HARRIA

\
N

XIHTE L
2023 #£ 5 A 3 H
X
, — 1 11 _
Vers1on:6:7;)5:1+I+ﬁ+1.2.3+~~-72.718283

Email: liuxinyu95@gmail.com






B
H 5

REBANHERE 2SI HARRE, ERR T wmiEsezg, KRmK, R2AELES
RARA Eo SAMRBA TR REMAL a8 S RIERE, KR Bk 92 HE A AR
HAREMBRAE, BEE TIEBRIRIL, RSB RIEF & Ca s ler 1
BATRFE T RNAIER, MAH B CEFT S, RIEERR—L “Gf7 1R
N, STEREA G, ERITEE NEM R,

/Al AL

HEME  [EREEE DA JREARE DR RN (05—
=), BMIEHEAEFERRASUE, MBMIES, RITKA. HIESMS, JRIMFEEK
B —N/NTRE # 5 T, BRIRER RS, T EAEFEHSFIIRE—D
HlFH:

[18, 4, 8, 9, 16, 1, 14, 7, 19, 3, 0, 5, 2, 11, 6]

AERXDINR PR/ EREE 10, XPMEAEE EXZARR, A0 Az
RN H T i ek -
1: function MIN-FREE(A)
2 4+ 0
3 loop
4: if ¢ A then
5 return z
6 else
7 T x+1
HATFS ¢ BT
: function ‘¢’(z, X)
for i + 1 to | X| do
if x = X[i] then

return False

return True
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function MIN-FREE(A)
F < [False, False, ..., False] >n+ 14

1:
2
3: for x in A do
4 if x < n then
5 F[x] + True
6: for i + 0 ton do
if F'[i| = False then
8: return ¢
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BN search(A,lu), HHF 1 ETFR, v bR, &®B, 1 =0, =4 -1, Bl
minfree(A) = search(A,0,|A| —1)o
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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=zecAz<m|A"=[xecAz>m

RX—TTEANTFEGINER Ly BIRFTFE O(|Al) IREEEXI 7> A F0 A, R RLAR
Wb, ERERMN T(n) = T(n/2) + O(n), i EEEMEEIER O(n), Tl HIATDL
AR B —IRTEE O(n) IRHLESN 77, BoIRTEIEB O(n/2) IR, FE=IRTELE
B OMn/4)R...... BB O(n+n/2+n/4+..) = O(2n) = O(n), NHIK Haskell
ARSI T IX— R,

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= (1L +u) ‘div’ 2
(as, bs) = partition (<m) xs

BRI TR AN FAREZ O(lgn)o FRATRT LATHBRIEEVT HIA 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: M Alleft] <+ Alright]
o: left < left+1

10: if left <m + 1 then

11: u < left

12: else

13: I+ left

WE 1R, XEREPNBAEAFRTTRIET . left ZHIRIITREBAKRT m,
i left # right Z [AIITCRART mo

BIATFRE O(1gn) FIK=sE, (HR]LUEE R It MR




iv o

left right

b

Ali]<=m Ali]>m L

B 1 BN, AT 0 <i < left BITCERWRE Afi] <m, LT left <i < right BT
RIE Ali] > m, FIRITTRAARLE,

IERLEL

B IEEUZ AN FHEE 1500 DEMEL. EMEBRERAEE 2. 3. 5 X=FKF
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BATATLAM 19146, B—Ae&RTH B, MM 20 30 5 RER T ARrA
o, MERKGEREGN:
1: function REGULAR-NUMBER(n)

2: r+1
3: while n > 0 do

4: rz+—z+1

5: if VALID?(z) then
6: n<n-—1

7: return z

8: function VALID?(z)
9: while z mod 2 = 0 do

10: T x/2

11: while x mod 3 =0 do
12: x4 x/3

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

15: return x =17

BEE n BER, F5A8TR FMNRIEE I, ERAERTHHENLE, H CIES KR E 40.39
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OAIRENZE 1500 DNEREL (860934420),
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TR, XA AL AL 490 A ] A /INBRAR I AL IE RO H1lo.- Tl 1] PAE FHBA
HIRAEDR, BIIMN—MIIIATER, 5—MEHITR, JERAR e, X —FRk
BARNFeHESCH FIFO (First In First Out)o Jei58 0 DNIEREL 1 AMABSI, A#i A
MU IERLEL, 2BIFERA 2, 3. 5, 774 3 NEMBGF R/ R HAT ARSI,
nSSET A RTRE A T I, WEFLDORES, Hriel st/ N INBRIEL, 1Eid
NN FTEREFEMRIR/NIFE, WE 2 Frr.

I
1#2=2 1#3=3 1#5=5 2%2=4 2%3=6 2#5=10
(a) 1 APBA (b) 2. 3. 5 AR\
3[4[s]s]10] 4[s[e]o]10[15]
3%2=6 3%3=9 3*5=15 4#2=8 4%3=12 4%5=20
(c) 4. 6. 10 ABA (d) 9. 15 ABA, £7 6
2: |45

HREIX — S A SR
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, 37)
7 UNIQUE-ENQUEUE(Q, 5z)
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

13: 141+1
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14: if i > m 8 z # QJi] then
15: INSERT(Q, 7, x)

K FEER m BIAFI, UNIQUE-ENQUEUE T3 2 O(m) I [AITE R, FTCEEHIHA
WitER. PAFIRKEREE n &M (BEREH - NMeRZBEA=ZTHITR, HNAL
R <2), BRBTNEAN O +2+3+...+n)=0(n?. E 38R TAFIRITIRREL
Mn ZERIRER, TBIRONZIREHEZR, RELH O(n?) MEZE,

Queue access time - N
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R 1amEDTk, MXRET s

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

H zos RoRBGICE o 1EEEE s BIRTHE, 1£ Lisp HIXMERVEFRN cons, 1
B 0 DEMEL, fERATH. U IR,
a<b: a:asU(b:bs)
(a:as)U (b:bs) =<a=b: a:asUbs
a>b: b:(atas)Ubs

Wt Haskell Il FFE5F

xs =1 : (map (*2) xs) ‘merge’ (map (*3) xs) ‘merge’ (map (*5) 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

J#id xs 1! 1500, AJRAMSEIZE 1500 MEME, ERENTENLE, X—EF
FF 0.03 7,
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1: function REGULAR-NUMBER(n)

2 T+ 1

3 Q2 <+ {2}, Q23 < {3}, Qa5 < {5}
4 while n > 0 do

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

7 DEQUEUE(Q2)

8 ENQUEUE(Q3, 2)

9 ENQUEUE(Q23, 31)

10: ENQUEUE(Q235, bx)

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

13: ENQUEUE(Q23, 31)

14: ENQUEUE(Q235, bx)

15: else

16: DEQUEUE(Qa235)

17: ENQUEUE(Q235, 57)

18: n<n-—1

19: return z

BUEMEIS n iR BIRMN=BFIFF I B/ VTR, X —PREE BN, #5
IRFEEH TTRAERIRAS, F2E— B = BRI, X —D R E i, 5D
RIREIREN O(n),
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TS T NIRAZEE D MG EREA U, R R B RARET R E NRIEIE S
—JTHE 2 B R, 55— HgwEE S a2, AT FEZE AR
RIEFIECEACIEN TR TE X, I DL~ A5, BREEAREIZE Haskell,
an L NARBIZE T LIHE S IR & 1A,

AFAR CRIEFTE) M 2009 FHIEFE, 2017 FHiiR, 2020 FRAHES,
2022 4F 2 ASERL T 8 MR, FLFhRA] DATE github R3S, WURABEIRGAR, 15
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12 n MEF 1, 2, ., n, MG, BNRIRFEEETEL T, FFEE— M
PR T yo RIZ 1 <y <n, RIF—DITIRREWAELIER TR, FHEESRINK
H:ll xT *ﬂ Yo

1.3. FZE—BoRIEMERIAIE, 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]

S i
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1.1 fa4r

IR R B e S R BRI A, e BRI TR
Hads, BB R - HIESNFEXIR, SMEERTHE - MTF RS XM
P e EE N B, BEHRR/NEARE, @R, 5E8EARR,
FIRBIAR/NEFRWICHE, A ABEN AT R. BT DAMSKB AR P 51 3%
HEITEER. FERRER RIS, FIRMHXEEN T R ANE S il E i (F
Lo T OLMEMIR (map), IE (filter), BN (fold) FHEIRRIELE, ] ABNS
X8, HERENS ZFITA M,

1.2 X

FIRXFREAAER, 22— EdRai, HiE SO —PHIREFE =, 1]
N []EUNIL; sREES—DIERM— DI, B 1.1 R 7 — i T S R
%, BOTREEWEY, — PR (WHRME key) MI—DFHIK, faHAFHIRA
FIFEEMAE nexto &G — W R THIRAZ,

1.1: BT R ARSI 3R

BT REAERE TR L, B NIL, W ERE SRS 2 &
XA, Flan:

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

REERIWEIIE S5 M NIL B, FEMMARINTIERRTEYIR: —
MERZMEH NIL (3 null 8¢ @) ; ZH—#EE—MIIK, EAEAEMTR, RN

EERZ, lambda (TR LSO LR AR O, 0,
LRI, FIFhTERAE SRR, RS (U Lisp) HEE RS,

1




2 .00 O#

[lo ESRBLE, Z5IAASHNAE, H[] NFHEZENT.

1.2.1 5@

ZE —MRPEAIER X, BAE XN EEL S R HIERBCLE TR AR, E
IHEEW 2N first X Fl rest X, 83&F head X M tail X4 k2, FANITATAMN—
MICER o MIFIER zs (AIAZS) WG S —FIR, 108 viose X — GBI /E
cons, FAMTHUW FREAZ:

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

tail (z:xs) =uxs

BAEA = FRBE—DILR, W X BRFRINE, Bl X = (21,20, 23, ..,

X/ = [II?Q,.’Eg, »--]o
#>] 1.2

1.2.1. XFILERRAEDN A KPR, WRAEWHIM{TAM N ITR 2,y € A REWHFE, &
M= NEERATH N RZ AR,

1.2.2  FIRIIEARRIE

MRPEE X, BATTAT ORI I RAIRAT KL . BHIRATKE Y 0, TARZESIFRAY
KERRES ~INITRIFHIRKEMN—,

length [] = 0

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

K i AR R, HINRIEAAER O(n), Hifn BITRML, AL
METRFBEIHE S, BAVER | X| RFRINER X FRE, TR e, 3,7
A DR REFEE—NRRS, FHFEBNSPRTRNERX 28, PH2IE
KERREASLEL:

1: function LENGTH(X)
2 n<+0

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

5 X + NEXT(X)

6: return n

SAPEERELIIH f(x) 128 f z, ZTE f(z,y,...,2) BAfzy ... 2
fF Lisp 1, HITFHBEEN, BG4 A car A cdr F LAMRER Y HLEs P77 178 7]



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
BATBOEIRA B HNRAIE D GREN [], HNAITARARE XK, @ B
INHAT R MERE X, i > | X|, B, REELNTIRSHIRNE  — | X|
MBI, BT, i <0, RER T EERME 0, RN
FIRRIFEN MRS ERIEN. BHTRENE P, RIIERINEEIREN O(i).
TR M AEREREL
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) BNERSEHAH, X ABSERE? @ AN SEE?

1.2.4 KREIHE

FAAE— R first /rest NFRAJERE, #5709 last /inite XN TARRBHNIR X = (21, 20, ..., 7],
BRI last IRBIREICER ,, M init REIFHIR (21, 20, ..., w—1]o BIRIXFOTRIEL
AR, 1H last/init 75253, FIMRZLRIER R,

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

last /init R A MBS HIRIIEIL, HEA [, FTARRE XK, NHEZH
I AIEARSE I,

1: function LAST(X)

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

6: return x



4 .00 O#

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")

IniT JEIE Cons BREER, X AMNFIR BTN, &ioHE TS R EE
Wk (WET 1.3.2),

1.2.5 RI&E5|

last B RIARG—FRHE, BH—RITE X IRBEIRPIEESE i TR, &
BEENEBRZIBEIMRX: F—U00RBANRKE n, BE00RE n —i — 11L&

lastAt i X = getAt (| X|—i—1) L

AT fRIE R AEFPNMEE po #1 po, ENTAEEE i 22, Bl rest'(py) = pr, HH
rest'(py) RNEEHATHREL rest i R, WHLZWEL, M po BB i FEEATENE pro po
—HaataIBERISLE, AERNMETRINTN], B p, 2NEERNES. S
B py TRUFHEMIBIEEE « NoE, B 1.2 MR TIX—71%. HT py,p EH—E,
X— RIS & 17,

p2 pl

/ \

M I S I e S e

(a) p2 FEIAIRSL, B py ZJ5 i s

p2 pl

/ \

|ﬂﬂ|k»ﬂﬂmH—> . a»H@ﬂl—» “.-+»Mﬂ|

(b) 5 p1 FREREN, po FEAGEER i 1

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)

AR BB R RE IR E TR, WIRATATARNGE T X = (21, 22, ..., 2,] T
Y = [24, Tig1, oo Tn), FHHY BERERT i — 1 DITREHIFHIK,

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£ Intr 1, ATDAFH AppPeND(X', FIRST(X)) K&t Cons 47
1.4.2. 1£ LAST-AT 1, U0/ AC B 51 R AR F A TE L2

1.2.6 W

EIRE AN, A B MIBR, SR EEIARAE SCEIN QI HT 51)3%,
M EAFARSF (persist) A, FAEELRIRRBERFE YR (1, 552 %),

UNIIAR N append, 1 cons XFR, cons TEFRKIENN, append fFEAREH M, it
WHRAE snoc (K cons ROSKDT ), BT ZEiwHEFIRER, FAHERREN O(n),
Hrhn BYIRIKE, TG REEN, BAT0] UG REHA B TR, HHEES)
FAAHAT T,

append [z = [z] (1.8)
append (y:ys) x = y:append ys x

XA IEARSEEAN R 5

SERMIRF RN cons « xs. append xs 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 AR E LB next SIHINAE, @1 R pg#+4mg :

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

il get At 8L, BATTRER BN RIFNFRHHITEE N B LMEBOTR,

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

X—BIERN S 2ER O(i), Hr i 2EBREIAE,

23] 1.5

L5.1. FEAIRATE AN — PR & tail, REZSINRTE ML H LU H,
1.5.2. A RLIZFEHT tail ZE? AIERER ([ATRZMN?
1.5.3. £ set At 1, QHAAEIRZESISRAIAAIIE L2

A

FIRIBANAWNFMARINE S (D) EfEMERA—DITR, K8 insert i ¢ X,
HAHIMN set At KL (2) EEFAERFTHIANITR, HEERIAZEFH,
| inse.rt Ozys = z: ys | (1.10)
insert i x (y:ys) = y:insert (i—1) z ys
4 i AR, FATTA] DORF EAREEIN, WA S, T R ik
USRI

1: function INSERT(7, 2, X)
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2: if i = 0 then
return CoNs(z, X)

@

4: H+X

5: p+— X

6: while ¢ > 0 and X # NIL do
7: p+— X

8: X <+ REST(X)

9: 1—i—1

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

LHNR X = (21,29, .., 2,) OFF, BINEEL1<i<j<n, B <zj0 X
H <& SCEMARE, BRI DURRIETA PRI, fs > (BF). £ENEEX
RE, BATEXERFHEA, HEIIRREER,

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

EHM oy insert x ys

insert x (y:ys) = {

T 2B —HRITR, MARNNBEEREN O(n), Hibn B2KE, MMATIER
SEERANR
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

HIRFZPARARLE, BATRTAKIRAHT . B —RoTRigF Az — 1P a515%
Ho HTRIZFRAERREIER, FrbAX—HiPIEREN O(n?),

sort [] = 1]

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

BATATLAHERRIEI, S —MEREIE: B—WIIRPEUH TR I 7 A F 4,
R
1: function SORT(X)
2: S « NIL
3: while X # NIL do

(1.12)



4: S < INSERT(FIRST(X), S)
5: X < REST(X)
6: return S

FENEA BRI Z], 45R8RE R ORI, FEIAKEMEL, ellfs -4
AR JTE MG RS, e NG, BIHERE Bzl
(BT 1.2.7) HPFRINATERIX —Z5R. 8 3 BRI gimAHE R, tErERE i
fittts

3] 1.6

1.6.1. HAMAME@RFN, RHIZMRIRAR,
1.6.2. FFBEAAKLBHBARE, MALE  FRTAETRFEEZREE)— MIE,

MR

AL, MIBRBAEMAES X (1) FEfEEMBEMPRTR deldt i X; (2) &
BIEMETFMIBR delete 2 Xo N TMMBRAIE ¢ TR, FATESEATHE i P ENEEHIRGL
B, REPE— IR, FRRERIERITK,

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

HFRZERH  SHPUTIER, X—FEERNRRIERER O(), NHEMHMNIFHER
Sz

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 14—1—1

6 p+— X

7 X < REST(X)

8: if X # NIL then

9: REST(p) < REST(X)

10: return REST(S)

N TR FE A, BATSIAR— MBI A S, EEE—MRRIE
1, JHEm X /A S, BATA] Lz etYIBR X PRIEMT A, kT R, BE
SRR (ENEERIRIE], FFEF S B, “EHFFMER" ST DAE—2 4170
GO (1) (UREEE — N HBIRTRIFMIER; (2) IKEIFTE ST RER TR
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bR JEH MM, WATES,

delete x [] = []
{x—y: ys (1.14)

rF£y: y:delete x ys

delete = (y:ys) =

A% ZiE P AR B HERAC R, X —FIANEREN O(n), Honh

K, RS, BATMRIART DA A B R R (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. WHEAHNIMRE R, SMERAE ST TR T E AR — ME,

EE A
BRI ERE —RIE R, IINERIAFIREERIMA—DITR, M5
REHIMAZANITR, HINGIEE 2 RSB, WA BRI TERER TR
Tig. 2 |as| =n, |ys| =m, HRMDFIRIKE, BRI FRZE AR E
B, SAERI m R, BREEZRERN O+ (n+1)+ ...+ (n+m)) = O(nm +m?),
rsH[] = ws
xsH# (y:ys) = append xs y - ys

1M cons AREEREL (HEUNTED, FATAIAATHE] s B AREEE] yso

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

SRR R E RN O(n), fEMSRINGE, B FHERG M, ATASKELE
BN R R E (ARSI SR,
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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

AT HFERYIRNF S, eNAERRNHHEL, £57 1.5, &
T EAMTE TR, & XEHRIFY 00 BN 1.
sum[] = 0 product [|] = 1 (1.16)
sum (z:xs) = xz+sumaxzs  product(x:xs) = x-product xs .
AR R Z R EENIER, BAREN O(n), Hirn NKE, K, KEHS
MAETAZETT R, Bl Ta] LR B A4 BB R, SRAII A 0 JF4a Ehn. R
A 1 IR 23R,

sum' a[] = a prod a|] = a

sum’ a (z:zs) = sum (x+a)xs  prod a (x:xs) = prod (z-a) xs
(1.17)
sk, TATLL 0 NEMEISEIAE sum’, L1 NEFVEBEH prod’ :

sum xs = sum’ 0 xs product xs = prod 1 xs (1.18)
B A AT AR T K
sum = sum’ 0 product = prod’ 1

Pl AL Z B 2FK5/R (Schonfinkel, 1889 - 1942) 7£ 1924 FE42 Y, WEHiva/R - FTE
TE 1958 R J5 T2 1, FEZITHREL f (2, y), MRFUEAN o, EREEH— KT
y I—TCEREL: g(y) = f(x,y), IBHN g = f xo W BIZICHREL (2,9, ..., 2), BITMKIX
EASHY, DA —RINREL f, f 2, f oy, ..o BAFRZFERVEHNFT R, ©
A A Z TR B A R — RS — TR EL, B f(2,y, . 2) = f(2) () (2) = f2 Yy ... 20

FRHEREE, HEFZRNMNERS, HHIEFIEFPESGR, KESHT @
Ho FrERESIENZE (B o) A, HEFAH BINEAHIEHTR), XK
ARSI AT — B H A NIERR, A RXFERRECY “Bi#ia” (8t “BIEaH"), #riX
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FIEBRIEIFEIIL D “REIa g™ 1, AR, TEIXRERE, @BITRATEL
REEER, FEIBIFIUMn] DI HESR s R RE,  FFlE g i T388 V30 VRIS R T AT AR e H
EET RTHEAHFE s, H@BESKBME RN TR T, TATHAT DU H %
NI :

sort' a[] = a

(1.19)

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

XA AT DA OR N | | TENRGEIR EIER: sort = sort’ [ |, TENE
AR BLARIEI -, FATTH EAM A Rt R o (1)) 1,16 W.) . BT
M1 FFEEE L, b £ n R, XZ—1 O(n) WEIK !

function Pow(b,n)

z+1

1:
2

3: loop n X
4 r1x-b
5

return x

FREITE b (SRR, FEREIERSATMIIEN, rTRMSE] 2 = 0 R, TN,
BAEFTH « FLo 155 63, RILAEZFHXIFEL 02, MMEE] bt RIEFHXFETT, B
ALAMEE] (b1)? = b5, IXFEEFIEHEIEIA 3 IR, MAE 8 IR, £ n 1AUF N 2 EEER
w, Bln=2m Horm 2IE008E, FATATDUH R 77 EPETR o

b= b
o= (b3)?

REIX— MRS, BATAT LR n ) EMERAIAEREL: i n = 0, EX 0 = 1;
A on R, K 8E, JeitRE o, RIEERERTTT; B o AFE, WAn-12
%, PTRAJCIBIATHE b, RIGFRISEE IR L bo

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

B2, BKAMTIREREIOVEE, Mit, BT DUERIRECETT, RE
FPREE R

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

gdix— &k, Aa] LR RIRH O iR, BATEEENX 0" = pow(b,n, 1) T
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H,
pow(b,0,a) = a
n
2ln:  pow(b?, —,a 1.22
pow(b,n,a) = | ( 2 ) ( )
BN pow(b,n — 1,ab)

X—FENTERER O(lgn)o FRATIETT DAGRSECRE, WK n RN HEHIEL
n = (Gmm_1...0100)2, WHF a; =1, BATERHADE, FEIE ¥, XM I HE
HITEMAREML (BT 10.2), A RGN 1 FRHHRE R, RS —EmRSE
IGHIEER, Flan, HiHE e N, 11 HR#FY 11 = (1011), =22 + 2+ 1, K
oM = 02" x b2 x b FRATTAT DAEIE A R RS B T

L&, Bb;

2. NIX—g5 RS2 v?;

3. K5 2 BINGEFE T, T E] v2°;
4. %5 3 BIEERTE T, 15807,

o, BATREE 10 20 T8 4 DPRUEERREI—E, [J8v". Z7b, BATRTLAK
R

pow(b,0,a) = a

n
2in:  pow(b?, 5 a) (1.23)
A2 pow(d?, |5, ab)

pow(b,n,a) = {

R—FIEAR LR n AAR)— D Z#EHIA GEITR n BREA 2), HERIRAL
(LSB: Least Significant Bit) /30, n N{EE, A TEIRECE T, h8u0EH, ToFRsEE
BREER a0 RN LEBIFRIES 3 05 %5 LSB A1, n NAEE. bR TRIRECETT,
EER b RBNRLE R o b5 Hn oW, BATCEHET n RIFTEAL, RALRIN
B RMUE ao TEAEAMINEE, BEFTHRECY, BAJGHTEE n, FIREER o SRR
WA = a(b))V o WERTRIEIEY n NEFEIN, SO HB— A EEOH TR
X —BOE IR n e 5 on B ZERIFRRHE m A, XF—FEAHE m i, 34
SRERIEIREIRN O(lgn)o B —RIER A L LI NGRS,

[EIZRF, SR, fEIRASEEIA, JAT—i2@ls, —iaR A= RM
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

HMFSRIE R, BATA] PLRER SRSCIOIEHETT K n! = product [1..n],

1.2.8 e AfERIE/IME

WRARE A RANIRARTTRAEATIRR, WFERA, &/IMH. max / min A3
BEHIMR: BHRBAE —DITE [11], &8RN 2y BN, BT THIFRA T
BR. BUME, FHFMFRSITR S RIRAE 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)
XA NG AL E], AT DI A NI, F I R&E T “1E
27 AhIEES, RIMEAINHe, SRAGEREAZ COHEE P RIRK. &/ME. PLmin
ot

min’ a[] = a
r<a: min' zzs (1.25)

LN min’ @ xs

min’ a (z:xs5) = {
5 sum/ /prod ANE, FATAREM min’ / max’ fEA—DNEEAENEIAE, BRI
F o0 (FIEAEF):
min = min’ oo max = max’ —oo

FEIEK, R/MECOTIESFIRAE X, 1 LAERSLTTEE AER B G
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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: function MIN(X)
m < FIRST(X)
X < REsT(X)
while X # NIL do
if FIRST(X) < m then
m <— FIRsST(X)

7: X <+ REST(X)

A S A v

8: return m
H—REIBIASEE, AT DA FFCAC RN B Rds. @A, mTaRpED
AWAPIER, BAFREHATHDIER, ZF 1, RIRRSEEHFIRITR, P
min MBI, max BISZIS HXFR,
min [z] = =z
1 < Tz : min (x1:29) (1.27)
A min (za:xs)

min (z1:29:28) = {

3] 1.8

1.8.1. fHHEHEITLIN length
1.8.2. fEH n R ERHIE, LR om FBRETFE, REREN O(gn)

1.3 7%

MREFER, AMRMARRRZ: —REREIIREEH, (TR, 55—
WALBIRE N, ABEERMIFSNRA R, Renlth, FAPRREFSIREHIZH N
B,

1.3.1 Bt
BATTEL — LB ARINHBE 25— DB 7K — W A RR e 745
B, WAL [3, 1, 2, 4, 5] ¥HiJ9 [“three”, “one”, “two”, “four”, “five”],
toStr [] = []
toStr (z:xs) = (str x):toStr xs
FoABIFRRTHRIASU, FE— D7, &S T8, FUElmE s
Ry, flan:

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

(1.28)

[zero, zoo, ...]]
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BT RBANCE —BoeE, fiin (EFENID), SRR HITRE:

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

IAEFRATTELR M, N EFRE, WD RIR R B 2? s R g —
DRIASIER, RN RIAEZES B EF R HIR 21—, JEW: [a, but,
can, ...Jo BANFERH—MERF, K—4mia/ IRERT FI RS — > iR
o EIE N —ERE, BEZ— DRI/ REIR, HREREEmZEIE, i1t
F—'n%i‘ﬁltr“ NSRRI max By emp xs, HH emp AR LLE R AL,

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

XF—xHE (HAHEER) p = (a,b), & XHHBIFEL:

{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 & N\ max By ATt B B 22 0 R 0R (R EEAE) t max” = max By lesss
&a, VA max” A0 EIASE IR
solve [| = [] (1.32)
solve (x:xs) = (fst (max” x)): solve xs
RERRRAIRIEUARE,  solve Fl toStr R RIFERYHHREEH, FATPRIXAERISS
FHh R N i%— W
map f ] = []
map f (x:zs) = (f x):map f s
map FEZ—PNERE fENSE, ReRENAZEERPRENTR B AR
KBRS RN RRECY S EREC, R 38 A — B, RIERAY
A RTTRME KA B KI7TER, W map FIZREDN:

(1.33)

map :: (A — B) — [A] — [B] (1.34)

B map X —NEEN A — BRI, RER—12EA0N [A] B951RAZ i
NH—DFA [B] KIFIF, LB A] DA B E S~ (RTEAE) -
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toStr = map str solve = map (fst o max”)

Hp fog ZoRHMEEA S, CECNHEE g, RIGHEMARE f, Bl (fog) z =
flg(x)e BAE fAERIT g ZJa. BATAT AN EIRRI A BERE LGS, PRy =
flx) BXT—PMEE X HHTER 2 FIRS Y HHITTER y RIS

Y = {f(2)|z € X} (1.35)

XA AUE ISR SR “ Rt P —3h =7 /R 7 AR (PR ZF FA50) 1,
ARAZEAET, BATEXHRMIIER X FIFIR Y BB Y = [f(2)|z « X], TIAE
FERRE, Ha] IS EEETTR, JIRN 2F RIXXEAE “FIRENR", ©2
— SRR TR, fERNBIF, FMEFMASEE— DM HFIEE, AN
R, & SE—RAHSIERE perm X r, FIZEMKEED n BIFIFR X HIE » DITR

RIS, —36 Py = (nf'r), ORI,

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

(1.36)
ANk 0 MITEHS, SPIRFITRONEUNT r, HPIER N EHIRISIER
([ &N, JATE—BHESRAFED TR o, BHMMEERE n — 1 DR PiksE
r— 1R, REHER « BT RN HIRIETH,
N TECBRE AR ACSEEL, N AIEIRP R T — 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
FEFO N EMNARTEZR A EHENITER, MAFEIEHISIR, Fln
FTEN— IR ITR:
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4: X <+ REST(X)

W, BAEELNEA—NERE P, RREHAIER, & P NAZIEINITE L
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1: function FOrR-EACH(P, X)
2 while X # NIL do
3: P(FIrsT(X))
4: X < REeST(X)
TERBIF, BAIEZE—T “n 247" @ . BTHAE o4, MEEKE, &
MHAT NIEAERE n Ko

L FrE KT TIT
2. PN 20 4. 6. =ATHI R, WERATRSMY, WK anid ki, WA ;
3. B=AMT, R —k0FK. 830 6. 9. LB AT RIS DI ;

Ra—RrE, RARE—FT GEn) WIFEERS, RREE/L302
SEH? BES2RE, B n RITFRRN—F0. 18T (0K, 158), JTEaIHER R KR
[0,0, ..., 0o REKTZRS N 1 8] n, RIEMER—DRT (i, 52/K) BIFIE:

lights = map (i — (i,0)) [1,2,...,n]

X — MR S AN N 0, S5 5RAIZFH n NMIBZARL: L =[(1, 0), (2,0), ...,
(n, 0)]o #1E LI n iR, 1256 (R, B—REBNMHE (j,2), Filj (B jmodi=0)
B K, ZE1-0=1H1-1=0, APHRIIRE « YN 1 — 2

(1.37)

jmodi=0: ,1—x
switch i (j,x)) = {j U )

7 (4, )

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

op[]L = L (1.38)
op (i:is) L = opis (map (switch i) L) .
o, BEUEHE D ITRBNMERMGIE R,
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 |NAYER (AN T A7)
[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]

X RARE R 3 RATDAAN, BRJEH 1 &005%; 4 2% 8 &4, &EH 2
mAT5e; 9 =l 15 AT, BRJEA 3mAT5E; ... BHCRATHIRE N 2 B (i +1)° -1
mit, BRIEA @ k5. FATA] DUEIX —45ie:

O0. ¥ n RSN 12 n, FEREVRZIIRELT, BTG, FraflE2
KE, BATTRTCARE, #IREh & OO R a2 8. N TS0  BILT, 45 i
ATLARE j BEBR (Ronoh ji), WITESE j %, eI RBERaI—IR. FrPAZATHI S5
AAHNHE T, REIRESRRN, N T HtRERIT, BORERETESH
AHANHAFHE, N TEEERE n, 12 S n WIERTHES. S HIMHEILN o,
£ p N n l—PEF, WLAFE—DERE ¢, 18 n = pgo WHLRVL ¢ HE n
MR 7o BRI HAS p # ¢ I, BATAES S HEMA DN AREA T, X6 S| K
B BRAEp =q, N n DERZEETI, XN HRERES S HHm—P 3R
¥, MImFBE BT 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]

BRESZE — MRS, ENMURRTAHIER, el REIF 2 8 2 p RS,
BRI AT LSRR TS, N TRES ) — sy, A=
SERIRTSE S, wRT ASE B AR

1.3.2 ¥

QnAer Y f /N 2 T S e — D B R R R —TEA ST, TR A AR (R AT 5
Mo B—RIEAER: (1) o5 H—-PangEam,; (2) BHovE@EA; 3) K%
IFEAOR A S R IE,  ANEVAMIR B :

reverse[] = []

reverse(z:xs) = append (reverse xs) x
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R TR L, D RRGRIC R REEER, HEAZSIRKG

31 reverse = reverse' | |o

reverse’ a|[] = a (1.41)

reverse’ a (z:xs) = reverse (r:a) xs

AFETFLERERA, cons () BHEBINEERIE, FATARTMIIZREISLHRZ— R H
TLR, FHETERERAE, XHE TREFTREA TR, REERIRH
e B EBAMNRE, BT REEIAICH IR N OE, BT DR AL
{[ZEZDES AW
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

B2, X—BRER T — MR ESIR, MARERSIR EERZ B R
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

e n] DApigidth 7y BDESRY) fr, TR FINFR EE 0, RmX SRR 2
LM TR, take MBIFRHEHIRT n DICER, AHETIREUAE 1 2158 n DITRATH
THIFR: sublist 1 n Xo drop WIIRAHEFET 0 MILR, FNMTMEMRITHIR
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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)

X BRI BRAE  : R n > | X B AT, BRI X N

A FAG e FRATTHEXT B RSN B R AT SR, (P A E 7741, nTA
TEFNRBEATT A7 B AR EE E K ) 5155,

sublist from ent X = take ent (drop (from —1) X) (1.43)
FHNRER, B AL NFEFIA M52 L -
slice from to X = drop (from — 1) (take to X) (1.44)
X [ from, to] TAG M, FATH AT DAFEFEE AL B TSR EITF
splitAt i X = (take i X,drop i X) (1.45)

take/drop THE BN EF AT MY, BATAT DN Y e, HEIEMRERAZ,
AWTEUH A BF TR, RN take While/drop While, ‘EAITE— K& LR Z G AL
M p, MRATE, WHEIERGERIZREIER Y, XA AR IER IR T AR,

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

PIr o A IRER PR P R TR BT L HE s T A1, 18—l — i
ITIXF 2 HE, 1SN A A E N, U)o n] PAOA 2 —RRRI split, Fx
TIARRTERE NN ERYIR I, MERES N TREOW e —5&M0, RIEEAEK
HERKATS, VIn@ERE—NFIIR, —PMEEK%E, 5—MEFERNET. Yl
DEMFREA . —RU2E R RNR K TR, 55— 2N EF AN RK TR,
BIEFRA span, JGEFRN breaks,

spanp [] = ([L[])
. B {(p z): (x:as,bs) HH (as,bs) = span p xs (1.47)
span p (r:xs) = -
G ([, z:2s)

HATRZEEMABOZHEIE, Bal PSS break p = span (—p)e span F break #iF
KA. — BT EME T, ZIEER S, NHEE Span BUIESHL:
SHUEESNE TIXMH AR, Ha0 Python : xs[:m] Al xs[m:] B4 T 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)

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

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

span F break ¥HNRY) 73 NWE 7, THEINRFPPITTE TG T 7R B
WK RS BENET TR, BN EIESAMHEERT:

YW RREE ISP B4 ” “ 77 113 7 CL 7

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

B, SH—AET: X =[15,9,0, 12,11, 7,10, 5, 6, 13, 1, 4, 8, 3, 14, 2],
e TH, SHPRTEEREFHEY:

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

XA EEA L NME, TR R d)E, SRS T PO SR R
(5 6 5)o AP THIRAKEBERIAFHT (58 13 5), BAHEDHBXAMR TR
KA ~o BHTHWMMEMLITER 2. y BE “FN7: o~y RIBIYIR, FIX
FER AN TTR, WREN, M efTE&ET —4H,; S oo y 2B THAF,

]
I

—

group ~ [] =

[]
group ~ [z] = [z

—

T~y (x ys):yss, HH : (ys:yss) = group ~ (y:xs)
group ~ (z:y:xs) =

A0 |:ys:yss
(1.48)
X—BERNNRIEZEN O(n), Hon B2KE, el AHIERR 7 ASLix—
Bk #H X AN, BATKRTHSERYIEN [[1]]o ARG NE ADTTRIF MR
%,%M%mﬁ¢m%“%wz&Mﬁ%ﬁ%ﬁmﬁ%MA%E—ﬁ,EM%%m
=1,
1: function GROUP(~, X)
2: if X = NIL then

3: return [[ ]

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



22 .00 O#

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

ARG ArpenD ARG AL, X—SLBIRINEE 2 E B O(n?),
RO, 7TLAKE AppEND BN Cons, {3 4HREL, AT LAY M|+
RAJSEEEN: group (=) “Mississippi” Fl group (>) Xo AT LAMEH span KRB 34H,
B AN—N&M, span ¥HNIRSBIRPER 7. Hb 2z —BE &N RK IR, &
TN TR B AW AT span AFRFEFTA TR, HEEA span EAFREUZE— TR
B, MR MAERZE TR, Al DM BRI —ER: BE—-TILREA
T KB E 2

group ~ [] = [[]]
group ~ (z:xs) = (z:as):group ~ bs, HH: (as,bs) = span (y — x ~y) xs
(1.49)
BIRIX B R AT DA AR R A R R 5028, (B AIRRE IE Bl g4 1% v
S group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]], BF—NILEE 15, B
WET > WEMBATIR, 15 2YIRPIEAKITE, Kt span EFETLREAET
as W1, T bs A=, XIFANRBEEIR, MERBIEFNIT AN BENHBOET K “FNn7
B RE R, PR, SRR (~) ZOLAME = MER: BRME, G
M R,

1. HRM:: z~x;
2. BB s~y y~ 2= o~ 2
3. MFRE: 2~y oy~

X “Mississippi” 774, #HES (=), RER=ADEOAEWHE, 4T IERS
o BRAMBMARRTETS (&) EAEN RN, EBRT BRMENNRE, K
TeiE 4, F span SEBRRVEE D8RR, K& XBRHIDIE RSN KR,
M — N HBIEN RS, B UeE AR NMER TR R G E &M, XtbE
IE RN
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%> 1.10

1.10.1. fB& take/drop, 4 n EAEN take IR[A] [ ], drop IR[AIEERHIR,
1.10.2. SEEUFERHEI take I drop Bk

1.10.3. ¥ sublist ¥ slice X5 AR, Tt X 1ERSE

1.10.4. &N span BISEIY:

spanp [] = ([,[])
{(p z): (z:as,bs), HH : (as,bs) = span(p, zs)

span p (z:xs) =
pen | ) AW (as,x : bs)

EMBAIAT G HA LI AR

1.5 &M

JUPATE ISR EIRE A B LRGN, XA NG XAHEEA R 1k
HAIRAGEIAVER, BATAT AR SIR R IR B & 2R &7, EAR L
AR ENIVERE, 5 sum. product. sort, EATHE Ik RIS :
FIFRNZEIHIEEIR, SRR 00 KA 10 HEpioh [ ]; AERSTRMEIAZER
AT ITeR, KRG, SR 2HER, HEFRZIF A, BTz SR
RUZE IR N OIGE = (RIVE), —JTsBHMRN e, & XA REE:

h&z[] = =
h & z(xzxs) = z&(h & zwxs)

HIANFIR X = (21,20, ..., 2], HRITRBEIFWOT:

(1.50)

h @b z [$1,$2,...,$n]
= 11D (h & 2z [x2,23,...,Ty))
= 210 (@®(h & z[xs,...,2,]))

= 210 (@@ (.(z,®d(h & 2[])...))
= 21D (2@ (c(xy @ 2)...))

XL AR, EREITHEIT MNRGMITE (o, @ 2), AEIEZEMGET
HE zyo XA 1.3 SRR BT, 3R BT T AARHIRG, 2R A TR i 4l
FAE—iL, LRITNREREHTE, SEUBGER R,

IXEREHR T — MR, WO R T TR — R B CWGERIER
2 te BAIBGEER TN, WORANIEM—NmITE, AW H —oeiglE, BRI
AR BB I, KNS KBRS R R A2 A E .

A fF reduce
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1.3: 4T/

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

=1+(2+(349) =1x(2x (3x20))
=1+ (2+12) =1x (2 x60)
=14+14 =1x120

=15 =120

FARX =R B, R, BT HEMNGM—mTE, JATKEHEIS N
foldr :

foldr f z[] = =z (151)
foldr f z (x:xzs) = fx (foldr f z xs)
R foldr, A5 RKIATLUE AN
Soiwi o =x4 (a4 (T34 oo+ (Tt + 20))-) (1.52)
= foldr (+) 0 [x1, 2, ..., Ty
H?:l r; =1 X (172 X (1,’3 X oo+ (IL‘n_l X .'L"n))) (153)

= foldr (x) 1 [x1,za,...,2y)

HEG R ENMIE: sum = foldr (+) 0 F product = foldr (x) 1, FHAHEF
HIER[EN N sort = foldr insert [ o
BATTAT DHE foldr ¥etoh EIEIT, HHRBMNERGEITH, TATGEILN foldl :

foldl f z[] = =z

(1.54)
foldl f z (xz:xs) = foldl f (f zx) s

PA sum 9, AT DAR I HDR B AR A IR
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foldl (+) 0 [1,2,3,4,5]
= foldl () (0+1) [2,3,4,5]
= foldl (+) (0+1+2) [3,4,5]
= foldl (+) (0+1+2+3) [4,5]
= foldl (+) (0+1+2+3+4) [5]
= foldl (+) (0+1+2+3+4+5)[]
= 0+142+43+4+45

B—PEMR T f 2 o BIHHE, XEEERENTT N, SRR HRRER
HI24 (1,3,6,10,15], —ReKBE, foldl FILARIF N NHEHAIENX (FPEidik):
foldl (@) z [x1,%2,...,Tn]| =2 DX, B2 D ... DTy (1.55)
foldl EREIEVARY, ATDAREHEHSCBIANTEIR, EHARE REDUCE,

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

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

foldr M1 foldl #BAHEEHIN AR, ENPFAERLH, fla, HEsas
XFFN—REIITCER (AR o FATTEE L —A fromList AL, M — YRR A
fe (FTEAE):

fromList = foldr add @

Hip o B2H SR, RABERAGMRIXE—MEa, EREANTRIMERE
TR, ARA BERINERFH RN, foldr WUR— 1 EHIRRIERE, T
foldl WA P HIFIR,, EIRRSKEHIN N T RIS FeIald, Bl Ta] LASE S R85,
AT reduce 11E:

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

ANINNBARSEEER foldl, RONERERITNT, RN HEH XML R,
HHICRAELRR, EAELEIIYIR (HRMEMRESID &, sRREM foldr
NEEE TR NS AR TRE T D IR SRS, IR AT
10

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

IXEARERER foldl, BNHEKIZAZER. SEAREXBIN, FIMHS—

S folde ATHMMERTFS fold, M fold, KEREBIMAF WA, REAEN
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BRRTHIERK, BESMMS2MRA, ©rl AN HEIHEREEE M, AT
X (1092.6 19). BABIRITEE B 2SS TSN, REEHE NHmXmNEA: (D
EX T (BN ; (2) Ao IagE (FIan—8mR R o @ T E)
MITHE— P RIX RSSO, AER. AR,

TERBT, TAPRBUMATH fold Fl map KRR n 2L B, EHAEF, FK
e T — MR, BN eER—ME (G, 5), BENFES i IHEIRES so i
e, WRITHF S @ RELFCEL j BBR, BBERATAVIRAS, X—dFERT LA fold
TE M

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

HIEIN A AT # R K, BT EMIFIREM 1 2 n B5EL HE step EZWD
S BRI  “KTRS RS FIFE step i L = map (switch i) Lo foldr FIZ5HRE
RANTS IARIRSSIR, T RH map NN EHREHIRE, FH sum K
BILSAT B R

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

WM w7 &) E-dAIRERE, S TRENRRE IR, X0
By 22U :

concat = fold, () [ ] (1.57)

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

%> 1.11

1111 N TH foldr B XABRAHEF, FATRAERAREIRL L insert © X, XFEHRFA]
PAFRR AT sort = foldr insert []o foldr FIZRALH:

foldr::(A— B — B)— B — [A] + B

HPE NS FIRIE: A — B — B, #IWHHE 2 NEECH B, BXITE
KA A NFIRATEN, REEERIEEN B, WHTH foldl & SEAHE
J¥? foldl FIZRAIZ( A7

1.11.2. concat MIINTEE ZE R 27 BIHH—DERIERAIY concat FHiko

1.11.3. R foldr K& X map.

1.6 AIRALTIE

BLASIREREMS, AERTAIR, AT HETZENR. MK,
TR DIREIEER . AN RERAIMILR « 248 TA1& X7 FATa] BA
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M AN RN TR 2 AT B

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

X—FRENRNE elem, HIKEN O(n), Hrhn BHIRKE, RESIRAR, 7
RICTRERILE] O(1gn)o IXIRENFNRASRH B RIREALYIR, Tk =
EER (W 35),

FTRY T elem ¥, £ n RATEREA, BAMEM T “8/E" X5 [(k,v)]
XTTREEH, E, FRME “SRBAIRT, BRI R S R O R A E

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

M elem AR, BAINUERNE « FESE, ERERINMAE, HTH#
HA—EFE, BAISINT “AlRE” ECEER Maybe A, EHMAARFRRME: F5
A BIFEAME o D, 2HIEHN Just a BL Nothing, X2 —RfRRS5I AT % ®
(14,22 95),

HE—PY R lookup Bl—RIGDL, AR EEFTHME, MEERKERE -
FHFHITR:

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

BN find p as

find p (x:xs) = {

RERTRER Z N ICRMESRM, find HIREIE—1, TATATDHEEY A
EERHRSRMFRITR, XD EEEVELIE, WA 14 R, BHEN (ZF &
B filter p X = [z]x + X, p 2o

i N —— filter p — &

B 1.4 B [, 20,2y, HH (20, 2h, .20 )0 TR V2l = p(xh).
M find ANF, MSEEEMITERBERM, filter REISHIR, BB
%, WAEBINITER:

filterp [] = []

filter p (z:xs) = {(p x): x: filter p xs (1.63)

S0 filter p xs

SRAUT HELEGRFZIR LAY Optional<A>,
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R—RIENAREMES R, EIEAREMT, RH Arrenp KSR, M4
REZTRER] O(n?). AU Cons BR, WIS R, FATA] AT —IRENE
I TRIA S e (ER>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)) > 2RI R]
6: L + REsT(X)

MG AT H R RIS FE AT DA foldr RE X, WL f A INIITR, IR
TFESMIINBEERF: f p o as =if p x then z:as else as, ESNXIIUEN (F]
BHik):

filter p = foldr (x as — fpx as) [] (1.64)
AP — BRIy (FRfE g 220
filter p = foldr (f p) [ ] (1.65)

kR —MEHBNMES, AMIBRTFNZ, A DO Ar] AT i 57 Y 28 K B FH 1)
TESEM, PR RS SERER 7)o

VLFE— R R AR — D FEE — B, BRI N FIRFRF R, DEfi
N2, RARAE (B 14 %), BAMEERESIE as 25 HIMAEFIR bs H
BRI, XEAWNDRG: HIWT as BER bs FIRTH. JFH. span FEIFEHENFK
TR KATS, RPN IEZE L as. bs FRENITE, & as 2 bs BRI,
12N as C bs,

bs = True
[] = False

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

a=b: asCbs

(1.66)

BT8R, AT E R AN RIE, HBATARER FRERTTERRE G
XFTREHE, RIEMNERER, X— R 5EEHEARR N7 LR R e E,
A DAREEANBIR, ORISR -

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

/] C, PIDARRTHIRIE (AR E), & LBVIRBEMAIRHER, ik
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PisIEk B AW TRIZRIGE :

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

TR R IE SR :
1: function Is-INFIX(A, B)

2 if A = NIL then

3 return TRUE

4 n < |A|

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

7 return TRUE
8 B <+ REST(B)

9: return FALSE
HH T RO TR B eI ], IF AR DI ABTAH, X —BIENE 2R E R
O(nm), HH n flm 2RI INFIRKE, NFR, AT PABZEE B GG
%, NakdE A 22N ERATRISK:
infix? A B =35 € suffixres B,AC S (1.69)
RTAIAY Haskell {51552 /5 {8 FH B R AT SR 71X — 75 1%

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

Hrh isPrefix0of MATHIZ M A, tails WE—NIIRNMAREE (K154
Do

23 1.12

1.12.1. i reverse SCERERM: A A9 R E 2,
1.12.2. BE—NMHIR, BEBHENEES.

1.7  RIPEfsy i

KPR — MR Z S (P80, HDUCE/ D B8R, e Eeit, Hefaes, (EMae
LM, 1E n s KT, TATHIZ — B QI RHRS R map (i — (i,0)) [1,2, ..., no
NT KRBT MINAIR, X zip AL

zipas [] = []
zip[]bs = [] (1.70)
zip (a:as) (b:bs) = (a,b): zip as bs
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X TR B EERFI B R, RIS SRAV K B RN ) — AR, FRAT]
BEATPUREATC T HIFR (RIHEMRIE), H1an° @ zip [0,0,..] [1,2,...,n], H7EHIAE
2R, BATR LA SN RIAFRS A zip [1, 2, ..] [a, an, another, ...]o zip NG
[ AEATEREE R, FRATRTCAA foldr E X 'E. BHREN O(m), HA m ZHEIEHIERK
€, MRIAASEBIN, WREEH AppenDd, HMRES TFENFITIN A, RAILAEH Cons
FREGEER, BRFEAICFH YR, oGS, rJRAVEH A REMEER (I
R — RGO — TR N —FITT RN ),

1: function Z1p(A4, B)

2 C + NIL

5 while A # NIL A B # NIL do

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

6 B < REST(B)

7: return C

WY R zip REKZNIIR, FBLEmERGERMEE T zip. zip3. zip4.....o
ANFATZERN HIEAHEEE, MAEWEITERY, G, BEKRB Y.
R, BT BELLLLLEHN(1.00,0.80,10.05, ... OO ; BUEMLEE A [3,1,0,..],
TR T 3R, 1MEF. 0 NEE, NHNRF RN TS

paysus [] = []
pays []qgs = []
pays (u:us) (q:qs) = ugq:pays us qs
bR T FSRIEE cons, HIFELEWM 2ip AR, RITEHSHRER N f HE
45 zip & X — ORI :

zipWith fas[] = []

zipWith f[]bs = [] (1.71)
zipWith f (a:as) (b:bs) = (f ab): zipWith f as bs
FH zipWith AT DUE XA (RFD P90 A B = sum (zipWith () A B).

zipWith S5 & TE M SRAEIE R] PAE TG 55 ARSI -
F=0:1:zipWith (+) F F' (1.72)

CHIE YR F RGBS, BT, MR E L F 2
RSk RIS PRI, NEB=1eREE, SRR, #RE F
F' AR NTCERRIN,  NEAIEI RS TRT 15 DI

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

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

zip BFIBEE unzip, WRBFIRD R NIR, AILAMER foldr & X 53fiR
(RTEEAL)

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

T SEAKEREIF, HREEARKYIRTE XA U = [(apple, 1.00),
(orange, 0.80), (banana, 10.05), ...], WSEEE MR RBLIIFE: Q = [(apple, 3), (orange,

1), (banana, 0), ...Jo THEERHI, MWRDREBFIRF 2R BATIEE, K51
RHAR:
pay = sum (zipWith (-) snd(unzip U) snd(unzip Q)) (1.74)

zip Ml unzip WHEEEIME N, BATAILAT R zip DIOCERPIERM, 17 sl RS2SR
BICEX, 2Rk B, TERE zip 1 unzip AT DU TR B E 244500 008 i
F12, MmEla S AR AT ARG I (M) R E—&),

HIFR BB E BRI EIE A, N T REEHEENNEE, BIINA
THIEE, off. B BHPIREARRL; A TORESIRPER, dE, H#T
WH, RERXRZEmEINERAE T TERFVIR, BRIOANUEENEERE
F- Rabhi fl Lapalme "] /14 17 X FHIRMNTFZ REGNE L, Haskell FrifE SR AL T
KT HMBIRM IR SR, ED BH TIRZ 5&MEXNEIT, FNEBT “&M
Al EER,

3] 1.13
1.13.1. it iota BiE (FWIEFHRE D HAEZEWT:

o iota(...,n) =1[1,2,3,...,n];
e iota(m,n) = [m,m+1,m+2,...,n], HF m <n;
e iota(m,m+a,...,n) = [m,m+a,m+2a, ... m+kal, k 2HEHm+ka <n
INEoNES 8
o jota(m,m,...) = repeat(m) = [m,m, m,...];
o iota(m,...) =m,m+1,m+2,..Jo
1.13.2. KSR AR 23K zip BIX.
1.13.3. FBINE X zip Fm: EXWDFIRINEBNN foldr2 f 2 xs ys)o
1.13.4. i zip SZFN last At
1.13.5. S5 —MEPMIIRBPERRELNITR, EmNIAGES, 5B
7T RMBRIXEEE TR, FEAREBIAEE D, WE— N HESEARETRIH
Ro SRR PITTRIT MAARFEREF R —8, X—BENERER
ERERT? QHER VR AN BEES A,  A] DA Rl SEEL?
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1.13.6. A] DURISIZRRSR IR AR T L, Bl 1024 ATDARRON: 4 52— 0 —
17 =KW, n=dp..dody (IDRTRN: “dy = dy — .. = dy, o EHPID
MFNRITRHTE o F bo SKILEMNRREEIZHE (HIEERER) .

1.13.7. EMLRIEEF, 1R —MAEERIERISIR: DT ma0 1 DARTHIAL
B, WE 1.6 v, i, SBEATCRIER, Bt —PMRRaEL
RS SEIEIR, I E, RITREKEEIT RN R (B DA
SRR D,

1.5: A TEFAISIER



o E OGRERN

BEHMERIE H PO R R R EREE R, Hve AR (38 128), &
FEERGIH, BAHRBFAANAN, HEERA] ISR (Y 3.4), H—
T, ERBEUIE, BERB N R AR PRSI R e B i Baah
o SRR — R EREERSS Y, TF - ARRRITE (GmfEERkIL) b, She T
MG —BoC e & BIAR M PEIBIFRFSE T —MRE.

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 ELE map 2 = SRR KR 7 S RAS A, ROTH Sia (e s, FHiAE
HELHIR B E N E, XBAEF R T — XAYR M IR, |OTE T — T =X
o —BREXRRENT (2) !, REBE=AED: —NITR ERAEARD I3
v, XA ISCER XM, I8N (1 k,r). A STHBRRONE TG TR, B2
G N T o AT DA — BRI B35 T S e TR BON S s S AN K (A,
ZXEIRIN Tree Ko QRN REA FREONZS, AR M T,
BIFRA 73 R

T RAERMR R R, ERMER DT 2, FFERR . T
TR k), M SRR REENT &5 kDT AEMD SR RE, & 2.2
R T R XAERN, FE 2.1 b, ATDAE R AL AR, —FR =S
REF DURERAY, 1 — AR EOR E R ERAREEI TR °0 T SR AIX

"o RABCEREMIL - FOBMIRETR, ARERER.

TN, FlanR, B, BEFFRR. KRR UNTT KEFS < BRI,
S HEREHATIIRM NT” M T RS RS T,

33
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(a) = XAHHIZER

()
() (o)
() () OO
OB ONNO
(b) — = f

2.1: XMW HEsRIE] 7

A, AR — AR AVE R (key), TR EEBIENE (value),
HEATy Tree (K, V),

B 2.2: ~XARRMAIBET

B 2.3 iz T “XWE RS, RS, EH (DD, £ ARG,
N7 ITE EIEIE S, ATDAE RS AT RIS . FRATHE B RSB RSO R R
W E Cr R EERIEIR) . ARFEMSRGH 70708 o ERBEIMNET, —RAMH
M5 s E, A B A SRS TR SR R EEUE BT

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

insert k &

insert k (I, z,7)

key + satellite data

left

right

parent

(

[}

key + satellite data

key + satellite data

left

left

right

right

parent

parent

2.2 A

MR E (FIHRAEGR) I, FERRNITTRAR. BARET
SR (1) WSROy, A NITEREN kIR (2) IR E/NTARTT A
HITTR, FEBAZIL TR, S, F & mARG 7R, 3k FTRY AT
=N, WHEESAE 1. BT ISR DRTEEE CER), s @dRasmsE
Jem, AT DABOE A, RN, BB B0, MARIRRIRITN, K

NHEZ N A TR :

(2, k,2)

k<ax:
R EE

...7

B 2.3: AT ARG I BEHRHA

(insert k 1, z,r)

(I, xz,insert k r)

35

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)

KBl AR TR DL, A EER 28 T A E AR R, thrT L
HERIEIH, FHERSEIHEA

function INSERT(T), k)

root < T

x <~ CREATE-LEAF(k)

parent < NIL

parent < T

if £ < KEY(T) then
T < LerT(T)

1:
2
3
4
5: while 7" # NIL do
6
7
8
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10:

11:

12:

13:

14:

15:

16:

17:

18:

20:

21:

22:

23:

24:

25:

o

else
T «+ RicHT(T)

PARENT(z) < 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(x) < NIL

return x

Hrp Ky (T) 2R R OE, e AT DUEH T

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

BATRTLAESHER N, H—H TR N = AR

fromList [] = @

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

Oyood

> T N7

BOR B (551 8) K fromList & Xh (FEA) : fromList = foldr insert @

BRI B ar S KIS B AN FRE insert k ¢ F1 INSERT(T, k)o Bl
BRI foldr, JE#EH foldl (BEETHY for TEIR) Re—HTTaREL B — LR :

1: function FROM-LIST(X)

2:

3:

4:

T < NIL
for each x in X do

T + INSERT(T, x)

return T
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2.3

M P AR AR R 7 — AN TR, A =R 77k, sl iy, B
FPiEli. JarpiE . BRI AR RO 1T R S e U a4 i,

o HOFmT: Ui L, RISVIRE T, BRIGViRATFH;

o HFMmT: JeVillE S, RISVIRMRE, RS VIRA T

o R FEVIREFR, RIEVIRG T, ST

FPAERY “Vila” BRI, eV MRS IR SSPRN e, fEViRAES
Z3 S FARAR O, Jeiilal 0 SRV RRFEON R R, X T 2.2 R =X
B, = P AEE R  BIan T

. HiFEH: 4,3,1,2,8,7, 16, 10, 9, 14

o HFEmH: 1,2, 3,4, 7,8, 9,10, 14, 16

o EFB: 2,1,3,7,9, 14, 10, 16, 8, 4

R, A i St M NBIR BT f ot 2R, = XIS RMEE SURUE T

XM (MRS 2.1.3)0 & X map & i TR R f N EE TR B, A
TR B 53 — KR IFIAS HI R

map f & = @
map f (lk,r) = (map f 1, fk,map fr)

WRRVIR, BESTAE, EFEQEDIN, BT AR R
W)

(2.3)

1: function TRAVERSE(T, f)

2 if T'# NIL then

3: TRAVERSE(LEFT(T), f)
1 F(KEX(T))

5 TRAVERSE(RIGHT(T, f))

BATAT AMER map, BT A FPIE DR — R = AR RN G P75

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

T AP 81— M 7k SRR AR I — SUERI, FOR e
R IR, B0 RS sort X = toList (fromList X), S5 B4
ERI 2

(2.4)

sort = toList o fromList (2.5)
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BATAT AN Z Rt T RS (BIMAMEEWE —F),
foldt fgz@ = =z

foldt f gz (Lk,r) = g (foldt fgzl)(fk)(foldt f gzr)

XH f:A— B, RBWHhEAEDN A TTRRGTN B, XA f(k) = mo. BEIBJAM
MNEGTFREM (M 2 ITH6) /58« My, R g K=PEHLASEK g 2 m yo F
A foldt, FATATLATE L= XA RIS map

(2.6)

map [ = foldt f (xmy — (x,m,y)) & (2.7)

foldt fEBNINFIH =TT g TR17 7~ XWHIZER, GHERASRODE Y, A] DAA

TR f : A x B — B SKBIEM, KRN Tree A FIWBMNNZEE N B HIHE:
fold fzo = =z

fold f z (l,k,r) = fold f (f k (fold f z71)) 1

BIan: sum = fold (+) 0K ~ XM ERITTR RIMER, length = fold (x n —

n+1) 0 AfLAGHM T RN, (B2 fold TLIEE X map, KN _JTTEE f BRT
USEET AR

(2.8)

3 2.1
2.1.1. BB THIF RGP FEDNGR, EERN XN, HatEriRDR

ZER,

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

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

o EFIEHEER:?
2.1.2. GeAE I A e Ji R0 Fh e ke I ) 485 SR ER S R
2.1.3. UEBAX SR BT I i I AT DA R T A B N BRI 4
2.14. XTF n MR, WHFNEZRERERTA?
2.1.5. fHERHZBNNE X toList
2.1.6. HRABNEN depth t, PR XRAIEE,

2.4 TR

M T = RERM PR TR B LF B AR, en] DU E SRR AR, X
RN AN R EE, F=FARERRER: 1) ERPER—
N 2) FHERERREER/NTER; 3) EERETRATK (E—) U4k (F—1)
TLHe HEIERALN Tree (K, V) B XIERM P AN © X IE:
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o WRMNZE, o AFLE;
o WMFMRTEITE (k,v) F k=2, G5FRNv;
o WR <k, FEAETHABHEL, SUESTFRFEIHEK,

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

S0 lookup x v

IXHEMH Maybe 287 * AEFREREINITEDL, AR APl (WEBMHE), X T
n PNICERNXR, BEERAEREY O(lgn). WHER R T4, EHAIN RI7E i
IMBEBL N IBILE] O(n)o WFRICKIAYEEN b, WIERBIERIPERER] DARTRK O (h) #Y
fEe DHEZTHEREIRNE RS :
1: function LOOKUP(T, x)
2 while T # NIL H Kev(T) # z do
3 if 2 < KEY(T) then
4: T < LerT(T)
5 else
6 T + RicuT(T)

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

TEZXAREM D, BUNTTRERM TEM S, TERITTR R TH M7
o ATDARIAIX —RHERENM RN, R/INTR. N T IKEIR/IN TR, BATTAT AT
MR, EREMrSONaS, MFRHE, FATa] POsEd A s MRnE i ER AT
o XM EKAITERERZE O(h), Hr h ZRIEYEE,

min (&, k,7) = k max (I,k,@) = k

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

(2.10)

AR EE IR GRS, B0 MNR/NITTRITG, B —HREifs)
FIRATLR, sEERICERE), NEB R R R TR

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

XFHEEER DT FHRTIKESS TR, « KT VTR © < y BB/ yo
R = A TRA A, WA TR R &RAMERZ 4R, B 2.4 o 8 BIR4ETERN

AHNUE Optional<T>2RA s —2E,
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9, B 8 KA TIHRER/IME. IR o« KGOV, TREm LR, $REERITH
— MG p, T p AETFRHIE « FIHIE, £E 24, TR 2 FIERT RIKE S
oy, 1 EEH—PEDTR 1, B2 1 REAEMI, REH EEREDTR 3. 3/
IR 2 BMHSE, IXFE 2 BE4EN 3.

