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

AERDMHIR PR/ EREOR 10, XDEEE LRZHIL R R, AT LAZED
5 N

1: function MIN-FREE(A)
2 z+0

3 loop

4: if z ¢ A then

5 return =

6 else

7 T z+1

HPRFS ¢ [SEmanh:
1: function ‘¢’(z, X)
2 for i < 1 to | X]| do
3: if z = X[i] then
4 return False
5 return True
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itk

Xt n DNERE 21, 29, .., @y, WREFLLNT n BIATHE, DAREFLERD o, ME
[0,n) XMEEIAN, BNIXLEE—TRZ 0,1,...,n — 1 FIEANHES, XARMEGL R, S/
A BRBUE no

minfree(x1, To, ..., Ty) <N (1)

BATH—DMRERN n+ 1 B F, RIRIEXTHE [0, n] WHIRN LGRS AT,

1: function MIN-FREE(A)

2 F « [False, False, ..., False] >n+11
3: for r in A do

4 if x < n then

5 F[z] < True

6: for i < 0 ton do

7: if F[i] = False then

8: return ¢

F HRRCREWIAI N R, W A R, IR © < n, BURIRE Flz) ENVE,
JE P FREE —MENRIALE, FIEANT n OB BAOMEH T n+1 4
MAE n MMRE, HUEHE sort(A) =[0,1,2,...,n — 1] BEN. XTHEFRE O(n)
AR RIS Fo BRERIG, F XWRIN T . RE W FFIEHTRERAN S THFER ],
FATA] DAF e e 4 R A KAV B, FFIRERE ., 5 5ha] DA 3R R AR S
WL, TEAHERTHENL L, N C IEFEF A 0.023 #ia] DAEE—F 54
A E

MG
TG Z HISRMERF RN o N 45 TR N 1 (P17, SRIE B R AR 21 B 2
g R, KITEWHRE 2 < |[n/2] WBRETRAFRY A", HEBA TS A7, R
AL, WRFY] A KEIELFZ [(n/2], WHHAT—F A BE T, BFE T
£ A", BMERE A H BERX—RI7, BRI T . EF 75 A7 F
BIHERN, BRI EA TR, B TAM 0 BT [n/2] + 1o TATRE X
BHBCH search(A,lu), HH 1 25, v 2 L% BN, I =0, u = |4] -1, Bl
minfree(A) = search(A,0,|A| — 1),
search(,l,u) = 1
{|A’ =m-—1+1: search(A”,m+1,u)
search(A,l,u) =

otherwise : search(A’,1,m)
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A=[reAxz<m|A" =[xeAx>m

X—FIEAFERINS ] FIRTEE O(|A]) IRELEKN 7 AT F1 A", i A RERAS
Wteo BIEHN T(n) = T(n/2) + O(n), B EEFBREIZER O(n). BATHATLUX
FEGI T 5 —IRTEE O(n) IRHLBXN Y, 38 —IRTZEHIKR O(n/2) IR, B =IRTEELR
O(n/4) R BINEN O(n+n/2 +n/d+...) = O(2n) = O(n)o NHEH Haskell fi
TSI T IX— 5%,

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

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

BRI IR AN FARHZ O(1gn)o FRATAT LATHERIZEY FHIZASEEL:

1: function MIN-FREE(A)

2: [+ 0,u < |A|
3: while u — 1 > 0 do

u+1
4:

2

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

WEIFR, X2 N T RHITN T left ZRTRITTRAAKRT m, 1
left M right Z [AINTTEREKRT mo

IERLEL

5 IEE R ANAISHRES 1500 DIEMEL [EMEBURAEH 2,35 X=MEHFH)
HRE EEGeH XINPE 50818, EHHENIRIER SO RIS L S B AT - 15
LRI O(1gn) MR, (LA OB RBIIIAL IR,
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left right

b

Ali]<=m Ali]>m L

Bl 1: AR . AT 0 <i < left FTTRIE Ali] < m, 6T left <i < right BT
RIE Ali] > m, RIRIITTRA AL,

A, 2.3.5 AG M2 IEMEL, 60 = 223'5' 2% 25 DIEMEL £ 21 = 203171 &F
R 7, T AR IEREL, X 1 = 203050 248 0 NIEMEL B 10 NEMEGNR:

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

VIR 2P

BATAT DM 1 IHR, Bt E A B RS, MDA 2, 3,5 IXEER 7 AW A,
RERAGEFZENN 1:
1: function REGULAR-NUMBER(n)
2: z+1
3: while n > 0 do

4: rz+—x+1

5: if VALID?(z) then
6: n<n-—1

7 return z

8: function VALID?(x)

9: while  mod 2 =0 do

10: x < x/2

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

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

15: return x =17

BEE n 1K, 55257 R IHEGEIG N, FEFFERITFENL L, B C 1EF TIFHRZ 40.39
OAIRENZE 1500 N IEMEL(860934420),
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EBER R 1A7S

BRI BRIZBAER T P, (ISR ARERES — MU T, MM 2.3.5 i
TERREY, IR A RIS F 45 R A ] W/ INBIRAR IR = A2 IERREUF 51, AT TR DASE FH BAF SR
fiike BAFIM—MIINATEE, 5 — B TTER, eI, X —ReERR 5
HESEH FIFO (First In First Out)o JEHEEE 0 DNEMEL 1 IABA, AT A 55 — M ER
HIEREL, 7T LA 2,305, 748 3 MEREBOHHE AT K H 0B, a0 SFogr=E
IBLEAZLE T RAFIA, M EFF DUk EE S, FTETRE/ N T BARAYEL, fER AN T 22 R
BRI, 0B 2R,

AN

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]
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 AB\, EF 6
& 2: /4%

AR — R A SLBLAn R :
function REGULAR-NUMBER(n)
Q « [1]
while n > 0 do
x < DEQUEUE(Q)

1:

2

3

4

5: UNIQUE-ENQUEUE(Q, 22)
6 UNIQUE-ENQUEUE(Q, 3z)
7 UNIQUE-ENQUEUE(Q, 5z)
8 n<n-—1

9: return x

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

122 whilei <m H Q[i] <z do

13: 1+ 1+4+1

14:  if i > m B x # Q[i] then

15: INSERT(Q, i, x)
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SFREN m BIBAF, UNIQUE-ENQUEUE T8 O(m) W IAIf% ., JoE S i A
Wi, DIIKERE n SMEEm (B — M RZMA=DHOTE, EmKtt
R <2), IBITINEN O(14 243+ ...+ n) = O(n?)o EI3TE/R T BAFIRIS A {REN
n ZIRAIPIRR, R IR, R O(n?) BB Z&E.

Queue access time - N
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== Queue accesstime
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3: BBV n HISR AR

FEFRIFERITHENL L, B C 1B SLIUH 0.016 Fomtht 75 %, thasasiik 2500
& TATHAT DARIBIASEER, & o5 NEE A ERMEBITS T (21, 22, 23, ...]0 X
NEREL, HEIRLA 2 BRINTIRZTCS MBI 221, 270, 223, ...]o [FFEAKIRTE LA
3.5 2152 AN TET IEMES, RRIX 3 MEFEGIEH, ZREEHK 1 &
INEFESL, XS EN T 2s:

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

HAr s FoRRKILR o EEEIGIR s RIATH, 78 Lisp FIXMECEFRA cons,
1 2% 0 MEMEL, i, u SFFEFHIIR,
a<b: a:asU(b:bs)
(a:as) U (b:bs) =<a=0b: a:asUbs

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

XMWY Haskell Il FF2%

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

it xs ! 1500, ATEMSEIZE 1500 NMEMEL TERFERTHENL L, X—FF
FAN 0.03 %,
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BAS

TR TR bR E S TR R MR A T, A EE =
N Qr = {29 > 0} NEEW 2 BERIVEL Qo = {2737 > 0,7 > 0} Qo35 =
{20375"]i,5 > 0,k > 0}o EH Qa3 B3R j £ 0, Qazs B3R k £ 0, fRIUE T =REERA
HE, BREEH DNk, WG Qo = {2}, Qa3 = {3} Fl Qaz5 = {5}
B =N AL E B/ NT R =, RS HAT NHARE
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Q> TALLEW 3 EEBRAYEL,
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BEAITAEEH 5 BERIVEL

A= E R/ N ESIEE n DITR. B4 THT 4 2,
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min=2

(a) 4.6.10 ABA (b) 9.15 ABA

2*min=8 3*min=12 5*min=20
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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 + = HEAD(Q:2) then

7 DEQUEUE(Q2)

8 ENQUEUE(Q3, 2)

9 ENQUEUE(Q23, 31)

10: ENQUEUE(Q235, b)

11: else if * = HEAD(Q23) 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

RIEME n Ko BIRN=AIIHERR/INTR, XD HEFE LI, AR
PEEH TTRFATAERIAS, 7 AL — B = AN O A RS, 3X — 2P 2 B A TR, 28N RTE
HIKEN O(n)o

INE

RE W IE ST RE F 75 28 IE R OR, (BREE FUBG N, RIS AT R EGFRIRE,
RN WRFEEA B IE A BEEEEH, R HEREGA a2 et el, 85
T NIRRZFED LM EEEM U, R BEREBRKH TRENREES. — 7
HE A B CRWEE, 55— HgwEIE S AR, A= 2268 RS
FIECEICTE RN BIEHATE S, FHR DA 2505 A, BRBGERHIREIZEEL Haskell, f74
AARHBIE LIS S IR A,

A SRR CRIEFTE) M 2009 FFFEEE 1E, 2017 FEHIR, 2020 FFIHFHES,
2022 4F 2 ASERL T8 ke FLFRRATPATE github EARTS, IR EHIGAUTAR, 1E1E
github _EEXFRFK,
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FROFE. B —EIIR, SHNERKEN n, N TAEMZNMENT n B
2] < n, BALE |z| EREEFENIE, Z)a BRI —msER, JREIE —NE
HBATER A B E R, iESEINX — R,

2. n NMF 1, 2, ., n, BEREEH)GE, BT ETEL 7, HFEE -~ 2
WA T yo R 1 < y < n, WIH—DTTTEREMBALLANERT ], H 20 B A H
x Ml yo

3. FHZ—BSRIEMERIRE, B —FBAFIfRIEA?

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=1i+4+1
X2 = 2 % nums[i]
}
if x3 = nums[n] {
i=i+1
x3 = 3 % nums[j]
}
if x5 = nums[n] {
k=k+1
x5 = 5 x nums[k]
}

3

return nums[m]







Ais i
W IR 1
L1 R . 1
1.2 BN 1
121 MR 2
1.2.2 FIREFEEASRCE. .. ... 2
1.2.3 &S| ., 3
124 KEITE .. .. 3
1.25 RIAZERS] .. 4
1.2.6 BB .. 6
731 R 6

MBI . . 7

FN ., 7

MBR .. 9

ERE . 10

127 FIGR .. 11
1.2.8 BWRAEMEBME. .. ... 14

1.3 ZBHL 15
1.3.1 B—BRET . 15
1.3.2 REE .. 20

L4 TR .., 21
141 BECEFROH . .. 21
SHBEURIETE . . . . . 292

1.4.2 YIRS . 22
712 22

T L 23

L5 BN ., 25
1.6 EEFILIE . .. ... 29

xi



xii

1.7

N
2.1
2.2
2.3

2.4 ]

2.5

2.6
2.7
2.8
2.9

b
3.1
3.2

1.6.1 JBT ..
1.6.2 B . ...
1.6.3 BERNLIE ...
1.6.4 UDUHED . . ...

252 B/NFIERAICE . . .. ..
2.5.3 BUIRFUJEZE .. ...
BHIBR . .
BEAURIEE . . . .
BRESEGRESHT . . .
PSR BIFARS . .

HWAHER

11751

3.3 -

3.4
3.5
3.6

CHILEA

4.1
4.2
4.3
4.4
4.5
4.6

21 M
4.0.1 T L
4.0.2 BEBEEE ...,

Hx

29
29
29
30
32

37
37
39
40
41
43
43
44
45
47
50
50
o1

53
53
54
55
56
o7
58



BB

BhEE
5.1
5.2

5.3
5.4
5.5

NE
6.1

6.2

6.3

6.4

6.5

6.6
6.7

HLw
7.1
7.2

7.3

5.2.1 SPEFEEE .

BUE . .
AVL @SR ETE S .. .
INEE

o 1
B

FEBLATIC « o o o o o e

6.1.3 BER ...
BRURUSRME . . . .
6.2.1 TEM o
6.2.2 HEAN ..
6.2.3 BER ...
Trie . . . e
6.3.1 X ..
6.3.2 HA ...
6.3.3 BEER ...
BIGRER . . .
6.4.1 TEN ..
6.4.2 FEAN ...
6.4.3 BER ...
Trie FIRGZRATAON T . . . . . o
6.5.1 GEBFIEZINT . ...
6.5.2 BUFHEEEINTE . ...,
INGE o

S BIFRET ..o

721 FEHEANESR ...
7.2.2 SEOMREREA ...
723 FIFRX L.
B

xiii

7
7
79
81
82
83
85
85

87
87
88
88
90
91
91
92
96
98
98
99
100
101
101
101
105
105
105
108
111
111



Xiv

7.4

7.5
7.6

H\E

8.1
8.2

8.3

8.4

8.5
8.6

BhE
9.1
9.2

9.3

9.4

Hx

MBR . 129
741 EMBREMEE ... 129
74.2 JEAIFEEMIER .. ... 131
INGE 136
B BIFRER . 136
— X HE 141
TENL 141
FEHSCIIIRR R S . 141
8.2.1 HMEWEEE . 142
8.2.2 MBEHME . . ... 143
8.2.3 MERVELAIRCE . ... .. 145

SAHMET . ..., 145

Top-k . . . . 145

TRFHLICe . . . 147

FN ., 147
824 MEHERE . . ... 148
FEMmERIRIE . 149
83.1 AMmHE . ... 149

S 2 150

SAHTIER . . ., 151

AN ., 151

HEHERE . . ., 152
83.2 MME .. 152

S 2 153
FREEHE . . 153
841 HEERME . ... 154
84.2 BAHTHER . . . . ... 158
843 B 158
INGE o 158
B BITRER .. 159
P 163
151751 163
BRB/INTTE .. . 164
9.2.1 MEBHEREIMERE . .. . 165
MO 166
9.3.1 WREIBEHET . ... ... 167
PREZOOHE L 169



Hx

9.4.1 FRAREEEINIE ... ..
942 BMHENMEHER .. ...,
9.5 FMIFBITFRER . ...
E I CHE, IR, B HE
10.1 T .
102 ZWHME L
10.2.10 IR L
10.2.2 BIROBERE . . . ...
10.2.3 A ..
10.24 HESFE ..o
10.2.5 B
10.3 F|WAREEHE . . ..
1031 A ..
1032 BFF .
10.3.3 B . L
10.3.4 FEFHMRIE .. . .
10.3.5 F|IACBMERIGZ . . . . .
104 BOXHE © .,
1041 TEX .« .o
1042 BHFEANKBGE . . . ...
10.4.3 FEFHMRAES .. ..
10.4.4 BEH L
104.5 MBR . . .
10.5 NGE L
10.6 BYSE:BIFRER . . . . .
B—w B
LLL MY .
11.2 FURSEL ...
113 fERRGRIRIX . .
1.4 RFNERNF . . .
115 SEEBAS . .
11.6 SERBAF ..
117 WEPESEIBAS oo

11.8 B IFREE . . . .

XV

169
173
174

177
177
177
178
180
181
182
183
185
186
187
188
192
194
195
196
196
196
197
197
200
200



xvi

i3 |
12,1 A .
12.2 “XEEHLHIRBNER . oo
12.3 BUFEFIR .
12.4 WEEHFA] ...
12,5 AEESIR ...
12.6 FHERE . .
12.6.1 A ...
12.6.2 MHIBR . . . . .
12.6.3 RBERERME . . . .
12.6.4 JEFE ...
12.6.5 BENLUAIR] . . . . .
12.7 S BIFRRERE . . o

=% PuEHbEmIEEHDT

13.1 BOEHER ...,
13.1.1 X9y .,
13.1.2 JEHIHERE ..
13.1.3 PREEOMT . .
SEBIETE S . o

13.1.4 508 .
WERBI

13.1.5 BOEHEE SR .o
13.2 FFHET ...
13.2.0 VAFE .o
13.2.2 PEEEONT . .
13.2.3 B .
13.2.4 JFEHOAFEHERE .. .o
1325 BRAHARE . ...
13.2.6 HIEME AR ..o
13.3 FATRLER
13.4 INGE
13.5 MESBITFRRERE . . . .

HHuE MR
141 kEBEREL . o
14.2 TR L,
14.2.1 THEBER ..
14.3 AREAE . . .



Hx

14.
14.
14.

14.

4 BRTREIIR . .o
5OFEMFHRIEER
6 MRIVIEZR . .
14.6.1 IR, BEMAER ...
= S
JNERGRIEE . ..
BREGERRT . . ..
WVCECESEIRWEE .
BIKIEIRE ..,

TEZTE

14.6.2 TULEIE L
WBREGD . . ...
BOBERIIR . . ...,

14.6.3 IR . ...
BREATTFS . ..
TEMFEE ...
TMESRBITFRRE L L

Appendices

£LRRP I a2 SURBR ST

AVL B—hEBFI R R4
I WAGEREEZML ..
I WEANERCEETERE .
T MIBRETE ..
* BREGRMIRR . .
T mORMIBE ...
IV BIFRERE ..,
SHER

GNU Free Documentation License

N JU s W e

APPLICABILITY AND DEFINITIONS . . ... ... ... ... ....
VERBATIM COPYING . . . ... ... . o ..
COPYING IN QUANTITY . . . . o
MODIFICATIONS . . . . . s e
COMBINING DOCUMENTS . . . . .. ...
COLLECTIONS OF DOCUMENTS . . . ... ... ... ........
AGGREGATION WITH INDEPENDENT WORKS . ... .......

xvii

289
290
293
293
294
296
298
302
305
310
316
316
320
321
323
326
329

341

351
351
352
355
355
357
360

363



xviii H %

8. TRANSLATION
9. TERMINATION
10. FUTURE REVISIONS OF THIS LICENSE . . . .. ... ... .... 392
11. RELICENSING
ADDENDUM: How to use this License for your documents



H— HlER

1.1 fa4r

GRS e B BRI ARG, N ] LB R R AIE TR
wavo BAHER 2 —HESHF XK, SNFERITH —MTF RS XM
TEHAE A A B, B RR/NZ AR, B & EAE MR ATE, S8R, 517K
RNTEFICHE, AT AREIR ANAFTTTER. B 1A AMKE AR P IR TR,
Rl R AE RIS D, FIRA SRR T HH R R EHIEE B N TEg
HEEW (map), I8 (filter), BN (fold) FRIENIRE, Al DIPHEIX — 5, EENE
—EITA R,

1.2 EX

FIZR AR GER, 2 — I BIREEE, g Oy — MIREE b=, Il
[] B0 NIL; 8RB E — D&M —DHIR, B T — i T 51 R,
BT REEWEY, — TR (WFRE key) FI— DN FFIR, faAITFIRNS | HIE T
MPE nexto fefa— N1 RHBIFHIER I,

B 1.1 BT RIS

AT RE LR N — AL, B 2d81 NIL, @ % 2 &8sst e X
HIE, piln:

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

REBREIEINTE SR 5 NIL MBS, FEENFR R T IR R E 5K —Fh
B NIL(8E null B¢ @) ; 5 — M eI — IR, EAEAERTITR, 08 [ 1. 15

MEHE KSR, lambda SRR RAVEN R SSR A 0 10,
PZEIEOUR, FIRPITEE BRI, FHLEIRE (U0 Lisp) SR SR RIEHERAIFR,

1




FHoE AR

\V]

KL, 5 A S N, H [ ] MRZEIELNAT,

1.2.1 5@

HE—MEEHIR X, BATE XA REC R AERBELE TR A%, B
BEMARA first X F rest X, BUE head X M tail X*s k2, FlTA]AMN—DIT
£ o fFIER 2s(AAZ)MEHE S — 1R, I8N vrse X—1EdFEWI/E cons, F&
AW RAR:

(1.1)

tail (x:xs) =uxs

{head (r:xs) ==

BT 2 RE DR, A X FRFRVIR, B X = (21,20, 23, ..,

X/ = [.’1)2,.’1}3, ---]o
23] 1.2

L NTFIERFAN A WIFIER, GERRESHIMETNDNITR =,y € A BEMHE, &
N ANEIERAIT AR Z AR,

1.2.2  FIRIIEA R

ARFETE S, BATTR] POB I HTH BRI : 5IRAKEN 0, MARSIRATK
JERPREEH — IR AR KM —,

length [] = 0

(1.2)
length (z:xs) = 1+ length xs

NTHERKE, BIOIMKEIREIYER, HNRASRER O(n), i n ZITED

B N TR E I, BATTA] DURF R AR B R — DA, FRAE s BRoc 3R 58
WX —22 &, MHEHEKEREASE:

1: function LENGTH(X)

2 n <0
3: while X # NIL do
4 n<n+1
5 X «+ NEXT(X)

6: return n

FEAFILMETRIERIE IR, BAMER | X| RFRIIER X K,

SAPEEKELIEIA f(x) 2N f =, ZUE f(z,y,....,2) BN fry .. 2
£ Lisp P, TSR R, BAEMAHR car 1 cdr F AR MIHLER P27 17 e 107)




1.2 EX 3

1.2.3 %35l

B SR LR BON RIBEN LT MR AL ¢« T3, EEIRFERE ¢ DA RERIX
TCRFTEM Ee N T N—DEBFIRAFRIES @ TITR, % @ N 0, &R NHIRAILER
TLER; BN, SR N FHIERARIES i — 1 PR,

) {z =0: =z
getAt i (z:xs) = (1.3)
1#0: getAt (i—1) xs
BATHOEIRA L IR IE DL WREN [ ], TR RARE L, @ B
AT EARE o 5 i > | X |, JBIE I, BN VIS HIRAE @ — | X | DM
BHE. )7, 4 i < 0, WEB— RIS EERE 0, RNV S HIRH
HAMRGIM BB, HTHRERHE « &, RIIFENNRIEREN O@), Nz
pIpNAiNjeS vk
1: function GET-AT(i, X)
2: while 7 #£ 0 do

3: X « NEXT(X) > X = NIL [
2 ii—1
5: return FIRST(X)

#:3] 1.3

1. 18 GET-AT(i, X) HIERSEIA, X AT REFE? ¢ MBI SERE?

1.2.4 KREicE

FEE—XF first /rest XHRAVIRLE FRA last /init AT FIEZFHIFR X = (21, 29, ..., 2],
B8 last SRIERIETEE o, T init JEETFHE [0, 22,0 1]o EAAXPIRHRAESE
AR, H last/init 752 51K, KM LM RIE, 2RISR X RIRETTRI,
WRINEREH —DITR (2], W 2y SURARETTER; BN, BRI FHIR X FIRE
ﬁ%o

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

R, SRIPRZREITRI FHIRM, (RVIRAEE IR (1], SRN
2 [ AN, GBI AR X7 FRIER R B TT R AIRIRER ), RIERF 2y BEANTE
ﬁﬁﬁo

init [x] = []

(1.5)
init (x:xs) = x:init xs
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last /init # A LEBFIRIEN, ZEN [ ] I, TTRBRE XK, NHEZHM
ARSI,
1: function LAST(X)
2 x < 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 A NIL B HS
10: X' + Cons(FIrsT(X), X')

11: X < REST(X)

12: return REVERSE(X")

X—RE— 1A AT, — @ cons B init IR, [HRIXFEFAERFIR
SB[ R 7R ERE Al SRR 0 ok (2R 1.3.2719),

1.2.5 RI&R5|

last JERART K —FRiBl, BH—RREVEAZIRBENRHRIEELES @ TR, &
ELRZAY BRI IR 88— ORI R n, 55 UK n —i — 1 PILR:

lastAt i X = getAt (| X|—i—1) L (1.6)

B fRIERAE N EE p R0 po, BEATHEEE i 20, BD rest’(py) = pi, HH
rest'(py) FRBEEHATEREL rest I i R, WHLZVE, M po BB @ PERATENX pio po
—FHiBFEMBERASLES, ARG RN ARSI EA], S p, FIATERER, NS
pe TREFFEIAEIECE « NTR, B2 TIX—75k BT pi,p EH—IMEO, X—
TIERRER SN E 1,

1: function LAST-AT(7, X)

2 p+— X

3: while ¢ > 0 do

4 X < REST(X) > RN
5 1+1—1

@

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

9: return FIRST(p)
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p2 pl

e \

MR I e I e Sl

(a) po THHAMHERIZRSL, EfEfEE p1 )5, B @ 2

p2 pl

/ \

|x[1]||—>|x[2]||—> —>—> —>

(b) % py FEAREEM, py WIFEFIMERCE | PR,
1.2: WHEEHEH —NMEshE D

Al pR BRI AN RE BLRE TR SR, AT AFIIES X = [21, 29, ..., ) T
Y = [z, Tig1,y o, ), P Y BERZERT i — 1 DTEENTYIR, R Y PEE—
NIERE [x,], MEIECEE « DTRERLZE X L o &N, FATFERMN X f1 Y HEE
F—PILE, REXN X /Y’ 1EH,

lastAt i X = slide X (drop i X) (1.7)
HAREL slide X Y RN EFWRNFIREISLER:

slide (z:xs) [y] = =«
slide (xz:xs) (y:ys) = slide xs ys

BRI drop m X EFHIER X HHIRT m IR, TATTAI DOBEE ATRE m 2500

drop 0 zs = xs
dropm|[] = [] (1.9)
drop m (x:xs) = drop (m—1) zs
%> 1.4

1. & Inir B, BRI LA APPEND(X', FIRsT(X)) R H# cons 47
2. TE LAsT-AT BIEM, (AR5 AT A A 0 ?
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1.2.6 WX

SRR AR AN, T ST R, L R GRS SCELIN BT 21 3R, TR
FIRAREE (persist) AN, FFAEIE 2RI BRI 46511 % (1, 55 2 &),

am

ISR append, ‘BRI cons X5, cons FEFEKIEM, append TEREIE A, Kt
HIEAARAE snoc (B cons RIS KPHE ), BT ZiwEIFIRER, i AHE 2 E
O(n), Hrh n BHIRIKE, 9T 8% R i, BATAT LUK R ERAL B A7 ok, Rl
BHNRZNHATE R, MZBHIREIN 2, RN [2]; T, R o BINEFFIRARE,

append [z = [z]

(1.10)
append (y:ys) x = 1y :append ys x

PUPVA:SpE RV SIL I
1: function APPEND(X, x)
2: if X = NIL then
3: return CoNs(z, NIL)
2 H+X > PRAFRK
5: while REST(X) # NIL do
6: X < REST(X)
7: REST(X) < Cons(z, NIL)
8: return H

BEHT ReEsT B FREE LI next 5IANKE, 0 FHEAIEFR:

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

23] 1.5

1. FEFIRAYE L — DR AR & tail, RSN EIR LA H B A,
2. fAIE RO tail 28?2 XPEREATRNN?
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ek

I get At 2300, TATF BN RNF R PR ENE MBSO R, X setAt iz X
R =0, BERIELHITER, &8N o X/ G0, BB 5% X s
i—1 &,

setAt 0 x (y:ys) = x:ys (1.11)
setAt i x (y:ys) = y:setAt (i—1)xys .

X—HERNEE A O>), H i BEBBHIAE,

3] 1.6
1. fF setAt W, QAR Ab FRZS B R AR AL 5 150 2

A

FIRIBAB AR E S — DRI EMEHmA—NITE, 12N insert i z X,
HASCHIM set At 2K0L; 50— & LRECFHIRFEA DR, #R4RIIRREF
o A TIHATTR =, FEICHTE ¢ DRKBAME. REH « MESFHIREE—
ANFBNER, AR ¢ DITRBEEER, & i = 0, AL T cons, RN z:X;
A BT« FHABFHIER X7 B 0 — 1 MLE, R FESKE TR NIRRT,

nsert 0 x ys = x:ys (1.12)
insert i x (y:ys) = y:insert (i—1) x ys

4 ¢ I AIERAR RS, BATRT DU AL RSN, WA SR8, N2 MM AIE
SCER:

1: function INSERT(i, z, X)
2: if i = 0 then
3: return CoNs(z, X)
H+— X
p+— X
while ¢ > 0 and X # NIL do
p+— X
X + REST(X)
14—1—1

10: REST(p) < CoONs(z, X)
11: return H
WRHNER X = [21, 29,0, v,) BFF, BINEMANE 1 <i<j<n, B 2 <zj0 X
B < B9& RN, e r] DRERIEE PRI AR, g > (Bp) . EEarEE xR
55 M 0 FFA,
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E, BATTARH— N, 18HCE « A X BIIRMARET. £ X NBsH

r/NT X BSKERTER, RN o X SN BA TR TR « AR TR X H,
insert x [| = [x]

r<y: x:9:ys (1.13)

EHM oy insert x ys

insert x (y:ys) = {
HT 2B —HBOTR, AN EEZEN O(n), Hrf n B, XVATIEASE
PR :

1: function INSERT(z, X)
2: if X = NIL 8 » < FIRST(X) then

3: return CoNs(z, X)

4: H+ X

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

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

8: return H

AR N IRAE, BATTAT DASEIE AHEF - B— R TR gl AR — P asa&
Ho T RIEE AR MR, BT DOX—HF R E 2R O(n?),

sort [| = []

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

IR MNMBINRIR eI IR, ARG IEEE — NI ERILF A BATA]
PATHBRET, S —MEARTR R — MR TR P im A B 45 R

(1.14)

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

TENEIA R HHEATINZI, 25 RVIRE 2 E P, MNEIFSEIAREL, BT TE — DA

[ - B WA AL FRAIER, a5 e A B, BT R  RIE a7 1.2 7 b itk
RAFTEBRIX — 5. % 3 BRI i AT, iEPERE A F L.

3] 1.7

1 Sl ARCE RS, R AL AR AL,
2. PSRRI, AN E  JFRIATA TR TR A ESS— MIE,
3. REER/NT < HESEEAHEF
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TR

FOFR AL, MR LA PR E S — AR ETEE N BMFRITER delAt @ X; 55 —Hf
RELINMEFMER delete = Xo N THIBRAIE ¢ KT, BATEICRHTE « DEEH
P E, RJEEEE — IR, BRRM O ERZER, HHIER X =[], WERN [ &
i = 0, BBRATZSLHRITR, 455800 X7 BN, 3BT FH1% X7 kRS i — 1
TLR, RJA R RPN ZEL BRI E R

delAti[] = []
delAt 0 (z:xs) = xs (1.15)
delAt i (v:xs) = x:delAt (i —1) zs

T FRERE ¢ DHATMER, X—BERNNRERERN O(i), NHZMHMAIENR
pip
1: function DEL-AT(i, X)
2 S + Cons(L, X) > FBN R
3: p+ S
4: while 7 > 0 H X # NIL do
5 141—1
6 p+— X
7 X < REST(X)

&  if X # NIL then
9: REST(p) - REST(X)

10: return REST(S)

N T R FHE LI AL B, A5 I A R— BT R S, B E — MRARIE L,
Fam X, (A S, FATAT AL 2 HPIRR X A B9 A, EdE sk . e S 5
MEVER P ENGETIRE], HEFF S BS,

“ERRIFMIBR” AT DABE— 240 7 AP L — R 2 (EE S — D A T R I
THIER; 5 Ah—F @R BN G5 TR e R TR 2 E MR, 58 En—, WATES,
SEHIR X MIBR o N RS, WSSy [ ]; A0, FEBER S o, S, T
RN X ERIAFET o, MR R, FIBAHAE X7 FPHER 2.

delete x [] = []
delete z (y:ys) = {x B (1.16)
r#y: y:delete x ys

75 il P 51 3% A R BR TR, IR — BRI E IR EN O(n), Hf n N

J& o EIRASEIRA, RAURIATT DARE FI B 1Y ROR i LiZ 8 :
1: function DELETE(z, X)
2: S < Cons(L, X)
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p+— X

while X # NIL H FirsT(X) # x do
p+— X
X + REsT(X)

if X # NIL then

8 REST(p) < REST(X)

N

9: return REST(S)

3] 1.8

L B RRREE TS ER A TTRMER.
2. WA RIMBRETE, BUERG: B S R A TCR R L RAT s — ML E,

U 77

HERE R ISR E R 3 — =, IRhnE R mg| R ES A — 1N eE, miERE 5|
RETBMAZANICE, HURIES Z RESIRIZEE, BRI E M RES NIRRT
2

XH#[] = X
X # (y:ys) = append X y -+ ys

IXANSEIEERE X MY I, BN SR BRI R 5, SRR Y] IRe SN
FEZERN O(X |+ (| X+ 1) + ... + (I X]| +|Y]) = O(X||[Y]| + |Y|?)o FIEFEFEIRIE
cons MYIHREARR CEEUN[A), FATAT DARTRER] X WU, REHEHES] vV, & X N7,
ZERN Y BN BAPEFHIR XM Y JEREER, B o, B2, 558, 4 Y
NI, BATEFIED, TLABERIRE X /EREER:

(1.17)

[|#+Y =Y
X4[] = X (1.18)
(x:zs) #Y = z:(zsHY)

BOEMEE R — R X, RIERKHEEEHES Y, EREN O(X|). TEmLX
IR, I A RS [, AT CASER RS BN [A) A e e (AT ST, REIAYIAR
SR EEER S :

1: function CoNCAT(X,Y)
2 if X = NIL then

3: return Y

4: if Y = NIL then

5 return X

6 H+ X
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7: while REST(X) # NIL do

8 X < REST(X)
9: REST(X) < Y

10: return H

1.2.7 5

AT W FEIURYRPEFIMGH, eMEE LR RS, E551.57H,
AW AT THATRIR, EHPIRI=S, WFDY 0; &, FIRFAAE —NITR
N _ERIZRTCRAIFN, SRR GE ] B LR i By ik, BMZEREN 0, & X5
RABLN 1,

sum[] = 0 product [|] = 1

1.19
sum (x:xs) = x+sumaxs  product(x:xs) = x-product xs (1.19)

P RIRER TR 2 B IR, EIREN O(n), H n WK, SRHNL SKALER M
AR, BATA] POR SN BB, SRR A 0 JT46 R, B —RoT
RIMBNGER Lo SRR 1 JFER 8RR, B—RT=REISHR o RRIERRE O 3551
RNaS, IR AL ARG R; S, B RSLTTR, HH AL, RIGAREA0 B
RN, NHGERF KA RTH R

sum’ a ] = a prod a|] = a

sum’ a (z:xs) = sum (x+a)xzs  prod a (z:xs) = prod (z-a) xzs
(1.20)

LEFNER, FATRL 0 NBEFVERIGETEIH sum/, DA 1 NEFELEIA prod
sum xs = sum’ 0 s product xs = prod’ 1 s (1.21)
Bl AT AT
sum = sum’ 0 product = prod’ 1

FIE{E R B 25 4%/K (Schonfinkel, 1889 - 1942) 1£ 1924 £E4RHIM, WEHT 7 /R-F B
18 1958 EJaT T2 1], B _JTHREL f(z,y), WRAEAN =, EEER AN — KT
y B—JCRE g(y) = f(a,y), IBH g = f o HE BNZICEREL f(2,v, ..., 2), BITKIK
BENSEL, AT DN — RINREL: f, f 2, f © y, ..o TATFRXAER RS AT AL, &
Al A Z TR B A — BB — TR B B £ (2,9, 00 2) = F(2) (). (2) = f 2y . 20

FRHEMEE, HENFZNMNERS, 7 B R IEKP LR, RS T,
FrE IRSEAERISE BN o) BN, EFAH BIANEEHEIE R TR, XA
AIE— A NIEIR, BAIPRIZAERTRRECY “ B )" (BRI A”) , FRIZFHERE)
AIRAL I R IFAAL” 01 B4 S8 S, TEIX SRR I8 I3 R AR TR B, R A1
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AT DA AR = PERE, i o0 F T ) RS A T Al Ak T o 7E381.2.6 19 5K T4l
ANHERFHIER 3, HOEIHSEI MR T ZE X TE R HER . TR AT DUR H e oh B3 I -

sort' a[] = a

(1.22)
sort' a (x:xs) = sort' (insert x a) xs
AR ] DUE SONEE A [ ] E NS Aa E R AT 3
sort = sort’ [ ] (1.23)

PEN R A A BRI 7, Fedl 198 B an el @t 5 on (199116 715, ) S EAERY
TR 1 FHAEE R, b 3 n (R, X2 O(n) WNARTTT:
function Pow(b,n)
<1

1:
2

3: loop n X
4 T x-b
5

return z
FIEIE 08 (IR, ERBRIRLLRIRIGEN, Al DIRE] = b* IG5, 1T,
BAICFEA o LA o 158 03, TLNERERUGELL b2, NSRS vt A5 FHREETT, Bl
AIDURE] (b1)% = b8, IXFERSE HEAEIR 3 IR, TAZ 8 (Ko # n W8I HN 2 RYREEUR
B, Bl n = 2m, e m ZARGUREL, BATRT DU N HEAY T IEBRIET 5 o

Bo= b
o= (b3)?

HREIX— 1 HME, TATIAT LUK n 4 BUE R AR n =0, EX W0 = 1;
A on NIREL R n B, e b SR EPREE ST T 6 0 IR DN 0 — 1 218
B ATDUEEAT R or ! RIGFRREEE SRR Do

o= 1
. 2n:  (b%)? (1.24)
U R

B2, 38 SRR MICIR BRI I ik, FATA] DIRRRECE 77, 25
Refe B+

o= 1
o 2ln:  (bH)3E (1.25)
A0 bepnt

S IX— B, BT AR RIR B i, FTEEFK 07 = pow(b,n, 1) 1
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B,
pow(b,0,a) = a
n
2ln:  pow(b?, =, a 1.26
A0 pow(b,n — 1,ab)

X—TTTERIMERE O(gn)o BATER] DAGRLRNCHE, WNIRAG n SRR — BEHI£X
N = (Qm@m_1...a100)2, WF a; = 1, RANERHHABE, FEIE 0¥ R I HER
TROURZEML (B8 10 TET5 10.2), HArE AN 1 RIHRE L, B RFEE L
FlRIEHIEE R BN, 8 o' B, 11 HREERDY 11 = (1011), = 23 42+ 1, HlilE
b= b x b? x bo FRATTATLAEIS LA RGBT 5

1. 8 b, 18 b;

2. NX—EEFEMmEE] 025

3. K5 2 HIUEERTTT, MTifFE] v2°;
4. K5 3 BRI, 158 b2,

&G, BATESE 1.2, FI%E 4 PR RFKR—E, 1558 o', L4 L, BAInT ASGHEan
T

pow(b,0,a) = a
n
2n:  pow(b?, 2> a) (1.27)

BN pow(b?, LgJ,ab)

pow(b,n,a) = {

R—BIEAR LUK n MG — D ZHSIAL GRIERE n BREL 2), SR
(LSB: Least Significant Bit) 4 0,n 8% B HGIRECE 77, 480, TR R
PEER a0 XN EEIGITFRIEE 3 24557 LSB N 1, n NATEL BRTHIRECETT, B2
B o FBBERGER o B8 n 0 N, FATELAESE n PRIFTELL, RALERite R
BUE a0 TEAEATIN B, SEHTAIIREL b, ALISHIFEE n/, FIRFIEER o SR ARSI
bt = a(b)" o BERIAISEEEY n A SN, SUCRK B — 55 0 B EOHAT A0 X —2)
BERERERRE n P B n B ERIFOREAE m AL, X—RIERTRE m 8. SR
HIRERN O(lgn)o AT —FIEN LI ENES,

[EIZISRAN, KA, FEIRARSEBLA, AT —3im , —1 W A ek R g,

1: function SuM(X)

2 540

3: while X # NIL do

4 s < s+ FIrsT(X)
5 X + REST(X)
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6: return s

7. function ProDUCT(X)

8: p+1

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

AIFSRIRIE, JATA] DO I SR SEBOMIEHE 75 Kt n! = product [1..n]o

1.2.8 e AfERIE/IME

ERARS A IRIIER I TT R AIHEAT LLER, MITFAE R, /ME. max / min AJHHE
LERIMIR) PR A —DTCR (2], RN ay; BN, 3BT HAE 518 TR
B/ME, FHFMFSLTTR BTG RIRE LS R,

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

. r<min zs: x T >max TSs: T
min (z:zs) = max (x:xs) =

I min zs A0 max s
(1.28)
XA SEIER A T EACBR, FRATTAT DORF AR g R, XA B e T 18
27 REBERE ), BIAEARTIN iz, ARG SR AR 2 CACERE 7 R BB, B/ IMEL BA min 29

min’ a[] = a
, r<a: min' zzs (1.29)
min’ a (z:xs) =
A min' a xs

5 sum! /prod’ REl, BATIAREER min’ / max’ & AN—"HEEEEIAE, FRAEME
A oo (RTEALTED) :

min = min’ oo max = max’ —oo
FRIIRA, /MECOHESIIRAE X, 7] PR SLTTREA BN REIRE:
min (z:zs) = min’ x xs max (z:xs) = max’ = s (1.30)

J23B AR B R B/ IME SRR AT DOE— DA OIER B, Bl igid Max BA MiN
Kyl
1: function MIN(X)
2: m + FIRST(X)
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3: X < REST(X)

4: while X # NIL do

5: if FIRST(X) < m then
6: m < FIRST(X)

7: X < REST(X)

8: return m

A —RhRIZIHSEEL, AT AR RSO RMEA RS, BN, | ToIRh 20 H
PTER, BAMHREH AT LR, 2371, RERSUEERIRAITR, P min N
{51, max HYSEILS HASFR,

min [z] = =z
) x1 < 2y: min (z1:28) (1.31)
min (z1:29:28) =
A0 min (z9:75)
%3 1.9

1. S EZEIIFSEI length
2. RIS SIS AHE T
3. R n BZHERITE R, SCELR on PRETHE, IS E4E N O(lgn)

1.3 7%

MREEERI T, A RORE R — R ERERIREEH, U TTR; 7
— R R BNREER, AL Hah RS R A R, Rl BATIFRER RS R A 2L i
Wt

1.3.1 B
AT — 2L FRIN B, 55— MK — F BB AR BT 1T
04 [3, 1, 2, 4, 5] BHN [“three”, “one”, “two”, “four”, “five”]o

toStr [| = ]

(1.32)
toStr (x:xs) = (str x):toStr xs

BRI TRR T IR, FE— Dy, G5 T, e E 76
734, Bl :

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

[zero, zoo, ...]]
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T RBANE B — B &, FlnEFEMID), St RIRAEH AT HIRE:

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

PR BRATZ LR, X R R E A, IR B A B IR 27 Fn 45 02 —
ARSI, KB BRIREGR RS B B T RAT R Z I —D, P [a, but,
can, ...Jo BMNFERI—MERF, F—HHiR B RIFI R LK — B IA 5]
Ko BIUE L — DAL, 152 — A /BN HIR, $RH B UuR 2 B BA, AR
Hery, AR B SIRERR R max By emp xs, HHA emp BRI L RIEL,

maxBy emp [x] = x
emp x1 x2 1 maxBy emp (x9:xs) (1.33)
maxBy emp (r1:x9:28) =
A maxBy cmp (x1:x5)

XT—XME p = (a,b), FATE SEHBIEEL:

{fst (a,b) = a (1.34)
snd (a,b) = b
TE SCERTR] JIREON I EL B PR 2

less p1 po = snd p1 < snd py (1.35)

¥ less &\ max By FnT % H HERREE 2 09 B R (Ff B4 ) : max” = max By less,
&Ja, VA max” ACHBIRS 1R :
solve [| = [] (1.36)
solve (z:xs) = (fst (max” x)): solve xs
RE RN FEANF], solve T toStr ML RIFERI T BEEH . BATFIXFERIEEAS
IR B — WU,
map f[] = []
map f (x:xs) = (f z):map f xs
map FEZ—NEE [ ENSE, RIERHNHEPRFENTER b AR
HERBIE N BN RRRECY ‘G, W f Ay A — B, BIHERA A
HITTERME KA B TR, M map BB

(1.37)

map :: (A — B) — [A] — [B] (1.38)

B map B2 — LR A — B IIREL RIER— DAY [A] BIFIRZ i
NH—DFAy [B] WK, L pe B~ a] DA A SR & SCan s (R AL -
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toStr = map str

solve = map (fst o max”)

HA fog FoRMBALE, CE RN g, RIGES S £, B (fog) = =
Flg(x))oBE f1EFT g 2 FRATHLAT DAMGE e A A R B, BR% y = f ()
EXT—MINEE X PR ¢ SIS Y HITE ¢ MG

Y ={f(z)|z € X} (1.39)

SRR A S AR “FME — 245/ AR (FIFR ZF Rk
)07, REZAMET, T2 LRMIIE X E51% v OB Y = [f()lr < X],
TS A, AT S R T2, FIR ZF SRR TR, &
SN T B (BT, Tl A el RIS, TR AR 0]
HI%, 7 T —RETHETIRRAL perm X r, FIREMCIEN n BOBIEE X At » 102
M4 HRHER, — 45 Pr— — " FUREHES,

(n—r)!

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

]
(1.40)
nERIEH 0 DITRAS, SBIERFTTRIDEUNT r, HEFIEER N ZHIRIFIE (|
115 S, BAE—BULAIR PN IR o, BITHMFEERE n — 1 DITRPERE - - 1
MTEERAA, RIEFE o BTSRRI,
N RS BREACSEEL, ARSI 17— Ml R
1: function MAP(f, X)
2 X'« Cons(L, NIL) > FBNT R
3: p+— X'
4: while X # NIL do
5: x < FIRST(X)
6: X <+ REST(X)
7: REST(p) - CONs(f(x), NIL)
8: p < REST(p)

9: return REST(X) > RFEHBIT R
FEAE BN AR EZR I ER PR IR, MAFREEFISIR, BT
EN—MAIRARIE N ITR:
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4 X + REST(X)

W, TAEELNE NI P, REEIYIR, K P MAZEIENITE L
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1: function FOrR-EACH(P, X)
2 while X # NIL do

3: P(FIRsST(X))

4 X < REST(X)

TERBIF, BATEE — R AT BE O B BA n 24T, BRI, AT
7 NEBIERE n R,

L. RKATERIATERTIT
2. AN 2.4.6- mATHIT R, QERATRZERY, WK anRIE KR, W5 5
3. B=MT, h— U001, 8 3.6.9- (LB _ERYAT IR RS DTS ;

EJa—iRINE, RARG—aAT (5 n 22) R XBAREN, R&E LRI 2%
2

JeE R A 5T 28R, T n AR5 001 By, Hirb 0 FORMEK, 1 R
RIS THIBIN, KTHRZKHY [0, 0, ..., 0] RATH SN 1 2 n, RIGWRE R — KT (i,
5/ K) WIFIER:

lights = map (i — (i,0)) [1,2,...,n]

X BRI D SHEON N E] 0 b, 5RO —IIER, B ITRE—AME: L =
[(1,0),(2,0), ..., (n, 0)]c RFENHRIEX—HITR n R £ @ RFMEH, B— AR
{8, MFRITHIG SREBL @ BEBR, TATHURFIRERIF, BE1-0=1H 1-1=0, 37
AR IR o« BITHRSEIN 1 — 2o NTAT (4, 2), 4 il (B j mod i = 0), ilEHEL
KTHOIRA, AN sEBkE A AR,

switch i (j,x)) = jmedi=0: (j,1-a) (1.41)
UK (J,2)

MNETELTHIEE @ AR MU SN : map (switch i) Lo XBEAEH T switch 1Y
MR, K, B X —DERE op, EEHITA L WIS n R, EHEN:
op[1,2,....,n] Lo

op[]L = L
(1.42)
op (izis) L = opis (map (switch i) L)
o, FEAMER S — TR B IERS EIR AN E R,
solve n = sum (map snd (op [1,2,...,n] lights)) (1.43)

NETHY Haskell Bl 7R S2H 11X — 55 28815,
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solve = sumo (map snd) o proc where
lights = map (A1 — (i, 0)) [1..n]
proc n = operate [1..n] lights
operate [] xs = xs
operate (i:is) xs = operate is (map (switch i) xs)

switch i (j, x) = if j ‘'mod" i — 0 then (j, 1 - x) else (j, x)

BAIFHEATHIEE D 1.2, -+, 100 =N ZE OEIN 7#47) :

[1,1,1,

2,2,2,2,2,

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

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

5,5,5,5,5,5,5,5,5,5,5,
6,6,6,6,6,6,6,6,6,6,6,6,6,

TyT Ty Ty T, T, T, T, T,7,7,7,7,7,7,
8,8,8,8,8,8,8,8,8,8,8,38,38,8,8,8,8,
2,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10]

X —EE AR A A
o 3 SATAIN, SRS HARSEMIAT N 1 2%;
o 4 SATH) 8 AT, RIGIAE 2 2T RRM;
o 9 FATEN 15 AT, BRJEH 3 |ATR=A;

BRE, MATHIEE R 2 B (i + 1)2 — 1 B, BG2E @ sk 25mi, TATATA
UERIX—45ie:

UERA. 8 n KIS0 1 2 n, BEREETIRTRIIELT, HTRIG, FraT#HE K
{9, BATTA] DARRE , Belah & 8OO RNk i e 2 = e XS0 o HIKT, 45 @ ATEA
W 5 BBRGRA jl0), WATES j 42, ERIFRPEREN—IR FrbAATHIZR S 56 74K
NEF I, BE AR R A,

N T KRG, AT ERHE S A T8N E TR N TERE B R
n, 2 S N n KIFTERTRI%E G, S FHAIN o, % p N n BI— DT, MR IFE—
MEEEL g, 15 n = pgo WHLRVL ¢ H2 n FIRF, KL BAXY p # ¢ I, 117
BE S FEIMRDAFERIE T, X6 S| FEREE. FRAE p = ¢, I n L8R5
IR XN HEERIRE S I — DR, WS E A E T O

FRIEIX —£510, BATA] PUEIS TR n AR 2277 BOR s g X — @i,
solve(n) = [v/n] (1.44)
THE Haskell il FF2FHH 1.2, V100 BRATH RS R
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map (floor o sqrt) [1..100]

SR — MRS, EAURRT AR, tha] DA 2V 2 A UEs,
—ERMN S ARG TN . RERA W — D5, It B A 45
HOTE S, AT DAGE P BRSO

1.3.2 ¥

QAR P B/ N 22 [ S e — S B AT BE R — B AR MU H , 5 AT AR <5 T,
A —MA RIS : (1) 85 H—Dans A, (2) Baon g ; (3) KB I
I IR, ABIAMREN, N T REHIR X, 5 X N, RS RS B0,
B R AR X, RER S — DT RAINEI R &L,
reverse[] = [] (1.45)
reverse(r:xs) = append (reverse xs) x
BRI —TTERITEREAE, BRI HIZR A MR IITT R SUAR H & 7%
JER VTR, Al AR BRI 2, AT IE A — D B RI] e IR A S e
SR, FHEANTINRK BN EL reverse = reverse’ [ o
reverse’ a[] = a (1.46)
reverse’ a (z:xs) = reverse (r:a) xs
ANFETAERHRAN, cons & H BN T HRE, TATTANMT MSIRASLERZ — I TR,
RKH BT 2 RAVATT, XS TR ETTREAN—DHER, K5 R,
R _EIRERVEN I, Hh T RIS A Te R IC 5 b NSO, A 1] PLR HARM IR IE A
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

(R, X —BIRAE R T — DB RS RR, T ANRERAIR EEREES BA1HE R
REWEI EN X FHAOy s ES R i N Eifl 2R

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

}

#.3) 1.10
1. BE— 0 2 10 {CLANBIEL, JmtE i Oy 58S R, Bl 123 #4508 “one
hundred and twenty three”, QN5 A /NEGER 73 WE?
2. ERREEIANR [(k,v)] FIEH v HERKITE,

1.4 1A%

e m] DLpRigsth 7> BOESHIY) Fr, A3 BN 2w, RIMNX AR IER 2
LIRS TR

1.4.1 #HEL EF 2H

MAIRPECHAT n DITER, HETIREME 1 2% o DILRINFHIR:
sublist 1n Xo WIS n Ny 0 8% X = [ ], MITHIFNE; A0, BT X7 Y
ton — 1 NITEK, BRI KER TR B TRl

take 0 zs = []
taken [] = [] (1.47)
take n (x:xs) = x:take (n—1) xs

X—FIERIX A B DR a5 n > | X| B0 n RSB, A X A=
A FAE O, IR BIEE DRI NEE R, MIIRPEFFRT n DITR, FM T NEMZREL
FHNER sublist (n+1) | X| X, B | X| BYIRAKE, CRISKIIM take BAFRAY:

drop 0 xzs = xs
dropn[] = [] (1.48)
dropn (x:xs) = drop (n—1) xs

BAHEX ARSI (EAR TR S, (U B 77 50E, 7] DAESIRIE
(EIEVA=E S Ei=y NER R E

sublist from ent X = take ent (drop (from —1) X) (1.49)
FAM—HEEK, BB AR 32 5
slice from to X = drop (from — 1) (take to X) (1.50)

JAFHIE AR [from, to], WA, AT AT DATESRSE N B AR 70 H

splitAt i X = (take i X, drop i X) (1.51)
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%3 1.11
1. ¥ sublist 1 slice 5 MM BEAFER, £FE X 1EASELL

AR E 5

take/drop ¥EEBEE EFII N BATRT DA EY 8, R M2 pkaz, #A
WrE B E EFFTTER, RN take While/drop While, A TE— I EITLERZ &M B4 E 5
fF, WERANTH R, W= A TR ES 57, XA T T R iR BIA A AN

takeWhilep [] = []
: : take Whil 1.52
take While p ((L‘:(ES) = (p ) €T larelynue p xs ( )
A []

Hrh p BHIWEM ¥ p MHEI—NIEE L, SRBEBIREFERFF 2GR,
drop While FSZELZ XS FRIN :

dropWhilep [] = []
x):  dropWhile p xs 1.53
dropWhile p (z:xs) = (p ) P p (1.53)
A zixs

1.4.2 Yrfisgd

DI M A BRI SIR PRI TCR EHr ZHE R T 3%, Il — e ) — AT
XA, (AN R A LRI

o

G153 eI ABOA N2 —FREIRIY split, BATANZAEFEE BIN EARFHIRIITT, T2AE
BEFNTCRRE IR — M, IRIER AR KATR. VI RE—N AR, — 1
R KHIZR, 75— MLERIRAE . VoA MRS —FuZ i e &R R K T4
R SRR R SRR K THI3R, RTERN span, JGEFRN break,

spanp [] = ([],[])
. _ Jx): (z:as,bs) Hrh (as,bs) = span p xs (1.54)
span p (z:xs) =

B ([],2:2s)

HEEZMBOEHEAR, Bl DAL break p = span (=p)o span Fl break #h<F
W KRGS, — BT, ZISREIRE 77 T2 Span HUIEASEEL:
1: function SPAN(p, X)
2: A—X
3: tail + NIL
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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)

gl

span H1 break ¥HIRY) 73 HIRELSY, 3R HIFRPRITCR S T 513K, Bilan
R8BI+ 1 8, SRS ESAHR 71

g,r,oup “MlSSiSSippl” — [(LM”, “i”’ “SS”’ Lti”’ (LSS”’éLi”, “pp”’ Lti”]

A, SH—5EF: X = [15,9,0,12,11,7,10,5,6,13,1,4,8, 3,14, 2], {EES>
T4, AP RITRIZE FHEY

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

XA B A K OME. PR dE, ISR TSR R (38
6 &), AFFHIRAKB AT (55 13 2), BABEDAHSMFMFR BRI KR
~o BERTHKIMHLITR oy BE “FEN: 0 ~ yo FADEHIIER, BRLEH D
TLR. WHEN, S ENTE T —4,; TN oy 2ETHAS,

]
2]

{x ~y: (xiys)iyss, HH : (ys:yss) = group ~ (y:xs)

group ~ [] =[]
group ~ [z] = [[
group ~ (z:y:xs) =
BN [x]iysiyss
(1.55)
X—HIENN RS ZES O(n), Hi n Z2KE, WA UHIERR 77 XX —
ik, B X AR, BATEHERAENN [[21]]e RIGNE ZADTTEREFMAE T
2, FARSBRI A TCER S, BA TR 1 7 B TR G — 4, SRR elEt—
MH,
1: function GROUP(~, X)
2: if X = NIL then

3: return [[ |]

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

=
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o Gl

8: while X # NIL do

9: y < FIRST(X)

10: if x ~ y then

11: g < APPEND(g,¥)
12: else

13 g <[]

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

16: X + NEXT(X)

17: return G

ARG AppeND (%A RES | HIUL, IX—SSIRAYIN & 2% E 21BN O(n?),
WA, BT AR ArpEND HBUA CONS, i 53 4 eREL, AR 1 LY Bl R]
SEERR : group (=) “Mississippi” Fl group (>) Xo WATLAMHEH span RELI A, %
A=, span KR EIRLPIER 772 H 2 — 2 R R K FHI1ER, AT
FIRER D AWTHAT span ABRFEFTE LR, (HZIEAN span BIGRAFEREUZE —ITREL, M
T ER R IR AL, DU AR IX — R K — D n R AT H)
W PRESF [ E

group ~ [] = [[]]
group ~ (x:xs) = (x:as):group ~ bs,HH : (as,bs) = span (y — x ~y) s
(1.56)
EIRIX TR BT DA SR A RUAH Rl = B 7021, (HATASRE IE TR A B 42 P e 70
H: group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]], B —NILEE 15, E
WET > FEMBTEER, 15 BIIERFHRAITER, Fitt span EFIETTREBET as
W bs ES, IXFEANREEIR, MR IEWRIAT . RN HBOR T R’ SN TR
TEI—, TAE TR, SRR (~) S 20 e = MR : B AR R,

1. Bz ~ z;
2. Gk ~y,y ~ 2= 2~ 2
3. MRz ~y &y ~ 20

A “Mississippi” 74N, %S (=), LR =1EAERHE, 4 T IEEE R,
R R KR TETES O ERFMRARN, EEx T B RMERAFRE, K IeiEig i
W, B span SEIIYEE AN B, K& XRHDVE SRS ER, mE—D
SHBENTC RS, UG E AT MERTT R 2 S 50, X I R 2E55,

g3 1.12
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BIK take/drop, 4 n I take IRIA] | ], drop IR[EI2HFR,
SRR B Y take A drop Hi%,

SEHH takeWhile #1 dropWhile &2,

ZE N span B

- o=

spanp [ = ([,[])
' B (px): (v:as,bs), HH : (as,bs) = span(p, zs)
span p (r:xs) =

AN (as,x : bs)

ERBA AT 4 AT SCIA AR ?

1.5 &M

JLFATE AR BIEE A B RIS, IXAR— N6 RAEAR N R E
FIRABIAVE T, FATTR] DLRE SR IR S B o i R AOME S : NS, e B2 F
BRI ERRERE ), LB sum. product, sort, EATTERE S RIRIZERT : 51 N2
INFAUSEER, SRANMA 0 SKARIN Oy 10 HEFPINOY [ ] MRSLTRMIEALERIAT —Itia
B, SRFNREZ AN, SRR 2 AR, HEF I R AL i A BATTR S HIRIN R SRR
HIERIE - (RIE), ZITIsBEMRN oo T XU HEH:

h®z[] = =

(1.57)
h & z(xzs) = z&(h & zwxs)

BWANINE L = (21,29, .., ), WEISFRREIFUR:

h @® z [z, T2, ..., 2]
= 210 (h @ z[ry,x3,...,T5])
= xl@(xQ@(h D 2 [x37"'>xn]))

= 21D (@ (.(z,®h © 2[])...))

