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[18, 4, 8, 9, 16, 1, 14, 7, 19, 3, 0, 5, 2, 11, 6]
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1: function MIN-FREE(A)
2: z+0

3 loop

4: if ¢ A then

5 return =

6 else

7 r+—x+1

Hp 5 ¢ RSB T
: function ‘¢’(z, X)
for i + 1 to | X| do
if x = X[i] then

return False

return True
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Xfn AR 21, @2, s WERAFAE/NT 0 BYRAT AL, DIRAFAEREAS 20 AE
[0, n) IXATERIN o ENEXLEH—ER 0, 1,...,n — T RS, XFHROUR . Hol
AT H REUE ne

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

FATH—DRKEN n+ 1R F, RRiCIX R [0,n] WEYREDREECE AR
function MIN-FREE(A)
F «+ [False, False, ..., False] >n+14

1:

2

3: for x in A do
4 if z < n then

5 F[x] + True

6: for i + 0 ton do

if F'[i| = False then

8: return ¢

F e REHIIR AR @ A FrEes, R o < n, JolbRE Flo) B4
Ho o fE F, 88— MEABNAE. FIEHANA n ek FRAOTEHT
n+ 1 NMARE n MEE, AL sort(A) = [0,1,2,...,n — 1] FERL. X DITIET
B O(n) N2 BRI E Fo BIRERG, F R T . REMW ISR 2
THEERS[A] o FRATAT AT E & I R AT, R o 5 /AT LA A — ik
AL RAF PR T 2923 0] FEAHBERTHENL L, MNE C 1B BT 0.023 Bt nr LA
S T EF

o

IR Z

T3 YE Z B SR AL 0 A Ay TSR N - TR, SR8 20 A e LA 3 B
RINEER . B AWML v < [n/2] W BERBUIAN T A5 HERA T A" 1R
il (1), WeRF A (IRIEIER [n/2), BIRT—F A" B2 W17, F% &
£ A" H, BNERAE A o il iX—Rr, RN 7o FEF 51 A7
BBIHELN, PSR T BRI FRMN LM T [n/2) + 1. FATHE LB
Sl search(A, L), Hr I BFR. u R FH. I, 1= 0. u=|A| 1,
minfree(A) = search(A,0,|A] — 1),
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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

X IR ERONER e BIRFEE O(|A]) BRI 7> A" A1 A", (IR
Wto BAEHINN T(n) = T(n/2) + O(n), Wi FEHGRZER O(n)o FATHATLA
T IR O (n) RISy, B8 T B ILEL O(n/2) Ik, B8 =L
B OMm/4) k- RBHRA O(n+n/2+n/4+...) = O0(2n) = O(n). NI Haskell
Bl A SEE T IX— ik

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

B TR BEATR AR 2 O(lgn) o FRATRT LA BRI A AR :

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: e Alleft] +» Alright]
o: left < left+1

10: if left <m + 1 then

11: u < left

12: else

13: I+ left

WA 1 AR, IXEBRE AR TR TR o left ZHTRTREAKRT m,
117 le ft F1 right Z AIFITCRARAT mo

LBIHTE O(lgn) MRk, ERT LGRS IER -




B
il

iv

left right

b

Ali]<=m Ali]>m L

B 1 HAIS . (0T 0 < < left FTEZME Ali] < m. BT left < i < right 7
ZE Al > m, BIARITEE AL,

IERLEL

B IEBRBLZ AT S 1500 N IERIEL. EMECE RSH 20 3. 5 X =MET
[ ESRE . AEEGE R SUIAE 56T A AETHEAUR 2R SRS IR S DAL PR A il -
S, 2. 3. 5 ARG EIEHIE. 60 = 223151 245 25 M IFHIEL. $(F 21 = 203171 4
AREF 7, B IEME &3 1 =235 )25 0 MERE. /7 10 A IEME T :
1,2,3,4,5,6,8,9, 10, 12, ...

WATRT LN LTS, B RE R A% WEIMEEE 2. 3. 5 X H AW X4
I, RERAGIEZEG AL
1: function REGULAR-NUMBER(n)
2: z+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

WA n K, 95285 s e AEFFERG TR E, H C = LR 2 40.39
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FhA 325 1500 4~ IE AL (860934420) o
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BUSSHIBR I AR F T B P IR R A — R R T, M 2. 3. 54
IR, O [T 49 o fer A/ INE R AR ™ A2 IE R 51 o BATTaT ARE FBA
GURSFED . A —MINATCER, 75— MU TR . SERMNRI e o X3k
RN SERESEH FIFO (First In First Out) . Jeitlsh 0 P IEMEL L ANABASY, i A
I3 —MBCHIEREL, 20 A0REL 20 3y 5, 7742 3 N IEMETFHE R/ MR L IABA S o
W ER B EAAET ST, WEFFLOR RS . Bl fe/NTIVRHIEL FEiE
NI BRI/ NI . A& 2 Brs.

/}I 235
1#2=2 1#3=3 1#5=5 2%2=4 2%3=6 2#5=10
(a) 1 ABA (b) 2. 3. 5 ABA
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 ABK, £3F6
Kl 2: Ji4 8

MR — B Y ST
1: function REGULAR-NUMBER(n)
Q «+ [1]
while n > 0 do

v

@

=

x < DEQUEUE(Q)

5: UNIQUE-ENQUEUE(Q, 27)
6: UNIQUE-ENQUEUE(Q, 37)
7: UNIQUE-ENQUEUE(Q, 5z)
8: n<—n-—1

o: return z

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

12: while i <m H Q[i] < x do

13: 141+1



B
il

vi

14: if i >m o x # Q[i] then
15: INSERT(Q, 7, x)

XN m BIAF, UNIQUE-ENQUEUE 7548 O(m) B [A[#%7« ToEE Hifdh A
HLER . IR n &Mm (BEH—MERZEA=AHTR, Ennt
< 2), RIBFTIEN O(1+243+...+n) = 0(n?). & 3 B TSR AR %L
Min ZHMXR, IR ki, R O(n?) A 2RE .

Queue access time - N

B00000

700000

600000

500000

400000

== Queue accesstime
300000

200000

100000

a

Q 500 1000 1500 2000

K 3 BRAIYSTAIRECRT n BYSR AR

FERPERY RN L, C S ST 0.016 Mt i 78 %, Hg5 283k 2500
firo FATRAT LUHEBIHEHL, & zs ARSI IEMEITEITFPA (21, 22, 23, .. )0 XS
BAIEME, KHIRLL 2 BRI PIARTCT IEMES : [221, 220, 223, ... [0 [AIFRAKIX
FeLh 3+ 5 AR A SN TCI IEMEDS ] WFRIX 3 N TEFESIGIF, KBREEFF
B LIIMEDEL, WOUSENT s

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

Hrp ivs RN ITR = FEHETI PR xs (URTIH, 1E Lisp HUX M HRAIEFRCH cons. 1
FBER 0 M IEMEL, FEmRATH . U BFFTITHIFR.
a<b: a:asU(b:bs)
(a:as)U (b:bs) =<a=b: a:asUbs
a>b: b:(atas)Ubs

R Y Haskell f51]1-#5 5«

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

Wit xs 111500, ATLMSEIE 1500 P IERE. FERPERIHRL L, X—f
AR 0.03 #0o
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N Qe = {29 > 0} (LB S 2 BEBRAVEL: Qo = {2'37]0 > 0,5 > 0} Qazs =
{2375%]i,5 > 0,k > 0} Hp Qo3 B3R j #0, Qass B3R k # 0, $IF T = 2REUA%
HEE . BREEH— AT WIEH Q2 = {2}, Qa2 = {3} Al Q235 = {5}
FFRIUE = ARSI /N E ©, AT TR A

o WR z KA Q2. ¥ 22 A Q2. 3z A Q23 5z A Qo355
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2*min=4 3*min=6 5*min=10 3*min=9 5*min=15
2[] 5[]
min=2 min=3
(a) 4. 6. 10 ABA (b) 9. 15 ABA
2*min=8 3*min=12 5*min=20
Gt

(c) 8 12. 20 ABA

5*min=25
|I|9|12|| [5]10[15[20] ]
min=5 /
(d) 25 A\BA
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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

SUEEER n ke BN =A SR R/ N X SR ER A . 55
RIEBUHTCRATERIBAA, 7228 — B =AU RS, XDt 2 T ). B4
BIEEZREH O(n).
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%o AT W EARFIEREIRE , R 25 1 R B a & X seil. &
BT KR VD A Bkt . R BB T SRR S .
—HHEESA B CRRE . B— RS S AR . AR EZE A
RSB ICE R EYE AT E S, FFR PA—L801 A0 . Ay 7R 412 (0L Haskell,,
a2 R B2 LRE SRS

APPSR <EREFTIE> M 2009 FEIFIEE 1, 2017 FFH AR 2020 FF IR ES
2022 9 2 ASERT 5 M. PRI LAE github B3RS, IR BHAFLT, &
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BT RAEGE. B —mE, SHERKENn, WNTEMEIMENT n
MIEL 2| < n, GAE || EIOBTFEN R 2Ry, K858
— N IERFTER N B SR . MRS —E Tk,

1.2, n MEFEL 2, oy n, SR, BATFESTEL T, FERE— e
BEOR T yo B 1 <y < n, WIF—DITEREBAELIERT R HEES RN K
Hoxfly.

1.3. RS2 BORIEMEIORG. &2 ML 42

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]
}

}

return nums[m]
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1.1 A

FIRMEA R EH S REIRS RS . ENATLAEERAE TIIR
fgeas . BELMH R IS8R X, B EHRICH — M T RG] X
TR A O . B R/ NEA IR, R R R RTE . SEEAR .,
FIRH R/ NTEFRIEHIE . AT LABERS IMAHT TR o« FRATRT EAM K B AR i P 51 26
HHYTCER o R AER BRI, SRR SRR T T R RIE A il il e oK S A
M e XTEEABMES (map), 3§ (filter), Zh0 (fold) FE8LAER, W LABIE
KB, ERENS EITIA R .

1.2 &Y
G SRR R S — R AR . e SO — Bl RS, iE
Iy )8 NIL: s sy — T, B L1k T ol T4 ALk

P, BT REEPEDY, —PITR (WHKIE key) MI—DF513K. fRIATFHIFRN
5B AR nexto fei— DT KRR A2

R RSN AR S

BN B AR N — A LR, EASRIA NIL, GlH 6 HE A EdEss
NFNF, Fihn:

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

REAEGMIEITE LR 225 NIL #8, FAEWMARR TSR R —
MEFEAE NIL (2 null 580 @) 5 55 —Fh I — 81056, (HEAENEITER, Fornh

Y GE, lambda BEVE AR RSB ERR EE  L, 0, 00,
LB, PIFRTT R LR T AEREE (I Lisp) StFMa &R EISRET M 51

1




2 F—F Ik

[lo fESEH L, =5[HASHAG. B[] WHESENAT.

1.2.1 M

E—NESTIER X, FRATE LA BREC? K3 BIERBELH TR A 7o, ©
B E A 440 first X fl rest X, 5% head X fltail X*o 2, FRATHTLAMN—
MIEER « PR s (A]N2S) WIEH 7 — 10, 108 viose X —AiE AL 4k
cons. FATHUTRR:

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

tail (x:xs) =uxs

AT 21 FoRB—AICR, H X FRFRIE, I X = (21,22, 25, ..],

X' = [x2, 23, ...]0
%3 1.2

12.1. XFFICERREN A WS, MEREGHIM MR 2,y € A RO, E
SN EIERHR A T2 AR

1.2.2  FIRMIEAREAE

AREAE S, AT LA T BRI BE : S FIRAC N 0, AR B3R AY
REGEBRR S IR AR K —,

length [] = 0

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

ROy P AL, RIS 2R O(n), Hhn BICERAEL. AL
SHETRIERITEOUN . AT [X| RFondF X BORE. O 7 a4, A7
LR R BEF AR — A b, IRESE e PR SR X — 28 . FHVE
ISELER sk

1: function LENGTH(X)

2: n <0

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

5: X + NEXT(X)
6: return n

SRBEEHELI f(2)i0Hh f x. ZTEE f(e,y, ., 2) TN F Ty .. 20
SFF Lisp . i TR, AR 44 car 1 cdr LMt SIHLES P 2 g 1)



1.2 =L 3

1.2.3 8|

HEH LR LA BN RIFENLT WM RALE ¢ BYTCER . (EFIRFEREE ¢ LA RERIIA
TCERFTEN B
) {z =0: x
getAt i (x:xs) = (1.3)
1#0: getAt (i—1) xs
FATHOEIA S FIFRAE L AR [], WIS RITT R AR SE LY. @ 5
AT L RAE Lo # 4 > | X[, EREEIH, SR TR FIR NS i — [ X|
MBI A JTH, A< 0, GRS EEME 0, RAHA NI RZE
IR ARSI ERE L. BT Bt i 22, REIBEENRRE RN 0(i).
I EPEYSIvAiNpER AvesE
1: function GET-AT(i, X)
2: while i # 0 do

3: X + NEXT(X) > X = NIL i 48
4: 11— 1
5: return FIRST(X)

%3 1.3

1.3.1. 78 GET-AT(i, X) RYIEATHT, X NS EREe BRI SEH?

1.2.4 RKREILHK

{2 R first frest XEFRAGERIE . FROh last/inite M FAEAIIH X = w1, 2, . 2],
B last BIFAKRETCE o T init SR THIE (21, 2, o Ta)o BINKPIRHIRAE L
R, A last/init 7 BERPTIIZE, [T RN R

last [x] = = init [z] = [] (1.4)
last (x:xs) = lastxs  init (x:xs) = x:init xs .
last /init #RBCA LIRS FIRMMEIL, SN [ B, FT0RARE L. N2
[ I ASE B

1: function LAST(X)

2: z < NIL

3: while X # NIL do
4: x + FIRST(X)
5: X < REST(X)

6: return x



7. function INIT(X)
8: X’ + NIL

9. while REST(X) # NIL do > X Sy NIL fif Hi 4
10: X' < Cons(FirsT(X), X')

11 X + REST(X)

12: return REVERSE(X")

IntT jiid Cons RRGR . X AERYFIFZN I, fn s ZOGE R P 5L
ok (WET 1.3.2).

1.2.5 RR5|

last 2 ARG M — PG A AURARI R P B2 © TR A
ELERRY BRI PR B IR RS n, 55 ORI n — i — 1 10K

lastAt i X = getAt (| X|—i—1) L

AP P85 po F po, BATHEE i 25, Al rest’(p2) = pi, Hip
rest’(pz) FONEEPATHRE rest i ko WL, M po BIEE i BT EIL pro po
—ITIRTRIEER AL, AAEFM RIS Eq], B2 po BAREEEHI . L s
B po PEUFFRIEIECS « ICR. B L2 ik TiX—J5ike BT pu,pe HEH— B
X TrE AR e Bh i L

p2 pl

/ \

|x[1]| |—> |x[2]| |—> . > l > .. > I

(a) p2 $8IAIFSL, & p1 250 e

p2 pl

/ \

|x[1]| |—> |x[2]| |—> > l > .. > I

(b) 4 p1 FIAFKFERS, p2 fRIAEES i 1o

1.2: XGREHE 20 %

1: function LAST-AT(7, X)



1.2 =L
2: p+— X
3: while ¢ > 0 do
4: X <+ REST(X)
5: ii—1
6: while REST(X) # NIL do
7: X < REST(X)
8 p < REST(p)
9: return FIRST(p)

> U

AR AL I A RE B RO AT . I BA T AR 17 X = [21, @2, .. 0]

YV = [25, Tigr, oy 7], Y SZERLHT  — 1 DITRIEHFHIR,
lastAt i X = slide X (drop i X)
Hr:

slide (x:xs) [y] = =
slide (z:xs) (y:ys) = slide xs ys

PREL drop m X EFFRT m LR

drop 0 xzs = xs
dropm [] = []
drop m (x:xs) = drop (m—1) zs

%3 1.4

1.4.1. f£ IntT )1, AJLAF APPEND(X', FIRST(X)) k&4 CoNs 4.2

1.4.2. 7F LAST-AT H1, Q0] Qb P23 51 FE R AL 150 2

1.2.6 HEif

TR AR A . M. LB A S G A 2
M E B (persist) ANAE, FFAEIE Y IORHERBUGR LRSI (1, 5 255).

WHIFRCN append, 1 cons XFK, cons /£ LI, append /£ AR RBIGIT. Kt
BEFRAE snoc (44 cons SRS ) o T EMW I RFIRER, rALE 4% 8 O(n),
Hrn BAIRNKE. AT A REmRT, TATTLCSE BHA &6 ok, JFHEE

FKANWIATE R
append [ ]z = [x]
append (y:ys) x = y:append ys x
XF R EARSEEIA ©

SEBEMINFALEXFRAG: cons x s, append xs .

(1.8)



1: function APPEND(X, x)
2 if X = NIL then

3: return CoNs(z, NIL)

« HeX > PRAFEL
5: while REST(X) # NIL do

6: X < REST(X)

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

8: return H

FOBT REST AU AR SLIN XS next SRS, A0 R A6 -Ahd:

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

i get At 200, AT ERB BN F R PR E M BELMEEOTR

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

X—BIEI R AT R O(i), Hr i 2B KMINE.
%3 1.5

1.5.1. FESFRARE LA IN— BiAr & tail, AU INEIE AL A B A o
1.5.2. fAliF N 3Z R tail AR 2 XEREA (A 5200 ?
1.5.3. fE set At H, Qn{ay AL FE 23 51 A FL A 150 2

A

FIFAENA PR RS S (1) fEAREM BN IR, i insert i v X,
HAHA set At 2640 (2) FAEEFAIERTIRA— LR, FRERIIAEEFRY.
| inse.rt Ozys = z: ys | (1.10)
insert i x (y:ys) = y:insert (i—1) z ys
4 i I VRS EERS AT LR ARSI, AT I, N2 HH Y%
PRI
1: function INSERT(7, 2, X)




2: if : =0 then
return CoNs(z, X)
H+X
p+— X
while ¢ > 0 and X # NIL do
p+—X
X <+ REST(X)

1 1—1

@

10: REST(p) + Cons(z, X)
11: return H
LHNFR X = [11,09, 0y zn] OFF, BAMEMEE 1 <i<j<n, f2; <zj0 X
B < KIS SCRMEA, A DMGRERA PR, 64 > (). EEmMaax
5. WANTELAFHN, HRTRAF AT
insert x [| = [x]
' {J:Sy: T:Y:Ys (1.11)
insert x (y:ys) =
G . y:insert x ys
T 2R HBITR, AR IREN O(n), Hrhn 2 KE. RRAYIER
LT
1: function INSERT(z, X)
2: if X = NIL 8¢ 2 < FIRST(X) then

3: return CoNs(z, X)

4: H+X

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

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

8: return H

FIHRFPARNRAE, BT ASEBRAFE T : B RIOCRIL AR — 203
Hro BT RRIEFRAEREIER), FrLAX— IR AN O(n?).

sort [] = 1]

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

FATRT LAHRRE T, LB AR s B WFIRF U TR IR B 45
EURE
1: function SORT(X)
2: S « NIL
3: while X # NIL do



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

G REAT I 2], 25 RN PR AU IHSEEUE, e01A — A
BRI B WA TR ZEAEBEI3, TJa#E NERA L RAIMEEAE “RiEH"
(FT 1.2.7) bR — £ 5. 9 3 BT GEALY . Atk Al
itk

%3 1.6

1.6.1. HHANLERRRS, FH I BRIk FE .
1.6.2. FFXFEASLBUE N, WA E R R TR E R — M .

i3

HHERAZEEL, MEREA RS S (1) fEIREMEMRITER delAt i X; (2) &
PIAMEFFMIER delete  Xo N T MIBRALE @ RYICEKR, FATESCETHE ¢ 2208 HARL
B, REE I ICR, R IR K

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

T ZERTE B PATINER . X —BEI AR A0 O(i) . N2 AL
S

1: function DEL-AT(i, X)

2 S+ Cons(L, X) > BN S
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 T ARSI AE . BATSINR— A HIT S, BaE — M RIRRI(E
L, FFfEI X S, AT AL e DIBR X ARG, BT A Bt
S TGORI R ENEESGR I, HEFE S B “ERIFMER" ST LAE— 093 AP
FiEOL: (1) (RN — N HIRTRIFMER . (2) FEA ST AR TR



1.2 =L 9

bro e, WAL .
delete x [] = []
{17—-y: ys (1.14)

rF£y: y:delete x ys

delete = (y:ys) =

F T Bl P SR OB A BRI LR . X BRI E RN O(n), Hiin
R FEIRASEINA, BT LARE B 17 ok L2 4 -
1: function DELETE(z, X)
2: S < Cons(L,X)

3: p+— X

4 while X # NIL H FIrsT(X) # = do
5: p+— X

6: X < REST(X)

7: if X # NIL then

8 REST(p) < REST(X)

9: return REST(S)

%3 1.7

L7.1 ARG T4 E A T TR MR .
1.7.2. BOTEER MR, BB ER A TR G LA RS — M E.

U
BRI — =, R R B IMA— 1 ICE, TEEZ )
KEFWMAZADTTR . HIAE I 2RIk, MR RES N N
Tigoie 2 |vs| =n, |ys| =m, 5312 NFIRINKE . BRIRISINENTE TR 2
o, BILEM m K. BNAEZEN O(n+ (n+1)+ ...+ (n+m)) = O(nm +m?).
rsH[] = ws
xsH# (y:ys) = append xs y - ys

117 cons FAFEARR CREELATIED , FATHT LARTER] s B M AHERE] ys.

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

PCBESEBRY EAREE O(n)o AEATQ I, W i s, wT LSl
RO TR RARAE (AT >3



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 Ffi5M

ANV R BT RPIROM S ENAELRNITHELH, A5 1.5, &
IR BT TSR . & LASFIRRIFIN 0 BUA 1.
sum[] = 0 product [|] = 1

1.16
sum (z:xs) = xz+sumaxzs  product(x:xs) = x-product xs (1.16)

PR EE A B, BRI O(n), Horfn HRIE. SRAL REAS
AR ZETT S BTl LARE HESUsON 22 1R 47 RT3 RIS A 0 JT AR 2. SRR
1hYN WP eE S

sum' a[] = a prod al] = a

sum’ a (z:xs) = sum (x+a)xzs  prod a (x:xs) = prod (x-a) xs

(1.17)
SEREE, AL 0 N REBURIGEFH sum’, LL1 N RBRIGEIE prod

sum xs = sum’ 0 xs product xs = prod 1 xs (1.18)
B AT AL E
sum = sum’ 0 product = prod’ 1

B F 25 A% /K (Schonfinkel, 1889 - 1942) 18 1924 SRR A9 Mlize/K - fE
FE1958 AR J5 Tz () B ILeR gL f (2, y), RGN o, RN — KT
y =L g(y) = f(z,y), i8R g = f oo S BIZITHEE f(2,y, ..., z), WK
ENSHL ATLMLARA— R INVEREG [, f @, f 2y, oo FATRIXHERFAR AT R . ©
I LMEZ TC R B AL — R B TR B f (2,9, 0 2) = f(@)(y)-(2) = fy ... 20

KARPGEE ., RPN A, FEHTFILRPREER RS T %
e FraESEEANZE (Pl a) N, BEFAM (PIINEAHEERITR) . X
R AT RE— LR NI ER . BATFRX R gy R )" (8 "M, X



1.2 =L 11

P BB AR “RBaIam” O g B, ERRECR, IR AR
R, R DR b e PERE ,  FFk G T3 A VR il 8 AR Tt H
FEFTT RTHRNAFRIRR S, Hod S T e XS TT R AT o ATt ] LU A
WA :

sort' a[] = a

(1.19)

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

XFEHEFF AT LUE SN [ ] ME RIS ERIFT AL TE L sort = sort’ [ o AN
BRI AT ST St T S o (0, 116 o) o BB ITIA R
M LITFIREE LA b I n ik, 3K O(n) BfRIAY 7%

function Pow(b,n)

T4 1

1:
2

3: loop n X
4 r1x-b
5

return z
FREIHE 0P IR, EREEZERTYOEA, FTLMRE ¢ = b lYZER. I,
AT « FelAb1FE) 0°, W LAEHFATRLA b, IFFE] b SRJEFRRTETT ik
ATLMRE] (b%)? = b JXFEEAE HERER 3 1R, TAVE 8 1. & n WalFh 2 BEEaR
. Bln=2m, Hem ZAREEL, JRATRT UM T ik R A o™

b= b
o= (b3)?

ARBEX— IR R, AR LUK n T BME R AR R i n = 0, E L0 = 1
o AL K gk, SEITE LR SRRSO B 0 AEEL BAn - 12
AL, PRGBS b, SRR RPREE ISR b.

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

B, B FRAMTCEE BN R®E . MG, FATALUBRIRECr )7, 85
FPREROR o

o =1
. oAn: ()% (1.21)
Ene bt

ZX BN, AT LR SRR O B I . BT R 0" = pow(b,n, 1) 1



12 E—% gk

B o
pow(b,0,a) = a
n
2ln:  pow(b?, =, a 1.22
pow(b,n,a) = | ( 2 ) (122)
G pow(b,n — 1, ab)

X JT I RE O(lgn). BT AT EAGKSERCHE . AISRI n 6 B EHI L
1= (Ao arao), W @, = 1, el EAEHANE, B0 . ORI
FIRSLAREML (B9 10.2)0 HFFE —BERIALY T IORIEEH), FRRRE) s
SRRGZE R BT, 4TS B0 I, 11 SRR 11 = (1011), = 28 + 24 1. A
BB = 02" 07 x b FRATRT LA LI R A RT3

L JTE b, 15 b;

2. X &5 FPETIEE] b2

3. 5 2 IS RETT, ITIAEE] b
4. 4555 3 BT, 158 b2,

Bn . BATKES 1. 20 RIS 4 BINE RS, 52101, Zik, AT
BEATT

pow(b,0,a) = a
n
2ln:  pow(b? —,a) (1.23)
pow(b,n,a) = 2n
%:mu : pow(bz, LEJvab)

R BIEAR B LUK n AR S TR R n BREL 2) o R AR
(LSB: Least Significant Bit) 4 0, n MEE FAPREIRECETT, dhE0bH, Jomal
KGR a0 XX BB 3 55 A LSB O 1, n M@ Br TRERECE T,
MEA b IRFIRGE R o £ oy 0RF, FATCARESE n FRIFTARL, HAEEE5R0
B RPUH a0 FEATATHSR , BOHHYRECY . BAUGHITEE n/, MRBLER o BIEA
B O = a(B)™ o BERTAIENE S n NAPECR , (UK H— R A RO TAL TR
X BB RR S n 8o A n I BERIFORTA m AL, X EERI R m . 5
SRERE RN O(lgn) o FAPRIX— Ao S LI EN LR -

[BIZRAT SRR AERASEI, AT, —d M Ik Ees R
ZER:

1: function SuM(X)

2: s+ 0
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

FIRBRIRGENE AT LG SRS st )5 =0 n! = product [1..n].

1.2.8 HREAER/ME

WRARZ A BRI T TR W B TR, WIAFAERCR /IME . max / min {3
AL HIIRGIE—ADTCR (1], RN 2 BN, @ VTR TFIR T T
RS BuME, FFRFEIUR UG SR AR

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

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

= min zs = max Is

(1.24)

XA SEHVER AT [ ZE AL, FRATAT LUK HAS s H . IF EIXtEid B T 1

47 RCERRETY, BMEATESEE, BRAEEREGE O OE S IR B/IME. Bl min
-

min’ a[] = a
, r<a: min' zzs (1.25)
min’ a (z:xs) =
M min’ a xs

5 sum//prod’ AJF], FATARER min’ / max’ N —PNEEAERIAE, BRIEME
H £oo (FTEALIEZD) -

min = min’ oo max = max’ —oo

FREFN R F/MECOH IR SIRAE L, A LU R ITR AN RBUR 1R
{H:

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

Feid ARy R fe/IMESFTE A] LAgE— P HAL A AT IS Max LA MIN
il



1: function MIN(X)

2 m < FIRST(X)

3: X < REsT(X)

4: while X # NIL do

5 if FIRST(X) < m then

6 m <— FIRsST(X)

7: X <+ REST(X)

8: return m

ARSI, f DR HAZRLTRIE N R B @IHn, i dkhzd
AMWATTR, BAMFRELF IR, EF 0, RIFRELHRREITR. LA
min B, max [5LISHEXSFR.
min [z] = =z

1 < Tz : min (x1:29) (1.27)

min (z1:29:28) = {

Ay min (z2:xs)

%3 1.8

1.8.1. fHJf i IHSLEL length
1.8.2. i n ) ZBERIEA, SCHUR 0 BB, EFSERIEDN O(lgn)

1.3 A5k
WARBA AT . HPIRIRIF 2 —FMRIFIIRGH . (UUKEETT R 3

PR FREEH , LB RMRSNFA TR R, BATPRORES SR LR 3N
Bt

1.3.1 Z—meht
AT — 2o R TRBT o 55— 45— SR S o R E AT 77
L e [3, 1, 2, 4, 5] #E iy [“three”, “one”, “two”, “four”, “five”],
toStr [] = []
toStr (z:xs) = (str x):toStr xs
BAPIFRRT RS, HE— D7, G8E THIE, FLUENNET
RS, il

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

(1.28)

[zero, zoo, ...]]



1.3 T# 15

BTORBAVEH —BOCE, flin CEFEMRILY, Gt Riafe L f i B

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

BUETRA TR . XA B 6, W FRIR A R iR 2 i 5 02 —
THUASIZR, R R FUAR R ES B T AT R Z 4, P [a, but,
can, ...Jo FAIFEEBIT R, A dLRIEIREOT S A L 5
o BHIUESCAHREL BRI B IER, HHEERZ R R, AT
e, i BESLBURAERR AT maz By emp xs, Hr emp 2 G AR AL

maxBy emp [x] = =«
emp xp x2 1 maxBy emp (xo:xs) (1.29)
maxBy emp (r1:x9:28) =
A maxBy emp (z1:28)

XF—xHE (IMEEE) p= (a,b), ELHBREL:

{fst (a,b) = a (1.30)
snd (a,b) = b
RE SCERTR] BSOS [ FEB R

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

Kt less &\ max By #ital e BRI R R 22 1 FLR (R AL - max” = maz By less.
B, WA max” ZEBLERIGETT AR

solve [| = []
(1.32)
solve (x:xs) = (fst (max” x)): solve xs
JYE R ISR, solve M1 toStr ekt [FIFERI TS5 MY o FRATPREIXFERY 45
TGN — WS o
map f[] = []

map f (x:zs) = (f x):map f s
map $E— A REL f ENSEL SRR HY PRI IR B FRATIR
KL EREBUE NI EXN R REC S sEEC . MR f RN A — B, RIS

A TTERMS N B IITR, W map YRR -

(1.33)

map :: (A — B) — [A] — [B] (1.34)

PR map #Z RN A — B EEL SRR SADN [A] B9SIFAE
NN [B] A, LI P AT LA R G SR (R AR -



16 % Sk
toStr = map str solve = map (fst o max")

Hrep fog FURRBALE, EEHIGCN AL g, REHENHEE S, B (fog) z =
flg(@)o BEAE fAEMT g ZJa o FRATEAT ARG IR A R E G . %Ly =
flx) LT —PMES X FITTR « 2HES Y PITTR v RG]

Y = {f(2)|z € X} (1.35)

XFIPAE SCHI RGO "R Y ——ih =5 /R BEMER (FifR ZF %Kik
) Ul RRZAAET, HATELHRNIIER X BIFIRY BIMSTY = [f(2)]r «
X], MAREERMST . HAp TS AEELS TR, JIERN ZF REHAmIE 500
B, ER R TH. VAT, BATEZ ML R BRAIA2
e 0T Hk, 5 SCE—RAGHEPI SR perm X v, SR KLER n (95136 X ik

n!

o IR R AR —‘itéifﬁf::(n_;r)!$*7FEﬂE@ﬂF§Uo
Xl <rskr=0: [
perm X r =
&y [z:ys | © + X,ys < perm (delete x X) (r — 1)]

(1.36)
AR 0 AICERHEAS, BSIFRPOCRINEUNT v HEFIZE RO 2SR AL
(1] AW, FATE—BUl IR A ICR o @ ITMARIARE n — 1 IR ks
r—1VAICERAS, AR« BT .
N EAB B IR ASEEL, ARSI AT B R
1: function MAP(f, X)
2 X' + Cons(L, NIL) > WL A
3 p+ X'
4 while X # NIL do
5: x < FIRST(X)
6 X <+ REST(X)
7 REST(p) < Cons(f(z), NIL)
8 p < REST(p)

9: return REST(X') > RFEHIIIY R

FEAF I T AT A EZR R TSN ITR, MAFRETFIEL. flin
TTEI— PR TTR:
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4: X <+ REST(X)

W, FAMER IR P, ARiwhsg, & P A& ITR B
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1: function FOrR-EACH(P, X)
2 while X # NIL do
3: P(FIrsT(X))
4: X < REeST(X)
TEABIT FATEHE—F “n T @ B7EA 0T, #REAKN. 3k
TAAT N YRR n Ko

LKA RYKTHRTIT S
2. WA 20 4s 6 TATHIIF G WERATZ 50, WIKEIC: nAE K, R
3. AT WE— KIS, 3. 6. 9B EAYKT Y IR IRAS I ;

e eHIRE, ARE = (BB n ) BIFRgdRsh. mH2&a L=k 2
Sofe B REST A8 e ST —8 00 18T (0 2K 15%) . TTIRITARZ K
[0, 0, ..., O]o REXTZ5N L2 n, SREBS KT (4, 58/K) HI5I%:

lights = map (i — (i,0)) [1,2,...,n]

X S HRXS R 2 0, 25 5813 By n DEURZLRL: L = [(1, 0), (2, 0), ...,
(n, 0)]o #AF LIkn ko 125 R, B & fAME (j,2), £ ij (I j modi=0)
BB K, 1 -0=1H1-1=0, A4ZRRE  WHH 1 -z,

jmodi=0: (j,1—x)
switch i (j,x)) = (1.37)
A - (J,2)

51 BERAIESEILN map (switch 1) Lo IXEEH T switch R EMAIEHA T
KAE SCHRE op, PATHU n K op [1,2,...,n] Lo

op[]L = L

- : . (1.38)
op (i:is) L = opis (map (switch i) L)
e, HEUEPE TR BRI EE R
solve n. = sum (map snd (op [1,2,...,n] L)) (1.39)

NI Haskell 4R 7 S2BL 75528 1%

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)




18 F— Ak

FAPIHATHIRCA O 1 24 oo + 100 s CANERIR T 3#547) -

[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]

LR RAVEILEE: 3 SITLAAR, SURH 1 SATIE: 4 %E 8 SATHE SR 2
HAT5E: O E) 15 ST, BIEH 3 T8 - FRHRATHIBCH N & 3] (i4+1)° ~ 1
I, R ST AT LA 4

B 0 BAHSHN 1B n, FERIFPIRZHIALELT . ITRIIGIS . Fra kT #2
KE BATATLARAE . BARSIA BT R AT S 2 se i o XET9 50 @ B9KT, 45
RTLAHE 5 BB (Fonoh 1), WIAESE j %, BRITRBARSI— R BrlAS T R4 54
ARHA NI, SRRIRERREN . O TR 2R, BATH 23 e &
A B M TERARE 0, i8S Hn WErAERTIES. S HlHh o,
A p N AT, WA — D IERE g, 15 n = pg. WHLZUL ¢ 2 n
HIA- RS ELACE p # g B, RATIAERS S AN AR A5, X S| K
B BrIEp=q, W n BERFER T K HARERES S Hm—K
T TP EE R R 1. O

FATAT AT n LA R 56 42~ F- 7 BOR X — i o
solve(n) = |v/n] (1.40)
NI Haskell 782 P 1v 2 - « 100 AT HY L

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

BREPE — TGRS, EAMUBRTHIEE, tnl DI R B2 8 28 B .
RIS AT R A BTG . A EEIRATRES P — N, FRHA
ZERIAE SL, RIURT AR A A Ao

1.3.2 %%

A0y e/ N 25 TR B — A L AR R —E BT H R B AR T Y 5
Mo A RIS : (1) oS H—aies i (2) o REsi; (3) KRk
VAFA N iy AR Al AR O -

reverse[] = []

reverse(z:xs) = append (reverse xs) x
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BNRIAT RSB . fH I RRGRIC R SR, AN SIFKR )

8. reverse = reverse’ [ |.

reverse’ a|[] = a (1.41)

reverse’ a (z:xs) = reverse (r:a) xs

AR TAERFRIRN, cons (o) RHEITHIERIE. FATAE MBI SLiE — B
JLER, RKIETRRERIHE .. XS THREICRIEAN IR, SRF PR
o B ERANERRIR. WT RESIATCHIC R BT SCME, FATH LG HAE N
AR
1: function REVERSE(X)

2 A+ NIL

3: while X # NIL do

4 A < Cons(FIrsT(X), A)
5 X < REST(X)

6: return A

B, X—BRAN T — DRSS, AR RSIR EEE G 1%
NOREGEA E ] X G H SO B MR A R 4 R

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

%3 1.9

1.9.1. fEFRIEITR [(k, v)] FIEH v (HEHKHIICER .

1.4 T

K R LIRS 7 FESERI U Fr . M8 RN 28 by DR X R R A2
LML TR take MFIZRAPHUHET n AITR, M TIRBUANEE 1 2158 n IR
THIF: sublist 1 n Xo drop NI EFFAT n PICK, T MA MR T4115E




20 F—F Ak

sublist (n+1) | X| Xo BR take XJH5 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 AL W 0 > X 5n R, SR X

SRR ST Bl TR B 0 26 P SEBURA A ST, (RO RN E e R, T
TE AT R ARG K 0 73112

sublist from cnt X = take ent (drop (from —1) X) (1.43)
TN —FIE, RN MR MR 2 5
slice from to X = drop (from — 1) (take to X) (1.44)

VI DXTE] [from, to] AL Wit . FRATHL AT LAFESE & AL B AR A 53 E DT -
splitAt i X = (take i X, drop i X) (1.45)

take/drop 1 E BRI EFEH N FATATLIO HY e, RBRFSAF O, 5
AWTHUH B R T ITR, BN take While/drop While. ‘G A1 — &2 il £ 45
SESNE py WAL, WHF IR AR AR AR, XA T AR IR AR

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

(1.46)

1.4.1 ¥hfnd

DI M R SR R R TR B L HE s T 78568 il — i J— ik
Frixfhor e tle, MATE AR AN Y150 il AN g0 —FiReak 9 split, 3k
TN RS ERN AL ERIIR ST, B N ITR RS E R, RIS
KR DIndiRE—X7oEE, —TEEKIE, 75— TuaRRmr. U
SIAPRRZERL: — R E R RIS AR AR AT R K FFIK.
BIE PN span, JGEFRHN break.

spanp [] = ([],[])
{(p x): (w:as,bs) Hrh (as,bs) = span p xs (1.47)
span p (z:xs) =
a0 ([ zxs)

ST B BGE AR, Jta] LASEEL break p = span (—p). span 1 break #8<3

HRAKRTR . — BT TR RS &, 2SR RS RIS SPAN kAL :

CHULIEFNE TIXW M RE, I Python Hi: xs[:m] #l xs[m:] 55N 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)
7: if tail = NIL then
8: return (NIL, X)

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

span 1 break K 51F 0153 0 Wi 3 \ﬁ%ﬂﬁﬁﬁmfﬁﬁﬁ?¥ﬂ% i
TR B FOE T, B EL%MH?

” W Wy W ” “ 77 13 7y 77]

group “Mississippi” = [“M”, “i”, “ss”, “1”, “ss”, rp’”,

B, S5y X = [15,9,0, 12,11, 7, 10, 5, 6, 13, 1, 4, 8, 3, 14, 2],
e A, FAP TR

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

XA A S AE. TR A)E ., G ERE  T PE SOA I R
(%6 5). A roRlEBlARAFHY (58 13 8) . TAHED ARG IR
KA~ EHTHWPIAALITER 20 y 26 “FN: o~y WATEPIIIER, K
P IE R . RS, M ENTET 4 S o y ET A

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

—

[]

—

T~y (w ys):yss, Kt : (ys:yss) = group ~ (y:xs)
group ~ (z:y:xs) =
AN J:ys:yss
(1.48)

—RIEMRTE IR O(n), Hrpn @4 Al UG AR i —
Bk X ANZ, BATK DRI [[24]]. %FM%ilﬁﬁﬁfLrﬂ
=, HHSKPADITR HEH0T. RO E L ER TR RS —4H, S
4
1: function GROUP(~, X)
2: if X = NIL then

3: return [[ |]

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

8: while X # NIL do

9: y < FIRST(X)

10: if x ~ y then

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

13: g9 < [yl

14: G + ApPPEND(G, g)
15: Ty

16: X + NEXT(X)

17: return G

WA APPEND AT BHRE AL, X —SCEI I RIS 24 2B N O(n?).
IEADIN, 7T LUK APPEND 8 Cons. i 173 2HeR AL, A5 TF LM 51 7
AISEIA: group (=) “Mississippi” #1 group (>) Xo WA LM span KB4
N—5ME, span 4 FIL S FRMER: Hpr — @ RSN oI &
I FIAREB S AW T span LFRSEAIETTER . HREEN span WA REUE—TTH
B, M ERE ZTTR S AU AR X — 2 5 B — D IeREAN
IR R BT [ E

group ~ [ = [[]]
group ~ (z:xs) = (z:as):group ~ bs, HH1: (as,bs) = span (y — x ~y) xs
(1.49)
IR H R BT L SR A TR0 (HAVRREIE A R 4% P
D group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]]. ZF5—"1PIcEZ 15,
BCET > AN BT 16 ZIIERTIEAICER, WL span LATAICRAE T
as H1, T bs 7o IXFFAREER, TR IEFRAT N ROVt s “E07
FITTRTBE . Rk, FMRR (~) KRt e =" BRI L
P XSRS

L BRI v~
2.tk z~yy~ 2= T~ 2
3. Mk z~y e y~a,

Xf “Mississippi” 2R, (555 (=), EA=MENL, 748 T IEhSS
o BB EARRTETS () MENEMRARR, ST H MRS, A
TCIEAE o T span SEELAYEE A 4HR0E 168 SLIRTBDY B IR IS KR
2R — M R NTE IR . B AU BT P TR R A e 55, XS
IENEE 5P
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1.10.1. &K take/drop, 4 n J2 BT take IR[E] [ ], drop iR[FI43E515% .
1.10.2. LI HIE R take F1 drop 8%

1.10.3. 4 sublist f1 slice S5 NITRMAIEA, Tods X FENSEL

1.10.4. ZE T span HLHL:

spanp [] = ([,[])
‘ ~ Jpa): (z:asbs), Hii: (as, bs) = span(p, vs)
span p (z:xs) =

Nl (as,x :bs)

ERBAIAT L I SIA AR ?

1.5 &

JLP AP REEE A E L RIS . XA — D6 XA bk
HAIZRIIB YRS AT LSS IRAE MR B S 2 Bie: &im 7. ek
RFTA IR ERIRIA AR o LA sum. product. sort, BATEVA LR KL
PN IR, SRAII O Oy SRR 1 HEFPR Oy [ XL 45
BEAT IR, SRAEHEARI. SRR HEP R TN BA TSI,
HIZESAMGONHIRE = CIIRINE) . —JTisBMRN . & L Mg

h®z[] = =

(1.50)
h & z(xzxs) = z&(h & zwxs)

%)\ﬁu% X = [‘rla T2, ...y mn] > ﬁ‘ﬁﬁﬁzﬁﬂ:ﬁﬂT

h @b z [Sﬁl,xg,...,éﬂn]
= 11D (h & 2z [x2,23,...,Ty))
= 210 (@®(h & z[xs,...,2,]))

= 1@ (@®(.(zn®h & 2[])..))
= 21D (2@ (c(xy @ 2)...))

XEARHUE R, EBRFIH BT NEA NI (2, © 2) . AWM T
EE zyo XANE 1.3 HHARIHT BAREL 37 F AT ANLRHI . 20 MR 1 AR AR S A
AR BRITI R &, SEBCER R,

XL B ALK T — 53 WOk B 7 H) — TR — 1R e B B AL EHGE AT
N2 Eo BOIRHCER D NS CEREFRN SR, AW —JcitE. BRI
A E AR SRS SREENIBCEST b H SRR AR E Y o

7,1 /% reduce




24 $—% sk

Kl 1.3: 47k

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)
=1+14 =1x120

=15 =120

FATRX — R @ R, BT &AM —ImIT e, FAPGHIE N
foldr :

foldr f z[] = =z

(1.51)
foldr f z (x:xzs) = fx (foldr f z xs)
5/ foldr, SRATSREATLUE SLANTF :
Soiwi o =x4 (a4 (T34 oo+ (Tt + 20))-) (1.52)
= foldr (+) 0 [x1, 2, ..., Ty
H?:l r; =1 X (1172 X (1,’3 X oo+ (IL‘n_l X .'L"n))) (153)

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

B AT AT . sum = foldr (4) 0 Fll product = foldr (x) 1. fEAHER?
BYER[E A sort = foldr insert [ .
FATATLME foldr ¥t ik 1, HHRZ M A RATH . A HICH foldl :

foldl fz[] = =

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

P sum offl, T ELTREL S 1A R



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

T BEHEIR T f 2 o BOTHE, XS SRAER AT A SRy
ﬁuﬁg [17 37 67 107 15] o gi%ﬁas fOldl Eju%%j@?ﬁﬁqﬂ%ﬁ (qjééiiaj?i) :
foldl (®) z [x1, 22,y @y = 2D T, D2 D ... DXy (1.55)
foldl JZEEBIAN, W] LI H LI NIEER. 18 TR 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

[}
N

foldr 1 foldl % EATE AR S BAPEAMAEIIE. fli, s
SR IRRINTTE (k) . Bl TERE XA fromList B8, M— 1 FIFATREH 2
5 (FTERAL) :

fromList = foldr add @

Hr o B2 g . HRIGERA G pURIXRE Rt LT RATERE
Tim TR WRABEFFILIFRIIT . foldr Hiie—1 HIRRYILERE, 1M
foldl W £y HIAI R o AEIEACSEBUIS N 1 A B P T, BATTi] LSS SO A 36
FHAAT reduce #R1E:

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

ANNRBALSEEE foldl, RNERREIEIFRY, [FIRHH LR EX &5,
I HERAELSE D AR Y5 (IRANEMESRESEEL) i, wtAEER] foldr.
NE G R TS IR T A ORI E T A Rk A SR, R El Y
10 4~
take 10 (foldr (z xzs — [z]:xzs) [] [1,2,...])
= [[1], [2], 3], [4], 5], (6], [7], [8] [9], [10]]
XEAREM foldl, HNIHREKIEAZSER . HARBAKBIN, TATHZE—
M55 folde AFthAERHRFS fold, Ml fold, SRIMBIAL AL M. REATEN
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KRR THERD, HESIMMSRMMEN . BRI HE|I e AREEsE . AL
X (199126 95) . BABIRIFE G 24 A TN N TR T HEX M4 (1)
FELT A (=) s (2) vl RS IH g (E1an—8E ] o F AT R) .
PRl 2 e Vet HE N T =) | N o NI B T3 =

VeI, FROTREWEE fold Ml map KMtk n sk . £E95 28, 3K
MG T — 95K, B IeERE MY (i, s), A TINFES @ MIBREARE s. F4t
BAE, WIRATH 5 0 RERCRC AL J BB, R AT BIRAS . X —idRERT LA fold
B

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

MR TR K . BT ERFIEIEN 1 2] n BOREHL PREL step P4
2R BB TP IR 3K step i L = map (switch i) Lo foldr {Z55H )2
RARF S /MR . 8T KM map NEXHMEPIRBUUIRES, P sum Kil
AILak] e R

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

WA T ET) PR B S, TR BRI X
By B R -

concat = fold, () [ ] (1.57)

Hi[ln: concat [[1],[2,3,4],[5,6,7,8,9]] = [1,2,3,4,5,6,7,8,9].

%3 1.11

L1113, S5 T H foldr JE SARNHERY . FAPEIHA RGN insert @ X, IXFEHER AT
PAZEIR N sort = foldr insert [ o foldr HZEHI Ay :

foldr::(A— B — B)— B — [A] + B
HApSE— 1S fINENE: A— B — B, #IHHE 2 EEN B, BXITER
FRNy A WPIRBATEM, RAGERNERN B, WA foldl & LAGRNHE
Jr? foldl BIFALEA 42
1.11.2. concat FIIS RIS ZRIERAT 242 T — D EIER RIFY concat Hiko
1.11.3. i foldr 35E X map.

1.6  AFALIIE

BRAL IR R RS, ABRT A, Wl T 2R R XTI,
W2 Py AR5 R . AR BRAER AWK « 2 HE T A1k X? FATA LA
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s AR B ICR A @ AT

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

IE—ARAEBRAE elem, BRI O(n), Htn @R E. AESIRATT, 1)
SRICTEERMALE] O(lgn) o IXI2 RS SCR H AU IR REALYT R, Tosk @i —
nEH (WH3F).

FETORY T elem B £ n ADERIT . AVER T “6/{E" X512 [(k,0)].
TR (H, PIE RIRIIR" . AT Ridid S A i 2 O B E

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

il elem AN, FATAUBHAGE = FAESE, B BEREDG NV E. BTH#
HAR—EHAE, RAIBINT “FTHE” ARHEER Maybe A, CAEMWMAREKME: 28
A WMHEAME o BU2%S . SIEH Just a 3% Nothing. iXj&—Ffeass| F 77 8
(1 422%)

— YR lookup Bl —BAENL . AHIBEEETRME, MEEHRlEE—
ﬂﬁfﬁﬁfm%-

findp[] = Nothing
(pz): Justx (1.62)
find p (z:xs) =
s find p xs

)3'% ﬁ%?/l\ﬂ:%%{ﬁfﬁ HF, find JURBI—4 FATATLHTEY e h & 4L
RS IT R, X REEPRE g, WK 1.4 R, HiE N (ZF 3%
L’t) : filter p X = [x|:c — X.px]o

i N — filter p — #HH

B 14 N (21, 2o, ey, B (20, 2h, 2l ]o AR Vah = p(ah).

1 find AE, WERFAEMICERWLF, filter IRBIZHIEL. BB
=, lREg I ITER:
filterp [ =[]
(pxz): x: filter pxs (1.63)
Gl filter p zs

filter p (x:xs) =

SR T FLLL R FRER A Optional<A>,
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X RIEMNA R ARG SR . AEIERSEIT, R AT APPEND SRANIEZR, 1
BB FEER) O(n?)o I Cons B, WEEHUZIF P FATAT AR T — IR Zett:
TR S (Z5>D)

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)) > 2R PER (]
6: L + REST(X)

A Rt T SR R AT LA foldr SRE Mo WTTRER f it Moo, ik
TFEEMmInBZEET: fpras =if p v then x:as else as. FEXJTIEN (F
B :

filter p = foldr (x as — fpx as) [] (1.64)
AT LA (FRAE 0 2240 -
filter p = foldr (f p) [ ] (1.65)

R EHIE S . AMURT 53, 7T DO o] 3 7 1 254 7 FH 364
FEFME, B BOGERAE

VCHC— M2 A — b S — 0. RIHRRE A R A FAF 8, DTEC
Ny EARINA B8 14 3|) o FOMUE B AT as Z 5 PRSI bs
HI TR X B PR BT as 2 bs IRTZE JE%o span FHEMF G F
HR AT . RPN ITIEE — L asy bs FEEANTTE . 47 as /& bs BUATEL,
iCH: as C bs,

bs = True
[

| = False
1.66
a#b: False ( )

a=b: asCbs

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

HTHEfPI, RS a S 2 R HRATIRGEH R R & 54 :
XFFRES, AR ME TR X UG EEAR . O 1 SE B (R 1 5 280G
R LASCEG AN B1I36 B oh B 2Rk A -

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

fEH C, Al AR AR A (a8 E) o« & LR AR,
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PisIFe B AW T RS A

infir? (a:as) [] = False
ACB: True (1.68)
infix? AB =
AN infix? A B’

N HEXT B A IE AL :
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
F T R 2R I 5 B RN (A, I ELAR M T AN, X — B E TN
O(nm), i n Flm 53 REPNFIRIACE . XIFRsth, FATATLMZE B MATE R
%, ANakE A RN RIS
infix? A B =35 € suffixres B,AC S (1.69)
I TH Y Haskell 4517~ Fp A 21 SR ARAT SEI T X —TJ7 ¥

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

Hr isPrefix0f gHfraiZifee. tails Mt —MoIENIN A RS (AT
1)

43 1.12

L12.1. fif] reverse SKILZPERS A HE IE A A
112.2. oI, MR ErpraE%.

1.7 SREAI#

RIRFZE el et (71, MR e sdin . EHORE. e, (BPERE
FEANERY o AR n S AT BB FATHIZ — W GG FZE smap (i — (4,0)) [1,2,...,n].
T RERT PIBIER, E L ip BREL:

zipas [] = []
zip[]bs = [] (1.70)
zip (a:as) (b:bs) = (a,b): zip as bs
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X5 AT AR 913 o SRIRE SR BER AN ARG A — IR . FAT]
BRI KBS RURIHSRD . 60 : 2ip [0,0,.] [1,2,...,n]. 278
FUFe, FATT LA R4 50 : zip [1, 2, ..] [a, an, another, ..o zip WA
A A R e BATATLAM] foldr ELE . BAREAN O(m), Ht m ZHEIEIIERAK
JEo AERASEHRS, WR(EH ApPEND, HAEREZ FIEN-FITHIR. AT LA Cons
PSR ATCIRALHTC GBI . ar e AT, AL A RS R (FL
N R K BITTR B N — BT RS
1: function Zipr(A, B)

2 C + NIL

3 while A # NIL H B # NIL do

4: C < ApPEND(C, (FIrRsT(A), FIRST(B))) > PR (]
5 A < REST(A)

6 B < REST(B)

7: return C
=18 zip KKEZAF K, ARG gt 7 zip. zip3. zip4---o
AR TR SR A B, TIAURHIETEZR . B, AR 513
PR M B U [1.00,0.80,10.05, ...] (J8) s AR R [3,1,0,...].
FARMET 3R, 1MEF 0D EE. NHNETHHE NS

paysus [] = []
pays []qgs = []
pays (u:us) (q:qs) = ugq:pays us qs
B 7 LA cons, HITEEEIM 2ip HF . FATEHGREEG N [ 1%
25 zip 5 S — RO HARAE
zipWith fas[] = []

zipWith f [ bs = [] (1.71)
zipWith f (a:as) (b:bs) = (f ab): zipWith f as bs
FI zipWith T LLUE XN (D) 10 A B = sum (zipWith (-) A B).

zipWith S5 M SRAEIE AT LAE SLTE 55 IR E ) -
F=0:1:zipWith (+) F F' (1.72)

ERYSG U FRTCH MEPARES, H— LRz 0, B IMITREL ' 2
R K HRICER I TC g5 PRI . N = ICEGke , A LRI, #2 F
F' AP MICERAINT . T ERY B R TR 15 A 2RI

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

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

zip (IHHEEIE unzip, KERESIFR D AR FIFe. ATLAE] foldr 5E Lo fif
(FTEAL) -

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

XTSRRI BT, A A E R LRI R 45 . U = [(apple, 1.00),
(orange, 0.80), (banana, 10.05), ...], WL 2R ERAZ - Q = [(apple, 3), (orange,
1), (banana, 0), ...Jo THREGHI, WP REFIFR A0 A RO, 205t
FHAM:

pay = sum (zipWith (-) snd(unzip U) snd(unzip Q)) (1.74)

zip Fl unzip LS ING I . AT LAY zip DLOCHRPIAERG, 1 s H iy &t
EITTENX, 4RI E AR . SR zip T unzip WWT] LA T BR B 22450 138 T
Az, iRl ar & BRI AR 5 (M) e —5)

IR AN 2B SR L O3, X T R BN U . AN 4
THRIEE R EI BHSIERREAREE AT ES R R T8 ST
HHE. REKZHIREREERAE T THRFYER, ROANAGEEN AR
f- Rabhi ] Lapalme ") /348 7 K F 51914 2 R 1% . Haskell bR FERAE T
FTFRRMEE R SR . (Al Al TIRZ 5SS MHEENG 7, FAHET S
A EE .

%3 1.13

113.1. Bitiota B3k (i 1) HJEIT:
o iota(...,n) =[1,2,3,...,n|;
e jota(m,n) =[m,m+1,m+2,...n], Hfrm <n;
o iota(m,m+a,...,n) = [m,m+a,m+2a,.. m+ka), k215 m+ka <n
PN
o jota(m,m,...) = repeat(m) = [m, m,m,...];

o iota(m,...) =m,m+1,m+2,..].

1.13.2. SCBRZRIERS R a4 2 zip ik

L.13.3. M&ME XL zip ($R: EXLANFIRINEN foldr2 f 2 x5 ys).

1.13.4. {§if zip 22 last At.

L13.5. 45— PP MIIRPLRELE ITR. SN, 15 e
T MR X R E TTR . LRI, D RS AR ETT RIS
Fo HERIIFRPHITRIF M ARFFAFEAI R PR — 8. X —FERNERER
ERERT? QIR VR AN B S AL, T LA R AL SR B
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1.13.6. W LAHAIERRE R T 3EGI IR 8. it 1024 FTLARR A 4 =2 =0 —
17 —KBE, n=dy,...dod; AJUAFERN: “dl = dy — ... > dy” o FEFA
FFNRLRIE o f1 b LIMENTNEEGEE (NI .

1.13.7. ey 4 U, JE3RF 32 —FasIE g3 AT g [ T LART AL
B, OWE 1.6 Fon. MR, SEATCRIER. &it— P EE S EEA
PIREESHEMR. AMEA L, S EEREIEATT G S (A AE
HAEHR AT 2D

B 1.5 A AR 513



BB T XHEER

HAHMGERIE T RO BRI ER S5, LB PEARIR (58 125). £
KRG, BB REARNAN, E2gRtn] ksl (E7 3.4). A—
JTH L, FERRBGINGE T, BRSO oA S AR Y A PR S AN L T 2 R R BR 4
o ZMAHRRRES R RERLS . IF - ARRRITE <REEHRIL U, The T
gEit—BOCr & R L TR EF RS T MR

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 ®Y

JX LAY map g R S S TR S . KOTSRS, ERA
IR BN E A KB PR T — R AYERI N o 3150 TR — T =X
o —MREWEE N (2) 1, BEEAE =S IR E AL
T RPN SCER R R, 10 (k) e ZE AR A SCRB RO A TR A TR, B
GERRNZ T o HUHT AL — 0 o T A e R O S L R KO {E
TSR Tree Ko MR AA TR, BATRRZ M 7155
BFRHA S

TR FRE R UK R E AT LTI 2, R EE . X T
Pz (1 k), U ST R ERYINT ks k/NTAA SO P A R E. 18 2.2
JEOR T —HR SR M A 2.1 bk, ATLVRE AU SR . — RO
MR LURMERE SRR, T RN ZOR E R ELRER T IR ® o 0T SRR AR X

10 RAHUERIABR - FSI N AR

2P BN, B BEEFRR. AR UNTT RHAS <RIBS
SRR TIIRI UNT” M RT R RS T

33
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(a) — IR EEH

()
OO
O OO NN O
OO0
(b) —HE X

Bl 2.1: — XRS5t e) 1

o, FATEEAFR AR A I B (key), FRTATHRAF 6T H E AR AME (value),
HBARIHN Tree (K, V),

K 2.2: — X R T

K 2.3 fliZe T SXOWMHI BRI RS H. | (RE) . A AT EsiE.
T T EPEIALSG, w EAERER F AC I 51 . BT BT SGERERI IR OL R 2
AR (T R AP R RO o AT T 017 Lo FERBEIRET, — Al
EEVEEEeci=R a IR TS EN S U ) N SRR i = S NP e+ Gawa =B &: N 1/

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




2.2 AN

S (1) AR =S

key + satellite data

left

right

parent

(

[}

key + satellite data

key + satellite data

left

left

right

right

parent

parent

2.2 A
o] " RRHEAN k. CRIMRA R B, SR iR e R A . mARIEE

._?