B 2.4: 8 MM HAM I HIR/ME 9; N 7RG 2 HIJE4E, &t bikEl 1, &
BHERETR, 80 ERE] 3, 3 lATFIHEZ 2 RIS, WamE4E 3.

SRR R ARG — BRI TR, ARREIRER TR, Xk
W o ARG (RRE—TITR).
function Succ(z)
if RIGHT(z) # NIL then
return MIN(RIGHT(z))

else

while p # NIL H. z = Ricur(p) do

1:

2

3

4

5: p < PARENT(z)
6

7 T <D
8

p < PARENT(p)

©

return p

4z A IEARIIRIE] NIL, SFHRATIRITER 5 IS HR:
: function PRED(x)
if LEFT(z) # NIL then
return MAX(LEFT(z))

p < PARENT(2)

1
2
3
4: else
5
6 while p # NIL H z = LEFT(p) do
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7 T4 p
8 p < PARENT(p)
9: return p

APRBG I R —IRAMER AT S5 I 50 ARYSEBIEE N B IARIC, DAY
SR [EI I S B RN, FRON zipper(UY) BJE— ), ERETRAGHAFIRR “IF
N—NERAES, BHMPREITR", EARSEINES, BODERE M map 7
wHTATTR, EMESENE, EmSRIMERA AR L

g3 2.2

2.2.1. HWIEANME &k REFETREN Tree K B IERM ¢ H,

2.2.2. fEM PreD Ml Suce K —D XIERRANENESR, HEEH —REE n D
TCRMIRHE JR R AT A2

2.2.3. NEARFA] DUE S — X E (o, b] NYTTER:
for_each (m.lower_bound(12), m.upper_bound(26), f)
1 4 bR B Y 75 TR i DX — [

2.5 JHER

BA AR R G — AR RRA 7 19 R B 70 STRTY N9 A
TLER, GMSOTRITR TR RARITR, BEEMER T RSB — M. MERT S 2
R7TIEIR O s (D) AR 2 B RER A —BRARE T, ERR o U (2)
2R o AWERAEZE T, WG FIPRR/IME y B o, RERIELER y UM,
FATMH T IZAERIRAE . AR R R IMEA T REA RRAEZ 1, IXFELITEE —
MR NS — R, M ERRR R RN A "I, WnEE 25, & 2.6, & 2.7
AR,

Tree

NIL NIL

B 2.5: B U HFI R 2,

®ML 8 OCaml H1H ref 5IHMEE, XBEIAIR T AR,
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Tree
Tree

L
L NIL
(a) MHER 2 Hi (b) MBR 2 JGo = B “Uis” FHH M
TR
Tree
Tree
R
NIL R
(c) MHBR 2 A (d) MHFR 2 fGo = B¢ “Uis” FEdHAM
7SR

& 2.6: MIBRAAE —DAEE TR

Tree

L delete(R, min(R))

Tree

L R

(a) MHIBR o A (b) MkR 2 JGo = BEEFHNEM 2
SR U1 KsIME

2.7: MIBRAEP AR 2B R
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deletex @ = O
x < k: (delete xl,k,r)
(2.11)
delete v (I,k,7) = Sz>k: (I, k, delete zr)
x=k: dellr
Hr:
del@r = r
dell @ = 1 (2.12)
del lr = (l,y,delete y r),y =min r

BREIRATEAE N O(h), Hi h BRI&EE, @ BEREAERMIREIRE
AR5

z

NO

1: function DELETE(T), x)

2: r<T

3: ' —x > RIF x
4: p < PARENT(z)

5: if LEFT(2) = NIL then

6: x < RIGHT(z)

7: else if RicuT(z) = NIL then

8: x + LEFT(x)

9: else > NN A
10: y < MIN(RIGHT(z))

11: KEeY(2) < KEY(y)

12: VALUE(z) < VALUE(y)

13: if PARENT(y) # = then >y B FIES
14: LEFT(PARENT(y)) < RIGHT(y)

15: else >y 2 TR AR
16: RIGHT(z) < RIGHT(y)

17: if RicHT(y) # NIL then

18: PARENT(RIGHT(y)) < PARENT(y)

19: Remove y

20: return r

21: if  # NIL then

22: PARENT(2) < p

23:  if p = NIL then > JHBRAR
24: T

25: else

26: if LEFT(p) = 2’ then
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27: LEFT(p) +
28: else

29: RIGHT(p) + =
30: Remove 2’

31: return r

B = AhEs, BEFEicswk MR, RAERTY RO AT il R o BE—703
hE, BER o U, WERMAD T SN, BAES PR EE R/ IMET
Woyo My B o RIS, FERIETCH) y “UHR" IXEIETRELH y 2 o G
AR X — R Ol MR IC 2 BT AR A7 A ST BT IR AT . AR N2,
T ZMERERARTT 5o XML, TEIRMEHAR, W RIRELE, ] g2
bR = 7o MBRAVEAEN O(h), HF h ZRIEIEE,

CXAERRERER R AR TR he ERMIAEH, O(h) #3E O(n)o
RZINFEE, O(h) 3K O(gn). HMH. HENAMM B SR PR TTE, EF
—RhfaT AT RIS (1) 35 265-268 1) : @ REA AR B/ NASFEIIMER, SEH
FEHLEREETELCRAIRT, AR5 FHRUGE Ao

A DU = AR R ORI BEE M (Map, VOV REREHRS ), FiE5 T
CHEET X, HEEME—MY, SNEMSIN—ME, CHEEEEE K, HIRUE
V, BETIRALR Map K V 8 Map<K, V>, JEZSBREHUIE n DOCEE (MU X&R:
{ki = v1,ky = g,k v o (R S AERRISCEIMUR N, AR K WEF
£h. BPXWTREE N, H, KN Tree (K, V). BAHZXIERMAY
ABCERT ARG — A, [ERBGEK, BER k, BAEM lookup 1R1FIRELLL
{E vo WIER k AEAE, WHRE @, ZBPY, HEHHIZLEMR, AVL B a] DU SRS 6
{ELBRE o

#3) 2.3

2.3.1. 4 RN SRR SN, FEAE— RO FRAINER % . AR ARE
B MBRA R, RERKIEARERNT R DI, wESIx—HIL,

2.3.2. GfESZEIREHIAE,

2.3.3. QATE—RR = R3] “BER RO’ AN R?

2.6 Mz B0
8 A 8 | PR = A T

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

45

AME AR VL EC A2 ) il 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, insert(t.right, x))

Rk =)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

HPRIZITRI AR

Optional<Node<T>> lookup (Node<T> t, T x) {
while (t # null and t.key # x) {
if (x < t.key) {

t = t.left
} else {
t = t.right

}
return Optional.of(t);

ERS /TR

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

SHREGTE T R JEYE:

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

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

[
— 5




Ho5 EAHDT

WA R MR EMAHFEE . £ —FT, RNGH TErRE
SR FHATRATR, BATARNHEHITER, &R AR — 1R,
AT R T ZAMEN ], HIPREREN O(n?), Hin BILRl ML A
HEPRIMEREA N — L TiE < RIHEF AL, BlanbuRHEE A FHrp. REWL, &
M SRREAEBLAIR A FRER B AR P IR . AEDRIEHE P AU SL B, Il H fERURSR
BN, R 2HERAHRTY

3.1 fsr

FAra R AR T R B IA T AHE SR (M58 15 - 19 7). #
FEM—BIDELF AR AT, Hg P B R, (EMIRE, AMFhrEzE
e RSN —5KHThE, WUf IR 8, AZISENA S, W 3.1 R, 1R
X — B, BATAT DO A HE R :

i: &
&
%
v

& 3.1 KEAL 8 FEA S —Fhdrd

1: function SORT(A)

2: S []

3: for each a € A do
4: INSERT(a, S)
L B i R

47
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5 return S
XS HE P RSE RAERETERT A S b, tm] DU A I 83t 9 2 AL 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,
BAIMEE ZATCFEIHIRA. S o LRI, AN « ZRTTR 2 ERFR. &
MW ARHEFRITRIEA, E 3.2 iR,

insert

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

& 3.2: AWPRTREACFHRS

3.2 @A

FomAM THIRNEAR L, T84, Wl lEd g —EREmALE,
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
8: Aj+1] =

TR RES AR, fER A EHATTRE —~ MUNTBES R, A
MIBFATCR », HEL GmAIETTER (B Ali+ 1), Ali+2]......) #H4G
Bah—MiE, K5 i MBI zo WIE 3.3 FiR,

BARKEN n, #FHHE 2 Ml DTRG, B THRAME, & FRFER
RIRH n— i+ 1 KTRIAEEE), R o MASE  MIE, B EE, TIMEL TN
AN TR A, 05, MRMNGEECE, MHEEARE . —i+ 17T
=, HPITHFRENBEHRIE, BATHAT DUE X — N EIREY InserT() PREL, FHAE
TEFAHIEM, JoieRMNERABMG R, ARV ZLER R, Rl A
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o Y G

Al1] | A[2] | ... | Afli-1] | Ali] | Ali+1] | Afi+2] | ... | A[n-1] | A[n] | empty

& 3.3: KILR o WAL A PHIE i MIE

HEF SR JREN O(n?), HA n BITRERIMEL

3] 3.1

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

3.3 &

TEDCFM re A I, AMTTFFANEZ — EEBRER A E 1), FRATTZ Fr DLRE Pk
EAL, BB FHRBAEEANZIE R CFN, o EHE—MIEC T ikiE
TENLITT T
1: function SORT(A)

2 for i < 2 to |A| do

3 x < Ali]

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

6 Alj]  Alj — 1]

7: Alp| + x

TOERN, BEHTRITE AL - 1)) BEFPR, AR, BHOY R
(RTDAE SR <)o BANFRZEN—DLE j 15 Alj — 1) <o < Afjle FATEH
o MFIRLEIITCR Alm) Febe, Hofim = |2 ]o MR < Alm), MEAHLERT— 4
AR o Ek; SUESRE—FFH. BT EREHIRE TR, “oENRTE
O(1g ) KIS TRIE A2 A R

function BINARY-SEARCH(z, A)

[+ 1u+1+]A]

1:
2
3: while [ < v do
4
5

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—BOH A REIR S AHEP I RRIRE 248, SRR ZE O(n?). B—LHLEH)
HAHEFRE O(n?) IRELEAT O(n?) xBah; M &G, EE el T
O(nlgn), EBEINREILZE O(n?),

3.4 HlF

BRI FREEE] O(nlgn), HRTEERRBNBATHITR, BHE
REAIRR O(n?)e H—T5TH, HHAFIREMITRN, —HRITHAERSIH,
ARIEAR S ZHBINHR, £ —FF, BAE X T SIREAHFRIX:

sort [] = [] (3.1)
sort (x:xs) = insert x (sort xs) '
s foldr HIRTEALIE R
sort = foldr insert [ | (3.2)
HTFREmT, YIRN insert BIETRENIER RN :
insert x [| = |[z]
x<y: z:y:ys (3.3)

insert x (y:ys) = {
BN yinsert x ys
WATDAAMER T /5 IH, M s — DR EER LR, MERTTER Al
Next[i] R12 T Ali] ZJa F—1MICRNRG|, 2T A[Next[i]] 2 Ali] I F—IT
. HIP AR MR MFFIRIKRRILE Am], &Y Neatlm] = 1, 7
HARM NIL; HEANE X Next[0] FEIAFIRAISLER, FIHRIIEEH, FATE IEARE
LI

1: function INSERT(A, Next, )

2 j<«0 > Next[0] 817k
3: while Next[j] # —1 and A[Next[j]] < Ali] do
4: j < Next[j]

5: Next[i] + Next[j]
6: Next[j] <1
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7. function SORT(A)

8: n < |A]

9. Newxt=[1,2,...,n,—1] >n+ 1 NE5
10: for i + 1 ton do

11: INSERT(A, Next, )

12: return Next

AR, REMESI A BRI THA AR TFZEE LR, (H0006 00 GEREHHA
E, BIEHRE O(n?) IR, SEAANR, SIRASRRENIWN, AREFIH =72
EHSETHE RO

#:3] 3.2

3.2.1. ERRSIEA, HFaRE - PERHPINRS]. Gh— P57k, RIEFIER
5| Next, EFrFIEEH A,

3.5 XiHEW

BATER 7 —DRMESE L IRINR S E AR A RIERE, R mHA 1)
SRR O(n?) NEZRE, —J7H, FAIMEH o ESICHERETHRE O(gn); &
—J5H, FRESERAELA, FOVBEHA SR B A EIN RS A TR, £5
B, BONHAT HERM, ERASH o0&k, —HEMEREAME, &
(NEIVNE G CRIEIEG NG TR

1: function SORT(A)

2: T+ o

3: for each z € A do

4: T < INSERT-TREE(T, x)

5: return To-LisT(T)

F LA T INsERT-TREE() Al To-List() FIE X, FERT, WHEFHNE
FEN O(nlgn), HAn BITRINEL IXIKE T BT R HE R BN R RRR (1)
5 180-193 71, 28 167 1), (ETEEIMBEM T, YRR TN, HIERES RS
O(n?),

RZBHT, BAHFEENE - M REZESOTE, ERaEM, BT
TR AR AU EZOR i, IR PO HE R B TR SEEA : /B
S I [ R E A HEE DARTH I TR,
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oo



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)
}

{HIX N IEMEREARE, UH B R Zara, Zed, Zulu FHAREMHE, @RS
BRI HESIR, RARIRIE 1, 2, 3, ..., n A XIHEZEN, MSEEE 4.1
RS R, N TN b B XHERN, BEHRNEREN O(h), WERH LR,
fIIELRENSIAE] O(1gn) BUTERE, (EAEX—HRmfEML T, EHMEREIREN O(n). FE[F
THNFATH

3] 4.1

411 MTEORHBEINSE, 0 TIPS EERE, ATDAERM D HARIESS: — DAk
MG, B METARTRR R MESHIBIN R, XA A —
YRR AFEFRY? GRS BE 2 A, (EHZESREEI 4
ZiR? 2% 4.2, REEZHAFETEN.

4.1 Pl

R PHIRITEE, AR APPIETEL (FEY 2.5), ERXHTTIEA RRM,
TR Z EMAR TS, ARSI T — L ORI TR, eI — X

53
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B 4.2: —LEAPHTH A

. 00 Ooo
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PRI BERARAE, HERR IR n] ATE B M A RN R R R A P AR LM,
— i DL B P R, N B S R E PR —AVL R, 2B 8 Wik
IERBER, TREMBBEEIRIE, B WE T, FEARN = XM R N+ T
W R. WHER R PRI R A, WE 4.3 R, Feflen] DUEI BT
BRE X
() ()
g —

& 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 .

RERIRA LR (FIANTRER RN D), BT IS AT A, 2
AR DUEY — RSP BRI, BT 2R T RRIQG IR E L, RIS,
PAWE AT T FIEHEL T3 2

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'

HliE RicaT-RoTATE FYSEEUENFRAY, FATKEHEE LS, REPLACE(x, 3y) fif
Moy Bt
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(z, L, R) ¥ L &0 « B/ATH, R EENGTFH:
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) < =

IS, AT DAE EIE DT RC AR fal b B A SE B, MIX — st & IR 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
frathess, ZLRRRR] DIEsoth R R, BE = SRR AR 281 R
T, BBE . BAPR—ERROVZL RN, nREHE T b5 &1EmR

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

3. BT NIL 15 R0 R,

' TE, B, NTE—2-3-4 8, HEEEDRALBN, HTRIFAR,
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4. IR ROV, WERIMA T R # U R,
5. ME—TT s ZBIFTE -7 s BESE_E B S AR AR G

N 23X 5 FRMERRECRUELL IR B P PENE? SRHEAE T MRS st A& BRI
REFTERES, RRERASBEE R, M54 RIE 7 A FERNESHY
AT R B, RENRERESHEBONT R, EMERNBE - ESHLOT
Mo MHEMEI 5, MMEMT R EZIIATE NS AR ERNROT R, BRX
ST RABREL, R PRIE 7% A (TS (I R AR R R A
B 4.4 BB 5 o T —ARELIRY

Bl 4.4 21 24

BT ATA R NIL 175882 R ER, FAOTEHF R NIL 77 Rkemonml, gl 4.5
FiiRe A AR EE R RO EAR R — A REE, i ER. &K &/IMET.
HARAFMMBRR 2R T A 7525 72 = AR R AR RS T 2
EN BANCEWN @, BUAEH (¢, 1, k,7), FARTHE e (L0/8B). TEEk £
GFR L 7o

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

8.3 4.3

4.3.1. TEHEAR n DA RR, HEE L ASEE 21g(n + 1),

4.3 A

MARIREEM DR B PR ARRMAHR, HirT6E
“HBEEMIIB GO, BARN, BRI, H

N

FIRE; 5
ERRIE,

AN
=
o
E°S
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. 00 Ooo

& 4.5: Bl NIL 9

TSI EBTERT LA R ME— R ] RES AP IMERBRILL T 5, 4L
A aMERTEEE, ENEESE R, WE 4.6 For,

S0

d
~.
a b
%d
b c

c

a

—

b
c d
d
\
a
d
b c

& 4.6: TN JEHRZEEERIPIRME I

PURp IR AL R ERS B — B, WRHEAT BRIA BRI B R, ATRES R
TR, MRAIEMEI 2, fRjadh EHERT AR RR A, FMAGAIEE, Bi1E X
balance BRI, W RMBEZERN C, BUENEE B LA R,

balance B (R, (R,a,z,b),y,c) zd =

balance B, (R,a,z, (R,b,y,c)) z d

balance B a = (R,b,y,(R,c,z,d)) =

balance B a = (R,(R,b,y,c¢),z,d)

balance T

(R,(B,a,z,b),y, (B, c, z,d))
(R,(B,a,z,b),y, (B, ¢, z,d))

(R, (B,a,z,b),y, (B,c,z,d)) (4.3)
(R, (B,a,z,b),y, (B,c,z,d))

T

R PIREREANR R, Be)a —ATIRIEIN AR SRR IR, LB
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HIEESNON: insert x T = makeBlack (ins x T), BUE AT EAIE:
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 )

AR EE, BATCIE—MEN « LM R SN « Mk BIRD, 3%
I & FEAZIF T, RIEH balance BE M, FambHERT RESR A,

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 TEESENGHE, REMANECEFE, BRI DESRNES, ©
A DATE s — N HIRAZ B R B (1, 269 T). Bl 4.7 45 7 RARLL 2,
BN EFES 11, 2, 14, 1, 7, 15, 5, 8, 4 fl 1, 2, ..., 8 Wi AK, 28—/ M7 i5iRA,
RIS E T, ZLBAIA R -,

B 4.7 AT AL

LB TR REBETRARBE, T EEN b R, EEZREHN Oh),
HFRATARAR L L BRI EER, h FI RN n EXNEOCR, HABIRNE 2%
JER O(lgn)o
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53] 4.4
4.4.1. AMERBERUEE, 2R E YRS RSEIE insert B,

4.4 MBx

ZLARI MR LR A B 2%, B AT DOEI B CPLECATIE I L I BR 2 RYSCEL, 3K
IBERT AR BT 2OREEIMIBRAIBOR . Blan, —RMEAE R, HTE4kH 2
DR, MIBRINAET m_Bn—RiE, SRS /GBI 50% 0, FARFRICH
TR EE R, MRS RMEITER, TEHITEE, W AR
BT RINIER MR 5, FEHE—RE LAROT SEE DT HERRE. TA5IA
TEBET (M, 290 T TRCRIE B LA, — DX SR ER S B ET
o MBRBEOT R 2 I, BATRBOR EBINENIRT A, sF @ B FH L, <
TR BEOMT RN yo IR y FORBA G, KHHEZNEREG; Ry FORERA, NZE
y ONEERBET, 0k B2, NEAEI AR RN T E R AR

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

HTArAERE TR (NIL) #RRE, SRBOEEIST RN, Hh “NE
" R (BBEmpty BN @), MHBR, 25— B0 — AERHAHFE; 0
SRR RO RERT, ETRETEBE:

delete x = makeBlack o del x (4.7)

IX—E BB, EMFPRE-NTE, MBREEZRAE, N T4AHIX
—IEM, BAMNFTFEBEK makeBlack WE X :

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)
AR NZ, G55 N o BUBATECES « TR &, W58 © < k, BATEITHM
FEM Ty SRR <5 GNSR © > k, MGEITMMAMIMIER, B8 0H4s Rl se & N E
252l b AR R S T TR, X —RFHERRIE persist
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BOTR, FENA fiaB? BTBE. 4o =k, e IJTﬁﬂﬂ*JB?EI’JWE ZID
RIE—TWNZ, B — PR s LA . ARG AT RO R AR, 6

R BB TR, GERPIREA N, BATRA TR R E/IME m = min r
OIF, M m B ke N TRFEEROT RN, shiftB HAOTREONERED, R
N RN E R, AR 2 ER G AR, WA A R,

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 & =

PHEEZHNAB TR (R ENERORBEERRD)

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, WAlsERZE R g, A =MMEN:

WO 1 AR ERS RO R A, JFHZLR TR AN a R AT
S e BRI, AR TR, 2ua] R —Ma—ER, WK 37
AR,

fixB? C agz = (B, (R,b,y,c),2,d) (
fixB? C agz * (B,b,y,(R,c,2,d)) = (
(
(

B, shiftB(a),z,b),y, (B, ¢, z,d))

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

11

fixB? C (B,(R,a,z,b),y,c) z dgz =

~—~ o~ ~

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

Hrb age R o BNEEA.

oL 2« DU MR R s W RUONEL R, ] DU e, KA G 1 5

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)

ot 3 WEBERILET R, BOLHEN MR R G, XAHE
T, BAPRILH TR A, RONE RO R RE, R)5RONE B EE A 2%

RENRT R WA 39 Al APANFRIGEL: N LIRS, 2R » 24,
W*ﬁﬂé BN MNERE; NTRITEN, yZRASGHEEL, R4k
3\ (4.12) BB EREANEAME S -

4.10: B ANEE B ELs

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)

GRERIA AR EIR =R, RJE—TRETT R, WER OB E IS
FE, BRI TRAMER: — 2N L, XXE@WE\%EZ{EB?T HIN— AR E
B b, BEIRTR, FRZRE OV EG, MBI RS
_.}itia:

(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 de(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
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-

= Node color (Node B a x b) y (Node B c z Empty)
fixDB color (Node B (Node R a x b) y ¢) z d@(Node BB _ _ _)
= Node color (Node B a x b) y (Node B c z (shiftBlack d))
fixDB color (Node B (Node R a x b) y c) z BBEmpty
= Node color (Node B a x b) y (Node B c z Empty)
fixDB B a@(Node BB _ _ _) x (Node R by c)
= fixDB B (fixDB R a x b) y ¢
fixDB B a@BBEmpty x (Node R b y c)
= fixDB B (fixDB R a x b) y ¢
fixDB B (Node R a x b) y c@(Node BB _ _ _)
= fixDB B a x (fixDB R b y c)
fixDB B (Node R a x b) y c@BBEmpty
= fixDB B a x (fixDB R b y c)
fixDB color a@(Node BB _ _ _) x (Node B by c)
= shiftBlack (Node color (shiftBlack a) x (Node R by c))
fixDB color BBEmpty x (Node B b y c)
= shiftBlack (Node color Empty x (Node R by c))
fixDB color (Node B a x b) y c@(Node BB _ _ _)
= shiftBlack (Node color (Node R a x b) y (shiftBlack c))
fixDB color (Node B a x b) y BBEmpty
= shiftBlack (Node color (Node R a x b) y Empty)
fixDB color 1 k r = Node color 1 k r

MPREIRHIE RN O(h), Ho h WMEIRERE, BT 2R R, X
n MR, h=0(gn).

3] 4.5

4.5.1. P “Dric—EE” MIBREZ: ARICEIMBRIVY R, EARHEITEEREER, 4
WRRICHTTT R ECE I 50% I B

4.5 wRARIL «

I ARVTACAIIE )T, AR TLURMASEI, 7%, BNG a3
K, FARIERESE — P SXAERRHR, 8N RE iR B 2 T,

1: function INSERT(T, k)

2: root < T

3: x <~ CREATE-LEAF(k)
4 CoOLOR(z) + RED

5. p< NIL

6: while T # NIL do

7: pT

8: if £ < KEY(T) then
9: T < LerT(T)

10: else




4.5

11:

12:
13:
14:
15:
16:
17:

18:

19:

Oooon 65

T < RiGHT(T)
PARENT(z) < p
if p = NIL then > B T s
return x
else if k < KEY(p) then
LEFT(p) « =
else

RIGHT(p) + =

return INSERT-F1X(root, )

W RONELt, BN REBE T, A 3 FMEAREN, SMEE AN RIE

UL, B 6 BN, HAEMRE IS, EMHERELLEOR “BER” s, TATAH
AT SRR AR A A AR, AT AR WAL

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 > BT 1 0 2 BT Mg 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 > IEW 2 0z BA T

x < PARENT(z)
T < LEFT-ROTATE(T, x)
> B3 0 o 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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AAFIEREREN O(lgn), HA n BT R M balance RERTLE, EATIHY
REFEZHRFFAFE, BEERMAMERS, MEEHARNLERR, B 411 50T
PIRRELEM, ENTREERME 4.7 hE MR FIRE HE, BT IR
Al (AL RC A R B R A A A — 2 MR R

B 4.11: an LR TAN R H AL R A

ZLRRM A a2 UMBR BT N E %, S AR A, ZLRM 2R WA B
XM, N—ENAHI—R BT = X —AVL &, 2R ATEEREEE 245
EER R Ko R kDI RE A, sUEMLE B &, KEIEFHEEL L
MR R, s RO, fELLBMASEEIh, T IBE M, w2
TEe ML H T —RE 7%, JHMR T 2RI SE B0, AR FE AVL #,
Splay H#B 2R T PLELSE B,

4.6 B: BT

AR ARG HRZLRME X, BN ROV,

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

67

ARV SOEGEDN

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 T RSP, 21 AR BRI AR — B2 AT 8, AVL SR TN E
BT EROEANESR. XTH T, EX:

5(T) = |r| — |1 (5.1)

HAr |T| R T RIS, 1 r NEG T EXER6(2) = 0o AIREER T
THE 6(T) = 0, MR 2V, BIaH, —BR&EEN A FIE 2 XWE n =2"—1
MR BRTMHFTIRIN, AT REANZ, 6(T) F4ERUN, AP,
IIFR 6(T) 9 =X BHE) M+

51 EX

5.1: AVL #f
— I HHEWFRN AVL B, QRS 70 T &5 e a0 &0
16(T)] <1 (5.2)

PR o(T) Heee £1. 0o B 5.1 4 T —8 AVL REIBI+, WRHHAE n
MR, R RUE TRAEE b = O(1gn). TATTATDAEARX MR, —fEh

69
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h B AVL A, B G BH AR D EERIE, HER5EE XN, AT R
HigZ, 2" -1, EMROEEDUEZ DR, EX N(h) fREEEN b B AVL
PR/ T REH . BIATE:

« M @: h=0, N(0)=0;
o HA—DMWRIIR: h=1, N(1)=1;

5.2 A T —NEEN A AVL W T, BEE=EH2: T&E kL MESA TR
I, ro WEIEE b FIFH & 2 [HH 2 FHIRER:

()
PPN

B 5.2: BN h B9 AVL A, Hp—BRrfie h -1, B0 —REEEANT h -2

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

KA RTFAE— DN F I REN b — 1. M8 AVL WEEX, & || - ||| < 1.
FTAS I — R MR EA SN b — 20 T T Fr & 870 s8OS TR s 8
1 (WR T ARE):

N(h)=N(h—1)+ N(h—2) +1 (5.4)

XTI FRATEAR L BRI, HRE X N'(h) = N(h) + 1, F&AT]
U AR (5.4) B SR PO BANHIE IR AR -
N'(h) = N'(h — 1) + N'(h — 2) (5.5)
518 5.1.1. ON(R) 8000A, AVLO, O OOOOOAN'(R)= N(h)+1d
0g
N'(h) > ¢" (5.6)

Vh+1
2

O0. HHABEANE, X4 h =051

« h=0,N'(0)=1>¢" =1

U ¢ = dédooddoeb

e« h=1,N'(1)=2> ¢! = 1.618...
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MNTEHERE L, B N/(h) > o
N'(h+1) = N'(h)+N'(h—1) {ZEEIH}

> ¢+ ¢! (AR
=¢" o+ 1) {¢+1=¢2=\/52+3}
= gh+1
O
FI5 I 5,11, Befl 1z BIGE FIHIIL R
h <logs(n+1) =logy2-1g(n +1) ~ 1.441g(n + 1) (5.7)

IX— AR AVL BETEER O(lgn), MIICRIE TP, fEARIMERZ
TRAEZER, SECHERETRIEME-H 1, FEESBE/MES |5 < 1. ERNEBEE
WEREy =20t S A W= fan UiB - iy LS WU R PR S R ARSI N e~ VG BB G
LRI TR KR RN, AVL AR R B PR R, ]
SRS XERMEE X, REFERT 6 a] DUEiAsoRt, N1 758, BIHESNE
ZHRT = (I k,r,0) PRI FHME, FFESCEMETHNER e o RmiIsl
FREFFHIIN T — MR R 5

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

AVL B lookup, max, min SRR — ARRMALR, Ml AMMERERIEZ 5
TRE,

5.2 A

] AVL i FR 3 AN — DR, SEER - 4a0HE |6(T)| rTRERE 1, BRATTAZE
LT RBHE S R UL A 7T AR E 1, FEATTR « 5, B8 BN FREERZEM
Lo BAITEIE 1R A BRI T B P R 1 & AL R A —XHME (T, AH),
Hep 7 NG, AH AEEREINE, AT = RN 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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SR 5 o, GEEE « I TH A, T TR 0, SR 1L, 0, &
T = (I, k,r,6)0 TRMECEE o R by R & < kb, BADBITHLLE o« 7B THE L, 5
MR T0E o BEITE S UL (1, Al B (', Ar)e TRIVELEL tree
VRSP GE THER R, THZ ARG (L AD. ke (7, Ar). 6, HPEGER
(T', AH), Erb T/ 98, AH % AT

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

B DD i@ 4 FplE oL

AH |T"| — |T|

1+ max(|r[, [I']) = (1 4 max(|r|, [1]))

max(|r'|, [I']) — max(|r, |I])

0>0,0>0: Ar (5.11)
0<0,0/>0: 6+ Ar

0>0,0<0: Al—96

H Al

Hep o' =o(T") = || = U], BEMEHFERT. Kk B4t 7K, &
FHETEEERT, JETRERE R T 6

o = =1Vl
Ir| + Ar — (|I| + Al) (5.12)
= |r| =i+ Ar — Al
= 0+ Ar—AI
(S PR B LA P IR -, T — 2 K (5.9) FHYRREL tree
tree (I',Al) k (r',Ar) § = balance (I',k,7',8") AH (5.13)

NN R s s U ST fal: NEA %

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 AMENTEEE, WE 5.3 For. FHRE T8 £2 8 T [-1,1) EE, &
PR B G — AR E D EE, 1S 6(y) = 0.

f(x)=2

5(z)=-2

s =1

8(y) =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 S(y)s 8(z); VERSSHIEEEFH 0/ (2). 6 (y) = 0. &'(2)0 EMHIRRWT,
fif>% B 25t T IER,

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

A — T —AMHE:

§'(y) =0 (5.15)
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HMIARIIERE, & B 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)
Horr ¢/ () 70 67 (2) 12H830 (83) & o WERA VLA EMARIS, W ARFFIAZE,

NHEZR N A TR

balance (Br (Br (Br a x b dx) y ¢ (-1)) z d (-2)) dH =
(Br (Br a x b dx) y (Br c z d 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 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)

ARIENE R EERIEL, RIERX (5.7), XF n DRI, insert
(I 24 O(gn).
5.2.2 K

Hbr— BRI ZE A2 AVL REREMNA: (1) B2O2-XERR; (2) ¥T#&
TR T, 3 (5.2) 1 6(T) < 1BAKL, T IHIAY RS I HAR 25— B IR ) s JE 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)




5.3 OOOOO % 75

3] 5.1

5.1.1. FATHERIET AVL WAU&EEMR, ERRIERFRE MR X2 Z AVL

o

5.3 mPARE x

NT5EE, ARGt AVL Wy B IR, ML B E e SRR, 3T

TeA% — SARRPRGFCRIEA, 25 BB Be s R -

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 7' # 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)

WAFTCRIE, WHTEEATRESEN, RILF#A T 6 thxZ . AR M AT RE

5 0 A0 1, AAZEMATRERE 6 /D 1. AT =TT, BEAEEEFH, H2IR

il

1:

2:

Ro ICHTHIFEIR 7O &, A 3 FiED:

o 18] =10 1] = 0, FAEHALTTHRRA, RS,
. 18] =0, 0] = 1o FEf T2 RIS T, FEAS R T,
. 8] =1 (0] = 2, EEHERE DAEE 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 T s, ERREEHCFEIRN T 6. A — A — R HREEA T IRhEES; i

A — M — A TR BT, AT T AVL RIFIBIERE R, ik B&H T
IR SE B

AVL B2 1962 F i1 Adelson-Velskii F Landis'*), [ $2H), I ATRALAEE )

P, BHLBRME R, AVL SAFIZLRAERE B = X, REBERENE
AEHE O(lgn). I\ (5.7) (15 AVL BHTFHME 0™ 4%, EREERRIHERLF,

HERIELF TLLRR U, BLL BB AFIMERAITE 0L N IERE R, IRZFEF
JE{E LT AR A D B P — AR N ERSC B, AVL S [RAE AT DUEE, et
iR R ] L

5.4 MKist: HlrFfT

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)




78 oo

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

HEP X BRERAE BB E T R, BATAI LU (edge) RABHIER 27 B
(Radix tree), HAF trie. BIZKM, JEZRMLRARIEIX — BRI REIRLS ., ©
12T 1960 B4R, # TZH Tomigds ) FEWE B (40 DNA X PER) )
FIUR,

& 6.1: FEb

B 6.1 BR T —RREEWR, BEE T g8 1011, 10, 011, 100, 0, NRE
R IEHIEL ke = (boby...bn)2, BATE AT MR ENL boo BN 0, WL LT
PRARER; 51, WG, #E5, BIMKRES 6, HFEEX—JdEEFIL
HSERTA R n AEEIAE— 7 . A DFATEET R (key), X—1E
BT, B 6.1 ARFEE T RO R TRE, A TFRECSKAIRH, il
AT DA 3R, RGOS B TR E,

6.1 ¥ trie

BATFRIE 6.1 i REIBAREERIN binary trie, Trie /& Edward Fredkin ££ 1960 4F
A, BB IR retrieval, Fredkin B Hi5E /tri: /, (HEAMNIRAE /trai/ (F]
F ] try IR EME) P, BLIEN T trie WHFRARTZM, EARZEH, trie F

79
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B e RN FEHESE R, —H binary trie 2 — R XA, SN REAAE
B RN SRR E, 0 3R “FkE”, 1 3R “mfa7 P, FERE 6.2 FY trie,
3AAREE “117, “0117, “0011” AR E— N5 3,

K 6.2: Kifi (big-endian) trie

QR ARAERTEAY 0 MAIEARL, fE—1 32 MBEBIIRS S, A7 trie fliA 1, 45
SRR —AR 32 EHIM, O T RRORIX — AR, DR S /N g 1, kR
e (MSB) AR, BAKAL (LSB) 1R, XFBANN KL, k2
BN AE AR/ N B, BRI, 1 RN (1)2,0 2 RN (01)2n 3 RIRA

6.1.1 EX

BATATAE A =X EE Lo — M RBELANE, BAEEEA FRM—ME
(ERDAINZ) ZEFM%Sh 0, RSN 1o

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

Xt binary trie FREVE—T 5, HX N AEEEGREZ B SR BME—TE R, K
HBAMTETRAE T R IEE, AT E, AT Ly, nREREAY
N A, WIREZERDN IntTrie A,

6.1.2 A

SABEEE k FUE o i, BATRE & Bl k. anoR kR e, RIRADZ
0, BABRIAMZETHARA; AR kBAL, RAKOE 1, BADEHAG TR #
IRBATRE E BRA 2 BUBDAR RN, N T AR trie B T = (L,0,7), HFL r
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mlEATH, vZE (D), REinsert BFIEXIATH:

insert k x @ = insert k x (&, Nothing, &)
insert 0 x (l,v,r) = (I, Just z,7)
even(k) : (insert k x lv,r) (6.1)
insert k x (l,v,r) = 2 k
odd(k):  (I,v,insert L§J xr)

MR E =0, BME  FATR. WMRT = o, 8RN (2, Just ©,0)e HE
k# 0, TATHARGE & FURHEMERTIE, 182 o sz — P77 5 (2, Nothing, @)o
2R k B, X—RIREEDATHIE, BATER DR —MIREHESME, FH
o ISINEIBER A, B 6.1 BB F2AIRIEABGH{1 — a,4 — b,5 — ¢,9 — d}HIZE
Ko NEHHIGITFFEFEI T insert L

6.3: /NIREEEY trie, BLEMLGT: {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 THGE— N A, BATATDAAIBERR L 2 FRE (B 2) 28N 0:
even(k) = (kmod 2 = 0), BECEMEHNMIZE, W: (k & 0x1) == 0, FANHELATLL
THPRIZ T ARSI A B i

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 #5523 ™28 trie 04 T, B0 AAYHE & FIAHRN A9EHE 2o X TH m AR —
HEHIEEEL ke, IX—BIEVIR] trie H m B, WNRIEZRER O(m). M insert kx T
FIINSERT(T, k, x) IS BT AT, #iE M foldr. JG&EM foldl (B for 7
) M (EXNFIRAIER, -

fromList = foldr (uncurry insert) & (6.2)

iz fromList [(1, a), (4, b), (5, ¢), (9, d)], HH uncurry I B/EIFIZ
B, e, BEXNRIFEN insert, HENT:

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

6.1.3 Bk

FE—RRAE AV NI EERL trie HER kI, 35 &k = 0, WBREFRTT AR EHEURE,
HNRIER G —A2 0382 1, NAGFREBHTIEIER,

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

XNFH m LRk, lookup FRERIEZER O(m).
.3 6.1

6.1.1. BEALUKBE N Branch (IntTrie a) (Maybe a) (IntTrie a) &N
Branch (IntTrie a) a (IntTrie a), WR(EARELEIREl Nothing, 5
NP Just v?

6.2 BTSN

Trie FELAUEZSFITHFER, HEET 6.1 BBl FH, RAE 4N REEEEE, H
B 5N AR, SRAMARANE 50%. N TIRESEF AR, KA1 LK
AT — R RUERZER — 1 BRI Z2 XA EHES Y, | Donald R. Morrison
£ 1968 4R, TEMAYIESCH, RIZEMBFRA Patricia, J& Practical Algorithm To
Retrieve Information Coded In Alphanumeric BB FRIES 7], Y SEEN,
TIFRZ B ERTERA, (RS SIS SRR L T I PR A BEE . IRTEE B T BE BT 4%
PESEEREY, KB 6.3 R —ERN Y R E IS, FIDMSEI—HBaE 6.4 Finm
o TEEEEUR TR, RN RO AV BER BT F IR A RIS, XL A BEAE H
IR S — AR, XFEEEEATERITHER T A ZE R [,

B 6.4: /NEEEOR SCBLABLET {1 — a,4 — 0,5 — ¢,9 — d}
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6.2.1 EX

BEBATER 2 —RVRF IR X, BB NS o, EBM TR, &1
REAGHE | F—ME v, &N (k,v); BRERDRA, HEGTFRIE D 2l
KA, £~ —002 0, A TR T —A0Z 1 128 (p,m, 1, r), THA
(- ARBSRE ST R ERN . T R 4 MR IR AHRIER po — DI m
RAMIB—RIF DB R fes BT ro F8IEN m = 27 BUBEK, HA RS
n > 0o FTERT n M ZHERINEAE T AFHATS

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

6.2.2 A

MR T AR y I, T ORES, BT y QI — DG R T AFH
HE—IMFN Az, BATEE—DIE, WP o My 2R AT
Wo NTHE A, BATFHERE « A1y WRKA RIS po B, 2 = 12 = (1100)2.
y =15=(1111)2, MW p = (1100)2, HH o ZRFATAIOE) ZREHIAL, FAMEH—
MEIGEEE m K EH (mask) XA, FEARBIF, m =4 = (100),, REKALFIH p
JETHER—AAER 2 o PIX—AL2 0, My PIX—02 1. Hithz BETFH, My 2
HFRt, WE 6.5 Fimr.

prefix=1100
mask=100

K 6.5 /£ TEMFIHAIL12; fH: A5G

GUSRAR T BEA NS, ARRMFATA, BONTEICER y BEOM T MR KA
%% p UEAC, QHERDEAC, WIARYE N —NA2 0 8 1 BIFHE . Al Bilan,
ARy =14 = (1110), AR 6.5 ForiIs, BT HRKAHETZR p = (1100),, HHIE
TR (2" D) 21, BADEITHEE ¢ AL TR AR y MK AILEIZ p A
DL, FANTEDH—DHHFI R WE 6.6 s,
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prefix=1100
mask=100

prefix=1110
mask=10

(a) A 14 = (1110)2, EMERK AT
2% p = (1100)2 PLAD, JBITHEANA THo

prefix=1100

mask=100 mask=10000

prefix=1110
mask=10

(b) #IN 5 = (101)2, EMEKAHLHETE p =
(1100)2 ANPERE, 3 HH—HH-F 15 5

& 6.6: R NDAL

85



86 . oo ood

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)
BT =o b, QE—NFFI R (kv); WREAERNERS, KE match(k,p,m)
ﬁﬁ%‘éﬁlk‘*ﬂ?ﬁ@i’iﬁ%&p*%ﬂm?% A mask(k,m) = p, HF mask(k,m) =
m— 1&ko BIEX m — 1V IHUR, G k%65, KEL zero(k, m) K& m

ZFEI’J BERIALZ 031872 1o BATRE m AGEREN 1AL, RGN k12075
zero(k,m) = k&(m > 1) (6.6)

FREL join(py, Ty, po, To) ¥ D EIZZFIFARRS . M piv po TR AN TRTE
(p,m) = LCP(py,p2), BIEE—MFIEL, 8 T, T BT
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'

Hrp BRANCH(TY, Tp) B —DH 2R, Mt KAIREIZR, FR T H T, BN
T,
1: function BRANCH(T}, T5)
2: T < EMPTY-NODE
3: (PREFIX(T), MASK(T')) - LCP(PREFIX(T}), PREFIX(T3))
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-

4: if ZERO?(PREFIX(T}), MASK(T')) then

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

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

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

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 1 R ARSI AT . BT RIS R4 1 B —
AU, (HERIUR K TSR IR TR LR MR Iz, X m A1EEEY, FIARIRME

%ETEEI O(m)o

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

MAPEAY I, W T = & H%, SER— TR = (), 0) Lk £ 1,
Mk RAELE; QIR & = K, T o WERGER, W T = (p,m, 1) B— ST,
BANFERAASENIG p P b (RS m FREUCRL, AR F—R2 0/1 I
T LSy AR, WRRUCRL AR p, Wk RAFLE,

lookup k @ = Nothing

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

(6.8)

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,
1: function Look-Up(T, k)
2: if T'= NIL then
3: return NIL
4: while T is not leaf, and MATCH(k, PREFIX(T"), MASK(T)) do
if ZERO?(k, MASK(T')) then
T < LerT(T)
else
T «+ RicHT(T)

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

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

XFE m AL ZIHIEEEL, lookup FIEHIE N O(m),
3] 6.2

6.2.1. g5 R SR ERTSNHT lookup Bk
6.2.2. SEIUEEEY trie MEEBU BT &, U EA R S 4R A M
=2

6.3 Trie

FEREEY trie MIERELATSRI AULEAH b, FRATTAT AR RSB R Fe BB 3R,
H— MR E N PR PRI TR B, BTSN trie AT DUEN KA EIE ) TR,
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SHE I 0/1 9 RRENE M SIRES, WEERE B RN XY RN Z 7B, =
JUERYL, —HA 260 DFR, MRBIEIUNG, DEHINEETDORF] 26, WA 6.8
AR,

6.8: ZHZIK 26 DR trie, BLEHE: a. an. another. bool, boy. zoo

FAEFTE Y 26 AR THEE SR, £/ 6.8 BRI Mo, JLAEREa. b,
z [ 3 RN, HEenk, BIaRE c R, SR, AT AKX
BRI R, R X 0 K/NG s T EiH— RN B BRI 53R,
FATAT DM map SFEHRLEEH SR ZNZSEE 9k

—MRAH Trie K V 1 trie WK FH AHZ o, sER—NWE, BELARHA
TH oL

LB o (P R, AEETR, 128 (v,2), B o BN V;

2. R, EEME o MR, BRFRNMER K R ENME £, 128
(v,ts)o HH ts = {ky = Ty, ky = To, .ok — T} BF k; FIFH T, HHY
Mg, KA Map K (Trie K V), B DA CERFIZREE B A ST
(W 4, 5 %),

TEXNENBHIRN: (Nothing, @) NHEIIGIFFERFE X T trie :
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data Trie k v = Trie { value :: Maybe v
, subTrees :: Map k (Trie k v)}

6.3.1 fliA

RN, EE] trie B, HAPHOVE TIRRIFIR, 2 trie N T = (v, ts)o
ic ts[k] TEMST s FRAHREE & X R AIE, GRIRARENRE 2 ; I tsk] < ¢ 7ERL
OF ts FRIAEE ko W ¢, QERAFENIER SR, FFIREISEHTE AU,

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

6.9
insert (k:ks) v (v',ts) = (v, ts[k] < insert ks v ts[k]) (6.9)

Xt R B -

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

insert [] x (Trie _
t = case Map.lookup k ts of
Nothing — Trie Nothing Map.empty
(Just t) — t

FAT AT CAHBRIEIE, SEINEATT A insert EREL:
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'

AREEEADN (K] (K A1), K BEE m NMTRIERE, #IKEN n,
WHRASIREREN O(nlgm). HR/NG FSCFAFERRE, m = 26, fHARIER
BRI R R IE L,

6.3.2 K

TET = (v, ts) PER NI (k:ks) N, FMNNE—DITE kIR, WRE
TEMUR S & B8 77, WHEETARGBIAHAE T/ PEFR kso SN, IREZH AT
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WHEIEAZER:

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

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

NHEUR R AE S
1: function LOOK-UP(T, key)
2: if T' = NIL then

3: return Nothing

4: for each c in key do

5: if SUB-TREES(T')[c] = NIL then
6: return Nothing

7: T «+ SuB-TREES(T)[c]

8: return VALUE(T)

HEREENEZREN O(nlgm), Hfn BRIKE, m ZITRMEEEHIRN,

6.4 RIS

Trie HY23 A FIZRARAR, BATTAT DA [RIRER D IR R i R (2 — AT T R, IXAE
USR] 7RIS, ATSN T A ¢ R — DRV ERIE o, FADEEE T TR
o BEERTH ¢, XERLEN— DI 550 FIRM T R RICHN [s; — ti]o IXLES
RINEILFERIRIR s, M s BEETT R ¢ HHUEV s /2 s # 51 s 4 5o IRKA
AT MR @ £ 4, IR siv s; AMAAEIFSHIAIRTZ. KRB 6.8 PHERE—
AT RUERAERER, RTDASEIANIE 6.9 HIRTSRM,

K 6.9: —MRETZEM, S a. an. another, bool, boy. zoo
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NERIB R E ST RIS

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

BANCRIE A t = (v, ts)o REAIL, (Nothing, [ ]) RSB AR (Just v, [])
FOREN v 15

6.4.1 A

AT s B, HAISMOE, AN s QU — DT A, W8 6.10(a) AT
Ro QHER s FIFEASTI ¢ AHXS LAY s; FFAEATLRTER, BACIE—HH 71 5 45,
M ASLETZ, FHRHEMB B — Do ¢ b, RIE2 6. t; 25108 ¢ PR,
Gl 6.10(b) AR, IXEAFMEIRIEIL: s A s; BIATES, 4B 6.10(c) — (e); BAK
si N s IRTER, A&l 6.10(d) — (e)o

another

O

an bo
boy bo bool boy
(c)
other ol Y
y
boy ol
an bo another bool boy
bool boy
an o y

(a) (b) (e)

bool boy

(d)
6.10: (a) MZHHAEA boy; (b) #iA bool, GIEHT73H; (c) Al (b) A another
(d) [ (b) #iA an (e) M (c) A an, FER5MA (d) A another FH[H

TR RRELAI RSN ¢ = (v, ts) RIS s FME v -

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

6.11
insert sv (v',ts) = (v ins ts) (6.11)

LA DA Map [k] PrefixTree k v T,
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GREREE s v, AT o B s DAATHUE, S ins i A T RIFIEMIHIRTE.

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

' " t):ts’) =
e (o e {%?)rllj : (s +—t):ins ts

R RSB, FATEIE—MEDY v FIFR, FHR s BUEIH B, &
M XN TR " — ¢, FATECER & fT so MR ENTEAILFE G match
BRI, IR branch BREI BT, FATE KD FIRIEECN R ENTE A

RIS

match [ ] B = True
match A[] = True (6.13)
match (a:as) (b:bs) = a=0b

BATE X EEL (C, A, B') = lep A B RAEIIIER AN B FIRKALRTZ, Hi
CH+ A =AHC+H B =B, R A B PUEA—ANESHEENRE—D
TLRAR, MAKHIL C = []; &0, FADETHMNTIIRAFFERAFATR, FHRk
HRTCERFANTERT :

lep[]B = ([J[1,B)

lep A[] = ([LAT]) o
a#b: ,a:as,b:bs )
lep (azas) (b:bs) = {zj;u, EH y /))

HA1 (cs,as',bs") = lep as bs RIBITIRIAIGE R, BKE branch A v B t #Z WA
WA, B, —/MHo R, BRI AL B FRKAHHTS C, RKHBES T 7EL
TR b, FFIRELT T

branch Av Bt =

(C,[],B): (C,(Justv,[B +t)]))

lep AB=1{(C,A"[]): (C,insert A vt)

(C, A, B'): (C,(Nothing,[A' > (Just v, [ 1), B' > ]))

(6.15)

AR A2 B RIEGTSE, WK A BRERTE] o FRAERYT R, SIZATRIAR R 704 ot
R ME—FH ¢; 0 B 2 A BIAGER, FRATDBVAHARERIERFIRFMERAZ ¢ o
AN, FATRIE—DNMEN o M1, RER ¢ N D BRI MR B, NERIE]F
FEFSEILT insert BWik:

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' = (branch k v k' t) : ts
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| otherwise = (k', t) : dins ts

leaf v = PrefixTree (Just v) []

match [] _ = True

match _

[1 = True

match (a:_) (b:_) =a—=—»b

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

lcp [1 bs = ([1, [1, bs)
lcp as [1 = ([1, as, [1)
lcp (a:as) (b:bs) | a # b= ([], atas, b:bs)

| otherwise = (a:cs, as', bs') where
(cs, as', bs') = lcp as bs

T AT AHERIE,  FATEASCEHR AR

1: function INSERT(T, k, v)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

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
c <+ LCP(k,s;)
ki+k—c ko s;—c
if ¢ # NIL then
match < TRUE

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

else > WL

ADD(SUB-TREES(p), ¢ — BRANCH(k1, LEAF(v), k2, T}))
DELETE(SUB-TREES(p), s; — T;)
return T'
if not match then > BT
ADD(SUB-TREES(p), k — LEAF(v))
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24: break

25: return T’
BREL LCP $2BUE IR A A HERTSR :
1: function LCP(A, B)

2: 1+ 1

3: while i < |A| and ¢ < |B| and A[i] = BJ[i] do
4: 1i+1

5: return A[l...; — 1]

BRANCH(s1, T}, 89, To) AR AR R IG . Q02R s, A2, BiAAfAR AR 2
FENTFHIETE, BAE T, BN T TR S0, BT — M AT &,
HR 1T T REN TR,

1: function BRANCH(sy, 11, S2, T»)
2: if s; = NIL then

3: ADD(SUB-TREES(T}), so +— T5)

4: return 7}

5: T <+ EMPTY-NODE

6: SUB-TREES(T) < {s1 — 11,80+ To}
7 return T’

BRSNS TR RAAR, HHERENRR O(mn), Hfn 2RKE,
m BYNRITTRE IR,

6.4.2 Tk

AP kN, FRATMIRTT SR, iR k=[] ovas, WHRREHGT SAE; &0
TG A AU, IREIM s — ¢, 815 s 2 k FUAT, A5 FRBIIHbE 71 ¢
ARk — s, RIER s; HIANZ k RURIER, WK AEEZEERIR,

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

Hrf AC B&RR AR B RIS, B find BE X WE—=, BESRTER
WETEE SRR, NHBIFREF S T ERETA.

lookup [] (PrefixTree v _) = v
lookup ks (PrefixTree v ts) =
case find (\(s, t) — s ‘“disPrefix0f  ks) ts of
Nothing — Nothing
Just (s, t) — lookup (drop (length s) ks) t
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A2 2 Ffr 5 B I TR R B SR R B AR EL B, lookup RIRIIEZEHN O(mn), H
Hom BAIRITREGHIRND, n BHIRIKE, BT 7oL, RKHIERN
RIS,

%3 6.3
6.3.1. JHFR lookup BIEHFREIH, FIEIASCENRTSM B EER,

6.5 Trie FIHGTZMITIN H
BefT 1T DAF trie FIRTSAR ARV 2 4 EAY IS, AESCINE BT, [ 36
NN, AR S N SR SIIR, A48 ] T4 P,
6.5.1 HLAN 5 ahRb5F
GPE 611 R, Y H AR S, I A, B i A i,

AlA Q_ intrgl

All F=EE English Thesaurus  Simplified Chinese

g intro | 'mtrau |
intro- noun (pl. intres) informal
introduce . .

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

introduction

introductions

intro- | 'mtrau |
introductory prefix

introgression
into; inwards: introgression | introvert.

6.11: j4

A HUEE P AR R, SEEREOTHRA, m AR ER 2T
ROTIEDME R IERE, WA, RI1%F. B 6.12 2 — DA BalN T IIRERTH A,
HMANAE, SYIH—LERERIBEI, BT A AR A I ETSE.

