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REBMHERE B S EATR B TR, SRKIREI, LR TIEHR
PREIEN], REBIEMBAREN CAER P E P LILF 7, WAOTATE 7
. KB TR REMLAS 7 S RIER, SChn_ B A2 BeA A T E A R IR
LEK, HARTIRERR—LEEOHI A RSN, RIECCHEA G, IERMEE FEM D
155

/Al AL

BHATE B 3 — Al BRHEAE — D FIR A B R N (1 88— 5
TN AARRIAR, WHMES, RATRS, EIESHEE, BAHERE—1
B/ INATE G T BRI B REY, T IR fE B ISR AE — IR

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

AERMDHIR PR/ E RECR 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
AHNIRAETLE T DN, XA TTERRIVEREIR LA 22, BIHFERYIN R n HOSFJ5
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BRIEEE, 1E— &M% 2.10GHz 2L BEs, 2G NAFRTHHERL L, H CTESERFEE 545
AREAET I M HIREIER, S8E LR —H N, FRZE 8 24,

ol

Xt n ANERE 2y, 2,0, WERAFEDNT 0 BRI, RARTFERD o AE
[0,n)" XNEEN, BUBXELH—ERZ0,1,...,n— 1 FEEDHS, ZRET, &/
Al HREOR no

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

BATH—NKEN n+ 1 A F, RARCXE [0, n] AN EECE G A H,
1: function MIN-FREE(A)
2 F + [False, False, ..., False] >n+ 17
3: for x in A do
4 if x < n then
5 F[z] + True
6: for i < 0 ton do
if F'[i| = False then

8: return ¢

F e REBWIEI R, w1 A PRECE, R » < n, BURIRE Flz) BN E,
wa R P, ERENE —MENBRAE, FEEAN n SR, BAMER T n+1
MNAE n Mg, AR sort(A) =[0,1,2,...,n—1] BIEN. XPNHFEFRZE O(n)
B2 [ERAEERR S Fo BEHREGR)G, F XN T . RE R FFIBFTREIAN X HFER
o FRATAT AT SE I 5 4 R 8 K OB, R EIE . 9 AaT DA A — B A7 £R 17
FRAETA) 2, FEMFRTHEAL L, SHNE) CESEFIUH 0.023 #PRtar DU —F
TN

I

Stz

TG Z B SRS 7] 7L 70 g 5 T U N - A1, SR JE 1840 i R AT Bl i
BHEER, KIEE z; < |n/2] BERBIRANTFFI A HERAFFH] A7,
RAE (1), R A FKEIELZ [n/2), BWAHRT—F A CEWT7, BR—E
£ A", BUERE A e B IX XI5, RN T . fEF 5] A
BB, I RERRAE T2, BRI AM 0 LR T [n/2] + 1. BATREE B
BN search(A,lu), HH 1 B FHR, v 2 LF, BB, | = 0. v = |A] — 1, Bl:
minfree(A) = search(A,0,|A| — 1),

YEFAEXE [a, b) (4 o HAEEE b,
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search(,l,u) = 1
|[A'|=m—1+1: search(A”,m+1,u)
search(A,l,u) =

otherwise : search(A’,1,m)

¥

A =[x <m,x e A],A" =[r>m,z € A

R —TTIEATERINEE 2, FHRTEE O(|A]) IRELBX 77 A F1 A A R RS
B, BEHANN T(n) = T(n/2) + O(n), #id FEHEINER O(n). FATHHEATEA
AL 3 —IRFTFE O(n) IRHLERI 77, 56 —IRFREER O(n/2) IR, B=IRTEEER
O(n/4) iX...... BIEZS O(n+n/2+n/4+..) =0(2n) = O(n), FNHM Haskell /3
FARGSEIE T IX — 5%,

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

bsearch xs T u | xs =[] =1
| length as = m - 1 4+ 1 = bsearch bs (m + 1) u
| otherwise = bsearch as 1 m
where
m= (L + u) “div' 2
as = [x | x « xs, x < m]

bs = [x | x « xs, x > m]

BRI IR AN FAREZ O(lgn)o FRATRT LATHBRIET ALY :

1: function MIN-FREE(A)

2: [+ 0,u < |A|

3: while ©v — > 0 do

L u+1

5: left <1

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

10: if left <m + 1 then

11: u <+ left

12: else

13: I+ left

WE 1 AR, XEREF A AT REITN . left ZHITTREAKRT m,
MM left 1 right Z RIRYTCRAKT mo
2BIFFE O(1gn) WIS, (H AT DUE R i) (oAb i8kR,
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left right

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

B 1 B, AT 0 <i < left BITCERRE Ali] < m, LT left <i < right BT
RIE Afi] > m, FIERAITTR AL,

IERLEL

5 IEBRUZ M FHEE 1500 MEMEL, EMEBREREE 2. 3. 5 X=MEF
B B R % TEEOLHIULE 5-EiEE, TEHHEANIRN A X IUVEIGBR B DAL SR 1 - s
BH, 2. 3. 5 AGWZIERNEL, 60 = 223'5' &% 25 DNIEEL, 721 =237 &
BT 7, AR IEREL, X 1= 203050 258 0 DNEMEL, w10 ™MEMEUnT:
1,2, 3,4,5,6,8,9, 10, 12, ...

VIR 2P
BATATCAM 1 7HR, B—REFTE BRR, X ENEEE 20 30 5 IXEH T AR
o, ERAGRESRN 1 :
1: function REGULAR-NUMBER(n)

2: x<+1

while n > 0 do

o

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: x4 x/3

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

15: return x =17

BEE n HEK, 5 A5E R TG N, ERFEFFENL L, E C IS LT E 40.39
FOARENZE 1500 DN ERIER (860934420),
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FREPEHE

EUBAIBRIE ZFEN I IFE P, MRAFHRES —MUINET, MiZEM 2. 3. 51
TEERLEL, IR A R 450 ana] M/ INBI RAR ™ A2 TERUES T 51 FRATTAT DASE A BA %)
Kk, BAFIM—MANATCE, 5 —MIEHE TR, AR, X —RF R
FSeit e FIFO (First In First Out). JBEEE 0 N EMEL 1 ARSI, AWt 55—
IE S ERIEL, 3R PA 2, 30 5, P4 3 DEMECHHZAUNMI I E A, Wik
W AR CAFE TSI, W EF DU S . FrEmlae/ TR AIEL, TE4 AN

TELRHE A MY, W 2 FiR, X — BRI T :

B 2: mBi4: 1 ABK; 20 30 5 ABK; 4. 6. 10 ABA; 9. 15 ABA, 5 6

function REGULAR-NUMBER(n)
Q 1]
while n > 0 do
x < DEQUEUE(Q)

1:

2

3

4

5: UNIQUE-ENQUEUE(Q, 27)
6 UNIQUE-ENQUEUE(Q, 3x)
7 UNIQUE-ENQUEUE(Q, 52)
8 n+<n-—1

9: return x

10: function UNIQUE-ENQUEUE(Q, x)
11: i 0,m <« |Q)]
122 while i <m H Q[i] <z do
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13: 141+1
14: if i > m 8 z # QJi] then
15: INSERT(Q, 7, x)

HF KR m MIBAF, UNiQUE-ENQUEUE FE O(m) B, o B4 i A
WtE, P KEREE n SR GEEE — RS MR, R L
% < 9), FUBFMEIN O(1+ 2+ 3+ ..+ 1) = O(n?)e & 3 T 7 IS VAL
Fln 2RISR, TEHRN IRk, [RBL O (n2) BIE A4,

Queue access time - N

800000

700000

600000

500000

400000
== Queue accesstime

300000

200000

100000

a

0 500 1000 1500 2000

B 3: BAAITE IR TR n BISR R

TERFERITH ML L, B C1EE SEIA 0.016 Fhmthm it T& S, HLIF AR 2500
fio BATEATCAREIASEI, @ os AEEE LTS T (21, 20, 25, ..]0 X
B IEMEL, RHEHSRDL 2 15 2IRRR TS IERES: (221, 22, 225, ...]o [RIFEARKIRTE
B3, 5 RGNS IEMEBS, WFRIX 3 D BINEH, KFREEIFE 1
ARINETEK, MEXAREN T as

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

Hrt g:os FORKITR o BEREDYIFR s BIATHE, 1E Lisp X MEIEFRN cons, 1
5 0 MEMEL, ERATH, U &HIET IR,
a<b: a:asU/(b:bs)
(aas) U (b:bs) =qa=b: a:asUbs

a>b: b:(atas)Ubs

ot N Haskell Il FF25

xs =1 : [2xx | x « xs] “merge’ [3xx | x + xs] “merge’ [5%x | 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
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JEid xs 1! 1500, Af PASRIS 1500 NEMEL, fERFEFHENLE, X—f&FH
i 0.03 #b,

FAS
AT EHER I EE TR, HRAYI AR . A ERME =
MK Qe = {2i > 0} (NHLEH 2 BBRAVEL Qo = {2737]0 > 0,5 > 0} Qa5 =
{20395%|i,5 > 0,k > 0}o HH Qo3 BK j # 0, Qozs B3R k # 0, LRIUE T =K% A
HE, BREBEH—IBATIR 4, W1 Q2 = {2}, Qa3 = {3} 1 Qa3s = {5}
OREUH = BAF SR B/ VTR o, ARG RET R IRIAYAE 2
o W 2 kH Qo, 22 I Q2, 3z PN @23, 5x PN Q2355
. QD% T 5'% ﬁ Q23, ){%‘ 3x Dl])\ Qgg, 5 DD)\ Q235o ﬁﬂ]Z:EZ)I% 2 DH)\ QQ, ﬂg
Qo B EW 3 BEERIVEL,
o W 2 RHE Quss, ¥ 52 NI Qazso BTAMIAREE 22 MA Q2, 3z MMA Qaz, K
EMAEEE 5 BEERIVEL

A=A I R/ NI E SIS n NITR. B 4 45 THT 4 8,

min(8,6,5) =

() ()

4: A=A Qav Qasv Qoss MG IEREKHTHT 4 20

1: function REGULAR-NUMBER(n)
2: r+1

3: Q2 {2}, Qa3 + {3}, Q235 < {5}
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4: while n > 0 do

5: x < min(HEAD(Q2), HEAD(Q23), HEAD(Q235))
6: if + = HEAD(Q-2) then

7: DEQUEUE(Q2)

8: ENQUEUE(Q2, 2x)

9: ENQUEUE(Q23, 37)

10: ENQUEUE(Q235, 5)

11: else if x = HEAD(Q)23) then
12: DEQUEUE(Q23)

13: ENQUEUE(Q23, 37)

14: ENQUEUE(Q235, 5)

15: else

16: DEQUEUE(Qa235)

17: ENQUEUE(Q235, bx)

18: n<n-—1

19: return z

BIEIEIA n IRo BIRMN=A IR R/NTR, X HBEE M F, 2ZE5R
PEE TR FTAERIBAA, 77 2E — 2 =N B A BN, iX— 2 H I R, B E
EEIREN O(n)o

INGG

RUE IE B EARRE I 95 25 TR AR, (B BE A AUBERE N, FATT NS A SR B AT RO,
AHAR —ARERZFRRI IR R T, ABNAE WEAREMEBIRSE,
Xt e AR R AT A 2 S, R R BGAEAMBURE R A B, EHSH
T IR R D MR RIEEA U, AP RER R TRENmETES. —77
M EE 2H H CRIWAT, 53— 77 mmAEiE 5 E AT, BT 326 D g An £k
FACTEN BIRHATRE S, FFI PA—226 7, BREBGKHIRFIZE Haskell, a3 7XHY
B UAIE S RTR G 1A,

AF A SURCEIEFEI M 2009 SIS 7R, 2017 F k. 2020 SFIRITIRET,
2023 £ 5 A S8R T8 TR, RN T 119 JES B F, HFMRATPATE github FIRTS,
INRATERIRIFAUSUR, 1HTE github REXRFK,

%31

L1, s ha] RGBT, BiTE SRR R DR 8, BATTRT AR IE S SR bmid— MK
TREMFE. B Mm%, LINRKEN n, X FEAMLNENT n {17
B x| < n, BOLE [z LT ENIE. ZEEREAM—EIR, JKEH—
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MEEPTERNN EEE R, WELIIX—RIX,

L2, n N, 2, o n, B E, EANTIE B TEL T, 7 B — 12 #
BT yo IRIZ 1 <y < n, BH—DITIERBIELIER R, 2 R T
x F y,

1.3. FZE—BoRIEMERIAE, e MR L?

Int regularNum(Int m) {
[Int] nums(m + 1)
Intn=0, i=0, j=0, k=20
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] {
i=3i+1
x3 = 3 % nums[j]
}
if x5 =— nums[n] {
k=k+1
x5 = 5 *x nums[k]
}

3

return nums[m]
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1.1 fa4r

IR R B e S R BRI A, e BRI TR
HIRas. BEAER 2 - HESHFEXIR, B MFE T — MRS XMMT
M PEbhE B A B, BEHRAU NS AR, B H & ZAEEMATE, S8R, 5
RITANETFR I, Al ARSNGB TR BATA] AN AR & 1 41 % HY
TLR. RHARAE BRI R, SR R BN T HH RS e E R H R L
T BB (map), I8 (filter), BN (fold) FFHRIRAYEE, AT AP IX — &,
HRENS BT A,

1.2 w®X
B R e, B RB BRSSO — IR E #2810
[] 5k NIL; sk & — AN TTZR— IR, B 1.1 HIR T —ANd T4 A 512,

BN REEWES, — IR WFRIE key) FI—DFFIR, $81TFIRMN G HIE R
MPE nexto Bfa— DT RAHIFHIFRNZ,

B 1.1 B RIS

AT RBELRHEE P — AL, BARER NIL, EH S E G EdRa 2 E
SR, fln:

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

REBGmEIAE S F 251 NIL #2, FAEMMARRR T IERR 2SR —Fh
B NIL (88 null 8¢ @) ; 55— R — IR, (HAENMERDTR, 218 [, 15

MEEKIZ, lambda EEERIE RV TSR g AL 0] 09
PZEIEIUR, FIRPICEG A SRR, GLEIREE (AN Lisp) KRS A EUEIAINFIR,

1




.00 O#

\V]

KL, 5 A S N, H [ ]| MREEATE,

1.2.1 5@

25 E — MAEEHIER X, BATE XN EEL? R HERBCKECRMF4%, Bl
BEHMHN first X M rest X, 8H head X F tail X4 2, HATATAMN—DITE
o FIFIFR 2s (AAZ)MEH S — DR, 1IN 2:0so X—HIEL BRI E cons, K
AT RER:

(1.1)
tail (z:xs) =uxs

{head (x:xs) ==z

BAMHEA] 2y RRB—DILR, H X FRFIRINE, Bl X = [21, 20,23, ..],

X/ = [II?Q,.’Eg, »--]o
#>] 1.2

1.2.1. XFILRIAN A WHIR, RGEFHIBHL MM ITR =,y € A BREMTE, &
M= NEERATH N RZ AR,

1.2.2  FIRIIEARRIE

FRAEE S, FATTAT LS T T RANRA R : 28R AR 0, AR AR K
JERPREH — DRI FHIR KM —,

length [] = 0

(1.2)
length (z:xs) = 14 length xs

K i AR T R, N R A O(n), B n BITR ML fEAMZERT
ERBEIIEOLT, BAMER | X| RFRIIR X BIRE, 78 2 T BATTA] A
R REFIEE— 2R, HER B ERT RN X —2 8, MHZHEKERN
JES AREd/IE
1: function LENGTH(X)

2 n<+0

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

5 X + NEXT(X)

6: return n

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 p0O 3

1.2.3 &9l
B 7 1 DUE BT RIBER LT RME R AL E o e R, (B RFERE B A GEFA
TCEMMTEMNE,

1=0: x

getAt i (x:xs) = { (1.3)
1#0: getAt (i—1) xs
BANTHOE A LB HNRIE I INREN [ ], IINATARARE LAY, i 857

INAAT IR ARTE X, i > | X|, BIEET, RN ZESEREE  — | XD
RERIED 5—77H, # i < 0, YREUR— R E S & E M2 0, BRAEA N M 2255%
NIRRT I BRITE. HTHRENS 5, RIIBIRNNEEREN O6), TH
FERT AR ARSI

1: function GET-AT(i, X)

2: while i # 0 do

3 X ¢+ NexT(X) > X = NIL N H5H
4: 141—1
5: return FIRST(X)

#:3] 1.3
1.3.1. £ GET-AT(i, X) BFREREIHF, X NTSEFE? BN ERE?

1.2.4 KREIHE

FAAE— R first /rest NFRAJERE, #5709 last /inite XN TARRBHNIR X = (21, 20, ..., 7],
B8 Last JRIFIRFETEE o, 1 init EIEFIIE (01, 2, oo t)e BIIKFIRHRIE A
ERFR, (H last /init FZE 53R, B2 MR R,

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

last /init #RE A MERSHIRAIEIL, HEN [ ] I, AT HERE XK, NEZEMHN
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 H
10: X' < Cons(FirsT(X), X')

11 X + REST(X)

12: return REVERSE(X")

INT JEIE Cons BREER, X ERPIRBY I, B)n T 2R ai R

ROLET 1.3.2),

1.2.5 RIE5|

last B RART K —FRe 6, B —RATEZZIRIBGIR P HIEECE i TR, &

ERRA BRI IR 55— DRI R E n, 8 0GRS n — i — 1 DITR:

lastAt i X = getAt (| X|—i—1) L

B iR 2 E R NG po F0 po, EATTAHER ¢ 22, B resti(ps) = pi, B
rest'(py) FREEPITEEL rest 3£ i Ko WHUZUL, M p, B ¢ PELATENE pro po
—ITAATRIMBERAISLER, AR RN HRIEEIEN], B2 py FHABERIVERR, MRS
po TBUFFRIAIEIECES « IR, Bl 1.2 #8 TX—T51k. BT p,p BH—DEH, X

— iR RS E A,

p2 pl

/ \

M I S I e S e

(a) po fEMIFRSK, BEES p Z)5 i o

p2 pl

/ \

|x[l]| |—> |x[2]| |—> > l > .. > I

(b) = p1 FHEREM, po FRAGEER i T

B 1.2: XEEHEE N

1: function LAST-AT(7, X)
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2: p+— X

3: while ¢ > 0 do

4 X < REST(X) > BRGNS
5: 141—1

6: while REST(X) # NIL do

7: X < REST(X)

8 p < REST(p)

9: return FIRST(p)

2l bR SR IN AN RE ELR SRR, W BRATAT ARINGE T X = (21, 22, ..., z,] T
Y = [25, Tiga, ., ), HA Y BERERT i — 1 DITREHRITFIIE,

lastAt i X = slide X (dropi X) (1.5)
Hr:
slide (x:xs) [y] = = (1.6)
slide (z:xs) (y:ys) = slide xs ys
K& drop m X EZFFET m TNTE:
drop 0 xzs = xs
dropm[] = ) 1.7
drop m (x:xs) = drop (m—1) zs
%3] 1.4

1.4.1. 7€ IntT F1, ] PAF ApPEND(X', FIRST(X)) K& #t Cons 4.2
1.4.2. £ LAST-AT 1, U] AL BRASHIRANBUA A 1E 100 ?

1.2.6 W

EIRE AN, A B MIBR, SR EEIARAE SCEIN QI HT 51)3%,
MEAIZARE (persist) AL, HEE Y HIHERERUR IR (V) 55 2 %),

UNIIFRN append, F1 cons XFR, cons TEFRKIENN, append TEAREE M, F it
WHRAE snoc CRF cons ROS KT ), W T2 mHEIFIRER, it AHEZREN O(n),
Hrrn BAERIKE, 7R &, TATA] DA S E 7 i ok, HBEE S
FAAHAT T,

append [z = [z] (1.8)
append (y:ys) x = y:append ys x
XA IEARSEEAN R 5

SEEMNIRF SRR cons © xs. append zs xo
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1: function APPEND(X, x)
2 if X = NIL then

3: return CoNs(z, NIL)

2 H+X > PRAFRK
5: while REST(X) # NIL do

6: X < REST(X)

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

8: return H

H3HT REsT A AR E LB next SIHEE , 40 N EAIHIFH5:

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

I get At KA, BAITZ BN EFIR AP RITEE A B MBSOT R,

setAt 0 x (y:ys) = x:ys
setAt i x (y:ys) = y:setAt (i—1)xys

R—BIERN SRR O>i), H i 2EBRAE,

23] 1.5

1.5.1. FEAIFRATE AN — DR HR AR & tail, R ASANSRIE LA H 2N A,
1.5.2. A RLIZFEHT tail ZE? AIERER ([ATRZMN?
1.5.3. 1E set At H1, QAL BR S HIRANBA A 1H 0L ?

A

FIZRIENARARINE S (DR BIBA—DITR, IKN insert i x X, H
LI set At K100 () ECFPAIRFHA— IR, #E4RIAZERFH.
| inse.rt Ozys = z: ys | (1.10)
insert i x (y:ys) = y:insert (i—1) z ys
4 0 PRI N, FATAT DUR HALAEAAN, DA SR, 1 T2 A R A
USRI

1: function INSERT(7, 2, X)
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2: if i = 0 then
return CoNns(z, X)
H+ X
p+— X
while ¢ > 0 and X # NIL do
p+— X
X <+ REST(X)
141—1

@

10: REsT(p) «+ Cons(z, X)
11: return H

LHNR X = (21,29, z,] OFF, BIHMEAVE 1 <i <j<n, Az < x50 XH
< HIE SO HIRAY, B Rl RFRAA A PR LA, ufs > (FFF). BENEEXRE,
BAVE AN, BISTIRRFA T,

insert x [| = [x]
' r<y: x:y:ys (1.11)
insert x (y:ys) =
EHM oy insert x ys
BT ZZE— BT R, AN REIEZREN O(n), Hi n BRKE, X RMAERSE
PR :
1: function INSERT(z, X)
2. if X = NIL B z < FIrsT(X) then

3: return CoNs(z, X)

4: H+X

5. while REST(X) # NIL H FIRsT(REST(X)) < x do
6: X < REST(X)

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

8: return H

A% 1l N RAE, BATTR] ASEELR AHET - B —RTR LA S — 238 5%
Ho HTRRIZFRAARRENER), FTPAX—HEFRIE 2 EN O(n?),

sort [] = 1]

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

BATTAT PRI )T, SCBL— BRI B — WIIER R I TT 3R 4% 4 A 2|4
R
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

FEE A EATIN %], 45 R YRR 2 CF i, FNSBIASCHMELE, s —A
JEANIA : 1T A AL BB SR TS B NZE A AR B, AR e A2 B (&
T L2 7D IHRNATHERX — R, 85 3 EIEMN AT, BARMERE TN ILIL,

g3 1.6

1.6.1. 246 AN ERFLE, K H Az BRI AL #E,
1.6.2. EFATEEHIINE ANE L, AN E « FTE 2 FER AR — ML E,

lles

TR ASRAEL, MRt A PR S S (D TEFRE M EMIBRITR delAt @ X5 (2) BHRHE
MEFMBR delete = Xo N THBRAIE i BITTER, TATESCHTE i DRXEFMIE, &
JEBEE — P IER, R EREE R,

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

HFRRERHE « PHATIHER, X —BIERN RIS ER OG). NHEMHEM A
STER

1: function DEL-AT(i, X)

2 S + Cons(L, X) > FBNT R
3: p+ S

4: while i > 0 H X # NIL do

5 141—1

6 p+— X

7 X < REST(X)

8: if X # NIL then

9: REST(p) < REST(X)

10: return REST(S)

NT R FAE A, BATSIAR— MBI R S, B & —DMRRIIE L,
FER X, A S, TATATLAZ VIR X AR A, AT R, &ER S e
ARATER > ENEE IR, FFEFF S HE . “EEFMIBR”SCRT DA — 24 7y AR E
Ui (D) PERENEE — BT RIMER; (2) REFTEF T RER TR MR, 5
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B BN, WA,
delete x [] = []
{x—y: ys (1.14)

rF£y: y:delete x ys

delete = (y:ys) =

FH 5 2 SR A ERAFHIPRA TR, IX—RIERE R EN O(n), Ho n K

J&o FEIRARSEELA, TATMRIR AT DAE A4 B 19 R A (L2 4 -

1: function DELETE(z, X)

2 S < Cons(L,X)

3: p+— X

4: while X # NIL H FIRST(X) # z do

5 p+— X

6 X < REST(X)
if X # NIL then
8 REST(p) < REST(X)

3

9: return REST(S)

g3 1.7

L7.1. WHERKEET LA EEN T TR MR,
1.7.2. WHEEAHIMRE R, BMBRALE S G TR F LA s — ML B,

%

AR B IMHRE A E — R =X, BRI Rz R EEMA— N IT R, M5
REEIMAZNTLR, ([BEINFIEL Z RIS, WA IR ERE S SR T 75
Gl 2 |ws| = n, |ys| = m, PHZNDIIRIKE, SFREINEFRZ R EE,
BTN m R, BINHEEREN O+ (n+1)+ ...+ (n+m)) = O(nm + m?),

rsH[] = ws
xsH# (y:ys) = append xs y - ys

M cons AR CHEUN R , BATTAT DARTES] s B9 HRAHHERZE] yso

[J4ys = ys
xs H [ ] = S8 (1.15)
(x:xs)Hys = x:(xsHys)

BORESCBIRIEAE N O(n). FEMSRINGEH, I (ARSI, A] DASEILH £
Ff T RS e (LA SR80
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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
1.2.7 RI5H

BAVH EFEUEHROMGH, ENGE-LFRHREHN, £ 1.5 f, &
T EAMTE TR, & XEHRIFY 00 BN 1.
sum[] = 0 product [|] = 1 (1.16)
sum (z:xs) = xz+sumaxzs  product(x:xs) = x-product xs .
N EIRET AR BN BNER, EIREN O(n), H n KA, SKFI, SKREIHT M
AR, BATA DU HSR M A BB, SREI A 0 AR, KR
M1 IR R,

sum' a[] = a prod a|] = a
sum’ a (z:zs) = sum (x+a)xs  prod a (x:xs) = prod (z-a) xs
(1.17)
ZEHNER, TATLL 0 N RBVELAETIH sum/, A 1 N BEFEISETAE prod’
sum xs = sum’ 0 xs product xs = prod 1 xs (1.18)
sl P AT AL R
sum = sum’ 0 product = prod’ 1

Pl 2 B 2548/ (Schonfinkel, 1889 - 1942) £ 1924 FE{2 ), MAHTw/R -
BAE 1958 a1, BB ZITHE f(z,y), MREUEN o, BRtEEGEN—D
KTF y —TCRE: g(y) = f(z,y), 18N g = f xo T EIZITHREL f(2,y,...,2), 18
RGNS EL, AT DAV — RIS f, f o, f © v, ..o BATFRIXAERYFAG ]
Bk, ERPHEZ TR EBEEA N — RN — el B f(a,y, ..., 2) = f(@)(y)...(2) =
fxy .. 2z

RHARREE, HRIF 2o WERA, I HIERiEshEgE R, RSHTEE,
FRAIRGSEENZE (BN o) BN, SEFAH (B ST HITER) . XIS
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A=A OIEIR, FATFOXFERIEREOY“RIBI” (B BIRAT) , FRIZMIHERE
AR RIS 01, i RS, FEIX R BRI R AE R R B, i
DAL ] AR AR i MERE, FF 38 00 H T338 ) 0d 08 A T AR B . FEZEY KT
ANHEFRIER 7y, HOB AT A TR TR b, Bl 1] LR ALy 23T :
sort' a[] = a

(1.19)

sort' a (x:xs) = sort' (insert x a) xs

IXAEHRT AT DUE SONFEN [ ] ME AR ERIRTEALIE R sort = sort’ [ | 1ENRE
YA AR T, AT R AT R R on (197, 1.16 190) o IREHRRITTEEM
1IHAEE DL b 3 n IR, 12— O(n) WRIFYTTIA:

function Pow(b,n)

T4 1

1:
2

3: loop n X
4 r1x-b
5

return x

FEUE 0° BIIAE, LRFIALEATRIGER, TS 2] = = 0* FISER, LR,
BATEFRH = LA b 152 0%, ATDAERERIRGR L 02, N2 b* SRJEFHRGRTT, WA
PISE] (b*)% = b8, IXFEEILZIEIR 3 IR, MAE 8 IRe i n 18UF N 2 FEEURR,
Bl n = 2m, Hrp m BARGUREL, AT AR R EA 75 R POETHE o

b= b
o= (b3)?

REIX— 0 IEHRME, Tl TR URE n T BMER AR A n = 0, B0 = 1;
A on NEEG R n R, e b, RIGFRRGERTTT 46 n AEE A n — 1 218
B ATEEIAT R o, G AR AR A b

o= 1
I 2n:  (b%)? (1.20)
A bt

B2, B RAMCEER RO R, ik, TIPSR IRECE 77, A5
R E R RN

P =1
o 2|n : (b?)2 (1.21)
Em pepnt

S IX 1B, W] AR RIRE O RIE I, BB FRX b = pow(db,n, 1) T
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XN
pow(b,0,a) = a
n
2ln:  pow(b?, —,a 1.22
pow(b,n,a) = | ( 2 ) (1.22)
BN pow(b,n — 1,ab)

X—T7EREREN O(lgn)o FRATTIERT AGRSEEEE, anSRKs n RO i HIE n =
(QmGm—1...a1a0)2, R a; = 1, WAVEEHOANE, TFEHE 0¥, X WM H
DURRBI(EN 10.2), KA ZEHIMCH 1 R EH, B RERD—ERE2IRE
LGSR, Bl SiH&E o N, 11 B HHIY 11 = (1011), = 23 +2 + 1, Atk
b1 =02 x 0% x b, FATTAT AT DA N B T

1. HE b 15 b;

2. NIX—g5 RS2 v?;

3. K5 2 BIGEFE T, NTTTRE] v2°;
4. 5 3 BIEERETT, 158 0%,

G, OGS 1. 20 M5 4 PG RER—iE, 58 o', 25 L, BATAT DAk
nr:

pow(b,0,a) = a

n
2in:  pow(b?, 5 a) (1.23)
E: pow(®?, | 7], ab)

pow(b,n,a) = {

R—FIEAR LR n ARSI — D ZHEHIAL GRS R n BREL 2), B IRAL
(LSB: Least Significant Bit) 24 0, n % BATKEIEECE 77, dh8a ), TTFHKZE
BHEER a0 XN _EEFIFHIE 3 45,3 LSB N 1, n N&EEL. BRTRKIKECETT, I8
PR b FRBNBMEER o B2 n 0 I, BATEAETE n PRIFTE AL, RS RZ R
BUE a0 TEEAIINE, BERTAIREL b, BALSRUHEE n/, FIERTIEER o S AL HM
bt = (b)), BERTRIEZEY n R AT BN, SR R — A O IR T B X — )
BERFIRECRE n B 5 n B ERIRORHHE m AL X —FIERIE m . SRER
HIREARN O(lgn)o BAMEX—RIEERan L NLIENZRS,

[EIEISRAN, SRR, IR A, A1 —i25@ 1, —I W A saRE R M
iR
1: function SuM(X)
2 540
3: while X = NIL do
4 s < s+ FIrsT(X)
5 X + REsT(X)
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6: return s

7. function ProDUCT(X)

8: p+1

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

A SRIEIE, TATTAT LUK B S SEE N #EHE 7T 30: n! = product [1..n]

1.2.8 e AfERIE/IME

GERAEEH BRYIFR P I TTR AT AT UL, WIFFEROR, BR/ME. max / min BT
REEMIMIR B HNRP G —DICE [21], SR 2y ; BN, BITHAE 53R FHE
R, &/ME, FFIFRELITR RS 2 R K45 R,

min [z] = =z max [z] = =z

) xr<min xzs: T >max rs: T
min (z:zs) = max (x:xs) =

I min xs S max s
(1.24)
XS A A ZE AL B, FRATTRT DUORF AR N EBiB 1, I HaXAEE B & 71
L7 RCREE ST, BIMTEARII e, SRANEE SRAR 2 T B 0 AR K. B/IMB. A min
1

min’ a[] = a
r<a: min' zzs (1.25)

LN min’ @ xs

min’ a (z:xs5) = {
5 sum/ /prod’ AN, BATANGER min’ / max’ & A—NEEAENEEIGE, BRI
+oo (FTEATEFD)
min = min’ oo max = max’ —oo

FERARAR, IMETOTIEZRFIRAE X, 0] LR ST EE AE N BRES
R

min (z:xs) = min’ = xs max (z:xs) = max’ x s (1.26)

BB A, H/IMERIER] DA — PR RSE T, BT Max PA MiN
ol
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1: function MIN(X)

2 m < FIRST(X)

3 X < REsT(X)

4 while X # NIL do

5 if FIRST(X) < m then

6 m <— FIRsST(X)

7: X <+ REST(X)

8: return m

R — MR IHSI, AT A RSOt RN B g, BIAN, BT8R ED
AMDTER, BAFREH AT LR, BF 1, RIRRSAEHERIRAIITR, Pl min
9, max FISEELE HEXSAR.
min [z] = =z

1 < Tz : min (x1:29) (1.27)
A min (x9:xs)

min (z1:29:28) = {

3] 1.8

1.8.1. fHHEHEITLIN length
1.8.2. fEH n B ERHIE, SR o RUPUEHH R, fERE4%EN O(lgn)

1.3 7%

MREAER, A RO F A — R R EFI R G5, (U TE R s 7 —Fhik
BHIFREGH , L HEE RN INRAFF, R, BATFRERE SR 1) 2L H H3B
— L

1.3.1 Bt
BATTEL — LB ARINHBE 25— DB 7K — W A RR e 745
U0 [3, 1, 2, 4, 5] BN [“three”, “one”, “two”, “four”, “five”],
toStr [] = []
toStr (z:xs) = (str x):toStr xs
FoAMPIFRRTRIASH N, BB, @55 TRIE, FLElTE T
BE7r4H, BN

[[a, an, another, ... ],
[bat, bath, bool, bus, ...],

(1.28)

[zero, zoo, ...]]
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T RBANE B — B &, FInCEFEMID), Suit#Bin e H AR IR

[[(a, 1041), (an, 432), (another, 802), ... ],
[(bat, 5), (bath, 34), (bool, 11), (bus, 0), ...],
[(zero 12), (zoo, 0), ...]1]

IRAEFRATTE R, X B A7 1 B, W BRI 4 8 T R OB U 227 i 45 SR8 —
NEIASIER, Fh D BRI RS H B TR IR Z 4, P [a, but,
can, ...J. BMIFERH— PR, F—4H B8R/ IREOS RIS RS — > SR 51|
Ko BT X —PHREL, 15— B0 IR BON AR, $R IR B 22 B 3R], BRATIERR
e, AR E SRR max By emp xs, HAi emp 2R TR,

maxBy emp [x] = =«
emp xp x2 1 maxBy emp (xo:xs) (1.29)
maxBy emp (r1:x9:28) =
A maxBy cmp (x1:x5)

X —XHE (B EEAR) p = (a,b), T CHBIRRAEL:

{fst (a,b) = a (1.30)
snd (a,b) = b
TE SCERR] /O Y FLAR R 8

less p1 pa = snd p1 < snd po (1.31)

¥ less &\ maz By Sl ATt BB R 22 B9 B0 (R B AK) @ max” = max By lesso
e, VAR max” ACH TR S 5155 -

solve [| = [] (1.32)

solve (x:xs) = (fst (max” x)): solve xs

REMFRIIPIEATE, solve Ml toStr R FIRERI T REEH, FATRIZALAISS
TR B — WGt

map f ] = []
map f (x:zs) = (f x):map f s

map P32 —PNREL f YENSEL, RN A EIFIR PR TR B BATIFRR
HE RN RN R AEEON mI R R f AN A — B, AHEER A
HITCERME AR B ITTER, W map BIZRADN:

(1.33)

map :: (A — B) — [A] — [B] (1.34)

BEPE: map 352 —DREDN A — B IR, AR — 2D [A] B95I3RZE N
H— N (B WIBIRR, LA F N5~ AT DAfE FH S SCAn s (R AL -
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toStr = map str solve = map (fst o max”)

Hrb f o g FREBES, TR g, RIS ERAEY £, 0 (fog) o =
Fo(@))o AR fARRT g 2J5. FelTHar UNSEAIE I BERE B, B y =
@) BT MRS X HI9TTE « SIS Y HIIER y RBE:

Y = {f(2)|z € X} (1.35)

XA FUE SRR AR “ RS —H 2 /R R SR (iR ZF F&ikz0 )
ANFEZAAET, BATE LHBRMINER X FIFIR Y BB Y = [f(2)]e « X], TIARE
FERRES, Bl IS EEEITR, FIRN 2F RIXXBIRIE SR, 22—
NIRRT E, (EREF, BOTVEZ ML — MR R, FAINEHS 00
&, T X R HES B é&perm X r, SRR n BIFIEE X i » DITERAY

EHH, —HF Pr = ———— MORRERHES,
(n—r)!

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

(1.36)
nSBEH 0 NITERAR, BRAIRATTRIDEUNT r, HPIEE R NSRBI (|
115 S0, BATTE—EUHANR PN TR o, BITHMRIRE n — 1 DITRAFERE r — 1
MTERAA, ARG « BT80N HSIRI AT,
N ARG BRI ACSEEL, NIRRT — Ml R
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) - CONs(f(x), NIL)
8 p < REST(p)

9: return REST(X’) > BRI R
FEAE L N RMNAFER RN TR, MATFHIEHIIYER, BT
El— IR ITR:
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4: X <+ REST(X)

W, TAHEELNEAN— DI P, RGIYIR, K P MAZIE TR L.
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1: function FOrR-EACH(P, X)
2 while X # NIL do
3: P(FIrsT(X))
4: X < REeST(X)
TENBI+, BATEE — TR ST ) B A o AT, #HREKN, A7
AT N HEEIERE n 1Ko

L FrE KT TIT
2. BN 20 4. 6. BRKTHUIFR, WNSRATRSRY, WIS AnSRI2 KR, WA 5
3. =T |WE— kK. 56 3. 60 9..... B EAYVATRYBAREIRZS U ;

e fa— IR, DA RG—aAT (5 n 2) I XEAREN. MREAHILRTZR
HI? HZIEF 2T, o AR —F10. 1850 K 158). JTHaIHERZ KR [0,
0, ..., 0o RKTGSN 1 2 n, RIGWUIRBR— KT (4, 52/K) HIFIE&:

lights = map (i — (i,0)) [1,2,...,n]

X — WS N S EON R E 0, S5 RAIFRH n DMEUBHR: L = [(1, 0), (2, 0),
oy (0, 0)]o #ELIn R, 7255 i IR, B—FREBNE (j,2), & ilj (Bl j mod i = 0)
B /K, ZE1-0=1H1-1=0, TERIRE « UVIHH 1 — 2,

switch i (j,x)) = jmedi=0: (j,1-a) (1.37)
A0 (J, x)

5 i FERESEIN map (switch i) Lo XBEMEH T switch FIFTEAE, #TH
KB X EREL op, PATHL n R op [1,2,...,n] Lo

op[]L = L (1.38)
op (i:is) L = opis (map (switch i) L) .
o, REUEFE TR 2R EIER,
solve n. = sum (map snd (op [1,2,...,n] L)) (1.39)

NI Haskell 17 #2552 1 552815,

solve = sumo (map snd) o proc where
lights = map (A — (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)
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BATFIHATHIEE 9 10 20 oeees 100 RN AYE LR N NEIN T #.17) -
[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,

TyT Ty T T Ty T T, T, 7,7,7,7,7,7,
8,s8,s8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,
9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10]

XS RARE R 3 AT DA, e 1 0% ; 4 =23 8 AT, e H 2 =8
K585 9 22 16 AT, BRJE A 3 =415 ... BHCRITHIEE N 2 ] (i +1)2 - 1 58
I, RIEH @ skl 5. BATATLAEIX —45ie:

O0. K n K950 12 n, BEEETRHRELT, BTHGEN, Fra kT2 K
{9, BATA] PARRE, Bl & BT R AT e i e e X T4 500 o BIKT, 45 @ AT BA
W g BERR (RN o), WHESS j %8, ERITRBARSN—IR. A DASATHIZR S &6 775
NAE T, RIS RN, 7RG REAT, AR ERE A S F T8
KR N TERERE 7,2 S N n WITERFRISRE. SHGK N o, % p hin
W — T, WEABRTFAE— D IR g, (615 n = pgo WALRNL ¢ t2 n AT
= HAE p # ¢ I, BANEES S HEIMR N AFERIE T, 3XFE S| F 2 M. B
IE p = q, B n DERZEFTT XN HBERIES S i —"N K+, Wi FEE
AT O

FATAT AT n DA 5E 2 77 BOR AR X — 8B,
solve(n) = |v/n] (1.40)
NHEM Haskell il FR2FHIE 10 20 ...\ 100 /STHF LS SR -

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

R T2 — MR MR, EAMURRTFIER, ta] DA e 2V 2 2 2 RIS,
BRSSPSR TS, R EBRAIRE S — N eEH, H A 4E
R RE S, mif ] DASSE FH SR A

1.3.2 ¥

QR P /N 28 T S e — N B AR AR R —JE S BB H , T8 A 4R 1T A 5
Mo BH—MEEAIREG: (1) JeE H—Daid ) a g ; (2) #igon Big N, (3) K i) 1%
o e, SRR ENL:

reverse[] = []

reverse(z:xs) = append (reverse xs) x
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NRBATRIE AL, B — DRI R R, LA IR

3] reverse = reverse’ [ o

reverse’ a|[] = a (1.41)

reverse’ a (z:xs) = reverse (r:a) xs

AFETAERERAN, cons ()2 H BN FIERIE, BATAR MFIZ I SKERZE — B H
TLER, KHE TR RIVATH, XY TREMITREA—DHERR, K5 ARG
tho FA RRLZMMN EIA, T REEBIAETRICK LN SRS, BT AR AL NG
IRIESR:

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

HZ, X—RIRER T — DRI, A RERYIR EERBK, Bl
IeRESEI EN X K HEOyH B RIE . iR

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

}

return ys

83 1.9

1.9.1. SEHEBIEXR [(k,v)] FIE&H v [HEKHTTER.

1.4 THIFE

BEH RT DAt oy # O SR Fr, TSR 70 BT 2 g, PRI TX R R R AR 2
LM I, take MIIFRHEXHIAT n DNICER, AHE FIREEE 1 2158 n DNITRATK
THNF: sublist 1 n Xo drop NIIRHEFFRT n TILR, T T ME MR 7513
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sublist (n+1) | X| Xo EHM take MNFR 6

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

(1.42)

XA BRI G U a0 0 > | X | 8n B, R X RS

AR FIENL, BATHERN B AERSCBL R EATT SR, (BN EFRHAE, n] DES
RIVEATAL BIRBHEE KER 513K,

sublist from cnt X = take ent (drop (from —1) X) (1.43)

IR, B AL MDA

slice from to X = drop (from — 1) (take to X) (1.44)
XA [from, to] ELAEMINH, FATH AT DATESS & A B U820 HIT-:
splitAt i X = (take i X, drop i X) (1.45)

take/drop FHE BRI EFFHT MY, TR DO HEY ™ fe, HERA ARG, HEA
WrEL 8 ZF 0, FRH take While/drop While, EATTIE—KEITLRZE M ELHE
M p, MRATE, WS IEAG ERIRATHR 52, XS A AR IR RIE A A AN,

takeWhilep [] = [] dropWhilep [] =[]
z): x: takeWhile p xs z): dropWhile p zs
takeWhile p (z:xs) = ) P dropWhile p (z:zs) = ) b P
EUE Bl s

(1.46)

1.4.1 Yisrfisrdl

VI M HiR R FIR PR TT R ERr e i s T 4138, 8 H — i —iai
ITIZFR I K2, RN B ANt V) al AEA 2 — MR RRY split, 34T
ARAEFEE WAL BRFNR I, TR E NI R S & e S — &M, IR AR
REKHIS, VIn@RE N TR, — DMK, 5 — P MRESRRNET. Vo
A PRFRSEA : —FhIE i SR VB K3 5 55 — Mg AN B SR P B K211k, i
FEHRA span, [FEFRN breaks

spanp [] = ([],[])
(px): (z:as,bs) HH (as,bs) = span p xs (1.47)
span p (r:xs) =
B ([],2:2s)
HFEEZABOZEIE, #rT PASLEL break p = span (—p)o span Fl break #iF
PRI, —BEMHTH AR T, BRERIRE 2, THZ Span HIEUSEHL:
SHUTESNE TIXM MR, HIU Python H: xs[:m] Ml xs[m:] 25T take/drop.
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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)

7: if tail = NIL then
8: return (NIL, X)
9: REST(tail) < NIL
10: return (4, X)
span F break FHNERYTI 7 AP, r AR HIRHEITTR 2 BE T 1815%, Bildn
R HONE T 78, B E S ESAM R 71T

P14 RREE ISP B4 AR N1 ISP

group “Mississippi” = [“M”, “i”, “ss”, “1”, “ss” “i”, “pp”, “i”]

B, B —5EF: X = (15, 9,0, 12,11, 7, 10, 5, 6, 13, 1, 4, 8, 3, 14, 2], 18
a4, BHP T ELRE T

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

XA ER B A SEAME. AR e, rIAE B T PE s AR R
(5 6 %) AP THIRAEHARIAFHHRF (5 13 5), ROHEHRFMR TR
KB ~o BT AWM MABRICR =, y BEFMN": 2 ~ yo BATEIHIIK, FIREL
BWANTCR, REN, sHEEMNE T4, BNEE o, y 2E T4,

]
x]]
{x ~y: o (x:ys):yss, HH : (ys:yss) = group ~ (y:xs)

group ~ [ = [
group ~ [x] = ||

group ~ (z:y:xs) =
BN [x]iysiyss
(1.48)
X —FIEIN B 2R EHN O(n), Hrf n B2 KE, A UAIERR) 77 Lz —
RBiF. B X ANZ, BATR DA RGN [[21]]o RJGMNE D ITRERIFRE )
R, HHLEIHDITTRSEN”, FATHR BT R RG—4, & N alE —
N,
1: function GROUP(~, X)
2: if X = NIL then

3: return [[ ]

4: x < FIRST(X)
5: X + REST(X)
g < [z]

=
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o Gl

8: while X # NIL do

9: y < FIRST(X)

10: if x ~ y then

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

13 g <[]

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

16: X + NEXT(X)

17: return G

WG AppenD A RBE G AU, X—SSIMAIN EIE 2 EZIBMAN O(n?).
WRAFO]IF, 7] A% AppEND BN Cons, {5 F 43 2H BRI &L, A5 LAY R 3l -+
AJSEECN : group (=) “Mississippi” # group (>) Xo WAJPAEH span KILELIT4H,
B N—5ME, span FHIRSFIRME 7 b2 — Bl R XN RK YR, il
XTI AWHRAT span ABESERTE LR, (ER2E A span B REUZ —TTREL,
M H AL R R ZTTRE, AT AR BRI —Z R RPN REAZT
T BRI EOFE 2

group ~ [] = [[]]
group ~ (x:xs) = (x:as):group ~ bs,HH : (as,bs) = span (y — x ~y) s
(1.49)
FBIRIXNHT R BT DL SR A R 2 BE o 4, BV REIE Wt 8= 14 0% 5 7>
H: group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]], F—NICEZ 15, EHE
T > BUEMBEATER, 15 BAIRBEIRAITR, Bt span {EIETTREET as H,
M bs %% IXFFAREIR, MR IEFAITT N, BB H R “SEN7RTT R
Fl—it, JARUOR, M KRR (~) FFAR R = MER: B R IE. BiBE. R,

1. Q}i‘lﬂi:xwx;
2. G v~y y~ 2=~ 2
3. M s~y oy~

X “Mississippi” 774N, HES (=), LR =ADEAERHE, 7248 T IEMES R,
BRI BRI R T 55 T5 (G ERNEN KR, IER T B RMERFRE, K ikig
AT, H span SEERRYEE AN HETE, K& SRHID9 B A RIS R R, 6
— N HBFENTCHRR T, AU E AN M TR R G &1, X EEE R0
DAEEN

g3 1.10
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1.10.1. B take/drop, 5 n B take IR[E] [ ], drop IR[AI42EHFK,
1.10.2. SEIIFHE MY take F1 drop B
1.10.3. ¥ sublist ¥ slice B85 WATEMAMIE, o X 1ERSEL

1.10.4. ZJENMHE span FISZEL:
spanp [] = ([],[])
{(p x): (z:as,bs), HH : (as,bs) = span(p,zs)
span p (r:xs) =

AN (as,x : bs)

EMBAIAT LG HALIA FIAR?

1.5 B

JLFRARFIR IR A B AR, XA —1NE. XA R
B FIRANEITMER, FRATAT DURFFI RS R 2 s R RO S BN 7 ek
RITE SRR ARE, B sum. product. sort, EAITERH L FIRIZEH : 5]
RANZBNHISER, KA 0. KA 10 HEEION [ ]; M RELTTRMNE T 45 50T
TR, SRR, SRR, HP RGBS SR A2
RHENPIRE - HRIE), —TTIsEMEN @ & LU 45

hez[] = =

(1.50)
h & z(xxs) = xzd((h & zas)

AR X = (21,22, ..., x,), WREERRIFUWT:

h @ z [z, T2, ..., 2]
= 210 (h @ z[ry,x3,....T,])
= Z’l@(.’lfg@(h D 2 [x37'“>xn]))

= 21D (@ (.(z,®h & 2z[])...))

IXEAEGUR A, ERRGI T RIF MG MR (e, © 2), AW ZE N TE S
z1o IXMIE 1.3 MIRRIHT R H7 53 T AR e 2 MR el B 1 AR i 45l 2 1
—itl, fERITHIRIERHT &, MR,

XL EHRR T —DHIR, WO T 1) — TR — IR B B C WA ER
2 to BANRIBGEER >N 7S, WORASRE N —SidT4a, AW —Je#lE, B2
AR EEBE L, KA RARRIENGEST WA R AR R,

THIYFE reduce
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1.3: 4T/

sum [1,2,3,4,5] =1+ 2+ @B+ (4+5))) product [1,2,3,4,5] =1x (2% (3x (4x5)))

—1+(2+(3+9) = 1x (2% (3x20))
=14+ (2+12) =1x (2 x60)
=1+4+14 =1x120
=15 =120
PAWRX ISR EBM, R, b RGN —umFE, B I foldr :
foldr f z[] = =z (151)

foldr f z (x:xs) = fx (foldr f z xs)
R foldr, KFNS KA DUE AN :

Z?:l T, =X+ (CL‘Q + (1‘3 “+ ...+ (Zvn—l + xn)))

(1.52)
= foldr (+) 0 [z1, 22, ..., 2]

[Tz =21 x (w2 X (T3 X oo + (Tt X Tn))..)
= foldr (x) 1 [x1,za,...,2y)

BHE G BT EMIER: sum = foldr (+) 01 product = foldr (x) 1o FAHEF
HIER[EN A sort = foldr insert [ o
BATAT DAL foldr Feigon I, HHEEMERATH, BATRHEILH foldl :

foldl f z[] = =z
foldl f z (z:xs) = foldl f (f zx) s

PA sum 9, AT AE BN RUZ B R4 RITHY:

Foldl (+) 0 [1,2,3,4, 5]
= foldl (+) (0+1) [2,3,4,5]
foldl (+) (041 +2) [3,4,5]
foldl (+) (0+1+2+3) [4,5]
foldl (+) (04 1+2+3+4) [5]
foldl (+) (0+1+2+3+4+5)[]
= 0+1+2+3+4+5

(1.53)

(1.54)

~— — — —
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TR T f 2 o FHE, X2 EMERER TR A EE R RIE R
HI [1,3,6,10,15], —MRIH, foldl vT LA N RHEIIE R (F401%) |

foldl (®) z [x1, 22,y @y = 2D T, D2 D ... DTy (1.55)

foldl 2 iR, AT AR HSEENIERR, J@HPRE REDUCE,
1: function REDUCE(S, z, X)
2: while X # NIL do

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

foldr F foldl #BHAEANINMMTR, ENMFAERELH, Fln, FHERaEHS
FEM—IREANTE R (W) o BRATTEE XL—A from List BREL, N—DIIFRAGHE HI A 45
(FTELAE) -

fromList = foldr add @

Hb o B2ER R, BARERA SRR MR, MMt RAMEREE
e TR, aRAEEHIVIERFH R, foldr HUZ—1 B IRAIIEEE, T
foldl WIF=A3E PRI, TEIRACSEEIN N T MR e A1, FRATT AT DASE S B 81 4%, 7
PUT reduce #1E:

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

BN foldl, RNE 2 REEIAN, RN e M MamS iR,
HHIERIELA T, BEHTCTHI3R (IS SR ESZE) I, LR GER foldrs
THPHFREFE — DN EFINRP N TREE T — Nz R S, 7R A Ff
10 P

take 10 (foldr (x xs — [z]:xs) [ ] [1,2,...])
= [[1], 21, [3], [4], 5], [6], [7], [8], [9], [10]]

XEARGEMEH foldl, BN EAKIEANSTER . YAAERAXBIN, BITHSK—H
5 foldo ARPWMHTFS fold, M fold, KsBIABIMAGMAEG M, REAERNE
ERTHIRM, (B2 SIS BRI, Tl AN B TREEE, BATA] DO
(92,6 7). PAFIFIE S MEMHTE M, RETHE FEXMNEE: (DEXT
22 (Flan=zEmt) 5 (2) AT o R VA 4548 (5140 — R ] 2 Rl PRI TR o AT —
PHGIX LS MG AR BN, LOERE BT S%,

YERBI T, BRATRBUUTH fold Fl map FfRDE n SATEE, fEFFAEH, Al
BT —ANIR, BN TR R —IME (7, 5), BEATNFES « MIARIRE so FHHIRIE
W GNESRATINF 5 @ RERRAREL j BERR, BRBNELATHIRES. X —IF2RT DAA fold 7E X :
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foldr step [(1,0),(2,0),...,(n,0)] [1,2,...,n]

G AT A T E R KR, T ERFIRZM 1 2] n BIRE. BRI step B2
SECRE KT TS JIRE"HNF step i L = map (switch i) Lo foldr FIZ5 B
K7 /ARSI, 2 TRH map MNEHMEHFREHURE, BH sum KA L
TR R

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

AR 47 (FEY ) E IR &, S THEMTBRB R — IR, X%
T ENIE LA :

concat = fold, (#) [ ] (1.57)

#lan: concat [[1],[2,3,4],[5,6,7,8,9]] = [1,2,3,4,5,6,7,8,9]o

%> 1.11

1.11.1. ATH foldr & XARNHEF, BATRHAR A RKEOL I insert . X, XFEHEFA]
PAFRRA: sort = foldr insert []o foldr BIZREL:

foldr : (A— B —B)—> B —[A - B
HAE— NS RER: A — B — B, HIIaMH - AN B, BEXNITEE
RN A WISIFAT BN, RAEERIZERDN B, WA foldl & SCARAFRRF?
foldl WIZRARUZ(T 4.2
1.11.2. concat IR TR 28 EERAT 27 B —DEMER [EY concat Bk
1.11.3. R foldr K& X map.

1.6 ZAFRALE

BT IEES RGNS, AMURTHIEE, he] T35 2N R, X TA1%, @
AR DAREIGE R RAEARIRIEZ AN « BEETHIR X7 BATAT Ak
AR TERM o HEATA L,

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

X—BAEHARAE elem, EZEN O(n), Hrb n BYIRKE, BEFIRA R, 524
TEIREFEMAE] O(gn). IXTRE MFNRA S H LU R I REL YT R, Toik e =
AR 3 5),
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FETRY R elem #(F, 1En SATEEH, FAVER 7“8 /(E"NFIEE [(k,v)]o
MICREEHE, E, FRIE“SRBRIIAR" B 17 BB 5 o 2 1 2 HO0 B L

lookup x [| = Nothing
k=x: Just (k) (1.61)
lookup z ((k,v):kvs) =
k#x: lookup x kvs

1 elem ANA], BATAMUERNE « FAES 6, A BRI NAME, BT 2 AR
—EFLE, BATSIN T “RAIRE" AT Maybe A, ©H FRVREIRIME : 88 A HME
a B, AIEN Just a X Nothing, IXJE—MfRR=Z5 A S (094.2.27),

WY& lookup Bl—ME . AHHREERETEME, ME2EHHERE—
FARITR:

findp[] = Nothing
(pz): Justx (1.62)

EHl . find p s

find p (z:xs) = {

REFRER Z PDITRIMESMF, find FOREIE—1, BT HEEY R ANER
EHBIM RS R, X R E AR IS, B 1.4 R, HoE SO (ZF RiK30)
filter p X = [z|z + X,p z]o

i N —— filter p — &

L4: BN (21, 20, oy 2], BOHL S [2), 2, s 20 )0 TR V2! = p(ah).

M1 find AR, NREAEFTTRMRE R, filter RIAISHIER, EB—3H5
K, REFIITR:

filterp [] =[]
filter p (x:xs) = {

(px): x: filter p xs (1.63)

EHW . filter p xs

RX—BIENGIAIEAELE R, BRI, R A AppeEnD RAIELE IR, MERE

2 FEE| O(n?). WERH Cons B, MR Y FHY, FRATAT CARHAT —IRE M N
A S e (MLZR D) 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)) > LRI R]

SRAUT HELEGRFZIR LAY Optional<A>,
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6: L <+ REST(X)

MG EHITH ARSI DA foldr SRE X, BT f RESNITE, 1R
TP AR BIEER P f p o as = if p 2 then z:as else as, T XL TN (F
Hib):

filter p = foldr (x as — f p x as) | ] (1.64)
A DU — iy (FRAE o 2240 :
filter p = foldr (f p) [] (1.65)

g — MEHE S, AMUBRTFIZR, AT DOSHEART AT 1 7 ) £546 I 5 A E
A, i IR RSB ITER 77 o
VLPE— M 2 e — i G — R, BIMEERR e N H R 45 £, DEFC)y 2
—NTE. BARNECGE 14 8), BAMCEEREINR as B HILETIZE bs
A, X AWM HIET as B2 bs ETS. 5. span FEIFETA KW
REKATZ, RN EZRE L as. bs FENITE, # as 2 bs AT, 129!
as C bs,
[]¢
C

bs = True
(a:as) C |

| = False

(1.66)
a#b: False

a=b: asCbs

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

195135, RSS2 LR ER A A, HEATARE R RIFERY T R E R4
XIFF R, A WAL, X — RS EEHAR, N 7 LI R R,
A DAREE AR, BN TSR IG 2 -

A D B = reverse(A) C reverse(B) (1.67)

EH C, ATDMRRFAIER M (P ) . & IR EMBIRITHER,
S5 B ANBTEATRIZ G A -

infir? (a:as) [] = False
ACB: True (1.68)
infix? AB =
EW - infir? AB

PSS INA P vz
1: function Is-INFIX(A, B)
2: if A = NIL then
3: return TRUE
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n < |A|
while B # NIL H n < |B| do

if A C B then

return TRUE
B < REST(B)
9: return FALSE
FH T ARG T 7 ZE L MR N RD, I HLAE 8 PG IN SR WA, X —BIA I B 2 N

O(nm), HAr n Ml m 73 R2 N DPIRIVIC R, XN FRH, FATTAT DARCE . B A &
&, WEkE A BEZENERATHISE:

infix? A B =3S € suffizes B,AC S (1.69)

NI Haskell 1|52 AR MEHTSEEL 11X — 5 74:

isInfix0f a b = (notonull) [s | s « tails b, a "isPrefix0f s]

Ho isPrefix0f MATHIZHE, tails HE— MK M R (K152
2)0

3 1.12

1.12.1. i reverse SZIRLMER R A FEE I,
1.12.2. HBE—NIHIR, R e RS,

1.7 RIPEf5y g

SRR F R ST (), I DAL BRR. T Hb, MER, (R
SRRV, 1E n SATERED Bl JE B QUREFIR: map (i (1,0)) [1,2, ...,n]a
N TSI TNIE, L zip B

[]
i (1.70)
zip (a:as) (b:bs) = (a,b) : zip as bs

X—E A B K AN F AR, RBRES R AR R AR i — M FR. Tl
2] PO TE S 12 (RIS MR, 40 © @ zip [0,0,...] [1,2,...,n]o ZEHIAY]
=, BATR] AA A IR F g =4 zip (1, 2, ..] [a, an, another, ...]o zip WEFIAL
MRS R, BATATCAR foldr E X 'E. BHEN O(m), Hb m B2REFIRIKE,
FEIEASEE, R A Appenp, HPERES NN/ Al, AIPAREA Cons B
s, BRI T AR, R NI, rTLE A A SREEEE R (M —Fh
WLER - K —H TR ML A — TR 6

95 zip (repeat 0) [1..n], ¥ repeat x = z : repeat x

zipas [] =

zip [| bs =
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: function Z1p(A, B)

C + NIL

while A # NIL H B # NIL do
C <+ AprPEND(C, (FIRST(A), FIRST(B))) > PRI TE]
A <+ REsT(A)
B <+ REST(B)

A S A v

7: return C
W—T R zip KEEZNHIR, HEREINRIRME T zip. zip3. zip4......o
B FRATTEE R FAPE & R AL, AN I TTER N, BN, 2878 KSR BT FIR 3
BT BELLLHBNHN1.00,0.80,10.05,...) OT) ; FIEWESLEE N [3,1,0,..], %
AET 3R 1 METF. 01NERA, NIRRT H R A S5 :

paysus [] = []
pays [] gs = []
pays (u:us) (¢:qs)

BR T FHRIEE cons, LN zip MR, TATRASHEEHIG N f H1ES
zip S H—BORBRIR

uq : pays us qs

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

FIA zipWith AT PAE XA GERD D 0 A - B = sum (zipWith () A B)o
zipWith 25 & TEMERAEIE ] PUE XI55 TR S :

F=0:1:zipWith (+) F F' (1.72)

BRSSO F RIS EBREES, H— M IeRE 0, B PeRE 1. F 2
R SET RIS LIRS, W= TeRE, D LB, #E F 1 F
HO R TERATR, NI RE A TR 15 PNEEBOIRREL:

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

take 15 fib
[e,1,1,2,3,5,8,13,21,34,55,89,144,233,377]

zip BIIFIBIRIR unzip, K RERFNR AR 1%, FTCAER foldr & o7 i
(FTELAE) -

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

TSR ER BT, 5 B S B PORERFIR BG4 : U = [(apple, 1.00), (or-
ange, 0.80), (banana, 10.05), ...], W EE &2 REKFIFR: Q = [(apple, 3), (orange,
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1), (banana, 0), ...Jo HEEGHIN, M RKERIIR P2 i H AR, AEiTHE
HAM:
pay = sum (zipWith (-) snd(unzip U) snd(unzip Q)) (1.74)

zip Al unzip AIBEEZ MR AN, FATTAT LAY & zip DASCHRPIARAN, 7 s A%
SETCEN, 3 HIR BRI A, TR zip 1 unzip JEAT DA T BRERE 2445000k
FEAE, MBSl S IR A AT AT /5 T (U R G — %) o

HF TR B ARG AR BIE R, X T R URIE UV EE, AN T
Mg, ohffe. SRR, RHHIRMEEARTIR, A4 TUMESIR PR, 98, BT
Ho RERZERENGETEA T TERFR, BAIANAUEENEBEFRE TS
Rabhi fll Lapalme!™ /MA 7 R T HERAIFZ R FE L, Haskell bRAEFETRAL T8
TR EIER TR SR, AEN S TIRZ 5B IMEXE -, AR T SmEE
EHE,

g3 1.13
1.13.1. &t iota BIE (G TR D HEAEWT:

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 BHEHFEm+ka <n
Ry B REEY

o iota(m,m,...) = repeat(m) = [m,m,m,...];

o jota(m,...)=[m,m+1,m+2,..Jo

1.13.2. SEHEMER R B a3 zip Bk

1.13.3. FHENE X zip F&rR: @ XM MFIRIIZB foldr2 f 2 xs ys)o

1.13.4. {#H zip 3L last At

1.13.5. S5 —MEFMIIRPEREENITR, EaIE, 5 HER R T7
AMBRIZEEE LR, EAREEAEEH, i — P HEHARRITTRIHFIR,
S5 RANR BB TT R B AR AR SR P A — 8, X—RIANE SR ERE
9?2 NS ARV RSN EHESS A, AT AR A e fL sE B ?