B 2.3: A AT /L5 | BRI

35

BTN kTG (2) IR k/NTRTS

HICER, BERMAZIZ g A0, ok kS@AZA PR 3 kS TIRT RHIIT
i, WHIEEAAAE T AT DVE S LART RO EE CEFT) . slidtprdds iR infe
JET, A AR A AL R, R, A2 — 10l IASRE®IAR), H

JESAAT

insert k &

z,r) =
7

insert k (I,

NGB ARF :

k<x:

(2, k,2)

m . (I,z,insert k r)

(insert k 1, z,r)

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

| otherwise = Node 1 x (insert k r)

X AR T ARECIC RS . AREER 4 1A AR E R B tdun] A
HBRE I, S -
1: function INSERT(T, k)

2: root < T

parent < NIL
while T # NIL do

parent < T

x < CREATE-LEAF (k)

if £ < KEY(T) then

T < LerT(T)
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10:

11:

12:

13:

14:

15:

16:

17:

18:

20:

21:

22:

23:

24:

25:

V>3

%

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

Horp Key(T) 2RO i f9fE, g R EUE T

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

FATAT LSRN, K —HIT R i A -

fromList [] = @

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

— X EH

> T Nz

BTSN (58 1) ¥ fromList 5 XN (F[EBAL) : fromList = foldr insert @,

AR TR PR B A2 s 2B B XS FRI insert k ¢ M1 INSERT (T, k). R
HRTLAA foldr, Ja& M foldl (SSEHTRY for fiHER) A4 FITCRFLAR M — AL M :

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 WJh

R AR s R — X A TR . A =R TIE . AR
PRy Ja e e TR YT AT AT RS I a 44 Y o

o BOFFMRPT: SEVTIRART R, SRR VTIRZE T, SO VIR TR

o WRRF: Jein eI, SRR VTR R, S VTR T

o JafFm s JeViinl eI, SRR VTR AR, BE DT AR A

B VIR SRIERURIBIAN . SeUT ARG VIR 1 SR SR)E . BV RS
53 SRR RRAR AR . SEiR 1 4 SOR VT RAR N BT . X T 2.2 iy =X
LIRS NS Sl U

« W 4,3,1,2,8,7,16, 10,9, 14

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

« B 2,1,3,7,9,14, 10, 16, 8, 4

FERIHL, R T AN EIR BB T R . SRR A E SUARIIE T

X (W4T 2.1.3) o 58 SCmap 457 73 5 4 SR8 f SIS0 L
TR 1575 — RR [ A R o

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

SR AVTIR] BRAES T RE, TERREIE S AN BR, FRATAT ASEI R i
-

(2.3)

1: function TRAVERSE(T, f)

2 if T'# NIL then

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

5 TRAVERSE(RIGHT(T, f))

AT LME S map, 1@ i s — R SRR A

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

AT AR 2R I SR8 Te e PSR O — SO v s g 48
PR A B “BHHER” - sort X = toList (fromList X), 55 i eR%EE
A gt

(2.4)

sort = toList o fromList (2.5)
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FATT L Xt i rEn (SIS s —5) .
foldt fgz@ = =z
foldt f gz (Lk,r) = g (foldt fgzl)(fk)(foldt f gzr)
XH f: A= B, BRACh AT EMGN B, IXEE f(k) = m. BEiBIHHb
XAGFREM N2 HG) 538« My, Ral g B ="HHAEGEK gz my. F
A foldt, FRATATLIE L XA L map 2y :

(2.6)

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

foldt FEENNEFI ] =TCR %L g tRAF 1 XRIZER, A RIDEERY, W] AR

M ZJCREL f: Ax B — B SEZHLEM, KEEN Tree A W ENINZEAN B 191E:
fold fzo = =z

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

Bl sum = fold (+) 04 XA HITTR B NMEK . length = fold (xn

n+1) 0 ATLAGEHRHFOTR A (R fold TCIRE L map, NN ZJCHEL f FR T
USERAR

(2.8)

%3 2.1
2. 1.1, S5 /EANTT H s D AR Pk P B A AR, R B TR, I 4E R e T Y
e

. BIFBFISEE: 1,2,4,3,5,6
Wi s 4,2, 1,5, 3,6

o G R P
2.1.2. ZAR S B P ik PR R e a3 1 2 S B SO
2.1.3. GEWDA Z SRR BT i 1 AT LIS AT R e A NI RIS At
2.1.4. XTIk, WHIPRNEEE RERMT 42
2.1.5. {fifHEMNE N toList
2.1.6. (EHBEINE L depth t, HAF MR - XHAYE L.

2.4 A

AT SRR TR TR R AL B AR, e ] DUT SRR A R . I
WRMPEHM 2N HER WIER. A=FARRRER: 1) ERpEg—
M 2) SHEERREERVIVCER: 3) EEHEIURIETK (1) 8UR4E CF—1Y)
TCRe FHIBMREN Tree (K, V) B IR TP EHR A « X AHE:
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o WERWNZS, o ATFAE;
o WMFARTIEICE (ko) F k=, FHENv;
o WiRx <k, fEAAFRAUETEI: AL R HE.

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

IXEE Maybe 2558 * AEFARFEIMIREOL. A0SR —SURFA (WS, X T
n AICERI IR, ERAPERE O(lgn) o AR = XARAFAT, 2 H I R 45 5
MBI IRIE] O(n)o ARICHRYSIEEN b, MIAEHEIERITERERT AR O(h) 1Y
B e N HUZIHRRE RS AL
1: function LOOKUP(T, x)
2 while T' # NIL H KeY(T) # = do
3 if 2 < KEY(T) then
4: T < LerT(T)
5 else
6 T + RicuT(T)

7: return VALUE(T) > T =NIL &7 &

FE XM, B/NUTTR BT AN S, Rt R B2 T A M
o ATLARIADX et E M R /NCE . N THREIR/NITE, JATAT LA
) M E, BRI M SO %S XK, FATAT AT AW i A U R 2 AT
o XA ERBAITERERRE O(h), Hrf h B S

mir.l (9,k,r) = k. max (I,k,@) = k (2.10)
min (I,k,7) = min [ max (I,k,r) = max r

A I T T A R AR T Bl MR/ N TR TT IR, B AR 5)

BFIRCRITR, BB EABEh. N p R T A R TR

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

XA D RV RTIKES TR .« )5 4E OATE = < y IR/ y.
IR = WA PR S, WA PR R B MERUZ R 4k. B 2.4 v 8 fYJR4EITE N

I 4/E Optional< T, g —iz,
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9, BiE 8 WA TS IME. IR » (A RO, FEA LR, B
— S p. (% p RATRHEE « BUHSG. £/ 2.4, JTR 2 FrfEfy 7 mBsea A
o3z, 1o BRI S ETR 1, (B2 L BUA M52, 4REim EEHREDTR 3. 3/
FE IR 2 BURHSE. IXFE 2 HYJE 4R 3.

A 2.4 8 BYFHMON HA M S/ ME 9: 8 TG 2 R4k, Bt E3E 1, &
B, dkgiin) BECE) 3, 3 B2 2 i9AHSE, s 4R 3.

WA A B U —ERE TR A BN AT A RIS, X
Wz H e (W) — 1 ITR) .
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

2 x B JEAkIR A NIL, 4RI Z S5 I Fx
: 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

AR B IR B AT M5 U ° o AR SR T B N AR, LR
KB B B AR, R zipper(M) o5 —%). EARATIRAG ARAGRIRE “1F
A AT R” . AR BN T, FRATEF I map
WA TCR . AAKREEER S, e IR A AR L

%3 2.2

2.2.1. HWIRAME k2 EAAAET I Tree K 1 SHEZRR ¢ H,

2.2.2. ffiff] PrED fl Succ LI — P R LG, HEEH —RESA n
TCRRIMHISE R R 42

2.2.3. NIRRT LA — AN X ] [a, b] WYICER
for_each (m.lower_bound(12), m.upper_bound(26), f)
15 4l PR B 5 T A X — ()

2.5 B

FATARUEM B 5 — AR R A e+ T R 220 7 SOTE AT/ N T 1R
TR, AMS SRR T KPR BT RSIRX . MR A 2
Frkn v () IR 2 B s R T, B e P (2)
Rz AWRIES TR, A TR R/AME y B o, SRRRESER Yy Ui .
AT XA RAE : IR iR MEAS AT REAR PIRRARZS 140 IRt 28 —
FEOURAC O 88—l NI E SR N R D0 iR 2.5, [ 2.6 [ 2.7
iR

Tree

NIL NIL

P 2.5 B U TR 2

*ML 8 OCaml Hif5 ref 5] I, XEHMATRTAEAT .
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Tree
Tree
L
L NIL
(a) MBx 2 A (b) MBR = 5o a # “Dis” FFhEZEN
s Zav =
Tree
Tree
R
NIL R
(c) MBR = Hy d) kg = 5. o8 D" FFiHEAN
R

4 2.6: MHERHA— R T ST R

Tree

L delete(R, min(R))

Tree

L R

(a) MBs: = Ay (b) MIBR 2 J& o o BB N A5
SCPRIRE DI I BR/IME

2.7 BRI A AR 20 SR
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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
dello = 1 (2.12)
del lr = (l,y,delete y r),y =min r

MEREIERZ AR O(h), Hr h RS E. 6 URET A MR R i E

AT Ko
1: function DELETE(T), x)
2: r<T
3: ' —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
10: y < MIN(RIGHT(z))
11: KEeY(2) < KEY(y)
12: VALUE(z) < VALUE(y)
13: if PARENT(y) # « then
14: LEFT(PARENT(y)) < RIGHT(y)
15: else
16: RIGHT(z) < RIGHT(y)
17: if RIGHT(y) # NIL then
18: PARENT(RIGHT(y)) < PARENT(y)
19: Remove y
20: return r
21: if  # NIL then
22: PARENT(z) < p
23: if p = NIL then
24: T
25: else

26: if LEFT(p) = 2’ then

> RAT @

> A S N2

>y I/ A

>y e TR

> MIERAR
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27: LEFT(p) +
28: else
29: RIGHT(p) + =
30: Remove z’
31: return r
BUE = A, BB TR R RRIIER T RO HACY e IR o iR — 205

NE, B e Y MRPIF SN, AMES TR RS/ ME Y
Wye Fy Beffedsi o HINA, FERIBUERS y D" IXELRRREALE y 2 o AT
FHOARTY ROX 4R IE Lo LR IE B2 BT AR A7 R AT DRSS o ANARACTT UM 2
W EERBR A RAR T e IXFPE DT, T O EHT AR AT MBS R . wln] A% 4
MBR = 7o MERRYEZREN O(h), Hr h Z2RHEE.

TR BRI 2 AR T B S B he WERREAPA#, O(h) £ O(n).
Rz b, O(h) #3k O(lgn). S0 TEEAEWFRN A Sh4ER-F itk EF
—Fhfa T sem (1 55 265-268 1)« Jl i B SR I/ NS T A B . Se
FEPLER BT RLICER IR, SR FHEER A -

AT LA 3R RS S E (Map, RN SREREUR ST L) . frea T
. ET N BERMER, BB ME. SRR K, EERZ
V., BRETHIZEION Map KV 8 Map<K, V>o JEaBETas n 5000 (B KA
{k1 = v,k = gy Ky vn o (T SRR SCIUBRETHS . RATBRA K A Fr
Tt BT R X (H, KN Tree (K, V)o BATH UL RM
TRABCEEF ARG 0 BRI 25ERE k. AT lookup BAEARIUMS
Hvo WER kAL, MEER 2. B0 TEHPRIZBRRE. AVL R a] LU Sk Sl
(ISR

%3 2.3

2.3.1. HW A SERAN AT, AR FRAOBR G A2 TR R R KA
BRI T AL ARSI KB T R DR o ZiEsi X — 8.

2.3.2. fuEsSELEE LI

2.3.3. WNFTAE—RR SO TP ERE] BRI PP R

2.6 i A
442715 8 T — S B 75

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

AE P A I 6 4l N B -

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))

S A

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

THER H R B AE

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);

BT HE/ LR

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);

T ETT Rk

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);

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




F== WAHT

WAL 2 — R A BN T R =, RS T ENEIE
S XTFARTIRIICER . FATABAFEUL TR, A AZ— 515,
I TR AT ZLAERS ], HEFPE AN O(n?), Hrbn 2ITRIIMEL A
AR AP REA I — L R MHEP RS BIanbsHE P AR Y . RS,
IR REAE BRI A TR BB F HI R o AEPUsHE P RYSEI T, R AR R
BUNRIES . EREEEAHEY -

3.1 i

FREE W TG ER TS R 8 TAR A T4 AHE 7Y AR (1) 58 15 - 19 50). %
JE BT R RPN T, s P B A AR o AT, AT R AR A
e FEINE SR, s R R RS GBI E . A 3.1 fron. AR
X — TR, FATAT LOXFESL B A HEF -

K 3.1 REAE 8 AN E—F

1: function SORT(A)

2: S+ 1]

3: for each a € A do
4: INSERT(a, S)

2 A R

47



48 % =% HAHSF

5: return S

X — S HE P S5 SR A AR BT S v, AT DA B 19 23 [R1EA 7t b
By
1: function SORT(A)
2: for i + 2 to |A| do
3: ordered insert A[i] to A[l...(i — 1)]

HAPZR5] 1 (BB 1 E n = [Al. ASA—PITRN 78l [AlL]] 2EFH,
FATEE “ATTRIIAN . HALFRES @ IR, firf i ZRTITR 2 EFM. &
TIAWEARHEFHICERIRA . 0 3.2 frR.

insert

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

K 3.2 AWHITRBAER

paisg

15

3.2 HHA

BB T HIRIEAGE . X THH, ] LUEdE iR im AL,
KA AT LA A T A BB A T A2 AT T A SEELE A [ A A TR A -
1: function SORT(A)
2 for i + 2 to |A| do > Insert Afi] to A[l...(i — 1)]
) v Al > 45 Ali] 475 o
4: j—i—1
5 while j >0 H z < A[j] do
6 Alj + 1] < Alj]
7 j—g—1
8: Alj+1] « =

M TR RIS, AR B ATTRE MRS R . AR5
MEBERATTR v, FHEJEEAATAICR (845 Al + 1] Ali+2]--) #h
BB 58 0 M ESH PN o A& 3.3 k.

BRI n, A o RIET « DICR )G, EME THRAME. 5 FRTEER
RRE n—i+ 1 MICRAEEDD, B o BN « Mg BIE 2R, JATEETA
A TR T, MR A, WHERE n —i+ 1T
R, HPITHFEIER R Sh R . FROTM AT LUE L1 FmAy INSERT() BREL, HAE
TR o TCIR R ML A BN [ ZEAC B 4 N ARA TR LM ], PRI
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o Y G

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

K 3.3: KUK o AR A RIS ME

HEF I SR E 2R O(n?), Hdrn ZICRIDEL
23 3.1

3.1.1. SEELZE A AL BE A 1 N HRAE o
3.1.2. & SCHUh M BRI AL A SEER AR -

3.3 Tk

BN BT, AT RZ — IR B . FATZ B LARE P
FENL, 2R F AR MR ZHZEC P . — 0B —MECR 78 i
FERLAY J5 7 o

function SOrT(A)

for i < 2 to |A| do
x < Ali]

for j < ¢ down to p do
Alj]  Alj — 1]
7: Alp| + x

SRR SR AL~ D] RATR. R WU
(FTRARE SR <)o RMTREERE - MRCE 0678 AL — 1) < o < Alj). RAVEHA
o TP EAG T Alm] W, Horfrm = | 5). MR e < Apm], WRIAHEN—F
PRI AR BRI AL TR PR R
Ol1g ) M TZE BEUA AL

1:
2
3
4: p < BINARY-SEARCH(z, A[1...(i — 1)])
5
6

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 > HE LK
7: else if A[m]| < x then

8: l+<m+1

9: else

10: U+ m

11: return [

XA R B R AT B E IR, 2 RRR O(n?). E—LLEIM
NPT O(n?) IRELEAN O(n?) ik#53): (EH — &8s, BB 2 T
O(nlgn), HEIEER O(n®

n

—_

o

3.4 Fzx

TOEPCAE R EETE] O(nlgn), HRTERKBIEATHITTR, BIKE
IREIRZ O(n?) e —Jr T, HHFIRAMEITRN, — BRI mAGE RS
RNBRAVEAR SR WA . e —Frh, BATE S T SRR HE P 5%

sort [] = [] (3.1)
sort (x:xs) = insert x (sort xs) '
s i H] foldr RIFTEALIEL
sort = foldr insert [ | (3.2)
HTFHERST . FIRE insert SERLNER R :
insert x [| = |[z]
x<y: w:y:ys (3.3)

insert x (y:ys) = {

G y:insert x ys

AT LU RS T, i 75— R 5 | B R Sy 3k . XHMEAToTER Al
Nextli] {12 T Ali] ZJ5 F—1ICHEM RG] it A[Neatli]] & A[i] ;) F—7C
Ko HPAMWMRARERS: MTHERNAKREITE Alm], & Next[m] = -1, FIR
HEgm NIL; A E L Neat[0] FrI0 513 1LE8. FIHRGIEEAH, FATE UdNE L
I

1: function INSERT(A, Next, )

2 j<«0 > Next[0] ¥5 Mk
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]

o: Next =11,2,...,n,—1] >n+ 1755
10: for i + 1 ton do

11: INSERT(A, Next, )

12: return Next

AR, REAES ] A E AT I AN T R TR, AHAA200 P A4 BB 2
B BARIHE ON?) kL. SEAUNHE, FIFAZRBEILYTH . AREFIH =5
BERIRTHEN L -

%3 3.2

3.2.1 MARIIEAL, e RE T EHHINERS . B, RIEE
5] Neat, BEHrHESIZA Ao

3.5 T XHHER

FANTER 7 HRMESF L R R I s R AR, SRz 1
SRE O(n?) INEZRIE. —J7 I, FATA B = EHAE L ER B IKE] O(lgn): 53
T, R EAREE , OB SRR E AL B LU B R AT R - 1258
TEHL BAIAT RN ERARSCR o ER. —HEMEIEAME, &
ATTT AT R TR AT 1Y R
1: function SORT(A)

2: T+ o
3: for each z € A do
4: T < INSERT-TREE(T, x)

5: return To-LisT(T)

5 T INSERT-TREE() Ml To-LisT() HIE Lo ~FEIMENT . WHFHIE
e O(nlgn), Hn BICEIME XIEE] T T B AHEFEIER A R (1)
55180-193 BT+ [ 45 167 1) o HAERIMEIL N, LA EAGES . HbkfES T2
O(n?),

REWEIT, AT EENE — T EEWN . CRPEMN, ErEgEREF
FERANN o FEANHEFA M A LR, I B HE P i TRESEE : AR /N
PREET [RR 248 N HE 7 DAHGIE S H AR
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N



EIUE B

B BRI TR RCR G SCE T ERIAR R . REAT AL HE IR . &
IR AR HIETE? A0 T s -

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)
}
}

XA TEEREAE ., LK Zara, Zed. Zulu kAR 2. #iHox%
RS HES R . IARAGRIE 1, 2, 3, . n A TR R, MR 4.1
RIS R TR h I SHRER, ERHIE IR O(h)o MR BT, 3K
ITtaES A3 O(lgn) FITERE. (BAEIX—HomiF ol T, EHAIIERIEIL N O(n). 25
ERAESEEE

%3 4.1

411 WTRKRHESE, N TIPS EE R, wTEAMER A A RS — DMk
R, AR AT 2 MESS MBI G55 R A —
AR RAT AR AERAE TR D CE 2 I, (2 AL 21324
iR 2% 4.2, WHEZRA-FEIE DL

41 PR

NEEGARAPERIEDL, WA FIITEL (F7 2.5) (HRXFITIEARRME,
TEEAL P EA AR P31 o NIRRT — e P AERY T35 ENTR 2RI

53
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B 4.2 — SRS R



4.1 T4 55

WA o BERARAE ] IMERCE R S R R TR A r . AR L8R,
— R LR B AR . N BN E R ——AVL . £ 8 b
IR, BREMBREEIRIE, BIKE AT . FAEAIR I SO AR AR F R
Frm g R W ORae il P 5 SR, 1A 4.3 i o BEREARAE AT LA i A
VERLRE
e o
O R — J v

] 4.3: WAy iEd

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

(4.1)
rotate;, T = T
il
rotate, ((a,ﬂﬁ,b),y, C) = (a,a:, (b)yac)) (4 2)
rotate, T = T .

WSRB A IR (BN ER RO ZS) . BRI ATIRFFRIA L . i
e T s — R PP IR TAT7H R A1 A5 | A E A fEREREZIY
HAVELNRTT 3 T A i) 71

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,y) > My &
8 SET-SUBTREES(z,a,b) > 4 a,b Nz
9:  SET-SUBTREES(y, z, ) >4z, e Ny BT
1. if p = NIL then > BERT 2 SRR R
11: T+ vy

12: return 7'

£ TiE RIGHT-ROTATE FYSZHUE XS ARG, FRAPEHEES ). REPLACE(x, v) fifi
My &
1: function REPLACE(z,y)
2: p < PARENT(z)
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3: if p = NIL then > R A
" 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) ¥4 L %4 = /AT, RIENATH:
1: function SET-SUBTREES(z, L, R)
2: SET-LEFT(x, L)
3: SET-RIGHT(z, R)

BitE—418H SET-LEFT 1 SET-RICHT 5E i - E

1: function SET-LEFT(z,y)

b

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

I

4: function SET-RIGHT(z,y)

@

RIGHT(z) <y

if y # NIL then PARENT(y) < =
WIS EE W] LUR B DTSR (] S AU A BE AL I S B e MK — R & I IR AE 1995
ESLIL T LR R R

I

%43 4.2

4.2.1. SEIATTE RIGHT-ROTATE #4E,

4.2 EY

LLRRLE R T R B 2-3-4 WM e IR
AN, LLRR ] LUSOb R P FATAE — ST R A9 58 S E2571 R
TL B BATHR—ARA DL, IR e WL P 5 &k m Y

L 9 B o ZL B e R
2. IR RN AR

3. A NIL 55 oA 2R

Y TE, B MTHET2-3-4 0, HEEES—RALBEN, HITRIUTAHE.




4.3 N o7

4RI RIS, MER A7 G2 R o,
5. MAE—T iU A B AT 777 s i BB S M RO R AR A

N AIX 5 SR REARUEZL A PR e » SR T MR s A BRI
R AT A IR, SRR S BRI WA . PEIT 4 PRIE TN AE N IESEHY
T R WL, BRSNS A RORT R (E RS ESALn
o MRIEIES 5, MMEAT U & AT RO B AR S AR BCR R AT R, HARKX
S TARAY AR AT o It B A PRAIE T I A (] B A2 B B A B R B W 5 1
B 4.4 BIPIT R T —ERZLRM

& 4.4: 21 BB

T ArA R NIL 35 (AR @ MRy, FRAOTE T NIL 7 B, s 4.5
FIi7s e TR EE VBB A — S R, g E. 5K s/IMESE.
SRR AR R R A o T I B0 738 o A2 — XA R BR Aty H 38 hn 7 e
BN, FATEEN @, BNECH (el k,7), SRFEREE e (L0/2). tEk, K
HW L e

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

%3 4.3

4.3.1. EWIEA n D RINZLER, K& b A 21g(n + 1),

4.3 fHA

WAL EWANLE: B PR - SCURIMR, WS BB 28
“HEELEMHIB A AR, FATBT ROV . AEEARRT AL B
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A 4.5: Faget NIL 55 55

ORI TEBCER T LA AL o HE— Eﬁﬁﬂmﬁns‘Th FIAPARLBRILL T L, 2L
ﬁ4ﬁFmﬁﬁ%W EMERAZGHE", WA 4.6 Fis.

< S
w0

4] 4.6: FlNJE T ZEE RIPYFFE O

/
\

@ﬁh%%%ﬁ@ﬁi?& o WRBHTHJER LHEIAEE , rTRES IR
DAY AR ﬁﬁﬁﬁ2,Eﬁﬁﬁﬁﬁwﬁxﬂﬂéoﬂﬁhﬁﬂm,ﬁmﬁi
bdmw PREUE . AT B AT R C, BUE MM B sialf R

( y, (B,c, z,d))
(B, y, (B, ¢, z,d))
,(B,a,x b) y, (B, c,z,d)) (4.3)
, (B,a,x,b),y, (B,c,z,d))

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

IR PIMAAEA AL . e AT RIE A S B R B TR . 20 B Y H A
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BILEE N R insert x T = makeBlack (ins x T), 5 s AL TE L -

insertr = makeBlack oins x (4.4)
Hepr
insx @ = (R,9,2,9)
x <k: balance C (ins x 1) k r (4.5)
ins x (C,lk,r) =
x>k: balance Clk (ins x r)

AR N2, FATEE—AMEN o L@ 735 50 SR o f k9 R)N, i
VALK = FAZI IR SRR balance B -PAGME . R SRR TY AR 10

makeBlack (C,l, k,r) = (B,l,k,r) (4.6)

N EEXT MR R

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

TN TESEMAH. MREHANECEAE, TN UE SRS, b
AP RAERS s — A B SRR A SRR (1), 269 T0). [ 4.7 25 T WARZLIERY
EMIa sl 11, 2, 14, 1, 7, 15, 5, 8, 4 M1 1, 2, ..., S REETTR. &5 0 7
RIEF Sy, ZL A SRR o

B 4.7 il A LR

FE TR FB I T ARE S, X T RN h IR, HEREHN O(h).
T AT ZAE 2 B et I, b AT R n EXEOC R IiANFIRIE 4%
£ O(lgn).
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%3 4.4
4.4.1. A ITED, 4> BISA DU R B LS B insert Sk

4.4 B

ZLEAR RN R LEAR N2 A o o m] LAE T A5 X DG FE AT 338 VA T AL I B 2 A9 S8l 36
HERT LR HH BT ACRB 2RI BOR . flin, —RMERE—R, T Rdkr 2
A s BRI AET A _En— A0, A ARIC YT U 50% 0, FAARICH
TRE IR MBR L S BIALL R PR, RS . R U LA B
RO IR 5, SR iR RO R H DT HERN R AT5IA
WEEAT (M, 290 T0) T AORIRE B HAMER . — MIXFE T B ERIA BTy
o MHBRART N o B, FATR RO ERS SR T, 8B T ahE 4 b 4
R BORTT RN yo MR y FRRAM, KHEA RGO Ry FORERMA,
BB, O B2 NGRS TONE R AR E L

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

M ArARZT R (NIL) A2 B, SRR OBEhEI =T [y, AN WE
PR 2Rl (BBEmpty UMM @) o MHERAY, 55— DA — SRR MAHR: 0
FRBAMERTT fUR RO, Bk TEE

delete x = makeBlack o del x (4.7)

XSGR AR o SR G — 4 oeR, MERIE BN O TAAHIX
—IE 0L, FATHEAEU makeBlack BYESCUNTE :

makeBlack & = O (4.8)
makeBlack (C,1,k,7) = (B,1,k,7) '
del 332 BMBRAITTER © FI—HR

delx @ = ©
x<k: fizB?*C,(del z1),k,r)
xz>k: fizB%*(C, 1k, (del z 1))
del z (C,1,k,r) = l=2: ifC=Bthen shiftBr elser
=@ : if C = B then shiftB [ else [
I fiaBAC, L m, (del m ), Eorb s m = min(r)
(4.9)
AR N2, S5O0 @3 SIMBATHEL o IR &k, AR o <k, FAT T3
FEM oy SRR @5 AR o >k, MM MR . T g R bl sE & A DE
2 S i AN AR R4 T 1A IX—HRMEFRAE persist

r=k: r
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R, TEN A fieB? BTEE . Yo =k, ?ﬂiﬂ‘]ﬁﬁ%ﬂ?%ﬂﬂﬂﬁ?ﬁ’]%ﬁ an
RTINS BATHT — PR /T e MR RTTY ROE RO, E7 2
KRB TR MUERPIRR A N2, BA A PR PRy Sy ME m = min 7
DI, FEH m Bt ke 8 T IRFFROTTRAEL shiftB RL @ty [z B, Kk
T A R A AR 2R AT b, AR El R

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

hiftB (C, 1,k = (B,l,k

S Zf ( 7 ) 7/r) ( Y ’r) (4.10)
shiftBo = @

(%)

shiftB & =

THEEHNE ARG RR RS E R AR E D)

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

isEmpty Empty = True
isEmpty _ = False

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

BREL fioB? W TERAR RN B G o T BN B R . N SR 1Y R BE T RE 2
R, WS TN @, A =FEH:

THOL 1 - WERARN LT AN RE, HHZWETRAE M aFiim. AL
WS PERAE S IX TG Ol T TUFTFIFOL, 2EAT AR RS —Ffhgm —TE . WA 37
F7R o

fizxB? C agz x (B, (R,b,y,c),2,d) =

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

a o«

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

Hr ap: £IRT R o BXEBA.

oL 2 : WEBAT RN RBT R NG, o Doss el , G HA B 1 8L

3o nlEl 38 Frzne FATAES (4.11) ROEEAG EIANR B 2 19124 :
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d b

e/?\ ‘/o/@%\d

e d\ﬁf&
b e a b

B 4.8: 4 FhyiEdia] LUE RN SE—RYIE

A 4.9: MCEBATT KL BT ROVALE



4.4 OO 63

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)

RO 3« WHEBAHILH TR, LR R WAF R BRE . X gD
T BATR LT AR, RO E RO E R, SRR R B R A
—REIA R W 39 FR. ABIMFRIGL: X EJTRIE DL, iR BAf,
W*ﬁgé AMASNBERG: T TIIREI, y FELSIEEEL. FA14k8:1E

(4.12) HYELAS_EERANERME S -

P 4.10: ROUCE B A _EA i

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)

(4.13)

R BT IEECE] Bk =R, f)a — TR FF T R R AHBE 2
e EFRIETPAEIL: — R0l 1, BER O REAHER 1 7B ENE
Eéﬁi@ﬂ HEMRT AL FFRERE ARG FEAG TR U RIS 2

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

MBREIRREZRE N O(h), Hi h WS L. T LR R, 3T
n P HRER, h=0(gn).

%3 4.5

4.5.1. S “brid——EE” MBREE: FCHMBRITT AL (AR TRIER B B
HAARICHY T R H I 50% I B

4.5 N ~

WA DT I, FRATEM T2 RS AT 588, A4 har X
S HANBIERY R A TR AR, BN R e R R R

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
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11:

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

18:

19:

/\—H‘

SOP R

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

RIGHT(p) + =

return INSERT-F1X(root, )

B RONLLts, BN REE . o 3 FEARIE I, BRI A X PRI

B, ST 6 FENL. HA AW LA IR, BATMALLEN B 1. AT
AU AR A R A, A AHACTY R AL :

1: function INSERT-FIX(T, )

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

while PARENT(z) # NIL and COLOR(PARENT(z)) = RED do
if CoLOR(UNCLE(z)) = RED then >N 1 s @ BT SR,
CoLOR(PARENT(2)) - BLACK
COLOR(GRAND-PARENT(z)) < RED
CoLOR(UNCLE(z)) + BLACK
x < GRAND-PARENT(z)

else > AT U R
if PARENT(z) = LEFT(GRAND-PARENT(z)) then
if © = RIGHT(PARENT(z)) then > IEMN 2 0z BT

x < PARENT(x)
T < LEFT-ROTATE(T, x)
> fHIL3 @ AT
CoLOR(PARENT(2)) <— BLACK
COLOR(GRAND-PARENT(z)) < RED
T < RicHT-ROTATE(T, GRAND-PARENT(z2))
else
if * = LEFT(PARENT(z)) then > 15 2 AR FR
x < PARENT(z)
T + RicHT-ROTATE(T, z)

> THOL 3 FUXSFR
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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WAL EZRE N O(lgn), Hn 29 K% M balance AL, EATHY
AT ERFEAME . RIERAMFE PSR aiiE AR R R . [ 411 45H T
PIRRZLARAY , ENTRMAME 4.7 rhog R FIRE LR, BT LB
Ao B DURCHY R R B A — se R [

A 4.11: S UENE A A 2070

LIRS SIMBR L BN R, S IWARPBIS A ZLRREE — i WY B
PSR BRSBTS ——AVL . LR AT EEHEE
ABAREEIRI R B B R B b DI ORERPA, iR B R KR A AR
W _ETARY firp, UL RO . FEZL BN SEBLA, O TP, AL
LA, WIRZAIH T —FhE I, IR T 2R sea . A AVL
4 Splay RI#RE R TN IR SEELAY o

4.6 [fix: #lFRF

A A RS Y ZL B E L, BN ULt

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

root = t

x = Node (key)

parent = null

while (t # null) {
parent = t
t = 1if (key < t.key) then t.left else t.right

}

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

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

} else {
parent.setRight(x)

}

return insertFix(root, x)

FNERPEEE -

// 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




BE  AVL #

N FRPCPA IR, 2L PR R AR A R . AVLARSRA] 7OV E
BT EEARRNZER TR T, EX:

o(T) = [r[ = [1] (5.1)

Hep |T| Fomi T RSB, L r AR T LR 0(2) = 00 WERAFER T4
THVE O(T) = 0, MIRGZ e P . Flin, —MR&EEN h e = XA n =2"~1
MR BRTHFR RSN, AT AN 6(T) FARMERUN, REBCPAT. 3%
IIFR O(T) A —XMHY ““PEFIRF"

51 %X

& 5.1: AVL
—RRE AR AVL R, GnSRATA 7 T &R an T 5544

5(T)| < 1 (5.2)

PAFA - O(T) Afgse £1. 0o B 5.1 45H 7 —#R AVL B+ A n
AR X SRIE TR b= O(gn). FATATEMEIX 458 —HREN

69
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h ] AVL R, HAY A FFAR M EIERIE. HER5ee R, SRS R
HEZ, h2h -1, RO EEPEEL DA . EXLN(h) RFREGEA h 1 AVL
P/ NI RO o FRATTA

o M@ : h=0, N(0)=0;
o HAE-DMWRIIK: h=1, N(1)=1;

K 5.2 gt T — &N h 19 AVL R T & =/ JTR k fAAA 7R
v re RIS b A1 5 R TR AL R TETAY OR &R :

()
PPN

K 5.2 N b RY AVL R, Hr—#Ryis b — 1, SRS EA/NT h—2

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

UL IRAFAE— D TRV E N b — 1o R4 AVL RIRE L. A (|1 - Il < 1.
It LA Sh— RIS AR S /INT b — 20 T T P A S 915 s 8O W3 09715 18
L (T AL :

N(h)=N(h—1)+ N(h—2) +1 (5.4)

X3 Y AL FATHARGE L PACRES . WIRE L N'(h) = N(h) + 1, A
AR LI (5.4) Fetf il LB ARTES IR I 5C & -

N'(h) = N'(h—1) + N'(h — 2) (5.5)

513 5.1.1. 5 N(h) k=& A htg AVL A 588 &ML, 4 N'(h) = N(h)+1,
m

N'(h) > ¢" (5.6)

gop o= LA

JERR. EAEEEIANE . 2 h =038 11
« h=0,N'(0)=1>¢"=1

, WAF e o

e« h=1,N'(1)=2> ¢! = 1.618...
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SETREHERE L, % N/ (R) > ¢h.

N'(h+1) =N'(h)+N'(h—1) {EpAs}

> ¢t + " (BRI}
=¢" o+ 1) {¢+1=¢2=\/52+3}
= ph+1
O
HSIEE 5,11, Bl I A8 R IH45 5
h < logs(n +1) = logs2 - lg(n + 1) ~ 1.441g(n + 1) (5.7)

X —AEA AVL W50 O(Ign), WITGRIIE 1 FAE . Sl AR R 2 2
LRRIEEH, SECFER FRIZXHEB L 1, HEEBEER 6] < 1. £ZEmgE
TR RN e . AV H— R TAEILECH R RS2 R UT R EE Y
LR I TIXED AR RSN, AVL R R E T O
MR SR E L RE PR T 0 W LS MR, 8 758, JRATERA
PFEENET = (L k7, 0) PPN TR, FAESCEREHN T o T
Bl RPN T — AR 6

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

AVL 1 lookup max. min FEEAE "SR ZMAHE , M AN ERIRAE 25
IREY o

5.2 A

] AVL SN — TR, PR R ExHE [0(T)| rIRekI 1. AT
ALLRAE S RORAC U RCTT IS ATCR o )5, A& B FIs i 2 5
Lo FAI7 B A RN BRI T/ P R 1 @ SGRAZIR N —XMH (17, AH),
Horp T i NJE IR, AH S FERYETINE . BT — SR R AR N BIE B 2L
LURE

insert v = fstoins x (5.8)

Hrp fst (a,b) = a BB XHEFHIHE 1. ins 2 TRHITK o FWAZIR T -

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

L T DU s T R 6 )
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WARR N o, RN o B 71, SFER o8 0, BN 1. &0, 4
T= (ko) FALE 2 Mk, MRz <k, FATRTHK o HAB| 2 L, A
WFEANAT TR ro 3B ARIZERALZE—XHME (U, Al 5 (', Ar)o FATTEL R tree
RPN IR, B 4 N2E: (U, ADS by (', Ar)s 6, FFAESER
(T",AH)o Hrin T" Jpgrttf, AH E LT

AH = |T'| - |T| (5.10)
C R LABE— 2550l 4 RGO :

AH

T'| = |T|

1+ max(|r'], [I']) = (1 + max(|r[, [I]))
max(|r'], [I']) — max(|r], |])
0<0,0/>0: 6+ Ar
§>0,00<0: Al—20

A3 Al

Hep o' =o(T") = |p'| = [, BEMFHPETIA - B B 45 7 HOGER . £
FEEERT, ET R R A 6
-
Ir| + Ar — (|I| + Al)

(5.12)
= |r| =i+ Ar — Al
= 0+ Ar—AI
R R S AR AP R, AT 2008 L (5.9) WY ER T tree
tree (I',Al) k (r',Ar) § = balance (I',k,7',8") AH (5.13)

NIRRT H TS S

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 + dr - dl

deltaH | d >0 && d' >0 = dr
| d <0 & d' >0 = d+dr
| d >0 && d' <0 =dl - d

| otherwise = dl
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5.2.1 PR

A A PR OLHREEE, WA 5.3 fron. PRy 22 8H T -1, 1] Y. 3K
TR HGE—HEO DR 4, 15 0(y) = 0.

8(z)= -2 80 =2

s =1

8(y) =0 5

a b c d
(=1 ~ N

K 5.3: % 4 BB E NGB

FAIFRX 4 BFOONE — Fes A — A B — e o~ e ICREERTRY P A 5N
5(x)s 6(y)s 6(2): TEEJFRGFHEIR T 6 (x)s 0'(y) = 0+ 0'(2)o BAIHIRAWT.
by B 25 T IER

§'(y) =0 §y) = (5.14)

A~ ZENE — A HIE

y(y)=0 (5.15)
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F AR ILES, & By -

balance (((a,z,b,0(x)),y,c,—1),2,d,-2) AH = ((a,z,b,(x)),y, (¢, 2,d,0),0,AH — 1)
balance (a,z, (b,y, (¢,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)
Hrp o'(z) F1 6'(2) #5020 (83) € o WIRIAT IERCATA AR, M ERFFIFAZL

N HGEAHRBFRR F :

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)

N BRI E 2RI A A E He . HRAESS (5.7), X n AN R, insert
(= 24k O(lgn).

5.2.2 Kyl

HB— IR A2 AVL TR AW (1) 242 - XHERR: (2) M4
B T, X (5.2) + 6(T) < 123 MNre I I RIS VA G 240 T P v JBE 2 -

avl? @ = True )
avl? (I, k,r,0) = avl?l Havl?r Ho=|r|—|[l] H |6 <1 :
Hrr s R R
gl = 0
“ (5.18)
(L, k,7,8)] = 1+max(|r|,l])

N RE S T AVL AR e A

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

height Empty = 0

height (Br 1 _) =1+ max (height 1) (height r)
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%3 5.1

5.1.1. FRATHSGIE 7 AVL AR EEPERT, SERBmiEfe e d— #2772 AVL

o

5.3 & 5HIL X
WS it AVL H0f4SUTE. RELERIO G oSk, i)

Jetl " SALFEREHUCRTN . SR Rl AR I T

1: function INSERT(T k)

2:

3:

4:

5:

10:

11:

12:

13:

14:

15:

16:

17:

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 > T NES
return x
else if k < KEY(parent) then
LEFT(parent) < x
else

RIGHT (parent) <+ x

return AVL-INSERT-F1x(root, x)

WAFTCRIE, WRYEERTREREIN, U PEA 1 o Bl mARIA M AT HE

il 0 B4 1, WAL ATRERE 0 b 1o BATM 2 IFIR, BHIRIA BB S, ERIR
T Rle ICHH PR 1o o, SLAT 3 B O

o |9 =1.

. |5 =1.

8 = 0o FENJERAETFHRRAS . AT R E ERA
« [0]=0. |8 =1 A THZ—NEERINT, FE4kSN LS P,
0| = 20 TREJER; MBS A o

1: function AVL-INSERT-FIX(T, )

2:

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)

%A% AVL &

> e AT

> AREE H IR _E RO

> f-4
> MR (72)

> A7-7%
> R (83)

> fE-AE
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40: else > -
41: dy, < d(RicHT(L))

42: if 0, = 1 then

43: O(L) + —1

44 else

45: 0(L)«+0

46: d(RIGHT(L)) < 0

47: if 0, = —1 then

48: 0(P)+ 1

49: else

50: d(P)<«0

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

54: return T'

Br T eRe, IeF PN 6. A — G — GO SR T — ey M
= A — A TR TR, . FRAIIS IS T AVL s RIIHBR B0E, s B4aH T
TR A SE 3 o

AVL # /2 1962 4F iy Adelson-Velskii f] Landis '), UV $2H iy, FHELABIAIA/ES 19
BF . L AW R . AVL RRIZLRR# S B P R, K2 BERENE
ZREHE O(lgn). 3 (5.7) (115 AVL R H-PATVE S N ™ . A2 R RERIIEL T,
HER BT 27 A U)o (R 2 SEREAEAT Z4m AT 15 PR RE R R IRE R T
JEEATE PR LT BN B A — A 2R B3R, AVL BRI FE LT DL et
il Y- )

5.4 [ffsx: Bl

AVL I E L

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

PO

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

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

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

var dy = r.left.delta

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

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

t = rotateLeft(t, p)

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

t = rotateRight(t, p)

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

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




BN FEUW

HEFF — X5 R ﬁ%ﬁﬁ5$ FATITLA L (edge) KRR 42 HEGY
(Radix tree), fUffi tries FZEM . JEZM LR HX — B EURS . ©
M?é?wwiﬁ,Wﬁmﬁ?ﬁw[]ﬁ$%hmbE@MWAETEMH]
—J‘V) T o

6.1 LK

K 6.1 JEon T —IREER . BAE T T HEE R 1011, 104 011, 100, 0. Wi
W IEHIE k= (boby...bn)2, FRATE A E LM T ENL boo #7M 0, AR R /T4
R N 1, MR AA PR B, AT A SE (7, ﬁ%ﬁt—ﬂﬁaﬁk
HSERT A n ALEENA R — 790 i O DFATFELAT R AEE (key), IX—1F
BHPRARFE . B 6.1 FREAET PSRN TR AT REECRRIAE, 30407
AL ], IR Ans A TR

6.1 #F&E¥ trie

FRANTIRE 6.1 s ER S5 binary trie. Trie 72 Edward Fredkin £ 1960 4
PRI Bk AT HIE retrieval . Fredkin 4 H 24/ tri: /A HAD A G524E / trai / (F
BESCHE try B9& SR P AFLEENLT trie RN RIS, fEAZE S, trie f]

79



80 FxF ARHH

B Z  HE AN A BS54 . — R binary trie J2—FHRRERHT R, RO B
HEM—ERINCRIGE. 0 %R A", 13F7R “ha” Pl ZEE 6.2 Hhi trie,
3/I\Z<|a$l “117. “0117. “0011” /f_ﬁ%lag/l\_kﬁ%”?gﬁ 3.

& 6.2: K (big-endian) trie

UNSRAEHTTEY O SR AR, FE 1 32 (VB R Ge, [F12S trie A 1, 45
SR M 32 B . O T RRIX IR, DR N A R
wmhL (MSB) JlHAE/EH ., RAKAL (LSB) A XFIRRFRN KInEes,
B E LA AR/ NIRRT/, 1 F0R N (D)2 2 H9R4 (01)2 3 T8N

6.1.1 &YX

FATATLAE ] XA E Lo — M RELANE, Boams&/anFim—E
(EFTLIOAZS) 2 piihhh o 0, A Rgmhdh 1o

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

KT binary trie HHHAE—7 51, OGN I AR 7 RS A B 1Y . (R
WFRATTTCTAETT s Pk, 1 TG G Bk [ e e, SRR 57
A, WIRHEEN IntTrie Ao

6.1.2 #HA

AHNEEHE kA o B, FROTRE b Rl — bl IR kR, mIRAE
0, FATEH M 2T R kRAR A2 1, BB A TRAEN .
ORI B BRLL 2 BUER AR BLERARAL . X TAERH trie W T = (1,0,7), Hp 1 r
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AR, vRE (RNE), B insert 1YE AT -

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

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

even(k) :  (insert r z l,v,7) o)
insert k x (l,v,r) = 2

odd(k):  (I,v,insert Lg] xr)

MR E =0, AT 2 FAT R WRT = o, 4588 (2, Just z,0), HE
k#0, FATHMRYE k gz @iEarit, B2 o sty — 2795 5 (@, Nothing, @)
MRk BRGFE, X—BREEDRTIE. RO URA— MR EELME, 5
o IWINEFILR . B 6.1 B 2 i AT {1 — a,4 — 0,5 = ¢,9 — d}ILE
o NHEBIE TR SLILT insert BEL:

K 6.3: /N dEE trie, MG {1 — a,4 = b,5 — ¢,9 — d}

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

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

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

N T HE AR A, BATAT LRI ERR L 2 fRE (B 2) B&E80 :
even(k) = (kmod 2 = 0), SEMHAGOEE, f: (k & Ox1) == 0. FR{TH LA
TH B U PR LB N SR -

1: function INSERT(T, k, )

2: if T = NIL then

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

5: while k # 0 do




82 HRFRHM

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 $£52 3 124 trie B T 2l A5 & A RO EAE 20 X3 T8 m Ay —
BERIREET o, 35X —BIE VIR trie FPRY m =, B RSEZREN O(m)o FATHE insert k x T
1 INSERT(T, k, x) RIS P AXSFRA BT H] foldry J5& I foldl (af for 7
) B AEXTSIFAIER  d:

fromList = foldr (uncurry insert) & (6.2)
I fromList [(1, ), (4,b), (5, ¢), (9, )], Hrh uncurry Syl AL 52
B, e EXRREN insert, HE U

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

6.1.3
FE—RRAEZS Y/ N B trie LR kI, 25 ko= 0, TR [BIARAY f 7 A 1 i
MRS fe — AL 0 i 1, WA g T =& 4
lookup k @ = Nothing
lookup 0 (l,v,r) = w
even(k) :  lookup g l
odd(k) :  lookup ng r

(6.4)
lookup k (l,v,r) =

AT AT LA i 5 Sk AU R 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

ST m ALk, lookup BREUIIE 22 A O(m).
%3 6.1

6.1.1. EEATLIEENY Branch (IntTrie a) (Maybe a) (IntTrie a) Z5h
Branch (IntTrie a) a (IntTrie a), WRENFAIRE] Nothing, 15
MR =] Just v?

6.2 BELRHTLR

Trie (5 SR A AVERER . T 6.1 7R, HA 4 DS aEdE, =
Y5 AT RSN . SEEFIHRAL 50%. K T IRES AR HE, FATAT OG5
FAE— BT RURZE R BTS2 X AR S5, B Donald R. Morrison
16 1968 4FFHRH o FEMEYIE X, BB PR A Patricia, & Practical Algorithm To
Retrieve Information Coded In Alphanumeric [{ 8 FZ R4 5 P2, Y4 RO,
MIFRZ A BERCRTERM . AEA S RIS SCAIE B0 N AR B o X 45 H 1 BT 28
P scE . K 6.3 et RN AR, ATLSE R E 6.4 iR
o FEREERER, 0B ROS B BT A TR AT XL R SR
PNEERTEI T AR o XA ZRIERR T AL EER A = ]

] 6.4: /NRECEO SLELAY {1 — a,4 — b,5 — ¢,9 — d}



84 B A
6.2.1 &Y

BT 2 — R R XU B NS o, BRI AL BE 1
R kA ME v, B8 (k) BEERDEN, HAR TRIE 4 itk
RASEETE, AT —002 0, AR T A2 1o 228 (p,m,lr). T
GRS SE LT BB S o BT RS 4 R B R ARG py — MBS m
RPN A E B 2y AR L re MBSO m = 2" (I, Hresy
n > 0o FrA(T n i) Rt HIAEACAE T AIEHTS

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

6.2.2 FHAN

SR TSRy B 45 T %, SR y G NIEF45 0 R T A5
LA, RIS FRBTI T A o By SRR A T
Bho N THE AT RANTHRERE o Ry MR KA A p. 100, @ =12 = (1100)5,
y=15= (1111, M p= (Loo)s. Hsf o FRIAVAFAY “HERIE. AT
AHETHRER m e JH (mask) SR, (EABIF, m =4 = (100)2. HKAIEH% P
B 2 @ kB 0, My sPiX (i Lo Bl e R T4, Ty &
TR W 6.5 iR,

prefix=1100
mask=100

& 6.5 f£: T 2T H 12 A: AL G

WM T BEA R =, WAEH IR, RATRER R y 26 T R At
BIZE p UCEC. AnSRUCHED, WUARYE F—0i2 0 8¢ 1 HMAE /e A FRrddA . #lan,
¥4 y = 14 = (1110) #HAE 6.5 Frsift, BT sl AEHTEE p = (1100)2, I HEZ
TR (28 A1) 2 1, FATERIAMAG y WA R R y R K AT 4 p R
VCHC, FRATFES H— DI Rl W& 6.6 iR,
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7

=)
A

prefix=1100

prefix=1100

mask=100 mask=100

prefix=1110
mask=10

(a) FHA 14 = (1110)2, BEMHEA AT
& p = (1100)2 VLS, AN AG TR

prefix=1100

mask=100 mask=10000

prefix=1110
mask=10

(b) N5 = (101)2, BRIHKAIILHETS p =
(1100)2 AVERL, 73— HriH7-19

~
o

4] 6.6: AT N 0L

85
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insert kv @ = (k)
insert kv (k,v") = (k,v)
insert kv (K',v") = joink (k,v) K (k',v")
zero(k,m): (p,m,insert kv l,r)

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

match(k,p,m) : {
= join k (k,v) p (p,m,l,r)
(6.5)
MT =@ i, G715 (ko) SRR G . BRE match(k, p,m)
R A Ak A AT p AR m N 2 AR mask(k, m) = p, Htmask(k, m) =
m —1&ko CHEX m — VAU, SRIGHT k #%60. eREL zero(k, m) # &Y m
IR AR 0 2 1o A m m4AF83) 1AL, SRIEHT k4=l

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

PREL join(pr, T, p2, To) B2 I BI ST AR o A prv po TSRS S IERT 2R
(p,m) = LCP(p1,p2), GIE—MHE, 304 T T 0
zero(py,m): (p,m,T1,Ts)

join(py, Th, p2, To) = (6.7)
715')_\[” : (p7m7T27T1)

N T REAR NI, FAIEXS o v po iRl SRR BT s AL highest (zor (p1, p2))

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

BRI A AD m = 2highestleor(brp)) g5 K NALRTA p T LUHHERD m A
pi~ p2 TR — GBI p = mask(pr, m)o TP TP T insert
PR

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

ATt LA e & A7 550 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, To) G — ¥k, IR AIERTESL, 3546 T 1 T 300
T
1: function BRANCH(T}, T5)
2: T < EMPTY-NODE
3: (PREFIX(T'), MASK(T)) <— LCP(PREFIX(T}), PREFIX(T%))
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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

PR LCP R R e~ SE AT 28 -
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

B 6.7 e 1 RN BEAE O HT SR o IR BEETAT S TR e 1 e e
HTY R ARRIBUR BT S SRR B LM Al I, X m (LREKL, SRASIEME

RS O(m).

prefix=100

6.7 FABET 1 — 2,4 — y,5 — = B RIHEEHT



6.3 TRIE 89

6.2.3

YEHEL R, AW T = o A=, i 2 At yTE T = (K,0) Bk # K,
Wk ATEAE: R k=K Wo HEHEER DR T = (p,m, 1 r) 2P 0HT AL
FAIHEAR A N ILFTEE p A b AEFEAD m N2 AILES, AR T2 0/1 2B JarE
T B AR IR SRS AR p, W R AR

lookup k @ = Nothing
kE=k: 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
FATH T LATH B i I 2 AR )7 s USE A

1: function Look-Up(T, k)
2 if T' = NIL then

3: return NIL

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

6: T < LerT(T)

7 else

8: T «+ RicHT(T)

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

10: return VALUE(T)

11: else

12: return NIL

XETFA m ALE AL lookup FRERIE AN O(m).

%3 6.2

6.2.1. 45y SLIMHERHT AN 1Y lookup BT
6.2.2. SEHLEEEY trie FIBEEN YT e [y, (W HH B S0 B 4 RA (TR
e

6.3 Trie

FEFERL trie MIARECATZ BOIEAL L, FATRT DTSR SRR e 25156 H
H— DML AE A FRF SR TR f o RTSUA] trie 7] LMER SCARAL R A ) T
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N ] 0/1 A E A RIS, WA B RN XY R A Z R, &
PR, —IAT 26 TR WRAMANG R ET LR 26, An1A] 6.8
BRe

K 6.8: &H%1A 26 MR H] trie, AI44#: a. an. another. bool. boy. zoo

AR AR 26 BPREEELEER . ER 6.8 IR Mk, HAHNE as b,
z () 3 BRF AN . HEDMEL PIINAEE ¢ 74, 222, FATAT LUK L
23 TR R o AR X0 R/ NG B fr Bt — R RN T R R B R 51 5%
FATRT LAGE ] map SEE S5 AR AL B 255 H F

—HREALN Trie KV [ trie i A= @, 8@ &R, BE LU PR
TR

L AED v AT AT, 1808 (v,9), Hro (R V;

2. TR BEE v FIZ TR BRRFAX R 2R K i EANE &, 30N
(v,ts)e Hprts = {ky = Ty, ko = To,.sky — T} G5 ki R0 T, [8]F
Wit o AN Map K (Trie K V). A LM SCHRS KBS B VAR ST
(WEE 4. 55).

TESLNAF NI = (Nothing, @). NIEBIFHRRFE LT trie :
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data Trie k v = Trie { value :: Maybe v
, subTrees :: Map k (Trie k v)}

6.3.1 A

IR (HE] trie 1, AT ITRMTIF. 4 trie 5T = (v, ts).
S ts[k] LS ts FRASEEE b R, B RERREZ ; IT ts[k] — ¢ fEm
5F ts FEHRGE ke B 0, WISRAECENR R, R R R

—~

Q\

T~
»

~—
I

(Just v,ts)
(v, ts[k] < insert ks v ts[k])

insert [ | v

insert (k:ks) v (v',ts) (6.9)

P pA: KT E IR g

_ 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

AT AT LI ER B IH, SR AT A dnsert BREL:
1: function INSERT(T, k, v)
2: if T' = NIL then

3: T < EMPTY-NODE

4: p+T

5: for each c in k do

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

T: SUB-TREES(p)[c] <~ EMPTY-NODE
8 p < SUB-TREES(p)|c]

9: VALUE(p) < v

10: return T'

SRR [K] (K W5158), K2E& m MIURMAIRE, SIREN n,
RN SEEZRE N O(nlgm). HHR/NGRICFRIERRT, m =26, fHABRIEN
SEIRER AT R T HE

6.3.2 A

2T = (v, ts) PEK—ADARZHE (k:ks) I, FATAE—IC= k IHE. WRAF
FERRT 2] B B9 T, PRI AE T &k kso HEONZSAT, JRIEIZHTT A
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lookup [ ] (v,ts) =
ts[k] = Nothing: Nothing (6.10)

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

IR AR A AR -
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)

EREERE RN O(nlgm), Hn B, m Z2ICRAIEEGHIAR/N.

6.4 HIZM

Trie {25 A AR BT LU FIRERY T 35 R4 e — BT 0, X0
AR T TS AT T At SR — A RE v B EGE T RS
o FFERTB £ XEWE)— DI s;0 FIRA TR R RIEN [si = ti]o XS
RIEILFEMATS s, 1M s BRI to WALEYL s /2 s 510 s s RKA
SEETSe XTARAT @ # j. FUEE siv s AFAEARSHI R ILRTSL. #1A] 6.8 hifEsfe—
AT RUESESR, ATEMSEIINE 6.9 AYRTZER -

K 6.9: —RERTZME, 454 a. an. another. bool. boy. zoo
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NI R E LT TSR

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

HATCHTZR N t = (v, ts)o FRIIHL, (Nothing, []) FoR AN ZSHYTT 5 (Just v, [])
FONEN v T R

6.4.1 A

THNTFRFR s I, RIS AZS, AT s QI DRF5 5, a01& 6.10(a) fiF
No W s ﬂ%A¥thﬁVM&ﬁEQ%WW TATQNEE— B Rt
A ERTSE, Fl R — AN ¢ b SRIEA Gyt B0 ¢ AR TR
W 6.10(b) frrr. XA R OL: s N s, BIRTER, WK 6.10(c) — (e); PAK
s M s BURTZR, W 6.10(d) — (e).

another
: 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) [MZ5WE N boy: (b) 4N bool, GIEH % (c) M (b) 4 A another
(d) 1) (b) #i N an (e) 1] (c) #HA an, ZER 51\ (d) # A\ another [

R R BRI ETZRR ¢ = (v, ts) AR s FE v ¢

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

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

L LA Map [Kk] PrefixTree k v {7 F#f.



