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

3 loop

4: if z ¢ A then

5 return =

6 else

7 T z+1

HPRFS ¢ [SEmanh:
1: function ‘¢’(z, X)
2 for i < 1 to | X]| do
3: if z = X[i] then
4 return False
5 return True
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minfree(x1, To, ..., Ty) <N (1)

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

1: function MIN-FREE(A)

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

4 if x < n then

5 F[z] < True

6: for i < 0 ton do

7: if F[i] = False then

8: return ¢

F HRRCREWIAI N R, W A R, IR © < n, BURIRE Flz) ENVE,
JE P FREE —MENRIALE, FIEANT n OB BAOMEH T n+1 4
MAE n MMRE, HUEHE sort(A) =[0,1,2,...,n — 1] BEN. XTHEFRE O(n)
AR RIS Fo BRERIG, F XWRIN T . RE W FFIEHTRERAN S THFER ],
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A E

MG
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ETE A", BUERE A A, EEIX X5, RN T, EF 5 A7
FRIE BN, RER A T2, EERTFRM 0 BT [n/2] + 1o BATRE X
BHBCH search(A,lu), HH 1 25, v 2 L% BN, I =0, u = |4] -1, Bl
minfree(A) = search(A,0,|A| — 1),
search(,l,u) = 1
{|A’ =m-—1+1: search(A”,m+1,u)
search(A,l,u) =

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

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

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

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

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

1: function MIN-FREE(A)

2: [+ 0,u < |A|
3: while u — 1 > 0 do

u+1
4:

2

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

WIE 1R, XA AN AP RITTRHITI T, left ZRTRITTRAAKRT m, 1
left M right Z [AINTTEREKRT mo
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5 IEE R ANAISHRES 1500 DIEMEL [EMEBURAEH 2,35 X=MEHFH)
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left right
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Ali]<=m Ali]>m L

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

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

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

VIR 2P

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

4: rz+—x+1

5: if VALID?(z) then
6: n<n-—1

7 return z

8: function VALID?(x)

9: while  mod 2 =0 do

10: x < x/2

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

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

15: return x =17

BEE n 1K, 55257 R IHEGEIG N, FEFFERITFENL L, B C 1EF TIFHRZ 40.39
OAIRENZE 1500 N IEMEL(860934420),
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BRI BRIZBAER T P, (ISR ARERES — MU T, MM 2.3.5 i
TERREY, IR A RIS F 45 R A ] W/ INBIRAR IR = A2 IERREUF 51, AT TR DASE FH BAF SR
fiike BAFIM—MIINATEE, 5 — B TTER, eI, X —ReERR 5
HESEH FIFO (First In First Out)o JEHEEE 0 DNEMEL 1 IABA, AT A 55 — M ER
HIEREL, 7T LA 2,305, 748 3 MEREBOHHE AT K H 0B, a0 SFogr=E
IBLEAZLE T RAFIA, M EFF DUk EE S, FTETRE/ N T BARAYEL, fER AN T 22 R
BRI, 20E 2R,

AN

1#2=2 1#3=3 1#5=5 2¥2=4 2%3=6 2*¥5=10
(a) 1 ABA (b) 2.3.5 ABA
3[4[s]s]10]
3*%2=6 3*3=9 3*5=15 4%2=8 4%3=12 4*5=20
(c) 4.6.10 ABA (d) 9.15 AB\, EF 6
& 2: /4%

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

1:

2

3

4

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

9: return x

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

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

13: 1+ 1+4+1

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

15: INSERT(Q, i, x)
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SFREN m BIBAF, UNIQUE-ENQUEUE T8 O(m) W IAIf% ., JoE S i A
Wi, DIIKERE n SMEEm (B — M RZMA=DHOTE, EmKtt
R < 2), BIBTINEN O(1+2+ 3+ ...+ n) = O(n?)s B 3T/R T BAFIHI 5 [FIIRERT
n ZIRAIPIRR, R IR, R O(n?) BB Z&E.

Queue access time - N
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& TATHAT DARIBIASEER, & o5 NEE A ERMEBITS T (21, 22, 23, ...]0 X
NEREL, HEIRLA 2 BRINTIRZTCS MBI 221, 270, 223, ...]o [FFEAKIRTE LA
3.5 2152 AN TET IEMES, RRIX 3 MEFEGIEH, ZREEHK 1 &
INEFESL, XS EN T 2s:

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

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

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

XMWY Haskell Il FF2%

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

merge (a:as) (b:bs) | a<b =a : merge as (b:bs)
| a= b =a : merge as bs
| otherwise = b : merge (a:as) bs

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

TR TR bR E S TR R MR A T, A EE =
N Qr = {29 > 0} NEEW 2 BERIVEL Qo = {2737 > 0,7 > 0} Qo35 =
{20375"]i,5 > 0,k > 0}o EH Qa3 B3R j £ 0, Qazs B3R k £ 0, fRIUE T =REERA
HE, BREEH DNk, WG Qo = {2}, Qa3 = {3} Fl Qaz5 = {5}
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min=2
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1: function REGULAR-NUMBER(n)

2 T+ 1

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

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

7 DEQUEUE(Q2)

8 ENQUEUE(Q3, 2)

9 ENQUEUE(Q23, 31)

10: ENQUEUE(Q235, b)

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

13: ENQUEUE(Q23, 31)

14: ENQUEUE(Q235, bx)

15: else

16: DEQUEUE(Qa235)

17: ENQUEUE(Q235, 57)

18: n<n-—1

19: return z

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

INE

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

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

1.2. n DM 1, 2, .., n, BEREEHG, EMNNRFHETEL T, HFEE - 2
WA T yo R 1 < y < n, WIH—DTTTEREMBALLANERT ], H 20 B A H
x Ml yo

1.3. TH2—BORIEFMEBRIRE, B2 ML L?

Int regularNum(Int m) {
[Int] nums(m + 1)
Intn=0, i=0, j=0, k=20

nums[0] = 1
Int x2 = 2 % nums[i]
Int x3 = 3 % nums[j]
Int x5 = 5 % nums[k]
while n < m {
n=n-+1
nums[n] = min(x2, x3, x5)
if x2 = nums[n] {
i=1i+4+1
X2 = 2 % nums[i]
}
if x3 = nums[n] {
i=3i+1
x3 = 3 % nums[j]
}
if x5 = nums[n] {
k=k+1
x5 = 5 x nums[k]
}

}

return nums[m]
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1.1 fa4r

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

1.2 wX
Bl R e, B — RIS R, Ho SO — AR e 23, 10
[] 8 NIL; sRE 8 N T2 A1, B LR T—ANHE T4 A 1,

BN EREEWERS, — Nt E (WFRME key) FI—NTHI3R, fEAITFIRN G| HEE
MYE nexto wJE— M1 RHPITFHIRIE,

B 1.1 BT RIS

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

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

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

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

1




FHoE AR

\V]

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

1.2.1 5@

HE—MEEHIR X, BATE XA REC R BIERBELE TR T2, B
BEHMAA first X F rest X, 8F head X M tail X4, 2, AT PAN—1TT
£ 2 MFIR 2s(RUAEIMEH 5 —MIF, 18R 225, X—HEEFEHILE cons, F
AT RER:

{head (x:xs) ==z (L1)

tail (z:xs) =uxs

B 2y FREF-DITR, A X FRRRINER, Bl X = (21,20, 23,..],

X’ = [.’ﬁg,iﬂg, ...]o

3] 1.2

1.2.1. XFILERRADN A BB, WUERAES AT T ILR 2,y € A BEMTE, E
M= DNRIERATH IR Z S,

1.2.2  FIRFEARSRIE

ARFETE S, BATTR] POB I H T RA R : 5IRAKEN 0, MAFSIRATK
JERPREE — IR AR KM —,

length [] = 0

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

KOvig PR R, HIN RS ZER O(n), H n BICR ML £
ERERIEOCS, TV | X| KERVIER X BIRE, 7R E T, BT
R REFEE— DR, FEM e ERT RN EHnNX —2 &, M2 HERERN
IR
1: function LENGTH(X)

2 n <0

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

5 X + NeExXT(X)

6: return n

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



1.2 EX 3

1.2.3 %35l

B SRR DUE BUN R BENLTT AR AL E ¢ BITCER, (HYIRFEER I « DA REFIA
TLRFTEN E,
) {z =0: =z
getAt i (z:xs) = (1.3)
i#0: getAt (i —1) xs
BATBOR A B YRR L WREA [ ], I BT RARE Y, @ BN
AT RARE o 5 i > | X |, JBIE I, AN TS HIRAE @ — | X | DM
BHE. )7, 5 i < 0, WEB— RIS EERE 0, RNV S HIRH
EANRFINEREI. HTREARE ¢ 2, RIIFIERNNRIEREN O(), Tz
pSpNAiNjeS eIk
1: function GET-AT(i, X)
2: while 7 # 0 do

3: X + NEXT(X) > X = NIL B HiEs
" i—i—1
5: return FIRST(X)

#:3] 1.3

1.3.1. £ GET-AT(i, X) HPIERSEHIH, X B XERE? ¢ BFIN X IERE?

1.2.4 KREicE

FETE—XHI first /rest M ARAVIRIE FRA last /init A FAEZHIFR X = (21, 29, ..., 7],
PRIEL last IRIAIREEITER x,, M init IREIFHIFR (21, 20, ..., Tp_1]o BIRIXPNERAEL
AR, (H last/init 7520 P53, KIT2 Lt R,

last [x] = = init [z] = [] (1.4)
last (x:xs) = lastxs  init (x:x8) = x:init xs

last/init #PE I BHIRITEN, SEN [ N, TTARARE XK, NHEZAHEM
AIEARSEHL,

1: function LAST(X)

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

6: return x



4 HE IR
7. function INIT(X)
8: X'« NIL
9:  while REsT(X) # NIL do > X A NIL B HS
10: X' < Cons(FirsT(X), X')
11 X + REST(X)
12: return REVERSE(X")

IniT 8 Cons BMGER, XA A MFIREW I, o T 2R ai R

KOLET 1.3.2),

1.2.5 RI&EI|

last JERART K —FR B, E—RRAEZRIGNER RIS « TR, &
ERA BRI IR : 55— DRI R E n, B _U0FKIER n —i — 1 PITR:

lastAt i X = getAt (| X|—i—1) L

IR RIE R R NEEE pi B0 po, EATAHEE @ 25, B rest'(p2) = p1,

Hrp

rest'(py) FORNEEPITHREL rest 3k i o WHURVL, M po BIHE ¢ ZRLATENE pio py
—ITURTEIABERATLER, ARG FEN ERIEIEN], B2 py ENEHERIER. A5

po TRUFFRIAIEIELES « IR, B 128608 TIX—75 1% BT p1,pe HEH—DE I,

TiiEMAR RN %,

p2 pl

e \

(] | |x2a] |+ .. o [xi+|]| > .. - [xm]]]

(a) po RIS, FHES p1 ZJ5 @ o

p2 pl

/ \

MR I e S I E N e

(b) 3 p1 ENEREM, po FEAGEEER @ 1

B 1.2: XEEEE L

1: function LAST-AT(7, X)

iz_
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2: p+— X

3: while ¢ > 0 do

4 X < REST(X) > RGN
5: i+i—1

6: while REST(X) # NIL do

7: X + REST(X)

8 p < REST(p)

9: return FIRST(p)

2l bR ROCHIIN R RE B BT, VI ERATA] PARINIESD X = (21, 20, ..., x,] T
Y = [25, Tig, ., ), HA Y BEREAT i — 1 DITRE A,

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

BRI drop m X EFHET m TITE:

drop 0 xs = xs
dropm (] = [] (17)
drop m (z:xs) = drop (m—1) zs
%3] 1.4

1.4.1. 1£ Inir H1, I AR APPEND(X', FIrRST(X)) K& Cons 4.2
1.4.2. & Last-Ar H, WAL ERZSHIRAE LRI H H0?