IXEEARGUR LY, E R H BT WA MG (e, @ 2), AW AN TE 2
210 JXFNE L 3BT R FAEL, H7 3 7T T ANARHI o ZAR BB A AR I 450 2 AE —
ERITHIRZ T &, AR K —R,

XL B AR T — DI, WO+ 8 e B R — R B B CORERTHR o7
Z bo BMIHIMGEEER 72 2. WO RIS FE M — ST 4a, AT —JeiétE, B2 AR
A B ERERAE D, KNS R BILMYGET B B AR R AR R AT,

SHIYFE reduce
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1.3: 75

sum [1,2,3,4,5]

2+ B+ (4+5))
2+(3+9)
(
1

2+ 12)

n
n
"
+14

1
1
1
1
1

5

product [1,2,3,4,5] =1x(2x (3 x (4 x5)))
=1x(2x(3x20))

=1x(2x60)
=1x120
=120
FARX— A BN, Rk, BT H RGN —umTFE, A TRHEICHN foldr:
foldr f z[] = =z (1.58)
foldr f z (x:xzs) = fax (foldr f z xs)
fEH foldr, KA1 KAIA] DUE AT
Soowi =x14 (a4 (T34 oo+ (Tt + 20))-) (1.59)
= foldr (+) 0 [x1,za, ..., Ty
[Tz =21 x (w2 X (T3 X oo + (Tt X Tn))...) (1.60)

= foldr (x) 1 [x1, 2, ..., 2]

HE G A RMTE R sum = foldr (+) 0 F1 product = foldr (x) 1. fHAHEF
BIERIE L sort = foldr insert | o

BATAT A foldr ¥4 RIBIH, B AR R, (B2 IR RN MG T
Mo BATRIHIEN foldl:

foldl f z[] = =z

(1.61)
foldl f z (z:xs) = foldl f (f zx) s
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PA sum R, 7] LB R B E B A A R

foldl (+
= foldl (+

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

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

B—HHEHIR T [ 2 x BHE, X2EMRER TR, BNERE I RIER
FIK [1,3,6,10,15], — MK, foldl AT LAUBIT A FHEIFIE R (REGE7) :

foldl & z [z1,29,...2,) =2P X1 P2 D ... By (1.62)

foldl TEREIEVANY, AT AR HSCBUNTERR, JEHMIE REDUCE,
1: function REDUCE(f, z, X)
2: while X # NIL do

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

foldr F1 foldl % BAHIEGHIN A5, BN ASRELIR, HIan, Feras
FEM—Im IS INTT R AR BATTEE SL—1 fromList BRIEL, IN—PF1ZRAL 2 A s (]
Hib):

fromList = foldr add &

Hrp o B3RS, BATFERA SR —MES, ELEERINTRITEREE
T TAE RN, tRABERIVIRFIF ORI, foldr H2—DHARNEEE, M
foldl WIF=A i HIFIER, TEIRASEIRN Y T ol e A, AT TA] PLYe R B6513%,
AT reduce #1E:
1: function REDUCE-RIGHT(f, z, X)
2: return REDUCE(f, z, REVERSE(X))

B NNABALTEFER foldl, RIVERREIEITN, RN i 2 LM a2 77,
H HICRAELR R, HAEETCF IR (RS MSRIESSED I, st GEM foldre &
R A2 R — N5 AR RN TR E T — DN ARSI, FFIREIET 10

8

take 10 (foldr (x xs — [z]:xs) [ ] [1,2,...])
= [[1], 2], [3], [4], 5], [6], [7], [8], [9], [10]]
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IXHEARER foldl, M EIKIEAZTEM, = AAAEA KB, BATHG—H
15 folde AFWMFEMFTE fold, M fold, KdJABMA L MIETTH, REAENE
R THIRN, (HEEIMHS MR A, Bn] AN EH e A&, FRATTAT DO
(1912.6 77) BAFIMIE B ARG EAT B i, HE e e PHEIXMN &I (D EXT
22 (BIAA=S) 5 (2) Al oI YA 54 (B An— PR AT o il T AT 2R Do AMTTiE—2
RIXEERE SR A B0, 2 -5F, ANEHEF,

TENBIF, BATRBWAA fold F1 map RMER n RIS, 1E75281%9, TRAT]
QT —PHIR, BNITRE A (4, 5), BETHFS ¢ AR s, B HRIE
WL AERKTHIE S 0 REBACE 5 BERR, mERHER AT BIRAS, IX—IdAERT DAM fold XL :

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

FHER AT HGZ K, BT EBRISIREM 1 2 n FUEEL BREL step B2
SR DRI S AR MR BAHE map KEHFITHPRE:

fold, (i L — map (switch i) L) [(1,0),(2,0),...,(n,0)] [1,2,...,n]

fold, MIEET BRI /MIRARA T, £ FHRA map MERHEFHREH
ARAS, T sum SRE TLRAT R AR

sum (map snd (fold, (i L — map (switch i) L) [(1,0),(2,0),...,(n,0)] [1,2,...,n]))
(1.63)
RILE fold F“+7 (851.2.679) fEFITE— 413 b, HA5 FAHY THR B THRIBR

— AN XA T AR :

concat = fold, (#) [ ] (1.64)
B0 : concat [[1],12,3,4],[5,6,7,8,9]] = [1,2,3,4,5,6,7,8,9]
3 1.13

- NTH foldr XN, BATRHEA R LI insert o X, XAEHEF AT
PAFRIR A 1 sort = foldr insert [ |o foldr HIZEALIN:

—_

foldr : (A— B — B)— B —[A] - B

HAPE— NS f MRBIR: A - B — B, 0IMRE » MEEDH B, BXITESK
RN A RBIERBTEN, BAEERINEAN B, WA foldl & SABANHEF?
foldl WIZRAIZ(T 4.2

2. concat W RIS Z8E 2472

3. W —TMEMEN B concat Hiko

4. HH foldr K& X mapo
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1.6 TRRAGIIE

RS IEA MR, AURTAIRR, el H T3 2N R XNTHIR, @
H R 2 DA EI AR

1.6.1 J8F

AR TCER 2 BB T AR X2 BATAT LOE ARG N IT R o AT EE,
FNIRNZ, M o RNFAE; BHRIGTRET o, WL, BN, @Ate s « 26ETF
ﬁ”%o

ac|] = False
b=a: True 1.65
ac((b:bs) = (1.65)
b#a: a€bs

X—FBRVEHIRAE elem, BAEN O(n), Hrb n BAIERKE, BMESIRAR, (594
TEIRERIE] O(gn). XZFINANRASHF BN M RIREHLYI B], TR R — 0 &
ROUEE 3 5,

1.6.2 il

HEFHRY B clom BIF, 1€ n SATHER, FRATH T B/ REFUZ [(k, 0)),
XTR A EHEAE, FRIE“RIRFIR, Bl BEE 5 s & i 2 = M A E,
lookup x [| = Nothing
k=ax: Just (k,v) (1.66)

lookup z ((k,v):kvs) =
k#x: lookup x kvs

A1 elem A, BATAPERINE = FAESE, BRI MAE, HTH# « HF
A=A, BAIGIA T “FIHE” B Maybe A, BEAMHORFEAIE: 2 A F9HE
MHE o B2, A1IEH Just a BU Nothing, X2 —FhfgR=S 5| FHEITTEET (14.2.2
o

1.6.3 EIRANLIE
BE—Y 8 lookup BI—RRIGHL, AR & THAME, MR & e —5%
FHITTER:
findp[] = Nothing
(pz): Justx (1.67)

EHM . find p s

find p (x:xs) = {

TRMT RIS Optional<A>,
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REFREA Z D ILR RS, find FIREIE—4, FATAI HEEY BAVEER
EEH R FAFRITR, X EEE RN, R 1L4FTR, HE X (ZF RIEH)
filter p X = [z|z + X, p xlo

i N —— filter p — &

L4: BN (21, 20, oy ], FOHE (2], ), o 20 o TR 1V, = p(2).

h m

M find AR, GEREHEMTTRBE ST, filter REIZEHIR, BT,

KEFNTE:
filter p [ =[]
{(p x): x: filter p xs (1.68)

filter p (x:xs) =
BN filter p xs

X—BIENG A EMESE R, EIERSEEH, 1R A AprrenD SRIIEEER, ke

= FFEE] O(n?), GRA Cons B, MR ZW K, AT AFHAT— IR N
) S 2 (2R > )

1: function FILTER(p, X)

2 X' + NIL

3: while X # NIL do

4 if p(FIrST(X)) then

5 X'« ApPEND(X’, FIRST(X)) > LRI R

6: L + REST(X)

MERAEBATIHHERIERERT DA foldr 2RE X, B HE f KESDICE, 1R
FFEEMFINIMBIEE R : f  as = if p x then z:as else as, BHIESM p 1B f,
HEH 3 NSECf pxaso ESGINEN FTHAL)

filter p = foldr (x as— f p z as) [ ] (1.69)
A] DUEE— 2 1 (FRAE n 284 (1)

filter p = foldr (f p) ] (1.70)
g — M EAH RS, AMUBRTFNR, AT DARHEA] AT 3k 7 Y S5 48 I A e

A, IS IR USSR 72

1.6.4 PUfig

VERC—RUR TR — D S — B RIMERE N FIFRM T &, DEECY 2
—NTZVIRARINE (8 14 B), BAMEBEREIR s BEHIESIR bs HHY
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A, X BEAPDREG: AW as G2 bs ATH. G span FHAFEHEDFRMAH
REKHISR, AR PIRTITEZR — R as. bs HEDNICR, H as 2 bs HIATE, IL9:

as C bs,

[]

bs = True
(azas) C [

-
C[] = False

1.71
a#b: False ( )

a=b: asCbs

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

HTH5R, AT SR LR MEN R A, EFRATARE R RIFER 7T ik & a4 X
FrREER, ARG MWGRE R, 1X— R SBEAF, N 7 SIREME R A S 562, w1
[REETHANFIER, BN RIS A -

A D B = reverse(A) C reverse(B) (1.72)

] C, ATDARR 7 FIR A8 (PR ), & BRI R A AR AR, ik 5]
® B ABHEATRISHG A :

infix? A[] = False

ACB: True (1.73)
infiz? AB =

BN infiz? A B

T TEE R R A IE RS :
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
T AT SRAG I 5 E L MEIN 1R], FF HAE & P I SO, X —RRNE RN
O(nm), 5 n F1 m 2 BIZMNFIRITKE, PRI, BAT0] DIBRH B MIATE R
2, At E A BERRNERAIAIR:
infiz? A B =35 € suffives B,ACS (1.74)

NI Haskell Bl 527 6 AR MBATSCIL 11X — 77 1k4:

isInfix0f a b = (notonull) [ s | s «+ tails(b), a “isPrefix0f s]
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Hrh qsPrefixOf MTAIAHGE, tails KB MIRMFTE RS K1
=)

3] 1.14

KRN TS T (R ek &) B,
SKHNEHE IR,

] reverse SCPRERIER L IERTA,
KHNARRTSR A R,

B DINR, BEERH ERFT A RS,

DA o

1.7 R

SR F RN ST (53, F DU BRI, & Hobt, MER oA, (B AE
LRPERY, TE 1 SATH R, B G — B QIEESEERIZE  map (i — (1,0)) [1,2, .. n]e
NT B TSR, X zip B

zipas [] = []
zip[]bs = [] (1.75)
zip (a:as) (b:bs) = (a,b): zip as bs

X7 AR PR AR AR . SREREE SRA I B R AR ) — ME R, FRATE:
FA] DIRERTC 5 12 CRIR B MERAED, HIan®: zip [0,0,...] [1,2,...,n]. ZAEHRIAFIR,
BATRI AR D IR T 95 0 zip [1,2,..] [a,an, another, ..o zip NG AR
ZiRe TATRTLAA foldr N E. BHRIEN O(m), Hit m BRIEHIRIKE, 1R
RECHEN, G ERfEA Appenp, HYERER RREANFEITINEL, AIBAER Cons PR L4,
o BICTRLHTCT R, EamIAEH, AfAEH A R R (D —Rhs
B—FITT R —FITT A ),

1: function Z1p(A, B)

2 C + NIL

5 while A # NIL and B # NIL do

4: C <+ APPEND(C, (FIRST(A), FIRST(B))) > 2RI R]
5 A+ REST(A)

6 B <+ REST(B)

7 return C
WY R zip RERZANFR, GLREINFIRML T zip.zip3.zip4 o B
IS FRAT T N FH SRR ZH & R EL, AU ETT RN, Hlan, 267 KR BANEIFIFR SR,

88 zip (repeat 0) [1..n], EH repeat x = x : repeat
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BT &E B8 [1.00,0.80,10.05,...) O0) ; BRI SEEE R [3,1,0,...], TRY
SET 3 AER 1 METFL0 NEE, NHNEF BT

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

bR T FIFRIZAE cons, HIHHREEMN 2ip HIF, TAVGHEREIZR N [ I LsHh
zip & X — MR AR -
zipWith fas|[] = []
zipWith f [ bs = [] (1.76)
zipWith f (a:as) (b:bs) = (f ab): zipWith f as bs

FIF zipWith A DUE XN GERDU A B = sum (zipWith (-) A B)o zipWith
LEETEMERABIE AT DUE STC 75 LA B -
F=0:1:zipWith (+) F F' (1.77)
EHEXOE F RIS, B5—1IeRe 0, B eRE 1. F' 2
FHSLER TR T T LIIRTES . NE=ATRE, BRI, #2 F P
HON BRI, NE B R A TR 15 DNEERAREEL:

fib =0 : 1 : zipWith (4+) fib (tail fib)

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

zip PIYBEE unzip, Y REFIRD R NIFR, ATLAMER foldr X5 R
(RTEEAL)

unzip = foldr ((a,b) (as,bs) — (a:as,b:bs)) ([ ],[]) (1.78)

AT EAKRFIF, & BOE R AREYIRNE 4G H: U = [(apple, 1.00),
(orange, 0.80), (banana, 10.05), ...], WJ3EE &2 CEKFFR : Q = [(apple, 3), (orange,

1), (banana, 0), ...Jo THEEBHN, WHDREFIR B BAMTFIEE, AETTRE
HAM:
pay = sum (zipWith (-) snd(unzip U) snd(unzip Q)) (1.79)

zip M unzip AR, BATATDA R zip DIREXFARR, 19 rR AR
RTCERA, AR E R, TR zip M1 unzip 0] IR T ERER S e8I HYi& T
B8 12, ML A 2 2R P AY AT 5 T (U iR fiE — %),

FIFR ISR HFBAREEA I EIR AR, X TR UV EZ, BN T
S, o fige, SE RN BRHRSI R BYEEA IR /2l T AR R IR R U8 AT TR, R
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ERZBEREIAEAR TR L T THARSGHRRAIFR, AN UL ETEERE T Rabhi
1 Lapalme "™ /M1 7 KT HIRATVF 2 HEGETE, Haskell FRHEFESRfE T8 TR
IERITE SO, (AR S TRZ 5 BIHEXRIB T, HAE T “SmMEE

%3] 1.15

1. &It iota FIE(D) HAEIT:
o iota(...,n) =1[1,2,3,...,n];
o iota(m,n) = [m,m+ 1,m + 2,...,n], where m < n;
o iota(m,m + a,...,n) = [m,m+ a,m+ 2a,...,nJ;
o iota(m,m,...) = repeat(m) = [m,m,m,...J;

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

2. SEIRZRMER A2 zip Hik,
3. H foldr X zipo
4. AT SEARAIEIT, qn SR SEE R RO RS R R B SRR &, N2

Q = [(apple, 3), (banana,0), (orange, 1), ...]

Q = [(apple, 3), (orange, 1), ...]

R ITE RS,
5. fHH zip KHR last At,

6. S —PMEFMIIERHEREERICR, EmLAIEF, 18R E 75
AMBRIX L EE TR, FEAL R EEAE i — NS E AN FE TR, 4
RANFR A EITTRIAT N AR AR AR AR — 2, X — BRI E 2R ERER?
QIR SR VFE NI RARSSE A, AT DAGR{AT faj (L SE B2

7. ATDARISIFRF R HERIRAE B, BIan 1024 ATDARORN: "4 - 2 —» 0 —
1 =KW, n = dpy...dody ATAFRTRN:“dy — dy — ... = d,, o ESBMDH
FIRFTRAVEL o F1 b, LI EAT IRV R LGS T CINIEERER).

8. fEARIIAEE, MEIAFIFRE — R E BRIGRISIER : B mfE A 1 DARTRINZ &,
GNELSFR, MR, 2B ATCIRIER, Bt — PN EEER R E
BEAMEIN IR b, BT REREIIEA AR R (D AR e E
AT 5o



HARIR

B 1.5: i ATEMISIER

35
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ALK



of T RN

WAAMBERIEE BN BRI R BRS, R AR R, FRERS,
B R B AEANAN, BT DU SR (55 103 1), 5 —77H, 7EH
B rh, BERUE N R AR PF R S IR A H B B 5 R B R 45 A

BN — AR RN BHRESH T “hello world”s 7+ - AR (Jon Bentley)
FECHRERRYLY Y —Firh, The T A gt —Boce & S B ., T RIE]+
BFSH T — xR,

void wordcount(Input in) {
bst<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)

}

BATRT P17 NP a2 T4
$ cat bbe.txt | wordcount > wc.txt

XEE map ZH = XAERR SR SRS, BATHBRIANEN key, HERIR
HBLR B E N H, X MEFIBITHIE, R T R B AIIRE, EIHEHNHA
Z A, BATITER TR — N XA,

2.1 EX
R R BARLE R, — R
. REHZ,
o RECE S —ATTEREATIANL, XF N5 BHR Y,

TEA 73 STAEHRON 227 RIS T3, BREAFRON %70 T TR AT AT — 5 i 25 T
TR, TR AP RYE R U A BB 25 AR — DT B A TN 22, 3
(TR Z A4 R, S MIRR A 53 3T Ao

37




38

(a) — LAY

(b) —HR XMt

B 2.1 ~XRIEE RG]+

CH—

—XALRM
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T ISR R — R TR, B RMERT DO T A, I Bl RIS
o KSR, B 720053 STROE#S N T AT SRME,
o A RAMENTFTE A SCE.

B2 2R T — R = XAERR, fE2.1HE, rTAE ST RHS T AR, —#R
XA HME AT PURETR A, M — AR R EOR B R E A REEA T L, O 15X
R, BATRFAIFR — AE R BIRHMEONEE (key), 77 RUE BRI HAMEERE B VE

(value),

& 2.2 ZXIERMAIB] T

2.2 BHEAS

ARHE = SRR E S, FRATTAT DA B2, 3R LB AN M, — DT RES
— N — L REATHIMNERE. N RR I MERZE G BTN S, b T
M= B EIRE S, tha] DU — DB AT KI5 .

iy BAEC DL, FRAT I = RISHINI A IR, ARBMREaH T — Ml 758 Lo FEREL
IAEErR, — AT 5 I EdEE R TEI, s s PAE TE S RS IR RIA,
AR — R E

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

LT SCHIRT RS, BIANRAD, SEE BEHRR R, AREPIONTRENS < BRI,
2 R TIIR I NT RS T LR B T
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key + satellite data
left

right

parent

A

key + satellite data key + satellite data
left - left
right . right

parent y parent

2.3: AT RGBT EHEAH A

2.3 WA

1A = XARRBHAA Dk RIRHSCHIEER) I, BT ZH A P EITTR 528
AP it TATAT DA A0 T A48 AR -

o AISFIRNES, BIEE—DITRN kBT
o QR E/NFRTRHPRICER, FERAZSE TR
o TR B SRAZIG TR,

REAEMERED: 4 b FTIRTRAPRITRN, HIEEZFE T i
A AT S5 DART AR, S5 {CHT BRSNS 1, 1] DABRE AR AL, faj B
W, BATRIGIZ—1E 0L FHAFIRRIBEIAN, E+ o, a] DUE OV~ R

insert(@,k) = Node(d,k,d)
k<E : Node(insert(T}, k), k', T,)  (2.1)
insert(Node(T;, k', T,), k) =
otherwise : Node(T}, k', insert(T,, k))

AW RANZEN, T Tk 2Bl EREG TR, K Node(l, k,r) HAEG
FREFIEERAGIE — DT e 715 0 FRRTE NIL, ERABERZEIN - FHH5IAR
TR BE, SRR ®, TG R

insert Empty k = Node Empty k Empty
insert (Node 1 x r) k | k < x = Node (insert 1 k) x r
| otherwise = Node 1 x (insert r k)
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1: function INSERT(T, k)

11:

12:

13:

14:

15:

16:

18:

root < T
x <— CREATE-LEAF(k)
parent < NIL
while T # NIL do
parent < T
if £ < KEY(T) then
T + LerT(T)
else
T «+ RicHT(T)

PARENT(x) < parent

if parent = NIL then
return x

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

else

RIGHT(parent) < x

return root

19: function CREATE-LEAF(k)

20:
21:
22:
23:
24:

25:

o

z <~ EMPTY-NODE
KEY(x) < k
LEFT(z) < NIL
RicHT(2) < NIL
PARENT(z) <— NIL

return x

2.4 WH

M P SRR RO A — R RN TT R B =RE 751k, s Al
W e R e EATR I R AR O /USSR A 44 A

o HIFPIE: Se VTR A, AR VTR AEF1, B 7 Al 48
o FRFPIEI  Se VIR, SRJE VT AR L, B T RIS R

41

X—BFFERF R 7B PCH (pattern matching) £, AREMSFRLEH TH
ANME R R R F 46 AL AT DA A g ), ozl A B :

> T Hzs

XKL R AR GRS, HPTIRE Bk, I H AT DU R RO HY
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o JEREIT VIR AT, SRTE T A4S TR, B e TR Y A

IR B “ V5 0)” BRI, SV RS VI 8] 170 SERRON e, RV Rl 2245 70
SIS RARFR R, Jeifilal+ 0 SR VI TRIARFR MG . A T 2,27 ) = S,
=i I SR ST :

o HiFFE 4, 3, 1,2, 8,7, 16, 10, 9, 14
o M1, 2,3,4,7,8,9, 10, 14, 16
e JEREH:2, 1,3, 7,9, 14, 10, 16, 8, 4

R, o I 2 IR MBI fin T 2R, — SARERMHTE XARIE 73X
—E. BATHEA RN FUERA B FER ] A el P SRR AT LA IR A -

o GHIRMONZS, IRIE];
o SR  E 0, SRIG I IRAR TS s, e AP i A 11

X AR B IRIB IR, BATTA] PO — 25T L map PREL, T4 ik 77 I
FPR R R TT R L, TG A 55 —RRRIAL AR,

map(f, @) = &
map(f, Node(Ty, k,T;)) = Node(map(f,Ty), f(k), map(f,T;))

QR R R R s B RO, T TR AN AR, BATTA] DX — B RS
BN

(2.2)

1: function IN-ORDER-TRAVERSE(T f)

2. if T # NIL then

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

5 IN-ORDER-TRAVERSE(RIGHT(T, f))

BT MES map PREL, @8I i Pl — R = KRB — NPT
A
toList(@) = []
toList(Node(T}, k,T,)) = toList(T})+ [k] 4 toList(T,)
BAHEEEA] DS R — MR 757 Bl — D EFRFIRE L N — D R
B, S5 T R e DA B (B 51 3R, 1T IR BT, IR HERR SRy

X = [xl,l’g,l’z;, "'71771]0

(2.3)

sort(X) = toList(fromList(X)) (2.4)

BATHATLAE R B & T 9K
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sort = toList o fromList

HAPREL fromList AW TR MR PGS — R, Bl POEIH#E X
wr:

fromList([]) = ©
fromList(X) = insert(fromList(X'),z1)

ERFIF =S, MR R SNEIRE — IR o AN, R51EH
HIBAFIRTCR X' = (12, 23, ..., Tp)o JBIEAHZIEREIN T GRS A6), AT 1A
P fromList € XN:

fromList(X) = fold,(insert, @, X) (2.5)

FAr 1 n] AE— AR E WS Ak B N0 (AR RS B D A& g2
X

fromList = fold; insert @

83 2.1
1. GEWM NEIFE R FiRD R, EEEH XK, HaH GRS

e
. BIFEEER 1, 2,4, 3,5, 6
. HFBNAEHR 4,2, 1,5,3,6
o [l EER ?
2. G FESTE MR R0 R e J g R 22 SR B — AR
3. VERRDN — SRR T H 73 7 T DURE 22 BT =244 B8 W NBIR BRI i
4. AT n DR, MHIFNEEERER A2

2.5 MR

M T = AR R TT R BTG IR, BRT DUT SR SR, X
TR H AN R HRE, A =MARERAHER: DEN AR - 2)
FHEKR SR/ NTR ; 3) BRI —TTRARTIK (L —1) 854k (F—1) TR,

2.5.1 &K

T REEMIE UESEIEFIES BN FER, °] DAL IR N0 75 IR e
BHITE k:
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o WD, BREK, kB AEAE;
o WRIRTTRITRET kb, SiRER, SRFEERT R
o WR k/NTART ROTR, fEEFRA@IHER;
o N, B TR FIBIT AR,
FATAT AE SOBVAM lookup PRECRSLIIX —H %!
lookup(@,z) = @
k=x: T

(2.6)
lookup(Node(T, k,T,),x) = x<k: lookup(T}, )

otherwise :  lookup(T,,x)
X — B BOR [FI A FREN AT R, R A EEIROR A 23, FATIHE AT DOR B A7
fEAIME, XN AT PABEH Maybe 28 (IUFE Optional<T>) SKRALFHARIKEIITE L,
foran .

lookup Empty _ = Nothing
lookup t@(Node 1 k r) x | k = x = Just k
| x < k = lookup 1 x
| otherwise = lookup r x

QIR = XRHRP-M, R BRI Sl A AR G 0 3 (BATE S Y B4R
SPHEFHE SO, X T 0 DICER ZXR, ERBETERMEREN O(lgn). IR =R A
5, BIMEO T, BRI R ZIBE] O(n), SHRICHKATEEN b, MIAERF IRV GE
AILARRER O(h) HITE

R BT AT DUAME A RSP

1: function SEARCH(T, x)
2 while T # NIL and KEY(T) # = do
3 if z < KEY(T) then
4 T < LerT(T)
5 else

6 T < RicHT(T)

7 return T

2.5.2 /MR KILER

T XERW, BUNYTTRERN T EM 23, MERHTTR R T AN
Ko AIDAFIARX —FEMRE R R ARER/NTR, N T HEIR/NITR, TlTA] LA
FEMIRTIE, BR300 %S, RFRIE, FATTRT DOsEIS AW a4 M AT R Rt R,

min(Node(2,k,T,)) = k

. . (2.7)
min(Node(T;, k,T,)) = min(T;)
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max(Node(T}, k,2)) = k

(2.8)
max(Node(T}, k,T,)) = max(T,)

X B PERERRZ O(h), Hrh h BRI,

2.5.3 ARGk

BT AR Y EE A e, (GRS TR, MM R/NITTE
FG, BRI 2 R AT R, SR EBS, NEBE 25 f A i
JLER:

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

XM FREER—NAE T RVFTIKEEAA TR, «© NERE X EHIHE v < y
RN yo TR = BEFRANZS, WG TR SR/ IMERUZ IS 4K, 1E2.47
8 HIRARITERN 9, B2 8 I FHRTER/IME, W1R = BIAG TREs, BAIFHR =R L
[E13, FRENEIL A — ML, EIIZAHER 2 TR « BIESE. fEEI2.49, JTR 2 A
FERT AR M3, BT BRI —PREDTR 1, 52 1 A LMD, Kt
ks EER, XIREAZNE TTR 3 FERT R, M 3 FAFRE 2 fIHE,
FE, FAHET 2 FEUITE 3,

2.4: 8 MR NHAM I ZHIER/ME 9; 00 TS 2 BIJE4E, Eoem BRE 1, Bk
AR, B ks EERE 3, 3 BUEF it 2 RYHESE, SmiEdkon 3.

QISRIRAE ST A5 — BRI E] TART A, ERRBE IREVAL T A AR,
XU o AR CERM PRI — 1 ITR), NEAVEIRKLH TR ER:
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: function Succ(z)
if R1GHT(z) # NIL then
return MIN(RIGHT(z))

else

while p # NIL and = = RIGHT(p) do

1

2

3

4

5: p < PARENT(x)
6

7 T <D
8

p < PARENT(p)

9: return p

4 o RAEYN, X—RRIRE] NIL, SHRETIRTTRIEIES HHR:

1: function PRED(x)

2 if LEFT(2) # NIL then

3 return MAX(LEFT(z))

4 else

5: p < PARENT(2)

6 while p # NIL and z = LEFT(p) do
7 T<4Dp

8 p < PARENT(p)

o: return p

LR AR 2 Al bR 2 B IE LI RTIR R S AR B, X FE R R ATET/ D5
R RS RS, — R RA 77 R ER RIS, B —L& “mEE” fE bR,
FA DA SR [ 0 22 B i B RS, IX R RIS S A “T B8 B R BHR SR
zipper(I'] FJ5—H),

ARSI “VE N — MBS, WA 2ETER”, mIE4iN
ARG, BATEEH map REPFEGFTA TR, BIIKAEENER, (TEmS
ARIREHRA G E L B DNIXFEAIE L ARG A A 5 [ E T2 2L B
TCEAIMMER 1,

.3 2.2

1. €/ Prep Ml Succ SEM—D I RMATENR, HERL—REHE n D
TLRMIMIE IR 47

2. NEER A DU — X [a, b)) ARTTER:
for_each (m.lower_bound(12), m.upper_bound(26), f);
T 2l PR B 75 TR R RIX — ]

SML 8 OCaml 6 ref 5|HMEE, X BIAIR T4l efEIA 5,
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2.6 MFR

1E = SAGR M P BR T R TR BRI NI, BATTAACRUEBR 5 3 BA J3 HETAS
RERZRBR : X AR 53, A 2200 SXATe RGN T R RITT R, FF HFrE A I
D RMTERIIRRT T RAPRITTR, MMERT SRR — M5,

M XARRBEFIBRT R 2 B9753RaR

o MR o FAARS TR () B A —RAEE T, BRR 2 DI

o BN, o AEAEZ 0, AV HA TR RR/IME y B o, RERIEIER ¢
Y,

X—EE T IERAE T IXHE— KR A PR E/IMEARNTTREE N EZS T
o Pt CA_E TR SE —RiE R EE A RSB — AP i, IR Y DA LR R B/ IME T s “ U4
2.5, 2.6, 2. 7458 T BRI 92 AFHE 5L

Tree

NIL NIL
2.5: 1R o ATDLER YR

FRAEIX R, FATTE R delete FREK:
delete(d,z) = @
x < k: Node(delete(T},x), k,T))
delete(Node(Ty, k,T),r) = <Qax>k: Node(Ti,k,delete(T,,z))
x=k: del(T;,T,)

(2.9)

RS R RARE R MBR T 51, ARG VA del BREUEFE, del 2ARYEELIEIT
VAR delete DAMBRAT F-H4 B/ MEL

del(2,T,) = T,

del(T;, @) = T, (2.10)
del(T;, T,) = Node(T},y,delete(T,,y))
Hrp y = min(T,) A FRFER/NTR. NHEZHEMAEFERF:
delete Empty _ = Empty

delete (Node 1 k r) x | x < k = Node (delete 1 x) k r
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Tree
Tree

L
L NIL
(a) MIFR = A (b) MIBR = 5. o # Ul F M
SR
Tree
Tree
R
NIL R
(c) MHIFR 2 Al (d) MBR = 5o = #¢“Uls” FE HAM
7SR

B 2.6: MIBRAA —DAEE TR

Tree

L delete(R, min(R))

Tree

L R

(a) MHIBR 2 Al (b) MER = fGo o BEFHNHEM >
SCHHE YT R/ IME

2.7: MIBRAEP AR 2RI R



2.6 R

where

49

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

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

IR b, WIMBREIREIREN O(h). XN BEIEFRLEEMRE, €
AT B IER. N HYRTRIR B BR 5B AR 5o

1: function DELETE(T), x)

2: r«T
3: T~z > save T
4: p < PARENT(z)

5: if LEFT(2) = NIL then

x < RIGHT(z)

7: else if RiGHT(z) = NIL then

x < LEFT(x)

o: else > neither children is empty

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

y < MIN(RIGHT(z))

KeY(x) < KEY(y)

Copy other satellite data from y to =

if PARENT(y) # = then > y does not have left sub-tree
LEFT(PARENT(y)) < RIGHT(y)

else > y is the root of the right sub-tree
RiGHT(z) < RIGHT(y)

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

Remove y

return r

21: if z £ NIL then

22: PARENT(z) < p

23: if p = NIL then > remove the root
24: T4

25: else

26: if LEFT(p) = 2’ then

27: LEFT(p) < x

28: else

29: RIGHT(p) + =

30: Remove 2’
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31: return r

BOERFMIBRAIT AR 2 AN, BIEERICS IRV f, A IBRAY T A E Ry
R R o« WE—7230O8, BIEERR «“UHs"s 0, GRS 170 378 AN
2, BANTESLAEA TR BB MET R yo H y B o THME, RN
L R, BIERIRSER v U, A DETELH ¢ 2 o A FHAHRT X —
REFRTE Do

I eI 75 B AT PRI AT )BT IR A AN SRARTTT 4, U i5d B M BAR A 15
RUBIRT e IXAMEDLT, BATRZIR BRI, 4R RO B 5, il Dl &1t
x MIBRT o NTEEN b B, X—RENERERZ O(h).

g3 2.3

L H REIPRA  SCERA N 2SN, A2 — RO FRABR SRR - 22 7 A AR E
EHHMERAT T, e R R KRBT R )R gife X — Rk,

2.7 BKHLAE

AELL HIIFTA RIER S AR TS he WERMHER A, O(h) Wt
RFEL O(n), RIMBNEME 2 E, Rz, WFMWFH, O(h) 85I O(gn), BILHY
PERERL R TRYT

B0, AERA AR RIE — SRR B P ERY 7 %, XEBAM e H— P
97575 (1 55 265-268 T1) : A DUEIS REA USRI N T, that/@ i, e —
AL, FeilI BEHL R B TELIT R AT, 285 FHRUGE Ao

3] 2.4

1. rEseBIREN AL — SRR
2. QRAAIAE—HR — SRR ERE “ BE R B ” AT L2

2.8 WURBURESIY

FATTRT DAR = AR RS PR Bz 44 (Map, AR KBRS R S M sl 5 81,
—DERMS ST A" X, iR AEER, SR N —ME,
GRIRBRAEALZE K (EMRAE V, ATICHSN AR Map K V B Map<K, V>,
AEBRET RS n DIRER (BRED) KAk = 01, ko = va, s Ky > 00 HEF ZHER
P SCERBRES I, BATIRRS K WE PR G, DX K7 iE— o, B, BAIEM
AR FRR AR A BTSRRI R, e ke, FRATTEE ] AR A
AU IR SRIRAR U E, MR & ANEAE, MR A2, J5 T BT /2RI AR AT AVL A
R AT DAFH S S PR R 45 4
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2.9 Bt
18 A B | PR AR B T

o1

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

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

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

ENE I SN NP VRE N RE

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)
1} else {
return Node(t.left, t.key, insert(t.right, x))

THERIE VI AR

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

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

}
return Optional.of(t);

BRI HR/INTR:

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

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




Ho5 EAHDE

WA 2 — A s B BIA . £S5, BlaH T eErfie X:
XA ERHTT R, BA AR NI ITE, IR HE AR — MR T, BT
O AR TR LM ], HEF R RN O(n?), B n BITERIIDNEL AR RITE
REANAN—LE 5 TG Z BIHERE ST, Blan Do HE AR FHERE . RE I, JAMSRRELE
BRI AHE PRI o AR POEHERPRYSCER AR, 38 RS NI, [
IBEHAHER

3.1 fsr

FArE R AR T R B IE T AHE SR (1 58 15 - 19 1), &
FEM—BIGELr BRI, % e BEAF RO AR, (AT, AT PRI A
Mo B NS — 8T, WiF% IR 8, TR A ZI S IERIALE. B3 1R, AR —
RS, BATTRT DUXAESCBHAAHE T -

%
%

B 3.1 REAL 8 MAZI—FR

1: function SORT(A)

2: S + NIL

3: for each a € A do
4: INSERT(a, S)

ang B Sk

53
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5: return S

IX—SEIURHE RO ZE SRAFREERT A S v, tha] DU TR0 1 23 [RDEA T it e

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

HeR5] i BVEEZM 15 n = |Al, AEE MR 5 (A1) 2EFRY,
RIEEFATINE Tt aaimA. S o DNITEM, Il « ZATHTR 2 ERFR.
BATAWCREARHE P BITCRFA, W3 2078,

insert

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

3.2: AECRTCRACFE 2

3.2 @A

Foma THIRIBEAT R N TEHAH, Wrl DUEE ZE — A EREE AL E, K
A ] INEAE 8GE WG R T, NIERSEEDR WG R TR A Y -
1: function SORT(A)
2 for i + 2 to |A| do > Insert Afi] to A[l...(i — 1)]
3 x + Ali] > ¥ Ali] REE]
4: j—i—1
5 while j > 0 and z < A[j] do
6 Alj + 1] < Alj]
7 jJj—1

o

Aj+1] =

TR RESLAF RN, R M EmATTRE — MU E AR, B
MIBEFATTR o, FEL ¢ FEAIATETTER (U Al + 1. Ali + 2] ) BRG]
—MMIE, K o MBS LUAA zo WE3.37R,

BAHMKEN n, 7B o FIHT ¢ DICRIG, EALE] TIAME, £ TR R
R n—i+ 1 BTTRAERS), 5 o S « MIE, B EE, BMMHETIAE
[ RN 55— )5, R T, MR ZREE n — i+ 1 TR, 7
PATH IR RSB ERIE, BATHAT DAE S BREY INsErT () PREL, FFEEIA I
Mo Toief@ e BN A AR, i A PRAEER AR S 1R, (At A HE R O A
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S S G

All] | A[2] | ... | ALl-1] | ALL] | Ali+1] | A[i+2] | ... | Aln-1] | A[n] | empty

3.3: RICR o« AL A PHIE  MIE

BIER O(n?), HA n BITEM N
3] 3.1

1 SR ZE A A B4 A SR A
2. T SCEARAHE A PRE A IR A HER

3.3 HER

TEDTHh SRR e, ANATTHAER — EEBHREHE AL B K. BT Al AREPRIEE

A, 2 FAFHREEAN LR C P, &g — M EC P4l iR pise i
A7 1%

1: function SORT(A)

2 for i < 2 to |A| do

3 x <« Ali]

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

5 for j «+ ¢ down to p do

0 Alj)  Alj — 1]
7: Alp| + x

BN, BB AW AL - 1)] B2EFRN. AR, BH Y R
(ATRAE SR <)o BATHREIE—MLE j (1S A — 1] <2 < A[jl. BAEH
o RGBT TER Am) B, Hobm = [£]o W1 @ < Afm], WHEITHLERT—F
JPHIh B SNERG —FF0, HTEXREAHRE —FTE, —0ERTE
O(lg i) BRI TA]E AL EHEH A S

1: function BINARY-SEARCH(z, A)
2 I+ 1u<+1+]A]
3: while | < u do
l4+u
4 m < L?J
5 if Ajm| =z then
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6: return m > HEILR
7: else if A[m| < x then

8: l+<~m+1

9: else

10: U4 m

11: return [

=t A e Sl A R R IRE 2, ERINAZ O(n?). B—IEH
HAHEFFRE O(n?) IRELEHFT O(n?) IRBBaN; HH —n&EHE, BRED2ET
O(nlgn), EREINREILZ O(n?).

3] 3.2
1. EHEHEH — &R,

3.4 %l

“EPRERN RS O(nlgn), HETERIRBINBHTRITR, BEE
KEAIRTE O(n?)e J— T3, ERFIRFIETTRN, — BRI T\ A ERISIH, #
NFRVEAR B2 W B B, £ — AP, BAE T NSRS R R

sort(@) = o

, (3.1)
sort(xz:xs) = insert(x,sort(xs))
s fold, HIMTEALIEZ:
sort = fold(insert, @) (3.2)
TR Z 77, FIRA insert BB REMEN RIAY:
insert(z, @) = |[x]
z<y: Ty :yYs (3.3)

insert(x, y:ys) = {
otherwise : 1y :insert(x,ys)

Wa] DURER T S5, M s — DRGSR, MEFTTR Al
Neatli] /17 T Ali] ZJ5 F—PILRIIRT | W2 A[Next[i] /2 Ali] B F—1JC
o HFAMNMRARG N THIRKIREITR Alm], X Next[m] = —1, FRHig
6] NIL; BEAME S Neat[0] FRIAIFIRAILER, FIHIRG I, Bl TE SRARIRWN T

1: function INSERT(A, Next, 1)

2 j«0 > Newt[0] faIMFRkL
3: while Next[j] # —1 and A[Next[j]] < Ali] do

4: J < Next[j]
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5: Next[i] < Next[j]
6: Next[j] <1

7. function SORT(A)

8: n < |A|

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

11: INSERT(A, Next, 1)

12: return Next

(ERAIER, REAES IR BT A TR Z 5 B ), (a7 7 A REFKE A
W, BIAMIFTRE O(n?) IRHLEL, SEEAAR, IRASFRENLVIA, AREFH =&
PARTHE (LR,

#:3] 3.3

L ARSI, P RE - P EFHIINRS | G — 75k, RIEFHIRS|
Next, EHTHFIEE A,

3.5 X{HEW

BARER] T — A IRIXESTHE : R I FE 2 BRI A BDE R, (e —1
SR8 O(n?) MEZRE, —J7H, A EH 0 B HEREEERE] O(gn); 55—
T3, T P ARARETAL , RN EEH AR R A B AR BN Rl A TR, R 5

W BAT T SO R BRSO E K, — EEMEHEAAGE, FATTATLA
S BN TR AT o

1: function SORT(A)

2: T+ o

3: for each x € A do

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

5: return To-LisT(T)

FFEAH T INsERT-TREE() Fl To-List() BIE o FEIEN T, WHEFHE
HEH O(nlgn), i n Z2ITRINE XSS T HT R HF EIER AR (0
% 180-193 DL 28 167 T0), (HERIMMEN T, MR EA R, HIEgES R
O(n?),
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3.6 /Mg

REET, A HEENSE — NP RIERN A, ERBE, EIERER 17T
TN, FAHE AU BIAEBR o, I BIAE PdiHe e i TAZSCBl A AE /N E R
Hsf (138 214 A HE R PAIRTHIE VA BT
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55 BRI = AR RRER G S R A MAE R IR, BB — XY
RRACEDETSE, AR WBCR ARIHRIETE? 40 R pyfl s ps:

void addrBook(Input in) {
bst<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)
}

(EXADTTIEMEREAE, LHRIERIEN Zara, Zed. Zulu FHEA N FEINA T, &R
SO IR T MU HEAE . NFRRUGE BREL 1, 2, 3, ..., n AR, st215
FIEAIPRIEE R, X2 R PHTH =X, X T @l b RN, EIREE
ZREEN O(h)o WNSRM ST, JATHEEWBIEE] O(1gn) BITERE. (BAEIX —HRImIE
T, BRAVEREIRIL N O(n), JLFRERITHIERITH,

3] 4.1

L A TFHREVIEINGE, N 7 ANPRAEIERE, vl PAGER DN R BIESS : — D ISKER
[E1JE, 35— WG TAIRT IR 4 P IME S AHIE N 45 0 IX A A — SR
PR 2T B? QERIEIE IR S B 22 Fr i, (A 255 RS 2 24557
2. 2% E4.2, I Z B AFHEE DL

4.0.1 P

N T ERIXRAF BRI DL, ] PLRE A ITEL (12,4 79), (HIXR75156
—ERIRIRIE, AR HIR P S B R, BUCTEATEL 7o AMTTHRE] T — LR oy

59
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B 4.1 AFHRIRE

PERITT T, BATTRZARI — AR5, et n] DIERCE R EE I R, PR
TERANF AL, X —ENHLLRR, ER— U T2 MR B P — SRR, T
—ENHG IR B P —AVL 1, 5 8 BIEX M GUHRN, EREWHEE R(E, B
UG P,

4.0.2 WiEks

WHEEETE R P i P 45 RAZE I IE LT, M HIEEH, 7 EZ AR =X
FRES R 2 — R B P T Y o (14,3608 1 et 0E.
Jiek e m] LOB I AR AL BLRE S

rotate; (a,x,(b,y,c¢)) = ((a,z,b),y,c)) (4.1)
rotate;, T = T '
il
rotate, ((a,z,b),y,¢) = (a,z,(b,y,c)) (4.2)
rotate, T = T .

qn SR IR VLD (BIAnPER T &R ), T RIS AT ORISR, ekt
BE AT OB — R YD BRI, BATHEEG ARSI EIEW, e, I
MEART R T e 73 2
1: function LEFT-ROTATE(T, x)
2 p < PARENT(z)
3 y < RicHT(x) > & y # NIL
4: a < LEFT(x)
5 b < LEFT(y)
6 ¢ < RiGHT(y)
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()
B 4.2: —EAPHGRY — SR

& 4.3: WAL RS
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7: REPLACE(z, y) > H oy Bt 2
8 SET-SUBTREES(z,a,b) > % a,b N x BT
9: SET-SUBTREES(Y, Z, ¢) > x,c Ny BT
10:  if p= NIL then > HEAT 2 AR
11: T<+y
12: return T'

1€ RiGHT-ROTATE HISEBUE N FRAY, BA TR H B EZR >, REPLACE(x, )
y Bt o

1: function REPLACE(z,y)

2: p < PARENT(z)

3 if p = NIL then >z MR R
" if y # NIL then PARENT(y) + NIL

5: else if LEFT(p) = = then

6: SET-LEFT(p, )

7 else

8 SET-RIGHT(p, y)

9: PARENT(z) < NIL

SET-SUBTREES(z, L, R) ¥ L Wy x AT, R WG T :
1: function SET-SUBTREES(z, L, R)
2: SET-LEFT(z, L)
3: SET-RIGHT(z, R)

EH—F W SeT-LeFr Ml SET-RiGHT FER AT E
1: function SET-LEFT(z, )
2: LEFT(z) <y
3: if y # NIL then PARENT(y) < =

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

XS b, AT DAE B DEECan Al fa (R BE L O SE B, X — & Okasaki £
1995 FESEI T ZL A Al R R L U,

g3 4.2

1. LA TE RicHT-ROTATE H1E,
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4.1 EX

LRI R — b B P SR RR D, B 2-3-4 MR, @I R
T ek, LLARMRA] DL RSOt PR F- 1, BATIE = SRR A E RS T R T
2L, BE L, AT — RO ZLERN, an R e T 5 &Ml

T RINE A e R,

AR RO R,

3. A M RU(NIL) R,

4. WR—DIT RN, MBI AT 17 SRR A,

- ME—T R EIFTA RS B SR RE RO R

—_

[\

ot

N 23X 5 FRNERECRUEZL AR B PENE? SCBEAE T - MARTT st & 2GRS
REFTAEES, RKEBEASEL R MR 4 RIE T AFERNESHY
LT, B, AR S H RO R EE R S AL A,
ARIEPET 5, WAEAATTI s H 2 BIFTA OB AR & A M R EER R R G A, BRI T
AR RAARAL, IX LR PRIE T A (R MBS I R AR AR U] (4,409
Bl FerR 7 —ARELIRA

4.4: 21 2R

HTRTART NIL 1R RO, IATEF R NIL 7R R E H, 214507
Ro FTA ANBEEREERY B FRVEAR I — SR RMAHRE, SR, &K &/IMEF. A
AR PRERE R IRAT,
NEAB TR AR — AR R AR BRI T B E
VS 7 R, B M. ML 2-3-4 B, BFIEED — IR, ETE R ATIL
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4.5: [ NIL 955

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

#3) 4.3

1. IEAEAR n DN RZER, HEE h ASEE 21g(n + 1),

4.2 A

BABZEEESHNPE: 2/ I RMER, e/ AT E; 5=
WA E L BB EME T, AR, FATLF RN, REEARRRY A RTE
PYSRAM B 1 B AT DATHG B M — N IRl AT RES | AP IMHARIVZL 671 51, 24 4
BT EBE, Okasaki KIMENEEHR—ER] W0E 4.6F7r,

PaRh G AR ALt m B S — B, WRIEAT BRI _EEIHBE, RIRESHEMR
TSR, IRIEMERR 2, o o AR AR (A R e, AL, FRATTE X
balance PREBE V-, 2T MBI EN C, BUENERE B 84t R, IEZ TR
FTIER—NYICH T = (C, 1k, r), HH 1r BEATH, & 21{EH,

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

balance T = T

GUERPURMRCER AN 2, B fe — 1T PRIE N A ST AR, LLRR BT
RSN

insert T k = makeBlack (ins T k) (4.4)
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4 a
b

c \ /
a b ¢ d

/ a b c d \

d a
a d
b c b c

4.6: NG T ZBEERIPIRE

=

ins @k = (R,9,k, 9)
k <k : balance C (ins 1 k) k' r (4.5)
k>FE : balance C L k' (ins r k)

ins (C,1,K',r) k

A, Bl & BIE— DO, BRI EE 2 B0, R
BRSTFUER BN Lor ko FREE k70K BOR/D, BT &l AZ T, SR)EH
balance BEFHiMt, H/amHTRY SARR A,

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

NHEUEN A TR :

insert t x = makeBlack $ ins t where
ins Empty = Node R Empty x Empty
ins (Node color 1 k r)
| x < k = balance color (ins 1) k r
| otherwise = balance color 1 k (ins r)
makeBlack(Node _ 1 k r) = Node B 1 k r

balance B (Node R (Node R a x b) y c) zd=

Node R (Node B a x b) y (Node B c z d)
balance B (Node R a x (Node Rby c)) zd=

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

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

Node R (Node B a x b) y (Node B c z d)
balance color 1 k r = Node color 1 k r
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BAME L T EEEIE, (REBANECSEE, RO AE S ET, B0]
DA s P — NI RTE BRI R B (1), 269 ), 4745 H T FRRRLE BA, 1]
RIS 11, 2, 14, 1,7, 15, 5, 8, 4 1 1, 2, ..., 8 METE, 45 —/MIlFiHH, RIfE
FFAIE T, 4L BSR4,

B 4.7 A A LR

BIEATA RBIE TRANBE, N TEER b 9, BE3EH O(h). H
TRAVEARLES RN ENERT, b FT RN 0 EXNEOCR, MARIENEE
79 0(lgn)o

%3 4.4
1. AMEREKXITE, 250k EVYRME R SEIL insert ik,

4.3 B

21 SR BIAHIER LA AR 2o thn] DU R QDR FCAT 3% I fal A B SRR B S, 3R
T3 AT AR B 75 FORIEBIMBRATRCR . B0, —RA R, F T e 4RI 220k
AR, MHBRINE TS R B hn—Rid, AR CH Y S 50% I, FARFRICH T
RE PR, MER L S BEALLRM AR, Rt FEFERER T B E, B LA
FER AR T R, XI5, (SR — B2 LR RO S H DT HERRSE.

FATAT A I WE R () 290 T0) 7 RORIKE B L AR, — DIZAERTTT R
BAEP A BET S MERBOT A o B, BATR B G EAEEhERT A, 8 [ M
ENEI T b, LRBZREIIT RN yo IR y FORZLLE, KHA B IR § 5K
AR, WA R, 10 B2 THEAIBI RPN 1A E B A E

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

BT RTARZE Y SRR G, SRR OB EI ST SN, HAN WER G 5
s (BBEmpty BRAHAY @), MHBRINS, 55— A085 il — AR MAH R ; AR AR T
292k EIEIS T A AR S TR T, X —FFIERRTE persist
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AR, 5 ORI TR
delete = makeBlack o del (4.7)

X—E AR, tMRWHRE—-DTE, MREEZ N, T —
1G5, BATFBNEK makeBlack FIEXTR:

makeBlack & = @
makeBlack (C,1,k,r) = (B,l,k,r)

del Fe3Z— BTN ZMIFRAITTER k-

(4.8)

del @k = ©
k<k : fizB*C,(dellk),k r)
k>k: fizB*C,1LK,(del r k))
l=02: (C=Bw—shiftBrr) (4.9)
r=@: (C=DBw shiftBl,l)
BN . fixB2(C, 1L K", (del r k"))
HA k" = min(r)

IR, GRN o BNFATTELRE & AR &, AR k< K/, FRATTEB I
FEfM oy STBR ks GN2R & > &/, WIS A MIAHER, F 38345 SR T RE S A IE R
B, WENA fieB? WATBE, X k =k B, BATEME] TEMBRATT A, R
=T, TATH 59— F IR 21 BT e QPR AT RO B AR, IR 2R R
CRANEIFRIF, XBEXEH TEZRGIERX (p — o,b), EMATHARERK: (if p
then a else b)o WRMRFIEA N2, BATKAE FRFPHIR/ME £ = min(r) YIS,
HH K EH K,

N T IRFE BETT RN, shift B KL R0 B, R R T U N R,
QR IR PR 2 DR R (7 1, AR B R A,

del (C,1,K'\ 1) k =

shiftB (B,Lk,r) = (B%1,k,r)
hiftB (C,l, k = (B,l,k
S Zf ( Yy ,7’) ( s by 7T) (410)
shiftBo = o
shiftBg = @
MM AR O S W E R A BE D)
delete :: (Ord a) = RBTree a — a — RBTree a
delete t k = makeBlack $ del t k where

del Empty _ = Empty
del (Node color 1 k' r) k
| k < k' = fixDB color (del 1 k) k' r
| k> k' = fixDB color 1 k' (del r k)
| isEmpty 1 = if color = B then shiftBlack r else r
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| isEmpty r = if color =— B then shiftBlack 1 else 1

| otherwise = fixDB color 1 k'' (del r k'') where k''= min r
makeBlack (Node _ 1 k r) = Node B 1 k r
makeBlack _ = Empty

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

PREL fiaB? JEIHER B ERI R R Ll PR E R th, R (BRI RER 70
Bon R, WAlRER S TR @, A =FiEM:

oL 1R R AR B RO B, IF HIZ LBV A — ALt Wi sl v DUE
W TEFAE X AME DL, A PRI 0L, 2ER AT DI S| —F gt —E R B3R,

0/?\\ ‘/0/%\
i : % ///, a b c d ‘\\};;:‘!Iif::llli’

4.8: 4 f RO MEE ST —HIE X
P B U E AR AL BX PO A5 L -

fizB? C a2 @ (B,(R,b,y,c), 2,d) = (C,(B,shiftB(a),z,b),y,(B,c,zd))
fixB? C ag: © (B,b,y,(R,c,2,d)) = (C,(B,shiftB(a),x,b),y, (B,c,z,d))
fixB? C (B,a,z,(R,b,y,c)) zdg: = (C,(B,a,z,b),y,(B,c,z shiftB(d)))
fixB? C (B,(R,a,x,b),y,c) zdg: = (C,(B,a,z,b),y,(B,c,z,shiftB(d)))
(4.11)
Hr ape RRTA o BXNEBE, ATLUZR DT R 2,
THOL 20 WEBEY RS RO, 7] DUBI hER:, R OB 1 8¢
30 GHEIB8FIR,




4.3 MIFR 69
4.9: EE BT R AT ROV S
FAHEA (4.10) ROERS BIEINTE L 2 RIIBE
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)

T 3 ME R ER LB A, LG TR A AR R B, IXAEIR,
PATTRE Lo R, R R AR [ R, R RN E R g M) & — =

FARH R WEBIFTR,

4.10: X E R ) L&

s

AWM RGO N T LIRS, 1R o R, WAy A 75 0028 5 XY EE
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T RTHIENR, ¢ B SIERL, FAIARSAE N (4.12) HUELAL B htAME R :

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))
fixB*Clkr = (Clk,r)

AR VLELE] IR =R, e — TR A, WEROBEZEN

o BEARIETRAED: — 20 1, DEROT STHRR T B — NN E R A
A ER ), EEIRRT A, FFREMRE MR, THEHI TR BB .

(4.13)

— the sibling is black, and has a red sub-tree
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 by c) z d)

= Node color (Node B Empty x b) y (Node B ¢ 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 by (Node R c z d))

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

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

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

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

= Node color (Node B a x b) y (Node B c z Empty)
— the sibling is red
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 ¢)

— the sibling and its 2 children are all black, move the blackness up
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)
— otherwise
fixDB color 1 k r = Node color 1 k r

IHERBIERIE 2N O(h), Hp b A EE, BT 2R R, X T n
AT AR, b = O(1gn)o




4.4

AR IELBRI L « i

3] 4.5

1 SRR bRid—ER " MBR I  ARIC BRI A, (AT HIERIRRR, 4

PRICHYT REH @ 50% I B,

4.4 WA BERETL «

TR CERCHE I, TATIfEL 1 LD RIS, Oy 15288, Bl 14a than < 7y sL

o FARIERYE — P H = AR RAAIR], 2 T oRIE e SRS 1,

1: function INSERT(T, k)

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

root < T
x <~ CREATE-LEAF(k)
CoLOR(z) + RED
p < NIL
while T # NIL do
pT
if £ < KEY(T') then
T < LerT(T)
else
T + RicuT(T)
PARENT(z) < p
if p = NIL then > B T =S
return x
else if k < KEY(p) then
LEFT(p) « =
else

RIGHT(p) + =

return INSERT-F1X(root, z)

W RONELE, B RIBE P, R 3 REATE N, SREA 2GRS,

STt 6 FETL, HAEPIRIET PLE I, EATERA LL O B A, AT A
P i ER AN B, R AT AR WAL

1: function INSERT-FIX(T, )

2:

while PARENT(z) # NIL and CoLOR(PARENT(z)) = RED do
if COLOR(UNCLE(z)) = RED then > THOL 1o BIRUART R EL
CoLOR(PARENT(z)) - BLACK
COLOR(GRAND-PARENT(z)) < RED
CoLOR(UNCLE(z)) < BLACK
x <~ GRAND-PARENT(z)
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8: else >z BT R A
9: if PARENT(z) = LEFT(GRAND-PARENT(z)) then
10: if o = RIGHT(PARENT(z)) then > B0 2:x BA T
11: 2 < PARENT(x)
12: T < LEFT-ROTATE(T, x)

> 1B 30 2 AT
13: CoLOR(PARENT(z)) <— BLACK
14: COLOR(GRAND-PARENT(z)) < RED
15; T < RIGHT-ROTATE(T, GRAND-PARENT(x))
16: else
17: if 2 = LEFT(PARENT(z)) then > [H0L 2 BIRTAR
18: x < PARENT(z)
19: T < RiGHT-ROTATE(T, )

> [HOL 3 BIRTAR

20: COLOR(PARENT(z)) - BLACK
21: COLOR(GRAND-PARENT(z)) + RED
22: T < LEFT-ROTATE(T, GRAND-PARENT(2))
23: CoLOR(T) < BLACK
24: return T'

AFIENEZREN O(lgn), Hrf n B REL F balance RECHLL, EANRIAL
BOPRHIF A, R AR P, S iE AN FIRIZL M, 41145 T PRARLL
R, e EERANE L TR 2R R P AIRE R, BATTA] UL ETIRANE,
PP AC Y B B IR R AE — 2 PEREIR R, Okasaki 7E 1) ARERHL T IELH T

¢LRM A L AMPRBEE AN E 0%, SUAF A,

4.5 INGk

ZLRMR) I A — R — AR, TATHE N —E IR B P —
XM—AVL ff, ZLRRM ] DB (R R E S AR RS K 7 R R i
JeZ kA, FF BRI AP, wial DA LR B R, anSRR BRI L, Tk
TR, WU AR, FELL ARSI, O TR P, SRR AR D,
Okasaki 25t T —RhfE L T5 1%, HEUR T 2R OIRI LI, AT AVL B, Splay
OEIp e  SaN UMWy R Rl 8

4.6 MBIl

A AT RS RIZLRREE X, BOAT ROV,

’data Node<T> {



4.6 Ky BlFEF

4.11: an B HE H AL R

T key

Color color
Node<T> left
Node<T> right
Node<T> parent

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

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

Self setLeft(l) {
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

73
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Node<T> uncle() = parent.sibling()

Node<T> grandparent() = parent.parent

LR

N

)

ARESUSEDEGEDNE

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)

1} else {
parent.setRight(x)

}

return insertFix(root, x)

CNENNRE (=,

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




HARX

// 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

75
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WhHE AVL B

N RROT- e, 2L R RRAIESR — B2 ERYTT R AVL BERA] 7OV E R
Tiik ERDRRINZE R MR T, & X

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

He |T| - T WEE, Lor NEG TR, &SR 6(2) = 0, WREBHETR
T #E 6(T) = 0, MR TE 2, Hla], —fREER h ER2 XA n=2" -1
AT o BRT M7 54N, B 1 sSERR N ZS, §(T) RSB, SEBCESE, FRATIFR
S(T) A= R 7

51 EX

& 5.1: AVL
—IR IS RWFR N AVL W, GRS 7 T &5 e an N &4

5(T)| < 1 (5.2)

IR T 6(T) HAER £1.0, E5.148H T —# AVL SRHIF, WRmHE » D
IR, X —E XAIE TWIEE b = O(gn). BATATUERHIXANEE 1S, — &N A 1Y

7
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AVL B, HH SEE AR — M EENE, Y ERe XK, AN R ER
2,0 2" — 1, BHAIROLERDEZ 2D R, B N(h) REREN b B AVL H#HY
BN REHE. BATA:

o R @:h =0,N(0) =0;
o HA—1TRAM:h=1,N1)=

Bl5.2/h2ath 7 — NN b B AVL B To BEE =87 :7tR k MEG T 1
ro WHEIEE h FOF-B S 2 TR /2 NI AR AR :

()
PN

K 5.2: BEN 1Y AVL &, Hp—fR TR/ b — 1, BRI EEANT h—2

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

R AE— DT RIEIEEN h — 1o ARYE AVL RIEIE X, A (|1 - |r|] < 1o BT
A I RF TSR EARR/NT h— 20 T T AT &R s O DR s 0
M1 T A5):

N(h)=N(h—1)+ N(h—2) +1 (5.4)

X LA TBRAREE LB IRELLS N, a1RE X N/ (h) = N(h) + 1, T Tk
FILARE (5.4) Bl S BOIRSBBN RIS

N'(h) = N'(h—1) + N'(h — 2) (5.5)

IR 5.1.1. & N(h) FXorEA h B AVL R REE &/IME, 2 N'(h) = N(h) +1,
i

st o — YO L popin e,

UERA. @ﬁﬂiﬁl%)ﬂéw{io = h =081 N:

« h=0,N'(0)=1>¢"=1

e« h=1,N'(1)=2> ¢! = 1.618...



5.2 HEA 79
AT IEHENE M, B N/(h) > @'

N'(h+1) = N'(h)+ N'(h—1) {Fibonacci}

> ¢h 4 gh ! (iR
=¢" (o +1) {¢+1=¢2=¢5;3}
= ¢ht!
O
1518511, FRAT 1 B ] R 45 5L
h < logy(n+1) =log,2-1g(n+1) ~ 1.441g(n + 1) (5.7)

X AFRUI AVL AN O(gn), MTERIE 7 #iit,

EAFIER SRR 25K, SECFERFRIZMERL 1, FEETBEMHER
6] < 1o RGBSR TTTRRMIER: . BAl14n tH—Fhi TR ITRC R 77 IR AL se T, 8
BEZRADLT R S CHO LR U] T IR “ B e —1 2 (USRI, AVL B2 —#h 5 1
i =S, BATTE ) = SRR A E X, REF-HA 5 6 rIDARITHIRH, Oy 77518,
BAMHEESNEZET R T = (1, k, 7, 0) FPERTEFHIA ¥ BIME, FFAESCERIZERIN e
NHEIBIFIERFEMN T NS 6

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

AVL $HJ lookup, max, min SFHRAE = XILRRAHFE, mm AFOMIERR 2R
TRE,

5.2 A

6] AVL B A— e 22, A RIZE0HE [0(T)| IR 1, AT
AL RRHE B RIBIL AL TR IR P, FATER o J5, S ER iRl E R
Lo BATITRZEH AR NS 2I8 b S [ 1o E SURAZE RN —XHME (T7, AH), H
W T NG RIS, AH DRI AME, BT = AR AR A IR B SN T

insert = fstoins (5.8)

Hr fst (a,b) = a IREI=XEFHIE —D0 ins(T, k) KITR « MAZIRK T H:

ins @k = ((9,k,9,0),1)
. k <k :tree (insl k) Kk (r,0) ¢ (5.9)
ins (I,k',r,0) k =
k >k :tree (1,0) k' (ins r, k) §

LR AR S R R A 6 0,
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WMERMANT o, ERNEE kT, PR 0, SN 1 AN, £
T = (I,K,r o) B & A&, R & < &, TADBIAHKEE & HARETH 1,
BB T o IBAREARISE RWZ—XHE (I, Al) 3L (v, Ar)o BATEIL BRI%L
tree VAR T EREE, TEZ 4 DS (U, ADK. (7, Ar). 6, I 4553
(T',AH)o HAr T" i, AH & W

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

ERI D0 i 4 R DL

AH |T'| — |T|

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

= mazx(|r'], |[I']) — mazx(|r|, |I])

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

0>0,0<0: Al—96

B Al

HHf 5 = §(T) = | — |I], AL IR T B B A THISSIEH, 1
TR, R T E T 5

o = || =]
= |r|+ Ar— (|| + Al) (5.12)
lr| —|I| + Ar — Al
= 0+ Ar—AI
{5 PR ) e P R AR P IR, BT E— 200 S (5.9) FRRIBREL tree:
tree (I',Al) k (r',Ar) § = balance (I',k,r',8") AH (5.13)

NHEAHFAR S T H R4 RS IE

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

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




5.2 A

5.2.1 “FHiRR

81

4 MISHHEEBE, EL 3R, PR T £2 @ T [-1,1] FEREL ]

ReHG—HENEFLRIZEN, 615 6(y) = 0.

6(z)=-2

) =0

fdx)=1

f(x)=2

s(y) =1

5.3: ¥ 4 MEOBEE NG —IERX

RATHRX 4 BN —F2, A — A H— 75 72— OISR 68 7
5(2)8(y) (=) SRR TR T 5 (2).8'(y) = 0.6 (=)0 TAVIFRUIT, W5 B

25 H TUERA,

Fe—Fe:
0'(x) = d(x)
'(y) =0
d(z)=0

H—f:
§(x)=0
&'(y) =0
¢'(z) = 0(2)

H—FEME—f:

) - {5@) — 1.

otherwise :

§'(y) =0

M@:{Mm=—h

otherwise :

(5.14)
(5.15)
-1
0
(5.16)
1
0
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AFAREZCILAS, RPRHEEE AR :

balance (((a,z,b,0(x)),y,c,—1),2,d,—-2) AH = ((a,z,b,(x)),y,(c,2,d,0),0,AH — 1)
balance (avxa (b7y7 (C,Z d 6( )) ) ) = (((l €T, b O)ay (C,Z,d,(S(Z)),O,AH - 1)
balance ((a,z,(b,y,c,0(y)),1),2,d,—2) AH = ((a,z,b,0'(x)),y,(c, 2,d,8(2)),0,AH — 1)
balance (a,z, ((b,y,c,d(y)), z,d,—1),2) AH = ((a x,b,8'(x)),y,(c,2,d,0'(2)),0,AH — 1)
balance T AH = (T,AH)

(5.17)
Hrp §(x) #1 8 (2) &H83K (83) E o WERERA LEAETRR, &g — TR
A, RHZAE RN A FAET

balance (Br (Br (Br a x b dx) y c (-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) z d (-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') 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
balance t d = (t, d)

9\ B S A R B BE FE, BB (5.7), AT n N4 A, insert
IS O(lgn).

NTHUE AVL B, BATRZEREM R 25 RN, X TR 1, X
(5.2):0(T) < 1 B RRAL, TN TH] YRR B0 T A 25 - Hrf R A v 22 -

avl? @ = True
(5.18)
avl? T = avl?l Navl?r Nllr|—|l|] <1
Hrp 1o 2RREA TN, @@ R T
ol =0 (5.19)
Tl = 14mazx(|r],[I])

NHERBIFREFEIL T AVL SRS A

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

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




5.3 AVL a2 REE 83

%3] 5.1

L BATARIE T AVL SRS M, eI Pk E —fR — X2 52 AVL

o

5.3 AVL a2 :NHTE »

N1 5%, AT AVL REyan @B iR, MZLRMEan < EZAREL, A5G

X AERMREHCRR A, 5 FE I i R E S P,

1: function INSERT(T, k)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

root <— T
x <~ CREATE-LEAF(k)
d(z) «+ 0
parent < NIL
while T # NIL do
parent < T
if £ < KEY(T') then
T < LerT(T)
else
T + RicHT(T)

PARENT(z) < parent

if parent = NIL then > W T A=
return x

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

else
RIGHT(parent) « x

return AVL-INSERT-FI1X(root, x)

FAFTCR G, S AT RSN, R PR 6 th2efb, i AZIG AT RERE

6 BN 1, FALEMATRERE 0 /D 1o TATIA 2 JT4E, BIRFA_EEE P, BERIRT .
IHTHFE R o, HA 3 FE L

o (0] = 1167] = 0o FEAJERINT THIRAS, S0 A B A
o (0] = 016 = o FEAT T Z —HIRERERINN T, A5 BEARGEI A2 A,
o (0] = 11| = 20 FEBEEEIABE T,

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 < 0(PARENT(2))
if + = LEFT(PARENT(2)) then
0 —0—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 §/ =2 then
if §(R) =1 then
§(P)«0
5(R)+ 0

T < LEFT-ROTATE(T, P)

if §(R) = —1 then

dy < O(LEFT(R))
if 5, =1 then

O(P)+ —1
else

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

I(R) « 1
else

0(R) «+ 0

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

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

BHE AVL #

> A

> AkSE E I L BT

> H-H
> ARIER (72)

> FH-/8
> HRAEC (83)

> A
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40: else > -
41: dy < d(RicHT(L))

42: if ), =1 then

43: O0(L) + —1

44: else

45: 0(L)«+0

46: d(RIGHT(L)) < 0

47: if 9, = —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 ek, IR 2 R T 6 A — I — I TR AT — IR s T
— M — A TR BT, BT T AVL RERIBIBRTE, Hisk B 25t 17
PRAYSEEL,

5.4 Ik

AVL #2 1962 HEH Adelson-Velskii #1 Landis!'*1.["") $2 Y, FH CAPRNL/EE 1Y
BTt LR ER, AVL SHIZL B B T = AR, KRR
BHRIEHE O(gn). 3N (5.7) 15 AVL MHFEMEE /i, TEREEBAERT,
HARIN ST 21 8 U0 (B 2L AR AT S AFMBRA IS 00 P RE A, IR A2 %
i FZLRMAE D B A — SRR NERSE I, AVL REFEIFE AT LB, it gk
ST ) R

5.5 kst Bl

AVL WHYE X

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

T
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e 200)

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

}
1} 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




FANE TR

HEP = X REREAS BATRELE T e ROTRT AL (edge) HKIFHFEE 47 AR
(Radix tree), Eif trie. BIZAH . G S HURARYEIX — RS tHAV IR, ©fi1™
AT 1960 A, BT T IS P AIAEY(E EACEE (40 DNA #ETED) P S5
jEZo

6.1: FEEHS

E6. UB/R T —REEW, e T ZHHE 1011, 10,011,100, 0, WIREIR i
HIEL k= (boby...by)2, TRATE SAEE MR ENL boo H A 0, WL A T4k S A
R Bh 1, MBS T, 55, RAGES M, HEEX - IREEICE S
B n ALEENERE—H-T19 e TAPFARTFEAE T P TEER (key), IX—1F B HILK
R, E6IFREE T RAIERIUEN TRE AN TFRESREEE, BT DAHEH =
I, FEF LS R THRAE,

6.1 B trie

FATFRE 6. 1T RAIEIELEAI N binary trie, Trie & Edward Fredkin f£ 1960 4F
TR, EoRH SR retrieval, Fredkin ¥ HIAE /tri:/, (HEANIEAE S trai/ (F1
FESCRATE try IR EHRE) P, BLEIEHR trie IBFRIRTZN, AT, trie FIRT

87
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ZR T AR FIBERSE, —H binary trie 2 —FRFRN — R, SMEMVBHE
A ISR E, 0 R, 1 FRoR“Tafa ", FER6.2HH trie, 3 NI
“117, 40117, “00117” ARERF— il &L 3,

Kl 6.2: Kiifi (big-endian) trie

USEARRATEN O W5 Rl 16— 32 GBI RS, 1155 trie A 1, %
SRR 32 RIURE, O T RRUUX— I, Okasaki BEWGEF/INEECEC ), —iHHI4
Fy 5 89 (MSB) SR TE AT, BAREfSr (LSB) TEAT 10, SORMTY AR A IHEERY, 122 o
BIAEAT RN INBRSE, GEFVINE, 1 BN (1)202 TN (01)03 FRA (11)-

6.1.1 EX

BATA] DA A =SB E o — DN RE 2N, B AW E A i —ME(E
R DAAZE) FE - M9a0 0 0, 5T H9A%HN 1.

