digits(s)]

findro t [] = [[]]
findrg (v,ts) ds = concatMap find pfx

Xt pfr IR (s,t), BREL find SEITHITE ¢ PEIRFIRET ds', HA ds’ =
drop |s| ds, SRIEHE s MBI MEIETRFTE, 2 7 By &= D FRATTEER
Hi n = |ds| ™FFF:

(6.22)

find (s,t) = [take n (s + s;)|s; € findrg t ds' (6.23)

LSRR E SIS Tl YN

findT9 _ []1 = [[]1]
findT9 (PrefixTree _ ts) k = concatMap find pfx where
find (s, t) = map (take (length k) o (s#)) $ findT9 t (drop (length s) k)
pfx = [(s, t) | (s, t) « ts, let ds = digits s 1in
ds “isPrefix0f  k || k “disPrefix0f  ds]

Fan @277 IS AR RN, ATEAH—1 S Q, BRIt Ry =7t
(prefiz, D, t)o M =IeHE S EERISAVRTE prefiv, MARERIET D, MIFFEER
HIFH to BABIRTAR RN, =T B &S HigE, T, DAATSRM AR . &
TN BRI R E EH =TT, R IR B, X TR DR (s — T7), TAKG s 2
WAL digits(s)o WIER D ZERIATE, SERE] T —Meikia, AR s INE] prefiz 1)
B, HICR FIX—4 R, W3R digits(s) =2 D RIFTE, FAIFZ@E LT TR 77
R, BATH =7t (prefiz s, D', T"), HH D’ ZFRIRIET, REHX—H—=
TCAHTRIEIRAA,

function Look-Upr-T9(T, D)

R + NIL
if T'= NIL or D = NIL then

return R

Q « {(NIL, D, T)}
while ) # NIL do
(prefix, D, T) + Popr(Q)
for (s — T") € SuB-TREES(T) do
10: D’ «+ DicITs(s)
11 if D' C D then > D' 52 D HIRTSE
12: APPEND(R, (prefiz+ s)[1..n]) > BRAEHSEE n

1:
2
3
4
5: n < |D|
6
7
8
9
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13: else if D C D’ then
14: PUsH(Q, (prefit+ s,D — D', T"))
15: return R

PATTINEEEL trie FIREELRTERINIT 4R, I R 3R FOR, TATTE A = XRESE
U7 BT REAINT (map) BRI, 22 H RN REARANEBEEY 2 A IR&
TLERMFIR, EPR— R R, trie FRTZR AT AR SREAT LA, AT
gt TSR BB B BN AT A FEUR B 55 I I R JR R
B trie SRIZZMA B EVINIRR, BT DNA LI TR,

#3] 6.4

6.4.1. A trie SEELE SN RIRTIN NI A

6.4.2. X FIRMEZAMRIEETRATRTSRR A FLETX, WA CRUE S H OSSR 1% 18 5 i
i ? XX ERE AL BRI ?

6.4.3. TERAEURERIEES, FHETHRAIRZ n FKER?

6.6 Bt e

5 = X SCBEEL trie:

data IntTrie<T> {
IntTrie<T> left = null, right = null
Optional<T> value = Optional.Nothing

N insert B FAERF AAISE S 1 & @A AR AL

IntTrie<T> insert(IntTrie<T> t, Int key,
Optional<T> value = Optional.Nothing) {
if t = null then t = IntTrie<T>()
p=rt
while key # 0 {
if key & 1 =0 {
p = if p.left = null then IntTrie<T>() else p.left

1} else {
p = if p.right — null then IntTrie<T>() else p.right
}
key = key > 1
}
p.value = Optional.of(value)
return t

ERHTER A2 X

data IntTree<T> {
Int key
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T value
Int prefix, mask =1
IntTree<T> left = null, right = null
IntTree(Int k, T v) {
key = k, value = v, prefix =k
bool 1isLeaf = (left = null and right = null)
Self replace(IntTree<T> x, IntTree<T> vy) {
if left =— x then left = y else right =y

bool match(Int k) = maskbit(k, mask) — prefix

Int maskbit(Int x, Int mask) = x & (~(mask - 1))

LA

EEESVCIEUSEEPNGE IR

IntTree<T> insert(IntTree<T> t, Int key, T value) {
if t =— null then return IntTree(key, value)
node = t
Node<T> parent = null
while (not node.isLeaf()) and node.match(key) {

parent = node

node = if zero(key, node.mask) then node.left else node.right
}
if node.isleaf() and key — node.key {

node.value = value
1} else {

p = branch(node, IntTree(key, value))

if parent — null then return p
parent.replace(node, p)

}

return t

IntTree<T> branch(IntTree<T> tl, IntTree<T> t2) {
var t = IntTree<T>()
(t.prefix, t.mask) = lcp(tl.prefix, t2.prefix)
(t.left, t.right) = if zero(tl.prefix, t.mask) then (t1, t2)
else (t2, t1)
return t

bool zero(int x, int mask) = (x & (mask >> 1) — 0)

Int lcp(Int pl, Int p2) {
Int diff = p1 A p2
Int mask =1
while diff # 0 {
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diff = diff > 1
mask = mask << 1
}

return (maskbit(pl, mask), mask)

trie HYZE XCRIfH A :

data Trie<K, V> {
Optional<V> value = Optional.Nothing
Map<K, Trie<K, V>> subTrees = Map.empty()

Trie<K, V> insert(Trie<K, V> t, [K] key, V value) {
if t = null then t = Trie<K, V>()
var p =t
for c in key {
if p.subTrees[c] = null then p.subTrees[c] = Trie<K, V>()
p = p.subTrees[c]

}
p.value = Optional.of(value)
return t
}
RIS A E SR -

data PrefixTree<K, V> {
Optional<V> value = Optional.Nothing
Map<[K], PrefixTree<K, V>> subTrees = Map.empty()

Self PrefixTree(V v) {
value = Optional.of(v)

PrefixTree<K, V> insert(PrefixTree<K, V> t, [K] key, V value) {
if t = null then t = PrefixTree()
var node = t
loop {
bool match = false
for var (k, tr) 1in node.subtrees {
if key — k {
tr.value = value
return t
}
prefix, k1, k2 = lcp(key, k)
if prefix # [] {
match = true
if k2 = [] {

node = tr
key = k1
break

} else {

node.subtrees[prefix] = branch(kl, PrefixTree(value),
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k2, tr)
node.subtrees.delete(k)
return t
}
}
}
if !match {
node.subtrees[key] = PrefixTree(value)
break
}
}
return t
}
TRBUR K AHHTZ 1ep F19 8L branch:
([KT, [KI, [KI) lep([K] s1, [K] s2) {
j=0
while j < length(sl) and j < length(s2) and s1[j] = s2[j] {
j=3j+1
}

return (s1[0..j-1], si[j..], s2[j..])

PrefixTree<K, V> branch([K] keyl, PrefixTree<K, V> treel,
[K] key2, PrefixTree<K, V> tree2) {
if keyl — []:
treel.subtrees[key2] = tree2
return treel
t = PrefixTree()
t.subtrees[keyl] = treel
t.subtrees[key2] = tree2
return t

MEFL IR BT SR Ffr A fise 14 101 -

[([K], V)] startsWith(PrefixTree<K, V> t, [K] key, Int n) {
if t = null then return []
[T] s =[]
repeat {
bool match = false
for var (k, tr) 1in t.subtrees {
if key.isPrefix0f(k) {
return expand(s ++ k, tr, n)
} else if k.isPrefixOf(key) {
match = true
key = key[length(k)..]

t = tr
s=s +H k
break

}
} until not match
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return []

[([K], V)] expand([K] s, PrefixTree<K, V> t, Int n) {
[([K], V)1 r =11
var q = Queue([(s, t)])
while length(r) < n and !q.isEmpty() {
var (s, t) = q.pop()
v = t.value
if v.isPresent() then r.append((s, v.get()))
for k, tr in t.subtrees {
g.push((s + k, tr))

}

return r

P A -

var TOMAP={'2':"abc", '3':"def", '4':"ghi", '5':"jkl",

'6':"mno", '7':"pqrs", l8l:lltuvll’ l9|:llwxyzll}
var T9RMAP = { ¢ : d for var (d, cs) in T9MAP for var c in cs }
string digits(string w) = ''.join([T9RMAP[c] for c in w])

[string] lookupT9(PrefixTree<char, V> t, string key) {

if t =— null or key — "" then return []
res = []
n = length(key)

q = Queue(("", key, t))
while not q.isEmpty() {
(prefix, key, t) = q.pop()
for var (k, tr) 1in t.subtrees {
ds = digits(k)
if key.isPrefixOf(ds) {
res.append((prefix ++ k)[:n])
} else if ds.isPrefixOf(key) {
q.append((prefix ++ k, key[length(k)..], tr))

}

return res
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7.1 T

BRI SR A SR RIS RIRE R 55— R — X5
FRR D EELE M 2 HANE] ko B AR —F B THIRT & SHERM L ey 2Tt
BHIXFRSE (G T B+, —#h B BB B0 MBdRERS. B 7.1 R T —MR
B, AT TR DOEES &N — AR TR 5 (7]

N
/E J\ /S V\
A | C | D G K | M O | P | R T | U X | Y | Z
& 7.1: B#

—IROXIERWMEONZ, sl E — IR E EA DR Lre FEF L HEIERTT

RE/NT K, FFH EANTE TR e PEEATTER L

Veelyer=z<k<y (7.1)

B SR X —EAEHET B 20k, — R BIEON S, sEE n NMTEM n+ 14T
KL, B ER R KR B ICRXEETTERN Ky, ko, oo by RN £, 80, o b
nE 7.2 FvRe T R EITCERA AR 2 DA 5

kl kz kn

VSN RN

n+l

tl t2

& 7.2: BT

PRSI, T R AT DURTESE (key) RN RZHOME (value) o EANZATR, ARG, AFZNE 1771 s RI(E, Frffrh
TRIFINNE R TR,
107
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o TEEEIBMA Kk < ko < ...<kp;

o MTERE ki, 70 ¢, PRIFTETTRE/NT ki, FH ki DNTF0 ¢, PRIER
ﬁ%o

Va, €ti,i=0,1,....n =21 <k <xa<ky<..<xp<k,<Tpi1 (7.2)

HF T RAEE TR, QICRNRANY K, W B WEZRAN BTree K 51
BTree<K>, WM, BAETE X —HMN LACREF B -

o FTE BT S A M R BRI ;
o TESCBEL A, PR B R/ INEEEL, BT
- mEEA 2d - 11LH;
- &VEA d— 1 DITER, IR EHBI5h,
Rl
d—1< |keys(t)| < 2d —1 (7.3)
FATHEE N RUERIZ LRI AT PAGRIE B B2 P11,

UERA. FE—REE n NITERM B W, R/INVEEd > 2, WITEEN he BRIRTTAESM,
HENREVER d- 117K, RUTREDERE IR, WREHE M, W=D
HWRNREN 1 708, 206 2d NREN 2 FF08, 20F 20 MREN 3 1)
TR &G, 206 2d" 7 DREN b BT R BRARTT RSN, R N EeR
PAd — 1, B WHRAFIERICER MG 2 R rg AT

n >1+(d—1)(2+2d+2d*+...+2d" 1)

h—1
=14+2d-1)) d*
k=0

=1 (7.4)
=1+2(d-1) d__l
=a2d" —1
AT IHARF 4] v 6 JE X B OR R AN 2
h<log, "1 (7.5)
O
XERIERA T B RS-, BB B MIFRA 2-3-4 i, BEER/INEE 4 = 2,

BRARTY RN AT R & 2 ) 4 KR 70K, ARAAIZL AR AR o L AR BT DABR Oy —#R
2-3-4 o FANCEECN d WAEZE B WA (d, (ks, ts)), HH ks BITRIIRK, ts BFH
HIFR, NHERIBIFREFEX T B #:
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data BTree a = BTree [a] [BTree a]

BN RICH (9,2) B BTree [1 [1, N VBRAERF DT RHEEE 0 d,
T HAD B B ¢ ZHA—RHME (d, t)o

7.2 $HA

AR A RREL, AR TFEZLFZ N TR 1\ B # ¢
ATER o I, BAIMRT 5O0TG, EHOXAERIAE 2 FrE EMEITTRE/NT 2, T
ITCERRT oo RBARBEIM TR ([keys(t)] < 2d — 1), §FF z AFIHALE, 4
T, XA E AR R T ¢, FADEVTHKE 2 AR ¢

4 11 26 38 45
1 2 5 8 ‘ 9 12 15 16 17 21 25 30 31 37 40 42 46 47 50
4 11 26 38
.- -k E

12

15

16

17

21

22

25

30

31

37

40

42

46

47

50

B 7.3: % 22 AT 2-3-4 W 22 > 20, NG T 22 < 26, AT,
21 < 22 < 25, FlABIRIHHIH-F19 5o

ZEmEE 7.3 B 2-3-4 BHEAITE © = 22, KN 20 < 22, BATEEHA M T
. BRI 26,38.45, A 22 < 26, Fr A FREMSE — R, TS 21 #1 25,
X — DRI 1, 8 22 FAE 21 #1125 Hr (A,

HUIRMNFHEREEEE 2d - 1 PR, A o EEFENTERL LI B
HIRRI, FlanE 7.3 #A 18 BESBEIX A, FATE FIRLE : el NF3 1R,
FSe 7 PR Ao

7.2.1 EHAEIHR

TATAT LR B AR (1 “ S A BB R T7IAY R 2] B M. JoAE & B MY
itk ROTRBAZNEH A E, 2 K, QERBEAEFE 7, FAT8 ~m BN &F
HZ2TCRIT AT BRI R, R DA SR S ST 280l /D
ﬁ%o

29205 b, TR RF SN T S T i, 204 7.1.1,
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{full d (ks,ts) = |ks|>2d—1 (7.6)

low d (ks,ts) =|ks|<d—1

MR EERZ TR, BATE X split RBAGHAERLE m 47 =85, W

& 7.4 FfiR:
/ b | o | kwa | Ky Nkt | e | Ky \
tm+

4 I

/ Kk v | ka \
tw

L]

/ = \
1

7.4: FEALE m R RN =7,

b

split m (ks,ts) = ((ksi,ts;), k, (ks,,ts,)) (7.7)
BAMEAE—FE (1.45) HE LAY split At EREORSIR:

(ksi, (k : ks,)) = splitAt (m —1) ks
(tsi,ts,) = splitAt m ts
XRHE, BeAlTR] PAE X unsplit BREL, K =R GFFR—D B R
unsplit (ks;,ts;) k (ks ts,) = (ks; 4 [k] 4 ks, ts; 4 ts,) (7.8)

THERE R « AR ¢, RIEHEH fic BE 8, HEBCNEEN d WETE
B £ :

insert x (d,t) = fiz (d,ins t) (7.9)
£ ins ZJ5, MBRT RS ELZHTER, B fic B/ split KHE2 I, FHHTHE
HTHIARTY

e () — {full dts () where (ko) =splitd e

otherwise : (d,t)
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BRI ins TR EACBIMAE DL X T M7 755, BATATAEA S —FRX (1.11) X
RIS A AR B insert SRACER; 50, AT ZEREN SIERIALE, e A A
NI, BAITE L partition:

partition x (ks,ts) = (I,t',r) (7.11)
Hr ] = (ksy,ts)r = (ksp,ts,)o BHE—PHHAE TR (1.47) P& XHIFIR K
B span TR
{(ksl,ksr) = span (< z) ks

(tsi, (' : ts,)) = splitAt |ks| ts

IXKE, BT/ o BITCRMFER 7B AE LM 1, FPERT o« BEREG T ro
B ERG—R/NT o BFREOER o 5 PFRBATNZITHR « FEAZ] ¢, W
&l 7.5 FiRo

ins (ks,@) = (inserty = ks, ) 1 5, PR A

7.12
ins (ks,ts) = balance d 1 (inst') r HH (I,t' r) = partition z t (7.12)
ki <x <k
insert
/ ky oo | kia ki k \
121 t; sy
k| o ) ki bk P S
/ l insert \
t ti t; tiv1 L+l
! t’ r

Bl 7.5: H = X927 5

A ¢ A 2 J5, ERREEEE 2R, NEHE B WOPHEISEF, AT R
balance IBVAHHEAT HHFIEE
full dt: fizy
otherwise : (ks; 4 ks, ts; 4 [t] H ts,)

balance d (ks;,ts;) t (ks,,ts,) = { (7.13)

H fix, MEBOT d ITF0E I (ty, k. to) = split d t, RIGHTEE—DHTH
B R R
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fixy = (ks; + [k] # ks, ts; 4 [t1, t2] H ts,)

TNHERBFREFEEL T B RIEYEHA R

HEE B

(7.14)

partition x (BTree ks ts) = (1, t, r) where
1 = (ksl, tsl1)
r = (ks2, ts2)
(ksl, ks2) = span (< x) ks
(tsl, (t:ts2)) = splitAt (length ksl) ts

split d (BTree ks ts) = (BTree ksl tsl, k, BTree ks2 ts2) where
(ksl, k:ks2) = splitAt (d - 1) ks
(tsl, ts2) = splitAt d ts

insert x (d, t) = fixRoot (d, ins t) where
ins (BTree ks []) = BTree (List.dinsert x ks) []

ins t = balance d 1 (ins t') r where (1, t', r) = partition x t

fixRoot (d, t) | full d t = let (tl, k, t2) = split d t in
(d, BTree [k] [tl, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] 4 ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] 4 ks2) (tsl # [tl, t2] # ts2)

7.6 ZH TR B MBI, BN 2RI “GMPXACDEJKNORSTU-

VYZ” HRIJTERAA B & Y,

N "

/

Q |

A C D K | M o P R T U Y z
/E ° U\
A C D G J K | M N P R N T Y z

7.6: ARIKIEAN “GMPXACDEJKNORSTUVYZ”,

Fid=2(2-3-4%), F:d=3
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7.2.2 EoVREAEA

FBMITTERERBARE 2T RIERESAE 2R, Nl HiX
—J7i%. BIAFA NIETHAN, HBEIEH 2d — 1 DITRIT R, TATRESHF N
=HBor, W 7.4 PR, BAETTREREH d - 1 IR, AR A TR IE AR
BIEN BT R NTTR 2, @ K(z) FREUESHTE, T(x) FRELEHNF 2
B 1 & FEYE i DITEN ki(x), 3B j BRTFBON ¢;(x). FHAVRIEES | DMIEXN
TRz BT

1: procedure SPLIT(z, 1)
2 d <+ DEG(2)
3 x + t;(2)
4 y < CREATE-NODE
5 K(y) < [kar1(2), kara (), .., k2a—1(2)]
6 K(x) + [k1(x), ka(2), ..., kg_1(x)]
7 if x is not leaf then
; T(y) « [tae1(2), tasa(@), o taa()]
9 T(x) « [t1(x), ta(x), ..., ta(z)]
10: INSERT-AT(K (2),1, kq(x))
11: INSERT-AT(T(2),i+ 1,y)

PR @ = ti(z) N, BATREE d DITR ka(z) FEEART A 2o MR 2 EL
W7, EATTRIEM ISR B RN, itk BAIREEMARTT S, B TR FEEEA
AIBSARIEATAR R, MR E & 2d — 1 DICRITT R FIOVATARIACT RERIZAEAL
BT, Fr DAR] DARESZAE ERATTER, X —/iiE R RE B T SRV, Jow Ei.
QRSRARTT s T, TR SR — N, R BROR AR S B MM — T, T
PSS NG RESIN S

1: function INSERT(¢, k)
2 r<1
3. if ris full then > ARTT A E
4 s+ CREATE-NODE
5: T(s) < [r]
6 SPLIT(s, 1)
7 < S
8 return INSERT-NONFULL(r, k)

H 87 INSERT-NONFULL RIZIE AR r AN AR r 271, Fl 1%
M | WAR/INEHAE AN BN A B (2R 7.1.3 BREH 0 &R THEAN) . ), &
THRBNI— L E, 1S ki(r) < kb < kot (r), RDEL () T 7, ST 5. ARGk
BE[AF B Ad o
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1: function INSERT-NONFULL(r, k)
2: n < |K(r)]

3: if r is leaf then

4: 11

5: while ¢ <n and k > k;(r) do
6: 14 1+1

7: INSERT-AT(K (1), 1, k)

8: else

9: 141

10: while ¢ > 1 and k < k;(r) do
11: t41—1

12: if ¢;(r) is full then

13: SPLIT(T, 1)

14: if £ > k;(r) then

15: 1+ 1+1

16: INSERT-NONFULL(¢;(7), k)

17: return r

RX—BIREEIAN, 3] 7.1.2 ZOREAMERERREH, B 7.7 40 TRKIEA
“GMPXACDEJKNORSTUVYZ” HF 45,

—
[ /X

A C E G J K N o R N U Vv X Y z

7.7 AN “GMPXACDEJKNORSTUVYZ”, t:d=2(2-3-4#f), F:d=3

7.2.3 HIFX

SR ETT RN, BATTZEME —DITFRITE, FfYIRIEFRAGE, 2R
A7, TATTAT DAEE = &K, AT E T R B SE M BT R, IEETTRAIR
/NEAEBR A RIEENE? FATTAT BARE B A1 G 3o =870 R0 o, BRI ZEM
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1AM ro Hrp A MERR TTR/F AR (ki t) BIFIER, KBl 2200 1 2R,
LRI 22 ¢ SN SRHIERGEESR, R — NN 7.8 FiRi Sk, B Ta] DA H &0
AT E 30,

v RN

L2} ti t tiv tnt1
/ ¢’ r
e (ki-1, 1) (ky, 1)
t [
t head tail
1
""""""" (ki tiv1) (kn» tar1)

7

B 7.8: K B WFETRANEN T o B e mME—X513#%

NHEEIHI TR AR E ST B MR EEE A, BE EE =ER ) ZE
WP GER, T80 F15&, RIS 708, HME GER, 78D FI1R. B
BTN (1,1, 7)o

data BTree a = Empty
| BTree [(a, BTree a)] (BTree a) [(a, BTree a)]

FERSE— I, BAIN r B —XHME (k,t), B X (k,¢) BT 1 K&
A, ARG ¢ B ¢ MERSIRD RS R, e T 2 5 A A,

step; ((k,t):0,t',r) = (It (k,t'):r)

(7.15)
step, (I, ¥, (k,t):r) = ((k,t'):l,t,7)

FIR A48 80, B T0T ASEELRI 53 BREX partition p t, RIS p 18 B B ¢ 3Rk
A =355 (L,m,yr)e PITE 1T HRBYERN m #08E p, T r R BN R . & SLBR
B hd = fst o head, EMNFNERHPEHE —RE (a, ), ARG IR a0
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artition step, t
partition p (&, m,r) = P p (step: 1)
otherwise : (&, m,r)
(not o 1 partition p (step; t
partition p (I,m, @) = Pl P p (stepi 1)
otherwise : (I,m, @)
) and (not op)(hd(r)): (I,m,r)
partition p (I,m,r) = p(hd(r)) : partition p (step, t)
(not o p)(hd(l)) : partition p (step; t)

(7.16)
BN partition (< k) t ¥ t FETEA/NT k BT RMOREEL M, RHEAE+
RS T partition BREL:

partition p t@(BTree [] m r)
| p (hd r) = partition p (stepR t)
| otherwise = ([], m, r)
partition p t@(BTree 1 m [])
| (notop) (hd 1) = partition p (stepL t)
| otherwise = (1, m, [])
partition p t@(BTree 1 m r)
| p (hd 1) & & (notop) (hd r) = (1, m, r)
| p (hd r) = partition p (stepR t)
| (notop) (hd 1) = partition p (stepL t)

BATHERT DRI step,/step, {EEELZTRITRAME d 770, L n=|l| F
MBI TTR/F R EE, (o) T LR o EENHE f 3 n X,

n<d: sp(step?="(t))
splitdt={n>d: sp(step—4(t)) (7.17)
otherwise :  sp(t)
Hrp sp BEATON RHY 045
p (It (k1)) = (L1, 2),k, (2,t,7)) (7.18)
M partition Ml split, X THIFRXFRRE) B B, Bl Ta] PUE X HIEAR L, B
PANTEEL B WS EE 2. 3 DITRAIHMT:

full d @ = False

7.19
fulld (1,¢',r) =l +|r] >2d—1 (7.19)

|
low d @ = False

lowd (Lt',r) =l|+|rl<d—-1
RO d B9 B B ¢ Sl ATTER « I, BATEST@IAtiE N, AeHBEIrTRd 2
]

(7.20)
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insert x (d,t) = fix (d,ins t) (7.21)
SR S AL Z TR, B fio FEALE d RHI:

. H — enli
fi (d1) = fulldt: (d, (2, t1, [(k, ta)] HH (t1, k,t2) = split d t (7.22)
otherwise : (d,t)
BRI ins TREALE ¢ = o Ml ¢ # o PAMIENL, R T280, FRATH i — D SR -
FHRGAENER (1,7, r) = partition (< x) t EALEEITHHAILE :

ins @ = (2,9,[(z,92)])
t'=0: balance d1 @ ((z,):r) (7.23)

mst =
t'#@: balance dl (inst') r

PR balance }e BT 0 H ¢ BREWETZITRHHEIT R

full d t: fixFull
balance d 1t r = (7.24)

otherwise : (l,t,r)
Hep fiwFull = (1, ty, ((k, t2):r), (ty, k, ta) = split d to NEAIGFFEF L T
ANF Ik

insert x (d, t) = fixRoot (d, ins t) where
ins Empty = BTree [] Empty [(x, Empty)]
ins t = let (1, t', r) = partition (< x) t 1in
case t' of
Empty — balance d 1 Empty ((x, Empty):r)
— balance d 1 (ins t') r

fixRoot (d, t) | full d t = let (t1, k, t2) = split d t 1in
(d, BTree [] t1 [(k, t2)])
| otherwise = (d, t)

balance d 1 t r | full d t = fixFull
| otherwise = BTree 1 t r
where
fixFull = let (tl, k, t2) = split d t in BTree 1 t1 ((k, t2):r)

split d t@(BTree 1 _ _) | n<d = sp $ iterate stepR t !! (d - n)
| n>d=sp $ iterate stepL t !! (n - d)
| otherwise = sp t
where
n = length 1
sp (BTree 1 t ((k, t'):r)) = (BTree 1 t [], k, BTree [] t' r)

g3 7.1
7.1.1. BATRETDIAH < (#15 BWESHEEETER?
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7.1.2. {ERIPERRIEBRJe R B RIE R RIR A,
7.1.3. BAERLEESIRETRBANME, HHEH B ST
Kitt, BIEERERRETIA?

7.3 IR

BTG ZRERW I ERE R RS E 2 D050 B . X &
HEGWATTA, 2 B A ZANTT, FEEBR ¢ = (ks,ts) PESPILR k, IR ¢
M TR (ts 7)), MR O FIRER; SN, FATH &R ¢ R =&k7:
= (ksi,ts) ' r = (ksy, ts,), Hei L RIF0 8 ¢ RRIATRTCERAR/NT k, 10 r FHEIFT
AILRRTET ko MR r PRI —NITER ks, FT kb, TATHHRE] TR S UIFAT
BBYAHBAE 7 0A7 ¢ FR A,

lookup k (ks, D)
otherwise :  Nothing

{k €ks: Just (ks, &)

(7.25)

Just k = safeHd ks, :  Just (ks,ts)
lookup k (ks,ts) =

otherwise : lookup k t'
HH ((ksy,ts)),t, (ks,, ts,)) = partition k to FREL safeHd & XN :

safeHd || = Nothing
safeHd (z:xs) = Justx

NHEEIBITRER KB T ERETA,

lookup k t@(BTree ks []) = if k ‘elem’ ks then Just t else Nothing
lookup k t = if (Just k) — safeHd ks then Just t
else lookup k t' where
(_, t', (ks, _)) = partition k t

XEFAIFRA S, RS RZR LR, WRBA NS, BATHSA < B7 TR, 2R
JEtEEAME S — DT RBEET &, BN AR T TER:
lookup k & = Nothing
{Just k = safeF'st (safeHd r) : Just (I,t',7) (7.26)
lookup k't =

otherwise : lookup k t/

Hrp (1,¢,7) = partition (< k) t XN AFBWEIXI 5T safeFst KrEREL fst B ]
“Maybe”ME_ L, FHMIBEIFREFEHT fmap RIZEL:

lookup x Empty = Nothing

lookup x t = let (1, t', r) = partition (< x) t in
if (Just x) — fmap fst (safeHd r) then Just (BTree 1 t' r)
else lookup x t'

SsafeHd EHLEFEFEH LA 1istToMaybe 24t
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X 2RI, BA M 7 THE, SREIGTR i 813 k() < b < i (r)o 101
B ki(r) = k, WBRIET R FIRT] 0 AURIGIER ; T, A TIREEAE T 500 1, (r) Tk
SRR, MR r I, IR B b AL, ME B2

1: function LOOKUP(r, k)

2 loop

3: i< 1,n <« |K(r)]

4 while i <n and k > k;(r) do

5 1 i+1

6: if i <n and k = k;(r) then

7: return (r, 1)

8: if r is leaf then

9: return Nothing > k NETE
10: else

- e () > AL | ROV

3] 7.2

7.2.1. R o EROEm S AERER,

7.4 THER

MIERTCRIG, T RATRER VTR AR TCIEME B MAYESR, BRART 4, JTRE
AT d—1, Hirb d B/ NVERL FRTHARIL, BATEA AL SemBR e
NG =g R |17

7.4.1 EMEREEE

BATE S R = AR AR ETRE 2ok, KRR HEE B WHFigr, &
e b

delete x (d,t) = fiz (d,del = t) (7.27)

HAEEL del BN Z 0K FRAIMMPRIERE, AR ¢ BT, BTN RUTR
FRIHIER 25 700, AT o R RI =870 (1, ¢, r)o HA 1 ¢ BIFTETTR/DNT o,
i r HHERITRRTEHET (). WR r A2, BATREHHEPRE—NTTE b, A
BET (Bl & = ), BAHESRAF R PRIEATTR K (B E = maz(t') BUK
kio SRIEIBIAMIM ¢ FHER &, W& 7.9 B, S (r A28 k; # @), TATTIH T
t' HHIER o
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delete x

ky ceo | ki fNhEx e k,
/ replaé:e k; withx

delete k’

141

ln+l

k’=max(t;)

7.9: F k' = max(t') B k;, RGBT ¢ BHER &/

del x (ks,@) = (delete, x ks, )
el o ¢ Just © = safeHd ks’ :  balance d | (del k' t') (k' : (tail ks'),ts")
el © =
otherwise : balance d 1 (del = t') (ks',ts’)

(7.28)

H (1, ¢, (ks', ts)) = partition  t, B o HATRIZHI =870, BATA] DAHE—
Mt FPIFIRATCR ko BB max € XA

max (ks,@) = last ks (7.20)
max (ks,ts) = maz (last ts)

BRE last IRMAIFERFHRE—1ITR (X (1.4), delete, 23N (1.14) HE XA
RMPREAEL, tail FHIRPHIE —DITREHE, FIREF FTR (3 (1.1), Al
TR ENE R LRI TR N FIEHE S balance BREL, IR RAFITE KD, ST
G

full dt: fizy
balance d (ks;, ts;) t (ks,,ts,) = < low d t : fiz (7.30)
otherwise : (ks; 4 ks, ts; 4 [t] H ts,)

MR ¢ FRTTEAR (< d — 1), AT fiz, SHEM (ks ts;) AW (ks,, ts,)
B CEE—DANZH) o LAEMAB]: AT ksists) PEURRIGHITTER ks tno 2R
JEVEA R unsplit (3R (7.8)) fl t &3 unsplit t, k,, to HWE—TNEZHEEZ TR
o BJa, BATEXRIEA balance FREREIERZN B #f,

ks # & : balance d (init ks;,init ts;) (unsplit ty, kmy t) (ks,,ts,)

fixy = ks, # @ : balance d (ks;,ts;) (unsplit t ki t1) (tail ks,,tail ts,)

otherwise : t
(7.31)
EREE—MERF ks = ks, = o, MIEDNES, X2—BREE— TR,
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TEH—BBEE, by flt, DO ks, fl ts, FHE—NITE, BERIMMESLRTHEA
FIEAE W fix BREL AR ELE 4 :

fiz (d,(@,[t])) = (d,t)
fulldt:  (d,([k],[l,r])), EHH (1, k,r) = split d t
otherwise : (d,t)

fiz (d,1) =

(7.32)
A BAHERATEANA— 5% QSRR G, AR RS —fR R, FRATAT 2L
G B, M — (AR E BT AR s RG] TR2 S8R T BRI,

delete x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (List.delete x ks) []

del x t = if (Just x) = safeHd ks' then

let k' = max t' 1in
balance d 1 (del k' t') (k':(tail ks'), ts')
else balance d 1 (del x t') r
where
(1, t', r@e(ks', ts')) = partition x t

fixRoot (d, BTree [] [t]) = (d, t)
fixRoot (d, t) | full d t = let (t1, k, t2) = split d t in
(d, BTree [k] [t1l, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| low d t = fixLow
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] # ts2)
where
fixFull = let (tl1, k, t2) = split d t 1in
BTree (ksl # [k] # ks2) (tsl1 # [tl, t2] # ts2)
fixLow | not $ null ksl = balance d (init ksl, init tsl)
(unsplit (last tsl) (last ksl) t)
(ks2, ts2)
| not $ null ks2 = balance d (ksl, tsl)
(unsplit t (head ks2) (head ts2))
(tail ks2, tail ts2)
| otherwise =t

BATRAIZS B MHIMEREIREESR >, & 7.10, 18 7.11, & 7.12 A T HHERAY
5155

7.4.2 FEEIFRIMER

5 M TRRAETR AR R AT, R EER. MR ¢ PRIERITER 2.
B MR BRI TR DA T

WO 1 WNR o FAET ¢ (TR, HH ¢ BT TR DIERR ¢ P 2
fBR, AnsR ¢ 2 EIIE—T R GR), MRt — B R,
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& 7.10: fMHERAET

7.11: MR <C, SRIEIER <07

B 7.02: IER K, 2AEMHER N
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oL 2: WK « FET ¢t FTEP, Bt R2M TR WFEEE=R/FE:

Mol 2a: WA 7.9 FiR, 2k = o BATIKITEA K, HH K = max(t)o TR ¢,
SHEEBHITE S O, TAH K& K, RIGEITHMN ¢, IIER &/

oL 2b: AR ¢, PHITTEANRE, BB TRt SARBHIITER (> ), XFF
o, FATHGUITE £ = min(t) B &, REIBVIFRM ¢, FIHER &7, WE 7.13
Fli7Ro

delete x

k1 e k[»l k[:x; kn
/ delete k’\
t replace k; with k” : ! Iyt

k"=min(t;+,)

7.13: F K" = min(t;) Bk, SRGRITHUM ¢,y HHER &7

oL 2¢c: R ¢, F ¢,y BITCREAR (6] = [tia| = d — D, Bl v tin &
HR—DH TR E&H 2d -1 PR, ALt HER. & 7.14 Fir,

x =k

G = LE

Ky s Ky K" s K Kiowsky | k| Kk

& 7.14: LB FEMIER

AHIEIRKITR k TR, QR ¢ R Es CRESHETR), Wk 2t
HFEIIE—TCR, HH b i BICARIMERFB, FRATTAT DU A B 4, 4Pl 7.15
FIRo

/ shrink
i

K}y e Kl Moo K Kioeoky | k| Kk

>~
=~

7.15: FEIREE

WO 3: 412R ¢ KICRP AR E o, WANFEEITHAAER D708 ¢, PR 2o 40
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Bt FRTTEANE, BAIFHEA MR TE

0L 3a: AR ¢, BIPDAERBTT AL 11ty PHUE—DNEH BHERIITTE (> D),
AV ¢ FR—DITERE ¢, RIEEAAHL T R — DN RA LA ¢, HN T
DEIEN tio QA 7.16 7R, t; RIS —I0R. # FRBIEFHMM ¢; FIER 2.

I
i A
4 it liv]

/ ks s Kl \ / k", K s Ky \
' tq "y [}
v
I

/ Koo Kl k; \ / k', o k", \

I 'y "y " m+1

7.16: WNETIFEA—TITER

oL 3b: AR MHLETT S BITTREAR (-1 | = [tia| =d — 1), Tl TR ¢, ¢
I —DITR, FE— BT REFFR— DR, B 7.17 FR, A5 MBI
ﬂﬂ-IJIZ% To

/ ks e Ka1 \ / K"y ey Ky \
, " -

t:/
Ky o Koy K L
/ NN \

8] tq "y [

717 B ticktip

N DELETE BRBCEIL T /e & R E %
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1: function DELETE(t, k)

2: if ¢t is empty then

3: return ¢

4: i1, n<« |K(t)]

5: while i <n and k > k;(¢) do

6: 1 1+1

7: if kK = k;(¢t) then

8: if t is leaf then

9: REMOVE(K (1), k)

10: else

11: if |[K(t;(t))| > d then

12: k;i(t) < Max(t;(t))

13: DELETE(t;(t), ki(t))

14: else if |K(t;41(t))| > d then

15: ki(t) < MIN(t;11(t))

16: DELETE(t;41(t), ki(t))

17: else

18: MERGE-AT(t, 1)

19: DELETE(t;(t), k)

20: if K(T) is empty then

21: t < t;(t)

22: return ¢

23: if ¢ is not leaf then

24: if £ > k,,(t) then

25: t+1+1

26: if |[K(t;(t))] < d then

27: if i > 1 and |K(t;—1(t))| > d then
28: INSERT (K (¢;(t)), ki—1(t))

29: k;—1(t) <— POP-LAST(K (t;—1(1)))
30: if ¢;(t) is not leaf then

31: INSERT(T'(t;(t)), PoP-BACK(T (t;_1(¢))))
32: else if i <n and |K(t;+1(t))] > d then
33: APPEND(K (t;(t)), ki(t))

34: k;i(t) < POP-FIRST(K (t;11(t)))
35: if ¢;(¢) is not leaf then

36: APPEND(T'(t;(t)), POP-FIRST(T (t;+1(t))))
37 else

125

> B 1

> H I 2
> &M 2a

> IE 2b

> 1B 2¢

> AR

> [E 3
> T 3a: /2

> 1H 0L 3a: 5

> 1&E 3b
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38:
39:
40:
41:
42:

43:

44:

HEE B

if i =n+1 then
14—1—1
MERGE-AT(t, 1)
DELETE(;(t), k)

if K (t) is empty then > G iR
t e t(2)
return ¢

Hrp MERGE-AT(1, 1) BV £,(6). TEZE k(1) SV b0 (1) BFERL— T AL,

7.3.1.

7.3.2.

: procedure MERGE-AT(t,1)

x < t;(t)
Y tipa(t)
K(z)  K(x) 4 [ki(t)] 4 K (y)
T(x) < T(x) 4 T(y)
REMOVE-AT(K (t),1)
REMOVE-AT(T'(t),i + 1)

%> 7.3

BMEARTTHER TR T 2B RRATTR & = max(t') BHERPRITT
= k, RJEiB At ¢ BIER & A RO FREAC BT IR RR4R R )
BR/NTEEREE ko HERIX—T71%

SCEIFIERN B REBIMHIERE 1%,

7.5 IN&L

B PR = AR BH R EN 22 D0 B, FER o B E IRFIHE—EE N, B A

FIREZEHIEL TR (1, 88 18 3), B T RN RE 2. /D, FHEPET DAORRE,
REEHIBRAEARFI B = R EL B, X T35 6 n DITERA B A, HAEEREN O(1gn)o

7.6 FS:BIFREE

B REE X :

data BTree<K, Int deg> {
[K] keys
[BTree<K>] subStrees;

TR
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void split(BTree<K, deg> z, Int i) {
var d = deg
var x = z.subTrees[i]
var y = BTree<K, deg>()
y.keys = x.keys[d ...]
x.keys = x.keys[ ... d - 1]
if not isLeaf(x) {
y.subTrees = x.subTrees[d ... ]
x.subTrees = x.subTrees[... d]
}
z.keys.insert(i, x.keys[d - 1])
z.subTrees.insert(i + 1, y)

Bool 1isLeaf(BTree<K, deg> t) = t.subTrees = []

A

BTree<K, deg> insert(BTree<K, deg> tr, K key) {
var root = tr
if disFull(root) {
var s = BTree<K, deg>()
s.subTrees.insert(0, root)
split(s, 0)
root = s
}

return insertNonfull(root, key)

TRAZIARHTT R

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if disLeaf(tr) {
orderedInsert(tr.keys, key)
} else {
Int i = length(tr.keys)
while i > 0 and key < tr.keys[i - 1] {
i=19 -1
}
if disFull(tr.subTrees[i]) {
split(tr, 1)
if key > tr.keys[i] then i =1 + 1

}

insertNonfull(tr.subTree[i], key)
}
return tr

Hr orderedInsert &7l ATTERF| R,

void orderedInsert([K] 1lst, K x) {
Int i = length(lst)
1st.append(x)
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while i > 0 and 1st[i] < lst[i-1] {
(Ist[i-1], lst[i]) = (lst[i], lst[i-1])
i=1 -1

Bool isFull(BTree<K, deg> x) = length(x.keys) > 2 % deg - 1
Bool isLow(BTree<K, deg> x) = length(x.keys) < deg - 1

B

ERE:

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int i = 0, n = length(tr.keys)
while i < n and key > tr.keys[i] {
i=1+1
}
if i < n and key =— tr.keys[i] then return Optional.of((tr, 1))
if disLeaf(tr) {
return Optional.Nothing
1} else {
tr = tr.subTrees[1i]

—

R A FF EER:

BTree<K, deg> delete(BTree<K, deg> t, K x) {
if empty(t.keys) then return t
Int i = 0, n = length(t.keys)
while i < n and x > t.keys[i] { i=1+ 1}
if x — t.keys[i] {

if disLeaf(t) { // case 1
removeAt(t.keys, 1)
1} else {

var tl = t.subtrees[i]
var tr = t.subtrees[i + 1]
if not low(tl) { // case 2a
t.keys[i] = max(tl)
delete(tl, t.keys[i])
} else if not low(tr) { // case 2b
t.keys[i] = min(tr)
delete(tr, t.keys[i])
1} else { // case 2c
mergeSubtrees(t, 1)
delete(d, tl, x)
if empty(t.keys) then t = tl1 // shrink height
}
return t
}
if not dsLeaf(t) {
if x > t.keys[n - 1] then i =1 + 1
if low(t.subtrees[i]) {




HARRBL 129

var t1l = if i = 0 then null else t.subtrees[i - 1]
var tr = if i = n then null else t.subtrees[i + 1]
if t1 # null and (not low(tl)) { // case 3a, left
insert(t.subtrees[i].keys, 0, t.keys[i - 1])
t.keys[i - 1] = popLast(tl.keys)
if not qdisLeaf(tl) {
insert(t.subtrees[i].subtrees, 0, popLast(tl.subtrees))
}
} else if tr # null and (not low(tr)) { // case 3a, right
append(t.subtrees[i].keys, t.keys[i])
t.keys[i1] = popFirst(tr.keys)
if not disLeaf(tr) {

append(t.subtrees[i].subtrees, popFirst(tr.subtrees))

}
1 else { // case 3b
mergeSubtrees(t, if i < n then i else (i - 1))
if i=—n then i =1 -1
}
delete(t.subtrees[i], x)
if empty(t.keys) then t = t.subtrees[0] // shrink height
}
}
return t

BT, REBURR, /TR,

void mergeSubtrees(BTree<K, deg>, Int i) {
t.subtrees[i].keys 4= [t.keys[i]] + t.subtrees[i + 1].keys
t.subtrees[i].subtrees 4= t.subtrees[i 4+ 1].subtrees
removeAt(t.keys, 1)
removeAt(t.subtrees, i + 1)

K max(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = last(t.subtrees)
}
return last(t.keys)

K min(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = t.subtrees[0]
}
return t.keys[0]
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8.1 ENX

He B — R WAEERSER, T DA FHE . A RS | B BIAETE 1, el
IR X U 2B, 353 HE (Robert W. Floyd) FHILZE H T —Fh &34
PP R U 12, HER G IR SCR MR H, ] BRSNS, ABENHHAZ
RSB HE, 045/ fmHE (Leftist heap) . B (Skew heap) . fff@HE (splay heap) ['l,
— MRS, BB S TR EERITT R, BiE — & MEFOEE ST a0 TR E:

L PR HETUS R B/ VTR

2. PR IRHETTOT R, HORFHER LR HrATHE T R 2 RAR R/ NS
3. FABRCERHCRAAME R, FORRFHERI PR

4. HeftE aFF MM HE) O HERTTE 5L

AT ICER AT R, tha] LHETIUE MR 17 AT . BATTARIIHERCR ATt/ N T BRI HED
NTHE, TREROR1F B R TT AR AIHE ) R TIIHE, AT AR RSCEIME, K]y (Bl ) ToR
BETRY AL ARPUETITTRN, R EART S R8s, 58 HHETR, ReART RmER, 24
JE T T BT . FRATTRRME ] — SRR SEBIL AR DN — S HE

8.2 FHEH I — X HE

A ARBEHER — R e SO B — "L — X TR ki —
XHEHR 28 — 1T R WREENTT RN BRI NERERSN 1,2, ..., 28 — 1,
W) 57e 2 = OB AR S0 i BT ORI O R g SR 0 BT R TR A BT RD, 52
X S IRE R R — TR =17, B 81T e X
R HEEH AR, BEHHS « DITRARITT R, BT RN MER [i/2] MITR, A
TR R EE 20 NTEE A TR 20 + 1 DMLE, WERTITRNERS EH THEm
K, WA E AR L -8 CBIARI-15 550 o APRITEREE 2 TR ISR BT DUE SCAnR (8%
HIRT I 1T, kgt T ADsESLERIE]7) |

131
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16 14 10 8 7 9 3 2 4 1
1 2 3 4 5 6 7 8 9 10

8.1: S84 M EIEEH AR S

parent(i) = L%J
left(i) — =2i (8.1)
right(i) =2i+1

8.2.1 HE§%x

HEVERE | SRR HEMERRATIEAR, (ERHETUT RN R (Bl BT HEHEEE
RRAL R G B JASE A I — A, FRATTRT DAZRIG — s A HEPE o7 AR 7B AR 13
AR R/ (BURR) B BUEAT AR — 7 e, fIBRE I, B B AR
R/NTIME, AEZAEEH AR 4, iBVAMAGE « W AFrh, A FIER SR TEHT
(OARAYME, ANl R B, A5 A7 s R/ IME

1: function HEAPIFY(A,1)
2 n < |A]
3 loop
1 541 > s faAIER/)N
5: | < LEFT(7), r + RIGHT(7)
6 if | <n H A[l] < A[i] then
7 51
8 ifr <n H Alr] < A[s] then
9 ST

1Heapify, HIEIEHEA,
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10: if s £ ¢ then

11: EXCHANGE A[i] <> Als]
12: 145

13: else

14: return

HH T B T NI R R, IR B 52 2 — XM I S ERUE b, HEAPIFY Y
INRIE A E S O(lgn), A n ZITR N B 8.2 #iIR T/NHERT AP IR, KT I M
2 PR, B (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] Z54H [1, 3, 7,9, 10, 12, 14, 15, 13,
16],

ONOIO

8.2: MEVHEE, SF—20:13.3.10 PE/IMERN 3, ZHh 3 « 13; 88 A :13.15.9 Hx
IMERN 9, 23 H1 13 < 9; B =20 13 M7 m, HEEEE S,

8.2.2 FyiiHE

] Heapiry, FATTA] DAMEE R E HHE, M5 522 — SR A 18
H:1,2,4,8,... #2 2 BB, —FSNekE—R, HTRA—EH, &5—&
BRZEH 207 DR, H p B 20 — 1 > n BIR/NEE, n BEEHKE, TATBNS
FTEMF, NE— DD R (REIMLT [n/2)) THEA WA EHIT HEAPIFY,
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1: function BuiLD-HEAP(A)

2: n < ’A’
3: for i + |n/2| down to 1 do
4: HEAPIFY (A, i)

B Heariry IEZEN O(lgn), B2 BuiLb-Hear B EARZ O(nlgn),
M2 O(n). HATBKE TATAEMT, X2 H 1/4 T RWLEIF M FEE—IR; %2 H
1/8 Y1 R LLBIF M RSN 2 H 1/16 BT R bLEIFIA R Eh=iX...... 5
HHRAIRE ST LR :

1 1 1

S:n(1+2§+31—6+...) (8.2)
KRS LA 2:
1 1 1
A (8.3) AR (8.2):
28-S = n[% + (2% — i) + (3% — 2%) + .. BEFTEE TN A
§ = mly+gtgted 52 AT
= n

8.3 IR T MEA [4,1,3,2,16,9, 10, 14, 8, 7] A3t/ NTMERERE, BEAEFRRIN
1T HEAPIFY HYEART R IERTRIEA T 2 BT Ko

8.2.3 HEMIFEARRIE

HERGSE AR E AL TR IR ITER, 34 AR, S-£dme/ )y (BsoR) BRI & IR, BV
TiHErp R — TR (B AR THER R —TT3R), ARAE AN . HETRHR X B AR T £,
EHERTE—ANTEE: Top(A) = ALl

S HHETIS , AR R TR IR IARTRS 5], BREMRT IR o AR — R
N T REGIXAE L, PRI, BAT TR A BRI SRR IR R 584t SR R i Y
KER—, AL FRIERM 71 AR A /5 H Heapey PREHEVEHR:

function Popr(A)

x + A[l],n « |A]
EXCHANGE A[1] <> A[n]

1:
2
3
4: REMOVE(A, n)
5 if A is not empty then
6

HEAPIFY(A4, 1)
7: return x

MECEH IR MR TT 2R (75 5 B TR, S A58 EH I TR) &2 2% FE B T HEAPIFY,
N O(Ign), ELMEH pop, A] AR —ZHITERAHRYAT & DR/ (Bl K) TTER:



8.2 FIEUHIINR — X HE 135

‘4‘1‘3‘2‘16

-
(] ‘ ()
O
)

(6)
4

() ®)

10‘14‘8‘7‘

8.3: MiEHE, (DKE 16, ERT TR T, (3 16 « 7; ) K#E 2, Bt 14, 8
N (DK 3, B 9 1 10 &/, G)REE 1, B 2 F1 7 &/, (6) /7 4,1 b 4 F0 3

BN (DM 4 < 15 (8) 5 4 < 2, G5
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1: function Topr-k (A, k)
2 R+ ]
3: BuiLp-HEAP(A)
4 loop Min(k, |A|) times > ke 1 R U 3B T
5 APPEND(R, Popr(A))
6: return R
AT DURIHESSER “LSe BB, BTSSR, Rt THESSTNHE, SR MHETH
B e @ eSS T, A T RBEHITHMES, ATLARTHERI e, KT/
THUHE, IX TR I N TTRAIE, Q1 8.4 Ao

0] ®)

OO0 ONOIO

@) (4)

8.4 H 13 W/Nh 2. 29855 9 ZH, IR 8 2ebk

/N ONTTHERR YD) DN TT R ATRESBONHENE L, SICRR5100 i, PHAVRTEH
JRRIA] VR HEE BT, IR 24N O(1gn)o
1: function HEAP-FIX(A, )
2: while i > 1 and A[i] < A[ PARENT(7) | do
3: EXCHANGE A[i] <+ A] PARENT(7) ]
4: i < PARENT(1)

Al DA Heap-Fix SCERIE AU, Jem B R BIRIMFTCE k, FH Hear-Fix
RS
1: function PUsH(A, k)
2: APPEND(A, k)
3: HeAP-FIX(A4, |A])
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8.2.4 HiHb

A DARIFSESC IR . A n D RAHERP TSR — /NI, AN HE E T, ik
1§ TP R, MR AR ZRER O(n). FEHIRIERIEINEN O(gn), T
T nike BANHEINEN O(nlgn), HTIAMER T HIN—DHIREBHFER,
ZRIEZEN O(n)o

1: function HEAP-SORT(A)

2 R+ 1]

3: BuiLpD-HEAP(A)

4 while A # [ ] do

5 APPEND(R, Popr(A))

6: return R
IR OMELH T 5 —RSCBl, A —DRTE, R DRI R A, XA i
RICEFAAEE] T HEF G AV OB, MFORIRBICRA R 7T HHEDL, REERIR
N, RIETAT HEaPiFy IREHEME T, BHEIX IR, EEHEH G — IR, X
—RIEA R THINIZR,
function HEAP-SORT(A)
BuiLD-MAX-HEAP(A)
n < |A|

1:
2

3

4: while n > 1 do
5 EXCHANGE A[l] < A[n]
6 n<n-—1

7

HEAPIFY(A[l...n], 1)

#:5] 8.1

8.1.1. FEH I —Fh SR HEHE P HUARTE . BB — P S MR HE R B — D i/

HE A, MR, B—NITR o CREERNVLE T, E MK, BRRTER
[ag, az, ..., an] HE—THTHIHE, FFM ax FFEEHAT HEAPIFY, BEEIX—MNETA]
G BRGERHT, X —ITIRIEMA?

1: function HEAP-SORT(A)

2: BuiLp-HEAP(A)

3: fori=1ton—1do

4 HEAPIFY(A[i...n], 1)

8.1.2. ZKfelth, rT UM B E MG T k & HEaPIFY KKH top-k HIKA?
1: function Topr-K(A, k)
2: BuiLD-HEAP(A)
3: n « |A]
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4: for i <+ 1 to min(k,n) do
5: HEAPIFY(A[i...n], 1)

8.3 JefmHERIFHE

5t XHERUHETTO TR G, RIAR AR T, BB RHE, QN1 8.5 AR, 4
mEHeqe? LA:

Merge \\*

B 8.5: FHHET(ERIR T /0 )5, I TR —

merge d R = R
merge L & = L
merge LR = 7

WSS FRERAZS, ORFRHENE T, HrHUAR T R R R TR PR/ MY,
AFH CEMHERZHE) FIRRT R al /A7 T4 B/ TR, BATEESERV N —ME
HNEHER, 2 L= (Ax,B).R=(A,y,B), Hf A, A'. B, B #L2 TH, WHR
T <y, x SEHIR, BATATCARE A, @EIIMEI B R; 8iEHIRE B, BJIHEIF
ARl R, #HIER (merge A R, xz, B) 8 (A, x,merge B R) Z—o MNERATLA, N T
fal B, FATVEIERA PN T & I, FRIXAERIHEN A IWYE (Leftist heap).o

8.3.1 ik

{56 P 75 R SE IR AR R e e, SURR R (C. A Crane) T 1972 21V 42 H T /2
(it BT RS E ST — DRE (AR S 18D , S T 2RI NIL 9 s AEERS, NIL
TRBIFRSET 0. QHIE 8.6 AR, BEEART A 4 BIERIMF9 0N 8, BT AR s Ak
N2, TR 6 M 8 EEMT, BNRIBN 1. BT 5 FATIMA N, HE2ENEG
TR, FIRRRET 1 ICAG BRI AN v, B SCEFFRIGI :

1. REEIHEFI;
2. By < rp, IR EAAE T,

BATIRIZAER) S FH RME N e fm e ER UL, £ —RRZEfm A P, E3E4 NIL
MR R M, (w2 A, (B2 en] DAES — R BB P
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° NIL  NIL NIL

NIL NIL

Kl 8.6: rank(4) = 2.rank(6) = rank(8) = rank(5) =1

EP 8.3.1. i —MRAEMm T 68 n D, METRENSRAN NIL MR LR
ZAH [log(n + 1)] MM

BATERE TIUERF U 0], ARJE I B, I )X — B AR A T IR E R B, AT DARIE
O(gn) MEZE, ICIEZWEMRM N (r, L, k, R), DRFRE, EFH, TEME. A
T

data LHeap a = Empty | Node Int (LHeap a) a (LHeap a)

TE X rank BREGR BT SARE,

rank @ = 0 (8.4)
rank (r,L,k,R) = r
E X make BREHCEEAFRARE, FHAZH TP ERFF A2 (m T
make(A,k, B) = rank(A) < rank(B): (1+rank(A),B,k, A) (®5)
A0 (1+ rank(B), A, k, B)

RNPIRETF AL B HITEE ko & A FIRKEUIN, WA B ENE TR A TE G TR,
T RHIRN 1+ rank(A); B, & B BFIRESN, 8 A TEN T, B 1E NG T,
W RBIREN 1+ rank(B). BEMANEmME Hy 1 Hyy NZENICHN (r1, Ly, K1, Ri)s
(7"2, Lo, ko, Rz), EHEREE XN

merge @ Hy = Hs
merge Hy @ = H;
(8.6)
ki < ko : make(Ly, ki, merge Ry Hy)
merge Hy Hy =
AN make(Ly, ko, merge Hy R»)

merge SSAEA TR _EATIE T AR AR IR, RIIE T2 24N O(lgn). B _E
T, B SRR R Z BB O M ERETR AT, (HEFFBRIERIIN TRIEZREN O(n)o
BATHREEREP N, BEHT N,
1: function MERGE-HEAP(A, B)
2: C + CONCAT(A, B)
3: BuiLp-HEAP(C)
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S merge PREL, AT DASEEUIEAHIHERR R, G40 7E 5 RON TR REUAL THR T s A HE
WoeeR (AN E)

top (r,L,k,R) =k (8.7)

ST, FEG T E I — D, MR REN merge MR, 12
O(lgn)o

pop (r,L,k, R) = merge L R (8.8)
FAFTLR kN, M kG — D71 5, RE e &t
insert k H = merge (1,@,k, @) H (8.9)

5 AT HCTER insert k = merge (1,2, k, 2). ANEZEMZ O(lgn).
BATRT L — R AT E AR AN, HE L mHE R BT R 1 build = fold, insert @,
K 8.7 25t T — MG AL mHERI B

8.7: MHIF [9,4,16,7,10,2,14, 3,8, 1] H3&E A fmfE

287E — NP, R e R — e wte, SRJ5 N WT B H HE T A B/ N T Rt T PASK
PiHER -

sort = heapSort o build (8.10)
Hrp:
heapSort @ =
eapSor [] (8.11)
heapSort H = (top H) : heapSort (pop H)

TR O RN TR, HAGA M 1 n R, RIEHEFRIEEEN O(nlgn)o

8.3.2 #FHik

TE(mHEAE LR UL N 27 B RIRISEHY, QI 8.8 AR, #HHE (skew heap) /& —
M EEREHE, SR T e (w7 U U RS e (I, A RO RR N T
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A, WA AT B2 XA —A NIL 1 8N, AEREZ K, FEN 1, R
falfl T & FF SR : RS T

8.8: MFFI [16,14,10,8,7,9,3,2, 4, 1] FI3ER A it

RHEH R (skew tree) SEHL, RHRE —FRFZRI X, f/NITTEA TR
A, B FRHE—RRN, TR, fTERE H XRIE L, WEaE =, 5
2N (L, k, R)o

data SHeap a = Empty | Node (SHeap a) a (SHeap a)

BHPRRIESRIRG Hy = (L1, ky, Ry)s Hy = (Lo, ko, Ro) I, 5 ky < ko, 38R Ky
TERTIIAR, BATIBERT DU H, 1 Ly, &9F, AT DU H, #0 R, &9F, FANERS
B R, ko RERBIEA T, BIGINERA (merge Ry Hy, ky, Ly)o

merge @ Hy = Hsy
merge Hy @ = H;
8.12
k’l < kQ . (merge Rl Hg,k’l,Ll) ( )
merge Hy Hy =
17:(}”\[] : (merge H1 Rg,kQ,Lg)

HERYIRE, WA, PRI 5 H TOUER AR 22 (i — Al & R SC B, RN
FIRHECERE P51, 4 RATS SRR — PR TR 9 — KRR, ANl 8.9 Al

& 8.9: FEFFA (1,2, ..., 10] A FIRH
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8.4 )

T At SRR R A ) — SRR SR 0 SRRE — SRR R — AR ARE, e/ ]
(B R) TERMAFA TR R, BAFZE O(lgn) WARIREER/) (Bl K) TTHR,
R AR AT, MERES R, BIMEDL P RIBRILN O(n)o RE T LALLM
RARFR A7, AR AL T — MR RN LI TTIE, (S AETER P-4, Sleator 1
Tarjan 7E 1985 A5 | A\ T i U1 U0, B3R F SR AF RO SR, AW (EAE 15 TR
RUARIRRBER:, IPEEHR IR, FATPRIZAE A ERIERN “HifE (splay) e AT
A = RAERMEI S TR RS, 2B P, RSB ERIERSHErERE 2
O(lgn)o

8.4.1 fHJE#R{E

AR IR DASCELH R E, 55— AR AT e, (BR 2B 2 16 L
FMAESG-HIER, BRLBBONE 2, ICEEHRIRNT RN 2, BT RN
p, ERAFAEMRT A, 12N go HRBEIED N1, DDA DX FRHIE N,
PATTCAEED ) — R GL28 BB, 418 8.10 AR,

1. zig-zig WIK, = M p HR/ETRECERA 70 BT IRBERLRE o 2R Ao

2. zig-zag IR, o M p —TE—F. LHEEs o WHRIRT A, p Ml g AL R

3. zig BB, p BT R, SN o A TR R X BRI ERIRIE—P

E 6 MR, ILIEZZXBN T = (L, k, R), VIFITTER y B, & R
BN
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K 8.10: zig-zig: = 1 p #h 2L FIEEREA T, 2 BUONIRT Ko zig-zag: = flp —
=4, v BN R, p Fl g RO AL zig: p R A, TERRE « Z8 R .
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r=y: (a,z(bp,(cg,d)) |
Splay Yy (((a> x, b)apv C)a 9, d) = {TU_IIJ T 71g-718
[ /211
T=19: a,g,b),p,c),x,d
splay y (0,9, (b, (e.2.d))) = {TW W0 DED g i
Ay (I
€r = : a,p, b c, g, d
Splay Yy (a’7p7 (b7 €, C), g, d) = {TI}I[Jy ;E b ) ( g )) Zig_zag
— :
r=y a,g,b ¢, p,d .
Spl(ly Yy (a,g,((b,x,c),p, d)) = {TI_IIJ ;E ) ( )) 712-7aZ X?J‘m
PR
r=y: (a,z,(bp,c)) )
splay y ((a,z,b),p,c) = zig
1| I
T=19y: a,p,b),z,c
splay y (a,p, (b,x,c)) = ((2,2,8), ) zig AR
aSu T
splay yT = T HE

(8.13)
HEHEN TR R, FIREAR, PUTHRRIEVIETM, GRS, 455R
= 5 BN RHR AT ¢ MR AR 2z, AR y < o SRS IIHEA LI,
RIG R BUHEALG TR R,

inserty @ = (2,y,9)
<x: spla insert y L,x, R 8.14
inserty (L,x,R) = Y play y ( 4 ) ( )
AN splay y (L, x,insert y R)

8.11: M [1,2,...,10] F=AERI R,

B 8.11 H/H TE—HA [1,2,...,10] IGER, mAR MR, XigEZI T
— S5 Tl B AR (e AU ) - R B2 \ﬁEﬁﬁEiﬁrﬂﬁﬁﬁtﬁﬁﬁ%ﬁo EETIAELN
2 o B T S EIRRFEER S LM R, #1% L < k < R(L T EE/NT =, R FTEET A
T 2)o RIELCAx AR, L. R AT AR, 7 Fd R38O B 21 T R
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partition y @ = (9,9)
partition y (L,x,R) =
R=0o (T, 2)
<y ((Lyx,L"),2',A),B)
<y HH: (A, B) = partition y R’
R (I'.'.R) (A,B)=p Y
S (L, x, A), (B2, R))
. (8.15)
HH: (A, B) = partition y L'
L=go (2,7T)
y < x, (A7 (L/7 xl? (Rl7x7 R)))
75 Hr: (A, B) = partition y L'
L= (L' 2 R) (A,B) =p y

S0 (L, 2", A), (B, 2, R))
HH: (A, B) = partition y R’

partition 52— MEEMEE y FI—BW T, WMERMNZE, &8RN (2,0). &N, 12
T =(L,x,R), %z <y, AAWMFER: ()R = o, B4E = IEGRMIIMER, FrE ot
FENTF y, RN (T,9). DEN, D R= (L', 2, R), % «' <y, BFHHEMEE S
# R EITA/NT y BRTTERIBAR A, HRIBRAM B, SR —XN#: (L, 2, L'),2', A)
M B, % 2’ >y, WA y 57E] L' 1§ (A, B)o &R N—XM: (L, 2, A) F1 (B, ', R'),
4y < x I, BRI,

Al DA partition SEPFEANR L, AR T #EATCE k I, Je 5 HI9PiRE
TR LA R, 81§ L < k < R(LEARE/NT kTR, R EAFIRNED) . AR5
FIEHM (L, k, R),

insert k T = (L, k, R), iH: (L, R) = partition k T (8.16)

8.4.2 HHHIER

R AR AR o _E T2 — SRR, R/ NITTRAL TR A M, 33 e 723 P T DAZKET0E
HRLER:

top (9,k,R) = k

(8.17)
top (L,k,R) = top L

KSR BRI min A (AT S fop = min), BN, 552436
SEIA AR, B TR,
pop (2, k, R) R

pop ((@,k',R'),k,R) = (R,k,R) (8.18)
pop (L' k' R'),k,R) = (pop L', K',(R',k,R))
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PR T TR, BT R RMAIER, HARBEH partition FREL

iR A, 3 AR B 24 2 O(Ign)o

8.4.3 H©IF

I partition, BFATATLASKEL O(1gn) NTRIFEFH IR, GFFPIERMHRET, 2158
EATERA A, A DR S5 — BRI BRR TS sl (i BORR, SR R LR D B A 70 5128 —
KRR, PR 58 —RRAR B T3 5 9 F o

merge T @ = T
merge 3T = T (8.19)
merge (L,x,R) T = ((merge L L") x (merge R R'))

£

(L', R") = partition © T

8.5 /hgh

AEEH, TANE T RS, 0 R HEE T, w] DA 2T 2N = R
K, AR 2 X5 TR, J& T a2 Ui, B = X RSeiRy
HE, G T REENKIL, RER D RAERII () 52 2% AT LAXE] O(1gn), AEIRIERI 2 #ER
PR R HEIN TR, XIRAE ! rh2a TR AT QnS0RE — SR Rl 2 W, s &
155 58 = O HESTAY , N — I, 2R IS, e HE (38 + 3.