1.2.6 B

BE AR E LRI, F N SR MIBR, 2 R A 7 SEERIN QIR 4113, T
FIRLRFE (persist) AN, FFTEIE Y IINERERUR i651R (1), 58 2 ),

UNIIFRN append, F1 cons X #R, cons FEFR LGN, append fEAREIE N, K
WHRNE snoc (¥ cons RISKHHE ), HTZEwHENFIRER, TAEEZREHN O(n), H
oo BAIERIIKE, N 7B iR, FATAT UK R B A7 ok, HREE FI3R
AL BT BE#T,

append [z = [z]
append (y:ys) x = 1y :append ys x
XF IR ARG e

SEHIRF R FRI: cons © xs. append xs xo

(1.8)
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1: function APPEND(X, z)
2: if X = NIL then

3: return CoNs(z, NIL)

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

6: X < REST(X)

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

8: return H

BB ResT A FEEE SEIR next 5IHRIKE, 40 NHEAIEFHHH:

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

1 get At 2R, BATTREBSEFIR D RITEE R E MBESITR,

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

X—HERINEE AR O>), H i BEBBHIAE,

23] 1.5

1.5.1. {EFIRAE RN — DN AS & tail, FEASINE LI 5 B A,
1.5.2. A ROIZEHT tail 2582 MEREG (Al 5200?
1.5.3. 1E setAt /1, Gnal b FRZS A R AR A E 0?2

A

FIRINA AR S S (DIEEEMERA—NITR, IEH insert i x X,
IR set At 26005 (D ECPAIRFHBA DR, HRERIAZEFH,

nsert 0 x ys = x:ys
, . : : (1.10)
insert i x (y:ys) = y:insert (i—1) x ys
4 ¢ A PIRAK R, BATAT DU AL RSN, WA SR, N2 AIE
SEER:

1: function INSERT(7, z, X)




1.2 EX 7

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

1 1—1

v

@

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

LHNR X = [21, 22, ..., z,) OFF, BAMEMNE 1 <i<j<n, B 2 < x50 XH
< BIE SCRRR K, e r] DURRIEA A PRI HAR, fds > (BBF) . RENE R AR,
BAVE AN, BISTIRRFA T,

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

BN yinsert x ys

insert x (y:ys) = {

M T 22— LWBOTR, AN EEZXEN O(n), Hb n B, X REIESE
Banr:
1: function INSERT(z, X)
2: if X = NIL 8 2z < FirsT(X) then

3: return CoNs(z, X)

4: H+X

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

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

8: return H

AL Al NI R, TATA] DASEIE A HE R : B —RT RGP mA R — 2513k
W T RUEE AR EMER, AT O —HEPIEZEN O(n?),

sort [| = []

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

BATA] DATE BRI, SEB—MEREE : B— MWIIER AU TT R %7 1l A 24
R
1: function SORT(X)
2: S « NIL
3: while X # NIL do
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4: S < INSERT(FIRST(X), S)
5: X < REST(X)
6: return S

TEEBRA R IEATI 2], 55 R0 AR TP I, RUBITSEIUREe, BT — MR
1 W85 AT AL T35, T M A A, Bl TRY 4 R (B 1.2.7)
RIS RIX— 2 5, 5 3 SR AHE Y, ARPERE ST RIRAL.

3] 1.6

1.6.1. SHAAREBF I, R HAZ AR,
1.6.2. FABALIIEANRE, MALE | FHAETRTFEAERE—MIE,

KR

TR AR, Rt A PRI S (1) I M EMFRITR delAt @ X; (2) EHHE
MEFHMEBR delete x Xo N THBRALE ¢ BITTR, TATESCHTRE ¢ PRENDEEIRAE, A
JEBEE — N ITR, KRR EREEK,

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

T REERGHE ¢ BHPATIER, X —FIRRIIN AR EN O(i). NHZAHMAIER

SCER:

1: function DEL-AT(i, X)

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

3: p+ S

4: while i > 0 H X # NIL do

5 1+—1—1

6 p+— X

7 X + REST(X)
8: if X # NIL then
9: REST(p) < REST(X)

10: return REST(S)

NT L AR RACE, TATFIAR— DRI R S, EEE — M RERRIE L,
FEM Xo S, AT LA 2MYIbR X HEEAT A, BT R, &EH S
JEYRRIER I E N EEFORIE], FHEFE S BB “EHIFFMIER™ SCRT DUE— 241 73 o A%
Ot (D UHERENSE — D HIR T EIHMIER; (2 EKRENFTEF TRER TR TR, 55



1.2 EX 9
BH—R8E, WA,

delete x [] = []
delete x (y:ys) = {I B (1.14)
r#y: y:delete x ys
H T 7 2 8 3% A ERAFHERAU TR, X —BIERIE RN O(n), HH n AR
J&Eo RSN, TAMRIART DAGE A B R i LiZ 8 :
1: function DELETE(z, X)
2 S « Cons(L, X)
3: p+— X
4: while X # NIL H FirsT(X) # x do
5 p+— X
6 X + REST(X)
if X # NIL then
8: REST(p) - REST(X)

=

9: return REST(S)

g3 1.7

171, WHERREE T HAEEN TR TR MR
1.7.2. WHEEAHIMRE R, BMBRALE S A TR F LA — ML B,

JEE 7
AR AR — I K, BRIMEHR YR EEHMA—DICER, TR
REMIMAZANTTR, HINFIEL 2 ARSI, WIEARERIPERES T RN 75
Filo 2 |ws| = n, lys| = m, PHRMDTIRIKE, FOUSINERFR ZATEE R, &
HEI m R BINBEEZREN On+ (n+1) + ... + (n+m)) = O(nm +m?),

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

MM cons HIEEIRPR (F LS TRD , BATR] DARTIER] s HYRBERAHERE] yso

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

BHESIIRIE AEN O(n)o EaINGE, IR RS, a] IS H L
Ff TE) 3 B (AR 7780,
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1: function CoNCAT(X,Y)

2 if X = NIL then

3 return Y

4 if Y = NIL then

5: return X

6 H+ X

7 while REsST(X) # NIL do
8 X < REST(X)

9: REST(X) <« Y

10: return H

1.2.7 M5

BATHERZIHEIIROI S, eMNEERFRNTHREM, 5 1.5, 3]
AU EA T TR . & SCEFIRRIFIA 0B 1,
sum[] = 0 product [|] = 1 (1.16)
sum (x:xs) = x+sumxs  product(x:xs) = x-product xs ‘
RS T 2 R AR, EIREN O(n), HAd n NI, SKANL SKALER A
AR BT DAR HR s M ZE A SRR SRANIS AN 0 THRE N, KA
1 JF R85k,

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

sum’ a (x:xs) = sum (x+a)zs  prod a (z:xs) = prod (x-a) xs
(1.17)

e, BATLA 0 WERERIEETA sum’, L 1 N ERERER prod :

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

FIB{E R B 25 4%/K (Schonfinkel, 1889 - 1942) 1£ 1924 fERHIAY, MEHT 7 /R-F B
£ 1958 fEf5) IR 1, BEITHREL f(2,y), WRREAN o, BRI — DT
y —TCR¥ g(y) = f(x,y), IBH g = f 2o HET BNZICHREL f(2,v, ..., 2), BITMKIK
BB, WDV —RINREL £, f o, f @y, ..o BAFRIZAERVERIONAT AL, &
Al A Z TR B R — R — e R, B f (2,9, 00 2) = F(@)(y)..(2) = f 2y .. 20

KA ZMZEE, WEFZE MR, BT IR RS R, RS T,
FRrEIRSEAERSE (BN o) BN, HEFAH BIANEAEHEIE R TTER), XA
AL — A NG, BATTFRIXAE R BRECN “ i )a” (BB, FRIXFRERREIA
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RIPLACoN“ REIBIAPLAL™ 01, 0iAs B, PRI SRR LR, 8 R B A TR AT, i
L AT ARSI i PR RE, IR 9 R 1733 T3S TRIE A T A AR R o FEFETT R TSR
FRHER Y, HOBHSEBL A N TE R T . Bl Tt n] DURF (Lo 3% :

sort' a[] = a
, o (1.19)
sort’ a (z:xs) = sort’ (insert x a) xs

IXFEHER AT PAE SR [ ] TENRBIERIR BTER: sort = sort’ | | 1ENE
T BB ) A R & RO T R o (07, 1.16 11, ). BREFERITTTEZM 1
THEEEFELL b 3 n (R, XZ—D O(n) NERTT:

function Pow(b, n)

T+ 1

1:

2

3: loop n X
4 rx-b
5

return z
FIBUHR »® MR, EIRRRE AT IGEN, A DISE] » = b® MUSER. I,
BAEFEM « LA b 158 0°, TLAEREFRUGELL b2, NTSE] bt RSG5 FHRERTT, B
AIDUSE] (b4)? = b8, IXFEESE HEIEIA 3 IR, TAZE 8 (Ko # n T8l 2 RYEEEER
Bl no=2m Hrp om ZARTURREL, AT DUH N A7 AU o
bl = b
o= (b%)?
MBIX— 7 IEHME, TATTAT LUK n T BUE R AR n =0, EX W0 = 1;
A n RS R o B, ETHR b ARG RRREEIRT T 6 n NEEL K n— 1 213
B, ATDASRIBATH R bt ARG PRI S R DA b,

P =1
I 2|n : (b%)? (1.20)
1| I

B2, S MR RO REIEI, ik, TR RECr T, R5H
Refe R+

o= 1
i 2n:  (bH)E (1.21)
I bt

S X —1B, BA] LR BRSOy E I, BB E 0" = pow(b,n, 1) I
XN
pow(b,0,a) = a
2n:  pow(b?, g, a) (1.22)
BN pow(b,n —1,ab)

pow(b,n,a) = {
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X—TTERIERESY O(lgn)o FRATIERT DAARSLSH, Q0K n RO #EHI%L
N = (pmm_1.-a100), WH a; = 1, FATERHANE, FEUE 02, XM TR HER
TR GETT 10.2), ATE EHINCE 1| WREITEL, FRES L8R
JEMIEE R, Flan, HiH5 o' N, 11 SRR 11 = (1011), = 23 + 2+ 1, Hit
b =% x b2 x bo FATATDAEIE AR A5 BT

1. HE 15 b;

2. NIX—45FEMBEE] b%;

3. K5 2 HIVEERTTT, MTiFE] b2
4. Y658 3 BRI, 155 v,

B, TATRER 1.2, 158 4 PRUSRFRE| i, 152 o' 25 L, FdiTAT LAsGEn

™
pow(b,0,a) = a
n
2in:  pow(b? =, a) (1.23)
pow(b,n,a) = 2n
BN pow(v?, [ 5], ab)

R—FIEARB EBRE n GRS — D "SI GEITR n BREA 2), A& IKAL
(LSB: Least Significant Bit) 4 0, n %L A TRIRECE 77, 4h80E 4, TR E R
FEER a0 XN EHEIGIFRIEE 3 2557 LSB N 1, n NATEL BRTHEIRECETT, B2
o RENIFRGER o b5 n 8 0 B, TNTELHSE n HIIFTEN, RESIRMZER
BUE a0 TEAEARTIN B, BERTAOIREL b, ALISHOFEE n/, FNRFIEER o SR AZSFM
b = a(b) o BERTAIEDY n A EON, (OO HIR—F O RO T, X — %
B n B & n B ZHERIFRRTE m A7, X —FIERIRE m . H2RER
BERRENARN O(lgn)o BATRIX—FIRRI AL RILIENZRS,

[EEISRAN, SRARAE, FEIERSBLA, BATT—3i ), — I A SGRTE R
R
1: function SuM(X)
2 540
3: while X # NIL do
4 s < s+ FIRsT(X)
5 X < REST(X)

6: return s

7. function ProDUCT(X)
8: p < 1
9: while X # NIL do
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10: p < p - FIRST(X)
11: X < REST(X)
12: return p

AP SRR, TATTAT DORF RS SEIR A 384 77 30 n! = product [1..n)o

1.2.8 e AfERE/IME

ARAES A IRAIFR AR TC R AT EE, WITFAE K, B/ IME. max / min Y5
SRR EANRA T —ICR [24], RN oy BN, IETHAE TR TR
B/ME, FHFRIFRSLITTR BTG R R4 R,