94 . 00 Ooo

IR s s, FATH v BRI LARTIE: AWM ins & TR BT ATS
ins[] = [s+— (Justv,][])]
match s s’ . (branch s v s’ t):ts (6.12)

ins ((s' —t):ts’) = {
I (s +—t):ins ts

R ST, AT —MEN v B, FFRE s B I B A

W, XFEAFRG 8" — ¢, FATHE 8" W so AR ENTARILEE GEL match

BRAEIN) . MR branch R R 74 BATE LM IR LR WRENTHA 2

JLErgy:

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

FANTE L FEL (C, A, B') = lep A B RABPIIEE A Rl B B K AIEETE, Hip
CH# A'=AHCH B =B, WA BRI ASEEENNE 1
TCERANE, WA C =[] &0, AT IR, Ik
FRICER M INAERT -

lep[] B = ([,[],B)
lep AT = ([LATLD
{a #b: ([],a:as,b:bs)

N (azes,as’,bs’)

(6.14)

lep (azas) (b:bs)

HH (s, a8/, bs') = lep as bs JERITHIRINZE B, %8 branch A v B t 22 Fi/
A B, —PMAv K t, BRI A, B SIS C, 4 H MR8k
WAL, JFREL TN

branch Av Bt =

(C,[1,B): (C,(Justv,[B 1))

lep AB=13 (C,A"[]): (C,insert A' v t)

(C, A", B'): (C,(Nothing,[A' v (Justv,]]), B~ t]))

(6.15)

WA AJE B RIS, WP A Wbt 2] o Frfe iy al, 53R A3 5 50 4 F B i
FIRME— 7 ¢ QIR B E A BURTS, FRATE M TR s SR A E IR AR ¢ Hs
I, FRATENE—MER v 5 0 EAT A R PIRE . R TR
S T insert %

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

FANTEATEAEERE I, A IEPR LR A SR

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

if ky = NIL then > s 2k RIS
p T k< ky
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 > H
ADD(SUB-TREES(p), k — LEAF(v))
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24: break

25: return T’
BRI LCP $2HUH D81 5R 1Y 22 HEfi 28 -
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,T1, 52, To) 7 SACPERFIAAE L. WA 51 s, Uil A RS2
FAFRARTEE, AT To BEN Ty 7R A0, RATETE— DRI Y AL
Fof o To BN T

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’

BIRRIETR & TR, BHEZEMARE O(mn), Hifn BEIYRIE,
m EIIFILREG RN,

6.4.2 A

ARG kB, FRATMARTT SSRGS, Wi k=[] b2, NIRRT RSE ;03K
TG EE AR, REIRGT s, — ti, (815 s 02 k FURTSL, SAJR PR e 71 ¢
Ak — sio WERFTARY s; HEAJE & BURTEL, NI A AE BT HOR 6

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

Hrp AC B3R AR B RYRTS . MEL find (ELWH 5, BFEFIERTERK
WEFRERIFRICR . NP 7R P SLI T B A

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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I 50k 2 B o O BRI AT S R A RE R EE B, Lookup BERIE RSN O(mn), 1
rm RSIRICREGHIR/N, n BHIFRAIAE . FAIGE 1SN, B HAEN
AT

%3] 6.3

6.3.1. JHFR lookup FIEHRGEIH ., JHUGFPASLBLRT A I A K

6.5 Trie MIHTZM HIN.H
TR EMFE trie RITAEHICAR LV 2 ATHUIN I, DR SCOURT ARG 8, 113
NHFE EARECT SRR SRDLSIURRL, A4 6 P AR R TR«

6.5.1 JAlJLAIEHZhHMST
P 6.11 B, RPN SIER  SSRRIE, BIH B,

AlA Q, introl

All F=EE English Thesaurus  Simplified Chinese

i intro | ‘intrau |
intro- noun (pl. intres) informal
introduce . .

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

introduction

introductions .
INtro- | 'mntrau |
introductory prefix

introgression
into; inwards: introgression | introvert.

B 6.11: ja]HiL

L AR BT A, AR AT AR TR SRR (5 2 T
TR S ERE, R E RO, B 6.12 2— DA B 35 TR A KE .
HAARR . 2P LR RER I AT F A AN A I ETZR

XA RS T B BRI RE . FATRT LU RTZRIRE Sk SE e o i R AL
FANHE| 7P IRE P RS, RIBFIZRAELL n N5 H . —MRBLER A T 2106
(XS, Hrp RS SCHRIR R, (RN R B . SN T R s i,
HA LRSI R SR BT LA s TSRS U2k s Ohas, sl et Birfy 7y
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pref

prefix
prefrontal cortex
prefab homes

prefab homes oregon

K 6.12: AT B iR 5T RIHRAKE

BENEE n 450 AN, FATHRIEUCAC R R IH & . A SCRHE IR SRAE R 3R
., BATAT A B e I, SRR HERRIUSHT n 1 take n (startsWith st), H
¢ RS o

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)

WA s, L startsWith TERTAM HER A L s RTINS R
s ONAS, EHCEFTE TR SRR S © AR 2, 4 ([ ], @) BB
2o PREL enum ts E LA

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

Hrr concatMap (4HRA flatMap) 2FIFHH AR — PN EEM S SR EHY
THEX RN TCR A TIRGT , SRJE R A R GRS o (B (] build-foldr fi AR SL
W, LAHBR SRR Rl g5 RS (I <R —SmRErP R8sy 555 8) . R
s ANE, TAMREFRIBS . XTa g (k). IR s 8k 255 HIHTE
FNTHEE I 70 ¢, FE4% & BPINEa SRRV /T A, AR s ARUEAT
TR ULHC, WIAAEAELL s SARTZRANEE R R B Re 5 e 7 — 8%

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])

AT LU a4 A /7 2USEB STARTS-WITH(T, kb, n) o MRTFTRUTAR . FA 178
IMGEER TR & — Tro AR k2T T3 RIS, BATHCR R IR i
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PIRRZ n KA R ki 72 k HORTER, BATRLRATRT St . RBTdE & — ki /£ T3
BIHEF

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<« Fk—Fk > AT
13: T+ T;

14: s+ sHk;

15: break

16: until not match

17: return NIL

HrbR 2 ExpaND(s, T, n) N T HfJ i n SR, F66 s IEINFESE 1 SERT T
Tifo FATATEAR BEAU S RS (UL 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 Frakaim AL

2010 R, KREZETHI_EHSRA— & 6.13 Prospy i, oy ITU-T 4
Hho ERETECT IR 3 B 4 PSSR B IR B A\ SRR home,  FRATH]
LACHE JETS T PO Oy 4 -
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1 |[ ABC |( DEF
2 3
GHI |[ JkL
4 5
PQRS|( Tuv |(wxyz
7 8 9
@@

K 6.13: FH1 ITU-T 44

L AL 4 BN FAF hs

2. FEZR 6 SN TR 05

3. FH—IR 6 G\ FAF m

4. FEIR 3 SN T e

5 bR SRR 5 VA T A AR -

LRI T 4v 64 6+ 3, faEieiii home HIN;
2. J P S LI HE] Mk B good ;
3. HF ¥ SRS T — ML gone;

JEFFRRTMAEGAN . FFRR TP POl Rl SEHE F A5 N A RIS R g
2 WA RRG o VRG], BANTRT LORE R IR A A2 — i 28 o ok S Al
INGEe T CHAN R BOE SR B AR -

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

Mepold] #h&5 AT i X PRI T F4F o FM AT UE SN FAF BB S MR o
My = concatMap ((d, s) — [(c,d)|c € s]) Mrg (6.20)

B A Mpg . FRATRT A0 HR 0 il — LA 4R 7 41
digits(s) = {Mpq[c]|c € s} (6.21)

MNHAEMART [a. . 2] PRITHRE, BATEHBS BRI TR 4 £ Nl
TREFE LT Lk
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mapT9 = Map.fromList [('2', ”abc”), ('3', 7def”), ('4', "ghi”),
(YSI’ 77jk177)’ (IGY’ 77mn077)’ (Y?l’ 77pqrsﬁ7),
(l8l , 77tuV77) , (l9l , ”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) 2T A e BRI s O T 280 o BTl LUE K H shah ST kR AL
HHCT I dso TNHERE D TRIGT (s — 1) € ts PRIRTER s Feffoh digits(s), a8
IR ds ITRC (Hh— 80— HIRTSR) o ATREAFAEL T TR ITAC ds BYTRHOL:

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

findrg t [] = [[]]

6.22
findrg (v,ts) ds = concatMap find pfz ( )

XF pfr FRRYEETRGT (s,t) . BREL find 18 TR ¢ REHORIRECT ds', Hifrds' =
drop |s| ds, FRJE¥G s BYINEN A MEEITETET . o4 7B 1B BB H Uy N, AT
WA o= |ds| > F4F

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

NI AR SR B T TR N

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]

@275 B RIS, rTAH—4 B Q. BASIFRRY TSN = el
(prefiz, D, t)o 441 =IeAM& CHEZIRYETE prefic, MAREKET D, MR
R34t BASIRIIRA IS, = JCHE S ISR, 2y, DA SR AR Y R
FATAWT BRI =TCd R PRI o X ) (s = T7), FATH s
Pt digits(s)o IR D RERIETEL AR T — Mk BATH s B2 prefic
ORI, FHs P25 W digits(s) & D WYRTEL, FA T 2L A4 7/ 17
W, WAEE—A =TT (prefiz 45, D', T'), H D' BRISIET . RIEHx—
Hr =TI EAF

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

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

5: ﬂ/G—’l)|
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& 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 DB
12: APPEND(R, (prefix + s)[1..n]) > FREFHEE N n
13: else if D C D’ then
14: PusH(Q, (prefix# s, D — D', T"))
15: return R

oo oo

FRATTINEEEY trie RIEEACHTMOIT G, B BAY bl ZeoR , FNT= N — U2
W7 ET AR (map) BlegEi. 5T ORI PER AR MR R A IRE
JLRMFIFR . i — PR Blle 7078 trie RIFTZU AT URRIEFT SO A0 . F1AT
EE= g eI L S N RS B e 1B W AN 5 G O B S VAR PRI AL A

B trie SRIGHSAEHEDIHIR R, 2307 DNA ABHA /) TH.

%3 6.4

6.4.1. fiff] trie SEHLH ST AITINAHI AN -

6.4.2. TR [ 22 A e 2 TR A T S A BRI . AN ORAIE R H A0 45 SR S I

FrlEr? XX ERE ARG R 2
6.4.3. FEBCAEMRIERIME T, WMAIEHRIREIRZ n 258012

6.6 [ffsk: il F7

BT R E UEEEY trie -

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

MR insert §7RR A2 TS T A R A R A

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

RERHTZRE Y AE L -

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))

BB CIELERTANG NI K

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

parent = node

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

node.value = value
} else {

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

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

}

return t

IntTree<T> branch(IntTree<T> tl, IntTree<T> t2) {
var t = IntTree<T>()
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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 [ 5E SCRIf N :

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

2R 2 SCRTIR -

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
}
TR R A ILHTZR Tep fI A 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

M T [R] BT8R BT AT e e 1

[([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

BN

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))




}

return res

-
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7.1 WA

BB A RO SRR A ] SRR SRR R e AT R R T
BRI EECE N 2 3% ko B RERE—R B TR B SUERM D ea AT
R RS (BT B+, —F BRI RIED) MBeERSE. B 71 R8T
—HRB R, AT LA B — AR R Z [ 1 (7]

K 7.1: B

BRI EREON R, RS ITR E AR ro ZaA M LA AR
TERH/NT k. FEH E/NTHEFR r PEEMTTR

Veelyer=z<k<y (7.1)

B RPRR X — AR B 2 kL. — R B RO, S n TR Mn+1 47
IR ERHERE IR B IDIXEETTERN ki, ko, oo K s BN 1 s s i B
Wk 7.2 froRe TR BT R AT R 2 LA AR

ky k| . k,

. NN

tn+l

t; t

Kl 7.2 BT AL

PSR, AT T AR (key) RIRIRZFGE (value) o (HASEATRIT. BIFUERIL, AZEZME T 4 sUHAgE, 7R
W RN TEE .

109



10 #LF BH

o TLEIBIN: k <ks <. <k,

o XFERE ki, £t PRITAITTRE/NT ko HH ki /NTFFRE i HRUER
JLH o

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

MW RAE PR, LICRIERN K, W B KA BTree K 5
BTree<K>. /b, FATIEFE L —AMN LAGRFF B B~ -

o PR B 0 R AT A AR
o SEXEEE A, BN B B/NERL, BT

mEZEA 2d -1 IR
- BOEHA d- 10K, WA RGN,

R
d—1<|keys(t)| <2d—1 (7.3)
FATHE T AL X LE R o] DAGRIIE B A 2P

. BB RS n DITRA B, B/MNERLd > 2, WIS he BRI RSP,
HEWRELER d- 110K RTKELERITR. WREA R, NzEb
AWNRED LINFAEL, B0 2d MAEN 2 708, BOA 2d° MRS 3
B d e, B 24" NREER b IR e BRARTT RSN, TR
Feldd — 1, BRAFEHIICR RGN F RS

n >1+(d—1)(2+2d+2d*+...+2d" 1)

h—1
=14+2d-1)) d*

k=0 (7.4)
—1+2d- 1)‘;__11
— 2t — 1
AT S P v 3 R X B RN K
h < log, "1 (7.5)
OJ
XELUER] T B S~ . SRR B RFRN 2-3-4 . BIE/NERd = 2,

BRARTT RN iU 2 B 4 BR P B ATATLLIRA AR e Bl AR o —
BR2-3-4 1o FATLELECY d AR BN (d, (ks, ts)), H ks BICRIIFEK, ts 2
TR TG E LT BR:
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data BTree a = BTree [a] [BTree a]

SN RICH (9, 2) 5 BTree [1 [1. N 7@ Rt b #ih—0r d. 3
TP B AR ¢ )X (d 1)

7.2 HEA

FAREEAN "SR ER R, AN TR L P IUR M. =10 B R ¢ 16
ATCE © B, AT JUTR . BRI E ? - ra M Ti i/ N T o, 1
AMEYITCRRT vo WHRRBARMAITT T ([keys(t)] < 2d— 1), 3t = BAZIEAL
BHo AN, X AESARI R ¢, RATEITHCK » FAZE] ¢

)]
’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‘

K 7.3: 4% 22 FANE) 2-3-4 i 22 > 20, fHAL T 22 < 26, FREANE T
21 <22 < 25, FHEABARMAIH T 5o

FGIAE 7.3 FIH 2-3-4 RHEATTER © = 22, KD 20 < 22, A TEERA M1
o EHE 261 38, 45, [AD4 22 < 26, FrLARE T oRILIA S —ERFH. EaE 21
250 DR AARIMAIIT I 5L K 22 A E] 21 F1 25 .

EMRN PN RELSA 2d - 1 PILR, WA o JFEFNTRIE 2808 B #
FOREI o e &) 7.3 4N 18 fies BB IX AR A TEPIRMEE . SEmAT M.
GBI X AN

7.2.1 SEREAESR

FATATLLR LA i) S ATHER” JiEY R E) B W S5A%5 & B A1
gk, BITRBARE LR E. BT, WRRAEPE T, JATE N EXSA
W2 ICRI KT . B o Z0E R AL, VAT g S A L2 eod >

25cbr b, TR AR T B HET L. 2042 7.1.1.




12 #LF BH

HICER.

{full d (ks,ts) = |ks|>2d—1 (7.6)

low d (ks,ts) =|ks|<d—1

WREAELZITRMDEL, FATE L split MECK AL E m 050 =87, 0

Kl 7.4 iR
/ k| o ks | Ky Nt | o | K, \

—]

t t

s

K

=z
~

pon=\Ey=an\

1 I i1 tyi1

B 7.4 AERLE moR T R R =0

split m (ks,ts) = ((ksi,ts;), k, (ks,, ts,)) (7.7)
AT (1.45) FPE LAY split At BRECRSEEL:

{(ksl, (k:ks.)) = splitAt (m—1) ks

(tsi, ts,) = splitAt m ts
XPRHL, AT LUE L unsplit REL, 4 ="E80 G FH—4 B WAL
unsplit (ks;,ts;) k (ks ts,) = (ks; H [k] 4 ks, ts; 4 ts,) (7.8)

MR RESER o AR ¢ SNRRA fio (B2, O RO d G
B #:

insert x (d,t) = fiz (d,ins t) (7.9)

fEins ZJa . WA RS AIEZHICR . WAL fix (0 split FH . I
HEHTHIAR s

fiz (d,t) = {f“” dt:  (d,([k],[l,])),where (I,k,r) = split d t

(7.10)
otherwise : (d,t)
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BRI ins TR B AL BRI RIIE O : XTH , RATATABR IS — & (1.11) & XL
B RAE N R insert SRACER; AN, FRATFELBNGERIALE, IR 7045
No NI, FRATE L EREL partition :

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

Hepl = (ksy,tsi)s 7= (ksr,ts,)o BB = (1.47) HhE LHFIE
PR span HEATHIS) -

(ksi, ks,) = span (< z) ks
(tsi, (t' : ts,)) = splitAt |ks| ts

XFE, FrA/INT @ FOCERMPTER T e L e KT o B o
FNPRE G —BRNT o P RIBULE R ¢ BEFRBA TR ITHERE: = FAF ¢ of,
K 7.5 FrR

ins (ks, ) = (inserty, = ks, D) M A, FFEFA

(7.12)
ins (ks,ts) = balance dl (inst')r Hrp (I,¢',r) = partition x t
kii<x<k
insert

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

/ 1 insert \

4 i t; lin Lyt
I r .

K 7.5 M @ KA

[t A 2z 5. ERTREEEIE LUK, AL BRSPS FANTE LR
balance BT HHFIEL o

full dt: fixy
otherwise : (ks; 4 ks, ts; 4 [t] # ts,)

balance d (ksy,ts;) t (ksy,ts,) = { (7.13)
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Hop fizy $EHCN d 170860 50370 (L, ko) = split d t, SRR HTEE— 8T
B RS R

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

TGRS T B R 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)

K 7.6 25 T ER B RRGHIT, ENTERZ KO “GMPXACDEJKNORSTU-
VYZ” thJCER A B W& AT

7.2.2 SRR

B MOTIRRAER AR T AL R H S AT 2 TR e S X
ik BRI TN EVTIEAR, B S 2d — 1 AITRAT R, BATRE
M=, WE A PR, BT AAEA d - L AITER, NERATTR AdR)
SRR BRI T H Rz, £ K(z) FREUEITR, T(e) FReusn
o i @ RIS ¢ ICEN k(). & RT BN (@) FEAYFIEES i 1
B BRI 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: fikdEN “GMPXACDEJKNORSTUVYZ?”,
ki d=2 (2-348), F: d=3

5 K(y) < [kar1(2), kara (), .., k2a—1(z)]
6 K(z) « [k1(x), ka(x), ..., kg_1 ()]

7 if x is not leaf then

8 T(y) < [tat1(2), tara (), -..s taa(z)]
9 T(x) + [t1(x), ta(x), ..., ta(z)]

10: INSERT-AT(K (2), 1, kq(x))

11: INSERT-AT(T(2),i + 1,y)

TR x = ti(2) B, BATRE d HICK ka(2) 17 EHEARL T R 20 WK 2 EL
W7, EATTRESEER BRI Sy, FATHZEMRT SR, BT N iE
ARSI E, PR AEA 2d — 1 PITRIT R BOITA R AT R#ERIX
FERACH, FrLAn] DAIREszHE ERAYITER . X iE RATRE B T AL, 7o
e WAARTT R EW, WAL FPREDRAVIRTY RUE N ERIME—¥
o NN SIER L :

1: function INSERT(t, k)
2: Tt
3. if r is full then > AR T
4 s+ CREATE-NODE
5: T(s) < [r]
6 SPLIT(s, 1)
7 < S
8: return INSERT-NONFULL(r, k)

Hrr &% INSERT-NONFULL RGN T 1 r Ao WIER r 27l R4
PR k /NG HAR AR N A (53] 7.1.3 BRI TIEN) « A0,
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%%t¥ B#

BAKE L E, (55 ki(r) <k <k (r), QERDE () BT, T 0% 24
IEE AL R & AN

1: function INSERT-NONFULL(r, k)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

n <« |[K(r)]
if r is leaf then
141
while i <n and k > k;(r) do
1+ 1+1
INSERT-AT(K (1), 1, k)
else
147N
while i > 1 and k < k;(r) do
t+1—1
if ¢;(r) is full then
SPLIT(r, )
if £ > k;(r) then
1 i+1
INSERT-NONFULL(;(7), k)

return r

N =
~

IX—HE BN . 45> 7.1.2 BOR M HTEIAERR . B 7.7 25 TR IEA
“GMPXACDEJKNORSTUVYZ” Bffgt iR,

>
Q
<~
=~
=

7.7 i@ “GMPXACDEJKNORSTUVYZ”, F:d=2(2-3-48f), F:d=3
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7.2.3 FFEXF

MFNFRAHOCERS, FATHZENE —ICEITR, IR RN E . R
AL, BATAT LA —o g ml i AT A BT AR ARPEJTRAYR
AN AEER A A RTBENE ? FRATHT LUK B Y o A =8 R e, e A
LA re HpZEAMER TR/ AR M (ki t) B95I5E. RealRy, 7ol 125
Fefe UANr 28l ¢ KA Skt R, Al anl&l 7.8 Fron i Sl . FATREA
R BT R E A5 50 o

v TN

t ti t; i lo+1
l t r
e * (ki 1) (ki 1)
t ; 1
t; head tail
s Gt | | Gt

r

K 7.8: 4 B IR AR TR E B — X513

THEEB R HPIFRIE LT BT R BEE N, BE RS =
MR OTER, 7o) FI5E, PRSI, AR OTR 708D Fi%.
HAREAREH RO (LY, 7r)o

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

AR — B0, FAT r B S8 —RHME (&, ¢), A —xt (k,¢) BT 1Y
BT SRJEH ¢ Bt o ARSI BRI FR. B0 R B AT A

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

PR AL RS), AT AL 5 BREL partition p t, HRYEFA: p B W ¢ 535k

A =0 (Lm,r)e FrA BT m # L p, 10 r PRI EOAT 2 . &




118 % k¥ B#H#
SR hd = fsto head, 'EMNFNIFRARHE—XHME (a,b), ATFFEREL a.

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)

B4 partition (< k) t ¥4 t FETEA/NT k IICESRBEAEAN . R E 57
FERPSEIL T partition PREL:

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)

FATETT AR stepy/step, BEFT LRI RAENE dffn. £ n=|| £
INAEMIE) TR/ Tah” Biat. (o) Fonx g o B W HEE f L n k.

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

otherwise :  sp(t)
Hr sp PEATAT A9 4 -
p (It (k1) 1) = ((I,t,9), k, (2,1, 1)) (7.18)

FI partition Fl split, 3T HIEXFIREG B, FATTLUE RN % &
FBEATEEN B &AL IR

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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FEEECN d 19 B R ¢ 3l ALK @ B, FATE SN, RIEHBE TREZ
FY i) -

insert x (d,t) = fix (d,ins t) (7.21)
WMWY REATZICR, B fiz E00E d B HD -

ull dt: d, (D, t1, [(k,ta)] HA (t1,k, t2) = split d t
Fix (d,t) = f (d, (9,11, [(k, t2)] Hr (4 2) P (7.22)
otherwise : (d,t)

PRECins TEALEL t = o Mt # @ WFPIEIL. X T 20, BATHE - Fahpyn
THRG AWM (¢, r) = partition (< ) ¢ EALENE RN ALE :

ins @ = (2,9,[(z,92))])
, t'=o: balance d1 @ ((x,): 1) (7.23)
mst =

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

PR balance f &5 ¢ AW &L 2 R IF T 0

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

otherwise : (l,t,r)

Hefp fizFull = (1, t1, ((k, t2) 1 7). (t, k,t2) = split d to AP FRRF LT
N RS

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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%3 7.1

7110 FAVEAA L < 15 B RS AEEITR?

7.1.2. fEFJEERHEER “SCMREHEAN BRET S

7.1.3. FAVEALMEEBRGITTRMARIME . TEMH =0 EHX S LA T
Bt BIEEIRERIRT AP

7.3 &

FATAT LK — A R ALY R B S A 2 DB B . XA A
ALEAWATI, HBWMAZA T FEAEBRt = (ks,ts) PEHLITK k. IR
tRM T (B o), AR AL 8 e i AN, FATTH kRS ¢ il o =3B
g5 U= (ks ts) /s r = (ksp,ts,), HPIFIFOE Y PTATTEA/NT k. 10
rHRTETTRRTET ko MR r PR —ITEK ks, ST b, BOTIHE] 745K
A5 MIFAT T8 I A -0 ' Ak

{k €ks: Just (ks, &)
lookup k (ks,@) =

otherwise :  Nothing (7.25)

Just k = safeHd ks, :  Just (ks,ts)
lookup k (ks,ts) =

otherwise : lookup k t'
Hrpr ((ksy, ts)), t, (ksy, ts,)) = partition k t. PREL safeHd & LN -

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

NPT R ST 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

XFTHIERX S, BRI WERMAN S, TAOTHEMN <k #7815
SRIER AL MBS — D ICRE BT kb, GNIFRIHIH I 7&K
lookup k & = Nothing
Just k = safeF'st (safeHd r) : Just (I,t',r) (7.26)
lookup k't =
otherwise : lookup k t'
Hrpr (1, ¢, r) = partition (< k) t ZXTAESWATRI 5. safeFst Y eREL fst b HE)
‘Maybe” HE b, NHEHIHIFERTEH T fmap KL :

3safeHd LT P L 1istToMaybe $24it
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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'

MFAA S, RO r TR, IREVE @ 13 ka(r) < k < Kiga(r)e
IR ko(r) = ko WARJEI 5 r FI2R3] 0 AURAGEDR s A0, FRATARSEAE T4 L ()
PRRSEET R . WE r SRET, JREL b REH, MAREIZEE R

1: function LoOOK-UP(r, k)

2 loop

3: i+ 1,n <« |K(r)

4 while ¢ <n and k > k;(r) do

5 1 i+1

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

7: return (r,1)

8: if r is leaf then

9: return Nothing > k INIEAE
10: else

11: T+ ti(r) > AR A @ BRI

23] 7.2
7.2.1. (AR o A AR E

7.4 MR

BRI E, 37 RATRERCA TR AR TCIEIN AL B REAYZOR . BRARTY /41, 0K
HORRE/INT d =1, Hrd 2/ NER MFRTHRARE, ATAMRREL: Sl
BRAEMES e AMER.

7.4.1 SEMEREEE
FATE Sy R SRR MR EE R 2 ok, AR FHEE B R-P k.
BRI
delete z (d,t) = fiz(d,del x t) (7.27)
HA R BT del J2X 22 0B iR AF. iR ¢ 2T, AT RUOTR

HHER 25 AN AT 2 35 o =y (L, r)o HAP DRI A ICR/INT @,
i r FHERITTRRTEHET (2) zo MR r ANZ, FOIBHHPRE—DITK ki,
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HEHFETz (Mk=2), BABE TR TR FRRAITTR K (A K =maz(t'))
B Ko SRJEB UM ¢ FRHER &, J0E 7.9 B A (r AZSEL ks # 2) . 3R]
FEIEHLM ¢ B 2.

delete x

ky | oo | ki \e=x e | Ky
/ replaz‘:‘e k; withx

deletek’

tl tn+1

k’=max(t,)

B 7.9: K = maz(t') Bt ki SARIEVTHIN ¢ R &

del x (ks,@) = (delete; x ks, @)
ol o ¢ Just x = safeHd ks’ :  balance d 1 (del k' t') (k' : (tail ks'),ts")
el x =
otherwise : balance d 1 (del x t') (ks',ts)

(7.28)
Hrr (I, ¢, (ks', ts")) = partition x t, J2M o FATRIN =780 AT LAGE—
B RIS RKICER K o BB max & LWTR:

max (ks,@) = last ks (7.20)

max (ks,ts) = maz (last ts)

A last ISR IR G — T (838 (1.4)) o delete, 2552t (1.14)
P SRR R, tail 5B S— N TE 2, IR IR IO (1),
Tl BT B B A £ N\ B LI balance BT, WIS S RITEZ A, it
BFEIE.

full dt: fizy

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

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

R PHITTRAL (<d=1), FATMA fiz) SN (ksi ts) BN (ks ts,)
GBI GEF—PANZER) o LZEMZAP]: FAT ksis tsg HBULEJEHITCR ks o
SRIE VA unsplit (X (7.8)) Rt GFF: unsplit tn, ky, to HE— NG HELZILHN
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ot wa, AT balance PREHE B R B # .

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

otherwise : t
(7.31)
G ks = ks, = @, PR =S X2 BRAAE IR,
TP BAEE o ko A1t 73 H1E ks, Ml ts, RIS —DICR. &)a FANVESULATIE
NFEAE LR fiz REL AR AYAL FEE 4 -
fix (d,(2,[t]) = (d,t)
full d t: (d, ([k],[L,7])), Hrp (1, k,7r) = split d t
otherwise : (d,t)

fiz (d,t) =

(7.32)
B, AR5 WMARMERE, B3RS, 1]
DAG s B, F MM — i A E TR T TET A R SR B T IR S

delete x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (List.delete x ks) []
del x t = if (Just x) — safeHd ks' then
let k' = max t' 1in
balance d 1 (del k' t') (k':(tail ks'), ts')
else balance d 1 (del x t') r
where

(1, t', r@(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

FANTPREAIZS B WHIMBRE R ESR o 18 7.10 [ 711, 18] 7.12 5k T HBR
HIB15
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A 711 MER <C, SRIEMHER 7

N

G N Vv
M

D s Vv

K 7120 R KL SRR MHER N



74 M 125

7.4.2 SEEIFEMER

TR RSAITTRA RN T GG, AR MR, MR ¢ rhilBRIT R
zo AT A fE] LRI AT o

THOL 1 AR o FAET t TR, FRH ¢ 2 Rl JATATLAE R ¢ iy
x MilbR. AR R TPEIME TR (R, MTEHRtE— PR

B0 2 . R o FFAET ¢ FOTERS, (B AR5 e AR =R r15 DL :

fBUL 2a : W 7.9 FoR, 4 ki =2 (ETIKOCEON &, Hift & = max(t;). 105
t A RHITTR (> d), AT K B ks, SRIEEEITHI ¢ B &

fHOL 2b « IR ¢ PHITEAL, HE PO G A LBHITR (= D, X
PR, BATHIGIRICE K = min(ti1) Bt ki SRR AN ¢ HRiER &7 0
B 7.13 fi7Re

delete x

\

ky | oo | kg |k=xm . | K,
/ ,’ delete k \
t replace k; with k” i l t

k"=min(t;.,)

K 7.13: 1 R = min(tiva) B ke, SRRSO ¢i0 PIER K7

TH00 2 = WER t; fltiq BITCREALE (6] = |t =d—1), TG tiv o tipa
GBI T R BaA 2d—-11ItEK, AL bR, wE 7.14 Frw.

x:ki

---------- >
4 fit1

Ky s Ky K", o K Ky ooy K k; K", o K

B 7.14: A IEEER

BIABEAHTTER ki EAFRE. AR ¢ IR RS AITR) . 3l k2t
FIME—TTR, FFH tiv i ROUHRIPIRR T BATTAT LOKHAR A e 4w s, anl&] 7.15
IR

R0 3« MR ¢ RCERPAES o, BATFR ZE AR A T i ¢ MBS .
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Ky, okl

Ky

K"y Ky Ky, okl k| KM,k

4 7.15: Gl

WSt PHTTERAE . FRATTFR LR PR IE O -

1RO Ba - WISt P B Rt~ Lo HRVEM—DEHRBINICE (= d) ,
Bl ¢ P —DIC R R £, NFIHEAT P — TR BB, SN
TARFEN tio WE 7.16 F7R, t; 3R15— 1 T03R. 2 RIS IEHM ¢ B 2.

ki
A
L i tit1
k' K (___'_"‘ T Kok k"

/ 15 e Kd-1 \ / K2 s Ky \
a1 tq " Uit
v
klll

/ k'ly e K'do1 ki \ / k", ..., k"m \

] t'd i t" l”m+1

K 7.16: WATFE N1 ITR

TP 3b + AR AT FPITTREAL ([tia] = [t =d - 1), FATHE
ti t I —AICR, NHE BT LG I, WA 717 fron. A)EMh
AR 2.

MER) DELETE RECEEHL TSI F-RHHER A -

1: function DELETE(¢, k)
2: if t is empty then
3: return ¢

4 i1, n<« |K(t)]
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/ K, ka \ / k", Ky, \

1" tq 1" "1

t/
k'l, ey k'd_l ki kﬁls ey k”m
/ NN \

' tq " "1

lzizl 7.17: {5\9‘4: ti\ k- ti+1

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

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

=i
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24: if k£ > k,(t) then

25: 141+ 1

26: if |[K(¢;(t))| < d then > 15 3
27: if i > 1 and |K(t;_1(t))| > d then > AE 0 3a : /2
28: INSERT(K (t;(t)), ki—1(t))

29: ki_1(t) <+ Pop-LAsT(K (t;_1(t)))

30: if ¢;(¢) is not leaf then

31: INSERT(T'(t:(t)), POP-BACK(T (t;-1(t))))

32: else if i <n and |K(t;11(t))] > d then > IEOL 3a 0 A
33: APPEND(K (¢;(t)), ki(t))

34: k;(t) < POP-FIRST(K (t;11(t)))

35: if ¢;(t) is not leaf then

36: APPEND(T (¢;(t)), POP-FIRST(T (t;11(t))))

37: else > &L 3b
38: ifi=n+1 then

39: 141—1

40: MERGE-AT(t,1)

41: DELETE(t;(t), k)

42: if K(t) is empty then > 48l
43: t <+ t1(t)

44: return ¢

Hr MERGE-AT(t, 1) #5085 t(¢)-
1: procedure MERGE-AT(t, 1)
2: x + t;(t)
3y it
v K@) K@) 4 k(D) + K@)
50 T(x) < T(x) #+T(y)
6: REMOVE-AT(K(t),1)
7: REMOVE-AT(T(t),i 4 1)

%3 7.3

7.3.1.
Fk, SAEEBIEHIAE ¢ R A
B/ NCEAR AR ko ESEBIX 7 ik

7.3.2. SLMAIEXS B MEUMIERETE

TCE ki(t)-

TR i () EFFH— L

HAHEATT R T TR 7 AP R B ICR K = max(t) B2 BT
WA —FRIFRA AL T35 IRk B
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7.5 gk

B PR — AR R R E 20k R B ECE BRI E— S VER N . B WY
WA R HIR A (U, 5518 %) o BRI EIAS T 2. o0, Pk
PAREE . K2 BB RO B S BERCEE 1), T8 n TR B A, HAERED
O(lgn).

7.6 [ffsx: HlTREP

B RIR9E L :

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

AR REN

void split(BTree<K, deg> z, Int i) {
var d = deg
var x = z.subTrees[i]
var y = BTree<K, deg>()

x.keys[d ...]

x.keys x.keys[ ... d - 1]

if not isLeaf(x) {

y.subTrees = x.subTrees[d ... ]

y.keys

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 = []

AN

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)

FAZIAIEHIT L

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

HrforderedInsert # Pl A TR EI55E T,

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

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

A

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]

G AR

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 PPEAR LK.

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]
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8.1 EX

HEJZ— RS IURERZE . W] AR AR 2 SEBr e, GG HE . A A S
B SE ARSI HEF 2RI, R DL —RE i e sk R U, gt
ML PF2RE )7 R AR R XA ESCIUMERY . 1 R.W. Floyd 25 H B8 EHE Y
SR XA S R B SUR IR, BRECHS, Sl E
BARAHIR LI Az, AT — S SC B, G4 /o b (Leftist
heap). ik (Skew heap). fiJg3i (splay heap) . —AMEECHZS, sl & T
HEA/INTCER o Bl — SRR AE ST = Fift:

LoMeJi: HEDUS R A SR

2. BER BRMENUCER, JFRFFENIEDT: B TUTR P52 R A o MY
3. FNBRAEFHOCEHIANMSET, FEORFFHERPE T

4. HEBME (EHNHE) OrRRHERPET.

HFICR AR, AT AT LA HETTUS AR AF i KT R« TR AR 78 /N T
FHHEA/NRHE , TG AT BORIC M R THE . ) AR S Ry (B
RA) TTRE TR A PR HEDT JTTRES, W LAEHR PR P EdE. T
LT BRERT, CRORTY RUMER . SR AT AR o RATTFR A T A S
D — XM, AT R =M IR — O

8.2 M ARR — 3k

S RPSEELRRCO R T . BRI s e T . T e T
SO, 2R LT I IO A kT SO 28 — 1T R IR
AR ERT, WNERAHRTH 1,2, .., 28 = 1, MZEL = XRh45 N i 5
SRR — ORGSO 4 BT R TR AL AR SE e T SRR Y RLOLHE R
FEf N —AT AR —4T. 18 8.1 45 T —#Roea — SURAIHR M Y B Z8 R 1 20
T XREE e, RS « MITRAERM T AL BRI RUEMEIEE [i/2]
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PDICER: LRIV ES 20 DITE, A PR EE 20 + 1otk R RIR

SIEH THARARE, WHEANS AN TR (GHN755 50« AAEALZ H Y
WG RT PAE SIS (S RBEAHRRG I L IHR) -

6 14 10 8 7 9 3 2 4 1

1

B 8.1: SE4 XA RIELH G i Bt

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

AT R BT TR) AT OB s SRS, AR B R s 4]

8.2.1 Hrifsx

HEPHEE ' RAEOEME BTN ISR, MAEDUTR VRN (BRI . BITHER R
HAEARLE SR, FATRT EARI IR A3 AR P ARAG— D SRAHENE DT (AR
TR AR HN () W Wl R IR HE. i
W, TNV /NI X T BN B 3O, AR B TR 4, NG @ X
A 7R ERGHA/NT (2) B MR ENZTH, G157 SRR
AMET, FEXF LA AR RGBT XA R I SR E ST HE R AR

1: function HEAPIFY(A, 1)

1 Heapify, tiF/ESENL.



8.2 WHMLIMNIE X = U 135

2: n < |A|

3: loop

2 54 i > s FiF I ER/)N
5: | < LEFT(7), 7 < RIGHT(7)
6: if | <n H A[l] < A[i] then
7 51

8: if r <n H Alr] < A[s] then
9: 547

10: if s # ¢ then

11: EXCHANGE A[i] <> Als]
12: 145

13: else

14: return

TR AR 0, MEMEPTEOR Al 9719 AR L B /e A0, FRIE H 5
INTCERATAE Ald], IR KRINTCE R ZE 7, A5 B TR M r s, (f
PR 1P R S HEE . HEAPIFY (R RIZ 2454 O(lgn), Hi n BICE M.
TR RN B2 R BRSO 56 4 — SO B s R o B 8.2 414 T HEAPIFY A
251 201 h ., R MUNTUEEA (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] FP 4R, R
SARH A (1, 3, 7,9, 10, 12, 14, 15, 13, 16].

8.2.2 ik

i HEAPIFY, AT DAMAT S A e W58 4 = X 25 JZ 195 i 4L
H: 1,2,4,8, ... #6& 2 WEEUCHE, M—FNERE—E. HTRA—EMW, &E—
B aa 227 A, Hipp 215 22 — 1 > n R/ N n BEEK .
HEAPIFY X745 SUNERIER , B35 S TS B HEET T o FRATBkE 7
R, WA S R R IR BT HEAPIFY . AR — 0 32 17 R R 5|
AKF [n/2]o FATATLABET A s Bk

1: function BUILD-HEAP(A)

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

BAR HEAPIFY [ 248 O(lgn), {H/2 BUILD-HEAP [&E 44 E A2 O(nlgn),
FENERTE O(n) 1o FATEEL T A7/, 2 A 1/4 1970 mgk 1
TR mEA 1/8 TN RBILEIT R TSI wEA 1/16 BT B
FE B = BRI BRI SR A ERR A -
1 1

1
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K 8.2: MEWHE, B—H: 13. 3. 10 i/ MEN 3, Z5#k 3 <> 13 254 13, 15,
9 R/ MEN 9, 3 13 < 95 B2 13 NI, TREREE R
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KPR 2
2S:n€+&%+3%+m) (8.3)
FIzt (8.3) W&t (8.2), RATH:
25— 5 — n% Flag— )+ By —25) +.] ST TR
S = nly+gtgted 2 LR
_

Kl 8.3 HiA T MARA [4,1,3,2,16,9,10,14, 8, 7] i/ NIER IR . SREZRINHL
17 HEAPIFY [ HPRTT R KON T3S #1175 15

8.2.3 HMEMFEAHRAE

MR AR B FR AR . 5 00, Sk (k) BYET kb AI0E, I
VIO R TR (SRR TR —IE3R) . LRARARTICER . AR — XU SE
BUHYHED, MR RURAF TTIGRICER . X ARy S — M
1: function Topr(A)

2: return A[l]

ot HE T
S HHHETUR , BRI RICR RIS 3o XA TMHER 7 — SUREAOARTT AL R
RHBII AU BRROIRATZ54 o O TSR IXM I DL, Bl Tl LUK S R o 202
MR RBICRACH, IR EEH SRR, XA T RHER 1 RO ER Y R i
JEFFH HEAPIFY JRE HEVE -
function Popr(A)
x + A[l],n < |A]
EXCHANGE A[1] <> A[n]

1:
2
3
4: REMOVE(A, n)
5 if A is not empty then
6

HEAPIFY(A, 1)
7 return z
MNESCZH B A R MM 5 T 2R A0 i T i) ot o R AR P T ) A 2 gl BBk T
HeAPIFY, K O(lgn).
Top-k

L pop, ATLEAKHI—ZITR AT £ /b (8RR -

1: function Topr-K(A, k)
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AN
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I
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2 16 9 10 14 8

A 8.3: MyiisfE, (1) #afr 16, ERTFIA 7 (2) K16 < 7; (3) W2, &
e 14, 8#/h: (4) 1o 3, B IOM 1040/ (5) faf 1, B 2 7 #8/N; (6)
G4, LHAM3HE/N; (7) 4 < 15 (8) 4 & 2, FiR.
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R[]

BuiLpD-HEAP(A)

loop MiN(k, |A|) times >k A T A
APPEND(R, Popr(A))

6: return R

TR

HER)— R SCEAT A IUSERIESF . T8 LRI KT
LSBT IS TN, B M HETOURCE D SE B i AR5 AT o O TR R AT HE
FERAMES . FTLMRTHE R e X T/INIE, SRR /NS ICRAVE,

&l 8.4 FRo
() ()
OO OO
OBNORONO OBNONONO

(1) ()]

) (4)

] 8.4: 5 13 J/NA 20 296 9 5k, SRR 3 5cik.

W/ IV INTIEP R RN JU AT ATRES BN HENE S X T RAOR ) U, 48
BITCR RGN 4, R HRYSESE B SR A e, HERSE 2R O(lgn).
1: function HEAP-FIX(A4,1)
2: while i > 1 and A[i] < A PARENT(7) | do
3: EXCHANCGE A[i] <> A PARENT(?) ]
4: i < PARENT(7)

A

A LAF] A HEAP-FIX SRSZEUE A o DUNTIMEA B, 5 A R R A i T &
k, P4 HEAP-FIx %% :
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1: function PusH(A, k)
2: APPEND(A, k)
3: HEAP-FIX(A, |A])

8.2.4 HeHF

R LARFESC IR o LA/ NTIOHE N B, A HEI P LA — T, B TR
WE/NTR, PR TIHPER . ERETFRICERA n A, WEHER EE 2R
O(n)o HIT#HHRIERE 2 Olgn), FEHIPITT n ko BILEMAR R 21
M O(nlgn)e HTIANEN T 50 IFIFRGFHEHF AR, SRS LN O(n).

1: function HEAP-SORT(A)

2 R+ ]

3: BuiLp-HEAP(A)

4 while A # [ | do

5 APPEND(R, Por(A))

6: return R

Robert. W. Floyd 5 775 —FPSEile BURAEE N RI0E. Tk, RHHE
H R TCR B R R TT R, XA KT B 2] T HE TR Y IE A . 17
JFRAEARRRIICER ALK THHIHET . BATRIERTAR/ N — . S8R TAT HEAPIFY JRE
HERIPE DT, AR, EEMEROOM T IcR. X BEa A 7RI

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)

%43 8.1

8.1.1. 5 I LI FHEHE P OGS 58— e M HE PP B A — 4 /s
HE A, MR, HBANICR e CEEIEWNAE 7. 8Tk, BRANITER
[az, a3, ..., an] FE—DHAIHE, FEI a2 THEIAT HEAPIFY . BEEX—MACIH
AR T . X— 7k IEf 242
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. My, mILLE B AR AT ki HEAPIFY SCHE top-k 5k 4.2
1: function Topr-K(A, k)
2 BuiLp-HEAP(A)
3: n < |A]
4 for i <+ 1 to min(k,n) do
5 1

)

HEAPIFY(A[i...n],

8.3 ZefmME st HE

7 &N AT U SO SEBUME . M HETIOC R R, R 2 A h
PRI, ENTHEHE, A& 8.5 fir. %ﬁﬁ]QDﬁﬂ*%iiﬂ]?@ﬁﬁé}}?ﬁi‘*/‘ﬁ£WE~ PR
SFHEERT, HTRORTT R AUR R AR TTR RN o TR EASEE R R U
EOES

K 8.5 HHIMENT (MERRTI D J5. BFFAA FRIER— 1.

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

A FREANSE, AT ENIEEHE, & H AR RERAF T HR/INITER
AT A AR IR . e B N — ME B IR . & L = (A, 2, B).
R=(A"y,B), Hf A, A\ B, B #id1#e. W <y, g Frifil. FA1a)
MR A, SR A S IF B Ry B R B, isIHME I A M Ro B HERT LA
4 (merge(A, R),z, B) 8% (A, x,merge(B,R)) Z—. WAHSATLL, A 78, FATA]

PUSOERIR A AT 5 I IXFERYMERR N ZERHE (Leftist heap) o

8.3.1 ZAfmHk

(8 P ZE i SEI AR R 72 e ZE B 71 C. A Crame F- 1972 5 A1)
PRI RHRE LTk, BFRE S {H. YRR BE B it NIL 95 s e
I NIL T I REET 00 AN 8.6 for, BEESHRTY A 4 St 508 8, FrLAR
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TR 20 T 6 0 8 #EM 7, EMIRIFN 1o BIRT R 5 B A TIANZ,
HRERA ROV, NIRRT 1o AR, BATATEUE LA FHFRMEINT . B4
TR BN s e

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

L HEEHA T
2. % T <Tr, Eﬁi*ﬁ@jﬁg%iﬁ[o
TAIFRXFER G IERNE N “efmPE By o BERE R, E— R, 1381 NIL
MRS R SR M o At SR AP, (R B R LAEP— R B A ot
R 8.3.1. F—REMMT &4 n AT L, WIRY L2 X REEM NIL 937 LR 3
A [log(n +1)] N &
FRATXEANE 7 UERA U ) MR, WY X ISR TR B, HRAT
PMRAIE O(lgn) W 2% o FRATTAT DAFE — SUR A BEAT_ B3 In— Bk e SUE Mt T
AR AN (r, Lok, R), 3aFonth oo JTRE. A1

data LHeap a = E — %
| Node Int (LHeap a) a (LHeap a)

FE S rank PRECRIFIT FATE .
rank (r, Zazk;) i S (84)
&I
NTEIET, BRATE L make B FRIIRE, TS5 1 R4 72 It
FEF o

rank(A) < rank(B): (rank(A)+1,B,k,A)
make(A, k, B) = (8.5)
0 (rank(B)+1,A,k, B)
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NIRRT A. BRIJCR ko 47 A NBEVN, WH BAENATH AVENE
T BRI rank(A) + 13 B0, 45 B KB, SUH ARS8, BAE
NEFW o B RN rank(B) + 1o 45 €M E Hy f1 Hy o BATAZER 3
N (r1, Ly, Ky, Ry)~ (12, Lo, ko, Ry), FHBYREUE LT A I #RAE:

merge @ Hy = Hs
merge Hy @ = H;
(8.6)
k1 < ko : make(Ly, k1, merge Ry Hj)
merge Hy Hy =
A make(La, ko, merge Hy Ro)

merge A T EBEFTIE T, Al R e DA o IXARRLORIE T SREHI 2 2%
JE O(lgn)o [BIBE L7, fiif A SRR AR R 2 200 Ol T HEREAR G, IF BLATHHE
LR S AT BRORBC S BRI (B2 A FHRIERIIT M R AL H] O(n) . FATT
TEHPI ARk, RE TR
1: function MERGE-HEAP(A, B)

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

1 merge PREL, AT LASCELEAHIHERAE

94t HH TR
FATRTLMAE O(1) B A ARBURTY (AFPHETIOT R (B A N 2S)
top (r,L,k,R) =k (8.7)

SRR, AR A RS o — . 58 AR T2 2R BERT merge ]
[, 2 O(lgn).

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

A

FABOICE kB, aT DO kA& VR — 710 R, S8)E R e RS FF 215
RARIR A

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

oG T AL TE R insert k = merge (1,2, k, ). KPR IS 26
RIAHHE, % O(gn). FRATATLAG A SUEFRTEE AT, MIIZE RIS
M. FE] 8.7 4T — MRS ZE RO B T

build L = fold, insert @ L (8.10)

XN AT A TE AR - build = fold, insert &
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K 8.7 AL [9,4,16,7,10,2,14, 3,8, 1] #3E /e HE

HEHE

ZE—TI, KRR 2o wdfE, SRJE NI HE T fe/ N TC SR AT ASE
DHER? -

sort = heapSort o build (8.11)

¥

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

58 R B RRE TR]), FF HAGAA T ok, RILHE P RS E AN O(nlgn).

(8.12)

8.3.2 Al

FEfHEERE LR LN 27 AR S5, anlE] 8.8 f7n . AME (skew heap) &
— R EERSE, SR T AR SR S TR U U M e R,
ZEM SRR /ANT AN, A2 T o AER X — SR AN REAR S AL BRI — 43 S —
A NIL 7 RO AERAZ R, BRIREDN 1o FHERIL TG IFRNE : fRCH
ST

FIHEZ AR (skew tree) SEHLAYME. RIRPE—FRRFIRRY XM HohHITCERR
FAERT R, BRI AR — BB EARAETR, W LR X E Lo
WEE A=, 8GeHh (L, k, R).

data SHeap a = E — %
| Node (SHeap a) a (SHeap a)
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K 8.8: MJFAI [16,14,10,8,7,9,3,2,4, 1] Fii A Ao e

GEFis
YEFFPRRIEZ RS, SEHCBART R R NV IR . SRR IS A
RITRMMEIHF BT —F W Lo BIGEHEAA TS SPIRAEZS I8 Hy =
(L1, ki, Ri)s Hy = (Lo, ko, Ro)o 45 kn < koo 368 Ky VEONHTHOMR . FRATRE AT LA Ha
Ly &9F, AT LOR Ho FT Ry 9. ARk, IATEIFE] Ry b AR5/
AT, RIERIEERN (merge(Ry, Ha), ki, L1)o

merge & Hy = Hy
merge Hi @ = H;
8.13
kl < kQ : (merge(Rl,Hg),kl,Ll) ( )
merge Hy Hy, =
A (merge(Hy, Ry), k2, Lo)

HABRYERAE, AUFEIE N, ARIPORT 3 THORR A A i — PR 5 ke se e B8
IR E P P8 . S5RDIAE IR — XX, i 8.9 fs.

8.4 fHijEHE

FeAw HERRESE 2 B — SO SE B R HE o AP SR — SO0 A — SIS, U
/N (ER) TCEA L TARTT e BATTRTE O(lgn) WY PRI/ (8 k) T
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K 8.9: HEFFFAI (1,2, ..., 10] #iE AR

Fo WRTSGHRWAVA, ERES TR SIMEN TR O(n). REFTLIH
EARE Y B S S TN Ly et ol e E 258 == 4= NS B L i S S N = [ B Y P
JERE R AR T ZAF I RN . ERWOIE AT R H 5 RUAARBER: , IXFERR IR T [ I
AT A . AT FERRAERRC “ME (splay)” o X TR — X AE R,
LA TR RS, W58 WPl . R 2B R RHR R I FEEREZ O(lgn) 1Y,
Daniel Dominic Sleator ] Robert Endre Tarjan ££ 1985 & 55| A\ 7 fif e 191 191,

8.4.1 ik

A PR T 0] ASCEU M R R 55— PR IARCIE RS, (BRE 2B 2 AR O 5
MRS R, ERIEIEBNE IR ICIEAY NI RUTEN ¢, BRI
RICEN p, WARAFAEMACT AL, HITRKICHN go MREERIEDA=NLE, B PR
AWAXIFREEDL, FATEMFE L PR — PR BCAE B, anle 8.10 R

L. zig-zig LR, o M p M T ECE « M p #ORA 7 BN PCIE: . #
T A AR R

2. zig-zag HIR, o Ml p —REL TR A —REA TH. Zdheh, o BRI A,
p g AT LA R

3. zig PR, XFMELLT, p BT Qe o R TR R R R
EiRE—%

A 6 FARMNIEDI. AR = XN T = (L, k, R), HITRRHRICER y B,
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A 8.10: zig-zig: x fl p ARR /T AT A 11, « BONIRT o zig-zag:  flp —
R TR —REA T, o BOVIRTT R, p Mg B T B o zig: p 2R
W ERRJE @ AR R
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T AR A LT

r=y: (a,2,(,p,(c g,d)))
A T
(

77b77 ) 7d
((a,9,b),p, )z, d) sigrig Xk

splay y (((a,z,b),p,c),g,d) = zig-zig

splay y (a, g, (b,p, (c,z,d))) =
ane T
((

a? ’b )x7 C’ 7d
splay y (a,p, (b,z,¢c),g9,d) = p.b).z(e9,)) zig-zag

e,
((

a7g7b)7x’ (c7p’ d))

splay y (a,g,((b,z,c),p,d)) = zig-zag X FR

AT
x=vy: (a,z,(bp,c

splay y ((a,z,b),p,c) = v: (@ (b.p0) zig
e T
rT=1y: a,p,b,x,c .

Spla’y Yy (aapa (b,I,C)) = (( ) ) Zlg XT‘HE}L(
e T

splay y T = HE

(8.14)

BT P 2E UL zig-zig TR UL; £ TORAIPISE 13 UAL L zigzag 1R UL HURMIZET
AALPE zig fH 0L HAIFOLT . MPAMRFFAE . SR NABITRE, TR TR
BRI A PR IR N2, SR — A R A IRATTEE AR A
HITCERAIIRTY /L, WERAHRA R TR BUN Wl Hsb i 274 SRE AT
B BNHRNA T, BT R R

inserty @ = (2,y,9)
<x: spla insert y L), x, R 8.15
insert y (Lo R) = 17 play y (( yL),z,R) (8.15)
G0N splay y (L, x, (insert y R))

B 81125 H T —FA [1,2,..., 10] BUZ5R . (HIRRE T HCFIRZE R Kk
RINT — 5% TR B MR BR VR RN U1+ ARy 2 16 72 B3 1A A V7T IR) P AR RO A, gt i
e sl BT AL o BB, anSRGZESe R A s A AT BEPT IR, AT T 43
FURAE S LA R, Hrp LPRFACE/NT o0 RPRPCEART 2o R «
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A 8.11: M [1,2,...,10] F=A g JEif o

MR, Ly R ONZAAT SR — BRI o 7 IR0 VA 5~ AT R e

partitiony @ = (,9)
partition y (L,z, R) =
( (R=0 (T, 2)
(o' <y ((L,z,L),2', A), B)
x <y Hr1: (A, B) = partition y R’

# (L2, 4), (B, 2", R'))
Hrp: (A, B) = partition y L'

\ \
(=2 (2,T)
’y <z (A, (L,2,(R,z,R)))
gl L= (L2 R) Hr: (A, B) = partition y L'

A (L2, A), (B, z, R))

Hr: (A, B) = partition y R’
(8.16)
partition #52—PEMEE v — W T Flo WRWAZ, G580 XS WEL T
Bo WM, 0N (L, 2z, R), FROTHCEEEM v AR 2. R 2 <y, 574
WRFIEDL. (1) RoMES, IR I RERMET, AR NT v, ERA
(T,2). (2) 0, & R= (L2 R), ¥ <y, FATEHAMAEMEESF R, K
R AN y FICEBAW A, HRITCREBAW Be 55—, Hp—#oh
(Lyz, L),z A), 55N B 452" >y, TABBEMT v 23#) L' 1534558 (A, B).
RAME R, — g (L,x,A), 75— (B2, R). Hy <z, ffie
XFFRE o

\ \ \
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HATRT LA partition SEEURANGIE . S E—MfRHE T HAN— TR k AT,
FAPCR e FUAPIRR T L A1 Re Horp L S FA/INT kTR 1 R SARR
IR o SRIG TN M — BRI, (] K AFONAR, LA R AR A1

insert k T = (L, k, R), H}1: (L, R) = partition k T (8.17)

8.4.2 IR

H T R AR BB T R B/ NTCER AT R A M e BTN I
FEi P LRI ICZR o CARZE MY T = (L, k, R) . top PRETA] LAE SLANT -

top (&,k,R) = k (8.18)
top (L,k,R) = top L
XL B = AR min KEL SR TR, FES&R/NTREMER. FH
UL AT I, BT YRR

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))

5 =45 SRR BT T RRIRAE, A B partition MEL 1TE
B T SRR AIMEDG (RIS, SETTURIERIR RIS 28R O(lgn).

8.4.3 &3

T partition, FATATEASEIL O(lgn) BRI GFHEL. HEIFPIRRI R
I, AR ENIA S, BATAT LIRS 58— AR BOARTT VBT OAR . SRR HL R A
HEME > B8 — AR o BUJE  BRATE ALK 56— PR T & F

merge @T = T

8.20
merge (L,x,R) T = ((merge L L") x (merge R R')) (8.20)

¥

(L', R') = partition x T

WARH NS, GERN T — M A, 2N (L2, R), o %
WEME D ) T2 (L, R, Hp L' T /N T o (oo, m R A HR
TOERe BEPNRSIIHG LA L SO 21, K R AR B9 A 11
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8.5 /NG

AREH, FATA T @R SO S B R R ST, T A R
M = AR SE . BV E A A8 T @ NS, e — R og e — SOt
N T EHATEENYT R FATES 20T B R SE B HE, & T R A
Bo R BAEMIN RIS 2T LAAE] O(lgn), ALERAMER 2 FEI RIZ 282 O(1)
o MIAAELT h2 T PG AT . — D BRI AR A SO R 5 2 SO, IX
WS HE BRI — e SEDIRRHERIBC . 2 U+

%3] 8.2

8.2.1. Mlan AT UL A e, RIHE
8.2.2. JE SMERYENHRAE

8.6 [ifx: HlrAEF
FEXRAFIRIY 54— SR, FURICOSSE AL AIFRE, 51 0 IFth:

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i < 1) +1

Int right(Int i) = (i + 1) <1

HEWEE , KT R AR B B MR IS

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
}
}
}
BT A i e -

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)

58 LY HE T -

K pop([K] a, Less<k> 1t) {
var n = length(a)
t = aln]
swap(a, 0, n - 1)
remove(a, n - 1)
if a # [] then heapify(a, 0, 1t)
return t

T4 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

I/ NHER RS TR Y 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)

HEFRN -

void push([K] a, K k, less<k> 1t) {
append(a, k)
heapFix(a, length(a) - 1, 1t)

HEHESY -

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)

TEAHE S TE

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 I

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'

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))
— £

splay t _ =t

= 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

< <
(.

GRSV

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 R A 7 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)

(Gl SRS A

merge E t =t
merge (Node 1 x r) t = Node (merge 1 1') x (merge r r')
where (1', r') = partition t x




FRE EEHY

9.1 W4y

AENBH—MERHE 75— F 1y . EAETERE LA I pd HE e A1
FHEF o ia s BN B HE PR RERI T 24T . I ELACAS [R5 BE I A
B, BBEEMERE Y . WA R T AR R SETERE EIR O(nlgn). WelEHEy
HEAE AT LIE H A1 hakE ] . W Z T IICRIARS, SABIRRRAIZIE . —Fh
JET R, SRR B e T BN, SRR RN —
Mo BB—Fh %7 SLbs LA MR BN IZ R4 s 28 % M /N 2R R I iz
fA . bR b, U A I/ NEAT TR Y o b SR HNE N -

LR FHINE, HEPER N2
2. AN, HFEER/ NI, RTINS SRR 5T

KRR AT A R . MR UGEREECRRICER, M2 . 310
LA R A FE B E S BHE e o
sort [] = []
sort A = m:sort (A—[m]) HH'm=min A

Hrpr A — [m] ZMFHI A PRBRICERE m JFRYTRIRET o XA =tk -

(9.1)

1: function SORT(A)
2 X ]
3 while A # [ ] do
4: x < MIN(A)
5 DEL(A, x)
6 APPEND(X, x)
7: return X
B 9.1k Tk HE OISR o ANkt FRATATLAE A thigh AT FHE Y, R
FIF X o Haf/NYITCRATAE A[L], B U/NITCRIRAFAE A2]----- 0 T LA IE S
fr BB ks HHEENS /NITRIE, KEM Al 5K

1: function SORT(A)

155
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min

x
append
sorted unsorted
X1 < xp<..<Xxg ap ay ... ay

B 9.1 ZefUER 7 AT FFICER, AN R Bl o a5 4% fie/ N T2 IR A 2 R 70

2: for i < 1 to |A| do
3: m < MIN-AT(A, 1)
4: EXCHANGE A[i] <> A[m]

L A=lar,az, . an], B i NITEE, (a1, a0, . a00] FEHF . AT
B [ai, @i1y s an) FEIER/ANICTER B HAN @ 53, TXRESR « DMUBERURAF T IERIRYIT
Ro EARX IRERIRETICR. B 9.2 H#id 17X B,

AL
% N

.. BFITE.. T | - |min| -

40 9.2: ZEFER A EFFICER, AT AR R BRSNS 3 IR Al o7 B

9.2 #HH{HE/NITE

FANTAT LA e r i —4Ue R S 8/ ME. BITRM SN L2, ne
HBA 5o 1, 2 IMICR, AU T 59508 3 TR e - A X —
LRREFIE n 5K X—INEEA L.

