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8: return ¢
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search(2,l,u) =1
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minFree xs = bsearch xs 0 (length xs - 1)

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

bs = [x | x < xs, x > m]
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1: function MIN-FREE(A)
2: I+ 0,u+ |A|

3: while v — 1 > 0 do
u+1

4: m< | 5 |

5: left <1

6: for right < [ to u — 1 do

7: if A[right] < m then

8: e Alleft] <> Alright)]
9: left < left+ 1

10: if left <m + 1 then

11: u 4 left

12: else

13: [+ left
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1: function REGULAR-NUMBER(n)
2: z+1

3: while n > 0 do

4: z+—a+1

5: if VALID?(z) then
6: n<n-—1

7: return z

8: function VALID?(z)

9: while x mod 2 =0 do

10: x4 x/2

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

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

15: return x =17
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1: function REGULAR-NUMBER(n)
2: Q — [1]

3: while n > 0 do

4 x < DEQUEUE(Q)

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

9: return =

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

12: while i <m H Q[i] <« do

13: 1 i+1

14: if i >m 5 x # Q[i] then
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15: INSERT(Q, 7, x)
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1: function REGULAR-NUMBER(n)

2 x4+ 1

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

4: while n > 0 do

5 z < min(HEAD(Q2), HEAD(Q23), HEAD(Q235))
6 if x = HEAD(Q>) then
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7 DEQUEUE(Q2)

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

12: DEQUEUE(Q23)

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

16: DEQUEUE(Qa235)

17: ENQUEUE(Q235, 5)
18: n<n-—1

19: return z
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‘Int regularNum(Int m) {
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[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 x nums[k]

while n < m {

n=n+1
nums[n] = min(x2, x3, x5)
if x2 =— nums[n] {
i=1 +1
X2 = 2 % nums[i]
}
if x3 = nums[n] {
i=3i+1
x3 = 3 % nums[j]
}
if x5 = nums[n] {
k=k+1
x5 = 5 *x nums[k]
}

3

return nums[m]
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o AT AL B AR P12 I TCER o AERRBGIIME D  F1I 3RS T 8T
W HREE SRR T XTT CAAEMS (map), i3 (filter), Ffi (fold) FEHTE
e, AT LAk X — 5, ELREA SR R A B 35

1.2 EX

FIE N R GER 2 —Fad H AR . — oIk A%, 10k [ ] 8 NIL;
SN ICE (WARAE key) F1— 14156 B 1.1 5 7 —A f T35 4L
%o F5IAFHIFMT] HEE MAE nexto B HE ARSI N — N E L B Ag
] NIL. 8 (2 S 5dREs 2 @ LHZ, il

B 11 il ARy B

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

(R HRLBREE SR 20 ) NIL A, AR EPTRR IR 7 i 3R 209 4 — L
{41 NIL (o, mull 5, 2) 5 55— Fh@IE— 9115 R BOERTTER R0 [ 1. 765091
L 2B R A A [ ] A 7

YA R lambda YRR RSN BT SR I R 102, 09,
2B IR RIE Z A AL R . 5 SEIREE (I Lisp) Sl /R R GRS 1 2.
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2 F—F Ik

1.2.1 5f#

RE—NAER TR X, @ U REL S RRBELE TR I3 EATTE R M
first X Fl rest X, 53 head X F tail X*o 2, TATTLAN—ATCZE = FIFF xs
(A A2 ME A — R 0 viese XX —HJIE FENAE conse FRATHIU TR A:

{head (r:xs) ==z

tail (r:xs) =uxs

(1.1)

AT 21 FORHE—DICR, M X R RRIIER, Gl X = (21,20, 23, ..],

X' = [z2,23,...]0

%3 1.2

121 XFFICRFMN A FFIEE, WRAESHIEM T ICE 2,y € A BEMHE, E
SRR KA A2 AR
EZR: 348 T

1.2.2 FIRBIEXRRE

AR RE L, BATTAT ARSIt TR AR A L - S AR AR 0, TiARZE 53R AT 1<
JERFRE R — P ICRM AR I —
length [] = 0
length (x:xs) = 1+ length zs

A3 P S AL, B IR 2R 2 O(n) , Hirf n 2218 AEARIZEXHE
IR T JROVEERT | X RFRFIF X MR, O 1 G SO T8, FRATAT LK
A — A 5, FRAER N BR T R X — A . T H R RERIE
I

1: function LENGTH(X)

(1.2)

2: n<+0

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

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

1.2.3 &3]
B SR LR BT TRIBER LT R SRS « e R . (HP R ERUE ¢ £ 8ERA
TR B

SRS EREORE f(2) ek f 2. ZT0HRE (2, y, . 2) BH f 2y o 20
47F Lisp th, l T R L B THERT &4 car Al cdr FILMbZ I PLES b 25 e )




1.2 =L 3

) {’L =0: x
getAt i (x:xs) = (1.3)
1#0: getAt (i —1) xs
WNTHOEBA LB PRI DL IR [ ], R BT R AR E S o @ B
T AR S 50 > [ X BRI, BB A AR i — | X] A
BRSO 35— I A7 0 < O, QRS 158 S 25 0, SR AL Vs ) 255156
R ARG IR L. o/ Eaet @ 2, K BERII IR E2RIE N O(F). T HEXT
o7 A% AR SR -
1: function GET-AT(i, X)
2: while i # 0 do
3: X + NEXT(X) > X = NIL B 44
4: 141—1

5: return FIRST(X)

%3 1.3

1.3.1. f£ GET-AT(i, X) RYIEAELHA, X N 2B @B 2B

1.24 XKERXZE

AE— X first /rest XTFRAJERAE , B oM last /init o S TIEZ AR X = 21, 20, ..., T4,
BRI last IRIBIRFEICER @, 11 init SR [EI AL [21, 2, .0y Tpa]o BIRIXPIXSRAE /2
ATRIFR ] last /init T EEL ML I8 T 515

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

last/init HBAT B S FIFRAVE DL, HEN [ B AT HRAE LW . N HEHE M
IS AL I

1: function LAST(X)

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

6: return x

7. function INIT(X)
8: X'+ NIL
o:  while REST(X) # NIL do > X 3 NIL i



10: X'+ Cons(FIrsT(X), X')
11: X < REST(X)
12: return REVERSE(X")

INIT 3 Cons BFLER . IXHE I FF S0 e 1Y, Ba s 2o ot A
(I 1.3.2),
1.2.5 REZES|

last RIS H—Fr il B — AP AGR R PRI B « TR &
LR B W : 5 — ORI R o, B8 ORI o — i — 1 A JE3R:
lastAt i X = getAt (| X|—i—1) L
SEUFI LR G P MBS po A1 po, EATHEEE ¢ 25, H rest'(ps) = pi, Hrp
rest’(p2) FoN EERATIREL rest 2 i o Hgl2 B, A po BIBE i DALATENE pro p2 —
THAGTR IR R L HR SRS RIS RIS Zh E AT, BRI pr BIAHERAIE M. MRS e

PRI EIRER « - ICR. M 1.2 08 TiX—J576. BT pr,po HEH — P E X7
TR ST i

D2 { n
o o

(a)

o Fni o

(0)

1.2 BEREHEBIE Lo (a) p2 fRIAIFL B pr ZJ5 0 221 (b) 2 py 2IIASL R . p2
RIAAREE i 1.

1: function LAST-AT(i, X)

2: p+— X

3: while ¢ > 0 do

4 X « REST(X) > BRI A
5: 11— 1

6: while REST(X) # NIL do



7: X + REST(X)
8 p < REST(p)
9: return FIRST(p)

S ASBU R AE BB B TR . IR AT AR X = [20, 23, ., 2] ]
Y = [0, @1, oo 2l EFR YRR — 1 TR TAIE.

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

PR drop m X EFFHT m ILRK:

drop 0 xzs = xs
dropom|[] = [] (1.7)
drop m (z:xs) = drop (m—1)zs

#4314

1.4.1. 7 IntT o, 0] LA APPEND (X', FIRST(X)) &4 CoONs 4,7
1.4.2. f£ LasT-At H1, Gifar b BR =S 5 FERTHC R A5 1 2

1.2.6 HEX

TSR E RN FE N FEHT MHIBR . 5 pR A SRS AR SEER A 1 T 1 3, T
JEB AR FE (persist) ANAE, FFAEIE Y AYIHMERBUR LA P (P 45 2 35) o WInRA
append, 1 cons XJF§ , cons fEFKLIENT, append fEAR B K HLFRIE snoc Cf
cons IR E) o BT BRI EIFIHRER, HEZREHR O(n). H T ilpR iR, 3
MTRT LUK AL B A7 T ok, JTRE A S R AR TR o

append [ ]z = [z]

(1.8)
append (y:ys) x = y:append ys x

X LRI RSB R °
1: function APPEND(X, x)
2: if X = NIL then
3: return CoNs(z, NIL)

S BEINIF AL E X FRET : cons © xs.append xs x.
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v HeX > 17k
5. while REST(X) # NIL do

6: X + REST(X)

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

8: return H

SR ResT RO SCH0 XS next 5] B 40 R A9 B~ :

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

il get At ZRMEL, BATH ZR S 215 I fe € A E LMEBOUTER . BTRE 2N
O(i), Hrp i 2RI AL E

setAt 0 x (y:ys) = x:ys (1.9)
setAt i x (y:ys) = y:setAt (i—1)xys '

%3 1.5

1.5.1. EFIRAE P In— A BB E tail IR InEE A i £ 1A]
1.5.2. ffi 3% BT tail Atd? XHEREA (T i
1.5.3. £ set At i, U AL BR 2 F LA A 17 50 2

A

FIRAHNA R E S S (DA EM BN ITR I insert i » X, H
LA set At FfLhs ()7L B IR Pl A — N IC R
| inse.rt Ozys = x: .ys | (1.10)
insert i x (y:ys) = y:insert (i —1) z ys
4 SR B TR LR ARSI, AT S T 1@ A R AR
SEIR:
1: function INSERT(i, z, X)
2: if : = 0 then
3: return CoNs(z, X)




1.2 =L 7

H+— X
p+— X
while ¢ > 0 and X # NIL do
p+— X
X + REST(X)

141—1

10: REST(p) < CoONs(z, X)

11: return H

< WS SCEMARH, B DMREEM A P IR, 6855 > () EGIHaa K 2%,
BAVESCA TN 1585 R 7

insert x [| = |[z]
) r<y: x:y:ys (1.11)
insert x (y:ys) =
G0 . y:insert x ys

M 22— RO IR RIS RN O(n) o X ATEACSEBAN T -
1: function INSERT(z, X)
if X = NIL 8k # < FIRST(X) then

v

3: return CoNs(z, X)

4: H+ X

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

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

8: return H

FATAT LABE— B IBURAHET : B RTR LTSI T EEAHR
T BRI B X —HEF YR RN O(n?) o

sort [| = []

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

FANTAT LATH B I, SEBE AEE - B — MWFI R B TR IR i B 4 R b
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
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FENRER R AT IS 2, 25 R PR HZ E . AT H B 1A — AR
ANTE] : JiTE WA A ZE AL R 3R T e A A A3 AT S AE “ R I ” (1.2.7)
HPHAITIEERIX — R 8 3 BRI GRS  AERERE AT ANOLIL o

%3] 1.6

1.6.1. fi NALE U R HAL AR AL R

1.6.2. SR SCAm N ENE AN E § R A TC R T A E B s — M B
M 349 T

il &

AL, BB A PR S (1) FERg E AL EMBRITR del At @ X (2) BHK
MEFFMIER delete x X o N TMIBRALE ¢ ERYICEK, Jonist « 22, RRBEE — LK,
TR A B o T BRSO

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

T 2t ¢« 8 KR A O(i)o NI AH M AEAUSEIE:

1: function DEL-AT(i, X)

2 S+ Cons(L, X) > BT A
3: p+ S

4: while ¢ > 0 H X # NIL do

5 i+i—1

6 p+— X

7 X < REST(X)

8: if X # NIL then

9: REST(p) < REST(X)

10: return REST(S)

N T R FUE DU, FAT5 IR BT /LS B O S IRE L, IR X BA]
LA et DIfR X PO L AL T R R S RARRYER IR A FFRSE S
CEPIMER” AT LABE— A5 AP RPE DL - (1) BN — N ITR IR s (2) $E
AETHRMEMN TR 2TMER. J5FEm 5, WATE.

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

delete x (y:ys) =
r#y: y:delete x ys



1.2 =L 9

T il P B AR TR BB IR O(n)o AEBARSEEL FATRIAEAEFH 4l 3
T ROR AL EE :
1: function DELETE(z, X)
2: S« Cons(L, X)

3: p+— X

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

6: X <+ REST(X)

7 if X # NIL then

8: REST(p) - REST(X)

9: return REST(S)

%3] 1.7

L7.1 Bt R T4 E I TR TR MR .

1.7.2. BRI MR EE B O B R ) A A TR TR BRI 3 — M
% 350 T1

JEXES
EREWINEE — B WmmsIRBHMA— IR, B ETIIMAZ
MICE . HIARIE S 2 KA IR LI, WFARMERE S FREATIT 00 4 |as| = n,
lys| = m, 53 A2 P FISRIAC I o ARSI 22 AT E 2 R, B m k. &
FIRIEZE R O(n+ (n+1) + ... + (n+m)) = O(nm + m?),
xsH[] = zs
xsH (y:ys) = append xs y+ys

1] cons {7 FEARPL CHEUT ) L FRATRT LARTIER] o5 1 R # PR fERE ys:

[J4ys = ys
xsH[] = as (1.15)
(x:xs)Hys = x:(xsHys)

IS A ) O(n). 2 A5 SR L (PR ER S TS50 40 LA
EERARAE (WATT T
1: function CONCAT(X,Y)
2: if X = NIL then
3: return Y
4: if Y = NIL then

5: return X
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6: H+ X

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

9: REST(X) « Y

10: return H

1.2.7 f5F

HATHHREIFIIRMSR. EMTEELRTH R FAME 1.5 e
A TIG . SE L FIRAIAN 0 B Lo
sum[] = 0 product [| = 1

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

PTS53N O(n) o ITET AT Ao BRATTATAS FL O
Mm G RIRTE.

sum' a[] = a prod al] = a
sum’ a (z:xs) = sum (x+a)xs  prod a (z:xs) = prod (z-a) zs
(1.17)
SKAES A 0 FFHIR R . KBS 1 TH05 R fe:
sum xs = sum’ 0 xs product xs = prod’ 1 xs (1.18)
B AT AL 5
sum = sum’ 0 product = prod’ 1

FTERL 2 14254 /K (Schonfinkel, 1889 - 1942) 7£ 1924 4E3E Yo M Ri/K - i) B
121958 fEJa o 25 T ICRRAL f (, ) ISR o, Sl — A6 T
y —ICHEC g(y) = f(2,y). 100 g = [ . )T BIZICHEEL f(2,y, .., 2)  WITHIK
B NSH T LA — RAN KL ], f 2, f 2y, o FRATIRIXFERYFATON AT HAL o 7T
LMBZ TR B — R 5 —JC R EGH: f (2, y, 0 2) = f(2)(y) - (2) = fay o 2o

KHARBIEE , tHE 7 A eI A, 9 B IC Rk R g i RS T
P RS E RSB0 a) e\, SREFFAH (FIan B ITE) o R8I
AIRE—2B ARG IR . FATFRIXFER R ECH “ Bt A (s B A" , FRIXFRE BRI
M “ R AL O o g U, AR B0, iR IA & AE AR T RS . i)
AL T LR A M H2 s 1 R L 388 0 P T3 VTl s A e 1 P R o 78 (1.12) %
RN RS, Hh A S M AT TR 20 TE 3R 7 o FRATTH AT LUK 10 o R ) -

sort' a [] = a

, o (1.19)
sort’ a (z:xs) = sort (insert x a) xs
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N [ ] R8Iy (R EAED) : sort = sort’ [ | VBN IHATHLRIGF T, BT
5 R T R o (07,116 95 0) o IREEEI TR L PG E A TRLL b Hn
SR O(n) WA T3
function Pow(b,n)
<1

1:
2

3: loop n X
4 T x-b
5

return x
FRETHE O R, BIREIRER RIIGER, FTLMEE] 2 = b2 EER . 1L
B, FATTCHT A « Flh b 153 °, nf LEHFIRTRLL b* 158 b SR)5 FHATR T 153
(b)? = b8 HEEIR 4K, TIAZE 8 Ko #7 n 1BUFH 2 BRI R, Wl n = 2, Hrp
m R R, TATTRT AR R 8 7 A P T 0"
bt = b
o= (b2)?
TATG n ) BUE R AR GUIREEC A n = 0,38 L0 = 1545 n S 4% n ik,

SV b2 SRR BT 25 n NARRLL BN m — 1R B T LA SE R 0 L oL
SRR RTRLL b

W= 1
S ELE (b2)? (1.20)
A beont

{2 (b2 )2 otk BB R . A1 A TFT LB I ROEOT 7 SR PRI A
Mi’é‘o

Wo= 1
o on:  (b2)2 (1.21)
AW b-omt

gyt X — B, ] IS ER R O Bk H o FATEIE 500" = pow(b, n, 1) 1
CECS

pow(b,0,a) = a
n
2ln:  pow(b?, =, a 1.22
pow(b,n,a) = | ( 2 ) (1.22)
A pow(b,n — 1, ab)

X—ITERE 2= O(lgn) . 4% n FRK HHIE n = (amam—1...a100)2, TR
a; = 1, BRATTEREHIGE , FEHE 02 o XM IR B R ELL(10.2) . HErE
PERIOA 1 RO, R IRt AR R s I gE . B, it ot 1, 11 5
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J BRI 11 = (1011)g = 23 + 2+ 1, Ik b = 0% x 0% x bo FRAITAT LAEIE LR HY
SR TIT R

L & b 15 bs

2. MIX—4h BBk 02

3. W4 2 AR T TSR] 62
4. 5 3 BT 5E b

e, BATHES 120 FI5E 4 B RabRofes|—te, 152) o' 25 b, AT LA
LU

pow(b,0,a) = a

n
2n: pow(®?, 5, a) (1.23)
@ pow(t?, 7], ab)

pow(b,n,a) = {

X REA T ERRUCK n WA R h— 4> BRI AL GBIERE n BREL 2) o 5 SARAL
(LSB: Least Significant Bit) o4 0, n % IV IRECE 7, 4R850, T
FRGER a0 XX _EHIGIFRYE 3 283 LSB O 1,n NaEr4. BR TRIRECE T, I8
o b RBIRALER o £ 2 n o 0B, RATELLISE n PRIFTA L, HALERME
FPUE a0 FEATATIIGE, EHTHYIREC Y BALERITEE ' R o B E AN A AF
b = a(b')" o MERTAIELR Y n AR, (LKL — 1 A BB TR EE s X — ik
BEERCHS n It 5 n B9 RIS A m AL, X BRI E m . HREN
AN O(lgn) o FA T Hoam & XL E R L5 o

[ 2 SRAT KB AR AL, BT T— i Py, — 1 RS R

1: function SuM(X)

2 50

3: while X # NIL do
4: s < s+ FIrsT(X)
5: X < REeST(X)

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

FIFRARGENE  FRATTAT LUK e S B o 184 )75 n! = product [1..n].
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1.2.8 mKXEMZ/IME
IR AR A FRAN L H ) TT T - 7 He A, WA AE Bk B/ IME . max / min {115

SRR A SRR A A ICEK (2], G5 RO o I, 3 A 751 e rh SRR
B/ IME, FEMIFE L TUR AT B e 22 4
min [z] = =z max [zr] = =z
r<min xs: T >max Ts: T
min (z:zs) = { _ max (x:xs) = {
I min zs I max s
(1.24)

RN BT AT HAS N i I X R T “fEZ” AL FERET) < (E

farisffi . SRAAEE RS 2 EALEE > R SR e/ ME. L min Sy
min’ a[] = a
) {x <a: min’ zxs (1.25)

min’ a (v:zs) =
N . min’ a xs
5 sum! [prod" AN[Al, FATAREN min / max’ & N— P HEEA ARG, BRG]
Foo (F BALIEAD «

min = min’ oo max = max’ —oo
F BB F/ IMEPON RS B3 5E L AT LUK L TT R AVE R AR 1E -
min (z:xs) = min’ = xs max (zx:xs) = max’ x s (1.26)

FEi A Bk e/ MERE AT LABE— PR IR A SEEL. L MIN D44
1: function MIN(X)
2 m < FIRST(X)
3: X < REsT(X)
4: while X # NIL do
5 if FIRST(X) < m then
6 m < FIRST(X)
7: X < REeST(X)
8: return m
WA —FRREBIFSEL, ATLVE HFRSTRIEV R @A, T akdal
AMAICER, FAERRE AT A LA, B30 AR RS HERI AR Y IC R LA min
il

min =

x
x1 < Ty: min (z1:28) (1.27)
min l’l To: xs
min (

Uk zp:2s)
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%3 1.8

1.8.1. AR ITLI length

1.8.2. ] n ) " BERIPA, SCHUR 0" ROPLE TR (ERE RN O(lgn)
2% 350 11

1.3 ok

MBS LR AP R B AR — PR R SR A5, (UKL 73— Fhik
AR FN RGN ARG RGN RA T FA . A TFRORRR) 51 (19 A H Ry B —BRET

1.3.1 ZF—R5F

AT — LB FARIGRIGT o 55— D0 T4 — T BT R E NI 745
'%l,ﬁuﬂg [3’ 17 2’ 47 5] f{%ﬁ%ﬁ\j [“three”, “one”, “tWO”, “fOllI'”, “ﬁve”]o

toStr [| = |[]

(1.28)
toStr (z:xs) = (str x):toStr xs

BBl RRT RS &, TR, FLLETE 7
LRS- il -

[[a, an, another, ... 1,
[bat, bath, bool, bus, ...],

Cey
[zero, zoo, ...]]

BRI AT — B B« EFE iy, Seit 25 B e iR pg B AL

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

BUERATZA , MR B 50, W FOR S R R B UR 2 » R 4R 2 —
ARSI, R RIS B E TR AP MRS A, B [a, but,
can, ...lo FATHFERI—DRER AL IR REO A 51 SR B i — > R IR 57
Fo BIUESAREL 2R JIREO B O B 2 B Rl . FRATTTE RS
HERe , Aty BELBURRRIRR) max By emp xs, 2 emp i 5 LR R AL

maxBy emp [r] = =«
emp x1 x2 0 maxBy emp (x9:x8) (1.29)
maxBy ecmp (x1:22:28) =
A maxBy ecmp (x1:x5s)

XFF—XHE (RIS ) p = (a,b) . 8 SCREL
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{fSt 0= "o (1.30)
snd (a,b) = b
RE SCELR] KU I LU R A

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

4 less & N\ max By 5t vl 3% H H B EUE 22 11 B3R] (T 4L s max” = max By less.
)5, VA max” AbPREIRIGELTH1 R

solve [| = [] (1.32)

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

RS LR L solve T toStr [EIH KR T35 . TR EMSSH
5 E—BRE .

map f[] = []

(1.33)
map f (x:xs) = (f x):map f s

map %R f VEAZEL MR Y I RIFR P a B TR B JRATARKE
HE BB AN RN REON “mPr R . iR f )92800 A — B, RIfBRAL A
FITCERB NI B (I3 map (ISR -

map :: (A — B) — [A] — [B] (1.34)

B smap 12— RAON A — B RYBREL SRER— R0 [A] RSy
Jy— AN [B] W83 LAY B AT LA E SR (R AL -

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

Hep fog FRREN A, CE M HREL g, SKG N HREfL B (fog) o =
flg(x) e BAE FAERIT g ZJ5 « FATHL AT LM ER BB Y R SE ULl BRIy = f ()
EXT —PMNES X PRICE » FIESG Y TITTE y b

Y = {f(z)lz € X} (1.35)

IR SR AT M —— 2 TR A (TR ZF ik
) 7, RRZAET el 1 LIRENFIE X SFIZE Y M Y = [f(z)z « X,
TR RS A M. T LS G T 0% I ZF R IE IR, &
BN T B VBT B0 0T SEB— N HES B SRATTA 4 g (2 0
HE G ST BB perm. X . S RE )y m AU X st v A TE
M AT, —4A P = —— AR

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

(1.36)
sk 0 MITERHEA, sFIRPITRI N EUNT L HER S RO S SIS SR ([
1 A0, FATE— B PR PR ITR o, BB RIR I n — 1 DIoRiksF r — 1
DMICERHA, ARG« BT SR AT
N TR B ARSEEE, N A A A T — N B Y R
1: function MAP(f, X)
2 X' + Cons(L, NIL) > #iBhAY A
3: p<+— X’
4: while X # NIL do
5: z + FIRST(X)
6: X + REsT(X)
7: REST(p) < CoNs(f(x), NIL)
8 p < REST(p)
9: return REST(X') > EFEEI Y S
FLERE LN RATAARE PR TTR, TN SR BT
El— A 2IEH A TR -
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4: X < REST(X)
W IR P N— DI PRI 53 4% P IR 1T R Lo
1: function FOrR-EACH(P, X)
2: while X # NIL do
3: P(FIRsT(X))
4: X < REST(X)
VERBIT BATEHE—F “n 384T B 0 B A n 28 hT R IEKIN . FRATTR
1R AR 7K.

LKA RYKTHRETIT S
2. AN 20436 TATHYIT O AERAT RS, MDA I A0 R KA I s 5
3. AL B —KIT K. 4B 3,629 (B _ERAT BB RRIR A ;

e Ja R , AR — KT (58 n 28) IV CHEREN . RIERAALRIT 2%
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[ R85 26 i n BT FRRA—H 0.1 507 (0 K1 5%) o FHIAI#LZ KA [0, 0
» Ofo BTG50 1 2 n, SRTEBRET R — 2R (4, 52/2K) FIE:

lights = map (i — (i,0)) [1,2,...,n]

X — M PG BEA G 5B B E 0, Z5ERF L n MEURALE: L = [(1, 0), (2, 0),
o (n, 0)]o BRAE L 3tn ko 7258 ¢ kP, B — 0 B A AHME (J, ). 45 i (Rl j mod i = 0)
EJE% Wit /Ko 21 -0=1H1-1=0, 4IRS » Pl 1 — 2.

S jmodi=0: (j,1—ux)
switch i (j,x)) = (1.37)
el (J,2)

5 1 BB SCICA map (switch @) Lo JXBAMH T switch R BEATER . # Tk
FESLEREL op , PATHLE n ik op 1,2, ...,n] L.

op[]L = L (1.38)
op (izis) L = opis (map (switch i) L) '
Ja REART S A TR RIS 2 S S
solve n = sum (map snd (op [1,2,...,n] L)) (1.39)

BRSBTSk

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)

RATF AT HIECE A 1224+ V100 B R ORI T #47) -

[1,1,1,

2,2,2,2,2,

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

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

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

TyT T, T, T, T, 7,7, 7,7,7,7,7,7,7,
8,s8,s8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,
92,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10]

XS RARE R 3 ST AR i J5H 1 3500424 358 8 sfTH) . /5 A 2 =%
L1539 22 15 AT 5 A 3 sk 5e: ERFTHHBEE N2 ((+1)? -1 %
I JEA @ 30T 5. FATATLAIEIX—4518
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IR n SATH SN 18] n, BB E R IR RIARLERT o i T RIARRS , I A AT AR 2 K
Y BATTRAT LA AE RS ar BRI R AT S 2 5 X450 & HOAT, 25 @ Al LA
e 7 BEER (FoR o 4100, MIAESE § 58 ERITRBARBI— ke At LA AT M4 5 & A A 8L
AT BRRPRER R O TR SRR, BA 17 B e S A ar a8
RFHI%E S TAERHA R 8 S N n WArA R FRIES . SHIRIN @4 p A n
H 7 LA RAFAE— I IEREAR ¢ (1% n = pgo R ¢ 2 n A7 AL
HHMY p # q I FATAES S FEIMPIARIFIA T X0 S| K2 HE. Bk
p = q. M n WERSERF TR X HRER S S TR — A AT BT 2L
R O

FATAT AT 4 n AN HY 584 V- J7 BOR AR X — 8 o
solve(n) = [v/n] (1.40)
AR 12 100 FRAT I Hy S5 R -

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

WS E— MR A, EAMURIRTFIEE ., thn] LAY 112 5 7R A9 S o
N RATS AT S BT . R ERATRES T — 25K, IF H A =45
R SE SL, AT LASE FH e R AR 785

1.3.2 it

AnART i/ N 25 R B — A BRI R 2 — T A H B AR R 5
o AR SRS : (1) 565 H— s i (2) Fetfon s I (3) 1 i a4
oo o g Al AR B -

reverse [| = []

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

BN RAT RSB I o ] — I RIREGRIC R SR SR T NS FR E 3 :
reverse = reverse’ | o
reverse’ a[] = a (1.41)
reverse’ a (z:xs) = reverse (r:a) xs
AFETAERFSERN, cons () 2 H B RIFRAE. FATAWMAIFLH K — B
JLER, K HE T R RAETH . XS TR 2T R AR, 285 Pk
Hio B LREANERRIR. T RBIHTCHICT LN SO, JATTT LUK BAU I 91
A
1: function REVERSE(X)
2: A+ NIL
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3: while X # NIL do

4: A < Cons(FIrsT(X), A)
5: X + REST(X)
6: return A

B2 X R T — TR R A3 AR AR SIEE B E R Bl
NOREGEA E ] X G H SO BRI A AR B R

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

p = Xxs

XS = xs.next

p.next = ys
ys = p

}

return ys

%3] 1.9
L.9.1. A E#IANK [(k,v)] ZIERH v (HEKHITTER

1.4 FHER

BT LAPC I 3 B 22 U0 s T4 3643 B 75 B0 17, PRI IX R4 R 2
LN RIE o take NFIFRHFBURET n DICE, FY T osublist 1 n X o drop WFIFH
FFEH n DICE MY T rsublist (n+1) | X| X Bl take XFFE ©:

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

(1.42)

XA R IXE A B RS LR AR n > | X 8 n AL, B2 X ORES

BT SAAEB o FRATHEXS I BB AL B R E A SR S B AN R T 484, /T LATES )
RHEFAL BRI E KR 7513

sublist s n X = take n (drop (s —1) X) (1.43)
FHN—FIIE R N LA A 10 52

slice s e X = drop (s — 1) (take e X) (1.44)

CHALIE S NE T XM ERAE . 10 Python Hi:xs [:m] Ml xs[m:] 5544 T take/drop.
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VIDXTR] [s, e] COff M o FRATH T LAFE SR E o B 1 290 FIOT -
splitAt i X = (take i X, drop i X) (1.45)

take/drop 15 €I FFERY DR FATRI LY, BRI &R GL, wiAs
WiE 5 E 350K, BN take While/drop While, ‘E 1% — A0 E R T 245 &
SN p AR L, A5 LA A TR AR 78 20, XA T 2R B L B SR A T AN ]

takeWhilep [] = [] dropWhilep [] = []
p(x): x: takeWhile p xs p(xz): dropWhile p xs
takeWhile p (z:xs) = p(@) P dropWhile p (z:xzs) = p(@) b P
awe ] w e aws

(1.46)

1.4.1 YIgfad

DI BB P R P TR E R HE s T 193 o W —dim P — ik
17, AR I )2 2 BN 2tk o U093 AT AREIA A & —FIREIR Y split, FATASRAERE E R
CLEFIR I, BN TR S AR — a0, RS R KR . U
SEERGRE R TAER, — I RERAETE, A M FERIE S . VAR —
TR SRR TR 73— PR RSB T9I3 . RIEFRN span, J5
HFRN break

spanp [ = ([,[])
. _Jplx): (a:as,bs) Hr (as,bs) = span p xs (1.47)
span p (r:xs) =
ane ([, xims)

AF B BOZ AR, m ] LASEER break p = span (—p). span fll break #1<3-
HRKAT R — BAMHTR RIS T 2RI . R TEE SPAN AU ASEEL:
1: function SPAN(p, X)
2: A+ X
3: tail < NIL
& while X # NIL H p(FirsT(X)) do

5 tail < X

6: X < REST(X)
7 if tail = NIL then
8 return (NIL, X)

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

span 1 break Y45 LY 53 HPTE S . S4B P TR 0 s T 18156 #ilin
AR RS T i SRS R 15

g,',,oup “MlSSiSSippl” — [(LM”’ (4i777 “SS”, LLi”? “SS”,“i”’ (épp”’ LLi”]
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N, A —5%c: X = (15,9, 0, 12, 11, 7, 10, 5, 6, 13, 1, 4, 8, 3, 14, 2] .
Ca i T A TR R -
group X = [[157 9a 0]7 [123 11a 7]7 [103 5]7 [6]7 [137 1]3 [4]> [Sa 3]7 [147 2]]
XM R EA SERANE . AR AR, AT T TP A & (5
6 %) ARSI ERIFTFHRR (55 13 5) o FAHEAAMGIIER X R

~o BRTHBMAHATTR ooy BE “FH o ~yo BATEPIFIZE, KR
TCRe WARFM M ENTET A S oy BT A

]

]

group ~ [ =[]
group ~ [z] = [
{:c ~y: o (z:ys)yss, H: (ysiyss) = group ~ (y:xs)
group ~ (z:y:xs) =
G [x)iys:yss
(1.48)
X BIERE R R O(n), Kt n 2 8. tml URHEAURY 7 s Bix—
ke 5 X AN, A HEE RN [[21]]. S5 B A TTRIT Ui i 51
e, AHBHI A TEE “SENT, T T i 2 TC N E A A e —
.
1: function GROUP(~, X)
2 if X = NIL then

3: return [[ |]

4: x < FIRsT(X)

5: X + REST(X)

6: g+ [7]

= Gl

8: while X # NIL do

9: y < FIRST(X)

10: if x ~ y then

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

13: g9 [yl

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

16: X + NEXT(X)

17: return G

WA APPEND B4 5| UL . X — LRI ) 2 22 2R O(n?).
WA TN , 7] LA APPEND 228 CONS.o A FH 73 4 BRI, AR5 H-SK 1 P45 - AT
SR« group (=) “Mississippi” fl group (>) X o A LAMEH span LI H. £
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AN—MEAME, span G HN e E S bz — 2 R RN B TY 3. AT

TSR AT span FSEFTE TR . (HEEN span AFREUE—ITCREL, T

SRS T ICRE. Al LA AR R — ZE R S — DI RN T ¥
group ~ [ = [[]]

group ~ (x:xs) = (x:as):group ~ bs, HH1: (as,bs) = span (x ~) xs
(1.49)
\

BIRIXAH BB LA SCAR A A [F] 7 B 5 A, ABAIASRE IE i MBS 4% b 7 43
2 : group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]]. SF— 1 TCE L 15, B E
T > AP TR 15 B2HIFRPERKICE, FIL span LA ITCHEHE T as H,
1M bs 7S XFFEASREE IR B IEHIT A BN AR it Al S50 I e R
—ift. TTRETIR, T OC R (~) ST R =T B RO S X RRPE AR

1. BRE: 2~ z;
2. M x ~y &y~ o
3. FiEMr~yy~2= 1~ 2

Xf “Mississippi” S3HES , (555 (=), LR =AFAFERAL , 7748 T IESE R
R AT AL AR T35 () AR R R ET 5 1 B BRI AR L AT ok 4
T 1 span SEHLFYEE — AN HETE K SRR B AR SR 0 2R 1158
A ABEENTC LIRS EOURE AT PRI R A A XS 25 1F
LETER

%3] 1.10

1.10.1. &0 take/drop, 4 n J& U take JR1A] [ ], drop 3R 0] 4335135 .
1.10.2. SR E LY take 1 drop Hik.

1.10.3. ¥ sublist fl slice G NITBEMATEA, ToiH X /ENSEL

1.10.4. ZZE N1H span HJSEIL:

spanp [] = ([,[])
' B {p(m) o (z:as,bs), K (as,bs) = span(p, xs)
span p (r:xs) =

G (as,x : bs)

RPN S AR ?
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1.5 &

JUFAra R B R EE LR . XA — T E . XL AR Fk A
FIFRABIAYE ST AT LGP R BE MG 2 S E R & 7. BAR LE
FraFIFT ERIAAE T B sum. product. sort, EATHVE SR Z5H 51N
2SI 28 R SRR A O SRARIS A 1LV HERF IS A [ ] 536 ke M 0 4s kT —ocis
S SRANN 2 AR SRR ZAE e HEP BTN« AT =PRI I Z5 SRR N
MBE (R E) , —cisBgoh & E L &5

h®z[] = 2

(1.50)
h @ z(x:xs) = z®(h @ zxs)

iﬁﬁ)\ﬁ”% X = [:I;la Z2, ...y xn] aifﬁﬁ%%%ﬁﬁﬂ?

h @ z[r1,22, ..., Tn]
= 210 (h & z[r2,x3,....Ty])
= 210 (@@ (h @ z[xs3,...,2,]))

= 21D (2@ ((zn®(h ® 2[])...)

XEAEYGR AT, E RGN R N A IR (2, © 2) AR A0 BE T L2
T1o JXMIEL 1.3 SR BARL 37 AT RIARAI e 22 MR B i e A i 27 2 —
o HRITHI BB T & , S 2R R

K 1.3 3k

XL B R T — 3 WOE B 11 —ICRAE R R B B A EUGERYET
D Eo BMIHIGE R Na WORRYIERE ST , AN e BRI
Y R B A e o SN SRS IGE T B F R AR IR Y o

7 Y4 reduce
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sum [1,2,3,4,5] =1+ 2+ B3+ (4+5))) product [1,2,3,4,5] =1x (2% (3x (4x5)))

=1+(2+(3+9) =1x(2x (3x20))
=1+(2+12) =1 x (2 x60)
=1+14 =1x120

=15 =120

BATIRIX — R A BN R0, o TS MA I ST, AT A HAT o foldr:
foldr f z[] = =z

(1.51)
foldr f z (x:xs) = fx (foldr f z xs)
] foldr , SRANGSKAAT LLE SLANH -
Sooiwi =x14 (et (234 o+ (T +20)).) (1.52)
= foldr (+) 0 [x1,za, ..., 2y
[Tz =21 % (xa X (T3 X oo + (Tt X Tp))..) (153)

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

%5 T ALY s sum = foldr (+) 0 il product = foldr (x) 1, AT
FEAIE LN sort = foldr insert [ o FATTATLME foldr #eAt g ik IH , i H2 M/
AT . FATGHEIEH foldl:

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

LA sum 9], T LR BITHEDR B 2R TR -

(1.54)

foldl (+) 0 [1,2,3,4,5]
= foldl (+) (0+1) [2,3,4,5]
= foldl (+) (0+1+2)[3,4,5]
= foldl (+) (0+1+42+3) [4,5]
= foldl (+) (04+1+2+3+4) [5]
= foldl (+) (0+14+24+34+4+5) ]
= 0+1+2+3+4+5

BB HHEIR T f 2 o A, R EMHERERN BT S NEERIE IR
H14 [1,3,6,10,15]c — BRI, foldl WTLAEH A FIEIVIE A (HELi%) |
foldl (&) z [x1, 22,y @y = 2B T Ba2® ... DXy (1.55)
foldl J2FiE A, ] LA H LI ATERR. 1@ FR{E REDUCE,
1: function REDUCE(f, z, X)

2: while X # NIL do
3: z + f(z, FIRST(X) )



1.5 %m 25

4 X + REST(X)
5: return z

foldr F1 foldl % HAE G RN 5, ENIFARREL . BN, LA 8 5L
Fr A3 BRANCER () o BATEE LA~ fromList B, — 451 2
(FTEAL) -

fromList = foldr add @

Hrh o B . RS PRI A KRBT R TEsE
Wim TAER AT R A A RS R RAFINTY . foldr w2 — A RS, 1M
foldl WIF=A: ¥ Fri 5k o AERACSEBIT o 1 M peidt P [FJ R, JeAT AT LASe S 3 3, 75
PAT reduce #Af:

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

B NYHRASEAE R foldl, KI2AE 2 Ri# IHIY , R L R B 2205,
I HIBBEL B . BAELTICE 513 (HIRAME M SRAESEIN) I, w5t e foldr.
TR E RS — DTSR T RAE T R FI R, R [ERT
10

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

XEAREMT foldl, FMITHAIKIEAZTE R 4 A 1A KA, FATA S
F§5 folde AFBMTFTT fold, 1 fold, IR EINA LA 7. REARENEA
R THIERN AR BIE S ZIG0 . & rl DAV A2 H e ARBEE F-ATA LA
(1912.6 77)  BABIAIE S A4 S5 EA T2 . R R IX A4 (D B LT
23 (BN 5 (2) Al oA i VA 2854 (P1n— 1R al 08 T RERIDC 20 « A TTiE—
2R R I SO DI INZE & NG DT o

VEBI- AT fold Fl map etk n skl A £E55 248535, MG T4
PIF BEATCRE A (0, 8)  ASHTRYT S ¢ MRPRES so ARferhiRdErh, ST
HIF 5 @ RERFE AL J BERR  AURIAL KT IR . X RE R LA fold 5 X

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

PRI BT A TR K . BT ERFIRREM 1 3] n [9RE. REL step B2
SRR KT 5 RS B step i L = map (switch i) Lo foldr FIZ5H 25
RS IRPIRAE S . BT R map WEIHEFIRBUPRES , FHH sum SR L
kR RS

sum (map snd (foldr step [(1,0),(2,0),...,(n,0)] [1,2,...,n])) (1.56)
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AR GU(L15) fE—dHP R L& Y TS TR — 13 X
By B R -

concat = fold, () [ ] (1.57)

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

%3 1.11

1.11.1. A TH foldr & SUGEANHEST  FATTER N R BT B insert o X, X AEHEF AT
PAFEIR A :sort = foldr insert [ ). foldr IR N :

foldr : (A— B —B)— B —[A] - B

HA 28 f WEAE: A — B — B, WIIAMH 2 (EIH B BEXICESE
By A BN FRFTEIN, ALK AL B WA foldl & LAGNHEF?
foldl FIALZEAT 4.2

1.11.2. concat I A)E 24 RAT 22 #TF—AEMERT A concat Bk

1.11.3. {fifH foldr 3£5E X map.

1.6 &EFRLE

FEPANLIEA 2GS AR T A tn] T3 X G X4, i
T B T AR B SR . B AR BRI FIRCR « BART AR X2 AT LLE
P TC RN & BHTXF L.

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

X—IRVERFRNE elem, BAREH O(n). RIMEFIFRA )T, (HATTIEEREMAE
O(lgn)o RXARFNFIRA SR BB W I BERLYT ), Toih i — &8 (WA 3 &) .
FEORYE elem B AE n sk RRRICR, FRA M 768 /(57X 503 [(k,0)]. BEXIT
RS, PRAVE ORI o BRA 7 BLa e G A o ) FOGT R

lookup = [| = Nothing
k=x: Just (kv 1.61
lookup = ((k,v):kvs) = (k;0) (1.61)
k#x: lookup x kvs

il elem AR FATAPUBALE @ A5 38R BREDS M AYE. T4 2 FFA
—SEAEAE, FATFIN TTRE” KA Maybe A, ©A BIFSEIIIE : 258 A [9FME



1.6 HEAiTik 27

a BURZE . AHNCH Just a 5 Nothing, X2z g R % * (14.2.245).
BE— YR lookup B fH L. AFFHLBIR AT HAME, R A e — 5
JUK:

findp|[] = Nothing
p(x): Justx (1.62)

Al find p xs

find p (x:xs) = {

JYEFTREA Z D Io R B 50, find JURMIZE —A>o FATAT LB ES V&
JREMIAEICER, X REEFREE IR, 8 1.4 FroR. HE SN (ZF Fik) -
filter p X = [z|r + X,p x]o AILAHE S4BT BRIRE R : filter (p1 A pa A

) X =[]+ X, pi(x),pa(x),- -]

N\ — filter p —

B 1.4 BN (21, oy ooy ] BT < [0, 2, oy 2l o TR V2 = p(2h).

T find ANE, R A FAT TR B ZM, filter IRPIZEFIFE . BB —H513%,
&G ITER:

filterp[] = []

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

M filter p xs

KRN R ERESR . AT, IR APPEND SAIEEE R, MERE
2 NS O(n?). AN Cons A, SRR P o AT DAFHRAT — IR Lt
(R B (52D
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)) > 2t ]
6: L + REST(X)

A T ZE AT IR RE T LA foldr SKJE Lo W EREL f fa &t Ioee, ik
FESMMABINAEEF: f px as = if p v then z:as else as. EXTPE R (F]
i)

filter p= foldr (x as — f p x as) | ] (1.64)

ST HLERFLERES Y Optional<A>,
QE. F‘FX?%%H@%"R‘FHU\%LE%] [l‘ <~ X7 p1 (m)7p2(w)’ } ﬁ [pl (l‘),pg(.z), ]0
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AT LARE— 240 A (FRAE n el
filter p = foldr (f p) [] (1.65)

PR AHE S o AMLERTF15E, Al LOSHEAR Al i Py ) 285 7 344
FAF USROG T o

DClic— o tR e ip FHEIE . RIERRE MR 745 5, IS 2
=R AR A AE (55 14 E) AL &R AN as 25 HIAESER bs HIY
Ao X EA PR FIT as 21502 bs IVRTZRS [ 4o span SHAFE IS
RACHT G (BT 58— AL as. bs HEFINTTR . 44 as 2 bs HTER, 1L 4
as C bso

bs = True
[

| = False

1.66
a#b: False ( )

a=0b: asCbs

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

T3, iraie a2 2b i A . (BRATARER RFERT AR &R 4
XFFF R ARG N A 2 H 8 o X — RSB R o O 1 SEBRZe e i R Y J5 4 2, )
LASCEE P B3 e AN i S5k 2

as D bs = reverse(as) C reverse(bs) (1.67)
fEH C, AT LM SR SR A (PR GAE) I RIRAEM IR P, i
B bs AW TR A -
infix? (azas) [] = False
_ as C (b:bs): True (1.68)
infix? AB =
Ay infir? A bs

I TS A ISR -
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
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HT T 1 e ) e BN A ), S ELAE I D B BN TR A, X BRI R RN
O(mn), Hrtm Ml n 2 HIZPIAFIERRARE . XIFRHL, Bl 1o LR B BT A 5
BRI A RS FRATRTSL

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

NI B R e 8 A SR AT SRR T IR

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

HriisPrefix0f TR E . tails B —PHVIENIIE S (R4S,
%3 1.12

1121 ] reverse SCHUZMEI IR ILIE R
112.2. SE—A B2 ORI 0T R4

1.7 KEEFNSfR

RIRFNZ I — PR Syt (), LASE B D St . & HOA S SR B (EERE R
LM o AE n ST BRI — W B SCHRFZ s map (i — (4,0)) [1,2,...,n].
NT KBTI E L zip AL
zipas [] = []
zip[]bs = [] (1.70)
zip (a:as) (b:bs) = (a,b): zip as bs

X RE SCAT AL A AR A A1 5 o SRERSE SRS EERAIAIE Y — TR o FRATES
A LLCHRTC S5 5158 CRIRFEPESRAED L a0 '°: zip [0,0,..] [1,2,...,n]o 45 EHIHSI
2, BATAT LG B4 AN ¥ 45 - zip [1, 2, ..] [a, an, another, ..o zip MAT [ /2
PR . FATRI AR foldr EXLE . BEARIEH O(m), Hrp m ZAIEHI R E .
FEIEACSEIURS , ISR GE ] APPEND , HAERER NP5 I A] o AT LAGEA] Cons Pz
R BRI SRR . fEan A IME N, " LAE M A SRAFMH AR (B — ik
O A —FICE M N —FITLERI) -

1: function Zipr(A, B)

2: C < NIL

5 while A # NIL H. B # NIL do

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

6: B < REST(B)

08 zip (repeat 0) [1..n], HH repeat = x : repeat
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7: return C
BE— R zip REKZ YL, AL MGt 17 zip. zip3. zip4-o A
I AT N P P& eR A, AU AEETTR XS o B0, Za AR BT i F11 3 - 5
R HE B4 [1.00,0.80,10.05, ...] (5T) s B W SEER A < [3,1,0, ..], 3R0R
ML 3R AR 0 M A, NHEVEEF TR RS
paysus [] = []
pays []qgs = []
pays (u:us) (q:qs) = wuq:pays us qs
bR 1 SRR A cons, HIFRZEAT zip #HIFR . RO &R EAMGN [ IFesn
zip JE SCHE— RO R ERAT -
zipWith fas|[] = []
zipWith f[]bs = [] (1.71)
zipWith f (a:as) (b:bs) = (f ab): zipWith f as bs
R zipWith 7] LLE LN TSR 9 A- B = sum (zipWith (-) A B). zipWith
S5 TETERAEE T LAE UTC 55 2P ARTES -
F=0:1:zipWith (+) F F’ (1.72)
CHE 02 FRICH W PRI, 56— ILR2 0, B NI HRE 1. F' 2
FoAn SRR I TC 5T LR ARIE o N =ATCRE, B IR A2 F FFY
HORE R TG BT R I RSB RR P A TR 15 SRR

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 W IBFIE unzip, ¥ IRIRIN R MM 5152 AT LME foldr %€ L3 fif
(FTERAL) -
unzip = foldr ((a,b) (as,bs) — (a:as,b:bs)) ([ ],[]) (1.73)

XTSRRI B, 2 B E B AR R E 451 U = [(apple, 1.00),
(orange, 0.80), (banana, 10.05), ...], WL 2 K HEH 36 : Q = [(apple, 3), (orange,
1), (banana, 0), ...Jo TFEEEENT, AP RERSIZL 37 H AN TSGR, 85 THE
HPH:

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

zip fl unzip FIBEEIRIR A BA TR LA 2ip ISRIKRPERRY , 17 s B2 2
TCERXS, Sk B A . RAY zip R unzip 3BT AT BRER S AR5 A0 Y i 17
12, IR fir 4 BRI i A1 8 LR (1T s —#2)
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PIFE M B 2R BRGNS RO, X T R B R IO B . JAT 1A
(a5E A 1N S N X I NN R R A I LRI b L TSR vi B i A
ERZERFEIAE LM T T RS FR ISR, RATARAUE ENTEE R & - Rabhi
1 Lapalme ") /017 6 T AR AR 2 A F o Haskell bR R (L T 56 T AR 5T
RIS . (AR G5 TR S ST AR T BN A EHE .

%43 1.13

L.13.1. it jota B% (i i 0k 1) BB T
o iota(...,n) =[1,2,3,...,n|;
o jota(m,n) =[m,m+1,m+2,...n], L m <n;
o iota(m,m+a,...,n) =[m,m+a,m+2a,..m+kal,k2Em+ka <n
BB
o jota(m,m,...) = repeat(m) = [m, m,m,...];

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

1.13.2. SCELZMER R a7 2 2 zip B%.
1.13.3. HENE L zip($875 : & LD FIZRBI SN foldr2 f z xs ys) o
1.13.4. {§if zip LI last At.

L13.5. 45— PR MIIRPRBRELINITR . EarS IR, 35 s S5y Jr
AMBRXEEL TR AARBINET, WD HEAARITTR IR,
SERFIER A TTRINT ARSI R P — 8 X —RIENE R B
f? SR e v AR SN B £ A, W] AR ff AL S ?

1.13.6. W LA AN TR A AR O g, Bl 1024 W LASRR9: "4 — 2 = 0 —
o —kEn = dm...dody FTLAFTR N “dy = dy — .. — dy” o (ELEPAH
FISRZTRIYEL a 1 bo SLELEA T A LG H CIiaElR) -

1.13.7. fEarS MR BT 2 — R A BRI 3L T 18 7 LARTI AL
W 1.6 frone iR, S ATCIRIEIR . wit— D EER AR 5%
B S AR MR, Bt BRI AR Y i (RO AN RIAH S
FRFAY T D -
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l

L g — W EW

BRI BN R R BdE L1, e IR (55 12 &) . fE
REER G AR AN, B nl LA R LB (3.4) o J5— 7T A
PRAGIINE D, RN e A A P R SE BB AN B R Rl . — X
RIS — R BURE A . 7 - ARRFFECRTERID P o, ShE T Inf gt — B
A AR NEAE R T MR

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

}

2.1 ENX

IXERY map 2 A = SR SR T SRS o BT BV E D B BRI
PR IRBAE R E . REBRRF IR T — SRR RS o BT 17— =X
—IR T EE N (2) 1 B ARG N IER R A IS Lo 3K
ISR R T AE N (L K, ) e ZEA o SO N 2o AR T4 BREEFR N %

Fo WRTLATE—HRAS A T Rl TR EOY 2 B & 20 KR, — R
KRN Tree Ko QRN RB A7 TR 28, FATRRZ 7795 5, SRR A 70
S R

T AR RRER A T SORS, B RE AT LABET LU 2, IF LR - X TR TR
2SNk, r) M LRI RERVNT bk AN AN SZR A RE. B 2.2 &
BRI AN 2.1 g, ATV BT AT AR . — R TR
(E AT LU R, T — SR R EOR B R B REREA T LLE ° o 0T S IR X 31,
AV IR — AL ZEWAE 8 (key) , FRAT 7 B EEAR N E (value) , HIER

Lo RECERAAER - FHRTINIRBIE T R R

2P SCHAE RN S L PR R AT NT R HA S < RIRIILE.
S BB THI R I NT A T LR 205 T

33
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PO§ eaa
o oBROoNOIRO

(a) (b)

K 2.1 R EE R AT T

N Tree (K,V)o N7 J7E BRI, ATUAETT IFREM T 51 JATEET
SCHAERTHOU T 20 AR REG I T Bl 7 Lo FERBGINET, — B A5
FECEET R 1 B TR R s g T . T DR R EEUE R GXE X
MR REEEHEAL, fa] 54 ADT) :

()

(=)
OO
(]

K 2.2: XA RERE BT

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

2.2 A

0] AR AR k (RIAHSCREER) BT, T 2 R R OCE AT o SlAGRAERE L
W0TF s (1) AR Ry, G — TN b B 71 R (2) IR ke /NVFARTY PR IT
R B ETAR 2R SR EARAEE R 2k SE TR AP TR
W E A T o AT EAB S 3 LARTRY R0 CBEfT) . s Sa v in e e il
AT LABRE A AL . o RS UL BT X — 1 o




2.2 #A 35

insert k @ = (,k,9)
kE<z: (insertkl,xz,r) (2.1)

insert k (l,z,r) =
A (1 zinsert k r)

N R AR R

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

X REFPAE A TR ILAC . AT 25 1Al AR E R 50 L n] AH
B3 U, AR -
1: function INSERT(T, k)
2: root < T
3 x <~ CREATE-LEAF (k)
4: parent < NIL
5: while 7" # NIL do

6: parent < T

7: if £ < KEY(T) then

8: T < LerT(T)

9: else

10: T < RiGHT(T)

11: PARENT(x) < parent

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

14: else if k < KEY(parent) then

15: LEFT(parent) + x
16: else

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

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

21: KeY(2) + k

22: LEFT(z) < NIL

23: RIGHT(z) < NIL

24: PARENT(z) < NIL

25: return x

Horb Key (T) ARBUCT iR, Bl LUEI T -
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key @ = Nothing

(2.2)
key (I,k,r) = Justk

FANTAT LOESEERN K IC R AR il — SR -

fromList[] = @

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

OB SN (5 1) ¥ fromList XN (FTEAL) : fromList = foldr insert @,
BA VR S BT T ARTFREY insert k ¢ F1INSERT(T, k). Hi&H] foldr, 54 H
foldl (B for fFIR) :

1: function FROM-LIST(X)

2: T + NIL

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

2.3 iB[A
3 5 SRR IRV )~ SR T TE R o T SRR 7 5« 1 PR3 T TP A B
TR TR B Y AR SR 10 52 5 U 4 1 o
o T ST YT IR T L SR T VT IR ZE R B TS A4S R S
o FLT  SE TR AE TR SR VT AR A R VA T
5 I T SRV 18T SRR VT 1A A L U AR T A

B “UrR)” B ER R IR . eV ARG VT A5 SC RN SRR FE VT 1) 24 43
SCH R BT AR FRA B L SE VT IR -5 S R RO TR B o X T IR 2.2 i — SURY
= P BEE SR AN T

o HiFEMI:4,3, 1,2, 8,7, 16, 10,9, 14
o HFW:,2,3,4,7,8,9, 10, 14, 16
a2, 1,3, 7,9, 14, 10, 16, 8, 4

Rl PR P A A N BRI i T 3R e — AR B8 SLARIIE 13X
R (ZR 2.1.3) 0 € X map Ll PITRR AL f RO EIEE A JTER B AT
S — R AR o

map f @ = O

(2.3)
map f (I,k,r) = (map f 1, f k,map fr)
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AR AT R] BB T RBOME, O SIS SR FRATRT ASEIRAN T Ry
i 3
1: function TRAVERSE(T, f)
2 if T'# NIL then
3 TRAVERSE(LEFT(T), f)
4 f(KEY(T))
5 TRAVERSE(RIGHT(T, f))

FAMTAT LME map , BB i Pt — 4R — SRR AL N Ay 81 -

toList @ = []

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

P rT AR 2 — P 335 : SB U TC P PI3A O — SR ER M, # i i 4
REEEHLIE G 8155« R “BHHER” s sort X = toList (fromList X)), 5% '5 i sk 5 & 1)
K

sort = toList o fromList (2.5)

FATAT LR XA Teh e & (B S WA — )

foldt fgz@ = =z
foldt f gz (L,k,r) = g (foldt fgz1l)(fk)(foldt f gzr)

XH f A= BOBRITREADN A BIJTRBS N B, X f(k) = mo. B HH
X AAFRENON 2 TR 7558 = 1y, S8 g B =TEHEGEK g 2 m y. FIH
foldt , F-ATAI LARE SL— SR HI LS map A -

(2.6)

map [ = foldt f (xmy — (x,m,y)) & (2.7)
foldt FEENNI I =JCREL g PRAF T SIS, A SRDEE Y, ] AR ]
TICHREL f 1 A X B — B SEEENL BN Tree A ISR B H{E:
fold fzo = =z
fold f z (IL,k,r) = fold f (f k (fold f zr)) 1
BN : sum = fold (+) 0K — XM HIIICR RINER. length = fold (z n

n+1) 0 ATLAZEHRHICER 8 B2 fold TCTEE XL map, DA —JCHREL f F28 T
AR

(2.8)

%3] 2.1
211 ZE AT R DRI Pl D R 25 R IR B R, IR R s i

&k
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o BIFETZSR 1, 2, 4, 3,5, 6
o AW gER:4,2,1,5,3,6
o R 2
2.1.2. GRS AN B P 0 3 7 1 5 SR T e — U
2.1.3. SEMIN AL BT o 1T LA 45T Z AR IR/ INE K I
2.14. WHEFIE IR 42
2.1.5. fHiHZNIEN toList
2.1.6. {HFAINE L depth ¢, RG0SR B

2.4 T

M = SRR PR TR B A R Y R AT (B S R A M R . Xt
NI H A o0 W MR A =FARF IR R 1) e — s
2) SRR/ NCER 3) BRI RIETIR (L — M) SUR 4 CF—1) iR &
FERIUN Tree (K, V) ) — AR FERPEHF A 2 XM AGE:

o MR NZS  x AR
o WARTROCEK (k,0) k= 2, 455008 v;
o IRz <k AEZE AR A A AR A AR s A

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

XEE I Maybe KR ATIRFEIIIEIL . ORI BN h, BRI AL

N O(h)o AR SR PAF (DL X T n A ITTERM 0, EARAIPEREN O(lgn) .
UR T SOARAS A, BRI I RIAE AR AL NIRRT O(n) o " U IH BRI AT
S

1: function Lookup(T, z)
2 while T # NIL H Key(T) # z do
3: if x < KEY(T') then
4 T < LerT(T)
5

else

4 4/E Optional<T>2M, s —i%,



6: T + RicuT(T)
7: return VALUE(T) > T =NIL &7 &

FE AR ZM BN ITCR SR T A 3, AR A TCR B2 AL T4 1 43
3o I LAMI I — R E A R F/NEER e O THE SV INCE Bl TR LR HT 7]
FEMIRTEE, EE 22 93 SO A o R, FATTRT LA AN i () 4 0 T 2E 21 KT R
XA R HERERRZE O(h), B h 2= .

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

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

A B R SR o IR/ NYICERIT IR, 18— [T RS Zh 21
RATCR, BB S Ia B sl. THM G2 7t e i TR -

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

XA DRV RTIREE 4T R . o E4E SCATE 2 < y 195/ ye
IR = WP S WA R R s MESUR R 4k [ 2.3 th 8 FUJR4EITERN 9,
T 8 WA T/ ME. IR o A 7RO A, 2 _ BRI, RS RaL R —4
56 p. (15 p B TRH2 o 9SG, (R 2.3 1, J03 2 FE BT JB0a A9 32,
A _EEE— 220K 1R 13 22000 32, 4k EAHREDTER 3. 3 iy Tl
2 2 RIMHIG. IXFE 2 BYE 4N 3.

()

K 2.3: 8 HIRAR AN HA M SZHI R/ IME 95 o8 TARAS 2 RYJR 4K, ol B33 1, B
AR dREE_EAE] 3,3 I AAF iRt 2 BYRHSE, SIS 450 3.

WERATE AT RS — B R R TR AL 3 ABCA B T A M A e, X
W = BOA Rk (e — IR -
1: function Succ(x)
2: if RicuT(2) # NIL then
3: return MIN(RIGHT(z))
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else
p < PARENT(x)
while p # NIL H z = RigHT(p) do
T4 p

p < PARENT(p)

©

return p

M WA JE kIR A NIL. SHERTIRIT R SIS
: function PRED(x)
if LEFT(z) # NIL then
return MAX(LEFT(z))

else

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

9: return p

A R RPN AT RS 0. AR SEEAE R P I B R ARIC, LUK

K90 2 AR BR O zipper (1) B — ) EERTYEAIS kAR R “1F
—A A g R R IT R o AEAE R A BRI, FRATE T map T
P TCER . TSRANE SRR R A& IR A R .

%3 2.2

2.2.1. FIWHRAME b BAAAET ZSUHEEREWM ¢ .
2.2.2. {fif] PRED fi] Succ SLM— A R AE ARG . HEBI—EE n T
R E 2R AT 42
2.2.3. NIRRT A LA T — X ] [a, b] NI9TTER:
for_each (m.lower_bound(12), m.upper_bound(26), f)
1l R B T3 A A X — [R]
B3 361 1

2.5 &

AR B J5 — AR AT IR A 1 = 15 iU 20 90 SEOTERAT/ N T R
JEER A SOCRMR T RTICER . EEEMERT RSB MR A 2
IR R (D) I o @7 el U —REAR S A B o T 5 (2) IR

SML 8 OCaml Hif ref 5] I ik EIRA TR T 40 IR .
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x APIRRAES TR, ATA T R S0 ME y Bt o AR SEHT y 04" . FRATTR

T RXRERY R - A R P MBS AT REA PTERAE S 148 o X FERL I 28 — R DLk
P E— R, T BRI N iU D04 o AR 2.4. 18] 2.5+ [ 2.6 Fim

NIL NIL

B 2.4 B DI 71 A 2o

O
o E

L
NIL R

(c) (d)

(@)

4 2.5 MR A — AR SR

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

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

B

1

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

(a)

V>3

F_F XM EH

delete(min(R), R)

(b)

4 2.6: MHERAP AR 2 SR T A

IHER IR AL O(h) , Horp h S iy s

HH

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

else

o 4 NIRRT BAEMBRJE 15 B AL

> PRI

> P SCHRAN N 2

>y HZEF R =S

>y A RHAR

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

28: else

29: RIGHT(p) + =z

30: Remove z’

31: return r

BUE = ANZS, B aitsk PR R AP BT s S AT 1o BRI AT 2407
y & o A PRI RUX AR O e IR B i ORAF A AT DTS AR

AT RN 2 M BR AR IR e XA OLT . 2GR I AR . AT R BT A
AT LAz bR T .

T XA R A G R A T IS ho QNSRS O(h) B2l O(n)o K
Z NSV, O(h) B2k O(lgn) . SBVY TLEEA P FR H sh4ERe-F 1 Tk . A —Fh
fi] BRLF - SR (1) 45 265-268 1) < il it BEHURIEE Sl NS AT O MER o 5 F BELER
BHTELICER KT S8 5 BRI

AT DAR Z A 2 ok Sl A e B (Map, RN R ERER B 7 4) , 2 T
R (HT . BEEME—IY, REERBLGN—ME. AEIRAE K, [HIEAELE
V., BT RN Map KV 8 Map<K, V>o JEZSWra S n oGk (e &R
{k1 = vi, ko = 0o, ok > v o A8 T IR SEIRRI S I, FRATIRR G K A R
Bro BEAD MY AR X BEE, BN Tree (K, V) FRATH A RERIHERA
BT RIS R R R . 258 B kL IR lookup FRAEAREUMSHE vo 0
B EAGAENRN @ B0 B AL AVL St v] DL e SEEARR (E i 5

%3] 2.3
2.3.1. 475 B 9 SCERAS 2T, A — RO FRE M B B F 22 P B KB

2.3.2. G SELEEALIEE o
2.3.3. UTAE—RR T SURS PR i B R R

2.6 B 6FKE
A1 8 R — S 2 1)

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

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

AN PSS 2R DT T8 U N B

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

B A1 22 o -

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

foldt z Empty = z

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

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

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

TR R B R

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

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

}
return Optional.of(t);

BT A/ NE:

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




2.6 WhF: 4l FRA

TR T R Rk

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

T3

delete _ Empty = Empty
delete x (Node 1 k r) | x < k = Node (delete x 1) k r
| x > k = Node 1 k (delete x r)
| otherwise = del 1 r
where
del Empty r = r
del 1 Empty = 1
del 1 r = let k' = min r 1in Node 1 k' (delete k' r)
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E=F EAdHRF

HENHET 2 — TR E I HE P 5005 e AR — 2 h AT T B RIIE L
XEF A AL R, ST AU IR, 5l s A2 — 3. BT
TR NG HLNER | HE PRI 2R O(n?), Horf n RITEHIY ML AHE S
TRHEFP S, bR e AR o JUE AN B SRRH F AR bl HE
F H SE B A RE SR N I [BREE 3R A HEFP o

3.1 &N
I BT MR A MR T R AHE R AR (1) 48 15 - 19 B0). AR(THE, Bt
TR AT R o AP S W e B BB PR BB B R B o
] 3.1, ML — R AT EASCILR AR

K 3.1 KL 8 fl A E—F

1: function SORT(A)

2: S+ 1]

3: for each a € A do
4: INSERT(a, S)

5: return S

XS HE T 45 RAFAEAE BT A S Hp, o m] LA FH BB Tt o 7 -

2 A R

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

HrpZ5] i fFERIAN 1 2] n = Al HEA—PITRI 78 Al 2EFRY, &
IAEE ZATCERIT IR IRAN . HAREES ¢ IR, il @ Z BT Bl . A1)
AR ARHEFRYTCR N WA 3.2 Fr.

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

K 3.2: AWK ITERBA B

3.2 A

BB T HIRRIEN TS . TR, W] DU S — R A R A B
g i A [0 A sl WA TR A AT N R SEBUR A 1) At A TA A Y -
1: function SORT(A)
2 for i < 2 to |A] do > Insert A[i] to A[l...(i — 1)]
3 x « Ali] > Al RA7E]
" jei-1
5 while j >0 H z < A[j] do
‘ Alj +1] « Al
7 j—5—1

o

Aj+1] =

M TR RS AR, R B AICRE MR R BRE . AR
MMIERAICE @, 7 B ¢ R ITATCR (B Al + 1Al + 2] ) #RI A 50
—AIE W DCE S LU vo W& 3.3 iR .

N NV NN

AR | AR | | A AR+ - | AR

T insert

Z

K 3.3 KILER o WAKAL A PRSP E
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BRI n, 45 HUB 2 ARG @ D TCRIA ERE] TG E . 35 T R 2O
AR n— i+ 1RCRIEE SN, 5 o BN © M. BE R, BOIHET AL
AR TR AL 57 AR TR A, R B A n — i+ 1 IR,
HHA TR R RS SR E . TR M A BN TR ZEALFR, 3 N R EAR TS 24t
I, PRLHAR A HER I IR A O (n®) o FRATHLAT LAE SC— > By INSERT() PR
B IAEPREA A A -

%3 3.1

3.1.1. SEIRMZE (A A Ah T 4 A\ B
3.1.2. 3 SR A E N R B SEEAE A HEE

3.3 ZHEK

FEBCEN SRR , AR IZ— HEBREIRAGLE N« FANTZ Br LAREDH E
fr, RN F AN Er . —aEdoE—ME Sy P s e fr
HEsRP
1: function SORT(A)

2: for i + 2 to |A| do
x <+ Ali]
p < BINARY-SEARCH(z, A[1...(1 — 1)])
for j < ¢ down to p do

Alj) « A - 1]

Alp]

AR AL T A[LG— 1] R, ROTFERE R J
A1) < @ < Al o a RIPIRGLRIER Alm] 3t m = [ 2], e < Am),
T VT MR BT 9 h — 40 8 M Bk 1 P AR ke 2%,
AN O(lgd) [ IR EE .

=

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

1:

2

3

4

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

8 l+<~m+1

9

else
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10: U<—m
11: return [

K= AR S IR A HE T B R B 28, S5 R 8E O(n?). B— LA
FHEAHEF TR O(n?) LR O(n?) kB gl i —adk)E, BB 3T
O(nlgn) MEBFRECLZE O(n?).

3.4 FE

A A R BEUEARE] O(nlgn), H il TEARKB S AP ITR ,

G ZREIE O(n?) e H— 5T, R TERN, — BB EhEfe ErE , fiA

BEAR S R EI R . R —FH, JATE L T NI RGBT F %
sort [| = []

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

S foldr FRTEALTER : sort = foldr insert | o fFH B0 . 51300
insert FIHEA R I

insert x [| = |[x]
) c<y: x:y:YSs (3.2)
insert x (y:ys) =

Gl . y:insert x ys

MR U E T 25 U s 5 — R 51 BRI . IHEMITR Al
Neat[i] (/A7 T Ali] ZJa F—PIiRIIEG ] atEil A[Next[i]] 72 Ali] B9~ —1JC
Ro HAHM NIRRT W TIIRRARREITER Alm], E X Next[m] = -1, FIRHAR
7] NIL: H/NE X Next[0] 55105 FRHI K. ARG IR, BATTE SRR T -

1: function INSERT(A, Next, )

2 j<0 > Next[0] ¥5 Mk
3: while Next[j] # —1 and A[Next[j]] < Ali] do
4: j < Next|j]

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

-3

: function SORT(A)

8: n <« |A|

9: Next =[1,2,...,n,—1] >n+ 17155
10: for i + 1 ton do

11: INSERT(A, Next, 1)

12: return Next
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EFA IR RS ARSI B A T4 N T B BT[]  (H b/ A
fr B BRMTE O(n®) KA. SEEARE ., FIRAFFEENLYTR, AF
BRI E AL -

EHEIIHA
EFH =

%3] 3.2

3.2.1. EMZRSIEA, HP 432 T EFHINERES . G0k, RIEI =R
5 Newt, EHHEFIEE Ao

3.5 —_X¥ZEW

FATEE) T — A IRRESEH - LRI 3R i AR AR L, (U sz —1)
SRI2 O(n®) EZRE . — T3l BT B — 5 EHAR L BOREEERE] O(lgn): 73—
JT ] 5 BRI A RO B SR AR RE B AR XA R A JC 3R AR5
B AN T AR ER . BRI SR B — HEMEIRAALE, FATH]
LAFH 5 RS TR A BT 1

1: function SORT(A)

2: T+ o

3: for each x € A do

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

5: return To-LisT(7T)

XFFAFKE XA sort = toList o fromList, & —&25H T INSERT-TREE(). To-
LisT(). fromList 5 Lo “FAMEOLT , WHEFINEAE N O(nlgn), Hin ZITERH
AN IXIEE) TR T IR HE B L AR BR (U7 48 180-193 7T 1Y 48 167 1) . (HAE
BIMEOLT , YRR FA I, HAERE S TR O(n?),

RN VR H— P EEWAN A BRI E, A2 2
FEAHE T AU BUAEZR A, o IR PR HE 7 B TR SR < A5/ N R SR I BB
E4HANHEP AARIHER A A
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5B BRI TR ARG SCE P R AR . RES SR AL BEIE TR
SR AT ? AT T R -

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

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

RXATTEIEREAE, ORI R Zara, Zed. Zulu SEE A N . TR Z
I HESIA . WERAGRIE 1, 2, 3, .., n AT R RN, iS5 2 4.1
HZEHR . EIEIREN O(h) . h . FHHS h = O(lgn). X—WamfHol F, &1k
HIPEREIRILS O(n), SR T2

N\

.

A 4.1 APETRIRY

53




54 FuwE L EHR

%3 4.1

4.1.1. XTHRHYEE , O TIRPRA R, o] LAE P FF 2 BE55: — Pk
HRIELE 3 A MR AT H P TS5 AHE I 25 X A —
EMRA 2R AR R L Aol (AT 55 SR A%
R 2% 4.2, WHHELZ AP

4.20 LA R

4.1 &

RGN A G, AR NP AIFTEL (2.5) o AEIXFT A JRIRIE , Toikiab
HATHEARTS . AR T — SR P B 75 AT TR 20— SUR Y g
HAE AT LRSI SR RN ORI TT R A P o AN LN, T —F 4 AVL Y,
CATHE B Pl . 25 8 b /r g EM , CREMBEE1RAT, B D INE V. A
F =SR] LU= AR M R B rh el P 25 5 . TR an ] 4.3 Jieos , ) DL A DL fic ok
e

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

rotate;, T = T rotate, T = T
(4.1)
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(=) ()
@ L — 0
ONO OXO

A 4.3: WAy /A e

55

AR VEBC (AT ER IR =) A28 “ATRRES A o %G
WA LS — RIP IR BA TS BB IR FERERLIT, A%

NIRRT A i) 71

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

2: p < PARENT(z)

3: y < RIGHT(x) > &% y # NIL
4: a < LEFT(7)

5: b+ LEFT(y)

6: ¢ < RIGHT(y)

7: REPLACE(z,y) >y Bk x
8 SET-SUBTREES(z,a,b) > 4 a,b N x
9:  SET-SUBTREES(y, z, ) >4 x,c iy BT
1. if p = NIL then > T @ BRI
11: T+ vy

12: return 7'

47 RIGHT-ROTATE [ SLHLE X FRAY (£ 4.2) o« REPLACE(z, y) fHH y B

1: function REPLACE(z,y)

2: p < PARENT(z)

3: if p = NIL then

4: if y # NIL then PARENT(y) < NIL
5: else if LEFT(p) = = then

6: SET-LEFT(p, y)

7 else

8: SET-RIGHT(p, y)

9: PARENT(z) < NIL

SET-SUBTREES(z, L, R) ¥ L %0 « /78, R WM AT 14 :
1: function SET-SUBTREES(z, L, R)
2: SET-LEFT(x, L)
3: SET-RIGHT(z, R)
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Eitt—L A SET-LEFT ] SET-RIGHT 5E il T A 18 & -
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) + =

TR P LA SMES UCC 10T (AR RERE RS DX — f i 2 IR E 1995
(ST 4T BRI A B B 0

%3] 4.2

4.2.1. EIAATE RIGHT-ROTATE #:4F

4.2 ENX

LLRRAE Rl B T AR e B 2-3-4 MM e XY gk
FTEORIRER 2L A ] LSO R 3P o T IE — SR Y 5E LB 25715 U T
20 BME . BATFR— IR LL R, ISR G2 T 5 SR

L 9 B o 2L e R
2. IRF RN AR
3. NIL 45 o 2R

4o WER—AT RONZLE W RIS 75 R 2 RR

5. MME—7 s A B BICA 797 i A B2 B S A R RO Y SR 1
23X 5 ZEME T RERIELL AR PG PENE » SRBEAE T - AR st A BRI Y

R A T, R KA S S RPN o PRI 4 BRI TR A RS
LA e PR SR RV B S A R TY R AR R RIS E S AL AT R
ARIEPER 5, WATATY /U A B B A B B A A AR IR BOE RO SR AT 10, B RISt
TR RO e SRR ZARAIE T WA (T B A I B S i R I s U e [ 4.4
HIPI 7 JoR T —IRELR

I NIL 57 R SR IRy 183 B Y A& 4.5 Firs e Fra AR R 254
HOERAVERR A — SR A A Al A K B MESE . USRI BRI E R 4 ok

YT LB, R TR 2-3-4 W HEAEE O —IRLLRM  HOTR T AR




4.3 N o7

K 4.4 2184

o TR B RE A S AR BEA_EIE I T B E Lo FROTICZMN @, I
N (el kb, m) 3 RIFRIRERE c(ZL) ) UK b LT Lo

K 4.5 Bt NIL 15 55

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

%3] 4.3

4.3.1. EMIEA n D RIVZLERE, B A b Al 21g(n + 1),

4.3 HAN

FABRE S P B2 SR B RS A TP R
i@ﬁﬁ%ﬁ%ﬁ@ﬁﬁoﬁAﬂnﬁm%ﬁﬁﬁﬁﬁ@oR%Eﬁ%ﬁ%ﬁ,%T
ERVY SR SN BT A PR TCHT AT LA AL o IE— R AT T RES I AT MBI LD (1 L SE A
4ﬁ%% FEEE . EMEASE R mE 4.6 Fis.