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

r<min zs: x xr>max rS§: T
min (z:xs) = max (z:xs) =

e min xs Y max s
(1.24)
XA SEIER A TR AR B, FRATTAT DURF AR 3% T, FF HIRXARIE A& T 18
27 A FERE Sy, RIMEAn N fige, BRAREE AR E AL BRER 73 A S K, /ML BA min 96

min’ a[] = a
) {x <a: min' zzs (1.25)
min’ a (z:zs) =
A min’ a zs
5 sum/ /prod’ ANF], BATAREA min' / max’ & AN—MHEEIENEEIGHE, BRI
A foo (P EALTED) :

min = min’ oo max = max’ —o0
FIEPIERAR, B/ IMATOHHEZRSIRAE X, P DGR TTRE AL R IAE:
min (z:zs) = min’ x xs max (z:xs) = max’ x s (1.26)

3B AR R B/ IMERTR AT DOE— PR OIER LB, Tl g Max BA MiN
ol
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 < REST(X)

8: return m
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A — R RIBIASEEL, AT AE RS R A RS, BN, B ToIRh 20 H
MADTER, BATERREHFT DR, 27—, RERSSEERIRAIITR, P min N
{5, max FYSELS AR,

min [z] = =
) r1 < xg: min (x1:28) (1.27)
min (z1:x9:28) =
A0 min (z5:75)

3] 1.8

1.8.1. EHREEBIFEI length
1.8.2. fHiH n FHEGHITE, SR o BOPRETHE, (IS ERE N O(lgn)

1.3 7%

MREFAEE, G MR RFIZES: — R FIREEH, (UNSARTTR ; 55—k
AHIREGH , AHRET RN T HNFRA T RIS, 53, BATIRORIFHIRESH B 2L 4 i —
WSt

1.3.1 B
AT — e FRINR B, 55— MOl — F BB AR BT 1T
U0 [3, 1, 2, 4, 5] BH#N [“three”, “one”, “two”, “four”, “five”]o

toStr [] = []
toStr (x:xs) = (str x):toStr xs

FABIFRRTHRIFESU, FE— D7, BEE T8I, el E &
4, BIan

(1.28)

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

[zero, zoo, ...]]

T RPN B — B s, fIndE T2 M), Fiit & RIaEH A AT H IR EL:

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

[(zero 12), (zoo, 0), ...]1]

IAEFRATTE R, XA B, IR SR A AR Bk 222 Bt 25 502 —
NERIASIR, RPN RIAEZRES B E T RATPHBIRZH—1, B4: [a, but,
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can, ...J. BT EEIT—MERF, K—4H 58 /IREONT B5 R — > B a5
o BEIEX R, #52— DA IREON IR, R E R 2 A, BRATTCRR
HEr, R B S EERRI R max By emp xs, HAF emp EMER LR

maxBy cmp | =z
cmp x1 Tz : marBy cmp (z2:x8) (1.29)
maxBy emp (x1:22:28)
] maxBy cmp (x:78)
X F—XHE (A SEE) p = (a, b), & SCHHBIREL:
{fst (a,b) = a (1.30)
snd (a,b) = b
TE SCER] JRBON B LA R B
less p1 pa = snd p1 < snd ps (1.31)

¥ less 15 N\ max By AT H S ERE R Z W BRIR (R 4K :max” = max By lesso
5, VA max” ABERRIRSETHIER

solve [] = |[] (1.32)

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

RE R, solve F1 toStr R RIFERY T L5, Tl PROXFERY S5
R B — WU,
map f[] = []
map f (x:xs) = (fz):map f xs
map FEZ—PNEREL f TERSE, RIS RHENABIFIR PR E N ITE b AR
HE RN RN R RECY I EREC, W f KA A — B, BHEREA A
HITCERIREN NRA B BT, M map RIS

(1.33)

map : (A — B) — [A] — [B] (1.34)

BEME: map 22— NRAN A - B BIEE, RIER—DREDY [A] HIFI1RAE
N —NREDN [B] BB, LRI A] DAE A BRE 2 S (Rl BAE) -

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

Hob f o g FREAALE, TR ERITERE g, AREN AR £, 8 (fog) o =
Fla(a))o 0 £ ERIT g 22 Bl T LU S 2 10 SR SUBes, BE y = f ()
EUT—AMNES X TR o SIS Y FIIEE § RIB

Y ={f(z)|x € X} (1.35)
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SRR AR S AR “ME — 25/ BAMS (FIFR ZF Rk
), RAZAMET, Befl 1 RN X FI513 v 0 Y = [f(2)]z < X),
TR A R, AT D B TR R, S ZF 2R MRS, &
SN T B (BT, Tl A Sl ANEBISEE, TRITM AR 0]
HI%, 72 B RIHETIIR perm X r, SIS MEIE N n (951 X Rt - M IE2E
K4 HRHER, — 45 Pr— — " FURIFHE,

(n—r)!

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

(1.36)
RERIEH 0 DITRAS, SFIERAFTTRIDEUNT r, HEFIEE R N ZHIRIFIE (|
115 AN, FATE—BHSR A NICR o, BIAHMFIRAT n — 1 DITRAERE r — 1
NILERAA, REFE o BT MBIRIHTE,
NT RS BRIEASEE, TR SEIE R T — B A
1: function MAP(f, X)
2 X' < Cons(L, NIL) > TN R
3: p<+— X’
4: while X # NIL do
5: x < FIRST(X)
6: X + REST(X)
7: REST(p) < CONS(f(x), NIL)
8: p < REST(p)

9: return REST(X') > BRI R

FEGOL PR ER B R PR N ITR, MATFWIEHHIFIR, BlandT
EN—AIRARIE N ITR:
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4: X < REST(X)

W, BHEELNEA— IR P, AREIYIR, K P MHAZEIENTER B
1: function FOR-EACH(P, X)
2 while X # NIL do
3: P(FIrST(X))
4: X < REST(X)

TERBIF, BATEE — R AT B ) B BA n 24T, B2 EKH, FATHH
7T FHEBIERE n R,
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L. KATERIATERTIT
2. PN 2.4.6 - BRITHIIFR, QIERATRZ SR, WIKRIC; a2 KR, s ;
3. B=MT, h—U001F%, 8 3.6.9- (LB _EAYAT IR IS DTG ;

BJa— RN, R RE =T (3B n ) KRB, REELR02%
2 BIRFF AL, 18 n BATFTRAN—F 0.1 85 (0 K1 572), FHAINHEZ KR [0, 0,
vy O)o REKTH SN 1 B n, BRIGWR R —DRT (i, 72/K) BIFIK:

lights = map (i — (i,0)) [1,2,...,n]

XA R B EN M 0, & RAIRE n NMUBRAHRR: L = [(1, 0), (2, 0),
o (n, 0)]o #1E L 3 n (R 1256 i (RFP, B— & BNE (j,2), 4 4| (B j mod i = 0)
R /K, BE1-0=1H1-1=0, \PERIRE « VN 1 — 2,

S jmodi=0: (j,1—ux)
tchii (j,x)) = (1.37)
switch i (j,x {%?Ullj | .9

50 BARESZIN map (switch i) Lo XBEH T switch BIFEMAEA, T
KB X EREL op, AT n (X op [1,2,...,n] Lo

w(lL = L

. . . (1.38)
op (izis) L = opis (map (switch i) L)
o, RS AN TR BN GHIE R,
solve n = sum (map snd (op [1,2,...,n] L)) (1.39)

N Haskell Bl FF25 KL T 952895,

solve = sumo (map snd) o proc where
lights = map (A — (i, 0)) [1..n]
proc n = operate [1..n] lights
operate [] xs = xs
operate (i:is) xs = operate is (map (switch i) xs)
switch i (j, x) = if j 'mod” i — 0 then (j, 1 - x) else (j, x)

BAFNEITHIECE N 1.2, -+, 100 2N HYE Z IR T H547) -

[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,

T T,7,7,7,7,7,7,7,7,7,7,7,7,7,
8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,
9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10]
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X—ERREME: 3 AT AK, 56 1 #L75%; 4 =3 8 AW, ®EH 2
2=2LT52;9 =3 15 /AN, &5 h 3 VA= BEKRTEE N 2 2 (i +1)2 -1
=N, BIGH @ sk, BATA LAMFARIX — &5t

UERH. R n AT SN 1 2 o, FIREGTIAZAIRELT, HTHIGEH, BraLTHEDZ K
f, BATTA] DARRE , Btlah @ 8O R T S a2 52 . X TS0 i BIKT, 45 i ATEA
W g BER G j)0), WIS j %8, BRI RBAREI—IR. FTLASAT IG5 56 775
NETH, BRIEHPARER RN, N 7GR, BT EZREITAE S TR
TR MTEEERE n, 12 S N n WFERTRI%EG, S WIMEIEKN o, % p N n
FI— T, MR- DRI g, 15 n = pgo WHLRW ¢ B2 n KT
B HALE p # g i, BAIAES S RPN D ARBIE T, XA S| RS2 EEG BR
I p = q, BN n ERFEE VT XN HRERES S FFEIM—NR 7, AT
AT O

AT PAFHR n AR S22 77 BOR R X — B,
solve(n) = [v/n] (1.40)
NHE A Haskell Bl FREFFH#IH 1.2, V100 BRATHROLE R

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

BRESZ — MRS, EAURRT AR, Al DAY 2 2 E i ES 1, T
— BRI HUAD R T . HZEBRATIRE P — M54, JF B 2451
FAE S, AT DAGE RS A

1.3.2 ¥

QRART Y B/ N 22 TR B e — N RV BE R E —TE R U H , T B AR T 5 1
A—AME B SRES: (1) B H— eI Afg; (2) Fion i), (3) KRk
I HRAE, SIS RRENL:

reverse[] = []

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

N RMEATREEIM, A — D RERERID R RLEER, R ANSIFRE8):

reverse = reverse’ [ |o

reverse’ a|[] = a
(1.41)
reverse’ a (z:xs) = reverse (r:a) xs

ARITFAERERAN, cons () 2 H LU IR, FATTAK MFIREISLHRIZ— T
=, BFHETZERERIA, XS TREHTTREA— TR, K5 EHRIRGH H,
R BRI A, T RIE I TEFRIC R BRSO, FATA] DUR HAL L O fEFRIA
R
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1: function REVERSE(X)
2 A + NIL

3: while X # NIL do

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

6: return A

HE, X—BIRER T — R RERARR, TIANBIERAIR L ERBK Bl T
REEE EA X R HEOy BRI R R mmpl iR

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
1.9.1. EREBIAXK [(k,v)] FIRHF v [HERKITE,

1.4 THIF

B n] DABRIEHE 7> FOE S Y], TAER 7 B ER 20E T, [RITX R T2
LM, take MPIRFFEUEET n DITR, HE TIREUNEE 1 2158 n DITRHIW
FHNFR: sublist 1 n Xo drop MIIRHEFERT n NITE, FMT MNEMIRETF15
sublist (n+1) | X| Xo ‘BRI take XFR6:

take 0 zs = [] drop 0 xs = s
taken (] = [] gropn (] = []
take n (r:xs) = x:take (n—1)xs  dropn (x:xs) = drop (n—1) xs

(1.42)

X BRI TR BRI LA A > | X | 3R n MR, AL X N

(I3 B e BATTHENT L (R ARSI BR VAT ST, (i FE R B 574 1E, T CATES]
RIVTARINL B AREHRE K 75113,

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

SHUTESNE TIXM MR, HIU Python H:xs[:m] Fl xs[m:] 35S T take/drop.
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BI—FIE, R NS i 5
slice from to X = drop (from — 1) (take to X) (1.44)
DK [from, to] EIAERH, FATHLAT DATESRTE (i B HLFIR 7 HIFF -
splitAt i X = (take i X,drop i X) (1.45)

take/drop FaERENEL EFFHI N AT DO HY f, HZEIER &AL, B
WiB BB EF IR, FRN take While/drop While, ‘EA T — R EITCRZ G LA E 5K
7 p, RN IE, W (A B RRAES 53, XA S TS 8IS BRI A FL,

takeWhilep [] = |[] dropWhilep [] =[]

x): x:takeWhile p xs x): dropWhile p xs
takeWhile p (z:xs) = (=) b dropWhile p (z:xs) = (<) v b
ERU I ziws