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

XFF binary trie HHIAE—T7 5, HO B AR AR 2 FH 19 B9 B M — A E Yo
WBATTCFAET R FOEEE, T R TR EMEE, BRI B E E R, an SRR R
A, MR HIZRELR IntTrie Ao

6.1.2 EHA

SHRAREEHE & FUE o I, BATE ke BB R, R kB EE, RIRGDZ 0,
BABEF A TRHEA; WER & BEE, RIKAIE 1, TATBIAFA A TR
BATRE k BREA 2 BUBEDAR SRR AL, X TR trie 88 T = (1,0, r), Hop 1 B
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LR, o BAE RTINS, R insert BIE XA :

insert @ kv = insert(&, Nothing, @) k v

insert (I,v',r) 0v = (I, Just v,r)

k .
even(k): (insertl — v,v',r) (6.1)
insert (L,v',r) kv = 2 iy
odd(k):  (I,v',insert r L§J v)

WER k=0, MK v EATRE, R T =2, 548N (9, Just v, @) RE k #£0,
FATHARYE & RUFT MR, B8] o MBS — D2 MF19 5 (9, Nothing, @), 1FR k
CAFTE, X—HEE S AT E, BA el DLUH—MIREMEZME, IR o 3
FFIRAF, K6 1096 2 ARIRIEABES {1 — 0,4 — b,5 = ¢,9 — d} WEER, T
HIBFREFSCER T insert BRIEL:

6.3: /NFREEEL trie, WEMLH {1 = a,4 = b,5 = ¢,9 — d}

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

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

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

N THE DRI, BATATDAIBTERR 2 RS (B 2) 2860 o0:
even(k) = (k mod 2 = 0), SVEEHNMIZE, W: (k & 0x1) == 0, FAHLA]LATHRR
T BRI AL

1: function INSERT(T, k, v)

2: if 7= NIL then

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

5: while k£ # 0 do
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6: if EVEN?7(k) then

7: if LEFT(p) = NIL then

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

10: else

11: if R1GHT(p) = NIL then

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

14: k<« |k/2]

15: VALUE(p) < v

16: return T'

INSERT $£52 3 NS trie S T, ZHEAAIE & MM AVEAE vo XTH m AR
TIHHIEERY K, X —BRIEVIE trie T m B, NI AT O(m),

6.1.3 &R

TE— AR B/ NREEEL trie AR K I, 5 ko= 0, WBR EART S FP A7 B2,
HNRER G —A2 0 2 1, NG FRETEIE,
lookup @ k = Nothing
lookup (I,v,7) 0 = v
even(k) : lookup 1 g

lookup (l,v,7r) k = L
odd(k):  lookup r ng

THEAGIFARFSEIT lookup EREL:

lookup Empty _ = Nothing

lookup (Branch _ v _) 06 =v

r) k | even k = lookup 1 (k ‘div' 2)
| otherwise = lookup r (k “div’ 2)

lookup (Branch 1

BT AT DATH PRI LB AR B 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 «+ RicHT(T)
7: k<« |k/2]

8: if T # NIL then
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9: return VALUE(T)
10: else
11: return NIL

XFE m NIEEEL k, lookup PFRENIEZLEHR O(m).

.3 6.1

1. BEALUKENY Branch (IntTrie a) (Maybe a) (IntTrie a) &N
Branch (IntTrie a) a (IntTrie a),WHREARTFELEIRE] Nothing, 75N
IRE] Just v?

6.2 FEELHTSEM

Trie AUBR R ATHFER, TEEl6.1IAIGIFrh, HA 4 M REEEEE, He 5 1
TREZ S, BRMARARE 50%. AT R BA AR, Fll 70T DORF A —iid
AT R — 1 BT IX PRI EAESS A, B Donald R. Morrison 1E 1968 4
e, EMANESCH, BIZRHFRN Patricia, 52 Practical Algorithm To Retrieve
Information Coded In Alphanumeric B E FREE 7, YELREEES, BATFRZ R
BRI, B TEA T B SR L N IR EE R . Okasaki 25 HY 1 HEEHTZRM
AYSERRE Y, R El6. 3 B — A A TG, PTG R — a0 &6 4R AIH,

6.4: /NI EEEOR SCERAT IR {1 — a,4 — b,5 = ¢,9 — d}

TEREEUR R 0BT R N R EFTE TR A TRTSR, XL #EEH A
HFTERI N — L EANE], IXAEREEETRMTE R T A E R 7G2S A],
6.2.1 X
FERATZEM & —RPRF TR — X, BEE N2, sl B — M0 YT A
o MBS NEEEEE EFI—ME v;



92 COVAE e = ()

o OBCT AL HAA TREITE - DR K AR, £ TR N 002 o, A
TR T —AZ 1.

N EHIEF A E ST REEETR N . R RS 4 DR KA
BT B — 246 0 B 184, 7246 T8 181E8 m = 2" BB
n > 0o ATEIRT n CZAY ZHEHIAARAE T AFEHTE.

AR, —

, Hrp sy

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

6.2.2 A

A T AL y B T O, BRATH y QI — R UER T AR
HE— TR o, BAOIQTE— D2, IR DT o fy 2Rl ELA T
W ATHELES, BATHERE 2 f1 y FREKAEFTE po FIUN, z = 12 = (1100),.
y =15 = (1111),, W p = (1100)2, HH o FARFATAITOE) —BEHIAL, FATVEERH —1
TR REEL m R A4 (mask) IXEEAL, TEARBIH, m = 4 = (100),, REKAFITZE p [EH
H—ARFE 2t o« FIX—AIZ 0, M y FIX—AiZ 1, Bt » BEFWH, My 26T
B, WIE6.5F7R,

prefix=1100
mask=100

6.5: /T EMF 1A 12,6 56 15 5

WM T BEANZ, AR R, AR BRI ¢ 26 T BIs KA FLA]
2% p VCHC, QIRUCHED, WIARYE N —A072 0 8¢ 1 s ifE /o A A Bilan, =%
y = 14 = (1110), FHAE6.5FRIIN, T REK AR p = (1100)2, I HEETRK
—fr (2! fn) 2 1, BA VI o FEAG FIR R ¢ MR ATFTS p RULEL, 2
ITFRZS H— DT R A0E6.6F7R,

REEHEN kAEN v, DHT1T 5N (k,v)o NEIRIBRN R, WEHN (p,m, 1, 7),
He p BN, m B, | f r 2B EE T, REE insert REEE




6.2 FEEETZRM

prefix=1100
mask=100

prefix=1100
mask=100

@ o ° prefix=1110

(a) A 14 = (1110), BRI &K ATLFTE
p = (1100)2 VEAL, EBITHE AL FH,

prefix=1100

mask=100 mask=10000

(b) #iA 5 = (101)2, EMEKAHHEIE p =
(1100)2 ANVERAL, 73— HrrF 95 G

& 6.6: RN DAL

93
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T EIR=FpE N

insert 3 kv = (k,v)
insert (k,v') kv = (k,v)
insert (K',v") kv join k (k,v) k' (kK',v")

zero(k,m): (p,m,insert | k v)

insert (p,m,l,r) kv

match(k,p,m) : {

otherwise : (p,m,insert r k v)
otherwise : join k (k,v) p (p,m,l,r)
(6.3)
BT = o NS, BATQTE— DM 5 GREAEE, FATHBERE &I
HIME, FRE match(k,p,m) K& k MIRKALFIER p MG m T2EMERA:
mask(k,m) = p, B mask(k, m) = m — 1&ko BIEAN m — 1 FABUR, ARG k 1%
K5, K& zero(k, m) KB m ZFNHHINE 0 B2 1. BAE m MERS)
1Az, RIEH k A%h5

zero(k,m) = k&(m >> 1) (6.4)

BREL join(py, Th, pa, To) BEZWHISFIPIE . BN pi« pe AR A RIS
(p,m) = LCP(p1, po), BIE—DH AL, I8 T T BT
- zero(pl,m) . (p,m,T1,T3)
join(p1, T1,p2, Tz) = b (6.5)
otherwise :  (p,m,Ts,T1)
NTHERKAHEEH, AL p. p BUTERS, AREHEHESA
highest(xzor(p1,p2)):

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

FERRBAT AR m = 2highestlorprr)) ARNILRTSE p AT DUHHERD m A1

p1vp2 PHHE(T—D R BIN p = mask(py,m)o NHEEIBIFIEFEILT insert K
e

insert t k x
= 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 1 k x) r
else Branch p m 1 (insert r k x)
| otherwise — join k (Leaf k x) p t

join pl tl p2 t2 = if zero pl m then Branch p m t1 t2
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else Branch p m t2 t1
where

(p, m) = lcp pl p2
lcp pl p2 = (p, m) where
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 .&. (shiftRm 1) — 0

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

95

BT AT U a2 77558 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 ZErRO?(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 7'

H Branon(Ty, T) BIEE—HrAL, iR K AHHTR, I8 T A1 T, WM

T
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1: function BRANCH(TY,T3)

2: T <+ EMPTY-NODE

3: (PREFIX(T'), MASK(T)) < LCP(PREFIX(T}), PREFIX(T3))
4: if ZERO?(PREFIX(T}), MASK(T')) then

5: LErT(T) < T}
6: RIGHT(T) + Ty
7: else

8: LErT(T) < T3
9: RicHT(T) < T}
10: return T'

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

BRI LCP ZREUN MR B K A AT
1: function LCP(a,b)

2: d < zor(a,b)

3: m <1

4: while d # 0 do

5: d <+ Lg]

6: m < 2m

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

8: function MASKBIT(x, m)

9: return z&m — 1

B6. 7R 1 R A IR IS R RTSR I, B RBE RS0 [ 1 REFE A — Y
T, AR REUR K RIS T IR TR B MR I, X m AREEK, H N BIEME 24

2 O(m)o

6.2.3 &K

LEHEE L N RN T = o A, HER—MMFHRT = (K,v) HEk #£FK,
W ke AL IR k=K, W o AERER, MR T = (p,m,l,r) B— DA, I
MTHERRENILFIL p 1 & B m N2GICE, HARIE T —A02 0/1 B)AMfE+
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prefix=100

6.7: FEABLET 1 — 2,4 — y, 5 — 2 B RIHEERTZM

B 1B r FRAEER WERAILACASLETER p, W & AFLE,

1:

2:

3:

4:

10:

11:

12:

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

otherwise : Nothing

zero(k,m) : lookup l k

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

match(k,p,m) : {

otherwise : Nothing

BATTHL AT DATH BRI S IR sUSE A
function Look-Up(T, k)
if T'= NIL then
return NIL
while T is not leaf, and MATCH(k, PREFIX(T'), MASK(T)) do
if ZERO?(k, MASK(T)) then
T < LerT(T)
else
T + RicHT(T)

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

else
return NIL

MNTH m A ZFHIEEEL, lookup FIENEZN O(m)o

3] 6.2

1. J SR LB RATE Y lookup FiX,

97

(6.6)
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2. SKEUEEEL trie ML BRI, U HEA NS B T BE, 85R A TALAEE?

6.3 Trie

FERERY trie FIEEEUATSRMI RTINS b, FRATTAT DATEHE AT BRI R 2N F1AR . H
H— PR E N TR R TR R, BIZERA] trie AT DA SCARAE IR A /) TR,

6.3.1 X

HHEM IR 0/1 §REE A BIFRIN, AT E 2R =Y R 2 B
FIAERUL, —HF 26 DT, MRBREAVNG, 209N LA LUSE] 26, 401 6.8FT
ﬂ_‘—<o

6.8: FHEZIK 26 TR trie, BLEHE 1 a, an, another, bool, boy. zoo

HAERTA R 26 FRFIFESE S8R, 7EE6 SIIMRTT ki, HARE acboz 1Y
3 BRFIA S, HEDEL, BIRER o (978, R, FRATAT DLR IZ L2 7
FEEE R, AR IX 0 R/NG BE T B — DR BT AF R R B R S 3%, TATTAT
PAGEF map SFEUREEHRAFZN SR BRI AL,

—HR trie B NS, BE R DA, BE UGN
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L AEN v M1 5, NS T
2. IR R, BLEE v FIBERFI, BRI RN EA K FRIREME £
FHERIZRALR V, BANE trie FIZBLH Trie K Vo NEMIFIFREFEX T trie:

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

AN 2 RIRBIE SN (Nothing, @)

6.3.2 A

FERA N EE] trie W, HAPEOVE TITRIIYIR, 2 trie A T = (v, ts),
Hrp o Z2RHPEGERE, ts = {c1 = Ti,c0 = Ty, ooy e = T} BEFERAIFREIRY
WU, TEE o BUNEIER T RATAT AR (e, 1), (62 T2), oo (6 )]
B B ETR ST (28 4.5 ),

| insert (v,ts) @ v’ = (v’,hts) 6.7)
insert (v,ts) (k:ks) v = (v,insts)

GREREEN A, PV s DARTHOE ; S0, BT S — D ITR k, IKEIMG 2] &
B, FRRITR: ks F1 o FEA

ins @ = [k insert (Nothing, @) ks v']
ins ((crs 1) : ts) = {c =k: (k — insert t ks v') : ts (6.8)
otherwise : (cw t): (ins ts)
WA TR E] k, FATHHTE — R T ¢ = (Nothing, @), F4§ k& B E
Hob; AN FARBIMR S & B8 ¢, BT ¢ RN ks M1 o', FHEHHITFE
JPSRELT insert BRIEY, B RIRGIRERTELGS

ts) [] x = Trie (Just x) ts
insert (Trie v ts) (k:ks) x = Trie v (ins ts) where

insert (Trie

ins [] = [(k, insert empty ks x)]
ins ((c, t) : ts) = if ¢ = k then (k, insert t ks x) : ts
else (c, t) : (ins ts)

empty = Trie Nothing []

?Jaﬂ]mﬂu{éﬁ%iiﬂﬂ, SEENER TR insert BREL
1: function INSERT(T k, v)

2 if T = NIL then

3: T < EMPTY-NODE

4 p+«T

5

for each ¢ in k do
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6: if SUB-TREES(p)[c] = NIL then

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

9: VALUE(p) < v

10: return T'

AHREIZEADN (K] (K A1), K B2HE m DITRIARSE, ATKEN n, M
IABZREREN O(mn)o HHR/NG FSCFIFHRER, m = 26, lARIERTE A E
AT ER R B AR IE b

6.3.3 BER

1E T = (v, ts) PER—DIEZR (k : ks) I, BATMEB—NITR & IR, WERE
TERREN ] | BUF0R 17, WIS S RIBITHIAE T/ A& ks, MBI, IR B A7 5
HMEEMEE R

lookup @ (v,ts) =
lookup, k ts = Nothing: Nothing (6.9)

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

HAFBREL lookup, BIE X —F, EERKYIRPEREREGFE, Nm2EH
2 FRIEASEIN -
1: function LOOK-UP(T, key)
2: if 7= NIL then

3: return Nothing

4: for each c in key do

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

T: T < SuB-TREES(T)[c]

8 return VALUE(T)

BEREENEIEN O(mn), Hi n 2EOKE, m 2LEEEESHKR/N,
3] 6.3

L R B P = XORE (AN AVL B SEERRRSS map BREEEH, F A6 T
WEEIBREN o FATTFRILTY MapTrie Bl MapTree, EARARAMEIELEMEER
ERERI?
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6.4 RHZHY

Trie HYZ3 R FIRARAR, BATRT DAR RIAEHD 75 7R R4 BEREAE —IEC R 1 L, X AERE
152 T ATSH

6.4.1 X

— NG ¢ AT — AU o, B T RIS, BT
Bt SRR —PFIFE 5,0 IR S ERIEN [s; — 4]0 IXUEFI A LR
FI%5 s, T s MBI R o WAREDE s B 5 4 510 s 4 sor - URK AR, WF
A 0 £ 5, BIF s, s; AMEAEIEZSIASERTEL, KoIEl6 Sh RERE1E— LA SR SR
Sk, AT AT R 6. O RTZRARE

6.9: —HEETZRMT, BELEHE : a. an, another, bool, boy. zoo

NHERIBI TR E ST RIS :

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

FATCHTZ A t = (v, ts)AFRIHE, (Nothing, @) RPN NI AL (Just v, @)
FMEN v BT R

6.4.2 A

TENTIFER s I, HRIZRAZS, BA1R s QIEE— D45 5, WE6.10(a) Fir.
AR s FEEADFHE ¢, XA s FFAEAFERTE, FATONE—DFF19 5 ¢,
NFERTER, FREEBE B — DR ¢ b, SRIE2 tit; 2B ¢ R TR,
E6.10(b) Air. IXEBEAMMERIGI: s N s; FIATE, WIE6.10(c) — (e); PAK s; A
s BYRGZR, @iE6.10(d) — (e)o
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another
: an bo
boy bo bool boy
()
other ol Y
y
boy ol
an bo another bool boy
bool boy
an ol y
(a) (b) (€

bool boy

G}

6.10: (a) [MZSHAHEA boy; (b) #iA bool, BIEHT724L; (¢) Al (b) ffiA another (d)
[f] (b) #iA an (e) A (c) A an, RS\ (d) A another HH[F]

T HEAYEREAFTS ¢ = (v, ts) PHRARE s FIME o:

insert (v',ts) @ v = (Justw,ts) (6.10)

insert (v',ts) sv = (v ins ts)
AR s has, BT o B S DARTHIE,; SN ins K& FRATENIRTRTS,

ins @ = [s+ (Justv,o)]
match s s’ : (branch sv s' t) : ts' (6.11)

ins (8 +—t):ts’ = {

otherwise : (s’ —t):ins ts'

GRIRTT RS T4, FATAE—MEN o FIF, HR s BRETEIH b A0,
MTFENF R s — ¢, BATELER o M1 so MR EATHRHATHR GBI match FEL
), IR branch BRECIBIH FH . BATTE SCRPFIZRPLECANER BATTA A AL ATER

match @ B = True
match A @ = True (6.12)
match (a:as) (b:bs) = a=b

BATELEEL (C, A, B') = lep A B RIBEBIFER A HI B BB ASEAETS, H
CH A =AH C+ B =B 3L, MR A B PREM— M ATEEENE—D
TLRAR, MAHILE C = o; BN, TABETHM FIIERATRIAILAILR, FH5KER
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TCER K INAERT :
lep o B = (9,9,B)
lep Ao = (9,4,9)
6.13
a#b: (&,a:as,b: bs) (6.13)

lep (a:as) (b:bs) =
otherwise : (a: cs,as’,bs)

H (cs,as',bs') — lep as bs SEIEVTRIUNZEEE, FR branch A v B ¢ BEZFIA
A B, —/ME v FIR ¢, EFREUE AL B R KAHFISE O, KM FH AT
b, BT

branch Av B t =

(C,2,B"): (C,(Justv,[B" +t]))
lep AB=<(C,A,@): (C,insertt A" v)
(C,A",B"): (C,(Nothing, [A" — (Just v, D), B+ t]))

R A2 B RIRGER, WK A WS o FTTERY™ A, 112 BT 70 45 e St
IR — B ¢; AR B 2 A BYRTER, FADBITHORERIRYRMERAZ] ¢ A
A, FATTRNE—NME v BT 5, REEAT ¢ ME B ER 1, T IERH]F72
P T insert Bik:

(6.14)

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

leaf v = PrefixTree (Just v) []

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

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

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

AT AT PATH BRI, FROE A SLBIE A RIA
1: function INSERT(T, k, v)
2: if T'= NIL then
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:

25:

T < EMPTY-NODE
pT
loop
match < FALSE
for each s; — T; in SUB-TREES(p) do
if k = s; then
VALUE(T}) + v > 78 i
return T
¢ < LCP(k,s;)
ki< k—c ky<s;—c
if ¢ # NIL then
match < TRUE

if ky = NIL then > s s k RIS
p+<T; k <+ ki
break

else > WL

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

return T

AR LOP HREH A BRI A AT

1: function LCP (A, B)

141

while ¢ < |A] and ¢ < |B| and A[i] = B[i] do
14 1+1

return A[l...0 — 1]

BRANCH(s1, T, 52, Tp) Hi ZACFRRFRIG L. WER 51 N2, AATREI A RUSER S

NFIRETRGER, AT T, BN T T, S0, BATIOIE— N T 5, 644
Ty Ty BT,

1: function BRANCH(s1, T4, s2, 1)

2:

3:

4:

if s; = NIL then
ADD(SUB-TREES(T}), 5o+ T5)
return 7}

T + EMPTY-NODE
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6: SUB-TREES(T) < {s1 — 11,82+ To}
7 return T
BIRAIENRE = T2 EF R, (BEERERZE O(mn), B n BRKE, m
EYIRITTREE SR,

6.4.3 K

B kN, FATMART SOHE, a0 & = o 973, WNRERYT SAE; 2004
@A IR LS, $RBIWUR s, — ¢, (15 s, 2 & BURISE, RGBT PR ¢,
Bk — sio MRFTER s; BAR k BIRTS, MR R FEZEEIRAEE,

lookup @ (v,ts) = wv
lookup k (v,ts) = find ((s,t) = sC k) ts =
Nothing : Nothing (6.15)
{Just (s,t): lookup (k—s)t

Ht AC B FR A2 B RIS L find BIE X — 5, EAESIRHEK
HEEE SRR R, NHEIB TS T EEREX,

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

R8RS 22 FIT o BRI TN RO AR AR BE B ER B, Lookup BIERIE XN O(mn), HAf
m BHNRTTREGHIRN, n BHIRIKE, TS 7 anS7NKBL, K HAEAN AT
é;j‘;go

.3 6.4

L. {HBR lookup FIEFHIEBYA, FITEASLELRTERM B A+

6.5 Trie FIHGZITINH

BATTAT LA trie FTRTSRIA R ARORVE 2 A BRRY I, L5 SCBLfRIBR AT IR B, B 305
AT, AN B i i AN 1% 5 RMESEIIRIR], A5 28 B8 2 R B M,

6.5.1 TSN H 35T
G 1T, 4 0 A S SR P, G e
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AlA Q, introl

All B=EEW 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.

6.11: JrjdiL

pref

prefix
prefrontal cortex

prefab homes

o O PO P

prefab homes oregon

6.12: A H KN AT AME
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TR B B A A R 7 A, AR RR, LRSS 2R R
FiEDAREMERE, BEETE. RE|F, K6.122— M A BN S IREH AME, X
ANEJG, 2FIH—LEATRER I T, B TPAH P AR N A 1,

XPMIFER R 1 B 3T RIIRE, FRATTRT DA RTZRIR R SZ e, o B UL, $&
THEGIFHRREFRF RIS, BEIRTIRAET n NMcH. —MAalRE T2 HE
XF, Horr g S S BRI BRI, (2 0 B AR BRSSP RN TERTE s I, F.4T]
TERTZEA SEERAIRI B BT A DA s FRRAVEE, QNS s 22, wiy R FrE T E 2
KB n SREER; BN, FATAEUCECAY F-AB I B4R, 7R SR E MESRE RIS, 34T
A DAY e SRk T, AR 512 EBUSET n D take n (startsWith s t), Hr ¢ 2Rl
Zibito

startsWith @ (Nothing,ts) = enum ts
startsWith @ (Just x,ts) = (&,z): enum ts
startsWith s (v,ts) = find ((k,t)—sCkor kCs)ts= (6.16)

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

LE— DN s, BREL startsWith TERTZIMTHPIERITE DA s NETZRAIEEER, (R
s N2, EREFTA T, WRRT AHIE o AR, MK (o, ) BENEISER 2 i,
FRIZL enum ts EXUAR:

enum = concatMap (k,t) — [(k # a,b)|(a,b) € startsWith @ ] (6.17)

Her concatMap (BFRHA flatMap) BRI R HE— DN EZEMEZ, FOR EAHY
TN ANTCRIA TR, X545 FOERGEER, EH A build-foldr @S EHREHL,
PATHRR TS A AR B R R 25 51881 3R (RCRI—mfs R 28 5 3D, IR s AN
2, BAGE TR, X T2 DG (K, ¢), MR s 80 k 25— IIRTSE, A ImiE
VAHIY B ¢, HORE K BREANEEE DS RAVEEZ A 2500, A0R s AR ¥ HRf AR
VERC, MIAFAERA s WRTZRAIEE R, REAIB] T2l 7iX—R0A:

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 # a, b) |
(a, b) « startsWith (drop (length s) k) t]

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

BAH AT A a2 XA 77 LB STARTS-WrITH(T, Ky n)o MARTT RITFUE, TRATTIE
IMEE R D TR k; — Too R EBFED T T, FIRTSE, BATHURAX R TR R
B2 n FRERWR K 2 k AURTSR, TATMRRIA05G0 7>, FFeE & — k; £ T,
HITAELL,
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1: function STARTS-WITH(T, k, n)

2:

3:

4:

5:

10:

11:

12:

13:

14:

15:

16:

17:

if T = NIL then
return NIL
s < NIL
repeat
match < FALSE
for k; — T; in SUB-TREES(T') do
if k is prefix of k; then
return EXPAND(s H k;, T}, n)
if k; is prefix of k then
match < TRUE
kv k—F > RIS
T+ 1T,
s sHk;
break
until not match
return NIL

H R ExpanD(s, T,n) W\ T I EH n DR, ¥ s IIES N EERRET

Tiio AT TRT DAR S ALt IR B e (UL 14.3 1)

1: function EXPAND(s, T, n)

2:

3:

4:

5:

10:

R + NIL
Q< [(s,7)]
while |R| < n and @ # NIL do
(k,T) + Popr(Q)
v < VALUE(T)
if v # NIL then
INSERT(R, (k,v))
for k; — T; in SuB-TREES(T) do
PusH(Q, (k # k;,T3))

6.5.2 EFHREEAE

2010 w7, KRZETHL LA — DB 6. 13RS 7 35, FroN ITU-T 84,

BRSNS 3 B 4 DESCTR E, AR B AL SR home, FRATAT AR
SIS TR )M P+

1. %MK 4 B NFTT h;
2. =1k 6 B ANTHF o;
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1 |[ ABC |( DEF
2 3
GHI |[ JKL
4 5
PQRs|( Tuv |(wxyz
7 8 9
@@

6.13: FHL ITU-T ¥

3. #—IR 6 BEATFR m;

4. FRIR 3 BERNFRF e;

S B BRI A 75 25 R T AR B -
L ARIRIZT 4.6.6. 3, IEF 17 home HIFL;

2. #R O SRS R —MEIE AT good;
3.4 SREEICRHLE N — MBI IE gone;

JEERF AT, BFR T P, Rk SEBLE #1E ARSI R G
ZRFAFMNRT o TEARBI, FATTAT ARG BRIR 7 7E — D RIS FhoR S M A i
BN e SRR -

Mpg ={ 2+ "abc",3— "def" 4+ "ghi",
5= "jk1",6 — "mno",7 — "pqrs", (6.18)
8 "tuv",9+— "wxyz" }

Moli] BREA BT 0 W RLAYHE T4, FATHAT DUE M T B R B it
My = concatMap ((d, s) — [(c,d)|c € s]) Mrg (6.19)
B My, FATAT DU A5 B Rl — 2 i 7 51
digits(s) = {Mpq [c]|c € s} (6.20)

MNTEMAET [a. . z] PRITHR, BAREEBSEIRR TR 4 B NHEIEIB
TREFPE X T IR :

mapT9 = Map.fromList [('2', ”abc”), ('3', 7def”), ('4', "ghi”),
(ISI, 77jk177), (IGI’ ’)mo’))’ (|7l, 77pqrs77)’
('9

('8', ”tllV”), l’ ”WXyZ”)]
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rmapT9 = Map.fromList $ concatMap (A(d, s) — [(c, d) | c < s]) $
Map.tolList mapT9

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

2 (v, ts) ZMATA Ik BRI Y RT ST, FRATTAT DUB 2L B shh 5T RERAL
BEF A dso BAHEED TGS (s — ¢) € ts PIIFTLR s $H0N digits(s), FE
ERAM ds VEAC AR — A S —DRIATSD, FIREFEZ D TRIVLAC ds HITHIL:

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

findTg tg = [@]
findrg (v,ts) ds = concatMap find pfx

Xt pfe REVFADBG (s,t), BE find BIFHTE ¢ PERFIRET 45, HF

ds' = drop |s| ds, XJER s BHINEIE MR IRTE, v 7 By kR HEeE ML, T
TBEGET n = |ds| TFRF:

(6.21)

find (s,t) = [take n (s + s;)|s; € findrg t ds') (6.22)

SRR S T T AR

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

a2 N7 A E ISR N, AT A — D BASI Q, IR TT R =JTH
(prefir, D,t)o B =JTHBEZEHMRLEWATE prefiv, MARERIVET D, FIFFER
BT to BRFIRIGERII i, =T B & 23 HiS, 28T, PASCRTSEIR BIAR T Ao FRAIT
AN BAF FRER S =TT, A RIS, AT DB (s — T7), AR s Fi
X digits(s). QN5 D 2 EHIRTE, SRS T —Meikial, T s FNE] prefic BIRT
M, ek FIX—4 53R, W3R digits(s) & D WRTE, BT E@BIAETR 77 PHEE,
BATFEE—D=JtH (prefiz+ s, D', T"), f D' BFRIRIE T, RERIX—# =T
Hi B FAF,
function Look-Upr-T9(T, D)
R <+ NIL
if T'= NIL or D = NIL then

return R

Q « {(NIL, D, T)}
while Q # NIL do

1:
2
3
4
5: n < |D|
6
7
8 (prefix, D, T) + Popr(Q)
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9: for (s — T") € SuB-TREES(T) do

10: D’ + DiaITs(s)

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

14: PUsSH(Q, (prefit+ s,D — D', T"))

15: return R

.3 6.5

1. fEM trie SEBLE SN RITIN A

2. XFIREIZAMEGESE R RIS A RTE, AR ERUES th F 45 SR A% R v S
HEP? X SRERE AL BRI ?

3. ERATEMSRERIEE T, AHZFRIR AR Z n 5REER?

6.6 /N

BATINEEEL trie FERELRIZRMIITAR, 8IS BB —HEHIFOR, FRATE A AL
LT R REA IS (map) BURZE, 1% FORBATRRAV I N e 2 FRET
RFIR, Hh— DRI TR ER, trie FIRTSN AT DA REAT AL, FRA1145
T PR BRI BT: B SN TR Ao AN 55 S B2 S 5, e
trie SRIZM A B HEYINIKR, 27 DNA LHEEHTH,

6.7 b Bl

5 H = X E SRR trie:

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

N insert ¥R AADERE I T A EMIKFI AR :

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

key = key > 1
}
p.value = Optional.of(value)
return t

LGRS

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

IntTree(Int k, T v) {

key = k, value = v, prefix = k

bool 1isLeaf = (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))

EEESSGIEE U NG N =R

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 lcp(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)

113

trie HE XA A -

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

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

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

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

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

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

return t
}
prefix, k1, k2 = lcp(key, k)
if prefix # [] {

match = true

if k2 =[] {

2 200)

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
}
TREUR K ATHTZ 1cp F10F: branch:
([KT, [K1, [KI) lep([K] s1, [K] s2) {
j=0
while j < length(sl) and j < length(s2) and s1[j] = s2[j] {
j=3j+1
}

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

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

ME LRI BTSN Fr A fise 148 101 -

[([K], V)] startsWith(PrefixTree<K, V> t, [K] key, Int n) {
if t = null then return []
[T] s =[]
repeat {
bool match = false
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for var (k, tr) in 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

P -

var T9MAIE{'2':"abc", '3':"def", '4':"gh'i", '5'!"jk1", A
l6l:llmnoll’ l7l:llpqrsll’ l8l:lltuvll, '9':"wxyz"}

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.isPrefixOf(key) {
g.append((prefix ++ k, key[length(k)..], tr))
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}

return res
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7.1 T

AR REERT LRI A A AT RRIAE R 59— R R — MR 77 1%
R EEE M 2 BE ko B B2 R ETHERT & ERK DL, BT AT
BHIXERS (BT B+ M, —F B KB RIEH) MdRFER S, E7.1R T —MR
B A, FATTAT AIES RN — AR Z A1 [

7.1: B #

—RR RN, EE—DITR k MEG DR L ro FEFH | FFRIEM
TLRE/INT k, HH &k /NTEFR r FRERATER

Veelyer=z<k<y (7.1)

B R — BUAEHE 2 20, — B B RECN S, B E n DITEM n+1 D F
I BN BARAE IR B B ICRXETTERN ky, ko, ooy by, BN 11, o b g
Q7. 2fR. R B TCERFN D BGM E PA N2

C[1] | K[1] | C[2] | K[2] | ... | CIn] | K[n] | C[n+1]

7.2: B T

o TEEEIBMA k < ko < ... <kp;

o MTER ki, 78 ¢, PEIFTETTRE/NT ki, FFE & DT8R ¢ RRERTT
o

PRSI, 5 R R DURTERE (key) RN RZAOE (value), EANZATHER, RN, AT T s P EOE, Frffh
BRIFINE TR

117
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Va, €ty,i=0,1,...,n =21 <k <ao<ky<..<zp,<k,<zTp (7.2)

M RAEEF IR, 2ITREAY K, N B MAIEADN BTree K 5
BTree<K>, Ak, TMBETE X —HMNI PACREF B A

o FTERIHT T R EA M R BRI ;

o TESCRELd, BN B BB INERL, BT R
- mEZEH 2d— 1 MLHE;
- BOEH d— 1 DITR, R RIS,

B
d—1<lkeys(t)| <2d—1 (7.3)
FAE S RUERIZEE R AT PLERIE B At2 P,

IERA. FE—REHE n NTEMN B W, B/NEE d > 2, RIEERN he FRARTT M,
HETHELER d-1 MR RTRELEE MR, WRTEE 7/, W= 0E
PNRER 1 Tk, 206 2d NMRER 2 Tk, 206 242 MREN 3 1
Tk /)G, B/VF 24" MNMREN b T 5 BRARTT AN, B s Nk
DA d — 1, B fFRTEER TR NSO E N EAER:

n >1+(d—1)(2+2d+2d*+..+2d"1)

h—1
=14+2d-1)) d*
k=0

= (7.4)
=1+2(d-1) d:1
=2d" —1
AT IHEARF 9] v 5 JE X B OR R AN S
h<log, "1 (7.5)
O
IXFRIERA T B AT, BB B AR 2-3-4 W, ERER/INER d = 2,

BRART AR SRS 2 B 4 BRF KL AL A BT L #R AT DA —
BR 2-3-4 #if, BATCEEOY d BAEZ B BN (d, (ks, ts)), B ks BILRIIRK, ts 72
FRFIER, TG FREFENL T B #:

data BTree a = BTree [a] [BTree a]

B RIEN (2,2) 8 BTree [1 [1, N VBREG DT RAEHFE 0 d, K
I EA B 4 ¢ AR —XHME (d, t)o
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7.2 $HA

Al BN — SRR B, IR TR B 2 N TR MR, 1A B #f ¢ i
ATEER z I, BATMRT ST, BEHIXREALE? G EMRTTRENT o, AN
AITCERRT 2o WIERBARTEAIH T 5 (keys(t)| < 2d — 1), 58 « FABIMALE, &
T, XA B SFEE AR ¢, FA DB o FAF ¢/

4
. | AN
l‘2HS‘8‘9HIZ‘IS‘IG‘HHZI‘25”30‘31‘37”40‘42”46‘47‘50‘
4 q
. N" I

Lol s s o] ]w]v]lafals|o]a]a|[la]allw]a]sx]

7.3: K 22 AR 2-3-4 #f: 22 > 20, AL TH; 22 < 26, FAE IR T,
21 < 22 < 25, A ZIATHAIH-F17 5

2 E 7 37 2-3-4 FHEATCE = = 22, KN 20 < 22, FATEE [E145 ) 794
BHE 26.38.45, KN 22 < 26, Al DARE MR EE A5 — M1, RS 21 1 25, X2
—NAEIFT AL K 22 FAE] 21 #1125 HE],

HIIRHFHREELEHE 2d — 1 MR, A o FTESEATRL ZHIE B #f
HIRRI, A&7 356 18 BLESIERNX AN R, FA1A PR el N F 3, #
e PR A

7.2.1 AT

BATAT DAL AR FR Y S N BHE R V5 TEY RS B W, JE 518 B MHYTH
M, RTRBAZNE LA E, 5 TR, AERMAT P T, TMTE MmN &EE 2
TLRIIT RT3 F. BRI R, F DA R S S A 2 eud DRt R.

{ full d (ks,ts) = |ks|>2d—1 (7.6)

lowd (ks,ts) =|ks|<d—-1

WREHEITZITCEMDEL, TA1E X split RECEEAEAE m 2P N=3%, W
7 A7

split m (ks,ts) = ((ksi, ts;), k, (ks,, ts,)) (7.7)

2920 b, TR RFSEHNT RS T L, 20481,
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/ ky oo | mr | K

t ¢

~

3

i
~

/S»
Ka
i /

/ e \
tn

L

/ — \
m+1

t

7.4: EALE m BRI =],

BAMEA S —F (Equation 1.51) H7E XIH split At BRECRSIN:
(ksi, (k : ks,)) = splitAt (m — 1) ks
{(tsl, ts,) = splitAt m ts
SRR, FATTAT DA X unsplit BREL, =D EFHFRR—D B R A
unsplit (ksy,ts;) k (ksy,ts,) = (ksy 4 [k] 4 ks, ts; # ts,) (7.8)

NHEPIERESEE o AR ¢, SRR fio (B8, FEBONERCH d METE
B

insert x (d,t) = fix (d,ins t) (7.9)
£ ins ZJa, WMHRRT REHE ZHTR, K fiz B split RHED, FHiE
HTIRRTT o

fix (d,t) =

{full dt: (R[], where (ko) = splitdt

otherwise : (d,t)

BRI ins TR ZACBEPIRTIE DL N T 19 1, FATTAT AR A 88— (Equation 1.13)
T X EIFNZR A AR insert RACEL T, BATTTRZEREN SIE RN B, 138 T -] 1444
No AL, BATTE SLEREL partition:

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

HH | = (ks ts)r = (ks,, ts,)o BIF—PHHE—F (Equation 1.54) FiE XY
HIZREKEL span TN 3
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(ksi, ks,) = span (< z) ks
(tsi, (t' = ts,)) = splitAt |ks| ts
IXAE, AT o BITCRFPERF o BEEEM 1, A RT o BERLEAN -,
BATR G — BT o BIFIREEIE N ¢ 5 PRBATRIAHRE « fAZ] ¢, 0
El7.50R,

ins (ks,@) = (inserty x ks, ) 7 5, PRI A

7.12
ins (ks,ts) = balance d1 (inst') r FHH (I, ,r) = partition x t (7.12)

ki <x<k

insert

/k1 P O A \

4 7 Lyl

k, vee f kg k; k,
ki <x<k
/ l insert \

4 i 14 tin ln+1

! t’ r
7.5: F o X537
M ¢ FA 2 o, BERIREEEEZ TR, NHEE B MM, TRATE LK
balance BJAHIEITHIRIEE

(7.13)

wll dt: fix
balance d (ks ts;) t (ks,,ts,) = {f fixy

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

e fix, BEECN d T8t 73950 (41, k. t2) = split d t, RIGHIE—HT
) B R

fizy = (ks; 4 [k] H# ks, ts; H [t1, to] Hts,) (7.14)

NHERBFREEFEIL T B MAMEARL:

partition x (BTree ks ts) = (1, t, r) where
1 = (ksl, tsl1)
r = (ks2, ts2)
(ksl, ks2) = span (< x) ks
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(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 in
(d, BTree [k] [t1, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] # ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] # ks2) (tsl1 # [t1l, t2] # ts2)

K 7.625H T AR B MEYEIT, BN TR 2 I “GMPXACDEJKNORSTUVYZ”
FRETCEFEA B M 1E HAY,

//////N\\\\\\
AN AN

K | M o g R

N

A C D G J K | M| N P R S T V| X Y VA

7.6: ARG “GMPXACDEJKNORSTUVYZ”,
F:d=2(2-3-4 %), F:d=3

7.2.2 SEoREEA

B MTEREHRARIE R R B ES A 2R, M XME X —
Fiik. BTA RIBFEARN, MIBRNEH 2d — 1 MR AN, ?ﬂaﬁﬂ%ﬂﬁ\?}%ﬁ#
oy, 7 AFR. BT RESREE d - 1 MR, EEATEE R E
HER B . T 2,2 K(2) FREESHTE, T() FrReEEs E’\J?ﬁj\&,
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iZ x RS ¢ DICRN ki(2), B § BRFDEN t(x). FHEBIFIEES ¢« DMIEXNT
Rz BT

1: procedure SPLIT(z,1)

2 d < DEG(z)

3 x + t;(2)

4 y < CREATE-NODE
5. K(y) < [kar1(2), kara(z), s k2a—1(2)]
6 K(x) + [k1(x), ka(x), ..., kg_1(x)]
7 if x is not leaf then
8 T(y)  [tat1(2), tara(T), ..  t2a(2)]
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)

IRTR @ =t;(2) N, BATREEE d DITEK ka(a) AEEART R 2o R 2 B4
W7, EATTRIEMRIER B BRI, itk BATTTRZMART S, B TR MEEmEA
AR TR, MFITE &F 2d — 1 DITRIT R RONFTH AT sl At
B, P DARTDARESZHE EREYITR, X — 7R RRE e B A MR, Tz Ei,
GUERARTT BT, IR — 1, FRRESRATIR T R N BRI — i, R
EUNCRERINP SR
1: function INSERT(t, k)
2 <=1

3 if r is full then > AR R

4 s < CREATE-NODE

5: T(s) < [r]

6 SPLIT(s, 1)

7 < S

8 return INSERT-NONFULL(r, k)

HA B INsERT-NONFULL REEE AR AL r AN QIR r ZHF1 5, AT
IR ke BRI H A N EIAH R A7 B (ZR ST 3ZR A — 0 E AT, 0, FA1EK
Fl—MIE, (51T ki(r) <k < ki (r), MRDE t;(r) T, WUEIT 2. RGHREEA
T RdEN.

function INSERT-NONFULL(r, k)

n e |K(r)]

if 7 is leaf then

while ¢ <n and k > k;(r) do

1:
2
3
4: 141
5
6 11+ 1
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7: INSERT-AT(K (1), 1, k)

8: else

9: 141

10: while i > 1 and k < k;(r) do
11: t41—1

12: if ¢;(r) is full then

13: SPLIT(T, 1)

14: if k > k;(r) then

15: 1+ 1+1

16: INSERT-NONFULL(¢;(7), k)
17: return r

IX—BERIREAN, S S 28 RAE G ERIEIH, B7. 745 TARIEAN “GM-
PXACDEJKNORSTUVYZ” IHISE R,

—
[N Vi

A C E G J K N o R N U Vv X Y z

K 7.7 RKIEAN “GMPXACDEJKNORSTUVYZ”?, t:d=2(2-3-4 #), F:d=3

7.2.3 FIFEXF

A RAFE TR, FATFTFZMNE —DICERG, TV REER A E, GRA
BEAHAENE, BATAT DA 0 B AT M R BSE M BTG, ARAETT R AN A
FesA A TENE? FATRT LUK B W1 RN =8B FERR TR ¢, BRI 1, A
M ro HAp A MIER R “TCR /FRx (ki t) BIBIER, FeRlE, 2200 1 23, 1 A
r Gl ¢ SO SKHEREEER, A — DB 7 SFRB S . FATAT DUR H B 1A A
Ja#%50,

NI FAR AR E LT B W1 R BEE NS, BEEEE =5 M
WP GTER, FoE0 I, HEEDN T8, AR GTE, Far0dIFR. FA1cdE
BT RN (1L, 7)o
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4 i 14 tin1 T+l
1 t r
B " Ky tin) (k, 1)
t 1
t head tail
T (kh ti+l) (kn > tn+l)

r

B 7.8: K B MFIRS NI T BRI E R — 315

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

EERE— 20, TN r RIS —XHME (k,¢), HES—X (k,t) BT | B
AT, SRJEH ¢ Bt o [ /EREa D B G HOAR, BT TER A T R RN Tl

stepy ((k,t) : 1, t',r) = (It (k,t'):r)

(7.15)
step, (I, ¥, (k,t):r) = ((k,t'):1,t,r)

M AL, BT DLSEERKRI 73 R EL partition p t, IRIESAE p 12 B B ¢ 7K
KRG =59 (1,m,r)e FE | SRR m &R p, 1 r PRI EAH R, E X
PKIEY hd = fst o head, B MNFIRFEUHE—XME (a,b), RSEFIRE ao

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, @) =
otherwise : (I,m,2)

p(hd(l)) and (not o p)(hd(r)) : (I,m,7r)

partition p (I,m,r) = p(hd(r)) : partition p (step, t)
(not o p)(hd(l)) : partition p (step; t)
(7.16)

BIan partition (< k) t ¥ t HEAEA/NT & BRTERMa B EA M, T mags)
FREFEIT partition FEL:
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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)

PR DRI step/step, EELZITRMTRAENE d #7177, @ n=I| &
RIEMETTR/F OB R 7 (v) N ER « EENAERE f 3 n R

n<d: sp(step?="(t))
splitdt={n>d: sp(step=%(t)) (7.17)

otherwise :  sp(t)
Hrp sp AT T HI 29
sp (Lt (k') :r) = ((1,£,2), k, (2,t,7)) (7.18)

FIF partition F1 split, AFHIFRN TR B &, FATAT PAE L HIEAE T, &
SERAFEENR B WEATZ. /DI R=AH
full d @ = False

7.19
fulld (1LY, r) =l +r| >2d—1 (7.19)

il
low d @ = False

lowd (Lt',r) =l|4+|r]<d-1
MEHCY d ) B W ¢ FATTR « N, A TER@BEAEA, AHBETRL S
P i) 7 -

(7.20)

insert x (d,t) = fiz (d,ins t) (7.21)
GIRART RS AL ZICR, REL fio 0B d HHTR:

full dt: (d, (@,t1, [(k,to)] FHH (1, k,ty) = split d t
fiz (d,t) =
otherwise : (d,t)

(7.22)

B ins TEALH ¢ = o M ¢ # o PIRMEDL X TS0, FATHrE— DR
FURGENYER (1,¢,r) = partition (< x) t EMEFBITEARINME
ins @ = (9,9,[(z,2)])
t'=2: balance dl @ ((x,): 1) (7.23)
{t’ £ @ : balance d 1 (inst') r

inst =
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K%Y balance K& T8 t B2 EEEZEZ o EH TR

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

otherwise : (I, t,r)

Heb fixFull = (1, ty, ((k,t2) = 1), (t, k, t2) = split d to NHEPIGIFFEFEEEL T
AR

insert x (d, t) = fixRoot (d, ins t) where
ins Empty = BTree [] Empty [(x, Empty)]
ins t = let (1, t', r) = partition (< x) t 1in
case t' of
Empty — balance d 1 Empty ((x, Empty):r)
— balance d 1 (ins t') r

fixRoot (d, t) | full d t = let (t1, k, t2) = split d t 1in
(d, BTree [] t1 [(k, t2)])
| otherwise = (d, t)

balance d 1 t r | full d t = fixFull
| otherwise = BTree 1 t r
where
fixFull = let (t1, k, t2) = split d t in BTree 1 t1 ((k, t2):r)

split d te(BTree 1 _ _) | n< d = sp $ iterate stepR t !! (d - n)
| n>d=sp $ iterate stepL t !! (n - d)
| otherwise = sp t
where
n = length 1
sp (BTree 1 t ((k, t'):r)) = (BTree 1 t [], k, BTree [] t' r)

g3 7.1

1 BATRAAI DA < fif§ B WS HEEILR?

2. FERIEIAHER e IR EHEA " BT A,

3. FAMEALMEEHIRG T REARINC B, B = BN a2 LI 7L
i, BIRERERTRTIA?

7.3 AR

BT AR R RM W ESE LY RAISHEZ D08 B i, =X EA
HEEAMADTIE, H B RIEZANT5E, BEE B ¢ = (ks,ts) PEHITER k, WR ¢
M (ts a), MR RN FIRE R S, AT kR ¢ R0 =850
= (ksi ts)\t'sr = (ksy, ts,), b 1 72087 ¢ PEIRTETTRE/NT &, T r FHHIFT
BILRERTET ko R r PHIE—NDITR ks, FT &, TADHEE] 7455 75 WA
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BBYAHBAE T 08 ¢ B,

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/

H ((ksy,ts)),t', (ks,, ts,)) = partition k to KL safeHd EXN:

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

NERB TR T ERE R,

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

X THNFRA LI, B2 2R, SRR, BATH SR < K775, A
JERAELMEHIE - NTREEEFT k, GNFIBME TE:
lookup k & = Nothing
Just k = safeF'st (safeHd r) : Just (I,t',r) (7.26)
lookup k't =
otherwise : lookup k t'
Hp (1, r) = partition (< k) t ERNAESWEIN 7o safeFst FEREL fst N AHE]
“Maybe”HE &, FHEFITFAZFER T fmap KR

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'

R T I, BA TR ¢ FF 86, FREVRLE i 813 k() < b < ki (r)o 40
S ki(r) = b, WIRIEI 5 r FIERT] o SURAIMRS ; 750, Bl TAREEAET50KE ¢:(r) TPk
SR, MR r RFR, IRE b AEH A, MEEZEER,

1: function LoOK-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

SsafeHd fERLERRFEF DL 1istToMaybe #24f
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7: return (r, 1)

8: if r is leaf then

9: return Nothing > k NMFFE
10: else

11: r+ ti(r) > AREEEHEE ¢ B

&3] 7.2
1. FH - ERGHEGSAEREL,

7.4 THIER

ERCR G, TRATRERA TR AR TCIAIGE B MAVER, BRIRTT R4, TTREL
AT d — 1, Kb d ZER/NER, MFRTRAEE, TAA R SemERE
BE. JoE I HEMER.

7.4.1 JelBREHEE

BATE Y B SRR E RS 20k, RIEEBE B WHEHE, &
e ERAIEZN

delete z (d,t) = fix(d,del = t) (7.27)

HAREL del JRX 2088 FRAMPRERE, Q2R ¢ 251, AT ROTR
HER o5 S, BT o RS =502 (1, ¢/, r)o Horh 1 A1 ¢ WATRILRNT o,
i r PRHRITRERTET ()2, N r AN, BATRHHARIE—DITE £, A
BET (B k; = o), BAHETRAF2E ¢ RIRAITTR K (B K = max(t')) BUK
kio SRJEHEIARMM ¢ FRIIER &/, QU7 OF R, S (r NZEER Ky # o), TABEITHEM ¢/
R .

delete x

\

ky | oo | kg NeEx [ | K,
/ replm‘:‘e k; withx

deletek’

Lol

k’=max(t,)

B 7.9: F k' = max(t') B k;, RGEITHM ¢ BHBR &
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del x (ks,@) = (delete, x ks, )
el o ¢ Just © = safeHd ks’ :  balance d | (del k' t') (k' : (tail ks'),ts")
el © =
otherwise : balance d 1 (del x t') (ks',ts)

(7.28)
Hrr (1,¢, (ks',ts")) = partition x t, @ « HATXI =887 FATAT DLtk —
WMt RIS ERARTTER Ko BRE maxr AT

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

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

PRI last IRMEFIRPERGE—DNLHE B —EEquation 1.4), delete, £ —
EEquation 1.16H7E LHVFIRMEREEL, tail KHIFRAE—DITRER, FHR E 5
THITEER (Equation 1.1), FATERFEERILATIERR A B IEHE XK balance B W1
R RPETTRRD, ETE I

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

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

Rt PRITTEAR (< d— 1), BMATEA fiz, SEM (ksi, ts;) BAEM (ks ts,)
B CRE—DANZH)e LAEMAB] AT ksints; FEUERIGHITTR ks tno 2R
JE VA unsplit (Equation 7.8) 1 ¢ &3 : unsplit t,, k., to HiE— NS HEZILEMN
Wik wefa, TR balance BREHIERZH B #i,

ks # @ : balance d (init ksy,init ts;) (unsplit t,, kny, t) (ks,,ts,)
Jizy = ks, #@:  balance d (ks;,ts;) (unsplit t ky t1) (tail ks,,tail ts,)
otherwise : t
(7.31)
EREE—MERS ks, = ks, = o, WECIZS, X2 —BREA—DHFHIR,
TFEB—TBE, b Mt 232 ks, f ts, FRIE—DILER, REFNMERICETE
NBIEHRE X fix B MMAMBRAYAEELZ 4 :

fiz (d,(2,[t])) = (d.?)
foe () ) {full dt:  (d (K], [L.r]), b (1 k) = split d ¢
otherwise : (d,t)
(7.32)
3, BAHERATE A — 2% WRMER G, R SRS — R, AT A
a0k = L, R M — R R E DT IR, TN BB AR RSB T NIRRT

delete x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (List.delete x ks) []



7.4 MER 131

del x t = if (Just x) =— safeHd ks' then
let k' = max t' 1in
balance d 1 (del k' t') (k':(tail ks'), ts')
else balance d 1 (del x t') r
where
(1, t', r@e(ks', ts')) = partition x t

fixRoot (d, BTree [] [t]) = (d, t)
fixRoot (d, t) | full d t = let (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
| low d t = fixLow
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] 4 ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] 4 ks2) (tsl # [tl, t2] # ts2)
fixLow | not $ null ksl = balance d (init ksl, dinit 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

BATESNEXT B REBIBIERFIE R MESR S E7.10,7.11, 7. 128838 1 HHIERATHI+

7.10: MHIBRHG

7.4.2 JEAIFEMER

F— T ER TR RN R EF, RIS EMER. ZEMRE ¢ FERTR 2.
B MR AT ER AR LA T

WOl 1R = FAET ¢ TR, I E ¢ @71 5. FATATAERE ¢ iy o
MR, QSR ¢ AR HEIE—TT R (), METE— P B R,

WO 2: MR o FET ¢ BTRD, H ¢ AEMF TR WEFEE=RFE:

WL 2a: NET7.9F0R, 2 k; = o BIRTHTTRN K, B K = max(t;). IR ¢;
ARBHITTR (> &), TlTH & B &, RIGIEAHM ¢, FFRHIER &

WO 2b: 4R ¢, PETTERAR, HE TR 6 SERBHIITER & O, Mkt
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7.11: MBR «C’, SRSEMIER T

G s Vv
M
D s v

7.12: MBR ‘K, REMIBR N
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BATHIEHITR K = min(ti) FH &, RIGIBAM ¢, FFRHIER &7 G0E7. 1307
Ro

delete x

\

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

k"=min(t;.,)

7.13: K = min(ti) FH kg, RSEIEFHOM ¢, FRRHER &7

T 2c: Qi ¢, F1 ¢, BICEEANR (] = |tiga| =d — D, FAVKE tivoti, &
HER—MHT e BEEH 2d — 1 MEE, o] Azt W MiER, &7 14F7R,

x:ki

---------- >
t fi+1

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

7.14: JEAIFEMIBR

BHEBRSKITR L AT AR ¢ FES (REEHEITR), Wl L 2t
HRIIE—TTR, FHFH it ROCERIRERTRE TATRT DU A v B4 R, 4R &I 7. 1507
o

7.15: GEIREE

Wt 3: 402 ¢ TR ANE o, BNTERIAERD T8 ¢ PR 2. 0
Rt FHITRAR, BAIHRZEE AR5
TEOL 3a: Q2R ¢; AU MHART R oot PEUER—DEERBEITR (> d),
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BATRE ¢ BRI DITRBE ¢, RIERAL T AR —NITRE BB ¢, KR T
DEREN tio WETI6FTR, t; RIG—DITR, 7 KRBT ¢; IR .

ki
:A
/ . NA
kl kl ‘_:-—“ T k!l k!l kII

/ 1> s Kd-1 \ / LK s Ky \

1 q " it
v
k"l

/ k'ly s K'g1 k; \ / k"2 K"y \

" 'y " " 1

7.16: NETFEA—"1ITE

oL 3b: AR MELE T KA EITTREATE ([ti1| = [t | = d — D, Tl 1, ¢
HE—IER, ME— BT AT NFT 1, BT 17FR. SRS A% I i
B 2o
N DELETE BRECSEHL T /e & H AR %
1: function DELETE(t, k)
2: if ¢t is empty then
3: return ¢
4 i< 1, n<« |K(t)]
5: while ¢ <n and k > k;(t) do

6: 1 i+1

7: if k = k;(t) then

8: if ¢ is leaf then > IHM 1
9: REMOVE(K (t), k)

10: else > TH 2
11: if |K(t;(t))| > d then > TE 2a
12: ki(t) <= Max(t;(t))

13: DELETE(t;(t), ki (t))
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14:
15:
16:
17:
18:
19:
20:

21:

22:
23:
24:
25:
26:
27:
28:
29:
30:

31:

32:

g 135

/ K, ka \ / k", Ky, \

1 tq 1" L

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

' tq " L

717 B tiktip

else if |K(t;11(t))| > d then > 1H M 2b
ki(t) < MIN(t;11(t))
DELETE(t;41(t), ki(t))
else > TE 2¢
MERGE-AT(t, 1)
DELETE(t;(t), k)
if K(T) is empty then
t < t;(t) > 4l
return ¢
if ¢t is not leaf then
if k> k,(t) then

t+1+1
if |K (t;(t))| < d then > THHL 3
if i > 1 and |K(t;_1(t))| > d then > 1B 3a: /E

INSERT (K (t;(t)), ki—1(t))
ki—1(t) <— POP-LAST(K (t;—1(1)))
if ¢;(t) is not leaf then
INSERT(T'(t;(t)), PoP-BACK(T (t;_1(¢))))
else if i <n and |K(t;;1(t))] > d then > B0 3a:
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33: APPEND(K (¢;(¢)), ki (t))

34: k;(t) <= PoOP-FIRST(K (t;41(t)))

35: if ¢;(t) is not leaf then

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

37: else > THL 3b
38: if i =n+1 then

39: 14 1—1

40: MERGE-AT(t,1)

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

42: if K(t) is empty then > 4
43: t < t1(t)

44: return ¢

HA MERGE-AT(t, i) F0HL ¢(t). TCR ki(t)s AL 01 (t) BFHR— D 2EL
1: procedure MERGE-AT(t, 1)
2 x < t;(t)
3: Y < tipa(t)
© K@)« K@)+ k()] 4 K@)
5 T(x) < T(x)+#T(y)
6 REMOVE-AT(K (t),1)
7 REMOVE-AT(T(t),i+ 1)

3] 7.3

L BAHEAT R TR T2 BRI KRITR K = max(t') FHRERPRAITT
= k, RSB ¢ FRIHER & JEH RO FREVAEER TS R IS4 AR
B/NCRRE ke HEINIX—T774

2. SEIIFIFRAT B SAMHBREL %,

7.5 Jheh
B S Z TR AN, FER 5 R B IR — NS N, B R

FIRAERIREEL TR (1) 28 18 B), B MR D EA R 2. /D, PR DR,
REBHIBRAEAF B R EL B, X546 n DAY B 8, HPEREN O(lgn).

7.6 BB

B HIE X



7.6 B BITRER 137

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

SRR

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

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

A

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

return insertNonfull(root, key)

BRI T R

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if disLeaf(tr) {
orderedInsert(tr.keys, key)
1} else {
Int i = 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
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i
5y
W

B

HH orderedInsert #&FilATTREFIFEH,

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

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

EREK:

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int i = 0, n = length(tr.keys)
while i < n and key > tr.keys[i] {
i=1+1
}
if i < n and key — tr.keys[i] then return Optional.of((tr, 1))
if disLeaf(tr) {
return Optional.Nothing
} else {
tr = tr.subTrees[1i]

-}

(S Wi pa sl I7%

BTree<K, deg> delete(BTree<K, deg> t, K x) {
if empty(t.keys) then return t
Int i = 0, n = length(t.keys)
while i < n and x > t.keys[i] { i=1 + 1}
if x = t.keys[i] {

if disLeaf(t) { // case 1
removeAt(t.keys, 1)
1} else {

var tl = t.subtrees[1i]

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])

} else { // case 2c
mergeSubtrees(t, 1)
delete(d, tl, x)
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if empty(t.keys) then t = t1 // shrink height
}
return t
}
if not isLeaf(t) {
if x > t.keys[n - 1] then i =i + 1
if low(t.subtrees[i]) {
var t1 = 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 disLeaf(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

BIFF R, RBERAR, /TR,

void mergeSubtrees(BTree<K, deg>, Int 1) {
t.subtrees[i].keys 4= [t.keys[i]] + t.subtrees[i + 1].keys
t.subtrees[i].subtrees 4= t.subtrees[i 4+ 1].subtrees
removeAt(t.keys, 1)
removeAt (t.subtrees, i + 1)

K max(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = last(t.subtrees)
}
return last(t.keys)

K min(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = t.subtrees[0]
}
return t.keys[0]
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HINE U

8.1 EX

HER — PR WA BEEEY , AT DR ORR 22 SEPR A0, CAEHER . H A LSRR
SEHREIERSE D, HEA Z RSB, R A — Pl B R 2R — O U T SR
He, VFZ2 AR E A HER R XA HER), B R.W. Floyd 45 A RcHEHE 7 B
R TIXASLE IO, AR SR E SRR, BREGH SN, E At RT DA H e RS
RS, AT, TATT AR = AL HE, EAE IR (Leftist heap). #HHE
(Skew heap). fHIEHE (splay heap)l'l, —MEENZS, BUfF G4 T AT LK/ NITTER,
B R — SR MEBUFE T =M

1 PR HETUS RS B/ VTR

2. SRR IRETOCR, FHORFRHERIPE BT BT RTHETIOT R B R/IR T R/ MY ;
3. AR R MAMED, FFREFHERIME;

4. HEBRE QA FF P AR A BT

T I0 3R AT ELAS, FRATT AT DA TS R R KT R BATIFRTTGER AR A7 B/ N R
AR /INTOME, TR R A7 B A TTER A HED K THHE, AT DAFH AR SCERE, R fwe/ ) (B
TERE TR R R HETR” TeRIN, A] DUE IR AR S AR, thT "™ 1%
PRI, SRR s IBR, 2805 A7 79 B TAR AR . FRATTHR(E A — OB SR 3HE D =
HE, ARZEAE=FANFH) = HE,

8.2 HIEEHIBIAYKE X — S

BRI TR X, EABHRFR e e X, TR R X
B, SR TLF i — X, TR B RO RS E 28 — 1 MR IR EA
WM ERIR, NERIGAHREN 1,2, ..., 28 — 1, MSER =X HIREH 0 1975 m0f i
XGRSO @ BT RAER AR RO B R, sea SO A RO BRAE B
—ATFIEIEEE 4T, EIRAGH T —#R5E & XA N A EEH R R E . T =X
e, MEAETE ¢ NITRARIT R, BRI RUEMEIE |i/2] DITR; EF

141



142 FINE X
PR ES 20 DITE, MiA TR NS 20+ 1 PeE, R AR B THEN

KEE, BEREAEH MR AR (BR800 BRI Z R S AT BAE SR
(RBEAHMIRTIM 1 IH45) :

6 14 10 8 7 9 3 2 4 1

1

8.1: T84 = S EIEAH AR S

parent(i) = L%J

left(i) =2 (8.1)
right(i) =2i+1

A R TR 7 TR) AT OIS A28 SRS IR, DA B R S B 817

8.2.1 HEiRX

HEVERE R AR HEME RIS AR, (ERHEDUT RN/ (SRR, BT HES S RIEURE
R SR, FRATTAT AR R B3 T R, 2R1G — DG 9 A HEVE DT - (1SR AT
AR AR R/ (BRI B, R BRI AR — 7 HE, fIsREIL, FA1%
JE/NTHHE, T T SRR — SO, (2050 AR 4, AR E « XM AIATE 71 5
FHERGHANT (=) Eo IR RNAZH, (155 m BRI/ IME L, HXFRL 0
NIREIFTA TR E I NIEAR, N RERE T RIS R

1: function HEAPIFY(A, )

1Heapify, HIEIEHEA,



8.2 HEEHIIAIRE A = 143
2: n < |A|
3: loop
4: § i > s FEMAHR/)
5: | < LEFT(7), r < RIGHT(7)
6: if | <n H A[l] < A[i] then
7 51
8: if r<n H A[r] < Als| then
9: 547
10: if s # ¢ then
11: EXCHANGE A[i] <> Als]
12: 145
13: else
14: return

WNFEEH A FIESG| i, EHEFRESR Al 717 REARN e/ B, Fifk it i
INKITERIRIETE Ald], HRBRT R I, A5 BT A M &I P, (515
F B FIRER T R HEE B, Hearey INRIEZ4EN O(lgn), HA n BILE ML X
BN RIEH BN 5722 — XM B & E R IE L, B8 2488 T Heariry NEKS|
2 FFUR, $ 8/ NTHEEEE S (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] FI2 IR, B RALE
A1, 3,79, 10, 12, 14, 15, 13, 16].