1: function MIN-AT(A, 1)

2: m <1

3: for i <~ m +1 to |[A| do
4: if Afi] < A[m| then
5: m<—1

6: return m

MIN-AT B4 AT Ali..] FRUNERIRE me 4 m fgAE—TEZ Ali]. 9
&t T % Ali+ 1], Ali +2), ...

5 LT3 9 17 A (e —ALTT 2 L ki ME. R L R A — Ao,
BRI/ NTE . FI L B —A 6% o, SRR IR E N e
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Yo v y PEUNI— PR BA N/ NTR.

min [z] = (z,[])
min (x : xs) — T<Y: (l’,xs), /E\:E{j : (y,ys) = min xs (9‘2)
BN (y, x:ys)

LA AR . KaRRT Rl A B. AR A= ([],
BAE2HITR. FAIM B LIRS ICR LA, FEORHIEON A, TR R/ MRYiE
HNme MWRAB B HAER—ICEK, flm XFHEEE] B B ES XA, m g a/)
e EEANBEAAZEXR: L=A+[m]+ B, Hfa<m<bacAbeB.

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

PR min JR[E—XHH: H/NTREARARTCHRIIF . AR Al LASEEA -

sort [| = []

sort zs = m: (sort xs'), HH1: (m,zs’) = min xs

(9.5)

9.2.1 EFEHEF A

M 48 56 0 B BRI TR LSRN, S350 T n
Bt (= 1)+ (0= 2) 4 LEEE B0 0 Y) — 0.
FEFFALG MR AERIT. 2RI FROTERE AR A
RS TR AN ] O(n) GERAFIE (e, JFELIEAILE) A%
SN O(n).

4.3 9.1
9.1.1. "TH Y B2 A Ak fe /) ME SEEA A ] g

min’ asm [] = (m,A)
b<m: min (as+ [m]) b bs
A0 min (as - [b]) m bs

min’ as m (b : bs)

9.1.2. SHFHEREHE P RESY o
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9.3 Mk

N SCHETH B MR RS, FRATAT LR LB R i o 228 <.
sortBy< [] = []
sortBy <t xs = m:sortBy < wxs’, Hfr: (m,xs’) = minBy < zs
“IMA” A R N < BEFT LR
minBy < [z] = (z,[])
r<y: (z,zs), Hf: (y,ys) =minBy s  (9.7)
{%WIU: (y, = :ys)

(9.6)

minBy < (x:xs) =

M —HEAL NN T SEEIFHPAR: sortBy (<) [3,1,4,..] XKLL
B < BRI TR ) St

o AEH M XHMEM z, x <z AL
o JEXIFRIE: XMEM 2y, <y, Wy <z AL
o B MMEMT 2y yv 2z, A<y Hy<z, Mz <z

e B HEFHE P T RrAITER, A EME R/ MEE S — N E
R, T ERE Jy 2845 B I 2R 2% -

’Z

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 <1

7

EXCHANGE A[i] <+ A[m]

AT — VAICEANE R, BURFTNH 1 ICR, RIAEE n RIY. RILTCRE
AT/ MEE . XFESNEEFR A EAT LAg D — IR i n — 1o 380, AR
i RIGTTRWE IR Afli], AT TSHERANE . AT LA — B 2ty -
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 SEHHTF

159

BRI S BUCR R ERR/NTR, TR
R, BHEEREME . METT 13.1 fros, AR, SoAairocRieEerm. &
BRI LR, BRI AR AE, SRIESCHEIAHE R AR R

procedure SORT’(A)

for i<+ |A| down-to 2 do

m <+ 1

if Ajm] < A[i] then

m <1

1:

2:

3

4: for j< 1toi—1do
5

6

7

EXCHANGE A[i] <> A[m]

A

i«

. |max| ---

N
€T

.. BFICE...

4] 9.3: FRUGESF FRRILRMEIRRE

BUOEP R KR TCR W LSBT HEy o E—20, BRcfilial LA i 2
IMEFIERAE, 5338 e/ IMETEEDT K, R B R BB EIR R X R LR SN AR PR
Bogie. X—RETRN RGREWHEE . i 9.4 Fon, ARTEME, 20 ANAS O g3
WS TEF LR FEFHIARHT R SN E s MIsCRHI ALK, RE

B ENTEEHEDIT LR .

1: procedure SORT(A)

2: for i < 1 to [%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]

FENEFEFITIAET, WREAMATTR/ N TRAMKITER , FER BN, X
T2 RN BATH L E A G PRI TR n] LA U B 5 U B N HE e -
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- BFB/NTE. x | -+ (max| - |min| - | Y - BFBKITE..

S

B 9.4 — kA RN EN e/ MHERRTTER . AR ENTRE ERR A E

L BRI S BB S A — IR, HEF SR N7
&

2. AW, B R/NEKRAE, 2 BEDT LS R E, eI R R ITR
HEF
sort [] = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs’) 4 [b], HH1 : (a,b,28") = minMax xs

Horbr, BB minMaz MU e/ MEATBROR(E

minMaz (z :y : xs) = foldr sel(min = y,max z y,[]) xs (9.9)

FATEBCL A TCR AN EREIR B IME 20, HRME 20, H foldr 147
g1, Horfrsel 2 SCN:

x<wmy: (x,21,%0:x8)

sel @ (o, 21,78) =Sy <x: (x0, 2,21 : T5)
A (xo, 21,2 : 8)

U minMaz FIN RN REZZRIEIT A O(n) By, (H 4H[0] RO ER. W& 9.4 fF
N, M AESE/NIERFITER: A0 B ESEAKNEFITR. A BIERIR
FRES T LUK R HE e e oh R A Y -

sortt AB|[] = A+#B
sort'! ABlz] = A+ (xz:B) (9.10)
sort’ A B (z:xzs) = sort’ (A4 [xo]) zs' (z1: B)

Hrp:(zg, 21, 28") = minMaz zs , A UENTEH] Ay B3 80HER : sort = sort’ [][].
BV AELE A (o] s T oy MIREEEEE) B WIRTTH . UG8 IHERS ™4 —Ik
JEIMHRIE. N TR, RATITELS A RENHFF A, SRR LS 2o 45 5IRIT
MAZIEM. AT NN RLR:

A = A+ [x]
= reverse (x : reverse A)
= reverse (x : j) (9:11)

—

= zx: A
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BRIIT UK A SR A, RSB, AT R

sort' AB[] = (reverse A)4# B
sort’ A B [x] = (reversez:A)+ B (9.12)
sort' AB (x:xzs) = sort' (zg:A) xs' (x1:B)

9.4 BRI

BRI IREAR B, HI RE 2R A2 O(n?) (1. it H &k
FTHERy, T A A ICR AR/, SNEIEINE DR 4 Tkl /N, B
TR ATRICR 200 AEEHER — M/ NCER, IANTLERET T80, RIE L
TCRMXSEN, WREEAIRS R  (EAEEHR AR A e/ VTR I, A0 52 A S T
RANRIFEE, RN SRR R BAETEN ARG R H
MR R R B IR E .

9.4.1 HIRIEMINTE

JEBR MRV E2E 010 2R B RINRY 32 SCBRIA R BEAN RFE . 1982 4F
B PRBEHBUUA 16 SCBREL . FATTIRIE] 1978 47, Ff HARMR —FlURe R0 7 5k e
T R REHIET, Fra SRR N 8 AL TIERE: HAE A 8 SUIRIEBREA
How 8 TR #POR, AR R tgET . 8 SCERBAR Y il 4 4l LERE™ 4 4 305K
FEBREA s SRJEIX 4 SCERBAZI RIS, HOZE - A iR W SCERA S G 50 280 4 B8 LD
P&, AL BIERIETEHUCO: 8+4+2+ 1 = 15, (HEIRNFEA LU
FHEERE S, RATEERER SRR IS . A A s SEh s 4 i
TR AMEAS R %22 AEESERY AR, ARG (E2 X R AR R BT
Ao BATEFE UG DA™, Bt BV — IR s A E AT L 36 B
SRENTAHERREREN , (BRI — SR EREBEEIR . IXSCBAETRATERIA , ARA]
RERATI RS ZE SN LA A AT ERBA o 1] 9.5 F58 13X 1% Dl

K 9.5: JLER 15 fE2—Remi ik

FMEA MRS R B Ok, S8R BT BRI A
FKIEZ MR FHU MR (BRI AR IXHE) « RETEERIE TN 16, MRIEER
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HORLI . 07 14 ARME, MRS —FAaaaikng 150 BATTE IR T4
FERRPRIER PR S —KME. R, BOTHZOAMELS X575, BB =K,
SEVUA i) ASE R T B RO HE R o FRATH] DA FE Y B B U — MV N
B (B —oo), XFELUREMAZHOLD, XS S B HE%E. BA
2™ SCERBR, mOR HAREL, BARTREE 2T 272 L+ 2+ 1 =27 — D IRIBECARE
FAAEBRE S, XM XS HE AR R SR b, FATCH T H IR
[ _ERYECAS . FRbnBEM iR A TR R . S8 RRAYBL, —EERAEE
ZMOEE LW, B EM SRR AN ET . HI AT AR RSER IR Mt &
AT A R AR A P, XA e ESHER iR, &8 9.5 1, 1X
SRR LK, Fr B A TR (14, 13,7, 15], X a] LA T -

L R — R 8, % (e KME) AL TR
2. BUBBIAR, B TRIA) RIS B Aok i KEE RO —oo;

3. HJRIA LA RIA RO EAREE . HHERE%, FER L ETRIR
4. BELR 2, HEIFTARICRAHIE

NI —HITRIFF . BATENENTHE RIS TEM . AR A U E %

K 9.6 Za i TIX—HEFPRIET LA R ATl LA — X E SRR ZER
NTIEAJER LR, SRR ER R M. JTREHE n TRARIEY
2™ A PIMHLES , WRERIARICRIA X7, M =" EEGEN T TE. A
THESRARIERS, FRATNEE D TR MG — PRI T (OB, XS E) T n B
SR o SRIFBAVEE B PRI ¢1+ 2o, H3E HH—HREE KR RS to Hrbr ¢ UMY
max(key(t1), key(t2)), LA TRN tis too BEEIX IR ISR —4UBIm , A
%W%%E%MTl,mﬁ%%MﬁAT*%oﬁﬁ*%ﬂE,Wﬁ*ﬁl@a%ﬁ
FIRER R LB 2 MRARIER . BRI On+ 5+ +.) = O(2n) =
O(n).

1: function BUILD-TREE(A)

2: T+ ]

3: for each x € A do

4 ApPPEND(T', NODE(NIL, z, NIL))

5 while |T'| > 1 do

6 T +[]

7: for every t1,t, € T do

8 k + MAX(KEY(t1), KEY(t2))

9 APPEND(T", NODE(ty, k, t2))

10: if |'T| is odd then

11: APPEND(T", LAST(T))
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B 14, A HAHA —oo, 13 ETAHFTIM
K 9.6: FtRIERHE RYRTI LA
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12: T+ T

13: return 77[1]

TP B PR ZER AR R . BT H TR O —oo, SRJRFEEIEACTY
sl R, DT RR

1: function Por(7T)

2: m <+ KeyY(T)

3 KeY(T) + —©

4 while T is not leaf do > BTHE B m Bl —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 > H R _E e
11: T <+ PAReNT(T)

12: KEeY(T) + Max(KeY(LEFT(T)), KEY(RIGHT(T)))

13 return (m,T) > J& BB TC A B

Pop ENALERWGE, HIHE N, #%5HRA LTS SEEZK . it
BRI PR BRI, AR N O(lgn). IHAISZZREEDN O(lgn).
TR ERET RS, FREE S O(n) I AAGEE—ERERIRIER . SRRTIT n ik
S HARE, B AR R E . R IHRERIPERE N O(lgn) . HRbRZEHEHY
RIZZRIE N O(nlgn).

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3: for i < |A| down to 1 do
4 (A[i], T) < Popr(T)

o, 7] LA 38 VA S PR R P HE Y o FRATE 0 W B E Lo & —IRAE I
(Lk,r), kAT E, I r B2EA T &L wrap x = (9,2, D) #iE—DHF45 16
IXFERR AT LA n A TSR ws it n SRS — D R ts = map wrap xs.
PIREEPARTERIIT , LEACPARI ¢ to, IEFFERRINTTRIENFIIR, TH tis t2 1R
Vasy SR /S8

merge ty to = (t1, max ky ko, ts) (9.13)

Hrb ky = key t1, ko = key to, SRR SHHTTE . BRE build ts ASWTHUH
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PR EA T 6 5, S B bn 28

build [] = o
build [t] = t (9.14)
build ts = build (pairs ts)
sk
pairs (t1 : ta 1 ts) = (merge ty ta) : pairs ts (9.15)
pairsts = ts
HT NEARFER T BUSTEZE, AT E AT, B — R RAIR T ST ER
MEF o SR 38 A B B e B - e XS L AT AR
BN —oos
pop (9,k, @) = (9,—00,Q)
{k =keyl: (I''max (keyl) (key r),r), HHl' = pop I
pop (L, k,r) =
k=keyr: (l,max (keyl) (key r'),r"), Hrhr" = pop r
(9.16)
HERP RO AR A N — IR TR S o 22 (B F)
sort @ = |[]
sort (I, —oo,r) = |[] (9.17)

[
sortt = (keyt): sort (pop t)

%3] 9.2

9.2.1. Kb R HRbR PEHEF SEBUNTHT o

9.2.2. HptRPIEMHE T LMEBIHE TR 40 EREEHNT 42

9.2.3. HRHMPR TR HE AN SRR . AT AR 2 )RR g o
9.2.4. HHMEHEFP AR TEHEY . AT TR IR 2 TR g o

9.4.2 HGEANHHET

PR TERE A R T IR I HE P EE R R E 20 5 S 2 O(nlgn), B2 T
THBRIHE FE LR D X BRI 2 8. HEPSE UG . SRR I AT A 1
SRR T ATEST X T XA S A EMTA I RE R, (BALE R TSR, ABE
IMEAESE RO e RGP RITERA n A, MbRIEMSEBR B T 20 A
Tl HAE n AT n 030 ARATINERET L2 RE? ARYRT
HICEOA TS, MR 2, I key Far 28 top, I4_E—Tfass iR (9.17)
AT LABE— e o B A R P2

sort @ = |]

(9.18)
sortt = (topt): sort (pop t)
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-

XA LB € L oe 1. HERRAETGR IR Fr ) (BiER) H, FFH
SR T PR T A A B T SO SE B SR RS R
REER T n DHITHN, TERAEMAIMNYZS Ao sREUAE, /e A i e et
R n DR BAPEAE T —ENAELS ML, ENHEFSHIL T A REH

PERE.

9.5 [ffx: fil 7

J2 i A S -

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 R HEFY -

[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

}
e VA Y -

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)

S SRR B R Y -

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];

MERPRFER R T % -

T pop(Node<T> t) {
T m= t.key
t.key = -INF
while not isLeaf(t) {
t = 1if t.left.key = m then t—left else t—right
t.key = -INF
}
while (t.parent # null) {
t = t.parent
t.key = max(t.left.key, t.right.key)
}

return (m, t);

bR e HE Y -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n = length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

IR R SRR (FE)) -

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




FHE IGUE, BRI i
X 4

10.1 &4

OO SRR TT R U SR R R D (R > 2) EE LTS
B FE AL . AR H T IEE, BRSO BRARALR . R AEIR TR
Fr o TAMER T LE A, i) LG B AR HE . L PRI HERGHE & I A TERE TS
RO )2 A LR TH B TR ], X0 T AR E B AREIE A HRCH HE. AR
PR IAT S I PERE -

10.2  —JiHE

TR A TR I B A B SURT AR AL, R AR N =
WS A TURE AFWHIE T (a+0)" I ZBGURITE . SR LA
Zivek

(a—%bylzza”+-<T>a”_1b+-u.+-<n?il>ab"_l+—b (10.1)

L Y EAREON, S IUREGR IR = AR —17, R ERR P

ALMITEAT L4 — R “ 0GR, Hrp—Fo2 (i@ IH. i~ =M
AT 1 AR —ATRIP N 1, HER R b A BRI ERT 2.
SRR BT fF. B (1010-1070) . fRHILE 1665 FEIEI T n AAIEEGHEGNIL . Wbt mAK n i E]
SR

169
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10.2.1 TNk

TR IR R XN, IR N REERORR (rank) o JERKN 0 B9 I
WA Bo, BHM n B9 "IN B

L. By ST R

2. B, PR B AR, HARAY ST R BRI — 2 5 — B e M i 3
WmE 10.1 R,

K 10.1: I

B 10.2 25 TR 0 31 4 59 IR

WXL IR, ATV L B, FRAERATRYTY RECE 1A I IR filin
By BORA IR (RTRD, BLEAANTR, B2RA6 TR, B3EA
AT BABRA LR EMHRERMIR =M 417 OAF 0 1591H6R) -
1. 4y 6+ 4. 1o X2 IR A PRI fR . 2B BATA MR 0 B, th
G 2" IR

A TGS U (TG . B N R
L. EERRA A L e, T/ NIHE, EET RUCERAAV/ DT (2) KRR
2. HEFEAT R — TR A B AL AN o

MPERT 2 i LS — DR & n DITRIEEE, WSS n oy it
L (am-.-a100)2, HH ag BFALL (LSB), ap, 2fmfhs (MSB) |, # a; =0, 1
HEHRORAAAERR A @ IO 0, 47 @ = 1, WIMER—E S/ R « IOR . Filhn,
WIEHES A 5 DITE, 5 IRy 101, RS AR IR, — A 0.
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K 10.3: 547 19 PILERE I
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— MR 20 1 10.3 Ry ZIEAES A 19 D ITER, 19 = (10011)2, &4 —H#R Bo 1+
— 1R Byt —HR By 4o

FAPG I E SN2 XM, A DR RTTER b B ey FE T4 ts,
1M (ry K, ts)o B LI BRI HE Y — T A 571 36 -

data BiTree a = Node Int a [BiTree a]

type BiHeap a = [BiTree a]

AR T, AL M e, wTUE T ORI Sk E L2
Mo AT A A MAIAEER Y MBS R IE T A 28— R 1, A IE R
A 5L AT e B Sl R AL — MR, W 10.4 Firose tunf AEHR] H #d al
FIFRRFIR — DT KRBT

OEONNe

o - o)
OO

Kl 104 R AW, Tv,Ts,....T, A R TR RIAMN Ty, A=,
Tty Ty BT TR Ty IOZEME TR T, AR BT R Too To IOZEM 2
T Tor, ADE BT R o

10.2.2  MEYEESE

FNTE LAERARVENPIIR IR B, A Byyr o IEBBIERIAYIRTY ROUCER,
VPR B NVEBTRIIR . SR 0 —IRE T HE-FRTH . &l 10.5 Frs.

x<y: (r+1,z,(rtts):ts)
ZZI:D\”J : (T + 1ay7 (T,I,tS) : tS,)

link (r,x,ts) (r,y,ts') = { (10.2)
EH Zefiizr, AR BISEITR o SRR AT DRSO TR 58 1

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: MR v <y, #y 1N o B —ER T

SUB-TREES(z) < ¥
PARENT(y) +
RANK(z) < RANK(y) + 1

return x

4.3 10.1

10.1.1. Gufer =AM~ =A%

10.1.2. SEB 30 By, e @ ATH TS REOh (7)o

10.1.3. IEM I B, Ha A 20 1 R

10.1.4. HASRAEFRE, S TR . IR Ua (TR, (SR g

10.2.3 #HiA
FAT4 M I 4 BB HEHES . R4 BT I RS R I -
inst]] = [t
rank t <rankt' : t:t :ts
4 (10.3)
inst (t':ts) = Srankt <rankt: t :instts
A0 ins (link t t') ts

Hrbrrank (rk,ts) = r, ZRIBCIRTIEUR AR AR 2 [], TR ¢ Bl
HErhE—ORE s B, BefTECAL ¢ RIMEER —HRAR ¢ BORR. SR ¢ AORREDN, Tt K
MR MR ¢ BRI, BT IAHRE ¢ AR ARRORI b RS, ik
B te ¢ BRI RRERAOME, SN T A BRI nRA n TR, HE
27 O(lgn) BRI - ins AT O(lgn) B TR R HLR RIS 2%
&5 O(lgn)?s (] ins, FRATATLAE L IAMERHBA RIS . B HEATTR v 1K
AN—BREAE A G, SRR PRS-

insert x =ins (0,z,[]) (10.4)

25— PRI A A INEEAE L, FTLAS] i —2 A0 #l%% (numeric representation) 1,
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X8 SCRATEALA o FATTT AR S e T O s il A\ B e -
fromList = foldr insert [ | (10.5)

YRR “Zef i+, AWML SLBaT:
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
B A ZIECHEA S T A I D U R AR . S ISR BCA FRAH R A
I EAZIRFRB S . A RENIA I HET L BN P B 55— BRI, BB
BEMRITE, BB — PR GE R b AR PTIRI RORRAR S BRATPREEAT TR Oy
—IRECRIRS, SRR TmA B B R4 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 t; t3) (merge ts; tss)
(10.6)
Mty to BARFINS, FRATHL AT AR S RS A B — 3, SRR IH &

merge (ins (link t; t3) ts1) tso
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PR 2T EAR BRI, s ARy B E It -

1: function MERGE(H,, Hs)

- H + p+ NobE(0, NIL, NIL)

3. while H, # NIL [ 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 R
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)

WHE Hy WA my B0, HE Hy WA ma B . SIFEINERFPRZ A my + my
BB QIR BCA BRI, WG IFFITESY O(my + ma)o INSRAFAERRFHIRIRG, B
ZFEFEPH O(my + ma) IR inse ZfEmy =1+ |lgny], mo =1+ |lgny|, Hin,
Ml ng B NS HITES, H lgng] + [Igne] < 2[lgn), Hfin=ny +no0 &
LEIFE 2N O(1gn).

10.2.5 A

TG, R AR SR TR RN TR o AR ROTER A AR/
REABAERR . A THRBOET R R/NTR, f 8RR PR R
O(lgn) B4, Fir LUREUR/IMERIISRIZ 22N O(lgn) o AHZ 5 HERAEA M H e/
TOER, T A A BRI R RFHENE . SO R Z N By, By, ..y By, -y Bio
By, FRTY o R/ N R MR A 277 p B IR, B p - Lp -
2., 00 FRATHT LG p BRPIEESE . FER— D8 — WM Hyo BRK B, RIRABA R —
TWEHE H = H — [Bylo 5 Hy M1 H GIFRUAT MG R RZALR, Wk 10.6 frorR.
FATE SorE SN TR/ NTR A B
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P 10.6: —ICHERY 5 HY R A

top (t:ts) = foldr f (key t) ts (10.7)

i

f(r,z,ts) y=min x y

RO Tl D HE PR BT R, AR A A e/ IME -
1: function Topr(H)

2 m < o0

3: while H # NIL do

4 m < MIN(m, KEY(H))

5 H + SIBLING(H)

6: return m
MY SR, AT M E B B NTT R IR
min' [t] = (t[])
‘ {key t<keyt : (tits), Hi: (¥, ts") =min' ts (10.8)
min' (t:ts) =
A0 (t',t:ts)

Hrpkey (r,k,ts) = k ZRICIE R BURTT OCE . min’ IZ5FRN—XHME: &
INTCEFTAERIR, FIH BRI . B T oRaT DUE S5 A -

pop H = (k,merge (reverse ts) H'), Hrf: ((r,k,ts), H') = min’ H (10.9)

X B (RS
1: function Popr(H)
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10:

11:

12:

13:

14:

15:

177

(T, H) + EXTRACT-MIN(H)

H < MERCE(H, REVERSE(SUB-TREES(T},)))
SuB-TREES(T,,)

return (Kev(7,,), H)

HHp SRR S WA — &, EXTRACT-MIN HUEACSEILANT
: 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(7,,) then
T,+ H

H <+ SIBLING(H)

if T, # NIL then
SIBLING(T},) - SIBLING(T};,)

H' < S1BLING(T),)

SIBLING(T,,) < NIL
return (7,,, H')

{5 FH 59 AR AR P DASE B PP o BB IS HE P A — 1 At SR e A
W S8 H fe/ N TR

sort = heapSort o fromList (10.10)

Hrp heapSort SCHLNF :

heapSort | |
heapSort H

IR

=[]
= k: (heapSort H'), Hrp: (k, H') = pop H

(10.11)

BIFRIIS I E 2 A RIAE I T2 O(lgn). ATRY S 2

JEA RSB R], FRATTIXEME 2 10 A 2R IE R o

10.3  3EPARHUSE

T A ok B IR T, EROIRRMER 44 7ok B PO . &
PARRHEA T bR — M —IAME . (R ARG AR SRR MR AE

*Michael L. Fredman f{l Robert E. Tarjan 7£iif B3 Fifi i ()42 24 BER (7 e IS BRR0 I, AT 2

ZIRFEA 24

IR

4
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PRI E S T AR AR IR T S LR RER D Bt R
BN, SEPARTIE T AR A R A BT LUK B B R P

(B TOECHE | AR
fHA O(lgn) 0(1)
It O(lgn) O(1)
REGET | O(lgn) O(1)
B O(lgn) | 49 O(lgn)

101 ZEPACTEN " IAHER) () EAREXRTH

[ AR ANFTCR « B, AR o A — 37 | R, S8)E S
PAEEIE U/ Ne SR 3 St D) TV VAN (1B K 7 E Ui B P A P VR E NS
ISR 2R O(lgn)o (EAIIETESMS , FAPRHEHA PPl AR S B IR AT o
B o FrE I BRI A O T HREARIGHEUC R, FA 17 B % W FRA Y
WA RURAT T/ N EsR e — DRI E N o, BB R TIREIERIR, 500
(N, tm, ts)e HPEER/NTRIRBESICTFA t,,, HEPTTRDEGCF A n, HAT
WA HIZIZEN tso N IRIBIBITRE 5 E ST EPARE (BH T IR HIE L) :

data FibHeap a = E | FH { size :: Int
, minTree :: BiTree a
, trees :: [BiTree al}

AL AT LA 5 B [ RO T R - top H = key (minTree H).

10.3.1 A

N PREAENGE SO — B R A & IR, Horp— S — R — A R
T :

insert x H = merge (singleton z) H
B T A TR
insert = merge o singleton (10.12)
i1 singleton M\« MIELS A — A TEZHIR
singleton x = (1,(1,z,[]),[])

TN AT A [ AR AN — DB R SRR BT A S/ NTER A
1: function INSERT(k, H)
2. x + SINGLETON(k) > 4G kBN R
3: ADD(x, TREES(H))
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4: T,, + MIN-TREE(H)
5: if T, = NIL 5 k < KEY(T},) then
6: MIN-TREE(H) + z
7: S1ZE(H) + S1ze(H) + 1
Hry TrRees(H ) JRIBOfE H AR5, MIN-TREE(H) g% | H /Nt
FHFTERIR o

10.3.2 &3F

M IHEARLE , BAWES FF PR HE R EHER 2R, QLOCRE P HEF IR
B, SRE BT S A R/ NT R .

merge h @ = h
merge 3 h = h
ke t < ke t,/" : n +n tm, - ts %ts
merge (n,t,,ts) (n',t/ ts') = Y ytoo | . )
GUE (n+n7tm7 tS-H'-tS)
(10.13)

YA HERA SIS X —SEBL Y H+ BRAERI A — D HER R BRI IE EE
URSRAE R GRS . AT DAEHE S FE RS2 B T AT (R R i 9 4912 P (8 PR
BE S 3¢ B

data Node<K> {
K key
Int rank
Node<k> next, prev, parent, subTrees

}

data FibHeap<k> {
Int size
Node<K> minTree, trees

XFER T LASEELE BT IR 5 - A -
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) = SIZE(l)‘Il S1zE(H>)

8: return H




180 F+FE XM, MM, B

9: function CONCAT(sy, s2)

10: e1 < PREV(sy)
11: es < PREV(s2)
12: NEXT(ey)  so
13: PREV(s2) < €3
14: NEXT(e3)  s1
15: PREV(s1) + e
16: return s;

10.3.3 B

WNVEAFIHER T HERE, PR EAE IR 427 Bk 3RAT]
SESCX— I RN RY IR o 075 RRXAE— N 208 T 2 IOBEOKR,
L=1[2,1,1,4,81,1,24], FATRWPREAARPDEAHN, BRAEMESFR
Blo XM T IIERALER A [8,16]0 3 10.2 45 H TIIFFAIEER. B—FIFnER “H
7 BIMECT s BARPEEER . BT S R R RS DT R
o WA, MUHM MR TEg . SR AFMEER, S8R T T —
AHIAEHE . XA HH VAT F AR AT LA S Ik sE L -

B | RS M| &
2|2 2
1]1,2 1,2
1| (141),2 |4
4| (444) 8
8 | (8+8) 16
11,16 1,16
1] (141),16 |2, 16
2| (242), 16 | 4, 16
4| (444),16 | 8,16

#10.2: HIFRFHIS R

consolidate = foldr melt [ ] (10.14)
o melt € LN
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, HITAECFIA], consolidate FY T n Feom R i F %L, At ss
i AL EECT R 1 s AR R 20 X (O TFIR) o BTN sum(2,1,1,4,8,1,1,2,4] =
24, 5 R 11000, 55 3 F158 4 L2 1, i ARASIER RS 28 = 8,21 = 16,
A5 AT LA B B 55 o FRATTRREE LUk, FFAEBRAT R B A6 it e 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

K 10.7 25 i T EDIRBER NI FL R AR, FI3R 10.2 XS LE AT LAR HY B2
AR o FRATHL T LAGE — A Bh RO A SRigEATIHFF. Al SRAFFR N @ MK . FE3
HEFPRIRIIT A RE RS — RPN ¢ OB, IRATHR ENHERGERS 2 — Ry i +1
HIR e SREH Al 5=, HREERAE Ali+ 1] 26 8%, BN, SRR THHE.
W SERUE . AR TR RISER
1: function CONSOLIDATE(H)

2 R < MAX-RANK(SI1ZE(H))
3 A « [NIL, NIL, ..., NIL] > 3L R A
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 Alr] + NIL

10: rr+1

11: Alr] < T

12: T,, < NIL

13: TREES(H) « NIL

14: for each T in A do

15: if T'# NIL then

16: append T to TREES(H)

17: if T,,, = NIL or KEY(T) < KEY(T},,) then
18: T, < T

19: MIN-TREE(H) « T},

R e AT — W I e, RO A i T e IR HE RO S
FH4 O(lgn) B MAX-RANK(n) & [E] n NITRAYHEFHATRERI L R L4l — 200
HERE5IE, TR Br A 25 IR BATA: 27 <n <274 RAHENE D
KELEBRHK R < logyne HATRGLH R BEHEMAIAG T FRAOTTEAIMIR—iB
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VAT
(e
O, OJ0X0
4’1{ 010, 01020
O, O, ™
1,24 %34, d g e, 4 4
JESEREE] ao

7. 84, iR g KT s fE
45 qo

P 10.7: BEUHFFRY SR
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FITERIAR Y 2, KB A BN . FRATATLAE K (10.8) 2 3L min/ 4 5
HHETTOT R TR o
pop (1,(0,z,[]),[]) = («.[])
pop (n, (r,x,ts,),ts) = (z,(n—1,tm,ts"))
HA1 (t,,,ts") = min’ consolidate (ts,4ts). TFEEF] H KBRS 2UE 2 O(|tsm|) .
A/ MEFTAE B R H E FARREURIE EE o X R Y i UL BN T
1: function Popr(H)
2: T,, < MIN-TREE(H)

(10.17)

3 for each T in SUuB-TREES(T,,) do
4 append T to TREES(H )
5 PARENT(T') < NIL

remove T, from TREES(H)
S1ZE(H) < S1ze(H) - 1
CONSOLIDATE(H)

return (Key(7,,), H)

AVEEF “FEETTIE” AT L I FEIERE . [ B2 3 EE R E L
E = mgh (10.18)

W 10.8 fror, B R ARAUERVEIERE , R TOEN m A B R 3, B4
IR IEAE 7o b B . AR R EERERH 8 Wy, S S AN D -

W =mg(h' — h) +W;

e

hl

& 10.8: EJJ3HE

S AR PARFLIERY R R R E . O TIHESIERE . RATE Je 8 UM B S/ NT R T
FREN ©(H)o XMARERHIZH AIERFEA SIFRAERR . ity HIT,
TR T HRIHE H . gt B3 aE @(H). ©(H') M1 @(H) HYZ= RN LA H I3
FEHEB WL AT LAZE R Y A AR . 8 SBREDA

O(H) = t(H) (10.19)
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Hrp t(H) 2P IORE XET n AT RO SEROIRERE, SR BRI L
B2 R(n)e JFFFIE . HEPRIGIRECR 208 t(H') = R(n) + 1o fEVAFFAT, FATEMT
HONAEERERAE, XSS T A AT oTek s B PR SR/ NT R AR
SRR H A S I BB AR o IR TR R 2 AL R(n) + ¢(H) — 1 #R .
B R ERRT RIS 2N T WIRHFFRIRRIE 2B Te . BATHES o #rEaELn T

T = T, +®H)— &H)
= O(R(n) +t(H) — 1) + (R(n) + 1) — t(H) (10.20)
= O(R(n))

A A PR AT LR R 2 BOAR e i BT A A O I, I R(n)
H_EFRA O(lgn).

10.3.4  $#RIHLILHK

I SCIOR IR — D SLB BH o HMEE S TAES5, B ME 55 7a B AT T
NIEFAT A BRI SRV BUE I8N, FEAE S5 SRR HE T, SELE %,
e/ R B Dijkstra SE R BUX—3E e IF BIRATHEH A FEE GRS
FURRLN Al 4 oz $RIAME H PR AL A1 B SR (ERVINA ko AnlEl 10.9,
AR e WENT TRy, B0 o DTN IFRINEE GRiR) e RUEIXPEAT LA
TR B AT AR A B/ MEL EYIRRTT R RO ERE — R IRk
TRZ T, STCIEPIES HBRAERITERE. 0 T AP — I, JRAT145 P HER
IR R 2

B AW KRR TR T RN, LR ED) TR mEE Rk d.

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) > [T
7: if k < Tor(H) then
8: MIN-TREE(H) + x

CASCADE-CUT i i — MRl Rz BMAT R B R AL FA /. IF/E Cur i
BRIX—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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4 10.9: # key x < key y, ¥ x UI'N. SARIRINE]SfE.

5: add x to TREES(H)
6: PARENT(z) < NIL
7: MARK(z) < False

FEIOIBRET , #5757 M o BARIE T, W BT ELREL T sl A1 Z4k4:
FEIDIER, EEIRT .

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: Cascape-CuT(H, p)

%3 10.2

i1t W] DECREASE [ 7) {8 2% 8 0 AL ] O (1)

10.3.5 FEPARHHER Ay 2

FATH AL H MAX-RANK(n) HSEBL. BE LT n DICR I EPAREHES i A
PFHIRRHY_EBR
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SIEE 10.3.1. *F T AR BE P oL o, HBHKAE, (Bp: k = rank(z)), |z
AR P LFE AL, W
|| = Frso (10.21)

LA B AEFRIRRBINF G F kR

FO - 0
F1 - 1
F, = Fr1+Fpo

IER. RN ¢ FARE B R v ve, o yee U RAERE] © BYRSRISE)E
Heby BN, ye BHIN e BA |yl > 00 H vy S« (Y, T4
Y1, Y2, o Yio1t DEAFAE T o RO UERAR R RO G R . BT A — 2, A

rank(y;) = rank(z) =i—1

WG i 2 RAER A — A7l Gl DECREASE), —HARES A1,
EEBOLRIIBRFF IANZIZRIR o RULBATAT LAERT . XHTAT 0 = 2,3, ...k, £7:

rank(y;) > 1 —2

2 sk N @ AT RN EOTRER B ME, Herp ko= rank(2). XPFUAUEDL, A
so =1, 51 =20 LRI BN 0 MR, & 1A, B 1 RERDA 24
WL BN kIR, A s DR

|z Sk
= 2+ Srank(y2) + Srank(ys) +...+ Srank(yi)

> 24580+ 81+ ...+ Sp_2

;H\:EF[E%E—'T?E‘ZjIEéﬁ‘j Tank(yi) Z 1—2 3\{‘:_@_ Sk %‘ﬂ%]ia Fﬁu ST'ank(yi) 2 Si—20
BATRE T REEY] s > Frqoo MIHECAAINE . X TGN, HOTG 50 =1 >
Fy=1, D sy =2>F3=2. XTk>20FEN0, FKITA:

lz| = s
> 2+4+50+81+ ...+ 5k
> 24+ F+F+ ...+ F R85

1+ Ey+F +F+ ..+ F, FIffF,=0F =1

WAE, BATTTHEEUER]
k
Fra=1+)Y F (10.22)

=0

FHRAE N
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o MFUENL: Fo=1+4Fy =2
o BIAAL, BRI K+ 1Bz,

Fryo = Frp+
k-1

= (14 _F)+F gz

=0

k
1+ ) F
1=0

ik, JAMERIELL®L:
n > |z > Fuo (10.23)

O

MR EP RIS Fr, > ¢F, Hrfrg = ! +2\/5 N HE . FATF

IHIERT T 58 R R 0 R 200 O(lgn) o MRIEIX—45 5, AT LAE L max Rank
oE

mazRank(n) = 1+ |log,n] (10.24)
Bl PRSI 1 326 U 5 SLEEH 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 PgXfHE
ey B SLB A A A e AR A AR . B STBR R PERETL R, AP

SEAE, BRI RBOET SFFER RIS AT, AT NE R IRIER
SHE 2R O(1gn) AL,

10.4.1 ®Y

FCXTHESCI N — IR X o B/ NTRRAF TR — IR 4= o, &
Lo Rk SR, LS — MR AT 180 (2, ts). 2R “ZEM
T MR TR TRE
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data PHeap a = E | Node a [PHeap a]

10.4.2 AIF HAS FKBOETR
EIFMADEORHERT, AR R :
L AR — M @, 855085 HE;
2. AN, PR HERIAR T AL ABRECKRH— MEN A — BT

merge & ha = hy
merge hy @ = h
10.25
r<y: (o (yts) i tsy) (10.25)
merge (z,ts1) (y,tse) =
w0 (y, (z,ts1) : tso)

GIFBMERE B B M AT, AT Tk, FOHERTY MK
F ERE 4230 o5 — I MR T -
1: function MERGE(H1, H>)
if H, = NIL then

v

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;

EFAFFRREL, w LUMRE PSR PRSIl AR AE, st (10.12). HETIOTER
R AMARTT RAREL: top (z,ts) = zo FRANIBRIBOE TS A AR W RO ) o

10.4.3  $#RIHLIEHK

T RBYERVING . FATH LB AR DI, R a I8, AR
s AT LUE R N TR R E.
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
S HETOAOAR Y RUR . BRI B9 B TRl AR -
pop (z,ts) = consolidate ts (10.26)

NV A, DI RR HR# 5 5o SRR P [ 25 6 IR
FOXSHER 2 7ok BiX— & FF . sl 10.10 MIE 10.11 ffoR. AR B RN
BRI S

a) L H I A RO

g: @@Q@@

*Eﬁ'%)'ﬁ 2 BB . R 9 BT

dbdbdbdy

c) FEPIRRAR O S RO B EOR
TXT it LA e — R Te /e & 9t

4 10.10: BHERARTY /L AR5 9
consolidate [| = O

consolidate [t] = t (10.27)

consolidate (t1 : ta 1 ts) = merge (merge t; tz) (consolidate ts)
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() ()
) () 0020,
@ ) () ()
() ()
(a) RS20 9 71 6 AT HRB 215 (b) HHE 000 7 OB 55
i
(=)
(2 (5 ®
0020
() ()
()
() IEHCTAEN 3 O AIEBEIA  (d) FRTT AN 4 OB £ I R

K 10.11: WA 2B FFHI B
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X AT AR BSEET :
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

FATNLE I BRSO IEAP R T Ton T, BIFIR T, SRS HEREER) L YR
IXFEFLYCm T L B, SERR e A [ ZE Y o HEFR T BE O AT EUR A, XD

10.4.5 fBx

N T MBRREAT R @ FATAT LASERE T A EIR N A —oo, SRR FFIAAIT—
BAE AN AR E 7 o MR, AT E AT R R A
AN, FATHE o W H YIS, S8EX @ PUT—RoR e, FRREERG IR 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)

RO BR SRR A P58 e, BT ARE A 20 PR REHL = X BT ) O(lg n) o

%3 10.3

10.3.1. W%@ﬁﬁﬁﬁﬁ¢ﬁAnlﬁ? SREPAATHR M o 2 m ARORI, 3 A AR
PERER R RZE ORE D PEIERER O(gn)) o ATk — R Z 1R L ?

LIRS HEF AR o

10.3.2. 52¥
10.3.3. SCELECXHERGCSE 2,838 DECREASE-KEY
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10.5 /pgt

A, FAPEHER LI " SO R 2 T BN B . IR
BABSLHENE T 22 W RN E N BB Si A . T BCX HESE I — R 2 XA o s
FLAERER AR EIER AT, ATLRAS SR B e RE . X — UREVRE R &M

10.6  ffix: fil7i2f

Z XMHESL (FEMZ - A5l e) -

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

IR

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 N R S -

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 [])

—IEHERY 5

Node<K> merge(hl, h2) {
var h = Node()
var prev = h
while hl # null and h2 # null {
if hl.rank < h2.rank {
prev.sibling = hl
prev = prev.sibling
hl = hl.sibling
} else if h2.rank < hl.rank {
prev.sibling = h2
prev = prev.sibling
h2 = h2.sibling
} else {
var (tl1, t2) = (hi, h2)
(h1, h2) = (hl.sibling, h2.sibling)
hl = dinsertTree(link(tl, t2), hl)
}
if hl # null then prev.sibling = hl
if h2 # null then prev.sibling = h2
return removeFirst(h)
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-

B UG IR I

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')

IREHERY

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)
}

IECHE S R 2 I 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

il R OB i 2R 5 2L PR -

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

PRSI -

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

{31 A6 B L HEA T I -

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

SEPARTIER 5 1 -

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)

fReFHIL e

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




Ft—5 Bl

1.1 s

BB T Sept st (FIFO) RYMUH. RT LA ZF007 i SC8BAS, fin B W
R, PRI IX S, IRZAH T 16 FORE A SEE 2 e BASIF 22 T I
PHAREEAR R :

L AT LM RO TR N TR R IR IRCE
2. ATLAE RO TR A MK SR AR BT =% o

R AR e B SRR A1) o BTG 2524 A B S, 1 SR T ey EL
CEARBIRA, WFR. BT .

11.2 Bzl

FANTAT LU B eSSk bl AN MIBRITER . (B0 7o, BATHAELE
KBRS TFPERAE, IMAERERIA T — M. AR O(n) i )ik J 2815155 LA
FKREEE, Hin IR . XEMICIEEEINMEREEOR . 0 TP AN AR, ] LA
—A AR R E . TR RN RS RS PAS IR, nfEl 11.1 frR.

data Node<K> {
Key key
Node next

}

data Queue {
Node head, tail
}

PAF e B AR I W A E 2 AL (Enqueue, B push. snoc. append. push back)
HIHEEL (Dequeue, 5 pop. pop front) . lFHFIFKES, FATEEAELFMATTR . M
FEEBIMER T 2R LA A 553
1: function ENQUEUE(Q, x)

2: p + NODE(x)

197
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head tail

lof

K111 2B, Sk RERERT S

3: NEXT(p) + NIL
4: NEXT(TAIL(Q)) + p
5: TAIL(Q) < p

IR —AT R (SPSBIRA S ) . Bt ERe s B aki2 & NIL.

1: function DEQUEUE(Q)

2 x < HEAD(Q)

3: NEXT(HEAD(Q)) + NEXT(x)

4 if z = TAIL(Q) then > QAN
5 TAIL(Q) < HEAD(Q)

6: return KEv(x)

S TRERAHET RARTH, HEAD SLERRE] S By R — 70 a0 11.2 fr
ANo FATAT UMEIX — Sy e 2ITF A A o A KB A (il — 0T F Bt S 1
RUATATERA S i ik g A3 L 1000,

S > X > X —>» .. —> x, ——> NIL

head tail

B 11.2: #4 S 5 Sy

11.3 fEHFZEMIX

TABIZAH S, FATTRT DIAE H RO RS TT RSB UK 2 (HFTR LR TH O(n)
MK ER o X A O B BRI AR T R MK AT AT RS 3. N Tk BB A TEREZEK
FATAT DAE R R L R Rk . U — 36, AR X, dnE & 11.3.
B 114 JirR e JXREHI AL LA AR head , BASIHCE count, FIEXAR /) size, #itn)
PASE 2 RIBBAF o count S5 0 BRFEAFINZS, ST size B BAS CLfho FATTIE AT LAFI ]
s e NN NI N 2
1: function ENQUEUE(Q, x)

2: if not FULL(Q) then



11.3 #HFREF K

Tail

Head

Kl 11.3: JEERZZ X

head tail Sb head tail PR
NI G A N (Y
al0] [a[1]| - [a[i]| - o lafi] | - | ali]
(a) TEBMAZDICE. (b) MLEMBRAE oG, HI T
(=P
head tail A5 tail head PIR
|l | - am/ al0] | - | alj
(c) BMAZNTCEEBHA (d) F—MICEIMA IR LB
BB A —/NHTT,
tail  head TR
M M Vi

al0] |a[t]| - a[j-1] a[j]

(e) &MHICH AT T ILEK . AT E il

B 11.4: (EIEERZE ni X SEERBA S

199



200 #F+—%F K3

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

TGP XAV RLE T B KROA &, IRGEA K B eEh, 1A
Count, UNfTHZIMEASIZ 22 21T Eil?

11.4  WHIFKAS)

FF ) SR B RN ), H AR RR L R AT LR A FI5E “REX)
7 SRR SEI A . ARSI — N SRR, W& 115 Fin. B34 Ry
AT (front) MUS (vear)o PAFICH (f,7), “RASIEET ([],[]). FAHEFITHRIA
r HISLER, AR, HICEM f HSKERBGE, 1 REHTE AU (]

pop <----1 X1 —> x —>» .. —> x, ——> NIL SN

front

push ----- » v > » —> .. — ¥y —> NIL <

rear

’ 11.5: WANELRAA

{push w (fir) = (fer) (11.1)

pop (w:f,r) = (f7)

Lt — RYNVHBARVEIS . f WIRENZS, T r B EICR. N T RE4RSEHBL, Fi]
B RO R f, Bl ([, ) — (reverse v, [])e AMERHBABNG, 0 T—
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IR R 2
balance [ | r = (reverser,[])
balance fr = (f,r)

—HRA r (R, WX ARIERITERE T BN ZeE i Rl R, B 7 i
BB R TR o BRATEDFTE SUNBAAIH BAN :

{push x (f,r) = balance f (z:r)

(11.2)

(11.3)
pop (x:f,r) = balance f r
FATAT AT SS H— DN RS FREI . MR 111 BORFREE, FRATE M
ANEER “SLT ERESRORIE RGNS, W 11.6 . 4 R B AR, FATE F
B R s R ECH .

BIE B | BEE
e | O(n) | O(1)
RN | O(1) | O(n)
FELMEE | O(n) | O(1)
EEHME | O) | O(n)

7 111 FEAMER S IR ER XS L

e X Xy Xy |[<--- push

front

Tty | 2 | Ym [-> pop

rear

K 11.6: XUEEHRA A

%3 11.2

11.2.1. N 234E push Bt PR T ARG A fT B 2
11.2.2. MBI F AT 53 P A=
11.2.3. SEELXCEEHPAA

11.5 ~PH#iBAS

IR F NI 70 P2 28 BN R B ), AR RGO T R TERE R ZERY o 4
nf IR, WERESH n AITRIMASL, IERHAT AR E 20N O(n).
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X AL A f M r B REAS Pl o O 1 SO , FRATINN— 28R, Bk
r A KT f K, SNt
Ir| < [f] (11.4)

BB R AR, (X TR A IR BT ok, IR
HNBRIEERr e IXFRBIERA SRR (f,n,rom), Hfn = [f], m = [r], 75
AP PRI L . ARPE-PATRNE (11.4), FRATRTLAMRE f BGIRESRHIBAS 2 A

s
Q=¢ < n=0 (11.5)

TR ANBAIE SR

push x (f,n,r,m) = balance (f,n,z:r,m+1) (11.6)
pop (x:f,n,r,m) = balance (f,n —1,7,m) .
Hr balance 58 XK :
m<n: (f,nr,m)
balance (f,n,r,m) = (11.7)
0 (f # reverse r,m+n,[],0)

11.6  SEHfPASI

FEPETAFI RSB, PR RO AR BB SR R MERT [Ty o AR SR R ¢
o TRt MERESHINAE f + reverse r i LI m > n, R TP
MM T m n #REEEL, FATHBRIE: m=n+1. + HEREE O(n), X
FARVERY SR ER O(m), BAERERE O(n+m), FIBIIHICRANBUKIEL . FATAT
PLREX — A IREI SR AR 2 e A — T i U Y SR # A -

reverse = reverse’ || (11.8)

X E SRR, H:

reverse a [] = a
(11.9)
reverse a (x:xs) = reverse (r:a) xs

A LA S bt R IR 10 10°) s U N R 4B T o B AR 24 T — R
WESHAGR . FNTE LIRS, BEMWMIRES: PR S, FORIEAEBE TR (R
S0 s SEIUIRES Sy ORI CAEEHR (5E/80) o T RIRA T ALIRASHLI B
(slow-down) S5

step S, al] = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (x:a),xs)
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B, BOVERAELETRES, RN S, (RFed), (HEVERFTERAT R
TCERTR B, UKL TE M Sy AN, FATRHR AR FHE I IeR =, K
FEEEE) o FIRTIH o BT RIATAHHETE, X BT ERIER . LaTARESH
PRI R SRR AT ok, UG FRRH] step B a0 :

step S, “hello” [] = (S, “ello”, “h”)
Step S’r ‘(611077 “h” — (S’r‘7“110777“eh77)
step S, “o” “lleh” = (S,,][], “olleh”)
step S, [] “olleh” = (S;, “olleh”)

BUAEFRATT AT LR SO B A0 0 PR BN s ANBRHY . ELR XA 1 — 2 [
HNTHEE LM WL Ao KB ERRE R Ko BATRIHIZ L SO I 25
FEEEH— AT N TS s 4 ys, FATATLASSH vs [KEEH T5, SRF1E— s
FITCERBUH, E] ys YT . JXAN reverse’ Kbl

xsHys = (reverse reverse xs) 4 ys
= (reverse reverse rs)) H ys
(reverse! [] )4 i
= reverse’ ys (reverse xs)

= reverse ys Is

KPS . AT LA — MRS step. 6 v RHIT, BLHRIE T
TIER . =FRE N B Sy T Sev B Spo BEABRAER AP BL:

L. [RRRE f R, TR
o, HHE N T BURTEE. SEEE T AT .

next (Sy, [, x:f,r' y:r
next (S., f',[ 1,7, [y]
next (S.,a,[]

= (Sexof' foyr',r) [RIEKES,r

= mnext (S, flyy:r')  EEEER. HNERE

)
)
\ (11.12)
)

= (Sn.0) MR
neat (Se,a,z:f') = (Sea:a,f') A

PN ORI B X L B 2P PR BN NBARAE A LASE RS2 BAS o
IR 2, Hm =n+ 1, RODHABLITE f + reverse ro ST
Tn+ 1 BRI v, AR AEIX LIRSS T X f RIS I, B ]7a 2
Hn+ 1R IR ERR T 2n + 2 2. REENEREAE 1T
e AR RE— Mg R (HIX ARG FESE 2n + 2 DB AT,
PAFIA B FTRE BT TR — RIS AR R RIS A P

SEIBHYE . FEAETR 2n 4+ 2 BSEN f + reverse v Z T, ELERINBARIEA AT RE
RAEPAS AR A — HITIRIRE AR, 2 2n + 2 )5 BRATHEE T
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—ANHH f B f = f W reverse ro T F—YRIAFASIE A4 A -

Il = |fl+1
— S+l 41 (11.13)
= 2n+2

a2, M B PETRII ZI 8RB EARKIRr NI . LA bR
FHR ARG PERS, 2n 4+ 2 BRI EA5ER T - MRS f SIEEH0T A
Ko BTATAT LA SRS B £/ +F reverse o 2275 T SPATRHIN, FEBHFATHIE TiX
EASERTE . AE 2n + 2 BUTRSEET . HARIERTRERERY 2042 X4 —1
JETRRIR DL : BATHREN f FIFRBULICER, (L2 f 913 f' = f 4 reverse r HA
R WA RN f 9156 O TR AR, FRATES — I BoF Tt
H reverse f I, FIMREGE 0 f BIRIA . IXHERIMEIESEHET n OHBRIE, A1
RRLAAN. £ 11245 M TH -BBELIE (RS f ) BEIZIAS
HIREF o

PRAFEY f RIAR BT R G EEAES
{fi;fi+17"~7fn} (Srafv”-77:7-") {}

fi— LATERTHEN | F F T R GER | s E B
# 11.2: {i n B5E R BT RIS PR ZS

2yt n YOHBDIRIE, fIVRIAT M. RATIH RIFIF IR B T
Bto WCHHINSRARSL MBS ERE? ROzt T f RURIABSE, BT[], BATEH
FTIERARE T o IXREN FH 7 =[]+ 5 =% FI b, (EoTERRIE,
TATRFE f iR A B R . BIRITCEM f IR — A, 1A
ARSI — M BEskie £ PRIAT RN, I f 4 reverse r I, i
Bk 0, BRKIRES fHI—A TR, SR —, FRER IR T B
ANTEZE s FRUCHBIRIE, SR —, FRBATERAT UG — A T . B
TEVEBERRIER AR TR AT A S B e Y ELOCY TR 0 BT, FRA7170
TSI TE BRI . RSN T IR R A e -

next (Sp,n, fyx:f,r' y:r) = (Sp,n+ Laf, fyr',r) RS

next (Sp,n, [, [ 1,7, [y]) = next (Se,n, [/ y:r) SO T NiEHe
next (S.,0,a,f) = (S¢,a) R
next (Se,n,a,z:f") = (Se,n—1,2:a, f) BA TR
next S = Sp 25 RRAS

(11.14)

VHNSTEERER B AR E L RIS R B A IR ) SRR T R AR 1. SRR L
XM PR E RIRAN S KA BATERIRE f FIREEI 0 S TTRNEHIBHER B EL85 S8,
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BADEE ST — D2 RIRES So SRR HARII LI PAFIIBIREE 53 =
MEBS> f AR SLERKE ny IEAETHEHRE f 4 reverse r FIHRAPRAS. r 7158 K ILK
& mo 12K (f,n, S,rm)e ZAFNEHN ([ 1,0,S0,[1,0) MRIEFHTHN Y n = 0 BFPA
FIRZS o RAMESH . ANBUESH:

{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

Hrpr abort 75 H AR IB BT EGES . X R T LU ERE— e R BATRMEE X
XU ERE . balance #GESFHETERN] , A AW RN S5 f 4 reverse r Z B KE -
7 B NEFT— 25 AT BB P 5

m<n: stepfnSrm

AW step f(n+m) (next (S, 0,1, f,[1,7) [10
(11.16)
Horp step FRARGSHULARE T —IRES, 2FREIT ARG, SRR =
IRZS Soo

balancefnSrm:{

step f n S rm = queue (next S) (11.17)
o
queue (Sy, f') = (f',n,So,r,m) FBLIELR S (11.18)
queue 8" = (f,n, S, r,m) ‘

HA BT ZSLI abort %L, FaniREHL, MTF A4 T HAERIE, TR —
MICE

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. f£ abort BREUH, Hn =00, FATLR EREH 7 L MERITRIIRIE, X
W7 o THRR a VENSER . T AFERBIR—PITER?

11.3.2. DB SEBLSER S o FE3E: UIT AR BE ST, ANRE— MRS 4.
A M2 0 ME REFR AR LA E S ) o 38 LB —MEPEE S, (5420 SR AT
El—1IR.



206 . Ooo od

11.7  FEp:sEit BASY

SERS A SR HEAE TGAERT Y f 4+ reverse r i1 580 FIPEMERME R LG 2]
— MRS BRI R rotate FILLZIT L f 4 reverse ro Mg/, fiiH—
ARG o, NIRRT

rotate xs ys a = xs H (reverse ys) H a (11.20)

AT xs WAL f HIE6, ys WIIRHE N r BISE, a WIIRH NS [|o N T SEBLES
e, BAoH B AHIL:

rotate [ | [y] a = y:a (11.21)
HBIE LN -

rotate (x:xs) (y:ys) a
= (z:xs) 4 (reverse (y:ys)) #a FXZ (11.20)

= x:(xsH reverse (y:ys)) Ha) EHENLEES (11.22)
= x:(wsHreverse ys 4 (y:a))  REEHIEFRIE RIS G
= x:rotate xs ys (y:a) Jm HE X (11.20)

VA9 EHRYBRE DL, o] LS B e e e -

= yua
= x:rotate xs ys (y:a)

rotate | | [y] (11.23)

a
rotate (z:xs) (y:ys) a

TEVEMESATING R, () SR B . NS AT, IXFER rotate THE
HARDHE T o NBNMEBORSNZRATE SR (f, r, rot), H rot FoR IEAEEFT IR
AT f 4 reverse r, BRI AZE [ ]o

{push € (f7 Ty TOt) = balance f (x:r) rot (1124)

pop (z:f,r,rot) = balance f r rot

IR balance AR I RTHESE — AR HTARE, HEEHLEERNT, BADTIH—4¢
R

balance fr ] = (f,[],f) H: f =rotate fr|]

‘ (11.25)
balance f r (x:rot) = (f,r,rot) HEHEEH

%3 11.4

QAT SEBDREBA S, A K 0 T S 4R RO T B TSR AN A e o
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11.8  [ifsk: #lriE
UESSUTHINDNS

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

}
PERGE IR X ) 3 S
data Queue<K> {
[K] buf
int head, cnt, size
Queue(int max) {
buf = Array<K>(max)
size = max
head = cnt = 0
}
}

R ZEh XAY HE . NBA

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<k> 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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A5

SRR A

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

PR SR A -

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  #@
FEB 2R B S R — R R G o AT AR P 21 BRI 2 T a9 2K -
L ATEMESKR LM B A ERICE:
2. AfLAPRE (PCTLZPEm ) B A e
3. Al LA EEALYT ) AR ITER s
4. A LAPGHEAE R A O BT P41

B FIFROGR MR LEZOR, W NRA7R. Hrfn ABRAFPIIRIREL, nas
ng 73 FOR PRI P S B

PRAE H FIES
fEkiBsEA MR | O(n) o(1)
fEREA MER | O(1) O(n)
T O(nz) | O(m)
)
)

BEALYT )AL 0 o(1) O(i
ELLE @ O(n—i)| oQ1

AREHMNZG T =R XYW, mERsIR. FHE.