(1.46)

1.4.1 Y)rfigd

VI B FIR PR TR B s T 75138, 18— —ia 1T
XM R LA, (1SN A1 2R BN et V)53 AT AN 2 — FRRRIREY . split, TATTA
AR E AL B YR, MRl EF N TR SR — &0, RIERART R
KA, VInaRzE2 —NFiIR, — MK, 55— M ERRNE . VInam
FPRAY: — R R SRR K TA1ER; 5 — MR AT R SRR K F813%, BiEN
span, G BN break,

spanp [] = ([],[])
. B {(p z): (x:as,bs) HA (as,bs) = span p s (1.47)
span p (r:xs) =

A ([, 2:ms)

R ZABOE AR, BT PLSZEE break p = span (—p)o span F break &8

KIS, — BAMHFTRE RS T, ZISRIRE T, RHZE Span AUIAASEHY:

1: function SPAN(p, X)

2 A+ X

3: tail < NIL

4 while X # NIL H p(FIrsT(X)) do

5 tail < X

6 X < REST(X)

7 if tail = NIL then
8: return (NIL, X)
9: REST(tail) < NIL
10: return (A4, X)
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span M break ReFNRYI3 NIEL Y, m dREFIFRFRITTR G T F315R, Bildn
R HONE T 1R, BN E S ESAM R 74T

” W Wy W RR AR N1Y ” CL‘??]
)

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

A, AH—5 8T X = (15,9, 0,12, 11, 7, 10, 5, 6, 13, 1, 4, 8, 3, 14, 2], 1
CoETH, BHP T ELRE TS

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

XA EBEALRIME, FAFE A, ATAE L T Pu AR R (5
6 &), AFFHIRAKB AT (55 13 2), BABEDHSMFMR BRI KR
~o ERTHIBPMHLITTR ooy BE TN 2 ~ yo BANEHIIR, BRLEH
TER. WA, g EMNE T —4, ST oy 2E TN,

group ~ [ = [[]]
group ~ [z] = [[z]]
{af; ~y: (xiys)iyss, HH : (ys:yss) = group ~ (y:xs)
group ~ (x:y:xs) =
BN [z]:ys:yss
(1.48)
X—BENNEEREN On), Ho n BKE, tA] UHIERR 77 XLIX—
Bk, # X AN, BT HEROIGENTT [[21]]o RIENE A TTREF T
R, HFHAHIFEDTCER “F07, TA TR 2R TR R SG —4H, &N ol —
N,
1: function GROUP(~, X)
2: if X = NIL then

3: return [[ |]

4 x + FIRST(X)

5 X < REST(X)

6 g < [z]

. G+ |[g]

8 while X # NIL do

9 y < FIRST(X)

10: if © ~ y then

11: g < APPEND(g,¥)
12: else

13: g < [yl

14: G < APPEND(G,g)
15: T4y

16: X + NEXT(X)
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17: return G

AR AppenD A RBERS AL, X—SEHIN RIE 2 E 2B O(n?),
AR, 7] LA ApPEND BUH CoNs, {5 5320 BRER, A 15 KR 5] 7 R]
SEERR : group (=) “Mississippi” Fl group (>) Xo WATLAMHEH span KL 34, £
A=A, span ¥FIRD B SY : Hh 2 — 2R F R K AR, AT
FISRER D AWTHAT span AFRFEFTE LR, (HZIEAN span BISAFEREUE —ITREL, M
TTHRFAER R TR, AT DA BRI — 25 R — T REA It A
W BRI BOF [ E

group ~ [] = [[]]
group ~ (x:xs) = (x:as):group ~ bs, HH : (as,bs) = span (y+— x ~1y) xs

(1.49)

EIRIX BT R BT DURE SR A A AE R 7 RE70 4, (HEANRE R IRt A 8 4% 0% 5 70
H: group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14.2]], SF—NICEE 15, EHE
T > BEMEATIEL, 15 BAIIRTHIEATCR, Kt span A ITTREAET as 1,
M bs N2, XHANZRER, TR IEMAT N, KN HBGR T R S50 T RTEE
—i, TEABBIR, TR R (~) SR B = MEBT: B RV AL N FRME,

1. Bz ~ x;
2. Btk e~y y~ 2= 2~ 2
3. MPRE:r ~y &y~ 20

A “Mississippi” 74N, %S (=), LR =1EAERH R, 4 T IEREE R,
R R R TETES O ERFMRARN, ik T B RMEFAFRE, K IeiEig i
W, B span SEIIYEE — AN B, K& XRFDVE SRS ER, E—D
SHBEENTC RS, COUEE AT MERTT R 2 S 50, X EEEIT R 2255,

3] 1.10

1.10.1. B take/drop, 4 n ZHEN take IR\ [ ], drop IR[AIEHERFIFEK,
1.10.2. SCHIREHBETARY take HI drop Hik.

1.10.3. ¥ sublist Fl slice X5 BN, TBHF X 1EASEL

1.10.4. ZJENHE span HISEHL:

spanp [] = ([],[])

span p (z:xs) = {

(px): (x:as,bs),EH : (as,bs) = span(p,zs)

AW (as,x : bs)

CRITRINA 24 IS R 2
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JUF-ATE AR BIRE A B RIS, XA — NG AR R E
FIRABIAVE T, BATTRT DLRE AR IR S S i R HE S : BIN7, AR B2 Fr
BHNIFIERRIERE ), LB sum. product, sort, EATERE L FRIZEHS : 5118 N7
IFHOSEER, SRANMEDA 0, SKARI Oy 1, HERPIDY [ ] MRLTRMIEASERIAT —Itia
B, ORFNREZ AN, KA 2 AR, HhF i R AL i A FATTRE S SR R SRRy
YIHGRIE -(FIRZF), JTisBMR N @, & XA REE:

hez[] = =z

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

BMAFIR X = (21,20, ..., v, WELFERFUT:

h @ z [z, T2, ..., 2]
= 210 (h @ z[ry,x3,...,T,])
= 21D (22® (h @ z [x3,...,2,]))

e @@ (@t ® 2[])-)

IXEAEIZ A, BRI H BT WA NITE (2, @ 2), AWrEZNETE
B zyo IXHME 13RI ML 3753 T FRIARHI K, 2 AR BB 1 R S 45l 2 1
—itl, LRITHI BT &, RAWTER—R,

& 1.3: #T5

XEERIEHK T — PR W 7B — TR R — R B B SRR 2>
Z b BANRIBGEEES 72 s, WO RIS AR N —Sm 46, AN ] —Te#RfE, BERIATE /Y
JFABARBAE D, KA SR EIEMYGET B A AR 2 AH R AT,

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

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

=15 =120

BAWRX — A B, Fealith, BT REMNEM—mITiE, BT EIC N foldr:

foldr fz[] = =z

(1.51)
foldr f z (x:xs) = fx (foldr f z xs)
FE/ foldr, KA KBIAT UE SCANR -
Yo wi =x14+ (T2t (23 + o+ (T + 20)).0) (1.52)
= foldr (+) 0 [x1,za, ..., 2y
[T,z =x1 X (22 X (@3 X oo + (o1 X Tp))..) (153)

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

BHEE BT R TE: sum = foldr (+) 0 #1 product = foldr (x) 1. HAHEF
FIERE N sort = foldr insert [ o
FATRT A foldr ¥4 REIBIA, TR MG HITH, BATRIHEICN foldl:

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

PA sum A, A] AE N HRR B A R IFAY:

(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+2+3) [4,5]
foldl (+) (0+1+2+3+4) [5]
= foldl (+) (0+1+2+3+4+5)[]
= 0+1+42+3+4+5

PR T f 2 o BIHHE, X2 IEMREN BT N, SNEIE A RSRIER
HI24 [1,3,6,10,15], —R&K, foldl AT PARI N FHEIFIER (HERidi%) :

foldl (@) z [x1,%2,..., x| =2 B X B2 B ... DTy (1.55)

foldl 722, AT DURFH SEON IR, I FR{E REDUCE,
1: function REDUCE(f, z, X)
2: while X # NIL do
3: z + f(z, FIRST(X) )
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4 X < REST(X)
5: return z
foldr F1 foldl #HAEAWIM AR, ENHAESREL, FlWN, FLARIHTHXL
FEM— IR INTC R (k) FATTZE L — fromList BREL, M— DRI 225 (]
Hik):

fromList = foldr add @

Hrb o B3RS, BRTFERA SRR —MES, £LEERINTRITERE
e TE AN, R BB HRVIRFIFRENT, foldr H2— " HRKNERE, M
foldl WIF=A 5|3, TEIRASEINN Dy T kil e [m) e, Bl TAT PSS B2 53R, 5
PUT reduce #1E:

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

BN foldl, Ry R ITRYT, R e B man Sz 57,
H HICRAELER, HAELTET R (RmAE M SRESSHD N, UHGER foldro T
R F A2 R — NI PR N T R E T — D BRI SR+, FFIREET 10

N

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

IXEARBER foldl, M RIKIZAZTEM, HAABA XBIN, BATHS—H
15 folds AFWMFERFFE fold, M fold, KnJABMAGMIETTH, REAENE
R THIRN, (HREBIBES R H, B R DR SIH e, BATTA] DO R
(12,6 19) AFIRIE 25T B0, Rl T XN ft: (D B X T
22 (BIAAZS ) 5 (2) Al o3RRI YA S5 (AN —BRAR AT il TR RITT R ). AMTTiE—2
ROX MG N BN, ZRE, ANE 5,

TENBIF, TAPRBUAA fold F1 map KRR n SIS, 1£75281%9, T1AT]
B T — DR, B ITRZE—XME (4, 9), BEITRIFS @ MARIRE s B HRIE
WL AERITRIE S @ REBALEL 5 BERR, MERHER AT BIRAS, IX—IdAE T BART fold & X :

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

PG FTA KT AR K. ZITEBRIFIREM 1 2 n FUEEL B step FEZ
SECREL I kTS RS HI5R step i L = map (switch i) Lo foldr 5B
KIS /IR IRES R, 12 KA map MEAHMEFREUHURE, BH sum KHEAJL
TR RN

sum (map snd (foldr step [(1,0),(2,0),...,(n,0)] [1,2,...,n])) (1.56)
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QSRR 47 (AT ) AR B &, S THETHRB R —PAIR, X
SN2 AR :

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

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

23 1.11

L11.1. N TH foldr XA, FATRAEARBIZ I insert o X, IXFEHEFA]
PAFRR A 1 sort = foldr insert [ |o foldr HIZEAIN:

foldr : (A— B —B)— B —[A] - B
HPE— NS f MRBIR: A - B — B, WIMRE » MEEDH B, BXITEK
WY A MPIFHE TR, R RAKAN By AR foldl & SURAHERF?
foldl WIZRAIZAT 4.2
1.11.2. concat W RIE 2 E B 2.2 & — MM concat BIX,
1.11.3. {HH foldr REX mapo

1.6 ZEFRALIE

BB IEE R G, AMURTHIR, tha] T 5 ZHN R XNTHIR, @
AR ARBI G R REANRIERAINILR « BEETHIR X7 BT AR
AR TTERN o AT .

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

X IRAEMIRAE elem, BHEN O(n), B n BYIRKE, AIEVIRERF, 54
TEIRERMALE] O(1gn). IXBEINFNRASHRH LN HRIREHLTIR], TCIEfH —0&
UL 3 5,

BRI elem $fE, 1E n mATEREH, BAVER 78 /(E"XHIEL [(k,0)]o
XTCR B S AE, ARIESRIRAIR, Bl 1A B 5 S il 2 HON N Y E.

lookup x [| = Nothing

{k =x: Just (k,v) (1.61)
lookup x ((k,v):kvs) =
k#x: lookup x kvs

I elem AR, BATAUERNE « FESE, ERERENNAME, HTH# « I
A—E AL, BATGINT “AIRe” ARECEEAY Maybe A, ©HWNMRNFEARME: K5 A4 93
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ME o 2, BICH Just a B Nothing, X & —FfRRES5 | HE 75158 (1714.2.2
s
=Y R lookup Bl—RIE . AR HRREE T HME, MR EHkim et —5%
HFRTER:
findp|[] = Nothing
Find p (zi0s) = (pzx): Justzx (1.62)
EHl o find p s
REFTRER Z DN ILRIE &M, find FIREIE—1, BATATDEREY R AEK S
FR R SRR T R, X— I RRIEEREILIE, WE 1L4FR, HE O (ZF £IEH):
filter p X = [z|z + X,p z]o

i N —— filter p — i

L4: BN (21, 2o, ..., 2], i [, 2, s 2l ]o TR 1V, = p(ah).