8.2.2 FyiiHE

/] Heaptey, FATTA] AMAE SR IE Hi e, B8 2 — X ZH R 8 H -
1,2,4,8, ... #2 2 BB, WE—FISNERE—R. HTRA—CH, ke —EBRZ
A 27 AR, Hhop BT 20 — 1> n BER/IVEEL n BBEHRIKE, Heapiry
X1 ANV ER, DM B S 2 e VB 1o TRATTBRE 79 5, BB —
ISV JITAEARTA)_ BT HEAPIFY, A — 03X RRIIAKRT [n/2]0
PATTRT LA T H A S AL IS R 1k

1: function BUILD-HEAP(A)

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

FR Heapiry EZEHN O(gn), {H2 Buip-Hear MEXERE O(nlgn),
MRLeMER B O(n) B. FATBL TAFERIMFI R, RE2A 1/4 W7 LRI FIA
TRE—R &EZA 1/8 W BB A MM 2 H 1/16 BT R ELROT
[ RRE BN =R+ Bk UAATRS SRRy -

1 1

1
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&l 8.2: HEVEEE, EE—:13.3.10 HEIMEN 3, ZHk 3 «» 13; 58 -4:13.15.9 Hix
AMERN 9, %31 13 <> 9; 5B =213 117 5, AREEE TR,



8.2 HEEHLIMAIFEN = X 145
KA 2:
25=né+21+33+m) (8.3)

478
Q.3 mERGB.2), Bli1E:
11 11

25-5 = miz+@r-Drelooly ] BEE—TEEER
% 1 4 1 4 8 8
S = n[5 titgt ] S LN
= n

8. 3FIA T MELEH [4,1,3,2,16,9, 10, 14, 8, 7] HIE/ NTHERIE R, BEFRRIIT
HeAPIFY FYEFRT AL R EFTRBEATAZH A A,

8.2.3 HEELATRAE:

HEREEA TR L FR R EIITER , 58 IO, SF-kdme/ s (Bl RO BIRT & DITER, B/
TR —TE R (B RRTUE R —ITR), DB AFT R, 1EH — S
T R T TIEROC R, BN B S —ME:

1: function Topr(A)

2: return A[l]

St R T
TS, BEHRIARTTR IR AT S, XA TR T = SREARRTS =, R
R AR R —ERRPRIEE K, Oy T REGIXARE O, FRATTA] DU RS BRI 4 SR AN
REBTER A, AR R B IR I —, IX A = TR~ i AEAR Y Rl e
HeaPIFY PREHEVE :
function Por(A)
x < All],n < |4]
EXCHANGE A[l] <> A[n]

1:
2
3
4 REMOVE(A, n)
5 if A is not empty then
6

HEAPIFY(A, 1)

7 return x

EAH B R R M R T 3R AN TR BT[], JXAE 58 Y 8 1/ ) I ) 42 2% P L B R T
HEAPIFY,  O(Ign).
Top-k

ELLFE] pop, A PR —HITERAPRIAT & M/ (8RR -

1: function Topr-K(A, k)
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4 1 3 2 16 9 10

14 8

! ‘

(1) (5)

4
@) ®)

K 8.3: Mk, (DREE 16, EAT T 7; (D 16 « 7; Q) KRE 2, Bl 14,8
#/N; (DK 3, B 9 f1 10 /)N, ()RR 1, B H 2 f1 7 &/ ; (6) K7 4,1 bk 4 F1
3E/N; (R 4 < 1; (8) M 4 « 2, 5571,



8.2 HEEHIIRE A = 147

2: R+ ]
3: BuiLD-HEAP(A)
4. loop MiN(k, |A]) times >k 8 R T T
5: APPEND(R, Popr(A))
6: return R
REFHET e

HER— B R SEIHT B LS IAE S5, F0 “OLSEgBAA K T AL
FERAVESTANHET, R MHETE Lo s IR SS U T. N T R THER Y
FAMESS, Al DRI, X/ NTE, OERE /NN TTRIE, WS .4FT

TNo

1 ®)

) (4)

8.4: 1 13 WU/INH 2, 2 565 9 K, ARG HS 3 ik,

PNV INTTHE R DN TE RN, AT RESBAHENE L, X T FOR I — X, B
RI7ERRT D i, FEAYETE BRI, HNRE2EHN O(gn).
1: function HEAP-FIX(A, 1)
2: while i > 1 and A[i] < A PARENT(7) | do

3: EXCHANCGE A[i] <> A PARENT(?) ]
4: i < PARENT(7)
A

A AR Hear-Fix RSB A U, DUNTHERBI, SermEed R BRI TR k&,
M Heap-Fix JH%:
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1: function PusH(A, k)
2: APPEND(A, k)
3: HEAP-FIX(A, |A])

8.2.4 HiHbw

A DARIFHHESCBLHR . DA/NTTHE R B, MRS HER TCBRA I — D, AN AHETTER
Wi/NTR, MRS TIPSR, HFHEFRITRE o D, RN RS 2R
O(n)o HTHHIRIEREIEN Ogn), FHIHITT n Ko KA S %N
O(nlgn)o HTEMNBER T HIM-DIIRFHEHFEER, RIS RIEREN O(n)o
1: function HEAP-SORT(A)

2 R+ ]

3: BuiLp-HEAP(A)

4 while A # [ ] do

5 APPEND(R, Por(A))
6: return R

Robert. W. Floyd 45t T B—FSibl. B RHE— KT, BTk, HHER
AR TR B R B RITTR A, R ERATTRMFEE] 1 HE P SR ER A B, 1
JFORAEAR R RITTERAL AL T IHED, BATPRFHERI A NB—, A5 TIT HEaPry TRE
HEROPER, EEIX IR, EEIMEH OO N — 1otk X—RIEE R THINYH,

function HEAP-SORT(A)

BuiLD-MAX-HEAP(A)
n < |A]

1:
2

3

4: while n > 1 do
5 EXCHANGE A[l] <> A[n]
6 n<n-—1

7

HEAPIFY(A[L...n], 1)

#3] 8.1

1. FES I LB HEHE 7 RS 38— P e WRrlE B — /)
HE oA, BN, B—1NICER o CEEERPME T, BTK BRRMTER
laz, s, .y an] S HTHIHE, FEM a5 FFRAIIT Heapiey, EEIX—MIET
AP BRGES T, X —TTIRIE 27

1: function HEAP-SORT(A)
2: BuiLp-HEAP(A)

3: fori=1ton—1do
4 HEAPIFY(A[i...n], 1)
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2. U, AT PUENE B A MIAHAT k B HeAaPiFy K top-k BIEA?
1: function Topr-K(A, k)
2 BuiLpD-HEAP(A)
3: n < |A]
4 for i <+ 1 to min(k,n) do
5 HEAPIFY(A[i...n], 1)

8.3 JefmHERIFHE

BB R RS iHE, Y 5 HETOT R e, FARM B AW
BRTBE, ENTTER R HE, QNS SFR. BT ENMTRHR & H R — D HENE? JyPREFHENE
J5z, AR R UR TR TT R R/ M. BATTA] PLega R MRPR TR 0 R RIZE R :

8.5: FHHHET (MIBRIRT /0 Ja, & A TR — T HE,

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

FEATFWEA 922N, BT e, & 8RR RERE T R/ R,
FATAT AL AR R AOAR, IR BBV N —NMENEHEIIR, © L = (4,2, B).
R = (Ay,B), Hit AL A\ B, B #ZFR, WR = <y, 2 WEHAIR, FATATLL
R A, RE@IIHEIF B M R; BGERE B, BAMEF A T R, FrAYHERT DY
(merge(A, R),z, B) 8% (A, z,merge(B, R)) Z—o MNFAT LA, 2 T & 88, A TAT DAR
WA TR T & H . IXAERIHERR Oy 2 bt ( Leftist heap)o

8.3.1 ik

{56 7 At SEEM AR HERR O 7 Rt 72 IR R S C. AL Crane T 1972 £E5 A1,
PR R T — R, BFRME S E. TR B RIL AT NIL 1 R AEEE,
i NIL 5 BIRRET 0o WNEIR.6F R, FREART AL 4 BIEHIM-F5 0N 8, AT MR
RN 2, T 6 71 8 #OUZMH-T, BN 1o BATA 5 WATRANZ, B2
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ERGFROES, RRRET 1, MHERK, 10T AE XE IR T, I T
B il riar,:

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

1. BEEHETW;
2. B <y, A T,

BATPRIZAER) S HRME N “ TP BRI, £ —BRZA MM h, ZIHEAS NIL
AR R R o e (iR SR AN P, (EU2 e n] DA — SR AP

ER 8.3.1. FH— A WM T B n N R, MR REIREAM NIL R
ZEH [log(n+1)] DR,

BATXHAM TUERA U ), BRI B, 158 X — B2 TR R SR, BB AT DA
RIUE O(lgn) BIE AR, FATAT DAE = XA RO ERY B3 In— Mok SO i, 103k
BRI (r, L, k, R), 73 AIFREE 20, TRIE AT

data LHeap a = E — =

| Node Int (LHeap a) a (LHeap a)

TE X rank PREGRAIT RLHIRR,

rank & = 0

(8.4)
rank (r,L,k,R) = r

=P

NTEMEFF, BAE L make BRELE A TRIBIRK, FAS B0 R4 2 i
)BEO
rank(A) < rank(B): (rank(A)+1,B,k,A)
A0 (rank(B) + 1, A, k, B)

make(A, k, B) = { (8.5)
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BRI AL B FHITTR ko 5 A BIBEUN, WA B 1ENEFM, A fENG T
o BT RBIREN rank(A) + 1; &0, % B BIRREVN, U A 1N TR, B 4G
T H RN rank(B) + 1o SEMANEmAE Hy M Hy, ENIAZEN 252N
(r1, L1, K, Ry)\ (12, Lo, ka2, Ry), TR RECE )T & IR

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 BAEA T LA TIEIA, Zefmith Birs PAORES . IXFERLARIE T RTAR E A4 E
N O(lgn)o [BIBE_ET, {5 A SEERRUHEE R 22 2 O M EREIR AT, I AT RALAY
EERFRABE B HZEIFRIERIN I E 2% EHERMENE O(n), FAFHE
R EEERGER, RGP,
1: function MERGE-HEAP(A, B)
2: C + CONCAT(A, B)
3: BuiLp-HEAP(C)

fEH merge PREL, AT DASKELEEAHIHEZRAE,

S H T
FATATALE O(1) IS IRINZREUAR T s HR A HETTOT 2R (WA AN S
top (r,L,k,R) =k (8.7)

SRS, B TR 2 G TG —NEE, 5 AN RS 28R merge HHIF,
2 O(lgn).

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

fliA

FABTCLR k B, TR & A58 H A — 779 O, R e S I 2Ry
AR

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

5 A BEIITER insert k= merge (1,9, k, @) IXFERR AN 08 241
MEIFHER, 73 O(gn)o BATAT DA —DHIRFFIITTEMRIAGN, WIIFATIE o W,
EI8. 745 H1 T — MG 2w HERI 1T

build L = fold, insert @ L (8.10)

X S AR A TE N S build = fold, insert @
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8.7: MFIFR [9,4,16,7,10,2,14, 3,8, 1] #3& /& fmfE

HeHby

HE—NFA, R — e mE, RGN B H S T B /N e g aT ASE
IiHER -

sort = heapSort o build (8.11)

£

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

RO RN TR, H EAGA M 1 n K, FIHEFP RS EZEN O(nlgn)o

(8.12)

8.3.2 FHik

FeAmEAE S G L 27 RN B4 4, QB8 8. RHHE (skew heap) B—FH
BAREHE TR T A mHE A SRR = T DO T RS A IS A R AR
INFAEM, NIRRT (X — RIS A RER P — 7 & H — NIL +719
RIEANEWNEZK, BRRREN 1 RRERI T & IR IR /e G i,

AR R (skew tree) SCERRUHE, RHAE —RREZRI — X, F/NNTTRIRF
TEMR A, BT RHERZ — RN, BEARIERL, AT DAEREE A X HE o e
BhES, BICH (L k, R)o

data SHeap a = E — =

| Node (SHeap a) a (SHeap a)
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8.8: MFFI [16,14,10,8,7,9,3,2, 4, 1] FEH /= lmE

aif

HEFMERAEZRIR N, e FEBART R, B NI, REIESER
RITRIIMEH BN —F b, REHEELG TR, SPRIEZFIN: H =
(L1, k1, R1)~Hy = (Lo, ko, R2)o i ki < ko, EEE ky VEFTEIRR, FRATTBERT LUK H, 1
L, &3, WATBLR Hy F1 Ry &3, AR—RME, BAVEFHE Ry b, RIERBEL T
B, RIGHIGE RN (merge(Ry, Hy), ky, L1)o

merge @ Hy, = Hy
merge Hi @ = H;
8.13
kl < k‘g : (merge(Rl,Hg),kl,Ll) ( )
merge Hy Hy =
A (merge(H17R2)7k27L2)

HARIPERAE, EAGH, ZREUAIS5H H TOUAR AR AT A (v —REE IS & R SE . R
PHEACFEC P 41, 25 R0 02 — IR TR — XA, an1EI8.9F R,

8.4 fHijEHE

7 (i HERTRHHE TR B2 A — SO SEBILAR 411 SRR — SRR — AR R, T/
(B K) TERMABAL TR Fo BATFE O(lgn) NRSRIKEER/ (885 K) TTER.
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8.9: HEFFH [1,2,...,10] FIERI R

R TSR RMAT, YERER MR, BIMBIL N IR O(n). RE AT LALLM
RARFE P, HRRHR AL T — AR BRI SLINTTIE, (SRR A P, (AR
RN T AF AU SRNE, E AW (EAE 7 RIA S s AR BE RS , XA FEKT IR] ) IR gt vl
DA R, AT IXFEAIROERR N “ME (splay) 7o X F AN — XAEEM, &% T
MR, WIS BE-T, KB RRIRENIREMERREE O(gn) A, Daniel
Dominic Sleator 1 Robert Endre Tarjan £ 1985 T F5[ A\ 7 MR 1 1],

8.4.1 {HJEIR{E

ARG TR AT DASCEL AR, 55— RoR T SCIL L, (B 7R AL B 22 AT L ; 58
“RAFG B, (BRSEIBOVE 2% ICIEETIRAT ROTRN o, BT KT
2N p, WRFAEMERT A, HITRIEHN g MRBEIED N =D, GO P EREP DX
FREGTR L, BT AR iR ) — R U2 BB, 4N EI8. 10,

1. zig-zig IR, « 1 p BRRAEFIEE o M1 p BRRA T, TADELPIESR:, ¥
x PR R

2. zig-zag B, x M p —BRBLETWH — G T Ldhes, « ZIRTA, p
Ml g ZERR T LA R

3. zig BIR, XABUL T, p BART R, EIIhess, « TR TR R, X2 HRHRIEN

wRa—%o

HF 6 MARFIEN. LI XM T = (L, k, R), HVIRKPERICR y I,
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/f
& 8.10: zig-zig: = Al p BB FWEEES T, 2 BONIRT flo zig-zag: o Fl p —

BREEF WS — PR E T, o BOUIRTT R, p 1 g AT o6 T R, zig: p BRI,
BERL 5 o MR R
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R AR

r=vy: (a,z(bp(c,9,d))
splay (((a7$7b)3pa C)vgvd) y = 71g-71g
& T
r=y: a,g,b),p,c),z,d
splay (a, g, (b,p, (c,z,d)))y = (« ) ) ) zig-zig XK
&anp. T
rT=1y: a,p,b),x,(c,g,d
Splay (aapy (bvxa C)vgyd) Yy = Y (< P ) ( g )) zig—zag
& T
z=y: ((a,9,b),z,(c,p,d .
splay (a,g. (b.2.0).p.d) y = {TW DD e it
(o 2] I
x=y: (a,z,(bp,c)) )
splay ((a,z,b),p,c) y = zig
o T
rT=y: a,p,b),x,c
splay (a,p, (b,x,c)) y = v: ((@pb)ac) zig XK
ST
splay Ty = T Hp

(8.14)

AT 1 A B zig-zig 1A OL; 1% FRATPISE T IUERE zig-zag THIL; BRIGFZR T
IEHE zig THUL. HARMEILR, WHERRFAE, RO AFTTTRIS, JATH T 1%
TERIHEEMI AT M1, QHERAR s, 45 RO — 19 5 A AT EAR A AT 3R
FIRRT 5, AERRFR A BITTEREUD, WiR HOB T 50 A\ e 70, IRJG TRAT MR AE; S0
NG T, BT IR,

insert gy = (9,y,9)
y<x: splay ((insert L y),x,R) y (8.15)

insert (L,x,R)y =
{E\WJJ . splay (L,x,(insert Ry)) y

EI8.11EH TE—HEA [1,2, ..., 10] BIEER, HRRM 4 TR TFHHIZE R, Okasaki
RINT — ST B A e PR AR E RN U] - g 002 82 ) A B [0 A5 17 (R P AR R BN A%, ke e
TR BT R o BRI, anSRIESE A M sCE A MRTHER R, FATR T 73 F1 %
PR L A R, H L FEIATETCR/INT 2, R FITEEREAT v RE0 = A,
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K 8.11: M [1,2,...,10] FEAERI R,

L R NFEA TR 50T . o B AR A S IR T R

partition ¥y = (2,9)
partition (L,z,R) y =
(
(R =g (Ta ®>
(o <y (L, L), 2", A), B)
x <y Hrh: (A, B) = partition R’
R= (L/,ZCI,R/) ( ) b Y

& ((L,z,A),(B,2,R))
HH: (A, B) = partition L' y

y<az' (A (L,2,(R,z,R)))
73] Hr: (A, B) = partition L' y
&S (L, 2, A),(B,z,R))
HH: (A, B) = partition R’ y
(8.16)
partition FEZ—BRRE T FI—DEMEE yo WIRIINZ, ERN—RNZWEL T
o S, ICHEN (L, 2, R), FATHAEWAE o FIRRT RAVE o IR 2 < y, 2 MR
TN (DR vz, E — AERRBIER, FrETTRENT y, 858580 (T, 2). (2)
BN, & R= (L'« R), % o' <y, WITRJTHHEMEE D R, B R HRAE/NT
y RITTRBAM A, HRTTRWAM B, &858 N —xtht, K —#o8 (L2, L), 2/, A),
BN B #H o >y, BABEARA y 0H] L' BEIZ5R (A, B), REWIEERN—
X, —BRE (L, z, A), 5—H2 (B,2',R)o 3 y <z I, THOUEXFRA,
BATAT LA partition KEHHAR L, Hrh—DMaREHE T A —DHTR k W,




158 FINE X
FAVBHE D BIAPIERE T L F1 R, Hoih L SHEE/NT k BT A, 1 R SERA
By SRIGFRATAEE— R, fEH & 7ERIR, L R R 1E R F#f,

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

8.4.2

I T R A BT 2 — R, B/ NITTRAL T B MR T e FRATTAT A A2
M 7 DARETER TR, ICARZSHIBMA T = (L, k, R), top BRECATLAE AN

top (&,k,R) = k
top (L,k,R) = top L

IXSRPR Bl = AR min PREL, S TRERN, F5 2R/ T = MBR, R
LA YT MPRIR, §EPA T — IR i
pop (,k,R) = R
pop (@, K, R'),k,R) = (R,k R) (8.19)
pop (L', K, R'),k, R) = (pop L'k, (R', k, R))

8B =2 NSEPR L HUT TR RAE, B BRI A partition BEL, TIRE
FAEM T = SARRMHIE, fRRME T, HETRERII R E 252 O(lgn).

(8.18)

8.4.3 HIf

WL EA partition, BATTATASEI O(1gn) WA EFFETE, 4 & H AR R
I, AR EATTERA 2, FATTRT DR 38 — BRA RUARTY UMD BIRR, RIS R HLA Dy it
(B HIEE AR, IHLJ , FRATTRE I HRe 55— BRAR B A0 5 7

merge 3T = T

8.20
merge (L,x,R) T = ((merge L L") x (merge R R')) (8.20)

¥

(L', R") = partition T x

QUERES— N HEN S, G5 R O o) — e, S, IR — DN (L, 2, R), o hELiE
EOHE T R2ER (L, R), o L' 88 T A/ » BI7TE, M R A& HRTT
o NSRBI L 0 L SFHOFRIE T, K R M R GFF G 1

8.5 /&

AR, BANH TIEAN =M, R AR, BT DA A A AR X
M= XRRSEEL, R EA A IBETAIE T an S 2USEBL, BoR —RR5E 2 = SR
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e, FEHEATRENLT R, FRATIENE T BB X RSEE e 1E T R EaCse i,
KEB M RAERI B2 2= FE AT PAURE] O(1gn), A LERRERN MR RIS 24E 2 O(1) U,
Okasaki 7E 1) AHEGH TR 0HT, — D HAWAE RS YWY B2 2 X, XL
2SR H BRI CHE, AR AT HE, S 0S5,

#5) 8.2

1. a3 75 NS (i R, fH e
2. ESCHER B HNRAE

8.6 Pt Bl

TEBEH AR 58 & = XA, RIS E TR AT JFIF0, 251 0 FHG:

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i < 1) +1

Int right(Int i) = (i +1) < 1

HEEE, FeoT R RN RIS R NS

void heapify([K] a, Int i, Less<K> 1t) {
Int 1, r, m
Int n = length(a)

loop {
m =
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 # i {

swap(a, i, m);

i=m
} else {
break
}
}
}
B i -

void buildHeap([K] a, Less<k> 1t) {
Int n = length(a)
for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1t)
}

5o LTI -
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K pop([K] a, Less<k> 1t) {
var n = length(a)
t = a[n]
swap(a, 0, n - 1)
remove(a, n - 1)
if a # [] then heapify(a, 0, 1t)
return t

FK top-k:

[K] topk([K] a, Int k, Less<kK> 1t) {
buildHeap(a, 1t)
[Kl r =11
loop min(k, length(a)) {
append(r, pop(a, lt))
}

return r

PR/ NHEHR TR A (H:

void decreaseKey([K] a, Int i, K k, Less<k> 1t) {
if lt(k, al[i]) {
ali] = k
heapFix(a, i, 1t)

void heapFix([K] a, Int i, Less<K> 1t) {
while i > 0 and lt(a[i], al[parent(i)]) {
swap(a, i, parent(i))
i = parent(i)

HERA -

void push([K] a, K k, less<k> 1t) {
append(a, k)
heapFix(a, length(a) - 1, 1t)

HeHER -

void heapSort([K] a, less<k> 1t) {
buildHeap(a, not o 1t)
n = length(a)
while n > 1 {
swap(a, 0, n - 1)
n=n-1
heapify(al[® .. (n - 1)], 0, noto lt)




8.6 Mkl FREE 161
Fe S

merge E h =h

merge h E = h

merge hl@(Node x 1L r) h2@(Node _ y 1' r') =
if x < y then makeNode x 1 (merge r h2)

else makeNode y 1' (merge hl r')

makeNode x a b = if rank a < rank b then Node (rank a + 1) x b a
else Node (rank b + 1) x a b

PHESR 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 hl r') 1'

GHESEN

— zig-zig
splay t@(Node (Node (Node a x b) pc) gd) y =
if x — y then Node a x (Node b p (Node c g d)) else t
splay t@(Node a g (Node b p (Node c x d))) y =
if x = y then Node (Node (Node a g b) p c) x d else t
— zig-zag
splay t@(Node (Node a p (Node
if x — y then Node (Node
splay t@(Node a g (Node (Node
if x = y then Node (Node
— zig
splay t@(Node (Node a x b) p c) y =14f x = y then Node a x (Node b p c) else t
splay t@(Node a p (Node b x c)) y = if x — y then Node (Node a p b) x c else t

c)) gd y
b) x (Node
apd)y=
b) x (Node

0

g d) else t

0O T o T
m X T X
(e}

p d) else t

—
splay t _ =t
R -

insert E y = Node E y E

insert (Node 1 x r) y

splay (Node (insert 1 y) x r) y
splay (Node 1 x (insert r y)) y

| x>y
| otherwise

AR ) 5 1 -

partition E _ = (E, E)
partition t@(Node 1 x r) y
| x <y=
case r of
E > (t, E)
Node 1' x' r' —
if x' <y then
let (small, big) = partition r' y 1in
(Node (Node 1 x 1') x' small, big)
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else

let (small, big) = partition 1' y i

(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
E — (E, t)
Node 1' x' r' —
if y < x' then

let (small, big) = partition 1' y i

(small, Node 1' x' (Node r' x r))
else

let (small, big) = partition r' y i

(Node 1' x' small, Node big x r)

e

(LS EESE

merge E t =t
merge (Node 1 x r) t = Node (merge 1 1') x (merge r
where (1', r') = partition t x
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9.1 fHT

ABENRS — M EMAHEE 77 R —E B, EAEMERE LA PO R
i EraRTR, BAEHEREHE R ERERI R Z 04, BRI RI A BN DARGE, &
LR BIHERE R, MRS T FER I HEFP IR MERE EFR O(nlgn). IEFEHERFHIEAR
A DAE HHZETE RS, MR IVZRE R, S ZBIMARRIRNZIE : —fE T /R
MBI B R — 05 55 —RiE T “FEA” , G SN i/ N — R, 38 — R
TEPR AL R BN P IR ; 58 A IR N BRI IE T & . SKRn b, £
TAHEA LR INEAT T I R R BRI :

L ARSI, HEpa R s
2. 0], BRENER/NTTER, K ELEINEI S5 R T

R—RIEETHRER, WREBRIEFRRRIITR, WERR TR, AT
R BRSNS

sort [ = []
sort A = m:sort (A—[m]) HH m=min A

Hrf A — [m] BWFHI A RERRITTER m JGHIRERER 7. AR A 2R -

(9.1)

1: function SORT(A)
2 X ]
3 while A # [ ] do
4: x < MIN(A)
5 DEL(A,x)
6 APPEND(X, )
7: return X
9. 14 T IR HEF RIS R, vt ATATDATE A HE TR iHE T, K5
£ Xo SR NITEE AR AN 50U MTEE R A2 7 DI A B
FePUX— ik SRS o METTERR, FEA Al St

1: function SORT(A)

163
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min
x
append
sorted unsorted
X1 < X <..<Xxg ap ay ... ay

9.1: ZEMERNERITTER, N AFHIARHR 1 B/ N TR INTE 2= M R B

2: for i < 1 to |A] do
3: m < MIN-AT(A, 1)
4: EXCHANGE A[i] <+ A[m]

/7\'\ A= [(11, ag, ..., a"], %,I%IE% 1 /I\TTZ%HYJ, [Cll, ag, ..., ai—l} ﬁBEﬂFﬁo ?kﬂ‘]?ﬂi?éﬂ
[Qiy Qi1 eny an) PEIERINTR, KHR o, 2240, XFEE ¢ MIBEFRE TIERITER,
HERX-UEEIIRE MR, K920k TiX— B,

S
%4 N

9.2: ZEMFERINERFTTR, N AFIARFR 712 e/ NS e 2 IE A B

9.2 ARE/IILE

BATAT A Eee——ie 75 iR A — e R SRR ME. FITRFEN 1,2, .., n0
FEEEgm S0 1,2 BIMAICR, EEEVNTE NS5 3 FTREE - HERX P
WEFS n S7LR, B IKEE A,

1: function MIN-AT(A, )

2 m <1
3 for i < m+1 to |A| do
4: if Afi] < Alm] then
5 m <1
6

return m
MIN-AT B Afi...] FE/NEENRE mo 2 m EAE—ATLE Al I
B—REILE Ali + 1], A[i + 2], ..o
AT ARSI A EE— TR L PERE/ME, IR L REE— &, B
i/t E, UM L FEE—PNITER o, ARERERE SR/ NTE v,
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oy PR — PR RA R R/NILR.

min [x] = (z,[])
min (z: 1) = r<y: (w,xs), HF: (y,ys) = min xs (9.2)
IZII<}H\IJ : (y, T ys)

A DUEE—25 RIS b, 2T E M : A B, FFaaN A =), B &
EAREITE, BN B FMEIEFRANITCE LR, KRR A, T8 FE/NIIEH mo
HEREN B HEB— IR, F1 m WEEER] B ZES, XK, m 2R/t E,
TEERRHEEAZ KRR L=A+ [m]# B,EHF a<m <bac A be B,

min (x:xs) =min' [] z xs (9.3)
Hrp:
min’ asm |[] = (m,A)
, b<m: min (m:as)bbs (9.4)
min’ asm (b:bs) =
BN min' (b:as) m bs

BRI min IR Al —XHE : R/ NTRMFIRITTRINR, IR Ra] ASCELy :

sort [] =[]

sort xs = m: (sort xs'), HH : (m,xs') = min xs

(9.5)

9.2.1 EEHEFTERE

S8 e R P BT A A HET A0 TE ZE AP H M, ST T n
Yt (n— 1)+ (n—2) + ... +1 Wk Mg zEs oy _ ome), fifE
NHEEHAILL, VERRHE e AE R ST 0 T EME AR IR, T A (5 el
RS T PERE S PEIN ] O(n) GE A7 B (E—ANERTR, 3 ELNREI0 ) , AR
PERERSE T O(n2),

3 9.1
1. BRI AR ME SE A (A h) @ ?
min’ asm [|] = (m,A)

i as m (b:b0) = {;Jm ) 0

2. SRR FE A B HE R T
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9.3 Mk
T T R AR I e, SR 1T DU LR E R B <,

sortBy< [|] = |
sortBy <t xs = m:sortBy < xs', HH: (m,xs') = minBy < zs

“f/IME" A R EE TR ART < AT ERAL:

(9.6)

minBy < [z] =

(x,xs), HF : (y,ys) = minBy xs 9.7
minBy < (xz:xzs) = { (@:y2) Y 61
A

(y, = :ys)

T —HEE, B NNTESERETHFER: sortBy (<) [3,1,4,..]c XHEZREK
< BAE R DY S0

o dEBE M MEM 2, 2 < 2 ANBRAZ;
o AEXFRME MEAT 2.y, B 2 <y, W y < 2 ANRAL;
o BEMEENM vy, B e<y Hy<z, W< 2

R BRI T ArERI7TR, i DR MEE RSN — P E G,

MR P 215 BN 2%

1: procedure SORT(A)

2 for i+ 1to|A| do

3 m <1
4: for j < i+ 1to|A| do
5 if A[i] < A[m| then
6 m <1
7

EXCHANGE A[i] <+ A[m]

HHT 0 — 1 DITRAHTE, BRIEHR FH— P ITR, BRZS n KEY. RILICRE
17— IR/ MEE K, XS EEPAHIEL AT AR D — IR n — 1o 5990, GHERES @ K
HITTRIGU 2 Ali], AT AT RGN E IXFER] DO — D G :
1: procedure SORT(A)
2 for i+ 1to|A|—1do
3 m <1

4 for j < i+ 1to|A| do

5: if A[i] < A[m| then

6 m <1

7 if m # i then

8 EXCHANGE A[i] <+ A[m]



9.3 HiH 167

9.3.1 WEEFHER

RN T 5 —RE R P R SEEL D SRR BRIV R, TR AT,
REBAER A B, ME??7HUR, (EAIRE, B METREREP I, FIREEARHE
FPILR, BN R RO E, )5S HEIARHE P HR7HIR .

procedure SORT’(A)
for i<+ |A| down-to 2 do

m <+ 1

1:

2

3

4: for j< 1toi—1do
5 if A[m] < A[i] then
6 m <=1

7

EXCHANGE A[i] <> A[m]

2
P4 N

- imaz| - | x .. BFITE..

9.3: BIRIERERARIITTRINEIRE

RGOSR RRITTR R IS ke, HE—20, RRReTH n] DARI N & Hdm )y
(EMTERARAE, 73R B/ IMEREI K, R EREIR o IXHERT DARF SN B PR IR A8
Fo X—BIERN WG REIHET ", MR 9. AR, fETIfg, ZMFnG M EEE T E
IR, BIEARARANF IR, 2R/ NIERII N TTR, A5 2 5l R e 5 i
I PR NIR N =

1: procedure SORT(A)

2: for i < 1 to L%j do

3: min < i

4: maz + [A|+1—1

5: if Almazx| < Almin] then

6: EXCHANGE A[min] <> A[max]
7 for j«+ i+ 1to|A|—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]

FENE AT HART, REAMERITR/NTRAMPITR, TERENZ, X2
ROABATTHH O B ARG PR TR ] DU A5 sUSEES EE EHE R -
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Z
]
. EFBU/NCE.L S I e ;nin -y . BFBAITE.|
i

9.4: —RIFRIINE AL e/ NIRRT R, R R e TR ERA AL E

PRSI s E G H — DR, HEF AR N F4;

1. &
2. TG, AN/ NFIEKAE, 77 BIREIFFSLFgs BALE, RGBTSR e =4k
}_‘%_‘O

sort [| = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], HH : (a,b, xs") = minMax s

Horb, B minMaz WP A PRI H B/ IMECRT R R AE -
minMazx (x :y : xs) = foldr sel(min x y,mazx z y,[]) s (9.9)

BATEBCLN NI E 2 BIE N BB B/AME 20, TKIE 21, H foldr T,
HH sel EXN:

x<xzo: (x,21,20:28)

sel x (v, x1,08) =Sy <x: (T0, 2,21 : T5)
A (xo, 1,2 : 8)

RE minMaz IR TRIPERER LM O(n) B, H +[b] BIBTEER, WNIE9.4F7
™, DM A BER/NMIERFTTER; A B BEBRNERITR. Hl A® B /ENER
RE, AT DURES R HE 7 Fe o R VA Y -

sortt AB|[] = A+#+B
sort' ABlz] = A+ (xz:B) (9.10)
sort' A B (x:xs) = sort' (A+ [xo]) xs’ (z1: B)

Hrp:(zg, 21, 28") = minMax xs, BAIUENZH AB BT csort = sort’ [ [ 1o
BB E U AEAE A 4 [ao]; T oy WIHGHESSS] B BRI, BFOGRITE R4 —IR
SEHRIE, AT IR, BATATLME A (RAF0F A, SRERRAT S o, BELEEIRITE
MAZIEN, FATEW FFEMRR:

A = A+ [x]
= reverse (z : reverse A)
= reverse (x: Z) (9.11)

e

= x: A
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BURT— U AR A7 A0 A, AFARIX — RS, DS — 2 SO T

sort' AB|] = (reverse A)+# B
sort' A B [x] = (reversez:A)+ B (9.12)
sort' AB (x:xzs) = sort' (zg:A) xs' (z1:B)

9.4 #ksGiE

BTG R HE RN B, BN RIE AR O(n?) B, M8 FLEGEAT
iy, HERETTRBAIARNIT, SFEIEINZ AT, N TR/ NTER, BIER
AR EHRRTR 47 AR — DR NTRN, BATLERE 11, RERLE TR
XN, BREER R, (BB UG/ NTRI, Bd1%H TN RNIE
B, TRMIT KT, HE— P BOER I E TR EAMEER, Hh—Mrrik
EREREEZ,

9.4.1 HFRTEIRINEE

JEER G IE 2 — IR, SR AR D RKINAY 32 BRI R ZIEANREE, 1982 4F
i, IREEMEX B 16 BRI, BAIEIR] 1978 4F, I H ARG —RiRF RN 75 12 R g 7t
ZEAEFE LT, TSR 8 HiATEEER; beEe =4 8 SARMEERRA, H
AR 8 AR, B TNK, (E58 50 HbFEh, 8 STERIAU 0K 4 2, FbEEr=4: 4 SZARMEER
BN SRIGIX 4 SZERRN 7T B A, bEBE = AR I L BRI 357 4, 80T 4 #01hER, it
Rl e, B EFIAIR N 8 +4+ 24+ 1 = 15, HERAN AR S HNE HEE
W, BATNCEANEW S BRI E, A N2 hR/G—3 b2 oE 2 & R BMEAS
BN E2? fEE LA TR, BRI, (&I N HUAE AR _E AN AT Bl
TS P2 A BRI E PN — G EE AT, BTN
SN, (RN AE — AE— L RR IR IX SRR IRAIERIN, 1R A RE T M ER et 424k
P HAMPT A ERBN, K9.5518 T IX—1E M.

& 9.5: JTE 15 EFE eIk

FMAA — MURHSL NI T BrRR, SE6E, RISETHRIIBAIK
T SRR NIBA (BRARBESE R A ZIZHRE ), AT R T 16, ARIEERIZ AN



170 FHE EFEHER

M, 05 14 RN2WE, MRS —RIBaaIke 15, BATFRZE—RHE e 77 5785
FREERHEEISE —KMEH, G, BATHEARMEE X —77E, B—HHE =K, FUK
------ AT DASE RS TR HE . FATTRT DA EE 42 A 2507 B8 Uk —IMB NAE (31140
—00), RFELUG EMASBIES, IXFEE 2SO %, RIEH 2m SRR,
m EEHRE PIARTE 2m L 272 4 42+ 1 = 2™ — 1 (REEFEA REF= A FTHIE 2,
IXFNEE —IRFHOEEAL BRI, Lhr L, FATCTE AT B IR R,
PREER A ERAE T R EEHINITASE B S5 ZaRmAYRN, — & 73 NI 248 et 22 o e, #5 ]
R R ERARHEE, KHIRATAT DNRRZER AR R, 186 A E E SR
[P 75 TAI T, TEIX 25812 - FHREE —5RRA. [&19.5H7, IXZRER IR PR IC K, T
FRGEMCEELERE [14,13,7, 15], X— B AT AR :

1. IWFREHRP TR —PRERAR 2R, 76t %2 CRRORAED 7 TR ;

2. HUHIR, B T ME e ER R RAREE RN —oo;

3. BRI LA R BB A, $RHFHE %, FARHE TR,
4. EEWIR 2, HFIFTARITRE BN,

N TR —HIT R, TN ENE —REERZER, R AMREE%E,
K19.625 H TIX—HFRIRT LR, BATTA] DA A — R B SCRETRERRZERE,
T EERE BRI, B RTFERAERN R R, TTREHE n ATRERNRIRL 2™
o MNELRSE, FIRERIRITRIRA W F7, M 2" BERRENT % AT
FEHRPREER, AT D TTRE — R — 71 S R, XA E T n R
X SRIGBATTE IR FERBE ¢1. ¢, I8 H—BRERE B ¢ Hr ¢ BIRRY
maz(key(tr), key(tz)), LA TA t1.toe BEIX—HERA] MG —HIHIM, SR
PN T 1, NERERNGEN T —48, KPS, RN LgJo FFSEFIRE
ORI —IRARIEI, SNFISEAEEN O(nt 2+ 7 1) = O(2n) = O(n),

1: function BUILD-TREE(A)
2: T+ []
3: for each x € A do

4 ApPEND(T', NODE(NIL, z, NIL))
5: while |T'| > 1 do

6: T ]

7: for every t1,t; € T do

8: k < MaAX(KEY(t1), KEY(t2))
9: APPEND(T", NODE(ty, k, t2))
10: if |T| is odd then

11: APPEND(T", LAST(T))

12: T« T



9.4 Hkspiit 171

B 14, BHEHON —o0, 13 _ETHHTHIM
& 9.6: HbRFEMHERFRIRTILE
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13: return 7'[1]

FERERH ERAR SR HOAR T s, FATTE T R HN . —oo, SRR AEIEIT AL
SR [, A ) B R AL

1: function Pop(T)

2 m + KeY(T)

3 KEY(T) - —oc0

4 while T is not leaf do > BT MR m BN —co
5: if KEY(LEFT(T)) = m then

6 T < LerT(T)

7 else

8 T < RiGHT(T)

9: KEY(T) + —c0

10:  while PARENT(T) # NIL do > BRI B4
11: T < PARENT(T)

12: KeY(T) + MAX(KEY(LEFT(T)), KEY(RIGHT(T)))

13: return (m,T) UL =y v VISR L)

Popr b NEERME, BTA Nk, & B3 IRA LIRS SEE 28 —iE. BT
PREEI R TR, BRI, @ MmN O(lgn). NTAIEZREN O(lgn). T
T PR BRI SE I, FIRESEH O(n) I RAIMTE —BRERARZEM, RS HUT n IRXH
HERE, B — MR B R (E, B IRIERIMEREN O(1gn), BRPREEHERP BN
HEZEHN O(nlgn).

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3: for i < |A| down to 1 do
4: (A[i],T) < Por(T)

AT DU @A SE R AR 28 HE . FRATTE FH WA E o 2 —BRARZHIM N
(1 k,r), HA k AITE, Lor BEA T EX wrap x = (2,2, @) FE— DT 5o
XEEFR AT DAM n DICEFIR vs HEH n SRS R ts = map wrap xs.
M IEFRPREEI N, ELESPRARIN ¢, to, Ve K TCREIRTIIIR, 308 ¢t 1EN A
SR
merge ty ta = (t1, max ky ko, t2) (9.13)
Hr k) = key t1, ky = key ty, AR TR, KL build ts ANHTEUH R
BT & 9T, SH S L ERAREEM
build[] = ©
build [t] = t (9.14)
build ts = build (pairs ts)
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Hrp:

airs (t1 :ta :ts) = (merge ty ta) : pairs ts
p (ti:ts ) ( ge t1 ta) : p (9.15)
pairsts = ts

NT MWERIRZER HHBUS e %, Bl e & A6 TR, B — R TR RBTR
M5, RGBT F R P E R E E R0 5 W7 5, AT AT R
BN —oc,

pop (&, k, &) = (9,—00,d)
k=keyl: (I'ymax (keyl) (keyr),r), EH' =pop i
k=keyr: (I,maz (keyl) (keyr'),r"), HHr" = pop r

pop (I, k,r) = {

(9.16)
HERF R AR AT A —ERERARZE S 58 LH et 22 (R e ) -
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (popt)
23] 9.2

- RREBIA R AR SR LI T

. HRARFERMHER AT DU BRI TR 47 BRRE T 42

- PUBSHRPRERRHE A — SR R, e AT AN TRIRD 2 TSR A el
- HUBSHEHEFP R ERARZERTHE R, BT TR I TR0 22 TR AR an ]

e

9.4.2 Yl HEHER

FRARZE TR INTA R R TR A FIAN W B A IR S E] O(nlgn), IKEI THT
PRI HEF B BRR P, X AN A RO 2R ], HEF SERUE, SRR B A T AR
AR T TS, R XA S A A ARIER, [HE 548 7= R, GERAINEE
S SR SVE? ARAFHEF ITTERA n A, BARFEM LR S T 2n N R H
A o DN 0 DS AIREINERETL—F2ERIE? WNFIANIRT SAHITTR
NIATETS, MR ES, I key BN top, A8 E—"TE/a4 HRI=9. 1750 AT DA
— AN EIEAE A

sort @ = |[] (9.18)
sortt = (topt): sort (popt)

XA — B HEHE P E e — i, HEEURTEERORF i/ (Bl fH, FF HiR
7 PR A S 3R, 8 P B A = SOHESE IR BRI EE A “ Gl sRECH IR 51, R
BRT n ANETTAN, TERAEMEIMNI SR, BREEAIHE, 2072 (A e e th AR 2 n
MR BATRAE T —EN A E 2RI, BN HEFZ B0 MA REFAITERE.
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9.5 Btk i
FEIB SR -

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

AR -

[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[mal)
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 - 1], xs[ma])
}

return xs

3B A HIXS RR R -

csort xs = cocktail [] [] xs

where
cocktail as bs [] = reverse as +# bs
cocktail as bs [x] = reverse (x:as) +# bs
cocktail as bs xs = let (mi, ma, xs') = minMax xs

in cocktail (mi:as) (ma:bs) xs'

minMax (x:y:xs) = foldr sel (min x y, max x y, []) xs
where
sel x (mi, ma, ys) | x < mi = (x, ma, mi:ys)
| ma < x = (mi, x, ma:ys)
| otherwise = (mi, ma, x:ys)

2 X R IS ERAR R -

Node<T> build([T] xs) {
[T] ts =[]
for x 1in xs {
append(ts, Node(null, x, null))
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while length(ts) > 1 {
[T] ts' =11
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];

MERPRZERT B H T 2 -

T pop(Node<T> t) {
T m = t.key
t.key = -INF
while not +isLeaf(t) {
t = if 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);

HRPRZEMHER -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n = length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

AR TR HE R (B ) -

data Tr a = Empty | Br (Tr a) a (Tr a)

data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

Il
x

key (Br _ k _ )
wrap x = Br Empty (Only x) Empty
merge 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
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pop (Br Empty _ Empty) = Br
pop (Br L kr) | k= key 1
| k = key r

toList Empty = []
toList (Br _ Inf _) [1]
tolList t@(Br _ Only k _)

sort = tolList o fromList

=k :

Empty NegInf Empty

= let 1' = pop 1 in Br 1'
= let r' = pop r in Br 1 (max (key 1) (key r')) r'

tolList (pop t)

IR, TR IR, X HE

(max (key 1') (key r)) r




B IUHE, SEROIRRLHE, BoX HE

10.1 i

CXHERE A XA E TR, K SRR & S D (k> 2) EEEZ AR RIS
FIEFF AL, AENE I, B2 b SR AR, 1 RGEIR T
ZIEHER SRR AR, i nT DA 2SRRI B2 HE, TR RS2 HERE HE 5 I B PERE MO BN
A2 2% AR T T2 H RN [R], XN T BRI IRE S, AREIC RO e, EEL R
A EAFHITERE,

10.2 - WiiaCHE

WSS T A I, EH—H b XA, BRI KN R TR
NBEHFHRSIMAE, FHOEHE TN (o +b)" PZXEH G, SMAREA] DAER
N

(a+b)" =a" + <71]>a”1b+...+ <nil>abnl+b (10.1)

4 n BB, SRR 2 BT =M R —17, R ERTR DL

A 2RI DA — RS AR R, Hrp— U2 (EANEIA, ik =i+
FATN L AT 1, ey AT A B ERGT 2,

RERRCBE R = M, T4 (1010-1070), ZFIRAE 1665 EIEIA T n A EEUNAUIER, R EH0K n 7 BI58L

177
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10.2.1 Y5k

— R IR R — R 2 S, FEFA — R RR (rank), 1CFON 0 B9 TR
N Bo, A n B =THBRN Bo

1. By WMRBEEZE N

2. B, WHMIE B,_, WA, PR SUTER R —ZE B — RN T8,
WE10. 1777,

10.1: —IRCH

EI10. 245 TR 0 2 4 59 TR 1)+

WXL Z IR, TDUZEE B, TR REE G2 IR, Bl B,
FOBRA 1 MNRIRTR, B1EA4ANMTR,B2EBRF6NTR, B3EHE4D
TR 94 BA 1R BIMREERANR =APHE 4 17 (W 0 177HR) 1 1.4,
6.4 1o IXAlE I A TRV R, #E—PHA T USRI I B, Haf 20 4
TLRo

— I B —H IR (IR AR, B R N R

1. EERBEER T R HETERT, X TN, R ROTRIANT () KT FRITR;
2. HEAEAAT PR — I RS IRL,

MHERT 2 ATDASHH— PSR &H n DICRRIEUHE, 1R n F2H0 32l
B (am...araq)2, HA ap BRARAL (LSB), ar, BN (MSB), 4 a; = 0, WHEFA
FEERN @ B9 I, 45 a; = 1, WIMER—E & E — By @ B, Bilan, g ik
HESH 5 NICR, 5 By 101, HERREH PR IR, —ERBON 00 —FBRBN 2.
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B 10.3: &A 19 PDITERA IUHE
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E10. 3R IS 19 NTE, 19 = (10011),, SH —E By M, —# B, #f, —
& B, o

PA TR — IR R 22 X, A — MR RUTER kBE v FE T80 ts, 108
(1, kyts)o BN ZIRAHE R 42 FEFRIE G Y — TR H9 5138 -

data BiTree a = Node Int a [BiTree a]

type BiHeap a = [BiTree a]

AR M 27, AT BT, AT A = SR SR E S22 X
Mo BT R B MRS MR o3 ZEMFR o34 1a T LS8 — AR -8, A R i ol
BT T LB T AL — MERR, A1 E10. 4R, ] DUE R B 58 ok R
R R
()

OSONEe

OO0
O ONRO

10.4: R NIRRT, Ts, ..., Ty N R BIFI R BIEMDN Ty, 5N Thy, o, Ty,
N Ty BT, Ty BIZEMZ TR T, GRS Too T HIZEMIZ TR 1o, A1
I R

10.2.2 W RER:
BATE BRI EMPIAR I B, MG B, 1o FEERPERR IR RUTE,
B NVE T EIRR, 2R G 9 — AR E T H e 7RI, & 10.50777%,

x<y: (r+1,z (rtts):ts)

link (r,x,ts) (r,y,ts') = { (10.2)

BN (r4+1,y, (r, 2, ts) s ts)
SR et T, A0SR " A SEIRAN R, FEREARVE AT DATE H 50N TRl N 8 A
1: function LINK(z,y)
2: if KEY(y) < KEY(2) then
3: Exchange x <+ y

4 SIBLING(y) < SUB-TREES(T})
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10.5: WK = <y, ¥ y 1N o BIEE— 1T,

5: SUB-TREES(z) <y
6: PARENT(y) + =
7: RANK(z) < RANK(y) + 1
8: return z
#.3] 10.1
1. g AE T~ =AY
2. UEHIIRBE B, R i IO (7).
3. MEFAZIER B, HEE 20 DR
4. ABEBRETFR, LI I R BERE, 1XM77 206 (] R, (ERERRR?
10.2.3 ffiA
FATHE D ZIEAHZ IR IR G HES, FHE LR AFT A I GRS RR A -
inst]] = [t
rank t <rankt' : t:t' :ts
4 (10.3)
inst (t':ts) = Srankt <rankt: t :instts
A0 ins (link t t') ts

HA rank (r,k,ts) = r, IR ZTERIAIRE, QRERHEONZE [ ], MEHTRE ¢ BN
HEFRE— RS S0, BRATTELRR ¢ AIHERRSS— BRI ¢ BORK. UNSR ¢ RIRRE/D, T ¢ pR
NS AR QIR ¢ AURRERVDN, TATTIR TR ¢ $8 NSIFRIARATR b 5 QrERPRAE S, Wik
byt BERE R —BRE R BIRE, S5 8 T i A ZIRERAIR A, G5RE n DITR, HEh&
ZH O(lgn) BRI, ins mREZHUT O(lgn) IREEINTAIRIHERE, HIN RIS 2%
O(lgn)?s M ins, BATAT LUE X ZTAHERARTE, Jofl AR © A —R
R — /N1 R, SRS AR A S

insert x =ins (0,x,[]) (10.4)

23X — I FERIP A —HERIEAINTEMEL, T AT | — 2 5] : BB %R (numeric representation) ),
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X8 OB, TATTA] DRI B E R T oo Rl A2 e
fromList = foldr insert [ ] (10.5)

XA FE A% 5, A I L2 " SEBLAN R -

1: function INSERT-TREE(T, H)

2 1< p <+ NoDE(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,T7)

8 else

9 SIBLING(p) + T}

10: p+ 1T

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 HESIF

AHMAD WM Y TS FF A IR, &85 R A A R R AR,
H HAZIROBE N, SHLREMITFFHER L, B O HE R B 55—, bR
EATTHIRE, R I —RRTBNGE R AR ERR BIRRAE S, AT TR AT RER SOy — R
BORIIRE, R @3B BI & FFEE R,
merge ts; [] = ts;
merge [ tsa = tso

rank t; < rank ty: ti: (merge tsy (tg:ts))

merge (t1 :ts1) (t2 :tsy) = rank to < rank ty: ty: (merge (ty :tsy) tsq)
0] ins (link ty ty) (merge ts; tss)
(10.6)

=ty to BRARRINS, BTt a] DORFRERE IR RO TR A [HE R — N HE, R &5

merge (ins (link t; t3) ts1) tso
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PR ZCRT CATHEBRIE A, FE AR 75 UL BHE & 5F -

1: function MERGE(H,, Hs)

2. H < p <+ NoDpEg(0, NIL, NIL)

3. while H, # NIL H H, # NIL do

4 if RANK(H;) < RANK(H;) then

5: SIBLING(p) < H;

6 p < SIBLING(p)

7 H, < SIBLING(H;)

8 else if RANK(Hy) < RANK(H;) then

9 SIBLING(p) < H»

10: p < SIBLING(p)

11: H, < SIBLING(H>)

12: else > BRAHSE
13: Ty« H,, T, < Hy

14: H, < SIBLING(H;), Hy < SIBLING(H>)
15: H, <+ INSERT-TREE(LINK(T},T3), Hy)
16: if H; # NIL then

17: SIBLING(p) < H;

18: if H, # NIL then

19: SIBLING(p) + H»

20: return REMOVE-FIRST(H)

Bt Hy HF my B HE Hy TR my B, SHENERTRZHE mi +ms
RGNS AR, WEFHENTE O(my + ma)o WREEMAEFRBIN, &2
TEWH O(my +my) Kinse FBIE my = 1+ [lgni], mo = 1+ [lgny], HH ny
no EMMERBITTEREL, B [lgni ] + |lgna] < 2(lgn], HF n = ny + nyo RES
FHIEZEN O(lgn).

10.2.5 5

ZIEHER, AR AR JUARAE TR PRI ER/NT R HART ROTER RN
FIRAERN N 7RI R iR/ N, TR ERART &R BRIV A O(1gn)
R, BT DR EUR IME I VR 242 O(1gn)o (2T HIRIER R H /N, 1B
T ER E BRI CRFFHENE T, HEAF B TN By, By, ..., By, ..., Bmo W B, IR
RN R/ NTER, FHMIERE 27 p R IR, BN p— 1,p—2,..,00 T
ITRTEARE p BRF RS, AR — N T H,o BRE B, BIBHIAG AR — 1 0 HE
H' = H —[B,)o ¥ H, il H' GFF5ln] IS EIRLLEER, AE10.6F7R. BATESeE X
MHEAR TR B/ TR R
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10.6: —TFUHERT 5 R 1

top (t:ts) = foldr f (key t) ts (10.7)

=

f (ryzts) y=minzy

1XAE Y T3 PO HE R B A IR, $REHAR T A i eI ME -
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

NT SRPRH, BATIT ZMHER 78 e/ N R TR RO -

min' [f] = (t[])
‘ key t < keyt': (t,ts),HA : (¢ ts') = min’ ts (10.8)
min' (t:ts) =
A0 (t',t:ts)

H key (r,k,ts) = k R IEHEIIRTT ROTER. min’ BIEERN—IHME: I
INTCERFTAERIR, BRI, 12 Rt AT DUE SCH HE A -

pop H = (k,merge (reverse ts) H'), HH : ((r,k,ts), H') = min’ H (10.9)

PIIVAINFES W IoR

1: function Popr(H)



10.3 FEUEFEHE 185

2: (T, H) + EXTRACT-MIN(H)

3: H < MERCE(H, REVERSE(SUB-TREES(T},)))
4: SuB-TREES(T,)

5: return (Kev(7,,), H)

HA SR ER S LB — 5, EXTRACT-MIN HIERSZIIAN R :
1: function EXTRACT-MIN(H)
2 H' + H,p+ NIL
3: T, < T, < NIL
4: while H # NIL do

5: if T,,, = NIL 8{ KEY(H) < KeY(T},,) then
6: T,+ H

7: T, p

8: p+— H

9: H <+ SIBLING(H)

10:  if T, # NIL then

11: SIBLING(T},) - SIBLING(T,)

12: else

13: H' < S1BLING(T},)

14: SIBLING(T,,) < NIL
15: return (7,,, H')

(5 FH S 3R A PT DASEIRHERE . B e MR HE P T A A — > I aCHE, 285 AT
M H R/ NTER,
sort = heapSort o fromList (10.10)
H heapSort SN :

heapSort [ ] = []

10.11
heapSort H = k: (heapSort H'), HH : (k, H') = pop H ( )

“IEHER A BRI A Z R EAERIMETLTZ O(1gn). MUTTAI I HER 2%
N HBUN TE], BADXERE R T 0 fEE A RIIER,

10.3 PR

ZIECHERY 44 5ok B ZIEURIT, SEOIRELHER) 44 7R H RSB 2RI
FIHEAR o bR —METE I, (HIXH AR I HEE SRR MESRIE RIS

3Michael L. Fredman f1 Robert E. Tarjan Eiﬁﬂﬁﬁﬂiﬁﬂﬁﬁﬁl‘ﬂﬁ%ﬁﬂﬂ‘ﬁmT%E?BZ??K%%&?HE’J’I&E, fAfI 12
X FhHE A4 N “ S B 1
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BN T 2R BIRLME, TR (R T S ERIRER 0], BRI HBRIESL, 22
TRSEHE TG TR R 7 e 52 2% LT ] DOKE B B4 1) 7

B TIEHE | BRI
A O(lgn) O(1)
aif O(lgn) O(1)
IREGHET | O(lgn) 0(1)
S O(lgn) | 739 O(lgn)

R 10.1: LPIRELHERD — TECHER () B A XS L

A IR AFTTR o I, BT o BARE — D19 SRR, REHA
FIRRMAR, BHEIRPRIBIE AT, GERBARSE, W THERE, 2RSIET5E A, A
AN O(gn). FERTEMERES, BATRHLZRA il AR HER SR EHER AT, K o
FITERI BRI, 7 PORIRIGHETT R, Pl 177 ZIC R IR—ERAR HIHR T A3
R17 T B/NTTR, — DRI AT o, & B TIRAIIBRE, 124 (n,t,, ts)o
Hrp S AR/ NTRIMEEIICR ¢, HPITR MO TEN n, HAR I 5
RN tso NHAIHITAERE 7 EBAREHE (B 7 I ATE 30 :

data FibHeap a = E | FH { size :: Int
, minTree :: BiTree a
, trees :: [BiTree al}

XA AT AR B BN IR BOE T R 1 top H = key minTree Ho

10.3.1 ffiA
FA TR A E SO — PR R I & 18, B — P HECGES A — B — N1 U
insert x H = merge (singleton x) H
BUE R AT A
insert = merge o singleton, (10.12)
Hrr singleton M x #JENEE —DITERAIM:
singleton x = (1,(1,z,[]),[])

FAFRCER AT DA AR AR B AN — D8 L, 285 ST 7 A i/ NT R IR
function INSERT(k, H)
x < SINGLETON(k) > ¥ kBN
ADD(z, TREES(H))
T,, + MIN-TREE(H)
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5. if T,, = NIL 8{ k < KEY(T},) then
6: MIN-TREE(H) < x
7: S1ze(H) < S1ze(H) + 1
Hrb Trees(H) $RBUE H HATERIVFIER, MiN-Tree(H) I8% T H &/t
ZRFTERIB

10.3.2 BIF

= IAHEA R, BATHE S FF IR BERE R EHEIR ZIRE R, (LOCRE 9 1 HE A R
Bk, AR LR BT & A i/ NT R AR,

merge h @ = h
merge 3 h = h
key t,, < keyt,, : (n+n' ty,t, tsHts
merge (n,t,,ts) (n',t) ts') = Y Y ( )
A (n+n/ )ty : ts 4 ts')
(10.13)

LN HERR A A, IX— SRR Y 4 BROERIH AR — D HER R AR E L, 4
SREFIARER, WIRT DAHEHES FH IR ETE m EIH R 18], T A 51 5 o A X e
FE LT FEPIRELHE -

data Node<K> {
K key
Int rank
Node<k> next, prev, parent, subTrees

}

data FibHeap<kK> {
Int size
Node<K> minTree, trees

IXFERL AT ASE I BON TR & FF 50
1: function MERGE(H,, H>)
2 H + FiB-Heap
3: TREES(H) < CONCAT(TREES(H,), TREES(H>))
4: if KEY(MIN-TREE(H;)) < KEY(MIN-TREE(H>)) then
5 MIN-TREE(H) < MIN-TREE(H,)
6 else
7

MIN-TREE(H) < MIN-TREE(H>)
S1ze(H) = S1ZE(H;) + S1ZE(H>)

8: return H

9: function CONCAT(sy, s2)
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10: e1 < PREV(sy)
11: ez < PREV(S2)
12: NEXT(e1) + s2
13: PREV(ss) < €1
14: NEXT(e3) + 81
15: PREV(s1) < e
16: return s;
10.3.3 5

TAHEEFEINHEIR T ARERE, 5 TR EAEB HPR L “A2" [k, 3RA]
TESOX—IE RN EIIAF, BB ERXE—DRE: SEET 2 BB,
L =12,1,1,4,8,1,1,2,4], TATRWORHEAA R B DN ECEAHN, EEIRA EHEFR
B, XMPIFRIREEERN [8,16], #10.245H TVAHAIHEE, TR 4"
FRET; BARRREE R, B e RYR RIS — TR L W
RAHSE, AU ME S B ; e — Y2 IFFHFIEER, B EERA AT N — P r e,
XA B VAF ISR AT DA BN SL B -

B | AR | g5R
2|2 2
1]1,2 1,2
1] (1+1),2 |4
4] (4+4) 8
8 | (848) 16
11,16 1,16
1| (141),16 | 2,16
2 | (242), 16 | 4, 16
4| (444),16 | 8,16

* 10.2: IHBTFHID R

consolidate = foldr melt [ ] (10.14)

HA melt YN

meltz [] = =z

=1 melt 2z zs

(10.15)

/

melt x (2’ :xs) = Sx<a': z:a2 :xs

x>z 2 imelt x xs
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2 n = sum L, NITBEEFHIR, consolidate 4TI n FRom A ZHEHI%L,
MREE i A ERETE 1, WIRAFIRFBEE 20 XM G M 0 FFEd). il
sum(2,1,1,4,8,1,1,2,4] = 24, FRZi#FHIZ 11000, 5 3 F%E 4 L B2 1, FRPA
REFNRFEE 23 = 8,21 = 16, AU IEFT DASEEIM BV, A7 ZELLERRE,
FEAORRAH R IR TR R -

meltt[] = [t]

rank t = rank t' . melt (link t t') ts ( )
10.16
melt t (t':ts) = QSrankt<rankt : t:t' :ts

rank t > rank t' : t' :melt tts

B10.7¢5 H T SEBIREZHER IS AZ R D BR, MR 1023 EER] DA HE T2 MM
o BATHERT DAGE A — DB A RATIHFF, Ali] TRFBON @ HOR. fEi@PhHEH
ORI, A FOB EN 55 —BRBON @ BIRE, BA TR e THERGEER IS 2 — RPN @ 4 1 AU,
RIER Ali] B2, FHEERE Ali + 1] BENE, HAND, SEEGEI TR, &5
G, A R T IR RIS R,
1: function CONSOLIDATE(H)
2 R < MAX-RANK(SI1ZE(H))
3 A« [NIL, NIL, ..., NIL] >3 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: Alrl« 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 b TR I VA5 )5, SERIRELHERR A A T I HE, IR HER A 5 5
N O(lgn) BRe Max-RANK(n) IR[Al n DNITRAHEFRAATRERIRL R, ARYE I E
HIEEie, BRERHIRN Br A 27 PICER. BlTH 27 <n < 2801, FTHENE— P KREL
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YA AT

o3

128 %3P, d REHER o, A&
JERERER a,

B 7.8 %, r LHEED q, RIE s BERE
F qo

& 10.7: IHFHAIP R
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EBRA R <log, n. BAEELH R BYSEMEMAIEG T, Bl 177 ZHIMITE —iE A i
AR A, HREIF A iR/ VT RN, BATRTPAE T (10.8) & XK min’ 738§ HHETITT
RFTERIB

pop (1,(0,1‘,[]), ]) = (:C,H)

[ (10.17)
pop (n, (r,x,ts,),ts) = (z,(n—1,tm,ts"))

HAr (t,,,ts") = min' consolidate (ts,,ts)oiFEE + HINREIEZRER O(|tsn),
F e/ IMEFRAE BRI R F REREURIE e, X B A a2 3 CSEERan
1: function Popr(H)
2 T,, < MIN-TREE(H)
3: for each T in SUB-TREES(T,,) do
4 append T' to TREES(H)
5 PARENT(T') < NIL

remove 7T, from TREES(H)
S1ZE(H) < S1ze(H) - 1
CONSOLIDATE(H)

return (Key(7,,), H)

BAER “BRETTIE” /oA RER) o PEERE. [RIZP AR E S ERERIE L
E =mgh (10.18)

QnE0.8FI7R, BRI — N R IIR(EILRE, R RN m YR L 8, &k
FHEAE Ty o ALE, WX — I AR EERRE I W, MRS ANy -

W =mg(h' —h) + W;

hl

10.8: E 11356E

B LIRS A SRR, O T T RUEHAE, BT Jo SUMBR /N TR ATHY
BREN ©(H)o R NHRERHIZHNIEAHEA, SHBRERN, LM IIAH, R
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TR 1Y, I ERTEIERE ©(H ). ®(H') M1 ®(H) FIZEFAN_ERIEIE AR
orn] PAZE tH A 70 ER 2R, T SCBREDk

O(H) = t(H) (10.19)

Hp t(H) BHEPMAIREL T n DT RBEBIIRSHE, SHERATERTRR) L
BRI R(n), JAF)G, HERRAURREUR Z 9 t(H') = R(n) + 1, TEVAFFA, FATEM T 5
Hh—N AL, Xt st T R ok - BT TR A A R/ VT R EIRHARMNER, 2805
R 2B IEIRA R, IR RERZ AT R(n) + ¢(H) — 1 BRI, 5
HRERIIN R 28N T, RFFFRIIN R 24N T, A S o iErEREn

T = T.+®H)— (H)
= O(R(n) + t(H) —1) + (R(n) + 1) — t(H) (10.20)
= O(R(n))

A AFF SR ] DARR ORI B2 HE A BT A AR O IR, B R(n)
1L O(gn)o

10.3.4 RFHEESR

RS2 HER) — NSRRI . FMEE S TS5, EMESFESRATHIT, 9
IEFRATIAY B R AR HAT SR AV EUE IR, S 55 B HE T, SRS B, Blan i/
Az B BIEAT Dijkstra BIREMRIUX —#0EU, H HIRAT TR ZH > M REIRE] 4L
INfTH], < o $aMFHE H AR A, TR R ERERNY ko (E10.9, E T A ©
AE/NT AT ALy, BT o PN HEINEIHE (BRAR) . RS IXARE AT ARG SRR AR Y
A U B IME, BYIRRT UG RIS B2 U, AR TIRZ i, 5l
TIERIE & HARIERIVERE, D9 T MRORIX — A1, FRAT145 3R IR B2 I — PRl S 14

MR IR E T HEATF1 8, SR BT R IR R EHE (BRAR) .

function DECREASE(H, x, k)

KEY(x) « k

1:
2
3 p < PARENT(x)

4 if p # NIL and k£ < KEY(p) then
5

6

Cut(H,z)

CASCADE-CUT(H, p) > [ETIBR
7: if k < Tor(H) then
8: MIN-TREE(H) + z

CASCADE-CuT ffH—MRICRICFK BRI R B R EL F 1, H1E Cur HiE
FRIX—FRIC,

1: function CuT(H, )
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B 10.9: 5 key @ < key y, ¥ = UI'R, ASGESIIEIMEH,

2: p < PARENT(z)

3: remove x from p

4: RANK(p) < RANK(p) -
5: add = to TREES(H)

6: PARENT(z) + NIL

7: MARK(z) <+ False

EIRYIRRI, #5758 = BERRIE T, BIORE AR 5 T T TRk
LIRS, B

1: function CASCADE-CUT(H, z)

.'\?

p < PARENT(x)
if p # NIL then

4: if MARK(z) = False then
5: MARK(z) < True
6: else
7: CuT(H, z)
8: CAscADE-CUT(H, p)
231 10.2

UEHH DECREASE 7S 2 N & EE R O(1).
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10.3.5 EPIEZMENIm A

BATHARLG H Max-RANK(n) BIEHL, BEX T n DITRIZEPTRHEHATE
PIRREY L FR

19 10.3.1. W TEPTRHEFRIEMR o, 55BN &, (B k = rank(x)), x| R
FRITER ML,

|| = Fiso (10.21)

Hep B NEPTREZESI RIS kI

FO = 0
Fl - 1
F, = Fp1+Fpo

UERH. BT R o BIEEE kBRI g1, ya, .o yio U RAREER R 2 RIS TRISEIG, Hrp
y1 I, v, BOHTIIAG SBERH |yi| > 00 2 y; HEEE] o IS, 78 41, 02, .o i1
&AL T o ROYFRATEIERAR R R RERECK, B MEIX —IN %], A :

rank(y;) = rank(z) =i—1

WG vy, mEZHRERE—DT A (GEI DECREASE), ~HEEHE " NT1A, B
T BIYIRRFF A ZIZRAR AR, [RIHEBRATT AT DAMENT, ST« = 2,3, ...k, B

rank(y;) >1—2

L s Nz P RADETRERR/IME, HF k= rank(z). X TIAFIEN, A
so =1, 51 = 2 WRELRVL: BN 0 BB, Be/DA 1 DI, BN 1 BIRRADE 2 4
R, BN kBB, RADE s, DR

|| Sk
2+ Srank(ys2) + Srank(ys) + ...+ Srank(yi)

2+80+51+...+8k_2

v oV

HA 5 — 1T RN rank(y;) > i —2 3B s, B, FTEL Sranky) > Si—20
A8 FREUEA 51, > Fioyoo HERECRIAGNTE, X FIOFEH, BMT1E so =1 > F, =
1L, sy =2> Fy =2, MF k>2 BENR, BATAE:

z| = s
> 24+50+81+ ...+ 5k
> 24 Fo+ Fy+ ...+ Fy AR 1%

1+ +F+FB+..+F FlHR=0F=1
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AE, A FREIERH
k
Fra=1+)Y F (10.22)

=0
FRRAE FHECE AN
o HBIEM F,=1+F,=2

o BIFHEN, R &+ 1 FKAL,

Fryo = Fop+Fy
k-1

= (1+)_F)+F, A
=0

k
1+ F
1=0

25 b, A RIRALL:
n > |x| > Frio (10.23)

O

S o Hit g = LTV e s st
VR T BRI S 28RN O (Ig ) RIRIX 4558, TRTTAT I . ma Rank :

IR L PSSR : Fre >

mazRank(n) = 1+ |log, n| (10.24)

B A F RS2 38 )T E SRR MAX-RANK:
1: function MAX-RANK(n)
2 Foy+ 0,F; «1

3 k+ 2

4 repeat

5: Fy « Fy, + By,
6 k+—k+1
7 until £, <n
8

return k — 2

10.4  FCbHE

LA HER SEINER N E I, AT HE, E LI B PRI o KBRS 13
T, BAEREA FRBGETI, &2 AU R & 2 B, ARSI B R E R 7 P B
ZEHN O(gn) Il
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10.4.1 EX

FEXS HESCBION —HRZ XM B/ INTRRGF TR, — MR 2 NS o, H,
R kS, BE — MR R —HF R, IEN (2, ts). ZXBHMATHEMZT, G
{5 267 T3 IEREATRE S

data PHeap a = E | Node a [PHeap a]

10.4.2 HIF WA REHETR
B IFA B HER, FZE RS L
L. AERI— R o, 8580 55— HE;
2. A0, PEARPR A HERAR T S, HEROR A — ME D 55— BT

merge @ hy = hy
merge hy @ = hy

{x <y: (z,(y,tsg) :ts1)

B (y, (z,ts1) : tsy)

(10.25)
merge (SL’, t81> (ya t82> =

BIHBITERE Y H N (R, (0“7, 5267 7775, BA AR m s K A
FERES ) — D HERY PR T -
1: function MERGE(H,, Hs)
2: if H; = NIL then

3: return H,

4: if H, = NIL then

5: return H;

6: if KEY(H:) < KEY(H;) then

7: EXCHANGE(H; <> H»)

8: SUB-TREES(H;) < LINK(H,, SUB-TREES(H1))
o: PARENT(H3) + H;

10: return H,

FEF S FHF AL, AT DML BOIRSLHE— A ST AR, WX (10.12), HETOTER AT
PAMMRT 3R I  top (, ts) = wo FRIAFNIREUHETTI &2 2% FEAR J2 B 20N 1]

10.4.3 AR

TRBVER/NG, B LVE R AT, RJ5 G H 2N, IMRZERT A,
PATTAT LAE R/ NT 3R A

1: function DECREASE(H, z, k)
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KEY(x) < k

p < PARENT(x)

if p # NIL then
Remove z from SUB-TREES(p)
PARENT(z) < NIL

return MERGE(H, )

8: return H

10.4.4
A HHETR AR /U, BT RTS8 7B U3 9 B — R AR -
pop (x,ts) = consolidate ts (10.26)

BATENETAT , PR BSOS HLRE 7 5 9 2805 A TR E B I B IR — R, AL
MHER 2Tk BiX— &I, a0E10.108110.11F7R. AFFS R B KA EAYA
FHHER D210

consolidate [| = o
consolidate [t] = t (10.27)
consolidate (t1 : ty : ts) = merge (merge t1 ta) (consolidate ts)

Xt FE M %, A 5L 26 R SE BN R :

1: function Por(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
BTG B REAEPR T T,. T, G T, REHEES] L fIATH, X
FERR ORI L I, SEhRg 42 N R B, A AT RE & AT 8B 14, IX RS
T, BJG—IR T, = NIL, B &GHE T = Tho

10.4.5 JHIE&

N T BREEADTT A 2, BATRT AR REMERUINA —oo, SRJEFHHAST— IR H
Bl AT AT I—FHERTT e 457 o AR R, AT TFESRIT IR IR, &
T, BAVE = MHE H YIS, RIER © AT — IR IR, BREER G H I H:
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a) S HATAECA HE

g: @@@@@

ﬁw52ﬁﬂﬁi$9ﬁ?m

%I

c) FEPERIR O B FF, R0 AT EUR Y,
%umF BRIEFR S

10.10: MHBRIRTY L, K57 B xS 5
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(o) O
00 OO0,
0 OJO.
() ()
() FEIRTE AN 0 1 6 HOPTERNE &9 (b) LT AN 7 HORE 29551
i sh
()
(2 (D
OO0,
() ()
()
(o) TSN 3 IR RRIZEIRAT () KRS0 4 OB &SIk

10.11: \NEMIEEHIIPE
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1: function DELETE(H, x)
2: if H = x then

3: Por(H)

4: else

5: H + Cur(H, )
6: x < Pop(z)

7: MERGE(H, z)

PR A B B0 25 Vi FH 88 £ 43, AT AR AR E i 70 HEEPE RE tH R BN TRD O (1g m)o

£:3] 10.3
SCERECAT HE AR

10.5 &k
A, Fof T HEE ST~ SR RS T R BB M, — I

BB SLHEAE FH 22 SR AR E N SR IR R At 1, T HHESC BN — PR 22 SO, JEId Re S
SEREIN FIRRPEREIR AT, AT DR EVA LAY o it RE, X—RIREA R A M.