12.2  Z XFENLIG ))&

T BEALYT AR AR B T O RSB R BE AL T ) SR . AR S T oE e
TR o JURARAFAEN T e ST AR T E 0, R HFGE O TRk BT
HRITE 22 DIRSE & — R RAF i n 02 AMEN 1 R ZBERI A AR — IR
TR REE RN A RO B SR AEZEREI 1 < i < on, IRATERATLAR
AR AR E OB PRATER @ 19 fIH 3. A 121 Bos s B byt FoR 74

[x17x27x37x47x57x6]0

209
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12.1: &4 6 TICRIFS

IR i+ 1 R XN tio to A AE—MHFI . 6 & 28 MHF.
T n MTTREBTH], FTAHE n Fm R —HGIE n = (emem—1...€1€0)2, HH e; H
1 8% 0,

n =2+ 2" + ... + 2", (12.1)

I e # 0, TR —RA/NN 28 (582 =R tio 72 12.1 fF17h, 741
KN 6 = (110)20 HARAZE 0, FATAFEAR/NN LHIM: 52002 1, 2K
/N2 IRty BREDLE L BRI 4 BB too BRI [0, 22, -, 20
TR AT TR A RN ME— B, FFH IR NEIRHES . FATTFR
Z R XML BN FRATAT AFE SR i A B RS VEAR AL LA S R B
o 1 JCEARAAEN 7 5, 20 R T RIE SR B RN XA BT
RACH (s, 0,1), Hrfr s FORFRIGCRAN, L r pRlZoRah 7. B8 ITR » it
FHRIEH (v)o FATAT LUXAEFRI—HRAR R/ -

| size (x) = 1 (12.2)
size (s,l,7r) = s
N THFOICR y WAZIFS S R, FAIEIE BRI — A5 R o 14 :
= (y), ARILEFHAZHRMNT . insert y S =insertr (y) S, 25 S EALE K-

insert y = insertr (y) (12.3)

TN E AR — BRI ¢, PRBC t A0 ¢ BN, iR ¢ Bk, bk ¢ BT
PRI (RS TE)) s 2 ¢ M1 AR, BROTPR e (R ) Al #RECR
HIRE: ¢y = (28,6, 1), SAURIEBIAMNS ¢ TR i 12.2 s

insertr t [] = [t]
. sizet < sizety: t:ty:ts (12.4)
inserty t (ty:ts) =
Ay inserty (link t t1) ts

Hrp link WK/ MARIFOREERAR : link ty to = (size ty + size ta, t1,12)0
RIS m AR, m (9N O(lgn), LAFENRITERER Ogn). Fi/EHK
NTRERA 73 1k BE A B )
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O,

(a) Tﬁ;l)\ T1o

(b) #iN w2, HERTZA [ta]o

O Q
@90 66@0

(c) AN w3, Z5HEN [to, ta]o d) i\ vao GHUGE
Tf}:ﬁ%jj t2]
@@@9@ @00@@0
e) fiAN x5, G55 A [to, t2]o £) WA xe, EEHRNM: [t t2]0

& 12.2: i z1, 22, ..., Ts
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XEPRH, FRATH A A FE AR SEEA e 51 K R OT 3R o SRR P AR — 1R
R to (BRIFFA7 0, FRATECRSRE to MRS AN, 38 ITHCRE S — B s 0 BRI
to. FRJEHGEMIER. Anl&l 12.3 FrR.

o Beid:

T w1, xa, ..., x5 XN R b) MK x5. MR
7“7" [to, t2] to

(v)
OJ010

(c) MIER x40 EITWRIFIIIGIRE [to, to, 1], MERIGTR
[to,tﬂo

K 12.3: MLBMIERITER

extract ((z):ts) = (x,ts)

(12.5)
extract ((s,t1,t2):ts) = extract (t1:ta:ts)

FIH extract B a] SEELRS LR IC 2R M B -

(12.6)

tail = snd o extract

{head = fsto extract

Hr fst (a,b) = a, snd (a,b) = b 53 HIR[E—XHEHPIE5S o
AR B SEBR EX TR N NAFI X R . 25 EEEERE 1 <i <n, &
I5EE BL BN B e 4 — S, SRS FRRE T — IR B AT & BT 2R

1. HOA @ AR s — 0 ¢ IR/, 0 < size(t), WITCHRAE ¢ HH, 32 FoRAEM
t T A

A, A 1" =i — size(t), SRR TR RIMHAEEES o TITR.

i <sizet: lookupr it
(t:ts)[i] = (12.7)
A3 tsli — size t|
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Hrt lookupr FEMHBEST “ 0. MR 4 =1, FATRERT A AW, 3]
Rttt RE T EH:
lookupr 1 (x) = =
i< |2]: lookupr it
lookupr i (s,t1,t2) = = L2J coRtpT T 01 . (12.8)
A0 lookupr (i — L§J) to

B 124 $il8 TAE— RN 6 BYFFIFPEHE 4 DILRMP R B —HRK
INR 2 < 4, BREARGES TR, FRIERSIER N ¢ = 4 - 20 BRI/
4 >4 =2, BFEPOCRKIMAXRM . FOVRSIN 2, ARTHRFI TR/
4/2 =2, FFUSETRE AR, REREA M50, RESEIEYRIT
Ro R, FATLATLMEMUERAE  KIITR.

(a) S[4],4 > size(t1) =2

(b) S’'[4 — 2] = lookupr 2 t2

| = lookupr 2 left(tz)

(d) lookupr 1 right(left(t2)), I&Al x3

I 12.4: FREL S[4)

RETER “XRRIMER, X FEA 0 AITEMFH, RERRIRECH O(lgn). *f
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Ei

THEI i, HZHE O(gn) FHAREM IR 5T RIERAR A S L RIELE .
ZAE O(lgn). RILEEHLYT R SARTERES O(lgn).

%3 12.1
ey RE R 2R 5 [ AL 2

12.3  FvRm

FEEH n I —HERIE AR L AFAER R n = 200 +2 1 +...+2M ey, HP
ei NE i AIIE. e =1, M RI/NA 20 5E2 — XM FFFELEHHATT
R, RRCT RO 1 WOIMBRX R BRSO 1o FATRRXFNE R0 Hergm s
N T ARFRR RS, BA TR AL E O IRES: IREF Zero ZRAF
FEZSRE, MEARZS— One t FORAAE S to RXPERRMRAL AT LASR IR O — 41— BEiR
B, TIHEAE A SE BN — BRI EA 0 o

addt|[] = [Onet]
add t (Zero:ds) = (Onet):ds (12.9)
add t (One t':ds) = Zero:add (link tt') ds

P ¢ 5 ANFRART . RIS AR S, FRATEIEARE One t, B2
BERIECR R ME—fL. ST 04+ 1 = 1o #HHMAR, WRTHFFIEETEE Zero,
FATEIEE—RES One ¢ Bedids Zeroo XHY4 T 3HHIINE (... digits...0)s + 1 =
(..digits..1)ye BRI 6 +1 = (110)y + 1 = (111)y = 7. WIERZJEHIE (2 One t/,
TATAN t 7 RN X EETRATEE D7 to = (o) FFIRA, £F
FAR A NBHGA, 2D 1,2,4,...,20 0 FRATE ¢ ¢ gEREE SR, 6
AR N BRI RECE T . T2 B One t #8460 Zeroo XM T 3t H ik
(..digits..1); + 1 = (...digits'...0)q. FIN 741 = (111)2 + 1 = (1000), = 8,

TR ATH ok R M . W5 A &H —0r One t, MEREF
A HZS o XX ERIETE 1 — 1 = 00 WMRFIE LA, FEHEMRZ One t, &
(P EF A Zeroo XM YT kil (.. digits...1)s — 1 = (...digits...0)2. FlU0
7—1=(111); —1 = (110); = 6. WRENE Zero, WILTT LML FoA T HH I
PR VBT R, PRI t1y to, B Zero Biil One to, FFMER t1o
RS T HERIRE (.digits..0)y — 1 = (...digits'..1)q0 T4 —1 = (100)y — 1 =
(11)5 = 3.

minus [One t] = (¢t,[])
minus ((One t):ts) = (t,Zero:ts) (12.10)
minus (Zero:ts) = (t1,(One tg):ts"), Hrp: (s,t1,t2) = minus ts

By FORHBAUELIRE . WAMEAREGTE, iR EERE. FE
MR Z PR n = 2" AU RE . ARARE) bRk 12.1
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i R (- AR)
0 0,0,..,0,0
1 0,0,..0,1
2 0,0,..,1,0
3 0,0,..,1,1
2m —1 1,1,..,1,1
om 1,0,0,..,0,0
MARE | 1, 1, 2, ... 2mTL 2m

121 i 2™ TR ISR

RN B BARALARR AR AN ERARAY, S LR 2™ AL AL AR R IR
A, PRAT A R . TR 271 R s ALE S AR — I BTl
R BRI — #RA  BRJm — N ICERIEAN G . S by Lo KT A T EEE N,
FBEIT = 1142+ 4271427 = 274 SRR A BRI 4 T A

gm+1

O(T/n) = O(~;;

) =0(1) (12.11)
PR LG 7 NP 93 468 5 20 FEE Dy 50 TR
%3] 12.2

12.2.1. SEHUE R BRI S[), 1 < i < ne Hrn RIFFHCE.

12.2.2. SMFHUE SRR IT SUHIRERE 1 S 29

12.2.3. WA, 27 MAZIZERSE % — X (m R SUEH0 o 3RS —
SRR A RIBE LIS

12.4 NHAF5

1E b—warh, AL RS o H T3 mT L O [ RE AL YT ), FRATTmT
LU H e AR 7 oo i 125, 3 knt Sk U7 20E e M . e 5IER A Sk
FRAEALT, WSnE f R RHEHRAR, W2 r ZEHRE. XFERATH X
BAHFERINZE S = (f,7), 2 FRONT(S) = f, REAR(S) = r. FI/GEANLIAT

insert Xy X X1 e > » Ym append

front rear

& 12.5: WKL T4
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1: function INSERT(z, S)
2 APPEND(z, FRONT(S))

3: function APPEND(z,S)
4 APPEND(z, REAR(S))

REALYTIRIES ¢ ICRIT, FRATICRIMT @ k512 f &2 r. RRHEMEDTR. &
@ < |fl JUHRAE f e BT f R e SKASRERRY, B f A T A2 R 5T
2o BATH |fI—i+ 1TEMBIITE: WER > [f], JLRAEr Ho TLRENAFA KT
[, FATH @ — |f| ZEITTER
1: function GET(¢, S)
2 f,r < FRONT(S), REAR(S)
3 n < SI1ZE(f)
4: if i < n then
5 return f[n —i+ 1] > RIAZ 5]
6 else
7

return r[i — n|

BRI REIE — D EAL f ol r %S, S MIATCER, TERE P, 2 f el
HF (A, B — B M, SRIEH T SO R X 8. fs r
FERIFR e FATHLET LASEH fu 7, 3T H] BALANCE, F#HE f. r 2ZHEE.

1: function BALANCE(S)

2 f < FRrRONT(S), r + REAR(S)

3: n < SIZE(f), m < S1ZE(r)

4: if F =] then

5 k%L%J

6 return (REVERSE(r[1...k]), 7[(k + 1)...m])

7: if R=[] then

8 ke{%
9: return (f[(k + 1)...n], REVERSE(f[1...k]))
10: return (f,r)

FEERMBRES . AT £ r B2, A FoReE:
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FRONT(S), REAR(S)
4 if f =] then >S5 = ([], [z])
5 T[]
6 else
7

REMOVE-LAST(f)
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8: function REMOVE-TAIL(S)

9: BALANCE(S)

10: f,r < FRONT(S), REAR(S)

11: if r =] then >S5 = ([z],[])
12: feT]

13: else

14: REMOVE-LAST(r)

T BT S . SO SIAE R IAME L TR REDS O(n), Hr n BITE N4
HR D PR IR BRI TR o

4.3 12.3
T ICEC 7 B M B3 20 e 2 2 P o

12.5 WIS

BIRFATAT LA O(lg n) I RIAE — SURBEHLYT AR LA THi A HER . &
g1, AHEREWD PP Sy o FRATASRES B A — XS IF 28—, MR 22
AW NMAFRIIR . 8 12.6 25 H T —F ARSI RIS 2 X IR A% 7
PR —DICE ©1, HEITTEMS A T i BUREEE/ NP, R BE—
BRI o XL — D S (I E—) B FAHEFIRTRA (21,Q,) =
[T1, T2y e Tplo T EERET I (1, Qy) = [Y1, Y2 s Y] B FRATHHABLE]
Q. W ERISEE LT o S PAFIHI N AR RE N FEUN ], PRI 51 e 2 m
PEREA 2 H EUN AT Y o
sSHYIJ = s
GHs = s (12.12)
(,Q) 4 s = (x, push s Q)

FABICE 2 BF, FAPLOIE P HICRIIFE (2,9), AR HEZRER.

insertx s = (z,9)Hs
{ ( ) (12.13)

append x s = s+ (z,9)

MRS A K AN BR TR E A e o0 DOMRTT AL BRI RI T RO
AP AR 12 X RIS AT 3R . AT I E TR —ii, B
aE T

concat & =

(12.14)
concat @ = (top Q) + concat (pop Q)
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P

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[Z] ‘ ‘c[n] c[n+1]

AN

(b) i;{‘:‘% (thy) = [le,yQ, 7ym] TH%?)\M Cn+1 ?U Q:v

K] 12.6: W] SR

AT RAFEESERT AT o FRATPE S — 1R o HBA, AR5 18V il Jel 4 1Y
FROEAE RN s, BEH e s EEER. FAVEH concat MLEBMIBRITER .

tail (z,Q) = concat Q (12.15)
Bk concat W11 T IAF, B AR DA R . XABT B TR Q Bt
Frafngfel o,
fold f z@ = =z
fold f2Q = f(top Q) (fold f z (pop Q))

Hrp fORHT AN IR 2 R EF I FEE LSS MIE T, 4 Q =
[1,2,...,5].

(12.16)

fold (+)0Q = 1+(2+B+@+(5+0)))) =15
fold (x)1Q = 1x(2xBx(4x(5bx1))))=120
fold (x)0Q = 1x(2x(B3x(4x(5x0))))=0

FATAT AR FH 2R RE L concat (R AL TE L) -
concat = fold (4) @ (12.17)
BRGNS TR BER EEREEYUA A BERERAERIPEREAE BRI E UL T
RN o MBS S AR n NTTRIE, SCRIHET— M ER . R 2 R

n—1RRFRHEZE FICERR CASA— M7 o concat T O(n) BRI IAFF.
HHE PR 2R R B TR R o
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12.6  P4EMH

X EENLYT S ER AT AR SR AN ) () dEN S MHBR, DOS S (Al T
BERLIT IR (HZAE LA R AC R . Gk e it . WG RES R BENS A &
O IR] () HEFTIGERE, A6k BTSN . (ERBER &SI TR Ao
XA FHRTAT: 1 TR s Ak BUABH T, 2. WA #RIAm
SERY (BB AP BEALYS AR TR 2 BT R . TR O FIH 7 X sk s
AT, AT HE R IR RS, FHEWFIMH T 2.3 (—F B-#). —
B 2-3 M B AR A, e (B, t2) B (81, ta, ts)

data Node a = Br2 a a | Br3 a a a

BATE L IRFHEH R -
L B#E N O
2. BFERHPILRM T (2);

3. MEME =HS: —MPWRE. AT, BN (ftr). TR ES
3PICEIFIER .

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.6.1 #A

(C) ([b]vgv [(ID
K 12,7 FHamE, i1

mE 12.7 1K 12.8 fiis. Fl 1 (a) @, (b) BEA—NICEENEEH. ()
EEMANICE, SHME fvor FHeEd. MRMSIEATE, [ Tl 2-3 IR

LA BIRHTCRT (front). J5 (vear) HYE 6.




220 F+=% A7)

e[ale]e :

(a) 11 f FARIA 3 1 (b) sz 45 f

TR, LT 23 5 F A2 A

I ETA IR i
T i 2
3

K 12.8: FHEMR. B2

il wnpl 2(a) Frose (b) WWE G, fFiaHA 240K, hEE 2~ a—
R 2-3 RERYIF o TXLEG 1] LAFRIR O -

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]

EERE I, RREED KRR A PRSI . BRE £
r FHRRYH IR IR R THER . €N Tree (Node a)o TREEHAIN—2¢, 5l
ZHE Do LHAYPIFILFREE T TR A TTR AR . A TATLURAT
[ —ERFF T HhfiN a B

L WRT =2, WEZRNPITREMITT (a);
2. R T = (b) &M, 48N (lal, 2, [b]):

3. T = (f,t,r), AR f hICRDEAEIE 3. ¥ a lAZ] frh, IR frhoo R4
It 30 K f A 3 AICEB AN PRBI 2-3 B ¢, IO ¢ SRANE] ¢ .
B a AE] f e

inserta @ = (
insert a (b) = (
insert a ([b,c,d,e], t,r) = (
(

insert a (f,t,r) =

(12.18)
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B TSN, HE IR DUE KR AT R 2 AR BOR T = L A,
T 2-3 WHF4ER P4, Rk h = O(lgn), Hi n BT -PAFH#H TR 4L
BRI LU R KB S R 5 2 R ) PV %L 3Ty AR A
INESAHE T ICRIAA S

xs >t = foldr insert t xs (12.19)

%3 12.4
12.4.1. JHEBRSIH, FAMERE T RSB FfadE N

12.6.2  fBR
MEKFMHER AT LAEAEXS insert HEATIF AT
extract (a) = (a,9)
extract ([a],@,[b]) = (a, (D))
extract (la], @,b:bs) = (a,([b],2,bs)) (12.20)
extract ([a],t,7) = (a,(toList f,t',r)), Hif: (f,t') = extract t
extract (a:as,t,r) = (a,(as,t,r))

o toList #&—#R 2-3 AR 5156 -

toList (a,b) = [a,b]

(12.21)
toList (a,b,c) = la,b,c]

TATEE T 45RO ISR IHER) o AR FHEERICEIM T, &R AR
B ISRTAEN RS WA ITER, RATMER f PrIoTER, S8RV HRITRN M g
fHHEEH—NICR, PR NZ, e A%, FOTMER f heME—IcE, KRN
rH fET A Jﬁgfﬁi)\.f, W& f AN ICE, MHRETFARZS, AT
MFARHIER— D5 5 SRR — 19 U R A A AR B 2R A fo TSR f
HME—TC R MM bR R f A — DL ERITER, OGS — Do Rz MER. & 12.9
JEoR T T8k BB IR P> TC 2R Y 7o

{FH extract, BAITATLLE M H head F tail :

head = fstoextract
(12.22)

tail = snd o extract

%3 12.5
12.5.1. I, FIRSRSCINIG .
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(b) MR —AICRIE, fER—1

TLFKo

[xi81]x171]xle1] ‘ [x21]x111]

(c) FHAMIER —ICR, MHEFR " — DT, BEN
2-3 WA R AIFE . ENHTRY fo

K 12.9: Mz
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12.6.3 EHHEAE
FANTAT LA Frats SEEL R AR AR MR o

(a)

(lal, 2, [b])

append (f,t,[a,b,c,d]) e = (f,appendt (a,b,c),[d,e])
append (f,t,r) a = (f,t,r 4 [a])

append & a =

d(a)b =
append (a) (12.23)

R r PR ITEANEI 4 4>, BATEFATHOCEABINE] r K. A0, K r thiy
B =/NICERIBUE HE —BROFTHY 2-3 1, B s N [l R R R AR . DU 3T
R LA 2200 B NS 4y T OC A il — R TR

t < xs= foldl append t xs (12.24)
PN =Rl 5 E e e A [N BUEEE B
remove (a) = (J,a)
remove ([al, 2,[8) = ((a),)
remove (f,2,[a]) = ((initf, 2, [last[]),a) (12.25)
remove (f,t,[a]) = ((f,t',toList r),a), Hrfr: (t',r) = remove t
remove (f,t,r) = ((f,t,init r),last r)

Hor last WA RN R — I ICK, andt B EHAD GEXLILEE ),

12.6.4 i

ZEPIRRTFIEA N Z IO Ty = (fi,t,m)s To = (fo,ta,m2)0 TATH A
VENZERREE R f . H ro AEREERTE ro S8EH tis mos for to SFFCPIRI T
BT o A0 fo R T RSN, A LOX SR T2 [l -

merge ty (ry 4 fo) to =

ty f o AR TR, HEN T T 320 & T PR EREE N o, W
t1 PITTEREHRN Node ao FATRIAHFEITEIF: BRI 6 1 f THN 62 19 r TH5,
SREH t F to URRIER S, 6 B r TR 62 1Y f FHRA

merge & ts to
merge t, ts &
merge (a) ts to

merge t, ts (a)

merge (fi,t1,71) ts (fo,ta,72) =

= tS>>t2

tl < ts
merge & (a:ts) to
merge t (ts 4 [a]) @

(f1,merge t1 (nodes (r1 4 ts + f2)) t2,72)
(12.26)
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Hrf nodes #4& TICRAL R4 2-3 o IXEFEAFEFRAFFTTRE, I
FHPHITR IR

nodes [a,b] = [(a,b)]
nodes [a,b,c] = [(a,b,c)] (12.27)
nodes [CL, b, c, d] = {(a) b)v (Ca d)]
nodes (a:b:c:ts) = (a,b,c):nodes ts
RFEFATRT LA merge SR E LF RIS HUERS -
(fist1,r1) 4 (fasta, m2) = (fi,merge ty (11 4+ f2) t2,72) (12.28)

ORI M (12.26), BBV EA D EAUE & BRI, AT LSS H T i
RIS E L

Ty # Ty = merge Ty [ ]| Tz (12.29)

R MEREM R T2 H A & IR R B IHAGER BN PRI TR NI — R T
2-3 WAFAE, TARMIIEE O(gn) Hrbn HITRONE SIERTENT
FIPERERIE N —HF (B2 insert 8 YX) A EEBIN A, BIRFER A O(m), H
trm R RIS 2 R ERNEIEEZRE N O(lgn), Hr n B2TIRTFfaRth&
AMICER S

12.6.5 BEHLIIH]

FATHY SR AT PSR B ARTR S o O TS SO T SRR RN, 345
TR I s BRHICRHBENITR MG (s, f,6,7)0

data Tree a = Empty
| Lf a
| Tr Int [a] (Tree (Node a)) [a]

size g = 0
size (¥) = sizex (12.30)
size (s, f,t,r) = s

XH size (z) FA—ER 1. ZERN z /[ RERERIT A, Pl Node a, 1M
AERHE BN NAR Lo NIEATA AR BRI, 88T R o e —
MHICH (), MUERMTHITHAR/NA L, Hl: size (x)e =1 (ZIHERBIT) .

x <At =insert (z). t
(12.31)

t>x = append t (x).
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LA
rs Kt = foldr (<)t xs
foldr (<) (12.32)
t>xs = foldl (>) t xs
FATETEEAREL 2-3 YA/
size (t1,ta) = size ty + size ty (12.33)
size (t1,ta,t3) = size ty + size ty + size t3

XA IR (BIE 9 F48) AT LA sum o (map size) it H A
/No FERRNFIMBREAE, ST FTEEFH AN EInK/MEESR, HE— Mg
i LGB RS R E M B 0T . AW R A RIS (s, f.tr), FA14X
g TR KN spv sen 80, Hos=sp+ 804500 MR < sp, MBERAT fH,
ATEETRAE £ e W sy <i <syp+s, WHARMT ¢, FATBITE ¢ Fp#
%5 HMEARET r de B2 AN, BATEFELLFEI 535 5 () F9RE . AT —
XHE (i,t) FoNERAREE ¢ h i OIS, FFE LAEHIRIE lookupr WITF:

lookupr i (z) = (i,)
1< s5: lookups i f
lookupr i (s, f,t,7) = (sp<i<s;+s;: lookupy (lookupr (i —sy)t)
AN lookups (i — sp—s¢) 7

(12.34)

XH: sp = sum (map size f),s, = size t, 7 HETHERATPERS I/ Ne 0

SRAEMFA 1 () RO T ¢ FINES, 550 (4, 0) EMFRATHINT i 62T (s, f,t,7)
HRR &R . ANRALTRTE T45 for B, RAMKIREL TRV Rt R

‘ i<sizex: (i,x)
lookups i (z:xs) = (12.35)
A0 lookup, (i — size x) xs

MR A TIRATTR 2 (0 < size ), FRATRIE] (4, 2), FUFRAIDRSA S TH
HIICE . MR« ARCTRIETFIE for, MAEPEED ¢, FALEDAFERZREL, 5
FIME (,m)e IXE mog—A 231, A FoRAER DAL

i< sizet;: (i,ty)

lookupy i (t1,t2) = {

AN (i — size ty,t3)
i < size ty (i,t1)
lookupy i (t1,t2,t3) = 4 sizet; <i< sizet; +sizety: (i— sizeti,ts)
A0 (i — size t; — size tg, t3)

(12.36)
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FATILHTA TH SRR/ MEEAICR o AEARAE (2)e H, BEBATFENHL «
TR

#rlookupy i T = (¢, (x).) : Just x
i) = OO @ (@)e) (12.37)
A Nothing

FA TR T 2K Maybe a = Nothing| Just a KRR S| KIS A HE] 2. Bl
7 IR FF B A TR P R, B TN IR . th TR 2P, BE
BT 24 O(lgn), Hr n B4 TTER L

TATHFAEM LI PP SR BRI RIFIITERE. k. BEIER 5
SRR E AU IAL, T DAEXT RO IR b T . BEMLZE ST BUAREE AL,
BAIN BT BIEARNBAIRER . B FRATLAME A E A 1R — e A m) i, filn, &
1T LA 91 238 MTF® gt 3 0. MTF {058 T A s @ T K% 8h 3 5
T -

mtfiS=x<8 Hfi(z,S') = extractAti S

FEJRTHETH, AR MG Z A, Aiatddey . HFHHE
Fr AR EAINALIE s SR TN 8775 B DL A AN A R

%3 12.6

12.6.1. FEREHLVTRIRS, Qi ab 3 2s i @ F1ZR 5 R i 2
12.6.2. SZH cut i S, fEACE @ UFF) S 4> EFH-

12.7  Fs: plrfery
BT (R

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

IR GTRER IR T UL, i Java/C++rF11) Optional<T>KH
3#37 move to front 45 . BN T BWT (Burrows-Wheeler transform) 4 4525 o
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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

REAILYT M BR PR A BB 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

M 731 -

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]

TR

’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

FHat:

— 2-3 K
data Node a = Tr2 Int a a
| Tr3 Int a a a

— T
data Tree a = Empty
| Lf a
| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } — HILTHE

newtype Seq a = Seq (Tree (Elem a)) — &%

class Sized a where — Tit&A/N
size :: a — Int

instance Sized (Elem a) where
size _ =1 — LEMA/NEN1

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

— AL

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)

— LUERAE

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
— e

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, ¢, d] = [tr2 a b, tr2 c d]
trees (a:b:c:es) = (tr3 a b c):trees es

— %3l

data Place a = Place Int a

getAt :: Seq a — Int — Maybe a
getAt (Seq xs) i | i < size xs = case lookupTree i xs of
Place _ (Elem x) — Just x
| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a

lookupTree n (Lf a) = Place n a

lookupTree n (Br s f mr) | n < sf = lookups n f
| n < sm = case lookupTree (n - sf) m of

Place n' xs — lookupNode n' xs
| n < s = lookups (n - sm) r
where sf = sum $ map size f
sm = sf + size m

lookupNode :: (Sized a) = Int — Node a — Place a
lookupNode n (Tr2 _ a b) | n < sa =Place n a
| otherwise = Place (n - sa) b
where sa = size a
lookupNode n (Tr3 _ a b c) | n< sa=Place n a
| n < sab = Place (n - sa) b
| otherwise = Place (n - sab) ¢
where sa = size a
sab = sa + size b

lookups :: (Sized a) = Int — [a] — Place a
lookups n (x:xs) = if n < sx then Place n x
else lookups (n - sx) xs

where sx = size x
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MATEUEY, HT HAHEF BIE I MERE LRy O(nlgn) V1o AREEAZW T4
BHE R PREHE PRI . PEREAIEE] O(nlgn). FATER T HENRIA
TAIY, WAHAREF . BT

13.1 Pk

% AL /N R AL A K HERA

L NIRRT o B H A NI AR RS S 2 2 < AT Ll
COELEL OPET PR

2. fravhE ZeMp MRS X2 A MR EL X 2K,

BN S & (JHA) : [102,100,98,95,96,99,101,97], 33 13.1 fifiid 11X
—HEBAE R, BB, Bl 102 EORAIEZ 28 F o FATRRRXA/ NITACEEME, R 1A
TR RTINS SR . P AEREEI ML, s AT R . i, B
N 102 JHEORF/INIT A2 T e 2 b AL E, FRATARLAS 5 25225, Bl 100 JH
KHZTF24F o Simh 98 95 96+ 99 FOR /N A E] 1Aty ), 1T Sk 101
JERA NI AR T Ao ANk Es =47, =20, Bl 98 ERI/INIA SN T

231
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FEMIREEME . B sl 101 JHOR A/ NIHA SN 1A R (BA AR A — A, T/
MEEHEFr . BEERFERITE . EEITAE AHL 2] HA A

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’

# 13.1 LSRR

FATAT AV PdtE PP 95 o XTFP81 L b AT HE I -

o LA ] WMHEEER A [

o BN, AE L AEE— A ICRIEAEE p, SRR AL L HANKT p FITCERHE
Fo. REERET p BN, RECEECA AT p FROTEHNY . s8RET AN,

AT R TR RIET. A PIIRGIEISHEF RTINS HERE
/R (C. A. R. Hoare) 751960 G421, U0 SR80 8 SO 380 1 T ] e 4
o XEALZFATEE, BRI RN R p

sort [] = []

13.1
sort (x:xs) (13-1)

sort [yly € xs,y < x| 4 [z] # sort [yly € zs,x < y]

Bl T RARA “FME— I S0/R I (IR 2F F50) 1951
HYA e A ZF FiS {ala € S,p1(a), pa(a), .} FRIIES S FUHEIE
P pa. o HEAEUNIEZ (). 0 FH ) G171

sort [] = []
sort (x:xs) =sort [y | y«xs, y < x] # [x] 4 sort [y | y«xs, x <y]

HAVBBAZ AR AP HE R o thr] DAg IR e HE . LUE T2t
Bor 5P BOEERMAZR . MBI B AR ARS8 (A =) .
KAPDEARER LB S — 4T, (L2 PEHE™HEF. PIgEE).
faTEAR DL, FeAT I REAE ] < 1N FE A

HAGER R EA B OGNS (Zermelo) . Jh225i/R (Frankel).
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13.1.1 R4+

FEREA PR HE P E Lrh . BATEDT 7P S U0RS TR <z TR, 46
TR > 2 BITR. ATLCR BTG IR R

partp [] = ([],[])
p(z) . (x:as,bs), i1 : (as,bs) = part p xs (13.2)
part p (z:xs) =
0 (as,xz:bs)
PR EHE PP 9 E AL -
sort [] = [] (13.3)
sort (x:xs) = sort as 4 [x] 4 sort bs, Hrfi : (as,bs) = part (< z) zs
FATTHL AT LA sk iE LRI 55 -
partp = foldr f ([],[]) (13.4)

Hrp f BN

p(x): (x:as,bs)

f (as,bs) x = { (13.5)
AN (as,x:bs)
I Z NSRRI 7, AR ER AR R (as, bs) RRYERE. 45 p(z), TR
M Fas, FMRHE] bso XAEFATR LASEIL—A> Rk I 9K 55 -
partp [ ] asbs = (as,bs)
p(z): partp xs (x:as) bs (13.6)

part p (x:xs) as bs =
B part p xs as (x:bs)

N FRIEARS @ iws BATRIS
(as,bs) = part (< x) xs [][]

PR HEFP 2 U SRR sort as+- [x] # sort bs A LAE— LA N R BUE:

sort s[] = s
(13.7)
sort s (x:xs) = sort (x:sort s bs) as

Hrpr s HERGER. TAMENDZBIFREEHET: gsort = sort [ o XI735¢
JRIS L S T HIER asy bs HEFP . FROTRTLASEXS bs HEF? . 4 o S HEE 45
AT, MEANETY SRR NREENHET .

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 JRHiHF

T8 TR RSB o HEFP . PR 13.1 ik T IR — i B A oy
kI AT A A AR . AT, SRR 13.1 (a) FrRmLEs
v le

p =zl feii it L LA R
g g

] o <p .. e > D L2 X[y

(a) R HIAAEYE I

p L R
NG
*x[ﬁ’ fﬁ+1] L2 %[y
(b) IHA
p L R
\ (
W <pe )X[L} > pa |x[] /
T

(c) 45K

A 13.1: B IR p 90— B

o EAMIAEENE po KGRI, p ks Sh B HAAIE
o —BHAE <p AR X BIHYA MR FTY L

—BUAEE > p . X BIYAEMIAFON Re Ly R ZAINTTRAAT ps
o RIFHIRYICR WAL, XHEBDHYICER AT RER T EA KT po

K ITHGIE . L3RR p, RARE p FF—ICR . WK 13.1 (b) frs. SR
Wil ¥ 5 R gEATALEE, B2 R BB AN . HU0s, #HE R AR ITTRM
pe 45 xRl >p, BENAT LA R ZH, FASMATEZ) R A0 2[R] < p, EM
AT L Ao FATRE L ARG, SR)E3cHk o[ L] Ml 2[R]. 4 R Mud s —1
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(BN, FrARICRAE AR SE. > p FICRABAE IS T L AW, mHETRAT
Lo AT ER S p, EMTXPBI TR i, FA15H p M1 2[L].
nEE 13.1 () IR §i ke L 24810 p, RN EE I Mo RATH
L AR SRR A T 5 (4R, FAT I L 85hn 1, (EFF BRI — K
T pRICER. SEUN A, FFRID XK ENFN L, RSB

1: function PARTITION(A, 1, u)
p <+ All]

L+

for Rin [+ 1,u] do
if p > A[R] then

L+ L+1
EXCHANGE A[L] <> A[R]

EXCHANGE A[L] > p
return L + 1

FF 132 45 TR EA [3,2,5,4,0,1,6,7) (IR,

>
> A
> XA MEAL

> 2R B3 93 A o7 B

—~
—
~—

—ow W W W W W W W W W

0 1

0 1

5(r) 4 0 1

4(r) 0 1

4 O(r 1

o) 4 5(r) 1
o) 4 5
0 11y 5

0 (1) 5 4

0 11 5 4

0 3 5(1+1) 4

S DD DYDY DYDY D

ESEEEN BN I S N BN RPN

7

(r)

g, p=3.1=1. r=2
2<3, Bl (r=10)
5> 3, 4ks:

4> 3, gksk

0<3

B, SRR scHt
1<3

sl 1, SRIEH] r scHt

6 >3, dk&
7> 3, Y4k
T TR, A p A

—_

o

o

& 13.20 R84l

i ] PARTITION, AJ DASZIHHE 7T :

: procedure QUICK-SORT(A, I, u)

if [ < u then

m <— PARTITION(A, [, u)
QUICK-SORT(A,l,m — 1)
QUICK-SORT(A, m, u)

WA EHEFIHE ANBEH TR, e QUICK-SORT(A, 1, |A|)o U1EREEH H B =S
HASHE IR, RATEREEM.
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4.3 13.1
13.1.1. BOHEAMEHEF I E S, BTN, AT R T R P LA

13.1.3 PERES T

PR 7 AE S B B P RE R Ao BT B ST E TR R AP E I
NEPERE. R AT ERIFIERIAME L. BIFEOLT . BRI A 5.
K 13.2 fron ., R O(lgn) iEIHH . B—RR0—ik, A#n PICR: B )R
QU3 PR, ERRAEEE n/2 AICER, EMAPITRSEDY 20(n/2) = O(n). 5 ==X
K R n/A N IER, BHTHRIEEE O(n)-- e —BELA n TR B
BB R, B EHE O(n). KErAZPITHS A, S8 PRE R (£
REFIHOL T RIPERES O(nlgn).

n

AN

n/2 n/2
n/4 n/4 n/4 n/4
.dg)...

1 1 R 1

K 13.2: RO, R,

AL . SIS T . — 850K O(1). 55— AR O(n). JIAIIE
BIE O(n). BRI B HER A B R0 — S s SRR T, T
BT RE, ST S BT SRR SRR T
—AKEEN O(n) FgtHR . TIAERF 2, FPARTERAHATE, FILRRIR T
FERE O(n?), BORURAHEIF. SEEHEIFIOMERE 2 . FRATAT LA i LRk O SOF
WL, ISR S SERA SRR T . S9N DRI SEORTR14
TIPS BB AE T (AT T LLSE 2 S R

FHIF UL *

PRIGEHE AR OU S PERE LS o RIEEAR KIS B BEEE N 129 BN
FERE(3SA N O(nlgn) e FATZA PR 533 50 0 DedeHE P A6 T2 5 00 R RS 20
SRR BRI E I RO Fa e U o (R AR L AR (TP T R T
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T PEHE T T IR A ER L. BRI FIF (a1, as, as, ..., a,], 1EFE
ay VEEEHE, RIS R EMAD AR A = [21, 29, o, 2] B B = [Y1,Y2, -+, Yn—k—1]o
(e kTP A, A P ERTTR A B HREM TR H#AT IR .. SR
HEFPIEE RN (a1, a2, .y an], BATAE: B ai < aj, HHACEHFAER—ITTK a), WL
a; < ap < aj, FH ap £F a; 8 aj ZBTHEE R IEER , RATAFX a; 71 o) 4TI
AW, & a; '—7% TR, M2 a1y B2 a; — A a1 < aigo < ... < aj—1
Z IR AR S P(i,7) 3R a; 71 a; AT HEHIMER, FRATA

2

P(i,j) = " (13.8)
LS LR RBRT LUX RS2
n—1 n
Cln)=>_ Y P(ij) (13.9)
i=1 j=i+1

WERFATIAL T a; M aj, ERETRAPEAP R, SUAFEHE o T e, FRHIT
R a; KA A O TR P B, g9 By n =1, G BTN i+ 1.
PRS-

n—1 n
C(n) = . 2
— L~ g —g+1
i (13.10)
B 2
=1 k=1 k + 1
o PRI
1 1
H,=1+=-+-+..=Inn+vy+e,
23
PR :
n—1
C(n) =) _O(lgn) = O(nlgn) (13.11)
=1

B M OTITER I SHRKE n, RIDREEIW KRB i fn—i-1
IR e X id R EE p MR ITR, B H SN one IATAIT N IR R :

Tn)=T()+T(n—i—1)+cn (13.12)

Hr T(n) @3RN n BYFIRBEAT PRy BT RO ¢ DU R OB 7R



PR IS Ty SR Y

T(n) =ET@)+ET(n—i-1))+cn
fZT ZTn—z—l)—l—cn

(13.13)
:E;Ti +gZOTj +on
9 b1 =
=;;ﬂﬂmn
WA T LA n
WT(n) =23 T() + on’ (1314)
¥n o — 1 B, (555 g
ot _2ZT )+ e(n = 1) (13.15)

A (13.14)) e (X (13.15)) AT AW T(¢), Hfo<i<n-—1,
nT'(n)=Mn+1)T(n—-1)+2cn—c (13.16)

2R e, BB A:
T(n) B T(n—1) 2¢

n+1 n n+1 (13.17)
RN — 1. n— 2158 n — 1 DX
Tn—1) T(n-2) 2c
= + =
n n—1 n
T(n—2) T(n-3) 2¢
n—1  n-—2 * n—1
T(2) TA) 2c
3 2 '3
B a5, MR AAERIIED . ERE— KT n R
T(n) T(1) . =1
1= ot Zk (13.18)
FIFHRMIME, HAHSERY:
O(:T)l) :O(@—i—%lnn—f—’y—l—en) =O(lgn) (13.19)
ES)ii

O(T(n)) = O(nlgn) (13.20)
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13.1.4 i

PRAEHEFAERELRE , (AAERINEOUT . PERESBALEIFT g0 . WIREHRRENL
i, MBI ARG BN, TR LR SR — 227 34 LA G Bl el /0
BB IME DL A4S AR 7 S PARTITION £EALFUR S EE 58 J0 3K i HE IR RE
bEo FHBEA n MHEFTTRNEIHRTI [, 2, 2]

L BB Ry - AT — e AR p = o, DRI EEIW P (2,2, . 2],
KEN n =1, T DIPIINES . 35 R RSB n — 1 FSIHET . &
SIRIEH O(n?).

2. HAIE) < ov > 2 B 7805 SR Z AR n 36T o BITR. %
IR H AR B 2S5 EFELRIEE R G5O [ [z, 2, 2] - [ To S
IR O(n)o
PEIE, BAT DS b AT et s AT Rl . =R R REE A RS TR

sort [] = []

(13.21)
sort (x:xs) = sort S+ sort E 4 sort G

¥

S =yly € xs,y < a]
E=[yly €xs,y=a]
G =yly € x5,y > 2
X SE B LA N R =7 HI R IRk o FRATAT LAE ] — > SRR gk
Tk gsort = sort [ 1. HH:

sort A[] = A

(13.22)
sort A (x:xs) = sort (E 4 sort AG) S

HATRARE SRR =T8I S, B, G, K E orgetfs, Lhdt—2
EY e BAVCHEMRAER AX G Hiy, BERERD ERYJETE . (FFR R
XS HER o Jl a0t LA SRR AR Ak

part SEGz[] = (S FE,G)
y<z: (y:S,E,G)
(13.23)
part SE Gz (y:ys) = qy=x: (S,4:E,G)

y>z: (S, E,y:G)

BEACAE - (AMELE T AR, BRSNS HHE T IR, TR AR
HITHIFR AR, R
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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

B - FEAETE (Robert Sedgewick) # 7 M Ik 714 0P, (A
FiARE 1,5 M e PO . FFIAIT 4, IR AT T, e e M T
SRR po SRIBACIREL | A EINESIEE A > p (9552 402 A4 J 1
SEEHEEIBE N < p IITER. WU, G i ZEBITCR < p, BT § AT
4> po i > p GTEE, T HEA A < p HGTEE. MEE 133 (a)e HT
520 < p TCRRIN BN, HATEZRISEIEN, HATHe i F 7 SRR
. UENOT . T TREE i F BRI T,
BB A S I  AEWNTER (A8 ) #6< ps i § ANITEE (34 )
B> po i F1j 2 FRTERMALEL. MEE 133 (b).

it p >p <p
\ .
x(1] e <P x[i]| ... 7 ... | [ > D

(a) f55T 4 A1 j 45 A ATERS

FEp i J
x [
x[1] e <p L7 e 2P

(b) KA SN

] 13.3: X m 44

His J AEES N, FATRE KBNS, F e MR SEHE p SR § T

FALE b SR)E, ARG IXEITN PR Z BB R B All..5) 4 FIk40 X
Al B u Z R B Afi...u) BETERITHER? o
1: procedure SORT(A, [, u) > HEFF XA (1, w)
2: if u—1>1 then > 5 1LALLEITER
3: 11, j+u
4 p + All] > BEifE
5: loop

PPESHRTT LAIF &
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6: repeat

7: 14141

3: until A[i] > p > 20 i > u BEN
9: repeat

10: j—g3—-1

11: until Afj] <p > 22 § < 1 ATE D
12: if j < i 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)

F T AT R AR SRR TS . BRI N BAC SR TR, BT g
YoagHie. BT 2 PR, BT LUSMARTEREDISA S O(nlgn), THBAIBM . FIIETHY
K43 LIS EE, IX— IR A B b o BBk T RS A S IE i — I [ TR A
BEATAC TR o FRATTAT LA A 4 A0 = B8 A o 25 e ok o NS T B ME R JTT R BE AT
i#IH. Jon Bentley 1 Douglas Mcllroy 25 H T — 1771 WEKE 13.4 (a) Ao, J640
I RIS AR S A T B AR AE B O

HiE p i J q
N Y R
zl]| o =<2 s =
(a) ZREKIA AR
i J
( )
\/ /
< .. b...o=00... > ...

(b) & TR R TT R A HE ] o

B 13.4: =HgR15>

PR A R AA R . R i BF > BERITR, JEH jBR < A
HITTER . BLETARIR & A0 j oA HEEEE S, BATAUCCH: Al < Alj], FREHE
Ali], Al R AT RME. RS, wiscie Ali] < Alp] 5CA[J] < Algle R E5R
B, FAVH AT A S TR TR A SSHRB R SSHRBIR T REE TR
B WERATATTRME—, WACHORBONE . A EATMEIMAFE. X725 R P
K 13.4 (b) fim. to)a, FATHGEEXS /T T TR T o

1: procedure SORT(A, [, u)
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2: ifu—1[1>1 then

3: 11, j+<u

2 pl,qgu > fEIAHSETT R AL
5: pivot < All]

6: loop

7 repeat

8: 14 1+1

9: until A[i] > pivot > 2 i > u BEE AL
10: repeat

11: j+—j3—1

12: until A[j] < pivot > ZW% 5 < | BOAE R AL
13: if j <17 then

14: break

15: EXCHANGE A[i] <+ A[j]

16: if Afi] = pivot then > AFAHSERI TR
17: p+—p+1

18: EXCHANGE A[p] <+ A[i]

19: if A[j] = pivot then

20: q—q—1

21: EXCHANGE Alq] <+ Alj]

22: if i = j H A[i] = pivot then

23: j—i—1i+—i+1

24: for k from [ to p do > AR SE Y T R A H 2 ]
25: EXCHANGE Alk] +» A[j]

26: j—j—1

27 for k from u — 1 down-to ¢ do

28: EXCHANGE A[k] < Ai]

29: 141+1

30: SORT(A,l,j+ 1)

31: SORT(A, i, u)

MR = RZRAGE R T, TS MR F . ILATHY
A RA R AR . BB EE R C BTt e/ B
Fetfo B —ITRIENERME p, WK 13.5 fin. ARMIZ]L ZM R Bd <p
FITCER BRI T BHE S = p RICE: s T Brils > p TR =1 Bl
FHA i ke jo [k, J) ZBZMATMAITCER . FATNAEAZ—Hil. JHIGI,
<pWEAZ: = p W RAA—NITR. BB TR, kg i (1T
o >p WEONZS, J IR B
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k J

w<p e

=p..

K«

)
Y

DIV Ra gt

& 13.5: A = B4

KGR . FA1Z—RE EARARITR. WREHFET p. B30 k5T 1
JLER: MR > p, FATH A[R] MIARLPEX R AR — LR Al — 1] 5, IXHE > p
HIX T BER I — o ERAA § M AR —2 . MTAERZINE k TR
EAPART p, HANTHERRILE, BEE bRl A0, MRITK <p, FIH
Alk] fil = p FIXTEIRER — 3R Ali] 5cifte 5 k0 AHIBI, St Ress

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 < A[k] do

7 j+j5—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)

FOBLE A3 I = E R A, X —

mZER U

SIS i BEE 5 2B 22 B S IR

IR BRI RER I MU X KRR TT R, B ATCIE AR o L 2 1
B, FHIPRRE S TR ERR CRETHFIE ), RIS AT . K

K 13.6 W F BTG NL: (21 < 22 < ...

<z M (yr > y2 > oo > ] RIS SE

Ro FRATATLAE I E Z a2 NGB0, B [T, T, oy T2, T1s Tt s Ting2s - Lp) s Ho
Hi (o < 2o < oo < xp]s LAR [0, 21, @01, 22, -] o WIEE 13.7 A7R o

KU GO, IR — DI RN 9 85 AP . JEdT4ETe
T — I ORAEEE RO E R, TR AT R B AR LA NS |
AR REME . R A — TR DT HR. KEJTE, EFEX=1IoE N
WENEME . AWF TR FHRAE, — P2 HE R IERET Bob—FhiE
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i} x[2] | x[3] | ... | x[n]

[l x[3] | x[4] x[n]

AN

1l X[n]

(a) [z1 < 22 < ... < zn] WRIDW . < p B AZE

yln] 1]

(®) [y1 > y2 > ... > yn] BRI, > p BRI A ZS

& 13.6: PR ZEE N



13.1  HeikdE 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) BR TSR — k&g, HERAF.

|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) — 2 FIRHRI 7 -

K 13.7: HEHEZEHMN
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WA =TT R PR/ MERE BB DT R E, R KA SRR A
BUE, HERE S E TR,

1: procedure SORT(A,,u)

2: ifu—1>1then

s me |5 o st 1+ L it
4: if Am] < A[l] then > PR All] < Alm)]
5: EXCHANGE A[l] +» A[m]

6: if Aju — 1] < A[l] then > iR All] < Afu — 1]
7: EXCHANGE A[l] <> Afu — 1]

8: if Ajlu —1] < A[m] then > Btk 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)

XF BRI R R BRI, X SEBMERE R 4. ERRN “=RHE” Bk
J3 I TR R R LR T R A S
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)

BRI RANDOM (1, w) JR Al —NAE 1 HT w Z A BERLEEEL | < i < wo IX—('E B
TCERMASHRE e e MAE N B . X — T RO BEALE E HE T e TEIR 2 = AR E IR
FEREALPEHE T # N BESE Al G ik 2 o SR P FIBENL M0, ok — ik
EHUME ERITERE R, AR ERVEMEIR . AR b Io ke i 2
THOL, AERIXLE T IR AE S B ] FR AR RE A USRI A 45

WA TR, BIIARERTHRRSNRER. FEa4E WEEEIME
JFHIBSENT, POEHE A B R A, WA RS U Se AT, AR
v ZF/RB I TR PR, &7 P EE. mRFSFHrTRIEe>
THIE, WU AR -

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 Pt SHHET

ELER DA E AR T 2SO RSB AR, i
SCHRTCER A =R PR, R = BRI . RT3 E LRI T
PR HER R, AN O AR et . A NI A PR R e A o7 L AR HE
oo PRECHE T RIRHE T A BRI C R BAEE (A T @ AR 1
&%, N SUWHE S e U 2 S unfold BB —A 31 et — W8
EUE

unfold [] = @
unfold (x:xs) = (unfold [ala € xs,a < z],x,unfold [a|a € xs,a > z])

XA EW (W) mABIEHLL, unfold P EREY T ARMHRE. A
PIFN A, SRR —IRER s AN, RSP IR o VT RRIE, SRS
Wi e H e 2 < o MITER: A FRE > 2 BICR. kR
SR ZR A T P 3 P e 45 A 2R A g SR -

(13.24)

toList @ = |[]
(13.25)
toList (I,k,7) = toListl+4 [k]+ toListr
FNTAT LUK B PR A G, & S B HE P 8% -
sort = toList o unfold (13.26)

KAV unfold (i~ SRR, FIUERTILREN toList il I
AT LA T o AR R o O SRR L) T BEA B
g,

13.2  JIHF

Pl HEF AR ZEUR I T EREIL . (HAERZER O T BB . BB L&A
BB IR SE el R T DL IR HE AR T #RIIE O(nlgn) 2R,
FEEF VAT R AREZE S IHFHEP XM S RG], RE WA
EHAFEHE AR HE P T 28 o HIFHE T A BT LA T 20 TR Z 15K . &
PRIERI T2 TR AT . SRR R AL B0 OT BB THEY . SRR E
Fe RS

sort [] = []
sort [x] = [x] (13.27)
sort xs = merge (sort as) (sort bs), i : (as,bs) = halve zs

3deforestation
4111 Haskell, Python #] Java
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ﬁ¢h%w%EWH¥ﬁ%oﬁ?&ﬁ,ﬁMﬂ%ﬂﬁ%ﬂE%Eﬁ@&%ﬁ
%WWMMP§ﬂmoﬁ?ﬂ%ﬁﬁ%gﬁﬁﬁﬂ%@ﬁ¢ﬁﬁﬁﬁ%(ﬂ%*%%
i4n -

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 YR HEATT ORI, FATRT LR B 6 B RIBEAT it B2 4
FIFL, EAMUHZE—D, BREGHETH . halve = split [] [], Hrp:

(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 AR A & g Et—E R, i N a TR . R BT E « BN
Fas I, RIEECH as <> bs -

halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

13.2.1 H3f

HFF R AR & 13.8 frvn . B EMBAZ T, B BIEI S EHE . FRATELR
FAAWmIE— ], R — N, RS EIT . BT MAEC T, FAOTHE A
HEk, DR/ —MEE] REEEIX SR, BREN N TR CEE
i, IR B —BA R R T AT AR — i X b

oc0(O()

00 ‘
° OO0
& 13.8: H3F
merge [| bs = bs
merge as [| = as

(13.31)
a<b: a:mergeas (b:bs)
merge (a:as) (b:bs) =

EB b merge (azas) bs

TR, BATAT A E A RO E D H L s IRy 5 U5
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)2 5 HE A

1: procedure SORT(A)

2:

3:

4:

n < |A|
if n > 1 then

m |5

X <+ CoprY-ARRAY(A[l...m])
Y < CoprY-ARRAY(A[m + 1...n])

SORT(X)
SorT(Y)
MERGE(4, X,Y)

249

XA TR A FFER/ MRS H 03X 2 BT MERGE BIEANETE
JFHEBOTRIT. JHIFRS, FATABR AR X Y PRILR,

PPN — R

FIRAH A, R KSR AT AP E R A ST — B SRt o) — R R AR T
R mE] A vhe
1: procedure MERGE(A, X,Y)

2:

3:

4:

11,7+ 1k« 1
m < | X|,n < |Y]
while i <m H j <ndo
if X[i] <Y[j] then
Alk] < X1i]
141+ 1
else
AR < Y1j]
j—Jj+1
k+—k+1
while : <m do
Alk] + Xi]
k+—k+1
14141
while 7 < n do
AlR] « Y1j]
k+—k+1
j—J+1

13.2.2  PEEBHT

HHHEFE 2 AP A AEFE . FRATEHE P FIRE 08 R — B4

=X, e 13.2 foRe WETEEHN O(gn). JAFFHERF RIS IR O(gn).
e — BT NI JAFFE — BN IRYICER . HHEp— e, h—
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PRSI A TR RBIAE R . FFI AR AR JSRFFALCRER . 32
T(n) FHEFFAIMTEL AT — TSR
n
2
HEFFIT L 05 ABERHETTE T(5) . ARERAHEE T(5) . 11F on,
Hol ¢ RERAMEHL WRITTRBRIERN Onlgn). 55 5b— M EEHEREIR bR A2
SR . AR 7 2 R AR B TRYR EIRETLF SCIAA th 2
BEMT. A ETIRGSEASI, RRUBIAN . AR AL A MO LA
ST ZRTE S o B IR RS T LRI, AR 22 P RE 20
FERE ARV R IRY, 5 O(nlgn).

T(n) =T(2) + T(g) ten= 2T(g) +en (13.32)

13.2.3 Pk

AT EACETE X Y @5, AT oo IR EATRE °.
1: procedure MERGE(A, X,Y)

2: APPEND(X, c0)

3: APPEND(Y, 00)

4: 14 1,7« 1,n+ |A]
5 for k < from 1 to n do
6: if X[i] < Y[j] then
7: Alk] + Xi]

8: 1 i+1

9: else

10: Alk] < Yj]

11: j—g+1

AEVAFIS S B AR IS [V B 2 — Ao FoATTAT A — ke v g S A
A TR/ TAR X o 3 TS XA TAEX AT R fHE TAEX N AR
il [ SR A
1: procedure SORT(A)
2: n <« |A]
3: SORT’(A, CREATE-ARRAY(n), 1,n)

4: procedure SORT'(A, B,l,u)
5 ifu—1>0 then
l4+u
6 m <+ | 5 |
7: SORT'(A, B,l,m)
8 SORT'(A, B,m + 1,u)

SHEFAL —oo
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9: MERGE'(A, B,l, m,u)
FATRIN 5 2B MERGE {1 A& AN TAEIX :

1: procedure MERGE'(A, B,l,m,u)
2 il jm+1,k<+1
3 while : <m H j <udo
4 if Afi] < A[j] then

5: Blk] + Ali]

6 141+1

7 else

; BIK] « Aj

9 jg+1

10: k+—k+1

11: while : < m do

12: B[k] + Ali]

13: k+—k+1

14: 14—1+1

15: while j <« do

16: B[k] «+ Alj]

17: k+—k+1

18: j—J+1

19: for ¢ + from [ to v do =Kl il
20: Ali] < Bli]

Xt = R B A O(nlgn) BERE] O(n). XT 10 TABEEOTRARY , 1E
RETTHET 20%%1 25%

13.2.4 JFHIHAIFHEF

N TG AE RN S ] B 125 A B R RO TARIX . ani&l ] 13.9
Fis, FRA X MY BHre, SETFEIRIRR, & L 2R BRI . A
JCREF. & Alll < Alm], BEEESI L2 G All] > Alm] HEH Alm] i
NJAFFEERT, (T L 2T AL, FAWEHA L m ZRIITER (3G D 1)EF
B—

oiEgE Al L ErEEs X Alm] B Y

77 All] = Alm] WP X

K 13.9: JE b FERE HIT:
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i
_\_
i
=49

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 I +1 do > S
8 Ali] + Ali — 1]

9: All] =

EX— JFU P RS B I R A2 2R FEIRAL A O(n?) o SIS Bl — > Ze kI [ 45
B, B X PR RNEURIEL . 200 HE T, FRAE B R R 1B
FLAEX . XARLE O TAEX A TTER, ERATIIEEREL. YHETTF 74
H AR BWTTRE, B25308/ MO TT RN TAEX Ry Mg, FRA1E I L
VEXHI TR ASH R . HIFSE G JFORIOPI A TR A7 7 BLRT CAEIX I
Z5. nEE 13.10 s

i

LERL AL LB \"B[j]
| < Blj], Wizg#e Afi] < C[K]

I
=

-~ B |CLR]] -

] 13.10: HFFIPAG TAE XA 2c i iR

CHFEE A B IR C &2 SR — 8. AFHFR T E R At 24
ffi: A. BRI Z5RE, SRIHKE [i,m)s [4n) Fn % TAEXKRRRAE

: procedure MERGE(A, [i,m), [j,n), k)
while i <m H j <n do
if Afi] < A[j] then
EXCHANGE A[k] < Ali]

1

2

3

4

5 1+ i+1
6 else

7 EXCHANGE A[k] +» A[j]
8 j—Jg+1

9: k+—k+1

bla, b) FoRAWATXE, 6 a. AR 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

VAFF AR X R 2l

L TARKIUE SR, DA Bt R i TR AR

2. TAEX AT LIAME—FEEE S, (ARIEA S S MAR T ITR.
FNTAT LA —2FE N TARIX, K5 —EIR9EHE . anEE 13.11 for.

AR | BT

K 13.11: by PR

IR ARk TAEIRHET, Ah5UR R  BAHET T . IR 1312 B
AR A (G HED 1B (G 5D o (TR TR AN A A
§ WL TR A+ B %

1/4 B:1/4 A:1/2
work area sorted sorted

A 13.12: FEAFLNHZAH AL B

TARIXHEE 2N R A3 AT dld S mhiscst, AR IAFHFRIT R A S,
TR AR DR R Y S B SR AR R AT SEXT TARIX A 1/2 HE7, 4528
B WS HEET 1/2 #5, $r TAEKEAT A B e, il 13.13 EJ7 R, iXH
I HEAS TARX R P8 A PR T & 2 S m Rl i -

L frf B LR/ NT AMEEITR. PR, B hamNaSshs TAEXH,
1M B Al AT TAEX RN A . BT TAEXAN B B9/ IMESE, RIS AT LA
AT

2. i AFICEAV/NT B AMERUCR . HIFAKT S A TR TR . 4
TAEXH A r—Ie R E . JHIRE S A TRINA . SEisiE, SR
e BHIFHIICER . TAEKRYA M SR A AL R OR RS sh 2 3/4 RN E . b
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%,

Yk He P Aa )2 R

=%
B:1/4 1/4 A:1/2
sorted work area sorted
1/4 merge A, B: 3/4
work area sorted

A 13.13: M TAEX T Ay B

Ja . BRI B fI TAFIX A A . s TAR X sh 3] 1 8 /e
M, JnpElE 13.13 5 AR

HEHRA T MR B, R4 TAEXPRB AT 1/4. RITEEX—%
SRRIARHEFP R HE 1/2 HE7, RE R EIRT 1/2, g TAEXA T rE.