M find AR, GREEEMITEB RS, filter IRMIZFR, BB YR,
KEFNITE:

filterp [] =[]
_ {(p x): x: filter p xs (1.63)

filter p (z:xs)
EW . filter p xs

X—BENG ARG R, EIEEEA, WA AppEnD RIMEEEER, MERE

X TNREF] O(n?), WIERA Cons B, MR B2 TR, FATAT PARHUT — IR
)Y 52 (2R,

1: function FILTER(p, X)

2 X’ + NIL

3: while X # NIL do

4 if p(FIrST(X)) then

5 X'+ ApPEND(X’, FIRST(X)) > 2RI TR

6: L <+ REST(X)

WA FLEATHEREFERT DU foldr KAE X, WITHREL f KEFIILE, IR
ARSI B R P f p 2 as = if p x then z:as else as, E XL HER (P H
10

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

SRAMUT HLEGWFEINEERY Optional<A>,



28 FoFE IR
A DARE— A iy (FRAE n 224 ()
filter p = foldr (f p) [ ] (1.65)

IR —ME RIS AERTHIR, AT OS] Al 3 IS5 A 3 HE
A, IR RSB ER 70

DERC— BB TE — Dt S — B BIERRE N AIRA 715 8, DLAC)2
=Tz RARINE (BB 14 ), BAMIHEARESR as BEHIESIER bs FHY
A, X EAEF R FIWT as BEZ bs RIS JESe span FEIFERNRMAH
RKHIS, AR TTEE— R as. bs HEDITR, 4 as 2 bs HIATE, 1d9:

as C bs,

bs = True
[

| = False

1.66
a#b: False ( )

a=b: asCbs

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

AT H5IR, AT SR LR ER R A, EERNTARE R RIRER /T iR A a4 X
FrEEER, ARG WGTRE R, IX— R S EBEAFE, N 1 SIRERME R R A S 22, w1
[REEFHANIIER, BN RIS A

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

EH C, Al DA 7 2I3R A (PR ERAR ), 78 A RB EMAIR AL, i35
* B ABHEATHIS A :

infix? (a:as) [] = False
ACB: True (1.68)

infirl AB =
A0 infir? A B’

AN PEISIVA:RpE pwssiiE
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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I T Al SR AR T 7 LRI A, 9 AR DN, X —RIENE 2R E N
O(nm), HH n F1 m 3 A2 NIRIKEE, AR, BRI DAKCEH B BTG G

%, NakE A BERENERIATR:
infix? A B =3S € suffizes B,AC S (1.69)

NI Haskell B 7525 i AR AR SLBL 71X —T574:

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

Hoh isPrefixof MTHIAHGTE, tails HE—MIIRMPHRER AT
),

%3] 1.12

1.12.1. f#HH reverse SEIRZM:I RIFY L EFIE,
1.12.2. H/E—MHIR, KB HENE R,

1.7 R

KIRF T — M 7 i (8, A DU/ D B 8, B b, e eg, (B PERER
SR 1E n sXTERE, BATHIZ — MRS I SCERFIR :map (i — (i,0)) [1,2,...,n,
NTREKANFNEE, X zip HEC

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

X AP R EAR RIS, SRIBRES R BRI RE 0 — ME R, FRATE:
ZEA] PLRERTC 75513 CRIRETESKAED, HIan°: zip [0,0,...] [1,2,...,n], ZAERIALIEK,
BATAT A A IANRT9R 5 9 zip [1, 2, ...] [a, an, another, ...]o zip MAG A /EAT 3
S5, BATAILAA foldr FEX'E. EIREN O(m), HH m BRIEHIERNKE, 1R
RCHIN, GnER M Appenp, HERESR REEONFITINTRL, ATCAER] Cons FRELZS
o BIRIRLITT IR, EaLIMGEH, AR A RAAMEEER (D — s
B—HTCRME N —FTT R ),

1: function Zip(A, B)

2 C + NIL

3 while A # NIL H B # NIL do

4 C « AppPEND(C, (FIRST(A), FIRST(B))) > £ TA]
5 A < REST(A)

6 B < REST(B)

95 zip (repeat 0) [1..n], EH repeat x = x : repeat
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7: return C
WY B zip KL NI, GLREINRIRME T zip.zip3.zip4 B
I RAT T 57 F S H & BRI, AU MR TT N, B, 478 /KRB FIER SR
BT & B8 [1.00,0.80,10.05,...) O0) ; B SLEE R [3,1,0,...], TRY
SET 3R, 1 MEF.0 NERE, NHEIRRF T E NS

paysus [] =[]
pays [1qs = []

pays (u:us) (q:qs) = wuq:pays us qs

FRT HFRIEAE cons, HITREEEMH 2ip M, BATKAEGHRERZ N f HiLsn
zip TE S — MRk R
zipWith fas[] = ]
zipWith f[]bs = [] (1.71)
zipWiith f (a:as) (b:bs) = (f ab): zipWith f as bs

I zipWith A PAE LNFRGEBDED: A B = sum (zipWith () A B)o zipWith
25 G MM SRAEIE AT PAE T 55 AR B2 4557) -
F=0:1:zipWith (+) F F' (1.72)
EHESOE F RICo RIS, F— 1 ItRZ 0, BNITRE L. F/ 2
FA ST R TIE S EPTRES |, ME=ATeRE, B ERIREEL, B2 F i FY
HON RTC R AR, NEAEIFREF I TR 15 DRI

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

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

zip WIIIBE IR unzip, FRHZR AN N2, 7T DA foldr E N5y

(FTEAL) -
unzip = foldr ((a,b) (as,bs) — (a:as,b:bs)) ([ ],[]) (1.73)
XTSRRI, FHEBEMNERRBIIRIER LW U = [(apple, 1.00),
(orange, 0.80), (banana, 10.05), ...], WJ3LE & 2 CERFIFE : Q = [(apple, 3), (orange,
1), (banana, 0), ...Jo THEEBHUR, WM RBFIR B BNFIEE, RAEHTE

HAM:

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

zip M unzip RIBESRIRE). FATAT DAY zip DASRERPIERAY, 9wl iH AR
TBICERN, AR BRI TIRAY zip 1 unzip 3R] DU T ERER B 2S5 A & 1)
B 1, MRS A L RS AR A AT 5 T (V) BB S — %),
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HZRIBH R E Z ARSI A BIRR R, N TR IC v EE, BAINAET
FaB 53 e BE 2R Y SR EE AR 48 T AfES R PR R L BEGHAT IR, R
BRZERPEIR AR M T TRERZFAIR, BATANAEEEATEERE T Rabhi
1 Lapalme "] /M8 T X TFHIRIIFZ K EGRE L, Haskell bREFETRAL 7 FRAME
IERITELH SRS, (AN gt TIRZ 5B MAEKINEIT, N B T “Shma e,

1.13.1.

1.13.2.
1.13.3.
1.13.4.
1.13.5.

1.13.6.

1.13.7.

#53) 1.13

Bt iota BIE(WMEFEE D HHBEWT:
e jota(...,n) =[1,2,3,...,n];

e iota(m,n) = [m,m+1,m+2,....n], = m < n;

e iota(m,m+a,...,n) = [m,m+a,m+2a, ... m+ka),k ZHH m-+ka <n
ISP S

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

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

SRR PERN R an 22X zip BT

FZBINE X zipF&rm: & LN DHIREIBNN foldr2 f 2z xs ys)s

R zip SCBR last At

HE —MMEFMYIRPEFREEW TR, fEamAEH, 1§HBE S 7
AMFRIXLEE S TR, R4 O S , HE— NN EEARITTRFIIR, 45
AR TR MR FRSI R A —3, X —RIENE R E R EFER?
QAR SR VEE RS MR R S5 A, AT DAAn ] i (b S ?

A] AR R RS I fIR AR 5L, BN 1024 FTAFRR N4 - 2 — 0 —
17 =R, n = dp...dody FIAERTRN “d) — dy — ... = d,) EEPH
FRFTRIVEL o F1 b SLELEA TN BEEGSE CIRRRR ).

Ea L2 RINEH, TERYIRE — M E IR IIFIER : 5o sdem T DARTHIAL &,
WE 1.6FR. i, 2B ATCIRIEI, Wit — PRERER YR 2
BEANER fEHEM L B EIEEEA G0 R RN DN AR RIESE R
FOREI=PA
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L5: WA EIARISIER

ALK



o RN

HAHMBEROE T BN R IR AR A EHRELEH, KU e EA R G 12 #), £X
LR, BEHRREARNAN, R TR DI BRI (BT 3.4), 75—J5H,
FE RIS, BERPU N BB AR A ARSI M e E S R i Bdaaifl, —
XAGRMR T — MM RS, 7 - ARRARECGRIZERID ] A, The Tan gt —
B A N NEIB TR A 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 EX

XER) map 2 = XAERM IR 5 SRS, BT BRIEE D, I
HEL IR ENE, IXBAER R 1 = SRR AV SN A A1 TR — =X,
—REXMEE N (2) !, BB E =0 — IR k MEGMAN D Lor, XM
o STBERE =S, I8N (1 k,r)o 2760 TR N AE - RERIG T4, BRGTFRON £%
Fo AT BA — KRB A T A, TR BN B S SR AN K AU, — XK
RN Tree Ko MIR—NRBEG FRHAONZ, TATIRZ IH-F7 5, BNFRN 735
T o

TR AERE MR R R, B RI(E AT PO T ERRE, HF HLi 2 - X TR
R (1 k), M KRG BHEENT ks kN EM SRRTERIE, B 2.2/
TR SRR, FIE 2.1 L8R, ] B EIT RAHPTT AR, —#R = X REE
A DURERCERY, T — AR R EORERE S IRERAT LA, Oy 7 s A A X A1, $&

o BARBEFLML - BT TR, FRF R

IR, BlanRON, SefE B EFRF R R ARRIONTTRES < BHRAHEL,
S LR TIIR I NT RS T LU B T

33
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(a) = XAHHIZER

()
() ()
() O, OO
OB OO
(b) — = f

2.1: ZXRBIEERRIBIF

MFREBIAR = SRR HEN R (key), FRTT R F R EEIENE (value), HKEA
A Tree (K,V)o

B 2.2: ~XARRMAIBE]T

2. 3148 T X MRTEBRHN. TREER EGDD) . E ARSI T
T3 EIAEIRESE, AT DAE BRI AT RIS . BATIHE b N SRRERIIG L T R E (7
R ERI R, AR H 7078 o RPN, —RAMER 5 2t
EFE, T B AR ENEIEE TR, SR e BT

data Tree a = Empty | Node (Tree a) a (Tree a)
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key + satellite data
left

parent

right
( A

key + satellite data |

key + satellite data

left

left

right

parent

right
parent ?