£55] 8.2

8.2.1. a7y SN (. A4HE,
8.2.2. JE XHERIBINIRAE

8.6 Ptk FEw
LR I52 4 — U, FIFBBLZ IR SR A, 228 1M 0 T

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i < 1) + 1

Int right(Int i) = (i + 1) < 1

HEEE, FeoT R AN RIS R NS L

void heapify([K] a, Int i, Less<K> 1t) {
Int 1, r, m




8.6 MKyt B+

Int n = length(a)

loop {
m =1
1 = left(d)
r = right(d)

if 1 < n and 1t(a[l], a[i]) then m =
if r < n and lt(al[r], a[m]) then m =
ifm # 3 {

swap(a, i, m);

|
—

|
-

i=m
} else {
break

147

MBI i -

void buildHeap([K] a, Less<k> 1t) {
Int n = length(a)
for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1t)

SR HH T :

K pop([K] a, Less<K> 1t) {
var n = length(a)
t = aln]
swap(a, 0, n - 1)
remove(a, n - 1)
if a # [] then heapify(a, 0, 1t)
return t

SHEHET E DITR:

[K] topk([K] a, Int k, Less<K> 1t) {
buildHeap(a, 1t)
(Kl r =11
loop min(k, length(a)) {
append(r, pop(a, 1t))
}

return r

I/ NHE R AT R A -

void decreaseKey([K] a, Int i, K k, Less<k> 1t) {
if 1t(k, al[i]) {
ali] = k
heapFix(a, i, 1t)
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void heapFix([K] a, Int i, Less<kK> 1t) {
while i > 0 and 1t(a[i], a[parent(i)]) {
swap(a, i, parent(i))
i = parent(i)

HEFA -

void push([K] a, K k, less<k> 1t) {
append(a, k)
heapFix(a, length(a) - 1, 1t)

HEHER? -

void heapSort([K] a, less<k> 1t) {
buildHeap(a, not o 1t)
n = length(a)
while n > 1 {
swap(a, 0, n - 1)
n=n-1
heapify(al[® .. (n - 1)], 0, noto lt)

TEfmHESF

merge Empty h = h

merge h Empty = h

merge hl@(Node x 1L r) h2@(Node _ y 1' r') =
if x < y then makeNode x 1 (merge r h2)

else makeNode y 1' (merge hl r')

makeNode x a b = if rank a < rank b then Node (rank a + 1) x b a
else Node (rank b + 1) x a b

AHES I

merge Empty h = h

merge h Empty = h

merge hl@(Node x 1 r) h2@(Node y 1' r') =
if x <y then Node x (merge r h2) 1
else Node y (merge hl r') 1'

(AR A

— zig-zig
splay t@(Node (Node (Node a x b) pc) gd) y =

if x = y then Node a x (Node b p (Node c g d)) else t
splay t@(Node a g (Node b p (Node c x d))) y =

if x = y then Node (Node (Node a g b) p c) x d else t
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— zig-zag
splay t@(Node (Node a p (Node b

x c)) gd)y

if x — y then Node (Node a p b) x (Node c g d) else t
splay t@(Node a g (Node (Node b x c) p d)) vy

g b) x (Node c p d) else t

if x — y then Node (Node a
— zig
splay t@(Node (Node a x b) p c)
splay t@(Node a p (Node b x c))
— &

= 1if x =— y then Node a x (Node b p c) else t
= if x = y then Node (Node a p b) x c else t

< <

splay t _ =t

R HERTHA -

insert Empty y = Node Empty y Empty

insert (Node 1 x r) y
| x >y = splay (Node (insert 1 y) x r) y
| otherwise = splay (Node 1 x (insert r y)) y

TR AR 0 1

partition Empty _ = (Empty, Empty)
partition t@(Node 1 x r) y
| x <y=
case r of
Empty — (t, Empty)
Node 1' x' r' —
if x' <y then
let (small, big) = partition r' y 1in
(Node (Node 1 x 1') x' small, big)
else
let (small, big) = partition 1' y 1in
(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
Empty — (Empty, t)
Node 1' x' r' —
if y < x' then
let (small, big) = partition 1' y 1in
(small, Node 1' x' (Node r' x r))
else
let (small, big) = partition r' y 1in
(Node 1' x' small, Node big x r)

GIELSRE P

t

merge Empty t =t

merge (Node 1 x r) t = Node (merge 1 1') x (merge r r')
where (1', r') = partition t x

merge t Empty
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I JEREHEY

ABENG — M EMRIHT 775 — i, efEMRE B PIEHER A
HrForiafRik. TG HERHE R ERERI R Z 0, F+ HNANFIRY f B AN DARE,
AT EIHEHEF, WTTIAZIE T EEE I HEFP IR MERE EIR O(nlgn). EFEHFFHIE
AEA] DATE H AT ERE], MR ZFIIZREN, 2ZBNAMERIANZIE: —/E T
IRV | BRI A BRI — R0 55— g T 3B | R SN il N — o, 38—
%7 SRFn_E A% R E R EI/ NP IZ A 5 55 — Mg IR /N BRI iE A . SEPR
|, AR EAG IR NEAT TR BRI R R R -

L MR, HEr g R oA
2. 0], ERENER/NTTTER, K ELT NSNS R A 5T

BB ETHFEER, RBUGERR AT, NMATRERFI, BT A
S HI LR E SR

sort [| = []
sort A = m:sort (A—[m]) HH m=min A

A — [m] WA A R EBRITER mo KR a SR :

(9.1)

1: function SORT(A)
2 X« []
3 while A # [ ] do
4: x + MIN(A)
5 DEL(A, )
6 APPEND(X, z)

7: return X

9.1 ik 7R AR, (E NG, BATAI DE A s T HEY, 24

IR Xo K/ NUTTRRFE AL, RIXNITCRRIFTE A[2]......o A]DUBIE 22404
B YEREIEE « NTERG, e Al 224,

1: function SORT(A)

2: for i < 1 to |A| do

3: m < MIN-AT(A, 1)

151
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min
X
append
sorted unsorted
X1 < Xp<..<Xg ap ap ... ay

9.1: ZEMERNERITTR, N MFIARFR 1 B/ N TR INTE 2= M B

4: EXCHANGE A[i] <> A[m]

é'\ A= [al, a9,y ..., an]y %%I@g@ 1 /I\ﬁ%HTJ‘, [al, A9y .uuy ai—l} %Baﬁ'ﬁgo ﬁﬂ]*ﬁ%”
(@5, Qig1s ooy an) PEVRANTTER, REHI a; 22860, IXFES « DMIEBRTT 7 IEFRTTR,
HEX-IHESIRG—TITR, B 9.2 #id 17X — B,

2
% N

.. EFITR.. z | - |min| -

9.2: ZEfMERI A ERFTTR, A TSR R 2 e/ N S 2 IE A E

9.1 ARE/IILE

BATTRT DA bt — 207 iR — e R S8R/ IME Rt RSN 1,2, ., ne
FEam 500 1, 2 BRI TTR, BV NS S 0 3 FITRILR.... . EERX—%
BWHTIE n SITR, X7 IEE SR,

1: function MIN-AT(A, 1)
2 m <1
3 for i <~ m+1 to |A| do
4: if Afi] < A[m| then
5 m <1
6 return m

NIN-AT BRI Afi...] FER/NTEERIBE me 2 m i8S —TTE A, R
—IeEITCR Ali+1], Ali+2], ..o WAIPIHNZIARTIREE—4ITR L FESR/IME,
R L HA IR, EiEER/ME, BN L B —NITR o, RISTERRE D
HIEIREIR/IME yo 2y FRUNI— PR RN R/IME.

min [z] = (z,[])
{1: <y: (z,ws), ¥ : (y,ys) = min s (9.2)

min (z:xs) =
| ) B (y, x:ys)
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Al DAt — 2 H S, KB oeR o mmA: A, B, FHa A 823 ([ ), B
BEEHITER, BN B PEIER DN CR L, HERIA A, T8 NN
mo HJEARKIMN B FIEE—NICE, Flm XL EE] B B =S, X0, m St R/IME,
TEEMINEEARERRL=A+ [m]#+ B,NERac A, be BEa<m<bs

min (z:xs) = min' [| z s (9.3)

¥

min’ asm |[] = (m,as)
b<m: min (m:as)bbs (9.4)

min’ as m (b:bs) = {

S0 min' (b:as) m bs
BRI min 3R [Al—WHH : /N TRMFIRTTRINR, IXAREREAR 7 R AT DA :

sort [] = []

9.5
sort xs = m: (sort zs'), HH: (m,zs') = min zs ©5)

9.1.1 EEHEETERE

Y 5 1P 1 4560 PP A2 A A HEAEP R 78 2 DA RV, MEHET T n 2R
Yt (n— 1)+ (n—2)+ ..+ 1 Uk, B Zeey 0P Y - o). fifE
HEFEARL L, Y PEHE R (6 B 7 22 AT T A AR I, 77 A HE P 1
W R HERE WML I O(n) G B 170 E — MR ) | SN R Py
] O (n2)o

%3 9.1
9.1.1. NHMEIRHERE/MELENA (A #?

min’ asm [] = (m,as)
b<m: min' (as4 [m]) b bs

min’ as m (b:bs) = {

AR min' (as 4+ [b]) m bs

9.1.2. FTHFEHEZRHEFEREF.

9.2 Mk
T SR W FIR I e, Bl TAT DU e e e B8 <,

sortBy < [|] = []

9.6
sortBy <t xs = m:sortBy < xs', HH: (m,xs') = minBy < zs (9.6)
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“B/METER < TR
minBy < [z] = (z,[])
{x<ly: (z,xs), A : (y,ys) =minBy < zs (9.7

inBy < : =
minBy (z:x58) S TR

X F—HEH, ENNTSRETFER sortBy (<) [3,1,4, ..]o XBEER < i
JETERE ST ) S
o AEERME  E 2, 2 £ ;
o AERTHFRME MEMT 20y, i x <y, My £ x5
o BB NEM oy 2z, Hr<yHy<z, MWz <2
A EHE B HE 7 T A TR, FFENMIEIRA R B R/ ME :
procedure SORT(A)

for i<+ 1to|A|do

m<1

1:
2

3

4: for j < i+ 1to|A| do
5 if Afi] < A[m| then
6 m <1

7

EXCHANGE A[i] <+ A[m]

Al n — 1 DNLRATG, &G —NITRORES n KEY, LHHEHT—RER/ME
B IXFERTARD —IRINEER. S50, WSS o RITCRIGLF2 Ali], WIJodR 28

1: procedure SORT(A)

2 for i+ 1to|Al—1do

3 m <1

4 for j < i+ 1+to|A| do

5: if Afi] < A[m| then

6 m<—1

7 if m # i then

8 EXCHANGE Ali] ++ A[m]

9.2.1 WREFHY

EEAGH T SRS D SRR E RSN TR, MREATTR, KHERTE
REME, WE 9.3 iR, EE, &EGMETTRBRERN. RZEEERHAFIT
=, ENEIHAP R REAE, R REIRA TR TR,

1: procedure SORT’(A)
2: for i+ |A| down-to 2 do
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FEo IXHER] DLRF SN FEIA B, IX—RIERR N W REHT " W& 9.4 R,

m<1

for j« 1toi—1do
if Ajm] < A[i] then

m <1

EXCHANGE Ali] +» A[m]

A

i«

. lmax| ---

N
€T

.. EFILR..

9.3: FRIERERRIITTRINEIRE
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2, SRR DARI N B RME, i/ MEREDT L, SREREIR

1: procedure SORT(A)
A
for i < 1 to L%j do

2
3
4:
5
6

7
8:
9:
10:
11:
12:

13:

min < 1

max « |A|+1—1i

if Ajmaz] < A[min] then

EXCHANGE A[min] <> A[lmax]

for j < i+1to|Al—ido
if A[j] < A[min] then

min < j

if A[max] < A[j] then

maz < j

EXCHANGE A[i] <> Almin]

EXCHANCGE A[|A| + 1 —i] <> A[max]

i
CBFEBR/INTE. | T - |max| - |min Yy . BRI AITE..
Z

9.4: —UAARFRRNE M H R/ NIRATCR, AR e TRE LA E

FEWNEIEITIART, REAMNTRAEMICR, FEHTM, K2R NE
O ARG, AT DRI R 77 CSC B R R -

L BRI A (X S AR, HE PSRN
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2. B0, $RE RN ARAE, 2 BlREDTT LS RALCE, R5IEIHRFRR TR
7o

sort [] = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], HH : (a,b, xs") = min-maz xs

Horp, BREC min-maz WA H S/ MERT RO :
min-maz (z:y:xs) = foldr sel (min = y,max z y,|[]) zs (9.9)

FATEEFTH N C RN ERBN R /AIME 20, BKME 1, F foldr HHFH, H
H sel XM :

r<zo: (x,x1,20:28)

sel x (o, 21,08) = a1 <x: (20,2, 71:25)
e (xg, 1, T:28)

K& min-maz WFELIERE O(n), 8 4+[b) FIRHEAR, 411 9.4 FoR, 27
il A G EBNERTTE; £l B BSRANERFTE, AT B R ERE,
SR T

sortt AB|] = A#B
sort' AB[z] = A+ (x:B)
sort’ A B (z:xs) = sort' (A4 [zo]) xs' (x1:B), W (20, 21, 28") = min-maz xs

(9.10)

BN AL B JRshHEF: sort = sort’ [ [ 1o IBMHRIEIUNELETE A 4 [20]; T

oy WIMERESEE) B AR, N T WMREHTHECE, ROTH A R NNF A, SRR AT A
Bz BESEFIRTH, FRATEW FEMRLR:

A = A+ [x]

= reverse (z : reverse A)

= reverse (x: Z) (9.11)
%
- 24
BRI T— VRS A A A, AR — IR, ATRORA T
sort' AB[] = (reverse A)+ B
sort’ A B [x] = (reverse z:A)+ B (9.12)

sort' A B (z:xs) = sort’ (z9:A) xs' (x1:B)
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9.3 #rSl

IR R HE R PR R B, (BN R B AR 802 O(n?), 18I FEBOHATHE
P, REREITTR AR/, SMEEE AN, SFREFIEIR 2T R &K
B/MEZ? R —IRESREINTREN, T 10 1781, AREMRLE A 5], TR
FXBER, (BIERAEEST, TA1AERRXEANARNIER, TRMKIT IR
W, P RBETEACARNER, Hh—fMEBRBRE 3,

9.3.1 ¥ibRFEEIkTE

JEERH B EIYEZE P —IR, KRB DRI 32 STERPA R N IREE, 1982 4F
i, BREEMEREA 16 STBERRA, FRATEIF] 1978 4E, F HAG — R R 19 75 7k g e
RS EERT, T SR 8 UM TELEE; HRFEr=24E 8 STIREERIA,
&8 WAL, R, (5 40 FR, 8 KERIAI AR 4 4, HEFRF=2E 4 SCERAERR
BN SRJEIX 4 ZERBA 73 B AT, ELEE AR IR L BRBA e, 480 4 #8EE3R,
A, BAHEMEERIAIR N 18 + 4424+ 1 = 15, (HEBRNFHAM B UHITEHEZ
2, BANERRHNEW S ERNE TR, B A2 ARG B e 2 I R
SEEL? [EELIH MG Ratt, (X MINE MRS LAY, K
I E W Sz H”, BRIZEFEN— T EE I E T L, BRTNTHAHE
SERBN, (R — A — L oRBBEE IR XX IRAVERBA, R AT RESFT MR
FEANGEMFTEERN, B 9.5 #HiR TiIX— 1,

9.5: JLER 15 1E55 — Ll HlimIk

BN — MR EL BT, B BOR, SR, BRI BORRIAK
=R E NN (RASR AR . REREERE TN 16, RIERIZHY
AU, 27 14 ANBIEE, T2 AES —HRBiaike 15, TANTE R POERR 7 IR 1E
HPRZEM P IR BN E, G, ABTEEIX—77IK, SR =K, SBIEA.....5iA] PA
SEMEETIEREHET . R ERE BN —MRNE (B —oo), IXFELUEE
AEPEN, BRI HHTEE, R 2™ XERBA, m 2 BRE, HARTHE
2ml 4 2mT2 oy 4241 = 2™ — LR REAERTRE S, XA — IR FHE FEAE
BRIRO R, SEPr_b, BANTCTRAEST BRA_ LRSS, BRI R 17 T2 96H)
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NP5 B 5158 s, —ETE R NNZIBGE ZE i, BN EME 2R R NEE,
DRI FRATTRT AMERARZR R AR T s A, T 7 AR s A B AR Al 75 A0 7, 73X
SRR LT ZRAUBA, &l 9.5 Y, IRFEBRIEMRIC K, FEMRER TR
[14,13,7,15], IX— EE& AT DAFIARLI T :

1. IWFREHEP e — PRERAR B, 76 %5 (BRoRAED L TR ;

2. BUHHRHAR, B A M E B R B SR R A HN —oo;

3. BRA_EENA RIS E W, SR HTHE S, HoR BT RR;
4. HESR 2, HFIFTHARTTRA B,

B 14, FHEHON —oo, 13 _EFUHTHIR
& 9.6: HbRFEMHERFRIRTI LD

N7 —HTEERAT, BAVCNENE —REIIRIER, A5 AT E %,
& 9.6 5 TIX—HEF AR LN P8R, S = XWHTE X, 0 T 75 R, AT R R
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SEFRIEVEIAR Y e WIRTEERE n A2 27, MR S SRIARTTERE M E, ‘i
2N T 48, N T HESARIEN, WA TE ZH 0 — R 152 o 2 X, A5
BFORBLH PRI ¢« to, FIE—HRBE K XA ¢ HHR ¢ IR max(key(t1), key(t2)),
FEATIEN b te BEIX—HTRSE —4LHR, SARAR RN 1, UTETIARNIEA
N R R, SRR, SRR | 2] |7 SRR (R 55—
FRERFRIER ., MIHEREN O(n+ 2+ 2 +.) = 0(2n) = O(n).

1: function BUILD-TREE(A) 2
2: T+ ]

3: for each x € A do

4: ApPPEND(T', NODE(NIL, z, NIL))
5: while |T'| > 1 do

6: T ]

7: for every t1,t, € T do

8 k « MAX(KEY(t1), KEY(t2))
9: APPEND(T", NODE(ty, k, t2))
10: if |'T| is odd then

11: APPEND(T", LasT(T))

12: T+ T

13: return 77[1]

FERERH ERAR SR AR T U5, BATTE T MR ON —oo, AEFEIEIL AT
SR [ ) AR ) B R AL

1: function Pop(T)

2 m <+ Key(T)

3 KEY(T) - —oc0

4 while T is not leaf do > BT SR m By —oo
5: if KEY(LEFT(T)) = m then

6 T < LerT(T)

7 else

8 T + RicuT(T)

9: KEY(T) + —c0

10:  while PARENT(T) # NIL do > B B4
11: T < PARENT(T)

12: KEeY(T) < MAX(KEY(LEFT(T)), KEY(RIGHT(T)))

13: return (m,T) SSUAEI =y v VISR L)

Pop b NACHEEME, HTA Nk, #5545 B KA LS TEE 2B i, T
PREEI 2 T HTRY, B2 A K, thal R MR N O(lgn). INTHIEZEN O(lgn). &



160 FHE EFEHE

T2 FARZEHE P U SEI, BIEE M O(n) N HATEE—IRERARZEM, SRFGHAT n IR
A, B — MR R ME, B HIRIERITEREN O(1gn), BRbRZEHER B SR
FHEZEHN O(nlgn).

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3 for i < |A| down to 1 do

4: (A[i],T) < Por(T)

AT PAB I SLIER R e 7. B XHVE Lo L—BRAFSHIR (1 &, r), H
HENTEER, Lr BEA T, BX wrap z = (2,2, @) BE—MHF1 o IXAERLA]
DAMFNER x5 g3t n #RHF 1 ts = map wrap vso FIIEFRFREEMIT, LA PRIARMT ¢,
to, BB RHIVENR, 1. to TENIEA T,

merge ty to = (t1, max ki ko, ts) (9.13)
H1 by = key t1, ks = key tao FREL build ts ANMTEUHVRIEAT AT, BR&A91E
HIERARZERT
build [] = ©
build [t] = t (9.14)
build ts = build (pairs ts)
Hrp:
pairs (t1:ta:ts) = (merge ty ta) : pairs ts (9.15)
pairsts = ts

NTBISEE, BAREZA T, B —ERAART SR TR, )53 H
MR AR HE E BRI 1 SRIERH TR ETTERE O —oo,

bop (@,k‘7®) = (®7*007®)
k=keyl: (I''max (keyl') (keyr),r),HH ' =popl
pop (I, k,r) =
k=keyr: (I,max (keyl) (keyr'),r"), HH r' = pop r
(9.16)
HEF IS R AN N — ERER AR 2R 5 e 22 (R )
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (pop t)
%3] 9.2

9.2.1. FRBARIEARIEHE LA T
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9.2.2. FRARZEMHET AT DMEEME TR A2 EREEHIF A7
9.2.3. HLATHRPREEMHERE A = SRR HER, E TR AR 23 [RICR A0 AT,
9.2.4. FCARHEREFPAIERARZRI AR, EATTRIIS RN 23 [ RCR AN AL,

9.3.2 B MHEHET

PRPRFEMOREIN ) B 2R & E O(nlgn), IKEN T ET LAV HE R HLI% BRR 0, 3K
BAE BRI R, HEFP e e, SRR AT A 1 R T e 55, IR = X
AREEETERIER, B35 720, GERATNAER RO SE? R
HPRITCRAE n A, BARFERSEPR LG T 20 DR HAE o DT 0 D23
AEATNERE L) —FARIE? GERZART T I, INR N, FHF key H
44N top, AL (9.17) WERT PAME— 2D He Ak o e A AYTE 2K

sort @ = |[] (9.18)

sortt = (topt): sort (pop t)

IXANHERR P E LoE e —1E, HERAETRHR R i/ (BlER) M8, I HAR L 7 PIg )
FAHIRE, (AT A = SOHESE PR R ESAE “ gl " BREEH R 5|, RIEER T n BT
A, TETALMIEINAS A, REGRRIHE, Wn7e (R R HE R n DT FRAT
RAE T —FA g 2R AHE, BNEF 21800 MR RGP RO TERE.

9.4 Ktk Bl R

3B ST Bk -

sort [] = []
sort xs = x : sort xs'
where
(x, xs') = extractMin xs

extractMin (x:xs) = min' [] x xs
where
min' ys m [] = (m, ys)
min' ys m (x:xs) = if m < x then min' (x:ys) m xs
else min' (m:ys) x xs

A :

[A] cocktailSort([A] xs) {
Int n = length(xs)
for Int i =0 ton / 2 {
var (mi, ma) = (i, n - 1 -1)
if xs[ma] < xs[mi] then swap(xs[mi], xs[ma])
for Int j=i4+1ton-1-1{
if xs[j] < xs[mi] then mi = j
if xs[ma] < xs[j] then ma = j
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}

swap(xs[i], xs[mi])

swap(xs[n - 1 - i], xs[ma])
}

return xs

J2 38 A HIXS R R -

csort xs = cocktail [] [] xs

where
cocktail as bs [] = reverse as + bs
cocktail as bs [x] = reverse (x:as) -+ bs
cocktail as bs xs = let (mi, ma, xs') = minMax xs

in cocktail (mi:as) (ma:bs) xs'

minMax (x:y:xs) = foldr sel (min x y, max x y, []) xs
where
sel x (mi, ma, ys) | x < mi = (x, ma, mi:ys)
| ma < x= (mi, x, ma:ys)
| otherwise = (mi, ma, x:ys)

S = XM IE R 2R -

Node<T> build([T] xs) {
[T] ts =[]
for x in xs {
append(ts, Node(null, x, null))

}
while length(ts) > 1 {
[T] ts' =[]
for 1, r in ts {
append(ts', Node(l, max(l.key, r.key), r))
}
if odd(length(ts)) then append(ts', last(ts))
ts = ts'
}

return ts[0];

MERPRZERI B H T % -

T pop(Node<T> t) {
T m= t.key
t.key = -INF
while not isLeaf(t) {
t = 1if t.left.key — m then t.left else t.right
t.key = -INF
}
while (t.parent # null) {
t = t.parent
t.key = max(t.left.key, t.right.key)
}

return (m, t);
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BRPRIEAHER -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n = length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

RN EEHE R (R :

data Tr a = Empty | Br (Tr a) a (Tr a)

data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

Il
x

key (Br _ k _ )
wrap x = Br Empty (Only x) Empty
merge tl@(Br _ k1 _) t2@(Br _ k2 _) = Br t1 (max kl k2) t2

fromList = build o (map wrap) where
build [] = Empty
build [t] =t
build ts = build (pairs ts)
pairs (tl:t2:ts) = (merge tl t2) : pair ts
pairs ts = ts

pop (Br Empty _ Empty) = Br Empty NegInf Empty
pop (Br Lk r) | k= key 1L =1let 1' = pop 1 in Br 1' (max (key 1') (key r)) r
| k= key r = 1let r' = pop r in Br 1 (max (key 1) (key r')) r'

toList Empty = []
tolist (Br _ Inf _) = []

tolList t@(Br _ Only k _) = k : toList (pop t)

sort = tolList o fromList
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H IUHE, SEROIREEHE, B HE

10.1  fA4r

XHEE A B ITER, R TRk S P (k> 2) BRI (BN
RRAK) AISEITE F & [ HEEE AT, AT IHE, Bl 2R b XKRASRMA R,
SRAERTAFT ICHER R L5, v] DS BISEOIREHE, e HE S FFAOPERE MO BN
A2 2% FE AR 2 B 25N ), 30 TR IR IR 2, AFIE T HRCAT HE, B S IfE B 5
HYERE R4

10.2 Wi HE

IR L T4 R, EH—H k XA, FRRR A RN A TR
REIFH SR, FWIERE T (o + b)" WINE G, SRR AR
RN

(a+b)"=a"+ <T>a”_1b+...+ (nﬁ 1>ab"_1—|—b (10.1)
4 n o EARBN, BIRECH 2BLHIAST-F =/AIEHr—1T7, T NEATR 10,
1
11
121
1331
14641

A ZATIEA] DU — R IR E, Hh—Mug ERNEIH, i< =M
BTN L TR MY 1, Ry g BTk BinG By 2,

10.2.1 Wi

SRR E TR (rank) B2 XA BRI > 0 BUREE, RO 0 B9 IR
Bo, A n (=T A B.o
VR B = BT (1010-1070), 4HUEE 1665 4EUER T n AT ERAIN Y, WCRIE RIS n e S1924K,

165
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1. By WREE M

2. B, WHWIE B, _, W, PR SOt ER RN —HZ 5 — BRI &AM T,
WK 10.1 Fire

& 10.1: Ikt

10.2 2807 By Bi\ Ba Bs. By BIBIF. MEEAT], FTLAREL B, HEATHIH
REER R IR Bl B, 80 BA 1M TRORTR), 8 1 BH 4 M A,
F2BEA 6 MR, E 3BT AN, B 4BA 1AL BNRTRIT-F=MTE
%8 44T OB 0 1T014R) 1 1. 44 6, 4, 1o IXHUE — I A FRI R, #E—3ATA]
DI =T B, HEH 2" TILR.

T IGCHE AL B —H IR GRAR) , FF R 2 -

1. AFRRPET L HEPEIR, X T/, (R RUCRA > N RULER;
2. HEA AT PR I IR AR AN AL

M 2 FTHT: B n DR I, R n H4oh ZHEHIE (0. .a1a0)2,
H ap BERAKL(LSB), a,, M (MSB), 24 HAXY a; = 1 I, HEFRTEER @ §9
I, N, B IEHER 5 NI, 5 I THERIR (101),, HEARESEFIAR I
Bt: By 1 Byo B 10.3 F IS H 19 NILE, 19 = (10011),, BE & =M
Bo« B1. Byo

TE X IR 2 XKW (r, by ts), BLEIRTT RUTE kR r FIE T T8 tso BN
T Ay 2Rk 3 1 1) — I 20 2711 3% -

data BiTree a = Node Int a [BiTree a]
type BiHeap a = [BiTree a]
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()

(=) ORON0

000
ONONO )

& 10.3: &A 19 DITRM IHE
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AR e 27, A U BT, AT A = SR B SR AE L2 X
o BT R E MM MIER ) ZEMER 2 FE R RS — PR3, A ER 45T
ST e I ST R R — D ER, Q& 10.4 FoR. AT DAERH I EEH 8h) 3%
KITR— DT RH T

CRONRe

ORONEO
O -~

Bl 10.4: R AR, Th, Ts, ..., Ty 79 R BT RELEMN Ty, 5N Thy, -, Thp
N T TR Ty BT Ty, GO BT R The T BIZEMIZ T Ty, 10
FE LT R

10.2.2 PR RERE

REFE PRI B, REA] DAIEH B, 10 FEERPERBIAURRTY RUTE, RV INTE N
IR, 285 55— BRE T H e T AT, a1 10.5 Fr.

x<y: (r+1,z,(rt,ts):ts)
B0 (r+ 1y, (r, 3, ts):ts')

link (r,z,ts) (r,y,ts') = { (10.2)

10.5: WK = <y, K y (BN o BB —RTH,
FER e %, M L6 "R SE AN T . REFE A T DAE B BUN TR R 52 Ao

1: function LINK(z,y)
2: if KEY(y) < KEY(7) then

3: Exchange = <> y
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SIBLING(y) < SUB-TREES(T})
SUB-TREES(z) <y
PARENT(y) + z

RANK(z) + RANK(y) + 1

return x

3 10.1

10.1.1. ZwiE=AMni -~ =M

10.1.2. MERA I B, WS ITIUT RO (7)o

10.1.3. UERAZIEH B, FE&H 2" M R,

10.1.4. HBSRE T, SEB IR B HZ,  1X A7 CE T [a) @, (ERERROL?

10.2.3 A
I HE L AR B I HED, TR B R AT I R -
inst[] = [t
rank t <rank t': t:t':ts
. (10.3)
inst (t':ts) = rank t' <rank t: t' :instts

e ins (link t t') ts

Hrf rank (r,k,ts) = r, PRI AIRE, QRERHEDYZS [ ], &55R00 [t]; S 0IEE
B ¢ MIHEARES — BRI ¢ AR, ANSR ¢ AURREVIN, WIE O S8 — KRB Q2R ¢ BORKEVD,
EBYAHIRS ¢ FAZITIAREIR A AERBRARSE, ARE ¢, ¢ BEREAK — R BRI, 2R J5 1)
AZIHRII A, WA n NILR, P RZ2H O(gn) BRI, ins REMT
O(lgn) BN RIAEER, INRIEAEN O(1gn)?e EM ins, TATATDUE L 10
HERHRA R IR, BFATTR o A — D11 5, A A AR e

insert x =ins (0,x,[ ) (10.4)
X SO, BATTRT DA B AR T TR il A S
fromList = foldr insert | | (10.5)

XA %5, A S 2 7 SR BRAE R -
1: function INSERT-TREE(T, H)
2: 1+ p+ NobpEg(0, NIL, NIL)
3: while H # NIL H RaNK(H) < RANK(T) do

23X — I FERIP A ZHEHIEAINFEMLL, T AT | H— 2 5] 88 : BB %R (numeric representation) *],
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4: T+ H

5: H <+ SIBLING(H)

6: if RANK(T') = RANK(7}) then
7: T < LINK(T,T})

8: else

9: SIBLING(p) < T}

10: p<+ T

11: SIBLING(p) < T

12: SIBLING(T) < H

13: return REMOVE-FIRST(L)

14: function REMOVE-FIRST(H)

15: n < SIBLING(H)
16: SIBLING(H) «+ NIL
17: return n

10.2.4 HEHIH

B ZIEHER S TS H A IR, S AR A BAR R RIS,
H HAgRaRE, SIFEREMAFHHEEZREL BRI HE 2 B 55— PR, PR
EATTRIRE, RBUN— RIS b, QIR RIS, TR e 1B Oy —
FRECKHIMS, 2R 518 T A SIS FHF 25 R,
merge tsy [] = ts
merge [ tsa = tso

rank t; < rank ty: t1:(merge ts; (t2:tsz))

merge (ti:ts1) (ta:tsy) = rank ta < rank t;: to: (merge (t1:tsy) tsa)
A ins (link t; ty) (merge ts; ts)

(10.6)
Yty by BRARRIN, Tl AT DUREBE 25 R A B — N, ARS8 &

merge (ins (link ty tg) ts1) tso

FIZAN 75 AT DATHRRE A, SKBA ARG &9
1: function MERGE(H,, Hs)
2 H «+ p + NobpEg(0, NIL, NIL)
3. while H; # NIL H H, # NIL do
4: if RANK(H;) < RANK(H>) then
5 SIBLING(p) < H;
6 p < SIBLING(p)
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7: H, < SIBLING(H,)

8: else if RANK(H;) < RANK(H;) then

9: SIBLING(p) < H>

10: p < SIBLING(p)

11: H, < SIBLING(H3)

12: else W REE
13: T, < H{, T, + H

14: H, < SIBLING(H;), Hy < SIBLING(H>)
15: H; + INSERT-TREE(LINK(Ty,T3), Hy)
16: if H; # NIL then

17: SIBLING(p) + H;

18: if Hy # NIL then

19: SIBLING(p) + H»

20: return REMOVE-FIRST(H)

%iﬁ H1 EFWQ my *%*)-(‘T, H2 ':F'ﬁ mao *%*5@0 é‘#)ﬁﬁ’\]?ﬁ%ﬁﬁ%%ﬁ my +ma *%*X‘j‘o
NRBEAEBAFAIRE, WS FHITEN O(my + ma)o SRFEMAFAIR, &2 H 2
H O(my +mo) Rinse ZEmy =1+ [lgny |, me = 1+ |lgns |, HH ny Fl ny B
A BN, B [lgn| + [lgne] < 2[lgn], HH n =n; +nye REBIFNEIEN
O(lgn)o

10.2.5 5

I CHE R BRI AR T RLORTE T B Y RR/IME, (EX R/ IME R OC R 2 AN
T, N T ARBHER iR/ VTR ETR) , T ZAE 2R RUTR T AL, HEHA O(lgn)
FRARE, DRI SR ECHE TR B 22N O (1g n)o

top (t:ts) = foldr f (key t) ts HH f (r,z,ts)y=minzy (10.7)
XN IEACSEER :

1: function Topr(H)

2 m <— o0

3: while H # NIL do

4 m < MIN(m, KEY(H))
5 H + SIBLING(H)

6: return m

S HHETI S IO TR R HEE o, SHER R I By, B, ..., By, ..., By, HH
B, BT mO R iR/ VTR REHMER G 728 p BRI 4, B p—1,p—2, ..., 06
KX p BRI F, TER— 1 I Hyo BRE B, IR AR — — 100
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H' = H — [B,). 4 H, fl H' &I A SIRALS T, M 10.6 Firk. T 9
e, TV AN 23 L T AE O

B 10.6: —TECHER 5 HI 1R

min' [t] = (t,[])
key t < keyt' : (t,ts), HH : (¢ ts') =min' ts (10.8)
min’ (t:ts) =
0 (t' t:ts")

H key (r,k,ts) = k FRIBURTTRITR. min’ BIGE RN —XHE: HETFAERIR,
FIHER, 3 FoRE X

pop H = merge (reverse ts) H'  HW ((r,k,ts), H') = min’ H (10.9)
Xt R HIE AL N :

: function Popr(H)

(T,,, H) < EXTRACT-MIN(H)

H < MERCE(H, REVERSE(SUB-TREES(T},,)))
SUB-TREES(T},)

return (KeEv(T,,), H)

Horp SR ER SIS — &, EXxTRACT-MIN HUIEASEIRGN T

1: function EXTRACT-MIN(H )
2 H' + H,p+ NIL

3: T, < T, < NIL

4 while H # NIL do
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5: if T,, = NIL 8( Kevy(H) < KeY(T,) then
6: T,+ H

7: T, < p

8: p+— H

9: H <+ SIBLING(H)

10:  if T, # NIL then

11: SIBLING(T},) - SIBLING(T,)

12: else

13: H' < S1BLING(T},)

14: SIBLING(T,,) < NIL
15: return (7,,, H')

S R] ASCEIHERE R, B e MR T SR A — A I0GHE, 205 A5 /)
pIvE 8

sort = heapSort o fromList (10.10)
Hrp:
heapSort =
eapSort [] = [] o
heapSort H = (top H) : heapSort (pop H)

ZIEHERI TR SRR R 2 28R RIME DL T2 O(lgn), 2 fEE 2 N H
R R], FATTIX RS 2 T UERA,

10.3 PR AHE

I HER A TR B IR B, SRBGIREHE R4 ok B RGN 2, K
AR A R L2 ST e, (XA RE FEE M REMR N 2 A
RN AETRAREAME, PEMEIRBE AR L T ST BRI DO, BRI AL, 220 RS2 HE A 4
VER 7P 5 B B 2 B 1R 07

] IR HERR AT o B, BATTR o BN 7795 5, Fm AR, i BE Rk
BT R, AVRERAESE, MIHATRERE, REIBIAtE A, IEEZEHR O(gn).
i P SRS, TR AR B HEIR AT, 1 o BRI MR, TR
HREGE T, FAT1 75 B0 MR AR T R R TE T R/ e R, — DA
2 @, WERL TR, IR (0, tm, ts)e HF n BITEMNK, t, BHETTER
B, ts B HRZIAMYIR, FHEHIGFREFE T2 (R 7 0=
HI7E ) -

3Michael L. Fredman fl Robert E. Tarjan £ UERBIXFRHEIS A1 2% I A 7 3£ A0 MR, T2t Tdr
2N s 1,
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B TIEHE | SRR HE
A O(lgn) 0(1)
=Pis O(lgn) 0(1)
REGETR | O(lgn) 0(1)
5 O(lgn) | 7% O(lgn)

2R 10.1: ZEBEIIRELHA —I0CHER () AR X L

data FibHeap a = Empty | FibHeap { size :: Int
, minTree :: BiTree a

, trees :: [BiTree al}

AL ] DARH &£ [ AR BT (Rl B ) top = key o min Trees

10.3.1 A

E SXABBAN—FRFERI &9, HP—DMHEMNE A — MM AL insert @ H =
merge (singleton ¥) Ho 55 A BITER:

insert x = merge o (singleton x) (10.12)

¥

Singl6t0n T = (17 (17$> [ ])7 [ ])

R R A U EL:
1: function INSERT(k, H)
2.z < SINGLETON(k) > R kAR
3 ADD(z, TREES(H))
4: T,, + MIN-TREE(H)
5. if T,, = NIL 8( k < KEY(T},) then
6 MIN-TREE(H) + z

7: S1ZE(H) < S1ze(H) + 1

Hrp Trees(H) ZREE H FIFRM (FREWRYZIZ), MIN-TREE(H ) 105K T H H#E
TRFFAE IR

10.3.2 &IF

EFFIHER R, (CRFPRHEAR RS —ii, 285 B TR HET,
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merge h & = h
merge 3 h = h
key t,, < keyt. : (n4+n' ty,t ts+ts
merge (n,ty,,ts) (n/,t) ts') = v Y ( )
A (n+n',t, ty:ts Hts)
(10.13)

G HERS AN NS, 4+ AUFEINFIE AR — R R AORRESUE b, IR BER
A DA & 12 = 2 H U AL,

data Node<K> {
K key
Int rank
Node<k> next, prev, parent, subTrees

}

data FibHeap<k> {
Int size
Node<K> minTree, trees

1: function MERGE(H1, H»)

2: H < F1B-HEAP

3: TREES(H) < CONCAT(TREES(H;), TREES(H>))

4 if KEY(MIN-TREE(H;)) < KEY(MIN-TREE(H>)) then

5: MIN-TREE(H) + MIN-TREE(H;)

6: else

7: MIN-TREE(H) < MIN-TREE(H>)
S1ze(H) = S1ZE(H;) + S1ZE(H>)

8: return H

9: function CONCAT(sy, s2)

10: e1 < PREV(sy)
11: ez < PREV(s2)
12: NEXT(e1) 52
13: PREV(s2) < €3
14: NEXT(e3) + s1
15: PREV(s1) < €2
16: return s;

10.3.3 i

BFFINHEIR TRARERE, 12 TR EAE R IR (M2 R, AT SOX—3d
REAMHIAI B 185 — N 407 45 T 2 BURERORAR, AN L = [2,1,1,4,8,1,1,2, 4],




176 FHE I, SERTIRHE, Bext

AR ARSI BRI, BEEIRA RS XM T HIREERN [8,16]
R 102 B TIHHPE, BHIFRRFR TSI B AR ER, $E
RTECF S RINER RIS — DT R AL, RS, Sk, Rie—5 2
SR, BAERAMT NP, FFFIERERT DAH BN SE:

(1+1),16 | 2, 16
(242), 16 | 4, 16
(4+4),16 | 8, 16

e | BRI | 4R
2|2 2
1{1,2 1,2
1| (1+1),2 |4
4| (444) 8
8| (848) 16
11,16 1, 16
1
2
4

72 10.2: FAHETHI

consolidate = foldr melt [ ] (10.14)

¥

melt z [] = =

r=2xa": melt 2z zs
e o (10.15)
melt z (2":25) = Szx<a': z:2':xs

z>x': 2 :melt T xs

% n = sum L, NFTEEZH, consolidate FH2HTFHE n F2r 2 —#IEL, 24 HAY
i Az BRI 1, SERVIRTEE 20 DG M 0 TR . BN sum [2, 1, 1, 4,
8,1, 1,2, 4] = 24, 5 HEHIZ (11000),, 26 3 F156 4 7 L2 1, FiARASIRPEH
23 =8,2% = 16, FHZEMIAYT5 AT DASKEI AT FF,  FLARRIFHERRAH TR RS e K -

meltt [] = [t

rank t =rank t' . melt (link t t') ts ( )
10.16
melt t (t':ts) = Qrankt <rankt' : t:t':ts

rank t >rank t' . t' :melt tts

Bl 10.7 A THIEFFRPER, FIZR 10.2 X ELATDAE AU, AT DAGE R AR B
BEH A BATVAF . Al PRAFRRON @ BRI, QHERIBE 53 — KRN @ UM, ke &
MEHER RGP0 i + 1 IR, RJER Al 1528, IERE Ali + 1], HANZ
SRR TR, WPh)E, A HlfRE TVAFFEER,
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10.7: WUFFFRIP R, 28 3 20, d JoBEREE] o, RIEHEREE a; 58 7.8 2, r JOBERER] q,
RJa s BEFEE] g
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: function CONSOLIDATE(H )
R < MAX-RANK(SI1ZE(H))
A « [NIL, NIL, ..., NIL] >3 RA
for each T in TREES(H) do

while A[r] # NIL do

T + Alr]
T < LINK(T,T")
Alr] < NIL

10: r<r+1

11: Alrl« T

12: T,, < NIL

13: TREES(H) < NIL

14: for each T'in A do

1
2
3
4
5: r < RANK(T)
6
7
8
9

15: if T'# NIL then

16: append T to TREES(H)

17: if T,,, = NIL or KEY(T) < KEY(T},,) then
18: T, < T

19: MIN-TREE(H) < T},

R WAV 5, RIS i 1 —IHE, 366 O (1gn) PRI, 754k
HIR/NHA n, Max-RANK(n) B [EHR K FTRERIRL R, H —THERYEEIE, RRERARHIR
Br H 28 PILR, H:2R <n < 2P, JRHAENER ERA R <log, no FAFHGES
R BRI, B PORFEFLRH BT, aJPIE A (10.8) & XK
min/ 73 & HHETTRTPE AR

pop (10,2, [)1.1]) = (@) o
pop (n, (r,x,ts;m),ts) = (x,(n—1,t,,ts"))
HH (t,,,ts") = min’ (consolidate (ts, 4 1ts))o F 4+ BERRER O(|tsm]),

ﬁﬁﬁ%ﬁ%ﬁ¢%¥mﬁﬁﬁﬁ&oﬁﬁvaf mm?.
1: function Popr(H)
2 T,, < MIN-TREE(H)
3: for each T in SuB-TREES(T},) do
4 append T to TREES(H )
5 PARENT(T') < NIL
6 remove T, from TREES(H)
7: S1ze(H) < S1ze(H) - 1
8 CONSOLIDATE(H)
9 return (KeEY(T,,), H)
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TAE A “BRETTIR AT B A 2 PEVERE, (B EZE e S RERTE X
E =mgh (10.18)

Gkl 10.8 AR, BI&— DR IRHRIEERE, KEREN m BIPE L P23, REF
FERN W BIRE, X IR R EERIE ) W, SR :

W =mg(h' — h) + W;

hl

10.8: E 1 HE

MY R EEBOIRBMET H B S THAE, S5 ATHIAREN ©(H ). XM ERERHIES
MIERIFEAN AFHFERERRN, SBT3, TR T 1Y, I EHEARE o(H').
(H') F1 ©(H) BIZFIN_ERAFHEFERE o RUR 3 A MR R, B BEEN:

O(H) = t(H) (10.19)

Hrp t(H) BHEPRETREL, X n D REIEBARELHE, SFREY LR R(n)o
P EHIREERZ N t(H') = R(n) + 1o EIFFFRT, TATEM T 55— D EEHE R
AT AEHORRARMHER, R H A2 @b, Rt Z2 33 R(n) + t(H) — 1 £, %
S ERERIIN T E 2800 T, RUFFFRIIN TR E 20N T, S 0 fEE AT

T = T.+®H)— (H)
= O(R(n) +t(H) — 1)+ (R(n) + 1) — t(H) (10.20)
= O(R(n))

AL B, T R CR 2R AR S R 1 Al B IR 9 — I, I R(n) Y B
FRA O(lgn).
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10.3.4 AR

FHEE RS TS5 . AR ISR ELRATIT, BAPREEICTCHRIIER ], fESE
S5 HETI, SRR SRR, BN B/ NE B RIEA Dijkstra RIAHTERIX — 11
A PR A IR B H RN TRl 2> o 9HE H FEISEN T R, TR Z R ERERV NN ko 40
10.9, # o BUE/INT AT Sy BIME, R o VI RFFEIMEHE GRAK) o REIXFEETS
BRI A QT U517 /ML, (BVIRRYT UG AU I, WRA R TIRZ
TR, BUICTRPRUE S HFHIPERE. N T ARPRIX — ), Fe 220 0 — PR A5 A

R D IRKRET DT RN, SZRLRE DT S IFEINEHE GRAK) .,

10.9: % key x < key y, & = UI'N, RGH M ENHEH,

1: function DECREASE(H, z, k)

2 KEY(x) < k

3 p < PARENT(x)

4: if p # NIL and k < KEY(p) then
5

6

CuT(H, )

CASCADE-CUT(H, p) > [BIITIER
7: if k < Top(H) then
8: MIN-TREE(H) < x

CASCADE-CUT i H—MRIRIER BRI G A EL s, IE Cur HiF
FRARIC,
1: function CuT(H, )
2: p < PARENT(z)
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remove x from p
RANK(p) - RANK(p) - 1
add = to TREES(H)
PARENT(z) <— NIL

MARK(z) < False
[EIAIN TR 2 BRIE T, WETERTESRR T F I R ATFERLEEY)
bR, BERIRT A
1: function CASCADE-CUT(H, z)
2 p < PARENT(x)
3 if p # NIL then
4 if MARK(z) = False then
5: MARK(z) < True
6 else
7 CuT(H, z)
8 CAscADE-CUT(H, p)

3] 10.2

IR1H DECREASE (73 #EE 24BN HEUNTE O(1),

10.3.5 EPIIREHEN G4

BATFEARG H MAX-RANK(n) BISKBL, EE X T n DICERAIELEASLHE LAY
EIR,

S 10.3.1. X FLBEARHEF AL o, HHBN k, B k = rank(z), ||
TLEREL, W

2| > Fiyo (10.21)

Hp B, 3RS RIS & Ui

FO =0
Fr =1
F, = Fy1+F,

UERH. BB A o BURER kBRI g1, v, -, g WP RHUERE 2 RN RSE/S, Hi
y1 BB, yi BHIA BIRE yi| > 00 2 y; TEEE] o BINE, T 1, 9o, . v
CEFE T ROEMNZIERAR R RBEEEK, i HEIX —INZ], A

rank(y;) = rank(z) =i—1
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WG v &2 REERE DT C8id DEcrEASE), ~HEEF N7 A, E
WAL RIYIRRIF I ZIRRAA A, R AT DAHERT, XA i = 2,3, ..., k, B

rank(y;) > i — 2

2 s N o MFHEADEOTRERNER/ME, Bk = rank(z), XTIAFREN, A
so =1, 51 = 2 WHUZV:FN 0 IR, J/DH 1 DT, BN 1 BIRRADA 2 DT,
BN k IR, /DA s DAL

|z Sk
= 2+ Srank(y2) + Srank(ys) + ...+ Srank(yi)

> 2+80+81+---+3k_2

HRE—1TRALEREN rank(y;) > i — 2 31 H. s, B, A Srank(yi) = Si—20
B NORBUERH s, > Fioypoo HHBCEIANE, NTFIHAER, Gso=1>F=1,UK
s51=2>F3=2, NT k>2HEN,A:

|| Sk
2+80+51+---+3k_2
24 Fy+ Fy+ ... + F, IR

1+ Fo+ B +F+...+F, A =0F =1

(AVARAVARLY

2 N ORFREIUEH
k

Fiio=1+ ZF (10.22)
1=0

FRAE LA
o MANEN:F =1+ Fy =2
o BEIATEN, BRIZ k + 1 AT,
Fiyo = Fipi+Fy
ko1

= (1+) F)+F. HMAREK

=0

k
1+ ) F
1=0

n > |z| > Fiio (10.23)
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MR BRI NIRRT : By, > oF, Hp ¢ = ! + 1+V5 N #EIb, BATF
UERA T 3 R ER 2 PEE ZE N O(Ign). RIEIX—£ % A DAE X mazxRank N :

mazRank(n) = 1+ |log, n| (10.24)

8l H] F 2R SLELS I 3% )T 7 S MAX-RANK:
1: function MAX-RANK(n)
2 Foy+0,F «1
3 k+ 2
4 repeat
5: by — Fy, + Fy,
6 k+—k+1
7 until F;, <n
8

return k£ — 2

10.4  FCbrHE

LRI LA B 7%, PO HESCI I B, PEREIL e KER D #R1E, 45
AL RBGHET, & HER T BN R, A IE R BRI S AN
O(lgn)[ 1031,

10.4.1 EX

FCAHESCEIN —IRZ X, S/ NTRETRIR, — M HEE 208D o, B2
R kX, @S — MR S — T, 158 (2, ts)e ZXBHRATHEMZ T, B
5L T7 AT o

data PHeap a = Empty | Node a [PHeap a]

10.4.2 HIF A REHETR
B FHEFR B HERS, 77 PR -
L AR —DHEN o, 255 N 55— D HE;
2. AN, PRARPR A HERAR T S, R — ME D 5 — A BT

merge & hy = ho
merge hy @ = hy
{:L’ <y: (z,(y,ts2):tsy)

B (y, (z,ts1):tss)

(10.25)
merge (JZ‘, tsl) (y7 t52) =
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B HIMERE RN R, B e, A" 77 1%, BATHEART mBR)
HERERE S o) — P HER) TR R :
1: function MERGE(H,, H>)
2: if H; = NIL then

3: return H,

4: if H, = NIL then

5: return H;

6: if KEY(H2) < KEY(H;) then

7: EXCHANGE(H; + H,)

8: SUB-TREES(H;) < LINK(H2, SUB-TREES(H;))
9: PARENT(H:) < H;

10: return H;

(EF & FF AL, m] DUGR RTINS HE—FESC B AR, 405X (10.12), HETTOTER AT
DAMARTT ARHR  top (x, ts) = w0 TAFIEREHETIR) B 7% #2524 R

10.4.3 AR

T RBVERV NG, FATR VENIRATFIRUT T, ARG S 2, FRERT A,
FATTAT AE I N TR AES
1: function DECREASE(H, z, k)
2 KEY(2) < k
3 p < PARENT(x)
4 if p # NIL then
5 Remove x from SUB-TREES(p)
6 PARENT(z) < NIL
7 return MERGE(H, x)

8: return H

10.4.4
S HETIAAR T AU, BATTIE TR A 7B U3 3 al— RRAR «

pop (x,ts) = consolidate ts (10.26)

BAVEMNEEA, IR HCRE T4 & 5F. RGN TS S PR, XS
HRF TRk BIX—E IR, WA 10.10 F1E 10.11 iR, &I B KA LR
JAFHHER T 248
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%@@@@
& ® @

10.10: JHIBRARTY &, RN & FF. RIS 9 BRI YRS —HR.

consolidate [| = &
consolidate [t] = t (10.27)
consolidate (t1:ty:ts) = merge (merge t; ta) (consolidate ts)

XL e T, A28 7 B SERAn R :

1: function Popr(H)

2 L + NIL

3: for every T, T, in SUB-TREES(H ) do
4 T < MERGE(T,,T))

5 L+ LINK(T, L)

H + NIL

7: for T in L do

8: H < MERGE(H,T)

@

o: return H

MIEEE BRI SRR T, T, &I T, RIEHERES] L fIETTH, IXFHEHE
P LN, KRR MG T ZE IR, HHErp T RE & A AT 8R40, XA IO T, B
J&—X T, = NIL, X &H)E T = T,o
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HE IEHE, SERIRELHE, O i

(d) (e) (f)

(9)

10.11: MATEGHEBE: () GHTH 9 M 6; (o) EF T 7; (f) BIFTH 3;
(g) BFHF 4,
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10.4.5 JHHIE&

HBRBEA T A 2 I, AISERETT RIRME IRV —oo, PRI BT — G IR, &K
TN B —FERTT 5. o AR A, BAOTATFEPIT R %E, S0, &
IR o WNHE B FRYTR, ZRJEX @ ST — IR 81, AR EE SR SR A :

1: function DELETE(H, x)
2: if H = x then

3: Por(H)

4: else

5: H «+ Cur(H, )
6: x + Pop(z)

7: MERGE(H, z)

IR 9 M I 25 8 P 53 A, SRATTIE AR E B PP RE B AT BN TR O (1gn)o
#53] 10.3

10.3.1. WERESAEON HEPIRA 0 DNICER, REPITHE. 24 n RN, SHATRR
HERELIFIRZE (RE D WEMRER O(lgn)). WHANEHIX — R ZTENL?

10.3.2. SEIREC HERIBIBR,

10.3.3. SEEIECAHERIILIE VA EE DECREASE-KEY

10.5 Btk R
S UM S A% T, A58 -

data Node<kK> {
Int rank
K key
Node<K> parent, subTrees, sibling,
Bool mark

Node (K x) {
key = x
rank = 0
parent = subTrees = sibling = null
mark = false

IR R

Node<K> link(Node<K> t1l, Node<K> t2) {
if t2.key < tl.key then (tl1l, t2) = (t2, t1)
t2.sibling = tl.subTrees
tl.subTrees = t2
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t2.parent = t1
tl.rank = tl.rank + 1
return tl

IR, TR IR, X HE

ZIECHERR A :

Node<K> 1insert(K x, Node<K> h) = insertTree(Node(x), h)

Node<K> insertTree(Node<K> t, Node<K> h) {
var hl = Node()
var prev = hl
while h # null and h.rank < t.rank {
var tl1 = h
h = h.sibling
if t.rank =— tl.rank {
t = link(t, t1)
1} else {
prev.sibling = t1
prev = tl1

}

prev.sibling = t
t.sibling = h

return removeFirst(hl)

Node<K> removeFirst(Node<k> h) {
var next = h.sibling
h.sibling = null
return next

— I A\ A S

data BiTree a = Node { rank :: Int
, key :: a
, subTrees :: [BiTree al}

type BiHeap a = [BiTree a]
link tl@(Node r x cl) t2@(Node _ y c2) =
if x < y then Node (r 4+ 1) x (t2:cl)

else Node (r 4+ 1) y (tl:c2)

insertTree t [] = [t]
insertTree t ts@(t':ts') | rank t < rank t' = t:ts

| rank t > rank t' = t' : dinsertTree t ts'

| otherwise = insertTree (link t t') ts'

insert x = insertTree (Node 0 x [])

ZIHER A
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Node<K> merge(hl, h2) {
var h = Node()
var prev = h
while hl # null and h2 # null {
if hl.rank < h2.rank {
prev.sibling = hl
prev = prev.sibling
hl = hl.sibling
} else if h2.rank < hl.rank {
prev.sibling = h2
prev = prev.sibling
h2 = h2.sibling
} else {
var (tl1, t2) = (hl, h2)
(h1, h2) = (hl.sibling, h2.sibling)
hl = dinsertTree(link(tl, t2), hl)
}
if hl # null then prev.sibling = hl
if h2 # null then prev.sibling = h2
return removeFirst(h)

BT E I I :

merge tsl [] = tsl
merge [] ts2 = ts2
merge tsl@(tl:tsl') ts2@(t2:ts2')
| rank t1 < rank t2 = tl:(merge tsl' ts2)
| rank t1 > rank t2 = t2:(merge tsl ts2')
| otherwise = insertTree (link tl1 t2) (merge tsl' ts2')

I CHE A 5

Node<K> reverse(Node<K> h) {
Node<K> prev = null
while h # null {
var x = h
h = h.sibling
x.sibling = prev
prev = x

}

return prev

(Node<K>, Node<K>) extractMin(Node<K> h) {
var head = h
Node<K> tp = null
Node<K> tm = null
Node<K> prev = null
while h # null {
if tm — null or h.key < tm.key {
tm = h
tp = prev




190 Bt+=E

}
prev = h
h = h.sibling
}
if tp # null {
tp.sibling = tm.sibling
} else {
head = tm.sibling
}
tm.sibling = null
return (tm, head)

(K, Node<K>) pop(Node<K> h) {
var (tm, h) = extractMin(h)
h = merge(h, reverse(tm.subtrees))
tm.subtrees = null
return (tm.key, h)

IR, TR IR, X HE

I HESH i U S B

pop h = merge (reverse $ subTrees t) ts where
(t, ts) = extractMin h

extractMin [t] = (t, [])
extractMin (t:ts) = if key t < key t' then (t, ts)
else (t', t:ts') where
(t', ts') = extractMin ts

S PN A e AR 5 FHF 2L RS2 -

FibHeap<K> merge(FibHeap<K> hl, FibHeap<K> h2) {
if isEmpty(hl) then return h2
if isEmpty(h2) then return hl
FibHeap<K> h = FibHeap<kK>()
h.trees = concat(hl.trees, h2.trees)
h.minTree = if hl.minTree.key < h2.minTree.key
then hl.minTree else h2.minTree
h.size = hl.size + h2.size
return h

bool +isEmpty(FibHeap<K> h) = (h = null or h.trees =— null)

Node<K> concat(Node<K> firstl, Node<K> first2) {

var lastl = firstl.prev

var last2 = first2.prev

lastl.next = first2

first2.prev = lastl

last2.next = firstl

firstl.prev = last2

return firstl
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SETRARSIRR T H: -

consolidate = foldr melt [] where
melt t [] = [t]
meld t (t':ts) | rank t = rank t' = meld (link t t') ts
| rank t < rank t' =t : t' : ts
|

otherwise = t' : meld t ts

il FH e Bh B A T 9

void consolidate(FibHeap<K> h) {
Int R = maxRank(h.size) + 1
Node<K>[R] a = [null, ...]
while h.trees # null {
var x = h.trees
h.trees = remove(h.trees, x)
Int r = x.rank
while a[r] # null {
var y = a[r]
x = link(x, y)
alr] = null
r=r+1
}
alr] = x
}
h.minTr = null
h.trees = null
for var t in a if t # null {
h.trees = append(h.trees, t)
if h.minTr = null or t.key < h.minTr.key then h.minTr = t

SETBAR T HERT 5 1 -

pop (FibHeap _ (Node _ x []1) [1) = (x, Empty)
pop (FibHeap sz (Node _ x tsm) ts) = (x, FibHeap (sz - 1) tm ts') where
(tm, ts') = extractMin $ consolidate (tsm 4 ts)

I

void decrease(FibHeap<K> h, Node<K> x, K k) {
var p = x.parent

x.key = k
if p # null and k < p.key {
cut(h, x)

cascadeCut(h, p)

}
if k < h.minTr.key then h.minTr = x

void cut(FibHeap<K> h, Node<K> x) {
var p = x.parent
p.subTrees = remove(p.subTrees, x)
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p.rank = p.rank - 1

h.trees = append(h.trees, x)
x.parent = null

x.mark = false

void cascadeCut(FibHeap<K> h, Node<K> x) {
var p = x.parent
if p — null then return

if x.mark {
cut(h, x)
cascadeCut(h, p)
1} else {

x.mark = true




H—= A

BABIFR AL T oit et (PTFO) AL, AT DA 22 Ry TRSEERBAAI, 4 B I A HESR,
TEAGRIPIX S, XIRZGH T 16 MORRISEITIE D, RS T2 i N AR A K :

1. ATDATEH RN RN AR RIS INTC R ;
2. ] DATE R S5 TR A SR BRAR BRI PR T 3R

BATTHE E W AR B SC B, M SQTE Al H e A BARSS A (N3 3%, #52H)
SCERAS

11.1  HFRsE

A DA RO TRIER A SR ER A BBRIT R, (EIEiEe tH 2R A RE AR Sk AT —
FAE, MAE AT — Rl T2 O(n) W RNE SR ENEREHK, Hrb n 2815&
K, Joiki e BN B TEREZR . O TR OGX AN R, AT m— N il
HRALE, FEH — DN S T BASIACER, A& 11.1 FR.

data Node<K> {
K key
Node<K> next
}

data Queue<kK> {
Node<K> head, tail
}

() g W
head tail

B 11.1: ZEBASI, 3k, B #ER TR S

BRI EIEZ AP (Enqueue, 8¢ push, snoc, append. push back) F1Hi A
(Dequeue, 8% pop. pop front), FKATEFLEFIZRLEMATTE . WIIREFBMFRTE,

193
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: function ENQUEUE(Q, x)

1
2 p < NODE(z)

3: NEXT(p) + NIL
4
5

NEXT(TAIL(Q)) < p

TAIL(Q) < p

HH—8 [

PN DE— DT R (IR A S 1), Rt E R & R HUE &N NIL,

: function DEQUEUE(Q)

x + HEAD(Q)

1
2
3: NEXT(HEAD(Q)) < NEXT(z)
4 if x = TAIL(Q) then

5

TAIL(Q) < HEAD(Q)

6: return KEv(z)

S T RAERTAE B e SRR, HEAD SCRR_BIRI[E] S BN — 1, a0 11.2 Ff
o IX—SEHLRT DAY REIFF R IASE, 1ESKEAI R A — A Bl S 9 AT DLk

FAERAFIZE I B, 00,

HE

> Q AN

S

Y

1

A 4

T2

Tn

——> NIL

head

11.2: #H S 11 S Ry%I R

11.2

TEFA X

tail

FFNZRAHR, AT CALEH ZN (R [ B AR B INIT 2R, EFEZLMEN T O(n) MKE
R, X2 EFIRITTRMRIRAFTEAE, v T IRBIBAAIEIPEREZE R, Al PAHEEEH
SkEIEFRGRER, MU — 38, MISEAZ X, anEE 11.3, & 11.4 Fir. HSKERAE
head, PAFIKE count, K/ size, BLAT LASE IR, count T 0 BFEAFI N
23T size INBABIEith. BATIERT AR A H R0 A B H BARYSEEE,

1: function ENQUEUE(Q, x)

2 if not FuLL(Q) then

3: CouNT(Q) < COoUuNT(Q) + 1

4 tail < (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
5 BUr(Q)[tail] + x

1: function DEQUEUE(Q)
2: x + NIL
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tail

head

A 11.3: TEIAEMIX

head tail s head tail sl
S Y A s (Y
al0][a[1]| - |afi]| - o lali] | - | afi
(a) EEMAZ N ILER, (b) NKEMIERE oG, B T2
V=N
head tail  JAF tail head juL=t
- alil| - am/ al0]| - |alj
(c) M AZ AN ILEE RN (d) R—=NICEMABIEH L ERE
HIA R, —ANHIE,
tail  head LS
LT
al0] |al] | - m[j-1] a[j]

(e) EHEATTHRSF T ICR, BAIIE T,

11.4: {EFAEPRGR P IX SEEE RS
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3 if not EMPTY(Q) then

4: h < HEAD(Q)

5: x < BUF(Q)[h]

6 HEAD(Q) < (h + 1) mod S1zE(Q)
7 CouNT(Q) < CouNT(Q) - 1

8: return x

23 11.1

TERZ X IEVGRILINAUE T IR A &, tREHk. BWAHEE, miAH
count, IAIKEMIBAFIE S N ZS? B EH?