10.6 Bl -FERF
2 U L EMET, M) -

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> tl1, Node<K> t2) {
if t2.key < tl.key then (tl, t2) = (t2, tl1)
t2.sibling = tl.subTrees
tl.subTrees = t2
t2.parent = t1
tl.rank = tl.rank + 1
return tl
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] }

—IECHERR A :

Node<K> insert(K x, Node<K> h) = insertTree(Node(x), h)

Node<K> insertTree(Node<K> t, Node<K> h) {
var hl = Node()
var prev = hl
while h # null and h.rank < t.rank {
var t1 = h
h = h.sibling
if t.rank = tl.rank {
t = link(t, t1)
} else {
prev.sibling = t1
prev = t1

}

prev.sibling = t
t.sibling = h

return removeFirst(hl)

Node<K> removeFirst(Node<kK> h) {
var next = h.sibling
h.sibling = null
return next

TIGCHER AR T S

data BiTree a = Node { rank :: Int
, key :: a
, subTrees :: [BiTree al}

type BiHeap a = [BiTree a]

Tink tl@(Node r x cl) t2@(Node _ y c2) =
if x < y then Node (r + 1) x (t2:cl)
else Node (r + 1) y (tl:c2)

insertTree t [] = [t]

insertTree t ts@(t':ts') | rank t < rank t' = t:ts
| rank t > rank t' = t' : dnsertTree t ts'
| otherwise = insertTree (link t t') ts'

insert x = insertTree (Node 0 x [])

I HERI B

Node<K> merge(hl, h2) {
var h = Node()
var prev = h
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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
1} else {
var (t1, t2) = (hl, h2)
(h1, h2) = (hl.sibling, h2.sibling)
hl = insertTree(link(t1l, t2), hl)
}
if hl # null then prev.sibling = hl
if h2 # null then prev.sibling = h2
return removeFirst(h)

BB I T :

merge tsl [] = tsl
merge [] ts2 = ts2
merge tsl@(tl:tsl') ts2@(t2:ts2')
| rank tl1 < rank t2 = tl:(merge tsl' ts2)
| rank t1 > rank t2 = t2:(merge tsl ts2')
otherwise = insertTree (link tl t2) (merge tsl' ts2')

I CHE R H

Node<K> reverse(Node<K> h) {
Node<K> prev = null
while h # null {
var x = h
h = h.sibling
x.sibling = prev
prev = x

}

return prev

(Node<K>, Node<K>) extractMin(Node<K> h) {
var head = h
Node<K> tp = null
Node<K> tm = null
Node<K> prev = null
while h # null {
if tm — null or h.key < tm.key {
tm = h
tp = prev
}
prev = h
h = h.sibling
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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)

I HESH 33 U S B

pop h = merge (reverse $ subTrees t) ts where
(t, ts) = extractMin h

extractMin [t] = (t, [])
extractMin (t:ts) = if key t < key t' then (t, ts)
else (t', t:ts') where
(t', ts') = extractMin ts

{5 P XAV BE R & FF 2L PRI B2k

FibHeap<K> merge (FibHeap<K> hl, FibHeap<K> h2) {
if isEmpty(hl) then return h2
if isEmpty(h2) then return hl
FibHeap<K> h = FibHeap<k>()
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

ARSI T FF -

’consolidate = foldr melt [] where
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melt t [] = [t]
meld t (t':ts) | rank t = rank t' = meld (link t t') ts
| rank t < rank t' =t : t' : ts
|

otherwise = t' : meld t ts

58 FH 4l BH R T A 9

void consolidate(FibHeap<k> h) {
Int R = maxRank(h.size) + 1
Node<K>[R] a = [null, ...]
while h.trees # null {
var x = h.trees
h.trees = remove(h.trees, x)
Int r = x.rank
while a[r] # null {
var y = al[r]
x = link(x, vy)
alr] = null
r=r +1
}
alr] = x
}
h.minTr = null
h.trees = null
for var t in a if t # null {
h.trees = append(h.trees, t)
if h.minTr = null or t.key < h.minTr.key then h.minTr = t

SEIRIRSHER 58 -

pop (FH _ (Node _ x [1) [1) = (x, E)
pop (FH sz (Node _ x tsm) ts) = (x, FH (sz - 1) tm ts') where
(tm, ts') = extractMin $ consolidate (tsm 4 ts)

TRTHILE:

void decrease(FibHeap<K> h, Node<K> x, K k) {
var = 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)
p.rank = p.rank - 1
h.trees = append(h.trees, x)
x.parent = null
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x.mark = false

void cascadeCut(FibHeap<k> h, Node<k> x) {
var p = x.parent
if p — null then return
if x.mark {

cut(h, x)
cascadeCut(h, p)
1} else {

x.mark = true
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11.1  fif

PRSI A 1 Jeit Jett (FIFO) HIAIL, RT DA 2 My iR SR BREAS, 40 e, AXTA)
HESR, TEIRRIPIX S, Okasaki Z3tH T 16 MUARFEIRISEILTTIA L, BABI 221 /2 T TH Y
PIREEAR R :

1. A DATE B BN RIN TR B IR INTT R
2. A DAFE R 2 TR A SRR BB PRI C 21

A ARTA A BER B SEEERAA o FheAT T 250X A i B SEBR, TSGR T i H e
FABAREER, an513%. BEH SRS

11.2  FlFREm

BATTAT DA BN TRIAE S 2 Sk A HBRTC R (B0 1 oeit e, BT RESE L
HRAAT — R, AR R MRPAT S —RilE, BATHRE O(n) WRIEHEEN SR LAZ
KRR, Kot n BAIRKE , IXFCIRIREIEREZ K, 1 PO A Rl m] PA—4
LRICRERMM E, FHH—MISMIT A S AR, E11L 1R,

data Node<K> {
Key key
Node next

}

data Queue {
Node head, tail
}

FAB B S AR R N 8E 2 A BN (Enqueue, 8% push. snoc. append. push back) 1
tHBA (Dequeue, B¢ pop. pop front), fEHFIFEN , TATTEEELESLERIIATTER. MEEHBH
FRoceR DAL SR,

1: function ENQUEUE(Q, x)
2: p + NODE(x)

207
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head tail

lof

11.1: Z2BAA, Sk, EB#EBEA S

w

NEXT(p) + NIL
NEXT(TAIL(Q)) < p
TAIL(Q) < p

PAFIZE DA — T R (B S 1R, FIL TR EEHE SN NIL,

L

o

1: function DEQUEUE(Q)

2 x < HEAD(Q)

3: NEXT(HEAD(Q)) + NEXT(x)

4 if x = TAIL(Q) then > Q AN
5 TAIL(Q) < HEAD(Q)

6: return Kev(x)

S N RAERTE HE T RIVRETTE, HEaD SEPRIRE] S YR —D1 5, AHE11.207R,
FATA] DX —SEELY R B AR, (ESLEA R R (A — I & Bl S AT A
FERNFIZE i i G s 1 100

S > X1

Y

X —>» .. —>» x, —> NIL

head tail

11.2: W8 S TEFIR

11.3 PAFEMIX

FABIRA Sz, FATTAT DATE B BN RPR TR AN EIEEH R, (HFR ZERERTH] O(n)
MEKLFRIHIER, 32 Ry ERs 2 FRIR TR AR IART R 3], O T ISEIRASIRIPERE R, 3
A1) DTS A Sk R IERGEER,, (U — IR, B IA R X, G &N 11.3, 1147,
IXAE FEH I SKERARAR head, BAFIHE count, FIELH K/ size, R AT PATE R ZIRBAF,
count T 0 IFPAFIAZS, 5T size INPAFIE T, FATTIERT DAFI FHBUS R LR, H
PARISEEL

1: function ENQUEUE(Q, x)
2: if not FULL(Q) then
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Tail

Head

11.3: fEIARE X

head tail puL head tail AL
N M I - M J
al0] |a[l]| -~ |al]]| - v lafi] | o |all
(a) EEIMAZ N ILE, (b) NKFERMIBRAE TooER)a, BB TSR,
head tail  JHH  tail head yUL
afi] | - am/ al0]| - | alj]
(c) EMAZAN TLEEFIFEAHT (d) F—NICEMABIBEH LA
AR, —ANHIL,
tail  head T H
M T J
al0]|afl] | - m[j-1] a[j]

(e) EMBEITTHRTF T ILEK, INFIE .

11.4: (EFIEPAGR P IX SEIE RS
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3: CouNT(Q) + COoUNT(Q) + 1
tail <— (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
Bur(Q)[tail] < x

L

o

: function DEQUEUE(Q)
x < NIL
if not EMPTY(Q) then
h + HEAD(Q)
x < BUF(Q)[h]
HEAD(Q) < (h + 1) mod S1zE(Q)
CoUNT(Q) + CouNT(Q) - 1

8: return x

g3 11.1

AR X AEIRE U TR A&, Rk B, mAH
Count, YA IIBAFZ A5 23?2 245 Ci? CEIRMAME DL : SKERE 2 SRR , 13L&
FERHRIETH o

11.4  RHIFEAF

FIZR Sk ER AR O B LN ), (H R R AR L e TRl 3R n] IMEM IR “ X
J2" VEREK SIS, FEIRZEAN— D BB ERESR, AN 11507, PRI 70 1 AL AT
(front) M5 (rear)s BAFICH (f,r), ZRAFIET ([, [])o TAHEHTTRIMA » BISLEE,
HBAIS, R TCRM f BISKEREGE, TEREHT 2 RN TH]

pop <1 X —>» X2 —> .. —> X, —> NIL <

front

push ----- » o m > .. — ¥y —> NIL <«

rear

& 11.5: WHIZRBAF

(11.1)

push x (f,r) = (f,x:r)
pop (l’:f,?“) :(far)

S — RV NRIESS, f ATRENZS, M r HIEEITTER, N T REARSEHIBN, BA T
r REJFFWAE f B ([],7) = (reverse r,[])o AMLEXRH ARG, TEHRIT—IRF
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o 2 A A B
balance [ | r = (reverser,[])
balance fr = (f,7)

—BRA r BB, MBXUGERIERIPERE TR S iR TR, RAE W, SRR 3R
PR RN TR o BAT T SN PAFIHE B :

push x (f,r) = balance f (x:r)
pop (x:f,r) = balance f r

(11.2)

(11.3)

TATTAT AT 5 H — D BB R DR ARSI, MR IR FRYE, AR
B SN 3K EREEORTE BN, ANE11.6FTRe 2 R U=, B F Bk
o s R B,

PR Bl | gk
ELEIA | O(n) | 0(1)
EREIA | O(1) | O(n)
EEMR | o) | 0(1)
R | 0(1) | O(n)

R 11.1: BEAMBERSIRIERN L

e X Xy Xp |«--- push

front

Tty | ;2 | Ym [> pop

rear

& 11.6: ERZHBAS

53] 11.2
1. AT AZAE push BB TGRS A FNE L2
2. UEBHXNHIZEAF A o3 P 2% SR B £ T,
3. SEEIAEHBAA,

11.5 “FAigEAS)

BIRXHNZRBNIN G 73 WE 52 75 P 00 B R, (LRI L T B MEREZERIERY, Bil4n
f AR, WEESHR n DITRIMARS, RPITHINEZER O(n), X
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—FRAEEDE fF o BREATEE, T SOE P, JAOTIMA— RN, ZK r
MREAKRT fIKE, SR ESIR,

| < |f] (11.4)

BRI EE R R KJE, (HIXFTELNEN B, A PRACEEIE SR R, HEH
NBAISBE T, IXFERFNRAFTIERETRA (f,n,r,m), B n = | f|,m = |r|, 2 HIZPID
FIRHIRIE , ARIEFEIAN (11.4), BATATDUGE £ B EERABIAS IR o= :

RQ=¢ <= n=0 (11.5)
FATTEE R . APNBYZE N
{push z (f,n,r,m) = balance (f,n,x:r,m+ 1) (11.6)
pop (z:f,n,r,m) = balance (f,n —1,r,m)
HA balance 7E XN
m<n: (fn,r,m)
balance (f,n,r,m) = (11.7)
{IZ:?JF\”J: (f # reverse r,m+n,[],0)

11.6  SEHFEAS

TEEHAFI B SEBI R, PR IERE, SR PERETD R R EN [, TESER R H,
TEH SO, YEREHSUHIIAE f 4 reverse r H, W m > n, 3 T SEHERLN,
HF m.n AUREEEL BATH—PHIE:m = n + 1o #+ FNERERZ O(n), REEBRIEN
BIRER O(m), DREZREZ O(n + m), MIPAFIFHRITTEMNERIEL, AT PRRKIX—
BAEIREIE R AN Z, B — N RIS LR

reverse = reverse' || (11.8)
X SRR R, Ho

reverse a [] = a (11.9)

reverse a (z:xs) = reverse (r:a) xs
A DURA 5 ol Ry 00 109 8 RN IB AT, BRI A S T — RINIR
AR, TATEL—DIREH, BEWAIRES: REIRE S, FRIEFEETREE (R
e RS S FRRETELE R GEBD. 1 T ORBA IR A RASHLYE B2
(slow-down) R EE 1158 :

step S, al] = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (x:a),xs)
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B8, AV E L HIRVIRE, RN S, (L), HRARPERARIRITR
TS, R IR N e Sy s S, FATTIH IR P EI S —DITR o, FHELS S
a BIFTTE 32 N RBATAEEITIENA, X — IR RHEER, SRR LR R
LERWURAF TR, BELUSFRRIAH step INGEF, B4 :

step S, “hello” [] = (S, “ello”, “h”)
Step ST “e11077 “h” — (ST7 “11077, “eh”)
step S, “o” “lleh” = (S,,[], “olleh”)
step S, [] “olleh” = (S}, “olleh”)

IAERRATAT DAY S e BRI A0 IR BN HE . AN, (BB IX AN T —F A, F&%
MTEBRL D RE o LIBDIERIIMEE TR, BATRIAZB D EENEER, I8
FI— NG TS ws 4 ys, TRATATDASEHE s RGN s, SRIGIE—K &5 FITT
ZWH, 3] ys BRI, XA reverse’ 2518,

xsHys = (reverse reverse xs) 4 ys
= (reverse’ [] (reverse xs)) 4 ys
(reverse' [ ( ) e
= reverse’ ys (reverse xs)

= reverse ys ¥s

XS, FRATTAT ARSI — ARSI step, 16 r [KEEIG, BHHRME T
SERERE, SRRAN T S, 4 S SERR Spo BEAMBIERMR AT NI EL

1. FREE F R, B EE T R
2. M T BUHITE, BEEE i,

next (Sy, f',x:f,r' y:r
next (S, f',[ ], [y

= (Sp,a:f', fyr',r) FINRESf,r

)
) = mnewt (S, fyr')  RERGTREENIEE
)
)

]
< 11.12
next (Se,a,[]) = (5S¢, a) HEAREE R ( )
next (Se,a,xz:f") = (Se,x:ia, f) B R

BN RPN FTRZER X L 120 B2 B . AP A A ASEBLSER EAS,
IRIE-FHIBASIRIZAE, 2 m = n+ 1 I, BODHEZBPUE [ 4 reverse ro BT
Bon 41 WRKE r, BRI AEIX LGRS X f BIRES. )G, BT ZEEA
n-+ 1 BREATERRIE, FIEHALLE T 2n + 2 &, REENERRES DM
AR B — gD B, (HIXEA —DIRBERIE: FE5ER1 2n + 2 D EIEZAT, AIE
A IREH TH% TR — R ABIRIE IR S A T2

ISR, TR 2n + 2 PIERR f 4 reverse r ZHil, FESLHI NBNIRIEA AT HE
OAERNINZ G AP, — BITIRIRE PRI, 2638 2n + 2 )5, BATSE T —
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DN f FIER f' = f 4 reverse ro T N —IRINFIZIG A TGN A
T
= |fl+|r]+1 (11.13)
= 2n+2

HFLR U, M BRSNS ZI B, BIEEARMTRREE AT TR, DA PR I
RAFAFRAFAEHEG I, 2n + 2 D HBEIRIFEATER T BERHH £ FIEREH K,
FATA A 2 RSB 7 W reverse v 25 7 EEHRIN, FEBHFERA AL T1X — i,

EARSERZ, 7E 2n + 2 B HHESERET, HARIERTREREN & 42, X4 — il
JREE L : TRATTFZEM f IR TR, (B2 f 51K f/ = f + reverse r MR
WHELE, WNEAE— RN f PR, 3T RIX AR, BAHES —HEIF T A
reverse f I, HAMREE—17 f RIAR, XFERMEIESGHIT n IR BARIE, BAUARZ
e, R (11.2) B THE—MEED A (RN REE F A r) BN ZI S EIRE
+1

RIFHY £ BIAR BATHRITE ) r FIFR
{fi7fi+17~~7fn} (Smfw"?fﬂ"') {}

i — 1 NEECHA | 7T MRRSE | GaH ANTE

& 11.2: {il n B5EMRZ ATHIBASIH RS

23 n IRMNRPE, £ REIARCTERG, BATHNRINIFaZ 0 8521 T B R B
PG SRARSE A BRE? B2 b, BT f BIEIARBADE, BT [ ], A TEFHEHET
BERRE T XERN f#+ 5 =47 =5, B, ETIERREN, BITRE
SR f R PARIER SRR, RIONTTERM f BYSKERIE— BN, FATTRT DAE A —
MIEERRICHE f PRIRTTREN DN YHEHE f + reverse r I, HELERHN 0,
R f I — TR, SRS I —, R Rk AR EE R XN TR SRk
RAERAE, U T BER I8 — , R IRATTRER AT VDI — D Ii R, TR IERRE 20
o, FRAT RS TR, 2 BT EER N 0 BN, FATTTICFRAREL AT R
1B, THZEI T HE AR E

next (Sp,n, fox:f,r' yr) = (Se,n+Laf, fyr',r) [FNRESr
next (S.,n, f', [ 1,7, [y]) = next (Se,n, f',y:r") REGEE R, . N2

next (S.,0,a,f) = (Sf,a) BRI
next (Se,n,a,z:f") = (Se,n—1,z:a,f") B ERE
next Sy = Sy SRR

(11.14)
BATEE N T —DRIRE Sy SREMCIRSF RSB, IAFIHEHRSE 5 =
NI f FNREKSE n EFETEFW f 4 reverse r FIHFEPRES. r FIFRLHKSE

YH NS FERER, 82— DRSS IRAE AR LB ZEN F], JXAERE 7T A A 1o 920 E, X
—EMEIN PR EHARAAR S KL, TAVEHIZE £ HIR5IH, ST RNERPHEREESRE NS,
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me BN (f,n,S,r,m)e ZINEH ([1,0,S0,[],0) RIEFEHFLNZ n = 0 KRS
2, FA MBS ABAE SON:

push x (f,n,S,r,m)
pop ("E:f’nu S’T’m)

= balance f n S (z:r) (m+1) (11.15)

= balance f (n—1) (abort S) rm

Hrh abort TEHI A BRI EES, XA R AT DU/DERE— DT R, BT EE X
X RIE, balance KEESEETRIN, Z AT RN EEN f 4 reverse r BB K E -1,
BT AR TE A IB I TR

m<n: stepfnSrm

step f (n+m) (neiEt (Sr;07 [ ]vf? [ }774)) H 0
(11.16)
HAT step RSB T —RA, LU LR, A SE R

%Lt\ S()o

balance fn S rm =
A

step f n S rm = queue (next S) (11.17)

Hrp:

queuve (S¢, f) =
queue S’ =

(
(
BANETEELI abort AL, T IR, BT RE T HIBGRSE, AT DAUDER —1

) 1, S/,T, m)

/,Tl, SO7T7 m)

MBI EER 28 e f

(11.18)

TLRo
abort (S.,0,(z:a), f') = (Sf,a)
abort (Scanva'?f/) = (SC,’I’L— 1,@, fl) (1119)
abort (Sy,n, f'fir'r) = (Sp,n—1,f,f,r",7)
abort S = S
#>] 11.3

1. 1€ abort BREUP, 24 n =0 K, 24 n =0 K, FRATEIR_ERE T E— DR TR
MM, 2548 7 o TR o TERER, T AFREER -1 ITER?

2. A RCELH LB S BRI TR : M FFARIEHE RIS, NRE— IR MR B i, &
MFE S R REFRARBIZR M R, 1B SEB— MEMEE 6, (15820 SR I E
— IR,

P SIS A S

ST ABI R R BELE TAGAERT Y f 4+ reverse r HHE 2R, IS KER] SR
—MEC S, RIZEREL rotate B LABEZ I f 4 reverse ro WHELEVL, fEH—1

11.7
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ERES o, THAIFDEEEE T
rotate xs ys a = xs H (reverse ys) Ha (11.20)

BN zs VIR f IR, ys HIEIN r BIER, o WIGATLNZE [ 1o O T SKBIER
e, B e lEL A G L

rotate [ ] [y] a = y:a (11.21)
BYFIEHN

rotate (z:xs) (y:ys) a
= (z:28) 4 (reverse (y:ys)) #+a EX (11.20)

= z:(ws 4 reverse (y:ys)) #a) ERNGEEME (11.22)
= x:(xsH reverse ys# (y:a)) REIPEFRFNERNS S
= x:rotate zs ys (y:a) I E S (11.20)

A _E RIS DL, AT AR 2 R RIR FR T

rotate [ | [yl a = y:a (11.23)

rotate (r:xs) (y:ys) a = x:rotate xs ys (y:a)
TEMSTERITIAGE S, (o) BRIESHERE| . AN A HUT, AR rotate THHH
RIPET o BATUEBOVBNERIIE LA (f,r,rot), HH rot RNIEAEHATHIRFH
W8 f 4 reverse r, EFIIENZ [ o

{push z (f,ryrot) = balance f (x:r) rot (11.24)

pop (z:f,r,rot) = balance f r rot
IR balance FAFER S AIRTHE — (RECFE IR, YRR RN, TATFIEH —4
HHE:

balance fr[] = (f,[],f) HH: f =rotate fr ]

(f,r,rot) HEHEHCEE (11.25)

balance f r (z:rot)

£5:35) 11.4
Anr]SEER AL A A, 7 Sk B 500 S 4 AU TR] Y Te RIS AT HBR

11.8 B 2%
BB A
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Queue<K> enQ(Queue<K> q, K x) {
var p = Node(x)
p.next = null
g.tail.next = p
g.tail =p
return q

K deQ(Queue<K> q) {
var p = q.head.next //the next of S
g.head.next = p.next
if g.tail = p then qg.tail = q.head //empty
return p.key

TR XA E X

data Queue<k> {
[K] buf

int head, cnt, size

Queue(int max) {
buf = Array<K>(max)
size = max
head = cnt = 0

(S PR AR XA HE L ABA:

N offset(N i, N size) = if i < size then i else i - size
void enQ(Queue<K> q, K x) {
if g.cnt < gq.size {

q.buf[offset(q.head + g.cnt, q.size)] = x;
g.cnt = qg.cnt 4+ 1

K head(Queue<K> q) = if g.cnt — 0 then null else q.buf[q.head]

K deQ(Queue<k> q) {

K x = null
if g.cnt > 0 {
x = head(q)

gq.head = offset(q—head + 1, q—size);
q.cnt = g.cnt -1
}

return x

SCHBAS
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data State a = Empty

| Reverse Int [a] [a] [a] [a] —mn,acct, f,accr, r
| Concat Int [a] [a] — 1, acc, reversed f
| Done [a] —f =f++ reverser

— f, n = length {, state, r, m = length r
data RealtimeQueue a = RTQ [a] Int (State a) [a] Int

push x (RTQ f n s r m) = balance f n s (x:r) (m+ 1)

pop (RTQ (_:f) n s r m) = balance f (n - 1) (abort s) rm

top (RTQ (x:_) _ _ _ _) =x

balance f n s rm
| m < n= stepfnsrm
| otherwise = step f (m + n) (next (Reverse 0 [] f [] r)) [] ©

step f n s r m = queue (next s) where
queue (Done f') = RTQ f' n Empty r m
queue s' = RTQ f ns' rm

next (Reverse n f' (x:f) r' (y:r)) = Reverse (n + 1) (x:f') f (y:r') r
next (Reverse n f' [] r' [y]) = next $ Concat n (y:r') f!'

next (Concat 0 acc _) = Done acc

next (Concat n acc (x:f')) = Concat (n-1) (x:acc) f'

next s = s

abort (Concat 0 (_:acc) _) = Done acc — rollback 1 elem
abort (Concat n acc f') = Concat (n - 1) acc f'

abort (Reverse n f' f r' r) = Reverse (n - 1) f' fr' r
abort s = s

P SN RAS -

data LazyRTQueue a = LQ [a] [a] [a] — front, rear, f ++ reverse r

empty = LQ [] [] []

push (LQ f r rot) x = balance f (x:r) rot

pop (LQ (_:f) r rot) = balance f r rot

top (LQ (x:_) _ _) =x

balance f r [] = let f' = rotate f r [] in LQ f' [] f'
balance f r (_:rot) = LQ f r rot

rotate [] [y] acc = y:acc
rotate (x:xs) (y:ys) acc = x : rotate xs ys (y:acc)
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12.1  fisr
AR ARSI R RS AL &, el ARSI RS S R R
1. AT IAE Sk, PR LB 5O T A IR TE 2
9. BT DB (1 TPt ) YRR NP3
3. BT DABIEBEHL S I], Bk (T TTEE;
4. T ABRE RS R BT PR,

B, HIRACER 73l R IR ZR, N RERFR. B n NEDFIIRIKE, nin,
I AFRTRPCERE I SRR

(3 ¥l IIES
TESKHBIEANHER | O(n) o(1)
TEREERFAMER | O(1) O(n)
R O(n2) | O(ny)
)
)

BEALT RIALE O(1) O(i
fERLE @ MHBR O(n—1i) | O(1

ARERA G H =R : X BEFLIT AR, nl SR, THERT,

12.2 - XBEHLis R 52

X BEFLIRIF R B = SR AR SE B REALT S35, SR E S e =X
o TERARAFAEM 779 e AMEATAESUEEEL n, R HARIRN 3, BATHUATE T
B2/ DR E XK n DITR, BMEN 1 B9 RERIAL AR —ER =SB, SHY
RANKS i R e (2R ERT] 1 < i < n, BATARR] APRAESRMR A E AL IR
25 @ DT RE =X B2 0008, B b1ty FOREH (21, 20, 23, 24, 5, 26

219



220 FrEm 7Y
(2)
(1) (O Q)

12.1: &F 6 TNTENFS

ICIREEN i + 1 BZER XN to to REE— T TR t; 88 28 T,
NTF n DITEFH, BAHE n RN ZIHHIEL n = (epem_1...€1€0)2, HH e; H 1
5 0,

n =2+ 2'e; + ... +2"e,, (12.1)

WHR e; # 0, MTFE—HERNA 28 IER XMWt FEEI12. 1090177, oI K&
N6 = (110)90 FAKAIE 0, BATARTTEAR/INN 1 BN EE 2 A2 1, WEFARNA 2
BB ¢ RN 1, TWE—ARRINHN 4 IR too RXFERRIEFA (21, 20, ..., 7, ] TRARA
PEIEIR, B3R AP B9 R NS R M — 1Y, FEAEIE M/NEIRHES ], BATTFRZ =X
REALYE MBI 1, FATTR] DATE = O e A SR RS VRS (b DASEBXRPA 2R 2 1, ST
FURTEAEMF 49 5, 2 AE AR PR FR D SR KN IXFERE D R /2N (5,1, 7),
Hr s RFHIIKN, Ior BRIRRELA TR BEITER o I RIEHN (1), K
ATTRT DUXAER B — IR K]

size (x) = 1 (12.2)
size (s,l,r) = s
N TAEHIER v WAZIFSH] S BRI, TATOIE — BRI — 1 5 4o B4
t' = (y), AR EHAZIHEMA, insert y S = insertr (y) S, 85 BT RATEA:

insert y = inserty (y) (12.3)

TRATROZE ARPR O — R ¢, HEt ¢, 1 o MU, AR ¢, ok, b5 ¢ BT
FRIERTT RN D) ; 25 ¢, A1 ¢ AISE, FRITAFETRES: (RORURTTED) P — R KRR
By = (25,6, 1), SAIERITHER ¢, | FEABIBMRF, W12, 2077,

insertr t [] = [t]
. sizet < sizety: t:ty:ts (12.4)
inserty t (t1:ts) =
A inserty (link t t1) ts

Hp link PR/ IMHE B BERZRC R  link t, t, = (size ty + size to, 1, t2)o
LR EE m R, m BIKANR O(gn), SKEEABIMERER O(gn). MEETR
I TUERH 5 PEPERE D & BN 1],
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O

(a) fEA 210

(b) N zo, BEHEF A [t1]o

e

(c) TN x3, &45ERN [to, t1]o d) AN x40 ZPIREE
?‘Ff*%jj [t2
@ OIO010 @ OION0XO10
e) FA a5, RN [to, t2]o ) #A @6, RN [t1, t2]o

Bl 12.2: {A 21,29, ..., T6



222 = 5

XEAR L, FATTH A 4 A B AR SEE A FISK BRI PR TR AR 2R — AR
T2 to (BT 50, TATERERE ¢ MIER; &0, IR 28— KRBRHR > EEIRTT 10, 2
JE R HAER, GHE 12 37,

B

a) T4 21,22, ..., x5 R 7R HBR x50 EHEMIER
1‘71‘ [to, t2] tOO

(1)
OI0X0

(c) MIBR 210 EITPURIFIIIETRE [to, to, t1], MBRIGTE
[to,t1]o

K 12.3: MLERMIBRTE

extract ((z):ts) = (z,ts)

(12.5)
extract ((s,t1,t2):ts) = extract (t1:ta:ts)

FIH extract BIATSEILN LT R MHBR :

head = fstoextract
(12.6)

tail = sndo extract

Hr fst (a,b) = a, snd (a,b) = b 73 HEEl—XEF R DE TS
AR IR SEBR L RT R RI 0 WAR/INARIFIX R, A ERRT 1 < i <n, A
JerE RLEINS LAY 78 42 = S, SRIG FEIEA T — IR E B rl e A FT R

1. EE&% i FIFRMRAEE —RRI ¢ BRI, 6 0 < size(t), MITTERTE ¢ 1, 2 TRTEM ¢
FRIETER;
B, 2 i =i — size(t), RSFIRITHIERIRIM P EREE / MTE,

i <sizet: lookupr it

(t:ts)[i] = { = (12.7)

AN ts[i — size t]
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HrF lookupy TERIARIEIT 0 &K AR @ = 1, BATR AR 525 7500, BT TR

¥, RJa A
lookupr 1 (x) = =
s
i<|=|: lookupr it
lookupr i (s,t1,t2) = 2 ! .
B lookupr (i — L§J) to

(12.8)

B12.4008 THE—DNREN 6 FFRAHERE 4 DTRIPE, BNl
2 < 4, YREALE S IR, FHORRIEHN @ =4 — 2, BRI ANN 4> 4 =2,
WG EPRTTRMAEIZR A, FOARS N 2, ARTHRFIIFRRN 4/2 = 2, ATDAE
IoRREE T, REREGMATINT 723, REGIZEFHITTR K00, Ji1E
AIDMBRIERNE ¢ BT,

(a) S[4],4 > size(t1) =2

(b) S'[4 — 2] = lookupr 2 t2

(c)2< LSize(t2)j = lookupr 2 left(t2)

- 2

(d) lookupr 1 right(left(ts)), IX[E] x5

12.4: ZREL S[4]

RAETE & MR, X T56 n DITRIFA, BIREIERECY O(gn). X
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K5l i, RZHE O(lgn) NIRRT AL, 2% FRAERMRIE S ERUELE, K28
72 O(lgn)o FILFEHLIRIEYEUATEREDN O(lgn).

#:35) 12.1
N b PR 5 [BUARE I ?

12.3 BFIFoR

FEGEEEL n FI IR Z RIFAERR 10 = 2% + 2'e1 + ... + 2Mep,, H
He; NS i MIRUES 5 e = 1 FAE—RRRVIN 28 BISEE =X, A4Sk A
TEER, KT IO 1; MRS B IR0 1o BATFRIXRISE R BT FRR L,
MY BRFORIZMR B, AT A IR E LIRS IREF Zero RoRATFAE
X, TR — One t FRIRFAE XM to IXAEBRMRAE AT AR Oy —8H 3RS
B, AT A S IR — A B S A

addt[] = [Onet]
add t (Zero:ds) = (Onet):ds (12.9)
add t (One t':ds) = Zero:add (link tt') ds

TR ¢ FEAFRPAO B RN 35 AR 2, BATTRTEARZS One ¢, B 02 —#EHiIlEL
FRAIE—fL ST 0+1 = Lo HARMAT, R H R E AT Zero, BANRIHE—
MIRES One t EHAFE Zeroo XM T ZHERIINIE (... digits...0)s + 1 = (...digits...1)20
Bl 6+1 = (110)+1 = (111)y = 7o WRZIFFHIE AL One ¢, BATNN ¢t F1 ¢ BIK
/IMER, XRFABNTER AT to = («) FTUETEA, REBAR IR/ NZHIE K,
BE—NFA11,2,4, .,20 L BATTRE ¢ R ¢ SEHERR, 3T A BRER AR iz
B One t' PEEHN Zeroo IZM Y F ZHERIINE (.. digits...1)y+1 = (...digits'...0)s0
fIan 7+ 1 = (111), + 1 = (1000)5 = &,

FETORIRATH ZHERIRIE R FR MR, R FHN L EH —10L One t, MERIE S
WRES, XN Z3EHRTE 1 — 1 = 0, WRFHIEZAL HHEAZ One t, A
KHFHN Zeroo XM T ZHEMIRTE (...digits..1), — 1 = (...digits...0). BI40
7—1=(111), — 1 = (110)5 = 6, AR ELLZ Zero, IIE TR EAENL, Tl BV MFI AR
I R K BT AR AR ¢4 6o, B Zero BHER One to, FFMHIER ¢4 XAHE T
RIS (... digits...0)g — 1 = (...digits’...1)qo B0 4 —1 = (100) — 1 = (11)3 = 3

minus [One t] = (][]
minus ((One t):ts) = (t,Zero:ts) (12.10)
minus (Zero:ts) = (t,(One ty):ts"), HH . (s,t1,t2) = minus ts

BRI AU R R BAMERRETTIRR, I ERARN D EE AT, %
JERIRIAIZZFPAIEA n = 2m DITRAVNIRE. ARARA) —BEHIRR 12,1
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i ) (& R)
0 0,0,..0,0
1 0,0,..0,1
2 0,0,..,1,0
3 0,0,..1,1
om ] 1,1,..,1,1
om 1,0,0,..0,0
NARIREL | 1,1, 2, ... 2™~ 1 om

7 12.1: HiA 2™ DICERISRE

T RN R AR B S AR AR, SR 2 L IR B R — IR
AR, PAT— IR BERE R, B EE om -1 YR RGNS R — Ik, ¥l
HIRBERE R — BRI, G — D IeRAJGE, EhZN 1, HETE THERERE, 15
BT =1 4142444 . +om—1 1 om _ om+l  SEISGVRIE NIRIER SRS 2R |
2m+1

2m
TXBRUERR T 46 A 7 P 4% BN ]

O(T/n) = O(—) = O(1) (12.11)

.3 12.2

1. SEMEUEZRRFAIRIBENLIA S[i], 1 < i < no HH n BFIIKE,

2. (ERISRETE, UEBMMBRAC 73 32 2 D B 24 TR

3. ATDAHKEDY 2m HOBEHFRRTE 4 = X (m 2 AR DUREE0, T EEHSIN — X
PEARARHSR ARIREN LT F]o FF o eI 0 fEE A

12.4 NEA )5

18 b—Farh, Feli14a tHad XEEH T, BT AT DAH 20N TRIBEHLIT Tnl, FRATTAT A
KEY AT, tEN12.5, #3075 ORI M, TEFIRSLEHEA
I, BINE f R ; mEAHEAN, 2] r KRB, XERNTH— R R
IR S = (f,r),% FRONT(S) = f, REAR(S) = ro Bi/GHANLEIR:

insert Xy X7 X]  [€mmmmemmeee- » N » Ym append

front rear

12.5:
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1: function INSERT(z, S)
2 APPEND(z, FRONT(S))

3: function APPEND(z,S)
4 APPEND(z, REAR(S))

BENLUIRIES @ DITRIN, JAVCHIW ¢ RI1F f 02 r, REEMEITR, &
i < |fI, LRAE [ e T f A e S SGER, TR f IR ME R ERFRT DR,
AT |f] — i+ 1 ELLETTER AR @ > |f], TTRIE r o TTREMNERGRTIN, K
1A @ — | f| ERLFDTR,
1: function GET(z, S)
2 f,r < FRONT(S), REAR(S)
3 n < SI1ZE(f)
4: if i < n then
5 return f[n —i+ 1] > RIAZRE]
6 else
7

return r[i — n|

HBRFTRERE — N f B r 222, TS — MR TR, FEWE P, 2 f s r
FE [ ]I, BATR S — B o R, SRS R AT — S A — XTI, o 2
MR BATTH AT DAZZHE o, JBVAVEH BaLaNce, FE for ZSHREIR,

: function BALANCE(S)
f < FRONT(S), r <~ REAR(S)
n < SIZE(f), m < S1ZE(r)
if F =[] then
ke )
return (REVERSE(r[1...k]), 7[(k + 1)...m])

if R=[] then
n

ke 5]
return (f[(k + 1)...n], REVERSE(f[1...k]))

©

10: return (f,r)

TERFRMMBRING, FRATEALE for RGN, HUR T :
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FrRONT(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 ZHA T S e, DR S HERIAME DL RPEREN O(n), K n BITRML H
BT PR 2 PR RN TRV

g3 12.3
1. TERH R 5 BHBR 50 B 5 2% B R £ T,

12.5 W[EEH|FR

ERBATTAT AT O(1g n) I IYE — SURHBEHLS AR PR SR (A R, 2231,
(BRI AR S, BellTRAE R AT — SR & 542, T 78 SRl
R/ MERIIR, 12,64 T — RS RIS, % IR B RS —
ANTEE 2y, HETEEWIIRE T B T NG A, 8 B TR, X
B iy — ST BAB (L b — 20 B, ROHERFIFRN (21, Qo) = (21, T2y oy )
BT R AL (41, Q,) = [0, Y2 s y] I, BAHEENNE Q, IR, %
BEZ B SR SZBAGI N\ B\ PERE Jo 5 S0 1, TR 20 S M Bl J2
I,

SH I = s

GHs = s (12.12)
(,Q) 4 s = (x, push s Q)

AHILR 2 N, BAVCOIE—DERITTRIK (2, 0), RE R HERGER,

insert x s = (r,d)H s
{ ( ) (12.13)

append x s = s+ (z,9)

ARSI R B SR BR T 2R T B SR T @y AR, IBRIE TR N RIAE
T AR R R 2 R REYRNERES R, BT DA E T 25 E R R, TPl —1
IR,

concat & =

(12.14)
concat @ = (top Q) + concat (pop Q)
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c[1] | c[2] | ... | c[n]
x[2]...x[i] x[i+1]...x[j] x[k]...x[n]

(a) (21, Qz) = [T1, %2,y ..., Tn]

’ c[1] ‘ c[2] ‘ ‘ c[n] | c[n+1]

x[i+1]..x[j] x[k]...x[n] y[1]...y[m]

(b) j&% (ylyQy) = [y17y27 7ym} *Hl—i_ll:]:)\ly\ Cn+41 %‘IJ Qx

12.6: AJEHEIFE

EET AP ARSI BAS Ao BATTPRESE —ARTH ) HiBA, 25 R R Y 7
PHERAE—TAN s, RIGHE c1v s BERGER, BAEM concat WLERHIBRTER.

tail (z,Q) = concat Q (12.15)
% concat 8P 7 IAA, BAVIFF RN — D RAEHIGR, XA EAHS T Q #
TEMRE,
fold fzo = =z
fold f =Q = [ (top Q) (fold f z (pop Q))
Hep f BHTIHFNZTEE, - 26, NEE —ERFSmE+, <
Q=1[12,..,5

fold (+) 0 Q 1+2+(B+M4+(54+0)))) =15
fold (x)1Q = 1x(2xBx(4x(5x1)))) =120
fold (x)0Q = 1x(2xB3x(4x(5x0))))=0

BATTRT AR BINSRAE X concat (FEAEEZ) :

(12.16)

concat = fold (4) @ (12.17)

PR BRI TEREERIME I NRLRIER), &SR FHIEIN n DLRIE, LAl
PAT—RMBR, N 2 ) n — 1 BRFIEERZ TR (RE&E — D1 5D,
concat T O(n) B EIHATIAF . QIAE A, GO0, MIBRGERBEILZE, W R 2
B BN A,
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#:35] 12.4
1. TERHRTZERZSZR A MIBRERVER 703 8 2% 5 & B R,

12.6  F5H

Z XL R A AT DATE SRR B £ ] (o4 F N HIBR, DAX E5s a) k1 7Rl
BLYIA, (H2XE DA ER R ANTT 2R, ek T s, IR ZREE08 F & 4
) (9 AT, 163k, BB EEUN A A, (HANRER K5 EATRENLII R, XM
M FARRERANT: 1, TR Ay SOPId iy [0Sk, B8 DAMEA TSN ; 2. 5 & 18I ru & (1)
QAR TSRS [ AL s o iR 2 ISR, FHEW 0 FIF 7 IX P ROR S 71 17,
RHES SR IERER R EE, FHMAIH T 2-3 # (—& B-H), —#F 2-3 RS
TR, A0 (2, t0) BR (t, 1, t3)0

data Node a = Br2 a a | Br3 a a a

BATE L —HRTFHat oy :
1. HENT o;
2. lFEZHITLEM T (2);

3. AU E =G R, HFE, I8 (f,t,r). BMFHER-1TEZ 3
PMILRABIR

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.6.1 A

nE12.7/112.8f7R, Bl 1 H (a) N @, (b) BIEA—DITRENER, () &F
MATCR, AE fuor THEH. MRUESHEATTR, [ THERET 2-3 WHIFRH], 2l
2(a) F7Ro (b) IREVi)5, f THEHH 2 MR, FREZE—DEH IR 2-3 MY
Mo XL AT AR ON |

1%} Empty

a) Lf a

[b], @, [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]

L BIRHSC R (front) | J& (rear) Y E F-BE,
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(c) ([b], 2, [a])
12.7: FHERL, H 1

e[d]c]e] a
(a) ] f FHEHA 3 D (b) TRE ¥, f F
LR, BT 2-3 fif BEH 2 PMEHR;
FRIRR, AP P17 R TR 90 O

HE—IE 2-3 fil,

12.8: FHERE, 1] 2
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FEREE— DO, FREDHFRE D, TR0, BRE for
FHERIRAER & —BREIRAITHER, XN Tree (Node a)o IREHIN—4, #Z &
B, LEAIHIFEIRENR T R FHERHEA TR, BATA PUAgN T, H—
BRFFERN T A o B

1. R T = o, MR NAITENT (a);
2. R T = () B—MMHT, ERN (o, 2, [b);

= (f,t,r), MR f PICRNENED 3, o AR f o AR f TR
X 3. ¥ f PRIE 3 DICRBA R 2-3 B ¢, IBITHLRE ¢ FEAF] ¢ R,
BRIt o FAZ] f .

inserta @ = (x)
| insert a (b) = ([a],2,][b]) (12.18)
insert a ([b,c,d,e],t,r) = ([a,b],insert (c,d,e) t,r)
insert a (f,t,r) = (a:f,t,7)

R 7B AL, e B U AR RN R 3R R TR B b, B
T 2-3 RIFFLEREFM, FI b = O(1gn), HA n 2FERHEGETRINELL 1%
JART PA R B IR O, $i B9 70 HE A B D BN TR U107 AT mT A e i
SR oo RmAZIR

xs >t = foldr insert t xs (12.19)

83 12.5
1. {HEERIEH, FIERRY 7 NSLE FHamtdE A

12.6.2 fHIBR
MELEBMER AT ABVERS insert BEATIERLE,

extract (a) = (a,9)
eatract ([, 2,[}) = (a (b))
extract ([a], &,b:bs) = (a,([b],2,bs)) (12.20)
extract (la),t,r) = (a,(toList f,t',7)), HH : (f,t') = extract t
extract (a:as,t,r) = (a,(as,t,r))

H toList F—F 2-3 TN HIIFR :

toList (a,b) = [a,b]

(12.21)
toList (a,b,c) = la,b,c]
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BATIHEIS 75 R IGO0 (A =SB AR IR ), N SR 2 BT 3R, S5 ROt
ERFHEM R EEW IR, AR f TR, &8RN ETTRI 7 2R f
HEH IR, PRED N, T e A%, BATMER f HEiE—ITR, KEM r &
ETAITTRBN fIR A AIER, MR TS, AR T3 F-H
TR — 1 5, 2RI RIX T AR RN AR RSN FRAE fo TSR f HEYIE—IT
RPMER; 4R f EE - PAERTTER, AR — R MbR. E12.9fR 7 MFS
SKERAMBRPT D TTZRAIB T

(c) FHRIMER—DTEER, MR A" — DT, REE M 2-3
PEHRBR, TERHTET fo

12.9: fHlER
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i extract, Bl TA] AE X H head 1 tail:

{head = fstoextract
(12.22)
tail = sndo extract
%3] 12.6
1. THBRIEIE, FPEA SR
12.6.3 JERFERME
FATTAT DO FR st S B B SR AR AHIER
append & a = (a)
append (a) b = (], 2, [b) 1293
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])

SR r PRTERANEE 4 A, BATERTHTRBNE] r KE, BN, K r FHEY
AT =D TCEREH, #3E — BT 2-3 A4, IR b PRI E] A TR A R B SR BRATTA]
DA =M B NESRRE A5 TR B AR THEM -

t < s = foldl append t xs (12.24)

N BB IR 5 TR0 0 -

remove (a) = (9,a)
remove ([al, 2,[8) = ((a),)
remove (f,,[a]) = ((initf,d,[lastf]),a) (12.25)
remove (f,t,[a]) = ((f,t',toList r),a), EH : (¢ r) = remove t
remove (f,t,r) = ((f,t, init r),last r)

Hrb last FREPIRIIERIG— IR, init IREIHRER > GE L —F),

12.6.4 4%

EERMRTFHEMEA DG : T = (fi,t, 1) To = (fa ta,r2)o TATTH fi 1F
NIEREERPE £, vy (ENEERPE) ro REHRF t1ris foto BFFRRAPRITR BT
ry A fy BB REISIRR, B OX R0 T40 7 ) :

merge t1 (r1 # f2) ta =
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ty H1 o WECZFHER, BB T M1 T ——9%, % Ty PRICERIAN o, W ¢
HHITTEREEN Node ao BADBAHBATEF ORI ¢, B9 f THEM ¢ B9 » THE, R
JER ¢ M1ty BIFRRIER Y, ¢ B » THEM ¢, B9 f FHREEFH

merge S tsta = 15> to
merget; ts @ = t; < ts
merge (a) tsta = merge & (a:ts) to
merge t1 ts (a) = merge t; (ts 4 [a]) @
merge (fi,t1,71) ts (fa,ta,72) = (f1,merge t; (nodes (r1 # ts 4 f2)) ta,72)

(12.26)
Hrr nodes KA TIURHAL L —H 2-3 W, X 2Ry EFRPETERILE bt
FHEHITCREIIR— K

nodes [a,b] = [(a,b)]
nodes [a,b,c] = [(a,b,c)] (12.27)
nodes [a,b,c,d] = [(a,b),(c,d)]
nodes (a:b:c:ts) = (a,b,c):nodes ts
IXAEFRATAT A merge SRE X TFHEW 5 :
(fi:t1,71) 4 (fas t2,72) = (f1,merge ty (r1 4 f2) t2,72) (12.28)

EEBOX —E X (12.26), EEFEBRAEA B LAt & 91181, AT DAGS H s in
—HHTE L
T, # Ty = merge Ty [ ] Ty (12.29)
ERZ A MEREEN AR T8 IR & IR, I T RITR N AR FR U N —#Re BT 2-3
PR P, TR O(gn) B n NITRI D, SIHELRFMF TN
REFIE A —FE (R Z I insert 8 ) N MEREIN R, BIMEBN O(m), Hf m 2
PRI A = 22, BV ERIRE RS O(lgn), HH n BMRFHER T EHHIT
R

12.6.5 Bl

BRI RS2 FERENL VT BV R, N T s TR IR/, Befl4a
MBI R — s ZRRICKHEERITTRE N (s, f,1,7)0

data Tree a = Empty
| Lf a
| Tr Int [a] (Tree (Node a)) [a]

size @ = 0
size (¥) = sizex (12.30)

size (s, f,t,r) = s
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XH size (2) HA—ER 1o XBEAN = oJaEEFIRIT AL, Hl40 Node a, TR
BHE—BNKNAE 1o AEATA] FERA G IN, 88N TR « fEE—1
BITH ()., UEX M EITTHRNNF 1, Bl size (2), = 1 (S FHIT)o

x <At =insert (z). t
(12.31)
t > = append t ().
PR :
rs Kt = foldr ()t xs
foldr (<) (12.32)
t>xs= foldl (>) t zs
A TETFZEIREL 2-3 HFETA/N:
size (t1,ta) = size t; + size ty (12.33)
size (t1,ta,t3) = size ty + size ty + size t3

T s B R (BIANR— I TF48) FATTRT LA sum o (map size) RIFE K/,
TEFR AFIMER IR E A, B TR Z B AN I ME R, a8 — M E i, AT BA
ISR R E A BN YT R FAEWREIALEN: (s, f,t,r), Bl T2IXETEERHY
KINA s 83 8ry Hos =554 8¢+ 800 AR 0 < sp, MBFMLT f 1, BATHE T RLE f
HREHG R sp < i < sp+ s, WELT ¢ o, BATBBIITE ¢ PR SN EFRA T
r Ho BRIEZ AN, BATET BN 75 5 () BIEN. BATH—XME (i,t) RREE
EEt ¢ i BIACE, HFE ESIRE lookupr Q1T

lookupr i () = (i,x)
1< 85 lookups i f
lookupr i (s, f, t,7) = sp<i<sg+s: lookupy (lookupr (i —sy) t)
A0 lookups (i — sy —s¢) r

(12.34)

IXH:s; = sum (map size f),s; = size t, 73 AIRFFEWETNETHIR/ N 05K

FEMFII R (v) HERLMT « NS, ER9 (i, 7)o SNFRATAINT @ LT (s, f,t,7)
R —# 5. MR TRIEFHE f,r B, TAUKRERFIEII RPN TR,

i <sizex: (i,)
lookups i (z:xs) = (12.35)
EUE lookups (i — size x) xs

R i MLTFIHEADTTR = G < size z), BADRE] (4, 2), BFA VRS ARG H
HITCER. AR « AMITRTETHE f,r, TIERBEED ¢, FATEIEFREEL, 152
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NE (i,m)o XE m JB2—A 2-3 B, BAHE FRAEEFE:

i< sizet;: (i,ty)

lookupy i (t1,t2) = {

A (i — size ty,ts)
i< size ty: (i,t1)
lookupy i (t1,t2,t3) = size t) <14 < size t; + size ty: (i — size tq, o)
0 (1 — size t; — size tog, t3)

(12.36)
BRI THEXNMEFGNITE o AEEE (o). F, REABNTFENFE
B A :

Filookupr i T = (7', (x).) :  Justx
Tli] = pr (@ (@)c) (12.37)
A0 Nothing

BATFIH T8 Maybe a = Nothing| Just a RFRRT | HIBIL AN, BEl
Vil TR EIRIAAE THEM LR, IR ORI T AOIREE . BT b2 PR, Rt
IR RN O(gn), B n BIEERITTR ML

BATHFHER LIRS SR BRI, RAFAITERE, Sk BIRIER 2 R %
JEE R HE BN TR, FT DATE RS BN TR AR TR, 01 BEATLER 51 107, BIARZ ik, FRATI
9T RBEARNBARGE, 7 TR DA eI — g A e, fan, BAaTeT bAoA
FPASEEE MTF 4wt 0% 07, MTF 5 ERA B ¢ TR Eh S i :

mtfiS=xz<8  Hf(z,5) = extractAti S

R E T, BA TR HEAR R 2 TiE < PRI, SR DU, T
PISCEATIRI TG ; ARG BA N AT R ILRC IR A R R,

g3 12.7

1. TERENLT RIS, anqaf b B2 & FIZR S R AIIEHL?
2. SEM cut i S, TEAE @« HFF S S3EIIT,

12.7 K> Bl Ry
B I (R :

data Tree a = Leaf a
| Node Int (Tree a) (Tree a)

type BRAList a = [Tree a]

AR ZGRFEIME L T 2R, B4 Java/C++ Y Optional<T> K4
3H3Z move to front 45, BEMHT BWT (Burrows-Wheeler transform) $HEESHE L,
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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

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 tl1 t2)
| i < sz “div’ 2 = lookupTree i tl
| otherwise = lookupTree (i - sz “div’ 2) t2

BENLIS AR MR E AR :

data Digit a = Zero | One (Tree a)

type RAList a = [Digit a]

insert x = add (Leaf x) where
add t [] = [One t]
add t (Zero:ts) = One t : ts
add t (One t' :ts) = Zero : add (link t t') ts

minus [One t] = (t, [])

minus (One t:ts) = (t, Zero:ts)

minus (Zero:ts) = (tl, One t2:ts') where
(Node _ t1 t2, ts') = minus ts

head' ts = x where (Leaf x, _) = minus ts
tail' = snd o minus

B

Data Seg<kK> {
[K] front = [], rear = []

Int length(S<K> s) = length(s.front) + length(s.rear)

void insert(K x, Seg<K> s) = append(x, s.front)
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void append(K x, Seq<K> s) = append(x, s.rear)

K get(Int i, Seg<K> s) {
Int n = length(s.front)
return if i < n then s.front[n - i - 1] else s.rear[i - n]

Com i 71

ARSI

data CList a = Empty | CList a (Queue (CList a))

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 xs
append xs x = xS 4 wrap X

head (CList x _) = x

tail (CList _ q) = concat q

FHER

— 23 it
data Node a = Tr2 Int a a
| Tr3 Int a a a

— FEN

data Tree a = Empty
| Lf a
| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } — H#rH
newtype Seq a = Seq (Tree (Elem a)) — ¥4l

class Sized a where — A[IHEA/N
size :: a — Int

instance Sized (Elem a) where

size _ =1 — JLRINANEN 1
instance Sized (Node a) where
size (Tr2 s _ _) = s

size (Tr3 s _ _ _) =s

instance Sized a = Sized (Tree a) where
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size Empty = 0
size (Lf a) = size a

size (Br s _ _ _) =s

instance Sized (Seq a) where

size (Seq xs) = size xs

tr2 a b = Tr2 (size a + size b) a b
tr3 a b ¢ = Tr3 (size a + size b + size c) a b c

nodesOf (Tr2 _ a b) = [a, b]
nodesOf (Tr3 _ a b c¢) = [a, b, c]

— FEMR(E

x <| Seq xs = Seq (Elem x ‘cons’ xs)

cons :: (Sized a) = a — Tree a — Tree a

cons a Empty = Lf a

cons a (Lf b) = Br (size a + size b) [a] Empty [b]

cons a (Br s [b, ¢, d, €] m r) =Br (s + size a) [a, b] ((tr3 c d e) ‘cons’ m) r
cons a (Br s fmr) =Br (s + size a) (a:f) mr

head' (Seq xs) = getElem $ fst $ uncons xs
tail' (Seq xs)

Seq $ snd $ uncons xs

uncons :: (Sized a) = Tree a — (a, Tree a)

uncons (Lf a) = (a, Empty)

uncons (Br _ [a] Empty [b]) = (a, Lf b)

uncons (Br s [a] Empty (r:rs)) = (a, Br (s - size a) [r] Empty rs)

uncons (Br s [a] m r) = (a, Br (s - size a) (nodesOf f) m' r)
where (f, m') = uncons m

uncons (Br s (a:f) m r) = (a, Br (s - size a) fmr)

— HRE

Seq xs |> x = Seq (xs “snoc’ Elem x)

snoc :: (Sized a) = Tree a — a — Tree a

snoc Empty a = Lf a

snoc (Lf a) b = Br (size a + size b) [a] Empty [b]

snoc (Br s fm [a, b, ¢, d]) e =Br (s + size e) f (m “snoc’ (tr3 a b c)) [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] 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
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— YRR
Seq xs H+ Seq ys = Seq (xs >< ys)

xs >< ys = merge xs [] ys

t <<< xs = foldl snoc t xs
xs >>> t = foldr cons t xs
merge :: (Sized a) = Tree a — [a] — Tree a — Tree a
merge Empty es t2 = es >>> t2
merge tl es Empty = tl << es
merge (Lf a) es t2 = merge Empty (a:es) t2
merge tl es (Lf a) = merge t1 (es#[a]) Empty
merge (Br sl fl1 ml rl) es (Br s2 f2 m2 r2) =
Br (sl 4+ s2 + (sum $ map size es)) fl (merge ml (trees (rl 4 es # f2)) m2) r2

trees [a, b] = [tr2 a b]

trees [a, b, c] = [tr3 a b c]

trees [a, b, ¢, d] = [tr2 a b, tr2 c d]
trees (a:b:c:es) = (tr3 a b c):trees es

— &3l

data Place a = Place Int a

getAt :: Seq a — Int — Maybe a
getAt (Seq xs) i | i1 < size xs = case lookupTree i xs of
Place _ (Elem x) — 3Just x
| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a

lookupTree n (Lf a) = Place n a

lookupTree n (Br s f mr) | n < sf = lookups n f
| n < sm = case lookupTree (n - sf) m of

Place n' xs — lookupNode n' xs
| n < s = lookups (n - sm) r
where sf = sum $ map size f
sm = sf 4+ size m

lookupNode :: (Sized a) = Int — Node a — Place a
lookupNode n (Tr2 _ a b) | n < sa = Place n a
| otherwise = Place (n - sa) b
where sa = size a
lookupNode n (Tr3 _ a b c) | n < sa = Place n a
| n < sab = Place (n - sa) b
| otherwise = Place (n - sab) c
where sa = size a

sab = sa + size b

lookups :: (Sized a) = Int — [a] — Place a
lookups n (x:xs) = if n < sx then Place n x
else lookups (n - sx) xs

where sx = size x
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A 101 JEORANAAC SO T A HE, AN R E — A, TRy, 58
[FIFERYTT T4, ERIATA NERuG 2 R4 B,

102 100 98 95 96 99 101 97

100 98 9 96 99 101 97 ‘102’
98 9 96 99 97 ‘1000 101 ‘102’
95 96 97 98 99 ‘100" ‘101" ‘102’
‘95" 96 97 ‘98 ‘99’ ‘1000 ‘101" ‘102’
‘957 96”97 ‘98 ‘99’ ‘100’ ‘101" ‘102’
‘95" ‘96 ‘97 98 99’ ‘100 ‘101 ‘102’

* 13.1: LSRR
BATA] UG POEHFFRIE Lo X3 L THEP I
o LN ] MHRFEERNE [ ];

o G, 1E L PEIE—DICRIENRNE p, R L PAKT p KILRHE
Fr, RESRET p BAM, RRRITAERT p FoRiy, S8R ET AN,

BT RN MAZ “RJE" AT MEGEHE 2 TR, PdiEr /R
(C. A. R. Hoare)7E 1960 42 H U1 FATIRE SR FHF A T BRAN T 5L i, 1X
A ZRATRE, BIUNEERES — NITRIEAEIUE p:

sort [] = []

13.1
sort (z:xs) = sort [yly € zs,y < x] # [z] # sort [yly € xs,z < y] (13.1)

TAER TR A “FAFD — 250 RIER (B 2P R5R) 1)
WAL, — 4 2F RER {ala € 5,p1(a), pala),..} BAMES S IR =
Pr. o . EEHEURTER (LS5 —T0), 41 RO T1F:

sort [] = []
sort (x:xs) =sort [y | y<xs, vy < x] 4 [x] 4 sort [y | y<xs, x < V]

BAVMBOAZABE AN HE o ] DUE R ERIHER, DOE T 25407 5%, W%
FOFAFE BCEERAINE . IEERA TR DHE AR R S (W =5, AT
HAERE S —E R ey, (B2 0 EH e ™ eEr UL DI E), @i
W, BAUB B < fENEREZEA

ST BURE AL ONIE N RIED (Zermelo) | #6522 5/R (Frankel),
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13.1.1 X%
FERAYPIEHE R E X, BATED TR E—IRIKIGTIE <2 WITE, $2
ARISITE > » W&, FILLEENTEFHE— XX 7t e :

partp [] = ([].[])
_ ~Jp(@): (z:as, bs), HH @ (as,bs) = part p s (13.2)
part p (x:xs) =

EN o (as,x:bs)

IXPEPOEHE PRI LN -

sort [| = [] (13.3)
sort (z:xs) = sort as+ [x] 4 sort bs, HH : (as,bs) = part (< z) xs '
PATTHE AT A B hnskog R 75
partp = foldr f ([],[]) (13.4)

Hrp X

p(x): (z:as,bs)

f (as,bs) x = { (13.5)

AN 2 (as,x:bs)

FEFRBISCILRIRI 7y, Ao LRI IR (as, bs) R, 5 p(a), WA
x 2 as, T BRE] bso IXAEBATRT PASKEL— A REIZITHIK 53 :

partp [ | as bs = (as,bs)
p(z): partp zs (z:as) bs (13.6)
part p (x:xs) as bs =
BN 2 part p xs as (x:bs)

THEHAFIEARN z:2s BT
(as,bs) = part (< x) xs [][]
PRIEHER 7 L RERARIE sort as - [z] 4 sort bs A] DAE—P RN BRI

sort s[] = s
(13.7)
sort s (x:xs) = sort (x:sort s bs) as
Hrp s NERGER, BAUEN—DBIIERRIGENHER : gsort = sort [ o K352k
I, T ZOB AR D FHIER as.bs HEFF. TATRTATERS bs HEFP, K o BERREISEIRAT,
TR BAREE R 8 NG SerIHER o

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 JRHHER

BT RS B SEBUR X o3, HEFe. 13,1480k 1 iXRh— ki B X o3 B 75
EPU, BN R, T, BEHERHIE13.1 (a) FREJLER 2R :

p = z|l] JEIR L LR R
\ M
x[]] o <p.. e > P L2 X[y
(a) X7 FUAZE 5
p L R
N
e X[ﬁJ fﬁJrl] L2 %[y
(b) FFt4
p L R
\ | y
| <pe )X[L} > D X[l
i
(c) &5

13.1: FHENICRERME p X0 —BAA

o BIMNEERE po RIDERIN, p BN FIRANE;

o —BAEE <pBERD. X—BRIVEMEIZAN L;

o —BHEEE > p D, X—BRIVEMIEFN R, LR ZRIFTTREKRT p;
o RJGHBITTRAARLEE, XERIHITTRATRERTEAKRT po

KI7pITeat, L 161 p, R F617 p B9 R —DITEK, tHE13.1 (b) FoR. AR
sl R ATCHE, B R BB AM, BEN, B R F8ARITEM po
z[R] > p, EMALTF L M R ZIAl, BAREARTE3) R; B0 2[R] < p, ENIZALT L
e, BAK L AEGEN—5, RIG25H: o[L]) M1 o[R]. 2 R B &G — ML ER,
BRITTREACTETE, > p WITREEREENE] 7 L AW, mHETRMT L AW, 1t
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I BATITZARZTN p, (N TIXMERIHIE, Ak, B2 p 71 2[L], AE13.1 (c)
FRERARTLTR. L SR p, RN N ER 7. BATRE L K0 HI2E
FOREl, N T T REEARAERE, Tl TR L 80 1, (S EFRAE — D KRT p TR, S8

HA A, FFXITXRIE BN FN 1w, BRI SRR

1: function PARTITION(A, 1, u)

2 p <+ All] > FLiE

3 L1 > el

4: for Rin [l + 1,u] do > XA MRER

5 if p > A[R] then

6 L+ L+1

7 EXCHANGE A[L] <+ A[R]

8: EXCHANGE A[L] > p

9: return L + 1 > IR [EXI 5 B B
RI32%GH TRINDEA [3,2,5,4,0,1,6,7] B,

3() 2(r) 4 0 1 6 7 T, p=30=1.r=2

3 20)(r) 4 0 1 6 7 2<3,B8iGr=10

3 20 5(r) 4 0 1 6 7 5> 3, &k

3 2 5 4(r) 0 1 6 7 4> 3, k&t

3 20 5 4 0(r) 1 6 7 0<3

3 2 01) 4 5(r 1 6 7 o) 1, RJGH r 23 Hh

3 2 0ol) 4 5 1(r) 6 7 1<3

3 2 0 1 5 4(r) 6 7 3l 1, SRIGHN r 23 Hh

3 2 0 1 5 4 6(r) 7 6 > 3, ez

3 2 0 1y 5 4 6 7(r) | 7> 3, 4k&L

1 2 0 3 51+1) 4 6 7 r 8O T IR, 2 M p F

R 13.2: T B

i ParrrTioN, A] DASEEAPIEHE P

1: procedure QUICK-SORT(A, !, u)
2 if [ < u then

3: m < PARTITION(A, [, u)

4 QUICK-SORT(A,l,m — 1)
5 QUICK-SORT(A, m, u)

BATEHE PN B AFAH LR R, 41 Quick-Sorr(A4, 1,

REA IR, RTERZIRM,

|Al)o ANEREZH BN S
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£:35] 13.1
1. BOHFEARPGEAEFIE X, BR T AN N0, A BT E251 R AL B,

13.1.3 M:HES T

PRIEHE L SCBR B P RE BT, BAHRE/ RS2 T ER DT FEIE L TR
MRE, BT BRI EIME L. BB, BRI ER 751 7, WNEI13.200R,
HFEE O(gn) WKIBFEM, B0 —K, B n IR, B 2R, B
REFR n /2 IR, BERPATIE 20(n/2) = O(n). H=EXI7 IR, BRI n/4
MR, BTN EEEZ O(n)-&E—REEE n MTHE, 8RB ITR,
SINEHZR O(n). KA ZRIHATI AN, 152 PusHE 7 £ R A IH TR PEEE
O(nlgn).

n

/N

n/2 n/2

n/4 n/4 n/4 n/4

.dgm)...