1.13.6. A AAIFRFR T -ERI AR B 2, flan 1024 AIDAFRR N "4 — 2 —» 0 —
17 —HERBE, n = dy..dody AIAFRTRN:“d) — do — ... = dyo EATD
FZNERFRHIEL o 71 b SKELEANINE R E (INIRTERR)

1.13.7. fEan S IAEE R, EIAIZR 2 — M BRIE AR 315 dam 7 DAY &,
N 1.6 FR, i PRI s, BEATCRIEER, &it—PEIRRER DR
B EHMEN, AR b R RIRREEIA IR0 R (B DA RIFE S
FRAIAYTT R
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B 1.5: i ATEMAISIER

Oyood



o E OGRERN

BEAMBEREH SO B AP BdRS A, HSe A ER (8 12 8). 1E
KRG T, BB EHA AN, B2 iER A DI BRI (Y 3.4), H—77
TH], 75 BRI 1, BER A E Oy S B A2 A R SRR AN L e o 5 2 ER 454
XARRNR S — R R EREE A, T - ARATECRAEERT D P, ThE T gttt
—BOCT S RIEN ML, NEIEFREFRSA T T —MEE,

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

X map J& = XRRM SR 7 SRS, Bl T SR i, ]
BAIRENENE, IXBAEFP R 7 — AR AN . RATISE 11—~ =X
—REX R EE N () 1, EEE =N — IR k FEEM DAL r, X
P73 SRR =B, 128 (1, K, r)o 2EAG 70 STHMNRON 22 F REFIAG T4, BRGERR
%o AT DAV — BRI 5 T A, TR BN S s 2R K {E, X
HIZRELN Tree Ko QIR—DT R TIENZS, BATHRZ H-T-5 1, S IFR N
T3S o

X AR R MR EREY — SR, e HOELRT DAREAT ERAR 2, OF B2 X THE AR
R (L k), M SR TERER/NT ks kDT AWM SH A RIE, & 2.2
JoR T — R SRR, MIE 2.1 E#R, rTDAE EIT Sl AR, — R =X
(OB AT DU AR, T — AR SR E HMEATREREA T LU 30 O T 5RIIXARIX

Lo RARBCEREETL - FOBMIRRIE TR, FIRF R

IR, Bl efE. BEERFRR, ARPRONTTRENS < BRI,
S LR TIIR I NT RS T LR T,

33
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(a) = XAHHIZER

()
() (o)
() () OO
OB ONNO
(b) — = f

2.1: XMW HEsRIE] 7

ll, BATVRERIFR — AR HHME N BE (key), FRT R IER B EBERNE (value), H
RIEN Tree (K,V)o

B 2.2: ~XARRMAIBET

2.3 MR T “XMHIBIRHN, AR, E0ENE . £ ARSI,
N7 EWEIE S, v DB RS . BATE L NSO A E I T RS
(B CH R BREER) . ARG H THI7E e ERBEUMES, —BAEERS]
FEEE R, T BT SRR TR, T2 R EEE A

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




2.2 TO

key + satellite data

left

key + satellite data |

right
parent
[)

key + satellite data

left

left

right

parent

right
parent )

2.3: WA ARG HREHERHR

2.2 A

35

A AR & (RIFHSCHEUER) I, TEA R TR A7, HABRIEE X
iR (DAERM N2, A —NTE RN b BIHFRG (Q IR k/NTARTY "R RT
=, REMAZ LT G,/ k mAZG TR, 5k FTRTAPRITRN,
W EAAFAE 1o FATTA] DA 25 1 DARTHOEEE CEHT) , Bt R a5 m,
A DABE AMEAE B, faf sl L, B 1R — 18 e Tl AR, HoE SR :

insert k @ = (9,k,9)
k<z: (insertkl,xz,r)

insert k (I, z,r) = {

HSW (1, x,insert k1)

NHEUZFHM A TR

(2.1)

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)

B AR TARICEE, AREER SR2a T AE AR R, thAT L

THPRIEI, ARSI A :
1: function INSERT(T, k)

2 root < T

3 x <— CREATE-LEAF(k)
4: parent <— NIL

5: while T # NIL do

6 parent <~ T

7 if £ < KEY(T) then
8 T < LerT(T)

9

else
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10:

11:
12:
13:
14:
15:
16:

17:

18:

20:
21:
22:
23:
24:

25:

AR R R a2

B ENN (5 1 F) W fromList & X KRTEA) : fromList =
KHIZE T R XS FRAY insert k t 1 INSERT(T, k). Hil
ERILAA foldr, JG#E R foldl (BEEHY for TEIR) ¥ —

o

T + RicuT(T)

PARENT(x) < parent

if parent = NIL then
return x

else if k < KEY(parent) then
LEFT(parent) < x

else

RIGHT(parent) « x

return root

: function CREATE-LEAF(k)

z < EMPTY-NODE
KEY(2) < k
LEFT(z) < NIL
RIGHT(z) < NIL
PARENT(z) < NIL

return x

Hrp Key(T') 2R X s ME, B R PUEIN T :

key @ = Nothing
key (I,k,r) = Justk

BATAT AESHE N, 16— HIT RN — SRR

fromList[] = @

fromList (x:xs) = insert x (fromList xs)

1: function FROM-LIST(X)

2:

3:

4:

5:

T < NIL
for each x in X do

T <+ INSERT(T), x)

return T

2.3 &

Oyood

> T N7

(2.2)

foldr insert @,

BHITEER B — AR -

PR FE RO M XA RN TR, A =R 7T, R R,
P, JarriE . BT RAEIRI AR A1 R B e a0 a4 .
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o HIFPIE T Se VTR R, SRJE VT RS T4, Ba i R A TR
o FRFEINI JeVI IR, SRJE VT AR AR, SRS T IR R
o JEFPIEI SR VIR A, SRIE VIR TR B E VT TR R

B 9“5 IR EER 2 B8V . Se VT RIAR IS VI TR 53 KRN P8I, TEV Rl A4 7y
X RIT ARAR ), SEiR 7o R ViRRFR A G RPN TE 2.2 I = U,
=R A SR A

. HiIFEI: 4,3,1,2,8,7, 16, 10, 9, 14
« MBI 1,2, 3,4,7,8,9, 10, 14, 16
e EFmG: 2,1,3,7,9, 14, 10, 16, 8, 4

R, m e i RAEIEMNEIRIIIRF fr TR, — ARRMATE ARIE 71X
—MEBI(WZRS] 2.1.3)0 X map & FIETNRF R EREL £ NS ICER B, T
R ESF  5 — PR I A R o

map f @ = O
map f (Lk,r) = (map f 1, fkmap fr)

ISR, B RE, TORR QIS Ah— 1R, BATTAT PASEER AN N H
&

(2.3)

1: function TRAVERSE(T, f)

2 if T # NIL then

3: TRAVERSE(LEFT(T), f)
1 J(KeY(T))

5 TRAVERSE(RIGHT(T, f))

BATTA] PMES map, 8IS A7 7R — AR = SRR TP P51

toList & =[]
toList (I,k,r) = toList I+ [k] 4 toList r

P AT DS 2 — D HEF 77 15 et Te e AR B A o — R, /5 b e i 4
WA A2, PR WHET”: sort X = toList (fromList X), 85 XK
&l ek

(2.4)

sort = toList o fromList (2.5)
BATA] DO AT & (B MRS W —5)

foldt fgzo = =z

2.6
foldt f gz (l,k,r) = g (foldt fgzl)(fk)(foldt f gzr) (2:6)
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XH f: A - B, BWHREDH A FNITEMEN B, IXFE f(k) = mo BB
KEATREIMN 2 FFE) 2]« fly, RGH ¢ E=TMEHEER g 2 m yo FIH
foldt, BATIAT PARE L XA IR ES map 9

map f = foldt f (x my — (x,m,y)) @ (2.7)

foldt TEZ NN FIFH =JCERER g RAF T = XA, WIERARILEE, n] AR
T JUEREL f : A x B — B SZIENN, KRB Tree A WIMBINNRE N B HIE:
fold fz@ = =z
fold f z (I,k,r) = fold f (f k (fold f z7)) 1
Ban: sum = fold (+) 0 K ZXWHFTERITTRBIMER, length = fold (zn —

n+1) 0 AIAGRHWHIERE N, HI2 fold TLIEE S map, KA ZJTEREL f EITH
45K

(2.8)

3 2.1
2.1.1. AW NRlFR AR ESR, EE R XN, A e iR ES

&

. HiFFBNEEHR: 1,2, 4,3,5,6

o HIFEIEER: 4,2,1,5,3,6

o JERFIEHEER?
2.1.2. YmFESZ I MR R R e i 7 P 5 SR B — SO
2.1.3. UEWIR = SAERREAT o i P A] DU T R AR M NEIR IR 4
2.1.4. T n DR, MHIFRNEEE RERHA?
2.1.5. HEHBNNE X toList
2.1.6. ERBNNE X depth t, JKIF—HE XM EE,

2.4 R

AT = AR R AR TTR R ALIR TE IERY, &R DU SR A R IX
B MTRE a2 ERM RN, A =FARRERREER: DEMPER M
2) FHERAREER/INLR; 3) EHRFE L RFTR (E— M BJEHR(F—M) IR, HE
FERAUN Tree (K, V) BI=XALEMHEBIENE 2 X R AI(E:

o WERBRINZ, x AETE;
o MR RITE (k,v) H k= 2, RN v;
o Rz < k, L TIRHIBIA AL, SRS TR AL,
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lookup x @ = Nothing
k=x: Justwv
(2.9)
lookup = (I, (k,v),7),2) = Sx<k: lookup zl
EH: lookup x v

X Maybe 287! 4 ACBRIRFNIMITE L, Q1R — P (B PYE) , M T n
PNTCRMI X, BEARAIPEREDY O(1gn)o MR = SRR P17, ZEERAYIN (A1 CE SR H
DUTRIREEI O(n)o ANRICHAIREEEDN b, MEFIRAIMERER] IFTRIL O (h) ITE .
IS EIES LRI ES Awavss:iE
1: function LOOKUP(T, )
2 while T # NIL H KeY(T) # z do
3 if v < KEY(T) then
4: T < LerT(T)
5 else

6 T + RicHT(T)

7. return VALUE(T) > T =NIL JR[[] &

X RM R, BUNITRERA T M 232, ARt R SR T H Mo

o AIPAIAIX—RHEREMR A, RNVTR. N T HEIR/N TR, Tl AT

FEMIRTIE, BRI/ oy SOz, FRHh, BATTR] DOEIE AW a4 M E R AT R,
XA PERERR 2 O(R), Horp b 2R AT &

min (@, k,r) = k max (I,k,@) = k

(2.10)
min (I,k,7) = min [ max (I,k,7) = max r

AN TRE AR LR, BN/ NEITTR IR, B — AR sh 2|
RATLR, BT ILEEE, N7 s R R TR :

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

XFHEEER DT FRRTIKES TR, « KT VTR © < y BB/ yo
GUER = RO RIS, WIS 1 R AR IMEZ e 4k, 8] 2.4 w1 8 FYJE4EITERN 9,
B 8 B TP RYER/IME, Q1R « AU FRDyas, FR ) B R, SRR —
HIE p, (615 p WA TR « AL, £ 2.4 /1, 78K 2 FERT REEH M2
3, 1A LR —PRTR 1, B2 1 A LM, HE2h EERFITR 3. 3 A TR
2 2 HUHE, XA 2 R4 3,

BN fE Optional<T>RA NI —2,
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&
=

HA

1

2:
3:

4:
5
6
7
8

9:

Y

L

©

. 00 OvOooo

2.4: 8 BEHRNHAN > HIER/ME 9; 8 TIRE 2 4K, BJum LERE 1, Bk
TEFI, 4R _EERE] 3, 3 HUZEFIRIZE 2 AURLIE, BamIE4E N 3,

RIEE R R G — B EHE] 7ART RL ABREREIAL TA MR e, 1X
x AR (WP RE— TR,
: function Succ(z)
if RIGHT(z) # NIL then
return MIN(RIGHT(z))
else
p < PARENT(2)
while p # NIL H z = RicHT(p) do
T4 p
p < PARENT(p)

return p

4 o AEUENIRE] NIL, SHRETIRTTR S HFR:
: function PRED(z)
if LEFT(z) # NIL then
return MAX(LEFT(z))
else
p < PARENT(x)
while p # NIL H z = LEFT(p) do
T 4D
p < PARENT(p)

return p
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AR RN R —IRANME R A5 T °0 A RYSEIE R I 8RR, H DAY
SR B L 25 B A REARAN , FEOA zipper(UY BRJE—5), AHETIRAN S ARIRI R “TF N
—MEH AR, wH R E 2T R”. ARG, BATER A map TR
PiFrETCR. AIRAUGEERIELR, (MRS A B E L,

8.3 2.2

2.2.1. HBEANE & BEFETREN Tree K B XIERM ¢ H,

2.2.2. M PreD Ml Suce K — D XIERRANENES. HEEH —REE n D
TLRMIMIE IR 247

2.2.3. THEER AT A& — X [a,b] NRITTER:
for_each (m.lower_bound(12), m.upper_bound(26), f)
T 2l bR B 75 TR R RIX — ]

2.5 kR

AT ARUEMI R G = AR 7 1 RN ST £ N A
TR, AT B2 PR T N AR IEE, EEMBRTY SSBIRX— R, MR & 2
FITELT RO s (D WIER & B R s — R AR 70, B o “U”; ()t
r BWRRAEZ T, A TR IME y Bids o, RIERIESEN y “UHE", FATF]
R T IXFERR M A PR R R IMEAR T REA AR IEZS 70, IXFERRAEEE RS %
A —Rh, M B R R/ N S U, tFEE 2.5, B 2.6, B 2.7 FiR,

Tree

NIL NIL

2.5: EIE YT R 2o

delete x @ = O
x < k: (delete xl,k,r)
(2.11)
delete v (I,k,r) = Sz >k: (I,k delete zr)
r=k: dellr

SML 8 OCaml H1H ref 51 HMEE, X BEA IR T Al s8R 5L
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Tree
Tree

L
L NIL
(a) MHER 2 Hi (b) MIBR 2 Joo o B V"I EAE M 7>
A
Tree
Tree
R
NIL R
(c) MHBR 2 A (d) MIbR z 5o = B VI I B EA NS>
SR

& 2.6: MIBRAAE —DAEE TR

Tree

L delete(R, min(R))

Tree

L R

(a) MHIBR o A (b) MkR 2 JGo = BEEFHNEM 2
SRR YR i B/ IMA

2.7: MIBRAEP AR 2B R
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(2.12)

2.5 OO
Hrp:
del@r = r
dell o = 1
del lr = (l,y,deletey r),y =min r
THERBIRRIE 25BN O(h), HA h WA &, o NE AR EEMERE % E
R o
1: function DELETE(T, x)
2: r<« T
3: ' —x

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

p < PARENT(z)

if LEFT(z) = NIL then
x < RIGHT(2)

else if RIGHT(z) = NIL then
x < LEFT(2)

else
y < MIN(RIGHT(z))
KeY(x) < KEY(y)
VALUE(z) < VALUE(y)
if PARENT(y) # = then

LEFT(PARENT(y)) < RIGHT(y)

else

RiGHT(z) < RIGHT(y)

if RicHT(y) # NIL then
PARENT(RIGHT(y)) < PARENT(y)

Remove y
return r
if x # NIL then
PARENT(z) < p
if p = NIL then
T T
else
if LEFT(p) = 2’ then
LEFT(p) +
else
RIGHT(p) + =
Remove z’

return r

> RTE 2

> TS KR NS

>y BE TR

>y AT RATR

> MHERAR



44 . 00 OvOooo

B o A=A, EIEiEk MR AL RAERT A AT il WNAR 2 BUE—203
NEs, BRR UM R T SCERA N S, BATHES T RS B/ ME T
yo My B » FRINE, BRRIRCHY y “Uls”, IXHEIEFHRELLH ¢y 2 « T
AR RO R DL R IEZHE 2 AT PR A7 A ST BT IRAT . INERAT =, M
ZERAZART i IXAMEIL T, TZIREIHHIR, QT B Ia, #a] A% 2
Bk 7o MIBREIEZEN O(h), b b BT,

CXALRMIRIEE AR T MBS he WERBIAEE, O(h) 23K O(n)o
RZAARAG, O(h) 38 O(lgn)o SBPY. LENGMA H SRR %, EF
— ] B A T RS (1 28 265-268 TU) < il REA U ER BV NS FRTHOBER, eIkl
PR BETEL TR AR, R EFHRIR A

A DA = AR R SR S BAE LS (Map, AN R EREHR s 8L) | 204 T
R, (ETXY BERME R, BRSOy —ME, SRARENE K, EE V, it
SHHUZERN Map K V B Map<K, V>, AEZSMURELE n DRPC(BU) KR {k —
o1, ka > va, o kg So R AR RESCHIRE I, FRATRE] K AEFES,
AN TR AR B, KB Tree (K,V)o BATH = IERMAVEASE
FIEZR — A5, (ERIBGEER, BT k, TR lookup BAEIRIUSHE v 412R
k AFELE, MBRIE] o, SBPY, AEHAILLERM, AVL SR DARRSCIBEE RS,

g3 2.3

2.3.1. YRI5 SCERA A 2SI, T — ROt AR AR AN BR 35325 e 7 W ) B K ME
B REMBRAST R, RGBT R VIR, gfE SEBxX — 5B,

2.3.2. YRfELIRENIAT L,

2.3.3. QATTE— R SR RS “ BE B B R A1 2

2.6 Bkt A ChY
8R4 | I — SRR T X

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

Node (T k) = Node(null, k, null)

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
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p

45

AN P DL AL A 328 ) 1 AR

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, 1insert(t.right, x))

REIE=)1E

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 f z r)) 1

HERIE VA B

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 = t.right

}
return Optional.of(t);

JESANS 34 = Z\V]vE

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

SHRETE T R EYE:

Optional<Node<T>> succ (Node<T> x) {
if (x = null) {
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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);

iz

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 k' = min r in Node 1 k' (delete k' r)




Ho5 EAHDT

MAHER R — MR EMATHE PRI T =, NG H T ErRIE X:
XA EERR RO TT R, BATAM A EHIT R, 1% KA — IR, BT
BRI N R R LNER R, HEFP R ERE N O(n?), B n BITRI ML FAHET
AIPERE AN — Lo TiiE < AOHE R 515, BN P HE P 1Ay . RE L, BA0)
SRAEFEILAR A R ERER A HE P IR AT, AR POEHEFP AISCBL AR, I8 W AERR SR NY
ez, R AR

3.1 fsr

FAra R AR T R B IA T AHE SR (M58 15 - 19 7). #
FE N —RIVELF IR AR AR, 1% P BRGF A AR, AT s, AP EIRE 2 A
R BN — ks, g HRERR A 8, TR A B S IERI M B, WA 3.1 R, R
P — TR, BATA] DOXAE ST AR -

i: &
&
%
v

3.1 FEAL 8 lAE— T

1: function SORT(A)

2: S+ 1]

3: for each a € A do
4: INSERT(a, S)

ang B Ik

47
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5 return S
X —SKHUR HE R OS5 RAZ B E TR S o, thm] DU I e i 22 TR A T it
b
1: function SORT(A)
2: for i + 2 to |A| do
3: ordered insert A[i] to A[l...(i — 1)]

HR51 i FEERM 1 2 n = |Al, AEE PRI TEA (A1) 2EFRY,
BAINEZATCREIIRT A LB @ NITREN, T « ZRITRZEF. &
MW ARHEFRITRIEA, A& 3.2 IR,

insert

... sorted elements ... X ... unsorted elements ...

3.2: AWrRTRBAEF T

3.2 @A

FELH THIRNEAR R, A THAH, e OEdE — &AL E,
R Al ONERAG BE WA T, IR WA A e T A Y -
1: function SORT(A)
2 for i + 2 to |A| do > Insert Afi] to A[l...(i — 1)]
3 x + Ali] > K Ali] REEE «
4: j—i—1
5 while j >0 H z < A[j] do
6 Alj + 1] < Alj]
7 j<i—-1

o

Aj+1] =

M TR R ES AR, R — M B ATTRE — MRS R, HAESS
MIBHATTR o, WEI i JFEIFTAETTER (B Al + 1] Al + 2)..... ) #RAH
B—MiE, KE i MBI 2, WIE 3.3 iR,

BEHBREN n, 5 8 o FORT 0 DITRIG, ERE THAMVE, T REERF
R n — i+ 1 BRITREESS, BR o BN « DME. BEEE, BIHSTMA
[ RN, )5, SR, MRS E n — i+ 1 IR, 7
PATHRZE A EERIE, BT AT PUE SC— AN BAREY INserT() BREL, FFAETEIAH
VA, TR FAIZEAC T, 1l A RVEAR TR ZEE I A, R A HEHY
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o Y G

All]

Al2] | ... | Ali-1] | Al] | Ali+1] | A[i4+2] | ... | A[n-1] | A[n] | empty

3.3: KITR o fABEAH A hHIE « MIE

SRR ZREN O(n?), Kt n BITRAI DL

3] 3.1

3.1.1. SEHNZEAA AR A FE A PR TE
3.1.2. B SCEIRAETER A R CASEELA AT

1:
2
3
4:
5
6

7

1:
2
3:
4
5

3.3 &

FEBTHN TR, ATIDF AR IR — EEB R 2 AR E R, FATTZ AT ARE PRI AE
i, B E N F AR RN ZE R E R, 0 EHE e B P R PR E AL
HI77 1%

function SOrT(A)
for i < 2 to |A| do

x < Ali]
p < BINARY-SEARCH(z, A[1...(i — 1)])
for j < ¢ down to p do
Alj] = Alj = 1]
Alp| + x

CANEERIN, BRI AL (0 — 1)) AR, R, 1k
(RTBAE SR <)o TROTREHEN — M8 j 513 Al — 1] < & < Aljlo BA15EH
xﬁ$ﬁﬁ§%ﬁ%AmHﬁiﬁ¢m:{;oW%x<AM¢M%EﬂE%*¥
FEHFR R TS — 2R 5, T SRR TR, B EE
O(lg i) B PE) G Br 2 A\ s

function BINARY-SEARCH(z, A)
[+ 1u+1+]A]
while [ < v do

if Ajm| =z then
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6: return m > HEILR
7: else if A[m]| < x then

8: l+<m+1

9: else

10: U4 m

11: return [

X—BOEHEARREIR SR AHE T U RRIRE 248, SRR 2 O(n?), B— LR
HAHEFFE O(n?) IRELEAT O(n?) IXFE3; [ H 0BG, LLEREEADE T
O(nlgn), (HESNIREGER O(n?),

3.4 HlF

T EBRRHERINEIRERE] O(nlgn), BHTERRBNBHATRITE, BEE
ZREAIRR O(n?)o 5 —T5TH, (EFIRMAMHTRN, — BRI T A ER S, #
NIREAR B SR H N TR, TE58 —Frh, JATTE 74N MRS A HEP BT

sort [| = [] (3.1)
sort (x:xs) = insert x (sort xs) '
s foldr HIRTEALIE R
sort = foldr insert [ | (3.2)
AT 5223 7, FIRHY insert BT 2L NE R -
insert x [| = |[z]
x<y: z:y:ys (3.3)

insert x (y:ys) = {
BN yinsert x ys
WA DUNME R /g I, @ 5 — DRI R SEMAIR, AMEATITR Al
Next[i] R12 T Ali] ZJa F—1MICRNRG|, 2T A[Next[i]] 2 Ali] I F—IT
R, HIPAMMRHRRG N THIERNREITTER Alm], X Nextim] = —1, Ko Hig
[f] NIL; HEAMNE X Neat[0] $RAIFIFR A SLER, FIFHRFIEEH, TA1E SGHEA BRI T :

1: function INSERT(A, Next, )

2 j0 > Next[0] faMFRk
3: while Next[j] # —1 and A[Next[j]] < Ali] do
4 Jj < Next[j]

5: Next[i] + Next[j]
6: Next[j] i
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7. function SORT(A)

8 n < |A]

9. Newxt=[1,2,...,n,—1] >n+ 1 PNES
10: for i < 1 ton do

11: INSERT(A, Next, 1)

12: return Next

(ERAIER, REAES | FALE AT I0 A TR 25 50N ], (62008 [ 4 REER 2 A
E, BIEMFEE O(n®) IRELEL, SEEAARR, FIRASHFREALIF, AREFIH =77
AP E AR

g3 3.2

3.2.1. EARSIEA, HFaRE - PEFHIINRG A — D5k, REFTR
5| Next, EHrHEFIEA A,

3.5 XIHEW

TATER 7 — P PR : 2625 R N2 25 AR AR, (R i H 2 — 17
R O(n?) MEZRE, —J5m, BAIREM 0 E B BRI E] O(1gn); 55—
73T, TR BRGNS e o B DU BUN [Aff AT R, 7£58 =
B WANH T XHERR, BRI &R, —BEfEEAME, FA]
A DA 5O TR AT

1: function SORT(A)

2: T+ o

3: for each x € A do

4: T < INSERT-TREE(T, )

5: return To-LisT(7T)

B BEAH T INSERT-TREE() 1 To-List() FIE X FIHEN TR, MHFHE
HEH O(nlgn), i n BICEI ML XRS5 T HRAIHE T F kN R RER (1)
55 180-193 T, 11 58 167 ), (HIEHIMEN T, YA E AN FAE, HIERES R
O(n?),

RGN, AT EERE DR RIESN 4, ERBEM, BT
TN Tl AHEF A B 2R ot B PosHE 5 0 TR SEB A : 75/
PRGN A1) 24 A HE 7 ARG T AR
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HE LLRR

5 BEAYHI T = SARRRERGE T R P IR R, RERCENE IR, &
IR ARTHIGIE? 40 N E AR5 FR:

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)
}

EXDTTIEMEREAE, THZER Zara, Zed, Zulu FHEANEIIAE, @il
AR BT HEFI . GRIRUGE 1, 2, 3, .., n A SIERN, G HE 4.1
FRRYZER, T &N h B = SRR, BRI EZREN O(h). GHRR LT, 34T
FLRESIAE] O(lgn) KITERE, (EAEIRX—HRImIEOL T, ERHIPEREIRILN O(n), FFT
LSS EE N

3] 4.1

411 XN TFERRGEWR, 0 T INPRAEIERE, ] DUE R A FHZRES  — DIk
HRIEE, S Ah— D WG TAIRTEEE, P MESFSHIBIN AR, XA A =X
R AHETHI? WRIERR D BRE 2 i, (I 2AE5 215 2 445
R? 25E 4.2, IREEZ B AP D

4.1 Pl

P RERARAFETRIE DL, AP A FIHTEL (BT 2.5), (HIXMUTEEARIRMY, TC
RCEZ B AR, NEE T — Lo TR TR, EMTRZARE — XY

53
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B 4.2: —LEAPHTH A

. 00 Ooo
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BEFARAE. HEREARAE v] DATE SR M A RN (R R TR G P AR ZHLL RN, —Fp
HOLR B X RR, B S M E TR —AVL i, 2 8 HidaN 4
HRR, EREGSREE 1R, B IR E M, Z1ERF B = SR = A M R R R e i
EER, WHEFE R R IR IS RS, WK 4.3 FiR. BERER/ERT DUmI AR DUk
TE N

& 4.3: WA AR

rotater (a, 2, (b,y,0)) = ((a,2,b),9,c)) (4.1)
rotate;, T = T .
il
rotate, ((a,I,b),y, C) = (a,az, (b)yac)) (4 2)
rotate, T = T .

A SRR I A VUED (BIAR PR TR N ), BT RIS “ATIRFFAE, etk
B AT DUENE — RSP EREI, Bl 17R 2R TRANALS | I E IR, fERefei, 3k
T NARTT R T PR T4 o

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

2 p < PARENT(z)

3 y < RIGHT(x) > ¥y # NIL
4 a < LEFT(7)

5: b+ LEFT(y)

6 ¢ + RicHT(y)

7. REPLACE(z,9) > H y Bk«
8 SET-SUBTREES(z, a, b) > % a,b Nz KIFH
9:  SET-SUBTREES(y, z, ) > 2 x, ¢ Ny BT
1. if p= NIL then > AT 2 R
11: T<+vy

12: return T'

£l RiGHT-ROTATE HYSEELE RN FRIY, BA G HEEL S, REPLACE(x, y) (HH
Y *E’F?ﬁ@ X .
1: function REPLACE(z,y)
2: p < PARENT(z)
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3 if p = NIL then > o MR R
" if y # NIL then PARENT(y) < NIL

5: else if LEFT(p) = x then

6: SET-LEFT(p, )

7 else

8 SET-RIGHT(p, y)

9: PARENT(z) < NIL

SET-SUBTREES(x, L, R) ¥ L %8 o B/ T, R I T
1: function SET-SUBTREES(z, L, R)
2: SET-LEFT(x, L)
3: SET-RIGHT(z, R)

B —2VHH Ser-LerT Ml SET-RicHT SERK TR E :

1: function SET-LEFT(z,y)

!\?

LEFT(z) <y
if y # NIL then PARENT(y) + =

@

4: function SET-RIGHT(z,y)

o

RIGHT(z) <y
if y # NIL then PARENT(y) < =

XX EE, BT DA 2R VL BC A a] fa feA e RSB, I — sl XJIRE 1995
TSI T AL R A A R B TR

<@

53] 4.2

4.2.1. LG HE RIGHT-ROTATE 184,

4.2 EX

ZLRME — R B P SRR U, B 2-3-4 ISR L IR A
TR ORIhee, 2L a] AR Ut AR R i, Bl HE = SRR MATE X B4 R
gL, RREt. BAR—ERBOVZRM, R eEw e N 5 S5m0

1. TR EON L e R,
2. BT RO RA,

3. BT NIL 15 R0 R,

Y TR, BM. NTHE— 2-3-4 41, HFEE D> —RRLLBM, HITRIF A,
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4. QSR—AT RONELE, MIE RS0 s A2 R L,
5. ME—TT s ZBIFTE -7 s BESE_E B S AR AR G

N 23X 5 M RECRUEZL IR AP PRI ? SCBETE T MR U R EAH
RIS, RKBEAZ BT REREME. TR 4 RIE T A FENNESE
AILLE T e R, BRI R A & A RO R, ETE R —E &AL O
o MAEVERT 5, WEMITT AL B E BB R E S A R BRI RO A, BARX
ST RABREL, R PRIE 7% A (TS (I R AR R R A
4.4 BIBF R T —HREL R

4.4: Z17RRE

BT ATE B NIL 1R #R R R R, JATEF R NIL 9 R, aniE 4.5 A
Ro FITH SR ESA I IRIEARAN — SRR, IS &R, &R &/IMEF, H
AR AMMERIR R RA . i A7 R 1E = AR AR Al B AN T B
o BANEZ N @, BN (¢, 1, k,r), 2AFTRBE ¢ (LL/R). TR k, £6 TR

I\ o

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

8.3 4.3

4.3.1. TEHEA n DA RR, HEE b A 21g(n + 1),

4.3 A

MABRE SN DR — D = SAERMHHF, R ] X L AR P, 56—
SEEABRBIBEIER, AR, BAILH T AONLE, REERZRT A, BRT
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4.5: FRik NIL 9555

SEPUZSM A PR A] DA 2. ME— AR UZ rTRES | A MHABRILLE T 5, I
4 RERREBE, BNBAS—ER, WA 4.6 For.

J a
b
c \ /
a b ¢ d
/v a b c d \
d a
a d
b c b c

4.6: FAJETRZBEHIPYRMED

PURE SUARIE AL Cuf) B AN — R GNERMEAT B R ERE B, AR R R
TRRRREL B, ARIEMEIR 2, e R 2R T R AR MR, A AR CPLEL, FefTE X
balance REUEE P, S RBEERN C, BUENERE B A E R,

balance B (R, (R,a,xz,b),y,c) zd = (R,(B,a,z,b),y,(B,c,z,d))
balance B, (R,a,z,(R,b,y,c)) zd = (R,(B,a,z,b),y, (B, ¢, z,d))
balance B a = (R,b,y,(R,c,z,d)) = (R,(B,a,z,b),y,(B,c,z,d)) (4.3)
balance B a = (R,(R,b,y,c),z,d) = (R,(B,a,x,b),y,(B,c,z,d))

balance T = T

QIR VIR CE AN 2, B Je— AT PRIE N A SR AT AR, LB AR
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EE XN insert x T = makeBlack (ins x T), 805 BT EALATE
insertr = makeBlack oins x (4.4)

Hr:

s x I

(R, 2,z,2)
x <k: balance C (ins x 1) k r (4.5)
ins x (C,lk,r) =

x>k: balance Cl k (ins x )

GRERR s, BATTREE—MEDN = FULLEM 7 5 B SR 2 Rk BIRVD, 3380
K = AT, RIEH balance 1BE Ve, 5o smilHEAR T MR,

makeBlack (C,1,k,r) = (B,l,k,r) (4.6)
RN B AR

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 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 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

BAMEE TEEENGHE, WREHRANECEFE, RITIEESES, ©
A PATE TS sl — DB RAF i AE N B (1, 269 ). B 4.7 25 H T ARLL M,
BN EFES 11, 2, 14, 1, 7, 15, 5, 8, 4 fl 1, 2, ..., 8 Wi AK, 28—/ M7 i5iRA,
B HI E e, 1 ST IR PRI 1

B 4.7 AT AL

FEB A NS TR ARE S, N T EER h R, EERER O(h). H
TRATGAR L L BB A, h TSN n ENECCR, HAEENE 2
JER O(lgn)o
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3] 4.4
4.4.1. ANMEREICH, 73Rk VYR E U SEIT insert FL%,

4.4 MBx

ZLARI MR LR A B 2%, B AT DOEI B CPLECATIE I L I BR 2 RYSCEL, 3K
I3 RT AR HE e 75 2R 2 ERAVCR . B, — IRPER R, ] T a4kH 2
R, BRI AT S L0 —MRIC, HH ARSI /U 50%, FARARICH
TEE AR, MIER L SBIRLRM PR, HEATEE, B A ERERR
T RN RS 5, SR — B2 BRI R AT B E DT HERNRRZ. BAI5IAW
EHEE (M) 290 50 T RORIKE B ISR — DIXFERY T R BRI D R AT R
BRI, BT R A EREEh BT A, A M Nl El i B, 2%
BERIT RN yo MR y FORZBLLE, K HAN B UNR ¢ FORZ R, M2 X E
BT IR B2 THEAIEI AR RN TN E R B E S

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

H TR B3 R (NIL) #2 R 1, R R A8 sh B2 15 s, A8 “ I R
737 U (BBEmpty BUNNKLAY @) MHBRIN, 55— 25 A0 il — AL RMAE I ; an SR 1%
TR RUR R R, 3% N RMATIEE

delete x = makeBlack o del x (4.7)

IX—7E SCEM AR, R RAE—-NTE, MREEE N, N TAEIX—
TG0, BATFHENEL makeBlack BIEXWT:

makeBlack & = O (4.8)
makeBlack (C,1,k,r) = (B,1,k,r) '
del BEZBMBRIGITCE o F1—AFH

delz @ = ©
x<k: fizB?*C,(del z1),k,r)
xz>k: fizB%*(C, 1k, (del z 1))
del z (C,1,k,r) = l=o: ifC=DBthen shiftBrelser
z=k: r=@: if C =8B then shiftB 1l else
BN fizB2(C,l,m, (del m 7)), HH : m = min(r)
(4.9)
WSR2, G0N o BNFATECES « RO k, R 2 < k, TATIBIAHM A
M7 SRR 5 Q1SR 2 > &, MRSV MAEDIMIER, HT@)a4s Rl g &6 W E B A
252l b AR R S T TR, X —RFHERRIE persist
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TEMM fizB? #ATBE, 4 o = kB, WOTEME] 7 EZMPRATT R WRIE
—¥$ﬁﬁ”‘,ﬁﬂ])ﬂ% TR AT R AR AT RUR R R, TR R R
QR GERPIRFRERA N 2, BATRA TP EYER/IME m = min r V]
N, R m Bt ke N T REFREOT RN, shiftB LG RN BRE, FRAT
RAENNE B, AR OO I 2 AR 0 A b, AR AR

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

hiftB (C,l, k = (B,l,k

s Zf ( 7 Y 7T) ( 7 ’r) (41())
shiftBo = @

%]

shiftB & =

PHEZHNAB TR (R E S WEREORBE 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 k r) = Node B 1 k r
makeBlack _ = Empty

isEmpty Empty = True
isEmpty _ = False

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 fixB? 3 HERE B E A B R M PR E R, EE R G i BE AT REZ 70
B, BATRER ST R @0 A =FE N

oL 1 OWE R AR SR RO R, FFHEOLE VN RA R AT
T e IR OL, A PR IR0, 2 Ela] AR s] —Ma—E X, il 37
AR,

fixB? C agz = (B, (R,b,y,¢),2,d) =
fizxB? C agz x (B,b,y, (R,c,z,d))
fixB? C (B,a,x,(R,b,y,c)) z dgz
fixB? C (B,(R,a,z,b),y,c) z dgz =

B, shiftB(a),z,b),y, (B, ¢, z,d))
B, shiftB(a),z,b),y, (B, ¢, z,d))
B,a,z,b),y, (B,c,z shiftB(d)))
)
11

~—~ o~ ~

B,a,z,b),y,(B,c,z shiftB(d)
(4.11)

Hr ap: FRR TR o 2WNEEA.

oL 2 OB RN RS YRR A, T RUSE e, KT HE N 1 8¢

3o W& 38 e FATMEN (4.11) RELAL BN 2 RIBE -
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d b

e/?\ ‘/o/@%\d

e d\ﬁf&
b e a b

4.8: 4 MBI MEE NG — IR

4.9: W BT B L 2h 1 RN AL
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fixB? B ag: x (R,b,y,c) = fizB>B (fixB*>Raxzb)yc (4.12)
fixB? B (R,a,z,b) y cg: = fizB>Baz (fixB>R by c)

0L 3 SWERER LN, BB AR 7 G RO, IXAEIT,
FATE S 26T AR RREL th, K DR R R [ BB ) SR R R PR g R ) b =i — 2
FIR R WA 39 FivR. AR FRIE O X T E77HE 0L, AR « 240, W
B, BN IERE N TRTHENR, v RSP, BANESHER (4.12)
E"J%Etﬂiiﬂ[llktﬂﬂé"ﬁ :

4.10: FWNE B fam FEE

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

ISR PR S BR =AM, RJE — TR RN, WE RO B E RIS
Ao e IET RS DL : — WD 1, DR G R BTHRR 15 B~ E R A
[f]_EREE, BRI, HFREIRE R G, TmiE R DB E R

(4.13)

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)

= 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)
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-

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 b y 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

BRI E 2R O(h), K b IS, TR, X T n
AN IR, b= O(lgn)e

#53] 4.5

4.5.1. SEIbRIC—HE " MBR I AR ICBUERE T A, B TEIERSER, S8
PRICHIT S8 H T 50% N B,

4.5 WAL«

A AL RIS I, TATIfife LD BRI SCEL, T 15 g, Tdilgs Han < KRy
KH, HEARIEREE — M = SARRIAHR], 2 T RIE I ek BB 2 T,

1: function INSERT(T, k)

2: root < T

3: x <— CREATE-LEAF (k)
4: COLOR(z) < RED

5: p < NIL

6: while T # NIL do

7: pT

8 if k < KEY(T) then
9: T < LerT(T)

10: else

11: T < RiGHT(T)
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12:
13:
14:
15:
16:
17:

18:

19:

Oooon 65

PARENT(z) < p

if p = NIL then > B T RS
return z

else if £ < KEY(p) then
LEFT(p) « =

else

RIGHT(p) + =

return INSERT-FI1X(root, )

BN ROVEL G, BRIV, A 3 REEARIENL, BRMEE A X FRIITE L,

S 6 ML, HA AT IS I, ENTERE LA BT A, ‘&ﬂ]_ﬂ%ﬁé*ﬁlﬁ

FIRUR

T AR N RR L, R AT A AL

1: function INSERT-FIX(T, )

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

while PARENT(z) # NIL and COLOR(PARENT(z)) = RED do
if COLOR(UNCLE(z)) = RED then > 1B 1 o IR MR 4L
CoLOR(PARENT(2)) - BLACK
COLOR(GRAND-PARENT(z)) < RED
CoLOR(UNCLE(z)) + BLACK
x < GRAND-PARENT(z)

else >z BT U R
if PARENT(z) = LEFT(GRAND-PARENT(z)) then
if 2 = RIGHT(PARENT(z)) then > 1B 2 - x B A TH

x < PARENT(z)
T < LEFT-ROTATE(T, x)
> 1B 3 1z BT
CoLOR(PARENT(2)) <— BLACK
COLOR(GRAND-PARENT(z)) + RED
T < RicHT-ROTATE(T, GRAND-PARENT(z2))
else
if © = LEFT(PARENT(z)) then > [HHL 2 BIXSFR
x < PARENT(z)
T + RicHT-ROTATE(T, z)
> 1L 3 FRSFR
CoLOR(PARENT(2)) <— BLACK
COLOR(GRAND-PARENT(z)) < RED
T < LEFT-ROTATE(T, GRAND-PARENT(z))
CoLoRr(T) < BLACK

return T
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AAFIRREREN O(gn), B n B RE M balance HES L, EATIHIAL
BRI AR, BER A E A, i AR LI B 411 458 TR
FRELIEM, BN T2 REHME 4.7 e 2 MR FIE H R, BAT] UAIENTRIA
[Al, A CPLAC A PR BGRRTA A A — 2 MR RE R U

4.11: an BT HE H AL R AR

LM A S MR BIEE A E %, S UARBIR A, 20RRE — R LAY B
=X, T—ENES IR = X —AVL #, ZLRRAIEFEEEE
BAREA BB R By R R kNI ORFRTE, sl (b3] B &, RKEARFERIL L
AR R, mETE (e B O . TEZTSBR AU SEER A O THB &M, 75 2L A0 HE 2 fh
1B XiRZEH T —RE 7%, IFE T 2 BB SEI Y, AR HHT AVL .
Splay H#B 2R T PLELSE B,

4.6 MBI

A R RS A RIZLRME X, BOAT ROV,

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




46 OOgOyO

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) {
left =1

if 1 # null then 1l.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
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Node<T> insert(Node<T> t, T key) {

root = t

x = Node (key)

parent = null

while (t # null) {
parent = t

t = 1if (key < t.key) then t.left else t.right

}
if (parent =— null)
root = x

{ //tree is empty

} else if (key < parent.key) {

parent.setLeft(x)

} else {

parent.setRight(x)

}

return insertFix(root, x)

GNERELICS -

// 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)
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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
t = leftRotate(t, x)
}
// 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())
} 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




HhE AVL B

N RGP R, 21 R BRBIER — B8 2 BRI R, AVL BERA 7OV ERE
Tiik R RN ZESR . X TR T, & X:

5(T) = |r| — |1 (5.1)

Hr |T| o T &, I WEG T, X2 0(2) = 0o AR
T#E 6(T) = 0, NIk TE 2P, BIan, —BR&EN h IS 2 = XME n =2" -1
MR BR 7T RN, AT REAN D, 6(T) RIZERHMERY, SiB-F, 24T
PR 6(T) 9 — AR P IR 7

51 EX

5.1: AVL #f
—IR ISR AVL B, QR ATE 70 T & R N &4

15(T)| < 1 (5.2)

PR o(T) Heee £1. 0o B 5.1 4 T —8 AVL REIBI+, WRHHAE n
AN R, X ARUE TS b = O(lgn). FATAT DAERRIX NS, — &8 b

69
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) AVL B, B 8 B AR —MEERE, HER5ee XN, SHTYREE
%, N2 -1, BIROLEEDEEZOT R, XN (h) REREN h 1 AVL Hf
AR/ N REH . BATTA:

o« M @:h=0, N0)=0;
o HAE—NMURIM: h=1, N(1)=1;

5.2 HEGEH T — N h B AVL I T, BHE =87 70K k AL T L
o FHEEIEE h MIFHR R TR 2 DI R AR

()
PPN

K 5.2: =N b AVL #f, H—f e b — 1, B EEA N h -2

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

KA IRIFE— D F TN h — 1o RIS AVL WHTES, A (1] — || < Lo
FTAS I — R MR EA SN b — 20 T T Fr & 870 s8OS TR s 8
L (R T A5 :

N(h)=N(h—1)+ N(h—2) +1 (5.4)

X TFTE L FATRAR L BTIREES ), GRE L N'(h) = N(h) + 1, A5
ATLUREE (5.4) FE3 i ZE PO BN HIE VAR AR :
N'(h) = N'(h — 1) + N'(h — 2) (5.5)
518 5.1.1. ONGh) 8000A, AVLO, O O0OO0O0OA N'(h)=N(h)+1d
0g
N'(h) > ¢" (5.6)

Vh+1
2

O0. HHABEANE, X4 h =051

« h=0,N'(0)=1>¢" =1

U ¢ = cébOO0006b

e« h=1,N'(1)=2> ¢! = 1.618...
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XFFIBHEE N, B N'(h) > ¢"
N'(h+1) = N'(h)+N'(h—1) {ZEEIH}

> ¢+ ¢! (AR
=¢" o+ 1) {¢+1=¢2=\/52+3}
= gh+1
O
151 5,11, FRAT 1o S5 R IEA LS R
h <logs(n+1) =logy2-1g(n +1) ~ 1.441g(n + 1) (5.7)

X—AREXIA AVL SRR O(lgn), MITERIE 7 FEE, SAFMIER 2%
TGS, FECFETN FRIZONMEE S 1, {FEEIBE#ERS 0] < 1. RaNEE
WEREy =20t S A W= fan UiB - iy LS WU R PR S R ARSI N e~ VG BB G
LR, T IR SRR E RIS, AVL RHE — R E S R, B8
= AR E S, RE PSR - 6 rTOBARISR H, 0 705, BAER DR
KT = (I, k, 7, 6) PERIF VB A 7 HE, HEKWENERTE ' NErIfl2r

WY — MR R 6

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

AVL B lookup, max, min FFEAER — X HHRMAEE, mifd AFIERECE 257
TR,

5.2 A

] AVL SR N — AT R, SEE R I 4a0HE |6(T)| PRI 1, BATTAZE
LT BB B IR LA T IR IR S P, FATCR o 5, S BN R & ERZIEM
Lo BAITEIE 1R A BRI T B P R 1 & AL R A —XHME (T, AH),
Hep 7 AFENEHIR, AH AEEREIME, AT = R AN B LB K
LN

insert v = fstoins x (5.8)

Hrr fst (a,b) = a R[EI—XEFHIE D ins o T RKITR « FAZIK T H:

insx @ = ((9,2,9,0),1)
x<k:tree (insxz 1) k (r,0) § 5.9
ins x (I,k,r,0) = ( ) (1, 0) (5:9)
x> k:tree (1,0) k (insxz 1) d

L AT AR S R AR o 0
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MR N o, FHRAEE « BT 5, SEEEF 9 o, S 1, 0], 4
T = (I,k,r,0)o FATLLEE x F1 k, 0R = < k, FATEVAMEE o /AL FH 1,
A HE AL ] ro VTR AR RAUE—XNE (1, Al 8L (7, Ar)o BATIEIL K%L
tree VEESEH N THEH B, BREZ ANSEC (I, A, k. (7, Ar), 6, FHreEgR
(T',AH), HH T P, AH EXT:

H=|T"|-|T| (5.10)
‘BRI DU —0 iy 4 RPIE DL

AH

T'| = |T|

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

Ey Il Al

= §(T") = |r'| — '], BRI T Bk B 4t THKIEM, £
$1ﬁnﬂé , IETHE Eﬁ%?ﬁﬁ’ﬂ%}l? s

§ = -1
Ir| + Ar — (|I| + Al)
= |r|—=|l|+Ar — Al
= 0+ Ar—AI

(5.12)

A5 FHAR P v o2 R AR P [R5, RT3 — 20 XX (5.9) FEIEREY tree
tree (I',Al) k (r',Ar) § = balance (I',k,7',8") AH (5.13)

THEEFREFSESE T B4 g

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 = dHdr
| d >0 & d' <0 =dl - d
| otherwise = dl
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5.2.1 “FHiRR

H A RMBTREEE, A 5.3 for. PR £2 @ T [-1,1] e, &
PR Bt — A N E HUL IS, 615 6(y) = 0,

f(x)=2

6(z)=-2

s =1

5(5)=0 5

a b c d
(=1 ~ N

& 5.3: ¥ 4 FEOUBEE NG —E
BAWRZX 4 RGN E— T2, A—a. B—k, E—f, ICHEFR-FEEHE 5

§(x)s 0(y)s O(2); VERESGHIFMR 71 0 (2). 8 (y) = 0. 0'(2)s EMHIRRAT,
& B gath T ER,

§(z) =ox) [0 =0
§(y) =0 §y) = (5.14)
¥(z) =0 ¥ (z) =04(2)

A — T —AMHE:

5'(y) =0 (5.15)
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AL, & SUEE N

balance (((a,z,b,0(x)),y,c,—1),2,d,—2) A ((a,z,b,0(x)),y,(c,2,d,0),0,AH — 1)
balance (a,z, (b,y, (¢,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,6'(2)),0,AH — 1)
balance (a,z, ((b,y,c,d(y)), z,d,—1),2) AH = ((a x,0,8'(x)),y, (c,2,d,0'(2)),0,AH — 1)
balance T AH = (T,AH)
(5.16)
Horp 67 () B 67 (2) $2085K (83) o QHIRIA ILELAEMIAR, WIARFFAZ, T

[Eip = s IvA ] SRR

balance (Br (Br (Br x bdx) y c (-1)) zd (-2)) dH =
(Br (Br X b dx) y (Br c z d 0) 0, dH-1)
balance (Br a x (Br y (Br ¢ 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) zd (-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 (Br a x (Br (Br by cdy) zd (-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)

o o0 o

N ELIE B 2% R B 0 B BB LY, ARAESR (5.7), KT n DN RIIRE, insert
(I 24 O(gn).
5.2.2 K

Al — PR A2 AVL R ZEREM A (1) RS R SGEERN; (N THRT
BT, 3K (5.2) 1 6(T) < 1 ZAMAL, T IHI I BRECH I iUk 25— 0f 1A ) e JEE 22 -

avl? @ = True (5.17)
avl? (I, k,r,0) = avl?l Havl?r Ho=r|—|I| H |6 <1 '
Hebm s R
gl = 0
i (5.18)
(LR, 0)] = 1+ max(|r], [I])

THIHIFIRF LT AVL R SRR

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 _) =1+ max (height 1) (height r)
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3] 5.1

5.1.1. BATHRIET AVL REY@EIER, ERRIERF A E MR~ XAESZ AVL

o

5.3 m¥ARIA %
T 5esE, AT AVL BIG@ ORI, FILRAIa ORI, R

AL RPREHCRFA, A5 PRI He e R e RS 1

1:

10:

11:

12:

13:

14:

15:

16:

17:

19:

function INSERT(T, k)
root < T
x <— CREATE-LEAF(k)
d(z) <0
parent < NIL
while T" # NIL do
parent < T
if £ < KEY(T) then
T < LerT(T)
else
T < RicHT(T)

PARENT(2x) < parent

if parent = NIL then > B T =S
return x

else if k < KEY(parent) then
LEFT(parent) < x

else

RIGHT (parent) <+ x

return AVL-INSERT-F1x(root, x)

HAFTCR G, W& RTRESE N, R F-#H 7 6 B3l ARG M AT RE

5 0 BEH0 1, FEALEMATRERE 6 I8/ 1o FATI 2 JF46, BRRA LS -, EFRT
o OISR o, 3R 3 AL

1:

2:

5= 10 18] = 0, EAERETEHRA, R RE AL,
1= 00 18] = 1o A TR BRI T, FEARLA LR,
. 18] =10 || =20 TEENEREDAEE T,

function AVL-INSERT-F1X(T), x)
while PARENT(z) # NIL do
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10:

11:

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:

d < d(PARENT(2))
if © = LEFT(PARENT(2)) then
0 —d5-1
else
0041
O(PARENT(z)) « &
P < PARENT(z)
L < LEFT(2)
R + RIGHT(x)
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 (R) =1 then
§(P)«0
5(R)+ 0

T < LEFT-ROTATE(T, P)

if (R) = —1 then

9y < O(LEFT(R))
if 0, = 1 then

O(P) + —1
else

0(P)«+0
S(LEFT(R)) + 0
if 6, = —1 then

I(R) « 1
else

0(R)«+ 0

T < R1GHT-ROTATE(T, R)
T < LEFT-ROTATE(T, P)

if ¢/ = —2 then
if 5(L) = —1 then
J(P)<«0
(L)« 0
RIGHT-ROTATE(T, P)

0o AvVL O

> AR

> AkEE E I L

> H-H
> ARAER (72)

> FH-/E
> HRAEC (83)

> A
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40:

41:

42:

43:

44:

45:

46:

A7

48:

49:

50:

51:

52:

53:

54:

else > fE-G
dy, < d(RicHT(L))
if 0, = 1 then
O0(L) + —1
else
(L)« 0
d(RIGHT(L)) < 0
if 0, = —1 then
0(P)+ 1
else
d(P)<«0
LEFT-ROTATE(T, L)
RIGHT-ROTATE(T, P)

break

return T

bR TR, IR EEH PR T 6 A — AR — e 1B TR BT — IRBEH ; T

A —EME -G REHITPIR e . AT T AVL SEIMEREE, M B 44t 1
IR SE B

AVL 2 1962 £ Adelson-Velskii fl Landis!"*, U9 $2H), 3 DA EE )

Zramth. BHLBMER, AVL SFFIZLERRHECR B P R, R BRI T
JEHE O(lgn)o 3N (5.7) fi1S AVL WPtk o0 4%, ERBEEWIBIT, K

RIPLGFTLLRM U] (BLLRMESR SR ARIMBRAI TS O TR . REFEPE
{5 PSRN 1D B P — R RIS BL, AVL SRRt A DAE L, et g
DRl

5.4 st Bl

AVL RHRE

data Node<T> {

int delta

T key

Node<T> left
Node<T> right
Node<T> parent

FEE

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)
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var dl1 = p.delta
var d2 = if x — parent.left then d1 - 1 else dl + 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

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




HAE R

Her — XERAF EAFDEETT s, BRATTATLARIA (edge) RABHEE 27 FEh
(Radix tree) , B4 trie. HTZEA. JEZMLRARIEX — BT RIBIRSS Y, e
FET 1960 AEAR, BT A T ow SR ) FAEY)ME EACE (40 DNA LR ) &

6.1: FEER

6.1 JBR T —RREER, BEE T S 1011, 10, 011, 100, 0, RE
HRHHIEL k= (boby...by) o, BATE B LEMAIRENL boo 50 0, WL T REEK
EREEG AN 1, WA TR, a8, BITRES =0, HEEIX— IR E 2T
B n AL ENERE—HF I R BITDFATEE T R 2R (key), X—EEHIA
KK, B 6.1 RIETE T AP RIOGR A TR A TEESEAI i, BATR] DAGE
R 3, R A B TR AR

6.1 ¥ trie

FATFRIE 6.1 T RAIEARSEHIN binary trie, Trie & Edward Fredkin 1£ 1960 4F
FRH, TR B A retrieval, Fredkin RFHEIRIE /tri:/, (HHEANRE /trai/ (1
F BA] try BUR EHEED P, HLEEN T trie AN ETZR, (EARZEH, trie FIHT

79
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R T AR BERSE, —H binary trie B —FRFARY XA, SMEMV B HE
IS SR E, 0 Ron“mk”, 1 #or“‘ma" P, FEE 6.2 HHY trie, 3 N
4117, “0117, “0011” ARFRFEI—NHEHIEEL 3,

6.2: Kufi (big-endian) trie

ANSRERTTEIR 0 HYS VBRI, FE—1 32 MREEIN RS, 1% trie FA 1, 4551
Rz — 32 BIUR, N T AgpRIX — R, [X) Uk 7 S0 A /o e ), — bl B
ez (MSB) M@ H 1L A2 30, S ARAL (LSB) TEA 1L, XA N KIm 4, R 2 & m i
AR/ N, /NI, 1 3RRH (1)2,, 2 301N (01)20 3 RN (11)s......

6.1.1 EX

BATAT AR XM HIE o — D RELND, BB EELA T —NME
(ELAT DA ) 72 ARG oN 0, 15 7 I5wA0 N 1o

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

XF binary trie HHAYAE—17 5, TR AR ECEE R H 7Y s AL B M — R e 1Y
WAV TRAETT R OETE, T TR AEME, B Ay [ By, an SR E py 2R3
H A, WREIZRBN IntTrie A,

6.1.2 A

LA |k AE o I, BATRE £ Bl ik, an5R & 2R, BARRLZ o,
BABBIA M TN AR kBT, RARAR 1, BATBIAFE TR TR
BATVRE & BREA 2 BUBE AR RO, X FAEEH trie M T = (1,0, r), B I r BA
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LR, o BIERINES), B insert BIE SR

insert k x @ = insert k x (&, Nothing, @)

insert 0 x (l,v,r) = (I, Just z,7)

even(k) :  (insert r z l,v,7) o)
insert k x (l,v,r) = 2 k
odd(k):  (l,v,insert L§J xr)

MR E=0,F&MTE 2 FEAT R WRT =0, 4R8N (@, Just v, 2)e RBE L #0,
FATHARYE & AT EPERTE, 1BF] o Bl — DM T R (9, Nothing, @) QR k
CAFE, X—RIEEHDAEIIE, AT IH—MIREEZME, FH: « 3
FFIFRF, T 6.1 I FRBARIAEAME {1 - a,4 = b,5 — ¢,9 = d}UER, T
HIHIFREFEZIL T insert BREL:

Bl 6.3: /N REER trie, BLEMRT {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 (dinsert (k ‘div' 2) x 1) v r
| otherwise = Branch 1 v (insert (k “div’ 2) x r)

N T HE— NI EE, BT LAIBrERR A2 FIREB (R 2) B E N0 : even(k) =

(k mod 2 = 0), EMHAMIBE, W: (k & 0x1) == 0, FAHHA]LATERRZE I FHIE
NIRRT

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
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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: Ri1GHT(p) < EMPTY-NODE
13: p < RIGHT(p)

14: k<« |k/2]

15: VALUE(p) <z

16: return T'

INSERT #5Z 3 NS trie W T BRI & RN FEHE 2o NTH m AR
TR e, IX—BIEVTI] trie Y m R, NEEZRER O(m). Bl insert ka T
FINSERT(T, k, x) NSEURF B AT, BiEH foldr. JEEHR foldl (B for &
) MBE, (XS BRI, W0

fromList = foldr (uncurry insert) & (6.2)

R fromList [(1, a), (4, b), (5, ¢), (9, )], EH uncurry J9FT EALHINIZ
BT, ERRIREN insert, HE R

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

6.1.3 Bk

FE—ARAEZ B/ NN trie FREFR k I, 35 k = 0, WBR AR S 7 BRI £,
ANARIERG—A02 0182 1, XA FRE TR A,

lookup k @ = Nothing

lookup 0 (l,v,r) = w

k .
even(k) :  lookup 3 l (6-4)

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

PATTHE AT ATH BRI T SCBNA R B R A A
1: function LOOKUP(T, k)

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

5 else

6 T < RiGHT(T)
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7 k<« |k/2]

8: if T # NIL then

9: return VALUE(T)
10: else

11: return NIL

KT m LRk, lookup FREIE ZEHR O(m).
.3 6.1

6.1.1. BEALUKBE N Branch (IntTrie a) (Maybe a) (IntTrie a) &N
Branch (IntTrie a) a (IntTrie a), WNBEARTELEIRE] Nothing, 750
IR Just v?

6.2 BTSN

Trie FELARZERTEFER. fEET 6.1 BIBIFH, HF 4 MR ESE, HE 5
M RARZH, ZEFHARAE 50%. AT IRES AR AR, AT DU —
AT RUEAE R — 1 BTSRRI IXAE A EHESSH, B Donald R. Morrison 7E 1968
FERRH . TEMANIE S, RIZRMPFRN Patricia, /& Practical Algorithm To Retrieve
Information Coded In Alphanumeric F e FRES P, YEERBEN, AR
NEEEATEMT, ARG B AR O RO B8R, XIRTZE H T BRI SRR Y 5K
PP, KA 6.3 AR R R AT G, TS EI—HRANE 6.4 FiRrgmt, 7E%
B, B mON B ATSER B ATE T B ATERTSE,, X REAT S AR H AR RTZE R
RN R, IXFEREELRIZERTEER T AR 2

6.4: /INEEBUN SEBLATBRES {1 — a,4 — 0,5 — ¢,9 — d}
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6.2.1 EX

BERATER 2 —RPRFIRIT XX, B AT o, BB B A, B S
Bt | F—ME v, I8N (k,v); BE R R, BEAFREHE — R K a3t
WIS, 22 7RI T—A02 0, A FRAET N —(02 1o iE8 (p,m, 1 r)e THEAIBEITFH
HE T BTG . R RS 4 DB R ASEETSR po — DERD m RN
MR e Bt 70, 7E. R ro FEREON mo = 2 BB, RS n > o,
FITAART n AL 3R ARANE T AFRTSR,

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

6.2.2 A

M T AR y N, T o=, A y QIE— P RGUER T A5 R
HE—MMFN A o, BB — Dk, N7 5 o f y 2RI EL T
Wo N THE A, BATFRERS 2 Ay R QLIS po HIA0, 2 = 12 = (1100)2.
y =15 = (1111), Wl p = (1100)2, HH o FRRTATAIDE) Z3EHIAL, FAMEH —
FERDEEEL m KRB (mask) XEEAL, FEARBIF, m = 4 = (100),, REAHFE p 5
A — (AR 28 o HIX—AL2 0, My FIX—2 1. Ktz B22FH, My 26T
e W&l 6.5 FiRo

prefix=1100
mask=100

6.5: oo T @M F s 12,6 A 15 5

QUSRAR T BEA NS, thASRM 779 5, AR EIC AL oy BEM T BRI AT
2% p VCFL, ANSRUTAD, WIARE N —A02 0 B8 13 IIHE 2, AR A, Hlan, &R
y = 14 = (1110), FAE 6.5 FrRfIf, TR I AHETZR p = (1100),, F HEE KA
—hz (2 ()72 1, BABIAHLRE: y NG T AR o MR ATLRTER p AUEAS, Tl
TE D H—DHH T R WA 6.6 TR,
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prefix=1100
mask=100

prefix=1110
mask=10

(a) A 14 = (1110)2, EAEKATLATH
p = (1100)2 VEEL, 23 AN G T

prefix=1100

mask=100 mask=10000

prefix=1110
mask=10

(b) A 5 = (101), MK AR p =
(1100)2 ANPEEL, 53— 715 55

& 6.6: R NDAL

85
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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) = otherwise : (p,m,l insert k v r)

match(k,p,m) : {
A join k (k,v) p (p,m,l,r)
(6.5)
U T = o I, QE—PMHFH R (ko) WRBMHEFENE S, KE match(k, p,m)
*ﬁﬁ%‘éﬁlkﬂ?ﬁﬁﬁiﬁu%p EHRS m NS mask(k, m) p, HH mask(k,m) =
m — 1&ke BN m — 1 #VBUR, ARG k12005, BRI zero(k, m) R EMHE m 2

I:EI’J BERIALR 0 152 1o BATTRE m AIGREEN 1AL, 2850 k42075 :
zero(k,m) = k&(m > 1) (6.6)

FREL join(py, Ty, po, To) ¥ D EIZZFIFARRS . M piv po TR AN TRTE
(5 m) — LCP(py, pa), OIEE—HTSVES, 366 T1. T, N
zero(py,m): (p,m,T1,Ts)

join(py, Th, p2, To) = (6.7)
%§mu: (PaTﬂvjﬁ,jﬂ)

NTHEREKAEFTE, FAEN pi p AR FE, RIGEH R SAL highest (zor(p1, p2))

highest(0) = 0
highest(n) = 1+ highest(n > 1)

FERBAT LB m = 2highestlzorir2) - G KRINVERGEE p AT AP m F0

pis p2 PHUET—MMEH, HlE0p = mask(p1,m)o THMBIFREFLIT insert
BRI :

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

FA AT DU a2 775580 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'

Hrh BRANCH(Ty, Ty) B — D8, i i K AIRTER, F/ 7 f T, %00
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

BRI LCP JRENH MR R K AFERTSR
1: function LCP(a,b)

2: d « xor(a,b)

3: m < 1

4: while d # 0 do

. i Lg |

6: m < 2m

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

8: function MASKBIT(x, m)

o: return z&m — 1

6.7 B T R AN BIE IS I RTSRN . B IREE BT SR R 4 T R — i
B R, (HAR B K AT SR AT IR TR B M F M —dE AL, A m A7 BEER, R N IR E 2%
52 O(m)s

K 6.7 AR 1 — 2,4 — y, 5 — z B RIHEERTZRMT
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6.2.3 &k

MEPEEE N WERN T = o 23, ER— T TFURT = (K,v) Bk £,
Wk ANEAE IR k= K, W v AERGER, R T = (p,m,1,r) B2— D0 R, B
MFRERENILFILE p 71 & FEFEF m TRGUCEL, FHHRE TN —002 0/1 233 AE T
18 r AR, WIS ARICELAHERTE p, W & NETE,

1:

2:

3:

4:

10:

11:

12:

lookup k @ = Nothing

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

zero(k,m) : lookup k1
match(k,p,m) :

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

otherwise : Nothing

BAHL AT DATH BRI S A IE AR 75 TR K,
function Look-Up(T, k)
if T'= NIL then
return NIL
while T is not leaf, and MATCH(k, PREFIX(T"), MASK(T)) do
if ZERO?(k, MASK(T')) then
T < LerT(T)
else
T «+ RicHT(T)

if T is leaf, and KEY(T') = k then
return VALUE(T)

else
return NIL

XFE m A= IHIEEEL, lookup BIEE 2N O(m)s,
3] 6.2

6.2.1. g5 R SR ERTSNHT lookup Bk

6.2.2.

e

6.3 Trie
TEREEY trie FIREELATLM VIR L, FRATTAT AT B A 2R MBEEY TR 2113158

89

(6.8)

SCEREEL trie FIREROR B P38 17, O HE A 221 B, S5 5R A AL

H

>

H— MR E N PR PRI TR B, BTSN trie AT DUEN KA EIE ) TR,
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SHEM R 0/1 § REE FH AR, B St B A SR F o 2 i, SRR
BRI, —3F 26 DFRF, (R BIEKNG, BN EA] DOKE] 26, GHE 6.8 FR.

6.8: HZIK 26 DN trie, LS EE: a. an. another. bool, boy. zoo

FAEATA I 26 B TWEESEIE. £/ 6.8 FART S, HEFEK a. b z
) 3 BTFRARNZS, HEoR, IR c (70, 2B, BATAT DL IX L2
TR R, WIHRX 9 KNG 88 T it — D KRB RF R BB R 513, 7
ITAT DASE A map SFEAREEHE R ENZSEE 2 F,
—MRRBR Trie K V 1Y trie WEERE o, HFER— DA, B LR
TR
1. AR v BI85, REE TR, 188 (v, @), o 885N v

2. R AL EEE o MR, SRTRXNER K PREME k128
(v,ts)o HH ts = {ky — Ty, ko — Ty, ook — T} BE k; MW T, A
Wethte RAN Map K (Trie K V), B LMEFH RERFNZREE B - ST st
(W2 4. 5 &),

X ENZIMA: (Nothing, @) NEFIBITREFE X T trie :

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

RN, HE trie 7§, HAPHENE TITRIIIR, 2 trie N T = (v,ts)o
2 ts[k] FERRGS ts FRAHEE & M AE, IRIRERENREIZH; 1T ts[k] « ¢ EBLGY
ts FPAEE k. B ¢, G SRAFE I 55, IR ] ST E B

insert [| v (v',ts) = (Justv,ts) (6.9)
insert (k:ks) v (v',ts) = (v, ts[k] < insert ks v ts[k]) .
PSPV R R

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

BATH AT ATHBR %I, SSEIERTT Y insert BREL:
function INSERT(T), k, v)
if T'= NIL then
T < EMPTY-NODE

1:
2

3

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'
ARKIFN (K] (K 95132, K 2EE m DITRIERSE, KN n, M
BARRNEZREN O(nlgm). HER/NGISCFRFERN, m = 26, MARIENE
ALY B R B AE B,

6.3.2 K

TET = (v, ts) PEIR—DNIFTRE (k:ks) N, BAIMEBE—DITR kIR, REFLE
W E k& BT 17, WHE T RBITHIAE T7 &R kso V7SN, IR 0] 24§l 5L
{EFENEER:

lookup [ ] (v,ts) =
ts[k] = Nothing: Nothing (6.10)

v
lookup (k:ks) (v,ts) =
tslk] = Just t : lookup ks t

N RAR N A IE AR
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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
6: return Nothing

7: T + SuB-TREES(T)[c]

8: return VALUE(T)

ERRIEREIREN O(nlgm), i n BHITKE, m BITRIEEGHIRN,

6.4 RIS

Trie B2 [EFFHRIRAK,  FATTAT DA RIRERY 77 T2 R e B e AE — it A9 =, IXAERE
192 T RIS, BIZRATT 5 ¢ EEWER D — DN IE oo ENEE T F RN,
BRRTFR ¢, MR — DI 5,0 FIRFFRBTS OCRILN [s; = ti]o IXLEFIFRH
BIEFEMIRTE s, T s BETRT S to HELEVE s /& s H 514 s 4 S9..enn. O /A 1]
Ko NTHAEM i £ j, 5% 5,0 s; MEEIAFSHI AR, KB 6.8 HRHEE T
RUESEESE, 7] IS EIANE 6.9 HIRTZER

K 6.9: —fRATZM, FLEHE: a. an. another. bool, boy. zoo

NERBI R E ST RIS

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

BATCRTZE A t = (v,ts)o KA, (Nothing, []) NN A (Justv, [])
FORMEN v BT R

LA DA Map [k] PrefixTree k v T,
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6.4.1 A

TNFITE s I, BHRIZRAZS, BATH s QR — D155, & 6.10(a) B,
R s FIFEEATF ¢, R s; FAAEANTERTEE, TRATOIE — Nt 7 5 ¢, il
INFERTER, HEHB B — Do ¢ B RIER . t; 2B ¢ BIPRERFAR, a
6.10(b) Firr. IXHEAMMEIRIE N : s N s, WETE, W 6.10(c) — (e); PAK s; 79
s PIRTER, WIE 6.10(d) — (e)o

another
an bo
boy bo bool boy
()
other ol Y
y
boy ol
an bo another bool boy
bool boy
an ol Y
(a) (b) (€

bool boy

(d

6.10: (a) [MIZSHHEA boy; (b) A bool, BIELHT 724 (c) IA] (b) #fi A another (d)
[l (b) #iA an (e) IA (c) A an, R 51 (d) #fi A another HH[A

N TE R BRS¢ = (o', ts) AT s FE o

insert [ v (v/,ts) = (Justw,ts)

4 4 (6.11)
insert sv (v',ts) = (v',ins ts)
QRERBE s v, TATTH o B 4t DARTHOME ; IR ins K22 FRAFDE NIRRT,
ins[] = [s— (Justv,[])]
match s s : (branch s v s’ t) : ts' (6.12)

i " t):ts’) =
ins ((s ):ts’) {E‘)”\'J : (s t) tins ts'

AR RN Z AT R, FATTEIEE—MEDY o B0, FHORF s LS RIE B A0, X
THEDFUEG o — ¢, ATELEL s’ F s, WREANTH AR GBIE match BEHR
T, WA branch RED B R, BATTE KHDFIRILEC AR EATHE A HATE:

match [] B = True

match A[] = True (6.13)
match (a:as) (b:bs) = a=b
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FATE R (C, A", B") = lep A B RIBEFIR A Fl B IR EAFERTZE, HAp
CH# A =AHCH B =B, R A BHFIEA—NIZREFEENNE D
TLERAFE, MAHFTE C = [ ]; &0, BA DBV FFNRPTREUA T RTSE, TR SLED
TR ARG :

lep[]B = ([J[1:B)
lep AT = ([LATLD

a#b: ,a:as,b:bs
lep (azas) (b:bs) = { #b: ([] )

AN (a:es,as’,bs')

(6.14)

HH (cs,as’,bs'") = lcp as bs EIBVFIRIAVGER, b iﬁl branch A v B t #32 MWD
A, B, —ME o TR ¢, BRI A, B FIRKAHREIZ C, K H M3 08 5
b, BT

branch Av Bt =

(C,[],B"): (C,(Justv,[B ~ t]))
lep AB=<((C,A,[]): (C,insert A’ vt)
(C, A, B'): (C,(Nothing,[A' — (Justv,[]), B — £)))

(6.15)

R A2 B RIRIER, WG A W2 o FRrERTTY R SIZATRIAR S 704 R i 2]
IR ME— 0 ¢ Q15 B /2 A BIRTER, TATEB TR RIR S RFMESAZ] ¢ o5 S0,
FATOE—MEN o BT 5, B EA ¢ VA DRI ARTFRE, R BB T2 7S
T insert Hik:

insert [] v (PrefixTree ts) = PrefixTree (Just v) ts
insert k v (PrefixTree v' ts) = PrefixTree v' (ins ts) where
ins []1 = [(k, leaf v)]
ins ((k', t) : ts) | match k k'

| otherwise

(branch k v k' t) : ts
(k', t) : ins ts

leaf v = PrefixTree (Just v) []

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

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

lep [1 bs = ([1, [1, bs)
lep 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
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el AT AR ERIE A, FATEA BRI

1: function INSERT(T, k, v)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

=

if T'= NIL then
T < EMPTY-NODE
p+«T
loop
match < FALSE
for each s; — T; in SUB-TREES(p) do
if K = s; then
VALUE(T}) ¢ v > 78 i
return T
¢+ LCP(k,s;)
ki k—c ko< s;—c
if ¢ # NIL then
match < TRUE

if ky = NIL then > s; s k VRIS
p+T;, k< Kk
break

else > WAL

ADD(SUB-TREES(p), ¢ — BRANCH(k1, LEAF(v), ko, T3))
DELETE(SUB-TREES(p), s; — T;)
return T'
if not match then > HriF
ADD(SUB-TREES(p), k — LEAF(v))
break

return T

FRE LCP $2EUH ISR A A L RTSR -
: function LCP(A4, B)

11

while i < |A] and ¢ < |B| and A[i] = B|i] do
1+ i+1

return A[l...i — 1]

BRANCH(s1, T}, 8o, To) PR ARG ML, Q0R s, =S, WA AR 2R

MNFIERTSE, BAT Ty WD T T, I FRATRIE— N3 BT 5, 4
Ty Ty BN TR

1: function BRANCH(sy, 11, S2, T»)

2:

if s; = NIL then
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«

ADD(SUB-TREES(T}), so +— T5)
4: return 7}

T <+ EMPTY-NODE

o

=2

SUB-TREES(T) < {s1 — 11,80+ To}

return 7'
BEARATR TR = 7 AA R BHEZRERZ O(mn), Bd n ZROKE,
m BINRITTREEHIRN,

o

6.4.2 Tk

A kI, FAIMARTT ST, QIR k= [ ] s, MR BT s e 75 03R4
KA F IR LS, BB s, — ¢, (15 s, 2 k BIATEE, RGP IBVAMAE 73 ¢, &
Bk — 50 MREK s; BAZ k BIRTSE, W A FE S R A3

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

Hit A € BFRIR AR B RIS, B find BIE X WH—F, BAESIRPEK
WETEE SRR, NEBIFREF S T ERETA.

lookup [] (PrefixTree v _) = v
lookup ks (PrefixTree v ts) =
case find (\(s, t) — s “HdsPrefix0f  ks) ts of
Nothing — Nothing
Just (s, t) — lookup (drop (length s) ks) t

ATERAS 22 P s IS R RO 2R B R, lookup BIRIIE 24N O(mn), HH
m BHNRICEESHIAN, n BHIRCEE, OGS TSNS, B HAE AT
%S,
#.3] 6.3

6.3.1. {HBR lookup FIEFFHIEEYT, FITEEASELATERM AT,

6.5 Trie FIRGSI YN H

BATRT LA trie FIRTSRE KM DR VF 22 G RBAY A1, BLES SCEMA S A TR B, B 3
NARST, AN B B N5, SRR, A4 H a8 2R E M,
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AlA Q. introl

Al (IEFEN English Thesaurus — Simplified Chinese

s intro | 'itrau |
intro- noun (pl. intros) informal
introduce . .

an introduction.
introduced
introducer
introducers ORIGIN
introduces
. . early 19th cent.: abbreviation.
introducing

introduction

introductions

intro- | 'mntrau |
introductory prefix

introgression
into; inwards: introgression | introvert.