11.3  KHIFEAF

HIZRESLEB1RAE 0 H BN 1], HEAR AR M|, AT DRI “EBA R
LR SEINBAA . AR — N S EEAEL, & 11.5 FioR. PDEIER 7 Bl Y AR
(front) . J5 (rear) s IERAFIA (f,7), ZBBAFIZET ([1,[1)o ABNHETTZRIA r FISLER,
HIAHETTRE M f HSKEREGE, MEREER 2 £ [,

pop <1 X| —>» X > .. —> x; —> NIL <-._

front

push ----- » vy > » > .. — ¥y —> NIL <"

rear

11.5: XWHIFRBAF

{push z (fir) = (f,wr) (11.1)

pop (z:f,7) = (f,7)

S —RYIMNRIES, f ATRENZS, i r IR ETTER, N T REARSIHIN, BATHE
r REEFESA £, B ([],r) — (reverse r,[ ])e BHRIMABNG, TFEHIT— IRk
AR AR :

balance [ | r = (reverser,[])

(11.2)
balance fr = (f,7)

—BRA r BRER, WHIXIRBAERITERE TR Lt ], BN, BRI
SRR R, TR SONBARIEHRA DY -
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{push x (f,r) = balance f (z:r) (11.3)

pop (z:f,r) = balance f r

A DR B R 3E DB R AR AR SE . MIFIER 11,1 BURSFRIE, H5 D Eel ™ Skt
SKTHERERRIZ BN, A1 11.6 FRe 3 R AN, 1 F REE s R,

HR{E WA | fe
ESLEIA | O(n) | O(1)

ERMMA | 01) | O(m)
ESEBMER | O(n) | O(1)
EREME | 01) | O(m)

R 11.1: BEHMBERASTURIERIX L

L X X Xy |€«--- push

front

N Ym [> pop

rear

11.6: XEEHBAA

23 11.2

11.2.1. A 2EAE push BB TEHRG A AT E L ?
11.2.2. TR AT 55 52 24
11.2.3. SEBERELARNSI,

11.4 “FEgEAS)

B IRAFN R BB 73 P A2 0% JEE Dhy s 250N T, (EL BRI O T B PERE TR £, 4N
fAHAE—AIER, WEIESH n DNITRIMAS, X HIAREZEN O(n). IR
JRRZ £ A, O T SO, BATIIA— 20, 23R r BIREAKRT f
AU, S INIE R #2514

| < |f] (11.4)

IR R STBIT SR K, B KBER R TR, FHEEH AN BT, S570
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FNRBNINERTA (f,n,r,m), o n = |f|,m = |r|, 3 ARPIDFIRKE, RIEF
M (11.4), ATDMER £ HYR R :

Q=¢ < n=0 (11.5)
B AN E S :
push x (f,n,r,m) = balance (f,n,z:r,m+1) (11.6)
pop (x:f,n,r,m) = balance (f,n —1,7,m) .
Hrh:
m<mn: (f,n,r,m)
balance (f,n,r,m) = (11.7)
{?:W\”J: (f 4 reverse r,m +n,[ ],0)

11.5 SERFAF

EETRAFIMT IR TR LS M N TR 12 | |G 9 3R . 1R SR R TR ELH — P BuH, 1%
AERSUHERTE f 4 reverse r o M m > n, B TEEN, HTF m.n EZFEEL,
W im = n+ 1, #+ WERERZ O(n), REENEZIERE O(m), BEIRIER O(n+m),
FIBAFH TR N ERIE L, FATTR] AR E IR EIS R . ABAHR, B e — R RIS
VAR B % (R ERAR)

reverse = reverse’ | | (11.8)
Hrp:
reverse a [] = a
(11.9)
reverse a (z:xs) = reverse (r:a) xs

AT DR 1) 7] 52 SR MO T T, PRI RRAR 2 T — BRI R A,
T MRS, AT : AR S, FomELEHET ICEE RO ; SeActk s
Sy TR AR (52, B FARIMTRFRAHLERE (slow-down) SHELF5L:

step Sy a[] = (S¢,a)

(11.10)
step S, a (z:xs) = (S, (r:a),xs)

PR E YRR, WRN S, (REH), HRIRPCEERRTREE
SR BRRRIRASZE N TER Sy I, BUH IR BV EE— N ITER o, M HEHTESF o BIATTH,
RX—HHEFNER, AFHEITIBE, 4TRSS R F R S5 R RE Tk, #E LA
JEEHXRE R step IHEH, Hilan:
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step S, “hello” [ = (S, “ello”, “h”)
Step S’r ﬁ(elloﬂ “h” — (S’r‘7“110777“eh77)
step S, “o” “lleh” = (S,,][], “olleh”)

step S, [ ] “olleh”

(HIXA G T — 0, BATEFEZ D o, BE 4. FIHZBY RS R,
FEFH— NG N T2 s 4 ys, BRATAT LUK ©s REEN s, RIGB—F Ts FHIK
JCEBUH, & ys BRI, X1 reverse’ 2L,

(S, “olleh”)

xsHys = (reverse reverse xs)H ys
= (reverse [] ¥s) 4 ys (11.11)
= reverse ys Is

%

[ 3R

T BN 5 — RESKAZ step, 78 r REZ)G, BPHRIE [ LIS, =R

N e S, ERE So TEK Sy BENBRIEB IR DI EL:
1. RIS £ e, AR R
2. BH M T BUHHITE, BEREE 5 R,

next (S,, f',x:fyr' yir) = (Sp,a:f, foyr',r) FINREES,r
next (S., f',[1,7,[y]) = mnewt (S, f',y:r) IRFEEER HENIERE (11.12)
next (Se,a,[]) = (Sy,a) B R
next (Se,a,x:f') = (Se,x:a,f) B Y

PR SR X BRI B B B . AR DASEESEIN BAS] . ARYE
ST, M om = n+ 1B, FFIRIZEITE f 4 reverse ro BHETRE n+ 1 R r,
FINTEIX LD RN TR f R, e, TEBEH n + 1 0 R TERERE,
WEREZET on + 2 2, BRERNEERES M ANFDE—MEEDE, H
XA —DNRBEERIE: T 2n + 2 BERIEZ AT, WFIE BRI REH TH FRI—&
FIH . AN BAIRAE BRI AGAN 16?2

EIBWE, TESER f - reverse v Z i, ESLHIANBNRIE AR O] GE B IR BN F-1
— BIF R IRE EH A, &3t 2n + 2 P E, BATEASE T — 18 f 51K [ =
f 4+ reverse ro TFEHRAEHINA
1= 1fl+1
= |fl+[r[+1 (11.13)
= 2n+2

HER R, M IRASEB IS Z B, RUEANBT RS ABAHTT R, DA TR AV IE &
RAFAFAFIAEHL I, 2n 4+ 2 DRI ELETER T, IR f FIREOHE R,
AT A2 AR SR T 1 4 reverse 'y 275 T FHTAIN, FEBHFRATIERUE TIX — &

|r
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HASERZ, 1 2n + 2 DR SERAET, HARIERTREREN &L, XL —1
RESEATTE DL : FATITREM f VIR IR, B2 f 5I5R 7 = f 4 reverse r MR
R, WA — DA f 513K, 8T RGN R, BATHES — B TIHR
reverse f I, BAMREE—1) f BIRIA, IXAERMEELEHT n IRHAERIE, R R 2
Mo 3R 11.2 28 TH BB S HE (RN E £ r) BIFEEDHRIRES L

RIEHY £ BIA HEAT AR B - B35
{Fis fitas s fu} (Sp froen ) {...}

Bid— 1 ACECHBA | 7S mrhigs | S AT E

R 11.2: i n PEEZ AT RIRES

2t n IRBN, f EIREZEHYE B NIRIFGEZE D E R B, tiRAkE:

PASEFE? L b BT f RIARBHDE, 2T [ ], BATCHFHETERZ T, BN
FHST =145 =%, HE JBEE f PRI ERER, BTt
M fEISKERIZE — BN, AT PAE A — M EERIE S f PRIRTR D, SRR
f 4 reverse r B, THEES N 0, BRI f FHI— 1 ICER, SUB I EESIT—, Rk
TEEREXN TR ; BRE IR EER R —, REERA UM EZE — T ITR, BRTE
ERAREN D PR BRI R, Y ISR Y 0 BN, ToRR RS2k 1%
FRARME, THZBIN T B FR SRR HE X

next (Sp,n, fox:f,r' yir) = (Sp,n+1La:f fiyr' r) FIRNREESr

next (S.,n, f',[1,7,[y]) = next (Se,n, f',y:r") FRBGE R i NG+
next (S.,0,a,f) = (Sf,a) RS
next (Se,n,a,x:f") = (Se,n—1,z:a,f) B R
next Sy = Sy RIS

(11.14)

BANERE LT — D2 HIRE S, K fkiztiliZ i, AFIEHRGE 78 =50

fANENHKE n, EETFEFR f 4 reverse r BIFRNRES, r IR N HELE m. 124

(f,n, S,m,m)o ZERAFIIEY ([ 1,0, S0,[],0)0 HRAIEFEHINZE n = 0 RAFINAE, B2
Hiv ABE A -

{push x (fyn,S,r,m) =balance f n S (x:r) (m+1) (11.15)

pop (xz:f,n,S,r,m) = balance f (n—1) (abort S) r m

Hr abort TEH ARSI £ 2S, IXFEER AT U/ ERE — DR, FITHEEE X
X ERE, balance KB SEETRIN, B AN RN FS f 4+ reverse r B K E -4
BNHST—H AR SER AT IR T

YHARIF, B HELNEN SRS, XA SEMA R T . KR L, RN R REHIRA RS R E, T
MEHIIE fAIRNGIH. ST RNEHPHEREESRE NPT,
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m<n: stepfnSrm

G step f (n+m) (neat (S,,0,[], f,[],7) []0
(11.16)

Hrb step RRARSHUIRIE T — MRS, £ ARG, s = RIS Sp.

balancefnSrm:{

step f n S r m=queue (next S) (11.17)
Hr:
queue (Sy, f') = (f',n,So,rym) HBSITRER FEHS
(11.18)
queue S = (f,n, S8, r,m)

BANEFTZEI abort R, 157K, T HHEA, A] UDERE— IR,

abort (S.,0,(xz:a), f') = (Sy,a)
abort (Se,n,a, f') = (Se;n—1,a,f)
abort (Sy,n, f'f,r'r) Spon =1, f', f,r',r)
abort S =

—~

(11.19)

|
wn

3] 11.3

11.3.1. 7E abort BRELH, 2 n = 0 I, TATERR BHGH T E—MEEOTRARIE, X
T 2 TRE o fEAZR, AT AFEERE—NITER?

11.3.2. {HFXEEH SIS A, 33 I URIEHE R AR I, REE— IR E HIEE, &
MFE G REFRAR BN e eI TR] . B ST —MEMEE I, (15820 iR I il
— IR,

11.6  1ETEIH A

S AR S BEAE T RERT Y f 4 reverse r TFE R, FAE M SRIE R AEE]
—MELRYSEEL, (RIZEREL rotate P DABEZ T f 4 reverse ro HELEW, fEH—
B o, EIPEREEED

rotate xs ys a = xs 4 (reverse ys) 4 a (11.20)

BATTRE s BB [ AR, ys WIREICN r FIR, o WIREMNZS [ 1o N T SBIEL
B, B g A G I

rotate [ | [y] a = y:a (11.21)

BYFEHN
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rotate (x:xs) (y:ys) a
= (2:28) # (reverse (y:ys)) 4+ a EXFX (11.20)

= x: (xsH reverse (y:ys)) #a) ERNGEEME (11.22)
= x: (zsH reverse ys 4 (y:a)) REEFFRIERNS ST
= x:rotate xs ys (y:a) JrA A E K (11.20)

FE_E IR PIRME DL, AT AR 2R LRV F TR

rotate [ | [yl a = y:a (11.23)
rotate (x:xs) (y:ys) a = x: rotate xs ys (y:a)
FEMRMESRITING S, () BIESHIREIH . AN A AT, KRR rotate T
HEARDWM T . BEINRIIE SN (f,r,rot), HH rot RoRIEAEITHIREITE
f 4 reverse r, EFIIENZ [ o

{push x (f,ryrot) = balance f (x:r) rot (11.24)
pop (x:f,r,rot) = balance f r rot
R balance BRAFERRIARTHERE—RECHE, REERAE RN T 46 — e 1T 57

balance fr[] = (f,[],f) HH: f =rotate fr[] (11.25)

balance f r (z:rot) = (f,r,rot) ML

%> 11.4

11.4.1. Ay SEER AT RAA, 15 3K 0 22 S AR S ¢ 25t TRl B9 T SR AR

11.7 =% B+ fes
BFSBUI . A

Queue<K> enQ(Queue<K> q, K x) {
var p = Node(x)
p.next = null
g.tail.next = p
g.tail =p
return q

}

K deQ(Queue<k> q) {
var p = gq.head.next //the next of S
g.head.next = p.next
if g.tail = p then q.tail = gq.head //empty
return p.key
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RGP X A E X -

data Queue<kK> {
[K] buf
int head, cnt, size

Queue (int max) {
buf = Array<K>(max)
size = max
head = cnt = 0

{5 PR A XA HE L ABA:

N offset(N i, N size) = if i < size then i else i - size
void enQ(Queue<kK> q, K x) {
if g.cnt < gq.size {

q.bufl[offset(q.head + g.cnt, q.size)] = x;
qg.cnt = qg.cnt 4+ 1

K head(Queue<K> q) = if g.cnt — 0 then null else q.buf[q.head]

K deQ(Queue<k> q) {

K x = null
if g.cnt > 0 {
x = head(q)

g.head = offset(q—head + 1, q—size);
q.cnt = g.cnt -1

}
return x
}
.
SEH RS
data State a = Empty
| Reverse Int [a] [a] [a] [a] —mn,accf, f accr, ¢
| Concat Int [a] [a] — n, acc, reversed f
| Done [a] — ' =f++ reverser

— f, n = length f, state, r, m = length r
data RealtimeQueue a = RTQ [a] Int (State a) [a] Int

push x (RTQ f n s r m) = balance f n s (x:r) (m+ 1)

pop (RTQ (_:f) n s r m) = balance f (n - 1) (abort s) rm

Il
x

top (RTQ (x:_) _ _ _ )

balance f n s rm
| m < n= stepfnsrm
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| otherwise = step f (m + n) (next (Reverse 0 [] f [] r)) [] ©

step f n s r m = queue (next s) where
queue (Done f') = RTQ f' n Empty r m
queue s' = RTQ f ns' rm

next (Reverse n f' (x:f) r' (y:r)) = Reverse (n + 1) (x:f') f (y:r') r
next (Reverse n f' [] r' [y]) = next § Concat n (y:r') f!

next (Concat 0 acc _) = Done acc

next (Concat n acc (x:f')) = Concat (n-1) (x:acc) f'

next s = s

abort (Concat 0 (_:acc) _) = Done acc — rollback 1 elem
abort (Concat n acc f') = Concat (n - 1) acc f'

abort (Reverse n f' f r' r) = Reverse (n - 1) f' fr' r
abort s = s

P SN RAS -

data LazyRTQueue a = LQ [a] [a] [a] — front, rear, f ++ reverse r

empty = LQ [] [] []

push (LQ f r rot) x = balance f (x:r) rot

pop (LQ (_:f) r rot) = balance f r rot

top (LQ (x:_) _ _) =x

balance f r [] = let f' = rotate f r [] in LQ f' [] f'
balance f r (_:rot) = LQ f r rot

rotate [] [y] acc = y:acc
rotate (x:xs) (y:ys) acc = x : rotate xs ys (y:acc)




i

FRAIR BEHAN BRI — R &, T 17 SR AR e 51 2
1. A] DATE KR, 2B AR Bt Al HFRTTER ;
2. A DAPRE (LT ERIEI R JE B 515
3. Al PAPERELYI R, ERETITE;
4. A] APRTE R E (LB WO,

B, PR DGR3 R IXLEEDR, IR RATR, B n NERNFIINKE, ny.ny
DM FHIRKE,

BlE e PIES
FESKERRAHHIER | O(n) 0(1)
FEREHEAER | O(1) O(n)
T O(nz2) | O(ny)
)
)

BEALTT AL E O(1) O(i
TEALE 4 HER O(n—i)| o

RELH =M HISCEL: — XBENLTT IR, Al EESI3R, FHa

12.1 = XBEHLy5 M5

X FENLIT B FR0E B R AR S BRI BEALT RIFI R, MRS T e
XHo TERFIRTFEN T R AEAIE AR n, S HFR R 3, B T5EEE
TEZ/DRTERZXWEREME n MR, BMEN 1 IR — R = S, 5
BRI A6 I I e RARE1 1 < i < n, FRATERR] AEE R A E AL E]
TRAESE i DRI, WIE 12.1 s, 3 .t T (21, 20, 23, T4, T35, T6) o

ICIREN i + 1 BRI tio to REE—THTF TR t, 86 20 MHT,
XF n ANTCEMFEY], BATHE n R G n = (emem_1...e1e0)2, e, A 15K
0o

205
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12.1: &6 6 MTENFY

n =2+ 2% + ... + 2™e,, (12.1)

W e; # 0, MFZE KN 28 BB XMW ;o EE 12.1 BFIFH, 50
KERN 6 = (110)20 HMKAZ 0, FATAFRER/NA 1 HIRE; 6 2 (2 1, FE—HEK
INTT 2 BB ¢ B AL 1, TR/ 4 HIB too IXFERAEITH (21, 22, ..., 2]
FRAMIFNR, FIFR AR RN R ME— R, FHZ M NBIRHS, Bl TRz
R XBEOLVT BN U, FATTAT DATE — SO SCAY Mt RS A (b DASE B FR %7126 -
L ICR AR 77 5, 2 SRS ID SR IR/ DN IR AT /N
(s,1,r), HA s RRFHIIKRN, Ior 3RIRTEA T, fEITER « FH-F1 RN
(z)o FRATTAT DUXFEIREL—HRBR A KN :

size () = 1 (12.2)
size (s,l,r) = s

N THFICER y FBAZFH] S BETTH, BATEIE—BREE — D779 50 ¢ 34

t' = (y), RGHEHFHAZIZMKA, insert y S = inserty (y) S, 85 AT EIFEA:

insert y = inserty (y) (12.3)

TR BRI S — R 1, B £ ¢ B9/, AR 1 oK, 006 ¢ BT
BRIRATE CROBRTIRD) 3 25 ¢, A ¢ A5, FRODI S 05 CRE BN IRD) AR —HREA IR
By = (25,1, ), RIGEEITHIKS ¢, FEAFIRERRER, W 12.2 FR.

insertr t[] = [t]
) size t < size ti: t:ti:ts (12.4)
inserty t (ty:ts) =
A inserty (link t t1) ts

Hop link FMPRR/IMBERIRIBERGER : link ) t, = (size 1y + size la, t1,t2)o

LR E m R, m BIK/N O(lgn), SKEREARIEERED O(lgn). FHEHK
ATTUERR 73 HEPERE D B 5N T

XERRHE, FATAI A 8 A A AR SRR B SR IBR TR AP SR ARMA AR S5 — R A
7B to (BRI D), ITERRF ¢o MIER; 250, 8T 58 — BRI 0 ELEIRTS 10, 2R
JE R HMIBR, A 12.3 FoR.
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@@

A8 8

Kl 12.2: fiA 21, 22, ..., 761 (a) A 10 (b) N xy, B4 [t1]o (c) EUNESRCES
H [to,t1]e (d) FEA 240 BMIEERRIEEERN [ta]o () FA x5, RN [to, ta]o (f) T
A @6, BRI [t1, ta]o

() ()
ONNONENOENG
HDOOHO OOOE OO

K 12.3: MSKEBMIBR TR (a) x1,xa, ..., Ts PSP [to, t2]o (D) MHIER 25 (to) o (c) FHIER 240
S BIARD TG1FE [to, to, t], MERIGTF [to, t1]o
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extract ((x):ts) = (x,ts) (12.5)
extract ((s,t1,t2):ts) = extract (t:ta:ts) .
FIH extract BIATSEEN SkEf TR AIMIRR :
head = fsto extract
(12.6)
tail = sndo extract

Hr fst (a,b) = a, snd (a,b) = b 73 AR E—XHEH I ER 7
AMARRIRSEPR ERTTERR D N RNARIX R, GEERERG] 1 < i <n, 3]
JerE RLEINS I Y 72 42 = SR, SRIE FRIEA T — IR E B Rl e 2 FT R

1. HEAER @ FIARARAREE — 8 ¢ BRI, 5 @ < size(t), MITEERTE ¢ Y, 3 TORTEM ¢
HITELR;

2. BN, 2 i =i — size(t), R BITHERERAIIR R EREE IR,

i <sizet: lookupr it
(t:85)[i :{ = b (12.7)

A ts[i — size t|

HrF lookupy FEMFREHT 0 &4, R @ = 1, TATBREART R A0, AT
PR, AREIEIHER:

lookupr 1 () = =
s
i<|=]: lookuprit 12.8
lookupr i (s,t1,t2) = 2 ' s ( )
A lookupr (i — L§J) to

12,4 8 THE— M REN 6 KIFHIHEIE 4 DITRIP B, 58— BRI
2 < 4, PREAGE S AR, FHFRRIITEF N ' =4 -2, PRI N4> 7 =2,
WG ERTTRMAEIZR A, KRS 2, RRTHRFRI TN 4/2 = 2, ATDAE
IRREE T, SRR E A MR AN 1703, REAGRIZVTRRTTR, KLU0, Fi1E
AIAMBBAEEAE « HITTER,

IRHETE R MR, X T 58 n DITRIFPA, MARRIRECY O(gn)o XT
K5l i, REFHE O(lgn) WNESREMEIN, 2 TRITERAMAT S ERIEL, R2 0
7 O(lgn)o FRILFEHLIRIEEATEREDN O(1gn).

23 12.1

12.1.1. Q{a[AbIR RS [ E i ?



12.2 BFFRR

@
oYe ©

(© @

B 12.4: FKEX S[4]: (a) S[4],4 > size(t;) = 2 (b) S'[4 — 2] = lookupr 2 ty (c)
< LSZze(t2)J = lookupr 2 left(ty) (d) lookupr 1 right(left(ty)), RIE] 230

12.2 BFFoR

FEGEEEY n B R AR Z RIFAER R 10 = 2% + 2'ey + ... 4 27ey, H
W e N i MIRYE. 45 e = 1, MITFAE—RRAR/INN 28 BISE 2 =X, A4Sk kA
TLER, AR RO 15 RN B RO 1, FATFRIZMR R BT FR L,
N T BHRRFRRIZMONS B, BT D R E MRS IREF Zero oRAFAE
X, TARZS— One t FRRFAE X to IXFERRMREE AT ARy —HH 3RS
AR, ITTHE T A SCEL — R B3

addt[] = [Onet]
add t (Zero:ds) = (Onet):ds (12.9)
add t (One t'):ds) = Zero:add (link tt') ds

Rt ¢ FNFRMARS B BERIANGE : 35 AR 22, FATTQIIRS One ¢, 22 it
B RIE— L, YT 0+1 = 1o BT, IR it H S 572 Zero, FATOIEE
—IRZS One t B ifds Zero, IR T Z3ERINNE (... digits...0)o+1 = (...digits...1)s
Bl 6+1 = (110)y +1 = (111)y = 7o WIERIHFNE LR One t/, TAT A ¢ Fl ¢/ BIK
/IMER, XZFABENER AT to = (o) THIGTRA, FHBAM IR NEHIE K,
BMNFA1,2,4,.,20 o TATTRE ¢ R0 ¢ BEREGECR, 1B U A BIFRAE T . Tz
B One ¢! $OEHN Zeroo, IR T ZIERINNE (... digits...1),+1 = (...digits’...0)2
BN 74+ 1 = (111) + 1 = (1000), = 8,

FETORBATH ZHERRER R MR, AR FHN R EH —1AL One t, MEREF
AR NAS, XN ZHERIRGE 1 — 1 = 0, WERFHIEZAL FHHEAZ One ¢,
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TR Zeroo XA T ZHIIRIE (.. digits...1)s — 1 = (...digits...0)s U
7—1=(111)y—1 = (110)y = 6, WRELLZE Zero, LT BAEAL, FA T MFIR
BT R, R E T RN 1. 1o, B Zero BFHLER One to, FFMNBR ¢, IXHHSY
FHEHIRE (.. digits...0)a—1 = (...digits’...1)o0 BlI 4—1 = (100)y—1 = (11)3 = 3

minus [One t] = (t,[])
minus ((One t):ts) = (t, Zero:ts) (12.10)
minus (Zero:ts) = (ti,(One ty):ts"), HH @ (s,t1,t2) = minus ts

BRI RN ERE, BANMERREE, IR DR, BER
REZBEFIHEA n = 2™ DICRIVERE, BRARE HEHIRR R 12.1:

i L (& R
0 0,0,..0,0
1 0,0,..01
2 0,0,..,1,0
3 0,0,..,1,1
om 1 1,1,..,1,1
om 1,0,0,..,0,0
NAIREL | 1,1, 2, ... 2m 1 om

7 12.1: fA 2™ T EITRE

TR RI R AR B KR AR b, S TRE o IR AR B — IR
b, PAT— IR BE R, TR oV IR IR LS AR b —Ik, ¥ RTE 1
PR — R AW, G — PN RMAG, REMEN 1. HErETHEXREREM, 152
T=1+1+2+4+ .. +2mtyom=omtl  SEIGRUEHEAREN TR ZEN:

2m+1

O(T/n) = O(=

) =0(1) (12.11)

IR A7 N 199 70 A 2 D e BT T

3] 12.2

12.2.1. SKIPEUEFORFAIIBENLYIR] S[i],1 < i < no HH n BFIIKE,
12.2.2. AT EUEFRR R HIMBRRIER 3 R A

12.2.3. AJDAHRER 2m B RRE 2 = X0 (m B AR . A — X
PERRPREI TR ARTREAL T 7]



12.3 WA FH

ANSEF TR :

insert Xy

front

—_

b

w

>

12.3 NEA =5

FATHEET 11.3 RETEEHRA R DEE 5, N 12.5, #3006 kA 77X
RN, TEYRASLEAEART, IRINE] f KRR ; SR, 2] » £k
HARE, A—NEERTIIR S = (f,r), 2 FRONT(S) = f, REAR(S) = ro HiIJ5HH

X2

X1

: function INSERT(z, S)

APPEND(z, FRONT(S))

: function APPEND(z, S)
APPEND(z, REAR(S))

K 12.5: WEEH

Y1

»2

rear

211

append

BEMLYGIRIES ¢« DT, TATTCHINT « R512] f 02 r, REHEMEDTR. &
i < |f|, TCRAE f . BT fHr SO SKIERER), FTBA fIZIRMW AR A R RS, A

|f| =i+ 1 ERETER WER @ > [ f|, TTRE r H, i — | f| ERLEDTR,

function GET(7, S)

f,r < FRONT(S), REAR(S)

n < SI1ZE(f)

1:
2
3
4: if i < n then
5
6
7

return f[n —i+ 1]

else

return r[i — n|

> RIAIZRG]

PR PTREICECH f 8 r 22, W5 — M E TR, FEME P, 5 follr FF
[ ]I, B TR 55 — Rl o R, 2RI RE AT — 2 R T A — XTI f r BASAR

o BATEAT PAZZH £ r, BT H] BALANCE, #HE f.r ZZHEEE,

function BALANCE(S)

[ < FRONT(S), r < REAR(S)

n « SI1ZE(f), m < S1ZE(r)

m

1:
2

3

i if F =] then
5 k<« LEJ
6

return (REVERSE(r[1...k]), 7[(k + 1)...m])

7: if R =] then

& keLgJ
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9: return (f[(k + 1)...n], REVERSE(f[1...k]))

10: return (f,r)
TERHRIMERIN, FATERRGE £\ r B NES, FRA TR
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FRONT(S), REAR(S)
4: if f =[] then > S =([],[x])
5 T[]
6 else
7

REMOVE-LAST(f)

8: function REMOVE-TAIL(S)

9: BALANCE(S)

10: f,r < FRONT(S), REAR(S)

11: if r =[] then >S5 = ([z],[])
12: feT]

13: else

14: REMOVE-LAST(r)

T ST S, B P PIEBRIAE DL N EREDN O (n), Hi n TR ML H
B0 AR 2 R R TRI

g3 12.3
12.3.1. IRAIHT SR 5 5 HBR B 45 5 2

12.4 nJiERAIFR

HEIRAT DL O(lgn) I RIAE = AR BEATL T [ AR AR SLER HEATHE . MHIBR. K51,
EEREWNFINHAER G, BATARER IR A — X EH B —, MR 2T
FERA/MHEIRIR, B 12.6 A 7 —FhRERESIRATSEI, 22 X AARAF (e 413
I —DICR oy, HETTRB G T EBRREEE N FYIH, 0B —R
TR, IXEEFH EH— NSRS (WS 11.5) BH, BAIHEFIRRN (21,Q,) =
[T1, o, ooy Tno HTEIEE T —DINR (y1,Qy) = (Y1, Y2, . ym) I, FATTREHABAZF
Q. WEHR, ERISTE AN, K BAFIHI N BNPERE N H BN T8, Rl A 2 R a1
Reth 2 W BN TR

sH+9I = s
THs = s (12.12)
(,Q) 4 s = (x, push s Q)
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¥

B 213

4] (&) Cp
X5 X35 wees Xj Xit 1> Xit2s oo Xj Koo Xfet-15 -5 X
(@)
c1 5] Cn Cn+1
X25 X35 w05 Xj Xit1s Xit2s oos Xj X Xfe+15 -0 X Y1,Y25 -y Ym
(b)

12.6: Eﬁéﬂ%ﬁ”% (a) (xlaQa:) = [xlax%---axn]a (b> E%‘é (ylaQy) = [ylay%“'aym}
T AR i1 2 Quo
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FABTILR 2 I, BA VLR —DERITRIIE (2, ), REREERGER,

nsert zs = (2,9)4#s
{ ( ) (12.13)

append z s = s+ (z,9)
MATEREFI R SRR T R TR AR T, 2 AR A, MR ERI RRIFTE

TRHER 2 ORI AERSIFR, AT DA e 2 iERs—ik, JEli—1
IR,

concat g = O

concat @ = (top Q) 4 concat (pop Q)

EET AP EESSI BB, BRATPREEE — BRI ¢ A, 285 13 R e AR )
PERAE N s, RIGHE c1\ s BEFEER, FATEER concat MWKERHIFRITTR,

(12.14)

tail (x,Q) = concat Q (12.15)

Bk concat 1 T NFI, B IAFH B — DNRAEWGE R, XA EHEYS TN Q
T8 nigE o,
fold f 2@ = =z
fold f 2@Q = f (top Q) (fold f z (pop Q))

Hrb f B2HTHHNZICHE, - BF 0. NHE—EAFIZMIEIF, 2 Q =
{1,2,...,5},

(12.16)

fold (4)0Q = 1+@2+@B+@A+(5+0)=15
fold(x)1Q = 1x(2xBx(4x(5x1))))=120
fold (x)0Q = 1x(2x(3x(4x(5x0))))=0

FATAT AR BINRE X concat (RTEAMATE) :
concat = fold (4) @ (12.17)

EHEEOC N B0 MR, R LZ L MERIERIERPEREERIME DL N ELk
MR SELAZE A n NITTRIE, SERIHAT—IRMHER, N 2 R n — 1
R ERR TR (AEH — DT 5D concat TE O(n) BHRIEFTIAFF, HIH
3 A 2 PR T R TR

12.5 FHEHt
— R 51125 FT DAE Sk FR 2 B ] (5988 B8 A BRI Rt e 7
LTl R DA R SRR ANIIE 22 B TC AT B . 5 RN PR 2 3
] (5 8) AT e, 763k, FEE0 BN TR A, (ERAEFI 8 AT RO . X
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MMFHRAREAT: 1, FFERANTT Py R Sk, FE DLREATHE M ; 2. A I8 VA RIZEAL (1]
QR AR BERLYT (R EE S o TR 2 FHB 2R, SFFam 00 R T X ROR SR 41 107,
PR FEHERIERE R R, TR T 2-3 i (—Ff B-#) . —4R 2-3 RifL i
TEERRFRE, A (81, t2) BR (1, t2, t3)o

data Node a = Br2 a a | Br3 a a a

TE SRR N = FE iz —:
1. & g;
2. BILERMF (2);

3. WE=H R AR, 12 (f.t,r). BNFRRE—IMIIR!, 22
BH 3 IR,

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.5.1 A

@ o] v [a]  [afc]o]

We (2 3) ([6l, 2, [a]) (4) ({d;c,bl, 2, [a])

(
T
010)0

(5) (le, /1, (ds c,b), [a])

12.7: Famt

Wl 12,7 FoRe (1) N @, (2) BIEA—INITREREER. (3) EAMNITR, 27
fE for FHEH. (4) MRGUSHENTTR, [ FEIET 2-3 WAIIRHI, (5) KE -, f
FHEHA 2 IR, HEERDE— D& E IR 2-3 I, XA DIRRON

L BIRHSC R (front) | J& (rear) Y E F-6E,
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%} Empty

(a) Lf a

(6], 2, [a]) Tr [b] Empty [a]

(Id, c,0], 2, [a]) Tr [d, c, b] Empty [a]
(If,el, (d,e,b),[a])  Tr [f, €] Lf (Br3 d c b) [a]

ER&RE—DOITH, REE TR — D, FHERZEAN, BRE for
FHERIHPEE 2 —BREIRATTHE, XN Tree (Node a), IREIEIT—2K, #% ik
B, EHEIIBIFEERER 1 TR ATTRIVERE, BATTATPAUAgN N, H—
RFHERS T FHeEA o I

L WRT = o, MEERAETEN T (a);
2. MR T = (b) B2— DT, ERN ([d], 2,[b]);

3. T = (f,t,r), R F LR NEARE 3, K o AL f 1 BWKE f HRYjE 3 4
TLERMA—HBTHY 2-3 B ¢, UTHLRE ¢ S ¢ . BIGRE o AR f

inserta @ = (x)
| insert a (b)) = ([a], 9, [b]) (12.18)
insert a ([b,c,d),t,r) = ([a],insert (b,c,d) t,r)
insert a (f,t,r) = (a:f,t,r)

BR 7B, e B U AR TR BN H, B )AREBR TR & A, B
TAER 2-3 MIOF4ERE, Bt b = O(1gn), HA n Z2FHERHEHETRI M, 1%
JART DA R G OU R, 78 A B 703 52 2% R R O T O 10 AT TmT DA F B i e
et TR R

xs >t = foldr insert t xs (12.19)

.3 12.4
12.4.1. JHERIEIA, FTEPREY 75 S FFamifE A

12.5.2 IR
MELEBHIER AT ABVEXS insert A TIHHR1E,

extract (a) = (a,9)
eatract (o), 2,[) = (a,()
extract ([a], @,b:bs) = (a,([b],,bs)) (12.20)
extract (la),t,r) = (a,(toList f,t' 7)), HH : (f,t') = extract t
extract (a:as,t,r) = (a,(as,t,r))
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Hp toList ¥—1 2-3 RN FF -

toList (a,b) = Ja,b]
toList (a,b,c) = la,b,c]

FeArmg THRME O (MR IHER) . QNS Z BT RN T, RN
B WERTFHER LS WA IR, TATMER f RRICR, SR NBRITRAHT; R f
HIREE—NICER, PRES A2, 1 r A2, BATMER f HE—TE, REMNr $
“FET—DICERBA fUR FRAE IR, M EFRAEE, T TR0 I T H e
JIER— 15 5, SRJEROX — 1 s N A A ZRR AR fo TR £ A AgE—TT
FHUMIER; WiR f AE—DPLERITER, AT E —DITREMER, B 12.8 RRTWF
BISLERMER ST Z BB ER extract, BATT0] LAE X H head F tail :

(12.21)

K 12.8: MIBR: (a) &H 10 DITRERIK, (b) MER—ITHRE, fIEF—ITR. (c) H
RIMER—DTCER, MAPFTEI TG — DT, REE N 2-3 BREEARBAIER, fEHTHY fo

(12.22)

tail = snd o extract

{head = fstoextract

%3] 12.5

12.5.1. JHERIEIS, FHIEIASZELMBR,
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12.5.3 JEEkEE
A DOSHFR IS IR B SR s ., R

append @ a = (a)
append (a) b = ((a], @, ) 1223
append (f,t,[a,b,c]) d = (f,append t (a,b,c),[d])

(

append (f,t,r) a = (f,t,r 4 [a])

QAR  RRITTERAEE 3 D, BEREHTRBMNE - RE. A0, % r FRIRT=D
TUER I, A TE —BRHTHY 2-3 A, BN 2 Rl R E R R, B n] DA Z2 N &
INESHGHE TIT RGN — PR THEM

t < xs = foldl append t xs (12.24)

NN BB IR 5 AR 5 0 «

remove (a) = (J,a)
remove ([a], 2, [) = ((a),)
remove (f,@,[a]) = ((initf, @, [lastf]),a) (12.25)
remove (f,t,[a]) = ((f,t',toList r),a), EH : (¢ r) = remove t
remove (f,t,r) = ((f,t,init r),last r)

Hrr last IREFNR R IG— IR, init IREIHRE 2 (WX (1.4),

12.5.4 &

Ty + Tho BEMRTFEREANSHIEI:T) = (f1,t1,71) T = (fa, t2,72)0 K
T fu (EMERREE R f, o TENEERAET ro 2RJEHF thn ros fou to BFFRRHH]
Tt BT B f ERE T RAISIER, AT LOX S0 T80 R (Al -

merge ty (ry 4 fo) to =

t1 K1 ¢, WARZTFHEW, (HEATEL Ty M T IR—4R, 4 Ty PRITTEREEN o, W ¢,
FRHYTEEREEN Node ao TATRIAHBEITEFF:PRE ¢ B9 f THEM ¢, 19 r F45, R)5
Bty Mt BIFRIRIER Y, ¢ B9 r FHERD o B9 f FHEE .

merge S tsty = 15> ts
mergetits & = 11 <K<ts
merge (a) tsta = merge & (a:ts) ty
merge t1 ts (a) = merge t; (ts 4 [a]) @
merge (fi,t1,r1) ts (fa,t2,72) = (fi,merge ty (nodes (r1 4+ ts 4 f2)) ta,72)

(12.26)
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HrF nodes Rita TIoRAGN—AH 2-3 K, XRZFAHRIFRFETTERER, b
FHEHHITERERE

nodes [a,b] = [(a,b)]
nodes [a,b,c] = [(a,b,c)] (12.27)
nodes (a:b:c:ts) = (a,b,c):nodes ts
IXAEBATTAT LA merge K& CFHERTATZEEHE -
(fist1,r1) 4 (fasta, m2) = (fi,merge ty (11 4+ f2) t2,72) (12.28)

FERIX —E SN (12.26), EEREBREAR T LR & HF3 0, BATa] DAga th R &
N—BUIE L

Ty # Ty = merge Ty [ ]| Tz (12.29)

ERERIPEREBUR TIRIAR & HF IR, IBIFRIR AR BN — R BT
2-3 B, FHEMEIREDN O(lgn) Hrb n AR ML, SFHELFREMA IR
PEREFITE A —HFE (IR Z U insert 8 0 N R BN R, BIMEIN O(m), Hf m
MR mEZ, B ERIENSREN O(lgn), Hi n ZWERTFHEMHEERIIT
REHL

12.5.5 FfidLiiM

BT RISZATREAL T R R ORI ER . Oy TR R E TR BN, Bell1a 45
DB RGN — s LEIDFKHEGEHITTR ML (s, f,6,7)0

data Tree a = Empty
| Lf a
| Tr Int [a] (Tree (Node a)) [a]

size g = 0
size (¥) = sizex (12.30)
size (s, f,t,r) = s

IXH size (z) FHFA—ER 1o XZRN « ATREZ IR, B Node a, TiH
HUE BN INAZ 1o NIRRT DAESR A BRI, 88K « BRE—1D
BT (x)., UERXMNERITHIR/NN 1, Bl size (2). = 1(S WA,

{:v <t =insert (x), (12.31)

t
t>x = append t (x).
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AR :
rs <Kt = foldr (<)t xs
foldr (<) (12.32)
t>xs= foldl (>>) t zs
AT TFEAREL 2-3 MY AR/
size (t1,ta) = size ty + size ty (12.33)
size (t1,ta,t3) = size ty + size ty + size t3

AT RAHFIER (BIANIR— I F48) AT TR A sum o (map size) KIHE KN,
TEARAFIMERAR R, FATR T ZEE IR D, WNKIMEEE, G7E—MLE i, Al
PAd I B R e AL BN YT R TR BEAIBIEEEN: (s, £,t,7), TAT2IXETH5
KA RN 8588y Hos = 57 4 8¢ + 800 AT 0 < s, MIBAMIT £ H, FATHE TR
12 f HEHG R sp < i < sp+ s, MEFRALT ¢ /1, FAVBIATE ¢ P8R BN EFR
AT r e BRI Z AN, FATTEFR AR 5 (2) ST, BATH—RME (i,t) TR
TEBAREEH ¢ F i AL E, I8 EIRME lookupy Q1T :

lookupr i (z) = (i,x)
1< S5 lookups 1 f
lookupr i (s, f,t,1) = (sp<i<s;+s;: lookupy (lookupr (i —sy)t)
A0 lookups (i — sp—s¢) 7

(12.34)

XH:sp = sum (map size f),s; = size t, A FIEMEINEE 2 HIRN, G05%

TEMF R (2) PERAT  NE, ERN (i, 2)o SMFTATAINT i ALTF (s, f,t,r) H

MR—# 7, ARG THISETE £, o, BOURRERFHRIIRPF IR,
i<sizex: (i,x)

lookups i (z:x8) = { (12.35)

A0 lookups (i — size ) xs

R LT RATTR ¢ G < size o), TATRE] (7, ), SNBAIAESEE TG A
TLR. W i MITRUETHE f,r, MAEPRIED ¢, BATEVAHAE HIRZEK, 20
B (i',m)o XHE m 2 2-3 0, Bl FRAEH P ER:
{i < size ty: (iyty)

lookupy i (t1,t2) =

0 (i — size ty,ts)
1< size t; : (i,t1)
lookupy i (ty,tz,t3) = size ty < i < size t) + size ta 1 (i — size t1,ts)
e (i — size t; — size ta,t3)

(12.36)
BT THERKRNMEEGDNITE » AEEE (0), B, REABMNFENFE «
H[A] -
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Filookupr i T = (7', (x).) :  Justx
T[i] = b (& (@)e) (12.37)
A0 Nothing

BATHIF 728584 Maybe a = Nothing | Just a SRFTRER G| INBIEEHKE] 2, [
MLYT )55 Z b e FHE &4, 1B R BER T AVIR . T a2 1,
RENLIT I E 24N O(1gn), HH n Z2TFERITTE L

BATHAFHEW LB A ER EE B, RIFIVERE, k. BEIERN SR
HRJE R BN ), AT DATE XS BN R A T+ o LR S 107, BIARE IR, il
BT BREARNEIRGE, £ kel DAEA g R— R mRa, fian, FA107 A
FRFFISLEE MTF? 4Bk 10, MTF 8 E RN E « e R ah 2T (UL
#:>] 12.6.2):

mtfiS=xz<8 Hf(z, ) = ertractAti S

TEIE T E T, BTN HEAR R TG Z FHEP R, B POEHE . T FHEF
DAACEATIRIZETE ; ARG A I B 5T FR VL BC IR M AR R AR,

%3] 12.6

12.6.1. TEREHLIFAINS, anfaIAb B2 o FIR 5 R HIE 7 ?
12.6.2. SEH cut @ S, TEALE i {EFF S 2#IFH

12.6  Fifs Bl 1
B 151152 (RRK) -

data Tree a = Leaf a
| Node Int (Tree a) (Tree a)

type BRAList a = [Tree a]

size (Leaf _) =1

size (Node sz _ _) = sz

Tink tl t2 = Node (size tl + size t2) t1 t2

insert x = insertTree (Leaf x) where
insertTree t [] = [t]
insertTree t (t':ts) = if size t < size t' then t:t':ts
else insertTree (link t t') ts

extract ((Leaf x):ts) = (x, ts)
extract ((Node tl t2):ts) = extract (tl:t2:ts)

R Z AR IR SR At T 2L, BiI4N Java/C++H Optional<T>3AY
3¥3Z move to front 485, BT BWT (Burrows-Wheeler transform) $EE4EE %,
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head' = fst o extract
tail' = snd o extract

getAt i (t:ts) | i1 < size t = lookupTree i t
| otherwise = getAt (i - size t) ts
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz t1 t2)
| i < sz “div’ 2 = lookupTree i tl1
| otherwise = lookupTree (i - sz “div’ 2) t2

5zl

BENLYT R AR R E R

data Digit a = Zero | One (Tree a)

type RAList a = [Digit a]

insert x = add (Leaf x) where
add t [] = [One t]
add t (Zero:ts) = One t : ts
add t (One t' :ts) = Zero : add (link t t') ts

minus [One t] = (t, [])

minus (One t:ts) = (t, Zero:ts)

minus (Zero:ts) = (tl, One t2:ts') where
(Node _ t1 t2, ts') = minus ts

head' ts = x where (Leaf x, _) = minus ts
tail' = snd o minus

B

Data Seg<k> {
[K] front = [], rear = []
Int length(S<K> s) = length(s.front) + length(s.rear)
void insert(K x, Seq<K> s) = append(x, s.front)
void append(K x, Seq<K> s) = append(x, s.rear)
K get(Int i, Seg<K> s) {

Int n = length(s.front)
return if i < n then s.front[n - i - 1] else s.rear[i - n]

AIERIR

data CList a = Empty | CList a (Queue (CList a))

wrap x = CList x emptyQ
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X 4 Empty = x
Empty # y =y
(CList x q) # y = CList x (push q y)

fold f z q | isEmpty q = z
| otherwise = (top q) "f' fold f z (pop q)

concat = fold (4) Empty

insert x xs = (wrap x) +H Xxs

append xs x = xs 4 wrap x

head (CList x _) = x
tail (CList _ q) = concat q

FHEh:

— 23Rt
data Node a = Tr2 Int a a
| Tr3 Int a a a

— T

data Tree a = Empty
| Lf a

\

Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear
newtype Elem a = Elem { getElem :: a } — H#1HK
newtype Seq a = Seq (Tree (Elem a)) — %l

class Sized a where — A[IHEA/N
size :: a — Int

instance Sized (Elem a) where

size _ =1 — LENANEN1

instance Sized (Node a) where
size (Tr2 s _ _) = s
size (Tr3 s _ _ ) =s

instance Sized a = Sized (Tree a) where
size Empty = 0
size (Lf a) = size a
size (Br s _ _ _) =s

instance Sized (Seq a) where
size (Seq xs) = size xs

tr2 a b = Tr2 (size a + size b) a b
tr3 a b ¢ = Tr3 (size a + size b + size c) a b ¢

nodesOf (Tr2 _ a b) = [a, b]
nodesOf (Tr3 _ a b c) = [a, b, c]
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— FEMR(E

x <| Seq xs = Seq (Elem x ‘cons’ xs)

cons :: (Sized a) = a — Tree a — Tree a

cons a Empty = Lf a

cons a (Lf b) = Br (size a + size b) [a] Empty [b]

cons a (Br s [b, ¢, d] mr) = Br (s + size a) [a] ((tr3 b c d) ‘cons’ m) r
cons a (Br s fmr) =Br (s + size a) (a:f) mr

head' (Seq xs) = getElem $ fst $ uncons xs
tail' (Seq xs)

Seq $ snd $ uncons xs

uncons :: (Sized a) = Tree a — (a, Tree a)

uncons (Lf a) = (a, Empty)

uncons (Br _ [a] Empty [b]) = (a, Lf b)

uncons (Br s [a] Empty (r:rs)) = (a, Br (s - size a) [r] Empty rs)

uncons (Br s [a] m r) = (a, Br (s - size a) (nodesOf f) m' r)
where (f, m') = uncons m

uncons (Br s (a:f) mr) = (a, Br (s - size a) fmr)

— HERE

Seq xs |> x = Seq (xs “snoc’ Elem x)

snoc :: (Sized a) = Tree a — a — Tree a

snoc Empty a = Lf a

snoc (Lf a) b = Br (size a + size b) [a] Empty [b]

snoc (Br s fm [a, b, c]) d =Br (s + size d) f (m “snoc’ (tr3 a b c)) [d]
snoc (Br s f mr) a=Br (s + size a) fm (r # [a])

last' (Seq xs) = getElem $ snd $ unsnoc xs
init' (Seq xs) = Seq $ fst $ unsnoc xs

unsnoc :: (Sized a) = Tree a — (Tree a, a)
unsnoc (Lf a) = (Empty, a)
unsnoc (Br _ [a] Empty [b]) = (Lf a, b)

unsnoc (Br s f@(_:_:_) Empty [a]) = (Br (s - size a) (init f) Empty [last f], a)
unsnoc (Br s f m [a]) = (Br (s - size a) f m' (nodesOf r), a)
where (m', r) = unsnoc m
unsnoc (Br s fmr) = (Br (s - size a) f m (init r), a) where a = last r
—

Seq xs H#+ Seq ys = Seq (xs >< ys)

Xs >< ys = merge xs [] ys

t <<< xs = foldl snoc t xs
xs >>> t = foldr cons t xs

merge :: (Sized a) = Tree a — [a] — Tree a — Tree a
merge Empty es t2 = es >>> t2

merge tl es Empty = tl << es

merge (Lf a) es t2 = merge Empty (a:es) t2

5zl
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merge tl es (Lf a) = merge t1 (es4[a]) Empty
merge (Br sl fl1 ml rl) es (Br s2 f2 m2 r2) =
Br (sl 4+ s2 + (sum $ map size es)) fl (merge ml (trees (rl 4 es 4 f2)) m2) r2

trees [a, b] = [tr2 a b]

trees [a, b, c] = [tr3 a b c]

trees [a, b, ¢, d] = [tr2 a b, tr2 c d]
trees (a:b:c:es) = (tr3 a b c):trees es

— &3l

data Place a = Place Int a

getAt :: Seq a — Int — Maybe a
getAt (Seq xs) i | i1 < size xs = case lookupTree i xs of
Place _ (Elem x) — 3Just x
| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a

lookupTree n (Lf a) = Place n a

lookupTree n (Br s f mr) | n < sf = lookups n f
| n < sm = case lookupTree (n - sf) m of

Place n' xs — lookupNode n' xs
| n < s = lookups (n - sm) r
where sf = sum $ map size f
sm = sf 4+ size m

lookupNode :: (Sized a) = Int — Node a — Place a
lookupNode n (Tr2 _ a b) | n < sa = Place n a
| otherwise = Place (n - sa) b
where sa = size a
lookupNode n (Tr3 _ a b c) | n < sa = Place n a
| n < sab = Place (n - sa) b
| otherwise = Place (n - sab) c
where sa = size a

sab = sa + size b

lookups :: (Sized a) = Int — [a] — Place a
lookups n (x:xs) = if n < sx then Place n x
else lookups (n - sx) xs

where sx = size x
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H=m  PUEHEEAAIHE

AES AR EHE P I  RIEHE PRI HE T, PEREXTFIAE] O(nlgn), X2
BT R HEP R LR DY, BATE R ENIE TLE, (1B RIAHHEE,
JEHAFFHEFAE,

13.1 P

IR H— 4/ NI AAZIRA SRR

1. F—AN/NREZET, A LB R 2 225 B el vl 2145
2

2. FrAEuh R M A ME N EE X P,

S Z T SR (BK) 1 [102, 100, 98,95, 96,99, 101, 97], # 13.1 fifiid 7iX—HE
PN FE, SE—20, B&h 102 BRIV AT, DM B (BRDA T RIZ) . et
&, B NERuG B A, anaRrh 38 —ATFR. BEIN, B &8 102 BRI B2 T
RANUHIAE BRRAGIS). B8, B&0 100 EORIZ T35, S&E 98, 95,
96, 99 JE KA/ NIRACHE B T MRS £ 00, By 101 JEORAY/ NI SG S T4A M, ngkHd
BT, =20, By 98 BRI NI O AEMEHE ; 5809 101 JEDR AN AR R

227
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N, EEMARERE — A, EHRgSHF. EERMENTIE, BE2IATHE AN#Ru
FRANE,

102 100 98 95 96 99 101 97
100 98 95 96 99 101 97 ‘102’
98 9% 96 99 97 ‘100 101 @ ‘102’
95 96 97 98 99 ‘100" ‘101" ‘102’
‘95" 96 97 ‘98 ‘99’ ‘100" ‘101" ‘102’
‘95’ ‘96" 97 ‘98 ‘99’ ‘100" ‘101" ‘102’
‘957 96”977 ‘98 ‘99’ ‘100" ‘101" ‘102’

7 13.1: ¥ 5 SHEIS R

BATA] DA POEHR P RIE Lo XA L AT HEF I :
o LR, MHFERNZ ]

o TN, FE L FREE—DITRIENEME p, RJFEIAMR L HAKRT p KITTRHEF,
REERET p AN, RIREATERT p RoTRHET, S RETHM,

FATU RN AR “RIE”, AN IHER o] DIOE1T, PudHEF HER
(C. A. R. Hoare) £ 1960 EF2H P11, 1], & A H A WAL R, IXHE
ZRATRE, BN EOE RS — T ENEME p:

sort [| = [] (13.1)
sort (x:xs) = sort [yly «+ xs,y < x| # [x] # sort [yly + xs,x < y] .
BAMEA T ZF FEXLE 1.3.1. 5T 1.6) X753, a0 N HE I
sort [] =[]

sort (x:xs) =sort [y | y«xs, y < x] ## [x] 4 sort [y | y«xs, x <y]

PATMBALIBE T HEF . AT DB ELESR AR (<) FIR HER, W TR ST
BT, BIDPEAZER—E 22T, (B2 DEHE™gew 1) DI(LET 9.2),
13.1.1 X%

BADET TR B—XIKE TA < « IR, B 03KEE > « &,
ALK ENTE

partp [ = ([I,[])
{p(w) : (z:as,bs), HH : (as,bs) = part p zs (13.2)
part p (x:xs) =

AN 2 (as, x:bs)

IXFEPIEHE P B LA
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sort [] =[] (13.3)
sort (z:xs) = sort as+ [x] + sort bs, HH : (as,bs) = part (< z) s .
AT DU E N E XX o (FTEAR) -
part p = foldr f ([],[]) (13.4)
Hr:
f (as,bs) x = {p(x) - (@ias,bs) (13.5)
A2 (as,z:bs)

XA LERMARIDEER (as,bs) RIS, 5 p(x) Bz, MER 2 5 as, G0
BHE bs, AL NEIEI:

partp [ ] as bs = (as,bs)
p(z): part p xs (z:as) bs (13.6)
part p (x:xs) as bs =
BN part p xs as (x:bs)

X s TR HIFRIE N : (as, bs) = part (< x) 25 [] [ ]o
FIHBERLE s ¥ sort as 4 [z] H sort bs FH 4 JHFR:
sort' s[] = s (13.7)
sort' s (x:xs) = sort' (x: sort’ s bs) as
BNZHNRBEIHET  sort = sort’ [ |o X2 7e UGBV as,bs HEiF, FRATA]
PASEXS bs HEo, R o BEREEISSSRAT, 10" BANEE R B NS ST .

sort = sort' []

sort' acc [] = acc
sort' acc (x:xs) = sort' (x : sort' acc bs) as where
(as, bs) = part xs [] []
part [] as bs = (as, bs)
part (y:ys) as bs | y < x = part ys (y:as) bs
| otherwise = part ys as (y:bs)

13.1.2 JsihbHE

BAHE T RZ A R o3 HEp . B 13.1 #IR T — ki P X o3 9 77k P T,
MEEAAE A, AT R B AR E 13.1 (a) FisAY 4 804

L BEMINEME po RIDEEHRI, p YREEIEI RN B ;
2. —BHEE <p WD, X—BRIEMIEHN L;
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230 BH=% POdEHEE AT
p = =[l] MR L HILH R
x ( g
x[1] . <p L >Dp 2 |x[Y]
(a) X7 BT
p L R
N
e x[ﬁJ fﬁ+1] L2 %[y
(b) JF46
p L R
\ | J
W e <pe ] s |
i

13.1: FHE D ITRIERME p 10— B

3. —BHEE > p D, X—BRIGMAFN R, LR ZRKTTREKT p;
4. RJEHEAITTREARCE, XERHITTRATER TEAKRT po

X3 FHERE, L 1617 p, R 1617 p BN — LR, WEIE 13.1 (b) FR. RJE A
[FGAREE) R HEATALEE, HE R BOSBEAAM, BIRIEN, #RELE R faHIRI7TEM po
£ z[R] > p, ENALT L M R Z 0], FBANRSAFTEE) R; G 2[R] < p, ER AT
LM, TATR L METRE—%, ARE5c#t «[L] Ml 2[R], 3 R B EF—MIER,
FTERITRESCAETE, > p FTTREAERENE] 7 L AW, mHETRALT L £M,
BN BATI TR ZAZEN p, (EENTIRXMEREIHE, ik, BAIZZH p 7 2[L], WE 13.1
(c) AR SRR, L BREEN p, FREANEAH R ER 7. BATRE L AEXI5H)
SRR, O T T RERYRACTR, BATRE L 890 1, SR ERRRS —DRT p TR, 2
AN A, R XA RN 1w, EHE 0 SEERANR

1: function PARTITION(A, 1, u)

2 p < A[l]

3 L1

4: for Rin [l +1,u] do

5 if p > A[R] then

6 L+ L+1

7 EXCHANGE A[L] <> A[R)]

8: EXCHANGE A[L] > p

> L
>
> A MEESR
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9: return L + 1 > IR B A B
R 132 8H TXIDEA [3,2,5,4,0,1,6,7) FIH

3() 2(r) 5 0 1 6 7 HFHh,p=3.0=1r=2

3 2()(r) 5 0 1 6 7 2<3,Ba1Gr=10

3 2% 5(r) 0 1 6 7 5> 3, 4kEE

3 20 5 4(r) 0 1 6 7 4> 3, Yk&t

3 20 5 4 0(x) 1 6 7 |0<3

3 2 01) 4 5(1) 1 6 7 3l 1, RIGHN r 22 HH

3 2 o) 4 5 1(r) 6 7 1<3

3 2 0 1y 5 4(r) 6 7 a1, SRIG T r 224

3 2 0 1 5 4 6(r) 7 6 > 3, 4k

3 2 0 1m 5 4 6 7(r) | 7> 3, 4k&L

1 2 0 3 51+1) 4 6 7 B T T A5 p A

7 13.2: FFFRIEAH

f#H ParTITION, ] PASEEPEHE AR
: procedure QUICK-SORT(A, [, u)
if [ < u then

QUICK-SORT(A,l,m — 1)
QUICK-SORT(A, m, u)
HEFP I A5 ABUH B R AR, 4 QuIck-SORT(A, 1, |A])e WIEREEH BN A S
ALK, WERRE,

1
2
3: m < PARTITION(A, [, u)
4
5

g3 13.1
13.1.1. BOHFEARPOFEEEF I E X, Tetbrt ot E5RATALE,

13.1.3 MEEES T

PRIEHE R ESCBRM T PR RE BAT. BRAFIROLT, U397 e, WiE 13.2 Fior, 3
T O(lgn) KBTI, B—EXND—X, LB n DITR; B RZKIDMIR, BRI
/2 DNIEER, BRBITNEN 20(n/2) = O(n). HE=EXI7 PR, BRI n/4 D
TLR, SAPITHEEE O(n)..... &E—BEHA n MHE, #MFBE— TR, &
TR O(n). RATE BMISRIELFIEN FRITEREN O(nlgn).