1 1 O IO 1

Kl 13.2: &UFIER, BxEI 55

BINMEOLT, K RA P, —E8o K 0Q1), B—H2HK O(n), BITHIREIR
N O(n)o TAFIBUL T, PRIEHEF AR A — KRV — X SIME DL T, T — R
APHTHIRN, BT S E — R TW, R ES . ZXBRRRALAR T — MR
O(n) WIBER, MIER—ZH, FrARTRMEAEHE, FIt&IMEI FRITEREN O(n?),
XA A GE B RIPERERA S0 TRATTRT A FE T LAMRI R AT BRI UL, BN R & T
REAHFSFEXN DGR, AINEFFIHLS B 7, IEFHE—EEN
SFENERE NI, ANFAE— M5 TR AT DASE 2l BRI o

TS *

PROEHE B N ERE RAf. BMERIRKI T BREIRERY 1:9 FIMHERIY,
PEREDISRN O(nlgn)Uo BTG HIATTIE DM DORARF ARSI N R R, 5
— R AR EER R E RO BORE B ERE L, FEIREEHER o, (RN TREAT T
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FeA%, P TIRZ A ER L, ZIEXITHIR (a1, a2, as, ..., a,], 18 a) 1
FFE, IR ERTEWDNTFHNR A = 01,20, ...y 6] F1 B = [y1, 92, s Yn—k_1]o TEIT
PEVHEF IR, A PEMDCEEAEN B FIEMTEIRITIE, SRAHFINE
RA [ar, a9y .oy an), BATE 4 a; < aj, SHACEFERE—TTR a R @i < ay < ay,
I H ap T8 a; B a; ZHIHOENEERS, BATAEXN a; F1 oy BATERRS, Bt2U, &
a; 5 a; AT, WL ai B4 o —BTEE a1 < aige < ... < a;_y ZHIHIE
NEWE, 2 P(i,7) RFE a; T a; HATHRAIIER, FM11A

2

P(i,j) = " (13.8)
AR S8 AT DU 2 -
n—1 n
C(n) = P(i,j) (13.9)
i=1 j=i+1

WISTRINELAET a; Al o, 15 FRABRHER b, BRFLLE ; A a, I ELIT
% a, KT ARLHE TR, BIEEE ERR, ¢ 09 BB n— 1, BRI i+ 1,
L= IIONCE

n—1 n

22 i
L= (13.10)
2

k+1

=1 k=1

C(n)

3 -
[

i A AR AL 0,
1 1
H, :1+§+§+.... =Inn+~v+e,

(R
C(n) = iO(lgn) =O(nlgn) (13.11)

BRI ERI S, DHNRKE n, M EEEIRNMREN i Mn—i-1
AIER 7o RIS REL LB p MR, BB S AN cn, BATHIREIAKR:

Tn)=T()+T(n—i—1)+cn (13.12)

Hep T(n) BXKEN n BIFIREEATPIEHEF BRI TR, @ DAH R AOBER 7R
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0,1,....,n — 1 FEUE, X HIRZEEEEHAE
T(n) = E(T(i))+E(T(n—i—1))+cn

n—1 n—1

1 1
_ 1 L1 i
_ni§:02(l)+”g I’'n—i—1)4cn

1 n—1 1 :Li(i
= — T(s - T(7
n; (z)+n§ () +cn

2 b—1
=) T(i) +en
=0

n <

2GRN E Y

B n H on—1 #5285 %K
n—2

(n=1)T(n—1)=2) T(i)+c(n—1)°

=0

A (13.14) W20 (13.15) IHEMAW T6), B 0<i<n-—1,
nT(n)=(n+1)T(n—1)+2cn —c

RS EEL ¢, b
T(n) T(n—1) 2¢
n+1 n n+1
IR n—1on — 2185 n — 1 MEL
T(n—1) T(n—2)+%

n n—1 n
T(n—2 T(n—3 2
(n-2) _Tw-3) 2

n—1 n—2 n—1

) _T() |, 2%

3 2 3

ReFra 200, R AR RS, RIS EI— DR T n BRI

T(n) T(1 1
— _ N 2 _
+ cz 2

n+l 2 i
FIFH VAR AL, A HIGE R
T T(1
O(n f)l) = O(% +2clnn+v+e€,) =0(gn)
(At

O(T(n)) = O(nlgn)

(13.13)

(13.14)

(13.15)

(13.16)

(13.17)

(13.18)

(13.19)

(13.20)
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13.1.4 gk

POk HE T HEREIL R, BIERIFMEH T, MRESIRMLEIE 0, R LR REH1 7>
i, HIEINME IR RAR, REWI, TR E5 R 75 1% DU G alm /b
IEIRIG I, BATL IR 20 ParTiTION TEACEE KB EE T EN HIIMEEE R4,
EESH n MEFETERNFHRF (2,2, ..., 2]

1 EARPOEE Bk — DT REN R p = o, PRVEERINDFA: (2,2, ..., 2],
KEN n—1, BI—DEAINZE, & TFRIBTH N n— 1 EI’JF”?U?EIFYLO JS¥=1
3’—]{@% O(’I’l2)o

2. PRSI < o> @ MRS, SEREFINERFIR 0 NET ¢ TR, #F
SR R B FANZH LIRS BN, S5 RN [ ] 4 [z, o] 4 [ Jo A
EEN O(n)o

SR, FA DRI AT RGH M T =0 K53, = R RE e it R R TT =,

sort [] = []

(13.21)
sort (z:xs) = sort S+ sort E H sort G

¥

S =lyly € xs,y < ]
= [yly € zs,y = x]
= [yly € s,y >

XS FR BN R = A FRERE R, FATTA] DA — D R BT
SOt gsort = sort [ o HH:

sort A[] = A
sort A (x:xzs) = sort (E4 sort AG) S

BATRAEE R N =ATF3% S, B, G, K E HtREeMHF, %%i&*%ﬂlﬁ
o BAVEMARRLR A X G 7, BEFHERD E BJEH, fETHI R
XS HoFe JllorthnT DA SRR AR G :

(13.22)

part SEGz ][] = (S,E,QG)
y<z: (y:S,E G)
(13.23)
part SEGz (yiys) = qy==xz: (S,4:F,G)

y>xz: (S, E,y:G)

ARG T 53— G U AN RIERGE AHE P AUSE IR, T2 AT HHE Y
?ﬁﬂ%‘z{%f K, BRAHERAE—E:
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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

DAARF - ZETT4E 5 (Robert Sedgewick) 45 Hi T MAIRERT R 73 77 3% 01 P, (5PN
ANBEF 4,5 WEAPRIAEE, FFERT 4, j FemEd A G R, R AN TR
VERHME po NG 4GS « MAGHREZNEEI— > p WITE; BINGHEE § mkEH
MEZNES A < p WILE, W, T « LANITER < p, ITE § AIHNTER
> po i FEM—D > p BICER, T j f&M—1 < p HIITER, WE13.3 () N TRHEHE
< p BTCEXIGT BN, HARTTREIF RGN, FA158H ¢ f1 j HERHmAN TR, A5
PRE I, BE RS RER] i /1 j B EE S, EXI PRI, SRRE R
MR @ EMETTR (B O < p; ATE j GMRITTR (B D > po @ Ml j
Z RITTR MR, WE13.3 (b)o

FHHE p >p <p
\ _
x(1] e <P x[i]| ... 7 ... |x[j] >

(a) $5Et ¢ A1 j (2 1L AR

R p 7 7
\ ( (
<o oo s

(b) Kl AEE&MH
13.3: RAl4HH
M i, g MHIBE AN, BATFE—IREIMNAIA e, K A MR p 223 5 458

FALE b 2R, BRI X E T 1 F0 j ZRIREEH R B All...j) ;i FAI 2 XA
R w 2R Ali..w) EATIEEHEY

1: procedure SORT(A, [, u) > HEF XA : (1, w)
2. if u—1>1 then > W& 1 APALERTER
3: 11, j+u

1 p < All] > B
5 loop

PR IR R
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6: repeat

7: 14¢—1+1

8: until A[i] > p > Mg i > u BN
9: repeat

10: j+—g3—1

11: until Afj] <p > W j < 1 BB
12: if j < i then

13: break

14: EXCHANGE Ali] +» A[j]

15: EXCHANGE A[l] <+ A[j] > #%5)] p
16: SORT(A,1,5)

17: SORT(A, i, u)

E EFTA TR EHE RIS TE Ol B X AR K A E I 8, KT g
IRAZH, T XI5 2 R, B USRI RN O(nlgn), i B, FILHATHY
N SRS b, IX—T7 IR AR BCRE /D, ek T AR B (A — M B T 3R AN
ATACTR, FATTAT DB R AR =B e 5 ek, FONANE T HIER TR T8,
Jon Bentley #1 Douglas Mcllroy £ T —"1N7571%: WE13.4 (a) Fiw, Setipr A fI &
WS R TR R 0

L A
)

el o= <t o> =

(a) ZFEXN 7 BIANEE S5
i J
o —

<= e >

(b) ¥HF TR MR TR #EH ],
13.4: =§&%I15>

PSR R AN, B 0 8% > HERoeE, HH j 83 < &
e, BERTANSE @ F1 5 IE MBS E RS, RO Al < Alj)], FNEE
Ali], A[j] BEFTRME, WREE, B Al < Alp] 8 Alj] < Alglo FEXIDEER
A, BT A ST MR TR NG R E R R, R FEE TR
N WRFTETCREME—, NI RBCNE, A=A MEIMNEFE, K94 RanE13.4
(b) FRe MG, BATTR TR ZN T/ NTF 7R “ToAS RT3 7085,

1: procedure SORT(A, [, u)
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2: if u—1>1 then

3: 11,5+ u

4 pl, g u > FR A TCRAVIA
5: pivot < All]

6: loop

7 repeat

8: 14 1+1

9: until Afi] > pivot > 2 i > u FIEEIRACEE
10: repeat

11: j+—j3—1

12: until A[j] < pivot > M § < 1 RUEHIRALEE
13: if j <1 then

14: break

15: EXCHANGE A[i] <> A[j]

16: if A[i] = pivot then > AEFRAHSER 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 > KRS TT R A R H [A]
25: EXCHANGE Alk] +» A[j]

26: jj—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)

XA N = # X FIZHR G B¢ T, RTINS RMIA TR, MR
A B A B, BRI 1B B ER e T, He R E AR S
R — NICRIENENE p, WNE13.5FR, ENZ], ZMABES < p KR, #%
MRFBEES =p BLER, &REGMABRES > p KITR. = DR BEIIGHRZ BN i
kvjo [k, j) ZRIZMARSIREAITTR, FAMERGZ 11, THER, < p B2 =S,
= p BB A~ IeR, @ FEFEAHR TR, k480 0 BF—TITR. > p KRR
N, j HEAEE B
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i k J
( ( )
\] /

L <p..}-=D & 7?7 ... kF->D ..

& 13.5: BAFEFHR =X

ISTFIEIE, BATE Rt & RANTTE, MBEST p, S & AT~
AR > p, TS Alk) RALFRFRIRIG —TE4 Al — 1] 228, 5B > p
IR K BEREI —, BIIAR j AR, BT ARSI & MTER A
TRKT p, BIVREFRR R, B LR, F, MRTTE < p, ROV AR A
= p WIS — e Ali] 28t 2 kA j AN, QI FEf,

1: procedure SORT(A, [, u)

2 if u—10>1 then

3 il j+u k+<—I1+1

4 pivot «— Ali]

5: while k < j do

6 while pivot < Alk] do

7 ji—1

8 EXCHANGE A[k] <> Alj]
9: if A[k] < pivot then

10: EXCHANGE A[k] <> Ali]
11: 141+1

12: k+—k+1

13: SORT(A, 1, 1)

14 SORT(A, j, u)

FIOR A0 =38 Sl 73 R b, 35X — SCEIREDA fRT B E 7522 58 22 R SR 4 IR B

B2

BRI RE Rt B N KRB EE TR, (ENARTTIER R R— L R ZE L,
B, A R 7y e R B IN IR 2 P IR 2 7)), I3 85 SR A1 B 13.6 2 R
RIS DL : (21 < 20 < .. < ) BT [y1 > 92 > .o > ] BIKIPEER, BATTRT DAL HIEE
ZIERZENGIL, I (20, T 1y ooy T2y T1, Tong 1y Tong2s T )y FeH [21 < 29 < oo < 23],
PAN (2, 21, Tp 1, To, ..o QHEI13.TP7Ro

XM Z G, BB E — D RS SR, Ewfins
H T — st 090 RAE [ B B I R TR A T I B A ARV NG | R AR
BRI AT REME, ReEE — TR PEJTE RETE, IEERX =B EER
Fe, AT ZOR SR, — M 2 FHE SR EEEHREDYL; BB A —Rindid 2 it
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(1 x[2] | x[3] | ... | x[n]

[l x[3] | x[4] x[n]

N

\

] X[n]

(a) [1’1 < < ... < xn} H"Jﬁ”ﬁjmo < p B"J%B%/‘E\%?o

yi21]-..[yin]
y21]y31]...[yin] 0
yB31]y41]..|yinl i

yln] 1]

(d) [y1 > y2 > ... > yn] BRI, > p FIERITE N

K 13.6: MFRZER
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lx[m] |x[m-1j|...|x[11|xlm+1j |x[m+2j|...|x[nj]

N

N e

x[m-2][x[m-3] . X

0 eSS T )

(a) BRT S —XA5), HE#RAF- 1,

[x[n]]x[11]x[n-11]x(21] .. |

/

[x(11]xIn-11]x2][x[n-21]x[2]] .|

N

1 [x[n-11]x121{x[n-21]xI31]...|

~

[x(21]x[n-21[x[3]]x[n-3]] .|

N

1 [x[n-21]x3][x[n-31]x[41] .|

~ O\

[x(31[xIn-31]x[4]]x[n-41]..| 1

<N

(b) = DTN

13.7: HEZERZEEN
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=R BIMER SR N RIME, e RMEBSEIRE —MIE, K
Bozzh 2|,

1: procedure SORT(A,,u)

2 if wu—1>1 then

N m e |1 o S 1+ L e
4 if A[m] < A[l] then > WER All] < Alm)]
5 EXCHANGE A[l] <+ A[m]

6: if Aju— 1] < A[l] then > R All] < Afu — 1]
7: EXCHANGE A[l] > Afu — 1]

8: if Alu — 1] < A[m| then > R Alm] < Au — 1]
9: EXCHANGE A[m] <> Alu — 1]

10: EXCHANCE A[l] <+ A[m]

11: (,7) < PARTITION(A, [, u)

12: SORT(A, 1, 1)

13: SORT(A, j,u)

Xt bR PURPRF IR I 22 1A 0L, IX — S PERE R4, EHFON “ =R E” Bk, %
— b DT R R AL TR R B
procedure SORT(A, [, u)
if wu—1>1 then
EXCHANGE A[l] <+ A[ RANDOM({, u) |

SORT(A, 1, 1)

1:
2
3
4: (7,7) < PARTITION(A, [, u)
5
6 SORT(A, j,u)

PRI%L RanDoM(l, ) IR[E—E | Il v Z BHIFEHIREEL | <0 < wo IX—E
HITC R BB A MR B, X — T IEF O BENLDEEHES U, it 2 =R EIE
e FEHLBRIEHE P E AN RE e R R 2 TE . WSRFAIBENL T, TTIRIEEE — It 2
HentE ERTTRE AR, 58 LERE A, BMEEIIS F ek 216 0,
(B IX L 77 VAR SERR B A AT RES BUS IR 4 USSR

WH TR, BN ERT BRI RZEE . a4 MRS
FIRGIN , PRIEHE A A AR, idd A HE7 RO st P00, SER74Eve, ARRR, £
FIRZ N T AR T, & T — N EE. R FHIH R TR N> T EIE,
UL TAE I AHE

procedure SORT(A, [, u)

if u — 1 > Cur-OFF then

1:
2
3: QUICK-SORT(A, I, u)
4 else

5

INSERTION-SORT(A, [, u)
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13.1.5 PEHER S5HER

“HEIERYBRIEHER” AR T 2 RSO —4 SRR N e AR, it se
TR, = R B B, DA =B 7. RIELAYIE I E SR SR IR T PRIE
Her r RS, B EH _EIRMEMEGE, B NN PR 7 A i B R, R
HHEFE A HE P RO A R AL R, BEAE - BIESH T mnaEd e s, =
SRHE S HE S PR HE R U9, 58 S unfold BRECKE— NI FE# 9 — SRR :

unfold[] = @
unfold (x:xs) = (unfold [ala € xs,a < z], x, unfold [ala € xs,a > x])

= AR (S —5) AR L, unfold P AR XOAERZ, QRS
RNZS, RN — R BN, RFNRAFE—DITR o (ENTRRIE, K518 1A
EAG T, HPETRE <o KT A T2 > o B7TR. R XER
PRIE Hh e k) B A RS R O -

(13.24)

toList @ = |[]
(13.25)
toList (I,k,r) = toListl+ [k] 4 toListr
FATTA] PR IR bR B Aok, 2 ) PR HE P 3RTA
sort = toList o unfold (13.26)

BB unfold ¥93E H — XALRW, KHEIEAHHEERIEN toList 1515113
JERERT DRRF 57 1o U0 FCREIX — I A P R 45 SRR T R, A5 21 7 B AR B P 7
B,

13.2 HIFHEF

PIEHE P AER Z BB T ERE LS, (EERZEB T LRI, BIEEH DA
IR TE Rl R 2 16 O A HEFEAT A 1B TEVRIE O(nlgn) REZRE, fEH
REOH ot EEAEEE X PR BEHMAIRENE A, R mEREIER
HHEFE R ERIHER 77 24 JAFHE A E WA T 2 a2 USRS, EORUER
BT, FOCR P AR R B 0T, I THER, AAE R A B A5,

sort [] = []
sort [x] = [x] (13.27)
sort xs = merge (sort as) (sort bs), H : (as,bs) = halve xs

3 deforestation
44 Haskell, Python 1 Java
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HF halve RPN H2TT XN TEEAH, AT AR ARG B RALE 2 #:
splitAt L'%S‘j x50 M THNIRBATLZLMEMN RN b 0 T 8 (LS —F), filan:

splitAt n xs = shiftn || xs (13.28)

¥

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n—1) (b:as) bs

xR H AT BRI, Bl Ta] DA B A B 2 B TR, S EZE AR
M2, BoOAEE A, BRERIETM, halve = split [ ] [ ], Frp:

(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

Bt e] DLAH & il — 0 ik, Nl iERr, SREEITE « I
B as b, RGEH as < bs:

halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

13.2.1 HIF

JAFF AR E 13 .8FR. BIEMIAEZT, E 2 BIHEIR S mHE . BATE R Z T
RUcEE — R, BHR— N IR S &0, BT MIERE Y, BATEEM AL, 7
BN —NERT] AR EE X PR, BEMEA AR % FEf E 2l EFR Y

— BN Z T TR] DA — 181 X R T T
00O

00 ‘
Jo o
13.8: 93
merge [ | bs = bs
merge as [| = as

13.31
a<b: a:mergeas (b:bs) ( )

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

BN b merge (a:as) bs

X EEH, BATRT AER e S AL E 0 #, 70 AliE T HER a3
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1: procedure SORT(A)

2 n <+ |A|

3 if n > 1 then

’ m L% ]

5: X <+ CoprY-ARRAY(A[l...m])
6 Y < CopY-ARRAY(A[m + 1...n])
7 SORT(X)
8 SorT(Y)
9 MERGE(4, X,Y)

X—TTIEER TR A FRRERONESNE E, 1XZH T MErRGE BIENZE
JFEHUERTTR I, VAHI, FATAWREREE XY PETCER, EEEEU N — D iRE %
A, ERSAETEIE BRI — ], Bt — D P RIRER TR
F A,

1: procedure MERGE(A, X,Y)
2 117+ 1k« 1

3 m < | X|,n < |Y]

4: while i <m H j<ndo
5: if X[i] < Y[j] then

6 Alk] < Xi]

7 14—1+1

8 else

9 Alk] + Yj]

10: j—3+1

11: k+—k+1

12: while : <m do

13: Alk] + Xi]

14: k+—k+1

15: 14141

16: while j <n do

17: Alk] < Y[j]
18: k<« k +1
19: j—J+1

13.2.2 TERES T

FFFHERE 2 AP R A, BATEHE A0 &, R HE —ER- P
X, ANE13.20R, MR O(lgn). JAFFHEFRIRITIREN O(gn), fEH—
BEGEATIAI AR — AN P AIRICR, S HH—MEESE, 15— HI R
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SICEE RIS R, VIR 2NN I, SRR n, I8 T(n) NHEF
P E], AT — FORIA X &
T(n) = T(%
HEFRIN A0 & = 3053 - i 5 HE s T(%), XG2S HE T(%), 33 cn, H
Hi e BHAERL ML AFESFIZEEN O(nlgn). BN EIMAEEHTRE28 1 E 2
FE o ARIRIAAH: 77 123 I R RE R AR L, FRATTRY IS 5T LR SB4A He 28 118 A0
S F T A SN, OB IR, ER TS SR NS IR A NG 23 8], DA T 2
HE— 5 BT, BBITIR A S, X 2= (A ] DURRA, 52 AR U BNAE 3 A R —
BT, N O(nlgn)o

)+T(g) ten = 2T(g) +en (13.32)

13.2.3 itk

NTRMEIAH XY &, TATRE co BRINEIENTRE,
procedure MERGE(A, X,Y)

APPEND(X, 00)

APPEND(Y, 00)

i+ 1,7 1,n+ |A]

I:

2

3

4

5: for k < from 1 to n do
6 if X[i] < Y[j] then
7 Alk] + X1i]

8 1—1+1

9

: else
10: Alk] < Y[j]
11: j—J+1

FEVAFFIN 52 52 AR (R R AR 2 — MR ), JATTA] A—IR P& 4P A A

AR/ N AR X, BRI S XA TAEXRA T, e B AR X AT A = il [E]
JEE A,

1: procedure SORT(A)

2: n < |A|

3: SORT'(A, CREATE-ARRAY(n), 1,n)

4. procedure SORT'(A, B, [, u)
5 if u—1>0 then
I+u
6 m < LTJ
7 SORT'(A, B,l,m)
8 SORT'(A, B,m + 1, u)

SRR — oo



13.2 HHFHEF

9: MERGE'(A, B, 1, m,u)

BATRIN T 2B MERGE & AR TAEX:

1: procedure MERGE'(A, B,l,m,u)
2 i ljm+1,k<+1
3 while i <m H j <wudo
4 if A[i] < A[j] then

5: Blk] + Ali]

6 141+1

7 else

. BIk] « A[j]

9 jg+1

10: k+—k+1

11: while : < m do

12: B[k] + Ali]

13: k+—k+1

14: 14—1+1

15: while j <« do

16: Blk] < Alj]

17: k+—k+1

18: j—J+1

19: for ¢ + from [ to v do
20: Ali] <+ Bli]

261

> Sl [

XSGR AR ZREM O(nlgn) BRE] O(n)o MT 10 HMREBOTRAT, I

AERTEETE 20% 2 25%.,

13.2.4 JRMIHHHDT

N G FHAAN 23 (8], FRATIZ8 P AN 2 A IR BB o AR X & 13.9F0R,
THA X MY CHrer, SHTEAH N, < | 2B IFIFEY, AT RE T,
Al < Alm], BURIEIRSS) | —2; BN All] > Alm] FREHE Alm] BANJAFHFER
H AL T 1 2l ik, BAHERE {0 m ZER7TR (B4 DAjEFE—MrE,

g Al LB X

Alm]

.. BFEk Y.

= All] > Afm) WP X

& 13.9: JFHSERITIE

1: procedure MERGE(A, [, m, u)
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while [ <m <u do
if A[l] < Alm] then
l+1+1
else
x < Alm]
for ¢ «+ m down-to [ + 1 do > %
Ali] « Ali — 1]
9: All] «+ =z

{HIX— RS RS I ) B 2% IR AL AR O (n?). BUEAMIRS B2 — MR MER TR Y
1, Bf X FRITTERNMEURIEL SX FEEHAFI, T 1 HEHTFIRATER 2 E
TAEX, WAL EE TAEXNITE, ERAEIIESEER, YHHRETFFH4H A
M B BICER, 4308/ NYTTEBAN TEX A E RN, BRI TAEX
FRRTT R K, VARG, FORAIR D FEE L IRE T el TAEXBINE,
K 13.10FT7Re

EE#

P’ ~

LB Al - =/, Bl -
*i Ali] < B[j], WzZ#t Ali] «» C[k]

. B |ClK]| -

13.10: HFERHSE TAEX AR 1 H Rk

CFFHEAH A B MIIEX C #RREBAHN—R 72, JAFN TR ER SN
i1 A, B RUtIR. S5 AL E, 73l FHIXIE (i, m). [j, n) R0 ; TAEXAEERAE k.

1: procedure MERGE(A, [i,m), [j,n), k)
2 while i <m H j <n do

3 if A[i] < A[j] then

4 EXCHANGE A[k] < Ali]
5: 1—1+1

6 else

7 EXCHANGE A[k] +» A[j]
8 jJg+1

9: k+—k+1

10: while ¢ < m do

11: EXCHANGE A[k] <> A[i]

%la, b) FREAGTFXA, B o, (BT b
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12: 14 1+1

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—J+1

17: k—k+1

VA AR X T 220 e D 45 F

1. TR AU R, AR AN R BT 2R T AN ;

2. TAEXA] DIAE—F B EE, HAREARE SR ITFFHITTR,
BATTAT AR — R0 TR, R 5 —F 0. WnE13.11F7R,

R X2 35 N B K < 5

13.11: VAFFHERF — 18

QAR B A O — = TAEXHER, R/ i FIARHET 7o WE13.120R, i)

WFHE AR A(% ) il Bg B, (R TR AN DA i e,
TREAM A+ B R,

1/4 B: 1/4 A: 172
work area sorted sorted

13.12: FEEENRZTIF A.B

TAEX RS —Z M E 2 BT 3@ FAni i, S RIAFFHITRAPIE 55, M
A TAEX AN T B H R B B R o R AR A, AT TAEX RS 1/2 HEFp, 4538 B
WAZHENET 1/2 757, B LAEXEAL T AL B HlA], GNE(13.13 ETTAlR. XA ZHEE
BILEXMTEA A PETEZD, BEMARTE

1. frf B LR/ T A HEREITR, H¥FE, B HEi ARSI TIEXH,
1M B A EAEPART TAEX IR, T TIEXH B BIR/IMASE, BRIt aera] PA
s

2. T A HRE/NT B HERITE, HHF AR H# A f T/EXHHNE, 4
TAEX#E A —YIoREW G, HFRER A NS, FisiE, BREENE
EIAFFITE, TIEXAG ML SRR AR HANRERNE 3/4 A E, 5,
I REEH G B I TAEXAING . & TIEXEREsNE T8 &AM, W
K 13.13 N5 FfiRo
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1:
2
3
4
5:
6
7
8
9

10:

11:
12:
13:
14:

15:

2:
3:

4:

JEHEFAAFHE

Fr=m P
B:1/4 1/4 A:1/2
sorted work area sorted
1/4 merge A, B: 3/4
work area sorted

13.13: FIHT/EXIHH A.B

A T I AIRE I I, e TR W ahsIaT 1/4, Bl E X —5
PR AR EAE 1/2 HEE, W TAHEING 1/2, T TAEX (T eh A,
ORI TAEI I N, A % 3 i 3 é ------ VAR R, 4 TR
TR — A TERINLE R, 16U — T AR TR, FolTTAT DA P A HEF
P =T NS

l+u
meLTJ

wl4+u—m

procedure SORT(A, [, u)
if w —1 >0 then

SORT'(A, I, m,w)

while w -1 > 1 do

u — w

I+

w <+ [

|

SORT’ (A, w, 1)
MERGE(A, [[,[ + v’ — w), [/, u), w)

for 7 + w down-to [ do

J 1

while j <u H A[j] < A[j —1
EXCHANGE A[j] <> A[j — 1]

i —1] do

j—j+1
NTRIELAEX AR, TAVEH_LIRECE, BATR S a1 A BRI IX HE B
AT MERcE Fik, & K, BATRZEE X Sorr’ ik, €IS KEITHAH Sorr K
L TAEXFIE PR 7o

1: procedure SORT’(A,l, u,w)

if u — 1 > 0 then

m LH_TUJ
SORT(A,l,m)

> X PR

> TAERX
> MFIR

> B AHER?
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5: SORT(A,m + 1,u)
6: MERGE(A, [I,m), [m + 1,u), w)
T: else > KT A TR E| TAEX
8: while [ < u do
9: EXCHANGE A[l] <> Afw]
10: l+1+1
11: w+—w+1
B FREAE VP APRS T AL RS RUTR: 2, 7 S .., BT
O(lgn) W 5EHET . BIGBIARNRIRE 20 —FHE T, 2R 0 FH 2 eI R 31713 9F,
2 n DNICEHFIEN T(n), BATEW FEIHXR:
3 7
T(n) :T(g)+cg+T(%)+c£ +T(%)+c§n+... (13.33)
AF—FETTER, /LFHE R
n n n 3n 7n

PR (13.33) - (13.34) 15

T(n) — T(g) - T(g) + cn(% + % +.)

AT lgn A % RO, FE S B T 380 35 2R
T(n) = 2T(%) + gnlgn
(TR IR TR, (SEIE5E O(nle® n).

13.2.5 HARHIFHF

13.14: MNP [0 [ Ao ) i

BN T RSSO A Z BVAFFHEF . BN RE AN R M S 5
PA— S 01 Foh B ARVAFFHER L% X THEMIFES, AT DAMEAE A BT AERE —
MMERRE T A TEA—NRERIGOL, BT A] AR R MRS 775, FR
et T LB, AR T RS N RIZbR it
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15,0, 4,3,5,2,7, 1,12, 14, 13, 8, 9, 6, 10, 11
8,12,14,0, 1,4, 11, 2, 3, 5, 9, 13, 10, 6, 15, 7
0,1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15

R —THIE T RIER N, B DR/ N TE D, R ARERE T YK E
H—, RUEE IR, RPRE TR 7RRER, BFIICRE, FREERF
A& 2ETR, AP, B2 AT ANE T RS — MBS T 5, T2, &
AT AR AN AR IR 7 41, — P MKERTR, — P MRERTR, VAR — T E K EF
Bl 1X—BEERIRF U, BATTRT AR TR RIAT B R TR 50

8,12,14 ( 0,1,4,11 | 2,3,5 9| 13,10,6 | 15,7

En& merge
——ay¥

7,8,12,14,15 | ... free cells ... | 13,11, 10,6,4, 1,0

K 13.15: BRAHHEF

EI13. 1588 7 IX— g, BIEIFIAN, FATMPMETRF 5, 23S R IR
BT FPA. ARG IXP T R 2 — A TAEX R e, #5, JREERX—%
R, RS N AL T, X — IR, BATR A7 A1 2 TAEX A A M, A
AR E, RAEEARRE R TAEX Okt SRTATTRESEIRIIH 2 TIEX S,
FAZZ B TAE X AN EE, FF ORI FUCA TR U3, FHaas—4C RV, ARk
M KRR R T 55— B R EIRE, RN E 7, HEP a4, IX— T EME
AIANTTIAACFEE, H B ¥ e8I B RN, ERron Mg ERIAFHHET.
E13. 16w, R, o Z AT d ZJEHITREAEEE, BATEIRERTFS [0, ) A
LY RAIRK, RNKEFFA (o d) FET RERK, XTILIEX, f ZEif r 250
TLRACIAH T (WEETFRHD, 8GR, AT [a,b) F [c,d) M f 2]
VA BEEEH, BAVE T Y r LTI,

TEHE P FF AT, FATHES BRI RN TAEX, o F1 b 5N, ¢ 1 d
famsAa M, for fER TAEX A W,

1: function SORT(A)

2 if |A| > 1 then

3 n < |A

4 B < CREATE-ARRAY(n) > Bl TAEX
5 loop

6 [a,b) < [1,1)
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(a b C\ d
( )
coa | e o Freeo f. oo
f r
: (
.. B o RPEAL .. B
13.16: HARAFHEF N AU M T

7: lc,d) < [n+1,n+1)

8: fe1ren > FEM LAEX E R

9: te1 > AEER
10: while b < ¢ do > AL R EAHE TR
11: repeat > ¥ /& [a,b)
12: b+—b+1

13: until b > ¢ B A[b] < A[b — 1]

14: repeat > I [c,d)
15: c+—c—1

16: until ¢ < b B Alc — 1] < A[(]

17: if ¢ < b then S AR
18: c+b

19: if b —a > n then > [a,b) B REFHANHEFE R
20: return A

21: if t 2a14Y then > MV
22: f < MERGE(A4, [a,b), [c,d), B, f,1)

23: else > MG
24: r < MERGE(A4, [a,b), [¢,d), B,r,—1)

25: a<+bd<+c

26: t—t+1

27: EXCHANGE A <> B > P TAEX
28: return A

AN TR ZLE AT A E A S EUE
1: function MERGE(A, [a,b), [c,d), B,w, A)
2 while a < b H ¢ < d do
3: if Ala] < Ald — 1] then
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Blw] + Ala]
a+a-+1

else
Blw] + Ald — 1]
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

HARIHHFHER B PERE R U PR IF R, Riskia IME, 58—,
AREIR T F AN SN 1, XEEHRE, TIEXPHHFNERF FEHNKERN 2, &
BE T R—RIZUBARE, HEREIREH TN RECAATRENT 2, X—4#
Ja, TEXESKEREDN 4 MAFHER -5, IHNEF FRHANKE
AINAE, RItRZT/E O(gn) M. F—AMTAERITR, FTLUEERER
O(nlgn). MFRTTRIFEESNR A, BATTIIEMNE RMSmIIH, & YR AT TS
THNRARK, BATTRT ARHRIR S 73R T, REBHIFFFE, AT 5IREH
AT, B E SRR XA AT E N (R L) -

sort = sort’ o group (13.35)
Hrr group HITETHNARBIRTFHIZE:
group [] = [[]]
group [z] = [[x]] (13.36)
. e <y: (1:9):gs, HH : (g:gs) = group (y:xs) )
group (x:y:xs) =
AR [2]:g:9s
sort’ LR HBFHNIRBOF VAT, ARG FEHRENS ITH B 252 :
sort [] = []
sort [g] = g (13.37)
sort gs = sort (mergePairs gs)
HA mergePairs TEXN:
mergePairs (g1:g2:9s) = merge g1 g» : mergePairs gs (13.38)

mergePairs gs = gs
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FHNBA AT DA B ESER sort’

sort’ = foldr merge | ] (13.39)
23] 13.2
1. ERZIF mergePairs BISEENE Z4 AR 2.2 QERAHIA], 1B 45 HIERA ; A SRAS

[F], BB B P2

13.2.6 HJEF_EHIFH

HARIAIHEF I E 2 oA aa 7 — R B W _E e 771k, B DAMR T (Et %
KRB, BREFHER n MR, BMVIREE— DR, RERAESNT 5
P, 193] 2 MRE 2 IEFFIER; IR n 258, 2RR—DKEN 1 WFF
Hllo FATTAWT RO ITFHAEEE 7751, BG5S 2IHE PSS R, mEgFR 2 o “ BRI
FFEHEF "D, iR 1317 R,

13.17: BJEKM_EIHFFHEF

BTSN 3 FIFN R, SR (21, 22, ..., ] FE—IFERNBD N n DE
—TLR TR [[21], 2], ..., [2,]], RIETRATARWR EATIHIH

sort = sort’ o map(x — [z]) (13.40)

BAMEHBARFAFHF I sort’ 1 mergePairs, AW IAHF513%, BEE&
JE—A0s BERA B3R B RVITHFHEFIRG, (U A H T EAR, AR L, &
AT DA B ARV HEF AR R TS 0 (R 218 00 S HIR, BRIFHHT B2 ARSI T
FIRY REIRK, B KA EIFFHF AR PR K ET RS 1, BJRmA EIFHHE
JPHE X2 BBV FATTAT PAHRRIS 3 ik Qs :
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function SORT(A)
n <+ |A|

1:
2

3: B + CREATE-ARRAY(n)
4 for i from 1 to n do

5

Bli] = [Ald]]

while n > 1 do

o

7 for i < from 1 to Lﬁj do
8: Bli] + MERGE(B|2i — 1], B[2i])
9: if Opp(n) then
B[] < Bln]
n
11: n [51
12: if B =] then
13: return [ ]
14: return B[1]

3] 13.3

1. B B R _EIAH .

13.3 FFHiT/bE

FEHA PR BIEA, S0 5E SN, FTDIHA TN D7 AR X — SRS
IFFFHE G . SERs b, HATHREH A, HEAE AP IATIES, T2
AR EIR p DA, Horh p MACERER R BARTROL R, RIATR] IFATLE T/
I I SERHET, FEE O(nlgn) = pT", SIFKONERMNNGE, IX LA SIR M iR It
FATRIR, (HE, f Ry REAPORARF RIEA R p — 1 DA, XI9h p DT
A, RIEFHATHENH T, FHAZ R, S HIER 73 B B, TATTHBERR ZI -1
O(n) BIMERE, 55— 75, H R IAFHHEFP EIRARSH B H I B O T IR 2R
WU TINE, FREXIFATIIFHE A BRIsHE P AT APy it SR L, VAT HE
PRIEHE P IR R E NI B 2T, BEETE cdot BURTE 1986 4E R TR
n MEEEER, TEREN O(lgn) KIFFATIAFHRRIEI, AT — N E R A4/
BH , B T AR FEAREEE, RERTUSE U TREZ N,

13.4 /h&h

ARESA T WA B EHE R R ROEHEE R HE . ETHERIAE TR T
AR ATHE T B ERE BRR O(nlgn). ZETT4EFL B PUEHET 2 20 R BIR R R
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Rk KREHZIEEEE A POEAF E e TR, JEE T, Reall 2 et
B SR AIRIET, fEAERAANZ R, AMITEEERIEFFF X —
MRHRR, fTDARR D HIAE AT AR R, PsHE P £ R Z BB N RIS, MHE
SR B, PRIEHE P 7R ER DRSS iR, (BAESS — B3R R, SR AR A R
1B XBENERZER BRI LR 2, AR BAREE, M UE &1
N, ARSI NERRECRIEMERE, Sez PRisHE P R TERETE IR ZE TR 0L N HHBLIR (L, £
an LI AP I, JAFFHEF RO PEREA AT PR HE e, JF B ZE M 23 (Rl
17035, EAERLEELT, ARG, SREEZ RG], FEb)AH 7R
—NEERHI BT G,

POEHEF AP AR BCR . PRISHE AT AR TERHER B — R K,
[FIAEIAFFHE R tha] Db HE et S sk 1), Hip iR A 22k DY Hh—Fug i
R FAFFHIAEZRRE 2 BlanBOEHE?, B % TIAH. ROVEHEERTIF 5148
INFRET MR T A, PR3 5Chn ERt 2 eoIRER. Sk, 135
HEFP AR R E 2, ERID HR BB, TCIRRSF o), Arl s #, B0 H), 52 B KA
EorEl, POEHEFRMECRIESESE 0 #, ik e et im0l RE N1 —L&
CHETT IR AN = s AT, BEML DR HE 7 =K1 7055

FIRT N AL, TN T HAH R EIE, S AT RHEE . S BeHE ., e
PagHER ., VAT SRR R TR AR IR R DT R OUs, £S5 X — TR,
NMTIEZ D% SN AR “REEE” Pk, RGEHIHE R 7T IR TCIRAE A RN AR R IR T
AEFRCRIE B RHIEEE, R, AFILE G MEdRC RO T HH TR RIE

%o

3] 13.4

L (ERIAFFHER AU SREE, BTt — R RIE R DA — NP8 2 — R = SR

13.5 Bl
5

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] {
1=1+1
swap(xs[1], xs[r])
}
}
swap (xs[pivot], xs[1])
return 1 + 1

TSR, KER T TAEGRSANR S E0A, 1E R FIRIEN (R AHET R R E RAFIIERE
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void sort([K] xs, Int 1, Int u) {
if L<u {
Int m = partition(xs, 1, u)
sort(xs, 1, m - 1)
sort(xs, m, u)

PYCIERE i

void sort([K] xs, Int 1, Int u) {
if T<u -1 ¢{
Int pivot =1, Int i =1, Int j =u
loop {
while i < u and xs[i] < xs[pivot] {
i=14+1

while j >1 and xs[pivot] < xs[j] {
j=3-1

if j < i then break
swap(xs[il, xs[jl)
}
swap (xs[pivot], xs[j])
sort(xs, 1, j)
sort(xs, i, u)

IR

[K] sort([K] xs) {
Int n = length(xs)

ifn>1 {
var ys = sort(xs[0® ... n/2 - 1])
var zs = sort(xs[n/2 ...])
Xs = merge(xs, ys, zs)

}

return xs

[K] merge([K] xs, [K] ys, [K] zs) {

Int i =0

while ys # [] and zs # [] {
xs[1] = if ys[0] < zs[0] then pop(ys) else pop(zs)
i=1i+4+1

}

xs[i...] = 1if ys #[] then ys else zs

return xs

A TR XA TR :

’Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))
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Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+4+ (u-1) /2
msort(xs, ys, 1, m)
msort(xs, ys, m, u)
merge(xs, ys, 1, m, u)

Void merge([K] xs, [K] ys, Int 1, Int m, Int u) {
Int i=1, Int k=1; Int j =m
while i < mand j < u {
ys[k++] = if xs[i] < xs[j] then xs[i++] else xs[j++]
}
while i < m {
ys[k++] = xs[i++]
}
while j < u {
ys[kH] = xs[j++]
}
while 1 < u {
xs[1] = ys[1]
T+

JEHEAFHHER -

Void merge([K] xs, (Int i, Int m), (Int j, Int n), Int w) {
while i <m and j < n {
swap(xs, wit, if xs[i] < xs[j] then i+ else j++)
}
while i < m {
swap (xs, Wi+, i4++)
}
while j < n {
swap(xs, wH+, j++)

Void wsort([K] xs, (Int 1, Int u), Int w) {
ifu-1>1¢{
Intm=1+ (u-1) /2
imsort(xs, 1, m)
imsort(xs, m, u)

merge(xs, (1, m), (m, u), w)

}
else {

while 1 < u { swap(xs, U+, wtt+) 3
}
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Void dimsort([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 {
Intn=w
w=1+(n-1+1) /2
wsort(xs, w, n, 1);
merge(xs, (1, T+ 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)

R

}
}
}
}
AR B A BV FHE
[K] sort([K] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys 4= merge(pop(ys), pop(ys))
}
return if ys — [] then [] else pop(ys)
}
[K] merge([K] xs, [K] ys) {

[K] zs = []
while xs # [] and ys #[] {
zs += if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)




HYE R

AT EALRGUEEAR 2 R AER R AEHS DAL, TAVAL a8 A AT DAMHESEZE 72k
55 ZAF PR IE R TS, A DR IR SRR i DIE E R E i H
AR B HERS 2%, B RE THUICRETR R I RAE B R IAY) 7T 3o RENGRFEARRTEEK, T
AL, ERRRE,

14.1 K EFEN)IG

X— AR BANAAE n DICERPFEE £ K U TR, XEARNMIE X
EMRAT KRR BATEH < RKRKEE &k /NIITER, A kT 2= e — RIS,
A A 7T TR R e B /MY, RIS TERIR TR P FHEE /MY, BT & (0t AT AR
FIE &k /MTTER, 12 n DL RPFHE/NTRBEENT O(n) M, KRR E Y
O(kn)o BATHAT AR HE, IXAERTDATE O(1gn) IFIATPA BE . ZREXTIER, A & (XA]
PATE O(k1gn) WRINIRISE S,

top k xs = find k (heapify xs) (14.1)
a5 AT B AL
top k = (find k) o heapify (14.2)
Hrp:
find 0 = top

. _ (14.3)
findk = (find (k—1))opop

BANERERBI LRI TT IR, M TARIRITTRIA N AL B, 13 A TR
AKRF (B HEE 2 m = |A| A KR/, H#E m F k:

L & k<m, W &k /NITTRIE A o, FOEF B, RJGTE A P&

2. # om < k, W& k/NEITRE B 1, BINEF A, RIGE B PEAERE
(k —m) /MHITTER,

275
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BARNGOL R X2 PR, AL B R/AIMES, BRITEMAR A, E24EHN O(n +
n/2+n/4+..) = O(n)o TAMM _E—FPRIEHFHRINITTTIE part, FEPLERE—D
TR (W) 1ENEME po RFTE < p BITCERBMA A, FIRTTRRAA B, X+
m =k — 1, p W2 k/DHICER, SNFEMTEITE A 8 B P&,

m=k—1: z, H¥ :m=]A| (A B)=part (<) s

top k (x:xs)=<¢m<k—1: top(k—m—1) B (14.4)
A top k A

FIPRIEHE 7 —FF, JRZETEO TN 048R EA T, YEREIRIEY O(kn) B O((n —
k)n)o “FEITE N T AT DATEZRMEIN R ARSI B 52, FAT I AT DARL A PsiE -4l 70 vh 25 A
B, W = s FETR A BEATLXI 70 75 -

1: function Topr(k, A,1,u)

2. BEXCHANGE A[l] ¢ A[ Ranpom(l, u) | > BEHLLE [1,u] PSR
3: p < PARTITION(A, [, u)

4: if p—1l+1=kFk then

5: return A|p|

6: if k<p—1+1then
7: return Top(k, A, l,p—1)
8: return Topr(k—p+1—1,A,p+ 1,u)
FATTAT DAAEIX — 7 AR B A E R AT & ME (B MERINF 2 ERR), 4R
BB F2% -

tops _ [1 =[]
tops 0 _ =[]
tops n (x:xs) | len = n = as
| len < n=as 4 [x] # tops (n - len - 1) bs
| otherwise = tops n as
where
(as, bs) = partition (< x) xs
len = length as

14.2 9 E

FREEIN R TR S — D “BEEERT: AR ERE— 1000 INAYEL, Zi
AR, EAERERRE, AEEMAESRE HiX ML Blan: Z2EHL? BRK
2?2 AL ERECFERAIR 2.7 REWE 3 BEBRA? F5F, METHIE, EIMERER 2%
FRo T£ 1000 PAW, AR IGEE W& HEER— 207, 10 IRWELREFHEE R, BN

!Blum. Floyd. Pratt. Rivest 1 Tarjan 1£ 1973 fEAH T —MRIERRIG T F B, 28R 87 T4, 545
% 5 PML&, BHE n/5 MHE, EERX—PEREHPENE,
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210 = 1024 > 1000, “SEEEA?"H2E — M EF IR, BRE i — P T2, ¥t
AHEEIX AR R AR B — 2 S, (B RN T A RIERE . RIEH
ERMEEZIXFENSE T H, FRABR RS, REIEAIENE, a2
B TIRIRT . GRAEEAE 30 FOPREXT, BEER1S i, fl4n: 1000 7T, & T ;500 JC,
K7 ;750 7T, K T 890 JT, K 17; 990 JT, IEHA! XN T “ &7 K&, H
THEEFFH A PR o, BAHREILFFFI PSS B g, f1 2 AR R 2 =y, &
HEHGWR 2 <y, HT A BEFW, BITAFTEER LIRS ER; BUAEGE
B IXFERMIE/N A FIRIUEL, GISRY A = [ ] RRIRE, M « RFEE, —57
BEIRER A BEFW, EELEEE NRE XS ARHEF B = 0 &K, IREEAHE
RENER, EEGIUE: BRI EA A B, BRATTHE 25 Rl
Wy KRR IR ZE D BRI SR, Al 2 A AT (GRrEEk
P E—RRPAHNBIHE S T — MR, 5 20 Z2EEAEEI, FHRAH T
TOBERSEI, S8 A B ETEN Lu(RE w.

u<l: Nothing
x = A[m] : m,ﬁﬁp:m:l—l-Lu_lJ
bsearch x A (l,u) = 2 (14.5)
x < A[m]: bsearchx A (I,m —1)
A bsearch x A (m + 1,u)
FATTE AT CATH BRI , Jiid 53l RS — &k

1: function BINARY-SEARCH(x, A, [, u)

2 while | < u do

5 e+ | o g [0

4 if Ajm] =z then

5: return m

6 if © < A[m] then

7 u<+—m—1

8 else

9 l<—m+1

10: Not found
BT RREE A, 0 ERNEIREN O(gn), 0 EBIEA] DS 2R H I K
BRI BIUNTTRE o =y, HF a <y, a.y B2 BRE, BAIFHK o HUREE, 3R]
ATRATF 2 N 0 FHIAIKIRZEIK o, ol a?, ..., BEIRIED o =y, B3 o' <y < o't
FORTTETCEEE R, FRKAY o F0 o, AR TFERFFREE, WHHE o THFE—ERIN
A%, FATA] DA — o EHORE TS0, E b iEn ERR. BT av >y, TATTAT AR
XM [0,1,..,y] NER, HTERE f(z) = o BIFBEL, X TEHZRE =, FA1LH
2HAIMLE EREHE A BULAR” i, BIREERH R LR — DA, ATEEENE AR 16 MR, iR EE 2R,

BREHLES A REVLH BT R IS AR A2
SR, BATRIAE A o™ WSS o™ = aa™s EEIMNHE MR REREL £(n).




278 FUE HER
BRI o, — LO% I, QIR ame = g, Wy, VRN W am < y, Befl1E
7z, BTHIERSY; BN EFE 2, EEIER; PIRME L N ERRHE RIEEIECE, BEEEI#R
A RTEER NS, /R, NHE 0B ERENE X, FATHATEREIS
=N f, VH bsearch f y (0,y), HH f(z) = a®s TAHAFEIUE O(lgy) X
f(x), FT5E,

u<l: Nothing
l+u
- Hrb .y —
bsearch f y (I,u) = flm) =y m 2t = | 2 J (14.6)
f(m) <y: bsearch fy (m+1,u)
flm) >y : bsearch fy (I,m—1)

14.2.1 ZHEER

FIEE O ERMN YRS 4 sCE &4, M M ORI mox ne
17 BAIR TR SRS A B 2REL, W14 107R, Wal Podi i fE JE R rh R EI ATl
HFT 2 HoTERNE? TANFTFEAH — DR, RE—HAE (4,5) BFIR, EEER
Mi,j =z

[(z,y)|z + [1,2,...,m],y < [1,2,...,n], M, , = Z] (14.7)

=W NN =
S U e N
co N Ot W
© 0 O

14.1: BT, BHIER YR AN

B - (A0 AN — M AR U, IR AE ot i m AE 0 AR 2K
O EPORMAFE, HARAE BN, %08 0 ERHEE, @R ENT My »
ERITTR, WRENT 2, BANNEFE XIS MRKT 2, BFA N, 14,257
R, RERIXIBRFTRA] 255, WAEGLT, #RXIBEMN—MEEZR T —D L ¥, T
FEEEH, BAHEXRE LR RAEMR N : CHIREL f(x,y), EETEENFE
IR (,y), 1R fx,y) = 2o FFFHEERA] DAL N HIFIRRELC:

f(x,y) = {

—

<z<m,1<y<n: M,

=

(oA -1

M
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< ?

N
S

(m72, n/2) (mfi2;n

~

? >

14.2: FE:HRITE/NT 2, KEXBE/NT 2; G FRITEKRT 2o KEXIBEIK
T 2

MR f(z,y) RAVAYREL G0 f(z,y) = 2° + ¢°, a b 2 BREL, BREEASZ
MET A, TR B A TFHAE ), E14.300R, RN (0,2) THE, X
TENR (), BATHEL f(p,q) T 2z FIKER:

1R fp,q) < z:HT f BV, AN 0<y<q, B f(p,y) < 2o TANEFTE
BB FATE (LU LRED ;

2. R f(p,q) > 2 FTEN p< 2 < 2,8 f(x,q) > 20 BANEFKFLE LHIFTE
MEEBLRE) ;

3. MR f(p,q) = z:(p, q) B—DE, MFFLRER LI SHE AT AEF,
IXFE, BATHERT DU 4/ NETAAS R X, BIRE L EFT 1T, BLEF I, 5
BN EFT 0,

©, z) (z, z)

(p. 9)

\/

(0,0

K 14.3: \WEEAPEER
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TEX search PREL HAENLE EATFFIHEZ  search(f, 2,0, 2)0

p>z8lg<0: []

search f = pq — fp,q) < z: search f z (p+1) q (148)
f(p,q) >z:  search f zp(qg—1)
fp,9)=z:  (p,q):search f z (p+1) (¢—1)

BREWG, po.g BVE—ID2M4A TR, RZFTE 2(2 + 1) REKTEK
R, BIFEOA =F: (DR p.g FIRNFTF—, HE 2+ 1 PESERIEER; (2) A
AFE AR, &5 p BIT 2; Q) ABTEER FafE, &% ¢ T, B14.4808 T &
HRIBIRTE L. E14.4 () 1, NAZL LNEDN R (2,2 — o) BBHE f(o,2z —2) = 2,
BHFEE 2+ 1 ZF)E (2,0); (b) H, EAKFLRNEN A (2, 2) S flo,2) < 2,
2+ 1 W)E, MREH; (c) B, MBI DR (0,2) #EE £(0,2) > 2,2+ 1 H)g,
RGN (d) MR R REE . WRRNTRHAEREEZE LRI E KBS « fl
b, B A R ELREN R o Hh Lk, BeT IS B SRR R D ECN 2(2 + 1), MIERER
O(2%) 2B, X— B0 E SR S BIEMENTE O(2),

A (z 2) A (z, 2)
(0, z) (0, z)
0,0 > ©, 0 >
( (@) (b)

A (Z, z) A (Z, z)
(0, 2) (0, 2)
(0,0 > (0, 0) >

() (d)

14.4: RTFMBREE

X—J7 R “ SRS R, NI f =4EEIG S, AN R/ IMER G L ERY
BKE, AR ETEEIR, SERG—D i, WEN145R, SR A
(0,2) A TA (2,0) R, X—TEEAIHE U, [ AU, FRATAT A y HhikE]
BK m, 1% £(0,m) < z; 1 « HEKEIRK n, 15 f(n,0) < z; XFHERXEHEIM
(0,2) — (2,0) g&/1E] (0,m) — (n,0), WE14.6F7Ro

4

{m = max [y|0 <y < 2, £(0,y) (14.9)

n  =max [z|0 <z <z, f(z,0)

IN A

4

AT A =0 EHIER mon (BE 2 = 0 B m, BEE y = 0 BR n). HK3h
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B 14.5: f(z,y) = 2> + y? WEIE

©, z) (z, )

(0, m)

\/

(0, 0) (n, 0)

B 14.6: H8/NAYIR AR R X IR
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(14.6) S, FB7E y, T <z <u lHE f(z) <y < f(z +1)

u<l: l
l4+u
: H .,
bsearch f y (I,u) = Jm) Sy < flm+1): m KA m =] 2 | (14.10)
f(m) <wy: bsearch fy (m+1,u)
f(m)>uy: bsearch fy (I,m —1)

IXFERLAT A0 AR man:

{m = bsearch (y — f(0,y)) z (0, 2) (14.11)

n = bsearch (x — f(x,0)) z (0, 2)

FE T ORIEZE/ NFETE NI T S EHER  solve(f, 2) = search(f, z,0,m)
p>nig<0: []

search f z pq = Jprq) <z search [z (p+1) q (14.12)
fp,q) > z: search f zp (¢ —1)
fpa)==: (p,q):search f 2 (p+1) (¢ —1)

RSOl E AW BB m f o, BRIUET O(g2) (R f; SEEER
FEEINGO FHE O(m +n) IR £ &EER FHHE O(min(m,n)) Ko SRR Z4EN
TR FEERREA f(z,y) = 2 +o°, N T HRE a.b, WFH m.n R/, BARMERERSE
O(lg 2)o

W& fHIRE
BINMEDL | 2logz +m +n
w&AFIENL | 21og 2 + min(m, n)

nEN4.7, ZEHREXI (a,b) — (c,d) FHR—K (p,q), & f(p,q) # 2z, LREEF
IREE T (< 1/4) WIER f(p,q) = 2, BT £ BIAM, ATRIFEN EF LT A BT,
Ml p Bl g 17T ERHE A IXFERFEIT 1/2 BIXIK, 7] AMESE/ME2RTERE, 817 HKE)
f(p,q) = z KA, FATEERETEHIOK LB AL EELRN H &K, R4k L -
TaERNEREN O(g | L)), FATNERFIEHHPLIE R, EN14.807R,

WRFL EAE f(p,q) = 2 B, BT E f(p,q) <z < f(p+1,q) FIR
UKL, M TEEFLN f(p,q) <z < f(p, g+ 1)) INTRATARER: p 51l.q 17 LK
ROEREF Ak, Tl TH B ZK P EWE f(p,q) <2< fip+1,9)
MR, SR EEL EWE f(p,q) < 2 < flp,q+1) BIR. AR LATE RS
f(p,q) < z, WHRMEI_EF R E RS f(p, q) > 2, MEREI R F, I, FAEFE
FREZR— A XI5, TS T2 SOH A SRS R
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(a, b) (a, b)
A

(b, q) (P, @)

(c, d) (c, d)
(0, 0) > (0,0 g

fip,q) <z flp, q) >z

(a) 4R f(p,q) # 2, RBERF L T A LK E
XK, IR T L K.

(a b)
A

(b.|1q)

(c, d)

(0, 0)
fip, q) =z

(b) WK f(p,q) = =z, AIRINEFMAKEED,
R X

K 14.7: 45/MERXIH

A(ab)

a, b)

(c.d

(0,0

(c. d)

(0, 0)

14.8: WHERERI L &

283
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Lo oy B0 R, EEREXE (0,m) — (n,0);

2. HHERXIH (a,b) — (c,d) MATH, IHAEHL B, SNEHELE - SE
I, SR N (p,q);

3. % f(p,q) = 2, (p,q) N—MR. BHAERTXIK (a,0) — (p — 1,q + 1) M
(p+1,q—1) = (c,d);

4. £ f(p,q) # 2, BIFHERW DT XIBIMI— 57L&, LN (p,q+1) — (p,b), W
B14.9 (a); 5 (p+ 1, 9) — (¢, q), WE14.9 (b)o

A(@b) A
ka, b)

B

(. a) (b @
(c, d)
(0,0) g

(c.d)
©0 (g (b)

14.9: BBVIRRK O, WER f(p, q) # 2, ETREEZIERILE,

c<ad<b: []
search (a,b) (¢,d) =< c—a<b—d: csearch (14.13)
A0 rsearch

ot csearch TERTAHE E=SER (p.q) 53 f(0,q) < 2 < f(p + 1,q), U
F14.9 () FTR, WSRARL LFEERIIAT 2 BB TR (o, %)) EFees L0
(FHL), WA 14.10 (a) AR,

A .
<.