6.11: JrJHL

6.5.1 A 4R B3 ST

A 6.11 AR, PR AL TG, TSR A E, 51 ik #id,

TR HOE B A7 AR 7 B, RE AR A, mLIR SRS 2 T
FEDAR EERE, AR, RO, B 6.12 22— MEE BN IIRERT AR, Y
MANG, 25— RERIBEETL, EATI DA PR AR A VTSR,

pref

prefix
prefrontal cortex
prefab homes

prefab homes oregon

6.12: A HaANSTAYHAKE

XWAGIFH R T B STRIZIRE. FRATTAT AR RTSRRERCEE, FFEL,
PATEB 7 FRERE TR A I, B RAEL n DM H. —MadifrfE 72D,
{EDRT, Hrp iR e S B IR Bl iR 4, (B AT B RS R RS, S RN E s I, 3
TIHE RTZRAR SEIR A IR SR BRI A DA s TFRAVEE, W0R s v, sty RPN E T E
FNEE n K458 B, BATRIEIEACH) ORI, ESRHEIERERIA S,
1] DAY e th BRI T, PRI HZ TR IS AT n 4 : take n (startsWith s t), HA ¢ /2
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(IO

enum ts

startsWith [ ] (Nothing,ts)
startsWith [ | (Just x,ts) ([],z) : enum ts
startsWith s (v,ts) = find (k,t)—~sCkor kLCs)ts= (6.17)

{Nothz'ng : []

Just (k,t): [(k 4 a,b)|(a,b) € startsWith (s — k) t]

BN s, KL startsWith TERTZM PR ZRFTE DA s WRIEIGE R, R
s N2, EBZERA TR, SRR R EIE o AR, W ([ ], ») BINEIEE R 2§
BRI enum ts XU

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

Hrp concatMap (tFr A flatMap) AN FRITE R —DNEEM S, R EAHY
TGN TCRATIG, R R RIEREK, @ build-foldr B & HRKE
IR, PATHBR TS A 2 1 v ) 4 SR 3 (LKA — A P A )36 5 &), TR s A
N2, BATEE FIRBLES, AT (), W3R s 30 k 2 HBh—RIRTE, FA 1wk
B R TR ¢, TR K BREINEE DGR AR Z B A, A0SR s ANFIEAR] AR A
SVLEC, MIAFEAEDA s RTSRAVEE R, NHEAYHFREFPSLI 7 iX—Hik:

startsWith [] (PrefixTree Nothing ts) = enum ts
startsWith [] (PrefixTree (Just v) ts) = ([], v) : enum ts
startsWith k (PrefixTree _ ts) =
case find (A\(s, t) — s “1isPrefix0f 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])

B tnl DU a2 N7 LB STARTS-WITH(T, kyn)o MR SF4R, FRAT1IE
MG EFFD TGS & — T R & 23DF0 T, BIRTER, BA TR TRty R
FR% n SRR R k2 k WA, AV I8 57, A & — &, 72 T, i
HEHK,

1: function STARTS-WITH(T, k, n)
2: if T'= NIL then

3: return NIL

4: s < NIL

5: repeat

6: match < FALSE

7: for k; — T, in SUB-TREES(T) do

8: if k is prefix of k; then
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10:

11:

12:

13:

14:

15:

16:

17:

return EXPAND(s + k;, T3, n)

if k; is prefix of k then
match < TRUE
k< k—k > RIERATSR
T+ T;
s+ sHk;
break
until not match
return NIL

HAF B ExpAND (s, T, n) N T Y R n DEER, K s BEIIFES DRI,

BATAT AR AR SEAR R TRSE e (W 14.3 19)

1:

2:

3:

4:

5:

10:

function EXPAND(s, T, n)
R < NIL
Q < [(5,7)
while |R| < n and Q # NIL do
(k,T) < Popr(Q)
v < VALUE(T)
if v # NIL then
INSERT(R, (k,v))
for k; — T; in SUB-TREES(T) do
PusH(Q, (k # k;,T))

6.5.2 FFHREEANE

2010 £FAT, RZEFHL AR —DNE 6.13 BRI #E, Foy ITU-T #

. ERENRTHE] 3 2] 4 NSCTREE, IRE R AT home, FATTA]
DAFZ RS T AP 2 -

1+ |[ ABC |[ DEF
2 3
GHI | JKL
4 5
PaRs|( Tuv |(wxyz
7 8 9
@@

& 6.13: FHLITU-T &L

1. F&PRIR 4 B4 NTFF h;



100 . 0o ogo
2. =X 6 M ANFHT o;
3. H—IR 6 B FHF m;
4. FEPRIR 3 SEHNFRT e
53 4 — T P 75 TR R R T ST -
LARIKIZ TS 4. 6. 6. 3, fRIZE A home HIFL;
2. # R SHEPIRRE] R — M H#IA good;
3. N T SRR UCRHLE N —Meik A gone;

JEERR TG, AR T PO, P SCRIE £ AN R G E
MZREAFMERT (ARG, BTATTRAT DR BRI 17 B A — D AT SRR A R SEELIX R A
Ko B FCHANTR B S T AL -

Mpg ={ 2+ "abc",3— "def" 4+ "ghi",
5 "jk1",6 — "mno",7 — "pqrs", (6.19)
8 "tuv",9+— "wxyz" }

Mopoli] BREG HELT 0 X RLAHE T4, FRATHRT DUE ST R T RIS
My = concatMap ((d, s) + [(c,d)|c € s]) Mrg (6.20)
BT ER Moy, BATA] DU A5 Bl — B 51,
digits(s) = {Mpq[c]|c € s} (6.21)

MNTEMABET [a. . z] PRFA, BATREHBUS ZIRR TR 4 b BB
FREFE X T _LIRBRE :

mapT9 = Map.fromList [('2' ('3', 7def”), ('4', "ghi”),
( 5 ”jkl”)’ (IGI’ 77mn077)’ (|7|’ ”pqrs77)’
(s’ ('9

1 s ”WXyZ”)]

rmapT9 = Map.fromList $ concatMap (A(d, s) — [(c, d) | ¢ < s]) $
Map.toList mapT9

digits = map (Ac — Map.findWithDefault '#' c rmapT9)

2 (v, ts) & MFTA 5z B Ta) AL it Y TS8R o %C{T]TUJI&EQQZJWI‘%%:(ZE;EQ
HEFTFI dso BATHEFNFRBLS (s — t) € ts PRYRTER s BN digits(s), i
BRI ds ICEC (R — N5 — VRIS . ATREAAAE 2 T-ILHC ds BITE T

pfr=1(s,t)|(s —t) € ts,digits(s) C ds or ds C digits(s)]
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findrg t [] = [[]]
findrg (v,ts) ds = concatMap find pfx

Xt pfe PEIEE DU (s, t), BEEL find 3BITHIAE ¢ RESGRIRECT ds', B ds' =

drop |s| ds, RJE¥s s BB MR, 07 B LR e 8%, FRATTEUR
Al n = |ds| PR

(6.22)

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

NI AR S T T AR -

findT9 _ []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 “isPrefix0f" ds]

A @ TT RS AR SRR, ] UH—1 A Q, BAFIFRRI TR =Tt d
(prefiz, D, t)o BN=ITHEZE-RIIAIAIR prefir, MARERIVET D, MEHER
HIFB ¢ ASIRIAaRII i, = e S SRR, 2R, DURTSIRM AT <. 3R
TR MBS PR = e, e A RIS, X TR DT (s — T7), TATTRE s B
X digits(s)o WK D REHIRIE, MRS T — MeEIE, FATRE s BEME prefiz #9
BT, FFICR% FIX—455R, AR digits(s) /2 D RIRTER, FATFTZ@ITE I 77 FhiE
R, BAHE—N=7CH (prefis+ s, D', T'), Hrh D' ZRIRHEF, KX —#H=
TCAH BN,

1: function Look-Up-T9(T, D)

2 R < NIL

3 if T'= NIL or D = NIL then

4 return R

5: n < |D|

6 Q « {(NIL,D,T)}

7 while @ # NIL do

8 (prefiz, D,T) < PorP(Q)

9 for (s +— T') € SuB-TREES(T) do

10: D' + Diarrs(s)

11: if D' C D then > D' 2 D [R1EE
12: APPEND(R, (prefiz + s)[1..n]) > FRAHE N n
13: else if D C D’ then

14 PusH(Q, (prefix# s, D — D', T"))

15: return R

TATINEEEL trie FIEEECATERAROIT 46, 10 FEEA BB F0R, FATTE ) = SRS
LT BT RGBT (map) BURSH, £ FORBATTRF AR NELY R EIGIREE
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TLERMIFNER, H— N2 TR, trie FIRTZOM AT DUFSREE T SO0, Tl
e T MBI - B AT AT A Ao FRESOR Y 55 S R SR SR
B trie SRIZZMABEE VIR, BT DNA LGEKAE T TR,

3] 6.4

6.4.1. M trie SEILE BN T IR

6.4.2. X FIREZAMgIESS RATRTSRN AHRELTE, Q0T PRIES H AO2E SR 1% 18 5 Bl
i ? XX ERE A BRI ?
6.4.3. FEERAEMURIERIAEH, AMATETIR AR Z n REER?

6.6 Bits% e

52 ZXREE SR EL trie

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

N insert B FFERF AAIZE S 1w @A AR AL

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

LGRS

data IntTree<T> {
Int key
T value
Int prefix
Int mask =1
IntTree<T> left = null
IntTree<T> right = null
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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))

QS EIEUAECIN N = K

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
} 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 {
diff = diff > 1
mask = mask << 1
}

return (maskbit(pl, mask), mask)
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trie FHYZE SR :

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),

k2, tr)
node.subtrees.delete (k)
return t
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}
}
if !match {
node.subtrees[key] = PrefixTree(value)
break
}
}
return t

TRBUR K ATHTZ 1ep f19 8L branch :

(LK1, [K1, [KI) lcp([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 1+ k
break
}
}
} until not match
return []

[([K], V)] expand([K] s, PrefixTree<K, V> t, Int n) {
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[([K], V)1 r =11
var g = Queue([(s, t)1)
while length(r) < n and !q.isEmpty() {
var (s, t) = qg.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

B0

P A -

var T9MAP:{'2':"abc", '3':"def", '4':"gh'i", '5':"jk1", A
'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.isPrefixO0f(ds) {
res.append((prefix + k)[:n])
} else if ds.isPrefix0f(key) {
q.append((prefix ++ k, key[length(k)..], tr))

}

return res
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7.1 fif

BN RRVEEELETSAN T X AR RIEE R 75— R X775
FRGDEEE N 2 N ko B B2 —F B FHEIAT B ERR D, B9 T
RN RS (T B, —#h B WYY FRIEZO MEBHRERS. ® 7.1 R T —
FR B A, FRATAT DAER B0 — AR Z AL 5[

7.1: B#f

—REXERMEON S, B S — TR EMEG DL ro ZEF 1 FFEIER
TERWM/NT k, FHH E/NTEFH r FREFADTERE !

Veelyer=z<k<y (7.1)

B MPROX — BARHE B 2 D0, — R BREON S, s E n MTEM n+1 DT
IIRE, BRI — IR B, ICIRETCRN Ky, ke, .. Ky, DB b1, b, o b s
i 7.2 FioRo 1 R AR TTER AT oA 2 DA R A

K k| . k,

. AN

tn+1

t t

7.2: BT A

PRSI, TR AT DURTESE (key) FIN RZEBOE (value) o EAZAFR, RGN, A2 771 s RIME, Frifh
TRIFINNE R TR,

107
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o TEEEIBMA: by <k <..<kn;

o NTER ki, TH ¢, FEIFTETTRE/NT ki, FHH kDT ¢ PRIER
ﬁ%o

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

MR AE F R, 2ILRNEEN K, N B MHIEAEN BTree K 5
BTree<K>, WM, BAETE X —HMN LACREF B -

o A RH-TT S ECE AR R TR ;

o ESCRELA, RN B WY o NERL, BT R
- WEZEH 2d - 11ILE;
- BOER d— 1 DR, W RBIS,

Rl
d—1<|keys(t)| <2d—1 (7.3)
FATHEE N RUERIZ LRI AT PAGRIE B B2 P11,

O0. FEREHE 0 DITR B W, R/ANVER d > 2, TN he BRI RSN,
HENREVER d—-1 1R RPTRELEE—DITR WREH M, M=D
HWRNREN 1 T8, 20H 2d NREN 2 KF08, 20F 242 NMREN 3 1)
Tk &G, Z0F 24" NREN h BT R BRIRTT RN, 6 s EeR
PAd —1, B RHAFER TR NG Ry AEK:

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,

PRARTT RN AT AR & 2 2 4 BRI B (AT 2L AR A Jo b1 m] ARG —
#R 2-3-4 fif, BANCEECN d BIAEZ BN (d, (ks,ts)), KA ks BITRIIRK, ts B F
IR, NEEIBITFIERE X T B #H:
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data BTree a = BTree [a] [BTree a]

R RIEN (0,0) 8 BTree [1 [1, N T8RSN T RHEEE—1) d, A
EF B W ¢ HR—XHME (d, t)o

7.2 $HA

AR RN = AR AU, AN TR ZLFZ N TR, 2\ B ¢
ATER o I, BATMRT SOHE, EPOXAERAE 2 rE EMRTRE/NT o, TG
METCERRT 2o WNFZARHIHFTT R ([keys(t)] < 2d — 1), i = MAZALE,
AN, X BRI R ¢, AT « FAZ ¢,

=]
)]
’l’2“5‘8‘9“12‘15‘16‘17“21‘25"30‘31‘37”40‘42”46‘47‘50‘
=]
EICINY

’1’2HS‘8‘9“12‘15‘16‘17"21‘22’25”30‘31‘37“40‘42”46‘47‘50‘

Bl 7.3: 22 fAF 2-3-4 Bf: 22 > 20, AL T 22 < 26, il A — 1R T,
21 < 22 < 25, A ZIATHIIH-F17 5o

ZrEmE 7.3 FEY 2-3-4 MHEATTE © = 22, KN 20 < 22, BATEEEH M+
M, T 26, 38, 45, KA 22 < 26, FrARE FREMASE —FE 7/, B85 21 f
250 X DARIKIIHF 5, ¥ 22 FAZ 21 1 25 H[Al,

HARHFHREEEAH 2d - 1 MR, A o ERESFENITERE ZHEE B K
MU, FlanmE 7.3 #A 18 BB ENX AN, B 1A AR e AT 2, f
Feor R

7.2.1 AR DHR

TATAT DURF 2L B R 9 St AFHB 777 IR RS B i, SEAREIE B R PG
P, BT REAZNE SR E, R, WERRUA B T, BATE P xS A
ZICRMT JHAT 0. B oTh e R, F DAY AR S S A 2 80d b

29205 b, TR RF SN T S T i, 204 7.1.1,
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TCHRo

{full d (ks,ts) = |ks|>2d—1 (7.6)

low d (ks,ts) =|ks|<d—1

MREEE ZITEM DL, BATE X split MK EALALE m RN =#7, W0

& 7.4 fiiR:
/ k| o k| Ky Nt | o | K, \

t t

—]

s

K

=z
-~

pon=\Ey=an\

1 I i1 tyi1

B 7.4: FERLE m KRR =R

split m (s, ts) = ((ksy, ts0), k, (ks ts,)) (7.7)
BAMERAE—FEX (1.45) H7E XY split At RECRSZIL:
{(ksl, (k: ks,)) = splitAt (m—1) ks
(s, ts,) = splitAt m ts
R, BATTAT PAE S unsplit BREL, K =80 G HR—D B 7 AL
unsplit (ksy,ts) k (ks ts,) = (ksy 4 [k] 4 ks, ts; 4 ts,) (7.8)

NEAERBICR o AR ¢, RIS fix BEVH, fHBOVEECN d WETE
B ff:

insert x (d,t) = fiz (d,ins t) (7.9)
fE ins ZJa, MR R E AL MR, WL fic (EH split FH, FATRH
AR o

e () — {full dts () where (ko) =splitd e

otherwise : (d,t)
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BRI ins TREACTEPARE B0 6 T 79 5, FRATTAT DL AT 3 — &5 (1.11) B
AIFIR A N BRI EL insert RACTE; 0], BATHZIRBN GIERIALCE, 3BT TR A
N, BAITE XL partition :

partition x (ks,ts) = (I,t',r) (7.11)

Hh | = (ksi,ts)). 7= (ks ts,)o BHF—PHHAE—EX (1.47) & LR
PRI span TR 57

{(ksl,ksr) = span (< z) ks

(tsy, (t' = ts,)) = splitAt |ks| ts

XA, B /INT « BITCERMIFTAER T B AE 2 1, BT KT o BIEREA I ro
P RG— BT = BIFRIBHAEN ¢ 8 P RBADETHKE = AL ¢ 1, 40
&l 7.5 flRe

ins (ks, ) = (inserty, = ks, D) -1 R, BRI A

(7.12)
ins (ks,ts) = balance d 1l (inst') r HH (I,¢',r) = partition = t
kii<x<k
insert

/ o U I 70 U R S \
L 2 Lnt1
| ] ks b<x<k kLo |k,

/ l insert \

4 i t; lin Lyt
I r .

7.5 F z XI55S

[ ¢ A 2 )5, B REE ST Z LR, AEE B WFER AR T8 K
balance IBVAHBAT B

balance d (ksy,ts;) t (ksy,ts,) =

{ full dt: fiz; _

otherwise : (ks; 4 ks, ts; 4 [t] # ts,)
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He fix Y EECN d T8t R (4, k, to) = split d t, SRIGHIE—DH
B Ry R

fixy = (ks; + [k] # ks, ts; 4 [t1, t2] # ts,) (7.14)

TNHEABIFREFEIT B KA R

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.insert 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 1in
(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 # [t] # ts2)
where
fixFull = let (tl1, k, t2) = split d t 1in
BTree (ksl # [k] # ks2) (tsl1 # [tl, t2] H# ts2)

7.6 ZH TRAR B B, BENE R RIXE “GMPXACDEJKNORSTU-
VYZ” EF'E’JTE%HS)\ B M A5iE Y,

7.2.2 JEoriREHEA

FBRMITIRREBAR RN RO R A S AT ZITR, L LXK
—J7ik. BTRA NEITMAN, JBEEE 2d — 1 DITRT RN, TR HE N
=#Bor, W 7.4 FR. BT REREH d - 1 IR, BIEEA TR G A
BIEN BT R, TR 2, @ K(r) FRERZHITR, T(x) FRERSH 77
B 10 2 RIS « DITERN ki(flf), B RT RN t)(x)o NEAVRIEES ¢ MzEX
TR 2 AT

1: procedure SPLIT(z,1)
2: d < DEG(z)

3: x + t;(2)

4: y < CREATE-NODE
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SN

A C

D

Q |

C D G J K | M

N P

R

N

T

7.6: ARG “GMPXACDEJKNORSTUVYZ”,
F:d=2©234%), F:d=3

K(y) < [kay1(2), kara (), s k2a—1(z)]
K(z) « [k1(x), ka(x), ..., kg_1 ()]
if x is not leaf then
T(y) ¢ [tass (@), asa(@), oo taa()]
T(x) + [t1(x), ta(x), ..., ta(z)]

10: INSERT-AT(K (2), 1, kq(x))
11: INSERT-AT(T(2),i + 1,y)

DT R 2 = ti(2) B, BATREEE d DITR ka(x) M EEARTE 2o IR 2 B4
W7, EATTREMRIER B AN, St BATTTRZEMARTT AL, B TR MEE A
MBS R TIOE, MRATE & 2d — 1 DITRIVT R BIONATA RIS AR AL
B, FrART DARZ 32 4E EREITER, X — AR TR E e H TR R AR, T/ E,
QRERARTT AT, T 7R ZR i — 0 R, R SR AR T s E R ME— i, R
S NCRESI ST

function INSERT(Z, k)

rét

if r is full then
s +— CREATE-NODE

SPLIT(s, 1)

< S

1:
2
3
4
5: T(s) < [r]
6
7
8

return INSERT-NONFULL(r, k)

113

RETH

HHHE INSERT-NONFULL RIEAE NI AL r ANifie Q5R » B9 1, FA1H%
18 | AR/ INEHAE A ZIAE AL E (RS 7.1.3 ZREH & H THEA) . &0, &
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THREN—MLE, 15 ki(r) < k < ki (r), WERDE ¢ (r) 6T, BEBAT 2R, RJ54K
AR IY 53T DA

1: function INSERT-NONFULL(r, k)

2: n <« |[K(r)]

3: if r is leaf then

4: 141

5: while i <n and k > k;(r) do
6: 1 i+1

7: INSERT-AT(K (7),1, k)

8: else

9: 147N

10: while i > 1 and k < k;(r) do
11: 1+ 1—1

12: if ¢;(r) is full then

13: SPLIT(r, )

14: if £ > k;(r) then

15: 1 i+1

16: INSERT-NONFULL(;(7), k)

17: return r

X—BERIEAN, %> 7.1.2 BRMEAEIMNERRIZEIH, B 7.7 A1 TGN
“GMPXACDEJKNORSTUVYZ” BRI R,

N =
~

B 7.7: RAEN “GMPXACDEJKNORSTUVYZ?, F:d=2(2-34%), R: d=3
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7.2.3 HIFEX

BRI RN, BATFEZMNE —NITRITR, FRPIRKEEA M E, R
FIECRAF i, BATTR] PAREF 0 &K, AT AT RSB, IRIETCRATR
INETEBR A TRENE? BATTRT DK B AR o =80 R T o B, R ZE M
LA ro HApZEAMERR TTR/ TR (ki t;) B9, FEAIRT, 2200 1 27
Wo 1T r 200 ¢ SN SKHBERGEER, HA— DN 7.8 FoRB S, BT A
N R E RS

v TN

4 iy 14 tiv Lo+l
l t r
e " Ky tir) (kis 1)
t 1
t; head tail
i Gt | | s i)

r

K 7.8: K B WFETRANEN T o B e MM —X513#%

NHEBIBI TR RS E T B TR EEE NS, S WA =8 =M
WFPH OTR, T80 IR, PRI 728, A CTR, F2805R, B
PR (1T, 7)o

data BTree a = Empty
| BTree [(a, BTree a)] (BTree a) [(a, BTree a)]

IR EN— 0, TAIM r PEEE —XHE (k,¢), HECA —X (k,¢) BT | B9&
A, ARG ¢ B o MIERSSIRDERS HONAR, e ATH#R A T 25 i Al

stepy ((k,t) = 1, t',r) = (Lt (k,t'):r) (7.15)
step, (LY, (k,t):r) = ((k,t'):1,t,r)

MR AR SN, Tl TA] PSRN 73 EREL partition p t, IR p £ B 0 ¢ 0B/

HE=RD: (L,m,r)e A LB EFN m R p, T r PRI E, € X
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-

¥ hd = fst o head, ©MNFNZRHAEUNE —XME (a,b), AIEFEIREL a0

p(hd(r)) :  partition p (step, t)

partition p (&,m,r) =
otherwise : (&, m,r)

partition p (I, m, )

(notop)(hd(l)) : partition p (step; t)
otherwise : (I,m,2)

p(hd(l)) and (not o p)(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)

4N partition (< k) t ¥ t FEEA/NT k TR EELGMN, FHEAIHF
BRI 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)

BATHRT AR step,/step, WEFLZITRITRAENE d Ff0. 2 n=|I| &
MBI TTR /T B BE, [ (x) TN ZR o EEN AR f 3 n X,

n<d: sp(step?="(t))

splitdt=qn>d: sp(step?~4(t)) (7.17)

otherwise :  sp(t)
Hrp sp BEATON RRY 704 :
p (It (k1) 1) = ((I,t,9), k, (2,1, 1)) (7.18)

FIH partition F1 split, X TR FRH B #f, FAI] LE X HIEAE L, &
SEBANIFREBN B EETZ., /e EavH:

full d @ = False

7.19
fulld (L,t',r) =|l|+]|r|>2d—-1 (7.19)

|
low d @ = False

7.20
lowd (I,t',r) =|l|+|rl<d-1 (7.20)
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WMIEFCH d 1 B W ¢ ATTE o I, BATESIEAMEA, RGHBETETE
Ay ) -

insert x (d,t) = fix (d,ins t) (7.21)
MR REALZ TR, W fiz £ E d FHIR:

: H — enli
fi (d1) = fulldt:  (d,(2,t, [(k ta)] B (t1, k,ts) = split d t (7.22)
otherwise : (d,t)
BRE ins TWEAH ¢ = o T t # o WAMEDL, X280, BA BEr i — By it
FHRGENEH (1,t,r) = partition (< x) t EAEEFHAAE :

ins @ = (2,9,[(z,9)])
, t'=o: balance d1 @ ((x,): 1) (7.23)
mst =

t'#@: balance dl (inst') r

FREL balance Ko 2 0% t BB B Z 0 E2H TR,

full dt: fizFull
balance d 1t r = (7.24)

otherwise : (l,t,r)

o fizFull = (1 ty, ((k,t2) : 1), (t1, k, ta) = split d to RNEMFITFREFLEH T
AR

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)
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g3 7.1

7.1.1. BATVRERIDAN < 18 B EHEEILR?

7.1.2. FEREIAHER S PR EHAA " BIER R,

7.1.3. BAMEALEEBRGTTRBANN B, HEH =& ay S NL BT
itt, BIRERERRTTA?

7.3 TR

AR UK — R EREEY REISHEZ 17 H B . —XHEHR A
BELAWDTIA,H B WEZ NI, BIEE BWt = (ks,ts) PEHITE k, (R ¢
ST 1 (ks =), MR A A A REH S, FATH kR ¢ X539 =505
I = (ksy,ts)) t's 7= (ks,,ts,), HH I MIF08 ¢ PRIFTETCRE/NT k, i r HHHY
FRETLRERNTHT ko WK r PHE—DITE ks, FT k, BATERE] TR SNIFK
INBIFHAE T H ¢ P&,

keks: Just (ks, @)
lookup k (ks,@) =
otherwise :  Nothing
(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 %L safeHd E X 9:

safeHd |] = Nothing
safeHd (z : xzs) = Justx

NHERB R K T AR,

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

XFFHNRNS S, EEZ RN, AR S, FATH S < K7 AT 0 R
JEREAME DR —NTRBEET b, SIS TER:
lookup k & = Nothing
{Just k = safeFst (safeHd r) : Just (I,t',7) (7.26)
lookup k't =

otherwise : lookup k t'

Heb (1, r) = partition (< k) t BRI, safeFst ¥eREL fst N Z
“Maybe” BFE &, FHEBIGIFAZFEA T fmap RIEI:

SsafeHd fERLEfRFEF DL 1istToMaybe $2{H
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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'

KT SUSEBL, BATTMART A r TFA8, BREULE i 6615 ki(r) < b < ki (r)e 0
S ki(r) = b, WORE A r FIZRF] 0 AURAMERS s E50, BT TARBAE T4 ¢, (r) Pk
SEEIL, WIS R, IR Ak AMEH T, MR EZEE R,

1: function LoOOK-UP(r, k)

2 loop

3: i+ 1,n <« |K(r)

4 while ¢ <n and k > k;(r) do

5 t+1+1

6: if i <n and k = k;(r) then

7: return (r, 1)

8: if r is leaf then

9: return Nothing > k NMELE
10: else

11: T t;(r) > RSB | BRI

g3 7.2
7.2.1. fHH ZERSOEmSAEKE L,

7.4 B

ER TR, R ATRERDN TR AN R TCTRTH & B MAYE K, FRARTT RN, TEREL
ABENT d — 1, Hp d B/ NER NIRRT, TAIBA R SR
BE. oI HEMER,

7.4.1 SelHERPHEE
BATE S e — AR RMAUMPR R IR 2 D0k, RJEHEE B RirFiitt, &
FEHEM
delete z (d,t) = fiz(d,del x t) (7.27)

HAP L del BN Z 0B RAEIMBRRE, W5 ¢ 2770, BT RITR
FRHIER o5 700, BATH o FEMXI =80 (1, ¢, r)e HA IRt BIFTEITTE/NT o,
il r FHRHRITRRTET () zo WER r A%, AT HPRIE—DITR k), A
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BET oz (k= o), BOHE R FEIRATTR K (K = maz(t') B
kio SRJGIBITHIM ¢ FRHER &7, 4N 7.9 R &G NZEE k; # o), BATTEVTH A
t' HIER .

delete x

ky | oo | kg NeEX [l | K,
/ replac‘:‘e k; withk

deletek’

tl tn+1

k’=max(t,)

7.9: K = maz(t') Bl ki, SISIBITHOA ¢ MR '

del x (ks,@) = (delete; x ks, @)
ol o ¢ Just x = safeHd ks’ :  balance d 1 (del k' t') (k' : (tail ks'),ts")
el x =
otherwise : balance d 1 (del x t') (ks',ts)

(7.28)
Hr (1,¢, (ks',ts')) = partition x t, BH « BATRIZTHI =37 FATA] DAgk—
WMt RS ERRITER ko BRI max B XU

max (ks,@) = last ks (7.20)

max (ks,ts) = maz (last ts)

B Last R ARG — AT (BB (14)), delete, B8 (1.14)
oh SUBIRIMBREERL, tail 459 — Ao 20, FRIR IR FI7E 28 (1.1),
TR T T B BRI A S 2 U balance BRI, QISP HITTEAD, 9t
HET B F,

full dt: fizy

balance d (ks;,ts;) t (ksy,ts,) = < low d t : fix (7.30)

otherwise : (ks; 4 ks, ts; 4 [t] H ts,)

Rt PRTTRAR (< d — D, BATEA fiz, SEM (ks ts) BHEM (ks,, ts,)
G CEBE— DA NZHD . DIEEMBE]: FRAIM ksin ts) FEHBRIGIIITTER ks o
SRR unsplit (X (7.8)) 80 t &I unsplit to, k to HE—DEHEZICRAH
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I BJa, BATEOIA A balance BRIEHIERLZH B B,

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)
ERESE—MIER ks = ks, = o, WUE NS, X2 —REA— DR,
THTH—HBE, kMt 35002 ks, Fl ts, FINE—DNITR, BEBRINMESKUILHTHE
ANFIEHE X fio BREL, AIAMMBRAAEFRIZ A -

fix (dv (@, [t])) = (dv t)
fulldt: (d, ([k], [I,7])), FeH (1, k,7) = split d t
otherwise : (d,t)

fiz (d,t) =

(7.32)
b, BATESRATE A — 55 ARMER G, R R RS — 8RR, F-ATTAT A
a0k =, R e — P PR E T BRI BB AR S T MR

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' in
balance d 1 (del k' t') (k':(tail ks'), ts')
else balance d 1 (del x t') r
where
(1, t', r@(ks', ts')) = partition x t

fixRoot (d, BTree [] [t]) = (d, t)
fixRoot (d, t) | full d t = let (tl, k, t2) = split d t 1in
(d, BTree [k] [t1, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| Tlow d t = fixLow
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] # ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] # ks2) (tsi1 # [t1l, t2] H# 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

BATRFIZXS B WEIER BTN ESR >, & 7.10, B 7.11, & 7.12 #853E T HIER
A+
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B 7.11: MER <C, RIEMIER T

N

G N Vv
M

D s Vv

7.12: MIBR K, RS MIRR ‘N



74 OO 123

7.4.2 FREIFEHEMIER

SR ER TR RN AT, AR, FEMR ¢ HBRTE v
AT Mt FR I B AT

0L 1 WR o FET ¢ WoTEA, HH ¢ BT . BAOTTAESR ¢ B 2
HBR. 4N ¢ R AIIE— L (R, WIEFFE— B E,

Mol 2 (R o FAET ¢t N EA, H ¢t REMF A, MHFEE =fTI1F0:

0L 2a (G0E 7.9 FiR, 2k = « BETIKTTERN K, A K = maz(t). Rt
SHEEBHITTE S O, TMH K&k, RIGEIIHM ¢, IIER &/

10 2b (4GNSR ¢, PHITEANE, B2 TR ¢ SR RBHITTE (S ), MR,
BATHEARTTE K = min(tiy,) B &, RJFIBEIEMM ¢, FIER &7, & 7.13
FliRo

delete x

\

ky | oo | ki | kExe k,
/ ” delete k \
t replace k; with k” i l ty

k"=min(t;.,)

7.13: FH K" = min(ti) B b, RIGEEVIM ¢, HIHER &~

T80 2¢ (e ¢, F0 tit1 E"Jﬁ%%BT\E(HZI = |tip1| =d— D, BAE e o, tit1
BN BEEE 2d — 1 DLk, ATAL MR, iE 7.14 Fis,

t/
krl, oy

x:ki

K Ky ooy K k; K", o K

7.14: JEAFFEMIER

AHERSRTTER b AT R ¢ Kt ZEE RS HEITR), Wk 2 e
AU —TC3R, HH tin ti BOCHERIPERFB. TATTA] DURFI Y e EEAR R, 401l 7.15
FI7Ro

oL 3 AR ¢ TR E o, TANHEEBAHAESE N 5087 ¢, HHIBR 2o 40
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K"y Ky Ky, okl k| KM,k

Ky, okl

Ky

7.15: GRS

Rt FHITTRAE, BAIFHELFH A FE

Tl 3a (AR t; B DB R b1yt PREM—DEERBHITTR (> D),
TNV ¢ HEI—DITRBE ¢, RIS R BT SR B — N TTRE LR ¢, KR+
BN tio WE 7.16 AR, ¢ RIS —DILR. 12 PAREBVAHM ¢; HHHIER 2o

ki
A
L i tit1
k' K (___'_"‘ T Kok k"

/ 15 e Kd-1 \ / K2 s Ky \
a1 tq " Uit
v
klll

/ k'l’ ey k’d_] ki \ / k”Z, s kum \

] t'd i t" t”m+1

7.16: WEMEEA—PITR

THOL 3b (AR DML P RITREAE ([t | = [tiga| = d — 1), BATR ¢,
t FH— IR, FE—HBT R EFF R — TR, B 7.17 for. RJE MM
HOHBR 2.
RHH DELETE PRECEIL T /e & 3 B MBR B %
1: function DELETE(¢, k)
2: if t is empty then
3: return ¢
4: i1, n<« |K(t)]
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

21:

22:

23:

0

k;
/ k’l’ () k’d—l \ / k”l: ey k"m
tll t’d t”l
v
t/
/ Ky klar | & K, KT
t'l t’d t"l

717 B tin ke tig

while i <n and k > k;(¢) do
1 i+1
if k = k;(¢t) then
if ¢t is leaf then
REMOVE(K (1), k)
else
if |[K(t;(t))| > d then
ki(t) < Max(t;(t))
DELETE(t;(t), ki(t))
else if |[K(t;11(t))| > d then
ki(t) < MIN(t;11(t))
DELETE(t;4+1(t), ki(t))
else
MERGE-AT(t,1)
DELETE(t;(t), k)
if K(T) is empty then
t <+ t;(t)
return ¢

if ¢ is not leaf then

"1

"1

125

> B 1

> [H 2

> &M 2a

> &L 2b

> TH 2¢

> AR
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24:
25:
26:
27:
28:
29:
30:

31:

32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:

43:

44:

7.3.1.

. OO0 BO

if k£ > k,(t) then
14 i+1
if |[K(t;(t))| < d then > B0 3
ifi>1and |K(t;_1(t))] > d then > TE 3a 1 /2
INSERT (K (t;(t)), ki—1(t))
ki_1(t) <+ Pop-LAsT(K (t;_1(t)))
if ¢;(¢) is not leaf then
INSERT(T'(t:(t)), POP-BACK(T (t;-1(t))))
else if i <n and |K(¢;41(t))| > d then > IH 3a i f
APPEND(K (¢;(t)), ki(t))
k;(t) < POP-FIRST(K (t;11(t)))
if ¢;(t) is not leaf then
APPEND(T'(t;(t)), POP-FIRST(T'(t;+1(1))))
else > TH 0 3b
ifi=n+1 then
141—1
MERGE-AT(t,1)
DELETE(t;(t), k)
if K (t) is empty then > G iR
t < t1(t)

return ¢

Hrh MERGE-AT(t,4) ¥ t;(t). TCER ki(t) Kt (1) EFHFR—DHT L

: procedure MERGE-AT(t, 1)

x + t;(t)

y < tiya(t)

K(2) « K(@) 4 k()] + K (1)
T(z) + T(x) #+ T(y)
REMOVE-AT(K(t),1)
REMOVE-AT(T(t),i 4 1)

83 7.3
BAEARTTHER THIRF R ERKITE K = max(t) B HRZEMERAI T

2 k, RJEEIAHAE ¢ FPRHER Ko JEA RO AR VT TR R AR e Y
BR/NTEERE ko WEKRILX—T71%

7.3.2. KBNS B MHURHPRETXR,
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7.5 gk

B PR = SRR R EI 22 0B, HRE T AHIEH IR — NEE N, B A
FIRAERIRE RV (1) 58 18 B) o BRI D RARE 2. 10, IS DLERRE,
R LRV ERRFORR A = B R EL I, X T 878 n DT R B B, HAEREDY O(1gn).

7.6 Kbt Bl
B A5 X

data BTree<K, Int deg> {
[K] keys
[BTree<K>] subStrees;

ST R

void split(BTree<K, deg> z, Int i) {
var d = deg
var x = z.subTrees[1i]
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, vy)

Bool isLeaf(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)

BRI T R

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if disLeaf(tr) {
orderedInsert(tr.keys, key)
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-

1} else {

Int i = length(tr.keys)

while i > 0 and key < tr.keys[i - 1] {
i=d-1

}

if isFull(tr.subTrees[i]) {
split(tr, 1)
if key > tr.keys[i] then i =1 + 1

}

insertNonfull(tr.subTree[i], key)
}
return tr

B0

HH orderedInsert &7l ATTERIF| R,

void orderedInsert([K] 1lst, K x) {
Int i = length(lst)
1st.append(x)
while i > 0 and 1st[i] < lst[i-1] {
(lst[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 1isLow(BTree<K, deg> x) = length(x.keys) < deg - 1

IEREK:

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
} else {
tr = tr.subTrees[1i]

-}

I 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)
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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 = t1 // shrink height
}
return t
}
if not disLeaf(t) {
if x > t.keys[n - 1] then i =i + 1
if low(t.subtrees[i]) {
var tl

= if i = 0 then null else t.subtrees[i - 1]
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 disLeaf(tl) {

insert(t.subtrees[i].subtrees, 0, popLast(tl.subtrees))

var tr

}
} else if tr # null and (not low(tr)) { // case 3a, right
append(t.subtrees[i].keys, t.keys[i])
t.keys[i] = popFirst(tr.keys)
if not disLeaf(tr) {

append(t.subtrees[i].subtrees, popFirst(tr.subtrees))

}

} else { // case 3b
mergeSubtrees(t, if i < n then i else (i - 1))
if i = n then i =4 - 1

}
delete(t.subtrees[i], x)
if empty(t.keys) then t = t.subtrees[0] // shrink height
}
}

return t

BIF R, KRB, /T,

void mergeSubtrees(BTree<K, deg>, Int 1) {
t.subtrees[i].keys 4= [t.keys[i]] + t.subtrees[i + 1].keys
t.subtrees[i].subtrees 4= t.subtrees[i + 1].subtrees
removeAt(t.keys, 1)
removeAt (t.subtrees, i + 1)
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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]

iy gl




FHINE U

8.1 EX

HESE —FhH W BEEESE A, A DA ORAR 22 SERR A, B AEHER . A /e dnyi
FE. SEHIEIEREN, G Z M, e WA —Rhis i R R R — O 1)
SEINHE, VR AR R AR XA SEIHERY . B R.W. Floyd 43 Y @R F &
BRI TIXALB 0, ARG E URHR I, BREEH SN, Ethn] DA e
CERPRSEIM, ARE A FRATTS N AEARLE oy — AR SEER A HE, B0 45 /e S HE (Leftist heap).
#HfE (Skew heap). fHHEHE (splay heap) ', —MNHESCHSS, A7 6 & T o] EER K/ NG
TR B E — SR MEBUFE LT =R

1 PR HETUS RS B/ VTR

2. SRR PREOCR, FHORFRHERIPE BT BRI T R R R/R T R/ MY ;
3. AR TR MAMED, FFREFHER ML ;

4. HERE QA FFPNHE) AR A BT

F e R AT AL, AT AT A HETE (R 7 IR TT R BATARTIER R A7 iR/ VTR
AR NI ME, THORE OR 17 B R TT R AUHE ) R TiHE, AT DARIARORSEIIHE, R/ (BldR
R)TCRE TR R RECHET TR, 7] DB R BT PR EdE, T M
BRI, RERRTT s IBR, 285 M0 BT I o FRATTARE A = SO S B HE D
TXHE, AEANE=RORER

8.2 HIEEHIBIAYKE X — S

BRSO R, ERBEHRR R R X, AriEEe—
S, R TLP A X, TREEDY K RIS 28 — 1 DR R
MTRM BRI, NERMGHEN 1,2, ..., 28 — 1, MSER = XAHRYRE 2 i B9 A
5 — X85 00 ¢ BT RAERFRROALEAE R 584 = REAY 1 A BRTE B
NHEHATHEEEE T, B 8.1 Al T —RER XM NABHRRE X, H
TR, M i NIRRT R, BT REMEE [i/2) T

131
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2, TR 20 DILR, A TN 20 + 1 DR, MRT T RHRGEH
THARKE, FIEAESH MR 58 (BIANH 515 50 o BRI Z R F R AT A
TE AT (B RTIM 1 48D

6 14 10 8 7 9 3 2 4 1

1

8.1: SEA XM EIEEH AT

parent(i) = L%J
left(i)  =2i (8.1)
right(i) =2i+1

A RIS TR] AT DOEIE s RS, WA TR A R B+

8.2.1 HE§#x

HEVREE ' R AP HEVE AR, (ESHENUTR M (SR R) . BT HEE ERIEL
PEARLE — R, BATTRT DAA A AR 1, ZR1SG — MESRAOHEE R (15 AR 71
AORRTY AR iR A/ (B RO B AR B AR AT AR AR — 74, fRT Bt L, AT
FIE/NTHE, T B RORI SO RS EE TR 4, BAOGE « MR 719
RHEERGEANT (>) Eo QRN R NZZH, f1G AT mUS R A7 S ME ], FFR
PL i MARKIATE TINEIHEEX MR, a1 NRTRE ST HEA RO AR :

1: function HEAPIFY(A, 1)

1Heapify, HIEIEHEA,
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n < |A|
loop
s > s FEATER/)
| < LEFT(7), 7 < RIGHT(7)
if | <n H A[l] < A[i] then
5+ 1
if r <n H Alr] < A[s] then
547
if s # ¢ then
EXCHANGE Ali] +» A[s]

—
@

—_
—_

14 S

H
»

else

—_
w

return

X THEH A RG]0, FEVETER Al BF19 5B R EE BN, B, sk
INKTERIRFFAE Ald], FRARARRITR AR 11, A B TR M AR50, (115
Pl TR R HEME L. HEAPIFY RN RIE 24BN O(1gn), HH n 2ICR ML X
2 R BIE P B PR B 72 & — WS ERIE b, [ 8.2 #iIR T HEAPIFY MR
51 2 FFah, HRR/NTHEEREEA (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] F20 0, BEHREK
THH (1, 3, 7,9, 10, 12, 14, 15, 13, 16],

—
L

8.2.2 HyiiHE

] Heaptey, FATA] DAMERE B AIE H e, WIS 52 & — & 2 A0 REL
H:1,2,4,8,.. #2 2 WEERE, E—HISNERE—ZR. HTRA—ZH, &5
BRZEH 2071 DR, Hb p B2HE1G 20 — 1 > n BIR/NVEEL n BEHANKE,
HEAPIFY X1 fONEMEH, BN A E A R 1o FABd 15
R, M= 3T RO IR R ITTAl BT HEAPIFY, RS — 0 1T ARG IR
T n/2]o FRATATLOR AN NHHEAE RIA:

1: function BUILD-HEAP(A)

2: n < |A|
3: for i < |n/2] down to 1 do
4: HEAPIFY(A, 1)

R Heapiry IEZEN O(lgn), (B2 BuiLp-Heap IEZERE O(nlgn),
MRLPERTA O(n) B9, FATBKIE T ATARIMF1 5, 2 A 1/4 BT LT FA)
TRE—IR &2 H 1/8 BT R M MM &2 A 1/16 AT ROt
] RRE BN =IR....... B3k AR S HRR Oy -

1 1

1
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& 8.2: HEHEL, B—4: 13, 3. 10 FE/IMEN 3, 58#t 3 «» 13;% —4: 13, 15, 9
FRiR/IMEN 9, 33 13 «» 9588 =2: 13 N7 5, THEESE R,
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K ERSE L 2
25271(%4—2%—!—3%—1—...) (8.3)
ISt (8.3) MER (3.2), Tl
25— 5 — %+(4—i)(%—2)+] B — TR AR
S = nly+gtgted e L 2Ty

= n

K 8.3 IR T MWE [4,1,3,2,16,9,10, 14, 8, 7] A3t/ NTER SRR, BEAERRIN
1T HEAPIFY AU BFRTY R IR ERIRIATAZ BT T 5

8.2.3 MERJIEAERAE

HERG I AR R R DR EIVTEE, 94 H TR, -8/ (BEoR) BRI & IR, UV
WifErp R — e R (B R RTHEHHE —Te3R), PARIBRARTICR, M = XS HE
Hh, AR RORAE T THERTCER, BN N RS —ME:

1: function Topr(A)

2: return A[l]

S HEDT

TS, BRI RITRNR A RIS, XA TR T = SR AIAR T A,
REB T AR — PRRPIRRUEE A, O T IEGRIX AR O, ATTAT DU RS ER A £ KR
FIREICR A, S5 R B BRI —, 1A 2 MR AR K. e
FH Heaprry VRE MR :

: function Por(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(A, 1)

7 return x

MEEH IR FEMHERTT 2R (7R RN TR, SR8 H B (R AN TR 2 2 EE IR T HEAPIFY,

77 0(1gn)o

Top-k

EESE pop, FTRAKH—HITRARIAET & DR/ (Bl K) |
1: function Topr-K(A, k)
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IS

2 16 9 10 14 8

K 8.3: fiEHE, (DKE 16, ERTFF IR 7, 16 « 7; 3)KE 2, Elt 14, 8
#R/N; ()RR 3, B L 9 F 10 #/N; (5) KR 1, Bk 2 A1 7 #B/N; (6) KA 4, 1 b4 7013
BN (DR 4 15 (8) KM 4 2, 85T,
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R+ 1]

BuiLpD-HEAP(A)

loop Min(k, |A]) times > K 76 R U8 e
APPEND(R, Popr(A))

6: return R

RIHMIL gk

HER— R AR SEIUH A L e R S5 VA RE, FRON “RSeRIAA”, Ko TR AL
FRAIESS TRNHER, BERMHETIE L e e s R S5 U T, N TR BT HER Y
HAMESS, /] DSRTHE RIS e, X T/, IXERE BN TTRIIE, 1A 8.4

AR,
() ()
OO OO
OBNORONO OBNONONO

(1) ()]

) (4)

8.4: K 13 U 2, 2585 9 Rk, ARG 3 ik,

B/ NVINTRHERR RSN TR, ATRESBOAHENE . X TREHFRRE =X, 218
KITCRRS O @, FHEEE B R _E R N BT, BN RIS 2N O(lgn).
1: function HEAP-FIX(A, 1)
2: while i > 1 and A[i] < A PARENT(7) | do
3: EXCHANCGE A[i] <> A PARENT(?) ]
4: i < PARENT(7)

A

A] AR Hear-Fix REEHEA LV, DUNTERA, SermBEAREBRIFTE k,
M Hear-Fix JH%:
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1: function PusH(A, k)
2: APPEND(A, k)
3: HEAP-FIX(A, |A])

8.2.4 HiHb®

A DA HESCERHE RS . DA/INTTEDR 1], MRFHERP TT 3R A — I, S AHE TR
Wi/ NTR, SRS TIPSR, GRFHERRITTRA o A, WEHERIR B S 22
O(n)o HTHMBIENEINEN O(gn), FHHIHITT n ke RILERIN RIS % E
M O(nlgn)o HTBAMEM 7RI PIIRFBHFEER, R REREN O(n),
1: function HEAP-SORT(A)

2 R+ ]

3: BuiLp-HEAP(A)

4 while A # [ | do

5 APPEND(R, Por(A))

6: return R

Robert. W. Floyd Z5tH 755 —#SCEl, EES B — M KIME, # Tk, K
A R TT R R BT R M, X R R TT RS T HEF G IERRAE, 1
JFRTEAR BHITCEZ R TH AT, BATREHER K/ NE—, RIEHIT Heariry 1K E
HERI MR, EEX IR, BFIMEROCH T — TR, X—HBEE R THIMYZEL,

1: function HEAP-SORT(A)

2 BuiLD-MAX-HEAP(A)

3 n « |A]

4: while n > 1 do

5 EXCHANGE A[1] <+ A[n]
6 n<n-—1

7 HEAPIFY(A[L...n], 1)

#3 8.1

8.1.1. HEH M —FSLHLFEHIHEHE 7 RIARTE : 55— D SE MRrHE P B — D R/ N HE
A, IR, B —ICR o) EREIERIINE 7o 2 TR, FFRRIITE (a2, as, ..., an)
YR DHIHE, T ap FHEPAIT HEAPIFY, BEEIX—MNEMAG RS ERTEK
P, X—J5IRIERA?
1: function HEAP-SORT(A)
2: BuiLb-HEAP(A)
3 fori=1ton—1do

4 HEAPIFY(A[i...n], 1)
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8.1.2. KU, r] UE B A MG HAT k 38 Heartry SKRIZE top-k HIEA?
1: function Topr-K(A, k)
2 BuiLp-HEAP(A)
3: n < |A]
4 for i <+ 1 to min(k,n) do
5 HEAPIFY(A[i...n], 1)

8.3 JrimHERIRIHE

RN B A R R SE R, Yo TTOC RS, BRI R AAW
R, EATTES 2, WA 8.5 FivRe FATUMPKE BT IR & FH R — MHENE? HEREE
HEME DR, BT AR T R R R T B /N, BRATTAT PASEZA MR R IS 0 R Y
ghER:

B 8.5: FHHET (MERIRTY ) )5, SFH A TR —

merge(d,R) = R
merge(L, @) = L
merge(L,R) = 7

FEAF WA I, BT e TRAR HE, & B AARTY SERAE T &/ TR,
FATAT PALLER VR P AR, IR B/ N — MEN B ERIR. 2 L = (A, 2, B).
R = (A,y,B),HE¥ A, A, B. B #2FM. Rz < y, 2 LEHHIR, Al
AIDAMREE A, RJe@It &3 B 1 R; B R B, BIAME I A R R, FAYHERT A
9 (merge(A, R),z, B) 8% (A, x,merge(B, R)) Z—o M/NHSAILA, 28 T s, Frfi1A]
DUSERRG T T AT, IXRERIHERR 9 e HE (Leftist heap).

8.3.1 Jifwk

{56 e A B SR HERR Ny A (b, 7 (iRt B 7L C. A Crane T 1972 E5 I A1,
PPN RHEE T — DR, WFRME S H, T RAERZ BB NIL 75 SRR,
i NIL 7 RRIREET 0. W0l 8.6 AR, BEESHRTT & 4 B RIM+17 500 8, AT MR
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RAEIFEY 2, 6 F1 8 #H 2, BRI 1. BT A 5 A FIMA N, HiZ
ERA TR, RIS T 1 ERRE, JATATBUE X EFHRIBIT, il e AT H)
ﬁ%%”j‘ﬂ Tin Tp -

8.6: rank(4) = 2. rank(6) = rank(8) = rank(5) =1

1. R2&H4aTH;
2. i1 < 1y RHIEAS T
BATFRIXAFER & RGN “ Lefm e s ARG R U, 78— B A m vt o, 2354 NIL
HRFEEE B AN, 7wt S AN -1, (H2 e n] AR P — SR E R
M 8.3.1. OO T TO 00 daaog -~ 00 NIL, OO0
00 [log(n+1)] OO b
AN E B TUERR M DO, MRIE e B, 1R X — B AR TR R B, B AT
PABRIE O(1gn) BB ZRE, FATTAT PATE Z R EEA B35 In— Mk E e fmv, 1d
=N (r, L, k, R), 7 AIFRAFE, TR, JTTRE. G FH:

data LHeap a = E — =

| Node Int (LHeap a) a (LHeap a)

TE X rank PREGREITT AR,
rank @ = 0
rank (r,L,k,R) = r

i
N T EIEIF, BME X make PREECEEA TIIRR, I 22 # 7 PR 72 i 1k
}D"io

rank(A) < rank(B): (rank(A)+1,B,k,A)
make(A, k, B) = (8.5)
A0 (rank(B) + 1, A, k, B)
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BNERT A, BRITTER ko #H A BIBESN, WH BIENEFR. ATENGT
Wo BTN RBIEA rank(A) + 1; &N, B BIRRESN, B A 1B EFRE, B ENG
T BN RBIREN rank(B) + 1o BB W NEREE Hy 1 Hy, BAIAZN 2 501d N
(7“17L1;K1,R1)\ (TQ,LQ,kz,RQ),FE%@%&%XT@#@VFI

merge @ Hy = Hs
merge Hy @ = H;
(8.6)
k1 < ko : make(Ly, k1, merge Ry Hj)
merge Hy Hy =
A make(Ly, ko, merge Hy R»)

merge RTEA T LTI, e (mIERS DARSF. IXFERLARIE T RTAR E A4 E
N O(gn)o [EIFR_ES, {5 FEEH SEERRTHECE R 2R O M IEREIR ST, FF HANTHRALAY
EEEF RS Rif, (HREIHRENN RS A EHNEMENE O(n), FAIFHE
R EEERGER, REE TR,
1: function MERGE-HEAP(A, B)
2: C + CONCAT(A, B)
3: BuiLp-HEAP(C)

M merge BREX, ] DASKIRELA B HEIRE,

5t TR
AT PATE O(1) I TR NERBUR Y s R AHE T T 2R (G A AN ZS)
top (r,L,k,R) =k (8.7)

SEETE S, A G TR EH v — i, S AN RN S 2% E AT merge 1H
[E, 2 O(lgn)o

pop (r,L,k, R) = merge L R (8.8)

A

FAFTTCR kI, AT DA kA3 H UG — D71 s B, R e R e & I F 215
AR

insert k H =merge (1,2,k,o) H (8.9)

5 AT BT insert k= merge (1,9,k, @)o IXFEFR A BN A % E
WAIEFHHERE, 9 O(lgn)e FATA] DL —DHIR PRI TTEMIRIA N, MIIEADIE 22w
#e, B 8.7 A T — MG L mHERI B o

build L = fold, insert @ L (8.10)

X AR TE N build = fold, insert @
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8.7: MHIFK [9,4,16,7,10,2, 14, 3,8, 1] Fit /- w4k

HefHE

B DA, e — D e i, SR05 AT HR HHE TR Y B/ e 2Rt m] PASK
BUHER -

sort = heapSort o build (8.11)

¥

heapSort [] = |[]
heapSort H = (top H) : (heapSort (pop H))

RO RN 1R, FHF HAGA M 1 n R, RIEHEFRIEE 2N O(nlgn)o

(8.12)

8.3.2 #Hik

FEARMETE S LEE I R 2= A N5, QN E 8.8 Fiie A (skew heap) &2 —
i B VRS, BRI T A (mE A SER R & TR R UL U, M e (R e
AIRR/NT A, WA A A T, (ERIX — RIS AN REIR G AR — 7 X & H — 1 NIL
T ENEN: REWMEZ R, EFRERN 1, BRI T IR SIRE A
T

AR R (skew tree) SCERIYHE, RURE —FPRFFRIN XM, S/ NITTER
AR R, BARTFREE — R, EARIERL, AT LB E = XRE 3
MEE A2, 802H (L, k, R)o

data SHeap a = E — &

| Node (SHeap a) a (SHeap a)
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8.8: MFFI [16,14,10,8,7,9,3,2, 4, 1] FI3ER A e

&I
U FEPRRIES RN, S5 oY 5, SRR MO RIS SR
KRICEMMEFEFIE— T b, BEEHEASA TR, STRIEE TR H, =
(Ly,ki, Ry Hy = (Lo, ky, Ro)o H5 ki < ko, 8% by PERBTIINR. FRATTRERT UK H,
M Ly &3, AT Hy M R, &3, AR, Bll1&H3 R, b, RiEsHrt
TR, BIGIIEERN (merge(Ry, Ha), ky, Lh)o

merge & Hy = Hy
merge Hi @ = H;
8.13
kl < kg : (merge(Rl,Hg),kl,Ll) ( )
merge Hy Hy, =
A0 (merge(Hy, Rs), ks, L2)

AR, LS, PRECR 58 H TVTER AN A2 (A — FEIE IS & 7R SC B, R
RIRHECERE P A, 4 RATI SRR — PRI T ) — KR, 4Nl 8.9 A,

8.4 fHijEHE

7 ff SRR R B T = SO SEE A #E . 4 RRE — SOBHS  — SARRAN, U
N (B R) TERMA AL TR e BATHEE O(lgn) I RIRIKER /) (8URK) 7T
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& 8.9: HEFFA (1,2, ..., 10] FIERI R

Fo MR ZIWRWAEE, MERES TR, &IMBI T XIBILN O(n). REFLAH
ZLRRRRORFF A, (AR ML T — AR R RAYSLINT7 15, (SRR ) 1, i
JE ISR R ABLT- 5 A7 HO SRS, " N Wi TEAE 177 A0 AN 19 R TR AR | SXRE T X177 (] A s
fest AT DABE B FRAT PRI AE AR AERR 9 “ (1 8 (splay) 7o X T AT — AL R,
S E TR R G, W IRR M T . REZEHRMIRIERIIMEIEREZ O(1gn) HY,
Daniel Dominic Sleator #1 Robert Endre Tarjan £ 1985 FEix F.5 [ N 7 A 1911,

8.4.1 {HJEIR{E

AR IE AT DASEIRH R AR, 88 —FR AR KDL, (HRR AL PR AR Z RO 6L
FoMASER PR, BRIEMBONE A, ICEETRIFT RITREN o, BRI
RITRN p, MRFEMERT A, HoTRIEHN go WRBEIEDN=APE, BN PERE
PRI FRAGE DL, BdT] PARED FR ) — RS 02 BB, an1El 8.10 AR,

1. zigzig FHE, = Hl p MR FREFE o Fl p #RA T, BATELHRIER, &
a BRI o

2. zig-zag VIR, « Tl p —MRZBLETFW S —MRZE T, Gdhet, « ZMIRT A,
p g ZR T SR T o

3. zig IR, XAEOL T, p IR A, ek, « TR TR R X2 MRERE
MG —%,

HH 6 ARG, ICIEZ XN T = (L, k, R), GV RRHHTTER y I,
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/f
K 8.10: zig-zig: x Ml p BT WEERZG T, o NIRRT Al zig-zag: = flp —

BREBEFMS —BRBE TR, « BOVRT A, p Mg LR T BT R, zig: p BIRT
R, TEREfE o IR R
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AR AR :

b,p,(¢c,g.d o
Splay Yy (((a,x,b),p,c),g,d) = { |)_||J ; ( ( ))) 718-71g
= ) 7 ) 7d
splay y (a, g, (b,p, (¢, z,d))) = {fmru ;((a 9:0),:€),, ) zig-zig XK
eyl
- b d
splay y (a,p, (b,x,¢),g,d) = {;mu ;Ea,Pa ).z, (c,g,d)) sig-zag
= :
= ) 7b ’d
splay y (0,9, (b.,).p,d) = {jm u ;( PP D) g 318
=
T = (a,z,(b,p,c)) .
EU"J- T
= ) 7b )
splay y (a,p, (b,z,c)) = { . ;Ea p,b),7,c) sig AR
splayyT = T HE

(8.14)

AN 2% T Ab B zig-7ig G0, 2 T RAVM 57 NAb zig-zag |d 150 REM AT
AEPR zig TE L, HMEILT, RERREAZE, BUUEAFTTRN, AT TR E
RIAEERE AT, QPRI 2, 65 ROy — D10 5 S ERAT R R i AT R
FIARTY 5, WUREHE AR TR, WUk H# T 48 A 244, SRJS HUT e ; 75 U1
NG T, BT R,

inserty @ = (2,y,9)
<x: spla insert y L), x, R 8.15
inserty (L,x,R) = Y play y (( y L) ) ( )
HBW e splay y (L, z, (insert y R))

B 811 BH TE—HEA [1,2,...,10] FEER, (R4 TEFHERISE R, KR
RIT — ST S R ER VRN 1 < g 00 B2 0 1 B 1145 177 [ PR R AT I8, etz
TRl MVTRTY R o BIRHE, lzn%_ Sz ) A N B A MR E R R, BATTRERE T 53 IRk
PERsy: LA R, B LA TLE/NT 2, R PHITTRERT 2o ARG 2 AR,
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K 8.11: M[1,2,...,10] FEAE I HERL,

L RNFEA TR o0 B AR VT HOXT TR T (R A

partition y & = (,9)
partition y (L,z, R) =
(
(R = (T, 2)
(o' <y ((L,z,L),2', A), B)
r<y Hr: (A, B) = partition y R’
R = (L,,CU/,R/) ( ) P Y

o (L, A),(B,z',R))
HH: (A, B) = partition y L'

\ \
(L= (2,T)
(y <z (A (L, 2, (R, z,R)))
3 L= (L2 R) Hrh: (A, B) = partition y L'

a2, A), (B, x, R))

HHr: (A, B) = partition y R’
(8.16)
partition ¥ — M EEMEE y — BRI T F1, GRM N2, SR AN — NS AL T
o BN, ICHN (L, 2, R), BATHCRIEMEE y AR SHE 2o R 2 < y, 7AW
PP, (1) R N7, ARYE S RWMIIER, FRENTRENT v, &8RN (T, 9).
BN, SR = (L2, R), 5« <y, BATRTHEEE S E R, K R PRE/NT
y BITCRIMAN A, HARITTRBIAN B, R y—xtt, Heph—804 (L, z, L"), 2, A),
H—RA Bo i o' >y, TATBRAHA y 53# L' GFIZR (A, B). REWNERN—
R, =B (L, 2, A), B—H2 (B2, R)e %y < x I, HHERFR,
BATRT A partition SEBHHEANE L, A —MpRHE T A — TR kI,
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BAVRIHE D B AR T L #0 Re B L SHAFE/INT kWA, T R SEFIR
HIER 7o PRIGERATTRGRE — KRR, BEHT K /ENAR, L0 R AEN T3

insert k T = (L, k, R), HH: (L, R) = partition k T (8.17)

8.4.2 FH S

FH T AR A Jo B2 — SRR, B/ NTT R AL T A MR e AT A2
M DIEREER TC R, ICAEZR IR T = (L, k, R), top BREA] DUE AR :

top (&,k,R) = k
top (L,k,R) = top L

X SR _Ept R = A ERWE min B SEHTERN, B2 RN TEMER, [
IR X SR A2V R PR IR, AR T — IR R R 1
pop (9,k,R) = R
pop ((2,k',R'),k,R) = (R,k,R) (8.19)
pop ((L/’k/’R/)vkyR) = (pop lek/a(Rlvk)R))
=% USLhR _EPUT TR ERSE, B A B MR partition BREL MR E
PR T IS RRAOMERR, (R A, HETR R ERIN R 25 2 0(gn).