BIMELT, I RA T, —8 2K 01), B—E870K O(n). HEITREIBRKLN
O(n)o BRIFBULT, PudHE I FEE — PP — S BB LT, 2 — A T Y
, BT RERA R, 5O, BRI — N RED O(n) BIBER
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n
/\
n n
2 2
/\ /\
n n n n
n n n n
lgn

13.2: FAFIEW, BRI 57,

MR —EH, TG RTTREBACE, BB TRITEREN O(n?), MIHEAHRR . £
HEFPRIMEREM S FRATTAT DA BB LA R 0, IR BT R, TR EFFHS
BONVHIRI . BATCIEM R R B ME DL

I %

POgHE PP IE 0L M ERE RiF. BIMERRXI TN 1.9 BIMER 7>, TERETISAR N
O(nlgn) U, TGN TIIED W FIIER FRERRE, T7E—FA RSk
EMEREN, TEIEEEHET D, IR T T R, P TR 2 AR
HILLER. BIEFIE (a1, a2, as, ..., ay), WoBE ay TEESHE, RITMEERN A = (21, 22, ..., 4]
B = [y1, Y2, s Yn—i—1]o MG A B HHUEADTERAA BB R AT 2, ASFEF
y; BB o BBRAHIFERN (a1, a, ..., an), i a; < aj, BHICHEFERL—TTE a), i
B a; < ay, < aj, W H ay, TE a; B a; ZATPOENEREN, ANEX a; 1 a; BEATEERS,
SRV, a; 5 a; BATHER, B 0 B4 o) —BETE a1 < aj0 < .. < a;1 Z
B N, 2 P(i, j) AR a; M1 a; BEATELERBIMESR, BA 1A

2

P(i,j) = " (13.8)
SRR B O :
n—1 n
Cn) = P(i, j) (13.9)
i=1 j=i+1

UURHAE T ag. a, WEREARFEELES 0, ar, 3 H a; WRSHIE CHRR, il 13
PR - 1,5 BTRERRA i+ 1o KRN

(13.10)
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i FHVRFIZE ,

1 1
H=14+4-4+-+....=lnn+v+¢,
2 3
/gz
n—1
C(n) =) _O(lgn) = O(nlgn) (13.11)
=1

BRI IERN R, DYNRKE n, K EEEIRDREN i fln—i—1
AIER T R IR LB p M NITER, FII cne JEINTRIDN :

Tn)=T@{)+Tn—i—1)+cn (13.12)

Hi T(n) BN n BIFIRBEAT AR E AT AR R, @ DUHTR RIS RAE
07 17 ceey n— 1 EF‘EX{EO Xj‘iﬁﬁyﬁiﬁﬁg}g

n—1

T(i)—l—%ZT(n—i—l)—i—cn

n—

T(n) = E(T(i))+ E(T(n—i—1))+cn
1 1

=0

= ;;T(z) + n;T(]) +en
2 n—1 .
= ZZ:; T(i) +cn
PRILFEIRFE DA n:
nT(n) =2 nz_: T(i) + cn® (13.14)
=0
o Hon— 18 /{385 —%FA:
(n—1)T(n-1)= 2T§:T(i) +c(n— 1) (13.15)
=0
A (13.14) WA (13.15), HEMEW T6), HP o0 <i<n -1,
nT(n)=(n+1)T(n—1)+2cn —c (13.16)
RS E BN c, LN
T(n) T(n-1) n 2c (13.17)

n—l—lz n n+1
WA 0 — 10 —2.....058 n — 1 MER,
Tn—1) T(n-2) +%

n n—1 n
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Q) _T() %

3 2 3
ReFr g2, T R A FHREIRTER 73, AR n BRREL,

T(n) T(1) 1
N 13.18
nt1l 2 C}; K (13.18)

HIFHVEFIZ AR, FREHIEE RN :

O(m) :O(¥+2dnn+’y+en) =0O(lgn) (13.19)
S]ixg
O(T(n)) = O(nlgn) (13.20)
13.1.4 PRtk

ParTITION TR R B EHE SR EREAE, BEEH n MATILRIVRIRFS

[z, 2, ..., 2]

1. WRIEE N ARERE—TTRIEREE p = o, WA A—PEBFFRKE I n— 1 T
Hiw,z, .. x]e RIFIBITHDS A n — 1 IRFIHET . SEEN O(n?),

2. FIGME < 2 T > o KI5, SRERAZFIR 0 NET o« TEE, A2
SRS EIAE A, S5 [ |4 (2,2, oo a] 44 [ o BRI O(n).

R = R Bo o =5 R R E S TR,

sort [] = []

(13.21)
sort (z:xs) = sort S+ sort E 4 sort G
Hr:
S =y xs,y < x]
E =y <+ zs,y = 1]
G=[y+ xs,y > x]
i R S| E. G WiERE gsort = sort [ |, HH:
t A = A
sort A ] (13.22)

sort A (z:xs) = sort (E+4 sort AG) S
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EWItREME, TRy, THENZR AN G HiF, ReR E EERIZERA
TENHHI R R S Hir, XIorthn] DA SRR B kdt :

part SEGz[] = (S, E,G)
y<z: (y:S,E,G)
(13.23)
part SE Gz (y:ys) = qy=x: (S,4:E,G)

y>xz: (S, E,y:G)

AL H T 55— Rl U JE% T HEGF B 751 R IR R P2 -

sort :: (Ord a) = [a] — [a]
sort = concat o (pass [])

pass xss [] = xss
pass xss (x:xs) = step xs [] [x] [] xss where
step [] as bs cs xss = pass (bs : pass xss cs) as
step (x':xs') as bs cs xss | x' < x = step xs' (x':as) bs cs xss
| x' = x = step xs' as (x':bs) cs xss

| x' > x = step xs' as bs (x':cs) xss

FERHE YL (Sedgewick) 5 Hi T WA 73 77 7 0T P, (ERMANMEER i, 5 WA
WAE s, BN 4, 5 FeMBE GO, R M TTRIE R po ARG
fedgst o MAHEMEZIEEIED > p BITER; BN G168 j AR EEIEREA
< pMITTE, W, FTE i EIIITE < p, j HIEWITE > po i F8IA—1 > p WITE,
1Ml j FEA—D < p NITE, WK 13.3 (a). N THREH < p WITERZ BN, HRoT
KX BIEM, B2 M 71 5 FRAINNTCER, ARdkseia, 58 LT ERE S
i F j MIEECE ARG, TR RN ZI, SRR &M T @ AN TR (F4E
D) EB < p; TR § GMRTTE (B ) > po @ M1 j ZAIRYTTR MR, &l 13.3
(b)o

HiEp >p <p
\ .
x[] e <P s x| ... 7 .. |x[] >

(a) $55F i A1 j 35 1R

HAEp i J
x [
x[]] . <p.. A e P

(b) X3 ARAE &AM
13.3: XA

TPRERAARETT IR
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3 i j MIB BT, T2 — KRB MRS, R A MO E p SeH ] j FRrAIRIAL
B b Ja, MR LR 2B E AlL..j); i Ml XIA_EA w Z[F]
FI B Ali...u) BITHE

1: procedure SORT(A, [, u) > HEFP X : {1, )
22 ifu—1>1then > BE 1 ARLERITR
3 11, j+u

4 p <+ A[l] > JEIfE
5: loop

6 repeat

7 1 i+1

8 until Afi] > p > 2R i > u BIIE
9 repeat

10: j+j5—1

11: until Afj] <p > RWE 5 < 1 N
12: if j < ¢ then

13: break

14: EXCHANGE A[i] +» A[j]

15: EXCHANGE A[l] + A[j] > %3] p
16: SORT(A,1,5)

17: SORT(A, i, u)

R TTE A SRR 00 BB o R, AT % R, TN
I3 ), EARPERETIRN O(nlgn), IR IR, FIHETHYSEIIN L, X — 75 I5ERIAE
HRECE /D, RIS T AR EE R — BT R AN A TAC B, FRATTAT DA R A 4
=X DEaER, RINAETEERTTRBITAT. A%F (Jon Bentley) iz
HIRB 1 (Douglas Mcllroy) Z5H 7 — P15 QK 13.4 (a) PivR, JeiprE FIE R
ERTTRRAEEMM T,

HifE p i J q
\ ( ( ) )
\ \ / /

el o= <t o> =

(a) ZHRIPHIRA S,
i J
O —

<= e >

(b) RFFETHUERTTRIREI P,

& 13.4: =8&XI5
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e aE s, B3 8% > BERITR, HH j B3 < BEAoTR, R
WIS i, A TS e, R Al o Al R Ali], Alj) R AT
W, WRAESE, B Al & Alp) K Alj] « Alqle TEXIDEEHAT, FEUMEET
BRI TR ZZHREN R, SRR T EE TR WRATEITTREA
&, WIS HREON R, A= EATARRINERE. Mg RaE 13.4 (b) B, tfE, T4
HFREN A/ NT "R TR KT 78R 5 i,

1: procedure SORT(A,,u)
2: ifu—1>1 then

3: 11, j+u

4: p+l, g u > FRAIMHE T EIIA S
5: pivot < A[l]

6: loop

7 repeat

8: 1 i+1

9: until A[:i] > pivot > W& i > u B IRAC I
10: repeat

11: j+j5—1

12: until A[j] < pivot > Mg < 1 BB IR
13: if j < then

14: break

15: EXCHANGE A[i] <> Alj]

16: if A[i] = pivot then > AFAHTERTR
17: p—p+1

18: EXCHANGE A[p] <> Ali]

19: if A[j] = pivot then

20: qg+—q-—1

21: EXCHANGE Alg] < A[j]

22: if i = j H A[i] = pivot then

23: J—j—1i+1+1

24: for k£ from [ to p do > RS R TT R AR E A
25: EXCHANGE A[k] +» A[j]

26: je—g—1

27: for k£ from u — 1 down-to ¢ do

28: EXCHANGE A[k] <> A[i]

29: 1 1+1

30: SORT(A,l,j+1)

31: SORT(A, 7, u)



238 FHH=8 PuRHFEmEHEE

RN =B X FZHE ARG E 2% T, BT SMIA %M AT
[FHE B A A ERIRE R, AT A IE RSO e, BB Z R, 1858
—NTERIENEME p, WHE 13.5 Fim. EMINZ], ZEM A BREE < p IR, & TR
ABEE = p WITR,; REMABRAUE > p (ITR, = DA BRIIAFR BN i k. jo
[k, ) ZIF2MARSTRERITTR. WERGRE 134, AN, < p BED =2 = p BIHER
BRE—DITR, BAEARN A, ki8R (T —PITR. > p B thoh=s, j 16
AR B 7

CoL
[/

L. <p & =D & L2 ... F->p ..

13.5: BA[AHFE = B8 K>

B & HSARIEE, MR AR = p, BUARIES k; (R AR] > p,
AR & Alj — 1], 3B > p BKEK BRI —, CRIAE j AR —%, BT R
EREEIRE k TERRETAKT p, RITHEER B RS LR, S0, 4
AR < p, 2 A[R] > Afi], b Alf] 2 = p KRS TR, Y k. S
IS4,

1: procedure SORT(A,,u)

2 ifu—1>1then

3 il j+—u k+—I1+1

4 pivot +— Ali]

5 while £ < j do

6 while pivot < A[k] do

7 j—j—1

8 EXCHANGE A[k] < A[j]
9: if A[k] < pivot then

10: EXCHANGE A[k] <> Ali]
11: i+—i+1

12: k+—k+1

13: SORT(A,1,1)

14: SORT(A, j,u)

FUX T8 N =B 3l o0 HE B, 35X —SCBIREDRT fi B 75 22 5 2 ) S R B

Rkt O

BRI RN EE TR, BIE —ERAERE I B, 7505 ERE
ALRCFN (RRERIFIERREF), MR, B 13.6 2 FMAK G
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Bl (o1 < @0 < oo < 2] Tl [y > 92 > .0 >y, WXIDER, EEHEZHIH)
Ty U0 [Ty Tty ooy T2y T4, T 1y T2y - Tn)y e [27 < 20 < .o < 1], PAK
[l’n,ﬂ?l,xn,beQ,--.]o ﬁﬂ 13.7 Fﬁﬁo

’ 2[1], (2], ..., 2[n] ‘

m,...,m |

,.-.,w[nl |
R
0 [eln)

(a) [z1 < 2 < ... < zn] BRI, < p BIERITENAS

TN
| w28l | |0 ]
| vi3ud] ]|

(b) [yr > y2 > ... > yu] BIIGIA, > p BRI E 2

13.6: RekIENL

XJLRE G, S — D ICRE N RIS AP 7, ZERT4Era2a T — bk
TE LT AT ] E AL LG PR, TR AT A B A A DA NS T T RE M, AR
AGER R REITTR, X =F R B A, AWM A — MR HE=
LR 5 — i 22 4y =3 i B/ IMERS B 2 LB, K KR sh B R #E, K
BABEh 2 HEL,
1: procedure SORT(A, [, u)
2: ifu—1>1then

N me 12 o SRR 1+ U R,
4 if A[m] < A[l] then > IR Afl] < Alm)]
5: EXCHANGE A[l] <» A[m]

6: if Aju — 1] < A[l] then > fER Afl] < Afu — 1]
7: EXCHANGE A[l] > A[u — 1]

8: if Aju — 1] < A[m] then > BIfR Alm] < Afu — 1]

EXCHANGE A[m] <> Alu — 1]

©
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‘ em], z[m — 1], .., z[1], z[m + 1], z[m + 2), ..., z[n] ‘
A/\A
‘z[m 1, zfm —2],...,z 1]‘ z[m + 1], z[m + 2], ...,zn

‘x[m 2], m[mm xm+2 z[m + 3),...,z[n]
] afl

()%Tﬁ*ﬁ%ﬁﬁiﬂxﬁﬁ

(L‘

m[l z[n — 1], z[2], z[n — 2], 2[3],.
2],

m[n
z[2], z[n — 2], m
[j/i;:r\% 3,

b) —DZFIEHIRI 73

13.7: EZRIREN
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10: EXCHANGE A[l] <+ A[m]
11: (7,7) < PARTITION(A, [, u)
12: SORT(A,1,1)
13: SORT(A, j,u)
IX—SEHL AT ARDX bR PRI 08, BAR N “ = R E” . 54k, FATHATEL
a3 18 5k o -
1: procedure SORT(A,,u)
2 ifu—1[1>1then
3 EXCHANGE A[l] <+ A[ RaNpOM({, u) |
4: (i,7) < PARTITION(A, I, u)
5 SORT(A,1,1)
6 SORT(A4, j, u)

BRI RanpoMm(l, u) IR[B] [ FiT o Z [RIFRENIEEEL | < i < uo Z3HR A[i] BISKEERN
B, W7 EmRoABENLREHE Y, TR = R EIE 2 REATL DU HE R G iR e Ak
R Z B, WRFHIFENL A, TTIRIEEE — M2 H e E FRTRE R,
TERCR FER 2RI, REN L, X EESOHTE SR 2 N,

PRECGHN 3 4b, IEH — L TR, ZER 4 MR BITE P AR E I, PRIEHE 7%
BRHEACE, M AHE T R sE P P00 R AR A, 22 BURS HIE T AR R 5250
KB, @ X T — M EME, WRTTR N T BIE, s AT

procedure SORT(A, [, u)

if u — [ > CuT-OFF then

1:
2
3: QUICK-SORT(A, I, u)
4 else

5

INSERTION-SORT(A, [, u)

13.1.5 POEHF SR

“HEIERYPREHER " 2GR T 2 et — S BCE N i A HERE, s
BT R, M= R EIRREERE, DA =X ... RS IE A0eRE T8
B, ABA E R, A AVIREER PO A0 2 RHER . PO HE IR
FHIBA R ERIR R A8 AT DOEE IR B 2, W= HERE S H PodHE
1o S unfold BEURIFIREN — XAERM

unfold[] = o
unfold (x:xs) = (unfold [a < zs,a < z|,z, unfold [a < xs,a > x])

I AR (W28 —8) AR, unfold P AR Y77 RMRE, W1RS

2 deforestation

(13.24)
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RAA, RN IR BN, FINRAE —DILR o MENRHE, ARSI
EAG T, HAZETRE <« BT a2 > « BTk, R XER
PRIE e ke T B RS R E O -

toList @ = |[]

(13.25)
toList (I,k,7) = toList 14 [k] 4 toListr
R L3RR B SRR, Al E S o Rk
sort = toList o unfold (13.26)

BATISEIEE unfold A3E H = IEERM, RKeHAE N RIS FRIEN toList, 25 G %
Fo USRI rh S5 SR THER, SUS 2] T AR POE P EIE

13.2 HIFHEF

PO HE IR, (IR el Rk EN I IFHEFEM AL N RIE
O(nlgn) RERE, EHTHHAMINE, ERIRRIIMHT EEAEEE Y, RE%
RIS VAFHE PR bR e T, 3, 3 WA T 1658 g, SUCR P15y,
I HIFo

sort [] = []
sort [x] = [x] (13.27)
sort xs = merge (sort as) (sort bs), HH : (as,bs) = halve xs

e halve K RFFIREH 53 TFo b AL, Bl AT LAPLHEAE D L B S 1 split At L@ | 5o
(B BB RS NS 2 (WR (1.45)) ¢

splitAt n xs = shiftn [ ] xs (13.28)

£

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n—1) (b:as) bs

IR TR ERFE TR BT, B TR] AR w6 B ik, arEEAFREZ,
BOANE =, BRERIEE, halve = split [ ] [ ], HH:

(13.29)

splitas bs [| = (as,bs)
split as bs [x] = (x:as,bs) (13.30)
split as bs (x:y:xs) = split (x:as) (y:bs) zs

B e LHE M — S @™, BRIETTER « BNE as L, RERHE as <
bs:

341 Haskell, Python 1 Java
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halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

JAFFRYBABANTE 13.8 FoRe HEMHLZIR S S HEBAAI N, #1324 & 7 ki
—Ril], BIk— A, HTMNER, BTN, D FR/NEE ] BEE X —
LI, EEIEM—PAE 2@, AT B — iR —iEid,

o0 (O()

o QO
Jo o
13.8: A3
merge [ | bs = bs
merge as [| = as

(13.31)

a<b: a:mergeas (b:bs)
merge (a:as) (b:bs) =

AW b merge (a:as) bs

X8, ] LEFRAE A R0 E, 0BlE )k e 35
1: procedure SORT(A)

2 n <+ |A|

3 if n > 1 then

’ m Lg |

5: X <+ CopY-ARRAY(A[l...m])
6 Y < CoprY-ARRAY(A[m + 1...n])
7 SORT(X)
8 SorT(Y)
9 MERGE(A4, X,Y)

BATEER 7RI A RN REATIAH, XK MERGE N2 IFEHIE L
TR, JAFRAMTEE XY HITTER, RV A, REcmii B2 #E T
—HAH, BIEICS—BHPRRIRITTREME] A .

1: procedure MERGE(A, X,Y)
2: i 1,5+ 1L, k+1
3 m <+ | X|,n < |Y]
4 while i <m H j<ndo
5 if X[i] < Y[j] then
6 Alk] + Xi]
7 i 1+1
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8: else

9: Alk] < Yj]
10: j—3+1
11: k+—k+1

12: while : <m do
13: Alk] «+ XTi]

14: k+—k+1

15: 141+1

16: while j <n do

17: Alk] < Yj]
18: k+—k+1
19: j+—g+1

NTEIAF XY B2, AT oo IRINEIREE .
: procedure MERGE(A, X,Y)
APPEND(X, 00)
APPEND(Y, 00)
i< 1,7« 1,n<+ |A]

1
2

3

4

5: for k < from 1 to n do
6 if X[i] < Y[j] then
7 Alk] < Xi]

8 141+1

9: else

10: Alk] < Yj]
11: j—g+1

13.2.1 TERES T

AFFHERE 2 N R FIUAF . BT EUZE 57, K REE P =R, qHiE] 13.2
FRe WY@ ERNE IR EARZ O(gn). BEAHATIHIF, B—HEM D FEIIRITT
R, GHP—MEESE, K5 —FHIPRRIRTTRER B RP, TAIFERENL
PEITTRL, X n BF5, 2 T (n) J9HEF AR ], B AR I ER
n

T(n) = T(

)+T(g) +en = 2T(g)+cn (13.32)

HEFP I TR 5 =8k 20 X AT HER T(g), XtEEE e T(g), A3 cn, H
H e REDMEEL BHTTREIIZERN O(nlgn). 5 —BZEIERHERE TSRS NE,
AFEVAFHITIER S RTEFE AR, AT B EAEEASCEN, B 0% TR 75 2 A2

REFAER — oo
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AR/, AR RITTR, BVTREE, 7] DREBOX 2R, AR THFEHIRE
RIREZIEN, 9 O(nlgn)o

13.2.2 gk

VAFFIN F S ARE A A S A 2 — R o TR A—IR PRI 4 KN n =
|A] I TAEX A FIAH, B)a HE TAEX A S 0 L
1: procedure SORT(A)
2: n < |A|
3: SORT'(A, CREATE-ARRAY(n), 1,n)

4: procedure SORT'(A, B, [, u)
5: ifu—1>0then

6: m 4 LHTUJ

7 SORT'(A, B,l,m)

8: SORT'(A, B,m + 1, u)
9: MERGE' (A, B,l,m, u)

TEEK MERGE' (AR LAEX:

1: procedure MERGE'(A, B,l,m,u)

2: i ljem+1,k<+1
3: while i <m H j <wudo
4: if Afi] < A[j] then
5: Blk] <+ Ali]

6: 141+1

7: else

8: Blk] «+ Alj]

9: j—J+1

10: k—k+1

11: while : <m do

12: Blk] + Ali]

13: k+—k+1

14: 14141

15: while j < u do

16: B[k] «+ Alj]

17: k+—k+1

18: j—J+1

19: for i < from [ to v do o =]

20: Ali] < Bli]
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X —POEE S EEZRE M O(nlgn) BEIKE] O(n)o X 10 I MNEESER, MERERT1E
H 20%% 25%,

13.2.3 JRHIHHHT

N TG PR NS ], 25 g an fl 2 A JEEE A O TAERX, Ani&l 13.9 AR, 78K
HX MY SHFpL, FEHIAFN, & 1 2BV EIFHFED (EF). 5 All] < Alm], A
RSN | —H; BN A[l] > Alm] TZHE Alm] BNFFFEERA, AT 1 28, NIFE
ZHERATAE AT XA [1,m) H 5 BTRAE PR —MIE,

gy Al L EFEES X Am] L BEFEES Y.

75 All) > Afm] WA X

& 13.9: [FEHER AT

1: procedure MERGE(A, [, m,u)

2 while [ <m < wu do

3 if A[l] < Alm| then

4 l+—1+1

5: else

6 x + A[lm]

7 for i < m down-to [ + 1 do > %
8 Ali] « Ali — 1]

9: All]

EPRS AR IN T B A IR O (n?). BEHMBRERIEN AR, F1 X AT
RMBRIEL, N AN, TATE B RRE BN TEX, MAREEET
TEX AT, e TiE SRR, HREF A X\ Y, B4 EB/NITRK
ATLAEXI, RN TAEX YT RS R, JAFF5ERMIE, X MY BifRfE 7 IHAT T
TEXHINA, A 13.10 AR,

XY MK Z AR BAHR —#2. VAFNIEMEAN XY B, 45H A
B XA [i,m)\ [j, n) I LAEXAEIEAE ko

1: procedure MERGE(A, [i,m), [j,n), k)
2 while i <m H j <n do

3 if Afi] < A[j] then

4 EXCHANGE A[k] < A[i]

5 1 i+1

®la, b) FREFATFXA, G o, (EAEEE b,
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Ee#

'd ~

LB X[ - LER.L Y -
i < Y], MIzHe X[i] < Z[k]

X
. B | ZIE])

& 13.10: JFFFRPR TAEX Aok

6: else

7: EXCHANGE Alk] +» A[j]
8: JJ+1

9: k+—k+1

10: while i <m do

11: EXCHANGE A[k] <> Ali]
12: 14141

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—J+1

17: k+—k+1

TAEXFREWRR DA 1D IR R, LA HIER I TTR T AR 2) T
PEX A DIRNHME— 7B &, (HRIEAE S AR AR, AT DU —F N
TAEXRIAFHER 5 —F, W& 13.11 R,

L ARHEEL | L BHEE

13.11: VAFFHER — 18

QR SR IR T N — TAEXHE, il JFT i T, 13.12 AR, FRATTRAHITE

FNNZAI X(% S Al y(% B, (AR T IEX K/ RN 3 o, RAET
M X +Y HIgER,

1/4 Y: 1/4 X: 12
work area sorted sorted

13.12: TEXRARPAEH X 1Y

TAEIXHIEE SRR AR BAT ] @S TR, SR ITFFAITCR AR =2, T
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PIgHE P RIVAFHE

A TAEX AN T EH R R B R o R AR A, BATeN TAEX RIS 1/2 i, 45R Y
WAZHHNFT 1/2 Fo>, ¥ LAEXEALT XY i), aniElE 13.13 E77R, XA

HHES TAEXM T8 X A THEED, FERMIRGRE

Y: 1/4 1/4 X: 12
sorted work area sorted
1/4 merge X, Y: 3/4
work area sorted

13.13: FHITEXIAH XY

L FrE Y HtR y B/ T X HoTR oo )G, Y MITEXAEGR (Y MIIEX

KMHEE) ;

2. Firf X HICE 2 #/NT Y LR yo JAFFAWTEH X I T/EXHHRINE, =
TAEXW X h—IoRE)E, TRE S X NS, SEsiE, $rE SRz
EIFFRICR. TIEXAE MR AB SRR A SN2 3/4 ALE., 15,
FHRIEIHAR G Y I TAEXEINE . & TAEX g a2l 7 8 &AM, an

13.13 N,

HE MO T MR TS L B, R TAEX R EhEET 1/4, BIMNEERX—F
B, BEMARHEFRR I HIE 1/2 i, Rah RAZHEINT 1/2, MAEH TIEX AT HEL,
2N e (AR SPNANYG S SN % ]| i # é ...... IFFFRIRUASE AT TR, 5 AR A U
N MIEENEER, AHAE DT RABEHF A BRI DA A HE R

MR ITER,
procedure SORT(A, [, u)

if u—1 >0 then
l+u
m<—LTJ

wl4+u—m

while w — 1 > 1 do
u' — w
[+ u’1
2
9: SORT’ (A, w,u’,1)
10: MERGE(A, [I,I + v — w), [u/,u), w)

1:
2
3
4
5: SORT’(A,l, m,w)
6
7
8

w4+ |

11: for i + w down-to [ do

> X

> TAEX R
> XRR—FHEF

> B AHER



13.2 VAFEHERF 249

12: J 1

13: while j <u H A[j] < Alj — 1] do
14: EXCHANGE A[j] < A[j — 1]

15: j—J+1

AT U AER SRR, R EIRECRS, Tl M 0 S Ao Ry X 5 L
AT Mercr Bk, B Rk, Bl BT Y Sorr’ Bk, ERISIBITAA Sort HA
B TR RIE 5

1: procedure SORT’ (A, 1, u,w)
2 ifu—1>0 then
3 m < L%J
4 SORT(A,l,m)
5: SORT(A,m + 1,u)
6 MERGE(A, [I,m), [m + 1,u), w)
7 else > KT TT R R E TAEX
8 while [ < u do
9 EXCHANGE A[l] <> Afw]
10: l+—1+1
11: w<—w—+1
XTI E TR TR A RRUBI: 2, 7. 2. . BIEHRE Ogn)
AT, BB RIRE 0 —FH 7, RIE RSN E#TIE. 2 n D
TLERHAFINED T (n), AU REIARFR:
T(n) :T<g)+cg+T<%)+c%n +T(%)+c%"+... (13.33)
XTF—FHTeER, B A E Dy -
T(g) :T(g)+c%+T(g)+03§n+T(g)+c%+ . (13.34)
PEAHIREN (13.33) - 0 (13.34):
T(n) - T(5) =T(5) +on(G + 5 +-)

S N A o AT, HOELTS:
T(n) = 2T(g) + gnlgn
{5 FH B TR A AR 5 A2 (SR A e B, 1881455 O(nlg® n)o

13.2.4 HRHIFHF

BN T ARSI, R AN R P U 1] B B ARVAFFHE
XA, AT AMEA IO B AR E — MBI T 5. R, B 1E AT DATE
A MERENZAER T P81, 40 R R,
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13.14: MNP 1] A [ T ) i

15, 0,4, 3,5, 2,7, 1,12, 14, 13, 8, 9, 6, 10, 11
8,12,14,0, 1,4, 11,2, 3, 5, 9, 13, 10, 6, 15, 7
0,1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15

KPS ATRRERNR, FRREE MR, BAT2RKER, FRIIES
EHTR, BNFIIER. PR, JATE AT NG AR EHRR T 75, K5 R
MR, —3k— B, X —EEHR U2 A A TC R R B AW TR0

8,12, 14 0,1,4, 11 2,3,5 9 13,10, 6 15,7
7,8,12,14, 15 ... free cells ... 13,11,10,6,4,1,0

merge

K 13.15: BRI

WA 13.15, MFIEE, 735 E R KRS T 75, REVEHE TEXE
M, EEIX—E RSP O TR, X —R, BT R A3 2] TAEX
A, NETAAETRE. XA A TAEX A HERE, ST E e R A 137+ 5
TAEX G, 28 H TARE XA, R IE AT I3 . FHaas— 44 Hi, an
R ARSI o — B REIRE, W N FIIC T, HiFd R, X—ENEL
P77 AR RS, JF B A 7 R I BRI, #ROMES HARVATFHET . Qi 13.16
FIR, FEfIINHE, o 20 d 2GRt A, BAERRTFY [a,b) BAT EEIK
K, RN TFFA [c,d) MET RBEIRK, NT TEX, f Z8if r Z/GRTRE)HH
FEEETTFID. wEEN, KTIFH [a,b) il [c,d) M fEFRAGIFI; (BEERET,
M r MR,

HeE 0600, ST AEEA RN TAEX, o F1 b $81AE LM, ¢ #1 d FEMIEH
A, for FEF TAEX LA PR

1: function SORT(A)
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(oo y
( )
e ey o Py f. e
f T
! Q
. B . ARMEH. S F2 O
13.16: HRIAFHHEF N AR
if |[A] > 1 then
n <+ |A|
B < CREATE-ARRAY(n) > A TAEX
loop
[a,b) < [1,1)
[e,d) <~ [n+1,n+1)
fe1lr<n > FEA LAEX E 2
t1 > AR
while b < ¢ do > FAETREHIITR
repeat > 7J& [a, b)
b+—b+1
until b > ¢ B Ab] < Ab — 1]
repeat > ¥ [c,d)
c+—c—1
until ¢ < b B Alc — 1] < A[(]
if ¢ < b then > RS
c<b
if b —a >n then > [a,b) B S AHAN TSR
return A
if ¢ 2F 4L then > MAEJAFF
f < MERGE(A4, [a,b), [c,d), B, f,1)
else > MG
r < MERGE(A4, [a,b), [¢,d), B,r,—1)
a<+bd<+c
t—t+1

EXCHANGE A < B > Y TAEX
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28: return A
VAFFIN T ZRVAFF T TS N
1: function MERGE(A, [a,b), [c,d), B,w, A)
2 while a < b H ¢ < d do
3 if Afa] < Ald — 1] then
4 Blw] + Alal
5: a+—a+1
6 else
7 Blw] + Ald — 1]
8 d—d—-1
o: w— w4+ A

10: while a < b do

11: Blw] < Alal
12: a+a+1
13: w+—w+ A

14: while ¢ < d do

15: Blw] + Ald — 1]
16: d+—d-1

17: w—w+ A

18: return w

HARIAFHHE R PERERITCRINF TER e 5 BB 0 55 —Se43 I, A1 /7
FIRKEEN 1, XA G, TAEXHIAHNE R FEHNKEN 2, R N5
RN, ERARRBE T FAIRKECARTRENT 2, X—#5, TEXUEKEEDHN
4 VAFHEER. ... ERE, TN PR KERIR, HERZFE O(gn)
AR, BREMITERITR, BMEREN O(nlgn). MTHIR, BATLENE
M, B EYIRETE TR T HIRA, Al EHRBN D FAIRIAH ., KE
A, AR SIREEE AW, Ba G SR A R, & X (R :

sort = sort’ o group (13.35)
HA group FoEoH NIEIER T55R:
group [] = [[]]
group [z] = [[«]]
(13.36)

r<y: (v:9):9s, HH : (g:gs) = group (y:xs)
AR [2]:g:9s

group (x:y:xs) = {

sort [] = ]
sort [g) = ¢ (13.37)

sort gs = sort (mergePairs gs)
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Hrh:

mergePairs (g1:92:9s) = merge g1 g» : mergePairs gs (13.38)
mergePairs gs = gs |

3] 13.2

13.2.1. EXBMEIF:sort = foldr merge [ ], ESWMEIH (mergePairs) INE A&
FHIRI 2?2 WIERAEE], TG4 HUERA ; G0 SRAN[R], TR~ BE B2

13.2.5 HJEW_EHIFHEF

HRIAHHF I E s th T — R B W _E e 771k, Bl DAMR 77 (E3l %
R, ERKFINER n MR, BIFVIREE -1 IR, REHHEST M
PR, 155 2 MKEDN 2 NEFYIR; (R n ZFE, 2FR—INKEN 1 NFF
il BATARWTES A HAR SR F 75, B a S 2IHE P SR, SEgfrz BRI
FEHEF” P, A 13.17 FioR,

| SN

!
L]
A od o g
&l 13.17: BERFA_EAFHHER

BANEFAEFUOLIAN 3 HIFNR, F (21,22, ..., 0] FelH [[21], [22], ..., [2]], 2
JE AT

sort = sort’' o map(x — [x]) (13.39)

BATEH BRVAHHEF B mergePairs, HEIAFA—NUIFIFR, HIERA_EIHHHE
PR BRI RG, (R EHTTEARR,. AL, ©r] DA BRI HEF R
TRIEGL (R ZE 00 HESF R, BRI B2 KRR T2IRY RERK, Bk
A _EAFHER B AR ET BRI 1, FAT0T DRI X pas A :

1: function SORT(A)
2: n < |A|
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3: B <+ CREATE-ARRAY(n)
4: for i from 1 to n do
5: Bli] = [Ald]]
6: while n > 1 do
7: for i < from 1 to L%J do
8 Bli] <~ MERGE(B|[2i — 1], B[2i])
9: if OpD(n) then
10: B([51] < Bln]
n
11: n [51

12: if B=1] then
13: return [ ]

14: return BJ[1]

43 13.3

13.3.1. KNP & BHRIEIREM foldp, FEMEE X B KM ERIEFEHET

13.3 FFHiT/bB

FEPRIEHE T, LXrse s, AT TN A TR AT IX — SR A HE
P&, AR DA 2 FHATIESS, Rp I #IK p DT80, Hrb p WA ER L
BARE LR, aUERATDIHTAE T INRASEREERE, B O(nlgn) = pT”, #ARN
ERTEMR, IXFER SRR MR LT RIR, (B2, R REAPOEH P HI
B p — 1NRHE, X920 p DT A0, REFHATR e, HARRMAR, st
BRERN 3 B B, BATRBES T O(n) RIPERE. 55— 75T, FF R VAFHHEF BIARIHN
HIREFFHT B N T IBEIRAMAHIFFATINE, F5 2 HATIAFHHE PRI PO HE e AT
BAFRI T, BVA L, AFHHERE AT DU R o e R e T B B T, B
IRTE 1986 FEFF R T n MEFEES, YERE O(1gn) FIFHTIAHHERBIL 1Y), FFATALRE
B NERNEE, BT AR AR TERE [0,

13.4 &k

RENG TR A2 EHF B POEHE AR . EMEGEE] 7
HEFPHITERE IR O(nlgn). ZEFYE PO PIEHET 2 20 D BRI R AR E IR,
RERIGRAEINTAR i F s HE P (bR TR, FEEIRE R, Rl R A B Eh S
MR FHRIET, FAERTAZ R RS, M EEREFHER 7. XA 1

TSR, AR5 HE P TR SRR & B, 1E RSB G PR A\ PR BT R
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JRR, ATDARR o HIAE A Bk, P e R Z BB 0L R RIS MIHEEIEMN
bt, T BB DR, BAES — SIS, I R AR, JRIZAEEES Y
P E ok, ANEAEARIEA, TIAFHHEFNE §IX G, ESAE I FARRECRIE
Mt Rz PP AMEREE R Z RO N IR, fEa SIS B H 7 I
PRI RE AN POE R, HF BB ZERIMIIF2 ), ERLEEIT, BIATHRA
ARG, DREERZ IR, S5 — DNE RIS,

POgHEFP M HE P AR BRR . PR AT DA ERHERP R e VAFFHE
e ta] DA HE e 1 S ok ), HER RIRE 2R 260, Hrp— R 2 AR4E 8 2 Fi A
FHXEZRERE [, PasHERe 2% IR0, ZRMERTHI 7 AR N5 T2 R R 7 41,
VSRR BB P AIRNER:, SRR, IFFFHEP VAR E 2%, XIS AR A,
TEieRAEI, A HL B E EZ BRI R H], PO RMECRIESESE 0 #,
RIEEE A = A T REALPRERHE R =B8RI 7055, (75 TCik wl Rt o 22 16

FIARENIE, BMah 7REAHFEL, S AHT. M7, SR, Hefk
R PSR VAR, HER AR HHENUR AR IR BRI 70U, 5 AR ER, A
MIEZE P “REHE" PRR, RGtRTHER 77 R ICTAAE A IR RN B IR T AL BEok
RHEE, EHRLTUR, A LE G REdECE R0 HH TIERRITES,

43 13.4

13.4.1. FEFIVAFFHE B SREE— DR A1 A = AR R

13.5 M3 Bl FEs
B4

Int partition([K] xs, Int 1, Int u) {
for (Int pivot =1, Intr=1+4+1; r<u; r=r + 1) {
if xs[pivot] > xs[r] {
1=1+1
swap(xs[1], xs[r])
}
}
swap(xs[pivot], xs[1l])
return 1 + 1
}

void sort([K] xs, Int 1, Int u) {
if 1< u {
Int m = partition(xs, 1, u)
sort(xs, 1, m - 1)
sort(xs, m, u)

PYCIERE



256 FHH=8 PuRHFEmEHEE

void sort([K] xs, Int 1, Int u) {
if L<u-1¢{
Int pivot =1, Int i =1, Int j =u
loop {
while i < u and xs[i] < xs[pivot] {
i=14+1

while j >1 and xs[pivot] < xs[j] {
j=3-1

if j < i then break
swap(xs[i], xs[jl)
}
swap (xs[pivot], xs[j])
sort(xs, 1, j)
sort(xs, i, u)

R

[K] sort([K] xs) {
Int n = length(xs)

ifn>1{
var ys = sort(xs[@ ... n/2 - 1])
var zs = sort(xs[n/2 ...])
xs = merge(xs, ys, zs)

}

return xs

[K] merge([K] xs, [K] ys, [K] zs) {

Int i=0

while ys # [] and zs # [] {
xs[i1] = if ys[0] < zs[0] then pop(ys) else pop(zs)
i=1d41

}

xs[i...] = 1if ys #[] then ys else zs

return xs

(o AR DA T VA HER -

Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))

Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+ (u-1) /2
msort(xs, ys, 1, m)
msort(xs, ys, m, u)
merge(xs, ys, 1, m, u)
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Void merge([K] xs, [K] ys, Int 1, Int m, Int u) {
Int i=1, Int k=1; Int j =m
while i <m and j < u {
ys[k++] = if xs[i] < xs[j] then xs[i++] else xs[j++]
}
while i < m {
yslktt] = xs[i++]

}
while j < u {

ys[kt++] = xs[j++]
}

while 1 < u {
xs[1] = ys[1]
T+

JEHBVAFHER -

Void merge([K] xs, (Int i, Int m), (Int j, Int n), Int w) {
while i <mand j <n {
swap(xs, wit, if xs[i] < xs[j] then i+ else j++)
}
while i < m {
swap(xs, wHt, i++)
}
while j < n {
swap (xs, wH, j++)

Void wsort([K] xs, (Int 1, Int u), Int w) {
ifu-1>1¢{
Intm=1+4+ (u-1) /2
imsort(xs, 1, m)
imsort(xs, m, u)
merge(xs, (1, m), (m, u), w)

}
else {

while 1 < u { swap(xs, U+, wH)
}

Void dmsort([K] xs, Int 1, Int u) {
ifu-1>1¢{

Intm=1+4+ (u-1) /2

Intw=1+4+u-m

wsort(xs, 1, m, w)

while w - 1 > 2 {
Int n=w
w=1+(n-1+1) / 2
wsort(xs, w, n, 1);
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merge(xs, (L, L+ n - w), (n, u), w);
}
for Int n=w; n>1; --n {
for Int m = n; m < u and xs[m] < xs[m-1]; m+ {
swap(xs, m, m - 1)

B E A BT

[K] sort([K] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys += merge(pop(ys), pop(ys))
}
return if ys — [] then [] else pop(ys)

[K] merge([K] xs, [K] ys) {
[K] zs = []
while xs # [] and ys #[] {
zs 4= if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)




HHEE R

MNMESIATH B RGESLI 7E 2RI, L7 g BRI TV AR
HEFPERH T AR TR, WA DR SRR AL E ik i TR 2, BIRETHI
M _E R E R R A T E. . ABEN D REAR S, DUA, BHEREX,

14.1 K EENE

GUTAE n DITRPFHES £ REUVNRITTR, XERNIE SCEMRIF R R,
BAVEM < KRR b /NITCR, R EHET B —RIE0 &AL RE
/AN, AR ERIRTTR P S /MO, BT k OUA] DAKEISS & /NITTR. En
NIERAPF IR/ NTCRBEIERTE O(n) B, KRR O(kn), AR PAFIH
HEE, IXARER] DATE O(1gn) IN TR EEHT ZREROVEER, B &k IRA] ATE O(k1gn) IS TRIPERTS
B,

top k xs = find k (heapify xs) (14.1)
a5 A AL
top k = (find k) o heapify (14.2)
Hr:
find 0 = top (143)

find k = (find (k—1))opop

PATEREIREIE LT . HHMERIBTRENST N AL B, 15 A TR
ARF(Q)BHILE, £ m=|A| N AWK, LB m F k:

L %5 k< m, W k/NITTRE A, BAEF B, RIG1E A FRHER;

2. #im < k, WEE k/NKITTRTE B, BAEF A, RIGHE B FIBIAERS (k—m)
/NITER,

BB R P, A B UM, SRR IATEUELR:, 22N O(n +
n/2+n/d+...) = O(n)o AR L—FPEHEFHRIXI 7T part, BEHLIESE—

259
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e (R — ) MENEME po KEFTH < p MIJTRIAA A, FIRITRBIAN Bo RXHEH
m =k — 1, p HLZH k/NITCR, SUENBETE A 5 B HEHL,

m=k—1: xz, HF :m=]A| (A B)=part (<) s

topk (v:vs)=dm<k—1: top(k—m—1)B (14.4)
A0 top k A

FIBREHAE T —#F, RZEEO X088 R EA 6, YRR O(kn) B O((n —
k)n)o “FEXIIEGLT AT DATELRME N Rl N B 52 FRATTHR AT DAR, A BRI HE 2 A B 28 Fh s
Q0= A ETE L ARELR i

1: function Top(k, A, 1, u)

2. EXCHANGE A[l] < A] Ranpom(l,u) | > BEALTE 1, u] NIERE
3: p < PARTITION(A, [, u)

4: ifp—I1l+1=kFk then

5: return A[p|

6: ifk<p—1+1then
7 return Topr(k, A,l,p—1)
8: return Tor(k —p+1—1,A,p+ 1,u)
A] DAAEGX — 75 IR B AT & ME (b MERIT 2ERR), 0 S Erfl+
PP

tops _ [1 =[]
tops 0 _ =[]
tops n (x:xs) | len = n = as
| len < n=as 4 [x] # tops (n - len - 1) bs
| otherwise = tops n as
where
(as, bs) = partition (< x) xs
len = length as

14.2 "5 E

FREAIN BRI — N “HEEBR” : 22 A BEAEAE — 1000 PANATEL, EImfE -+
I, 222 AR e, PREEITAERS HIX MK Bildn BB 2? BEEL? FTh
fr BRI ERMIR 202 REME 3 BEPR2? 555, 1E 1000 PAPY, QISR UGE I A HERR—
FET, 10 IRAEREERIEE R, RO 210 = 1024 > 1000, “ZEEA?7 82— ER
GPHIIRIA, ERERIE —FRECT 2 RO A BRI M R e R, (B

! Blum, Floyd, Pratt, Rivest #l Tarjan 7£ 1973 4E43 1 T — MR R U 11, 4512805 0 T4, SHRE
5 ML, Mtk n/5 DE, BEX—SEEH P AR E,

M LA BROR R, BIRIEAAHR B —D N, ATERENLAR AL 16 MR, TREE 2T,
IRJEHLES A REVLH BT AR A2 i
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TR B AR — Y BRIMNEHARMEBRXMENZETH, ERAER—
TEr s, REIEIASE G, HEZ BIEE TIERIK T . WREEBAE 30 FONTEX, 5t
IRIF R, B4 :1000 7T, /& T 5500 7T, K T 5 750 7T, K T 5890 7T, K 15990 JT, IEHH!
XNAER T “ &7 KkE, A TEERFY A FFR o, BB T8+
RER y, 1z b, R v =y, BEREHGUWR » <y, BT A BEFPH, BATHFE
TERTEA RS BNAE G  E IXFEARBIEE/ N A ORI SR A =[]
IHAARIRE, W 2 RFFE, ZAERER A BERN, WELEDE NREX ALHF
B — &K, IRMEH A SRR E R, SHEG0: “ BAR BRI E AR TR
B, BRI AE B ARRRI......" RRFEMAKZH - ERNL P EH
R, BB MR NEEGRFERI S — P A MBI E & T —MER, B 20
ZAEEABEI, FHAH T 0BRSS5 A N ETRERN Lu(RE w),
u<l: Nothing

x=Am]: mEF :m=1+| ]

bsearch x A (I,u) = 2 (14.5)
x < Alm]: bsearchx A (I,m—1)

u—

A0 bsearch x A (m + 1,u)

FATTHE AT DATE RIS, ddid B ih B — o & K
function BINARY-SEARCH(z, A, [, u)
while | < u do
m [+ LUT_ZJ > B |
if Ajm| =z then

1:
2
l4+u

3

4

5: return m

6

7

8

9

2

JRictss

if © < A[m] then
u+—m—1
else
< m+1
10: Not found
HT B OCREEHICE, Z 0 EHRNEIREN O(lgn). BB AT DR R S R
g, BIan7itE o@ =y, A a <y, a.y #2 BRE BATFH « ROBE R, T4
AT PAZEAS AN O FRUAHIRZEIR a0, at, a?, ..., BEIRIIHEA o =y, 8 o < y < 't
FORTTRETCEEE . NRKIY o F1 2, QIR FTERFFREE, WIHHE o STHFE—ERIR
] 2. BATAT DA & HCRI T O, BN ER. BT ov >y, FATATEA
EXE (0,1, ...,y] R, HTEE f(r) = o® BIFEE, N T ELE 2, Bl
BRI 0, = [ L), 1R 0 = g, W o, SRTRRHONES A1 < g, RANEF
T, BIATER S ; BINEFE z,, JGHIER D PRFRE 0 BRI RIVE IR, B SR
BRI RS, TR, TR EREIE . BATRRIERER R
MR BATATAEH o™ FERKHHE o™ = aa™s XBIRATEE—ME CRIAEELL £ (n).
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— NS f, A bsearch fy (0,y)e BAMTAFTENRE O(gy) X f(x), FT54H,

u<l: Nothing
l+u
. e, —
bsearch f y (l,u) = flm)=y: m KA m =] 2 J (14.6)
f(m) <y: bsearch fy (m+1,u)
flm)>y: bsearch fy (I,m—1)

14.2.1 HEEHR

BRI AN RS 4 eE S, SRR M BRI mox ne BT,
AR TTRE 2 AR B REL WA 14.1 iR, AR POSHE 2B RE R B AT
HT 2 (TRE? BAMNTEAE —DRIE, BE—HME (i,5) WYIR, EEMER
Mi,j =z

(z,y)|z < [1,2,....,m],y < [1,2,...,n], M, , = ] (14.7)

1
=W N =
S Ut = N
co J ot W
© 0 O =

14.1: BT, FHIER YA AN

BT (A8 AR — A U IR rh i i A A AR 22
o EPCRIFE, HIRE B AR, %0 =0 RS, IR EMNT My 4
ERTTR, MRENT 2, TN EFL EXBCWMRKRT 2, BFa NXEL, & 14.2 F
™, REOHXIBFTR AT EFE, WRME T, R XIEHMN—MERZR T~ LIF, T
REREEH, BOHEXE 4R R BN : EREE f(2,y), ERETEEATK
BRI (x,y), BE1S f(x,y) = 2o FEFFIRERATDURHE N N HEIF £

1<z<m,1<y<n: M,
f(z,y) =
HE . -1

AR f(z,y) BEAVAEEEL, G40 f(z,y) = 2° + 3, a b B BRE, ARIRIEARR
ME TR, TR B AFFEER ), E 14.3 Fiw, KM (0, 2) TG, M
FENR (p, q), BATELEL f(p,q) FI 2 FIKF:

1 WR f(p,q) < z:HT f VA, EMNO0<y<q, B flp,y) < 2o BANEFE
HEE FHIFTA R (L TERER) ;
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E

|3
NS

14.2: 2 REITR/NT 2, REKIBEVNT 2,86 FRITRRT 2o KEXBHEKT

Zo
2. R f(p,q) > z:FiEM p <z < 2,8 f(x,q) > 20 BANEFKFELE LHIFTE
AM(EBLRED ;
3. R f(p,q) = z:(p, q) B—" MM, ML L S# A PAEF,

IXHE, AT AR S 4/ NETPER X, BIREAEF 1T, BAEFH, 5
H RN ZF1T. 50,

>

(01 0) (ZY 0) ”

14.3: \NE EAHEZER

TE X search FREL FAENLE EAFFUEHEZ  search f 2 0 2o

p>z28g<0: []

search f = pq — flp,q) < z: search f z (p+1) ¢ (148)
f(p,q) >z:  search fzp(qg—1)
f.g)=2:  (p.q):search fz (p+1) (¢—1)

BRERG, p.¢ B0E NG FEE—2, RETFE 2(2 + 1) REHTEK

MR, BEFENE =/ (DR p.q ANFTE—, R 2 + 1 PEAIEER; (2) Al
KA, 5 p 8 2; Q) AW EE R NaiHE, &K ¢ RN, B 144 R T &
FFIERIRIIIE I, B 14.4 (a) H, A AL LB R (:c,z— z) IR f(z,2—2) = 2,
BHEFZE 2+ 1 HPFE (2,0); (b) B, EFKFENEDN R (2, 2) #BES f(z,2) < 2,
2+ 1 HIa, MREH; (o) B, EMFELNED A (0, 2) #ES £(0,2) > 2,2 + 1 5,

MR, () MR R REE L. RPN TS RIRE LRATE KRR « fh
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HHHE ER

b, TR E AR R y BlE, iR DSBS IR RP BN 2(2 + 1) FIEZEN
O(2%) W57 ZEMLL, X — O R S R IR S RI SN 1R] O(2).