2.3: WA ARG HREHERHR

2.2 A

M) A REA k& (FIAHSRAVEER) N, TR PITRm AP, mAREE X
AR (D) AR, QIR —DICERN b B R (2) IR kNIRRT R ETT
=, REMAREFRd; B0, K & BARGE R, 24k ETRT R RTRN,
W ECEAFAE T, TRATAT DA 515 DARTRY cdiE () , Bt BB AN /e, i n]
DABOE AMEALRE, f] SR UL, FRATT R — 18 0, i AR R IRy, HoE SR

insertk @ = (2,k,9)
kE<z: (insertkl,xz,r) (2.1)

insert k (l,z,r) = {

AW (1 x,insert k)

SR AR R B AR

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)

Xl R T REIEAL, AZERSRES T A IR R, tha] AT
PRiz)H, ISR A
1: function INSERT(T, k)
2 root < T
3 x <— CREATE-LEAF(k)
4: parent <— NIL
5: while T # NIL do
6 parent < T
7 if £ < KEY(T') then
8 T < LerT(T)
9

else
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10: T < RiGHT(T)

11: PARENT(x) < parent

12: if parent = NIL then > T A=
13: return x

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(2) < NIL

23: RIGHT(z) < NIL

24: PARENT(z) < NIL

25: return x

Hrp Kev(T') REC XA (AR AOME, & ] U :

key @ = Nothing (2.2)
key (I,k,r) = Justk
BATAT UGB, K — AT RN~ AR
fromList [] = @
fromList (x:xs) = insert x (fromList xs)

BB BN (3B 1 F) ¥ fromList & XK (FEAL) @ fromList = foldr insert @
BATR R R B a2 NS BT B X FRI insert k t #1 INSERT(T, k)o Hl
FHu] A foldr, JGE R foldl (BN for JEIN) ¥ —F T EEEH — X R

1: function FROM-LIST(X)

2: T + NIL

3: for each z in X do
4: T + INSERT(T), x)
5: return 7'

2.3 &

M P FE AR A — R R TR B =R 77 1%, BRI,
w3 JE P e AR IR AR RO R A S S s a4 .
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o HOFPIE: Se VTR A, SRS VT RIS F], B 7 Al 48
o FRFPIN Je VIR, SRJE VT RARYI L, B T RIS 4
o SRR SEVIR LR, SRIE VTR TR, B e VT TR R

FIPA ) “ViTn)” BROEERIB TR, JeViMIRRIG IR 570 KRN ek, FEVI IR e o0
SCHIHR R ARV R, SEii A5 SR VTR G R AT 2,270 — XA,
=Rk PSSR AN T

. HiFE:4,3,1,2,8, 7,16, 10,9, 14
« MBI, 2,3,4,7, 8,9, 10, 14, 16
. G2, 1,3,7,9, 14, 10, 16, 8, 4

R, o I 2 IRM BRI fin e ER . — SRR E ARIE 11X
— B (RS 2.1.3)0 X map &P NFRER R &L f N A EIEAD TR b,
BIRERF R 55 — R [ AR

map f @ = O
map f (I,k,r) = (map f L, fk,map fr)

GRERIVIIA], FRAERS T R HOE, JorR O 55 A — R, TedTTRT DASEELAN N R it

(2.3)

1: function TRAVERSE(T, f)

2 if T # NIL then

3: TRAVERSE(LEFT(T), f)
4 fKEY(T))

5 TRAVERSE(RIGHT(T, f))

BATTA] MERL map, 18IS P R — R = AR RO H e 41

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

R AT IS S — e 75 T Se e 3oy — SRR, A i 4
LB E FHIR, FRNHEF  sort X = toList (fromList X ), 805 pREREEH & T
Hyi75aw

(2.4)

sort = toList o fromList (2.5)
AT DA = AT A P B 0 (B AR & I3 — %),

foldt fgzo = =z

2.6
foldt f gz (L,k,r) = g (foldt fgz1l)(fk)(foldt fgzr) (2:6)
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XH f: A - B, ¥WHRREDH A RSN B, XK f(k) = m. BIBITHI
WEATFHRBIMON 2 FEEE] « fl 4y, REH ¢ B=TEHEER g 2 m y, FIH
foldt, BATIAT PATE X XIS map N :

map f = foldt f (xmy — (x,m,y)) & (2.7)
foldt TEBNNNFFH =JTCEREL g TRFF T X HIEEH, AN TDEEE, 7] DRI
TITHREL f 1 A x B — B KRB, KRALN Tree A RIMEINNZEAY B HIfE:
fold f 2@ = =z
fold f z (I,k,r) = fold f (f k (fold f z71)) 1

BN : sum = fold (+) 0 ¥ —XMHFTHERITLRRIENRK, length = fold (x n —
n+1) 0 AJLAGH T RN B2 fold TLIEE X map, FA —JCHREL f BRT
DSEY A

(2.8)

3 2.1
2.1.1. BEW NEIFELM A FRED SR, EERH X, HAHEREDNES

R

o HIFEHEER 1,2, 4,3,5,6

o PR 4,2,1,5,3,6

o EFIEHEER?
2.1.2. A S II M A 2 D R Fh e ks Y 45 SR ER A
2.1.3. UEBAX = SR BT IR ke I AT DA T S BN BRI 4
2.1.4. NMT n MR, WHEFRNEERE RERTA?
2.1.5. EHBNNE X toList
2.1.6. EHBINE X depth t, KGR IERE,

2.4 TR

T = X RN AT R 27 IB 3768, B r] DU SRS MR, X
TN E G EERMNRRE, A =FORFEZRBEER D fER R EER— M 2)
FHEEAHR/NTR; 3) ERE—TTR2AATIK (E—M) BU548 (F—1) TR, BELE
KA Tree (K, V) N XIERRPEREDHE » X HE:

o WRANZS, z NFEAE;
o WMRIRATRITE (k,0) B k = 2, RN v;
o R oz <k, A TRIAIEIAE; SES FRAEIH &K,
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lookup x @ = Nothing
k=x: Justwv
(2.9)
lookup = (I, (k,v),7),2) = Sx<k: lookup zl
EH: lookup x

IXHEEH Maybe A REFARIRBIAIIE DL, 4050 = Pl (LSEHE), X T n
MICRR XM, EEAIEREN O(gn)o Q1R = SR AT-1, EARATI R ERIE
DURIBMEE] O(n)o GNEICH AT b, MIAIKBIERIPERER IFORK O (h) RITER,
IR EIES LRl ES Awawss:/ik
1: function LookUP(T, z)
2 while T # NIL H KEY(T) # z do
3 if z < KEY(T) then
4: T < LerT(T)
5 else

6 T < RicHT(T)

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

FEXERM T, BUNITTRERM TEM 23, MRt R B2 AT A M)
o AIDAMIFIX—RHERE MR AR S/ VTR, N T EIR/NTR, BT DA A
i, BRI SO, KFRHE, FefiTRT OB A WraG M E R AR, X
P EREIPERERT 2 O(h), Hrh b 2T,

min (&, k,r) = k max (I,k,@) = k (2.10)
min (/,k,7) = min [ max (I,k,7) = max r '

AN R B SRR S A SR . BN/ NTTRIT AR, B — AR sl 2]
BRATLR, BE TR Es, MBI TR T i h TR :

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

REEER DT RETIREEU TR, « WEWRE TR 2 < y R/ yo
MR » NEFRARZE, WEFRAFR S MEZE9, & 2.47% 8 HIG4kITEN 9,
B 8 A TR R/IME, R « A TR, T m LB, RN —1
L p, 15 p FAEFNMRZ » IHYE, TEE 2.4, J03R 2 FRrIEERT B AT,
A B EA—PETE 1, (B2 1 &AL, dkskim EERFITER 3. 3 A Fifh
& 2 MHSE, X 2 B/E4E9 3.

WERIRE AT 5 H— BRI TR A, TRA RSN TAMRHESE, X
B o AR RE— 17T,

“BNfE Optional<T> KA M —=,




40 FoE XIRRW

2.4: 8 BEHNHAM D XHIER/ME 9; 8 THF 2 BYE4E, Eiem B8RS 1, ek
BAEFI, dRsim EERE] 3,3 I FIIZ 2 RUHLSE, iS4k 3.

1: function Succ(z)
2: if RicHT(z) # NIL then

3: return MIN(RIGHT(z))

4: else

5 p < PARENT(2)

6 while p # NIL H z = RicHT(p) do
7: T4 p

8 p < PARENT(p)

9: return p

4 o AGYENIRE] NIL, SHKATIKTTER S PR
. function PRED(z)
if LEFT(x) # NIL then

return MAX(LEFT(z))

—_

.'\?

else
p < PARENT(x)
while p # NIL H z = LEFT(p) do
T p

p + PARENT(p)

©

return p

AR BRI TP — AT AT /5 H° . A RISCEIAE IR PN B R ARIC, T ARER
[ 0 2 B RN, FOA zipper (1) B Je— ), EEIKATIKFN S ARAIHTER “1F R —

®ML 8 OCaml 6 ref 5|HMEE, X BHAIR T2l efE A5,
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MBS, BRI ERTTER" EAREEIAET, TATEF I map &I
AILR. BIRFESHIE, XEm L INEH A EE L,

g3 2.2

2.2.1. FIWrEME bk BEFEETREN Tree K I XIHERW t H,

2.2.2. f#H PreDp fl Succ SEM— P X ERWATIENRI, HEBH—HREH » 1
TLERAIMIE IR E (T 27

2.2.3. NHIFEFA] A& — X E o, b)) NEITTER:
for_each (m.lower_bound(12), m.upper_bound(26), f)
I 4l R B 77 AR RIX — R

2.5 kR

FATTRBLRUEMBR G = AE R IR A T - 0 BN 5 ST R INT 1 s
TLE, G STE MR T AP TS, EEMERT S2SBRX—E MR A «
FI75 320 RO (DR o B S EUE — AR i, B U7 () R
r BFRBAEZ T, A TR ERIME ¢ B o, SREHEIRER o “UI", FRATF
R T IR - G AR MBS FTREAR AR IR ZS 70, IXREREATEEE —Fi i
s —Fh, I BRI /N YT, WFE 2.5, & 2.6, B 2.7F7R,

Tree

NIL NIL

& 2.5: B Y HFI 5 2o

deletez @ = O
x <k: (delete xl, k,r)
(2.11)
delete v (I,k,r) = Sz >k: (I,k, delete zr)
rx=k: dellr
Hrp:
del @r = r
dell o = (2.12)

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

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

B 2.6: MIBRAA —DAEE TR

Tree

L delete(R, min(R))

Tree

L R

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

2.7: MIBRAEP AR 2RI R
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MPREIRRIE RN O(h), Kb h ZRBEE, a2\ EIETREERIREIRE

X‘I—J/If_\:l‘\o

1: function DELETE(T), x)

2: r«T

3: ' > RIE x
4: p < PARENT(z)

5: if LEFT(2) = NIL then

6: x < RIGHT(z)

7: else if RiGHT(z) = NIL then

8: z + LEFT(x)

o: else > NN S
10: y < MIN(RIGHT(z))

11: KEeY(x) < KEY(y)

12: VALUE(z) < VALUE(y)

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

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

17: if RiGHT(y) # NIL then

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

19: Remove y

20: return r

21: if z # NIL then

22: PARENT(z) < p

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

25: else

26: if LEFT(p) = 2’ then

27: LEFT(p) < x

28: else

29: RIGHT(p) + x

30: Remove z’

31L: return r

B o AR, EoeilsR MR AL REMIBRTT R AR e WSR2 BIE—20
s, BRI AR 10 SSERA N 2, BATTEA TR E R/ IME T . o
oy B o PN, FRREEIER o Ul IXBEREAHE ¢ 2 o BT HIR
TR R DL IR IEZHE 2 BT AR A7 AT s BT IR AT, AIRAQT s s,
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THBREZARTY Ml IXAPE LT, TZIREHTHIR, QT B LG, Ml A 2 MiFR «
T o MIBRAIEZES O(h), Hrht h BRI,

T XARRM R S AT R ho QIR O(h) #IE O(n)o
ZAGFE, O(h) BE O(gn). SBPY. HENGMI B )4t P75 %, 6 —/
iy B P R (1 35 265-268 TO) < il BEN UG ER BN TATIIHESR . JeFBENLE
BETELCERIRT, 2805 BRI A,