{ =129
p = bsearch (x — f(z,q)) z (a,c)

f(p,q) > 2z: search (p,q—1) (¢,d)
csearch =< f(p,q) = z: search (a,b) (p—1,q+ 1) 4 [(p, q)] 4 search (p+1,q— 1) (¢, d)

f(p,q) < z: search (a,b) (p,q+ 1) # search (p+1,q — 1) (¢, d)
(14.14)

rsearch 5IHREL P BEAAER, RGP LI T SOER S EER:
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A(@b)
ka, b)
(b.|q)
(p,g) (¢4
(0, 0) "
(c.d
00 (g (b)

14.10: WL EERINATRRTE L

solve f z = search f z (0, m) (n, 0) where
m = bsearch (f 0) z (0, z)
n = bsearch (Ax — f x 0) z (0, z)

search f z (a, b) (c, d)
| ce<a ||l b<d=T]
| c-a<b-d=1let q= (b +d) ‘div’ 2 1in
csearch (bsearch (A x — f x q) z (a, ¢c), q)
| otherwise = let p = (a + ¢) “div’ 2 1in
rsearch (p, bsearch (f p) z (d, b))
where
csearch (p, q)
| z< f pq=search f z (p, g -1) (c, d)
| fpg=2z=search fz (a, b) (p -1, q+ 1) H#
(p, q) : search f z (p+1, q - 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)

MR REE, BHEER O(g(mn)) . PR _DEIR (p,q), BEHE f
H# O(Ig(min(m, n))) Ko LAE m x n KIBHERNEDY T'(m,n), AU THIEITRHR:

T(m,n) = lg(min(m,n)) + 2T(%,

g) (14.15)




286 Bz HER
ARGk m = 2" > n = 27 {FHFHZIRANE:
T(2,2)) =j+21(2 1271

1—1
_ k(s _
B kzzoz (7= #) (14.16)
=0(2'(j — 1))
= O(mlg(n/m))
{AFEIERA TIXBTE m x n KBNS RNRIL TR,

23 14.1

1. PSR E 2 E 00T, IERH kIR EREN O(n).

2. NTEL A PHIHET kTR, BATTPERE 2 = max (take k A),y =
min (drop k A)e WHR = < y, W A WET & DNTEMEBERE;, SNFNTA
z XI5k NIEER, By MARRITTER, RGEFFY [ala +— A,z <a<y] P
BAERAT & DR, HF EF =k — |[ala « A, a < z]|o ELIX—8IL, IF
TR AR,

3. WIHEIEERMNNEFEEH A 1 B HE, HENEE2E O(g(m +n)), H
Hom = |A|,n = |B|, #RIAM NN K E, FE 2 EX8 AB H/NF 2 1
TLRMAKT » KT RFAREZEMEE 1,

4. HRBRIBYT, i E R R IA ARSI S AL,

5. Sl 4 RERIF M ESE BRI A NMaER/ME, G LA
wNMH. HERIE 2 /DT i/ MEBGEE KT ERRETCHE ; IR — 57,
THEIK 4 A/INETE, RIGEIFER,

14.3  AEW) S

MNTEEREFHHENGE R, N IEEIRSES, A AEmEH50L L
W ZEHIMIENA RT3k, MIRZEESRFH, 40 A, B, A, C, B, B, D, ... Giit&iR, gEf
PR e GE? AT DA B R S A D 1 SR gk (28 2 )4

Optional<T> majority([T] xs) {
Map<T, Int> m
for var x 1in xs {
if x in m then m[x]4++ 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)
}

12004 £, AMITEFLT —FERE, 78 Count-min sketch 8%, i sub-linear Z3[AIMETHE 1,
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return r

AJ AP L R B BRS| ZR SE B 7 BB ES A, AR m B ARIEN n 5KIES, 1X—
KRR AN T

wH | WA 23]
LR | O(nlgm) | O(m)
A | O(n) &> O(m)

IS —FRITE R I AL, BEHRAIEE/RAE 1980 £R45 HY T —F75 1%, AT LA fE —
TR H B ANRAFAE) . BIRHIN R E RN O(n), BRIEFEN O(1), BRI
—EIRAOEEIR ) AR b R 2 A 1, BAT AN R A
AFRTTER, BRG] MHITTREAHE, GERAEIFE, RGHF FH—E 2 RE &
S IKIE SR B RIBEE AN HATHIRIER , WSHISEEON 10 MIRKG SRR, 51k
R4 H ATARIER , WIARIERE AOS 2200 1, S IRIEE 1S SR 1o 15 REIEE] 0 WA
BERMEE T, B N —iKIERE ERIRIE AN HIRIER FHARLE, W N RATR, HF1E
AREC m, W m ANRTREMCHC BT R EIT %E, (HATURABAFAE GEATCR, R
), IR ISR “RIEE " H IR o REF R — TR

H E

A,B,C,B,B,C A B A BBD,B
A,B,C,B,B,C, A B A B, B,D,B
A,B,C,B,B,C, A B A B,B,D,B
A,B,C,B,B,C A B A B,B,D,B
A,B,C,B,B,C, A B A B,B,D,B
A,B,C,B,B,C, A B A B, B,D,B
A,B,C,B,B,C A B, A B, BD,B
A,B,C,B,B,C A B,A B,B,D,B
A,B,C,B,B,C A B, A, B BD,B
A,B,C,B,B,C A B A B, B, DB
A,B,C,B,B,C A B A, B,B,D, B
A,B,C,B,B,C A B, A B BD,B
A,B,C,B,B,C A B A, B,BD, B

RIEE

piE

e e R e =R b

Wwwe =W >

maj[] = © \
maj (x:xs) = scan (x,1) xs (14.17)
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10:
11:
12:
13:
14:
15:
16:

17:

Hrp scan &SN :
scan (m,v) [] = m
m=x: scan (m,v+1) xs
scan (m,v) (v:xs) = qov=0: scan (z,1) zs

AR sean (m,v —1) s
HEFHBIMNEI : maj = foldr f (2,0), HA:

r=m: (m,v+1)
fomoy=dv=0: (o1

AW (myv—1)
R R ERIER AL
verify m = if 2| filter (= m) xs| > |zs| then Just m else @

IR R A IE RS :
function MAJORITY(A)
c+—0m<+ g
for each a in A do
if ¢ =0 then
m<a

if a = m then

c+—c+1
else
c+—c—1
c+0

for each a in A do
if a = m then
c—c+1
if ¢ > %50|A| then
return z
else

return &

23 14.2

HHHE ER

(14.18)

(14.19)

(14.20)

- VRO, £ A PSHRHIIREGEE [n/k] B9 E DREL, B o = (A

e BUUEE k DARTTR, BERIREF FRTTERMENE £ D RED
TLEE E-REET [n/k| D), M—ESF K,



14.4 BKTFFHIF 289

14.4 KT FHIH

FE8 VR —BOESHERY Vi) T 5, 8 XA S = Vil + V]i+
1+ ...+ V[, ZF5 [ | BREMFPIRFRS, ERAE 0. IFE vV K&K T
FEFIRTEL? fil4n (3, -13, 19, -12, 1, 9, 18, -16, 15, -15] H, T4 [19, -12, 1, 9, 18] f
FIE R, N 350 AERFFHIFFRITTRAGE LR, AR TR, GRATH TTRER
B WS FPFIIRTERCR, 0, BARA] DUBI 5 48R A 56

function Max-Sum(V)

m <« 0,n « |V|
for i + 1 ton do

i
2

3

4: s+ 0
5 for j < i ton do

6 s s+ Vij]

7 m + Max(m,s)
8: return m

FAERNEIRES O(n?), H n BIFFIKE, TATA] UE S AREGE IR EHE —
B —IAIE R T LSRN E [« SR TR A, [FRIC T B ARSI &K
TFHIM B, NEN4.117Re A.B A—EMF%, SR B< AMXR, 4 BHIF—
MR Vi HINEEE A N, BIMSHERMN B Bt A, Y B+ VI[i|<0N,¥% B
HEN 0, FRAH THIIE [3,-13,19,-12,1,9,18, —16, 15, —15] R,

i

(

K 14.11: A R HBHEINER TSI, B 2L i 452175,



290 HHuE SR
BORH | DL i g5 RFFPAIR ) ARITHEER 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-SuMm(V)
2 A<+ 0,B <+ 0,n<+ |V]
3: for i + 1ton do
4 B + Max(B + V[i],0)
5 A+ Max(A, B)
6: return A
BAHE R AR BINEIK TP IR A Spae = fst o foldr f(0,0), Hrb f 55T
BRI
f z (Sm,S) =(S;, = max(Sp,S"), S =max(0,z + 5)) (14.23)
#>] 14.3

L. BUEKT PRI SEBL, 3R B R & K FH T 75,

2. ARV BT — N TR Z 775 RF AR R, E2EHN O(nlogn).
TRFR TR RAE P L7 My FRATTAT DAY I L i~ 58 70 B e AR, A
FHR 7 BN, F1ES R s R 7 B e K, SEBIX — 57K,

8. 1F m x n WSRO T SR TR, (138 SRR IR A,

NI

14.5

TATHHER

TAFERRRZ R, A SRR AR B 74T R RN RE fEREKL

R (5 6 B2, BAH AR IR ARSI TIE R . AT AT LB S AE 47 HR
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AT R, N 14. 1207 7R%,

[a[nfy] [afn]afn]e[ufo]ufs] [a]n]a[n]s[m] [e[t]ofw]e[r] =

R N R

q

() SRR s = 4, V8 = 4 DNFASHR, 85 5 MR,
ofwlefr] 7

Lalnfy] [afn]afn[e[ufo]ufs] [a]n[afn]y[m] [r]1

° (an]afn]v[m] P
a

(b) IWEE] s =4+2=6,

14.12: fEX A “any ananthous ananym flower” 54X “ananym”

TEXA T HHERFRFE P, 1E14.12 (a) Fin, fERBE s = 4 I, B—RHE P
M T FIFRF, 81 4 NMAE, 28 5 NME P 2 y, (BfE T 2 t, INZB—Lbiar
HiegIE, ¥ s 1 (P mAERE) 1 MEE) ARG EF LS ananym #1 nantho--++- Al
KU s B ERT VBT 1, BTN DFRF an 1842 anan G FBATATLAKE s B0
2(P A5 2), tE14.12 (b) iR, BANTEH THETEZESS 4 MFEAFIE R,
BT T IeT AR E, S, SR S RIRRIE X — MRS T T — DRI A
UL AL AMTHE= NS E FRETE—R, FiE KMP Hik,

WA T HHT k DN FERHARNER T, (T 1k DNFRFRE). 797 RATREZ it
P a8 s MLE, BAFRZAH ERIIIEEHE] ¢ DR tE14.13F7/R, & P A]
GRS, M—EFERA &, 15 P HHET & DR P, &G kD5
A, g2, aigk P, FINZE P, ME%&K. &S B E TSRS, MR
R/ k= 0o FRATEIRENFNBL 2RISR EHRNER KR ko E X RIHFEL 7(q),
BEIFEMTYE ¢+ 1 DERPRILECN S B AAE D,

m(q) = max{k|0 < k < ¢, AP, 2 P,lNG5} (14.24)

HEXA T Hwtg s ILAC P I, 2580 ¢ DR, N —DAR, JfiTEd
¢ = n(q) HKE—NENRIINE ¢ BHIR Plg] FISTA:
1: function KMP(T, P)
2: 7 < BUILD-PREFIXES(P)
3: n < |T|,m+ |Pl,qg+ 0

SRR — SR — R R TH, W C FRIEEFN strstr, C++ fREEFR find, AKX Java FRfEEH
H dindex0f,
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[T+ n]Ti2] . [Tli+e-1]. ] T

N
— [P(1]P2)]... PGl [P+ 11]...[Pla]] - | P

o 0] 1 B 1 S

Kl 14.13: P, FINZ P, BIRTEEMISER

4: for i + 1 ton do

5: while ¢ > 0 H Plg+ 1] # T[i] do

6: q + m(q)

7: if Plg+ 1] = T[i] then

8: qg+—q+1

9: if ¢ = m then
10: B i —m MR
o ¢ (q) > SR S VLR

HEMARX (14.24) #iE 7(q) IHFALH, BAHE—PERAGEE, SRR,
WMRE—NFRAILE, N R KETEFRN R ERNBRRTE: 7(1) = 0, Al
P, = Py = [ ]o Y132 P & ¢ DNFRFN, BIEEEUE 7(i),i = 1,2,...,q— 1 #EH
4,7 H B TR KAVRTSR P, FINZ P, BYES E14.14P7R, 4% Plg) = Plk+1],
MRS T —DNEKE k, BA T ke BEKEMN—; BN Plg] # Pk + 1), BAIRA 7 (k)
[EEE|—MRFER) Py, HP K = n(k), RE BN HEIEN S — R 2SS
q DMFRHE, BEEX—S8, 5E kTR 0(ZH), EME ¢ MERHE, TRA
HY ananym AURTZREREUE, k FIEHER (14.24) B AME,

P[1] | P2] | ... | PIK] | Plk+1] | ... | Plg-1] | Plq] | ...

?

A y
P[1] | P[2] | ... | P[k] | P[k+1] | ...

Bl 14.14: P, 22 P,_1 WEE, L& Plg) #1 Pk + 1]
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q P, | k| Py
1 a0«
2 an | 0| 7
3 ana | 1| a
4 anan | 2 | an
) anany | 0 | “”
6 | ananym | 0 | «”

1: function BUILD-PREFIXES(P)

2 m <« |Pl,k <+ 0

3 m(1) « 0

4: for ¢ + 2 tom do

5 while k > 0 H P[q] # Plk + 1] do

6 k + n(k)

7: if Plg] = Pk + 1] then

8 E+—k+1

9: w(q) < k

10: return 7

KMP MFHER B AR, MR RTHRE I 2 fEEZREN O(m) V. RASH7)
WEEINER O(n)o SARDEE TN O(m + n), FHFFRE O(m) ZHICFKATHEEUE,
FHERBRIEAF AR KMP BIERIPERE. FIELE “aaa...a” (n 1) FHERKN m
¥ “aaa..ab”s B8 m DFRPALER, BATHEEREDR — D4, I HILEAWTENR 1
NFRFo BUEFEIXFPE T, KMP SIEMKIH 2SN R,

14.6 fRIIEER

FERIIANTEREM B, AMIKRE 72T R R, ARTFrFERILE, it
A BT MRIEERED, THEFRE DGR 020K, FLERE AR,
FEL IO, Al REFFEZ M. BIINTF(E 2 A58 IR E RIS, ATETEKH
FAE X R R AR,

14.6.1 RIS EALER

WRE RS2 (DFS) FJ RIS R (BFS) H M 5 B R H ik, AR A
RIX PRI R BRI B AU
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Y=

TR E K IR AR, A5 282 0 XA A, XN EE
FAFE, WIEN 415K, AW 2505 LR K TP B, 174 2 NMET, IR E %
MR B R MR, BIEMCEIRML T — R R #E T —Hm A NR S, 1B R AT
HE—SRERS, I N —/ NS IER MR, B2 TR E E N E A
JE Al E 2R Ry ARG R — Sk, — BRI FES A T, wik
FHEATTHE N THEIR, AR BRI, ANWHXAE “ 2 —RE”, BITE A REK
EHRE, BB MR A TER), T m x n BFEME M AR E, TREN 0.1, F
TEG AR E14. 15095 ] A N AYREREE

1

Tr sir

1

E E
= i
M ]
et HE TS
1| | -

(a) KT (b) —BEGHEEAIER

& 14.15: HE

=
»—uoogooo
= e i =)
_ O = = = = O
_ O = = == O
_ O R =R R = O
o O O O o o O

BERR s = (i,1) &R e = (p, q), BATEIKHFA M s 2] e BIIEE, TATTICHK
WA s JEBAHHB A, MDAk, BTN £ 2 e FrE. RERIERK
s-k EREG DM k B e BUBEIRRT, BATHFEE P L "muE FRid U R ES, K
A=K P IRELHITAE, SUadtty|R, REEUs e,

solveMaze M s e = solve s [[ |] (14.25)
HAp:

s=-e: map (reverseo (s:)) P
solve s P = { P (5:)) (14.26)

. concat [solve k (map (s :) P)|k « adj s,k ¢ P]
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P ORISR PR, AR ERZIET reverse FHR L. adj p it p M
HEIEAIAR L AP BT A _EAEAR Y 0 F L

adj (z,y) = [(=",y)] (2",y) + [z — Ly),(z+ L y),(z,y — 1), (z,y + 1)],
1<z’ <m,1<y <n,My, =0}
(14.27)
X BRI A R, MRITE KR, N T ERRE, AR T —&%E, F1H
MRS R T g™, ICF R R ER R, FRATEAE R oR SR B R R
P, X2 e T, A] A — PRI, FHGR, #A HE R [s]o R
H, BEAD s BRI AL, B0 a. b KEATRERVBR AR [a, 5] [b, s] ABke % T RKFEER
[a, s] BEH, FER o BRI R REHETE 3 P RANRIE AL, BEEX—IIHK, %
HIESR T — 550 P 812 WNRTIA BRI B R A EEE A, WE14.16FT7R, 4R H
I, BATEZIRK T AR ATRE, HREEW; G5 E IR fRIER R, ¥ RAREET
BB AL, R E Atk

[s] [2.5] Qs | [ ]
s 5. Qs S D s S

14.16: FIFRIE SRR

solveMaze M s e = solve [[s]] (14.28)
Hrp:
solve [] =[]
c=e: reverse (p:ps)
solve ((p:ps)ics) = Sks=][]: solvecs, £ ks = filter (¢ ps) (adj p)
ks #[]: solve ((map (: p:ps) ks) 4 cs)
(14.29)

S IVAINpES ARSI
function SOLVE-MAZE(M, s, e)
S [s], L =[]
while S # [ | do
P < Popr(S)
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5: p + LasT(P)

6: if e=p then

7. ApDp(L, P) > FREN— MR
8: else

9: for each k in ADJACENT(M,p) do

10: if k ¢ P then

11: PusH(S, P + [k])

12: return L

A BN 4 METTRIREARR, F BAERIR A&, EREELZ 04r),
Hrp n BEIRKE, KREREARIIZFER, TIPS 7 EENME, BIMEOT, fr
A IR R IE BT I — R, B2 O(n), Bt n B R EE, T T
HoRRFRS 12, ZIREIZREN O(n?)o

£535] 14.4
1. (SR IR S ) A A fé

J\E 5

BAREFREAL AL, HEF] 1848 FUIHIR (Max Bezzel) A2 H/\ 25
i BRI ER, W B R —1T, Pl Bk R ERERLT, anflrEatE BT\
NEE, Mz BIAEAEK S, E14.17 (a) A T 257 GG EITER, B14.17
(b) L&t T\ 25 PRI — R,

- K E‘H

(a) EFREBEAPRI RS (b) —Hfifig

14.17: )\ B J5[A)#

£ 64 METHIRAN 8 N2, HF P, MY, 48 4 x 101°% &17. FIH
BB 1 DNRIE, — MRIMRSRE [1,2,3,4,5,6,7,8] BIFERMHES, Hl4n4 &
6,2,7,1,3,5,8,4] FRE—ATHEGHIES 6 51, 5 AT EEERES 25 L5
S ATHI RIGTEAESE 4 7, EXFHERNAFTERE 8! = 40320 FifiF. MNE—FTHHIZE—
BHEE. $—1MEEE 8 MHEL (V\FIFHRE—F), BHEE AT RGN, BT
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REANEE — 25 B2, FRERTRES, M5 « TEE, 18] 8 FIFF AT
i — 1 DEERGIME, R 8 MIEAAREZER, FATERRIEEELIRT i — 1 M2
JGo 2 8 N EIFHRIIMAMELE, §URE] T — M. b TIRHATERE, TR T
XA ey, ARGk EH B A RERISIFF AT L Z R, BATH —MRA— P F15%
JABEER  solve [[]] [ ]

solve [| s = s

lc| =8: solve cs (c:5)

solve (c:cs) s = {
B solve ([x:c|z < [1..8],z ¢ ¢, safe x | 4 ¢s) s
(14.30)
AN, BANCEZAEATRE, s 103 TGRSR, FARTUG R ¢ KN
8, TATEREN T — M, REHICRE s o, RIBMREEEHG H5 |cf < 8, T 8 FIHh kit
FIARB G A (2 ¢ o), AIRARESERI S BV HE 25%E GBI safe = o). AIATHIAR
AR T I RIS,

safe x ¢ =V(i, j) + zip (reverse c) [1,2,..] B |z —i| # |y —j, EHF :y =1+ ||
(14.31)
safe K& y = 1+ || 17, = FIMNEEZEM ¢ PEMEERY ALk, &
¢ = liy—1,ly—2,...,11] AT y — 1 DEFHIERIG, BATRE ¢ KB, IR 1, 2, ... HRE
MEIFEAEIR: [(i1,1), (i2,2), .., (iy—1,y — V)]o RIFHIEED (i, 5) 2ENME (2, y)
RO FIER: o — i| # |y — jlo X—SKBLRREEAN, AT DAHFRIZ A BRI :

1: function SOLVE-QUEENS

2 S]]

3 L+ 1] > PRIF MR
4: while S # [ | do

5: A« Pop(S) > A SER—HEA
6 if |A| = 8 then

7 ADD(L, A)

8 else

9: for ¢ <~ 1 to 8 do

10: if VALID(7, 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| = |x — Ali]| then

17: return False
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18: return True

BREBNEEA 8 FIERE, (HRZK M A K%, SHfE 15720 FE R, i
/N 8% = 16777216 FHRTREY), T IEG TEHLEL K, B EENAR, 32— MEE,
B ek Bl A AR 2T AR E, AT BE] n BISRM, K n > 4, HEE
& n WK R 20N, [EIPRERA LA 8 B2 HEFIRY P (R 2 HEF IR R
& O(n!))o

23] 14.5

1. \EJGREELE 92 MR, N TAEM— Mg, HHigr 90°,180°.270°
e/ \ 2GSRI, T BEKEREE 77 Bl R =B R, A LEfRE T fr
1, R iEE e E B e R R R — 1 EXDNEN R, EEARNBERE
12 1N BUU\REIAEF, X 12 MAFRR. SO, (AR DR
IR 92 MiF,

2. BuH/\BEMELE, 15 En DR n B)5R#,

PR LER S

nE14.18, FE—HE 7 Bk BE 6 REE, —Hask R — R EEE L, &
ERT PABKEN & 75 A Sk b, slOs — UE Bk S A 7 Ak b, H iR RERTIEER
fF 1k, REESG IR, GE14.19, IXEeF QRS S, BRER, (15 /24 3 RALE B #? fRid /e
H -1, AW 1, A FENALR 0, HATEHKEIM s = [-1,-1,-1,0,1,1,1]
FEE) e = [1,1,1,0, -1, —1, —1] AR,

K 14.18: BRERA I

£ '&\ZZ:E‘, 28 £ b)/!i\ = P e Y {0 j/{\ r&%}

(a) BEEIAHATHY (b) A B — (c) /e kid—H
ik b R

& 14.19: s
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IR BHER — MR IRE I HA—EIREDY 6 BT, el DUZ 8 B KR (H
o E14. 202X KM ZIE RS,

14.20: = FhBAH e

MERGRIAKMEN 1, 2, ..., 7. BIH 4 MR8sRIEE, BIAITTAEIN, 55 3 Bth
K ERH A DA ah R a0 3k b KR, 25 5 SRSk BRI DIER 2, B
2 Pk BROH AT DA B0 — H A Rk 0 Sk b, AR, %8 6 Buask BRYE
e, thm] DA ZE i — I BRRIESR N 7 B Sk S AR, 249K 4 RiO5 5, iRk
ATERT, s e R, BT AMEERERG, GUEHRERZE, Fra i
SRR ARIEHY, FERE AR, XEAFAEEERI, BINCFBEHDEA T &
ekt R, RS L 2 s ARSI, L[] BER £1,0 RRE « Mak22N.E
—HAE FEREE, LT0KMMEN p, 4 #8775 N:

—_

. TAAEBkER:p < 6, H Llp +2] > 0, 22t Lip] <> L[p + 2|;

\V]

AR p <7, H Lip+1] > 0,24t Lp] <> Llp + 1];

w

. [EBKER:p > 2, H Llp — 2] < 0, % Lip — 2] <+ L[p|;

o

CMEBEp > 1, H Lp—1] < 0,%#: Lip — 1] & L[plo

X 4 NREL leapis hopys leap, F1 hop,, ZRAS L — L's HARERE, IR
[FIFEFER) L A, fEE S ICREMITRIZ THERIRE, b LE— DAL, 4
R HETFRIRE, FI% M OICKATHREIRIRE, BATVRBIBHEART, RIS L=
TR T — Mg, AT PEICRE M h, BUFRAE L B 4 Fpfgah,
RAMTL A A AEHE R

solve [[-1,—1,—1,0,1,1,1]] [] (14.32)
Hr:
solve [| s = s
L=ce: solve cs(reverse c:s), L = head ¢ =~ (14.33)
solve (c:cs) s =
BN solve ((map (: ¢) (moves L)) 4 cs) s

S Fr KB http: //www.robspuzzlepage.com/jumping.htm


http://www.robspuzzlepage.com/jumping.htm

300 HHUE #R
moves TEIRS L 2 221 4 HR]RERVFE S :
moves L = filter(# L) [leap; L,hop, L,leap, L,hop, L] (14.34)

PIPVA:NFES ARSI (T

1: function SOLVE(s, e)

5 S [ls]
3: M «[]

4 while S # [ ] do

5: s < Pop(S)

6: if s[1] = e then

7: ADD(M, REVERSE(S))

8: else

9: for each m in MovEs(s[1]) do
10: Pusu(S, m:s)

11: return M

X TR EARFRRE (5 15 22), RRAItH 7 —:

— = =
w N =

B -1 -1(-1]0 | 1]1]1
1 | -1]-1 10111
2 |[-1]-1 1011
3 [[-1]-1 1]1]0]1
4 -1 0]1]-1]1
5 ||-1]0 1111
6 -1 10111
7 -1 11|11
8 0-1]1
9 -1 1)1 (-1]0

1
1
1
1
0

—
=~
I
—
e = T N = N R S e B N e =)
1
—

—
()

e e e i i i e e =)
1
—

—_
ot
o
1
—_
1
—_
1
—_

A 3 AFENTE 15 Pea H I EREAR] DS 208N 7 H
HI—PRRK:
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GEES o [ 1] 2] 3 | 4|5 | .
WsAH |38 |15 2435

SRR R I EIE—: (n 4 1)? — 1, TATA] DUERX —4518:

UERH. PR AR AR IR, S T EAR A1 55 — MRS SN 1 n+1 Bfa 3k 2n H R REREIL
BT 2n(n+1) Bfa ke ZEMIE) & HE BRI M H G 5 EEAHIE — IR — EAHIE,
IR A AEBRER, T —HH n? OIS, RIIL S BT TR B IERTIE T 2n® B3k, R
TNHREHASRBRER, T2 BRBAH RISk b, B3 2n(n+1) — 2n? = 2n IR 1 n? IR
BRER, F1 2n XBEEARRS A Sk AR, SRR AMHIP TN n? +2n = (n+1)? -1, O

Mg B 3 DRV, EMRRE A BRI, ENTEMWERIREIT 46, £
BEMALTITG, J\ 2R NS BETTG, BEREEEREM (-1, -1, -1, 0, 1, 1, 1] JHA,
RS AR R — AR, BIRZEE TS TR ATRERIEIN, EXREN, 806 L ES
A4S T5 TS I\ B IE R, BORBEER A ) \ PR £ BRERS 8B, 8KF 4 #
AABIBEERTT kR, BABIRIEFEARNEREIRSTE ZIn, HIRAIALKIE EHRIE
RSB 20 ERENRLINSEE O; 2R R-EHREIRESR )\ 2EHRE
FEMLEL b ; BRER I B A B 2R R e 1 AL B EL A

FRATYASEE FH A I P SR R g DR 25 ) - S T 22 TP BRI T, D SR E R E AR
A, WRTCIEAR SR B 2 BRI, IR R TT 1%, TATaE KRB, sl 55
R RIRET Z BLIAETCAR, 2R, IXMRFAE — LA, S4RE—M)e, TA1A]
DS NESREGE YRS SRR FTRERIME. QMR DURRIAIRAS AR, ) — PR, 5 A
REARFRNERE, BREERZ D ARIRARERE, HZERRE, AV EF—
R ERHEEI, ERIRME RIS AT E—R, B 14 20 PRI, &k
b 0 i 5 I N A T 1§ Sp o e s Wl i N & =3 L) [ 2

14.21: RERICALRAN

AR RRIEFR IR SR, ML BAMEAZ R 2 e e
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FEIRIR, 514N Prolog, i FITRFE ML SEVE R BRI SRABAR AL, f5II4n— Rk B nT DARE—2H 0
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).

H WS o X,)Y) RoniiE X MY &8, X—Wrs a7, aREE Y
X FEE, FATTRT DA AN — S AR T =, BB S — SR e MR S 814,224,
HT—MERE, A E X MY, Prolog FIPAEN NHRRFHIE EMZHZR
Eepiticn

14.22: —/NEEE

go(X, X).
gO(X, Y) B C(X) Z)) go(Z, Y)

R—F: —MIE X fE OB, EEMNDARCE X\ Y, & X il Z
%, H Z MYy Z[FAEEE, W X MY ZRFEEEK. B4, Z FEEe e —,
Prolog 14—, RIGRSHER, WA HBITERRMINA S eiksE, [T
BEHLE N —MEW L, R HUE IR CHHE R RN, 4 LR EIEIE, mHAK
PN, R R B IR AR 7715, BN, B E RIS — M A —E 2

B EEAR,
3] 14.6

1. BBk 7 S (R B BGURR, (1S e m] CARR DUV . B SRR Do

IR R SR )

KRR, RRHE IR, — g ~ERSR. F—5/0ME, Jf
KKK /IMIFHBER FARRIN S IM—HERTE, FRBHIRAREIEIR, ¢, AP {LiE
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—RERI T T, (HRANRARRAE, IRSNCHEE, TR SN2 F3E, QAT AT RAY
JIRIL TR AR PEER RIS 7] ?

HTIRASNZIEZE, ROKAT AL 2R a2 IR M, 22 P RIEIERIR
B SRR —REaIE I, RS — eIz m] DR %A AR Pz, T SR
TRAGIRERI 75, B AR ERTA BRI, FERRMENsE R, A ERGARY 7518, SR
—RBEM—F, FIREWD . BTG — 05 RIFTA AT RE. G TR RTRE. =X
JERIFTARTRE: - ERIFIRIG, ATARIZRIGERENE 17X REE R, H HiX—&m 5 A
FITE RIREFR L, R iR TRAIARTR.

QAT IR TR A TE A RERIARER? B IE— DM, 25 B IRIE AT 2
B — R, FFERAE MR, HRIERERE B @, 53 BRI, 52 R
TRIEIRE 7, SRIGSFERF NIRARER, 7l XR 22, AT DARIE I AL — R - 620 AT
NI Z JE A REFHEEE —IR. S5 A K —FAo BFRUS LE BT AT T A9 A FRBK,
QR A T BBRIRME, vl BIPA R RF R N OUEER, 1X—BAAI AT PACRUEHR I 22 -

B 14.23: 5 i D AHIAEBR, W5RAH R RERuG 2R 2

FIZR IR R g R, RS AL B AURIAINE, JHAN, £& A =
{w, g,c,p} EEIRFE HE KK, EE B = 0. BIRHREMBIN— DN ITRELEEH
B3, WRESHAFAERRK, MARESHEMNRIRIE, Hing &> HIREE i
A B (IR, BER—TBSI Q BEEIBIRE A = {w, g, ¢c,p} B = @0 RERIIIAN
22, BATHUH SR IT R, ¥ e Al RERTIE RS, SRS R R G RIS TR BT BA R . 4 2R
PAFISKERFE T A = @ B = {w, g, ¢, p}, BATHUEREN TR, [E14.249838 T ILRIT, [
—RE_ERIFTA RTRERBS T, TE R TEI,

ATV 4 2 i HECRFRE S, B—ARR—MEY, R w=1.F g =2. A%
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,,,,,,,,,,,,,,,

14.24: WS —MREIHG, B PHIFTAIEIRN 2, 3, 4; REES 3 B LRI

c =4 RK p=28, 0 BREHE, 16 BRUSHAEEYIES. H 3 TRAAIRME,
IR SN, FRE, {H 6 %%Tjj#ﬁlﬁlﬂﬂe F il BHRBATTR RS AL (8) M5 Hh—1ir
(4 2. D= DBl 25— M b WIATRIREN RN :

B<8: [(A-8—i,B+8+1i)|i+ [0,1,2,4],i = 08LAN; # 0]
mv A B =
B [(A+8+i,B—8—1i)|i +[0,1,2,4],i = 08LBAi # 0]
(14.35)
Hp A Fos g 5188, BATHI Q = {[(15,0)]} BaHEZR: solve Q.

solve @ = @
A=0: reverse c, (A, B) =c,(c,Q") = pop Q
solve Q@ =
BN solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q')
(14.36)
HAP R valid c KEFNBINEER (A, B) BIFEEMRE, RNEEZ 3.6, FHHMA
2, AMEET ¢ H:

A, B # 386, (A, B) ¢ ¢ (14.37)

N ERR B AIE AL
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
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10: if VALID(m, C) then
11: ENQ(Q,m:C)
12: return S
NS T AR,
Vst G 1
NSNS PSS
R H¥ FORK
ENSENISS EE
HI3% IRFERK
FLOHR R R
e NS PSS
FARK ENISP
SN NS (S
Vst |
ENE NS /(S S
(ENIEPd FLRK
NS PSS ¥
R FLHRARK
ENE SIS H3K
¥ ENEEAISS
FLRK RH¥
S NEENIE PSS
{7k )

BN, = 9 Fro — 4 Fho WA REMTFIHEUE 6 FHoK? X8 H BT
BWMRIG AR, A — NENEESERIIRTE BN SRR T IX N R, TELFk
G2 AR 3YHR L B T IX AN R, £ SRR NEAE AN g i) Hh A B3k ik 4a
HT =MD, REIRSKIRFHEE 6 FK, BIEEE 20, M\ 9 AEIHEFHEIH
3 FoKe N TIEEOX— i, /N FHFRERE 1 FK. WEN14.2507R,

HEEN 9 AT, AFIESRIREIN 4 ARET, 35 4 FHIOEFEI=, wial
PASE] 1 AK, ANEN4.26F 7R, BIFEZRR—FRES, MARRANEL, BIEEE
AT\ 899 FHFN 1147 AHIHFISE] 2 FHIK,
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HHHE ER

14.25: BJIGMP

4
1

=

B 14.26: AU, A BIA/INHIEIR
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RANHT B, A, BIRA 6 #agfE: (1) /MR A 2R007K; (2) B %&H7K; (3)
2 A;(4) 173 B; (5) ¥ A HIKEIA B;(6) ¥ B BIAN A, NREZ2—RYIEKENE,

BB a < b < 2a0

A B 1

0 0 VARGl

a 0 B A

0 a ¥ ABAB
a a I A
2a-b | b ¥ ABIAN B
2a-b |0 ot B

0 2a-b | ¥ ABIA B
a 2a-b | i A
3a-2b | b ¥ ABIAN B

TeiemaiElE, SRR ARE T ARRN za + yb BB, HA o b ZH

&, z.y 2R RIEEOEHRISSIE, TATAT LA

B AR SE
ZEIZI;FIB

58 g K B HAMY g RE

B a b IR AR ANLIEEERRES . BD: ged(a, b)|go QISR ged(a,b) = 1(a b HZE), AILISE
FMEZ BRI g Tk, BRRIDVHIE 2 &AM, BRI AFIERAREUKDE,
HEFRETTE g = za + yb FHY 2.y, AT LAMGEI—HIRIE, & 2 > 0,y < 0, AT MEH
A 2 KRB B 4Ly Ko BIAVNRAR o = 3. KA b =5, ZHEUF g =4
K, BH 4 =3 x 3 —5, Al AIZH T E:

BAE

o W o =W o W o

»&HHOOTCAJCOOOUU

AR

{8l A

¥ ABANB
fEl A

¥ ABANB
¥ B =
¥ ABANB
fEli A

¥ ABANB

SN A 3 RVEIZE B 1 IR BATTA] AR EGE AT RN LS R R
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BRR « 1 y:
(d,z,y) = gcdesi(a, b) (14.38)

H d = ged(a,b), ax +by = do ¥ a < b, B q FIRE r, HEXRR b= aq + o
N d BEER ab, AL d HEERR ro BT r < o, ATLAIEIE FHK o F1 r IR KR ALIEL
I3/ N AR,

(d7 xlv y/) = ngemt (T7 a) (1439)

Hord=a'r+y'a ¥ r=0b—aq fOA:

d = 2/(b—aq)+va (14.40)
= - w'ga+ o
5 d =ax + by Xt HRHEIEHRKZA:
T — ) mlé
-V a (14.41)
y =

VAR R RAELE a = 0 B ged(0,0) = b = 0a + 1bo XY RE LRSS E
IRESN N
gcder1(0,0) = (b,0,1)

b 14.42
ngezt(avb) = (d7 yl - :L-/,7$/) ( )
a

Hrp d, o'y BE XK (14.39)0 IR g = md, W ma F1 my FEEEDKIA R
— MR IR 2 < 0,540 gederr(4,9) = (1,-2,1)0 HT d = za + yb, AWK 2 i1
b, FIKE v K a, BEE] 2 KT 0, XFESERINEHFA—ERI. HlIaA 3 .5 A8
F, IRE 4 FHK, ¥R LRSHEEG H 23
[(0,0),(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),

(0’4)7 (374) b (2’5)7 (270) b (0’2)7 (372) b (0’5)7 (375) b
(3,0),(9,3),(3,3),(1,5),(1,0),(0,1),(3,1),(0,4)]

Mt ATE 6 2
[(0,0),(0,5),(3,2),(0,2),(2,0),(2,5), (3,4)]

EZHETIE g = za + by AILHFZME, || + |y| BN, FrRP8&ED, AT
PASRF LI (Rl B £ 6 RfiErh (I AL B B K A BIA B
)HATT ZR R, (EH—NAYERZHEATE 221K, BAIFRRITTRZE —RAIE

X (p,q), pv g 3 ARPDRAZKEIAR, iE5% 7 MR 2RI HIEIKERE, THERTAS
A :{[(0,0)]}

solve a b g = bfs{[(0,0)]} (14.43)
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HEIIAZ, BATTMSKEREH — A1 EFH, RF ﬁU*E’J%F#ﬁ*@é\gﬂm
BATRAREN T — M BMTR A R S BN RREHIRE, 2 6 Fm]
RE, REEERFH AR,

bfso = |[]
bfs O pEllg =g: reverse s, A (p,q) = head s,(s,Q") =pop Q (14.44)
S =
A bfs (pushAll (map (: s) (try s)) Q')
try s = filter (¢ s) [f (p, O|f < {fla, flg,pra,prp,ema, emp}| (14.45)
Hrp:

fla (p,q) = (a,q)
fls (p,q) = (p,b)
ema (p,q) = (0,9)
emp (p,q) = (p,0)

(

pra (p,q) = (max(0,p + ¢ — b), min(z + y,b))

(14.46)

pre (p,q) = (min(z + y,a), max(0,z +y — a))

X—77EROR B R PR P B, BATTTEFRAE I N TR PR ERED I, AT LA
FA— N2/ R0, AE14.27, FIEIRES (0, 0) HA fill A #1 fill B Al17, £
TRAEIER (3, 0) IEAE B4R fill B, IdSRMEs R (3, 5). 1£ (3, 0) AR 221K
empty A FERFEARE (0, 0)o FATBITIX—1ET, EHKERSZEEN, B
AT AR EN 427 BN B I — A5 T, AR BRI EIRE,

0.,0)
(3.0)
©.5)
3.5)

'-‘ﬁll A“» empty B
y 4
(3.5 0,0

14.27: £RIEFE
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1: function SOLVE(a, b, g)

2 Q «+ {(0,0,NIL)}

3V« {(0,0,NIL)} > 2FICRES
4 while Q) # @ do

5: s < Por(Q)

6 if p(s) = g B ¢(s) = g then

7 return BACK-TRACK(s)

8 else

9: for each ¢ in EXPAND(s,a,b) do
10: if c#s H c¢V then

11: PusH(Q, ¢)

12: ADpD(V, ¢)

13: return NIL

14: function EXPAND(s, a, b)

1: pp(s),q<qls)

16:  return [(a,q,s),(p,b,s),(0,q,s),(p,0,s), (max(0, p+q—b), min(p+q,b), s), (min(p+
¢,a),max(0,p +q — a),s)]

17 function BACK-TRACK(s)

18: T[]

19: while s # NIL do
20: (p,q,8') =s

21: r < (p,q):r

22: s+ &

23: return r

23 14.7

1. 8 tH5e B RIP RI L EAS SR0E DARR R B K Al
2. BOHY RMULEGRE, SERFNEHEHEHT o + |y| &/

RS HT AL TE RPN, GE14.28, ESME Kloski, IEHRA/N AR A R

Al SERER 10 NMER, EEREETEE B, S/NIHEERARNA— DN RAHIETS
2, ORI —HN 2 x 2 BfL, AR ITH9HRE, B — N3N 2 DR KAIE,

RAH—RARRE R, HAR & T SR BRI, ik Hing Zilid i
2, K B s B i T 718, E14.2902 H AW “Fi 7 )L”, KA —HR
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&L L, TR PRI M

(a) HECUAAT R (b) Bah T2 EHIRE
?

K& 14.28: HFERIETK

B 14.29: HAR M1 HRILIL %

FRATH 5 x 4 FEFERACERIE, 7THIM 0 FFEA. 1 2] 10 MR T, 0 R
BALE, FRE M G TERBIVIEIRES. ER « g FRREET 58, R
FHL L AR, L) i BEIMEES, B0 L4) = {(2,1),(2,2)} F#rE 4 M
FHEE TME (2,1).(2,2), FATATDIEME BB 20 MBS 0 3 19, {81755
ARG e = 4y + o XAEEVYMET HHE L[4] = {9,10},

b0 1 {0,4},2 {3,7},3 — {8,12}
'_> ) ) H ) ) '_> ) )

L0102 4 {9,10},5 — {11,15}
H b b H b b

M=|3 4 4 5| L=

s 7 s s 6 {16},7 — {13},8 > {14},
9 {19},10 — {1,2,5,6

6 0 0 9 {19} { }

BATTA] AE SBRES o(M) — L AP o (L) — M FEBLERI R A
1: function (M)
2: L+ {}
3: for y < 0~4do



312 FHyE #E

4: for x +— 0~ 3 do
k < Mly|[x]
L[k] + ADD(L[k], 4y + x)

o

@

7 return L

. function p~1(L)
M« [[0] x4] x5
10: for each (k+— S) in L do

o

©

11: for each cin S do

12: x < cmod 4,y < [c¢/4]
13: Mly|[z] «+ k

14: return M

BAMEE R 10 MEF, BERGEL NER 4 NS 1 48, (EHEMEH
£k, BEIERRN (Ay, Az) = (0,£1), (£1,0), fEfRFE_E, IR BIZFR A
d = +1, £4, FIAHET Li] = {c1, co} MEEBNEN {c1 — 1,00 — 1}o IXBEHERH D
FFRRIEN:d = 1,cmod 4 = 3 fl d = —1, ¢ mod 4 = 0, B (A7 M —1l32 BBk a5 —
M, HEMDNSAIYERZA 8 FREFNIRTRE, HIANE— F 4 MATRE: 5 6 Tt
557 BEE 8 BN EE 9 HRmIE, 4. 30Nk R B R4 T,

B 14.30: Zefll: AR 1 BIRS T ERRTASEN; 00 ROTAR 1 AR FRIRR 2 HORS -2,

N T WE R, A MG EM T & BRI EARE T, R 0 8 & WATHE
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B
valid Lk d :
Vee Lkl = y=|c/4|+ |d/4]|,z = (c mod 4) + (d mod 4), (14.47)
(0,0) < (y,x) < (4,3), M[y[z] € {k,0}
il — RV TRERI BN R, (OB AN R AP, BRI
M, # Mo, (HEANTA BB F AR R

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

KMNTFLELRARRERES, ZBEERHET A~ mRANEES: || =
{pl(k— p) € L}, iR I L HrEENES. LM DNEFERE— A REET
{{1, 2, 5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}}, /&
ANREA Rt — R EE, TR, B0 N M, A My KRR,

(10 10 1 2 31 10 10 |
10 10 1 2 31 10 10
Mi=|3 5 4 4| My=|4 4 2 5
3 5 8 9 76 2 5
6 7T 00 (00 9 8
A — AR R AR, FATTE I — 1A Ja S R AR e -
mirror(||L|]) = {{f(c)|c € s}|s € || L||} (14.48)

Hrp flo) =4y +2',y = |c/4],2' = 3— (c mod 4)o FATULEH—BAFNHITIHE,
RN TEREE W — RN SIIX RSB R. IR (K, d),
FONEMEL ATk, 51N dUEDN £1, £4), BAFIRIGETC S Q = {(s,[])}, HH
s EiEfi R, HE Q # o, BATHMLEEH — PN E, ERAKIHET (FS 10)
R EIREMWAE ¢ = {13,14,17,18}, B L[10] = ¢, GNENRNIE R S0, Tl 12210 1
NGB T AT AEEMIRBENTTE (k,d) A IEERERE
L BATHES 7 idgE— R g ES,

solve @ H = |[]

L[10] =t: reverse ms, HH((L,ms),Q") =pop @  (14.49)
solve Q H =

A solve (pushAll c¢s Q') H'

Hrp cs = [(move L e,e:ms)|e + expand L] #ir= L6077 %,

expand L = {(k,d)| k<« [1,2,...,10],d + [£1, £4],

(14.50)
valid k d,unique k d}
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move HUF L[k] #3/1 d BN :move L (k,d) = map (+d) L[k]o unique HIW#T
H—{efmfm ||| ¢ H, 5% mirror(|L']]) ¢ H ANTEDTSEIERH, MREHEEE, B
BMEGTE B AT ERER, NN A IERSEI, ‘M) 57 R »
AR 116 & (B2H8) 1 1), &G 3 FUT:

1: function SOLVE(s,e)

2 H«<{[ls]}

3 Q< {(s9)}

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 EXPAND(L, H) do
10: PusH(Q, (L', L))
11: ApDp(H, || L)
12: return &

[|5|, |3|’ |2|, lll:l

[|5|’ |3|’ |2|’ |l|:|

[l?l’ |9|, l4|’ |4|]

[lA', 'Al’ |6|, |O|]

[lAl, |A|’ IOI, |8|:|

[|5l’ |3|, '2', |1|]

['5', |3|’ |2|, |l|]

[l?l, |9|’ |4|, |4|:|

[lAl’ lAl’ IOI’ |6|:|

[lAl’ 'Al, lol’ |8|]

[|5|, |3|’ |2|, lll:l

[|5|’ |3|’ |2|’ |l|:|

[l?l’ |9|, l4|’ |4|]

['0', 'Al’ 'Al, |6|]

[lel, |A|’ IAI, |8|:|

TR R, KR, SR TE R RE A S RIS, RIREE LT, B
ALl ZIEIRES, TR, ARIRAR AR, IR, F. ARER—F, MEN
7 ZUEIRAZ R 2] TR R EUK BRI R ST, T RS2
MM BA TR A BRI, FRERBRGEGIRSZ MR (BUIZES7), &1k
ISR H I MR, Hh s KRR A23h 2] T HEERIALE, &7 A EUAER A AR M AL
W, ATBAM— MRS RN 54— DIRES BAFHAT” XA REE DL, (E[R—F IR
IR ZIASEZ 1T, BB IRAE R, I RIE T /N BRI R E R 2 il
HEL, TR IS e, XA TR N LR 143145 H 1) IR
FALRAINS Lo
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P N

CSIN T Ao
At e e

(a) IREMRIIER (b) I EMRSEHER

14.31: RN LR RAII

HFBATCEEER TR, T EREERERIBIIRIER 2K, MBIk
FRANUTE 20 B /D BB T, MBS B2 R AN N 25 B 22 BT B3 I, ™ RIS
IR 7 — A R TIAS R O VB, (e AR AR R e R IR, H B
B 1432006 A, B REAR, BAITCIERT BT R N 2 A
AR, EEMNRTT o EIRTT ¢ ZRIREBEFIEEE RV o — b — o
XRBEREREN 22; TR EZIMHHKE o — e = f — ¢, HNEKERA
20,

14.32: HFHENA A E

%3] 14.8

1. FEEGRH T —REshiEhEl, &14.33%5 HAE —REILIRRAS, 8 NEIEHR 7
MELBATHT, BMLF EARESHS 1 2] 7, G0RFHL 1 HE SR B 2 =
1, WA RT ATEENIE 2, [JE RRAIEL, MR RENTREZERN, Binegi
HFMITUF 1.2, 3,45, 6., 7 MBI BN REEK 7.6.5.4.3. 2. 1o TE —DMEF#E
R R B 21 () R
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& 14.33: FEEIES)ENE

14.6.2 HOHEE

MR E RGP RTINS, AR, RERL, (A IRV TRIE R (LR
HARG . AR AIEATFAEZ TN R BRSO — LR E A7 £ R B 5 TR X
F L

K B b

5K B gmis 2 —Ri A i/ MG BRI /1%, T ASCIT A 7 i1 —
HEFRIBOS 7 BE, B FF SR, rTDARIK 27 = 128 DNFERF. HAH o1, BINEDVFEE
log, n Ni3HE n DAFFRF, NHEKRE R CF LR, TR A 2] Z M5 0 2
25, BRI 5 AL, BHY TR 5 AL 00000 1iAE 0o XAEAIGRED 75 PR A E K Dmhd,

TIE | hD || TAE | GehD

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
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YAR“INTERNATIONAL” /] PAZwHSH 65 A7 — 3% :

00010101101100100100100011011000000110010001001110101100000011010

H—HE R K, A i o /AR A, ARG %L 10 A58 C,
F 5 A Zdkd % 11001 1R Zo BAT LR EA T IRILKE, EEMRBR <SR
o fFlan —dkdl% 1101, BATAFIEEZ 1, FHEE 101 GRAR“BF”), B2 110, )5
HERE 1(FR“GB”), 82 1101 (F/R N), BE/RATHEMEZET KWL, fF AT E
HESN T 7 RSN - (ERRPRR BT 2 BIGRED, BT AR R AL X, Rif
FE— MR TC IS )RS AR -

TIE | b || T | Gk
A 110 || E 1110
I 101 || L 1111
N o1 O | 000
R |o001 ||T 100

NA“INTERNATIONAL” 4wfEk 38 r ) — i %k

101011001110001011101001010000111061111

& PRI ASIEENE B X FR . X ZENEE Em 2 e gmErI TS,
IXFERIRASFTN TSRS, RIS AR ZE D RTT, MK E R — P 4R, IXERGIK
T—NA: 48 SR, RES BN RS IS K E ARG ? 1951 4F, BB TEBe
AR - BREDT ZIMPER - RIEEREER: R TIXN RS- S
HIRZIR T, BREZIKTIRA MG T, FHFakEEEIR, BIELN, tRE
BIEEN T ik, TR SMRIE XA R HBLRMIEN R, &5 W N mi i
o, B SICARRIG B D TR IR, & X FRFRIAE 2 B IR R B 2,
672 H = XA RTS8, FRRETH 1 Rle MR RO A2 95, 17 ZC i
HERTERAN 0, A RTHERERAN 1, W1 14.34, B0, MR RO E] N IESRZ, Mk
AEMAEZNE N, it N iS00 01; 77/F A BIRRIE2 4. 4, 7, Fidz 110,

TXRRBE AT DARRD, F48 5, 0 ML 1 Fde . ENAMFIN, 19 R Rk
SEMRSNE, ARG EFTRERT SRS, 6k 2 A BJRm LR EER, TG
I, AR — T R, BRI H MR e/ N T RLE R — N9 3
I3 SAEE PR T I EE N, AW B S/ N AR & 3T, S e 15 21— R, 40
’14.35,

FATEH XA E SCEEIG R 20, 1N TAE, AT SRR EE
FFo RN RN (w,1,r), EF w BNE, [, r BEA T T ERTHA (w,c)

YR prefix-code, MIAEICHIZRAG.
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14.34: WaFR S

L, 1 0,1 R, 1

1,2
A2 N.3
L, 1 0,1 1

A

R,
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Hrp ¢ B, BIFFRIE, BEMEN merge a b = (weight a +weight b, a,b), HH:

weight (w,a) = w (14.51)
weight (w,l,r) = w
NSRRI RS R B N AR S
build [] = ¢ 1452
build ts = build (merge tity) ts', (¢, t2,ts") = extract ts .

FREL extract ITREFIFEHIE A E R/ NIRRT, 7 weight t, < weight to, 7E
Mot < tago

extract(ty:te:ts) = foldr ming (mint, to, maxty to,[]) ts (14.53)
Hr:

) {t<t2: (min ¢ ¢, max t ty,to:ts)
ming t (t1,ta,ts) = (14.54)
B . (ty, by, t:ts)

N TIERAGIENG R 20, FATHEEH A 768 n SR, WAHRZEER A, R
Ali] BFIRE/NTF Aln — 1) 3% Aln], BE35H0e A[i] F1 MAX(A[n — 1], A[n)) FHEAH
Aln] 2] Aln — 1], IXAEEEAHSN—, BEEHTEGRRARGKSM:
: function HUFFMAN(A)
while [A| > 1 do
n + |A|

1
2
3
4: for i <~ n—2 down to 1 do
5 T <+ Max(A[n], Aln — 1))
6 if Afi] < T then
7: EXCHANGE A[i] < T

8: Aln — 1] <+ MERGE(A[n], Aln — 1))

9: Dror(A[n))

10: return A[l]

BATAI AR 8 T #IESR, 2 p = [ o MR AGELR, 8 p « 0:p,

FHER p « 1:po FIIEM T REFERF ¢ B, 1857 ¢ — reverse p IfEFE, & X (FH1k)
code = traverse | |, HH:

traverse p (w,c) = [c > reverse p| (14.55)

traverse p (w,l,r) = traverse (0:p) | H traverse (1:p) I
ISR — ISR w —IERER dict 774 Z#fFA

encode dict w = concatMap (c — dict|c]) w, EHdict = code T (14.56)



320 FHyE #E

RIS A 2, — I ST bs —IHERIGR S, MR TS, 0 17
L1 A, BRS¢, ARG REIRT KSR, decode T bs =
lookup T bs, HH:

tookup (w,) [] = [
lookup (w,c) bs = c:lookup T bs (14.57)
lookup (w,l,r) (b:bs) = lookup (if b =0 then [ else r) bs

e X S A ARSI AR R IR 7 — RPR IR SRS - BRI E A TIED, SUR I E
BRI &, X —RIIRERRIUERE, 74 7 2R EICHTRTSR M. 7Rk
— AL 2R R, R EIDE IS, TATFRIX MR OGRS R R IR
JTEN TR0 Hils, FOLRIRATDARIR, AR Z A, (W ORI RES B 2R
BRI AE G, @ HAERIIER AR — N ERAIRT Uk,

#%.>] 14.9

1. LA Huffman R4 K EE,

HEFERME

AR FHELENY), qnqel F B /D OBE B2 3 ER? (I 5 FREIEIAVEE M : 1 53,5 7.
2.5 .5 FiL1 JCo 1 fA& 10 43,1 JT& 10 4, 128:C = {1,5,25,50, 100}, T EKE
x 7o MR TULIREE, B R Bk e K TIMERE M -

change 0 = []

change x = ¢, : change (x — ¢,), HH : ¢,, = max {c € C,c < 7} (14.58)

BlansiHt 1.42 7T, BREL change AEREMAIER  [100, 25, 5, 5, 5, 1, 1], FKATATLA
WS [(100, 1), (25, 1), (5, 3), (1, 2)], TR—K 1 JC.—H 2.5 f1. =AL 5 73
K1 T, NFHIF C XL, ZULRIE AT R IUE, ZUOEEN K2 HER
(IRE T RGHE R BHEFISN U C = {1,3,4), 5k 2 =6 25k, mILHZE 2 K 3
ST, HEODRISEHR 6 =4 + 1 + 1, 2L 3 Kb,

RENZ RN, ZOORIGIE R SIS, R EWMAR, RN 2, flansE
XATATVIRE, AR SR T K EBI DU B W, T8 B T1T. ¥R s, &
ILVEIER] DA IR AT AT 75 2 - fE— 1T R AT REZ TN B TA],

1: L+ W
2: for w €T do
3: if |w| +s > L then

4: Insert line break
5: L+ W —|w|

6: else

7:

L+ L—|w—s
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3] 14.10

1. (S HESRAL IR G IS S0 AN MHETHUER HH -8, 5 ik ml e

2. GERTFIFOIAEF IR A, 71— DS RIS K SR ET 7T
BB Q PRIFEFFEER, AT Q F1 A SKEREHHESNIIRE, &5 ABR. A&
BoeHIRP ARG, AFIHR RN — AR, RIRZRIIE R 2R, 1ERINX
—Tiike

3. GEMRKEN T, AEMENSEING K S M,

14.6.3 AKX

FREEMMERS NIRRT AR (R R DRI, RIREHKE i
Tk o HIRIUE: BEMAIR Cho K C,, FRIBE MR : C1\ Coo DTN T 21,
Too Bl Cry = C1 # Con = @1 + 00 W Oy 5 2y WIEALHE, B Oy B5HE 20 1Y
A,

UERH. FBETR. X 2, BRAFTES — DN EAFRI TR O, b Oy BIREME D, 5
WI7i% O+ Cy WBEMZE/DT Co XN O, RS « BIRAUEF B, FFE, AT
A DAER O, 25 o BYRALAR, 0

MR ANRAL, R y < o, RS RN - (R 70 3] S 8t
Moz —y BB, XM DRICEEIFA—E R « MR, FRE: H=
FREM C = {1,2,4} 5¥t o = 6, SACMFEMNARET 2 + 4. (HH 6 = 3+3 73N
St 3 BUDF A, BT B R ILEN 3 = 142, HEHE TR (1+2)+ (1+2)
T 4 MU, RIS A] 7 o4 TR ¥ R, BAIRR e B "Rtk
A", BT ERIATEAURYE M E 7o i e Uk 14544 -

change 0 =[] (14.59)
change x = min [c: change (x — ¢)|c € C, ¢ < z]

Hrp min EHRE RIERISIER, HIX—E CAREERZE AN A R, BT
T#ARE KEEEHE, # C = {1,2,25,50,100}, 5t change(142) B, FEIHH
change(141).change(137).change(117).change(92).change(42), fE L5 change(141)
I, R 141 250IRA 1. 20 25, 50, 1000 XS ERITR 137,117, 92, 42, #R%4H
PA 5 68K, 2% THRLBRIRSEFINR T %, TATHZRM T 10 R &L 7 A
M. T FIGaN 22 E, Sid y INSEEW Tly) ZRECT ISR IR, R Ty) = o, WH#
HH SRR, FRBHEFEEN Tyl

: T« [[],9,9,..] > T[0] =[]
2: function CHANGE(x)
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3 if x>0 H T[z] = @ then
4 for each ¢cin C H ¢ < z do
5: Cyy < ¢ : CHANGE(z — ¢)
6 if T[z] = @ 8¢ |C,,| < |T[z]| then
7 T[z] < C,,
8: return 7'[z]

HHHE ER

BATVERT AB Rl =R, IER S A R, M T[0] = [ ] FFiA, MRk
FEAE T[] = (1), T[2] = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], WI5R14.1(a) Fi/R. 5t
e T[5) HWNIEEE: 5 D108 1 5 piEm, BARGEEEM. SIUBEEER
#14.1(b), T[5] = [5]o ¥ FRMM 2 = 6,1 7.5 77#/INT 6, HWRMIERE: (1) 1 2050
T[5] 15 [1,5];(2) 5 700 T[1] 15 [5, 1]o XM MESENT, fE1E T[6] = [1, 5o BRIEAT™
A TH), B i <o I, B—KEMAE ¢ <i WTE. EEREEITR- T — o] 1
BALHE, FINL ¢ 58— 57 R, IR &/ DI —MER Tl

T

0] 1

2

3

4

AL

1] [

[1,1]

[1,1,1]

[1,1,1,1]

(a) Sifft 4 73 ANHIBR LRSI

0] 1

2

3

4 5

AL

(1]

[1,1]

[1,1,1]

1,1,1,1] | [5]

function CHANGE(z)

T+ |[],@

]

for i < 1 to x do

(b) 5idfe 5 53 AN ERALAES7%
R 14.1: S FERAIR MR

if T[i] =2 8 1+ |T[i — ]| < |T[i]| then
Tli] < c:Tli — ¢

I

return 7'[z]

1:
2
3
4 for each ¢cin C H ¢ < i do
5
6

LR (AR HEREEENA,

A AR g 5 8 T A R, AT PAR
IR F AT BT 70 54 T[] PmERERIREm ¢ DU TREATRE MR n, Al
T[] = (n,c)o N TR o« BEMAIR, BAINEE Tlx] HIKE] ¢, RIFEMN

Tz —c] HHRE| /- HE| T[0].
e 6 7 8 9 10
B || [1,5) | [1,1,5] | [1,1,1,5] | [1,1,1,1,5] | [5,5]
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1: function CHANGE(x)

2 T « [(0,92), (00, 9), (0, D), ...]
3 for i <~ 1 to z do

4: for each cin C H ¢ < i do
5 (n, )« T[i—c|,(m,_) <« T
6 if 1 +n <m then

7 T[i] + (1 +n,c)

8: s ]

9: while z > 0 do

10: (_,¢) « Tz
11: S<c:s

12: T T —cC

13: return s

ARG T AT DA ZEMIZ IR EE : foldl fill [(0,0)] [1,2,...], HH:
fill T x =T min {(fst T'[x — c|,c)|c € C,c < x} (14.60)

H s> a {87TR o MAZIFA s GO 12 EFHER), KM T kit
ARSI

change 0 T = []

(14.61)
change x T = c:change (x —c) T, HH : ¢ = snd T|x]

A SUIRE © = n, BIEEIS n IR BIRREARE k = |C| DNTE, EAREN O(nk)®,
HEZ O(n) FZRIRTE T ANER BRMA LIEZ BTAE NTTIE, AR ZIC k&I
fE7 R, R REIRRI R ORI, S22 IR 7 AEREE R X — RN
EHE T, RO F RN IRMEE S, 2 IURET 1940 FHEHE, 314
MUK AR5 M

1 RO T, TREA] DA o s T IR N - A, i (IEARE R DA -]
A IE H
2. EHBE T, AN T4 S B DA PR L e

KA TIFY]

MFHAE, TFYITCFEIES:E, U0, Mississippi #1 Missunderstanding FYE KA
HTHN Miss, M KA TF58 Misssi, & 14.36F17R, W1HRIXEREACHD, heks
90 FEFLZICHIATEL (diff) R, MREK AL FIZRAE T 2R W6,
WP 28, ys R AT FHIE AT

8 A
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A 14.36: s EKAETFH

LCS([lys) = []

LCS(zs,[]) = [] (14.6)

LOS(wews, yys) = {J; =y: x:LCS(xs,ys)
BN max LCS(z:ws,ys) LCS(xs,y:ys)

Hrf max EHBREKNFH, LCS BIE X EH RN L5, 7] DAl RS
INFIF AR, R EBIREDE N 1 X—E X WEHES T RS, 1 5HE0
EEARTFFINZREA TR 2R RN, TAVERA 4R T I0RFMERIT
fitt, 17, I AIRE xs. yso FHITTRMIRTIM 0 T8, 5 0 17, 0 FIREZR TS,
T[i][j] F&R~ LCS(xs[0..5],ys[0..4]) RIKEE, &M T REEH&ERKALTFH, BN
LCS([],ys) = LCS(zs,[]) = [ ], F®A&EE 0 17.0 FI#2 0, LA antenna 1 banana /3
Bl FRATM T[1)[1] FFHEHEFESS 1 1To b 1 antenna LR —DNEARR, BT AF—1T
#H 0, FHE T[2)[1], ITHIESX N a, T[2][1] = T[1][0] + 1 = 1, Bl LCS(a,ba) = a, #%
TRFEEhF T[2][2], a # n, 3 _ETT (LCS(an, b)) MM (LCS(a, ba) HIFRA(EIETE
T[2][2], &HRS2 1, Bl LOS(ba, an) = ao XAEFA RS K RIGIETTIEEE, AN ITZN
R R T[], W ws[i — 1] = ys[i — 1), W T[] = Tl — 1 — 1] + 1, BN LT
T[i — 1)[5] MM T[)[j — 1] HIEEERH.
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0 |1(2|3[4]|5]6]7

[]la|n|t|e|n|n|a
ol(]lolololololo]o]o
1/ b | 0]0]0]0OJ0O]0O]O|O
2la|0|1|1|1f1}]1]1]1
3| n |0 |1 2|2]2]|2]|2]|2
41 a |01 22]2]2]|2]|3
S5/n |0 (1]2|22[3|3]3
6|lal|0]|1]|2|2|2|3]|3|4

1: function LCS(zs,ys)

2:

3:

4:

10:

m <+ |zs|,n + |ys|
T « [[0,0,...],]0,0,...],...] >(m+1)x (n+1)
for i + 1 to m do
for j < 1ton do
if xs[i] = ys[j] then
T[i +1)[j + 1] < T[i][5] + 1
else
T[i + 1][j + 1] + Max(T[i][j + 1], T[i + 1][5])
return FETCH(T, zs, ys) > RIEGS R

FETRMN T REEKAEF I, NETTTHE, MRRE 2s[m] = ysin], N
xs[m] B2 LCS KRR, # FREEE 2s[m — 1], ys[n — 1], @UFANTEEE T[m — 1][n]

I T[m][n — 1] BRHIAREL R TE,

1: function FETCH(T, xs,ys)

2:

3:

4:

10:

11:

12:

13:

m < |xzs|,n < |ys|
r ]
while m >0 H n > 0do
if zsm — 1] = ys[n — 1] then
rasm—1]:r
m<m—1
n<n-—1
else if T[m — 1][n] > T[m][n — 1] then
m<+—m —1
else
n<n-—1

return r
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£5:3] 14.11
1. FHBMREMER K AL TR BRI ERS

THAIWE

HEBBES X, WRHKEIFE L S C X, {15 S HEEREmZ N s, Al
S8 =Y i=s?fla0 X = {11, 64, -82, -68, 86, 55, -88, -21, 51}, s = 0 A ="fiE:
€S
S = @.{64, -82, 55, -88, 51}, {64, -82, -68, 86}, UIHRF %, BIAEE 27 NTHEZM,
Hern = |X|, EHREHN O(n2"),

sets s @ = [O]

s=x: {x}:setssxs (14.63)
sets s (v:xs) =
{%?U!IJ : (sets s xs) 4 [2:5|S € sets (s — ) xs]
93280 L TSN ER B 1 IR, AT DA SIZSHLRISR . FRATT B JiRIA_EA R
& T, ICRF A, H RS FRZME, &5 EMRAEENER: W2 S
FAERENFE S, 15 35 = s, @I 4 n] e F BRI E PR 1 < s < u,o
MR s <180 s > u MITCHE,

l:Z{xEX,x<0},u:Z{x€X,x>O} (14.64)

EATUERRE, RETE m=u—1+1%, BFHRE-ME 1 <j < w

TIEE n = |X|+ 117, BITNNEETENTER o, T[] REGHFLETR

S C{z1, 20, .z} 15 XS = jo B 0 1TRIK, REZBE o WTHEZM, T HATA

WRLE R F, RE T)0][0] = T, R Y. 0 = 0, MM 2, A, MEREE 117,
BR >S- o =048 BR > {z,} = 2, B T[1][0] =T T[1][z1] =Ts

I 1+1 0 T U
o | F F T F F
z, | F F T T F
F F T T F

O o ATRAMSE] 4 FFRTREMIFEZHA: Y. 0 = 0. Y {1} = 21, Y {22} = 204
YAz e} =21 + @20

I | 1+1 0 Ty | oo | To | o | T+ 2 u
g | F F T T F F F
x, | F F T T F F F
z9 | F F T T T T F
F F T T T T F
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FIES @ 7T, IIATTR 20 PIRAISEIRTE {21, 22, ..., 1} RIGHIFTE 745
Mo E—ATHNEIIANE, A Y {2} = i, BB T(i][z;] = To FATRE =
MBS 22— 555, BN MR E, 52 » TR,
FTAEH T'[n)[s] WEREFR R TFEN s BEHFE.