A A
0.9 29 oy 52
(0,0) =0 (0,0 =0
(a) (b)
A A
(O7 z) (z, Z) (0’ z) (z, z)
(0,0) 0) > (0,0) (2,0) >
(c) (d)

A 14.4: RIFARZEENR

=T EMMC SRR R, R f F=ZERIG D, 2 TS MER A _E R
KIE, PUERRMEI PG, SEERE— DSk, HE 14.5 FoR, SEEREMNE EA
(0,2) MG T (2,0) R, X—JEEE—HH0N, f R, TATAT IR y BhEE)
BR m, #15 f(0,m) < z; 1T o BHKEIRK n, 1T f(n,0) < z; XAHERXIEHIN
(0,2) — (z,0) &/ (0,m) — (n,0), WE 14.6 Fire

14.5: f(x,y) = 22 + y?> NEIE
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(0,2) (2 2)

(0,m) (n,m)

(0,0) m0) (20)

K 14.6: Fa/ MK EIER X

Z]

n  =max [z|0 <z <z, f(z,0)

INIA

4

BATTDH D ERIERE mon (EE 2 = 0 B om, BEE y = 0 B, n), K3
X (14.6) WESLBE y, IR <2 <uTE f(o) <y < f(z +1)

u<l: l
l+ U
bsearch f y (l,u) = fm)<y<fm+1): mHftom=| J (14.10)
f(m) <y: bsearch f y (m + 1,u)
f(m) >y: bsearch fy (I,m —1)
XA AT DL B man:
{m = bsearch (y — f(0,y)) z (0, 2) (14.11)
n = bsearch (x — f(x,0)) z (0, 2)
BT RAEAE/ N FETE N T A R < solve(f, 2) = search f 2 0m
p>nig<0: []
search f zpq = J(prq) <z search [z (p+1) 4 (14.12)
f(p,q) > z: search f zp (¢ —1)
fp,a)=2: (pq):search fz(p+1) (¢—1)

X AR A EIRASE] m A n, BRITE T O(lg2) IX f; BRERE
BIMEN FHE O(m + n) IR f; &EFEH FHE O(min(m,n)) (R SRS IREWT
o FEEREW f(z,y) = 22 + y°, N T HARE a. b, IBF m. n RN, BIRVERER D
O(lg 2)s
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HH fHIRE
&IMEDL | 2logz +m +n
RIFED | 2log 2z + min(m, n)

s 14.7, FEERIXIE (a,0) — (¢,d) FHI—K (p,q), F f(p.q) # z, RAEEEF
HEET (< 1/D0 R f(p,q) = z, BT f B, TATATRIN ZF/L G LR,
Fp g AT ERECE R, IXFEEEIT 1/2 B, nTDAPGESE/ MERTEE, o 17 HE)
f(p,q) = = B, BATEE R LK PESR L EELMNH &k, EERR L -
“ERNEIREN O(g | L)), BANEREFERIPLAER, IE 14.8 R,

A A
(a,b) (a,b)

(p,q)

(c,d) (c,d)

\ 4

\4

(0,0) (0,0)

f(p,q) <2 fp,q) > =2
(a) R f(p,q) # 2, REEEFR L FEA ERRAXIER, FIRXIBEK T L,
\

A
(a,b)

(0,0) >
f(p,q) =2

(b) R f(p,q) = 2, AR ZFEHA
IRy, R X

14.7: #5/MERXIH

IMEAHL R F(p,q) = = B8, TRl THRE £(p, q) < = < f(p+1,q) BIELOK
PrRgk, HFEEHRN f(p.q) < 2 < f(p.q+1))o HIBATVRRER p 5, g 1T LA
SRR, HAER, RIS EHIEZKTHRE EHE f(p.0) <2< f(p + 1)
A, RAE L LI f(p,q) < 2 < fp,q + 1) M98, WIRLE LT ST
F(p.q) < = WAKIE] L5 ANFTE AEES £(p, q) > =, MR TR, ML, Rl 157
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(c,d) (c,d)

3

(0,0) > (0,0) >

A 14.8: IHRERIFRZ 0 AR

HE— MR X, R OHRT SRR
L oy B0 18R, FERRXIE (0,m) — (n,0);

2. HHRXIK (a,b) — (c,d) @ARTH, IHKFEHL ZSER, SN ERE S E
1, RN (p,q);

3. % f(p,q) = 2, (p,q) N—"MEe BHITHRFXIK (a,b) — (p—1,¢+ 1) F (p+
1,g—1)— (¢, d);

4. £ f(p,q) # 2z, BIAERMNTXIEIMI— LK, LN (p,q+1) — (p,b),
14.9 (a); 8 (p +1,9) — (¢, q), AN 14.9 (b)o

(a,b)

" (p.q)

(0,0) > (0,0) >

fp,q) # 2 f(p,q) # 2

B 14.9: JBFRRBKERIXIE, IR f(p, q) # 2, ETHEILRIHAIZEL

c<aBld<b: []
search (a,b) (c,d) =< c—a<b—d: csearch (14.13)

H rsearch
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Hrp csearch TEKFEHL E =38 (p,q) H15 f(p,q) < 2z < flp+ 1,9), W
14.9 (a) Fif. WIS FFTE EEE AT 2, BE TR (o, L% 1) EFiisk -
(&), anE 14.10 (a) AR,

(a,b)

(c,d) (c,d)

(p,9)

4
4

(0,0)
(a) (b)

B 14.10: TP BN HYRFIR TG O

“

q= L%J

p = bsearch (x — f(x,q)) z (a,c)

f(p,q) >z search (p,q—1) (c,d)
csearch = § f(p,q) = z: search (a,b) (p—1,q +1) 4 [(p, q)] # search (p+1,¢ — 1) (¢, d)

f(p,q) <=z: search (a,b) (p,q+ 1) 4 search (p+1,q — 1) (c,d)
(14.14)

rsearch SIEREL IR LR, NHEHAGI TP LI 7 SOER SEER:

solve f z = search f z (0, m) (n, 0) where
m = bsearch (f 0) z (0, z)
n = bsearch (Ax — f x 0) z (0, z)

search f z (a, b) (c, d)
| c<a ||l b<d=T[]
| c-a<b-d=1let q= (b +d) ‘div’ 2 1in
csearch (bsearch (A x — f x q) z (a, ¢), q)
| otherwise = let p = (a + ¢) “div’ 2 1in
rsearch (p, bsearch (f p) z (d, b))
where
csearch (p, q)
| z< f pq=search f z (p, g -1) (c, d)
| fpg=2z=search fz (a, b) (p-1, q+ 1)
(p, q) : search f z (p+1, g - 1) (c, d)
| otherwise = search f z (a, b) (p, q + 1) +
search f z (p+ 1, q - 1) (c, d)
rsearch (p, q)
| z< f pq=search f z (a, b) (p -1, q)
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| fpqgq=2z=search fz (a, b) (p -1, q+ 1) #
(p, q) : search f z (p+ 1, q - 1) (c, d)

| otherwise = search f z (a, b) (p - 1, 9+ 1) +#
search f z (p + 1, q) (c, d)

BRXBEREE, SR O(g(mn)) B, BHL0E (p,q), WEITE f
£ O(1g(min(m,n))) Ko LTE m x n XIBFERNEIN T(m,n), B THIHIARR:

T(m,n) = lg(min(m,n)) + 2T(%, g) (14.15)
A m =20 > n =29 fEHRITORAITE:
T(Qi, 2j) =7+ 2T(2i_1, 2j_1)
B 1—1 R
_gytjk) (14.16)
=0(2'(j — 1))
= O(mlg(n/m))

{EEUERH T IX 2 AE m x n XIS R TR,
%3 14.1

14.1.1. UERA K IEEEREIEZEN O(n).

14.1.2. N7 ER APBIRET L /NTER, BATAT PRI 2 = max (take k A),y = min (drop k A)o
MRz <y, M AR EDICREERE; BNIFATH « Xo2Hi & DeR, Hy
MAFIRTTR, REEFFI [a + A x < a < y] FIBEEKRT & TR, H
K =k—|la+ Aa<z]|, BERX—EIX, HFoMmERE,

14.1.3. BEERMDNCFHH A M B M “BLHE”, WENBEE2RE O(g(m +n)), Hf
m = |Al|,n = |B|, FAINWNNEEHNKE, BEH TRM 0 Fih, B EE
NXH: median(A, B) = C[Lm+ nJ], HH O = merge(A, B) N&EHERNERF
b EAE I

14.1.4. 7HBRIEIE, 8IS B R0 R LI D AR,

14.15. KB ZHHERBZFIF o2 8T R K T e/ ME, 6 EfZ
BRK(H, GHRHE 2 /DN R/IMESE KT HRARETCHE; SRR — 17,
IEIK 4 DINER, SRRV,

MELE S E WG EE AR, FENTEE n ANTTRFFFH « B EE SO

median(z) = odd(n) : wl[nTH]
even(n): 5(@l5) +el +1)
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14.3  AEW)E

MTEFERZIF ARG AR, B NSIEEERES, Dm0
W ZEHMEIE NA A ik, MIREREGERFY], WA, B, A, C, B, B, D, ... Gtit4iR, #E
T R 3 R GE? ] AR = BSR4t A i [ 14 SRR AR (LS8 2 )6

Optional<T> majority([T] xs) {
Map<T, Int> m
for var x 1in xs {
if x in m then m[x]++ else mx[x] = 0
}
var (r, v) = (Optional<T>.Nothing, length(xs) / 2 - 1)
for var (x, c) inm {
if ¢ > v then (r, v) = (Optional.of(x), c)
}

return r

A DUFTZLRR MR el B 3 SC B 5 SR A A, QIR m AIRIEN n SKIESRE, X —
KRR AN TR A&

FHL | A =3 ]
LR | O(nlgm) | O(m)
B | O(n) &> O(m)

IS RITT R AL SEERFIEE/RAE 1980 SFEAH 17— 1%, A] DA T —
AR ANRAFAE) o BIARINRIE LN O(n), ZREZRERN O(1), HFRIHEEIHS
— BERARBER Y, EENIAEIXFE AL b OB 2 A 1A, IRl
MAFERTCR, BEEIRER TR, GRS, BEF T —E 2 R
R — kI SE ERYRGE AN B RTRVIRIEE, SIS HUEREON 1. BOXRERARESE, 45k
TR HRTHIZRIEE , WIARIER AU 2200 1, BNERIEE 1S R0 1o 1552083 0 Il
AERIRIEE T ek N —KIE R _ERIRIE N WE IR B R ARSE, a0 NRFR, A7
FEAREL m, W m AATREMCHE TR &%, (EARAREBOAEAE GERASTERL, Rkt
PEHE) , MR JE ISR AT PRMEE " HIEE X REF R — R TR,

62004 4, AL T —FHEREE, FoN Count-min sketch Hi%, #H] sub-linear 2 AT Y,




14.3  ELA)

PEE | 55E | A E

A 1 A,B,C, B, B,C, A, B, A,B,B,D, B
A 0 |AB,CB,BCA,B,A,BB,DB
C 1 A,B,C,B,B,C, A, B, A, B,B,D,B
C 0 |ABCB,B,CA,B,A, B, B,D,B
B 1 A,B,C,B,B,C, A, B,A,B,B,D,B
B 0 A,B,C, B, B,C, A, B, A, B,B,D, B
A 1 A,B,C,B, B,C, A, B, A, B,B,D,B
A 0 A,B,C B, B,C,A)B,A/B,B,D,B
A 1 A,B,C, B, B,C, A, B, A,B,B,D, B
A 0 A,B,C, B, B,C, A, B, A,B,B,D, B
B 1 A,B,C,B,B,C, A, B, A, B, B,D,B
B 0 A,B,C B, B,C,A)B,A,B,B,D,B
B 1 A,B,C,B,B,C, A, B, A,B,BD,B

maj [| = &
maj (z:xs) = scan (x,1) xs
Hrf scan B X -
scan (m,v) [] = m
m=x: scan (m,v+1) xs
scan (m,v) (v:xs) = qov=0: scan (z,1) zs

AW scan (myv—1) xs
REFHABMLEI  maj = foldr f (2,0), HH:

r=m: (m,v+1)
fz(muv)=<v=0: (1)

Al (myv—1)
R IETRERUE S A 4
verify m = if 2| filter (= m) xs| > |zs| then Just m else @

PSS IVA e awssiiE

1: function MAJORITY(A)

2:

3:

c+—0m<+— g

for each ¢ in A do

271

(14.17)

(14.18)

(14.19)

(14.20)
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4: if c =0 then

5: m<+a

6: if a = m then
7: c+c+1

8: else

9: c+—c—1
10: c+0

11: for each a in A do
12: if a = m then
13: c+c+1
4. if ¢ > %50|A| then
15: return x

16: else

17: return &

%3] 14.2

14.2.1. ¥RRABETR, £ A B IFEREBREGEE [n/k] BT EDRE, Hbn = (4] 12
R BRI B DNARTTR, BRIREF NHITRMEARE kD R TT
RE k-RE(ZT [n/k] D), M—EXF K,

14.4 WA TFFHIM

FFAI VW — BRSNS Vi) W P5 X F AR S = VIi|+V]i+
1+ ... + V[j], 25 [ | BAERFFIN RS, ERFE 0, AEE] Vv IR+
FEHIRTEL? ilgn (3, -13, 19, -12, 1, 9, 18, -16, 15, -15] H, T4 [19, -12, 1, 9, 18] I
MK, N 35, WERFFIFHITTEEZIEL, A E ST TEMN, WRAETE
#h2 L, W= HIFIERKR, 9 0, TARTT DUBIT 5 28R A & -

function Max-Sum(V)

m <+ 0,n + |V]|

for i + 1 ton do

1:

2

3

4: 50
5 for j < iton do

6 s+ s+ Vj]

7 m + Max(m,s)

8: return m
FAERNEZIET O(n?), Hrp n BIFFIHKE, AT AESARBEEREM, —
B —I0d% NP RIA E « SSRETRAIA A, RINICE T BTSN RK
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TR B, & 14.11 iR, A, B A—EMHE, BR/FF B < AWXR, Y BT
—/NILER Vi NGB A B, BATAE R B & A, X B+ Vi <0, ¥ B
HEN 0, FRAH THIIE (3, 13,19, -12,1,9,18, —16, 15, —15] K F2ETE,

i

14.11: A 2 HAHREINE KR TFHIN, B 2L i 45T 51,

BARH | DL SRERF Y AR 57
0 0 3,-13,19,-12,1,9,18, —16, 15, —15]
3 3 [—13,19,—12,1,9,18, —16, 15, —15]
3 0 [19,-12,1,9,18, —16, 15, —15]
19 19 [—12,1,9,18,—16, 15, —15]
19 7 [1,9,18,—16,15, —15]
19 8 9,18, —16,15, —15]
19 17 [18,—16,15, —15]
35 35 [ 16,15, —15]
35 19 (15, —15]
35 34 [—15]
35 19 []

1: function Max-Sum(V)
2. A« 0,B+0,n« |V|

3: for i + 1 ton do

4: B <+ MAX(B + V[i],0)
5: A+ Max(A, B)

6: return A

BATHE AT A BN T AR AN S e = fsto foldr f(0,0), H f B
KA

[z (Sm,S) =(S), = max(Sy,S"),S =max(0,z + 5)) (14.23)

£535] 14.3
14.3.1. BBEKRTRAFIISZIL, IR B Wi KF 8 T 75,
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14.3.2. ARHIE BT — D0 ia 2 B77 2R TR B, Z2EN O(nlogn)o
TR SRR FNRAE A R BRI Yo BATTRT DAIR YT H AT 38 o B RN, Al s
B B A, FES TR AR R 7 AR, SEBX — 77 1%

14.3.3. £ m x n B ZAERBOERE TR 6, SRS TR= e IR K,

14.5 FRTHREE

TR RIMNE, AT SRR AER T B 1T R IR IR, TR
B, TSR R (55 6 B5) , FRATTAI IR AR R BR G A TIR R . BT n] DLEREAE 747
RS TR, A 1412 FoR 7,

Llofy] [afn[afn]e[ufo]ufs] [a]n[af[n]s[m] [e[t]ofw]e[r] T

s [alo[a[n[s[m] P
L7
(a) WFEE s = 4, 5L ¢ = 4 DNFFHEFE, HEE 5 M EREAFL
[a[n[s] Talolalnle ulou]s] [aln[aln]s[m[ [e[i]o]w[c][r] T

° an]afn]¥[m] P
4]

(b) IWFE] s =4+ 2 =6,

14.12: f£ XA “any ananthous ananym flower” 4% “ananym”

TESCR T HHERTFRE P WA 14.12 (a) iR, ERBE s = 4 I, B—#& P
T T |/l 4 MASE, 55 5 NME P Ry, HE T H2 to IRIZE— 7R
&b, K s 1 (P AES) 1 MIE) RS BT AR ananym 1 nantho..... AR B
s RGBT DU 1o AT DFAT an 16472 anan BIESR. FATTATBLRE s H3H0 2(P 7]
%3 2), WEl 14.12 (b) R, HAMNER THATELHEST 4 MAFRIEER, Bid T
TR E, SiEg, SEEE SRR —IRA T — D e 74 ER L
PR D), MTHE= AR TR E TRES T, FRE KMP Bi%,

ISR T Tk DNFAFARREI RN T, (T B & DFARIS) . 8 17 R A2 Hi
P aaRE) s DMIE, BATFEFH S RIIILERT ¢ M. K 14.13 FoR, %5 P
AlGERE), M—E RSN k, (615 P HRVRET & DFAEETR P, &S k DA
Al tHWiEi, figk P, FINE P, %K. &R RAEMERATATSAESR, MR

TR — ST R R T A, W C AR strstr, CH+HARIEERI find, DA Java bRifEZEHR
index0f,
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TFAER/INY k= 0o FATERBIFIN PR ATSOURERATERK ko & X AT 7 (q),
EEFRMNSEE ¢ + 1 DFRRILECN MIZERAA E

T[] | Tri+1] | Tli+2] Tli+g-1]
A A A
L]
. —» P[1] P[2] PLi] Pli+1] Pql
A A
P[1] | P[2] P[K]

14.13: P, RN P, BIRTSHFIEER

7(q) = max{k|0 < k < ¢, AP, 2 P,N5%} (14.24)

SEXAK T Hwt% s DBAC P I, 35T o DA, s —DAF, B8
¢ = (q) FREN—PEBRAIMLE ¢» BHTELEL Plg'] ISR

1: function KMP(T, P)

2 7 < BUILD-PREFIXES(P)

3 n <« |T|,m+«+ |Pl,qg« 0

4: for i < 1 ton do

5 while ¢ > 0 H Plg+ 1] # Ti] do
6 q < 7(q)

7 if Plqg + 1] = T'[i] then

8: ggq+1

9: if g = m then

10: NE i —m 2

11 q < 7(q) > S HIULECA E

BRI (14.24) M3 n(q) FERSA, BATHE—HEIS B, MR BHL,
U8 — NSRRI, IR K AT I LR S 400 R (1) = 0,
Py= Py = [ ]o 4GS P il g DTN, IS 7 (i), i = 1,2, q — 1
ELEAT, 3 L E AR KA P AN R P,_, (UGS, WE 14.14 R, % Plg =
Plk + 1, WHREI T —ANE K k, BATVE & BIBKAEN—; 20 Plq) # Plk + 1], 3]
FUF (k) EREEI M Py, BB K = n(k), S5 RS AT R — A5
R o DA, EEIX S, HE kR 0 (), B ¢ PFA
%, FREHT ananym FATEFEIE, & FURIER (14.24) RUEMHE
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P[1] P[2] P[k] | P[k+1] P[g-1] P[q]

P[1] | P[2] PK] | P[k+1]

14.14: P, /2 P,_1 WG4, LU Plg) #1 Pk + 1]

q P, | k| Py
1 al| 0|«
2 an | 0 | ©”
3 ana | 1 | a
4 anan | 2 | an
5 anany | 0 | “”
6 | ananym | 0 | “”

1: function BUILD-PREFIXES(P)

2 m < |Pl,k+ 0

3 (1) <0

4: for ¢ <~ 2 tom do

5 while & > 0 H P[¢] # Plk + 1] do

6 k < m(k)

7: if Plg] = P[k + 1] then

8: k+—k+1

9: w(q) «+ k

10: return 7

KMP BACHEAFHER S, IR ATRE I 0 MR 2N O(m) Y, ERAGH 23
HIREZ O(n)o BEDHERZREN O(m+n), FHFHEE O(m) ZRITCKATREEIE,
REBHEAFF AT KMP BIRAMERE, FEE aaa...a” (n D) HERKN m K97
H“aaa...ab”s 9 m DERAILEL, FATVHBERDR — D4, 7 HILEARELR 1
o BMELEIXAME R, KMP SBIE R R LR RN TR,

14.6 fRIGIER

FENTERERIFIAN B, NMITE e TIF 27T IR R M, AFTFrFH IEAC, fif
HA—EERAETREMERS, FEFREDEER—LZK, TR R,
FEE TR, WRTREAFE 2 DR (PIUNFEE 2 R E IR ERIIED . ATIEFRERH
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FAE B,

14.6.1  {REILEA) LR

RELEER (DFS) FI LR (BFS) W # U “ B R Ak, FA1E S
AR R BIATIGE E RIS,

wE

ERER—RDTLIEARNBE, A5 “ B2 X EAEE, " XA
BELFE, NE 14.15(b) R, RETAG 2S5 LR RTT R, 52 MR,
UR B MR R R, BN AL T — AR 5 —im e ke, 1EF
TSI TIE— B, H N —/ M EEIESR N EIR, BE TR ER R
A e B B BRIt TT, ARE i —kik, — BRI FESAmEAE T, Bk
BN TIBIR, 22— AR 2K, AW AR “2I — &7 EARKE K
', BRI (). BATTH m x n AR M #IRRE, JTEER 0.1, o2
HHB, B 14.15(b) BIRKE AT DA R HYHEFEE X :

I

[

(a) KH (b) —H ARG

14.15: E=

=

|
" o o o o o o
_ O = = = = O
e e R e I =)
—_ O = = = = O

e = R R e = T =)
IOOOOOOOI

ERLRL 5 = (i,7)s &R e = (p, q), TMERHEFTAEM s 2 e BUIEES, ALK
HIFTER s EEBAAHRL R, MEDBA E, BITEKHM & 2 e FrERE. RJERIER
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s-k ERREIF DM kB e FIBRRAT, WMNFEE N L "mE RidURRES, H
—PHIR P IR ER AN B, BUdaiEtyIR, RS,

solveMaze M s e = solve s [[ ]] (14.25)
Hr:

s=-e: map (reverseo (s:)) P
solve s P =

(14.26)
BN 2 concat [solve k (map (s :) P)|k « adj s,k ¢ P]

P R ERBRR R TN, BE TR reverse R, adj p ¥H p MIERIAT S :
K, HE T _ AR 0 B

adj (z,y) = [(@',y) « [(z = Ly), (x + Ly), (v,y — 1), (z,y + 1)],

1<z’ <m, 1<y <n, My, =0]

XM AL, R IRR. AT ENKRE, AFRERE—KKRE, BMH
SRR A TS, DR IR R, TR AE Bt LSk e ht 18R
AR X REHEE IR, AT DA — MRS, TFIAR, Herh E R [s]o K
)RR s BB, BT anb..... S FTREMIIRAR [a, 5] [b, s] AR 1% RIS
[a, s] B, KA o SEIBAI S, REIEATE 3 HNANKR AR, EEX—IE, &%
HIOSR T — R P8R NATIRR BRI B B A, W1 14.16 Fis. MEREE N
20, FATEZIR T FTE AT R, RS 705 HAR TR RIE R 12, ¥R AR S &

HZE B AL A, ARG A
W

(14.27)

p [i, p, .oy 8]
! 0. By oo ]
[p, ... S] [k, p, +.., S]
[a, s] [a, ..., s] [q, ..., s]
BEEEREE
14.16: ARICS
solveMaze M s e = solve [[s]] (14.28)
Hr:
solve [] = []
c=e: reverse (p:ps)
solve ((p:ps)ics) = Sks=][]: solvecs, HH ks = filter (¢ ps) (adj p)

ks #[]: solve ((map (: p:ps) ks) 4 cs)
(14.29)
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X R RSN T :
1: function SOLVE-MAZE(M, s, e)

2 S« [s],L=]]

3 while S # [ | do

4 P + Popr(S)

5: p + LasT(P)

6 ife=p then

7 App(L, P) > FREN— M
8 else

9 for each k in ADJACENT(M,p) do

10: if £ ¢ P then

11: PusH(S, P + [k])

12: return L

B ETREA 4 DIERTREAR, I HEE RN G, SAEELZ 0(4n),
Hrpn BRERE, KREREASZFER, BAPGE TEENME, BIFERT,
FITH AR SRR A B A — IR, B4R N O(n), Ht n BEE R EE, BT
THRORIFR R, ZZRIEREN O(n?),

%> 14.4

14.4.1. FEFRAESREHE S I FTH ff

AV 0}

RRERRG ML A, {HEH] 1848 48 TR (Max Bezzel) A4t /L 2 58
B, BRI, 0 DA 1T 5 R AR T, AERLAL IR
B T2 R ERRS 6 14.17 (o) R T S5 AT A S T 6, 1] 14.17
(b) 5t T\ 52 B — R,

) K m Eﬁ

(a) EFREBEARI RS (b) —Hfifig

A 14.17: )\ EJGAE
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£ 64 MMETHMAN 8 MRIG, A P, MHEH, 40 4 x 101, 817, FIH
REE 1 NEE, —NMRIAROBARE (1,2,3,4,5,6,7,8] FIAHES, Flan4 R
6,2,7,1,3,5,8,4] AT EGIRTES 6 5l; FE_ATWEFEEF 25| k...
S AT RGBS 4 5, IXAEBMATFERR 8! = 40320 FififR. ME—1THIRIZ
—EREGE, F-NEEA 8 EE(FIHE—F), BB _TNEEN, BT
ATRERIE — N RIE MR, T EB T RLE, T2 i TR G, $R8) 8 FIH ARai
i— 1 MEERGHENME, 0% 8 MIEERARREIER, FAIFEENR AR DA — 1 &
JGo A 8 N EIGHRIITIAMEL G, SIS T — MR, A TEHEFTE R, FANEE T
X1 R, REWSAEE KT AT RE A T A B, FRATH — MR —N513R
JABIEER  solve [[]] []

solve [| s = s

{c| =8: solve cs (c:s)

solve (c:cs) s =

B solve ([z:cla + [1..8],x ¢ ¢, safe x c] + cs) s

(14.30)

FitkN, BIIEEZHAARTRE, s I T A EREIRME; FARTUNE ¢ KIEN

8, TAHREN T — P, FHICKE] s 1, RIGREE; 45 [ < 8, TATIM 8 FlIHkit

FIARB S RIS (2 ¢ o), AN REERERIE IV HE 25%0E GEX safe v o) AIATAIAR

FIAEH TGRSR,

safe x ¢ =V(i,j) + zip (reverse c) [1,2,..] B |z —i| # |y — j, EH :y = 1+ ||
(14.31)
safe A y = 1+ || 17, 2 YN EFEREN ¢ PEMEBERN AL, 5 c =
liy—1,iy—2,....51] 5EHT y — L DRIGRTERIS, TR ¢ S8, 71, 2, . BN 2
JEHIAERR: [(i1,1), (i2,2), ..., (iy—1,y — D)]o REFIMTEA (i, 5) BENNE (2, y) R
AL [z —i] # ly — jlo X—LIZREBITRY, rTLATHFRIE I L ISR :
1: function SOLVE-QUEENS
2 S« [[]
3 L+ ] > PRI MR
4: while S # [ | do
5: A+ Pop(S) > A SRR — AT R
6 if |A| = 8 then
7 ADD(L, A)
8 else
9: for i +— 1 to 8 do
10: if VALID(4, A) then
11: PusH(S, A + [4])

12: return L
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13: function VALID(z, A)
14 oy« 1+ A

15: for i < 1 to |A] do

16: if v = A[i] 8 |y — i| = |x — A[i]| then
17: return False

18: return True

BREDEIEE 8 ki, HHEZIKMARYERIS, EIHKRE 15720 FI1EDL, /)
T 8! = 40320 AT EE, BT IETTTRAREDKT- T EHONAR, B —MEs, wid e
B R nT DS B RN AR, BRATRT DAY 2] n RIS, B n > 4, (HEEE n
R AN RSO0, (A1 R EEA S e HEF IR P (B 2SI T O(n!)).

%3] 14.5

14.5.1. Bui/)\REHEE, 15 En] DARR n BI50A#E,

14.5.2. \EJFREETE 92 DA, A TAEA— Mg, KrEHERE £90° hEZ /&2
JE IR, I AR UE MR, BEARNBRA 121, BX/\RENET,
FHIX 12 DRI,

PEHLEDS

N 1418, fE—HE 7 Bk B 6 HE i, —Huask R — HEEEE L, &
EERT DABKEN &R 77 A3k b, sEd — R Bk R A Sk b, H IR RERTIEER
{21k, NREJGIR, WA 14.19, XEEF a0, BRER, (15 A4 3 RALE B #? fRid /e
E -1, A0 1, A B ALY 0, FATZEREIM s = [-1,-1,-1,0,1,1,1]
HE e = [1,1,1,0, -1, —1, —1] FUfE,

| 1 | \\ | [ {
Sk Gk Gk e, e i

Bl 14.18: BRERAYH I

XZBBR — AR ARIE R A —ERRHI0 6 BT, AT DUZ 8 sl B RHI{H
o B 14.20 ZIXRMEEMER S, WERGHALMEN 1, 2, .., 7, BIRA 4
MEZZATRE, BIANJTaaRT, 55 3 Bifask ERYHEERT DA EI 3k B XiFRth, 55 5 Bk
Fsk BB MR IZERE—F, 8 2 B3k B R E I A] DU ol — H A iRk =
3k b, RFRHE, 25 6 Bk ERYEEE, AT DAAAERE —H, BRIER T 7 a3k

SRR http://www.robspuzzlepage.com/jumping.htm
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BB AL (4%

(a) BEEIAHABAY (b) M4 EIE — (c) TAEERGE—H
3k b

il

& 14.19: BahHN]

FHIEAPIRA, 24 MR, WRERTET, EAZIRE TR, BT AN EEE
/\HEFLJE G R BERI L, FrE B aEs R AR e, FERERHE, XERFEER

Hil. BANCEENHA A TRERMEER, K& L2 s WEMHES, L[] MEZ
0, +1 FRE i MkEZEN B —HAE AT, 2263KMMEN p, 4 M
ITEN:

Bl 14.20: =Rk

—_

. MEBER:p < 6, H L[p + 2] > 0,5¥8 Lp] + Lip +2];
2. [A/EMEN:p <7, H Lip+1) >0, 24 L[p] <> L[p + 1];
3. [GBkER:p > 2, H Llp — 2] < 0, 4t L[p — 2] « L[p|;
CERBEp > 1, H Lip—1] < 0,54t Lp — 1] < Liplo

o

TE X 4 NEREL Lleap;. hopys leap, hop,, ZACIRES L — L' #EAGERESN, NI [A][H]
FER) L AN, (AR S Il Efud 221K, TR, b A —1N31%, 5115k
HAEHERE, FIER M ICRIrE RS, FATAREEART, QRIS L = e N
HENT — 1Ml BATERHZEICEE M, SNERANTE L B2 4 #8230, iR
AT AR AR RS R,

solve [[-1,—1,—1,0,1,1,1]] [] (14.32)
Hor:

solve [|s = s

L=ce: solve cs(reverse c:s), L = head ¢ =~ (14.33)
solve (c:cs) s =
BN solve ((map (: ¢) (moves L)) 4 cs) s
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moves TEIRAS L 2 E2£IR 4 Al RERZ D) :
moves L = filter(# L) [leap; L,hop, L,leap, L,hop, L] (14.34)

S IVAINpES ARSI

1: function SOLVE(s, e)

S [s]

3: M <« []

4: while S # [ | do

5: s < Pop(S)

6: if s[1] = e then

7: ADD(M, REVERSE(S))

8: else

9: for each m in MovEs(s[1]) do
10: PUSH(S, m:s)

11: return M

X JTIER N EARIFRIR (5 15 26), RRIIH T —1:

_ = =
w NN

(-1 |-1/-1]0|1]1]1
1 ||-1]-1 10111
2 | -1]-1 (011
3 ||-1]-1 1(1]0]1
4 | -1-1 01 |-1]1
5 |[-1]0 1111
6 -1 101|101
7 -1 10111
8 0]-1]1
9 -1 101110

1
1
1
1
0

—
N
I
[am—y
e = R T e R S B R O e e
1
—

—
(@]

i e e e i e = e T e T =)
1
—_

—_
ot
o
1
—_
1
—_
1
—_

A 3 REENTE 15 DA B, § R EIRE R IS 2B S R H
H—PRA:
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SBR[ 1]2] 3 | 4|5 | .
s 3|8 |15 )24 35|

AENGI B2V IR (n + 1)? — 1, AR PAEIX —4518:

UERH.  PER R AR AR IR, B AR 1A 59 — RS 3)) 1 n4-1 Bk, 2n A IEEIL
BN T 2n(n+1) Bk, ZEMAYEE R B ERLRMG AR ISR — K, — BAHE,
WIREABRER, BT n? OIS, RIILS BT G B IERTE T 2n® 80453k,
TR BRER, T 2BERIMELBAA 3K b, S3HA 2n(n+ 1) — 202 = 2n Ko F n? IR
BRER, 71 2n RBREIAHRRA K BN, R EIREMRHIPEN n® +2n = (n+1)* -1, O

Mg B 3 NN, ENMNRIREE B LMREE, ENTEMNEMIREIT G, ER
BMAETFE, I\ 25 - BETHE, BRERE SR -1, -1, -1, 0, 1, 1, 1] JF4f.
R AR R — MR, RIS T RERIEIN, EXREN, 826 LTS
AN T5 AR I\ Ia SR, SRR ) \FESE; BRER S BT, 00H 4 F
AFEIBEER T ke, BARBRIEREANIEREIRSIE 21K, B IALIE EHIAITE
RERSZMN 20 ERBERRLISRZHD; )\ 2ERIBERRRER/\ 1 2EHE
FEMLEL B BRER H I BN iR 2R R e A AL B B

FRATIEE FFAH [ P SR SR g DRI 5 ] - AN 22 U T RE AR I, DSk B R BIATAR
A, GISRTCIRAR Sl 22 I BT, I IXAERY T 1%, BT EE RE M, 8 55
RFTA ATREMI A BLIRETCAR, 2R, XA (£ — 2L, SR8 — M5, Fedi1A]
PAS N RBRE RS T A Al RERI IR, AN SRDAEARIRAENAR, i — AR, 31
RREBARRERE, BRIEE - DATRARS R, HNERRS:, JITeAHER
—IRE R BRI, EEIRBUSEIHEIRE E—=, WA 14.21 PERERRT, #
S (bR (U8 1 [ = A M o 1= P O i el e N S 2 Va0

14.21: FREMIELRIIIF

X R RIS PO IR AL R, IR BANEAZ R R 2, L
FEFRSL, (514N Prolog, TR/ BIARIRAERRT, BIg0— Dk E T DA —H
MR :
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c(a, b). c(a, e).
c(b, c). c(b, f).
c(e, d), c(e, f).
c(f, c).
c(g, d). c(g, h).
c(h, f).

HAPWS o(X,Y) FonfiE X MY EE, Bs2a0mEr. aREEY X
X, BATa] DG — SRR S, sE—E L — ST RIS . B 14.22 25
TMERE, EARE X MY, Prolog A LUEL FHIKEFHAIE EMNZFZGH

ik
o IRO
ctc;c
N
S
14.22: —PNEME

go(X, Y) := c(X, Z), go(Z, Y)

X — M E X fE OB, (EEMDNARME XY, # X 1 Z HiE,
H Z MY ZBA@Eg, N X MY ZBFE R, TR, Z FIEETREAE—, Prolog
AN, RERE R, RAEYBAEREGN A S EERE, B E |
=& E, XA R IRE RIS R RG24 HFREENR, mHFA0P 5
I, RS RBRERN T, Hlan, EXREPHRENE - M A —E 2 RE
N

3] 14.6

14.6.1. 2SRk 7 S fm] AU bR AR U TR, (15 1 ] DARBRREEIN . S 7 E A1 O

IR, FL HSRR )

R ERAE, fRE—FUR, — R —EARE, A5/, A
RRZKe /IR RERE PACKRIN T Sh—FEZR P, RKRBFOUARETEIR, ¢, B3RP Lk
—FERMth— RIS ], (ERANRARKRAE, IRRNZ R, ME RN AR, A R
TIPS ER I 2
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HTIRA R A3, RPN 2R 2 E N IR El, 8N RIIERIR
B SR AT — RIS 0], bR e —FEia |l OB B AR, O T 4k
TRAGTEEI T IR, BAT PRI T R, EER S sE b, AFIRIEAR 1A, SR
—REM— 5, ERE WL BAEE R —RERIFTA RTRE, MIXIEFTA RTEE. =X
JERIFTARIRE. ... . ERIRRIG, TR RZRIGERENE TX R R, I HIX— R A
AR AT REFRIE Y, R AR PREIARTE.

AT FH A R TR RTRERIMETR? BB — DM, 253 B IRIE FE T2
R — R, HFEAE-RK, HARIVBREDZ A ORY, BB, HEIEBR
WK EIRE T, SRESFRF DIRARER, A T R, AT DA IZAE — R S T
AN 2 Ja A RERHEEE IR, 25Nl B BN 45000k £ A (1L Al T A A 45
ER, WER AP A R BIFRER, whub FIPAREFARF R UUHER, IX—BASIA] DALRIETR A 22 F

ball box

14.23: 5 i DAHBEDR, MR R BERLE 2B E.

FIZR IR B R RIS I R, FHER S A B RERMIMR. THAN, &5 A =
{w,g,c,p} WER, ¥ B KRR, BE B = 0, BRERKMAI—DILREES
FIRal, WNREEHAREFELRR, MARES EHELIMRIARTE, Hine RO rIRE
ZH A, B INE, EH—MA Q BERIIRE A = {w,g,¢,p} B = @ HEBA
FIAZ, BATRE LT R, ¥ RATH rTRERE RS, RJE R I a IR IR A B,
GERBAFIELERSF T A = @0 B = {w, g, ¢, p}, BA RSN TR 18] 14.24 F53E 7RI
Fo [Al—RE _ERIFA RTREARBAS 2 T, TR TR,

DU 4 6L ZEHECR R RE S, BN RR—MFEY), R w =1.F g =2 HX
c=4KKp =28 0FRTE, 15 RRUEIAEEYIES. H 3 RRHAEIRNE,
IR RNZHE, [FIFE, (H 6 Fon7 — RGO, BHRBATR AL (8) F 53 sh—Ai
(4 2. DN DB 25— M b /TR a) 5N
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B 14.24: WEB—MIREITR, MBS PRIFTAIED 2, 3, 4; AERES 3 )2 LRI
AIEI......

AB_ B<8: [(A-=8—i,B+8+i)|i+[0,1,2,4],i = 08LAA; # 0]
B [(A4+8+1i,B—8—i)|i < [0,1,2,4],i = 05K BAi # 0]
(14.35)
Hrp A FRfei 5128, BRI Q = {[(15,0)]} JHEIER: solve Q.

solve @ = @
A=0: reverse c, HH(A,B) = c,(¢,Q") = pop Q
BN solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q')
(14.36)
HA R valid c EFTHIBENEER (A, B) BIFENR, NEE 3.6, FF HMARE
A, AMFET ¢ H:

solve Q =

A, B # 3886,(A,B) ¢ c (14.37)

NHEUEA R AE RS
1: function SOLVE

2 S ]

3 Q< {[(15,0)]}

4: while @ # @ do

5: C + DEQ(Q)

6 if C[1] = (0,15) then

7 ADD(S, REVERSE(C))

8 else

9 for each m in Moves(C) do
10: if VALID(m, C') then

11: ENQ(Q,m:C)

12: return S
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NHEBH TR R,
pas e
IREERARR
IRHZ FAKR
LENEPAVISS *
H3 IRVEACR
FLHR AR R
¥ IRAZR AR
FORR IRVAX
IRVEERRR
i | A
IRVEEZRRKR
IRVH¥ FARK
IREZR AR *
IR FLHER KRR
IRVEACR H3
e IRAR KRR
FARK RH¥*
IRVEERRK
{8k p

AWK, = 9 FHo— > 4 Fto WHATAREMTFTHEH 6 FH/K? 3XANE H AT DUE
WENE W, A — N EEEE R IIARTE R E R LR O T IX AN A, 7RIS
FEZCHE AR SYFP L B T 3X N R, B S IR AR CA el g ity R B R 4 1
TR, BERE I TFHEEAE 6 Tk, BIEEE B0, M 9 TR T EH 3
FKe N TIEFIX— R, /NATFHFRERE 1 FK, WE 14.25 FirR,

R o FHIR T, RIGIESNIREIN 4 FHIRE T, FH05 4 TR 12, #a]
DGR 1 FHoKe ANEl 14.26 Flir. BIEERZ —REERS, A2 ERNERE, BEE
Zanfr A 899 FHAT 1147 AR 155 2 FHK,

KNI B, A, BIRE 6 MHE: (1) A 250K (2) B ZEWK; (3) =3 A;(4)
#7 B; (5) ¥ A HHIKEIN B; (6) ¥ B BIAN A, TRE—RYIEIKNE, BRIEEH
a < b<2a
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4 ,::> 4

1

(=}

14.25: HIGMP

4 ::> 4
1 1

14.26: REAIEH, 285 EIA/MIRPIX

A B BRI

0 0 PAR!E!

a 0 15 A

0 a ¥ ABANB
a a i A
2a-b | b ¥ ABIAB
2a-b |0 #E B

0 2a-b | ¥ ABIAN B
a 2a-b | Bk A
3a-2b | b ¥ ABIAB

TERAa e, B IR KERE R ARTRN va + yb BB, A o, b BH
B, v y 2R, RIEROLHIEIS, TATRT DAHIW 2 S EESE] g FHK: M4 HAY g RE
iR a. b BB K NLIECEERRISS . Bl ged(a, b)|go WER ged(a, b) = 1(a b BHZE), AJLAE
FMEE BRI g FHK. BARDHIEREE MG, HERMDFARELARNEKSE, #
HEFETTE g = va+ yb FHY 2.y, ATARE—HERE, B2 > 0,y < 0, BAMEHHR
Az RBEI= By R BIUVNASR a = 3. KA b = 5, ZHHS g = 4 F+
Ko KN4 =3 x3—5, 8] AR NI EE:
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A | B | #fE

0|0 | /s

310 | fBR% A
0|3 |HABAB
313 | Bk A
15 | KABAB
1|0 | % B#E=
0|1 | HABAB
301 | A
0|4 | HABAB

S AR 3 R BIZE B 1 IR FATTRT ARG i R LSRR R B
i o 1y

(d,z,y) = gedesi(a, b) (14.38)

Hrp d = ged(a,b), ar + by = do B a < b, T q FIRE r, HERR b= aqg+ 1o
LR d BEBR al b, A d HEEBR ro T 7 < a, BT DAUER TR o #1 r BIERKAZAIEL
IR N R AT RS

(da I/a y/) = QCdewt (T’, a) (1439)

Hid=a2'r+yac Br=0—aqgflA:

d = 2/(b—aq)+ya (14.40)
= (Y —2'q)a+2'b
5 d = ax + by XL, A FHEIEIERR:
x =y — (L’/é
-V a (14.41)
y =4

BBIANA RS RAELE a = 0 I ged(0,0) = b = 0a + 1b IXFEYJEEK) LEASH
IETE SN
gcdey:(0,0) = (b,0,1)
b (14.42)
ngext(aa b) = (d, y’ - 17/5, I/)

Hrb d o/ y B8 3K (14.39)0 WIER g = md, W ma F1 my B2 EIK RGN —
AN R 2 < 0, BN gedeye (4,9) = (1, -2,1)0 HT d = za + yb, BATREE = 0
b, FIHE y I8 o, HE 2 KT 0, IXAS R AR—E RN, BIZA 3 7.5 FEH
F, ARE 4 FHK, B RER LS BHIES Y 23 45
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[(0,0),(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),
(0,4)1 (3’4) ) (2,5)1 (2’0) ) (0,2)’ (3’2) ) (0,5)’ (3’5) )
(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),(0,4)]

ﬁﬁﬂ_"ﬁﬁﬁg/\ﬁ ’

[(9,0),(0,5),(3,2),(9,2),(2,0),(2,5),(3,4)]

EHETTE g = za+by BLF LR, ||+ |y| BN, TR P8RS, FATAT R
FIZEAL I (R RS, 1E 6 RiRAE (B AL 1 BOR A BIA B......) "FF1T”
IR EH— DTSR ZHFTE I Z. BBIFRRTTERZ —RIMEX (p, q),
ps g ZPAEPIRARIKEIARR, 18538 T MIT a2 e B EIKERIE, THAIASITNE A :
{[(0,0)]}o

solve a b g = bfs{[(0,0)]} (14.43)

HEAFIAZS, BATHELFRE G — 18 E 51, AR ARG IRESE S g THK,
BATRRRE T — Mo BAVR YA et ST R RJERIRA, 2 6 fra]
RE, AHEENHF AR,

bfso = ]
g _ PEa=g: roverse s ol q) = head 5, (. Q) =pop @ (1444
A0 bfs (pushAll (map (: s) (try s)) Q')
try s = filter (¢ s) [f (p,q)|f < {fla, flg,pra,prg,ema,emp}] (14.45)
Hrp:

fla (p.q) = (a,q)
fls (p,q) = (p,b)

emy (p,q) = (0,q) (14.46)
emp ( b, q ) = (p> )
pra (p,q) = (max(0,p + ¢ — b), min(x + y, b))

prs (p,q) = (min(z 4+ y,a), max(0,z +y — a))

RX—=ITERIR BRI, BTN TR PR R, AT LA
FA— N2/ RILsR, WE 14.27, #IEEIREHR (0, 0)e HA fill A #1 fill B A[{T,
B RORAEIDSE (3, 0) MU 253K fill B, I0&#&5 R (3, 5). 1 (3, 0) BYEEAt £ 251K
empty A K[EIFHIIHIRE (0, 0). BATBOEIX—1Em, EFRERSZEER, A
A DAZEE 14.27 REGEAT S I— D5 R, FIAH B RIAEIWERS

1: function SOLVE(a, b, g)
2 Q<+ {(0,0,NIL)}
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(0, 0)
(3,0)
(0, 5)
(3, 5)
0, 3)
(3,2)
14.27: 2JRidx

3V« {(0,0,NIL)} > 2RICRES

4: while @) # @ do

5: s < Por(Q)

6: if p(s) = g B ¢(s) = g then

7: return BACK-TRACK(s)

8: else

9: for each ¢ in EXPAND(s,a,b) do

10: ifc#s H c¢V then

11: PUsH(Q, ¢)

12: AbpD(V,¢)

13: return NIL

14: function EXPAND(s, a,b)

15 p<p(s),q < q(s)

16: return [(a,q, s), (p, b, s), (0, ¢, s), (p,0,s), (max(0, p+q—>b), min(p+gq, b), s), (min(p+
q, a)v maX(O,p +q-— Cl), S)]

17: function BACK-TRACK(s)

18: r< ]

19: while s # NIL do
20: (p,q,s') =s

21: r < (p,q):r

22: s« s

23: return r

23] 14.7

14.7.1. SOy R VRS RIE, SHREEHEMER (2| + |y| &/, DAERREKIRE,
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HEE

EA YT LAEZIE R PRI, W 14.28, ESME Klotski, AN HRSHE
A, FEREH 10 MEHR, EHEAREETEE ER, BRI N — B
IETTTE, RHT—HN 2 x 2 Bafy, fEBLERITRIRE, B — PN 2 P EA KA B
Mo AR —BARE R, HARCh X T TR Bt e, Jipky B g 28
R, RS B R N7 E, & 14.29 2 H AR FFH a7, &KRHY
— AR L, TR PR MR K T

(a) EELATSRD

14.28: HERTETFIR

B 14.29: HAR“FETFHRILIL R

FATH 5 x 4 FEFERIRERMEL, 1TFIM 0 FFh, 1 2] 10 MR T, 0 RES
B, HFE M A THEFENYIEIRS, ER sFRoRER T 58, fRAT
LR, L) 2T BENVESES, Bl L4) = {(2,1),(2,2)} FrEE 4 M
TEETME (2,1).(2,2). FMATDIEAE LAY 20 MBS S 0 2 19, 47545
WARE e =4y + vo XFEFUMELT 8 L[4] = {9,10}
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1 10 10
1 10 10
M=13 4 4
3 7 8
6 0 O

2
2
)
)
9

HHHE ER

15 {0,4},2 — {3,7},3 — {8,12},
4+ {9,10},5 — {11, 15},

6 — {16},7 — {13},8 — {14},
9 {19},10 — {1,2,5,6}

BATTAT DASE SRS (M) — L FIREM o= (L) — M FERLELANAT ) R B4t -

function p(M)
L+ {}

for y <~ 0~4do

k= Mly)[z]
L[k] <+~ ADD(LI[k], 4y + x)

7 return L

oo

: function ¢~1(L)

©

11: for each cin S do

12: x < cmod 4,y < [c/4]
13: Mly][x] < k

14: return M

FkeEEH 10 MET, BF

1:
2
3
4: for z <+ 0~ 3 do
5
6

M <+ [[0] x 4] x 5
10: for each (k+— S) in L do

ok
RE &7

1B L NEA ANTTIAEE) 148, TEAERFALE

k, BEhFRRN (Ay, Az) = (0,+1),(+1,0), EMHFE, IR HIRR NS
d =41, +4, BIGORLT L[i] = {c1, co} IERBINER {c; — 1,c0 — 1}o IXBEHERHA
KRB :d = 1,cmod 4 = 3 Ml d = —1,c mod 4 = 0, [ 1A M —Mli2 F Bk F| 55—
M, FEMDEAVUERZE S MBEITRE, BIANE—2 1A 4 fimlEE: 56 6 Tt ;
55 7SS S B R AR 9 B e, Bl 14.30 #EIRFI AR ERE B AT T,

1

1

1
1

=

0

1

v

0

1

! 1

X
V12 2

!
- B

] 14.30: Z=M0: PIAR 1 BIRST-ER AR 30 A0 R TThR 1 HOAS RIS 2 BIRS I,

NTHER SR, FAEEMTF & BIEINBFE T, 5HRA8 0 3% £ WA

%3
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valid L[k] d :
Ve e Lkl = y=|c/4] + |d/4]|,x = (c mod 4) + (d mod 4), (14.47)
(0,0) < (y,2) < (4,3), M[y][z] € {k,0}

2 — RIS AN A REMEIRE M Rl (OB SALELEFEARRLZ SR, BAR N
My # My, (HEANTAR LR MR R,

1 10 10 2 2 10 10 1
1 10 10 2 2 10 10 1
My=|3 4 4 5 My=|3 4 4 5
3 7 8 5 3 7 6 5
6 0 0 9 8 0 0 9

BRMTFERAARRRRES, ZRAKHT, EXH—MARAES: ||L| =
{p|(k — p) € L}, WEL2TH L FFATEEMNES, ERMNEERH A REET
({1, 2,5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}} 7%
G Rt R — R EE, RS, BN My F1 My MR,

(10 10 1 2 3110 10 |
10 10 1 2 31 10 10
Mi=|3 5 4 4| My=|4 4 2 5
3 5 89 76 2 5
6 7 0 0 00 9 8

AN — A R B RRTFR, BT S — (LA R A s e
mirror(|Lll) = {{/(0)|c € s}|s € | LI|} (14.48)

HA f(e) =4y +a',y = |c/4],2" = 3—(c mod 4)o BAMEH—MAFIFITHEZR,
AN TR LS NER . — RIS SHIX SR FBREIMN /. BRI (k, d),
TR ERAIME T &, 7710008 d((E2R £1,4+4) . BAFIIGAEN Q = {(s,[])}, EH
s Rt R. HZE Q # o, BATMKE L — MR, &R KT (95 10)
SERPNEEAMIE ¢ = {13,14,17,18}, Bl L[10] = t, GNENEMEEH; 0], 1221
R EABRISEIRM T, EE AT AES MRS R (k,d) A EERT
e, A% E H IdRIH—eAfnfm U EE .,

solve @ H = []
L[10] =t: reverse ms, HHI((L,ms),Q") =pop Q@  (14.49)

solve Q H =
G solve (pushAll cs Q') H'

Hr cs = [(move L e,e:ms)|e < expand L] Z#ir= AN %,

expand L = {(k,d)| k<« [1,2,...,10],d + [£1, £4],

(14.50)
valid k d,unique k d}
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move LT L{k] %3] d BN : move L (k,d) = map (+d) Llk]o unique FIWH#
H—tAmR || L || ¢ H, 5% mirror(||L'||)) ¢ H AEFEICRA, MREAES, 5
BANEFTCR B TR R, NHEN MANERISEM, M5 R RD
SRR 116 & (P80 148), BJa 3 BT

1: function SOLVE(s, e)

2 H<{[s]}

3 Q< {(s02)}

4: while Q) # @ do

5: (L,p) < Por(Q)

6 if L[10] = e then

7 return (L,p)

8 else

9: for each L' in EXPAND(L, H) do
10: PusH(Q, (L', L))
11: App(H, || L)
12: return &

[|5|, |3|’ |2|, lll:l

[|5|’ |3|’ |2|’ |l|:|

[l?l’ |9|, l4|’ |4|]

[lA', 'Al’ |6|, |O|]

[lAl, |A|’ IOI, |8|:|

[|5l’ |3|, '2', |1|]

['5', |3|’ |2|, |l|]

[l?l, |9|’ |4|, |4|:|

[lAl’ lAl’ IOI’ |6|:|

[lAl’ 'Al, lol’ |8|]

[|5|, |3|’ |2|, lll:l

[|5|’ |3|’ |2|’ |l|:|

[l?l’ |9|, l4|’ |4|]

['0', 'Al’ 'Al, |6|]

[lel, |A|’ IAI, |8|:|

TR, K R, A E R AR A S RIREEA . AR IMEL, BATIHK
AilLhh, ZIEIRES FELRFEA, AR AR IR, 3 AAERI—&F, MEN
7 RIEIRES R 2R E] TR FUKREREA ISR D2 T, & IEIRES
BRI T BAETEE A ERK, BRI R AR RIS, 22
IEIRESR S IR, R R T2 TiEE A E, 80 EEA Y
AR, AT A — IR BN 54— DIRES, BAT AT 2T I, fER—P N
AREITUR Z A5 21, BAIAZE—PIRAER, RIE T /P BRE L R
ATHEL,  FH T K75 08, IX AT BRI et R, B 14.31 S8 7L IR
FEARIEARRATRT L,
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(a) WEMAER (b) I EALIHER
14.31: R AL R

AT BATCEEIER “FAT R, TR EASRICRZ 1, MBS
FRAN TR 20 PR D ORI I, MBAS EE SR ANWTIN AP B 22 B i1 I, ) FEAIL G
BREM 7 MR ARTIESIR D PR, e EERER L ERME. FEmn
14.32 BIATAE, FEEEREAR, BAVCIER IR R RN Z R
AU, TER IR o BT ¢ Z MR B EH IR R DET R a — b —
XRBARAV RN 22; TTRET EEWMHHIEL 0 — e — [ — ¢, ENEKERE

A
e

K 14.32: TR ERNAAE

3] 14.8

14.8.1. FEEL® 2 7 —RNE SRR, & 14.33 HHZ MR, 8 MNEEH
7 NESLBRANTHT, BMEF ERERS 1 2] 7, WISRFIHFAH LR [E [
B, M FAT DLEshid 25, B R RAEL, NFRREMTREEN, BiR
TR MU 1.2, 3.4, 5.6, 7 I HEBNREE N 7.6.5.4.3.2. 1o Ji’E — e
J FR R BT B0 )

LR - L (1937-2020) , EEFCER
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14.33: FEEIE5hERE

14.6.2 HOLRE

MNANREE T " AR I B, 23 R, A, RE R (E A IR B IR IS R IR AL
HARG . AIRZ MBI AFAEZ TN AR, OO — LA A 817 1 A B 5 TR R
EElh gy 8

I K B i

MK &gl E — M BN EEHE B mIL i 75 %, FHIRY ASCIT W6 7 A=
BERIBON B e, FF 598, ATLARIA 27 = 128 DR, HA 0.1, BNEDFE
logy n ML n DAFET, NHZRNE I TRIEER, K78 A 2] Z B 0 2
25, N 5 AL, FHE FEE] 5 AL 00000 MAE 0 XFEAIGRESTT HRNE K Gt

TIF | bS || TAT | G

A 00000 || N 01101
B 00001 || O 01110
C 00010 || P 01111
D 00011 || Q 10000
E 00100 || R 10001
F 00101 || S 10010
G 00110 || T 10011
H 00111 | U 10100
I 01000 || V 10101
J 01001 || W 10110
K 01010 || X 10111
L 01011 || Y 11000
M 01100 || Z 11001

YAR“INTERNATIONAL” /] PAGwASA 65 A —H#EHI%L:

00010101101100100100100011011000000110010001001110101100000011010
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F—M XK, H—NA Z#d % 0 3R A, A %L 10 /8% C,
F 5 67 31 11001 K3 Zo EIRFT LR E AR R RIS . (HLEMRRDIN 2238 A o
Bilan — %L 1101, BATAHTEE 2 1, FHEE 101 (ROR“BF”), 12 110, /G MR
& 1EFERGBY), 82 1101 GRR N), B/RHTHEIE R KRmL, &E AT E 9
R FHF 2 gmfB N - -7 (HRRPRK IR 2 B mig, FfAAS LB Y, NHE
— MNRRIYTC I SR -

T | ik | TAT | e
A |110 |E 1110
I 101 || L 1111
N |01 | O |o000
R |001 | T 100

NA“INTERNATIONAL”4wAG A 38 7 —HEHI%L:

10101100111000101110100101000011101111

% ERIBHEAZIEEIH BT, X2 R S 2 e g R RIS,
IXFERIRBSAR RIS 100 RIS TR Z o IRAT, Hbd KRl — DR, X EARSI
KT — DA EESOR, RES IRES R AR IS K ERIE? 1951 4, A T2 6T
EIMBEE; - SOETE IR LA R TIX AR ASIAREIR T, mkel
I TIRA, ML 7, THaHESES I AN, M REEIMERE] T ik, R
SEMESOR PRI R MG R "W W R TR iR, B bSO R
NPT HBRIREL, & PRI E R B BRI B R, 16K & ] = X
ARTERED AR T T e WRTT RIB I A, 72 AN 7300 0, M4
ATHERSARAN 1, 0 14.340 BN, MR 0 2] N BRI, MZER)E A EE No
(Kl N Zwtdoh 01; F4F A RIEIRR A A, 72, gl 110

14.34: MR EmH

OB prefix-code, M ANE TCHITZRES.
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XAERIE AT DARRAD . FH —aHEmI %, 0 mi/e, 1 At . ENEM-FI, 9 s LR
RS NE . ARG ERTIR BT SRS, BREH BRA L7 B ER, I
G, A FRFERAN— 70 s, B0 N M E e/ N A TR — D
Ko 3 INE NN FHRAIEER, AWTESAE S/ NIRRN G, R EI—#R
B, WA 14.35,

ONNORNO ’){e Q@
E, 1 L1 o1 R,1 T2 I 2 E, 1 L1 o1 R, 1

(1) (2) (3 (4) (5)

(6)
& 14.35: F3EkG K S

BATE ] = XY E SCEEE R S, 0 s HRin TAEE, RE M1 R E T
o IEEN RN (w,1,7), B w 2NE, [, r BEGFWN, HFHEFRTRHA (w,c)
Hrp e B, AIF TR, AERM merge a b = (weight a+weight b, a,b), HH:

weight (w,a) w (14.51)
weight (w,l,r) = w
N RTA AN H R B N TR S
build [t] = t 1452
build ts = build (merge t; ty) ts', HH1 (), ta, ts") = extract ts .