(8.18)

8.4.3 HIf

B EH partition, BATAT ASEEL O(lgn) NI EIFEE, Y& FFPAGH R
I, AR EATTER A 2, BATTAT DURE 55— BRA AR U E DU BORR, SR 5 R HL D ki
(B HISE R, S, AT 58 —ERB A T34 5 9F

merge T = T

8.20
merge (L,x,R) T = ((merge L L") x (merge R R')) (8.20)

¥

(L', R") = partition © T

QIR — M HENZS, G5 RO 5 — N HE, B, LS — DN (L, 2, R), ] = ELifE
B8 T RRER (L, R), Hh L' & T A/ T = BTR, M R BEHRTT
o & PRBIAMCR: L A L' SHOUFRILE T, R R 0 R GFF NG TH

8.5 /&

ATEH, TAINA TIEAE) = RS, U R HER I, AT DARE A AR X
M= XRERSEEL, B IE NS IE T an S UK B, B0k —ARoE 2 = SR L
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e, T EEATRENLTTR. BODENGH T EHE A = SRS IR HE, & T R 8L,
KB BRAERIIN 2 2= E W] LAEE] O(lgn), BEEBER M R 24 E 2 O(1) B,
IRAE ] FREEH TR AT, — D BRI K — X 2 2 W, X215
B e BIRA I —WHE, ERIRSHERIEC HE, S U+,

8.5 8.2

8.2.1. Man AT /e e, FHHE,
8.2.2. JE XHEMIBINIRLE

8.6 =% Bl e
FERRR BRI 2 4~ SO R, PRGOS A R, BN 0 TFi:

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i K 1) +1

Int right(Int i) = (i + 1) < 1

HEWEE, FeoT R AN LRI R N S8

void heapify([K] a, Int i, Less<K> 1t) {

Intl, r, m
Int n = length(a)
loop {

m =

1 = left(d)

r = right(d)

if 1 < n and 1t(a[l], a[i]) then m =1
if r < n and lt(al[r], a[m]) then m = r
ifmo#£ i {

swap(a, i, m);

i=m
1} else {

break

}

MESEE K3 o -

void buildHeap([K] a, Less<k> 1t) {
Int n = length(a)
for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1t)
}

5o LTI -
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-

K pop([K] a, Less<k> 1t) {
var n = length(a)
t = a[n]
swap(a, 0, n - 1)
remove(a, n - 1)
if a # [] then heapify(a, 0, 1t)
return t

FHK top-k :

[K] topk([K] a, Int k, Less<kK> 1t) {
buildHeap(a, 1t)
[Kl r =11
loop min(k, length(a)) {
append(r, pop(a, lt))
}

return r

PR/ NHEHR TR A (E:

void decreaseKey([K] a, Int i, K k, Less<k> 1t) {
if lt(k, al[i]) {
ali] = k
heapFix(a, i, 1t)

void heapFix([K] a, Int i, Less<K> 1t) {
while i > 0 and lt(a[i], al[parent(i)]) {
swap(a, i, parent(i))
i = parent(i)

HERA -

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)
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merge E h =h
merge h E = h

merge hl@(Node x 1 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

PHER I

merge E h = h
merge h E = h

merge hl@(Node x 1 r) h2@(Node y 1'

r'y =

if x < y then Node x (merge r h2) 1

else Node y (merge hl r') 1'

GHESEN

— 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
— zig-zag
splay t@(Node (Node a p (Node b x c)) g d) 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)) y =
if x — y then Node (Node a g b) x (Node c p d) else t
— zig
splay t@(Node (Node a x b) p c) y =1if x = y then Node a x (Node b p c) else t
splay t@(Node a p (Node b x c)) y = if x — y then Node (Node a p b) x c else t
—
splay t _ =t
R -

insert E y = Node E y E
insert (Node 1 x r) y

| x >y = splay (Node (insert 1 y) x r) vy
| otherwise = splay (Node 1 x (insert r y)) y
R A5 H -

partition E _ = (E, E)

partition t@(Node 1 x r) y

| x <y=
case r of
E — (t, E)
Node 1' x' r!'
if x' <y

—
then

let (small, big) = partition r' y 1in

(Node (Node 1 x 1') x' small, big)
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else

let (small, big) = partition 1' y i

(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
E — (E, t)
Node 1' x' r' —
if y < x' then

let (small, big) = partition 1' y i

(small, Node 1' x' (Node r' x r))
else

let (small, big) = partition r' y i

(Node 1' x' small, Node big x r)

ooog

(LS EEPE

merge E t =t
merge (Node 1 x r) t = Node (merge 1 1') x (merge r
where (1', r') = partition t x
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9.1 fH4T

ARBTG5 —MEMAHET 75 E SRR, B B AW PIEHE PR
Hip S ia ik, BANg HEEHE P ERERI R Z AT, FF BRI A BN AR IE
R EIHEHE T, WTIARZIE T FAR R HEP BIRTERE EIR O(nlgn). EFEHFFHIE
AR DUE HE RIS HRE], M ZFIICHE N, 2K MWRERIRZTE : —fME T
IR | BRI A BRI — R 55— g T 2807 | SRS Nz fstie/ N — T, 38—
e RN uti-$iied = N VAN ) 1R ke e M S -3 64= S RANE PN ) 71 vk e P 17
b, AR AL IO NAT TR B, R R BRI -

L WERFANZ, HEp S RS
2. 0], IRENER/NTTCR, K ELF NS &R 5T

X—RIEET AR ARFIOER R RHITTER, WA RZ TR, AT
IR A L BER RS IRHE

sort [] = []
sort A = m:sort (A—[m]) HH m=min A

Hrp A — [m] 2MFH A RERITTE m JGHIRIRE . XA IRy -

(9.1)

1: function SORT(A)
2 X 1]
3 while A # [ ] do
4: x < MIN(A)
5 DEL(A, x)
6 APPEND(X, x)
7: return X
0.1 R T VSRR R, MENEE, TATTAT DAZE A rhh{T IR R, 2
FIFR Xo R/ NITCRRIFE A1), ROUNITTRIRIFLE A[2]......o AT DA AL
IR0 MBS NKITEEE, SR Alf] A

1: function SORT(A)

153
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min
x
append
sorted unsorted
X1 < xp<..<Xxg ap ay ... ay

B 9.1: ZEMIERI A ERFTTER, AW MFRIARER 712 e/ N e SR I A2 M R

2: for i < 1 to |A| do
3: m < MIN-AT(A, 1)
4: EXCHANGE A[i] <> A[m]

/7"\ A= [CI,l, ag, ..., an], l_‘“l%f%% 7 /I\ﬁ%Hﬂ-, [al, Ao, ..., ai,ﬂ %Baﬁﬂ_\%ﬂo ﬁﬁ]?ﬁ%”
@i, Gig1s ...y an) PEVERZINTR, FFHR a; S, IXAES @ DMIERRTF T IEFRITR,
HERX-IEEEIRE TR, B 9.2 f#iid 7IX— 2,

24
% N

B 9.2: ZEMERI N EFFTER, AT MRIARER 2 R 2 i/ NS4 21 IR 7 B

9.2 #HHR/hILE

BATTAT DA R —=0 07 IR A — e R SR/ IME. RITRIMEN 1,2,..,n0
FEdm 50N 1, 2 FIDICR, RIS N 59500 3 FITRILEL..... BERX—F
WEEIH n SR, X—TTREGHHEAH,

1: function MIN-AT(A, )

2 m <1
3 for i <~ m+1 to |A| do
4: if Afi] < A[m| then
5 m <1
6

return m
MiN-AT B W Afi...] FERANTRIME me 2 m f8AE—PITER A, HE
—RAEILE Ali + 1), A[i + 2], ..
R AR IE VA 7T TETE E—?Em:% LHERE/ME, R LAZE-TILE, B
i/t E, SN L FEE — TR o, RETERERE B3 ER/ NT R v



9.2 ¥[OOOoOoo 155

oy y PR DU RERIR/NTR.

min [z] = (z,[])
min (z: zs) = r<y: (z,xs), HH: (y,ys) = min xs (9.2)
SN (y, xys)

AP~ I, KRR RMAH: A, B, JHAR A= (), B
WE TR, TN B HEEMNTTER AL, R A, T8 NN
mo MWEAWIM B HEE—1ICE, F1 m X EHLEE| B B, XN, m SRR/
TLRe EEMMEAEALERR: L=A+ [m]+ B, HHa<m<baecAbe B,

min (z : xs) = min' [] z xs (9.3)

¥

min’ asm |[] = (m,A)
b<m: min (m:as)bbs (9.4)

A0 min' (b:as) m bs

min’ as m (b:bs) = {

BRIEY min IR [Al—XHE : B/ NTCRMPIRITRINR, IXAREEHE P Ria] DASEIy :

sort [] = []
sort xs = m: (sort xs'), ¥ : (m,xs’) = min xs

(9.5)

9.2.1 IEFEHEFRIPERE

S e 1 R A PR BT A P 7E 2 DL M IME, RIEET T
M, ot (n - 1) (n - 2) o+ L REGR ST O ) — o), ui
NHEFFHIE, YRR R AT . ORI TEINE F OMERE AR, T A 2 B
YPRR R HERE LI I O (n) GEEAZRtE—MHERHD, I ELIUY ), S
FHAERT A O(n?),

%3 9.1
9.1.1. HERYE®IHE &/ MESIA Al [R5 ?
min’ asm |[] = (m,A)
, b<m: min (as+ [m]) b bs
min’ as m (b:bs) =
AN min' (as 4 [b]) m bs

9.1.2. SEIEHIEEHEF T
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9.3 Mk

NTSCHF . BEp. FIARIRI LR, FATTAT AR LR I E A S8 <.
sortBy< [] = ]
sortBy <t xs = m:sortBy < xzs', HF: (m,zs') = minBy < xs
“B/IME AR R FR AL AR < AT ERRR:
minBy < [z] = (x,]])
r<y: (z,zs), HF: (y,ys) =minBy zs  (9.7)
{[ZZI<I)_\IIJ c (y, z:ys)

(9.6)

minBy < (x:xs)

T —HEBE, BN NTBERIFFEER: sortBy (<) [3,1,4,..]0 XBEZREE
< BRI R R g ) S

o JEERME MEN 2, 2 < x AKAIL;
o AEXFRME MEMT 2, v, B = <y, Wy < 2 AL
o BIEMENEM e, yo 2,8 c<yHy<z, W a< 2

R Mk HE P P 7T RITTR, ] DS R/ IMEE R LI — DN E T

IR, IR PP AR 15 BN 0% -

1: procedure SORT(A)

2 for i+ 1to|A| do

3 m <1
4 for j < i+ 1to|A|l do
5 if Afi] < A[m| then
6 m <41
7

EXCHANGE A[i] <+ A[m]

S0 n— 1 NICRAT G, &G N —PITR, BRRH n K, HIICH A
T— R IMEER, IXAESPEIGIARIIRE AT AR — IR n — 1o 5380, JHERES i K
HITERIGAR All], AT, I R] DO — o :

1: procedure SORT(A)

2 for i+ 1to|A|—1do

3 m<—1

4: for j < i+ 1to|A| do

5: if Afi] < A[m| then

6 m <1

7 if m # i then

8 EXCHANGE A[i] <+ A[m]
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9.3.1 WEEFHER

ETENZE T 5 —ANEREHEF R SCBL DY, IR B ERER/INTER, THR&RATT
R, FHBERREME, WET 13.1 R, (EMEE, RAEMRTREZEFN, '
R TR, A2 AR RAE, A5 HEIARA o IR,
procedure SORT’(A)
for i<+ |A| down-to 2 do

m <+ 1

1:

2

3

4: for j< 1toi—1do
5 if Ajm] < A[i] then
6 m<—1

7

EXCHANGE A[i] <> A[m]

i
% N

- |max| - |2 .. EFILR..

9.3: FRIERERRIITTRINEIRE

FOGEFE R RRTTR WA DISEIUT T, 20, O ] DARIIN 2 £y
{ERIER KR, 70 B R i/ METREDT 3K, R RAETREIR R, IXHERT DURE SN B PR IR AL
W, X—RIERR N YR, W 9.4 FoR, AT, 22 A0 e 7348 £
BT ERTR. RIEAMARHEFEIE D, A 2R/ R KRN IR, R0 3R
BB LR,

1: procedure SORT(A)

2: for i < 1 to L%j do

3: min < i

4: maz  [A|+1—1

5: if Ajmaz] < A[min| then

6: EXCHANGE A[min] <> A[max]
7 for j«+ i+ 1to|A|l—ido

8: if A[j] < A[min] then

9: min < j

10: if A[max] < A[j] then

11: max < j

12: EXCHANGE A[i] +» A[min)]

13: EXCHANGE A[|A| 4+ 1 —i] <> A[max]

FEWNEIEA AT, MREAMEITRDTRAMRILR, FER TN, X
RN BT HAETEE A ERE PR ICER . AT DU 75 ASE B Bl HER -
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. BFBU/INTE.. z | - |max| - |min| - | Y L BRFRKAITE.

S
9.4: —RIFFEINE AL R/ NI ERATTR, RJe R e T EMR AL E

L. HRHHEP RISl E S E — DR, HIEE RN
2. EN], REN /N AAE, 73 AIREDT SkFIZE AL E, P53 I #ieRe R Aot 2=k
’%’_‘O
sort [| = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], HH : (a,b, xs") = minMax s

Hrh, K minMax WFFH B &/ IMEFT B A :
minMaz (z :y : xs) = foldr sel(min = y,max z y,[]) xs (9.9)

BATEBCLN N ITTER 7 BIEN CHEIN B/ IME 20, B KIE 21, A foldr T4,
HH sel @Y N:

x<wmy: (x,21,%0:x8)

sel @ (o, 21,78) =Sy <x: (x0, 2,21 : T5)
BN (2, wq, 70 w8)

RE minMaz BN RIFERERLMENTA) O (n) B, 1B 4+[b] FIAIIEKR, QNIEl 9.4 FF
™, DM A UERNIERFTTER; A0 B ERANERF TR, H AW BIEAR
PER, AT DURS R HE 7 e foh R VA HY -

sortt AB|[] = A+#B
sort' ABzx] = A4 (z:B) (9.10)
sort’ A B (z:xzs) = sort’ (A4 [xo]) zs' (z1: B)

HAr: (2o, 21, 28") = minMaz xs, Tl WE N AL B BT sort = sort’ [1[]o
BB URATE A - [a0]; T @y WIBLHESEE B WURTTH ., SOGB4 —IR
NI, T IR, AT DS A (R A, IXRERRAT DU 2, BE4EEI AT
MAEIEN, BATHEINREFRA:

A = A+ [x]
= reverse (z : reverse A)
= reverse (z: Z) (9.11)

e

= z: A
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BURHT— U AR A BB A, AR — TR, AT — b

sort' AB[] = (reverse A)4# B
sort' A B [x] = (reversexz:A)+ B (9.12)
sort' AB (x:xzs) = sort' (zg:A) xs' (x1:B)

9.4 4kl

BIRNG R HE B NR B, (HIN R B 2 EAR O(n?) 1Y, T8I HLBOEAT
by, TERAEITTR RN, SFEIENZ A, N TiEH RN, BIEHR
A 2T R 4?7 EERE — MR/ TR, TATLFRE 74, AEmiE TR
MR, BREEHE R, ABTEE RS4RI /N TR, AT S 5 T AR R/
(ME R, TR MK R, #—P SOt RE THEHAC AL R, Hrh—ff
JIERRBERE I,

9.4.1 bR

JEBRAE AR PYEE28 0 — IR, SR BB RINEY 32 SCBRIARZZHEATRTE, 1982 4F
i, REEHTBAE 16 STERIN. FAT1EIF] 1978 45, JF HARG —RbRR R 77 ik o et
T AR IR, FrE S FR R O 8 AMEATHLSE; LEBR™ A 8 STIREBRBA, A
AR 8 SN, &K, AE58 R EEZR, 8 SCBRBAB AR 4 Ao HEFE™ A 4 SORME
EROA; RJFIX 4 STERBA PR, EEZE A e 2R U SCERIN T %, 2208 4 SR LEER,
AT A, BAEILEGION: 8 + 4+ 2+ 1 = 15, (HEBA DA R A
EEREZE, BATEEANER S BRI ZE, A AR AR /e —37 L e % i I Y
IMEAZILFE2? FEESLRIHFA, At (HE2RX DN E EH AR
Foo BATEHITUOLSET- 2", BIZEPEA—I Tt FIFEE AT L SR, BAREAT]
P ER R 5PN, (BB A IE —SCAE— BRI, X SCHIRIRHIERIA, IR ATRESHT
BRI HAMATEERIN & 9.5 f#id 71X —1F 0,

9.5: JLER 15 1EEB— ek

FMAA — MUREE T, Bk, SR, e BERrAK
= R BN (BRSSP A R IR . REE R T N 16, RIEFRIZHY
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AN, By 14 ANRIEE, TR AE SR — SR IR 15, AT ZE PO 75 A E
PRI R EREI S KRB, e, AT ZEAR EE X —J7 1R, Bt =K, 5
Koo JRATDATERCES TR AT HERP . FRATT AT DA R 22 A 28 SE 2 — MR/ (1
G —o0), IXFELUS ERIARPOES, XM — A SN HIE S, BiA 2m TR
BA, m 2 BRE AT E 2m L +2m =2 424+ 1 = 2™ — 1 IREERA REF= AL HT e
T, XN IR FREFAC BN, SEBr b, FATICH AT B KA BRI LR
HARFER PR AE TR BERIIF(E R L8 ZsRAIRN, —E RN RIS i,
BN EM R ERANTES, KRR AR ZER IR st &, & A 4 /Y
BRAR 77 1600 7, FEIX SR E B TS 5 UBA, (&1 9.5 Y, IXFREE IR HRIC
R, FERER TR [14, 13,7, 15), X— BB AT DU IR T :

1. IWFREHRP T — PRERAR B, 76 %5 (BRRAED 2 TR ;

2. HUHIAR, B T N E e E R R R EER N —oo;

3. BRE_EAE R FIES R, SRR S, R BT RR;
4. HELR 2, HEIFTHRITRAHHEH,

N T R—HTTRAT, BN ENTHE —IRIRFRZERT, 85 RBTE HE %, 15 9.6
A T IX—HEF IR LS B, FATTRT DAE A = SO IO E SORFRHRARZERT, O 1
JiE B LR, BT AHEERAERRT R, TTREE n ATREAREL 2
o MMELES, ATRERIRTITRIRE N T, M s " EEEAN TR, T
PEFRARZERT, AT DT RATIE — R — T SO, XS 2 1 n #R 2
Xt SRJGBATERFRERH AR 1, to, FO3E H— AR KB X ¢ Horp ¢ BIARY
max(key(t1), key(tz)), ZHRTHN t1, t,o BERX SRS EI—HBHIR, FHAR
HREI RN T 1, WA RIERNEAN N —4, XA —FId )5, RN L%Jo 5[]
FEHRE RIS IREVIRIERS, BTSN O + 5 + 7 +.) = O(2n) =
O(n)o
1: function BUILD-TREE(A)
2: T+ ]
3: for each x € A do
4 ApPPEND(T', NODE(NIL, z, NIL))
while |T'| > 1 do
T[]
for every t1,t, € T do
k <+ MaAx(KEY(t1), KEY(t2))
APPEND(T”, NODE(t1, k, t3))
10: if |'T| is odd then
11: APPEND(T", LAST(T))
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B 14, BHEHON —oo, 13 EFAHTHIR
& 9.6: HARFEMHERFRIRTILE
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12: T+ T

13: return 77[1]

FRRERH B AR ZER IR T U, AT B T SR HE BN —oo, ARG TEIEIE AT
sl b [E, R R R E

1: function Por(7T)

2 m <+ KeyY(T)

3 KeY(T) + —©

4 while T is not leaf do > BIAA SR m B —oco
5: if KEY(LEFT(T)) = m then

6 T < LerT(T)

7 else

8 T + RicHT(T)

9: KEY(T) + —c0

10:  while PARENT(T) # NIL do > B EH R e
11: T <+ PAReNT(T)

12: KEeY(T) + Max(KeY(LEFT(T)), KEY(RIGHT(T)))

13: return (m,7T) > B [E] 5 K G 2R BT A

Pop b NACEEME, BT R, #5546 BIRA LV E S E 28—, BT
PRFERE IR, BRIV, that2 A= O(lgn). NTRIEZEN O(lgn), T
2R ZEHE P SR, BIEEJEH O(n) N AIRTE —BERFRZEM, RIGHUT n X5
HERIE, B — MR R R E, RO HIRERITEREDN O (g n), FRPRZRHER B SR
FEEAEHN O(nlgn)o

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3: for i < |A| down to 1 do
4 (A[i], T) < Popr(T)

AT AR I8 VA SR AR 2R HE P . FRATTE I = X IE Lo 22— RAEZE I
(Lk,r), A kA&, [ r BEG TR, EX wrap v = (9,2, 9) HE— T
o IXEERER] A n DICEANFE 25 3 H n AR RS — DRI ts = map wrap zso
FIEFRPRFEMIN, LIRS ¢, to, WERERRHITC R E AR, 4 1. 6o TER A
e

merge ty to = (t1, max ky ko, ts) (9.13)

HA by = key t1,ky = key to, TSR T SR, BREL build ts AWTEUH
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PRI AT 55, S0 E tH AR 2R

build [] = ©
build [t] = t (9.14)
build ts = build (pairs ts)
Hrp:
pairs (t1 : ta 1 ts) = (merge ty ta) : pairs ts (9.15)
pairsts = ts

N T MERPRZER PSR 4, BATTAG & /e A 1, B — R AR AT R
M, AE@IFM B EE ERIM T R, N1, BT EA TR
N —oo,

pop (9,k, @) = (9,—00,Q)
k=keyl: (I''max (keyl') (keyr),r), HH1' = pop I
k=keyr: (I,max (keyl) (key r'),r"), HHr" = pop r

pop (L k,r) = {

(9.16)
HEF RIS AR AT M —ERERARFEM 58 Hed 2 (R ) -
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (pop t)
231 9.2

9.2.1. FHBVARIFRARIEHE SN THF

9.2.2. HRRZEIER AT DUCEIE LR 27 EREEHF A7

9.2.3. HLACHRPREEMHERE A — SRR HERS, E TR AR 23 [RICR 40T,
9.2.4. HEHRHEHEFPAIERPRZRIHET , BATTAOI TRIAT 23 [ R a0l

9.4.2 Wt HEHER

PR TR IR 5 PRI BIAN R S 2R E] O(nlgn), B8 7T
PR A HE Sk R DY, X YA SO ], HEF SE AU, FRARFER BT T A
AR PR T ST , IR =X S EEMAEHNER, BAL5HE T =H, AA7
FAEFHERECT RE? AR RITCRAE n A, R ZER SR B T 2n
Mo HHFA n DT 0 DI AIRAINERETL —FARIE? AERIIIRTI A
HITTERNITCST, WA ZS, HRE key 44N top, 4 E—TTRJE4HHITR (9.17)
5L AT A — A e fp o s a FH AT 2K

sort @ = |]

(9.18)
sortt = (topt): sort (pop t)
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oo ggnoo

XA _E—F AR E e, HEEURAETRER AR A7 /s (B RO MH, FF HAR
T PR 5 R, PR R — CHESEPR R 5 " BRI R 5 1, Al
BR T n DETTAN, TETAEATHIMNG 2 R PR HE, 207 (i SHE A 44 A
M. BATRAE N BN E S FRAHE, B2 M RGFRITERE.

9.5 Mt FT
2T SEB

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 HE

[A] cocktailSort([A] xs) {
Int n = length(xs)
for Int i =0 ton / 2 {
var (mi, ma) = (i, n - 1 -7)
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
}
swap(xs[i], xs[mi])
swap(xs[n - 1 - 1], xs[ma])
}

return xs

J2 38 A HIXS R T R -

csort xs = cocktail [] [] xs
where
cocktail as bs [] = reverse as H bs

cocktail as bs [x] reverse (x:as) 4 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)
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= XM HRAR R -

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];
}
MHRHRZEIR B L 76 42
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);
}

HRPRZERHET -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n = length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

BRI R HE R (B ) -

data Tr a = Empty | Br (Tr a) a (Tr a)
data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

key (Br _ k _ )

Il
x

wrap x = Br Empty (Only x) Empty

merge tl@(Br _ k1 _) t2@(Br _ k2 _) = Br tl1 (max k1l k2) t2
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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 Tk r) | k= key L =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 _) = []

toList t@(Br _ Only k _) = k : toList (pop t)

sort = tolList o fromList




B IGUHE, SEROIRRE, KO HE

10.1 it

TXHER A XA ETTR, R XY Rk X (k> 2) R 2R RIS
FNE R AL, AT I, B2 b XRAIRRMRA R, WREIR T
ZIHER R L ARAE, AT DA 2B RN E2HE, SRR BEHER HE S I HOTERE MO RN
A2 2% FE TR T 2B BN ), 3200 TR BIRRE 2, AFIC/ AR HE, EAESLFRH
A ERAFHITERE,

10.2 WA HE

ZIRAHES R TR I, B b IR R, AR AR N I
XBFFHHSTRE. FWIERA T (o + b)» WX EIF G, SRR AR
RN

(a+b)"=a" + <T) a" b+ <n?z 1) ab" ' +b (10.1)

=4 n N EIREUN, B IUREGR 2R =M —17, W RERTR P

A 2RI DA — R IR R, Kb — AR ERNEIH, e+ =M
BTN L TR MY 1, ey g BTk BRG By 2,

PARERR SIS =M, BI5E(1010-1070), 4HITE 1665 AEHIERH T n J9H BN IR, BRGNS n 4l BISH

167
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10.2.1 Y5k

— R IR — R 2 S, FF A — DEEIRE (rank) o 2R 0 B9 TR
N By, BN n B TN Bo

1. By MREE— 1R

2. B, WHWIE B,_, WA, AR Rt 2R KR —ZE S — RN T8,
WK 10.1 Fire

10.1: —IRFCH

Bl 10.2 48 TRy 0 B 4 B9 IR I

MEXLE TR, /] AR B, FREATRI T R B a4 R IR B4 B,
FBORALIMTRMRT R, B 1EAAMTR, B 2RE 6NN, B3EH 4T
R4 BE 1IN R. BNERHFZ2EF=ARIE 417 (WE 0174 : 1. 4. 6.
4y 1o ERUR I A TR R, E—PHATA DS I B, HEf 20
TLRo

— AT CHERL B — g I (IR, e e an MR :

1. EERBEHER T R HETERT, X TN, R ROTRANT () KT RITR;
2. HEAEAATPIAR IR RS IRL,

MPET 2 AT LG — DGR &6 n DITER IECHE, 050K n FE 400 — ikl
B (am...a1a0)2, EH ag BRIKAL(LSB), a,, &M (MSB), % a; = 0, MHEHALE
TEREN & B I, 45, = 1, WIER—@ & A — BB « FURE, fIan, i —miCHE
EH 5 IR, 5 WMDY 101, HEREA MR IR, —88O8 00 —#RBY 2,
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10.3: &6 19 NoZEMR Iz
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10.3 RIS 19 NTE, 19 = (10011),, B —4F By . —# B, .
—R By #,

BATE I E N2 IR A — MR RITER b B ro FIE TR ¢s, 10
(ko ts)o B S IR FE RIS I — XA 1951 2 -

data BiTree a = Node Int a [BiTree a]

type BiHeap a = [BiTree a]

AR e 27, AL U B3R, AT AR = R ISR S22 X
o BT RS AEMIANA MR 7> - ZE MR 7 Fia 1A 19 s B 38 —#R -, G AR 734517
W R ATE AT AN —MER, WE 10.4 FivR. AT DU A £ 5]
TRFTR— DT R

OEONNe

o - o)
OO

10.4: R AMWTE, T, Ts,....T,, N R BT/, R WEMN T, GM A=,
T,y Ty AT BIFR T BENZ TR Ty, AR RSB T R The T AMZTF
B Ty, A 28T

10.2.2  PHYHEERE
BATE SCREEARIE AR I B, M3 H B0 FEEPIBRIAIIRT RUTR,
PRV INEHRIRR, 28R 7 — BRE T H e 7R, 4 105 AR,

x<y: (r+1,z,(rtts):ts)

link (r,x,ts) (r,y,ts') = { (10.2)

B (r+1,y, (r, 2, ts) : ts)
FEA M, A" AISCIANTS . BERRAE T DATE B BN R 52 e
1: function LINK(z,y)
2: if KEY(y) < KEY(z) then
3: Exchange z < y

4 SIBLING(y) < SUB-TREES(T})




10.2 OO0 171

K 10.5: R = <y, ¥ y BN = IS — R TR,

SUB-TREES(z) < ¥
PARENT(y) +
RANK(z) < RANK(y) + 1

return x

3 10.1

10.1.1. 4wt~ B~ =M

10.1.2. MERAIEM B, WS ITAIT REON (7).

10.1.3. WERAZIM B, HEF 2" M .

10.1.4. FABERRIE T, SCBl IR A0 Rz, 1ty =06 ful [, (EREARIR?

10.2.3 A
FAI142 e — IR AR HEA, I AE 3 A I ER IR RR AN -
inst[] = [t
rank t <rankt' : t:t :ts
4 (10.3)
inst (t':ts) = Srankt <rankt: t :instts
A ins (link t t') ts

He rank (r k,ts) = r, JREC— BRI AORK, QRN [ ], WIHTRE ¢ B0y
HEFRE— RS 750, BATTERRR ¢ FOHEAEE —ARI ¢/ BURK, UnSR ¢ BORREDN, W ¢ B
BRI AN R ¢ BIRREUIN, BATE IR ¢ 388 AN BITRATR b QR PR S, WUk ¢
¢ BEFE R — PR EERAUM, SR)5 18 T il ABIRIRATM R, WRA n DT, PR %
A O(lgn) BT, ins IRZHUT O(lgn) IE LN IR HER, HINRIE 2 E
O(lgn)?s M ins, BT DUE L IAHER IR A TR, SR FlATTR « A —RR
R — N1 R, SRS AR A S

insert x =ins (0,z,[]) (10.4)

23X — I FERIP A ZHEHIEAINFEMLL, T AT | H— 2 5] 88 : BB %R (numeric representation) *],
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X SO, BT TRT DA B AR T TR il A S
fromList = foldr insert [ | (10.5)

X LA FE A% 5, A M 526 SEBRAN R :

1: function INSERT-TREE(T, H)

2 1+ p + NobpEg(0, NIL, NIL)

3 while H # NIL H RaNK(H) < RANK(T) do
4 T+ H

5: H + SIBLING(H)

6 if RANK(T') = RANK(T}) 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 HEHIF

BHMAD ZIEHEAE S T A D IR AR bR, S FF45 R A R AR BB,
FHIZIRPOERS, SHIERAFHHF R, BRI HE B 55— B, ERER
EATHIRR, FRUN —ERIANGE R P, GHRPIARI IR S, TRATR e AT HERE O —
FRIRHIRY, R8I A B S FHF AR,

merge ts; [] = ts
merge [ | tsa = tsg

rank ty < rank ty: ti: (merge tsy (ta: tss))

merge (t; :tsy) (ta : tsy) rank ty < rank t; : ty: (merge (t; :ts;) ts)

A0 ins (link ty t3) (merge ts; tss)
(10.6)
B tyy b FRAHFII, FAT AT DURFRERE f5 RO A B — D, 28581 &5

merge (ins (link t; t3) ts1) tso
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PR ZCRT CATHERIE A, FE AR 75 UL BIHE & 5F -

1: function MERGE(H,, Hs)

2. H < p <+ NopEg(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)

7 H, < SIBLING(H;)

8 else if RANK(H,) < RANK(H;) then

9 SIBLING(p) < H»

10: p < SIBLING(p)

11: H, < SIBLING(H>)

12: else > BRAHSE
13: Ty« H.,T, < Hy

14: H, < SIBLING(H;), Hy < SIBLING(H>)
15: H, <+ INSERT-TREE(LINK(T},T3), Hy)
16: if H; # NIL then

17: SIBLING(p) < H;

18: if H, # NIL then

19: SIBLING(p) + H»

20: return REMOVE-FIRST(H)

BeHE Hy A my B0, HE Hy E my B, S ENERTERZE my +me B
o WA AR, MEFHFNBET O(my + me)o WRFFTEMAMHEIN, 27
ZYEH O(my +my) Kinse HEmy =1+ |lgni |, my = 1+ |lgna |, HAF ny F ny
M MES BINTTERE, B (lgng | + [lgne] < 2[lgn], HF n =n; +nye REEIHH
BHEHN O(1gn)o

10.2.5 5

IR MR RO SR TR N R, AR SRR A
SRRIEEN, N T RBEAR I R/NT R, BEERHRT SR, WA
O(lgn) HEH8, T LASKIRUR MBI I 241 9 O(lgn)o (BB HERIER IR H N
T, EABGEMRE REE R, V R TN By, B), ... By, .., Byo 1
B, (R SOm i N TR, MRS 274 p 8T I, Bl p — 1p —
2,00 FRATATLK p BETROUR, R — AN M H,o RE B, (RHHIR —
NI B = H — (B,)o ¥ H, W1 H' SFEREAT A SIRALEE, 1 10.6 Fik,
Tl 185572 MM R B N TE AR
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B 10.6: —IECHER 5 HI 1R

top (t:ts) = foldr f (key t) ts (10.7)

=

f(r,z,ts) y=min x y

XA T I HE R A R, R AR R A B/ IME -
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

MY SIS, BATIT ZMHER 78 e/ N R TR RO -

min’ [t] = (¢,]])
min' (t:ts) = key t < keyt': (tts), KA : (t',ts') = min' ts (10.8)
A0 (t',t:ts)

H key (r k,ts) = k RN TR FFAIRTT SOTR. min’ FIEERN—XHE: &
/NTERFTERIR, MU E R, 52 N Rmt Al DUE S H R -

pop H = (k,merge (reverse ts) H'), =/ : ((r,k,ts), H') = min’ H (10.9)

PIIVAINFES AR R

1: function Popr(H)
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10:

11:

12:

13:

14:

15:

175

(T, H) + EXTRACT-MIN(H)
H < MERCE(H, REVERSE(SUB-TREES(T},)))

SuB-TREES(T,,

)

return (Kev(7,,), H)
HA SR ER S LSS —3, EXTRACT-MIN FERSEZIIAN T :

: function EXTRACT-MIN(H )

H' + H,p+ NIL
T,, < T, < NIL
while H # NIL do
if T, = NIL 8{ KEY(H) < KEY(T},) then

T,+ H
T, < p
p+— H

H <+ SIBLING(H)
if T, # NIL then

SIBLING(T},)

else

< SIBLING(T},)

H' < S1BLING(T),)
SIBLING(T,,) < NIL
return (7,,, H')

o FH S R RT DASEERHERE . B e M HERR Je A — 1 T HE, 2805 AN
M R/ N R,

sort = heapSort o fromList (10.10)

HH heapSort LI T :

heapSort | |
heapSort H

I HER T

=[]

10.11
= k: (heapSort H'), M : (k, H') = pop H ( )

BRI R E A EAERIMEN T2 O(gn). MR 2 fER 7%

JEE O B BN TR, FRATIX MG K T 052 2% B IR R,

10.3 PR

ZIEHER A ok B ZIRECRIT, L BOIRBHER) 4 7R B 2RISR 5, i
ARSAHEA 53 b — MM e, (HIXH AR —WCHEE SR PR PR SRAE A PR

3Michael L. Fredman # Robert E. Tarjan {EUERHIXFpERR I 24 B I A T 3B ARS8 o, 1T /248
XA AL R B |
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BN EAR Y T 2RISR, e PE IR AR A TSI LAY EER D), BReE R AR
A, SRR A 1R VR 70 PR 2% AT AT DOKE B i 1]

33 TIHE | RIS HE
A O(lgn) O(1)
&It O(lgn) 0(1)
AREGHETR | O(1gn) O(1)
G O(lgn) | 7% O(lgn)

2 10.1: EEARELHERA I HER) (i) E X b

A W HER AT R o I, BT o BN A — D SRIRH, 2AE A
FIRRARA B2 SRR 1 A I N, G0 SRBRAR S, AT RESRE, 2RIV I
R ZREN O(gn), ERITETERES, BATRILIRA ol A BERE SR MEHER AT,
R o FAERIN BRI A, T HRIEIRIGHETT R, BT 7R ZID M — AR HY
R AR T R/NTR, — DN ERBPIRRHERF NT o, siE 235 TR, iL8
(N, tm,ts)o HAEER/NTTRIIRPLERIRICTN ¢,,,, HATTRNEACEN n, R
AR EIFIRA tso NEHIGITFERE X T EEAREHE (B 7 R HIE SO -

data FibHeap a = E | FH { size :: Int
, minTree :: BiTree a
, trees :: [BiTree al}

IXAERE AT DA H N RIAREHETTOT R : top H = key (minTree H),

10.3.1 A

BATRARNE S — MR R & I8, H— DS B — R — D S 1Y
i -

insert © H = merge (singleton z) H
BUE R AR T A
insert = merge o singleton (10.12)
Hr1 singleton M z #ENEH —DITRAIN:
singleton z = (1,(1,z,[ 1), ])

ARV AT DUSEION A AR R IE I — N8 R, 285 BT A B/ N R I,
1: function INSERT(k, H)
2. x + SINGLETON(k) > RF kA —RR
3: ADD(x, TREES(H))
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~

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) ZREUE H ATERAYZIER, MIN-TReE(H) I8 T H FHR/INT
ZHFTERIB

10.3.2 HBIF

FI = TEHEANR], TATIHE S FF N R BERGIR (R FRE R, (UOCRE P 4 R AR T
Bk, A5 LR HTH & A /Nt R AR,

merge h @ = h
merge 3 h = h
ke t < ke t,/" . n +n tm, tS %ts
merge (n,t,,ts) (n',t/ ts') = Y ytoo | . )
ém\u (n—l_n’tm? tS"H‘tS)
(10.13)

HRANHERR A ZE N X —SEI AR Y 4 R A — A HE AR A RREORE L
QUERAE FO A RERR, WA DAEHE S FF R EIR S B BN Rl T i A3 A% P (58 A XD
HEFRE X7 RN :

data Node<K> {
K key
Int rank
Node<k> next, prev, parent, subTrees

}

data FibHeap<k> {
Int size
Node<K> minTree, trees

IXAERL AT PASCEL BN RIS & - # :
1: function MERGE(H,, Hs)
2 H + FiB-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
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9: function CONCAT(sy, s2)

10: e1 < PREV(s;)
11: ez + PREV(S2)
12: NEXT(ey)  so
13: PREV(s2) < €3
14: NEXT(e3)  s1
15: PREV(s1) + e
16: return s;
10.3.3 5

BATVE S H IR T BERE, 12 TR TR B E M IR LR R, Fdi1E
NIX =AM, EEB BN AT T 2 MEBEEURE, t: L =
[2,1,1,4,8,1,1,2, 4], BATABCRHEM RN AR, BRI AEMESENE, X
MO FEIERALE RN [8,16), £ 10.2 A TSI, F—FRRER T3]
M B AR RIS, SNSRI R IR — TR, R
M, LA MES R &G — RIS R, SR T N — P,
XA FF L AR AT DA B sk S«

B | beiR. M| EER
2|2 2
1]1,2 1,2
1| (141),2 |4
4| (444) 8
8 | (8+8) 16
11,16 1,16
1| (1+1),16 |2, 16
2| (242),16 | 4,16
4| (444),16 | 8,16

7% 10.2: JIHETHID IR

consolidate = foldr melt [ ] (10.14)
H melt X :
melt z [] = =z
x=2x': melt 2z xs
(10.15)
melt x (2" :ws) = Sa<az': z:2':zs

x>z ' imelt x xs
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% n = sum L, NFTEBFIIF, consolidate ¥4 T n Fom A — HEHIEL, WS
i IR R 1, WIERAHRAPE S 20 XG0 FFER) o Blal sum[2,1,1,4,8,1,1,2,4] =
24, 5 % HEFIZ 11000, 55 3 F1%5 4 7 B2 1, ATDARERSI RS 23 = 8,21 = 16,
FAZEABIAY 77 15 R] ASEERR B . AT TRE ZE ek, R R O R R -

melt t[] = [t]

rank t = rank t' :  melt (link t t') ts ( )
10.16
melt t (t':ts) = Srankt<rankt : t:t :ts

rank t >rank t' 1 t' :melt tts

B 10.7 25 H T 3R BIIRSLHER I FH I AR R, FI5R 10.2 X ELn] DAR BT A
U)o BT AT DARE R — DM BhEUEH A SRIEATIAH . Al BRAFREDD @ AR, 7R3
HEFRRORRIN, QRERIBEN 5 — RPN @ BIRE, BATILR M BERE RS2 — Ry i + 1
IR, RIEHR Al 1823, HIEEERE Al + 1) BEND, BANT, U RIEITHEE,
wERE, A HEURIE TVAHERIZE R,

1: function CONSOLIDATE(H)

2 R < MAX-RANK(SI1ZE(H))
3 A « [NIL, NIL, ..., NIL] >3 RA
4 for each T in TREES(H) do
5: r < RANK(T)

6 while A[r] # NIL do

7 T + Alr]

8 T + LiNk(T,T")

9 A[r] + NIL

10: r—r+1

11: Alr] < T

12: T,, < NIL

13: TREES(H) « NIL

14: for each T in A do

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 IR RS, SRR R T IR, N MR R &
M O(lgn) Be MAX-RANK(n) I n ANTEEMMEFRATTRERIRE R, A Tt i
FISEIE, B AIIBE By f 27 AEE, RITE: 27 < n < 27041, FRAHEME K
HERRN R < log,no FMRIEAN R WE MBI, ROTFEFIMIE AT
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V3R
(=)
() OJOX0,
) © OJI010
™ © O,
F1, 2% 3L, dARERED ¢, A $FaL

JERERZE] ao

B, 8, r RHEE q, A5 s HEFEE]
o

& 10.7: IHFHAIP R
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ARBIRRT R, $REN A BN TR, FATTAE AR (10.8) & XK min’ 738 H
HETTOT 2R T AERIR
pop (1,(0,z,[]),[]) = (=,[])
pop (n, (r,x,ts,),ts) = (z,(n—1,tm,ts"))
Hrp (t,,,ts") = min’ consolidate (ts,+ts)o FRE|+ HNAIEZRERZ O(|tsm|),
F e/ MEFTAERIR A ) FREAREURIE b, X B A R < SN R
1: function Popr(H)
2 T,, < MIN-TREE(H)
3: for each T in SUuB-TREES(T,,) do
4
5

(10.17)

append T to TREES(H )
PARENT(T') < NIL

6 remove T, from TREES(H)
7: S1ZE(H) < S1ze(H) - 1

8 CONSOLIDATE(H)

9 return (Key(7,,), H)

TAE A “BRETTIR" I IR A 2 PEIERE, (B YBREE R B B RERE X
E = mgh (10.18)

nkEl 10.8 FoR, RI&— DN EIZHIEREDRE, FEEN m KIPE L T3, &Y
RERIETE T b IALE, ANSRIX — I FE A ERERRE 0 Wy, ISR S AT -

W =mg(h' — h) +W;

hl

10.8: E136E

R S AR AR, N T I EURIERE, BATE S BRI T BRI
BHEN ©(H)o XPNAREZRHIESNIEIEA. B RERTN, Sy, %
BT HTHIME /Y T ESTRYARE @(HY ). ®(H') A1 ©(H) WIZFIN_ERE - TEFERY
o] DA Rt I PR 2%, 78 BRED

O(H) = t(H) (10.19)
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Heb t(H) BHEFMATRE X n DR EERELHE, 2 HE-R AR BRH) L
B R(n)o VAF)GE, HEFPRAURREURZ N t(H') = R(n) + 1o TEVAFFH, FADEM T
HAM DN EEAERE, WX RIS A Fr ok : B TR A7 i/ TR RARMBR, 28
JER LB EUSINEIR A, RIS TR E R Z AP R(n) + ¢(H) — 1 BRI, 1%
S BRCERIN R E 280 T, RUFFFRIR TR E 2N T, Tl T S fEPERED R

T = T, +®H)— &H)
= O(R(n) +t(H) — 1) + (R(n) + 1) — t(H) (10.20)
= O(R(n))

AL G SRR AT DA ORSETRIR S HE b B A B A — TR, IR R(n)
LR O(lgn)s

10.3.4 RIHEESR

RIS PRHE R — D LR . FHEE FE TS, I MESHFER AT,
MBI B R R LA SE R AT EUE BN, (1355 E RO T,  FELL BRI, filin
B/ NA A LB Dijkstra BIEEMROBUX — B 0E U, I HBRNFTEED FEMEREIAE
HRI R, 2 o fEMAHE H P EIEA T, BAR ERERIERN N ko W 10.9, 45
Tl o BENT R A y, 70 2 VIR IFFANEME RO i, REIFER] DUES &
BRI B AT s ATy PR B/ MEL, (EDIRRT /R BB R IR, AR R TR
TR, CTAPRIE S HRERIPERE, O TR DX — ), AT145 2 R0 B2 HER il — A
BRI

LI RE KRR TR T 5, SZER e U] R I IR EHE GRAR) o

1: function DECREASE(H, z, k)

2 KEY(x) «+ k

3 p < PARENT(x)

4 if p # NIL and k£ < KEY(p) then

5 Cut(H,z)

6 CASCADE-CUT(H, p) > [EIER
if k < Tor(H) then

8: MIN-TREE(H) + z

CASCADE-CuT i —MRICKICR B AT AR ET 7 M. HE Cur s
FRIX —HRic,

1: function CuT(H, x)

=

2: p < PARENT(x)
3: remove x from p

4 RANK(p) - RANK(p) - 1
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10.9: % key x < key y, & = UI'N, RGHMMENHEH,

5: add x to TREES(H)
6: PARENT(z) < NIL
7: MARK(z) < False

[EIAYIRRIN, B R o HRIE T, W ERATEERE T 711 . A E%S:
[EIHATIRR, BRI .

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,x)

8:

CAscADE-CUT(H, p)

.3 10.2

I DECcrREASE B3R 2N B BN A O(1),

10.3.5 PRI 44

BATHARZE H MAX-RANK(n) BUSEEL, B X T n DITRIERAEHE TG
PIRREY IR
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513 10.3.1. 00020000, 000 OO0 GOk = rank(x) Bz O
Oooo000dg

|z| > Fiio (10.21)

00 F, 00200000, . 0

FO - 0
F1 - 1
F, = Fr1+Fpo

O0. BETA o WM ERTH: g1, 00, . ko FRHEEES o« N ETEE, H
oy PN, v BHTINe BERE [y > 0o =y, BEEE] 2 R, T 91, y2, s 951
EEfFE 1o RN ERAHR RIREERE K, i AEIX —IZA], A

rank(y;) = rank(z) =i —1

WG v 2 HEERE N7 S Gl DECREASE), —HEEE N FH A, B
ST BIIRRFF A ZIZRAR R, IR BRATTRT DAMERT, X i = 2,3, ...k, B

rank(y;) > 1 —2

L s N o MFTRADBORERR/ME, Ko k= rank(z). X TAIEN, A
so =1, sy = 2, WV : BN 0 BIB, B0 1R, BON 1 IR 2 D
R, BNk BOR, /DA s DR

[z = sk
= 2+ Srank(y2) + Srank(ys) +...+ Srank(yi)
> 24580+ 81+ ...+ Sp_2

Hrh e — 1T BN rank(y;) > @ — 2 7 H. s B, FTL Srank(y,) = Si—20
BAHE FREIEM s, > Flpoo MRAECEAMNDE, N TFRFIEMR, FITE 5o = 1 >
=1, s =2>F =2, NT k>20EHR, FiAE:

I
> 2+4+50+81+ ...+ 5k
> 24 Fo+ Fy+ ...+ Fy AR 1%

1+ Fy+F+ R+ +F AAFR=0F=1

AE, BA 7R ZEUER
k
Fra=1+)Y F (10.22)

=0

FHRE R A0
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o« JHFUEM: =1+ Fy=2
o BB, BRIZ k + 1 IFRAT,

Frio = Frp+ Fy
k-1
= (1+ ZE) + F, AR
=0
= 1+> F,
=0
g5 b, BAMSRIRALA R
n > |x| > Frio (10.23)
O

AR E B ZESNIVERL: Fr > oF, B ¢ = ! +2\/5 N EIE, BATFE

IFUERA T 3 HARER R 24N O(lgn)o MRIEIX—EER, BATA] PUE X max Rank
H:

maxRank(n) = 1 + [log, n] (10.24)
a3 ) F SRR IR SRS 336 T 72 SR MAX-RANK :

1: function MAX-RANK(n)
2 Fo+0,F 1

3 k+ 2

4 repeat

5: Fy — Fy, + Fi,
6 k+—k+1
7 until Fj, <n
8

return k£ — 2

10.4  FCbHE

LBIRHER LB E 2% AT AN, LBk, PERELR, KHR
IR, BARTEA IRIBGHETA, & AR B BN R 2%, A8 TN e i 54 R R Y
IR ZRIE N O(1gn) P,

10.4.1 EX

FCXHESEION — R Mo B/ NTR R TR, — PR 208 o, B2
AR b X, BE R AR T, BN (2, ts), 2 XBHHATH 2N T,
AL T3 R T o
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data PHeap a = E | Node a [PHeap a]

10.4.2 HIF. AL FREHEDR
BHFANECT HER, 77 E PR
L AR —HEN o, G55 N 55— D HE;
2. AN, HEAR AN HERIRRTY R, R — ME Dy 55— DRI

merge @ hy = hy
merge hy @ = hy : )
10.25
x<y: (x,(y,tse):tsy)
merge (z,ts1) (y,tse) =
B (y, (z,ts1) : tsy)

EIFHIIERE Y RN R, E R AT, A0 26 7 77 7%, BATTHEAR T KAy
HEFERE S 5 — P HER) T AT -
1: function MERGE(H1, 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(H,, SUB-TREES(H,))
o: PARENT(H3) + H;
10: return H;
S & IF R, AT DMBR GBI HE — AR SLHL APRAE, an3X (10.12), HETTEA]
DAMARTS sARHR: top (x,ts) = 2o JHRANFIARHHEINI & 2% FEAR 2 BN TRl

10.4.3 1RARER

TRRMERUNG, BA TR CVEON RIS RIS, ARG H e, anFRERT A,
AT LE R N TR AE,

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)
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6: PARENT(z) < NIL
7: return MERGE(H, )
8: return H
10.4.4 it
S8 HHE TR AR /U, BT T B9 7B U3 9 B —HR AR -
pop (z,ts) = consolidate ts (10.26)

AV A, R EOS O 7S 3. REBEMNETESHE FHER—ER,
B HER A TRtk BiX— & FFd R, @A 10.10 ME 10.11 R, &FF 2R B KM
ERRFFHER ) 2R,

a) S HATAECR HE

g: @@Q@@

*E*ﬁ'*j 2 WIBR, A% 9 BRF1E

II

iﬁ*%ﬁiﬁkﬁ/\# EIPSESRE R ¢
W i DA Je — R E TR

& 10.10: BHERHRYT AT, K TR & 7
consolidate [| = O

consolidate [t] = t (10.27)

consolidate (t1 : ta 1 ts) = merge (merge t; tz) (consolidate ts)



188 . 00 OoOoddazdbodannod

() ()
) () 0010
@ () ()
() ()
(a) IR £OY 9 1 6 HOPTRHE 259 (b) HER 0 7 9B 63651
i sh
()
(D ®
0010,
() ()
()
() HFREHTAN 3 OB AFEBILERS (d) TS 20 4 N 2536128 o

10.11: \NEMIEEFHIIPE
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X R e LT, A 287 B SERRAn T :

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)

@

9: return H

BATINEE A B IRBHERFAR T T,. T, AH T, ARG T2 L RIS
IXFER R LN, KR NG A ERIT, HEA e RS E ar R TRt X
MR, BJg—IR T, = NIL, BN &EHE T = Tpo

10.4.5 JHER

T MIBREEA T 5 2, BATTA] PSR T s E IR N A —oo, ZRJG FRALT — IR FHLH]
BE, AN EHI—FMERT R, & o TR, FATH SRR T — R R R,
BN, BATHE « MHE H HHYIT, REX o BT — RS R 0E, PRI R &M H
1: function DELETE(H, x)
2 if H = x then
3 Por(H)

4: else

5 H + Cut(H,x)
6 x < Pop(z)

7 MERGE(H, z)

IR 9 M I 2 R P 53 A8, SRATTIE AR E B PR RE B AT BT TR O (1gn)o
£535] 10.3

10.3.1. USRESFAEHEF A 0 NICR, RIGHITHH 24 n ROKE, A ERIR
PERERIHRZE ORE I PEIEREZ O(lgn))o AMTIEEIX — B ZETE L?

10.3.2. SEEUECNHERIAER
;k—r

10.3.3. SEIECATHERIL e H%EE DECREASE-KEY
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10.5 /h&h

AT, BATRHER ST Y 2 1 EANFE R ERai, I HERIE
TR ARSHEAT I 22 AR IR IR BAR S5, TECS HESCEN — R 2 X, JEId R 2
SERERN FFRMEREIRIEA T, AT DR B IR B o fErERE, X —RIRBA B &M,

10.6  Fffsk B 7R
S UM S A% T, A 5L -

data Node<K> {
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> t1, Node<K> t2) {
if t2.key < tl.key then (tl, t2) = (t2, tl)
t2.sibling = tl.subTrees
tl.subTrees = t2
t2.parent = t1
tl.rank = tl.rank + 1
return tl

I CHERR A :

Node<K> insert(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 t1 = h
h = h.sibling
if t.rank = til.rank {
t = link(t, t1)
1} else {
prev.sibling = t1
prev = tl1
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}

prev.sibling = t
t.sibling = h

return removeFirst(hl)

Node<K> removeFirst(Node<K> h) {
var next = h.sibling
h.sibling = null

return next

IR A\ A3 S B

data BiTree a = Node { rank :: Int
, key :: a
, SubTrees :: [BiTree a]}

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 [])

—IHER A5

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) = (hi, 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)
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YA E I T HE:

merge tsl [] = tsl
merge [] ts2 = ts2
merge tsl@(tl:tsl') ts2@(t2:ts2')
| rank tl1 < rank t2 = tl:(merge tsl' ts2)
| rank t1 > rank t2 = t2:(merge tsl ts2')
| otherwise = insertTree (link tl t2) (merge tsl' ts2')

I CHE A H

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
}
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)

T IUECHE S H A 3 S

pop h = merge (reverse $ subTrees t) ts where
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(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

{5 PRV BE R & 2L IR B2k

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

LR ARELR T FF -

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

{58 A B B AT VA5

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, vy)
alr] = null
r=r+1
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}
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

tm

SRR SHE R 58 -

pop (FH _ (Node _ x [1) [1) = (x, E)
pop (FH sz (Node _ x tsm) ts) = (x, FH (sz - 1) tm ts') where
(tm, ts') = extractMin $ consolidate (tsm +# ts)

RTHILEe:

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)
.rank = p.rank - 1

p
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)
} else {

x.mark = true
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11.1  fif

PAFIER AL 75t et (FIFO) BIMLH, P LA 2 /075 IR SCEIRAA, filan e, XY
[AIBERR, TEFRGR I X AE, IIRTZG H T 16 FURREIRGSEIRTT AL, IAS 220 2 T A
FEEARER:

1. A DATE B RN RIN TR B IR INTE R
2. AT DATE R 25 TR A MK BRARERER I PR T 2R

A AR AT HE R B SEEIBAS] - FAT T 250X A B SE B, T QAN ] F H e
FALAREER, 53R, BEHKIAS,

11.2  FlFREm

BATR] ARV H R RIEAIZ SRR, MIBRITR, (H00 7okttt AT RELE
SKERAT — R RAE, AL B HRIAAT 50—, BATITRE O(n) I TRIIE I EE M H1135 DA
FNEREHR, Hrp n BHIRKE, XAEMICERRIMEREZ R, O T RO AN, A] PA
—MNERICKEEME, FFH—PMHIMNIT RS AR, dNE 1.1 FoR.

data Node<K> {
Key key
Node next

}

data Queue {
Node head, tail
}

RAFI R B B AR BB 2 A BN (Enqueue, B¢ push, snoc. append. push back)
FHBA (Dequeue, B¢ pop. pop front), HHFIFRES, BATERELITMAITTE, NE
BRI BR T 2R AR A S,

1: function ENQUEUE(Q, x)
2: p + NODE(x)

195
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«

L

o

NEXT(p) + NIL
NEXT(TAIL(Q)) < p
TAIL(Q) < p

. OOoo oo

head tail

lof

B 11.1: B, 3k, RE#ERtER S

PAFIZE DA — DT R (B S 1 RD, Rt E R & &2 SN NIL,

6: return KEv(x)

: function DEQUEUE(Q)

x < HEAD(Q)

NEXT(HEAD(Q)) + NEXT(x)

if x = TAIL(Q) then
TAIL(Q) + HEAD(Q)

Hk

> QAN

S RAIERTE BB RAYAETTE, HEaD SERRIRE S B9 R—D1 5, WE 11.2 FiR,
FATTAT DI — SRy R B R IR, LKA AR A5 0 — I 2 Bl S 19 =A]

PATERNZI 22 I s s A ),

[60]

o

N

X1

—> .. —» x, ——> NIL

head

tail

11.2: HH S WRIYFIR

11.3

TR MIX

FABIERAH Fz, FATTAT DATE B £ AR T RIS BB R, (BFRELMEN T O(n)
MERFRIHBR . 3X 72 RO 2R 2 R R R T R IR AT 8, T IR B S TERE
R, BATAT DAE R A Sk R E R R, K — DR, MR AR X, 404Nl 11.3,
11.4 FRe IXFER AR SLFRARPR head, PAFIHKE count, FIEEZH K/ size, BEAT LA
FERRIBIAT o count T 0 IFPAFIN A, T size IS BRI i, FRATTIE AT DAF FHASE
IBRRIABN,  HIARYSEEL,

1: function ENQUEUE(Q, x)
2: if not FULL(Q) then
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Tail

Head

B 11.3: fEIAEMIX

head tail pUIL ! head tail pUIL!
M Y A s (R
alo]|a[1]| - |afi]] - o Lafj] | o | ali
(a) EEMAZ IR, (b) MKERMERE o EGE, BBl T2
4o
head tail AR tail head jul=s
afi] | - am/ al0] | - |al]
(c) M AZ AN ILEBE RN (d) R=NICEMA LR LA E
LR —ANBATL,
tail  head SR~
M M Vi
al0] |a[1]| - @[j-1] alj]

(e) EERHTCARGRAT T TR, IAFIE T,

11.4: (EFIEPA G P IX SEIE RS
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3: CounT(Q) + COoUNT(Q) + 1
tail <— (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
Bur(Q)[tail] < x

i

o

: function DEQUEUE(Q)
x < NIL
if not EMPTY(Q) then
h + HEAD(Q)
x < BUF(Q)[h]
HeEAD(Q) < (h + 1) mod S1zE(Q)
CoUNT(Q) + CouNT(Q) - 1

8: return x

23 11.1

AR XA I BUE T BRI A&, AR L BRANMaE, mAH
Count, 4IAMAZIMASIZ A2 B EiR?

11.4  MHIFEAF

HIFRHSKER BN B RN [R], (R AR T L M Al FR 2 m] DA A1 A
J2 " HER RSN, TR — A SRR, AN 11.5 PR, DSR2 Il LA
A (front) F1J5 (rear) o BAIEHN (f, r), ZAIIET ([ ], ])e BAHEFITRIMA » Y
SKHER, AR, KT f BISKEREGE, TEREET 2 B LN TH

pop <=1 X} —> X —> .. —> X; —> NIL <

front

push ----- » v > » —> .. — ¥y —> NIL <

rear

11.5: RHFREAF

{push w (fir) = (fer) (11.1)

pop (w:f,r) = (f7)

L —RYIHNIRIEG, f ATRERNZS, I r HIEEITEE, N T REMRSLHIA, BA1H
r BB £ B ([],r) = (reverse r,[])o NIEHRIMABNG, FEHIT—IRF
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T 2 A ) B
balance [ | r = (reverser,[])
balance fr = (f,r)

—HRA r BIREL, WX IRBEIERIPERE TR LERS Rl RUE N, BRAR R 7 i
B AR AL TR, BRATEHTE SCNBART A «

push x (f,r) = balance f (x:r)
pop (x:f,r) = balance f r

(11.2)

(11.3)

BATTRT AR B 45 tH— D NSRS AR SE B, MR 11.1 B AR, FAT TR
ANECER SN SK BRI A, AR 11.6 FR. 24 R BEH 2N, FeAT 1K P $H
[ R B,

Bk BeH | BER
ELEA | o(n) | 0(1)

EREBIA | O(1) | O(n)
FESLEBIMER | O(n) | O(1)
fERHBMIER | O(1) | O(n)

R 11.1: BEHMBERASTURIEAIX L

e X Xy Xp |«--- push

front

Tty | 2 | Ym [-> pop

rear

& 11.6: IERZHRAS

23 11.2

11.2.1. N AZAE push RBE TG EFIJEEE?
11.2.2. I ABNRNFN 735 E 4
11.2.3. SEILREAHRAF,

11.5 “FAiEgEAS)

IR R BB 73 PHE A 2% R O e B3N T, (ELER A O S PR RE ;R Ze . filan
fHAE—NIER, WRESH n NITRIMABS, I HITHAEZERN O(n), X
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— AR EZ £ e BB, D T SOE I, AT — SR, 25K »
REAKRT fIKE, BRIRR SR,

r| < |f] (11.4)

FUARFPATHREREKE, (HXFHELEN A, BRI TR K EIL R TR, H1E
HABNIN BT, IXFERFNRINR RN (f, n,r,m), K n = |f[, m = |r[, 735
TEMANFIRIKE, RIEFERINE (11.4), BATATLUGE £ B9 ERAIMBAZZ &

s
RQ=¢ <= n=0 (11.5)

BATEHrH, ABNHIE SN :

push x (f,n,r,m) = balance (f,n,z:r,m+1) (11.6)
pop (z:f,n,r,m) = balance (f,n —1,r,m) .
HH balance X H:
m<n: (fn,r,m)
balance (f,n,r,m) = (11.7)
A0 (f # reverse r,m+n,[],0)

11.6  SEHFEAS]

FEF ALY SEBL AR, SIRER, RAECHITEREI R MR R B, 1RSI RSt
b, RSO, EREESUIAE [+ reverse r Ho M m > n, R T
W BT m. n BBREEE, BATH—DHIE: m=n+ 1. + NERER O(n), REER
TERE AR O(m), BEIKER O(n + m), FIAFIFHITRNEURIE L, FRATAT DR
X IRIEIREISIR . AR, Bt — MRS IR OB

reverse = reverse’ || (11.8)

X SCZMTERAER], Horp:

reverse a [] = a
(11.9)
reverse a (x:xs) = reverse (r:a) xs
A DUMRA 5 ke 25 ) 01 107 8 OB TR, BRI A T — R
RASHE, Bl X MRAHL, B ETIRIRA: IR S, R IELEET R
RS2 s 52k 5, RRR TR R . B FRIR TR R A L A
7 (slow-down) R #&HH

step S, al] = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (x:a),xs)
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B, AR ELFIRVING, G S, (), HESIRF ERAFIRIT
R BEE, BRI N TR Sy BN, BATTIH SR AR — IR o, K HBESS
F o BUATH, B PRBATAEEATIEI, X— P REREER, AT SR
FRTRIZE SRAORAE R, BELUG FHRIE AT step I (E, Bil4n:

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” = (S;, “olleh”)

PRAEFRATTAT DURE RES TH BB IREN . ABAR . (B2 IX AR T — A1,
BMIFRZEZBL iR, VA o KINBP ERERMEREE R, FRATFIHBD RIEHISR,
HAA— NG 8 T B s 4 ys, TRATAT AT 25 KGR Ts, RIG B Ts I
JCEIH, iE] ys BRI, XF reverse’ 1L,

xsHys = (reverse reverse xs) 4 ys

= (reverse’ [ ] (reverse xs)) 4 ys (11.11)

= reverse’ ys (reverse xs)

= reverse ys Is

XSS, TRATAT DA 5 — M RASK I step, 16 r EEIE, BHHR1E T
SKIERE, MRS B S, R S.. e Spo BEMRIERIT NN B

1. RN R £, B8 T A
2. B T EUHITE, BEEE] 5 A,

next (Sr,f’,x:f,r’,y:r) = (Smx:flafay:rlvr) lﬁ.lﬁﬂkfiigf,r

next (S, f',[ 1,7, [y]) = mnext (S., f,y:r") REER, HBANERE (11.12)
next (Se,a,[]) = (Sy,a) RS R '
next (Se,a,xz:f") = (Sex:a, f) B R

BT ORBANFE RO LB AP B BL R D . A B A DASEERSE IR RAS
ARSI S5, 2 m = n+ 1IN, BOPHEB S R 4 reverse ro HIHH
Fon + 1 BRREL r, BANFRINAEIX PR TE R TR f IS, e, BATFHERH
n+ 1 B RATERESRE, RILEHEZR T 2n + 2 8, REZENEEZES D,
AN — e B, (HIX A — SRR RRE : AR 52K 2n + 2 R4 Z i, FASI
AIAFTREH T PRI — RS, ARIERRER A T?

%@E"J%, FEAEER o0n + 2 25 58RK f Hreverse r Zﬁﬁ, SR A N BAIRVEARN ] REFRIR
HERAFINIAG AT, — B E SFH IR, 233 2n + 2 B, BATEE T —1
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B f BUR = f 4 reverse ro T N —IRBAFI IS A TAEIN A -
= [f+1
= |fl+1Irl+1 (11.13)
= 2n+2

HALZ DL, M RIS ZI S EL, BB S ABHTT 2R, DA PR A
RAEASAFIAEGIN, 2n + 2 DI EIRTF CATER T BRI f ZIRBOT R R,
BT A2 MRS & f W reverse r'o 275 T FEHLN, BBIBATIRIE TiX— 5L

EARERZ, 1E 2n + 2 IR FERHT, HIARIErTREREN 24, X4 — /\Mﬁ
JRRIE L FRATFEM f PR TR, (B2 f 53R f = f 4 reverse r HA
HWHEIF, WEE—NATHE fP1R, T RO R, FA7E S —Fr B T
H reverse f I, BIMRE—1 f BIEIA, XFERIEEIESLGHAT n KHBAIRAE, FRATTY
RELEN, R 11.2HG5HTHE BB IHE (RN ) SN ZI B
FEF Lo

RIFIY f BIA it TEPEI’JH‘ﬁ H o 513

{fivfi+17~“7fn} (Sr7f7 ) {}
i i — 1 DNJCREHA | f M5 E’JEF'IEH HR | BEHABRITTR

72 11.2: ®i n 52 Z BIIBAFI A RIRES

238 n IRHIAIRAE, f RUBIARCLRE, BATTEER NINITFHEIZE A E R B T R
B BRI ANRARSEHI NS EAE? 5L b, BT f BIRIARHRDE, 22T [ ], TRATEH
WATERRE T . XREHN f+ 5 = [ # 7 = ¥, FEL, T ERRIEN,
BATATER [ R AT ERZER, RIATCRMM f BISKERZ— A, B TA]
PAGE — D EERiICS f R RIRITRI N SRR f 4 reverse r I, THEL
N 0, BIREL f AR — IR, §UR HHEES I —, FoRRR AT TR ZE XN
25 B BIRIE, BUR THEER R —, R BATRR ] UM ERE — TR, BAREIER
BOEN R i, BT TR ZR T s, = BLOCHTHEER Oy 0 BIRHeE, BT /R4K SR
BATHERIRIE, NI T HHEERHIRS L e X

next (S, n, fox:f,r',yr) = (Se,n+1La:f, fyr',r) [FENRESr
next (S.,n, f',[],7,ly]) = next (Sc,n,f',y:r") RS, e NIERE
next (S.,0,a,f) = (Sf,a) e PR
next (Se,n,a,z:f") = (Se,n—1,z:a,f") B ERE
next So = Sy SRR

(11.14)
BANEE LT —DEIRARES S RIS AL, BAFIRIBIELEA7r =
ARG f IR RERE ny IETEWEAI £+ reverse r IR, r FIRKHK

YE NSRRI — IR T ALY IR K R LI W, XA T R T, bR L,
XN AR ERIRA R SR, BITEHIE £ FIRNTIH ST RNEHEHERRESRE MR,
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FE mo 189 (f,n,S,r,m)e ZBAFIEN ([ 1,0, S0,[],0)0 ARIEFHFINY n = 0 KFBA
IRES, FAMBKRH. ANBAE X H:

{push z (f,n,S,r,m) =balance f n S (x:r) (m+1) (11.15)

pop (x:f,n,S,r,m) = balance f (n—1) (abort S) r m

HrAr abort 15 H BN #8208, IXAERER AT AU — TR, AT E X
X IRIE. balance FEE SRR, AW RN S BN f 4 reverse r B K E
1855 SIHAT— 2 MR FE A IS HE T
m<mn: stepfnSrm
IZII<I)_\IIJ Stepf(n+m) (ne:vt (Srao)[]vfaH7T>> H 0

(11.16)

Hr step ROARSHUELIE] T —MIRE, EHEE TR NG, IS HRE 2R

R Spo

balancefnSrm:{

step f n S r m=queue (next S) (11.17)
Hr:

queue (Sf7 f/) = /7 n, 507 r, m) Hﬂjzﬁi‘l‘ﬁ%%flﬁﬁf

(11.18)
y 1y Sla T, m)

(
queve S = (
BATETRZLIL abort A, T IRASHL, BT 54 T HIAERSE, /] DUDER—1
ﬁ%o

abort (S.,0,(xz:a), f') = (S¢,a)

abort (Se,n,a,f') = (Se,n—1,a,f) (11.19)
abort (Sp,n, f'f,r'r) = (S.,,n—1,f" f,r',r) .
abort S = S
3] 11.3

11.3.1. 7E abort PRELH, 4 n = 0 I, FATELRR BHEH T L —DMERTRIVERIE, X
T 2 MRE o fENEER, At AFEERE—PNITER?