VUG LA (] B2 38— )2 . QnIRBEAT BRI _ AR B  rRES MR
TR AL PRI 2, i T BT RAZ R R ILHE, FRAT15E X
balance PREEE P, T REEA RN C UE N A B 540t Ro
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4 a
b
\ /
a b ¢ d
/v a b c d \
d a
a d
b c b c

4] 4.6: N\ EE S A LR E

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

)

SR VYA E AN L B 5 — AT PRI AN S B TR o 21 2R 4 N B
EE N vinsert © T = makeBlack (ins x T, 5,5 i BAL A :

insert x = makeBlack oins x (4.3)
insz @ = (R,9,z,9)
‘ x <k: balance C (ins x 1) k r (4.4)
insx (C,l,k,r) =
x>k: balance Cl k (ins x )

AR N 2, BATT R —AMEDN @ FUZL A 7799 /G AN EEEE 2 A b BRI 38 0
s x FIAE T RG] balance B2 Ha ORI RIS AD.

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

TR R TR

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

=

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

balance color 1 k r = Node color 1 k r

FAImE L T EEEMAR IR EEA R E LA, AT DU SRR,
A LATES R — AN SR A AR RO (10,269 1) 18] 4.7 4510 T WIARLL B A o
Mornlhrsl 11, 2, 14, 1, 7, 15,5, 8, 4 H1 1, 2, ..., 8 MR 28 A5,
EFFIC R LB TSR R4 o

= ot 5

B 4.7 il A LR

FE A TR R A B R, X TR b IR, HE RN O(h). |3k
AL AP LR BE BT, b AT R n BX R WABIENE RGN
O(lgn).

%3] 4.4
4.4.1. AEAAECITED 73 B & VYRGS insert 35

4.4 Mk

2L M BR U NS Aot TT DL s B DL AT I T AR 2 i SEBe A
AT AR B T AORB ZIM BRI ROR B0, — et — B, TR 4R 21k
AP Lo MBRISAET s _ B —ARic, A RRICH 1 RUBI 50%0 , FARRICHTY
R MHERth S BIRZL B RO TR D, TR TEE o TR A B AE R AR A
R ST 5 R R — 2 LI RO R E DT HEM R BTSN WE
en” (1,290 TO I ORI SBILANERT. — IR U E RS B e IRR
RO o i AT RO _EREhRIACN RL B R N SRR b SR
HIHT RO yo MR y FORIBZLE, R LA R0 AR y R AR, AR "B %
7 304 B2 NIHE IR SE AN TR R E L

25 Lo T PR SRR SN TEH R TR0 X R persist
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data Color =R | B | BB
data RBTree a = Empty | BBEmpty | Node Color (RBTree a) a (RBTree a)

T2 R (NIL) 2R, 2ol B RS sh 2] 2317 fi, HARN “WEBA =7
(BBEmpty sl iRy @) o MHBRAT, 88— AnE s — AR SRR : A0 R R Y 5
BEOR TR TR -

=1
PAAMY
=]
E

delete x = makeBlack o del x (4.6)

H

K ST EAL I o R A — TR MR A NS . T X —
0L, FATTFEAE L makeBlack HIxE LN

makeBlack @ = <&

(4.7)
makeBlack (C,l,k,r) = (B,l,k,r)

del Tz BMERIYTTER o F—HRI -
delz @ = O
z<k: fizB%*C,(del z1),k,T)
x>k: fizB?*(C,l k,(del x 1))
del z (C,l,k,r) = l=o: ifC=DBthen shiftBr elser
r=k: {r=g: ifC=DBthen shiftBleclscl
HEW o fixB2(C,1,m, (del m 7)), i1 : m = min(r)
(4.8)

IR A =S, G RN @ s RNFATHES 2 TR kL AR o < kL AT H 72
53 MBSk @ >k, WA MINBR . T3 5 25 SR rp T RE & B SR A0 15 1
WM fixB* BE. Mo = kI, FROTEME] T ZMER T R MRE— TS,
A —BREH H R R R RO RO B TR EG B AR S E . IR
BEFREERA N2, FATTEA T AR /ME m = min r IR, o m Bl ko N 7 1RFF
RATT RN shi ftB X207 JUE N SR K SR R B RS . AR,
A EDRCE B i b AR AR

shiftB (B,l,k,r)
shiftB (C,1,k,r) (B
shiftBo = O
shiftBg = @

(B%,1,k,r)
k)

(4.9)

AR AR O B8 W RO R B ER ) -

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

| isEmpty r = if color = B then shiftBlack 1 else 1

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

isEmpty Empty = True
isEmpty _ = False

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

BREL fix32 AT HEREAR R B e O T BB B A0 . RUE SR A0 Y S B T RE R S
B AL ATRER ST R @ A =R

BRL NEREHNAETAARE, HEZABTREE—MLEFH R AL

HHERAE ZIXFENL . T IR FIE L, 23] DA S —Fh R — TP WiiE Al
Fﬁmo

a/?\\ ‘/u/@\/%\
i f ///; a b c d \\\\5::2/.Ilif::Z‘lI'

K 4.8 4 MR iln] LUEE b ge—RYIE

fixB? C agz x (B, (R,b,y,¢),z,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)) z dgs: (C,(B,a,z,b),y, (B,c,z, shiftB(d)))
fixB? C (B,(R,a,z,b),y,c) zdgz = (C,(B,a,z,b),y,(B,c,z shiftB(d)))
(4.10)
Hrft ap: FORTT R a BWERMA.
B2 NERBET RSB TRAANLE. o LUB e, 4L AN 1 8]
3o Wl A2 fore BT (4.10) AEER LIEANTRSL 2 RIE4 -
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e
A

K 4.9: X BT KL BT ROVALE

e
o

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

BRI NEEEHIAFTR, ZABTRANBANFITRHBEEE. XFHR T,
FATHG S0 ST R AL, S N R SR AR R R, SRS N R AR R % — 2
AT e W A3 FvR e A PIRIOFRIE N T _EJT BN, iR o 2L, AR
SR, AN AR B R AR X T R TR, y VRS IR L. FRATTARSAERL (4.11)

LA BN AME S -

P 4.10: ROUCE B0 ]f]_EA& i

SR

fixB? C ag= = (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 = (C1k,r)

(4.12)
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URBCA IERCE] bk =R, Som — AR R . NER GBS RSN
o Sk TR — S EER 1, ﬂiéwm%ﬁ{ﬁﬁfT TN AR E RS
[A]_ERS 3l BRI A RN R R B AR R LA B B S 3k

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

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

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

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

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

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

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

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

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

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

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

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

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

MEREIER AR O(h), Horfr h IR e T 2L R R A X n
P RAIR A= O(lgn).

%3 4.5

4.5.1. SEBL ARiC——ELEE” MHERSR0E  ARICHUIM BRI AL (R BT HIE R AR R . 24

HEPRICH 1Y R 50% i FER
528 366 T
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4.5 EXEE
AR A TSR I, FRATRIE 720 R SEB . R 1T 5ERE , FRATIZS a4 =

L. FAFIER 2B = SRR AR, B2 TR e e A

1: function INSERT(T, k)

2: root <~ T

3 x <~ CREATE-LEAF(k)
4 CoLOR(z) < RED

5: p < NIL

6: while 7' # NIL do

7: p+«T

8: if £ < KEY(T) then
9: T < LerT(T)

10: else

11: T < RicHT(T)
12: PARENT(x) < p

13: if p = NIL then > BT HEs
14: return x

15; else if k£ < KEY(p) then

16: LEFT(p) + x

17: else

18: RIGHT(p) + x

19: return INSERT-F1X(root, z)

B RN, B TR P O 3 RS OL, B RHA A X FRE R
BT 6 FE DL HATA PR LG, BATEA AR SRACT T 5T, AT AT
TR T R AL D BB A A AT R 2T

1: function INSERT-FIX(T, z)
2: while PARENT(z) # NIL and CoLOR(PARENT(z)) = RED do

3: if CoLOR(UNCLE(z)) = RED then > EM 1 BT S 2arf
4: CoLOR(PARENT(z)) - BLACK

5: COLOR(GRAND-PARENT(z)) < RED

6: CoLOR(UNCLE(z)) <~ BLACK

7: x <~ GRAND-PARENT(z)

8: else > AT U2 SR
9: if PARENT(z) = LEFT(GRAND-PARENT(2)) then

10: if © = RIGHT(PARENT(z)) then > EM 2z A T

11: 2 < PARENT(x)
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12: T < LEFT-ROTATE(T, x)

> L 32 2 AT
13: CoLOR(PARENT(2)) <— BLACK
14: COLOR(GRAND-PARENT(z)) < RED
15: T < RIGHT-ROTATE(T, GRAND-PARENT(z))
16: else
17: if © = LEFT(PARENT(z)) then > THOL 2 R
18: 2 < PARENT(x)
19: T < RIGHT-ROTATE(T, z)

> L 3 BIXSFR

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

BRI 2R O(lgn) , 3Eep n 2508 1 balance BOECRTLE, & (1 THOAE
PRI R . B AR 51 2t R 0B PR 410 2 T AR
LTS, A TR IR 4.7 IR 7 IR th 0. (85 B DT B i
fE— s e,

() 14
1 7

& 4.11: ay SRR A28

MRS A, S AT 5 Ao ZLRME — P WRY H 8 U 1]
FEHLEEIZREAR AN SR R 2 kI ORFF1A i 2] B At REAX
PaAr e _EmTAETY m T A B . AR AR RSB, O TP R
TR NN IS T — R 7% IR T 2 2l e AR
AVL #. Splay Rf#R/2 5L TP AC ST o

4.6 Mz BIFIEF

AT AT RS | TH I 18 S, BRI UL

data Node<T> {
T key
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Fasha

Color color
Node<T> left, right, parent

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

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

Self setLeft(l) {
left =1
if 1 # null then l.parent = this

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

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

Node<T> grandparent() = parent.parent

2 A

AR SIVECIVNE

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

root =t
x = Node(key)
parent = null
while (t # null) {
parent = t
t = if (key < t.key) then t.left else t.right
}
if (parent — null) { //tree is empty
root = x
} else if (key < parent.key) {
parent.setLeft(x)
1} else {
parent.setRight(x)
}

return insertFix(root, x)

INENRR CY=R

// Fix the red—red violation
Node<T> insertFix(Node<T> t, Node<T> x) {

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

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

N R RSP TR, 21 SRR BRI — 7 EROTT R AVL R AT T N B
Jrik R ZE e XTR T, 3L

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

Heb T Fo-i T W&, e HAEE TR EXLER 6(2) = 0o WERER I
T H#A 6(T) = 0, AR 5E 4 PRy o i, —HRE RN h 52— XA n =2" —1
MR BRT A RN, B AR A2 o O(T) RYZEXHE RN, BT 31417
TR 6(T) R = SR P 17

K 5.1: AVL #
— MR T S REWFRS AVL A, R A T T &R 2 5%
0(T) < 1 (5.2)

PR 6(T) HAER £1. 00 |8 5.1 5 H 7 —#R AVL /Pl AR A n
ARG X RIE TR h = O(lgn)o TATATLUEX 258, —HREN b
) AVL B, HAY GEHHAE — PN EENE. HEREe X, & AR R EH
&%, 02" — 1o BAPROEREDESG L DA . &L N(h) RESEH h 1 AVL B
/N R - BT

« ZM @ih=0,N(0)=0;
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o A IR :A=1,N(1)=1;

K 5.2 thgay 7o h Y AVLA T BaE =850 JUR k AT 1
ro BERYEIEE h AR EEZ AT 2 T IR &R

h—1 h—2

9 5.2: A b B9 AVL AR Hh—#R 745 b — 1. 59 b RIS EEA/NT b — 2

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

R B SRAFAE— TR B N h — 1o MRYE AVLAEE S A (1] - | < 1o
It LA AN — BRI AN 2 /INT b= 20 T T T AL 19795 O AR 55 1A
LR R T AL :

N(h)=N(h—=1)+N(h—2)+1 (5.4)

X B R FA AT R RE S . IR E L N (h) = N (h) + 1. A Twk
FTLLRE (5.4) Bt nl 2E P ARREL I 388 H K 2R -

N'(h) = N'(h — 1) + N'(h — 2) (5.5)
513 5.1.1. & N(h) 2754 h #9 AVL k695 48 KM, 4 N'(h) = N(h) +1,
m
N'(h) > ¢" (5.6)
xf+1

Sk 6=
L. @ﬁﬁ%ﬁl%@ﬂéﬁwﬁo M h= 0510
« h=0,N'(0)=1>¢"=1

SR A2 E .

e h=1,N'(1)=2>¢' =1.618...
SRS, B N (h) > ¢".
N'(h+1) =N'(h)+N'(h—1) {3EHHE}

> gh 4 ghl (iR
RS N (NS Lok
— ¢h+1
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HERE 5.1.1, FATZ RIS 21 T (9 45 R -
h <logs(n+1) =logy2-lg(n+1) = 1.441g(n + 1) (5.7)

XA AVL WYE BN O(lgn) , ATTERIE 7Pt . Sl AT ER 2 2
LR R E5H , FECP R TR EE T 1, F 2l B E M5 0] < 1. RZrBEs
Ay s A WA= R R 1B S b WML N R P TR S8 VR 535S S RS G M N EA RS
A0 T IR AR XSRS AVIL Rt 2 — i P O 3R
T AR RE S R IA T 0 n] LB ISR O 7O BATER RS TR
T = (I, k,r,0) HORAEFHE A 7 HIE, FFESC WA R o NG R FE

Y — R 6

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

AVL R lookup max. min SR EA " SR ZZRAHE | 117380 AR BRI A2 45
TR

5.2 A

7] AVL Rfpfi N — S HroC s, 4 R RO 20 |0(T)| Al e 1o FATME
LB S OB DL AL P . BATTR o )5 B8 BN TS R 2 80
Lo FAT B NS AR I B (R o S8 SRS RN —XHME (T7, AH) 2L
BT NS AH e R INE . AT TSGR R A FIE ST

insert x = fstoins x (5.8)

Hrp fst (a,b) = a BEI—XHETHIHE 4. ins o TRHICK o FAZIR T -

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

IR A= @, G FRNEE v T PR 0 0, S a1 A0, 4
T = (l,k,r,6)e FATHE Mk, WIR o < kb, FATEIIHCKE © 3HANEN /74 0
AN TR ro 38 HFHA B 25 R —XHE (I, AL 5 (7', Ar)o FRATE IS K%L
tree JECPHIA I EHE L BRE 4 M2 (U, ADS ks (7, Ar)s 0, F =445
(T, AH)o Hp T ke, AH E LU

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

A LAE— 2 4 BiE Ol
L T DU s T R 6 )
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AH

T"| = |T|

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

0>0,0 <0: Al—96

A Al

Hrp o' =6(T") = |r'| = '], BZASEH PR 7o s B 25t 7 HKIEN . f£
PR IR T EEHT A A 6
7= -
Ir| + Ar — (1| + Al)

(5.12)
= |r| =i+ Ar — Al
= 0+Ar—AI
S PR 1) g P AR A AT P-Af LR - s T 2852 S (5.9) IR EL tree:
tree (I',Al) k (r',Ar) § = balance (I', k7', ") AH (5.13)

NHEB PR S T H RIS RS

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

tree (1, dl) k (r, dr) d = balance (Br 1 k r d') deltaH where
d'=d + dr - dl

deltaH | d > 0 & d' > 0 =dr
| d < 08&d'" > 0=d+dr
| d >08 d < 0=4dl-d
| otherwise = d1l

5.2.1 FEEE

o 4 PG AT EE ST INIE] 5.3 s PR £2 58 T -1, 1) YER.
TR HGE—HEA DR 45, 66815 6 (y) = 0.

AKX 4 FE O/ — e B — A A — ey e — . LB AT -FA5 R0
6(x)~6(y)~ 0(z) s AR T4 0'(2)+ 0'(y) = 0+0"(2) EATRIRARAT o Ff%
B 25 TIEWT

Vahalos H-H
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S(x)=2

s =1

a b c d
500 =1 ~ N

Q

§(z) =d) [o@) =0
§'(y) =0 §'(y) =0 (5.14)
§(z) =0 §(z) =06(z2)

) - {5@) —1: -1
A 0

A~ A — A

5'(y) =0 (5.15)
o(y) =—1:

50 :{ () =-1: 1
AN - 0

AR LIS, E BN -

balance (((a,z,b,0(x)),y,c,—1),2,d,—2) A ((a,2z,b,0(x)),y,(c,2,d,0),0,AH — 1)
balance (a,z, (b,y, (c,2,d,0(2)),1),2) AH = ((a,z,b,0),y,(c,2,d,0(2)),0,AH —1)
balance ((a,z, (b,y,c,d(y)),1),z,d,—2) A = ((a,z,b,0'(x)),y, (c,2,d,8'(2)),0,AH — 1)
balance (a,z,((b,y,c,d(y)), z,d,—1),2) AH = ((a,z,b,¢(2)),y,(c,2,d,8(2)),0,AH — 1)
balance T AH = (T,AH)
(5.16)
o & () B (=) #E TS (BLLT) AL A AT DO AETAESE, MRS 25
A R R

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

NGBS 28 BRI B R H L AR (5.7), X n AN RO dnsert
[ 2R R O(1lg ).«
5.2.2 QI

Hr—BRAE AT 2 AVL R B R (1) 272 R RE (2) 3 TR T
1,50 (5.2):6(T ) FEAT AL I T BRI A I MR R T R e 2

avl? @ = True

(5.17)
avl? (I, k,r,0) = avl? 1l H avl?r Ho=|r|—|l| H 6| <1
s B T AR
@ —
o= (5.18)
k7, 8)] = 1+ max(|r], [I])

NHEEY B RE R SEEL T AVL AR e A -

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

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

%3] 5.1

5.1.1. FATHEE T AVL RS BEE D, 58 S IR P & — B — URHZ 792 AVL
o

5.3 MESREE

N1 5EEE AT AVL R an @ UETE . FIZLARR Ry ar & AREH L, 18
1 " R RERFC IR 25 P e R R A
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1: function INSERT(T, k)

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

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

7: parent < T

8: if £ < KEY(T) then

9: T + LerT(T)

10: else

11: T « RiGHT(T)

12: PARENT(x) < parent

13: if parent = NIL then > AT has
14: return z

15: else if k < KEY(parent) then

16: LEFT(parent) + x

17: else

18: RIGHT(parent) < x

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

FAFICRIG, WS AT RER N, RGP IR 0 s fb. SAEIA AT BE
fil 6 BE8A0 1, s AZEMFTRERE 6 3/ 1o FATIA o THIR AR B2 P01, E2IRTY
o TCHTHFATIA 7 0, 64T 3 FRF L

| = 0o FANJERAETFHCIRE . AT AR LB A .
o [6]=0:]¢"] = 1o AT MBS T fe BARSE R ER AP o
| =20 FHENEE MBS T

. |5|=1\

L) |5|:1\

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

3: d < 6(PARENT(x))

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

6: else

T: 0 +—d0+1

8 J(PARENT(2)) < ¢

9: P < PARENT(x)

10: L + LEFT(2)

11: R < RicHT(z)
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12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

AT

48:

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

%A% AVL &
> A A

> AkLE H IRl L

> fi-4

> e (B.6)

> f5-/t
> MRAEA (B.17)

> -

> -
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49: else

50: d(P)+0

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

54: return T'

B T hEss , IO EE P 00 A — A A — GO T — IR ERL 5 T
A = e — AR A TR, . FRATIG L T AVL R IMBR 0%, Bk B 284 T
TR Y S B o

AVL #1962 1F (R T40 B 0) i Adelson-Velskii A1 Landis!'*. U 21115, 3f:
LA ALV B A F i 4. REZEARERNE ZREHRE O(lgn). = (5.7) {15 AVL #HY
S B R P . AER RIS N B T SR U o (BT SRR AR A A
AR IO T RE T o IR 27 (0 LT R AAE A B ST — A 2
SEIR, AVL AR [RI AL AT DAY v 255 b g - i )

5.4 Mz BIFIERF

AVL I E L

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

FHAEL

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

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

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

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

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

t = rotateLeft(t, p)

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

t = rotateRight(t, p)

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

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

AVL #f




W o ol

FNE EHHK

TR RERRHAE B AT e FATAT LA (edge) S F R 47 ERAU
(Radix tree) , (047 tries HIZRM JE 2R W@ ARMX — BT H RO RR S . EAT]
FEAET 1960 AEAR, T T RS U R E EALTE (n DNA B TR 4
S o

6.1 HLE

Bl 6.1 JgoR 7 MRS . B8 T B 1011.10.011.100. 0, itk —
BERIEL k= (boby...bn )2, FATE A A A M e =i L boo #5200, WIEE ] /eI Ak 2k
B A0 1 M A 73 B, AT S 6, HFEE X IR EA A EE
(1) ALE B AR — 7 i FROTIFEATTEAE T R s (key) , IX—(F B Hilk
RFo B 6.1 FRIEAET R ABUUR A TR E .

6.1 E#H trie

IRATFRE 6.1 BB FRL KN binary trie. Trie /& Edward Fredkin ££ 1960 4F
PRI . BoR HEOCEH A retrievalo Fredkin 4 Hi5e(E/tri: /A=At A\ 3324% /*trai / (1
FESCHURA try 1R EAHE) Y e LU trie LR A RTINS . AR trie RIFTLE
WA FEA R B BARZ R . — 4 binary trie & —FFFRR — X, A B B ER
RN YE . 0 R T4 1 R AT P ZREE 6.2 HRE trie, “117.40117,
“00117” AE[R] >k B4 3.

79



%0 For¥ Ao

¥ 6.2: Kuifi(big-endian)trie

fE 32 (UEHURGEH, AT AT O th S AEA AL, N 1 255K 2 — R 32
SRR o DRy 1 R DX IR, DL P/ e o I e s i (MISB)
T/, ARL (LSB) fEA 30 o JXRITE AFR A KRR, S o S A A AR/
SRR, /NI, 1 RN (12,02 FIRA (01)2.3 FIRA (11)g--+-

6.1.1 EX

H TR BE SO, T R EE NS S B AR ME (B R A
FEF GRS 0, 47 TGRS N 1o

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

T binary trie HEAE—15 15, HX Y A HEEHE B Y RO AL B E— TR 1
W T 7T b AR T T AR GRS Mgt e i I SR )
ARG RABN IntTrie Ao

6.1.2 fEA

AN FEEUE kORI @ I, FRAOTE & B k. iR k2R E AR 0,
TA TR I M 22 PR R s QR k28780 BARAE 1, AT A TR . TR
A k BRUA 2 BUE LKA . A TIEZSWM T = (Lo, r), K lor B AT v
AT Z) 8 LR insert Q17F

insert k x @ = insert k x (&, Nothing, &)
insert 0 x (I,v,r) = (I, Just 1)
k
even(k) : (insert 52 Lv,r)
k
odd(k): (l,v,insert L§J xr)

(6.1)

insert k x (l,v,r)

W k=0, BATE 2 FANT R MR E DAL, X—HEEHDINE. &
MR EAH — A FIFAF 6 2 AME, TG o 5. HE &k # 0, FATHRYE &
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FUAT L ATEE, B2 o ML — 20 7T (@, Nothing, @). & 6.3 J24f A BGT
{1 > a,4—05=0¢9— dIZER THAYPIFFEFEIL T insert BREL:

K 6.3: /NHEEY trie, fL ARG {1 — a,4 — b,5 — ¢,9 — d}

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

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

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

N T HEEAE, AT LMEEERLL 2 (A% (81 2) 24504 0: even(k) = (k mod
2=0), EMEMMEE. W0: (k & 0x1) == 0o FRATATLAHEREE TR
Bk

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

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

5: while k£ # 0 do

6: if EVEN? (k) then

7: if LEFT(p) = NIL then

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

10: else

11: if RIGHT(p) = NIL then

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

14: k<« |k/2]

15: VALUE(p) < x

16: return T'

INSERT #2572 3 D20 T BN BE & RN EHE 2o X TH m ALy ik
HIHEEL K, IX—FEYT R trie thom B, INRIEZEHR O(m). TN insert k o T
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INSERT(T, k, x) FIZHUI 7 Bt X FRR o JiE ] foldr JE+& H foldl (5 for JHER)
M T R o

fromList = foldr (uncurry insert) & (6.2)

LN fromList [(1, a), (4, b), (5, ¢), (9, d)], HH uncurry At AL )iz
S A AR insert, g R

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

6.1.3 &E¥K

FE/NFEET trie TR b 5 k= O, MGRERTY i/ O Bt . A IR YA %
A 03852 1 A T B Tk I A

lookup k @ = Nothing

lookup 0 (l,v,r) = w

k .
even(k) : lookup — 1 (6-4)
lookup k (l,v,r) = 2k:
odd(k) :  lookup L§J r

ATt w] LA R A e BE G B R AT

1: function LOOKUP(T, k)
2 while k£ # 0 and T #NIL do

3: if EVEN?(k) then
4 T < LErT(T)

5: else

6: T + RIGHT(T)
7: k<« |k/2]

8: if T # NIL then

9: return VALUE(T)
10: else

11: return NIL

XA m LRYEEEL K lookup PREXRYEZRIE N O(m).

%3 6.1

6.1.1. EEATLIEENY Branch (IntTrie a) (Maybe a) (IntTrie a) Zh
Branch (IntTrie a) a (IntTrie a), WR{ENFARE] Nothing, 15

R =] Just v?
K22 369 T
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=)
A

6.2 EEHEIRH

Trie YR SUEZS EVEFER . £ 6.3 BB, R 4 M A EdE , HE 5 1
T REE A . SRR HEAE 50%. AT HEES AR HE, TATA OG- RE—ii
7T OS> o BTSRRI B 4549 . B Donald R. Morrison £ 1968 4
e o fthFRZ A Patricia, 42 Practical Algorithm To Retrieve Information Coded In
Alphanumeric (9455 P20 4 R BAI , AT IFR 2 BT Z A2 A5 [EISE A1
IR IR RO . G2 T B g seal P 418 6.3 FRI T s A9 L AR
Kl 6.4 /s BIM o AEREEUR R, AT ROR Y B SR BT A TR AR R R
B NAERTZI N — A IE AN o IXFEREEURTH R T A BRI AR = Ao

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

6.2.1 EX

ROETHT S — PR R — R . 5B NS @, B BT AL (B, v) B BT
B kAU vs SRR AL (pom, L), HAAFR Lo =D TR KA
G p, LRI 002 0, A TR T 0602 1o 64 m RO R 2B
TR R m = 2" BB H > 00 FrAkT n (2R BRI AR T2
SERTZR. N A B AR E SL T BRI 2R AR

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

6.2.2 fHEA
L T AENEE y B, 2 T 2, TATH v QUEE— D755 R T oK
B HAE— A5 i o, BATEEE— DB, AT 75 5 2 Ay 3.

N T WEL AT, BATHZIRE « My MR AILETS po B0, 2 = 12 = (1100)2.
y =15 = (1111),, | p = (11o0)2, HHr o FIORFATAIDH —BERIAL, FAIEE M
m KA (mask) KA. FEABIH, m = 4 = (100)2, FHAS IS p JEHERY— (LA
K20 o X AR 0.1 y I (L2 1o KU o 27744 T y &6 F R wlE 6.5
Ff 71 o
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prefix = 1100
mask = 100

K 6.5: /£:T B+ E12: 44N 15 )5

ISR T BEA N2, AR 779 1, BATTR BOC AR y 2 T RS A LT
28 p DR QnPRDCHEC, WUARYE T — (02 0 2 1 IHre /e A PR p o B, 4506
y = 14 = (1110) NI 6.5 Fron s, T 2 3LfT4 p = (1100)s, F HELTF KM
(2N )2 1 FATIEAHNG v 3hAAT TR SR y TR AL ETEE p TR, 31417
i 2o B e AlE 6.6 FTRs

prefix = 1100 prefix = 1100
mask = 100 mask = 100

0 1

(a) A 14 = (1110)2, BRI AR S p = (1100)2

(b) #iN 5 = (101)2, EMEKLILHTZ p = (1100)2
NP, 43— 15

4] 6.6: AT N0
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insert kv @ = (k)
insert kv (k,v") = (k,v)
insert kv (K',v") = joink (k,v) K (k',v")
zero(k,m): (p,m,insert kv l,r)

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

match(k,p,m) : {

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

A - join k (k,v) p (p,m,l,r)
(6.5)

YT =g i, gl R (ko) R FE N2 5. K% mateh(k, p, m)

R A HEE K FIEAS R IR p e m T2 A : mask(k, m) = p, Himask(k, m) =

m — 1&ko BIEXS m — VI U SRE T K 4%60 5 o BREL zero(k, m) #o &0 m 2
JRH ZBERIALE 0382 Lo AT m mARE2h 1A, Z8R A0 & 4% A

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

PREL join(pr, T1, p2, To) WD ETRAPIER o« M p1v po HH A A IERT R
(p,m) = LCP(p1, p2) . B K, H4 T0 T 135134 :

o zero(py,m): (p,m,T1,Ts)
join(py, Th, p2, To) = (6.7)

715')_\[” : (p7m7T27T1)

AT ERK AR, FATEXS piv pe #OHE R, AEEH &S
highest(xor(py,p2)):

highest(0) = 0
highest(n) = 14 highest(n > 1)

BN R AW m = 2" AN TLRTEE p 7T UHIERS m F1 p1vpe G
— MG Bl p = mask(pr,m). FIEPFIFREFSEI T insert BREL:

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

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

lcp pl p2 = (p, m) where
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I’

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

highestBit x = if x =— 0 then 0 else 1 + highestBit (shiftR x 1)

mask x m = x .&. complement (m - 1)

zero x m = x .&. (shiftR m 1) — 0

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

ATt n] LA a4 =75 insert
1: function INSERT(T\ k, v)
2: if T'= NIL then

3: return CREATE-LEAF(k,v)

4: y<«T

5: p < NIL

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

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

9: y < LEFT(y)

10: else

11: y < RIGHT(y)

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

13: VALUE(y) v

14: else

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

17: T+ z

18: else

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

21: else

22: RIGHT(p) + 2

23: return T'

Hrf BRANCH(T, T3) G138 —SFr o, s A SEaT 4, 68 T Al To 3004
T
1: function BRANCH(T}, T5)
2: T < EMPTY-NODE
3: (PREFIX(T'), MASK(T)) <— LCP(PREFIX(T}), PREFIX(T%))
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4: if ZERO?(PREFIX(T}), MASK(T')) then

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

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

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

PR LOP 2RI BT B R R AL AT 2 -
1: function LCP(a,b)

2: d « xor(a,b)

3: m<+1

4: while d # 0 do

5: d «+ ng

6: m < 2m

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

8: function MASkBIT(x,m)

9: return z&m — 1

6.7 JEoR T MR A SIS AT AL, ERMERON TR T 1550 AR
ST — ER L LRI K AT, m LR HE S R O(m).

prefix =0
mask =8

B 6.7 FABET 1 — 2,4 — y,5 — 2 BRI
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6.2.3 &

YAEHEE LI RN T = o b= w2 T = (K, 0) HE#F,
W ke AFEAE IR ko= KW v A EFREER . MR T = (p,m,L,r) 22— DaE0 L 3K
M EAR A AL FZR p Mk AEHEAS m T2 A ULHC, FRRE T (02 0/1 33 T3 AE-1 1
VElr . MFRAILEASERTZE p, W b AL,

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

(6.8)

zero(k,m) : lookup k1

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

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

FATHh AT AT R JH 25 PR T SR B A R
1: function Look-Up(T, k)
2 if T' = NIL then

3: return NIL

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

6: T < LerT(T)

7 else

8: T «+ RicHT(T)

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

10: return VALUE(T)

11: else

12: return NIL

XA m AL R lookup FRERIE N O(m).

%3] 6.2

6.2.1. 45y SLIMHERHT AN 1Y lookup BT
6.2.2. SCHUEREL trie FIELKUR B H it 7  OUHr HH AN R 25 B 779 sl i o 25 RAT (TR

B2 369 1T
6.3 Trie

FATAT LA AR BB o Hor— MR AT H o RTZRIIA trie W LA
NCARRCHRRAH TR S B 0/1 7 23 F 53R 25 th 5 28— X
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WA Z ot EIGERL, —3 26 F4F MR ZME A/ NG L RIS Ho]
LA %] 26, anl&l 6.8 firr .

K 6.8: &%k 26 ALY trie, 14748 : aan. another. bool. boy. zoo

FHAERTAY 26 BRI &8 £F 6.8 IIRTY ik, AFRFK abaz [
3 RTINS . HEDRL HIINARK ¢ (11, 2221 AT LR X L2571
FeuEE AR« MR X P R/ING Bl 7 Bt A RN FRF R R B IR S 36, AT LA
M map FERHREHPRAA RS SEH Y708 —IREERDN Trie KV HIRE#E A= 2,
BRI B LU IR OL :

L AEN v 3 LA A TR IEN (v, @), Hdr o lSR5N Vs

2. R AL BSE v MIZR T BRI 2R KRR 3EAME &, 18R
(v,ts)e Hrfrts = {ky — T1, ko = To, .oy by = T} B& ki AR T TR B
Sfo AT LM FHOCHRS SR B A SEI M (W2 4.5 &) o

TE SN R ZE IR < (Nothing, @) N HIEGHITREFPE LT trie:

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

6.3.1 #EA

ISR R (E ] trie of, HAONE TIOCRRISIFR . 4 trie A T = (v,ts).
1T ts[k] FEMAS ts TR B k XM AE. ARBATIRENR M 30 ts[k] ¢ FEBET
ts HHENGE kB ¢, ISRAFAE L 25, 2 0] B e e

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

6.9
insert (k:ks) v (v',ts) = (v, ts[k] < insert ks v ts[k]) (6.9)
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PPV SET R E IR g

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

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

AT w] LA BRI, SEBE AT R insert A%

1: function INSERT(T, k, v)

2:

3:

4:

10:

if T'= NIL then
T < EMPTY-NODE
pT
for each cin k£ do
if SUB-TREES(p)[c] = NIL then
SUB-TREES(p)[c] <~ EMPTY-NODE

p < SUB-TREES(p)[c]

VALUE(p) < v

return T

A HERRARDN [K](K HAIER) K 28 m ANICRAATERE  BRYRBEA n, 36

NFFEHE 2D O(nlgm). HHE/INGRICFRF AR, m = 26, i AIRIERIE ZRE
FFAF B R IE L o

6.3.2 &K

FET = (v, ts) PEHK DA (k:ks) I, TATAE — IR kA4, iR (e

RETE] kB4 T, BT R I AR T gk ks HHENZHT IR B AT R
HAE NS,

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

v
lookup (k:ks) (v,ts) =
ts[k] = Justt: lookup ks t

N R R AIE AL EL

1: function LOOK-UP(T, key)

2:

3:

4:

if T'= NIL then

return Nothing

for each c in key do
if SUB-TREES(T')[c] = NIL then

return Nothing

T < SuB-TREES(T)[c]
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8: return VALUE(T)

ERFENE RN O(nlgm), Hrp n 28I m RICHFERA TR/,

6.4 BIZM

Trie {923 (AR ARG FATAT LA [RIAEA 7 32 e g A — S 79 10, 3Kl
21 7RIS . AT T AL ¢ S PSS : — AN IE vy B0 T T RIS
BTt X E I 550 FIRMIFREAYBRET R RICH [si — t:]o XLEFISRANA
SERIAURTER s, 10 s BT EI 55 o WBURL s J2 s H 5108 4 so-o - HIRISAILRT AR
XEFALA @ # 5. 515 siv s AMFAEARERIAILETE . K 6.8 rhiisfE iR R
ALk, nl LIS 2 AN1E 6.9 FOHTZR o

& 6.9: —FEETZM, £15 4  asan.another. bool. boy.zoo

NI TR RE ST RS

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

FARCHTZ N t = (v, ts) HplH . (Nothing, [ ) FoR WA N ZERY T 1T (Just v, [])
FoREN v AT R

6.4.1 A

TNTREER s I, FRTSR 2, AT s G151, A 6.10(a) fir
TRe QAR s MIHEATH t; AHXTIZAY s AFFEAIERTEL, BATOVE— TR ¢, il
HATLRTE, TR BN 2 — Bt B VG tis ty 030 ¢ PR .
K 6.10(b) e IXEAPIFAFIRIGDOL: s 1 s HIRTSR, W1 6.10(c) — (e)s LAK s; N
s BURTZR, AT 6.10(d) — (e)o

NEA R RTZR ¢ = (o', ts) RIRASE s FIfE o:

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

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

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

bool boy

other ol

boy
an bo another bool boy

bool boy

(a) (b) (e)
bool boy

(d)

£l 6.10: (a) [AZSH4d A\ boy; (b) 4 bool, @l #5344 ; () 1A (b) 4\ another (d)
1] (b) # A an (e) [A] (c) ffi A an, g55H 51A] (d) 48\ another fH[F]

AR s D9 AT v AR B LARTAY(E : S ins A &R E AT T2

ins[] = [s— (Justv,[])]
match s s’ = (branch sv s’ t):ts (6.12)
ins ((8 —t):ts’) =
11| (8 —t):insts

USRS AT 4, FRATEE—MEDh v B0, FE6 s BREFEIE B 7300,
TR TS 8" ¢ BATHES s fT so AR ENTAAILRTEGEE match BREUE:
T R branch BB FANTE LA SR ILRCA R EATH R ILRTS)

match [| B = True
match A[] = True (6.13)
match (a:as) (b:bs) = a=1b

FANTE LEEL (C, A", B') = lep A B RE2HIIEE A M B HASATEFT 4, Hfr
CH A" = AHCH B' = BJ§ir. AR AB ihiEM— M A=SEBINNE— I
R M ASEFTZR C = [ |5 A0, FA T3 I 755 R AL T 2], IR KRBT
R OAER -

lep[1B = ([,[],B)
lep AT = ([LAILD
a#b: ([],a:as,b:bs)

E o (azes,as’,bs’), Hi(cs,as’,bs’) = lcp as bs
(6.14)

lep (azas) (b:bs) =
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PRE branch A v B t WA A B, —MH v fIR ¢, EIRIUE A B KA

HERTEE C K S B o BT f L FFRCE I
branch Av Bt =
(C,[1,B"): (C,(Justv,[B' 1]))
lep AB={(C,A[]): (Cinsert A" vt)

(C,A",B'): (C,(Nothing,[A' — (Just v,]]), B+ ]))

(6.15)

R AR B HIHTZR, W A BREFE] v Br7E #9795, 5103 10 3R A 0 0 B R g
B BRME 7R ¢ AR B2 A BYRTEZR, Bl T T R AR S A ER B ¢ s
W, FATE - MEN v B AN E A B PTRR IR R T B Ry

SEILT dnsert Bk

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

insert [] v (PrefixTree

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 a' v t)

(c, a', b') — (c, PrefixTree Nothing [(a', leaf v), (b', t)])

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

N AT LA BRI FHOGERSE B AN -
1: function INSERT(T k, v)
2: if T'= NIL then

3: T <+ EMPTY-NODE

4: p+«T

5: loop

6: match <+ FALSE

7: for each s; — T; in SUB-TREES(p) do
8: if £ = s; then

9: VALUE(T;) < v

> 5
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10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

24:

25:

return T
¢ < LCP(k,s;)
ki k—c ko< s;—c
if ¢ # NIL then
match < TRUE
if ks = NIL then
p<+T; k<« Ky
break
else
ADD(SUB-TREES(p), ¢ — BRANCH(k;,
DELETE(SUB-TREES(p), s; — T;)
return T'
if not match then
ADD(SUB-TREES(p), k — LEAF(v))
break

return T

PREL LCP S2IUH P4~ B A LTS

: function LCP(A, B)

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

return A[l...; — 1]

BRANCH(s1, T1, 8o, Tp) H BEAL AR IR G DL UIIR 80 =S

> s k HYETEE

> B
LEAF(v), k2, T;))

> FitT

NPLEESE NG PRss

DFIBTETSE, AT T BN Ty 87 A0, FRATEE—SEr B 2 5 44
T T BT

1:

2:

3:

4:

function BRANCH(s1, Ty, S2, T5)
if s; = NIL then
ADD(SUB-TREES(T}), s3 — 1)
return T}
T <+ EMPTY-NODE
SUB-TREES(T) < {s1 — T1,s2 — Ts}

return T

BIRTTZEM TR = T 2SR R (B 2R IR 2 O(mn

FEANRITCRE AR

) Hrn R, m
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6.4.2 &K

AL kI, FRATART GG, 2R k=[] Sz, MR EARS R E ; A0 3AT]
AT ARG REIBRGT s; — ¢, (675 s, 2 k& IURTER, SR 5 FHE T HE 71 ¢ Hh
Tk —sio WRATAR s; #AIE k HIHTZR, W HOAAE RS B o

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

Hip AT B3R AJE BHRETS. AL find 1€ L ILH 5, EAESIEE T EH
JEFRESAMIICER . MG RS T B A

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

I 250K 2 i e A I TR AT 3R A AU L Lookup BRI ZRE DN O(mn) , Hirr
m EIIFICREG IR/, n B FIRRI R .

%3] 6.3

6.3.1. JHFR lookup FFEH R IH , FHIAPASEILRT 28 AY EFK

6.5 Trie FOFTERHT AR

FNTRTLAAT trie AT A i DV 20 ARG [0, B3 IR B SR A AP ST 20T
S NS SR SEBURIEL ARTEE R Bl # R R R .

6.5.1 JAEFNBFNENT

WA 6.11 fro, = P SR A e I S PR R 0 A2 A7 i e B o

TR F A AR R, AT IR FL IR AR 2 2 Fh AR
Jrik R TERE AR R B 6.12 2— A H B aF S TIRERVIAAE . 24
BINWAE = H 2SR RER B I EATTLA PR AT A AN B2

XA RS T B BRI RE . FATRT LU RTZRIRE Sk SE e o i R AL
TN LB IR E AT AL, ik FI A n D H e — AR TE T 2
(BN, Herp R S SRR A (R A R Y BN . S AN TR E s B R
MTHERT S SCI R IR B B AT A LD s TSRS W2k s Ohzs ity et i 7 E
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AlA Q, introl

Al BEF[EW English Thesaurus ~ Simplified Chinese

s intro | 'mtrau |

intro- noun (pl. intros) informal

introduce . .

an introduction.

introduced

introducer

introducers ORIGIN

introduces

, 9 early 19th cent.; abbreviation.

introducing

introduction
introductions
introductory

introgression

intro- | 'mtrau |
prefix

into; inwards: introgression | introvert.

6.11: ]t

pref

prefix
prefrontal cortex

prefab homes

o O PO P

prefab homes oregon

6.12: 778 H 2 b5 R AME

AR
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FTRE n ZREER AN FATHRIE ICRCH) 70 N . AR SRR MR AR PR, 3.
ATTAT LA™ gt A i I, SRR 5 BUS AT 4> take n (startsWith s t), Hrfr ¢ 2
HT 28 o

startsWith [ | (Nothing,ts) = enum ts

startsWiith [ ] (Just x,ts) = ([ ],z): enum ts
startsWith s (v,ts) find ((k,t) = sCkorkCs)ts= (6.17)

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

L5 3E—DHIER s, BREL startsWoith fERTZM SR A LL s RIS R . ik
s N EMEE A TR IR S EIE » A28 W ([ ], =) MR 25 R 2 .
PR enum ts SENX R :

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

Hrb concatMap(1FR A flatMap) B9 FHF ErHI— M EE M. JCR LY T
SRR N TE R TIT  RI A4 SRR . I build-foldr ik & FEk S,
LIS A P IS A () 48 5 88) o W s %S Rl TR 2 Tt
FFFAE T (, ), I s 8 K 25 Ub— BT, JR 0 T ST R 700 ¢, 3646
B 0 2 SR 2 s 7500 R s SR TR WIS, MR A2 A s AT
SILE . R TR T Xk

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])

A m] LU a4 309 U5 S B STARTS-WITH(T, by ) ARTY ROTR  FRATITE
G E D TR by = Tio MR EZREDTR T TS, RATEXER YR
% n R IR ki o2 k HIRTER, OIS B A 20550 B k — ko £E T, R
HEHK.

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

3: return NIL
4: s < NIL
5: repeat

6: match < FALSE
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7: for k; — T; in SUB-TREES(T) do

8: if k is prefix of k; then

9: return EXPAND(s # k;, T}, n)
10: if k; is prefix of k£ then

11: match < TRUE

12: k<« k—Fk > PRI
13: T+ T

14: S+ sHk;

15: break

16: until not match

17: return NIL

Hr R 5 EXPAND(s, T, n) N T A et n AN FF4E s I AESE B RO T o
HATAT AR B e 207k se e (K 15.1) -
1: function EXPAND(s, T, n)
2: R + NIL
5 Qe [(5T)
4: while |R| < n and @Q # NIL do

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

6: v <= VALUE(T)

7 if v # NIL then

8: INSERT(R, (k,v))

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

6.5.2 HFEZWMNE

2010 4ERT . KZBFH_EHA— A 6.13 Fros B4, B8 ITU-T 44,
CRE R MG E 3 B 4 DRSCFRE B AR B A\ S SCER TR home, FRATTAT A%
ST T )P4 -

L HPIR 4 SN FAF hs
2. =R 6 SN TR o)
3. H— IR 6 BT m
4. FEWIR 3 BN TR e;
T PR Y 2 T T R BRI -

1. ARIRFE T 44663, {76 B 3R] home H{FH;
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1 |[ ABC |( DEF
2 3
GHI |[ JkL
4 5
PQRS|( Tuv |(wxyz
7 8 9
@@

A 6.13: T4 ITU-T #4%

2. $F S LR A R — M HLR good ;
3. # N SRR HE] N — MBI gone;

JEFFR TN, FIFRA TOUL POy Rl S 8 76 N AR SR R G ol
MZPEAFMZRT] o AERIRB, BATTRT LR B AR — 1 BT 200 R SEBX P A
ho BT B U B T -

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

Mrpola] 25 AT @ XA T FRF e FRAT T AT LUE SO A5 A I et -
My = concatMap ((d, s) +— [(c,d)|c < s]) Mrog (6.20)

B EAR Myg  FATRT LUK 743 ER et i — 2R 54 17 91
digits(s) = {Mpq [c]|c + s} (6.21)

MNTEMART [a. . z] FFRF, APRIBGT 2IRR 72 # " B TR e+
REFP R ST BB -

mapT9 = Map.fromList [('2', "abc"), ('3', "def"), ('4', "ghi"),
(YSI’ lljkl")’ (IGY’ Ilmnoll)’ ( 7', llpqr-s”),
(l8l s "tuvll) s (lgl s IIWXyZII)]

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

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

2 (v, ts) 52 MFTA e BRI AL A HE RO T 2800 o B ATl LAE K H shAh ST s R AL
HECF P dso BATHEEE DT (s — 1) € ts FRTRTZE s #4500y digits(s), 4
IR ds ITRC (P — 85— RIRIER) « AIREAFAEZ A TIIIERC ds FITR L
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pfr=[(s,t)|(s — t) € ts,digits(s) C ds ords C digits(s)]

findrg t H = H H

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

Xt pfr FREEE IS (s,1), BREL find BIFHTE t PEPRIRET ds', Hrpr ds' =
drop |s| ds, S8)FKE s B INENEE MG IEITRTTE o8 1 By LB R 740, FRA T

N2 S

i n = |ds| DF4F:
find (s,t) = [take n (s + s;)|s; € findrg t ds'] (6.23)

T R R SR B T BN G

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 “dsPrefix0f  k || k “isPrefix0f  ds]

A& HOTE LI SR AT, rTEAUH —BAS1 Q. BAFIF BT ER = Jedl
(prefiz, D, t)o F4 =oAL ER R HIRTESE prefic, MA KLY D, MIFAHER
H7B to BASIRIAGR RS, —TCA & 25T ) . 2BAy, LURATZ IR TY /. 3K
TR BB = TT2 A& A st e XS TR (s = T7), FRA7THG s 5%
ok digits(s)e WA D 2 EHIRIEL MR 7 —Medkid. JATR s BHEINE] prefiz £
BT, FHOE T IX—4588 . W digits(s) 72 D BIRTZR, BTt Zad A5 17 i
R AT — D =JCd (prefiz s, D', T"), Hrh D' Z2RIRHIET . SREHIX—H =
JCALIEIBA A o

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

2: R < NIL

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

5: n < |D]

6 Q< {(NIL,D,T)}
7. while Q # NIL do

8: (prefiz, D,T) < Por(Q)

9: for (s — T") € SUB-TREES(T') do

10: D’ < DicITs(s)

11: if D’ C D then > D' j& D R
12: APPEND(R, (prefiz  s)[1..n]) > FREHCE R n
13: else if D C D’ then

14 PuUsH(Q, (prefic+ s,D — D', T"))

15: return R
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FATNEEEL trie FIEEETHT ST 4G , B BE —oERIFes , BATE AL
BT BT EREAIMGT (map) BT . 5T RIS A0S BB R 21 PR &R
TCRMIFIFR . Hrh— IR 745 trie MRS AT AR EET U A0 31
A TP G B SNSRI o SBT3 A R R S

T trie 5ETEMEEE VIR AR 2307 DNA AHRA 1 TH.

%3] 6.4
6.4.1. fii ] trie SCILE AR A -

6.4.2. Xﬁ:iélﬁl%/\ﬁi_é*%mHUQWFXT%&%HE Ry PR E R H R 2 SR A% I S

HEy? XX PERE A B AR
6.4.3. (EBAMEMESRIARI PG WL RTIR R 2 n 5545 R

6.6 Mz 6lFERF

B T R E UEEEY trie:

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

TR insert FF AR A S T A AN A A R A

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

}
key = key > 1
}
p.value = Optional.of(value)
return t
}
BB S I E L
data IntTree<T> {
Int key
T value

Int prefix, mask =1
IntTree<T> left = null, right = null
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IntTree(Int k, T v) {
key = k, value = v, prefix =k

bool 1disLeaf = (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))

L e YRR

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

parent = node

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

node.value = value
1} else {

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

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

}

return t

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

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

Int lcp(Int pl, Int p2) {
Int diff = p1 * p2
Int mask = 1
while diff # 0 {
diff = diff > 1
mask = mask << 1
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return (maskbit(pl, mask), mask)

trie FYE LA -

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

I AR S SURIRN -

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

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

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

if k2 = [] {
node = tr
key = k1
break
1} else {
node.subtrees[prefix] = branch(kl, PrefixTree(value),

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

PEHUR KN ERTEE ep A4 branch:

(LK1, [KI, [KI) lep([K] s1, [K] s2) {

j=o

while j < length(sl) and j < length(s2) and s1[j] = s2[j] {
j=3+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]
return t

tree2

M TL[R] BT BT A fedde I

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

t = tr
s =s ++ k
break
}
}
} until not match
return []
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[([K], V)] expand([K] s, PrefixTree<K, V> t, Int n) {
[(K]I, V)] r =11
var g = Queue([(s, t)])
while length(r) < n and !q.isEmpty() {
var (s, t) = qg.pop()
v = t.value
if v.isPresent() then r.append((s, v.get()))
for k, tr in t.subtrees {
g.push((s + k, tr))

}

return r

T -

var TOMAP={'2':"abc", '3':"def", '4':"ghi", '5':"jkl",
YGI:IImnoll’ l7l:llpqrsll’ l8l:lltuvll, l9¥:”wxyzll}

var TO9RMAP = { ¢ : d for var (d, cs) 1in T9MAP for var c in cs }

string digits(string w) = ''.join([T9RMAP[c] for c in w])

[string] lookupT9(PrefixTree<char, V> t, string key) {
if t — null or key — "" then return []
res = []
n = length(key)
g = Queue(("", key, t))
while not q.isEmpty() {
(prefix, key, t) = gq.pop()
for var (k, tr) in 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))

}

return res
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7.1 EN
b B A RO BRI P ORI SRS B R R U
VA4 SRR AN 2 B ko BRHIE i SRR kU, Sk T
NI R (T B — 0 B R RIE) TSR 24, B 7.1 B8R T
B i, F (AT LA SR XIS 2 1 R

N
/ += \ / + \
A (& D G K M o P R T U X Y A
K 7.1: B#Y

TR AR RO S A IR kMG Lre 2R LR RAEATIT
RN b IFH B /ANTAFH r PEETER

Veelyer=z<k<y (7.1)

B X — BARHE R 2 Ak — R B ROy =S sl n ST EM n+ 141
IR AN BCAR R —ER B o ILIXEETTERN kus ko, ooy By IBCN trs ta, oo Bt s
Wk 7.2 froRe T R B TCER R R AR A

kl kz kn

VSN RN

4

n+l

143

K 7.2: BRTA

PR T R AT LU (key) FIRRZ V(B (value) o (EASENTE o (a1 SRS UL L AR 226 1 5 iR IR Bk o
PREFI AR TER

107
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o TLEITIBIN ik <ky <..<k,;

o XFER kio 8 & PRFTAICEREV/NT ks HH ki ANTR i TRER
JLH o

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

MW RAE PR, LICRIERN K, W B KA BTree K 5
BTree<K>. JHM, FATETTE L —AIHN LAORES B AP :

o BATHNE T4 SO R R
o SESUBSC AR B RHGRANER BT
— BEeH 20 - 1M TEE;
— AT d - LATEE RIS
B
d—1< |keys(t)] < 2d —1 (7.3)
BT FARAELX SN T ACRAE B R P

. FEREA n AIURR B, B/ NERd > 2, IRYRIBEN ho BRARTY RUST,
HEWRELEA d- 11K RTKELEADILR. WREA R, 2D
APINRERN L FOE BH 2d MREERN 2 080, B2 2d° MREER 3 19
TR E . B 24 DR b BT R BRIRTY RN T R R
LA d —1,B RIP e RYTCE ARG 2 T AT

n >1+(d—1)(2+2d+2d*+...+2d" 1)

h—1
=14+2d-1)) d*
k=0

B0 (7.4)
=1+2(d-1) d__l
=2d" 1
AT SRS P v B T R R HOR RS
h < log, ! (7.5)
O
XAIER] T B R AP BRI B TR 2-3-4 1. BRYEVINEEd = 2,

BRARTT RN T e 2 B A BRF 0 ATATZL AR A iy AR R] AR5 — R
2-3-4 e FATICEHCY d I9AE=E B WY (d, (ks, ts)), b ks 2ITRAIEK, ts i
JIF. FHERIE R E LT B -
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data BTree a = BTree [a] [BTree a]

SV RICHN (9,92) 8 BTree [1 [1, 4 7# AR T R # A d, 3K
(PR B ¢ ALl XM (d, 1)

7.2 A

FAREHA " AR ZRAL, AN R BB 2 U R . 417 B A ¢ 4
ATCE o I FATMART SUTLG A HOX AL 2 A M TR/ N T 2, 1A
HITCERRT o WIARRATEAIIT 717 5 ([keys(t)| < 2d — 1), 5k @ FAZIMALE . A
VIR S AT =1 0 R S LR AN A RPCNR B R LA G VAN R

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

12 15 16 17 21 22 25 30 31 37 40 42 46 47 50

B 7.3 8 22 FRNE] 2-3-4 42 22 > 20, AT 22 < 26, SRAS IR
21 < 22 < 25, FEAFIARIGHI 75 55

FREIA A 7.3 Hhy 2-3-4 MHEATTR = = 220 [H0 20 < 22, IRATEE R4 U 1 5
o B 26.38.45. [0 22 < 26, fr LA FoRFLA 56— FRrif. A4S 21 7125,
R AT RY I 9 10K 22 $lANE] 21 A1 25 A

ERM TR ELEA 2d — 1 PIUR, A o JE 2 POV T RS 2840 B #
ORI BN 7.3 fiN 18 BB B XA JN 1A WRMRE BT
b LG AN

7.2.1 SEHEABESF

FRATAT LU ZE B (4 “Sedfi NFHE L™ J7 35y R3] B . S5A5 1& B -
Mk, RICRBAZNE L RALE . 5Tk, WERROAFPE 1, BATE T XS4
HLZITCRM T AT BT EE SCREL FIUAIWT R & Al 2 8id
JLRo

295 b TR A R NT ST . 245 7.1.1,




10 #LF BH

{full d (ks,ts) = |ks|>2d—1 (7.6)

low d (ks,ts) =|ks|<d—1

WERE AL ZICHEMD L, BATESL split MECHIAENLE m 34k =& 0

K 7.4 fros:
/ N IR I B O IR \
tm+

4 I

/ Kk v | ka \
tw

L]

/ = \
1

B 7.4 AERLE moR T R R =0

b

split m (ks,ts) = ((ksi, ts;), k, (ks,, ts,)) (7.7)
FAME S —F 3 (1.45) FPE LAY split At BREOR S :

(ksi, (k : ks,)) = splitAt (m —1) ks
(tsi,ts,) = splitAt m ts

XPRHL, AT LASE L unsplit BEL 8 =8 & A B R 5
unsplit (ks;,ts;) k (ks ts,) = (ks; 4 [k] 4 ks, ts; 4 ts,) (7.8)

T HEBRES R © AR ¢ REE fio BE P (SO EEEON d BYGTE
B ft:
insert x (d,t) = fiz (d,ins t) (7.9)

fE ins ZJa AR RS AE L HICER, KA fiz fH] split K o4, FFH
HIHIART L

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

otherwise : (d,t)



7.2 A 111

BRET ins 7 ELACHR RGO XTI R FATRTPAE A AR = (1.11) E X
R FeA N BREL insert SRALTHE; A5 N), FoAT T EH R S 18 A9 A2 B, 328 H 17 BB
M, FATTRE SLEREL partition :
partition x (ks,ts) = (I,t',r) (7.11)
Hrpl = (ksi,tsi)r = (ksr,ts,)o Bt B TR (1.47) HhiE LA F1FER
# span BEATRS -
{(ksl,k:sr) = span (< z) ks

(tsi, (' : ts,)) = splitAt |ks| ts

HE, B /NT @ MOCRMIBTER) 70 B e 1 A KT o BPERAEA I 7o
AP Ja — RN T @ B FRBULE R ¢ BN RINTEE IR = FAZ ¢ . 0
& 7.5 Fi7R

ins (ks,@) = (inserty z ks, D) M5 1, SR

7.12
ins (ks,ts) = balance d1 (ins t') r Hrp (I,¢',r) = partition = t (7.12)
ki <x <k
insert
/ ky v | kg | K kn \
t t; 2
o O ek kLo |k,
/ 1 insert \
i fii1 li ti1 Iyt
! t’ r

K 7.5 o R R
[ ¢ FEAN 2 5, B RER ST 2 TR, AL B TSR FRATE LR
balance B HM P TI3HFIEE o
full dt: fizy
otherwise : (ks; 4 ks, ts; 4 [t] H ts,)

balance d (ks;,ts;) t (ks,,ts,) = { (7.13)

Hrr fimy Y BEEHCN d 59080 704 (t, ko) = split d SR JEAEE— B
B Ry
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fixy = (ks; + [k] # ks, ts; 4 [t1, t2] H ts,)

THEEBF RSB T B AR IE AR

#t%F B#H

(7.14)

partition x (BTree ks ts) = (1, t, r) where
1 = (ksl, tsl1)
r = (ks2, ts2)
(ksl, ks2) = span (< x) ks
(tsl, (t:ts2)) = splitAt (length ksl) ts

split d (BTree ks ts) = (BTree ksl tsl, k, BTree ks2 ts2) where
(ksl, k:ks2) = splitAt (d - 1) ks
(tsl, ts2) = splitAt d ts

insert x (d, t) = fixRoot (d, ins t) where
ins (BTree ks []) = BTree (List.dinsert x ks) []

ins t = balance d 1 (ins t') r where (1, t', r) = partition x t

fixRoot (d, t) | full d t = let (tl, k, t2) = split d t in
(d, BTree [k] [tl, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] 4 ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] 4 ks2) (tsl # [tl, t2] # ts2)

K 7.6 450 T PR B BT ENTEE UCK “GMPXACDEJKNORSTU-

VYZ” PR ICER A B A R -

N "

/

Q |

A C D K | M o P R T U Y z
/E ° U\
A C D G J K | M N P R N T Y z

& 7.6: fdE N “GMPXACDEJKNORSTUVYZ”,

F:d=2(2-3-48), F:d=3
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7.2.2 FESIFBHEA

BRI RAE AR R RO R S A 2 TR . S UL X
—J7ik. BIA T IEAEAR, HEEEA 2d — 1 IR B, AT 74
=HRG I TA FR e SR RERAES A d - 1A TR A TTR G A2
BIEH BT A MTT R 2, & K(z) R EEHITR. T'(z) et e ro
Bio 10 @ RIS ¢ DICEN ki(z) . 58 J R RON ¢ () o T IRBVEIEAESS ¢ ALEXS
TR 2z BEfT 0

1: procedure SPLIT(z, 1)
2 d <+ DEG(2)
3 x + t;(2)
4: y < CREATE-NODE
5 K(y) < [kar1(2), kara (), .., k2a—1(2)]
6 K(x) + [k1(x), ka(2), ..., kg_1(x)]
7 if x is not leaf then
8 T(y) < [tar1(2), tasa (), .oy t2a(w)]
9 T(x) « [t1(x), ta(x), ..., ta(z)]
10: INSERT-AT(K (2),1, kq(x))
11: INSERT-AT(T(2),i + 1,y)

PR R o = ti(2) B, BATEGEE d ATTFK ko) 1A NS 2o MR 2 B4
W7 AR IEHEE R B R i, FATFREMART U, BT PSR
(BRI TRRA , RIT A& 2d — 1 D ICERINTT R AT A AT sUERIX FEf Ak
B, BT LART DAz EoRII TR . IX— I AFRE— R BTl AT, TT75 B .
IIRARTY AT, RRZgr 9 i, IR R AR T S E A B ME— . T
PN RPS SR

1: function INSERT(¢, k)

2 r<1

3. if ris full then > R EWN
4 s+ CREATE-NODE

5: T(s) < [r]

6 SPLIT(s, 1)

7 < S

8 return INSERT-NONFULL(r, k)

H L INSERT-NONFULL I8 N 5 Ao A0SR r ZH719 5L A 1%
W BR/ING AR N B AL E (255 7.1.3 BURMEH A BTN ) o A0, 3%
TSI, 1T ki(r) <k <k (r), WERDEL ta(r) 6 T 2T 04 SRR 4k
SR RAE A o
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1: function INSERT-NONFULL(r, k)

2: n < |K(r)]

3: if r is leaf then

4: 11

5: while ¢ <n and k > k;(r) do
6: 14 i+1

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

8: else

9: 141

10: while ¢ > 1 and k < k;(r) do
11: t41—1

12: if ¢;(r) is full then

13: SPLIT(T, 1)

14: if £ > k;(r) then

15: 1+ 1+1

16: INSERT-NONFULL(¢;(7), k)

17: return r

X BRI o 25>] 7.1.2 BR A IR IH . B 7.7 g5 TR EE A
“GMPXACDEJKNORSTUVYZ” B[zt

—
[ /X

A C E G J K N o R N U Vv X Y z

7.7 ARG “GMPXACDEJKNORSTUVYZ”?, b:d=2(2-3-4%f), F:d=3

7.2.3 FIERX

BN RAFETCRAT , FATHZNE —DICE I AP R A E . R
FRCALAF A BeATT AT LA — 0 B4kl A5 A sl PR A BT AR IREC R AT K
/N A2 B IR AT RTREDE ? BATTAT LLKE B AT R0 =0 TR ¢, e A2
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LA ro B e AR R TTR /TR0 (ki ta) BB RERIE, 20 12 iy
DA r 22y ¢ S Sk g Rk AU — NN 7.8 P iy S o JATTR] LU 2
SEEEEZR

v RN

L2} ti t tiv tnt1
/ ¢’ r
e (ki-1, 1) (ky, 1)
t [
t head tail
1
""""""" (ki tiv1) (kn» tar1)

7

K 7.8: % B IR RA TR E B — X813

NIRRT PRI E ST BT R BEE N A, B A =R 2
R O, T80 513, PR 708 A IH OURS 708D F13. BA1id
ARZERYTT RO (LY, 7).

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

ARG B — I BATA r PP S —XME (K, 0), AU —x (k1) BT 1 AYR
BT SRJG ¢ B ¢ o (M AR SR L ERE M AR A THR ARG B R ] o

step; ((k,t):0,t',r) = (It (k,t'):r)

(7.15)
step, (I, ¥, (k,t):r) = ((k,t'):l,t,7)

R Ae 4% 50, BTl LASEILKI 73 PR partition p ¢ ARIEZEAF p 18 B3 ¢ 29 pli/e
i =HBa: (Lmyr)e BT LB ECR] m 3L p. 1T r RO ECATAL . E PR
B hd = fst o head, € MNHIFHIUH S —XHE (a,b) . 285FFRIL as
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., partition p (step, t
partition p (&, m,r) = ( )
otherwise : (&, m,r)

partition p (I,m, @) =
otherwise : (I,m, @)

and nOt © p)(hd(?“)) (l7 m, ’l“)

partition p (I,m,r) = partition p (step, t)

{ (notop)(hd(l)) : partition p (step; t)

(not o p)(hd(l)) : partition p (step; t)
(7.16)

B partition (< K) t ¥4 t AT k TCRRSMEEREAN. FEIEIT
FEFPSLIL T partition PREL:

partition p t@(BTree [] m r)
| p (hd r) = partition p (stepR t)
| otherwise = ([], m, r)
partition p t@(BTree 1 m [])
| (notop) (hd 1) = partition p (stepL t)
| otherwise = (1, m, [])
partition p t@(BTree 1 m r)
| p (hd 1) & & (notop) (hd r) = (1, m, r)
| p (hd r) = partition p (stepR t)
| (notop) (hd 1) = partition p (stepL t)

AT AT AR stepi/step, Tﬁéﬁi;%ﬁ%%ﬁ"]ﬁ, WERE d . 4n =l 5
ANZEMI “TER /TR Bt [ (x) FoRA AL o EAE Y AL f 2 n ik
n<d: sp(step?="(t))
splitdt={n>d: sp(step—4(t)) (7.17)

otherwise :  sp(t)

o sp BEATAT R 5 -
p (It (k1)) = (L1, 2),k, (2,t,7)) (7.18)

FIHH partition M1 split, 3T HIXSFRIRAY B R, JA 10T LUE LR B
TANFTE B B WS AL G DIt RAHET
full d @ = False

7.19
fulld (1,¢',r) =l +|r] >2d—1 (7.19)

|
low d @ = False

lowd (Lt',r) =l|+|rl<d—-1
[FEERCH d B BB ¢ EATTE @ B FATE S i ARa e E Txid %
FY ] 1

(7.20)
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insert x (d,t) = fix (d,ins t) (7.21)
USRS AL 2 IT R B fio AL E d 5 H I

full dt: (d7 (@, tl, [(k,tz)] :/H\:EF' (tl, k,tg) = Spllt dt
otherwise : (d,t)

fiz (d,t) = (7.22)

—

PR ins TEAbTE ¢ = @ 1t # @ PIFE DL X TS0, A THrd— 4~ Bk
THRGAENPH (1,¢,7) = partition (< x) t EALENEIFFEARIALE :

ins @ = (9,9,[(z,9)))
, t'=0: balance d1 @ ((z,):r) (7.23)
mst =

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

PR balance K& ¢ A B &L 2 ITCRIFHAT

full d t: fixFull
balance d 1t r = (7.24)

otherwise : (l,t,r)
Hrp fizFull = (1,1, ((k, t2)ir) (81, ky t2) = split d to NEIAYG]FFEFPSLEL T 4
N

insert x (d, t) = fixRoot (d, ins t) where
ins Empty = BTree [] Empty [(x, Empty)]
ins t = let (1, t', r) = partition (< x) t 1in
case t' of
Empty — balance d 1 Empty ((x, Empty):r)
— balance d 1 (ins t') r

fixRoot (d, t) | full d t = let (t1, k, t2) = split d t 1in
(d, BTree [] t1 [(k, t2)])
| otherwise = (d, t)

balance d 1 t r | full d t = fixFull
| otherwise = BTree 1 t r
where
fixFull = let (tl, k, t2) = split d t in BTree 1 t1 ((k, t2):r)

split d t@(BTree 1 _ _) | n<d = sp $ iterate stepR t !! (d - n)
| n>d=sp $ iterate stepL t !! (n - d)
| otherwise = sp t
where
n = length 1
sp (BTree 1 t ((k, t'):r)) = (BTree 1 t [], k, BTree [] t' r)

%3 7.1
7110 EHATEERT LA < [#15 BR&SAEETE?
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7.1.2. fEFEFRHER R R AR ) .
713, FAIEMLMEEHIRG RN E . 5 o &R & LT
Mot BIEEIRERIRTE A7

7.3 &K

FATRT LA “ AW EIRE R RE S A2 080 B R —XREHN
ALAWATTIR L AHBRIAZANT R A B Rt = (ks ts) PEHICE b, WIR ¢
SR R (s 923) , WIRJ R A D A R A A FRATTHT kRS ¢ J) 93 o9 =845 -
L= (ksp,tsi)st'sr = (ksy,ts.), Kot DRI R ¢ BTG ICRE/NT k00 r A
AICREKTET ko WR r PRE—AICK ks, T b, BATIE] 74558 A5 NFAT
B IAHIAE TR ¢ TR

keks: Just (ks, @)
lookup k (ks, @) =
otherwise :  Nothing
(7.25)
Just k = safeHd ks, :  Just (ks,ts)
lookup k (ks,ts) =
otherwise : lookup k t/

Hrp ((ksi, ts)),t, (ks,,ts,)) = partition k t. PREL safeHd & XA :

safeHd |] = Nothing
safeHd (x:xs) = Justz

FHE TR 2 ST AR A

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

XETHIRXT LB, BRI o ISR N 2, AT SAE < K7 BT R05y o 2R
JERE AT E S — A ICERR AT kA5 P A T A

lookup k & = Nothing

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

otherwise : lookup k t/

HHp (1,t,7) = partition (< k) t EXAEZS AT 5o safeFst JGREL fst B 2|
“Maybe” {E_L, PRI THRF 0 T fmap S :

3safeHd LT P L 1istToMaybe $24it
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lookup x Empty = Nothing

lookup x t = let (1, t', r) = partition (< x) t in
if (Just x) — fmap fst (safeHd r) then Just (BTree 1 t' r)
else lookup x t'

A4 2, FR T r TP AR BB & (545 ka(r) < b < Koyt (r)o A0
5 () = e TURRIEI A r RIS AU s 70, 3o TARSRAE TAMEE ta(r) Pk
Stef. WS v SR IR E B RAERCR MR 24

1: function LOOKUP(r, k)

2: loop

3: i+ 1,n <« |K(r)

4: while ¢ <n and k > k;(r) do

5: 1+ i+1

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

7: return (r,1)

8: if r is leaf then

9: return Nothing > k INIEAE
10: else

11: 7 ti(r) > AR A @ BRI

%3 7.2
7.2.1. AR A R A

7.4 MR

MERTCE G, AT RER A TC RZA R TCIEWE 2 B R EK . BRIRTY A, TTHREL
ARENT d— 1, Hrb d 2B/ NEE MFRTHEANEE AT A WFEE e MRS
2T .
7.4.1 %MBEBESE

FATE LY R XA MR AR 2 0 REHEE B Mry-Fitt. &
HEEWL:

delete x (d,t) = fix (d,del x t) (7.27)

FrP R del S22 0B T RO BRERAE . IR ¢ 27719 i JRATATY ROTER
HHER @ S0 BATH @ KR o =iy (1L, r) o K LAY lETAICR/NT @,
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I r FHHRITCRARTHT (2 2o WER v AN, BATBU PRSP ICK ki A
CHET o(Rl ki = o) AT TR FE ¢ FREARITE K (R K = maz(t') BUL
kio SRJEIRIAHN ¢ FPAHER & Q01 7.9 FroRe A5 (r AZSE ks # @) FRATE A
¢ rPlER 2.

delete x

\

ky v | ki NhEx e ky,
/ replac\‘:e k; withx

delete k’

1 Iyt

k’=max(t;)

K 7.9: K = max(t") Bt k;  SRIE @ IHHN ¢ IHER &

del © (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)
Hrep (1, ¢, (ks',ts")) = partition x t, )2 « SRS =885 AT LAHE—2
Mt RIS R ATTER Ko BRE max 8 SLATF

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

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

PR last JRIRIFIZ PR — IR (G (1.4) o delete; J25( (1.14) HriE LF1
FMBREEL o tail ¥ HERP RIS — P ICER A, FFIREF FRYICER (U (1.1) . FAT
TR BAG A T AR N SR E LY balance B%L. RS AR TTE KD, it T
“Fe

full dt: fixy
balance d (ks;,ts;) t (ksy,ts,) = S low d t: fix, (7.30)
otherwise : (ks; 4 ks, ts; 4 [t] # ts,)

MRt TR AR (< d — 1), BATHA fizy FEM (ks ts) BN (ks,, ts,)
HIFCESE DA RNZM) o LM 6] FRATIN ksivts) HEUREEHITCE kpnstmo S8
SV unsplit (2 (7.8)) fl t &3F: unsplit tp, km to HIE—NSHEELZITEZNIT
Ko 5, BATHA A balance MEIERZH) B 1o
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ks # @ : balance d (init ksy,init ts;) (unsplit t,, ky, t) (ks,,ts;)
Jixi = ks, #9:  balance d (ks;,ts;) (unsplit t ky t1) (tail ks, tail ts,)

otherwise : t

(7.31)

LG —FR O ks = ks, = @, IR NZ. —BRAE AT HIR
Tefit—SEE o ki Mt 202 ks, T ts, EPE’J%*/ME%?O RJE HAMEUULETHHRA
SEPE L fia REL AR A AL BEZ A

fix (dv (@7[15])) = (d, t)
full dt: (d, ([k], [L,7])), Hrp (1, k,r) = split d t

otherwise : (d,t)

fiz (d,t) =

(7.32)

B, BAMESATRINN 5% MR ER S AR RS AR, FATR L
26 9= L R G — B AR E T ROAR o TR TR B AR P S T BRI

delete x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (List.delete x ks) []

del x t = if (Just x) — safeHd ks' then

let k' = max t' 1in
balance d 1 (del k' t') (k':(tail ks'), ts')
else balance d 1 (del x t') r
where
(1, t', r@(ks', ts')) = partition x t

fixRoot (d, BTree [] [t]) = (d, t)
fixRoot (d, t) | full d t = let (tl1l, k, t2) = split d t 1in
(d, BTree [k] [t1, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| low d t = fixLow
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] # ts2)
where
fixFull = let (t1, k, t2) = split d t in
BTree (ksl # [k] # ks2) (tsl1 # [t1l, t2] H# ts2)
fixLow | not $ null ksl = balance d (init ksl, init tsl)
(unsplit (last tsl) (last ksl) t)
(ks2, ts2)
| not $ null ks2 = balance d (ksl, tsl)
(unsplit t (head ks2) (head ts2))
(tail ks2, tail ts2)
| otherwise = t

FANTREAIZT B WHIMBRE LIRS~ [ 7.10. 18 7.11. 18 7.12 filiik T IHERAY
Bl5




= %L& BH#
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A C D G K M o P R T U X Y zZ
& 7.10: WHIHET
N
E J / N v \
A D G K M 0 P R r U P , B

A 711 MER CL 28R MIER <

K 7120 MBR KL SRR MHER N
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7.4.2 SEHBEMEE

F—MITE R REA R A IE ARG FEMBR . B MM ¢ R TTER 2.
A N T8 B TS T

TR 1R o fFAET ¢ e R, HE ¢ e RATTAEEN ¢ iy o
MHBR. ansk ¢ @ rE—1 S OR) R — e .