PR extract \FRZIFR A% AL EE S/ NI RRARE, 5 weight t; < weight ts,
TEX ) < tao

extract(ty:te:ts) = foldr ming (minty te, maxty to,[]) ts (14.53)
Hr:

. t < tQ : (Hlln t tl,max t tl,tQ:tS)
ming t (t1,t2,t8) = (14.54)
B (g, g, t:ts)
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N T IERAEG R 2, BA A A 170 n BT AT A, 412R Al
HPRLE/INF Al — 1) 5 Afn], 9258 Afi] B MAX (Al — 1], Afn]). EHEEAIE Aln)
2 Aln — 1]o RHEAHG/N—, EEHIRGEIRANRKER:

function HUFFMAN(A)
while |[A] > 1 do
n < |A

T + Max(A[n], A[n — 1))
if A[i] < T then
EXCHANGE Afi] <+ T
Aln — 1] <~ MERGE(A[n], Aln — 1))
9: Dror(A[n])

1:
2
3
4: for i + n — 2 down to 1 do
5
6
7

o

10: return A[l]

BATATLAMIG R 84 T #iERD R, 2 p = []o MR RIETIH, N p « 0:p,
GEEN p «+ 1ipo BNEMTTRFRF ¢ I, 105K ¢ — reverse p FIfER, & (FTEAK)
code = traverse | |, HH:

traverse p (w,c) = [c+> reverse p] (14.55)
traverse p (w,l,r) = traverse (0:p) | 4 traverse (1:p) [ ‘
GRRDI R — IR SR w — A A RS dict 77 T
encode dict w = concatMap (c — dict|c]) w, EHdict = code T (14.56)

FRRDIEFEAH iz, — I I3 bs —IAERIG R EM, MR RTFFLE, 0 1A
Ao 1A, BT SN R o, ARG IR ARSI, decode T bs =
lookup T bs, HH:

lookup (w,) [] = [d
lookup (w,c) bs = c:lookup T bs (14.57)
lookup (w,l,r) (b:bs) = lookup (if b =0 then [ else r) bs

M5 IR S AT IS AR R T —RPRe R RS - FHR G I 4 TR, SURIEHURE
/NP G FF. X —RIImERRIUIERE, 74 T 2R RS, 7RI
—AT AR R R, 16K EHmDE MISh, BAIFRIX R R EER R UG TR
THENTOLRNE, SULRTERT DARR, MR M, EHWrsuDRISRES A2 R
BRIIEHAE S o 1BHARTEXMEIMIAR — MEERRIRT SR,

23 14.9

14.9.1. LML A Huffman fERA KB,
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BT

AR FABLENY), qoqe B B/ D RORE B2 S R ? RIEA 5 MITRIERAYEE M : 1 53 5 73
2.5 f.5 FIL1 U0, 1 FIE 10 99, 1 o6& 10 M1, 188 C = {1,5,25,50,100}, TREEKE
z 77 [ERDULIRES, SRSk iR R ERE M -

change 0 =[] (14.58)

change x = ¢, : change (x — ¢,,), HH : ¢,, = max {c € C,c < 7}

4N 5ide 1.42 JT, BREL change AEREEMAIZE : [100, 25, 5, 5, 5, 1, 1], FATAT LA
WEFEN (100, 1), (25, 1), (5, 3), (1, 2)], Fnm—H 1 I, —H 2.5 1. =K 5 53
M1 o, NTHIF O XL, PORIE AT R IR, SO0EEN KZEER
(IR RFEE R, HEEFISN: 1 C = {1,3,4), 5tz =6 D5, RINE 2K 3
ohEm, HIVOEBATZ6 =4 + 1 + 1,3 3 KhiEim,

REN BN, PUL RIS E S R, BORZERAR, MM A2, flans
SAFATYIRE, ANSRSOAR T KR TUE B W, T2kl 17, S HRIAIEE s, 2%
DRTER] DAZe R S AR AT 75 38 - AE— 1T R AT REZ TN B AL,

. L+ W
2: for w € T do
3: if jw| 4+ s > L then

4: Insert line break
5: L+ W —|w|

6: else

7

L+ L—|w—s

.3 14.10

14.10.1. 5 FERAGIE NG I S : AU M SE TR H PR 510, & 7 S il e

14.10.2. WRFFFEHLINEHF YR A, FFE—DERMER R IS NG K SR 7715
FBAFI Q TRIEG AR, A Q F1 A SKEREUHIE/NIIR, & HE A, 4
HSEH R ATAE WG, BAFIHRE T N — 4, BIRAIIIGR 2/, 1ESSIX
—Fitke

14.10.3. ZEMKER T, AN S MSZEE K 2 76,

14.6.3 AKX

FBRAEEMHMERS NI TRARMLHE (EHEDRIREM), RiZEHRE5H
TR o MERIUE: MR C,o K C,, FRIRET 72BN : O\ Coo DHIFENT 1.
T20 El] Cm = C1 ++ 02\x =1+ T2 IJ_I\IJ Cl %;ﬁ*ﬁ% T H/:Jlﬁ?i"ﬁﬁﬁg, ﬁ Cz %%?ﬁ% To E/‘JE%
et
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UERH. FBETR. X oy, BORTFAE S — DN BAFRY S )57k Cf, bb Oy BIREMEE Do 5
WITi% O H Co BEMZE DT Cro XM C,, RS 2 WIRMAEF G, FIFE, A
AIBAIERH O, 72 54t oy BIBALAR O

FEMR AL, R y < o, BRI DT R 251 e y
o — y FIRIUR, RIXM D RICESHA TR o R, 1FhRB): =
FREET C = {1,2,4} Wt o = 6, RNMFEMEET:2 + 4, HH 6 =3+3 2N
S8 3 PN TIR, 15/ T RIS 3 — 1+ 2, (BEAHE (1+2) + (1+2)
TR 4 MET . QUSRI R RT o il 45 T B Al R, Bl 1R e B “ it
FEE”, SR AR TR B 7 i R LA -S54 -

change 0 = | ] (14.59)
change * = min [c: change (x — ¢)|c € C,c < z]

Hr min B KERENHIR, BX—E XAREZE T HNER, BT
M REAPEAKBEETHE, & C = {1,2,25,50,100}, 5t change(142) I, &
ZUHAE change(141). change(137). change(117). change(92). change(42), TEITH
change(141) I, ¥ 141 735082 1. 20 25, 50, 100, XFEFLSFHRITR 137, 117, 92,
42, MRZMP 5" {58k, 25 1R EBURRESNN 5%, BATHRR T id5xE&
Loise BRI, T Va2 H. Sl y W&l Tly) RECT B AL, 4R
Tly) = @, MEEAHHE 7R, FREEH RSN Tyl

T+ [[],9,9,..] > T[0] =[]
2: function CHANGE(x)
3 ifz>0 H T[z] = 2 then

4: for each ¢cin C H ¢ < z do

5: Cy, < ¢ : CHANGE(z — ¢)

6: if T[z] = o 8 |C,,| < |T[z]| then
7: Tlx] + C,,

8: return 7[z]

BANERT PAB A L7 D F R R &g, M T0] = [ ] FFHA, MKk
AT = (1), T[2] = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], 25K 14.1(a) Firre
S T[5] AMERE:5 N 1 8 15 M. BAEEEN. RIUEREERN
72 14.1(b), T[5] = [5lo FERRIME = 6,1 505 DE/INT 6, R NERE: (1) 1 50
T[5] 1% [1,5]; (2) 5 7300 T[1] 15 [5, 1], X DMESENT, (F1% T[6] = [1,5], BRIER™
A T, B i < o I, B—ETE ¢ <i NMH, EWRIKBT RS T — o 5
PERE, BN L e BBy R, Wil s D —MERN T,

1: function CHANGE(x)
2 T+ []2,.]
3: for i + 1 to z do
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T 0 1 2 3 4
OUE || (1] 1)) L1 ] 1,11 ] [1,1,1,1]
(a) Sad 4 73 DAY BLARARSIER

T 01 2 3 4 5
BACAR | (] )| [, [1,1,1] | 1,1,1,1) | [5]
(b) 5t 5 7y AN B ARSI 22

R 14.1: TR LM

4: for each ¢cin C H ¢ < i do
5: if T[] =2 8 1+ |T[i — ]| < |T[i]| then
6: T[] < c:T[i— (]

=

return 7[z]

BALMERAE () PEREEENA, RENBAEE TR, 7T
PSR AR F B R 53 Side T FrieBRmImEm o DAAFR ERIBE & no
BT[] = (n,c)o N THIGHIR o FIBEMAIR, TATMNEER T(z] HEE] ¢, RGN
Tlx — ] FHE ¢...... BZI T[0]o

VARIED 6 7 8 9 10
AR || [1,5] | [1,1,5] | 1,1,1,5] | [1,1,1,1,5] | [5,5]

1: function CHANGE(x)

2 T« [(0,9), (00, 9), (00, D), ...]
3 for i < 1 to z do

4 for each ¢cin C H ¢ < i do
5 (n, )« T[i—c,(m,_) <« T
6 if 1 + n < m then

7 Ti] + (1 +n,c)

8: s+ ]

9: while z > 0 do

10: (_,¢) « Tz
11: S<c:s

12: T4—T—cC

13: return s

ERALMEFAS T B R] AR M BAIRTEE : foldl fill [(0,0)] [1,2,...], Hr:

fill T o =T > min {(fst T[z — c],c)|c € C,c < x} (14.60)
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HAt s> o 87K o MAZIFI s G0 L 12 EFERD . REHAM T K
RALESIR :

change 0 T = |[]
change ' T = c:change (v —c) T, HH : c = snd T|x]

HUHUE ¢ = n, BIEMEN n R, BIRREAE k = |C] DM HE. EXEN
O(nk)', HHFE O(n) NZRRE T, NEZBRMA_LIEEBTAA FTTIE, #FHEE
e R T AR R, £ ERIAR R RN, 2 2R 7 4R, X —
REEMRONE B 7 A, R ORHE B PR 75 TR S, 2 DUR 2T 1940 £F4E
HEY, ZHASHLRI )RR M R

(14.61)

L RS54, TANETRT DA o o5 T RS N - (P, S (AR P DA 7]
fRr AL I H

2. EHE A, AR A] B S B2 0 AR I _E RO

BRA TS

MTEBAFE, TFRAITEFIES:, Hla0, Mississippi fl Missunderstanding P2
He7-H N Miss, MK AT FF8 Misssi, 0K 14.36 s, WNSRIXZ2MEAEY, i
90 L2 AT (diff) UG R. MREK AL TFFHR ARSI TR WD)
At PIDNFAFER w5 ys ERK AT FHIE R :

-
i1

14.36: K AHTFFSI

LCS([lys) = []
LCS(xs,[]) = [] (14.62)
x=y: x:LCS(xs,ys) '

LCS(x:xs,y:ys) =
BN max LCS(z:ws,ys) LCS(xs,y:ys)

Hrp max IEHETKIIFS, LCS BIE S FRAMACTEEH, AT DA A MU L
INFF A, PARESRE DA — MR 1, X—EXMEEFES R, R
REATFEINZRBA THRR 2RI, BAEM Z4ERE T il 7 RER L
o 17 BB @s. yso FHITCRAIRGIM 0 FHA, 55 0 17, 0 MRS,
T[i)[j] F&R LCS(x5[0..5], ys[0..d]) FIKE, &AM T REHERK AT FI, KA

nER
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LCS([],ys) = LCS(xs,[]) = [ ], FRA&EE 017, 0 FI#BZ 0, LA antenna F banana 9
Bl FRATI T[1][1] FFAAHEFES 11T b Al antenna UL —NERARIE, Ff ASE—1T
A0, FFE T[2)[1], fTHIEX M a, T[2][1] = T[1][0] + 1 = 1, Bl LCS(a,ba) = a, #%
THRFENE T[2)[2], a # n, EE LT (LCS(an, b)) FIEM (LCS (a, ba) FIEEKEIETE
T[2]12], &%2 1, Bl LOS(ba,an) = a, XFERA B KR HEFT EE, HAEMNIE
N9 R Tl [5], WER as[i — 1] = ysli — 1], W T 5] = Tl — 1[j — 1] + 1, UM ET7
T[i — 1][5] FEM T[] [j — 1] FIEEEEIRAY,

0|1(23|4[5|6]|7
[]la|n|t|e|n|n|a
ol[1lololololololo]o
1/b|0]|0]0|0O|0O]O0O]0O]O
2la |01 (1|11 ]1]1]1
3in |0 |1222]2]2]2
41 a|0|1|2]222]|2]3
5|ln |0 (1212|2333
6|lal|0]1|22{2|3]3]4
1: function LCS(zs,ys)
2 m < |xs|,n < |ys|
3 T « [[0,0,...],]0,0,...],...] > (m+1)x (n+1)
4 for i < 1 to m do
5: for j < 1 ton do
6 if zs[i] = ys[j] then
7 Tli+ 1)[j + 1] « Thlj) + 1
8 else
: T+ 1 + 1] = Max(T[ll + 11, 7l + 117

10: return FETCH(T, zs, ys) > RIHA R

TR T s K AHEF T, NG TRTTHE, ERRE 2sim] = ys[n], N
xs[m] #/2& LCS KRR, # FRKE xs[m — 1], ys[n — 1], BMFRATEEE T(m — 1][n]
T m][n — 1] BRAIARSL R 5,

1: function FETCH(T, xs,ys)

2 m < |xs|,n < |ys|

3 r< ]
4: while m >0 H n > 0do
5 if zs[m — 1] = ys[n — 1] then
6

rasm—1]:r
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7: m+—m—1

8: n<—n-—1

9: else if T'[m — 1|[n] > T'[m|[n — 1] then
10: m<+m—1

11: else

12: n<n-—1

13: return r

3 14.11

14.11.1. EREINBREE R KA T AR R IRRA%

TS

BERBEES X, WHREIE T S C X, 15 5 HEREHE MM s, Al
S8 =>Yi=s? flal X = {11, 64, -82, -68, 86, 55, -88, -21, 51}, s = 0 A =/MiE:
€S
S = @.{64, -82, 55, -88, 51}, {64, -82, -68, 86}, WNRFFAE, BHAH 27 N TFEZA,
Hrrn =X, BXEHN O(n2"),

sets s & = [O]

s=x: {x}:setssuxs (14.63)
sets s (x:xs) =
BN (sets s xs) H [2:S]S € sets (s — x) xs]
7528 XA F AT E S AR, m] DR EISHINIK i, FATT B Rm) Bk
& T, ICSRF A, A F R MR, BB BRI R AW &
FERDFE S, G Y S = o B 5P A DAIFE FRIMAE TR < s <wu
MR s < 18 s > u MITCHE,

[=) {x<0}u=>) {z>0} (14.64)

BETTEBER, RS TEHEm =u—1+ 15, FHIRE-NME: 1 < j < u
BEEn = |X| + 117, BITNNEESTENTE o, Tl Rn2EHFETE
S C{wy, w9, ...,z } 18 39 = jo B 0 17H, REZE o WTHEZM, T HTE
THIEE AR F, RE T[0][0] = T, #R >, @ = 0, FAIM 2y FFER, HIERISE 117,
B> o =040 B> {1} = 1, WL T[1][0] =T\ T[1][x1] =T-

Il 1l+1 0 Ty u
g | F F T F F
z, | F F T T F
F F T T F
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A T2 AT LIS F 4 RATRER) TR 2 Z@ = 0. Z{x1} = T1~ 2{1172} = To~
doAr, wa} = 21 + 0

I 11l+1 0 Ty | oo | X2 | o | T+ 22 u
g | F F T T F F F
r, | F F T T F F F
29 | F F T T T T F
F F T T T T F

&S i 7T, IATTER @0 VIRAITSENATH {21, 2, ..., 221 } RIGHIATH TR Z
o E—ATHNERNIANE, BN Y {2} = a5, BT Tli][2;] = To AT =, A
FICHMMATA N B2 L5 E, B Aoy H, e EE n NTRE,
FAEH Tn)[s] MERERRFEM s BHF 1L,

1: function SUBSET-SUM(X, s)

2 I« >H{reX z<0lu+ > {re X, x>0}

3 n < |X]|

4: T« {{F,F,. . },{F,F, ..},..} >(n+1)x(u—1+1)
5: T[0][0] « T >y @=0
6 for i < 1 ton do

7 T[][X[i]] T

8 for j «+ [ to u do

9 Tlillg] « T[] v TTi = 1][j]

10: Jj < j— XJi

11: if | < j' < u then

12: T1il[j] <= Tlall5] v T = 1][5']

13: return 7'[n][s]

FABHIFNRG| § A0 FHA, TR L B uo TESRPRIRFEIAFE AT DA § — 1 #d,
BRERA T RIEHNE SR Y. S = so & Tn|[s] =F WJCE; &6 RAE
Bl (DWR 2, = s, MFE {z,} B2—. TAHET KRR Tn — 1][s] FIEMR, WR
NT, BB {21, 22, 23, ..., w1 } PRIEFN s A THR, (DL s =s—a,, M
Ri<s <u, FH Tin - 1)[s'] NE, BABBIEAM {21, 22, 73, ..., 7,1 } RIFF s/, RIG
¥z, AR T,

1: function GET(X,s,T,n)

2: T%[]
3: if X[n] = s then
4 r+ {Xnl}:r

5: if n > 1 then
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6: if T'[n — 1][s] then

7: r < r# GET(X,s,T,n —1)

8: s+ s— X|[n]

9: if ] <s <wu H T[n—1][s'] then

10: r < r 4 [(X[n]:r)|r + GET(X, s, T,n—1) |
11: return r

BESHNNTEIEA T O(n(u — 1+ 1)) IRDAESRME T, R8I O(n) 2R IE M,
THERIETE O(n(u—1+1)) A, FATATAH—4E u — 1+ 1 JTHIR V R 4k
Tt B—IV[j] = {S1,S,...} FERFRFE, WE I S =1 % =..=j, V
TR NS, N o, EH—5 V, LKA z, FREGFIN TR, RE
BRI Vs T,

1: function SUBSET-SUM(X s)

2 l«<>Y{reX z<0},u > {reX z>0}

3 V< [9,9,..] >u—1+1
4 for each z in X do

5: U « Cory(V)
6

7
8

for j < [ to u do

if z = j then
Ulj] « {{z}} U U]
9: j+—j—x
10: ifl <j <wu H V[j] # @ then
1: Ulj] < Uil u{({z} U 9IS € V[i']}
12: VU
13: return Vs]

AT A MBI V = foldl bld (replicate (u—1+1) @) X, HHf
replicate n a FEAEKEN n W51 [a, a, ...,a]o bld A X PENITEEH V,

bldV x = foldl f V [I,1+1...,u] (14.65)
Hr:
j=w: VIjlu{{z}}
fVi=9q1<j <uBT[j1#2: VU{{z}S|S T}, Hpj =5 -2
EIE |4
(14.66)

23] 14.12
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14.12.1. N7 R, 5 —f KA LR 7RISR T RYI K E
MM’ N AREMAIL, W AR, NW AR, XL mAiERER
fITan A R AR I EE R, BRATMNFRAEIIE N A, tnSRAER NW, AT
EXN AEBNELE LIRS RER N, stEERE E7RIR T R
W FRAKERE S 2 L MRS T gRFESEElX — &L,

14.12.2. NFFEMPYETR, —EF [ <0 <uRzra? L RREEH—D45/hA?

14.12.3. ZmiEFE B (IR CnHgmiEE &) 2 —MERFrTRELRREN R, BEEX
FIMNFRFER s B3 ¢ FrRAR, T IZHATHERE, F5IRHIF, wiEHES
FLE =R RFRAE B h0, MHIBR, B e, BIR— FRF, WK tkitten — sitting, 9w
RN 3,

1. kitten — sitten (k — s);
2. sitten — sittin (e — 1);

3. sittin — sitting (+ g)o
NSRRI, SRS B R dmfa R

14.7 BBl R

EHKHT & /TR

Optional<K> top(Int k, [K] xs, Int 1, Int u) {
if L<u {
swap(xs, 1, rand(l, u))
var p = partition(xs, 1, u)
ifp-1+1=—%k
return Optional.of(xs[p])
return if k <p - 1 + 1 then top(k, xs, 1, p)
else top(k- p+ 1 -1, xs, p+ 1, u)
}
return Optional.Nothing
}

Int partition([K] xs, Int 1, Int u) {
var p =1
for var r =1 4+ 1 to u {
if not xs[p] < xs[r] {
1=1+1
swap(xs, 1, r)
}
}
swap(xs, p, 1)
return 1

L.
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solve f z = search 0 m where
searchpg | p>n || g<0 =[]
| z' < z=search (p+ 1) q
| z' >z =search p (q - 1)
| otherwise = (p, q) : search (p 4+ 1) (q - 1)
where z' = f p ¢
m = bsearch (f 0) z (0, z)
n = bsearch (Ax—f x 0) z (0, z)

bsearch fy (1, u) |u < 1=1
| fm < y=49f f (m+ 1) < y then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)
where m = (1 + u) ‘div’ 2

AEEEK:

Optional<T> majority([T] xs) {

var (m, c) = (Optional<T>.Nothing, 0)

for var x in xs {
if ¢ — 0 then (m, c) = (Optional.of(x), 0)
if x = m then ct+ else c—-

}

c=20

for var x 1in xs {
if x = m then cH+

}

return if ¢ > length(xs)/2 then m else Optional<T>.Nothing

REE= 31 IDSIURPIN A 6=%3'%

majority xs = verify $ foldr maj (Nothing, 0) xs where
maj x (Nothing, 0) = (Just x, 1)
maj x (Just y, v) y = (Just y, v + 1)

0 = (Just x, 1)

| x =
| v=
| otherwise = (Just y, v - 1)
verify (Nothing, _) = Nothing
verify (Just m, _) = if 2 x (length $ filter (=m) xs) > length xs
then Just m else Nothing

R F AR
maxSum :: (Ord a, Num a) = [a] — a
maxSum = fst o foldr f (0, 0) where
f x (m, mSofar) = (m', mSofar') where
mSofar' = max © (mSofar + x)
m' = max mSofar' m
KMP FHF B ILAL A %

[Int] match([T] w, [Tlp) {
n = length(w), m = length(p)
[Int] fallback = prefixes(p)
[Int] r =[]
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Int k
for i =0 to n {
while k > 0 and p[k] # w[i] {
k = fallback[k]

Il
®

}
if p[k] — w[i] then k = k + 1
if k =m {
add(r, i + 1 - m)
k = fallback[k - 1]
}
}
return r

[Int] prefixes([T] p) {
m = length(p)
[Int] t = [0] * m //fallback table
Int k=0
for i =2 tom {
while k > 0 and p[i-1] # p[k] {
k = t[k-1] #fallback

}
if p[i-1] =— p[k] then k = k + 1
t[i] = k

}

return t

I (SRR

dfsSolve m from to = solve [[from]] where
solve [] = []
solve (c@(p:path):cs)
| p = to = reverse c
| otherwise = let os = filter ('notElem’ path) (adj p) in
if os =— [] then solve cs
else solve ((map (:c) os) 4 cs)

adj (x, y) = [(x', y")

(X'y y') — [(X—l, y)7 (X+ly y); (X, y_l)r (X7 y+l)]7
inRange (bounds m) (x', y'), m ! (x',

y') = 0]

J\ R 5 R]:

solve = dfsSolve [[]] [] where

dfsSolve [] s = s
dfsSolve (c:cs) s

| length ¢ = 8 = dfsSolve cs (c:s)

| otherwise = dfsSolve ([(x:c) | x < [1..8] \\ c,

not $ attack x c] 4 cs) s
attack x ¢ = let y = 1 + length c 1in
any (\(i, j) — abs(x - i) — abs(y - j)) $
zip (reverse c) [1..]

BRI
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solve = dfsSolve [[[-1, -1, -1, O, 1, 1, 1]]] [] where
dfsSolve [] s = s
dfsSolve (c:cs) s
| head ¢ = [1, 1, 1, 0, -1, -1, -1] = dfsSolve cs (reverse c:s)
| otherwise = dfsSolve ((map (:c) $ moves $ head c) + cs) s

moves s = filter (#s) [leapLeft s, hopLeft s, leapRight s, hopRight s] where
leapLeft [] = []
leapLeft (0:y:l:ys) = 1:y:0:ys
leapLeft (y:ys) = y:leapLeft ys
hopLeft [] = []
hopLeft (0:1:ys) = 1:0:ys
hopLeft (y:ys) = y:hopLeft ys
leapRight []1 = []
leapRight (-1:y:0:ys) = 0:y:(-1):ys
leapRight (y:ys) = y:leapRight ys
hopRight [] = []
hopRight (-1:0:ys) = 0:(-1):ys
hopRight (y:ys) = y:hopRight ys

BIkIR 5 e e R ) iy > TSR -

[Int] solve([Int] start, [Int] end) {
stack = [[start]]
s =[]
while stack # [] {
c = pop(stack)
if c[0] = end {
s 4= reverse(c)
1} else {
for [Int] m in moves(c[0]) {
stack += (m:c)

}

return s

[[Int]] moves([Int] s) {
[[Int]] ms = []
n = length(s)
p = find(s, 0)
if p<n - 2 and s[pt2] > 0 then ms 4= swap(s, p, p+2)
if p<n -1 and s[p+l] > 0 then ms 4= swap(s, p, p+l)
if p > 1 and s[p-2] < 0 then ms 4= swap(s, p, p-2)
if p > 0 and s[p-1] < 0 then ms 4= swap(s, p, p-1)

return ms

[Int] swap([Int] s, Int i, Int j) {
a = copy(s)
(alil, al3il) = (aljil, alil)

return a
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R

pORCIN 3}

import Data.Bits
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve = bfsSolve $ Queue.singleton [(15, 0)] where
bfsSolve Queue.Empty = [] — no solution
bfsSolve (c@(p:_) :<| cs)
| fst p = 0 = reverse ¢
| otherwise = bfsSolve (cs >< (Queue.fromList $ map (:c)
(filter (“valid' c) $ moves p)))

valid (a, b) r =not $ or [ a ‘elem’ [3, 6], b “elem’ [3, 6], (a, b) “elem r]

moves (a, b) = if b < 8 then trans a b else map swap (trans b a) where
trans x y = [(x - 8 - i, y 4+ 8 + 1)
| i «<[0, 1, 2, 4], i =0 || (x .&. i) # 0]
swap (x, y) = (y, X)

AR RN LA BRI SR AR K ) 7 -

extGed © b = (b, 0, 1)
extGed a b = let (d, x', y') = extGed (b "mod” a) a in
(d, y' = x' x (b “div’ a), x')

solve ab g | g 'mod d # 0 =[]
| otherwise = solve' (x x g “div’ d)
where
(d, x, y) = extGed a b
solve' x | x < ® = solve' (x + b)
| otherwise = pour x [(0, 0)]

0 = pour (x - 1) ((a, b"'"):ps)
b = pour x ((a', 0):ps)

pour x ps@((a', b'):_) | a'
| b

| otherwise = pour x ((max 0@ (a' + b' - b),

min (a' + b') b):ps)

pour O ps = reverse ((0, g):ps)

[l R AL SRR -

import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve' a b g = bfs $ Queue.singleton [(0, 0)] where
bfs Queue.Empty = []
bfs (c@(p:_) :<| cs)
| fst p=g || snd p = g = reverse c
| otherwise = bfs (cs >< (Queue.fromList $ map (:c) $ expand c))
expand ((x, y):ps) = filter ('notElem’ ps) $ map (\f — f x y)
[fillA, fillB, pourA, pourB, emptyA, emptyB]
fillA _ y = (a, vy)
fillB x _ = (x, b)
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emptyA _y = (0, y)
emptyB x _ = (x, 0)
pourA x y = (max 0 (x +y - b), min (x + y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

fElK AR IE A LS E st

data Step {
Pair<Int> (p, q)
Step parent
Step(Pair<Int>(x, y), Step p = null) {
(p, 9) = (x, y), parent =p

Bool (=) (Step a, Step b) = {a.(p, 9) = b.(p, @)}
Bool (#) (Step a, Step b) = noto (=)

[Step] expand(Step s, Int a, Int b) {
var (p, q) = s.(p, q)
return [Step(a, q, s), /+fill Ax/
Step(p, b, s), /*fill Bx/
Step(0, g, s), /xempty Ax/
Step(p, 0, s), /xempty Bx/
Step(max(®, p+ g - b), min(p + q, b), s), /xpour A into Bx/
Step(min(p + g, a), max(0, p + q - a), s)] /xpour B into Ax/

Optional<[Step]> solve(Int a, Int b, Int g) {
g = Queue<Step>(Step(0, 0))
Set<Step> visited = {head(q)}
while not empty(q) {
var cur = pop(q)
if cur.p=1¢g || cur.q =g {
return Optional.of(backtrack(cur))
1} else {
for s 1in expand(cur, a, b) {
if cur # s and s not in visited {
push(q, s)
visited 4= s

}
return Optional.Nothing

[Step] backtrack(Step s) {
[Step] seq
while s # null {
seq = s : seq
s = s.parent
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return seq

R

TENIE:

import qualified Data.Map as Map
import qualified Data.Set as Set
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

cellof (y, x) =y * 4 + x
posOf ¢ = (c “div’ 4, c ‘mod" 4)

cellSet = Set.fromList o (map cellOf)

type Layout = Map.Map Integer (Set.Set Integer)
type NormLayout = Set.Set (Set.Set Integer)
type Move = (Integer, Integer)

start = Map.map cellSet $ Map.fromList

[(x, [(o, 0), (1, 0)1),

(2, [(0, 3), (1, 3)1),

(3, [(2, ), (3, 1),

(4, [(2, 1), (2, 2)1),

(5, [(2, 3), (3, 3)1),

(6, [(4, ©1), (7, [(3, I, (8, [(3, 2)1), (9, [(4, 3)]),
(10, [(0, 1), (0, 2), (1, 1), (1, 2)1)]

end = cellSet [(3, 1), (3, 2), (4, 1), (4, 2)]

normalize = Set.fromList o Map.elems

mirror = Map.map (Set.map f) where
f c = let (y, x) = posOf ¢ in cellOof (y, 3 - x)

klotski = solve g visited where
g = Queue.singleton (start, [])
visited = Set.singleton (normalize start)

solve Queue.Empty _ = []
solve ((x, ms) :<| cs) visited | Map.lookup 10 x = Just end = reverse ms
| otherwise = solve g visited'
where

g = ¢s >< (Queue.fromList [(move x op, op:ms) | op <+ ops ])
visited' = foldr Set.insert visited (map (normalize o move x) ops)
ops = expand x visited

expand x visited = [(i, d) | i «[1..10], d « [-1, 1, -4, 4],
valid i d, unique i d]
where
valid i d = let p = trans d (maybe Set.empty id $ Map.lookup i x) din
(not $ any (outside d) p) &&
(Map.keysSet $ Map.filter (overlapped p) x)
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‘Set.isSubsetOf" Set.singleton i
outside d c =c <0 || ¢ > 20 ||

(d=1&& c 'mod" 4 —=0) || (d = -1 &k c ‘mod’ 4 — 3)

unique i d = let ly = move x (i, d) in all (' Set.notMember"’

[normalize ly, normalize (mirror ly)]

move x (i, d) = Map.update (Justo trans d) i x

trans d = Set.map (d+)

overlapped :: (Set.Set Integer) — (Set.Set Integer) — Bool
overlapped a b = (not o Set.null) $ Set.intersection a b

visited)

317
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type Layout = [Set<Int>]

Layout START = [{0, 4}, {3, 7}, {8, 12}, {9, 103},
{11, 15},{16},{13}, {14}, {19}, {1, 2, 5, 6}]

Set<Int> END = {13, 14, 17, 18}
(Int, Int) pos(Int c) = (y=c / 4, x = c mod 4)

[[Int]] matrix(Layout layout) {
[[Int]] m = replicate(replicate(0, 4), 5)
for Int i, var p in (zip([1l, 2, ...], layout)) {
for var c in p {
y, X = pos(c)

mlyl[x] =1
}
}
return m
}
data Node {
Node parent
Layout layout
Node(Layout 1, Node p = null) {
layout = 1, parent = p
}
}

//usage: solve(START, END)
Optional<Node> solve(Layout start, Set<Int> end) {
var visit = {Set(start)}
var queue = Queue.of(Node(start))
while not empty(queue) {
cur = pop(queue)
if last(cur.layout) = end {
return Optional.of(cur)
1} else {
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for ly 1in expand(cur.layout, visit) {
push(queue, Node(ly, cur))
add(visit, Set(ly))

}

return Optional.None

[Layout] expand(Layout layout, Set<Set<Layout>> visit):
Bool bound(Set<Int> piece, Int d) {
for c 1in piece {
if c+d< 0 or c+d > 20 then return False
if d — 1 and ¢ mod 4 — 3 then return False
if d = -1 and c mod 4 — 0 then return False

}

return True

var m = matrix(layout)
Bool valid(Set<Int> piece, Int d, Int i) {
for c 1in piece {
y, X = pos(c + d)
if m[y][x] not in [0, i] then return False
}

return True

Bool unique(Layout ly) {
n = Set(ly)
Set<Set<Int>> m = map(map(c — 4 * (¢ / 4) + 3 - (c mod 4), p), n)
return (n not 1in visit) and (m not 1in visit)

[Layout] s = []
for i, p in zip([1, 2, ...], layout) {
for d in [-1, 1, -4, 4] {
if bound(p, d) and valid(p, d, i) {
ly = move(layout, i - 1, d)
if unique(ly) then s.append(ly)

}

return

Layout move(Layout layout, Int i, Int d) {
1y = clone(layout)
ly[i] = map((d+), layout[i])
return ly

MG K ERHIENR, Gnffhd :
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code = Map.fromList o (traverse []) where
traverse bits (Leaf _ c) = [(c, reverse bits)]
traverse bits (Branch _ 1 r) = traverse (0:bits) 1 # traverse (l:bits) r

encode dict = concatMap (dict !)

decode tr cs = find tr cs where
find (Leaf _ ¢) [] = [c]
find (Leaf _ c) bs = c : find tr bs
find (Branch _ 1 r) (b:bs) = find (if b =— 0 then 1 else r) bs

58 FH 520 L SR S Rt 7 -

import qualified Data.Set as Set
import Data.List (group)

solve x = assoc o change x where
change 0 _ = []
change x cs = let ¢ = Set.findMax $ Set.filter (< x) cs in c : change (x - c) cs
assoc = (map (Acs — (head cs, length cs))) o group

example = solve 142 $ Set.fromList [1, 5, 25, 50, 100]

BNASHURITR R TR ) B (1L i

[Int] change(Int x, Set<Int> cs) {
t = [(0, None)] ++ [(x + 1, None)] * x
for i =1 to x {
for c in cs {
ifc < i {

(n, ) =t[i - cl
(m, _) = t[i]
if 1+ n<m then t[i] = (1 + n, c)

s =[]

while x > 0:
(_1 C) = t[x]
s 4=c

X=X —-C

return s

B A A T R ) A 1L -

import qualified Data.Set as Set
import Data.Sequence ((|>), singleton, index)

changemk x cs = makeChange x $ foldl fill (singleton (0, 0)) [1..x] where
fill tab i = tab |> (n, c) where
(n, ¢) = minimum $ Set.map lookup $ Set.filter (< 1) cs
lookup ¢ = (1 + fst (tab “dindex’ (i - c)), c)
makeChange 0 _ = []
makeChange x tab = let ¢ = snd $ tab “index’ x 1in c : makeChange (x - c) tab

R K AT
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[K] les([K] xs, [K] ys) {
Int m = length(xs), n = length(ys)
[[Int]] c = [[0]*(n + 1)I*x(m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i10j] = cli-11[3-1]1 + 1
1} else {
c[i]1[j] = max(c[i-11[3], c[i1[3-11)

}

return fetch(c, xs, ys)

[K] fetch([[Int]] c, [K] xs, [K] ys) {
[K] r=1[]
var m = length(xs), n = length(ys)
while m > 0 and n > 0 {
if xs[m - 1] = ys[n - 1] {
r 4= xs[m - 1]
m=m-1
n=n-1
} else if c[m - 1][n] > c[m][n - 1] {
m=m-1
1} else {
n=n-1

}

return reverse(r)

FERFNHE [ -

Bool subsetsum([Int] xs, Int s) {
Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then ut} else U+
}
tab = [[False]l*(u - 1 4+ 1)] * (n + 1)
tab = [0][0 - 1] = True
for i, x in zip([1, 2, ..., n], xs) {
tab[i][x - 1] = True
for j =1 to u {
tab[i][j - 1] or = tab[i-1]1[j - 1]
jl =3 - x
if 1 < jl1 < u then tab[i][j - 1] or = tab[i-1][j1 - 1]

}
return tab[n][s - 1]

P —HEFIZER 7 BT ) A
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{{Int}} subsetsum(xs, s) {
Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then u{t+ else 14+
}
tab={} * (u-1+ 1)
for x in xs {
tabl = copy(tab)
for j = low to up {
if x — j then add(tabl[j], {x})
jl =3 - x
if low < jl1 < up and tab[jl] {
tab1[j] |= {add(ys, x) for ys in tab[j1l]}

}
tab = tabl

}

return tab[s]
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LR a2 AU BRBA

FIEASHEL, LR AT ar 2 SURBR BTN R SAC B 2 AR L, 763508 = SRR
HIIPRREZ b, BABEE Bede M B R Uk 2 g, PR G RS BEALLRM
OSE TLARTERR, (1R — B ERRRET R EH D, it A5 I NE R AT, K
REFR O RBIE AL, NEAIB R8N0 7 E R G R

data Color {RED, BLACK, DOUBLY_BLACK}

BATE T A = AR HIMIBRFIE, FFICF MR BT il AR BMER
TREBER R G, BATEIS N E R OORRFER 5, Ra Bt — DB E,

1: function DELETE(T), x)

2 p < PARENT(x)

3 ¢+ NIL

4 if LEFT(z) = NIL then

5: q < RiGgHT(2)

6 REPLACE(z, RIGHT(z)) > A TR ©
7 else if RicuT(z) = NIL then

8 q + LEFT(x)

9 REPLACE(z, LEFTz()) > A FRUER ©
10: else

11: y < MIN(RIGHT(2))

12: p + PARENT(y)

13: q < RiGcHT(y)

14: KeY(x) < KEY(y)

15: copy data from y to x

16: REPLACE(y, RIGHT(y)) > G T y
17: x4y

18: if CoLOR(z) = BLACK then

19: T < DELETE-FIX(T, MAKE-BLACK(p, ¢q), ¢ = NIL?)

20: release x

21: return T'
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HBRFIRFESZ PN iR R T FIFRFIHER T S 2o 2 ATLOES BEHCENE], 40
R o SENZHFH, BATE VI, FHHD—F8 ¢ KEK 2o G0, FAHE 2 1Y
AFRREIR/NTR y, H y Btz RIEIBVARK o VIR, WIR o BRER,
ITAH MAKE-BLACK(p, q) REFBEURN, MEHIT T —PHIBE,
1: function MAKE-BLACK(p, q)
2 if p = NIL and ¢ = NIL then
3 return NIL > BFH A — N
4 else if ¢ = NIL then
5: n <— Doubly Black NIL
6 PARENT(n) < p
7 return n
8 else
9

return BLACKEN(q)

AR p F1 g BBAZS, BATHEMER R A — D717 s, A2, R A p
ARES, T g =S, BERAMER T — R a1 . FATH NIL Findse, RIBLR
RPERR 3, NIL BB, Bl X — NIL 285 W E B4 7 H) NIL AR 5 7588
FRAZ. NS p. g BB RZS, FATIA A BLACKEN(q) Ko7 ¢ MG, W BET G, e
QR R, iR ¢ EL R RO, BERBONE R, £ Tk, Bl 18IS hed: fE
o, RAER WERG”, XBEE AMERFTRELE (1, 292 T0), FMERA, WE
AT AR A] DU 1 R, AT DU AEE B NIL,

Mo 1. WERET SR NRE, HFHZRSE T RE M a P R &
Al DB ek S, AR G0, el AR S —Mas—E X, wE

37 FliRe
u/?\d a/@b\/%
~. —
b c c d

/ b c d \

37: W BEOT RAY BN RE, FHHIZB T RAE MO R, i — 0
R EEE,



1: function DELETE-FIX(T, z, f)
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2: n <— NIL

3 if f = True then >z AW E B NIL
4: n<x

5. if 2 = NIL then > JERIEE— -1
6: return NIL

7. while z # T and CoLOR(z) = B? do >z e W R BRI A
8: if SIBLING(z) # NIL then > ST RA NN
9: s <— SIBLING(z)

10:

11: if s is black and LEFT(s) is red then

12: if v = LEFT(PARENT(z)) then > o £/
13: set x, PARENT(z), and LEFT(s) all black

14: T < ROTATE-RIGHT(T, s)

15: T < ROTATE-LEFT(T, PARENT(Z))

16: else >z fEA M
17: set x, PARENT(z), s, and LEFT(s) all black

18: T < ROTATE-RIGHT(T, PARENT(z))

19: else if s is black and RIGHT(s) is red then

20: if 2 = LEFT(PARENT(2)) then > x TR/
21: set x, PARENT(z), s, and RIGHT(s) all black

22: T < ROTATE-LEFT(T, PARENT(z))

23: else >z fEA M
24: set z, PARENT(z), and RIGHT(s) all black

25: T < ROTATE-LEFT(T, s)

26: T < ROTATE-RIGHT(T, PARENT(z))

27:

ol 2: NE BT AR ROV, A DUEd ks, KON E R OIKE

ARG, EE 38 FR, o 8 c IRE VBT,
BATHE R ATZE HRTR BRI — b B,

1: function DELETE-FIX(T, z, f)

2: n < NIL

3: if f = True then >
4: nx

5: if x = NIL then

6: return NIL

7. while z # T and CoLOR(z) = B? do

o S X E B NIL

> FHIERAE — -7
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"
5

& 38: MR BT A S T ROVt

8: if SIBLING(z) # NIL then

9: § <— SIBLING(z)

10: if s is red then

11: set PARENT(x) red

12: set s black

13: if x = LEFT(PARENT(2)) then

14: T < ROTATE-LEFTT, PARENT(x)
15: else

16: T < ROTATE-RIGHTT, PARENT(x)
17: else if s is black and LEFT(s) is red then
18:

S
A

> Sl T RN

> o TE/EM

> x FEAM

oL 3: N B A AL T RO R G, IZ BT RN R e R A,

AT DURE ST R R AL 1, RO R 2R [m] Rt R R RR tara) Ef2%, A=A 39 Fr

R, H PRI FREIE O

EIR=RME S, NE RGO R T RERA A, S, BATTE SR N E R
IRE N ER G, KRR ER EEE, UREREENERT A, FATRRT RN
ARG, FARBEERE, 556, MRENEROABELEHPIHEIR, tha] P&

1bo BRJ5, FHOM N EE B NIL f916 0L, BATRILIKE 18 NIL,

1: function DELETE-FIX(T, z, f)

2: n < NIL

3: if f = True then
4: nx

5: if x = NIL then
6: return NIL

7. while z # T and CoLOR(z) = B? do

> x 2 MWEE R NIL

> FHIERAE — -7



10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:

e m ot
ne oot

39: A HZ IR

if SIBLING(z) # NIL then > SR AN S
$ <= SIBLING(z)
if s is red then ST SR E P W EANE]
set PARENT(z) red
set s black
if + = LEFT(PARENT(7)) then > x TR/
T < ROTATE-LEFTT, PARENT(x)
else >z TEA ]

T < ROTATE-RIGHTT, PARENT(x)

else if s is black and LEFT(s) is red then

if + = LEFT(PARENT(7)) then > x £/ M
set z, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T, s)
T < ROTATE-LEFT(T, PARENT(Z))

else >z TEA ]
set x, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(z))

else if s is black and RIGHT(s) is red then

if + = LEFT(PARENT(7)) then > x £/ M
set z, PARENT(2), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(z))

else >z TEA
set x, PARENT(x), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)
T < ROTATE-RIGHT(T, PARENT(z))
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33:
34:
35:
36:
37:
38:
39:
40:

41:

42:
43:

44:

45:

AR N HTTES Wl SRS

else if s, LEFT(s), and RIGHT(s) are all black then
set x black
set s red
BLACKEN(PARENT(z))
x < PARENT(z)

else > [A] FAZ R
set = black
BLACKEN(PARENT(z))

x < PARENT(x)

set T black
if n # NIL then
replace n with NIL

return T

BER, BAEA=ZANSECRT R T RHEE T A o (ATREZERE) AR fo

WSR2 B WNEREM NIL, U] f NE, WNBAH » RIERE, HIERKBEREE,
HSE NIL i n,

NERBI R S T AL RRIBR R A,

Node del(Node t, Node x) {

if x = null then return t
var parent = x.parent;
Node db = null; //doubly black

if x.left = null {
db = x.right
x.replaceWith(db)

} else if x.right =— null {
db = x.left
x.replaceWith(db)

} else {
var y = min(x.right)
parent = y.parent
db = y.right
x.key = y.key
y.replaceWith(db)

X =Yy

}

if x.color = Color.BLACK {
t = deleteFix(t, makeBlack(parent, db), db =— null);

}

remove (x)

return t

Hr makeBlack K2l BR)E T s 75 28 I EE i ¢, FFAE X EE BA 4 NIL 95§

RGO
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Node makeBlack(Node parent, Node x) {
if parent — null and x — null then return null

return if x — null
then replace(parent, x, Node(0®, Color.DOUBLY_BLACK))

else blacken(x)

HA %L replace(parent, x, y) ¥ parent BT x, i y &,

Node replace(Node parent, Node x, Node y) {
if parent = null {
if y # null then y.parent = null
} else if parent.left — x {
parent.setLeft(y)
1} else {
parent.setRight(y)
}
if x # null then x.parent = null
return y

K% blacken (node) BT g B M EAT R NERE,

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

NHEEBIT R EEL T BRI

Node deleteFix(Node t, Node db, Bool -isDBEmpty) {
var dbEmpty = if isDBEmpty then db else null
if db = null then return null // delete the root
while (db # t and db.color — Color.DOUBLY_BLACK) {
var s = db.sibling()
var p = db.parent
if (s # null) {
if isRed(s) {
// the sibling is red
p.color = Color.RED
s.color = Color.BLACK
t = if db — p.left then leftRotate(t, p)
else rightRotate(t, p)
} else 1if isBlack(s) and isRed(s.left) {
// the sibling 1is black, and one sub-tree is red
if db = p.left {
db.color = Color.BLACK
p.color = Color.BLACK
s.left.color = p.color
t = rightRotate(t, s)
t = leftRotate(t, p)
} else {
db.color = Color.BLACK
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p.color = Color.BLACK
s.color = p.color
s.left.color = Color.BLACK
t = rightRotate(t, p)
}
} else if isBlack(s) and isRed(s.right) {
if (db = p.left) {
db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.right.color = Color.BLACK
t = leftRotate(t, p)
1} else {
db.color = Color.BLACK
p.color = Color.BLACK
s.right.color = p.color
t = leftRotate(t, s)
t = rightRotate(t, p)
}
} else 1if isBlack(s) and isBlack(s.left) and
isBlack(s.right) {
// the sibling and both sub-trees are black.
// move blackness up
db.color = Color.BLACK
s.color = Color.RED
blacken(p)
db = p
}
} else { // no sibling, move blackness up
db.color = Color.BLACK
blacken(p)
db = p

}

t.color = Color.BLACK

if (dbEmpty # null) { // change the doubly black nil to nil
dbEmpty.replaceWith(null)
delete dbEmpty

}

return t

Hr isBlack (node) HIWr— i sl BN EE, RIBLLEMPER, NIL 2
men,

Bool 1isBlack(Node x) = (x =— null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color — Color.RED)

FIRESE R RTEE W E B A NIL, A Node HY replaceWdith #1785,

data Node<T> {
/]




HARRBL 331

void replaceWith(Node y) = replace(parent, this, y)

HIRLLBRIA P, MERER IR EE SRR R 1k, BB RN E R A ANE
1o WFEE n AN EN, HEZVE R 0(gn).
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AVL B — uE R ERAEL T

I fiAJGHSERE
A AVL WHEATTRG, w2 A E PR R O
AH = |T'|—|T|

= L+ max(|r'], [I']) = (1 +maz(|r|, [I]))

= max(|r'|, [']) — maz(|r], |I)
620,5/201 Ar (67)
§<0,8/>0: §+Ar
§>0,6<0: Al—6

N Al

UERA. —Am AANA] RERI S IN7E A 0 KRR, PR 7S5 0 T B R IR A e
TR, ARIEHATEZEM, A PRrE D

1wk 6 > 03FH o >0, EEARTG, G FREESASNTEFREE, &
FE R hn 450 samk” B A TR L Ar;

2. N 6 < 0, FESAFTE TS AR/ NTA T, BREHEANE 0 > 0, WA T
B FE TR AR IN 7, e TR (1) = 1D P A RIS I A «

AH = max(|r'|,|l'|) — maz(|r,]I]) {§<0H § >0}
= [r'[ =1l {l =1
= i+ Ar i
=0+ Ar
3. 4R 6 >0 H & <0, BRI, FA1h:

AH = max(|r'|,|l'|) — maz(r|,])l]) {6 >0 H § <0}

= 1= Ir
=|l| + Al —|r]
=Al—-¢

333
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4. AN 6 HBAKT 0, VERRHE ARG 22 FRB S EARA N TG T, R
INAER STk B AL TR AL Al

IT EAJG B

GAEIE 40 FioR, BT TR ZEERIPIRME O, PR TR 2, A%, P
T 0(y) TREN 0. 75 T REBAARI &,

o(x)=2

6(2) =-2

sy =1

sy =0 b

a b c d
500 =1 ~ N

Q

B 40: AR ZIRE FHHD 4 FIE D

X ARG AR E—FE. G—hA. G K E—f. IBERIR R 7275
796(z)s 8(y)s 8(2), BEIGZHNN 6 (2) 8" (y)s §'(2)o FATHE THRUEH, ARG ATA 4
FRIE LA R PR 6 (y) = 0o FHF LR HY 8 (2) T 67 (2) FIGEER
TERA. FA 152 BN PO e ke,

-k

FW o FEVERERTE AR, KL 6 (z) = 0(x)o WA 6(y) = —1 H §(2) = -2, FrPA:

5) = el —lal =1 = |e = Ja| =1

(68)
6(z) = Id| — yl = =2 = |d =ly| -2
IEEETER
5(z) = |d I [ (3 (68)))
— Jyl—2— (2l - 1)
69
— Jyl—Jal -1 R TR o =1y )

= 0
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XF 6 (y), B REER:

"(y) = [zl =zl
= 1+ max(le],|d]) — || {Z(3X(69)), |e| = |d[}
= 1+]c - |z| {=X (X (68))} (70)
= 1+ |z|—1—|z|
— 0
LR BRSSO A — IR, B P a0
8 (z) = d(x)
d(y) =0 (71)
(z)=0
H—H
A — e — RSB, 2RISR 45 5R A0 R
d(x)=0
'(y) =0 (72)
0'(z) = d(2)
tHi—k
HEEIE 6 (2), VREPEG, A1
§'(z) = [b] = |a| (73)

VARE P T, 2 YN

2l =1+ maz(lyl[d]) {6(z) = —1= y[ > |d]}
=141yl (74)
= 2+ max(|bl,|c|)

R 6(x) 2, FibA:

6(z) =2 = |z[—la| =2 {z0 (30 (74))}
= 2+ max(|b|,|c]) — |a] =2 (75)
= max(|b], |c|) = la| = 0

15 6(y) = |c| — [b] = 1, W
maz(|bl,[c]) = [c| = [b] + 1 (76)
FHARAR (2 (75)) 85

b +1—la| =0=[b] = [a| = =1 {X (X (73)) }
= (x)=—-1
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2R 6(y) # 1, W max(|b], |e|) = [b], KA (X (75)) 1551:
bl —lal =0 {5\ (30 (73))}

o §(2) = 0 (78)
B LIRPREN, FAUFE 6 () F1 0(y) BIKR:
5 (z) = {;(_‘an)u b . ! (79)
AT 8 (2), IRHEE L EFT
§(:) = I~ e (6() = —1 = ld| - Iy}
= |yl =l -1 {lyl = 1+ mazx([b], |c])} (80)

= maz([b], |c]) —|c]
AR 5(y) = |c| — [b] = —1, M maz(|p], |c]) = |b] = |c| + 1o KHARAR (R (80))

RN 6 (2) = 1o RZHE 6(y) # —1, W maz()b], c]) = |, B &(2) = 0. &I ik
PRRPIEDL, 8 (2) R 5 (y) SRR :

dy)=-1: 1
& =
) {ému ; 0 e
RS AT 5/ (), TR DS R A5
8 y) =z — |z

82
= max(|c|, |d|) — max(|al,|b]) 2

IXE N =B

1. £ 6(y) = 0, VA |b] = ||, IRHERX (X (79)) F1:X (X (81)), H:6'(x) =0 = |a] =
b| AR 6"(2) = 0 = |e| = |d|o I &' (y) = 0o

2. % 0(y) = 1, A (5U (81)), BATH 8'(2) = 0= o] = |d]o

'(y) = mazx(|c],|d]) —maz(lal,[b]) {|c] = |d|}
= |e| = maz(|al, [b]) {z=U G (79): 0'(2) = =1 = |b] = |af = 1}
= e[ = (bl +1) {0(y) = 1= e| = [o] =1}
= 0

3. % 0(y) = —1, WHEX (X (79)), FATH 6 (2) =0 = |a] = |blo

o'(y) = max(|e],|d]) — maz(|al,[b]) {[a] = [0]}
= mazx(|c], |d]) — [b] {z0GEE8Y): Jd] —|e| =1}
= le[+1~-1p] {0(y) = 1= |c| — b = —1}
= 0



IIT JRIEREE 337

EHRR=APIE OIS RAR IR o' (y) = 0o 15 LIRSEIRIAGNEER, AT LUS EHTHI - [A]

TR
§(z) — oy)y=1: -1
D\ sw. o
§'(y) = (83)
ooy oyy=-1: 1
5@y_{ém: 0
E—H

JE— A —ZEXSFRe A AZRAARTHE, BATTRT PAS2IFISK (3N (83)) se 2 HIRIAY
4R
O

ITT  IBREA

FHIBRIE =5 TR AR, AR il 1 [—1, 1] BV, iR =B R
PACREE AVL HRHIPE TG

«  PRBGUIMER

BASEE A = SARRMHER T %, AAE & PR TR, MBRAIZE R
—XHE (77, AH ), Hor T 2 MEREHHT . AH 2 s BRI & MERE RS ST

delete = fsto del (84)

Hr del(T, k) M\ T Ficoe 2 k MilkR:

del ok = (2,0)
k<E : tree (dellk)k (r,0)¢
k>E : tree (1,0) k' (del r k) ¢
l=2: (r,-1) (85)
r=o: (I,-1)
BN tree (1,0) k" (del r k") §
HA k" = min(r)

del (I,k',r,0) =

GUERI N2, Z5IRN (2,0); BWLRIN T = (LK, r,6)o BTATHLEL k& FI K HIK
R, FE FROBIAERMMER, 24 k= & I, TOTEAE] T ZMPRATE <. HRE
HE— T2, ATDAREEDT RIS — R e &0, R R R B/ IMEL &7



338 AVL $ — UERAFIHIBR B 2

(b) H B

41: MFREE

OIS, I K FATATLAEH tree BB AH BIZEHR, FIRAF AL, 2N
PIRIER AR AR O

balance ((a’vx7b76(m))7ya 07_2) AH = (Cl,f]?, (b7y707_1)75<m> + 17AH) (86)
balance (a,z,(b,y,c,0(y)),2) AH = ((a,z,b,1),y,¢,0(y) —1,AH)

GEIVAR R a2 I

delete t x = fst $ del t x where

del Empty _ = (Empty, 0)

del (Br 1 k r d) x
| x < k =node (del 1 x) k (r, 0) d
| x > k = node (1, 0) k (del r x) d
| isEmpty 1 = (r, -1)
| isEmpty r = (1, -1)
| otherwise = node (1, 0) k' (del r k') d where k' = min r

HA min Al isEmpty & X N:

min (Br Empty x _ _) = x
min (Br 1 _ _ _) =min 1

isEmpty Empty = True
isEmpty _ = False

XAEEHE 7 MIENTRELE balance HHSCE]:

’balance (Br (Br (Br a x b dx) y c (-1)) z d (-2), dH) =
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(Br (Br a x b dx) y (Br c zd 0) 0, dH-1)
balance (Br a x (Br by (Br c z d dz) 1) 2, dH) =
(Br (Br a x b @) y (Br c z d dz) 0, dH-1)
balance (Br (Br a x (Br by c dy) 1) z d (-2), dH) =
(Br (Br a x b dx') v (Br c z d dz') 0, dH-1) where
dx' = if dy = 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
balance (Br a x (Br (Br by c dy) zd (-1)) 2, dH) =
(Br (Br a x b dx') yv (Br c z d dz') 0, dH-1) where
dx' = if dy = 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
— Delete specific
balance (Br (Br a x b dx) y ¢ (-2), dH) =
(Br a x (Br by c (-1)) (dx+1), dH)
balance (Br a x (Br b y c dy) 2, dH) =
(Br (Br a x b 1) y ¢ (dy-1), dH)
balance (t, d) = (t, d)

T a2 UmER
a2 A BREE I BE(ERAB 2 P, A AR LL, MHERTR ZEALPE S 2 A6 0, 3
ITEFCE M = SRR, 2805 FHE E 70 & 2R 5 HEE AP Al

1: function DELETE(T, x)
2: if = NIL then

3: return T'

4: p < PARENT(z)

5: if LEFT(z) = NIL then

6: y < RicHT(2)

7: replace x with y

8: else if RicuT(z) = NIL then
9: y < LEFT(x)

10: replace x with y

11: else

12: z + MIN(RIGHT(z))

13: copy key and satellite date from z to z
14: p < PARENT(2)

15: y < RIGHT(2)

16: replace z with y

17: return AVL-DELETE-FIX(T), p, y)

PR A 2 B, 00 2 BT RN po WERIE— NS, BT 2 DI, BN 53
— e AN, ARMARTRECA A, FAHES TR EREIR/AIMET R 2, BHAR
HAREHE] o, RX5K 2 VN &Ja, BATEA AVL-DELETE-FIX, HEARTT R T
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AVL $ — UERAFIHIBR B 2

A R py R 1L yo 1ERT AL p HIFEIIA 52 6(p), MIERIG BO-F- 8K 724 6(p)'s

BN RRISRRE =M FAE

L [6(p)] = 0. |6(p)'| = 1o BIAMBRIE AR RERER T, (A AR 2

AVL SR, BEHIE,

2. 16(p)| = 1.16(p)’| = 0o MHIERATAAFRIEIEEZEN 1, MRS RER = AR )
T 1o ZEAFRIESEHEE, SRZRTRIEERENT 1 FAIFEIRS:

H I _E SRR Y

3.16(p) = 1. [6(p)'| = 20 XULHAMMFRIG FRIBImEZE R T AVL SHHEB, Al

s EOE I e R B 2 A

TR 3, KBS AR RN, BAIHRZE S EE 41 R RS

DU TR M AL P,

1: function AVL-DELETE-FI1X(T), p, x)

2: while p # NIL do

3:

| + LEFT(p), r + RIGHT(p)

4: <+ 0d(p), & + ¢

5: if z =1 then

6: 0 —d+1

7 else

8: 08 —-1

9: if p is leaf then

10: 0«0

11: if [0 =1 A |0'| =0 then

12: T 4D

13: p + PARENT(x)

14: else if [0| =0 A [¢'| =1 then
15: return T'

16: else if |§| =1 A |0'| = 2 then
17: if 9’ = 2 then

18: if 5(r) =1 then

19: d(p)«0

20: 5(r)«0

21: pT

22: T <+ LEFT-ROTATE(T, p)
23: else if §(r) = —1 then
24: dy < 0( LEFT(r) )
25: if 0, = 1 then

> =r=NIL

> H—H

> AH—
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26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

AT:

48:

49:

50:

51:

52:

53:

54:

55:

56:

57:

58:

59:

60:

61:

62:

6(p) < -1
else
d(p) <0
d( LEFT(r) ) <0
if 0, = —1 then
o(r)«1
else
o(r) <0
else
6(p) <1
d(r)«o(r)—1
T < LEFT-ROTATE(T), p)
break
else if &' = —2 then
if 6(I) = —1 then
6(p) 0
d(l)«0
Pl
T < RiGHT-ROTATE(T, p)
else if §(I) = 1 then
9y < 0( Ricur(l) )
if 0, = —1 then
o(p) 1
else
d(p) <0
d( RigHT(l) ) -0
if 0, = 1 then
o(l) + -1
else
d()«0
else
6(p) « —1
() <o) +1
T < RIGHT-ROTATE(T, p)
break

T <p
p + PARENT(x)

341

> MbRRE A, 5 -6

> AL

> E—

> E—H

> MBRRT A, £— 1

N o BRI,
> REREIRIN, #4455 B R L S
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63: if p = NIL then
64: return x

65: return T

IV Wl ir
NHEFREFEI T AVL MR E X

AVL $ — UERAFIHIBR B 2

> HHBRAR T A

Node del(Node t, Node x) {

if x =— null then return t
Node y
var parent = x.parent
if x.left = null {

y = x.replaceWith(x.right)
} else if x.right = null {

y = x.replaceWith(x.left)
} else {

y = min(x.right)

x.key = y.key

parent = y.parent

X =Yy

y = y.replaceWith(y.right)
}
t = deleteFix(t, parent, y)
release(x)
return t

Hr replaceWith HE XS WA BHMAIE . release (x) BT R o =S

Al, (EE PREHISCILAN T :

Node deleteFix(Node t, Node parent, Node x) {
int di, d2, dy
Node p, 1, r
while parent # null {
d2 = d1 = parent.delta
d2 = d2 + if x = parent.left then 1 else -1
if isLeaf(parent) then d2 = 0
parent.delta = d2
p = parent
1 = parent.left
r = parent.right
if abs(dl) = 1 and abs(d2) = 0 {
X = parent
parent = x.parent
} else 1if abs(dl) =— 0 and abs(d2) = 1 {
return t
} else if abs(dl) = 1 and abs(d2) = 2 {
if d2 — 2 {
if ridelta=1{ // &— &
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p.delta = 0
r.delta =0
parent = r
t = leftRotate(t, p)

} else if r.delta=-1{ /) A— K
dy = r.left.delta
p.delta = if dy — 1 then -1 else 0
r.left.delta = 0
r.delta = if dy — -1 then 1 else 0
parent = r.left
t = rightRotate(t, r)
t = leftRotate(t, p)

}else { /) BIBRE B, BE—F
p.delta =1
r.delta = r.delta - 1
t = leftRotate(t, p)
break // BEABH#ET K

}

} else if d2 — -2 {

if (l.delta=-1) { // E— &
p.delta = 0
l.delta =0
parent = 1
t = rightRotate(t, p)

} else if l.delta=1{ // E— &
dy = l.right.delta
l.delta = if dy —
l.right.delta = 0
p.delta = if dy =
parent = l.right;
t = leftRotate(t, 1)
t = rightRotate(t, p)

} else { // MR H, E— &
p.delta = -1
l.delta = l.delta + 1
t = rightRotate(t, p)
break // BEARABH#ET K

1 then -1 else 0

-1 then 1 else 0

}

/) BERN, #EEKELER
X = parent

parent = x.parent

}
if parent = null then return x // MEFEBE T =
return t
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1.1.

1.2.