K%%IWB%k¢M¥,M%ﬂi@% ------ VIR T e, 4 T {E R

FIR—AICRIEER . HIHFA

PR AL B R B LS IE R

1:
2
3
4
5:
6
7
8
9:
10:
11:
12:
13:

14:

15:

procedure SORT(A, [, u)
ifu —1 >0 then

w—l+u—m
SORT'(A, I, m,w)
while w — 1 > 1 do

u — w
l+d

|
SORT’ (A, w,u’,1)
MERGE(A, [I,1 + v’ — w), [u',u), w)

w < [

for ¢ «+— w down-to [ do
Ji
while j <u H A[j] < A[j — 1] do
EXCHANGE A[j] <+ A[j — 1]
jg+1

—ICERMBEA N TN BeATTa] L i HE

> XA

> T Bk
> MR AL

> BUHEAHEY

N T BAETAEX RS, A6 _ERRECEE . BRI & S5 R A B Y X TRNE B

BT MERGE k. TR, BATFEE L Sort” Fik, B HE A Sort
RAH TAEXFIE 775

1: procedure SORT’ (A, [, u,w)

2:

if u — 1> 0 then
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l+u
3: m < L?J
4: SORT(A,l,m)
5: SORT(A,m + 1,u)
6: MERGE(A, [I,m),[m + 1,u),w)
. else > WA TR A TAEX
8: while [ < u do
9: EXCHANGE A[l] <> Afw]
10: [+ 1+1
11: w+—w+1
BT HEAEIRE IR TR TR RT3, 7,5 R
E O(gn) LEHET o BRGRIFAN R0 —FHET . SA)a i 2 Rl T
o B n DICEHFIIEN T(n), FATAHUWFIHIHKR:
n n n 3n n ™
KF—FRICE, EHRIIEY:
n n n n 3n n ™m

WA (G4 (13.33)) - (3¢ (13.34)) 75
) = T(g) + cn(% + % +.)
S g A 3 A, ARSI AR

1
T(n) = 2T(§) + gnlgn

S FAZIORAIEM AR, HEI55R O(nlg® n).

13.2.5 BAHFHF

P 13.14: DA [ F R A GE A e

RN T AN R IR S TG Z W VA FFHER o B8 T R 4[] A 4 3
AU — S U B BRI HE R SR . W AR S, AT AR T A BT iR
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BRI AR MRRRIEOL, AT T LA A B X AR 1741
NERGH T LB, AR A RIZbRH

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

FHRYSE TR TRERIL, B AICRNTE A, R ARS R K
N, REEHEIITR: RPHEeTid TR RS, BNFER, SRS
TR EG2MITER. M, ATV AT UNE T AR E MRS 5. T
& WATAT LA R o0, — D MKEITS . — RIS, IR
HRAYFI X BEHR U, FATR AR TR R B SR 47X 7 o

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: HIRIAFFHER?

P 13.15 Fid 13X — 8. BRI, FATAPMHF 21, 2 RlE ik
HIARE IS 51 o SRR A P AR A B A TAEIX A el f5 . FRATES
XA BR, ARSI [ D T4 X AT SRR TAEIX Y
AW, NETRZERCE . XA 3SR 1A TAEX e ST A TT R A IF
B TARXE . BAIsce TAERKMIEEAL, BB A rO iR s 5
R, R AR ARSI PP B RECRE ., WM TR, Hird
Ko RX—ITENAAG AT AR, I A 200 B RN, SRR pisk
HAREIHHE . WA 13.16 fron, AR, o 207 d ZJFRTR BT, FAl]
B AR 181 [a,b) AT REHAS, R4 [c,d) AT BB XF
TAEIX, f ZHT e ZJRECRARE AT (BEE T80 . ar8dent, 3114
T [a,b) 1 (e, d) N fRFARIF: WEEERS, AT r &1 23 5F

FEHEFPIT A HT , BN THER I A R A N TAEIX . a M1 b F 1A M, e A
digmma e fo r 3810 TR 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:

Ja 5t He 7 257

—
—
—
I

ool rEen ol Erreo Vo arm.

f r

(

e B

K«

4] 13.16: HIRIAFFHEFF I A AL TE B

B + CREATE-ARRAY(n) > A TAEX
loop
[a,b) < [1,1)
[e,d) < [n+1,n+1)
f+<1,r+n > Fg 10 LAEIX R
t1 > ATHEE
while b < ¢ do > fEAE T B TR
repeat > 3 [a,b)
b+—b+1
until b > ¢ 5 Ab] < A[b— 1]
repeat > 3 [c,d)
c+—c—1
until ¢ <b @ Alc — 1] < Alc]
if ¢ < b then D> AR
c+b
if b —a > n then > [a,b) FH 352 KA HE 4
return A
if ¢t 22741 then > MAEIAFF
f < MERGE(A4, [a,b),[c,d), B, f,1)
else > NI
r < MERGE(A4, [a,b), [¢,d), B,r,—1)
a<+bd<+c
t—t+1
EXCHANGE A < B > Pl TAEX
return A

VAFFI G B AT T T E N SN
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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

HARIAFEHE R F P RE R A B Fh T RIUF A o (B URE, S5l
L AR PP RS 1o XA A, TAEXAIEIFR Bl T EEIR RSN
20 fBOREE TR R UBAIRE ,, (BRI RSB 7P REE AN T 20
R—Hela, TAERGOEREZRDN ARHFFER - F—F, HHFNERF FE84In
REEHIE, PiltRZ2 & E O(lgn) AT, HHEMIrARITER, BrilEt
BEN O(nlgn)o WIRICHAMASIFR D, FAVTCENE BPAA . ZESFRNE
AR ISR BATAT AERRIO A7 A58 5T SO BT AR, AR
FIRRIEH KOS, BRI R X IR E ST (FEAL) -

sort = sort’ o group (13.35)
Hrr group ¥4TT R N AR I8T33 -
group [] = [[]]
group [z] = [[«]]

13.36
r<y: (v:9):gs, HH1: (g:9s) = group (y:xs) ( )
group (x:y:xs) =
G [x]:g:gs
sort’ F T FIR IS IHF:, ARG FRRE S A H 258 cHE T -
sort [] = []
sort [g) = ¢ (13.37)

sort gs = sort (mergePairs gs)
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HrA mergePairs TE SR :

mergePairs (g1:g2:9s) = merge g1 g» : mergePairs gs (13.38)
mergePairs gs = g¢s '
FHINERATH AT LA S AR L3 sort’
sort = foldr merge [ | (13.39)

%3 13.2

13.2.1. &GS GIF (mergePairs) HIEZREMIF 2> WARME . 545 HHE
s SRR, B R

13.2.6 HJkm _LAFFHF

HARIHFEHE I AR 28 BE AT 45 7 — b BRI _EROHE 595, R MRS (38 3]
BRI BRI n A8, BPIREES—ICER. AR 7
SIS A, 153 5 REDN 2 ERPAIE: IR n Ba%L SRR NN 1
FRA BATAWEATHIFHASF 0, SRR HP I R SR "B
P DL dnlE e 1317 .

K 13.17: H iRl _EHIFHEY

HAPEHA UGB D FIFIR . FIE (21, 20, ..., 7] FE—TFIRISH N 0 AR
TICR AR ([z1], [, .., [zn]], AEIATAWOSEATAF

sort = sort’ o map(x — [x]) (13.40)
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HMIE BIRIFFFHEFPRY sort’ 71 mergePairso AR IAFF 75156, HEH
JE—AUle AR EAHEF AT SRR AU, (USRI A . AR L,
EH LA B AR HE P RORATE DL (ReZ 1800 k. BARAFFHET SR RE
WA R EIRAC, TTH R BRI OGS SRR R Y RS 1o HRIA_EH
FHERP I E SUZ R A 20 FATTRT LATH BRs A e ik A i3 -

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. KPIRA G HIRIEMR AN foldp, FHEMERE X BRI _ERYHIFHRT -

13.3 F it

FERAPOEHE R RE, SR se i, i TXAF  SI e . X 5K
XEAFFHEFRE M bR b, AT REHEF RIEF . IR AT, 1
TR p DTS, Hp ARG BARRGCN, WRBA T LT
FE T IR A SERCHER? , 2 O(nlgn) = pT", FUFRZME IR , R I9 A
mIATEE . (2, FFY REA R Rk B p — 15, 3oy
p TS RIEIFHTXENTHE . AR RSt IR BB, FATA
REFFEIFE O(n) B9MERE. 57T, FFAR VAT LR H IS TR BL. N
TR FFATING, Fa 2 FEATIH I R P HE e BEAT B A3 e A
B IR RO HE S O IR S TR S T . B edot BL/RTE
1986 fF AT M n DAEFEE . YERESN O(lgn) MIFFTIRIFHEFFRE . FFITAb I
RAERWMEZRMEE , BT AN “EARE WEE. e el mi
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THEZ N

13.4 &k

ARES AT W AR RHE RS PRI . AR 13
TP L RE LR O(nlgn). ZEa4Esii i Fr 2 20 {28k Ay Fffik
HIRE . KA HO AR PRI AR B DU HE P o n e e TR R ERsE R, K hlE
FEALBREh ST FFFIIE UL T, AR R AR, NI R A HEE 7
X BRAYEIA, AT AR A T i 3 o PRIBEHEFAE R 2 BUE DU RBL 7 A
HEBEML, PR 2RSSR BAES)—S3RE T, SRRl
BN X2 R NRER BRI LR E 2%, A R ARl IR
WEXEIGL, ARG T ARREMRIEVERE . [ SR HE AP REAE R ZE T DL T HH
BB fEan S SIS, HFFHE RO MEREA b HE e . I HL# 24
SN ZSTRIEA TR (B IUN , BN RS, 2 EAEZ B JbH
FHER AR — R R A S G

PREEHEFP A AP AR E IR . Pl HE R AT AR VEREHEF B — R LA TR 2
FIRE VA IEHE PP A mT DA e 5 R ) HE P S 2 s 250 Hp—Fp 2 iR
PRI I AE SRR 22 ) G b ey . B2 TR ROAERERTI 7
SUHYNTF T MR 781 PR I SEbR_ BRI RS SIS,
FFHE R R 2, BRI ARG . TTIERFD ArBaEl. HADE. &
& BRI B #le PUEHEFPARMERIESE SR &, TR se e m R Il KA AT
B o8 2RO R I = R ER . BEALDGE R =BT

BUATE NI, MG W T REAHFENE, WA W B HE
AR PriEdEy s HIFEHE . R A2 HHEAUR A TR BR RO ST . R E X
BRI, ATIEAEDE SIS R mIB, ERRHE ik TCIE A IR
IR BE R AL RO B FOR A Bt AR B4, BILE G BREAL N T
H# TAEPRIES -

%3 13.4

13.4.1. (EAAFFHEF RO, St P RSE P LA — A 912 — IR SR A

13.5 [Hix: fil5i2fr
FUHL RIS}

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] {

TR, KEAHET DR R ERNR A, LT PV BIEI O T AR R YERE
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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

PALESETE

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)

HFFHEY -

[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

i TARIX BEAT A HER -

Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))

Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+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+

JE LA FEHEY -

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)

A A R _EHFFHEY -

[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)




FHUE #R

BTSN AR SR 2 BRI R U LASEE . Tk BLge AT LAMHERE 27
LN FE P ER I TALE, A LR SAURG NG AT LAE D E 2 AT
EH R MR SR LL, B RETFHIEREML R I S B E W & AR SR EAN
. IERS. EEREE.

14.1 K gFEM] S

X B BAATAE n ATTRP T kA (BN BITER RER/NIE L
FEZRHF R R AV < KARIHE k/NITR, )5 EHE 2IHE—BIE .
R A BT IR BB BN SRR AETR AR TR SR /N o BEAT R OB RT A
HENE & /NTCER . AE n AL TG/ NTRZLMRH O(n) . IRy
O(kn)o FATHATEARIHME. XHEAT LR O(gn) IS RIA B HT ZREUIGE, HE ki)
FLME O(klgn) BN ARTFE 2 o

top k xs = find k (heapify xs) (14.1)
B AT AR
top k = (find k) o heapify (14.2)
Hrpr:
find0 = top

. . (14.3)
findk = (find (k—1))opop

HNTEREEE AT R MERIEEITRL DN Ay B, 15 A RICEAR
ART () BHIER. ©m= AN AR, HEm Ak :

LAk <m, W E/NIITRAE A, FANEF B, ARE A Pl HEH:

2. &= m <k, W k/NUTTRE B, JATEFE A, VG B IS IHEREE (k—m)
/NTE R

265
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BB AU N XK 2 R . Ay B R/IMEEY SRR R . E2RIEN O(n+
n/2+n/d+..) = 0n)o FAFIM E—FEPHEHAEF AR 55 part, BEALIERE—
AICER (W) AENEE pe BT < p MICEIA A, FIRTTHRBA B 1XHF
Am=k—1, W pgE® k/NITR, FUENEEE A 5 B bk

m=k—1: z, Hfr:m=|A|, (A, B) =part (<z) xs

topk (v:xs)=<m<k—1: top(k—m—1)B (14.4)
A0 top k A

AP — 8, S ZEE LT )5 RSP, EREIRIE A O(kn) 8 O((n —
k)yn)o ~FRIENL T AT LAAEZME I A N BB 28 o FRATTH AT AR T BRas HE 7 ) 93 v &5
Pk, = g A R 5

1: function Topr(k, A,1,u)

2: EXCHANGE A[l] <+ A[ RanpoMm(Z, u) | > BERLAE (1, u] kS
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)
AT IR H X — IR AR iRy A & ME (B MERI S 2EER) , Wy
TR -

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 —HEHK

Mg IR M — 4 “HERBEAR” AR AR 1000 AN R, E I
AR, 2AERIE R IREE Tt REAS X M. iltn: 2 EEAr 2R
B FrAafr ERBCTHRIAE 42 RERE 3 BEBR A2 555, MiEHE, EITEREE 2
B 1000 LA, AnRAFUGE AEHERR P RCT, 10 RINERER I S . RO

'Blum. Floyd. Pratt. Rivest il Tarjan f£ 1973 E£5H 7 — N iEmtiyiz U O @pisekisn e T4, a4
B% 5ATER, Bkl n/5 AE. EE XLk ER .
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0 1024 > 1000, “RABHAY BRI HET R %,
WA BRI AL R S E AT , (B (T R R T iR B O IR 2 3K
MAFARMER ST T H. BN — R, RE1ERREN . I
e TIERALT o WRAEEAE 30 RPN, siARIG 205 . #iltn: 1000 7T, &
15 500 5C, K15 750 IC, KT s 890 JT, AT s 990 T, IERM! RXMAARGEA T (T
DEHE K. NTAECHFFA ArhI e, OB TP EN Yy, Mol
Bo MPr=y, BHSGAE MR <y, BT AZCFPH, ROV TEALRTF 4k
SR BRI & IXFEAWTE/ N A RIS, WY A =[] AR,
Mz AR A ERER A RERFN, KREEHEIA NI 0
B, WRHPEGARE R SENN: " BA TS ERNEARBERNER, B
RATTANE JRAG A L7 o AR R A2 B A B LIRS AR A
B2 AR NAE <HRFEBRILY 56— Za A Sl 7 MR, BH 20 24
FEAMEBY . FHAH T ZAEROEI, SBHANETFRERL v CRE u),
u<l: Nothing
bsearch v A (l,u) = o= Aml iz m, Hfrom = (14.5)
x < Alm]: bsearchx A (I,m — 1)

I bsearch x A (m + 1,u)
FATH AT LATERBRE I, 183 B S Se i — s A4k

1: function BINARY-SEARCH(z, A, [, u)

2: while | < u do

—1 v LU

s omel+[C ] > B | ] i
4: if A[m] =z then

5: return m

=

if 2 < A[m] then

7: u<+—m-—1
8: else
9: < m+1

10: Not found

R TR UCR AR, o EREZRE O(gn). o Eibnl LA 5 5
AR BIATTRE o® =y, HH e <y, av y &R BREL HKATFHK = BB
fitbo FRATATLAZT 2 O TFIAIK IR o, a',a?, ., HBIRIHEA o = y, 5#H
f<y<ﬂ“,%Tﬁ&%%ﬁ%oﬂﬁﬁmaﬁx,W%ﬁ%%%ﬁﬁ,Mﬁé
a® ZHFE—EMRTIA *o FATAT LA 0 A ok e T 0t . E%ﬁﬁ%%i@ H
Ta¥ >y, BATTLMEXHE [0,1, ..., y] AHRE. BT R f(2) = o® ZAREREL X

PRA MG B BOAR” ke BURRHEIR AT —A AL A TARENZ SR 16 M, Hexinlgeok
4, el NREUEH Bra AR A2 3
SR, AT o™ AT o™t = aa™. XEEATHERE LTI HEE f(n).
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. 0 \
FHAR e, RIVERERFR o = (=2 ). MR @ =y, W, IR

IR o™ <y, FATEF v BT s ANWEFF 2 FETE . PIRRMEOL T #0RE
ZIVEHIEE , BRI MR R s, FORTCRE . TR o SRR E
o FATH RN A — 12 H . WA bsearch fy (0,y), Ht f(z) = a”
FATATZOTE O(lgy) Ik f(x), WT55%%.

w<l: Nothing

Fmy=y: mgtspem= (220
flm) <y: bsearch fy (m+1,u)
f(m) >y bsearch fy (I,m—1)

bsearch f y (l,u) = (14.6)

14.2.1 "H4EAR

IR T BN YR R " AERCE S . SHERE M BRI/ moxne BT
TP TTR A R BE A A% A 14.1 foR o anfg bt 7e i e 21 i A
HFT 2 WTRYe? FATHFEGH RS, RE-AME (4, 5) NP, SEIaH0
Mi,j =z

[(z,y)|z + [1,2,...,m],y « [1,2,...,n], M, , = Z] (14.7)

1
=W NN =
[=2 TG SN N
co J ot W
© 00 O =~

K 14.1: A7 BEFIHREIRE N

AR ORI — R R AR U RLEAE 2 A A R A 2 A A A
A EHCRM, EARA S BANESE . & B i, @ et a s T
Mz o ERICER. WERE/NT 2, BAEF ALK MRKT 2, 554 XEL I
B 14.2 R, AREORI DGRl B5F . PIRPEOLT . R KIS — MEIR AR T
—AM LY, THERERIH FAHIXE AR NG CHEEL f(r,y), 1E
R A F B (2, y), {15 f(2,y) = 20 FEFERETT AR R I SR 2L

f(x,y)Z{

—_

Sz<m,l<y<n: M,

tnt

Ly -1

\
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e
N3
5

NIE

|3
21

—

B 14.2: f2: thROCR/INT 2, IREXKEHFHVNT 25 A PROTEKRT 20 KA KIS
KT 2o

R f (2, y) RFIREGRE, B0 f(z,y) =2 +y°, av bR2ERE, ARIER
WA TAlL, RN E B AITEER D K 14.3 frs, #EM (0,2) IF
G, ST (p,q), BATHRE f(p.q) Tl 2z K R:

LR f(pg) <z: W fHRMAK, FrAMNO0<y<q. A flp.y) <z. HAIEFH
MELE LA R (LOZED:

2. R f(pg) > 2 il p <z <2, A f(z,q) > 2o FAEFKPLB LRI
AR (EELED:

3. W f(p,q) =2 (p,q) B, WISLLBL LN SARTT LAES .

XHE, FAT AT LLB L A/ NETAR R DO IR ARFE AT, HARF 1,
BRI ZFEAT B

3

(z,0)

(0,0)

K 14.3: W2 Ffai

/—TESL search @ﬁ: ij{%)\EJ:% ﬂ:ﬁét\%g%b\’ SearCh(fa z,0, Z) o

p>ziag<0: []

search [ = pq — fp,q) < z: search f z (p+1) q (14.8)
Fp,a)> = search f2p (g—1)
fpa)==: (p,q) :search f 2z (p+1) (¢ —1)
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BRERE, pv o 20— HA. TR —2. RETE 22+ 1) REK
TR R BRIFHERA=M: (1) Bk ps ¢ ANFETH—2, HE 2 + 1 25 i
25 (2) AWKCERATTHE, &5 p it 25 (3) ARWITEE I FHTSE, S q N7,
P 14.4 $R T B AR IRAIE L. [ 14.4 (a) Hh, XL B (2, 2 — o) #0
B fle,z—x) =2z, BIFTFEE 2+ 125580 (2,0); (b) f1, EIKFELRNED R (2, 2)
BT f(x,2) <z, 24+ 1805, BERER: (o), AMELRIGN R (0,2) &R
fO,2) >z, z+18)E, HEREHR: (d) MR EZERN. WRFEMEERERE L
AT 7KL B « b, FrA B E LB 2] v 4 b, BT S8 23 i =20
BN 2(z+ 1) FIEZSEN O(22) MFFAEMLL, IX— SR 24 1 2 e e )
0(2).

(0,2) ) ©,2) )
(0,0) =0) ©.0) (0)
@ ®)
©,2) ) ©,2) )

(0,0) (0,0)

K 14.4: SRR ZER O

XTI AR . R f SRR, T R SR MERT A B
RAE, URRUREEEGR, GERG Sk ME 14.5 . SEERNA
£0,2) AT (2,0) R X—VEEAT#E—B4/0 f BIRFEE, AT y
R EI RN m, (55 f(0,m) < 23 I o WHREIRK n, 15 f(n,0) < 27 XFHEE
DIHLA (0,2) — (2,0) /N (0,m) — (n,0), U1K 14.6 Fos.

d (14.9)

IA A

z]

m  =max [yl0 <y <z f(0,y)
n  =max [z|0 <z <z, f(z,0)

AT —n ERE R me n (BE 2z =0EHKm, FEy=0EHKn). K3l
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Bl 14.5: f(z,y) = 2* + y* [ EIE

(0.2) (=)

(0,m) (n,m)

3

(n,0) (2,0)

(0,0)

P 14.6: /Ny AR 2R DXk
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A (14.6) WESL, HFy, FHI<z<ufk f(o) <y < flz+1)

u<l: l
l+ U
+ |
bsearch f y (l,u) = fem) Sy <fm1): m Hm=| J (14.10)
f(m) <y: bsearch f y (m + 1,u)
f(m) >y: bsearch f y (I,m —1)
AR LA B ms
{m = bsearch (y — f(0,y)) z (0, 2) (14.11)
n = bsearch (x — f(z,0)) z (0, 2)
RIS/ N A BE T AR R solve(f, 2) = search(f,z,0,m)
p>nig<0: []
search f = pq = fpg) <z: search f z (p+1) q (14.12)
f(pq) > z: search f zp (g —1)
fp,a)=z:  (pg):search fz(p+1) (¢—1)

X E S — AT E m Ml n, BRIFET O(gz) IR f3 SR
FEEIMEOL N O(m+n) I f 5 SIFREDL R A O(min(m, n)) k. SRR 2N
N HEELRREN f(x,y) = 2% + 30, M T AL av b, BHE m. n RN, BARERE
i O(lg2).

E fIRE
BINENL | 2logz+m+n
AR | 2log z + min(m, n)

el 14.7, IR (a,b) — (¢, d) THI—x (p, @) 47 f(p,q) # 2. RAEETFF
e (S 1/4) e R f(p.q) =z, BT fHRRE, ATTFENEFAT AL
o0, Mip s ¢ 7T EREE R AR 1/2 [, T ARG S/ MERVER.
THEE f(p,q) = 2 WAL FATERIZFOACPLEIOE BRIV — 08k £
LB L EZ ERINE RSN O(g L)), FATEBEIEAI Lz, WK 14.8 fir.

IR EAT f(p, @) = 2 IR BATSHGNE f(p,q) < 2 < f(p+1, ) KT OK
P, T EETLN f(p, @) <z < f(p,q+1))o BERFATAGER p 51 ¢ 4T LRI
STaRI. AR, O - DEHHRACFPL EWE f(p,g) <2< flp+1,q)
AL BOhEERZ B f(pg) < 2 < flpg+1) Bl WEREE LA UL
flp.q) <z, MHREEF: WERHAREER f(p.¢) > 2z, MHIRETH. M, 3]
RFPL M. N2 SO R R -
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(a,b) (a,b)

(p;q)

(s 9)

(c,d) (¢, d)

\ 4

\4

(0,0) (0,0)

flp,g) <z f(p,q) > 2
(a) Wk f(p,q) # 2z, RAEEFLA VA LR AXE, FRXKIBERT L.
A

(a,b)

(p,9)

(c,d)

A\ 4

(0,0)

f(p,q) ==

(b) Wk f(p,q) = =, WIAMFEFFM
NIRRT, LRI,

P 14.7: Zii/MEER Xk

(a,)

(a,)

(c,d) (c,d)
0,00 —> (0,0 >

K 14.8: WTBEHI R4 AL
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Lz y Mo, HER R K (0,m) — (n,0);

2 FHRRIH (a,0) - (o, d) BATH . WK THLE - HER: WINHEL 5
L SR (9, 0);

3. % f(p,q) = z, (p,q) A—Mifte IR TIXI (a,0) — (p— 1,g+ 1) Fl (p+
1,g—1) = (c,d);

4. 7 f(p,q) # z, WHEEMWA T XIEIMI—5K LB . &BN (p,g+ 1) — (p,b),
mE 14.9 (a); 58 (p+1,q) — (¢, q), WA 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

4] 14.9: IR ORI, WER f(p,q) # 2. TR R IHAIZE

c<add<b: []
search (a,b) (c,d) =qc—a<b—d: csearch (14.13)
A0 rsearch

Jurft esearch {EACPHE EZ A B (po) 04 Fp.0) < 7 < 0+ L), W0
4 14.9 (a) . WEP% EFFEREEAT 2. RE R (a,| ; ). EFh
i (frrhgk) . I 14.10 (a) Fwo

4

{ Ry
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 HIEAL, P4 R THEAP]FRE S0 T SO SR
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A A
(a,b)
(a,b)
p{9)
() v.0 ()
(O’ 0) (0, 0) >
(a) ®)

] 14.10: A2 — o B A RAAE 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)

AR IO, B R O(lg(mn)) #o W& B (p,q), TEIF
f 3 O(Ig(min(m, n))) Ko FE m x n KIS EA T'(m, n), AU FHSEHR AR

T(m,n) = lg(min(m, n)) + 2T(%, g) (14.15)

A m = 2" >n =27, FHRTURARE:
T(2,2) =j+20(2", 21

- ; 2=k (14.16)

=0(2'(j — 1))
= O(mlg(n/m))
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{AAEE B T I%BAE m x n KIS R TR,

%3 14.1

14.1.1. GEW kSRR E TN O(n).

14.1.2. RH 7&K AFRIET E/NTE, AT ISR 2 = max (take k A),y = min (drop k A).
MRz <y, W ARH kDITRIEES: SWERATH = K58 kxR, H
y XIPHRFTCR AT A [ala < A, o < a < y] FIdIHEKHT K TI0K,
Hrp k' =k —|[ala < A, a < z]|o WEMRX—HE, FotrERE.

14.1.3. WA TFHLL AT BIY T E”, WL FE 2 O(g(m+n)), H
thm = |Al,n = |Bl, 250D EEHNE . B MR 0 TR FifHE
ESHN: median(A, B) = C’[Lm i nJ], Hrp C = merge(A, B) N&IFRERIE
e .

14.1.4. JHERIEIH, i SR8 2R SRS O B A

14.1.5. LM M REVEIF O E R VR KA T fei/ME. B Efg
RKE. AR 2 /DT R/ MERE R THRAETCH: A WAHOR—1+
T R AN/ NER, RIEEAE R

14.3 AR

MITEFREF R ENG R /NGRS 58, JUARA-FELL
IR A AT 0. WIREESE RS, WA, B, A, C, B, B, D, ... il 4R
REEREK I i R e w] LRI Bt i e Sk g ol (LB 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

A LA 2L R B 3R SR H LB R S . IR m S n SRS, 3K
—SRIMME AT
S TR NG SR R & n ATCRIFR S @ B e L

median(z) = odd(n):  x["F1]
even(n) : %(w[g] +$[g 1))

62004 4F, ATEBLT —FEREM:, il Count-min sketch 423, ] sub-linear 23 [k 74 ",
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it | A ZS[H)
LR | O(nlgm) | O(m)
i3k | O(n) i/» O(m)

AL RTTR I “OE . SEHSHIEE/RAE 1980 R4 TP ik, W LA
AR (WERAFAE) o BRI RIS 2R O(n), ZSRIE AN O(1), AR
BEHS—— P SR OCRE T SR AR RS B OBERZ FUR 1A, AR
WP AR IR . BERSJER FHITREHTE . RAREA AR, SJaR &
FEARE . WA KRR ERMRIE AN HATRYZRAES . WIS RYSRECN 1. (RTIG A R 4k
WESE, A ISR H AT RARIEE . MR OS2 L, SRS RS 1. A1
FRURE O WA FRRARMEE 7o 3043 T 5KIEEE BRI \ON TR a8, InTh ek
FtRe AR m, W m ANRRERCL EIC R e . (HURRECA AR (s
TeRL, ARUCRE) . Wil REE" HIER L. WS AR 5L,

=
¢
az
S8

== S IS = S = = T = = b

H A E

A,B,CB,B,C A B, A BDBD,B
A,B,C,B,B,C A B, A B B,D,B
A,B,C,B,B,C A B, A BB,D,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 BB,D,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,B,D,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

DWW EEEE BB AQAQ > >

maj || = @ (14.17)

mayj (x:xs) scan (z,1) zs

Hrp scan €3N
scan (m,v) [] = m
m=ux: scan (m,v+1) zs
(14.18)
scan (m,v) (v:xs) = qov=0: scan (z,1) zs

A scan (m,v —1) xs
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A M A BRMEI: maj = foldr f (2,0), Hr:
z=m: (myv+1)
f x (m,v) =qv=0: (_7;7 1) (1419)
A (m,v—1)
SIEPIN R TRl R U S
verify m = if 2| filter (= m) xs| > |zs| then Just m else @ (14.20)

N HEXT M A IE AR :
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 &

%3 14.2

14.2.1. JRAKEE, £ A PIERHBIREGEL (n/k] 1) k%L Hrpn = |Al
fer s BRUClE k DAFETTER, HEIRER TRICEFRAL k4 RN
TCHESE BB (2T [n/k] D), M—ESF T Ko

14.4 HRTFJPHIM

FPHV R —BOE LR Vi g] M5 & SCFFAIRS = Vil +V]i+
1+ + V], 225 [ ] 2ETEFET R, ERALE 0o s V Y5 KR
TR fin (3, -13, 19, -12, 1, 9, 18, -16, 15, -15] /1, 7541 [19, -12, 1, 9, 18]
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HIFIER R, 9 35, MR FFIFRYICR AT 2 IEET, %k%ﬂ?ﬁ%ﬁ%ﬁ?%ﬂo pUE ¥ E]
TCRAVETEL, M FPRIRIAIERA, 4 0o SBAAMT LB 75 28 B

1: function Max-Sum(V)
2: m <+ 0,n « |V]|

3: for i < 1 ton do

4: 5+0

5: for j <+ iton do

s+ s+ V[j]
m < MAX(m, s)

8: return m

FEGEE AN O(n?), Hrhn B FHCHE . FRATAT LM SRR 1 AR,
A IR N LS ATALE | SRR AR A, RIEHES T B TR R

KFFHIR B, A 14.11 frs. Av B A—EM%E.

BRFF B < ARKR. % B

R —JexR V] MEinE#E AR, FROTEHE R B & A. 24 B+ VI[i] <0
I, % B EE N 0. FELH T HEMAM [3,-13,19,-12,1,9,18, —16, 15, —15] 51

//'gg'(o

i

=

K 14.11: A 2 HAEIRR K TSI, B 2LL i Z5RR 7P,

KA | Lhi 5 BIF AR i AR 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 [1,9,18,—16,15, —15]
19 (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)



280 FrtwmE Mk

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

HATh T A B INE P IR AN Smae = fsto foldr f(0,0), It f 5
B KA

fx (Sn,S)=(5), =max(S,,,5),S = max(0,z + 9)) (14.23)

%3] 14.3

14.3.1. BHRK T AIRIRYSEE, R B B KRR 5 Fe 8o

14.3.2. AHFFIVT 45 BT — 4R Z BT 3R R R AR . E 28 O(nlogn).
TR A SN FAE T U B 3 o FATT AT AT VT 3t H = v B B o, A
Je R R BORAN, AN rh R F R AR SEIX T i

14.3.3. f£m x n B " HEREOE M SRR, ST R INE RIRR K.

14.5 FAFEBEE

TREFHEZRE - RLARE . FrA ORI A 7R B R IIRE . a2
B Arggieh (58 6 =), FATFI A RAVEER A B T 2R BATR T LA E A
FREB AT R, A 14.12 R 7

FESCR T H R TAFH Po ANA] 14.12 (a) FR, FEfmBEL s = 4 Bf, B o
PRIT WPRY54F. /T4 MRS, 285 ME P gy, (BT 2 to IERTE— R
SERRZEL, K s L (P #sh 1AMy E) S8)5 BB AL ananym H] nantho------ 3%
1AEL s BOEG AT LGRS 1o U154 an 154752 anan (Y520 FATATLMG s B0
2 (PlA#sh2), W 14.12 (b) . BATEH TIATE4 R 4 5/ HIME
BBk TR B Sy EEM SRR ARSI e
H AR ICRC AL D, B NS FR S F A AR, FrE KMP &k,

IESCAR T ol k AP RP A RO Ty, (T B kD FRFRTED o O T RATRES Hit
Pafish s MiE, FATHEN M EMRITEH ¢ 745 WiE 14.13 s, # P
FRAEBSE, WS R k. 5 P Hges b 5/ ers Py fEda k70
HFE. WHLRY. B P R Py RS X8 7 REMBNETRNEES,
W ESAFAERU N k= 00 A TEIEN R REZ AT SOUR I 2RI RK ko 5 SCHTSR PR #L
m(q), BHEFRATYE ¢+ 1 ADFRR LRSI R % R 2

TURREER MR R T, W CARMERE Y strstr, CH-+ARMEZEY Find, LK Java bRiffZEHY
index0Of,
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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) kit s = 4, %L ¢ =4 NFRMEE. BE 5 D FIRARR.

[a[nfy] [afn]afn]e[ufo]ufs] Ja]nfa[n]s[m] [e[i]ofw]e[r] =

: an]afn]¥[m] P
<]

(b) hFeH s =4+2=6.

14.12: £ A “any ananthous ananym flower” HHE4k “ananym”

[[mi i+ n]Ti+2)] o .. . [Thive-11].- ] T

— IP[1]|P[2]|A..lP[jllP[j+1||.“|P[q||.“| P

> PRl b

K 14.13: Py [FIRHE Py AURTZRATR 5
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7(¢) = max{k|0 < k < ¢, HP, 2P, 5%} (14.24)

SAESOR T Hfids s DLEC P S, 2580 ¢ 5 4FE . M — AR, BT
q' = 7m(q) FeB— N ILIRHIALE ¢ FHTILAL Plg'] HISUA:
1: function KMP(T, P)

2: 7 < BUILD-PREFIXES(P)

3: n < |T|,m <« |Pl,qg <0

4: for i < 1 ton do

5: while ¢ > 0 H Plg+ 1] # T[i] do

6: q < m(q)

7: if Plqg + 1] = T'[i] then

8: qg+—q+1

9: if ¢ = m then

10: P —m g

11 q < m(q) > S 2 1Y DU B

EUEAM I (14.24) Wi w(q) AL, BATELERFER, HEATHRE L.
USRI TR IERC , I fc b AT 28 m] i 2 SR SR AR R 25 Ff e (1) = 00 AP
Py =Py =[]o JE PP ¢ MR, ATREREUE n(i), i =1,2,..,q — L 4R

B8, HHHARRKAETZ P FRHE Py FES. A 14.14 Bros, 4 Plg] =

Ple+1], WHEE T ANERA &, FAE & FEKAEN—: A0 Plg] # Plk+1], 3
IR (k) FREZ—NER P, Hp k' = n(k), 2805 RBSX MHTRTSERY T —0
FROEEEE ¢ MRS, BEEX LR, BB KB (Z8), BEEME ¢ T
FAH . FREH T ananym [FETSKEUE, kS22 (14.24) IYEKH.

P[1] | P[2] | ... | Pk] | P[k+1] | ... | P[g-1] | P[q] | ...

¥
Plk+1] | ...

Pl | P21 | ... | Pk

K 14.14: Py & Py %%, HE Plg) M1 Pk + 1]

P,

q

w”

a

an w”

ana

anan an

w”

anany

w”

S O N = O O
®

S TR W N R

ananym
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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[q] # Plk + 1] do
6 k<« (k)

if P[q] = P[k + 1] then

8: k+—k+1

|

©

w(q) + k

10: return

KMP XA R B LT, AT SRR AU 7 B 20 O(m) e H R AR B Y
ISLARBERE O(n)o BRI O(m+n), HHE O(m) 25 [FIC T2 R
{Ho FHERBIIZAIAZ I KMP FJLIPERE. #IE/E “aaa..a” (n ) HHERK
Hm T “aaa..ab”o B m DFREAILE, EATRREEIRE—74F, JfFHIEA
AR 1 A7 4F e BIMEAEXFME DL . KMP SRR IHZ LR AR -

14.6 fRHIER

FERN TR RER B, MR T2 TR M AFT 747 ERICES, AT
A EEEAET —MRBERET .. EAERE G a2l L rwny
fift, FLERBTCHE. WTREGFAAES M. PIINGFEZ FEHIRERKLG . AMIET
SRR RSO RS-

14.6.1 IREEMISEA) MRS R

WM %R (DFS) R JEMsEE % (BFS) whmfy “EHER" Hik. 37
] B 2R X P A 2 R T e oo P O

HE

ERE R R LI AR . A58 B R R AR . XTI
ATBREE, A 14.15 FoR, AETRA 2 S VORI TT RG] . (AR L R, B
B NS R BRI AL T — R 5 RE AR T . B2
I SRIE R, FFRE T /MR B IR MRz BB T RIS E
BT RO TR [ RE R Bk e PRy, AR, — BRI EEAA
BT S IIRATHEN TR, RUENRIHF Bl ABXFEER “Zal—HE
A BATEARLGENR S, H2REER ). FATH m x n IFERE M ik
WE, JTTREN O 1, FREAAH. K 14.15 BRE ] LU T # R E X
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I

I I e

(a) K (b) —EATFEFE NTEER

& 14.15: K&

e == T S e T =)
_ O = = = = O
= e =)
— O R R R R O
SO O O O O o O

HEERN s = (6,7) &rle=(p,q), FMNEHLKBITAMN s 2 e FIHE. BT
HH A s EEAHB AL, XEEDBA L, BIHEH & 2 e Fraitie. SRR
B s-k GERERIEE b B e ERARRT. FRATAHER T —28 “WaE” fric B .
WATH—AF15E PidsELMIrA LS. Bk, Az,

solveMaze M s e = solve s [[ |] (14.25)

Hrx:

s=-e: map (reverseo (s:)) P
solve s P = { P (5:)) (14.26)

B concat [solve k (map (s :) P)|k < adj s,k ¢ P]

PR AR R T P . BT ZR LT reverse FH e o adj p $H p 1
EEWEAI AR R A TEE TR EAEAR A 0 B9 AL

adj (z,y) = [(=",y)] (2" y) + [z —Ly),(z + Ly),(z,y — 1), (z,y + 1)],
1<2’'<m, 1<y <n,My, =0}
(14.27)
KR M52, MEITAKZE. N TERRE, AFRERE KR 3407
T B EUREE R AR, ICRMATHE R . BATESAE ST R SRR
FFEEE, XREHEHBT . AL — SRS FHIART, AR VA AT [s]o
W, R s SRR, B as b 4T RERIER TR [a, 8] [bys] AFR. BT
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KAGEAL [a, ] S H, KEMN o AR RJFIEHTA 3 B IANEEAK. EEX
IR AR TS i R TR RO B M E R A, InTE] 14.16 B
o U NEE, BATCZWL T HTERATRE, A 35 AR THUA fe it i
&, ¥RABEL RSB, REAK,

[p s] [Js ps s8]
Is] [2.] Qs | [Tp sl
- . . .

4 14.16: FtkICRE R

solveMaze M s e = solve [[s]] (14.28)
H:
solve [] = []
c=e: reverse (p:ps)
solve ((p:ps):cs) = ks=1[]: solvecs, K ks = filter (¢ ps) (adj p)
ks #[]: solve ((map (: p:ps) ks) 4 cs)
(14.29)

X ARSI AN F
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

T: ApD(L, P) > B — M
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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BLA BT A AT REARR, H HAME R A . S20EAELUZ 0(47),
Hrpn BEERE . LREREAZXER, AL T EEMNME. SIMMEFILT,
P A Al MG S BT TR — ik, A O(n), Hih n @l p 8. T
T HR AR, ZEHEAEHN O(n?).

%3 14.4

14.4.1. (o FRSRA H ok & IRl B fig o

J\ LA Tl

FARE PR AL IR A, (AEE] 1848 FFUI/R (Max Bezzel) A4 /\ 258
Y, BIEEAEA, ATLAEGHRE T 8. B EREER T Il fE g FiE
FANEE, M1 BAEHEL . K 14.17 (a) #5148 T 257 LA 2 E
] 14.17 (b) 25 T /& 5 REH 5 — i .

- K u lﬁﬂ

(a) EEF BT 25 (b) — i

B 14.17: J\ &5

£ 64 MEFHHIN 8 AR5, A Py, FHEST. 29709 4 x 10%%, £4T. HIH
BB 1 M RE . — RO R SR [1,2,3,4,5,6,7, 8] HSEFRHES . BN &)
6,2,7,1,3,5,8,4] FIRH ATHI 2GRS 6 51 28 —ATHY R BES 2 5 £
5 8 ATH RIS IRAESS 4 9 XMENTATER A 8! = 40320 Fifn i MEE—FTIT48
BB EE. f T REA 8 Mk (VBIhRE—3)) o S3EE ATH 2R,
AT RERSE — T 2IFHETGE , eI RS XTR i fTE)E. %3 841
ORBERT ¢ — 1 D 2JRBCLRHIAE . R 8 M EHNREEAL, FATHLERE A LI
i1 R)E. a8 M 2FHM NG, WkE T O TR AT A,
AN T AR, R dksae &g eI FFI T L Z R B FATH —1
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HAT— AR solve [[]] []

solve [| s = s
{]c| =8: solve cs (c:s)

solve (cics) s =

G solve ([ziclz < [1..8],x ¢ ¢, safe x c] # cs) s
(14.30)

AN, BANELZAIrA e, s 10k TAra BRI HRIUGR ¢ KE
N8, FNHKET — M. HHICHEE] s th, SARIRSET: 4 (o <8, HAIN 8
P M ARBOERIS (2 ¢ o), FRPARERERIZE ERHE 2RHal G safe z o).
AR RN T IR I 2R

safe x ¢ =V(i,7) < zip (reverse ¢) [1,2,..] f : |z —i| # |y — jl, Hf :y =1+ ||
(14.31)
safe 0 y = 1+ |c| 17, o SR RJZEM ¢ M 2R k. & c =
[iy—1:0y—2, .., ] F2HT y — LD RIGFAAERIST, FAT I ¢ S, FFA0 L, 2, . A1 2
JERRAEER: (i1, 1), (i2,2), o, (y—1,y — D]o SREHIBEEA (4, 7) —AMME (z,y)
JER L v — il # |y — jlo X SLBUZRBIFN, R EAHERE IRIUHE ik A sEE

1: function SOLVE-QUEENS

2 S« [

3: L+ 1] > PRAT A
4: while S # [ | do

5: A« Pop(S) > A ZH—HEA A
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(z, A)
14y« 1+ ]A]

15: for i < 1 to |A] do
16: if © = A[i] 8¢ |y — i| = |z — A[i]| then
17: return False
18: return True
BIRENEGH 8 ZiJlf‘_ET:F B AR RIS S 15720 Fpffol, I
/T 8% = 16777216 T AEN . T I T AR SEEARAAR, PR

Ja e BT ARSI X R BATAT LAY RS n 2RI, Hrpn > 4,
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EEEE n HERHT AT R SO I (A1 SRE O A4S 8 Ry fiRg At (B2t e
HIES ) O(nl)) o

4.3 14.5

14.5.1. JU#/\BIEHEE, SR UG n 825 A,

14.5.2. J\2JFREFAE 92 MR IR X TARM—AE, W= ieEs £90° e\
BIE AR I Rt 2. BEIEARNERA 12 10 B\ RENTE
¥, FHIX 12 AR H iR

P LR

Nk 1418 fE—HETHuf Sk B 6 HFd. —da LR — il AE b,
EERT LABRE B HIT 8942k b, sl — Rk kB Ry 4k B AR Huﬁjz
F?dt AREIRIR, WNPE 14.19, XEEF AR Bl SRR, (015224 3 U B B ARid

FEMIEIEN-1, A M0 1, AT F R A1 K08 0, FATEREI M s = [-1, -1, -1,0,1,1,1]
Fefizl e =[1,1,1,0,—1, -1, - 1] A&

b 1 G e, e, 3,

K] 14.18: BkER A Bk

Ao dd) L4b

(a) BEEIHI2BHY (b) I At — (c) et —H
Ak b A

] 14.19: FEEhE00

ROZ B — MR IE . FEA—E RGO 6 R 1, thrl LUZ 8 sl R
o B 14.20 R BT ®.

WA RSO EN 1, 2, ., To BRI 4 RS SIATRE. PIIJTAARYS, 25 3 4k
A1 3k BB i T LIRS BhE =S E%L XIFRH, 5 5 Befr Sk ERE AT LIRS — 20
55 2 Yoy Sk ERYF IR LA o — UF Bk 250 3k b, XFRH, 55 6 Bk B

8 A3k http://www.robspuzzlepage.com/jumping.htm
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14.20: —Fp bl i

B, Rl PAA ZoBiod —Ho BRGERT 73RS RIF EEROIRES, sl 4 FOT%.
FEATET, szl e . dTAME A, AR R A,
P AT A% sh#R 2 A Al iR o %Divbgﬁlﬁl, XEAGFARLIGI . HATC*B 3L
AT R 4R WA L2 s BHEMHES . L] (ER £1,0 2085 « L2
2 A REAE AN EE. 20 KM EN p, 4R3I EN:

L. [AEBkik: p<6, H Lp+2] >0, 3¢ L[p] <> Lip + 2];
2. MBS p<7, HL[p+1] >0, 5t Lip] < Llp +1];
3. [ BkER: p>2, H Lp—2] <0, 5 Llp — 2] + L[p);
4 EBE: p>1, HLp-1<0, 55 Lip — 1] < Lipl

FE AN EE leaps hoprs leap,~ Fl hop,, BWIRE L— L'c #ARERS D), N
RIEFEIRER) LA . (RS S il B a2l JFIamam e, b Ha—1 713,
ﬁJ%éqj/\ﬁﬁﬁ‘*H(?&%o I M sk T AR BN E . FRATAWTEEAR T SRS

= e MFLE T —"MiF. FKOPERIERRICES M o BIEAE L B2 4 7
EJJ WERATMAR AR U S =

solve [[-1,-1,-1,0,1,1,1]] [] (14.32)
Hep:

solve [| s = s

L=ce: solve cs(reverse c: s), HH'L = head ¢~ (14.33)
solve (c:cs) s =

AN solve ((map (: ¢) (moves L)) 4 cs) s
moves (FIRAS L 2 248 4 n] GERY A2 80 -
moves L = filter(# L) [leap; L, hop, L,leap, L,hop, L] (14.34)

XA IEACSE AT -
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

—INRBH A A SRR (8 15 8), RERAIH T

Hrl-1|-1/-1]0|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 1[-1]1]-1]1|-1]0
10 1|11 ]-1]1]0]-1
11 |1 |-1|1]0]1]-1]-1
12 |10 1]-1]1]-1]-1
13 1 |1l0[-1]1]-1]-1
4 (111 ]-1]0]-1]-1

111

—_
ot
o
|
—_
1
—_
1
—_

A 3 EHERTGE 15 B/ Bl IR LAk LIS E PN g5
H— 1R ARK:

e [1]2] 3 | 4|5 |
frms | 3]8]15] 2435 ..

BRI SEA I (n+1)? — 1o BT LHIERZ 4518

I ARSI, B FER S M3 T n+ LiRa k. 2n HEEEE
R T 2n(n + 1) ko Z2MAEE R F AN M E B A B S k. —H
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M, DIREAEBER. BT 34 n® YOG, FIILSET A &R T 2n® 31
Ako FITHHIIAZEER, BB AL, BIA 2n(n4+1) — 2n? = 2n
Ko H4 n® HBKER, 1 2n KB SEA Sk EAEIN. 15 B RAMEIIEECH: n® 4+ 2n =
(n+1)% -1, O

Mg BT 3 B, ENIRAREAER PR ENMIEMIREI 5. ER
BMANTLTHG, \EE RN ESEHEIT G, SRR R -1, -1, -1, 0, 1, 1, 1] JF
Uho BRHIERSE — MR BREIAE T REREIT. ERER, 24 L
NAAWATTEERE . R, YGRS Bk e, &
OO 4 MO BRER T et . BIREE LSRR RIE REAR S E 20 . (HINTIRE
THEMAERZORS A 20 ERBENRLNSZH M /EI5 R RZREZ
J\A B AR b Bk A i B s 2SR A I A

FRATIE FHAH [ A S SR ffp Rk L el A2 aCn) REATIEI, % BELGBEIAYIR
A, WEIRTCEAR S P U R XA I TeE R el
G A ATREMT A BRI TC R . 98, RRMHEAAE e, SHEE— A, &
ITATLME N S R e AR S ST FTRERI AR o AR LU ARIRAONAR . Wi — PR 4
B R AR . RERE N ABTRARE R . HEREGRSE, FATEA
&R R BRI eI, ERIRMUE IR R E—)= . dnE 14.21 BRI ER
LU R 1S 5l 0 7 [ N 4 1 1R PO i - Wl i e € 2 =393 1) U 8

K 14.21: FEUCRERINT

RAEHI R R RPN R e & o MSLP BATEA LT R E. KL
ZMIEINIE, FlIN Prolog, (YR BEMLICENEARIR AL lan— k5w LAge—
LA A -

c(a, b). c(a, e).
c(b, c). c(b, f).
c(e, d), c(e, f).
c(f, c).
c(g, d). c(g, h).
c(h, f).
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Hrp WS o(X,Y) FoR B X MY & X—Wrs 2 a rmvErg. iREEY
X G, AT LA I — 28X ARRYIT = sliE S — 2R O T PR 5 o 4] 14.22
BT A E . FAACE X MY, Prolog i LI Tl (9FEFEHE B A1 Hl2&
A i o

| 14.22: —NATE

go(X, X).
go(X, Y) := c(X, Z), go(Z, Y)

KR — B X ECHE. (EEPRIARME X Y, HXMZMH
B, HZRY ZEAdE, WX MY ZRGEEER. B, Z R gEnm—.
Prolog e, SARASHRR . JUA 18 TR R MO A 2 U e . [0l
FEHEAREN — MR XA AU R MC IR R R . SRR B, 1
ARIDBHI, LR ZRIRARR T i, ERE P B — A

—ERRERZ.
43 14.6

14.6.1. BRIk & bk R RG0S B ] LU REM n AH RIS L.

W s BRI S

RGO AR EFUR R R, A5V, A
ALK /T ARER RN A IR RRER AR F A%
LRI I (RARERAE, IRZIZHE, MFERCH AR T
PSR T3 AL BT A AR PY R 3T 2

HI TR R IZ 5, KRR DA% ek Fia B R Al R R TCieHs
TRER AT — Rz 0, b0 R — sl LU o A AR PE iz s N T 5
PEARAIE 3, BA AR A R, FORRA SR 28 BT T 1),
B — kG FIREWL . AT SRR AR PIRJE BT AT Al



14.6 ek 293

B ZRHIATARIRE - BRI . A AR PERENE X RER . FFHIX
WA T P RE R L SRS ERAY AR -

i “GERT KARTE RTREIIIRS? BRI 25 EEIRE AT
BBk T EA R, HARRBREZ B OR. SRR, #1215
ERIERIRE 1, SRIR SR T IREEER . O T (IR, Al LA E I — S 023
LA NEEGL 2 R REF R SR ke Z 5B BN o B AR AT
FINTRER , QSR SCA BRI TR BRI, At BB RS TR IRER . 3X—BAFI AT LAGRIIE
TERH) 2F-o

ball box

P 14.23: 5 0 D AHBAEER . ARBOAEEI R ER LRI

FHZEAAR B R BT R . S Ay B AR TR, 4 A =
{w,g,c,p} BER £ AR KK, BH B =9, BICRRRINAIN ITRAEE
BB MREGHATAELIR, WARESH I RAIARTT . HirEHRDHIK
BocH Ay B RINZ. S Q B EIENRES A = {w,g.¢,p}s B=2. H
BRABIAZS, BATIBL L HRITER, I A i REReRE . SRJE R R A A RA el
BAFEe WRBASISLHET A =24 B ={w,g,c,p}, FATHILE] T HE: 18] 14.24 ik
THLRENY . R LR R R RERA S 7, JCHREEAT R

LA 4 A — Bt RIECRFOR RS, B Man—MEY, Rw =1, Fg=2.
FiSkc=4. KRp =28, 0 FR=tE, 156 LR FmES. H 3 FrHA
TRANSE, WHPRZCHEE. FIFE, (H 6 FoR7—FfsE oL, SRR TR RS (8)
MFIM—r (4 20 1) N PECFRENE S — M B WIATRIRS SN :

B<8: [(A-8—i,B+8+1)|i+ [0,1,2,4],i = 0m ANi # 0]
mv A B =

BN [(A+8+4,B—8—1i)i < [0,1,2,4],i = 05{BAi # 0]
(14.35)
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B 14.24: W IRETITIR, REH PHIFrAERI 2. 3. 4; AFRAES 32 K
ﬁﬁﬁlﬁlﬁ ......

Hep A LIRSz 8. OTABY] Q = {[(15,0)]} JF8fH 2% solve Q.

solve @ = @
A=0: reverse c, Hi(A,B) =¢,(c,Q") = pop Q
{EUJU : solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q)
(14.36)
HAo R valid c iEFIIB SIZE R (A, B) ZAFFEMSE. NEERE 3 6, FFHMA
sl AFEAET e

solve Q =

A, B # 356, (A, B) ¢ ¢ (14.37)

NGRS R A AR

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

NHEAH T PR
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Vs | A
ZEE SN E P VIS
W H3¥ FRRK
e HZ KR F
FIo% e F RK
FoHIR AR U/
* W B3 KR
FORK TR I3
e F B KR

Vs | A
ZEE BN E P VIS
R H3K AR
e HZ KR F
U/} o HR AR
W F kKK FI3%
* e H3¥ KK
R TR 3
e F B3 KR

K

AW, — 9T —A 4Tt A GE MR 6 FHok? X A8 H Al Ly
BRI SR A DGR E A I Z B A AR TR A R fESF
SRISHEY R 3» rht BN T aX ARl Brep o PORNEAE <Unfafigaly Hh )
MR T — MR B ZORSTINF A 6 THK. BIEEE B0, 9 THIH
FHEI 3 FKe N TIERGX AL, /NIFRFREESA 1T ik 14.25 s,

9 9

4 |:"> 4

1

K 14.25: 55
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S O FHII 1, SRJF IS IREIN 4 FHRIL-, F6 4 FHROM =S, it
USR] 1 TR Il 14.26 fron. EHEZRE G, ARSI, Bk
[T A 899 TN 1147 FHIH 1521 2 THK.

9 9

4

4 :{> 4

1 1

4

] 14.26: K ATHEIR, SR EI A/ NIBTIR

KRANPIATIS B, A, BIAT 6 FigAE: (1) /M A Sk (2) B A&k (3)
73 As (4) 5175 B; (5) ¥ AFPIGKEIN B (6) ¥ B EIN Ao FHRE—RHFEIK
e, BIRAEH a < b < 2a.

A B A

0 0 THiG

a 0 B A

0 a % AENB
a a B A
2a-b | b “ ABIN B
2a-b |0 e B

0 2a -b | % AN B
a 2a - b | {5 A
3a-2b | b “% ABIN B

T FHRAE, f MK S LSRR va + yb WP, Hita. b 2%
L oy 2B BREOeTINESE, AT AW FRES 2] g Fk: HHA g
REUSHE av b HYEC R NIRRT . BIl: ged(a,b)lge WK ged(a,b) =1 (av b HER),
A LMSEUER B AR g THKe BIATT LIHIE R A AR, (HIRAIIFHFARIE AR £ 7K
Lo MHEFETR g = za+ybHE oy, FTLMSE—ARME. 2 >0,y <0,
FATEI A 2k 2 ke E251 B 3Ly e PN R a = 3 A b =5, &
Big g=4FK. N N4=3x3-5, AlLLxi FoE08:
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A | B | #4E

0|0 | JFif

310 | A
0|3 |¥ABANB
313 | A
1|5 |BABANB
1|0 | % B#=
01 |¥K¥ABAB
3|1 | WA
0|4 | HBABANB

SLEWE A 3k B2 Bl L ke FATATUARI G T R RR JL B AR
R x Fy -

(d,z,y) = gedesi(a, b) (14.38)

Hrfid = ged(a,b), ax+by=d. a<b, BqRREr, WELRD=ag+7.
IR dBER as b, D d RS o BT 7 < o ATLGESHE o B - B
B0 N A A

(da I/a yl) = QCdeJJt(T7 a) (1439)

Hbd=2"r+y'a. Kr=>0—aqg N

d = 2/(b—aq)+ya (14.40)
= (Y —2'q)a+2'b
5 d=ar+by X, A NHIEHRKR:
x = ’—:1:’9
DA (14.41)
y =4

AR R AAE a = 0B : ged(0,0) = b= 0a + 1bo JXFEY EERLEHEIGE
W SN
gcdey:(0,0) = (b,0,1)

14.42
gcdezi(a,b) = (d,y’—x’é,m’) ( )
a

Herd, oy (9 L= (14.39). AR g = md, W ma F1 my 52 E 7K AT
H— s R © <0, B30 gedeai(4,9) = (1,-2,1)0 HIT d = za+yb, FATAH
Bz o, FIPE y e, HE 2 KT 0o IXFARIHMIFA—ERI. BIA1H 3 Tt
5 FHRGIH T, ARE 4 TR, PRI LERRTAS H 23 2



298 FrtwmE Mk

[(0,0),(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),
(0’4)! (374) ) (2’5)! (270) ) (0’2)’ (372) ) (0’5)’ (375) )
(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),(0,4)]

AR ATTEL 6 2

[(9,0),(0,5),(3,2),(9,2),(2,0),(2,5),(3,4)]

ZHRETI g = va+by ALFT LM, o]+ |yl BN, Frifi PPEeD . JATATLL
SRAIZEAEL R R fE 6 FiRfEd (B9 AL 1 B % A BN B-)
I AR TR 2. BB TT R 2 — RIIME
Xt (p,q), pv g P ARGRBRAFKRIATR, 0% T MR EIEE R EKERIE. JTIaRTEL
FINEE A {(0,0)]}

solve a b g = bfs{[(0,0)]} (14.43)

HEPIIAZ, TAIMKIBBUH — BB 5. R F s i m RS E g T
K FATHARE T — e BAPRF TP AN R E R, 246
FTRE, AHEERIFEAR.

bfso = |[]
bisQ — paig =g : reverse s, HHi(p,q) = head s, (s,Q") =pop Q  (14.44)
AN bfs (pushAll (map (: s) (try s)) Q')
try s = filter (¢ 5) [f (107 Q)|f « {flAaleaPTA,PTB,emA,emB}] (14-45)
Hr:

fla (p,q) = (a,q)
fls (p,q) = (p,b)

emy (p,q) = (0,q) (14.46)
emp (p,q) = (p,0)
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 IR R R B . AT TTR PRSI, AT
DRI — 2R b sics, Wi 14.27, FRESH (0, 0). A fill A fi1fill B w]f7
FETORAEIC S (3, 0) FuSat b2 fill B, GO 3Ei R (3, 5). £ (3, 0) HydEal b2eik
empty A K EIZFIIARE (0, 0)o FRATHL X —ikTl. FEHKORES R EE R, FKA]
FLAZE P 14.27 g fg T (g n— A5 L AU B RIS .