TBS 2: WA o FFAET ¢ (ICR A AR ¢ AR5 8 WIAEAE = Fh 1 :

1B5 2a: W& 7.9 firvR, & ki = o I9RTIKTT N K, HP K = max(t;). Wt
ESHBBHICER (> d) ATV K Bt kSR a8 ¢ kR &

B9 2b: Wk ¢ PITTRAE, R T i A RBIITE (= d), XK
Mo, BATHIGATTER K = mian(tig) Bk, SRFBHH to FPMiBE &7 nE 7.13
Fi7R e

delete x

k1 ves k,',l k,-=x,v kn
/ " delete k \
4 replace k; with k” : ! ot

k"=min(t;+)

B 7.13: K" = man(tipq) Bt ki SN EEIHH 0 FPIHER &7

&5 2¢: SR ¢ Tt HITCREAL (] = |tia| = d — 1) AT tivatipn &

F R EEA 2d — 1R, W LI #ilER. ik 7.14 FR.
X :k,'
merge
---------- >
l/ \:l
Ky ooy Ky Ky, e ks Ky ooy Ky ki K", e ks

& 7.14: Joi It EHER

BHTREEEICR ki AT WER ¢ RIS ORI AICR) Uil k2 t
HRYE—ICER I H st R OUR R PERFR o FRATTRT LKA g S 4, 18] 7.15
IR

5 3: iR ¢ TR o, FRATTZE AR T8 ¢ FPIER =0 0
Bt PRCEA L BA R BB PR TR DL
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/ shrink

Ky, o b Ky ooy Ky k Ky, e k'

kll, wees K

Kay

A 7.15: Hidliis

1B 3a: WK ¢; BIPASFHERAT ATt tipr I —DSHEEBH TR (> ),
TN ¢ B — DT EZB R ¢, R BRSSP — TR BN OB T
DN tio WA 7.16 7Rt FRIF—AICK. % FAIBIHHM t; FMER 2o

"
km

Y i
/ K1y s Kt \ / K", k",

/ ks s Kl ki \ / k"2 Ky \

) q " " [

K 7.16: NAMFEN—1TTR

B0 b IR FHEE T SR TE R AL ([tima | = [tia| = d — 1) , AT ¢4,
FR— N ICER AME AR KA IR T S, WA 717 R . SRR R A
kR =

NI DELETE BRECEIL T e &I R AL

1: function DELETE(t, k)

2: if ¢t is empty then

3: return ¢

4 i1, n<« |K(t)]

5: while ¢ < n and k > k;(t) do

6: 141+1

7 if k = k;(¢t) then

8: if ¢ is leaf then > &0 1
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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:

/ k'1.«-~~k'd—l \

'

k;
/ li+1
/ k”l’ . ak”m \
" [
v
t/
/ k'ts s Kl ki k™, \
q " [

[g] 7.17: {5\3\{[: ti\k\ti_;,_l

REMOVE(K (t), k)
else
if |[K(t;(t))| > d then
k;i(t) < Max(t;(t))
DELETE(t;(t), ki(t))
else if |K(t;11(t))| > d then
k;i(t) <= MIN(t;41(t))
DELETE(t;41(t), ki(t))
else
MERGE-AT(t, 1)
DELETE(t;(t), k)
if K(T') is empty then
t < ti(t)
return ¢
if ¢ is not leaf then
if k£ > k,(t) then
1141
if |K(t;(t))| < d then

ifi > 1 and |K(t;—1(t))| > d then

INSERT (K (t;(t)), ki—1(t))

ki_1(t) < POP-LAST(K (t;_1(t)))

if ¢;(¢) is not leaf then

INSERT(T'(t;(t)), PoP-BACK(T (t;_1(t))))

125

> L 2
> HT 2a

> H T 2b

> fH 2¢

> R Il

> H 3
> 5 3a: /8
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32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:

44:

#t%F B#H

else if i <n and |K(t;41(t))] > d then > [EM 3a:
APPEND (K (t;(t)), k;(t))
ki(t) < PoP-FIRST(K (t;11(t)))
if ¢;(¢) is not leaf then
APPEND(T'(t;(t)), POP-FIRST(T (t;11(t))))
else > & 3b
ifi =n+1 then
11 —1
MERGE-AT(t, 1)
DELETE(t;(t), k)

if K(t) is empty then > s
t < t1(t)
return ¢

Herfr MERGE-AT(t, 1) ¥ (1) TR ki (1) 0L ti1 (1) BFFL—Fr B

7.3.1.

procedure MERGE-AT(t,1)

x < t;(t)

Y tipa ()

K(z) < K(z) 4 [k:(t)] 4 K(y)
T(z) = T(x) 4 T(y)
REMOVE-AT(K (t),1)
REMOVE-AT(T(t),i+ 1)

%> 7.3

FAHEATT R T R R PRI B ICR K = max(t) B2 BRI T
2k, SRIG B IHHAE ¢ TPIER Ko IO RO AREYAL BT TR R4k Y
B/ NCE AR AR ko W SEBIX 7%

7.3.2. SEHFIEXS B AR

7.5 Mg

B P AR B 2 A0 B FER R R H BRI —EE A . B R

Rkt ys iR (V58 18 ) o B RIS s ARSI £ i /0, P A5 LAGR R o
REBAIBAERAIRE A9 = B LB, X3 T8 n DITERI B A, HAERES O(lgn).
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7.6 MiF:GIFIERF

B MR L

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

VAE/RE

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

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

A

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

return insertNonfull(root, key)

GIANEEIE STV RIS

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if dsLeaf(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 =i + 1
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insertNonfull(tr.subTree[i], key)
}

return tr

W
&
o

B #t

HrporderedInsert #%fydfi AJUREISIEE 1.

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], 1lst[i]) = (lst[i], lst[i-1])
i=1 -1

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

BARE:

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=1i+4+1
}
if i < n and key =— tr.keys[i] then return Optional.of((tr, 1))
if disLeaf(tr) {
return Optional.Nothing
1} else {
tr = tr.subTrees[1i]

a2 Se G I A ER -

BTree<K, deg> delete(BTree<K, deg> t, K x) {
if empty(t.keys) then return t
Int i = 0, n = length(t.keys)
while i < n and x > t.keys[i] { i=1 + 1}
if x — t.keys[i] {

if disLeaf(t) { // case 1
removeAt (t.keys, 1)
1} else {

var tl = t.subtrees[i]

var tr = t.subtrees[i 4+ 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])




7.6 W E: B FAA

1 else { // case 2c
mergeSubtrees(t, 1)
delete(d, t1, x)
if empty(t.keys) then t = tl1 // shrink height
}
return t
}
if not isLeaf(t) {
if x > t.keys[n - 1] then i =i + 1
if low(t.subtrees[i]) {
var t1l = if i =— 0 then null else t.subtrees[i - 1]
var tr = if i = n then null else t.subtrees[i + 1]
if t1 # null and (not low(tl)) { // case 3a, left
insert(t.subtrees[i].keys, 0, t.keys[i - 1])
t.keys[i - 1] = poplLast(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 dsLeaf(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

129

BIFT R AR /N

void mergeSubtrees(BTree<K, deg>, Int i) {
t.subtrees[i].keys 4+= [t.keys[i]] + t.subtrees[i + 1].keys
t.subtrees[i].subtrees 4= t.subtrees[i + 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) {
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t = t.subtrees[0]

}
return t.keys[0]
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8.1 ENX

HE BRI RS, 7T LU THER A i B B D). il
HRBAL RN X 2. IR E (Robert W. Floyd) fiths T — Rz
Hete S U T AR B 5 SURIR B9, v i H B ARSI S A AH
SUARSE IR HE , A4 72 i i (Leftist heap) Ak (Skew heap) - {ifiJE2 i (splay heap) Il
—AHEEON S BB AT T ATHEARA TR o BRSO E ST AR R

LR HETUS AR B TR

2. B REREREITUCE R R HEIOME BT B ETUC R 02 R B/ NI :
3. BANBRABEHCR IS IR P BT

4. HEBIECNEG IR ) M ORRFHER TR .

HITFICER A H, ] S HETIUE IR AF R IC K o FATARTIER PR AT B/ NTC R A
INTRE , THOAS AR A7 R TC SR A HE N RTRHE . 7T LA SR SEB Mo K/ (oK) TTR
BRI RPUETUTCERN , & BRI AR . 55 T KR TY SOMER 28
Jo TS TR o FRATHROEH — SRS Mo — SO

8.2 FHAFLIA_Nif

ALV R e T B R TLP W U YRR kYT
MHEA 28 — 1A e MBS RN EZTT N AR T H 1,2, ... 28— 1,
W76 4 SR R 5 @ BT ORI — SO 5 R 4 T AR A B o 58
4 T SRR T R OCH AR B N IR AT AN BR AT 1 8.1 4R T RE e T
W R HHATTR . BAIPER @ AITEAERRYTT R BRI RO RER [i/2] A-I0E 2
TR S 20 DITCE A TS 20+ 1DICR . WRFATRIBER T DB 1 T 8
T, WIASE A R 48 (Bt 35 1D o AEFIEZH 2 [A) F S RT DAE SR (44K
RSN LI, st 2a it 7 AEs S SL Bl ) :
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16 14 10 8 7 9 3 2 4 1
1 2 3 4 5 6 7 8 9 10

B 8.1: S84 XA RIE L G e 5

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

8.2.1 HEFEE

HEVHBE R YRR TR SEAHE DT R M (B ) o TR VEE
PRS2 A 2B A G A SR, JRATTRT LISRAT— 3 5 A HEPE T - AR R RO AR T 13
R/ (BERR) 1o RIMEAT-FAARAEE — e IR I, N5 B RN
HI/NTTOE . ALZRHCEH AR @, 3 VARG 4 X R A, A IR ER AR T T
()VARAME AR 384, (15 A1 Az ME

1: function HEAPIFY(A,1)
2 n < |A]
3 loop
4 S i > s 7 e/
5: | < LEFT(7), r + RIGHT(7)
6 if | <n H A[l] < A[i] then
7 51
8 if r <n H A[r] < A[s] then
9 ST

“Heapify , tiF/EHEAL, .
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10: if s £ ¢ then

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

13: else

14: return

BT B TR T RS R e IR PR BRI 52 4 — O 19 B A E . HEAPIFY 1)
IR 24k O(gn), Hifn 2TTRNEC Bl 8.2 {iik T/NIHE HE L IR, =51
2 FFA B (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] 25y [1, 3, 7,9, 10, 12, 14, 15, 13,
16].

& 8.2: MEYHEL, 25—25:13.3.10 PR/ ME N 3,5 3 & 13: 45 —4:13.15.9 Hif
IMEA 9,384 13 <« 945 =25 13 S35 1 R A A

8.2.2 HiEH

i HEAPIFY, FRATAT AMAT B A Ayt 4 . WSS 58 4 — O 25 2 19 1Y R 8
H:1,2,4,8, ... #E 2 R, —Hl/hNe s — 2. HTWA—EW, &/5—2
WEGH 207 AL Hpp B 2P — 1 > n [E/NERL n B K. A8kt
FRAM - W — 40 3 IR G IALT [n/2]) FHEAR TR _E3AT HEAPIFY .
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1: function BuiLD-HEAP(A)

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

BIR HEAPIFY [ 24k O(lgn), {H/2 BuiLD-HEAP & 24 A2 O(nlgn),
M2 O(n)o FATEL 1 Fra I+, B2 A 1/4 T SR EIF R T B3 — K &E2H
1/8 By A LI TR N SR d 2 A 1/16 BT s L BT F IR N s =k i
SE B Sk B R A -

1 1

S = (4+28+31—6 ) (8.2)
W #rsR L 2:
25 = (3 +2 +35 + ) (8.3)
=L (8.3) 1= (8.2):
255 = % c i - DBy 20+ ] BT
§ = nlg+ gt L HHN
-

] 8.3 ik 7 MEAL [4,1,3,2,16,9,10, 14, 8, 7) /N ORI RE . SRAOFIRIR
7 HEAPIFY [ HFRTY 50 K R BT 38 B 1 5o

8.2.3 MERVERIRIE

HEREE AR AL RIBUTIURR , 58 L TOORT , i/ (iR oK) O HT & SIE3R I/
TiErh R — 0 R (B AR TR R —JT ), DARAE AN o — SCHE TR I YR AL
EHANE— 1 IeER Top(A) = A[1].

S ETTUR L BRI AR TR IR AT RT RS Bl o BRI T A FRE — IR
N T BEGIXRR DL, DREFIR S5, AP BRI R SR s, SR i 241
RN XA TR 737 s AR T e )5 ] HEAPIRY YR HENE I

: function Por(A)
x + A[l],n « |A]
EXCHANGE A[1] <> A[n]

1
2
3
4: REMOVE(A, n)
5 if A is not empty then
6

HEAPIFY(A4, 1)
7: return x

METZE AR 2 M B3 TC 2R (U5 BT [R] S O P ) A2 2 FE LU T HEAPIFY
M O(lgn). BEAH] pop, i LMK —ZHITRIHRT & 5/ (8imok) TR
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‘4‘1‘3‘2‘16

‘9 ‘10‘14‘8 ‘ 7‘
ONO. 1 ()
O - BORCO OBEORONO.
(1) (5)

4
( ®

] 8.3: M. (DARE 16, ERTF TRl 7: (2)55H 16 « 7: ()i 2. B 14,8
#/vs (DA 3, EEE 9 A 10 #/ N (D) I 1, B 2 0 7 #Yh: (6)fad 4,1 Hb 4713
/N ()30 4 < 15 (8) 55 4« 2,457
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1: function Topr-k (A, k)

2 R+ ]

3: BuiLp-HEAP(A)

4 loop MiN(k, |A]) times > k8 H AR T
5 APPEND(R, Por(A))

6: return R

A DUIMESEEL “IL e RBAA” , BTSSR o A TR ST TN, A AT
WLt R BT 5 AT O TIRFEPATHAME ST T LT E RIS KT/
THUHE X TERA ol NI TR AR A0 8.4 i

0] ®)

@) (4)

A 8.4: 5 13 Jd/INA 20 2 96y 9 i SRR 3 st

I/ CNTROER ) RS TC R AT RES BRI MENE BT A TCEE 5108 4, FHAE% A
JR IR _EARE HENE Iy, BRI E 208 O(lgn).
1: function HEAP-FIX(A, )
2: while i > 1 and A[i] < A[ PARENT(7) | do
3: EXCHANGE A[i] <+ A] PARENT(7) ]
4: i < PARENT(1)

A LUF HeaP-Fix SCHUf AU SE B2 R B INFITE k. FHE ] HEap-Fix
UEECE
1: function PUsH(A, k)
2: APPEND(A, k)
3: HeAP-FIX(A4, |A])
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8.2.4 HEHERF

AT LAR FHESCIRHER o A n R FP T S — A /NITUE , AW R IO, ARk
13T THPE R BN A 2R O(n)o IERIER AR O(lgn), L30T
T ke SMARTAIE RN O(nlgn)e MTHNEM T A FIRARHF AR

2R ZREHN O(n).
1: function HEAP-SORT(A)
2 R+ 1]
3: BuiLpD-HEAP(A)
4 while A # [ ] do
5 APPEND(R, Popr(A))

6:

return R

IR ELG R T 55— PP AIE— RTINS TR E R B A, IX P i
KICEMAFEE] T HEF JE Y ERALE o TFCRI AR B IR A T #iHET. 43K
/NE— SRE AT HEAPIFY REMEME BT, BEEX—I R, BERMEP R — TR, X
—RIEAE R T RSN A

1:
2
3
4:
5
6
7

8.1.1.

function HEAP-SORT(A)

BuiLpD-MAaXx-HEApP(A)

n < |A|

while n > 1 do
EXCHANGE A[l] < A[n]
n<n-—1
HEAPIFY(A[l...n], 1)

%3 8.1

%83 I RS BUFHERE AR - S P A P A A A B
HE A, BERE, BAICER o BREIETRIME 7. PR, BRANICER
[az, as, ..., an] H—HHIHE, FF az TFIRIIT HEAPIFY . HE X — M ACI]
A BRE e o IX— TR IER 42

1: function HEAP-SORT(A)

2: BuiLp-HEAP(A)
3: fori=1ton—1do
4 HEAPIFY(A[i...n], 1)

8.1.2. UMy, vl LA B 2= A A AT & i HEAPIFY 5L top-k 547

1: function Topr-K(A, k)
2: BuiLD-HEAP(A)
3: n < |A|
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4: for i <+ 1 to min(k,n) do
5: HEAPIFY(A[i...n], 1)

8.3 ZimEFNFIHE

5 T SOERHETTUC R R 20 PTIR TR, ETIAREHE, I 8.5 fron. 4n
EIteqve: wan:

Merge \\*

P 8.5: S HIMET (IMERIR T 50 = &I A FRIE R HE.

merge R = R
merge L & = L
merge LR = 7

MR FRERAES , SRR PR T, BRI R e R i/ M. /8
AT CENTRARZHE) BUARTT SR T 2% B NS/ NT R, ORI —ME
NEHFERIM. & L= (A,2,B)\R=(A',y,B'), Hh ALA'. B. B" #i2 7#. R
v <y,r HEHIR. FATTLMRE A #IHMAIT B 71 R85 REH B, i HHb & It
A Re HHIHEN (merge A R, x, B) B( (A, z,merge B R) Z—o W PHBATLL, AT
AT B, AT A T T A I FRxXREny N ZE I HE (Leftist heap) o

8.3.1 ZLiRi#E

(S ZE R S B HERR A 2. 5e 85 JBL(C. AL Crane) T+ 1972 21 4R T /2
Do EEATT RUERE ST — AR (AR S (H) , B TR HAr 9 NIL 45 S 9B . NIL
TRAREEET 0o A&l 8.6 Ao, BEEHRTY i 4 SRt IO~ T9 )00 8, Bt MRS s A9 Bk
20 TIRL6 A1 8 HREM 7 BEAIHIFRN 1o BIRT RIS I AR HEERA
T IR T Lo 828 TRBYFR A i, € SCEFERIEINT -

1. BEAIA T
2. B < e ACHAIE A TR S
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° NIL  NIL NIL

NIL NIL

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

FRATFRIX L G SRS Lot BT o SRR AE— BRI, 234 NIL
R R BB E A o ZEfR A SR 1 AP, (R E AT LAGESR — S B R M

EIE 8.3.1. Z—RAEBKT @b n NP5, MRT L EFAEM NIL 93%42Z2 L% %
SA |log(n + 1) AN 5.

FoAT A T HENT U ) AR e WX — B AR TR E I ST AT AGRAE
O(lgn) W8 ICARZRY /AR (r, L, k, R), 9013w e Ao 7 JURAES £
T

data LHeap a = Empty | Node Int (LHeap a) a (LHeap a)

R rank PREGRIETTT YRR

rank & = 0
(8.4)
rank (r,L,k,R) = r
JE X make PRETHCH A1 RERIRE , HF S R A oo
make(A, k. B) = {rcmk:(A) <rank(B): (14 rank(A),B,k,A) ®5)
A (14 rank(B), A, k, B)

NIRRT A B HITTE ko 257 A BB IN, W FH B AN 22714 AVE NG T4
Fr RN 14 rank(A) s 50,47 B BIBES N U A VENZEF]E, B A A 7.
Fr RN 1+ rank(B)o 25 WA FefmbfE Hy F1 Hy , ANZEWICH (11, Ly, Ky, Ry)s
(r2, Lo, ko, Ry) TR ERE SO

merge & Hy = Hs
merge Hy @ = H;
8.6
ki < ko : make(Ly,ky, merge Ry Hj) (86)
merge Hy Hy =
11| make(La, ko, merge Hy Ro)

merge SMEAT TR LB T DAR R P 0, ORIE T2 2R E N O(lgn) o [RIB_E
T (B SR HEE R 2 BUE OU T MEREIR G . (S FFBRIERIIS I E 24 O(n).
AT B R T A
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1: function MERGE-HEAP(A, B)
2: C < CoNcAT(A, B)
3: BuiLp-HEAP(C)

1 merge PREL, T LASEELSA O HERRAE | BN B BT )RR, TR Y RO
TBUCE GERA N Z) -

top (r,L,k,R) =k (8.7)

BT S, K2 A TG — . s E AR merge MHIE, 2
O(lgn).

pop (r,L,k,R) = merge L R (8.8)
FAFTITCE kB, kA& — 735 5L AR IS e 6T
insert k H = merge (1,2,k,&) H (8.9)

55 TR IE R insert k = merge (1,2, k, @) il ANEZ M Z O(gn).
BATAT LU — DB e I TC AR IRAB N , 918 A A HE (R AL TE ) < build = fold, insert @
Bl 8.7 g5t 7 — MG e HERI 11

K 8.7 MAIZL [9,4,16,7,10,2,14, 3,8, 1] #4357 e

LE DI, W E AR Ao HE SRS AN W BB S TR d5e/NTT 2R At AT LA SE:
BT
sort = heapSort o build (8.10)
Hrpr:
heapSort @ =[] (8.11)
heapSort H = (top H) : heapSort (pop H)

58 7 SO HUT [R], I BB A T n ik, I HERR RS E AR O(nlgn).
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8.3.2 #lif

FeAmHEAE R OUN 2 AP 254, In1&] 8.8 FivR o 4 HE (skew heap) @
iR, SR T ZE R TP U R A e e AR N T
A WSS AT 7B o AR ST — A NIL 739 i NERAA 2K, B 1o b
B4 1 G IR AR RER AT A

Kl 8.8: MFP4I [16,14,10,8,7,9,3,2, 4, 1] #J1E B /o

FIHEH R (skew tree) SEHL. RHHE —FRRFIRRY — Mo S/ NRYTCERAL TR
W BRI R . BT, W E RS T R E e W N B
A (L k, R)o

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

BIFPRAR RN Hy = (L, by, Ba)s Ha = (Lo ko, Ro) BFL 35 ky < ko 385 Ky
VEHTEIIR o FATIRERT LUKE Ho A1 Ly &3, WAL Hy 11 Ry 59F. BATEFEIF
B Ry _bo SARSCHAA T BURIIEE RN (merge Ry Ha, ki, Ly)o

merge @ Hy = Hs
merge Hy @ = H;
8.12
kl < kg : (merge R1 HQ,kl,Ll) ( )
merge Hy Hy =
A0 (merge Hy Ry, ks, Ls)

HERIERAE, AR ARIBUNISH H TS A — R 5 R e 8. R
PR B E P81 85 R IR — BRI ) — UG ] 8.9 Firzie

8.4 {HEHE

FEAmAERIARIHE R BB — SRS SCBRRG e o I SR — SO — SR 2R, e/
(B R TEEMA AL TART /e FATHE O(lgn) B AISRIRBUR /) (B K) TT3R-
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K 8.9: Tk

r

511 [1,2, ..., 10] R

USRS R MERE S TR IR OL N 2B O(n) o RV T LAFHZL SR
SRORFF-P7, A S it T — FPde I SEBUT I (RIS AW [ P-4 . Sleator 11
Tarjan 15 1985 5N TR 1 00, &R S (R A2 A0 SR /Rl IEAE 73 ) 115
SRR RS , IPRFR RV IR0 AT o FRATREXAE A BRAERRY “if R (splay)” o AP
R TR R, B TP RZHU R B ik sE 2
O(lgn).

8.4.1 {HERME

ATPIR T I T LASEEL I R R o 20— PR FARSECIRRC , (HRG BEAL R 22 A O 5
MRS R AR SEHEBONE R IV RN o, BT RN
P, MRAAEHRT AL IEH g0 MRIRIED N =B IR, B EA W A FRRITE DL
HATAERL A —Fi ol BL 28 B5ERA , A 8.10 Firze

1. zig-zig JLIK. x 1 p AR /o T BT Z A7 o I PIRHERCRE o B8R Y o

2. zig-zag L. a M p — /. Bilheks o B MRT Rl p Ml g MO0 /e

3. zig IR, p JART R S liEle o A TARTT R IR HREREN SRR — .

A 6 PRIl ICARE =N T = (L, k, R), YIRICER y I, 52 S
BAEIE
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K 8.10: zig-zig: = 1 p #h/&/c TR EEREA T, @ BCAIR T i zig-zag: = flp —
FE—A xR S p B g 2R SR S zig: p R AL TERE S o AR AR A
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b,p,(c,g,d
splay y (((a,z,b),p,c),9,d) = (@2, (0,2, (¢:6,4)) zig-zig
G T

(

((a,9,b),p, ), x,d)

8
| |

Splay Yy (CL, g, (bapa (C) xz, d))) = Zig'Zig XTJ%/_(

u>{

e T
((a,p,b), 7, (c,g9,d))

8
| |

splay Yy (a’7p7 (b7 z, C), 9, d) = zig—zag

ﬂ%

e T
((a,9,b),z,(c,p,d))

Splay Yy (av g, ((bv Z, C)vpv d)) = { ' v zig-zag ;(TJ%//I\’
T

8
| |

iy |
=
.

T
(a, 2, (b,p, )
T
(

8
| \

splay y ((a,z,b),p,c) =

iy
=
.

(a,p,b),z,)
@

splay y (a,p, (b,x,c)) = zig XK

splay y T = HE

(8.13)

HEWUTRRFEAL . SRR, TR E A . IRRy =S 5551

N7 R AR AR AT R y AIRTY AL 2, AR y < o At JHIm AN 22 74
SR A R 5 A5 W N AT AR P e

inserty @ = (2,y,9)
<x: spla insert y L,x, R 8.14
inserty (L,x,R) = Y play y ( Y ) (8.14)
G splay y (L, x,insert y R)

A 8.11: M [1,2, ..., 10] 7= A i Jretat o

B 811 45 TR —HA [1,2,...,10] RYEER, AR R R Kl &30 T
— SRR R (e R 1 g v ﬁf‘kﬁﬁﬁltﬂ?ﬁﬂ%ﬁm%w o FAHETYIRIAYTT
o W T - FIAES LA RS L < k < R(LHITEA/NT o, R FIT R K
T a)o SRR o AR, L R 7R — IR o 20 B R I s AT M o
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partition y @ = (9,9)
partition y (L,x,R) =
R=0o (T, 2)
<y ((Lyx,L"),2',A),B)
<y HAr: (A, B) = partition y R’
R: (L/,.’E/,RI) E'j ( ) b Y
%?m” ((L,ZC,A),(B,Q?I,R/))
. (5.15)
Hrfi: (A, B) = partition y L'
L=o (2,T)
y<a' (A (L2, (R z R)))
130 Hrh: (A, B) = partition y L’
L = (L/,IL'/,R/) EFI ( ) P Y

o (L2, A), (B, z, R))
Hr: (A, B) = partition y R’

partition 153 —NEMEE y 8RR To WERMNZS, 85508 (9,2). A0, 30
T=(Lz R). % v <y 7 AMF-HL: (1) R = o s~ SHREMAPET, Jra7c
HZENT y 8RN (T, 2). (2)EN. 4 R= (L, 2", R, 45 o' <y, IHi R EE )
F R KB /INT y FOCEBAR A, AR Bo 853803 : (L, 2, L'), o', A)
M Be # 2" >y, i y 53] L' 15 (A, B)o S5RN—XI: (L, z, A) M1 (B, 2", R').
Yy <z I AFOUEXFRAY

R LAH] partition SCEEANSRTE . R JRME T 1l ATCER k B, SEREHED FO PIER
TR LA R 15 L < k < R(LEAIA/NT kTR, R SARRINED) . AE
PG (L, k, R).

insert k T = (L, k, R), Hr}1: (L, R) = partition k T (8.16)

8.4.2 THHMTNE
R AR A o b — SRR, B/ N TT R AL T Ao o 38 ) 22 i g ] AR BT
BT

top (9,k,R) = k

(8.17)
top (L,k,R) = top L

XELPR b — AR ZRM ) min BRE (R LUE s top = min) o SR, 525 1%
Bl E B B T R

pop (2, k, R) R
pop ((@,k',R'),k,R) = (R,k,R) (8.18)
pop (L' k' R'),k,R) = (pop L', K',(R',k,R))
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FoATAH T T ME. BT SR, AR partition BREL

H AR ) i BB 2 222 O(lgn)»

8.4.3 /¥

Wit partition, FATATLASLHL O(lgn) MR & HHTE. G FFPIERIFRRIEAT, 40
EATHRA S AT LIS 8 — R ROARTT U B BT B, SR JRRs FLA R e (o 158 —
BRI o PR U s 28— R B T3 5 9 F

merge T @ = T
merge @ T = T (8.19)
merge (L,x,R) T = ((merge L L") x (merge R R'))

¥

(L', R') = partition x T

8.5 g

AREEH, BAVNA T ZSOERE S . B SR o, R AR A R SR O
T HEEHFIR e " WG TREPLYTIR), 15T A S0 B = SRSl
e T RS KES 0 BRI (R 2 2% B T LA 2 O (g n) , A3 L8R B 0 R
R PR E RN TR o KIRAE LT AR T AT SR — SR JR A U s
B S AL I IR X HE (LB ) o

N\

—

%3] 8.2

8.2.1. Man4 NHYJT AL/ i HE e o
8.2.2. JE SUMERYENNRAE

8.6 PR fIFIEFF

FERHFOR I 54— SO TR R A2 3s S5 [ AT RO+, 2851 0 JH05

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i << 1) + 1

Int right(Int i) = (i + 1) < 1

HERRE W TTR IR L BIE B NS4
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void heapify([K] a, Int i, Less<K> 1t) {
Int 1, r, m
Int n = length(a)

loop {
m=1
1 = left(d)
r = right(i)

if 1 < n and 1t(a[l], a[i]) then m =
if r < n and lt(a[r], a[m]) then m =
ifm £ 9 {

swap(a, i, m);

i=m
} else {
break
}
}
}
L e e o

void buildHeap([K] a, Less<k> 1t) {
Int n = length(a)
for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1t)

58 LY HETH -

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

SHHKHT kIR

[K] topk([K] a, Int k, Less<K> 1t) {
buildHeap(a, 1t)
[Kl r =11
loop min(k, length(a)) {
append(r, pop(a, 1t))

}
return r
}
i INE IR ITT R R :

void decreaseKey([K] a, Int i, K k, Less<K> 1t) {
if 1t(k, a[i]) {
ali] = k
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heapFix(a, i, 1lt)

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)

HEFRN -

void push([K] a, K k, less<kK> 1t) {
append(a, k)
heapFix(a, length(a) - 1, 1t)

HEHE)Y -

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)

JEAME S TE

merge Empty h = h

merge h Empty = h

merge hl@(Node x 1 r) h2@(Node _y 1' r') =
if x < y then makeNode x 1 (merge r h2)

else makeNode y 1' (merge hl r')

makeNode x a b = if rank a < rank b then Node (rank a + 1) x b a
else Node (rank b +1) x a b

FES I

merge Empty h = h

merge h Empty = h

merge hl@(Node x 1 r) h2@(Node y 1' r') =
if x < y then Node x (merge r h2) 1
else Node y (merge hl r') 1'

i et -

— 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
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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

c)) gd)y

X
p
x c) pd)y
g

0 T o T

b) x (Node c g d) else t

b) x (Node c p d) else t

149

splay t@(Node (Node a x b) p c) y = 1if x — y then Node a x (Node b p c) else t
splay t@(Node a p (Node b x c)) y = if x — y then Node (Node a p b) x c else t
— &
splay t _ =t

i R HERHRN -

insert Empty y = Node Empty y Empty

insert (Node 1 x r) y
| x>y = splay (Node (insert 1 y) x r) y
| otherwise = splay (Node 1 x (insert r y)) vy

R R A 71

partition Empty _ = (Empty, Empty)
partition t@(Node 1 x r) y
| x <y =
case r of
Empty — (t, Empty)
Node 1' x' r' —
if x' <y then
let (small, big) = partition r' y 1in
(Node (Node 1 x 1') x' small, big)
else
let (small, big) = partition 1' y 1in
(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
Empty — (Empty, t)
Node 1' x' r' —
if y < x' then
let (small, big) = partition 1' y 1in
(small, Node 1' x' (Node r' x r))
else
let (small, big) = partition r' y 1in
(Node 1' x' small, Node big x r)

i RAR 5 -

merge t Empty = t

merge Empty t =t

merge (Node 1 x r) t = Node (merge 1 1') x (merge r r')
where (1', r') = partition t x




150
% /\’%‘ —



~

=

by
S
il
g
A
X

ARES A5 — P EMAIHE T ——i8 ey . EFEMERE LA I DU HE - A
HEP S RETE . B TR HE e 1 RE R 1 B A, I ELAASIR] A9 £y S0 EARCEE
R ZEPERIMERET A B BT R HE P A MERE LIR O(nlgn). GEFHEHIE
REATLME BT TR . WEZ IR 2 KRRz — R T
R AR R RCR R — B —FE T AR RS I s R N — . S
b f% S Br A% MR R B N WP 2 A4 58 A IR o/ N BRI e 4 o SE B
b TR AR NEEAT T o IR HE Y RO SREAE D -

L WERFPA N2 HEr 4 R o 25 s
2. AN FENE/ N ITER A H IS 25 R A e T

R—EEETHFER . IR GER ORI ITR WSR2 RE PR FRATTAT L
PG LA A SR Y o

sort [| = []
sort A = m:sort (A—[m]) Hr'm=min A

A —[m] T3] A R EBRICER mo X R a2 AliA N -

(9.1)

1: function SORT(A)
2 X« []
3 while A # [ ] do
4: x < MIN(A)
5 DEL(A, x)
6 APPEND(X, x)

7 return X

K 9.1 filiid Tk B P RO RE . VENMOE, BATAT AR A gt TRy

JIFe Xo Kb/ NITCRRAFAE A[L] R NRYTCRIRAFAE A2+ AT LB S
B MR i /NTTR S B Al S

1: function SORT(A)

2: for i < 1 to |A| do

3: m < MIN-AT(A, 1)

151
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min
X
append
sorted unsorted
X< Xp<..<Xp ap ap ... ay

B 9.1: ZefE o o4 EFPICER AT AR A il o et e/ N SR I I A R B

4: EXCHANGE A[i] <> A[m]

A A =lay,ag, ..., an), HACFREE ¢ NITERT, a1, ag, ..., ai—1] FROHET - T4 E
[@is Qig1s ey an) TR/ WG HAD @ SHe, IXFEER « MLEBRAT T IEFIITE.
HEX AR EEIRE IR 9.2 #ik T X— B
R

% N

& 9.2 ZEMFERS N B TUER AN TR AR R BB e/ NI S IE Ay o7

9.1 EXHZ/NTE

FATAT LA B 7 i A — 4t R T/ ME R ITR G5 M 1, 2, .., no
FBes 508 1.2 fYM IR AU MR T 59508 3 TR LA - EE X
PREBE n SITR. XNk E G LI .

1: function MIN-AT(A, )
2: m <1
for i <~ m+1 to |A| do
if Afi] < A[m| then

3
4
5: m<—1
6

return m
MIN-AT 254 H 7 Ali...] U NERIRIE mo 4 m igAE—AT0Z Al 5
—feA IR Ali+1), Ali+2], ..o WA LAHBIAR T — IR LR aHE/IME.
MR L HAE—DTTER, BitEs/Mi. BN L HEH—NICER o, SREERI RS
Hhis IR B IME yo oy YN R R A B/ IME

min [z] = (z,[])
min (z:zs) = v<y: (z,xs), Hf: (y,ys) =min xs (9.2)
El o (y, xiys)
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AILAE—2 RS IA . G 2FIT RS N4l AL B PRI A 25 ([]),
AT R. AN B FIEERATCR L, BHERIBN A, TR in\E%ajv
mo WJEAWMN B FAER—ATCE, fl m W HEF] B s, X, m g2/ MiE.
HARMIMEAE AR R L=A+ [m] # B, WfTEac Abe Bfa<m<b.

min (z:zs) = min’ [ | z s (9.3)

Hopr
min’ asm |[] = (m,as)
b<m: min (m:as)bbs (9.4)

A0 min (b:as) m bs

min’ as m (b:bs) = {

PR min JR[E]—XHHE : e/ NTRFIFIR TR AN . XFFIESRHE 73 v LASCEE A -
sort [| = []

9.5
sort xs = m: (sort xs'), HH1: (m,zs’) = min xs 6:5)

9.1.1 EFHFAIIERE

e e| ISR B e Y Fﬁ?ﬁﬂ%ﬁtﬁ%lﬁﬁm,ﬁui‘JELtﬂm/M %’#ﬁﬁ Tnu\TJE
Bon+ (n—1)+ (n—2) + ...+ 1 KA IS 22 H O~ ) =0(n%). HIff
ANHEFPHEL BB HE P AR B 0 S ZE ARG L N Y- ﬁ’ﬁﬁ%ffﬁﬂlﬁﬁ ﬁ’ﬁfﬂ?)\ﬂtﬁ 1 s lif
LN PERE AR H] O(n) TR P AEE— D EEFRT) , EWH N ERENFIT
A O(n?).

%3] 9.1
9.1.1. "FTATHY R I P R MESCEAT (AT [ 2
min’ asm [] = (m,as)

, (b:bs) {b<m: min’ (as + [m]) b bs
min’ as m (b:bs) =

L min (as 4+ [b]) m bs

9.1.2. SHFHIEREHE P RE Y o

9.2 i

N T SCREFE R~ B s RS EU A, ATRT LK LB ERAE IR o 280 <.

sortBy < [|] = []

9.6
sortBy <t xs = m:sortBy < wxs', Htp: (m,xs’) = minBy < xs (9.6)
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o IME ] < BET R

minBy < [z] = (x,[])
) Ho - — s
minBy 4 (zi0s) — r<y: (z,zs), H: (y,ys) =minBy < xs (9.7)
AN (y, z:ys)

X B ALNINT SR ETH P45 sort By (<) [3,1,4,...]o iIXHEER <l
SRR U 4t

o JEHE S AT 2,2 £ 25
o AEXIFRIE AHEAT 2y, #5 <y, Wy £ x5
o fEE I vy 2 e <y Hy <z, z <z,

i AU HE i 1 B A Y TT R L FEAE A P R PR B f/IME -
1: procedure SORT(A)
for i<+ 1to|A|do

N

3: m <1

4: for j < i+ 1to|A| do
5: if Afi] < A[m| then
6: m <1

7: EXCHANGE A[i] <+ A[m]

i no— 1 AICEHES G e — U S n KRy JoRe T — i/ IMA
B o JXFEA] LA — IR INEEAEER . 350, IR AR ¢ RIHTTER G2 Ali] MIJCH Ak :

1: procedure SORT(A)

2 for i+ 1to|Al—1do

3 m <1

4 for j < i+ 1to|A| do

5: if Afi] < A[m| then

6 m<—1

7 if m # i then

8 EXCHANGE A[i] <» A[m]

9.2.1 MBEEHF

EENG T A BUORREREUINCR, TR RATCE, HHIRAE
REAE. WA 9.3 fin ., A, A MATRAE C . BEAMAHEF T
R EMBH AR HORE, A5 SSHER AR IB BR 2 -

1: procedure SORT’(A)
2: for i+ |A| down-to 2 do
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=9

10:

11:

12:

13:

S

1. #
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m<—1
for j« 1toi—1do
if Ajm] < A[i] then
m<4—1

EXCHANGE Ali] +» A[m]

S
P N —
- |max| - | = .. BFITE..

K 9.3 FUGER AT R KR

o EW\THTETUWHTﬁTﬁ%/J\ B KR R B/ IMETBCEIT Sk SR ETREIR
XFETT LA SN B AR IR B o 3X— AR A RIHERE” . Wi 9.4 B
procedure SORT(A)
for i < 1 to L%j do
min < i
max < |[A|+1—1
if Ajmaz] < A[min] then
EXCHANGE A[min] <> A[lmax]
for j < i+ 1to|A|—ido
if A[j] < A[min] then
min < j
if A[max] < A[j] then
maz < j
EXCHANGE A[i] <> Almin]
EXCHANCGE A[|A| + 1 —i] <> A[max]

S
~EFB/ANTR.] | T | e max| e min| e | Y . OB ATTE.

S
B 9.4: — kA RN EAT e/ IR KT ER L SRR 1 A TR ) IR A o7 B
FEA BEEERITIART, MR EA NN T RAMKTTR, T =30, X2 H 47
P AN B4 WA o R L 3t U A9 S BRAG FEI HE e -
FrHEFP R SN 2 8 (S — TR Hr a5 R NP5
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2. AN, FE) F/ NI HRAE, 2 BIBEDT LRSS RALE , FR R85 AR T R TR
B

sort[] = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], 1 : (a,b,xs") = min-maz xs

Horhr, BREL min-maz 51 FR IS R/ MECRT R -
min-maz (z:y:xs) = foldr sel (min = y,max z y,|[]) zs (9.9)

FATHIHT A TC RN EFEIRY e/ IME o, HORAE 21, H foldr 35751, 1
H sel LN

r<zo: (x,x1,20:28)

sel x (o, 21,08) = a1 <x: (20,2, 71:25)
A (330@17551153)

E min-maz AT ELMERE O(n), (H +[b] FAMETK. K 9.4 fios, & /2
A wSHE/NYERFICER: A0 B USHEANEFILER. H AN B1ENRERBER, 7]
R HE e o i -

sortt AB|] = A#B
sort' AB[z] = A+ (x:B)
sort’ A B (z:xs) = sort’ (A4 [xo]) xs' (z1:B), HH: (2, 21, 28") = min-max xs

(9.10)

ENTW A B JJ 8RR : sort = sort’ [] [ ]o iEiJDTsT’%VE&&?’iEEE A4 [zo] 5 1M

oy WIBEEESER] B HURTTE « 8 T IHBRIBIERAIE, FA T A R IWF A XA LA
¥ xo BEGERIRIA . FATEW FEM K R:

A = A+ [x]

= reverse (z : reverse A)

= reverse (x: Z) (9.11)
%
- 24
FURITT U TRAR R A S A, AR —IBRE  FTBCIENI T
sort' AB[] = (reverse A)+ B
sort’ A B [x] = (reverse z:A)+ B (9.12)

sort' A B (z:xs) = sort’ (z9:A) xs' (x1:B)
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9.3 YRZEpH

IR R HE PR B R BOR - (R S 2R B IR 2 O(n?) o Jiid HOAHEA T HE
Jr . R B AR AR/ NI , SNEEI R . R BRI 2R TR LA
F/MEA? AER IR ES R/ NCERIS, BT 151, KR TC AR, WL
TSR o ARAEJE ARE R, BB E AR LA K/ B T2 ML R
W PSR EBtAE T EH EAMER. Hrh— M Bk A AR 7T,

9.3.1 $RIRFEINE

JEBRH TR DY A28 —1R o 2R B DKUY 32 SEBRBASRZGIE N TR TE. 1982 £F
B IRFEB B 16 S8kBA . FRATEIE] 1978 4F, I HARG —FPRFIRIN J7 35 2k U it
AR R, A S 3Rk 8 LHIETILIE; LhFE 4 8 SEREERIA , H
R 8 LHEIR. TR, AL R TET, 8 SRRk 4 Ho ThFEAE 4 SARERK
BAs SRIEIX 4 SERBAA B X, EE 382 A B R M W S BRBA S LT 4 50 4 e HE3%
FRRAT TR o BAEAY BN 18 + 44+ 2+ 1 = 15, AEZTRATHA B AU 178 2
TEA, A TEAEFNE WS BR R A . A N2 Rl 5 — 3 38 e 285 W A
W E 2?2 FEESLAY T EA S fRf . R NGRS R LA,
TEE Wi “Seroz A, B BB — IR LG st R E A T 38 . BAR BT
FEHEPN  AER I — A — _F SRR IR o X SRR BRON , AR PT BB 4T MR e
AN HABFTABRBL . 1 9.5 iR T iX—1F i

Pl 9.5: JLE 15 (£ —HERipaIk

FLMEA - MRFIL LRI 7o BT MR, SET R BB FROR I BA K
2 R B NI BN (BARBL S A 2R o« RESEEMECT N 16, AR
AU, #0514 ARWZE, WHRAES 3 IRAY 150 FRATRR B ik B9 7248
BARTER TR B IR AWK — U7k JH S =R, SR A AT A
e T IR AUHER o R ERECFE SR MR/NRIE (Bl —oo) , IXFELURE
Aok, 5 e OIS F . BICH 2 SCBRBL, m 2 HAREL, (59AF 2
2mE 272 L+ 2+ 1 = 2™ = LIRICBOA RE A HIE E XA — IR FHTEE A
PN SLhs L, JATCH AT BIRA_ERI L. HbRIEmh /A7 T 2050
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IR S SETTE6 —SRAVBN , — EAER I ZIHOE 4 W, AN e & 2 s A I E 4 .
R BATT AT EANERAR SER FOAR Y RO A, I35 A e 45 O fi e i P15 0 3 s, A3
SRl BT TSRAYEN . [ 9.5 H R ARHARIC KT, R EAR B R TUR A
(14,13, 7, 15], 2X— B Al LA F -

Lo MAFHE S SO PRAAR ZER , Jef 25 (B R (B o TR AR 5

2. BUHREAR, B THR) T 9 i 45 i Ao i K AE I — o0

3. BRI LA A R AR E 0 $ B A IR A TR
4. EEPE 2, HRIFTA BT RABIRU .

U 14 5 HBHON —o0, 13 BT MHTHIAR

K 9.6: HEbRIEMHEFHIRTILA

NI —HITLRAT . HAVENENHE BRI T, SRR AT E %
K 09.6 251 T IX—HEFPRYRT LA P8R S — SR SE S, o8 T 7 (R BT, £ 19 i
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TSI e MEITERRE n AR 27 BB S S R4 TE R ST &
ST HENTF e N T RIS EBRIERT , MR T0 2R — RT3 n U SRS
SFUCHUH TRRE £ £, HOs— R B — SURE £o 00 £ R max(key (1), key(t))
FEATTREN ti tye BT K B —LLRTRS  FE ARG B BRI 1. A TR M A
TR AR o ORI Bk (5 ) () RS B IR e 51—
FRERFRIENT . B IE AN O(n + = + = +...) = O(2n) = O(n).

1: function BUILD-TREE(A) 2
2: T+ ]

3: for each x € A do

4: ApPPEND(T', NODE(NIL, z, NIL))
5 while |T'| > 1 do

6 T ]

7: for every t1,t, € T do

8 k « MAX(KEY(t1), KEY(t2))
9 APPEND(T’, NODE(t1, k, t2))
10: if |'T| is odd then

11: APPEND(T", LAST(T))

12: T+ T

13: return 77[1]

BRI BARTER AR Y UR L FATH T MO —oo, SRR AR IL AT
s 1) BT BT e KA

1: function Pop(T)

2: m <+ Key(T)

3: KEY(T) - —oc0

4: while T is not leaf do > BTiE B m Bl —oco
5: if KEY(LEFT(T)) = m then

6: T < LerT(T)

7: else

8: T + RicuT(T)

9: KEY(T) + —c0

10:  while PARENT(T) # NIL do > [ IR bRt et 4
11: T < PARENT(T)

12: KEeY(T) < MAX(KEY(LEFT(T)), KEY(RIGHT(T)))

132 return (m,T) > A& 0] K TC 2R A BE T A

Pop ERAFEPE , 1 TR N i, #E J R ETE SEE B . d T
PRI EP-ETHY L B R AL R R = R O(lgn) . AFRIEZREN O(lgn). T~
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T2 AR PR HE P AV SE B SR EIEH O(n) I R —EREBIRZER , JRIS AT n 5
HIRAE, 3B — MR AP R R E . B R ERIPERE N O(lgn) , Bibn 28 HE A S BT
[RIEZRIEHN O(nlgn).

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3 for i < |A| down to 1 do

4: (A[i], T) «+ Popr(T)

AT LA ISR 28 HE o 2 R E Lo A —IRARZEIIRA (1, K, ), HL
ok NILER L AL TH e EX wrap @ = (@, 2, @) #iE— 717 o XA
AR s #iEH n BRI T ts = map wrap s BIERIRTES , LLEPIERA ¢1.
by R BCRAVE IR  t1sto VEN AT T

merge ty to = (t1, max ki ko, ts) (9.13)

Hrr by = key t1, ko = key tao B build ts AW RIS ZEA T 6, SR it
HARPRZER o

build [] = ©
build [t] = t (9.14)
build ts = build (pairs ts)

pairs (t1:ta:ts) = (merge ty ta) : pairs ts (9.15)
pairsts = ts

NTHBAREE, FATRE /A7, AW BRARTT TR SRR
MU e B RN R SRR —oo.

bop (@,k‘7®) = (®7*007®)

{k‘ =keyl: (I'max (keyl) (keyr),r), Hfp I’ = pop
pop (Lk,r) =
k=keyr: (I,max (keyl) (key r'),r"), i " =popr
(9.16)
HEF RIS REA T BRI AR TERS 58 U 5 (B ) -
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (pop t)

%3] 9.2
9.2.1. A5 H R HAR TEHE P LA Ty o
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9.2.2. RFRTERHER T LB TR 42 BERAEEHF 47
9.2.3. HEBARAR TR HE AN — SRR, e TRV RN 25 [ RCR A0 AT
9.2.4. HAHEREFF ISR IEMHET . E AR [RIA 25 [ R A o

9.3.2 Pt AHEHRF

ARG IR R 2B 2 O(nlgn) A% TR T I HEF L EIR DT, 1
B AR 2SR HEF e SR TER BT A T AR I T SOTE ST L X R O
AN AEMASE S EE G T 20 AERAINEIERH RN RE? MR
AEFRYICEA n A HARSE LS BT 20 TR HA T n AT 0 A S
ABEAERETL P Re? IR SR O TC ST YR 25, I key
440 top, AR A3 (9.17) Bl LARE— D4k sl Ry TP A

sort @ = |[] (9.18)

sortt = (topt): sort (pop t)

RATHEHE 8 S oe o HERAE TR IRAT e/ )y (BER) (H L IF B it 7Py
SR o A PR — SUHESE DR R S5 48 “Iid” AR 51 IRUER T n A FRIT
S, TCRHALATRAN 23 ] o BRI ME , A0 Ze i D i R Mt LRGN R AT
RAE T —ENAHEL MMM, BN HEF 200 N ARG RITERE.

9.4 MFE:BIFEF

e A B -

sort [] = []
sort xs = x : sort xs'
where
(x, xs') = extractMin xs

extractMin (x:xs) = min' [] x xs
where
min' ys m [] = (m, ys)
min' ys m (x:xs) = if m < x then min' (x:ys) m xs
else min' (m:ys) x xs

A R HEFY -

[A] cocktailSort([A] xs) {
Int n = length(xs)
for Int i =0 ton / 2 {
var (mi, ma) = (i, n - 1 -7)
if xs[ma] < xs[mi] then swap(xs[mi], xs[ma])
for Int j =i+ 1ton-1-1{
if xs[j] < xs[mi] then mi = j
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if xs[ma] < xs[j] then ma = j
}
swap(xs[i], xs[mi])
swap(xs[n - 1 - i], xs[ma])
}

return xs

EHHE

FEi ARG eI HE )y -

csort xs = cocktail [] [] xs

where
cocktail as bs [] = reverse as +# bs
cocktail as bs [x] = reverse (x:as) H bs
cocktail as bs xs = let (mi, ma, xs') = minMax xs

in cocktail (mi:as) (ma:bs) xs'

minMax (x:y:xs) = foldr sel (min x y, max x y, []) xs
where
sel x (mi, ma, ys) | x < mi = (x, ma, mi:ys)
| ma < x = (mi, x, ma:ys)
| otherwise = (mi, ma, x:ys)

S UG R 2R -

Node<T> build([T] xs) {
[T] ts =[]
for x 1in xs {
append(ts, Node(null, x, null))

}
while length(ts) > 1 {
[T] ts' =[]
for 1, r in ts {
append(ts', Node(l, max(l.key, r.key), r))
}
if odd(length(ts)) then append(ts', last(ts))
ts = ts'
}

return ts[0];

MARFR PR B T % -

T pop(Node<T> t) {

T m= t.key

t.key = -INF

while not isLeaf(t) {
t = 1if t.left.key = m then t.left else t.right
t.key = -INF

}

while (t.parent # null) {
t = t.parent
t.key = max(t.left.key, t.right.key)
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return (m, t);

PR TERHET -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

BRI ARSEHE Y (R ) -

data Tr a = Empty | Br (Tr a) a (Tr a)

data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

Il
x

key (Br _ k _ )
wrap x = Br Empty (Only x) Empty
merge t1@(Br _ k1 _) t2@(Br _ k2 _) = Br tl (max kl k2) t2

fromList = build o (map wrap) where
build [] = Empty
build [t] =t
build ts = build (pairs ts)
pairs (tl:t2:ts) = (merge tl t2) : pair ts
pairs ts = ts

pop (Br Empty _ Empty) = Br Empty NegInf Empty
pop (Br Tk r) | k= key 1L =T1let 1' =pop 1 in Br 1' (max (key 1') (key r)) r
| k= key r =1let r' = pop r in Br 1 (max (key 1) (key r')) r'

toList Empty = []
toList (Br _ Inf _) = []

tolList t@(Br _ Only k _) = k : toList (pop t)

sort = tolList o fromList
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BTE  ZIizUHE . BN ARRME B X

10.1 &9y

O TR TE R K SO Rk SR D (R > 2) EEE MR (B
FRAR) ATS 20 F & 1L . AN F I, B HE Rk U IIERRA . W
SUER AT —IAHER L B v LIS 2 LIRS . A HE S HF AP RE M S R
A1 2R B TH B RN [R) , 3 IR 2. AT RO HE . LR T
HAERER % -

10.2 ZInziE
CIRME AT R 2 b SR AR AERRAA R I

AEIFHR IS IUAR S AFBUEN TR (a + b)" I ZWEURIT IR, SR LAk
TN

(a+b)"=a"+ <T>a”_1b+...+ (nﬁ 1>ab”_1 +b (10.1)
A n Shy EAREUN , S IR B 2 I TR = A1 i N E R L
1
11
121
1331
14641

Bk LUs A4 — 250 0 250 Hp—Fug i s e ik =/Ard
BT H LA —1 W 1, R Eer g E—frih e _EFG EECE 2 Al
10.2.1 ZInX#d

T R AE TR (rank) (Y22 R FAAE > 0 HUEEE. BN 0 B9 I A
By, ®#H n i 3= Bo
TR ERR B =M. B2E(1010-1070) , A4HIRAE 1665 EIEN T n AT FREIN FOMETE  WCHL G kA% n 3 B 5080

165
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L By R A E— T

2. B, "HPIRE By—1 B AR OT R BRI — 2 7 — R S 22 -4 o
WE 10.1 Frm.

& 10.1: I

10.2 254 1 Bos B~ Bas B3 By BYBI7-0 MUEEAN], WU B, WA TR
REER IR IR FIIn Ba B0 RA 1A AR R B 1LRA 41T A,
B2EA 6T RLE 3EA AN B ARA LT R e~ =ML
S 417 CEE O ATHFAR) + 154564 1o X lE I A2 7Y ke HE—2BRATH]
LIS =T B, A 2" PIiER.

TGO IR GRRAR) IR -

. AR L HERERR T N AT R > T R
2. MR T AR

MPEJTT 2 AR 57 n S TCER A I, A S n B4 — BRI (am.-.a1a0) 2,
Hrf ag ZHARNL(LSB) | ap, 25 AL (MSB) 24 HAUY a; = 1 I, HEFEERA @ 19
IR BN, A IGHER 5 AT 5 B RO (101)0, HEFRS AT TR I
4 : Bo fl Bao [ 10.3 Hf “IMES AT 19 1I0R L 19 = (10011), AL —H#RI
Bo+B1.Byo

JE LI 22 SR (r, ke, ts)  BLEARTT ROUTE ks Bk r A0 T 11 tso SEX
TR CHE N H s B Y — TR 9156 -

data BiTree a = Node Int a [BiTree a]
type BiHeap a = [BiTree a]
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o
ONNOSIORO
occ
ONONOIENG

K 10.3: 547 19 PITERM I
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AR AT A e 2™ T R, TRV SURT S5 Rk E L& XL
o BT RS M ER T - AR F 10T RS — R0 A R 45 1
YU R T DAY R R AnIE] 10.4 FoR o tun] LU R A 81 36
KT — N RH T

CRONRe

ORONEO
O -~

lzl 10.4: R ﬁ‘j*&%){—i 5T17 T27 L) Tm j,‘j R E/:J?*X\TO R EV‘]Z‘T:MU?"? Tl > E1m”j'\j§0 T11> L) Tlp
N T BT Ty BIZEMZ B T, RSB TT R Too To RYZEMZ 7B Tor, A2 (0
TS R

10.2.2 HAIHEREE

BEREPIIIAN B, W0 LIAIEH B0 FEBPIERBS BT RUTER I BB/ INIE
BRI, SR 5 — BRE T HE TR, i 10.5 R o

x<y: (r+1,z,(rt,ts):ts)
E o (r+ 1y, (r,x, ts):ts")

link (r,z,ts) (r,y,ts') = { (10.2)

K 10.5: Wik o <y y 1N o RS — R
M “ZEM 2T AN 2R RSN T o SRR AR T LI 200 TR A 58 o

1: function LINK(z,y)
2: if KEY(y) < KEY(7) then
3: Exchange = <> y
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SIBLING(y) < SUB-TREES(T})
SUB-TREES(z) <y
PARENT(y) + z

RANK(z) + RANK(y) + 1

return x

#>] 10.1

10.1.1. Zwfd = mnilk =M%
10.1.2. EH 30K B, 8 i FTE sseh (7).
10.1.3. ERH —Ii=UR B, W& A 27 A5 R

10.1.4. AT, SCBL I Bz o I 7 =0 ] alidt, (B e
A2 378 T

10.2.3 HA
T IECHEH AR R HES ] T AR BTN I R A -
inst[] = [t
rank t < rank t': t:t':ts
. (10.3)
inst (t':ts) = Srankt <rankt: t :instts

= ins (link t t') ts

Hrbrrank (rk ts) = r, RPN IR WERMENZS [ ], 455800 [t]: 0 LE
Bt RIHER S — IR ¢ ROFR. AR ¢ BORRE/N, WIS O 25— IR AR ¢ FORREDN,
B UK ¢ 4 AN ZITR A AR s R BRAR S Wi ¢ ¢ Bl — AR RROR , R 5260
WABIHRE T RA n DAILR T RZA Olgn) BRI ins EPIUT
O(lgn) ICHEI AR, BN O(lgn)®s AT ins., BATAT PAE LI
HERHRAN S BFRATTER « BN 715 (b S8 5 PN 2 e

insert x =ins (0,z,]]) (10.4)
X8 SO o FATTAT AR B e T T 3R Al A\ B e -
fromList = foldr insert [ ] (10.5)

XERZI “ZEM 25 A ST 207 SR -
1: function INSERT-TREE(T, H)
2: 1+ p + NobpEg(0, NIL, NIL)

23— T RPN R, 7T BB | 255 : $0{E %R (numeric representation) 1.,
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3: while H # NIL H RANK(H) < RANK(T') do

4: T <« H

5: H + SIBLING(H)

6: if RANK(T') = RANK(T}) then
7: T + LiNk(T,T)

8: else

9: SIBLING(p) < T}

10: p+ T

11 SIBLING(p) < T

12: SIBLING(T) < H

13: return REMOVE-FIRST(L)

14: function REMOVE-FIRST(H)

15: n < SIBLING(H)
16: SIBLING(H) <+ NIL
17: return n

10.2.4 HEEFH

B I I S TSI D IR R S IF A R BOA AR A
It HAZ RGBS . I RNHIFHER L ARG SR & U 55— IR S Lo
CATRIRE, BN — BRI EE R o AR RN B B A 55, FRATT BT B R o —
PRBCR B, SR IH Al AN B S I T4 R
merge ts; [] = ts;
merge [ tsa = tso

rank t; < rank ty : t1: (merge ts; (ta:tss))

merge (ti:ts1) (t2:itse) = rankty <rankt,: ty:(merge (ti:ts)) tsy)
I ins (link t; t2) (merge ts; tss)

(10.6)
Yty by FRAHEI, B ATt AT ASSE B2 B N BT — e, AR5 3 60T

merge (ins (link tq tg) ts1) tso

FIXA T 2RI LR Bt SEElE AR & F
1: function MERGE(H1, H>)
- H + p+ NobpE(0, NIL, NIL)
3. while H, # NIL H H, # NIL do
4: if RANK(H;) < RANK(H;) then
5: SIBLING(p) < H;
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6: p < SIBLING(p)

7: H, < SIBLING(H;)

8: else if RANK(H;) < RANK(H;) then

9: SIBLING(p) < H»

10: p < SIBLING(p)

11: H, < SIBLING(H>)

12: else > REAESE
13: T, < H,,T5 < Hy

14: H, < SIBLING(H;), Hy < SIBLING(H>)
15: H, < INSERT-TREE(LINK(T},T5), Hy)
16:  if H; # NIL then

17: SIBLING(p) < H,

18: if H, # NIL then

19: SIBLING(p) + H»

20: return REMOVE-FIRST(H)

A HE Hy A my BR80, Hy A mo B30 SRS SRR A ma +mo B
WRBA AR FE IR WA FFRT R O(my + ma)o GISRAFLERRFHIRI I, 522 T 2
M O(my +mg) K ins. ZEmy =1+ [lgng|,my =14 [Igna], HA1ny Flny ZWA4
e HIR/N, H (Igna ] + [lgne] < 2[lgn], Hin =ny +nyo EAGIFHIEIREN
O(lgn).

10.2.5 H

IR BRI RO SLORAE T B R/ MEL (X R ME TR 58 R 2 A
TEMY o AT ARIBUERY e/ NTER (HETH) L 7 BAE TR T fUCEhaE T i O(lgn)
BRI, IR ARIBUE TR A2 2R 0 O(lgn) o

top (t:ts) = foldr f (key t) ts HH f (r,x,ts) y=minzy (10.7)

Xt R IE ARSI -

1: function Topr(H)

2 m <— o0

3: while H # NIL do

4 m < MIN(m, KeY(H))
5 H + SIBLING(H)

6: return m
S HETOU S A TG RN DT 2 HEHR I =W By, Bj, ..., By, ..., By, HH
By, IR RO B/ N ER o MR 5 74 p BRI B p—1,p -2, .., 06
WX p PR T, TE— 8 3 Hyo BRZS By BIRHLAS Il — > 10
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H' = H — [B,). ¥ H, Rl H' S35 LA FEASER M 10.6 Bk, H7 S
L T 17 A 43 B T AP

P 10.6: —IiCHERY 5 HY R A

min' [tf] = (t,[])
, key t < keyt' : (t,ts), Hrp: (¢ ts’) = min' ts (10.8)
min’ (t:ts) =
I (t, t:ts)

Hrbrkey (r,k,ts) = k RIBURTT ROTE . min' BY45 R —XHME : HETUITAERIH
FHER . 5P oRAE o :

pop H = merge (reverse ts) H'  Hr ((r,k,ts), H') = min’ H (10.9)

>N

X R IR ARSE A -
1: function Popr(H)
2: (T,,, H) < EXTRACT-MIN(H)
3: H < MERCE(H, REVERSE(SUB-TREES(T},,)))
4: SUB-TREES(T},)
5: return (KeEv(T,,), H)

Hrb SFAR R SEILIL SR — & EXTRACT-MIN FUE LB T -
1: function EXTRACT-MIN(H )
2 H' + H,p+ NIL
3: T, < T, < NIL
4: while H # NIL do
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5: if T,, = NIL 8 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')

S8 AT ASEEUMERE Y o B S A HR P T S R IO, SRS NI 58 )y
JCRo

sort = heapSort o fromList (10.10)
heapSort [] = |[] (10.11)
heapSort H = (top H) : heapSort (pop H)

TIEHERR A S IR R E A AR R DU T2 O(lgn) , 70 MR 2RI T #L
IR, A X Mg 25 IR

10.3 ZERARELHE

TIRCHERY & ok I E R AR 2 ok B PRI 2.
AR iy A 1 — I . (HIX ARG G T SREIAE N IS B 3l
JRCR WA o PEHE PRI OGRAE T S AR Do BRas A, i RS i A 45
VR B 23 B2 2 R A2 i B )

] “IAHERATTR @ I, FAPE @ N9 55, BB R o AR IRRE
EBITHI N i N AR BRAR S b T i, SRR AN . IR E 2008 O(lgn).
S FHPEPESRE , BA TR AR FERAEIR BT o K7 = BRI O TPk
HARIBOFE T, FeA 175 2O MR RUARTY )R A T B INCER e — A LIRS
2@, WE A TR, 1ICH (n,tm, ts)e HHF n ZICRNE ¢, EETHTFER
i, ts BHA IR SR T o] A2 e ST ERARERME (R T I
HIE S :

*Michael L. Fredman f{] Robert E. Tarjan {EiE B R HE I R 20 BERHE A T BB BB I R T2 i
o A U
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e e | AR
TN O(lgn) 0(1)
&9t O(lgn) O(1)
FRBUETI | O(lgn) O(1)
Y O(lgn) | 2% O(lgn)

7 10.1: PRI —IEHER (0 ) 2R BEXS L

data FibHeap a = Empty | FibHeap { size :: Int
, minTree :: BiTree a

, trees :: [BiTree al}

RAEAIL AT AT U [ AR T (R B4 ) < top = key o minTree.

10.3.1 #EA

FE SN — PR R &1, Hp— NS A — D R insert @ H =
merge (singleton x) H. {5 pitT BEALTE A

insert x = merge o (singleton x) (10.12)

¥

Singl6t0n T = (17 (1,$, [ ])7 [ ])

I TR A i S -
1: function INSERT(k, H)
2.z < SINGLETON(k) > kN IR
ADpD(z, TREES(H))
T,, + MIN-TREE(H)
if T, = NIL 5§ k < KeY(T},) then
MIN-TREE(H) + z
7 SizE(H) + Size(H) + 1

Hrp Trees(H) ZRBUE H BIFRM (A1) . MIN-TREE(H ) JE5% T H HE
TR AERIR o

10.3.2 &3

BFFRHER RS, SO P HER RO AR R — S SRR B BT Y HE T
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merge h & = h
merge 3 h = h

key t,, < key t,, : (n+n' ty,t, tsHts)

merge (n,ty,,ts) (n/,t) ts') =

A (n+n',t, ty:ts Hts)
(10.13)
P HERR A 2SI 4 HOFEIS AR rp— P AR B IE Ee o (AT
H LB FR 2 TR A

data Node<K> {
K key
Int rank
Node<k> next, prev, parent, subTrees

}

data FibHeap<k> {
Int size
Node<K> minTree, trees

1: function MERGE(H1, H»)

2: H < F1B-HEAP

3: TREES(H) < CONCAT(TREES(H;), TREES(H>))

4 if KEY(MIN-TREE(H;)) < KEY(MIN-TREE(H>)) then

5: MIN-TREE(H) + MIN-TREE(H;)

6: else

7: MIN-TREE(H) < MIN-TREE(H>)
S1ze(H) = S1ZE(H;) + S1ZE(H>)

8: return H

9: function CONCAT(sy, s2)

10: e1 < PREV(sy)
11: ez < PREV(s2)
12: NEXT(e1) 52
13: PREV(s2) < €3
14: NEXT(e3) + s1
15: PREV(s1) < €2
16: return s;

10.3.3 #H

IR T W Rz , B TR T AR T I T R . FRATTE X i
REA AT % 18 5 — N Al - 245 e 4 T 2 OB OCR: - L = [2,1,1,4,8,1,1,2, 4],
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AR AR S P BOH N, BRI BTSRRI R IX 01 B S5 5R0 [8, 16].
F 102 45 TIHFHLPER. B PIFoRER R BRI RISER . H
AEC AN IR IR RS — D IR nRARSE, SRk s)n— 32 H9f
ZER L BAEEREA T TR0, BT RE AT LA B se Bt

(1+1),16 | 2, 16
(242), 16 | 4, 16
(4+4),16 | 8, 16

HeE | R | g5
2|2 2
1{1,2 1,2
1| (1+1),2 |4
4| (444) 8
8| (848) 16
11,16 1, 16
1
2
4

# 10.2: IR R IR

consolidate = foldr melt [ ] (10.14)

¥

melt z [] = =

z=21x': melt 2z zs

e o (10.15)
melt z (2":25) = Szx<a': z:2':xs

z>x': 2 :melt T xs

& n = sum L, NITAECZH, consolidate F125 T4 n 7= ZHERIEL, 24 HACY

90 AL ERECTR 1 SRR RS 20 XG0 FFIR) o AN sum (2, 1, 1, 4,

8,1, 1,2, 4] = 24, 5 " pflZE (11000)2. 55 3 FI%H 4 7 B2 1, fr A& bty

2% =8,2% = 16, M2 A] LASSHR A o FBRk ARk AH A AR i Rt ok -
meltt [] = [t

rank t =rank t' . melt (link t t') ts ( )
10.16
melt t (t':ts) = Qrankt <rankt' : t:t':ts

rank t >rank t' . t' :melt tts

B 10.7 &1 THRIEFERI TR, f13E 10.2 6 EE AT LAG HUOR U o th ] LA F 4 B
Bl AV TIHI . Al] PRAFN « 1R DT, SRl B 7 — AR « B9, s
IR R B — BN 4+ 1 I SREH Al 162, BEiE Al 4+ 1], H AR =
SUFRRI TR R . DT, A RS T A A,
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10.3 AR

B 10.7: BHFFAYEER. 56 3 20, d Jef iR o SRR HERER as 55 7.8 20 v JefiEH g,
SRE s BERER] q.
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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: Alr] < T

12: T,, < NIL
13: TREES(H) < NIL
14: for each T in A do

15: if T'# NIL then

16: append T to TREES(H)

17: if T,,, = NIL or KEY(T) < KEY(T},,) then
18: T, < T

19: MIN-TREE(H) < T},

e fr A — IR BRI A i T IEUHE, A O(1gn) BRI . #HE
HR/NA n, MAX-RANK(n) iR Bl KATRERY IR Ro H “IEHERY 4518, PR K RIS
Br A7 28 NICF . A7:27 <n <28 SRR E ) _EFRA R <log, n. FATRYEL:
R AYSEERA T % T ORT AR m A T AT AT (10.8) 5E LAY
man’ 73 B TR AE R o

pop (1,(0,z,[]),[]) = (z,[])
pop (n, (r,x,ts,),ts) = (z,(n—1,tp,,ts"))
Hep (t,,ts") = min' (consolidate (ts,, 4ts)). FERE] H HELREZE O(|tsm) .
FAHE T AE AR A RPER BT o X 2 A i OSSN T
1: function Popr(H)
2: T,, < MIN-TREE(H)
3: for each T in SuB-TREES(T},) do
4: append T to TREES(H )
PARENT(T') < NIL

o

6: remove T, from TREES(H)
7: S1ze(H) < S1ze(H) - 1
8: CONSOLIDATE(H)

9: return (KeEY(T,,), H)
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FRATEE “FRETTIE" AT L A S PRIERE . [EHCHER B A REIY SE L -
E =mgh (10.18)

W 10.8 firos B 2RI R R o m AR BN Bl s
FEEN B BIREE . 3X i RErf A AR T 5 Wy 5 AN -

W =mg(h' — h) + W;

hl

4 10.8: ES1HE

N T TR SMEE AR, 2 S RTHIAREDN @ (H ) o IX T ARER H1IZ4
MIERIFEANS S IFRIERBI . S WIETF R T H it B E @(H') .
Q(H') M1 @(H) FIZEFFIN_EAIRFFHFERT 2 58 A MR IR . S LISREDN -

O(H) = t(H) (10.19)

For t(H) BT HOERE XEF n DT R EEIRRE, STk LR R(n).
EFFERIRRERZ N t(H') = R(n) + 1o AEVAFFAT, FATEM 15— D EEHRAE 5 HE
TRETAE RO RIAR M S 1 L RS2 ARk o IR 22 JH9F R(n) +¢(H) — 1 B4 %
SRR TR A2 2R N T A VAR B IIE A BEON Te 4 M 2 AN T

T = T,+®(H')— ®(H)
= O(R(n) +t(H) — 1)+ (R(n) + 1) — t(H) (10.20)
= O(R(n))

NS BT TR RO R 2L OIS HE R Bl A A A — IR, K R(n) 19_E
B2 O(lgn).
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10.3.4 RAMER

FHEE AT TAES5 o 7 R TS5 T 2R BT, FA PR AT eI A I 5T
55 BEREUTHETT . SESE PR S, N R/ VA O S Dijkstra S0 HEERIX—#R{E
M PRE 2R IR RIS (A 4 o Db H g7, Fa 20 B BEB NN ke 0
A 10.9. % = FME/INFACTH iy BUEL K o U R A INEIHE R e RS
R A SCTY R A7 A foe/IME (B DTBRTT R PR 2 R IR R TIRZ
TR ISR RIE S FTFHIPERE. DA 7 AR PRI [l R B — BRI A

LA EHE R RET RAT N BN, LR E W T IR A 2 (R F o

Bl 10.9: 47 key x < key y, ¥ « DI~ SRIEUSINEEH .

1: function DECREASE(H, z, k)

2: KEY(x) < k

3: p < PARENT(x)

4: if p # NIL and k < KEY(p) then

5: CuT(H, )

6: CAscADE-CUT(H, p) > B TIR
7 if k < Tor(H) then

8: MIN-TREE(H) + z

CASCADE-CUT i Jl —Mrit il BT R AR LI+ /e FFAE Cur i
FRPRIC.
1: function CuT(H, )
2: p < PARENT(z)
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3: remove x from p

4: RANK(p) - RANK(p) - 1
5: add = to TREES(H)

6: PARENT(z) <— NIL

7: MARK(z) < False

AR E Y A 2 febnic 7L I E R T AR L T e AT E YRS R
B, ELEAR Y Ao

1: function CASCADE-CUT(H, z)

2: p < PARENT(x)

3: if p # NIL then

4: if MARK(z) = False then
5: MARK(z) < True

6: else

7: CuT(H, x)

8: CAsCADE-CUT(H, p)

#53] 10.2
i1t} DECREASE [ MR AN HAU ) O(1).