11.3.2. {HFXEH SIS AT, 125 MR R LI, RRE— M E IS, &
TGRSR REFRAR BN LRI E] . 1SS — MBS I, (1520 R I il
— LR,

11.7  TEHESERRAS

ST ABI AR BELE TAGAERT Y f 4 reverse r TFE MR, FIFEMERKER] ISR
—MEAAIEEL, BRIZEKEL rotate B AR TTE f 4 reverse ro HELED, (FHH—
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DNEMER a, THIINBRECE T

rotate xs ys a = xs H (reverse ys) + a (11.20)

BATIR s WIRACN £ HNER, ys BRI r IR, o HIGIENZE [ O 1 SCBIEL
B, BB L AR

rotate [ ] [y] a = y:a (11.21)
URNENTOR

rotate (x:xs) (y:ys) a
= (z:25) H (reverse (y:ys)) #a EXFX (11.20)

= z:(xs+4 reverse (y:ys)) #a) ERNGEEE (11.22)
= x: (zsH reverse ys 4 (y:a)) REIMHEFFRNERS S
= x:rotate xs ys (y:a) RIAAE XK (11.20)

A _EERIPIARME DL, AT AR 2 BRI F T

rotate [| [yl a = y:a (11.23)
rotate (x:xs) (y:ys) a = x:rotate xs ys (y:a)
FEMEMEPITING S, () BIESHEBREIH, AN AT, ZER rotate HHEH
RAWET o MBI MEBBNERRIE SN (f, r,rot), HeFf rot TR IEFEEATHIRIECH:
WH f 4 reverse r, EWIIENZ [

{push z (f,r,rot) = balance f (z:r) rot (11.24)

pop (z:f,r,rot) = balance f r rot
R balance 1RIFER = AR HERE — (XFCFE TR, LR EE AN, TATTF M3 — 40
HHE:

balance fr[] = (f,[],f) EHW:f =rotate fr]|]

(f,r,rot)  HEUEELE (11.25)

balance f r (x:rot)

3 11.4

ArART SRR A, A Sk 0 FE 0T S 45 2T 1R ST SR AR AT AR

11.8 [t il
FUSBUIE. ABA:
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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 = q.head.next //the next of S
g.head.next = p.next
if g.tail = p then q.tail = gq.head //empty
return p.key

TR XA E X

data Queue<k> {
[K] buf

int head, cnt, size

Queue(int max) {
buf = Array<K>(max)
size = max
head = cnt = 0

FERTEAZRMX AT, ABA:

N offset(N i, N size) = if i < size then i else i - size
void enQ(Queue<K> q, K x) {
if g.cnt < gq.size {

q.buf[offset(q.head + g.cnt, q.size)] = x;
g.cnt = qg.cnt 4+ 1

K head(Queue<K> q) = if g.cnt — 0 then null else q.buf[q.head]

K deQ(Queue<kK> q) {

K x = null
if g.cnt > 0 {
x = head(q)

gq.head = offset(q—head + 1, q—size);
q.cnt = g.cnt -1
}

return x

S RAS
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data State a = Empty

| Reverse Int [a] [a] [a] [a] —mn,acct, f,accr, r
| Concat Int [a] [a] — 1, acc, reversed f
| Done [a] —f =f++ reverser

— f, n = length {, 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

top (RTQ (x:_) _ _ _ _) =x

balance f n s rm
| m < n= stepfnsrm
| 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

tm

P SEINRAS -

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)




Hw Pl

12.1  faisT
R SRR — R R &, Bl 1A R R SR A ISR
1. ATDMESKER, EERRLARCRON R A, BRTE 2
9. BT DB (1 T eIt ) YRR 3
3. T ASEBEHLIT I, EoR (T,
4. T ARG R BT TR,

B, PIROGH 2 W R IXEER, AR RITR. Hd n NBEDFEIIRIKE, n,,
ny 3 ANFTRPOERE RN D AR

e e LIS
TN, MR | o) | o)
EREEA. MR | 01) | om)
JE A O(nz2) | O(ny)
)
)

REALTT ML E i O(1) O(i
TEAE i MR O(n—1i) | O

ABRANG =P SISLBL: ZXBEILTRSIR, rDEESIR, FHE.

12.2 = XFEPLT AR

X FEALYI RIS = SR AR SC BRI BENLI S 2R . AR EEE TEe
Xt TERARIFAER 710 R XHEAIARSEEEL n, R HARIE N I, FATTA
EHRE L DREE " XRAEAE n DITR, BMEN 1 BRI AR R =X,
PRI R /I R IR AT =R (E2ART] 1 < i < n, BATERR] APIRE R E
NEBICRAFER o DRI = XK, AN 121 FIOR, 88 10 6o FRFHN [0, 22, w3, 24, 5, 26]o

207



208 . Ooo od

A 12.1: &6 6 NTENFA

IWIREN i + 1 R XN o to AEA—PHTTR. & &8 20 T
T n DITRBFA], BAHE n RN Z#HE 0 = (emem—1...e1e0)2, HH e; 1 8L
0o

n = 2%y + 2'e; + ... + 2™e,, (12.1)

WR e; # 0, AFRE—ER/NT 20 RN ¢, TEE 12.1 BT, P
JEHN 6 = (110)20 TARAIZ 0, FATARTRE R/ 1 HIR; 58 2 2 1, TE—HRK/N
092 BB ¢ B 1, TRV 4 B too IXAERRIEFA (21, 20, ..., 0] 3R
RAEIFNZR, BIR AP EEARA A KNS 2 M — A, FFRAZ IR MBI HES I, AR Z
X BEOLVT BNV, FRATTAT DATE = R SRS R RSV DASEEIX RIS - 1,
TLRARFEM TR, 20 EERTREPICRMAT RN, XS RIEN
(s,0,7), HH s ZIRFWEIRN, 10 r 3AIERREG TR, BEITR » 77 I
N () BATATUXFELIRE— B HI AN :

| size (x) = 1 (12.2)
size (s,l,7r) = s

N THEHICR y BAZFH S WFTH, TR A — D71 50 ¢ 3

t' = (y), RGHEHFHAZIHEMKA, insert y S = inserty (y) S, 85 BT EFEA:

insert y = insertr (y) (12.3)

TR AR I3 — A0 ¢, LB 1 A1 ¢/ BRI, A0SR 0, B0k, b4 ¢ B T-4%
PRIEATE (RO 1) 5 25 ¢, R 7 A1, Bl TR BT 643 (BN D) B — KR A Bt
By = (25,6, 1), SRIEEITHNG ¢, SEAFIRRMA, M0 12.2 FiR.

insertr t [] = [t]
. sizet < sizety: t:ty:ts (12.4)
insertr t (t1:ts) =
A0 inserty (link t ty) ts

Hb link KRR A/ BRI EERZECR : link t, ty = (size ty + size ta, t1,t2)o
LR EE m R, m BIKAINA O(gn), SKETHEABRIMEREN O(gn). REETR
fITUEBH S PEPERE D 5 BN 1],
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O,

(a) FA 710

(b) N z2, BEETE 1],

O Q
@90 9@@0

(c) TN 3, ZRN [to, t d) A zs0 ZPIREE
5‘”}:?*%73 t2]
@0@90 @@@690
e) HA s, ZHERN: f) A w6, EERN:

K& 12.2: A 21,2, ..., 76
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XEAR L, BATA I ARSI AR LI FISKEIER TR, ANRARAA AR — R
72 to (BRI 50) , BATERRE to MHIBR; 7500, 38T HURE 58 — BRI 0 EE2IERTS 10, 24
JEREHAMER, 4N 12.3 Ao

b

) A 21, @, ..., s XFBLAR IR 50 EAEMIER

M [to, ta] to
()
® @ ®

(c) MHIBR 240 LSPIRIFDIGIFEN [to, to, t1], BBRIGTS
[t07 tl}o

A 12.3: MKERMIBRTER

extract ((z):ts) = (x,ts)

(12.5)
extract ((s,t1,t2):ts) = extract (t1:ta:ts)

HMAT extract BIA]SEI SKERTC 2R AIMHER

head = fsto extract
(12.6)

tail = sndo extract

Hrp fst (a,b) = a, snd (a,b) = b 53 HIRE—XEHETHEB 77
AR B SERR R TTR TN D A RNARRRIX R, BEERERTI1 <i < n, ],
MTISEERL B R 58 42— KR, SRJ5 PR AT — O A FT 2 (LB TT 2R

1. OB i AR ES — B0 ¢ RO, 36 0 < size(t), WITTRAE ¢ W, 55N RAEM ¢
HHTELR;

2. BN, 2 i =i — size(t), RIEBITHIERERAIR R EREE o IR,

1< sizet: lookupr it
(t:ts)]i :{ = r (12.7)

EUE ts[i — size t
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HrF lookupy TERAHIEAT =0 &k 1R @ = 1, TADREART 5235 S0, TATH
PR, AEIEIHER:

lookupr 1 (x) = =
s
i<|=|: lookupr ity 12.8
lookupr i (s,t1,t2) = 2 s ( )
e lookupr (i — L§J) ts

12.4 #R TE—DREN 6 FIFHIHEIE 4 DNITRIPE, BN
N2 < 4, YREAREH IR, RSN & = 4 -2, L IRIIRARN N4> =
2, R EHTRMEIXAR I . FINRTIN 2, ARTHRFERIFR AN 4/2 = 2, AT A
BN RAGE T, AR E A AN T 7057, R EIZTRRITR, F0U, A7
] UESUEREALE « TR,

(a) S[4],4 > size(t1) =2

(b) S’'[4 — 2] = lookupr 2 t2

size(t2)

(c)2<| 2 | = lookupr 2 left(tz)

(d) lookupr 1 right(left(ts)), IRFE x5

&l 12.4: ZRHEL S[4]

HRAETE 2 XM EIER, M TE5E n DITRIFPA, RRKIRECH O(gn). X T
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K5l i, RZHE O(lgn) WRKEALEIR, BN RAERMRIA S ERIEL, K28
72 O(lgn)o FRIEREHLIRIEEATEREDN O(1gn).

23 12.1
GNAIAL R R 5 BRI (i ?

12.3 BlEFon

FEGEEEY n B9 ZERITE AR Z HAEER R n = 2% +2 1 +... 427 €y, HH
e; N i HIE, # e; = 1, MITFAE—RRAR/INN 2 BUSE 2 XM, MR8k AT
R, R RO 1; AN RS B RO 1o FAFRX AR RO B #oR
MY BRI L, BT AR IO E SR MRS RS F Zero FoRAFAE
X, MRS — One t FRAFTE XM to IXFERRMRE AT AZR R 9 — 4 RS
OB, AT A\ S IR — 3 B S A

addt[] = [Onet]
add t (Zero:ds) = (Onet):ds (12.9)
add t (One t':ds) = Zero:add (link tt') ds

Kbt ¢ H AFRPANS B ZHERIINTE - B RS, FATEIEIRZS One ¢, B2 ik
HIEPAME— AL, YT 0+ 1 = 1o B, R B E A ETF 2 Zero,
BATONERE— RS One t Bt Zeroo XHY T ZHEHIINE (.. digits..0)y + 1 =
(...digits...1)so BIU164+1 = (110)y + 1 = (111)y = 7, QR IFHIEIZ One t/,
BTATAY ¢ F1 ¢ RDNHIE, XZ2ENBATEZA—DHF o = (z) FFIRHA,
FRBAM K/ N K, B—1DF501,2,4,...,20, ..o AT ¢ F1 ¢ BEREEEESR, 3
U b N BRI REECT . T2 BT One ¢ BN Zeroo JXHY T 3R NIE
(...digits...1)s + 1 = (...digits'...0)50 BN 7+ 1= (111), + 1 = (1000)> = &

P TORTATT A e fTE R LR MER, AR R E&H —4L One ¢, WERE 5
N, IR IR 1 -1 = 0o RFHIE ZAL, H BEALZ One t, FATRH
BR Zeroo XXMM T HEHIRIE (... digits...1)s — 1 = (...digits...0)e FIWIT—1=
(111); — 1 = (110)2 = 6, WIRENIZ Zero, LT EMERL, FA1I5 ) MR ATEL
FAMEU, K PRGN ¢1. to, ¥ Zero BHREK One ty, FFMIFR ¢ IXAHY T
TOHHRRIE (. digits...0)s—1 = (...digits’.. 1) BHIAT4—1 = (100);—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,t) = minus ts

BRI RERRE M E, BAMERAREIE, TR EE R, HER
REZBEFIHEA n = 2™ DICRAVERE, FRAREY IEHIZR N 12.1
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i (& AR)
0 0,0,..,0,0
1 0,0,..0,1
2 0,0,..1,0
3 0,0,..1,1
om — 1 1,1,..,1,1
om 1,0,0,..0,0
NALIREL | 1,1, 2, ... 271 2m

£ 12.1: HA 2™ NI ERTRE

TR FORA R ARG B AR AN AR, SRR o™ IR IRIRAL B — IR
b, AT — IR I RE BRI, SRR 21 IR IRE N B R (b — IR, BT E 1Y
MR — R, BE— ML EMAG, e 1 KFra T EXRE0E M, 152
T=14142+4+..+2m 1 4om—=omtl LG NRIER DS Z5E R
2m+1
2m

O(T/n) = O(

AL A 0 R A 2 P Dy K T

) =0(1) (12.11)

%3] 12.2

12.2.1. SEEUEFRREAIRIBENLYIR] S[i], 1 <i < no HA n BFIIKE,

12.2.2. T EUEFRTR R HIBR R ER 3 R A

12.2.3. A DAHIREEN 2m RO FORE 2 — X (m B ARV ED . TE B S — X
PERBRPR I AFIRERL 5 7]

12.4 XA

18 b—F i, B4 B X RAS . BT 55H AT DURS EUt TR BEATL S A, AT TRT
DU EY BN F A, W 12.5, #3306 Sk 7 OISR M, TE51 R AL
AR, IR f BERR; MR SRR, INE] - $RR, IXFEFRATH — X
FRYIE S = (f,7), 2 FRONT(S) = f, REAR(S) = 7o BB R:

insert Xy X X1 e > » Ym append

front rear

12.5: XN
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1: function INSERT(z, S)
2 APPEND(z, FRONT(S))

3: function APPEND(z,S)
4 APPEND(z, REAR(S))

BELYIRIES @ DT, TATCHAIW « RS2 fICR r, RGEEMEDLR. &
i < |f], TCRAE f . HT 0 SOSKERRY, BT DA f IBIRME A PRI TR,
AT | f| — i + 1 EALETTER W @ > | f], TLRAE r o TLREBMERGRTI, K
1A @ — | f| EALETTER,
1: function GET(z, S)
2 f,r < FRONT(S), REAR(S)
3 n < SI1ZE(f)
4: if i < n then
5 return f[n —i+ 1] > RIAZRG]
6 else
7

return r[i — n|

MER AT REHE — N £ B - B2, T — MR TR, FERE Vi, 5 fslr
FT [ ], BATIR 53— Bl o U, SRR AT — R ST A — X, fo r 2
WFRET, FATTWATDAZSHE £, r, BEVAVE R Bavance, B f. r ZHLER,

: function BALANCE(S)
f < FRONT(S), r < REAR(S)
n < SIZE(f), m < S1ZE(r)
if F =] then
ke 5]
return (REVERSE(r[1...k]), r[(k + 1)...m])

if R=[] then
n

ke 5]
return (f[(k + 1)...n], REVERSE(f[1...k]))

©

10: return (f,r)

TERF MR, FRATEARE fo r BENDE, HiR T EHR1E:
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FRONT(S), REAR(S)
4 if f =] then >S5 = ([], [z])
5 T[]
6 else
7

REMOVE-LAST(f)
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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)

TR T S8R, D P AHEBRIAE L M EREN O(n), B n BITR ML H
T R 2 R BN TRV

£53] 12.3
oA R 7 5 BRI 5 B 2 2%

12.5 WA

BIRFTATAT LA O(lgn) I TAILE — AR BEALY RIARPRATSLERHEATHE A, MHIRR, &K
I AEEREM NP AR G FATRER I A X EFH B —i&E, MFHZEA
Wrik s X/ NI B, B 12.6 B T —RmEREYIRSEI, 2 X REET
IR — IR oy, HETTEM G TR BEREEE TN, 8 BRZE—
BRI, IXEEFR H— DL RAZ (WL E—&) B, BATHEFRAIRTNA (21,Q.) =
(21, T2, ooy TnJo ATFEIERE T —DHNER (y1,Qy) = (Y1, Y2, - Y] I, FATREHABAEF]
Q. MEH, ERHIBREE W, S BABI BN BNERE BN A, (R 71 3R
PERE 2 BN TR,
sSHYIJ = s
GHs = s (12.12)
(,Q) 4 s = (x, push s Q)

FABTCR 2 B, BAVEORE—DERITRIIE (2, 9), RERHERGER,

insertx s = (z,9)Hs
{ ( ) (12.13)

append x s = s+ (z,9)

MATHERSR B S ERER T R R BIRAT % o AR R, RS NI
TR AR 2 ORI AERSI R, BATA] DB e 2 SRS, Bl —
IR,

concat & =

(12.14)
concat @ = (top Q) + concat (pop Q)
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c[1] | c[2] | ... | ¢c[n]
x[2]...x[i] x[i+1]...x[j] x[k]...x[n]

(a) (21, Qz) = [x1, X2, ..., Tn]

‘ c[1] ‘ c[2] ‘ ‘ c[n] | c[n+1]
X[i+1]...x[j] x[k]...x[n] y[1]...y[m]

(b) ERE (y1,Qy) = (Y1, Y2, ey Y] MHEF AR et 2l Q.

12.6: AJEHESIFE

AR AEREAE LI BB R AR — AR oy A, SRJ5 12 VT R R R Y
FRERRAE RN s, BIGTE o1 s EREER, BAEM concat WKERMFRTTER.

tail (z,Q) = concat Q (12.15)

BIK concat W7 T B, B VRN —DMRAEHIEE R, XA LS TX Q ##
TR,
fold f z@ = =z
fold f2Q = f(top Q) (fold f z (pop Q))

Hrb f BATIAHN ZTEE, - 2FL. N2 —ENEMET, 2@ Q =

(12.16)

fold(+)0Q = 1+2+B+4+(5+0)))) =15
fold (x)1Q = 1x((2x(3x(4x(5x1)))) =120
fold (x)0Q = 1x(2x(B3x(4x(5x0))))=0

BATAT AR BINKAE L concat (FTEATEI) :
concat = fold (#) @ (12.17)

WEHE AL B0 MR, EREREYUZE, MERERIERIPEREAERIAME L 2
LRIER, HESAE AN n DNITRIGE, SLRIPAT—IRIHBR, 2 R A n—1
R BT RN(HAEE M T RDo concat T O(n) NRIEFTIAH . HE
3 A 2 PR R TR
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12.6 T

X BEAILY R AT DATE SKERFH & 2N TR () Ji N IR, DA ORI TRE
PLVA], (EZXEAA R HRAIITER, RO T PIdE R, ARSI AE S T R 2K
I TR] (i) EA TR, £k, R RRA B BN TRIFE A, (EANREF R EATRENLIT A, 1X
PABIFHRREAT: 1. FREFATT IR RSk, DT 2, HAIEIARES
A (BIGERS) PTRE BE AL 175 R0 sl TG 2 AR R . e 100 M 773X R ok S
A, RS PRI R EREE X EE, FHEMAIE T 2-3 4 (—F B-K), —#R
2-3 B ELE BRI, AN (20, 62) B (t1, 62, 85)0

data Node a = Br2 a a | Br3 a a a

BATE X —RRFHaRR
1. ENT @;
2. BHEBHITTEMT (2);

3. AW E =80 R, GFHE, 12N (f,t,r) BPTFHER-1TEZ3
PMILRAIIR

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.6.1 fHA

(C) ([b],@, [GD
12.7: FHEHt, B 1

aiE 12.7 fME 12.8 Fire il 1H (a) 8 @, (b) BFA—TMIEREMNER, (o)
SEMWNICE, 2IHE fo r TIEH, NMRSAKSHAITCE, [ FHESEE 2-3 ARSI,

BB SSCH (front) , J5 (rear) I 78,
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[e[a[e]0] a

(a) 1A f FHEHEA 3 1 (b) E ¥, f

TLEE, BT 2-3 FHEEE 21T

FRIRR ), /NP P18 ;RSN
T, BE B2
3 s

& 12.8: 40, 1] 2

Bl 2(a) FoRe (b) IKE V)G, [ FEHA 2 MR, PR P EH 1R 2-3
PRI IXLER 7RI AR

1%} Empty

(a) Lf a

([t], 2, [a]) Tr [b] Empty [a]
(le,d,c,b],2,[a]) Tr [e, d, c, b] Empty [a]
([f,e],(d,c,b),[a]) Tr [f, e] Lf (Br3 d c b) [a]

FERRE I, FRE B FREZ— D TIamE&E)an. BREf r
FHERI R A ER 0 2 — BREIRIITHER, & SN Tree (Node a)o IREHIIN—4%, #Z#k
B, LEEIBIFEEER T AT HERTE A TR, AT LA, 1
—HERTFHER T HP i o I

1. R T = o, MERNETTENF (a);
2. MR T = (b) B—MHF,ERN (o], 2,[b]);

3. T = (f,t,r), SR fAHITRNEOAEE 3, % o FAZ] f 1, 412R [ Ao
o3, R f HEYE 3 NITERBA R 2-3 S ¢/ JBVAHRE ¢ AR ¢ . R
JER a FAZE] f R,

inserta @ = (x)
insert a (b) = ([a],2,[b]) (12.18)
insert a ([b,c,d,e],t,r) = (la,b],insert (c,d,e) t,r)
insert a (f,t,r) = (a:f,t,r)



12.6 OO0 219

BR T U4 ASb, S O A B AR W AN A, B VA IR R TR A = b,
T EE 2-3 BOF4EREAE, R b = O(lgn), HH n B FHER P EE TR
IR DA PR BB U, 18 AR 0 2 D BN R T 3RATTAT AR &
INESHRHE TILRIBA SR

xs >t = foldr insert t xs (12.19)

%3] 12.4
12.4.1. JHERIEIA, FTEPREY 75 S FFamifE A

12.6.2 R
MEKERBHER AT LB VERXS insert HEATIAHRAE,

extract (a) = (a,9)
eatract ((a), &, [}) = (a, (b))
extract (la], @,b:bs) = (a,([b],2,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))

Hrp toList F—H% 2-3 NS :

toList (a,b) = [a,b]

(12.21)
toList (a,b,c) = la,b,c]

FAIIE IS TR RGO (TSR HBR) o QMR FFEW R BT R T, RN =
B WERFHEW LS TCR, BAIMER f HITE, RN RITENHT7 W f
HREFE—NITE, PR NES, T or A2, BAIMER f HEE—TTR, RAEMr
UET—DITRIBA f R fF A —ATTE, M REFRARZS, FAT T = 3\ 7
FHIBR — 1 R, AR RX — 1 R I N BRI R fo WK f A AIE—TT
KEMIER; R f BE—DAEREER, TANTEE NI E2MER, B 129 BRRTNFP
HISLERBHER PN 7T 2R AH

i extract, Tl TA] UE X head F1 tail

head = fstoextract
(12.22)

tail = snd o extract

%3] 12.5
12.5.1. JHERIEIS, FHIEIASZELMBR,
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(c) FRRMBR—TTR, WARIFH " — D1, B EM 2-3
AR 2R, TERHT fo

& 12.9: kR

. OOoo oo
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12.6.3 JEEREEE
FATRT DA FRHBSEER BB B . IRR .

(a)
append (a) b = ([a, 2, [b])
append (f,t,[a,b,c,d]) e = (f,appendt (a,b,c),[d,e])
append (f,t,r) a = (f,t,r+ [a])

append & a =

(12.23)

IR r PETTERAE 4 D, WITEEEHOTRANE r RE. S0, % r HHEIRET
= TUERBH, MTE —RRHTHY 2-3 B, TSN E] A R R R R, AR AT AT
DA ZE M BNIE SR 45 T e SRS R — AR AR -

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)

Hrb last IREBIRINRIG—DICR, init REHRE D O8 XIE—F),

12.6.4 &

FZEMRFREMEA RSB T = (fi,t1,71) To = (fa, ta,m2)0 FATH fi
VEERRGE RPN £, H ro (ERGERFE ro KGR tis 11y fou to BFFRRIRITH,
Ty A fo BT RBIER, B DUX S T-40 T [A)

merge ty (ry 4 fo) to =

ti A1ty WERR TR (HEANTEE Ty A1 Ty R—2%, 4 Ty HHRITTEREELN o, W ¢,
HFHITERERDN Node ao TATRITHBEIT ST ORE ¢, B9 £ THEM ¢, B9 45, R
JERE ty F o BIFRTRIER Y, ¢ BO » FHEF] ¢ BY f FHEEFF.

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 TooRHAH K4 2-3 1, IXZE IR TR rRRITERER, 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 I (12.26), EREBRAEAR T L2 &8, Bl Ta] DAga th R &
N—BUIE L

Ty # Ty = merge Ty [ ]| Tz (12.29)

ERERIPEREBUR TIRIAR & HF IR, IBIFRIR AR BN — R BT
2-3 AP, FHEMEI RN O(1gn) b n NITRI M, SFHELFREMA IR
PEREAII A —HE (R Z A insert 8 U0 N0 HER BN TR, BIME DN O(m), H m
MBI ZE, SR ERIRRERREN O(gn), Hd n 2R FHEMH S AR
TLR L

12.6.5 FfidLiiM]

BA VRIS Z IR R B RHE R O TR EMETRN, %G
DB RGN — s ZREICFKHGEHITTR DML (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 o ATRERERHIT A, Bl Node a, TiH
HUE BN INAZE 1o N AR A SRR, 18R « GRE—1
BITH (2)., EIX M ETTHIR/NN 1, B: size (2). = 1 (SRHZRHIF).,

{:v <t =insert (x), (12.31)

t
t>x = append t (x).
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AR :
s <t = foldr (<)t xs
foldr (<) (12.32)
t>xs= foldl (>) t xs
A TETEZIRE 2-3 R AR/N:
size (t1,ta) = size t; + size ty (12.33)
size (t1,ta,t3) = size ty + size ty + size t3

X1 ISR (BIAITR — B F48) BATTAT B sum o (map size) KIFRR/,
e AT BRI o, BAT TR EEH N, I MBE R G, 88— PMLE ¢, 7]
POEIS TR R ML BT e FHER B A BIALH: (s, f,t,r), BT L4
PIRIRINA: spv s sy Hos = sp+ 504 800 AIFR G < s, MBAWLT f 1, Bell 1R
R fHESGUR sp < i < sp+ s, WHEHARLT ¢ 1, FATRIE ¢ PR GUE
PALT e BRIEZ SN, BATDETRZALBEIM T 1 (o) BITEDL. BATTH—RME (i) &
TNEBIREE ¢ i BIRLER, HE LEBIRE lookupr WNTH:

lookupr i (z) = (i,x)
1 <S5 lookups i f
lookupr i (s, f,t,7) = {s;<i<s;+s,: lookupy (lookupr (i — sy)t)
A lookups (i — sy —s;) r

(12.34)

XH: s; = sum (map size f),s; = size t, AR FFEWRTNER B9/ N, Q1R

TEMF R (z) PERA T « NS, RN (6, 2)o AMBATAINT i 52T (s, f,t,7)
W—&B 7. RN THIGEFLE f,r B, BIMRIRER TR PG NITE,

i <sizex: (i,x)
lookups i (z:xs) = (12.35)
A0 lookups (i — size x) xs

R i N TFIRATER = (G < size o), BATRME] (i, z), BN FATIRSEE TG THHY
TLRo WNR i MITRUETHE f,r, MAEPRIERS ¢, BATEVIHAE BRZEK, /20
B (1,m)o XE m 22— 2-3 B, Tl M REHPEK:

lookupy i (t1,t2) =

{i < sizety: (i)

A0 (i — size ty,ts)
i < size ty (i,t1)
lookupy i (t1,t2,t3) = 4 sizet; <i< sizet; +sizety: (i— sizeti,ts)
ENE (i — size t; — size tg, t3)

(12.36)
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BAATN THE R NMEGE N TR o BEEE (o), P, REABNTFENFE
Hy[a]:

Filookupy i T = (7', (x).) :  Just x
T[i] = pr (¢, @) (12.37)
AN Nothing

AR T 228 Maybe a = Nothing|Just a RFTRGIRINBEE AR 2, FEHL
ViR B VATEFFEM &K, 3R B TR S, BT FHaR2 i, b
ML R E 24N O(1gn), HA n Z2TFERITTE ML

BATHFER LI FFIE SR LG &S, RFWTERE, k. BIERENSHE
HRJE 9 R BN 1R], AT DATE X BN R A T RE . r I, BENLRSIT, BIARZEIE,
TR T AR EARE . 12 T RA] DA eA gk — L s R ml, fian, FRq1A]
DA FFAISEEE MTEF? gitd &% 0%, MTF {ERFHEEN E « BT EBah 25 a0 :

mtfiS=z<8 HH(x,5) = extractAt i S

TR BT, TR AR R a2 FHE7 B, B PuRHeR . H9FHE
F LARCENTRI I ; ARG BA I 1 AT B DR RC R IA A A R BT,

%3] 12.6

12.6.1. TEREHLRIEE, anfalabBRZS M @ FIR 5 [BRIE 2
12.6.2. KM cut i S, FELLE i FFI S 7EIFF

12.7 K= Bl Re
BEHLYS I (R :

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

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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extract ((Leaf x):ts) = (x, ts)
extract ((Node _ tl1 t2):ts) = extract (tl:t2:ts)

head' = fst o extract
tail' = snd o extract

getAt 1 (t:ts) | i < 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 t1
| otherwise = lookupTree (i - sz ‘div’ 2) t2

BENLIS R AR MR E SRR :

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

M-

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, Segq<k> s) {

Int n = length(s.front)
return if i < n then s.front[n - i - 1] else s.rear[i - n]

AR

data CList a = Empty | CList a (Queue (CList a))
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-

wrap x = CList x emptyQ

X 4+ Empty X
Empty + vy y
(CList x q) # y = CList x (push q vy)

z

fold f z q | isEmpty q
| otherwise = (top q) "f° fold f z (pop q)

concat = fold () Empty

insert x xs = (wrap x) +H xs
append xs x = xS 4 wrap X

head (CList x _) = x
tail (CList _ q) = concat q

FHER

— 2-3 4
data Node a = Tr2 Int a a
| Tr3 Int a a a

— Ffatd
data Tree a = Empty
| Lf a
| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } — H¥r&H
newtype Seq a = Seq (Tree (Elem a)) — &%l

class Sized a where — AJiFE A/
size :: a — Int

instance Sized (Elem a) where

size _ =1 — JLENANNER1

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 ¢
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nodesOf (Tr2 _ a b) = [a, b]
nodesOf (Tr3 _ a b c) = [a, b, c]

— FEMRIE

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, €] m r) =Br (s + size a) [a, b] ((tr3 c d e) ‘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)

— G

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 f m [a, b, ¢, d]) e =Br (s + size e) f (m “snoc’ (tr3 a b c¢)) [d, e]
snoc (Br s fmr) a=Br (s + size a) fm (r 4 [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




228 OOoOodobmAan

merge tl es Empty = tl << es
merge (Lf a) es t2 = merge Empty (a:es) t2
merge tl es (Lf a)

merge tl (es+-[a]) Empty
merge (Br s1 f1 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) — Just 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 + 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 abc) | n<sa=Place n a

| n < sab =Place (n - sa) b

| otherwise = Place (n - sab) ¢
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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IHEP R PO HEF A HERE, TERESIRIIEE] O(nlgn)e BATES MR ENINA

TN, B RIFFFHET, A7 <F.

13.1 P

IR H— 4/ NI AAZIRA SRR

L B N/NRAET . AR EEX AN AR R ER ul E AT 22 2 5 Firf Eefth s
s 2 AR A 25

2. FrAUSREMAE NP EEIX— P8, i 2A MRt B2 X — DK,

BTN B R (EK) @ [102,100,98,95,96,99,101,97), FFE 13.1 ik 7iX
—HEBAIS R, B2, B8 102 BERIEZ AT, BATFRIXAN/ N ELHE, FR DA
FRIZ, BTGNS S . ATE ANESuG A M, anRp s —ATAR. BER, B
102 JECRI/INAR 552 T B s A B, BATARPAS S, B, B &l 100 JE
KWL TFEETF, SN 98, 95, 96, 99 [EKAY/INIAA S T iy 2=, i & &k 101
JEKRA /NIRRT A, iR R =47, B =20, B 98 JEKRI/ NI R T

229
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FEMIEEEUE; B &0 101 JEOREV IR SO T A M HE, (HAEMAREAE — A, TH
Moy, EERMERTTIR, EEIRTE AR ERAAIE,

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’
‘95’ 96° ‘977 ‘98 ‘99’ ‘100" ‘101" ‘102’

7 13.1: ¥ 5 SHEIS R

BATA] UGS POEHR P RIE Lo XA L AT HEP I :

o LR ] MHRFEERNZ | ];

o TN, FE L FPEE—DITRIENEME p, R RIAHR L PAKRT p KITTRHE,
KEERET p AN, FBREFTERT p FTRHEE, ERETAM,

BATH FIN AR RIE" ZEAMMENEIAHF 2 HATH, PsHEF hER
(C. A. R. Hoare) 7E 1960 £E42H 11, [, FATTAYE S H %A Wi B ARl e BB
XA ZRATRE, BN SRS — DT RN p

sort [] = []

13.1
sort (z:zs) (13.1)

sort [yly € xs,y < x| 4 [z] # sort [yly € zs,x < y]

BAMEA TEREICH I FED —3 = 5 /R RIS (FiFR ZF RIEL) 151K
B Lo = ZF RIEK {ala € S,pi(a),pa(a),..} TARMNESR S HIETULESHF
p1. P2, ... ARNERITR(WE—F), W NHEAHFE:

sort [] = []
sort (x:xs) =sort [y | y«xs, y < x] # [x] 4 sort [y | y«xs, x <y]

BRI AL ARE BN HE . tA] DA e MUNHE, DOE TS Mz,
oy, FFeR, SUEERIAE, AT DR RS R RS B (L8 =),
BADFAREREESRM—E R a7, BREDER R ey, DISEIE),
B UL, BA B B < 1E M EEBSR A

ISR PR S OIIE N SRAED (Zermelo), #H=23i/R (Frankel) o
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13.1.1 X%

FERAPIRHE A2 S, AP T 3 —URE T < = BI7TR, 2
UORSHTH > o KITER. ATRAREN TS IR — IR il A :

partp [] = ([],[])
. B p(x): (x:as,bs), W : (as,bs) = part p xs (13.2)
part p (z:xs) =

AN (as, x:bs)

IXAEPRIEHE P B LN -

sort [] = [] (13.3)
sort (x:xs) = sort as+ [x] # sort bs, HH : (as,bs) = part (< z) s ‘
FATH AT A BNk e XRI 77
partp = foldr f ([1,[]) (13.4)

Hrp fESON:

p(x): (x:as,bs)

f(as,bs) x = 13.5
(o:0) 1 {IZ:WJJ : (as,z:bs) (15:5)
S FH BN SRR 7y, A BT EZ AR (as, bs) BRI, # p(a), WEM
x5 as, MWBEME] bso XAFEFATATDASZI— IR 77 :
partp [ ] asbs = (as,bs)
p(z): partp xs (x:as) bs (13.6)

part p (x:xs) as bs =
BN part p xs as (x:bs)

THPFRIERRXS :xs FATRI
(as,bs) = part (<) xzs [][]
PdHE R B X BERARIE sort as 4 [x] # sort bs A] DAE— 25 (b  BRE

sort s[] = s
(13.7)
sort s (x:xs) = sort (x:sort s bs) as
Hrp s WEREER, BAMEA—NZEINZRIBIHT : gsort = sort [ o Xn5E
JRI, TR EOBVARA D FFNER as. bs HEF . FRATATASERT bs HE7, K o HEEFIZER
HiT, VEHT ) RS R Na itz .

sort = sort' []

sort' acc [] = acc
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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 JshbHER

Bl R Ear e R o7, HE 13.1 53R 71X Fh— e i Xl 73
7P, BATMNE AT EH, T, ZeHAHEIE 13.1 (a) FRPLER
T AR

p = x[]] B L LR R
x M
x[] o <p .. e > D L2 X[y
(a) KI5 AR
p L R
N
e x[ﬁJ fﬁ+1] L2 %[y
(b) Fig
p L R
\ | y
Xm L <p )X[L}l e >po x[u}
A H
(c) &53R

B 13.1: FEDICRERME p X —Btd

o BRIEMINEERE p, KIDEEHRIN, p BRI RENE;

o —BHAEE <pWERS. RX—BRIGMILAN L;

o —BAEE > p D, X—BIEMAFN R, L. R ZRAIMTTRAKRT p;
o RIJGHRITTRMALHE, XERTHITCRATRERTEAKRT po

Ko e, L6 p, RASE p B9 R —PILR, EIE 13.1 (b) AR, RJE AT
G R TR, BE R B BHAGM, BRIEN, #ELER R AB8FRITTEREM po
#i z[R] > p, ENALT L M R Z 8], BANRSAFIES) R; BN z[R] < p, ERIZNALT
LM, BATR L MG —8, REsc#k «[L] Ml 2[R], = R B &G — M ER,
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FTERITRABEATTE, > p RITREPRENE 7 L AW, mHETRAT L £,
B BATIHR ZRE 3N p, AT IRXMNEAIFR, i, Bdl12e# p # 2[L], 4B 13.1
(c) FHINAET KR, L AR p, BN 7 BMER 73 BATRE L BRI
MIEERIRIA, AT TTE SRR B, AT TR L 30 1, (R Edsms — DR T p KITR.
DEEAN A, R XRIRT_E RN 1w, R S

1: function PARTITION(A, 1, u)

2 p <+ All] > B
3 L+« > =M
4: for Rin [l + 1,u] do > X AEMHEA
5 if p > A[R] then

6 L+ L+1

7 EXCHANGE A[L] <> A[R]

8: EXCHANGE A[L] > p

9. return L+ 1 > IR BT AR E

e 13.2 B[ TR EEA [3,2,5,4,0,1,6, 7] HIZEE,

3(1)  2(r) 4 0 1 6 7 FE, p=3. l=1. r=2
3 2()(r) 4 0 1 6 7 2<3, B3N (r=10

3 20 5(r) 4 0 1 6 7 5> 3, k&t

3 20 4(r) 0 1 6 7| 4> 3, HhEL

3 20 4 0 1 6 7 |0<3

3 2 01) 4 5(r) 1 6 7| BBh i, RIER r MR

3 2 o) 4 5 1(r) 6 7 1<3

3 2 0 1 5 4(r) 6 7 Bl 1, RIG A r 234

3 2 0 (1) 5 4 6(r) 7 6 > 3, 4k&k

3 2 0 1) 5 4 6 7(r) | 7> 3, 4kEE

1 2 0 3 5(1+1) 4 6 7 O IR, 25 p A

7% 13.2: H#HFFRI A

fEH Parrrrion, A] DASEERPIEHEFUI T :
: procedure QUICK-SORT(A, I, u)
if | < u then

QUICK-SORT(A,l,m — 1)
QUICK-SORT(A, m, u)

BATEHE P N2 NS B RS 40 Quick-SoRrT(A, 1, |Al). WIEREEH B2
HAEE IR, BATERIRIAL,

1
2
3: m <— PARTITION(A, [, u)
4
5
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£535] 13.1
13.1.1. BOHFEAPGEAEFIE X, BR T AR NI, Xt BT E25 R B,

13.1.3 M:HES T

PRI HE 72 SE R B AR R 4F. AR ZEMH G2 T HER M P H N
THIPERE. EIEANTRGFIERINMED. BRIFEOLT, BRI 2 E R P HI 7, WE
&l 13.2 fiR, HFTEE O(lgn) CEIFAH, B—EX7—k, A n DITER; % 2N
TR, BIRAEE n/2 DIER, BAHITIEN 20(n/2) = O(n), HB=EXI72VHX,
A /4 DIEER, BEPUTIEHZE O(n)..... . &IE—BESEE n MHE, 8
B—1 IR, BNEHZ O(n). KA ZHHATIR AN, 15 2 PUsHE P 7 R o i i
THIERES O(nlgn)o

n

AN

n/2 n/2

n/4 n/4 n/4 n/4

.dg)...

1 1 R 1

13.2: FAFIEW, BRI 57,

BIMET, IR T, —E2K 01), 582K O(n), #IFHREIR
N O(n)o BWAFRILT, POEHE PRI K — R — B SIMEDL R, R — R
WA VTR, BT Ul A — R0, S — R, S XRBR R T — R
JEON O(n) BHER, MAES—EH, AT RAEACE, Rt IME L T HIPERE
O(n?), RAFHAHT ., R AMEREA . BATTA] DA I8 LARs SRR BRI O, 1
IR BITREAMEF SBXI D ERA T, BHPEFFIIESEAFERI D, EHHE
SIS EUERE TR, AR R IE ] DS 2R R A O

I %

PROEHEFAE T IR I M ERE BT, RIMER R R EIR Y 1:9 FIPER 7Y,
PEREDISRN O(nlgn) e BATIEE AT IR 73 PRIEHE A I 16 0 T R E %
S — M7 RN L BER A E R IRBOR B BERE N, T, AR TR AT
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T, s TR TR ADERN R, ZEXNDYIR (a1, a2, a3, ..., a,], EF
ay VERFHE, RIDEERAEMNFINR A = (21,70, ., 2] Bl B = [y1, Y2, s Yn—k—1o
eI R, A ERTREAE B HRETRETHR, SRE&H
JFFIZERA (a1, ag, ..., an), BATE 6 a; < aj, GHICHFEERE—TTE 0, WE a; <
ar < aj, W H ap 1 a; B a; ZBIBOENEUERS, BATAEX a; 1 a; HEATEREL, HHL
T, a; 5 a; HATEER, WIEL A a;. B4 a; —BEFE a1 < aipe < oo < a1
ZHIBOE A ELME, 2 P(i,§) AR a; 1 a; BEATELECAOMER, TATTA -

2

P(i,j) = " (13.8)
AR LR E I S BRT DUX RS 2]
n—1 n
Cn)=>_ > P(i,j) (13.9)
i=1 j=i+1

URIRATERE T a, 71 a,, LEBE FRAHIEHET A, AT o, 1 0, I HIER
a; AGERLME CATHAE, BRILAE oot i 09 LR 0 — 1, j BRI i+ 1. 14
HERAAT:

n—1 n
C(n) = . 2
e Lt~ j—7 41
i (13.10)
B 2
=1 k=1 k + 1
AR AL 0,
11
H.=1+4-+-+....=Inn+v+e€,
2 3
(Al
n—1
C(n) =) _O(lgn) = O(nlgn) (13.11)
=1

BRI TR AR, SRR n, M EREIMDREN i Mln—i—1
AIER o XTI RE EERRRE p M ITR, B H BN cno BATHINRIZIARAR:

Tn)=T()+T(n—i—1)+cn (13.12)

Hrp T(n) BXKEN n BIFIRBAT PG BT B TR, @ DARHTR IR 12
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0,1,...,n— 1 FHUE, X FIRZEAEECEIAE:
T(n) =E(T())+E(T(n—i-1))+cn
—iT nz:lTn—z—l)—l—cn

Z Z (13.13)
==Y "T() +— T(j) +cn
L nj:O

2 b—1

= ;;T(i) +cn

PRI EIS 3 A 7o

nT(n) =2y T(i)+ cn’ (13.14)
Kn FH n — 1B, 158155 —

(n—1)T(n—1) _2ZT )+ c(n —1)2 (13.15)

(3R (13.14)) B ER G (13.15)) WEREN T6), HF 0 <i<n - 1,
nT'(n)=Mn+1)T(n—-1)+2cn—c (13.16)

B EEL ¢, LTIy
T(n) T(n—1) 2¢

n+1 n n+1 (13.17)
RN n — 1. n—2..... 058 n— 1 1MFK
T(n—1) _ T(n—2) +%
n n—1 n
T(n—2) T(n-3) 2¢
n—1  n-—2 * n—1
T(2) TA) 2c
3 2 '3
e G2 2AE N, XA FRER >, (LR EI— DR T n FIREL
T(n) o1
P M) Lo Z p (13.18)
AIFHTAFIEL, BRESHIEER
T T
O(nf)l) :O(%—F%lnn—i—v—ken) =O(lgn) (13.19)
]l

O(T(n)) = O(nlgn) (13.20)
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13.1.4 gk

PIgHE R TEREIL R, (BAERIMEIL T, ERESIBILEF 75 A, W REARERENL 7
i, MR IME R BERIRAC, RAEWtt, TR BH R R —2% 75 12 DO % s
MEIMEN, A28 HAIK 53558 PArTITION 1EACHIA B 5 T 2RI BB RE R F%,
BIEEH n MAFITRNRHRFES (2,2, .., 2] :

1 HARYRHEFE % — AN TEEIENENE p — o, SBSESFAFI: 2,2, ... 2],
KR 0 — 1, BAN—ANFAIas, B RIS KN 0 — 1 BRI,
FIRER O(n?),

9. FURFEII < o. > o ARG, S5REMAGFIIN 0 NETF o 7R, #
RIS TSI AN EIHSLEILE L, SN [] 4 [z, o] [ o
AN O(n).

Bk

fEIt, BAT RN A THGH AN T =00 K53, =5 R RE B AT it R B TT R,

sort [] = []

(13.21)
sort (x:xs) = sort S+ sort E 4 sort G

¥

S =[yly € ws,y <]
E=[yly €xs,y=a]
G =yly € xs,y > x]
X —SLINFRZERNEIN RPR =D AR R R, TATTA] DAE A — D R &t
TR gsort = sort []o HH:

sort A[] = A
sort A (x:xs) = sort (E 4 sort AG) S

BAPRFAFRANRKI A=A THIFER S, B, G, Hh B AnR e, okt —P
Fro BAVEMHRRERE AN G i, HERERR E BT, (E i R R f
Xt S HERF. K ortnT DA AR AR G :

(13.22)

part SEGz[] = (S FE,G)
y<z: (y:S,E,G)
(13.23)
part SE Gz (y:ys) = qy=x: (S,4:E,G)

y>z: (S, E,y:G)

HIEME AL T 5 — Aot U B ANE RSB IH ISR, T2 IEHHTFHY
THIRRIFIER, R FERAE I
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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

DAARE - 22T 45 (Robert Sedgewick) 5 H T MRS R 73 751 0 P, (AP
ANEE i, 7 NEEAPRIMEFERE, TR 4, 5 SRS A G R, s AN TR
TERNEHE po RIGTEFEET ¢ AR EFNES|—1 > p ITR; BHP 2 Gkt j Ak
FREZNER— < p KITR, N, BT ¢ ZZILRTTERE < p, TH j HILRITRES
> po i FEM—A > p BIICER, 1M j Fam—1 < p TR, WEIE 133 (a)o TR
R < p TTRNIEEM, HARTTRN 2 EAM, FeA1224 ¢ #1 j FApIm TR, A
JERE 4, BE AP ERES] i f j AHIBEEE A, TEXI 2 TN Z), SRS
AZZA TR o ZEMETTER (B DER < p; I j AMEYTCER (B ) > po @ M
j ZBIHTCRAARLH, NEE 13.3 (b),

U p >p <p
\ .
x(1] e <P x[i]| ... 7 ... | [ > D

(a) fEEF @ F0 j (1L ATHER

FUEp i J
\ ( (
x[1] .. <p.. Y L7 ,,_& e P

(b) Kl A&
13.3: A4
Mg, g BB, BATTF B —IREAMN AR, K b Ao M S U p 23 5 48

FIRIALE b, SAJE, BATDSRIZ XA R E 10 Z RIS A B AllL..5); « FARI 2 XA
R w ZRBRER Ali.ou) BATIEVAHEF

1: procedure SORT(A, [, u) > HEF X |1, )
2 ifu—1>1then > BE 1 DPLERTTER
3: 11, j+u

4 p + All] > B
5 loop

PR IR R
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6: repeat

7: 14¢—1+1

8: until A[i] > p > W& i > u BIIEN
9: repeat

10: j—g3—-1

11: until A[j] <p > W& 5 < 1 N
12: if 7 < ¢ then

13: break

14: EXCHANGE Ali] +» A[j]

15: EXCHANGE A[l] <+ A[j] > #%3)) p
16: SORT(A,1,5)

17: SORT(A, i, u)

ZERTE TR A SRR TE O BRI I B K S PR, RAET g
RAZH, T 72 Y, Bt USVARTEREII AN O(nlgn), T AIBIL, FIHATHY
N BN b, IX—T7 R AR B /D, BBk T AR A B IR — M B T 3= AN
FTAEEE, FRATTAT DA A4 A = B8 X e ds Gk, RN ANE TR TR T8
Ho Jon Bentley #1 Douglas Mcllroy 5 H 7 —"1N 7772 ANEE 13.4 (a) FivR, Fefp
AREEAE R TR RAFELE N (01 0

FifE p i J q
\ ( ( ) )
\ \ / /

el o= <t o> =

(a) =BERIHIRE S AE,
i J
O —

<= e >

(b) RFFETHUERTTRIREI P,

& 13.4: =B&XI5>

R VAR, EE B > FERTEE, I H J E < ST
2, AN A AR S, RITROGE Alf] > Alj), FEHRE A, Alj)
EEST M, WA, s Al o Alp] 8 A[j] < Algl. fERISSSSRHG, Bl
ORI S F R TE R M A A A SR, 2SO T e R,
ST TR —, WSS HIR RO R, A A (AN EE, %945 RANEE 134 (b)
s MR, Bl IR BT T2k TR R AT BB,

1: procedure SORT(A, [, u)
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e

10:
11:
12:
13:
14:
15:
16:
17:
18:

19:
20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

ifu—1>1 then
11, j+u
p+l,qg+u
pivot < All]
loop
repeat
14 1+1
until Afi] > pivot
repeat
J—J—1
until A[j] < pivot
if j <17 then
break
EXCHANGE A[i] <+ A[j]
if A[i] = pivot then
p—p+1
EXCHANGE A[p] <+ A[i]
if A[j] = pivot then
qg+—q—1
EXCHANGE Alg| < A[j]
if i = j H A[i] = pivot then
j—i—1i+—i+1
for k from [ to p do
EXCHANGE A[k] <> Alj]
Je—g—1
for k from u — 1 down-to ¢ do
EXCHANGE A[k] < Ai]
141+ 1
SORT(A,l,j+ 1)
SORT(A, i, u)

L Oono Oooodgdmbd

> FEFAAHSECR AL 7

> M i > u BB IR PR

> R j < 1 AYEEIRAL T

> ARSI TR

> FAHSFE AT R A E R

XA =B X 7 AR AR R B 2% T, REAT A S AL A, R

AR AR R, EMRR. BIFEERS EHITSHT, HhREREALE
o BB —NITRIENEME p, MEIE 13.5 . AN, AN RS < p B
TLER;E PRI BRES = p MR, &AMABRES > p FItR. =DM EIA
FRBIN i ke jo [k,j) ZIRZFARITMHIITTR, KNMNEAAZ T, THAER,
< p WA = p KR RE— IR, @ FEFRBEAHN ™A, k 5\ (T —1oT
. > p MBIz, j4EmEE L5,
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i k J
( ( )
\] /

<P :p.}' 7?7 kF->D ..

& 13.5: PAFEFHSR =B XI5

RISTHGIE, BATE T |k IRAINTER, WREET p, WEE) k180T
IR > p, T AR AR FIRTIRR — e A[j — 1) 288, 10HE > p I
KRS —, SRR j ARH 5, BT RREEEIRE § (TRRS
AT p, BARERR I, T RITR, 50, WIHTEE < p, RIS AR 71
= p WA —ANTE Ali] 268t 2 & T j HDBIY, USDIT RS,

1: procedure SORT(A, [, u)

2 ifu—1>1 then

3 il j+u k+<—I1+1

4 pivot «— Ali]

5: while k < j do

6 while pivot < Alk] do

7 ji—1

8 EXCHANGE A[k] <> Alj]
9: if A[k] < pivot then
10: EXCHANGE A[k] <> Ali]
11: 141+1

12: k+—k+1

13: SORT(A, 1, 1)
14 SORT(A, j, u)

FIR A 0 =& Sl 73 R L, 3 — SCEIREDN fRT BAE 7522 B8 2 R SR 4 IR B

2N

BEIR=HE R RER AT O A R BB E TR, (B TR A RURR — R ZE 0,
B, AR BRER 2 TR EF I LIt 2 T IR 2RET) , X7 &5 A1, 13.6
EPRBIRIEOL: [0 < 20 < o < 2] M [yn > 4o > o > y,] ISR, BATH]
PAZE BB Z B ZE IGO0, VA0 [0, T 1y ey Ty T1y Tong 1y Tongy oo T )y FoH [ < 9 <
o < @], AR (2, 21, T 1, 20, . )0 QHEIE] 13.7 Fi7Ro

XL E G, BB — DN Ie RS R S R T, ZEardEiss
H T —Fha O ORTEEE RO B e R T2 AT AT S A DA NS [ R AR
BRI PTREME, MEFE —PInE. PRICE. REITR, EEX =R EUE
NEWE, AP IERF P, — MR 2 TE = IREERIETY; 5 b —Ringid 22 #t
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-

1l X[n]

(a) [z1 < T2 < ... < ] BRI, < p RSN,

N,

!

N

yln] 1]

(b) [y1 >Yy2 > .. > yn] E@k”%*ﬂ, >p HIER o BN =S,

K 13.6: MFRZERB
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[xtm1]xim-11]...[x(1]x[m+ 1 [xim+2]]...]xIn]]
TS ) 8

x[m-2] [x[m-3][...[x[1] \m m/ xIm+2][x[m+3][...[x[n]

En TS A

(a) BRT S —XI5Y, HE# AT,

|x[n]|x[1]|x[n-1]|x[2]|...|

/

|x[1]|x[n-1]|x[2]|x[n-2]|x[2]|...|

N

0 [xtn-11]x121]x[n-21]x(3]] .|

~

[x(21]xn-21]x(3][xIn-3][.. |

N

1] [xtn-2][x131]x[n-31]x(41] .|
[x031]x[n-31]x[4][xn-41[ .| 1]

AN

(b) = DZFTHIKI

13.7: BEEREEN
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K=" RPN R/ MER SR — N RNNE, REKERSEIRE — MO E, &
HERE sh | H ],

1: procedure SORT(A,,u)

2: ifu—1>1 then

N me 12 > st 1+ L R
a: if A[m] < A[l] then > HRER A[l] < Alm)
5: EXCHANGE A[l] +» A[m]

6: if Aju — 1] < A[l] then > HfR All] < Alu — 1]
7: EXCHANGE A[l] <> Afu — 1]

8: if Alu—1] < A[m] then > B Alm] < Afu— 1]
9: EXCHANGE A[m] <> Alu — 1]

10: EXCHANGE A[l] <» A[m]

11: (i,4) < PARTITION(A, I, u)

12: SORT(A,1,1)

13: SORT(A4, j, u)

Xt b IRPYURPARFIR I R ZE TG 0L, IX — LI RE R4F. BHIRN = RiPE" /%, 5
— R DT iR A LT 3R RO B o
procedure SORT(A, [, u)
ifu—1>1 then
EXCHANGE A[l] <+ A[ RANDOM({, u) |

SORT(A, 1, 1)

1:
2
3
4: (,7) < PARTITION(A, [, u)
5
6 SORT(A, j, u)

PRIEL RanDOM(1, w) IR[E]—NE | 1w Z BIRIFENIEEE | < i < wo IX—{E I
MITE R B B Ao MV E B, IX— T IEF O BEDLDEHE R 1, e =R E
SRS HE P R e R R R ZE 1 e AR P HIBENL A0, OISR —NIE
EHUN B FRCEE R, AR EECEMEFR, BIEERIS oA R S
{9, (BRI L 75 A SR B A H A RES BUSR 4T Y45 R

A — TR, BN EIRT RN REE . 4R ITE T
FIBEN, B HE A RS, mid AHEF R E R P00, ZEaydEre, AR,
ZRIRG PN T AR FIKE, € X T — M EE, WRFIIFETRE T B
{8, W m A AH T

1: procedure SORT(A,,u)
2 if u — 1 > Cur-OFF then
3: QUICK-SORT(A, [, u)

4: else
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5: INSERTION-SORT(A, [, u)

13.1.5 PuEHer5 wHE

“HEIERYPREHERE 2 SN T S Mol SR N O AR, g i
TLER, ] = R APE R R, A =B Rl 70 I AIE A E SRR IR T HRIE
HEP R RS, WA LR Ao, A ANNXERPOE AT A 2R HET, PR
A PRI P R A R BRI C R, BEME OGS T E i S 2, A
T XHEPAE S R (7, B S unfold BRECK — IR — AR :

unfold[] = @
unfold (x:xs) = (unfold [ala € xs,a < x|, x, unfold [ala € xs,a > x])

AR (W —F) WA RIEMLL, unfold P ARHI 7T AR E, AHERS
RNZE, GERN— IR B, R ENER A — IR o MEN W REE, 25181
EAA T, HPETieE <o FTE; ma FRbE > « BTR, R XER
PRIE el ) B RS R O -

(13.24)

toList @ = |[]
(13.25)
toList (I, k,7) = toList 1+ [k]+ toListr
BATTA] UK L3RI R 2 AR, 7 ) PdHE e Rk
sort = toList o unfold (13.26)

BAFEEEL unfold #TEH = XALRB, K EAEAHRIGRIEN toList f5HIFIR
JERRRT AR 257 1 Q1SRRI — iy B h IR SR RTHER, st 2 7 EAR PisHE
BRI,

13.2 HIFHEF

POdHE P AR Z BB L MEREIL R, (HAERZEM L N LR, BIEH DAL
R e R R E R I ERTAE Y MMRIE O(nlgn) FIENE, £
Bttt EEAEEE SN HFHFHER M RAGE M, R mEREIEN
AFHHERFPENPRIERTHERE T2 4o VAFFHE A E A T miia 2 RN, EORIE
Koy BT RS PI Y, BUCR IR TR B 30T, AR THER?, RIE RN B 5
A3,

sort [| = []
sort [z] = [x] (13.27)
sort xs = merge (sort as) (sort bs), HH : (as,bs) = halve xs

3 deforestation
441 Haskell, Python 1 Java
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HA hatve KA 0T T8, TATAT UAMA RS ERAE SR E D
H: splitAt L@J wso M THIRIANTE LN R IR b RO T8 (WE —F),
o

splitAt n xs = shiftn [ ] xs (13.28)

£

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n —1) (b:as) bs

KR HATF LR, FATT0T AR A A B #d TR, AR AR
P2, BOAAUHZE A, BBERIE T, 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

FA AT AR S04 E i — 0w, a0 N E B R, BOROEHITTER « I
F as b, RIGZHE as > bs :

halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

13.2.1 HIF

FFREARNEE 13.8 Fim, FBERMINEZ T, B0 1% IR & &S HEBA, FRATE K
BMROEE — /], Bik— N, RS &Sy, BTFRAEE R, A1
Sk, DMFE/NY—MEET ] REEEIX—H R, EEE M — AN T e 4@, it
JE T R — N1 PUR— 18T X B o

oc0(O()

00 ‘
o000
[ 13.8: J45F
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

X TEEH, BATRT AER AR R AL E 0 #, 70 AliE I HE R a3
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1: procedure SORT(A)

2 n < |A|

3 if n > 1 then

4 m Lg ]

5: X <+ CoprY-ARRAY(A[l...m])
6 Y < CoprY-ARRAY(A[m + 1...n])
7 SORT(X)
8 SorT(Y)
9 MERGE(4, X,Y)

XA T A FRER/NESN ], X2 H T MErRGE BIE AN
JFEHUMEBOTRIT, JIFFAN, ATABe B X, Y HRITTR, BN — e
A A, RS AR B E RIS — B, BJRIES — DR RIRIRITTRR
| A i,

1: procedure MERGE(A, X,Y)
2 11,7+ 1k« 1

3 m < | X|,n < |Y]

4: while i <m H j<ndo
5: if X[i] <Y[j] then

6 Alk] < X1i]

7 141+1

8 else

9 Alk] < Yj]

10: j—i+1

11: k+—k+1

12: while : <m do

13: Alk] + Xi]

14: k+—k+1

15: 14141

16: while j <n do

17: Alk] < Y[j]
18: k<« k +1
19: j—J+1

13.2.2 TERES T

FFFHER 2 WS - K FIUAFE . BAVEIERSIN 0 El, Ko iE — P
X, IEIE 13.2 FiRe REEIEN O(lgn)e VAFFHEFHIBITRE S O(gn). 1E
f—REREATIIF, FHB— R RAIITR, J P —MEEE, K5 — 75
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HEFRTTRE R BIE R, FHFNE ZRENLIEN T, RPN EN n, 12 T(n)
JyHEF AL, FAT 1A — TR A&
n
2
HE I 18] 61 2 =870 - AR HE T(g), a8 HEP T(g), JH3f cn, H
e BEMNEEL BILARRERASEERN OMnlgn). B TEEMREERETHE
HE, ANEBAHTTEREEMERERE, B LR SIS B 2 R 2 IR E
Mo X R EEASEIR, BRI VI, T SR S N B R R/ N =S (], A DA Al
TCRMHE PR, BEIFIREfS, X2 AT AR, B R 23 (A TEAE HERTEE
RIR— BB, 9 O(nlgn)o

T(n) =T(2) + T(g) ten= 2T(g) +en (13.32)

13.2.3 ok

N TRMEIAH X, Y 25, AR oo BRMBIENTRE 5
procedure MERGE(A, X,Y)

APPEND(X, c0)

APPEND(Y, 00)

14 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] < X1i]

8 1+ i+1

9

: else
10: Alk] < Yj]
11: j—g+1
FEJAF I Sz 2RI s TR B AR 2 — R P, FRATT ] PA— bk i A e
A RIFER/N TAEX, I B XA TAEXE T, R TEXANES
il [ Je
1: procedure SORT(A)
2: n <« |A]
3: SORT’(A, CREATE-ARRAY(n), 1,n)

: procedure SORT'(A, B,l,u)

if u—17> 0 then

4

; l
+u

6: m(*L B) J

7

8

SORT'(A, B,l,m)
SORT'(A, B,m + 1,u)

SRR — oo
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9: MERGE'(A, B,l, m,u)

BATFN T 2B MErcE A AR TAEX:

1: procedure MERGE'(A, B,l,m,u)
2 il jm+1,k<+1
3 while i <m H j <wu do
4 if Afi] < A[j] then

5: Blk] + Ali]

6 141+1

7 else

. BIk] < A[j]

9 jg+1

10: k+—k+1

11: while : < m do

12: B[k] + Ali]

13: k+—k+1

14: 14—1+1

15: while j <« do

16: Blk] < Alj]

17: k+—k+1

18: j—J+1

19: for ¢ + from [ to v do
20: Ali] < Bli]

249

> Sl [

XSGR R ZREM O(nlgn) FEKE] O(n)o XT 10 A MEEOTRAE, 1%

AERTEETF 20%31 25%.

13.2.4 JRMIHHHDT

T B RSN AR E], B AT A & FH IR TAEX . WIEIE 13.9 A
R, TR X Y EHEFLE, M TEUAIER, £ 1 Z RN EIRHE D, e TRE
o i All] < Alm], BRUAIRTFESN | —20; BNE A[l] > Alm] FEH Alm] AV S
B AT 2R, i, BAHERTA 1 F1 m Z AT (B D EE R — M E,

gl Al B X

Alm]

L BFEET Y.

Al > Alm] WIER X

13.9: JRHSERSIAHE

1: procedure MERGE(A, [, m, u)
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while [ <m <u do

if A[l] < Alm] then
l+—1+1

else
x < Alm]
for ¢ < m down-to [ + 1 do > %

Ali] « Ali — 1]

Alll «+ =z

{HIX— R HSE RS I RV E 25 IR LR O(n?), BEHRIFE B2 — DR MERT TR
T, B X FRITERDNEURIEL L, 40 FEEHHET N, B 168 TR 1
TAEX, WHARLEEAE T/EXNTTE, ERAEIIERERR, SHRETFTHH A
B TTER, 824405 N TT RN TAEX PR B, FATTRRE TAEX
TR K, AIFTERUE, IR FEBEHBLRTE T AT TEX NS, WE
& 13.10 ffim,

©

FE#

P’ ~

EML Al LEH..|Bl -
] < Blj), WZZHr Afi] +» C[k]

ot
=

SOV 2 W (G111 IS

13.10: JAFFIRE TAEX A S H ok

EF T A, B LIEX C #RFRBAHN—#R 7, JIHFNRERMENSHE
i A, BHUEIA, ZRAE, 2BIHXE [i,m). [j,n) TR ¢ TEXREERAE 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] < Ai]
5: 141+1

6 else

7 EXCHANGE A[k] + Alj]
8 j—J+1

9: k+—k+1

10: while ¢ < m do

11: EXCHANGE A[k] < Ai]

%la, b) FREHATFXA, G o, (EAEHE b,
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12: 141+1

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—J+1

17: k—k+1

A AR X T 20 P A5

1. TAEX AU R, AR NS R B TC 2R AR ;

2. TAEXA] DIAE— T B EE, HAREARE S RIFFFHIITR,
BATTAT DA — PR BN TR, K 55— e Qi 13.11 .

ARHEEL | L B

B 13.11: IHFHEF— 8

AT BT MR —F T E KA, 3t 0T i M T, I 1312 BT,

BATVBAAESEA LA A <% $eA) B ﬁ B, BFRIR T AER o R 3
B, REERIN A+ B 55

1/4 B: 1/4 A:1/2
work area sorted sorted

13.12: FTHEFELENRZIHH A, B

TAEXAYSE SN 5 R FRAT) 3@ SR i i, SIS RIAFF AT R AR 5, M
A LA B E B KRR A, A1 TIEXAE 1/2 HiF, 458 B
WASHFNET 1/2 357, ¥ LAEX AT A, B i), EIE 13.13 EJ5fiR. XA
HHES TR T8 AL TESB, BRI E

L. fiE B HILRE/INT A PMERITR, TG, B FENARIE TIEXA,
1M B FHELE DART TAEXHRINA, BT TEXH B BIR/AIMESE, K aar T o
ZHEAT;

2. T AW EE/NT B PEREITER, HIFAKEH A F1 TEXHRHAE. 4
TAEX#E A —F oo REM G, T iaER A FHINS, Fisne, e mNEL
FIERITT R, TIEX AN FRNW SRR ahE] 3/4 N E, I,
IR EH AR B I TAEXBINE, & TAEXEREshE] T EdH &AM, W
13.13 RAFRe
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B:1/4 1/4 A:1/2
sorted work area sorted
1/4 merge A, B: 3/4
work area sorted

13.13: FIHTEXIHH A, B

HEBRN TR E L [, R TAEX B Eh RN 1/4, BATEERX—F

B, RRRR RIS 1/2 HERE, FeGs Az e BIR 1 /2, iR T X o
x%%zwamﬁmM¥JA%wiw% ...... JAFEARURORI R, 24 TAEX R
TR — A TEEM LR, 133 R — e S S0 TR, TR DA PR A
RERAA BRI IS T LA TE 2L,

1:
2
3
4
5:
6
7
8

9:
10:
11:
12:
13:
14:

15:

procedure SORT(A, [, u)
ifu—1>0 then

l+u
2 J
w+l4+u—m

m <+ |

SORT’(A,l, m,w)
while w — 1 > 1 do
u —w
I+ u’]
2
SORT’ (A, w, 1)
MERGE(A, [[,[ + v/ — w), [/, u), w)

w4 |

for ¢ + w down-to [ do
J1
while j <u H A[j] < A[j — 1] do
EXCHANGE A[j] <> A[j — 1]
j—j+1

> X

> TAEX R4
> MFIR

> B AHER?