W

BER

BE1

/N G R, FE R R AR VR BATTA] DA IR 5 R ARIE — M
FROFE, HIAM—IRIIR, & |2 < n, B n WVIRKE, KAE |2
R EN L, 2 e AR, R8I — MEBUTER A BRUE S
o HIREINX —H,

Int minFree([Int] nums) {
var n = length(nums)
for Int i =0 ton - 1 {
var k = abs(nums[i])
if k < n then nums[k] = -abs(nums[k])
}
for Int i =0 ton - 1 {
if nums[i] > 0 then return i
}

return n

D AEE L, 2, . 0, B E—ES, CIRIFRATE T, 3 B — M
WRORT yo B 1 <y < n, VEVF— 77 TRAENSE LML T, 340 P
x F yo

flan X = (3,1, 3,5 4 %, ERINE 2 =2, BEENR vy = 3, KNG H 4 Fif@
e (1) 408 (2) BSSEHERE. (3)FF 4D, (4) 7T F,

BT, A m = | T SUSEFINTTESSY, FE: s = [a < m,a
XJ Al bs = [b> m,b — X]o WIREEMHCEE as| < m, ATHIESRECETE
MEs =142+ tm= " s oo umas). ENETHEIE

SR, 8 8 = (m+ 1)+ (m42) + . 4n = DT ”( —m)
g = sum(bs) — o3 EAMITKIE as| > m, ATAIE G HCAEAN, (BRI
77, AT AEHERIET » = s' — sum(bs), BEENEF y = sum(as) — s;
E, QIR SIS |as| = m, B m ARAT m (050, AFRATRADE
CHTRER 1,2, ., m BSAHES, i, BT DRI L sum(as) il s.
SRS, A IR I, 7T DR 7 e A 87, SAIE I M e

345
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o ®y; BN, BAIEFEM, ELMEINTRER, EREERN, FEHF
FIRTRRR 1 & EIRPERPR) 1, TR B —FR5IR, MRE e, S
I‘E—I‘IE%—%E% O(n>o

missDup xs = solve xs 1 (length xs) where
solve xs@(_:_:_) Lu | k<m-1+1= (sl - sl', sr' - sr)
| k>m-14+1=(sr - sr', sl' - sl)
| sl = sl' = solve bs (m+ 1) u
| otherwise = solve as 1 m
where

m= (1 + u) ‘div’ 2

(as, bs) = partition (<m) xs

k = length as

sl=(lL+m) x (m- 1+ 1) “div’ 2

sr=(m+14+u) * (u-m ‘div’ 2

(sl', sr') = (sum as, sum bs)

W EHEY . BT ATA ECTEEE 1 2 noZ 8], FRATTAT DA e S8 HE 7 SR B R HE
I, BATEEMAER, ¥ T8 MIE ¢ ERET o, R o # 4, Tl
KERE « ERET y R, R 2 =y, TATHEE TEEWET, A,
BAVSH BRI TR ¢, BEERX ISR, B 2 5T i EHRIEE
8T, BT E M — IR ARR EMR AL &, RSN RS 2%
O(n)o

(Int, Int) missDup([Int] xs) {
Int miss = -1, dup = -1
for Int i = 0 to length(xs) - 1 {
while xs[i] # i {
Int j = xs[i]
if xs[j] = xs[i] {
dup = xs[j]
miss = 1
break
} else {
j = xs[i]
(xs[i], xs[3]1) = (xs[3], xs[i])

3
}

return (miss, dup)

FFSHiih. FORAFE—TDREN n BIFRICEEH, N T RPN o, 3,
THERRARICEEH RIS « DALEM RIS, SERNNEFEETTERN, BM2K
MR E EIFRICEEMS T, ICESRNETF N 4, BANRE s = 142+
= ”(n; 1), AR AR A TR s’ BATTRT DATHAR H R R8T
m=d+s—s'c HERX—TTEREIIMCEN n B RIAERICEH, BT
P ES R — M EMRER (B, 7o), TATA] DUk Hgwid o 8w 19 1E
s, NMERGFERINE T NTRIHESE MY o, BATRFIIHE




347

|| ALE _ERITTERIMC I, B o] FoR4EE, IMREME M EELN
T, BATHERE] TEERITR, 2N RBA AT DA R H BRI

(Int, Int) missDup([Int] xs) {
Int miss = -1, dup = -1
Int n = length(xs)

Int s = sum(xs)
for i =0 ton -1 {
Int j = abs(xs[i]) - 1
if xs[j] <0 {
dup = j
miss =dup +n * (n+1) /2 -s
break
}
xs[j] = -abs(xs[j])
}

return (miss, dup)

Tt ZIE—NEAIRIE: EE— T 1B n BFIER, ZHE—DITR, ARG
FTELEHIRIM , / ﬁ BN PRI BT RIE? BATR] AR AT A /Y
TEEARNN, SREM 2 +1) BEX R TER, X— BT ARRA
WIRTF#E:

m=s—s

Hrpom FRBRIET, s M 12 n BRI, o BFIERSATH TR,
{HZRINFEBRITRMERRTTR, TIEIUH — D758 K D ARATEL,

> (@i —i)y=d—m (3)

HAAMZSNRPEE « DITRME « FRIRMA, BEGHRE S MR/
We? BERMEHTTT. WMRBATEE i DNITRMEITIRZE « V7T, AE s
RENERK, AT A2 N HFEER

> (@li]® = %) = d® = m® = (d+m)(d —m) (4)
BT d —m RET 0, BATATLAR R (3) BROAR (4) B, 15815 — A 5z:

> @li)* =)/ (xli] — i) =d+m (5)

Feet (3) A3 (5), FIT5HE. RS ARATEL, IX R AT DATS 245 2R -
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1.3.

1.2.1.

1.3.1.

1.4.1.

1.4.2.

missDup xs = ((b ‘div’ a - a) ‘div’ 2, (b ‘div’ a + a) ‘div’ 2) where
ys = zip xs [1..]
a=sum [x -y | (x, y) < ys]
b = sum [x"2 - y*"2 | (x, y) < ys]

T, B AE HIASIRTE.

EE 1.2
MFITERNR A PFIFR, EREB AWML N ITE 2,y € A BEMHSE, &
N —ANETERBIMT AR R A,
FrATTH AU BRI Ee A [A] — A 51 35

(=) :: [a] — [a] — Bool

[] = [] = True

(x:xs) = (y:ys) = x =y && (xs = ys)
xs =— ys = False

BEER 1.3

1E GrT-AT(i, X) HERSEIT, X 282 /ERE? i MR 2 /ERE?
PRI AR R i, AT DARIF Optional<T>RbBRttAmES

Optional<T> getAt(List<T> xs, Int i) {
while i # 0 and xs # null {
XS = Xxs.next
-i__
}
return if xs # null then Optional.of(xs.key) else Optional.Nothing

EER 14
£ Inir A, AT DA APPEND(X', FIrsT(X)) Rt Cons 47
APPEND BHR TR ERTHBIAR BIRIITER, IXAEFE 2EM O(n) FRESIO(n?),
Hrbn BAIRKE,
£ LasT-Ar H, QI{r Rb B ZS 51 R T 17 1 ?
i/ Optional<T>:

Optional<T> lastAt(List<T> xs, Int i) {
List<T> p = xs
while i # 0 and xs # null {
XS = xs.next
-i__
}
if xs = null then return Optional.Nothing
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while xs.next # null {
Xs = Xxs.next
p = p.next

}

return Optional.of(p.key)

BEHE 1.5

1.5.1. FEFIZRATE AN — PR & tail, REASINSRTE LA H RN R,
PANTEMEE X, NZZEARRERER, SN2 2T E B RLENSIR,

data List<A> {
data Node<A> {
A key
Node<A> next
}

Node<A> head = null
Node<A> tail = null
Int length =0

}

List<A> append(List<A> xs, A x) {
List.Node<A> tl = xs.tail
xs.tail = List.Node<A>(x, null)
if t1 = null {

xs.head = xs.tail
} else {

tl.next = xs.tail
}
xs.length++
return xs

}

1.5.2. fAII R IZBE T tail ZBE? A EREA IR0 ?
TERFREAN. MBRES, MZSFRMAT RN, M —ITRYIRMBRITTER, M
ENLE T EIFNRN, BRiefe— MMRESN, TR EEUN ARE, M EAE
DEI as = bs 4 cs, TFBELNER HHHE bs TR,

1.5.3. TE setAt W, QOAaf AL FRAS B RATEL T 150 ?
setAt 0 z [ | FIESEERIT 20 [ |o WIER |zs| = n, ATBAAA setAt n x xs EH
T xs 4 [w]o HESSHIERAERAE DL AT i 5 b B,

BEER 1.6

1.6.1. il ACLCEBAN, K HAZ ISR AL 2,

‘insert nx [] = [x]
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1.6.2.

1.7.1.

1.7.2.

1.8.1.

1.8.2.

insert n x (y:ys) | n < 0=x :y :ys
| otherwise y : dinsert (n - 1) x ys

OB SR NI, AN B ¢ JSRIATE TR F LA e — MIE,

[K] dnsert([K] xs, Int i, K x) {
append(xs, x)
for Int j = length(xs) - 1, j > 1, j—— {
swap(xs[j], xs[j-11)
}

return xs

EHE 1.7

BT RIRRE T4 ERIFTH TR MIER.

delAll x [] = []
delAll x (y:ys) | x =y = delAll x ys
| otherwise =y : delAll x ys

BE B

delAll x = foldr f [] where
fyys=1f x — y then ys else y : ys

B REHRIMPR TR, SUMERA B IS RIFTA TR TR R s) — ML E,

[K] delAt(Int i, [K] xs) {
Int n = length(xs)
if 0 < i<n {
while i <n - 1 {
xs[i] = xs[i + 1]

i+
}
popLast(xs)
}
return xs

BER 1.8

i B IASEIR length

length = len 0 where
len n [] =n
len n (x:xs) = len (n + 1) xs

A n B BRI K, SEEUR o RYDUE TR, (S EAVEN O(lgn)
PAHAZR b —E BB, RN b AT DU EIE T 84 e (F140 1)
M= B (BlansER) IR G, B EBATFRIXAERIERE N A FEE (Monoid)
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Monoid pow(Monoid b, Int n) {
Monoid a = Monoid.e
while n # 0 {
if n& 1=—1then a=a *b

b=bxb
n=n>1
return a

BEHE1.9

1.9.1. SEHEBIEXR [(k,v)] FIE&H v [HEKHTTER.

maxValue ((k, v):kvs) = maxV v kvs where
maxVm [] =m

maxV m ((_, v):kvs) = maxV (max m v) kvs

EE 1.10

1.10.1. 1B take/drop, 4 n MBS take IRIE] | ], drop IR[BIEHAIEK,

safeTake n [] = []
safeTake n (x:xs) | n < 0 =[]
| otherwise = x : safeTake (n - 1) xs

safeDrop n [] = []
safeDrop n (x:xs) | n < 0 = x:xs
| otherwise = safeDrop (n - 1) xs

1.10.2. SEIFHERHT take FT drop Hi%,
TR I MIFRTTER, ESLERE AN TR 2L shift #521F, ¥4 s
KEN n, take(m,zs) A DB IESEHEAT n — m (REFMPRSZEL, 97528
drop(m, xs), M zs[m] 2, {BENITER wsli] MATFEENE] zs[i — m]. &G MNEHD
MR m TR,

[K] take(Int m, [K] xs) {
Int d = length(xs) - m
while d > 0 and xs # [] {

pop(xs)
d__

}

return xs

[K] drop(Int m, xs) {
if m < 0 then return xs
for Int i = m to length(xs) { xs[i - n] = xs[i] }
while m > 0 and xs # [] {
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pop (xs)
—
}

return xs

}

1.10.3. ¥ sublist ¥ slice X5 NFTEMAIE, L/ X 1ERSEL

sublist from cnt = take cnt odrop (from - 1)

slice from to = drop (from - 1) o take to

1.10.4. & NH span BISEIY:

spanp [] = ([],[])
. B {p(:c) . (z:as,bs), HH : (as,bs) = span(p, vs)
span p (r:xs) =

BN (as,z 2 bs)

EAIFATA T 44 A SE LA AR ?

IX—SEIAEAIER 2s 70T BRI 2 p BIFTAETCREMARE p FTRITER:
as = [p(a),a < xs] fl bs = [not p(b),b + zs]o as N7 /E p K]
8%, M2 p FERKTF T3,

HHE 1.11

L11.1. N TH foldr & XAENHEFY, TATRAGRABEIL AL insert © X, IXFEEFA]
PAFRIR A 1 sort = foldr insert [ |o foldr FIZEALN:

foldr::(A— B — B)— B — [A] - B

HAPE— NS fF ZRAZ A 5 B — B, U141MHE 2 280N B, BXITEE
B A WAIRBATEMN, REERIERN B, W foldl & XiEAHEF?
foldl WZEBLZH4.?

foldl [NZRAIN: foldl :: (B — A — B) — B — [A] — B, #H foldl, Bl 17
BN TASEIN B E AT -

sort = foldl (xs x — insert x xs) [ ]
B TE XX PR
flipfzy=fyzx (1.58)

RN HET A E X sort = foldl (flip insert) [ ]



1.11.2.

1.11.3.

1.12.1.

1.12.2.

1.13.1.

353

concat PN IS IR A2 BIF—DNERMN R concat Biko

R foldl F11 foldr 7E X concat HEERAARIE, as + bs FIBHERZ O(m),
HH m = |as|, fEH foldl IZBL zs1 +H w59 4 ... H x5, I, as FIKERORBK,
EHERN:O(my + (my+ma) + ... + 320 my)o W foldr SEBL zsy 4 (w50 4+
(oo H w5,)...) B, as KEASBERBEK, MR2FN s, WKE, HEEN
O(My—1 + ... +mg +my) BEMERTEIR, AT URTFE X —R %

concat [] = []
concat ([]:xss) = concat xss
concat ((x:xs):xss) = x : concat (xs:xss)

R foldr SR7E X map.
map f = foldr (x xs — (f x):xs) [] (1.59)
BER 112
T reverse KBNS RIFYIE IR,

List<K> filterL((K — Bool) p, List<K> xs) {
List<K> ys = null
while xs # null {
if p(xs.key) then ys = cons(xs.key, ys)
XS = Xs.next
}
return reverse(ys)

3

HE—DINR, R ERFT RS,
H2MTTTR. WIIER os TR, A 535 3080 105k T a5

[s, tail xs,tail (tail xs),...,[]]

tha] DAF|H pattern matching AW E$#3LER, SCEL drop FIRKER :

tails [] = [[]1]
tails xs@(_:ys) = xs : tails ys

PABERT ARIFHAMIZANMN [[ 1] 48, AW AGE AT RS G2 -

tails = foldr f [[]] where
f x xss@(xs:_) = (x:Xs) : Xss

B 1.13
W2 fota FEIK CRIMSFI DILAEATT
e dota(...,n) =[1,2,3,...,n];
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1.13.2.

e iota(m,n) = [m,m+1,m+2,....,n], HH m < n;

e iota(m,m+a,...,n) = [m,m+a,m+2a,.. m+kal; k BEREm+ka <n
BRI

o iota(m,m,...) = repeat(m) = [m, m,m,...J;

o iota(m,...) =[m,m+1,m+2,..].

BH/oRREBIAN (1,2, ..., n]:

iota = iota' [] where
jota' nsn | n<1=ns

| otherwise = jota' (n : ns) (n - 1)

HUORUERCIGTE  [m, m + 1, ..., n], BATRTFEL FERM 1 2508 m BlA]:

iota m n = iota' [] n where
jota' ns n | n<m=ns

| otherwise = jota' (n : ns) (n - 1)

HIHED K [m,m + a,m + 2a, ...,m + ka], HH k2 m + ka < n BIEK
B

jotamna | m < n=m: jota (m+ a) na
| otherwise = []

NTTFE n = oo BIIFBUFHN: [m,m + 1,...], ATDAZRs B3 IT 28 1 E 56

jota m=m : diota (m + 1)

40 take 10 (dota 1) F7Z4ERT 10 NHEREK
8 +1 BT AE 2] repeat

repeat m = m : repeat m

g5 b, BATTAT DUE L= iterate BRIEL, & 2HE iota DIRE:

iterate f x = x : 1dterate f (f x)

jotal n = take n $ €dterate (+1) 1

jota2 m n = takeWhile (<n) $ dterate (+1) m
jota3 m n a = takeWhile (<n) $ iterate (+a) m
repeat m = iterate id m

jota5 m = iterate (+1) m

KHAME RIF A 23X zip BIK,

[(A, B)] zip([A] xs, [B] ys) {
[(A, B)] zs = null
while xs # null and ys # null {
zs = cons((xs.key, ys.key), zs)
XS = Xs.next

ys

ys.next




1.13.3.

1.13.4.

1.13.5.
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return reverse(zs)

3

FBINE N zip ($7R: & X DFIRIEN foldr2 f z xs ys)e
PATFREE SN FI R A BN -
foldr2 f z[]ys = =z
foldr2 f zxs[] = =z (1.75)
foldr2 f z (x:xs) (y:ys) = foldr2 f (f xy z) xsys

SRIGH foldr2 & X zip (F[EAL) :
zip = foldr2 f [ ], 5H : f x y ays = (z,y):zys

fHH zip LR last At
T EMAEMESIE kDR, Bl s = 20, 21, ..., 1] BT B DITER
JG198| ys = drop k xs. ARG s, ys KGR zip xs ys, XM RG—XNITE
R (k15 Tn_1)o

lastAt k xs = (fstolast) (zip xs (drop k xs))

IS — DREFMIIRPERPREERITR, X NINE, 16 A& 75
AMPRIXLEEL TR, EARBIAES, W — PN EEARTITRIHIIR,
LERIN R A HITTRIT MRS R AR —5, X —RIENE R B
A2 AR STV RS MR SE A, m] AR fe] f L SR TR ?

dedup [] = []
dedup (x : xs) = x : dedup (filter (x #) xs)

AIDAHBNNRE X dedup:

dedup = foldr f [] where
f x xs =x : filter (x #) xs

HTXENTEBIT filter, BHEN O(n?), G (ML=, PUE) ] DASCER
O(nlgn) MNEEERE:

dedup = Set.tolList o Set.fromList

Xt L ) iy < I PSRN -

[K] dedup([K] xs) {
Int n = length(xs)
for Int i =0, i <n, i+ {
Int j=14+1
while j < n {
if xs[i] = xs[j] {
swap(xs[j], xs[n - 1])
n-—
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} else {
I+

}
}
Int m = length(xs) - n
loop m { pop(xs) }
return xs

}

1.13.6. ] DAHAFRRFR TR B IR S, Hilan 1024 ATRARR N “4 - 2 — 0 —
17y — BRI, n = d,,...dody FIPAFRIRN:“d) — dy — ... = d,, o EERHDH
HIRFTRIVEL o F1 b, SEEVENEEOSE (NIRERR)

=13 B RS L FIRATNER, MITEL, ShfEG. n =
(dn-.dady) 10 TRA [dy, do, .., dp)o BN 1024 FIRA [4, 2, 0, 1], FATTAT A
MIXFERIFNZR, IS foldr (c d — 10d + ¢) 0 FEHEI HARE. K, ATAFIA TR
T P9 BRI SR (T SRR 4 37 252 -

toList n | n < 10 = [n]
| otherwise = (n “mod’ 10) : tolList (n ‘“div’ 10)

HETLEME, 0 BIMERREAITT, BI04 as = as + 0 = as, HH 0 A] AFR
9] 8% [0], AT A:

[]+bs = bs
0] +bs = bs
as+[] = as
as+[0] = as
FE LA 0 = (a+b) mod 10, (i ¢ = | |, IR L

(a:as) + (b:bs) = d:(as + bs + [c])

NHRA A TR :

add [] bs = bs
add [0] bs = bs
add as [] = as
add as [0] = as
add (a:as) (b:bs) = ((a + b) "mod’ 10) : add as (add bs [(a + b) ‘div’ 10])

HIRKIRIE, as — 0 = aso BN DAGEIZALIXT as,bs K. AIRFE—NL 1
a < b, MFTELENL:d = 10 + a — b, TRIRAL as’ = as — [1]o

minus as [] = as

minus as [0] = as

minus (a:as) (b:bs) | a<b = (10 + a - b) : minus (minus as [1]) bs
| otherwise = (a - b) : minus as bs
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BETREINITE as x bs, BATTRE bs AL b Felh as, BEERIFLL 10 )5 R
IAER cs’ = 10 x cs + (b x as)o HE b x as I, IR b = 0, RN 0; HENE
HUR, A b FLAE L a 193] d = ab mod 10, HL ¢ = L%)J JESlV S PR INES
Rk

bx (azas) =d: ([c] + (b x as))

IRINAS I R R

mul as = foldr (A b cs — add (mull b as) (0:cs)) []

mull 0 _ = []
mull b [] = []
mull b (a:as) = (b * a "mod’ 10) : add [b * a ‘div' 10] (mull b as)

BRJa S REEIRRTR, B e 2 S — NEE T 0, AR BRI
AR EERR R ANRANFR N 2 B3 A AR 2 0 MBX MR ARRITEEET 0:

isZero = all (= 0)

FE#E as. bs K/NEE, 0 /NFAEMTIES B R, SN S AL AR T R (EQ
TSR, LT Ron/ T, GT R KT):

cmp [1 [1 = EQ
cmp [] bs = if isZero bs then EQ else LT
= if isZero as then EQ else GT
cmp (a:as) (b:bs) = case cmp as bs of EQ — compare a b

cmp as []

r —r

IXHRE, /NT I, SETHIWTER AT DA emp 78 X

eq as bs = EQ =— cmp as bs
1t as bs = LT — cmp as bs

BRIz AT DA 75 2808975 NS ORFREL bs # 0)

las/bs] = as<bs: 0
REE 1+ [(as — bs)/bs]

HRFATA] DAAS EUF, FIE as = ¢ - bs + r, HH ¢ R, 0 < ¢ < bs BFREL
%2 as = (Apm...0201)10 = |ay, ag, ..., ), BT EEEK a,, BREA bs BIE q,0,
MRE 1 = am — @ - bso RGN E R —10 ayq, K 107, + am_1 BREA bs
BT @1 FIREL 710 TGRS ALERER, XIBEZ foldr HIEFE:

ldiv as bs | isZero bs = error ”divide by 0”
| otherwise = foldr f ([]1, []) as where
f a (gs, rs) = (q:qgs, (a:rs) “minus’ (q "mull’ bs)) where
q = ndec (a:rs)
ndec as = if as "1t' bs then 0 else 1 + ndec (as 'minus’ bs)
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1.13.7. FEa NI, fEIAFIFRE — R BRI AYZ13R  Fa N i 1 DARTII AL E,
G 1.6 Fiose iR, SBEATCIRIEH, &It —PRIEREL MR
B EAMEN, AR L, B R ZIEIEIATAR T R (B DA FRE S
FRIAIATTT D o

1.6: HHEIARISIER

RN A, NI aE I 2R, WUERIEIME IS AW ZIET,
FARPRAY S ARG b, B, BT HISRRNET o AT AR AN E
PiAE : p BORETRE 1 TR, ¢ BHRETRE 2 D1 R IRRENERE NN ZIAHIE,
UNEEEESEZS

Bool hasCycle(List<k> h) {

var p=h, q=nh

while p # null and q # null {
p = p.next
q = g.next
if g = null then return False
g = g.next
if p — q return True

}

return False

BOFRF - 9B 18 PHEHDIX A AN i R BB, FRATTIE W] DA — 25 SR R G R
RN E, FIETNE 1.7, 2 OA KEN kDN, M A FHETEIR, B n
TR Y p FlIK AR HER 2 5 ¢ ELFENE B, N NMEH TG
B, p %G q BB k, WIS EBHMT ¢ ZHE BAEERTHE n — k BERH po XTH
I

. n—k n—k
Cw—v W

PR ROR L, IX U TIESIE L, N T B HGIE, YN EE T EN, —E R EEE.
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B 1.7 fRERHTIA

n—k

B p AR T 10 — =n—k W2 it p FERTHE & B EIE] A, GERIX
ik g BIBERSAER IR, —IRATRE 1 DR ¢ BT kI HREDE A, Bl p F0
q £ AMHIB, ERDRIZT k< no FATATLAEM £k > n INESIEHZEXY:

IER. pog NIRRT, 3 p I8 AT, ¢ EE T BIE A J5TH &k mod n HIAL
Ho IHRHAHONIE N A ¢ 6 ERTEEE R n — (k mod n) B p, I :

n— (kmodn) n— (kmodn)

t =
20 —v v

B p M A R T R IOd ) od ), QIR p EERE

SERCE: (kmod n) +n — (kmod n) = n, BEFEEIT A, IR ¢ 68
- p BSB89 kSRS A B p FIR
HHI8, O

ARAE LR oA, ERIEI R R A FrERIALE :

Optional<List<kK>> findCycle(List<K> h) {
var p=h, g=nh
while p # null and q # null {

p = p.next
q = g.next
if g = null then return Optional.Nothing
q = g.next
if p—=gq {
q=nh
while p # q {
p = p.next
q = g.next
}

return Optional.of(p)
}

}
return Optional.Nothing
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2.1.1.

2.1.2.

BEHE 21

25 78 QNI P PR R D B S5 SR, TR R, T4 e s T Y
ZER,
o HiFEIEER 1, 2, 4, 3,5, 6
. HFBNAEHE 4,2, 1,5,3,6
o EFBIEER:?
[4,2,5,6,3,1]
S e SIS T M RT3 2 73 R e i 7 ) 5 SR ER - A

ICHIF RS RAN P, RIPwHEERA [, R P =1=], M=XHH= o,
A3, H A 2 SB I R “AR, FE AT, B P RS — N ITER m 2R R AYE,
DI e AR A7, TRITT 2T IAE 1 RS m, HE 1 59 = 8
73 (a1, a2, ... Gim1, M, Qit1, Qat2, ..., Qn), LI = I[1,4),I, = I[i + 1,n], Hr
1) FRA AT, B4 EAEAS r, AR D2 1, X H5 Lm, I,
oL R FRT FEEER, 1 2 A TR Rm AR, 2k = || TR
TR0, FATAT AR & 480 P(2,n) SFHSY: Py, Py, Eooft PR & AT
%, P RRAESY, KRR UBER (P, 1) AT, B (P, 1,)
AT

rebudld [ | [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I,.)

Hr:

(I,,I,) = splitWith m I

(P, P.) = splitAt |I,| ps
NHERB TR
rebuild [] _ = Empty
rebuild [c] _ = Node Empty c Empty

rebuild (x:xs) ins = Node (rebuild prl inl) x (rebuild prr inr) where
(inl, _:inr) = (takeWhile (# x) ins, dropWhile (#x) 1ins)
(prl, prr) = splitAt (length inl) xs

] DO B e A 30 SRS :

Node<T> rebuild([T] pre, [T] ins, Int 1 =0, Int r = length(ins)) {
if 1 > r then return null
T ¢ = popFront(pre)
Int m = find(c, 1ins)
var left = rebuild(pre, 1ins, 1, m)
var right = rebuild(pre, ins, m+ 1, r)
return Node(left, c, right)




2.1.3.

2.1.4.

2.1.5.

2.1.6.

2.2.1.

2.2.2.

361
UERRN = AR R T i P ] DUORE 22 BR T 3A2 BR M/ IN BRI i o

UERH. SEFH SOIETE, BRI E - IERW, HhFiEhs R r. BIHEmA
WP IR T IR IR — RN T B8 T ARTRERZ o, BREIH
PR N [ | RAEFN. HX T RAlgeit+ T = (2,k,2), HFHH
JPE LSRN (k] BE TN, Ht T HEER2ET R (1K, r), FFiEasRA
toList l4[z]HtoList ro HIT T J2 i/ N 53 i JC 7 HOARE, 10 e #REE T /0N,
LA toList | #l toList r #E P MRIE —ERERE L, Fz € l,x < k, fE
fily €r,y > ko FTEAHRIFIBAEE R toList | 4 [x] 4 toList r BF. X5
T WH s RICTH JGe B UEM — SRR em s R E . O

WP E IR E R A7
(nlgn), i n BILEREH,
ERBINE X toList

toList = foldt id (as b bs— as4b:bs) []
= fold (:) []

EHZME X depth t, FIF—HR X EE,

depth = foldt (r+— 1) (x dy — d+max z y) 0

BR 2.2
HIBEEAME kB EFAET —XHRRN ¢ i,
member x (Node 1 k r) | x = k = True

| x < k = member x 1
| otherwise = member x r

1 PreD #l Succ KM XAERRIFNIE NG FHEBL—MREE n T
R E AR E R 42

data Treelterator<T> {
Node<T> node = null

Treelterator (Node<T> root) { node = min(root) }

T get() = node.key

Bool hasNext() = node # null

Self next() { if hasNext() then node = succ(node) }
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2.2.3.

2.3.1.

2.3.2.

2.3.3.

REAEVI RTINS T RN T B TR TR B R K O 5, BiHE R AE
W, (B AERERIE LR A SR TR ZEL R W, P, M TR
L BABGH A — IR (BB IR, BT —IR), fFilan:

for var it = TreeIterator(root), it.hasNext(), it = it.next() {
print(it.get())
}

Pt DAY 3 R 28R O (n)s

THEFER AT D& — X [a, b) NRIITER:

for_each (m.lower_bound(12), m.upper_bound(26), f)
TH 4l R B 77 AR RX — R

mapR f a b t = map' t where
map' Empty = Empty
map' (Node L k r) | k< a=map' r
| @ < k & k < b = Node (map' 1) (f k) (map' r)
| k>b=map' 1

BER 2.3

Y R ST NN, A — RO FRAOIBR % - A2 B R ME
BHLHHERAT T A, AR KER T R D) te SEIX — Rk,

delete _ Empty = Empty
delete x (Node 1 k r) | x < k = Node (delete x 1) k r
| x > k = Node 1 k (delete x r)
| otherwise = del 1 r
where
del Empty r = r
del 1 Empty = 1
del 1 r = let m = max 1 in Node (delete m 1) m r

Gt SCERRE AL

fromList = (foldr {insert Empty) o shuffle

QRARTAE— R — SRR A PR ™ R 19 L2

PAVEREKIEE m, REHHRKERE [s,a,b, ... eo BIERIRDNIRA s, e
R FTSREIRAN T e B Yo T RUAIRYEE R T R A Sl e 12
(T s = ny = ny = . = ny — e, TENTRBKEN 1, MM s
F e MASKENTRARNERE, FRBEAEERN m+ 1. SHIRKE
B0, HFHBADAM TR (2, ko) R KEEN [k, RKEHIZ 0 (A E
B ko BEDSTERA (I k,r) NERKEE, BLRR=FFHNERE: (DML
TR RENERTT A, MR REIAG TR IR SRR E, ST
depth 1+ depth r; (2) 7278 | HRVEBRKEEE; ()4 T4 r PEYER KR,
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maxDistance Empty = 0

maxDistance (Node Empty _ Empty) = 0

maxDistance (Node 1 _ r) = maximum [depth 1 + depth r,
maxDistance 1, maxDistance r]

HH depth IIE X WERS] 2.1.60 FEIEENEERT DOK IR KRR, SRR
BER [ ], MY RIRKERZRE k], 230 (1L k) NRKBRZ=H
FAER R (1) MRS MR R T R BRI, Ik &, B0 B AR
R R HER TR (2) ZEMIR KEE R ; (3) A MR KL,

maxPath Empty = []
maxPath (Node Empty k Empty) = [k]
maxPath (Node 1 k r) = longest [(reverse depthPath 1) # k : depthPath r,
maxPath 1, maxPath r] where
longest = maximumBy (compare ‘on’ length)
depthPath = foldt id (A xs k ys — k : longest [xs, ys]) []

RX—TTIEE T RIRE N — IR, R DB XK T —IR, N T
SES, FATATLAE RA BRI EE TR d FIRKEE R mo I ARG :
Tree A Tree (Int, Int) #J—{RIRGEE:

maxDist = extract o mapTr where

extract Empty = 0

extract (Node _ (_, m) _) =m

mapTr Empty = Empty

mapTr (Node 1 _ r) = f (mapTr 1) (mapTr r)

f 1 r =Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, ml1) = pairof 1
(d2, m2) = pairof r
pairof Empty = (0, 0)
pairof (Node _ k _) =k

PATIHE AT U B AR R :

maxDist = snd o pair o foldt id g Empty where
gl _r=Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, m1) = pair 1
(d2, m2) = pair r

pair = (maybe (0, 0) 1id) o key

BR 3.1

3.1.1. SKELNEAE A B AR PE,

Void dnsert([T] xs, T x) {
Int i = 0, n = length(xs)
append(xs, Xx)
while i < n and xs[i] < x { i+ }
while i < n {
xs[n] = xs[n - 1]
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3.1.2. R SCESRAHER A B B CASK BB AT

Void dnsert([T] xs, T x) {

[T]

append(xs, Xx)

Int i = length(xs) - 1

while i > 0 and xs[i] < xs[i-1] {
swap(xs[i], xs[i-1])
.

sort([T] xs) {

[T ys =11

for x 1in xs {
insert(ys, x)

}

return ys

BEE 3.2

3.2.1. FERRSIEEAH, HIFERE - PEHRHFINRS A — DI, RIEFHIR
5| Newt, EHHrHEFIEA A,

4.1.1.

[K]

reorder ([K] xs, [Int] next) {
Int i = -1
[Int] ys =[]
while next[i] # -1 {
append(ys, xs[next[i]])
i = next[i]
}

return ys

BER 41

T RORHTIEINGE, 7 PA A, il DAE R D H AR RIESS : — Pk
HRIAE, S350 — G FIRTERE P MES BN AR, AR HT =X
RRMB 2 T1Y? INFGEIE IR B2 Fr i, (255 2152 445
R? 25E 4.2, IREEZ B AP D

HFiE R IR = I HER, SKE P AMESS 790 7= A AR AR i, ke
Th = ((..(0,k1,9),...), km, @), BTy = (3, kg1, (D, kmyos (D, kny @) )0




4.2.1.

4.3.1.

365

AR 4.2(c)o WNRIFEENFEL, BMEST4E A0 T), IR 7B, XLk
T BB — AR I H, & 4.2(b) EER, JTERNZHE, 84
I HHEE N

BE 4.2

S HE RiIcHT-ROTATE #1F,

1: function RIGHT-ROTATE(T, y)
2: p < PARENT(y)
3 r + LEFT(y) > & o # NIL
4 a <+ LEFT(z)
5: b+ RicHT(2)
6 ¢ + RicuT(y)
7. REPLACE(y,z) > 2 Bl y
8 SET-SUBTREES(y, b, ) > 2 b, c Ny BT
9 SET-SUBTREES(, a, i) > 2 a,y Nz BFH
10 if p= NIL then > AT y AR R
11: T+=x
12: return 7'

BEE 4.3

UERAEA n D RIVZLRR, HEE h ASEE 21g(n + 1)

BATELSIN BOGE"IE L, TR 2 FROGEE bh(z) BN 2 (RS 2) F
F— 7 SR BRI RGO RH . RIEZLEMEITER 5, FrE R EEH
R BRET R, FrPOX—E R ARI, Rl FRRES R iR G
2T R R s

UERH. FRATE SEUERH DUEAT 5 2 R FR D ELE 20h(®) — 1 N5 R, FdT]
X F R A% = D 0, W 2 = NIL, FREDEF 20-1=0
MR MAEH BT R o, BRAEG T REAGEEZ bh(x) (FRAIIR
B) B bh(z) — L(FRAIRNLLE) . BT o BFRIEE —E/NT o &,
AR, BT EDEH 2@~ 1 AN FIBAF# =« 2086
2(20h(®) =1 1) 4 1 = 207 — 1 AN

DL h, AL BRI 4, REEESNA T R FDUE—%
7 b, BET S E B, R BN RESERDN b2, KFit:

n>2M?2 1= 202 <41

PILEONBARE]: h/2 < lg(n+ 1), Bl:h < 21g(n + 1), O
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4.4.1.

BR 4.4

AME FAREECIEAL, 7 A& PURRE ISR insert SBi%,

Node<T> 1insert(Node<T> t, T x) = makeBlack(ins(t, x))

Node<T> makeBlack(Node<T> t) {
t.color = Color.BLACK
return t

Node<T> ins(Node<T> t, T x) {
if t — null then return Node(null, x, null, Color.BLACK)
return if x < t.key
then balance(t.color, ins(t.left, x), t.key, t.right)
else balance(t.color, t.left, t.key, ins(t.right, x))

Node<T> balance(Color c, Node<T> 1, T k, Node<T> r) {
return if ¢ — Color.BLACK {
if isRed(l) and disRed(l.left) {
Node (Node(l.left.left, 1l.left.key, l.left.right, Color.BLACK),

1.key,
Node(l.right, k, r, Color.BLACK),
Color.RED)

} else if isRed(l) and qisRed(l.right) {
Node (Node(1l.left, l.key, l.right.left, Color.BLACK),
1l.right.key,
Node(l.right.right, k, r, Color.BLACK),
Color.RED)
} else if isRed(r) and isRed(r.right) {
Node(Node (1, k, r.left, Color.BLACK),

r.key,
Node(r.left.right, r.right.key, r.right.right, Color.BLACK),
Color.RED)

} else 1if isRed(r) and isRed(r.left) {
Node (Node(1l, k, r.left.left, Color.BLACK),

r.left.key,
Node(r.left.right, r.key, r.right, Color.BLACK),
Color.RED)
} else {
Node(1l, k, r, c)
}
} else {

Node(1l, k, r, c)

Bool 1isRed(Node<T> t) = (t # null and t.color — Color.RED)

EHHE 4.5
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4.5.1. SKBELFRIC — BHE” MBREIE  RICHMBRAY T S, (EAETHEERRER, 4
BRRICHT T B E I 509 I B
BAHEENME = M—MRIE o FATRA, WHREDN: Tree (K, Bool), A
o I, B insert (z, True) K19 sbRICAF(E, MIBRRPRFRIC o 20 False, 28
JEgEH EMIERT AN, RS E R,

delete x = rebuild o del x

Hr:
delzx @ = ©
x<k: (c,del zl,(k,a),r)
del x (c,l,(k,a),r) = Sx>k: (¢l (k a),del xr)
x=k: (cl,(k,False),r)
AR BRIE BRSSO, R IR
R, RIEE,
ebuild £ — {size t< %(cap t): (fromlListotoList) t
A0 t
SO oList (EHF BT, 2T MR
toList @ = []
{a : toList | 4 [k] # toList r

toList (c,l, (k,a),r) =
N toList I # toList r

TR O D AR G T e, TR AR T R R AF IR (cap) FIARNM
FRTT RN (size) o RERTISEBIY S84 : Tree (K, Bool, Int, Int), 37E X node
PRIECETE T 8 H -

node & = &

node cl (kya, _, )r = (¢l (k,a,sz,ca),r)

>
i

{sz = size | + size r + (if a then 1 else 0)

ca=14capl+ cap r
BRI size Fl cap T UHE I RAZR N -

size ¥ = 0 capd = 0
size (_,(_, _,8z, ), ) = sz cap (_,(_, , ,ca), ) = ca
&5, BATH node PREUE R BAHEAFMBRAH (c, 1, k,r), W FEEIH]F

H

(=]
£

ey
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5.1.1.

data Elem a = Elem a Bool Int Int deriving (Eq)

active (Elem _ a _ _) = a
getElem (Elem x _ _ _) = x

instance Ord a = Ord (Elem a) where
compare = compare ‘on’ getElem

insert x = makeBlack o ins (Elem x True 1 1) where
ins e Empty = Node R Empty e Empty
ins e (Node color 1 k r)
| e <k = balance color (ins e 1) k r
| otherwise = balance color 1 k (ins e r)
makeBlack (Node _ 1 k r) = Node B 1 k r

balance B (Node R (Node R a x b) y ¢) z d = node R (node B a x b) y (node B c z
balance B (Node R a x (Node R by c)) z d =node R (node B a x b) y (node B c z
balance B a x (Node R by (Node R c z d)) = node R (node B a x b) y (node B c z
balance B a x (Node R (Node R by c) z d) = node R (node B a x b) y (node B c z
balance color 1 k r = node color 1 k r

node ¢ 1 (Elem k a _ _) r = Node ¢ 1 (Elem k a sz ca) r where

sz = size 1 + size r + if a then 1 else 0
ca=cap L4+ capr+1

size Empty = 0

size (Node _ _ (Elem _ _ sz _) _) = sz
cap Empty = 0
cap (Node _ _ (Elem _ _ _ ca) _) = ca

delete x = rebuild o del x where
del _ Empty = Empty
del x (Node ¢ 1 e@(Elem k a sz ca) r)
| x <k =node c (del x 1) e r
| x >k =node ¢ 1 e (del x r)
| x =k =node ¢ 1 (Elem k False 0 0) r

rebuild t | 2 * size t < cap t = (fromListo toList) t
| otherwise = t

fromList :: (Ord a) = [a] — RBTree (Elem a)
fromList = foldr dinsert Empty

toList Empty = []
toList (Node _ 1 e r) | active e = toList 1 # [getElem e] 4 toList r
| otherwise = toList 1 4 toList r

BE 5.1

FATHIRIUE T AVL SRS MR, e ERE i & — PR — A2 A2 AVL

d)
d)
d)
d)



6.1.1.

6.2.1.

369

o
PR 7SR UE R PR, BATTRT DARIF = SRR toList PREL, K2 i h 25
REGHF:

verifyAVL t = isAVL t && sorted (tolList t) where
sorted [] = True
sorted xs = and (zipWith (<) xs (tail xs))

BEE 6.1

TBEA DK E N Branch (IntTrie a) (Maybe a) (IntTrie a) Z&H
Branch (IntTrie a) a (IntTrie a), SWRMEARFELEIRIE Nothing, &5
NBRE] Just v?

MY lookup, BAIFHEAE insert FHIERHSIRE A BRI ETT A, 1E 6.3
A2 A R T e AERANMEH Maybe ZE2R28Y ) FRATIE TR ZRIMG —MREL
BRI E

data IntTrie a = Empty
| Branch (IntTrie a) a (IntTrie a)
| EmptyBranch (IntTrie a) (IntTrie a)

BEHE 6.2

9 5 A% BB ERLRTERM Y Lookup BiE.

import Data.Bits

type Key = Int
type Prefix = Int
type Mask = Int

data IntTree a = Empty
| Leaf Key a
| Branch Prefix Mask (IntTree a) (IntTree a)

lookup :: Key — IntTree a — Maybe a
lookup _ Empty = Nothing
lookup k (Leaf k' v) = if k =— k' then Just v else Nothing
lookup k (Branch p m 1 r) | match k p m = if zero k m then lookup k 1
else lookup k r
| otherwise = Nothing

match :: Key — Prefix — Mask — Bool
match k p m = (mask k m) = p

mask :: Int — Mask — Int
mask x m = (x .&. complement (m - 1))
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zero :: Int — Mask — Bool
zero x m = x .&. (shiftRm 1) = 0

6.2.2. SEEUEEEL trie MBI HTRT P DI, DUk E A VBRI B, S5 A AL

FoATI5CH FRUATIE I BT 70 T BN trie BRI ACBRANR,, wil i I I /2
AR -G, SRIENEE R [ o N (1,m,r), @A TR
BRI RIS RN as. bs, PRI m FEHZ Maybe, 2152 Nothing, N34
GERIZ as 4 bs; WIS Just v, MEERZ (k,v):as + bs, HH k 21RO B
TR RS (0 AR 1 A AN EEERD o

toList = go 0 1 where
go _ _ Empty = []
go k n (Branch 1 m r) = case m of
Nothing — as 4 bs
(Just v) — (k, v) : as H# bs
where
as = go k (2 * n) 1
bs =go (n+ k) (2 xn) r

TRATMIRGE SSTTHE, 2k =0, RE d = 0, BENE =0, AN K =1 =
294k = 1+0; EA T —E d = 1, 4 DT RN R k29 (00)5 = 0. (10), = 2140,
(01)p = 1. (11)y = 28 + 1, — e, T d B, 2k = (a4...a2a100)2, AL
Nk =k, G K = a,2? + ko RIEAE LREIHF, Bl TH k=0,n=20=1
JABNEEL go k no TAIAEIBVFAV go k 2n. MBI go (n + k) 2n.
IXFEEIE keys = fst o unzip o toList BEA] DARIG AT 7B I EEY R, RSt
A as 4 bs T BN TE], FATTAT AR R I3 sk -

toList = go 0 1 [] where
go _ _ z Empty =z
go k n z (Branch 1 m r) = case m of
Nothing — xs
(Just v) — (k, v) : xs
where xs = go k (2 * n) (go (n+ k) (2 *n) zr) 1

B2, TATTAT DR 1R trie RURTF BINIRIE, M —FHR fold AHEL,
PR key J2 TR HIRA,

foldpre f z = go 0 1 z where
go _ _ z Empty =z
go knz (Branch T mr) =f km (gok (2 *n) (go(n+k) (2*xn)zr)l)

FEFH B ANERAE, TATIAT AEEHTE X toList :

toList = foldpre f [] where
f _ Nothing xs = xs

f k (Just v) xs = (k, v) : xs

BRI SX BR e D0 AN B, BRI E keyo AR UE R I P
aZhn:
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foldpre _ z Empty = z
foldpre f z (Leaf k v) = f kv z
foldpre f z (Branch p m 1 r) = foldpre f (foldpre f z r) 1

RIE KB e o - (E 27 3% -

toList = foldpre (Ak v xs — (k, v):xs) []
keys = fst o unzip o tolList

QR SR A o e — B TR RO A B, TR R NI trie IR IR EEATSR
B, EATERZ I IR R i B — BRI T HESINR . O T 3R E, FRATE L —
NEARPREL bits LE, R/ NSO N W — BERIA 53R 2805 T AR UERT
e 3 3 BN 4 T

verify kvs = sorted $ map bitsLE $ keys $ fromList kvs where
sorted [] = True
sorted xs = and $ zipWith (<) xs (tail xs)
bitsLE 0 = []
bitsLE n = (n ‘'mod” 2) : bitsLE (n ‘div' 2)

H kos R ARIBE-ESIR, X R AL AT SN F SR IEARR PP an T :

verify kvs = sorted $ keys $ fromList kvs

EHE 6.3

THER lookup BIRFPHIIEA, FITEPA KL BLRTERM AU A K,

Optional<V> lookup(PrefixTree<K, V> t, K key) {
if t — null then return Optional.Nothing
Bool match
repeat {

match = False
for k, tr in t.subtrees {
if k =— key then return Optional.of(tr.value)
(K prefix, K k1, K k2) = lcp(key, k)
if prefix # [] and k2 — [] {
match = True
key = k1
t = tr
break
}
}
} until not match
return Optional.Nothing

BEHE 6.4
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6.4.1.

6.4.2.

7.1.1.

7.1.2.

] trie SEI B AT AT A A
XTFHRABIRIL ks, BANGE trie ATHEZE S50 ¢, RJ58 ¢ DHIEY T2 HR R
T BRIGEMTHT n MBI

import Data.Map (Map)
import qualified Data.Map as Map

startsWith :: ord k = [k] — Trie k v — [([k], v)]
startsWith [] (Trie Nothing ts) = enum ts
startsWith [] (Trie (Just v) ts) = ([], v) : enum ts
startsWith (k:ks) (Trie
Nothing — []
Just t — map (first (k:)) (startsWith ks t)

ts) = case Map.lookup k ts of

enum :: Ord k = Map k (Trie k v) — [([k], v)]
enum = (concatMap (A (k, t) —
map (first (k:)) (startsWith [] t))) o Map.assocs

get n k t = take n $ startsWith k t

Hrp first f (a,b) = (f a,b), REREL f RS —AMERIET— b, SCELRMIE
W, BT, BATEAE Mo HHIREIFTA ATRENT 1, X5 2] trie
i BE<R s PN IVA R RS

findT9 [] _ = [[]]
findT9 (d:ds) (Trie
cts = case Map.lookup d mapT9 of

_ ts) = concatMap find cts where

Nothing — []

Just cs — Map.assocs $ Map.filterWithKey (Ac _ — c ‘elem’ cs) ts
find (c, t) = map (c:) (findT9 ds t)

XTI [E] 22 MRS SR A TSR AR RTR, A0 frl R UE S H B 25 RAZ IR 5 U
Hop? XS PERE A BRI ?

HZR>] 6.2.2, X F = XATSM, 1% MR AT 1 P Al DURTS 73U P IS5 R, X T
2 XCRTZEM, ATV ZR T IHE TSP . AR B P = AR R E P
T CANZE A B AVL ), AT ATELRIEIS R N % el 5~ (LER>T 2.2.2),
QUSRI RS IR BB RIRFIRE B 1, MITRE O (nlgn) IR FHHERF,

BRI
BATZREFLAH < 1§ BRESHFEHEETER?
AIDAH < BWESEECE: A LEMNTE/NTET o, M« /NFETHE
GMIEE, EAEETR. MR R ZEAYME I E S TR, —RFRATIBRE B A g
M —, T — M AT DA R 22 ME (b [vr, v, ...]), FRAZAEBE (multi-map)
IR PR e PR BN BRI,

‘BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
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var root = t
while not is_leaf(t) {
Int i = length(t.keys)
while i > 0 and key < t.keys[i-1] {
i=1 -1
}
if full(d, t.subTrees[i]) {
split(d, t, 1)
if key > t.keys[i] then i =1 + 1
}
t = t.subTrees[1i]
}
orderedInsert(t.keys, key)
return root

7.1.3. BAMEMLNEETRGTRMANME, HEM BB a2 AL IEAT
itt, BIRERERETTA?

void orderedInsert([K] xs, K x) {

append(xs, Xx)

Int p = binarySearch(xs, x)

for Int i = length(lst), i >p, i=1 -1 {
xs[i] = xs[i-1]

}

xs[p] = x

Int binarySearch([K] xs, K x) {
Int 1 =0, u = length(xs)
while 1 < u {

Intm=(lL+4u) /2
if xs[m] = x {

return m
} else if xs[m] < x {
1l=m+1
} else {
u=m
}
}
return 1

}

SRIEMAREIEN FII., R HERFE Olgn) W, (LRHATRE
O(n) FIFVES B BUH AR i

BERT.2

7.2.1. R = ERBOEm S AEIE R,

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int 1 =0, u= length(tr.keys)
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while 1 < u {
Intm=(lL+4+u) /2
if key — tr.keys[m] {
return Optional.of((tr, m))
} else if t.keys[m] < key {

1l=m+1
} else {
u=m

}
}
if disLeaf(tr) {

return Optional.Nothing
} else {

tr = tr.subTrees[1]

BER .3

7.3.1. BAMEARTHEM TATIRF 2 BFRIRAITR K = max(t') BHREMERAIT

2 k, RJFIEVARAE ¢ HPIHER &0 3EE RN FREAEE TR RG 4R R HHY
BU/NTRRE ko TELIIX—T574
BATE S EE X omin BREL PRI B R/ NTER:

min' (BTree ks []) = head ks
min' (BTree _ ts) = min' $ head ts

FEM o XIZIIN, TEA < & < (815 o ATREHHIRTEZ MK REER, IFkAT]
Re Xl Z5 A A SR

partitionWith p (BTree ks ts) = (1, t, r) where
1 = (ksl, ts1)
r = (ks2, ts2)
(ksl, ks2) = L.span p ks
(tsl, (t:ts2)) = L.splitAt (length ksl) ts

F IRt AT PO AR SEELER 1 :

delete' x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (L.delete x ks) []
del x t = if (Just x) — (listToMaybe $ reverse ks') then
let k' = min' t' 1in
balance d ((init ks') # [k'], ts') (del k' t') r
else balance d 1 (del x t') r
where
(l@(ks', ts'), t', r) = partitionWith (< x) t

7.3.2. SKIBIERXT B MAURHPRE X,
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delete x (d, t) = fixRoot (d, del x t) where
del _ Empty = Empty
del x t = if (Just x) — fmap fst (listToMaybe r) then
case t' of
Empty — balance d 1 Empty (tail r)
— let k' = max' t' in
balance d 1 (del k' t') ((k', snd $ head r):(tail r))
else balance d 1 (del x t') r
where
(1, t', r) = partition (< x) t

max' t@(BTree _ _ []) = max' (stepL t)
max' (BTree _ _ [(k, Empty)]) = k
max' (BTree _ _ [(k, t)]) = max' t

max' t = max' (stepR t)

BEAN, FATFTRLER balance BESEANEIMIALHE, B EMBRIEAF-HHIHEIE:

balance :: Int — [(a, BTree a)] — BTree a — [(a, BTree a)] — BTree a
balance d 1 t r | full d t = fixFull
| tow d t= fixLow 1 t r
| otherwise = BTree 1 t r
where
fixFull = let (tl1, k, t2) = split d t in BTree 1 t1 ((k, t2):r)
fixLow ((k', t'):1) t r = balance d 1 (unsplit t' k' t) r
fixLtow 1 t ((k', t'):r) = balance d 1 (unsplit t k' t') r
fixtow 1 t r = t —l==r==]]

Hrp unsplit 52 split FIFIBHE, BRIE XN:

unsplit tl k (stepL t2)
unsplit (stepR t1) k t2

unsplit tl k t2@(BTree (_:_) _ _)
unsplit tl@(BTree (_:2)) k t2

BE 8.1

8.1.1. RiEHH, [az,as, ..., a,] NG E— N, (O E—NTEMH HEaPIFY /B
AiEH), 5% A BuiLb-HeAp B HHE,

8.1.2. AAJRA, FRIAE k.

BE 8.2

8.2.1. FHa2 M7 LB E e, R
AT w3, 28 7 5 B, FRATTHE T s R — A5

data Node<T> {
T value
Int rank =1
Node<T> left = null, right = null, parent = null
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AP LEAmHERE, BA15e B TA NE G TRGIF, RGNS RS EH#H
Bro GHREMBIRREY N T N T I BB, BT IA— =
T RARAIR,

Node<T> merge (Node<T> a, Node<T> b) {
var h = Node(null) // the sentinel node
while a # null and b # null {
if b.value < a.value then swap(a, b)
var ¢ = Node(a.value, parent = h, left = a.left)

h.right = ¢
h=c
a = a.right

}

h.right = if a # null then a else b

while h.parent # null {
if rank(h.left) < rank(h.right) then swap(h.left, h.right)
h.rank = 1 + rank(h.right)
h = h.parent

}

h = h.right
if h # null then h.parent = null
return h
Int rank(Node<T> x) = if x # null then x.rank else 0

Node<T> 1insert(Node<T> h, T x) = merge(Node(x), h)

T top(Node<T> h) = h.value

Node<T> pop(Node<T> h) = merge(h.left, h.right)

RIMERYSCIL B ) B, RATIETLEP T AOFE, &2 T RE, EFEAT S
51H:

data Node<T> {
T value
Node<T> left = null, right = null

BACELBLE I BREL, HL 8 RESORI 2 (i AR ]

Node<T> merge (Node<T> a, Node<T> b) {
var h = Node(None)
var root = h
while a # null and b # null {
if b.value < a.value then swap(a, b)
var ¢ = Node(a.value, left = null, right = a.left)

h.left = ¢
h=c
a = a.right

}
h.left = if a # null then a else b
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root = root.left

return root

8.2.2. JE M HEMIZINRAE

fold fz@ = =z
fold fzH = fold f (f (top H) z) (pop H)

EHFE 9.1
9.1.1. XHEFERHEZMAZIEM, BIRIERNE I RLMER, FFHI K E IE
bt B2 BRI
9.1.2. SEHRHERHEFIEF .

Void sort([K] xs) {
var n = length(xs)
for var i = 0 ton - 1 {
var m = i
for Int j=17i4+1ton-1{
if xs[j] < xs[m] then m = j
}

swap (xs[i], xs[m])

EER 9.2
9.2.1. ¥IEHR R FEHER LN A F
8 maz F —oo BHH min Fl oo BEAT ASEEIAHEF. AR AME— 0T
NEES e 28

minBy p a b = if p a b then a else b

merge p tl t2 = Br tl (minBy p (key t1) (key t2)) t2

fromListWith p xs = build $ map wrap xs where
build [] = Empty
build [t] =t
build ts = build $ pair ts
pair (tl:t2:ts) = (merge p tl1 t2) : pair ts
pair ts = ts

popWith p inf = delMin where
delMin (Br Empty _ Empty) = Br Empty inf Empty
deWMin (Br 1 k r) | k= key 1 = let 1' = delMin 1 1in
Br 1' (minBy p (key 1') (key r)) r
| k= key r = let r' = delMin r 1in
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9.2.2.

9.2.3.

9.2.4.

10.1.1.

10.1.2.

Br 1 (minBy p (key 1) (key r')) r'

toListWith p inf = flat where
flat Empty = []
flat t | inf = key t = []
| otherwise = (top t) : (flat $ popWith p inf t)

sortBy p inf xs = tolListWith p inf $ fromListWith p xs where

sortBy (<) oo X T HFHEF, M sortBy (>) — oo B X T BT
FRARZEHE T ] DU FRAHSE TR A7 ERREHF A2

A DA S TR, SRS 9.2.1 SR, sortBy (<) oo BIRISCEL S HHESE
TR FHY. EARREEHT.

ELARBRPRZEI HE A0 — A RRHHET, ST THYIS [R1F0 =S (A 2R AT,

BTN EEREEZ O(nlgn), BRI RERZ O(n). XAITET, ZXIER
PN AN (BRI HBR) . MERPRZERIAEHE P RS A n DS
REDE IS

ErARHERE RO FRAR R HE T, EAT TR IR R 22 IR an ],
BTN A E & EEZ O(nlgn), BAIEREEZ O(n). XINTET, HHTL
WG HER S AR EE T 559K S8 O(n) BIZ2 L,

EHE 101
UmAErE AR R = A

pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
gen cs _ =1 : cs

AT~ = AT —1T, KB4 N —1T, RAILUXFE 4R n 17:
take n (iterate pascal [1])

R I B, 88 ITRIT REON (7).

UERA. HECEIASNE. By RE— MR AL 1% B, HETHE I 2%
W B, IR B, Hl. 8 0TI A1 = ("), B i T REEW
oy, —H o R AT B, B i — 147, =80 R2S— B, B i 17, A
HEA:

n! n!
() +0) = (i—1)!(n—i+ 1f! * il(n —1i)!
nli +(n—i+1)
illn—i+1)!
(n+1)!
illn —i+1)!

SGD
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O
10.1.3. IEBHZIAAM B, FEF 2» 1 .
UERH. MR8 _E—25SIHIERAEE R, B, W&AT 1 B
() + () + ..+ (1) &ITHEM
= (1+1)" LI (a 4+ b)"Ha=b=1
= 9on
O

10.1.4. HIAERORIE TR, SEIE DR R BERERE o IS ZUA AT AL, (B REfRR?
QUER AR R AT 744, TEFTA JUR AT A F5 AN TR -

1: function LINK’(T},T3)
2: if KEY(T:) < KEY(T}) then

3: Exchange T1 < T3

4: PARENT(T3) < T}

5: INSERT(SUB-TREES(T1), 1, T3)
6: RANK(T}) < RANK(T3) + 1

7 return 7}

I, BATTRT DORE AR R 17 o IXREREHTI BRI 2R 2 7R 2 2T R

BEE 10.2
IRIELIH DECREASE (53R 258 N E A O (1),

X AREREL:
O(H)=1t(H)+2m(H)

Hr t(H) AHERRIEREL, m(H) 2 ARSI R, BMRICENIZE., U
THIERR, HREECN 2, Decrease i O(1) RN o VIR, A58V CascADE-
Cut, i ¢ R BIRA O(1) BEIVEAA Cur, AGiEH, It DECREASE HYETH
FEH O(c)s

BRI ERGENZ. £ H ZAA DecreasE FifHE, F0%ITM) CASCADE-
Cut Yl R—MMEhnid i R, IFEREARIE (RE—RERIN . diF)G, #HPtE
t(H) + c K0, CIAEIERAT ¢ (H) B9, VI N ETRAMEREY ¢ — 1 BRI, DL B o IR
Fe WZH m(H) —c+2 NMEFRICHY R BIEBR m(H) MRS c— 11ME
CASCADE-CUT HEBRFRICHI T ile B /5 — I TA A RTREAR I — N . IXFEHR
REM IR Z

HH) + ¢+ 2(m(H) — ¢+ 2) — [t(H) + 2m(H)] =4 — ¢
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BRESMERAIEL N O(c) + 4 — ¢ = O(1).

10.3.1.

10.3.2.

EHE 103
ARESEAECS HEF R 0 ANTTE, RIEPATHIE, 2 n RAK, SH X
MERERTR 22 ORE I PRIERER O(lgn))o WMABEGRIX — B 25110 ?

B TR ATERIE mo TEMARNRE, 0T B E AT — R H HRAE,
SRE TR TR AR HE,

MAX_SUBTREES = 16

Node<K> insert(Node<K> h, K x) {
if h # null and length(h.subTrees) > MAX_SUBTREES {
h = dinsert(pop(h), top(h))
}

return merge(h, Node(x))

SCERACK HERIMER.
NT TR, BATIZa 8T s i — A5 :

data Node<K> {
K key
Node<K> parent = null
[Node<K>] subTrees = []

Node<K>(K k) { key = k }
3

HIEMERE N « BI7TR. BATCMHE b FFERBI DL o AREI T/ ¢ W ¢ 2 h
MR, AT Z AT 18 1E pop BRI, HNFABEL ¢ BT A p, MF R
e YIT RJEX ¢ PATHHIRAE, BIERE pop(t) EFFIE ho

Node<K> delete(Node<K> h, K x) {
var tr = lookuptr(h, x)
if tr — null then return h
if tr — h then return pop(h)
tr.parent.subtrees.remove(tr)
tr.parent = null
return merge(pop(tr), h)

}

Node<K> lookuptr (Node<K> h, K x) {
if h.key =— x then return h
for var t in h.subtrees {
var tr = lookuptr(t, x)
if tr # null then return tr
}

return null
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E |
BB RO RIEZRER O(n), i n 2T ENEE, MEREEIRESR
O(m), HA m BAET B S W EIRRR, SRS IER O(n).

10.3.3. SEIUECXHERIILCA®E DECREASE-KEY
U SRVREEARNT m b BE, BATEZARE « B, BN, BATEL tr BITT
MR tr VIR, B350 tr BN 2 5, % tr &3 R

Node<K> decreaseKey(Node<K> h, Node<K> tr, K x) {
if tr = null or tr.key < x then return h

tr.key = x

if tr — h then return h

tr.parent.subtrees.remove(tr) // 0(m), where m = length(subtrees)
tr.parent = null

return merge(tr, h)

}

FEFI, FATTAT BASETAF tookuptr (h, y) IRISZEAREIY i, ARG y BUMEEHT
j‘ﬂ x, Eﬂ:deceaseKey(h, lookuptr(h, y), x)o ﬂﬁ%ﬁ*ﬂﬂﬂﬂﬁﬁﬂ‘ﬁlﬁl, ﬂﬂ O(n)o

BHE 111

TEREZ X AEVIGN IUE TR AR A R, WREHL. BN 8%, mAH
count, QHAIREMBAZI B & N =S? B BTG ?