1: function SOLVE(a, b, g)
% Q<+« {(0,0,NIL)}
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,"ﬁll A empty B
14 4
@3,5) (0, 0)

K 14.27: 2 JRpids

3: V « {(0,0,NIL)} > Rt R ES
4: while @) # @ do

5: s < Por(Q)

6: if p(s) = g 5 q(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

%3 14.7

14.7.1. by BRLEAGED:, FHREMAAMHES o) + |y S/, DARYE 7K R

HEAIE

RS BARZGE R Bk, W& 14.28. FEAMK Klotskio A/ Fi R4
AR EHEA 10 M, EHRAE T EE FER . SNSRI N — 8L
MIIETTTE, KRy—HN 2 x 2 B, FERLE R TR rRIEl, A IEREDN 2 MK
AR o SRR — AR S, HABR N3 F RO T BRI kg Hire
LOEEE S, H RSB R T E. 18] 14.29 B HAJRR oL’

AR —EAFELIL, FIRBEIAFHAMSER A

(a) el f5 (b) % zha T4 5 1y
i

14.28: FEZETEERA,

4] 14.29: HAR) “FrHm)l” ik

AT 5 x 4 JEFER AL, 175N 0 I R, 1 3 10 PRI Y. 0K
ZAE. JEFE M G T HEER RIS EON § IR RN AR SR AR
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T LK. L) BT i EEAIEEA . Bl L4] = {(2,1),(2,2)} FoRE 4 M
FRBETOE (2,1)s (2,2)0 HATHTLUBBAE LY 20 DACESS 0 2 19, {175
FeltgiT: ¢ =4y +zo IXHEFN T S L[4] = {9,10}.

1 10 10 2
1 10 10 2 1—{0,4},2— {3,7},3 — {8,12},
4 {9,10},5 — {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} { }

ATATLAE LS (M) > L FEBET o~ (L) — M FEREAI ) e e -
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

AT 10 MET-, FHREEGAE L T/AA 4 M J7 M3 1 M. (ERMEHE
£, BEFOR N (Ay, Az) = (0,+1), (£1,0), fEAiJs L, WATTR GBI AN
d = =£1, 24, BT L[i] = {c1, co} AR N {e1 — 1,00 — 1}o IXHEHEFRH
RATEOL: d=1,cmod4 =3 f1d=—1,cmod4 =0, PjiB 5Bz
H—Me FERWANSAAREH 8 M. s — L H 4 il Re: 45 6 Bk
A7 58 7 BER 8 BRIR B8 9 BRA /. [ 14.30 S fie A AZ s el 17

N WER AN, FAMGET k B3h2IR) HArfg+-, anfoh 0 53 k AT
%

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), Mly][e] € {£,0}

gl — Rl RERI B AR (GRS IE R A SR, BT
) My # Mo, AHENAT BRI
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L 0 L 1
h |21 Th X
¢ 0 1 ¢ 2 2

B 14.30: Al PR L ROARFESRIAE S A0 TR UTAR 1 AIAR - AOAR 2 AOAR
5,

1 10 10 2 2 10 10 1
1 10 10 2 2 10 10 1
Mi=|3 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 LEAT R R ES . ZEAET, EUH—UARNES: (L] =
{pl(k = p) € L}, e 78 L hiraEES . LA ERERIH— A RS
T, 2, 5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}}.
FEADSFRIOA Rt R — R, TRk g . I T IR My 1 Mo XK.

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 |

CATHH—ACAT R 2 X R o FRATTRE S — AT e B RS TR AL H
mirror(|[Ll[) = {{f(c)lc € s}[s € [ L]} (14.48)

HH fe) = 4y'+2',y = |c/4], 2" = 3—(cmod 4). F-AEH—DBAFIBATIE R,
BABI RN TR SRS — RN ST LR 5 T2 A Ja . Bk N (K, d),
FORMEREE EBEIM Tk, TR d (BN £1,414) . BAIIRIAH R Q = {(s,[])}, H
s B Em R, HEQ # o, ATMMSTEH — TR, RESEKIHT (Ui
10) BEFEAEHFRE ¢ = {13,14,17,18), R L[10] = t. WERANLES: &0, &
MER BN ARSI T, AT AEEANEBIEE (K d) ANBA.
RS, BRAMAES HidRH—mRELEaES .

solve @ H = []

L[10] =t: reverse ms, HH1((L,ms), Q") =pop Q  (14.49)
A solve (pushAll cs Q') H'

solve Q H =
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Hr1 cs = [(move L e,e:ms)|e < expand L] 287185 %

expand L = {(k,d)| k<« [1,2,...,10],d < [£1, £4],

(14.50)
valid k d,unique k d}

move LT L{k] #3) d i move L (k,d) = map (+d) L[k]. unique ¥|¥#7
H—Aim L € H, 8if& mirror(|L|]) ¢ H AfER BiexkH. WMREAES, H
FeqgEnest B T4 R FTHEN NGRS, M5 M5
BERIE 116 22 (P Hsh 14%), &Ja 3 2ah:

1: function SOLVE(s, e)

s H e {s]}
5 Qe {(s2))

4: while @ # @ do

5: (L,p) < Por(Q)

6: if L[10] = e then

7: return (L,p)

8: else

9: for each L' in EXxPAND(L, H) do
10: PusH(Q, (L', L))

11: ApD(H, ||L'])

12: return &

I:l5|’ l3l’ IZI’ Ill:l
[l5|’ |3|’ |2l’ lll]
7 2 '9I! 4 b I4':|

b 'AIJ 6 ) IO']
I:lAI’ IAI’ IOI’ I8l:|
['s', '3, 2", 1]
['s', '3, 12", '1']
[l?l’ l9l’ |4l’ I4l:|
[lAI’ IAI’ IOI’ |6|:|
['A", 'A", o', '8']
I:l5|’ l3l’ IZI’ Ill:l
[l s |3|’ |2l’ lll]
7', er, ar, 4]
['0 b 'AIJ A ) I6':|
[l@l’ IAI’ IAI’ I8l:|

IRl KRR e EN R AR A LRI B At . AR LU R L, e
WAL ZAbRE. AR Ry, EASRERAR W BRI,
XREAE KRR TR E] TR R KRR GRS WA 2T, T
1RSSR AT EA IR FRE R EIRSR AR CHII57
57), ZALRESRAIN )R, Hrra RIEFR3h 2] THRER M E. 1
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ARARLEIRUN T LA RS 2 73 50— D IRES e AT “FHAT" T REE It
FEIA D AR IUR e Z 1, BATAZ B B RAR R . X RIE T F/ PR
MR B, T AT YR, XA R [ 14.31
T R AR .

(a) TRIEALSEALZR (b) SRS R
4] 14.31: TR LU et = 0

HTRATCEEERN 97" #ER, T EREEREANTRIE . WA
A SRS VT L LR 25 SR A/ D AR T, DA BA S R AN I I N 25 BR % 22 Y e i it o )
FEPLSEE R IR T —FhfE BT E S BB, (A RREEEE R e miif.
FREME 14.32 MAME, FRIEEKEAR, RAOTCERTEREHZ B
W 2 B S A S 2. TERMIETT o 2T ¢ Z A R B 12T ARG I f DT Y
a—b—co XEMAENMBKEN 22; MELHELZWTNEZe—>e— f—e, fi
HY R A 200

] 14.32: AFER AR E

%3] 14.8

14.8.1. Fem ® $2H T — P sl & 14.33 LI R, 8 AN Rl

Ly - i (1937-2020) , HEEER.
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7 ABEBA TR, B B A ST 13 7. WSRATE AR <R 5 1]
R, WP R DI st . R RRAEZ, NFoRel2miEn. H
PR M 1. 2 34 4y 5. 6. Tl 7. 6. 5. 4. 3. 2,
Lo 45— RE Al DL R sln) il

] 14.33: B Sk

14.6.2 O

MTFRE "Rl WM AR 2500 A RERL. (A RRM R R &
HEFHFAR S o AIRZ A FAE 22 T (R A A0 o (SRS — BEIRR 58 PB4 1 £
Papes i gy i

nE K2 i

W R 2 2 e/ M B (5 R Y 3% FHIRY ASCIT (] 7 o2 —
PERIEON 0 B FF5omit, ATLIERIL 27 = 128 . A0V 1, FRATED
i 2L logy n AL n NAFE TR TR KGR ICT RIS, 78 A B Z gy
N0 E 25, GG 5 AL FHEY FEE] 5 2 00000 [fTE 00 JREEIAAD T B E K
T o
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TR | b | T | G

A 00000 || N 01101
B 00001 || O 01110
C 00010 || P 01111
D 00011 || Q 10000
E 00100 | R 10001
F 00101 || S 10010
G 00110 || T 10011
H 00111 | U 10100
I 01000 || V 10101
J 01001 | W 10110
K 01010 || X 10111
L 01011 || Y 11000
M 01100 || Z 11001

A “INTERNATIONAL” 0] DAZRAL A 65 () — R4

00010101101100100100100011011000000110010001001110101100000011010

S E R L D= W Y (L e VAN i 1 5 e SV 5 v v 5 5 i L Y O
5 A AL 11001 56 Zo BIRTT LURE GRS ICRE o ARAE MR I 2 Jl s
Mo BN PERIEL 1101, BATARHEER 1, J5HHAE 101 G “BF”), &z 110,
JEHHE 1 G “GB”), BU2 1101 (F7R N)o BRI iAd @48 Kot i I
FRFE SN 7, TR LA - - SRR AR Y, FTUA S R E
B o TR MR ERAY IO AR

w1t | i | e | e
A 110 E 1110
I 101 L 1111
N 01 @) 000
R 001 T 100

WA “INTERNATIONAL” 4ght-h 38 A7y k%
101601100111000161110160101000011161111

7 LRI B A B AT o IR Z BB St 2 HE IS B TS
IXFERI G AL PR N R RAD 100 RIS AN TR IRAT, MG L4 X B A

1O i prefix-code, AN TC HT G,
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ST AR 45K, REAT R B MR MGG e 1951 48, iR H T2
BE AR KT - e @ D B AR - S e LA AR T XA A
MZIIARFEL T RS2 TRA MILTPHEE T, ARSI B,
R FEHE T k. 1aRk SAURESUR TP BRI R . & “H I 19
TR GRS . B SORRG B AR BRI € LA AFHIPCE 2 E
IR o SR8 ] SR AT . P R AF T I 119 o MR Y 50l Py
PSR [ AERTERTESIN O, AT HTERT RN L, AnlE 14.340 G, MY sk
BN BB, MARERAENE No BRI N 46570 01; 547 A ligfe2: A 4,
/e, bt 110,

& 14.34: M5k SR

TXERBGE T AR o A —EHIE, 0 A ZEs 1A . BARFIN, 5 R ERS
FFt 2 MRS N 2 o SRJE B FIR AR T s ksl WA ok = 1 B JRIA LA 7 iR AE Y
THIGIT, B FRFERN — 35 jiFh e AR DR B/ NS RV T —
ML 53 A TR . AW E R/ N G 9F, Ba1s
B R, A 14.35.

FATE SO 5E SCSEIRE SR S o 19 U FR BN TRCE, A I SR A
FhFo R RERA (w,l,r), How Z2CE, Lr B4 T M HRERRN
(w,c) e 275 BIF T, SCEFIN merge a b = (weight a+weight b, a,b),
Hrr:

weight (w,a) = w

_ (14.51)
weight (w,l,r) = w
T BNE AN R R B N RS T
build [t] = t (14.52)

build ts = build (merge tity) ts', HH(ty, ta, ts') = extract ts
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SE O

E 1 L1 0.1 R,1

BEL

] 14.35: Hyiding ok 2Ry

wE
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BREL extract I\FREF T IR S/ N IR . 45 weight t, < weight t,,
Mt <ty

extract(ty:te:ts) = foldr miny (minty ty, maxty to,[]) ts (14.53)

Hr:

) t <ty: (min tt;,max tt1,ts:ts)
ming t (t1,ta,ts) = (14.54)
7;5'}_\]” : (thtg,tZtS)

N IEARMDERR RS, FONTHEAL A 768 n Bt WA AR A, R
Ali] FRE/NT Aln — 1] 50 Aln], gtscH Ali] fl MAX(A[n — 1], A[n]). HiliEGEFHF
Aln] £ Aln — 1]o IXFEEERAE/N—o BEMITRRAG R RGBS -
1: function HUFFMAN(A)
while [A| > 1 do

v

3: n < |A

4: for i <~ n —2 down to 1 do

5: T + Max(A[n], A[n — 1))

6: if Afi] <T then

7: EXCHANGE A[i] < T

8 Aln — 1] + MERGE(A[n], A[n — 1])
9: Dropr(A[n))

10: return A[l]

FATAT LA IG RS T M. & p =[] MART Rl /20 p < Op,
HHERS p  Lipe BIAMT FAF ¢ B, 305 ¢ = reverse p #IR%F . & L (FTHEAL)
code = traverse [ |, HH:

traverse p (w,c) = [c+> reverse p] (14.55)
traverse p (w,l,r) = traverse (0:p) | 4 traverse (1:p) 1 .
PR AR — SO w — I EER dict 77 R A -
encode dict w = concatMap (¢ — dict[c]) w, HHfdict = code T (14.56)

R R S, — B BT bs — b A GRS M. MR SUTES, 0 1)
e VIags, BAM719 S A o SRR RIBIRT RIkSEf#EY . decode T' bs =
lookup T bs, Hrp:

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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MG R S AYMIE I FERIB T — PR SG  AR IR G IR A T, SRR U
BANRPIRI 5 5F 01X — R IR R ARS8 T 2 RR R AT &
BT A2 ERI . 16K Z a2 T FATFROX RIS R F R ik
BT RN SOAN . JODER T LR IR Z R (H R W o D SR RE A7)
LSRRI AR Lo 1B IEM P IAE — M ERI T o

4.3 14.9

14.9.1. S A4 308 Huffman %3842 i &%

e AR [l

MR IS WY, e HE /DR e kA 5 FhmAaEm: 1. 5
S50 258, 5. 190, 14 1048, 104 10 4. it h: C = {1,5,25,50,100}.
T o oo RSO, B PR K B R T

change 0 = [] (14.58)

change x = ¢, : change (x — ¢y,), HH 1 ¢, = max {c € C,c < z}

BN 5idse 1.42 T, BREL change A REE T A5 [100, 25, 5, 5, 5, 1, 1] FATTAI LA
R Fg oy [(100, 1), (25, 1), (5, 3), (1, 2)], 1o, —# 2.5 M. =H5 7
PIRCL AT o XTI C XA, ORI i . SuDRIEX KA
ERWEET REMAR BhAFIN: 1 C ={1,3,4}. Wiz =6 7548, wmiifite
240 3 43R T . HOUDRIEZGHZ 6 =4 + 1 + 1, 2k 3 M.

REA R, O0RIEE SCBE R, JURZERANE, WMz #iln
BESCHATIIRE, RSO T K TR e W, SRERsion T47. 2 HiaEbEy
s, SUDEIE T LGS R AR AT 5 28 s A8 AT AT REZ N B3] o
. LW
2: for w e T do
3: if |{w| +s > L then

4: Insert line break
5: L+ W —|w|

6: else

7:

L+ L—|w —s
2> 14.10

14.10.1. {EFIHERMIEG TS : NI AHETIERCE PB4, & el e

14.10.2. WRTFRF CABCEHT IR A, A SR TR RO FYIE W S 2 0 7 3
B Q SRAFETFFEER . AW Q AT A ST AC/ IR, S FF R AR 4L
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BRI ITARE . ASIHCR ORI — R RIS R R 2R . 1552
X—Tie
14.10.3. Z5EMREM T, AN E0EHG K2 MY .

14.6.3 MK

FBAAEMTERE T FHIGF AR (HRDIET) . RIZCHE R
Rk x AR : BEMAIER Cro 4 Co HRIBETI 22BN : Crv Coo RN T
T1v o0 H Cry = Cy H Cov & =21 + 290 W] C1 2 54 2 HIRAUHE, H Cy 25
xy IR

. MG X @, BIEAES — DEFR sk Ot O EEM . I
T O # Co IREMET Cpo 1XH O 2 5ifit o BISAART G- [FIFE, 34T
WHTLAIEN] Cp 2 5t zo HIEARE O

TERM AU AT ARIREEE Yy < o, RN i oA P[0 43551 e y
Mo —y B X R eI A —E R it v FR Ui 1ENB: H=
FRET C = {1,2,4} jifft v = 6o FMMFTRZMARET : 2 4+ 4. (Hil1 6 = 3+3 70N
S 3 BB TR, AR AU 3 = 1+2, (UG TR (1+2)+(1+2)
ST A MR o A R AL P AT i T R A 7R, BATFRE R “fitit
FEA o BB AR (B0 it HH B AL 74544 -

change 0 = | ] (14.59)
change x = min [c: change (x — ¢)|c € C, ¢ < x]

Horp min YEHACEE SR SIS HIX—E SORREE R M rl IR RE . H T
MFEAT A RRES S, & C = {1,2,25,50,100}, 54i# change(142) Bf,
HTHL change(141). change(137). change(117). change(92). change(42). fEiTHE
change(141) B, ¥4 141 43502 1. 24 250 50, 100, XFEEESFRGTE 137, 117,
92, 42, MRE=ALL 5" {REUBAK. S5 REPIIREGIR 7%, WATHFRRE T iE
SR A A A . T HIIARS 25 (o St y I Seif) T'ly] RIS Al A
R Tyl = o, MBI EF R F RS FAN Tyl

T+ [[],9,9,..] > T[0] =[]
2: function CHANGE(x)
3: if x >0 H T[z] = @ then
for each cin C H ¢ <z do
Cyy < ¢: CHANGE(z — ¢)
if T[x] = @ 5 |Cy| < |T[z]| then
T[z] « Cy,

%

return 7'[z]
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WAVARTT LAH R _Er=42 s 0 o 7y A . M T[0] = [ ] FHG, Rk
AT = (1], T[2) = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], Wz 14.1(a) 7R,
Sige T[5] AR 54 108 1AL S s filithe WAREE M. mAUmFaRisE
MF 14.1(b), T[5] = [5]. # MK r =6, 15 590H/NT 6, AMPIERE: (1)
L T[5] 15 [1,5]; (2) 5 00 T[] 15 [5, 1]o IXMIMESE, ik T[6] = [1,5].
UOERZAE T, Hi <o i, B—REA c < i WHH. &ifFRMEIRET )8
Tli — o] WU, BNk c B2 —Diuidr 2. B mE M —MMER T[],

x 01| 2 3 4
gedf | 11 (1) L1 ] [1,1,1] | [1,1,1,1]
(a) Siffe 4 73 LA B SALARSEE

x 011 2 3 4 )
sedlofie | 1] 0] L] | [L11] | [1,1,1,1] | (5]

(b) 5ifte 5 73 LA Y e LA 5112
# 14.1: AT R AMRS1R

1: function CHANGE(x)

2 T+ [[],92,..]

3 for i < 1 to z do

4: for each cin C H c<ido

5 if T[] =@ 8¢ 1+ |T[i — ]| < |T[i]| then
6 Tli] < c¢:Tli — ¢

7: return 7T'[z]

LR (F) A REEZ AR QRN ESE B, WL
UL 7 A A o0 Sibe Tld] Frifet i9RETR ¢ LAR i ZEAY BT AR ne
BT[] = (n,c)o N T ARG @ (ORI AIEE, FATEEAS T'la] FH 3 ¢, SRFHMN
Tz — o] F4kE| - HF T[0]

WrE 6 7 8 9 10
UM || [1,5] | [1,1,5) | [1,1,1,5] | [1,1,1,1,5] | [5,5]

1: function CHANGE(x)

2 T « [(0,92), (00, 9), (00, D), ...]

3 for i + 1 to z do

4: for each cin C H ¢< i do

5 (n, )« T[i—c|,(m,_ )<« TIi]
6 if 1 +n < m then
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7 T[] < (1 +n,c)
8: S(—[]
9: while z > 0 do

10: (_,c)« Tz
11: S4c:s

12: Té—xT—cC

13: return s

mALiers T ] LU M E gk foldl fill [(0,0)] [1,2,...], Hr:
fill T x =T > min {(fst T[x — ¢],c)|c € C,c < x} (14.60)

Hrp s> a fITR o MARIFEF] s A0 (WE 12 EFHERD « SNSRI T FOs
ARSI
change 0 T = |[]
change x T = c:change (x —c) T, HH1: ¢ = snd T[x]

HRME = n, BB 0 R BRRZKE k= |C] MTH{E. ZREH
O(nk)', FFTHE O(n) MRS To AER BRI LR A TR N7, HATEE
e R 7 IR R AR SRR S AR I, B 2R T AR 25 R e 3X
RO B R R R R R R T Y S A R DUR ST 1940 4F
TR ALK R B P R

L Al 725 o TABAT AR A R T U N IR0, S DA RT LA 7]
P

2. BRI R ]RSO LA SR AR _E RO AR

(14.61)

KA TIPS

FIF-BAE, 7 JedRiESs:. filin, Mississippi 1 Missunderstanding A<
AL Miss, A 3L P40 Misssi, AN 14.36 fiin. WHERIXE M EAR
i, e 90 FERR R AR (diff) PZER . MRERK AT TR AR
HIWIRE. PIDFAFER o5y ys RIS AL o1& LT -

LCS([lys) = []
LCS(zs,[]) = []

LCS(z:xzs,y:ys) = {

14.62
x=y: x:LCS(xs,ys) ( )

AN max LCS(z:xs,ys) LCS(xs,y:ys)
Horp max GBI FPS. LOS BE LS AR TEH, R LA ML
/NFAR. PSRRI — Nl 1 X E LS A EE M. ARy
MR
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M i s s s s i p p i
A A
A \

K] 14.36: KL/

BRALT I Z RN TR eI FAEH 45868 T 051 R
filte 17 B3R osy yso JPFITTRIIRGIA 0 G, &5 047+ 0 FIARER=S 751,
Ti][j] &7~ LCS(2s[0..5],ys[0..4]) BT, AN T R H KA. Y
LCS([],ys) = LCS(zs,[]) =[], #5017+ 0 FHRSZ 0. LA antenna F] banana A
Bilo FATN T[] FHIEE AL 1170 b FTantenna HH UL —DEAE, FrLAS—F7
#M 0. FpE T2)[1], FTER a, T[2][1] = T[1][0] + 1 =1, HJ LCS(a,ba) = a.
BT RBEF T[2][2], a#n, % L) (LCS(an, b)) FIZEM (LCS(a, ba) HyEK
fHIE T[2][2], #5592 1, B LOS(ba,an) = a. XFERATE LK EKIER TR, H
FEMMAGE Sy = X T3], R wsli — 1] = ysli — 1], W T[] = T —1][j — 1] + 1,
M B Tl — 1] [] #2eM) Ta)[5 — 1] HhidsEseoRmy .

o
—_
S

—

S| =W ND|=|O

B || B | |T

[enll el en )l Hen il Hen il Henll N en)

el B B B B e B B e R e
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: function LCS(zs,ys)

2:

o

10:

m < |xzs|,n < |ys|
T « [[0,0,..],]0,0,...],...] >(m+1)x (n+1)
for i < 1 to m do
for j < 1 ton do
if xs[i] = ys[j] then
Tli +1)[j + 1] « T[] +1
else
Tli + 1)[j + 1]  MaX(TE + 1, T + 1][7])

return FETCH(T, xs, ys) > iESE

PR T R R AT A WA TR, WAORE asim] = ys[n], N

wsfm] GHE LCS MIAR . # PRI eslm — 1], ysin — 1], FUFATES Tlm - 1][n
1 Tlm]ln — 1] ARSI

1: function FETCH(T, zs,ys)

m < |xs|,n < |ys]|
T ]
while m >0 H n>0do

if s[m — 1] = ys[n — 1] then

r<—asim—1]:r

7 m<+<m-—1
8: n+<n-—1
9: else if T'/m — 1|[n] > T'[m|[n — 1] then
10: m<+m—1
11: else
12: n+<n-—1
13: return r
%3 14.11
14.11.1. ffHE IR EAE R K AL T8 SR RS
e viillaf ]

HERHES X, WTEBIFrArE S C X, 5 S hEEMmZ Ay s, B

SSS = Si=s? il X = {11, 64, -82, -68, 86, 55, -88, -21, 51}, s = 0 45 =M

i€S

S =, {647 _82’ 557 _887 51}‘ {647 _827 _687 86}0 ﬂu%%ﬁ‘ﬁ, ;%'\;j\j[:ﬁﬁ 2" 4?5‘%2
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., Hen=|X|. E28EH0 O(n2"),

sets s @ = [O]
s=x: {x}:setssuxs (14.63)
sets s (x:xs) =
BN (sets s xs) # [1:5]S € sets (s —x) xs]

G728 € U AR E &7 A, AT LA SIS HLRIR A . AT B R By
Flg T, e A, HFRZAR M r R MBI H 55 BRI AR )
W@ EEEEDTES, #1535 = so Wit —m I r] LU E TR I B IR
I <s<wu. MH s <lE s> u T,

l:Z{xEX,:I;<O},u:Z{xEX,:E>O} (14.64)

EATEEEEH. T Am=u—l+ 15, G5RE—ME: | <] < ue
HHH = |X| + 1 {7, AR A P RATER 2, THI] #2717 745
S C{wy,mg, ..oz} M5 X8 = jo 5 0174k, REZEK o TFEZM. THIA
WA R F, JA T0]0] = T, XK Y@ = 0. AT 21 JHG, HIEERREE 1
1o B> @ =040 B8 Y {e1} =21, B TA]0] =T\ T[1]1] =T,

I 1+1 0 T1 u
o | F F T F F
2 |F| F T T F
F| F T T F

N mo WILIMGE] 4 B RERYFERZM: 359 = 0. D {z1} = 21 2 o{z2} = 22,
Z{LE1,$2} =T + T2o

l +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

HIESS i AT, TR @i PHRIAREIMLETH {21, 22, s win } FAFHUITA 5
ZMo E—ATHNREIBUBA NI B Y {wi} = 25, FrLh Tlile:] = To FATH =
INEIE MBI A2 EARE]— 2 E, ENT A E . AEFSE2HE n P ITR
Ja . Ftgrh Tnl[s] FIEBEZ R TR s A7

1: function SUBSET-SUM(X, s)
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2: l«>Y{reX,z<0}u ) {reX z>0}

3: n < |X]|

4 T« {{F,F,.. . },{F,F, ..},..} >(n+1)x(u—1+1)
5: T[0][0] « T >> =0
6: for i < 1 ton do

7 T[] X[i]] T

8: for j <[ tou do

Tli)lj] « Tl v T — 1]

J' < j — X[d]
if | < j' < wu then
T[i][5] < T[a)[5] v T[i — 1][5']

,_.
e

=
—_

H
.‘\?

return T'[n][s]

FREIBN RG] § AN O FFIG, TEM L8] ue (ELFRgFEIIEHAT LI j — 1 %%
o ¥ TFORERM T R A SWE Y-S = s. & Tnl[s] =F Wt SNAEMW
gL (1) MR 2, = s, WFEE {z,} 22— D AT REE Th —1][s] 1Y
R, WERAT, guBHM {21, 20, 25, .., w1 } HIRGEFTN s FITA T (2) 4
' =s—mx,, WMRI<s <u, FFHTn-1][s'] HE, FROTEFM {21, 22, 23, ..., 201 }
FOERD 8", Rt zn IMANEIGA T
: function GET(X,s,T,n)

,_.

2 T[]
3: if X[n] = s then
4 r<{X[n]}:r

5: if n > 1 then

6: if T'[n — 1][s] then

7: r < r# GET(X,s,T,n —1)

8: s+ s— X|[n]

9: ifil <s" <wu H T[n-1][s'] then

10: r <14 [(X[n]:r)|r + GET(X, s, T,n—1) ]
11: return r

ASMINETEIR T O(n(u — 1+ 1)) IREMESRIE T, SX)538IH O(n) )2 S s %
THERMRTE O(n(u— 1+ 1)) AT FATATEAH—4E u — 1+ 1 JeH15e V AU 4k
Ftgo I V][j] = {51, 5, .} FHARKNTFE, WL S =3 %=..=j.V
HPETAIRIIA A o XA o TRV, ORI @ FRER RN TR M. &
ERAE Vs He

1: function SUBSET-SUM(X, s)
2: I« >Y{reX,z<0}u« > {reX,z>0}
3: V< [2,9,.] >u—1+1
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4: for each z in X do

5: U + Cory(V)

6: for j <[ tou do

7: if x = j then

8 Ulj] « {{«}} U]

9: j—j—=

10: ifl <j <wu H V[j'] # @ then

11 Ulj] < Uil u{({z} U 9)[S € VIi']}
12: VU

13: return Vs]

WATAT A 2N B AR 5136 V = foldl bld (replicate(u — 1+ 1) @) X, H
1 replicate n a FPAERE R n B9FZE: [a,a,...,a]l. bld | X PN IcEEH Ve

bldV x = foldl fV [I,1+1...,u] (14.65)
Hrp:
Jj=ux: Vijlu{{z}}
fVi=9q1<j <uHT[j1#2: VU{{z}S|SeT[j}, Hij' =j -«
AN Vv
(14.66)

%3 14.12

14.12.1. XAty Fola, 55— a R _ EL L FEEPIi SR oK
FEFL TrmTe N &AL, W ARERMTE, NWAREAPEIL. XTI
RT3 . TRATAFIRIA TG, mREH NW,
TATRIEXN AL B e BT e N, fimEEshE L)y
KT i W, ACER Sh B M B T GnfE SEIX — SRk

14.12.2. XWFFEMPETR, —EF1<0<uliora? ETRRGER—240/N A2

14.12.3. JmiBihes (UFRIFESCHTH g ERy) 2 M B2 O . BE
S MFRFER s BEH R ¢ PRl iR TR THERE. TEIRIT. g
PREELE =R A Rr e 9 WBR. B, SR DFERF, N kitten
sitting, ZmiBE A 3.

1. kitten — sitten (k — s);
2. sitten — sittin (e — 1) ;

3. sittin — sitting (+ g)o
EHIZhAR, KP4 B 8] PR B
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Optional<K> top(Int k, [K] xs, Int 1, Int u) {
if L<u {
swap(xs, 1, rand(l, u))
var p = partition(xs, 1, u)
ifp-1+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

R

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

ARETAEAK

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 SEBL A A EE AL :

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

KA HIA:
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 4F B ILAC R -

[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

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'7 y') ‘ (X'; y') <~ [(X_lr y)r (X+l’ y): (X, y_l)r (Xr y+1)]7
inRange (bounds m) (x', y'), m ! (x', y') = 0]

J\ R T

solve = dfsSolve [[]] [] where

dfsSolve [] s = s
dfsSolve (c:cs) s

| length ¢ — 8 = dfsSolve cs (c:s)

| otherwise = dfsSolve ([(x:c) | x < [1..8] \\ c,

not $ attack x c] 4 cs) s
attack x ¢ = let y = 1 + length c 1in
any (\(i, j) — abs(x - i) — abs(y - j)) $
zip (reverse c) [1..]

BRI 7

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

SRR e [P L i 3L -

’[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

e

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)

PR I L AT SR R K

]
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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)

(7K IRNBIRY | FEE AR -

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))

B RS B 5L -

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

i

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

SEAEI 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)




326 ooo oo

-

[[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

MG R SAHIERDFE, Fffas :

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 FH D SR S AR TS -

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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BN AHUITE SRR T S n] R AL+

.

tm

[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 - cl
(my, _) = t[i]
if 1 + n<m then t[i] = (1 + n, c)
s =[]
while x > 0:
(_, c) = tlx]
s +=c
X=X -¢C
return s
}
e IR TG 2 e [ e i
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

SIS SRk

[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)

AR E [ -

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]

F—HEFN R 5 SRl TR 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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AR N R R W2 SRS

FRAMLE . 2038 B ar & UM BR B R 2L B 2 RGO ARl — S
WRMER AR 2 . BT e A E g kG . /\@wﬁ%iﬁ}j‘zﬂél
SRR LA BT, A — B AR S H D i, FRATSIN B R
@7, SRR RATN SEHAL . NIRRT MR A E L

data Color {RED, BLACK, DOUBLY_BLACK}

HATE S E N AR BR RS . FHE SRR T R AT /Lo AR
R RO R R, FROTEE RO 5, AR — 5B E.

1: function DELETE(T), x)

2: p < PARENT(x)

3 ¢+ NIL

4: if LEFT(z) = NIL then

5: q < RiGgHT(2)

6: REPLACE(z, RIGHT(z)) > HA TR o
7: else if RicuT(z) = NIL then

8: q + LEFT(x)

9: REPLACE(x, LEFTz()) > AAFER
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)) > ARy
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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BRI e NN s YR T AR R 2o o W] DL EHGEME . W
R SHNSHTFR, BATE = DT, RS —FW ¢ RER zo FI, FAE
WA TR EIENTR y, Hy Bk o RERAHEG y “DIT. R« 2RE
. FRATH I MAKE-BLACK(p, q) REFEAEYE, LUME T F—LIEE,
1: function MAKE-BLACK(p, q)
2: if p = NIL and ¢ = NIL then

3: return NIL > A H A — T R
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 AT q #M 2, BAHEMIER A — 710 B, AR 2o AERACHT A
pANE, g s, TEIIHER T — BN 75 e FATH NIL B s, RYa4L
FAED 3, NIL Z2REAT. FAHEE— NIL A2 “WEMAE” {Y NIL RRFFET 5
PIPRIGSL e AR py g #BANZS, ATV BLACKEN(q) 104 ¢ FUBIED, WAL 0
Y, BB, R ¢ CLRREN, HERBER®. BTk, RilEThE
BRI, RARH WEBE . XEA =AML (1, 29270 . &
P oLeh, RO T SR AT DU 15 s, tnl U2 (S NIL.

B L NEZEH EGNLEALE, FRZUETEA AT EF T 5. KT
LGB e R IE 2 . SRR R oL, BATamnl LA s —Fige— .
P 37 iz

1: function DELETE-FIX(T, z, f)

2: n < NIL

3: if f = True then > e X RS NIL
4: n<x

5. if 2 = NIL then > JHERIE— AR T
6: return NIL

7: while z # T and CoLoR(z) = B? do > ERERA, (HAZRTT A
8: if SIBLING(z) # NIL then > LT A
9: $ < SIBLING(x)

10:

11: if s is black and LEFT(s) is red then

12: if z = LEFT(PARENT(z)) then > x LE/C M
13: set x, PARENT(z), and LEFT(s) all black

14: T < ROTATE-RIGHT(T, s)
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bc\ / c 4
(;)b/ | d\ﬁ(a@b
b @ b

K 37 WA LR R A, JFHZBT A AT . ik
iR IR

15: T < ROTATE-LEFT(T, PARENT(x))

16: else > @ {EAT
17: set z, PARENT(z), s, and LEFT(s) all black

18: T < ROTATE-RIGHT(T, PARENT(x))

19: else if s is black and RIGHT(s) is red then

20: if x = LEFT(PARENT(x)) then > x FE /]
21: set x, PARENT(z), s, and RIGHT(s) all black

22: T < ROTATE-LEFT(T, PARENT(x))

23: else >z 1EA 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:

T 20 REZ & S 00UF T Eh o WLGEIHER, 43T B A
L. I 38 TR, o8k e PR NG
A I RTZA S0 _E R — AL

1: function DELETE-FIX(T, z, f)

2 m <+ NIL
3: if f = True then > e W RS NIL
4: n<—x

5. if 2 = NIL then > R A 1

6: return NIL
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P 38: WEE HA A0 Y R bl o 1y UL (R

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 STV R D AN L)
11: set PARENT(z) red

12: set s black

13: if = LEFT(PARENT(z)) then > @ A /AN
14: T < ROTATE-LEFTT, PARENT(x)

15: else > @ {EAT
16: T < ROTATE-RIGHTT, PARENT(x)

17: else if s is black and LEFT(s) is red then

18:

B3 MEZEF LN USHTEALE, ZUHTENANTFT EELLELLE,
ALK S BT R AL, DR AR BB, SRR BALidh . nE &l 39
Jiros s A PR FR AT 5 o

R =FE SO, OB R Y SR T A I A . I, FRATE RN E R
R N, ARG B A%, WIRRARNANRTT A, FIPEHRT Sk
TEEe, JFEREEER. 75, BN EROABE SRR, L%
1k fefa, FRRRCE A NIL (&L, FoA 4 K E %8 NIL.

1: function DELETE-FIX(T, z, f)

2 m <+ NIL
3: if f = True then > e W RS NIL
4: n<—x

5. if 2 = NIL then > R A 1

6: return NIL



10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:
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AT
A

K 39: [ _EA%

while z # T and CoLOR(z) = B? do
if SIBLING(z) # NIL then

s <— SIBLING(z)

if s is red then
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)

> ST RN S

W EREN S EAN )

> o LE/C

> & fEA7

> @ LE/C M

>z fEA

> x LE/C M

> & AEA7
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32: T < ROTATE-RIGHT(T, PARENT(x))

33: else if s, LEFT(s), and RIGHT(s) are all black then

34: set z black

35: set s red

36: BLACKEN(PARENT(2))

37 x < PARENT(z)

38: else > [A]_bf&is S
39: set x black

40: BLACKEN(PARENT(z))

41: x < PARENT(z)

42: set T' black
43: if n # NIL then
44: replace n with NIL

45: return T

SN, RAEANZAZHC WWART. SEEHN e (TRREWERE) . fRiE
fo MR x @ ELA NIL, U f AE. AR n RICRE, HFERLBETEE
&, H%iE NIL & no

T R SR L T L PR N 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

Hrp makeBlack # &l x5 7 s 2 M NERA, FFAHNER A NIL 1
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SSY/SEI

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)

Hres%y replace(parent, x, y) K parent BT 5 x, My B,

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

PR% blacken (node) M2l i B (n, 4B aTT T N E LA,

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

NIRRT B R

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) Hlr—" 17 K2 & R0, IR B/, NIL t
Je A,

Bool 1isBlack(Node x) = (x = null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color = Color.RED)

RS RATE SR E R NIL, /1] Node Hfy replaceWith gHfT75Hk,

’data Node<T> {
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/...

void replaceWith(Node y) = replace(parent, this, y)

-

5 SELL R . BBR TS B BRI Y UL, BB AR R A R 2
ke XFEE n A RBILEN, HEAREN Ogn).
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AVL Ff—— ik B A g 3535

I N5 AR

1 AVL BHEATERR, B (LR
AH = ||~ 1]
= T+ maz('], V) — (1 + maz(lr], 1]))
= max(|r'], ') — maz(|r|, ]I
520,68 >0: Ar (67)
§<0,8/>0: 5+ Ar
§>0,0/<0: Al—4
A Al
BET. Ul R T RE R B A 4D R e TR A T T B
TR . MR R A, SEATPORr L
1 WS> 0FFH & > 0, FERANIT, AT-RIGE AN 2 TR, &
FERBINATS ‘T EATREN Ar;

2. R 6 < 0, FEIRARTZZ TR EA/NT AR, HESAR O > 0, Uil
AR TRRARN T, A FREREAL (U] = [I)). FreimEEERsE
I

AH = max(|r'|, [I') — maz(|r|,[I]) {6 <0 H " >0}

= 'l = Il I = 11y
= |r| + Ar — ||
=0+ Ar

3. o >0H o <0, FMEHL KL FAA:

AH = max(|r'|, [I') — maz(|r|,[l]) {6 >0 H ¢ <0}

= 1= Ir
=|l| + Al —|r]
=Al—-¢

341
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4. AN 6 AT 6" FHAKT 0, BEHAIARTE A2 TR R S EERRAV N T A 7o S EERY
EEnAE “TuEk” B A TRIEL Al

IT 3O\ e B Pl

INFEIEE 40 F, PR R TUR S TR T <2, IR, T
T 0(y) SN 0 FEA T ELATAEIRI

fx)=2

8(z)= -2

s =1

8(y) =0 5

a b c d
s(x) =1 e N

A 40: N5 EIRE AT 4 FRiE D

A FMERABIR: ZE - A A fEe - A5 ISBEROTE T4
B 6(x)s d(y)s 6(2), BEIEAIN O (x)s ' (y)s 6'(2)o FATEETHRIEH], HEE)S
FIFAT 4 FSLEG P00 TV 0(y) = 0. 3 ELKZAH o' (x) A1 o' (2) %%

GER. A5 BRSO R SE W
oy
T 2 AE R EAAS . IL O (2) = 6(x)e B 8(y) = —1 H.8(2) = —2. FiLL:

6(y) =lel —lz[ = -1 = || =|z[ -1

(68)
0(2) =ld[ = |yl = =2 = |d| = |y| -2
JGEIEE
'(z) = ld = {50 (X (68))}
= lyl=2—(lz[-1) (69)
= lyl—lz[ -1 {z 2y TH R = |yl - [z| = 1}

= 0
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T 0'(y), AR AL

y) = |z -zl
= 1+ max(|c],[d]) — |z| {0 (69)), [ef = [d[}
= 1+ |c|—|a] {0 (5L (68))} (70)
= 1+z|—1—|z
=0

IR IREESR, T/ — 2o, Bii~Fm 1w
§'(z) = 0(z)
§'(y) =0 (71)
§(2) =

F—H

A — AR — ZEXRR, By A P R 45 SR

&' (z)
' (y)
' (2)

0
0 (72)
0(2)

H—7
HEHRE O (x). MRS, FRATA:

() = b| ~ lal (73)
VHHCETRT . 2 FOE R

2l =1+ maz(lyl[d]) {6(z) = —1= y[ > |d]}
=141yl (74)
= 2+ max(|bl,|c|)

B 8(2) =2, FFL:

0() =2 =z —la| =2 {50 (74)}
= 2+ max(|b|,|c]) — |a] =2 (75)
= max(|b], |c|) = la| = 0

WR S(y) =[] —[b] =1, N:
mazx(|b], |c]) = |c| = |b] + 1 (76)
B HARNS (5 (75)) 1571

bl +1—lal =0=[b] = [a] = -1 {Z (X (73)) }
= (x)=—-1
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SR 6(y) # 1, W maz(|b], [e]) = [b], AN (GU (75)) 1351
o] —fal =0 {2 (U (73))}

~ §(z) =0 (78)
HIF LERPIFEN, TATFE] 6 (x) F16(y) HIK AR
5/(1') _ {5(?/) =1: -1 (79)
A 0
T (), HRESLEEHET
5(z) = -l 8(2) = =1 = |d| -y}
= |yl =l -1 {lyl =1+ maz([b], [c|)} (80)

= maz(]pl,]e]) — |

WIS 3(y) = [e] — o] = 1. W maz(b],|c]) = [b] = |e| + 1o HHAN (5L (80))
PR 8(2) = Lo B2 8(y) £ —1, W maz(b],[c]) = [c], # &(z) = 0. 2f
EARBRRIGL. §(2) H16(y) H% AT

(5/(2) _ {5(y) =-1:1 (81)
A0 0
B, XT 0 (y), RATATAHES M AR &R
§(y) =lz— |zl

82
= max(|c|, |d|) — max(|al,|b]) 2

#70(y) =0, B [b] = |e|, AR G (79)) M1 (L (81)), A: '(x) =0=
| | = [0l Uﬁ §'(z) =0 = lc| = |d[o P 6'(y) = 0o

#0(y) =1, MRPEA (G (81)), FAMTA 0'(2) = 0= | = |d|

'(y) = mazx(|c],|d]) —maz(lal,[b]) {|c] = |d|}
= |e| = maz(|al, [b]) (UG (79): 0'(2) = =1 = o] = |a] =
= e[ = (bl +1) {0(y) = 1= e| = [o] =1}
= 0

3.4 0(y) = -1, A (X (79)). BATA ' (x) = 0= [a = |b]+

o'(y) = max(|e],|d]) — maz(|al,[b]) {[a] = [0]}
= mazx(|c], |d]) — [b] {0 (81)): [d] — |e| = 1}
= e[ +1— 1| {0(y) = 1= |c| — b = —1}
=0

~1}
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EES =R OLRISERATE 0 (y) = 0o A5 EIREERIAGUEESKR . W] LIS 218 AP

R0
(o) — dy)=1: -1
(m_ém: 0
§'(y) = (83)
() — o(y)=-1: 1
@_EM 0
E—H

Fe = AR — 2R SR RBIROHE S, BT LM 2RI (X (83)) st
R4k
(|

1T MR

TR e 2 5 4 e P A AR A SRPA IRl 1 [ 1, 1) VB, st 2g
SZUMRFF AVL BFIHE B

* RGBS

AV R MR E L, A E P R T e . MERRYZS
N—RHME (T, AH), Hir T Z2MBRIEHH . AH 2R . BEREEE XL
LIRS

delete = fsto del (84)

Hrp del(T, k) IR T T T k MilER:

del ok = (2,0)
kE <k : tree (dell k) Kk (r,0)d
kE>Fk: tree (1,0) k' (del r k) ¢
l=o: (r-1) (85)
r=o: (I,-1)
G tree (1,0) kK7 (del r k")

Hrpr k7 = min(r)

del (I,K',r,0) =

WARR N2, 2553100 (2,0); BWARN T = (1K, r,6)s FATHE kRl K HIR
R, HFIE TR ERNMER. 2k =& 0, ROTEMCE] 7 ZMERA T . R
EHUE— RO, Al LT N R — R A AN, 5 i iR/ ME
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KOOI R K. SATATEUE ] tree BBCR AH [UZ5 8. AUSASIEIL ., %
TR R e AL

balance ((av Z, b) 5(35))7 Y, ¢, _2) AH = (aa T, (bv Y, ¢, _1)a 6(‘7:) +1, AH) (86)
balance (a,z,(b,y,¢,6(y)),2) AH = ((a,2,b,1),y,¢,6(y) — 1, AH)

GEIVA=RE R e 3 I

delete t x = fst $ del t x where
del Empty _ = (Empty, 0)
del (Br 1 k r d) x
| x < k =node (del 1 x) k (r, 0) d
| x > k = node (1, 0) k (del r x) d
| isEmpty 1 = (r, -1)
\
\

isEmpty r = (1, -1)
otherwise = node (1, 0) k' (del r k') d where k' = min r

Hrrmin f1 isEmpty & L N:

min (Br Empty x _ _) = X
) =min 1

min (Br 1

isEmpty Empty = True
isEmpty _ = False

RS 7 RS R EAE balance s

’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 b y 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 b 'y c dy) z d (-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 A& MER

i MR S IR BEVERAE P MR L, HERT 2L 2 A5 0L,
TESEE I SRR AMIER, JRE FHEE T LA 5 | A~ e
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 Ri¢HT(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)

MBRTT R 2 I, 38 @ BIACTT RN po WIHERME—TFRAZ, AT« DI'F, BULH
A=W B, WP FRERA A, BATEL PR/ ME T R 2, BHE
I ERE 2] x, RNEH 2 DI B, FATHA AVL-DELETE-FIX, FH& AR
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TS AT R ps AT R
H6(p) e BNZHIRAA =FARAEI:

AVL #f——1F B Fa M I L0k

Yo LTI p HPETIR 708 6(p) . MERJE AP 1A 1

L [5(p)| = 0+ |d(p)'| = Lo EARMHBRIG 7RI B R EERAR 1, HZACTH s 058K 2

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

AVL WM. B2k,

ARSE H IR BOFTAR Y

11 ZLE R e R AE 2 P4 o

o)l =1+ [6(p)'| = 0o MHBRET A FRIAYEREZN 1, MRS RS AR 5
INT Lo R TFRBERERS. 22X

TR S RN T 1 FATHE

o)l =1+ [0(p)| = 20 IXUHIMIERE TR AR EZE R T AVL EIPEDT, 3K

XFFAEH 3, KREBIMEL MR ASEME o JA T ZERT A AL Fh s i
THOLREA TR M AL B o
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

>4



26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

AT:

48:

49:

50:

51:

52:

53:

54:

55:

56:

57:

58:

59:

60:

61:

62:

6(p) < -1
else
d(p)+ 0
d( LEFT(r) ) <0
if 0, = —1 then
o(r)«1
else
o(r)«0
else
6(p) <1
d(r)«o(r)—1
T < LEFT-ROTATE(T), p)
break
else if ¢’ = —2 then
if 6(I) = —1 then
6(p) 0
d(l)«0
p+l
T < RiGHT-ROTATE(T, p)
else if §(I) = 1 then
9y < 0( Ricur(l) )
if 0, = —1 then
o(p) 1
else
d(p) <0
d( RigHT(l) ) -0
if 0, = 1 then
o(l) + -1
else
d()«0
else
6(p) « —1
() <o) +1
T < RIGHT-ROTATE(T, p)
break

T <p
p < PARENT(z)

=R VAN

349

> Wb A

> = EAAL

> A=A

> - A

> B A -

=
Qﬂ;
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63: if p = NIL then
64: return x

65: return T

IV flrrer
R BITRF ST AVL SRR

AVL O s O0OO0OOOO

> M ERAR T

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

Hrp replaceWith & X2 WA AR HIH S o
Ao & REEI LI :

release (x) BT i = 122

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=

r =

parent.left

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=—11{ // &4
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p.delta = 0
r.delta =0
parent = r
t = leftRotate(t, p)

} else if r.delta =—-11{ // & — £
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 { // MlHH, A%
p.delta =1
r.delta = r.delta - 1
t = leftRotate(t, p)
break // & & F & & &

}

1} else if d2 — -2 {

if (l.delta = -1) { // £— %
p.delta = 0
l.delta =0
parent = 1
t = rightRotate(t, p)

} else if l.delta=—11{ // £— %
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 { /) MbkHH, £— &
p.delta = -1
l.delta l.delta + 1
t = rightRotate(t, p)
break // & & F 4 &K

1 then -1 else 0

-1 then 1 else 0

}

/] EERAN, 48 g kA L EH
X = parent

parent = x.parent

}
if parent = null then return x // f#il kR ¥ &
return t
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1.1.

1.2.

>5%

ol

BFR1

/Nl A A SO R AR U R FATTAT AR IE S5 Sk pRic — 4
BB B —wYIER, SIRREN n, MTAEMEXENT n
HIEL 2] < n, BGOLE o] ERETENNE ZJE R —maIE, HEIH
— BT EGRE R Hife X R

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

}

n NEFEL 2, L n, SIS, BIINTRATEL T, JFERE— 14
BEUR T yo B 1 <y <n, I DITERBBAELNER R FHEH N
Ho Hlyo

Bl X = [3,1, 3,5, 4, REWZE 2 =2, EENEy =3. FRANTZEH 4 F
%%:H)ﬁ%\@)%%ﬁﬁ{B)ﬁ%%ﬂxw)%ﬁ&o
ﬁ%ﬁ%o@m¢ﬁm:LQJﬁWFWﬁ%%ﬁJWWw:MSmﬂ%
X)s A bs = [b>m, b+ X]o MRLEMKRE |as| < m, ATFIELNETIE

fe s = 1424 tm = " o~ o cum(as). ERFTH ST

E%ﬁ?ﬁﬁ%,ﬁdzomﬂyum+m+mww:m+m+?m_meu
y = sum(bs) —s's H/EMEIKSE |as| > m, AIFIEE BECFAEA M 61 E R
T, A HERINE T v = s' — sum(bs), EEMET y = sum(as) —s;
A0, R AEM A |as| = m, SEHA m AAKT m ECE, (ARAIAHE
CATRAZ L, 2, oo m RAHES . Wi, FATAT LA LA sum(as) Rl so
WRARAE, IS A R, FTLAEF MM r A 80, AR5 38 A A A
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PET S

Tz My BN, RATEFAMW, ALAMGRTTFHES . (LR HERN, 725
FFPFIR TR 5 LRSI 1o (i T RRR 2P 5IEE, R T E R,
S AIEZRER O(n). BUld EREYIHESERE: O(n+n/24+n/4+...) =
0(2n) = O(n).

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)

PEEHET . MTArAERECTHAE L8] n 28], FRATRTLE F RS ZEHE 2k S8
HEPIECy . BATH ARG, MNTEMUE BT o, R o £, A
HBEMAE v ERECF y 5. R o =y, HADKE TEENET . H
i, FOMFMERAOE TR ¢, EEXSd i, B o 5T ¢ sl HE]
RN T TN e I URNEIESRALE, RIS
Z=IEH 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
1} else {
j = xs[1]
(xs[11, xs[31) = (xs[§], xs[i])

}
}

return (miss, dup)

TS migo BFAE RN n IFRCEE, X FRAIhmE 8T v, &
TEAEPRICE PR 28« MBS EARE. HERATERIEL TR, Hi1x
KEGXA A E ERIPRICELMOL 1. ICEENET N, HATMEs =1+2+

n\n

m+n:—j;2,u&?ﬂ¢%ﬁ%&?ﬁdoﬁmﬂuﬁﬁﬁ%%%ﬁ?

m=d+s—s, (RX—ITEREEINCE N n W2 RERCRAL, i
HEFNHAES R EREE (. T, RO U E A R
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EfS, IWINE AR NECE TS TR o, JA1HE 75
HEE (o] ALE ERITERIRC NI, i o] 2R o BEIHE. MR AR —
MEEEANT ., BAHKE TEERICR, BRI LA R R AR
ﬁ?o

(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])

}

return (miss, dup)

WITRL I S L5 n 5, FR— AT, £
AL I, SRR Ottt S TR A TT LA Sy
et Sk M s TR B DL
AR TR

m=s—s

Herm FRERNET, s 2N 1R n WEIF, s 2FIEPFFAICEN.
(B2 EFARRNTRAEL N ITER, TTENH— D I RER AR AEL
> (zfi] —i)=d—m (3)
Hr e 2522 « McRE | FRRMA. REEE IS e
g EUECRMAFETT . WRFATEEE « MICRMET 8L « 1T, SAE4s

RENEE. whrr LS E R E SR
> (@li]? = %) = d* = m® = (d+m)(d —m) (4)
BT d—m ARET 0, FATATLAR (X (3)) BrEAZL (X (4) W, 15315 —

MITHE:

> @li)? —i*)/ > («li] — i) =d+m (5)
Eege e (2K (3)) Fsde (X (5)). BATTRE. PIASARENEL, iXiEmt T LA 2

Zh 5

R0 S/t B
m_f(z%(gﬁl]—_?) (el - )
d= 5Bt + Slali - )
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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]

1.3. 2H, ER MM ARSI .

22 1.2

12.1. XFICHRREN AWK, MEREGHIM TN ITR 2,y € A RO, E
S ANEIERHR A2 AR

(=) :: [a] — [a] — Bool

[] = [] = True

(x:xs) = (y:ys) = x =y && (xs = ys)
xs = ys = False

K% 1.3

1.3.1. f£ GET-AT(i, X) RYIAAEEHH, X NG @ BRI 25RE?
HEHT T AR ARE o AT LRI Optional<T> bR g i -

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

s 1.4
1.4.1. 1 IntT 1, B LAH APPEND (X', FIRST(X)) 3% #e CoNs 47
APPEND SRR FF BRI HE R R B INTT R IX PR E 24 M O(n) TR O(n?),
Hrn @FFRK .
1.4.2. {f LAsT-AT H, Q[ QLB ZSF R AT A B F 02

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




1.5.1.

1.5.2.

1.5.3.

1.6.1.

357

}
return Optional.of(p.key)

%22 1.5

FEBZRIE LRI I — AR tail, RS INEIE LA o F A 1A o
HANTEZEL, WEREANRRGER, INZEHAE LRI,

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

Node<A> head = null
Node<A> tail = null
Int length =0

}

List<A> append(List<A> xs, A x) {
List.Node<A> t1l = xs.tail
xs.tail = List.Node<A>(x, null)
if t1 = null {

xs.head = xs.tail
} else {

tl.next = xs.tail
}
xs.length+
return xs

}

R[S B 3Z R tadl AZ 5t XPEREA ] 52 MR ?

FERERAI MRS, H2sFIRMAT /R, WERE—TTRIIRMERTTERA, A
HRRMAL B BIFIER I o BriJa— DMRVESN, HEHEFET H#RE. AHhE
LB HIN as = bs HF cs, FrEG MM RIFIE bs HIJB .

1E set At v, Qn] QL3R 23 51 R AL 1 I 2

setAt 0z [ | R EFRIT ©: [ ]o WR |zs| =n, AJLLUAHK setAt n x xs ZEf)
T s - [2]o HESFN MBI 00 A i 7 AL B

KK 1.6
MR ANACLE A, G HA R IR AT

insert n x [] = [x]
insert n x (y:ys) | n < 0=x :y :ys
| otherwise y : dinsert (n - 1) x ys
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1.6.2. FIXEEAHSLBHRANSGE, BAGLE ¢ FIFrA TR T B R JE 3 — L.

[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

BT

L7.1 SR T4 E A TR TR MR .

delAll x [] = []
delAll x (y:ys) | x =y = delAll x ys
| otherwise =y : delAll x ys

af i & IR -

delAll x = foldr f [] where
fyys=19f x =y then ys else y : ys

L7.2. W MER S, MR AL E S I P AT R T L MR 83— M B

[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

1.8.1. M E#IH5EI length

length = len 0 where
len n [] =n

len n (x:xs) = len (n + 1) xs

1.8.2. ffifHl n B BEHIEA, LR o™ BMRETHE, IS E AN O(lgn)
TAVFAESR b —ESHE, £ R T b AT LU EME LT HAL e (H)
w1 M=geisE (FansE) NESG. 808 ERITIIX RN E S N L1/
(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

K% 1.9

1.9.1. A R@IER [(k,v)] 53T v HRARITR.

maxValue ((k, v):kvs) = maxV v kvs where
maxVm [] =m

maxV m ((_, v):kvs) = maxV (max m v) kvs

%22 1.10

1.10.1. &4 take/drop, 4 n EHMEET take IR0 [ ], drop iR[Fl45851 55

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. S HBIE Y take 1 drop Hk.
BRI MBRITTER . 7ELFPa R shift #2E. 2404 xs
KR n, take(m,zs) v LLUBIIZELEHAT n — m IREFIMERSLI. 8 T 5230
drop(m,xs), M xs[m] e, HENTCE wsli] MATHE IR xsli —m]. HFME
FMIEE m It ER .