NTRIELAEX R R, BT ERREGE, AR S 2s 1A BRI IX RS B

AT MERGE ik, # FK, BATFRZEE X Sort’ Hik, BRI RKIETIAH Sort KAZ
B TAEXFIE P E 7T

1: procedure SORT’(A,l, u,w)

2:

3:

4:

if u —{ > 0 then

m LH_TUJ
SORT(A,l,m)
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5 SORT(A,m + 1,u)

6: MERGE(A, [I,m),[m + 1,u),w)

7 else > R A TCR SRS TAEX
8 while [ < u do

9 EXCHANGE A[l] <> Afw]

10: l+1+1

11: w—w+1

ﬁ~ﬁ%ﬁﬂ#¢#$¥%%ﬁﬁo*H%%%K%%m:%ggyﬂﬁﬁ%
T O(lgn) HRRHEF. FUORITMRIZIR A — LR, SR 5 5 F 2 i AT
Ho & n DTEEHEFER T(n), BATEW FBITXEE:

T'(n) =T(g)+cg+T(%)+c%ﬂ +T(g)+c%n+... (13.33)
MNF—FERTTE, /LRI E Y
T(g) =T(%)+cg+T(%)+c3§n+T(%)+c%+... (13.34)

a

PR (3N (13.33)) - (3K (13.34)) 15

)+cn(1+1+...)

T(n) ~T(5) =1 -+

o3

#ﬁgnﬁéﬁ%mm%ﬁﬂﬁﬁwﬁ%ﬁﬁi%%:
T(n) = 2T(%) + gnlgn

S FZTOR R AR T AR, 152155 O(n1g? n)o

13.2.5 HARHIFHDF

13.14: MNP 1] A (DR ) e

ETENLE T S AR BRI MG Z BAFFHER . B8N I AR AN [R] A i
MRS D RO B RVAFHE R R, N TS, AT AT AL B TR TRE
— MR T A MEN—NRIRIBOL, BATTE A DA RZAEMHEREX R 75, T
REGH T — LB 7, IR T HIH FRILbRH,
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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

RAPWSE TR T RMEEN, 8 DR/ N THE 0, RAREE T FRKE
N—, AEEHE IR, RPIRE TR 7R KGN, BNFCEF, R
ARG TR, MR, TR ] NG AZEKE— MBS R T 5. T2,
PATTAT DORE RN RIB IR 1 P8, — D MSKERIHAG, — D IEERHG, IFFF R — D BT
Frdlle 1X— B HIRE RUZ, FdlTRT DAMIF TR R B 2R MUF A T3 50

8,12,14 1 0,1,4,11 | 2,3,5 |9 13,10,6 | 15,7

@ merge
¥y

7,8,12,14,15 | ... free cells ... | 13,11,10,6,4,1,0

& 13.15: BRIFFFHEF

13.15 iR 71X — B, FZEITAI, TATMPMER 75, 23R EIR K
HARER T 8. REIXMAD T AR EI— D TAEXRIZEM, #%E, HATERIX
— B IR, SR A DR TR, X — IR, BT P 7 A H 2 TR X RS
i, WETAZERE, XA A TR X AOERE, SRTATCRER BT+ 2 T
PR G, BATZ e AR XA R, BRI A ro O T 9F . TG — e A4 4
I, AR AR B KA AR T 8 — B REIRE, WM FAIER, Hirais. X
—ITIENEEAWATT A B, I BLAE A T 751 09 B SR, EH0R 0 M B 2R
HHEy . EE 13.16 Fis, R, o 280 d ZERTRCAEE, RO
BT [a,b) AT EEIR K, RINCRE T3 [c,d) AT REIR K. T ITIEX,
[ ZHTN e Z JEHTCRAREIIHA (BEE T TR AT 8EEH, BT 75 [a, b)
e, d) M f REFIG VAT BB, BATKEFRFIM r RT3,

FEHEFP ARG, BAT TR AP B RN AR X, o M1 b FEFAIE M, o F0 d
famsa M, fo e SR TAEX A P,

1: function SORT(A)

2 if |[A] > 1 then

3 n < |A]

" B < CREATE-ARRAY(n) > Al TAEX
5 loop

6 [a,b) < [1,1)
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

28:

2:

3:

w0 255
a b c d
¢y
LEEE L TR eb). ] 2. YV Red.] .. B
f T
! Q
. B . ARMEH. . BT
13.16: HRIAFHHEF N AR
[e,d) «+ [n+1,n+1)
fe1ren > FEA TAEX E B
t1 > A EFe
while b < ¢ do > FAETREIITTR
repeat > & [a,b)
b+—b+1
until b > ¢ B A[b] < A[b — 1]
repeat > 9 [c, d)
c+—c—1

until ¢ < b 5 Alc — 1] < A[(]

if ¢ < b then
c+b

if b—a > n then

return A
if t B A4L then

> BRI

> [a, b) T AL

f <; MERGE(A7 [a/7 b)? [67 d)7 B7 f7 1)

else

r < MERGE(A4, [a,b), [¢,d), B, r,

a+b,d<+c
t+—t+1
EXCHANGE A < B

return A

N TR EZLE AT A E A S EUE N
1: function MERGE(A, [a,b), [c,d), B,w,A)

while a <b H ¢ < d do
if Afa] < Ald — 1] then

_1)

> MAEIAFF

> M

> PIHTAEX
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10:

11:

12:

13:

14:

15:

16:

17:

18:

L Oono Oooodgdmbd

Blw] + Ala]
a+a-+1
else
Blw] + Ald — 1]
d«—d—1
w—w+ A
while a < b do
Blw] + Ala]
a+a+1
w—w+ A
while ¢ < d do
Blw] <+ Ald — 1]
d+—d—1
w<—w+ A

return w

H R R MERER PUMBEH AR IT RIMFAE R RIS SAE, 5B
i, AR T PR R 1o XREHR)E, TIEXHIAFRNE R FRAHNKEN
20 REFE TR IIRRE, HEIEIRREE TN KECARNT 2, X
—i)E, TEXEERERDN 4 WEAHER.B—18E, IHNEF FEEHNK
FEERNE, Bt R ZHE O(lgn) FATITF. F—RHEAMPTERIITER, A LUSPERES
O(nlgn), WMRITHRFEESIR S, TAICTENE EMsmidfH. HEIIRME TR
IR FIRA L, TATA] AERFHRER D 7 AR ITFF . REBEAFHG, R 551K
BEAWTRE, RER ISR XM ADE SN (R AL -

sort = sort’ o group
Hr group TR H RS IE 53R
group [| = [[]]
group [z] = [[z]]

group (x:y:xs) =
AR [2]:g:9s

sort’ LR FHIRBNIAFE, RIG RGN I B2 e HE T :

sort [] = []
sort [g] = ¢
sort gs = sort (mergePairs gs)
HA mergePairs & XN
mergePairs (g1:g2:9s) = merge g1 g» : mergePairs gs

mergePairs gs = gs

{SL’ <y: (x:9):95,HH : (g:95) = group (y:xs)

(13.35)

(13.36)

(13.37)

(13.38)



13.2 OO0 257

FANBA AT DA B ESSEL sort’ -

sort = foldr merge [ ] (13.39)

#:3] 13.2

13.2.1. BMEHSWMEF (mergePairs) KR ZREMIR 27 QIERMIR, 1§45 HIE;
QRRANIR], R BE PR ?

13.2.6 H)KW_EHFIFHEF

BRI HEP R E et 7 — R B R _ERHER 757K, A AR TS (%
R, EIRFINIERL n DHIR, BMIREE—INITR, RERHBH 7751
PR, 152 2 DRERN 2 WERAIER IR n ZarE, KFR—DPKEN 1 77
o BATARWT S IFFFAHAE 75, BRIGTSEIHEFP USSR SR N BRI
JAFHHER” DY, anEE 13.17 FR,

13.17: BJEKM_EIAFFHEF

BATETRAEBIGBIAN D ENFNR, TR (21, 20, ..., 2] FE—ITIRN B N n DE
—TLR TR [[21], [x2], .., [2a]], RIEBATARWOR EATIAFH-

sort = sort’' o map(x — [x]) (13.40)

BATEH BRAHBEFH B sort’ F mergePairs, AW IAFHFHI5R, BHE&
fE—U BIEE _EEEHE R B RIEH R IR G, (UGZR  H T EA R, A5 L,
ERT DA B AR VAT HE P R R 0 (R 2 TE 0D #E S HIR . BRI HE U2 R R
BFANRY RER, 1B JRE AR A AR K EY RE 1, 8K EA
FHHEP R E U2 BRI, BATAT CAHRR S 5 B RSB :
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function SORT(A)
n < |A|

1:
2

3: B + CREATE-ARRAY(n)
4 for i from 1 to n do

5

Bli] = [Ald]]

while n > 1 do

@

7: for i + from 1 to Lﬁj 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=] then
13: return [ ]
14: return B[1]

#3] 13.3

13.3.1. KPNMAERHRIERIR BN foldp, HEM EE X HIRF _ERYEHHET

13.3 FHTbBE

FERA PR RIS, SR 52, /] POHATR A 7 AR . X — o
MFFFHEF RIE . Chr_L, FHATHREH A, HAER AR HATESS, T2
KA 8Ip p D 8, Ho p ACERES MG BEAREOUT, N RBATAT DAFFATLE
T' RN, 7 Bl O(nlgn) = pT", SUARVERTEINGE, X FEH) IR R
IFATRIR, B2, A Sy A A PIsHE P 5RE R p — 1 D IEUE, X7 p 7
A, RIGFHATH e, HARRMAH, RS ILER 2B, T RER 2P
£ 0(n) WIMERE. 55— 77, HAZIFHFHEFEIRARSTHBIE A I B, O TiEEIR
PEACHIFFATINE, T2 FHATIHFHHE PP PO HE e A T B 4r a ik it VA B, JA9F
HEFP A PRIEHE R IR RN A 2T, BEETE cdot RURTE 1986 4L H
THER n DR, TEREH O(lgn) BIFTIFHHEFRIE, FHTRER—PEKXM
SARIAEH, B T AR AR HEE, BERUSH 0 TRE 2 NA,

13.4 /\&h

AESH T WA A aH T B PuEHE A, ENEIEE TR T
PR HEP AR BRR O(nlgn). ZEFT4E 5 BT 2 20 AR IMHIRAE R
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Rike KENGIEEEE I PIEHE P (bR TR, R, Rll2E4t
HaSHERPPIRIEOL, RS R R A, AT EEER I 7 X —
MRHYIRA, o] AR e AR T K], PORHFFERZEUE I RIS, HE
RIEAEL, PRId kT 2D S B, (BAE 5 — SR BT R, S AN R A Y
B, XRENRBENEIREH R 2%, AR MBAREEH, mIAHFHERNESX
KINGE, FEAME DL NERRECRIENERE, [ 2 sl RO MEREAE SR Z B 00 B i ILIBAL.
TE A 2 NI OB HE R I, IR FHE7 R MR RE AN A B HE e, I HL3R SRS 23 A
BATVAH . EEFLLEBOT, I ARG, 2 AEERZEIRE, b))
IR BRI OB,

POEHE PR HE P AR R BRIEHER n] AR R B — M L 3
[FIAEIAH HE et T DA AR HE et S R ), P SRR 2 2600 Horp— g iR
FEXI I FVAFHIME SRR 2R 07, BlantREHE?, B 5 T3, ROvEEHERTH 7
GIERINT ST RIS I T 5. POEHE R AFFSChR_ Bl P oI, SR,
PP R E A%, HXIDARF B, iRRsFsr. arlaH. BR2HL &
& BRE B #El, PORAFFRMECRIESESE D H], LIRE el R Rk ZRIL. REANTE
o — S IR = R ETR, BEVLPOEHE R =B RIS,

FIRE NI, TAGH T HEAHR SRR, WHSmAHE, W, &y, HEE
R PROEHERE. VAFHHEE. HEE R TR A RIS ERRI T 7 iR, 5 IX—E
RO, NIIEZR D54 4 N R “ R EEE " Pk R, RS RIHER 77 IR TR L A IR A [A]
FIBEIR A HBORE R AR, AERLEIUR, B LE G WEIREZLRN T HE T
TEFFIIESS .

£5:5] 13.4
13.4.1. ERVAFEHERRIREE, St —R B LR DN — D85~ 4 — i = YR,

13.5 bt fE
B4

Int partition([K] xs, Int 1, Int u) {
for (Int pivot =1, Int r=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

TSR, KER T TAEGRSEANR & R0, 1E R FIEIEN (R AHE T R R 5 RAFIIERE
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void sort([K] xs, Int 1, Int u) {
if L<u {
Int m = partition(xs, 1, u)
sort(xs, 1, m - 1)
sort(xs, m, u)

OOoOodobmAan

PYCIERE i

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[il, xs[jl)
}
swap (xs[pivot], xs[j])
sort(xs, 1, j)
sort(xs, i, u)

IR

[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[1] = if ys[0] < zs[0] then pop(ys) else pop(zs)
i=1i+4+1

}

xs[i...] = 1if ys #[] then ys else zs

return xs

A TR XA TIHFFHET

’Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))
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Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+4+ (u-1) /2
msort(xs, ys, 1, m)
msort(xs, ys, m, u)
merge(xs, ys, 1, m, u)

Void merge([K] xs, [K] ys, Int 1, Int m, Int u) {
Int i=1, Int k=1; Int j =m
while i < mand j < u {
ys[k++] = if xs[i] < xs[j] then xs[i++] else xs[j++]
}
while i <m {
yslkt+] = xs[i++]
}
while j < u {
yslktt] = xs[j++]
}
while 1 < u {
xs[1] = ys[1]
T+

JEHEAFHHER -

Void merge([K] xs, (Int i, Int m), (Int j, Int n), Int w) {
while i <m and j < n {
swap(xs, wit, if xs[i] < xs[j] then i+ else j++)
}
while i < m {
swap (xs, Wi+, i4++)
}
while j < n {
swap(xs, wH+, j++)

Void wsort([K] xs, (Int 1, Int u), Int w) {
ifu-1>1¢{
Intm=1+ (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+, wtt+) 2
}
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Void dmsort([K] xs, Int 1, Int u) {

ifu-1>1{
Intm=1+4+(u-1) /2
Intw=1+u-m
wsort(xs, 1, m, w)
while w - 1 > 2 {
Intn=w
w=1+(n-1+1) /2
wsort(xs, w, n, 1);
merge(xs, (1, 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)

tm

}
}
}
}
IERE B BV FHE
[K] sort([K] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys 4= 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 += if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)




HYE R

B BALRGUE IR 2 R AT R S DASE I, Tk ALas A AT DAMHESE 2L
55 N ZAF P IE R T A, A LB S NIRRT rl DAEH & rh S A
1 H B A S R LR, B RETHUERER R U R EERIWY T R, KB RIHEARNE
£ PLAC, EEERER,

14.1 K iEPEW)E

X [AIEUR BN AE n DICERAPFHE k R(EUVNFTTR, XERNTE SO
MRIFRR. FMEH < KRR k/DRITR, e 2RI &
] B 5 AR SR B /N, SRR AR TR P 88 /N, JEAT k& IREE AT AR
FNE k/DRITR, £ n DILRP TR/ TRBEIEN TR O(n) Ko KIHERE Y
O(kn)o FATTHATDARIFHE, IXFERTDATE O(1gn) N TRINBE R, ZRERINES, BE k IXA]
PAE O(k 1gn) INTRINZRIFE R,

top k xs = find k (heapify s) (14.1)
25 T BT
top k = (find k) o heapify (14.2)
Hrp:
find 0 = top

. _ (14.3)
findk = (find (k—1))opop

BADEREARBNE L7715, MG RISKE TR DR AL B, #1§ A hITRA
AKF (L) BHILE, & m= AN AWK, B m fl k

L # k< m, W& E/NTTRIE A B, BANEF B, RIETE A FIBIFELL;

2. #im < k, WEE k/NRITTRLE B, BAEF A, RIGHE B FBIHERS (k—m)
/NITEER,

263



264 . OOoo oo

ARG TR R, A. B R/IMEY, SRR IARIUELRA:, EIXEN O(n +
n/2+n/4+...) = O(n)o TAIHIA _E—FPEHF PRI TTIE part, BELZERE—
AIER U — M) PENEUE po KEATH < p ITERBA A, FIERTCRIMA Bo XA
m=k—1,Mp 2% k /MR, SMBADEEE A 5 B HEHK,

m=k—1: z,HF:m=|A|, (A, B) =part (<z) xs

topk (v:xs)=<m<k—1: top(k—m—1)B (14.4)
A0 top k A

FIHR A —FF, 218 0 NI &5 RN, MEREIRILN O(kn) B O((n —
k)n)o ~FEITE LT AT DATELRME N TRl NN 2. FRATTH AT DR A BRdHE e ) o9 v 25
PR, a0 = s (ETR T FIBERLRI 7372

1: function Topr(k, A,1,u)

2. BEXCHANGE A[l] +> A[ Ranpom(l, u) | > BEALLE [1, ] PIEEE
3: p < PARTITION(A, [, u)

4: ifp—1{+4+1=Fk then

5 return A[p|

6: ifk<p—1+1 then
7: return Topr(k, A, l,p—1)
8: return Topr(k—p+1—1,A,p+ 1,u)
FATTA] AVA R IX — J7 R R B A E R R AT & ME (6 MEBR BT 2 E =R, 40 R
BB F2 % -

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

I E MRS — BB 22 A REE A — > 1000 DAL, Z i A]
T, FERE RS, RIEEIMRER HX M. Bl 2EEL? 2R
2?2 AN ERECEER IR 27 REWE 3 BEPRA? 5, MR, BINEREE A%
FRo AE 1000 PAW, HREF B FIEHRR—F20F, 10 ABLREIKHHE R BN

!Blum. Floyd. Pratt. Rivest I Tarjan f£ 1973 fE44H T — PMRMERRI % U B, 38513 R10 075 T4, F4
% 5 L&, B n/5 MHE, EEX PR EHE,
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210 = 1024 > 1000, “BHEA?"FE— N AEF LN, BREEE LT 2, &
A XA R (8T B — B S, (BT S T R T IR R R — 2, BN
WM EB XN T H, ERANBR— &S, REIEMARTENS, &2
IR TIERIRT . GEREEIETE 30 FOPNAERT, BEIR1SKJih. N : 1000 7T, /& T ; 500
TC, K T; 750 7T, R T 890 T, K 175 990 I, 1IERA! IXADUARME T “ =0 &7 5K,
HTHEFFH A PR o, BAHREIN T FA0 s B8 g, M1 2 b, R 2 =y,
BRI MR v < y, HT A ZEFH, BIOTAFEEREH SRS A SNEE
I AR, IXFEARWIAE/N A BIRRE, aNSRY A = [ ] RSN, M« REE. =50
BEIRER A ZEFN, RYELEEE NREN RH P EH = 2 &K, REH A
ARENVER, BN BIR D EIROVFEEA BAAE X B, ARG H1E 25 A AT
W.....”s KEREZBARZSH - aERNIHFEEE R, A8 EMARANEGRRE
BRYLYSE —hP A SRt E & T — MEIR, 53 20 2EFEAWRI, RHAH
T BRI, SEEH AN E TR L uw (RE W,

u<l: Nothing
u—1
bsearch v A (l,u) = o= Am]:m 2 m =1 | 2 J (14.5)
x < Alm]: bsearchx A (I,m —1)
U bsearch x A (m + 1, u)
FATIE AT CATH BRI , Jid SRl RSl — &k
1: function BINARY-SEARCH(z, A, [, u)
2 while [ < u do
5 e+ U o Jiege |00 gt
4 if A[m] =z then
5: return m
6 if 2 < A[m] then
7 u+—m-—1
8 else
9 l+m+1

10: Not found
BT R EE R, o ERNEREN O(lgn). — 0 EHICA] DR
BREHIE, PIINTTRE o® = y, H o <y, a. y #2 BAREL, TATTFHK o FIEEEUR,
FATAT AT A N 0 FFUBIRIR R a0, 0t a?, ..., BEEIRIE N of =y, EF o <y <
a' L FRRTTRE IO R N RKRE) o F1 2, WERTRELRFAHGEE, W o RIEFE—E
FIIFTE] 3, FRATTAT AR — 0 EHOREA T, & 5efb i) BRR, BT av > y, FRA47]
ATRATERXHE] 0,1, ..., y] N8R, HTEE f(z) = o BAEREE, N T BL R o, 3]
2HATM L R AN BRI, BIREEAEHE R EAEA—A A, AT RN ALR 16 NA#, SR SR A,

BREHLES A REVLH BT R IS AR A2 i
SR, BATRIAEH o™ WEERKIE o™t = aa”™ XEFMNHE SRR f(n).
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S 2 X Ty, — L“% I, W5 am — g, W, FRETTRRAORE QIR 0 <y, Tl
FF5 o WIHTERSY : BNNZETF 2, SRR ; PRI I R EHE G B, FBRE
MRS A A s, Fom R, R — 40 2 BRI X0 TR T ST R i
RN—NSEf, VH bsearch fy (0,y), HHF f(2) = a® BMATEHHE O(lgy) IR
Fla), T I,

u<l: Nothing

+ l4+u
f(m)=uy: m,,\EF':m:LTJ
f(m)<y: bsearch fy (m+1,u)

flm) >y : bsearch fy (I,m—1)

bsearch f y (l,u) = (14.6)

14.2.1 ZHEER

FIEE T BN RS " 4E s |, LR M BRIV moxne BT,
BN TT R AN B REL WA 14.1 FvR.  WHRIPOSHE AR RE R BI AT
FT 2 KT ERE? RAMTEELEH —DEIK, RE—HME (i,5) WA, G150 HER
Mi,j =z

[(z,y)|z + [1,2,...,m],y « [1,2,...,n], M, , = Z] (14.7)

=W NN =
[=2 TG SN N
co J ot W
© 00 O =~

14.1: BT, BYHERTE 0

B A X — R A U, RS rh At i g A 1 2 A 2
KD EHORMFE, HARE ARG, %08 0 B SR, i e E AT
Mz » ERTTR. MRE/NT 2, BAMNEFLE EXBGMRKT 2, ZFE FXE, W
14.2 FoR, KERXISFRA] BZ57, PIAMEDL R, R XIEM —DMER R T —
ML, TEEEEH, BAHEXE A RAEHH SN CHEE f (2, y), X T
IS EEREE (2, ), 15 (2, y) = zo FEFEEZRAT DAL R AR EL:

1<z<m,1<y<n: M,,
fla,y) =
He —1
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t\i|§
N3
|

E

|3
2

—

B 14.2: AR RITRNT 2, RKEXBHE/NT ;A6 FRITERT 20 KEXEES
KF 2z

MR f(z,y) RV REL, FIA f(z,y) = 27+ yb, a. b2 BARE, HRESZ
METfHE, TR MAE B HATFRER ], ik 14.3 FoR, R M (0, 2) TFHA,
MNTENRE (p,q), BATHEL f(p, @) 1 2 BIRFR:

1L WR f(p,q) < z:HT [ FFERNO0<y<q,B f(p,y) < 2o BANEFE
HEE LA R (L RLRER) ;

2. R f(p,q) > z AN p <z < 2,8 f(z,q) > 2o BMEFKPLE LRI
AR EARLE) ;

3. 02R f(p.q) = 2 ¢ (p,q) B M, ZRERER LAY R#A] PAEFR,

XKE, BATIRLA] OB 4/ NETAR R X, BIRELEF 1T, BAEF—H,
HRINEZFT. Fl

0. (%2)

3

(z,0)

(0,0)

14.3: Wi EAHEE

TE M search FREL, FHENLE _LATFGIZ: search(f, 2,0, 2)o

p>zBlg<0: []

search f = pq — fp,q) < z: search f z (p+1) q (14.8)
fp,q) > z: search f zp (¢ —1)
fpa)==: (p,q) :search f 2z (p+1) (¢ —1)
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BRENG, p. ¢ BVE—NE0AG, THIE—T, RETE2(2+1) IRERTERK
MR, BHFBERA=F: (DR p. q FARNETGE—, RE 4+ 1 P HERIEER; (2) A
KRG ETRE, S5 p 8IS 2; Q) NWrEE E A N, R ¢ BN, B 144588 T &
HFRIEIAETE . Bl 14.4 (a) 1, AL LN (2, 2 — o) #BHE f(2, 2 — ) = 2,
BHEZE 2 + 1 HFIK (2,0); (b) H, LHKFEELNEDN R (2, 2) BEE f(x,2) < 2,
2+ 1 W, MREEH; (o), EMELE DR (0, 2) #BES £(0,2) > 2, 2+ 1F)5F,
HREEW; (d) MR R REE . WRBANTRHIERIRZE ERIFTE KBS »
b, T BB E y fh b, AT DSBS RS R DB 2(2 + 1), MIEXREDN
O(2?) M ASIER L, IX— oI 8 2R = 2 LI TH] O(2).

©,2) ) ©,) (22)
(0,0) 0) (0,0) (2,0)
(a) O]
©,2) (z,2) ©,2) (z,2)
(0,0) 0) ©.0) (0)

14.4: IR ZEEN

X—F B SR, R f 4RGN EIMERA R
KME, LR ETZEG, GEREG— DD, WE 14.5 . S#EERMNE L
(0,2) MG R (2,0) R, X—VEERH—DH/ N, f SRV, TATAT A v HkE
BR m, 13 f(0,m) < z; 70 z FHRFIHE K n, 15 f(n,0) < z; XFERXIEEIM
(0,2) — (2,0) g8/ (0,m) — (n,0), THE 14.6 7R,

Z]

{m = max [y[0 <y < 2, £(0,y) (14.9)

n =max [z|0 <z <z, f(z,0)

IN A

Z]

BATAI DA =B ER me n (BIE 2 = 0 B m, BT y = 0 &l n). B3
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B 14.5: f(z,y) = 22 + y* NEIE

(0,2) (2,2)

(0,m) (m,m)

3

(n,0) (2,0)

(0,0)

14.6: 4/ NI B 1R X I,
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X (14.6) ESN, AE y, FHRI <2z <uifid f(z) <y < f(z +1)

u<l: l
l+ U
bsearch f y (l,u) = fm)<y<fm+1): mHitom=| J (14.10)
f(m) <y: bsearch f y (m + 1,u)
f(m) >y: bsearch fy (I,m —1)
AR A= B m, n
{m = bsearch (y — f(0,y)) z (0, 2) (14.11)
n = bsearch (x — f(z,0)) z (0, 2)
B R RIED/ NEETE N T S8 R solve(f, 2) = search(f,z,0,m)
p>niig<0: []
search f = pq = flp,q) < z: search f z (p+1) q (14.12)
f(pq) > z: search f zp (g —1)
fp,) =z:  (p.q):search fz (p+1) (¢—1)

X—BOEE AW 0 EBERIGE] m Ml n, BRIUE T O(g2) IR f; S¥IERLE
BIMEI TR O(m + n) IR £ BFIERTHE O(min(m,n)) Ko EAREZE T
o FEEREAN f(z,y) = 2 +°, N T EHRE a. b, JBF m. n 1E/J\, BRMERERE D
O(lg z)o

HHE fHIRE
BIMENL | 2logz +m +n
RIFED | 2log 2z + min(m, n)

QN 14.7, BB R X (a,b) — (¢, d) PRI~ (p,q), & f(p,q) # z, RAREEFK
D (< 1/ R f(p,q) = 2, BT f RWEH, HATATREN BEFAE T, A LD,
M p 8l AT ERHE R, XHERFT 1/2 B, A DAPRIESS MERTEE, T
Z"J f(p,q) = z B, BB R LKL D EELRN A 0 &k, 1ELE L

T ERRIEIREN O(g | L)), BANEBEFERIHEAR R, 1N 14.8 AR,

WERAL LT f(p, q) = 2 B, BT f(p,q) < 2 < f(p+1,q) KR OK
Frd, T EEREN f(p, @) <z < f(p,a+1))o WENIAINGER p 2, ¢ 17 LRI
FREF. Gk, BAH 0 ESIERACPHL EHE f(p,q) <z < flp+1,9)
ML, AP EEL EIRE f(p,q) < 2 < f(p,q + 1) WAL AEPREE FATA sl
f(p,q) < =z, WBRTE]_EF A0RATE SERMET f(p, q) > 2, WHR[EIRA, M, Befl1EFF
FREL— I X, R O SR
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(a,0)

(p, )

(c,d)

(0,0)

f(p,q) <z

(a) W f(p, q) # 2, RREERF/E P ERYREXIR, FARXKIZRL T LI,

(a,b)

\ 4

(a,b)

(p,9)

(c:d)

(0,0)

f(p,q) > 2

(p,9)

(c,d)

(0,0)

A\ 4

f(p,q) ==

(b) 4R f(p,q) = z, AIFIN ZFHFMH
DMIKEER ST, R X

B 14.7: G5/ MERXIR

(a,)

(c,d)

(0,0)

S

(0,0)

(a,)

14.8: IHRHERHR L 0 ER

\4

271
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Lz, y B0 R, WEERXE (0,m) — (n,0);

2. HHERXIK (a,b) — (¢, d) BIRTIE, WAKEARL &R, BN L 0
K, &R A (p,q);

3. %5 f(p,q) = z, (p,q) N—M, BIAHERFXIE (a,b) — (p—1,¢+ 1) M (p+
17q_ 1) - (Cad);

4. i f(p,q) # 2z, BIFHERMNNFXBIMI—F B, &N (p,q+1) — (p,b), W
14.9 (a); 8 (p+1,9) — (¢, q), WA 14.9 (b)o

A
(a,b) A A
(a,b)
g
®a)T Y (p,q) B
(c.d) ()
(0,0) > (0,0) >
f(p,q) # 2 f(p,q) # 2

14.9: BBVHRRKOHIXI, WR f(p, q) # =z, ETHFEIERIHATEEL

c<aBd<b: []
search (a,b) (c,d) =qc—a<b—d: csearch (14.13)
A0 rsearch

Hep csearch fEAKTHLR LS5 ER (p,q) H1F f(p.g) < 2 < f(p+ 1,9), W
149 () B, IR EFTABBUEAT = BE TR (o, 750 )), Bl
(&), anE 14.10 (a) AR,

A .
<

{ =129
p = bsearch (x — f(z,q)) z (a,c)

f(p,q) > z: search (p,q—1) (¢,d)
csearch =< f(p,q) = z: search (a,b) (p—1,q+ 1) 4 [(p, q)] 4 search (p+1,q— 1) (¢, d)

f(p,q) < z: search (a,b) (p,q+ 1) # search (p+1,q — 1) (¢, d)
(14.14)
rsearch SR, W ELIE R, THERIHIFEF LI 7SO SREE R
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A A
(@)
(@)
Pi9)
() v.0 ()
00— 5 >
@ ®

14.10: AL BRI B RF TR IE L

solve f z = search f z (0, m) (n, 0) where
bsearch (f 0) z (0, z)
bsearch (Ax — f x 0) z (0, z)

m

n

search f z (a, b) (c, d)
| c<al||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 fz (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)
| 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 - 1, q+ 1) +#
search f z (p + 1, q) (c, d)

R, SR O(g(mn)) . ITHPL_DEK (p,q), FEUHHE f
# O(Ig(min(m, n))) Ko LTE m x n KIBHERIEN T(m,n), G THIBEERER:

T(m,n) = lg(min(m,n)) + 2T(%, g) (14.15)
ARG m = 20 > n = 27, {F FZTURANE

T(2,2) = j+ 2,
i—1
=y 2"(j —k
; G=#) (14.16)

=0(2'(j — 1))
= O(mlg(n/m))
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{AEIERR TIX 2 1E m x n XIS R R FAR,

23 14.1

14.1.1. UERA kIR EZEN O(n)o

14.1.2. N TERAPBETE/NTER, BATAT PRI 2 = max (take k A),y = min (drop k A)o
MRz <y, M ARk DITRRESR; SNFATH « X2k NTER My
XD FIRITTE, RETETIFY [ala +— A,z < a < y] FIBIFEKAET & D&, H
HE =k —|lala + A,a < 2]l WEEIX—RIE, HFhERE,

14.1.3. BEERMNCHFEEE A M B R “BILHE”, e N RIEZRE O(lg(m + n)), HH
m = |A|,n = |B|, A M N KE, B4H RN 0 FFah. itk EE
N : median(A, B) = C[Lm +nJ], Hh C = merge(A, B) BEIFEWNER
A,

14.1.4. THERIEVS, i i R0 F S SR R,

14.1.5. SEM THHERBZIH O ERE AR IBNE M 2R/ME, £ LAz
RKRME, HERME » /N THR/IMESEE KT & ARETCH; 4 WM ALK —
T, 7 EIRR 4 N INETE, REIBIFHER,

14.3  ARELW) S

MITEFERZH MRS ER, NG IEEIERE RS, A ERAFECL L
WEERI I NA T4, MIRELERFH, WA, B, A, C, B, B, D, ... Zii45R, fE
T RRHRH LR G? AT DA 5 SRS M P e Sk g (LSS 2 2) © -
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

] DRI ZLRR AN S8 RSB 7 SR A5, QSR m 401N n 9KIESE, IX—
KA AN TR A&
YL X T RIS ORI G ER T A n ATERTHFR « B EE 8-

median(z) = odd(n) : z[%]
even(n) : %(w[g] + w[g +1])

62004 4, AL T —FHEREE, FoN Count-min sketch Hi%, #H] sub-linear 2 AT Y,
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FH | A el ]
ZLERM | O(nlgm) | O(m)
HBIZR | O(n) & O(m)

X — R TTRM M AREL”, SEERFIEE/RAE 1980 FE45 H T —Rh75 7%, AT DU
—IE R ARE AIERAF () . BIRRIN IR RN O(n), BREIEN O(1), WHRMRE
HR—BE/RANECRTR ), BRI RARTE b VB Z A 1A, AT
MAFRNILER, BERIRGEF NHTTRAMT, GERABIFE, &EHF N —E 2 ARE,
R ke SR BRI ANy HRTHIRIER , WUSHISREECN 1. R EFRER, ik
SRR HRTHARIER , WIERAEE RS 2200 1, SWIZRIEE S 2R 1o 15 2E] o
AP 1o MR N —5KE R ERIBEE NN HRIEE FFAREE, A R RATR, 17
FEAREL m, W m ARTREMCEL EICRBIE R IE, (HUNRARBATFAE (LT, Rkt
PERE) , W5 ISR AT “ RS " HIE R L REF AR — TR,

RN Hit &

A,B,CB,B,C A B, A BDBD,B
A,B,C,B,B,C A B, A B, BD,B
A,B,C,B,B,C, A B, A B, BD,B
A,B,C,B,B,C A B,ABBD,B
A,B,C,B,B,C, A B,ABDBD,B
A,B,C,B,B,C, A B A B, BD,B
A,B,C,B,B,C A B, A BBD,B
A,B,C,B,B,C A B,ABDBD,B
A,B,C,B,B,C, A B, A BDBD,B
A,B,C,B,B,C A, B, A B,BD,B
A,B,C,B,B,C A B, A BB,D,B
A,B,C,B,B,C A B, A BBD,B
A,B,C,B,B,C, A B,ABBD,B

Pl

e R e e I e

WwWwwmeE =0 »

maj || = @ (14.17)

mayj (x:xs) scan (z,1) zs

Hr scan E X
scan (m,v) [] = m
m=ux: scan (m,v+1) zs
(14.18)

scan (m,v) (v:xs) = qov=0: scan (z,1) zs

AW scan (myv—1) xs
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HEFHBIMEEL: maj = foldr f (,0), H:

r=m: (m,v+1)
fz(mov)=qv=0: (z,1) (14.19)

A (myv—1)

B Jr IR EERUE R R0 8

verify m = if 2| filter (= m) xs| > |zs| then Just m else @ (14.20)
TR R A IE S :
1: function MAJORITY(A)
2: c—0m+— g
3: for each a in A do
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
14: if ¢ > %50/ A| then
15: return z
16: else
17: return &

23 14.2

14.2.1. ¥ RAKBERIE, £ A B HREBUREGE [n/k] Bk DRE, Hdn = |Al $2
AR B DAFLR, BRIREFE TRITTRAEARE kD RHEATT
B R ET [n/k] D), M—E SR TR,

14.4 AT

JFH V R —BOESER S Vi...d) M 5. & SCFIRFIR S = Vi +V]i+
1+ ...+ V[, =F5 [ | RIEAFFIN TR, ERFIZE 0. GMTHE] V iR KT
FEFIRTEL? i04n [3, -13, 19, -12, 1, 9, 18, -16, 15, -15] H, FFF [19, -12, 1, 9, 18] I
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K, N 35, GIERFPHIFFHITTRARE LR, SARMBlZ 2B T RM, AERATAITR
HRE DR, WIS A RIRIERR, 9 0, AR AT DU 75 284K A 56

1: function MAX-Sum(V)

2: m <+ 0,n « |V]|

3 for i + 1 ton do

4 5+ 0

5: for j <+ iton do
6 s+ s+ Vj]

7 m + Max(m,s)

8: return m
FEENEIREN O(n?), H n BIFFIKE, AR DAMESAREE AR B,
— IR —IIE R T AE AT E | SRR AR A, RINIES T B AT SR &
KFFHIM B, WE 14.11 firRe A. B A—EMHE, BRFF B < ARXKR, 4 B
=& V0| HGET A K, FATHE R B &t A, 4 B+ V]i] < 0K, &
BEENO0, NREH THAGHE [3,-13,19,-12,1,9,18, —16, 15, —15] I,

i

B

Bl 14.11: A ZHAEHRBEINEKRTFHIF, B 2Ll i 255,

wAH | BLi G RR T FAIR AT HR 7>
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)
90 A« 0,B+0,n |V|
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3: for i + 1 ton do

4: B + MaX(B + V[i],0)
5: A+ Max(A, B)

6: return A

AT AT AR BINEL T F R AT : Spee = fst o foldr f(0,0), K f BH#H
A

[z (Sm,S) = (S, = max(S,,S"),S =max(0,z + 5)) (14.23)

3] 14.3

14.3.1. BBUERRF ARSI, IR B0 B RN 5,

14.3.2. ARRHIE G H T —DiE 2 HI75 R R F AR, ZIHREN O(nlogn)o
SRR AR FNRAE A R B Yo FATT AT DRI T I AT~ 30 00 B e AT, RS
S HR I HIERRH, MBS 538 o B R, SEHX— 57K,

14.3.3. 1£ m x n B HEREBOEMEH SEFRERE, 15T RMIE IR,

14.5 FHAHREER

SRR KR, T SRR T BRI R IR, R
B, RIZER (8 6 %), Tl TR R BRI BURES MO TR, TR0 AT DA BB
PRI TR, T 14.12 PR 7,

(65O T AR P, QI 1412 (a) FR, (ER R s — 4 I, B—foes P
T AT, B A, 55 5 AME PR y, (B7E T it DG —Hoe Bk
I, 4 s 01 (P SE 1B SRS EH LR ananym F1 nantho...... T TE B s
RS REAT DRI 1o AP an WU anan FOE4E, FellTAT DU s #4900 2 (P 1
Fa 2), W 14.12 (b) Bk, 1A THATESHEST 4 MRS E, Bt 7
FHARLRMRE, A, SR, YRR AR T — D ER e
PLREEEE ), TS A R AT, FRIE KMP B3k,

JESA T R K N FEEURIE N T, (T 10 & ANFIRI80. N TR T2
10 P AR s R, TSR TR ¢ AT, NE 1413 FiR, 2
P AR, W —FAEAERA K, 658 P o RyaT & DFAFRIEIE P, KRG kA
PRHAIRL, tRER VL, 148 P, R P, B0, 58 XAt R 8 R TR 4,
WA FAERING & = 0, TellTEHERINBE RS SR AR ke AR
r(q), CERIRNTAE ¢ + 1 ANFRRICRN BB A L,

7(q) = max{k|0 < k < ¢, AP, 2 P,J5%} (14.24)

TR — SR B R T A, 40 C WRIEEFNT strstr, CHHAREERR find, AN Java bRifE ZEH
index0f,
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Llofy] [afn[afn]e[ufo]ufs] [a]n[af[n]y[m] [e[t]ofw]e[r] T

R Y E I

q

(a) fRASHR s = 4,188 g = 4 DFRHF, B 5 DPFRAR,
[a[nfy] [afn]afn]e[ufo]ufs] Ja]nfa[n]s[m] [e[i]ofw]e[r] =

? {acllnlaIHIYIm\ P

(b) IRF&E] s =4+ 2 =6,

14.12: f£ XA “any ananthous ananym flower” 4% “ananym”

[[mi i+ n]Ti+2)] o .. . [Thive-11].- ] T

— IP[1]|P[2]|A..lP[jllP[j+1||.“|P[q||.“| P

> PRl b

14.13: P, A2 P, RIRTEFI S48



280

. OOoo oo

HEXA T H Wt s LA P I, 51T ¢ DFHAEE, TR —DARE, Tl lEd
q = m(q) FEI—NENRIAE ¢ BEHHE Plg') iSO

1: function KMP(T, P)

2 7 < BUILD-PREFIXES(P)
3 n<« |T|,m«+ |P|,q« 0

4: for i + 1 ton do

5 while ¢ > 0 H Plg+ 1] # T[i] do
6 q < m(q)

7: if Plg+ 1] = T[i] then
8: qg+—q+1

9: if g = m then

10: (L& i —m 22—
11 q < 7(q)

> FHREZ AL B

HEMNMAX (14.24) 38 7(q) HAKH, BATE—PERERE, WIERTHRE K.
GURFE —DFFPANICED, N B K ATZR A N 2 S 2R AR Z 2 7(1) = 00 HI:
P, = Py = [ ]o {32 P 5 ¢ DA, BISKEREUE 7(1), i = 1,2,...,¢ — 1 &8
E54r, H HE AR KIS P FINEZ P,_, FER. & 1414 PR, 4 Pl =
Plk + 1], WEREN 7 —PNERE k, BATRE & BIRKAEN—; BN Plg] # Plk + 1], Al
MHA (k) FIRE|—DMEIER) Py, A K = 7 (k), 25 BIX D HRIZR T — D7 1F
REME ¢ MEAFHE, BEEX P, 5E L ZR 0 (B8, 8ENE ¢ M
Fo NREGH T ananym KIRTZEEUIE, k2R (14.24) FIRAME,

P[1]

P2] | ...

Pk] | Plk+1] | ...

Plq-1]

Plq] | ...

A

y

P[1] | P[2] | ...

Plk]

Plk+1] | ...

&l 14.14: P, 72 P,_, WEH, LR Plg) #1 Pk + 1]

ananym

w”

q P, | k| P
1 al| 0|«
2 an | 0 | «”
3 ana | 1 | a
4 anan | 2 | an
5 anany | 0 | «”
6 0
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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<« (k)

if P[q] = P[k + 1] then

8: k+—k+1

=

©

m(q) < k

10: return

KMP AR A AL B, MR RIS BRI 0 fEE 2N O(m) Y, RA G K7}
PEEIRER O(n)o BMAPEEZEN O(m + n), FHFTE O(m) 23 RITCF TS K EUE,
FHER BB HIF AR KMP BIERMEE, HEE aaa...a” (n ) HRREEKN m 1Y
FH aaa...ab”s H m DFEFARILEL, BTV GERNR—DFFF, 3 Hit/EAMEbE 14
FIFo BMELERXFEOL T, KMP BIEMKIHZLRIER HAY,

14.6 fRIIEER

FERMIN TR RER B, AT R T2 5 IR R M, AT 71 ERILED, #F
A—EEHEAET MRS REP, FETREIIWER A2, 2R A
filt, FEE B AR, tWATREFAEZ M. BN AEZREHRE NG, AMIEHE
SRR SRR AR,

14.6.1  RIEPLITEM) FEMReiR

WREAR S R (DFS) M B S8R (BFS) H B M B R HE, Bl 5
AKX R BIARG I B RIS,

\\!r

i

ERE R KL RANB, 55010 B2 0 XN EaaE, XNTTEE
BREE, ANE 14.15 AR, AT 2586 HORIRTT SR, 17 1E2 MR, IRIRE
TR IMBIRARIR, BEIRRERM T AR 5 — R R RE ., B &N
B — 4508, HE N —/NREEEICR MXRZE, BE T ACHARME B Ny
S A EE R BRIy, AE R — 5, — BRI LELamEE T,
SR ERATTRE A THEER, AR FF EH =, AWNZFER 208", AT A
REEHERE, BAIRME R B . BAHE m x n BIFERE M #5REE, JTTREN 0.
1, TR A, & 14.15 FRRE ] DU TR REREE L
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I

I I e

(a) BH (b) —HAEFFEAE

14.15: HE

=
.—uoogooo
= O ~ B = = O
_ O = = = = O
_ O = = == O
_ O = B R = O
o O O O o o O

ATEHCR s = (i,§)y &R e = (p,q), BAZIKHITEM s 5 e BIEHE, AT
A s BRI A, X DNER Ak, BT & Bl e FTARRRR, REEEE
s-k EREEIR DM k 2 e (UEIEAT, FANTEE T L B RO REE., K
MA—MIR PICRESHTEME, FREESIE, L2,

solveMaze M s e = solve s [[ |] (14.25)

Hr:

(14.26)

s=e: map (reverseo (s:)) P
solve s P =
BN concat [solve k (map (s :) P)|k « adj s,k ¢ P]

P PERTFHISAS RIS PR, BT ERZET reverse RRH L, adj p $1t p M
BB R K FEE TR EAHRE 0 B

adj (z,y) = [(=",y)] (@",y) « [z —1Ly), (z+ Ly),(z,y —1),(z,y +1)],
1<2’'<m, 1<y <n,My, =0}
(14.27)
IXR R 2RME, RITE IR, N T ERRE, ARERE &R, Bl
T B BRSO TS, IC R AT B R, FAT Ve fof R SR AR -5
RIBPE, ORGSR, FTAH — MRS, FFGAI, B A [s]. ¥
HPH, $RHAD s SEBAIA, BN ay b..... B ATRERIBRAZ [0, o] [b, s] ANk 3 TFHHKE
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BAZ [a, s] itH, KA o R AL RIGIERTA 3 AR AL, HEEX T
Bo BRI T — SRS E  WRNARY Bz B R AR A, Q1A 14.16 R, 24
RN, BAIEZRK T FrE B RTEE, IR & N5 HAR TR B RS2, I RAR

B AIHEIE R A, )5 A ko

[a,s]

[s] 5]

[p, ..., s] [j, p, -8l
[q, ..., s] [k, p, ..., s]

K 14.16: FICSREREZR

solveMaze M s e = solve [[s]] (14.28)
H:
solve [] = []
c=e reverse (p:ps)
solve ((p:ps)ics) = Qks=][]: solvecs, HH ks = filter (¢ ps) (adj p)

PIPVANFES ARSI (T
function SOLVE-MAZE(M, s, €)
S [sl, L =]
while S # [ | do
P+ Pop(S)
p + LasT(P)

if e=p then
ADD(L, P)

else

10: if k ¢ P then

" PUsH(S, P 4 [k])

12: return L

solve ((map (: p:ps) ks) + cs)
(14.29)

> RE— M

for each k in ADJACENT(M, p) do
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B LT REA A NMETRTREARL, HF BETERN R E, EREELUZ O(4n),
Hrbn BRERKE, EREREAIZHER, BN 7 EENVE, RIMELT,
A AR SR A B R — Ik, BN O(n), Bt n BEEREE, BT
THRRFRR R, ZRIEZEN O(n?),

£535] 14.4
14.4.1. {FHMECRIKHIR S R FTE i,

J\E G

BAREFREBLL AL, HEEF] 1848 4F DUK/R (Max Bezzel) A 2 i/ \ £ 5
M, IR ER, Al AR AT, A B EERE T, W EE R
I EE, T2 A EHK G, B 14.17 (a) #1487 25 7] ISR TE R,
B 14.17 (b) Z5H T\ 25 R — R,

4

N

I Kl u IEAH

(a) EHFRZEAPRIG (b) —Rhfig

14.17: )\ EJ5[A)#

1E 64 MEFHIRAN 8 N EIG, HA P, MY, 27 4x 1010, BT, FIHREEE 1
MNEIG, — /MR RISARE (1,2,3,4,5,6,7, 8] IIFEAHES, FlanfHRF [6,2,7,1,3,5,8,4]
TR AT ERIGTAES 6 5 S5 AT R/GEBES 25 k... 56 ST B GBS
45, XHEBMNATFERE 8! = 40320 fifi G, MEFE—ITHEZRE—EREGE, F—1
BIFHE 8 ML\ FIHRIE—F), BHEE /TR RGN, HTrIsERI S — 1 2/5H
B, FREET RS, N T8 TR RS, $E 8 AT i — 1 D BB I
B, R 8 M BEAAREERR, BAHEIR AR DI — 1 MR, 2% 8 MEFHRK
DAL G, RSN T — M. TR, AR FiX—A R, RE9ksk
EHTRIRESIF T L ZERIE, BATH—MEM—DIREEER : solve []] []

solve [| s =

solve (cics) s =

s
le| =8: solve cs (c:s)
BN solve ([z:clz «+ [1..8],x ¢ ¢, safe x c] 4 cs) s
(14.30)



14.6 0O, OO 285

Fitkns, BNCEZAEARE, o I0R TR REINME; RN ¢ KEN
8, TAHREN T — Mk, HHICFE s h, RIGRSER; |c| < 8, TAIM 8 Ik H
AR IS (2 ¢ o), RN ARREBGRIER ERYHE 25 B safe © ¢)o AITTHIAR
I TGRSR,

safe x ¢ =V(i,7) + zip (reverse ¢) [1,2,..] B : |z —i| # |y — j|, HHF 1y =1+ ||
(14.31)
safe A y = 1+ |c| 17, « FINEEREM ¢ PEMEERN AL #c =
liy—1,iy—2,....01] TR y — 1D EJEFAERIS, BATR ¢ e, FH 1, 2, . BT E
JEHIAEAR: [(i1, 1), (79, 2), -y (iy—1,y — D))o RIGHFIBIEA (i, 5) 2 ﬂlhﬁ (z,y) FIRK
ML v —i] # |y — jlo X—SLIRRRIBVARY, AT CATHBRIE T UM B S :

1: function SOLVE-QUEENS

2 S« [

3 L+ 1] > PR1F MR
4: while S # [ | do

5: A« Pop(S) > A BF—HAET R
6 if |A| = 8 then

7 ADD(L, A)

8 else

9: for ¢ <~ 1 to 8 do

10: if VALID(4, A) then

11: PuUsH(S, A + [i])

12: return L

13: function VALID(x, A)
14y« 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

BRENEIGE 8 FIESE, (R AR G5, BHAE 15720 FIEN, i
/T 8% = 16777216 FRIRELYl, BT IEAMEKE, EEAKFR, IR — M #
J&, B e, B DS BTN FRR. ATy B2 » BIERE, i n > 4,
BFEE n HGARF AN R SOBE N, [EIHE IR LEAZS 8 B HEF RN P (B 2 HES Y
A O(n!))o

g3 14.5
14.5.1. 2SH/)\BIGHEE, 15T DR n 25 A8,
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14.5.2. \EJEMBEE 92 DR, N TEM— M@, K EIEE +90° tERZ/\
2IEWEER, FHMERRR. BIEARNRIE 121, BU\REHE
J7, RHIX 12 DAFEIR

PR

i 1418, FE—HE T3k B 6 R, —HUASKAB— REFHEE L, &
I R] DABREN e R0 77 B3k b, si0d — R E B R A Sk B, HiEREERTHER
{F1E, REEGIR, & 14.19, XEEF ML), BRER, #1846 3 RV ET#? FRid
FEMIFEER-1, AR 1, %6 TG 0, BATEREIM s = [-1,-1,-1,0,1,1,1]
Bl e = [1,1,1,0, -1, —1, —1] HIfE,

ol Gl e, v, S,
ﬁlﬁl&l @)ﬁ% _;,[%% ,>£%}: £>

K 14.18: BKERRYFH I

o ¢ m m
glé\_;‘ﬁ fiﬁk ﬂf\ “‘ N g’:& %
LD S Y S —— LTI YT

(a) BEEIAHATHY (b) M4 IS — (c) IAERE—H
i3k b H

& 14.19: BahHin

IXZBHER —RRRIE R FHA—ERRHIY 6 Wi, tha] BUZ 8 Bl# B RHI(H
o B 14.20 FIXE R ZEMEK 5

A 14.20: =FPEkAL S

MERGRIGRAIEN 1, 2, ..., 7o BHRE A MREEIRTRE, BIAJTIART, 25 3

8E FkJE: http://www.robspuzzlepage.com /jumping.htm
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Sk ERIRE IR DRI A3k B XFRHY, 55 5 Bk ERURIER R DUAR —P, B
2 B3k BRG] DA BOE — H B Bk R =S 4 3k b, MR, 55 6 a3k BERYE
i, AT DA el — H . BHRIER S 7 B Sk ERIRA, 2 4 M7 2. aniR
EATET, iEMZAEET R, BT EMNKNEERRERNAG, GUR R GEMZE, irE
BRI, FUERE AR, XEAFEEEE . BITCREIRISEAT
RIGEHEER, K& L2 s WEMHAS, L[ FERZ £1,0 FRE « M2 1.
H—RIAE, WARNEE, 226K EN p, 4 MEE07TR=N:

—_

C TAEBkER: p <6, H Llp+2] > 0, 24k Lip] +» L[p + 2;

\V]

AR p< 7, H Lp+ 1] > 0,5#t L[p] +» Lip + 1];

w

. AAEBRER: p> 2, H Llp — 2] < 0,240 Lip — 2] « Lip|;
4. EREN: p> 1, B Lip — 1] < 0, &#k Llp — 1] + L[plo

TE S ANEE leapi. hopis leap,. F hop,, BWIRES L — L's HARGEREN, NI
REFFER) LA, RS IEREMHIEZE THaRIRE, b G — DI,
FIRH AR, FIFR M OICR G EREIRMR, FATRBEHART, a1RIRES
L = e MBI T — M, BATERBIPBICHEE M b, SMFTANHE L 122K 4 kg
gf), ANRATATRE AR AR RS 3R

solve [[-1,—1,-1,0,1,1,1]] [] (14.32)
Horr:

solve [| s = s
{L =e: solve cs(reverse ¢ : s), KL = head c (14.33)

solve (c:cs) s =
B solve ((map (: ¢) (moves L)) 4 cs) s

moves TEIRES L 2 E22IR 4 ] REMIRE S :
moves L = filter(# L) [leap; L, hop, L,leap, L,hop, L] (14.34)

XN ISR R :
function SOLVE(s, e)
S« [[s]]
M (]
while S # [ | do
s < Pop(S)
if s[1] = e then
ADD(M, REVERSE(s))

else
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9: for each m in MovEs(s[1]) do
10: Pusu(S, m:s)
11: return M

XTI E AR (5 15 247), BRI T —4:

B 1110111
1 1|-1]0|-1|1]1]1
2 1|-1]1|-1|0]1]1
3 1|-1]1|-1|1]0]1
4 1|-1]10|1]-1]1
5 1o 1 |-1|1]-1]1
6 0O |-1|1|-1][1]-1]1
7 1/-1]0]-1|1/|-1]1
8 1[-1]1]-1]0/|-1]1
9 1[-1]1]-1]1|-1]0
10 |1 -1|1]-1]1]0]-1
11 |1 |-1/1]0]1]-1]-1
12 101 |[-1]1]-1]-1
13 110 ]-1]1]-1]-1
14 (111 ]-1]0]-1]-1
15 |11 1]0]-1]-1]-1

A 3 ABENTE 15 DA B, ¥R EIRE R IS 2B S R H
HI—PRERK:

OB [1]2] 3 | 4|5 |
Wik 3|8 |15 )24 35| .

BEUIEI R ITBIE—: (n+ 1)? — 1, FATA] DUERTIX —4518:

O0. HEERmEFEGIRS, B AFHEA S — B3 T n+ 1 A3k, 2n AFHE
KB T 2n(n + 1) a3k, ZEMR SR F ARG MRS §HHE—R, —
HAHE, WRZAEBER, BT —HE n? UUHE, RIS T IrE T T 2n2
A3k, FITHIRSIAZBRER, M2BkEIMEMH AL B, BHA 2n(n + 1) — 2n% = 2n
o B n? RBKER, A1 2n RBKEIAE AR SL BARMN, [EIREMBIDET: n? + 2n =
(n+1)2—1, O
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MEE L 3 N, ENARHE G E RSN, ENTEMNERMIREST G, ER
BMAEITE, \ 258 EET G, BRERE R -1, -1, -1, 0, 1, 1, 1] JF4f,
RS R MR, FOEEE S THATRERIENL, EXREN, 856 L Eh
AT TR )\ 2 M, RFOGRIRER R ) \ SRR ; Bk S Edhiaih, 8KF 4 #
AERIBRER TS RS, BB UUERASANNEREARSE 2, (HIATIAZTE /A
EREIRSRMT 20 ERERREIRSZHO; \BJE R REIREZ N\ 25
IBREALEL b BRER T B R IR R A B A B Bk,

FRATI {68 P A ] 1) SRS Sk fgd PRI 5 ] - AN 7 221X mT RE I I, 1 5% B4R BIATAR
A, QR TCIRAR SO R I 22 e I, @I XA 7T I, AT e TR, B
75 RATA T REM A BRI UTC AR, 28, IXSMRIRAF A — S22k, S — MG, 3l
A] DA MR E RS T A T RERIME.  anR DURRAA DS AR, )t — AR, &1
WEAREAFRNES, BREBRE D AWIRARIE R, HEREYRS:, T HE
Al — R ERH R, EEIRUERAZIMAT E—Z. W 14.21 PRI,
G (v o LA o T N € S M w2 9P O e vl ot - e a0

14.21: FREMRIALRIIT

IXAEHHE R RIS N IR SR, BILPRANEAERE R 2R,
FmAEEAIR, BIIUN Prolog, i TR AL SE/ENERIARISRAERRL, BI40— N3k E ml LAt —
LRI 3 -

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).

He WS o X,Y) ForiE X MY &8, X—Ws2ammte, mRELY
X, PATTAT DA N — S0 FRE TS, BE N — KT RIS . [ 14.22
BT NEME, EAME X MY, Prolog Al LAUEN NIRRT HIE EMZ 2
THEH,

’go(X, X).
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&l 14.22: = PMEAE

]go(x, V) - (X, 2), go(Z, Y)

R — M B X E Ol EERDARVE X, Y, %5 X M Z
&, H Z MY ZRFER, N X MY ZEFEERE. B2, Z KNERERTREAMRE—,
Prolog I —, RIRHSHER, WA LIBHERAMN A 2 eikss, [T
BEHE N — MR L, XIGFUR IR LRI R NG, 5 R RS, M AK
DRI, R R B IRE A TR, BN, ERE IR A — MEHA—E

TR,
%3] 14.6

14.6.1. 2SRk 7 ek im A Y R RO TR, (15 ] DARRIRAEIN . ST IR A5 10

¢ AN S S B3 e

XE-ERGEE, RRHE R, —HEE —ER3ER. A—5/0Mh, J
ARRIXMF. MFARERE FARRMS SRR, RRBRHREEIR, £, AX
HREE — Rt ), (R ANRRRAE, RSN, MFERNZH A, W1
P75 IR LR A R PE R R 2

HTIRASIIZI A S, AR AT AL 2R R 2 IR A, 22 N REIERIR
B SRR — s Id ], MRS —hEia m] DOBE A AR PRIz, T SR
TRAGIRERI 75 1%, B PR AE R A RO I, EERRME N sE PR, A5 R AT 75 1, BT
— B2, ERE WL, BAEE A —RIGHIFTEATRE. MOUEATEATRE. =
OJERIFA AT RE. ... BRI UG, FrARRPEARENE 17X RER, JF HIX—ERT ik
FEFT A RTREH L, T2 B PRAMR TR,

TR BT E P RERIIRER? BE— MR, 25 &R RBMNFET
HEH PR, T EEAE DR, HRIBREZ Ay, RERERRIE, H215
ERITAIAIRE 7, ZRJG515 UGEER, O 7 PN, m] DARISE IZAE— DAL - 5%
AT NI 2 S A REFHREE IR, S5 xR A i —BAo  BRRE 1E AT AT T Y
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NIEER, USRI BEEIRBRDE, wivh 2PN TR R IRBER, 13X —BASIA] PLORIIE i
i NAS O8

ball box

14.23: 55 i DAHBAEER, Q1SR HEEIRBR, 2 AR

PR LR BB R ORI T R, RS A B RRFMMR, JTHaN, B8 A =
{w,g,c,p} BEIR, F. HE. KK, EE B =0, BURKLKKMAI—DITREE
BB, MRESHAFERR, MARESHLMMRIARE, HinEHRD IR
2 A, BRINE, A Q BEEAINE A = {w,g,¢,p}s B=2, HEN
FIAZE, BATUIH L TCR, ¥R E Al RERIERE. A5 R e a AR RI A B,
GERBAFIKERET A = @0 B = {w, g, ¢, p}, TMEKE] TR, Bl 14.24 518 TR
N7, [Fl—RE L RIFTA RTRER R E T, JTEHRIEAT A,

Bl 14.24: NE—DIREITE, ESE P RIFTAIZI 2, 3, 4, AEKRES 3 B LK
FRAEIETH......

ATV 4 7 Bk R R RS, B R MEY), Rw =1, Fg=2. H
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XKe=4 RRp=8, 0 FR=E, 15 FRUIMEEMHES, H 3 FRAFIRM
¥, IR SN, FIFE, E 6 FoR5 — /R I, l(/ﬁd[ﬂ%n‘ﬁﬂ(&%)%ﬂ%ﬁl‘
—fr(4, 20 DN DEFEBahES — M B AT SN

B [(A4+8+4,B—8—1i)|i < [0,1,2,4],i = 08 BAi # 0]
(14.35)

Hep A Rrifi 588, FATHI Q = {[(15,0)]} JBEHER: solve Q.