XA TR IR T BN HIZIRE. BATTRT AR TSR RS, il BAEE DL,
BAHER 7 HRE FAF N HSL, RIBSIRAEE n DERH. —MAMERTE 72D,
{EX, HApgRdescsiasiad], [ERNNAEEBMERE. SHPBMATRS s I,
PATHERTS SC IR SR B LR E DL s TFRATEE, WNSR s s, sty R e 11
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pref

prefix
prefrontal cortex
prefab homes

prefab homes oregon

6.12: A B aNST RV AKE

HEIRE] n KGR AN, BARGEIEECH) 7RSI E K. £ EMRER IR
H, BATRTAY R BRI, RS TETHRIBUSAT n D take n (startsWith s t), H
¢ 2RISR

startsWith [ ] (Nothing,ts) = enum ts

startsWith [ ] (Just x,ts)
startsWith s (v,ts)

Nothing : []
Just (k,t) . [(k 4 a,b)|(a,b) € startsWith (s — k) t]

([],z) : enum ts

find ((k,t) — sCkorkCs)ts= (6.17)

LN s, R startsWith TERTZRMT P RTE DL s NETERINEER, o
B s B, EHEETA T WERRT SHIE o AR, W ([ ], 2) MHmz|h R
ZHllo PREL enum ts B XA

enum = concatMap (k,t) — [(k 4 a,b)|(a,b) € startsWith [ ] t] (6.18)

HH concatMap (WFRA flatMap) BHNFRTHEHR—DNEEMS, KR EHY
TN TCREATIS, RS RERERZEKR, BHEH build-foldr fSHRE
W, PAEBRIEE AR R RYIER (O KFRE—gmEhrEcs) 55 8), IR
s ANZ, FARE TS, ANTEBIE (kt), R s 58k 25—,
ARG R ¢, FRE K INBIFE DGRV 2R/ SN, AR s AFIEAA]
T UERD, WIARFELERL s MRS R, NHBEIFFEF S TIX—Rik:

startsWith [] (PrefixTree Nothing ts) = enum ts
startsWith [] (PrefixTree (Just v) ts) = ([], v) : enum ts
startsWith k (PrefixTree _ ts) =
case find (A(s, t) — s “isPrefix0f k || k “isPrefix0f  s) ts of
Nothing — []
Just (s, t) — [(s 4 a, b) |
(a, b) « startsWith (drop (length s) k) t]

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

BATH AT DA a2 2 77 XSG STARTS-WITH(T, Ky n)o MR RITTER, FRATIE
MG BB TGS £ — Tho WNR kBN T T, BIFTER, TATRIZR TR R
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B n RER; Rk, 2 k WIS, BALEISm05G8 0, Rk — & £ T,
BBITEK,

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

2: if T'= NIL then

3: return NIL

4: 5 < NIL

5: repeat

6: match <~ FALSE

7: for k; — T; in SUB-TREES(T') do

8: if k is prefix of k; then

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

11: match < TRUE

12: k<« k—k > KA
13: T+ T,

14: s+ sHk;

15: break

16: until not match

17: return NIL

HAHRE ExpanD(s, T,n) N T Y R H n DR, T8 s HHINFEREDSERY AT
Mo BATRI DA B ERITERIE (W 14.3 79):
1: function EXPAND(s, T, n)
2: R + NIL
5 Qe [(57)]
4: while |R| < n and Q # NIL do

5: (k,T) « Por(Q)

6: v < VALUE(T)

7: if v # NIL then

8 INSERT(R, (k,v))

9: for k; — T; in SUB-TREES(T') do
10: PusH(Q, (k # k;,T3))

6.5.2 B AL

2010 AT, KRZETHL EERHE—DNE 6.13 FRiEFERE, FRo ITU-T §#
B, ERENCTIEE 3 B 4 MNETERE b, (R B A SRR home, FATAT
DA IS ] O N 422 8 -
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1 |[ ABC |( DEF
2 3
GHI |[ JkL
4 5
Pars|( Tuv |(wxyz
7 8 9
@@

6.13: FHLITU-T 4

L. 4%PIIR 4 BT ;
2. TZ=1IX 6 M ANFFT o;
3. H%—R 6 HHA TR m;
4. FPRIR 3 HEHINFHT e;

54— T PR 75 TR R T A ST -
LRI R 40 6. 6. 3, fRIEFIA home HIBY;
2. #F % SRS R — MR RIA good;
3. Y SRS N —/ ML HIA gone;

JEFENRNTME A, RIFROY To I PO Rk SEE £ N F RIS RS
HHZREAMRG MERRBI, FATTA] DORE BRI 7 B AE — D AT SRR A SR S LI A
BNTR. B BN g ST o R -

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

Mopoli] BRZE HELT @ X RLAYH T4, FRATHRT BUE SN FRF B S
My = concatMap ((d, s) — [(c,d)|c € s]) Mrg (6.20)

B My, AT UK ER R — A% 575
digits(s) = {Mpq[c]|c € s} (6.21)

NTEAIAET [a. . z) PTE, BATRREBUNEIRR TR 4 Lo NHEREIHA
TREFPE X T IR :
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mapT9 = Map.fromList [('2', ”abc”), ('3', 7def”), ('4', "ghi”),
(YSI’ 77jk177)’ (IGY’ 77mn077)’ ( 7l’ 77pqrsﬂ7),
('8', ”tuV”)’ (lgl’ ”WXyZ”)]
rmapT9 = Map.fromList $ concatMap (A(d, s) — [(c, d) | c < s]) $
Map.toList mapT9

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

2 (v, ts) BMFTE I S IR AR ORISR . FRATTA] PME L B sl ST R AL
B dso BAHEEF DTG (s — ) € ts PRIBTER s FeH N digits(s), K&
B ds L CHA—N 5 —MIRISD . AIREFEAEZ 1 FILEC ds BITEIL:

pfr=[(s,t)|(s — t) € ts,digits(s) C ds ords C digits(s)]

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

XF pfe HRIEEDIRES (s,¢), BEL find BITHITE ¢ HEHRIRET ds', Hi ds' =
drop |s| ds, 2RJEHF s BEINEIEE MR IATE, N 7P IE KBS, B8
B n = |ds| DNFEFRF:

(6.22)

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

NSRBI R S T A AT

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 “disPrefix0f  ds]

LA ITERI EARSAE RN, /] A —1 A Q, PAFIHEITTERN =Ttd
(prefiz, D, t)o BPN=JTHUZCERRENIRIH prefiz, MARELRIVET D, MGFHER
5B o BABIRIGGERIIN I, =TT B 2RISR, a8, PATZRRAART <.
TATARET MBI =TT, K2 TR, X TP (s — T7), AT s
FRHRRL digits(s)o Q1SR D RERIAIS, WS T —Meikia, TR s B2 prefic
ARG, HICR X%, R digits(s) & D WETS, FAIFREIBTETH 77
MR, BATHE—AN=TH (prefiz+ s, D', T"), Ho D' BRIRIET, REHIXx—
H = JeAH K EIAS,

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

2: R < NIL
3: if T'= NIL or D = NIL then
4: return R

5: n < ’D|
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6: Q «+ {(NIL,D,T)}

7: while @) # NIL do

8: (prefiz, D, T) + PopP(Q)

9: for (s — T") € SUB-TREES(T") do

10: D’ + DicITs(s)

11: if D' C D then > D' 2 D [H1EE
12: APPEND(R, (prefix + s)[1..n]) > BRI E n
13: else if D C D’ then

14: PusH(Q, (prefix# s, D — D', T"))

15: return R

BATTINEEEY trie FIEEELATLSMITAG, T BEN 3 HIFoR, BATEH = XRE

BT E TR (map) BUREH, & T RPN HEIRR NS REIERE
TLERMNFNR, HA—DMRFIFLE R, trie MIRTZEN AT AR SRIEAT S A0, FRATT
g TN EE T BTN R 53 A R R R SR,

B trie SRISMAEEVINRR, B3 FH DNA LHEIEH T,

3] 6.4
6.4.1. fHH trie SCEL B SNSRI TN A

6.4.2. N TIR[E| 2 Meik 45 RAI AT EEREIE, ARl CRIE Fy Hh A9 45 A% R LI

FrHER? X2 ERE A EAE AR ?
6.4.3. fERATEMRIERIAES, FHLFIREIRZ n FRE5R?

6.6 FKixt: BlFREF

P SO E SR trie

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

NHERY insert B AP FIALF SN 1 A A 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 = if p.left = null then IntTrie<T>() else p.left
1} else {
p = if p.right = null then IntTrie<T>() else p.right
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}

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

IntTree(Int k, T v) {

key = k, value = v, prefix = k

bool isLeaf = (left = null and right =— null)

Self replace(IntTree<T> x, IntTree<T> y) {

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))

QRS GIE UG DA NI =

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>()
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(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 lep(Int pl, Int p2) {
Int diff = pl » p2
Int mask =1
while diff # 0 {

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

return (maskbit(pl, mask), mask)

oo

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 ST -

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 {
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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
}
}
}
if !match {
node.subtrees[key] = PrefixTree(value)
break
}
}
return t
}
TRBUR K AFHTZ 1ep F19 8L branch :
([KT, [KI, [KI) lep([K] s1, [K] s2) {
j=20
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
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for var (k, tr) 1in t.subtrees {
if key.isPrefix0f(k) {
return expand(s ++ k, tr, n)
} else if k.isPrefixOf(key) {
match = true
key = key[length(k)..]

t = tr
s=s +H k
break
}
}
} until not match
return []

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

}

return r

oo

P -

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

l6l:llmnoll’ l7l:llpqrsll’ |8l:lltuvll, '9':"ny2”}
var T9RMAP = { ¢ : d for var (d, cs) in T9MAP for var c 1in cs }
string digits(string w) = ''.join([T9RMAP[c] for c 1in w])

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

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

g = Queue(("", key, t))
while not q.isEmpty() {
(prefix, key, t) = gq.pop()
for var (k, tr) 1in t.subtrees {
ds = digits(k)
if key.isPrefix0f(ds) {
res.append((prefix ++ k)[:n])
} else if ds.isPrefix0f(key) {
g.append((prefix ++ k, key[length(k)..], tr))
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}

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
WEHISXHERSE GET B+, —#h B RIEY RIE0) MBdRERS. B 7.1 RRT
—HR BB, FRATAT DA e — AR R Z Al 5[

7.1: B#f

—RREXAERMEONZ, SRS —NITR kAR ro ZETI L FREIERM
TERWM/NT k, FH E/NTEFR r FREFDTERE !

Veelyer=z<k<y (7.1)

B HPREIX — EARHE B 2 D0, — R BWEON S, BUEE n DILEREM 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+l

t t

7.2: BT A

TERESRUE, TR DURTERE (key) FINBIAME (value), EAZBEHEN, RIHGENR, AR T RAEIE, 1
PR ERIFIINE R “TTR,

109
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o TEEEIBMA: k <ky < .. <k,;

o MTERE ki, Wt FIFRETTRE/NT ki, FFE ki /DTFRE ¢ PRER
ﬁ%o

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

HF T RAEE TR, @ILRNRANY K, W B WEZERAN BTree K 51
BTree<K>, IAHh, FATTIERRE X —HMMLAGRSF B B -

o A RH-TT S ECE AR R TR ;

o TESCRELA, TN BRI /NEEL, BT
- WEZEH 2d - 11ILE;
- wOEH d-1 PR, R RIS,

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

O0. BE—EEHE n NLEMN B, B/NEEd > 2, WIEERN he BRARTT SR,
HETHELEE -1 MR, RTEAELEE MR, WREeE R, NzEb
BRNREN 1Tk, 20 2d NMRER 2 NF5E, B20F 242 NMREN 3
BT H..... . &G, 206 24" NRER b P s BRARTT R4N, BT R
Felld—1, BIHTEMRITERNEGHE FHAELX:

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 o BATCEECH d BIAEZ BN (d, (ks,ts)), H ks BITRIIK, ts 2
TAIZR, NEAIGIFREFE T B -
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data BTree a = BTree [a] [BTree a]

ZHIEN (0,0) W BTree [1 [1, A THRIEFNSPEEE— 4, &
[T £ B R ¢ SEUR— R (d, 1)

7.2 $HA

FARVREAN ZARRWMEL, AINE TR Z IR Mo, = B R ¢ i
ATER x i, FAIMRT ROT48, BESOXHAE 2 rEEZMETRE/ DT o, m
AMEITERRT 2o WMFRBARMHIH T (keys(t)| < 2d — 1), Wi 2 FlAZAL
B AN, X—MEIfEEARTR ¢, BATDBTHRE 2« 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 i AF] 2-3-4 fF: 22 > 20, WAL TH; 22 < 26, AT,
21 < 22 < 25, FHABIARMEIHF19 i,

Z A E 7.3 i 2-3-4 FHEAICE « = 22, KN 20 < 22, FATEEmAMA T
M, TR 26, 38, 45, [KI2h 22 < 26, FrlARE MREEMSE —E M, BEE 21 f
25, X DARIIIHFT R, 5 22 flAF] 21 F1 25 HfE],

HARH-FIHREESE 2d - 1 MR, A 2 EMESFETRLT 2R B
FIREIL, BlanmE 7.3 fA 18 BESBRENX AN, A TEMMEE: il ANFE2 1R,
I oA AN E AN

7.2.1 AR DHR

TATAT UKL B “Seil NFHE R 7715 RS B K. Je A E B MHIF
figtk, FOTRBAZNE SN E, 8 TR, WRMAEEE T, B8 Ny &E
H2 TR RAIT R, BAHREE XEE, MUY ARG SAEE 280l

2R b, FERRFGTNTHERET A, 204 7.1.1,




112 . OO0 BO
HITT R,

{full d (ks,ts) = |ks|>2d—1 (7.6)

low d (ks,ts) =|ks|<d—1

MR EAL ZITCEMARL, BATE N split EMECKFHAEALE m A=, W

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

t t

— 1

~

3
3
~

/ e \
I

L

/k,m o | \
m+1

t

B 7.4: FERLE m KRR =R

split m (ks ts) = ((ksy, t51), k, (ks t5,)) (7.7)
PAUEAE TR (1.45) H7E XK split At ERECKRSEI:
(ksi, (k : ks,)) = splitAt (m —1) ks
{(tsl, ts,) = splitAt m ts
XFRIE, FATTATPAE S unsplit BREL, =80 EFFM—1 B A
unsplit (ksy,ts)) k (ksy,ts,) = (ks 4 [k] 4 ks, ts; 4+ ts,) (7.8)

N ERE R « AN ¢, SRIGEEA fio BEFH, EHANEECH d WETE
B f:

insert x (d,t) = fiz (d,ins t) (7.9)
£ ins ZJG, MR RESELZHITER, B fic (EH split KHDR, FH
EEFTHIRRT A

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

otherwise : (d,t)
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BRE ins FTREACEENAMEDL: T M7, BAOTATAEA S &K (1.11) &Y
AIFIR AN R EL insert RAEFE; SN, FAITHEIRENSIERINE, I8 T 7R
No MMk, BATTE SLEREL 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

IXKE, FTE/INT o BTTRMFER 7RG 1, FRERT o BIERIEA M ro
B RIG—BRNT = BFEEE R ¢ 2 TRBADEITAHKE « AR ¢, W
&l 7.5 flRe

ins (ks, ) = (inserty, = ks, D) M, FIFREA

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

///klm kol & | o h\\\
L L Lnt1
| ] ks b<x<k kLo |k,

/ l insert \

4 i t; lin Lyt
I r .

7.5 F z XI55S

M ¢ A 2 5, ErREE S 2R, NEME B IR A, FiTE L
balance IBIHHHITHIRIEE,

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

{ full dt: fiz; _

otherwise : (ks; 4 ks, ts; 4 [t] # ts,)
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Hp fiwy BEEON d BT 080t 734N (L, ko) = split d ¢, RIGHEE—DHT
) B AT AL

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 LA THAR B WP, BN MR “GMPXACDEJKNORSTU-
VYZ” T ERA B RS,

7.2.2 JEoriREHEA

FBRMITIRREBAR RN RO R A S AT ZITR, L LXK
—J7ik. BIA NEIAMAR, H8REH 2d — 1 MTRIT RN, TATEHF
M=o, WE 74FR. BT REREHE d-1 MR, AEHATTREHR))
RBEGEN BT . MFWN A2, 2 K@) RREBEESNILE, T(r) RREEEW
Tk 18« HRIES @ DITERN ki(x), B jRTOEN t;(x). FHEHEIRES i D
BT 2 AT
1: procedure SPLIT(z,1)

2: d < DEG(z)
3: x + t;(2)
4: y < CREATE-NODE
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AN AP

A C D

Q |

N P R S T V| X Y VA

7.6: ARG “GMPXACDEJKNORSTUVYZ”,
F:d=2 (2-34#), F: d=3

K(y) < [ka+1(2), kara (), ..., k2a—1(z)]
K(z) « [k1(x), ka(x), ..., kg_1 ()]
if x is not leaf then
T(y) < [tat1(2), tara (), -..s taa(z)]
T(x) + [t1(x), ta(x), ..., ta(z)]
10: INSERT-AT(K (2), 1, kq(x))
11: INSERT-AT(T(2),i + 1,y)

PRI 2 = ti(2) I, BATRER d DITR ka(z) M EHEART R 2o MR 2 B4
W7, WEATTREMSER B AN, Jitt, BAIFEMRT L, BT NEE
BARBSRETRE, MRTEEHE 2d - 1 MR R BT AR mRERIX
FEGACEEE, Fir DAR] DA S AE LRI, R—JTIRRARE R AT NG, JC
WA ANFARTT R, MR NN A, HREORIVIR T R e RIE— 7
S NTPSS G NCRESI S

1: function INSERT(t, k)

2 Tt

3 if r is full then > MR R
4 s <+ CREATE-NODE

5: T(s) < [r]

6 SPLIT(s, 1)

7 TS

8

return INSERT-NONFULL(r, k)

HAE T INSERT-NONFULL RIZE AT AL r A, Q05 » BHF1 5, A
FZIR |k RN R AN BN AL B (FRS] 7.1.3 BOREH & HGH TN . &N,
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BAHEN =ML E, 15 ki(r) <k < kipa(r), R (r) T, BT R
JERBEE A

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 UGN “GMPXACDEJKNORSTUVYZ?, b:d=2(2-3-4%), F:d=3
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7.2.3 HIFEX

MFIRAF RN, BAIFENE —AICEITA, ARMPIRIKERALE, R
FIESCEH A, BATTATCARER 0 &4k Al ST AR BT 4R, RIETTRAIR
INEZESRAA ATIENE? BATTA] DORE B T R N =870 R e, ERIEM
I, Tl ro HAPZEAMEGE “TTR/ TR M (ki t;) BIFIR, R, ZEM 123
FPfe R0 r £20 ¢ SN SKHIBERE R, R —MNIE 7.8 BRI SEiE, AT
Bkt G SEE 2R

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#%

PHEB RPN E LT BT R, BlENE, HEEE =M A
¥R GexR, 7180 FI%, PRED TR, A GTR. 728D J13K.
BANCARBHTT RN (1,1, r)o

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

AR —H 0, FAIM r PEUHSE—XME (k, 1), AR5 —X (k) BT | 5%
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, (Lt (k,t) ) = ((k,1):1t,r)

FRAARES), BATR] DASEERI 5 BREL partition p t, HRIBZM p 18 B ¢ 595K

G =885 (I,m,r)e FTE | PEIDERD m &2 p, 1 r PRI R, &
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-

M EEEL hd = fst o head, "EMFIRHPEHE—IME (a,b), RIEHIRK a0

o p(hd(r)) :  partition p (step, t)
partition p (&,m,r) =
otherwise : (&, m,r)

not o p)(hd(l)) : partition p (step; t
partition p (I, m, ) {( p)(hd(l): p (stepi t)

otherwise : (I,m, @)

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)

BAHEAT AR step,/step, WE L ZITTRN T RAENME dFn. D n=|I| &
REMB TR/ TR R [ (r) RN R o BEENAEE f K

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

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

otherwise :  sp(t)
Hrp sp BT NHI
p (It (k1) 1) = ((I,t,9), k, (2,1, 1)) (7.18)

A partition i split, X FHNFXFTRE B, BATAIPUE KHBARE, &
FeRMNTFEENR B MEHEE 2, D ITRIHNT:

full d @ = False

7.19
full d (I,¢',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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WMIEHCN d 1 B W ¢ IATCE o I, BATEL@ETEAN, ReEBETERLZE
Ay ) -

insert x (d,t) = fix (d,ins t) (7.21)
WA RS AR 2R, B fie EE d FE2RF:

: H — enli
fiz (d.f) = full dt: (d, (@,t1, [(k,to)] HH (1, k, ty) = split d t (7.22)
otherwise : (d,t)
BRI ins TEALE t = o T t # o WRMEDL, X T2, FRA R — D SR H-
FHAG BUVER (1,¢,7) = partition (< x) t EAEREIFFHARINE:

ins @ = (2,9,[(z,9)])

, t'=o: balance d1 @ ((x,): 1) (7.23)

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

BRI balance KBTI ¢ BHWEL ZILRIHFET R

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

otherwise : (l,t,r)

e fizFull = (I, ty, (k. t2) = 1), (t1, k,ta) = split d to NEPIGITREFER 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. FERTEIAHER e REREAT BIEPREN,

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

7.3 TR

BATAI DU R RRERE LY RIS H Z D00 B, —XHERH
BEAMDTIN, B BWEZDITM, ZELBW ¢ = (ks ts) PEHITR k, WR
t TR (s A5, WA AIFIRER; S0, FATH &R ¢ X520 =E6
7 L= (ks ts) t's v = (ks ts,), HHIFF2E ¢ FRFETTES/NT k, 10
r PHRFTEITCRRTET ko WR r PHIE—DITE ks, FT k, TATHHRE] TER;
IFRATBVAHAE F AL ¢ AR,

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

XETHIZRA LI, BEERPIAY, RMA NS, TATHSEMN “< k7 37X,
RIEREGMIRIHIE—NTREGEFT k, SR TELL:

lookup k & = Nothing

Just k = safeFst (safeHd r): Just (I,t',r) (7.26)
lookup k't =

otherwise : lookup k t'

Heb (1, r) = partition (< k) t BRI, safeFst ¥eREL fst N Z
“Maybe” HE I, FHEEIBIFRRFEERT fmap KT

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'

T aRKLH, BRI r TFR, HWEIE ¢ (515 ki(r) < k < kipa(r)o
R ki(r) = k, WBRET & - MRS i HREEX; S0, FRATREAEF 2 E ¢;(r)
RS, WR » BT, JFE B AMEEA, MNREZEER,

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

MERCRE, WRATREFR TR A RICIEHRE B MAVER, BRIRT R4, TR
BARENT d -1, Hrd B/NER, SMRT AR, HOIBAEWRMEE: Joll
PREEE., St mmiER,

7.4.1 SelHERPHEE
BATE Y R X RW MR R IEZ Z D0k, RJEBEE B R,
RIEEEML:
delete z (d,t) = fiz(d,del x t) (7.27)

HA R del BN 20 B8 FRIUMIBRER(E, W ¢ BT, AT RITR
FER @5 S, AT o RN A =8R73: (1, ¢, r)e HA IR BIFTETTR/DNT o,
i r FERICRERTEHET () 2o MR r AN, BAEHEPE —DITE £,
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. OO0 BO

HGEFET 2 Wk =), BANERATFIR Y PREATTR K (BT E = max(t'))
WU ko PRIGIBVAMIM ¢ PHIBR £/, 40 7.9 AR, &0 (r NZEE E; # 2), TAT
BT ¢ FHER o

delete x

deletek’

21

ky | oo | kg NeEX [l | K,
/ replac‘:‘e k; withk

tn+1

k’=max(t,)

7.9: F K = max(t') B k;, RIGEITHM ¢ BHER £/

del x© (ks,@) =

del xz t =

(delete; © ks, @)
{Just x = safeHd ks’ :

otherwise :

balance d 1 (del k' t') (k' : (tail ks'),ts")

balance d 1 (del x t') (ks',ts)
(7.28)

Her (1, (ks',ts")) = partition x t, M « EATRIDEI =807, BATAT LA —
Bt HIRGERRITTR Ko B max 78 SRR

max (ks, @) =

max (ks,ts) =

last ks

(7.29)

max (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),
A TR B AT A\ S T2 XU balance BIRL, QIR SAITERAD, 9t

HITEI

full dt:

fi.%‘f

balance d (ks;,ts;) t (ksy,ts,) = < low d t : fix (7.30)

otherwise : (ks; 4 ks, ts; 4 [t] H ts,)

R ¢ HETTEAR (<d—1), BV fiz) SEMN (ks ts) ZEM (ks ts,)
G QRPN PEMAG: BAIM ksiy ts; PEUHRIGHITTR ks o
SRV unsplit (GX(7.8)) Mt &I unsplit t,, k,, to HE—NEHEEZILRN
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Wiohi, e, BATEXREH balance PRERIIERZH) B #f,

ks #£ @ : balance d (init ks;,init ts;) (unsplit ty, kmy t) (ks,,ts,)
fixy = ks, # @ : balance d (ks;,ts;) (unsplit t ki t1) (tail ks,,tail ts,)

otherwise : t
(7.31)
FRESE—RERA ks, = ks, = @, MECNZ, XE—REE— DRI,
THTH—HBE, kMt 35002 ks, Fl ts, FINE—DNITR, BEBRINMESKUILHTHE
ANBEHE X fix BREL,  IMAMNBRAYAL B2 -

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, BATEERTIIMA—Sc: RMBRE, R RREE 8RR, 1]
PAGaIRE R, Rt ME— BT E RO, A AR5 S T PR,

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 o7.11: MiIBR <C’, REMER T

N

G N Vv
M

D s Vv

7.12: MR K, AREMER N
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7.4.2 FREIFEHEMIER

HRTT BRI EANEN T REI, REEMER. BEMR ¢ ERTER
zo FAFE MBS AT

o1 R FET ¢ TEF, HH ¢ BHF R BATATDAERR ¢ iy
x MBR, G05R ¢ BRI A (IR), WERH—FBE,

W2 0 R » FET ¢t KTERP, Bt AEMFT R MFEE=FFIH5:

Mol 2a : & 7.9 iR, 2k =« WAETIKITTERN K, HF K = maz(t;). WHE
t SERBIITE &), BATH K Bk, RERAMM ¢; FRHER &/

oL 2b @ R ¢, PRITEANE, BB T 4 SAERBHTER & ), X
Frith, FATHIGARTCER k7 = min(t) B &, RIEIBEFMM ¢, HIER &7 W0
7.13 FiR,

delete x

\

ky | oo | ki | kExe k,
/ ” delete k \
t replace k; with k” i l ty

k"=min(t,,,)

7.13: F1 K" = min(ti) B4k, SRTEEIARM ¢ FHIHER K7

T80 2¢ : @ik ¢, f0 ti FTCRAAE (|t2| = |tiy1| =d— D, BATKE e 2. tit1
BHE— TR, BEEH 2d— 1 MILR, ALt IER, & 7.14 Fs,

t/
Ky o Ky

x:ki

K Ky ooy K k; K", o K

7.14: JEAFFEMIER

AHERSETTER kAT IR A= CRESHEITR), Wk 2o h
fumME—Je=R, FHFH it BICHRIRR TR BATTA] DRI B m 40, 4Nl 7.15
FI7Ro

W3 0 WA ¢ FTRPANE o, BATHEEBTAHAEIE DT 28 ¢ FIER 2o
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K"y Ky Ky, okl k| KM,k

Ky, okl

Ky

7.15: GRS

Gu2R ¢ RHITERAR, BT ELEHEMRTH I

Tt 3a : AR ¢; U MERTT R 1y i PRMEM—DEERBHITR & d),
BNV ¢ HE— DR ¢, RERHBT KPR —DTRAEBA ¢, RN
TRBIEN tio WA 7.16 TR, ¢ RIS —DICR. & FARBITHIM ¢; FHIPR =,

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 © WERPMEBT RFRTCERAAR (o] = |t = d — 1), FAHE
t, tH—DICER, FE—HELTREIFR—DHT A, WE 7.17 R, RE M
BAHHBR 2o
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)]



7.4

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

127

> 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:

. OO0 BO

if k£ > k,(t) then

1+—1+1
if |[K(t;(t))| < d then > B0 3
ifi>1and |K(t;_1(t))] > d then > TG 3a 0 /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 > 1H0 3a : A
APPEND(K (¢;(t)), ki(t))
k;(t) < POP-FIRST(K (t;11(t)))
if ¢;(t) is not leaf then
APPEND(T (¢;(t)), POP-FIRST(T (t;11(t))))
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 t(2)
return ¢

Hrh MERGE-AT(t,4) ¥ t;(t). TCER ki(t) Kt (1) EFHFR—DHT L

1: procedure MERGE-AT(t, 1)

7.3.1.

7.3.2.

x + t;(t)

y < tiya(t)
K(2) « K(2) 4 [k (0)] 4 K(y)
T(x) + T(x) 4 T(y)
REMOVE-AT(K(t),1)
REMOVE-AT(T (), +

1)
83 7.3

BAEARTTHER TR T 2B RRATTR & = max(t) BHERPRITT
=k, RIRIBFHAE ¢ FPIER & IR RS REVCET TR AR B
BR/NTEERE ko WEKRILX—T71%

SKHFIFRN B B EIMIBRETE,
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7.5 gk

B W YRR BB Z Dk, R R RE E RHIE— Mo BN, B #
ARSI YIR (V) 56518 ), B RMNAEASE 2, &/, FHEES
DAPRRE, RZEAIRIEAFIR A S R LL G, N TEH » DA B A, HEGE.
O(lgn)o

7.6 Kist: BlARE
B RIFE X

data BTree<K, Int deg> {
[K] keys
[BTree<K>] subStrees;

TR

void split(BTree<K, deg> z, Int i) {
var d = deg
var x = z.subTrees[i]
var y = BTree<K, deg>()
y.keys = x.keys[d ...]
x.keys = x.keys[ ... d - 1]
if not isLeaf(x) {
y.subTrees = x.subTrees[d ... ]
x.subTrees = x.subTrees[... d]
}
z.keys.insert(i, x.keys[d - 1])
z.subTrees.insert(i + 1, y)

}

Bool 1isLeaf(BTree<K, deg> t) = t.subTrees = []

A

BTree<K, deg> insert(BTree<K, deg> tr, K key) {
var root = tr
if isFull(root) {
var s = BTree<K, deg>()
s.subTrees.insert(0, root)
split(s, 0)
root = s
}

return insertNonfull(root, key)

TRAZIARAHT T

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if disLeaf(tr) {
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-

orderedInsert(tr.keys, key)
1} else {
Int 1 length(tr.keys)
while i > 0 and key < tr.keys[i - 1] {
i=1 -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

Hr orderedInsert @7l ATTEZIF R,

void orderedInsert([K] 1lst, K x) {
Int i = length(lst)
1st.append(x)
while i > 0 and lst[i] < lst[i-1] {
(lst[i-1], lst[i]) = (lst[i], lst[i-1])
i=1 -1

Bool 1isFull(BTree<K, deg> x) = length(x.keys) > 2 % deg - 1
Bool isLow(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=14+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]

-

RIS E I PR

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
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removeAt (t.keys, 1)
1} else {
var tl = t.subtrees[i]
var tr = t.subtrees[i + 1]
if not low(tl) { // case 2a
t.keys[i] = max(tl)
delete(tl, t.keys[i])
} else if not low(tr) { // case 2b
t.keys[i] = min(tr)
delete(tr, t.keys[i])
1} else { // case 2c
mergeSubtrees(t, 1)
delete(d, t1l, x)
if empty(t.keys) then t = tl // shrink height
}
return t
}
if not isLeaf(t) {
if x > t.keys[n - 1] then i =1 4+ 1
if low(t.subtrees[i]) {
var t1l = if i = 0 then null else t.subtrees[i - 1]
var tr = if i = n then null else t.subtrees[i + 1]
if t1 # null and (not low(tl)) { // case 3a, left
insert(t.subtrees[i].keys, 0, t.keys[i - 1])
t.keys[i - 1] = popLast(tl.keys)
if not qdisLeaf(tl) {
insert(t.subtrees[i].subtrees, 0, popLast(tl.subtrees))
}
} else if tr # null and (not low(tr)) { // case 3a, right
append(t.subtrees[i].keys, t.keys[i])
t.keys[i] = popFirst(tr.keys)
if not disLeaf(tr) {

append(t.subtrees[i].subtrees, popFirst(tr.subtrees))

}
1 else { // case 3b
mergeSubtrees(t, if i < n then i else (i - 1))
if i=n then i =1 -1
}
delete(t.subtrees[i], x)
if empty(t.keys) then t = t.subtrees[0] // shrink height
}
}
return t

BT, REEKR, BT,

void mergeSubtrees(BTree<K, deg>, Int i) {
t.subtrees[i].keys += [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

HER — i WY BHRSS A, PT DA ORIR 2 SEhnfmld, tlfsHEr. A e rIiE
FE, SEMEERE N, A M, R WA — SIS B R R U U
MSEIHE, VFZART R AR 2 IXFESEBIER, 1 R.W. Floyd 48 H R & ROHEHE
B TIXASEIUT T, ARG RE SRR, BRECESN, etn DHHEE
BARGH RS, AT, TRATAEARLE = R SEERHE, SR (Leftist
heap). #Hf (Skew heap). HJEHE (splay heap) Bl, — s, sSifFEEA TA]
FEER/NITER, B e — SR E ST =R

1 PERG: HETUS R B R/NTER;

2. SRR IREOTR, FEORFHERIMERT: FrHEOT R 02 R AR i Y
3. AR HTR MRS, FFORFFHER ML ;

4. HERE (WEHMDHE) R,

HTICR AT ER, AR AU R A7 I AT R BATFRTIER R 17 B/ T
SRAGHEN/INTHE, TREROR(7 S RTT R AN R TIHE, T DAHIRERSCIIME, K]y (8
BR) TTRE TR R, IRE M TR, Al DAERR EART AP R8s, $UT
ST SROERS, CRART RMER, SRS T R E . FRATTARGE = RS
FRIEDN XHE, ARFE = FORRI X,

8.2 HIEEHIBIAYKE X — S

FMSIAR N RSN, EABEHRER R 2 X, e
X, A TR R X RN kRIS A 2k — 1T R AR
BAWRMNERIR, WNERGHRSHN 1,2, ..., 28 — 1, MR XRHgwEH i 175
RO =GR S0 i BT R ER RO B AR, 524 = SO A R B
fEf NE—1TAIEIEEE =17, & 8.1 4t 7 —#R5E 2 = S FIAE B 9 BEH R R IE 3
T XRRSE R, MEBEHPE MTRARNT A, BTN RUEMES [i/2)

133
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MNIER; LEFRRIRES 20 DITR, A FRXTRES 20 + 1 DR, WRTFHTRIIER
Sl T RN KE, WIS HEMME R (G550 . MRSz
WA A] DAUE SR (REEHRIRGIM 1 7146) :

6 14 10 8 7 9 3 2 4 1

1

B 8.1: SEa X EIREH ARG

parent(i) = L%J
left(i)  =2i (8.1)
right(i) =2i+1

A KA TR AT DOEE s RS, WA FE SRR+

8.2.1 HE§#x

HEVARE ' RAEHEVE A AR, ERHETUTR R/ (BRR) . HTHEREH
BARAEALE X, TR AR R IR g, RS — MESRAHEME T (ER MR
TREBARTT SRR/ (B AR) B, HRLR UL FRER AR — D T HE, i
W, BAIB RN, T AEBEHFRRE =X, R TR o, BTG i MM
HIFTA F 17 REEZ SN T (>) B MR N2, (515 T mUS R1F B
AMED, IR L i IIREIFTA TGRSR, WM RTRE ST HEA R AR

1: function HEAPIFY(A, 1)

1 Heapify, WiFEHEL,
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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

KT A FIRG 0, HEPEFRER Al W SEARM R e/ B, Fakti
INRTERERTFTE Ali], JHRERRRITERARE I, R BT M aE I asEE, f
SFTE FRESH R MM, Heariey BRI EZER O(lgn), HH n BITENL
IX SRR BB A R IE MBI 722 — X B S R E L, B 8.2 #IR T HeaPiFy M
R 2 FFUh, MR/ INTHEAREERA (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] R, KK
AN (1, 3, 7,9, 10, 12, 14, 15, 13, 16],

—
L

8.2.2 HyiiHE

] Heapiry, FATTAT AMER LM TE i, ME52 2 = S BR T R
H: 1,2,4,8,.. #0022 WEEE, W—FNERE—Z. HTRA—EM, RE—
BRZEA 20 R, Hbp BHS 2r — 1 > n FER/NEE, n 2EEHNKE,
HEAPIFY XHF 1 fANEEIER, ROV S 2 P m 1o WAk M-+
TR, S — DS RO ARWTE BT HeaPiry, EARAE — N0 W RIIRSI
AKRT [n/2)o BATTATLABEH H AN N AYHER ISR A

1: function BUILD-HEAP(A)

2: n < |A|
3: for i < |n/2] down to 1 do
4: HEAPIFY(A, 1)

IR Heariry [INEZ4EN O(lgn), H2 BuiLp-HEapr IEZE AR O(nlgn),
ML O(n) B, FABOI TRFAERMTI R, R&EZH 1/4 BT SR ERIFA
TRBI—IR; mEZA 1/8 BT R LB M FRENMIR; A 1/16 Y mbtix
FEE R =R B LRI RS BB - RR D -

1 1

1
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K 8.2: HEFEE, SF5—2: 13, 3. 10 HFE/IMEN 3, K3 « 13; B 13, 15,
9 HE/IMEN 9, 13 « 9; = 13 AP, TARREEH,



8.2 UODOOd Odowd 137

PRI 2
25271(%4—2%—!—3%—1—...) (8.3)
AR (8.3) WER (8.2), RIA:
255 — % F@p - )+ B 29+ ] HIFE TR
S = nly+gtgted 2 LSRR
~

K 8.3 IR T MWE [4,1,3,2,16,9,10, 14, 8, 7] A3t/ NTER SRR, BEAERRIN
17 Heapiry RUBFRTT R R EOFTRIEAT S Ko

8.2.3 MERJIEAERAE

HERYE ARV E CLAEERERTOR, S T, S/ (BR) BIAT k ICR,
VTR TR (B RRTIHEH R —ITR), DARIBRANTICR, M = XL
BUROHER, MRS TTREOTR, B RS —ME:

1: function Topr(A)

2: return A[l]

i Y HE T
TS, BEHRRITTRIURIARTFS S, XA S TR T = AAIART =, R
R AN EORRF—BRBPIRBI SR, O T A, FRATAT DLRAF RS BRAECEH 3k
HRIREBICER A, G R BRI R —, XA TR 7 SRR R &
G Heapiry TRE HEM: R :
: 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

MEREH R B M R 7T 2275 BN TR], SR 58 H 45 AR O IS () &2 2% R B R T
HEAPIFY, N O(Ign).
Top-k

ESUEM pop, AR —HHITRPRIAT £ D/ (8RR
1: function Topr-K(A, k)
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IS

2 16 9 10 14 8

K 8.3: M, (1) KE 16, BERTFIRT, (2 K16« 7; 3) KE2, ©
Fb 14, 8 #B/); (4) #eEE 3, BLEL o110 £/, (5) ¥# 1, BE2 1 7 #/); (6)
Keds 4, 143 F/N; (7) R4« 1; (8) R4 « 2, G,
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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)— B R SE I A RS RIESS TR, By RSB, K& TiE
AERAIES TN, BRMNHETRE U e i S5 $AT. v TR EHRAT HE
HERAMESS, PTRHETHERIIL e, X T/NTE, XERE BUNENTRIIE,

& 8.4 FfiiR,
(1) (1)
OO OO,
OBNORONO OBNORORO.

(1) ()]

) (4)

8.4: ¥ 13 /Ul 2, 2585 o, AREHS 3 Rk,

B INVINTRHERR RN TE RN, FTRESBOAHENE I, N TREHFORI X, 28
REYTCRRG I i, THEAYETEBRA SR, HEREREN 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

] AR Heap-Fix SRSEERFEA L, DUNTRHERB], FemE A RERINFT TR
k, F#EH Heap-Fix V%K.
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1: function PusH(A, k)
2: APPEND(A, k)
3: HEAP-FIX(A, |A])

8.2.4 HiHb®

A DA HESSELHR T . DUNTTHEN B, RrHERSTC R AT — 4, AT HETTER
WENER, BRE TR, ARHEFFRICRE o D, WHHERIN 222
O(n)o HITHHIRIENEINEN Olgn), HEHPITT n iR KIEARR HE 2% E
N O(nlgn), HTEMNMBER T HIMIIRFBHFEER, FHEREZREN O(n)o
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 £t 1 5 —Fisiil, BEEME—NRTME, £FK, RHETR
AR TR R BT R, R RATTRMAAMEE] T HP SR E, M
JFORFEAR R TCER ALK TR HIHEI, A TRHERI A NE—, ZA5THT Heapiry TRE
HEROPERR, EEX IR, BEEMEP OGNtk X—REE R THOMIZRL,

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. FES IR LB P AARTR 88— P e WP B — D R/
HE A, HEN, B—ITR o CEEERME T, B TE, BERHTER
(g, g, . an] MR—AHHTHE, FEM ap FEEHIT Huapiey, BEIX— M
AP BRGESHE T, X~ IRIEA?
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. Kuh, vJPUEE B AMAGHIT k B Heariry SKRIEE 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

A ST A B R S, YOS, BRI R AR
FEERTH, EATHEREHE, I’ 8.5 FiR. BT BN TR &R —NHEE? iR
FEHEPERR, HrAUARTY AR RIR TR R/, BRATAT USRS MR L
HIZE R

B 8.5 SHHMET (MIERIRTT D J5, B TRIZE— M

merge(d,R) = R
merge(L, @) = L
merge(L,R) = 7

FEAFREANZN, BTEfbae, 28R RERE T R/NITR,
FATAT AL BRI AUAR, BN — NMERNEHERIR. 2 L = (A, 2, B).
R=(A,y,B), HH A, A\ B. B #ETH. MHRe <y, »UEHHIR, FTA]
DIORE A, RJEIEVAMEFF B F R, SCERE B, BAMEFF AT R, FHIHERT LA
7 (merge(A, R),x, B) 8 (A, x,merge(B, R)) Z—. WM/MEBAILA, TR, FATA]
DUBIES A T T &I, IXREAUHERR S Ze e (Leftist heap)o

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,
PR R ST — MK, BFRME S {E. W RRIRZ BB NIL 79 S AR
ifil NIL 19 IR T 0, QNI 8.6 R, FEESHR A 4 BOEIMFT15 508 8, AT AR
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TRIIBN 2, TR 6 M8 AR, BN 1. BT R 5 KA FRANZ,
HRENE TN, RIS 1o R, BATATbUE XEHRIGT, i2kh
TR AN iy oy

8.6: rank(4) = 2. rank(6) = rank(8) = rank(5) =1

1. R2&H4aTH;
2. i <y, BT,

PATFRIXFER & FF RGN “LefmiE i, MEERUE, 1 —BR/A Wi, 234 NIL
BRI B S AN, ZEfmis SRR AT, (2w n] DAEP — SR E BRI
M 8.3.1. OO rTOr00 aoog - OO0 NIL, OO0
00 [log(n+1)] OO b

FADX HHNE TUERR U 0l MR E R, IR IX — BRI TR ER AR, #RA]
PABRIE O(1gn) BB ZRE, FATTAT PATE Z R EEA B35 In— Mk E e fmv, 1d
A=A (r, Lk, R), 73AlFnRE. A7, JTRE. H1FR:

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
NTEIMEH, BAVE X make REHLELAFRIBIRK, H AT REFE
M,

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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RAMRTI A, BHITER ko 45 A BIRREUD, WH B /ENAETH, ATENG
B B REIBN rank(A) + 1; &N, % B RIBREVD, #UH AfENET, BAE
NEFW FH RN rank(B) + 1, GEM DR Hy H1Hy, TR 725
1EA (r1, Ly, K1, Ri) (ra, Lo, ko, Ry), NHEIFEEEOE X T & H 151

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 SEA T EHATIE, ZelmiEBs AR . IXAERLORIE T SRTARYE 2%
JEA O(lgn)o BB _LT1, (8 AR SEERRUHEE R 2 BR O R IEREIR 4, FFHANITE
PRI ENRE A EORBL S BAf. (HZ2AFFHRIERIN A E AN LM O(n), AT
T R MR OR,  SRIG T DO
1: function MERGE-HEAP(A, B)

2: C + CONCAT(A, B)
3: BuiLp-HEAP(C)

M merge R, RTDASEEIEEARIHER:AE,

R
FATATEAE O(1) N PZRBUR T R Ao R (AR ) -
top (r,L,k,R) =k (8.7)

ST S, FATE G FREFFA— W, # AN A S 8 EFT merge 1
[, 12 O(lgn).

pop (r,L,k, R) = merge L R (8.8)

A

FABTCE ki, a] DI kIS H A — D70 (i, e R e &It 2R
AR

insert k H =merge (1,2,k,o) H (8.9)

25 A BALITE R insert k= merge (1,2, k, @), IXFEARIN A2 24 E
MEIFHERE, 9 O0>Ogn)e FATAILLKE—DFIRAFITTEMKIGAN, MFIERAIE 2w
#e, B 8.7 A T — MG L mHERI B o

build L = fold, insert @ L (8.10)

X AR EATEN: build = fold, insert @
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8.7: MHIFK [9,4,16,7,10,2, 14, 3,8, 1] Fit /- w4k

HefHE

BN, RERAR— N lmbfE, 25 AN HHETT /TSRl PASK
BUHER -

sort = heapSort o build (8.11)

¥

heapSort [] = |[]
heapSort H = (top H) : (heapSort (pop H))

TR EON RN R, FHAEA T n ik, RIHEFREEZREN O(nlgn).

(8.12)

8.3.2 #Hik

FEARMETE S LEE L R 2P AN, Q& 8.8 Fiine R (skew heap) J2
—RhE VAR, BRI T AR SEI R TR U, U, WS A fmE N,
MR NTAM, WA AL TR, ERX— R AR E X &hH —
ANNIL T RIEN: REREGZR, TIRRER 1, RBERIL TE&HFRE: B
A T

RHEZ HRW (skew tree) SEEIAYHE, RIHE—FRRIFRIN XA, H/NITTRER
FAEART R, R FRHER R — R, EARERL, "TAEREE H Z XHE Yo
WEE =S, I (L, k, R).

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

&t
A FEFEAE S R, e AR A, R NIRRT IR, AR s
RIEEMEIEIRE— T b R FHE G TR, STIIES THO: H, =
(Lyk, Ra)s Hy = (Loyka, Ra)o 5 ky < hy, Y68 by (RIS AT DAY H,
R Ly &9F, ATUE B, FI Ry A7F, ARK—HEbE, 1968 Ry b, B2

TN, BIBRIEERN (merge(Ru, Ha), k1, Ly)s

merge & Hy = Hy
merge Hi @ = H;
8.13
kl < kg : (merge(Rl,Hg),kl,Ll) ( )
merge Hy Hy, =
A0 (merge(Hy, Rs), ks, L2)

HARIERAE, BAERA, FRECNGH TR ARAN Ao (bt — AR S IR SEEL, R
RIRHECERE PRSI, 45 RASAZ — PRI — S, aniEl 8.9 Fior,

8.4 fHijEHE

7w HERNRE R B — OSBRI HE, Q1 SRR — SO s — R, MR
N (BUERR) TERMABA TR . BATHRE O(lgn) MHRBRIKEUR /) (8RK) TT
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& 8.9: HEFFA (1,2, ..., 10] FIERI R

Ro MR NIRRT, MEES MR, &IMEU FRIBIN O(n), REFLAH
CLRRRRIREF VA, R ML T — MR ERAVINTTIE, (ESHRWEE A,
JERER R PIT RAZHI RS, CAWRR AT AT s iR e, IXAE R R T A Y
T A] DABE R, FRATPRAOXFERIRIERR D “HR (splay)”s R T AT — A RRE,
S ETIRHRE, WRZFBE-Tl, REBHREMNEEIIIMIERER O(gn) B,
Daniel Dominic Sleator #1 Robert Endre Tarjan £ 1985 FEix F.5 [ N 7 A 1911,

8.4.1 {HJEIR{E

AT IR AT DA e, 55— R AR IE A, (7R ZAPR RGO
FoMBERSR NP, EREMENE S, IWIEET T RITREN 2, BT
RITEN p, WRFEHERT R, HTRIEH g0 WMRBIESAZADE, NP E
ARG, BATIARED PR — R B OO B, aniE 8.10 AR,

1. zig-zig IR, o Ml p BRIZFEFIMEEE o Fl p BRZA TR, BADELPIRGER:,
a BRI o

2. zig-zag IR, o M p —BRBAETW G —EREH TIK, Sidhes:, « LRI,
p g ZR T SR T o

3. zig FEE, RXFERT, p BRI, SdhEk, « BT A, X2 MRS
TERIRIG—

HFH 6 ARG, ICIFEZXMN T = (L, k, R), HRRMHPRITTER y I,
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/f
& 8.10: zig-zig: = Fl p AR TFMEESZHE T, » BRI Rl zigzag: = flp —

BRBETWM S — R TH, « BOVIRTR, p Mg BT B R, zig: p BIRT
R, RS « AR R
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AR AR :

(a,z,(b,p,(c,9,d))) . .
splay y (((a,2,b),p,¢),g,d) = { ——_— zig-zig
= ) 7 ) 7d
splay y (a, g, (b,p, (¢, z,d))) = {ZW Swg Db )zgmgﬁw
a1
= b) ’b 7d
Splay Yy (a’vp7 (b7 €, C)u 9, d) = {:_‘l)_HJ ;Ea P ) (C g )) Zig‘zag
= .
= ) 7b ’d
Splay Yy (G,, g, ((b7 x, C)7p7 d)) = {iljﬂj (an g ) (C b )) Zig‘Zag XTJLW
=
r=y: (a,z(bp,c))
splay y ((a,z,b),p,c) = zig
ST
= b) 7b )
Spla’y Yy (avpa (b7 Z, C)) = { |}'||J ;Ea P ) v C) Zlg XTJW
splayyT = T HE

(8.14)

AR TR zig-zig TRUL; 3 NRATMIZR T M zig-zag 160, WIGMAT
HEHE zig TR, HAREIUT, MR, BHREANTTRN, BATMAITHE
BRI AP, AR 2, SR — DT ST LB
RTERAMRTT R, WUERFHAARITCREYD, AR HIBImA LT, RIEHIT RS
T8, SEEANG T, FERITHRERE,

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 — Z5 a1 s R AR AERL U] - RGBSR Ao B M A5 1 IR IR IR, s
R HUTRT R o I, WUERIESLE A MIEE A IRTHER R, AR T 7
HIRPHES Sy LR R, H LHRIFIETTER/NT 2, RPHTRIRT 2o REPA2
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K 8.11: M[1,2,...,10] FEAE I HERL,

R, L. RNFEA TR o3BT ARE T HON TR T R R,

partitiony @ = (,9)
partition y (L,z, R) =
( (R=0 (T, 2)
(o' <y ((L,z,L),2', A), B)
T <y HH: (A, B) = partition y R’

a0 (L2, A), (B, 2/, R))
HH: (A, B) = partition y L'

\ \
(=2 (2,T)
’y <z (A, (L,2,(R,z,R)))
7‘\‘|‘][J HEF' — oy /
A HA: (A B artition y L
L= (I R (A,B)=p y

& (L2, A), (B, x, R))

HH: (A, B) = partition y R’
(8.16)
partition ¥ —NEWEE y — W T F, WERRAZS, SGRA—NZBHELT
o SN, WA (L, 2, R), FATHBEEE v IR SAE 2o WK 2 <y, BH
PRhFIEO. (1) R ONZS, RIE - XHEERWMMER, rERTRE/NT y, SR
(T,2), (2) &N, € R=(L,2,R), &2 <y, FANEEEEREEDE R, &
R HRTA/NT y BRITTERIMAM A, HRITTRIMAM B, &R —xhf, Hif—#y
(L,x,L'),2', A), B—NA B, # 2’ >y, BADRITMA y 73F L 1B2IEER (A, B),
AR —XR, —#RE (L, 2, A), 75—E (B,2,R). Jy <z, Kz
PR

\ \ \
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BATRTCAM partition SEERATIR, L —MRHE T WA — TR k I,
AR HE T BIIPIRR T4 L AT R, Hbh L EAFA/NT kYA, 1R SEFIR
AR oY SRIGERANE —RHTAN, (R k (ENAR, L #1 R PN TR

insert k T = (L, k, R), HH: (L, R) = partition k T (8.17)

8.4.2 HHHIER

AT R AR A o B2 = AR, R/ NTTRA TR AMBI T R BATTARTIA
FEiE 5 DARBUIRE TR, ICAEZRIBN T = (L, k, R), top BRECAT DUE AR :

top (9,k,R) = k (8.18)
top (L,k,R) = topL
XL B AERWMET min BRI BTN, F[ERR/DTTEMER, F
I LA AT MR, AT — IR A

pop (¥, k,R) = R
pop ((@,k’,R’),kJ,R) = (R’,k,R) (8.19)
pop (L',K',R'),k,R) = (pop L'.K',(R' k,R))

=2 PSR BT THIRIRME, EHIRA BHE A partition KA, T2
EREEA T =X RM A, RRAE PRI, TR RIS 222 O(lgn).

8.4.3 HIf

WS partition, FATATLASKEL O(lgn) IR EFEREE, Y& I BHRER
I, WERENTERA A, FATAT UK S8 — AR AR s BT AR, S0 R HL o 5
HEE D FISE R 5, FATTIRIT R S8 — AR B 7 5 5

merge @T = T

8.20
merge (L,x,R) T = ((merge L L") x (merge R R')) (8.20)

¥

(L', R') = partition x T

GERE— NS, GiRNG — e, BN, DS NHEN (L, 2, R), H %
EEDE TRFIER (U, R), Ko L' BE& T HrE/NT 2 (TR, R BEHR
TLER. 1% NARIBVAHKE L 0 L' SHANHIILE TR, K R R G NG T,
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8.5 /hgh

AR, BN TR SRS, HER AR, AT SRE R
A SRR B, FEBEHIE N IBEAIE T an WL BE,  BOR— PR e 2 = SO S
N, TIEHATREILUIF . FABENG T EHE A =SOSR HE, 1E T R EEsE
Blo KB ERERIN 2 24 R LAKE] O(lgn), BEEBIEM PN RIS 22 0(1)
Mo DIIRAE ) FREEHS T IR AT, — 1 EARRARTR IR R — S e 31| 22 B, I A
MRSRH EEIRGS A —IEHE, ERTIRSHERIAC N He, S UB

g3 8.2

8.2.1. ML 77 LB fme, R,
8.2.2. & N HEM S INRAE

8.6 [Mizt: HlrFEm

BT RRY e 2 = Xrh, RO R TR AT =AM/, RIIM 0 IT4h:

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i < 1) +1

Int right(Int i) = (i + 1) <1

HEWEE, FoTRAIN RO EMR NS

void heapify([K] a, Int i, Less<k> 1t) {
Int 1, r, m
Int n = length(a)

loop {
m =i
1 = left(d)
r = right(i)

if 1 < n and lt(a[l], a[i]) then m =1
if r < n and lt(al[r], a[m]) then m = r
ifm # 3 {

swap(a, i, m);

i=m
} else {
break
}
}
}
B i -

void buildHeap([K] a, Less<kK> 1t) {
Int n = length(a)
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-

for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1lt)

SR LTI :

K pop([K] a, Less<k> 1t) {
var n = length(a)
t = aln]
swap(a, 0, n - 1)
remove(a, n - 1)
if a # [] then heapify(a, 0, 1t)
return t

FHK top-k :

[K] topk([K] a, Int k, Less<kK> 1t) {
buildHeap(a, 1t)
(K] r =[]
loop min(k, length(a)) {
append(r, pop(a, 1t))
}

return r

P/ NEFR AT R A AE :

void decreaseKey([K] a, Int i, K k, Less<k> 1t) {
if lt(k, a[i]) {
ali] = k
heapFix(a, i, 1lt)

void heapFix([K] a, Int i, Less<K> 1t) {
while i > 0 and 1t(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)
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n = length(a)
while n > 1 {
swap(a, 0, n - 1)
n=n-1
heapify(al[® .. (n - 1)], 0, noto lt)

FEfwHE S

merge E h =h

merge h E =h

merge hl@(Node _ x 1 r) h2@(Node y ' 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

PHES T

merge E h = h

merge h E =h

merge hl@(Node x 1 r) h2@(Node y 1' r') =
if x < y then Node x (merge r h2) 1
else Node y (merge hi r') 1'

TR A

— zig-zig
splay t@(Node (Node (Node a x b) pc) gd) y=

if x = y then Node a x (Node b p (Node c g d)) else t
splay t@(Node a g (Node b p (Node c x d))) y =

if x — y then Node (Node (Node a g b) p c) x d else t

— 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)
splay t@(Node a p (Node b x c))
— A

= 1if x — y then Node a x (Node b p c) else t
= 1if x — y then Node (Node a p b) x c else t

< <
(.

splay t _ =t

R HERTHA -

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)) vy

TR AR 1
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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)
else
let (small, big) = partition 1' y 1in
(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 1in
(small, Node 1' x' (Node r' x r))
else
let (small, big) = partition r' y 1in
(Node 1' x' small, Node big x r)

GHIETSREPI

merge E t =t
merge (Node 1 x r) t = Node (merge 1 1') x (merge r r')
where (1', r') = partition t x
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9.1 fH4T

ARBTG5 —MEMAHET 75 E SRR, B B AW PIEHE PR
HFEniaRE, NG LR IERERI o, FEMARF A BN DAk,
RABOERIMEHE Y, MIMERIET LRI SR ERE IR O(nlgn). EFEHFFHY
REARR] DUME H B AT HkE]l, MR Z I INCRER, SKIMARRIRNZE: —ME
TR, BRI R R R SRR T IR, RN R N —
iM% T LIR B RV NP IZ AR ;58 —Ag IR B /NSRRI I N A A o
Kk b, ZTHER AL/ NEST TR, I R R IR R -

L RSN, HEpahi Rt s
2. 0], EREIE/NITR, RTINS R ST,

R—RRETH PR, MRBUOERRARIITR, WAESRZRTPR, JA1A]
DAFH R B LU B E S

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 ]
3 while A # [ ] do
4: x < MIN(A)
5 DEL(A, x)
6 APPEND(X, z)
7: return X
B 9.1 fid TIREFEHE RS, NSO, BATATLAME A R TIRHE,
PR Xo R/ DRITTRRIFE All], ROUNTTRRFE A[2)......o AT DB <
A ESRIIX — itk HKEIS /NTERE, RER Al 52k,

1: function SORT(A)

155
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min
x
append
sorted unsorted
X1 < xp<..<Xxg ap ay ... ay

B 9.1: ZEMERIIAERFTTR, AW MFIARHR &SR/ N TR 2= M BT

2: for i < 1 to |A| do
3: m < MIN-AT(A, 1)
4: EXCHANGE A[i] <> A[m]

L A=la1,a,...,a,), SEHE i DITEN, [0, a0, ..., a0, 1] BEHF. AT
2 [a;, aiy 1, ., a,) PHIBRNTE, KFHEHM o, 0, XHEE  MUEBRE T IEFRTT
R, HEX—HIREERIRG—IITE, B 9.2 ik 7ix—Eg,

24
% N

9.2: ZEMFERINERFTTR, AMFIRER T HRE IR/ N ENE A E

9.2 #HHR/hILE

BATTAT DA R —=0 07 IR A — e R SR/ IME. RITRIMEN 1,2,..,n0
P 1, 2 IR, IEREVNIE NS %500 3 FTREE.... . BEEIX—
PERETE n SILR, X —REECERA,

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 BHFTW Afi..] PERNTTRANVE me 2 m fEAE—NITE Ali], I
B—REEITCE Ali + 1], Ali + 2], .0
WA ARIBH BT E—HT R L P ERER/IME. IR L AEF—1TE,
EHlER/NTR. AU L HEE—NTER o, AEERERE 2 @I EE &/ TR
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Yo v y FEUNI— MR R/ NTR,

min [z] = (z,[])
min (z : zs) = r<y: (v,zs), H¥: (y,ys) = min zs (9.2)
BN (y, z:ys)

A DU —2 I, KR TRIMMH: A, B, JTHERN A= ([]),
BHEEHITR, TN B REEMNTTRELEL, R A, T TEUNIIE
N mo HWIEARKIM B HEER—NICR, Flm X HLEE B =S, XN, m g/
TCR, EEMMNEAEAERTR: L=A+[m]+ B, HHa<m<bac Abe B,

min (z : xs) = min' [] z xs (9.3)

¥

min’ asm |[] = (m,A)
b<m: min (m:as)bbs (9.4)

min’ as m (b:bs) = {

A0 min' (b:as) m bs
BRI min JR[Al—XHH: fR/ANTRMFIRITRYNR, XL sta] SRy :

sort [] = []
sort xs = m: (sort xs'), ¥ : (m,xs’) = min xs

(9.5)

9.2.1 IEFEHEFRIPERE

EEHF EERPRENA RHEF TR ASEH R/IME, BEEEAT T n IRBE
Y, n(n— 1)+ (n—2) 4.+ 1 0, Ry oY) _ ome), A
HAHEFAHE, ERHEPERG . REMNEE N THIERERMERER, midA#F1E
RIFENERENEIENTE O(n) CLEFEE—ERY, AT NIEF), RE
TE LR ERE T TE O(n?),

3] 9.1
0.1.1. NIRRT A Hm MBS (il (2

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 Pk
KT Y. W, RURRIREE:, $RATRT LS e (e B4 <,

sortBy< [] = []
sortBy < xs = m:sortBy < xs', HH . (m,zs’) = minBy < xs
“B/ME” AR R AR AR < AT R
minBy < [z] = (x,[])
r<y: (x,zs), HF: (y,ys) = minBy zs  (9.7)
{[ZZI<I)_\IIJ c (y, z:ys)

(9.6)

minBy < (x:xs) =

T, ENNTSEETHFER: sortBy (<) [3,1,4,..], XEZEXKLL
B < BRI RS U S50

o AEARME: NE 2, x <z NHKIZ;
o AEXTFRME: XHMET 2. y, B x <y, Wy <2 NEIZ;
o fRIEME: MEM 2, y. 2, Bao<yHy<z Waz<z

R FEHIEREHE P B T ATARITR, o] DR/ MEER SN — PN EE

IR, DTS RS e 15 BN X 122

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]

HHln— 1 DURITE, RERTH—PMITR, LRESE n K. KT
BAT— I/ IMEE R, XN EIFFAIREL AT AR D— IR n — 1o 4, GRS
i RETERIGU R Ali], BAOTEFFEATHRE, 1A AT DA — oty :
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

EIEING T S —AE R AR, SRR ERR/INTR, THRRATT
R, RHBEREME, EY 13.1 for, EFRE, &aMETREZERN, B
FHRMARHE TR, EMNEHARRKE, R REIRHEFE 2 HIRE,

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..