10.3.5 ZERKARERA R

AT AL 1 MAX-RANK(n) FISEBL. ©RE LT n DICRIYEPACTHEP TR
a0

5132 10.3.1. 3¢ T LA e b a9 AT o, B L ARA K, B k = rank(x), |x] ARd
TFEANE N

|| > Fiei (10.21)

o By AXEIMRESN T % kR

FO = 0
Fl - 1
Fr, = Fp 1+ Fro

IR RN N o AR kAR T y, ve, o v IR BBERE @ MRS TG )G o Hrp
EAAFAE T o PSRN BRARE R SR Fr EMEX — I 24

rank(y;) = rank(z) =i—1



182 F+E X ERIR R Bt

WG vi 2 Regded— 717 S (B DECREASE) , —HAEEE T B
ST BIPIBEFE MBI R AR . RIS AT DA, RHEAT 4 = 2,3, ...k,

rank(y;) > i — 2

L ose N T AT R R/ME, Hip b = rank(x). XTIRAREN, A
so =1, 51 =20 WHURUL: BN 0 IR S A 1A R BN 1RO 2 T
A ke IR B DA s AFT

|z Sk
= 2+ Srank(y2) + Srank(ys) + ...+ Srank(yi)

2 2+80+51+...+Sk_2

Hrbh i g —17T 2R A rank(y;) > i — 2 31 H sp B, FTLA Srank(y,) = Si—zo
BN SREHE s1, > Fryoo MHABCEEINE . STHREN A so=1> F=1,UK
s1=2>F3=2. XTk>200E0.A:

lz| > sk
> 2+80+51+---+3k_2
> 24 P+ F3+ ...+ F JEELT 35S
= 1+hh+F+FK+..+F, FIHFR=0F =1
PR EIIE
k
Fiio=1+ ZF (10.22)
1=0
RIS A A% -
o MANEN F, =1+ F, =2
o IBIIEHN L BUK K+ 1 BT
Frio = Fop+F
k—1
= (1+)_ F)+F AR
;C:O
-1y
1=0
Zi Fig Rt
n > |z| > Fiio (10.23)
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BRI B > o, 3t 0 = 22V i, seans

HEW T H B ER 0 R 2R O(lgn) o ARAEIX—E55R, AT LAE S max Rank 2y

mazRank(n) = 1+ |log, n| (10.24)

Bl PR SES  138 U7 € L3 MAX-RANK:
1: function MAX-RANK(n)
2 Foy+ 0,F; «1

3 k+ 2

4 repeat

5: by — Fy, + Fy,
6 k+—k+1
7 until Fy, <n
8

return k£ — 2

10.4 BECXTHE

AEPARTIE LA T Ao BOR HESCIUfET B PEREAL e KERAM AT, (045
N BRBOENT & FF R H B R 208, AT Y 58 R R i 20 PR 2 B O
O(lgn) DAL,

10.4.1 ENX

RO HESCIA — R 2 X o e/ NCRRF TR — MR 208" @, B4
2Rk SO B MR R L G0N (2 ts) e 2B T M T A
(e 267 T3 R TRE L

data PHeap a = Empty | Node a [PHeap a]

10.4.2 HIFFEN FREUHETR
B I BCRHERS , FEAEPIRE -
L AR — N @, 851N 57— HE:
2. AN, HeB A MR R AR — M 55— D T

merge & hy = ho

merge hy @ = hy
10.25
r<y: (x,(y,ts2):ts1) ( )

Jt it =
merge (x,ts1) (y,tsz) {Emu © o (y, (w,ts1):tsy)
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BIFHITEREA TR Al SEM AT, A 207 T35 FRAHER SR
HEREREE 5 — P HER T T
1: function MERGE(H,, H>)
2: if H; = NIL then

3: return H,

4: if H, = NIL then

5: return H;

6: if KEY(H2) < KEY(H;) then

7: EXCHANGE(H; + H,)

8: SUB-TREES(H;) < LINK(H2, SUB-TREES(H;))
9: PARENT(H:) < H;

10: return H;

G FFRE W] LML P AIRRE —HESCBUm A BRAE , 205 (10.12)0 HETUTERA]
LAMARTT (ARE s top (z,ts) = @ 3l AFIERIBOFE IR 52 2% BEHS 2 B KU 8] o

10.4.3 ERAMER

TR ERE/ NG RO LS AR T T e G I 2. AU AL
HATAT LAE BB/ N TR E
1: function DECREASE(H, z, k)
2: KEY(2) < k
3 p < PARENT(x)
4 if p # NIL then
5 Remove x from SUB-TREES(p)
6 PARENT(z) < NIL
7 return MERGE(H, x)

8: return H

10.4.4 FH
S TR AR T R FRATTA TR 1 74 U 3 il — AR -

pop (x,ts) = consolidate ts (10.26)

AV ZEA PP SO 0 A S I SRR TR 25 il — R o T XS
HER 22 PRtk BIX— &Il . el 10.10 FIE 10.11 foR. G AEAT A e LR
VR T Sl
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%@@@@
& ® @

P 10.10: MHIBRARTTY 0 KRB SR R 9 BRI R SRR — R

consolidate [| = &
consolidate [t] = t (10.27)
consolidate (t1:ty:ts) = merge (merge t; ta) (consolidate ts)

XRL A A2 A 0 267 B SEBAn T

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)

6: H + NIL

7 for T'in L do

8: H < MERGE(H,T)

9: return H

METE RIS SRR T T,y B FFIE T IR R L AR o JX R
Y L, SEBR R A R 22 BT o MEHR AT RES A AT A0 710 IXFE DL T i
Ja—ik T, = NIL, Zxt & )5 T = Teo
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FFF o X AR R B

(d) (e) (€))

(9)

[ 1000 ATV A& FFRIS B (d) BIETHE 9 I 6: () AIFTHE T () AIETH 3;
(g) BFF T 40
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10.4.5 TR
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FHBRIEATT R 2 B, ATERETT RRE IR —oo, SRR FFIAIT— B8 IR A A&
T RAI—FMERTT 2. 5 @ AR R BATHR ES TR H . A0, 3
11 = AHE H FRYTR SRR © A0TSR A PR E R G 0] H -

1: function DELETE(H, x)
2: if H =« then

3: Por(H)

4: else

5: H + Cut(H,x)
6: x < Pop(z)

7: MERGE(H, z)

A o I B AR5 P 5ot 45 L SR AR E I 20 SRR REH 2 X EN [R] O(lgm)

%3] 10.3

10.3.1. WAGESE R ECSHERIRA n AICR, SRERATIRH . 5 n AROKHS, 58 A LK

PERERAHIRE OSE D HEIEREZ O(lgn)) o Uil 2 iX

10.3.2. SEIEC XS HER R -
10.3.3. SEIMECAHERI ILSE L% DECREASE-KEY

10.5 ME:BlFERF
& SR (T A ) -

—iR 2

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

Node<K> link(Node<K> tl1, Node<K> t2) {
if t2.key < tl.key then (tl, t2) = (t2, tl1)
t2.sibling = tl.subTrees
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tl.subTrees = t2
t2.parent = t1
tl.rank = tl.rank + 1
return tl1

IREHESR N -

Node<K> insert(K x, Node<K> h) = insertTree(Node(x), h)

Node<K> insertTree(Node<K> t, Node<K> h) {
var hl = Node()
var prev = hl
while h # null and h.rank < t.rank {
var t1 = h
h = h.sibling
if t.rank = til.rank {
t = link(t, t1)
1} else {
prev.sibling = t1
prev = tl1

}

prev.sibling = t
t.sibling = h

return removeFirst(hl)

Node<K> removeFirst(Node<k> h) {
var next = h.sibling
h.sibling = null
return next

CIEHER R 18 I 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 4+ 1) x (t2:cl)
else Node (r 4+ 1) y (tl:c2)

insertTree t [] = [t]

insertTree t ts@(t':ts') | rank t < rank t' = t:ts
| rank t > rank t' = t' : dinsertTree t ts'
| otherwise = insertTree (link t t') ts'

insert x = insertTree (Node 0 x [])

IR 5
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Node<K> merge(hl, h2) {
var h = Node()
var prev = h
while hl # null and h2 # null {
if hl.rank < h2.rank {
prev.sibling = hl
prev = prev.sibling
hl = hl.sibling
} else if h2.rank < hl.rank {
prev.sibling = h2
prev = prev.sibling
h2 = h2.sibling
} else {
var (tl1, t2) = (hl, h2)
(h1, h2) = (hl.sibling, h2.sibling)
hl = dinsertTree(link(tl, t2), hl)
}
if hl # null then prev.sibling = hl
if h2 # null then prev.sibling = h2
return removeFirst(h)

B UG IR I

merge tsl [] = tsl
merge [] ts2 = ts2
merge tsl@(tl:tsl') ts2@(t2:ts2')
| rank t1 < rank t2 = tl:(merge tsl' ts2)
| rank t1 > rank t2 = t2:(merge tsl ts2')
| otherwise = insertTree (link tl1 t2) (merge tsl' ts2')

IR

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
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}
prev = h
h = h.sibling
}
if tp # null {
tp.sibling = tm.sibling
} else {
head = tm.sibling
}
tm.sibling = null
return (tm, head)

(K, Node<K>) pop(Node<K> h) {
var (tm, h) = extractMin(h)
h = merge(h, reverse(tm.subtrees))
tm.subtrees = null
return (tm.key, h)

TS R JH SR

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

o U e 15 2L AR M -

FibHeap<K> merge(FibHeap<K> hl, FibHeap<K> h2) {
if isEmpty(hl) then return h2
if isEmpty(h2) then return hl
FibHeap<K> h = FibHeap<kK>()
h.trees = concat(hl.trees, h2.trees)
h.minTree = if hl.minTree.key < h2.minTree.key
then hl.minTree else h2.minTree
h.size = hl.size + h2.size
return h

bool +isEmpty(FibHeap<K> h) = (h = null or h.trees =— null)

Node<K> concat(Node<K> firstl, Node<K> first2) {

var lastl = firstl.prev

var last2 = first2.prev

lastl.next = first2

first2.prev = lastl

last2.next = firstl

firstl.prev = last2

return firstl
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PRSI VAT -

consolidate = foldr melt [] where
melt t [] = [t]
meld t (t':ts) | rank t = rank t' = meld (link t t') ts

| rank t < rank t' =t : t' : ts

| otherwise = t' : meld t ts

o PRl B R AL A T A5

void consolidate(FibHeap<K> h) {
Int R = maxRank(h.size) + 1
Node<K>[R] a = [null, ...]
while h.trees # null {
var x = h.trees
h.trees = remove(h.trees, x)
Int r = x.rank
while a[r] # null {
var y = a[r]
x = link(x, y)
alr] = null
r=r+1
}
alr] = x
}
h.minTr = null
h.trees = null
for var t in a if t # null {
h.trees = append(h.trees, t)
if h.minTr = null or t.key < h.minTr.key then h.minTr = t

SEPARTRIE 5 1 -

pop (FibHeap _ (Node _ x []1) [1) = (x, Empty)
_ X tsm) ts) = (x, FibHeap (sz - 1) tm ts') where
(tm, ts') = extractMin $ consolidate (tsm 4 ts)

pop (FibHeap sz (Node

fReFHIL e

void decrease(FibHeap<K> h, Node<K> x, K k) {
var p = x.parent

x.key = k
if p # null and k < p.key {
cut(h, x)

cascadeCut(h, p)

}
if k < h.minTr.key then h.minTr = x

void cut(FibHeap<K> h, Node<K> x) {
var p = x.parent
p.subTrees = remove(p.subTrees, x)
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p.rank = p.rank - 1

h.trees = append(h.trees, x)
x.parent = null

x.mark = false

void cascadeCut(FibHeap<K> h, Node<K> x) {
var p = x.parent
if p — null then return

if x.mark {
cut(h, x)
cascadeCut(h, p)
1} else {

x.mark = true
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BB 7 5B H (FIFO) ML w] LA 2280 )7 32 SEBA A, S B i) X TRy e
TAFRZE X S, KR 2A T 16 FORIEIIY SE307 75 e BASI 5 3830 P AR B AR -

L AT AR (] N TR AR B AR INIC R
2. ] LAFEF R ) A K AR el M B o 2%

FAT 20 0 e ) DML SE B M SRR e SRR s 45 A (AN 3k 2041)
SLIEAS o

11.1 FIFRSLH

A LA RO TRIAE S SK AR R IBRITER o (HSBRESE R A REAE LT —
Tl AR AR HAT 3 — FA . 522 O(n) IR I 4R 2E B, Hih n 245K
FCRE, TR L H BT I O PERE SR o O T DX AN RIEE, FATTI I — At i % R
FRALE N EONT LS TR 2 BASI AL, 4n A 11.1 ffoR o

data Node<K> {
K key
Node<K> next
}

data Queue<kK> {
Node<K> head, tail
}

() g \
head tail

K 111 2P0, Sk RAfR T S

T EAI N EEE 2 APA (Enqueue, Bf push. snoc. append. push back) F1H! FA
(Dequeue, & pop. pop front) . FATEFAEIFRLIBIIATCER  MFIZE TR ITE

193
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1: function ENQUEUE(Q, x)
2:
3:
4:

5:

»

«

@

il

Vred
>
=

1: function ENQUEUE(Q, x)

if not FuLL(Q) then
CouNT(Q) < COoUuNT(Q) + 1
tail < (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
Bur(Q)[tail] < z

2:

@

>

o

4

p < NODE(z)
NEXT(p) + NIL

TAIL(Q) < p

NEXT(TAIL(Q)) < p

BB DA—ATR(EAFI A S T 50 I T Hia A B AT 2 154 NIL.

: function DEQUEUE(Q)

x + HEAD(Q)

return KEv(z)

S R A HE T A HTE
o X SR LAY R B R I
FERAF ZS IR AE gL, 100

NEXT(HEAD(Q)) < NEXT(z)
if x = TAIL(Q) then
TAIL(Q) < HEAD(Q)

v
O
K
o
H}

, HEAD SEF5 _FIRIE] S HYF—477 50, W&l 11.2 iy
o FESLEBAIRE TR A H— I Bl S 15 minT LAk

S

Y

A 4

1

T2

head

11.2: A S TRIAIER

11.2

Tn

——> NIL

MR X

tail

FOFIFEXRIFR , AT ALE £ (8] [ B2 R BN 28 (H TR BN R] O (n) MSKES
MR X2 KBS T R T RAAIR ARV o A T IEEIBAS M REEER , WT LAREECAH
Sk R, Uk — 2R, WEIEIRZ X, nE E 11.3 [ 11.4 iR HLELE
head. BAFIHK & count FLZH KN size, 0] LLSE 4R F . count ZEF 0 B BAFY K
VEET size T PAFIE . FRATIE AT LAFI G BRI ABA H AR SEEL

: function DEQUEUE(Q)

x < NIL



11.2 #H3FREF K

tail

head

B 11.3: JEIRGE X

head tail PR head tail UL
N M Vi o M N
al0] [a[1]| - |ali] | - o lafj] | - lali] |
(a) EBMAZICE. (b) MLEMBRA Too R G, T =
4o
head tail 5 tail head Sl
|l | - am/ alo] | - | alj
(c) KB Z D IC R H BB (d) F—PICRMA B LB
BB A —/NHIT,
tail  head SIS
VT

al0] |a[t]| - a[j-1] a[j]

(e) AHRHITARIRAT 1 ILE . BABI 2

K 11.4: fil ORIAZE i X SEREA

195
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3 if not EMPTY(Q) then

4: h < HEAD(Q)

5: x < BUF(Q)[h]

6 HEAD(Q) < (h + 1) mod S1zE(Q)
7 CouNT(Q) < CouNT(Q) - 1

8: return x

%> 11.1

PEIRZ T XAER IR N E T B KA |, SR S5 BN a5t, A H
count, {Hf[ R MBA 2SN 2?2 A T
A2 381 T

11.3 %IRRT

GRSk SR A I BN [A], (H R R 2R ). o] LUER A 41 3E R xR
TR SEBIBAA o JEARFEAA— D BT REER , A 11.5 B W55 9371 n 5T
(front) \ J5 (rear) o JCEAFIN (f, 7). ZBAFISET ([1,[])o ABABHEITERIIA r HYLER,
HEBAEHETTER M f HISKREBUE | PEREHTE 4N ] o

pop <=1 X| —> X —> .. — X [—> NIL <.

front

push ----- » > »m > .. — vy —> NIL <

rear

P 11.5: WA ERAA

(11.1)
pop (z:f,r) = (fr)
St — R PRAESS, f FTRESNZS, T r IR A TCR . A 1 REARZLHHPA, AT
r SRR fL B0 ([ ], r) = (reverse v, [ ])o BERIBABNE  #F B2 HAT—CPHTRE
AR -

{push x (f,r) =(f,z:r)

balance [ | r = (reverser,[])

(11.2)
balance fr = (f,r)

—HRA r B RCE WK ERITERE T B Ze i 1] RN, BEAR A 73
SRR AN IR o BEHTE AANBAHTHBA A -



11.4 F4#PA3) 197

{push x (f,r) = balance f (z:r) (11.3)

pop (z:f,r) = balance f r

T LA BRI WS IR R RS FIIEE 111 AR FRAE 5 9 H] * Shoxd
KT EERGEARTE RS s 11.6 fioR. 2 R BN W F RS R

e WAl | ek
1ESLERIIN | O(n) | O(1)
HEEMMA | O(1) | O(n)
TESLTEER | O(n) | O(1)
fERFMER | O(1) | O(n)

111 BEHMER A TR E AT T

e X X2 R push

front

N Ym [> pop

rear

K 11.6: XEEHEA )

%> 11.2

11.2.1. M4 BAE push It B3 ARG 2 R 22 2
11.2.2. MBI KBTI ) 73 Pl 4=
11.2.3. SZERXCEEHPAA -

11.4 FE#HBAF

BIRBUBNZE A 70 S 2 BN B B[R] (R R I O RO RER L Bl
f AR R ESE n AICEIIABS, IXAF AR 2R O(n). [A1EEHY
JRRGE f AT r AT e O 7 SO FRATIIA 28U, 2R r BORBEANKT f
O BE AL S e 355

Irl <17 (11.4)
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R S 2 3 AR AR JEE L AP T 3% ok FRAE HEN AR B o R0
FIZRAASIZR D (f,n,rym), Fobin = |f|,m = [r], 53 B PISIZRIGIR L ARE-P
AN (11.4), FTEMGH f AR BRI :

RQ=¢ <= n=0 (11.5)

FEHTH ANBRRE L -

(11.6)

push x (f,n,r,m) = balance (f,n,z:r,m+1)
pop (x:f,n,r,m) = balance (f,n —1,7,m)

Hr:

m<n: (fn,rm)
balance (f,n,r,m) = (11.7)
Gy (f # reverse r,m +n, [ |,0)

11.5 SERFRAFI

SR BT IR B I (AT B G830 AESEI RGP R B — et . 1k
RERATHILAE f 4 reverse r HHo BUI m > n, i 50T AR . BT man #2HEEL,
P m = n+ 1o # FEREE O(n), ENEREZE O(m), BERER O(n+m),
FIBAFI TR N BURIE . FRATAT LUG B TREN SR H  ABAH . B 5850 — R
VAW S8 R B4R -

reverse = reverse’ | ] (11.8)
reverse’ a = a
L] (11.9)
reverse a (x:xs) = reverse (r:a) xs

LU R ) G ROV BRI S T RIS el
RS AR LTRSS S, FORIEAERT TR CRSEM) : SERARAS
Sy FORIUEDLER (G« TR TRFARA PR (slow-down) [24 151

step S, al]l = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (r:a),xs)

SR AT ORS00 S, R L ARSI BRI TE R T 5
R APRAI NS S5 T, B BIFE I 55— TE o, W HUBEARE] o ORI
B B, T . AR AR R IS R R A7 T (40
T REU step (. BI:
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step S, “hello” [ = (S, “ello”, “h”)
Step S’r ‘(611077 “h” — (S’r‘7“110777“eh77)
step S, “o” “lleh” = (S,,][], “olleh”)

step S, [ ] “olleh”

(RGXAU AR T 2P0 A AT EZ L0 WIE . FIHB S RS
FAE TG N TSI s F ys, AT LIS s R 5 0GB —1% F5 il
JCRPUH E] ys BRI - XA reverse’ ZAlo

(Sy, “olleh”)

xsHys = (reverse reverse xs)H ys
= (reverse [] ¥s) 4 ys (11.11)

= reverse ys Is

TR — RS step. fE v TR BAARIE T SR, SRk
N G SR Sev 58I Spo BN BRIEB RN PIAI BL:

1. IR A E R TR
2. BN T BUhTER  HEER ORI

next (Sy, fyx:for’ yir) = (Se,a:f', fyyr',r) RN RES,r
next (‘S’ra flv [ ]aT/a [y]) = next (ch f/ay:rl) fii‘ggéé':;ﬁ‘ig)\ﬁﬁé (11 12)
next (Se,a,[]) = (Sr.a) TR '
")

next (Se,a,x:f") = (Sex:a,f) B R

TR TR B IX L e 1 B IR L 20 Bt ANBAERAEHR DASEIRSE I BA S o AR AR
P, Y m o= n+ LI THGE ST f - reverse ro BAEHZE n+ 1K r,
[EI I AR IR N SE R T f B9 SRR n o+ 1 SR T B A
WEIEIESR T 2n + 2 26 BREEZNEERAEE D AL — NS5 H
XA R A TESE K 2n + 2 B EAE AT, S A AT REH T8 ORI — R
B H N B E PR S A - 2

SIS, AESEK [ 4 reverse v Z R, JESHI N BNERAEAS R REFF ORI T- 465 o
— BIFIGWE A b3, &3 2n 4+ 2 2505, FROTESE T — 180 f 5% f =
[+ reverse ro THERRAFEHIA
1= 1fl+1
= |fl+[r[+1 (11.13)
= 2n+2

MR AP B i 2 S50ES RV RFBE NBIGBT T 3R LA PR A B 5

AP, 2n + 2 DI RARIF CA5E M 1o MESHHY f 51380t R k.
AT AL A MR BT 3 ' 4 reverse v/ o 275 7 SPEERIN, B B BRATORIE T X — £

|r
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EASZRE, /£ 2n + 2 yﬁﬁmﬁkﬁu ﬁMiﬁVET ERERS K 4o X
LI AT 00 - T AT EEMN f FUZRHUH JCER (BRI f B3 f = f + reverse r R
R IR — AT f 3. ﬁTﬁﬁpﬁ%ﬁ/I\lﬂﬂ AW — W BOFA TR
reverse f I, BOMRE—fr f HIEIAS . XHERIEESEBET n K AERIE . DO 24
o 3 11.2 451 T 58— Br Bog 2 H R (IR SO f A r) B3RSk s o

AP f BIA BEFF R Tl 3
{fzafz+17~ 7f’ﬂ} (Smf:“wfa“') {}
Wi — 1 ARO[ F LT Wb | aa s TR

#1120 |/ n PSR AT RPRES

2t n YN, f ORI B, LRI FFIAE A B0 I B, I 4kl
AL /ERER AL b, T f IR, 2 T [ ], BATCTE TR T . BN
FAHT =145 =%, b, U fohsR e k. hT e
M Sk — H AL T LM — AN kit £ PRI TR I M ST G
f 4 reverse v I, IHEER N 0, B f AR —ATCEN, BUSFEEIN—, Rk
%ﬁ@%ﬁﬁﬁ?wiuﬁM%ﬁﬁﬁmfu%ﬁ%$7u¢@%—1ﬁ% Eﬁﬁ
BB RN A th T B RS . 2% ELACY TR N O (IR , To s Ak aEitEA75%
BHRVE. TR BIN T A R AR L

next (Sp,n, f'yx:for'y:r) = (Sp,n+ Lo f, fiy:r',r) [EFESf,r
next (Sp,m, f',[ 1,7, [y]) = mnext (Se,n, f',y:r") JREELE TR I N\
neat (S.,0,a.f) = (Sy.a) eps
next (Se,n,a,x:f") = (Se,n—1,z:a,f) BA TR
next Sy = Sy 25 RRAS

(11.14)

PADEE LT — D 2SRIRTS So R E b= HIZ 4 . PAFI I EHREEID 5> R =5
[ ONER A ny BRI f 4 reverse r BYHRBLIRA r FIR L HALE mo i0Hh
(fin, Sirym)o ZSEAIHEHN (11,0, S0, [],0)o MRAREFEFIN n = 0 REASI NS B2
H A NBAE SR

{push z (f,n,S,r,m) =balance f n S (x:r) (m+1) (11.15)

pop (z:f,n,S,r,m) = balance f (n—1) (abort S) r m

Horfr abort £ Hi AR IR . IXAER SR AT LA s — P IC R FATRJE E L
XA balance K EEPEHUN A E NS B f + reverse r BRI T
ST — 2 AR SE B TR

VH NS G AR I RS R DR SRR A TR 1o SEBR LRI RIS R E IR AR 2 R R
M2 f ARG TR RIBER 2] S 252 HRp.
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m<n: stepfnSrm

AW step f (n+m) (next (S,,0,[], f,[],7)) []0
(11.16)

HH step FRARBHEARE] N — DR, 2T ARG, 3 25 FARES Soo

balancefnSrm:{

step f n S rm = queue (next S) (11.17)
o
queue (S1.1) = (F'nSorm) RESHRGRIERS o
queue S = (f,n, S, r,m) '

FA AT ZSLI abort WAL, FE7R IR, d T HIBA AT LU — I EK

abort (S.,0,(xz:a), f') = (Sy,a)
abort (Se,n,a, f') = (Se,n—1,a, f)
abort (Sp,n, f'f,r'r) = (Sp,n—1,f, fr' r)
abort S =

—~

(11.19)

wn

%3] 11.3

11.3.1. 7£ abort s, 2 n = 0 I, FATERR _EREH T _E—DMERITRINIRAE, L
T xR E a fERZER. T AFTEBRE—ILER?

11.3.2. i FHRCECH SCBLSE N RS o 7 MGt S e I, ANRE— IR M B, &
Mk 2P REREAR B et I 18] o 1 SEI—MEMEE I, 1528 RO U
—PILEK.

M52 383 T

11.6 TETEEATBATY

S RA B O AR SRR [ 4 reverse r 11 E5MR. T FIE MR 7T LAEF
— A LI . (RIZEREL rotate B AT EL |+ reverse ro L E U, EH—1
SR o, TP REEED

rotate xs ys a = xs 4 (reverse ys) 4 a (11.20)

TNV xs WIIRILN f 513, ys MIRGAEON r U6, a WIORHE NS [ o T 234
e BT B AU UL

rotate [ | [y] a = y:a (11.21)

SRRV WAE
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rotate (x:xs) (y:ys) a
= (x:xs) # (reverse (y:ys)) #a EXZ (11.20)

= x:(xs+H reverse (y:ys)) 4 a) EENEE (11.22)
= x: (zsH reverse ys 4 (y:a))  SERIME BORIZE R S5 &0
= x:rotate xs ys (y:a) Jz Al H E X (11.20)
A2 BT A PIRE DL , T DM R R A R L Rk -
rotate [ | [yl a = y:a (11.23)
rotate (x:xs) (y:ys) a = x: rotate xs ys (y:a)

LEMETESAT IR, () BRAES R B ABKI A AT, XHEEH rotate T
FHRDPWET o BRI E SN (f,r,rot), Hp rot FRIEAEHTHIR LT E
[ 4 reverse r, BHIIHNZE [ o

push x (f,r,rot) = balance f (x:r) rot (11.24)
pop (x:f,r,rot) = balance f r rot
TR balance FEAFER S [ FTHERE— R 76 B R A5 SR IN T B0 — e 1 H L
balance fr[] = (f,[],f) HHr:f =rotate f r[] (11.25)

balance f r (x:rot) = (f,r,rot) HEPHLE

%3 11.4
11.4.1. Jfe] SEEEXL A BA A, 7 Sk 50 AT <7 5 BT TRI ) T RS AR

11.7 MR BIFERF
ELEICIIONIE

Queue<K> enQ(Queue<K> q, K x) {
var p = Node(x)
p.next = null
g.tail.next = p
g.tail =p
return q

}

K deQ(Queue<k> q) {
var p = gq.head.next //the next of S
g.head.next = p.next
if g.tail = p then q.tail = gq.head //empty
return p.key
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VPG XA AE X -

data Queue<kK> {
[K] buf
int head, cnt, size

Queue (int max) {
buf = Array<K>(max)
size = max
head = cnt = 0

FEFAPEPRZZ P IX A HE AP -

N offset(N i, N size) = if i < size then i else i - size
void enQ(Queue<kK> q, K x) {
if g.cnt < gq.size {

q.bufl[offset(q.head + g.cnt, q.size)] = x;
qg.cnt = qg.cnt 4+ 1

K head(Queue<K> q) = if g.cnt — 0 then null else q.buf[q.head]

K deQ(Queue<k> q) {

K x = null
if g.cnt > 0 {
x = head(q)

g.head = offset(q—head + 1, q—size);
q.cnt = g.cnt -1

}
return x
}
o
SEH A
data State a = Empty
| Reverse Int [a] [a] [a] [a] —mn,accf, f accr, ¢
| Concat Int [a] [a] — n, acc, reversed f
| Done [a] — ' =f++ reverser

— f, n = length f, state, r, m = length r
data RealtimeQueue a = RTQ [a] Int (State a) [a] Int

push x (RTQ f n s r m) = balance f n s (x:r) (m+ 1)

pop (RTQ (_:f) n s r m) = balance f (n - 1) (abort s) rm

Il
x

top (RTQ (x:_) _ _ _ )

balance f n s rm
| m < n= stepfnsrm




204 $+—%

| 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

A5

PR S A -

data LazyRTQueue a = LQ [a] [a] [a] — front, rear, f ++ reverse r

empty = LQ [] [] []

push (LQ f r rot) x = balance f (x:r) rot

pop (LQ (_:f) r rot) = balance f r rot

top (LQ (x:_) _ _) =x

balance f r [] = let f' = rotate f r [] in LQ f' [] f'
balance f r (_:rot) = LQ f r rot

rotate [] [y] acc = y:acc
rotate (x:xs) (y:ys) acc = x : rotate xs ys (y:acc)
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Fro R B S R A) —Fh G Bl T BEAERY SIS -
L AT MK R B LA 2O T4 HIBR TR
2. AT LMpREE (0T Zebk i 1)) EE R 1751 5
3. A LA EELYT ) BT ICE s
4. ] AP AR R E A BT P81 o

K FIFROGR L IXLEEDSR, IR R PR Hrf n A I, nivng
A PSR

(R e LIES
LA B | O(n) 0(1)
EREMEAN M | O(1) O(n)
BEHE O(n2) | O(n1)
)
)

BERLT 7 B i 0(1) O(i
AR ]S O(n—1i)| o

AREELE =R S SEI : R RIS i RS Tt

12.1 ZXfEHIFETIER

TN BENLYT AR T R RSB BEAL DT P . MBS S TR e
N o TEHREARAFAEI T R o MR AR SREE 0, A4 LSRR Z ik, ATk A iE
T B2 DR SE 4 T XURECRAFE n N IT R BEMED LI BRI AR — R O,
KIS R AL S e ARZE RS 1 < i < n, FRATERAT LAPUHAE AR AR R & (7 2]
PRAFER o DT R e ] 12.1 B B tivte KoRIFA (21, 22, 23, T4, T5, Tg) o

IR @+ 1R XN tie to A A —NMF1 Rt &A 28 MHF.
X n ATCRIT A, FATHE n Fom N 3B n = (emem—1...e1e0)2, HH1 e; 2 1 5
0,

205



206 #F+=—%F K7

K 12.1: 54 6 IT R T

n =2+ 2'e; + ... +2"e,, (12.1)

IR e # 0, EHRE—RK/NN 28 K582 XM ¢ TR 12.1 617, J3 51
KN 6 = (110)20 FARMZE 0, FATATTER/NA 1 AIRE: 28 2 A2 1, F 2K
INR 2 R £ B fLE 1 RO/ 4 IR oo IXEERAEFE A (21, 22, ..., 0]
FIR AW EIFIZ . FIFRAPERRI A/ N2 ME— B M NEIRHES . RATTFRZ
ﬁ_ﬂlﬁﬁm%fﬂﬁﬂ% Ulo FRATRT LATE SR S SR LAt 1RS48 10 LA SE I 471 36 -

TR R RAAAEM 5 KR 20 AR R R D SR R N e XA 0BT S
(Sylﬂ’),ﬁﬁlj FIRTWIHKN Lor D RIZFOR AR HETTER « T 1088
(z)o FRATAT PUXFEARIL—HRIR A/ -

size () = 1 (12.2)
size (s,l,r) = s
N THHICR y WAZFH S WRETH , FAI I — B AA — D17 1T o 44 :
= (y) . XL EMAZIRRM A insert y S = insertr (y) S, 85 R AL

insert y = insertr (y) (12.3)

AT E AR A B — B ¢, LR £ A 7 BRI, AR ¢ 50K bl ¢ BT R
PRI (R IRD) 5 2 ¢ A0 ¢ AHSE  JOPREEA 15 CREBON IRD) Bl BRACK AR -
tipr = (2s,t;,t) SRJEEB IS ¢, SANEIARAM A W 12.2 Fros.

insertr t[] = [t]
. size t < size ty: tity:ts (12.4)
inserty t (ty:ts) =
Sy insertr (link t t1) ts

Horr link YRR/ DEE IR EERZEL R link t ty = (size ty 4 size ty,t1,t2)o
LA m B, m B9 KN R O(gn), SLESIEANRIPERE N O(lgn). Rk
ATIER 3 e 1k BN A )
YR I, FRATTR P4 N A3 3 R SE M 7 371 Sk M BR TT 3% o ﬁu%ﬁﬂiﬂlﬂ%%%f
& to (BRI 1), RATEERG to MIBR 30, 28 5 #¥ 55 — -5 4> ELEIERAS to, 9
S H R, il 12.3 FraR.



12.1 =L HATE 7] & 207

@@

A8 8

122t RN 21, @2, w63 (8) N 210 (D) FN 2o, BB [0 (0) TN 23, G5
A [to, ta]o (d) FN w40 GFRBHERLERN [ta]o () N 25, Z5F N : to, ta]o (F) Hi
N g, ZE RNy [tla t2]°

() ()
ONNONENOENG
OIOIOI0IONOIOIOIONOION0

Kl 12.3: MSKFEMMBRITER : () 21, 2, ..., 5 XTIV [to, ta]o (b) MMEBR 25(t0) o () MHIBR 240
L WA ERRE] [to, to, 1] BRIETT [to, ta]o
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extract ((x):ts) = (x,ts) (12.5)
extract ((s,t1,t2):ts) = extract (t:ta:ts) .
FH extract BIa] SZER RS L0 2 A MBS -
head = fsto extract
(12.6)
tail = sndoextract

Hrp fst (a,b) = a, snd (a,b) = b 5 HIRE—XHEHET P55
ARMRA IR SE B _E AT = RN RN R R 245 EEREERG 1 <i <n,3A]
SEIENLE RS I ) FE 4 T X SR TR T — IR B R AT e L BT R

L HeA @ RIARARAER — R ¢ BRI, 35 0 < size(t), MITCERAE ¢ H T SRAER ¢
AT

2. BN, 4 i =i — size(t), SR)F B TR R IR TR EHCR o ICR

i1 <sizet: lookupr it
(t:ts)[i] = (12.7)
A0 tsli — size t]

ot lookupr AERY AT =T WA 0 = 1. RATBERY AL G0, A4
B S8 A

lookupr 1 () = =
s
i<|z]: lookuprit 12.8
lookupr i (s,t1,t2) = 2 ' s ( )
A lookupr (i — L§J) to

P 12,4 3R T AR 6 B S FR S 4 IT R R S BRI/ N
2 < 4IRS TR RIS RGN ¢ = 4 - 20 BTORIIRAN 4 > 7 = 2,
MAFEHICZOAERIRA o BEAZRE N 2, AR TR TR/ 4/2 = 2, fir A
ORI AT SR EAE A A U A AT 0 5L AR R EYT I RYICER . RO, AT
ALMESUE R E @ BYTTE

MRAETe 2 " SR BPERT XETEA n TR MARRIRECH O(lgn). X+ T
5| i, s THE O(lgn) WRDRERLEIN . £ FORIIE RIS ROE L, &2
2 O(lgn)o HULEEHLS RIREATERED O(lgn).

%3 12.1

12.1.1. Aff b BEE 5 B R L ?
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(ons)
oo ©

(© @

K 12.4: 3KREL S[4]: (a) S[A],4 > size(t;) = 2 (b) S'[4 — 2] = lookupr 2 t (c)

size(ta)

2< LTJ = lookupr 2 left(tz) (d) lookupr 1 right(left(ts)), R[] 30

12.2 HFFRR

FEEEH n 1) Z BRI AR Z [AFFAER R i = 2% + 2'er + ... + 2™ e, H:
e, MO i FIIME. e = 1 AAAE—BROR/INR 28 i95E 4 — UM A7 81K ER AR
TEE X T RO 1 TR R BRSO 1o RATFRIXF S R FRTR
N T BRI IX TN B, FA TR A AL E P IRES ST Zero RRAAFAE
TR MEARAS— One ¢ FORAFAE X to IR IT AZE R D — AL BERPRAS
B, TS AN LB — BE A g

addt[] = [Onet]
add t (Zero:ds) = (One t):ds (12.9)
add t (One t'):ds) = Zero:add (link tt') ds

R ¢ NS B ZHERINTE - i Ao 25, RATEEIRES One ¢, 852 3
BOHHIME— Lo AT 041 = 1o FHARMAZS IR BRI E AL AU T2 Zero, TA10EE
—RES One t B fiitsd Zeroo XS T 306032 (.. digits...0)2+1 = (...digits...1)q.
BN 6+1 = (110)g+1 = (111)y = 7o MR ZZEHIELLE One t', FTATIN t HI ' KK
/R KRR RATEIZ LA o = (z) TR Rl AR/ N BRI
BE—NFHL,2,4, .20 o BV ¢ 0 SRR 3 IH MR A\ BRI R B T2
HIH One ' #ZHy Zeroo XY T @b HIIME (.. digits...1)s+1 = (...digits'...0)2.
B 7 +1 = (111)5 + 1 = (1000), = 8.

FENORBATH b kR M . R4 H&F —r One t, MEET
AN AT o XA, RIS 1 — 1 = 00 WMRFIELZA, HHEMZE One t, 3
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T HE R Zeroo XIS T —8tHIEE (. digits...1); — 1 = (...digits...0)5. {0
T—1=(111);—1 = (110)y = 6. AR ENLE Zero, Wit BAE Lo oA TR T H N )52
I FRAR B 4 L RPN t1 vt 4 Zero Rl One to, FFMER t1o XY
TN (. digits..0)a—1 = (...digits’..1)ao il 4—1 = (100)y—1 = (11)3 = 3.

minus [One t] = (t,[])
minus ((One t):ts) = (t,Zero:ts) (12.10)
minus (Zero:ts) = (t1,(One to):ts"), i : (s,t1,t2) = minus ts

ORI B E RS . BAEHREGTE, oI NI fEE AL % R8Ik
RIAIZSFPFIEA n = 2" ANTTRIE AR . ARAKAY —BEIZoR UL 12.1:

i Rk (5 AIR)
0 0,0,..,0,0
1 0,0,..0,1
2 0,0,..,1,0
3 0,0,..,1,1
m — 1 1,1,..,1,1
2m 1,0,0,..,0,0
AR IRET | 1, 1,2, ... 2mt 2

F12.1: HHA 2™ DR

RN B IR ARAL B AR AR AR AL, SRR 2m R AR A B — IR A
b, TR B e o SRR 2m L YR RS A L R ARt — kL BT
R — IR . e — D Ie RGN 1o A THEREAE ., 158
T=1+1+2+4+..+2m 4 2m =2mFTl SEIGAEGE NEIER 0 M8 2 A -
m—+1

2m

O(T/n) = O(=—) = 0(1) (12.11)

AT LM e N ) 23 P 20 3 SRy s BT ) o
%3 12.2
12.2.1. SEMBUESR R AIBERLTTIA] S[i],1 < i <n. HAn 2FFKE.
12.2.2. AT BUER S P Y MR E RS 2 M2 A=
12.2.3. AIPAHHCE R 2™ BB R /R 524 — SO (m @ B B H0D o 18 B S —

PR AR A FIREAL YT R o
Zg: 385 T



12.3 S E )

)

—_

!\.7

w

o

|fl =i+ LERZITCER R & > |fLJTRAE r AL H i — | f] ERLEITTER

1
2
3
4:
5
6
7

LU

insert Xy

front

: function INSERT(z, S)

12.3 XWHEAF

FoATHE 11.3 SRR AR B A S 1 W 12.5, 3 kxd Sk i 7 2% R
PNEH . ARSI ZRAY LR, TSN f SRR 1 BRI, i 2] r 220K
o F—XEFERZFE S = (f,7), S FRONT(S) = f, REAR(S) = r. BG4 AL

X2

X1

: function APPEND(z, S)

APPEND(z, REAR(S))

K 12.5: XK T

APPEND(z, FRONT(S))

Y1

»2

rear

211

append

BERLYT ISR ¢ A TCER IS, JRATEHIM @ K512 f 82 v, SRR FEMEITR. #
@ < |fIICRAE f e BT f A e SKXESREERERY, LA f SRR [ A R RS 1L

: function GET(3,.5)

n < SI1ZE(f)
if i < n then

else

return r[i — n|

IR T AL f

return f[n —i+ 1]

A2

f,r < FRONT(S), REAR(S)

‘\/\

2L MR —MIATTR, TEIKE . 4 f 8ir T

> SIFE 5]

[ ]I BeATPH 5 — B0 B SRR AT — 2 SRR I — X BTRYB AL [ r 2XSFR

F

=

1
2
3
4:
5
6

o FATATLAACHE fur, 33 5P H BALANCE, R for 32 [E2R

if I =[] then
m

k « LEJ

if R =] then

ke L5

: function BALANCE(S)
[ < FRONT(S), r < REAR(S)
n < SIZE(f), m < SI1ZE(r)

return (REVERSE(r[1...k]), 7[(k + 1)...m])



212 Fr=% K7l
9: return (f[(k + 1)...n], REVERSE(f[1...k]))
10: return (f,r)

FEAFUIMBRIS , AT VAR for A Il PR

1: function REMOVE-HEAD(SS)

2 BALANCE(S)

3 f,r < FRONT(S), REAR(S)
4 if f =] then

5 T[]

6 else

7

REMOVE-LAST(f)

8: function REMOVE-TAIL(S)

9: BALANCE(S)

10: f,r < FRONT(S), REAR(S)
11: if r =[] then

12 Fel)

13: else

14: REMOVE-LAST(r)

T

B R R TR o

%3] 12.3

12.3.1. XM B 7 SRR B 2 P2 42

>S5 =([][=])

>S5 = ([z],[])

BT SR OBOSALy SIAE IR OL R EREDN O(n), B n 2014 (H

12.4 AEETIER

BIRAT LA O(lg n) B AR = SUR BEAILYT [ AR AR A S BEr T N MR =51, (2
TP PIIHAE T o BATNRER FHURE A — SRS FF R, MR EA W 12
KANHREIRIRS o 18] 12.6 25 HY T — P ] B A1 3R S 28 SO BIMRAF i e S 3RO 28—
PICE 21, HETCRP AT R B/ N P20 B4 R Bog — R i X
Lef A SERTBAS (I 11.5) L. FAHEFIIERIRA (21, Qr) = [21, T2, ., Tn o
L EERD IR (y1,Qy) = W1, 2, - Y] B BAPEHNINE] Q, HIETR. 12
FIBBE AR o SERS BASI RN B REDA T 40 i) RIS e ) 1 E 2 S

[FIFY o
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4] (&) Cp
X, X35 ees Xj Xit]s Xj2s s Xj Xfo Xt 1s s Xy
(@)
€1 € Cn Cn+1
X5 X35 s Xj Xit 1> Xit2s 0 Xj Xho Xt 15 s X Y1, Y25 Ym
(b)

lzl 12.6: ﬂﬁ%ﬁ”% (a) (xlaQa:) = [xlax%---axn]’(b) j;ir:% (ylaQy) = [ylay%“wym}
*Hﬂ:ﬁﬂ:)\M CnJrl i” Qmo



214 Ft=% Al

SH I = s
THs = s (12.12)
(z,Q)#s = (x, push s Q)

TNHILER 2 I BA VR — D HRITRIIK (2, 9) AR HERGE kK

{insert zs =(2,9)4s

(12.13)
append z s = s+ (z,9)
AT RS R S AR MBR TR AR B A I o 0 AR 0 IMER ISR 9 T A

TR 2 R FORHY RTIER IS . BT EMB e e i s —il, R l—1
woz.

concat g = O

(12.14)
concat @ = (top Q) 4 concat (pop Q)

E AR ARSI ASI o BAEEE—BRFH BN, S8R5 VT HIeRE SR AR B 1
PR BN s, AT o1 s BEGER . BATMEH] concat MKHRMIFRITER -

tail (z,Q) = concat Q (12.15)
Bk concat W T AF, B VAHB) — MR AW EER . XART LS T Q Bt
frEmglEr

fold f z@ = =z

(12.16)
fold f2@Q = f (topQ) (fold f z (pop Q))

HA f 2R TIHIFH I8, 2 270, N2 LSS melT, 4 Q =
{1,2,...,5}.

fold(+)0Q = 1+2+B+(4+(5+0)))) =15
fold (x)1Q = 1x((2x(3x(4x(5x1)))) =120
fold (x)0Q = 1x(2xB3x(4x(5x0))))=0

FATAT AR B AR E X concat (PR ) -
concat = fold (4) @ (12.17)

T D0 T N TR0 B e BE LA A o MHBRERAEROTE REAE SRR O T 22k
PER o ELLAZ FHIM n ATTR G SERIAT— M BR . S 2 SR n — 1
PR PITR(RAEE MM FT ) o concat T5% O(n) AP TIHIH. HHE
T AR IR R R TRI Y o
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12.5 FigH

T SUBERLYT RIS FR AT ALE K FH AT ) (o3 i N I, DAX SN [A) 361 7 Bl
MLYTIH] . (HZXELAA B INIC R  tWICIE TP e e . A& 8 R AEA% F B U
0] () TSRS, 463k BASHEEUN AfEA o EARREH R BEATRENLYTR . XM
MIFERRTRAT: 1 TR 7 A 7 [0Sk« BB LA T8N 5 2. 4 A i 1 B 254 (f31]
W) RTREBE ALY IR0 5 B0 20 T YA 2 O 2R o T 0% A T 3k R s sk Sl 41 1)
BB PEE R IR R E . FHMAIH T 2-3 8 (—Fh B-#) o —# 2-3 RHELS
TR AN (B, ) B (1, 22, 23)

data Node a = Br2 a a | Br3 a a a

FESLTFHER N N = FiE e —:
1. =2 o;
2. BRI T (2);

3. W& =W MR A TR LN (f tr). BNTHRE MR 22
G 3 ILR.

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.5.1 A

W 12.7 s (1) 8 2.(2) 2l IMITRIFER. (3) &AM IITR. 74
FE for FHET (4) MRBSAHATTR , f T 2-3 WEIRE. (5) IRE1-# . f
FHaha 2 LR PRE R AR 2-3 ARG IXLEH] 7 R] AR N

%} Empty

(a) Lf a

([b], 2, [a]) Tr [b] Empty [a]

(ld, c,b], @, [a]) Tr [d, ¢, b] Empty [a]
(If,el, (d,e,b),[a])  Tr [f, €] Lf (Br3 d c b) [a]

HEERE— 07, thRED R — A FRRGEIEIHR . B for
FHEH RS 2 — R ERAY TR € 3N Tree (Node a)o TREEHIIN—2%, 2 ik
Yo LHRYPIFLERINA TR TR ATTRAE AR FATATLAAZNIN T o [ —
RFFER T Hhafi a I

Lo LR BESCRT (front ) « J5 (rear) [ & 7 6E
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@ b | oNLa (afc]o] w

We  (2)() ®3) ([, 2, [a]) (4) (d; ¢, ¥], 2, [a])

()
aalen
OI0I0

(5) (le; f1, (d; c,b), [a])

K 12.7: Faty

L WR T = o, MR N HITRIT (a);
2. R T = (b) B 4M7. 458N ([a], @, [b]);

T =(ft,r), MR f PR DEONE 3.6 a AT f o AN f e 34
TCERBN—IRHH 2-3 B ¢ 3B IAHCRE ¢ SBAE ¢ b BJRH a AR f

insert a ¥ = (x)
| insert a (b) = ([a],2,[b]) (12.18)
insert a ([b,c,d|,t,r) = ([a],insert (b,c,d) t,r)
insert a (f,t,r) = (a:f,t,r)

B 7B RSN LB DU AR B R (A o B VR BEUR TR A= o, ol
T 2-3 WIFLERF-T-5, UL h = O(gn), b n B2FEM AT RIT T 2
VAT EAS P AR 47\ B9 20 B2 2 B DA i R ) O 07 o 3l Tmr LA P e
B TIOLERAm AR

xs >t = foldr insert t xs (12.19)

%3] 12.4

12.4.1. HERiBIA, EERE T LB TFHR AN
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12.5.2 IR
MELTMNER AT LAEVERXT insert 3E1T 104

extract (a) = (a,9)
eatract ([, 2,[}) = (a(b)
extract ([a], @,b:bs) = (a,([b],,bs)) (12.20)
extract ([al,t,7) = (a,(toList f,t',r)), 1 : (f,t') = extract t
extract (a:as,t,r) = (a,(as,t,r))

Hrfr toList 1R 2-3 RN I3 :

toList (a,b) = la,b]
toList (a,b,c) = la,b,c]

FAIE L T EE5 RGN IS MIBR) o ISR FHeR 2 TRt 1, g5 A%
B AR TR RS IR, FOTIMER f HREITE, SR BRI iR f
RS E—ICE, RS, T e A2, AT f HRiME—JTR, SR r
M —DITERBN fi iR f RA—ATE, M R FAROR A, F-A T H H A i
TR — 5 5 SR X — 19 s A A 4 i R AR fo DR f A rE—TT
FHEMBE s an iR f A — A LLERITE, ATHE — IR M. B 12.8 BoR T ¥
FISLER I BRI TC R BB 7o S extract, F-ATTAT LAE SLH head 1 tail :

(12.21)

(12.22)
tail = snd o extract

{head = fstoextract

%3 12.5
12.5.1. HERiBIH, FHEERSEBUMER o

12.5.3 BEEPiRE
AT LAGHFR M SEEE R # s i MR o

append & a = (a)
append (a) b = ([a], 2, [b]) (12.23)
append (f,t,[a,b,c]) d = (f,appendt (a,b,c),|[d])
append (f,t,r) a = (f,t, 74 [a])

R r PETTEAEI 3 4 BEEHITRININE v KR AL r PEIRT =4
JUER Y A —RHTHY 2-3 1, 3 IS In 2 o ] B B RE e DUt T LU 220 &
INESAE T ICFEMIE KR TFHE :
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A1 12.8: JHFR: (a) &8 10 TICEIIW . (b) MER—ICR)E. f ER— I (c)
YR — A TCE AIAFA8 T R BN 2-3 RS2 Aoy f o
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t < xs = foldl append t xs (12.24)

MR HR I B3R 1 T AN I R A -

remove (a) = (9,a)
remove ([a], 2, [b]) = ((a),b)
remove (f,,[a]) = ((initf,d,[lastf]),a) (12.25)
remove (f,t,[a]) = ((f,t' toList r),a), HH1: (t',r) = remove t
remove (f,t,r) = ((f,t,init r),last r)

Hrt last RPN LR 5 — IR init IR B AR (L (1.4)

12.5.4 &%

Ty H# Too FEMEFRWEA A SIEN T = (fr.t1,r1) T = (fa, t2,r2)0 FK
I fu VERIEREE RN f H ro EREE SR ro SRIEHE ti s fos to B FFHTA]
F o T B fo #UE T OB BT DX SO T 00 R A -

merge ty (r1 4 fa) ta =

t F to WERE FHaWAB AT T F0 To W—90, 5 Ty PRI R LR o, N1 ¢
TR BN Node ao FRATGEIAMIETEIFRBE ¢ 19 f FHafl . 19 r T4, 9805
V¥ ty F o FUHRRIES St 1w THaH 62 1 f THa 6.

merge S tsta = 15> to
merget; ts @ = t; < ts
merge (a) tsta = merge & (a:ts) ty
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)
Hrh nodes ¥4 T RAL I —4H 2-3 1. X E R AFRFRPETHELA,
FHHITCHE IR R

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
XFEEATHT LA merge SR E LF RIS HUEERS -
(fi ti,r1) H (fa,to,m2) = (f1, merge ty (11 4+ f2) ta,72) (12.28)

FLIGX— 5 SUFIC (12.26) , EEREERAE AR _Eat 2 A IEERAE  FRATATLAZS i F I
I E X
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T, # Ty = merge Ty [ ] Ts (12.29)

R MEREBUR T2 T A & FFERAE . B HAGER BN PRI TR/ N —#R e T
2-3 REH-PAT e, FIMEI RN O(1gn) Hrb n ATCRIM . BRI FREM T
PEREFE N —HE (R Z W insert 8 Y1) N4 PEFEI A, SIMELILA O(m), Hirpm
PRI IR 22 S LRI E 2B O(Ign) , Hit n 2 FIRR TR H S A I T
EYSEi e

12.5.5 BE#LiA)

FANTRY SR ZACRELYT RO R . 0 T8 B TR BRI, 31454
AR RIS s BRIDRHASGHITE N (s, fit 7)o

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

XH size (z) FFA—ER 1o ZRN 2 Al REZHIRIT R, Bl Node a, i H
AHBE BN ANE 1o BT LAERABGRINE {8810 R « e — 1
FICH (2)e, IUEIXTHICHIR/NN 1,0 size (2)e = LS IBIT) o

x <t =1insert (x).t
(12.31)
t> 1z =append t (),
A
rs Lt = foldr (<)t xs
foldr (<) (12.32)
t>xs= foldl (>>) t zs
AT FTFEARIN 2-3 BIHTA/
size (ti,ta) = size ty + size ty (12.33)
size (ty,ta,t3) = size t; + size to + size t3

XTI 3R (IR — R T-45) FATAT LA sum o (map size) SRR/,
TEE NI R IR VErR TR0 T B RN B/ MBS L 55— MR 4, 7]
LAB TR 2 B BT 5. FARR RIS : (s, £ t,r) . Tl 14X T4
BRI st s = sy 0 5o IR0 < o UERALT: /o BRATHE TR
15 f FREEHR N 57 < i < sy 4 s WERRGET ¢ BATRITLE ¢ FP g F00 H b
B v oo BRI Ab RN TE T BRI T (o) M 0. BATFI—XHE (i, 8) %R
TERCRERA TP i FORLE I R BRI lookupr WTF
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lookupr i (z) = (i,x)
1< s5: lookup, i f
lookupr i (s, f,t,7) = (s;<i<s;+s;: lookupy (lookupr (i —sy)t)
AN lookups (i — sp — s¢) 7

(12.34)

XH:s; = sum (map size f),s; = size t, 50 B2 FHERBIFRTHIR /N GnkR

FEM AT R (o) REALT @ BN 5500 (4, ) o AIIFRATTHEIET @ AT (s, f,t,r) H
W35 AR TRIE T8 f,r L FOURE L TR P& Ic %

i<sizex: (i,x)
lookups i (z:xs) = (12.35)
A lookups (i — size x) xs

R i RETFIRATCR @ (i < size z)  FATRF] (7, ) , WA TR T
JCRe WER i AT RIUE TS f,r, MAERIE S ¢ BTSSR R A A3 2L
B (1 m)e XHE mZ A 2-3 B, AT R PR

i <sizety: (iytq)

lookupy i (t1,t2) = {

A0 (i — size ty,t3)
i < size ty (i,t1)
lookupy i (t1,t2,t3) = 4 sizet) <i< sizet; +sizety: (i— sizeti,ts)
111 (i — size t; — size tg, t3)

(12.36)
TATHTA THHER/MEEANITTER « BEEAE (v)e 1, BARNFENFE 2
B E

Filookupr i T = (¢, (%)) : Justx
T[] = {E pr (@ (@)e) (12.37)

I Nothing

FATFIHTT 2R Maybe a = Nothing | Just a RFEREK DA HE] 2. B
B3 [R] 5 2036 HAE TRt Fh s, 38 R BB TR IR o T TR Py
BEALYT RIS 2R O(lgn) , Hdt n 2 fEA# I TR T EL.

AT FHER SR e AL SR A G AT RIFRIIEERE. k. BRI PEE
Z B H BN 1), AT ALE P ) A i T B 40381 BERLZR 5] 0T BIAREE N IR, AT
I T IR EER A« TR AT LM S A Tt — 2L U [T 3T, FRATTRT LA
FAFFF 5230 MTF? Zafid ik . MTF R 5L A @ (o0 R sh e Fnim (L
23] 12.6.2) :

mtfiS=x<8 Hfi(z,S") = extractAt i S

2 RSB T S RAOALE 1A Java/C- 411 Optional<T> 3T
3#37 move to front 45 . BN T BWT (Burrows-Wheeler transform) 4 4525 o
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EJE T EE T o, BA TR 3R R 7 R 2 AR 580 SR P
LARCERTRASIE ARG BN 4745 B LR RA R A K%

%3] 12.6

12.6.1. FEREHLT AR, Qnfaf AbFRZS M @ FIZR 5 RO R 1E i 2
12.6.2. SZHR cut i S, AEAIE i T4 S 4T

12.6 B3R BIFEF
LS 1515 (R

¥t+=%F &7l

AHER IR

data Tree a = Leaf a
| Node Int (Tree a) (Tree a)

type BRAList a = [Tree a]

size (Leaf _) =1
size (Node sz _ _) = sz

1ink tl t2 = Node (size tl + size t2) t1 t2

insert x = insertTree (Leaf x) where
insertTree t [] = [t]
insertTree t (t':ts) = if size t < size t' then t:t':ts
else insertTree (link t t') ts

extract ((Leaf x):ts) = (x, ts)
extract ((Node _ tl1 t2):ts) = extract (tl:t2:ts)
head' = fst o extract
tail' = snd o extract

getAt i (t:ts) | i < size t = lookupTree i t
| otherwise = getAt (i - size t) ts
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz t1 t2)
| i < sz “div’ 2 = lookupTree i tl
| otherwise = lookupTree (i - sz “div’ 2) t2

BEAILYT R AR BUE AR -

data Digit a = Zero | One (Tree a)

type RAList a = [Digit a]

insert x = add (Leaf x) where
add t [] = [One t]
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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

e eIk

Data Seg<kK> {
[K] front = [], rear = []
Int length(S<K> s) = length(s.front) + length(s.rear)
void insert(K x, Seq<K> s) = append(x, s.front)
void append(K x, Seq<K> s) = append(x, s.rear)
K get(Int i, Segq<K> s) {

Int n = length(s.front)
return if i < n then s.front[n - i - 1] else s.rear[i - n]

RIS

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) 4 xs
append Xs X = xS 4 wrap x

head (CList x _) = x
tail (CList _ g) = concat g

FHat:

— 2-3
data Node a = Tr2 Int a a
| Tr3 Int a a a
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— Tt
data Tree a = Empty

| Lf a

| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } — #}ILTE
newtype Seq a = Seq (Tree (Elem a)) — &4

class Sized a where — T{[&A/h
size :: a — Int

instance Sized (Elem a) where
size _ =1 — JLEMA/NEAL

instance Sized (Node a) where
size (Tr2 s _ _) = s
size (Tr3 s _ _ _) =s

instance Sized a = Sized (Tree a) where
size Empty = 0
size (Lf a) = size a
size (Br s _ _ _) =s

instance Sized (Seq a) where

size (Seq xs) = size xs

tr2 a b = Tr2 (size a + size b) a b
tr3 a b c =Tr3 (size a + size b + size c) a b ¢

nodesOf (Tr2 _ a b) = [a, b]
nodesOf (Tr3 _ a b c) = [a, b, c]
— e

x <| Seq xs = Seq (Elem x “cons’ xs)

cons :: (Sized a) = a — Tree a — Tree a

cons a Empty = Lf a

a (Lf b) = Br (size a + size b) [a] Empty [b]

cons a (Br s [b, ¢, d] mr) = Br (s + size a) [a] ((tr3 b c d) ‘cons’ m) r
a

(Br s fmr) =Br (s + size a) (a:f) mr

cons

cons

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)

[a] Empty [b]) = (a, Lf b)

uncons (Br s [a] Empty (r:rs)) = (a, Br (s - size a) [r] Empty rs)

uncons (Br

uncons (Br s [a] m r) = (a, Br (s - size a) (nodesOf f) m' r)
where (f, m') = uncons m
uncons (Br s (a:f) mr) = (a, Br (s - size a) fmr)

75
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— MRS
Seq xs |> x = Seq (xs “snoc’ Elem x)
snoc :: (Sized a) = Tree a — a — Tree a

snoc Empty a = Lf a

snoc (Lf a) b = Br (size a + size b) [a] Empty [b]

snoc (Br s fm [a, b, c]) d =Br (s + size d) f (m “snoc’ (tr3 a b c)) [d]
snoc (Br s f mr) a=Br (s + size a) fm (r # [a])

last' (Seq xs) = getElem $ snd $ unsnoc xs
init' (Seq xs) = Seq $ fst $ unsnoc xs

unsnoc :: (Sized a) = Tree a — (Tree a, a)
unsnoc (Lf a) = (Empty, a)
unsnoc (Br _ [a] Empty [b]) = (Lf a, b)

unsnoc (Br s f@(_:_:_) Empty [a]) = (Br (s - size a) (init f) Empty [last f], a)
unsnoc (Br s f m [a]) = (Br (s - size a) f m' (nodesOf r), a)
where (m', r) = unsnoc m
unsnoc (Br s fmr) = (Br (s - size a) f m (init r), a) where a = last r
—

Seq xs H#+ Seq ys = Seq (xs >< ys)

Xs >< ys = merge xs [] ys

t <<< xs = foldl snoc t xs
xs >>> t = foldr cons t xs

merge :: (Sized a) = Tree a — [a] — Tree a — Tree a
merge Empty es t2 = es >>> t2
merge tl es Empty = tl << es
merge (Lf a) es t2 = merge Empty (a:es) t2
merge tl es (Lf a) = merge tl (es+#[a]) Empty
merge (Br s1 fl1 ml rl) es (Br s2 f2 m2 r2) =
Br (sl + s2 + (sum $ map size es)) fl (merge ml (trees (rl 4 es 4 f2)) m2) r2

trees [a, b] = [tr2 a b]

trees [a, b, c] = [tr3 a b c]

trees [a, b, ¢, d] = [tr2 a b, tr2 c d]
trees (a:b:c:es) = (tr3 a b c):trees es

— il

data Place a = Place Int a

getAt :: Seq a — Int — Maybe a
getAt (Seq xs) i1 | 1 < size xs = case lookupTree i xs of
Place _ (Elem x) — Just x
| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a
lookupTree n (Lf a) = Place n a
lookupTree n (Br s f mr) | n < sf = lookups n f
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| 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

75
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13.1 [RIFHEF

% AL /N R AL A K HERA

L B—AN/NAAZGET . Fra H sl s 24 1 22 25 5 B oAb s i b 210 4
2

2. Fra vl e A e N AR X R

Bz Srim o (K < [102, 100, 98,95, 96,99, 101, 97], 3 13.1 fifiik 7iX—4E
PAIERE . 28—, Bl 102 BORAGZ 745 F, LM IR EME (BR LA RIZE) « 1875 fildk
5 AR AR EAl A, GnEe b 28 AT IR, B0 102 KA/ M A G E] 1
AR AE (FRLEASIS) o S8, Bl 100 BORFYZ 7245 F B &l 98, 95,
96+ 99 JEK /N AR T A 220, B isioh 101 JROR BN ARG T M. e
BT B B 98 JEKEY/ N A RN A 3246 - B o 101 JER /NI A
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MR (BAMARE A — A, e kS . EE RN IE BRI A AR
Eillh e QAR

102 100 98 95 96 99 101 97

100 98 95 96 99 101 97 ‘102’
98 9% 96 99 97 ‘100 101 @ ‘102’
95 96 97 98 99 ‘100" ‘101" ‘102’
‘95" 96 97 ‘98 ‘99’ ‘100" ‘101" ‘102’
‘95’ ‘96" 97 ‘98 ‘99’ ‘100" ‘101" ‘102’
‘957 96”977 ‘98 ‘99’ ‘100" ‘101" ‘102’

# 13.1 L SR

FATAT AV PaEFP 05 o XTFP81 L AT HE I -
o ¥ L= [ MHEPE RO [ s

o BN FE L AT — D ICREAENEME p. X3 A L AT p T RHET
BEERET p AEN, BRNSETA KT p o RHEF . 85 R E T HM .
FATE AR AR “SRIG7 o A A PN A28 T HE R il LAFF AT Dl HER 2 /R
(C. A. R. Hoare) ££ 1960 4E#2 H UL U9, @ 38 A 1 B iy e e Bofe . X LA
L RIETRE BRI — T N R p:

sort [| = []

13.1
sort (z:xs) = sort [yly < xs,y < x| # [z] # sort [y|y < xs,z < y] (13.1)
FAEH T ZF Fekz AW 1.3.1.1.6) )73 #1154~ iy 41~ Aid -
sort [] =[]

sort (x:xs) =sort [y | y«xs, y < x] ## [x] 4 sort [y | y«xs, x <y]

HAVBBAGEIEUFHEF? o AT B HER AR (<) R R X80y 7 AF R T
SR . BADIAZR—E LT M2 E e mEER L 0 9.2).

13.1.1 X%

AT T W B — YGRS TIrf < @« IR, 8 U0 ITE > = TR,
LR ENTEH:
partp [] = ([LI
{p(x : (z:as,bs), Hrf : (as,bs) = part p xs (13.2)

N (as,x:bs)

partp :x8)

XA PRIAHE 7 A E LN -




13.1  HeikdE 229

sort [| =[] (13.3)
sort (x:xs) = sort as 4 [x] 4 sort bs, {1 : (as,bs) = part (< x) zs .
o] DU B Lo (RT AL -
partp = foldr f ([],[]) (13.4)
Hrr:
f (as,bs) x = {p(x) + (zias,bs) (13.5)
A (as, x:bs)

XA ERRFRI SR (as,bs) RBRERE # p(z) AL, MR © 2] as, 50
KBF bso BAL NI

partp [ ] as bs = (as,bs)
p(z): part p xs (z:as) bs (13.6)

part p (x:xs) as bs =
A part p xs as (x:bs)

X x:xs PATRIGFINFRIER N (as, bs) = part (< x) s [] [ ]o
FIH R & s % sort as 4 [z] 4 sort bs AT + JHE:
sort' s[] = s (13.7)
sort' s (x:xs) = sort' (x: sort’ s bs) as
ENZHIR A HE : sort = sort’ [ o Kl 5e R IHHY as bs o FATR]
LASEXT bs HEFF K o SERERIZEIAT AR “ RGNS SR

sort = sort' []

sort' acc [] = acc
sort' acc (x:xs) = sort' (x : sort' acc bs) as where
(as, bs) = part xs [] []
part [] as bs = (as, bs)
part (y:ys) as bs | y < x = part ys (y:as) bs
| otherwise = part ys as (y:bs)

13.1.2 [FEitHEFF

PATTHE TR A [ 43 HEFp o 11 1301 4k T — v i i iy g7 ik B
MZEa AT . AR EZAA A 13.1 (a) Froshy 4 S04l

L /e 3EHE po JUMEE RIS p HERS S EI B 2 5
2. —BHAE <pHMde. X —BRANIL AN L
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p =[] Fh R L AR
x W
x[1] <p >p ? x[u]

X x[u]
(b) JHf
p L R
\ | J
X[]} L <p B x[L}’ e > D x[u}
A
(c) 4R

131 FE A TCERVERME p 30— BoEAd

3. —BHAE > p . X—BIANLF N Re LR ZRHIJCRERAT p:
4. RJFTHMICER WAL E . XERHIICR A RER T2 KT po

KR, L &1 p, RAG1A p B R — LR, EE 13.1 (b) fion. SRE A
A2 R pEATALEL, BB R MO EEH A M FEakA #RELER R f5 R ITRA po
# 2[R > p, EMALT LA R ZJA] FAIREEAFTH D) R B0 2[R] < p, @Rz T
LMo Sl LR ai#s sh—2 SR IG5k o[ L] fl «[R]. 5 R Gd s — g,
FrA TR LS. > p RTCREBAE SR T L AW, MHETTRAT L 2.
WS AR ERE 3 p, MEATXWER T ML, FA15CH p fl 2[L]. W0F 13.1
(c) YRR T ks e L 4510 p RN B A o BATRE L AF 550 RY
SESGRIE] . O T TSR ARALEL, BATR LN 1 R ERRIE R T p RICR. £
BN A A5R05 IXTREY _ETF FON 1w, R 20 SN -

1: function PARTITION(A, 1, u)

2 p < A[l] > FEE
3 L+« 1 > el
4 for Rin [l + 1,u] do > R LA
5 if p > A[R] then

6 L+ L+1

7 EXCHANGE A[L] <> A[R)]

8: EXCHANGE A[L] > p
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o: return L + 1 > 3R B A
3.2 45 T RIEH [3,2,5,4,0,1,6, 7] HIZEER,

3()  2(r) 5 0 1 6 7 Hia.p=30=1r=2

3 2()(r) 5 0 1 6 7 2 <3, B l(r=10

3 2% 5(r) 0 1 6 7 5> 3, Yk&k

3 2(1) 5 4(r) 0 1 6 7 4> 3, 4kzk

3 20 4 0(r) 1 6 7 0<3

3 2 01) 4 5(1) 1 6 7 5l 1 SRS v 25 f

3 2 01) 4 5 1(r) 6 7 1<3

3 2 0 1y 5 4(r) 6 7 ¥l 1SRG H1 346

3 2 0 1) 5 4 6(r) 7 6 > 3,4k%E

3 2 0 1y 5 4 6 7(r) | 7> 3, 4ksk

12 0 3 5(1+1) 4 6 7 kG IR A8 R p AT

7 13.2: ST EeA

i Fl PARTITION, A LASE IR HE 77 40 F -

procedure QUICK-SORT(A, [, u)

—_

if [ < u then

N

3: m < PARTITION(A, [, u)
QUICK-SORT(A,l,m — 1)
QUICK-SORT(A, m, u)

HERF I NECH | 4 QUICK-SORT(A, 1, |Al)e UNERET F BEN 2880 R
A IR, W EER

i

o

%3] 13.1
13.1.1. Pk EEACHEHE e 1 2 S A FRIT R B AL F

13.1.3 [4EESIT

PRHE LSRN R RE R AT RIFIFOLT B 5 \F?ﬁﬂ ik 13.2 R 3k

EO(lgn) YoB AP M #2109 AR n ATTE B JZRI I BRIRAL

f% n/2 PICE  SAHATRIRY 20(n/2) = O(n). *”*F%Jéj\lll{/”\ FFIRALTE n/4 A

TCER BMAPRITR A HE O(n)--- e — BRI n PREL BB IER, &2
R O(n)o Fr A JZ IR RIS OL T FITEREN O(nlgn).

BINMEOLE AT — 50 1< O(1), 53580 1< O(n) o #BIHIRELRIE N

O(n)o FIFFOUT  PudHE IR 2 — P — 3R BB LT 2 — RIA P Y
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n
/\
n n
2 2
/\ /\
n n n n
n n n n
Ign

P 13.2: SRR DL, BRI

W AT R R, BN AS . ZXREBH MR EEN O(n) HOHESR .
MAEAE— R, A RTCREAL TR, B EIL N IITERE O(n?), RIHEAHER? - 164%
AEFFRITEREM o BATAT AT & LA S 1 0L, PIANK R TR AT TR B EH S
HONFAI 93 o BATTICIEEB B e AR O

FIER %

PO HE AP P RE R AP BIEERE R R 530 1:9 B S . YEREISA N
O(nlgn) Mo MG HBF T B FEEI FINE 2B . Jik—FI A ROk
EEREN o FEIESEHERE R AT A TR AT T AR PR G TR AN T
HIELEE . B T&FIR (a1, ag, as, ..., an] W68 ay VENERHE, R EEIR N A = [21, 7o, ..., 4]
B = [y1,Y2, o Yn—k—1]o W5 As B HHEVEMITTERAA B TR R 25 AR
y; D) o B EmAHEF RN [ay, az, ...y an] 47 a; < aj, BHAUCH AR —TTER ar Tl
S a; < ap < a;,FH ap 7 a; 8 a; ZBIBGEAZMER RFEX a; 71 a; HEATHR.
PRV A ai 5 a; FATHEL B4 a2 a; —EETA a1 < aige < .. < aj_1 Z
HIREIE A EE . 4 P(i,5) 3R a; T a; BEATHLACHIRESS , FRATTH

) 2
P(i,j) = " (13.8)
SRR -
n—1 n
Cln) =Y P(i,j) (13.9)
i=1 j=i+1

MR T aiva;, WEHATK ajva;, 7 H a; MASTIAC . Bk B
i BB 0 — 1,5 BRIRA @ + 1o IR

=l (13.10)
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(o AL

1 1
Hn:1+§+§+....:lnn+’y+en
T
n—1
C(n) =) _O(lgn) = O(nlgn) (13.11)
=1

SRR IR o ATUZRKE ., RIS EI B EER i Fln— i — 1
g . RAM TR HOBE N p RIS TE 2 IR eno BB TN

Tn)=T@{)+Tn—i—1)+cn (13.12)

Horp T(n) @IAEEN n RIS BEATHOEHEF BT R E o @ DUAHTR RO AE
0,1,...,n — 1 HHUE. X BxCHUE IR :

n—1

T(i)—l—%ZT(n—i—l)—i—cn

n—

T(n) = E(T(i))+ E(T(n—i—1))+cn
1 1

=0

= ;;T(z) + n;Tm +en
= 7217:2__; T(i) +cn
P ]S e LA
nT(n) =2 nz_: T(i) + cn® (13.14)
i=0
R n FHn — 1R 755 55— S5
(n—1)T(n—1) = 2T§:T(i) +e(n—1) (13.15)
i=0
G (13.14) w2t (18.15) JHErAN T0), HF 0 <i<n-—1,
nT(n)=mn+1)T(n—1)+2cn—c (13.16)
A HHIT ¢ ALTRN :
T(n) T(n-1) n 2c (13.17)

n—l—lz n n—+1

IR — 1o — 2-++-- B — 1 AR
(n ) (n )+ ¢

n n—1 n
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3 2 3
R B S5 2R IR A ARIRT R AL T8 o BRI

Q) _T() %

::7_1)1 = T;”—t—%;; (13.18)
T IR e 25 5A -
O(m) :O(¥+2clnn+v+en) =O0(Ign) (13.19)
Al
O(T(n)) = O(nlgn) (13.20)
13.1.4 B

PARTITION TEA I KR E & TR PEREAE . 5 ESA n MHE TR IR T 5

[z, z,..., 2]

L MRYEE SRR JURENIME p = = K A — 2 PSR n — 1R
Gz, 2,y alo SRIGBIHMIACN n — 1 FFIHERF . BEAREEN O(n?).

2. HEME <z ®l >z X5 SFREWNZTFHMn DNET 2 TR N5
B IHFET RN R . ZERK [ ] [z, 2] 4 [ ]o BEZEH O(n).

A — R SO R RIS R EE TR .

sort [] = []
(13.21)
sort (z:xs) = sort S+ sort E 4 sort G
S =y xs,y < x]
E =y <+ zs,y = 1]
G =y« xs,y > z
i BRI itk S EG 19348 gsort = sort [ | H:
t A = A
sort A ] (13.22)

sort A (z:xs) = sort (E 4 sort AG) S
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E iR Il . SAHRBEE AXT G i S8R B SR 45 R AT
VR R G S HEFF o KI5t T LA SR ARAR 1 24t :

part SEGz[] = (S, E,G)
y<z: (y:S,E,G)
(13.23)
part SE Gz (y:ys) = qy=x: (S,4:E,G)

y>xz: (S, E,y:G)

(ABZS T 55— Rk U F338 DA HET 197 1) i B e SR P -

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

FEZTHE v (Sedgewick) 25t T IR 53 772 T fEWANREE 4,5 WZEA
PIIUAR IR A3 . TFIRRT 4, 7 fRR B AR A 5 R A M TR AN BHE po SR)F
RS i A EEDEEIED > p IITE: A5 AR J A E AR
< pHTCE. W, A @ ZZAMIIEER < p.j AAIITE > po i f5l—4 > p T,
1M j f5 1 —4 < p BYICE . WA 13.3 (a)o 4 THGAE < p BTN 2/, HATT
X BAM, FAT5CHE < K 7 FE IR P ICR . AARERSA BB BRI R E R
A0 FHBEE S . AR BRI 2], SRR A SR Ay @ ZEMR TR (B4
OH < pi A J ARG ICER (BA% ) #0 = po @ 1 j ZIRIFICER WA . W1 13.3
(b)e

i p >p <p
\ .
x(1] we <P x[i]] ... 7 ... |x[j] > D

(a) $5%F 0 A0 j 15 L ATRERY

FEp i J
x [
x[]] . <p.. A e P

(b) KIS

] 13.3: XA 4

PR LA R
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PR IS Ty SR Y

= i~ j A SR | T B U NI S K B ML HE p S 7 g TR AY

H bo SRJE I IXTATT A UM Z R B All..j) i AR XA _E 5 v 22 A
My B Ali.w) 38 HHER o

1: procedure SORT(A, !, u) > HEF X E] < [1, w)
22 ifu—1>1then > 8 1A LALERIIER
3: 11, j+u

4: p <« All] > B
5: loop

6: repeat

7: 14 1+1

8: until A[{] > p > 20 i > u HIIE D
9: repeat

10: j+j5—1

11: until Ajj] <p > 20 § < 1 RYTE DL
12: if j < ¢ then

13: break

14: EXCHANGE A[i] +» A[j]

15: EXCHANGE A[l] < A[j] > %35 p
16: SORT(A, 1, j)

17: SORT(A, i, u)

% [& IR T ZAR AR S AN 7 O - B o S B, LAY g KA BT

SR S ATERETD RN O(nlgn) , BRI . FIMHTIY SRR H L X — 7 HA A0 5C
HUCRCE /D o BB T AR B T B — U AT AR HEA AR o B TAT LIENL 4340
M= BRI Aok RS TR TR BITHEY . A45F] (Jon Bentley) filZ
HI/RB A (Douglas Mellroy) 45 HH T — 7 s W& 13.4 (a) B, SGi0 BT A FIEL AT
ST R AERIM T

B p i J q
e e
zll]| o =<2 > =

(a) ZEEXIA A
i J
( )
\ /
o<l e = . e >

(b) 5 TR R TT R A HE ] o

B 13.4: =HgR145>
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R e M4, B3 4 B3] > BEUERTTR P H j BE < BERERTTER. I
IR i g BOA B ECE S AU Ali] < A[j], AR Afl], Alj] 25T &
Mo TRARSE , wiacHt All] < Alp] 50 A[j] < Algle fEXIERAT, HEALIrA ST
BRI TTR NSRBI SR BUBIR T R TTR I ISR TTRHA
[ WIBHR BN, AT EATATRINERE . K &5 R A 13.4 (b) ArvR. M. AT
UGB FEAS/ INT T R TR KT B4 H

1: procedure SORT(A,,u)
2: ifu—1>1then

3: 11, j+u

4 pel,qg+u > fRA S TEIL R
5: pivot < A[l]

6: loop

7 repeat

8: 1 i+1

9: until A[:i] > pivot > 2% 0 > u FYEE IR
10: repeat

11: j+j5—1

12: until A[j] < pivot > MG 5 < I 15 IRALEE
13: if j < then

14: break

15: EXCHANGE A[i] <> Alj]

16: if A[i] = pivot then > ALPRAHSFHY TR
17: p—p+1

18: EXCHANGE A[p] <> Ali]

19: if A[j] = pivot then

20: qg+—q-—1

21: EXCHANGE Alg] < A[j]

22: if i = j H. A[i] = pivot then

23: J—j—1i+1+1

24: for k from [ to p do > WS I TR A H A ]
25: EXCHANGE A[k] +» A[j]

26: je—g—1

27: for k£ from u — 1 down-to ¢ do

28: EXCHANGE A[k] <> A[i]

29: 1 i+1

30: SORT(A,l,j+1)

31: SORT(A, 7, u)
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XUE AT I = H A FZ R AR E 28 T, F BT AL A Pl Ao LT R PR
IR R B e BT R LB B EL MBS 2R
—ICERAENERE p, N 13.5 FiR e ARATAYAL, 200 Bt & < p BITCE B R oK
FrBti s = p TR e M Bei sy > p TR = BIRYL AR 5000 i ks o
[k, ) Z B2 MATHER TR« WATAZE 41l THAR, < p B2 82 = p HIH
R —AICER . IRREERT AL kAR IR > p la a5 1R
)44 BB

i k J

( )
./

L. <p & =p..0...?2 ... F->p..

|

P 13.5: A =k o

BIE kRRICE. WR AlR] = p, sUIARTES 2D ks Q2R A[K] > p, 5
Alk] < Al — 1] 5% KE > p (IXEHCEESGIN—. ERAR j mARZ . BT
ER NI E k FCEORAAKRT p, BT EFR CEIFER Lidid . A0,
R AK] < p. 5t Alk] < Ald], K Ald] 2 = p IKIEHIEE— o0 5 kj il
3 S5 R

1: procedure SORT(A,,u)

2 ifu—1>1then

3 il j+—u k+—I1+1

4 pivot +— Ali]

5 while £ < j do

6 while pivot < Alk] do

7 j—j—1

8 EXCHANGE A[k] < A[j]
9: if A[k] < pivot then

10: EXCHANGE A[k] <> Ali]
11: 14— 1+1

12: k+—k+1

13: SORT(A, 1, 1)

14: SORT(A, j,u)

ADBLTAA=H N = 5300 70 B, 3 SEBRA X 1] B 5 2 B 22 Y S o

R

BIRZIR KIS REN X R TUR, B A —LERXERIE O BN, 551 R KR
DILREFH (BRETHFIERZMER), WnaiR A . & 13.6 2 PR 5 1E
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W[y < 20 < oo < ) Wl [y > y2 > o0 > ] WRIDE R IBHH L 4
?3 ﬁu [Imawm—la"'ax27xlaxm+laxm+27"'In]a :/E\:EP [171 <z < .0 < xn]y w\&
[xn7x1,xn71,$2,...]o ﬂulzl 137Fﬁi‘—\‘0

’ 2[1], (2], ..., 2[n] ‘

’ 2[2],2[3), ..., 2[n] ‘

,--.,w[nl |
R
0 [eln)

(a) [z1 < z2 <. < 2] WRIH . < p BYEREHZS.