A DA AR BLRE LSS (Map, AR REEHRs ), fFiEH T
“HEET X, BERME—R, BRSO —ME, SRMEE K, EINERUE V,
BRETIIRAN Map KV 8 Map<K, V>, JEZSBUEEE n DB (B XR:
{ki = v1,ky = vg, ok vn Fo BERT SRR RISCIIMUN I, BATIRA] K A P5H
Bo B XM S AEE X AH, KDY Tree (K, V), BATH = XILRMATIHA
BT RR R — X B RHREE R, e B &, FAEA lookup RIFAREUMLAHE ve N
Bk R, MR o, $5PY, 7 EE A LM, AVL B AT DU SRS B E L

g3 2.3

2.3.1. S RPN S NI, ZE— RO AR BR % F AE A i R ME
B MIBRII T i, R R R KB YR, g S X— 5%,

2.3.2. JRfRESLEIRENIAT 2L,

2.3.3. QAITE — AR SRR E “ B B Bl R N9 A2

2.6 Bt Bl
CRE STl TR & EL IR S

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

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

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

NG SN P VRN RES

Node<T> insert (Node<T> t, T x) {
if (t = null) {
return Node(null, x, null)




2.6 B3Rl

} else if (t.key < x) {

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

return Node(t.left, t.key, insert(t.right, x))

45

P REIE=)1E

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

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

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

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

THERIE VA AR

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

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

}
return Optional.of(t);

BRI HiR/NTR:

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

SHREGTE T R JEYE:

Optional<Node<T>> succ (Node<T> x) {

if (x = null) {
return Optional.Nothing

} else if (x.right # null) {
return min(x.right)

1} else {
p = x.parent
while (p # null and x — p.right) {

x=p
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p = p.parent

}
return Optional.of(p);
}
}
]G

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)




Ho5 EAHDE

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

3.1 fsr

FArE R AR T R B IE T AHE SR (1 58 15 - 19 1), &
FEM—BIGELr BRI, % e BEAF RO AR, (AT, AT PRI A
Mo B S AME—5KHTRE, WUT% IR 8, FAEISIERI A B, W1 3. 1R, AR —
RS, BATTRT DUXAESCBHAAHE T -

%
%

B 3.1 REAL 8 MAZI—FR

1: function SORT(A)

2: S ]

3: for each a € A do
4: INSERT(a, S)

ang B Sk

47
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5: return S

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

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

HeR5] i BVEEZM 15 n = |Al, AEE MR 5 (A1) 2EFRY,
BAIME A TCRIT A HEE « DRI, T « ZATHTRZ2ERFT. &
MW ARHEFRITRIEA, TE 320K,

insert

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

3.2: AECRTCRACFE 2

3.2 @A

Foma THIRIBEAT R N TEHAH, Wrl DUEE ZE — A EREE AL E, K
A r] DN RGAEE NGIAEET, FHEESEIRMNG AR TR AR
1: function SORT(A)
2 for i + 2 to |A| do > Insert Afi] to A[l...(i — 1)]
3 x + Ali] > ¥ Ali] REE]
4: j—i—1
5 while j >0 H z < A[j] do
6 Alj + 1] < Alj]
7 j<i—1

o

Aj+1] =

TR RESLAF RN, R M EmATTRE — MU E AR, B
MIBEFATTR o, FEL ¢ FEAIATETTER (U Al + 1. Ali + 2] ) BRG]
— MM, B MBS LU zo WE 3.3,

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



3.3 "B

N

C & 5

All]

Al2] | ... | Afi-1]

Ali]

Ali+1]

Afi+2]

Aln-1]

empty

3.3: RICR o« AL A PHIE  MIE

BHEN O(n?), i n BITRII ML

3.1.2. B SCEIRATER A R CASEELA AT

1:
2
3
4:
5
6

7

O(lg4) BIMSTRIE AL EH A o

1:
2
3:
4
5

3.3

3] 3.1
3.1.1. SEERME MG RO BEA AR A\ 11,

A

49

TEDTHh SRR e, ANATTHAER — EEBHREHE AL B K. BT Al AREPRIEE
i, BRI TR EMNZEZ E PR, —n& 0 —MECF P IEE AL
A7 1%

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

x <« Ali]

p < BINARY-SEARCH(z, A[1...(i — 1)])

for j < ¢ down to p do

Alj] = Alj = 1]

Alp| + x

TONEARIN, BRI AL — 1)] B, R, T s b
(AT DA SR <)o ROTFRZHEN DB j /15 Al — 1] < @ < Aljl. RO
xﬁ¢ﬁﬁ§%ﬁ%AmHﬁiE¢nnﬂ;oW%m<AWLMﬁH%E%—¥
R 2R WA — R0, TR TR, “HEHREE

function BINARY-SEARCH(z, A)

[+ 1u+ 1+|A]
while | < u do

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

8: l+<~m+1

9: else

10: U4 m

11: return [

X H AR i AR (VBRI T, S5 RIDARE O(n?). B— B
HAHEFHRZE O(n?) IRELEN O(n?) IXFSEN; M &G, BB 2 T
O(nlgn), BRBENXREILZE O(n?),

3.4 H|F

ZERRHERNRIREKE] O(nlgn), (HHTERIRBINEHTHITER, BAE
ZREANIRR O(n?)e S—J5H, ERFIRFMEITRN, — BRI T AN ERISIH, #
NFREAR B2 BN R, (£ 25—, BAE LTI NSRS A

sort [| = [] (3.1)
sort (x:xs) = insert x (sort xs) '
SEH foldr RIMTEATE:
sort = foldr insert [ | (3.2)
TR, FIRW insert BIETRLRIER RIK:
insert x [| = |[z]
x<y: x:y:ys (3.3)

My insert x ys

insert © (y:ys) = {

WA DU A g1, T 5 — &R G R EIANR, IEMTTER Al
Next[i] tR12 T Ali] ZJa F—PIRENRS | WELZ B A[Next[i]] 2 Ali] BIF—IT
o HAFEWMRRR S N THIRIREITR Alm], X Nextim] = —1, FonHig
[f] NIL; HANE X Neat[0] FEMAIFIZRATSLER, FIHZRSEEH, Bl TE SEARIEN T

1: function INSERT(A, Next, )

9. j+0 > Newt[0] faMIFRk
3: while Next[j] # —1 and A[Next[j]] < Ali] do
4 Jj < Next[j]

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

8 n < |A]

9. Newxt=[1,2,...,n,—1] >n 41 PNRI
10: for i < 1 ton do

11: INSERT(A, Next, 1)

12: return Next

(ERSIER, REAESI AL BTN TR 25 B ), (750 A REFRE A
B, BIAMFTEE O(n?) IR, SEEAANF, FIRASTRRENLI R, AREFIH — 0 &
PARTHEALEE,

£55] 3.2

3.2.1. FERRT A, HIFaERE — N EHHPINRS . B —DI5E, IRIEFTHIZR S
Neat, EHHFIEEA A,

3.5 X{HEM

BABEEN 7 — DN ESEH: RN R @ ERAIARIRE, (EmHEHZ—1)
RIE O(n?) WEIKE, —J7H, AR — 0 BT HEIREFERE] O(gn); 55—
77T, T BB BREEA , ROVBE A SRR E A B A BN i AT R, 1558 &
W, BTN T SRR RS &K, — B 2@ A E, FA1A] LA
R BN TR AT

1: function SORT(A)

2: T+ o

3: for each x € A do

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

5: return To-LisT(7T)

B EAH T INSERT-TREE() Al To-List() HIE X, FENR T, HFrE
HRIEHN O(nlgn), i n BITEN M IXIXE T ET LR HEF BIER R IR (1)
% 180-193 1.1 55 167 1), (EAERINMEI T, YR EAEHR, HIMERES N
O(n?)s,

RZBOT, MAHTEENE MR EENE. EREREW, BT
AN FBAHEF AR A, IR s HE e i TR S b A/ NEdE SR
I =] 18 2 i AHEF DAHCTH VT,
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AR )



HUE LLRR

5 ZRERYBIT- L AR RMOR G SCE AR BRIRAIRIR, REACEIEITR, &l
PRAR NI HLIENE? 40 N R B+l

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")
} else {
print("address: ", addr)
}

ERXANTTIEMEREAME, WHEHR Zara, Zed, Zulu SFEA N EAAE, #IHRZ
IR IR HE IR, NSRRI 1, 2, 3, ..., n A XIERR, SESSFE 4.1/
GiRo MR h = XAERR, EERVEREN O(h). WNHRR LA, BATHIRE
BIRE| O(gn) KITERE, EEX—HImTEIL T, EEAIEREIBMN O(n). FFR T
E= i

3] 4.1

411, NTEORHBEWSK, 8 T ATPA R, A] AR R IR RIS : — D MSKER
S, SAh—" S TARTERE, 4 MESSAIBIN SR, X AR tH ) — 4%
KRR 2R THY? ANRIE ISR B8 2 Fr T, [ AL S RS2 2 455R?
S5 4.2, IRHEZ B AT D,

4.1 Pl

HREGAAPHIRITE O, rIRm ARSI TEL (BT 2.5), (HIXMTTEERRME, T
RCEZ BRI, AMEKE T — LR TERI TR, ENTR AR XY

53
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B 4.2: —LEAPHETH =

AR )



4.1 A 55

TEREARAE BEERIRIE AT DAECE M S R RN CRFF TR A P AREE M HEL B, —Fh
LR P SRR, N T M E R —AVL #2558 BEIERH
M, CRESREETRIE, BPIRE P, 7 AR B = SR 2E AR R A Y o e [ 25
Ro MIGERECRIF P P it 5 RANVEE, AN 43R, BEfe il T DU AR PERE R E -
O. (2)
O O — GD

B 4.3: WY ks

rotate; (a,x,(b,y,c)) = ((a,z,b),y,c)) (4.1)
rotate; T = T '
G|
TOta’teT ((aﬂva)7y7 C) = (a,.’,U, (bvy7c)) (4 2)
rotate, T = T '

NSRRI A VUL (BN PRAR TR O 2S) , BT I “ATIRI AR, Teks
BerEthn] POEE — R YD BRII, BANTZR RIS HIREIEM. fEiefEn, &
BT R T e 73 2

1: function LEFT-ROTATE(T, x)

2 p + PARENT(z)

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

5: b < LEFT(y)

6 ¢ < RI1GHT(y)

7. REPLACE(z,y) > H oy Bt o
8 SET-SUBTREES(z, a, b) > % a,b A x BT
9.  SET-SUBTREES(y, z, ¢) > 2 x,c Ny BT
10:  if p= NIL then > BEAT o AR A
11: T<+vy

12: return T'

HilE RicuT-ROTATE HYSEELE AR, FA TR H B ES S, REPLACE (2, v) HH
y B x:
1: function REPLACE(z,y)
2: p < PARENT(z)
3 if p = NIL then >z R R
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L

if y # NIL then PARENT(y) < NIL

5: else if LEFT(p) = x then
6: SET-LEFT(p, y)

7 else

8: SET-RIGHT(p, vy)

9: PARENT(z) <— NIL

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

EH—F A SeT-Lerr Ml SET-RIGHT FEM AT E
1: function SET-LEFT(z, )
2: LEFT(z) <y
3: if y # NIL then PARENT(y) < =

4: function SET-RIGHT(z,y)
5: RIGHT(2) <y
6: if y # NIL then PARENT(y) < =

XS, BT LA BB VT EC A fai A b B R SE B, X — U Z X AE 1995
RSN T AL RN A A PR B TR

#53] 4.2

4.2.1. LIATE RicHT-ROTATE H1E,

4.2 EX

LRI R — b B P SRR, B 2-3-4 RIRYEMTE R, @I R
i ek, LLRRMRA] DLE SOt AR P, Bl e = SRR BB E X 48 i T
2L, BE L, AR — PRI ZLERY, an R ei e T 5 &Ml

1. R B A e B,
2. MR AN R,
3. IR NIL 17 SN2,

4. R ROV, WIERI A 71 2 R .
VS5 7 3, B W, AL 2-3-4 i, BS1AHER D —HRLL I, KT,
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5. ME—T A BT 719 BB SRR Y B T 1,

N 2IX 5 FNEBRECRUELL R A PR MENE? SCHEAE T - MHRTT st B IA -
REFTEBES, RKEEASEL RERIEME, MR 4 fRIE T AFERNESHY
LT, B, RS H RO R EMERB R S HLaT R,
ARIEPET 5, MR s H 2 BIFTA OB AR & A M R EER R R G S, BRI T
AR R RAZ, XA ARIIE T A (AT AR e AR R R AP A 1 [ 4,419
{15 e 7 —ARELIRM