B 9.3: BIGEFERARITTRKEIRE

FUERRKITCR R ASKBI PR, —2, SOl DR R & R
IMERIERRAE, 23 APR S IMEREDT L, R REREIRE, XA LRI NEEAEIR R
Bogiat, X—RIENON WSREMHE", WE 9.4 R, EATegE, E0NFIS R
S TERITR, BIEEAMARHRIE D, R/ NIRRKIMNITER, RiE0
AR ENZZHETFLFRE,

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]

FENEMESI AR, REAMETRNTRAEMRICR, FERFEH, 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: —RIFFEIINE A i/ MR ATTR, ek el E R A E

L HRHEFRFYINZSE (G —NIER, HFaiRNEFEH;

2. B, RENE/MIERKAE, AREDTAMEERAE, A IR RIRTR
7o

sort [| = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], HH : (a,b, xs") = minMax s

Hrh, K minMax \WFFFHEH &/IMBEFT AR A :
minMaz (z :y : xs) = foldr sel(min = y,max z y,[]) xs (9.9)

BANEBELM AN TTR 3 HIEN EFREIRER/ME 20, &AME 21, H foldr %7
A, HH sel X N:

x<wmy: (x,21,%0:x8)

sel @ (o, 21,78) =Sy <x: (x0, 2,21 : T5)
BN (2, wq, 70 w8)

RE minMaz RN EPEREZZNER B O(n) Y, H 4 [b] FIRHTEKR, GHE 9.4
R, REMANSRNERTTER, A0 B USHRARNERFTR. M AMBIENR
PER, ATDOROS B HE A $e o R iR :

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 zs, BAUENZH AL B BT sort = sort’ [1]]o
IBANERCEIUR AETE A 4 [xo]; T 2y MIWHESSE] B (ORI, BXBITER 4 —R
SEHHRIE, AT IR, BROTATLME A R0 A, IXRERAT DU o, BESE IR
MAZIEM, FATEW FENRR:

A = A+ [x]

= reverse (z : reverse A)
— (9.11)
= reverse (z: A)
ﬁ
= z: A
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BURHT— U BRI A BB A, AR — R, ADE— O T

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

B R IEHEF G IR EOR:, BN REIRENAR O(n?) 1, 18I it
THER, RERBEITTRERAR/NMIT, SNEREAEBINT, AT R/INTR, B
FHREIAM EHRITR 2? EEBE — DR/ TR, JATEEREN TR, RTEmLE
TERMNED, WREEA R, BB R/INTRN, BA1HE AT
KARIER, TRMKIHGEHERET, E— PSR e T EAC AR, K
HH—RTIR R BN B 3,

9.4.1 bR

JEBRAE AR PYEE28 0 — IR, SR BB RINEY 32 SCBRIARZZHEATRTE, 1982 4F
A, REEGBIE 16 SRR, FATIEIRN 1978 4F, H HARMG — Rk /7 Bk e e
T AR, FrESFIRIE N 8 LA TEERE; R4 8 STERIEBREA,
How 8 AR, 5 ToK, 1E58 Z5eEb8h, 8 SCERBAMT A 4 o L2 4 33K
FEBRIA; SRJEIX 4 STERBA Y BRI, EEZE L IR SCBRIAN G F . 220 4 fe b
2", EEMA A, SRRSO 8+4+2+1 =15, HEHRNIEAHEUL
FEERE D, ATNCERESERNR L F, A ARG R hoE 4
THIBMAASRI ZE 2.2 FEESRAYH G, BIRfaIt. (ERIX M UNIESAMRERE B
AR, BATHEHEITHE Lz d”, RREE—ITEmMERE AR TILEE, &
REMMADAZEIN, (HRE —SHE— LRI, XS IKRIERIA, RAT
RESFTIMBRIEZE SN AT EERRA, B 9.5 iR 71X —1H L,

& 9.5: JLER 15 1E58 —FeRi ik

FNMAA — MR HEE T, Bersk, SEIykas, By B mp
IKIER MR T HUNIA (RARRHAZIZH) . REEERE TN 16, RIEEK
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FIRRI, 07 14 REWE, TETESR —fHmedEikn 15, BATFE PR 5%
TERRPRERM PR EISE KA, G, BINTAEAMEE X7, B—HEHE =K,
VK. . BUR] DATE RS TR HE P AT AT DA e 22 ) 85 7 B8 O — MR/ Y
H B —co0), XFELUEEMASHIED, XHEE_ARSBOHIEE, REE
2™ XEKBN, m )R HAREL, MARTE 2 4 2m2 4 4241 =2m — 1 {RELEA BE
FEAEFMREZE, XS — R FHREELRNER, L L, BITCFEHRTEIR
M _ERY LR, FRARERM IR IE T RIS R, 15 8RB, —EfE R
AR E LW, BNERSRRANTEE, KT AR ZER R T R,
&= AR E R ARWAINF 77 M, TEIX &R L SHREE 5B, B’ 9.5 F, X
FIREWARIC KA, THEMBRNITRERE [14,13,7,15], X—EAEEA] AR

1. WREHFP e — PR 28R, W% (RAME) A TRAR;

2. HUHIR, BT N E E E R R R EE N —oo;

3. BIRA_EERIA BB, SREHIEE, HREE TR,
4. BRI 2, HEIFTERITRABBI L,

NTHN—HITRHF, BAVCNENTHTE —RIFRZER, Re AETERHE %,
B 9.6 4t TIX—HEPRIET L ER, Bl Ta] DUE A = I E SORFRNHRIR 2R,
N T EEIER LW, ST RREERERNRT R, TTREE » ATREANRALT
2m A, WM ELEYS, ATRERIRTTRIRE “NF7, M “a” ERGEN IR N
THIEERPRZERS, BAIMNE DRI AR — 7 SO, XSS T n R
Mo IRIGBAVERHREH PARRS ¢, ¢,, HIEH—ERE KRR =X ¢, Hr ¢ BIRY
max(key(t1), key(tz)), ZEATRN t1, oo HEX—PEAILMGE]—HHTHIR, R
HREI RN T 1, MAERERMEAN T4, XHEE—fdE, MR L%Jo Sk
PR R RERIER, AARTIS AN O(n + 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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BUH 14, BHBHN —co, 13 _EFRNHHIR
& 9.6: FRARERHER BIET L
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12: T+ T

13: return 77[1]

TR AR ZEM AR /S, BATE T PR HON —oco, ZRRTEEIT AT
b A, FR TR 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 NMEEME, BT N, #5F  RA RS HEZRT —E, BT
FRARFEME PHIRY, BARRIKE, MR IS O(lgn), INRIEIEN O(lgn).
TNHEHZFRRZEHIT M, BIEE A O(n) N R —BERFRZEN, REHUT n IR
FHERE, B MWRHEHRARE, SFRGHRHEERERIPEREN O(gn), HAnZEHEFHY
BEINTRIEZRES O(nlgn)s

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), EP kTR, I r BEGFW. X wrap v = (2, z, @) FiE—PMHF 5o
XAEFL AT DAM n DNITEIIFR os HEH n RS — DTSN ts = map wrap zs.
FIETRREEIN,  FUESPRARI ¢, to, JEBRERIITTEIE IR, Rt t. 1ER
EAFR

merge ty to = (t1, max ky ko, ts) (9.13)

H k) = key t1, ko = key to, JEPIRERART RAIICE, PR build ts ANKTEUH
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PIERBIEAT 5, BREAIE HERPRTEM,

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

NT NERRZER B EZE, BAMEEA T, BIE—ER AR REocR
&, RE IR B E BRI e AR, BATRHEATTER
BN —ooo

pop (@7]4;7@) = (@,—OO,@)
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 AT N —ERERARFER S e % () -
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (pop t)
231 9.2

9.2.1. FHBVARIFRARIEHE SN THF

9.2.2. FRbRZEHER ] DUEEMHE TR 4?7 EREEHF A2

9.2.3. HLAHRPREEMHERE A — SHRRWMHER, EATTHIR R A0S AR 40T,
9.2.4. HARRHEHEFPAIERPRZRI AT, BT TR RIR 2 R 28R 4n 4T,

9.4.2 Wt HEHER

HIARTERE TR & T IR BIARN M E 24 E IR =2 O(nlgn), B2 T
T H R R ERR D, X B At E. Hr e iE, BRI AT A T
RERARRR T 0E55, R XMABESHEMERNER, BEASE =W, AiE
IMEAEFHE RO WVE? AR HITTRA n A, WARFEMSER B ST 20 D
Tle HAE 0 NMHTHI 0 D3 AIAINERETL — 2 RIE? N FRIAIRT
HITERNITEST, WIS, FHRF key BN top, ARA E—Tijaza i (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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-

XA BRI E e e, HEERTET AR/ (BiRK) H, JE
TRME T PR R, TR R = SOHESIRR R REER DT IR 5],
KIEEBR T n DETTAN, TETAEMIHINTZE W, RN HE, Q7 i S e th
W n DR BAVEE T —ENPE SRR, ENHEFZH I T EE R
MRE,

9.5 Kizk: HlF#y

JES R DSl pri e 2k 95 2

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 HER

[A] cocktailSort([A] xs) {
Int n = length(xs)
for Int i =0 ton / 2 {
var (mi, ma) = (i, n - 1 -1)
if xs[ma] < xs[mi] then swap(xs[mi], xs[ma])
for Int j=i+4+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 - i], xs[ma])

}
return xs

}
FESB A T -

csort xs = cocktail [] [] xs

where

cocktail as bs [] = reverse as H# bs
cocktail as bs [x] = reverse (x:as) H 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)
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| otherwise = (mi, ma, x:ys)

= XS R ZEM -

Node<T> build([T] xs) {
[T] ts =[]
for x 1in 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];
}
MHRARZEIR EY 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);
}

HRARZER HF -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n = length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

BRI EEHEE ()

data Tr a = Empty | Br (Tr a) a (Tr a)

data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

Il
=

key (Br _ k _ )

wrap x = Br Empty (Only x) Empty
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merge t1@(Br _ k1 _) t2@(Br _ k2 _) = Br tl (max k1l k2) t2

fromList = build o (map wrap) where
build [] = Empty
build [t] =t
build ts = build (pairs ts)
pairs (tl:t2:ts) = (merge tl t2) : pair ts
pairs ts = ts

pop (Br Empty _ Empty) = Br Empty NegInf Empty
pop (Br Lk r) | k=key 1L =1let 1' =pop 1 in Br 1' (max (key 1') (key r)) r
| k= key r =1let r' = pop r in Br 1 (max (key 1) (key r')) r'

toList Empty = []
toList (Br _ Inf _) = []
toList t@(Br Only k _) = k : toList (pop t)

sort = tolList o fromList




SR CIGUE, RPOIRHE, Al
X HE

10.1 i

CXMEE A S XEETR, R SRRk D (k > 2) EEEZ R AT
FIEFE AL, AFNH IO, EHZAR b BB R, AERIER TR
17 IEHER S L e, W] DS 2SRRI 82 HE, 3L AR B2 HERG HE 5 FF B PERE MRS
B R B A SR TN F R [R], XN T ERARER, ATEIENARCTHE, BAEK
BT B IR RES

10.2 - WhrkHE

IR T A IR, Bl k YRR, SRR RN =
TIPS TR S, A HER TN (a4 b)" IR ETTE, SRR IR
RN

(a—%bylzza”+-<?>a”_1b+-u.+-<n?i1>ab”_l+—b (10.1)

4 n o BRI, BUARKR 2 HIEH R =B P—1T, WNERTR D,

AZMTIRAT D=4 — RS ZWGARE, Hh—A2EAEH. 1\l =MmE
TN 1, BTN 1, HEre b7k BTG B8 2,
VIR “BERT SAT. BIR (1010-1070), AFERTE 1665 EUERAT n HEEGRIGIEIE, WCRURAK n i F)
S

169
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10.2.1 Y5k

— BRI R — R X, FFHA — N EBEEIRR (rank) . 1EBON 0 B9 3T
WA By, BN n BTN B,o

1. By MREE— 1R

2. B, WHMMR B, _, WAL, HART ST 2R AN — 2B — RN T,
WK 10.1 Fire

10.1: —IRFCH

Bl 10.2 48 TRy 0 B 4 B9 IR I

WXL IR, FTDARZIL B, FRRATHY B H 142 IR Biln
BiBOERAINTR (RTR), B1LERAEANTR, B2RENTR, B32F
AN, HARAE 1R BRI RIAN R =M 417 O\ 017774R) :
1 4y 6. 40 1o XER TGRS THIER, DA TA] DS I B,
“H 2" TR,

—A IR B —H I (IR, e an MR

L. EERPEER I HETERT, X TN, RN RITREAANT () KRR
2. HEAEAATPIAR IR RS IRL,

MIERT 2 ATBAH— DR &8 n DITRI ZIEHE, AR n Feffoh — it
HIEL (am...a1a0)2, HH ag BERIKAL (LSB), a, 2HmEh (MSB) |, % a; =0, N
HEFRATRAERR Y @ (9 IR, 5 o = 1, WIMER—@ &6 —BRBOY « B, Bilan,
B IHAHESH 5 TR, 5 BRIy 101, HEFRESEFR IR, —BRBON 0.
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10.3: &6 19 NoZEMR Iz
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—RRFE 2, B 10.3 HIZIAHES A 19 NITE, 19 = (10011),, ZH—1E B, .
—R B, &, —# B, W,

FA TR — I & o2 X, A — MR EICER ke B ro T T 7 ¢s,
1N (1, k,ts)e X —THFHE 2 RIS I 1) — I Y7113 -

data BiTree a = Node Int a [BiTree a]

type BiHeap a = [BiTree a]

AR e T, AT M RYTTIE, ATDAE A ORISR E %
Xt BT REELEMAGEMER Sy ZEMER s FEA T B S — AR, GME 6
AL R FrE h R — R, WA 10.4 R, AT DUEREA £ 5l
FIFARFTR— DT R T

OEONNe

o - o)
OO

B 10.4: R AW A, T, Ts,....T,, I RBIFH, RIBGLEMA T, GRS,
T,y Ty N T BFRE Ty BOEMZ T Ty, GRS TR The Ty FAMRZ
T oy, RS R

10.2.2 WY RERZ

BATE SCREEARIE AR I B, M3 H B0 FEEPIBRIAIIRT RUTR,
PRV NIENHRIR, RER s —RETH e FRiuTm, & 10.5 For.

x<y: (r+1,z,(rtts):ts)
B (r+1,y, (r, 2, ts) : ts)

link (r,x,ts) (r,y,ts') = { (10.2)
R “AEMiEZT, A" BTN, BERARIE AT DACEH 80N A A 72 .

1: function LINK(z,y)

2: if KEY(y) < KEY(z) then

3: Exchange z < y

4 SIBLING(y) < SUB-TREES(T})
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K 10.5: R = <y, ¥y ER 2 E—ETH,

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. FBIRETH, ST W IIBERE, xRy AR, EREfRR?

10.2.3 A
FA12 e —IAHZ R HES Y, RS A HTIR I CRARR A I -
inst[] = [t
rank t <rankt' : t:t :ts
4 (10.3)
inst (t':ts) = Srankt <rankt: t :instts
A ins (link t t') ts

Hrb rank (r,k,ts) = r, FREBRZIEMAIRR, AUERHEZS [ ], W ¢ 5Oy
HEFPME—RIRE; A0, FRATTEERE ¢ AIHEARESE—HRI ¢ FURK. QIR ¢ BORREV/D, T ¢ pR
NE KRB AN ¢ BIRRBUD, BADEVAHRE ¢ 3 AZIRIRAIM R GNRFRAESE, Wl
et v BEERARE RN, NS EE A BRI, RA n IR, HE
A O(lgn) RETHM . ins BREPAUT O(Ig n) IRE LN TR BERS, FLI AR 2%
JER O(lgn)?e M ins, FATTATDAE L EIAHERRA SRR, JERRFHIATTR o X
AR — T R, 85 A A2 e

insert x =ins (0,z,[]) (10.4)

23X I AR HERIBIEREL, ATRAS I —2K8: ${E%R (numeric representation) [,
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X SO, BT TRT DA B AR T TR il A S
fromList = foldr insert [ | (10.5)

XN “FEMEZT, AL SR

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,
FHIZRPOE , SHEREMAHHF 2L, FRMPDHEP A S — B, T
BEATIHIRR, REUN— RG], WNRERRIRIRRAE S, BATR e TR AN
—FERECKAIMY, RIS A RS FHEE R,

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)
Bty b BAHIFIN, AT AT DORF BERE fo OB AN B — e, ARSI & 5

merge (ins (link t; t3) ts1) tso
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FHIXAR7 AT DAERBRIE,  FIEAE 75 A BHE S I

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)

BHE Hy A my B, HE Hy HH me BB, SIHFENERTRZE m + mo
BRBE, WERIZAARRIBIM, WIEFHFRTEN O(my + ma)o ARAFIERRMHRIAIR, &
ZHRZEWH O(my +my) Rinse HEmy =1+ [lgny], mo =1+ [lgna], HH ny
Ml ng MR BRITTERE, H [lgn| + |lgna] <2|lgn], EFn=n; +n0 &
KEIMEZEN O(lgn)o

10.2.5 5

I e, R RIARTY RORAE TR R ER/NT R HRT RITRFRTRN
KABEEN, N T RBUEFRR/NTR, TEESMRT ShER. FOvHErH
O(ign) K/B, At DAREUR/IMERII B2 20 O(lgn). (HIRFEHEREA G H R/
TLER, EHTRERGHMIERH CRRHEME R, &P H Z AN B, By, ..., By, ..., Bpo &
B, BIRRT O HER /N TR, B HMIBRE 2774 p SRy 0, B p —1,p —
2,...,00 FATATLIRE p R, TER— N —IME o BRE B, BIRHAT R —
DU H = H — (Bl ¥ H, Ml H GFFRUAT USRI R ER45R, G 10.6 Fro
BATE e XM HER TR/ N TR AR E:
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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 IR R, BRI A/ 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

N TSRS, BATITZMNHEF 78 R/ NT R E R :

min’ [t] = (¢,]])
min' (t:ts) = key t < keyt': (tts), KA : (t',ts') = min' ts (10.8)
A0 (t',t:ts)

Ht key (r,k, ts) = k RICIGE R AR SOCR. min’ FIZEFON—RME: &
/NTERATERIR, FIHERIRE, 52Tl T DUE S5 151 -

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:

%J_I‘_

177

(T, H) + EXTRACT-MIN(H)

H < MERCE(H, REVERSE(SUB-TREES(T},)))
SuB-TREES(T,,)

return (Kev(7,,), H)

Horp SRR RS LSS — %, ExTRACT-MIN HUIEASEEANT

: function EXTRACT-MIN(H )

T, < p
p+— H

else

H' + H,p+ NIL
T,, < T, < NIL
while H # NIL do
if T, = NIL 8{ KEY(H) < KEY(T},) then
T,+ H

H <+ SIBLING(H)

if T, # NIL then
SIBLING(T},) - SIBLING(T};,)

H' < S1BLING(T),)

SIBLING(T,,) < NIL
return (7,,, H')

o FH 5 1R A PT ASEERHERE . B e MRrHEP LR A — D G, 2RE A

M iR/ 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%

FEONE N, BATZEIEER T 0 /S 2 ERIIER,

10.3 PR

ZIHER A ok B SR, SEBOIRSLHER 4 ok B RIS 5, 2
AR SHEA 72— =W, (HIXH A RERE AR STRHE PR SR (ERY

3Michael L. Fredman 1 Robert E. Tarjan TEE BHIX R (4 A 1] 45 27 88 e P TSR, M2
gixFhEm A “ERRsE” U,
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NN EBlRUSCON T 2RO SHE, PRI R AL T S ERGERI DO, BRI H R
Ab, SETBIRSLHERT A R 70 2 2 AR P] DO E H BN R 7

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)

R 10.1: EEARELHEN —IHER) (09E) BT

A —IAHER AHTITR o I, BATR = ARG — P71 SRR, RE
NBIFRARA, BHZIPRERT PR A, WERPAESE, W THERE, RSB,
IR AER O(lgn)o ERIEIERNE, BATRHZHA il AFIEEE SR IEHEIR T,
R o FTERIW BRI, 7 PRIERSHETUTER, Bl ZiC %M — B Y
R RRTE TiR/ANER, — DB E NS o, sSEZE TR, 20
(N, tm, ts)o HHEHB/INTRIRPEAMICTN ¢, HEPTTREMACFE A n, HRZ
WA HIZIRN tso DHEIBIGIFRRFE T EBARHE (BT —IEHATE O :

data FibHeap a = E | FH { size :: Int
, minTree :: BiTree a
, trees :: [BiTree al}

IXAERE AT DA H BN RIAREHETNUT R . top H = key (minTree H)o

10.3.1 A

ARG NE S — R RO & 9T 45, HAP—DMENE A — R — M1 S
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 x = (1,(1,z,[]),[])

AR A] DUSEIUON A ARM A B I — MY R, RSB E R/ NT RN,
1: function INSERT(k, H)
2. x + SINGLETON(k) > RF kA —RR
3: ADD(x, TREES(H))
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L

T,, + MIN-TREE(H)

5. if T,, = NIL 8( k < KEY(T},) then
6: MIN-TREE(H) + z

7 SizE(H) + Size(H) + 1

Hr Trees(H) KBGO H RATAWAYZIZER, MIN-TREE(H) IZRK T H FHR/INT
ZTAERIR

10.3.2 HBIF

ZUEHEARR], BAMES IR EEREAREHEREIRR, (OCR P Ak
F—id, R LEHHTI SR RN TR IR,

merge h @ = h
merge 3 h = h
key tm < keyt,, : (n+n' t,,t, :ts+H1ts)

merge (n,tm,,ts) (n',t,  ts') = {

A0 (n+n',t t, :ts+4ts)

(10.13)

LN HERRAN S, X —SEEAR A 4 SR ERD L — A R RS T L

ANERAE RO A BERR, TIA] DA e & 45 B s 21 BN (R, T T 451 #2345 R
[V RERE ST SRR -

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

BATEG IEIHER TR IURERE, 8 FORFEAEF N “FM27 [Ek, FAl]
TESOX— IR AT, EAFEXE-DNRE: SEE T 2 WEBEIRE,
L=12,1,1,4,8,1,1,2,4], BATRBCRHEMEFREIF NN, BEEREEEAESERN
B XA FIIRAREERN [8,16], £ 10.2 8H TIHHNHE, F—HIFRREFX “H
B 2T, FoAIRPRSR, SRS RAI RPN E - Mo EMEL
B, WM, SIAWNMESEER; Ba—dIRFFNER, BIMEREHT —
BRI, X ANEU I B AT DA B AR S B :

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, NITAECEIIF, consolidate 124 THE n 0 3R, WRS
i IR R 1, WIERAHRAPE S 20 XG0 FFER) o Blal sum[2,1,1,4,8,1,1,2,4] =
24, B HEHIZ 11000, 28 3 M 467 B2 1, A DARAYIRPEE 2° = 8,2¢ = 16,
R 77 IER] ASEER B9, TRANTARZE LR, IR R R ok -

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 gt 7 2EBIIRBHERN AL AP ER, FIFR 10.2 X ELA] DA HE T2 A
U)o BT AT DARE R — DM BhEUEH A SRIEATIAH . Al BRAFREDD @ AR, 7R3
HEFRRIRIN, G FOBEN S — RPN @ IR, BT ENBERGERIFE RN i + 1
IR, RIER Al 1522, HHEERE Ali+1]) BENZ, BHAND, SERETHHE,
wERE, A WHRLRIE T IAHERIZE 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},

Reserh Al — I T 5, SEBOIRSHERL AL il 7 I SCHE, e HE R &
FHH O(1gn) BRe Max-RANK(n) IR[A] n DNITRAIHEF EARTRERIRE R, HRfE K
HERIZEIE, FRERKHIM Br A 27 DITR. BMTAE: 27 <n < 27 FAHENE—D
REERN R < log,ne FAHELH R BIEHEMRIE T, BATITHRZEHIMIRM—i
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V3R
(=)
() OJOX0,
) © OJI010
™ © O,
F1, 2% %3, dAoFEET e, A $FaL

JERERZE] ao

B 7. 8%, r R g, ARG s
2 qo

& 10.7: IHFHAIP R
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FTARIBIRRT R, $REHF A R/ INTRIIR. BATAI IR A (10.8) 2 XK min’ 77 &
HHETTOT 2R A AR
pop (1O, [, 1) = (@[]
pop (n, (r,x,ts,),ts) = (z,(n—1,tm,ts"))
Hrp (t,,,ts") = min’ consolidate (ts,+ts)o FRE|+ HNAIEZRERZ O(|tsm|),
FH s/ IME R AE AR AR A TR BREURIE b, O B A <2 XS 1 :
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)

TAEH “BReTT iR oAt WA - HErERE, [EZYBRE TR B B EERYE XL
E = mgh (10.18)

Gl 10.8 AR, BRig—PNERIIRIEIRE, RKIEN m BPIE L S g3, REY
IR IEAE 70N b BIRLE, WSRIX — I RE R R BRI W, SR SR :

W =mg(h' — h) +W;

hl

10.8: E136E

RPN R S R E, N TIFREEIERE, BATE o SUMBR &/ Nt =i
HIAREN ®(H)o XNHARERHIZSNIERHA, B RIERMRN, SdRpyIH7,
TERL T HTHIME 1Y, HICITTERREEE &(H), ®(H') M ©(H) BZFI_ BRI FHH
FERYER 7T RT DAZE s R A 0 PR I B, T SUARER

O(H) = t(H) (10.19)
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Hrp t(H) ZHEPMAIRE NT n DT RRSERTIRENHE, S HER TR MR L
FRA R(n). 1H¥F/E, HEFPRIFEREGRZ 9 t((H') = R(n) + 1, TEVAFAT, FRATEM T
B EERERE, X EIBITI A RTGR: BT A R/ N TR ATRARMIER,
RIE R A T RSB ARAR A HER R R 2 AL R(n) + t(H) — 1 BRI,
B AR ERIIN TR R RN T, RFFFRIINTRIE RN T, FRAHES O MEPEREN T

T = T, +®H)— &H)
= O(R(n) +t(H) — 1) + (R(n) + 1) — t(H) (10.20)
= O(R(n))

AL GFF. L ERERT DAR PR IETRIRELHE S B A ARy A, e R(n)
LR O(lgn)s

10.3.4 RIHEESR

RIS IEHER) — NSRBI . FHEE S TS5, R MESTHEERATT,
MBI R AR HAT TR BAE B, (IS5 RO HE TR, R, B
e/ N R SRTE RN Dijkstra SIEHIKBUX —#R/E, FF HIRA TR ZH I HEERE)
BB, 2 o f51HE H PEURAD TR, B ERERIER/ NN ko WE 10.9,
AN o FENT R Ry, KW o UIRFHFGMEHE GR) . REIXAERT DA
TR Y AT 2R A i/ IME,  BUIBRT UGS RO A EZ IR, R R
TIRZ TR, SUCTAPRESFFBRIERITERE, o 7 IROUX — R, FRATILAEBANELHERS
AN— PR A

Y AMWRBZRRR TR TR, SRR e IR Gk 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

6

Cut(H,z)

CASCADE-CUT(H, p) > [ETIBR
7: if k < Tor(H) then
8: MIN-TREE(H) + z

CASCADE-CuT i —MRICKRICREMATZGAEL TR, HAE Cur HiE
FRIX—FRic,
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, ¥z UI'N, RGOmEHEA,

5: add x to TREES(H)
6: PARENT(z) < NIL
7: MARK(z) < False

[EIAVIRRIN, R o BARIE T, WETERATESRRERT F1 . BAIFEES:
[EILIRR, EEIMRT .

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 d0000 ka€EOJk = rank(z)Bd|z|
oooooooddg

|z| > Fiio (10.21)

00 F, 00200000, . 0

FO - 0
F1 - 1
F, = Fr1+Fpo

O0. BEWA « B2 E BRI g,y 00000 FZEEERE o BN HRTEE,
Hep oy BN, yp BN BRAE |y > 0o H y; BEEE] o IR, TH#
Y1, Y2, - Vi1 CEETFAE 7o RIOABNTTERRHRIRIR BERSEE R, F IEIX—IZI, A

rank(y;) = rank(z) =i —1

W5 y; 2 HEERE-NF R (81 DEcrEASE), —HAREB DT A,
ERBOLRIWIBRFH A SRR A, RUEFATTA] DA, XMET i = 2,3, k, A:

rank(y;) > 1 —2

2 s N o MFHEADEOTRERNBVMA, HA b = rank(z), MTHRENR, A
so =1, s1 =2, WELE: B0, &DHE 1WA, BN 1 RIRMEDH 2 D
R, BN kIR, BOH s DR

|z Sk
= 2+ Srank(y2) + Srank(ys) +...+ Srank(yi)

> 24580+ 81+ ...+ Sp_2

/E\:EP%E#??JE‘ZLLL%% rank(yz) Z 7—2 #E‘ Sk Ei}%i, ﬁfl‘[/\)\ 37‘ank(yi) 2 Si—20
PAHE T REIUER] s, > Fpoo EABEEIAINE, N TIHABR, Bl1H s =1 >
F,=1, Uk sy =2> Fy =2, AT k> 289080, BATH:

I
> 2+4+50+81+ ...+ 5k
> 24 Fo+ Fy+ ...+ Fy AR 1%

1+ Fy+F+ R+ +F AAFR=0F=1

WAE, BAIFRZEUEA
k
Fra=1+)Y F (10.22)

=0

FHRE R A0
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o JHFUEM: Fo=14+F, =2

o BIFEN, RIZE+ 1AL,

Frio = Fop+F
k—1
= (1+)_F)+F AMRE

1=0

k
1+ ) F
1=0

Zi b, BAGRIRELEL:

n> x| > Fryo (10.23)

O

. " . . T4+ V5 o s s -
RABLEWAZEINIER: F > ¢F, HA ¢ = — N EI, AT

IHERA T3 R ER MR 24N O(lgn). MRIBIX—E558, FBATATLAE X max Rank
N

mazRank(n) = 1+ |log,n] (10.24)
a3 ) F 2R IR SES 33 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 F, <n
8

return k£ — 2

10.4  FCbHE

LBIRHER LB B % AT MR HE, ELHRR, PEREILR, KHR
R, EEMEAL RBCETR, SRR BN RIERE, AMENER5HEH R IER
IR IR O(1gn) P,

10.4.1 EX

AL HESCELN — R X, S/ VTR TRIR, — DI HEE 2N S o, &
LBk X, EE MR R, I8 (2,ts). ZXBHEATH] “ZEfl
¥, HMSLER” TTERATRE X,
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data PHeap a = E | Node a [PHeap a]

10.4.2 HIFF. A, REHETR
BHPDECNHER, FFAEMAPEL:
L fE—HERN o, G585 — D HE;
2. 0, PRI ANERRRTT A, SEBCRI— MEN 5 — DT

merge @ hy = hy
merge hy @ = hy

{x <y: (z,(y,ts2) :ts1)

B (y, (z,ts1) : tsy)

(10.25)

merge ([E7 tsl) (y7 tSQ)

BIRIMERE N HE BN A, A “fZT, G 7775, BAHERT SR
I HERERZ 2 55— D HERY B i -
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(H1))
o: PARENT(H3) + H;

10: return H;

RS FHF R, PTDAMER BB SHE — R SC LR AR, 413X (10.12), HEDUTER
A DAMARTI RE: top (2, ts) = wo FAFIAREETIIAY 2 2% H 2 B 25UN TH] o

10.4.3 1RARER

TRIER/NG, BT LENREFHUIT, REEFFEHER, 2R
R, BATA] AE R N TR HIE

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
P HHETRAIARTY R, FRATPRER R B AR 5 AR — B -
pop (z,ts) = consolidate ts (10.26)

BV NERS, BRSO &, REEMNERESHEFH R — R,
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@@

m%52ﬁwﬁ Tl 9 FRT-H

dbdbdbdy

c) TPBR O &3, A AR
W i A e — R TR & o

& 10.10: MIBRARTY A, RFFHR O &
consolidate [| = O

consolidate [t] = t (10.27)

consolidate (t1 : ta 1 ts) = merge (merge t; tz) (consolidate ts)
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() ()
) () 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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MR LT, A" BSEIan 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

BAIME G BB IEAN R T T, T, GFFRR T, RJEHERE] L ARG,
XA ORI, SRR M A, MR RTRES A A ERE PR, X Rh
BT, ®E—IRT, = NIL, BNEHET = T

10.4.5 JHER

N T MBRFEANT R 2, AT PSR SEERV NN —oo, PAJGFHT—IRFHH
B, ATNAEI—FMERTT %, & o AR, BT FHRERIT— IR R,
B, Bl T« WNHE H FRUTR, RER o PUT— IR, FRREERETFR 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)

(R R A A F 5 e, BATVERER M ERE U2 XN BN H O(1gn).
£535] 10.3

10.3.1. GnFGESAFCSHEFRIRA n DNITR, RIGHITH . = n RN, 58
RMEREEISRE (REMIERER O(lgn)) . AMEEHRIX —mRZEHIL?

10.3.2. SEEUECNHERIAER
10.3.3. SEIIECA HERILCZ0A%E DECREASE-KEY
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10.5 /h&h

ARFEH, FATRHERTSCIIN =X 2 1 N8 RS, e
BB SEHEE ] 22 PSR E N IR R B EE AL, T C X HE SN — KR 2 SR, i s
FLECREM AU BREIEIR AT, AIDORTS A B R A pElERE, X —RmRBEA R R M,

10.6 Fifst: fHl-f
MBS T, A5

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)




194 OO0 OooOodozbodabnod

-

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

PAFIFR it T oERE et (FIFO) HUMLH. RTLAR Z2A075ERSEERRAA, BilanEarE, XY
R, TEAZMXSE, NIFSH T 16 FARFRISEIE, PRSI FRE5H 2 N i)
PIREEAR R :

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 A 5 R B SE R RA S FRATTHEG 250X AT B R SEBR, T SR 4N o]
EHEAREIRSI, WK, BT,

11.2  FlFREm

BATA] DA B RO ARSI ZSKER A IBRCER, (Ho0 Toeiseth, A1 RELE
SKERAIT—RRAE, TERERAIT S —MiRlE, BAITHRE O(n) I R P11 DA
FNEREHR, Hrpn BYIRKE, ZAEMITREEIEREE K, TR AR, "] A
—MNERICKEIME, FFH—DHIMIT A S A ASIRIALE, & 11.1 Frr,

data Node<K> {
Key key
Node next

}

data Queue {
Node head, tail
}

A H R S AR BT MEVEZ A PN (Enqueue, 8 push, snoc. append. push back)
FHBA (Dequeue, % pop. pop front), FHAFIFRE, FANERELTFMAITTE, M
JFE BRI BR 7T 22 AT (L. S5 B

1: function ENQUEUE(Q, x)
2: p + NODE(x)

197
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head tail

lof

B 111 =B, Sk, R#EfERA S

«

NEXT(p) + NIL
NEXT(TAIL(Q)) < p
TAIL(Q) < p

PAFIZE DA =T R (ZBRIRE S TR), RILEFRREREHZSY NIL.

L

o

1: function DEQUEUE(Q)

2 x < HEAD(Q)

3: NEXT(HEAD(Q)) + NEXT(x)

4 if x = TAIL(Q) then > QN
5 TAIL(Q) < HEAD(Q)

6: return KEv(x)

S W RAERTA H BT SRR, Heap SKPRIRE] S AR —DT R, HE 11.2 ff
o BATA] DHEIX — LMY IR EIFF A IS, SRR B A5 i — IR R Bl S
RUAT DATE A ZS I s S e 01, (00

S > X1 > X —>» .. —> x, —> NIL

head tail

A 11.2: HH S TRIFIR

11.3 PEFEMIX

FABIFAE Sz, FATTAT DATE B BN PR TR SN BI B R, ([EFRZEENER R O(n)
MEKFERIHER, 32 R oA SR 2 HRRIAR TR BRI AT BN, O TIRFIBASIAIPEREZE R,
BATA] DR R Sk B ERGRER, (R — R, USRI IX, N anE 11.3,
Bl 11.4 ffrme IXHEF AT SLERAAAT head, BAFIE count, FIEEHARIN size, AT
PATERRIERNT, count T 0 INFAFINZE, ET size INBAFICE M, FRATIER] DAFIH
RIS, HBAAYSEEL,

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) MLEBIbR#: TooEE, HMT=
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) EHBHITTHRST T ILRK, IAFIETH,

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 X AERR LI AUE T i KB A &, WREEM Sk BM M, mAH
Count, GHfAIRIIASIZ AN 2E? BEEIH?

11.4  MHIFEAF

FIRH KRR E N H A 1R], (HRE MR TR A R, T2 AT DM ANIR “RAS
8" HERRSIIAS, JEAREM— D SRS, W 11.5 FR. NSRRI
figm (front) MG (rear)o BAFINCH (f,r), ZRAFIET ([1,[])o FATHEHITEMA
r BSKER, BN, RETCERM f BSKERBGE, PEREARE H Al

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)

gt —FRPNHANRIEE, fATRENZE, M r PIEATCER. 9T REARSLHIRA, FAMT
¥ r REEEERE £, B ([],7) = (reverse r,[])e AMLBRHARNG, TEHRIT—



11,5 OO0 201

DT A AT -
balance [ | r = (reverser,[])
balance fr = (f,r)
—ERA r WIREL, WBXUARIERITERE PR VLR A, RS, BEIARR) o
HR TR BN TR, BRATTEHTE SN AR B «
push x (f,r) = balance f (x:r)
pop (x:f,r) = balance f r

(11.2)

(11.3)

BATTRT AR 28— D AFIR B RSB, MR 11,1 BOSFREE, AT
M KT EREERIEROAS, WA 11.6 FoR. 2 R B =N, BATK F
B e s 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)

BIRVBNR NI 73 WEZ 2% N B BN TR, (EERIME L T RIPERE R ZetERy.
an f RE—ATER, WEESH n DITRIMABS, T HAIEZEN O(n)o
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X— AR R f 0 e AR EEA T, D 7B, SRATIA— S0, 2K
r REARAKRT KR, SNHRFEYIER,
r| < |f] (11.4)

R EERERE K, EXTESMNEL, NN REIER TR, HE
HIBRIN BT, IXAE BRI TN (f,n,r,m), Edn=|f], m=|r|, 25|
MR E, REEERNE (11.4), BATTDAEE f B ERHIMTRASZ &

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]

FEFHIASIRSCBLA, FIFRIERE. RERRITERETI R R LRIER AT, LIRSt
W, SREE DU, TEREMSUHBAE f 4 reverse r Ho IR m > n, MR TP
MW BT m. n @R, BABE—DPHIE: m=n+1, #+HEREZON), K
FRENERER O(m), BERRER O(n+m), TSR MBERER,, FATA]
PRRIX — R ER BN IR . AR, BT — NREIEITR R L

reverse = reverse’ || (11.8)

X SO AR, Hor:

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
WaEA, BATTE LIRS, BEWMIRE: KRS S, FoRIEAEMITREE (R
e ; IR S RRRFEC AW (52 8 N RIRATH ARSI B2 =
(slow-down) RELTHH:

step S, al] = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (x:a),xs)
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8, BAVCRELFRRGE, WA S, (REH), ERVIERHERETR
TLRT L, RARESZENTERR Sp; SN, FANTBHAIRFPHIE IR 2, KHE
HELEE o BIATI, 2 T RBANNAFETES, X—PIHEFEHR, LTS
[REEHIHP RIS RBRAT ROR, (LU RV step I, B40:

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,
HHH— NG T I x5 4 ys, BATATLUEH o5 REEN s, RIGE—H Ts
FITCEEH, K& ys FETHE, XF1 reverse’ 28,

xsHys = (reverse reverse xs) 4 ys
= (reverse reverse rs)) H ys
(reverse! [] )4y i
= reverse’ ys (reverse xs)

= reverse ys Is

XSS, FATAT AR5 —AMRASHRS ) step, 1 r LT, BHHME T
KHER, =MREN: B S, JERE Se. B Sy BENIRIEBID R EL:

1. FREEE £ A1, B
9. B FOEGHITE, HEES 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
WRHEEE A2, S m =n+ 1N, BATFRBESIHE f + reverse ro BT
Fon + 1 BRREE r, BAVRINIEXLEDRNER T f ARG, E, RIFER
M n+ 1 PREATERZ RN, RIS T 2n + 2 8, REZENEERES D
e AN — MBI, (HXEA—DREA-: E5E 2n + 2 B HIEZ AT,
PAFIE A ATRE I T4 TR — I ABRIE R IR ?

SEIZHIE, TEAEDR 2n + 2 P5ERK f 4 reverse r Z i, LI ANNIERIEANATHE
RAERAFIZAF AP, — B E P RIALER, 25 2n + 2 )5, OISR T
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—/NBI f IR f = f 4+ reverse ro T N —IREAFIZIF A A -

(NS
= S+ (11.13)
= 2n+2

|r

AR, M BRI ZIEE, RIS ATTTR, PR P
FHR SIS, 20 + 2 DI RRITELEM 1o R f SIREH R H
Ko FATATDAZZ ARSI - reverse v’ 275 T RN, FEBIBATRIE TIX
_.lJ_T,o

HANR, £ 2n + 2 PUHESERAET, HARIEATREREN L&, X7 4E—1
RESRAITE L BATTZM fHIRIHITER, HEHR f IR [/ = f 4 reverse r MR
HELF, A DR f AR 8T IROGX AR, BAMES —BoH T
R reverse f I, BIMRF 0 f BIEIA, IXAERMEIESEAT n IRHIBAERIE, F(TMh
RBLZEN, F 12BN TE-MERBESIHE (RN 1) BEDNZIA)

AR 1

RIFHY f EIA BEATHRRYH R W 512
{fivfi—‘—l,'”?fn} (Srafa”w,':w") {}

A i — 1 ATERCHBA | A iR | s A e R

R 11.2: Al n PSR RTRTAS A RIIRZS

20l n IRHIBAERPE, f RIBIAE SR, BATHI WG S B T Bk
Bro BERFATRARSEHI AR EAE? 5L b, BT f RIRIARBOIDE, 2T [ ], BAIEHR
P TERRRE T o XA f+ 5 =[] 47 =T FIE, TEMHTERBRIEN,
BATAFTER [ R EARIER T ERE R, FINTERM f HKERZR—HEA, 34T
ATDAE ] — N EERIES f PRIRITRII N ZITETE f 4+ reverse r I, 1F
BEash 0, FIRREL fAAR—NILRE, sURIHEERI—, Rk 7R R
MIEER; FHRHBARLE, RHEER —, FoRTARERATDUMER — IR, B4
FEERBRER D, AR EBREIHES. S OGS THEE Y 0 R, F(1C
TRARSEA TR RE, NI T TH R RIS e g X

next (Sp,n, fox:f,r' yr) = (Se,n+La:f, fyr',r) [FNREESr
next (S.,n, f'.[],7,ly]) = next (Sc,n,f',y:r") RS, e NIERE
next (S.,0,a,f) = (Sf,a) EEAREE R
next (Se,n,a,z:f") = (Se,n—1,z:a,f") B 1
next Sy = Sy HIRIRES

(11.14)

YHANSFERER, @ E N DR FEEAC TSR R LB AL T, XA TR A T T, SEhR L,
XN AR ERIRA R SR, BITEHIE £ FIRNTIH ST RNEHEHERRESRE MR,
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BATEE LT — N2 HRIRES Sy RSB SLI, BAAIRIEHRLSE 73 =
DNERGy: fANRNEHLSE n, IEFETHEFR f 4 reverse r BIFBEIRE, r FIFREHEHEK
& mo 184 (f,n,S,r,m)o ZBAFIEN (1,0, S0,[],0)0 HRIEFEEHINY n = 0 KA
FIaE, BAMBR . ABESN:

{push z (f,n,S,r,m) =balance f n S (x:r) (m+1) (11.15)

pop (z:f,n,S,r,m) = balance f (n—1) (abort S) r m

Hrp abort FEHIBAI BT, IXAERERAT UDER — TR, BATHEE X
X ERE. balance KEZFHTRLN, EAWMRNIES) [+ reverse r BB IKE
i SN T RS TR

m<n: stepfnSrm
HW e step f (n+m) (newt (S.,0,[1,f,[1,7) []0
(11.16)
Hrp step REREHLEARE] N —MRE, 2MEHITRER)E, ISHIRE= R
KA Soo

balancefnSrm:{

step f n S rm = queue (next S) (11.17)

Hrp:

queue (Sg, f') = (f',n,So,r,m) FBDIHRLER &M f

(11.18)
queue 8" = (f,n, S, r,m)

BABEFTRELI abort BREL, TR, BITRA T HIBAERME, ATDADERE—
LR,

abort (S.,0, (w:a), ') = (Sy,a)
abort (Se,n,a, f) = (Se;n—1,a,f) (11.19)
abort (Sy,n, f'f,r'r) = (Sp,n—1,f, fr'r)

W

abort S =

3 11.3

11.3.1. 1E abort BRECH, Zin =0, FAIEFR LR 7 E—MERSTRIRME, X
7 o THRE o fENEER, M 2HEER—INITR?

11.3.2. (EADDEBEH SIS IS, TEE: SITIREHE SR, ARE—IRMEE A,
BNE 2R MERERR R RN LM R, B SEI—MEMEE I, BEEP RENY
il —1ITR,
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11.7  TEPESZEPAS

SIS ABI RS BETE T AERT Y f 4 reverse r TFE R, FIFME M RMER] AIEE]
— A ISEIL, BRI EREL rotate P LB HE f 4F reverse ro MELER, HH—
NERA a, NHIFIHEREEET

rotate xs ys a = xs H (reverse ys) H a (11.20)

BATRE s RN AR, ys HIRIN » FIER, o FIAICNZE [ | O T SEB4L
B, BB EILFIE:

rotate [ | [y] a = y:a (11.21)
BIFIEIN

rotate (x:xs) (y:ys) a
= (z:25) H (reverse (y:ys)) #a EXIX (11.20)

= z:(xs+ reverse (y:ys)) #a) ERNGEEE (11.22)
= x: (zsH reverse ys 4 (y:a)) REEMHEFRNERS S
= x:rotate xs ys (y:a) RIaHE X (11.20)

A _EEIEIPIARME DL, A] DS BRI

= yua
= x:rotate xs ys (y:a)

rotate | | [y] (11.23)

a
rotate (z:xs) (y:ys) a

FEMEERITING S, (o) BIESMERRIH ., APNINAPIT, X rotate THE
HRDHE T o NI UESSNRIIE SN (f,r, rot), FHH rot FoRIEAEEITHIRIEE
B f - reverse r, BHIRNE [ o

{push € (f7 Ty TOt) = balance f (.TZ?") rot (1124)

pop (z:f,r,rot) = balance f r rot

BIR balance BAFER R AIRTHEH — (R R, MEERERET, TRITFEH—#1
HE:

balance fr[] = (f,[].f) EHA:f =rotate fr][]

(f,r,rot)  HHEHHLEE (11.25)

balance f r (x:rot)

43 11.4

GUARTSCBXRIEN A, A5 Sk B2 AR S 455 e 250 R 9 ST R AR
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11.8 [Fifs¢: Bl
FUZSZINIH. Ak

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<kK> q) {
var p = gq.head.next //the next of S
g.head.next = p.next
if g.tail = p then q.tail = q.head //empty
return p.key

}
TEIRGZ I IX Y E L
data Queue<K> {
[K] buf
int head, cnt, size
Queue(int max) {
buf = Array<K>(max)
size = max
head = cnt = 0
}
}

S FRTEPA XA H . 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 < g.size {

gq.buf[offset(q.head + g.cnt, q.size)] = x;
g.cnt = g.cnt + 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)

q.head = offset(q—head + 1, q—size);
g.cnt = g.cnt -1
}

return x
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tm

SCIRAS

data State a = Empty

| Reverse Int [a] [a] [a] [a] —mn,accfh, f,accr, r
| Concat Int [a] [a] — 1, acc, reversed f
| Done [a] —f =f++ reverser

— f, n = length f{, state, r, m = length r
data RealtimeQueue a = RTQ [a] Int (State a) [a] Int

push x (RTQ f n s r m) = balance f n s (x:r) (m+ 1)

pop (RTQ (_:f) n s r m) = balance f (n - 1) (abort s) rm

top (RTQ (x:_) _ _ _ _) =x

balance f n s rm
| m < n= stepfnsrm
| otherwise = step f (m + n) (next (Reverse 0 [] f []1 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' f r' r
abort s = s

PSRN RA) -

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)
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12.1  faisT
R SRR — R Rl &, Bl 1A R SR A ISR
1. ATDMESKER, EERRLARCMON R A, BRI
9. WIDAHGE (R FLRMERTD) FERP A RA;
3. AT DABEBENLIT I, BT IEE;
4. T ARG R BT PR,

B, PIROGR SRR, W MRAUR, B 0 ARDFIIRIKE, n.
ny T AIFTRBOERE I AR,

i e Hl|2%
EHA. MR | o) | o()
TEEEREA. MBR | O(1) O(n)
R O(ny) | O(ny)
)
)

REALTT AL E 0(1) O(i
ENLE i MIER O(n—1i) | O

ARERNAH =R XYL RSIER, ARERSIR,. THER,

12.2 - XBEHLis R 52

X BEHLI AR B = SO RSB BEAL T R A1 3, BB S 3E T e 2
XM, TERARFEM T A MRS n, RKHRIE N 3R], A
FURE R 2 2 DR SE & XRERAEE n DITR. BMEN 1B ZHERIA AR — R
X, REIRANA B R AT AR ARSI < i < n, TATTERAT AR
RAERMRAE MBI RAEES @ DT R XK, I 121 FR, B 6.t RomFS

[xlv X2,T3,Ty4,Ts, xG}O

209
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12.1: &6 6 NMTENFY

WWIREN i + 1 NEEZXRN tie to AZE—TMHFT R t; &8 28 DT,
NF n NICENFA, BAHE n R ZHEIE n = (emem_i...e160)2, EH e, A
1870,

n = 2%y + 2'e; + ... + 2™e,, (12.1)

WK e; # 0, MTE—RRAR/NN 28 782 XM o 1EE 12.1 BIBIFH, 741
KIEN 6 = (110)2, mMKAZ 0, BATATER/NY 1 HIM; B 22 1, TE K
INDY 2 IR ¢y A2 1, TREFRRINN 4 BB too XFEFRAIEFS (21, 22, ..., 2]
FORARFIR, FIRP GBI KNSR ME—, FHHZIRMNEIRHES, FRATTFR
Z N XBEOLVRFNR T, FRATTAT DATE = OREE AR B VR DASE X AR
7 1, LERRRFEEM T U AT, 2, EFRFHPICRERMEIRDN XS ET
BIEH (s,1,r), HP s RTPWPIKND, 1L r 2RIFRRESG TR, BEITE 2 W
FHRICH (z)o FATTAT PUXFETREL—HRBR A KN :

| size (x) = 1 (12.2)
size (s,l,7r) = s

N THFITCE ¢ BAZFH] S BIATE, FATEIE—BEAE — D 551 ¢ 1

t' = (y), REHEEFHARIZRMKF, insert y S = insertr (y) S, W5 AT ELE:

insert y = insertr (y) (12.3)

BAEERMRARIE RN ¢, e f v RN, IR 8K, My &
PMEETE CHREUNTD; & ¢ My %, RITEElTiERE CGEEIED) B—IRmK
HIRE: £, = (2s,85,t), PRIEIBVAHLRE ¢, FRAZIZRMAF, WA 12.2 FoR,

insertr t [] = [t]
. sizet < sizety: t:ty:ts (12.4)
insertr t (t1:ts) =
A0 inserty (link t ty) ts

HA link R/ MERIFIRBERS R link t1 t, = (size t1 + size ta,t1,t2)0
BRARMAHEE m BB, m RN O(lgn), SKERTEAMIMEREN O(lgn). FEEF
fITUEBH S PEPERE D 5 BN 1],
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O,

(a) FA 710

(b) AN z2, BEETE (1]

O Q
@90 9@@0

(c) fAN 3, FRN [to,t d) A zs0 ZPIREE
PFﬁ%ﬁtﬂ
@0@90 @@@690
e) A x5, GiRN: [to, t2 f) A z6, LZRN:

K& 12.2: A 21,2, ..., 76
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XERRHD, BATTHI R AR RSN FHISLE PR TT R, R AR — AR
Mt (BRI, TATERR ¢ MIBR; AN, JRITHOR S —ERIHR o EEIRTS
to, RJEREHMBR, W& 12.3 Frr.

o0 d:

P8 21, 22, ...y w5 AT BLAR B 250 EFEMBR
7“7" [to, t2] too

(v)
OJ010

(c) MER 240 SEPUIRIIEIFE [to, to, 1], MRS
[to, tl}o

12.3: MSKEHER CE

extract ((z):ts) = (x,ts)

(12.5)
extract ((s,t1,t2):ts) = extract (t1:ta:ts)

FIH extract BIA]SEIN SKER T 2R AIMHIER :

head = fsto extract
(12.6)

tail = snd o extract

HH fst (a,b) = a, snd (a,b) = b 73 HIIRE—XEHIIFH BT
AR EIR LR R TT RN AR NARFRI X, SEEERT 1 <i<n, K
e BN M SE R =X, REFHIE TR ER AT EM R TR,

1. ER&% i AR S — 1R ¢ UK/, 350 < size(t), WIDTELE Y, B TIORIER
t HIHATE;

2. B, i =i—size(t), RIFIBTHAERIRAIMHERE / DR,

1< sizet: lookupr it
(t:ts)]i :{ = r (12.7)

EUE ts[i — size t
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HrF lookupy FERHRAT =0 &K, MR i =1, TODREMRT A, A0, Al
Remtr=t, RaIHE:

lookupr 1 (x) = =
s
i<|=|: lookupr ity 12.8
lookupr i (s,t1,t2) = 2 s ( )
e lookupr (i — L§J) ts

B 124 R THEDKERN 6 PR ERSE 4 PITRIPE, B —HRHK
N2 < 4, MERRGEE R, IRRSIEHN & = 4 - 20 8 FREBEANA
4 > =2, BRESTTRMERXRR B, KRG 2, ARTFIHFAR TR
4/2 =2, FRDAERREL T, REREGMRIIN T3, REFEIZEIRNIT
Ro KU, FAMERIMBUERNE i KT,

(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]

RIETEE XM, NTEH » MITRIFH, RIS O(gn). X
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TRGl i, REFZE O(lgn) NAREMEIN, 12 T RERMM I &SRR, &
ZHE O(lgn). FBLFEHLYTRIEEATERES O(gn).

#:3 12.1
WAL &R 5 ARG L ?