TN
| 2ol vl | |0 ]
| vi3ud) ]|

(b) [y1 > y2 > ... > yn] BRI, > p BIFRIEN S
4] 13.6: HFoRfiE oL

XU AL, S — DT R A G AP XI5y ZERTAE e Za i T — Tk
PEOT R B IO R L T A T A SRR LAl NS SR T R . A
ASLER R OREICER X =FH W B R . AR % MR 2R =
WA Y s 5 —FE R 38 ol =3 1 B/ MBS B2 S350, ¥ B KBRS h 3 B3, ¥
B shEre]

1: procedure SORT(A, [, u)
2: ifu—1>1then

s ome 22 o kit 1+ s
4: if Ajm| < A[l] then > Bt All] < Alm]
5: EXCHANGE A[l] <» A[m]

6: if Alu — 1] < A[l] then > PR All] < Afu — 1]
7: EXCHANGE A[l] > A[u — 1]

8: if Aju — 1] < A[m] then > iR Alm] < Afu — 1]

9: EXCHANGE A[m] <> Alu — 1]
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‘ em], z[m — 1, .. z[1], z[m + 1], z[m + 2), ..., z[n] ‘
4/\
‘ m—1],z[m —2],...,z 1]‘ z[m + 1], z[m + 2], ...,zn

x[m—Z],m[mm xm+2 z[m + 3], ..., z[n] ‘
] ol

(a) BR T — UXJ A%@F?%

], z[n —1],

s /\.

b) —NZFIHIR B o

&l 13.7: BEZRER G
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10: EXCHANGE A[l] <+ A[m]
11: (7,7) < PARTITION(A, [, u)
12: SORT(A,1,1)

13: SORT(A, j,u)

X SEHLAT LAROXS R PURRRE RS O, RN “ = iUl e 340, AT AT LA
BERLIZARE R -
1: procedure SORT(A,,u)
2: ifu—1>1then

3: EXCHANGE A[l] <+ A[ RaNpOM({, u) |
4: (i,7) < PARTITION(A, I, u)
5: SORT(A,1,1)
6: SORT(A4, j, u)
PR RANDOM(L, w) 3[R A0 w Z [ BEALEE R | < 4 < uo 5H Ald] 2IKE0ERN
oo TRV BEAUVIRIEHE R U o JCi0 R = n P E M2 B AL R HE 7 0 1 58 4l

P GO MR FIFEHL A, TTICIEIE S — ik R AL E LR TR AR,
LRI RS o RN, IR S AR SE FRrR a2 W
BRECEERI 341, I — S TR S . JERTAE s LA BIAE 7 SR I, et HE ik
A RO TN HE R SO PO b RIARE R S B R B G T AR E
KT & ST A EME. AERITTRANEUD T BUE, S I E A o
procedure SORT(A, [, u)
if u — [ > CuT-OFF then

1:
2
3: QUICK-SORT(A, I, u)
4 else

5

INSERTION-SORT(A, [, u)

13.1.5 RHEFSHHEF

CRLIE PR S G BT 2 R 2 PR S B I R A A N HE T A
IR, ] = U EDGR SRR B Al = B3 a0+ fRT JE 2 JH S LA RE T8
6, AT AT Rt AT NI PR HE e A Bl @ HE o DR HE R HE
PR SR R o (RS AT LAd i “Aop” B 2 I OB HE P4 5 LR s
5o 58 S unfold eRACKEH k0N — SRR -

unfold[] = o
unfold (x:xs) = (unfold [a < zs,a < z|,z, unfold [a < xs,a > x])

= AR R (WS 5 i N FIEAH L, unfold P2 BB TT KR E . QiR %)

2 deforestation

(13.24)
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BN BERN— IR AW A SR — P ICER o MM T IR ME., 285 8 A
AL Hite it < o FITE: A FRHE > o FTR. kIR EEER
PRFIE L e i g A B 2R Y E LM

toList @ = |[]

(13.25)
toList (I,k,7) = toList 14 [k] 4 toListr
R L3R PeR R AR ] E S PR HE R R
sort = toList o unfold (13.26)

HATET unfold #yit t — SRR, G HAEAFRIZERIEN toList, S5R A%
Fro HNSRAG IS ¥ Hh T 25 SRR B A58 T A AR Sk

13.2 3HHEFF

PO HE PR REIL R, (AR SE 2B R Ol IR HEFP A A 6 T8 T AT AR IIE
O(nlgn) FEZRIE . &M THAMIE, FARE BTN EREAEEE L. RE5H
REERSE A FFHEFPAE AR TR o HFFHEFA A T OA 9 . U 711493
IR HIF

sort [] = []
sort [x] = [x] (13.27)
sort xs = merge (sort as) (sort bs), HH : (as,bs) = halve s

Horbr halve ¥ F 5100 TF o Xt TR, FATTRT LAELERAE D R A2 70 - splitAt L@J TSo
EFIFRR AN RS Sh B P (WU (1.45))

splitAt n xs = shiftn [ ] xs (13.28)

Horr:

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n—1) (b:as) bs

% X oy o BARFF LR AT  FATAT AR S @ AL E L - A E AR
BOATE A, BRI o halve = split [ ] [ ], HHh:

(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

PN LA E I — A~ St e R « Bng as b, RECH as <
bs:

3411 Haskell, Python #] Java
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halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

IHFFAYSEARAN & 13.8 FR o 5 RS MHZ IR S s HERA B At 14 B 5 0 e Ak i
—Hl ] B N BTPIAE R, JRATEE A AL, A BN ] B
AR, RN AR E 2 JR 5 R A — B i

o0 (O()

Ui

0O
°00Q)
K 13.8: 143F
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

XL AT AR EAE T 1 1 0 51 i R P Je - A 9 F -

1: procedure SORT(A)

2 n <+ |A|

3: if n > 1 then

4 m Lg ]

5: X <+ CopY-ARRAY(A[l...m])

6: Y < CoprY-ARRAY(A[m + 1...n])
7: SORT(X)

8: SorT(Y)

9: MERGE(A4, X,Y)

FAVEH T FIHE A BRI A T3 FF . 3X 2 MERGE A2 RIS 24
TCEM . HHRIARIE R XY FRRICER BRI A, 4hE2 10 57 B 2 A FE 5E T
—HAH . Bt n—HAHF RS TERME A,

1: procedure MERGE(A, X,Y)

2: i 1,5+ 1L, k+1

3: m <+ | X|,n < |Y]

4: while i <m H j <ndo
5: if X[i] < Y[j] then

6: Alk] + X1i]

7 1+ i1+1
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8: else
9: Alk] < Yj]

10: j—3+1

11: k+—k+1

12: while : <m do

13: Alk] «+ XTi]

14: k+—k+1

15: 1+ 1+1

16: while j <n do

17: Alk] < Yj]
18: k+—k+1
19: j+—g+1

N T RRFE XY 25, LA co WRIMEIARR
1: procedure MERGE(A, X,Y)

2: APPEND(X, 00)

3: APPEND(Y, 00)

4: i< 1,7« 1,n<+ |A]

5 for k < from 1 to n do
6 if X[i] < Y[j] then
7: Alk] < Xi]

8 141+ 1

o: else

10: Alk] < Yj]

11: j—g+1

13.2.1 [4EESHT

VAFEHEF 2 AR - R AR TR0 KRR P ORI 13.2
IR o W BEAE TR R O(lgn)o RRRHPBEATIHIF, B— LB AR IT
2, S HAP IS K AR R AR TR E RIS R . AR RN
PERFTR] . XA n (R 51, 4 T'(n) D EFe i R], A LA T IH5C AR :

n

T(n) = T(

)+T(g) +en = 2T(g)+cn (13.32)

HEFPI T 0.5 05 XA E R T3 KRBT T(3) . JDf en.
e R WL ITRFEIZIN Onlgn). 53— WU RElThR 2 A A
AR Y PR AR o XTI SCIU AR 1 S A

BT —oo
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)2 5 HE A

245

RN 2STE], HEAESITER . IR A A OB ROX 225 ) o f KRR H B
RIRIZBIART, ) O(nlgn).

13.2.2 B

1: procedure SORT(A)

2:

3:

4: procedure SORT'(A, B, [, u)

5:

6:

7

8:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

n < |A|

SORT'(A, CREATE-ARRAY(n), 1,n)

if u — 1 > 0 then
l+u
m < LTJ
SORT'(A, B,l,m)

SORT'(A, B,m + 1, u)
MERGE' (A, B,l,m, u)

TS MERGE' {f BN TAEX :

1: procedure MERGE'(A, B,l,m,u)

i lLjem+1,k+1

while : <m H j <udo

if Afi] < A[j] then
Blk] <+ Ali]
141+1
else
BIk] « Alj
j—J+1
k+—k+1
while : <m do
Blk] + Ali]
k+—k+1
14141
while j < u do
BIk] « Alj
k+—k+1
j—J+1
for ¢ + from [ to u do
Ali] < Bli]

VL 52 TS W AL — MRS o FRATTIT LA — VP A A/ Ny o =
|AJ BRI JF IR , e TR X P 2 A L

> A fil ]
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X R E 2R O(nlgn) FARE] O(n)o XF 10 5N BEECHE  PERERT 1R
Tt 20%%1 25%.

13.2.3 [RIFAFHEF

T SR AN S ) L 2 e A2 A SRR TAE . i 13.9 iR, 741
X MY CHEP I, FHIER & L Z BV BRI () o 5 All] < Alm],
HIR 8 L — 4 N Al > Alm] #5248 Alm] BONEIFFEERS AT L ZHT. AR
FHEFTA AT XA [1,m) o ° BTGP .

oiEgE Al L ErEEs X Alm] B Y

71 All] = Alm] WFE X

& 13.9: PR IHIf

1: procedure MERGE(A, [, m,u)

2 while [ <m < wu do

3 if A[l] < Alm| then

4 l+—1+1

5: else

6 x + A[lm]

7 for i + m down-to I +1 do > M
8 Ali] « Ali — 1]

9: All]

HPR I R 2R BEIRAL K O (n?) o BUERHS SR LM A B4 A0 X o
HXAMBUSAE e T B HE I BT B AT TAEX . XAREEAE T
TEXNRITCR, R BT SRR WO TEE XY, 5305 N TT RN
N LA, FRPS TAEX PR ICER S iR . IR X MY wfRfy 7 Itar T
TEXHINZ . i 13.10 fr7R .

XY RITAEX Z A2 FRAL — 5o JHIFRS AN XY ISR 85K
B XA [3,m)s [, n) MITARX AR IR E ko

&

1: procedure MERGE(A, [i,m), [j,n), k)
2 while i <m H. j <n do

3 if Afi] < A[j] then

4 EXCHANGE A[k] < A[i]

5 1 i+1

®[a, b) FoRAWATTXIE A a fHAERE be
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e
. |xp - e i -

# X[i] < Y1j], W5cH X[i] ¢ Z[K
o |z -

] 13.10: IHFFIAG TAEX N A Sc e ik

6: else

7: EXCHANGE Alk] +» A[j]
8: JJ+1

9: k+—k+1

10: while i <m do

11: EXCHANGE A[k] <> Ali]
12: 14141

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—J+1

17: k—k+1

TAFIX AT 22 S50 1) U B K, AR S g R Y TTR AR 2) T
PEX A LARUE — 7B E & (HPRE A BIE MR AFFRIOCER . AT LA — 28l By
TAEXRIAFFHER 73—, Il 13.11 fs.

R | B

P 13.11: IR

AN TR T O — 2 TAE X HE T, st AT i T 13.12 e JAT T AuE

S X(% B Al Yﬁ o) A TR A/ AN 3 Bl e
a4 X +Y [{LE

1/4 Y: 1/4 X: 12
work area sorted sorted

K 13120 TAEXA LI X MY

TAEIX A SR 28BS K Bl ] : W RS, (R AR FFRYTC AR =, AT
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FH TAE XA B B R A ER . FATEx TAEIX G 1/2 HEfy  259R Y
WESCHREET 1/2 B OB TAEKEUALT XY rpfa], i B 13.13 BT FR. IXFER %
HAEAS TAEX A X PE T EE . 25 R AR -

Y: 1/4 1/4 X: 12
sorted work area sorted
1/4 merge X, Y: 3/4
work area sorted

K 13.13: A TAEX A XY

L T Y LR y #/0NF X TR oo IR Y MTAEX A (Y fTAEX
R/AMHEE) ;

2. A X o o #UNT Y UL yo HIFABTICH X MITAEX P EINEA . &
TAREX B X e RIS TR X TIINA . SEisie, B2
EHRIFRITR . TAEXH A M F AW MR AR A 22 3/4 A E. ME,
IEFHFEFEIHASH Y M TAER A e TARX B ZhE] 7 &m0,
K 13.13 R TR

HEREOAT WS E I 8], & TAEX R sh AT 1/4. RATEE X%
R, BRI A ER  Je 1/12 ﬁFTl? 4%1%%5?3@%@% L/2, AR TAE AL T H A
N R (S SPNANTE SN 3 | 1 | g JAFFRI BT TR o 4 TAEIX FR 3
T TTERIN TR HIF A D ICR IS TN o L r] LAGE A A HEFP kAL
HEERLITER.

procedure SORT(A, [, u)

1:
2 if u —{ > 0 then
l+u
3 m < LTJ
4: w—l+u—m
5: SORT’(A, 1, m, w) > X E AT
6 while w — [ > 1 do
7
8

u —w

4 we Y > TAER ML
o: SORT’ (A, w,u’,1) > X2
10: MERGE(A, [I,I + v — w), [u/,u), w)

11: for i + w down-to [ do > W HIFEAHET
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12: J 1

13: while j <wu H A[j] < A[j — 1] do
14: EXCHANGE A[j] < A[j — 1]

15: j—J+1

T ARIETAEX R K, FAME PRI o FRAT TR0 25 25 PR AL B DX [AlE EA%
AT MERGE k. # 1K, FA1THEE L Sorr’ Fk € [ud K8 I H] SorT K38
B TAEX A E BT o
1: procedure SORT’ (A, 1, u,w)

2 ifu—1> 0 then

3 m < L—J

4 SORT(A,l,m)

5: SORT(A,m + 1,u)

6 MERGE(A, [I,m), [m + 1,u), w)

. else > T TR AR E TAE X
8 while [ < u do

9 EXCHANGE A[l] <> Afw]

10: l+—1+1

11: w<—w+1

XA TR T AHER 5 /R %
B SERAHET o SRR TR T AR A — R L SR 5 {5 2 s
TCEHEFI N T(n) A0 AR

T(n) = T(3) + e + T+ e +T() +e 4 (13.33)
X 2RI AT HII TR -
T(g) =T(g)+cg+T(%)+c3§n+T(ﬁs)+c%+ . (13.34)
st (13.33) - 3t (13.34):
T(n) - T(3) :T(Q)—I—cn(; 5+

St lgn A 5 UL A
T(n) = 2T(g) + Enlgn

1 FHSITURTA MY P (iR I 5B L BIS5 R O(nl1g” n).

13.2.4 BAPFHFF

EEANZE T A —Fh RIS R A S R e ) R SRR
XFTALAT A, m EAMATAT G2 B R B — bl 5 P 1o el , AT T EAE
M E XA 5 FP 81, R 3.
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bo— j

P 13.14: M [ P R GE A e

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

FHEATERERI, TIPAAEE LR B AT BRI, Troe s
BIRTTR VBN FIIC . AFRM, AT LA ) 240 B R 081 e 51 SR 1w
AL Sk BRI X B A KU A JTER R B SR 2E 474050

8,12, 14 0,1,4, 11 2,3,5 9 13,10,6 15,7
7,8,12,14, 15 ... free cells ... 13,11,10,6,4,1,0

merge

4 13.15: HIRIEIFHER

WE 13.15, HIFE, 2 BRI E B B RS 8T 7. SRR IHIFE) TAEX /2
o B XL B, ARSI [ oD BE T3 X — I AT PR3 AR X
A, AT AT E . XA SO 1) TAR K AU 24 i A T Z A AT H R 21
TAEX R, e TAE DRI R, AR PO Ty O3 U5 o TR —Fe 434, n
RERAREBIE T P8 — B REIRE WA A By HEr 85K X— Ikt
PIANTT AL BRAE, F HAE 7 51 B ARIBUT AR 0 P B B AR VAFHEY . I 13.16
At ATATIHME , a 207 d 2 JGHIC R EATESE . ARSI 175 [a,b) AT R &
K, RGP0 [c, d) [ AT REIRAC . X T TR, f ZHA r ZJFRTR EHIF
I (BEE T o ATEHERT K55 [a,b) 1 e, d) A f & R4 T AREEEHT
Mo &R A5

HEFPIT AR, A AR RN TAR X . a F1 0 $R 1AM, ¢ Fl d 511
Ao fr 81 TAEX AA Pk o

1: function SORT(A)
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:

24:
25:
26:

27:

)2 FFHE A 251
(oY
( )
ot L] o Frreaf. oo
f T
| -
L BHEF e AR . BEF
K 13.16: HIRIHFFHERP I A 1 BT
if |[A] > 1 then
n <+ |A|
B < CREATE-ARRAY(n) > G TAEX
loop
[a,b) < [1,1)
[c,d) <~ [n+1,n+1)
f<Lr<n > fR I TAEXE R
t1 T E
while b < c do > (AL E AT TTR
repeat > 4 JE [a,b)
b—b+1
until b > ¢ 5 A[b] < Alb—1]
repeat > & [c, d)
c—c—1
until ¢ <b 85 Alc — 1] < Ac]
if ¢ < b then > B
c+b
if b —a > n then > [a,b) B 2N HE P25 R
return A
if ¢ £47%1 then > NEIHIE
f < MERGE(A4, [a,b), [c,d), B, f,1)
else > MATHFH:
r < MERGE(A4, [a,b), [¢,d), B,r,—1)
a<+bd<+c
t—t+1

EXCHANGE A < B > Pl TAEX



25 ERIEE ey SRy
28: return A
VAT 2R HFE 5 TR N

1: function MERGE(A, [a,b), [c,d), B,w, A)

2 while a < b H ¢c< d do

3 if Afa] < Ald — 1] then

4 Blw] + Alal

5: a+—a+1

6 else

7 Blw] + Ald — 1]

8 d—d—-1

o: w— w4+ A

10: while a < b do

11: Blw] < Alal
12: a+a+1
13: w+—w+ A

14: while ¢ < d do

15: Blw] + Ald — 1]
16: d+—d-1

17: w—w+ A

18: return w

HARJAFHER PR RERIDC R U ook o 5 8 R 0 - 58— R4l , A I+
SIS 1o KRS S, TAF XA RFF I C P BN 20 BT 41
SRANIE R ARSI T P AR L EA T REANT 20 X35, TARKA SRR
4 PEFFEER R E VIR R TR RIS bR 27 % O(lgn)
B A rITR, SEREN O(nlgn). XTI, IATIEENE
Ml 25 AR g TR SR AL, AT LA 73R 9. A
B A5 AR i1 SR R BCH A SR 1S 2P 45 5R . E LR EAE) -

sort = sort’ o group (13.35)
HHh group ¥IT R R ARSI FFIEE
group [] = [[]]
group [z] = [[«]] (15.36)
x<y: (x:9):9s, H: (gigs) = group (y:xs) ‘
group (x:y:xs) =
a o [x]igigs
sort [] = ]
sort [g) = ¢ (13.37)

sort gs = sort (mergePairs gs)
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Hrr:
mergePairs (g1:92:9s) = merge g1 g» : mergePairs gs (13.38)
mergePairs gs = gs |
%3] 13.2

13.2.1. ENEMEIF: sort = foldr merge [ |, ©-5MWME I (mergePairs) INE 2%
R 42 GSRARNE  IHZ HIE s AN E] , BRASsEphe?

=

K22 391 T

PO ~

13.2.5 BIKRELIFHFHERF

FARIAFEHET B RIS T4 1 T — i RS R _E AR T 3 o0 LA 7 {6 4 3%
RE. BRI n P15, SRS D TR. RS TFSI %
WHIE, 58] & MRESS 2 MEFFIER: R n 258 SFE— 1M KEN 1 N7
File FRATARBTEXTAFHARSE T 51 SR 1S B HE R RSG5 5 o sl FR > b BB I
FHHER O e 13.17 fiR.

| SN

]
HEEEN
A od o g
13.07: EURRI IR

HAVCHARF UL D FIFIR o A [21, 22, ., 2] TN [[21], [22], -, [20]] R
JE A

sort = sort’ o map(x > [x]) (13.39)

ATEH A RIATEHET 9 mergePairs, EEHIFA— U 515, BRI _EIHHHE
FPA B SRIFFHFHEPARAR  (LOUZ B AR AL B R LA AR HE A4
IRIG UL (RZENR B0 HE T oK. H ARIEFFHER B s 051 3 R 2 A I, Tl H i
[A]_EJRFFHEFOGE AR AV Y R 2] Lo FATR LB R VT AU B s A

1: function SORT(A)
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2: n < |A|
3: B < CREATE-ARRAY(n)
4 for ¢ from 1 to n do
5: Bli] = [A[i]
6: while n > 1 do
7: for i « from 1 to LgJ do
8: Bli] <~ MERGE(B|[2i — 1], B[2i])
9: if OpD(n) then
B[]« Bln]
n
11: n < [51
12: if B=[] then
13: return [ ]
14: return B[1]

#4>] 13.3

13.3.1. KPS I ERVER AN foldp, F+E & E S HIF _ERTHTFHER .
AR 391 T

13.3 FiT4IE

FEBRAEHEFP b, 530 SE R, AT EAFFATX A1 e SRR o 31X SR X I 4
Frtidi e BATAT LA ZFATAES5 R 751 EUS p A7 1741, Horf p AR g 40
BB OUT R AT LISFATAE T BRI S8 el . FF B2 O(nlgn) = pT", WiFRN
EPENNR | XA SR I B U AT . (EU2 (AT g R R A R 40325 1 8
B p — 1B, K28 p A7 80, ARG FHATXT BN FEA BRI . TR
AR BB BATTHRERFEIF4 O(n) RIPERE. 73— 71T, I 2 AFFHE e SR A
HIAEIAFFEBT BLe A TR RYFFATINGE , 7e 2 AT AR P R pde e it AT
RIS AL, VR R PEHE T B R R E N T A S T B
IRAE 1986 4FFF A HH T n DAEHRE: LR O(lgn) WIIFAT IR FHEF FL U0 Hff7400
R—AEZRIEE BT AR BRI,

13.4 INZ5
ARES T PFT AR 6 HE T Rk P HE I AUR I o BITEGE R T HAR

HEFRITERE EIR O(nlgn). ZEFTAESTIFUTPRIEHET 2 20 S B i iR Y B35
KA A G REPNIEHR G PR e Vo pR el TR o FELEPRIG D R 2 AR AL BN 25
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FFPHI GO AR A BB, TR T X BRI
JEA, ATEARR s A E AR T e R P HEP AR 2 BUR OL T R = ML EHIEA
FO R B DR SR AT o ABAE TS — BRI SN R A AU - JIRER B S
PSR 2% AR IR EE . THIFHER MGE SIXSRINEE , AE25 R f O H AR RE RIIE
PERE. SO PO HEF FPEREAE A =1 DU T tHBLRAL o AR ar & IR AL HE 7 1
IAFFHE BPEREA A PR HE Y, I B ZRMN A2 A o AR OUT , Bl
ARG, BAEEZRIRE . JFRFHFHEF 82— R BRI 5

PR FURFFHE R ARG AR o Rty vl LUE VR R RO A 2 R HE
A ET LA HE P 4 S R U0 HERp S 2R 2 01 o — R @ AR R 43
FERMERRR L HdHE T 2 T A EERTI 7 AN T35 TR 177 4],
IAFFSERR LR P AR IER . SUUA R AR RYUA AR 2% (BRI 7 AR e 5
ToRR R W B E HAAE B2 BRI B #]o PR IRE ORI 52 S 01
R A = P ETE S BELDGESHE R — BRI 55 TR S e 2= 1 o

BIARZE N IE, T T BRI A, SRR R Ry HEHE
o B HER R HER o HE OS8R HH BB 2 i RO AT S Gt RS AR, A
TIEZ I “RBAR™ Ptk AL S I HEFF 5 R TCIE A IR A I [ R BERT AL B ok Bk =
KEGEHE . (ERL4, AL G REUR CE 08 B TR IMES .

%43 13.4
13.4.1. A HIHFFHEF I Gl N —1A 2 510 724 — S 2=

13.5 PR :BIFEFRF
kR

Int partition([K] xs, Int 1, Int u) {
for (Int pivot =1, Intr=1+4+1; r<u; r=r + 1) {
if xs[pivot] > xs[r] {
1=1+1
swap(xs[1], xs[r])
}
}
swap (xs[pivot], xs[1])
return 1 + 1
}

void sort([K] xs, Int 1, Int u) {
if L<u {
Int m = partition(xs, 1, u)
sort(xs, 1, m - 1)

sort(xs, m, u)

TSR RS HE T AR RIR A B 18 I SR I PR AR N HE YR AR R R A
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Wi H A Ao )3 S HE AP

MAESETE

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=1+1

while j >1 and xs[pivot] < xs[j] {
j=3i-1

if j < i then break
swap(xs[i], xs[jl)
}
swap(xs[pivot], xs[j])
sort(xs, 1, j)
sort(xs, i, u)

JHFFHEY -

[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[i] = if ys[0] < zs[0] then pop(ys) else pop(zs)
i=14+1

}

xs[i...] = if ys #[] then ys else zs

return xs

i TARIX BEA TR HE R -

Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))

Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+ (u-1) /2
msort(xs, ys, 1, m)
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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 <m and j < u {
ys[k++] = if xs[i] < xs[j] then xs[i++] else xs[j++]
}
while i < m {
yslktt] = xs[i++]
}
while j < u {
ysTkt+] = xs[j++]
}
while 1 < u {
xs[1] = ys[1]
T+

JE A FFHEY -

Void merge([K] xs, (Int i, Int m), (Int j, Int n), Int w) {
while i <mand j <n {
swap(xs, wtt, if xs[i] < xs[j] then i+ else j++)
}
while i < m {
swap(xs, wHt, i++)
}
while j < n {
swap(xs, wH, j++)

Void wsort([K] xs, (Int 1, Int u), Int w) {
ifu-1>1¢{
Intm=14+ (u-1) /2
imsort(xs, 1, m)
imsort(xs, m, u)
merge(xs, (1, m), (m, u), w)

}
else {

while 1 < u { swap(xs, U+, wH)
}

Void dmsort([K] xs, Int 1, Int u) {
ifu-1>1¢{
Intm=1+ (u-1) /2
Intw=1+4+u-m
wsort(xs, 1, m, w)
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Ft=¥

while w - 1> 2 {
Int n=w
w=1+(n-1+1) / 2;
wsort(xs, w, n, 1);
merge(xs, (1, 1L+ 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)

Yk He P Aa )2 R

}
}
}
}
EARS BRI _EEHHE
[K] sort([K] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys += merge(pop(ys), pop(ys))
}
return if ys — [] then [] else pop(ys)
}
[K] merge([K] xs, [K] ys) {

[K] zs = []
while xs # [] and ys #[] {
zs 4= if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)




FTHNE #EI

MMEBIIACTH AP ARG T E 2 R IIRE . A4 EHY TolkAlas A
REEFHH TR TR A L2 SN A rh e AT B 42, B RET
HU R _L s T e fE B RO T 5% AR B S AR I N IE B R

14.1 k i&fFE @R

AT AE n ATCER TS kR (/N BT . XK/ NS SO IR AR &R
FAVEH < RABHE k/DHITCE IRIEFHE 2B E 0. w525 ikE
/N SRR AR AR TCR T /N BET b Ot R] LAREN S kNI . fEn
PICEP T A/ N TR EIERTH O(n) B RILER R O(kn) o FATTt AT AR
o XFERT LAAE O(lgm) e ] N BET ARIRUTET , B & (KR] LAAE O(k lg n) BRI A ARAS

%%O
top k xs = find k (heapify xs) (14.1)
5 A A K

top k = (find k) o heapify (14.2)

#

find0 = top
find k = (find (k—1))opop

FATEREFLBEIFH9 )7 MM IRRIKE TR 54 A B, {§i15 A TR 4D
ARTF(L)BHILR. 2 m=|A| N AFKR/N, HE m Hl k:

(14.3)

L3k <m WSS k/NTICERAE A L BATESE B ARJEAE A i A&

2. #m < kU kE/NTTEAE B BATEF ASNEE B HBIAEEE (k—m)
/NITEER

HUARSEOU T R 2 PR, As B R/MHS , SRR, 2 2RE8 O(n +
n/2+n/d+..) = O(n)o FATFH E—F Pl HEtH R T73% part, BEALIESE —

259
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AICE (R — M VENEE po KEFTA < p BTN A, FIRICRN Bo XHEH
m =k — LI p HE% k/MYICER, AMEATETE A 5 B fradhs

m=k—1: x, Hp:m=|A], (A, B) =part (< x) xs

» AN

topk (v:vs)=dm<k—1: top(k—m—1)B (14.4)
A0 - top k A

TP HE R —FE, S Z2 5 00T X5 85 SRS Al PEREIRIE N O(kn) 81 O((n —
k)n)o ~PIAIEHL N AT AESME I R N FREN B 52 o FRAT AT LAR T PRt Py o Y 25 ke
BE, = s ETE IR

1: function Top(k, A, 1, u)

2 EXCHANGE A[l] +» A[ Ranpom(l, u) | > BEALLE [1,u] NIERE
3: p < PARTITION(A, [, u)

4: ifp—I1l+1=kFk then

5: return A[p|

6: ifk<p—1+1then
7 return Topr(k, A,l,p—1)
8: return Tor(k —p+1—1,A,p+ 1,u)
AT ARG — T AR HT & ME (b MR 2SR , 4 R A4
FEfF

tops _ [1 =11

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 ZHEK

HHEE I AT — D B AR S22 E AR AR 1> 1000 AP RHC, R iR
Al AR AR AT o SRR T REAR HIX A Bl 2R % B4R i
i ERECFHEER 42 BERL 3 BEER 42 SE5F. AE 1000 LAY, R4 s i A2 HERR—
SEHCF 10 KA RREFR A 5. RN 210 = 1024 > 1000, “2AH¥4 2" w2 — R
SR TR B RE AR 2o BT AMEB MR M B e R BT A AR
!Blum.Floyd. Pratt. Rivest f1 Tarjan & 1973 ££44 H 7 — gkt gy 3 U B, 34303 0140 W T41, %
5 LR Kdkikh n/5 (. TAX S Bk AR
A LA A BOART WK BRI A BT — DAL TR RELES A SR 16 DML B A R
UL AR H B R A

iy
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A B T IR o AL WA EERIXF AT H . ER AR —
PFR o SRR ASE N . I 2 B TR T o WRAEAEAE 30 FPINAE XS, ul
ARAFH I 41000 I8, /& 15500 T, 4K T 5750 JT, 1K 13890 T, 1K 1 ;990 JT, iEHf!
XL T “ 5 AR R . A TAEETITA A 348 o, FROTHR BN T 7 51
MEMy. Mo . e =y, ERER R e <y BT AREFN, RATAFE
PR AR B4R BTG B3R IXEEARBI /N A FORIEE, I A =[]
IHBARE], W 2 AEAE. — o &HER A BCFPH, RELERA N ERAHE
B — A RIG P AE AR 2o i : AR 4 B A B A SEAR R X
B, BRI ENE Z AR L7 o AR R E K 2B A AR A S R &
iR AR A NAECHRFEBRIIE — R 25 H I LB A 7 — MR, B3 20
ZAEEAW R . A H T ARSI, S8 A TR LuCRE w) .

u<l: Nothing
u—1
r=Am]: m,HEF :m=10+
bsearch x A (I,u) = ] L 2 | (14.5)

x < Alm]: bsearchx A (I,m—1)

eyl bsearch x A (m + 1,u)

FAHL AT DATH BRI U, 108 3 S i S — A
function BINARY-SEARCH(z, A, [, u)
while | < u do
m<+ 1+ LUT_ZJ >R |
if Ajm| =z then

1:
2
l4+u

3

4

5: return m

6

7

8

9

2

|

if © < A[m] then
u+—m—1
else
l+—m+1
10: Not found
HI TR R I, — BRI E 2 O(1gn) o 43 A Hd Al LI 22 BRI R
B BIaitE o =y, Hrha <y, a.y #52 BIREC ATFH o AR 31417
ATLAZT %S A O FRIR IR IR ZAR o, at, a?, ., BRI EA o =y 808 o <y < a't,
FORITRRTCEER . MRKH o Fl o, (AR TFEARFERE L, W o® 25VHAE—E RIS
7] %o FRATAI LA A B ok Tt . B4ttt i LR T a¥ >y, FATATEA
FEXTE] (0,1, . y] WHEZR. T REL f(2) = o RAREEL, XN T AL E o, ALK
P o = [ CTL) R 0 =y, W 0 RITRAOR W 07 <y, BAVES
T, BUHIERSS s M EFE @ JTRTER ST s ARG T AR VTR, B 2 S Af 5L
THRIEEIEE S, FoR R . N2 RN E Lo FRATRE R AR N
Sak AT LIE a™ BIZ5 SR E ot = aa™. XEBERATE B L TFHIEIEEEL f(n).
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—ZEf R bsearch fy (0,y). FATHEHEENR O(lgy) X f(2). 4 T5548%-

u<l: Nothing
l+u
= : H : = | ——
bsearch fy (I,u) = flm)=y: m Hm=] 2 J (14.6)
f(m) <y: bsearch fy (m+1,u)
f(m)>y: bsearch fy (I,m—1)

14.3 4T

F IS T RN 4 R B " AESCE S 4. SR M IR/ mox ne BT
TR AR IR INEY H A% WA 14.1 froR . T B s e 2R P rh 4k 21 i Ay
BT 2 TRV WATTHESE 1 EE, R —HAE (4,5) IR, EARA 1
Mi,j =z

(z,y)|z < [1,2,...,m],y + [1,2,...,n], M, , = ] (14.7)

S Ot s N

4 ..
6 ..
8
9

1
=W NN =
co N ot W

M 14.1: A4 PR I N

FRATAE (O RG FX— AR A o BRSETE R st B b dm R 2 R A A 2R,
T EPORAE (HARAE B NN o $ R T B R W A AT My o
ERTTER. WRE/NT 2 FATEF L EREGMRAT 2, B304 XKk, s 14.2 fr
NSRRI DIFR A R I PIRMEOL T LR XEFEM— MEIR R T — 4 LB, C
HEEBIH . FANEXE R R B RN : TR f(2,y), FER—EE A S
RHE (z,y) 17 f(2,y) = 2o FEFFRER AT LU N T HRY PR 2L

I1<z<m,1<y<n: M,,
flx,y) =
HE: -1

R (2, y) SR FRPIEERR A B f(2,y) = 2 + ¥, a b B HAREL ARIRE A2
WET R TR ZE Bt R FFIA AR o InlE] 14.3 Firs H R (0, 2) FFIR .3
TR (P, @) FRATILEL f(p, @) M 2 R R

LR f(p,q) < z: BT [N AN O0<y<q¢. B f(py) < z. RNEFE
BB FIETAE (BB
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|3

NS
w| 3

B 14.2: fe: R ROCER/DNT 2, OV NT 204 PRUCE KT 20 KEOXEHAT

Zo

2. R f(p.q) > 2: Tl p <2 < 2.0 f(z,q) > 2o BNEZFAPEE LA
ROEAZED ;

3. R f(p,q) = 2:(p, q) 72— M, PISLBLEI SR AR T

X, FA T RT LAB 4 NETAR R X BHRE AR T 4T, BARTE 1, 5
H RN ZFT 5

>

(0)

(0!0)

K 14.3: WA i

SEN search BREL, FENA_EAITIETE 2L search [ 2 0 2o

p>zig<0: []

search f = pq — flp,q) < z: search f z (p+1) ¢ (148)
flp,q) > z: search f zp (g—1)
f.g)=2:  (p.q):search fz (p+1) (¢—1)

BREHE . poqg BV DA TR P RETE 2(2 + 1) KEHLSEK
R S HIA =8 (D AR peg RIRATZE D, HE 2 + 1D se R 5 s (2) Al
PR RTRE, )5 p I 25 (3) AW e B R AT e, ek ¢ TN [ 14.4 $i8 T #x
EFAERIARITE DL, [ 144 (a) WAL BRI R (2,2 —2) AL f(z, 2 —2) = 2,
BHFRE 2 + 1P ENE (2,0); (b) F1, LKL A (2, 2) #HR f(z,2) < 2,
2+ 1 BJE AWREA: (o) o A TSR R 1T (0, 2) #BEERS £(0,2) > 2.2+ 1 85,
REGA (d) RN R REH L. MIRENTRIE R ISR LR A7 P LB o
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b A B R y L T LMS RS RIE R RO 2(2 + 1) FIEAREN
O(2%) W55 B R ML, X — B AR S B Ze M 1] O(2) o

A A

(0,2) % 2) (0,2) >

0,0 o> 00 =0
(a) (®)

(0,2) (2 2) (0,2) (=2

\ 4

(0,0) 0 (0,0) (2,0)

B 14.4: FliF MR

XTI DR B f S AR, R SR M
AL DA 1, ekl — A Dk, IR 145 Fr. SBduZ /e b A
(0,2) FIATF A0 (2,0) 9220 JX— TSR 40/ f B0, FATAT AT y B3]
Sk m, 15 £(0,m) < 25 3 o AREVE n, (78 F(n,0) < 25 EHB R
(0,2) — (2,0) 4/NE] (0,m) — (n, 0). W1 14.6 i

B 14.5: f(z,y) = 22 +y? [HEE
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(0,2) (2 2)

(0,m) (n,m)

(0,0) m0) (20)

P 14.6: 45/ N R AR R X

Z]

n  =max [z|0 <z <z, f(z,0)

IA A

4

FATTUHA = AEREE mon ([AE 2 =0 &L m, BEy =0 &K n). M3
A (14.6) &S B8 y, FH I <o <u e flz) <y < f(z +1)

u<l: l
l+ U
H - | —
bsearch f y (l,u) = fim) Sy <flm1): mKm=| J (14.10)
f(m) <y: bsearch f y (m + 1,u)
f(m) >y: bsearch f y (I,m —1)
RAERL AT LA B4 man:
{m = bsearch (y — f(0,y)) z (0,2) (14.11)
n = bsearch (x — f(x,0)) z (0, 2)
T RAEG/ N AL A BT S A8 2R < solve(f, 2) = search f 2 0m
p>niig<0: []
search f zpq = Jpra) <z search [z (p+1) 4 (14.12)
Fq)> 2 search f 2 p (g—1)
fp,g) =z (pg):search fz(p+1) (¢—1)

— I E S AL A AR m F n, BEERTHET O(lg2) IR f s S8 &R AT
= iﬂﬁ@ﬂ:fr% O(m +n) K fi wIFHI T O(min(m, n)) Ko SR 22T
Foo FECRBN f(2,y) = 2 + o0, R T EHKE a b, B mn RN, B RERER
O(lgz2),
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A f BIEL
BEN | 2logz +m+n
BT EN | 2log 2 4+ min(m, n)

el 14.7, Z BRI (a,0) — (e, d) FI—51 (9, @) 45 f(p,q) # 2, HEERFF
KAHER (S 1/4) o AR f(p,q) = =, AT f HEE, SRATAT RIS 257 A F A7 B
M p Bl q 17 ERHE R XA 1/2 R, ] AP A/ MEZRVER] . O 7]
f(p,q) = z R ATEERIZ D/ P LD B2 T 0 ff. 4B L L
T ERIIE LN O(g | L)) BT BB R -h 2R L anlE] 14.8 R

A A
(a,b) (a,b)

(p,q)

(c,d) (c,d)

\ 4

\4

(0,0) (0,0)

f(p,q) <2 fp,q) > =2
(a) Wk f(p,q) # z. AGEEF AT EA LKA XK, Bl & KR T L.
A

(a,b)

(0,0) >
fp,g) =2

(b) WH f(p,q) = 2z, RN EZHA
KAOERS  H8 R DR

P 14.7: Zii/IMEER X

WRPL EATE f(p, @) = 2 BIRL FATTFHINE f(p, @) <2 < f(p+1,q) HILOK
PR S TRENLN f(p,0) <z < flp,q+1)) o WRFNTAGER p 51 q 1T LRI
FTEEF LRAEE, TNTH A EILRACFHL LWL f(p.o) <2 < flp+1.q)
IR P HA EWE f(,0) < 2 < f(p,q + 1) KRl WEREE EFTA RS
f(p, @) < 2, WERE] LS WRFrA R f(p, @) > 2, MERETR A i, Fl1E 5
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(c,d) (c,d)

3

(0,0) > (0,0) >

P 14.8: IRIERI TP "0 A

A X T T2 BOEE A SR K
L3 oy S0 HER R IX I (0,m) — (n,0);

2. FERXIE (a,0) — (¢, d) WART I, /AP di: AN EL
RN (p, )

3.4 f(pa) = 2, (p,q) N—"f. BIHMEFXIN (a,0) — (p—Lg+ 1) F (p+
1,g—1)— (¢, d);

4. 4 f(p,q) # 2 BBIFHE R WA DA — 5 2Bt LBy (pg+1) — (p,0). 20
K 14.9 (a);8 (p+1,9) — (¢, q), W 14.9 (b).

A
(a, b) A A
(a,b)
JanN
Pl Y (p,9) B
(c,d) (c,d)
(0,0) > (0,0) >
fp,q) # 2 f(p,q) # 2

A1 14.9: @R RAARIIEL AR f(p, @) # 2, T A E B

c<add<b: []
search (a,b) (c,d) =< c—a<b—d: csearch (14.13)

=y rsearch
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Hrfr esearch £E/KCF % B4 &4 (p,q) 13 f(p,q) sz < fp+1.q),
1149 (a) FR. MRSk EFPRE AT = 0 F 3 (o2 0)). Sschet b
(AR 1 14.10 (2) B

A A
(a,b)

(c,d) (c,d)

(p,9)

4
4

(0,0)
(a) (b)

] 14.10: ek o B RORIA TR O

9

q= L%J

p = bsearch (x — f(x,q)) z (a,c)

f(p,q) >z search (p,q—1) (c,d)
csearch = § f(p,q) = z: search (a,b) (p—1,q +1) 4 [(p, q)] # search (p+1,¢ — 1) (¢, d)

f(p,q) <=z: search (a,b) (p,q+ 1) 4 search (p+1,q — 1) (c,d)
(14.14)

rsearch SN TR EAAE R N AP R SEIL 7O SRR

solve f z = search f z (0, m) (n, 0) where
m = bsearch (f 0) z (0, z)
n = bsearch (Ax — f x 0) z (0, z)

search f z (a, b) (c, d)
| c<a ||l b<d=T[]
| c-a<b-d=1let q= (b +d) ‘div’ 2 1in
csearch (bsearch (A x — f x q) z (a, ¢), q)
| otherwise = let p = (a + ¢) “div’ 2 1in
rsearch (p, bsearch (f p) z (d, b))
where
csearch (p, q)
| z< f pq=search f z (p, g -1) (c, d)
| fpg=2z=search fz (a, b) (p-1, q+ 1)
(p, q) : search f z (p+1, g - 1) (c, d)
| otherwise = search f z (a, b) (p, q + 1) +
search f z (p+ 1, q - 1) (c, d)
rsearch (p, q)
| z< f pq=search f z (a, b) (p -1, q)
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| fpqgq=2z=search fz (a, b) (p -1, q+ 1) #
(p, q) : search f z (p+ 1, q - 1) (c, d)

| otherwise = search f z (a, b) (p - 1, 9+ 1) +#
search f z (p + 1, q) (c, d)

R IR SRR O(lg(mn)) #8o P& &K (pq)  HEIH f
3t O(lg(min(m,n))) ko AL m x n IR AN T'(m, n) AU FAYEIHFK R :

m
2 )

T(m,n) = lg(min(m, n)) + 27'( g) (14.15)

AWk m =20 > n = 27 (f FRIORAE: -
T(2,29) = j+2T(2,2771)

B kZ:O 2=k (14.16)

=0(2'(j — 1))
= O(mlg(n/m))

(AEIE] T IORAE m x n XA SR It T A
%3] 14.1

14.1.1. GEM kPR ZE R O(n).

14.1.2. K 7EHL AP k/NCZE, FROTT LRI ¢ = max (take k A),y = min (dropk A).
Rz <y, W AWHTEDICRPEE S AWEFRATH « 5581 ks, Hy
RIDRRTCER, RIEAETIF [0 + Az < a < y] HUBIHEHT & PHITER, &
HE =k —|la<+ Aja <zl XX IFHIMERE.

14.1.3. EHWADC)FEEA AT B 19 @i E”, e E 228 O(lg(m +n)), Hrf
m = |[Al,n = |B|, ﬁ‘%ﬂ?’ﬂﬁﬁﬁ‘?éﬂﬁ%@go FH AR 0 T UG . A EE
Y median(A, B) = C[| ™22 |], 1 C = merge(4, B) HEIFFMESF
A

14.1.4. JHBRISEIH 83 BHr Y 2R i A S S A

14.1.5. S "4 R AL E 208 S R KB AT f g i IME, B L E
BKAH . B R 2 /Ny MESE KT SR TTHE AR — D,
Sy R 4 D/ NETE A G A R .

AT E SR WG R EE T4 n ATERTHFTFI @ MHEE LA

median(z) = odd(n) : ﬁ[%}
even(n) 5 (alg]+=l5 +1)
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14.4 X&) /A
T A B R B S R BN TEAEE 2 A%, TUA RS %

VESER e AA W k. MBEREERFH, A, B, A, C, B, B, D, ... S48 R, fiE
TR S e AT LAR - SR S A P e SR e (L5 2 75)°:

Optional<T> majority([T] xs) {
Map<T, Int> m
for var x 1in xs {
if x in m then m[x]++ else mx[x] = 0
}
var (r, v) = (Optional<T>.Nothing, length(xs) / 2 - 1)
for var (x, c) inm {
if ¢ > v then (r, v) = (Optional.of(x), c)
}

return r

A LA LA B 2 SEBL A  SER 554, WA m AN n 5RI%ESE, 1K —
S E AL R 3%

Fi | EHE 2]
ZLEH | O(nlgm) | O(m)
#EIEE | O(n) %> O(m)

I TTR MK« BEHBFIEE/RAE 1980 4E45 T — R0k, W LA R —
W HAE (WRATAE) o« FHERIRS RS ZRIE N O(n), ZSRIE 2B O(1) , BRI
PEIROKURNE ] BN AR AR b B A 1A, AR 4
IAFRICE BRI SR T RITRIHE . DERREAAE , 5T N —E R KL
Bk S BRI AN HRTHIARIER . SR ZREON 1o (RUKR 5 kit 52, 45 1k
SRIETES HATROARIEE WA A 220 1, AR E A5 5200 1 A5 552 0 T
AP T o BB T 9K 5 _ERYIEE N OB RS FF RS, I R PR . 17
FEARKL e, W m AR REREEL BT R e ik (HUIRAKO 7 AE GEASTERL, R
OEHE) R f i s B “ BB FF TR Lo R B A — R B TR IE

62004 4, MK T —Fp AR F7R Count-min sketch 3% , {# ] sub-linear 28 [AH{TH4% .




14.4

A H = A

=
iy
T
e

s

A,B,C,B,B,C A B, A BBD,B
A,B,C,B,B,C A B, A B BD,B
A,B,C,B,B,C A B, A B BD,B
A,B,C,B,B,C A B A BBD,B
A,B,C,B,B,C, A B, A, B,BD,B
A,B,C,B,B,C, A B A BBD,B
A,B,C,B,B,C A B, A BBD,B
A,B,C,B,B,C A B, A B BD,B
A,B,C,B,B,C A B, A, B BD,B
A,B,C,B,B,C A, B, A B,BD,B
A,B,C,B,B,C A B, A BB,D,B
A,B,C,B,B,C A B A BBD,B
A,B,C,B,B,C A B, A BB D, B

WO Q> >
—_— O R O R O R O R O R O

maj [] = &

maj (z:xs) = scan (x,1) xs

Horpr scan € LN
scan (m,v) [] = m
m=x: scan (m,v+1) xs
scan (m,v) (v:xs) = qov=0: scan (z,1) zs

A0y scan (m,v —1) xs
sEFHEINEI maj = foldr f (2,0), Hr:

z=m: (m,v+1)
faz(mu)=qv=0: (2,1
7IIII<IJ\]U (m,v—l)

EIEPIN R TalI R iU S E
verify m = if 2| filter (= m) xs| > |zs| then Just m else @

TR R B 1A AR :

1: function MAJORITY(A)

2:

3:

c+—0m<+— g

for each ¢ in A do

271

(14.17)

(14.18)

(14.19)

(14.20)
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4: if c =0 then

5: m<+a

6: if a = m then
7: c+c+1

8: else

9: c+—c—1
10: c+0

11: for each a in A do
12: if a = m then
13: c+c+1
14:  if ¢ > %50|A| then
15: return x

16: else

17: return &

%3] 14.2

14.2.1. JRAEITE AL A P I EMBUREGEIL [n/k] B k AAE Hn = Al 2
N ARk ASARDCER BERIBJRR T ROCRFEAL ke WERKATT

FAE B OB(ET [n/k] ) W—RE 20 Tk
R 396 T

14.5 K FFF5IF

FA Vi — BOESE R V. j] Mol E LTRSS = Vi + V]i+
1+ ..+ V5], 250 [ 2PN FS, ERRIE 0o W] V iR m
FraFI e i (3, -13, 19, -12, 1, 9, 18, -16, 15, -15] H1, 7541 [19, -12, 1, 9, 18] {
FFK, 9 350 QUERFHIHHITCRER R LR S R 2 2T R . R ATR
A2 OB M2 PP AR, O 0 AR LUB I 55 284K A 22 -

1: function Max-Sum(V)

2: m < 0,n < |V|

3 for i <— 1 ton do

4: 5+ 0

5: for j < iton do
6: s+ s+ Vj]

7: m < MAX(m, s)
8: return m

FFEEME RN O(n?), Kb n 2 S . AR AR SR 1 R AR, —
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A TR T LSBT RS § SERA TR A, RERHEE T BB SISk
TRFIF B, 1411 fiR. AB R—Elid. M B < AM%XR. % BRI
—ANEZ Vi MU A B0 10 AR B B A % B+ Vi < 0804 B
FEH 0. FFRAH TN 3, -13,19, ~12,1,9,18, ~16, 15, ~15] I,

i

K 14.11: A B HEHEIR SR T FINL B 2 LL i S5,

BARFT | LA g5 FFIA AR AR 3
0 0 3,—13,19,—12,1,9, 18, —16, 15, —15]
3 3 [—13,19,—12,1,9,18, —16, 15, —15]
3 0 [19,-12,1,9,18, —16, 15, —15]
19 19 [—12,1,9,18,—16, 15, —15]
19 7 [1,9,18,—16,15, —15]
19 8 9,18, —16,15, —15]
19 17 [18,—16,15, —15]
35 35 (16,15, —15]
35 19 15, —15]
35 34 [—15]
35 19 []

1: function Max-Sum(V)
2: A+ 0,B+ 0,n<+|V]

3: for i + 1 ton do

4: B + MAX(B + V[i],0)
5: A+ Max(A4, B)

6: return A

HA T w ] U B INES 15N Snae = fsto foldr f(0,0), L f BOfrf
KA

fx (Sn,S)= (S, =max(S,,,S),S = max(0,z +9)) (14.23)

%3] 14.3
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14.3.1. AERURCR 77 SIAIRY S 3R [T B 5 R AN 1171 o
14.3.2. ARFFIVT 5 BT — 4R Z BT 3R TR R AR . E 28 O(nlogn).
TR SIERAE P R B o FRATRT ARSI 45 H Ji =45 20 B B KA AR
EFR I IR R A S B R AT SEBX— T ik
14.3.3. 48 m x n B " 4ERHUE M SR AR S A TR IR RO
EZR: 397 T

14.6 FHEEE

TR R FrA SURGRIR PR A 577 B R ThEE . FEEREL
s BTZER TR (55 6 22) , JATH A R B St T I R o RN T DAL RRAE 77
AP A T AR A 1412 Bios 7o

[alofy] [afn]afn]e[ufo]ufs] [a]nfa[n]s[m] [e[t]ofw]e[r] =

R Y

q

(a) fFsit s = 4, %Lk ¢ = 4 DFRHHIE L BE 5 TR

Llofv] [afn]afn]e[ufo]ufs] [a]n[a[n]s[m] [e[t]ofw]e[r] T

° an]afn]v[m] P
a

(b) fFsE| s =4+2=6.

K 14.12: 1£ 37 “any ananthous ananym flower” F1-5-4k “ananym”

FESOR T R AT H Po AN 14.12 (a) R fEmfs i s = 4 I, 12 —fa & P
T HRE 54 H 4 DS 58 5 E P gy, (BAE T 2 to RTIZE— HSZAp
2l R s I L(P ARSI LA ED P85 R 4L ananym Al nantho- -+ JA T4 H
s RUBEHE T LUB 1o fTA 545 an 15072 anan FJE 2. FRATRTLLKE s 8500 2(P 1
AR50 2) e 14.12 (b) fron. JATEM TILET S &l 4 M FRER, Bkid 1
TR LACHI A E . FiEah SR E R AR — R T — SR A A L
LB L M= AP FRA e FRIE KMP ik,

SO T A kAT RPERRY RO T (T /Y b DFARFRTR) o o 1TR AT REZ 1A
PRABE) s MUE, AT ERH BN IEECH ¢ 70 M 14.13 fros, 75 P

TURREERE R AR R T C ARMEZERY strstr, CH+HhRiE PR find, LUK Java bRifEZEHY
index0Of,
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AR B W —EAFAE RN k1 P A EgeT k SR RIETSE Py B9 k7R
Flo WALRU, BTEE Pe R Py B9ES. & SR 2R R TS 2. TS
AN k= 00 FRATEEE] RN BEZ IT20UR FRAERK ko & LATREBAR (q).
BEIREATLE ¢ + 1 ADFREA ISR R 3% R A U

T[] | Tri+1] | Tli+2] Tli+g-1]

. ——>» PI1] P[2] PO1 | POH1T | . P[]

P[1] | P[2] P[K]

K 14.13: Py, ARG Py BIRTSNTR S

m(q) = max{k|0 < k < ¢, HP2P, 54} (14.24)

SRR T ks s LRGP R, 2580 ¢ S5 AFAHIE L 10— DA E , BT
q' = 7m(q) FeFB)— N ILIRMIALE ¢ FHFTILAL Plg'] HISUA:
1: function KMP(T, P)
2: 7 < BUILD-PREFIXES(P)
n<« |T|,m«+ |P|,q« 0

w0

4: for i + 1 ton do

5: while ¢ > 0 H Plg+ 1] # T[i] do

6: q < m(q)

7: if Plqg + 1] = T'[i] then

8: qg+—q+1

9: if g = m then

10: frE i —m g — Mg

11: g« m(q) > FHEEZ UL AL E

FLEMAIE (14.24) #yi w(q) FEALM . FMTgt—LEHFE, M2t k4.
WSREE — D FRFAN DL D, HER 5 KATZR A) 2 SR Y SRR S i s (1) = 00 AP
Py =Py = []o HHAME| P AL ¢ AR, BIZRREME n(i). 7 = 1,2,...,q — 1 48
B8, I HHATRRHIATS Pe AR Poy B9ES. W1 14.14 foR, #5 Plg) =
Plk + 1], WFE T — AR b FATH b BRI —: &0 Plg] # Plk + 1], 3A1]
R (k) FREE]— AR P, Hop & = m(k), SRS LEBGX BT ST T — 7 4F
SERTNE ¢ NS, BEEX LR, BE kAW 0 (M), siE R ¢ TR
Fo MR T ananym FYFTEREUE, k S22 (14.24) BYFKHS
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P[1] P[2] P[k] | P[k+1] P[g-1] P[q]

P[1] | P[2] PK] | P[k+1]

B 14.14: P, & P,y [9)5 45, lhE% Plg) F1 Plk + 1]

q P, | k| Py
1 a0«
2 an | 0 | «”
3 ana | 1 | a
4 anan | 2 | an
5 anany | 0 | “”
6 | ananym | 0 | “”

1: function BUILD-PREFIXES(P)

2: m < |Pl,k <+ 0

3: (1) <0

4: for ¢ +— 2 tom do

5: while £ > 0 H Plq] # Pk + 1] do

6: k < w(k)

7: if Plg] = P[k + 1] then

8: k+—k+1

9: w(q) «+ k

10: return 7

KMP TiAb A 5 A MR AT SRR AU I 240 O(m) Vo AR B 1953 B
SRR O(n) o SRS EIZZRIE D O(m+n) FEHRE O(m) 25 [HIL BT SR B H . £
BRI KMP S35 ERE. 5 ETE “aaa..a” (n D) HHE R KR m 7
Hi“aaa..ab” o 5 m NFRERILAD, FATHRERERR— 745 FF HIb e A Eg 147
Ffo RIMEAEIXFIIGOLT . KMP A IR 2 LR Y -

14.7 MR GIFEFRF

FAHT k /N

Optional<K> top(Int k, [K] xs, Int 1, Int u) {
if L<u {
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swap(xs, 1, rand(l, u))
var p = partition(xs, 1, u)
ifp-14+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, L)
return 1

R

solve f z = search 0 m where
searchpg | p>n || g<0=/[]

| z' < z=search (p+ 1) q
| z' >z =search p (q - 1)
| otherwise = (p, q) : search (p 4+ 1) (q - 1)
where z' = f p g
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=14f f (m+ 1) < y then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)

where m = (1 + u) ‘div’ 2

KA :

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 c+} else c--

c=20
for var x 1in xs {

if x = m then c++

return if c > length(xs)/2 then m else Optional<T>.Nothing

BB AR KA :
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Hxl

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 4+ 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

O FNSRAIEIE

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 45 B UC A

[Int] match([T] w, [Tlp) {
n = length(w), m = length(p)
[Int] fallback = prefixes(p)
[Int] r =[]
Int k=0
for i = 0 to n {
while k > 0 and p[k] # w[i] {
k = fallback[k]

}
if p[k] = w[i] then k = k + 1
if k =m {
add(r, i + 1 - m)
k = fallback[k - 1]
}
}
return r

[Int] prefixes([T] p) {
m = length(p)
[Int] t = [0] * m //fallback table
Int k=0
for i =2 to m {
while k > 0 and p[i-1] # p[k] {
k = t[k-1] #fallback

}
if p[i-1] — p[k] then k = k + 1
t[i] =k

}

return t




FTHE HERI

ENTERER RN B, MR T2 T R AFT 775 R ILEC, fif
HA—EBEEAAT R MRS . AR E DGR D20l LR,
FLETIRTCRE ] REAFAE 2 (BTN AE 2 S E R B I o AMITIERT 2R
FR RSN R R AR -

15.1 FREMEN ERERE

RSB 2 (DFS) 1) A Se 48 & (BFS) Bt MUl “EHER™ Fik. AR
I 2 B AR 2R SRR I i P RO L o

ixY

15.1.1 *H

ERE R R AR A5 10 B E) 5 N SR A B XA T
AR I 15.1(b) Fron AW S 58 FUD R T B [ . (£ 2 IR I, B
RERE MBI RN EIRSFRA T B 5 e R . BEE
BRI ARIE— BB PR N —/ DRI IC S PR B TR EIE N
60 5 E [B]_E e s, SRR Sk, — HORIIM EELA S 1, stk
BENTOEER, e — 2B AR e WX 2l —— A" A RZGEN RS,
LB L) o FATH m x n BOREFE M RS JCRIEN 0.1, 3R 25 A
o [ 15.1(b) HYRE AT LT R T F R SE X -

=

|
' o o o o o o
= O ~ B = = O
_ O = = = = O
_ O = = == O

[ == T O S =)
IOOOOOOOI

HERA s = (i, ) Bl e = (p, @), BATEHH AN s B e fEH . ALK
AT AN s W AIFH LB AT, XA K, IR b 2 e FrAigie. SRR i

279
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I

[ e

(a) K (b) —EAFEFENTEIR

B 15.1: vk

s-k TERERIE N b 2] e FBSAERT. BATHER T WEE fric LR EE . [
—AFIF PicsoEE R T A M B, FU a2,

solveMaze M s e = solve s [[ ]] (15.1)
Hrr:
olve s P — {5 =e: map (reverseo (s:)) P (15.2)
A 2 concat [solve k (map (s :) P)lk < adj s,k ¢ P]
PR RAF I A2 1 B S T B reverse [O¥ o adj p 3 p A A EAT:
P FE BT[] EAHAR N 0 YA
adj (z,y) = [(=",y) < [z = 1), (z+ 1,), (z,y — 1), (z,y + 1)), (15.3)

1<2'<m, 1<y <n,My, =0]

RO R oF A8k AR S 0 VB E , AR B R e. A1
R BRSNS CR IR R A TSR R SRt B2
i OR RS I o ATEAH — AR S TGRS Herp U A [s]o R
S, BT s TR AL BT avb---- R ATRERTR A [a, 8] [b, s] AR $5 T oRAg AR
[a, s] SRR o EIBAY S SREEITE 3 L EREIE AR EEX . &
HIOsR T — SR 50T R 12 s NRTIR A Bzt o B S I B A, A ] 15.2 i M ARAR

A, FATE T A YAl AE , fRE S5 A 3 R T A ek e A2, 7 R S e
AT A R B AR

solveMaze M s e = solve [[s]] (15.4)

#
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p li,p o8]
! 0. By v ]
[P, .y 8] [, Py s S]
[a, s] [a, ...y s] [a, ... sl
BEEEREE
[ 15.2: FIARIC RIS
solve [] = []
c=e: reverse (p:ps)
solve ((p:ps)ics) = S ks=][]: solvecs,HH ks = filter (¢ ps) (adj p)
ks #[]: solve ((map (: p:ps) ks) 4 cs)
(15.5)
X I B ISR LA T -
1: function SOLVE-MAZE(M, s, e)
2: S« [s],L=1]]
3: while S # [ | do
4: P < Pop(S)
5: p < LAST(P)
6: if e=p then
T ApD(L, P) > B
8: else
9: for each k in ADJACENT(M, p) do
10: if £ ¢ P then
11: PusH(S, P + [k])
12: return L

AT R A 4 A ETTRE AR, 36 FLAE B HIRRE . S 2R ER DU O(4"),
Horb o BB K. SR 2R SRR, ReMTBE T DB . BT
A ATk E R R 1, AN O(n) . ot m SR AR HCE . P T )
THSRRIEE 2, 2 2R O(n?).

%3] 15.1

15. 1.1, (o FRTRRA ok B AL B A i o
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15.1.2 J\ERE

IR E bR KA (HEF] 1848 4 DUUR (Max Bezzel) 742 H/\ 2 )5
Y RSO ER, WA R AT 8 R R T o e A
AEJE, AT WA EHEGE . B 15.3 (a) fillid 7 2 )5 ] SGh 21 R7EHE . 151 15.3
(b) Z5Hh T\ 25 R S o

- K u E‘H

(a) EFRGAPR )5 (b) —Flfi

/ 15.3: /\ 25

£ 64 METHIN 8 25, LA Py FiHES. 290 4 x 1010, £, I
BB 1 MR, — MR R SRR [1,2,3,4,5,6,7, 8] HISERRHES. B &)
[6,2,7,1,3,5,8,4] FI/RE—ATHYRIFHAES 6 51 55 —ATHI R JEIRER 2 5 £
55 8ATHI RJFEAES 4 51 XA A EAG A 8! = 40320 i Jm. MW —1TIHIRIE
—EWMEE. B RIEAE 8 FEE (V\BITRYRE—S)) o BEEE AT R ER, BT
FIREANES — A~ 2 M BTG T BT R85 o XEF58 i A7 25, 32 8 F iy
i— VP RIFH A E . MR 8 M EARASRERAL, TN TR ER B LART i — 1 T2
Jao 2l 8 M RIFHRII AL J5 ik s 17— M. O TR ArA R, FTIEk T
XA e SRR ak e A H B n] RER S B T s B B BT — AN — A a1l
JEBIHEZ s solve [[]] [ ]

solve [| s = s

lc| =8: solve cs (c:s)

G solve ([x:clz < [1..8],x ¢ ¢, safe x ] # ¢s) s

(15.6)

AN BNCAZHA A TRE, s IU% 1T AR EIIE: 5 HRIUER c KN

8, FATEN T — Ao RGIITHEE] s vh SARRSEET A o] < 8, FRATM 8 Pkl

A IS] (z ¢ o), AR ARRERERIZ LI HE 2R Tl Gl safe x ¢) o AIATAYAT

AT G R

solve (cics) s = {

safe v ¢ =V(i,7) < zip (reverse c) [1,2,..] F : |z —i| # |y —j|, K 1y =1+ ||
(15.7)
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safe e EH y = 1+ || 1T, z SIM 2JF RN ¢ FULM 25 Lk, # c =
[iy—1,iy—2, .., 1] JEHT y — L D EIFHAERIS], BA T ¢ S, FFR L, 2, . A 2
JERIAAR: (41, 1), (62, 2), ..o, (iy—1,y — D)]o SRIEHFIBTEEAS (4, 7) RAEFLE (2,y) #K
XL v — il # |y — gl X—SLIZREBITRY, i LAEERIS A0 A ik AL -

1: function SOLVE-QUEENS

2 S«

3 L[] > PRATAR
4: while S # [ | do

5: A+ Pop(S) > A ZH A
6: if |A| = 8 then

7: ADD(L, A)

8: else

9: for i <+ 1 to 8 do

10: if VALID(¢, A) then

11: PusH(S, A + [i])

12: return L

13: function VALID(z, A)
14: y <« 1+ |A]

15: for i < 1 to |A| do

16: if x = A[i] 5 |y — i| = |z — A[i]| then
17: return False

18: return True

IR RIEA 8 B, R AR TR BIHEE 15720 R, /1
T 8! = 40320 By REL . [T IE T ARAKSR . B EASAAR, HE MRS L B E
B B0 v LIS R HEXSF /J\ﬁﬁr HATAT LAY fe 2] n RJE AL Hrbn > 4o HEEH n 3
R P TE) AR N o RIS O A s e HE A R R (e 2 HEFI I E)Z O(n!))

%3 15.2

15.2.1. Hodt/\ RIRisEsE, R el LU# Tk n 2 )5 R,

15.2.2. J\2JFNHUFAE 92 ARIRYE. RTFAEM— M, G H e £90° tf2/\ 2
JE T . HF BRI 2R . HIEARRAA 124 B\ 2RI,

X 12 AR o
2R 400 TT
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15.1.3 BEiHHRER

W 154, 45— 7 Bk B 6 K. —Bua LRy — AEkeE L. &
M ] LABEEN R 5 A7k b aliioed — A E ik R AT R Ak e i H RERTEEER
1 AREIEIR  AnTE] 15.5, jXLEF AT a2 3 Bk, A5 A 3 R E Hke frid /e
MEEEA-1, AN 1, EAFEERA LN 0, TATEILFIN s = [-1,-1,-1,0,1,1,1]
gl e =[1,1,1,0, -1, -1, - 1] fYfi#.

4] 15.4: BRERAGF i

;ﬁ%?‘bg‘ D & )%\g(— jpui = . iﬁ)@ ‘R

(a) BEBIHIALHY (b) [F A7 3t — (¢) T /et — R
Ak b

pant

K 15.5: B ahHin

ROZ MR — R E e FA—EBRHIDY 6 U1, il LUZ 8 Bl BRI
o [ 15.6 X EMBABMILA s WA KMEN L, 2, .0, To FIRA 4
MRS ZHATRE. PIANJTAGHT 26 3 Bofr Sk ERYFH AT LIRS Sh B 23403k b o X3FRID, 28 5 Bh
A3k ERF AL AT LAZERS — 200 88 2 Bofy Sk bR i e] A A s — AU i k) ==
A3k b KRR, 5 6 Bufy Sk ERYFE, tn] DA st — He Faes R 7 A LA
FEEAPIRES, 2l 4 BT 5 WAREA TR T Bz e 5. T A0 i i
SREA A, A A RE R A, BT A shR R ANy . NERE AR, XEAFEES
file FABCFEB IR TRGM AR RS L2 s (WM. L) MEZ
0,+1 FKIRE i DALEZEN A — AL WA G 2250 KM ER p, 4 FiEg
BTN

1. [AZAEBkER :p < 6, H. Llp+ 2] > 0,5c#2 L[p] <+ L[p + 2];
2. [MEBS:p <7, H Llp+1] > 0,583 L[p] & Llp +1];

3. [AAMkER p > 2, H Llp — 2] < 0,58#e L[p — 2] < L[p);

L B 3kIE : http: / /www.robspuzzlepage.com /jumping.htm
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15.6: =Rt

A [A4iEEp > 1 H Lip— 1] < 0.3 L[p — 1] < Lp|.

FE S A D EREL leapys hopy~ leap,~ hop, , ZWARZS L — Lo #/RRER B, MR [H] [H]
FERG L ANAE o (AR S ek Eflud 122t FFaaI e, drp HoE— 313, Bi3kh
HAHBIRE. 7136 M ICstirA R0 M. RATABEBHRRT. RRES L = N
HENT — e TATEREIEBICRE M Fe BNFATE L B2 4 g, ik
AIFTRE AR LA R 2%

solve [[-1,—1,-1,0,1,1,1]] [] (15.8)

Hrfr:
solve []s = s

L=e: solve cs(reverse c: s), R L = head c (15.9)
solve (cics) s =

N solve ((map (: ¢) (moves L)) 4 cs) s
moves TEIRAS L z 2% 4 ] gER 5 50 -
moves L = filter(# L) [leap; L, hop, L,leap, L,hop, L] (15.10)

XA IEACSE AT -
1: function SOLVE(s, e)

xS s

3 M« []

4 while S # [ | do

5: s < Pop(S)

6 if s[1] = e then

7 ADD(M, REVERSE(s))

8 else

9 for each m in MovEs(s[1]) do
10: PUsH(S, m:s)

11: return M

X TR A A BRAR (2% 15 28) R T — 1
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gl 11|10 1]1]1
1 1|-1[0[-1|1]1]1
2 1|-1]1]-1]0]1]1
3 1|-1[1]-1|1]0]1
4 1|-1[1]0|1]|-1]1
5 1o 1[-1|1]-1]1
6 O |-1]1]-1|1]|-1]1
7 1(-1/0|-1]1]-1]1
8 1(-1/1|-1]0]-1]1
9 111 |-1]1]-1]0
10 |[1(-1/1|-1]1]0]-1
11 |1 (-1/1]l0]1]-1]-21
12 (101 |-1]1]-1]-21
13110 |-1]1]-1]-21
14 (111 |-1]0]-1]-1
5 |11 1]l0]-1]-1]-21

A 3 NG 2 15 B Hifee 3 e Ll vl MR BB HONH R H
HI— R A

PR R E B8 —: (n +1)? — Lo A TAT LAEW X —4518:

W AR AR IR B AR R 55— RS 3 7 n+ 1 By ko 2n ik 3L
BB T 2n(n+1) By ko A2 A4 U iSRRI MU A9 BT A B ARSI — ELIHIE,
WIREERER . T4 n® Yo, B IL ST BrA F R T 20® Sk
NS BN RER , TR BRI AR Sk L B 2n(n+1) —2n? = 2n . 4 n? X
BRER 1 2n BRI Sk EAEIN. 5B RZMIEEC :n® +2n = (n+1)° ~1, O

Mg B 3 L ENRREAE RS . NIRRT IR Bk
BEMNCIHG S5 R ZS AT  BRER IR -1, -1, -1, 0, 1, 1, 1] JFR.
AR — PR . BT A TR RERIE I, R, B0 BT A
VA3 T3 s i TRl FR RO AT/ \ 145 s BRBR T el A, B0icAT 4 Fh
AR BER s 2R . BARERICIEIR AR NIBREARBIE LI . (RN IALSE M RTE
RERERM 40 ERBERRLRSZ T\ RJF R RZARER 1 2EHHE
FERRARE b 5 R 7 e B A ) e 2R A 2 2o A (A0
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FRA I AR TR] A SRS SR AR PR LE TR AW 22T RERYIE I, Tk B4R 2IATIR
A, MERTCIEAR S R 22 e W IR T, A EE B, s 55
RETA I REIM A BRI BTCHE . 9K R RMTEAAE 2840, 3 E) — e, JATa)
DM T S5 R B A8 ST AW RERY IR o A SR EUE A IRZS AR . ) b —RRARE L A1
BAREA R RS . IR ABRA RS R HEREAREE, FAoAH
—RE BRI BRI EERMUE R E = W 15.7 R R T . §
S S i4:D e 1 1 N N 1 O 17 DO - el < O v v L) T

K 15.7: IRt R Ay

PRI IR RME TN R AR 2 o NP BATEA LT R =2 E . oty
REFRIE, F140 Prolog, (i IR ELAUSEAE N BIARRAERIY . Fin— Ak E w L —4
SWAELGEE

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).