{B<8: [(A—8—i,B+8+10)|i [0,1,2,4],i — 08LAR: # 0]
mv A B=

solve @ = O
A=0: reverse c,/ﬂ\:':F'(A, B)=c¢,(c¢,Q") =pop Q
solve Q =

B solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q")
(14.36)

HA R valid c REFIBNER (A, B) ZEEMNRE, FREZ 3. 6, FHMEA
U, AMEET ¢

A, B # 386, (A, B) ¢ c (14.37)

PSS IVA:RpepwssiiE
1: function SOLVE
2 S«
s Qe {((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

B TR R,
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Pas s
R F B3 R
R B FORK
R BX KK *
F3 Ry L RK
FoOHR KR IR
RS R B3 R
FoORR R BX
Ry 0 BH¥ KRR

pas s
R F B¥ KR
R, B FARK
R AR KK *
R FOHFK, KR
Ry F KRR H3
RS R B3 R
FoRR R AX
AN SN E PN SN

fEK )8

BMWAAGHL, — D9 T —4 4Tk A REMRIREH 6 FHuk? 3X N8 E A] BA
BRI, A M RE BRI LN AR AR T IXANFE, fE4F
SIS AR L 30t B 13X Al 80 5 B A CAn el A ) PR B T
BT MR, REREIMTHEE 6 FHk, BIEEE A0, M 9 FHERT 18]
th 3 FHKe N TIEROX — s, /ML TR A 1 7K, G 14.25 Fios,

9 9
4 :> 4
6
1
& 14.25: H&iGFH
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SR 9 TR, ARIEIESLIR BN 4 THRIRT, FRF 4 THROHL 7123, wlim]
PSS 1 Tk, QR 14.26 AR, LR —RPokls, AR BAREER, ©Ieikm
BT A 899 FHFI 1147 A F1F5 2 FHK,

9

4

4

N

1

B 14.26: R, AR BIA/INIRRIR

1

RINFHDHT B, A, BIRE 6 #lE: (1) /MR A JRINK; (2) B ARIHK; (3)
= A; (4) 172 B; (5) ¥ A HIIKEIN B; (6) K B BIA A, NERE—RIIEKE)

18, RIZEEH a < b < 240

TR RERAE, B K

A B 1k

0 0 b

a 0 215 A

0 a ¥ ABIAB
a a i A
2a-b | b ¥ ARBIAB
2a-b |0 L B

0 2a-b | ¥ ABIA B
a 2a-b | Bk A
3a-2b | b ¥ ARBIAB

NEM

AEo

A AFRIRN za + yb IEK, HA o, b 2H

®, o, y e, RIBEOLHRIGIR, AT AAIK 2 A EETSE] g FK: 4 HAY ¢
REMEHY a. b R KANLIEEERRIN, Bl: ged(a,b)|go AR ged(a,b) = 1 (av b HR),
AT AR EE R BRE g AR, BARFTDAHIE B S B R, B DFARE AR EIK P
B, MEEBETE g = za +ybHFH =, y, TSR —HEEIE, % x>0,y <0,
TEWHHR A £ 2 k. Bz B 4y IR BIAVINRER o = 3. KRB b = 5, ZEHL
5 g=4FK, N4 =3x3—5, A] A Y 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

SN AR 3 R, 12 B 1 IR. BATA] DA ARG ™ IR LI R IR
BERE o My

(d,z,y) = gedesi(a, b) (14.38)

Hp d = ged(a,b), ax +by = do B a < b, B q HIRE r, HERR b= aq+ 1o
WL d BEBR oy b, R d WEERR o T r < a, A]RUEIE TR o F1 » UK AZIEL
3/ N TR RIS,

(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

ARSI BT 0 — 0 ged(0,b) — b — Oa + 1b, JREY R LI
EENXN:
gcdey:(0,0) = (b,0,1)
b (14.42)
gederi(ah) = (dy =o' L5
Hrpd, o/, o BIEXIR (14.39) W g = md, W ma F1 my B2 BIZK A BHY
— MR 2 < 0, B0 gedewr (4,9) = (1,-2,1)0 HT d = wa + yb, BATARWIE = i1
b, FIIKE v I8 a, BEE 2 KT 0, XAEERINBEHFA—ERM. FIaAH 3 . 5 A8
F, IREL 4 FHOK, ¥R LR RIRSG H 23 20
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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)]

EHRETIRE g = za + by BEFZ MR, |of + |y| BUN, IBEL R, FATHT
PAR AR I Tl " 1 B, 7 6 M fErp (BT AL 1T B, 5 ABIA B......)
TR, BRI NATIRZHETAE R IR, IR ETTRZE —RIIME
Xt (p,q), pv q 3 BIZFHFKEVAER, I3 T MIHERIRGHIEIKERIE, AR
A {((0,0)]}

solve a b g = bfs{[(0,0)]} (14.43)

HEBAIIAZS, AN — B E 75, R PAIP R RGNS B S g T
K, BATRERE] T — MR TR PPt S R EE IR, 2 6 ff
AR, RiHEERIFF AR,

bfs @ = |[]
bfsQ = pEq =g: reverse s, HH(p,q) = head s, (s,Q") = pop Q (14.44)
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))

X =T IREOR BRI ADER, BATTTCTRESIRI D TR P ORAA R R, AT A
FA—N2FE RIS, A 14.27, #IEEREHN (0, 0), A fill A # il B Al{T,
B RORTEIDSR (3, 0) BB 221K fill B, I0GHEE R (3, 5). 1F (3, 0) A& _E2%1L
empty A FFEIFFIIEIRZS (0, 0)o FABL X —IEIT, EFHREKESZEER, Al
A DAZEE 14.27 REGEAT S I— D5 R, FIAH B RIAEIWERS

1: function SOLVE(a, b, g)
2 Q<+ {(0,0,NIL)}



14.6 0O, OO 297

,"ﬁll A empty B
14 4
@3,5) (0, 0)

14.27: ®RICH

3 V<« {(0,0,NIL)} > RRICRER
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: PuUsH(Q, ¢)

12: AbpD(V, )

13: return NIL

14: function EXPAND(s, a, b)

1. 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), max(0,p + q — a), )]

17: function BACK-TRACK(S)

18: r< ]
19: while s # NIL do
20: (p,q,s') =s

21: r <+ (p,q):r
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22; s+ s

23: return r

8.3 14.7
14.7.1. SOy R LRSREE, FIREMEHEHE || + |y| /), PARGHEKR#E,

R TE

BRI EERTE RGP, WA 14.28, ESME Klotski, EHRA/N. RS
AARFE, HERIEF 10 MER, ErRERTEEER, RNRERKNA— DB
RIIETTTE, BRI —H0h 2 x 2 Bl FERLE RITHIARIR], A—3ERN 2 DMK
BRI, R — B E %, HAR XS T TR IR R i, ki Hing 2=
WIS S, K E RS B R T GE, B 14.29 B HAFR M T HRILIL”, &
RE—PREBL L, FIRIFPRACER AR ERL A

(b) BENE T LK
T

K 14.28: HERENK

B 14.29: HAR“FETHRTZL73R

BATH 5 x 4 FEFERARMEL, 175 0 48, 1 2] 10 MFERE T, 0 K%
RE, M M GHTHEFERIVGIES, BN TR aEiT SiE R
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T L AR, L) T BEAMESRS, Bl L4) = {(2,1),(2,2)} FRE 4 M
TFHEETE (2,1). (2,2)o FATATDHEHEE K 20 MBS 0 5 19, {81751
RGS: ¢ = 4y + 2o PRI MHTF S8 L[4] = {9,10},

1 10 10 2
1 10 10 2 1= {0,4},2 = {3,7},3 — {8,12},
4+ 19.10},5 > {11,15},
M=1|3 4 4 5 _ {9,10} { }
3 7 8 5 6 {16},7 > {13},8 + {14},
9+ {19},10 —~ {1,2,5,6
6 0 0 9 {19} { }

BATTRT DAE SRS (M) — L FITEMUR =1 (L) — M AEREERIA JR) R B 46t :
function p(M)

L {}

for y < 0~4do

1:

2

3

4: for z + 0~ 3 do
5 k  Mly][z]

6 L[k] + ApD(L[k], 4y + x)

7 return L

& function ¢~ '(L)
9: M <+ [[0] x 4] x 5
10: for each (k+— S) in L do

11 for each cin S do

12: x < cmod 4,y < [c/4]
13: Mly][x] < k

14: return M

FAMEE R 10 METF, BREREGIE L NAEG 4 D718 118, TERE
T E BHERRN (Ay, Ax) = (0,£1), (£1,0), fEAA & _E, AN 159 B RR A
d = +1, +4, BIGELT L[i] = {c1, co} EREINEN {c; — 1,00 — 1}o IXBEHFRH D
FEFRIEM: d = 1,ecmod 4 = 3 M d = —1,cmod 4 = 0, B IEKHL T I — M0 F Bk 2] 5
—fl, FEMNPNEAIUERZH 8 Misshnlge, BlanE—2HH 4 #hnl6E: 55 6 B
558 7 B 8 BRIATR ;55 9 BRI /e, &1 14.30 RSN SR B Al 1T,
N T HER SR, BAMEEMF £ B3 20 B ks 7, RN 0 53 & WAf
%5l
valid L[k] d :
Vee Lkl = y=|c/4] + |d/4],z = (c mod 4) + (d mod 4), (14.47)
(0,0) < (3,) < (4,3), Mlyl[a] € {k,0}

2 — RIS REMZIIE MG R. (OR AHLE AR [FR AN, mAR R
My # My, (HEANTAR LR MR R,
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'h 0 'h 1
h |21 11><1
Vo 1 V2 2

14.30: ZEM: PIAR 1 BURSF#RRTRS SN A RITAR 1 BIRS T FIRR 2 BOAS T2,

1 10 10 2 2 10 10 1
1 10 10 2 2 10 10 1
My=]13 4 4 5 My=13 4 4 5
3 7 8 5 3 7 6 5

i 6 0 0 9 | i 8 0 0 9 ]

KMNTFELRmRRERESE, ZBEERHET, € WH—ARNES: L) =
{pl(k > p) € L}, iR U L PRrAENES. LM DNERERE—Am RS T
{{1, 2, 5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}}. /&
AN Rt — R EE, RS, B NERY My F1 My MR,

10 10

1 2] (3 1 10 10 |
10 10 1 2 31 10 10
Mi=| 3 5 4 4 My=14 4 2 5
3 5 89 76 2 5
6 7 00| (00 9 8 |

EATRIA— et R A FRAT, Bl T S —fe A R H X AR A
mirror(||L]|) = {{f(c)|c € s}|s € |} (14.48)

H fe) = 4y/+2',y = |c¢/4], 2" = 3—(c mod 4), FAMEHA—DBATIEITIEE,
BN TR ST — RV FIX R ) SRR BB (k,d),
FORMEME ERBSIM T &, AN d (BN £1,+4) . I Q = {(s,[ ])}, H
s BRAMR. RE Q # o, BATHLMSLEREE — N, E R KT (S
10) 2 EENEEARMIE ¢ = {13,14,17,18}, B L[10] = t, GAZEPEMEEH; W), Ffi12%
R B AEGRNEIME T BIA TR, AEEMNEENTTER (k,d) N, 7518
K, BATHES H idgH—emR AR EE,

solve @ H = []

L[10] =t: reverse ms, HH((L,ms),Q") =pop Q  (14.49)

solve Q H =
A0 solve (pushAll cs Q') H
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Hrp cs = [(move L e,e:ms)|e + expand L] @~ AERNEHTTE,

expand L = {(k,d)| k<« [1,2,...,10],d < [£1, £4],

(14.50)
valid k d,unique k d}

move IEMT L[k] #3)) d N : move L (k,d) = map (+d) L[k]o unique FIKi#r

H—m R |L'|| ¢ H, 5% mirror(| L) ¢ H AMEFBIERH, NREEEE, H
FreMEiEids B AT a8 R, NEENMANERSEI, M) D7 R
DR 116 2 (BP8) 118), I 3 AR

1: function SOLVE(s, e)

s H e {lsl)}

5 Qe {(s2))

4: while @ # @ do

5: (L,p) + Por(Q)

6: if L[10] = e then

7: return (L,p)

8: else

9: for each L' in EXxPAND(L, H) do
10: PusH(Q, (L', L))
11: ApD(H, ||L'])
12: return &

[|5|’ |3|’ lzl’ |l|:|

[|5|’ |3|’ |2|’ |l|:|

[I?l’ |9|’ l4|, |4|]

[lAl’ 'Al’ l6|’ IOIJ

[lAl’ lAl’ IOI’ |8|:|

[|5l’ |3|’ '2', |l|]

['5" |3|’ '2', |l|]

[l?l’ |9|’ |4|’ |4|:|

[lAl’ lAl’ IOI’ |6|:|

[IA', 'Al’ lol, |8|]

[|5|’ |3|’ lzl’ |l|:|

[|5|’ |3|’ |2|’ |l|:|

[I?l’ |9|’ l4|, |4|]

['0" 'Al, lAl’ |6|]

[lel’ lAl’ IAI’ |8|:|

IR, EUKFE, ERERRAIE A R R, IR, EA]
VAR, UIRES, A, A ISR AR, IR B BHRERN—F,
KRN KRR R 2] TR, BUKREREEG IR R DT, TR
IERGSRE M T B AR E R EIIK, ERIE R RS IR E A R (RT3
57), ZIERER B I M ), HPRRIE T3] T e E, &0 M
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ARRAIRN, AT AN — MRS RN 54— DR, AT HAT 2] REIE L, £
(Al —20 ARTIETOR Z A2 2 7, AIARE D IRAE R XBRIE 7R/ NP ERAFE
Hefg 2wt M, BT E7KE75 &, XM o e R, B 14.31 4
TITRE, IR RAXT .

(a) RIEILIALR (b) I EEARSCIER
14.31: IR FEARIEALR AT

AT BATCEREER TR, | REAASIRIE R Z, MBIk
FRANMTER 2D B D O eafe I0, A BAS EE AN I\ 20 R 2 BT I I, | AR5
R 7 — MR AR IR DS R, HE A REERER e RIR. ZEm
14.32 KA A, BRI KIEAE, AR LR R AN Z IR
AR, ERMET o 2T ¢ Z RIFREREIFIFEERDETR o — b —
XERBARRERE N 22; TTHRAT BT IR 0 — e — f — o, MUEKERE
20,

B 14.32: HINEREHIE

#%>] 14.8

14.8.1. FEEL O R T —PiEahidil, &l 14.33 BHHR —FERRA, 8 MEEH

LR - L (1937-2020) , EEFCER
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1 7 NELMAN THT, BMELF EARERE 1 2 7, RAIHFAE SR 3 E
B, WA 7R DAV Bhid 25, B R R R A E L, NFRRENTRHERN, B
PR MIF 1. 20 3. 4. 5. 6. 7T EBIREEEK 7. 6. 5. 4. 3. 2.
Lo G5 — MEFfROUE R 3h R,

14.33: FEEGE SR

14.6.2 wWDLRBEZL

MR BRI BN R, 2R, A, e, MHAMRIBEIRIEREN
fEHAE S AIRZ AL 2 WEIN R IR, DO — B4R 58 W] U 7 8 B 75
IRIRE AR

I K 2 i

6K 2902 —F A &/ NN E BRMIBH 7T 5. FHIR ASCIT #E A 7 1=
BT FRE, BT, RS, i DARIK 27 = 128 N ERF. HA 0. 1, &MEDFH
% logy n M3 HE n MAFEFERF. FHZERE EXFRIGER, B8 A 2] Z B
0 | 25, HNEAY 5 1, T 785 5 7 00000 TiHE 0o XFERIGRAL 77 RPN E K
Zittdo
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T | Y| TR | b

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” R AZwAS N 65 79— 3%

00010101101100100100100011011000000110010001001110101100000011010

. OOoo oo

H— R K, 6 i 0 K3 A, AW 3%k 10 1R3% C,
F 5 AL % 11001 185K 2, BAT AR EA M mIDKE, (BTEMRIN 218 ps:
o N —dkH % 1101, BATARFNE T 2 1, FHEEEE 101 (FRR“BF”), X2 110, )5
HERE 1 (FR“GBY), 802 1101 GRR N), BURITHEERE KWL, & AT
EZREN“”, F1F Z 9miS - -7 [EFRRRZ LT R0, AR R AEE Y, T

T2 — MR TC I SR -

T | G | AT | geil
A |110 |E 1110
I 101 || L 1111
N |01 | O |o000
R |00l | T 100

NA“INTERNATIONAL” %wfid >l 38 for i) 34K :

10101100111000101110100101000011101111

17 ERBEAZIBEH BT, X BE A g2 H e g R RS,
IXFERIGREEAR RSN 10 ATSRAS AT E BT, b K ] — DAk, IX B ARSI

OB prefix-code, M ANE TCHITZRES.
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KT AN B SOR, BE S EREIM RS KR ? 1951 48, & B LRy
FART - IR UY RGBS A% - SRR EEAR MR H T RS A 200
WIRFIA T, BMREZKLTIRA MLPHEE T, TGS E IR, BELR, e
EIMHE T L, WaR SR SR R RS R, B H LB
Wi, B XARSE NPT IR & P AFRIBE 2 & H IR IR EL
BHER, MR E M X ERTERD, FAFRT T e IR R0 7 77 2 i
W, [A) /2 BTREI AN 0, A RITEN E0 1, QN1 14.34, 40, MR R08 D72 N 19#
1202, MAERERAENE N, it N 400 01; 747 A R A, A, £, fwWid2
110,

14.34: BGREM

IXERIIE AT DA, F3H 3SR, o /e, 1\, BRI, R RS
R NE . RIEEIIRERT RS, K2 BJKmA_ 77 EER,
FHEN, FDFRFEIIA — DT R, B N M E SN REFH R —
T3 T3 SAE NN FIRIEER, AW EAE R/ N RN & 9F, BE1581—
R, AN1E 14.35,

FATEH X HYE CEBIG R 2R, 7 AN TAEE, AM 11 R ET
o DRV RN (w,1,7), Hfw @WNE, [,r BEGFM, HTF1HRERHN (w,c)
Hrp e 2FFF. BIFFWIN, SEHEM merge a b = (weight a+weight b, a,b), HH:

weight (w,a) = w (14.51)
weight (w,l,r) = w
N ELIEAN I AR B R N T S
build [t] = t 1452
build ts = build (merge tity) ts', (¢, t2,ts") = extract ts ‘

PRIEL extract NFHFIFR A I AL B/ N RN, 45 weight 1 < weight ta,
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SO

E, 1 L1 0,1 R, 1

14.35: ¥3EMaK 20

oo

tm



14.6 0O, OO 307

ENX t < tgo
extract(ti:ta:ts) = foldr ming (mint; to, maxty to,[]) ts (14.53)
Hrh:

) {t<t2: (min ¢ ¢, max t ty,t:ts)
ming t (t1,ta,ts) = (14.54)
B (b, by, tots)

N T IERAGIENG R S0, FATTHEE A 1708 n SR WAEMRZERR A, WE
Ali) FIRE/INT A[n — 1] 88 A[n], #i52#: Afi] f1 MAX(A[n — 1], A[n)). i E&FF
Aln] 2l Aln — 1]o RXFEEAS/N—, HEEHTREGIRELRRKEM:
: function HUFFMAN(A)
while [A| > 1 do
n + |A|

T <+ Max(A[n], A[n —1])
if Afi] <T then

1
2
3
4: for ¢ <+ n —2 down to 1 do
5
6
7 EXCHANGE A[i] < T

%

Aln — 1] < MERGE(A[n], Aln — 1))
Dropr(A[n])

©

10: return A[l]
BATRTDAMIG R 2R THES R, 2 p = []o MRFTFOEHR, R p « Op,

FHEGHS p < 1:ipo FIEMTT RFHY ¢ B, IE5% ¢ — reverse p B3R, & X FTHEAL)
code = traverse | ], HH:

traverse p (w,c) = [c+> reverse p] (14.55)
traverse p (w,l,r) = traverse (0:p) | 4 traverse (1:p) [ ‘
ORI e — IR SO w —IOE TR dict 7748 3R
encode dict w = concatMap (c + dict|c]) w, W dict = code T (14.56)

RS AR e, — 14 R A bs —IEIIB R EMR, MR ETFLE, 0 1
Ao 1A, BNEMF RN R o, ARG RIZERTT R4S #S, decode T bs =
lookup T bs, HH:

lookup (w,c) [] =[]
lookup (w,c) bs = ¢ :lookup T bs (14.57)
lookup (w,l,r) (b:bs) = lookup (if b =0 then [ else r) bs

M5 % S B A AR SE I A SR T — FiRp SR SRS - BRI S FF A TR I, EUZ I U E
RN 5 5F, X —RIRIR R ILIERE, 74 T 2 /R IHI TR, R &I
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—ATE 2R R, R EgEDBISN, FATFRIXAEE OO R HB R Ui i
HITT RN SO ANE, POLBIRRT DAROR, A LR 2 MR, (EAIW SO SRS RE & 42
BRRMEIHAE S, EANERIERTIAR — MERBF R e,

£5:5] 14.9
14.9.1. SL&HSRAY Huffman FBFRA K EE,

HF M

AR BNV, QAT /D HOBE R R T R ? RIRA 5 MTHAAIAEM : 1 99, 5
9. 25, 5. 170, 1 A& 1047, 1706 10 M1, 184 C = {1,5,25,50,100}, 7
PHE ¢ 7. BRI SULERNE, UG RO HHERE M :

change 0 = [] (14.58)
change * = ¢, : change (x — ¢,,), HH : ¢,, = max {c € C,c < x}
Ban 54t 1.42 JT, BREL change ZERBEMAIZR : [100, 25, 5, 5, 5, 1, 1], FATATEA

WEFEN (100, 1), (25, 1), (5, 3), (1, 2)], TR— 170, —H 2.5 1. =K 5 7.

P 1 pti. X THIF C XA, 500 RIS AT R, SUOEIRN KZEE

RINEMRGEE R, BHEFINW C = {1,3,4}, 5tz =6 708, RILHEZE 2 K

3ptEm, HEODRBAER 6 =4 + 1 + 1, 3 3 #&dhlim,

RERN BB, FOO RIS LI, R ZBAE, MM AT Z, flanse
SCAFATYIRE, ANSRSOAR T KE N DU 56 W, FREP S T1T. SHIARFER s, 37
ILRTER] DA T B LT AT 77 38 A — 1T HR R AT RE Z TN HR A,

. LW
2: for w € T do
3: if |w| +s > L then

4: Insert line break
5: L+ W —|w|

6: else

7:

L+ L—|w—s

.3 14.10

14.10.1. fERTHERAGIE NG K S0 AT MHETHIR EH -4, & e i ml e,

14.10.2. GURTAT ESAETEFPRBIER A, 71E— DEIER R R IE G R 2 MAT 751X
MBI Q PRIFEFFEE R AWM Q M1 A SKERIUHBUINEIRE, S HFE AL, A&
BSEHIRA ARG, BOIHRE TRR — R, BRI R 2R, TERINX
— itk

14.10.3. AEMRREN T, AZEMBINSZIG K 2 MR,
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14.6.3 AWM

FEEEMTERS FIFHRBETERNR IR (EH DR, RIZEHRE
T o R MR Co ¥ O, FIBMSREA: O, Coo DHFENT
T oo B Gy = C 4 Con @ = x1 + 90 M Oy B 50HE 2y BIRIUME, H C, 254t
zy ML

O0. ARIEE. X 2, BOEAFES — D EAFH 57 Cf, b ¢ BIREM E D, N
SHLTTTE Cf + C, WM EDT C0 X C,, B o FIRIUET G, FIFE, 24T
AT CAUERA Cp SR S il 2 HIBRARE O

FEEMHR AL, R y < o, BRI R AT R 50 R y
oz —y BRI, ROIXN D BRICEEFHA—E R A o FIRIUE, 1EN B =
MEM C = {1,2,4} 5t o = 6, RAOUFFREMKAET: 2 + 4, {HH 6 = 3+ 3 2
5 3 KPR, B 7 R R IUAREN 3 = 1+2, (HHE TR (1+2)+ (1+2)
T A RET . AR R] foE T I LA+ 8L BAT IR e B itk
FEE”, BT R AURYE MAE o il e AL 12544 :

change 0 = [] (14.59)
change x = min [c: change (x — c)|c € C,c < z]

Ht min W HKERERSIR, HX—E CAEEREA NI ANER.
TiE R e RBESIHE, & C = {1,2,25,50,100}, 5t change(142) I, 7
FIHE change(141). change(137). change(117). change(92). change(42), fEIHH
change(141) I, ¥ 141 73 51RE 10 20 25, 50, 100, IXAEBLSFRRITE 137, 117,
92, 42, HRZMPL 5" FEHIAK. S2F IR EFIRRESK 757, BATARR T 1
KBS HT FRRIR, T WA H, St y INJeE i Tly] SREF R LA, 40
R Ty = o, WEAHEFFB, FRETREEEEAN T

T+ [[],9,9,..] >T[0] =[]
2: function CHANGE(x)
3 ifz>0 H T[z] = @ then

4: for each cin C H ¢ < z do

5: Cp < c: CHANGE(z — ¢)

6: if T[z] = @ 8( |C,,| < |T[z]| then
7: T[z] - Cy,

8: return 7T'[z]

BAVERT LB A B=A4, e si 7 AR L. M T[0] = [ ] FF4R, iRk
FPEAET) = (1], T[2] = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], 415R 14.1(a) Fi/R. 5t
e T5) AMANIEEE: 51 28 1 A5 M. BAREEEM. RICHREERN
R 14.1(b), T[5] = [5le #E PRS2 =6, 179, 5 7E/NF 6, HHRMERE: (1) 1 5
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. OOoo oo

T A5 [1,5); (2) 5000 T[] 15 [5, 1]e XM MMESENT, (E1k T[6]) = [1,5], BHXIE
R4 T, Hb i < o B, B—KERE ¢ < i BME, EWRMIKECF - T —
A B, B0 b c 1581 — D57 R, e ms/ DI —MMEN T,

z o1 2 3 4
st | ()] () | [1,1) ] [1,1,1) | [1,1,1,1]
(a) Sifft 4 73 AN EALARYIR
z o1 2 3 4 5
wfihe | (1] 0] 1| [,11) ] [1,1,1,1] | [5)

(b) 5idfe 5 7> PANHIRR ARSI
R 14.1: SIMTERATR MR

1: function CHANGE(x)

2 T+ [],9,..]

3 for i < 1 to z do

4: for each ¢cin C H ¢ < i do

5 if T[] =2 8 1+ |T[i — ]| < |T[i]| then
6 Tli] < c¢:Ti — ¢

|

return 7T'[z]

IR () P ERBEENR, KEREESE TSR, TR
TSR [P R A AR AR 70 - e T[a) PG EERIRE T ¢ AN TR ZRIRE AR no HI
T[i) = (n,c)o N TIRIG S o BIBEM ISR, TATINRAS T'[2] RS ¢, R FM Tz —

o HEkEl ... BHE

1 70],

AKEE

6

9

10

AL

[1,5]

[1,1,5]

[1,1,1,5]

[1,1,1,1,5] | [5,5]

function CHANGE(z)
T« [(0,92), (00, 9), (00, D), ...]

for i + 1 to z do

(n, )« T[i—c,(m,_ )<« T
if 1 + n < m then
T[i] + (1 +n,c)

1:
2
3
4: for each cin C H ¢<i do
5
6
7

s+ ]

%

9: while z > 0 do
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10: (_,c) < T[]
11: S<C:S8

12: T—T—cC

13: return s

ARG T WA AR AEMIZ IS foldl fill [(0,0)] [1,2,...], HH:
fill T x =T min {(fst T'[x — c|,c)|lce C,c < x} (14.60)

H s> o f7TR o IAZIFA s G LSS 12 EFERD . REAM T ki
ARSI

change 0T = []

14.61
change v T = c:change (x —c) T, HH : ¢ = snd T|x] ( )

GRIE ¢ = n, BIRMEA n R BRRZBE E = |C] PHE. EXREN
O(nk)', HHE O(n) WRRSF T, ANEZ BIRMALIEZ BT NHT5E, M=
CSRER UL T AR, fE TR IA R R ILIREN, )R E 2 X 7 MBI RIEE R, X —
ROV E B MR, AR BT R MR 75 TR M Eh S MK, 2 IURE T 1940 472
Y, BRI AR A M SR

L AU TE588 TSR] DA o3 i oh 45 TR/ N - TR, i (I A AT DA ¥ [
A I

2. BB, AR 2 6 DA IR

BRALT TS
T AR, FFPIEFRIES:, HlaH, Mississippi #1 Missunderstanding FIE KA
TN Miss, M KA TFHIH Misssi, WE 14.36 FiR. 05X 2L, e
¥ 90 EERL 2 CRDA L (diff) EE R, MREK AT IR RA G TR W)
AEo P DTFAFER 25, ys R EK AT FIIE T

LCS([1ys) = []

LCS(zs,[]) = []

xr=y: x:LCS(xs,ys)

BN max LCS(z:ws,ys) LCS(xs,y:ys)

(14.62)
LCS(z:xs,y:ys)

HA max JEHEKEIFS, LCS RIESCEE R T4549, 7] DA oA s
INF IR, PIKESFREDAE MR 1. X—EXMEHEE T, § &
MK AT P2 A TR 2R R, BAER 4848 T IR R R
LB, 17, P ARE as. yso FHITCRIRTIM 0 FFR, 5 0 17, 0 FIREZF

1w
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M i s s s s i p p i
A A
A \

A 14.36: EKAHELTFH

Hlo T[] T LOS(2s[0..5], ys[0..1]) BHKE, AN T RIEHEK AT T,
N LCS([],ys) = LCS(xs,[]) =[], &M% 017, 04#BZ 0, LA antenna I banana
M, FATM T[U][1] FFEIEFEER 11T, b A antenna FHEA—NEBASIE], B ASE—
fTHBR 0o B & T[2)[1], FTHIEBAT B a, T[2][1] = T[1][0] + 1 = 1, Bl LCS(a,ba) = a,
BRI ShE] T[2][2], a # n, EE L (LOS(an, b)) M (LCS(a, ba) FIFEA(EIE
7 T2)[2], &2 1, Bl LOS(ba, an) = a. RXFERATBESHRIGET TS, EHAEMN
VAZAg R Td][5], R 2s[i — 1] = ys[i — 1], W T[i][5] = T[i — 1][j — 1] + 1, BRI L
J3 Tli — 1)[5] A T — 1) HiEsseRm,

o
—_
B

—

5| | o

<

=

NN NI~ [\
NN NN ||| W
WlWINN [N |=|O|O|B | O
B lWwl i w|in|lR|lo|lo|® |

=l el Bl Rl el E=N E =R "

Wl W[ NN |= || B | ot

Y| = W|IN =] O
S| Oo| OO OO | O
NN N[ =D 0

1: function LCS(zs, ys)
2: m < |xs|,n < |ys]|
3: T «+ [[0,0,...],[0,0,..],...] >(m+1)x (n+1)
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10:

for i + 1 tom do
for j «+ 1 ton do
if zs[i] = ys[j] then
Tli+ 1 + 1] « Tl + 1
else
Tli +1][j + 1] = Max(T'[i][j + 1], T[i + 1][5])
return FETCH(T, zs,ys) > RIEES

ERRN T RERK AT FH. WA TITITE, RRE wsim] = ys[n], U

xs[m] B2 LCS HIRE, BT RRE xs[m — 1], ys[n — 1], B BEEE T[m — 1][n]
I T[m][n — 1] BRAIAREE 2 18,

1: function FETCH(T, zs,ys)

2:

m < |zs|,n < |ys|

3: r<[]
4: while m >0 H n >0 do
5: if zs[m — 1] = ys[n — 1] then
6: r«azsm—1]:r
7: m<+m—1
8: n<n—1
9: else if T[m — 1][n] > T'[m][n — 1] then
10: mé+m—1
11: else
12: n<n—1
13: return r
%3 14.11
14.11.1. fEHBMEREEE R K AT PRI &I ERE
TR )8

HTERBERS X, MHREIFE 748 S C X, (15 5 R N s, Al:

S8 =Yi=s? flaN 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}, WHFA, KILKed on NTHEZ
L, H e n = |X|o EXREN O(n27),

sets s @ = [2]

s=x: {x}:setssxs (14.63)
sets s (r:xs) =

BN (sets s xs) 4 [2:5|S € sets (s — ) 3]
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FATE XA LT ES T, 7] DU BASR R, 18 K AR
K T, ek F R, HFRAEH TR, & 5B EMRINFENE RS : A2 S
RN FE S, T Y8 = s, i —#HA DAfE FEZANLETRI < s <
uo R s < 188 s > u MITCHE,

1=) {zeX,z<0hu=) {zecX x>0} (14.64)

EATTERREY, RETHm =u -1+ 15, BHREK—NE: 1 <j < w
THEE n = | X| + LT, AT NEETIENITR o, TH][j) FREGHFEFES C
{z1, 20, ...z} TE1F D8 = jo 5 01Tk, KRR o TR M, T AT
SMERIRF, G T[0][0] = T, TR Y. @ = 0, TAIM 2, T, WIEFRKE 117, B
S o =05N BRI {z1} =z, Bk T[1][0] =T\ T[1][z:] =T,

I 1+1 0 T U
g |F| F T F F
z |F| F T T F
F| F T T F

b[])\ €2 EJL%E‘&'J 4 ﬁPﬂﬁEE’J?ﬁ%Z*ﬂ Z @ = 0, Z{$1} = T~ Z{IQ} = T2~
Z{Jﬁl, ZEQ} =T + T20

| 1+1 0 Ty | oo | T2 | oo | 1+ 22 u
g | F F T T F F F
1 | F F T T F F F
o | F F T T T T F
F F T T T T F

WIS § 4TI, IOATER i DYATAREIBERTH (21, 2o, .y } SRABHITTE P2
Flo (PN TBANEL, B S (a0} = a0, BA Tl (2] = To R 2, 0
SIEVHIRIFT AL LA EI— SR, S NIRRT L, AR50 n A TTRR,
Feh Tln][s) MITBMEZT FHR s RETEE,

1: function SUBSET-SuM(X, s)

2 l<>Y{reX z<0}ue ) {reX z>0}

3 n < |X]|

4 T« {{F,F,. . },{F,F, ..},...} >(n+1)x(u—101+1)
5 T[0][0] «+ T >y @=0
6 for i < 1 ton do
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7: T][X[i]] T

8: for j < [ tou do

9 Tlil[j] < T[)[5] v T — 1] (5]

10: j 7 — XJi

11: if | < j < wu then

12: T[i][j) < Tll5] v T[e — 1)[57]
13: return T'[n][s]

FARIIFIR ] j A0 FFE, THRM LB uo TESEFRIRIEIAEE R A] DAH 5 — 1 F546,

B NORERA T REHATE STE Y. S = so 4 Tn][s] =F WITCMHE; &N MRS
O (DR 2, = s, MR {z,} B— D TATHETRIEE T'n — 1)[s] FEMR, 412R
N T, EIAM {@1, 22, 25, ..., w1} FREHN s BITE TR, )2 s =5 — 2, W
B1<s <u, 3FH T —1)[s'] WE, BARIEM {21, 20, 23, ..., 21 } RIEM ', RIG
Bz, MARIEBDTEA,

1: function GET(X,s,T,n)

2 T ]

3: if X[n] = s then

4 r<{X[n]}:r

5: if n > 1 then

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

BASHRIENEA T O(n(u — 1+ 1)) IRDAMERFRAE T, 5133 O(n) BRI,
THERIETE O(n(u—1+1)) 0, BATATAH—4E u — 1+ 1 7THIR V R 4k
b, FTVj] = {51,y .) FIERRITE FE Y8 = X8 = .. = jo V
T BRGNS . WD o B —8 V, ICRIA 2, JFRERFIN TR, &
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 « CoprY(V)

6 for j < [ tou do

7 if x = j then

8 Ulj]  {{z}} L U]
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9: j—j—=z

10: ifl <j' <u H V[j’] # @ then

11: U] < Ul u{({z} U SIS € VIi'T}
12: VU

13: return Vs]

FATRT AR e M BhIAL SR V = foldl bld (replicate(u — 1+ 1) @) X, HA
replicate n a PPN n BFIER: [a,q,...,a]o bld F X FENITEEH V,

bldV x = foldl fV [I,l+1...,u] (14.65)
Hr:
j=: Vjlu{{z}}
fVi=q1<j <uBT[j|#o: VjJu{{z}S|SeT[y]}, HHj' =j—=
EIE 1%
(14.66)

3 14.12

14.12.1. MEKASLTFHIRE, 7 —F E AR EE R FRIgPIdR F Ry E
MErm”, ‘N AR, W AR, NW RERMPEIL, XL mfERE
AR B R A EE R BRATMRIS A T fAFFaa, WERAEDT NW | FRATTHE
WEN AL EITHIR T MSMERN ‘N, B EAs0E ETTRIRS T 4
RN W AR BN E MRS 7. e SElix—5k,

14.12.2. NTFHEMETR, —EF 1 <0 <uMza? ENREEHF—D/NA?

14.12.3. ZmiEEE B (AR SCHTEgREIE ) 2 —MER T REOEERNE, BEX
NMNFEFFE s B ¢ FrfR AR, T ZHATHERE. F5IRMYP, REHRE
BE =M RHRE B0, MR, B, BIR—DFFF, A0 F : kitten — sitting,
TREREE S 3,

1. kitten — sitten (k + s);
2. sitten — sittin (e — 1);

3. sittin — sitting (+ g)o
ERBHASIR, SR 47 B R gm 4R FE E

14.7 Kbkl R

ERAT k/NTE:
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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

LR

solve f z = search 0 m where
searchpg | p>n || g<0=1[]
| z' < z=search (p+ 1) g
| z' >z = search p (q - 1)
| otherwise = (p, q) : search (p + 1) (q - 1)
where z' = f p q
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=419f f (m+ 1) < y then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)
where m = (1 + u) ‘div’ 2

IREAEK

Optional<T> majority([T] xs) {
var (m, c) = (Optional<T>.Nothing, 0)
for var x 1in 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 c++

return if c > length(xs)/2 then m else Optional<T>.Nothing
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majority xs = verify $ foldr maj (Nothing, 0) xs where
maj x (Nothing, 0) = (Just x, 1)
maj x (Just y, v) | x =y = (Just y, v + 1)

| v—=0= (Just x, 1)

| otherwise = (Just y, v - 1)

verify (Nothing, _) = Nothing

verify (Just m, _) = 14f 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 0 (mSofar + x)
m' = max mSofar' m
KMP FIF B ULl Rk

[Int] match([T] w, [TIp) {
n = length(w), m = length(p)
[Int] fallback = prefixes(p)
[Int] r =[]
Int k=0
for i =0 to n {
while k > 0 and p[k] # w[i] {
k = fallback[k]

}
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
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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') « [(x-1, y), (%1, y), (x, y-1), (x, y+1)],
inRange (bounds m) (x', y'), m ! (x', y') = 0]

J\ R 5 A]:

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..]

BIIR A e

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:1l:ys) = 1l: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

BIRER ) FL) a < USE

[Int] solve([Int] start, [Int] end) {
stack = [[start]]
s =[]
while stack # [] {
c = pop(stack)
if c[0] = end {
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s 4= reverse(c)
1} else {
for [Int] m in moves(c[0]) {
stack 4= (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

tm

RGN}

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 c
| 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 -1, vy + 8 + 1)
| i «<[0, 1, 2, 4], i =0 || (x .&. i) # 0]
swap (x, y) = (y, x)

AR R LA BRI SR AR K [ 7 -

extGed © b = (b, 0, 1)
extGed a b = let (d, x', y') = extGed (b ‘mod’ a) a 1in
(d, y' = x' x (b “div’ a), x')

solve abg | g 'mod d # 0 =[]
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| 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)

KR A

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)
emptyA _ y = (0, y)
emptyB x _ = (x, 0)

pourA x y = (max @ (x +y - b), min (x + y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

K AR A IE AR LSS :

data Step {
Pair<Int> (p, q)
Step parent
Step(Pair<Int>(x, y), Step p = null) {
(p, a) = (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) {
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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))
} 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
}

return seq

-

ooo oo

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 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, ©)1),
(2, [(0, 3), (1, 3)1),
(3, [(2, 9, (3, 1),
(4, [(2, 1), (2, 2)1),
(5, [(2, 3), (3, 3)1),

(6, [(4, 1), (7, [(3, 1), (8, [(3, 2)1), (9, [(4, 3)]),

(10, [(0, 1), (0, 2), (1, 1), (1, 2)D]

end = cellSet [(3, 1), (3, 2), (4, 1), (4, 2)]
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normalize = Set.fromList o Map.elems

mirror = Map.map (Set.map f) where
f c = let (y, x) = posOf ¢ in cellOf (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 = cs >< (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) in
(not $ any (outside d) p) &&
(Map.keysSet $ Map.filter (overlapped p) x)

‘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' visited)
[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

HERERIE SR

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)
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mly]l[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)
} else {
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) {

-

ooo oo
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n = Set(ly)
Set<Set<Int>> m = map(map(c — 4 *x (c / 4) + 3 - (c mod 4), p), n)
return (n not in 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) {
ly = clone(layout)
ly[i] = map((d+), layout[il])
return ly

MIGR EMFTETR, e

code = Map.fromList o (traverse []) where
traverse bits (Leaf _ c) = [(c, reverse bits)]
traverse bits (Branch _ 1 r) = traverse (0:bits) 1 # traverse (1:bits) r

encode dict = concatMap (dict !)

decode tr cs = find tr cs where
find (Leaf _ c¢) [] = [c]
find (Leaf _ c) bs = c : find tr bs
find (Branch 1 r) (b:bs) = find (if b — 0 then 1 else r) bs

5 P B0 Lo R S LS T3 -

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 ) (1L i

[Int] change(Int x, Set<Int> cs) {
t = [(0, None)] + [(x + 1, None)] * x
for i =1 to x {
for ¢ in cs {
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ifc < i {
(n, _) = t[i - c]
(m, _) = t[i]
if 1 + n < m then t[i] = (1 + n, c)
s =[]
while x > 0:
(=, ©) = tlx]
s4=c
X=X -¢C
return s

tm

B TR SR (LA

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 AT

[K] les([K] xs, [K] ys) {
Int m = length(xs), n = length(ys)
[[Int]] c = [[0]*(n + 1)]*(m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i1[3] = cli-11[3-1] + 1
1} else {
c[i1[j]

max(c[i-11[j]1, <[iI1[j-11)

}

return fetch(c, xs, ys)

[K] fetch([[Int]] c, [K] xs, [K] ys) {
(Kl r =11
var m = length(xs), n = length(ys)
while m > 0 and n > 0 {
if xs[m - 1] = ys[n - 1] {
r += xs[m - 1]
m=m-1
n=n-1
} else if c[m - 1][n] > c[m][n - 1] {
m=m-1
} else {
n=n-1
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}

return reverse(r)

TERFIHE [ -

Bool subsetsum([Int] xs, Int s) {
Int 1L=0, u=0, n= length(xs)
for x 1in xs {

if x > 0 then utt else 1+

}
tab = [[Falsel*(u - 1 + 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=13 - x
if 1 < j1 < u then tab[i][j - 1] or = tab[i-1][j1 - 1]

}
return tab[n][s - 1]

F—HEFIZR R 7 BRI A

{{Int}} subsetsum(xs, s) {
Int 1 =0, u= 0, n= length(xs)
for x 1in xs {
if x > 0 then utt else 1+
}
tab = {} x (u -1+ 1)
for x 1in xs {
tabl = copy(tab)
for j = low to up {
if x = j then add(tabl[j], {x})
ji=3 - x
if low < j1 < up and tab[j1l] {
tabl[j] |= {add(ys, x) for ys 1in tab[j1]}

}
tab = tabl

}

return tab[s]
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M AR EL, £0 A A A & MR BTA T 2 AL BB 2 AR 0, 8 808 — AR
HIIPRRTEZ b, BATE e e M Epr R K 2 P . PR E Y S B LL R
S TR MR, (1S R — B8 2 B RO JEBEH D i, TSI ERE”, K
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data Color {RED, BLACK, DOUBLY_BLACK}

BATETCE A = AR AIMIPREIE, I DR BMER T R0 sl AR BER
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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IHIER IR FESZ RN AR L T AR A 2o o ] DUEE EHE A F], dn
R o SHENTHFRE, BATRE « “UIR7, A7 — T8 ¢ RENR 2o AN, FAWE 2 19
AR EREIR/NTR vy, H y Bt o, REIBAMKE v DI R o ZRAK), 3R
1T H MAKe-BLACK (p, q) AR B EJE N, CUERHIT F—PHIEE,
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)
SR p F g FOVEE, BAHEMIBR HA — M1 R8I0, RS, IR A p

ARE, g NEE, BBAMER T — M REMH 1 M. FRATH NIL B, RiEgR
PIPERT 3, NIL 2R AR, FAHEIX— NIL 285K W E B A1 NIL SRR 5 755
RST. QIR p. g BN, AT BLACKEN () R ¢ BB, QNS BET ), e
PR E, R ¢ CEZEAN, BRERBONERE, 5Tk, BT e ks fesE i
b, RAEFHOWNERG”, XEE=MERFEAE (Y] 292 T1), BFEHH, WE
RAEAY AR AT DAUZ I8 1T A, AT DUZ AR 1 NIL,

K1 OO00O00 @ O DO0dDOO0 O OOoooood bkl
Al PAE feoRIE S, A VYRA 0, AT LS — g —E A,
37 Ao

1: function DELETE-FIX(T, z, f)

2: n < NIL

3. if f = True then >z A E R NIL
4: n<x

- if 2 = NIL then > MHERIE— -7
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: $ < SIBLING(x)

10:

11: if s is black and LEFT(s) is red then

12: if + = LEFT(PARENT(7)) then > x TR/
13: set x, PARENT(z), and LEFT(s) all black

14: T < ROTATE-RIGHT(T, s)
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/
c d
a b

/ b c d \

37 WEBOT RN RE, HFHZAB T RAE MO R, Eid— 0

FeiRfEBEE,

15:
16:
17:

18:

19:
20:
21:
22:
23:
24:
25:
26:

27:

T < ROTATE-LEFT(T, PARENT(x))

else >z TEA
set x, PARENT(x), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(x))

else if s is black and RIGHT(s) is red then

if z = LEFT(PARENT(z)) then > o fEAM
set x, PARENT(z), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(x))

else >z AEA M
set z, PARENT(z), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)
T < ROTATE-RIGHT(T, PARENT(z))

o2 DOOOO 0 O O OO0bA] DUEE e, W E B Ak g ik

ARG NEE 38 PR, o 3 c IRENRA,

BATHE AT HRTR X — B,

1: function DELETE-FIX(T, z, f)

2:

3:

4:

n + NIL

if f = True then >z AW E B NIL
n<—x

if z = NIL then > MHERIE— BT
return NIL
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7. while z # T and CoLOR(z) = B? do

8 if SIBLING(z) # NIL then

9: s <= SIBLING(z)

10: if s is red then ST SR E P W EANE)
11: set PARENT(z) red

12: set s black

13: if + = LEFT(PARENT(7)) then > x TR/
14: T < ROTATE-LEFTT, PARENT(x)

15: else > 1AM
16: T < ROTATE-RIGHTT, PARENT(x)

17: else if s is black and LEFT(s) is red then

18:

Mys: OOOOO | O O OOoOdo O, 0000 ododdb
AT DURE SR UL (1, RO R 28 [m] Rt SRR BB ) b f50%,  QnIEIIE] 39 Fr
R, ﬁﬁﬁﬂﬁﬁﬂ‘]‘l‘ﬁ?ﬂo
=RPE DL, ARG SRS T RER A AN, BATTE R D R
&RV ’Ejﬂ%@’é,m)ﬂ%’éﬁif‘%ﬁ QISR B R BIAARTY A, BATTPRARTT 28N
HEAR G, FFAARBEELE, B, MRENEROEBELEHPIHER, tha] A%k
1bo BRJG, B B NIL A5 0L, BATRILIRE 38 NIL,

1: function DELETE-FIX(T, z, f)

2 n+ NIL
3. if f = True then >z AW E B NIL
4: n<—x

5. if z = NIL then > MHERIE— BT

6: return NIL
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19:
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23:

24:

25:

26:

27:

28:

29:

30:

31:
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while z # T and CoLOR(z) = B? do

333

if SIBLING(z) # NIL then > ST AN S

s <— SIBLING(z)

if s is red then > SLEET RONAL

set PARENT(z) red
set s black
if x = LEFT(PARENT(2)) then
T < ROTATE-LEFTT, PARENT(x)
else

T < ROTATE-RIGHTT, PARENT(x)

else if s is black and LEFT(s) is red then

if x = LEFT(PARENT(2)) then
set z, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T, s)
T < ROTATE-LEFT(T, PARENT(x))

else
set z, 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 x = LEFT(PARENT(2)) then
set z, PARENT(z), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(Z))
else
set z, PARENT(z), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)

> x TEAM

> x A

> o TEEM

> x TEAM

> o TEEM

> x FEAM
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32:

33:
34:
35:
36:

37:

38:
39:
40:

41:

42:
43:

44:

45:

oot oboogood

T < ROTATE-RIGHT(T, PARENT(z))

else if s, LEFT(s), and RIGHT(s) are all black then
set = black
set s red
BLACKEN(PARENT(2))
x < PARENT(2)

else > [ BB R
set x black
BLACKEN(PARENT(z))

x < PARENT(z)

set T' black
if n # NIL then
replace n with NIL

return T

IS, RGNS BHCA R T, BB HR » (TRERNERE), FRi

fo WS 2 BAEEM NIL, W f NE, WEBMH n RIERE, HIERKBE 2L
J&, FE NIL Bt n.

SRR SR T L R BR R,

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)

1} 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

7

Hirb makeBlack g llR)E T U A28 N B G, FHACEE R (1 NIL AU
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TRTE o

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 K%L replace(parent, x, y) ¥ parent BT x, fl 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)
} else {
parent.setRight(y)

}
if x # null then x.parent = null

return y

F% blacken (node) RFLLET AN B, R R AT RO NEAR

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

PHEEIBIFREFEEL T BEERE:

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)
1} else {
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db.color = Color.BLACK
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 if 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
}

Hrr isBlack (node) HlW— 1 U2 & B &, RIELLBMAYTER, NIL thg
R,

Bool 1isBlack(Node x) = (x = null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color = Color.RED)

BRI ESS AT E N E RO NIL, A Node FIHY replacewi th BEATEHA,

’data Node<T> {
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/]
void replaceWith(Node y) = replace(parent, this, y)

BT S IR, TR B0 ol SRR s 1, 0 A S 44
tho MTFEH n AN UL, HEARER O(lgn).
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AVL B —:BHFN BRI

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

O0. —REAARTREFRN I 72 X, PR F5 76 T E R A
TE TR, MRIEHATE L, HAPIRE

LR 6 > 0FH & > o, EHARG, A PR &EHANTE RIS E, &
FERHE N4 ER“ STk” B A TR Ar;

2. IR 6 <0, EAMARTE RIS EA/NT A TR, (B2 6 > 0, WG T
PR R F TN 7, T2 ORI AR (1| = 1D B AR EERTSE AN :

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—-¢

339
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4. NS F0 6 TAKRT 0, WBHE RS £ AT S EEA/NT A T AR
INAER STk B AL TR AL Al

IT  ffA G P

W 40 FiR, FTE BSOS IR, T E TR <2, VIS, T
T 5(y) EN 0, A5 FREEA IR,

8(z) = -2 8 =2

s =1

8(y) =0 5

a b c d
s(x) =1 e N

40: TlNJE TR EIRE T 4 RO

X 4MiEN SRR E—E, A—hA. G-, E—fH, IBERINEEE 17
BN S(x)s 6(y) 8(2), BEIFAIN & (2). 8 (y). §(2)o BAIHE TRUEHH, VEEE S5 P
B 4 FIF G FE AL 0(y) = 0o FHEEREH 6 (2) 1 6/ (2) BIEER,

OO, AT B R PURMRILER,
Ji— ke
T & LEVERERE AR, UL 67 () = 6(a)0 T 6(y) = —1 B 6(2) = —2, FTLL:

6(y) =lel —lz[ = -1 = || =|z[ -1

(68)
6(z) = Idl — yl = =2 = |d =y -2
VA% )E
5(z) = ld—le [ (3 (68)))
— Jyl—2— (2l - 1)
69
— Jyl—Jal -1 R TR o =1y )

= 0



TOO, OOod

T 0/ (y), A REER:

&"(y) = lz[ =l
= L+maz(le,|d]) —[z] {Z (3 (69)), |c] = |dl}
= 1+4]cf—|z| {30 (30 (68))}
= 1+z|—1—|z
— 0
LR BIREER, 5 T — I8 0, w40
8 (z) = d(x)
'(y) =0
d(z)=0
tH—Hh
H— B — XSR5SR R
d(x)=0
§'(y) =0
0'(z) = d(2)
ti—k

BEIEHEE 0 (x). TRV, TATH:
§'(z) = [b] = |a|
JAREFRT, » MR

1zl = 1+max(lyl,|d]) {0(z) =—-1= |yl > |d|}
=1+y|
= 2+ max(|b], |c])

R 6(x) 2, FibA:

0(z) =2 = |z = |a] =2 {30 U (7))}
= 2+ mazx(|b|, |c|) — |a] =2
= maz(|b], |c[) — |a] = 0

M 6(y) = [e] — |b| = 1,7
maz (bl |c]) = || = [b] + 1
HHAAR (R (75)) 1851

b +1—la| =0=[b] = [a| = =1 {X (X (73)) }
= (x)=—-1

341

(70)

(71)

(73)

(75)

(76)
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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) = {(;:,(‘ym)u b . ! (79)
AT 8 (2), IRHEE L EFT
§(:) = I~ e (6() = —1 = ld| - Iy}
= |yl =1 -1 {lyl = 1+ mazx([b], |c])} (80)

= max([b], |c[) — ]
G 5(y) = |c| — [b] = —1, M maz(|b], |c]) = |b] = |c| + 1o KHARAR (K (80))

R 6'(2) = 1o 2R 5(y) # —1, W maz(|b], |c]) = |c|, & &'(2) = 0, &L
IRPFEGL, 6 (2) F 5(y) BIRARWT:

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

L % 6(y) = 0, WA [b] = |cf, IRHER (3N (79)) FIxX X (81)), F: §'(z) = 0 =
la| = |b| AR 6'(2) = 0 = || = |d|, KL &' (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
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EEZRMEIEERERZ 6 (v) = 0o FF _EIREERIAGNEIR, v DUS EIHT A P
TR

5 (z) = {(5(y) =1: -1

A 0
'(y) = (83)
5(z) = {(5(y) =-1: 1

S0 0

E—H
FE =R — R R, (SR ELIRHE S, BATRT AR 25K (X (83)) SE2 M
HIEER,
(|

IIT  IBRETA

FHIBR IG5 S B e B AR, A SRPHT IR @ T [—1, 1) B9YC R, MR E B E
DABREF AVL AR R

* pREIER

BN EH X HEREMMERE L, REREFEE FIFHTBE, MRpssR
RH—XHE (T, AH), b 7' BMEREHHR, AH Z2&ERRD> &, MEREEE X
wnr:

delete = fsto del (84)

HAr del(T, k) MWW T Fe oz & MHR:

del ok = (2,0)
k <k : tree (del I k) k' (r,0) &
kE>Fk: tree (1,0) k' (del r k) ¢
l=2: (r,-1) (85)
r=o: (I,-1)
B tree (1,0) k7 (del r k") §

Hrf k7 = min(r)

del (I,K',r,0) =

GUERBR NS, G5 RN (2,0); BRI T = (LK, r,6)o BATHLER & 0 K HIK
R, HIEE TROBAEHAMIER, 2 & = & I, TRATECE] T ZMBRAT T S R E
AHE—F N2, AT DU DT RIS — R e &0, KA R B/ IME &
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DR, FE ko BATAI IR tree BRI AH RIZER, M ASIRMLL, F5ZHE 0
PR ER AR A1 O :

(b) & B

41: MBRIEE

balance ((a,x,b,5(x)),y,c,—2) AH = (CL,JZ, (bvyycv_l)a(s(x) + 15AH) (86)
balance (aa €L, (b» Y, 5(?/))7 2) AH = ((aa €, ba 1)a Y, 5<y) -1, AH)

MR HIBI 7 FE AN T :

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

Hmin fl isEmpty & SCH:

min (Br Empty x _ _) = X
min (Br 1 _ _ _) =min 1

isEmpty Empty = True
isEmpty _ = False

IXAEESEH 7 AIEOLTE 2AE balance HSEH:

’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
> PR FTBR e (FoRAB 2 P, Al AR EE, BHPRTR ZEALFEE 2 A6 0l 3K
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)

TR A 2 B, 32 2 BT RN po WERAE— TR, Bl TH 2 VIR, BN 53
— B, I, AR TIRECA A, BAES TR A EREIR/METT A 2, KEHEAR
HAREHE o, KSR 2 VIR &), BAVEM AVL-DELETE-FIx, FE AR A T\
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AVL O s O0OO0OOOO

AR py RIEHRTT R yo 15T AL p BOFH IR T4 6(p), BHIBRIG HO-FHS A 524 6 (p)s
BN RRISRRE =M FAE

L [6(p)] = 0v [5(p)] = 1o ESRIMBRIE TR0 B BEREAR 7, FELER A0 ACUh 4RI 2

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

AVL SR, BEHIE,

S16(p)l = 1. 16(p)'| = 0o MMBRATZEA T AN 1, BRI R = AR )

INT 1o EATHIERERS, SRERTAINEELE/NT 1. JWINTE

AREk H R _L BT Y

7R ZIEI R e RAE S -,

6] = 1. 10(p)!| = 20 XUIHAMIERG FRTEEZER T AVL REAIHER, &

XTI 3, RERHEE M ARIEMHE, FRATFZEH X 41 PRI RS
PUEATERIMNI AL B,
1: function AVL-DELETE-FI1X(T), p, x)

while p # NIL do
| + LEFT(p), r + RIGHT(p)
<+ 0d(p), & + ¢
if x =1 then
0«40 +1
else
04§ -1
if p is leaf then
0"« 0
if [0 =1 A |0'| =0 then
TP
p + PARENT(x)
else if [0| =0 A [¢'| =1 then
return T'
else if |§| =1 A |0'| = 2 then
if ' = 2 then
if 6(r) =1 then
(p) < 0
5(r)«0
pT

T + LEFT-ROTATE(T, p)

else if §(r) = —1 then
dy < 0( LEFT(r) )
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:
47:
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)

347

> 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 O s O0OO0OOOO

> 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 RO R, A A B AR R BATTA] AR IE S5 R ARIE — M
TROFE. B YR, LYNEKEN n, X TEMANENT n 1Y
x| < n, BOLE [« ERBFENIE, ZEBREMH—BYIR, REE—
MEBFHERM ERE R, MK —HIE,

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 AR, 2, o n, RIS, AR AT EL T, 36 B — AN o
BORT yo 1< y < n, VL7 IRAENS CELRMEI AT, 383 LR
x M yo

flan x = (3,1, 3,5 4 H, ERNE z = 2, BEENE vy = 3. KNG 4 Fif@
M (D4ME. (B5EHEY. ()TFFEMm. (1),

ST, MR m — | T RUEEBITIESSY, 2 as = [0 < ma
XJo A bs = [b> m, b — X]o WIERAEMCEE [as| < m, ATRIEAAIHCE1E

A s =124 tm = "D e = o cum(as), ENETHSHE

ST, D 8 = (m 1)+ (m+2)+ . 4n = 2T +21)(” =)y
y = sum(bs) — s BN |as| > m, ATHIE S HORFAEA N, (ERIFRE
H9770%, T DA I BB o — s — sum(bs), BB y — sumf(as) — s;
EN, AR |as| = m, WG m MRAT m (950, (AR TRADE
ENTRER 1, 2, .o m MISEAHES, ik, Bl AT DRI Hete sum (as) 1 s,
AR, BB DA I, T DA B 75 A DT B, S ST M e £ 0 5
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rULOOC

B My, BN, BATEFAM, E£LMEETFHRER, EREERN, FEHF
FIRTRIR 1 & ERP PR 1. BT ERER—FRIPIER, s T, SN
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 BECTEERE 1 2 n 2 8], FATTRT DA e S8 HE 7 R B R HE
T, BATEE AR, N TEMIE ¢ FAVET o, DR o #£ 4, Tl
KERMME 2 BRI y e, WIR » =y, BATHEE T EE R, [F,
PAVFNEBRBE TR i, BEEX SR, B3 2 ST ERIEE
T, BT EM TR — IR ABIR IER RO, KRN RIS 2%
O(n)o

(Int, Int) missDup([Int] xs) {
(Int miss, Int dup) = (-1, -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)

S5, BIRFEE—DMREN n FIFRICEA, X TIPS 2, 3,
THERRARICBEH RIS « DI EM EARIC, HEANBREE TR, MK
MM E ERISRIcCaMod 7, ICEENEEFN 4, BATHNE s = 1+ 2+
= n(n; 1), DA PRI FR A BT/ s/ BATTRT DA H BRI 87
m=d+s—so (HREX-TTEFREIIMNEN n KSR AERCEH, BT
B ES B2 — M ERERE . Jo), TATA] DLR Hegwfd 8w I 1E
S, NiERARFERNET TS, XNTFRAFRE T o, BATRFHH




353

5 || AE ERTTRIRC AL, B (o] TR o FARE, R — (B
2NN T, BATHHERE] T EERITR, 5 FRBATHRT DI R H BRI T

(Int, Int) missDup([Int] xs) {
(Int miss, Int dup) = (-1, -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)

IR, HIE— MELRIRE: 4478 — N 1 B n (05122, BR—ANTTE, RS
FTELFSIIGY, (EAERERS BOREUH R0 T AIR? Bl AT LS
TEEM, BN ”* WX R T AR, X — B R
NN AR

m=s—s

Hrh o FRELNIE, s B 1E] 0 WEIR, & 2FIRDFIE T2,
(R FIM 7R RN T EMEE TR, ToEMUE— MRk AN R AL,
> (@i —i)y=d—m (3)

HAAMZAFRAPE « NMTRRE SR, GEGERE S ML 52
We? BEERMERTTT, WRBATEE ¢ DICRERFETIRE i BFTT, RG4S
REMER, FEAT AR B R RIS R :

> (@li]® = %) = d® = m® = (d+m)(d —m) (4)

BT d —m ANET 0, BATATLAAEN (3) BREASK (4) WM, 158155 — 17518

> @li)* =)/ (xli] — i) =d+m (5)
Bt (3) M8 (5), FIANTTRE. TANAEIEL, IRERRAT DATS 554

3 0l
= 3Gy S0
220 | Sl - 1)

= Sl
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1.3.

1.2.1.

1.3.1.

1.4.1.

1.4.2.

rULOOC

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]

2, B AEEIASI R,

EHHE 1.2

XFICRIAN A WHIR, RGEFHIBHEMP T ITR =,y € A BEMTE, T
M= DNRIERAWTH IR Z S,

(=) :: [a] — [a] — Bool

[] = [] = True

(x:xs) = (y:ys) = x =y && (xs = ys)
xs = ys = False

EHE 1.3

1E Gur-AT(i, X) HIEIRSEIR, X K23 2/ERD | BURIN S /ERE?
PN BT R A S, 7T DARIF Opt onal<T>AbBtt AL

Optional<T> getAt(List<T> xs, Int i) {
while i # 0 and xs # null {
XS = Xs.next
-i__
}
return if xs # null then Optional.of(xs.key) else Optional.Nothing

BER 1.4
£ Inir A, AT DA APPEND(X', FIrsT(X)) Rt Cons 47
APPEND TR TR ERTHBIAR BIRIITTER, XFHEFE2EM O(n) FRESIO(n?),
Hrpn Z2YIRKE,
£ LasT-Ar H, QR Rb B ZS 51 R T 175 1 ?

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
while xs.next # null {
XS = Xs.next

p = p.next




}
return Optional.of(p.key)
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BER 1.5

1.5.1. TEFIERAYE AN — DR R tail, FESINEIE L 0 HE I A,
BANFENZEE XL, NZREARRARER, SNEZ A ERZRIYIR,

data List<A> {

1.5.2.

1.5.3.

}

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> t1l = 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

ﬁﬂ"ffﬂﬁﬁ%? tail Z&? ANPEREG MMN?
A0, MHERES, [ ZSFIFR AN ris, MER— T RFIRMBRITER, M
lﬂﬂﬁﬁ%ﬂﬂﬁﬁo PR e — MRIESL, HEH 2 EEIN AR, M EIGE
B as = bs H cs, FBELMEN RIFHE bs BYEER,
1E set At H, QO bR S B R AT BRI F 2

1Efe

setAt 0z [ | ENFERT 2 : [ ).

T xs 4 [x]o HESHIRMBEAE ST AT i 7 AP,

BEER 1.6

1.6.1. R ARCERN, K HAL IR A IR,

insert n x [] = [x]

W |xs| = n, ATLANA set At n o xs S

insert n x (y:ys) | n < 0=x :y :ys

| otherwise y : dinsert (n - 1) x ys
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1.6.2.

1.7.1.

1.7.2.

1.8.1.

1.8.2.

rULOOC

FERREH SR N R, AN B« G E TR B E AR — M,

[K] dnsert([K] xs, Int i, K x) {
append(xs, X)
for Int j = length(xs) - 1, j > i, j-—— {
swap(xs[j], xs[j-1])
}

return xs

BE LT

B RRRE TS ER A TTRMER.

delAll x [] = []
delAll x (y:ys) | x =y = delAll x ys
| otherwise =y : delAll x ys

BE B

delAll x = foldr f [] where
fyys=41f x =y then ys else y : ys

AR RIMIBRRTE, SR AL BRI AT A TR TR B MR8 — M E,

[K] delAt(Int i, [K] xs) {
Int n = length(xs)
if 0 < i and i < n {
while i < n - 1 {
xs[i] = xs[i + 1]

i+
}
popLast(xs)
}
return xs

BEHE 1.8

i REIASEIR length

length = len 0 where
len n [] =n
len n (x:xs) = len (n + 1) xs

A n B BRI, SR o BB, (S S AEN O(lgn)
PAPFARER b —E BB, BEREEL b n] DU MEME ST B0 e (140 1)
M=o (BansR) RS, 7 ERANPRIZAERIE SN L4 (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 M take IRIE] [ ], drop IREIZERFR,

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 = drop (n - 1) xs

1.10.2. SEIFHERHT take FT drop Hi%,
T ETEEEHEIMA. MBRTER, ELFEH A TR shift #20F, 8 os
KEN n, take(m,zs) ] DUBIEESHEIT n — m (REESMERSZEL, 9 7528
drop(m, xs), M zs[m] &2, IBENITE wsli] FATFEENE] 2s[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 x): (x:as,bs), HH : (as,bs) = span(p, zs)
span p (r:xs) =

G (as,x : bs)

EAIFATA T 44 A SE LA AR ?

IX—SEIHEAIER a5 73K T IER ST M2 p BIFTETCRMARE 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

1.11.1. ATH foldr & XARNHEF, BATRHAR A RKEOL I insert . X, XFEHEFA]
PAFRIR AL sort = foldr insert []o foldr BIZREU:

foldr::(A— B — B)— B — [A] - B

HAPE— NS AR A - B — B, UIGMHE » BI85 B, BXITEE
R A WFIRIBITEMN, BRAEERIIREN B, A foldl € XIEAHEF?
foldl WZEBLZH4.?

foldl (NZREN: foldl :: (B — A — B) — B — [A] — Bo {#H foldl, B3
BN TASEIN B E AT -

sort = foldl (xs x — insert x xs) [ ]
B TE XX PR
flipfzy=fyzx (1.58)

EEBRAHF RIE X sort = foldl (flip insert) [ ]



1.11.2.

1.11.3.

1.12.1.

1.12.2.
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concat PN IS IR A2 BIF—DNERMN R concat Biko

ffiF foldl 1 foldr &S concat NEERKIERIE, as + bs WEZRER O(m),
Hrfm = |as|, ] foldl SEEL x5y 4 x5y 4 ... H x5, B, as B EBORE,
BIRE: O(my+ (my +mg) +...+ Z?_l m;)o HH foldr SZBE xs) + (x50 +
(v A 2sp).) N, as FIRKEAZBRBK, MRS vs, WKE, BERREN
O(Myp—1 + .. +ma +my) BEMERER), FATAT AR E SOX—HTk:

concat [] = []
concat ([]:xss) = concat xss
concat ((x:xs):xss) = x : concat (xs:xss)

HH foldr 2RE X map.

map f = foldr (z zs — (f x):xs) [] (1.59)

BE 112

HH reverse SEERZR M R A0 TR & 2,

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)

}

List<K> reverse(List<K> xs) {
List<K> ys = null
while xs # null {
ys = cons(xs.key, ys)
XS = Xs.next
}
return ys

3

HE—DINR, BEEH ERFTE RS,
AERTTIR WIIFR vs TR, NET R3S IER FER,

[s, tail xs,tail (tail xs),...,[]]

AT PAFIA pattern matching ANWrZ543LEE, SCER drop AYRER :

tails [] = [[]]
tails xs@(_:ys) = xs : tails ys

BABERT ARIFHAMIZAIM [[ 1] R, B AGE AT CRAEE27
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tails = foldr f [[]] where
f x xss@(xs:_) = (x:Xs) : Xxss

HHE 113
1.13.1. &t iota BIE(FRMETHRE D HAZEWF:
o iota(...,n) =1[1,2,3,...,n];
o 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
AR B R EEEL
o iota(m,m,...) = repeat(m) = [m, m,m,...J;
o iota(m,...) =[m,m+1,m+2,..].

HAERREEIAM [1,2,...,n] :

iota = iota' [] where
jota' nsn | n<1=ns
| otherwise = jota' (n : ns) (n - 1)

HIRRUERIBE: [m,m + 1, ..., n], BATHFZELE TRM 1 809 m BIA]:

iota m n = iota' [] n where

jota' ns n | n<m=ns

| otherwise = jota' (n : ns) (n - 1)

HIHESK: [m,m+a,m+ 2a,...,m + ka], HH k B m + ka < n BERK
BHL

jotamna | m < n=m: jota (m+ a) na
| otherwise = []

NT T n = oo BPFFH: [m,m +1,...], AT AR LRSI (- 5504

iota m=m : diota (m + 1)

flan take 10 (dota 1) F=4ERIT 10 MNHEIAEK
8 +1 EHELAT ISR repeat

repeat m = m : repeat m

ZE b, BATA] AE L iterate PREL, L& 256 iota TIRE:

iterate f x = x : +dterate 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
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1.13.3.

1.13.4.