[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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9
e
o
M

pop (xs)
m——
}

return xs

}

1.10.3. R sublist 1 slice BLENITEMAILA, Tofk X 1ENSH

sublist from cnt = take cnt odrop (from - 1)

slice from to = drop (from - 1) o take to

1.10.4. ZETH span ALHL:

spanp [ = ([,[])
. B {(p x): (x:as,bs), 1 : (as,bs) = span(p, zs)
span p (r:xs) =

EN e (as,x o bs)

CRIFA AT 25 Y S A A [ 2

X SEBBAINER ws 43R T ERS : E p B TCERAIANIE p A ITER -
as = [p(a),a < xs] f{l bs = [not p(b),b « xs]. as IN—EZ /T p HEKH]
2, M e p NRKFF.

s 1,11

1.11.1. AT H foldr & SLARNHET . FATHHAE A RECR T insert « X, JXFEHEF AT
PIFEIR A sort = foldr insert [ |o foldr BIZEHI Ay

foldr::(A— B — B)— B — [A] - B

Hrp S — 28 f WRIE: A— B — B, ¥lIRfE 2 MREDN B EXILR
KN A RIBIRFATEM, RASRIE Bo WfTH] foldl & SAdNHE
Fee foldl RZERIZEAT 42

foldl {26M0 4+ foldl :: (B — A — B) — B — [A] = B. (il foldl. Ffi]
TR 2 B0 L B SR

sort = foldl (xs x — insert x xs) | |
X T B
flipfzy=fyzx (1.58)

XFESENHEF A28 SR s sort = foldl (flip insert) [ ]



1.11.2.

1.11.3.

1.12.1.

1.12.2.

concat I AJE ZE AT 42 1&TF— A ERYERSEIAY concat 83 .

361

5] foldl H1 foldr 3E S concat BIZERKAIESE. as + bs FEZRIEZE O(m),
Hrbm = |as|, ] foldl SZEL xs1 H xso 4 ... # xs,, B, as (KL
K, BEEHR: O(my + (my +ma) + .+ 0 my)e A foldr 230 xs, 4
(zsg 4 (. A w5p)..) B, as FIRKEASHORBAS, TR s WKE, HE

HRIEN Oy 1+ ... +mg +my) BEMER AR FRATAT LURITE SUX—8E:
concat [] = []
concat ([]:xss) = concat xss
concat ((x:xs):xss) = x : concat (xs:xss)
&5/ foldr 2k 5E 3L map.
map f = foldr (z zs — (f x):xs) [] (1.59)

22 1.12

fEH reverse SEERZME I [R] Y 8 o

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

HE—HIER, MO ERATA TR
ALMITTE. NI zs TR, AR IFes Ml

[s, tail xs,tail (tail xs),...,[]]

/] LAFI F pattern matching AW Iofsi=Lis, LB drop AR :

tails [] = [[]]
tails xs@(_:ys) = xs : tails ys

FABEFT R AA W ZIA [[]] G, ABAA A TCERE 4
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tails = foldr f [[]] where
f x xss@(xs:_) = (x:Xs) : Xxss

e 1.13
1.13.1. i&if iota B3% (AHEFLE D) HAEWT:
o iota(...,n) =1[1,2,3,...,n];
o iota(m,n) = [m,m+1,m+2,...n], Hft m <n;
o iota(m,m+a,..,n) =[m,m+a,m+2a,.. m+kal; k215 m+ka <n
KRB
o iota(m,m,...) = repeat(m) = [m, m,m,...J;
o iota(m,...) =[m,m+1,m+2,..].

BRI [1,2,...,n]

iota = iota' [] where
jota' nsn | n<1=ns
| otherwise = jota' (n : ns) (n - 1)

HUMERIBE: [mom+ 1,0, FAATEAFRA 12N m Bia]:

iota m n = iota' [] n where

jota' ns n | n<m=ns

| otherwise = jota' (n : ns) (n - 1)

HELEK: Im,m+a,m+2a,....,m+ka], Hif k2 m+ka <n i
%&O

K
%

bl

jotamna | m < n=m: jota (m+ a) na
| otherwise = []

N T4 n = oo WIFIBUFA: [m,m+1,...], ATLAI s I8 2 1 E 25 1T

iota m=m : diota (m + 1)

fil take 10 (dota 1) F24:7i 10 4> A SK%L
1 LBishal IS 2] repeat

repeat m = m : repeat m

25 b, FRATATLAE LA iterate BREL, 423 iota TRk

iterate f x = x : +dterate f (f x)

jotal n = take n $ +dterate (+1) 1

jota2 m n = takeWhile (<n) $ dterate (+1) m
jota3 m n a = takeWhile (<n) $ iterate (+a) m
repeat m — iterate id m

jota5 m = iterate (+1) m
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SIANER R a3 zip Fik.

[(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)

}

MENE L zip (Fon: ELMAFIZRAYEN foldr2 f 2 as ys).
AT ST XS A 1 SR B A -

foldr2 f z[]ys = =z
foldr2 fzxs[] = =z (1.75)
foldr2 f z (z:xs) (y:ys) = foldr2 f (fxy z) xs ys

SXEH] foldr2 5E L zip (FHAL) :

zip = foldr2 f [, 5 : f x y xys = (x,y):xys

i zip 23 last At
NTEEMAM RG] kTR, BATE zs = [xo, 21, o, To1] EHRT k DICER
JE18%) ys = drop k xs. SREH sy ys KEGEK zip xs ys, XFEEJE—XTT

%E‘jﬁ% (xnfkflv xnfl) o

lastAt k xs = (fstolast) (zip xs (drop k xs))

MG MRF MR EBRELSN TR AT, 5 e s
FTAMBRIX LB UK AELL R AR, i — 1 A S A AR ICR A # 5
o GERBIRPHITRIY B AR R E A R i) — 2 X — BRI E R LR
GFER? AR AV AN S, T LA fa fe LB

dedup [] = []
dedup (x : xs) = x : dedup (filter (x #) xs)

LA &Rk E L dedup

dedup = foldr f [] where
f x xs =x : filter (x #) xs

XN TTRPEAT filter, HIREN O(n?). A (WH=. M) "L
S O(nlgn) B9 EHAE:
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9
e
oy
M

dedup = Set.tolList o Set.fromList

Xt L) il 4 AR B TS N

[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

}

1.13.6. W] LUHAZk R R T EdI A AR B8 BN 1024 RTLASR R N 4 —2 — 0 —
U — Bk, n=dm...dods FTLERA: “dy — do — .. = d” o FLEFA
MIFIFRFTRIEL a 1 bo LB AEUEE (MEERER) -

AR B AE S AL BV EBCETRNTIER . DMAESE, mfEA . n =
(dpy...dadr )10 NN [da, day ..., di]o BN 1024 78N [4, 2, 0, 1] FRATATLA
MIXRERIFIFE, 3 foldr (¢ d v 10d + ¢) 0 %4 [nl [ 9R%. |2, A LA
T R U AR i A1) 3R

toList n | n < 10 = [n]
| otherwise = (n “mod’ 10) : tolList (n “div’ 10)

BRSO ZATER AT, M 0+as =as+0=as, Hf1 0 ATLIFR

A [1E[0], PrLh:
[]+bs = bs
0] +bs = bs
as+[] = as
as+1[0] = as
a+b

WA d = (a + b) mod 10, B e = | . ImEESEA

10
(azas) + (b:bs) = d:(as + bs + [c])

NGRS R ] AR P



365

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])

HIRSEIE o as — 0 = aso HUIMNMLEIZLLXNT as. bs FHIH. AIERFE—L
Fa<b, MFEHEN: d=10+a—b, MEIERAL as’ =as—[1].

minus as [] = as

minus as [0] = as

minus (a:as) (b:bs) | a<b = (106 + a - b) : minus (minus as [1]) bs
| otherwise = (a - b) : minus as bs

B TR SINTRE as x bs. BT bs FHGR—r b TeLh as. HEERIELL 10 5
FAGEK ¢s” =10 x s+ (b x as)e WHbxasif, WHb=0, G50 N 0; H
E%%T,%b%uﬁﬁa%ﬂdzwmwuhﬁ&c=§%ﬁ@ﬁ%&%
R b

bx (a:as) =d: ([c] + (b X as))

XA AR N

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 x a ‘div’ 10] (mull b as)

RJE BB R B BRI U EE A — 8T 0, LR BEASZ
IR ELAER AR o AERFIZR N 25 B LA 0 MR AIERARIEET 0

isZero = all (= 0)

HoAt as bs /N, O NFAERTAER 2800 IR AR B HE 4 (BQ
RS, LT RNT . GT RRAT):

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

RXAE, ANT RIS ST RIER AT LU emp € 3L

eq as bs = EQ = cmp as bs
1t as bs = LT =— cmp as bs

BRIE T LA 25 351 7 A0 (GREBREK bs # 0) -
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1.13.7.

as <bs: 0
las/bs| = {
A 1+ [(as —bs)/bs|

HERRATAT MBS B . F & as = q-bs+r, Hf ¢ 2, 0<q¢<bs @&
o & as = (am...a201)10 = [01, G2, ..., an], FRATEHIFT ALK an BRLL bs 11
ﬁ%ﬁ%&%ﬁzmwﬂwwoﬁFWMLT*ﬁmnbﬁﬂwmﬂmlﬁ
L bs IR Gm—1 FISREL 1o SOGTERI S ALE R R . IXIB T2 foldr 1
IR

1div as bs | isZero bs = error ”divide by 0”
| otherwise = foldr f ([], []) as where
f a (gs, rs) = (q:qgs, (a:rs) ‘minus’ (g "mull’ bs)) where
q = ndec (a:rs)
ndec as = if as '1t' bs then 0 else 1 + ndec (as 'minus’ bs)

E p I, RIS AT BRFERYSIZE . FEATY A5 8 1 LART A7

W 1.6 fRe i PRgE R, SFEATCERIEER. Bt EERER A
ﬂi%géﬁﬁ%oEM%ML,uﬁﬁ%&ﬁﬁ%%ﬁ%ﬁﬁ(WWAKH
HIEFRE AT KD -

E 1.6: AR5
iR F el A IR, M%%ﬁ%ﬁFA%Aﬁ%oW%E%%@ﬁiﬁ%Zﬁ
F, SRS ARNE L. B2 B E kT 0 AT AR A
ﬁﬁfﬂ%:pﬂamﬁlAﬁu,qﬁMm#QA Rho WIRENTERA Y
ZIFHIE B AR

Bool hasCycle(List<K> h) {

var p=h, g=nh

while p # null and g # null {
p = p.next
q = g.next
if g = null then return False
q = g.next
if p =— q return True

}

return False

YOOk, BOUE TS, TR, SRS RN, —ES BRI,
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E |
B - VIR TR I SR AT LA R R
FFAARIE . 576 T L7, 4 OA REEA kA4, M A JFIRTREE. FTKH
A B p Bk AR RN 2 (50 o DABIERE Bo MBI IEETE
T p ST o B b, MR LT o BB EAERATIE n — b IR .
I

Bl 1.7 IR T

H p M A BT 0" = i — ke iR p FERTUE K ALEE AL

v
HRIXLE ¢ FIRIFSFR A, —RATEE L AT g BTt kRt 21i A,
Rlp flq 76 AfHIB. B BT k< ne IRATATLLER k > n If55HEHE
XFH
WER. pv g NFELHUA R, S p 20K AR, ¢ 2035 TIHE B A JETE & mod n [y
(B IIHAGROE S g 2HE ERTAEER n — (b mod n) (1Y p, JHRY:
n—(kmodn) n— (kmodn)

2v—w N v

n — (k mod n)

t:

I p ARG : v » =n— (kmodn), U p FHAETH £k ¥2
A E: (kmodn) +n— (kmodn) =n, HHHEEIT A, FIKINRLE ¢ fEIE
bop FRIBFECSLFIRE A, —KREiE— DAL & kRIS AR p B
IRAH I o O
MR LIRS, NIRRT R A B Ef A E

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.

e
oy
M

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)
}

}
return Optional.Nothing

s 2.1

25 SE AN B Rl i A A e P I S5 R IR R, 4 S el D Y

S
o HiFEHLER: 1,2, 4,3,5,6
4R 4,2,1,5,3,6
o JEITEIEER
[4,2,5,6,3,1]
S S T e kP A e ik 4 45 SR B AR

ICHIP 55 P, p s a5 Io AR P =1 =[], WX = o
I, T 7 s U Y 1‘E i A7 B P —ATTE mOR R R
Bo HFm 2 Ian “fes i A7, AT @ LAME T 33 m, IHE T 53
B [an, agy ooy Gim1, My Qig1y Gagay oG] 2 I = 11,4), I, = Ii4+1,n],
Hrp [, r) FoRAAWATTIXE], A8 EAEEE r, BATA LA ZS [ ]o X=FEB
g3 Lym, I, L@ PR P m 2551, 1, B A TR 7 i o &
k= L] FoR RN, FATRTLAM & 4381 P[2,n] ARERS Pz, s HH
P 2T kANTCER, P2 Fasihor. XFERRATEIAT LGB IHM ] (P, ) R /AT
B M (P, 1) BT

rebudld [ | [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I,.)

*

(I, I,) = splitWithm I
(P, P.) = splitAt |I;| ps

DL IEREGE
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rebuild [] _ = Empty

rebuild [c] _ = Node Empty c Empty

rebuild (x:xs) ins = Node (rebuild prl inl) x (rebuild prr inr) where
(inl, _:inr) = (takeWhile (# x) ins, dropWhile (#x) 1ins)
(prl, prr) = splitAt (length inl) xs

AT LAE I B e A T R S -

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)
}

R SRR A T o Pl Dy vl LI 28T 3% N N B B I

PER. M RGED . O SHE RN, Hd g imocy . TAME A
HR e T TP R R, GRS T 158 T AT REN S @, 2R H
PR N [ AR . R T AR+ T = (2,k,9), 7R
Frim R (k] A FE . B T JReRa i1 sl (4 k,r), e g

M toList | 4 [z] 4 toList ro W1 T J&d/N TP aft, mils r
HBEL T /N, FrLA toList 1] toList v &3 7o ARHE — AR M E L, AR
relx <k, fEMyery>ke FrLAHFEIIEEE toList | 4 [x] # toList r
Ao IXSEE T B Fr i P 25 RIS 8 JE o Bt DMEAR) = SCH8 R0y v e il

it RA T O
X nANIEE, WHEPETEE 2E 242

(nlgn)

I ENE X toList

toList

foldt id (as b bs — as4b: bs) [ ]
fold (:) []

fEHENNE S depth t, RfG—IR_IHIIEEL.

depth = foldt (x — 1) (x dy — d+max zy) 0

B 2.2

HFIBIHEAME kSR AAAET AN Tree K B9 — AR ZEM t o
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2.2.2.

2.2.3.

2.3.1.

member x (Node 1 k r) | x = k = True
| x < k = member x 1
| otherwise = member x r

i/ PRED M1 Succ SLBA— A “ XA EMAE ARG HEsh & n 4
TURHIW B 2R R AT 47

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) }

R VT TR ARAE 2R T RN T B T4 TR (/N B, SRE AT sl
W (R AR A3 T 48 R AR A A L TR eI R] o AR DT, XFEA 1
AL FROBGT R (BHE R BH—IK). #iln:

for var it = Treelterator(root), it.hasNext(), it = it.next() {
print(it.get())
}

Fr LA R E 2400 O(n).

N AT LA AN X TR [a, b] INEYICER
for_each (m.lower_bound(12), m.upper_bound(26), f)
12 2 R B T YA X — [

mapR f a b t = map' t where
map' Empty = Empty
map' (Node 1 k r) | k< a=map' r
| @a < k & k < b = Node (map' 1) (f k) (map' r)
| k>b=map' 1

B2 2.3

YR SN ZE T, A MO FRAOIER S - e Ry SR E
BRI 5, SRR BB i DR i SEBX— %

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

delete Empty = Empty

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. ZFESCILRENLAL .

fromList = (foldr dinsert Empty) o shuffle

2.3.3. WFTAE—RR SO TPERE] BRI PP R

AV REAIEE m, REHH KR [s,0,b, ... e]lo BEEMIPIANUGR s, €
AR TSR NTT Rle T8 SO R A BT o X6 T 71 1 i) ) e B A2
(TETTTH) 8 = ny = Ny — oo = Ny — €, DREDTRIARKEN L, WM s
F e AR T A EE RS . IR ARAOEE RS m+ 1o 2SO IS
A0, FHHBPATI R (2, k, 9) INEKEEN (K], SAREEHZ 0 (M E £
K)o AT (LK, r) MK, o =8P KE: (1) WA
TR R ENBAR T R, BRI RS A PR RIR T IR K. &
T depth I +depth r; (2) ZEF8 I REVERAIEED; (3) A F8 r RV KIEE .

maxDistance Empty = 0

maxDistance (Node Empty _ Empty) = 0

maxDistance (Node 1 _ r) = maximum [depth 1 + depth r,
maxDistance 1, maxDistance r]

Horpr depth W€ X2 >) 2.1.60 MAERBlE AT ORIH R KE R SRAYHAC
e [ ], SR R RIS (K], 2SR (L Ry r) BRI IR =
AR (1) MARE MR R . i k. FEn_EAREA
RIATRNER: (2) AMRRKEE: (3) ARk,

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]) []

X EAETH BRI i I — ik, TR RN X TR T
REE, FATATLAE IR BT HIE S R d fISCKIE R me i -
Tree A Tree (Int, Int) i —ARIGE % -

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.

HAT AT LU Z R fa i -

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

2 3.1
SEIMZE A4S AL PR A N ARAE
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
}
RE SCERUBH 4 N SR A BAE ANHEY 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) {
[T] ys =11
for x in xs {
insert(ys, x)
}
return ys
}
K% 3.2
HHRLIEA, Hp e — P EFHINER S Sl — DI, BRI E

5] Neat, BEHHEFIZE Ao

[K] reorder([K] xs, [Int] next) {
Int i = -1
[Int] ys =[]
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4.2.1.
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while next[i] # -1 {
append(ys, xs[next[i]])
i = next[i]

}

return ys

#2241

XETHORRYIEIGE , O T IR s, T LAGE P R B S5 — 1k
e, A AR AT 5 ML B S5 XA ER ) —
MAEEMRAT AT RY? AUERILE IR E 2 I, (25 21524
LR 25 A2, WIHEZ AP

Tl R R B HES Sk BT 55 20 Bl AR PR A o ke
Th=((...(9,k1,9),...) km, D), B: Ty = (D, kma1, (D, kmazy (D kny D))oet)o
PanE 4.2(c)o MR R B, BMESST A0 Ty AR TR X
YEF RS AE B RN — BRI . (8] 4.2(b) FEAYIERT, JTTRA/NCHE,
TR — A

K 4.2

[E
SEPNATE RIGHT-ROTATE $4%,

1: function RIGHT-ROTATE(T, y)

2: p < PARENT(y)
3: x + LEFT(y) > % x # NIL
4 a < LEFT(z)
5: b <+ RIGHT(x)
6: ¢ < RIGHT(y)
7. REPLACE(y, z) > Moz By
s  SET-SUBTREES(y, b, ¢) > 4 b, c Ny BT
9: SET-SUBTREES(z, a, %) > A a,y 8z R
10:  if p= NIL then > AT y AT R
11: T+ =x
12: return 7'

K2 4.3

HEHEA n AT RIVZLRA, HEEE L AT 21g(n +1).
BATEETIN REEE 1EL. W e WRAGEEL () 2N e (g 2)
BRI S L R AT SO o IRARLLR IR 5, A R
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MR RO e FrLOX—ESCRARI . Fialih, FRREs spy R
JENLT AN SR A

. FATE SN LMEAT S il 2 IR A 2 A5 2000 1A Rt AT
X @ B B S RCA Nk BN 0, M & = NIL, FRZEDE A 2°-1=0
MR WEFEDET R o, ENALA TREBREEERE bh(z) (FRETR
HB) Bbh(z) — 1 (FPRIBROVZLE) o BT 2 (PR EE— 2/ T = 5
B2, USRS, AR 200 — LA R BT 2 2
A 2(20h@ T 1) 41 = 20h@) — 1 AT
LR IR BN b, RPRLLFEAE DT 4, AFAEZEMNZ AT o frME—3%
2L, ROTRIEEHBEE . FNRAENROAREEEDHN h/2, FIE:

n>2M?2 1= 2M2 <41

WA BO RS2 h/2 <lg(n+1), Bl h <21g(n+1). O

K2 4.4

4.4.1. AEABECIEES, DA EPURME ILSEBE insert 53k,

Node<T> insert(Node<T> t, T x) = makeBlack(ins(t, x))

Node<T> makeBlack(Node<T> t) {
t.color = Color.BLACK
return t

}

Node<T> ins(Node<T> t, T x) {
if t — null then return Node(null, x, null, Color.BLACK)
return if x < t.key
then balance(t.color, ins(t.left, x), t.key, t.right)
else balance(t.color, t.left, t.key, ins(t.right, x))
}

Node<T> balance(Color c, Node<T> 1, T k, Node<T> r) {
return if ¢ = Color.BLACK {
if isRed(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(l) 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)

Ko 4.5

4.5.1. B “bric——FHE MBREE: Ao BRI L (EAS T EIENERR.
BT IC AT U H I 50% I B AR
PAWEEEME = F—DARI0 a AN R, HIEBEN - Tree (K, Bool), i
x B, fH insert (x, True) ¥4 FRIC AL BRI HPRIC o 2274 False,
SRIEGET CMBR T R, IR shE .

delete © = rebuild o del ©

¥

delz @ = ©
x<k: (cdelxzl, (ka)r)
del x (c,l,(k,a),r) = Sx>k: (¢l (k a),del xr)
x=k: (cl,(k,False),r)

SRR R 0 15 S5, B0 PSRRI . st T
. SRR

1
sizet < —(cap t): (fromlListotoList)t
rebuild t = 2< )i )
a0 t

HrprtoList fErp Pl iy, Z2ME bR M BRI T A

toList @ = []

. a: toList | # [k] H toList r
toList (c,l, (k,a),r) =
LN . toList | #toList r
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PET S

AT G ARGR DT R G L T B PR AR RN (cap) FOA
MBEAT R EL (size) o WWIEIY T Tree (K, Bool, Int, Int). FfxE XL
node PREUETE 1 ECH

node & = &

node ¢l (kya, _,_)r = (¢l (k a,sz,ca),r)

¥

sz = size | + size v + (if a then 1 else 0)

ca=14capl+capr

PRET size Fl cap W7 R EUH AT N 25 :
size @ = 0 capd = 0
size (_,(_,_,8z,_), ) = sz cap (_,(_, _, ,ca),_) = ca

e, AT node RECEIRLLRMAIHEAMMIER T (L, Kk, r), QNIRRT
Ry

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

o2 51

FAPARAE T AVL A P, Sl iR Fria s —#R — U2 772 AVL
B

B 1 B E s FEPE R, AR AR S ZAN Y toList AL, o i
GRS

verifyAVL t = isAVL t && sorted (toList t) where
sorted [] = True
sorted xs = and (zipWith (<) xs (tail xs))

KE 6.1

EHH LS EN Branch (IntTrie a) (Maybe a) (IntTrie a) 28k
Branch (IntTrie a) a (IntTrie a), WREANELLRE Nothing, 75
N B Just v?

AL lookup, FATTFEAE insert it IEFRCEE A E R AR AL, & 6.3
23 R BT o ISR ] Maybe $0if SR, FRATETZRIMNE I — A
BB E L

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

6.2.1. %52 P S B RT Z Y lookup Bk,
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6.2.2.

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

SEELEEEL trie AIBEEC RO RT Py OU Y EAS 0 219 st 45 SR Al
fe

TN R 1AL 1 o PR B trie BAR R IRA SR o TP ok P A I
BIHR -2 AT SBR[ o XMAETE R (Lm, ), AT
PRI U Py D 45 500 ass bs, HrlEJAY m SEALJE Maybe, 12RJ2 Nothing,
ME TG R as 4 bs; MRS Just v, WEHRE (k,v):as 4 bs, Hr k27
RO IR R R RS (O TR A 1A /N R

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

BATMARLGE TR, Ak =0, HEd = 0. (AN K = 0, [A4LN K =
1=214k=1+0; AT 2Ed= 1. 4 PEXNH kA (00); = 0.
(10)g = 2" 4+ 0. (01)y = 1. (11)y = 2" + 1, —ftH, XFT45 d 2H 5, 4
k= (aq...a2a100)2, FANE =k, AWK = aqg% 2% + ko FIGAE IR
W, BTk =0,n=2"=1H3IHEE go k no MBI go k 2n. A4
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BT go (n+ k) 2n.
BCREEIE keys = fist o unzip o toList T LUIHT B RO 65112, bk s:
BIER as 4 bs T BT, Fofl T LA R R0

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

B2, FRATRT ARG H B EL trie BBy EhNR1E. FEE =Ry fold #HLL,
Ry key S2TTSRHRAY.

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)

FEF BRI, FATAT LA E L toList -

toList = foldpre f [] where
f _ Nothing xs = xs
f k (Just v) xs = (k, v) : xs

R 2RO B Pl g SE N R, TCRR TR key o RATTAT LARE SCRIER BT
&hn:

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

IR SEBL MR N - 57 56 -

toList = foldpre (Ak v xs — (k, v):xs) []
keys = fst o unzip o toList

U SRRy D B R B BT AT SR, TCTR R/ N AL trie 3R R ImEE AT 2]
B, BRI B A BRI T RS IR . S TR, FRATE L
AR RAL bitsLE , /N B BTN B —ERI L5130 S8 AT LAKIE
i3 7 A 4

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)

Herh kvs S2BEHU RS- ELS 26 o 0 IR S RS T S8URE A S SRR 2 F

verify kvs = sorted $ keys $ fromList kvs
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K
=

i

6.3
6.3.1. JHER lookup AN, JHUEPRSLBLRT SN I A H o

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

K
=

i

6.4
6.4.1. ffiff] trie SEHLH ST ATINASI A -

XFTHINIIRTSE ks, FATHE trie FIgt2-r 1750t SRERE ¢ MR- 48
JEIT o BRI n B

import Data.Map (Map)
import qualified Data.Map as Map

startsWith :: ord k = [k] — Trie k v — [([k], v)]
startsWith [] (Trie Nothing ts) = enum ts
startsWith [] (Trie (Just v) ts) = ([], v) : enum ts
startsWith (k:ks) (Trie _ 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

e first f (a,0) = (f a,b). FEEREL B XHERRT— A b BB
I, EEMREAECT . BATHE Mro FRECEI AT AT RE 4%, AR E) trie
s R B A

findT9 [] _ = [[]]
findT9 (d:ds) (Trie _ ts) = concatMap find cts where



6.4.2.

7.1.1.

7.1.2.

7.1.3.
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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)

X IR A 2 A st 45 R B T 0 B S ey SRk H RO 45 R 4% I LI
Fetlerr? XX RE AR SRR R MR 2

H1%5>] 6.2.2, X AT, % JRET 7 I v] DRSSP A E5 R . T
2 SCRTZRI , JRATT75 EX AR SR Dy o U SR P P — SO R
TR LR B AVL R . R DMESPERS R N 4% s 73 (g5~ 2.2.2) .
ISR TR B RIS R B, WFEE O(nlgn) BRI FRIHET

KET1

HAVEA AT < 613 B S AELEILR?

ALMUH < i BREGESILR: raAZMcR/NTEHT o, 1 /DFET
FrA AT ER . (BAEE . MR EZHIME RS TR —RIEANRS B
PR —, T ML 2 ME (B = o, e, ) L BRI (E BT

(multimap) .

FERPEPMFER SR BN SIETEI.

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

A LM PAF TR AN ALE . 3G ] Z 3 A iy & UL AT
Hitt. BIEEZRERIRTE AP

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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7.2.1.

7.3.1.

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

-

SRR . RE B RTE O(gn) BH), FEHEAFE
O(n) BRI BHEEH LIARU S o

KR T.2

] Ak sk & A A

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

3
}
if disLeaf(tr) {
return Optional.Nothing
} else {
tr = tr.subTrees[1]
3

K73

FAVEARTHER TR R PRI HCRICER & = max(t') B MR IC
Rk, NJEs AR ¢ HER B IR PRI R R 4k R
B/ NTERARE R ko WS — T ik
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FANTE SCZE L min AL, R B RHE/ TR

min' (BTree ks []) = head ks
min' (BTree _ ts) = min' $ head ts

FEM = K WRS, FZH < B < 15 o nIREH e LA e DI BT
Rkl 25 E N SRR

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

BN RA AT LA FR s SE BB 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

SLFIZERT B R A MR R

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)

HEAh . FAT 7R balance PRI INARINALEE , AE S MRS AP ET R IE -

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 (tl1, k, t2) = split d t in BTree 1 t1 ((k, t2):r)
fixLow ((k', t'):1) t r = balance d 1 (unsplit t' k' t) r
fixtow 1 t ((k', t'):r) = balance d 1 (unsplit t k' t') r
fixtow 1 t r = t —l==r==]]
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Hh unsplit 12 split IYiaE, PHIESN:

unsplit tl k t2@(BTree (_:_) _ _) = unsplit tl k (stepL t2)
unsplit t1@(BTree _ _ (_:_)) k t2 = unsplit (stepR t1) k t2
%2 8.1

8.1.1. AIEH. [az,as, ..., a,] MEATE—HE, (OFE—PICEMEH HEAPIFY
A, FFEH BuilD-HEAP .

8.1.2. AL, JHRAFE L.

KE 8.2

8.2.1. M AT A e, R,
AV A, AT @R, FRAETT AR — A5 H

data Node<T> {
T value
Int rank =1
Node<T> left = null
Node<T> right = null
Node<T> parent = null

GBI EIHERS , AT BT NI E A FRE I, SRRAENE 5 R
ﬁ R M FR B N A T o O T T (AR, AT IAN—A
T RAR 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




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)

385

RIMERSCILE L, FRATCTYE IR, A5 T R, R e
REI=CNE

\

data Node<T> {
T value
Node<T> left = null
Node<T> right = null
}

FMIOLTLHAFFoREL, HE SRR SR A HEAR R -

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

8.2.2. JESUMERY EINERAE

fold f z @
fold f z H

fold f (f (top H) z) (pop H)

22 9.1

9.1.1. X E MR ZEM . BIRIER R 2 B2 2 LR, ARSI RE AR

IEH, TR i B T A o
9.1.2. IR RE o

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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9.2.1.

9.2.2.

9.2.3.

9.2.4.

9
e
oy
M

}

swap(xs[i], xs[m])

B2 9.2

H 338 H ) AR SR SEI T o
8 max F1 —oo 45y min F1 oo S AT LASLIELT P HE T AT ASE—240E
REHE DR &

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 & X T THFHEF, 1M sortBy (>) — oo & X T FEFHET

PR FEWHE Y T LM ERA SR TR 40 BRtEH T 42

AILMEERAESETC R . (EHZRS) 9.2.1 455, sortBy (<) oo RIAT LIS A HH

ETLRINTHTHET . EAREFEHET

FE PR FEHE P AN = S WY, BT TR 2 [l an i .

EATNERIE 22 EHSZE O(nlgn), ZEEREHEE O(n). KAlfET, X4

FWES G AT (BRAEEA WER) o TR TEREHE R R A n 4
o551 R A1 o

FEBHEHE P AR AR HE T, ST T S TR0 2 AR a0 4T o

CATHNEE 222 O(nlgn), SEEHREHZE O(n). XAMET, HEFT

SREHERR S, AR IS AEHE T e 088 48 O(n) HIZS ).
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m22 10.1

gwker = A< =AY

pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
gen cs _=1: cs

HER TGN B, S AT AR (7).

. (R AAE . Bo HUA— DMIRAT R 35 B, AT E —IEUREL
4 Buy1 R B e 55 0T HIRT R 1= (") 5@ ATHT R A
iy, —E R AN T B, M i — 147, —ibEs iR B HIER i 1T,

B

n! n!

() +G) = (1—1)'@‘”? (?_Zy
- (z—l)g'n—z)'( n—z’—|—1)
- n! n+1
o (i—1)! (n—z)' iln—i+1)
B (n+1)!
dl(n—di 1)
= (")
O
HE IR B, A 2" TR
IERA. ARYE E—Z S RIENE R, B, AT R -
M)+ ¢+ + () &M
(I+1)" AT (a+ b)"HPa=b=1
— 9on
O

AR, B I R SRR o XA T A T AL, (SR o ?
R BEARAF T, AR ORI A Fa AR 1) -

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;

N, BATTRT LG5 P DR A7 o XHEREFTAR R IR 21 R FE X /5 2L BT ) o
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%22 10.2
115 HH DECREASE [ 50 4i5 Z4 5 R i £t ) O (1)
FESUARERREL:

O(H) = t(H) + 2m(H)

o t(H) R, m(H) W AT R BRI E . 1)
THIEER, HARECN 2. DECREASE ] O(1) B[ 2 YT, 28538 976 H CAscADE-
Cur, 1&IEIH c ke B O) IR Cur, A)5iEH. Kt DECREASE B ELH
FEH O(c)o

7 FORIT AR . 4 H 218 H DECREASE B ME. FHGH IH CASCADE-
Cur P F—MFRICH s, IRERERC (&E RN . dif)E, Hipitf
t(H) +c BRI B4R IR ¢(H) B8, DI N RBAMEF ¢ — TR, DAKLEL o SR
e e m(H) —c+ 2 MRn i me BIEAI m(H) N Rk c—14
ft. CASCADE-CUT HFFRIRICH T filo BcJa— s IHH AT BEAR I — D Rl X
FEARER 2 I 2 N -

H(H) + ¢+ 2(m(H) — ¢ +2) — [t(H) + 2m(H)] =4 — ¢

XA T L O(c) + 4 — ¢ = 0(1).

522 10.3

10.3.1. WARES AR HEFIHA n DI, REIITH . 5 n ARKHS, 58 A9
RYERERFHRE (REDMIERER O(lgn)) o WMATEESRIX— B Z= 1L ?
AT LA E — 7 AR Y B m , AR, dn SR B E AT —
SRR, SREE S TR IR 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))

}

10.3.2. SEILECAHER IR o
HTITAEMER, FATED T R — A5 -
data Node<kK> {

K key

Node<K> parent = null
[Node<K>] subTrees = []

Node<K>(K k) { key = k }
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ZJEMIBREY = TR FATTMHE b B LD o 9RE 71 to ARt 2 h
AR, FRATTH BT H A pop BIWT, A NIFRATIELE ¢ AT Rl p, B
R U1 SRR AT ERAE . S5 pop(t) B IFFEIE] ho

Node<K> delete(Node<K> h, K x) {
var tr = lookuptr(h, x)
if tr — null then return h
if tr — h then return pop(h)
tr.parent.subtrees.remove(tr)
tr.parent = null
return merge(pop(tr), h)

}

Node<K> lookuptr (Node<K> h, K x) {
if h.key = x then return h
for var t in h.subtrees {
var tr = lookuptr(t, x)
if tr # null then return tr
}
return null

}

AR R E R O(n), Hrbn BHERITRIEH, MRS 22 EH
O(m), Hrpm ZFrE fl S TN . SIREZREN O(n).
SEEREC S HEFG A G 20 B DECREASE-KEY

INSHBEAR Y b HE, FROTEEADHME « A5, G0, FRATE ¢tr 9427
FNFEA tr YIS, S8 tr (EN = )5, % tr S IFE 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)

}

SEAIS , FATAT LSS H lookuptr (h, y) ZRASEEBEATTY i, SRS L y A (BT
Ha, Bz deceaseKey(h,lookuptr(h,y), ). HEAERNMERMHR. 24 O(n).

22 11.1

TR ZF XAER IR LI RUE T KIOA L, IR Sk BRSO
Count, WNfTHIMEASZ N ZE? 2 E?

AT LA )75 RS R AE R PRI . A IRE R MR RO, W 114, FeAT]
MZEH R R — ST TR 5 BB IR A A P JC R SR A DXk, 32K 5100 ke REHEN
t RPN so LA TEIXHH] [h, t) AR Gee 25 TRIBAanE :
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empty(h,t): h=t
full(h,t) : t—h=s

PEIRGE T AR S AR ESIN T EGEE (N4hzHD) | 10 [n]s = nmod s. X}
EIRFISA B R [t]s — [h]s = [s]s = 0, B [t]s = [h]so XTETRRH) S
B S5 . BRI, AU Sk RO IS A 45 SR L B2 TR FIWTBA S 25 TG FRAT3E
ZBIAN—DHRIE (BRIE by t 9SS T ), BEALEZS S WAER AR, U ER
ST B . QSR R SR SR B BB, PTLA — R0 s BRI KRB p
(p>s) BUSEATHIE, HI:

empty(h,t) : [h], = [t],
full(h,t) : [t—h],=s

RERESSE

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

22 11.2

11.2.1. N2 2L4% push B BT PR SN H 2
RIS 58 push a ([1[]). 2AJ5FF pop.

11.2.2. A U FEBA A B 0 SR 2
HAVEEHECKIE Ao RESIZR r HEIEEAICERIE 1 0o [ AL push,
PAT—IRIMASRAE, FFEEIN 1 73 P WEFFEN O(2). EEIK pop, WIRALE S
KB, AT — R B R, BB B 8. 2 HEEFEN O(1). IniRiE
JRANFE SR, NPT m RN LRI . Horbm 2 REIEE r BIREE, JF
HERT v SIRFH m 5o frADHERFEN O(m + 1 —m) = O(1).



11.2.3.

11.3.1.

11.3.2.
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LIS A S o
1: function PUsH(Q, z)
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
2% 11.3
£ abort BREH, =00, FATLE R 72— M EROTRIRE, X

57 @ MR E a VEAZER . T AT BEE— TR

JURSR AR pop XM abort % n = 0 B, JERCHRAERISER, ARASHIH
M (Se, 0, (z:a), f') Bl (Sy, a)e M LUEERFHY » IER2EM TR, A
AR B4R 2 iR A a 1ENEE R

XA LIS A o R PRI SR . ANRE— IR I A
MR P REFRAR RN e e ) o 3 SEI—IMBIEE H], 1S40 S I
Eil—1ITtR.

AT ATE RN 8] A SRAS B . SRATAEEAL f IR HFRINAITR (push),
TERCH r R HITTR (pop) o XA AR, JH8I— M IRESH B35
acc = reverse(f) 4r. WIR f# [], FATBELREFICEK, WINE ace KRR
4 f BOESSHRE AT r ZEMFE—KITRINE ace K&, B append(ace, i),
Hrpi=0,1,.|r| = 1o BT ERIIRATREM » FIREHIEITR, 4 i @
|r| ISR EE A

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)

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

B2 11.4
U] SERRL A A, 6 S R A S o BT 18] £ S0 2 IR B
A 2 e BOECEH R AT LASE BRI BAS o LAKUBZE M0, G SLPXHRAE - pushy /pop;
1 push, /pop,. FE popy/pop, FHETIAT R o LAN SEE BRI ST RO — 0%

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)

i 12.1
AT AR 2R 5 | AR e ?
FATTLAGI Maybe KRR FE AL . 1% 5] ¢ <0, i&[E] Nothing, 40
REFIRK, WELG H AR 25, 1R 18] 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

222 12.2

12.2.1. SLBUEFOR P AIBEPLYT R Si], 1 < @ < no Hrn BIFFIKIE.
FAMIkId 72 5 RO -

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 EUEZFR PSR AR R 0 R 28
FEMARLRE, WEAH n = 2" IFIRIKIHERCR . EEIFHIE=. H
JS7 R AT A NS B IR ) 20 A2 20 PR T A A T

12.2.3. WL 2 MEEHZ R E 2 X (m 2R 880 o 15 S
SRR TR AFABENLYS 7] o

‘data List<K> {
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Int size = 0
[[KI] trees = [[1]
}

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

}

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

2% 12.3

BT TR PR 05 ST A0
FE SO T SIS AEN LI 2% @(s) = |rl = |f| = n—m. 3tfim = |
o MSKTBMIRET, %5 £ ). MEHER O(1) 2 £ iR A e,
B f = (. FO() BRG r 57F RAEHHL Fo T O(1) %28 f KRt
Fo RS
¢c = n+1+9(s")—D(s)

= n+ 14 (0= 1) = (rl = 1f)

= ntltm-T5) - (51—~ (-0

=1

MO SK R IHBR E 0 JEE 2 BEO O(1), XEFRHL . R FBIHER Y 20 3 2 2% B th 12
O(1).

~

n=|r
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B2 12.4

12.4.1. HERiBIA . OEERR BTN . X T T T = (f,t,7), 42 MD(T) =
t LIARIURRIHER 2

1: function INSERT(z,T)

2 n = (x)

s Lepe (LT[

4 while |[FRONT(T')| > 3 do

5: f < FroNT(T)

6 n < (f[2) f13], ..

7 FRONT(T) <+ [n, f[1]]

8

9

p«<T
T < Mip(T)
10: if T'= NIL then
11: T « ([n],NIL,[])
12: else if |[FRONT(T)| =1 and REAR(T) = [ | then
13: REAR(T) < FroNT(T)
14: FRONT(T') < [n]
15: else
16: INSERT(FRONT(T), n)

17: Mip(p) < T
18: T < Mip(L), Mip(L) < NIL

19: return T

HATHAFRATCR o AN HRITRM T (). AR f T 3 o,
WERER, BT R ETUA FRE S BATR f FBREE— N ITR MR
ARHEBAY, TN R e GREEREIN 1), SRS ARERE n i AN 2 e a] 44
B BAFRANAR f TR ITRAMGHN f TR BRI, &
MEAZRE T AW, BARGE T BRI, R f TR 7l
ZICR . XATHFEIL, FATEE I3 5L TR Mo, 3R
n WAE f wATH . Ha, ROBREREHR T 7 e, A8 —
MRIRHY LR ERMRT RHI AT R

2% 12.5

12.5.1. JHBRIEIE, FHIEIRSEEIMER .
SRR S front TARARZS, WUARRIES S BYFRIch R 45 (HRMAITE
XA ATRERAMMET, Bl front FHEMIF Al FRIAR N 25 XFPIEDLIE T 2 i
TR BRA SRR -
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N
o
H

[t otin21]...

il ]2l ]

P 12.10: ARUURE, 56 ¢ B f A=

HNTZMNARL B FHER P MIER S — TR EobT %8 A A A,
HE R, BEEN AN, B f M EREOYZS, nE 12.10,
XEFHTE . BATATLA f P2 Buh s — M eR (B— ). XFEE. i
THA r Aoz, AT fvor, FfsaT— gl tbs, JARAEN f
FRECH AT ORI e IR, BATH ERSHRE . FATTEL TR
—ELA _EE L BRI BOEBE AT R BRSBTS AR IR Y AL
A 12.11 ik 7 IX il e

children of n[il[1]= [nti-]oti-ni21].-] ' [li-1m [eti-1i21] -]

[ntil2]].-]

' [ -]

RBEE—ICK n[i][1], SAERHER 7 RURE] Ry f Fiah.
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x[1] is extracted

FEII] e

21212131 . | 2. |

[TETE ST

li-1eli- 1121

[ntijc21]... [ i)

HE IR, REARE 21,
K 12.11: JElA) by, BRI

MR — s, TR EIESEIL ISR R IR B (R 2S)

1

v

10:

11:

12:

13:

i
f

. function EXTRACT(T)

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
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))

HRZ ELEM(n) GBI 775 51 n R ERAFHIME—TJC 3R T AU RO 7
» T B TR PRI — ISR — TR E Lo FATAF{UE
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12.6.1.

12.6.2.

vl

S

B FHRH R — N e — DT R WMRTHE N, MR RETFRA N, K
A A AR s, BRIV ARITFHEA NS, B A i R 1
H—MEFET.

1: function FIRST-LEAF(T)

2: while FRONT(T') = [ | and MID(T") # NIL do

3: T < Mip(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 < ny

10: return n

11: function FIRST(T)
12: return ELEM(FIRST-LEAF(T))

HAS T AMEIAT, IR SR T SABEE S T R . R
i MRS R

K22 12.6

FERERLYT IR, A ALz i & AR5 MR R IR 2
FATAT AR SIS AT G2, i -

@li] = Nothing

1< 08 1>sizeT: Nothing
Tl =

AN

SEHL cut @ S, AEALE HUFEY) S 9 EIF

AV H—Fh AR 2 FIH S (a2 A E LS5 AR5 B =] F) o
PATESCATEAR ARG A, ISR 0 < i < size s FATTHE N ORI cutTree i 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 O 53 F s =5 M HriEls 0. FEEsa M Maybe A1
INFTREA AT QIR E WA A FEI— PRGN E & TRl o, B4EAE
—> Place 5. WIRZES| i« A THIEFH for . AT cutList $i—
Lo, IR E RS RA SRR A i TR, WA Fl SAE X
255 Place i a HH[) 2-3 B a FEALE @ 3E—200#].

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

Hrfrtree fom r By& i — TR, FFEEATEYSALH

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

XFTFAE R 2-3 R 7 FISLIA 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), [])

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

AT LA o FIE s EM BRI TR MERiEEMER TR DUk MTF $##
T, EMNMEAEZHZE Olgn).
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13.1.1.

13.2.1.

13.3.1.

9
e
oy
M

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'

s22 13.1

BRI HE P A E L, B T AN SO, R FROC RS IAL T . B
—ARALEE

sort [x] = [x]

222 13.2

EMEIFESMHEIH (mergePairs) WEREME 4?2 MFMHE, 3F4 HiE
W15 AR, WA

PG IR XA REA T EREI kTP ELRE, w75
FSPAEE N ne I S TG 50 N 741, merge([ ], 1) = [|@s1,
IR AT s2, [|Bs1Dse, REFHEIFEss, [|Ds1DsaBsg - FrLAe & 2R
HN:On+2n+3n+4n+...+kn) = O(nk(k; 1)) = O(nk?). TMMHWEIE, &6
IR 51D sy, s3D sy FIEF O(kn), BETFE 1 (51D 82) D (83D 84)
SUZ O(kn)o SILBEAT Ik 6, BIIREDN: O(nklgk). P& I 9 E
B

TR AR AR/ b B/NTIE, ORAF & 48104 B i/ N R gt
HIf, BREWRZ O(nklgk).

-\

K2 13.3
ST E IR R AN foldp, T X E I _ERIEFEER .
RATER ~TALAFE f WESARE: F(f(2,9),2) = f@, fy,2)e 4
TEEH f HERRITEN 2, R SRR

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

XA E SR sum = foldp (+) 0, 1 H IR _ERGIHFHHER & S8 :
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sort = foldp merge [Jomap (:[])

2% 14.1

1411 TEW) k BRI TR 2 O(n).
SR B R TR 13.1.3,
14.1.2. A T7EKATRE E/NCE, TRATAT USRI 2 = max (take k A),y = min (drop k A).
R e <y, W AWHE EDITCRIEESRE: SN = Q95 kTR, M
y XIPHRFITCR, RIGAET A [ala < A, 2 < a < y] FIgIHESKHT K TITEK,
Hrp k' =k —|[ala < A,a < z]|. EEIX—FE, FHForERE.
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] < A[j]

10: EXCHANGE Alk + 1] +> Ali]
11: I + PARTITION(A, [, k)

12: u < PARTITION(A, k + 1, u)

SEESL NI ERER O(n)o MBS KB B IE PR L eI R 3 2 £
K g/ME 4, j, SRIEHITPEC GBI AR5 o WSRK -V, 9 ok
WFAEF—LTEE o RN O(n +n/2 + n/4..) = O(n).

14.1.3. ERWDETFELA AR B R “FhE”, WENREZRE O(lg(m+n)), H
Him = |Al,n = |B|, RN B TR 0 FFiG. e
S median(A, B) = C[| 72 )], Hrb © = merge(A, B) HAIEIRHL
FrEeE 5.

BAEHWAN T B—DITEAEWDNEA 2 R T . 21 =0,

u=m, IAVHEWAEE AFREGN: 0= [52]. RIEFEAPERE L, 3

Hh= ") DR E AT HA, ARE i DN ITHRTE All] 207, s

W, WAL B HNA j = h—i DICEAE Ali] 207 fe& AT Blj] < Al <
SEIMLE LT IS R, JREXT S n ATERFHFF @ M s LA

odd(n) :  z[2f]
median(z) = 1 " n n
even(n) : E(m[g] —+ x[g + 1))
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PET S

Blj+ 1] MRS, WG Al gUR . A3 NARE i K s /N R L
u BT A AR RSB XU ik

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 <1 or 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

BB AT RA M N B A B D ITRAEE. B m > n (RIE
e As B), WRAE—HAN A, MRS A28 kA IeR. R k=1,
B A[0]s B[O] /N Ao AMAEI j = min(k/2,n), i=k—j. )5
b A[i] M1 Bljle Wik A[i] < Blj]. A1EFEAA Al B Blj] JERITTER,
SNE B IAAET R TTR P T4 b — 1 R S EFFTA Bl B Al J5RY,
SRIEIB A TR b — j KE9TE=R.

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 + y0)
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AN, FATAREIXHEE LA AE: me A4 B, flifs:
lly < A4 B,y <m]| —|[y < A+ B,y >m]| =0,=£1

FREIXAERI B [0,1,2,3,3,3,3,3,5], RMER/NTET KTETha AR

f‘&-ﬁo
14.1.4. JHBREBYH, i B a0 S S B 4

1: function SOLVE(f, z)

2: p+ 0,9+ 2

3: S+ ¢

4: while p <z H ¢>0do
5: 2 f(p,q)

6: if 2/ < z then

7: p+—p+1

8: else if 2z’ > z then
9: qg+—q—1

10: else

11: S« Su{(p.q)}
12: p+—p+1l,g+—qg—-1
13: return S

14.1.5. LB " HHRREIEIF T B2 PR A T ARR/ME. H EfR
KM FRRE 2 /DT R/MESEE KT HRAETM: WAL —4+
T EE A NNEE . SRR R

1: procedure SEARCH(f, z,a,b,c,d) > (a,b) : /&N (¢,d) : A5 fA
2: if z < f(a,b) 8¢ f(e,d) > z then

3: if 2 = 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

8 pe [45]

o g [

10: SEARCH(f, z,a,q,p, d)
11: SEARCH(f, z,p, q, ¢, d)
12: SEARCH(f, z,a,b,p, q)
13: SEARCH(f, z,p, b, ¢, q)

FRATAT LA P 26 B A T3 A B A BT AR AR A FOFETE R R AV I
28 T(A)e FATH OQ) MAIEE 2 < f(a,b) 5 f(c,d) > z ZAAMAL, IR
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14.2.1.

vl

o

B ER

EIA A A/NETGE: T(A) = 4T(A/4) + O(c)o Ml EEHE RN
O(A4) = O(mn), FAMRYE, RIIRHIFBUSIE . XY NZ s
AR -

B2 14.2

PR, £ AP FEMIREIL [n/k] 1Y kDA% Hidrn = |Al
e U k DARDCR, BERRJER THICRFEAL k4 MRFEA
TCRE - (2T [n/k] ), MR R,

WATES, DT Map : T — Int, HH T 2 APRITRER. | /l\?/ﬂl
S TEIEE o N REZES BIFIRTF NS oo FAT 1088 A —ihEH
i foldr maj @ A, HA maj B X N:

CU

ac€m: mla] < ma] +1
majam=q|m| <k: mla] +1
A filter (b m[b] # 0) {b— m[b] —1|b € m}

(14.21)
XNT AMENTR a, MR a ¢ m AfEFdh, Jf H5 8P ks A2 k
A A a IIANFHE, FFCFEHN L mla] « 1 IR e € m, FATEZEEIN
—mla] < mla] + 15 FMARFHATAH &Mk, OO MEEE 1
SR L, ANSREEECN 0 IHIER
5, BATEFAL m PR RARNEEERIE— T, BEENNELCE N
T n/k, S m' ={(a,0)|a € m}, RIFFETT—IX A: foldr ent m’ A, H
et € UM

ent a m' = if a € m’' then m/[a] < m'[a] + 1 else m’ (14.22)

XFE m/ Hd s T X e e SR, AT NI n/k 1 keys (filter (>
n/k) m')o R AIHI TR S T IX—

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

Xt R IEASEELIN 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 ¢ in A do > 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

222 14.3

BB AR AR SEEL, AR B BRI 51 o
WERER T H K 7PN, 38 A AR R 71781, BT TRT LAE fold de A A (s FH Wkt
{H P, M1 P, BXMEAEE 7RIS 7R8I A S (S, L).

mazs = fst- foldr f ((0,[]),(0,[]))
;E\:E'j: fx(Pm7(S7L>>:(Prln7Pl)
E f P =maz((0,[]),(x+ S,z:L)), P, = max(P,,, P")

ARFFIVT 25 BT — AR Z BT R FRER AR . H 28 O(nlogn).
A AN FAE T U B 3 o FATT AT LA VT 3t H =i B o, A
JE AR B BORAT, ANES b jUE o F R KR SEBX— T i

1: function MAX-SuM(A)

2: if A= ¢ then

3: return 0
else if |A| = 1 then
5: return Max(0, A[1])

s
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14.3.3.

6: else

7: m < L'—?'j

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

EIREAGAEBEIHK R T(n) = 2T(n/2) + O(n)o I E AT HIZ A LN
O(n).

£ m x n [ “AEREGE M SRR (B TR I E K.
WATIFERE RSB — AT R S I—AT [M[L1, %], M2, %], ..., M[i, #]]o $K)5
W B AT B TR IS SR A il — 4] i -

V= ZM[l,j},ZM[ZJ’L ---,ZM[H,J]

FHE AT TR0 mazsum SR ATV APRYECRA], Hidst 2 RmcR il

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')

Hrh tails fUENX A 1.12.2, zipWith & X &S 1.7, concatMap
M E L ILEETT 6.5.10 scanl F1 foldl ZAL, [HERRXIBEEREBRAFE]— 53R
Mo scanll j& scanl W— PRGN, FIIGERFIFRNE IR,

scanll f[] = []
scanll f(x:xs) = scanl f x s
H:
scanl fq[] = [q]
scanl f (x:xs) = q:scanl f (f qx) xs

Xt LR i SRR PP AR
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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

2% 14.4

14.4.1. ISR H RS BT AT Ao

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]

XN i 4 AR P

[[(Int, Int)]] solve([[Int]] m, (Int, Int) src, (Int, Int) dst) {
[[(Int, Int)]] stack = [[src]]
[[(Int, Int)]] s = []
while stack # [] {
path = stack.pop()
if last(path) =— dst {
s.append(path)
} else {
for p in adjacent(m, last(path)) {
if not p 1in path then stack.append(path + [p])
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14.5.1.

14.5.2.

e
oy
M

}
}
return s

}

[(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

K22 14.5

P\ 2RI, (B LUE R n 25 R
Bl n 2J5 WML 2AE n x n B BB 25, BATATEMGH] 7 H2 Ferbry
8 Hk n AR NBIR] o TRERFIH T T LA 25 £ H A

figt

[1]

Tefii

Teff

2,4,1,3],[3,1,4,2]
2,4,1,3,5],[3,1,4,2,5],[1,3,5,2,4], ... 4t 10 4™

(S U N S

JNE G BAEAE 92 DAF I X TARM —M g, =g £90° sz /\
BIFREN . FHEEOEM. BEARNEAE 1210 BRU\2FEHE
Fr, B 12 AR R AR o

JNEJERERONFRME , A B R TR B BRI o R MRS R A K
firo AEJTIEHN PR I ARHE Dy X, BLFRIN 8 DB [EEER o,
BBl GeHhuCViE G 90°, 180°. 270°, ZKSF TEEFIL, W DX MAL&Eit. (LT
frE (i,7) MEFAEX 8 MEHR N h:

EHi (AY
id (i, )
Y BiEe, X BE | (9—14,5) (4,9 —17)
2N FZEIEE | (4,9) (9—34,9—19)
90°, 180°. 270° | (9 —j,i)s (9—4,9— )« (5,9 — 1)
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BRI, BTN 8 FhEH 28 8 M, YN ENTRENT. 3]

R RYET 12 DA TOA [ A 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 - i))] — 270
where

trans f xs = snd $ unzip $ sortOn fst $ map f $ zip [1..8] xs

uniqueSolve = dfs [[]] (empty :: Set [Int]) where
dfs [] s=s
dfs (c:cs) s
| length ¢ = 8 = dfs cs (uniqueAdd c s)
| otherwise = dfs ([(x:c) | x «+ [1..8] \\ c,
not (attack x c¢)] 4 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 MR

[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]
[4’6’8’37157’5’2])[4’7’1’8’5’2’6’3])[5’2’4’7’3’8’6’1])[5’3’8’4’77156’2]
[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]

%22 14.6

14.6.1. AEPCHbIER Mk R R BG5S B a] LU R n A F IR L.

FATAZRI n ARG SIS HTAT

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

B2 14.7

14.7.1. Bey RO LA, SHREMEH S [T 2] + |yl o, LB REZK R,

‘import Data.List
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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 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

HLEZNA, B2 JAl—ETrEeE $ 5, 2.23 77,

222 14.8

s

14.8.1. FR I Bl R .
HATH 0 2 73X 8 MECFRIHAIAFA 1, Hrb 0 R . ZSAr. SRR
FAILAFANZ AL FAPRHFOR N 0 FEHESI TR AR5 3h . 102 33 R
ARSEIA A MBI, (a2 2 SLFRI , ARSRim) ZE R BB Reali, iR fr
O FEHEFISKHR, ERTLAIES 5 (B BRI 2cHt, SCZimlo FEmidf sk i
ARG, 7 3E 12948 BB A RESCEAR 1o Hbim )L T
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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 # [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

[1’077’675’473’2] b [177’076’574’372] 3 [1’776’075’473’2] b [177’675’074’372] 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]

222 14.9

14.9.1. LA NAIIG K S A A TR

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
1} else {
codeTab(t.left, bits + [0], codes)
codeTab(t.right, bits + [1], codes)
}

return codes

222 14.10
14.10.1. (S FAHERAIERE R SR AW A SE T B3, A9 e i ml e

H=90: ©
Huffman H = ¢ |H|=1: pop H

AN Huffman (push (merge t, t,) H")

Hrp: (ta, H') = pop H, (ty, H") = pop H'
1: function HUFFMAN(H)
2: while |H| > 1 do

3: t, + PoP(H)
4 t, < PoP(H)
5: PUsH(H, MERGE(t,, t))

6: return Por(H)

14.10.2. WSRFFF CHAEHET RAIER A, FAAE— DGR A I G 5K 2 R T3 1 -
MBI Q RAFEFFEER . AW Q Rl A SLEBEULEVINIRS, SFF AL 4L
5 USRS S s FUB T — R BRI R B o 50
X1tk
Huffman (t:ts) = build (¢, (ts,2)), Hr:

build (t,([],2)) = ¢t
build (t,h) = build (extract (ts,push (merge t t') q))

Hrjr: (¢, (ts,q)) = extract h
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14.11.1.

14.12.1.
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extract (t:ts, d))

(t, (ts, @))

(t, ([ 1, "), Hrr: (t,q') = pop q
t<t: (¢, (t:ts,q)), Hrh:(t',q)=popq
t<t: (t/(ts,q))

extract ([ ],q)

extract (t:ts,q) =

HEMKER T, AN ENSEIG K 2 AR
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)

22 14.11

il BRI B K R 3L PP S e AU e

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)

2% 14.12

XA TR, 55— B R LR TRk TR
JERN U5 N ARERAEAE, W AP, NW AERA L. XL
TR BATI TP R G5 IRATNEIG I R AT IR, IR NW
AT E XS LR B2 EITRR - WRESY N, R ES s By
Ats - Ry W PR SR MRS . ke SSElX— k.

data DIR =N | W | NW

[K] les([K] xs, [K] ys) {
Int m = length(x), n = length(ys)
[[(Int, DIR)]] ¢ = [[(®, 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) {
[K] r []
Int m = length(xs), n = length(ys)
while m > 0 and n > 0 {
DIR d = snd(c[m][n])
if d — DIR.NW {
r.append(xs[m - 1]) // or ys[n - 1]

m=m-1, n=n-1
} else if d — DIR.N {
m=m-1
} else if d

n=n -

DIR.W {

=

3

return reverse(r)

14.12.2. T FEMNLETR, —EH <0 <umorna? ETREE B4/ NA?
AEORARE T (BRI 0), WATER L <0 <u fh—Elir. % &Rl
REIERRES X, FTRAERE/NT 0, HFH 1 = min(X). RZ2H2 En)
4 ERATEERT 0, H u=max(X),

14.12.3. SR FRF H A A9 AR FR S o

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
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}
return d[length(s)][length(t)]
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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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