HAE oX,Y) FoRE X MY &Ml s 2a 0. IREEY M X
e, FATRT LA I — S AR T &, sl S — S TC T YRR S . 1 15.8 45t
TAIEE. ELSALE X MY, Prolog A LU N HIFFEFFHIE CN 2 B2 6 A
T o

go(X, X).
go(X, Y) = c(X, Z), go(Z, Y)

KRR —ME X M H S EEWDARME XY 5 X 1 Z HiE,
HZMY ZA7E WX Y Z RN I8, Z FEf rl fEAME—. Prolog
pri S WA to%1 & SRV EE SUTREL £ PRIk e m e N pvia e R CIbPE R Sk el
T SXAG IR RS E RO R SR . G R RN A OPEL
i Rt ZR MR R T ik Pl SR B R 2 — A — €& 8
B
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B

}o O

& 15.8: —~Ala &

%3] 15.3

15.3.1. AE 2Abiek 7 ek () AR ) PR TS L (645 & T AR n LR IR 0

15.1.4 IR FE.B3ET )8

BRI, RFNE— R — R — S, A5/ M, H
RREH o /I HRELRE N ARRANTA S HEZR P . R REEIR F HRH T
R R HR AR RIS RSN ME I8 . A0 A R
LRES AR MNE s uRliks

HITFIRANSIZ R 3R KRR AT LA 2 ek s S R Rl 1R R ICIE R R
[= B R N e = R S S ORI I (DU = S E SN RIS i aW S PN (U2 S I 5
PRI 7 3% BAT IR AGHE A eI, FEBHR A s bR o N5 REIEERT 7 1], AR it
—RE A R . BATR AR R B AR RTRE S PR AR RTEE =K
JEHIFTA RTRE: - ELRIROR P HZR PYHREIE T X RER e FFHIX 54
FIrA T REFR L R R TR A AR o

e IR A T A RERI AR ? B . 25 E AR IRIE A T2
ke AT EUA N RER, HRROEREE AR SEEIRBRME BRIk
P QEIR SRS EE Y 6 LSz S L 31105 /A ENET DS Veb e £ S b WIIEAY 35
AN Z JE A RERHE S ke Z 5B —BA o Al £ AL T A A $52
BR AR AR AT BRI AR ER it B AR AEAF  ARER o 3K —BAS R LAGRIIEHF R Y 22F-o

FHSR AR B R B T FI . HEES A B ERTTBIR . JTIR. B4 A =
{w, g,e,p} EER 3 REBE B =0 HUICHRRMAI - DITRMAES
8. MREGTAFAERK, MIARES AP RIART . AR M B
A B N A Q BE RIS A = {w, g,¢,p} B = 2. HEL\
FUAZS AT SLRTT R R A A FTRER IR . SRR 1 s ARSI Il BA 8
WERBASLHET A = 0. B = {w,g,¢,p}, FATHALE] T [ 15.10 58 TN
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ball box

K 15.9: 28 i D N HHPASRER . ARBCA LR R B 2 A FE o

Feo [R—¥REE_ERIBrA AT RERRBS 2 T, JeRe 2 TRl o

A 15.10: MR HIRATT IR A 228 PRI A AT 2. 3. 45 SRR &4 3 B _ERYFT

ALV 4 G bR IR R E B FRoR R R w = 1. F g = 2. 3%
c=4KRKp=8. 0 FRTE, 15 FREEIAEMNES. E 3 TR ARMT,
IR EIZ I o [FRE H 6 on 73— Fhip SE I BERIRA TR s 6L (8) A3 Sh— AL
(2. DD ECF R 2 55— DT B WATRIRS SR M :

{B<8: (A—8—i,B+8+d)|i «[0,1,2,4],i = 08} ARi # 0]
mv A B =

TN [(A+8+i,B—8—1i)|i + [0,1,2,4],i = 05{BAi # 0]
(15.11)

Hrp A ot Gia8e BATHS Q = {[(15,0)]} JF3h# % : solve Q-
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solve @ = O

loe O A=0: reverse c, Hf1(A, B) =¢,(c,Q") = pop Q
solve =
A solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q')

(15.12)
HH R valid c &I SR (A, B) BAEMSR ANRER 346, FF H A
W AT ¢ Hhe

A, B # 386, (A, B) ¢ ¢ (15.13)

NGRS R A AR

1: function SOLVE

2 S ]

3 Q< {[(15,0)]}

4: while Q) # @ do

5: C + DEQ(Q)

6 if C[1] = (0,15) then

7 ADD(S, REVERSE(C))

8 else

9 for each m in Moves(C') do

10: if VALID(m, C') then

11: ENQ(Q,m:C)

12: return S

NEAH TP SRR
Vs | A
TR PR AR
INEPRS FfR
ENSPAVISS RE
FI2R TR ERR
P FHIRREK R
* {ENEP VIS
FoRkR NSRS
TR HR R
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£i

R ENCE SIS
INZES
INEEWICN

I

T

ES

Ekk

15.1.5 {7k @)

Ekk

£

ENCE NN
EE
SNEEWION
TNEE:
TN O

APTG99 T4 4 Fho A A REMTT I 6 Fhoke X4 H AT LUE
MBI ARG A7 DHEGEEECE ZGAME Z B AU R T XA R FE4 SR
SRR 3yt I 13X A Ao H00 5 5 R A nT Ao (432525
T B ORI 6 Tk BIECE B, 9 TR E 3
Ko A TIAGX— K /MR A 1A anlsl 15.11 frR.

9

1

=

9

K 15.11: 5eJamizb

B 9 THAYIRT  SRE B LE P I 4 TG A% 4 TR # =S gml
A2 1 7K. Ik 15.12 froR. @RS — Rk, AR BARE L. eIk

BAnfer A 899 THAT 1147 THIH T35 2 THK.

9

4

4

1

=

1

P 15.12: R ATHUENHG . SR 5 BN MR

KRANASHT B, A, BN b, a, B 6 FiRAE: (1) A BH7K: (2) B W
K (3) B2 As (4) 22 B: (5) ¥ A hEKEIN B: (6) ¥ B BN A. TFRE RS
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FIKEIE U AT o < b < 2a.

%+a%F

A B Bk

0 0 ik

a 0 B A

0 a % AEN B
a a B3 A
%2a-b | b % AN B
2a-b |0 Bt B

0 2a-b | ¥ AHEANB
a 2a-b | fIl A
3a-2b | b % A BN B

¥x Il

TR A FHgAE , B AR BT AR N wa 4+ yb B, B o,y 238
o MIEEOeTRIZEE , IATAT LU 2 S REFR 2] g ThK: 4 HALY g BB a- b [
R ANLIBOE RN . B ged(a,b)|go R ged(a,b) = 1(ab HZE), ] MG EHEE H
IREL g 1Ko BARFTLARIE 2 A M BIA A RE BRI BACE R il 22 E
JifE g = xa+ yb I xvy, ATLMSE—4IH2E. %z > 0,y < 0, FRAIEH A 2
B 2590 B 3y o I/ IMBA T a = 3 KA b = 5, BT g = 4 ThK. BN

4 =3 x3 =5, AU TP ER:

PRAE

O W o R R WO W o

»Jki—‘)—‘OU'COOJOOm

VAN
i A
¥ AN B
517 A
“% AEN B
¥ B ]2
¥ AN B
1 A
% ABN B

AL AR 3 B2 B L e AT AR EOE i REKJLE BB AL 1%

Bfigt x Fly:

(d> &€, y) = ngerct (a; b)

(15.14)
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Hrfrd = ged(a,b),ax +by =do & a <b, B q MR r, WHEXRb=aq+7,
WYKL d R av b, K d WEERR ro 1T 7 < a, ATLAERE T4 a F1 - BUECRAZIEL
el IN T ) LA o

(d7 xlay/) = ngemt(Ty a) (1515)

Hd=ar+ya. ¥%r=>b—agft\:

d = 2/(b—aq)+ya (15.16)
= (Y —2'q)a+2'b
Hd=az+by X, A FHESIHKAR:
T _ /_xlg
DA (15.17)
y =4

BRI AR R AELE a = 0 Bf: ged(0,b) = b = Oa + 1bo JXFEY JEEK L HHGHE
RSN
ngemt(07 b) = (b, 0, 1)

15.18
gcdegsi(a,b) = (d,y/—x’é,x’) ( )
a

Hrb doa' vy B9 SR (15.15)0 W15 g = md, 0 ma 71 my SEEEK RIE—
A AR @ < OB goders(4,9) = (1,—2,1)0 BT d = wa + yb, FATRETE o i1
b, ISy W, 0, B8] 2 KT 0o IXEEESIEMIER —FReAl. B 3 7.5 FHEOH
T FREL 4 T BRI LA B 23 4
[(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),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),(0,4)]

AR ATTEL 6 2

[(9,0),(0,5),(3,2),(9,2),(2,0),(2,5),(3,4)]

RHETIHE g = wa+by HILHFZ M x| + |yl 80N, Frils 2D o FATRTEAK
PSS STl (S o £ 6 R (BT A Bl Bt AEIN Be--) “IH77
R SR AT R BRARIICERE — RIEX (9, q),
P q BRI KA, 185 T AIHIRE] i m B KR IE . THIRIS EASI A2 -
{1(0,0)]}«

solve a b g = bfs{[(0,0)]} (15.19)
AP AT LB — AR5 R P iy S e RS LS g THK,

FANTHARE] T — o AP S0 P s B BRATTY i IR A, 2235 6 Ffrm]
e A EE I
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bfsa =[]
b O pag =g : reverse s, HHi(p, q) = head s, (s,Q") = pop Q  (15.20)
S =
- bfs (pushAll (map (: s) (try s)) Q')
try s = filter (¢ s) [f (p, O|f < {fla, flg,pra,prp,ema, emp}| (15.21)
Hrpr:

fla (p,q) = (a,q
le (pa ):(pab
ema (p,q) = (0,q

)
emp ( b,q ) ( ’0>
(

pra (p,q) = (max(0,p + ¢ — b), min(z + y,b))
pre (p,q) = (min(z + y,a), max(0,z +y — a))

(15.22)

ﬁ{zE URER AR BATTEFRAESI B TTR P ORAFRIEL IR W LA
A fill A A1 fill B A[ 47,
E (3 0) AYEEA_F223

%Uﬁﬁ ARk, WK 15.13. FHARAH (0, 0).
ET;E%EE% (3, 0) [(UELRE F22i fill B, i0s 8455 (3, 5).
empty A R BRI (0, 0)o FRATHEILIX—iETl. E A&

SR A

FILAZEIE] 15.13 a4 7 g i — 44251 A ,*'J)?H“Blilﬁﬁ%ﬂ%ﬂﬁéﬂﬁ%‘w

K 15.13: 2R

1: function SOLVE(a, b, g)

2: Q + {(0,0,NIL)}

5V« {(0,0,NIL)}

4: while Q) # @ do

s+ PorP(Q)

if p(s) = g 8 ¢(s) = g then
return BACK-TRACK(s)

else

for each ¢ in EXPAND(s,a,b) do

(0, 0)

(3,0)

(0, 5)

(3,5

(0, 3)

(3,2)

> Rl ES
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10: ifc#s H c¢V then
11: PUsH(Q, ¢)

12: ApD(V, ¢)

13: return NIL

14: function EXPAND(s, a,b)

15 pp(s) g qls)

16: return [(a,q, s), (p,b,s), (0,q,s), (p, 0, s), (max(0, p+¢—b), min(p+q, b), s), (min(p+
¢, a),max(0,p+q — a), s)]

17: function BACK-TRACK(s)

18: r ]

19: while s # NIL do
20: (p.q,8') =s

21: r < (p,q):r

22: s« s

23: return r

%3] 15.4

15.4.1. Oty WO LR B, S A 15 (2| + |y| S/, DAMFRE K A
Az 401 T

15.1.6 *£AFIHE

RGBT AR BRI RSN AN E] 15.14. [FAMK Klotskio AN AREA
AR HBAFEA 10 M, AR T EEE R s/ NI N ALY
TETTIE B KRB0 2 x 2 B o AR R Ay a) A SRR 2 ALY B
o KRBT &, HARR X F N TR AL ity H AR 2 28
REWE S R S B R T k. B 15.15 2 H A AL BRI
—HAAEER L R R AR AR B 1 5

FAMTHI 5 x 4 FEFERACFAREL ATHI 0 TFiR. 1 2 10 MRG0 A=
(i Ee JEFE M Z5H TAERERYIRIRES . ([0 @ RS A . AR
i L ARG L[] 2ty i BRI EEG. fin L[4] = {(2,1),(2,2)} F7R% 4 T
T TAE (2,1)(2,2)0 RATATEMEHEEE ERY 20 MBS 500 0 2] 19, 4817515
WG e = 4y + zo IXFEHPI T 5 L[4] = {9,10}.
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(a) A4 (b) B 3% T 4 5
BT

] 15.14: ARSI

P 15.15: HAH) 67y L7 iRk

%+aF

#¥E
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1 10 10 2
110 10 2 1 {0,4},2— {3,7},3 — {8,12},
4+ {9,10},5 — {11,15},
M=|3 4 4 5| L=
3 7 8 5 6 — {16},7+— {13},8 — {14},
9~ {19},10 — {1,2,5,6
6 0 0 9 {19} { }

FRATAT LARE SUMST (M) — L FLEBET o~ (L) — M AR o) (A 4 e -

1: function ¢(M)

2 L+ {}

3 for y<0~4do

4: for z <+ 0~ 3 do

5 k « Mly][z]

6 L[k] <+~ ADD(LI[k], 4y + x)

7 return L

: function ¢~1(L)
M <+ [[0] x 4] x5
10: for each (k+— S) in L do

oo

©

11: for each cin S do

12: x < cmod 4,y < [c/4]
13: Mly][x] < k

14: return M

BAE A AT 10 ML, BRERIEGAE L TAA AN 1A%, fE M
E. BRI (Ay, Az) = (0,£1), (£1,0), fEAT7 L. PAJ7 R 3 BRI
d = £1, 24, FIIET L[i] = {c1, co} MZERBBNEN {c1 — 1,c0 — 1} IXBEEHEBRI A
FEpRNGHL:d = 1,cmod 4 = 3 il d = —1,cmod 4 = 0, [y 1L N — {0 FHk 2] 55—
o 2 RS20V 2 H 8 e sl fE. FIansE—4 G 4 FmlEE: 56 6 Hhiaty
55T EEE S HRIM T8 9 B Ae . 1A 15.16 AR SIS AL B AT AT

] 15.16: =il PAAR 1 ARS8 Al B 3l A0 R OTAR 1 RIRS AOAR 2 BOA% 1 i

NTMER AR, BAGER T & BIh2IH) BT, RN 0 5 & AT
B
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valid L[k] d :
Ve e Lkl = y=|c/4] + |d/4]|,x = (c mod 4) + (d mod 4), (15.23)
(0,0) < (y,2) < (4,3), M[y][z] € {k,0}

gyt — RIS B AT RERI B A0 R e QLB SARELAE FEAR R AR, BAR T T Y
My # My AHEANTA B L2 E AR

110 10 2 | 2 10 10 1
1 10 10 2 2 10 10 1
Mi=|3 4 4 5 My=1|3 4 4 5
3 7 8 5 3 7 6 5
6 0 0 9| 8 0 0 9

BNFEEBAT R RES . 2 BT, E AR NES: (1Ll =
{pl(k > p) € L}, @7 L FrAEMNSES. REw RN = — R T
{{1, 2, 5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}}. /=
AR FREA Rt P SOl . G R TETEY My T Mo XK

(10 10 1 2 3110 10 |
10 10 1 2 31 10 10
Mi=|3 5 4 4| My=|4 4 2 5
3 5 89 76 2 5
6 7 0 0 00 9 8

EATHH— AR R E X R . BATTE SIH— AR R FR AL
mirror(||[Ll[) = {{f(c)lc € s}[s € [|L]|} (15.24)

Hrr f(e) = 4y' +2',y' = [c/4],2" = 3—(c mod 4). AL —BAFIFATIE R,
BAB AN TC RS WER S — RIS X LR 5 T2 A R . BHRFE3IA (K, d),
TR ERB BT kT dUER £1,+4) o BAFIRIAHE R Q = {(s, [ ])}, Hr
sEiibffE. HE Q # @, BATRM LT H—1 TR, R E R AT (4’5 10)
BEFAEARLE ¢ = {13,14,17,18}, B L[10] = ¢, WnEEMILET ; 0], 3412205t
ARSI A RTINS EE ARSI R (k,d) ANPA. TEM RS
B A THES HidsgH— R EE .

solve @ H = []

L[10] =t: reverse ms, HH1((L,ms), Q") =pop Q@  (15.25)
solve Q H =

Ny solve (pushAll cs Q') H'

Hrp cs = [(move L e,e:ms)|e < expand L] 2870 %

expand L = {(k,d)| k<« [1,2,...,10],d + [£1, £4],

(15.26)
valid k d,unique k d}
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move UL LIk] #8)) d 158 : move L (k,d) = map (+d) Llk]. unique ¥|¥HT
E—Ar )Ry (1L € H .82t mirror(||L'||) ¢ H AER idskrh. WRBAEE  HH
CAERCE H AT 48R FHEN MG WIS R 5
AHURLL 116 2 (b8 3h 1 #8) JBJm 3 BT

1: function SOLVE(s, e)

2 H{[sll}

3: Q<+ {(s,9)}

4: while Q) # @ do

5: (L,p) «+ Por(Q)

6: if L[10] = e then

7: return (L,p)

8: else

9: for each L' in EXPAND(L, H) do
10: PusH(Q, (L', L))
11: App(H, || L)
12: return &

[|5|, |3|’ |2|, Ill:l

1 l’ |3|’ |2|’ |l|:|

[I?l’ |9|, l4|’ |4|:|

[lAl, IAI’ l6|’ |0|]

[lAl, |A|’ IOI, |8|:|

[|5 s |3|, '2', |l|:|

[|5 , |3|’ '2', |l|]

[l?l, |9|’ |4|, |4|:|

[lAl’ lAl’ IOI’ |6|:|

[IA', IAI, '0', |8|:|

[|5|, |3|’ |2|, Ill:l

1 l’ |3|’ |2|’ |l|:|

[I?l’ |9|, l4|’ |4|:|

'0', IAI’ lAl’ |6|]

[lel, |A|’ IAI, |8|:|

A YRR 7K PR SR R B R A LRI A A o TR EEDUSERL, EAT#R
AR 2B RS AEIEAI R B ARIRAR AR R TR 2 FERAE I — 7, XA
25 AU RAIR AT E] T X B AR ISR 23, R 1EIRES
RN F AR EARIK. FREFBREIPR SRR R BT S) 4
IERER A I 5, H i KB #5327 isEmI A B . B AR AT HH LAY
R, AT A — RS AL 20 53 Sh— R3S FRATIEAT" 22U RE T 1ER 22N
R IUR Z SE 2 /T ATAZE— P IRAE R . X RIE T 5 NP A E 2
BT BT RIS 7 T J& X R FR N B et R . 1 15T S5 T T IR
JEMESAR K BIXT L
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(a) TRIEASAE R (b) AR
] 15.17: TR REAL et = 07

T RATCREIER 77K e R SRR 2. BBk
AT I 25 BRA D e T, M BA ) FE B AN BT I N A0 R 22 AT b T ) BEARL S
LR 7 MR PR NE SRR PR B EN R ERE R ERIUE. B
A 15.18 RA 1A, ARBU A AR ], BATTCTEE ) B et 24 W 2 )
IR AR A o TR a ZPRTT ¢ Z R RS Fad i DIt e — b — co
AR 225 MR LT BT S a — e = f — ¢, ERERERA

=
e

K 15.18: A AE A A &

%3] 15.5

15.5.1. &) i —HE = X

15.5.2. FEE 2 2 T —FE Sl & 15.19 202 —FhE bR . 8 /N
7 AL THT S ME T EARA S 1 5] 7. I AT 06 [ e
AN LT T LA st 25 [ R A SR L MR A TR . iR
T MIFT 122343546, 7 I W BN STFE K 7262524232, 10 H'E —
o A e J 0 [

224 - JE(1937-2020)  BEEEER .
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] 15.19: BRI Sk

15.2

"ULEE

AT 22 B AR 1 4 ) 2T S AR

INA=A

HEEL o

301

AT FRAY IR R A

HAK G o AARZ MU AFAE 22 T R A s o (OGS SRR 8 [P R A2 BT AT 254K

B AR

15.2.1 MK E4mAY

MG R = G2 — b e/ M B B A D Y 7 2. IR ASCIL (] 7 67—
BERIBOS FBE 07 75590, 7T LAFRIE 27 = 128 M fF . HUH 0.1, AT 7R3
logy n (i3 n NANE TR TIHE ARG SCFRIIIER K76 A 2] Z by 0 21
25, GGG 5 Ao B F5E] 5 A7 00000 MR 00 XEEA)ZahS 5 RN E K Db

v | wm | s | s
A 00000 || N 01101
B 00001 || O 01110
C 00010 || P 01111
D 00011 || Q 10000
E 00100 || R 10001
F 00101 || S 10010
G 00110 | T 10011
H 00111 | U 10100
I 01000 || V 10101
J 01001 | W 10110
K 01010 || X 10111
L 01011 | Y 11000
M 01100 || Z 11001

A “INTERNATIONAL” 7] LAZR A5 A 65 A7 (1) %L
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00010101101100100100100011011000000110010001001110101100000011010

7 MO AR KGR O AL 0 AR5 AL I BRI 10 4056 C,
J 5 o AL 11001 03K Zo BIAAT LA B 40 R A A B o (EAERRRGES 25 i B S o
Bl —BEHIEC 1101, FATARBEE R 1, JFHiE 101 (378 “BF”) , ib2 110, J5T R
#H 1(FRGB”), 5 1101 (378 N) o JE/RIT AR 2 A8 Kedfid o e I 745 E 2
BN 7 PR LRGN - -7 o VR RE LA 0 50200 T AR 2 R AR5 L Rl
—AMRIRATC B SR -

TR | TAE | e
A |110 |E 1110
I 101 || L 1111
N |01 [O 000
R o001 |T 100

A “INTERNATIONAL” 4y 38 o711 — 4%

10101100111000101110100101000011101111

¥ E R BE A B N FRE . IX2F AR AR g e gmisivais.
XGRS R BT 8RE ° 0 RIS AT B PEAF , geid K T k— 2405 . X AT
KT AR 25 5 SOAS, BE R BN AR S A B ? 1951 4F BT 27 Be iy
BIEAARs - Peif e LA A TR A A S I AR T kgl
L TIRA M LT G T RS IRFELLE M R Y EILREI T k. 1k
SRR ERF LRSI . & WL A g A . e SRR
DT B IRE & U IR S I IR AR . e I8 8 FH = U™
AR o FAFORAT T Rl MR s P 7= AR m it o (R ZERTFI 800 0, [l 45
BUHERTER N 1, & 15.200 @il AR i T 2] N HEE 1S A2, R /2985 R A 2106 N
RIE N gl O 45 A NS IRE A A, /2, Zfid 2 110,

XA I ] ARG o F48 —3EHI4, 0 28 1 1Al o BRI, 9 f_E R0
RSN o SRJ5 BRI BIAR Y 4k sl . MG A BRI BB ISR .
TaRs B FARFHIN — D95 jl A e AR Ode H AR B/ N YT KA IR
To SR FEIACER . ABNEEACE S/ NI G, R E1R2— 13
B,k 15.21,

FRATE ] = SO E SCSEIRAG R S04 o T RSN T ACE, FOA I RURAE T
o DR RFERA (w,l,r), K w BB, L r B4 F. I REERN (w, )
Hrp e 255 o BIF I AR merge a b = (weight a+weight b, a,b), Hr:

S3E3C i prefix-code, M/ 2 T i 2449



Fos fok

& 15.20: W43 S

4 15.21: Hying ok 2Ry

303
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weight (w,a) = w

, (15.27)
weight (w,l,r) = w
AR AN I AR R N RS
aild [0 =t (15
build ts = build (merge ty t3) ts', Hrhi(ty, ta, ts") = extract ts

PRIEL extract 1451 28 Hode AR S /N T RRAR L 7 weight 1 < weight to,
f}i)[ t1 < tao

extract(ty:te:ts) = foldr ming (minty ty, maxty to,[]) ts (15.29)

Hr:

) t <ty: (min tt;, max tty,ts:ts)
ming t (t1,ta,ts) = (15.30)
%:U_\IU : (tl,tg,tits)

N T IERRTIENG TR S A THIEEE A A7t n BRI WA TR 23310 AL IR Al
HIBLE/NT Aln — 1] 50 Aln], gtsciit A[] f1 MAX(A[n — 1], Aln]). iR G I Aln]
B Aln — 1]o XFEEERSE/N—. EE MRS RAHIE RSN

1: function HUFFMAN(A)
2: while |A| > 1 do

3: n < |A|

4: for i <~ n—2 down to 1 do

5: T + Max(A[n], A[n — 1))

6: if A[i] < T then

7: EXCHANGE Afi] <> T

8: Aln — 1] <~ MERGE(A[n], A[n — 1])
9: Dror(A[n])

10: return A[l]

FNTAT ARG R 20 T iR & p =[] MR REIRE . /2 p < 0:p,
BT p « 1ipe BNAMATRIFRF ¢ I IEFR ¢ = reverse p F|iEE . & L (FTHAL)
code = traverse | |, HHi:

traverse p (w,c) = [c+— reverse p (15.31)

traverse p (w,l,r) = traverse (0:p) | 4 traverse (1:p) 1
Gt it R — A SR w — AR dict 7R A kG F A

encode dict w = concatMap (¢ — dictc]) w, Hrfidict = code T (15.32)
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ARG AR B, — AT — kR 41 bs — A AR 2. MARTY SUT44. 0 1)
fes VI BEM79 R AT oo SRIFRIZBIARYY kS ff S . decode T bs =
lookup T bs,H:

lookup (w,c) [] = ]
lookup (w,c) bs = c:lookup T bs (15.33)
lookup (w,l,r) (b:bs) = lookup (if b =0 then [ else r) bs

WSk SRR B T — RSS-S0 (AT TR, AL
B NQBIRER 9. X RUREBRALERE 1/ T R RRAO T AT bR
IR R 1A BT MBI, BRATFRR R R R A
FrE BN FOLSTERT IR GILR S L. (LR SO R 2
FARARIE AL o I PRI AR 3400 — M RRRO BRSE

%3] 15.6

15.6.1. SCIiAv4 201 Huffman A5 3846 s,

15.2.2 #EFgKE

USRI BRENGP  dn ey ) e D HORE R F Rk (BORAT 5 MRIRTAIHIAE T 1 79+ 5 70
2.5 f1\5 Fi 190 14 10 48,1554 10 f,3009:C = {1,5,25,50,100}, FEHE
x 5o S BIDSR AU P oK (R T -
change 0 =[]

(15.34)
change x = ¢, : change (x — ¢,,), HH 1 ¢, = max {c € C,c < z}

BN 5i# 1.42 JC, BREL change A2 AT #1136 < [100, 25, 5, 5, 5, 1, 1]. FATATLA
R HAeti o [(100, 1), (25, 1), (5, 3), (1, 2)]. Fn—H 1 0 — 4% 2.5 ffis #0570
QI N TG 7 R O P T g 7 KT B AR B =) W Bl W = AP DNE 2 V{ES P
HIRE T ARG R (HEAFIN: 1 C = {1,3,4}. 5l = 6 8. B IUME 22 3
SIETN . ERDRIGAHZ 6 =4 + 1 + 1, 3 MM,

JVES 2 AU, D0 SR 8 S B SORZ R, IR T 2. il
SCHFATHIRE SR SOAR T A8 DU 56 B W 5 Rl 170 2 BallalfgE oy s, 9%
IDFNE AT AZE BT s AT )7 38 - A — AT HRS AT REZ N H 4] o

. L+« W

2: for w € T do

3: if jw| + s > L then
4: Insert line break
5: L+ W —|w|
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6: else

7: L+ L—|w—s

%3 15.7

15.7. 1. fo PG 1 5K 2 ARG < A Iy MM T BRI A48 5 5 e e e e

15.7.2. WIRFARF CHAEHEE AR A, fFAE— DLl R R HE e K 2 9 535 -
HIBAA Q@ PRAFETFER . AW Q A S BUL RN, S FFIE A BA. 4k
HsesIFRPETAR G ST ARG RO — AR BRI R B 3 SE X
— ik

15.7.3. SR RSN T 1 /M BN sL G 5% ARG o

15.3 @SR

BT TERS N F IR TSI (ST ) o iz SHE] 7
T o BRI HI5E Cro 44 Cr HREET A3 B : C1 O o 3515 T 210
Tao Bl Cry = Cy # Conw = xy + @00 M Oy 25030 oy INEALAR, H Co 2 5040 2 5
e
IERR. HIBGIEZ o X o AR — DI 504715 O, T Cy IR D T 5e,
78 C 4 Co IWHHTHE/ DT Cryo 3IXHI Cry & 5048 BRI B RIFE, FoA10
AT LAIER Cy 2 54 o HSALAR o O

TERAH AT RS o ATUEHEEL y < @, 4[RO A 4 TR - 2 31 45t y
oz —y B KX Ui & A 82 it o RS VRN RB]: =
FREET C ={1,2,4} fifft o = 6o BAMTEPALEE N 2 + 40 HiH 6 =3+ 3 fiFN
S 3 HIP AT A B T R AR 3 = 1+ 2 (HAHE TR (1+2) + (1+2)
A A KA T o SR A IR AT 73 D T B oA - A0, FATIPRE B i
FEHT o AR AT /TURL A T (7 gt B I - 4544

change 0 = []
(15.35)
change x = min [c: change (x — c)|c € C, ¢ < z]

Horp min 8 ARSI . HIX—E SURREE AL 9 ] IR . F T
RS RE R . % C = {1,2,25,50,100}, 508t change(142) I, 7
HiHH change(141). change(137). change(117). change(92). change(42). FEiTH
change(141) I}, ¥4 141 43 BIEZE 1. 20 25, 504 100, IXFERE S FRRITEE 137, 117, 92,
42, R RLL 5" R 25 R AL ROIRIRESI N Iy ik, AT TR T g
DL IR T Pai2s H . mfk y BB E A T'ly) ZRECT @l e, a2k
Tyl = @ s A E . R RN Tyl
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T+ [],9,9,..]
2: function CHANGE(x)
3: if >0 H T[z] = @ then

4: for each cin C H ¢ <z do

5: Cy, < ¢ : CHANGE(z — ¢)

6: if T[z] = @ 8 |C),| < |T[z]| then
7: Tlx] + C,,

8: return 7[z]

FATE AT LLE R A4 0 s ) r iy s L. M T[0] = [ ] IHah, ik
AT = (1), T[2] = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], in5E 15.1(a) frn.
S T[5] AR5 > 1 e LS 0. BANEE B UMM RN
2 15.1(b), T[5] = [5]o # F2R5uHe x = 6,1 405 43#/NT 6, AWAER: (1) 140

T[5) #5 [1,5]:(2) 5 00 T[] 4% [5, 1]« XM (T2 T'16] = [1, 5],

BOEHT

AT Hr i < 2 i, B ARERTA ¢ < i T{E. IR R T — o] B985
DU PN L c 158 — Ry 58 IR FRET b —MEDN T

x 01| 2 3 4
wedfig | [ ][] ) L] ] [L11] ) [1,1,1,1]
(a) Fiff 4 73 LA R SR 513

x 01| 2 3 4 5
wedfi | 0100 ) 1] ] (611 ) [1,1,1,1] | 5]

(b) 5 5 53 AN Y S 4155
#1510 SRR AL ARSI

1: function CHANGE(x)

2 T+ [1]2,..]

3 for i + 1 to z do

4: foreachcin C H ¢ < i do

5 if T[] =92 58{ 1+ |T[i — ]| < |T[i]| then
6 Tli] < c:Tli — ¢

7: return 7'[z]

RIUEFRS (WF) PARKEESENA. RIAEAHEEE AR, [T L2
FUCSFAR 7 RS o+ S dfe T(i] Priff R ¢ DLRRG ZRGRET £ n.
BT[] = (n,c)o N T RIS S0 @ RIBEMSIEE , FATIERE T'l2] THikE] ¢, SXEFM

Tl — o tpdkF| - FHE T[0],
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WrE 6 7 8 9 10
UM || [1,5] | [1,1,5) | [1,1,1,5] | [1,1,1,1,5] | [5,5]

1: function CHANGE(x)

2 T « [(0,92), (00, 9), (00, D), ...]
3 for i < 1 to = do

4: for each cin C H ¢ < i do
5 (n, )« T[i—c|,(m,_ )<« TIi]
6 if 1 + n < m then

7 Tli] < (1+n,c)

8: s+ ]

9: while x > 0 do

10: (_,c) < T[]
11: S4c:s
12: T—x—c
13: return s
AU T ] LA 220 B - foldl fill [(0,0)] [1,2,...], Hrfr:
fill T x =T > min {(fst T[x — ¢],c)|c € C,c < x} (15.36)

Hrt s> a 80K a MAZIFS s A0 (L5 12 TFAER) AR T SO
ARSI
change 0 T = |[]
change x T = c¢:change (x —c) T, HH1: ¢ = snd T[x]

B e = n, AR n K IR Z KA k= [C| T {E. AN O(nk)*,
R O(n) W HMRAF To ANER BRI L2 B TR 7%, #5 20 Rl
Wy BRI FETHERIR AR, S8 2 ] 7 A2 R e X4 PEAR N
HE TR RO R 7 R M HEh A 2 VUR 2T 1940 4R HAY. 3has
ALK i L P P

L A sS54 o RN RT AR oA T RIS NS - TR, S I P LA 7 17
fr g HY

2. EE IS R AR AT R S 2 08 DA R AR RO

(15.37)

15.3.1 HEKAHEFF7

T HAHE P o TC i iEsk. BN, Mississippi Al Missunderstanding [z K22
S Miss, MRS AL 3100 Misssi, 41 15.22 iR A1 2 mBAAS , TiE
* RS




15.3 AR 309

e 90 FERIUZACHBIS HE (dif) AUEEIR . KRR AL TIPSR A TR H L Zh
o PIDTFIFER 25 ys MR AL 7701 E LT

-
[iT:]

K 15.22: KNI R

LCS([)ys) = []
LCS(xs,[]) = [] (15.38)
x=y: x:LCS(xzs,ys) '

LCS(z:xs,y:ys) =
A max LCS(x:xs,ys) LCS(xs,y:ys)

Hrp max R KT H . LCS WIE LS A BAA 7254, 7T Lo g I Aseas
/N PR RR A — D e X E XS A ES . AR
BRALTFINZ RN TR s FRAEH 485868 T 1051 AR
fitto A7 B3R ws yso JEHITCERAIR G 0 TG, 55 0 47+ 0 IR = P51,
T[i][j] &7~ LCS(2s[0..5], ys[0..d]) MRS, 2 T SO s K A7 5. A
LCS([],ys) = LCS(xs,[]) =[], %56 0 170 F#R+Z 0. LA antenna F] banana A
B, AT TIU[) FFREHIAEE 147, b il antenna R EERT— KRR . BT ELH—17
0 0. 58 TRI] (FAHSAIRE a, TRI[1] = T[1]0] + 1 = 1,50 LOS(a, ba) = a. #
TRBEBE] T[2][2],a # n, & EJ7 (LCS(an, b)) FIEM (LCS(a, ba) HY4KAEE 7T
T2][2], #5502 1, B LCS(ba,an) = a. XFERTIES G TG T sc L. HAHNIH
Ay X T (5] iR wsli — 1] = ysli — 1.0 T[] [5] = T — 1[5 — 1] + 1, B L5
Ti — 1 [5] A T — 1] rhakF Rk

o
—
S

—

5| | o

<

=

NN NN =[O0 B \V]
NN NN OO | W
WlWINN [N |=|O|ODO|B |
B lWwlwi i = OO |

=l el el el E= =

Wl W[ N|= || B | ot

Y| = W= ]|O
oSOl o| OO OO | O
NN NN = OO0

1: function LCS(zs, ys)
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2: m < |zs|,n < |ys|

3: T <+ [[0,0,..],]0,0,...],...] >(m+1)x (n+1)
4: for i < 1 to m do

5: for j + 1 ton do

6: if xs[i] = ys[j] then

7 Tli + 1)[j + 1] + Ti][j] + 1

8: else

o T[i + 1][j + 1] < Max(T[)[j + 1], T[i + 1][5])

100 return FETCH(T, xs,ys) > g

TR T KA o WET IS, WK zs[m] = ys[n], NI
zs[m] wiig LCS HRRE, £ FRIGE xs[m — 1], ys[n — 1], BMIATLESE T[m — 1][n]
1 Tm][n — 1] FR B ARSI o

1: function FETCH(T, zs,ys)

2: m < |xzs|,n < |ys|

3 T[]

4: while m >0 H n >0 do

5: if xsjm — 1] = ys[n — 1] then

6: ré—axsim—1]:r

7: m<m—1

8: n<n-—1

9: else if T'/m — 1|[n] > T'[m|[n — 1] then
10: m<m—1

11: else

12: n<n-—1

13: return r

%3 15.8

15.8.1. (BN FAE S A 3L P S I AR e

15.3.2 FE&EFGRA

CERBEES X, MBI A 7 S C X, 15 S HhREUHM A s, B:
SU8 =S i=s? il X = {11, 64, -82, -68, 86, 55, -88, -21, 51}, s = 0 45 = /Milt:
€S

S = @.{64, -82, 55, -88, 51}.{64, -82, -68, 86}, AR 2, BILAGH 20 NSFEZ I,
Hepn =|X[, IREHR O(n2"),
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sets s @ = [O]
s=x: {x}:setssxs (15.39)
sets s (x:xs) =
G0 (sets s xs) H [x:S|S € sets (s — x) xs]

G5 A E A FERIFIE S T A, 7T AR SISk R FRATHE KA gk
¥ T, 305k F IR, IR PR RN . 15675 REMR I A7 AR (R )l 2 5
FAEFEANTES G DS = so il —4eim Il LM E THEZ A E PRI < s <wu.
Wik s <18 s > u NI

1= {z<0hu=) {z>0} (15.40)

EATUEREBE, R THEm =u—1+ 15, HHRFETE: 1 <j < u
FA n = [ X[+ 1147, BOXNMESTRNICK v, TH)] ot F e
S CA{ar, @z, .o m} 1T 308 = jo 2 017k, ERTEE o W TERZM. T HirA
WG AR E, A T0)[0] = T, 3058 320 = 0o AT a1 JFIG AERBE 117,
B> @ =04 12IK > {z1} = o1, KUl T[1][0] =T\ T'[1][z1] =T,

I 1+1 0 T U
g |F| F T F F
z |F| F T T F
F| F T T F

N zo A] LIS 2] 4 FATRERFERZAM: -2 = 0. Y {21} = 215 2o {22} = 20
2{1‘1,562} =T+ Tao

| 1+1 0 Ty | oo | T2 | oo | 1+ 22 u
g | F F T T F F F
z1 | F F T T F F F
o | F F T T T T F
F F T T T T F

PGSR @ TS IMATCER @io (RIS EICATH {21, 22, .., i } RASHITA THEZ
o E—ATHNERIUBIANE . B 3 {zi} = 2, LA T(il[zi] = To FAT G 2 hn
B O A TNZ B2 — 2 (EH, BN It A F . AF5ERR n M ITRE,
et Tn][s] FIEBIER R TR s A1,
1: function SUBSET-SuM(X, s)
2: l<>Y{reX z<0}ue ) {reX z>0}
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3 n <+ | X|

4: T« {{F,F,.. . },{F,F, ..},..} >(n+1)x(u—1+1)
5: T[0][0] « T > =0
6: for i + 1 ton do

7 T][X[i]] T

8: for j < [ tou do

0 Tl < TGV T - 111

10: j 7 — XJi

11: if | < j < wu then

T « THG] v TG - 115

13: return T'[n][s]

FIGHIFIZR ] § A O TR MR 12 wo FESLBRIRFRIATEHRT LU 5 — 1 B4
BN RERM T s A SR Y8 = s. #75 Tnl(s]) =F WIJCH#: 5 0A wF
O (DR 2 = s, W5 {zn} 22— BATEETRIGE Tln — 1[s] FUFE R
BT M {z1, 2, 23, ooy Tpea } FRGEFTE s IIPTE 7. (2)4 s =s—x,. 1
RiI< s <u I H Tln = 1[s'] AHE BATBI {z1, 22, 23, o0y Toor } SAEAN 8", RE
¥z, MBI

1: function GET(X,s,T,n)
2 r<[]

3: if X[n] = s then

4 r{X[n]}:r

5: if n > 1 then

6: if T[n — 1][s] then

7 r < r# GET(X,s,T,n—1)

8 s+ s— X[n]

9: ifl <s <u H T[n—1][s'] then

10: r < r 4 [(X[n]:r)|r + GET(X, s, T,n—1) |
11: return r

EHAMLEEIR T O(n(u — 1+ 1)) IREMYEESRAR T, SR)E 20 O(n) J2 IS -
THERIEHRE O(n(u — 1+ 1)) B9250H o FATRTEAH—4E u — 1+ 1 JTHIER V A 4k
Fokgo B V[j] = {517527---} ez NS =) 251 = ZSQ =..=7Jo V
T IRI AR N e KRS @ B R VISR @ JRREG R PR R
AR Vs] Ho

1: function SUBSET-SUM(X s)
2: l«>Y{reX z<0},u > {reX,z>0}
3: V< [9,9,..] >u—1+1

4: for each x in X do
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5: U « Copry(V)

6: for j < [ tou do

7: if x = j then

8 Ulj] « {{z}} U U]

9: j—j—x

10: ifl <j <wu H V[j'] # @ then

1: Uil < Ul u{({z} U S)IS € VIi'T}
12: VU

13: return Vs]

FATAT LA 20 & kg i 5 2 V = foldl bld (replicate (v —1+1) @) X, Hrf
replicate n a FEARKE R n 5K [a, a, ...,a]. bld F X PENICEEH V.

bld V x = foldl f V [I,1+1...,u] (15.41)
Hrp:
j=m: ViU {{z}}
fVi=qQ1<j <uHT[j|#2: VjJu{{z}S|Se T[]}, Hj =j—=
2] - v
(15.42)
#47>] 15.9

15.9.1. XAt A A, 75— BRI _E RS & 7RIl s+ 2K
MmN AR, W AR, NW AE AP XI5 iRk
T i R AT 5 SR o TRATANFAR VA R TG, I SEN NW A T iy
B AL BNEN L EITIS £ RE R N s FEE R S0 E] BT iR
N W AR sh B e M B RS T IR L IX —F .
15.9.2. X T FEMM ETR, —EA 1 <0 <ufinar ETFRAEHE 245/ A2
15.9.3. HuiEE Ry (UFRICSCTIHgmbR IE 25) & — P AR ORI . BE L
HNFRFH s FHs] ¢ ez ok TRATHERE. TR MM
B R FRHRAE G0 IER B, B D FAE, AR kitten — sitting, g
RN 3.
1. kitten — sitten (k — s);
2. sitten — sittin (e — i)

3. sittin — sitting (+ g)o
55 PRSI, SRS A5 B () G4 B 5
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15.4 MFE:fBlFERF

RIS ERE
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) 1in
if os = [] then solve cs
else solve ((map (:c) os) +# cs)
adj (x, y) = [(x', y") | (x', y") « [(x-1, y), (%1, y), (x, y-1), (x, y+1)],
inRange (bounds m) (x', y'), m ! (x', y') = 0]

J\ R T

solve = dfsSolve [[]] [] where

dfsSolve [] s =s
dfsSolve (c:cs) s

| length ¢ =— 8 = dfsSolve cs (c:s)

| otherwise = dfsSolve ([(x:c) | x < [1..8] \\ c,

not $ attack x c] 4 cs) s
attack x ¢ = let y = 1 + length c 1in
any (A(i, j) — abs(x - i) = abs(y - j)) $
zip (reverse c) [1l..]

BIER A 7 e -

solve = dfsSolve [[[-1, -1, -1, O, 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:l:ys) = 1:y:0:ys
leapLeft (y:ys) = y:leapLeft ys
hopLeft [] = []
hopLeft (0:1:ys) = 1:0:ys
hopLeft (y:ys) = y:hopLeft ys
leapRight []1 = []
leapRight (-1:y:0:ys) = 0:y:(-1):ys
leapRight (y:ys) = y:leapRight ys
hopRight [] = []
hopRight (-1:0:ys) = 0:(-1):ys
hopRight (y:ys) = y:hopRight ys

RER T e [ T iy 4 S EL

[Int] solve([Int] start, [Int] end) {
stack = [[start]]
s =[]
while stack # [] {
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c = pop(stack)
if c[0] = end {
s += reverse(c)
} else {
for [Int] m in moves(c[0]) {
stack += (m:c)

}

return s

[[Int]] moves([Int] s) {
[[Int]] ms = []
n = length(s)
p = find(s, 0)
if p<n - 2 and s[p+2] > 0 then ms 4= swap(s, p, p+2)
if p<n -1 and s[p+l] > 0 then ms 4= swap(s, p, p+l)
if p > 1 and s[p-2] < 0 then ms 4= swap(s, p, p-2)
if p > 0 and s[p-1] < 0 then ms 4= swap(s, p, p-1)
return ms

[Int] swap([Int] s, Int i, Int j) {
a = copy(s)
(alil, al3il) = (aljl, alil)

return a

e

import Data.Bits
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve = bfsSolve $ Queue.singleton [(15, 0)] where
bfsSolve Queue.Empty = [] — no solution
bfsSolve (c@(p:_) :<| cs)
| fst p =— 0 = reverse c
| otherwise = bfsSolve (cs >< (Queue.fromList $ map (:c)
(filter (“valid' c) $ moves p)))

valid (a, b) r =not $ or [ a "elem” [3, 6], b “elem’ [3, 6], (a, b) “elem r]

moves (a, b) = if b < 8 then trans a b else map swap (trans b a) where
trans x y = [(x - 8 - i, y+ 8 + 1)
| i «[0, 1, 2, 4], i=0 || (x .&. 1) # 0]
swap (x, y) = (y, X)

FIH e WL ER AT SR B 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'")
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solve ab g | g 'mod” d # 0 =[]
| otherwise = solve' (x x g “div’ d)
where
(d, x, y) = extGed a b
solve' x | x < @ = solve' (x + b)
| otherwise = pour x [(0, 0)]

pour x ps@((a', b'):_) | a' 0 = pour (x - 1) ((a, b'):ps)
| b' b = pour x ((a', 0):ps)
| otherwise = pour x ((max © (a' 4+ b' - b),
min (a' +b') b):ps)

pour 0 ps = reverse ((0, g):ps)

& 1

KRR ) BEA S i -

import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve' a b g = bfs $ Queue.singleton [(0, 0)] where
bfs Queue.Empty = []
bfs (c@(p:_) :<| cs)
| fst p=g || snd p =— g = reverse c
| otherwise = bfs (cs >< (Queue.fromList $ map (:c) $ expand c))
expand ((x, y):ps) = filter ('notElem’ ps) $ map (\f — f x y)
[fillA, fillB, pourA, pourB, emptyA, emptyB]
fillA _ y = (a, vy)

fillB x _ = (x, b)
emptyA _y = (0, y)
emptyB x _ = (x, 0)

pourA x y = (max 0 (x +y - b), min (x + y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

K RS B 2B -

data Step {
Pair<Int> (p, q)
Step parent
Step(Pair<Int>(x, y), Step p = null) {
(p, 9) = (x, y), parent =p

Bool (=) (Step a, Step b)
Bool (#) (Step a, Step b)

{a.(p, 9) = b.(p, @)}
not o (=)

[Step] expand(Step s, Int a, Int b) {
var (p, q) =s.(p, 9)
return [Step(a, q, s), /+fill Ax/
Step(p, b, s), /«fill Bx/
Step(0, g, s), /xempty Ax/
Step(p, 0, s), /xempty Bx/
Step(max(®, p+ g - b), min(p + q, b), s), /xpour A into Bx/
Step(min(p + g, a), max(0, p +q - a), s)] /xpour B into Ax/
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Optional<[Step]> solve(Int a, Int b, Int g) {

q = Queue<Step>(Step(0, 0))
Set<Step> visited = {head(q)}
while not empty(q) {

var cur = pop(q)

if cur.p =g || cur.q =g {

return Optional.of(backtrack(cur))

1} else {

for s 1in expand(cur, a, b) {

if cur # s and s not in visited {

push(q, s)
visited 4+= s

}
return Optional.Nothing

[Step] backtrack(Step s) {
[Step] seq
while s # null {
seq = s : seq
s = s.parent
}

return seq

317

i

import qualified Data.Map as Map
import qualified Data.Set as Set
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

cellof (y, x) =y * 4 + x
posOf ¢ = (¢ “div’ 4, ¢ ‘mod’ 4)

cellSet = Set.fromList o (map cellOf)

type Layout = Map.Map Integer (Set.Set Integer)
type NormLayout = Set.Set (Set.Set Integer)

type Move = (Integer, Integer)

start = Map.map cellSet $ Map.fromList
[(1, [(o, 0, (1, 1),
(2, [(0, 3), (1, 3)1),
(3, [(2, ©), (3, 0)1),
(4, [(2, 1), (2, 2)1),
(5, [(2, 3), (3, 3)D),
(6, [(4, ®1), (7, [(3, 1),
(10, [(0, 1), (0, 2), (1, 1),

(8, [(3, 2)1), (9, [(4, 3)]),
(1, 2)1]
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end = cellSet [(3, 1), (3, 2), (4, 1), (4, 2)]
normalize = Set.fromList o Map.elems

mirror = Map.map (Set.map f) where
f c = let (y, x) = posOf ¢ 1in cellof (y, 3 - x)

klotski = solve g visited where
g = Queue.singleton (start, [])
visited = Set.singleton (normalize start)

solve Queue.Empty _ = []
solve ((x, ms) :<| cs) visited | Map.lookup 10 x = Just end = reverse ms
| otherwise = solve g visited'
where

g = ¢cs >< (Queue.fromList [(move x op, op:ms) | op <+ ops ])
visited' = foldr Set.insert visited (map (normalize o move x) ops)
ops = expand x visited

expand x visited = [(i, d) | i «[1..10], d « [-1, 1, -4, 4],
valid i d, unique i d]
where

valid i d = let p = trans d (maybe Set.empty id $ Map.lookup i x) in
(not $ any (outside d) p) &&
(Map.keysSet $ Map.filter (overlapped p) x)

‘Set.isSubsetOf" Set.singleton i

outside d c=c <0 || c > 20 ||
(d=18&& c 'mod° 4 =20) || (d=-1&& c ‘mod’ 4 = 3)

unique i d = let ly = move x (i, d) 1in all ( Set.notMember' visited)

[normalize ly, normalize (mirror ly)]
move x (i, d) = Map.update (Justo trans d) i x
trans d = Set.map (d+)

overlapped :: (Set.Set Integer) — (Set.Set Integer) — Bool
overlapped a b = (not o Set.null) $ Set.intersection a b

& 1

SEAEI AR

type Layout = [Set<Int>]

Layout START = [{0, 4}, {3, 7}, {8, 12}, {9, 103},
{11, 15},{163},{13}, {14}, {19}, {1, 2, 5, 6}]

Set<Int> END = {13, 14, 17, 18}
(Int, Int) pos(Int c) = (y=c / 4, x = c mod 4)
[[Int]] matrix(Layout layout) {

[[Int]] m = replicate(replicate(0, 4), 5)
for Int i, var p in (zip([1, 2, ...], layout)) {
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for var c in p {
y, X = pos(c)

mly][x] =1
}
}
return m
}
data Node {
Node parent
Layout layout
Node(Layout 1, Node p = null) {
layout = 1, parent = p
}
}

//usage: solve(START, END)
Optional<Node> solve(Layout start, Set<Int> end) {
var visit = {Set(start)}
var queue = Queue.of(Node(start))
while not empty(queue) {
cur = pop(queue)
if last(cur.layout) =— end {
return Optional.of(cur)
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<Layout>> visit):
Bool bound(Set<Int> piece, Int d) {
for c 1in piece {
if c+d< 0 or c+d > 20 then return False
if d =— 1 and c mod 4 — 3 then return False
if d = -1 and c mod 4 — 0 then return False

}

return True

var m = matrix(layout)
Bool valid(Set<Int> piece, Int d, Int i) {
for c 1in piece {
y, X = pos(c + d)
if m[y][x] not in [0, i] then return False
}

return True
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Bool unique(Layout ly) {
n = Set(ly)
Set<Set<Int>> m = map(map(c — 4 * (¢ / 4) + 3 - (c mod 4), p), n)
return (n not 1in visit) and (m not 1in visit)

[Layout] s = []
for i, p in zip([1, 2, ...], layout) {
for d in [-1, 1, -4, 4] {
if bound(p, d) and valid(p, d, i) {
ly = move(layout, i - 1, d)
if unique(ly) then s.append(ly)

}

return

Layout move(Layout layout, Int i, Int d) {
ly = clone(layout)
1y[i] = map((d+), layout[i])
return ly

MG TR TG AL i -

code = Map.fromList o (traverse []) where
traverse bits (Leaf _ c) = [(c, reverse bits)]
traverse bits (Branch _ 1 r) = traverse (0:bits) 1 # traverse (1l:bits) r

encode dict = concatMap (dict !)

decode tr cs = find tr cs where
find (Leaf _ c) [] = [c]
find (Leaf _ c) bs = c : find tr bs
find (Branch _ 1 r) (b:bs) = find (if b = 0 then 1 else r) bs

5 PR DO SRS, S R T -

import qualified Data.Set as Set
import Data.List (group)

solve x = assoc o change x where
change 0 _ =[]
change x cs = let ¢ = Set.findMax $ Set.filter (< x) cs in c : change (x - c) cs
assoc = (map (Acs — (head cs, length cs))) o group

example = solve 142 $ Set.fromList [1, 5, 25, 50, 100]

BN ASHLRITR SR Z Ak ] e {1 -

[Int] change(Int x, Set<Int> cs) {
t = [(0, None)] ++ [(x + 1, None)] = x
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for i =1 to x {
for c in cs {

ifc < i
(n, ) =t[i - cl
(my, _) = t[i]
if 1 + n < m then t[i] = (1 + n, c)
s =[]
while x > 0:
(L, ©) = tx]
s 4=c

X=X —-cC
return s

B IR Tk ] A fp L A -

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 ‘dndex’ (i - c)), c)
makeChange 0 _ = []
makeChange x tab = let ¢ = snd $ tab “index’ x in c : makeChange (x - c) tab

RR AT

[K] les([K] xs, [K] ys) {
Int m = length(xs), n = length(ys)
[[Int]] c = [[0]*(n + 1)]*x(m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i10j] = cli-11[3-1]1 + 1
1} else {
c[i]1[j] = max(c[i-11[3], c[i1[3-11)

}

return fetch(c, xs, ys)

[K] fetch([[Int]] c, [K] xs, [K] ys) {
(K] r=1[]
var m = length(xs), n = length(ys)
while m > 0 and n > 0 {
if xs[m - 1] = ys[n - 1] {
r 4= xs[m - 1]
m=m-1
n=n-1
} else if c[m - 1][n] > c[m][n - 1] {
m=m-1
1} else {
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return reverse(r)

& 1

AR E [ -

Bool subsetsum([Int] xs, Int s) {

Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then utt+ else 14+
}
tab = [[False]l*(u - 1 4+ 1)] * (n + 1)
tab = [0][0 - 1] = True
for i, x in zip([1, 2, ..., n], xs) {
tab[i][x - 1] = True
for j =1 to u {
tab[i][j - 1] or = tab[i-1]1[]j - 1]
jl=13 - x
if 1 < jl1 < u then tab[i][j - 1] or = tab[i-1][j1 - 1]

}
return tab[n][s - 1]

F—HEFN R 5 SRl TR g

{{Int}} subsetsum(xs, s) {

Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then utt+ else 14+
}
tab = {} * (u - 1+ 1)
for x in xs {
tabl = copy(tab)
for j = low to up {
if x — j then add(tabl[j], {x})
jl =3 - x
if low < j1 < up and tab[jl] {
tab1[j] |= {add(ys, x) for ys in tab[j1l]}

}
tab = tabl

}

return tab[s]
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FARAAHLL , ZERA B A& SO BR BA TR AL BT 22 OO ARl — SR R Y
MR FTE 2 B BA T e A Ep 2 P MHBRIR T s S BRI 2L PR
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data Color {RED, BLACK, DOUBLY_BLACK}

FANTE SN " AL ERSEE  FFIC BRI AT /e ISR B 5
T RIAB R R, BN TE D E R O RFFE D 5, S8 5 FHBost— B

1: function DELETE(T), x)

2: p < PARENT(x)

3 ¢+ NIL

4: if LEFT(z) = NIL then

5: q < RiGgHT(2)

6: REPLACE(z, RIGHT(z)) > HA TR o
7: else if RicuT(z) = NIL then

8: q + LEFT(x)

9: REPLACE(x, LEFTz()) > AAFER
10: else

11: y < MIN(RIGHT(2))

12: p + PARENT(y)

13: q < RiGcHT(y)

14: KeY(x) < KEY(y)

15: copy data from y to x

16: REPLACE(y, RIGHT(y)) > ARy
17: x4y

18: if CoLOR(z) = BLACK then

19: T < DELETE-FIX(T, MAKE-BLACK(p, ¢q), ¢ = NIL?)

20: release x

21: return T'

323
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BRI P RN I R T NIRRT S 2o @ WGBS BEHEMF] .
Koo SHENZTW ROV 2 DIF” A —FW ¢ BB v BN HAE 2 19
AR EIR/NTTER vy Bl oo RFEAME v U R « BBAR, K
T MAKE-BLACK(p, q) fFf A8, MER T TP HEBE.

1: function MAKE-BLACK(p, q)
2: if p = NIL and ¢ = NIL then

3: return NIL > A H A — T R
4: else if ¢ = NIL then

5: n <— Doubly Black NIL

6: PARENT(n) < p

7: return n

8: else

9: return BLACKEN(q)

WA p F q &8RS, FATEMBR J A — D37 R, A s IRACT i p
ANRES T q %S, VEBHMBR T — B E M5 re AT NIL Bfufie . R R
PP BT 3, NIL 2B AART . FA X — NIL 28k “FE B A7 1) NIL SRR T 5 7594
JRAZo WA py g BN S AT A BLACKEN(q) 104 ¢ FEIE, ISR E LA 148
P et iR ¢ B4R RO, BTN ERM ., 8 Nk, FRATE e T
o, e I R BAD o XA SR R AR (1,292 TT) o AERPIE LA, SR
SRR T R R AT DU i 15 f, ] DUZAE S NIL.

BRL REZEFEGNHAZE, FRELH T EA—ALETTH 5. KA
AT LLES TR e o SLA YRR E 0L, A T2 5T AR —Fh g — B . A

K A1 f7R.
~. —
b c c d

/ b c d \

AT B RS R S o R, I HAZ L AR T U — DALY R Ik
R EIE S
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1: function DELETE-FIX(T, z, f)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

n < NIL

if f = True then > A R NIL
n<zx

if + = NIL then > MIERIE— R T
return NIL

while z # T and CoLoR(z) = B? do > XA HAEAR Y
if SIBLING(z) # NIL then > ST A

s <— SIBLING(z)

if s is black and LEFT(s) is red then

if = LEFT(PARENT(z)) then > @ A /AN
set z, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T, s)
T < ROTATE-LEFT(T, PARENT(Z))

else > x AE4
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 z = LEFT(PARENT(z)) then > x LE/E M
set z, PARENT(2), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(z))

else > x fEAM
set x, PARENT(x), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)
T < ROTATE-RIGHT(T, PARENT(z))

M 2: MERZEH 59 LH W Ao, ATLLUE e , ¥ ERAKE %

WERM. WEE A2 FrR,.a 8 c IKENHRM,

MR LA 25 HRE BRI — A0 E

1: function DELETE-FIX(T, z, f)

2:

3:

4:

n < NIL

if f = True then >z AR NIL
n<« T

if z = NIL then > MR EE— A 7
return NIL

while z # T and CoLOR(z) = B? do
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%
50 -

A2 BCE R ALY ) S 25 1 ML

8: if SIBLING(z) # NIL then

9: § <— SIBLING(z)

10: if s is red then

11: set PARENT(x) red

12: set s black

13: if x = LEFT(PARENT(2)) then

14: T < ROTATE-LEFTT, PARENT(x)
15: else

16: T < ROTATE-RIGHTT, PARENT(x)
17: else if s is black and LEFT(s) is red then

18:

o5
oyt

BT R D= s AR )

> @ LE/C M

> & fEA7

BRS: NEZEFEHALHTEAZE, ZXHTEOANTH ELLELLZE,
FLRRE S i B L, RO R AR R SR, SRS B Bk, I A3

FIt7s A PR FRE S L o

IR =RE L B R AT KA SR RS . A FATE BRI E R
IR BRSSO B IR AR TAMRT W, BATEARTT A
EERe, FEREE TR 7oh, MRENEROAB LI RAPHERER ., toa] LA

1k e ARG NIL B0, JA T HAKE %3 NIL.

1: function DELETE-FIX(T, z, f)

2: n < NIL

3: if f = True then
4: nx

5: if x = NIL then
6: return NIL

7. while z # T and CoLOR(z) = B? do

> o e M A0 NIL

> BRI — AT



10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:
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AT
&80 &

B A3 A EfLs

if SIBLING(z) # NIL then

$ <= SIBLING(z)

if 5 is red then
set PARENT(z) red
set s black
if = LEFT(PARENT(z)) then

T < ROTATE-LEFTT, PARENT(x)

else

T < ROTATE-RIGHTT, PARENT(x)

else if s is black and LEFT(s) is red then

if x = LEFT(PARENT(2)) then
set z, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T, s)
T < ROTATE-LEFT(T, PARENT(Z))

else
set x, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(z))

else if s is black and RIGHT(s) is red then

if = LEFT(PARENT(z)) then
set z, PARENT(2), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(z))

else
set x, PARENT(x), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)
T < ROTATE-RIGHT(T, PARENT(z))

> LT RN

> ST RONZLE

> & A /C M

> & fEA7

> @ LE/C

>z fEA N

> & A /C M

>z fEA
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33:
34:
35:
36:

37:

38:
39:
40:
41:
42:
43:

44:

45:

Mk A g BAp e a4 XM ik Fk

else if s, LEFT(s), and RIGHT(s) are all black then
set x black
set s red
BLACKEN(PARENT(z))
x < PARENT(z)

else > [f]_FAR A
set x black
BLACKEN(PARENT(z))

x < PARENT(x)

set T black
if n # NIL then
replace n with NIL

return T

BER, AL =AZHC R R T B E T R o CTRERNER M) AR fo

ARz RRE ARG NIL W f M. AT n RISR e, FHERLBE A
i NIL Eefie no

R RE LB 1AL R R AR

Node del(Node t, Node x) {

if x = null then return t
var parent = x.parent;
Node db = null; //doubly black

if x.left = null {
db = x.right
x.replaceWith(db)

} else if x.right =— null {
db = x.left
x.replaceWith(db)

} else {
var y = min(x.right)
parent = y.parent
db = y.right
x.key = y.key
y.replaceWith(db)

X =Yy

}

if x.color = Color.BLACK {
t = deleteFix(t, makeBlack(parent, db), db =— null);

}

remove (x)

return t

Hrp makeBlack # g5 7 sd 75 3 G S, FRAL IR Ji 68 NIL B9y

IR DL
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Node makeBlack(Node parent, Node x) {
if parent — null and x — null then return null

return if x — null
then replace(parent, x, Node(0®, Color.DOUBLY_BLACK))

else blacken(x)

HrF %L replace(parent, x, y) ¥ parent Y7550 x, H y Fif

Node replace(Node parent, Node x, Node y) {
if parent = null {
if y # null then y.parent = null
} else if parent.left — x {
parent.setLeft(y)
1} else {
parent.setRight(y)
}
if x # null then x.parent = null
return y

% blacken (node) L4 AR A A RATT RO EH R

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

NG R S TR S R

Node deleteFix(Node t, Node db, Bool -isDBEmpty) {
var dbEmpty = if isDBEmpty then db else null
if db = null then return null // delete the root
while (db # t and db.color — Color.DOUBLY_BLACK) {
var s = db.sibling()
var p = db.parent
if (s # null) {
if isRed(s) {
// the sibling is red
p.color = Color.RED
s.color = Color.BLACK
t = if db — p.left then leftRotate(t, p)
else rightRotate(t, p)
} else 1if isBlack(s) and isRed(s.left) {
// the sibling 1is black, and one sub-tree is red
if db = p.left {
db.color = Color.BLACK
p.color = Color.BLACK
s.left.color = p.color
t = rightRotate(t, s)
t = leftRotate(t, p)
} else {
db.color = Color.BLACK
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p.color = Color.BLACK
s.color = p.color
s.left.color = Color.BLACK
t = rightRotate(t, p)
}
} else if isBlack(s) and isRed(s.right) {
if (db = p.left) {
db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.right.color = Color.BLACK
t = leftRotate(t, p)
1} else {
db.color = Color.BLACK
p.color = Color.BLACK
s.right.color = p.color
t = leftRotate(t, s)
t = rightRotate(t, p)
}
} else 1if isBlack(s) and isBlack(s.left) and
isBlack(s.right) {
// the sibling and both sub-trees are black.
// move blackness up
db.color = Color.BLACK
s.color = Color.RED
blacken(p)
db = p
}
} else { // no sibling, move blackness up
db.color = Color.BLACK
blacken(p)
db = p

}

t.color = Color.BLACK

if (dbEmpty # null) { // change the doubly black nil to nil
dbEmpty.replaceWith(null)
delete dbEmpty

}

return t

Hrp isBlack(node) HIWr— 17 & 5 4 240, MRPRLL S A T, NIL /2
AL,

Bool 1isBlack(Node x) = (x =— null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color — Color.RED)

FEAELARATE E A E RO NIL I ] Node iy replaceWith BE{TH .

data Node<T> {
/]
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void replaceWith(Node y) = replace(parent, this, y)

% ELL IR AP, I BRSAE B BRI T f 2 1L, sl AR SR R A 2%
1o XFFEA n AT RRIZLEMR, HE 2N O(lgn) .
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Mt B AVL W——ERRFOMIFRE %

B.1 fRABHSEZL
1) AVL R ATE R B EA A AE YR :

AH = |T"|—|T|
= 1+maz([r'[,[I']) — (1 + maz(|r[,[I]))
= max(|r'[, [lI'|) — max(|r|, |I])
§>0,0>0: Ar (B.1)
§<0,8/>0: §+Ar
§>0,00<0: Al—=9§
AN Al

IEH. AR T RERI B I 2T 20 SRR R e P IR 55 T I B s B S A
TR R E AL A VI RME DL:

LR 6 > 0FFH 0" > 0, FEFARTE , A T S R/ N T A7 s . &
JER AR TTak” B A T AR Ars

2. WR 6 < O FEFART A TS A/ N A TR ARG 0 > 0, WA T
AR 3 B P AR T i 22 TR R AL (U] = (1) o B AR BERBE A -

AH = max(|r'|, ') — maz(jr],]l)) {6<0 H & >0}

= |r'| =l {ler =11}
= Irl+ar =1
=0+ Ar

3. 6 >0 H o <0, Mfighl —ZR0EL FATA:

AH = max(|r'|, [I') — maz(|r|,[l]) {6 >0 H ¢ <0}

= 1= Ir
=|l| + Al —|r]
=Al—-¢

333



3 W& B AVL 9o bl B 5o

4. AN 6 A0 6" FAKT 0, LI AR5 Ao A LA N T . R
AR “TTIR” B ZE TR AR Al

B.2 fAARHITEEE

I B FUR, B B S PR SR P A €20 RIS P
KT 6(y) A 0. Feds T4 BLA IR Ao

o(x)=2

6(2) =-2

s =1

s(y)=0 A

a b c d
s =1 ~ N

Q

K B.1: N e B P 4 FR R

S RV A I ol vt = Bl = TN = Rl eIV sl S O (W1 =X 1§ DS S R
N 6(x)~6(y)~ 6(2) AEREHIN 6 () 8'(y)~ 6'(2) o FMTHE TRIUENT, WEE = AT 4
P DL IR 7 HRAZ IR O (y) = 00 FFEAS 4R 0 (2) 7107 (2) AY4E
AR FRATo B R LU R DR R o
-k
Tz AR R, A 6 (z) = 6(z). RN 0(y) = —1 H 6(2) = =2, FrLh:
o(y) =lel =z = -1 = |df=lz| -1

(B.2)
6(2) =1ld| |yl =-2 = |d|=lyl—2
TEE S
§'(z) = |d| —|c| {=L X (B.2))}
= |yl—-2—(|z|-1) B (B.3)
= |yl —l|z| -1 {2y T s = |yl — 2| =1}

= 0



B.2 NG 0 -FHA K

X6 (y) . AU AR

y) = |zl -zl
= 1+maxz(|c],|d]) — [=] {0 (B.3)), | = |d[}
= 1+|c|—|a] {0 (X (B.2))}
= 1+ z|—1- |z
=0

I EIREE R XS T8 — ZEAE 00 B S R
o'(z) = d(x)
' (y)

' (2)

0
0
0

a-48
AT — AR — ZEXSBK L G R B~ TR S5 2R A0 T

&' (z)
' (y)
' (2)

0
0
0

(2)

a-%&
HAEHRE O (z). MRS, RATA

§'(x) = [bl — |a
PEHEPAIHT 2 AR -

1zl = 1+max(lyl,|d]) {0(z) =—-1= |yl > |d|}
=1+y|
= 2+ max(|b], |c])

B 8(x) = 2. LA

0(z) =2 = [z la] =2 {=0 G0 (B8)}
= 2+ max(|b],|c|) — |a| =2
= maz(|b, |¢[) — |a| = 0

R 6(y) = || — [b] = 1.0
mazx(|b], |c]) = |c| = |b] + 1
KA (3 (B.9)) 73]

bl +1—fa[=0=|b| —|a| = -1 {(GL(B.7)) }
= () =—-1

335

(B.4)

(B.5)

(B.7)

(B.9)

(B.10)

(B.11)
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SR 6(y) # 1, W maz(|bl, [e]) = [b], AR (U (B.9)) 1551
o] —fa] =0 {=U(GC(B.7)}

) —o (B.12)
G I LARPRRE AL, FATS 2] o' (2) Fl 6(y) BIKF:
§(2) = {5(‘”) = (B.13)
AN 0
KT 0" (=) MR E L EET:
§'(z) = |d|l —|c| {6(2) = -1 =1d| - |y[}
= |yl —le[ -1 {lyl = 1+ max([b], |c[) } (B.14)

= maz(]pl,]e]) — |

AR o6(y) = lel = [b] = =1, W maz([b], [c]) = [b] = e[+ 1o FEHAANA (G (B.14))
RS0 (2) = 1o RRZINR 6(y) # =1, maz(|b], [c]) = |c[, 7 6'(2) = 0. GIF Lik
PRI OL, 6" (2) A1 0(y) FISR AT :

5(z) = {5(‘”) b (B.15)

i KT 6 (y)  FATRT LAHE S R T R &

3'(y) =z = ||

B.16
= max(|c|, |d|) — max(|al,|b]) (10

#70(y) = 0,517 [b] = |ef, RAEC (5L (B.13)) A1l GU (B.15)), A :6'(x) =
| | = (bl AR 6'(2) = 0 = |e| = |d]. Pl 6 (y) = 0o

2. %7 0(y) = 1 ARHEC (U (B.15)), A1 6'(2) = 0 = |e| = |d].

'(y) = mazx(|c],|d]) —maz(lal,[b]) {|c] = |d|}
= |e| = maz(|al, [b]) {EUGUB13)): §'(2) = 1 = [b] — o] =
= e[ = (bl +1) {0(y) = 1= e| = [o] =1}
= 0

3. 45 0(y) = 1R (X (B.13)) . BATA 6'(2) = 0= |a = [b]+

d'(y) = maz(|c],|d]) — maz(|al,[b]) {|a] = [b]}
= mazx(|c], |d]) — [b] { K (B.15)): [d| — || = 1}
= le[+1—10] {o(y) = 1= |c| - || = —1}
= 0

~1}
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SHR=RMEOLRY G RARIE 0'(y) = 0o K EaREERINLESK . w] LIS E1Hr - 14

TF
5 (z) = oy)y=1: -1
U lmwe o
o'(y) = (B.17)
5(2) = oyy=-1: 1
SRR 0
E-f

J = AR — FERSRR e (SR AROHE S, FA TR LAG 2RI (X (B.17)) SE 4]
HIZER

O

B.3 MIREX

TR e 25 DR 7 I iR BE R B SR IR 1 [—1, 1] RIVE R st 2e A2
LAGRRF AVL ST

B.3.1 E&HEAMIEE

FANVeE M — SRS bR S80  SR A T A - e T A IHBRAY S5 5RO
—ORME (T, AH) K T 2B S HHTI AH 25 A i b BRI E ST

delete = fsto del (B.18)

Hrr del(T', k) W T Pk TR K B :

del o k = (2,0)
k <k : tree (dellk)k (r,0)¢
k>Fk : tree (1,0) k' (del r k) o
l=2: (r,-1) (B.19)
=0: (I,-1)
ae o tree (1,0) k7 (del r k") 0
Hrp & = min(r)

del (I,k',r,0) =
”

IR ZS L 85510 (2,0); WS T = (LK, 7, 0). FATHEL k A1 K HIR
AL IR TS HE SRR = k= & B ROTEME] T EMBERRYT S WRE
HIAE—F R 2, rTERGE DT R I — R R 00, KA R e/ IME k7
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(b) 15 B

K B.2: HErEE

DI I K s BATTRT LA tree sREONT AH BIZER . FIFERASFIEHLL 75 200
PR R FR R AT O 1 L -

bCLlCLTLCfE ((a,x,b,d(aﬁ)), y,c, _2) AH = (a,ﬂ?, (b7 yvca —1),5(1’) + 17AH) (B 20)
balance (a,z, (b,y,c,6(y)),2) AH = ((a,2,b,1),y,¢,6(y) — 1, AH) ‘

GEIVAE R eI 8 I

delete t x = fst $ del t x where
del Empty _ = (Empty, 0)
del (Br 1 k r d) x
| x < k =node (del 1 x) k (r, 0) d
| x > k = node (1, 0) k (del r x) d
| isEmpty 1 = (r, -1)
\
\

isEmpty r = (1, -1)
otherwise = node (1, 0) k' (del r k') d where k' = min r

Hrpmin fl isEmpty & L h:

min (Br Empty x _ _) = x
min (Br 1 _ _ _) =min 1
isEmpty Empty = True
isEmpty _ = False

R 7 R E LR 2E balance st

’balance (Br (Br (Br a x b dx) y c (-1)) z d (-2), dH) =
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(Br (Br a x b dx) y (Br c zd 0) 0, dH-1)
balance (Br a x (Br by (Br c z d dz) 1) 2, dH)
(Br (Br a x b @) y (Br c z d dz) 0, dH-1)
balance (Br (Br a x (Br b y c dy) 1) z d (-2), dH) =
(Br (Br a x b dx') v (Br c z d dz') 0, dH-1) where
dx' = if dy = 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
balance (Br a x (Br (Br b 'y c dy) z d (-1)) 2, dH) =
(Br (Br a x b dx') yv (Br c z d dz') 0, dH-1) where
dx' = if dy = 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
— Delete specific
balance (Br (Br a x b dx) y ¢ (-2), dH) =
(Br a x (Br by c (-1)) (dx+1), dH)
balance (Br a x (Br b y c dy) 2, dH) =
(Br (Br a x b 1) y ¢ (dy-1), dH)
balance (t, d) = (t, d)

B.3.2 < NMIrk

i A BR G AR e oA E P ATl A EL , BBR AR BB 22 AR 0. K
TS = SRR X5 FHE S 7 A AL 5 R AP [
1: function DELETE(T, x)
2: if = NIL then

3: return T'

4: p < PARENT(z)

5: if LEFT(z) = NIL then

6: y < RicHT(2)

7: replace x with y

8: else if Ri¢HT(z) = NIL then
9: y < LEFT(x)

10: replace x with y

11: else

12: z + MIN(RIGHT(z))

13: copy key and satellite date from z to z
14: p < PARENT(2)

15: y < RIGHT(2)

16: replace z with y

17: return AVL-DELETE-FIX(T), p, y)

MHBE T 5 @ B 38 @ I9ACTT RN po WNSRAT—F RN S AT « VIR BUR A 55
— B AN, R IESAS A BAEA TP B S/ MBS R 2 B H R R
BRI S 2 «, 5% 2 VI o &da, AT AVL-DELETE-FIX, FFHE AR A T's
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A R p IV R o 1RSSR p RGPS IA T2 6(p) . HBR S HO-F-# 1872y 6(p)

EATZ R R A =R E RIS DL :

L [5(p)| = 0+ [6(p)'| = Lo EARMBRIE 748 A EERRAG 1, (EUZ AT R 28T 2

AVL WM. B2k,

2. [6(p)| = 1.[0(p)'| = 0o WHBRET /AT TR AT BEZE N 1, MR e SR v PR AR i 1N

Tl AT E A, 45
H R I TR A R

AN T 1o RITFEARS:

3. [6(p)| = L. [6(p)'| = 20 XULHIMERE TR S EEZE R T AVL AREITE D, 3ed]

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

i B R A 2 A o

XFFAEO 3, K ME S FHENFIEMF . AT ZE XA B.2 H s iy i
THOLREA TR M AL B o
1: function AVL-DELETE-FI1X(T), p, x)

while p # NIL do
| + LEFT(p), r + RIGHT(p)
<+ 0d(p), & + ¢
if x =1 then
0«40 +1
else
04§ -1
if p is leaf then
0"« 0
if [0 =1 A |0'| =0 then
TP
p + PARENT(x)
else if [0| =0 A [¢'| =1 then
return T'
else if |§| =1 A |0'| = 2 then
if ' = 2 then
if 6(r) =1 then
(p) < 0
5(r)«0
pT

> =r=NIL

>4

T + LEFT-ROTATE(T, p)

else if §(r) = —1 then
dy < 0( LEFT(r) )
if 0, = 1 then
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26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

AT:

48:

49:

50:

51:

52:

53:

54:

55:

56:

57:

58:

59:

60:

61:

62:

6(p) < -1
else
d(p)+ 0
d( LEFT(r) ) <0
if 0, = —1 then
o(r)«1
else
o(r)«0
else
6(p) <1
d(r)«o(r)—1
T < LEFT-ROTATE(T), p)
break
else if ¢’ = —2 then
if 6(I) = —1 then
6(p) 0
d(l)«0
p+l
T < RiGHT-ROTATE(T, p)
else if §(I) = 1 then
9y < 0( Ricur(l) )
if 0, = —1 then
o(p) 1
else
d(p) <0
d( RigHT(l) ) -0
if 0, = 1 then
o(l) + -1
else
d()«0
else
6(p) « —1
() <o) +1
T < RIGHT-ROTATE(T, p)
break

T <p
p < PARENT(z)

>
> RN ek

341

> WEREAT . A - A

> e AR

i

K

> A=A

> - A

> MR A 2 — A

=AM
ENEERNEE
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63: if p = NIL then
64: return x

65: return T

B.4 #IF#ERF

N RE S T AVL AR BRI -

> M ERAR T

Node del(Node t, Node x) {

if x =— null then return t
Node y
var parent = x.parent
if x.left = null {

y = x.replaceWith(x.right)
} else if x.right = null {

y = x.replaceWith(x.left)
} else {

y = min(x.right)

x.key = y.key

parent = y.parent

X =Yy

y = y.replaceWith(y.right)
}
t = deleteFix(t, parent, y)
release(x)
return t

Hrp replaceWith & X2 WA AR HIH S o
Ao & REEI LI :

release(x) Bk

=5

NN

z [

Ve
>
=

Node deleteFix(Node t, Node parent, Node x) {
int di, d2, dy
Node p, 1, r
while parent # null {
d2 = d1 = parent.delta
d2 = d2 + if x = parent.left then 1 else -1
if isLeaf(parent) then d2 = 0
parent.delta = d2
p = parent
1 = parent.left
r = parent.right
if abs(dl) = 1 and abs(d2) = 0 {
X = parent
parent = x.parent
} else 1if abs(dl) =— 0 and abs(d2) = 1 {
return t
} else if abs(dl) = 1 and abs(d2) = 2 {
if d2 — 2 {
if ridelta=1{ // #— %
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p.delta = 0
r.delta =0
parent = r
t = leftRotate(t, p)

} else if r.delta =—-11{ // & — £
dy = r.left.delta
p.delta = if dy — 1 then -1 else 0
r.left.delta = 0
r.delta = if dy — -1 then 1 else 0
parent = r.left
t = rightRotate(t, r)
t = leftRotate(t, p)

}else { // MlH#H, H-—F
p.delta =1
r.delta = r.delta - 1
t = leftRotate(t, p)
break // & & F & & &

}

1} else if d2 — -2 {

if (l.delta = -1) { // £— %
p.delta = 0
l.delta =0
parent = 1
t = rightRotate(t, p)

} else if l.delta=—11{ // £— %
dy = l.right.delta
l.delta = if dy —
l.right.delta = 0
p.delta = if dy —
parent = l.right;
t = leftRotate(t, 1)
t = rightRotate(t, p)

} else { /) MKk H, £— &
p.delta = -1
l.delta l.delta + 1
t = rightRotate(t, p)
break // & & F 4 &K

1 then -1 else 0

-1 then 1 else 0

}

/] EER N, 4 S g ke L E
X = parent

parent = x.parent

}
if parent = null then return x // f#il kR ¥ &
return t
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1.1.