12.3 BFIFoR

FEGEEE n B ZHEFITE AN Z AFFER R n = 200+ 2 er +... 427 ey, HiH
e; N i NHIE, He; = 1, MIAFE—RRIVINN 28 BI5E 2 XM A5k AT
2, AT HEREON 1; MR R RO 1. AR RN BeERoR U,
N T HRRZRIZMOS R, FATTD D ZHHIAE S DNIRES: IREF Zero Fon A7
FEZXM, TIRES— One t FRIRIFAE XM to IXAERRMBL AT AR ON — 4 —#EHIIR
SHIFIR, T A S =R 3E n,

addt|[] = [Onet]
add t (Zero:ds) = (Onet):ds (12.9)
add t (One t':ds) = Zero:add (link tt') ds

Kbt ¢ AR B ZJERI NS . B RO ZS, BATEIERAS One t, B2
HEHIECP R —AL, YT 04+ 1 = 1o GRS, MRIEHEMETFZE Zero,
BATEIE— IR One t Bt Zero, XM T Z#EFIINE (.. digits...0), + 1 =
(...digits...1)so BT 6 4+1 = (110)y + 1 = (111)y = 7o R ZIFHIELIZ One t,
BATAN ¢ J1 ¢ IR/, X 2FEAFBNTERA—F t) = (2) FFEHEA, 1§
AR RN, 2—DF51,2,4,...,2°, .0 FAVE ¢ f1 ¢ BEREER, i3
I Hidel N BN TR IECT . TZ AT One ¢ BN Zeroo JXHHY F ZHEHINIE
(...digits..1)s + 1 = (...digits'...0)20 BIAN 7+ 1 = (111)5 4+ 1 = (1000), = 8,

FETORTATTAH —HERRTE R R MBR . AR FHIHEH —10L One t, MFRERF
FIAE NS, IXM N IERIRIE 1 — 1 = 0, WERFHIEZAL, HEHERRE One t, K
TS HEWN Zeroo XM F 3 HIRIE (.. digits...1)y — 1 = (...digits...0)q. 40
7—1=(111); — 1 = (110)y = 6, WRENZ Zero, BIETEEMENL, FRATIBITHIM
FRAVE T AR, RN 1. to, ¥ Zero BHK One to, FFMBR 10
IXHERY T HERIRTE (.. digits...0)y — 1 = (...digits'..1)q0 BIAN4 —1 = (100)y — 1 =
(11)3 = 3,

minus [One t] = (¢t,[])
minus ((One t):ts) = (t,Zero:ts) (12.10)
minus (Zero:ts) = (t,(One ty):ts"), HH . (s,t,t2) = minus ts

By ForH AR ERE, BAMEMRETE, DmANIMERE, &
TR FPHITEA n = 2™ DITRANIRE, AP R EHIFORINER 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

IR R ARAL R O AR AR, EAETRE 2 RO IRIRALRERR —IX
AL, PAT— O BERARE, SRS 2~ O, IR R —Ik, KA
AR BERE I — R, G —NITRMEAJG, REMEN 1o KA TR,
FHEIT = 14142444 271 27 = 2741, S URIR BRI 5
gm+1

om

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. AJDURREN 2™ RIBEHFORE 2 = XR (m Z2AETCEED) . TEH A SH =
SRR AFIREAL YT

12.4 XA

1E b—%r, B4 IS DEEHS, i TEEH AT DU BN TRIREA LT R, FRATTAT
IR EY RO P4, N 12.5, #2300 k77 MM, 1EFIRAT K
AN, EINE £ AR, MEEEAN, BIE] - KRR, XTI
BHFRYIER S = (f,r), ¥ FRONT(S) = f, REAR(S) =7, Bifaif AT 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))

BENLUIIRIES @ DITRN, WAVCHMWT i K512 f b r, REHEMEDTR, &
i < |fl, JERIE f . BT fH e SKASRIERR, AL f RGP RTT
2o BAMA |f| —i+1EMEGTER; WR i > [f|, TLREr Ho TTRENEAGRSI
), AW @ — | f] EREDTR,
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|

JHBRFTREA — R f s r 2, s —MBETTER, FERE P, 2 fsir
FT [, TGS — B M, R R — NS, [, r
ERFRE, BATIA] DA £, 3BVAVEH BaLance, FHE £ r ZZHEER,

: 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)

TERFRIMBRING, BATEAGE for BENDE, FHllL VEHRE:
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FRONT(S), REAR(S)
4: if f =] then >S5 = ([}, [])
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)

M T 2T R, DR IHERIMED TEREN O(n), Hr n BITRNMEL
(EZ 0 AR 0 JEE T2 S T TRI A

£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
gl, EEENNFINHAE G BATRGER IR TE XS IR —E, MR
AR MHFIRIR, B 12.6 44 T —FIAERESIRISI, 2 XWRREGET
IR EE—NITR o1, HETTERM D S T H BRREEENIFHIT, SN BE—
BRFRE, XEFRE— DR (W E—5) B, BAHEFIIRTN (21,Q.) =
(21, T2, ooy TnJo ATZIEIET — DI (y1,Qy) = (Y1, Y2 v Y] I, FRATTREEABAZ]
Q. NEHS, IR E IR, SERBAFIRI A NERE Y H AN ], R HA R R
PERE 2 B BN TR

sSHYIJ = s
THs = s (12.12)
(,Q) 4 s = (x, push s Q)

HABTLR 2 B, BAVEOIE—PNERITRIIE (2, 2), RIEHFHERZLZR,

insertx s = (z,9)Hs
{ ( ) (12.13)

append x s = s+ (z,9)

AR SR A SR ERT R T EERARAY I, o WARTT A, BRET T EIfr
A TR B 2 XM FROR I ARSI, BATA] DR e e s, K
—HIE,

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

EHRF A RELESCI AS R, BATHEEE — R T8 ¢ tHIEA, SRJG 38 IR SRR Y
FROERRAE RN s, BIGHE o1 s EIERER, TV concat WKERMIBRITER,

tail (z,Q) = concat Q (12.15)

B concat 181 TG, BA AN —DMRAEWER, XA EHY T Q ##
TR,
fold f z@ = =z
fold f2Q = f(top Q) (fold f z (pop Q))

Hrp f BRTIHFHRI—ITHRE, - 2Ft. N2 —ERSIENNGT, ©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

FATAT AR BINKE X concat (RTEALTEZD) :
concat = fold (#) @ (12.17)

WHEEOLNEA W, PR, EREREILA AL, MERZRERPEREERIAMEIL T
AN, HESM I 0 NTTRIE, SLRIPAT—IRIHER. 2 SR Y
n—1RRTHEZBEITRN (A& —MHTFIR). concat TE O(n) MRIEFTIAFF,
(HH (52 2% 2 RN TR R
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12.6 T

X FENLYT AR R] ATESLER A AN ] () FiA. MHBR, DONERIN (Rl T
BEALYIA, (HRMELAMIEERARMITE. IR T s R, SRS R B H
TR (i) ATIER:, £k, BEAEENEEA. EARREH RS TR A,
X FRRERAT: 10 TR AP RSk, BRAEITIEM; 2. HEIBIAM
ghky (BT AR REALYT LR o TR 2 B8R, FHEMt 0 FIH 7 IX R R SE
BRPF), RS AN SRR CEE, FRMAHE T 2-3 8/ (—F B-#), —
BR2-3 B S B =R, d: (1, t) B (t1, ta, t3)0

data Node a = Br2 a a | Br3 a a a

BATE X —RRFHaRR
1. ENT @;
2. BHEBHITTEMT (2);

3. AW E =M —RTWIE, HTE, 1I]h (f,tr). BMNTFER-1TEZ
3MTERMFIE L

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.6.1 fHA

(C) ([b],@, [GD
12.7: FHEH, 1

WE 12.7 F1E 12.8 Fime Bl 1 H (a) 9 @, (b) BFA—TTERENE R, (c)
SEMMNTE, 29E fo r TR, ORLSHEATE, f FiEa#Ed 2-3 MR

PBRESCRET (front), J& (rear) MIEFHE,
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e]ae[o] a

(a) ] f FHaHEA 3 1 (b) 8 Vi, f

TLEE, @i T 2-3 W FHEEH 2T

IR, ASFEPAE, = hEE S A
M7, fE—if 2
3 o

K& 12.8: Ffamf, 12

iill, anfl 2(a) Fiose (b) IKEF-#)G, [ FHEHE 2 LR, HHEE 2N EE—
BR 2-3 IR IXEEB 7 R] AR N :

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]

FEREE—DOIFH, REEDE R D, THERZBIA, BRE f.
r FHERIHR RIS 2 —MREIRATTHER, &N Tree (Node a)o IREEHIIN—4%, #k
ZWRE—H, LHEIIGIFLIREE T AT HERE A TR, BATTRTLAAGNNR,
[ —HERTFHER T HP A o I

1. WMRT =g, WERNATENF (a);
2. R T = (b) B—1F, &HRN ([d],2,[b)]);

3. T = (f,t,r), 4R fHITRMEANEE 3, K o A fH, R fHITRENEL
B 3, K f G 3 DICERBA IR 2-3 B ¢, BVAHIRE ¢ AR ¢ R
Bt o FAZ f .

inserta @ = (
insert a (b) = (
insert a ([b,c,d,e], t,r) = (
(

insert a (f,t,r) =

(12.18)
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R T7IEITHASN, HERIUE AR E R R R, BIREBR T A& A,
T 2-3 ROF4EREM, i h = O(lgn), HA n Z2TFHERFEETEN ML
YA DA RER L EE O, 6 A0 70 S R D BN 1] ) 10) o FRATTT DA &
INESHRHE TILRIBA SR

xs >t = foldr insert t xs (12.19)

%3] 12.4
12.4.1. HEERIEE, BAEARR 7 LT

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]

FATME IS THARIE S (SRR IER) . QISR FHaR R TR, SR
B AR FHEM REEMANITTE, TR £ FRTER, SRR ITTRAMNT; R
fHREE-IICE, PEFE N, e A2, FKIOWER f PRUME—TE, REMN
rHET IR f; R fF RE—NIEER, mPRTRIAES, FAIEE 1M
MFREFHBR— DT, RERIX—T RN BRI ZR A fo K f
FIME— o R MR, R f BE— DU LERTTE, FTATEE—DTEMER. Bl 12.9
JER T T HSLEIHER T E AT

5 extract, TATAILAE LHY head F1 tail :

head = fstoextract
(12.22)

tail = snd o extract

%3] 12.5
12.5.1. JHERIEIE, FIEAEIMER,
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(b) MBR—ILRE, fIER—4

ﬁ%o

[xi81]x171]xle1] ‘ [x21]x111]

(c) FHRMER—DTER, MHRITFH “fF" — P, KEM
2-3 WSS R, 1ENHTY fo

& 12.9: kR

. OOoo oo
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12.6.3 EIERAE
AR DS FRISCEL R A, AhER,
append @ a = (a)
append (a) b = ([a, 2, [b]) (12.23)

append (f,

t,[a,b,c,d]) e
append (f,t,r) a

(
(
= (f,append t (a,b,c),|d,e])
(f.t.r 4 [a])

R r FRTEAEE 4 1, BAITERIEHITRBNE r KE, S0, K r FHY

BT ="PICREU, AIE—RRTHY 2-3 8, IO Al AR ER, SRR
A DA AN B NS R A T IC R A IE R —BRTahw -
t < xs = foldl append t xs (12.24)
M FBIMIERAE =5 T F N 50 -
remove (a) = (J,a)
remove ([a], 2, [) = ((a),)
remove (f,,[a]) = ((initf,d,[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)

Hr last FREGNERH) e Je—

12.6.4 &

FEMIRTHEMESA N ZHIEI: Ty = (f1,t1,71)
TENEEREE R £, H ry (ENEERPE ro RIEHRE t1y r1s
TSR, P OXSE 140 Al :

EH:‘F 1 ﬂ] f2 %K

NITE, init IREIHEERSY

CE W —E),

(f27 t27 7'2)0 ﬁﬁ]ﬁﬁ f1
ﬁ\bé#&¢@¥mo

merge ty (ry 4 fo) to =

ty F t, WAERRTFHEM, BTt 7 M T, R—

&, £ T HHTRIEN o, N

t1 FHITEREADN Node ao FADBITHBEITEF: RE ¢ B £ T4 12 B9 r T5,

RIGHE ¢, Kt YHRIEIER S, ¢ B » FHERD t, B9 f FHES TS
merge S tsty = 15> ts
mergetits & = 11 <K<ts

merge (a) ts to
merge t, ts (a)
merge (fi,t1,11) ts (f2,t2,72)

= merge & (a:ts) to
= merge t, (ts+ [a]) @
= (fi,merge t; (nodes (r1 # ts + f2)) ta,r2)

(12.26)



224 . OOoo oo

Hrb nodes K45 TouRAHG N —AH 2-3 B, XIZRAHEFRFFRITRIA,
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)

PRI —E MR (12.26), EEEBRCEAR LR GFFH0E, BTG T
AN —BHTE L

Ty # Ty = merge Ty [ ]| Tz (12.29)

ERERIPEREBUR TIRIAR & HF IR, IBIFRIR AR BN — R BT
2-3 AP, FHERAEEEY O(lgn) HA n ATCRI N, SRS MAT
AIPERERITE AN —HE (BRZ VA insert 8 IR0) N PEREINTH, BIMEHN O(m), H
Hom BRI RS, B ERIRIERREDN O(gn), HAin ZWRTFERHE
AHITTREE

12.6.5 FfidLiiM]

BATTH RS R ACRENL VT M L AR R O Tl R E TH R RUD, B4
AR RN — s ZRICRHEZHTRDEL: (s, £t 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 XREEN o ATREREIRRIT A, BN Node a, i
HESE-BNINTZ 1o NBATA] DAERBA BN, 28N TR « BARE—
PNEATTH (1), MUERDBTTRIRNN 1, Bl: size (z). =1 (BUHRHIF).

{:v <t =insert (x), (12.31)

t
t>x = append t (x).
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AR :
rs Kt = foldr (<)t xs
foldr (<) (12.32)
t>xs= foldl (>) t zs
BATETFEIRE 2-3 R AR/N:
size (t1,ta) = size ty + size ty (12.33)
size (t1,ta,t3) = size ty + size ty + size t3

XNTHRAFIEER GINE—HKTFHE) BATATLAE sum o (map size) RIHEK
/Ne TERRAFIMBRER EA, FAHBTRE AN, EIMER)E, SE—MIE
i, AIDOESBRHEREMBIE N R, FHEWEABIIAEE: (s, f,t,r), BN
LEFZERIIRNA . spe s 8, Hos=sp+8 480 QIR < sy, MBEWRAT fH,
BAHETRLE fHER; R sp <i <sp+s, MWERMT ¢, AR ¢ ¥
R, SMERLT r e BRILZAN, FATEFRELAIMFT 5 (2) BN, FATH—
XH (i,t) ZREEARGE ¢ v i BALE, & CEHIRE lookupr IR

lookupr i (z) = (i,)
1< s5: lookups i f
lookupr i (s, f,t,7) = {s;<i<sp+s: lookupy (lookupr (i— sy)t)
A lookups (i — sy —s;) 7

(12.34)

XE: s; = sum (map size f),s; = size t, 7ABFIEWEIITHIR/N W

RAEMF R (z) PERLT i WNE, 1N (i,2). BMBATHW i 62F (s, f,t,7)
R —# 5. MR TRIEFE fr 9, BIMMKIRERFEIIRFNET TR,

i<sizex: (i,x)
lookups i (z:xs) = (12.35)
A lookups (i — size x) xs

WHR T HENTTR 2P G < size x), TANRE] (i, 2), HNFRAURESEERGH
HeE, R MITFRIEFR f,r, MEFBRERD ¢, BADEHMEERZEE, 15
FINIE (i',m)o XHE m B 2-3 0, FAHE REHAER:

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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BATHATA THE KR MEEN TR » BEEEE (v). B, BERNTFTENFE «
Hy[a]:

Filookupr i T = (7', (x).) :  Justx
T[i] = pr (& (@)e) (12.37)
A0 Nothing

BATFIA T2 Maybe a = Nothing|Just a RFZRES|IBINREE R 2, Rl
ViR TR R IIE TR AR, BBV TR, BT a2, b
NUBRIEZLE RN O(gn), HAn BEHBIIITTENES

BATHFFEW LI P IITE A LA ESS. ROFIMERE. k. BIRIERDHE
BRI, AT DATEXS BN I A TIERE, 23 BENLERS |7, BIAREERIE,
BAINAE T BERNEIRGEN, £ TR AER e — e R m @i, flan, &
TR DU 8 5230 MTF? S8k 0, MTF {8 e E i T B85 3K
HITI -

mtfi S =<8 HA(z, ") = extractAt i S

FEEHET R, ROPENHEARN DT ZHEFRE, tAEPOdtE. JFHE
FFUANENIZR; SRR H T BRI R A AR RETE,

3] 12.6

12.6.1. fEREHLG RIS, anfafb B 2si o FI2R5 R A G ?
12.6.2. KM cut i S, TENE i {TFFH] S 73EFF.

12.7 Kgst: Bl

BEFLIIIRIZIZR (RRAE) :

data Tree a = Leaf a
| Node Int (Tree a) (Tree a)

type BRAList a = [Tree a]

size (Leaf _) =1
size (Node sz _ _) = sz

1ink 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 SR AL T ORI B, B4 Java/C++HJ Optional<T>3A
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 i (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 tl1
| otherwise = lookupTree (i - sz “div’ 2) t2

BENLII R AR MR R E R :

data Digit a = Zero | One (Tree a)

type RAList a = [Digit a]

insert x = add (Leaf x) where
add t [] = [One t]
add t (Zero:ts) = One t : ts
add t (One t' :ts) = Zero : add (link t t') ts

minus [One t] = (t, [])

minus (One t:ts) = (t, Zero:ts)

minus (Zero:ts) = (tl, One t2:ts') where
(Node _ t1 t2, ts') = minus ts

head' ts = x where (Leaf x, _) = minus ts
tail' = snd o minus

MEEH P :

Data Seqg<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 # y =y
(CList x q) # y = CList x (push q vy)

fold f z q | isEmpty q = z
| otherwise = (top q) 'f° fold f z (pop q)

concat = fold (+4) Empty

insert x xs = (wrap x) H Xxs
append Xs X = xS 4 wrap x

head (CList x _) = x

tail (CList _ gq) = concat q

FHER

— 2-3 4
data Node a = Tr2 Int a a
| Tr3 Int a a a

— FHEH
data Tree a = Empty
| Lf a
| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } ES R

newtype Seq a = Seq (Tree (Elem a)) — &%l

class Sized a where — AJiTE AN
size :: a — Int

instance Sized (Elem a) where

size _ =1 — LEMNANNER1

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 c =Tr3 (size a + size b + size c) a b c
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nodesOf (Tr2 _

nodesOf (Tr3

— FEMRLE

a b) = [a, b]
_abc) =T[a, b, c]

x <| Seq xs = Seq (Elem x ‘cons’ xs)

(Br s [b, ¢, d, €] mr) =Br (s + size a) [a, b] ((tr3 c d e) ‘cons’ m) r

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

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]l 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) f mr)

— A

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 ¢)) [d, e]
snoc (Br s f mr) a=Br (s + size a) fm (r # [a])

last' (Seq xs) = getElem $ snd $ unsnoc xs

init' (Seq xs) = Seq $ fst $ unsnoc xs

unsnoc :: (Sized a) = Tree a — (Tree a, a)

unsnoc (Lf a) = (Empty, a)

unsnoc (Br _

[a]l 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 f mr) = (Br (s - size a) f m (init r), a) where a = last r
— &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

229
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merge Empty es t2 = es >>> t2
merge tl es Empty = tl << es

merge (Lf a) es t2 = merge Empty (a:es) t2
merge tl es (Lf a) = merge tl1 (es+4[a]) Empty
merge (Br s1 f1 ml rl) es (Br s2 f2 m2 r2) =
Br (sl + 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, c, d] = [tr2 a
trees (a:b:c:es) = (tr3 a b

— R5l

data Place a = Place Int a

b, tr2 c d]
c):trees es

getAt :: Seq a — Int — Maybe a

getAt (Seq xs) i | 1 < size

Place _

xs = case lookupTree i xs of
(Elem x) — Just x

| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a

lookupTree n (Lf a) = Place
lookupTree n (Br s f m r) |

n a
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 _ a b c)

where sa = size a
sab = sa + size b

lookups :: (Sized a) = Int

| n< sa=Place n a
| n < sab = Place (n - sa) b
| otherwise = Place (n - sab) ¢

— [a] — Place a

lookups n (x:xs) = if n < sx then Place n x

else lookups (n - sx) xs

where sx = size x




H=m  PUEHEEAAIHE

ANMTEIMER, T HERHEP FIRRITERE_EFROV O(nlgn) Yo REAGPIFIIY
iaHe R PP R, MEREEIRNAE] O(nlgn). BATESMHENNE
T, WERAFH, FEAHHERESE,

13.1 P

IR H— 4/ NI AAZIRA SRR

L BN T A HOX AN NIRRT 2 2 Frf Pt
s 2 AR A 25

2. FrAUEEMAEV NP EEIX P, wh2EMIthES XK,

SZTINEER (EK): [102,100,98,95,96,99,101,97], FF 13.1 iR TiX
—HE AR, B, HEN 102 ERIZFEETF, BATFRIXA/INAK AEEE, HRDA
TRIZ, RIS S iR, A NEBuG A, WRPHE ATIOR, M, S5
102 KRN R) T AN E, BARLASIS, =2, F&ER 100 &
KL TFETF. &R 98, 95, 96 99 JEKIVINAHAUEEI Ty 20, Wi &2 101
JECKR AN A ) T4, WIERHEE =47, SH =20, Bk 98 [EKAINIR N T

231
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FEMIEIEEAE; B @0 101 EOREINITAOSON TR Mz e, ERMREAA — A, TH
Moy, EERMERTE, BRIFTA NERSIRAN B,

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
FATRT DURZA e e o N L THER I
o HLNZ[], WHFERNZ];

o B, AE L AEE—NTTRENENE p, REETH L FAKRT p TR
Fr, RERET p WEM, RRKEIAEART p TRy, SSRETHM,

A RN WAR “RE". ZAWNEEAHR TR, Pl e
/R (C. A. R. Hoare) 7E 1960 42 DL 1, FRATTAE SCHFFIRA BB AN T e B
e, XEAZATEE, BIA1EERESE — DT RIEN & p

sort [] = []

13.1
sort (z:zs) (13.1)

sort [yly € xs,y < x| 4 [z] # sort [yly € zs,x < y]

RAME TRAWAN “FHE 27007 FIER (B 2F FIER) 1951
TR 1o = ZF RiER {ala € S,pi(a),pa(a), ..} RRMES S AR =
P1. oy BENEUNTER (S50, W FIERIEITARH:

sort [] = []
sort (x:xs) =sort [y | y«xs, y < x] # [x] 4 sort [y | y«xs, x <y]

BAMERBAZARE R HE Y, e DAl e, DAET&f7s, o
By, wrreh, BCERRIINE. BT DHE SR F R S8 L =),
BATHAER RS —E R 2, HEEDEE ey, PILENLE),
fE BE UL, FAMH B < 1E EEsR

PSR BRE S IL OB NSRS (Zermelo), #225/K (Frankel),
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13.1.1 X%

FERAPOEHE R E X, BT TR B—U0RE TTE < 2 BTk, %
VGRS > 2« BT, AT ENTE IR — IR R i AE:

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)
A BINSIRAIRI 7y, ARBLERAERI SR (as, bs) BRNEE, # p(z), WA
Mo Eas, SNERE bso XAETATAT ASZEL—NEIEVTRIX 772
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 BEMGER, BAMEAN—DBHNERKEIHT: gsort = sort []o X75¢E
I, FREGBVARN PN DFINER as. bs HiF. FATATASEX bs HEFP, R o BERERISS
R, TEAHT “REEERT BN RSRHT .

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
RPN, AT EFG IS, ST, BEREHEE 13.1 (a) FRrJLER
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 BRIMINELNE po KIZIEEHRN, p $RohEIRANE;

o —BHAEE <pWERS. RX—BRIGMILAN L;

o —BAEE > p D, X—BIEMAFN R, L. R ZRAIMTTRAKRT p;
o RIJGHRITTRMALHE, XERTHITCRATRERTEAKRT po

KI5y TR, L 48[ p, RIEA p IR —AICE, WEE 13.1 (b) Fim. REA
Wimfah R M TAOE, BHE R BUSEE AN, SU0kR, #LkE R AT Ef
po i x[R] > p, BENMAT L R ZIE, BAIGSEAFFEY R, SN 2[R]) < p, BN
ZALT LM, B Liaaigsh—2, REzeHt o[L) # 2[R, % RBERE—1
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BN, FrERTTRAEATEE, > p RTREBREahE 7 L a0, mEeTRMT
LM, WNBRNTERS) p, MeMTIXMERTE. itt, 1528 p 1 2[L],
GHIEIE 13.1 (c) FRRDINAFSRITR, L &E&HEIA p, FREDEH N E . BT
LAEARRIGHIZESRIRE, T 75k, BT L1 1, S efsmsE—1 K
T pHITR, AN A, FERIPXER_E RN [, FHI 2 SLHANT:

1: function PARTITION(A, 1, u)

2 p <+ All] > B
3 L1 > =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]

EXCHANGE A[L] > p

9: return L + 1 > IR AR AL B
TR 13248 TRIDEE [3,2,5,4,0,1,6, 7] B IR,

%

3(1)  2(r) 4 0 1 6 7 FHE, p=3. 1=1. r=2
3 2()(r) 4 0 1 6 7 2<3, Bahi (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| BB, RIER - X

3 2 o) 4 5 1(r) 6 7 1<3

3 2 0 1 5 4(r) 6 7 Bl i, RGN r ZZHh

3 2 0 (1) 5 4 6(r) 7 6 >3, dhst

3 2 0 1) 5 4 6 7(r) | 7> 3, 4L

1 2 0 3 5(1+1) 4 6 7 rod IR, e p Fl

7% 13.2: H#HFFRI A

i ParrrTion, B ASZERHGEHEFAT
: procedure QUICK-SORT(A, I, u)
if | < u then

QUICK-SORT(A,l,m — 1)
QUICK-SORT(A, m, u)

BAHEHE N NBEH B RS, 40 Quick-SorT(A, 1, |A|). AIREEH R B2
HAEHE LR, BATERKIRMH,

1
2
3: m <— PARTITION(A, [, u)
4
5
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£535] 13.1
13.1.1. BOHEAPGEFEFIIE X, BRTHIFRNZIN, A BT E R,

13.1.3 M:HES T

B SAHE R £ 92 BR PR AR BLAF JRAT AR B P 2 T LR S H7 1
FHOBERE, oW BRI, IR, SR8 5,
[’ 13.2 R, BT O(gn) YOBITAM, BB —R, L8 iR B2
QUSRI UEHE nj2 AT, JKBITIREN 20(n/2) = O(n), H=ERI5H
W, UL /4 NTEE, BRI O(n)..... RIE—ERIE n DR,
B E—ATEE, BIEE O(n). FHHTE BRI IR, S8
SR FRIBERES O(nlg n)o

n

AN

n/2 n/2

e ~

n/4 n/4 n/4 n/4

.dg)...

1 1 R 1

& 13.2: RIFIEN, BRI

BIMERT, XA, —E2K 0(1), B—#2iK O(n), BANIRE
BIEH O(n)o BAFIEIT, B 7R — RV — XA, SIMER T, TR
— IR BIRIR, DT REE R TR, SRR R, S XRIR LT
—MNREN O(n) WiER, MIES—ZEH, ArARITREGICHE, Fit&IMEI R
MREN O(n?), IXFHEAHERE, P RIMERER = TATTRT DA B LAMRFFR AU BRI
&0, BINREBITRAMFESBERIDERA T, HINEF IR SEA TR,
EHHE RIS ENERE NE, AFAE— M5 TR A] DASE 2t R A S Do

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 %
ST AR EE R R R ECR B RE L R EEHERE R, (RN TCREEAT
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THR, PUEHEF R TIRZABERN R, ZEXDVIR (a1, a2, a3, ..., a,], T
ay VTENEME, IRGERFENDTFINIR A = [21, 20, .y 2] Fl B = [y1, Y2, s Yn—k—1o
fEE RS, A PEMITREAE B RARETRETIR, CHRE
HEFPHIEE RN (a1, a0, ...y an), BATE: H a; < a5, BHMNEFERE—TTR ), T2
a; < ay < a;, 3 H ay, TE a; B a; ZATEGEAFEMERN, FATAEX o, Fl o, BT,
SR, a5 a; BATEHEE, WA a;v B2 a; —ETETE a1 < @i < ... < aj_q
ZHIBOE A ENE, 2 P(i,§) AR a; 1 o; BEATELERROMER, FRATA:

2

P(i,j) = " (13.8)
A LA B ISR ] DU AEAS 2]
n—1 n
Cn)=>_ > P(i,j) (13.9)
i=1 j=i+1

IRBALEL T a; M ay, (B3R TRAPORFEE S, SABHE o; Fa;, FHHIT
R a; KIEAZE TR, BIE X, i ERAn—1, jAIFERN i+ 1,
RN

n—1 n
C(n) = . 2
— L~ g —g+1
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

BRITEMANE, YR KE n, W ESEMNREN i fln—i—1
AIER e XIS RE LU E p Mg ITR, EH SN cno BATHEINNIBITKER:

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

PIIAIRIIN LA

nT(n) =2y T(i)+ cn’ (13.14)
¥nHn-1 *E’ﬂ’ﬁ%, 15385 —FK:

(n—1)T(n—1) _2ZT )+ c(n —1)? (13.15)

(3R (13.14)) IER G (13.15)) WEREMN T¢), EFo0<i<n— 1o
nT'(n)=Mn+1)T(n—-1)+2cn—c (13.16)

RIS HE ¢, BN
Tn) 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
RG220, HEEAHEFERE S, AREE—DXT n K,
T(n) o1
P M) Lo Z p (13.18)
AIFTERIZEL, WRELIIETRN:
O(:T)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

PogHE P EREIL R, (EAERIMBOLT, MREXBMEIET I, REHER AL
fii, HIEAEUAIMERIR, REW, TR EH R 757 7R DO s>
HILEIRNIE B, FATIZ8 AR 2 SEB ParTITION fEALPE K B 8 45 JT 2RI IR RE
B, ZEESA n MHFTRIFRTI 2,2, ... 2]

1 HARYORHERE : (R — MR p — o, SBSESIRARA: 2,2, ... 2],
KBy n— 1, B ARAIEs, B RAOBITMAT K o — 1 ORI,
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

Eit, BATRIHATEGHE : AT 00Xy, =R Bl E S TR,

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
TG gsort = sort [ o HH:

sort A[] = A
sort A (x:xs) = sort (E 4 sort AG) S

BT FIRIND H=AFHIR S, B, G, H E R eME, THiE—
. BAVEHEMRREE AN G iy, KEERERS] £ WEH, (E#HH R
B S . XIorthn] DA 2R R ko :

(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>xz: (S, E,y:G)

BRSBTS — ekl BN AIERE P ISR, TR
MFBIRERTFICR, RAFIEREL:
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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

PHAk: - ZZ&4E7 (Robert Sedgewick) 25 H T MR R 3 7774 | o TEH
WA 4, j NEG IR, FFEEET 4, 5 farmsdd e Aia 3, JET%EE*'E@UE%T:
RUENEUE po RG4S « MAHEREZIBE— > p BITE; B2 G j W
FEEFEFIER— < p TR, M, Arh « BT ERA < p, I j A1
R0 > po i FRIAI— > pILER, 1M jfEM—D < p KR, WEIE 133 (a)e AT
KRE < p FITTRIG BN, HRTTRITEGM, B4 f 5 FAapm Ao
R, REkEAR, EE LEAPERES /1 j HIBEE W, R R ERINZ,
BERFFE AL el ZMROCER (RSO # <p; A j GMRITER (R )
# > po i M j ZEHTTRMEAE, GIEE 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&
K 13.3: WA
M, MBS, BAFHFE—IREFIMNIA R, R e MR p 233 5 15

FIRALE b, 2RJE, BATEXIXERR 10§ 2SR All..5); @ XX
A B3 w 2RI ER Ali..u) BATIEVTHEF

1: procedure SORT(A, [, u) > HEF XA (1, u)
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)

ZIEFTA T EAMHEEF N TE L BN 7 W B A E I T4, ﬁi?g
R M, TR 72 R, B DUSARTEREIIIRN O(nlgn), TiAIRL. FILLATRY
NI SZB E, X =TT IR R BB D, BBk T AR A IR — M TR AN
BT, FRATTAT AR AR =B R G Al ok, RO AT R TR T
3#IH, Jon Bentley #1 Douglas Mcllroy &3 T —"175i%: WEE 13.4 (a) iR, i
B ARSI AR S R T R ERAFEAE I (0T [

FifE p i J q
\ ( ( ) )
\ \ / /

el o= <t o> =

(a) =BERIHIRE S AE,
i J
O —

<= e >

(b) RFFETHUERTTRIREI P,

& 13.4: =B&XI5>

PSR R AR, B 8% > EENITE, HH ;B3 < Bl
IEE, RS ¢ A5 IEMBEE R, BOTRE M Ali] « Alj], FNGEE
Afi], Alj] BREETHME, WRAESE, R Al < Alp) 8 Alj] < Algl. fEXIDEER
A, BAFEIEE ST REENTEN LGB P, KRB TEE LR
DB QERFTATCEME—, WIAHRECNE, N EEINEFRE, KIS RanE
Bl 13.4 (b) Firme B, BATHTFER “TH/NT7 1 TR T” Sz,

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 A[g] < 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

> W& i > u BUEEIRAC R

> R j < 1 AYEEIRAL T

> ARSI TR

> FAHSFE AT R A E R

MR =X PR AR E % T, TR R A, ATH

B A AR, EMR R RMNBEEENEHITS0E. BARERBEAE
St R —NITRIENERME p, WEIE 135 iR, EMINZ], EMABREES <p
ML, 8 PRIABRES = p LR, &AMHBES > p FTR. = MHEd
FRBIN i ke jo [k,j) ZIRZFARITMHIITTR, KNMNEAAZ T, THAER,
< p WD N =p M RE—NITR, « faMEAH TR, ka6 BN —DoT
. > p BN, 5 faAEEH B
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i k J
( ( )
\] /

<P :p.}' 7?7 kF->D ..

& 13.5: PAFEFHSR =B XI5

Konitaia, OB —KE kfEARITR. GRESET p, MBs) k[ 1
JEER; WR > p, BATR Alk] MARMHEX RN IG—PITR Alj — 1] 28, X8> p
AIX A R N —, ERVILR j ARSI —8, BT AHEBhEINE & (TR
REIIRART p, BAITEHRILE:, EE ERERE, G0, WHRITK <p, T
Alk] F0 = p FIIXHIAIEE— IR Al 28, 24 k F j BN, RIS,

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 J7—1

8 EXCHANGE A[k] <+ A[j]
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)

FOXR AN =BE A M b, 3X— SR X i B {E 7R 2 8 22 B S R 2K

2N

BRZIBN DRI N KEEE TR, ENARTIEA SRR —E R ZEE I,
pan, FAIRRRE S TR EFN k2 AP 2RET), s R,
13.6 BFMARIRE I : (11 < 20 < oo < @) F g1 > 92 > ... > y,] KIS
B, BATAAHEZRZERBO, B0 (20, T, o Toy T1, Tong1s Tty Ty o
Hie <20 < .o <1, AR [2,, 21, 201,70, ...]c WIEE 13.7 Fi7R,

XU Z G, EEE— DT RE AR S R, i
T RO - ANMEREERIAE BESREE, mE TR A AL DURU NS | R
AR IR REME, REF — TR, PHICR, RELE, EFEX=1JuEmM
BAE R B, PR ERIF L, —FR2TE=REGEERENT; BaAb—Ha
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-

[l x[n]

(a) [11 < @2 < ... < zn] BIRISME, < p BOBST RS,

N,

"

N

yln] il

(d) [y1 > y2 > ... > yo] BIKIDH, > p BIERD BN,

& 13.6: MRfERZERDL



13.1 OOOo 245

[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 —XK5Y, HEHEAT#,

|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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R =D Ie R PR/ IMER SRR — DRV E, ¥R ANMERSEIRE -
L&, HhEEEshaIHE,

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 EIRPURPRR IR Z TGO, X —SKIIMERE REF, BHFRN “=RPE” Fik
oy — R W5 R R R IR R AN AR
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)

PRI RanDoM(l, w) IR[E]—NE 1 Fl w Z BIPIREAIREEL | <0 < wo IX—E LMY
TR BN R A MVE N, X — R a B PGEHE U, Teit 2 = S EIE
SERENLPEHE BN RESE i e iR 221 e QIR FHIBENL 1A, TLIRIEEEE — D IE
EHENE FTEER R, ERCR LA, BRI IOk R
TEOL, AHRIX L7 IR SR R RE A S IR G 25 51

BHE—ETRELE, BIARERTHRANSNREREN, gt WE ST
FPANRE, PO IR A RS, AR RmE R P00, ZERYETE, ARKf
A, ZH/RE R T ARRBFFKE, EX T —1MEE, MRFIIFRRTR N
TEIE, wUmEREAHT,

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

“HIERIPRIEHRF” AN T Mo — B IN O EAE, aiihse
HorR, =R EIEEEEIME, DA =B8R0, AEAEIE RIRIRRE TR
AR, A A LIRMETSGE, A AN PSP AR 2
PRIEHE PRI A BB E R, BERE - (ST TfmEd R e,
M HE P HE S BREHE (), 78 X unfold BREUR— DR Ay — IR

unfold[] = @
unfold (x:xs) = (unfold [ala € xs,a < x|, x, unfold [ala € xs,a > x])

AR (B 5) MAREMLE, unfold P AERBYTT URMIRE, 1R
BIRNZE, GEFRN—IREM; B, BHIRPE IR o RN RIIE, RFEA
RS e T, HAATRE < « KILER; A TRE > o BITR, mk—FR=
XALZR RIS Pt 1 e S A AR B e SO

(13.24)

toList @ = |[]

(13.25)
toList (I, k,7) = toList 1+ [k]+ toListr
TATAT DK _EIRPeREEH AR, & PP HE P R ik
sort = toList o unfold (13.26)

BATIICEE unfold M1EH — IR, RKHAENFHGEFIEA toList 1FHIFIR
JERERT AR B 77 1o ANARRFIX — Iy B P RIS SR THER, S 2] T EA R POE HE
RN,

13.2 HIFHEF

PIEHEFERZ BB NI R, BEAERZERIL T HBURMA, BIEH DA R
Bt TCIE S 2 R E K Ol T HEF ARG HIE FHRIE O(nlgn) NERE,
FERFBOHMON EREAEERE L I X BEHMANREEH, REmMERSE
ERVAFH (ENPRIERIHER T 5 4o VIFFHEE AR B B BRI T 2 iiia 2 H SRS, &
PRUERN 372 ™A P, B AR IR E T, IEHETHER, RERMANE
A5,

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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H halve ¥FFIRE S TE, M TR, AT ORI 25 | B e b A B 4
W[ splitAt L@ | 5o M T BRI VBN FAS S b 47 5581 (U —2),
Al

splitAt n xs = shiftn [ ] xs (13.28)

£

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n —1) (b:as) bs

X AT ERRINUT, BATA M A @A B B TR, T HZEA
FftZ, BLAMMEE—D, BRERIEFE, halve= split [ ][], HA:

(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

AT R] DA S — 2 e, W NEAFRER, SREHEITE « I
Fas b, ARG as < bs :

halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

13.2.1 HIF

VAFER RN EIE 13.8 Fis. BEMBZ T, B2 aiE & &N, FRATEK
B IMEE — /], IR— A, RS EF. HTMAEE R, FKATEEER
HESL, DNFRUNI—MNMERT]; AEEERX—TE, BEIEM—I\NZ T esdE
o, WEFE B —BAFRZ TR POR—IE8IT X R,

oc0(O()

00 ‘
o000
& 13.8: I93F
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

T, BRI AERAER RN EDHE], 2RI 5T
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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
JFEHUBBOTRT, I, BTN EREH X, Y FRITER, EER/NI— DK
[FIE A, BERsmpit R BRI E e — e, Bl — DM RIRIRTT
RIME] A o

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

I S NS . ISR, BROTRIEFFIA 58, 5 —
ISR, GEIE 13.2 R, EIEEAN O(lgn). VHFHERFRIEITREN O(lgn).
FERG—BEATIAE. JIRE— RPN RFAINTER, Y —MEEsE, 5 —
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IR TE R RIEILS R, RIS AR AL L, AR AEFIEER n, T
T(n) FHEFFI T, Bl TH— FBIAXR:
n
2
HEFFINTALEL & =805 XERIESHHEY 7(5), MBI (), 15 on,
Hef c BEAMEI, WILTREEIZERN O(nlgn)e B EEMREIRR SN
SR AR TR PRI, TR0 TRIS EH LRI SKIIZE H45 7 5 2%
FESMT. A ARSI, SUGRIAN, HHEENHABAREANMYZE, DL
SHITCRME— 5 MBI, BINEIER, X8 T UL, JRA %S Rl FEH 3
TEHANBRIR— BRI, 8 O0(nlgn).

T(n)="T(

)+T(g) ten= 2T(g)+cn (13.32)

13.2.3 ok

NTREIAH X, Y 25, BT oo BRINEIENTRE °
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:

1:
2
3
4
5:
6
7
8
9

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

MERGE'(A, B,l, m,u)

BATFN T 2B MErcE A AR TAEX:

procedure MERGE'(A, B,l,m,u)

i lLjem+1,k+1
while i <m H j <wu do
if Afi] < A[j] then
Blk] + Ali]
141+ 1
else
Blk] < Alj]
j—Ji+1
k+—k+1
while : < m do
B[k] + Ali]
k+—k+1
141+1
while j < u do
Blk] < A[j]
k+—k+1
j—J+1
for ¢ + from [ to v do
Ali] < Bli]

AERTEETF 20%31 25%.

13.2.4 JREHIAFHHbF

251

> Sl [

X—BORRE R RE ZREM O(nlgn) BERE| O(n)o XT 10 5 MEBOTEHAEF, 1%

N T R FTRTIN 3R], FRATT5 el A2 A IR B RO TR X, AN 13.9

AR, FEAH X MY EfFLr, SATRMAIEN, 21 Zarvelia, mE
TLRCF. H Al < Alm], SRR —4; SN All] > Alm] FTEIE Alm] K
NJFFEERD, AT 1 ZAl, i, TAHERE [ Fm ZRITTR (B4 D [EF

B—1AE,

[SEP

Al

L BFES X... Am] L EFEIY..

¥ All) > Alm] MRS X

& 13.9: JFHISEREIHFH:
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1: procedure MERGE(A, [, m,u)

2 while [ <m <wu do

3 if A[l] < Alm] then

4 l+—1+1

5: else

6 x < Alm]

7 for i + m down-to [ + 1 do > FE
8 Ali] + Ali — 1]

All] =

{HIX — J5 H SRS A s TR B 2% B IR AL AR O (n?). B MIRE Bl 02 — LM I ] (45
£, B X T EMRIE, 28 T, BT 1 SR RS 2
NTAEX, WABLECAE TAEXNITE, BERAEIMNERER, YHEETF
H AR BHITEN, S41E8/NMITTERBN TEXHREMIER, AR T
TEX TR R, HHZERE, FORIPIAN TR T i TrEX AN
7o WEE 13.10 Fire

©

FE#

P’ ~

LEML Al LA Bl -
| < Blj], W= Ali] < C[k]

ot
=

. BIEF.. |C[E]| -

13.10: VAFIPR TAEX ARSIk

EFFEEH A, B HITAEX C HZEBARN—# 7, AHNFERMANSEH T
i A, BRI, SR E, 2AAXE [im). [j,n) &R ¢ TEXREGEMNE

: procedure MERGE(A, [i,m), [j,n), k)
while i <m H j <n do
if Afi] < A[j] then
EXCHANGE A[k] < Ali]

else

1

2

3

4

5 t+1+1
6

7 EXCHANGE A[k] +» A[j]
8

j—g+1
9: k+—k+1

%la, b) FREWATFXA, G o, EREH b
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10: while i < m do

11: EXCHANGE A[k] <> A[i]
12: 14141

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—g+1

17: k+—k+1

A AR X TR 2 P A

L TEXBIURER, AN HGE R AT R A ;

2. TAEX A DIAE— TR EE, HEARIEAZEERARITHAITER.
BATA] DA —F AN THEX, R —FIA9FHE. WEIE 13.11 For.

RHEEL | L BT

K 13.11: IHFHHEF— A

QTSR T T MR —2 T (E K HEY, ?JERTEIJF% MAHEF T, WEE 1312 B
BT FHER MR ZIAE A (% $eR) A B ﬁ B, (RIS TEX K/NAREAY
iﬁ%>$%§%A+B%%%o

1/4 B:1/4 A:1/2
work area sorted sorted

K 13.12: FREAEFENNZIHH A, B

TAEX A —FMNERTAT: @A, EERIFIFRTRAE R, M
A TAE XA TR A E B A SRR A, A TIEXRYE 1/2 7, 452%
B WASHENET 1/2 8y, ¥ LAEXEALT A, B HRl, @EE 13.13 E/7AR. IXFE
A ZHAES TAEX M T8 A AR TEE, ZEMNRRIRE

L. e B RN T AP ERETR, G, B PN EBsE TI/EXH,
i B H G DART TAEX RN, BT TAEXH B BIRVMASE, IS4 aT Lo
ZHEAT;

2. e A FILRAV/NT B FERTTR, AH AWM A I TEXHHNE, 4
TAEXH A P—IoeREN G, e E A PRINS, Eisie, BEEN
EEHIFRITR, TEXBAMIG R AR SR EREE] 3/4 BN E, 1t
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1:
2
3
4
5:
6
7
8
9:
10:
11:
12:
13:

14:

15:

2:

L 00O Odoooddewdn
B:1/4 1/4 A:1/2
sorted work area sorted
1/4 merge A, B: 3/4
work area sorted

& 13.13: MHAT/EXITHF A, B

Ja, AHEETGEM B I TEXHNE, &E TIEXEHs S 7 8d R x

i, @A 13.13 FAAR,

R T IR ], T (R R ansIaT 1/4, RlIEE X5
B, SRR AHERE AT 1/2 HEY, $955 T IR 1/2, TiEH T AR B T e,
x%%IWEMﬁmﬁ¥,Méﬂiﬁ% ......
I T —MEEM S, 9 — AN TE RS 0 TR, BelTAT DL A
RERARR T,

procedure SORT(A, [, u)

if u—1>0 then
l+u

= LTJ
w—l+u—m
SORT'(A, I, m,w)
while w — 1 > 1 do

m

u — w
l+d

|

SORT’ (A, w,u’,1)

w < [

IAFFRIREE AT R, 2 TAEXH R

> X R

> TAERX
> NFIR

MERGE(A, [I,1 + v’ — w), [u',u), w)

for ¢ + w down-to [ do
J1
while j <u H A[j]
EXCHANGE A[j]
j—i+1

<A
— A

> BB AHE

j—1] do
j—1]

NTPRIET EXEBR, BAMEA _ERBEE, BATEESERAENXRAER
fEANT MERGE Hik, PR, BNTEE X Sort Bik, ERIHKIETHA Sort
KA TAEX M EF#E77.

1: procedure SORT’ (A, [, u,w)

if u — 1> 0 then
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me |2
SORT(A,l,m)
SORT(A,m + 1,u)
MERGE(A, [I,m), [m + 1,u), w)
else > KT A TT R E TAEX
while [ < u do
EXCHANGE A[l] <> Afw]
10: l+1+1

11: w<—w+1
— .., R

R—TFRERAH P H AP T8, RHFE D AWHER: g g, 2
% O(lgn) BoedEr. BURBITNFERER N — 0y, KI5 HH SR EE T
Ho & n DILRAFNEN T(n), BATHEWTEIAKLR:

T(n) = T(3) + e +T(5) + e + T + e + .. (13.33)
W F—RITEE, R
T(g) =T(g)+cg+T(%)+c3§n+T(%)+c%+_. (13.34)

PR (3R (13.33)) - (3R (13.34)) 15:

n 1 1

5) —+ cn(§ + 5 -+ )
4T 1gn A % FEA,  p AR B 2 2

1
T(n) = 2T(§) + gnlgn

EFARIURFERR R, B8R O(nlg® n)o

13.2.5 HRHIFHF

13.14: MR 170 [ R ) ot

ETEINGE T SRR R LI iR 2 AT . BN SRR TR A P
RS DY Foy BERRVAFHHER B iR, X TEMFA, TRAEE A BT RER
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MR T A (ER— DRIERIEDL,  BATLE AT DATE S e MUK E AR I 57 1
NREAH T LR, AR T Y RIS,

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, 5,6,7,8,09, 10, 11, 12, 13, 14, 15

RPN TR T RENN, B DR TE -, FARSR T 7K E
H—, REEH IR, RPNRE TR TRKER, BNFIER, AR
TRAEEEHITR, AR, AT DG RS — MBS . T
&, BT PR RS T A, —DMEkEDITa, — DINEEDT R, HHFR—1
BERIFA, X —EHARRUR, BT DA TR B B R TR 50

8,12,14 1 0,1,4,11 | 2,3,5 [ 9| 13,10,6 | 15,7

@ merge
——a¥

7,8,12,14,15 | ... free cells ... | 13,11, 10,6,4,1,0

13.15: BRAHHEF

EIE 13.15 fid 7iX— B, JEEITHEN, JOIMMNEERHFS, 2aHRERK
MBI T 5, RJEIXNADF R H 2 — D LXK AW, 5, RIMNER
X ER, ARG O T, X — IR, BATRMAD T AIAH 2 TAEXAY
A, WEFRAERE, RXFEAAZOF A TEX DR, S RTA TR w1+
FITEXE, BATPHTIEXMREAH, HRMNRME ORI, THEE—5er
N, WRABERIABNSE Y —BEHREIRE, HIRNEIIER, HFd
o RX—THENEAMADTTECIEEE, F BP0 BRI, ey Mg
BRI, EIE 13.16 FiR, (BRI, o 280 d ZJERRTEEHE, Tl
KAER R FE [a,b) AT RBEIRK, RNKETFFI [c,d) FEY RIIRK, T
TAEX, f R0 r ZJGRERE I (WEE TP, adent, |
TR [a,b) il [c,d) I fREFIAVAF; BEGER, AT TFHIM r iR,

FEHEFPIT4aHT, BATMERF MR NI TIEX, o F b fEAIRZEM, o H
damsAaM, o r$EETOEX A P,

1: function SORT(A)
2: if |[A] > 1 then
3: n < |A]
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10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

]~ N 257

a b ¢ d

(

ool rren ol Evrreo V. oo

—
—
S

f r

(

ot N ke B

K«

13.16: ERVAFHEF N AU

B + CREATE-ARRAY(n) > AJE TAEX
loop
[a,b) < [1,1)
lc,d) < [n+1,n+1)
f+1ren > FRALIEX E
te1 > A EFE
while b < ¢ do > FAE R TR
repeat > ¥ [a,b)
b+—b+1
until b > ¢ 8¢ A[b] < A[b — 1]
repeat > Y [c,d)
c+—c—1
until ¢ < b 5 Alc — 1] < A[c]
if ¢ < b then S AR
c+b
if b — a > n then > [a,b) B EEANHTE R
return A
if t 2 @4 then > WAV
f < MERGE(A4, [a,b),[c,d), B, f,1)
else > WA IFFF
r < MERGE(A4, [a,b), [¢,d), B,r,—1)
a<+bd<+c
t—t+1
EXCHANGE A < B > I TAEIX
return A

N FTZRF T E NS EUL A,
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1: function MERGE(A, [a,b), [c,d), B,w, A)
2 while a < b H ¢ < d do

3 if Ala] < Ald — 1] then

4 Blw] < Ald]

5: a+—a+1

6 else

7 Blw] < Ald — 1]

8 d<—d—-1

9: w—w+ A

10: while a < b do

11: Blw] + Alal
12: a+—a+1
13: w+—w+ A

14: while ¢ < d do

15: Blw] + Ald — 1]
16: d«—d-—1

17: w—w+ A

18: return w

B RIFFFHE B MERER BRI T R TG, RiZIZ TR, 38—
i, AR T PAIRIRE RN 1, XREHR)E, TIEXARHNERF TRHNKEN
2, BT R—HIBUNARIRE, HZ2IEIRERFFINKECARATRENT 2
X, TERUSKREEDN 4NAFER....B10F, HHNER AN
KEAIE, FitRkZHE O(gn) AR, B—EMMERITR, UM
REN O(nlgn)o QMRITCHRFMEESIRSY, BATCIENE EMimdf. FESIRES
TARBRE T HIRAK, AR ARHRE AN 7HIR TG, REBHIAHIE, RS T
FIRHIE B AW, RIGREHFAER, X NEREAE A e :

sort = sort’ o group (13.35)
Hrr group BT R H ARSI
group [] = [[]]
group [z] = [[«]]
(13.36)

r<y: (v:9):9s HF : (g:95) = group (y:xs)
group (x:y:xs) =

EW o [x]:g:gs
sort’ AP FHIRBSITFF:, ARG RGN I ERIE R :

sort [] = ]
sort [g) = ¢ (13.37)

sort gs = sort (mergePairs gs)
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HA mergePairs & XN

mergePairs (g1:g2:9s) = merge g1 g» : mergePairs gs (13.38)
mergePairs gs = g¢s '
FANEATIHL AT PAFH B IR E IR sort’
sort = foldr merge [ | (13.39)

3] 13.2

13.2.1. BINEHSWNEH (mergePairs) BIEIREMFLA? GIRMHEE, H4HIE
5 AnSRASE], TR EEpR?

13.2.6 HJEF _LHIFHER

BRI HEP R R E At T — M B RA_ERHEF 757, AT DUR TS i
IEASEHL, BRBEFIZER n MR, BMIREES PR, REHESH 77
FIMMAF, 192 2 DMREN 2MERAIR,; R n BAE, SRR DREN1H
TR BATRWTEOTAFFAML T, RIGHREIHIPIEER, SENiReh "B
PESIAFEHER” DY, anEE 13.17 R,

B 13.17: BJEA LA

BAVEFRAEBUGBIAN D EIFNR, IR (21, 2, ..., x,) IR n DE
—ICR IR [[21], [22], ..., [za]], RETATRBOS ENTTFF,

sort = sort’ o map(x — [x]) (13.40)
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BATE B RIAFHET I sort’ F1 mergePairs, ANEIBONIAH 71K, EFIEK
Ja—AU, BJREEFFHHEEN BRI IRG, (R HTTEARR. AFLL,
ERIDAH BRI HEF R R G (RERDD #ESHR, BRFFHHF SRR
BT PIRY REIRK, 1 E KA EAFHR R PIROKEY RS 1. BREA
FHHERFHE OB RIEAIE I BATRT PATHERIE Ve iz AL B
1: function SORT(A)

2 n < |A|

3: B + CREATE-ARRAY(n)
4 for i from 1 to n do

5 Bli] = [A]i]

while n > 1 do

@

7: for i « from 1 to LgJ 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. KNP S RHRER G foldp, FHEMEE X BIRA_ERFFFHET

13.3 FFHiTbBE

FEREAPOEHFRES, SRR, f DTN T RoIHER. X5
MAFFHEFPARIE M, Kb b, FATPOEHEERIAH R, FFAEREMAIHTESS, W
RN EIE p DFRPA, Ho p MBS N, BB, GIRIRATAT PIFAT
T RIS, FEBE O(nlgn) = pT’, BIFR LM%, XA F IR
RILIHATRIL, (Hi2, sty REAPUEIFFRIL: TR p — 1 D&M, XN
p DT, RIEFHATRENHRE, AR, HSHIER 2B, MR
REFREIVEY O(n) BITERE. 59— 77, FHAVAHFHEF BIARDRSUHBEIT B
TIRBRAARIFATINE, TENFHATIAHH R AT E L pt, B
B, FFFHE R BREH F R IE R E TN B S H T, BRERE cdot BURLE
1986 fERIN T n MEFRER, PERED O(lgn) KIFHATIAHEFE I, JH17abs
B PMERMERMEE, @ 7R “BARER /il & sE
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TREZNE,

13.4 /\&h

ARESNHT M AR EHEE R REHE R, EERE] T &
T HRHHE P FIEMERE EFR O(nlgn). ZEFFHE LB RIEHEFZ 20 R A PRI ERAFR
WL, RERIGREINSAR f H Pas (bR y TR RS, Rhl2
SIS FPAIRIIGEOL T, IR R MR, AMIEEERAFHHEF 7
X—IRAE A, AT DAER 7 ITEAR TS, PRIEHEPTER 28 R RIML =, #0
HEREMLL, POdHr 2B D fiug e, B —EREH, TN RA
AR, KRR NRERBIRSH AR 2, NEARLREA, mIAH R
EEXEINEE, ESMIE NERERIETERE, [z PUsHEFHIMEREE R Z B O B
PR, fEmLRIMEF BT FEN, AP RITEREA I POEHE, I H TR 28
SMUZEREATIAH . EEREERT, FIIRARXRS, 2REERFIRE, i)
HHEF TR — NSRBI T U

PIsHE AR HE AR BR . PR iT AR (R HE R O — M e 3K,
[FIAEJAF HE Rt AT DA A HE Pt S R ), HEp RIE A 2 260 Hp—Fg iR
R AR REZ R E 2K, flintkiEdr, €2 T ENEENN 17
SIER/INT 2 T RME IR F P8l PO HERP RYUAFFSChR i@ a5,
FFHHEF RS E A, (HRIDIRE R, TiRED, TE2E. BRDEL &
2B IRA B E, POEHEFRERIETEE 2 H, LR RRZR. REAN
4407 e 6 A RER (| S oy = RPN i KPS Uike | 95 Nt i3I - 8

FIAREONIE, WG H TEATFRE, AR, WHE, G, H
i, Py, JHHET . SRR BN LR SRR RIS, R IX—
BRI, AMTIEZE SRR “RBdE™ FIPkik, LotiHr i E kA R
I TR IR AL PERCR B E R OB, (e OUR, AEELE G RBIREE N T
H & TAEPRIESS.

g3 13.4
13.4.1. EHEAFHEFRREE, &IF—R/EIER] ON— D224 — 1 = A RN,

13.5 Kat: Bl
B4

Int partition([K] xs, Int 1, Int u) {
for (Int pivot=1, Int r=14+1; r<u; r=r 4+ 1) {
if xs[pivot] > xs[r] {

TSR, KERHEF TAMEREAR AR, 15T SN R A R AR R R ERE
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1=1+1
swap (xs[1], xs[r])

}
swap(xs[pivot], xs[1])
return 1 + 1

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

PACESEH

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 >71 and xs[pivot] < xs[j] {
j=3-1

if j < i then break
swap(xs[i], xs[j1)
}
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=14+1
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}
xs[i...] = if ys #[] then ys else zs
return xs

A TR XA TR :

Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))

Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+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[kt++] = if xs[i] < xs[j] then xs[i++] else xs[j++]

}

while i < m {
ys[k++] = xs[i++]

}

while j < u {
ys[k++] = xs[j++]

}

while 1 < u {
xs[1] = ys[1]
T+

JEHBYAFHHER -

Void merge([K] xs, (Int i, Int m), (Int j, Int n), Int w) {
while i <mand j <n {
swap(xs, wtt, if xs[i] < xs[j] then +i++ else j++)
}
while i < m {
swap(xs, wHt, i++)
}
while j < n {
swap (xs, wH, j++)

Void wsort([K] xs, (Int 1, Int u), Int w) {
ifu-1>1¢{
Intm=1+ (u-1) /2
imsort(xs, 1, m)
imsort(xs, m, u)
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merge(xs, (1, m), (m, u), w)

}
else {

while 1 < u { swap(xs, W+, w+)
}

Void dmsort([K] xs, Int 1, Int u) {
ifu-1>1¢{

Intm=1+4+ (u-1) /2

Intw=1+4+u-m

wsort(xs, 1, m, w)

while w - 1 > 2 {
Int n=w
w=1+ (n-1+1) / 2;
wsort(xs, w, n, 1);

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

B E A BT

[K] sort([K] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys += merge(pop(ys), pop(ys))
}
return if ys — [] then [] else pop(ys)

[K] merge([K] xs, [K] ys) {
[K] zs = []
while xs # [] and ys #[] {
zs 4= if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)




HYE R

B BALRGUE IR 2 R AT R S DASE I, Tk ALas A AT DAMHESE 2L
LS Z R IE R TR, E R SNUARSIAYIRZEE rl DAEHE B 4R E Al
T HRHARAERL, BRETHUCREREREENEY TR, AENHEREAN
AL PLAC. EERRED

14.1 K iEPEW)E

X — AR BAMEAE n DTCRFFHEE £ K @Uh) BeR, FERANMNIE X
MBI RR, BV < XRHE L /NUTE, REEHET 2 HE— RIS,
IR 7 R SR BRI, ARG ERIRTT R FHE /N, BT & ] A
HENE k/MITTR. 78 n DT RP TR NTRZEMEN T O(n) B, FIHEN R
O(kn)o BATHATDARIFHE, XA DAFE O(lgn) IFTRINEERT, FRERIVEE, &HE kIR
A[DAE O(k1gn) I TAINZRISE 2,

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

BADEREARENELFHIT51E, R IERIGTTRNIN A, B, 15 A HITRHER
ART () BHILER, ©m=|A| N AKKN, HEm L :

L #k<m, W E/NITCRIE A, BIEF B, AJETE A PEHEK;

2. #im <k, WE k/NITTRAE B, BANEF A, RIGHE B HIBHEKE (k—m)
/NITEER,

265
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BARTE L NI 2, AL B R/AIMEY, BRRIAEERIRIEA:, AN O(n+
n/2+n/4+..) = O(n)o TAFA _E—FEWRIEHFHRIXN 27575 part, BEHLZERE—
MILER W) TENEKE p. FITH < p TR A, FIRITTRRA B X4
fm=k—1, WpHEsH k/NITHE, SUENNEEE A B HEHL

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

PR —FF, REEN TR EA T, MREIRMY 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, W= s FP{ETE  FIRENLR i

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 — 7 iR B ER R AT & ME (b MERBIF 2EER), R
TH BB FFE7

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

HEZ IR TR — A “BCR AR FAEREEAE— 1000 AN, &I
Ml A, AAERE RS, RIFEIMAER HIX ML Blan: 2EHa? 2R
Br? AL BRI R 27 BERE 3 BEBRA? F5F, MIEHZ, ZINEREES
R £ 1000 AW, AR EIGEIL B HER —FECT, 10 IRNELREIHE R, B

!Blum, Floyd, Pratt. Rivest fl Tarjan 7€ 1973 R4 H T — MM AT 5 1 B, BAIERMD W TH, S84
B&% 5 MLE, EIEH n/5 ANHE, EERX—SEIEHPENPE,
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210 = 1024 > 1000, “BIEEA?” HE—TEHFNRE, TREEE —EIET 2
WA X AR R TR — E S, (BFEEE RN AR Y, &K
ME&FERMEBRXENTIETH, ERABR RS, REEMAE N, I
HZREE TIRIR T, REERLE 30 FOPIERT, MRS, HIa0: 1000 7T, &
T; 500 7%, K75 750 7T, KT 890 7T, {KT; 990 7T, 1EMA! XAWARMEHT “=
RER KIE, NTHEEFFY AFIFHR 2, BIHREINTRAIFRE LRy, ot
o P x =y, EWEH; MRz <y, HT ARBCTFH, BATRFEER L4k
LR BUAESE D B XM/ A BRI, A0SR A = [ | MR ERE,
M o NETE. ZABEHRER A BOFH, BRYLEDHE NLE N ARHEF EH =7
HE, HEHPIERFER, S “BAR T OERNEABEEYEM, A
R HE FAF A7 REFIRIIRZ B ERLHMH S EHEIR, A
B R MARNTE CORFEERYL) S —hRPEHSEIHMAE T —MER, B 20 Z24F
AR, FHEAHT Z0EREI, SBEH AW ETRERNL « (RE w.

u<l: Nothing
—1
x=Am]: m, EF - m=1+ Y
bsearch x A (l,u) = ] L 2 J (14.5)

x < Alm]: bsearchx A (I,m —1)

A bsearch x A (m + 1,u)

FATHE AT DAHBRIBYS, T8I BRI FS — o A
function BINARY-SEARCH(z, A, [, u)
while | < u do
e+ U o Jiege |00 gt
if A[m] =z then

1:
2
3
4
5: return m
6
7
8
9

if 2 < A[m] then
u+—m—1
else
l+—m+1
10: Not found
TSR BARN, —oERNEREN O(gn), &R YR
BRI, BIANTTRE o =y, HF a <y, a. y BEBRE, BAITFHE o FBE
file BATRTPATT 25 M O FFEAMRIREZIR o0, at,a?, ..., HEIRBED o = ¢y, 3H
al <y <t FORTTIETEEW. MRKRH o M 2, WMRFERFEE, WitHE
a® RTHFE—ERIINE] 3, FRATTAT DA — o EHORE TS0, E e in LR, |
T a¥ >y, BATATHEXE (0,1, ..., y] NHER, BTEE f(2) = o® BIFREE, X
AL EBE A “FOR” ik, IR A HEM—DA, AT AR 16 MM, RS REK

&, REPESAREULHBTR AR A2
SR, BATFILAEH o™ WEERKIHE o™t = aa™ EEFMNTHE—RECFHRERE f(n).