1.13.5.
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KHAME RIAY a3 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
}

return reverse(zs)

3

FBME N zip G € L DHIERIIBIN foldr2 | 2z s ys)o
FAIFREE SR IR B IR -
foldr2 f z[]ys = =z
foldr2 fzxs[] = =z (1.75)
foldr2 f z (z:xs) (y:ys) = foldr2 f (fxy z) xs ys

IRIGH foldr2 &S zip FTEAL) :

zip = foldr2 f [, HH : f v y zys = (x,y):2ys

fHF zip LR last At

NTEMEMZESIE kDR, Bl 25 = [20, 21, ..., 2,1 ] EHHET EPDTTR
JE15 8] ys = drop k xso IR xs. ys RELER zip xs ys, XFERG—XTT
FEE (Tn k1, Tn_1)o

lastAt k xs = (fstolast) (zip xs (drop k xs))

IS — PREF MR RFREENTR, £ I, G E 75
AMPRIXLEEE TR, FARBIASE S, DN HEEARTTRITHIR,
LERIN R A HITTRIT MARFE IR SR AR —5, X —RIRNE R B
A2 AR ST VR E RS MR SE A, m] DAADe] f L SR ?

dedup [] = []
dedup (x : xs) = x : dedup (filter (x #) xs)

Al PAUHZNRE X dedup :

dedup = foldr f [] where
f x xs =x : filter (x #) xs

TR AN TEEBAT filter, BIREN O(n?), HHEA(WH=, PUZE)AIDISE
B O(nlgn) FEERIE:




362 rULOOC

dedup = Set.tolList o Set.fromList

Xt R i ORI P S -

[K] dedup([K] xs) {
Int n = length(xs)
for Int i =0, i <n, i+ {
Intj=+4+1
while j < n {
if xs[i] = xs[j] {
swap(xs[j], xs[n - 1])
n——
} else {
Jj++
}
}
}
Int m = length(xs) - n
loop m { pop(xs) }
return xs

3

1.13.6. ] DAHAFRRF R EHRIIE R A, Filan 1024 ATPARR R “4 - 2 - 0 —
170 —FRWE, n = dp...dod; AIDARTRN:“d) — dy — ... = di o EATHED
FFNRFRIE o F1 b, TTINEANTNBEEOZE IIEFERR) o

=k B AR B AL LB ISR, MR R, S, n =
(dp--dod )10 RN [di, da, ..., dn]o BIAN 1024 FRIRN [4, 2, 0, 1], FRATTAT
DAMIXFERFIER, BT foldr (c d — 10d + c) 0 5[0 B REL, =z, AT AR A
I R O R B R A R

toList n | n < 10 = [n]
| otherwise = (n “mod’ 10) : tolList (n “div’ 10)

BTN, 0 RAMEAIERITE, B 0+ as — as + 0 — as, £ 0 AT AZER
M [ 8% [0], FTLL:

[]+bs = bs
0] +bs = bs
as+[] = as
as+1[0] = as

a+b

KA d = (a + b) mod 10, A ¢ = | 10

|, B fEsehs L

(azas) + (b:bs) = d:(as + bs + [c])

NHUE A TR :
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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])

HIRSEIR IR, as — 0 = aso MM DADEIZANT as. bs Mo GIERFE—AL
Ia < b, MFTFEMEN: d =10 + a — b, TIFIRAL 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

B TORLINTEIE as x bs, FA K bs FEIE—AL b Felh as, BEERTLL 10 5 R
HIEESR cs’ = 10 x es + (b x as)o WH b x as B, R b = 0, FR K 0, HEE
R, H b FeAR AL o 1851 d — ab mod 10, L ¢ — L% | B S AT A2
RE:

bx (a:as) =d: ([c] + (b X as))

R INA: SRR L 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)

BRJE LI REAIBRTR, B o 2w SN A — NMEEE T 0, AR B REZ
AR EERR R QNSRBI RN 2B Fr A AR 2 0 X AMIIRARIVESET 0

isZero = all (= 0)

FES as. bs RU/NIE, 0 /NTAETHES B AREL, 4 0 SOOI T L% (EQ
FOREE, LT R T, GT RRKT):

cmp [1 [1 = EQ

cmp [] bs = if isZero bs then EQ else LT

cmp as [] = if isZero as then EQ else GT

cmp (a:as) (b:bs) = case cmp as bs of EQ — compare a b
r —r

IXFE, ANT I, ST HIWTER AT DA emp 7€ X

eq as bs = EQ = cmp as bs
1t as bs = LT =— cmp as bs

BRIE AT AR 95 2889 75 NS G BREL bs £ 0):
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1.13.7.

rULOOC

las/bs] = as<bs: O
REE 1+ [(as — bs)/bs]

HRFATA] AIS L, ZE as = q - bs+r, HF ¢ B, 0 < g < bs BFREL
2 as = (am-..a2a1)10 = [a1, a2, ..., ap|, WAV FEEK a,, BRPA bs I q,,,
MRE 1 = am — @ - bso RIGEHI_ET—0L a1, 3K 107, + am_1 FREA bs
BT @1 FIREL 710 BEHIRSALERER, XIREZ foldr HIEFE:

1div as bs | isZero bs = error ”divide by 0”
| otherwise = foldr f ([], []) as where
f a (gs, rs) = (q:qgs, (a:rs) ‘minus’ (g "“mull’ bs)) where
q = ndec (a:rs)
ndec as = if as "1t' bs then 0 else 1 + ndec (as 'minus’ bs)

T I, JEII R — M BRI RIS 1T B 1 DRI R,
i 1.6 FoRe SHimPrmt e, S ATCRMEA, =it — M RERER IR
BB ATER, A E, TR REREEA AT S (B DA FE S
TR D

1.6: i A TEFARISIER
GNERANFAF A IR, NRLIT 4 T =BT, G RAEIMEHIE B R
F, RIS AMNE £, B2, @ MSRANET 100 BATATEAAMME
FHmTANR : p BHRRETHE 1L DT, o BHRETHE 2 DL AR ENHER DA
IS, WA,

Bool hasCycle(List<k> h) {

var p =h, gq=nh

while p # null and q # null {
p = p.next
q = g.next
if g — null then return False
q = g.next
if p — q return True

}

return False

3

TOFERRL, IX S THESHE L, N T B HGIE, UM N EE RN, —E X ERE.
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BOKE - IS PEEIX R 7 I fa R 2R M, FRATIE AT DA — 20 SR (R IER T
RN E, FETE 1.7, % OA KEN kN, M A FHETERR, B n A
e M p BIE AR EER 2 51 ¢ ELENANE B, R NMEEH TR
[, p &5 q BHE k, WA EBFEN T ¢ I8 LAEERTHE n — k BEER po XFH
SN

1.7 FRIRTTIR

n—=k

Bl p A BITRET : v — =n—k HiZ U p AT & WUREIE] A, 40
FOXIIE ¢ [EEFRSLAEFR A, —IRETRE 1 DR ¢ BT kR HREDNE A, B
p Mg £ AMIE, BRI T k< no TATATLUER] £ > n RE5IEHE
XFH:

O0. p. ¢ NRKHHRSE, 5 p ZIE AN, ¢ EETEE L A JSHE & mod n [
(E, HNFHONIE N R ¢ ZH5E6 ERTHEEE n — (k mod n) K p, I :

n—(kmodn) n— (kmodn)
2v—w B v

t =
LR p M A BTET : vw — o (k mod n), W p FERTHE k ¥4 E
BAE: (kmodn) +n — (kmodn) = n, [GHFEIZEIT A, FIRIE ¢ fE1E
T p EEEIESL R, — AT, 29 & EASENE Al p IR
HHIE, O

RIS LR oA, NERIEI TR R A FrERIAE :

Optional<List<K>> findCycle(List<K> h) {
var p=h, g=nh
while p # null and q # null {
p = p.next
q = gq.next
if g =— null then return Optional.Nothing
q = g.next
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2.1.1.

2.1.2.

rULOOC
ifp=gq{
q=~h
while p # q {
p = p.next
gq = g.next
}

return Optional.of(p)
H

}
return Optional.Nothing

BEE 2.1

R T AN P 3 0 ke O 5 ER T R SRR, R4 i i T £
%O

o HifPmHEER: 1,2, 4,3,5,6
o HFIBNAEHE: 4,2,1,5,3,6
o JEIFIBLEER:?
[4,2,5,6,3,1]
G R SIS T T 3 2 7 R P i 7 ) 5 R B g — AR,

ICHTFRE RN P, P Friwiadifn I, MR P =1=], W=XHH= o,
A, i AR MR, AL AT, W PR E AN ITE m 2R AR
o i 2IBam e. iR A7, Bl T—2r] PAE T HHHE] m, I T 53R
= (a1, gy ey @1, My Qi1 Qoo ey Gy, R0 L = I[1,4), I, = I[i + 1,n],
Hrp (1, r) RREAAFFXE, B | EREE r, BRI AE [ |, X=F
9 Lym, I, W0, I BAETRERREGEER, 1, 26 MNP FEIS R, 2
k = |I| oA TR, TATT AR k 73#] P2, n) AW P, P, HH
P 2l k NTR, P 2RIRE AT DUSAt A (P, ) AT
w, (P, 1) AT

rebuild [ [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I,.)

¥

(I,,1,) = splitWithm I
(P, P.) = splitAt |I;| ps

NHEB TR
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2.1.4.

2.1.5.

2.1.6.

2.2.1.
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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

] DOEIS B A A 3 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)
}

UERAN = AR ER R 7 e di P ] DURE 22 iR T 342 IR M/ INEIR I e o

O0. fHARIEE, BRIGFE ZXERWN, B FikEhgERTIF. BRIHERE
W I TG AR R 3 — RN T ESE T ANRIRE RS o, 2R
FFighsERN [ RERFN. HIR T AAJRERMF T = (2,k,9), i+
JFisGEERN (k] 2B, Hit T REERDPRCT R (1, Kk, r), PR N
toList [4+|x]4toList ro HT T @&/ 7 Jow R, 1, r # L T /)N,
FirBAtoList | ®l toList r #3A . MRIE — XIGRMAVE X AT 2 € I,z < k, fE
il y €r,y > ko PRLAHFIITGE R toList | # [x] # toList r A7, X5I%
T W s R X . Fi AR X ERW T FRhsEREer. O

T n DICR, MHEP N RRE R A2
(nlgn)
FEABNNE X toList

toList = foldt id (as b bs +— as 4 b: bs) []
= fold () ]

FEFHBINE X depth t, RIF—HR ST =,

depth = foldt (r+— 1) (x dy — d+max z y) 0

BEER 2.2
HIMTHAME &k BEFEETREN Tree K I XHEERR ¢ 1,
member x (Node 1 k r) | x = k = True

| x < k = member x 1
| otherwise = member x r
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2.2.2.

2.2.3.

2.3.1.

2.3.2.

rULOOC

fiF Prep Ml Succ SEH— PRI RMAYIENRESR. AHERI—EEE » 1
TR E L E B 4.2

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) }
}

REAEVI A RTIEAE TR N T5 TR T WAERK U, 8078 A ]
i, (B S A AR 1 R A A A TR ZER M R, e I, X TR
R, BAM A=K (BIE—IR. BIF—IK). Hlan:

for var it = TreeIterator(root), it.hasNext(), it = it.next() {
print(it.get())
}

Py DA T B 2 2% D9 O(n)o

AR AT DA T — N X ] [a, b] NAYTTER:

for_each (m.lower_bound(12), m.upper_bound(26), f)
R 4l R B 77 AR ORX — 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

4T R 0 SCRRAN A 2B I, 7 A — MO R PR 305 - 72 7RO BRORE
EHHMERAT T A, R R RER T R )R e X —Hk,

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

e SCERRE AL
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fromList = (foldr {insert Empty) o shuffle

2.3.3. AUAIAE—HR = SRR RS R R e AN T 2

BAVE KRB m, RIFHHERKERE [s,0,0, ..., elo BRI DA 5, e
HUZFTSREIRAN T e BP0 T RUARY B T 0 R A Sl s 12
(TETTAD) s = ny = no — oo = ny, — e, THENTRAKEN 1, MM s
F e RSN T RRAERE, ERBEAEREN m+ 1. SRR KEE
BN 0, FHFHBANMH TR (2,k,0) FRKEEN k], RKEEHEZ 0 (M kK
k) BIEBANR (I k,r) FERIKIEE, 58T =FFIERE: (1)MNE
FREBRIRTT RENERT R, MR FEEG T RRTT SRR E, ST
depth | + depth r; (2) £ 7B | HEYERKEEE; (3G 7R r HEY R,

maxDistance Empty = 0
maxDistance (Node Empty _ Empty) = 0
maxDistance (Node 1 _ r) = maximum [depth 1 + depth r,

maxDistance 1, maxDistance r]

HHh depth FIE XS] 2.1.60 FEESENIEERT DR R K IER, SRETRK
AR [ ], BT SRR KRR (K], 23T (L k) FRKBRZE=#
M) B 1 (1) MR EINZE M B PR sl O BR AR O 7, 0 b ke, PN _E ARSI AS (] B
R RHIER TR (2) EMIR KIS (3) MR KL,

maxPath Empty = []
maxPath (Node Empty k Empty) = [k]
maxPath (Node 1 k r) = longest [(reverse depthPath 1) 4 k : depthPath r,
maxPath 1, maxPath r] where
longest = maximumBy (compare “on’ length)
depthPath = foldt id (A xs k ys — k : longest [xs, ys]) []

X —JTIEAE T IR LN M 7 — IR, TR AN &G T — 1R, T
SEE, TATAT LA A ELE A EHE TR d FIRARIEE mo JEIT LG :
Tree A — Tree (Int, Int) WH—IRIRIGEE:

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 dl1 d2, maximum [d1 + d2, ml, m2]) r where
(d1, ml) = pairof 1
(d2, m2) = pairof r
pairof Empty = (0, 0)
pairof (Node k ) =k

PATHE AT AR B AIR R :

‘maxD‘i st = snd o pair o foldt id g Empty where
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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

rULOOC

BE 3.1

3.1.1. SKELNEAE A B A PR 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 < {

xs[n] = xs[n - 1]

=)

n=n-1
}

xs[i] = x

3.1.2. A SCEPRATER A\ R DASE BB AT

[T]

Void dinsert([T] xs, T x) {

append(xs, x)

Int i = length(xs) - 1

while i > 0 and xs[i] < xs[i-1] {
swap(xs[i], xs[i-1])

-i__

sort([T] xs) {

[Tl ys =11

for x in xs {
insert(ys, x)

}

return ys

BEE 3.2

3.2.1. ERRGIEA, P8R 2 — P EHHFINRG. GH—DI5k, RIEFR
5| Next, EHHEFIEA A,

[K]

reorder ([K] xs, [Int] next) {
Int i =-1
[Int] ys =[]
while next[i] # -1 {
append(ys, xs[next[i]])
i = next[i]
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}

return ys

BEHE 41

411 XFERRVGEWR, 0 T INPRAEIE R, ] DUER A HZRES : — DIk

4.2.1.

4.3.1.

HRIEE, M MG AIRTEEE, HPMEFSHIBN AR, XA HA =X
REMR 2T H9? QRSN E 2 F i, (A 255 218 445
R? Z25E 4.2, R EZHAFHEIFED,

FH T 38 T 7 % R = B HR 471, Sk R N 55 20 3l 7 AR I ARR S -t e, 3k
Th = (- (D, k1,9),...) ke, @), B: Ty = (D, kins1s (Dy kmsay oo (D, kn,y D)) )o
JEANE 4.2(c)o RN A B, BMESS A — 0 T, TRAIRK T, 1X
Lo S LE— O — BRI, 18] 4.2(b) TEMEER, TER R/,
M REE — B

BHE 4.2

LA TE RicaT-ROTATE $#1E,

1: function RIGHT-ROTATE(T, y)

2 p < PARENT(y)

3 x + LEFT(y) > & o # NIL
4 a < LEFT(z)

5: b+ RIGHT(z)

6 ¢ + RicuT(y)

7 REPLACE(y,z) > iz Bty
8 SET-SUBTREES(y, b, ) > 2 b, c Ay BT
9. SET-SUBTREES(z,a,%) > %X a,y Nz BT
1. if p= NIL then > BT y BT A
11: Tz

12: return 7'

BEE 4.3

UERHER n D RRVLLRR, HEE » ASEE 21g(n + 1)

BATEETIN BEGEEIE L, TR o FBROGEE bh(z) BN o (RS )
H—tr A R ERRET S H . RIBLLRRIAITER 5, FrE RS
FIEERROT R, FTDUZ—E SR AR, Renlih, FRIRES i RN
2L R R S
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OO, BATE S PUERT A o AIRAFRZED LS 2000 -1 DT, FAT]
Xt @ B R AN TR A O 0, W & = NIL, FIREDEH 20-1=0
MR EBEDET A o, ERELA FRESBROREER bh(z) (FRERN
FRA) B bh(x) — 1 (FAIRNA ), BT « BFRSE—E/NT 2 &,
RABVANIRE, BRI EDEH 22M@ -1 — 1 AT, FBAFR 2 BOEF:

LRI h, RIBLLRMIVERT 4, AMEEESRILL BT R ATDAME—#S

ZE, BEy e —, Rt EMPNRaESERDR h/2, Hit:
n>2M?2 1= 2M2 <41

PILBONEARE]: h/2 <lg(n+1),B1: h < 21g(n+ 1),

BHE 44

4.4.1. ANMERBERUCE, 23S EPYFIE I SEIE insert Bi%,

Node<T> insert(Node<T> t, T x) = makeBlack(ins(t, x))

Node<T> makeBlack(Node<T> t) {
t.color = Color.BLACK
return t

3

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))

3

Node<T> balance(Color c, Node<T> 1, T k, Node<T> r) {
return if ¢ = Color.BLACK {
if isRed(l) and isRed(l.left) {
Node (Node(l.left.left, l.left.key, l.left.right, Color.BLACK),
1.key,
Node(l.right, k, r, Color.BLACK),
Color.RED)
} else if isRed(l) and +isRed(l.right) {
Node (Node(l.left, l.key, l.right.left, Color.BLACK),
l.right.key,
Node(l.right.right, k, r, Color.BLACK),
Color.RED)
} else if isRed(r) and disRed(r.right) {
Node (Node (1, k, r.left, Color.BLACK),
r.key,

Color.RED)
} else 1if isRed(r) and isRed(r.left) {

Node(r.left.right, r.right.key, r.right.right, Color.BLACK),
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Node(Node(l, 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 isRed(Node<T> t) = (t # null and t.color — Color.RED)

BEHR 45

4.5.1. SEI“PRIC—aE 2T MR  FRICHNER AT AL, (BT EIERIBER, 2
FRICHY B E BB 50% I B
FAHEEME 2 F1—DIRIC o TFATRH, EIREDN: Tree (K, Bool), A
z N, insert (z, True) ¥ RARICATFETE. MERIEFRIC o 24 False,
Wiagtit CMBRT S HEahER,

delete © = rebuild o del x

Hr:
delx @ = @
z<k: (cdelzl,(k a)r)
del x (c,l,(k,a),r) = Sx>k: (¢l (k a),del xr)
x=k: (cl,(k,False),r)
QR IR AR AR AR IC O MR RIS — 4, FRATPRE B i1 3R e H 3R AR5
R, RIEEE,

1
sizet < —(cap t) : romlList otoList) t
rebuild t = { 2( Y )

0 t
Hrb toList FEH P, RREARIC M MIBRAY T
toList @ =[]

, a: toList | 4 [k] 4 toList r
toList (c,l, (k,a),r) =
G toList I # toList r
TG AR 0 D FEAR A G T R, TR AR T SRR AR B KN (cap) TR
HER T ANE (size) o BEIRBIY FEN : Tree (K, Bool, Int, Int), FHiE X
node FREUEFE T REH
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node @ = o

node ¢l (kya, _, )r = (¢l (k,a,sz,ca),r)

£

sz = size | + size r + (if a then 1 else 0)

ca=14capl+capr
PRI size Fl cap M7 LB RAZ I N 2

size @ = 0 cap &

size (_,(_,_,sz, ), ) = sz cap (_,(_,_,_,eca), )

rULOOC

ca

e, B node RIBCE HELRBHEANBERHE (c, 1, &, r), W0 R AIB] T

R

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 1k r) =Node B 1Kk r

balance B (Node R (Node R a x b) y ¢) z d = node R (node B a x b)
balance B (Node R a x (Node R by c)) z d =node R (node B a x b)
balance B a x (Node R by (Node R ¢c z d)) = node R (node B a x b)
balance B a x (Node R (Node R by c) z d) = node R (node B a x b)
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 4 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

(node
(node
(node
(node

W W W W

0o o o 0
N N N N

d)
d)
d)
d)
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| x>k =node c 1 e (del x r)
| x = k =node ¢ 1 (Elem k False 0 0) r

rebuild t | 2 % size t < cap t = (fromListo tolList) t
| otherwise = t

fromList :: (Ord a) = [a] — RBTree (Elem a)
fromList = foldr +insert Empty

toList Empty = []
toList (Node _ 1 e r) | active e = toList 1 4 [getElem e] 4 toList r
| otherwise = toList 1 4 tolist r

BEE 5.1

FATHIEIE T AVL B R, IR R E — M X2 S & AVL
it

B T IR = MR, FATTAT PARI ] — A R toList BREL, A& R4S
HERER:

verifyAVL t = isAVL t && sorted (toList t) where
sorted [] = True
sorted xs = and (zipWith (<) xs (tail xs))

BER 6.1

G A DI E Y Branch (IntTrie a) (Maybe a) (IntTrie a) &N
Branch (IntTrie a) a (IntTrie a), WSR{EANFELEIRIE] Nothing, N
R Just v?

MY lookup, FATTZELE insert P IERHACBEZ EER AR A, 0E 6.3 H
Iz H B T S WRAER Maybe HESEA ) BA 10 7= ZHIME — MR
BRI E L

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

EHE 6.2

YRS RE Fr LN BRI SR lookup Bk,

import Data.Bits

type Key = Int
type Prefix = Int
type Mask = Int
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rULOOC

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))

zero :: Int — Mask — Bool
zero x m = X .&. (shiftR m 1) — 0

6.2.2. SKELEEEL trie FNREECH B RT3 1, (U HVEAR N SR R, S5 5R A MR

2

BA15E75 FEan] i i /1 e D7 R BN trie FEHRRKOCHRBIER, /177 D1 i+
RIBEAR -G, SRR REZ [ o N (L,m,r), TELGF
BRI 71 7 i S5 RN as. bs, HIRIET m B2 Maybe, Q152 Nothing, M
IBIAGERIE as 4+ bs; WERSE Just v, MEERE (k,v):as 4 bs, HH k21 50N
o7 ) IR A A (0 [ AE, 1 A A/ N B0 o

toList = go 0 1 where
go _ _ Empty = []
go k n (Branch 1 m r) = case m of
Nothing — as +# bs
(Just v) — (k, v) : as H# bs
where
as = go k (2 x n) 1
bs =go (n+ k) (2 *xn) r

BATMREE SIFE, 2 k= 0,IRE d = 0, AN & =0, AN & =1 =27+
E=1+0;AT—Ed=1, 4" NMTRIMNEE T (00); =0, (10)y = 2! +0,
(01)y =1, (11)y =21 + 1, —fh, T d B, 2 k = (ag...aza1a0)2, A
MK =k, A & = aq =27 + ko RIHTE FIRSZIAR, HATH k=0, n =
20 = 1 JGBNREL go k no MIFEIRIAVE go k 2n. MIAIEIFEM go (n+ k) 2n.
X keys = fst o unzip o toList BLA] DARIS HiF il HUTEAIFR, LiRSE
A as ++ bs Ta G ME AL, FRATTRT DA A i3 ek :

toList = go 0 1 [] where
go _ _ z Empty =z
go k n z (Branch 1 m r) = case m of
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Nothing — xs
(Just v) — (k, v) : xs
where xs = go k (2 * n) (go (n+ k) (2 *n) zr) 1

2, FATTAT AR HEEEL trie BRI BAONRIE, I8 —FHH fold ML,
PIFRHY key 2 TR HIRE,

foldpre f z = go 0 1 z where
go _ _ z Empty =z
go knz (Branch Tmr) =f km (gok (2 *n) (go(n+k) (2*xn)zr)l)

B NNRAE, AT PAEHTE X toList H:

toList = foldpre f [] where
f _ Nothing xs = xs

f k (Just v) xs = (k, v) : xs

BRHIT 2 ) 51 e 3 D7 BB N T B, TE TR key, FRATTA] DAE A G P
Zn:

foldpre _ z Empty = z
foldpre f z (Leaf k v) = f k v z
foldpre f z (Branch p m 1 r) = foldpre f (foldpre f z r) 1

SRIE DM O SE- (B 515 -

toList = foldpre (Ak v xs — (k, v):xs) []
keys = fst o unzip o tolList

QR IR A i o — ER FR RO E B, JCIR2/ N trie IR AR EEELATER
1, EATTET R AL IR R B A — BRI T+ PR, O T 3RIE, AT e X —
N EREL bits LE, Ko/ N B0 B Y —ERIAL 1R, SR 5 AT DASR IE
AT T I 40 R -

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)

Hrp kos ZREH A BIEAESIZR, X R RSB BT S (R IERR P4 T -

verify kvs = sorted $ keys $ fromList kvs

EHE 6.3

THER lookup FIRFFHIIEIA, FITEPA K BLRTERM AU A K,

Optional<V> lookup(PrefixTree<K, V> t, K key) {
if t — null then return Optional.Nothing
Bool match
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6.4.1.

rULOOC

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

EHE 6.4

S trie SEI E AT AN A A
XETHIARTRIER ks, BAWEE trie AER TR ¢, 25K ¢ TR 2R
TFo BRJGEIBTAT n PMEIEDT:

import Data.Map (Map)
import qualified Data.Map as Map

startsWith :: ord k = [k] — Trie k v — [([k], Vv)]
startsWith [] (Trie Nothing ts) = enum ts
startsWith [] (Trie (Just v) ts)
startsWith (k:ks) (Trie
Nothing — []
Just t — map (first (k:)) (startsWith ks t)

([1, v) : enum ts
ts) = case Map.lookup k ts of

enum :: Ord k = Map k (Trie k v) — [([kl, v)]
enum = (concatMap (A (k, t) —
map (first (k:)) (startsWith [] t))) o Map.assocs

get n k t = take n $ startsWith k t

HH first f (a,b) = (f a,b), FEE f MHE—AMERIET—D Lo SCELHMI
R, RN, TATEAE Mro HHREIFTA FTRERY T4, 285 2 trie
JEBYAEE BN AT -

findT9 [1 _ = [[]]
findT9 (d:ds) (Trie _ ts) = concatMap find cts where
cts = case Map.lookup d mapT9 of
Nothing — []
Just cs — Map.assocs $ Map.filterWithKey (A\c _ — c ‘elem’ cs) ts
find (c, t) = map (c:) (findT9 ds t)




6.4.2.

7.1.1.

7.1.2.

7.1.3.
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X IR [A] 22 MBS S SR AT S B RTA, Anrl ERIE th B9 45 SR 1% 8 7 S
i ? XX ERE AL BRI ?

FZR>] 6.2.2, T = XATS, $LMEHT 7 7 i] ARG T I 45 R X T
2 AT, BATVTH ZX e S 7 7. G SR 8P e e — X E R
T CANZLRRR B AVL B, AT DATELRAEIN [R] N A% e 3 14 (LR ST 2.2.2)
NS BEIREE RS R E B R, WIFTEE O(nlgn) MBI FHHET,

BEE A

FATZA AL < {15 B IS HEEILR?

AU < i BIEESEE TR A EMTR/NTHET o, M o /NTFETH
AHEMITR, BEEKR. MERNFEIIMEFHEE TR, —RIRIRE B
FREBREME— T — DA DO B2 ME (K — (o1, v, ...]), B ZAES (mul-
timap) o

AR HBR e PR A RIEE R A,

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
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, i)
if key > t.keys[i] then i =1 + 1
}
t = t.subTrees[i]
}
orderedInsert(t.keys, key)
return root

A ME AL EHIRG TR IBARME, B =0 &P a7
Witt, BIEERERRTIA?

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[i1] = xs[i-1]
}
xs[p] = x
}

Int binarySearch([K] xs, K x) {
Int 1 =0, u= length(xs)
while 1 < u {

Intm=(lL+4+u) /2
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7.2.1.

7.3.1.

rULOOC

if xs[m] = x {

return m
} else if xs[m] < x {
1l=m+1
} else {
u=m
}
}
return 1

3

R BER BRI IR, R BT Olgn) NI, (HE AT
O(n) B VRSB DA L.,

BR 7.2

fEH o ERsEm L REKRTE,

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int 1 =0, u = length(tr.keys)
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]
}

BEE .3

PAHEARTTHER T RIIEF PRI ATTR K = max(t') BHEMPRE T
2 k, RIGIBIAHAE ¢ FHMIBR &0 JEH R AR BT I G 4R R Y
BU/NTRRE ko TELIIX—T574

BATESCEE X min BREL, PRI B R/ NTER:

min' (BTree ks []) = head ks
min' (BTree _ ts) = min' $ head ts
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FEH = RPN, FREH] < Bt < (15 « aJREHILEAMBYERR. IIRAT]
Re X Z5 A A SR A

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

% NRFA] DA Rt SEU R 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' din
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

SKIBFRAT B REEIAHERETA,

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)

AL, BATITRZRT balance BAEBUEANEIMNIALER, B EMIPRIE A F-HERIEE

balance :: Int — [(a, BTree a)] — BTree a — [(a, BTree a)] — BTree a
balance d 1 t r | full d t = fixFull
| low 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
fixLow 1 t ((k', t'):r) = balance d 1 (unsplit t k' t') r
fixtow 1 t r =t —l==r==]

He unsplit 52 split FFIEE, BERE X!

unsplit t1 k t2@(BTree (_:_) _ _)
unsplit tl@(BTree (_:2)) k t2

unsplit tl k (stepL t2)
unsplit (stepR t1) k t2
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EHE 8.1

8.1.1. ANiEHH. [ag,as, ..., a,] FIEEAEZ— M, (O — e EEH HeAPIFY /2
AR, %A BuiLp-HEAP B EHE,

8.1.2. ANAJRA, JRAAE L

BE 8.2

8.2.1. Man AT LB/ e, RHHE,
BATV S A b, 28 7 77 SRR, BATIETT s — A5

data Node<T> {
T value
Int rank =1
Node<T> left = null
Node<T> right = null
Node<T> parent = null

GBI ML mYER, FAE BT NEG TG, RIEERE K5 EH
PR ANRZEMATRREY NS /e T R 7 77 ERL B, AT S I A — 2
T REAIR,

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

3

Int rank(Node<T> x) = if x # null then x.rank else 0
Node<T> qinsert(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)




8.2.2.
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AIHERSCHLSE fa B, BATER AR FRIBIRR, B X 7 RS RE, It Ies R

A5

data Node<T> {
T value
Node<T> left = null
Node<T> right = null
}

TATMXLIRE FFRREL, HE PR SRR e i HE A ] -

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

root = root.left

return root

}
TE HER) B HRAE
fold f z@ = =z
fold fzH = fold f (f (top H) z) (pop H)

BR 9.1

9.1.1. XEFEMREEMARIEM, BINHRIERE 2 RLMER), FIFPAIR K ERIE

9.1.2.

El, TMiBERE 2 i 2 TR R
KRR PR

Void sort([K] xs) {
var n = length(xs)
for var i = 0 ton - 1 {
var m = i
for Int j =14+ 1ton-1{
if xs[j] < xs[m] then m = j
}

swap(xs[i], xs[m])
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9.2.1.

9.2.2.

9.2.3.

9.2.4.

10.1.1.

rULOOC

R 9.2

FE IR ZEHE R SEEN T
& maz M1 —oo BN min Ml oo AT ASEIRTHFRHERS . BATTRT DAE— e
TR RS

minBy p a b =14f 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 tl t2) : pair ts
pair ts = ts

popWith p inf = delMin where
delMin (Br Empty _ Empty) = Br Empty 1inf Empty
dewWMin (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
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 = toListWith p inf $ fromListWith p xs where

sortBy (<) oo X T FFHEF, i sortBy (>) — oo B X T BT
FRARZEMHE T AT DUC BRI R 47 ERREHTA?

Al DA TR, SRS 9.2.1 USSR, sortBy (<) oo BIRISEILE A
HLENAFHF. erREEHT.

EEARSRPRZEIA HE A0 — SRR, S A THYIS [R1F0 =S [F) R AT,
BTN EE & EAR O(nlgn), BRI REEZ O(n). XIHITET, ZXHEER
RS JE A (BRAFEA . MIER) . MR EZEM I T 2R EH » N
751 R,

AR HEHE RIS AR N HE I, E AT TAYIRE RIFD 23 RIRS R 40 e,
BTN E & EHR O(nlgn), BAEREEZE O(n). XATET, HHTSE
WG HE S AR BRI 552K S8 O(n) B2 L,

EHE 101

g L& =M




10.1.2.

10.1.3.

10.1.4.
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pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
gen cs _=1: cs

SR IR B, S i AT AR (7).

O0. RN, By R — MRS, & B, HEATIHE IR EAE,
W B, HIWRR B, i, 50T RYA: 1= (") B i TR REEW
Ry, —uB M TR B, HIE i — 14T, — 8802 —1 B, K& i 17, &
HA:

(1) + () = (i—D!(n—i+1)! + il(n —1i)!
- n! 17 1
N (i—l)!gnfi)!(i n—i+1)
_ n! n+1
o (i—=D)n—9)i(n—i+1)
B (n+1)!
dl(n—i+1)!
= ("
O
UER I B, HEH 2 DR,
O0. 48 E—2SPUEHER, B, &7 5NN
5+ )+ + () &
= (1+1)" 2T (a + b)"HFa=b=1
= 2"
O

I ERIRAT T, SEIE N R BERERR o RN 5 SN AT AR, (B AR L2
GUER TR IR AT T4, TERTA TT R AT A TR AN ] -
1: function LINK' (T}, T3)
2: if Key(7T») < KEY(T}) then
3: Exchange T} <> T5
PARENT(T3) + Ty
INSERT(SUB-TREES(T1), 1, T5)
RANK(T}) < RANK(T:) + 1

: return 7}

Dk, BATTAT DARE TS PP R AT o SRR BT AR BRE N2 A e I e 2 A4S
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BEE 10.2
R UEHA DECREASE M0 R 2% A FENTH] O (1)

TE XA RERREY -
O(H) = t(H) + 2m(H)

Hrr t(H) PR IEREL, m(H) 2R ERICHT R, B MRICBTIEE. U
FIFIERR, HRECN 2, Decrease F O(1) RS » VIR, 512V Cascape-
Cut, BT ¢ Re BRA O(1) WA Cur, R/F1EH, Ktk DECREASE FUETH
FEH O(c)s

BRI EAREN AL, £ H 28 DECREASE BiFHE, UG8 CASCADE-
Cur U F—NEFRICHI T R, FFERREARIC (G —IRERIN o SR, A «(H)+
c BB BUFEIEORAY t(H) BRI, VIR G NHER Y ¢ — 1 BB, AR DA o IR 7
Wo WEZE m(H) — c+ 2 NMEIRCHT R BURERBAH m(H) MRS c— 1 ME
CASCADE-CUT HIERRIRICHI T e Fef5— 0B VA A AT REFRIE— 1T il IXFE
BREMZ R Z N

H(H) + ¢+ 2(m(H) — ¢ +2) — [t(H) + 2m(H)] =4 — ¢

BREMERA RS ] O(c) +4— ¢ = O(1),

BEBE 103

10.3.1. GERESAECSHEFF TR n DITER, REHUTHE, 2 n RKH, 8 HAE IR
PERERIHRZE (RE 3 PEIEREZ O(lgn)) o WMMTIEESTIX — R ZETE OL?
BATA] DU E — DT AR I BE o, EFE AN, Q0 SR B (E L AT —
R BRAE, 85 T H Y TR F I B 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))

3

10.3.2. SEERFECA HERYHHIER
N T TR, BA A=A Rg I — AR5
data Node<kK> {

K key

Node<K> parent = null
[Node<K>] subTrees = []

Node<K>(K k) { key = k }
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HIEMERE N « BI7TR, TATCMHE b FHERBIDL o AR T/ ¢ W ¢ 2 h
AR, BATTA BRI TSHIRAE pop BIRT, SMFATE ¢ BT 5L p, M THEH
e UIT. RJEx ¢ PATHHIRIE, BIER 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

}

BHERNNEEZEN O(n), Hi n BHEFITTENEE, MRS &EH
O(m), HH m ZBFE RS FRAIEI, EAREZEHN O(n).

10.3.3. SZEIECATHERIILIE JEEE DECREASE-KEY
AR VAEERRTT A h BE, BATERZANE « B, SN, FA1EE ¢ BIRTT AR
TR tr UIR, BT tr BMER = J5, % tr GFFE A -

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)

}

FEFHIN, FATTA] PSR lookuptr (h, y) ZRAFZEVARERGTY i, SREHE v AOMESEHT
Nz, Bl deceaseKey(h, lookuptr(h,y), z). HEZEFMERMEIE, N O(n),

BHE 111

AR X LIRS T RIS &, RSk BRAfEE, mAH
Count, NfAMZIMASIZ A0 25? 215 Eil?

RAE AT LA 51178 HE SRR A R R BT , A1 Sk Bl e R R E T AR O, aHE 11.4, TRATRE
R —BITTIR. B A P TCER R XK, 12k RE 100 he REEN ¢
RMXEEN s, LEHGETFIXHE [h,t) WA GHE, 2= FHWREADT:
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empty(h,t): h=t
full(h,t) : t—h=s

TEFARI DA S TR ES I TEGaE (N EaH) , id [n], = nmod s, X
ERAESA BRI [t — (B, = [s]s = 0, B0 [t], = [h],e XIETERHIZ S
PFBURRTEE R, R, (U Sk R B A28 SR ELBCR TC TR HIMBAS 2%, TR, FRATT
BAFIAN—MIREBRIC by ¢ BITCTEINR) , BAESS, HIE N ANBUE, TUXAER
FITCERIN B, 057 P SEPR S BN AR BRI, AT DA — M s EERAIRE p
(p > o) DU THIE, RI:

empty(h,t) : [h], = [t],
full(h,t) : [t—h],=s

Blr iR

Int P_LIMIT = 104743 // the 10000th prime
Bool empty(Queue<K> q) = (q.h =— q.t)
Bool full(Queue<kK> q) = (q_s J— (q.t — qh) mod P_LIMIT)

void enqueue(Queue<kK> q, K x) {
if not full(q) {
g.t = (q.t + 1) mod P_LIMIT
g.buf[g.t mod gq.s] = x

}

Optional<K> dequeue(Queue<kK> 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

BE 11.2

11.2.1. M2 EAE push BHEHA T SEBHS & A0 JE R ?
FRIXFERE O : JE push a ([ 1,]]), A5 H pop.

11.2.2. KA ABNRNFN 35S 24
BAMEHIEKIE M. BEAIR r FIIEAITERIL 157, MEHEIER push, P
T—IRMNERLE, FFIEAN 1 790 A PEIEFEN O(2)o BHR pop, MR AKIERFIFR
S, WA T — IR B, (BREE 5. 2 HEEFE O(1), IR IE R
PR, WIPAT m IRREERT 1 IREH, B m 2 BRIV, I B
T r FIRH m 5r. FTPASEEFEN O(m + 1 —m) = O(1)s
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11.2.3. SEBERELARNSI,

11.3.1.

11.3.2.

1: function PUsH(Q, )
2: APPEND(FRONT(Q), x)

3: function Popr(Q)
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 z
B 113

1E abort BT, 4 n = 0 IV, FATTL PR ERGE T E—DBEROTRARIE, K
Tz THRE] a fEREER, N LAFEER —DITR?

HEHHEAE pop VAR abort K%L, n = 0 I, FERARVENI T2, IRASEREE M
(S.,0, (z:a), f') FEHRAR (Sy,a)o T HIRBEREITFH) o IR ZEHHAITTER, KR
BR v IRE o (ENEER,

{6l P RCECEH SEER S IS B, TR - Y AR IR SR I, NRE— IR MR S B, 75
M2 R PERERE R B LN TR, G —MEMEE I, 15520 SR I E ]
—PITR.

AT DATE & BN TR N AR TS B K B, FRATITERE F IEFINA TR (push),
TEBUEH r TR HTTE (pop) o WEEHAFEBII, JF8h— MRS P+
ace = reverse(f) 4 1o WH f # [ ], BATERHEHITTE, BINE] ace FIRKE,
4 f REER )G, BAIM r EZE—RTTREINE] ace RE, B append(ace, rli]),
Hrp i =0,1,..,|r| — 1o 2B HENARIGEM r IARRBHEITE, Y B
7| IS BE R,

data State<k> {
[K] acc, front, rear
Int +ddx

State([K] f, [K] r) {
acc = [], front = f, rear = r
idx = 0

}

// compute reverse(f) ++ r step by step
Self step() {
if front # [] then acc.append(front.popLast()) // reversing
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if s.front = [] and idx < length(rear) { // concatenating
acc.append(rear[idx])
idx = didx + 1

}

Bool done() = (front =— [] and length(rear) < idx)
H

data RealtimeQueue<k> {
[K] front = []
[K] rear = []
State<K> state = null

Bool 1isEmpty() = (front — [] and rear — [])

Self push(K x) {
front.append(x)

balance()
}
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

QAT SEERAR TN A, A5 K50 JoE FS T S 45 e B TRI S 7T 3R RN BR
XN SXELR R 7] ASERAN AR, ORGSR NG, & XS 1RLE : push, /pop;
1 push,. /popro FE popi/pop, WIZFTRHEATEL, DA SKIBRGE TR R EE—FITR,

empty = ([1, [1)

isEmpty ([1, [1) = True
isEmpty _ = False

pushL x (f, r) = (x:f, r)
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pushR (f, r) x = (f, x:r)

popL ([1, [1) = (Nothing, empty)

popL ([], 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) = (empty, Nothing)

popR (f , []1) = let (as, bs) = splitAt (length f ‘div’ 2) f 1in
popR (as, reverse bs)

popR (f, x:r) = ((f, r), Just x)

HHE 121
AT Rb R 5 RSB I ?
FATATPASI N Maybe 8FRACH BN, WERZES] i < 0, &M Nothing, W15
RIS K, MERZIE TR R 2 1S, IR [E] Nothing,

getAt [] _ = Nothing
getAt (t:ts) i | i < 0 = 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) | i < sz ‘div’ 2 = lookupTree i t1
| otherwise = lookupTree (i - sz ‘div’ 2) t2

BE 12.2

12.2.1. SKIPEUEFORPHIIRENLYIIR] S[i), 1 <i < no HH n BFIIKE,
BANBL R 5 AR IF

getAt (Zero:ts) i = getAt ts i
getAt (One t:ts) i = if i < size t then lookupTree t i
else getAt ts (i - size t)
where
lookupTree (Leaf x) 0 = x
lookupTree (Node sz t1 t2) i = 1if i < sz “div’ 2 then lookupTree tl1 i
else lookupTree t2 (i - sz ‘div’ 2)

12.2.2. AT EUERTR R HIBRIRIERI 3 R A
FIEMARERE, WEH n = 27 WEFHRIRIER TR, E2IFAIEES, AN
AR AT ROFEE AR, MR 0 A2 23 JoE 2 s 2T

12.2.3. AT DAAKEEDy 2m EEHFORE 2 — X (m B ARTURBED . TE B — R
PRI ARIREAL T 7]

‘data List<K> {
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Int size =0

[[K]] trees = [[1]

Int nbits(Int n) {

Int i =0

while n # 0 {
i=4+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 <i, j+H {
xs.trees[i] = xs.trees[i] 4++ xs.trees[j]
xs.trees[j] = []
}
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

HHR 12.3
BT AR UMIBRIN 43 A 44T
T SR SRR AL 0(s) = [r| — || = n— m, 358 m = | £,
n = |rlo MKEBIHBRIN, 7 £ # [, WEREA O(1) R &R f EE—1 TR, R
J = [, 7 On) BRE r 5726, RECEIUR . B O(1) 8 HIRE—ATEE.
=G INIIPOE
c = n+1+0(s")—D(s)
= n4 14 (=) = (rl = 1f)
= ntltm-5) - (5= (-0
= 1

NSRRI 2 e A% O (1), M PRI, MEFRIMERA 232 A 2 O(1),
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BEE 124

12.4.1. {HERIEIT, RPEAE T SSEBL A X T T = (f,¢,7), 2 MiD(T) =
t AEREHRTRIFR 776

1: function INSERT(z,T)

2 n = (x)

s Lepe(1T]))

4 while |[FrRONT(T)| > 3 do
5: f < FroNT(T)

6 n < (f[2) f13], ..

7 FRONT(T) <+ [n, f[1]]

8 p«T

9 T + Min(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), Mip(L) < NIL

19: return T

PATRRFRATCR © BA—DHITERN T (2), R f THEBH 3 MR, il
I IR0, AT — X BT MR, BATIRE f ARBREE — N ITRIMIRIR
FR R, TR =T n GREEISIN 1), ARISARERE n f AR BRE
BFEANERN f iR — N IeRARFN f T, WHEER)E, T4
FIRT — D, EABNR T R, AR f TR A BN E LR,
XS —MIB UL, BATONE — D77 5, N T e —RE 0, BATR n AR f
BRATH, e, BABREIMAIIR T, o8 T A fLACE, WA= 7 — MRFRRY L
T, BT R AT

BEE 125

12.5.1. JHBRIBIA, FTEIRSEELBR,
WERMERIG front FHEZEAS, BEMHR RIS HY A “£8 71 /e HE2MBE R
A RIREZ MY, BIAN front FHEFIH B FER N2, XMEIER Z2HT
FIRERIEIE R
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[t otin21]...

il ]2l ]

B 12.10: AR, 28 @ BT f A=

BATEMARM B FHER PR — D ITR, B e T—5e B T~ R,
BE—RTW, BEEER f ANE, B f AR AN S, G 12100 X
THIE, BATAT DA f A RRBHESE - TER IR, XA TEHE, TR
B or ARES, BV fo v, BRBUERT—FME DL U5, RATAREM f HEHAY
TR AM T NRAR, FAIFHEMEIREL, FA B RN R —ElA L
W, BRI BAHEIRE — D71 e M BRATRENARATART o B 12.11
AT IX IR

children of n[il[1]= [nti-]oti-ni21].-] ‘ [li-1m [eti-1i21] -]

[ntil2]].-] ‘ [l ]etin2)].-]

TREEE—NICR nli[1), RIS ERF 77 RURE| L —e) f T,
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FEII]

[EEEES

[TETE ST [T AT

[t

[ fiea]..]

HE i IR, BRARIE 2[1),
12.11: HJEFA @D, EEHREH— N1 58
FRHEIX — K, N AVEZESZE T 72 L5 MBI E (RIS A=),
1: function EXTRACT(T)

2 L= (T
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 < FroONT(T), r + REAR(T)

8: n < (f[1], f[2],...) > n e 2-3 K
9: repeat

10: FRONT(T) < [na,ns, ..

11: n < ny

12: T < PARENT(T)

13: if MID(T') becomes empty then

14: Mip(T') < NIL

15: until n is leaf

16: return (ELEM(n), MID(L))

XHE K ELeM(n) R EIHF97 5 n FARFRIME—ITR, BT AR
£, T BT RIS — P RE — NITRAE Lo BATAHELGRIE
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12.6.1.

12.6.2.

rULOOC

FHEHER — P EE RGN TN A MRFHENZ, PR RA A, 3l
R R ER 2 ) N, EEIRBLTE AN, 8B T R JRR A 55
— M FHEH,

1: function FIRST-LEAF(T)

2: while FRONT(T') = [ ] and MID(T") # NIL do

3: T + MiIn(T)

4: if FRONT(T) = [ | and REAR(T') # [ | then
5: n < REAR(T)[1]

6: else

7: n < FrRONT(T)[1]

8: while n is NOT leaf do

9: n < n

10: return n

11: function FIRST(T)
12: return ELEM(FIRST-LEAF(T))

HA s MBI, AR AR T, SEAWTEE S — 71 0. R
Ra—MIERTHEM.

HE 12.6

TEREHLIT RN, GRATAbBR S & FIR 5 R A IS IL?
PATTAT ATEZR 5 | N A TR A 2, 314

@li] = Nothing

i< 08> size T : Nothing
Tl =

I

SEHR cut 0 S, TENE ¢ EFF] S 73 EIFF

FeAI145 H — R4 o3 B AT K (R Y EE AR E S AR BRI =B F) o
BATE e T HARBFAE, (R0 < i < size s BATHE N R cutTreei S
HATE,

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)
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cutTree BR3P FIR =803 M. iRl AWM. SHREEDFIH Maybe 2RI
RAJREERAE, WNRKEINE S TEZHR P RIIMINE ¢ TR o, BERAE
= Place 2R, WRRS i MRS THE f,r B, BATEAM cutList E—F
738, HARE o G RIS R ARG W2k @ AT AR, WHEIH 2 Hl, REXSEER
Place i’ a FH) 2-3 B o TEALE i BE—H 7,

cutTree :: (Sized a) = Int — Tree a — (Tree a, Maybe (Place a), Tree a)
cutTree _ Empty = (Empty, Nothing, Empty)
cutTree i (Lf a) | 1 < size a = (Empty, Just (Place i a), Empty)
| otherwise = (Lf a, Nothing, Empty)
cutTree i (Br s f mr)
| 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 t1 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 4+ size m

Hrb tree fom r BEH—DFHE0, FHFEITIE L AL

tree as Empty [] = as >>> Empty

tree [] Empty bs = Empty <<< bs

tree [] m r = Br (size m + 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)) fmr

X TR 2-3 SR H ST 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

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 abc) | 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), [])

where sa = size a
sab = sa + size b

AR AR BB E M BRI TR, MEREEMERTR, DA MTF #
8, EMNIEZREHZ O(gn).
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13.1.1.

13.2.1.

13.3.1.

rULOOC

setAt s i x = case cut i s of
(_, Nothing, _) — s
(xs, Just y, ys) — xs 4+ (x <| ys)

extractAt s i = case cut i s of (xs, Just y, ys) — (y, Xs -+ ys)

moveToFront i s =4if i <0 || i > size s then s
else let (a, s') = extractAt s i in a <| s'

EHE 131

BOHEA PR PRI E X, BR T8RN 235N, LA BT AR E, s
— kAL

sort [x] = [x]

BE 13.2

BIMEHESMNE I (mergePairs) INE 7 EHER 2.7 WEAHME, &4 HUERH;
RN, WA BE PR

S FHBETR, XA E2EH kN EF Tl Wik, 175
SN ne EHZ I Y T EIF s) MIZFH, merge([], s1) = [|®s1,
RIGETH 50, [|®s1® 52, RIGEEIT s3, []@s1Ds2Ps3een... Fir US4 A
O(n+2n+3n+4n+..+kn) = O(nw) = O(nk*), TMMMEIH, FE—
B 51D S0, S3PSaeun.nn FABE O(kn), B FR—5: (51D 52) D (55B54) e NoE
O(kn)o EFEAT Igk #, BEZIEN: O(nklgk), HRNIEFERYHEE P,
AR PARIA— D KRAINA k BN, 2R & DN FHE& BRR/NTREITE
I, EREHRE O(nklgk).

BE 13.3
KPP G IAREI R BE M foldp, FHEREE B KA _ERIEHHET
BATESR —JCHEHEE f HREERE: f(f(x,y), 2) = flz, fy,2)e 2
JCIaE f ENLTTH 2, EXRENA:

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

IXAERINATE SN sum = foldp (+) 0, T M _EBYJAFHHERRE XN

sort = foldp merge []Jomap (:[])




399

HEE 141

14.1.1. TEBH k VB0 EREHN O(n).

S PRHE P R E A T ETT 13.1.3,

14.1.2. 7T EH APTHIET £ /NTER, BATAI PR 2 = max (take k A), y = min (drop k A).
R 2 <y, W A BIHT k& DITRMRE S ST « KI8Tk DR, H oy
KINFIRTTR, RIGETIFY [ala + A,z < a < y] FIBAERRET & NEE, K
K =k—|lala+ A a <allo EKRIX—RIE, FHoMERE,

1: procedure Toprs(k, A)

2 l+1

3 u < |A]

4 loop

5: i < MAX-AT(AJl..k])

6 J + MIN-AT(A[k + 1..u))

7 if Afi] < A[j] then

8 break

9 EXCHANGE A[l] < A[j]

10: EXCHANGE A[k + 1] <> A[f]
11: | < PARTITION(A,, k)

12: u < PARTITION(A, k + 1, u)

SRR N EIRE R O(n). MR KEBON  BRIEIN FH ZMEI R E i
R B/ME 4, j, RIGHITIRLSNEN TR >, G057 -1, 733 R
FHEFFILR, FFEENEDY O(n +n/2+n/4...) = O(n)s

14.1.3. BEERPINCFEEE A M B R “BILHE”, e RIEZRE O(lg(m + n)), HH
m = |Al,n = |B|, B AWM NEEHNKE, B TRM 0 FHah, B EE
N : median(A, B) = C[Lm;nﬂ, Hr C = merge(A, B) NEHEHIERF
e 0,
BMGHEWDTTTER B NTTEEN DA 2T &R, 21 =0,
u = m, BAVENHETE A PRI i = | B2 ], HEBELHERE X,
A h= |2 DTREE R, Hi, AE i DNITRIE Al 280, RS
[EHfl, WAE B HRNE j = h — i DICRTE Afli] Zi. REAREFERX B[j] < Afi] <
Blj + 1]o Q0SRAAZ, BEAAAEINET Af] M e, 5 WIARYE (R 2w/ N A% 1
w EHT AR, NEBIFREPSEI TIX— 7Tk

‘K median([K] a, [K] b) { ‘

STRLE 5 H WL ORI, JEENTEH n MTRAFIFH « RHEE -
odd(n) :  z[2f*]

even(n) : %(x[g] + x[g +1])

median(x) = {
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rULOOC

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 +u) / 2
var j = (length(a) + length(b)) / 2 -1
if j <1or j > len(b) {
if (j — 0 and a[i] < b[0]) or
(j = len(b) and b[j - 1] < a[i]) then return i
if j > len(b) then 1 =1 + 1 else u =1
} 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

3

return -1

3

B[R FRAE—NEANERS DT ENEE. Ri&Em > n (BN
A, B), tNRE—FAH A=, MIREAI—E B DR, R E=1,1K
[ A0, B[0] HEI/NA—1 BRIFEN § = min(k/2,n), i = k — j, RIGHER
A[i] 1 Bljlo W A[i] < Bj], BMEFRE Al #if0 B[j] FHIITE, AaiE
ATERIRTTR P FHEE b — 0 RIS, BN EFTE B[y 801 A1) J5H, 2R 538
IHFHRE | — j KT,

K median([K] xs, [K] ys) {

Int n = length(xs), m = length(ys)

return kth(xs, 0, n, ys, 6, 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 yl y0 then return xs[x0 + k - 1]
if k = 1 then return min(xs[x0], ys[y0])

<
<

var j = min(k / 2, yl - y0), i =k - j
i=x0 4+, j=y0 4]
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, vl1, k - j + y0)
}

G398, BATARERXFEE X ELHE: m e A4 B, fiifS:

ly < A4 By <m]| = |ly <~ A4 B,y >m][ = 0,+1
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ZERIXERA: [0,1,2,3,3,3,3,3,5], BMER/NFEF., RTFETHEEN

Al

14.1.4. {HEREN, 38T EHrRRID R LI A X,

1:
2
3
4
5:
6
7
8
9

10:
11:

12:

13:

function SOLVE(f, z)

p 0,9z
S ¢
while p<z H ¢>0do
2« f(p.q)
if 2/ < z then
p+—p+1
else if 2z’ > z then
q—q—1
else
S« SU{(p,a)}
p—p+1l,g+—qg-—-1

return S

14.1.5. KM TR RE R E 28 BT RXER A N A2R/IME, £ L2
& ANEH. HERE - /DT R/MESE R T R ARETCH; & UMLK —+

5, B 4 A/ INETE, SRR,
1: procedure SEARCH(f, z,a,b,c,d) > (a,b) /£ A (c,d) LA

2:

3:

4:

@

13:

if 2 < f(a,b) B f(c,d) > z then
if z = f(a,b) then
record (a,b) as a solution
if z = f(c,d) then
record (¢, d) as a solution
return
p < %3]
g+ %]
SEARCH(f, z,a, q, p, d)
SEARCH(f, z,p, q, ¢, d)
SEARCH(f, z,a,b,p,q)
SEARCH(f, z,p, b, ¢, q)

FATTRT DA 35 BEREAT I8 9 B AR B AT IRAE AN A AORETE PR R AV
Fh T(A)e TATH OQ1) MEARE 2 < f(a,b) B f(c,d) > z BEMKIL, A
JErEIR A ANNETEIEIA: T(A) = 4T(A/4) + O(c). RIBF EHEIRIEN
O(A) = O(mn), FAERHIEM, ALK AFRIKIEL, XAAEREENZ R E
BRI
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BE 14.2

14.2.1. YRABEIE, £ A S EREINREED [n/k] B9k DRE, Hbn = Al 12
Mk DAFTTR, BEEIRER NHTTRMEAR kD ARFEANIT
BT k(T [n/k] D), M—EXF FHK,

PATEL—DFI Map : T — Int, B T /2 A PRITRER, XDl
KT o WEMEER, BITRTFHNT o, BI04 A — 1B+
#: foldr maj @ A, i maj B XN:

aem: mla] < mla]+1
majam=4q|m|<k: mla] 1
A filter (b m[b] # 0) {b+> m[b] — 1]b € m}

(14.21)
NT AHFEGNILR o, R o ¢ m AEFHA I HFIPRBEIEENE L
A, FATE o IMATFHL, FFIEFE N 1] mla] « LAWER o € m, TATEESIN—
mla] + mla] + 1; @NATRFHAPEAH £ Mk, IS Mk 5915 525
1, anSREEECH 0 MIGIER,
w&a, BATEF I m PRERRNEESE KIE— T, EE NN EERGET
T n/k,%m' = {(a,0)|a € m}, REHBI—IX A: foldr cnt m’ A, HH cnt
TSN

ent a m' = if a € m' then m'[a] < m'[a] + 1 else m/ (14.22)

XA m/ HRIC SR TIX Bt 1 28, BT B n/k B9 keys (filter (>
n/k) m')o THIIGIFIEFEI TIX—T7i%:

majorities k xs = verify $ foldr maj Map.empty xs where
maj x m | x “Map.member® m = Map.adjust (14) 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

ISIVASpES el I
1: function MaJ(k, A)

2: m <« {}

3: for each a in A do

4: if a € m then

5: mla] <+ mla] + 1
6: else if |m| < k then

N

mla] < 1
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14.3.2.
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8: else

9: for each ¢ in m do
10: mlc] <+ mlc] —1
11: if m[c] =0 then
12: REMOVE(e, m)
13: for each ¢ in m do

14: mc] < 0

15: for each a in A do > Uk
16: if a € m then

17: mla] <~ mla] +1

18: r=1[],n <+ |A

19: for each ¢ in m do

20: if m[c] > % then

21: ADD(c, r)

22: return r

BE 14.3

MBS R T AN TS B, IR A R B KT 7571
QUERER T KT P2, I A IR A1 e 41, JATTRT BAFE fold XA AP FH P
1€ P, M1 P, BXHER LI T AR S F AR (S, L),

maxs = fst- foldr f ((07“)7(07[}))
Hrp fx(Pma(S7L>):(P7/nvP/)
1E fH : P' = max((0,[)), (z + S,z:L)), P, = maz(P,,, P')

AREA P G T — Do e Z K77 IR TR R, ZIEN O(nlogn)o
BRI RAE A R Ry, TATTRT DAY K AT =38 o0 B B R, FS
BRI R AT, ANES R RHR M B R R, SEBLX — 7%

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 |2l
8: a < MAX-FROM(REVERSE(A[1...m]))
9: b < Max-FroM(A[m + 1...|A]])
10: ¢ < MAX-SuM(AJl...m])
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14.3.3.

rULOOC

11: d < MAX-SUM(A[m + 1...|A])
12: return MAXx(a + b, ¢, d)

13: function MAX-FROM(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

BREFEIRIARXER T(n) = 2T(n/2) + O(n), FHEEHAIHIE ZEN
O(n)o

1E m x n B Z4EREOE R P ST RERE, (1SS 2EINE RIRTR K.
BATMEEFER S — 1T IR, BRI IN—1T [M[1, %], M[2, %], ..., M i, )]s X5
TRBIHE AT I E TR R R 4 i — ) &

V= ZM[l,j], ZM[Q,]’}, ZM[n,j]

FHERARTTHNAEE mazsum KEFER V HEEARM, Fidx2RmERM,

maxSum = maximum o (map maxS) o acc o rows where
rows = init o tails — exclude the empty row
acc = concatMap (scanll (zipWith (4))) — accumulated sum along columns
maxS = snd o (foldl f (0, 0)) — max sum in a vector
f (my s) x =1let m'" =max (m + x) ©
s' =max m' s in (m', s')

HP tails BENXIZRS) 1.12.2, zipWith BIE X ES 1.7, concatMap
HIE X IEETT 6.5.16 scanl F1 foldl 210, H'E B IRIBLE A RTF 2 —DAIFR
H, scanll 5& scanl BI—MNRFIRIG N, FIGEZIIRE —TNITE,

scanll f[] = []
scanll f(x:xs) = scanl f x xs
Hr:
scanl fq[] = [q]
scanl f (x:xs) = q:scanl f (f qx) xs

R0 3 2 2 TR T

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 =17 ton-1{




xs = [x +y for (x, y) in zip(xs, m[j1)]

maxs = max(maxs, maxsuml(xs))

3

return maxs

K maxsuml([K] xs) {
Ks =0 // max so far
Km=0 // max end here
for x in xs {
m = max(m + x, 0)
s = max(m, s)
}

return s
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BER 144
14.4.1. fERHBSREH RS R E ff.

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) +H cs) ss
adjacent (x, y) = [(x', y') |
(x'y y'") < [(x-1, y), 041, y), (x, y-1), (x, y+1)1,
inRange (bounds m) (x', y'), m ! (x', y') = 0]

xR L AR P

[[(Int, Int)]] solve([[Int]] m, (Int, Int) src, (Int, Int) dst) {
[[(Int, Int)]] stack = [[src]]
[[(Int, Int)]1] 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

[(Int, Int)] adjacent([[(Int, Int)]] m, (Int x, Int y)) {
[(Int, Int)] ps = []
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14.5.2.

rULOOC

for (dx, dy) in [(0, 1), (0, -1), (1, ), (-1, 0)] {
Int x1 = x + dx, yl =y + dy
if 0 < x1 < len(m[0]) and 6 < yl < len(m)
and m[y][x] =— 0 then ps.append((x1, yl))

}

return ps

BHHE 145

14.5.1. SOt/ \ RIGHRIE, (S En] AR n 25—,
Al n 2IEWE, BAE n x n 8 BRI 0 D RIG, TATAT ORI FF2 AT 8
ol n R ARTR], RRAH TRITLA 258 E M-

fi#

1]
Tefig
Tof#

T W o =3

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@

J\EJG AL 92 DA AT M — M, K =B +90° WARZ/\
SIERERNfE, B LER, HIEARNESE 121 BRU\REE

7, $RHIIX 12 N IR,

J\E SRR AR, AR FR 2 IE 7 AR O AR, BER MRS RN 7
Ao IEFTTERN PRI —THREE Dy 2 S, BRI 8 N E#H: HEEH id,
ZEHULVIERE 90°, 180°, 270°% K-, BEEFNEE, IR DA LB, MTAE
(i,7) MEREGTEX 8 MNE# TN H:

Hin A=
id (,4)
Y BiE, X BIE | (9—14,5) (4,9 —7)
2 P ALEHEE | (4,i)s (9—75,9—1)
90°, 180°, 270° | (9 —74,i)s (9 —4,9— ) (5,9 —1)

FARE M, BATRIX 8 FE =4 8 M, FHIU N ENTZFIHT, AT
= MNEERGES 12 DABURR g

import Data.List ((\\), sortOn)

import Data.Set (Set, empty, insert, notMember, size)

import Data.Tuple (swap)
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d4 = [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 - j)), — 180
trans (A(i, j) — (G, 9 - i))] — 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
uniqueAdd ¢ s = if all (‘notMember’ s) [f c | f < d4]
then insert c s else 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 MER:

[3,6,4,1,8,5,7,2],[3,6,8,1,4,7,5,2], [4,1,5,8,6,3,7,2], [4,2,7,3,6,8,5,1]
[4’6’8’371’7’5’2])[4’7’1’8’5’2’6’3])[5’2’4’7’3’8’6’1])[5’3’8’4’771’6’2]
[5’7)1’3)8’6)4’2])[5)7’4)1’3)8’6)2]’[6’2)7’1)4’8)5’3])[6)4’7)1’8)2’5)3]

BE 14.6

14.6.1. (BCKBER 7 e (] ) R RGO, (A5 e mT DARR IR n S A IR 1R O
BATRZRH n AR, SFIRSRIR]

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

BER 147

14.7.1. BOBY R LRSH IR, FHEMA GRS || + |y| &/, DREAREDK R,

import Data.List
import Data.Function (on)

— Extended Euclidean Algorithm
gcmex a 0 = (a, 1, 0)
gcmex a b = (g, y', x' = y' % (a ‘div’ b)) where

(g, x', y') = gcmex b (a "mod” b)
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— Solve the linear Diophantine equation ax + by = ¢
solve abc | ¢ 'md" 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 = 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 ¢
=x1 -k % u
=yl + k x v
minimumBy (compare ‘on’ (A1 — abs (x1 - i * u) +

abs (yl1 + i * v))) [-m..m]

m = max (abs x1 ‘div’ u) (abs yl ‘div’ v)

x < X

— Populate the steps
water a b ¢ = if 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 0 0 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

H2NE, B2 WA —ZRFE RS 5, 2.2.3 75,

BEE 14.8

R SR,

FATH 0 B 73X 8 DMEFHIHPIREM T, Hrp 0 R, AT, JEHIH
FRILAR AL, BATRHRR N 0 EHFIR A GR8E), MaRahE R,
ARSI A5 U B 2 SK R, A e B SKERIN, Ak sk /e [ B R R, R, iRz o
FEHESISLER, &R DARIES 5 A0 B BRI 224, ez IRA], BRI 3l R iR
R, T 12048 BHANA REREM T, KPR LS T:

start = [0..7]
end = 0:[7,6..1]

solvel = dfs [[start]] where

dfs [1 =[]
dfs (c:cs)
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| 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 4 (b:0:bs)
(a:as, [0]) — 0O:as # [a]
bk xs = case break (0 —) xs of
([1, 0:bs) — bs 4 [0]
(as, 0:bs) — (init as) H# (0 : last as : bs)
cut xs = case splitAt 4 xs of
((0:as), (x:bs)) — (x:as) + (0:bs)
((x:as), (0:bs)) — (0:as) H (x:bs)
_ — Xs
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[130’736’534’332] ) [17730’635’433’2] K [137’630’534’332] ) [17736’530’433’2] K
(1,7,6,5,4,9,3,2],[1,7,6,5,4,3,0,2],[1,7,6,5,4,3,2,0], [0,7,6,5,4,3,2,1]

BEE 14.9
SIS RAHE % B0 2R A4 A2,

data Node<T> {
Optional<T> c = Nothing
Int w
Node<T> left = null, right = null

Bool isLeaf() = (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 = 1if ts[n-1] < ts[n-2] then n - 2 else n - 1
swap(ts[il, ts[jl)

}
ts[n-2] = merge(ts[n-1], ts[n-2])
ts.poplLast()

}
return ts[0]

Map<T, [T]> codeTab(Node<T> t, [T] bits = [], Map<T, [T]> codes = {}) {

if t.disLeaf() {
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codes[t.c] = bits
} else {
codeTab(t.left, bits + [0], codes)
codeTab(t.right, bits 4+ [1], codes)
}

return codes

BEER 14.10

14.10.1. i FHHESRAGIE NG R S : AN HE T H 748, 5 e Tl

14.10.2.

14.10.3.

H=0: ©
Huffman H = ¢ |H|=1: pop H

&y - Huffman (push (merge t, t,) H")

Hrr: (t,,H') = pop H, (ty, H") = pop H’

1:
2
3
4
5

6

function HUFFMAN(H)
while |H| > 1 do
t, < PoP(H)
t, < PoP(H)
PUsH(H, MERGE(t,, tp))
return Por(H)

QR CAAE R RAIR A, 74— DRI R RIS I R 2 7774
MBI Q RRIFEFFEE R AWM Q M1 A SKEREUEBUINIRE, SFHFE AL, 4
BRSERIRPATE G, IASI AR TR R — AR, BIRZRAIIG R S/, 1 SRINX
—Jiike

Huffman (t:ts) = build (t, (ts,@)), HH:

build (t,([1,2)) = ¢
build (t,h) = build (extract (ts,push (merge t t') q))

Hrb: (¢, (ts,q)) = extract h

extract (t:ts,@)) = (t,(ts, D))
(t,([1.q), HH 2 (t,q') = pop q
t<t: (t,(t:ts,q)), HH : (t',¢') = pop q
t<t': (t(ts,q))

extract ([ ],q) =

extract (t:ts,q) =

ZEMREM T, AN Z N SEING K 2 g,
decode = snd o (foldl lookup (T, ])), HH:
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lookup ((w,c),cs) b = (T,c:cs)
lookup ((w,l,r),cs) b = if b =0 then (I,cs) else (r,cs)

BEER 14.11

14.11.1. EREMEREE R K AT AR R LA

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 =y
then 1 + (tab “dndex’ (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 =y = get (xs, i-1) (ys, j-1) 4 [x]
| (tab “dindex’ (i-1) “index’ j) > (tab ‘dindex’ i ‘dindex’ (j-1)) =
get (xs, i-1) ((y:ys), 3)
| otherwise = get ((x:xs), i) (ys, j-1)

BER 14.12

14.12.1. MK AF AR, 75— B JRA_ERER RSP IER RPN E

7517, N ARERAIL, W AR R, 'NW AARFAIL, XETTAEREK
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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]1 {
c[i][j] = (fst(c[i-11[j-1]) + 1, DIR.NW)
} else {
c[i1[j] = if fst(c[i-11[j1) > fst(c[i]1[j-11)
then (fst(c[i-1][j]), DIR.N)
else (fst(c[i][j-1]), DIR.W)
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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 — DIR.W {

n=n -

=

}

return reverse(r)

14.12.2. NTFFHEME LR, =&/ 1 <0 <uBLAa? ENREEH U7
A ESRAFE TR (BRI 0), MAEFER T <0 <u A—TERL, FIERERZE
EBES X, FERARGE/NT 0, H 1 = min(X), RZEHBEAKNES
EBRARIEERT 0, H u = max(X),

14.12.3. SRANTFRF BB A A g SR BE 29

Int lev([K] s, [K] t) {
[[Int]] d = [[0]*n]*m //d[i1[j]: distance between s[:i] and t[:j]
for Int i = 0 to length(s) {
d[i]1[0] =1 //drop all chars of source prefix gives []
}
for Int j = 0 to length(t) {
d[0][j] =] //insert all chars of target prefix to []
}
for Int j = 1 to length(t) {
for i = 1 to length(m) {
c = if s[i-1] — t[j-1] then 0 else 1
d[i1[j] = min([d[i-11[]j] + 1, //deletion
dfilfj-11 + 1, //insertion
d[i-1]1[j-1] 4+ c]) //substitution

}
return d[length(s)][length(t)]
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<http://fsf.org/>

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.
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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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