1.2.

ik C ZZER

ZEE1

/N EGER AR, A A BCES 2 AR DR TR AR IR S5 RebRic— 1 4L
TRAME. HI B, 77 |2 < n, Hin HIIRRE, KAE [
BT EON L. 2R AR BN N IERUT R A AR
o IR —Hi%.

Int minFree([Int] nums) {
var n = length(nums)
for Int i =0 ton - 1 {
var k = abs(nums[i])
if k < n then nums[k] = -abs(nums[k])
}
for Int i =0 ton -1 {
if nums[i] > 0 then return i
}
return n

}

n ML 2, L n, R BT EREFTEL T, FEE I e
MR T yo B 1 <y < n, @iF— " I7IERESAE LML R A S R 4R
z My

Bl X =3, 1,3, 5,4 1, ZLIE =2, BENZ y = 3. KA 4 FhfE

3 (1) £ (2) BSEHEIT  3) (B4, (4) T
BB M m = [ — | RIS RBINFTES 0 = [a < m,a <

2
XA :0s = [b > m, b« X]o WUERFEME |as| < m, ATAIER RN TFAEL
Wogs =124 4m=""T g0 oo oum(as). BETIFEHE

SRS I8 8 = (m4 1)+ (m42) o = DM DO M)

y = sum(bs) — s"s A EMAYICEE [as| > m, ﬂ%ﬂ%’ﬁﬁ%ﬁl?EEﬁﬂlﬂo i FA R
735, TR RIECY © = ' — sum(bs), BEIECTY y = sum(as) — s;
A, WERAEMEHSEE [as| = m, IIA m DAAKT m ECT (HIRATARIE
CATREZ L, 2, oy m AR DAL, FATR LATHRIFF RS sum(as) F s.
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Mk C SEER

UNERARAE , BT 2350 TR0, R AR SR A2 R BT 250, SR e A 5
o Fl oy AW BATEFFEA M AR LM FHE S A B, T2y
FURYTBR OB BB PR Lo TR IR RIS R T B, i
[FIE 2N O(n).

missDup xs = solve xs 1 (length xs) where
solve xs@(_:_:_) Lu | k<m-1+4+1= (sl - sl', sr' - sr)
| k>m-14+1= (sr - sr', sl' - sl)
| sl = sl' = solve bs (m+ 1) u
| otherwise = solve as 1 m
where
m= (1 +u) ‘div’ 2
(as, bs) = partition (<m) xs
k = length as
sl=(1L+m *= (m- 1+ 1) “div’ 2
sr=(m+14+u) * (u-m “div' 2
(sl', sr') = (sum as, sum bs)

BIEHERF . BT ITAMNECFHE 1 2] n 28], A TAT A A5 28 HE ok SR HE
PR o RATA A, X TR ¢ EIESY o, IR o # 4, ATk
BEMME > BT y 5ft. IR« =y, TATHEKE) TEERECE ., [,
PO E R E TR @, B X A0 id i, 52 o T @ s HaES
HECF . TR MRS e — IR AR IR IE A 2 B AL AN R A 2%
O(n)o

(Int, Int) missDup([Int] xs) {
Int miss = -1, dup = -1
for Int i = 0 to length(xs) - 1 {
while xs[i] # i {
Int j = xs[i]
if xs[j] = xs[i] {
dup = xs[j]
miss = 1
break
} else {
j = xs[i]
(xs[i], xs[3]) = (xs[3], xs[i])

}
}
return (miss, dup)

}

PSRBT DEEN n FRICEE, X TP 507 o, 3%

MR ICBA RS« M EHCEFR D HRATERIEE TR, A=K

f)@ii’l‘ﬁ%i@iﬁﬂiﬂﬂéé{&ﬂTo IEENH TN 4, BAIRE s =142+
n\n

b= o DURP AU AR 8o JA T LR R AR

m=d+s— s HERX—IEHEPIMCIEERN n {25 HAERCEE. mT
BOPIAAES A2 R EAHIE R O J0) , FATa) LRR H 4w 0 28051 IE
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g NIME BRI 75 X TR a0 o, AR 79I e
|| (L& ERITCERARICN 8 B || FoRgax (i WRABR (BTN
T BATHARE T EERYIUR, TR T LA S R R

(Int, Int) missDup([Int] xs) {
Int miss = -1, dup = -1
Int n = length(xs)

Int s = sum(xs)
for i =0 ton -1 {
Int j = abs(xs[i]) - 1
if xs[j] <0 {
dup = j

miss =dup +n * (n+1) /2 -s
break

}

xs[j] = -abs(xs[j])

}

return (miss, dup)

}

BAR. B8 MR 4E M 18] n (51, e 25
FTEL BRI . (B RE AN M A I TE 208> B TAT LI B h A 1Y
TEEMN . SRJG M 2 g i — 8 A T4 % X SRR T LAZE R A
TR

m=s—s

Hrhm FORERIET . s BN 1 EI n [RINFL, 8 ZAIFRPFTAITTRIM.
ERFRMNAAAERRIITRMEL TR, TR U — DI ER H A AR AL

> (@il —i)=d—m (3)

Hrp MR FIFRAER @ DITRMD ¢ FRRNIA . BEAHH S8 i i R
e MHCGZEHF I WERFNPEGER « DICRIFIT IR @ B9FTT, R4
RENESK . AT LAMGE T 25

> (@] = i%) = d* = m* = (d + m)(d — m) (4)
T d —m RZT 0, AT LA (3) BRLAEY (4) Tl f55) 55— 5 e
> (@l =)/ Y (@l = i) = d+m )
H (3) A (5), A7 B AR, IR RERR AT LIS 5125

R B URD)
LSl =?)
4= (S Gm—g 2ol =)
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1.3.

1.2.1.

1.3.1.

1.4.1.

1.4.2.

Mk C SEER

missDup xs = ((b ‘div’ a - a) ‘div’ 2, (b ‘div’ a + a) ‘div’ 2) where
ys = zip xs [1..]
a=sum [x -y | (x, y) < ys]
b = sum [x"2 - y*"2 | (x, y) < ys]

N B P PSRRI -

EE 1.2
XFILRER N A HIEE, MRGEB IR E N ITER v,y € A REME. E
M NEIRRHI AT RS
PR FR ) He e ] — 2RI A #1136

(=) :: [a] — [a] — Bool

[] = [] = True

(x:xs) = (y:ys) = x =y && (xs = ys)
xs =— ys = False

Z%E 1.3

f£ GET-AT (i, X) RYIEASEHA, X NZ 2B @G 2B
HEHS BT @R E LAY o AT LA Optional<T>4bHLH R AL :

Optional<T> getAt(List<T> xs, Int i) {
while i # 0 and xs # null {
XS = Xxs.next
-i__
}
return if xs # null then Optional.of(xs.key) else Optional.Nothing

ZE 14

18 INtT 1, BT LA APPEND (X', FIRST(X)) KB4 CoNs 4.2

APPEND FRR T BRI B AR BN TCE XA E 22 O(n) TFREEI O(n?),
Hrrn ZYIRKCREE .

16 LasT- At H, Qi a] b3 23 51 AR 17 Bl ?

{#if] Optional<T>:

Optional<T> lastAt(List<T> xs, Int i) {
List<T> p = xs
while i # 0 and xs # null {
XS = xs.next
-i__
}
if xs = null then return Optional.Nothing




while xs.next # null {
Xs = Xxs.next
p = p.next

}

return Optional.of(p.key)

349

75
=

At

1.5

L5.1. fEFIZAE L hn— R ARRAL G tail KRS LA o8 T 2 1] o
HANITHEHRE L WEREAR IR R SNEZ A E R RIS,

data List<A> {

1.5.2.

1.5.3.

}

data Node<A> {
A key
Node<A> next
}

Node<A> head = null
Node<A> tail = null
Int length =0

List<A> append(List<A> xs, A x) {

}

List.Node<A> tl = xs.tail
xs.tail = List.Node<A>(x, null)
if t1 = null {
xs.head = xs.tail
} else {
tl.next = xs.tail
}
xs.length++
return xs

AT RS 232 BE T tail AR e X REAT RS 2
FEREERERIN BHBRIT , 1A 28 FI AN TS N, W ER—JT R AR M ERTTER I, A
[EIELE S FIPIRN o Bria— D RIESN, HERZ F AU A #E. AHEAE
GIEINS as = bs 4 cs, T LENE I AT bs HYEHS.
{E set At IRT AL PR A3 B SRR B 1% 0 2

setAt 0 x [ | FESERT « : [ o W |as| = n, ATLUAN setAt n x xs FEfy
T s 4 [z]o HEZSFIRFIEGE SR T AL

ZX 1.6

1.6.1. YA AALE BRI R HAL ISR AL P

‘insert nx [] = [x]
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1.6.2.

1.7.1.

1.7.2.

1.8.1.

1.8.2.

Mk C SEER

insert n x (y:ys) | n < 0=x :y :ys
| otherwise y : dinsert (n - 1) x ys

FIXS R SR NI AR B 4 R AT U R R R 2 s M E

[K] dnsert([K] xs, Int i, K x) {
append(xs, x)
for Int j = length(xs) - 1, j > 1, j—— {
swap(xs[j], xs[j-11)
}

return xs

EE 1.7

B ERG T 2 e HR A TR B

delAll x [] = []
delAll x (y:ys) | x =y = delAll x ys
| otherwise =y : delAll x ys

R E=gIEE (o

delAll x = foldr f [] where
fyys=1f x — y then ys else y : ys

B R R MIBR S5 B B 7 B B BT A e R e B RS 3 — M B

[K] delAt(Int i, [K] xs) {
Int n = length(xs)
if 0 < i<n {
while i <n - 1 {
xs[i] = xs[i + 1]

i+
}
popLast(xs)
}
return xs
}
ZZE 1.8
i s H SR length

length = len 0 where
len n [] =n
len n (x:xs) = len (n + 1) xs

A n B9 ZERDE A, SER: 0 ROPETHRL, SRR E 20N O(lgn)
FAPEAESR b —ERRA, R SEL b W] LURALATE ST HAr e (fih0 1)
M Iia B (FnIRiR) G« B EBRNTFRX RIS S N L1 (Monoid) .
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Monoid pow(Monoid b, Int n) {
Monoid a = Monoid.e
while n # 0 {
if n& 1=—1then a=a *b

b=bxb
n=n>1
return a

X 1.9

1.9.1. A R@IER [(k,v)] 53T v HRARITR.

maxValue ((k, v):kvs) = maxV v kvs where
maxVm [] =m

maxV m ((_, v):kvs) = maxV (max m v) kvs

Z%£ 1.10

1.10.1. & take/drop, 4 n 2 UEI take IRIA] [ ], drop & [F 4513 .

safeTake n [] = []
safeTake n (x:xs) | n < 0 =[]
| otherwise = x : safeTake (n - 1) xs

safeDrop n [] = []
safeDrop n (x:xs) | n < 0 = x:xs
| otherwise = safeDrop (n - 1) xs

110.2. SCHUEEHE RN take Al drop ik
TRV IR TR o S H0arp I 7538 shife $20E . 44041 s
KIE N n, take(m, xs) 7T LUBIHESEIET n — m YRGS, T 55
drop(m, ws), I\ ws[m] & AN TEE asli] FIRTHEIE] asli — m). S5 AR
W m A TEE.

[K] take(Int m, [K] xs) {
Int d = length(xs) - m
while d > 0 and xs # [] {

pop(xs)
d__

}

return xs

[K] drop(Int m, xs) {
if m < 0 then return xs
for Int i = m to length(xs) { xs[i - n] = xs[i] }
while m > 0 and xs # [] {
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1.10.3.

1.10.4.

1.11.1.

Mx C SEEE

pop (xs)
m——
}

return xs

}

¥ sublist T slice BU5 AW BACIE A, Toif X AENSEL

sublist from cnt = take cnt odrop (from - 1)

slice from to = drop (from - 1) o take to

5 g I span [{ 53 :

spanp [] = ([,[])
. B {p(a:) i (z:as,bs), K (as,bs) = span(p, xs)
span p (r:xs) =

Ell o (as,x : bs)

CRIFA AT 25 Y S A A [ 2

X SEBHE AR xs 43T ERS WL p B TCERANI L p YA ITER -
as = [p(a),a < xs] f{l bs = [not p(b),b « xs]. as IN—EZ /T p HEKH]
2 MWL p R TP,

&

it

1.11

T H foldr 5 SLARANHET . FAPEAHE A RBOK TR insert « X, iXFEHEF AT
PAFEIR A :sort = foldr insert [ ). foldr HIZEAI N :

foldr::(A— B — B)— B — [A] - B

H 2% f ERE A — B — B WA 2 AN B, EXTESE
Oy A RFIRBAT BN, SR ERNREN Bo Al foldl E SLARAHET?
foldl RIZEREAT 4.7

foldl 50y : foldl :: (B — A — B) — B — [A] — B. f#ifi] foldl, HA17
SO ASH A B AN

sort = foldl (xs x — insert x xs) | |
SR S I B
flipfzy=fyzx (1.58)

XHEAERANHEF ] E R s sort = foldl (flip insert) | |




1.11.2.

1.11.3.

1.12.1.

1.12.2.

1.13.1.
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concat IR 28R 47 &iH— MMM R concat Bk .

i/ foldl 1 foldr 3 X concat WEERKIESE. as 4 bs (R ZEZE O(m),
Hrhvm = |as|, {HifH foldl LB xs1 4 zsg H ... # xs, B, as AR RO,
2R O(my + (my +ma) + .+ 320 my)e [HFH foldr 528 xsy 4 (zso 4+
(o 4 xsy).) B, as IR EASHORIK, T2 A zs, WK, HEREN
O(Mp—1 + ... + mag 4+ my) ZLMEITAT . FRATAT ARTF & SOX— 8

concat [] = []
concat ([]:xss) = concat xss
concat ((x:xs):xss) = x : concat (xs:xss)

) foldr R 5E L map-

map f = foldr (x xs — (f x):xs) [] (1.59)

EE 1.12

i H reverse SCIRZNE I ] A1 Y8 5

List<K> filterL((K — Bool) p, List<K> xs) {
List<K> ys = null
while xs # null {
if p(xs.key) then ys = cons(xs.key, ys)
XS = Xs.next
}
return reverse(ys)

3

4iE—AFIF MR B BT F 4L
BEHMITE. WFIZE vs TEIG RS HHHE 7 R4S

[s, tail xs,tail (tail xs),...,[]]

WA LR A pattern matching AN f5 k38, S drop AYRUR :

tails [] = [[]1]
tails xs@(_:ys) = xs : tails ys

FATE AT AR A D Z AT (] THE AW A AT TR AIE 5 47

tails = foldr f [[]] where
f x xss@(xs:_) = (x:Xs) : Xss

Z%E 1.13

it fota B (IS0 D) FUTEAIF
e dota(...,n) =[1,2,3,...,n];
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1.13.2.

Mk C SEER

o iota(m,n) =[m,m+1,m+2,...n], Hft m < n;

o iota(m,m+a,...,n) = [m,m+a,m+2a, .. m+kal; k 2lifgFm+ka <n
looN e

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

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

BB [1,2, .., n]:

iota = iota' [] where
jota' nsn | n<1=ns

| otherwise = jota' (n : ns) (n - 1)

HUMERIRE: [m,m + 1, .on], RATVAFEA TR 1 508 m RIA]:

iota m n = iota' [] n where
jota' ns n | n<m=ns

| otherwise = jota' (n : ns) (n - 1)

HEMESA: [m,m + a,m + 2a, ..., m + ka], Hrp k20l m + ka < n l95K

jotamna | m < n=m: jota (m+ a) na
| otherwise = []

KT = oo WTFUT S : [m,m + 1, .., AT LA BTHI 938 IH 28 F 2%

jota m=m : diota (m + 1)

il take 10 (dota 1) 77477 10 4> A K%L
1 KBiahvT LIS 2] repeat

repeat m = m : repeat m

25 B FRATRT LLE L—A iterate BREL, &40 iota TRE:

iterate f x = x : 1dterate f (f x)

jotal n = take n $ €dterate (+1) 1

jota2 m n = takeWhile (<n) $ dterate (+1) m
jota3 m n a = takeWhile (<n) $ iterate (+a) m
repeat m = iterate id m

jota5 m = iterate (+1) m

SIANER R A a3 zip Fik.

[(A, B)] zip([A] xs, [B] ys) {
[(A, B)] zs = null
while xs # null and ys # null {
zs = cons((xs.key, ys.key), zs)
XS = Xs.next

ys = ys.next




1.13.3.

1.13.4.

1.13.5.
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return reverse(zs)

}

MBEINE S zip($E7R & LD FIRIENN foldr2 f 2z xs ys) .
AT EETE SR 51) R 1 B A -
foldr2 f z[]ys = =z
foldr2 fzxs[] = =z (1.75)
foldr2 f z (x:xs) (y:ys) = foldr2 f (f xy z) xsys

SRIGHT foldr2 JE S zip(FTEAL) -
zip = foldr2 f [ |, Hf: f x y zys = (z,y):2ys

1§ zip 53 last At.
N T EIAMETIE kAT, HAHG s = [z, 21, .., wna] KAHT b HITTH
JE13E] ys = drop k wso SRR ws\ys SKEREER zip ws ys, XM —XITR

/?jl:‘ﬂaf (mn—k—lu l'n—l) o

lastAt k xs = (fstolast) (zip xs (drop k xs))

WS MREFMIIRPRBRELHICR. EaSABAEH, 36 et g s s
AMBRR LR L TUR . (R AN, i — P NS A AR TR A HTS%
RPN BT R AR FF IR SR R — 8. X —FIR IR 2R 2 B
e AR SR AN Bt 2, n] LAGn ) fRj AL S

dedup [] = []
dedup (x : xs) = x : dedup (filter (x #) xs)

ATELH E sk E X dedup:

dedup = foldr f [] where
f x xs =x : filter (x #) xs

TR TERUET filter SRR O(n?). A LS = U2 AT LIS
O(nlgn) [ Z TR

dedup = Set.tolList o Set.fromList

X R i RIS 2 S

[K] dedup([K] xs) {
Int n = length(xs)
for Int i =0, i <n, i+ {
Int j=14+1
while j < n {
if xs[i] = xs[j] {
swap(xs[j], xs[n - 1])

n--
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1} else {
I+

}
}
Int m = length(xs) - n
loop m { pop(xs) }
return xs

}

1.13.6. 7] LAMAIERRF R T HERI AR e £, a0 1024 iTLAFRR N : 4 =2 = 0 —
U ki n = dpy...dody TTUETRN: “dy — do = ... = d” o FELEH]
SEATIE 0 b SEIUE NI SPEOES (TR

ATk B RE &Ar ERVECEIRNS R, DMAEE, mfAEA . n =
(dm--.dady) 10 FETR N [dy, da, .., di]o 401024 27174 [4, 2, 0, 1] FRATATLA
MXHERFIZE 5 foldr (¢ d — 10d + ¢) O FeHfelnl §IR% . fez , Al AR T
THI Y BR BCRHE T B AR 1 51 36 -

toList n | n < 10 = [n]
| otherwise = (n “mod’ 10) : tolList (n ‘“div’ 10)

HICEHIE. 0 INERY AT, B 0+ as = as + 0 = as, Hir 0 Al ISR
J [15[0], LA

[]+bs = bs
0] +bs = bs
as+[] = as
as+[0] = as

a+b
10

(a:as) + (b:bs) = d:(as + bs + [c])

&AL AN d = (a + b) mod 10, B H ¢ = |

| nEE 2 £

XS R AR P -

add [] bs = bs
add [0] bs = bs
add as [] = as
add as [0] = as
add (a:as) (b:bs) = ((a + b) "mod’ 10) : add as (add bs [(a + b) ‘div’ 10])

HRSEEEZ . as — 0 = aso M MALEFZNLNT asbs FHIF. WHRHE—L
a < b EFEESd =10+ a— b, TIHELA as’ = as — (1]

minus as [] = as

minus as [0] = as

minus (a:as) (b:bs) | a<b = (10 + a - b) : minus (minus as [1]) bs
| otherwise = (a - b) : minus as bs
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B TSRS as x b, K bs WPOAE b TLA as, Fo45 BTELL 10 15 2
IR cs’ =10 x cs + (b x as)o ITHE b x as B, R b =0, 455K 0, HE1H
B bAREA o 9] d = abmod 10, ¢ = | 20 B Ak R R %
RE:

bx (azas) =d: ([c] + (b x as))

Xt B B FR A

mul as = foldr (A b cs — add (mull b as) (0:cs)) []

mull 0 _ = []
mull b [] = []
mull b (a:as) = (b * a ‘'mod’ 10) : add [b * a ‘div’ 10] (mull b as)

R LI R ERTE o as BRLA bs Y REAH 4T 30 ¢ FRE r 15
as = q - bs +r, HAPREUVNTERE B0 < r < bs, RETET 0 MIEEER. Fr
DU S R 8 LI I — T 0, LU B AL I LR R e A
FN =B T A RS 0 X BRI EEET 0:

isZero = all (= 0)

HE as. bs K/ O /NFAETHESE B AR, MR B AE AL EAT o (EQ
FRI% LT 5/ F . GT R AT):

cmp [1 [1 = EQ

cmp [] bs = if isZero bs then EQ else LT

cmp as [] = if isZero as then EQ else GT

cmp (a:as) (b:bs) = case cmp as bs of EQ — compare a b
r — r

RXHE /ANT I ST PR a) LA emp 32 3

eq as bs = EQ = cmp as bs
1t as bs = LT = cmp as bs

B3 T LA 25 28 B9 7 S I GREBR AR bs # 0) -

as <bs: 0
las/bs| =
{%?jﬂ\lj : 1+ |(as —bs)/bs|
(HOZRTRATAT LAMBAS B4 o it ERERE SR : B as = ¢ -bs+ 7, &
as = (pm...a201)10 = [1, G2, ..., @], FRATSEH T ALK am BRLA bs TIT g H
%ﬁ T'm = Qm — 4Qm * bs, %EMTﬂDJ:‘Fg/ﬁT Am—1> ﬁq 10Tm + ap—1 lg/{]::u bs B/:J
B @1 THREL T1 o IGTERINSALERGE R . IXEUFE foldr I FE:

ldiv as bs | isZero bs = error "divide by 0"
| otherwise = foldr f ([], []) as where
f a (gs, rs) = (q:qs, (a:rs) ‘minus’ (g "mull’ bs)) where
q = ndec (a:rs)
ndec as = if as '1t' bs then 0 else 1 + ndec (as 'minus’ bs)
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1.13.7. fEan B, JEERSIFRE —FAT BRI O 9156 - 315 iR T LARTRY L
W 1.6 frose i P mts, B ATCIRIEER. Bt — P RIER AR %
EAEAEER . FEICEA_E SO EE BRI IR AT R (B AN FIAEE
FRIFIAYT D) o

K 1.6: ARSI

WSRINFAT AN, NI UG P = PN PR o WERAEIMEBE LA P42 F
FEIAFRIY 2 AN NE b B E)GE IR AT e JROTRT AR PR F
PigEe :p BRRHTRE 1 A1 R g BRRRTEE 2 D39 1 IR ENTER IS ZIHIE,
UL BA A 2R

Bool hasCycle(List<Kk> h) {

var p=h, g=nh

while p # null and q # null {
p = p.next
q = g.next
if g = null then return False
g = g.next
if p — q return True

}

return False

DA - SRS PRI EA IS R e o FRATTE T LARE— 2R HARETT
IRHIAIE . FB T 17,4 OA RN kN9 5, A THIRTEER, O n A
TRl 2 p BlIE AW HEN 2 51 ¢ CRENAE B. I PR ITHIR
[Bo pi&)E q BEE kAR EEFNT ¢ ZHE EAEERTH n — k B po iXH
BIELE

PR R OO TS L X TR Y B E R, e A .
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B L7 e

*k:w4:mﬁ%mpm%ﬁk%%@ﬁAﬁm%@
ik @ BRI T — Ui L . o BT b S l03h AL B p Al
e AR, FRIHELT k< no A TTLUED k > n HHE56 R

PER. pvg NESLH KRG Y p 338 AW, q A TR L A J5TH & mod n [
B o MR SR A M A g BE _ERTTE RS n — (k mod n) [ p, HHFY:

n— (kmodn) n— (kmodn)

B p AN A BT 0

t = =
20 —v v

B p A T o0 g vod ), I p R K 45

v
AL (kmod n) +n — (kmod n) = n, {GHFEIZE] T A. FUILAIERLE ¢ fE1E
b op EBEEEESLFR K, —IRETHE— T L &k E S RNE A flp FIR
HHE O

WRAE BRI R B AR K HY A Bir e R A

Optional<List<kK>> findCycle(List<K> h) {
var p=h, g=nh
while p # null and q # null {

p = p.next
q = g.next
if g = null then return Optional.Nothing
q = g.next
if p—=gq {
q=nh
while p # q {
p = p.next
q = g.next
}

return Optional.of(p)
}

}
return Optional.Nothing
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2.1.1.

2.1.2.

Mk C SEER

EE 2.1
ZENN R IAI g R ISR X, A R R DT

4
B

o HiFHmIEER 1, 2,4, 3,5, 6
o T LER 4,2, 1,5, 3, 6
o JEITEIEER
[4,2,5,6,3,1]
S S DI e i P v e a7 4 45 SR B SRR

RPN PR p iR Io MR P =1 =[], MIZ=XWH= o
A H 3 P VA MR 22 A7 BRI P AR —AN TR m R R A \\EI’HE
HRO i P23 Y e R AT FRATT—E T DAE T 3] m, FF4E T 43 i =3
I lar, @y ey @1, My Qa1 Qainy ey @p), 2 I = I[1,4), I, = I[i + 1,n], Hrf
[, r) Fon e AT XA A4S DR r BATTAT LLAZS [ o iIX =305 I,m, 1,
WL R TR R R AR L R A TR R R AR . &k = L] R
FEFRIEIRIN, &TIJTU\EH k 53E1 P2, n] NWERS:: P, P, HoFR PRl kot
R, P BRI XFERAT AT LA (P, 1) AT, H (P, 1)

rebudld [ | [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I,.)

/\I:F[:

(I,,I,) = splitWith m I

(P, P.) = splitAt |I,| ps
P IR
rebuild [] _ = Empty
rebuild [c] _ = Node Empty c Empty

rebuild (x:xs) ins = Node (rebuild prl inl) x (rebuild prr inr) where
(inl, _:inr) = (takeWhile (# x) ins, dropWhile (#x) 1ins)
(prl, prr) = splitAt (length inl) xs

AT DA o BT A A 1 B S ER :

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)
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2.2.1.

2.2.2.
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HERS AR R 7 el Dy ] LACKE 2 0T 342 IR INBI SR e i 4

PER. A SOIEYE o (BRIAFAE S RN, Hpm g Ry . JOTEmA
HRF IR T IR, et — R/ N Te 598 T AATREAN S @, ZSRIEYH
P gER N [ BAFN. Kk T AR T T = (2,k,9), iR
Frim 55N (k] BAFH . BT JGeR o ml (4L k), Rirm a5
toList |4 [x]H#-toList ro T T &/ IN R 7 5 JC 3 B, T Lo &R L T /)8,
it LA toList | 1 toList r 37 o RIE NI EW I E L ATz € o < kAE
iy ery > ke FrLARFMPIZER toList | 4 [x] 4 toList r 7. X5%
T Wb s a5 R IC TP B e At LMEM SRR e g ey . O

WHEF YRR RAT 402
(nlgn), Hrfrn 2z 4H .

il Z e 3 toList
toList = foldt id (as b bs— as4b:bs) []
= fold (:) []
FEFHEINE XL depth ¢, 3845 R — IR AL

depth = foldt (r+— 1) (x dy — d+max z y) 0

K,

ZR 2.2
HIBIEAME kSRR T SR ¢
member x (Node 1 k r) | x = k = True

| x < k = member x 1
| otherwise = member x r

i/l PRED 1 Succ SLB— 4 " AR MY IE G . HEmL—HEH n T
XMW E R AT 47

data Treelterator<T> {
Node<T> node = null

Treelterator (Node<T> root) { node = min(root) }

T get() = node.key

Bool hasNext() = node # null

Self next() { if hasNext() then node = succ(node) }
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2.2.3.

2.3.1.

2.3.2.

2.3.3.

Mk C SEER

ALV IR HTSRAD A 46 T ZR I 75 B33 PR ok (V) M B8 AT /0]
0, AR P IR A i DA ZR R e R U e M ) o A3 I3 S T
5 AL A (BE K BT 1) . Bl

for var it = TreeIterator(root), it.hasNext(), it = it.next() {
print(it.get())
}

e LA R E 28220 O(n)

AR AT LA P X ] [a, b)) WEYTTER
for_each (m.lower_bound(12), m.upper_bound(26), f)
1 FH 2 PR A ) 7 12 A X — Rl

mapR f a b t = map' t where
map' Empty = Empty
map' (Node L k r) | k< a=map' r
| @ < k & k < b = Node (map' 1) (f k) (map' r)
| k>b=map' 1

X 2.3
LT AP AR A ZS I FFAE — RO AR A RS2 - L AE i o R(E
A BRI 5L AR R I i RAE R T i DR o RS IiX — Bk

delete _ Empty = Empty
delete x (Node 1 k r) | x < k = Node (delete x 1) k r
| x > k = Node 1 k (delete x r)
| otherwise = del 1 r
where
del Empty r = r
del 1 Empty = 1
del 1 r = let m = max 1 in Node (delete m 1) m r

St SEELREALAL o

fromList = (foldr {insert Empty) o shuffle

LN CIre S S5 1 RES - SR8 S N R O s D

AR KB m, SRIGE HERAKCEETR [s,a,b, ..., e]o BEIEHTM DG 5, €
AR TSR R B 588 SO R BE S o X T A1 ) P A
(LETTIAD) 8 = 1 — ng — .. = iy — e, DHDHRIERKERN 1, M s
F e MM SKENTSROER. DIRBAENEES m + 1. SRR KHE
BN 0, JFHEAM 7 K (9, k, @) IR (K], S EdE 0 (A k
F k) o FHRESSCN A (I k,r) BRI, B2 = scKME: (1) WA
TR BB R, TR AR R B A R B R K . T
depth 1 4 depth r; (2) ZE 78 U SRR (3) 4 T3 r HR i KBS o
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maxDistance Empty = 0

maxDistance (Node Empty _ Empty) = 0

maxDistance (Node 1 _ r) = maximum [depth 1 + depth r,
maxDistance 1, maxDistance r]

Horhr depth BYZE X IZ5>] 2.1.60 FAERCE AT LOR HH i i . ZSRRY AR
AR [ ], BRI AT BRI AR A (K], SR (L e ) MO =3
() B s (1) AR B 220 e IR TY /RORY B A2, 0 b &, BN EAREA U
TR LAY AR 5 (2) oM B A s (3) A I e i 7o

maxPath Empty = []
maxPath (Node Empty k Empty) = [k]
maxPath (Node 1 k r) = longest [(reverse depthPath 1) # k : depthPath r,
maxPath 1, maxPath r] where
longest = maximumBy (compare ‘on’ length)
depthPath = foldt id (A xs k ys — k : longest [xs, ys]) []

B A STV BT — U, TSI/ AR S T T
REE, FATATLLE IR EAET SIS RE d TR mo A e -
Tree A Tree (Int, Int) #Ji— K ARIGE L

maxDist = extract o mapTr where

extract Empty = 0

extract (Node _ (_, m) _) =m

mapTr Empty = Empty

mapTr (Node 1 _ r) = f (mapTr 1) (mapTr r)

f 1 r =Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, ml) = pairof 1
(d2, m2) = pairof r
pairof Empty = (0, 0)
pairof (Node _ k _) =k

Ffr o n] LU Z sk faife -

maxDist = snd o pair o foldt id g Empty where
gl _r=Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, m1) = pair 1
(d2, m2) = pair r

pair = (maybe (0, 0) 1id) o key

75
=

i

3.1
3.L.1. SEELMZE AT AL B Rl N B0 A

Void dnsert([T] xs, T x) {
Int i = 0, n = length(xs)
append(xs, Xx)
while i < n and xs[i] < x { i+ }
while i < n {
xs[n] = xs[n - 1]
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Mx C SEEE

3.1.2. & SCHUh A s LA SEEE AR -

Void dnsert([T] xs, T x) {
append(xs, Xx)
Int i = length(xs) - 1
while i > 0 and xs[i] < xs[i-1] {
swap(xs[i], xs[i-1])
G-

[T] sort([T] xs) {
[T ys =11
for x 1in xs {
insert(ys, x)
}

return ys

ZE 3.2

3.2.1. EHZESIEEL. P ERE — T ERHFIN RS S — 05k, RIEI =R

5] Next, EHHEVIHAL A,

[K] reorder([K] xs, [Int] next) {
Int i = -1
[Int] ys =[]
while next[i] # -1 {
append(ys, xs[next[i]])
i = next[i]
}

return ys

ZEE 4.1

411 MTFHARRYIESE, O TIPS, ol LAGE PSR S - — Pk
FRIE R, T35 B T AT P IS5 AR 2R XA A — X
WEMRAM 2R FIEE IR R 2 AW, (T 24T 258 A%

R Z2FE 4.2, WHEZ A

I Tl IR I MU HES Sk R ME 55 90 7 AE BRSSP R o Sk -
Th = ((..(D,k1,9),...), km, D), B: Ty = (B, ka1, (D, kmaas (D, by D)) .) o
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eI 4.2(c)o R ME A Fr B BAMESS A0 Ty, JRAIRRY 74 o X2
TR GAEBCN R . K 4.2(b) FEHTEERT, JTTE AN, B4
T REAE — 0

I

A 4.2
S A E RIGHT-ROTATE $:4E
1: function RIGHT-ROTATE(T, y)
2: p < PARENT(y)
3: x < LEFT(y) > &%z # NIL
4 a <+ LEFT(z)
5: b+ RicHT(2)
6: ¢ < RIGHT(y)
7: REPLACE(y, z) >z By
8 SET-SUBTREES(y,b, ¢) >4 b, e Ny BT
9:  SET-SUBTREES(z,a,) >4 a,y Hx R
10 if p= NIL then > BEHT y 2R R
11: T+—zx
12: return 7'
EE 4.3

RS n DT RAVZLARRE, LS B A 21g(n + 1),

BATESETIN REERE E Lo Vil o (REAEEL bh(z) BN 2 (RE 2) E]
H— M S R B R REH o R RN DT 5, BT A B R A
FIECR R RO e T LU — 5 SURA RN« 0l FRAREE RO R i BN
AR SER S NS

EB. A TE SEUEN] LM i o ORI 3 2 A 2000 — 1A Rl 3]
X @ B LA BRI g0k A RS 0.0 @ = NIL, T DA 2° -1=0
MR BEHE BT N o, B AL TRIR AR EE bh(z) (RN
B B bh(x) — LOFRIERAZAA) o T o T HEE /T = S,
AR B R T 2 DA 2000 — LA R LT e AR
2(20h@) =1 — 1) 4 1 = 20h@) — 1 AN

LRI b ARIRLLRAE Pt 4, AFAEESM AT N FTEME— %
b RO R IE L . LR R S 0 120 (R

n>2M?2 1= 202 <41

WHBON R3] h/2 <lg(n+ 1), 00:h < 21g(n + 1), O
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4.4.1.

Mk C SEER

AN FHASEEC T D, 53 A A DU R LS B insert 1.

Node<T> 1insert(Node<T> t, T x) = makeBlack(ins(t, x))

Node<T> makeBlack(Node<T> t) {
t.color = Color.BLACK
return t

Node<T> ins(Node<T> t, T x) {
if t — null then return Node(null, x, null, Color.BLACK)
return if x < t.key
then balance(t.color, ins(t.left, x), t.key, t.right)
else balance(t.color, t.left, t.key, ins(t.right, x))

Node<T> balance(Color c, Node<T> 1, T k, Node<T> r) {
return if ¢ — Color.BLACK {
if isRed(l) and disRed(l.left) {
Node (Node(l.left.left, 1l.left.key, l.left.right, Color.BLACK),

1.key,
Node(l.right, k, r, Color.BLACK),
Color.RED)

} else if isRed(l) and qisRed(l.right) {
Node (Node(1l.left, l.key, l.right.left, Color.BLACK),
1l.right.key,
Node(l.right.right, k, r, Color.BLACK),
Color.RED)
} else if isRed(r) and isRed(r.right) {
Node(Node (1, k, r.left, Color.BLACK),

r.key,
Node(r.left.right, r.right.key, r.right.right, Color.BLACK),
Color.RED)

} else 1if isRed(r) and isRed(r.left) {
Node (Node(1l, k, r.left.left, Color.BLACK),

r.left.key,
Node(r.left.right, r.key, r.right, Color.BLACK),
Color.RED)
} else {
Node(1l, k, r, c)
}
} else {

Node(1l, k, r, c)

Bool 1isRed(Node<T> t) = (t # null and t.color — Color.RED)

o
H
~
()]
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4.5.1. LI FRIC——FE” MBRES : ARICAMBRAS Y L (BRI T EIE B BR . 4
REFRICHY T R H B 50701 A
TAHEEME « A0 o AT R, WHISRELR : Tree (K, Bool), i\
x I, (i insert (x, True) #4737 pbRIC A FAE . BRI AGFRIC a 228 Falseo S48
JEgeit BRI e S E

delete x = rebuild o del x

Hrp:
delzx @ = ©
x<k: (c,del zl,(k,a),r)
del z (c,l,(k,a),7) = x>k: (cl,(k,a),del xr)
x=k: (cl,(k,False),r)
SRR T A MRR T RRE—, RT BEHRBIZE , 5 R At
RLAREERE
ebuild £ — size t < %(cap t): (fromlListotoList) t
A t

Hrf toList FEH0 33 DI, 2288 bric A MBR Y 15 5

toList @ = []

» a: toList | 4 [k] 4 toList r
toList (c,l, (k,a),r) =
S0 : toList I # toList r
N G AR P BRI ST R R AT R AR B RN (cap) FIAH
BT AN (size) o B IS F5 K : Tree (K, Bool, Int, Int). F15E X node
PRECE 7T RH
node & = O

node cl (kya, _, )r = (¢l (k,a,sz,ca),r)

¥

{sz = size | + size r + (if a then 1 else 0)

ca=14capl+capr
PR size Ml cap T RHBU SR AP N A

size ¥ = 0 capd = 0
size (_,(_, _,8z, ), ) = sz cap (_,(_, , ,ca), ) = ca

)5 . BAH node BRECEHLLRMARANNMERBRY (e, 0, K, ), Q0 FTE B9 Bil5
Fefy:
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5.1.1.

Mk C SEER

data Elem a = Elem a Bool Int Int deriving (Eq)

active (Elem _ a _ _) = a
getElem (Elem x _ _ _) = x

instance Ord a = Ord (Elem a) where
compare = compare ‘on’ getElem

insert x = makeBlack o ins (Elem x True 1 1) where
ins e Empty = Node R Empty e Empty
ins e (Node color 1 k r)
| e <k = balance color (ins e 1) k r
| otherwise = balance color 1 k (ins e r)
makeBlack (Node _ 1 k r) = Node B 1 k r

balance B (Node R (Node R a x b) y ¢) z d = node R (node B a
balance B (Node R a x (Node R by c)) z d = node R (node B a
balance B a x (Node R by (Node R ¢ z d)) = node R (node B a
balance B a x (Node R (Node R by c) z d) = node R (node B a
balance color 1 k r = node color 1 k r

node ¢ 1 (Elem k a _ _) r = Node ¢ 1 (Elem k a sz ca) r where

sz = size 1 + size r + if a then 1 else 0
ca=cap L4+ capr+1

size Empty = 0

size (Node _ _ (Elem _ _ sz _) _) = sz
cap Empty = 0
cap (Node _ _ (Elem _ _ _ ca) _) = ca

delete x = rebuild o del x where
del _ Empty = Empty
del x (Node ¢ 1 e@(Elem k a sz ca) r)
| x <k =node c (del x 1) e r
| x >k =node ¢ 1 e (del x r)
| x =k =node ¢ 1 (Elem k False 0 0) r

rebuild t | 2 * size t < cap t = (fromListo toList) t
| otherwise = t

fromList :: (Ord a) = [a] — RBTree (Elem a)
fromList = foldr dinsert Empty

toList Empty = []

X

X

X

X

b) y (node B
b) y (node B
b) y (node B
b) y (node B

toList (Node _ 1 e r) | active e = toList 1 # [getElem e] 4 toList r

| otherwise = toList 1 4 toList r

0o o o o0
N N N N

p,7
=

%M}

5.1

FATABAE T AVL RS VT S8 e e & —FR — X2 A2 AVL

d)
d)
d)
d)
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o
S 7 B e LR 0T, FRATTRT AR S toLast BRI, KA o il [ 25
RESAF:

verifyAVL t = isAVL t && sorted (tolList t) where
sorted [] = True
sorted xs = and (zipWith (<) xs (tail xs))

p,7
=

%M}

6.1

BEA LIS EN Branch (IntTrie a) (Maybe a) (IntTrie a) 45
Branch (IntTrie a) a (IntTrie a), WR{ENFARE] Nothing, 15
N3z A Just v?

AL lookup, FATTFEAE insert F IERHAEE A E R R A, 20 6.3 H
2 B PE 9 R e QNSRS Maybe B2 8, JRATIA TR E A SME M1 — 3L
BRI E L

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

ZE 6.2

I 5 R Py SE IR BT 20 Y Lookup 35

import Data.Bits

type Key = Int
type Prefix = Int
type Mask = Int

data IntTree a = Empty
| Leaf Key a
| Branch Prefix Mask (IntTree a) (IntTree a)

lookup :: Key — IntTree a — Maybe a
lookup _ Empty = Nothing
lookup k (Leaf k' v) = if k =— k' then Just v else Nothing
lookup k (Branch p m 1 r) | match k p m = if zero k m then lookup k 1
else lookup k r
| otherwise = Nothing

match :: Key — Prefix — Mask — Bool
match k p m = (mask k m) = p

mask :: Int — Mask — Int
mask x m = (x .&. complement (m - 1))
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6.2.2.

Mk C SEER

zero :: Int — Mask — Bool
zero x m = x .&. (shiftRm 1) = 0

SCBREEET trie FIBEEUR A F i b7 (U5 H BN 0 2519710 sl B o S5 SR (T LR
FAMTHE7E ] 5 iy Py 3 R trie e fSSOR RS SR o P it Py O IGy2
TBIRR R oA o I ARG [ 1o PR (1m, ) /e TR
B TR i 55 5R N as<bs, FRIAIAY m ZEALE Maybe, 4158 J2 Nothing, 1% )5
ZE0UE as - bs WIAUE Just v, MZEFUE (K, v):as 4+ bs, Forfr k275 500 MY
TR AG (O T8 2 1 TR /N R o

toList = go 0 1 where
go _ _ Empty = []
go k n (Branch 1 m r) = case m of
Nothing — as 4 bs
(Just v) — (k, v) : as H# bs
where
as = go k (2 * n) 1
bs =go (n+ k) (2 xn) r

BATMARLGE SFFHE, 2k = 0, W d = 0. [WAEN K =0, [N E =1 =
204k = 14+0; EANT —2d = 1.4 DTSR k24 (00)5 = 04 (10) = 2140,
(01)g = 1. (11)y = 2L + 1o — 3, X T 45 d E5 .2 k = (ag...aza1a0)2, [ /2
WK =k, AN K = a2+ ko FILAE LRSI . FAMTHE=0,n=2°=1
JABERE go k no [M/EFRIAWH go k 2n. 47 AP go (n+ k) 2n.
IXHElI keys = fst o unzip o toList Ff{ A LAARASHI 7 1 (48 5158 . iR sL
I as + bs T BT A FRATTHT LAFIH R A1k -

toList = go 0 1 [] where
go _ _ z Empty =z
go k n z (Branch 1 m r) = case m of
Nothing — xs
(Just v) — (k, v) : xs
where xs = go k (2 * n) (go (n+ k) (2 *n) zr) 1

BE—2, FATAT LA G B trie FOHT P B IIRAE. 028 —ErRy fold MHLE.
IR key 2 ITSRHIRAY

foldpre f z = go 0 1 z where
go _ _ z Empty =z
go knz (Branch T mr) =f km (gok (2 *n) (go(n+k) (2*xn)zr)l)

i BN, FATTAT AT T 5E L toList Oy

toList = foldpre f [] where
f _ Nothing xs = xs

f k (Just v) xs = (k, v) : xs

RERCAT S B H ik SRR B, TE /U key o FRATTAT LARE SR HU BT
=k
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foldpre _ z Empty = z
foldpre f z (Leaf k v) = f kv z
foldpre f z (Branch p m 1 r) = foldpre f (foldpre f z r) 1

SRJE SEBL MR e o - A7) 56 -

toList = foldpre (Ak v xs — (k, v):xs) []
keys = fst o unzip o tolList

U SR Py by o R TR R AT B TGRSR NI R AL trie IR IR AT 2]
B, EATTES R F R B RO TP SR o O T BRIE, FRATTE L
AR bits LE R/ N RERURAS R LR — BRI 858 o SR R LARGIEFY
Fe 3 I3 O N4 T

verify kvs = sorted $ map bitsLE $ keys $ fromList kvs where
sorted [] = True
sorted xs = and $ zipWith (<) xs (tail xs)
bitsLE 0 = []
bitsLE n = (n ‘'mod” 2) : bitsLE (n ‘div' 2)

Herb kvs S2 RN RS- ES 2 o R IR S SRS BT 28RS ) S SRR P 2 F

verify kvs = sorted $ keys $ fromList kvs

Z%£ 6.3

THER lookup S HRAYIE T, TR S RIS P A 4K

Optional<V> lookup(PrefixTree<K, V> t, K key) {
if t — null then return Optional.Nothing
Bool match
repeat {

match = False
for k, tr in t.subtrees {
if k =— key then return Optional.of(tr.value)
(K prefix, K k1, K k2) = lcp(key, k)
if prefix # [] and k2 — [] {
match = True
key = k1
t = tr
break
}
}
} until not match
return Optional.Nothing

I
Pt
=)}
1N
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6.4.1.

6.4.2.

7.1.1.

7.1.2.

Mk C SEER

7 trie SEBLE BHFERTHILAA -
X5 THNFIRTE ks, TRA T brie IHER T ¢ SRIE £ RO T 40
TFo SRIFHITRT n BRI

import Data.Map (Map)
import qualified Data.Map as Map

startsWith :: ord k = [k] — Trie k v — [([k], v)]
startsWith [] (Trie Nothing ts) = enum ts
startsWith [] (Trie (Just v) ts) = ([], v) : enum ts
startsWith (k:ks) (Trie
Nothing — []
Just t — map (first (k:)) (startsWith ks t)

ts) = case Map.lookup k ts of

enum :: Ord k = Map k (Trie k v) — [([k], v)]
enum = (concatMap (A (k, t) —
map (first (k:)) (startsWith [] t))) o Map.assocs

get n k t = take n $ startsWith k t

Hrb first f (a,b) = (f a,b) KR E f W2 XHER AT Lo SEEIHHNEC
OB xR BATEAE Mro THKEI A FTRERY 775 . SRR E trie o
T8 I AT [ A48

findT9 [] _ = [[]]
findT9 (d:ds) (Trie
cts = case Map.lookup d mapT9 of

_ ts) = concatMap find cts where

Nothing — []

Just cs — Map.assocs $ Map.filterWithKey (Ac _ — c ‘elem’ cs) ts
find (c, t) = map (c:) (findT9 ds t)

ba s CACIE 2 ovia - SN TES G i s & Reap (IR RS TR Cpem SO R S E S Y U ¢
AP ? XA RE AL SRR R N ?

H1%R>] 6.2.2, XFF —SUHTS , 14 BT 738 Py ol LIRS P &5 5% . X
2 SURTZER , P T BER 4% 7 JUF 3 Iy o AR B P — S R P
TR CINZLSRA B AVL AR L R DAEZPE T R A % Frads 11 (g5~ 2.2.2) .
IR AT SR el R A F 1 AT 2E O (nlgm) B X7 RAHER?

ZEEXT7.1

PNV < 615 B S AELITR?

ALV < (i BRIOSEE LR : A 200t/ N TFET o, M o /NFET A
AMTCER o ABAEEH BRI 75 ERUME B B AT TT R o — M FRAT IR B AR g
M i — A LI Y 2 ME (k= [on, va, - ]) S FRONZAE B (multi-map) o
SRR R “Se A BHm N Fk 8 .

‘BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
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var root = t
while not is_leaf(t) {
Int i = length(t.keys)
while i > 0 and key < t.keys[i-1] {
i=1 -1
}
if full(d, t.subTrees[i]) {
split(d, t, 1)
if key > t.keys[i] then i =1 + 1
}
t = t.subTrees[1i]
}
orderedInsert(t.keys, key)

return root

7.1.3. FAME AL E TSRS TRIBANI O E . 5 =0 B & LMt AT
Mgk SRR IRE ST 40

void orderedInsert([K] xs, K x) {
append(xs, Xx)
Int p = binarySearch(xs, x)
for Int i = length(lst), i >p, i =1 -1 {
xs[i] = xs[i-1]
}

xs[p] = x

Int binarySearch([K] xs, K x) {
Int 1 =0, u = length(xs)
while 1 < u {

Intm=(lL+4u) /2

if xs[m] = x {
return m
} else if xs[m] < x {
1l=m+1
} else {
u=m
}
}
return 1
}
SRR ZAME T R o RV 0 BT O(lgn) W H], (H24H A\

O(n) I ) 7% S AT LIAREUZS Lo

EET7.2

7.2.1. (M o ERtar & NE R A

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int 1 =0, u= length(tr.keys)
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while 1 < u {
Intm=(lL+4+u) /2
if key — tr.keys[m] {
return Optional.of((tr, m))
} else if t.keys[m] < key {

1l=m+1
} else {
u=m

}
}
if disLeaf(tr) {
return Optional.Nothing
} else {
tr = tr.subTrees[1]
}

At

7.3

o

7.3.1 FAVEARTT R TR R R RCRITR k= max(t') B EMER AT

2 k. SRJE B AR ¢ BR Ko 3R RO ARRY AL T % R 4k R Ry
B/ NI ko THLIIX— )71k
HATESCEE S min SR IR B PR/ ML

min' (BTree ks []) = head ks
min' (BTree _ ts) = min' $ head ts

FEM @ S, TR B < it < (45 o T REH IR 2 MR R RS I FRATT
Rkl 25 A E N SRR

partitionWith p (BTree ks ts) = (1, t, r) where
1 = (ksl, ts1)
r = (ks2, ts2)
(ksl, ks2) = L.span p ks
(tsl, (t:ts2)) = L.splitAt (length ksl) ts

BRI AT AT FR A SE BB 1 -

delete' x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (L.delete x ks) []
del x t = if (Just x) — (listToMaybe $ reverse ks') then
let k' = min' t' 1in
balance d ((init ks') # [k'], ts') (del k' t') r
else balance d 1 (del x t') r
where
(l@(ks', ts'), t', r) = partitionWith (< x) t

7.3.2. STHHIEXS B WHIMBERE %
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delete x (d, t) = fixRoot (d, del x t) where
del _ Empty = Empty
del x t = if (Just x) — fmap fst (listToMaybe r) then
case t' of
Empty — balance d 1 Empty (tail r)
— let k' = max' t' in
balance d 1 (del k' t') ((k', snd $ head r):(tail r))
else balance d 1 (del x t') r
where
(1, t', r) = partition (< x) t

max' t@(BTree _ _ []) = max' (stepL t)
max' (BTree _ _ [(k, Empty)]) = k
max' (BTree _ _ [(k, t)]) = max' t

max' t = max' (stepR t)

HEAN, FRATRG S balance pRES RSN AR AE S MBRIEA-FHAT R THIE -

balance :: Int — [(a, BTree a)] — BTree a — [(a, BTree a)] — BTree a
balance d 1 t r | full d t = fixFull

| tow d t= fixLow 1 t r

| otherwise = BTree 1 t r

where
fixFull = let (t1, k, t2) = split
fixLow ((k', t'):1) t r = balance
fixLtow 1 t ((k', t'):r) = balance d
fixtow 1 t r =t —l==r==

in BTree 1 t1 ((k, t2):r)
(unsplit t' k' t) r
(unsplit t k' t') r

o o
= =~ o

Hrbrunsplit J2 split FIa5R ERIE XN

unsplit tl k t2@(BTree (_:_) _ _) = unsplit tl k (stepL t2)
unsplit t1@(BTree _ _ (_:_)) k t2 = unsplit (stepR t1) k t2
ZEE 8.1

AIEW o [az, as, ..., an] FEIATE— D, U EHE—PICE M H HEAPIFY &
AR, 75 H BuiLD-HEAP H M.
ARATLAL JRAE E o

y,7
=

Ji a4 23 UL B A HE R o
HAM P SHAA3fE  oh 7 7 IR, B AR b e in—~ 425 -

8.2

%M}

data Node<T> {
T value
Int rank =1
Node<T> left = null, right = null, parent = null
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BFFPAAmHERT , FAT150 B TR NI E A RS IF SRR AR A5 B
Bro AR BB N AS A M8 o Ol T TR AL RSB, BTG N4
T RTE AR

Node<T> merge (Node<T> a, Node<T> b) {
var h = Node(null) // the sentinel node
while a # null and b # null {
if b.value < a.value then swap(a, b)

var ¢ = Node(a.value, parent = h, left = a.left)

h.right = ¢
h=c
a = a.right
}
h.right = if a # null then a else b

while h.parent # null {
if rank(h.left) < rank(h.right) then swap(h.left, h.right)
h.rank = 1 + rank(h.right)
h = h.parent

}

h = h.right
if h # null then h.parent = null
return h

Int rank(Node<T> x) = if x # null then x.rank else 0

Node<T> 1insert(Node<T> h, T x) = merge(Node(x), h)

T top(Node<T> h) = h.value

Node<T> pop(Node<T> h) = merge(h.left, h.right)

FIMER B ER, ROTERAEFFRAIRR, &% T BRI IR, TEHR AT N

51

data Node<T> {

T value

Node<T> left = null, right = null

FATELIA o2 FE R B AR ] -

Node<T> merge (Node<T> a, Node<T> b) {
var h = Node(None)

var root = h
while a # null and b # null {
if b.value < a.value then swap(a, b)

var ¢ = Node(a.value, left = null, right = a.left)

h.left = ¢
h=c
a = a.right

3

h.left = if a # null then a else b
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root = root.left

return root

8.2.2. JE SUMERY ENIHRAE

fold fz@ = =z
fold f = H = fold f (f (top H) z) (pop H)

EZE 9.1
9.1.1. XHEFEMFEREMAZIBIM. BINRENE 2T LR 177K RUE
Ll T B i BT R Y
9.1.2. SEEUEHLEFHER R o

Void sort([K] xs) {
var n = length(xs)
for var i = 0 ton - 1 {
var m = i
for Int j=17i4+1ton-1{
if xs[j] < xs[m] then m = j
}

swap (xs[i], xs[m])

75
=

9.2.1. HRITNHIRIHT SINTHF
0 maz il —oo ek min il oo BEATLASKEFHFHERE . RATATLASE 4408
e

4

9.2

minBy p a b = if p a b then a else b

merge p tl t2 = Br tl (minBy p (key t1) (key t2)) t2

fromListWith p xs = build $ map wrap xs where
build [] = Empty
build [t] =t
build ts = build $ pair ts
pair (tl:t2:ts) = (merge p tl1 t2) : pair ts
pair ts = ts

popWith p inf = delMin where
delMin (Br Empty _ Empty) = Br Empty inf Empty
deWMin (Br 1 k r) | k= key 1 = let 1' = delMin 1 1in
Br 1' (minBy p (key 1') (key r)) r
| k= key r = let r' = delMin r 1in
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9.2.2.

9.2.3.

9.2.4.

10.1.1.

10.1.2.

Mx C AFEEE
Br 1 (minBy p (key 1) (key r')) r'
toListWith p inf = flat where
flat Empty = []
flat t | inf = key t = []

| otherwise = (top t) : (flat $ popWith p inf t)

sortBy p inf xs = tolListWith p inf $ fromListWith p xs where

sortBy (<) oo ;& T THFHET . 1Ml sortBy (>) — oo E X I FEFHER -

bR SRR r MRS T R 40 ERAEHT 47

ATLMEFRAHEETT R . 25> 9.2.1 INE5R  sort By (<) oo R SEBLE& A M5
TTRNTHFHEF . EARREHT .

LA ARZER HE 7 A — SRR S AT TR I TR 23 Rl A e

AT RIE 2 EHRGE O(nlgn), BREZREHE O(n). KAFET, R
ISR AR (BRAEEAN S BR) o SRARFERIAEHEFP 5 L&A n D TE55
TR o

FEBHERR P AN SRR ZEARHE R L & AT B TRV RN 28 [RI SR AN AT

AT RIE 2 EHRE O(nlgn), A RIEHE O(n)o DT, HeHE P4k
AFHER 2SR ZERAEHE S5 598 5 4 O(n) HYZS[A]

Z% 10.1

it

gwker = A< =AY

pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
gen cs _=1: cs

LT R = AR — 17 IR B0 A7 ATLAXHE A28 n 47

take n (iterate pascal [1])
UEBH I B, FRES @ AT 8O () .

. (R AANE . Bo A PMRAT R 35 B, AT E —IEURE
4 Bpyr PR B, 4 58 O AT MRT R 1 = ("51) e 58 i AT e 8w
iy, —E R m M A By B3 i — LAT, —H RS MR B, R i 17, 2
SICE

n! n!
() +0) = u‘mm.m1r+mniﬁ
nli +(n—i+1)
illn—i+1)!
(n+1)!
illn —i+1)!

SGD
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O
10.1.3. EHA I B, tha A 2" A1
PER. ARPE LS PIE O ZE R, B, WP AT RN |
(0) + )+ + () AT
1+1)" A=A (a+b)"Ha=b=1
= "
O

10.1.4. R0, S I B SR f o XM O (AT [l (B A e
AR B RAF T, A2 T A TR A\ T B ) -

1: function LINK’(T},T3)
2: if KEY(T:) < KEY(T}) then

3: Exchange T1 < T3

4: PARENT(T3) < T}

5: INSERT(SUB-TREES(T1), 1, T3)
6: RANK(T}) < RANK(T3) + 1

7 return 7}

DI BATTAT LR A0 PP R A7 o SRR R BRS80S 1 o

%2 10.2
1158 DECREASE [958 2 i 20 R O(1)
FE A REREL:
O(H) =t(H) +2m(H)

Hrp t(H) R B ERE, m(H) 9 ATRCH T R BRSO E . 1)
TIERR, HRECH 2. DecrEASE ] O(1) IEPE « Y1, #8518 5 CASCADE-
Cut. ##H c ko fRA OQ) IEIEH Cur, ZA5iEIH. It DECREASE [ &l iH
¥ O(c)o

ORI EHBREIN A . & H 218 DECREASE Hi HYE. &FXiE H ) CASCADE-
Cur YI N =M bric 1 L IEEREARIC (RJE—kBRIN « &5i)E, #Epita
t(H) +c 0 BFEIFCRI t(H) #8, VIR R IONMER R ¢ — TR, LUK L 2 SRR
T mEH m(H) —c+ 2 MFRICH R BIEER m(H) DL ¢ — 1ME
CASCADE-CUT FIEBRFRICHT Y i o B fm— 1 H 1 AT BEARIE — 10 R IR
REM A2 R :

HH) + ¢+ 2(m(H) — ¢+ 2) — [t(H) + 2m(H)] =4 — ¢
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10.3.1.

10.3.2.
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XN AT Z N Oc) +4 —c = O(1).

X

At

10.3
IERESL A ECSHE R 0 AICR SRR PATI . 2 n AR, 58 H A9 BRI
PEREARAFRZE ORVE M RE 2 O(lgn)) o Ay ik S X — S 21 0

BB IR BE mo FEIRARTAS A, A0 SR PR A T — i L R A
AR (RE RN NpIve N I N TP

o

MAX_SUBTREES = 16

Node<K> insert(Node<K> h, K x) {
if h # null and length(h.subTrees) > MAX_SUBTREES {
h = dinsert(pop(h), top(h))
}

return merge(h, Node(x))

SEIR O HEHT MR o
N T TS AEMI FAIEE AT R — 225 :

data Node<K> {
K key
Node<K> parent = null
[Node<K>] subTrees = []

Node<K>(K k) { key = k }
3

ZJEMIBREDY @ HITCER . BATTEHE b B LD o 9RE 71 to ARt 52 b
AR, FATTH BT 58 HH 3R pop BT, A BATTIEL ¢ YT p, TR
HEUIT o SRJEXT ¢ ATHEHERAE B ft pop(t) B FFIE] R

Node<K> delete(Node<K> h, K x) {
var tr = lookuptr(h, x)
if tr — null then return h
if tr — h then return pop(h)
tr.parent.subtrees.remove(tr)
tr.parent = null
return merge(pop(tr), h)

}

Node<K> lookuptr (Node<K> h, K x) {
if h.key =— x then return h
for var t in h.subtrees {
var tr = lookuptr(t, x)
if tr # null then return tr
}

return null
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B |
S IHAE T RIE 2 O(n), H n @2 HEHPITRINECH , MERIE 28
O(m), Hrb m 2 ey AL & PRI o SRE 2EH O(n).

10.3.3. SCHELREC X HERG 262083 DECREASE-KEY
WRPIEAR T 50 b HE, TN TEEHBME « 5. S0, FRATEE tr B4 5
MFREHG tr D1 B8 tr BESR o J5 0% tr & 9FE h:

Node<K> decreaseKey(Node<K> h, Node<K> tr, K x) {
if tr — null or tr.key < x then return h

tr.key = x

if tr — h then return h

tr.parent.subtrees.remove(tr) // 0(m), where m = length(subtrees)
tr.parent = null

return merge(tr, h)

}

S PRI, FRATTAT LSS TE T tookuptr (h, y) ZRAG SR EE 9 10, SR HE o HOE 8T
N x, B : deceaseKey (h, lookuptr(h, y), x)o ﬁ”ﬁi’%fﬁfﬂﬂﬂ[@%*ﬁlﬁl A O(n)o

ZE 111

TEERZe o AERIR AL IS RLAE T SRR A, ORI SG R fe s, A
count, A MEA SR AN 22 2 e

UG AT LGy 31175 FE K B AR FE R R AT i T AP 00 18] 114, FRATTREE S f R — 20
7% 25 BT Ao AT PN TC R R A DX ISR ER AR5 100 by REHRN t 2P IX AR K
s EAWNERZEAATEIXEN [ht)o 28 THIBT AT :

empty(h,t): h=t
full(h,t) : t—h=s

TEPRZEh XA S T AR R ESIN TAG2E (8PzR) 38 [n]s = nmod so Xf
EARHHE AT B K [t]s — [h]s = [s]s = 0, [t]s = [hlso BRAEHEEHZRAT
IR 25 2R o TR AT S FE IR ) 25 SRR T3 FIBT A S 25 i RY o FRATTZE 45
AN—AFRIE(BRIE bt BISEIEIT)  BEAAE S SIHE AU, T {UUAE 2 5 TR
Butsto 25 S S BB ECTACBR A v LU — 5 s IR p(p > o) BUSGHEAT
HIRE, J:

empty(h,t):  [h], = [t],
Full(ht):  [t—h],=s

ERESSE
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Int P_LIMIT = 104743 // the 10000th prime
Bool empty(Queue<K> q) = (q.h = q.t)
Bool full(Queue<K> q) = (q.s = (q.t - g.h) mod P_LIMIT)

void enqueue(Queue<K> q, K x) {
if not full(q) {
g.t = (q.t + 1) mod P_LIMIT
gq.buf[g.t mod g.s] = x

}

Optional<K> dequeue(Queue<k> q) {
Optional<K> x = Optional.Nothing
if not empty(q) {
x = Optional.of(q.buf[q.h mod q.s])
qg.h = (q.h + 1) mod P_LIMIT
}

return x

%E 11.2
11.2.1. I 244 push BB T ke 2 F 8 2 2
F EIXFERIG L 56 push a ([],[]), 9857 pop.
11.2.2. {52 1) E@/\iﬂﬁﬁﬁﬁo

fEICIE T BHERSIZ r YA IR 1 0. [MRHERSISR push, PAFT

YA, #ihﬂ 19po MMEHHFEN O(2). £F

FFIR pop, MR AIE AL

B MFRAT — UL AT AH BT BE I B 7 WERFEDS O(1)o IRIE 1%
B WHART m R BT 1 iR BU , Horpr m i R A1UEE v ORI, IF HLAEH T

r BIZRA m r e FLAREHFE O(m + 1 —
11.2.3. SLEIRCEE A
1: function PUsH(Q, )
2: ApPPEND(FRONT(Q), x)

3: function Popr(Q)

4: if REAR(Q) = [ ] then

5: REAR(Q) < REVERSE(FRONT(Q))
6: FRONT(Q) <[]

7: n < LENGTH(REAR(Q))

8: x < REAR(Q)[n]

9: LENGTH(REAR(Q)) < n —1

10: return x

m) = 0(1).
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Z%E 11.3

1 abort BREUH, 2 n = 0 I, FATLER ERE T E— D EEESTRIEME, R
T @ MHAE a VENEER . Rt AR ZER P IR?

PSR pop 251 abort B%L. n = 0 I, REREHEAEN] 72 ARZSEIRE
(S, 0, (z:a), f') Fetfeik (Sy,a)o T_LVEEELFH) o IR ATCR, R
LE 2 IR o fERL;

BB S A S o FER : ST Dt SR AN RE — PR A IR, 5
NI B RERARBIZME R T o RSB MR ] (A5 A58 SR (LS
— IR

BEAT LALE O T N ARA BRI . FRAT AR f B9 HBAMAITE (push) ,
FERCR v R AR AT R (pop) o WCEEHACTATIS | JA B — M IRASHL 1
acc = reverse(f) 4 ro WA f 7 [ | TATBUHREHITER, IRINE] ace (AR 2
fRBEEEFRIG BAIN r 2B TTZRINE ace KR Bl append(ace, ri]), H
Hi=0,1,.,[r| = Lo SEERTAFTREM r BRI EITR, 2 B |7
RS TR

data State<k> {
[K] acc, front, rear
Int +dx

State([K] f, [K] r) {
acc = [], front = f, rear = r
idx = 0

}

// compute reverse(f) ++ r step by step
Self step() {
if front # [] then acc.append(front.popLast()) // reversing
if s.front = [] and idx < length(rear) { // concatenating
acc.append(rear[idx])
idx = idx + 1

}

Bool done() = (front = [] and length(rear) < 1idx)
}

data RealtimeQueue<K> {
[K] front = []
[K] rear = []
State<K> state = null

Bool 1isEmpty() = (front = [] and rear — [])
Self push(K x) {

front.append(x)
balance()
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}

K pop() {
X = rear.poplLast()
balance()
return x

}

Void balance() {

if state — null and length(rear) < length(front) {
state = State(front, rear).step()
front = []

}

if state # null and state.step().done() {
rear = state.acc
state = null

ZE 114

U] SEBBL AT BA B, 8 Sk 350 B S 0 S el i 5 T) (1) 8 228 AT s

1) 2 Bl BB AT LASZER XL A A7 o LASUA 3 K461, 5 SLPR AHERAE - pushy /pop,
1 push,./pop.. 1£ popy/pop, W& AT [k o LAN SEBLER R #4255 S i — 2
T

empty = ([1, [1)

isEmpty ([1, [1) = True
isEmpty _ = False

pushL x (f, r) = (x:f, r)

pushR (f, r) x = (f, x:r)

popL ([1, []1) = (Nothing, empty)

popL ([1, r) let (as, bs) = splitAt (length r “div’ 2) r 1in

popL (reverse bs, as)
popL (x:f, r) = (Just x, (f, r))

popR ([]1, [1)
popR (f , [1)

(empty, Nothing)

let (as, bs) = splitAt (length f “div’ 2) f in
popR (as, reverse bs)

popR (f, x:r) = ((f, r), Just x)

ZE 121

Unfar AR 5 R 2
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HATATLAGIN Maybe SRR BIBFE I 1A 5] @ < 0,7&[7] Nothing, 41
REGILR NI B8 I BRI 2 16 L 3217 Nothing ..

getAt [] _ = Nothing
getAt (t:ts) i | i < © = Nothing
| i < size t = lookupTree i t
| otherwise = getAt ts (i - size t)
where
lookupTree 0 (Leaf x) = Just x
lookupTree i (Node sz tl1 t2) = if i < sz "div’ 2 then lookupTree i ti
else lookupTree (i - sz ‘div’ 2) t2

ZE 12.2

SIBUEFR P AIBERLT IR STl 1 <0 < no Hrpn ZFFFIHKE.
HMIkid 22 5 A AR L -

getAt (Zero:ts) i = getAt ts i
getAt (One t:ts) i = 1if i < size t then lookupTree i t
else getAt ts (i - size t)
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz tl1 t2) = if i < sz "div’ 2 then lookupTree i ti
else lookupTree (i - sz ‘div’ 2) t2

IMTBUEZR S BRERAE R 0 A2 IR

AR NS RE , NS no= 2™ FF SRR TR, BRI 72 FH R
FI 7 BT ROAA NS BR MM R ) o A 2% R R T o

TR EE 2m YRR R 584 — SO (m 2 AR SR o 35 RS — X
PR AR A FIREA LT R o

data List<k> {

Int size = 0

[[K]] trees = [[1]
H

Int nbits(Int n) {

Int i =0

while n # 0 {
i=1i+4+1
n=n/2

}

return i

3

List<K> insert(List<K> xs, K x) {
var i = nbits(xs.size xor (1 + xs.size)) // locate the bit flip to 1
if i > length(xs.trees) then xs.trees.append([])
xs.trees[i] = [x]
for Int j =0, j <1, j+H {
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xs.trees[i] = xs.trees[i] ++ xs.trees[j]
xs.trees[j] = []
}
XS.size = xs.size + 1
return xs
}

Optional<K> get(List<K> xs, Int i) {
for t in xs.trees {
Int size = length(t)
if i < size then return Optional.of(t[i])
i=1 - size
}
return Optional.Nothing

ZZE 12.3
TR SR 5 I B 1 3 e A 2

T SOBBA P I A RE N RE 2 : @(s) = [r| = [fl = n—m, Hfrm =[],
n=[rl. MSTBIBRIS % f # [ EBERS O(1) IS4 f MG — T
U £ = (198 On) BTG » 74 BRI [0 FEF O1) 5288 £ M0JJR
— IR XFE AN
c = n+1+d(s)—d(s)

= w1 (= 17D = (il = 1)

= n+l+m-[5)=(51-)=-(n-0)

=1

WO SK BRI BR Y 73 P2 2 0 O(1), REFRHL, MR BRI BR Y 73 92 e b 2
0(1).

ZE 124

HERE I, MAEFRR T LTI AN X TFER T = (f.tr), £
MID(T) = t LIRSS o
1: function INSERT(z,T)
2: n = (x)
Lepe (LT.1))
while [FRONT(T')| > 3 do
f < FronT(T)

n < (f[2], 3], .-)
FrRONT(T) + [n, f[1]]

N g ok oW
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8: p<T

9: T < Mip(T)

10: if T'= NIL then

11: T « ([n],NIL, [ ])

12: else if |[FRONT(T')| =1 and REAR(T) = [ | then
13: REAR(T) < FrONT(T)

14: FRONT(T) < [n]

15: else

16: INSERT(FRONT(T), n)

17: Mip(p) < T
18: T < Mip(L), MID(L) < NIL

19: return T

HATHAHRAICR 2 AP HICREM - (2). R f Pl 3 ooz,
W R AR AT TR N A . AT f RERSE— N IC R
i BN AT R n RSN 1), SRR RS2k n s@i AN 2 ] A
BN NN f RN — N ICRAERH [ T8, WHERE, HATE 2
AT A AL T R IR f TR AN E 2 TR
X —FE DL, FATEE— T 50 X T e —FE O, AT n AR f
IRATI . i, FATRERRIR To N7 AR, FATENE T — Rk L
TR BRI R AT K

EE 12.5

12.5.1. JHBRIEI, FOAPRSEELMIER .
I RMER 5 front FHEAE 2, HP ) E 43 A b “f” 9 e (2 E9IE
AARER AN, B0 front FHEAIP I FREET N 2 IXF R DL 2 T
IR Y o

rl1]1], rl1]r2], ...

r[1][1], (13023, ...

n[é][1], n[2](2], ... ‘ rlal[1], rfélf2], ... ‘

K 12.9: AR 28 @ 2 TREY f A%
HNTEMNAR B FHER TP IER S — oK. EestfT 8 B DU~ A Hi .
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BT B B S AOYES B S IR TR A I 12,9, T
FI AT £ BRI S — e R R AT » AP IR T R
A2 AR for BEBRAT— TN IR FRATRAEM f RO 90 20
RN T o IR R JR0 17 BARSHRE . B I ST 1 — BRI, B

ST BRI T LR MBI A [ 12.10 Bid T
—it R,

r[1][1], r[11[2], ...

n[i — 1][1], n[i — 1][2], ‘ rli — 13[1], r[é — 1][2], ‘

sub-trees of n[2][1]

’ n[E2l, ... ‘ ’ r[a101], 021, .. ‘

FRBUER — TR n[i][1]. 25 E R T JUBE B2 f TR

extract z[1]

’ z[2], z(3], ... r{1101], r{11[2], ... ‘

r[2][1], rf2](2], ... ‘

n[i — 11[2], n[i — 11[3], ‘ r[é — 11[1], r[2 — 11[2], ‘

sub-trees of n[2][1]

’ n[1[2], ... ‘ ’ rla[1], re02], - ‘

HE RG] 2[1].
P 12.10: HElA) b b, BB — A

MRPEIX — B, I B2 LB T 0 3 S A I B (BUR AN A )
1: function EXTRACT(T)
2: 1« ([]7T7 [])
3: while FRONT(T') = [ | and M1D(T') # NIL do

4 T < Mip(T)
5: if FRONT(T) = [ ] and REAR(T') # [ | then
6: EXCHANGE FRONT(T') <» REAR(T)

7: f < FrONT(T), r < REAR(T)
8: n <+ (f[1], f[2],...) > n g 2-3 H
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9: repeat

10: FRONT(T) < [n2,ns,..]