268 Lo odo od
FHAR 2, BAVEREXE A 2, — LO';J |, W g =y, W 2, BFTRRHIAR
W am <y, TOVEFS o, BIHTEESY; BNNETS o, SRS, PRSI FH0K 8
Y, EERE R A RIS, BRI A B R
Mo BTGRP REBAZ N — NS f, WH bsearch fy (0,y), HF f(x) = o
BATAEEINE O(lgy) W f(z), 4TI,

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

BRI BN RE " 4EsE S, LR M IR moxne BT,
YR TCRERZ VG IR B A% ANE] 14.1 FoR,  Qfal RIS TE R R rh 4R B A
FT 2 WLRE? BANIFELH—DRIR, RE—HNE (7, 5) WPIR, ERAEH
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
KBRS, HARFEZEARSE, 2R 0EKREE, EEthEMT
M 2 ERTEER. WRE/NT 2, BANEFLE EXEG GERAT 2, ZFA FXER, W
142 IR, KEMXIBFORAIEF, WG, ERXIBEEN— MR T
—D L, TREZSEH, FAHEXE I RPEHMR N CHMEE f(z,y), 1E
H—EHENF LR (2,y), 15 f(2,y) = 2o FEFFHERATDURFLON T EAT %L

1<z<m,1<y<n: M,,
fla,y) =
He —1
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NIE
|3
21

e
N3
5

269

B 14.2: foo RRTTRDT 2, MEXKIBENT 2; i PRUCERKRT 20 KEXIHHAL

j(i": Zo

R f(x,y) BEAVEREL, BN f(2,y) = 22+ 98, a. bRBERE, ARIEES
EME AL, TMEMNE EAMEETHEERD, WE 143 R, #RM (0,2) T
A, NTENR (p,q), BATHEL f(p, q) 1 2z BFIRFR:

1 Wk f(p,q) <z: HT fHEAK, FIEMNOI<y<q, B f(p,y) <z HKINEF

TEEB EHTAE R (AB%ED;

2. MR f(p,q) >z: AN p <2<z, § f(z,q) > 2o BMNEFKVLE LRI

AR (EEL%E);
3. R f(p,g) =2

(p,q) B MR, MZREER LA SR PAEFR,

XKE, FATA] AR S a8/ NEIE R IR, BIRELAEZF AT, E2EFH,

FH RN EFT, H,

(0,2)

(2,2)

3

(0,0)

(z,0)

14.3: Wi EAHEE

TE M search FREL, FFENAE LATFHAEER: search(f, 2,0, 2)o

search f 2z pq =

p>28g<0:
fp,q) < =z:
fpq) >z
fpq) ==:

[]
search f z (p+1) q
search f zp (¢ —1)

(p,q) : search f z (p+1) (g —1)

(14.8)
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BRERE, p. ¢ 2VE-N2AA. TRiE—%, RETFE 22 + 1) REK
TR, RIFERE=F: (1) B8R p, ¢ FANFE—2, HZE 2+ 1 PR
R; (2) AWKEmARTHE, &5 pdid 2; (3) RErEEN N, &E TR,
B 14.4 #R T BAFMBIRIENL, B 14.4 (a) 1, MAK EEDE (2,2 — 2) B
B f(z,z—2) =2, BHFEE 24+ 1HE0X (2,0); (b) 1, EAHKFLNENE (2, 2)
WS f(2,2) < 2, z+ 1 G, MRER; (o) F, EMBLNEDR (0,r) #HES
f(0,2) > 2, z+1%)G, HMREH; (d) WRNEREBL. WRBMHEREKE L
(IRTA KR BHRET « b, P RELRBRALHE § fl L, #ie] AR RS RD
BN 2(2 + 1) FIEAREERN O(22) MFFHPHELL, X — SOl & 24 HE = 2 Ze M A
O(2)o

(0.2) ) (0.2) )
(0,0) =0) ©.0) (0)
(a) ®
(©,2) ) ©,2) )
(0,0) 0) (0,0) (2,0)

K 14.4: RIFARZEEN

X—77EM “SEAEER”, R f =BG, AN EIMERG B ERRY
wAME, DARWIFEEZEIG, SEREGE— 1S, WE 14.5 iR, SEERMNE
A0, 2) MG T (2,0) R, X—TUERE—D4/D, £ BN, ATy
HHEI AR m, H1F £(0,m) < z; 1 » HHEEIRK n, 15 f(n,0) < z; XFEHER
DXIEHEM (0, 2) — (2,0) 4&8/INE] (0,m) — (n,0), &l 14.6 FI7R,

z]

{m = max [y[0 <y < 2, £(0,y) (14.9)

n  =max [z|0 <z <z, f(z,0)

IA A

z]

BATAT DA =2 ESER m. n (B 2 =0 &K m, BT y=0EKn), HK3h
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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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R (14.6) EX, BEy, FHI<z<uT f(z) <y< flz+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 FRIED/ NEETE NI T S EAR 2 solve(f, z) = 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)

R—BGEE IR — 0 &SR m M n, BRITE T O(g2) X f; Ly iR R
TERIME TR O(m +n) X f; &FIE FHE O(min(m, n)) Ko SRS ZREN
TR, HEEREA f(z,y) =2 +yb, N THARE a. b, LA m. n 1E/J\, IR ERE
i O(1g 2)e

HHE fHIRE
BIMENL | 2logz +m +n
RIFED | 2log 2z + min(m, n)

A 14.7, BEHRXIH (a,b) — (¢, d) FI—5 (p,q), % f(p,q) # 2, REEEF
KEERT (< 1/4)0 WER f(p,q) =2z, BT fHRIAKE, BATRIFENEZFLT. 4 L
9, FpBl, ¢ 1T ERHE R, XFERET 1/2 X, nf AP MERVEREL, 9
THE f(p,q) = » R, BARGEREHLOKFEELNPOEELN A - 2EK 1F
B L L BEHRNERERN O(g L)), FITERBENHFLIEERE, A 14.8 Fir,

WRPL EARTE f(p, q) = 2 IR, BATFHIHE f(p,q) < 2 < fp+1,q) B OK
Pk, WTEETEN f(p,q) < 2 < f(p,q+1))o BERBRATARER: p HI. ¢ 1T LAY
SEREF. GHEXR, BMHAZ2ERMEERKFEPRLLHE f(p,q) <z< flp+1,q)
MR, B EEZL LR f(pq) < 2 < f(p,q+ 1) B GIR&GER EFTE REREETS
f(p,q) < =z, WHRE] LR NRE SEERS f(p,q) > 2, WHREITRR, B, A7
EFPL—MAIXI, THZSH S8R
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(a,0)

(p, )

(c,d)

(0,0)

f(p,q) <z

(a) B f(p,q) # 2, HE

(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) R f(p,q) = z, FIRINEFMH
MIREERSY, HEERXIBEN .

B 14.7: G5/ MERXIR

(a,)

(c,d)

(0,0)

S

(0,0)

(a,)

14.8: IHRHERHR L 0 ER

\4

ERF L M BRI G, FIRKIERL T L.
3

273
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L e, yBI= MR, WERRXE(0,m) - (n,0);

2. FHERXIK (a,b) — (¢, d) MATH, WKFPL_SER, GUFFESZ
B, ERNA (p,q);

3. %5 f(p,q) = 2z, (p,q) N—"M, BITHERFXK (a,0) — (p—1,¢+ 1) Fl (p+
17q_ 1) - (Cad);

4. % f(p,q) # z, BRI TFXEBIMI—HKLER. &BHN (p,q+ 1) — (p,b),
gl 14.9 (a); B (p+1,q) — (¢, q), A 14.9 (b),

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: BFLRK ORI, WR f(p,q) # 2, EHZEILRIHATLE,

c<aBld<b: []
search (a,b) (c,d) =qc—a<b—d: csearch (14.13)
A0 rsearch

Hrp csearch TEKFEHLL L= EH (p, q) 15 f(p,q) <
14.9 (a) Fime WIRAL LA REBUERT 2, IREIRFE (a, |
i (&), Kl 14.10 (a) AR,

AN
<

<d flp+1,q), W

y4
b; ). EFhsk -

{ =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+ 1,9 —1) (¢, d)
(14.14)

rsearch SIHIEEL, W ELER, NHEREIHITREF LI T SOEH S EER:
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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)

HRXEERE, BHER O(g(mn)) . IHHPEDEK (p,q), FEHE
f 3 O(lg(min(m, n))) Ko LTEm x n KIBHERINE T(m,n), AW TFREITXER:

T(m,n) = lg(min(m,n)) + 2T(%, g) (14.15)
ARG m =20 > n =27, HERRTERAIE:

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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{EHEUERR TIX 2 AE m x n KIS RMR T AL,

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, W AWETEDICRRRESR, GUFRAHE = X2k Mok, H
y XD FIFRTE, REETFFI [ala + A2 < a < y] PEEIHERT & DITE,
He k' =k — |[ala + A,a < 7]|o EEMIX—HIE, HothERE,

14.1.3. ERMNCFEEE AR B K “BieHE”, WRENFE2E O(lg(m +n)), H
om = |A|,n =|B|, AW NEEHKE, BEH TR 0 FFH4h. wifkE
ENXN: median(A, B) = C’[Lm + nJ], Hp C = merge(A, B) AEIFFEHNE
JPEEE

14.1.4. {HERIZ, JET EHHLRIDF LI SR E L,

14.1.5. KM 4 RF DI ERE: HVERXBNAE TARR/IME, G LAz
BRME. HERE 2z /N R/MEEEE R TRRETLHKE; &NMNFOR-—Dt
¥, EIKANNER, REEEER,

14.3  ARELW) S

MM ERFEFMHENSIEE R, NG IEEERES, HARAEHE
EZERIMRIENA ] HE, WREERFY, WA, B, A, C, B, B, D, ... GilT4iR,
REAS MR S gE? ] UM 7 SR Sl i Do Sk ok (MLER 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

] DU L AR SO RSB 7 BLEUR A5 K, QR m BBEE N n 5K, X
—SKBIE R TR
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 £, AfITEB T —FERE %, N Count-min sketch 57%, f#iH] sub-linear AT Y,
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FH | A el ]
ZLERM | O(nlgm) | O(m)
HBIZR | O(n) & O(m)

I —FHITTRI I AR, SEHBFIEE/RAE 1980 R4 H T —FhT7i%, AIRU
—IE AR (WERAFAE) . BIERMINTRIEZREN O(n), ZBREREN O(1), B
A —EE /R AR BRE D), NIRRT A B RBURZ A 1A, BT
R PNAFRICR, BREREF FRICREMT. GRABFE, &aR F—E2
A W —SKIESE R RUEIE A B TR, WSHISEECN 1, ke E4kik
R, HIEFEICRG AR, WEREEEEM 1, SNREERRR 1. A1
SRIRE] 0 MIAFRARMERE T, 18 T — KRR BRI NNk IS HF4RS:E, IR
FIRe BFAERE m, W m ARTRERILETTRBEEIE, HIMRREBAAE (k2
TeR, REHERE), WEREIERE “RIEE" HIER L, FEFAE—RHTRIE

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 »

. sgcan (x,1) xs (1417)

maj (z:xs)
HH1 scan & XN:
scan (m,v) [] = m
m=uwx: 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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HEFHBMEI: maj = foldr f (2,0), HH:

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. PRABETR, £ APIFNHBLEGEE [(n/k] B E DR, Hbn = |Af
fe: BRI £ DAFRTER, BRIREHF FRTCRMEANE kD MREAD
TLRE kB (T [n/k] D), WM—EZF K,

14.4 AT

JPAI VR —BOESE AR ) Vi...f] WS P Al. & XFFRFIR S = VIi|+V]i+
1+ ...+ V[, ZF9 ] 2EMFPANFFY, BERRZ 0, GRS vV K&K
TRHIFIE? Fan 3, -13, 19, -12, 1, 9, 18, -16, 15, -15] H, T4 [19, -12, 1, 9, 18]
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FIRIERR, N 35, WNRFHIHRITREGZES, RAMBZEEEITRM, WRITE
TLRAETIE, WEFAIRINERK, 70, ZAA] DUER 52 ER:

: function Max-Sum(V)
m < 0,n < |V]
for i < 1 ton do

1

2

3

4: 5+0
5 for j <+ iton do
6 s+ s+ Vj]

7 m + Max(m,s)

8: return m
FAEWNE RN O(n?), Hon BFFIKE, FATR] CAEESAREE R B,
— AR —II0 R T LSRN E « SRR A, RINIES S BHaiFrEEI8&
RKFFHM B, & 14.11 Firre A, B A—EMHSE, BRF B < ABXR, 4B
MR —ICE Vi s A K, BAHERK B &# A, 4B+ V[i] <0
i, ¥ BEENO0, FREAH THMAHE (3, -13,19,-12,1,9,18, —16, 15, —15] B

A B \'

14.11: A 2 HEHEINEKFFH, B2l &RINTF5IH,

BAH | DA GREMF Y T AT R 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)
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2 A<+ 0,B <+ 0,n<«+ |V]

3: for i < 1 ton do

4: B <+ MAX(B + V[i],0)
5: A <+ Max(A, B)

6: return A

BT IR B MER TR AR S = fsto foldr f(0,0), HH f EHH
A

fx (Sn,S)=(5), =max(S,,,5),S = max(0,z + 9)) (14.23)

m

#%>] 14.3

14.3.1. BRERFRFHIMBISIE, IR EX MR A5,

14.3.2. ARHIE BT — D ia 2 77 R F BB, ZAKEHN O(nlogn)o
TR R RS RAE A AL Ao BRATTAT DAE U s L i -8R o0 B e KR, A
JEEER T B BCRAN, MBS TRR A BRI R BROR A, SEBX — 77 1%,

14.3.3. £ m x n N ZHERBOEMEH TR, ST SR RIMR K,

14.5 FZRAERHEE

SRR RS, A SO G S SRR, (e
B, RIRT (8 6 8), ROTRIIRTRASIRE TR, R0 DB
SRR TIOR, M 14.12 TR T,

LESCA T AR IR Py QI 1412 () FR, (ERER s — 41, B
PRIT IS5, 4 S, 555 AME P ARy, (A7E T R o, G —H
SEIIE, ¥ s A1 (P RIS 1 AMEE) SRS ERTEAE ananym Fl nantho......
TR BL s MR AT DU 1o AP AT an WREFE anan FOUGSL, BATTATLUE s B
2 (P IARSET2), WIE 14.12 (b) Fim. Tl 1EM T HATEA RS 4 TR0
B, B TR RN R, RN, BLHLE, MR AR T AN
SRR IR L), MRS AL TS F AT, FEKMP Bk,

SESCAR T Rk NFAFALRIOERR T, (T 19 k AR, T RATES i
PGB s MrE, FOFEAR TR  MFE. W 1413 §oR, P
AR, W@l tE s k, (515 P I & NFRERING P, (RIS & AN
HIFL, RERB, A48 P, MR P, (N4, oS 7 AL BT SRS4,
MR AZHE RN | — 0, FellTEHEIFIN B R AT SUR AR ko 2 SRR
(), EERBATYE ¢ + 1 AFAFRIGEL BRI R E ),

TR ST R R T A, a1 CARBEERR strstr, CH4-AREERT find, LAK Java bRifE ZEHR
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) (WFSHE s = 4, S g = ADFRFHF, (HE8 5 DFRAFA,
[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,

K 14.12: XA “any ananthous ananym flower” F54% “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
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7(q) = max{k|0 < k < ¢, AP, 2 P,5%} (14.24)

MR T Fmks s ULAC P I, #50T ¢ DR, R —DAR, BATNEY
¢ = 7(q) FREN—PENRAALE ¢ o BHTELEL Plg] FISCA:

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 < 7(q)

7: if Plqg + 1] = T'[i] then

8: qg+—q+1

9: if ¢ = m then

10: fE i —m 2

. ¢ (q) > ST DL

HIEFARK (14.24) 193& 7(q) FAEH, BATH—PERGE, WIERTZEE
ﬁn%aﬁ—ﬁ\?ﬁ?iﬂllﬁﬁa I R K RTZR FIN 2 FE SR B R 2 (1) = 0, AD:
P, =Py =[]0 SR P HE ¢ MFRN, AIEEREUE ©(i), i =1,2,..,q— 1 &8
E%ﬁ% I H B KWHIZ P, ANtZE P, MNES. W 14.14 iR, # Plg =

Plk+1], WHREIT —DEK k, AT £ E’Jmﬂﬁbn—; B Plq) # Plk+1], &
IR 7 (k) ERES— MR Py, HA K = 7(k), REHEIXNHEISN F—5
FRBEME ¢ MFIEE, BEEX—PE, HF kLR (FH), SEME ¢
FRHTE, PREAH T ananym RURTSREEUE, £ 5IEHER (14.24) R AKME,

P[1] | P[2] | ... | Pk] | P[k+1] | ... | P[g-1] | P[q] | ...

?

y ¥
P | P21 | ... | PK] | Plk+1] | ...

&l 14.14: P, /& P,1 WESR, R Plg] 1 Plk + 1]

q P, | k| P
1 al| 0|«
2 an | 0 | ©”
3 ana | 1 | a

4 anan | 2 | an
b) anany | 0 | ©”
6 | ananym | 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)

7: if Plg] = P[k + 1] then

8: kE<+—k+1

9: m(q) < k

10: return w

KMP X ERBTAEHE, WRRTHEER DML REN O(m)!, ERAGH
IR RER O(n)o BUADPEEIEN O(m +n), HFEE O(m) EICRATHREEEL
{Ho FFERBIEAF AR KMP RIERIMERE. BEAE “asa..a” (n D) FHEREK
NmBFH “aaa..ab”s B m DFFIAELR, BATHERR—DMFR, FHILEA
WTlEE 1 DT, BIEEAEIXAMEG T, KMP BIARIHZZMER R,

14.6 fRIIEER

FERIAN TR RER B, ARt T/ 25 TAER MG, ARTFITHRILA, T
A—EEHEAET MRS REP, FETREIIWER A2, 2R A
fiit, FEEFRECAR, hAlREFEZ MR, PIUFEZ RE IR ERL%, NMTERH
ZEOR AR SO AR A

14.6.1  RIEPLITEM) FEMReiR

RERSEER (DFS) AR ER (BFS) WM “EHER Fik, (]
a7 B M X AR R BRI B AR

\\!r

i

EREZ R IRAREE, G500 HEH 0 XN R, XI5
HERRE, B 14.15 FoR, AWIEG 2586 ORI T BRERRE, fAE2 DT, R
RERZINEIRARIM, HIGHRFERA T AR i - REEEARE, B2
DRI —FIER, R N /DRI ERE IR NIXR IR B2 T AHAR A
B R R A EGE R R R R T, RJEH— . —BRHM EESH
BT, SRR THER, AR B2, AWXAER) =il
&, PINELREGENEE, B2RERA B TAH m x n BIFERE M iR
WE, TREN O, 1, FREEH. B 14.15 FIRREA] DA N #REMEE X
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I

I I e

(a) BH (b) —HAEFFEAE

& 14.15: EE

=
.—uoogooo
= O ~ B = = O
_ O = = = = O
_ O = = == O
_ O = B R = O
o O O O o o O

BEER s = (i,7) ZRle=(p.q), BIMEREFEM s 2 e BB, AT
BHFTE s EEAHEDSR, NEMBA E, BITERHM k5 e AR, AEka
B s-k RV k Bl e FUESIEAT, FATEE L “mEE” fnic i RES,
BATH—DHIER P ICRELWFEME, B ELYIR, HERARE.

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 RREFRIER SRR, BATRZERZEE reverse FHIH, adj p £ p
EEERAR R KL FEE T BT 0 B A

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)
IXE—FAEMRE, MRITERR, N TEHKE, RFERE—KBR, i
TEERMBARGSERAE “TWRE, IR ARR, A TE R R SR A L
R, XREMSEHIIT, FTCAH— MRS, FFaaiT, b AR [s)
BB, KA s EEERIA, B0 ay b.... K RTHRERIREAR [0, s]v [b,s] ANbke T
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KL [, s] T, FAEN o EIERIR. ARICHTH 3 P ANEREIRE A, EEKX
—IERE ARHILR T R AR WA IR B R AEE A, N 14.16 FT
o AR NN, BMEZEALTHERIRATRE, EREEH; 055 HARTA L #s
12, VRARBELHEBBA, RE Atk

[p s] [Js ps s8]
Is] [2.] Qs | [Tp sl
- .

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)
ks #[]: solve ((map (: p:ps) ks) 4 cs)
(14.29)

PIPVANFES ARSI (T

1: function SOLVE-MAZE(M, s, e)

2: S« [s],L=]]

3: while S # [ | do

4: P+ Pop(S)

5: p + LasT(P)

6: ife=p then

7. ApD(L, P) > FREN— MR
8: else

9: for each k in ADJACENT(M, p) do
10: if k ¢ P then

11: PusH(S, P + [k])

12: return L
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A LT EA A MIETRTREAAR, I BEERIN L, EREERLUZ O(4n),
Hrpn BERERKE, LREREAIIHR, BAIBNE 7 EENMVE, BIRMEIT,
FIE AR AR IE A BT I — IR, EAVEN O(n), HAo n BEERIEE, HTE
HTHRRFRRR, SREAEN O(n?),

3] 14.4

14.4.1. FEFAESREHE S R FTA ff

J\E)G )8

BRERRZRE RIEA, HEEF] 1848 fFUIKUR (Max Bezzel) A1/ \2J5E
M, RIEEOIER, AIDBEGR—AT, Fl. B EREEH T fERI R
TIAEJE, Mz AT S, & 14.17 (a) #8725 7] ARG EIRTER,
B 14.17 (b) ZAH T\ 25 )R — R,

- K m EAH

(a) EFREBEARI R (b) —Hfifig

14.17: )\ BJ51A)8

£ 64 DETHAN 8 MEJG, HFH P, fMHEF, 2920 4 x 100, 847, FIH
REE 1 NEE, — /MR RVIARE [1,2,3,4,5,6,7,8) FIFAHES, Hla04 R
6,2,7,1,3,5,8,4] R-FE—ATHEFHAIESE 6 5; FE_ATHNERZEEE 25 L......
0 ATHI RGBS 45, XHERMNTHAFRERE 8! = 40320 Mfif&. ME—1THA
B—2#REE, £—1NEEE 8 fEE (J\BIRRRE—F]), BHE _ATHEEN,
HTATREFNSE — N BB, FERIFELT], X T8 i THERE, HF8 7%
HARWERT i — 1 DEIFBGEEAIE, R 8 My BECRGEIE, FATEEENEEEE LA
i— 1 MEJE, 28 NEEEIIMAMESS, WS T —ME, T TA R,
BANCHK TR —M)R, RERESHEHERRERIZIF T HERE, FATH—1



14.6 0O, OO 287

Bl — MR ISSHE R solve [ 1] []
solve [| s = s
le| =8: solve cs (c:5)
BN solve ([x:clx + [1..8],x € ¢, safe x c] #cs) s
(14.30)
Ftkhw, BINCEZAMETEE, s EXTIrAEREINE, HRINE c KE
N8, BAHKENT — DM, FHEIDKE] s b, RIFREEL; o] <8, MM 85
FRERHMARBE RIS (o ¢ o), FINARESRIZ ERHE 2ERE 081 safe z o).
AIATHIAR )R AR T e IR

solve (c:cs) s =

safe x ¢ =V(i, j) + zip (reverse c) [1,2,..] B |z —i| # |y —j, EHF :y =1+ ||

(14.31)
mﬁﬁé%y—1+wﬁ‘meEF% ST ¢ T 2GRN k. & e =
liy—1,iy—2, v in] SBATy — L NRIGFIERIH, BATE ¢ e, /11, 2, .. HREAN S

JEEIAERR: (i1, 1), (i2,2),...,(z’y LY — V] REAWED (4,7) BEMME (z,y) 1
BN faLk: |z —i| # |y — jlo X—SZEZREIBIAN, 7TLAHBRE I RS :

1: function SOLVE-QUEENS

2 S« [

3 L+ 1] > PRA7 MR
4: while S # [ | do

5: A« Pop(S) > A BFE—HAE 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: PusH(S, A + [i])

12: return L

13: function VALID(zx, 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

BAREGNEEE S ﬁlJJih:, ERZRE A HF, BIHREE 15720 AEN, iz
IT/NF 8% = 16777216 FATREY), HITFIES A K, BEAR, HKE— MR
J&, JEEER, %HJW%'@IJ,E;EN%% BATRT DAY R n BJGE, Hn > 4,
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HREE n $ P AR SOEE AN, R RO A 8 ARt (B2k e
I ELZ O(n!))o

%3] 14.5

14.5.1. BOE/N\RRIRTE, TR DRR n 258,

14.5.2. \EJEREFE 92 DAFAIME, X FEM—ME, REIE +90° HEZ/\
SIRFERE, JF ABERNER, HEARNERE 12D, BRU\RENE
7, HHIX 12 DNARFE R

PR

N 1418, fFE—HE 7oAk B 6 R, —HuA kR — REEEEE B,
R DABKEI E RGPSk B, s — R E BRI E R Ak b, BHER AR
fF1E, NREGIR, aNE 14.19, XLEF LML), BRER, (1544 3 A E H#L? FRid
FEMIF -1, B, EEFENASN 0, FATZEHEIMN s = [-1,-1,-1,0,1,1,1]
gl e = [1,1,1,0, -1, —1, —1] B,

14.18: BRERAY T i

A B8 (4

(a) BEEIMHABAY (b) M4BT — (c) IAIERE —
i3k b H

14.19: RN

XA — AR IRIE R FEA—E IRy 6 Bkt r, AT LU 8 B SRR H
o B 14.20 FIXEMERTZEMAE S,

MERGHRISKAEN 1, 2, .., 7o BHRA 4 MEaIalRE. BIANITaaR, 55 3 Bt
A3k ERFEERT DI Eh B 203k b, KFRHE, 25 5 Bk ERF A DUER —H,
5 2 Pk BRI AT DA A EOE — HF kR a3k b, MFRHE, 55 6 Bk BRY

SEF3kJE: http://www.robspuzzlepage.com /jumping.htm
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A 14.20: AP

HiE, WAl AR AR0E —H, BRIEE T 7 BB ERE, 24 Mz, W
FEATERT, mEHZAE e R, BT EMEERGERG, AN RRERZE,
FTERR R AR, MERE AR, XEAFEREERR. BICRBIEP
BT REREHEER, IS L2 s RIS L) FER £1,0 FR5 Mk
ZH B—HEE, AGAREE, ST0SkIEN p, 4 Mi8shiEN:

L. [AApkEk: p<6, H Lp+2] >0, &k L[p| +» Llp +2];

2. [AAEREN: p<7, HLjp+1 >0, 2ZH# Lp] +» Llp+ 1];

w

CAEBRER: p>2, H Lp—2] <0, & Lip—2] < Lp|;
4. MFEBE: p>1, HLjp—1]<0, & Lp—1] < L[plo
TEX A NKE leap; hopis leap, F1 hop,, ZAIRES L — L'y HARERS), N
IREFRER) L RZE, R S IEREMd Iz, FFEmRE, & RaE—NI%,
FIFRA A FFEHIRES, F13R M ICRITEREINER, OB GRS
L = e WHREN 7 —/ME, BAPERHBICRE M A, BWIRAE L 2498 4 7
3], WMRAATHRAARUSHY R,

solve [[-1,—1,-1,0,1,1,1]] [] (14.32)
Hr:

solve [| s = s
L=ce: solve cs(reverse c:s), L = head ¢ =~ (14.33)
solve (c:cs) s =
B solve ((map (: ¢) (moves L)) 4+ cs) s
moves TEIRAS L Z B0 4 AT RERYRS ) :
moves L = filter(# L) [leap, L, hop, L,leap, L,hop, L] (14.34)

Xt R AIE ARSI -
1: function SOLVE(s,e)
2 S <« [[s]]
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3 M ]

4: while S # [ | do

5: s+ Pop(S)

6: if s[1] = e then

7: ADD(M, REVERSE(S))

8: else

9: for each m in MoOVES(s[1]) do
10: PuUsH(S, m:s)

11: return M

X—TJHERE N EG TR (%515 28), FRIIH 7

—
N

B 1| -1(-10]1]1]1
1 [[-1]-1]o|-1|1]1]1
2 ||-1]-1|1|-1]0]1]1
3 ||l-1|-1|1]-1]1]0]1
4 ||-1/-1l1]0|1]-1]1
5 [|-1]o |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
9 111 ]-1]1]|-1]0
10 1|11 ]-1]1]0]-1
11 |1 |-1|1]0]1]-1]-1
12 |1 1-11]-1]-1
13 |1 0-1]1/|-1/-1

1 1 0
1 1

—_
ot
o
|
—_
1
—_
1
—_

A 3 AEENTE 15 DA B, §R EIRRE R IS 2P B S H
HI—PRERK:

SOEEES D |1 ]2] 3 | 4|5 |
WA |38 152435 ..

DEEU R TTEIR—: (n+1)? — 1, FATA] PAERIX—4518:

O0. HERANEIRIRES, SFRTFEAAS BT n+ 18403k 2n AFEER
HREEN T 2n(n + 1) Bk, ZEMBYE R FELARFGMEITE S EHE—X, —H
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&, BREABER, B3 02 A8, FEHSET A FEADE T 202 5
ke FITHIRBANAZBRER, MEBKEIETIALE, BHE 2n(n+1) —2n* = 2n
Ko ¥ n® BRER, 1 2n RBRBIMERGSL BRI, SRIRAMBIPEN: n? +2n =
(n+1)% -1 O

Wiz b 3 N, EMRRREA B RLIRIEH, ENTERMIEMIRET R, &R
BEMALTHE, J\R/EREMNEHETHGE, BREERM [-1, -1, -1, 0, 1, 1, 1] T
Ao MRAVERER —AER, SREWEETE TAATRERED, EXER, 8PH L
MR EERE; \RIRRES, SUEERREAE ) SR, BRFESET, &
A A MARRIRIBRER T s, BARIRIESAANIEREMRSLE 2, HBRMIEL
HIEHAERZIRES R 40 ERBNRARGZHO; /\E5 RS REINEZ
J\D BIEHRRAENE b PR RS S 2R R e A B H A

ATV FAH R SR R R X L A R 2T REAVIZT, DR EZIRRNRR
A, WMRTCIRAR SR A I 2 U BRI, @R Tk, TATeE B, s
75 RATE I REM L BRSO, 28, IXEMHAAE— S L, S8 — MG, &
fITATAfs R EE R R B RS THRTH PIRERTME. AR VSIS VIR, EiH—ERN, &
PMHEBAREA R AIERE, EREEZ D AWTRARERE, HERERS:, FAEA
FIEF—RE_ EHERT, ERRMJS RS E—R, E 14.21 REERER
iz, &Sk Tanfrdem~, TEm EEREAR, 19 R LT i,

B 14.21: REMRIEERIINIF

IXAERHE R RIEIR N IR IR R, BILFRNEAER R 2R E, HL
GAEIN, B0 Prolog, fEFITREEILICIEANBIARIRIERAL, Fln— 1 E ] DA —
LRI -

c(a, b). c(a, e).
c(b, c). c(b, f).
c(e, d), c(e, ).
c(f, c).
c(g, d). c(g, h).
c(h, f).




292 . OOoo oo

Hrb, WS o(X,Y) R B X MY Sl X—Wrs 267, RELY
X 3, AT AN —FONARIIWT S, sl BN — T TR S, 18 14.22
BHT—MEME, EAME X FY, Prolog AJLAE FHEMEFHIZE EMZHZ
R,

K 14.22: = PMEHAEAE

go(X, X).
gO(X, Y) e C(X; Z); go(Z, Y)

R —PME X ME OB, EENDAFRMVE X, Y, & XM ZH
%, HZzmMy ZrA@EE, WX MY ZREFEEER. TR, Z NEFEATREARRE—,
Prolog J&EfF—1, ARKEHER, WA LEITERRIMNA 2L ik, [
FEHE N —MET L, XA R R U CRIIRR RN, S REKER, mit
ARSI, REI R BIRA AT R BN, EXE P RHATE — MEFHFA
—E R AL,

%3] 14.6

14.6.1. EABkER I DS R EGUIRTE, B e n] DU ORI n UE AT DL

R, B HRE RS

REEERAEIE, RO E PR, ¥ —~EAREE. A5/, B
ARRIXMF. MFARER MARRM S SRR, RRBRHREEIR, £, AX
HEIE— Rt — XS T, (HRUERARRAE, IRINCHE, MEINZHEZE, W]
P RE T IR LE R A AR PE R 7] 2

HTIRAZNEHREZE, RKA] DL R R 2 B R E . 5 N RITie
IRE SRR — AR, bR S — A Ia A DU A AR P i, N T
BB RATRER 75 75, BADFRAREMERNE, BB ER, A% BRI,
B —REM—, EREWD, BAIGERR—EHRTE R RE. MU AT A
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RE. =IXIGHIATARIRE. ... . HEIE UG, ATARIARIEERZA T RER, I HIX—K
TTEAERTE A REFF IR, SRR IEIIRE,

Gfer “HFRT KERTH RTRERIIRTR? B IR — DN, S5 & HEIRE T
HEEH—DER, T ERAENRR, HRIEREZE B OR), SRR, #H218
ERIAIAIA 7, PRIGSERF RIRIEER, A TR, AT DARIE IZAE — RN a2
FHTE N 2 5 A RERHE S IR, 2 5 PARHI AU B — Ao BRI S FERN L AT T
AINIRBR, WNSRMI A EEEIRBRRNE, wiub RIS RF B IRIRER, X —BASI AT AGRIE
DS GNYASDS

ball box

B 14.23: 55 i DAHPAREER, Q1R A BEEI R BRaul 2 AR

PRI BRI T R, SRS AL B R, JTHaN, &8 A =
{w,g,c,p} BEIR, F. HFX. KK, £E B =0, BIRKKRMAI—PILREE
GEEEN, WREGHAFERR, WARESHELRIARE, HingH &>
Bz A B INE, A Q UEEHINE A = {w,g,¢,p} B=2, A
ZRIIARS, BATEHSLER TR, ¥R ATRERIERS, Ve R R a RS A m]
FAE. WIRRAFISKEBET A= 2. B = {w,g,c,p}, BATRIREN TR, B 14.24 fik
THERNT. F—RE ERATArRERERRE 7, JTTRETEH,

ATDVA 4 AL RO ER R RS, B—NRR—MEY, Rw =1, Fg=2
H¥c=4, RKp=28 0FRRTH, b XrUSHEFYNES, H3XRAE
IRANE, IEIIRENZHSF:, FIFE, [E 6 Fonn —Mih RGN, BRBATR &AL (8)
A=A (4. 20 1) MN—DErEBsha s — My b RTS8

B<8: [(A-=8—i,B+8+i)|i+ [0,1,2,4],i = 08LAA; # 0]
mv A B=

B [(A4+8+4,B—8—1i)|i < [0,1,2,4],i = 08BAi # 0]
(14.35)
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B 14.24: NBE—MIRETTR, REH DHFrAEIT2, 3, 4; REKRES 32 LK
FTAIEDL. ...

Ht A FortghiGia® e BATHAI Q = {[(15,0)]} HEHER: solve Qo

solve @ = @
A=0: reversec, H(A,B) =c,(c,Q") = pop Q
solve Q =
BN solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q')
(14.36)
HAPE valid c KEFHIBENER (A, B) BFEME, REEE 3. 6, HHMAR
=2, AEET e

A, B # 356, (A,B) ¢ c (14.37)

N ERR B AIE SR
1: function SOLVE

2 S ]

3 Q< {[(15,0)]}

4: while @ # @ do

5: C + DEQ(Q)

6 if C[1] = (0,15) then

7 ADD(S, REVERSE(C))

8 else

9 for each m in Moves(C) do
10: if VALID(m, C') then

11: ENQ(Q,m:C)

12: return S

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

BWRANAH, —D 9T — D 4Tt ARAREMRIFRERH 6 FHK? XN E A] PA
BRI, A M RE BRI LN AR AR T IXANFE, fE4F
RIGHE RAREEL 3) AL 7TIXA A, BRI CAnfrifigel) R
MR T — MRV, REWREIIMFHEE 6 K, BIEEE N, Mo T
THEIH 3 Ko N TIERIX— &, /MITHRERA 17K, A 14.25 FR,

9 9
4 :> 4
6
1
& 14.25: H&iGFH
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R o FH T, REESMIREIAN 4 AR T, 75 4 AR TE=, 5
RIS 1 FK, WK 14.26 Fivs. BIHEL 2 —MEREE, miAN2ERNEE, Bk
[E]Z4nA] M\ 899 FHFI 1147 AR T153 2 FK,

9 9

4

4 |:"> 4
1 1

B 14.26: FEARIMUERR, SREEIA/INEFIR

4

KN MET B, A, BIRE 6 FiRE: (1) /METF A ZETIK; (2) B 2E#7K; (3)
#7 A; (4) B2 B; (5) ¥ AHEIKEIAN B; (6) ¥ B I A, FRE2—ZRFIBIK
e, BRI a < b < 2a0

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

ToefAi e, BRI ERERI AR za + yb IR, Hf o, b 2H
®, v, y e, RIBEFOeHIIL, TATATLHIKZGRESE] g Ak HHA Y g
REMBIY a. b HUERR ANLIECEERRIN, B ged(a,b)|go WIER ged(a,b) =1 (av b HR),
AIDAMSEMEZ BAREL g FHKk. BV DIHIE B G AR, (ERAFAKITE B ARAIEIK
wiR, BEERETE g =2a+yb Pz, y, FTLUSEI—HEIE, K2 >0,y <0,
FABETHH A 2 2 R, B2 B 2y R, BlIA/NEER o = 3. KB b=5, &
BUS g =4 FK, KN4 =3x3—5, AIRAKI NI EE:
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A | B | #fE

0|0 | FA

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 Ba<b, B qHREr, WEXRO=0aq+7o
N d BEBR oy b, FIEd BEEER ro HT 7 < a, ATRAEFHK o 1 r K AY)
Bk N TR AR,

(da I/a y/) = QCdewt (T’, a) (1439)

Hrfd=a2r+y'ac ¥ r=0—aqfA:

¢ = db-ag)tya (14.40)
= (' —2'qQa+2x'b
5 d=azx+by XL, HTHIBIHRER:
r = — .’L’/é
IR (14.41)
y =a

VARG RAETE a = 0B : ged(0,b) = b= 0a + 10, IXFEY BRYLESH
BB
gcdey:(0,0) = (b,0,1)
b (14.42)
gcdezi(a,b) = (d,y — x’g, x')

Hrpa, o/, o BEXN (14.39), WER g = md, W ma F my BL2EZK R
I—M#; R < 0, BN geder(4,9) = (1,-2,1)s HT d = za + yb, FATAWT
B hno, FEE y M a, BEl 2z KT 0, XESRINEHA—ERI. HIAH 3 H.
5 AHPRF, IREC4 FAK, ¥ RJLBEHFREESG 23 4
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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)]

EHRETE g = va+ by BB ZMRE, || + |y B, AR, FRATTAT A
KA “FIA e (R, TE 6 FHRIER (BT AL @J(ﬁﬁ B. B AIA B......)
G717 2RI, FH— AR ZHETE 21, BRI TR R —RYIE
N (p,q), pv q3ARPRFKEETR, 105 T WG EIREHIEDKERIE, FHIERBA
FINZEN: {[(0,0)]}o

solve a b g = bfs{[(0,0)]} (14.43)

HERIIAZ, BTN — B H, RFH R REIRESE S g T
K, BAIBEREN T — Mg, BATR ISR, SUBAY RREIIRES, 26
MimTRE, RFEENIFAD.

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—IT R IR BRI B, BATTEFRENINNEN TR P IRF R, 7]
DAIA— N2/ ARIEs, WE 14.27, FIEEIRERN (0, 0)e A fill A 1 fill B AJ1T,
BERRIEIESR (3, 0) LA B 249K fill B, ICIGHEE R (3, 5)o 1E (3, 0) UFEAl_E 249K
empty A FFEIFFIIEIRZS (0, 0)o FABL X —IEIT, EFHREKESZEER, Al
AT DAZEE 14.27 RIS RIE I — DR G IH, FAEEHEHIEIRS

1: function SOLVE(a, b, g)
2 Q<+ {(0,0,NIL)}
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,"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 BRJLRSRDE, FEREHHEMHS 2| + |y &/, DARIREDIK R,

R TE

BRI EERIERIE PRI, WE 14.28, EHME Klotski, EHA/N, RS
AAFE, FREH 10 MER, EERERTEEER, S NERRA N — DAL
MIIETTTE, BRREI—EN 2 x 2 BfL, FEBEE ROTRIAHIE, A—D3EN 2 MK
AR, KRR — AR E B, HAR ux& T PHIR BRI, iRy Bz
LSS, B RESEIRER TTRE, B 14.29 BHAFWR “FEFHHLL”,
BRI —RARLZIL, FIRERAREMEEK R,

(b) BENE T LK
T

K 14.28: HERENK

B 14.29: HAR “FFHEZ)L” ik

TATH 5 x 4 FEMERAGRMIEL, 175 0 TF4R. 1 2 10 MEEAGERT. 0 A%
RE, M M GHTHEFERIVGIES, BN TR aEiT SiE R
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FHL LR, L) M BEAMEES, B0 L4 = {(2,1),(2,2)} T 4 MH
TERTME (2,1). (2,2), AR EY 20 MBS 0 £ 19, 175
BT c =4y + zo XY MET 88 L[4] = {9, 10},

1 10 10 2
110 10 2 1 {0,4},2 = {3,7},3 = {8,12},
4+ {9,101, 5 v {11, 15},
M=|3 4 4 5| L= {9,10},5 — {11, 15}
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

k  Mly][z]

1
2
3
4: for z + 0~ 3 do
5
6 L[k] + ApD(L[k], 4y + x)

7 return L

o

. function ¢=1(L)
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

BAMEERE 10 MET, BERGELTLEA 4N 1 M. fEREERE
k, BEhFRTA (Ay, Az) = (0,£1),(£1,0), FEfAFE, WNTRSHIRR N
d = +1,+4, BIAIETF L[i] = {c1,co} MEBNEN {c1 — 1,0 — 1} XEZHEBR
MNRERIE: d=1,cmod 4 =3Fd= —1,cmod 4 =0, BijlEHTM—ML5BEEI
S, FERNMBANERZE S MR fE, HlanE—2HE 4 fMmlge: 56tk
M5 8 7EEE S RMR; B oA, B 14.30 MR EFE SN ATAT,
NTHER SRS, BRIMEEMRT £ BahBIEFR T, WRN 0 85 kAT
%3
valid L[k] d :
Vee Lkl = y=|c/4] + |d/4],z = (c mod 4) + (d mod 4), (14.47)
(0,0) < (y,2) < (4,3), M[y][z] € {k,0}
G — RIS PTRERI BN, (UERAHRREREE 2 N8R, BRI
B M, # My, HEMARR F2MEFRRA .
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'h 0 'h 1
h |21 Th X
Vo 1 V2 2

14.30: ZEM: PR 1 BURSFERRIRS S, M RUTRR 1 IR T HIAR 2 BOA% T
LI

1 10 10 2 2 10 10 1

1 10 10 2 2 10 10 1
Mi=|13 4 4 5 My=|13 4 4 5
3 7 8 5 3 7 6 5

|6 0 0 9 8 0 0 9|

BT R R EE, RISEARH T, & XEA—mRNES: |L| =
{p|(k — p) € L}, 258 L PIrEENES, LM MNRERER Y — b Am &
F{{1, 2, 5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}},
AN R tE—MEE, TR, G0 RE M, f M, SR,

10 10

1 2 31 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 |

EATRIYA— et RSB IFRAT, Bl T S — A R R X AR A
mirror(|[Ll[) = {{f(c)lc € s}[s € [ L]} (14.48)

HA fe) = 4y/+2',y = |c/4],2' = 3—(cmod 4)o FAMEH—MAYIFITHZR,
BN TRBEE T — RN SIIXER S SR, BXB3IN (k, d),
FONEMEE EREEIMT &, JTmvd (BN £1,£4), IR Q = {(s,[])}, H
s BRAMRE. REQ # o, BATMLIEE—MTE, wERKHHT (WS
10) BEENREFRIE ¢ = {13,14,17,18}, Bl L[10] = t, MERENEEER; G, Fr
M=K L FAEGRNBIM T, HATERTH. AESMNREBINTTE (k,d) A
EEREREY, TANTHES H IdgH— AR AR ES,

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 HUET L[] B3 d i move L (k,d) = map (+d) L[k]o unique FIW#T
H—{efmfm | L'|| ¢ H, 8% mirror(||L'|) ¢ H AMETRIERKH, IREEEE, |
WreMzEEnds B AT EMER, 2N MANERKSEM, “#I)25” fhEH
BOBERI 116 0 (BABEh 1#8), &G 3BWTH:

1: function SOLVE(s, e)

2 H«<{[s]}

3 Q< {(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: App(H, || L'|)
12: return &

[|5|’ |3|’ lzl’ Ill:l

[|5|’ |3|’ |2|’ lll]

[I?l’ |9|’ l4|, |4|:|

[lAl’ IAI’ l6l’ IOI]

[lAl’ IAI’ IOI’ |8|:|

[I5l’ |3|’ '2', Ill:l

['5', |3|’ lzl’ Ill]

[l?l’ |9|’ |4|’ |4|:|

[lAl’ IAI’ '0" |6|:|

[IA', IAI’ lol, |8|:|

[|5|’ |3|’ lzl’ Ill:l

[|5|’ |3|’ |2|’ lll]

[I?l’ |9|’ l4|, |4|:|

[lol’ IAI, lAl’ |6|]

[lel’ IAI’ IAI’ |8|:|

IR, EUKEE, ERE TR AIE A RIS, FITREELIERML, ef]
VAR, ZRIRIRES, fELRFES, ERIRESRAR, IRy B B3RAEMR—F,
XA K RIRESR EERER S 7R, BTG IRSR M DT, &
ISR DT B AR E A RAK, EREREAEGIRSREMA R (RT)IL
57), KIEKESRII MR, HPRRIB e TIEE M E, &R EE
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ARRAIRN, AT OA— MRS EN 55— DIRES, AT “FFT77 2 AT REE I,
FEF — P WHNEIR 2K 2 Z /i, BANNAZH—PRAER, XL T R/ D R
R e AT, HT RO Ry, XROTIER T LR, B 14.31
B TR, REIC RN,

(a) RIEILIALR (b) I EEARSCIER
14.31: IR FEARIEALR AT

HTFRATCERERN “IH77 MR, T EREREHASIRIER 21K, MBA
1| Sk EB AT B L 25 SR D R BE I T, ABAFI B2 BRI 25 SR A 2 R i e I,
JEALE R T —FR T B 7 A SRR D P BR, (HE AR R AT R,
FRAE 14.32 WEAE, SEBRERKEARR, RIOTCERAT ERLERIREFHEA
YT 2 IR R AR, RN o BT o Z AR EIFIRE &/ DT
a—b—co XEBRBUEKERN22; MESLTELHITHERe—e— f—e b
AR E A 20,

B 14.32: HINEREHIE

#%>] 14.8

14.8.1. FEREL° 18H 7 —MEahE, & 14.33 LAHP 2 —REIL AR A, 8 /MR
L - R (1937-2020), FEEEER,
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17 MELMATHT, BMET EARERE 18] 7, SRR L0 E E
2N, WM DIEsNd %, R RMEEES, MR REMT2HEER, B
PR MIF 1. 20 3. 4. 5. 6. 7T EBIREEEK 7. 6. 5. 4. 3. 2.
Lo G5 — MEFfROUE R 3h R,

K& 14.33: FEREE SR

14.6.2 WLBEZL

MNTEE “BR4F” WAL S, A, sER. EHARNTRERER
MEHAE D BRZ B A 2 TN R ARTR, SO — L4 A8 17 1 ] 2
JTERE AL,

I K 2 i

6K 2902 —F A &/ NN E BRMIBH 7T 5. FHIR ASCIT #E A 7 1=
BT TR, B, RS, rIRARRIE 27 = 128 MR, R 00 1, F&MED
T log, n M HEn DAFRFR. NHEKRE EXFRVIGER, HFR A 2 7 Mgt
7908 25, BN 5 AL, FHY FE 5 42 00000 MidFE 0, IXAERIGwAL 77 AR A 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

YA “INTERNATIONAL” 0] PAZRAS A 65 ) — 3%

00010101101100100100100011011000000110010001001110101100000011010

FH—MT R TR, A R0 R A, FIMA #HE 10 3R C,
A 5 A ZHEHIEL 11001 18R Zo BARF AR ERE RIS KL, (BRI 218 R
o Blan—3EwIE 1101, BATAANEER 1, JEHEERE 101 GRR “BF”), B2 110,
JEHEERE 1 Gor “GB”), 802 1101 GRAR N), BE/RATHEMZ T KD, & AN
FRFESSN 7, F/ 2980 -0 HHRREZIEFDEGHS, IAASRE

B N MR TEE R :

T | G | AT | geil
A |110 |E 1110
I 101 || L 1111
N |01 | O |o000
R |00l | T 100

XA “INTERNATIONAL” gt 38 frfty i %k:

10101100111000101110100101000011101111

17 ERBEAZIBEH BT, X BE A g2 H e g R RS,
IXFERIRBSAR RIS 100 RISRI AT Z IR, DK — P, X AR

LOHZ MU prefix-code, TAETCRIZRAG.
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IR T — A BESCR, RERREIRMEEmEKERE? 1951 4F, A T¥
BRI FAERT - (R ED] EIMB AR - AR LT WERE T IX R AR
RASIHAREZIX T, MREZIXTIRA, MJLPFHRFET, HEESHIR, ATELHE,
R EIE T iRk, R EMIE AR TR ARG EER, & “HI 8
FRmERE, B XARREENTZF IR & X FRNEZE I
HIRE B R, MR 2 XM= A8, FAFRE TH 71 mle MR B
PRGN 0, A RTEERIENIN 1, G0 14.340 B0, MART sUg
FI N R IRE, MARGEAGENEN, K NgEH 01; F0F A MEREE: A, A,
e, YwiEsE 110,

14.34: MaFR S

XERPIE R DA, 948 3L, o miE. 1 M. FBNAM-TI, TR BT
PRI NG . RIGEFIREIRT Sk, 15K 2 B L7 IR SR,
FHEERE, BADFREBA— 70 R, BRE R ME RN RS R —
M Ko XN ERMWNDFREIAEM, NWHEEAE R/ NI &I, ®E15
F—FRI, G0l 14.35,

PAITEE A = RO SCEBG R 20, R TAE, REMTFTRRE
Fre AT RRTA (w,l,r), Hfw 2Z2NE, [,r BEAGTH, B FTRFTTRHN
(w,c) HH c BFHF, BIFFRIEE, SEM merge a b = (weight a+weight b, a, b),
Hor:

weight (w,a) = w

. (14.51)
weight (w,l,r) = w
SRR AN R R B N AR A
build [t] = t (14.52)

build ts = build (merge tity) ts', HH(t, s, ts") = extract ts
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SO

E, 1 L1 0,1 R, 1

14.35: ¥3EMaK 20

oo

tm
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PRIEL extract MNFRBIZRHIE AN EE S /NI RERARE, 35 weight t, < weight to,
EX t1 < ta0

extract(ty:te:ts) = foldr miny (minty ty, maxty to,[]) ts (14.53)
Hrp:

) t <ty: (min tt;,max tty,ts:ts)
ming t (t1,ta,ts) = (14.54)
B (L, tg,t:ts)

N T IERIER RSN, TRATFEE A 706 0 BT, WARERR A, HE
Ali] FIRE/NT A[n — 1) 5K A[n], BEACHE A[i] fl MAX (A[n — 1), A[n))o G
Aln] B Aln — 1], XA N—, BEEHEBRGHRLNERSH:

1: function HUFFMAN(A)

2 while [A| > 1 do

3 n < |A

4 for : < n — 2 down to 1 do
5 T <+ Max(A[n], Aln — 1))
6 if Afi] <T then

7 EXCHANGE A[i] < T

o

Aln — 1] <+ MERGE(A[n], Aln — 1))
Dropr(A[n))

©

10: return A[l]

BATAT DAMIG R 0 T ¥R, ©p =[] MIRT R, ZFEI p < Op,
GEN p «+ 1ipo BNIEMTRFRF ¢ I, 8% ¢ — reverse p IR, EX (FHLL)
code = traverse ||, HH:

traverse p (w,c) = [c+> reverse p] (14.55)
traverse p (w,l,r) = traverse (0:p) | 4 traverse (1:p) 1 .
ORI R — IR SO w —IOE TR dict 7748 R
encode dict w = concatMap (c — dict|c]) w, EHdict = code T (14.56)

fRRDARAE i, — X SR A bs —IEIRIG R M, MRTTSIFEE, 01
fo. VA, BIEMF RN T o, AREEIERT RARSLEIS. decode T bs =
lookup T bs, HH:

lookup (w,c) [] = [d]
lookup (w,c) bs = ¢ :lookup T bs (14.57)
lookup (w,l,r) (b:bs) = lookup (if b =0 then [ else r) bs
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M6 I S B AL TE I AR R IR T —RRE IR SRS . R SR E TIR, BRI E
RADKIIRN &3, X —RIaiRREsE, 74 7 2RRIIATSR Y. J5HR R
AT E 2R R IBREmMGZ NS, BATFOX AL R Uik
W77 RN TR, SULRIER] DRI, fRLIRZ M, (I S0 ORISR A5
LERRRIFEHAE S BHREMOERAR — NSRRI SR,