1: function SUBSET-SuM(X, s)

2 l«>Y{reX z<0}ue ) {reX z>0}

3 n <« | X|

4 T« {{F,F,. . },{F,F, ..},...} >(n+1)x(u—101+1)
5: T[0][0] « T > @=0
6 for i < 1 ton do

7 T[] X[i]] T

8 for j <[ tou do

9 Tli][j] < T[(5] v T — 1][5]

10: Jj < j— XJi

11: if [ < j < u then

12: Tlil[j] <= Tlall5] v T = 1][5']

13: return 7'[n][s]

FRHIFNRG] j A 0 TG, MM 1 Bl uo TELFREEIRERATCAM 5 — 1 8

i, BNRENA T RIEHFE S W2 Y. 5 = so & Tn|[s] =F WITCHE; & NA RRh
B (DR 2, = s, MFE {z,} B— M. BAHETRKEE Tn - 1][s] FER, W
RN T, BBIAM {21, 29, T3, oy Ty } FRTEFN s FITE T, ()2 s' = 5 — a,,
MR 1< <u,I3FH Tn—1[s"] NE, FABBIAM {21, 20, 73, .0y 01} RIEFD ', IR
5%z, AR TR,
: function GET(X,s,T,n)
T[]
if X[n] = s then

r <+ {X[n]}:r

5: if n > 1 then

L A T

6: if T'[n — 1][s] then

7: r < r# GET(X,s,T,n —1)

8: s+ s— X|[n]

9: if | <s <u H T[n—1][s'] then

10: r <14 [(X[n]:)|r + GET(X, s, T,n—1) ]
11: return r

FASHRIEIRR T O(n(u — 1 + 1)) WOWTEER T, R O(n) ERBER.
“REFIEE O(n(u — 1 + 1)) B2, FRATATLAE 4 « — 1+ 1 7E5IR V RE—
ek, IR V[j] = (S1, S, ..} MR TE WE NS =N S == jo V
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HHHE ER

TR 2. A o EH—5 V, IERMA =, EREREIN 7R, RE
ERIE Vs Ho

1:
2
3
4
5:
6
7
8

9:
10:

11:

12:

13:

function SUBSET-SUM(X, s)
I« >Y{reX z<0}u« > {reX z>0}
V+[9,9,..] >u—1+1
for each z in X do
U + Cory(V)
for j <[ tou do
if x = j then
Ulj] « {{«}} U U]
Jjej-x
if | <j' <u H V[j’] # @ then
Ulj] < Ul u{({z} U S)IS e VIi'T}
V<«U

return Vs]

FATAT AR A B HIAE SR V = foldl bld (replicate(u — 1+ 1) @) X, HA

replicate n a FEAERKERN n IR [a, a,...,alo bld F X FENITTEREH Vo

bld V z = foldl fV [I,l+1...,1] (14.65)
Hrp:
j=: Vijlu{{z}}
fVi=qQ1<j <uBT[j|#o: VjJu{{z}S|SeT[y]}, HHj =j—-=
EE 1%
(14.66)

3] 14.12

L AERKAHFRAIE, 55— E R LR RS IEx T5a7, A

RFIINKE, A=Md: N &KL, ‘W AE@ETE, NW KA,
IXEETT R R BTN i R A M SE R, FATTMRISHIA N AITHG, tREHN
NW’, BT E X A LAEsh B/ EJTHIAS + aSRM(EDN N, i ER8 5 E b
TTHIAE T Q0RN W, KPR S E MRS+ dite S —RTE,

2. MTFHEMBLTR, —EF 1 <0<uMLa? L IRAEE P4/ A?
3. Gl B (XPRSRS i B g f e 0) J& — R B A ER A URR Y B, B SO

MFRFE s BT ¢ FrfRR, Iz ATHERE, F5IRRIT, WiEEET
B R IR 0 BIER, R, RHR— DA, Q1T kitten — sitting, ZiHE



14.7 B :HITFER 329

1. kitten — sitten (k — s);

2. sitten — sittin (e — 1);

3. sittin — sitting (+ g)o
EFBHASHR, SKRPTAS A5 5 F) i P

14.7 Kbk Bl R

EFLHT & /NITER:

Optional<K> top(Int k, [K] xs, Int 1, Int u) {

if L<u {
swap(xs, 1, rand(l, u))
var p = partition(xs, 1, u)
ifp-1+1=—%k

return Optional.of(xs[p])
return if k < p - 1 + 1 then top(k, xs, 1, p)
else top(k- p+ 1 -1, xs, p+ 1, u)
}
return Optional.Nothing

Int partition([K] xs, Int 1, Int u) {
var p =1
for var r =1 4+ 1 to u {
if not xs[p] < xs[r] {
1=1+1
swap(xs, 1, r)

}
swap(xs, p, 1)
return 1

e

solve f z = search @ m where
searchpgq | 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=419f f (m+ 1) < y then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)
where m = (1 + u) ‘div’ 2

IREE K
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Optional<T> majority([T] xs) {

var (m, c) = (Optional<T>.Nothing, 0)

for var x 1in xs {
if ¢ =— 0 then (m, c) = (Optional.of(x), 0)
if x =— m then ct+ else c-—-

}

c=20

for var x 1in xs {
if x = m then cH+

}

return if c > length(xs)/2 then m else Optional<T>.Nothing

BRI AR K

majority xs = verify $ foldr maj (Nothing, 0) xs where
maj x (Nothing, 0) = (Just x, 1)
maj x (Just y, v) | x =y = (Just y, v + 1)
| v=0= (Just x, 1)
| otherwise = (Just y, v - 1)
verify (Nothing, _) = Nothing
verify (Just m, _) = 14f 2 x (length $ filter (=m) xs) > length xs
then Just m else Nothing

BRRTPAIM:

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 FfFE LA AT

[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) {
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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
ti] = k
}
return t
}
RIENSERE:
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) +# cs)
adj (x, y) = [(x', y") | (x', y") « [(x=1, y), (%41, y), (x, y-1), (x, y+1)1,
inRange (bounds m) (x', y'), m ! (x', y') = 0]

ANC=V= Tf i

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 (A(i, j) — abs(x - i) = abs(y - j)) $
zip (reverse c) [1..]

BIRR A 7 e

solve = dfsSolve [[[-1, -1, -1, @, 1, 1, 1]]] [] where
dfsSolve [] s = s
dfsSolve (c:cs) s
| head c = [1, 1, 1, 0, -1, -1, -1] = dfsSolve cs (reverse c:s)
| otherwise = dfsSolve ((map (:c) $ moves $ head c) + cs) s

moves s = filter (#s) [leapLeft s, hopLeft s, leapRight s, hopRight s] where
leapLeft [] = []
leapLeft (0:y:1l:ys) = 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 [] = []
leapRight (-1:y:0:ys) = 0:y:(-1):ys
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leapRight (y:ys) = y:leapRight ys
hopRight [] = []

hopRight (-1:0:ys) = 0:(-1):ys
hopRight (y:ys) = y:hopRight ys

Bk IR 75 e e ) iy > TS ER :

[Int] solve([Int] start, [Int] end) {
stack = [[start]]
s =[]
while stack # [] {
c = pop(stack)
if c[0] = end {
s += reverse(c)
} else {
for [Int] m in moves(c[0]) {
stack 4= (m:c)

}

return s

[[Int]] moves([Int] s) {
[[Int]] ms = []
n = length(s)
p = find(s, 0)
if p<n - 2 and s[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)
(alil, al3il) = (aljl, alil)

return a

I 7] i) st -

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]
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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)

AR R LA BRI SR AR K [ 7 -

extGed © b = (b, 0, 1)
extGed a b = let (d, x', y') = extGed (b "'mod” a) a in
(d, y' = x" * (b “div’ a), x'")

solve ab g | g 'mod  d # 0 =[]
| otherwise = solve' (x x g “div’ d)
where
(d, x, y) = extGed a b
solve' x | x < @ = solve' (x + b)
| otherwise = pour x [(0, 0)]

0 = pour (x - 1) ((a, b'):ps)
b = pour x ((a', 0):ps)

pour x ps@((a', b'):_) | a'
| b

| otherwise = pour x ((max 0@ (a' + b' - b),

min (a' + b') b):ps)

pour O ps = reverse ((0, g):ps)

KRR AR S

import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve' a b g = bfs $ Queue.singleton [(0, 0)] where
bfs Queue.Empty = []
bfs (c@(p:_) :<| cs)
| fst p=—=g || snd p = g = reverse c
| otherwise = bfs (cs >< (Queue.fromList $ map (:c) $ expand c))
expand ((x, y):ps) = filter ('notElem’ ps) $ map (\f — f x y)
[fillA, fillB, pourA, pourB, emptyA, emptyB]
fillA _y = (a, vy)

fillB x _ = (x, b)
emptyA _ y = (0, y)
emptyB x _ = (x, 0)

pourA x y = (max @ (x +y - b), min (x +y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

fElK AR IE A LS e s it :

data Step {
Pair<Int> (p, q)
Step parent
Step(Pair<Int>(x, y), Step p = null) {
(p, 9) = (x, y), parent =p

Bool (=) (Step a, Step b) = {a.(p, q) = b.(p, q)}
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Bool (#) (Step a, Step b) = noto (=)

[Step] expand(Step s, Int a, Int b) {
var (p, q) = s.(p, q)
return [Step(a, q, s), /+fill Ax/
Step(p, b, s), /*fill Bx/
Step(0, g, s), /xempty Ax/
Step(p, 0, s), /*«empty 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=1¢g || cur.q =g {
return Optional.of(backtrack(cur))
} else {
for s 1in expand(cur, a, b) {
if cur # s and s not in visited {
push(q, s)
visited 4= s

}
return Optional.Nothing

[Step] backtrack(Step s) {
[Step] seq
while s # null {
seq = s : seq
s = s.parent
}

return seq

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 *x 4 + X
posOf ¢ = (c “div’ 4, ¢ ‘mod" 4)

cellSet = Set.fromList o (map cellOf)

type Layout = Map.Map Integer (Set.Set Integer)
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type NormLayout = Set.Set (Set.Set Integer)
type Move = (Integer, Integer)

start = Map.map cellSet $ Map.fromList

[(x, [(o, 0), (1, ©)1),

(2, [(0, 3), (1, 3)1),

(3, [(2, ), (3, 1),

(4, [(2, 1), (2, 2)1),

(5, [(2, 3), (3, 3)1),

(6, [(4, ©1), (7, [(3, I, (8, [(3, 2)1), (9, [(4, 3)]),
(10, [(0, 1), (0, 2), (1, 1), (1, 2)1)]

end = cellSet [(3, 1), (3, 2), (4, 1), (4, 2)]
normalize = Set.fromList o Map.elems

mirror = Map.map (Set.map f) where
f c = let (y, x) = posOf ¢ in cellOof (y, 3 - x)

klotski = solve g visited where
g = Queue.singleton (start, [])
visited = Set.singleton (normalize start)

solve Queue.Empty _ = []
solve ((x, ms) :<| cs) visited | Map.lookup 10 x = Just end = reverse ms
| otherwise = solve g visited'
where
g = 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=1&& c 'mod" 4 =0) || (d = -1 &k c ‘'mod’ 4 = 3)

unique i d = let ly = move x (i, d) in all ( Set.notMember® visited)

[normalize ly, normalize (mirror ly)]
move x (i, d) = Map.update (Justo trans d) i x
trans d = Set.map (d+)

overlapped :: (Set.Set Integer) — (Set.Set Integer) — Bool

overlapped a b = (not o Set.null) $ Set.intersection a b

HEAERIE SR

’type Layout = [Set<Int>]
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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)

[[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)

mlyl[x] =i
}
}
return m
}
data Node {
Node parent
Layout layout
Node(Layout 1, Node p = null) {
layout = 1, parent = p
}
}

//usage: solve(START, END)
Optional<Node> solve(Layout start, Set<Int> end) {
var visit = {Set(start)}
var queue = Queue.of(Node(start))
while not empty(queue) {
cur = pop(queue)
if last(cur.layout) — end {
return Optional.of(cur)
1} else {
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<lLayout>> visit):
Bool bound(Set<Int> piece, Int d) {
for c 1in piece {
if c+d< 0 or c+d > 20 then return False
if d = 1 and ¢ mod 4 — 3 then return False
if d =— -1 and c mod 4 — 0 then return False
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return True

var m = matrix(layout)
Bool valid(Set<Int> piece, Int d, Int i) {
for c 1in piece {
y, X = pos(c + d)
if m[y][x] not in [0, i] then return False
}

return True

Bool unique(Layout 1ly) {
n = Set(ly)
Set<Set<Int>> m = map(map(c — 4 * (¢ / 4) + 3 - (c mod 4), p), n)
return (n not 1in visit) and (m not 1in visit)

[Layout] s = []
for i, p in zip([1, 2, ...], layout) {
for d in [-1, 1, -4, 4] {
if bound(p, d) and valid(p, d, i) {
ly = move(layout, i - 1, d)
if unique(ly) then s.append(ly)

}

return

Layout move(Layout layout, Int i, Int d) {
1y = clone(layout)
1y[i] = map((d+), layout[i])
return ly

MK SRHIET R, Jnfifad:

code = Map.fromList o (traverse []) where
traverse bits (Leaf _ c) = [(c, reverse bits)]
traverse bits (Branch _ 1 r) = traverse (0:bits) 1 # traverse (l:bits) r

encode dict = concatMap (dict !)

decode tr cs = find tr cs where
find (Leaf _ ¢) [] = [c]
find (Leaf _ c) bs = c : find tr bs
find (Branch _ 1 r) (b:bs) = find (if b =— 0 then 1 else r) bs

5 FH B0 Lo R S LS 1T -

import qualified Data.Set as Set
import Data.List (group)
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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]

BN ASHURITE R TR ) (1L i

[Int] change(Int x, Set<Int> cs) {
t = [(0, None)] ++ [(x + 1, None)] * x
for i = 1 to x {
for c in cs {

if ¢ < i {
(n, _) =t[i - c]
(my _) = t[i]
if 1 + n < m then t[i] = (1 + n, c)
s =[]
while x > 0:
(o, ©) = tlx]
s 4=c
X=X - ¢C
return s

A A T R ) A 1L -

import qualified Data.Set as Set
import Data.Sequence ((|>), singleton, index)

changemk x cs = makeChange x $ foldl fill (singleton (0, 0)) [1..x] where
fill tab i = tab |> (n, c) where
(n, ¢) = minimum $ Set.map lookup $ Set.filter (< 1) cs
lookup ¢ = (1 + fst (tab ‘“dindex' (i - ¢)), c)
makeChange 0 _ = []
makeChange x tab = let ¢ = snd $ tab “index’ x 1in c : makeChange (x - c) tab

REKALT A

[K] les([K] xs, [K] ys) {
Int m = length(xs), n = length(ys)
[[Int]] c = [[0]*(n + 1)]*(m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i1[j] = cli-11[3-1]1 + 1
1} else {
c[i1[3] = max(c[i-11[j], c[i]1[j-11)

}

return fetch(c, xs, ys)
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[K] fetch([[Int]] c, [K] xs, [K] ys) {
Kl r =11
var m = length(xs), n = length(ys)
while m > 0 and n > 0 {
if xs[m - 1] = ys[n - 1] {
r += xs[m - 1]
m=m-1
n=n-1
} else if c[m - 1][n] > c[m][n - 1] {
m=m-1
} else {
n=n-1

}

return reverse(r)

TFERFIHE [ -

Bool subsetsum([Int] xs, Int s) {
Int 1 =0, u=0, n= length(xs)
for x 1in xs {
if x > 0 then utt else 14+
}
tab [[Falselx(u - 1L+ 1)] * (n 4+ 1)
tab = [0][0 - 1] = True
for i, x in zip([1, 2, ..., n], xs) {
tab[i][x - 1] = True
for j =1 to u {
tab[i][j - 1] or = tab[i-1][j - 1]
ji=3 - x
if 1 < j1 < u then tab[i][j - 1] or = tab[i-1][j1 - 1]

}
return tab[n][s - 1]

P —HEFIFER 7 AT ) A

{{Int}} subsetsum(xs, s) {
Int 1L=0, u=0, n= length(xs)
for x 1in xs {
if x > 0 then ut} else U+
}
tab = {} * (u - 1+ 1)
for x 1in 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[j1l] {
tab1[j] |= {add(ys, x) for ys in tab[jl]}
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tab = tabl
}

return tab[s]




e BB a2 AU BRBE

M A LE, 210 A A < SUMBRETA T AL P S 22 A5 I, 16308 — AR
HIMPRIBTR Z b, BT e A B R I 2 P T, PR AR (T s S IO R
AUSE TLARTE IR, BESRE— RS2 ERYR G REH B, i, TSI BERE”, K
REFR O RBIE AL, NHEAE]TAER I TN E R GRE X

data Color {RED, BLACK, DOUBLY_BLACK}

BATETCE A = AR R R BIMERETE, FF DR T sl BT mlo QMR BIMIER
TREER R G, BATES W E RO 5, e HH0E—PBE,

1: function DELETE(T), x)

2 p < PARENT(x)

3 g+ NIL

4 if LEFT(z) = NIL then

5: q < RiGgHT(2)

6 REPLACE(z, RIGHT(z)) > A TR ©
7 else if RiGHT(z) = NIL then

8 q + LEFT(x)

9 REPLACE(z, LEFTz()) > FHEFIE R o«
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)) > FG TR ¢
17: x4y

18: if CoLor(z) = BLACK then

19: T < DELETE-FIX(T, MAKE-BLACK(p, ¢q), ¢ = NIL?)

20: release x

21: return T'
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PR FRIEZ A R R T FRIRRT R 20 o AJDUBREEHERLE], 40
R o SHNZFH, BATRE VIR, FHH S —FW ¢ KRB zo N, FRAE 2 1Y
AFRREEIRNTR y, H y Bt o, REERAHRE o VI 2R o 2RO,
A Make-BLacK(p, ) TREFBEEN, MEHT T —PHIBE,
1: function MAKE-BLACK(p, q)
2: if p = NIL and ¢ = NIL then
3: return NIL > PFH A — N
else if ¢ = NIL then
n <— Doubly Black NIL
PARENT(n) < p

e

return n

else

return BLACKEN(q)

AR p F g ER A, BATHEMIBR A — 795 BB, R s, AR A p
AR, T g REs, WHIRIER T — DR e AT NIL s, RIELLE
PP 3, NIL /2B, FRAFEIX— NIL Z2pk “XE R A7 B NIL REBHFER 5 1)
RILAL, NER p. g #ANZS, BATAA BLAcKEN(q) FoEE g HIBE, AN 246N, K
ERECRE, IR ¢ ELRBON, RERSONER D, 5% TR, Tl D@ he =
Qe AR WEBO, XEA=MIERFELLR (1, 292 T1), FHIENH, WE
R R BT A] DUZ @ T A, tha] DUZ I R NIL,

oL 1. DR SRR S o B, I HAZ B 1 R — DL 15 i, AR
PUBI e RAEE . LA TURAN 218 0L, EAT 1B A] DA S| —Rhgt—TE Ko WE3 7R
o

1: function DELETE-FIX(T, z, f)

2: n < NIL

3 if f = True then >z e E R NIL
4: n<2x

5. if 2 = NIL then > FIRIE— -7
6: return NIL

7. while z # T and CoLOR(z) = B? do >z e WE R AR A
8: if SIBLING(z) # NIL then > ST RA NN
9: $ < SIBLING(x)

10:

11: if s is black and LEFT(s) is red then
12: if = LEFT(PARENT(7)) then >z {EAM
13: set x, PARENT(z), and LEFT(s) all black

14: T < ROTATE-RIGHT(T, s)
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%
/
c d
a b

/ b c d \

37: WEBET RS B, H HIZWE T RE M AT R, il — 0

FeiRfEBEE,

15:
16:
17:

18:

19:
20:
21:
22:
23:
24:
25:

26:

27:

T < ROTATE-LEFT(T, PARENT(x))

else >z (R4
set x, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(x))

else if s is black and RIGHT(s) is red then

if © = LEFT(PARENT(z)) then >z {EAM
set x, PARENT(z), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(x))

else >z AEA M
set z, PARENT(z), and RIGHT(s) all black
T < ROTATE-LEFT(T), s)
T < ROTATE-RIGHT(T, PARENT(z))

WOl 2: WEBOT QRS RN G, w] DU ks, K ODE RO E S

ARG, WEBSFTR, a B ¢ TRE R,

BATHELEATE HRTR X — B,

1: function DELETE-FIX(T, z, f)

2:

3:

4:

n + NIL

if f = True then >z e E R NIL
n<—x

if = NIL then > MHERIE— BT
return NIL
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K 38: WERET AR R A6

7. while z # T and CoLOR(z) = B? do

8 if SIBLING(z) # NIL then

9: s <= SIBLING(z)

10: if s is red then ST SR E P WA N
11: set PARENT(z) red

12: set s black

13: if = LEFT(PARENT(z)) then > o TEAEM
14: T < ROTATE-LEFTT, PARENT(x)

15: else >z AEA M
16: T < ROTATE-RIGHTT, PARENT(x)

17: else if s is black and LEFT(s) is red then

18:
oL 3: BEEBOT KA LA T ROV R, BT RN T R th e R,

AT DUR S a0 T R R AL, RO R (R [ R, SRV SR A BRI, ANEIB9FTR,
AR FREIE L

=AML, DR R AT S S T AR A S, BATTE R I R
PR e R, R BB ) B AR, QNSRS BIAMRTT 5, TATPRARTT A i
B, FERBEERE, 55N, RENEROEBE IR HIHER, ta] &Ik, &
J&, R E R NIL BUTR I, AT TPRERE 938 NIL,

1: function DELETE-FIX(T, z, f)

2 n+ NIL
3 if f = True then >z e E R NIL
4: n<—x

5. if © = NIL then > MHERIE— BT

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:

AT
&£ &

K 39: [\ _bf&iE R

while z # T and CoLOR(z) = B? do

345

if SIBLING(2) # NIL then > SLER T AN S

s <= SIBLING(z)

if s is red then > SLEET RONAL

set PARENT(z) red
set s black
if x = LEFT(PARENT(2)) then
T < ROTATE-LEFTT, PARENT(x)
else

T < ROTATE-RIGHTT, PARENT(x)

else if s is black and LEFT(s) is red then

if © = LEFT(PARENT(x)) then
set x, 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(x)) 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)

> o FE/EM

> TEAM

> x FE/EM

> x fEAM

> x FE/EM

> x TEAM
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32:

33:
34:
35:
36:

37:

38:
39:
40:

41:

42:
43:

44:

45:

AR N HTTES Wl SRS

T < ROTATE-RIGHT(T, PARENT(z))

else if s, LEFT(s), and RIGHT(s) are all black then
set = black
set s red
BLACKEN(PARENT(2))
x < PARENT(2)

else > A BB R
set x black
BLACKEN(PARENT(2))

x < PARENT(z)

set T" black
if n # NIL then
replace n with NIL

return T

BER, BIMEAZANSEC R A T FFBET A o (AIREENERE)  FRD fo
AR ENERE NIL, W f O9E, SNFRATH n RIERE, I ERLBE SRR, H
3@ NIL Bt neo

NI T FE RSB T AL R R B

Node del(Node t, Node x) {
if x — null then return t

var parent = x.parent;
Node db = null; //doubly black

if x.left = null {

db = x.right
x.replaceWith(db)

} else if x.right — null {

db = x.left
x.replaceWith(db)

1} else {

}

var y = min(x.right)
parent = y.parent
db = y.right

x.key = y.key
y.replaceWith(db)

X =Yy

if x.color = Color.BLACK {

}

t = deleteFix(t, makeBlack(parent, db), db = null);

remove (x)

return t

Hr makeBlack f&MIBR/G 1T S22 NANE B, FEACEINE 26 NIL 19
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RGO

Node makeBlack(Node parent, Node x) {
if parent — null and x — null then return null
return if x — null

then replace(parent, x, Node(0, Color.DOUBLY_BLACK))
else blacken(x)

HA K%L replace(parent, x, y) ¥ parent T x, H y &,

Node replace(Node parent, Node x, Node y) {

if parent = null {
if y # null then y.parent = null

} else if parent.left — x {
parent.setLeft(y)

} else {
parent.setRight(y)

}

if x # null then x.parent = null

return y

PK%L blacken(node) KLl midoh B, KRG YOI E B,

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

PHEEBIFREFEEL T BEERE:

Node deleteFix(Node t, Node db, Bool isDBEmpty) {
var dbEmpty = if isDBEmpty then db else null
if db = null then return null // delete the root
while (db # t and db.color =— Color.DOUBLY_BLACK) {
var s = db.sibling()
var p = db.parent
if (s # null) {
if isRed(s) {
// the sibling is red
p.color = Color.RED
s.color = Color.BLACK
t = if db = p.left then leftRotate(t, p)
else rightRotate(t, p)
} else 1if isBlack(s) and isRed(s.left) {
// the sibling 1is black, and one sub-tree is red
if db = p.left {
db.color = Color.BLACK
p.color = Color.BLACK
s.left.color = p.color
t = rightRotate(t, s)
t = leftRotate(t, p)
1} else {
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db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.left.color = Color.BLACK
t = rightRotate(t, p)
}
} else if isBlack(s) and isRed(s.right) {
if (db = p.left) {
db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.right.color = Color.BLACK
t = leftRotate(t, p)
1} else {
db.color = Color.BLACK
p.color = Color.BLACK
s.right.color = p.color
t = leftRotate(t, s)
t = rightRotate(t, p)
}
} else if isBlack(s) and isBlack(s.left) and
isBlack(s.right) {
// the sibling and both sub-trees are black.
// move blackness up
db.color = Color.BLACK
s.color = Color.RED
blacken(p)
db = p
}
} else { // no sibling, move blackness up
db.color = Color.BLACK
blacken(p)
db = p

}

t.color = Color.BLACK

if (dbEmpty # null) { // change the doubly black nil to nil
dbEmpty.replaceWith(null)
delete dbEmpty

}

return t

Hrp isBlack(node) Al — 1 mZ2 &0 R G, ARIELLRRIAIIER, NIL 2
BE,

Bool 1isBlack(Node x) = (x = null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color = Color.RED)

BRI E WEEE NIL, JH Node Y replaceWith #1785k,

’data Node<T> {
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/]

void replaceWith(Node y) = replace(parent, this, y)
}

BRLL BRI, MEREIRECE AR &L, BB E BAEKANZ
1ke MFEH n D RLER, HEXRER O(gn).

3] .13

L. ZwEREFHIWT—IRBZ S LRI 5 Z MR, A RIS UELT SR AR AR
%o
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AVL $—E BRI

I WAGREEZL
] AVL RHEATTRIG, @R A EIRE L
AH = |T'|—|T|

= L4maz(|r'], [I']) = (1 + mazx(|r|, [I]))

= max(|r'[, [I']) — maz(|r], [I])
620,5/201 Ar (67)
§<0,6/>0: 4+ Ar
§>0,0/<0: Al—96
A0 Al
HER. — XA A RTRE RN G I 45 7 S e i P IRl -5 T TR A S IR S
T, ARIEERTEZL, A TIREN:

L3R 6 > 0 FFH o > 0, fEARTE, G FMITSERANTEFREE. &
JERRE N ATl B A R Ar;

2. MR 6 < 0, FEFARTEF AT EANT A TR, B2 6 > 0, WG T
PR EE R RSN T, W22 TR AN ('] = 1o Bt DA RIS AN :

AH = max(|r'|,|l'|) = maz(|r,]I|) {§<0H § >0}

= |r'| =l e =11}
= Irl+Ar =1
=0+ Ar

3. s >0 H ¢ <o, FiER R0, BATE:

AH = max(|r'|,|l'|) — maz(r|,])l]) {6 >0 H § <0}

= 1= Ir
= |l| + Al —|r]
=Al—-90

351
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4. B0 6 06 FAKT 0, WA ARSI S EEANT A TR SER
N4 B Sk B e TR AR L Al

IT  $0 A G R i EE

NE40FTR, FTA REEENERME T, PR T2 +2, WS, PR T
6(y) IEN 0. e T BAMHRR G,

f(x)=2

5(z)=-2

s(y) =1

8(y) =0 5

a b c d
s(x)=1 ~

B 40: NG ZIRE F-HRT 4 FE o

X 4 FEO AR A — G — A A — . ICBE RT3y
§(2)\8(y)\6(2), BEIG AN 6 (2).6' (y)s 8’ (2)o TATMHE NKIEM, WRJSFE 4 FiF
ORISR RN 6(y) = 00 FFEAFER o' («) F1 0(2) HIEEIR,

UER. FRAT15y BUBH RS PRI LR,
Je— %
T o TEVREHE AR, B 8 (2) = 6(2)e BIH 8(y) = —1 H 6(2) = —2, FFBA:

6(y) =lel —lz[ = -1 = || =|z[ -1

(68)
6(:) = ldl —lyl = =2 = |d| = y| -2
I
5(z) = ld—le [ (68)}
— lyl—2— (el - 1)
69
s el —1 R e =1y )

= 0



CONZIRE L

T 0 (y), AU REER:

(y) = |zl =l
= 1+ maz(lel, ) — |2l {3 (69), | = ld]}
= 1+|cf |z {z0 (68)}
= 1+z|—1- |z
= 0
LR BIREER, 5T — e, w40
8 (z) = d(x)
0'(y) =0
d(z)=0
H—Hh
A — B — LSRR, 5 HE R IR S5 3R R
d(x)=0
'(y) =0
0'(z) = d(2)
ti—k
HIEEIE 6 (x), TARETHE, BATH:
§'(x) = [b] — lal

JARETAETRT, 2 BN

1zl =1+max(lyl,|d]) {0(z) =-1=[y| > |d|}
=1+[yl
= 2+ max(|b], |c])

K 5(x) = 2, FTBA:

6(x) =2 =|z|—a| =2 {30 (74)}
= 2+ max(|bl,|c|) — |a| =2
= maz(|b],[c|) — la[ =0

MR 6(y) = || — [b] = 1, W:
maz([bl, [c]) = || = [b] + 1
AR (75) 1550);

bl +1—la|=0=|b| —|a| = -1 {3 (73) }
= (x)=—-1

353

(70)

(74)

(76)
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2R 6(y) # 1, M maz(|b], |c|) = |b], FRAIX (75) 153:
bl —lal =0 {3\ (73)}

= §(2) =0 (78)
B LRPRRE L, BFAFE o' (z) F1 5(y) BIRFR:
5 (z) = {iﬁu b . ! (79)
NTF 6(2), IRIEE L EFET:
5(z) = ld— [8(:) = =1 = |d| - o}
= |yl =l -1 {lyl =14+ maz([b], [c|)} (80)

= maz (], |c]) — ||
WR 6(y) = |c| — [b] = =1, W maz(|b], |c]) = |b| = |c| + 1o HHAAAR (80) H15
B:6'(2) = 1o RZAF 6(y) # =1, W maz(|bl, |c]) = |c[, F §'(2) = 0, EIF _LIRFTP
1L, ' (2) 1 6(y) LR

ooy oyy=-1: 1
e {éﬁlu : 0 (51

B, AT 6 (y), BT DAES tH R AR AR

5(y) =l — el )
— maz(|el, |d)) — maz(|al, 5]
SRKE S5y AL

1. £ 6(y) = 0, VA |b] = ||, FRHEX (79) F1xX (81), FH:'(x) =0 = |a| = |b] PAK
§'(2) =0=|c| = |d|o HIt §(y) = 0o

2. % o(y) = 1, RN (81), BATE 6'(2) = 0= |¢| = |d]o

'(y) = maz(|c],|d]) —max(lal,[b]) {lc[ = |d[}
= |e] = maz(|al, [b]) {30 (79): 0'(2) = —1 = |b —|a] = 1}
= el = (bl +1) {0(y) =1=lc| = [o] =1}
= 0

3. % 6(y) = —1, BRI (79), BATE §'(2) =0 = |a| = |b]o

o'(y) = max(|e],|d]) — maz(|al,[b]) {|a] = [0]}
= mazx(|c],|d]) — [0] {5X (81): [d| — |e] = 1}
= le[+1~—1p] {0(y) = 1= |c| - |b| = —1}
= 0
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BRSNS RAR 6 (v) = 00 ¥ HIRGERIAGNER, v DUSFEIHT A -
FaR:

M@ZF@:L 1

A 0
§'(y) =0 (83)
M”:r@:_hl
S 0
kE—4
e — A — E KR E R BUHES:, B ATTRT DUS 2RI (83) SERAHRIREE R
O

I IBREA

TR 25 S T e FE R R, QN SRR B 1 (-1, 1] FOvEHE, iR =B E
PAGREE AVL B,

* PAEGURIER

BAVEE I = SR RMMBRERTL, AeE Pl HE T MERIIZER N
—XME (77, AH), b 17 ZEREEIH AH 2 @D &, MPREEE S

delete = fsto del (84)

Her del(T, k) W T FocE & HER:

del ok = (2,0)

kE <k : tree(dellk)k (r,0)d

kE>Fk: tree (1,0) k' (del r k) ¢

del (LK.r.5) = l=2: (r,-1) (85)

r=o: (I,-1)

BN tree (1,0) k" (del r k") §
HA k" = min(r)

k=Fk:

R N, SR (2,0); BWLHN T = (1K, r,6)o TATELER £ A0 K HIK
R, A TS HAMER, 24 k= & I, FATECE] T ZMIBRATT AL R ER
E—FRuas, AT DU HDT RIS — R RS S, 555 TR i/ ME &7 D
T, IR K BATATAE A tree BB AH USSR, FIEABRIEMLEL, 7528 NMH
MR A RIS O
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(b) 1&# B

41: MERIEE

balance ((a,2,b,6(x)),y,¢,=2) AH = (a,2,(b,y,¢,—1),6(x) +1,AH)

86
balance (a,z,(b,y,c,0(y)),2) AH = ((a,z,b,1),y,¢,0(y) —1,AH) (86)

GEIVER R I T

delete t x = fst $ del t x where

del Empty _ = (Empty, 0)

del (Br 1 k r d) x
| x < k =node (del 1 x) k (r, 0) d
| x > k = node (1, 0) k (del r x) d
| isEmpty 1 = (r, -1)
| isEmpty r = (1, -1)
| otherwise = node (1, 0) k' (del r k') d where k' = min r

HA min 1 isEmpty EXN:

min (Br Empty x _ _) = x
min (Br 1 _ _ _) =min 1

isEmpty Empty = True
isEmpty _ = False

XAEEIE 7 MIERREAE balance FSEH:

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

balance (Br a x (Br by (Br ¢ z d dz) 1) 2, dH)
(Br (Br a x b ®) y (Br c z d dz) 0, dH-1)

balance (Br (Br a x (Br by c dy) 1) z d (-2), dH)




ER ST

(Br (Br a x b dx') v (Br c z d dz') 0, dH-1) where
dx' = if dy = 1 then -1 else 0
dz' = if dy = -1 then 1 else 0

balance (Br a x (Br (Br by c dy) zd (-1)) 2, dH) =

(Br (Br a x b dx') 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
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)
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T

1

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

2 UMIER

a2 AMBRGE AR B/ EoRAB S P, RO AT EL, IHPRTR 2L BE S 2 (1B 0L,
TTE B M = SRR MR, 2805 FHEE 70 & B 2R (R 5 S Y - e

: function DELETE(T, )

if x = NIL then
return 7'
p < PARENT(x)
if LErT(2) = NIL then
y < RIGHT(2)
replace x with y
else if RiGHT(x) = NIL then
y < LEFT(2)
replace x with y
else
z <— MIN(RIGHT(2))
copy key and satellite date from z to x
p + PARENT(2)
y < RIGHT(2)

replace z with y

return AVL-DELETE-FIX(T, p,y)

BRI A 2 B, 08 2 BIAT RN po ANRAE—F W2, BATE = UI'R, B85S
—Fi, G, GNRMERFRERA S, BATITEL TR E B ME T R 2, AR
BIEEHIZ] z, REH 2 UI'N, &5, BATEMH AVL-DeELETE-FIX, FFE AR A T,
TR py RV A yo TR AL p BRI T 6(p), BRI HIERE R TR §(p)s
BATZ B ERA =FARFERIE

L [6(p)| = 0.]0(p)'| = 1o BAAMBRIG TR IR T, ER2 AT

32802 AVL
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WP, BRI,

AVL f—F BRI BR B 122

2. 16(p)| = 1.10(p)’| = 0o MIBREG /AT TR EZET 1, BHIBRSS R & AR I )N

T 1o ZEATRIIER A, SRR R KRR BN T 1o WATHEZYES:
H R _E SRR Y

3. 16(p)| = 1. 16(p)'| = 2o IXULRAMIBRSG TR EZER T AVL SIEER, 3l

R EE I e R 1B 2 P

HATHRI M AL T,
1: function AVL-DELETE-FI1X(T), p, x)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

while p # NIL do

| < LEFT(p), r < RIGHT(p)
d+ d(p), & + 0
if x =1 then
0 —d+1
else
0 -1
if p is leaf then
0«0
if |6 =1A|d'| =0 then
T4 p
p < PARENT(z)
else if [§)| =0 A [0'| =1 then
return T'
else if || =1 A |'| =2 then
if ' = 2 then
if (r) =1 then
6(p) « 0
d(r) <0
pr
T <+ LEFT-ROTATE(T, p)
else if §(r) = —1 then
dy < 0( LEFT(r) )
if 6, =1 then
6(p) + -1
else
6(p) 0

XFEO 3, REBHMEEFIEATIZAHR, BeAl 175 28Xt B 41 R MRS

> =7 = NIL

> H—H

> H—K
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29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

47:

48:

49:

50:

51:

52:

53:

54:

55:

56:

57:

58:

59:

60:

61:

62:

63:

64:

65:

d( LEFT(r) ) < 0
if 0, = —1 then
o(r)«+1

else
d(r)«0
else
(p) + 1
dr)y<+<d(r)—1
T < LEFT-ROTATE(T, p)
break
else if ' = —2 then
if (1) = —1 then
(p) < 0
()« 0
p+1
T < RIGHT-ROTATE(T, p)
else if (/) =1 then
9, < 0( Ricur(l) )
if 9, = —1 then
5(p) 1
else
6(p) <0
d( RicaT(l) )+~ 0
if 0, =1 then
o) + —1
else
o(l) <0
else
5(p) + -1
()« 6()+1
T < RIGHT-ROTATE(T, p)
break

TP
p < PARENT(z)
if p = NIL then
return z

return T

359

> MERREE, 5 -6

> A

> fE—7

> E—H

> lERREA, -2

>
> R, dksk

> FHIBRARTS A
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23] 14

AVL f—F BRI BR B 122

1. b AVL REEan SXIBRAE A, R R RHER il i, SEEl— M@K AVL

WEEFIL,

IV Bl
FEMPITFRFI T AVL BB :

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)
1} else {

y = min(x.right)

x.key = y.key

parent = y.parent

X =y

y = y.replaceWith(y.right)
}
t = deleteFix(t, parent, y)
release(x)
return t

Hr replaceWith BUE XS WA BHATE 7. release(x) BT A = =S

A, 1B AR SCBAN T :

Node deleteFix(Node t, Node parent, Node x) {
int di, d2, dy
Node p, 1, r
while parent # null {
d2 = d1 = parent.delta
d2 = d2 + if x = parent.left then 1 else -1
if isLeaf(parent) then d2 = 0
parent.delta = d2
p = parent
1 = parent.left
r = parent.right
if abs(dl) = 1 and abs(d2) = 0 {
X = parent
parent = x.parent
} else 1if abs(dl) =— 0 and abs(d2) = 1 {
return t
} else if abs(dl) = 1 and abs(d2) = 2 {
if d2 — 2 {
if ridelta=1{ // B—4A
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p.delta = 0
r.delta =0
parent = r
t = leftRotate(t, p)

} else if r.delta=-1{ /) H— K
dy = r.left.delta
p.delta = if dy — 1 then -1 else 0
r.left.delta = 0
r.delta = if dy — -1 then 1 else 0
parent = r.left
t = rightRotate(t, r)
t = leftRotate(t, p)

} else { // WikREE, E—F
p.delta =1
r.delta = r.delta - 1
t = leftRotate(t, p)
break // BEARBHELT L

}

} else if d2 — -2 {

if (l.delta=-1) { // E— &
p.delta = 0
l.delta =0
parent = 1
t = rightRotate(t, p)

} else if l.delta=1{ // E— &
dy = l.right.delta
l.delta = if dy —
l.right.delta = 0
p.delta = if dy =
parent = l.right;
t = leftRotate(t, 1)
t = rightRotate(t, p)

} else { // MIREE, £— &
p.delta = -1
l.delta l.delta + 1
t = rightRotate(t, p)
break // BEARBHELT L

1 then -1 else 0

-1 then 1 else 0

}

/] BERN, #EAKALEH
X = parent

parent = x.parent

}
if parent = null then return x // HWBEER T =
return t
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W

BER

BEHE 2.1

L. SETE QNI i e die R AR e i D 25 2R, 18 BRI L — SO, 45 HY e i D 9 25
%O

o HiFEHEER 1, 2,4, 3,5, 6
o HFEHEER 4,2, 1,5,3,6
o EFBIIEER?
[4,2,5,6,3,1]
2. YR SEIN MR e 3t 0 e d 7 A £ SR B — AR

ICRIFRGE RN P, FFwIERN [, R P=1=[], NI =XHN= o,
A, wiF R MR £, A7, Btk P ARE—NITE m 2R AR
He HFiE 2 dm) “ Lo iR A7, BAT—@ T DE T R3] m, FF4E T 5
FR=HB93: [ar, agy ooy i1, My Qig1s Qagoy ooey @)y, 20 = I[1,4), I, = I[i + 1,n],
b [1,r) RREHAAFFXE, G5 | (EAERE r, BMITLONE [ | X=F
7 Lym, I, B, I BEFWFFERSER, I, 26 FRFPFELES R, 2
k = |I| FREFWHIRAN, BATTAICAH & 738 P[2,n] AMERTT: Py, P, HA
P, 2H k DR, P 2RIREs. XFERATSr UBIEMA (P, 1) AT
A (P, 1) B T

rebudld [ [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I.)

¥

(I, I,) = splitWithm I
(P, P.) = splitAt |I)| ps

PHEEGIFREF:

rebuild [] _ = Empty
rebuild [c] _ = leaf c

363
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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

o A] DO S A A 1 RS :

Node<T> rebuild([T] pre, [T] ins, Int 1 = 0, Int r = length(ins)) {
if 1 > r then return null
T ¢ = popFront(pre)
Int m = find(c, 1ins)
var left = rebuild(pre, 1ins, 1, m)
var right = rebuild(pre, ins, m+ 1, r)
return Node(left, c, right)
}

- VRN AR T ik g T DR TR TG IR M N BRI e o
- NT 0 ATER, MHEF R EIRE TR 42

EHE 8.1

. RNIEH. [as, as, ..., a,] FIETHAEZ —NHE, SO — TR @A Heariry 2

A, FHER BuiLD-Heap B EH#E,

- AT RIEREE,

BHE 8.2

- a2 77 L (e R, (PR HE,
. T XHER BN

fold f z @
fold f = H = fold f (f (top H) z) (pop H)

z

BEHE o1

X EFRE R T AZIEN, JEINERIER R 2 RN, MIFAIH K RUE

Eb, T H A TR,

- SRR A R R HE PR P . TO-DO

BEE 101

- RiEF IR =AY

pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
gen cs _=1: cs
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2. MR —TIRBE B, HET i (TR RN (7).

WERA. BRI, By RE—MRY s, % B, HETHE IR,
W B, HIPIR B, Hle 8 0 TR 1= ("1)e 8 i ITHT i Em
w5y, —H o AN TR B, B i — 1 17, =2 S —4 B, 5B i 17,5
A

n _— n! n!
() +0) = u—m@—puy+ﬂm—w
B n! 1 - 1
B (i—l)!gn—i)!<i n—i—i—l)
B n! n+1
G -D(n—9)lin—i+1)
B (n+1)!
dlln—i+ 1)
= ()
O
3. MEPAZ TGN B, EA 20 DR,
UERH. AR E—ZRSIHIERRNEE IR, B, &7 R
() + () +..+ (1) &AM
= (1+1)" L2 (a +b)"HFa=0b=1
= 9n
O

4. MESSAE T, KB I R RERAR P IXMTT 2 (ATl SRR ?
GUERFVECER R AT T4, TERTA TL R AT A Te AN 1] -
1: function LINK'(T},T?)
2 if KEY(T») < KEY(T}) then
3: Exchange T < Ts
PARENT(T3) «+ T}
INSERT(SUB-TREES(TY), 1, T5)
RANK(T}) < RANK(T:) + 1

: return T)

i, BATTRT DLRE 30 OR AT o IXREREFAM RN IR B I e 2 5 Ut 1)

P A

HHE 11.2
1. NP AEAE push I ER ARG A ANE L ?
B EXFERIIEI: S8 push a ([,]]), XG5 pop.
2. UERAXAZEBAF (1) 53 55 2 Sk i B3t i



366

3. SEIUAEEHRAA,

1: function PUsH(Q, )

2:

APPEND(FRONT(Q), x)

3: function Popr(Q)

»

if REAR(Q) =[] then
REAR(Q) < REVERSE(FRONT(Q))
FRONT(Q) < [ ]

n < LENGTH(REAR(Q))

x < REAR(Q)[n]

LENGTH(REAR(Q)) < n—1

return x

BHE 12,5

L. HRRIBEE, AMEHRR T NSEFEMEA. S TFEN T = (f.tr), ©
MD(T) = t PAEREXH AR 7

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:

19:

function INSERT(z,T)

n= ()

Lep< ([, T.])])

while [FrRONT(T)| > 3 do
f < FroNT(T)

n— (f2), f8], )
FRONT(T) < [n, f[1]]
p«<T

T < Mip(T)

if T'= NIL then
T« (In],NIL, [ )

else if |FRONT(T)| =1 and REAR(T) = [ | then
REAR(T) < FrONT(T)
FRONT(T) « [n]

else

INSERT(FRONT(T'), n)

Mip(p) < T
T < Mip(L), Mip(L) < NIL

return T

BATRFFRATCR = BA—THILRMT (2), IR f FoE@EH 3 MR,
IR TR R, AT — X BT MR . BATTRE f ABREE — TR IR
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FROP I, TN —DHT R n GREESEIN 1), ZRAEHRERE n fAZ A H 7R,
RRHBANEN [ RIS — DR RGH f Fia. BHE R, BATE 2
FIRT — A, BRI T R, AR AT f TR AENEZITR,
X EE MBI, BATRIE — M7 5, N T E—RE 0L, AR » BAZ f
BRATH HJa, WATREMHIAR To 07 AR, BA 1802 7 — MR L 1
R ERRART AT

BEE 12.6

- THERIE, FPEASCBUER.

GUSRMERSE front FHEE2E, WEA AR AR 73 A1 o “ 57 19 o (BB RIATE K
A RERARNE], FIaN front FAEFIHRIFRIEN S, XAESOEHR 2 BT
IIFIRVEIE KA,

[ o

i iz - ]

12.10: ANFANIRE, 55 ¢ B PR f A=

BATEMNABN BT FAER B RIEREE —DNIeR, B T % B T a9,
REI—RRT, SREEN f ANES, BB AR RER A, AR 12100 X
THIE, BATATDAMN f RS DM RE MR, N TEE, BT HA
r AN, BAIER for, BRI —RE DL G, BATREN f HEHAIT
RBE N NRAE, BANTEEIREARIL, BATEE R = —E A LB,
EENFATEIEN — D77 o I BAT TR AR AR o B12. 114858 17X
—iFE,



368 ZE5E

rrfrnei]-]

2)0]rH2121]- ]

children of n[i][1]= [n[i-um|n[i-11[21|...] r[i-l][lJlr[i-l][ZJl...]

l

[niin21]..] [inn]ri2)].- ]

TR —DITR nfi][1], AERERN T RRE E—RE f TP,

x[1] is extracted

x(21[x31].. 2]

ni21(21]n(213]] . 21011 r20121] - ]

(RIS

[ T

[ [ri21] -

HE i K, RETERE] 2[1]
12.11: HJERA L7, BEHEEH — M1
ARPEIX — B, N HREIRSEIL 18R SKER MR E (BRI A ),

1: function EXTRACT(T)
2 L= (.70



15:

16:

369

while FRONT(T') = [ ] and MiD(T") # NIL do
T < Mip(T)

if FRONT(T') =[] and REAR(T) # [ ] then
EXCHANGE FRONT(T') <+ REAR(T)

f < FRONT(T), r < REAR(T)
n < (f[1], f[2],...) >n e 2-3 B
repeat

FRONT(T) < [na,ns,..]

n <+ n

T < PARENT(T)

if MID(T") becomes empty then

Mip(T') < NIL

until n is leaf
return (ELEM(n), MID(L1))

X AL ELem(n) SRIEM- T 5 n PREIIE—TEE, BT AR,
TR TSR RIRE — MR E— AN TE R S BA TR GRIE TF45
K — ARG RE— N T A TSNS, T TR N2, Bl Tt
RIS RO, BB KBTS 5E, S8 FTa I s 7 e 5 — iy
Fo.

1: function FIRST-LEAF(T)

2:

3:

14

10:

while FRONT(T') = [ ] and MID(T") # NIL do
T + MIn(T)
if FRONT(T) = [ ] and REAR(T) # [ ] then
n < REAR(T)[1]
else
n < FrRONT(T)[1]
while n is NOT leaf do
n < n

return n

11: function FIRST(T)

12:

return ELEM(FIRST-LEAF(T))

Frpss ZAMIERR A, QSR AR T, AN 58— 1 RO . SRR
JE— TR S AL

BE 12.7



370

1. FEREHLI AN, an Tt PR o RIS B HIIG OL?
BATAT DAEZR 5 N TR A2, 4D :

@il = Nothing

i< 08 i>sizeT: Nothing
Tl =

H

2. LW cut i S, TENLE @ FH S EIIT,

B ga H—Fh Tt 0 ERSZEE (FHaR IR T X SE AR BRI SR T), T
ITE T RAREFAREE, R 0 < i < size s Tl FRER cutTreei S
AT,

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)

cut Tree $EM 3 B =585 - A2, whiaE], AW, FEIERD A Maybe BTUFRIR
ATREEHAE, RHEIN A EFEHF D RGN E @ AT o, BIEEE—
D Place FHIp, WIRES| i MNTEIEFIE f,r B, BAITAM cutList #—5
D, IR EIE A RALIER; R ¢ AT AR, W) 5#], RS
Place i' a HH) 2-3 B o TEALE &/ BE—2557H,

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 tl1 xs, x, tree ys t2 r)
| i <s = case cutList (i - sm) r of
(xs, x, ys) — (tree f m xs, x, ys >>> Empty)
where
sf = sum $ map size f

sm = sf + size m

Het tree fom r #EH—DTHERK, FHFEATIE S ALRE:

tree as Empty [] = as >>> Empty

tree [] Empty bs = Empty <<< bs

tree [] m r = Br (size m 4+ sum (map size r)) (nodesOf f) m' r
where (f, m') = uncons m

tree f m [] = Br (size m + sum (map size f)) f m' (nodesOf r)

where (m', r) = unsnoc m
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‘tree fmr =2Br (size m + sum (map size f) + sum (map size r)) fmr

XEFFHEM 2-3 RIEY 0 FISCILAN 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) = cutlList (i - sx) xs
in (x:xs', y, ys)
where sx = size x

cutNode :: (Sized a) = Int — Node a — ([a], Maybe (Place a), [a])
cutNode i (Tr2 _ a b) | i < sa = ([], Just (Place i a), [b])
| otherwise = ([a], Just (Place (i - sa) b), [1)
where sa = size a
cutNode i (Tr3 _ a b c) | i < sa= ([], Just (Place i a), [b, c])
| i < sab = ([a], Just (Place (i - sa) b), [c])
| otherwise = ([a, b], Just (Place (i - sab) c), [1)
where sa = size a

sab = sa + size b

BATRT AR Fl e e A ERIT R, MIPRTEE AL ERITTR, DA MTF 121E,
EMNEZREERE O(lgn).

setAt s i x = case cut i s of
(_, Nothing, _) — s
(xs, Just y, ys) — xs H#+ (x <| ys)

extractAt s i = case cut i s of (xs, Just y, ys) — (y, xs 4+ ys)

moveToFront i s = if i <0 || i > size s then s

else let (a, s') = extractAt s i in a <| s'

EE 141
. SEPIRHEF I E LT, UERA & IEBIESE AREN O(n).
CNTER A PR kTR, BATATUIRE 2 = max (take k A),y =
min (drop k A)e WHR = <y, W A WET & DNTEMEE R, SNEFNTH
z X7rAT kDR, Ay MARIRTR, REEFFY [ala + Az <a<y] H
BAEET & MR, HF EF =k — |[ala + 4,0 < 2]|o ELBIX—8E, I
I E AL,

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])
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SHEER
7: if A[i] < A[j] then
8: break
9: EXCHANGE A[l] <> A[j]
10: EXCHANGE A[k + 1] <> A[f]
11: [ < PARTITION(A,, k)
12: u < PARTITION(A, k + 1, u)

SEHER FEREZ O(n)o TR KBON: SHIEIRFH Lk IR EI R
R E/ME 4, §, RIGHAT RS ME I AR 70 QSR A8, 0 P T SR A IR
BEFR LR, RFEENFEN O(n +n/2+n/4...) = O(n),

3. RIMAEZRERNNCFHA A M B B E, RN TS 24 O(lg(m +n)), H
i om = |Al,n = |B|, AR EAHRNKE, FME 2 €N AB /N 2 1
TLEMAT » KT RFAFZEMEZE 1,

4. THBRIET, M8 RIS SLH D A K,

1: function SOLVE(f, z)

2 p+0,q¢ 2

3 S+ ¢

4 while p <z H ¢>0do
5: 2« f(p,q)

6 if 2/ < z then

7 pp+1

8 else if 2’ > z then

9 qg+—q—1

10: else

11: S+ SU{(p,q)}
12: p—p+1l,g+—qg—1
13: return S

5. KM R RFIRH O ERE IR RX B E MER/ME, A Lz
BRK(H, HIERE 2 /NP R/IMESEE KT BARETCHE, &M MHORI— D7,
SIHEIRL 4 ADN/INEFE, RGBT R,

1: procedure SEARCH(f, z,a, b, ¢, d) > (a,b): £ M (c,d): 45 LA
2: if z < f(a,b) B¢ f(c,d) > = then

3: if z = f(a,b) then

4 record (a,b) as a solution

5: if z= f(c,d) then

6: record (c,d) as a solution

7 return
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s pe [
o0 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)

IR

BE 14.2

- VROEEE, £ A P SHHIIREGEE [n/k] B E DREL, B o = A
fem: BRI & DAFTR, ERIRER FHTRMERE kD R
TR E-E(EZT [n/k] D), M—E2F K,

BATVESL— DT Map : T — Int, Hit T 2 A HRTTRIA, X5l
K TRERE o FEEEEL BIHRTINT o, FMT—108 A —1a5EH
Hi: foldr maj @ A, HH maj & XN:

a€em: mla] + mla] +1
majam=4q|m|<k: mla] <1
A filter (b mb] #0) {b— m[b] — 1|b € m}

(14.21)
T A FEBNIITR o, WER o ¢ m AMEFHA, FFHFHPRBRIZEENE &
A, BATRE o IMATFHL, FHICEN 15 mia] « LR a € m, BATREEEIN—
mla] <— mla] + 1; SMIARFHACH £ DMeeide, BAHEE Mg 1915 28
1, A REEECN 0 MISIFR,
B, BABEFE m FEERIRNEIEERIE—T, BEENNESR BT
T n/k, 2 m' ={(a,0)|a € m}, RIGEIET—IX A: foldr cnt m' A, HH cnt
XA

ent am’ =if a € m’ then m'[a] + m'[a] + 1 else m/ (14.22)

ORE ' IO TIXEE R H R SR, BT R n/k B9: keys (filter (>
n/k) m'), FEGHIGITRERFS T X7

majorities k xs = verify $ foldr maj Map.empty xs where
maj :: (Eq a, Ord a) = a — Map.Map a Int — Map.Map a Int
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 :: (Eq a, Ord a) = a — Map.Map a Int — Map.Map a Int
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cnt x m = if x "Map.member’ m then Map.adjust (14+) x m else m
th = (length xs) ‘div’ k

PIPVAINFES ARSI (TN

1: function MaJ(k, A)
2: m <+ {}
3 for each a in A do
4 if a € m then
5: mla] < mla] + 1
6 else if |m| < k then
7 mla] 1
8 else
9 for each ¢ in m do
10: mlc] <+ mlc] —1
11: if m[c] =0 then
12: REMOVE(¢, m)
13: for each ¢ in m do
14: m[c] + 0
15: for each a in A do > ok
16: if a € m then
17: mla] <~ mla] +1
18: r=1[],n <+ |A]
19: for each ¢ in m do
20: if mc] > % then
21: ADD(c, 1)
22: return r
EHR 143

1. BSERAR T P AIFIRSEEL, IR B B R FTHT 5781
QRERER TR TR AIA, 1A SR [ 5747, FedlTAT BATE fold I A2 A i IR X
€ P, ¥ P, BXHERERE T FAIRIMS FRIIAS (S, L).

mazs = fst- foldr f ((0,[1]),(0,[]))
Hr fx (Pn, (S L)) = (P, P)

m

£ f ¥ : P’ =mazx((0,[]), (x + S,z:L)), P, = max(P,,, P")

2. REAI BT — DR Z 75 ER FEEHRE KM, EREHN O(nlogn),
TR HIRAE A R M FRATTRT DA YA R H AT 8 0 AR, R
HB I B IR AN, FTES TR R o B R R, SRR —T7 1%
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1: function MAX-SuM(A)

2 if A= ¢ then

3 return 0

4 else if |A| =1 then
5: return Max(0, A[1])
6

7

8

9

a < MAX-FROM(REVERSE(A[1...m]))
b + Max-FroM(A[m + 1...|A]])

10: ¢ < MAax-SuM(AJl...m])

11: d < MAX-SuM(A[m + 1...|A])

12: return Max(a + b, ¢, d)

13: function MAX-FROM(A)

14: sum <+ 0,m <+ 0

15: for i < 1 to |A| do

16: sum < sum + Ali]
17: m < MAX(m, sum)
18: return m

HIREFAEBIARER T(n) = 2T(n/2)+O0(n). MHFEHAHIEZIKEN O(n),

BEE 14.10

- P HERAGIE G I 2 - AN MAHETOUR S LAY, & 5 T e e

H=g: ©
Huffman H = ¢ |H|=1: pop H
A Huffman (push (merge tq t,) H'")

Hrr: (t,, H') = pop H, (t,, H") = pop H'
1: function HUFFMAN(H)
2 while |H| > 1 do
3: t, < POP(H)
4 ty, +— POP(H)
5 PusH(H, MERGE(t,, 1))

6: return Por(H)

AR TAFEANEH AR A, FFE— DRI R A SIS K 2 M 7574
MBI Q RIFEFHFEER AW Q 1 A SKERE BV NI, S E AFA. A&
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HSEHRA ARG, BASI AR SR — 8, BIERARIIG R 28, 1ESEIX
— Tk,
Huffman (t:ts) = build (t, (ts,2)), HH:

build (t,([],2)) = ¢
build (t,h) = build (extract (ts,push (merge t t') q))

He: (', (ts, q)) = extract h

extract (t:ts,@)) = (
extract ([1,q) = (t,([],¢), HH: (t,¢') =pop q
{t’ <t: (t,(t:ts,q)), HH: (¥, ¢) = pop q
(

extract (t:ts,q) =
t, (ts,q))

. SEMRREN T, FAMB NI K S,

decode = snd o (foldl lookup (T,[])), HH:

lookup ((w,c),cs) b = (T,c:cs)
lookup ((w,l,7),es) b = if b= 0 then (I, cs) else (r,cs)

BEHE 1411

1. (EHEINRPAER KA T A R IR RS

import Data.Sequence (Seq, singleton, fromList, index, (|>))

lcs xs ys = construct $ foldl f (singleton $ fromList $ replicate (n+1) 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 |>if x =y
then 1 + (tab “index’ (i-1) “dndex’ (j-1))
else max (tab “index’ (i-1) “dindex’ j) (r “dndex’ (j-1))
construct tab = get (reverse xs, m) (reverse ys, n) where
get ([1, @) ([1, ©) = 1[I
get ((x:xs), i) ((y:ys), 3)
| x =y = get (xs, i-1) (ys, j-1) 4 [x]
| (tab ‘“index’ (i-1) ‘index’ j) > (tab ‘dndex’ i ‘index’ (j-1)) =
get (xs, i-1) ((y:ys), 3)
| otherwise = get ((x:xs), i) (ys, j-1)
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GNU Free Documentation License

Version 1.3, 3 November 2008
Copyright © 2000, 2001, 2002, 2007, 2008 Free Software Foundation, Inc.

<http://fsf.org/>

Everyone is permitted to copy and distribute verbatim copies of this license

document, but changing it is not allowed.
Preamble

The purpose of this License is to make a manual, textbook, or other functional
and useful document “free” in the sense of freedom: to assure everyone the effective
freedom to copy and redistribute it, with or without modifying it, either commer-
cially or noncommercially. Secondarily, this License preserves for the author and
publisher a way to get credit for their work, while not being considered responsible
for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the
document must themselves be free in the same sense. It complements the GNU
General Public License, which is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software,
because free software needs free documentation: a free program should come with
manuals providing the same freedoms that the software does. But this License is
not limited to software manuals; it can be used for any textual work, regardless of
subject matter or whether it is published as a printed book. We recommend this

License principally for works whose purpose is instruction or reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains
a notice placed by the copyright holder saying it can be distributed under the terms
of this License. Such a notice grants a world-wide, royalty-free license, unlimited in

duration, to use that work under the conditions stated herein. The “Document”,
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below, refers to any such manual or work. Any member of the public is a licensee,
and is addressed as “you”. You accept the license if you copy, modify or distribute
the work in a way requiring permission under copyright law.

A “Modified Version” of the Document means any work containing the Doc-
ument or a portion of it, either copied verbatim, or with modifications and/or trans-
lated into another language.

A “Secondary Section” is a named appendix or a front-matter section of the
Document that deals exclusively with the relationship of the publishers or authors of
the Document to the Document’s overall subject (or to related matters) and contains
nothing that could fall directly within that overall subject. (Thus, if the Document
is in part a textbook of mathematics, a Secondary Section may not explain any
mathematics.) The relationship could be a matter of historical connection with the
subject or with related matters, or of legal, commercial, philosophical, ethical or
political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are desig-
nated, as being those of Invariant Sections, in the notice that says that the Document
is released under this License. If a section does not fit the above definition of Sec-
ondary then it is not allowed to be designated as Invariant. The Document may
contain zero Invariant Sections. If the Document does not identify any Invariant
Sections then there are none.

The “Cover Texts” are certain short passages of text that are listed, as Front-
Cover Texts or Back-Cover Texts, in the notice that says that the Document is
released under this License. A Front-Cover Text may be at most 5 words, and a
Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy, rep-
resented in a format whose specification is available to the general public, that is
suitable for revising the document straightforwardly with generic text editors or (for
images composed of pixels) generic paint programs or (for drawings) some widely
available drawing editor, and that is suitable for input to text formatters or for auto-
matic translation to a variety of formats suitable for input to text formatters. A copy
made in an otherwise Transparent file format whose markup, or absence of markup,
has been arranged to thwart or discourage subsequent modification by readers is not
Transparent. An image format is not Transparent if used for any substantial amount
of text. A copy that is not “Transparent” is called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII without
markup, Texinfo input format, LaTeX input format, SGML or XML using a pub-
licly available DTD, and standard-conforming simple HTML, PostScript or PDF de-

signed for human modification. Examples of transparent image formats include PNG,



SR 387

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
Document’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 aggre-

gate.

8. TRANSLATION
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Translation is considered a kind of modification, so you may distribute transla-
tions of the Document under the terms of section 4. Replacing Invariant Sections
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
copyright 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
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in spirit to the present version, but may differ in detail to address new problems or
concerns. See http://www.gnu.org/copyleft/.

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
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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:

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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