RAE AT LA 51175 HE SR ERAE FE BB AT S TR 1B 00, QN 11.4, FRAT1EH B i B — 3
HITTi%. IR ARMZCIRIF AR, 1C3LER TN h BB ¢\ R AR
s ANERZEAGITFXIEDN [h,t), 22 AR

empty(h,t): h=t
full(h,t) : t—h=s

TEIRGE M XA Y FAE ISR LS I T RIS E (NBZ5H), I8 [n], = n mod s, Xf
RSB S R IR (1], — [h]s = [s]s = 0, BV [t], = [h]. IXIEMBRHAIEEMN:
BURRIIEE SR, TR A oA Sk R B 5 (R 285 SRR JC i I A S 23 i, FRATTEE 451
AR (FRIC by t IFESEIT) , ZEATE2S HE IR EUR, AUAER S RN
B, 5 RSB AR = K R, vl OB — N5 s RN RE p(p > ) BUEHET
HE, Bl

empty(h,t) : [h], = [t],
full(h,t) : t—h],=s

Bl iR
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Int P_LIMIT = 104743 // the 10000th prime
Bool empty(Queue<K> q) = (q.h = q.t)
Bool full(Queue<K> q) = (q.s = (q.t - g.h) mod P_LIMIT)

void enqueue(Queue<K> q, K x) {
if not full(q) {
g.t = (q.t + 1) mod P_LIMIT
gq.buf[g.t mod g.s] = x

}

Optional<K> dequeue(Queue<k> q) {
Optional<K> x = Optional.Nothing
if not empty(q) {
x = Optional.of(q.buf[q.h mod q.s])
qg.h = (q.h + 1) mod P_LIMIT
}

return x

BHHE 11.2

11.2.1. A AZAE push BT A S AN JERE?
B IEIXFETE L 5 push a ([],[]), ASGHF popo
11.2.2. AT AFIRBASN ) 3 PR A
FERICRKIE . BERAIER r PRV DITRIC 170 MERRSIER push, $4T
—IRINNIRLE, FIEI 1 73, 2 ETHFEN O(2). FHR pop, WIRAREWIIR R
B, MRS T— ORI A, (EEE R 8. I PEEFEN O(1), WNERIERSIZR
SHe, WIERAT m IRBERFD 1 OB, Hoi m 2R ERAIER » AU, HEAER T
r FIRHT m 77 FTPAZEEFEN O(m+1—m) = O(1),
11.2.3. SEHUBEERRAS,
1: function PUsH(Q, )
2: ApPPEND(FRONT(Q), x)

3: function Popr(Q)

4: if REAR(Q) = [ ] then

5: REAR(Q) < REVERSE(FRONT(Q))
6: FRONT(Q) <[]

7: n < LENGTH(REAR(Q))

8: x < REAR(Q)[n]

9: LENGTH(REAR(Q)) < n —1

10: return x
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11.3.2.
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EHE 11.3

1E abort FREH, 24 n = 0 I, FATEFR EHEH 7 _E— DT RIHE, K
T 2 MRE a fFNER I 2ATEBER—NITR?

HAEHHIRIE pop VI abort ¥, n = 0 I, SEARENITERL, IRASETEE M
(S.,0, (z:a), f') FEHRAR (Sy,a)o T BIRBEREGFH) o (2 ZEHBAIITTR, HILH
LR o IR o 1E SR,

{6 P RCECEH SRS IN BAA L, T3 Y T ARIB I SR N, NRE— IR PEE IS, 75
MR 2R P RE R BN L M EIN A, IE SR —MEMEE i, (15520 R N il
— IR,

AT DAE R BN R NSRRI K E, FRATERE f EHINATTER (push),
T » R TTE (pop)o MEXHAFHN, JE2h— MRS T E
acc = reverse(f) 4 ro QR f # [ ], BATEEBEHITE, BINE] acc FIARE, 4
[ REEGRG, BAIM r ZEMZE—RTEINE] acc REE, Bl append(ace, r[i]), H
Hi=0,1,.,|r — 1o P HERARTGEM r FIREHHITER, 24 i @ |r|
I BEE R,

data State<kK> {
[K] acc, front, rear
Int idx

State([K] f, [K] r) {
acc = [], front = f, rear = r
idx = 0

3

// compute reverse(f) ++ r step by step
Self step() {
if front # [] then acc.append(front.popLast()) // reversing
if s.front = [] and idx < length(rear) { // concatenating
acc.append(rear[idx])
idx = idx + 1

3

Bool done() = (front = [] and length(rear) < idx)
}

data RealtimeQueue<K> {
[K] front = []
[K] rear = []
State<K> state = null

Bool isEmpty() = (front = [] and rear = [])
Self push(K x) {

front.append(x)
balance()
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12.1.1.

}

K pop() {
X = rear.poplLast()
balance()
return x

}

Void balance() {

if state — null and length(rear) < length(front) {
state = State(front, rear).step()
front = []

}

if state # null and state.step().done() {
rear = state.acc
state = null

BEE 114

GRART SR TN A, A5 K Jrg B T S 4 e B3N TR e 3R PRI B R
X2 SO A AT AT PASIRAR TN A S, ARRB R A B, 2 XS 11 < pushy /pop
1 push, /pop,o TE popy/pop, WIZTHHAT IR, DA N EIMBIAL T [ e —F
ﬁ%o

empty = ([1, [1)

isEmpty ([1, [1) = True
isEmpty _ = False

pushL x (f, r) = (x:f, r)

pushR (f, r) x = (f, x:r)

popL ([1, []1) = (Nothing, empty)

popL ([1, r) let (as, bs) = splitAt (length r “div’ 2) r 1in

popL (reverse bs, as)
popL (x:f, r) = (Just x, (f, r))

popR ([]1, [1)
popR (f , [1)

(empty, Nothing)

let (as, bs) = splitAt (length f “div’ 2) f in
popR (as, reverse bs)

popR (f, x:r) = ((f, r), Just x)

B 121

AT BEER 5 [ FHE L ?
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FATATLAG I Maybe KRBRAMEBFE 0, WERRG[ i < 0, IR[E] Nothing, 41
KRGS K, MELB ISR HIEY, IR[E] Nothing,

getAt [] _ = Nothing
getAt (t:ts) i | i < © = Nothing
| i < size t = lookupTree i t
| otherwise = getAt ts (i - size t)
where
lookupTree 0 (Leaf x) = Just x
lookupTree i (Node sz tl1 t2) = if i < sz "div’ 2 then lookupTree i ti
else lookupTree (i - sz ‘div’ 2) t2

B 12.2

SKINBUER R FIRIBENLTIR S[i], 1 < i <no HA n BFINIKE,
BANBPOE R G AR IE

getAt (Zero:ts) i = getAt ts i
getAt (One t:ts) i = 1if i < size t then lookupTree i t
else getAt ts (i - size t)
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz tl1 t2) = if i < sz "div’ 2 then lookupTree i ti
else lookupTree (i - sz ‘div’ 2) t2

ST BB R I BRIV E R 0 HER 2

FIEMARERE, WEE n = 2" EFHRIRIER TR, ERIFSIE, MM
AR AT ROHER AREAR, MR 0 A2 23 JRE 2 s T

ATDARHR N 2m BB AR 78 4 = XX (m B ARTUREED . 1B IR =X
AR AMTREALIS )

data List<k> {

Int size = 0

[[K]] trees = [[1]
H

Int nbits(Int n) {

Int i =0

while n # 0 {
i=1i+4+1
n=n/2

}

return i

3

List<K> insert(List<K> xs, K x) {
var i = nbits(xs.size xor (1 + xs.size)) // locate the bit flip to 1
if i > length(xs.trees) then xs.trees.append([])
xs.trees[i] = [x]
for Int j =0, j <1, j+H {




386

xs.trees[i] = xs.trees[i] ++ xs.trees[j]
xs.trees[j] = []

3

XS.size = xs.size + 1

return xs

3

Optional<K> get(List<K> xs, Int i) {
for t in xs.trees {
Int size = length(t)
if i < size then return Optional.of(t[i])

i=1 - size

}

return Optional.Nothing

BE 12.3

12.3.1. A A 7SI BR A 0 2 2 R

2 SO IR RN S KR 0 (s) = [rl — |f] = n— m, Horbim = |f].
n = [rle MSKERIRRES, 25 £+ [, MR O(1) W2 £ 9B — e,
W f = (), O(n) BHRDKE ¢ 474 STEEREBAAG 110 FEFE O(1) 538/ B930S
—ANER, SRR

12.4.1.

C =

= n+ 1+ (= [f1])

n+1+&(s") — d(s)
= (Irl = 1£1)

(
n+1+(n—[51) = ([51-1) - (-0
1

HONSKER BRI - PR O(1), XIFRHE, MEEERINBRAY 7 i &2 2 et 2

O(1)o

BEE 124

HERIBEE, FAEHA7T LR TFEMEA. S TFENT = (ft,r), £
MID(T) = ¢ DIARECH A ER 57

function INSERT(z,T)

n= ()

Lep = (LT,

f < FronT(T)

n < (f[2], 3], .-)
FrRONT(T) + [n, f[1]]

1:
2
3
4 while [FrRONT(T)| > 3 do
5
6
7
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8: p<T

9: T < Mip(T)

10: if T'= NIL then

11: T « ([n],NIL, [ ])

12: else if |[FRONT(T')| =1 and REAR(T) = [ | then
13: REAR(T) < FrONT(T)

14: FRONT(T) < [n]

15: else

16: INSERT(FRONT(T), n)

17: Mip(p) < T
18: T < Mip(L), MID(L) < NIL

19: return T

BATRFFHBRATTR = BRA—DRILEM T (2), R f THEEH 3 MITEK,
W& AR, AT IR BT SR8, BTG f HBRE — N ITRIMIRIR
RO, AN —DNHT T (REEREAN 1), SRJEAREER n 3 AZI AR 584
RRFAWAEN £ iR N — N IeRARGHHY f T, BHEHR)E, TATZEA
FET — D, BAENE T — BRI, XERFRET f TR BRNEZ IR,
X E MG O, BAONE — D95 5, W T e —FEN, BATR n fEAZ] f
A, &5, BATNRERIR T 7 R, BTN T — DRI L
T AL, BB AR AT ACT M

BE 12,5

12.5.1. {HBRIEIT, GRS IMER,
GUERINBRIG front THEZEZE, WL FRIRIFR 73 B FArh “fE 7 1 e (ERRAITER
A A RER AR, B0 front FHEFIFR IR FRER NS, IXAMEOEHR 2 H T
IR,

rl1]1], rl1]r2], ...

r[1][1], (13023, ...

n[é][1], n[2](2], ... ‘ rlél[1], rfélf2], ... ‘

B 12.9: AENIRE, 28 0 BRI f AT
BATEMNAF A FHER RS — DT R, BT —f amm s,
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BRE-BRT], BEERT f AN, B f R iR REO =S, G 12,9, X T
AT, BATAT DM f RIS — TR TR MTEE, BT A -
AN, BAIZHR for, Bl — MG ), BAVEEM f R R
RANMF . MR, BANFEESHR, BAWTE T R —ER LW, &
FIFAEIE DT LR PR 2R IR 2o 1B 12.10 ik 73X
—iF

r[1][1], r[11[2], ...

n[i — 1][1], n[i — 1][2], ‘ rli — 13[1], r[é — 1][2], ‘

sub-trees of n[2][1]

’ n[e)[2], ... ‘ ’ rlél[1], rlé2], ... ‘

TRIEE—DITR nli][1], RERER 79 RRE LR f FHEH,

extract z[1]

’ z[2], z[3], ... r{1101], r{11[2], ... ‘

r[2][1], rf2](2], ... ‘

n[% — 11[2], n[¢ — 11[3], ‘ rl¢ — 11[1], r[z — 1][2], ‘

sub-trees of n[2][1]

’ n[1[2], ... ‘ ’ rla[1], re02], - ‘

BEE i IR, HKRIE (1),
K 12.10: HER EwS, BEEFEEE — N 8

MR X — P&, NI BEIESZEL T 2SR BRI (BRIZA 92,
1: function EXTRACT(T)
2: 1« (H?Tv [])
3: while FRONT(T) = [ ] and MID(T) # NIL do

4 T < Mip(T)
5: if FRONT(T) = [ ] and REAR(T') # [ | then
6: EXCHANGE FRONT(T') <» REAR(T)

7: f < FrRONT(T), r < REAR(T)
s n<+ (f[1], f12,...) > n e 2-3 B
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repeat
FRONT(T') < [n2,ns, ..]
n <4 ng
T < PARENT(T)
if MID(T") becomes empty then
Mip(T) < NIL

until n is leaf
return (ELEM(n), MID(L))

IXH A ELam(n) IR A7 5 n PERIFRIME—TCR, T A7 LE,
TR THER RS — MR G — NITRIE Lo BAARLOREITF
TRRSE — D EFE G — 7 e WERFHENZS, mhE A=, BATst
HEREE A N, BRI T AN, BB AR SR e —
MEFHE+,

1: function FIRST-LEAF(T)

2:

3:

®

10:

while FRONT(T') = [ ] and MID(T") # NIL do
T < Mip(T)
if FRONT(T) = [ ] and REAR(T') # [ | then
n < REAR(T)[1]
else
n < FrRONT(T)[1]
while n is NOT leaf do
n << n

return n

11: function FIRST(T)

12:

return ELEM(FIRST-LEAF(T))

HAp 3 ZAMEIA A, AR RANEM T, ARG S — D11 U, IR
R —MITRT L.

EE 12.6

TERENLYI RN, GIATAL B2 R & FIZR 5 [BUARITEHL?
BATAT DAEZR 5 N A TR A2, B4 :

@[i] = Nothing
] i< 08¢ i>sizeT: Nothing
Th =

A
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12.6.2. SEHH cut i S, TEAH « FF] S 73 EITFF
FA 126 —Rh a7 B R SL B (FHEM VA TE X SEARE M RBT) ., 3
ITE e TR I EE, AR 0 < i < size s AT 1HE FREAA cutTree i S
AT E

cut :: Int — Seq a — (Seq a, Maybe a, Seq a)
cut i (Seq xs) | i < 6 = (Seq Empty, Nothing, Seq xs)
| i < size xs = case cutTree i xs of
(a, Just (Place _ (Elem x)), b) — (Seq a, Just x, Seq b)
(a, Nothing, b) — (Seq a, Nothing, Seq b)
| otherwise = (Seq xs, Nothing, Seq Empty)

cutTree M FN R =057 M, ARl G0, HPEER R Maybe RAIFE IR
ATREEHAE], SREREIN U S FREH — P R [IIAE o FI A a, BIREE—
D Place K8h, MR ES| i T HIGEFS f,r P, BATHEA cutList #—%
8, FR D EI e R A SRR R; IR o AT ], B E, RIE LR
Place i' a HH 2-3 B o 7EALE & BE—2550H,

cutTree :: (Sized a) = Int — Tree a — (Tree a, Maybe (Place a), Tree a)
cutTree _ Empty = (Empty, Nothing, Empty)
cutTree i (Lf a) | i1 < size a = (Empty, Just (Place i a), Empty)
| otherwise = (Lf a, Nothing, Empty)
cutTree i (Br s f m r)
| i < sf = case cutList i f of
(xs, x, ys) — (Empty <<< xs, x, tree ys m r)
| i < sm = case cutTree (i - sf) m of
(tl, Just (Place i' a), t2) — let (xs, x, ys) = cutNode 1i' a
in (tree f tl1 xs, x, tree ys t2 r)
| i <s = case cutList (i - sm) r of
(xs, x, ys) — (tree f m xs, x, ys >>> Empty)
where
sf = sum $ map size f

sm = sf + size m

Hrb tree fom r BEH—DFHE0, FHFETIEL AL

tree as Empty [] = as >>> Empty
tree [] Empty bs = Empty <<< bs
tree [] m r = Br (size m 4+ sum (map size r)) (nodesOf f) m' r
where (f, m') = uncons m
tree f m [] = Br (size m + sum (map size f)) f m' (nodesOf r)
where (m', r) = unsnoc m
tree f m r = Br (size m + sum (map size f) + sum (map size r)) f mr

XETFTHEM 2-3 SR EI LN T :

cutList :: (Sized a) = Int — [a] — ([a], Maybe (Place a), [a])
cutList _ [] = ([], Nothing, [])
cutList i (x:xs) | i < sx = ([], Just (Place i x), xs)
| otherwise = let (xs', y, ys) = cutList (i - sx) xs
in (x:xs', y, ys)
where sx = size x
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cutNode :: (Sized a) = Int — Node a — ([a], Maybe (Place a), [a])
cutNode i (Tr2 _ a b) | i < sa = ([], Just (Place i a), [b])
| otherwise = ([a], Just (Place (i - sa) b), [1)
where sa = size a
cutNode i (Tr3 _ a b c) | i < sa= ([], Just (Place i a), [b, c])
| 1 < sab = ([a], Just (Place (i - sa) b), [c])
| otherwise = ([a, b], Just (Place (i - sab) c), [1)
where sa = size a
sab = sa 4 size b

BATTAT AR oy B SHE e AL B TR, MBRfEE AL B RITTER, PU MTF #1E,
EMNEZREHRZ O(lgn).

setAt s i x = case cut i s of
(_, Nothing, _) — s
(xs, Just y, ys) — xs H+ (x <| ys)

extractAt s i = case cut i s of (xs, Just y, ys) — (y, xs 4+ ys)

moveToFront i s = if i <0 || i > size s then s
else let (a, s') = extractAt s i in a <| s'

EHHE 131
O AR PUEHE T 8 X, AL BT E YR, n— 4 Ab P

sort [x] = [x]

BE 13.2

RS REDR, XA E2EH E NEFFIl. Fkh@, &850 77
HIFEIIKE N no EHBIES TSI si 2T, merge([],s1) = [ @ s1,
NG EFHE 50, [ | D 51D 50, RIGHEEF 53, [ | D51 D52 D 53..... . FTLUSEZLE N

On+2n+3n+4n+..+kn)= O(n@) = O(nk?), MMNEIH, F—
IR 51 D 52,83 D Sqeennnn HIN O(kn), #FR—H: (s, D 52) D (53 D 84)...... X
& O(kn)o BILHHT gk 1, BEZREN:O(nklgk). MM G HAVIEEE R,
FATAT AR — DK & B/ NTE, BR17 & T8 B R/ N TRETE
I, B2 EHZE O(nklgk)s

BE 13.3

KM SRR R BB foldp, FEHEE X BKA_ERFFFHER
?MI]E?J? TCH G f i REEETERIE: f(f(2,y),2) = f(2. f(y,2))e 2=
BE f BEAITTHN 2, E KRB
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foldp f z [] =z

foldp f z [x] = f x z

foldp f z xs = foldp f z (pairs xs) where
pairs (x:y:ys) = (f x y) : pairs ys
pairs ys = ys

IXFEENIAE SN sum = foldp (+) 0, T HJEME_ERYEFFHERE b ©:

sort = foldp merge [Jomap (:[])

BE 134

13.4.1. FERVAFFHE B SREE— D A1 A = AR R

AT DA B T TS 1R A = b, TR : 5950 5, SRR
FE SR A9 BRI b 8 T S A 740 £, SR R
BIERR R, BT AR R A3 5, B s, AN
AT, ZUSTRRN (A, 2, B) Rl (C,y, D)o %z <y, By XI5 B Jopi
KR: B, BY, Hrt B, S1& 286 (b <y} (955, BY 88 (b > y) (052G o
Q55 C N Con O RIGHIE BTG R

(A,z,B)® (C,y,D) = (A Cy,z,B, & C"),y,D & BY)

Hp e R G FF. WAL, %5 = >y, BIKID 70 AL D, THEEIBIFIER
SEIR TR B, B TERS) 13.3 E XHIMREN foldp,

toTree :: (Ord a) = [a] — Tree a
toTree = foldp merge Empty omap leaf

partition x Empty = (Empty, Empty)
partition x (Node a y b)
| x <y = let (al, a2) = partition x a in (al, Node a2 y b)
| otherwise = let (bl, b2) = partition x b in (Node a y bl, b2)

merge Empty t =t
merge t Empty = t
merge (Node a x b) (Node c y d)
| x <y =1let
(b1, b2) = partition y b
(cl, c2) = partition x c
in Node (Node (merge a cl) x (merge bl c2)) y (merge d b2)
| otherwise = let
(al, a2) = partition y a
(d1, d2) = partition x d
in Node (merge al c) y (Node (merge a2 dl) x (merge b d2))

S(:[1) HEF 2 25— [z]:280
SUINSUR X RRIE IR H , AT DU R FE R B a5 3 (R ), 8GRI (13.31) &JF, BEH
rhiR o BT R (RS R =
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HEE 141

14.1.1. TERH & EFRIFEIIEZRER O(n)o
SEPEH P I E A T ETT 13.1.3,
14.1.2. AT ER ARG £ /NTE, BATAT PIERE 2 = max (take k A),y = min (drop k A).
R & <y, W A BT & DICRMBRESR; BWIRNTH = XIo0HT £ NER, Hy
KR FIRTTR, REEFTFI [0 + Az < a < y] FIBEERRT & DNTE, H
ik =k—|a+ Aa<az]lo WERIRZX—FIE, HomERE,
1: procedure Tops(k, A)
2 l+1
3 u <+ |A]
4 loop
5: i < MAX-AT(A[l..k])
6 J + MIN-AT(A[k + 1..u])
7 if Afi] < A[j] then
8 break
9 EXCHANGE A[l] < Aj]
10: EXCHANGE A[k + 1] <> A[{]
11: l < PARTITION(A, I, k)
12: u < PARTITION(A, k + 1, u)

FEH N ERER O(n)o 3T RS KRBON - RGN L E N AR B i
K B/ME 4, j, RIGHATIERRERMEIN RIAOXN 70, QnERXI 70~ F-Ah, 0P TR IR
PEEF LR, RIEENEN O(n+ n/2+n/4..) = O(n)o

14.1.3. BEIRMDPTFHA A B B RLHE", WENBEEZE O(g(m +n)), B
m = |Al,n = |B|, 73NN EEHRKE, BEH FRM 0 FHa8, i EE
X H: median(A, B) = C[Lm+ nJ], HH C = merge(A, B) NE&HENER
A 5,
BB EWNDTTE, B DTTEEN DA 2T &R, 210 = 0.
u = m, FAVENHELE A PRGN @ = LH_TUJO AR 7 b H E B E

X, HHh = Lm;nj NEEEE 2R, HA, AdRE i DMTEE Al 2
AT, QSRS R, WE B FNA j = h —i DICEE Al 28l REAEFER
Blj] < A[i] < B[j + 1]o WAL, VLA Al] #2 A E, 75 NIARYE A

B/ NEEE 1w BT 0 B NEIVEI TR R 7 IX— 5Tk

T 1

SRLE 5 WG ORI, JEENTEH n MTRAFFI « K EE :

median(z) = odd(n) : rl[”i;rl]
even(n): 3 (el +alg +1)
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K median([K] a, [K] b) {
if a = [] then return b[length(b) / 2]
if b =— [] then return a[length(a) / 2]
Int i = medianOf(a, b)
return if i — -1 then return median(b, a) else a[i]

Int medianOf([K] a, [K] b) {
Int 1 =0, u = length(a)
while 1 < u {
var i =(l+4+u) /2
var j = (length(a) + length(b)) / 2 - i
if j <1or j > len(b) {
if (j = 0 and a[i] < b[0]) or
(j = 1len(b) and b[j - 1] < a[i]) then return i
if j > len(b) then 1 =1 + 1 else u = i
} else {
if b[j - 1] < a[i] and a[i] < b[j] then return i

if a[i] < b[j - 1] then 1 =17 + 1 else u = 1

}

return -1

BRITIRRA A ME AR DT RNEER. R m > n (BE
A\ B), BUE—H v=s, WHREI S A= b DTR, R k= 1, &[E
A0\ B[0] BN — BRFEDN 5 = min(k/2,n),i =k — j, RIGHEL A[d]
1 B[jlo 05 A[i] < Blj], ®MEFHE Al #if B[j] JGHIITR, RIEEBIA1E
RIRTCRBPFHE k — i REY; BWEFATE Bj) #0H Afi] )58, 2853183,

K median([K] xs, [K] ys) {
Int n = length(xs), m = length(ys)
return kth(xs, 0, n, ys, 0, my, (m+n) / 2 + 1)

K kth([K] xs, Int x0, Int x1, [K] ys, Int y0, Int yl, Int k) {
if x1 - x0 < yl - y0 then return kth(ys, y0, yl, xs, x0, x1, k)
if x1 < x0 then return ys[y0 + k - 1]
if yl1 < y0 then return xs[x0 + k - 1]
if k =— 1 then return min(xs[x0], ys[y0])
var j = min(k / 2, y1 - y0), i =k - j
i=x04+ 1, j =y0 + j
if xs[i - 1] < ys[j - 1] then

return kth(xs, i, x1, ys, y0, j, k - i + x0)
else
return kth(xs, x0, i, ys, j, yl1, k - j + y0)

0, BATARERFEE RLHE: m € A+ B, 13

ly < A4 By <m]| = |ly <~ A4 B,y >m][ = 0,+1
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BIRT m BITCRAVNT m TR FIFEZ BZE 1, 3 EIXFER 1 [0, 1, 2, 3, 3, 3, 3, 3, 5],
B/ NTFET . K TETtha AR,

14.1.4. JHBRIE), JE R RRID A LI DA K,

1: function SOLVE(f, z)

2 p 0,9 2

3 S+ ¢

4 whilep <z H ¢>0do
5: 2« f(p.q)

6 if 2/ < z then

7 p—p+1

8 else if 2’ > z then

9 qg+—q—1

10: else

11: S SUu{pa)}
12: p+—p+1lg+qg—1
13: return S

14.1.5. S SHHERBEDIF o S P ERXEIE M2s/ME, A LAk
RK(H, GIRRME 2 /DT R/IMESRE R T RARETCH; SR —N 7,
TrEIL 4 NINE, SRIEBITHER,

1: procedure SEARCH(f, z,a,b,c,d) > (a,b): 75 N (c,d): %5 LA
2: if 2 < f(a,b) B f(c,d) > z then
3: if z = f(a,b) then
4 record (a,b) as a solution
5: if z = f(c,d) then
6: record (c,d) as a solution
7: return
a-+tc
8 P[]
9: qFL?;ﬁ

10: SEARCH(f, z,a, q,p,d)

(

11: SEARCH(f, z,p, q, ¢, d)

12: SEARCH(f, z,a,b,p, q)
(

13: SEARCH(f, z,p, b, ¢, q)

PATTAT AR R BEEATIE VA R IR A - IRAE TR A BYREFE PO R AT TH]
NT(A), FAIAOQ) NEKE 2 < f(a,b) H f(c,d) > z BEAL, )57 E
N ANTERAEFERNERIEIT  T(A) = AT(A/4) 4+ O(c)o RIEFEBEZREN
O(A) = O(mn), FAERHIEM, BAKEFRAKIE, XHHTERENZ R E
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14.2.1.

BRI

BE 14.2

VAR, /£ A PR BIREGE [n/k] B9 k DAREL, B = [Al, 2
AR BRI EDNARTTR, BRIREFE NHTRMEAR kD REATT
R E-RB(ZT [n/k] D), M—EZF K,

BATVES— DT Map : T Int, B T 2 A PRTTRIA, XPFHIDFR
THRIEE o NEMEE, BTRTFIHND o, BAT—10HH A —1LE .
foldr maj @ A, HH maj X N:

a€m: mla) < mla] +1
majam=4q|m|<k: mla] <1
A filter (b mb] #0) {b— m[b] — 1|b € m}

(14.21)
T AFRENITTR o, WR o ¢ m AMEF I, FF B iih gk A2 k1,
BATR o MAFBL, FRIERKN 15 mla] < 1; W a € m, BATEELIN—
mla] < mla] + 1; WUARFHAEH £ Meik, Tl HEE Mk 1915 28
1, GUEREEEON 0 WIHIER,
&), BANETAL m PRIGFRNEIEZ IE— N, BE NN ZLRE G-
T n/k, % m' ={(a,0)|a € m}, RJGHEH—IX A: foldr cnt m' A, HHft cnt
XA

ent am’ =if a € m’ then m'[a] «+ m'[a] + 1 else m/ (14.22)

XA m/ HIESR T IR EARIEH AL, AT T n/k 19: keys (filter (>
n/k) m'), NHEEIGIFREFERI TIX—T5k:

majorities k xs = verify $ foldr maj Map.empty xs where
maj x m | x “Map.member® m = Map.adjust (1) x m
| Map.size m < k = Map.insert x 1 m
| otherwise = Map.filter (#0) $ Map.map (-1 +) m
verify m = Map.keys $ Map.filter (> th) $ foldr cnt m' xs where
m' = Map.map (const 0) m
cnt x m = if x “Map.member' m then Map.adjust (1+) x m else m
th = (length xs) “div’ k

X I AR IE AN T -
1: function MAaJ(k, A)
2: m <+ {}
3 for each a in A do

4: if a € m then
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5: mla] <~ mla] +1

6: else if |m| < k then

7: mla] <1

8: else

9: for each ¢ in m do
10: mlc] < mlc] — 1
11: if m[c] = 0 then
12: REMOVE(¢, m)
13: for each ¢ in m do

14: m[c] « 0

15: for each a in A do > JeE
16: if a € m then

17: mla] < mla] +1

18: r=/[],n<+ |4

19: for each ¢ in m do

20: if mc] > % then

21: ADD(c, 1)

22: return r

EER 14.3

B R T P AN SEEI, IR DA R e R AN 7 471
GUERER T BRORF AR, IEATERIR A7 F A, FRATTA] AFE fold XA A {6 Y X
{H P, M1 P, SEXHEE S T FAINANS TR (S, L),

mazs = fst- foldr f ((0,[1),(0,[]))
/H\:EP: fx(Pma(S>L)):(P'r/mP/)
£ f 9 P’ =max((0,]]), (z + S,2:L)), P!, = max(P,,, P")

AR P GG H T — Do e Z TR TR R AN, B2EN O(nlogn)o
RSB AR FNRAE A R R 7o BATTRT DA A sk e w78 o0 B B oK AN, NS
EHR 7 BB, MBS s BRI, SEBIX— 757K,
1: function MAX-SuM(A)
2: if A= ¢ then
3 return 0
4 else if |A| = 1 then
5 return Max(0, A[1])
6 else
7

m o 4]
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14.3.3.

8: a < MAX-FROM(REVERSE(A[L...m]))
9: b+ Max-FroM(A[m + 1...|A]])

10: ¢ + MAax-SuM(AJl...m])

11: d < MAX-SUM(A[m + 1...|A])

12: return MAX(a + b, ¢, d)

13: function MAX-FrROM(A)

14: sum < 0,m < 0

15: for i < 1 to |A| do

16: sum < sum + Ali]
17: m < MAX(m, sum)
18: return m

HIREFAEBIARER T (n) = 2T (n/2)+0(n)o MAFEHATHIEILEN O(n)o
TE m x n B9 —4ERREOERE iR ST RERE, (T RIS RTRIROR,
BAIMIERER RIS — 179148, FHECREIN—AT [M[1, «], M2, %], ..., M[i, ]l 2X)G
T SIHEAAT A BB R i ol — 2

ZMu ZM2; ZMnJ

FHERATTHNAEE mazsum SKEFER V BEEARM, FHidx 2R/,

maxSum = maximum o (map maxS) o acc o rows where
rows = init o tails — exclude the empty row
acc = concatMap (scanll (zipWith (+))) — accumulated sum along columns
maxS = snd o (foldl f (0, 0)) — max sum in a vector
f (my s) x =71let m" =max (m + x) 0O

s' =max m' s in (m', s')

H tails E X WS 1.12.2, zipWith AYE X WEY 1.7, concatMap
HIE X IETT 6.5.16 scanl F1 foldl M0, (HERIRICL, BEBLRAZ R — AR
Hi, scanll 5& scanl BI—MNRFIRIG I, FIGEZIIRE —NTER,

scanll f 1] = ]
scanll f (z:xs) = scanl f x xs
Hrp:
scanl fql] = Iq]
scanl f (x:xs) = q:scanl f (f qx) xs

R A a2 AR R

K maxsum2 ([[K]] m) {
Int n = length(m), k = length(m[0]) // number of row, col
K maxs = 0 // max so far



for i =0 ton -1 {
xs = [0] * k
for j =1 ton-1{
xs = [x +y for (x, y) in zip(xs, m[j])]
maxs = max(maxs, maxsuml(xs))

3

return maxs

K maxsuml([K] xs) {
Ks =0 // max so far
Km=0 // max end here
for x 1in xs {
m = max(m + x, 0O)
s = max(m, s)
}

return s
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BEE 144

14.4.1. FEFAHSREHIE S RIBHI T i

dfsSolveAll m from to = map reverse $ solve [[from]] [] where
solve [] ss = ss
solve (c@(p:path):cs) ss

| p = to = solve cs (c:ss) — find a solution, go on search
| otherwise = let os = filter ('notElem’ path) (adjacent p) 1in
if os = [] then solve cs ss

else solve ((map (:c) os) 4 cs) ss
adjacent (x, y) = [(x', y') |
(XI: yl) — [(X_17 y); (X+1: y): (X: y_l)7 (X7 y+1)];
inRange (bounds m) (x', y'), m ! (x', y') = 0]

xR A AR P

[[(Int, Int)]] solve([[Int]] m, (Int, Int) src, (Int, Int) dst) {
[[(Int, Int)]] stack = [[src]]
[[(Int, Int)]] s =[]
while stack # [] {
path = stack.pop()
if last(path) =— dst {
s.append(path)
} else {
for p in adjacent(m, last(path)) {
if not p 1in path then stack.append(path + [p])

3

return s
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[(Int, Int)] adjacent([[(Int, Int)]] m, (Int x, Int y)) {
[(Int, Int)] ps =[]
for (dx, dy) in [(0, 1), (0, -1), (1, 0), (-1, 0)] {
Int x1 = x + dx, yl =y + dy
if 0 < x1 < len(m[0]) and 06 < yl < len(m)
and m[y][x] — 0 then ps.append((x1l, yl))
}

return ps

BEBHE 145

14.5.1. MO\ RIEHRE, #5E] IR n 250,
FTE n 2GR, 2B1E n x n B B n DRI, BATAT LUK HIFI2 Y 8
e n AR ARIA], RRFI T RITLA 255 E A

i

[1]

TCf#

TCf#

2,4,1,3],[3,1,4,2]
2,4,1,3,5],[3,1,4,2,5],[1,3,5,2,4], ... 3£ 10 M

(& U S

14.5.2. \EJFREETE 92 MR, MNTAEA— Mg, BEEE +90° iz 2
JE BRI R, R R R, BEARNBRE 12 1, BU/\EENET,
HHIX 12 DAFERIfR,
J\EJERRIIRFRIE, 495 2 I 7 TR AR, AR RO FRAYA 1 AR,
EFTTEHIA R — AT Dy 7 X, GFGA0N 8 N EH: [HE B id, B+
ILIERE 90°,180°.270°% K- BEE BN, 1R FALkBilfs, LT (4,5) BY

BIE1EX 8 ME# TNEH:
B (VA=
id ,7)
Y BiEE, X B | (9 —i,5)\ (5,9 — §)

(

(
2 DA FLENEE | (5,1) (9 — 5,9 — 1)
90°.180°.270° | (9 —74,i)~(9—14,9—J) (5,9 —1)

BB, TATHEHIX 8 Mg HL ™4 8 DM, FFIN N ENTRFENHT, TR
F— N EERYES 12 DA FURIR I

‘import Data.List ((\\), sortOn)
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import Data.Set (Set, empty, insert, notMember, size)
import Data.Tuple (swap)

d8 = [1id,
reverse, map (9 - ), — reflect Y, X
trans swap, trans (A(i, j) — (9 - j, 9 - 1)), — reflect AC, BD
trans (A(i, j) — (9 - 3, 1)), — 90
trans (A(i, j) — (9 - 1, 9 - 3)), — 180
trans (A(i, j) — (3, 9 - 1i))] — 270
where

trans f xs = snd $ unzip $ sortOn fst $ map f $ zip [1..8] xs

uniqueSolve = dfs [[]] (empty :: Set [Int]) where
dfs [] s =s
dfs (c:cs) s
| length ¢ = 8 = dfs cs (uniqueAdd c s)
| otherwise = dfs ([(x:c) | x «+ [1..8] \\ c,
not (attack x c)] # cs) s
if all ('notMember® s) [f c | f « d8]
then dinsert c s else s

uniqueAdd c s

attack x cs = let y = 1 + length cs 1in
any (A(c, r) — abs(x - c) — abs(y - r)) $ zip (reverse cs) [1..]

X 12 MERN:

[3’6)4’1)8’5)7’2])[3)6’8)1’4)7’5)2]’[4’1)5’8)6’3)7’2])[4)2’7)3’6)8’5)]‘]
[476787371777572]7[477717875727673]![572747773787671]7[573787477717672]
[5,7711378,674!2]’[577,4711378’672])[6’277’174,875!3]’[674,7711872,573]

HE 14.6

14.6.1. (ETABER e (AT R RGO, (15 AT DARREREEM n S A IERY 1R Do
BATRERNH n AR, S5 HARASRIA]

solve n = dfs [[start]] [] where
dfs [] s=s
dfs (c:cs) s
| head ¢ = end = dfs cs (reverse c:s)
| otherwise = dfs ((map (:c) $ moves $ head c) H cs) s
start = replicate n (-1) # [0] 4 replicate n 1
end = reverse start

BE 147
14.7.1. SOy REULRSED, FIREMHE S 2| + |y| &/, PARYEK A,

import Data.List
import Data.Function (on)

— Extended Euclidean Algorithm
gcmex a @ = (a, 1, 0)
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14.8.1.

gcmex a b = (g, y', x' —y' % (a ‘div’ b)) where
(g, x', y') = gcmex b (a ‘mod’ b)

— Solve the linear Diophantine equation ax + by = ¢
solve abc | ¢c 'mod" g # 0= (0, 0, 0, 0) — no solution
| otherwise = (x1, u, yl, v)
where
(g, x0, y0) = gcmex a b
(x1, yl1) = (x0 * ¢ ‘div’ g, y0 x c “div’ g)
(u, v) = (b ‘div’ g, a ‘div’ g)

— Minimize |x| + |y|
jars a b ¢ = (x, y) where
(x1, u, yl, v) = solve a b c
=x1 -k *xu
=yl + k *x v
= minimumBy (compare ‘on’ (Ai — abs (x1 - i * u) +

x < X

abs (yl + i % v))) [-m..

m = max (abs x1 ‘div’ u) (abs yl ‘“div’ v)

— Populate the steps
water a b ¢ = 1if x > 0 then pour a x b y
else map swap $ pour b y a x
where
(x, y) =jars a b c

— Pour from a to b, fill a for x times, and empty b for y times.
pour a x by = steps xy [(0, 0)]
where
steps © O ps = reverse ps
steps x y ps@((a', b'):_)
| @' = 0 = steps (x - 1) y ((a, b'):ps) —filla
| b' = b = steps x (y + 1) ((a', 0):ps) —emptyb
| otherwise = steps x y ((max (a' + b' - b) 0,
min (a' + b') b):ps) —atob

m]

H2NE, ES WA — gfE P RIEE) 9 — 5, 2.2.3 17,

BE 14.8

R 2 R

BATHT 0 2] 73X 8 MFRIHFIRFRE 7, Hh 0 RR= AL, AT JE R T
TU«%’)\*QO BATRHEF N 0 FEHFIF A8, AR shZI R, 4%

g1 W[ 2 SKER, e/ 2 SLERY, dkara e R 2 ER, 55

I3, SR =207 0 72

ﬂF?U;&MB ERIDARIES 5 (B BRI T2, [ Re] . REERIE SRR

K, T 12048 HRAA RERIEHLT, HARRIETLSAIT:

start = [0..7]
end = 0:[7,6..1]

solvel = dfs [[start]] where




dfs []1 = []
dfs (c:cs)
| head ¢ = end = reverse c
| otherwise = dfs ((map (:c) $ moves c) 4 cs)

moves (s:visited) = filter ('notElem’ visited) [fwd s, bk s, cut s]
where
fwd xs = case break (0 —) xs of
(as, O:b:bs) — as # (b:0:bs)
(atas, [0]) — 0O:as # [a]
bk xs = case break (0 —) xs of
([], 0:bs) — bs 4 [0]
(as, 0:bs) — (init as) # (0 : last as : bs)
cut xs = case splitAt 4 xs of
((0:as), (x:bs)) — (x:as) 4 (O:bs)
((x:as), (0:bs)) — (0:as) # (x:bs)
_ — Xs
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[1’077’6,5’4,3’2] b [1,7’0,6’5,4’3,2] 3 [1’7,6’075’4,3’2] b [1,7’6,5’0,4’3,2] b
(1,7,6,5,4,90,3,2]1,[1,7,6,5,4,3,0,2],[1,7,6,5,4,3,2,0],[0,7,6,5,4,3,2,1]

BEBE 149

14.9.1. SEPaR2NAYIG R 260 R A A TA,

data Node<T> {
Optional<T> c¢ = Nothing
Int w
Node<T> left = null, right = null

Bool disLeaf() = (left = null and right = null)

Node<T> merge (Node<T> a, Node<T> b) = Node(Nothing, a.w + b.w, a, b)
Bool (<) (Node<T> a, Node<T> b) = (a.w < b.w)

Node<T> huffman([Node<T>] ts) {
while length(ts) > 1 {
Int n = length(ts)
for Int i = n - 3 down to i 0 {
if ts[i] < max(ts[n-1], ts[n-2]) {
Int j = if ts[n-1] < ts[n-2] then n - 2 else n - 1
swap (ts[i], ts[jl)

}
ts[n-2] = merge(ts[n-1], ts[n-2])
ts.poplLast()

}

return ts[0]
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Map<T, [T]> codeTab(Node<T> t, [T] bits = [], Map<T, [T]> codes = {}) {
if t.disLeaf() {
codes[t.c] = bits
} else {
codeTab(t.left, bits + [0], codes)
codeTab(t.right, bits + [1], codes)
}

return codes

BE 14.10

14.10.1. fEFTHERAGIENE K S0 AT MHETHE H R4, & e i el e,

H=0: ©
Huffman H = ¢ |H|=1: pop H
e Huffman (push (merge t, t,) H")
HAfi: (t,, H') = pop H, (ty, H") = pop H'

1: function HUFFMAN(H)
2: while |H| > 1 do

3: t, + PoP(H)
4 t, < POP(H)
5: PUSH(H, MERGE(t,, t))

6: return Por(H)

14.10.2. QR FREHEANEHEF RYIR A, FAE— DR R RS IE IS 20 75 12
I Q TRAFEFHFEE R, RTA Q 1 A SKEREUHH B NI, S FFIEABR. 4
BSEHIRPFTAER G, PSRN —fR/ i, BRI R 2R, 1HEIIX
—Jiik.

Huffman (t:ts) = build (t, (ts,@)), HH:

build (t,([1,2)) = ¢
build (t,h) = build (extract (ts,push (merge t t') q))

Hep: (¢, (ts,q)) = extract h

extract (t:ts,@)) =
extract ([ ],q) =

,(ts 2))

: Q)v:/H\:EFI q¢) =pop q

t<t: (t:ts q)),EEP:(t’,q’)zpopq
t<t: (t (ts,q))

t
t,(

P

extract (t:ts,q) = {
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14.10.3. ZBEMBKEN T, HAEMBINLIE K 2,
decode = snd o (foldl lookup (T, ])), HH:

lookup ((w,c),cs) b = (T,c:cs)
lookup ((w,l,7),cs) b = if b =0 then (I, cs) else (r,cs)

BEHE 1411

14.11.1. EREMBREE R K AT AR R A%

import Data.Sequence (Seq, singleton, fromList, index, (|>))

lcs xs ys = construct $ foldl f (singleton $ fromList $ replicate (ntl) 0)
(zip [1..] xs) where
(m, n) = (length xs, length ys)
f tab (i, x) = tab |> (foldl longer (singleton 0) (zip [1..] ys)) where
longer r (3, y) =r |>if x =1y
then 1 + (tab “index’ (i-1) “dndex’ (j-1))
else max (tab ‘index’ (i-1) ‘dindex’ j) (r ‘“dndex' (j-1))
construct tab = get (reverse xs, m) (reverse ys, n) where
get ([1, 0) ([1, 0) =[]
get ((x:xs), i) ((y:ys), 3)
| x =1y =get (xs, i-1) (ys, j-1) + [x]
| (tab ‘dndex’ (i-1) ‘dndex’ j) > (tab ‘dndex’ i ‘dindex’ (j-1)) =
get (xs, i-1) ((y:ys), 3)
| otherwise = get ((x:xs), 1) (ys, j-1)

BER 14.12

14.12.1. MERAHFFHIEM, 75— 8 RA LR 7RSIl R 7RI K E
T, N AR, W AR, NW AR, XET7AERE
TTANTAT R B 2R HIZE R, BRATMRISHIA N AJT, GR(EN NW, BT Tl
BN FALAENENE ETTRIRS T INFYED N, i B AN E] BT RIRS T AR
NW KRB EEMARE To RS —RTA,

data DIR =N | W | NW

[K] les([K] xs, [K] ys) {
Int m = length(x), n = length(ys)
[[(Int, DIR)]] ¢ = [[(0, null)] * (n + 1)] * (m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i][j] = (fst(c[i-1]1[j-1]) + 1, DIR.NW)
} else {
c[i][j] = if fst(c[i-1][j]) > fst(c[il[j-11)
then (fst(c[i-1][j]), DIR.N)
else (fst(c[i][j-1]), DIR.W)
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3

return rebuild(c, xs, ys)

[K] rebuild([[(Int, DIR)]] c, [K] xs, [K] ys) {
[K] r =[]
Int m = length(xs), n = length(ys)
while m > 0 and n > 0 {
DIR d = snd(c[m][n])
if d =— DIR.NW {
r.append(xs[m - 1]) // or ys[n - 1]
m=m-1, n=n-1
} else if d — DIR.N {
m=m-1
} else if d

n=n -

DIR.W {

=

3

return reverse(r)

14.12.2. NTFHEME LR, =&/ 1 <0 < uBLA? ENREEH U/ A7
A RS PR (BRI 0), MAER T <0 < u A—EHL. HE2TZ
FERES X, FIRAAEE/NT 0, 7 H | = min(X), RZEFBIENES
ERRARIRERT 0, H v = max(X)s

14.12.3. RDNFRF B R mEEE R

Int lev([K] s, [K] t) {
[[Int]] d = [[0@]%n]*m //d[i]1[j]: distance between s[:i] and t[:j]
for Int i = 0 to length(s) {
d[i][0] =1 //drop all chars of source prefix gives []
}
for Int j = 0 to length(t) {
d[0][j] =3j //insert all chars of target prefix to []
}
for Int j = 1 to length(t) {
for i = 1 to length(m) {
c = 1if s[i-1] = t[j-1] then 0 else 1
d[i1[j] = min([d[i-1]1[]j] + 1, //deletion
dfilfj-11 + 1, //insertion
d[i-1][j-1] 4 c]) //substitution

}
return d[length(s)][length(t)]
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Everyone is permitted to copy and distribute verbatim copies of this license

document, but changing it is not allowed.
Preamble

The purpose of this License is to make a manual, textbook, or other functional
and useful document “free” in the sense of freedom: to assure everyone the effective
freedom to copy and redistribute it, with or without modifying it, either commer-
cially or noncommercially. Secondarily, this License preserves for the author and
publisher a way to get credit for their work, while not being considered responsible
for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the
document must themselves be free in the same sense. It complements the GNU
General Public License, which is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software,
because free software needs free documentation: a free program should come with
manuals providing the same freedoms that the software does. But this License is
not limited to software manuals; it can be used for any textual work, regardless of
subject matter or whether it is published as a printed book. We recommend this

License principally for works whose purpose is instruction or reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains
a notice placed by the copyright holder saying it can be distributed under the terms
of this License. Such a notice grants a world-wide, royalty-free license, unlimited in

duration, to use that work under the conditions stated herein. The “Document”,
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below, refers to any such manual or work. Any member of the public is a licensee,
and is addressed as “you”. You accept the license if you copy, modify or distribute
the work in a way requiring permission under copyright law.

A “Modified Version” of the Document means any work containing the Doc-
ument or a portion of it, either copied verbatim, or with modifications and/or trans-
lated into another language.

A “Secondary Section” is a named appendix or a front-matter section of the
Document that deals exclusively with the relationship of the publishers or authors of
the Document to the Document’s overall subject (or to related matters) and contains
nothing that could fall directly within that overall subject. (Thus, if the Document
is in part a textbook of mathematics, a Secondary Section may not explain any
mathematics.) The relationship could be a matter of historical connection with the
subject or with related matters, or of legal, commercial, philosophical, ethical or
political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are desig-
nated, as being those of Invariant Sections, in the notice that says that the Document
is released under this License. If a section does not fit the above definition of Sec-
ondary then it is not allowed to be designated as Invariant. The Document may
contain zero Invariant Sections. If the Document does not identify any Invariant
Sections then there are none.

The “Cover Texts” are certain short passages of text that are listed, as Front-
Cover Texts or Back-Cover Texts, in the notice that says that the Document is
released under this License. A Front-Cover Text may be at most 5 words, and a
Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy, rep-
resented in a format whose specification is available to the general public, that is
suitable for revising the document straightforwardly with generic text editors or (for
images composed of pixels) generic paint programs or (for drawings) some widely
available drawing editor, and that is suitable for input to text formatters or for auto-
matic translation to a variety of formats suitable for input to text formatters. A copy
made in an otherwise Transparent file format whose markup, or absence of markup,
has been arranged to thwart or discourage subsequent modification by readers is not
Transparent. An image format is not Transparent if used for any substantial amount
of text. A copy that is not “Transparent” is called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII with-
out markup, Texinfo input format, LaTeX input format, SGML or XML using a
publicly available DTD, and standard-conforming simple HTML, PostScript or PDF

designed for human modification. Examples of transparent image formats include
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PNG, XCF and JPG. Opaque formats include proprietary formats that can be
read and edited only by proprietary word processors, SGML or XML for which the
DTD and/or processing tools are not generally available, and the machine-generated
HTML, PostScript or PDF produced by some word processors for output purposes
only.

The “Title Page” means, for a printed book, the title page itself, plus such
following pages as are needed to hold, legibly, the material this License requires to
appear in the title page. For works in formats which do not have any title page as
such, “Title Page” means the text near the most prominent appearance of the work’s
title, preceding the beginning of the body of the text.

The “publisher” means any person or entity that distributes copies of the Doc-
ument to the public.

A section “Entitled XYZ” means a named subunit of the Document whose
title either is precisely XYZ or contains XYZ in parentheses following text that trans-
lates XYZ in another language. (Here XYZ stands for a specific section name men-
tioned below, such as “Acknowledgements”, “Dedications”, “Endorsements”,
or “History”.) To “Preserve the Title” of such a section when you modify the
Document means that it remains a section “Entitled XYZ” according to this defini-
tion.

The Document may include Warranty Disclaimers next to the notice which states
that this License applies to the Document. These Warranty Disclaimers are consid-
ered to be included by reference in this License, but only as regards disclaiming
warranties: any other implication that these Warranty Disclaimers may have is void

and has no effect on the meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commercially
or noncommercially, provided that this License, the copyright notices, and the license
notice saying this License applies to the Document are reproduced in all copies, and
that you add no other conditions whatsoever to those of this License. You may not
use technical measures to obstruct or control the reading or further copying of the
copies you make or distribute. However, you may accept compensation in exchange
for copies. If you distribute a large enough number of copies you must also follow
the conditions in section 3.

You may also lend copies, under the same conditions stated above, and you may

publicly display copies.

3. COPYING IN QUANTITY
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If you publish printed copies (or copies in media that commonly have printed
covers) of the Document, numbering more than 100, and the Document’s license
notice requires Cover Texts, you must enclose the copies in covers that carry, clearly
and legibly, all these Cover Texts: Front-Cover Texts on the front cover, and Back-
Cover Texts on the back cover. Both covers must also clearly and legibly identify
you as the publisher of these copies. The front cover must present the full title with
all words of the title equally prominent and visible. You may add other material on
the covers in addition. Copying with changes limited to the covers, as long as they
preserve the title of the Document and satisfy these conditions, can be treated as
verbatim copying in other respects.

If the required texts for either cover are too voluminous to fit legibly, you should
put the first ones listed (as many as fit reasonably) on the actual cover, and continue
the rest onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more
than 100, you must either include a machine-readable Transparent copy along with
each Opaque copy, or state in or with each Opaque copy a computer-network location
from which the general network-using public has access to download using public-
standard network protocols a complete Transparent copy of the Document, free of
added material. If you use the latter option, you must take reasonably prudent
steps, when you begin distribution of Opaque copies in quantity, to ensure that this
Transparent copy will remain thus accessible at the stated location until at least one
year after the last time you distribute an Opaque copy (directly or through your
agents or retailers) of that edition to the public.

It is requested, but not required, that you contact the authors of the Document
well before redistributing any large number of copies, to give them a chance to provide

you with an updated version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the
conditions of sections 2 and 3 above, provided that you release the Modified Ver-
sion under precisely this License, with the Modified Version filling the role of the
Document, thus licensing distribution and modification of the Modified Version to
whoever possesses a copy of it. In addition, you must do these things in the Modified

Version:

A. Use in the Title Page (and on the covers, if any) a title distinct from that of the
Document, and from those of previous versions (which should, if there were any,
be listed in the History section of the Document). You may use the same title

as a previous version if the original publisher of that version gives permission.



SR 419

B. List on the Title Page, as authors, one or more persons or entities responsible
for authorship of the modifications in the Modified Version, together with at
least five of the principal authors of the Document (all of its principal authors,

if it has fewer than five), unless they release you from this requirement.

C. State on the Title page the name of the publisher of the Modified Version, as
the publisher.

D. Preserve all the copyright notices of the Document.

E. Add an appropriate copyright notice for your modifications adjacent to the

other copyright notices.

F. Include, immediately after the copyright notices, a license notice giving the
public permission to use the Modified Version under the terms of this License,

in the form shown in the Addendum below.

G. Preserve in that license notice the full lists of Invariant Sections and required

Cover Texts given in the Document’s license notice.
H. Include an unaltered copy of this License.

I. Preserve the section Entitled “History”, Preserve its Title, and add to it an
item stating at least the title, year, new authors, and publisher of the Modified
Version as given on the Title Page. If there is no section Entitled “History” in
the Document, create one stating the title, year, authors, and publisher of the
Document as given on its Title Page, then add an item describing the Modified

Version as stated in the previous sentence.

J. Preserve the network location, if any, given in the Document for public access to
a Transparent copy of the Document, and likewise the network locations given
in the Document for previous versions it was based on. These may be placed
in the “History” section. You may omit a network location for a work that
was published at least four years before the Document itself, or if the original

publisher of the version it refers to gives permission.

K. For any section Entitled “Acknowledgements” or “Dedications”, Preserve the
Title of the section, and preserve in the section all the substance and tone of

each of the contributor acknowledgements and/or dedications given therein.

L. Preserve all the Invariant Sections of the Document, unaltered in their text and
in their titles. Section numbers or the equivalent are not considered part of the

section titles.
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M. Delete any section Entitled “Endorsements”. Such a section may not be included
in the Modified Version.

N. Do not retitle any existing section to be Entitled “Endorsements” or to conflict

in title with any Invariant Section.

O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that
qualify as Secondary Sections and contain no material copied from the Document,
you may at your option designate some or all of these sections as invariant. To do
this, add their titles to the list of Invariant Sections in the Modified Version’s license
notice. These titles must be distinct from any other section titles.

You may add a section Entitled “Endorsements”, provided it contains nothing
but endorsements of your Modified Version by various parties—for example, state-
ments of peer review or that the text has been approved by an organization as the
authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a passage
of up to 25 words as a Back-Cover Text, to the end of the list of Cover Texts in
the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover
Text may be added by (or through arrangements made by) any one entity. If the
Document already includes a cover text for the same cover, previously added by you
or by arrangement made by the same entity you are acting on behalf of, you may
not add another; but you may replace the old one, on explicit permission from the
previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give
permission to use their names for publicity for or to assert or imply endorsement of

any Modified Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this Li-
cense, under the terms defined in section 4 above for modified versions, provided that
you include in the combination all of the Invariant Sections of all of the original doc-
uments, unmodified, and list them all as Invariant Sections of your combined work
in its license notice, and that you preserve all their Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple
identical Invariant Sections may be replaced with a single copy. If there are multiple
Invariant Sections with the same name but different contents, make the title of each

such section unique by adding at the end of it, in parentheses, the name of the original
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author or publisher of that section if known, or else a unique number. Make the same
adjustment to the section titles in the list of Invariant Sections in the license notice
of the combined work.

In the combination, you must combine any sections Entitled “History” in the
various original documents, forming one section Entitled “History”; likewise combine
any sections Entitled “Acknowledgements”, and any sections Entitled “Dedications”.

You must delete all sections Entitled “Endorsements”.

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents
released under this License, and replace the individual copies of this License in the
various documents with a single copy that is included in the collection, provided that
you follow the rules of this License for verbatim copying of each of the documents in
all other respects.

You may extract a single document from such a collection, and distribute it
individually under this License, provided you insert a copy of this License into the
extracted document, and follow this License in all other respects regarding verbatim

copying of that document.

7. AGGREGATION WITH INDEPENDENT
WORKS

A compilation of the Document or its derivatives with other separate and inde-
pendent documents or works, in or on a volume of a storage or distribution medium,
is called an “aggregate” if the copyright resulting from the compilation is not used
to limit the legal rights of the compilation’s users beyond what the individual works
permit. When the Document is included in an aggregate, this License does not apply
to the other works in the aggregate which are not themselves derivative works of the
Document.

If the Cover Text requirement of section 3 is applicable to these copies of the
Document, then if the Document is less than one half of the entire aggregate, the Doc-
ument’s Cover Texts may be placed on covers that bracket the Document within the
aggregate, or the electronic equivalent of covers if the Document is in electronic form.

Otherwise they must appear on printed covers that bracket the whole aggregate.

8. TRANSLATION

Translation is considered a kind of modification, so you may distribute trans-

lations of the Document under the terms of section 4. Replacing Invariant Sections
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with translations requires special permission from their copyright holders, but you
may include translations of some or all Invariant Sections in addition to the original
versions of these Invariant Sections. You may include a translation of this License,
and all the license notices in the Document, and any Warranty Disclaimers, provided
that you also include the original English version of this License and the original
versions of those notices and disclaimers. In case of a disagreement between the
translation and the original version of this License or a notice or disclaimer, the
original version will prevail.

If a section in the Document is Entitled “Acknowledgements”, “Dedications”, or
“History”, the requirement (section 4) to Preserve its Title (section 1) will typically

require changing the actual title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as
expressly provided under this License. Any attempt otherwise to copy, modify, sub-
license, or distribute it is void, and will automatically terminate your rights under
this License.

However, if you cease all violation of this License, then your license from a par-
ticular copyright holder is reinstated (a) provisionally, unless and until the copyright
holder explicitly and finally terminates your license, and (b) permanently, if the copy-
right holder fails to notify you of the violation by some reasonable means prior to 60
days after the cessation.

Moreover, your license from a particular copyright holder is reinstated perma-
nently if the copyright holder notifies you of the violation by some reasonable means,
this is the first time you have received notice of violation of this License (for any
work) from that copyright holder, and you cure the violation prior to 30 days after
your receipt of the notice.

Termination of your rights under this section does not terminate the licenses of
parties who have received copies or rights from you under this License. If your rights
have been terminated and not permanently reinstated, receipt of a copy of some or

all of the same material does not give you any rights to use it.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU
Free Documentation License from time to time. Such new versions will be similar
in spirit to the present version, but may differ in detail to address new problems or

concerns. See http://www.gnu.org/copyleft/.
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Each version of the License is given a distinguishing version number. If the
Document specifies that a particular numbered version of this License “or any later
version” applies to it, you have the option of following the terms and conditions
either of that specified version or of any later version that has been published (not as
a draft) by the Free Software Foundation. If the Document does not specify a version
number of this License, you may choose any version ever published (not as a draft)
by the Free Software Foundation. If the Document specifies that a proxy can decide
which future versions of this License can be used, that proxy’s public statement of
acceptance of a version permanently authorizes you to choose that version for the

Document.

11. RELICENSING

“Massive Multiauthor Collaboration Site” (or “MMC Site”) means any World
Wide Web server that publishes copyrightable works and also provides prominent
facilities for anybody to edit those works. A public wiki that anybody can edit is
an example of such a server. A “Massive Multiauthor Collaboration” (or “MMC”)
contained in the site means any set of copyrightable works thus published on the
MMC site.

“CC-BY-SA” means the Creative Commons Attribution-Share Alike 3.0 license
published by Creative Commons Corporation, a not-for-profit corporation with a
principal place of business in San Francisco, California, as well as future copyleft
versions of that license published by that same organization.

“Incorporate” means to publish or republish a Document, in whole or in part,
as part of another Document.

An MMC is “eligible for relicensing” if it is licensed under this License, and if all
works that were first published under this License somewhere other than this MMC,
and subsequently incorporated in whole or in part into the MMC, (1) had no cover
texts or invariant sections, and (2) were thus incorporated prior to November 1, 2008.

The operator of an MMC Site may republish an MMC contained in the site
under CC-BY-SA on the same site at any time before August 1, 2009, provided the
MMC is eligible for relicensing.

ADDENDUM: How to use this License for your
documents

To use this License in a document you have written, include a copy of the License
in the document and put the following copyright and license notices just after the

title page:
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Copyright © YEAR YOUR NAME. Permission is granted to copy, dis-
tribute and/or modify this document under the terms of the GNU Free
Documentation License, Version 1.3 or any later version published by the
Free Software Foundation; with no Invariant Sections, no Front-Cover
Texts, and no Back-Cover Texts. A copy of the license is included in the

section entitled “GNU Free Documentation License”.

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace

the “with ... Texts.” line with this:

with the Invariant Sections being LIST THEIR TITLES, with the Front-
Cover Texts being LIST, and with the Back-Cover Texts being LIST.

If you have Invariant Sections without Cover Texts, or some other combination
of the three, merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recommend
releasing these examples in parallel under your choice of free software license, such

as the GNU General Public License, to permit their use in free software.
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