#%>] 14.9

14.9.1. LML A Huffman FEERAE KB,

HFERME

AR ALY, W &/DRRER R EFER? RIZH 5 MM : 15, 5
. 25 . 5. 170, 1S 104y, 1t& 104/, 2R C = {1,5,25,50,100}
TEHF v 77, HTULERE, FOURPRe R K RERE T :

change 0 = []

14.58
change x = ¢, : change (x — ¢,,), HH : ¢, = max {c € C,c < 7} ( )

BIan i 4 1.42 7T, BREX change A£RBEMAIER: (100, 25, 5, 5, 5, 1, 1], FATTATLA
BEEEH (100, 1), (25, 1), (5, 3), (1, 2)], FTr— 170, —K 2.5 . =H 5 5.
PR 1 . XN TFEIF O IXEEEE, USRS R, OB RKZEL
EREMRGHER. HEEHS: W C ={1,3,4}, Siffts =6 9, RILHRE
243 i, HIDORISLHZ 6 =4 + 1 + 1, 3 #hiEi,

RENZ R, TULRISEESSIE SR, SOREBAR, RmNHZ. il
FEATTYIRE, WERSCAR T KEBE TR SE W, FEFRSCE T17. 2HiEREFEY
s, DULREIER DA MR AR EIAT T R E— 1T RATREZ A HiAl,

1. L+« W
2: for w € T do
3: if lw| + s > L then

4: Insert line break
5: L+ W —|w|

6: else

7:

L+ L—|w —s
%3 14.10

14.10.1. (ERHERMEM R S AU AHETTR PR, S E R EE,

14.10.2. WRFFFOHMNEHFPRINR A, FAE— DM RIFTHIERK ST 77 1%
MBI Q RIFEFFEER. AT Q A1 A SKEREUHEVINIR, SFFE A, A&
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AR RE, ISR R I, BRIa kB b, 9
X Tk
14.103. ERKBH T, FIZMAISIIA K B,

14.6.3 AWM

FEREMTERA FFHRETERNRMLE (EHEDER), RiZeks
WFER o IR BMYIER Che ¥ O, PRI : C1. Coo DAIFENT
T o0 B Cpy = Cy 4 Cov @ = 21 + 290 M Oy B5H vy IR, H C, 25t
xy IR

O0. ARIEZE. Xz, BRIZFES —NEGFRRETTE Cf, O BIEmED, N
RIRTTIE C 4 Co WM ZE/DT Cro 1XH O, B 5iH o BERIIET &, [FIFE, AT
WA DAUERA Cy SR S i 2o HIBRALRE O

TR, EIRRBE y < o, KRR 2 A D TR 51 i y
oz —y BRI, RXM D RIS I A TR R o R, (ENRA: H=
T C = {1,2,4} Wiz = 6, RINMBFEMEET: 2 + 4, HE6 =3+3 72N
S 3 HIMADF R, BT RERRIEEN 3 = 1+ 2, HASGHTR (1+2)+(1+2)
R A BT, GIEREAUE R R D ot TR A, JAIFre B “Rtk
TEH , TR R i E 2 R tH B A F-&hA -

change 0 = | ] (14.59)
change x = min [c: change (x — ¢)|c € C, ¢ < x]

Hrp min IEHKERFEISER, HIX—E AR EZEE LT HNEF, BT
mREHPEREESTE, & C = {1,2,25,50,100}, 5t change(142) B, &
ZIHA change(141). change(137)s change(117). change(92). change(42)o TEMHH
change(141) i, ¥ 141 2818 ZE 1. 2. 25, 50, 100, XAEESFRIFE 137, 117,
92, 42, HRZTEDL 5" FeEIK, SEUHRLFIREEINNTTE, BATHERE T 12
KBRS T IR, T O1aN 2 Siffit y W& W Ty ZRIF PR e,
WR Ty = o, WHEFTREFRE, FRBHEFEEN Tyl

T+ [[],9,9,..] >T[0] =]
2: function CHANGE(x)
3: ifz >0 H T[z] = @ then
for each ¢cin C H ¢ < z do
Cyy < ¢: CHANGE(z — ¢)
if T[z] = @ 8 |C,,| < |T[z]| then
T[z] « Cy,

%

return 7'[z]
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BATERT LLE JIRIA B4, et 7 R R, M T[0] = [ ] FF4R, Rk
FAETA] = 1], T[2] = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], A% 14.1(a) FiR.
Sid T5) BHPNERE: 51080 1 /5 M, BAREEEM, mILHREER
NF 14.1(b), T[5] = [5lo #EFKSMe 2 =6, 155, 5 7E/NF 6, BRMERE: (1)
100 T[5) 15 [1,5]; (2) 52000 T[1] 15 [5, 1] IXPIMESEY, (L& T[6] = [1, 5]
PO TH), HA i <2 B, B—RERE ¢ <i WHE, ERREIKET R#E
Tli — o] MU, FEiL c BEI— Dy R, Wil ma 0l —MEN T,

T 0 1 2 3 4
AOUE || (1] (1] 1,1 ] 1,11 | [1,1,1,1]
(a) Sad 4 73 DAY BLARARS IR

T 01 2 3 4 5
BAAE | (] )| [, [1,1,1] | 1,1,1,1) | [5]
(b) 5t 5 7y AN B AL RS 2

K 14.1: DT ERAIRMAESIR

1: function CHANGE(x)

2 T+ [[],92,..]

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¢:Tli — ¢

7: return 7T'[z]

AR () PAERBEENE, RENFESE R, 7T
FUESRHEX F BB 73 0 She T[i) Fri B ¢ AN TR ERNEHEE no
BT[] = (n,c)o N TIRIF 5L » RUBEMAIZR, FATMRE T(z]) HEE] ¢, ARG HM
Tlx — ] FHE ¢'......HZ| T[0]o

ARIED 6 7 8 9 10
AR || [(1,5] | [1,1,5] | 1,1,1,5] | [1,1,1,1,5] | [5,5]

1: function CHANGE(x)

2 T « [(0,9), (0, D), (00, D), ...]

3 for i + 1 to z do

4: for each ¢cin C H ¢ < i do

5 (n, )« T[i—c|,(m,_ )<« TIi]
6 if 1 +n < m then
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7: T[i] < (1 +mn,c)
8: S — [ ]
9: while z > 0 do

10: (_,c)« Tz
11: S4c:s

12: Té—xT—cC

13: return s

ARG T AT DU ZEMBINiEEE: foldl fill [(0,0)] [1,2,...], HH:
fill T x =T > min {(fst T[x — ¢],c)|c € C,c < x} (14.60)
Hrb s> o TR o MAZIRA s G0 (W 12 EFER) . RJEFH T RiEH
ARSI :
change 0 T = |[]
change ' T = c:change (v —c) T, HH : c = snd T|x]
FHRE v = n, FIEENR n R, BREZKRE L = |C] PHE. EREN
O(nk)', FHHE O(n) NZRIRE T, ANEZHBKA LIEZBTAR FHTE, #HFHE
SRR AL T BRI R, ETTFRRIRR RN, B2 2R 7 REREE R, X
—HRENONE S A, AR R A 7T IR AR, B VURET 1940 4F
TR, BRI R RUR A5 PR -
L A&, (R A] DA i s T IR NG A1, e e Rl DA F1A]
AR RE

2. BRI, AR AR A] B S B2 AR I _E RO

(14.61)

KA S
MFEBAFE, FFRYICFEES:, FU0, Mississippi fl Missunderstanding HJE
WHEFEDN Miss, MREKAIEFFFHIN Misssi, QE 14.36 i, RIXZMNEAR
1, ek 90 ERURRIEAT L (diff) IR, MREK AT FIIZMRAZERI AL
W ULIHRE. DA vs. ys EREK AL FFHIE AT
LCS([lys) = []
LCS(zs,[]) = T[]
x=y: x:LCS(xs,ys)
BN max LCS(z:ws,ys) LCS(xs,y:ys)

(14.62)
LCS(z:xzs,y:ys) =

Hr max EHERIIFES, LCS HIE X EHRMATEEN, T RN RS
INFRE, FAIRESREDAE MR 1L X—EXMESHES TR, TR
llj:%
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M i s s s s i p p i
A A
A \

A 14.36: EKAHELTFH

B EAETFINZRBH T RR /R, BAMEH Z4E3RE8 T 107 T R
ftto 17 FIPAIER s yso FPHITLERIIRGIM 0 -G, 5 017, 0 5K,
Ti][j] T~ LCS(xs0..5], ys[0..4]) B, REM T REHEKALTRIL, HhN
LCS([],ys) = LCS(xs,[]) =[], T 017, 0FI#S 2 0, LA antenna Al banana Jy
il FRATM T[1)[1] FFAEHEFEEE 1 1T. b Al antenna AT —DNERE, FTPASE—1T
#H 0, HE T[2[1], fTHIEBXIN a, T[2][1] = T[1][0]4+1=1, Bl LCS(a,ba) = a.
BETRBENE T2][2], a#n, & LT (LCS(an,b)) MM (LCS(a, ba) FIHEK
HIEF T2][2], &2 1, B LCS(ba,an) = a. XFERANTZES G RIGHET 52, 1H
FERUMALR R X T[] (5], WR 2s[i — 1] = ys[i — 1], W T[][j] = Tl —1][5 — 1] +1,
BWMEF T[i — 1][5] FaLEM T — 1) R KR,

o
—_
S

—

S| =W ND|=|O

B || B | |T

[enll el en )l Hen il Hen il Henll N en)
=l el el B =
NN NN =[O [N}
N[NNI N[ =] OO W
[N RN GRS Rl el o)
Wl W[ |R|O|OD|B | Ot
WlWwWINN NN =IO O B D
R lwl i w|Iin|iRr|lo|lo|® |
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1:
2
3
4
5:
6
7
8
9

10:

function LCS(zs, ys)

m < |xzs|,n < |ys|
T «+ [[0,0,...],[0,0,...],...] >(m+1)x (n+1)
for 7 < 1 to m do
for j < 1 ton do
if xs[i] = ys[j] then
Tli +1][j + 1] « T[[j] + 1

else
Tli+ 1[5 + 1] < Max(T'[d][j + 1], T[e + 1][5])
return FETCH(T, zs,ys) > RIS R

ETRM T iR KA TR, WG RIS, MRRE wsm] = ys[n], T

xs[m] BL/2 LCS KRR, # FRRE xs[m — 1], ys[n — 1], SMFANTEEE Tim — 1][n]
T m][n — 1] RIS IH,

1:
2
3
4
5:
6
7
8
9

10:
11:
12:

13:

14.11.1.

function FETCH(T, xs,ys)

m < |xs|,n < |ys]|
T ]
while m >0 H n >0 do
if s[m — 1] = ys[n — 1] then
r<—asim—1]:r
m++—m—1
n<n-—1
else if T'/m — 1|[n] > T'[m|[n — 1] then
m+m—1
else
n<n-—1

return r

23 14.11

BRI ER K AT AR R RS

THAE

MERMEGRE X, WFHKEIFTH T8 S C X, 5 S PREEHEmMZ RN s, Bl

S8 =i=s? i X = {11, 64, -82, -68, 86, 55, -88, -21, 51}, s = 0 A =/MiR:

i€S

S =a., {64,-82, 55,-88, 51}, {64,-82, -68, 86}, WNRIF%, LHKEE 2" MFHEZ
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A1, Moo= (X|, R O(n2"),

sets s @ =[]
s=x: {x}:setssuxs (14.63)
sets s (x:xs) =
B (sets s xs) H [2:S]S € sets (s — x) xs]

FEE NG FEMMES TR, °]AHIASMNEKRER, A8 KA iy
Tog T, WWRTFAER, HREFEHTRERIANG. 5o ERIEEERZ: H
Wre DAEEEDNTE S, 1535 = s, W —4i0 7] DAE T8 2 MH L RR
1< s<u, W s <18 s> u NIk,

l:Z{xEX,J;<O},u:Z{J;EX,:E>O} (14.64)

EETTEREY, BT Em=u—1+1%], BHRE—ME: | <j < u
A n = |X|+ 11T, BITNNESPHENTE v, TH[j] Rt HFETER
S C{xy, 0y} 1R DS = jo 5B 017H0K, KERZE o WTFEZM, T HTE
mwltate AR F, RA TO]0] = T, TR > @ =0, BN x, G, HIEREE 1
1To BRY. @ =04 BARY {1} =z, FHI T[]0 =T. T[1][x] =T,

I 1+1 0 T1 u
o | F F T F F
2 |F| F T T F
F| F T T F

A T2 AT ASE 4 RATRERY 82 2 Z@ = 0. Z{Q?l} = T~ Z{SCQ} = To~
doAr, wa} = 21 + a0

| 1+1 0 Ty | oo | T2 | oo | 1+ 22 u
g | F F T T F F F
z1 | F F T T F F F
z9 | F F T T T T F
F F T T T T F

MIES i 1T, IIATTR x50 PIRAISEIATE {21, 22, ..., -1} RIGHIFTE 745
Ml E—ATHRNEMBULANE, BN Y {z;} = 2, FTRAT[i][z;] = T, AR =
MBIEHBATA N ERE—25E, BN MRt E, SR n MR
JG, FAEH Tn][s] RERERRTEM s BE T,

1: function SUBSET-SUM(X, s)



14.6 0O, OO 317

l«>Y{reX,z<0}u ) {reX z>0}
n <+ | X|
T« {{F,F,.. . },{F,F, ..},..} >(n+1)x(u—1+1)
T10][0] < T >y @=0
for i < 1 ton do
T[] X[i]] T
for j <[ tou do
T[i][j] < T[] v T[e — 1][j]
j e j— Xl
if | < j' < wu then
T[i][j] < Tll5] v Tli — 1][5']

— e
= o

H
.‘\?

13: return T'[n][s]

TIIBNRG] § A0 FFEE, TR 1B uo TELFRGRFZIRERT DA j — 1 3%

e, HETNREMM T RELTE SR Y. S =s. & Tn[s] =F NTE; “NHEM
AR (D) QR 2, = 5, MTHE {2} B— MR BRI TRRE Th — 1)[s] 19
BR, AT, BBIEM {21, 20, T3, ..., 21} FRIEFHN s FATE 7%, (2) £
s'=s—x,, WRI<s <wu, FHFHTh -1 NE, BADEEAM {21, 20, 73,001}
RIEM ', ARGz, MAZIEANFEH,

1: function GET(X,s,T,n)

2 r< ]

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 <14 [(X[n]:r)|r + GET(X, s, T,n—1) ]
11: return r

ESHRITETEIR T O(n(u — 1+ 1)) IRDMFEERKE T, SAJ51EIT O(n) BRI,
THEFRIEHTE O(n(u — 1+ 1)) A, FATAT DA —4E v — 1 + 1 JCHIR V AU —4E
Ttk B—IV[j] = {S1,5s, ..} FEARIKFE, WE Y S =S =..=j V
TR IRIGE N T N o, ER—R V, IR o, FREREIN TR, &4
BRI Vs H,

1: function SUBSET-SUM(X, s)
2: I« >Y{reX,z<0}u« > {reX,z>0}
3: V< [2,9,.] >u—1+1



318

10:

11:

12:

13:

. OOoo oo

for each z in X do
U + Cory(V)
for j <[ tou do
if x = j then
Ulj] « {{«}} U]
Jej-x
ifl <j <wu H V[j] # @ then
Ulj] < Ulj] U{({z} v 9)[S € V[5']}
V<«U

return Vs]

FATTAT AR BT EERESNZ V = foldl bld (replicate(u — 1+ 1) @) X, H

W replicate n a FPAEKEN n IFIER: [a,a,...,alo bld F X HEDNTEEH V,

bidV x = foldl fV [I,1+1...,u] (14.65)
Hrp:
j=u: VIl U {{=h)
fVi=1<j <uHT[j'| #2: V[jJu{{z}S|S e T[]}, Hfj =j—=
H 1%
(14.66)

3] 14.12

14.12.1. MERRALTFEAIEE, 55—k ERA _ ERRRR RS HidxrFRoR K

JER U7, NT AL, W ARER AP, NWTAUREIPIL, XETTTE
TERBATA I R BIEE R, BAINRISHIE S AR, WREN NW,
AT E N ALALEN B 2 LIRS WREDN N, mtEESEE| BTy
KT WRA W, BKCERBEIEIEMAE T, miEsEIX—5T%,

14.12.2. MFFEMP ERR, —EB 1 <0 <ura? ERREEH —H9E/ NA?
14.12.3. 4mfBEEE (XFREXHHHSGEEE) 2 —MEREFFRMELEENE, BE

NANFRFE s i t iR liAR, TZzATHERE. FERGIP, HiE
PR RS =R RFHRE . 0. MHBR. B, BR—DFERF, AR kitten —
sitting, ZREEEEEHN 3,

1. kitten — sitten (k > s);

2. sitten — sittin (e — 1);

3. sittin — sitting (+ )
FERBNARIN, SR B (Rl g 2R
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14.7 Ka%: Bl

AT & /NTER:

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+4+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 + 1 to u {
if not xs[p] < xs[r] {
1=1+1
swap(xs, 1, r)

}
swap(xs, p, L)
return 1

e

solve f z = search 0 m where

searchpqg | p>n || g<0=/[]
| z' < z=search (p+ 1) q
| 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=4f f (m+ 1) < y then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)
where m = (1 + u) ‘div’ 2

RELE K

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
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-

for var x 1in xs {
if x = m then c+}

}
return if ¢ > length(xs)/2 then m else Optional<T>.Nothing

BN AR AR

majority xs = verify $ foldr maj (Nothing, 0) xs where
maj x (Nothing, 0) = (Just x, 1)
maj x (Just y, v) y = (Just y, v + 1)

0 = (Just x, 1)

| x =
v =
| otherwise = (Just y, v - 1)
verify (Nothing, _) = Nothing
verify (Just m, _) = 1if 2 x (length $ filter (=m) xs) > length xs
then Just m else Nothing

WK F A
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 F#F B ILAL A

[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
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t[i] =k
}

return t

IR (S

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)1,
inRange (bounds m) (x', y'), m ! (x', y') = 0]

J\ R e Rl

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..]

IR A 7 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:l:ys) = 1:y:0:ys
leapLeft (y:ys) = y:leapLeft ys
hopLeft [] = []
hopLeft (0:1:ys) = 1:0:ys
hopLeft (y:ys) = y:hopLeft ys
leapRight []1 = []
leapRight (-1:y:0:ys) = 0:y:(-1):ys
leapRight (y:ys) = y:leapRight ys
hopRight [] = []
hopRight (-1:0:ys) = 0:(-1):ys
hopRight (y:ys) = y:hopRight ys

Bk IER 5 e P R ) iy > U SEER :

’[Int] solve([Int] start, [Int] end) {
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stack = [[start]]
s =[]
while stack # [] {
c = pop(stack)
if c[0] = end {
s 4= reverse(c)
} else {
for [Int] m in moves(c[0]) {
stack += (m:c)

}

return s

[[Int]] moves([Int] s) {
[[Int]] ms = []
n = length(s)
p = find(s, 0)
if p<n - 2 and s[p+2] > 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)
(ali]1, al3il) = (aljl, alil)

return a

tm

pORCIN 3}

import Data.Bits
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (><))

solve = bfsSolve $ Queue.singleton [(15, 0)] where
bfsSolve Queue.Empty = [] — no solution
bfsSolve (c@(p:_) :<| cs)
| fst p = 0 = reverse ¢
| otherwise = bfsSolve (cs >< (Queue.fromList $ map (:c)
(filter (“valid' c) $ moves p)))

valid (a, b) r=not $ or [ a ‘elem’ [3, 6], b “elem’ [3, 6], (a, b) “elem r]

moves (a, b) = if b < 8 then trans a b else map swap (trans b a) where
trans x y = [(x - 8 - i, y + 8 + 1)
| i «<[0, 1, 2, 4], i =0 || (x .&. 1) # 0]
swap (x, y) = (y, X)

AT e ) LER S SRR SR AR /K I 7
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extGed © b = (b, 0, 1)
extGed a b let (d, x', y') = extGed (b "'mod’ a) a in
(d, y' = x' x (b “div’ a), x')

solve ab g | g 'mod" d # 0 =[]
| otherwise = solve' (x x g “div’ d)
where
(d, x, y) = extGed a b
solve' x | x < ® = solve' (x + b)
| otherwise = pour x [(0, 0)]
pour O ps = reverse ((0, g):ps)

pour x ps@((a', b'):_) | a' = 0 = pour (x - 1) ((a, b"):ps)
| b' = b = pour x ((a', 0):ps)
| otherwise = pour x ((max 0 (a' + b' - b),

min (a' + b') b):ps)

KBRS RS :

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 0 (x +y - b), min (x +y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

K A E A RS ST :

data Step {
Pair<Int> (p, q)
Step parent
Step(Pair<Int>(x, y), Step p = null) {
(p, 9) = (x, y), parent =p

Bool (=) (Step a, Step b)
Bool (#) (Step a, Step b)

{a.(p, 9) = b.(p, @)}
not o (=)

[Step] expand(Step s, Int a, Int b) {
var (p, q) =s.(p, 9)

return [Step(a, q, s), /+fill Ax/

Step(p, b, s), /«fill Bx/

Step(0, g, s), /xempty Ax/
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Step(p, 0, s), /xempty Bx/
Step(max(®, p+ g - b), min(p + q, b), s), /xpour A into Bx/
Step(min(p + q, a), max(0, p + q - a), s)] /xpour B into Ax/

Optional<[Step]> solve(Int a, Int b, Int g) {
q = Queue<Step>(Step(0, 0))
Set<Step> visited = {head(q)}
while not empty(q) {
var cur = pop(q)
if cur.p =g || cur.q =g {
return Optional.of(backtrack(cur))
1} else {
for s 1in expand(cur, a, b) {
if cur # s and s not in visited {
push(q, s)
visited 4= s

}
return Optional.Nothing

[Step] backtrack(Step s) {
[Step] seq
while s # null {
seq = s : seq
s = s.parent
}

return seq

tm

TERIE

import qualified Data.Map as Map
import qualified Data.Set as Set
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

cellof (y, x) =y * 4 + x
posOf ¢ = (¢ “div’ 4, ¢ ‘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
[(1, [(o, 0, (1, 1),
(2, [(0, 3), (1, 3)1),
(3, [(2, ©), (3, 0)1),
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(4, [(2, 1), (2, 2)1),

(5, [(2, 3), (3, 3)]),

(6, [(4, D), (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)]
normalize = Set.fromList o Map.elems

mirror = Map.map (Set.map f) where
f c = let (y, x) = posOf ¢ 1in 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 || c > 20 ||
(d=18&& c 'mod° 4 =20) || (d=-1&& c ‘mod’ 4 = 3)

unique i d = let ly = move x (i, d) 1in 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

HEA TE ) IE AR

type Layout = [Set<Int>]

Layout START = [{0, 4}, {3, 7}, {8, 12}, {9, 103},
{11, 15},{163},{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)
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[[Int]] matrix(Layout layout) {
[[Int]] m = replicate(replicate(0, 4), 5)
for Int i, var p in (zip([1, 2, ...], layout)) {
for var c in p {
y, X = pos(c)

mly][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 c 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)
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if m[y][x] not in [0, i] then return False
}

return True

Bool unique(Layout ly) {
n = Set(ly)
Set<Set<Int>> m = map(map(c — 4 * (¢ / 4) + 3 - (c mod 4), p), n)
return (n not 1in visit) and (m not 1in visit)

[Layout] s = []
for i, p in zip([1, 2, ...], layout) {
for d in [-1, 1, -4, 4] {
if bound(p, d) and valid(p, d, i) {
ly = move(layout, i - 1, d)
if unique(ly) then s.append(ly)

}

return

Layout move(Layout layout, Int i, Int d) {
ly = clone(layout)
ly[i] = map((d+), layout[i])
return ly

MIGR EMIDEIER, s

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 0 SRS S s T -

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]
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[Int] change(Int x, Set<Int> cs) {

t = [(0, None)] ++ [(x + 1, None)] * x
for i =1 to x {
for c in cs {
if ¢ < i {
(n, _) = t[i - c]
(my, _) = t[i]
if 1 + n<m then t[i] = (1 + n, c)
s =[]
while x > 0:
(L, ©) = tx]
s +=c
X=X -¢C
return s
}
B AL R T R ) R e
import qualified Data.Set as Set
import Data.Sequence ((|>), singleton, index)

changemk x
fill tab i

(n; C) =

= tab |> (n, c) where

lookup ¢ = (1 + fst (tab “[dindex’
makeChange 0 _ = []
makeChange x tab = let ¢ = snd $ tab “{index’

cs = makeChange x $ foldl fill (singleton (0, 0)) [1..x] where

minimum $ Set.map lookup $ Set.filter (< 1) cs

(i-1¢2)), o

x in c¢ : makeChange (x - c) tab

REKAT A

[K] les([K] xs, [K] ys) {
Int m = length(xs), n = length(ys)
[[Int]] c = [[0]*(n + 1)]*x(m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {

max(c[i-11[j1, c[i1[3-1]1)

c[i10j] = cli-11[3-1]1 + 1
1} else {
c[i1[3] =
}
}
}
return fetch(c, xs, ys)
}
[K] fetch([[Int]] c, [K] xs, [K] ys) {
(K] r=1[]
var m = length(xs), n = length(ys)
while m > 0 and n > 0 {

if xs[m - 1] = ys[n - 1] {
r 4= xs[m - 1]
m=m-1
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n=n-1

} else if c[m - 1][n] > c[m][n - 1] {
m=m-1

} else {
n=n-1

}

return reverse(r)

FEAIHIE [ -

Bool subsetsum([Int] xs, Int s) {
Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then utt+ else 14+
}
tab [[Falselx(u - L+ 1)] * (n + 1)
tab = [0][0 - 1] = True
for i, x 1in zip([1, 2, ..., n], xs) {
tab[i][x - 1] = True
for j =1 to u {
tab[i][j - 1] or = tab[i-1]1[]j - 1]
jl =3 - x
if 1 < jl1 < u then tab[i][j - 1] or = tab[i-1][j1 - 1]

}
return tab[n][s - 1]

P —HEFIFER 7 AT ) A

{{Int}} subsetsum(xs, s) {
Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then utt+ else 14+
}
tab = {} * (u - 1+ 1)
for x in xs {
tabl = copy(tab)
for j = low to up {
if x — j then add(tabl[j], {x})
jl =3 - x
if low < j1 < up and tab[jl] {
tab1[j] |= {add(ys, x) for ys in tab[j1l]}

}
tab = tabl

}

return tab[s]
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MIFEARALL, 20 A a2 TUMBREL IR TR ZAC B B 2 A1 0, 7E48 X R
MEIMIBRE Rz b, BAOTES FEF M R R GRS P, MERIR G LR BIALL
ERAEE TLARMERL, R — R ER RO REEH D ik, TSI NER
@7, RARFRROTRBEANZ, MHERAGIFREFEI T NE R ERE X

data Color {RED, BLACK, DOUBLY_BLACK}

BATE e E A = AR MR EIE,  HID AR BRI AT i A SR
PRy Rt R, FA N ERORE 5, REHEHE—PEBE,

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'

331
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MERBZFEZ DA R R T AR MBRTY AL 2o 2 AT DU & HRE A2 F], 4N
Rz SENETR, BAKE 2 “UIT", HHA T8 ¢ REK 2o N, FRAE
r WA FRPEREIR/NTR y, Hy Bt o, REBEAMKE y “DIF7, WR 2 2RA
[y, FATEA MAKe-BLack(p, q) REFREEN, DUEHT T —PRIBE,

1: function MAKE-BLACK(p, q)
2: if p = NIL and ¢ = NIL then

3: return NIL > BFH A — N
4: else if ¢ = NIL then

5: n <— Doubly Black NIL

6: PARENT(n) < p

7: return n

8: else

9: return BLACKEN(q)

AR p F0 g N, BATHEMER A — D70 IR, A5, ARATT
p ARZE, T g N, BRAMER T — PN REMF . FRATH NIL B, R
HARMER 3, NIL 2R, BAHEX— NIL 288 “WERE” 1) NIL REAERER 5
ERAAL, WIS p. q BANZS, BATVEHA BLacken(q) KeE ¢ BB, R ZLEG
B, HERBEE, R CERRBON, BERBOERG, TR, BT
HAIER G, RAER WERG”, XEAE - MERFEGE (1, 292 T0),
FE oI, AR BT DU SIS A, ] DUR A EE B NIL,

M1 D00OO0O | O O00dwdOd O OOoooood bkl
Al DUBI e R E . AR EN, el1eEn] g —Ma—EA, W
37 Fl7Re

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 WEAE, [EARIRT 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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37: WEBRGTRILHENRG, HFHZAATRAE MO T TR, BT
e BRI IE R

15: T < ROTATE-LEFT(T, PARENT(x))

16: else > fEA M
17: set x, PARENT(x), s, and LEFT(s) all black

18: T < ROTATE-RIGHT(T, PARENT(z))

19: else if s is black and RIGHT(s) is red then

20: if z = LEFT(PARENT(z)) then > o fEAM
21: set x, PARENT(z), s, and RIGHT(s) all black

22: T < ROTATE-LEFT(T, PARENT(x))

23: else >z AEA M
24: set z, PARENT(z), and RIGHT(s) all black

25: T < ROTATE-LEFT(T, s)

26: T < ROTATE-RIGHT(T, PARENT(z))

27:

M2 00000 0 O O O0O0bA OB ek, KNERAKRE N
WRG, WEE 38 AR, aBlcRENEE,

PAE BERTZA T L3 X — b,

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



334 000, 0oooood
] 38: WERR AT TSl 1 VAL

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:

s OOO0OO | O O ODO0dd O, OOO0d oooddb
A DURE U261 AL t, RO RO ARG, RERRAm EEE, WEE 39
AR, AR FREIE O
=RPEOLR, ARG R T R E A 2, :1)”” TATE R N R
IRE N EER G, RERRORA_ EERE, REAFIIRT R, BATRRT RN
HIERG, HEREELRE, B, MRENEROAEBELREPHIERR, 1Ak
1k BJE, EAONERG NIL /9160, BATREKRE % iE 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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11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

AT
&£0 &

K 39: A _Ef&iE R

while z # T and CoLOR(z) = B? do
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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

BER, BIMEA=ZASE: RTTR T, FFBET A » (TREERMNERD), Frid
fo WIS x BWELAM NIL, W fNE, WNERAHn RIdRE, HERKBETE
J&, FIE%E NIL B n,

NI TR RSB T AL SR R B

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

Hr makeBlack K &EMIFR G T @B N ANERM, FEAFNERG NIL 19
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Node makeBlack(Node parent, Node x) {
if parent — null and x — null then return null
return if x — null

then replace(parent, x, Node(0, Color.DOUBLY_BLACK))
else blacken(x)

HA K%L replace(parent, x, y) ¥ parent 71 si x, Hy &k,

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

% blacken (node) RLLET AN R, RKEBET RGN NER G,

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

/

Hrp isBlack(node) HlWi— DT U2 G B, RIELLE
JEBEAY,

PR, NIL

Bool 1isBlack(Node x) = (x = null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color = Color.RED)

RIAESSRATEE N E RO NIL, JHH Node 1 replacewi th #ETHEL,

’data Node<T> {
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/]
void replaceWith(Node y) = replace(parent, this, y)

BT SO, TR SRS A 1, SR I St A 4
1o MFEH n NN, HEIER Ogn).
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AVL B —:BHFN BRI

I flAGRREEL

Ml AVL W ATTRG, ST PRE
AH = [T"|—|T|
= 1+ maz(|r'],|l']) = (1 + maz(|r|, |I]))
= max(|r'|, I']) — maz(|r|, |I])
50,0 >0: Ar (67)
5<0,8>0: §5+Ar
530,06 <0: Al—6
A Al
O0. —ZARARATRERIN G IN A4 73 XIS . P R 755 T4 TR & IR
FEFREEE, RS, HAPRIER:
L WER s >0 H o >0, ERHARIG, GFRNESEBANTEFRSE, &
JERE A “TiEk” BA TR Ar;

2. N 6 <0, EHFHARILE FRPEERNSNTEG TR, HE2HANGE O >0, WA
GFWREEHTREAMM T, mAFRERAZE (U = 1D ATPARERTIE
fn:

AH = max(|r'|,|l'|) — maz(r|,]l]) {§ <0 H § >0}

= |r'[ = {1e =1}
= |r| + Ar — ||
=4§+ Ar

3. WM s >0H 6 <0, MIBEH KL, FME:

AH = max(|r'|,|l'|) — maz(r|,])l]) {6 >0 H § <0}

= 1= Ir
=|l| + Al —|r]
=Al—-¢

341
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4. B S A S FAKT 0, WHHEARE A FRESEEANTE . &ERN
el “TiEk” BETIEIEL Al

IT  ffA G P

EIE 40 FoR, TR REEBERVURISEGS, PR 2. WG, P
KT o(y) TREN 0. 7245 T REEAAARI &,

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 AR RIR: S fE A . k. ICEENI T T4
IR 6(x)s 3(y). 6(2), BEEDIN & () 5(y) 5(z)e el FHIED, VRIS
R 4 FIEIORERGR F AR 6(y) = 0. 3 ELISEALH & (2) 1 6/ (2) HUZS R,

OO, BATTZ A RS e,
-k
F0f 2 FEVARERTEAZE, Bt 6 () = §(x)s RN S(y) = —1 H o(z) = —2, FrbA:

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 6 (y), BUTREER:

&"(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 RIREER W T — G0, Hr R 7T
8 (z) = d(x)
'(y) =0
d(z)=0
tH—Hh
A —aBE— R, 5 R PR 451
d(x)=0
§'(y) =0
0'(z) = d(2)
ti—k

HIEHE & (v), WG, BA1A:
() = [b] — |al
VAEOEATRT, - RN

1zl = 1+max(lyl,|d]) {0(z) =—-1= |yl > |d|}
=1+y|
= 2+ max(|b], |c])

KK 5(x) = 2, FFRA:

0(z) =2 = |z = |a] =2 {30 U (7))}
= 2+ mazx(|b|, |c|) — |a] =2
= maz(|b], |c[) — |a] = 0

IR S(y) = |e| — o] = 1, M:
max([b], |c[) = [c| = [b] + 1
FHAAR (R (75)) 550

b +1—la| =0=[b] = [a| = =1 {X (X (73)) }
= (x)=—-1

343

(70)

(71)

(73)

(75)

(76)
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2R 5(y) # 1, M maz(|b], |c]) = [b], FRAI (X (75)) 1F3:
b = la| =0 {30 (5N (73))}

= §(2) =0 (78)
EF LRWRRE S, FAUGE] 8 (2) F16(y) HIRF:
5 (z) = {(;:,(‘ym)u b . ! (79)
NT 6 (2), WiIEE L EET:
§'(z) = I[d]—|c| {o6(2) = -1 =Id[ - |y|}
= |yl =1 -1 {lyl =1+ maz([b], [c|)} (80)

= max([b], |c[) — ]
G 6(y) = |e| — o] = —1, W maz(|b], |c]) = |b] = |c| + 1o FHHMARK (X (80))

R 6(2) = 1o RZAE 5(y) £ —1, W maz(|b],|c]) = ||, B &'(z) =0, &IF
LIRBIAIEN, 6'(2) F1 5(y) BIRRU R

dy)=-1: 1
& =
) {ému ; 0 e
BIE. W 6y, TR DS R
8 y) =z — |z

82
= max(|c|, |d|) — max(|al,|b]) 2

IXE N =B

L. % 6(y) =0, WA |b] = |c|, MRHEX (X (79)) F1X (X (81)), A: d'(2) =0 =
la| = |b| AR 6'(2) = 0 = || = |d|, KL &' (y) = 0o

2. Fo(y) =1, WEN (X (81)), BATE §(2) =0= || =|d|.

'(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, WRIERX (3 (79)), BATH 6 (z) =0= |a] = |bls

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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EE=AME SRR 0 (y) = 0, ¥ LIRGEFRIAGNEER, vT DAS Z 0
RlFan T

5 (z) = {(5(y) =1: -1

A 0
d'(y) = (83)

5/(2): {iy)__lz 1
A 0
K—%

FE— G HE— AR, EARMAHES, FATT SRR (X (83)) EeMF
HIEER,
(|

IIT  IBRETA

TIBRIE 25 7 e ARG, AR Bt 1 (-1, 1) ATEHE], MiTR=EE
2 DAREF AVL ST

* pREUIMER

BAEE A Y HEEMMBRED:, REREFEREFHHTEE, MRS R
= ME (T, AH), HA 7" EMBREHH, A BEENRD &, MERESE 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) =

GUERBINZS, G5RN (2,0); BN T = (I, K, 7, 0), TATELEL k1 K 19K
&, HIRETHHBIAELMMER, 24 k= N, FATEAE] T ZMERE R R
ERE—TROES, ATDCREY) RHM S — R &0, KA TR i ME
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KT, JFE K TRITATDAE A tree USRI AH MO, RUEASIAMALL, W%
SOAPTRIH R 0L

(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
a2 TMBREE R BE VR IE -, A AR EL, MIBRTEZALBEE 2 A6 0L, 3
MTE B = XAERMER, )5 FHEE 7 R 25 AP A,

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)

BRI, I8 2 IR RN po SHRE—FHENZE, A 2 YT, By
e BN, ANRMERFRE A &MTE¥W$&ﬁﬁ¢ﬁwmz,ﬁﬁ
*%ﬁ%ﬁﬁ@m,%ﬁﬁzWFo%E,ﬁﬁﬂ%AVmem&Fm,#%Aﬁ%
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AVL O s O0OO0OOOO

T R py MR AL yo 1R p BFEIR T8 6(p), MBRISHIF- A 5

N 6(p)o EMZARIREAE =FMARBIIED:

L [6(p)] = 0v 8(p)| = 1o BIAMBRIE FRIBIBREREAT T, (HRAT SR 2

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

AVL SR, BEHIE,

o) =11 |6(p)| = 0o MHBRAETAAFHATEEZED 1, MRS RER m A

INT 1o EATHIERERS, SRERTAINEELE/NT 1. JWINTE

AREk H R _L BT Y

7R ZIEI R e RAE S -,

6] =14 [0(p)'| = 20 XUBAMIBR G FIAUmEZEE R T AVL EHER, &

XTFE0 3, REBENEAREMER, TAFEH 41 W R R AR
TE LA TR MO 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

T4 p
p + PARENT(x)

349

> MERRH, H—H

> AL

> E—

> E—H

> bRREA, -1

N o BRI,
> REREIUD, Ak E L
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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 { // WIBREH, 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 { // HibREHE, 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, #2aKELER
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

B/ IR R, A SRR AR TR R, BT ] DA IE S Rk bric — 4
By RO, B —miR, LYIRKEN n, XN FEMEMENT n
AR || < n, BOHE |2 ERVEFENTE, ZJeRHRE—EYE, HKEH
—PMEBFTERM BERER, FiELIX Rk,

Int minFree([Int] nums) {
var n = length(nums)
for Int i = 0 to n {
var k = abs(nums[i])
if k < n then nums[k - 1] = -abs(nums[k - 1])
}
for Int i = 0 to n {
if nums[i] > 0 then return i + 1
}
return n + 1

}

D AT 2, n, GRS, AT BATEL T, 3 B3N o
WRT yo BB 1<y <n, BH—ATTEREBIESRIERR, BB
o2 #1y,

flan x =[3,1,3,5 4 4, EXRMNZ =2, BEENEy=23, KMNGAH 45/
Bk (1) M. (2) BSEHEE. (3) FFEME. (4) M
%ﬁﬁﬁo@%*ﬁm:H;%%&ﬁ%ﬁﬁ%%jﬂWm:M§mﬂe
X]o A bs = [b> myb — X]o WIRAMKEE [as| < m, AIHIERIEETE

ik s =1+42+...+m = m(m2+ 1), Mz = s—sum(as)o [FNAITHEHE

E%ﬁ?ﬁﬁ%ﬁay:mwn+mwm+m+n:W+m+?m‘mlm
y = sum(bs)— s LA as| > m, ATHIEE MIEFLEADN, (E R
o771, ATV EAR BT & = o — sum(bs), EEMECE y — sum(as)—s;
E, QSRR |as| = m, WHVE m ARAT m (950, (AFRATRADE
ENTRER 1,2, .., m BRI, ok, TRATTATALFE 6 L sum(as) 1 s,
USRS, AR W, AT BT TR, ARt A

353
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rULOOC

SR fly; B0, ROEFAN, EEMBAFHRER, ERNERN, B
FR B RIR 1S40 LR IReR i 1, TRk LI, MR T e,
SRR 2R O(n)o SIS HEGHESEZE: O(n+n/2+n/d+..) =
0(2n) = O(n)s

missDup xs = solve xs 1 (length xs) where
solve xs@(_:_:_) Lu | k<m-1+4+1= (sl - sl', sr' - sr)
| k>m-1+4+1=(sr - sr', sl' - sl)
| sl = sl' = solve bs (m+ 1) u
| otherwise = solve as 1 m
where

m= (1L + 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)

RSEHR . BT RTABEFETE 1 8 n 2B, FRATATLAE A8 S HE ok B
HECY, FATE LR, NTEMIE BT o, R o £ 4, 3l
SR BRI E « ERVECE ¢ 3, Q1R o =y, BAERE TEERNEE,
I, BANSMBRIEFZ i, EERX—-HdRE, B2 FT i &R
HENEY ., AT MR RUZREMIAE, FEENRE
AN 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[1i]

if xs[j] = xs[i] {
dup = xs[j]
miss = 1
break

} else {
j = xs[i]

(xs[il, xs[3]) = (xs[3], xs[il)

3
3

return (miss, dup)

g, BRIREE—MREN n FFRICEAH, NTEITHENMT 2,
ARG PRI « MBM RIS, SBANERIEE TR, Hil=
RIZANLE ERIPRICERMOL T, ICEENBF N d, FAIHE s =1+2+
m+n:nm;m,u&%%*%ﬁ%ﬁiﬁyoﬁﬁﬂuﬁﬁﬁi%%ﬁ?
m=d+s—so (ARRX—TTRFREIINCEN n K ERAEFRICEH, BT
Ly ES TR M EANER (B, Jo), BT PLRH G087
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ES, NmERFGFERINETFI. NTRAHRENT o, BATRFS
HES o A ERTRRC R, B o] 3R o F4EHE, RAIIR —
MECZNNT, BAERE T EERTTER, 5 FRENTA] PO R ERR
s

(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]l < 0 {

dup = j
miss =dup +n* (n+1) /2 -s
break

}

xs[j] = - abs(xs[j])

3

return (miss, dup)

WL, BRI B — 1 Bl n (951%, ER—ATEE, A
TEATELF IR, /EREAENS MR H J5ha T 22082 FRfTTAT DU T
mﬁ%mm,%EM”@j”mzﬁ—%ﬁﬁﬁmTﬁﬁoﬁ—@%ﬂuﬁ
R R

m=s—s

Hepm FREBRMNET, s B 1E] 0 R, s ZFNERAFFHE TR,
HRFRNFERRNTRMEEN TR, TEH DR E D ARAEL
> (zfi] —i)=d—m (3)
HApEMRSIRAPEE i DTRRE  FRENA, GEGTRHE M2
WE? BEERMAFE WRBANGE i DMTRIFETRE i FF, REiEs

REMER, HATLASE| FELS
> (@li]? = %) = d* = m® = (d+m)(d —m) (4)
HT d—m RETF 0, BATATAR (X (3)) BRI (X (4)) Ff, 8215 —

DN

Y (@i =)/ (@il —i) =d+m (5)

beiefe (3N (3)) A5 (3N (5)), WANTTRE. PINRAIEL, XFEsiAT DASE
gEER:

IR\ B
m_f(z%(ﬁl]—_?) S (eti] - 9)
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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 MRS,

EHHE 1.2

XFILRRAN AWBIR, NREWHIMEMAM T ITR 2,y € AREHFE, &
M= DNRIERAWTH IR Z S,

(=) :: [a] — [a] — Bool

[] = [] = True

(x:xs) = (y:ys) = x =y && (xs = ys)
xs = ys = False

EHE 1.3

1E GET-AT(i, X) BREFSIBID, X NZS2/ERE? | BRI 2 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 HH, ATRAF AppeND(X', FIrST(X)) SR Cons 4.2
APPEND TR TR ERTHBIAR BIRIITTER, XFHEFE2EM O(n) FRESIO(n?),
Hrpn Z2YIRKE,
£ LasT-AT H, Qe[ b ERZS 51 SRAT A A 502

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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1.5.1. FEFIRHIE XA in—1 R

BER 1.5
AR tail, BFESINELIRARAL Ry B BN 1A,

BANFEMEE L, NEREANRAER, INZETEERBZRIYIE,

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

Node<A> head = null
Node<A> tail = null
Int length =0

}

List.Node<A> t1 = xs.tai
xs.tail = List.Node<A>(x
if t1 = null {

xs.head = xs.tail
} else {

tl.next = xs.tail

List<A> append(List<A> xs, A x) {

1
, null)

FEREHRANAN, MRS, [ASHIRAAT S, ME—TTRIIRMPRTTRE, M
RN B FISIR, BRigE— D RIESN, HUEHZE SN RHRE, WHHE
MBI HEIN as = bs 4 cs, FTFEELIENRTHE bs HIEHK,

}
xs.length++
return xs
}
1.5.2. fATHS R IZ BT tail Z58? WHHEREA IR ?
1.5.3.

1E set At W, QIAIALPR A B ZR AR A IE (L ?

setAt 0z [ | ENFERT x:[]o R |zs| =n, RILAAA setAt n x xs
T zs 4 [z]e B ESHIRMBEAE LA i Ab B,

BEER 1.6

1.6.1. HRACCEBAN, FHEIZIARAH,

insert n x [] = [x]

| otherwise y :

insert n x (y:ys) | n < 0 =x :y:

ys

insert (n - 1) x ys
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1.6.2.

1.7.1.

1.7.2.

1.8.1.

1.8.2.

rULOOC

FERBEH SR AR, AN E  ERFTETRFE AR — M E,

[K] dnsert([K] xs, Int i, K x) {
append(xs, Xx)
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=19f x =y then ys else y : ys

AT EHRIMIRETE, SUERG B IR R TTR R LR s) — MIE,

[K] delAt(Int i, [K] xs) {
Int n = length(xs)
if © < i and i <n {
while i < n - 1 {
xs[i] = xs[i + 1]

i+
}
popLast(xs)
}
return xs

BEHE 1.8

A REIRIFASEIL length

length = len 0 where
len n [] =n
len n (x:xs) = len (n + 1) xs

A n BZHERITEER, SCEUR o BOPUEIT R, RS 2EN O(lgn)
BADFAER b —E 2 EEE, EER2NE b ATLURETE X T HAL e ()
) MoTisE (Blanskik) WEE, B EBRNRAERNEE WX ERE
(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. B take/drop, 45 n EHAEU take IR[AI [ ], drop IR[AIEHEFIR,

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
KER n, take(m,xs) ] LUBAINELLHAT n — m REFMERSEEL, 7 S5
drop(m,xs), M xs[m]itd, EENITE vs[i] MFTFEENE] vs[i — m]. BIEMNE
EBMHER m ST,

[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 IR, o X 1ESE

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—SEIEANER s 73 T PIER S : 2 p BIPTAE TR E p FIFTEITR:
as = [p(a),a < xs] fl bs = [not p(b),b + zs]o as N7 /E p K]
2%, T p WKl

HHE 1.11

L11.1. N TH foldr ESGRAHET, FATRHEAREIZIHK insert « X, IXFEHERFA]
PAFRRA: sort = foldr insert []o foldr HIZRAL:

foldr::(A— B — B)— B — [A] - B

HAE—PNSEfRBE: A - B— B, ¥IMAHE 2 28808 B, EXILE
RN A FIRATEMN, RAERNEEN B, WHTH foldl S AHAHE
J¥? foldl FIZEAIZA A7

foldl [ZRAEIN: foldl :: (B — A — B) — B — [A] — B, i foldl, T
TEXES BN E E SGERAHEF:

sort = foldl (xs x — insert x xs) [ ]
BETE XA T R
flipfzy=fyzx (1.58)

BN RIE N Y sort = foldl (flip insert) | ]



1.11.2.

1.11.3.

1.12.1.

1.12.2.

361

concat PN IS IR A2 BIF—DNERMN R concat Biko

i foldl F1 foldr 7E X concat FIGERAMIRIEE, as + bs FIEZER O(m),
Hefm = |as|, [ foldl KB x5y H x5y ... H x5, B, as K EBOREL
K, BHEHN: O(my+ (my +mso) + ...+ Z;L_l m;)o HH foldr SEPL xs; +
(w89 4 (o A 8,)...) B, as IKEASHECRBEK, M2 s, NKE, HE
HEHN O(mp_1 + ... +mg +my) FBEIERTRIRT, AT DAUBIFE X —Rk:

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

BE—MINIR, BERHERTEESR.
HERMTTIR WIIRR vs TTUR, AWTEESLEFFIDR FER,

[s, tail xs,tail (tail xs),...,[]]

AT AFIA pattern matching AWK, SEE drop BURER :

tails [] = [[]]
tails xs@(_:ys) = xs : tails ys

BABERT ARIFA M AN [[ ]] THR, ARAE AN TT R G5
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tails = foldr f [[]] where
f x xss@(xs:_) = (x:Xs) : Xxss

HHE 113
1.13.1. &itiota Bik (TR D HAEWR:
o iota(...,n) =1[1,2,3,...,n];
o iota(m,n) = [m,m+1,m+2,....n], HF 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)

HIRMERIE: m,m+1,...,n], BATRFEETRM 1509 m HIA]:

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], HEH kB m+ ka <n B
REEHL

jotamna | m < n=m: jota (m+ a) na
| otherwise = []

NI n = oo BPFFAN: [m,m+1,..], AJPARS EHEAEITL ST

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

gk, BATAINE LA iterate BB, &2 iota HIRE:

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




1.13.2.

1.13.3.

1.13.4.

1.13.5.

363

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

MBIMES zip FER: EXMDIIRNBIN foldr2 f 2 zs ys)o
PATI T ZE S FIRAI B 5 -

foldr2 f z[]ys = =z
foldr2 fzxs[] = =z (1.75)
foldr2 f z (z:xs) (y:ys) = foldr2 f (fxy z) xs ys

SRIGH foldr2 TE L zip (FTEAL):

zip = foldr2 f [, HH : f v y zys = (x,y):2ys

fHF zip LR last At

NTEIMEMRESIE & NTE, BN s = (20,71, .0, 201 ] AT £ DITE
G185 ys = drop k x50 RIGHE s, ys LB zip xs ys, XFERG—MTT
FIE (g1, Tno1)o

lastAt k xs = (fstolast) (zip xs (drop k xs))

IS — MEF MR EBREER TR, EaNIAES, 5t
FTRMPRIXEEE TR, EAREEAES, WHE— NI ESERRTRHS]
Ko GHFRINIRARITTRIT N AFHESIR PR —8, XZ-RENERER
AERERY? AR STVRE TS MO RARESER, AT DAGR AT fa] (L SR B ?

dedup [] = []
dedup (x : xs) = x : dedup (filter (x #) xs)

Al PAUHZNRE X dedup :

dedup = foldr f [] where
f x xs =x : filter (x #) xs

HTXNENTRBAT filter, EXREN On?), HHEE (WHE=. WUE) AJA
SCEE O(nlgn) RIEERRAE:
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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. A]DAHAIFRR R HEHI Y AE AL, Ilan 1024 AR A “4 -2 = 0 —
17y — KB, n=dn...dody AIDAERTRA: “di > do — ... = dy) o FEBTHED
FFNRFRIE o F1 b, EIENTNEEOZE (INEEERR)

=B B R AL BRIV TFIRASIER, DMIEL, &R, n =
(dp--dody )10 TN [dy, da, ..., dn]o PIA0 1024 RN [4, 2, 0, 1]e FATTATLA
MIXFERIFINER, B foldr (c d v~ 10d + ¢) 0 ¥#rEIH A, [z, ARAFIH
T R ECRHE R B AR B A 3

toList n | n < 10 = [n]
| otherwise = (n “mod’ 10) : tolList (n “div’ 10)

BEICIIME. 0 BINERIERAITT, Bl 0+ as = as+0 = as, HA 0 ATLAFIR
Hy[]E[0], ALA:

[]+bs = bs
0] +bs = bs
as+[] = as
as+1[0] = as

a+b

FRAAEN d = (a + b) mod 10, AN ¢ = | 10

|, HUEELEG |

(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])

BB, as — 0 = aso MM MLEIZAIX as. bs MHRe MR —AL
Fa<b, WFREMGA: d=10+a—b, MEIRM 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 FRSCITRE as x bs, BT bs FHHIG—G b TelL as, HEERIELL10 5
FhEK cs’ =10 x cs + (bx as)o HHEHbx as B, WHRb=0, FERN0; H
TR, b RLLERE o 8% d = ab mod 10, HEfE ¢ — L% | NS Ak T
PRHEE TR |-

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)

BRJa SEIUH REIHIRRTE, B e EE SN — NS T 0, DURBREZ
AR EERR R QNSRBI RN 2B Fr A AR 2 0 X AMIIRARIVESET 0

isZero = all (= 0)

FEES as. bs RN, 0 /NTEMIAES BREL, SNMERIARALETT R (EQ
FORMEE, LT /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, ANTHIWT, ST HIWTERRT DA emp € X

eq as bs = EQ = cmp as bs
1t as bs = LT =— cmp as bs

BRIERT AR 952509 75 USEIE IRFREL bs #£ 0)
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1.13.7.

rULOOC

las/bs] = as<bs: O
REE 1+ [(as — bs)/bs]

EHRFATT MG ELF, BB as=q-bs+r, HF ¢ &R, 0<q < bs @R
o D as= (ammazéh)w = [CL1,G2, ...,am], BAe AR Ao, ERDA bs BY
B o FIREL 1 = i — G - bso RGBT E N —47 a1, K 107, + apn_1 BR
PA bs BITE g1 FIRE 110 RIGHERSOLEZER, XIELR2 foldr B
I

ldiv 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)

NI H, TEIMSIRZ —MEEEAISIR . T mEEm T DAATHY AL
H, WK 1.6 for. HmhiImiE, BEATCRER, Bt —PMERaEL
SRR EEIEN, (EMEA L, RIHEZFIREEAIT IR R (B
VIO RE O

B 1.6: HHTEMHISIFR
WRFNFRAH I, WRLIHREL REANTER AURIEINEHUE AW #i%E
F, BRI ARNE B, B2, EEHEAIERIET 100 BATAT MR MG
HmAAIER: p BORETE 1 DR, ¢ BHIRETE 2 DAL AERENTER A
ZIAHIE, NIHBIE,

Bool hasCycle(List<K> h) {

var p=h, g=nh

while p # null and q # null {
p = p.next
q = g.next
if g = null then return False
q = g.next
if p =— q return True

}

return False

POPEROREE, X UG TSR, NTEBGIR, UM OEELERN, —EXEEAE,
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\ }

DAAFRE - IS FEAIX A A B “fafRgeil”, BATER] DA —4 R HIEIR
FHEMIN B, FETE 1.7, £ 0A KEN kDN, M A FFBEIER, FER
n M. Y pRE AR, HER 2 EH ¢ ELRNAE B, NP NMEEHTT

G, p &G ¢ BEES kK, MR EBEEN T ¢ BB LEERITE n — & FEEW po
X T E I

L7 AR

n—=k

B p A RTET : v — =n—ke W E W p FATHE & AR EE] A, 0
FIXIIE g FRFRLER %, —IKAETE 1 DR ¢ BT & JEHEEDS A,
Bl p #0 g £ AHIE, ERDWRIZT k < ne TATATLUER k > n 45 IEHZE
XFHY:

O0. p. ¢ NEKHARTG, SHpElIK AN, ¢ X TEJE E A JSH k& mod n [
ME, HNEAHOVIE N R ¢ 256 ERTHEEEE n — (k mod n) BY p, HIM:

n—(kmodn) n— (kmodn)

t:
2v—v v

PR p M A BT o O L od ), AR p PR K A5E

SERIE: (kmod n) +n — (kmod n) = n, WUFEIEIT A, EIATELL @ 8
o BRFEIFELFRME, — R, 20 b S ERE A fl p 6
RAHIE, O
W L3R orhT, FEMEI TR R A FERIRIE

Optional<List<K>> findCycle(List<K> h) {
var p=h, g=nh
while p # null and q # null {
p = p.next
q = g.next
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2.1.1.

2.1.2.

rULOOC

if g = null then return Optional.Nothing

q = g.next
ifp—=aq{
q=~h
while p # q {
p = p.next
q = g.next
}
return Optional.of(p)
}

3
return Optional.Nothing

BE 21

2 7E QN N R A TR s TG AR, TR X, RS R s Y
ZhR,
o HiFBIEER: 1,2,4,3,5,6
o TR 4,2,1,5,3,6
o EFBIEER?
[4,2,5,6,3,1]
G P S T M7 2 73 R P e i 7 ) 5 SR ER A

ICRTFEAERN P, WREAERN [, MR P =1=1], M=XKH= 2,
S miFEAEEEAR R, . A7, Kk P HRE IR m 2R AR
He W ZBIEN “f. R A7, BAT—@EFTATE 1 HEEI m, 159

BB [ar, gy ey @1, M, Qg1 Gagays ey ), 20 1 = I[1,0), I, = I[i+1,n],
Hep 1, r) RRAEHAATFXE, 5 EAE r, BAITRONE [ | X=HP
9 Lym, L, L RETFRPFERSR, [ 26 FWEPTELSR. £
k= |I| RETFRIIARN, BATRILAA & 53#] P2, n) AWERS: P, P, HH
P2l k NTE, P 2RIREs. AR DUSIEA (P, 1) AT
w, H (P, 1) EEATH:

rebudld [ | [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I,.)

¥

(I, I,) = splitWithm I
(P, P.) = splitAt |I;| ps

NHEB TR




2.1.3.

2.1.4.

2.1.5.

2.1.6.

2.2.1.

369

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

] DU IS B A A 1 SR SEE

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, ins, 1, m)
var right = rebuild(pre, ins, m+ 1, r)
return Node(left, c, right)
}

UERFN = SR ERRIEAT i it P ] DR 28R e AL I N BRI I i o

O0. RIS, BEEE RN, HibpmhsiRir. JIIEma
R s o I, R BN T, B8 T AATRENSS o, R
PR RN [ | BEFN. HR T AARERMT T = (9,k,2), H-FHH
FPishEE R k] 2B P, Wit T HeER TR (1L k,r), FrmhissR
W toList | 4 [r] 4 toList ro HIT T RE/NGR R ERERIR, T 1. r
#EL T /1N, FRLA toList 1 F toList r #A 7. MRHE Z XIGRRE X, Ff]
relx <k, fBlyery>ko FRLARFEINIEER toList | 4 [x] + toList r
. X5 T W FiEHERITFE, At DU = SAG R 7 i

TisERAF, O
NF n NTE, WHFNEEE AR 47

(nlgn)

EREME X toList

toList foldt id (as b bs — as 4 b: bs) []

fold (:) [

EHBINE XL depth t, HIF—HR_XRIATEE,

depth = foldt (x — 1) (x dy — d+max zy) 0

BE 2.2

HIMTEME & BREFAET RN Tree K HI—XHERR ¢ H,
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2.2.2.