11: n <4 ng

12: T < PARENT(T)

13: if MID(T") becomes empty then
14: Mip(T) < NIL

15: until n is leaf

16: return (ELEM(n), MID(L))

XA ELEM(n) R BIF7-95 1 n FPORAFRIME—TCE o i T AN RO 7AE
i 2R B FHR R FARBUER — 5 — T ICR A E Lo BATAFHOURIEF
RIS — A aE e T R AR TN A =S FA Tt
A TR AP, BV ITF A NS, s B T R AR S —
M FFa

1: function FIRST-LEAF(T)

2: while FRONT(T') = [ ] and MID(T") # NIL do

3: T « Mip(T)

4: if FRONT(T) = [ ] and REAR(T') # [ | then
5: n < REAR(T)[1]

6: else

7: n < FrRONT(T)[1]

8: while n is NOT leaf do

9: n << n

10: return n

11: function FIRST(T)
12: return ELEM(FIRST-LEAF(T))

Hrp S AR, IR AN T A S S T R . R
e IR L

ZXK 12.6
LEBEMLYT RIS, Ay b BR 2SR @ FZE 5 1Bk ALY 150 2
PATAT LAAEZR 5 I TR A, 494 -
@[i] = Nothing
Tl - {’L <08 i>sizeT: Nothing

AN
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12.6.2. SEH cut i S AEALE i HEFH) S 4 EITF .
BATVES H—Fh FHEI 3 B0 L (TR B A E LS AR E IR 6T) o &
fTE AT BB A 2, AR 0 < i < size s FATHE TR cutTree i S
HATE

cut :: Int — Seq a — (Seq a, Maybe a, Seq a)
cut i (Seq xs) | i < 6 = (Seq Empty, Nothing, Seq xs)
| i < size xs = case cutTree i xs of
(a, Just (Place _ (Elem x)), b) — (Seq a, Just x, Seq b)
(a, Nothing, b) — (Seq a, Nothing, Seq b)
| otherwise = (Seq xs, Nothing, Seq Empty)

cut Tree JREA B =05 : /200 a5 0 FREI R4 FIUF Maybe 2567
AT AR, ISR A B — R G o R o, Bt —
A Place 5. WHRES| i ST AURTHR £, o, BATA cutList ift— 4%
SN A BT A AV IR 0 BT o B A A R AR
Place i a 1l 2-3 1 a fERLE & S5 1

cutTree :: (Sized a) = Int — Tree a — (Tree a, Maybe (Place a), Tree a)
cutTree _ Empty = (Empty, Nothing, Empty)
cutTree i (Lf a) | i1 < size a = (Empty, Just (Place i a), Empty)
| otherwise = (Lf a, Nothing, Empty)
cutTree i (Br s f m r)
| i < sf = case cutList i f of
(xs, x, ys) — (Empty <<< xs, x, tree ys m r)
| i < sm = case cutTree (i - sf) m of
(tl, Just (Place i' a), t2) — let (xs, x, ys) = cutNode 1i' a
in (tree f tl1 xs, x, tree ys t2 r)
| i <s = case cutList (i - sm) r of
(xs, x, ys) — (tree f m xs, x, ys >>> Empty)
where
sf = sum $ map size f
sm = sf + size m

Hrfrtree fom r ¥ H—FERE, FFEATIE S HOACHH -

tree as Empty [] = as >>> Empty
tree [] Empty bs = Empty <<< bs
tree [] m r = Br (size m 4+ sum (map size r)) (nodesOf f) m' r
where (f, m') = uncons m
tree f m [] = Br (size m + sum (map size f)) f m' (nodesOf r)
where (m', r) = unsnoc m
tree f m r = Br (size m + sum (map size f) + sum (map size r)) f mr

X AR 2-3 AR FISE IR

cutList :: (Sized a) = Int — [a] — ([a], Maybe (Place a), [a])
cutList _ [] = ([], Nothing, [])
cutList i (x:xs) | i < sx = ([], Just (Place i x), xs)
| otherwise = let (xs', y, ys) = cutList (i - sx) xs
in (x:xs', y, ys)
where sx = size x
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cutNode :: (Sized a) = Int — Node a — ([a], Maybe (Place a), [a])
cutNode i (Tr2 _ a b) | i < sa = ([], Just (Place i a), [b])
| otherwise = ([a], Just (Place (i - sa) b), [1)
where sa = size a
cutNode i (Tr3 _ a b c) | i < sa= ([], Just (Place i a), [b, c])
| 1 < sab = ([a], Just (Place (i - sa) b), [c])
| otherwise = ([a, b], Just (Place (i - sab) c), [1)
where sa = size a
sab = sa 4 size b

IATAT LA 73 EUE e E AL E R TR MBRTEE ML B R ICER LA MTF #24F,
CAINE 2 ZHE 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'

Z%E 13.1

PICRE A PR HE e O 22 S AT BRI ER B SRR AT . B — AR A0 3

sort [x] = [x]

ZX 13.2

(S

PP S FF R XA RIS 2 G IF b DO fifLn, a1 ol
HP SRR no (N S T8 65 51 1275, merge([],51) = []@s1,
KRG AT s2.[ | P s1 P s . AFHEIF s3.[ | Bs1BsaB sz FrLAS A 2R A
On+2n+3n+4n+ ...+ kn) = O(n@) = O(nk?). MMM AEIF. 56—
BIE 51D 82,83 B Sqreeee I O(kn), B2 FoR—H#E: (51 B s2) B (s3 B 54)7 00+ N
52 O(kn)o EILBET lgk 86, B 28N :O(nklg k). PP G IFAYEEEE SEPR
FATA] IR — DK R B /NI, PRAT & NP8 4 B B S/ NT R T &
It 2 aJEME O(nklgk).

%% 13.3
FPILALA ARG SN foldp , I & A8 S A IR LR HFFHER

T TER — LA B f WSS AT F(F(@y),2) = f(o, f(y,2))e 4
SEIEHL f HILARITEN = XA AN
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13.4.1.

Mk C SEER

foldp f z [] =z

foldp f z [x] = f x z

foldp f z xs = foldp f z (pairs xs) where
pairs (x:y:ys) = (f x y) : pairs ys
pairs ys = ys

RFERIIATE LA sum = foldp (+) 0,11 F R _ERIIHFFHERFE LA ©:

sort = foldp merge [Jomap (:[])

ZZE 134
5 FH U HEHE 7 B9 SRR I — 7 31 7= 2 — S R o

FTLAE TR T 85 i B = AR F A : #5950 741 3 A
BRI R A I BRI L R e TR B BRI T 5 SRR A T
GBI . PIFIT IO — SR A1 ° AR N 2 BTSSR
FIh KR AN PR N (A, 2, B) f1(C,y, D)o # = <y, y Xl B M
BRI : By BY, Hrp By 4l {b < y} B9 BY 0 {b > y} (TR H @
143 C 1 ConC® o SRIGHIEEA 45

(A,z,B)® (C,y,D) = (A Cy,z,B, & C"),y,D & BY)

Heh'e” Fom WG I WM. & © >y, BOTID TR A.Do N Bl
ST A TR B T 95 13.3 E LRYBPENN foldp.

toTree :: (Ord a) = [a] — Tree a
toTree = foldp merge Empty omap leaf

partition x Empty = (Empty, Empty)
partition x (Node a y b)
| x <y = let (al, a2) = partition x a in (al, Node a2 y b)
| otherwise = let (bl, b2) = partition x b in (Node a y bl, b2)

merge Empty t =t
merge t Empty = t
merge (Node a x b) (Node c y d)
| x <y =1let
(b1, b2) = partition y b
(cl, c2) = partition x c
in Node (Node (merge a cl) x (merge bl c2)) y (merge d b2)
| otherwise = let
(al, a2) = partition y a
(d1, d2) = partition x d
in Node (merge al c) y (Node (merge a2 dl) x (merge b d2))

S MM T @ ws — [z]:ws.
SInG R AR SIS E | AT U R R B AL s 5 R (R ) SRR (18.31) 40t B A
PR ETC R AR ARG, R R
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Z%E 141

LLLL E) B SRR I O(n).
SR R AR5 A 13.1.3,
14.1.2. A 7EK AFRETE/NCE, TRATAT USRI = max (take k A),y = min (drop k A).
IS« <y, WA BT B DICERRZE S SN = RI957 E Mek, Hy
R RATCR RIGAET A [a + Az < a < y] P HESET & o0, H
k' =k—|la Aa <)l HEIXFIE FFOERE,
1: procedure Tops(k, A)

2: l+1

3: u < |A|

4: loop

5: i < MAX-AT(A[l..k])

6: J < MIN-AT(A[k + 1..u])

7: if Afi] < A[j] then

8: break

9: EXCHANGE A[l] < A[j]

10: EXCHANGE A[k + 1] < Al]
11: l < PARTITION(A, I, k)

12: u < PARTITION(A, k + 1, u)

SERIEH N E AR O(n)o 404 S RECH » 5018 PR Lo eI [F) £ 21 B
K B/ ME 4, §, RJEPA TR RE St B RIS & 43 o IR T 3147, 299 SR Ak
P ERFEHITTR ZHEEIEN O(n+n/2+n/d...) = O(n).
14.1.3. WA EFEE AR B 19 e E” i e i 2 24 O(lg(m + n)), Hip
m = |A|,n = |B|, AN BT . B TR 0 TG . Bt EE
K median(A, B) = C[| "), #ef C = merge(A, B) HATERIEF
¥4 0,
BV H AT %*/l\?‘ﬂiﬁﬁ/l\%ﬁ(éﬂEP@‘%U%J?:%E&o 41 =0,
u = m, FAVEWHEE A PRSI 8 @ = LTJO HR A i A AP B Y <2
S = T et S, A A CETE Al 2
B, WSS ER, WAE B RN A j = h —i DICELE Ali] 28T ALK
Blj] < A[i] < B[j + 1] WntR ks, vt BAAENE) Afd] g2 E. A5 NIAR B fm A
S/ NIEE Low B o0 4. NIRRT S X Ty i

f 1

ST S WG 28 A JFESTEH n A CEFFFA @ MEE b

median(z) = odd(n) : rl[%}
even(n): 3 (el +alg +1)
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K median([K] a, [K] b) {
if a = [] then return b[length(b) / 2]
if b =— [] then return a[length(a) / 2]
Int i = medianOf(a, b)
return if i — -1 then return median(b, a) else a[i]

Int medianOf([K] a, [K] b) {
Int 1 =0, u = length(a)
while 1 < u {
var i =(l+4+u) /2
var j = (length(a) + length(b)) / 2 - i
if j <1or j > len(b) {
if (j = 0 and a[i] < b[0]) or
(j = 1len(b) and b[j - 1] < a[i]) then return i
if j > len(b) then 1 =1 + 1 else u = i
} else {
if b[j - 1] < a[i] and a[i] < b[j] then return i

if a[i] < b[j - 1] then 1 =17 + 1 else u = 1

}

return -1

BRI R N E AR ERE kD ICRIEE Bk m > n(ENAcH
A\ B), ISUL—HZH A2, WERIEI A SM—HIEE k AITR. IR k= 1,38
A[0]\ B[O] FRAU/ I Ao ANAEN § = min(k/2,n).i =k — j, J8)5 H4R Al
1 Bljl. Wnik Ali] < Blj]. BAVEFEIE Al 5if1 Blj] JERYTTER ARG 8 H7E
FIATCRTTFHEE bk — i KB ENEFETA Blj) 5IF1 Al J509, 9855815

K median([K] xs, [K] ys) {
Int n = length(xs), m = length(ys)
return kth(xs, 0, n, ys, 0, my, (m+n) / 2 + 1)

K kth([K] xs, Int x0, Int x1, [K] ys, Int y0, Int yl, Int k) {
if x1 - x0 < yl - y0 then return kth(ys, y0, yl, xs, x0, x1, k)
if x1 < x0 then return ys[y0 + k - 1]
if yl1 < y0 then return xs[x0 + k - 1]
if k =— 1 then return min(xs[x0], ys[y0])
var j = min(k / 2, y1 - y0), i =k - j
i=x04+ 1, j =y0 + j
if xs[i - 1] < ys[j - 1] then

return kth(xs, i, x1, ys, y0, j, k - i + x0)
else
return kth(xs, x0, i, ys, j, yl1, k - j + y0)

TN, FATARERXFEE LML HE :m € A+ B, fiif§:

ly < A4 By <m]| = |ly <~ A4 B,y >m][ = 0,+1
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RIRT m TR A/NT m TR AR L BE 1.5 X R : [0, 1, 2, 3, 3, 3, 3, 3, 5],
RIERNT ST R T BT AR

14.1.4. JHBRIEIT, Ed B 200 S A

1:
2
3
4
5:
6
7
8
9

10:
11:

12:

13:

function SOLVE(f, 2)

p 0,9 2
S+ ¢
while p <z H ¢>0do
2 f(p,q)
if 2/ < z then
pp+1
else if 2z’ > z then
qg+—q—1
else
S SUu{pa)}
p+—p+1lg+qg—1

return S

14.1.5. LI R R BRI B0 JR 2 KR A fse o MEL A B
e KAH e BRI 2 /N i/ MESGE R TR R ETCHE : SO — 5,
IEI 4 D/NEIE SRR 1T

1: procedure SEARCH(f, z,a,b,c,d)

2:

3:

4:

5:

6:

7

8:

9:

10:

11:

12:

13:

if z < f(a,b) 8 f(c,d) > =z then
if z = f(a,b) then
record (a,b) as a solution
if z = f(c,d) then
record (c,d) as a solution

return
a—+c
P =)
b+d
- 15

SEARCH(f, 2, a, q,p, d)

(

SEARCH(fa z,P,4q,C, d)

SEARCH(f, z,a, b, p, q)
(

SEARCH(f, z,p,b, ¢, q)

> (a,b): /£ N (e, d): 4 fA

FATAT LIRS e B AT T B2 2R E A - AR BN A BRI AR S AR )
N T(A)e FATH OQ) MEEE 2 < f(a,b) 5L f(c,d) > 2 R IRIG 7
9 4 A TEBUESE R/ NETZ A - T (A) = 4T (A/4) + O(c) o HEFEHE 2RE N
O(A) = O(mn), AL EFL, A HRBUKIELE . IXAERIENIZ MG
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14.2.1.
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BRI -

ZEXR 14.2

(S

IR A A h S BREGE [n/k] B9 kARG Hhn = Al 42
N B kASARDCR, BRRJE R N RCRMEAL ke RFEATT
R EDE(ET [n/k] ), W@ T Ko

WAV — 78 Map : T Int, Hip T J2 A IR ERL X7 T %
TREIER o MEREREE BOTIRTF IS o FAT 10 A — DT
foldr maj @ A, b maj 8 H:

a€m: mla] < mla] +1
majam=4q|m|<k: mla] <1
A filter (b m[b] # 0) {b+— m[b] —1|b € m}

(14.21)
YT AR ITER o, IR a ¢ m AEF U, IF HF g A 2 k4,
HATRE @ IIANT L, FHHERN 15 mla] < 1 WER a € m, AR —
mla] < mla] + 1; FARFMAEA & Mk, FATHEE B IEE 1552 08
1, GnSREEECH O T B o
B BATEFTAE m 5 FR LS RIE—~, B CIN SR G
T n/k,% m' ={(a,0)|a € m}, IRGFHETT—IK A: foldr ent m’ A, Hrf ent

ent am’ =if a € m’ then m'[a] «+ m'[a] + 1 else m/ (14.22)

XHE m/ HHESR T IX A B R AT T n/k B9 keys (filter (>
n/k) m')o TR FEFPSLL T IX— 7k

majorities k xs = verify $ foldr maj Map.empty xs where
maj x m | x “Map.member® m = Map.adjust (1) x m
| Map.size m < k = Map.insert x 1 m
| otherwise = Map.filter (#0) $ Map.map (-1 +) m
verify m = Map.keys $ Map.filter (> th) $ foldr cnt m' xs where
m' = Map.map (const 0) m
cnt x m = if x “Map.member' m then Map.adjust (1+) x m else m
th = (length xs) “div’ k

X AR A SE LN T
1: function MAaJ(k, A)
2: m <+ {}
3 for each a in A do

4: if a € m then
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5: mla] <~ mla] +1

6: else if |m| < k then

7: mla] <1

8: else

9: for each ¢ in m do
10: mlc] < mlc] — 1
11: if m[c] = 0 then
12: REMOVE(¢, m)
13: for each ¢ in m do

14: m[c] « 0

15: for each a in A do > IS
16: if a € m then

17: mla] < mla] +1

18: r=/[],n<+ |4

19: for each ¢ in m do

20: if mc] > % then

21: ADD(c, 1)

22: return r

ZZx 14.3

14.3.1. EHURR 7 SRR S 3R RIS B 5 R AN 551
WRER TSR 7 AU, b7 BLHR B 75 1, ATl LALE fold s e rp il ke
(B P, M1 P A XHMEHROSEF IS T RAIAL (S, L),

maxzs = fst- foldr f((0,[]),(0,[]))
Hrr fz (P, (S, L)) = (P'rlmpl)
£ f PP =max((0,]]), (z + S,2:L)), P, = max(Py,, P')

14.3.2. ARRFI 2T — TR BT 3R FRE R A . Z AR O(nlogn).
SR S ZRAE A R M o FRATRT AES JE 4 H R~ 3B 20 A oK A AR
S E B B A b R B B KA o B — T
1: function MAX-SuM(A)
2: if A= ¢ then
return 0
else if |A| = 1 then
return Max(0, A[1])

else

m o 4]
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8: a < MAX-FROM(REVERSE(A[L...m]))
9: b+ Max-FroM(A[m + 1...|A]])

10: ¢ + MAax-SuM(AJl...m])

11: d < MAX-SUM(A[m + 1...|A])

12: return MAX(a + b, ¢, d)

13: function MAX-FrROM(A)

14: sum < 0,m < 0

15: for i < 1 to |A| do

16: sum < sum + Ali]
17: m < MAX(m, sum)
18: return m

SOREAAEBINR A T (n) = 2T (n/2)+O0(n) . M T EB AT RIZ 2R E N O(n).
FEm x n B T AERREUE PR SRR R A TR IR YRR
FATMIEREP RS —ATIT 06 BRI 47 [M[L, #], M[2, ], ..., M[i,«]]. #8)5
IHFHEASATH B E IS R R — 2 [ e -

ZMu ZM2; ZMnJ

S AT A BH mazsum K [EE VAR5, FHC k2 Rm KR/

maxSum = maximum o (map maxS) o acc o rows where
rows = init o tails — exclude the empty row
acc = concatMap (scanll (zipWith (+))) — accumulated sum along columns
maxS = snd o (foldl f (0, 0)) — max sum in a vector
f (my s) x =71let m" =max (m + x) 0O
s' =max m' s in (m', s')

Hrp tails IEX WS 1.12.2, zipWith (& XL 1.7, concatMap [iE
MW, 6.5.10 scand F foldl FLL, HERRXRATEE R E]— D HIFEH . scanll
78 scand —MEFRIG L, MR EE VIR S — IR

scanll f 1] = ]
scanll f (z:xs) = scanl f x xs
Hrpr:
scanl fql] = Iq]
scanl f (x:xs) = q:scanl f (f qx) xs
Xof 7 B iy ] RE P AR

K maxsum2 ([[K]] m) {
Int n = length(m), k = length(m[0]) // number of row, col
K maxs = 0 // max so far




for i =0 ton -1 {
xs = [0] * k
for j =1 ton-1{
xs = [x +y for (x, y) in zip(xs, m[j])]
maxs = max(maxs, maxsuml(xs))

3

return maxs

K maxsuml([K] xs) {
Ks =0 // max so far
Km=0 // max end here
for x 1in xs {
m = max(m + x, 0O)
s = max(m, s)
}

return s

399

Z%E 15.1

15.1.1. (o FTRRA ok B AT B A i o

dfsSolveAll m from to = map reverse $ solve [[from]] [] where
solve [] ss = ss
solve (c@(p:path):cs) ss

| p = to = solve cs (c:ss) — find a solution, go on search
| otherwise = let os = filter ('notElem’ path) (adjacent p) 1in
if os = [] then solve cs ss

else solve ((map (:c) os) 4 cs) ss
adjacent (x, y) = [(x', y') |
(XI: yl) — [(X_17 y); (X+1: y): (X: y_l)7 (X7 y+1)];
inRange (bounds m) (x', y'), m ! (x', y') = 0]

X R R 4 AR P

[[(Int, Int)]] solve([[Int]] m, (Int, Int) src, (Int, Int) dst) {
[[(Int, Int)]] stack = [[src]]
[[(Int, Int)]] s =[]
while stack # [] {
path = stack.pop()
if last(path) =— dst {
s.append(path)
} else {
for p in adjacent(m, last(path)) {
if not p 1in path then stack.append(path + [p])

3

return s
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[(Int, Int)] adjacent([[(Int, Int)]] m, (Int x, Int y)) {
[(Int, Int)] ps = []
for (dx, dy) in [(0, 1), (0, -1), (1, 0), (-1, 0)] {
Int x1 = x + dx, yl =y + dy
if 0 < x1 < len(m[0]) and 06 < yl < len(m)
and m[y][x] — 0 then ps.append((x1l, yl))
}

return ps

Z%E 15.2

15.2.1. Mt /\ 25 8L M5 & nT LR n %Fl‘iﬂﬁﬁ
Bl n 25 R EAE nox n A B n 205 FRAOTAT LSS 7R A 8
sl n A NEIA . FEFIH T ﬁjﬂ/l\%}:éﬁl H Ffif :

n | fif

1| [1]

2 | T

3 | T

4| 12,4,1,3],[3,1,4,2]

51 [2,4,1,3,5],[3,1,4,2,5],[1,3,5,2,4], ... 3£ 10 M

15.2.2. J\E2JRHREAE 92 DARAIE X TAEM— i Hefe £90° ke /\ 2
JE TR BRI 2R HIEARRAR A 124 B\ 2RI,
X 12 A [F
JN SRR TR, AT B2 R TR R BRI o HEZ MRS R A T 50 -
IETT TR FRYE e HMARE D € S AURANT 8 AV E L : [HEE L id, BISEh
IDERS 90°.180°2270% 7K~ T EL BN . 1y P XA Sl . (r TO0 8 (4, 5) B9
BRI 8 B AL

B ﬁ%
id (4,

Y B X B | (9 —4,5) (4,9 — J)

2 DXL | (4,9)(9 — 5,9 — 1)
90°.180°.270° | (9 — 5,4)~(9 — 4,9 — 5)~ (4,9 — i)

BHE A FAOTHUN X 8 FhE 4 8 M, H NN ENTZEN . Bl
—EEERYER 12 DA TR FI R

‘import Data.List ((\\), sortOn)
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import Data.Set (Set, empty, insert, notMember, size)
import Data.Tuple (swap)

d8 = [1id,
reverse, map (9 - ), — reflect Y, X
trans swap, trans (A(i, j) — (9 - j, 9 - 1)), — reflect AC, BD
trans (A(i, j) — (9 - 3, 1)), — 90
trans (A(i, j) — (9 - 1, 9 - 3)), — 180
trans (A(i, j) — (3, 9 - 1i))] — 270
where

trans f xs = snd $ unzip $ sortOn fst $ map f $ zip [1..8] xs

uniqueSolve = dfs [[]] (empty :: Set [Int]) where
dfs [] s =s
dfs (c:cs) s
| length ¢ = 8 = dfs cs (uniqueAdd c s)
| otherwise = dfs ([(x:c) | x «+ [1..8] \\ c,
not (attack x c)] # cs) s
if all ('notMember® s) [f c | f « d8]
then dinsert c s else s

uniqueAdd c s

attack x cs = let y = 1 + length cs 1in
any (A(c, r) — abs(x - c) — abs(y - r)) $ zip (reverse cs) [1..]

X 12 AN

[3’6)4’1)8’5)7’2])[3)6’8)1’4)7’5)2]’[4’1)5’8)6’3)7’2])[4)2’7)3’6)8’5)]‘]
[476787371777572]7[477717875727673]![572747773787671]7[573787477717672]
[5,7711378,674!2]’[577,4711378’672])[6’277’174,875!3]’[674,7711872,573]

Z%£ 15.3

15.3.1. BRIk e D ) BRI , G458 AT LA BRI n HF IR T DL o
FAMVAZRIF n A G ACIRZS R AT

solve n = dfs [[start]] [] where
dfs [] s=s
dfs (c:cs) s
| head ¢ = end = dfs cs (reverse c:s)
| otherwise = dfs ((map (:c) $ moves $ head c) H cs) s
start = replicate n (-1) # [0] 4 replicate n 1
end = reverse start

%

it

15.4

15.4.1. Pl IO LRSS, SHEN A S 15 (2| + |yl &/, DA SBR[

import Data.List
import Data.Function (on)

— Extended Euclidean Algorithm
gcmex a @ = (a, 1, 0)
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gcmex a b = (g, y', x' —y' % (a ‘div’ b)) where
(g, x', y') = gcmex b (a ‘mod’ b)

— Solve the linear Diophantine equation ax + by = ¢
solve abc | ¢c 'mod" g # 0= (0, 0, 0, 0) — no solution
| otherwise = (x1, u, yl, v)
where
(g, x0, y0) = gcmex a b
(x1, yl1) = (x0 * ¢ ‘div’ g, y0 x c “div’ g)
(u, v) = (b ‘div’ g, a ‘div’ g)

— Minimize |x| + |y|
jars a b ¢ = (x, y) where

(x1, u, yl, v) = solve a b c
=x1 -k *xu
=yl + k *x v
= minimumBy (compare ‘on’ (Ai — abs (x1 - i * u) +

abs (yl1 + i % v))) [-m..m]

m = max (abs x1 ‘div’ u) (abs yl ‘“div’ v)

x < X

— Populate the steps
water a b ¢ = 1if x > 0 then pour a x b y
else map swap $ pour b y a x
where
(x, y) =jars a b c

— Pour from a to b, fill a for x times, and empty b for y times.
pour a x by = steps xy [(0, 0)]
where
steps © O ps = reverse ps
steps x y ps@((a', b'):_)
| @' = 0 = steps (x - 1) y ((a, b'):ps) —filla
| b' = b = steps x (y + 1) ((a', 0):ps) —emptyb
| otherwise = steps x y ((max (a' + b' - b) 0,
min (a' + b') b):ps) —atob

HENA THS W —mRE P 888 5, 2.2.3 17,

ZE 15.5

15.5.1. ¥2 3 T —R — XAt
Fe ) FEAL AR 1 [R) 254795 i, 8 12,5 FRpg e A A -

data Tr a =E | Br (Tr a) a (Tr a)

toList t = bfs (Q.singleton t) where
bfs Q.Empty = []
bfs (E :<| q) = bfs q
bfs ((Br L kr) :<| q) =k : bfs (g |[>1 |[>r)

15.5.2. R Bkl .
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HATH 0 2 73X 8 MECFRIHIIAS AL 1, Horp 0 (G207 S AT JE R T
LA BATRHZRIR N 0 FEHES I 2 8l A RS Sh B R ARAT , 4k
Sl A W )2 SKF 10 e 2 Sk AR, ARk R A2 Bl E R HR . e, iR A 0 4E
HEZISLR, E AT LARISRE 5 A8 BRI 50Hit, SO IR AT o BRI Bhilie X B9 AR
1, 75 12948 LR B A RESCFAR 1o Hm LT

start = [0..7]
end = 0:[7,6..1]

solvel = dfs [[start]] where
dfs [1 =[]
dfs (c:cs)
| head ¢ = end = reverse c
| otherwise = dfs ((map (:c) $ moves c) 4 cs)

moves (s:visited) = filter ( notElem’ visited) [fwd s, bk s, cut s]
where
fwd xs = case break (0 —) xs of
(as, O:b:bs) — as # (b:0:bs)
(atas, [0]) — 0O:as H# [a]
bk xs = case break (0 =) xs of
([], 0:bs) — bs 4 [0]
(as, 0:bs) — (init as) #+ (0 : last as : bs)
cut xs = case splitAt 4 xs of
((0:as), (x:bs)) — (x:as) # (O:bs)
((x:as), (0:bs)) — (0:as) 4 (x:bs)
_ — Xs

[156775675547352] }[1775676’574’372]![157765675547352] }[177567556745372]!
[11776!5741073!2]’[177!675!4731072])[117761574!37210]’[077!675!473!27]‘]

Z%E 15.6

15.6.1. SLIarS YIS K S A A R AR

data Node<T> {
Optional<T> ¢ = Nothing
Int w
Node<T> left = null, right = null

Bool disLeaf() = (left = null and right = null)

Node<T> merge (Node<T> a, Node<T> b) = Node(Nothing, a.w + b.w, a, b)
Bool (<) (Node<T> a, Node<T> b) = (a.w < b.w)
Node<T> huffman([Node<T>] ts) {

while length(ts) > 1 {
Int n = length(ts)
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for Int i = n - 3 down to i 0 {
if ts[i] < max(ts[n-1], ts[n-2]) {
Int j = 1if ts[n-1] < ts[n-2] then n - 2 else n - 1
swap (ts([i], ts[j])
}
}
ts[n-2] = merge(ts[n-1], ts[n-2])
ts.poplLast()
}
return ts[0]
}

Map<T, [T]> codeTab(Node<T> t, [T] bits = [], Map<T, [T]> codes = {}) {
if t.disLeaf() {
codes[t.c] = bits
} else {
codeTab(t.left, bits + [0], codes)
codeTab(t.right, bits + [1], codes)

}
return codes
}
ZXR 15.7
15.7.1. (S PR A G I S AWy AHETOURUH WAL, 5 5 e e el
H=9o0:. o

Huffman H = ¢ |H|=1: pop H
A Huffman (push (merge t, t,) H")
Hrp:(te, H') = pop H, (ty, 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,, tp))

6: return Por(H)

15.7.2. WIRFARF CHAEHE AL A, fFAE— DL R RO Hg3E e R 2 9 535 -
HIBAA Q@ PRAFETFFER . AW Q 1A ST R/INIR , & FFIE A BL. 4k
BSES LA FTAR G, BRIACRE ORI T — R4 RIS K2R 3 SEBX
— ik
Huffman (t:ts) = build (¢, (ts,2)), Hr:

build (t,([],2)) = ¢
build (t,h) = build (extract (ts,push (merge t t') q))
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Hrp: (¢, (ts,q)) = extract h

extract (t:ts,@)) = (t,(ts, D))
extract (Ha(J) = (t7([]7Q)7/\EF' ( ):pOp(]
t<t: (t,(t:ts,q)), Hrr: (¥,q) = pop q

extract (t:ts,q) =
t<ts (4 (tsq)

15.7.3. 25 EM RS T, 2o & N sE G K S gD
decode = snd o (foldl lookup (T,[])), H:

lookup ((w,c),cs) b = (T,c:cs)
lookup ((w,l,7),es) b = if b= 0 then (I, cs) else (r,cs)

Z%x 15.8
15.8.1. fi ] EfnEEAIE e K AL T P S S AR e

import Data.Sequence (Seq, singleton, fromList, index, (|>))

lcs xs ys = construct $ foldl f (singleton $ fromList $ replicate (ntl) 0)
(zip [1..] xs) where
(m, n) = (length xs, length ys)
f tab (i, x) = tab |> (foldl longer (singleton 0) (zip [1..] ys)) where
longer r (j, y) =r |>1if 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, 0) ([1, 0) =
get ((x:xs), i) ((y:ys), 3)
| x =y = get (xs, i-1) (ys, §-1) 4 [x]
| (tab “index’ (i-1) “index’ j) > (tab “index’ i “dndex’ (j-1)) =
get (xs, i-1) ((y:ys), J)
| otherwise = get ((x:xs), i) (ys, j-1)

&% 15.9

15.9.1. X n 3 P oA, o5 — B R _E AR 2 7 FAg itk P A
AT N AL, W AR P, NW AR X5 AR
TN FTATE R ARG R . FRATNEMEIG T ATTIR, INREN NW SR A Tt
R SRS E e LTS T AYED N i AR sh A LT ROk T iR
NW L HACE RS SR MRS T iR SEBLX — Rk

data DIR=N | W | NW

[K] les([K] xs, [K] ys) {
Int m = length(x), n = length(ys)
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[[(Int, DIR)]I] ¢ = [[(0, null)] * (n + 1)] * (m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i]1[j] = (fst(c[i-11[j-1]) + 1, DIR.NW)
} else {
c[i]1[j] = if fst(c[i-11[j]) > fst(c[i1[j-11)
then (fst(c[i-1][j]), DIR.N)
else (fst(c[il[j-11), DIR.W)

3

return rebuild(c, xs, ys)

[K] rebuild([[(Int, DIR)]] c, [K] xs, [K] ys) {
[K] r =[]
Int m = length(xs), n = length(ys)
while m > 0 and n > 0 {
DIR d = snd(c[m][n])
if d — DIR.NW {
r.append(xs[m - 1]) // or ys[n - 1]
m=m-1, n=n-1
} else if d = DIR.N {
m=m-1
} else if d — DIR.W {

n=n -

=

}

return reverse(r)

15.9.2. MTTFEMMWETFR, —EH1<0<ulv4? FFEREE—E45/N A2
AR AR PR (FENRTN 0) MRS 1 <0 < u AA— ML, FEETE
EEES X, FIRATRENT 0, 1 H 1 = min(X). 2R ES
ERRATREAT 0, H v = max(X),

15.9.3. SR F4F B [A] ) g 8

Int lev([K] s, [K] t) {
[[Int]] d = [[0@]%n]*m //d[i]1[j]: distance between s[:i] and t[:j]
for Int i = 0 to length(s) {
d[i][0] =i //drop all chars of source prefix gives []
}
for Int j = 0 to length(t) {
d[0][j] =] //insert all chars of target prefix to []
}
for Int j = 1 to length(t) {
for i = 1 to length(m) {
c = 1if s[i-1] = t[j-1] then 0 else 1
d[i]1[j] = min([d[i-1][]j] + 1, //deletion
dli][j-1] + 1, //insertion
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d[i-1][j-1] 4+ c]) //substitution

}
return d[length(s)][length(t)]




408

A

# Lk



22 LR

[1] Richard Bird. “Pearls of functional algorithm design”. Cambridge University
Press; 1 edition (November 1, 2010). ISBN-10: 0521513383. ppl - pp6.

[2] Jon Bentley. “Programming Pearls(2nd Edition)”. Addison-Wesley Professional;
2 edition (October 7, 1999). ISBN-13: 978-0201657883 (13t : < ZRALERILY)

[3] Chris Okasaki. “Purely Functional Data Structures”. Cambridge university press,
(July 1, 1999), ISBN-13: 978-0521663502

[4] Thomas H. Cormen, Charles E. Leiserson, Ronald L. Rivest and Clifford Stein.
“Introduction to Algorithms, Second Edition”. The MIT Press, 2001. ISBN:

0262032937. (H13Ch :«EEZIEY)

[5] Chris Okasaki. “Ten Years of Purely Functional Data Structures”. http://
okasaki.blogspot.com /2008 /02 /ten-years-of-purely-functional-data.html

[6] SGI. “Standard Template Library Programmer’s Guide”. http://www.sgi.com/
tech/stl/

[7] Wikipedia. “Fold(high-order function)”. https://en.wikipedia.org/wiki/Fold

(higher-order function)

[8] Wikipedia. “Function Composition”. https://en.wikipedia.org/wiki/Function

composition

[9] Wikipedia. “Partial application”. —https://en.wikipedia.org/wiki/Partial

application

[10] Miran Lipovaca. “Learn You a Haskell for Great Good! A Beginner’s Guide”.
No Starch Press; 1 edition April 2011, 400 pp. ISBN: 978-1-59327-283-8

[11] Wikipedia. “Bubble sort”. https://en.wikipedia.org/wiki/Bubble sort

[12] Donald E. Knuth. “The Art of Computer Programming, Volume 3: Sorting and
Searching (2nd Edition)”. Addison-Wesley Professional; 2 edition (May 4, 1998)
ISBN-10: 0201896850 ISBN-13: 978-0201896855

409


http://okasaki.blogspot.com/2008/02/ten-years-of-purely-functional-data.html
http://okasaki.blogspot.com/2008/02/ten-years-of-purely-functional-data.html
http://www.sgi.com/tech/stl/
http://www.sgi.com/tech/stl/
https://en.wikipedia.org/wiki/Fold_(higher-order_function)
https://en.wikipedia.org/wiki/Fold_(higher-order_function)
https://en.wikipedia.org/wiki/Function_composition
https://en.wikipedia.org/wiki/Function_composition
https://en.wikipedia.org/wiki/Partial_application
https://en.wikipedia.org/wiki/Partial_application
https://en.wikipedia.org/wiki/Bubble_sort

410 HH bk

[13] Chris Okasaki. “FUNCTIONAL PEARLS Red-Black Trees in a Functional Set-
ting”. J. Functional Programming. 1998

[14] Wikipedia. “Red-black tree”. https://en.wikipedia.org/wiki/Red-black tree

[15] Lyn Turbak. “Red-Black Trees”. http://cs.wellesley.edu/~cs231/fall0l/red-
black.pdf Nov. 2, 2001.

[16] Rosetta Code. “Pattern matching”. http://rosettacode.org/wiki/Pattern

matching

[17] Hackage. “Data.Tree.AVL”.  http://hackage.haskell.org/packages/archive/
AvlTree/4.2/doc/html/Data-Tree-AVL.html

[18] Wikipedia. “AVL tree”. https://en.wikipedia.org/wiki/AVL_ tree

[19] Guy Cousinear, Michel Mauny. “The Functional Approach to Programming”.
Cambridge University Press; English Ed edition (October 29, 1998). ISBN-13:
978-0521576819

[20] Pavel Grafov. “Implementation of an AVL tree in Python”. http://github.com/
pgrafov/python-avl-tree

[21] Chris Okasaki and Andrew Gill. “Fast Mergeable Integer Maps”. Workshop on
ML, September 1998, pages 77-86.

[22] D.R. Morrison, “PATRICIA - Practical Algorithm To Retrieve Information
Coded In Alphanumeric”, Journal of the ACM, 15(4), October 1968, pages 514-
534.

[23] Wikipedia. “Suffix Tree”. https://en.wikipedia.org/wiki/Suffix tree
[24] Wikipedia. “Trie”. https://en.wikipedia.org/wiki/Trie

[25] Wikipedia. “T9 (predictive text)”.  https://en.wikipedia.org/wiki/T9

(predictive _text)
[26] Wikipedia. “Predictive text”. https://en.wikipedia.org/wiki/Predictive text

[27] Esko Ukkonen. “On-line construction of suffix trees”. Algorithmica 14
(3): 249-260. doi:10.1007/BF01206331. http://www.cs.helsinki.fi/u/ukkonen/
SuffixT1withFigs.pdf

[28] Weiner, P. “Linear pattern matching algorithms”, 14th Annual IEEE Sympo-
sium on Switching and Automata Theory, pp. 1-11, doi:10.1109/SWAT.1973.13


https://en.wikipedia.org/wiki/Red-black_tree
http://cs.wellesley.edu/~cs231/fall01/red-black.pdf
http://cs.wellesley.edu/~cs231/fall01/red-black.pdf
http://rosettacode.org/wiki/Pattern_matching
http://rosettacode.org/wiki/Pattern_matching
http://hackage.haskell.org/packages/archive/AvlTree/4.2/doc/html/Data-Tree-AVL.html
http://hackage.haskell.org/packages/archive/AvlTree/4.2/doc/html/Data-Tree-AVL.html
https://en.wikipedia.org/wiki/AVL_tree
http://github.com/pgrafov/python-avl-tree
http://github.com/pgrafov/python-avl-tree
https://en.wikipedia.org/wiki/Suffix_tree
https://en.wikipedia.org/wiki/Trie
https://en.wikipedia.org/wiki/T9_(predictive_text)
https://en.wikipedia.org/wiki/T9_(predictive_text)
https://en.wikipedia.org/wiki/Predictive_text
http://www.cs.helsinki.fi/u/ukkonen/SuffixT1withFigs.pdf
http://www.cs.helsinki.fi/u/ukkonen/SuffixT1withFigs.pdf

BHE bR 411

[29] Esko Ukkonen. “Suffix tree and suffix array techniques for pattern analysis in

strings”. http://www.cs.helsinki.fi/u/ukkonen/Erice2005.ppt
[30] Suffix Tree (Java). http://en.literateprograms.org/Suffix tree (Java)

[31] Robert Giegerich and Stefan Kurtz. “From Ukkonen to McCreight and
Weiner: A Unifying View of Linear-Time Suffix Tree Construction”. Science
of Computer Programming 25(2-3):187-218, 1995. http://citeseer.ist.psu.edu/
giegerich95comparison.html

[32] Robert Giegerich and Stefan Kurtz. “A Comparison of Imperative
and Purely Functional Suffix Tree Constructions”. Algorithmica 19 (3):

331-353. doi:10.1007/PL00009177. http://www.zbh.uni-hamburg.de /pubs/pdf/
GieKur1997.pdf

[33] Bryan O’Sullivan. “suffixtree: Efficient, lazy suffix tree implementation”. http:
/ /hackage.haskell.org/package/suffixtree

[34] Danny. http://hkn.eecs.berkeley.edu/~dyoo/plt/suffixtree/

[35] Dan Gusfield. “Algorithms on Strings, Trees and Sequences Computer Science
and Computational Biology”. Cambridge University Press; 1 edition (May 28,
1997) ISBN: 9780521585194

[36] Lloyd Allison. “Suffix Trees”. http://www.allisons.org/ll/AlgDS/Tree/Suffix/

[37] Esko Ukkonen. “Suffix tree and suffix array techniques for pattern analysis in

strings”. http://www.cs.helsinki.fi/u/ukkonen/Erice2005.ppt

[38] Esko Ukkonen “Approximate string-matching over suffix trees”. Proc. CPM 93.
Lecture Notes in Computer Science 684, pp. 228-242, Springer 1993. http://

www.cs.helsinki.fi/u/ukkonen/cpm931.ps
[39] Wikipeida. “B-tree”. https://en.wikipedia.org/wiki/B-tree

[40] Wikipedia. “Heap (data structure)”. https://en.wikipedia.org/wiki/Heap

(data_ structure)
[41] Wikipedia. “Heapsort”™. https://en.wikipedia.org/wiki/Heapsort

[42] Rosetta Code. “Sorting algorithms/Heapsort”. http://rosettacode.org/wiki/
Sorting_ algorithms/Heapsort

[43] Wikipedia. “Leftist Tree”. https://en.wikipedia.org/wiki/Leftist _tree

[44] Bruno R. Preiss. Data Structures and Algorithms with Object-Oriented Design

Patterns in Java. http://www.brpreiss.com/books/opus5/index.html


http://www.cs.helsinki.fi/u/ukkonen/Erice2005.ppt
http://en.literateprograms.org/Suffix_tree_(Java)
http://citeseer.ist.psu.edu/giegerich95comparison.html
http://citeseer.ist.psu.edu/giegerich95comparison.html
http://www.zbh.uni-hamburg.de/pubs/pdf/GieKur1997.pdf
http://www.zbh.uni-hamburg.de/pubs/pdf/GieKur1997.pdf
http://hackage.haskell.org/package/suffixtree
http://hackage.haskell.org/package/suffixtree
http://hkn.eecs.berkeley.edu/~dyoo/plt/suffixtree/
http://www.allisons.org/ll/AlgDS/Tree/Suffix/
http://www.cs.helsinki.fi/u/ukkonen/Erice2005.ppt
http://www.cs.helsinki.fi/u/ukkonen/cpm931.ps
http://www.cs.helsinki.fi/u/ukkonen/cpm931.ps
https://en.wikipedia.org/wiki/B-tree
https://en.wikipedia.org/wiki/Heap_(data_structure)
https://en.wikipedia.org/wiki/Heap_(data_structure)
https://en.wikipedia.org/wiki/Heapsort
http://rosettacode.org/wiki/Sorting_algorithms/Heapsort
http://rosettacode.org/wiki/Sorting_algorithms/Heapsort
https://en.wikipedia.org/wiki/Leftist_tree
http://www.brpreiss.com/books/opus5/index.html

412 HH bk

[45] Donald E. Knuth. “The Art of Computer Programming. Volume 3: Sorting
and Searching.”. Addison-Wesley Professional; 2nd Edition (October 15, 1998).
ISBN-13: 978-0201485417. Section 5.2.3 and 6.2.3

[46] Wikipedia. “Skew heap”. https://en.wikipedia.org/wiki/Skew heap

[47] Sleator, Daniel Dominic; Jarjan, Robert Endre. “Self-adjusting heaps” STAM
Journal on Computing 15(1):52-69. doi:10.1137/0215004 ISSN 00975397 (1986)

[48] Wikipedia. “Splay tree”. https://en.wikipedia.org/wiki/Splay_ tree

[49] Sleator, Daniel D.; Tarjan, Robert E. (1985), “Self-Adjusting Binary Search
Trees”, Journal of the ACM 32(3):652 - 686, doi: 10.1145/3828.3835

[50] NIST, “binary heap”. http://xw2k.nist.gov/dads//HTML/binaryheap.html

[51] Donald E. Knuth. “The Art of Computer Programming, Volume 3: Sorting and
Searching (2nd Edition)”. Addison-Wesley Professional; 2 edition (May 4, 1998)
ISBN-10: 0201896850 ISBN-13: 978-0201896855

[52] Wikipedia. “Strict weak order”. https://en.wikipedia.org/wiki/Strict weak
order

[53] Wikipedia. “FIFA world cup”. https://en.wikipedia.org/wiki/FIFA World
Cup

[54] Wikipedia. “K-ary tree”. https://en.wikipedia.org/wiki/K-ary tree
[55] Wikipedia, “Pascal’s triangle”. https://en.wikipedia.org/wiki/Pascal's triangle
[56] Hackage. “An alternate implementation of a priority queue based on a Fi-

bonacci heap.”, http://hackage.haskell.org/packages/archive/pqueue-mtl/1.0.
7/doc/html/src/Data-Queue-FibQueue.html

[67] Chris Okasaki. “Fibonacci Heaps.” http://darcs.haskell.org/nofib/gc/fibheaps/
orig
[58] Michael L. Fredman, Robert Sedgewick, Daniel D. Sleator, and Robert E. Tarjan.

“The Pairing Heap: A New Form of Self-Adjusting Heap” Algorithmica (1986)
1: 111-129.

[59] Maged M. Michael and Michael L. Scott. “Simple, Fast, and Practical Non-
Blocking and Blocking Concurrent Queue Algorithms”. http://www.cs.rochester.

edu/research /synchronization/pseudocode/queues.html

[60] Herb Sutter. “Writing a Generalized Concurrent Queue”. Dr. Dobb’s Oct 29,
2008. http://drdobbs.com/cpp/2116013637pgno=1


https://en.wikipedia.org/wiki/Skew_heap
https://en.wikipedia.org/wiki/Splay_tree
http://xw2k.nist.gov/dads//HTML/binaryheap.html
https://en.wikipedia.org/wiki/Strict_weak_order
https://en.wikipedia.org/wiki/Strict_weak_order
https://en.wikipedia.org/wiki/FIFA_World_Cup
https://en.wikipedia.org/wiki/FIFA_World_Cup
https://en.wikipedia.org/wiki/K-ary_tree
https://en.wikipedia.org/wiki/Pascal's_triangle
http://hackage.haskell.org/packages/archive/pqueue-mtl/1.0.7/doc/html/src/Data-Queue-FibQueue.html
http://hackage.haskell.org/packages/archive/pqueue-mtl/1.0.7/doc/html/src/Data-Queue-FibQueue.html
http://darcs.haskell.org/nofib/gc/fibheaps/orig
http://darcs.haskell.org/nofib/gc/fibheaps/orig
http://www.cs.rochester.edu/research/synchronization/pseudocode/queues.html
http://www.cs.rochester.edu/research/synchronization/pseudocode/queues.html
http://drdobbs.com/cpp/211601363?pgno=1

B ik 413
[61] Wikipedia. “Tail-call”. https://en.wikipedia.org/wiki/Tail call

[62] Wikipedia. “Recursion (computer science)”. https://en.wikipedia.org/wiki/

Recursion_ (computer_ science)#Tail-recursive_functions

[63] Harold Abelson, Gerald Jay Sussman, Julie Sussman. “Structure and Interpreta-
tion of Computer Programs, 2nd Edition”. MIT Press, 1996, ISBN 0-262-51087-1

(FRSCHR : 3E53 3 R EHUVRR Fr ROE AR )

[64] Chris Okasaki. “Purely Functional Random-Access Lists”. Functional Program-

ming Languages and Computer Architecture, June 1995, pages 86-95.

[65] Ralf Hinze and Ross Paterson. “Finger Trees: A Simple General-purpose Data
Structure,” in Journal of Functional Programming 16:2 (2006), pages 197-217.

http://www.soi.city.ac.uk/~ross/papers/FingerTree.html

[66] Guibas, L. J., McCreight, E. M., Plass, M. F., Roberts, J. R. (1977), "A new
representation for linear lists”. Conference Record of the Ninth Annual ACM

Symposium on Theory of Computing, pp. 49-60.

[67] Generic finger-tree structure. http://hackage.haskell.org/packages/archive/
fingertree/0.0/doc/html/Data-FingerTree.html

[68] Wikipedia. “Move-to-front transform”. https://en.wikipedia.org/wiki/Move-to-

front transform

[69] Robert Sedgewick. “Implementing quick sort programs”. Communication of
ACM. Volume 21, Number 10. 1978. pp.847 - 857.

[70] Jon Bentley, Douglas Mcllroy. “Engineering a sort function”. Software Practice
and experience VOL. 23(11), 1249-1265 1993.

[71] Robert Sedgewick, Jon Bentley. “Quicksort is optimal”. http://www.cs.
princeton.edu/~rs/talks/QuicksortIsOptimal.pdf

[72] Fethi Rabhi, Guy Lapalme. “Algorithms: a functional programming approach”.
Second edition. Addison-Wesley, 1999. ISBN: 0201-59604-0

[73] Simon Peyton Jones. “The Implementation of functional programming lan-
guages”. Prentice-Hall International, 1987. ISBN: 0-13-453333-X

[74] Jyrki Katajainen, Tomi Pasanen, Jukka Teuhola. “Practical in-place mergesort”.

Nordic Journal of Computing, 1996.

[75] José Bacelar Almeida and Jorge Sousa Pinto. “Deriving Sorting Algorithms”.
Technical report, Data structures and Algorithms. 2008.


https://en.wikipedia.org/wiki/Tail_call
https://en.wikipedia.org/wiki/Recursion_(computer_science)#Tail-recursive_functions
https://en.wikipedia.org/wiki/Recursion_(computer_science)#Tail-recursive_functions
http://www.soi.city.ac.uk/~ross/papers/FingerTree.html
http://hackage.haskell.org/packages/archive/fingertree/0.0/doc/html/Data-FingerTree.html
http://hackage.haskell.org/packages/archive/fingertree/0.0/doc/html/Data-FingerTree.html
https://en.wikipedia.org/wiki/Move-to-front_transform
https://en.wikipedia.org/wiki/Move-to-front_transform
http://www.cs.princeton.edu/~rs/talks/QuicksortIsOptimal.pdf
http://www.cs.princeton.edu/~rs/talks/QuicksortIsOptimal.pdf

414 HH bk

[76] Cole, Richard (August 1988). “Parallel merge sort”. SIAM J. Comput. 17 (4):
770-785. doi:10.1137/0217049. (August 1988)

[77] Powers, David M. W. “Parallelized Quicksort and Radixsort with Optimal
Speedup”, Proceedings of International Conference on Parallel Computing Tech-

nologies. Novosibirsk. 1991.
[78] Wikipedia. “Quicksort”. https://en.wikipedia.org/wiki/Quicksort
[79] Wikipedia. “Total order”. http://en.wokipedia.org/wiki/Total order

[80] Wikipedia. “Harmonic series (mathematics)”. https://en.wikipedia.org/wiki/

Harmonic_ series_ (mathematics)

[81] M. Blum, R.W. Floyd, V. Pratt, R. Rivest and R. Tarjan, "Time bounds for
selection,” J. Comput. System Sci. 7 (1973) 448-461.

[82] Edsger W. Dijkstra. “The saddleback search”. EWD-934. 1985. https://www.cs.
utexas.edu/users/EWD /ewd09xx/EWD934.PDF.

[83] Robert Boyer, and Strother Moore. “MJRTY - A Fast Majority Vote Algorithm”.
Automated Reasoning: Essays in Honor of Woody Bledsoe, Automated Reason-
ing Series, Kluwer Academic Publishers, Dordrecht, The Netherlands, 1991, pp.
105-117.

[84] Cormode, Graham; S. Muthukrishnan (2004). “An Improved Data Stream Sum-
mary: The Count-Min Sketch and its Applications”. J. Algorithms 55: 29-38.

[85] Knuth Donald, Morris James H., jr, Pratt Vaughan. “Fast pattern matching in
strings”. STAM Journal on Computing 6 (2): 323-350. 1977.

[86] Robert Boyer, Strother Moore. “A Fast String Searching Algorithm”. Comm.
ACM (New York, NY, USA: Association for Computing Machinery) 20 (10):
762-772. 1977

[87] R. N. Horspool. “Practical fast searching in strings”. Software - Practice & Ex-
perience 10 (6): 501-506. 1980.

[88] Wikipedia. “Boyer-Moore string search algorithm”. https://en.wikipedia.org/

wiki/Boyer-Moore_string_ search_ algorithm

[89] Wikipedia. “Eight queens puzzle”. https://en.wikipedia.org/wiki/Eight

queens__puzzle

[90] George Polya. “How to solve it: A new aspect of mathematical method”. Prince-
ton University Press(April 25, 2004). ISBN-13: 978-0691119663


https://en.wikipedia.org/wiki/Quicksort
http://en.wokipedia.org/wiki/Total_order
https://en.wikipedia.org/wiki/Harmonic_series_(mathematics)
https://en.wikipedia.org/wiki/Harmonic_series_(mathematics)
https://www.cs.utexas.edu/users/EWD/ewd09xx/EWD934.PDF
https://www.cs.utexas.edu/users/EWD/ewd09xx/EWD934.PDF
https://en.wikipedia.org/wiki/Boyer-Moore_string_search_algorithm
https://en.wikipedia.org/wiki/Boyer-Moore_string_search_algorithm
https://en.wikipedia.org/wiki/Eight_queens_puzzle
https://en.wikipedia.org/wiki/Eight_queens_puzzle

% K 415
[91] Wikipedia. “David A. Huffman”. https://en.wikipedia.org/wiki/David A.
_ Huffman

[92] Andrei Alexandrescu. “Modern C++ design: Generic Programming and Design
Patterns Applied”. Addison Wesley February 01, 2001, ISBN 0-201-70431-5

[93] Benjamin C. Pierce. “Types and Programming Languages”. The MIT Press,
2002. ISBN:0262162091

[94] Joe Armstrong. “Programming Erlang: Software for a Concurrent World”. Prag-
matic Bookshelf; 1 edition (July 18, 2007). ISBN-13: 978-1934356005

[95] SGI. “transform”. http://www.sgi.com/tech/stl/transform.html

[96] ACM/ICPC. “The drunk jailer.” Peking University judge online for ACM/ICPC.
http://poj.org/problem?id=1218.

[97] Haskell wiki. “Haskell programming tips”. 4.4 Choose the appropriate fold. http:
//www.haskell.org/haskellwiki/Haskell _programming_ tips

[98] Wikipedia. “Dot product”. https://en.wikipedia.org/wiki/Dot_ product

[99] Xinyu LIU. “Isomorphism - mathematics of programming”. https://github.com/

liuxinyu95/unplugged


https://en.wikipedia.org/wiki/David_A._Huffman
https://en.wikipedia.org/wiki/David_A._Huffman
http://www.sgi.com/tech/stl/transform.html
http://poj.org/problem?id=1218
http://www.haskell.org/haskellwiki/Haskell_programming_tips
http://www.haskell.org/haskellwiki/Haskell_programming_tips
https://en.wikipedia.org/wiki/Dot_product
https://github.com/liuxinyu95/unplugged
https://github.com/liuxinyu95/unplugged

416

A

# Lk



k J5EfE, 259

AVL #f, 69
A, 74
E L, 69
PR, 72
A, 71

rs, 74

BFS, 299
Boyer-Moore AR, 270
B #{, 107

B, 119

A, 109

A, 118

DFS, 279

KMP, 274
Knuth-Morris-Pratt Bk, 274

LCS, 308
List
split at, 20

MTF, 221
Patricia, 91
reduce, 24

T9, 98

trie, 88
fEA, 89
&3, 90

=5l

FEAR ST, 154
Wi T, 36
4K, 260
TXHE 131
Heapify, 132
pop, 134
top-k, 134
FRH 134
FeTHIL B4R, 136
1 A\ (push), 136
My, 133
RBUNEITR, 134
T MAHEM, 33
Mg, 40
HI3K/ 54k, 39
i, 34
BR/INTR/RATTEK, 39
AL, 38
BEMUALEE, 43
XM, 33
W, 36
X BT IR B R
MLFBINER, 206
N, 206
BERLYTIA], 208
TIGUHE, 165
push, 169
EM, 166
s 171
A, 169
FEHE, 168

417



418

IR, 165
&3, 170

fifi e, 141
pop, 145
splay, 142
top, 145
&, 146
G, 145
N, 145

7K A, 291
E 5 R, 282

FIES
break, 20
cons, 2
foldl, 24
foldr, 23
for each, 16
get at, 2
init, 3
rindex, 4
span, 20
unzip, 29
ZF ik, 15
zip, 29
x5, 19
g, 28
HRIE, 25
&2, 6
g3, 19
4, 20
P143, 20
H LR, 15
Mg, 8
%*

B, 28
VLS, 28
KR 5], 4
fek, 18

e, 14
%EﬂJéiﬁﬂ 23
4, 2

A1, 10

3k, 2
et s, 26
EXL, 1

&, 2

J&T, 26
A&, 24
AE, 19
PEHCTH13R, 19
N, 6

fetft, 15
B, 5
KA, 13
%/MH, 13
KFREITRK, 3
FMEF, 20
AR, 20
i, 2

T4k (find), 27
rif) (lookup), 26
whn, 5

fH, 10

Vred
25,1

%51, 2
LYE, 27
B, 9
B, 14
K, 2

%VEF36
HIZEMY, 91

A, 91
A, 95

ZHASIA, 306
X Ji] 7, 40
1R7H, 295

%75



%5

WA
THERAIPA, 211
AN, 211
BEALYTIA], 211

=, 23

JG i, 36

WK 2 4hd, 301

FHUH, 79
Y trie, 79

HEHERF, 137

THMIAE, 310

Se4 R, 131

FEE M, 10

i IH, 10

Fe I, 10

Fe 25, A L e, 168

FoAHE, 138
pop, 140
S-{H, 138
top, 140
&9, 139
SR 140
R, 138

past )

HEHER, 140
A\, 140

FATIRFFHERE, 254

FerrbdHERr, 254

TR, 299

Fr 3
X EELYTIRIBEE, 205
X BERLT RIA R ECE SRR, 209
BEH P, 211
ARSI R, 212
FHam, 215

JAFHER, 242
SIHCTAELX, 245
M TAE X, 246

419

JrH A HHE Y, 246

EN, 242

93, 243

PERESIHT, 244

Bk B, 253

H AR FHHER?, 249
P HE T, 227

=4rK143, 234

=I5, 236

X143 (partition), 228

B 44, 235

SPGB, 232

PERES T, 231

ek, 234

THam
SR, 217
SLEBEN, 215
FEEBMIkR, 219
FEEBE N, 217
R, 219
BEMLYTA], 220
PR R, 305
FEAHET, 47
A, 49
TXAEER, 51
FFEFHAHET, 50
N, 48
# K Patricia, 83
B trie
fEN, 80
L, 82
RHATZ, 83
N, 83
AL, 88
WPARTLIE, 173
MR f/NTER, 175
&3F, 174
s, 175



420

RTHSEL, 180

N, 174
£, 141

pop, 141

top, 141

A9, 141

s 141

AN, 141
AR, 272
e/ NA] AL i
BRAET 3, 308
fir 54k, 10
TEATE, 10
WEss, 54
REEHER, 279

AR HSEHR A, 288
EMRR, 22
£ 7B, 56
Bz, 59
WA, 323
i =M, 323
i, 64
AN, 57
27 B, 56
ZuitHLi, 33

H3h#h5%, 95

TubEE, 301
AR A, 284
HE R, 279

WeREHE, 151

T/ NCE, 152
WBIAEH R/ NTER, 152

Fexs 4, 183
pop, 184
top, 183
Mg, 187

BN, 183
B 184
BT, 184
N, 183
M, 37
HRPRIEYEIRGE, 157
A
BRI, 193
W FBAF, 196
WA, 197
SEFBAA, 198
SEAEBA A, 197
TEFRZERIX, 194
P PRSI BAS, 201
D%, 262
X EHET, 154

%75



GNU Free Documentation License

Version 1.3, 3 November 2008
Copyright © 2000, 2001, 2002, 2007, 2008 Free Software Foundation, Inc.

<http://fsf.org/>

Everyone is permitted to copy and distribute verbatim copies of this license

document, but changing it is not allowed.
Preamble

The purpose of this License is to make a manual, textbook, or other functional
and useful document “free” in the sense of freedom: to assure everyone the effective
freedom to copy and redistribute it, with or without modifying it, either commer-
cially or noncommercially. Secondarily, this License preserves for the author and
publisher a way to get credit for their work, while not being considered responsible
for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the
document must themselves be free in the same sense. It complements the GNU
General Public License, which is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software,
because free software needs free documentation: a free program should come with
manuals providing the same freedoms that the software does. But this License is
not limited to software manuals; it can be used for any textual work, regardless of
subject matter or whether it is published as a printed book. We recommend this

License principally for works whose purpose is instruction or reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains
a notice placed by the copyright holder saying it can be distributed under the terms
of this License. Such a notice grants a world-wide, royalty-free license, unlimited in

duration, to use that work under the conditions stated herein. The “Document”,
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below, refers to any such manual or work. Any member of the public is a licensee,
and is addressed as “you”. You accept the license if you copy, modify or distribute
the work in a way requiring permission under copyright law.

A “Modified Version” of the Document means any work containing the Doc-
ument or a portion of it, either copied verbatim, or with modifications and/or trans-
lated into another language.

A “Secondary Section” is a named appendix or a front-matter section of the
Document that deals exclusively with the relationship of the publishers or authors of
the Document to the Document’s overall subject (or to related matters) and contains
nothing that could fall directly within that overall subject. (Thus, if the Document
is in part a textbook of mathematics, a Secondary Section may not explain any
mathematics.) The relationship could be a matter of historical connection with the
subject or with related matters, or of legal, commercial, philosophical, ethical or
political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are desig-
nated, as being those of Invariant Sections, in the notice that says that the Document
is released under this License. If a section does not fit the above definition of Sec-
ondary then it is not allowed to be designated as Invariant. The Document may
contain zero Invariant Sections. If the Document does not identify any Invariant
Sections then there are none.

The “Cover Texts” are certain short passages of text that are listed, as Front-
Cover Texts or Back-Cover Texts, in the notice that says that the Document is
released under this License. A Front-Cover Text may be at most 5 words, and a
Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy, rep-
resented in a format whose specification is available to the general public, that is
suitable for revising the document straightforwardly with generic text editors or (for
images composed of pixels) generic paint programs or (for drawings) some widely
available drawing editor, and that is suitable for input to text formatters or for auto-
matic translation to a variety of formats suitable for input to text formatters. A copy
made in an otherwise Transparent file format whose markup, or absence of markup,
has been arranged to thwart or discourage subsequent modification by readers is not
Transparent. An image format is not Transparent if used for any substantial amount
of text. A copy that is not “Transparent” is called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII with-
out markup, Texinfo input format, LaTeX input format, SGML or XML using a
publicly available DTD, and standard-conforming simple HTML, PostScript or PDF

designed for human modification. Examples of transparent image formats include
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PNG, XCF and JPG. Opaque formats include proprietary formats that can be
read and edited only by proprietary word processors, SGML or XML for which the
DTD and/or processing tools are not generally available, and the machine-generated
HTML, PostScript or PDF produced by some word processors for output purposes
only.

The “Title Page” means, for a printed book, the title page itself, plus such
following pages as are needed to hold, legibly, the material this License requires to
appear in the title page. For works in formats which do not have any title page as
such, “Title Page” means the text near the most prominent appearance of the work’s
title, preceding the beginning of the body of the text.

The “publisher” means any person or entity that distributes copies of the Doc-
ument to the public.

A section “Entitled XYZ” means a named subunit of the Document whose
title either is precisely XYZ or contains XYZ in parentheses following text that trans-
lates XYZ in another language. (Here XYZ stands for a specific section name men-
tioned below, such as “Acknowledgements”, “Dedications”, “Endorsements”,
or “History”.) To “Preserve the Title” of such a section when you modify the
Document means that it remains a section “Entitled XYZ” according to this defini-
tion.

The Document may include Warranty Disclaimers next to the notice which states
that this License applies to the Document. These Warranty Disclaimers are consid-
ered to be included by reference in this License, but only as regards disclaiming
warranties: any other implication that these Warranty Disclaimers may have is void

and has no effect on the meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commercially
or noncommercially, provided that this License, the copyright notices, and the license
notice saying this License applies to the Document are reproduced in all copies, and
that you add no other conditions whatsoever to those of this License. You may not
use technical measures to obstruct or control the reading or further copying of the
copies you make or distribute. However, you may accept compensation in exchange
for copies. If you distribute a large enough number of copies you must also follow
the conditions in section 3.

You may also lend copies, under the same conditions stated above, and you may

publicly display copies.

3. COPYING IN QUANTITY
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If you publish printed copies (or copies in media that commonly have printed
covers) of the Document, numbering more than 100, and the Document’s license
notice requires Cover Texts, you must enclose the copies in covers that carry, clearly
and legibly, all these Cover Texts: Front-Cover Texts on the front cover, and Back-
Cover Texts on the back cover. Both covers must also clearly and legibly identify
you as the publisher of these copies. The front cover must present the full title with
all words of the title equally prominent and visible. You may add other material on
the covers in addition. Copying with changes limited to the covers, as long as they
preserve the title of the Document and satisfy these conditions, can be treated as
verbatim copying in other respects.

If the required texts for either cover are too voluminous to fit legibly, you should
put the first ones listed (as many as fit reasonably) on the actual cover, and continue
the rest onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more
than 100, you must either include a machine-readable Transparent copy along with
each Opaque copy, or state in or with each Opaque copy a computer-network location
from which the general network-using public has access to download using public-
standard network protocols a complete Transparent copy of the Document, free of
added material. If you use the latter option, you must take reasonably prudent
steps, when you begin distribution of Opaque copies in quantity, to ensure that this
Transparent copy will remain thus accessible at the stated location until at least one
year after the last time you distribute an Opaque copy (directly or through your
agents or retailers) of that edition to the public.

It is requested, but not required, that you contact the authors of the Document
well before redistributing any large number of copies, to give them a chance to provide

you with an updated version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the
conditions of sections 2 and 3 above, provided that you release the Modified Ver-
sion under precisely this License, with the Modified Version filling the role of the
Document, thus licensing distribution and modification of the Modified Version to
whoever possesses a copy of it. In addition, you must do these things in the Modified

Version:

A. Use in the Title Page (and on the covers, if any) a title distinct from that of the
Document, and from those of previous versions (which should, if there were any,
be listed in the History section of the Document). You may use the same title

as a previous version if the original publisher of that version gives permission.
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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.

. State on the Title page the name of the publisher of the Modified Version, as

the publisher.

. Preserve all the copyright notices of the Document.

Add an appropriate copyright notice for your modifications adjacent to the

other copyright notices.

. 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.

. Preserve in that license notice the full lists of Invariant Sections and required

Cover Texts given in the Document’s license notice.
Include an unaltered copy of this License.

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.

. 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.

. 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.

. Preserve all the Invariant Sections of the Document, unaltered in their text and

in their titles. Section numbers or the equivalent are not considered part of the

section titles.
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M. Delete any section Entitled “Endorsements”. Such a section may not be included
in the Modified Version.

N. Do not retitle any existing section to be Entitled “Endorsements” or to conflict

in title with any Invariant Section.

O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that
qualify as Secondary Sections and contain no material copied from the Document,
you may at your option designate some or all of these sections as invariant. To do
this, add their titles to the list of Invariant Sections in the Modified Version’s license
notice. These titles must be distinct from any other section titles.

You may add a section Entitled “Endorsements”, provided it contains nothing
but endorsements of your Modified Version by various parties—for example, state-
ments of peer review or that the text has been approved by an organization as the
authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a passage
of up to 25 words as a Back-Cover Text, to the end of the list of Cover Texts in
the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover
Text may be added by (or through arrangements made by) any one entity. If the
Document already includes a cover text for the same cover, previously added by you
or by arrangement made by the same entity you are acting on behalf of, you may
not add another; but you may replace the old one, on explicit permission from the
previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give
permission to use their names for publicity for or to assert or imply endorsement of

any Modified Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this Li-
cense, under the terms defined in section 4 above for modified versions, provided that
you include in the combination all of the Invariant Sections of all of the original doc-
uments, unmodified, and list them all as Invariant Sections of your combined work
in its license notice, and that you preserve all their Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple
identical Invariant Sections may be replaced with a single copy. If there are multiple
Invariant Sections with the same name but different contents, make the title of each

such section unique by adding at the end of it, in parentheses, the name of the original
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author or publisher of that section if known, or else a unique number. Make the same
adjustment to the section titles in the list of Invariant Sections in the license notice
of the combined work.

In the combination, you must combine any sections Entitled “History” in the
various original documents, forming one section Entitled “History”; likewise combine
any sections Entitled “Acknowledgements”, and any sections Entitled “Dedications”.

You must delete all sections Entitled “Endorsements”.

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents
released under this License, and replace the individual copies of this License in the
various documents with a single copy that is included in the collection, provided that
you follow the rules of this License for verbatim copying of each of the documents in
all other respects.

You may extract a single document from such a collection, and distribute it
individually under this License, provided you insert a copy of this License into the
extracted document, and follow this License in all other respects regarding verbatim

copying of that document.

7. AGGREGATION WITH INDEPENDENT
WORKS

A compilation of the Document or its derivatives with other separate and inde-
pendent documents or works, in or on a volume of a storage or distribution medium,
is called an “aggregate” if the copyright resulting from the compilation is not used
to limit the legal rights of the compilation’s users beyond what the individual works
permit. When the Document is included in an aggregate, this License does not apply
to the other works in the aggregate which are not themselves derivative works of the
Document.

If the Cover Text requirement of section 3 is applicable to these copies of the
Document, then if the Document is less than one half of the entire aggregate, the Doc-
ument’s Cover Texts may be placed on covers that bracket the Document within the
aggregate, or the electronic equivalent of covers if the Document is in electronic form.

Otherwise they must appear on printed covers that bracket the whole aggregate.

8. TRANSLATION

Translation is considered a kind of modification, so you may distribute trans-

lations of the Document under the terms of section 4. Replacing Invariant Sections
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with translations requires special permission from their copyright holders, but you
may include translations of some or all Invariant Sections in addition to the original
versions of these Invariant Sections. You may include a translation of this License,
and all the license notices in the Document, and any Warranty Disclaimers, provided
that you also include the original English version of this License and the original
versions of those notices and disclaimers. In case of a disagreement between the
translation and the original version of this License or a notice or disclaimer, the
original version will prevail.

If a section in the Document is Entitled “Acknowledgements”, “Dedications”, or
“History”, the requirement (section 4) to Preserve its Title (section 1) will typically

require changing the actual title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as
expressly provided under this License. Any attempt otherwise to copy, modify, sub-
license, or distribute it is void, and will automatically terminate your rights under
this License.

However, if you cease all violation of this License, then your license from a par-
ticular copyright holder is reinstated (a) provisionally, unless and until the copyright
holder explicitly and finally terminates your license, and (b) permanently, if the copy-
right holder fails to notify you of the violation by some reasonable means prior to 60
days after the cessation.

Moreover, your license from a particular copyright holder is reinstated perma-
nently if the copyright holder notifies you of the violation by some reasonable means,
this is the first time you have received notice of violation of this License (for any
work) from that copyright holder, and you cure the violation prior to 30 days after
your receipt of the notice.

Termination of your rights under this section does not terminate the licenses of
parties who have received copies or rights from you under this License. If your rights
have been terminated and not permanently reinstated, receipt of a copy of some or

all of the same material does not give you any rights to use it.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU
Free Documentation License from time to time. Such new versions will be similar
in spirit to the present version, but may differ in detail to address new problems or

concerns. See http://www.gnu.org/copyleft/.
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Each version of the License is given a distinguishing version number. If the
Document specifies that a particular numbered version of this License “or any later
version” applies to it, you have the option of following the terms and conditions
either of that specified version or of any later version that has been published (not as
a draft) by the Free Software Foundation. If the Document does not specify a version
number of this License, you may choose any version ever published (not as a draft)
by the Free Software Foundation. If the Document specifies that a proxy can decide
which future versions of this License can be used, that proxy’s public statement of
acceptance of a version permanently authorizes you to choose that version for the

Document.

11. RELICENSING

“Massive Multiauthor Collaboration Site” (or “MMC Site”) means any World
Wide Web server that publishes copyrightable works and also provides prominent
facilities for anybody to edit those works. A public wiki that anybody can edit is
an example of such a server. A “Massive Multiauthor Collaboration” (or “MMC”)
contained in the site means any set of copyrightable works thus published on the
MMC site.

“CC-BY-SA” means the Creative Commons Attribution-Share Alike 3.0 license
published by Creative Commons Corporation, a not-for-profit corporation with a
principal place of business in San Francisco, California, as well as future copyleft
versions of that license published by that same organization.

“Incorporate” means to publish or republish a Document, in whole or in part,
as part of another Document.

An MMC is “eligible for relicensing” if it is licensed under this License, and if all
works that were first published under this License somewhere other than this MMC,
and subsequently incorporated in whole or in part into the MMC, (1) had no cover
texts or invariant sections, and (2) were thus incorporated prior to November 1, 2008.

The operator of an MMC Site may republish an MMC contained in the site
under CC-BY-SA on the same site at any time before August 1, 2009, provided the
MMC is eligible for relicensing.

ADDENDUM: How to use this License for your
documents

To use this License in a document you have written, include a copy of the License
in the document and put the following copyright and license notices just after the

title page:
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Copyright © YEAR YOUR NAME. Permission is granted to copy, dis-
tribute and/or modify this document under the terms of the GNU Free
Documentation License, Version 1.3 or any later version published by the
Free Software Foundation; with no Invariant Sections, no Front-Cover
Texts, and no Back-Cover Texts. A copy of the license is included in the

section entitled “GNU Free Documentation License”.

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace

the “with ... Texts.” line with this:

with the Invariant Sections being LIST THEIR TITLES, with the Front-
Cover Texts being LIST, and with the Back-Cover Texts being LIST.

If you have Invariant Sections without Cover Texts, or some other combination
of the three, merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recommend
releasing these examples in parallel under your choice of free software license, such

as the GNU General Public License, to permit their use in free software.
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