2.2.3.

2.3.1.

rULOOC

member x (Node 1 k r) | x = k = True
| x < k = member x 1
| otherwise = member x r

8 PreED Ml Suce K — P RERRANERSE. HEBH—REH n 1
TLRIIRIE IR 472

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) }
}

REEVI R ARG T RN T ESKTFREIER O H, sHERT &
W, EFEIEASEN RN AR SRNATEZLMENE, £ N, ¥ T80T
R, BAOOHR R (BE—IR, BIF—IR). Bilan:

for var it = Treelterator(root), it.hasNext(), it = it.next() {
print(it.get())
}

A LUB 5 25 O(n).

NIRRT DA — X H] [a, b)) NHYITER:
for_each (m.lower_bound(12), m.upper_bound(26), f)
T Al R B X 77 g X — Rl

mapR f a b t = map' t where
map' Empty = Empty
map' (Node L k r) | k< a=map' r
| @a < k & k < b = Node (map' 1) (f k) (map' r)
| k>b=map' 1

EER 2.3

LRI SERA N B, AFAE— RO ARAIMIBR TR . 2 T B ROR(E
BHMERAT T A, AR RERTT R DI g —5Hi%,

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
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del 1 Empty = 1
del 1 r = let m =max 1 in Node (delete m 1) m r

2.3.2. YRFESLFREHIAEE,

fromList = (foldr dinsert Empty) o shuffle

2.3.3. AAIAE—FR = SRS “BREARIL” AN R?

BAVEREKER m, REHRHEKRE [s,a,b,...,e]lo BIRRIF NI s, e
SRR FTSRAY N T Rl B P88 O R B BE RS o 6 TP s ) B0 J 12
(EHMD) s = ny = ng — .. = 0y — e, DENTRBEIEKERN1, MM s
F e HAYEKEN T RRIER, HRRENEERAN m+ 1. SWRRKER
70, HHBENHTFR (9, k 9) RRKEERN k), REKEHHZ0 (MK F
K)o BESIVR (I k,r) WRKEH, BEORR=ETHERAE: (1) WNE
TR ERIE T RENRR T R, HMART REIAE TR RE T SRR KE, %
T depth I +depth r; (2) EFR T HRRKES; (3) AWK r PR KEZE,

maxDistance Empty = 0

maxDistance (Node Empty _ Empty) = 0

maxDistance (Node 1 _ r) = maximum [depth 1 + depth r,
maxDistance 1, maxDistance r]

HA depth B2 XWERS] 2.1.6, FETERENEA] DOR i Kk 12, SRR K
BARE ], M RIRKEBERE k), 230 Lk r) HRKBFRE=#H
AR (1) MREZZMERT SRR, itk fAmEREEm
RIRT RIEE; (2) EMRKEE; 3) AMRKEE,

maxPath Empty = []
maxPath (Node Empty k Empty) = [k]
maxPath (Node 1 k r) = longest [(reverse depthPath 1) # k : depthPath r,
maxPath 1, maxPath r] where
longest = maximumBy (compare “on’ length)
depthPath = foldt id (A xs k ys — k : longest [xs, ys]) []

R—TEAE T RERENE—X, HREGDIEINX&®N T —IR, N7
RES, TAT LKA EET SAET R d FERKIEE mo JEITHBRE:
Tree A~ Tree (Int, Int) W —IXKIFEER:

maxDist = extract o mapTr where

extract Empty = 0

extract (Node _ (_, m) _) =m

mapTr Empty = Empty

mapTr (Node 1 _ r) = f (mapTr 1) (mapTr r)

f 1 r =Node 1 (1 + max d1 d2, maximum [dl1 + d2, ml, m2]) r where
(d1, ml1) = pairof 1
(d2, m2) = pairof r
pairof Empty = (0, 0)
pairof (Node _ k _) =k
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3.1.1.

3.1.2.

3.2.1.

rULOOC

PATIHE AT U B hIR L :

maxDist = snd o pair o foldt id g Empty where
gl _r =Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, m1) = pair 1
(d2, m2) = pair r
pair = (maybe (0, 0) 1id) o key

EHE 3.1

SCIMNZE A A R A 3R 1

Void dnsert([T] xs, T x) {
Int i = 0, n = length(xs)
append(xs, Xx)
while i < n and xs[i] < x { i++ }

while i < n {
xs[n] = xs[n - 1]
n=n-1

}

xs[i] = x

JE RSB F7 A R AR DASCBRAR A HE o

Void dnsert([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__

[T] sort([T] xs) {
[Tl ys =11
for x 1in xs {
insert(ys, x)
}

return ys

BEE 3.2

ARSI, HFaRE—1MERHYINERS. fH—1I7E, RIERTNR
5| Next, BEHHEFIEA A,

[K] reorder([K] xs, [Int] next) {
Int i = -1
[Int] ys =[]




4.1.1.

4.2.1.

4.3.1.
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while next[i] # -1 {
append(ys, xs[next[i]])
i = next[i]

}

return ys

BR 41

MTERRBEINE, N TANPATEIEEE, A DA N FARIESS: — DMk
MG, B METRTERR H R MESHIEN SR, XA R —
YRR 2HETR)? GBI BCEZ R, (2 EFS BRI 4
ZiR? Z2HE 4.2, RHEEZHAFHEIEDL,

o T T AR I BT HES, Sk R ME S5 70 Al A2 AR AN v, Sk
Ty = ((..(9,k1,9),...), km, D), B2 Ty = (D, kms1, (D, ko, (D, kn, D))o
JEAE 4.2(c) WRDMENFE, BMESZ4HE—N0 T, TRARBFRE, X
LR H STE—E O — BRI, & 4.2(b) fEAEERT, TR,
N EEE — DN

BEER 4.2

ST E RicHT-ROTATE 1E

1: function RIGHT-ROTATE(T, y)
2 p < PARENT(y)
3 r + LEFT(y) > ¥z # NIL
4 a < LEFT(z)
5: b <+ RIGHT(x)
6 ¢ < RIGHT(y)
7 REPLACE(y, ) > H o By
8 SET-SUBTREES(y, b, ¢) > 2 b, c Ay BT
9. SET-SUBTREES(z,a,%) > 2 a,y Nz BT
10 if p= NIL then > BT y BT AR
11 Tz
12: return T'

HEHR 43

IEREA n DT RRIZLER, HEE W AZEE 21g(n + 1)0
BATESIA “ROEE” AE X, TRz FRORE bh(z) BNz (NG )
IR R LR R . IRIELLRM A 5, FrEREE S
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MR ARG R AT POX—E 2 AR R, FRRGE AR RO

PSR SV NS NE

O0. BATE U DUEMT T & o AREF DS 20 1 M, (]
Xt o (e EAE BTN FH &N 0, Mz = NIL, FREDEFE2°-1=0
MR MEZEDPENT N z, BENAELGFRAIBGOGERZ bh(x) (FHRIIR
HNAERE) B bh(x) — 1 (FRARNLE), BT « P &EE—E/NT 2 &
&, R\, SHRFMEDESH 2@ 1 MR, AT 2 2D

A 22U@-1 _ 1) 4 1 = 2bh(e) — 1 DT,

LLLBRIEI RN h, RARLLBRIERT 4, NMEEESMIL O R, FTME—
2k, BETRREEHET . RIELZBRMIRESESDN b2, Kitt:

n>2M?2 1= 2M2 <41

PUIABO AR h/2 <lg(n+1), Bl: h <2Ig(n+1).

BHE 44

4.4.1. NMERBAILAL, 25K E YRGS insert Bk,

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))
}

Node<T> balance(Color c, Node<T> 1, T k, Node<T> r) {
return if ¢ = Color.BLACK {
if isRed(1l) 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(1l) and isRed(l.right) {
Node (Node(l.left, l.key, l.right.left, Color.BLACK),
l.right.key,
Node(1l.right.right, k, r, Color.BLACK),
Color.RED)
} else if isRed(r) and +isRed(r.right) {
Node (Node (1, k, r.left, Color.BLACK),
r.key,
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Node(r.left.right, r.right.key, r.right.right, Color.BLACK),
Color.RED)
} else if isRed(r) and isRed(r.left) {
Node(Node (1, 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)

BEHE 45

4.5.1. B “Pric—FEE” MBREE: ARICEMMBRAT A, (B TEIENBER, 4
BARICHYTT EH I 50% I S
BAHEEFME » MI—DIRIC o FEANTTREH, WHIEAR: Tree (K, Bool), A
x I, fHH insert (x, True) ¥ RARCAFE, MBREKEFRIC o 224 False,
RIGGH T CMBRT SN, HFREhER,

delete © = rebuild o del x

¥

delz @ = ©
x<k: (cdelxl (ka)r)
del x (c,l,(k,a),r) = Sx>k: (¢l (k a),del xr)
=k: (¢!, (k,False),r)

AN SRAR AR IC O MBRAY Y OB —, FRATPRAR L RSER, ik tHARIAR T
R, RIGEHE,
size t < %(cap t): (fromListotoList) t
Fy e t
Hrt toList TR i,  ZBEFRIC MR

toList @ = []

rebuild t =

a: toList | # [k] H toList r
toList (c,l, (k,a),r) =
B0 : toList | 4 toList r
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rULOOC

N T ARG R R T R, TREE T R ERAERIRN (cap) FIAR
MHBRTT L (size)o FFRAURELY FEHN: Tree (K, Bool, Int, Int), &N
node BREE TS 8 H :

node & = &

node ¢l (kya, _,_)r = (¢l (k a,sz,ca),r)

;
i

sz = size | + size v + (if a then 1 else 0)

ca=14capl+capr
PRI%Y size F1 cap M1 R BN R AF YN A :

size @ = 0 capd = 0

size CAJ(47747’52747)347) = 8z cap (44(4774734,aca>74,) = ca

&G, FATH node BRECE LT MR AFIERFT (c, 1, k,r), W NHEIAIE]F
EF:

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) y (node B c z
balance B (Node R a x (Node R by c)) z d =node R (node B a x b) y (node B c z
balance B a x (Node R by (Node R c z d)) = node R (node B a x b) y (node B c z
balance B a x (Node R (Node R by c) z d) = node R (node B a x b) y (node B c z
balance color 1 k r = node color 1 k r

node ¢ 1 (Elem k a _ _) r = Node ¢ 1 (Elem k a sz ca) r where

sz size 1 + size r + if a then 1 else 0

ca=cap L4+ capr+1

size Empty = 0
size (Node _ _ (Elem _ _ sz _) _) = sz

cap Empty = 0

cap (Node (Elem ca) _) = ca

d)
d)
d)
d)
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delete x = rebuild o del x where
del Empty = Empty

del x (Node c 1 e@(Elem k a sz ca) r)
| x <k =node c (del x 1) e r
| 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

tolList 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

BATHIRIUE T AVL WM, SRR E R X252 AVL
*Xj-o

Bk 7 Rk s, AT DR = AR toList &L, ETFiED
HREOAT:

verifyAVL t = isAVL t && sorted (toList t) where
sorted [] = True
sorted xs = and (zipWith (<) xs (tail xs))

EHE 6.1

EEPUEENX Branch (IntTrie a) (Maybe a) (IntTrie a) Zh
Branch (IntTrie a) a (IntTrie a), WR{EARTELEIRE] Nothing, &
MR[E] Just v?

MY lookup, FrMFFELE insert PHIEFCE A ENFHET A, WWE 6.3H
B2 E B R . GRANE A Maybe £ERE, BATTEFTFERIMG i— MK
BEHRIRBI E L

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

EE 6.2

6.2.1. g5 R SEILEREATSNHYT lookup Fik.
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6.2.2.

rULOOC

import Data.Bits

type Key = Int
type Prefix = Int
type Mask = Int

data IntTree a = Empty
| Leaf Key a
| Branch Prefix Mask (IntTree a) (IntTree a)

lookup :: Key — IntTree a — Maybe a
lookup _ Empty = Nothing
lookup k (Leaf k' v) = if k =— k' then Just v else Nothing
lookup k (Branch pm 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

SCIREEEY trie MIEREB AU T, (U@ EEAR SR S, SR A
=#?

FATHE 3 R W8 I 1/ 5 6 7 K BB trie FEHRBOCERAIZR, 85 i 7 1 i+
RBIARY T, EREEREERE [ o MR R (Lm,r), REAT
WISV FT 71 T 45 RN as. bs, FAIRT m KAE Maybe, WIERZ Nothing,
MBBIAEERZ as 4 bs; WEHRZE Just v, MEERZE (k,v):as 4 bs, HHP k2T
FON B ZHERIEE R mAS (0 MIZE, 1 A B INmEEED .

toList = go 0 1 where
go _ _ Empty = []
go k n (Branch 1 m r) = case m of
Nothing — as 4 bs
(Just v) — (k, v) : as # bs

where
as = go k (2 xn) 1l
bs =go (n+ k) (2 xn) r

KAIMIRGE P8R, 2k =0, REd = 0, MEME =0, MENE =
1 =24k =140, BAT—Ed =1 4 NWEXNMNM kA (00), = 0,
(10); = 21 40, (01)y = 1, (11), = 2' + 1, —f&Hl, WTFHEETH, £
k= (aq...asa1a0)s, MEAENE =k, FAENE = aq*2? + ko KIAE_FIASZEL
o BATH k=0, n=2°=1B3NK%EL go k no MIEIBITAVEH go k 2n. A4
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BIFVEH go (n+ k) 2n.
IXFEIEIL keys = fst o unzip o toList BUA] DARIG R 1 IS 3R,  FiRsk
M as H bs FTAEERIER R, FRATTAT DARI A iz )t :

toList = go 0 1 [] where
go _ _ z Empty =z
go k nz (Branch 1 m r) = case m of
Nothing — xs
(Just v) — (k, v) : xs
where xs = go k (2 * n) (go (n+ k) (2 xn) zr) 1

HE—2, BATA] DA G HEEEL trie WURTF S IRIE, FIZE B fold ML,
WA key 218 HRH,

foldpre f z = go 0 1 z where
go _ _ z Empty =z
go knz (Branch 1 mr) =f km (gok (2*n) (go(n+k) (2%xn)zr)l)

(B NNRAE, FATTRAT DAEGHTE X toList N:

toList = foldpre f [] where
f _ Nothing xs = xs
f k (Just v) xs = (k, v) : xs

B RIS B HT i T AR R, TERR IR keyo AR AE R BT 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

SRJE SR ML 0 BEAEL B 3%

toList = foldpre (Ak v xs — (k, v):xs) []
keys = fst o unzip o toList

anRAT P D H— AR R R TR, oI N trie JERARIREEELATSR
B, EAT TR I IR R R R T HRA, O T IRIE, FRATTE X —
NEAEEY bits LE, R/ N BTN N W 3R A13R, S80I DS IE
A3 1 A4 R

verify kvs = sorted $ map bitsLE $ keys $ fromList kvs where
sorted [] = True
sorted xs = and $ zipwWith (<) xs (tail xs)
bitsLE 0 = []
bitsLE n = (n ‘mod’ 2) : bitsLE (n “div’ 2)

Hp kos SRR ARIBE-ESIR, XA RIS H SR UEAR R an T -

verify kvs = sorted $ keys $ fromList kvs
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EHHE 6.3

6.3.1. {HBR lookup FIEFFHIEIT, FAEIASZINATSM AT AL,

Optional<V> lookup(PrefixTree<K, V> t, K key) {
if t = null then return Optional.Nothing
Bool match
repeat {

match = False
for k, tr in t.subtrees {
if k — key then return Optional.of(tr.value)
(K prefix, K k1, K k2) = lcp(key, k)
if prefix # [] and k2 — [] {
match = True
key = k1
t = tr
break

3
} until not match
return Optional.Nothing

BEE 6.4
6.4.1. fHH trie SZEL B SNSRI TN A
KNFHEAIFIZR ks, FATEE trie BER T A ¢, REE t FHEHIF M2
BT, B EWTRT n MiEIE D :

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) = ([], v) : enum ts
startsWith (k:ks) (Trie _ ts) = case Map.lookup k ts of
Nothing — []
Just t — map (first (k:)) (startsWith ks t)

enum :: Ord k = Map k (Trie k v) — [([k], v)]
enum = (concatMap (A (k, t) —

map (first (k:)) (startsWith [] t))) o Map.assocs

get n k t = take n $ startsWith k t

HH first f (a,b) = (f a,b), REERE f MAE—XHERIAT— D Lo SCEIHIMI
NI, SR, BATEE Mpo HIXEIFTR RTRERTAT, 252! trie
R U AR I ) 4 -

findT9 [] _ = [[]]
findT9 (d:ds) (Trie _ ts) = concatMap find cts where
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cts = case Map.lookup d mapT9 of

Nothing — []

Just cs — Map.assocs $ Map.filterWithKey (Ac _ — c ‘elem’ cs) ts
find (c, t) = map (c:) (findT9 ds t)

6.4.2. X FIRIAIZMgIESS RETATSR B ARETE, Q0] PR UE i B 25 2R % e B

7.1.1.

7.1.2.

7.1.3.

FPHERF? IX A ERE A2 BRI RN ?

23] 6.2.2, X1 AT, 1% HRATF A AR 7 P 4R X T
Z X RIS, TAIFTZN F I iy, GnRA B FlHEr — X E R
TR (QHLL BB AVL ), mTDAFEZRIERT R A% e 738 (5] 2.2.2)
IR AR R EE RS REE T, WFTRE O(nlgn) WEMFHHERF,

BEE 1

BATRE AP < 13 B EHEEILR?

AIDUA < BWEESEETR: TELEMTRNTET «, 2o /NFFET
FTAEAMITR, (BAEEER, MPRAFHEMIMEEEE TR, —RIEMNRE B
PR BEE—, T —PNEERTDAS N 22 ME (k= (o1, 00,..]), RN Z(EBUS

(multimap) o

FEFTENERR “Jen R BN BIEPAEA,

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
var root = t
while not 1is_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[1i]
}
orderedInsert(t.keys, key)

return root

TAMEH S ARG TTRBARNE, E/H & HO @ LBk T
itk BIRERESRTTA?

void orderedInsert([K] xs, K x) {
append(xs, x)
Int p = binarySearch(xs, x)
for Int i = length(lst), i >p, i =1 - 1 {
xs[i] = xs[i-1]
}
xs[p] = x
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3

rULOOC

Int binarySearch([K] xs, K x) {

Int 1 = 0, u = length(xs)

while 1 < u {
Intm=(lL+4+u) /2
if xs[m] = x {

return m
} else if xs[m] < x {
l=m+1
} else {
u=m
}
}
return 1

HIRENRB LN K, RE 2 ERFE O(gn) NH, HEHAFR
O(n) W TRAIRS B L DIARE S,

BR 7.2

7.2.1. Ao ERSGEW L NERRTE,

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]
3

BER .3

7.3.1. BAHEARTHER THIRF 2P EERKITR K = max(t') EHEMPRATT
=k, RSB ¢ PR &o IEH —ROSARAVCET R R B
B/NTRRE ko TELIIX—T574
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PATTESCEE S omin PREL, IRIL B IHPRYIR/INTER:

min' (BTree ks []) = head ks
min' (BTree _ ts) = min' $ head ts

FEM o R, TREM <& < 1S o ATREHILEZE MBI R, k]
Xl Z5 A SR

partitionWith p (BTree ks ts) = (1, t, r) where
1 = (ksl, ts1)
r = (ks2, ts2)
(ksl, ks2) = L.span p ks
(tsl, (t:ts2)) = L.splitAt (length ksl) ts

& SR T DO ARt S EUER 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

KRN B REBIMHER S 1%,

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' 1in
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' = max' (stepR t)

AL, BATFTREX balance RESEANERINIALHE, BEEMERIE A FHIHITEE :

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

S

where
fixFull = let (t1, k, t2) = split
fixLow ((k', t'):1) t r = balance
fixtow 1 t ((k', t'):r) = balance d
fixtow 1 t r = t —l==r==

in BTree 1 t1 ((k, t2):r)
(unsplit t' k' t) r
(unsplit t k' t') r

o o
= oA~
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8.1.1.

8.1.2.

8.2.1.

rULOOC

HH unsplit 72 split WIEIBE, BEREXN:

unsplit tl k t2@(BTree (_:_) _ _)
unsplit tl@(BTree (_:2)) k t2

unsplit tl k (stepL t2)
unsplit (stepR t1) k t2

BEE 8.1

ANEHs [ag,as, ..., a,] G ANEZ— D, (USE—NTEMEH Hearry
SEARH), FEH BuiLD-Heap B HEHE,

AR, BRIAA] o

BEHE 8.2

R a7 NS Ao, A,
BV mE, 0777 EEI, BATHET A — 25

data Node<T> {
T value
Int rank =1
Node<T> left = null
Node<T> right = null
Node<T> parent = null
}

BIMNEMUER, TAVCETIE MYEG T EH, REEE XTI RER
Pro WHRAEMBIRREU NI T O T 75 AR, BATTSIA—A
2B AR AR,

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
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Node<T> insert(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)

RIERSZBIE G 28, BRAVEFTLE RO, &5 7 RS, Rt TEHER
g

data Node<T> {
T value
Node<T> left = null
Node<T> right = null
}

PAWLEBLEFH e, e BRI ST 72 i HEAH ] -

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

H
TE SCHER) B R E
fold f 2@ = =z
fold f zH = fold f (f (top H) z) (pop H)

BEE 9.1
X EFE AR A RIB, JBIRIERE ZEREIER), 2 H K E R
[ELE, B H BN R,
SRR R HE AR

Void sort([K] xs) {
var n = length(xs)
for var i = 0 ton - 1 {
var m = i
for Int j =i+ 1ton-1{
if xs[j] < xs[m] then m = j
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}

swap(xs[i], xs[m])

BEHE 9.2
BB ERFREEHE 7 LB T o
8 mazx Fl —oo BN min F1 oo BERT DASEELF FHER . BATTAT DU — 40T
TR S5

minBy p a b =1if 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
deWMin (Br Empty _ Empty) = Br Empty inf Empty
delMin (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 FEX T HFHERF, 1 sortBy (>) — oo E X THFHEF.
TR Al UGBS TR A7 ERREHF A7

Al DGR TR, RS 9.2.1 SR, sortBy (<) co BRI EEHH
ERRENATFHT. EARREHT,

FEERARZE HE P — S RRHET, BT TV AR 2 [ ReR a0,
BN RS &EEZ O(nlgn), DEERELRZE O(n). XIFET, —X#&
RWEV G AESEE BRIFEA. MER) . MmnZEMEH T G ZREE n D
o551 RIS,

FEBSEHE R AR R SR HE T, BT TR A1 RN 2 I ReR AT
BN RS RERZ O(nlgn), DEEREERZ O(n). XITET, HHF
SR GHEAR S, TR FEMTEHET E 98 548 O(n) IYZS [,
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HEHE 101

gmierAEiailr R =M

pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
gen cs _=1: cs

UERA IR B, 58 & ATRITT REON (7)o

OO, #HRBEERAGNE, By RE—MRT . % B, HETHE I RE
W B, IR B, Hil. 88 01T AR R: 1= ("), i ITHTREEM
oy, —EBEAMTH B, B i — 117, —E9 25— B, W5 i 1T,
JSEL<H

n n _ n! n!
)+ Q) = G2 Dl =i+ 1) * A1
- (1—1)!@—7;)!(1 Tasit 1
- n! n+1
G —-D!(n—i)i(n—i+1)
B (n+1)!
dl(n—di 1)
SGS
m
UER I B, HEH 2 DR,
O0. 48 E—ZSPUEHEE R, B, &7 0 RN :
M)+ () + ..+ (7)) &ATHEmM
= (141 LUK (a +b)"Ha=b=1
= "
O

MBS RE T, SO R BERERR P, IXR T AR, EAEARER?
AR EERRTE T, FERTA TCR AR A TR ZL R R

1: function LINK’ (T}, T3)

2: if KEY(T,) < KEY(T}) then

3: Exchange T + T,

4 PARENT(TS) < T

5: INSERT(SUB-TREES(T}), 1, T3)
6: RANK(T}) - RANK(TS) + 1

7: return 7T;

Ak, BATTRT AR TSP PR AT . IXREREH R R IN IR B I 75 28 T THl,
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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 +(H) R EIEE, m(H) 2 AR R, BMRICEONIE, U
THIERR, HREECH 2, Decrease F O(1) BRI « UIR, 2R3V A CAScADE-
Cut, W ciRo B O() NEVEM Cur, AFIEH, HFik DECrREASE HIETH
FEH O(c)o

BRI HEAGEMNZE L, £ H 2 DecrEASE BiHE, U0RIAM CASCADE-
Cur VI R ="M R, HHEREARE (RE—RERIN,, dfE, #HPis
t(H) + c BRI, BUFEIESRE ¢ (H) B, YT NETRAHERRY c — 1 BRI, AR DA 2 9
HIFI, ZH m(H) —c+ 2 MARCH T R BIEERN m(H) M RRE c— 11
£ Cascape-Cut FERRMRICH T R &g — @3 RTREFR I — D1 Rl X
FESRER IR 2N :

H(H) + ¢+ 2(m(H) — ¢ +2) — [t(H) + 2m(H)] =4 — ¢

BREMERA RS ] O(c) +4— ¢ = O(1),

BEBE 103

10.3.1. GERESAECN HEFRIEA n DITER, REPITHE, 2 n IR, FHH A
RMERERIHRE (REZEMEER O(lgn)). WMAEEGIX —RZE TR IL?
BANTAT DO E — DT T EE m, ERARNKRE, R BESHIT—
R ERIE, AR TR AN 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, FATEEATT R — DRI
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, FATHZPRITHHIRIE pop BIRT, HMBANEL ¢ BT A p, MTH
e IR SRJEXT ¢ AT IR, BRIER pop(t) GFFME] he

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

}

BEAENRIE ZER O(n), Hn 2HFTRNEE, MERNEZESR
O(m), HA m 27ETREESTRVERR, SUWREIREDN O(n),

SEPREL AT HERI L eV RE DECREASE-KEY

ERVARART i h BUME, FRATERANE « B, S0, FRATE o B9
FMNTRERE ¢r VIR, B8t BUER 2 J5, ¥ tr SFFE 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)

}

FEFIN, FATATLASEA A lookuptr (h, y) IRIFEEVARERTTT 5, SRS HE y AOMESEHT
Nz, Bl deceaseKey(h,lookuptr(h,y),z). HEZEFMERMHEE, N O(n),

BHE 111

AR XAEATIE N BUE T I KRHUA &R, RSk, BN G, mAH
Count, HAIRIASIZ SN 2E? RS EIH?

RUE R DAy 5178 ek e R AR AT, ASKEE RS GIRIIEOL, i 11.4, AT
BAEHER A BT, FRAEAMNTCIRHRIXIR, 1d3kHR5100 b BEN
te BMXEREN so EHGTFXE [ht) BNE GHE. 25, AW DR
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empty(h,t): h=t
full(h,t) : t—h=s

TEFARIPIX A S TR ESIA T BIaR (N8z5R), id [n], = n mod s, X
EIRAHFAF BB R KR (1], — [h]s = [s]s = 0, B [t]s = [hlo XIATERHAIEM
BUSHIZE R, [RlIt, OSBRI G BEE R L BER TCIEFIWIAS S TR, FRATTE
LGN (BRIE by ¢ BOSREII), BofEaS, HER AR, MAAER
FITCRMEUR, Q1R PRSI R R, AT DA — 1 s BRI p
(p>s) BURHATHAE, Bl

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. N AZAE push R E TR S FIEEE?
FIRIXFEEGL: JE push a ([1,]]), RIGHE popo

11.2.2. I AR BAFNH 7P TR
BAMEAILKIE D, RBEAIR » PRI DICRIC 1 79 MRS push,
PAT—MAIRLE, TGN 1 770 S PETEFEDN O(2)s BHX pop, WIERAIERH
FIEE, MPAT—IREUERIE, (BRAE IR E. 2PEEFEN O(1), RiE
FRANR S, WIHAT m RCEERT 1 REH, Hh m BEEYIE » WKE, I
BERAT r FIRHFE m 7o FRLADPEEFESN O(m + 1 —m) = O(1),
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SEIRAELH A
1: function PUsH(Q, )
2: APPEND(FRONT(Q), x)
3: function Popr(Q)
4: if REAR(Q) = [ ] then
5: REAR(Q) < REVERSE(FRONT(Q))
6: FRONT(Q) < [ ]
7: n < LENGTH(REAR(Q))
8: x < REAR(Q)[n]
9: LENGTH(REAR(Q)) < n —1
10 return z
B 113
£ abort WA, in =0, FATIEFR ERE 7 E—DREROTRIVIRME, &

Y 2 THRE] o 1ENEE R, T AFEER—DITR?

HEMHEEE pop 2V abort BEL n = 0 B, BERIERITER, KSR
M (S, 0, (z:a), ) Fe¥ifZ (Sy,a). M HIRBERELFH » (ERZEHBHITTER,
IWFREEE 2 R[] o fENER,

XSS SR IN BAS ), TEE: YIFARIBHE R, ANRE— IR S HiIEE,
75 2R M RE PR B S VRN ], IGSEIR—MEMEE ], 1580 REEINAL
gil—P&,

BERT DATE H BN R N RIS EEH K, TATHEEA f RIEEINIATTER (push),
TEEEH r FREHFEHHTTER (pop)o WEEHATPAGN, Ba—MRSHAS A
acc = reverse(f) Hro WHR f#[], FMABHEEITTE, BME] acec FIARE,
4 f REESEFRG, AT r EMZE—RKTTEME] ace RE, Bl append(ace, rli),
Hebi=0,1,..,|r| — 1o 2 HERTIRATREM r FIREFHHITTE, X i 8H
r| I HHREEH,

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 SEERARTENBAA, - 1 Sk R AR s s £ TR 9 7T SR USRI AR
XN SXEL LR 7] ASERAX ARSI, DOSBN R ABI, 5 PR ARAE : 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 ?
FATATPAGI N Maybe BHRAC BB N, WHRZRSF] i <0, I&[E Nothing, 4l
REFILK, NERLETES M AZHER, I&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
FIEFHARNERE, WEA n=2" NFFIRXRERITER, BE2IFHIES,
WA BRI A AR, MHIERAS 70 P52 2 R 2 5 2

12.2.3. ATDVAHKEED 2m RIBEHFORE R X (m Z2AETEED) . 1B —
SRR AFIREAL YT

‘data List<K> {
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Int size = 0
[[KI] trees = [[1]
H

Int nbits(Int n) {

Int i =0

while n # 0 {
i=4+4+1
n=n/2

}

return i

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

E%E 12.3
TR HT RS RS IR 43 5 2
SN HIARE B L () = |r| — |f| = n—m, HHm=|f].
n=[rle MISERIMERI, 25 f 2 [, WER O(1) WAZH f RGP,
Sf =[], FO(n) WIS r 37, REEHR o FIAT O(1) 44 7 MR — 7t
£, XBERAH N
¢c = n+1+9(s")—D(s)
= 1+ (I = 1)~ (I = 1f)
= n+l+m-[5) = (51 -1)=(n-0)
=1

HONSKFEBIMIBRAT 73 /L 250 O(1), XEFRHE, M EEHRMHBRAT 7> 52 2% 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

PAPRHEATTR o A DEITREM T (2), Q2R [ FHEEH 3 TR, ol
ET R, BT —ORE T T, BATR f HPERSS — N ITRIMIE]
ARERIHIH, TN FT TR n (REREIN 1), SRIEAREERE n A EI PR 55
o FRHRANER f RN — D ICRHRGHR [ FiE. WHEHE, &
MELAZGET 2N, B2ZIR T R0, IXERTRE f T wE
ZILR. NTHMER, BN DT, X TFE—MER, TR
n AT f &ATHEH, &, FAOTREREIR T, N7 RACHE, FRIIe0#E T —
MRTRE) LR, BRI R R

BEE 125

12.5.1. JHBRIEIE, FTEASSIRMER,
WIERMMBRE front FHEEZ, BEMAREIE PR “f8” TR, EERITE
XA FTRER AN, 140 front FHEFIH Al FRIER A2, IXFPIE AU 2 H
TR RIS R,
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[t otin21]...

il ]2l ]

B 12.10: ARUIRE, 2 RTFRREY £ A

BATEMAU A FFER PR E — TR, EEE TR BT s,
HE R, SEEH F AR, B3E F PEFRE R, E 12.10,
NTFETE, BATATRAM f AREREE—PMTR (B—1MTR). X TE#E, |
TRE r AR, BAIREE foor, FBHREET—MEL. G, RITREM f
HREUH T RS M T, WRAR, TRITFEASARR, FAEE R A
—HEm_EE, BRFAHRRE— D70 R AR AR AR .
B 12,11 #5R TIX—Id &,

children of n[il[1]= [nti-]oti-ni21].-] ‘ [li-1m [eti-1i21] -]

[ntil2]].-] ‘ [l ]etin2)].-]

RSB —DICR nli][1], RERHERN T RBELE—FME f T,
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FEII]

[EEEES

[TETE ST [T AT

[t

[ fiea]..]

BHE IR, RERERE 2[1),
12.11: HIRM B, BEEFREH— 715 S

IRPEIX — B, TEAEIRII 7 HIRSKE IR (R AN,

1: function EXTRACT(T)

11:

12:

13:

14:

15:

16:

L= 070
while FRONT(T') = [ ] and MID(T") # NIL do
T < Mip(T)

if FRONT(T) = [ ] and REAR(T) # [ | then
EXCHANGE FRONT(T') <+ REAR(T)

f < FrRONT(T), r < REAR(T)
n < (f[1], f[2],...) > n e 2-3 K
repeat

FRONT(T) < [na,ns, ..

n <+ n

T < PARENT(T)

if M1iD(T') becomes empty then

Mip(T') < NIL

until n is leaf
return (ELEM(n), MID(L))

XHE K ELeM(n) R EIHF97 5 n FARFRIME—ITR, BT AR

£, TR TR IR — MR — DT RIE e BATAHE LR
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12.6.1.

12.6.2.

rULOOC

FIFFES P EE RGN T 1. MRFENZ, MHETFRANZ,
Tk R e N, EEIAMTIE AN, S AR RER B
5 —MEFHE,

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))

HAB ZAMEARS, AR SAAZH T, SARTEES T RET . TRE
Ra—MIERTHEM.

HE 12.6

TEREHLITIFIN, AnafAb B i o FI2R 5 BRI 2
PATTAT ATE R 5 | N A TR A, ol

@li] = Nothing

i< 08> size T : Nothing
Tl =

I

SEHR cut i S, TENLHE @ FF] S 7 EIFF,

A8 B —Fh TR B SLEL (FHEWEAR T XS KRBTSR HF)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 $EM IR =5B%r: M. AR, G0, SREEDFIH Maybe 28I
RAJREEHAE], MARHBINEEFHEH PRI E & MR o, BHEETE
—™ Place 8, WRZES| i M TFRiIGEFE f,r F, BOTEM cutList #—
AorEl, R HERIEE RALGER; R i frTrE, WhEESE KX
5 Place i' a I 2-3 B o TELLE & FE—2D 533,

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

Hrp tree fom r BEH—NFHE0, FEATESRILRE:

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 #
78, EMREREAZ O(lgn).
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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'

B 13.1

PO EEAPOEHE P RTE X, BR T AR DAL, R BTSRRIt
— kAL

sort [x] = [x]

BEE 13.2

EMEHEMMEIF (mergePairs) WNEZEMF2? WERMEFE, 1E4HHIE
BH; WERNE], WRASEER?

MR EFHFED, XNREAR EREITF FDEFFY, B, &8T5
HIESSRE N no RS Y THEEF s) 2T, merge([], s1) = [|@s1,
RIEEH 50, [ D51 D50, RIGEHEI 53, [ 51D 52D 8300000 Bl LS B 24
9 O(n+2n+3n+4n+...+kn) = O(n (k+ 1)) = O(nk?), MMMEIT, 5
—HIE 51 D S9, 83D S4ee.... HN O(kn), %‘Fﬂ% B (51 D89) D (53D 84)mem
X2 O(kn)o BILHAT gk %, BEIREN: O(nklgk). WM E I HIHE
B R,

FATR] AR — DR/ & B/NTIE, GRTE & DN B ER/NTRT
A, EREMZ O(nklgk).

EHHE 13.3

KL SRR EREIN foldp, FFEEREE S H JKIA_EAVAHHEF,
BATER ZTH AR f MRS SR IE: f(f(2,y),2) = f(z, f(y,2)e
TCIBH f KIBAITTN 2, & XM EIN:

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

IXFERNNATE SN sum = foldp (+) 0, T BRI _LEAIVAFHHEFE SN :
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sort = foldp merge [Jomap (:[])

HHE 141

14.1.1. TEBH k YRR ERER O(n).
SEPRHEP B A T ETT 13.1.3,
14.1.2. AT ER ARG L /NTE, BATAT PIRE 2 = max (take k A),y = min (drop k A).
MR 2z <y, W ARET L DITRABER; GWIRATH « K2 kR, H
y XA FIFTTE, RETETFFI [ala +— A,z < a < y] FIEEERKHT & DITE,
HAr k' =k — |[ala + A,a < 2]|o EEMX—FIK, HothERE,

1: procedure Tops(k, A)

2 l+1

3 u <+ |A]

4 loop

5: i < MAX-AT(A[l..K])

6 J < MIN-AT(A[k + 1..u])

7 if Afi] < A[j] then

8 break

9 EXCHANGE A[l] < Aj]

10: EXCHANGE Alk + 1] +> Ali]
11: I + PARTITION(A, [, k)

12: u <— PARTITION(A, k + 1, u)

PR FRIEZRERZ O(n)o BB KRB : BRI NN I HE
K. B/ME 4, j, RIEPATRCERMER RIBIRI 70, WKV, 735 TR E
ROFEEF IR, XFEENED O(n +n/2 +n/4...) = O(n)o

14.1.3. EHEWPEFHH AT B K “FildE", FENBEERE O(g(m+n)), H
m = A0 = |Bl, SRAT NIRRT 0 T, RLr
E NN median(A, B) = C[Lm 2+ nJ], H C = merge(A, B) AEIFFEHNE
FPEREH o,
BMNBHWDTTIE, B DTTEEMN DA 2 RIHIT = 0ER, 21 =0,
uw=m, BAVENAEE A FRRG8: i = |22, RIERLHERE X, 3
A h =" DR ZAL. Bh, AWE DITRE Ali] 281, WREN
[EH#l, WTE BHNE j = h—i NMERAE Ali] Zil, BEREFNX B[j] < Afi] <

SRLE S H WIIGEL 2 ORI, JEENTEH n ATRATFIFH « B EE O

odd(n) :  z[2f]
median(z) = 1 " n n
even(n) : E(m[g] —+ x[g + 1))
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rULOOC

Blj + 1o WEREAZ, WHEMAT Al W@ e, S NIARYE A s/ NREEE 1
u B B, NHGIFREFSI T IX—T5ik:

K median([K] a, [K] b) {
if a = [] then return b[length(b) / 2]
if b = [] then return a[length(a) / 2]
Int i = medianOf(a, b)
return if i — -1 then return median(b, a) else a[i]

3

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 =i + 1 else u = i
} else {
if b[j - 1] < a[i] and a[i] < b[j] then return i

if a[i] < b[j - 1] then 1 =1 + 1 else u = i

3

return -1

SR IREA A NEHNERS £ NCENER, B m > n (BN
#ft A, B), WRE—HHRZ, WIREISI—DNE EDNTR R E =1,
IR[E A0, B[0] HEIN—A BWEN 5 = min(k/2,n), i =k—j, AE
Fbis A[i] 1 B[jlo @R Afi) < B[j], BNEFE Ali] 5if0 B[j] FHIITE,
RIGRIAERIRICEP TS b — i KW, SNEFFE B[j] a1 Al JFH,
RIGIBHFHRE b — j K&,

K median([K] xs, [K] ys) {

Int n = length(xs), m = length(ys)

return kth(xs, 0, n, ys, @, my, (m+n) / 2 + 1)
}

K kth([K] xs, Int x0, Int x1, [K] ys, Int y0, Int yl1, 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, y1 - y0), i =k - j
i=x04+1, j=y0+ 3
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, yl, k - j + yo0)
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AN, BAIAGEIXHEE X ELHE: m e A+ B, {15
lly < A4 B,y <m]| —|[y < A+ B,y >m]| =0,=£1

FIRIXFEAIRB: [0,1,2,3,3,3,3,3,5], BMEA/NTET. RTETHIAMN
Al

HEREH, 8RR AL D A,

1: function SOLVE(f, 2)

2 p< 0,9z

3 S+ ¢

4 whilep <z H ¢>0do
5: 2 f(p.q)

6 if 2/ < z then

7 p+—p+1

8 else if 2’ > z then

9 qg+—q—1

10: else

11: S SUu{pa)}
12: p+—p+1l,g+—qg—-1
13: return S

S R REE M E ST HIPERXIEN A TARR/ME, G Az
RAME, HHERE 2 /NTHR/MESE K THRKAMETLHE; WML —D
¥, AEIE 4 NINETE, REEIEER,
1: procedure SEARCH(f, z,a,b, ¢, d) > (a,b) : LA (c,d) : H LA
2: if 2 < f(a,b) B f(c,d) > 2z then

3: if z = f(a,b) then

4: record (a,b) as a solution
5: if z = f(c,d) then

6: record (c,d) as a solution
7: return

s pe [

9% g [

10: SEARCH(f, z, a, ¢, p,

d)
11: SEARCH(f, 2,p, ¢, ¢, d)
122 SEARCH(f, z, a,b,p,q)
13: SEARCH(f, z,p, b, ¢, q)

FATRT DA @ B TIB A S I E i . IRTEIEADN A RN R AT
BIA T(A). FATH O1) NEKEE 2 < f(a,b) B f(c,d) > z @EMIL, A&
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14.2.1.

rULOOC

JEREI 4 ANNETGEBIA: T(A) = AT(A/4) + O(c)o MRIEZEBEIEN
O(A) = O(mn), FRERIER, RAKESRABRIE L, IXHIFERE PR sk
AR

BE 14.2

T RABERETR, £ A hIEREIREEL [n/k] B & DA, Hon = Al
fem: BRI & DAFTTR, BEIRER FRTTRMEANE kD IRFEAD
TLRE k-EL (2T [n/k] D), W—EZF Tk,

BAVEL DT Map : T — Int, Hp T 2 APRITRER, XMl
K TEIEHE o SRS, SHFETINT o, BAT—10EH# A —I0EHT
#i: foldr maj @ A, HH maj EXN:

ac€m: mla] < ma] +1
majam=q|m| <k: mla] +1
A filter (b~ mb] # 0) {b+> m[b] — 1|b € m}

(14.21)
NT AHEGNITE o, WRa ¢ m AMEFHH, FHHFHRPREEERE K
A, BAEE o IMAFHL, FHIEFEAN 1 Emla] « 1; WER a € m, BATEEEN
— mla] «+ mla] + 1; GUARFHAPTH L MEE, FAOSMEEE S
SR 1, WEREECH 0 MISIER,
&, BATEFE m PREFRNEEERIE—T, EEENNEHEEE
T n/k, Zm' ={(a,0)a€m}, REHBI—IXA: foldr cnt m" A, H
W ent 7B SN

ent am’ =if a € m’ then m'[a] + m'[a] + 1 else m/ (14.22)

XA m/ HIdSR TIXERIEFE R RE, BATE NEE n/k B9 keys (filter (>
n/k) m')o NHEHBEIGITFRRFEMTIX—T7k:

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

XL ATIE RSB R :
1: function MaJ(k, A)
2: m <— {}
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3 for each a in A do

4: if a € m then

5: mla] <= mla] + 1

6: else if |m| < k then

7: mla] < 1

8: else

9: for each ¢ in m do
10: mlc] < m|c] — 1
11: if m[c] = 0 then
12: REMOVE(c, m)
13: for each ¢ in m do

14: m[c] + 0

15: for each a in A do > Jo ik
16: if a € m then

17: mla] < mla] +1

18: r=1[],n <+ |A]

19: for each c in m do

20: if mlc] > % then

21: ApD(c,T)

22: return r

BEE 14.3

BB T P AIEISERL, R B R e KA 7471
GUERER T IR TR, AR BRI 1A, BdlTA] ATE fold I AEH(E AP
{H P, M1 P, SAHEEEIE FRAIRINS FRAIARS (S, L),

maz, = fst- foldr f ((0,]),(0,[]))
Hrr fx(Pma(S7L>>:(Prln7Pl)
£ fH: P =max((0,]]), (z + S,2:L)), P!, = maz(Pp,, P')

REFA BT — DTG Z 775 RF R B M, BRI O(nlogn).
FEBE IR R RAE P R e FRATT AT DA U s L BT~ 50 70 B e KR,
JEHER O HIERORH,  AESEA SR o AR, SEIX —T57k,

1: function MAX-SuM(A)

2 if A= ¢ then

3: return 0

4 else if |A| = 1 then

5 return Max(0, A[1])
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14.3.3.

rULOOC

6: else

7: m < L'—glj

8: a < MAX-FROM(REVERSE(A[L...m]))
9: b < MAX-FrROM(A[m + 1...|A]])

10: ¢ < MAax-SuM(AJl...m])

11: d < MAX-SuM(A[m + 1...|A])

12: return Max(a + b, ¢, d)

13: function Max-FrROM(A)

14: sum < 0,m <0

15: for i < 1 to |A| do

16: sum < sum + Ali]
17: m < Max(m, sum)
18: return m

HIREFEEIARXE T(n) = 2T(n/2) + O(n), FIHEEHATHIE ZEH
O(n)o

1E m x n W) “4EBEBOERE R FHFAERE, S ST R=EIERIFIR K,
FATMFERER S — TR, BERIEIN—1T [M[1, <], M (2, %], ..., M[i,*]] A5
A AT FR BTSSR P4 il —4E [ &

V= ZM[l,j},ZM[ZJ‘L ---,ZM[H,J’]

FEERAT AN mazsum KR V R, FFidR2REAM,

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')

H tails EX WS 1.12.2, zipWith BUENXHET 1.7, concatMap
FIE L ILEET 6.5.10 scanl Fl foldl L, (HERRIEGREBIRZR]— IR
Ho scanll 5& scanl BI—MRFRIGN, WIGEZIIRNE—TNTE,

scanll f[] = []
scanll f(x:xs) = scanl f x s
HoA:
scanl fq[] = [q]
scanl f (x:xs) = q:scanl f (f qx) xs

Xt R A A AR AN R
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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[j])]
maxs = max(maxs, maxsuml(xs))

}

return maxs

K maxsuml([K] xs) {
Ks =0 // max so far
Km=0 // max end here
for x 1in xs {

m = max(m + x, 0)
s = max(m, s)

}

return s

BER 144
14.4.1. fERBSREH 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) 4 cs) ss
adjacent (x, y) = [(x', y') |
(x', y") « [(x-1, y), (1, y), (x, y-1), (x, y+1)I,
inRange (bounds m) (x', y'), m ! (x', y') = 0]

Xt R A AR

[[(Int, Int)]] solve([[Int]] m, (Int, Int) src, (Int, Int) dst) {
[[(Int, Int)]] stack = [[src]]
[[(Int, Int)]] s = []
while stack # [] {
path = stack.pop()
if last(path) =— dst {
s.append(path)
} else {
for p in adjacent(m, last(path)) {
if not p 1in path then stack.append(path + [p])
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14.5.1.

14.5.2.

rULOOC

}
}
return s

3

[(Int, Int)] adjacent([[(Int, Int)]] m, (Int x, Int y)) {
[(Int, Int)] ps =[]
for (dx, dy) in [(0, 1), (0, -1), (1, 0), (-1, 0)] {
Int x1 = x + dx, yl =y + dy
if 0 < x1 < len(m[0]) and 6 < yl < len(m)
and m[y][x] =— 0 then ps.append((x1l, yl))
}

return ps

BEE 145

B\ RIERIEIE, S ERT LURR n 2J5MH,
FITE n 2IEWR, ZAE n xn B EEB O DEE, AT DREEI T2
8 el n AR NBIRT, NERAH T AT LA 25 EE Mg

fiet

[1]

Tefi#

TCfi#

2,4,1,3],[3,1,4,2]
2,4,1,3,5],[3,1,4,2,5],[1,3,5,2,4], ... £ 10 M

(S U N S

J\EJGRIBELE 92 DRI, ANTAEM—ME, KEER £90° hEfz2/\
BIEFBNGR, HEHRSNRR, BEEARNRRE 12 1. BR/\RENE
Fr, $RHX 12 DARE IR,
J\EERIFRE, AP ERIE AR, AR MR FRIAE 1R
Bro IEATERISFRIES miARE D, B X, BT 8 MNEH: [EEEH id,
gL iER: 90°, 180°, 270°% /KN, MEENE:, THWN XN ALEF:, LT
& (i,7) MEBTEX 8 MEH N N:

Bt (VA=S
id (4,7)
Y B, X B | 9—14,5) (1,9 —7)
2 MR FALENE | (4,9) (9—4,9—1)
90°, 180°, 270° | (9 —j,i) (9—4,9— ) (4,9 —1)
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FREI D, FATAIX 8 B4 8 M#E, FHIANENTREFIH. ]
M= DEERLET 12 DARFAR A

import Data.List ((\\), sortOn)
import Data.Set (Set, empty, insert, notMember, size)
import Data.Tuple (swap)

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 - 3)), — 180
trans (A(i, §) — (3, 9 - 1))] — 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) [1l..]

X 12 MERN:

[3,6,4,1,8,5,7,2],[3,6,8,1,4,7,5,2], [4,1,5,8,6,3,7,2], [4,2,7,3,6,8,5,1]
[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. EXBER VSR AR, B e ] DU n LEEERTE DL
BATHZERH n ARG, S5HORASRTAT

solve n = dfs [[start]] [] where
dfs [] s=s
dfs (c:cs) s
| head ¢ = end = dfs cs (reverse c:s)
| otherwise = dfs ((map (:c) $ moves $ head c) H cs) s
start = replicate n (-1) # [0] 4 replicate n 1
end = reverse start

BE 147
14.7.1. BORY RBEULRSED, SFIREMHEHE[HE (2| + |y B/, DARREKA-,

‘import Data.List
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14.8.1.

rULOOC

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)

— Solve the linear Diophantine equation ax + by = ¢
solve abc | ¢c 'mod" g # 0= (0, 0, 0, 0) — no solution
| otherwise = (x1, u, yl, v)
where
(g, x0, y0) = gcmex a b
(x1, yl1) = (x0 * ¢ ‘div’ g, y0 x c “div’ g)
(u, v) = (b ‘div’ g, a ‘div’ g)

— Minimize |x| + |y|
jars a b ¢ = (x, y) where

(x1, u, yl, v) = solve a b c
=x1 -k *xu
=yl + k *x v
= minimumBy (compare ‘on’ (Ai — abs (x1 - i * u) +

abs (yl1 + i % v))) [-m..m]

m = max (abs x1 ‘div’ u) (abs yl ‘div’ v)

x < X

— Populate the steps
water a b ¢ = 1if x > 0 then pour a x b y
else map swap $ pour b y a x
where
(x, y) =jars abc

— Pour from a to b, fill a for x times, and empty b for y times.
pour a x by = steps xy [(0, 0)]
where
steps O O ps = reverse ps
steps x y ps@((a', b'):_)
| @' = 0 = steps (x - 1) y ((a, b'):ps) —filla
| b' = b = steps x (y + 1) ((a', 0):ps) —emptyb
| otherwise = steps x y ((max (a' + b' - b) 0,
min (a' + b') b):ps) —atob

HENE, B2 (AE—mEPrEcs) 8%, 2237

BEHE 14.8

JR R R

FATH 0 2 73X 8 DT AR 7, Heh 0 REEAL, AT, FHIM
TR DB AZNL, BATRHRR N 0 AR A GRS, AR a)EI RN,
ARSI W BN SLER, e SISKERIN, dksim /el 2 AR, R, anii=fr
0 fEHEFISKER, ERI DARNES 5 (VB BRI T2, RZIRAT, RERGESNIFRA
RIS, TR 12048 PRENARER ML T, HAiE LB :
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start = [0..7]
end = 0:[7,6..1]

solvel = dfs [[start]] where
dfs [1 =[]
dfs (c:cs)
| head ¢ = end = reverse c
| otherwise = dfs ((map (:c) $ moves c) 4 cs)

moves (s:visited) = filter ( notElem’ visited) [fwd s, bk s, cut s]
where
fwd xs = case break (0 —) xs of
(as, O:b:bs) — as # (b:0:bs)
(atas, [0]) — 0O:as H# [a]
bk xs = case break (0 =) xs of
([1, 0:bs) — bs 4 [0]
(as, 0:bs) — (init as) # (0 : last as : bs)
cut xs = case splitAt 4 xs of
((0:as), (x:bs)) — (x:as) # (O:bs)
((x:as), (0:bs)) — (0:as) 4 (x:bs)
_ — Xs

[1’077’6,5’4,3’2] b [1,7’0,6’5,4’3,2] 3 [1’7,6’075’4,3’2] b [1,7’6,5’0,4’3,2] b
(1,7,6,5,4,90,3,2]1,[1,7,6,5,4,3,0,2],[1,7,6,5,4,3,2,0],[0,7,6,5,4,3,2,1]

HEHE 149

14.9.1. KA NAIIG K 2R AERF L,

data Node<T> {
Optional<T> c = Nothing
Int w
Node<T> left = null, right = null

Bool disLeaf() = (left = null and right — null)

Node<T> merge (Node<T> a, Node<T> b) = Node(Nothing, a.w + b.w, a, b)
Bool (<) (Node<T> a, Node<T> b) = (a.w < b.w)

Node<T> huffman([Node<T>] ts) {
while length(ts) > 1 {
Int n = length(ts)
for Int i = n - 3 down to i 0 {
if ts[i] < max(ts[n-1], ts[n-2]) {
Int j = 1if ts[n-1] < ts[n-2] then n - 2 else n - 1
swap(ts[il, ts[j])

}
ts[n-2] = merge(ts[n-1], ts[n-2])
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ts.poplLast()
}
return ts[0]
}

Map<T, [T]> codeTab(Node<T> t, [T] bits = [], Map<T, [T]> codes = {}) {
if t.isLeaf() {
codes[t.c] = bits
} else {
codeTab(t.left, bits + [0], codes)
codeTab(t.right, bits + [1], codes)
}

return codes

BE 14.10

S FHHERATIEIG R 2 AN MHETIUC S R4, & i ml e

H=90: ©
Huffman H = ¢ |H|=1: pop H

EE Huffman (push (merge t, t,) H")

Hb: (t,,H') = pop H, (ty,, H") = pop H'
1: function HUFFMAN(H)
2: while |H| > 1 do

3: t, + PoP(H)
4 t, < PoP(H)
5: PUsH(H, MERGE(t,, t))

6: return Por(H)

IRTFIFEMSPEI TSR A, FAE— DR RIRIENRGR 2M A T5TA:
I Q PRIFEFFEER. AT Q A1 A SKEREUHEBVINIR, SFFE A, 4
BSEHIRPFTERIE, PAFIARFR S —#R i, B RIIG R 2R, 1ELI
X—T5ike

Huffman (t:ts) = build (t, (ts,@)), FHH:

build (t,([],2)) = ¢t
build (t,h) = build (extract (ts,push (merge t t') q))

HH: (¢, (ts,q)) = extract h
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extract (t:ts,@)) = (t,(ts, D))
extract ([1,q) = (t,([],¢), HF : (t,¢) = pop q
/ . / -ts / H . / N
extract (t:ts,q) = <t (t (bt q), Hlr o (' q') = pop g
t<t': (L (ts,q))

LEMGKEN T, FHAEMBINEIGK S/,
decode = snd o (foldl lookup (T,[])), HH:

lookup ((w,c),cs) b = (T,c:cs)
lookup ((w,l,7),cs) b = if b =0 then (,cs) else (r,cs)

BE 1411

BRI E R K AT AR R R RS

import Data.Sequence (Seq, singleton, fromList, index, (|>))

lcs xs ys = construct $ foldl f (singleton $ fromList $ replicate (n+l) 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 (j, y) =r |>1if x =y
then 1 + (tab “dindex’ (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, ©) (1, ©) =[]
get ((x:xs), i) ((y:ys), 3)
| x =1y = get (xs, i-1) (ys, j-1) + [x]
| (tab “index’ (i-1) “index’ j) > (tab “index’ i “dndex’ (j-1)) =
get (xs, i-1) ((y:ys), 3)
| otherwise = get ((x:xs), 1) (ys, j-1)

BR 14.12

M A T FHIN, 55— E KA _ERER F RSP LR F RN K
JERN “T7ra”, NTORERIAAL, W AARATE, NWRERAFIL, X5
TERBATA A I R A USSR, BAIMNRISHIE N AT, WFRMEN NW
AT E N A LAE a2 2 LIRS WREDY N, stEESEE BTy
AR5 WFN W, B EIEIEMAS . Sl —Rik,

data DIR =N | W | NW

[K] les([K] xs, [K] ys) {
Int m = length(x), n = length(ys)
[[(Int, DIR)]] c¢ = [[(O, null)] * (n + 1)] % (m + 1)
for i =1 tom {
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for j =1 ton {
if xs[i-1] =— ys[j-1] {
c[i][j] = (fst(c[i-1]1[j-1]) + 1, DIR.NW)
} else {
c[i1[3] = if fst(c[i-11[31) > fst(c[i1[j-11)
then (fst(c[i-1][j]), DIR.N)
else (fst(c[i][j-1]), DIR.W)

3

return rebuild(c, xs, ys)

[K] rebuild([[(Int, DIR)]] c, [K] xs, [K] ys) {
[Kl r =11
Int m = length(xs), n = length(ys)
while m > 0 and n > 0 {
DIR d = snd(c[m][n])
if d — DIR.NW {
r.append(xs[m - 1]) // or ys[n - 1]

m=m-1, n=n-1
} else if d — DIR.N {
m=m-1
} else if d

n=n -

DIR.W {

=

3

return reverse(r)

14.12.2. MFFEME ETRE, —EF 1 <0 <ulra? ERRREH %/ NA?
BERIEETHE (BEIAN0), MAERX <0 <u RA—EHRL. HEEH
FIEBMES X, FRARGE/NT 0, HH 1 = min(X), RZ2EE I
BE ERARRERT 0, H u = max(X),

14.12.3. SKRASFRFER R 19 4mE PE 55

Int lev([K] s, [K] t) {
[[Int]] d = [[0]*n]*m //d[i]1[j]: distance between s[:i] and t[:j]
for Int i = 0 to length(s) {
d[i]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[i][j] = min([d[i-11[]j] + 1, //deletion
dfilf3-11 + 1, //insertion
d[i-1]1[j-1] 4+ c]) //substitution




415

}
return d[length(s)][length(t)]
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GNU Free Documentation License

Version 1.3, 3 November 2008
Copyright © 2000, 2001, 2002, 2007, 2008 Free Software Foundation, Inc.

<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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