4.4: 2125

HTArE R NIL 75 R 2 R Ry, BADEH R NIL 1R RN E L, aE 4.507
Ro FITE NSRS A IR E BT R — SRR R, R & R R/ MBS, AT
ANFIHERFERE R FEIRA . T A2 P E — AR R ARt B30 1 B e S K
MEZERN @, BN (¢, 1k, r), DPAIFRTRBE (L)) TR k, EA 0 Lore

K 4.5: Fagl NIL 795

data Color =R | B
data RBTree a = Empty | Node Color (RBTree a) a (RBTree a)
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83 4.3

4.3.1. IERAEAR n DT RAVZLRN, HEE h A8 21g(n + 1),

4.3 A

HMAREE SN DI 56— P = SAERRAAR, i T RER S AR P 55 =
PR BRIBE T, AR, TATSFTT ROV, HEEARRT S, BR TS
VARSI P PR T DA /2o ME— R [R) B AT RES I AP IMBEATRIZL B S, HEF 4
MIERTREEE, ENBAS—EA, aE 4.600R,

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

4.6: FAJETRZBEHIPYRMED

PURPE AL A B Eh — R T B A ERE IR, FTRER R
TR, IRAETER 2, e ZHURT AR RIR G, FIAREILE, AT X
balance PREIEE Vi, &7 RBEZRN ¢, ENERE B 48 R,

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

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

(

(

( ( )

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

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

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

) B7a7w7b)7y7 B7C7Z7d

R
R
R
R, (B,a,x,b),y,

GRERPURR AN, BRJE—ITRIEI R A S CERIBIIEAR, LLRM AR
IKE N R insert x T = makeBlack (ins x T), 85 B BALAITE:

insertx = makeBlack oins x (4.4)
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Hr:
insr @ = (R,9,x,9)
. x <k: balance C (ins xz 1) k r (4.5)
insx (C,lLk,r) =
x>k: balance C 1l k (ins x )

GRS, BATQNE—MEN o BILLEM 15 SNEEEE « F1 & BIR/N, 3%
IHHRF o« AT TR, AEH balance BRI, HGsRHTERT SRR A,

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

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

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

balance color 1 k r = Node color 1 k r

BAISE T EE ENAHE, WIRERRANECEEE, BA1A] DAE SRR ER, 0]
DATE Y s P — NI RAZGER B B (1], 269 T1), & 4. 725 H T RARELL AT, &A1
SRS 11, 2, 14,1, 7,15, 5, 8, 4 F1 1, 2, ..., 8 MEEiAR, &5 — M50, R
AT, L1 B IR F-1.

B 4.7: $E A AL R

LB TA REIHE TR AREE, AN TFEER b IR, HE4E 8 O(h). H
TIRATIRAHES 2T BB, b FIT SN n EXNEEER, HARTENE J8E
79 O(lgn)o

#>] 4.4
4.4.1. ANMERBEKICH, 23k EPYRE ISEIE insert Bk,
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4.4 MHIER

LR EMHER L A B 2%, thoa] DUEIS A R ECA % T i AL I BR A S, FRATT
JERT AR e T ZORIRZIMERATRCR . B0, — AT — B, TRk 2 IRE
UL, IBRIHET R EAn—ARid, SHAPRICHT R 50% B, FAARPRICHIT R
HHE—R, PRSI, FEHTEE, B A AERER R e
RINIERERT 5, G — B2 A RET JEBEH DT HEREE, TA15INDER
@7 (1,290 1) 1 RORIRE S LANERL, — MIXFERT B BN RO T R MERE
T o I, BT RO EREhEIRT A, BE A IR T b, SR AR
TR yo TR y FORBLLE, K HAN B R § FORER G, MY IWNE B A,
IME B2, NHBIBIFREFPH N 1A E R AR E X

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

TR 92379 5 (NIL) AR 2 B, 2R RR A sh B2 17 i, HASh “ I E B ™
2 i (BBEmpty BUAMKARY @) MBRMY, 58— A0 — AR RMAE A ; 4n SR BamiBR
TRUZRE, ORI TR

delete x = makeBlack o del x (4.7)

X—E SGEM AR, R RE—-NTR, MEREEL D, T —
150, BATFBMER makeBlack FIENXTR:

makeBlack & = O
makeBlack (C,1,k,) (B, 1, k,r)

del FeSZ ZMIFRAITTR = FI—FR#:

dele @ = o

(4.8)

z<k: fizB*C,(del z1),k,T)
x>k: fizB*(C,l,k,(del z 1))
del z (C,l,k,r) = l=o: ifC=DBthen shiftBrelser
r=k: {r=g: ifC=DBthen shiftBleclsel
BN fixB2(C,l,m, (del m 7)), HH : m = min(r)
(4.9)
IR 2, RN o BNFEATEEEE « FRPET &, R 2 < k, TATEEIIHM
FE 7y SRR o3 WIER = > &k, MBI MNATIRER, B T@)45 R Rl R &6 N E R
BT, TENA fixB? HTBE XY v = k B, BATEMR] 7 Z MR A MR
— TR, AT 59— F R s 21 A i A0SR AT U2 R R, TR R
BB FRirh, aRMR A2, BA A TR AIR/IME m = min r JI'F,
2 S b3 B AN RSy BT AR IX—RFEFRIE persist
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FEH m B ko T OREFREAT RN, shiftB KLl mUE g B, K B E Ny s
DRER R, QPSR FER N A 21D R 9 sk, U2 [

shiftB (B,1,k,r) = (B2 k,r)

hiftB (C,1, k = Lk

shiftB (C,1,k,r) (B, 1, k,r) (4.10)
shiftBo = @
shiftB@ = O

UM AE TR (N E N E RO AEE ) |

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

isEmpty Empty = True
isEmpty _ = False

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

PR fieB? I BEAAREM BT O IHPRONE R G, WE RO LR RER 7D
Bon R, WAlRER SR @, A =FiEN:

oL 10 R AR ST RO R, I HIZ LB A AL Wisl. 71 PUE
W EEAE ZIXAE DL, A PURFIE 0L, EEf ] DI S| —Fhgt—E i W 37AR,

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

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

SRS

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

H ap: TR o B WEEA.
T 2 WEBEY RS A, 7] DUEID e, M BN EN 1 8

3o WA 38F7Re BAER (4.11) HEERE_EREINTEIL 2 IBE :

fizB% B ag: x (R,b,y,c) = fizB>B (fizB>Razb)yc (4.12)
fixB? B (R,a,z,b) y cg: = fizB*> Baz (fixB> R by c)
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bc\ / c 4
’;"'WM\Q‘&
b e a b

4.8: 4 FFIEOLA] MEE hGi—RIFE R

4.9: W BT R L 2B 1 RN AL
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oL 3: MR AR LH WA, BOLE T R 7 AR R A XAEILT,
PATTR LT R t, R R AR B R G, AR5 RO E B G MR B e — =
FNARNT R WA 39FR, BFIRARIE I A T 7RG, R « B0, AN R
G, A R B T R TTRIIEOL, y BRI S IR, FRATARSAER (4.12) HY
LAt BRI AME R

4.10: REWE R ] L1235

fixB? C ag= = (B,b,y,c) = shiftB (C,(shiftB a),z,(R,b,y,c))
fizB%C (B,a,z,b) y cg2 = shiftB (C,(R,a,z,b),y, (shiftB c))
fixB*Clkr = (Clk,r)

(4.13)

QISR DR EIR =M, e — 1T REF T RS, W R ORI B E RIS
o BT RGO #/\E"T*{R 1, XXE@W.JBZ(%K’%T ﬁﬁl‘#’l‘%ﬂ%é
[F]_EAEE), BRI A, HR CEE—i:

G
N

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

fixDB

TMEREERIE 24 O(h), HA b MBS, TR RESEE Y, X T n
AN R, h = O(lgn)o

3] 4.5

4.5.1. SKBLARIC—ER 2" MBRETER AR BRAT T =, EARHTEIERRSER, 21
PRICHIT S EH T 50% B,

4.5 wNAFIL «

tEI A A VAT, TATIfRI L 1 2L RIS, Oh 1523, Tl 4a A S 2Ry s
Bo FRABIRRE — DM AR RRAAR, 2 N RIE e 1R e 5 .,

1: function INSERT(T, k)

2: root <~ T

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

5. p+« NIL

6: while T # NIL do

7: p«T

8: if £ < KEY(T') then
9: T < LerT(T)

10: else

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

13 if p = NIL then > B T =S

14: return x
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fX

1:

2:

3:

4:

5:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

L
7
i

else if k < KEY(p) then
LEFT(p) « =
else

RIGHT(p) + =

return INSERT-F1X(root, )

T RONELE, 1 FORIBE P, HHF 3 MR, FREE AN RIS,
BT 6 FE L, HAE AT LS I, BATRE LD R SRR L, TR AT i
A KR N R, RAEAT AN AL
function INSERT-FIX(T, x)

while PARENT(z) # NIL and COLOR(PARENT(z)) = RED do
if CoLOR(UNCLE(z)) = RED then > B 1ia AU T RUZ 4L
COLOR(PARENT(z)) + BLACK
COLOR(GRAND-PARENT(z)) < RED
CoLOR(UNCLE(x)) < BLACK
x <~ GRAND-PARENT(z)

else > x FIRT 2 R
if PARENT(z) = LEFT(GRAND-PARENT(z)) then
if = RIGHT(PARENT(z)) then > B 22 2 AT

x < PARENT(z)
T < LEFT-ROTATE(T, x)
> 1EIL 312 AT
CoLOR(PARENT(2)) - BLACK
COLOR(GRAND-PARENT(2)) < RED
T < RIGHT-ROTATE(T, GRAND-PARENT(x))
else
if = = LEFT(PARENT(z)) then > THI 2 FIRTHR
x < PARENT(z)
T < RIGHT-ROTATE(T, z)

> L 3 AXFR
COLOR(PARENT(z)) <— BLACK
COLOR(GRAND-PARENT(z)) <~ RED

T + LEFT-ROTATE(T, GRAND-PARENT(x))

CoLor(T) < BLACK

return T

AARZRNEZREN O(gn), B n BRI 1 balance BREOS L, BAIRIAL
EHRFAME, R AR FH, MaEH ARLRR, B 411450 7R
SRR, MR EAMIE 4.7 RS MR SIRE R, AR DU EA TR,
PR CPEBC Y R U IR A7 A — 2 PR R R 1)
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4.11: an B HE H AL R

LR L TUMBR IR N B 0%, Z2 WA B A, LLBRE R W B
=X Mfo N—EN AT IR E P X —AVL B, ZLRRIATE R EE R
JERATA R IEAL R My TR 2 k AN FFORFEF-1, st s B B, KRR 0 Eid L
FET b, mIE A BRSO, TELL AR SEE A, D T8 i, R R 2 A .
Xir2e 7 — RT3 75, FRRUR T 2RISR U, KRR AVL B, Splay #
AR TR VA SRR,

4.6 MBIl

AR RS RIZLBREE X, BOAT ROV,

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

Node(T x) = Node(null, x, null, Color.RED)
Node (Node<T> 1, T k, Node<T> r, Color c) {

left = 1, key = k, right = r, color = c¢
if left # null then left.parent = this




4.6 Ky BlFEF

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

67

AR BNEETN

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)

AR EEE

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

AVL




WhHE AVL B

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

5(T) = |r| — |1 (5.1)

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

51 EX

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

15(T)| < 1 (5.2)

A 6(T) HEER £1. 0, B 514 H T —HR AVL RIS GERMFE n
AT, X SRIE TS b = O(lgn)o FATAI DAEARX ML, —H&EN b

69
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) AVL B, B GBEH H AR — P EERME. S e XA, SHETREE
2%, N 2h — 1, BAIROLEEDVEEZDT R X N(h) REEEN b B AVL #f
AR/ N REH . BATTA

o R @:h =0,N(0) =0;
o HE—IMWRIIR:L=1,N1)=1;

5225 H T —NEEN b BT AVL B T, BRE=#70:7TR k MIAEG T [
ro WHEIEE h FOF-B S 2 TR /2 NI AR AR :

()
PN

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

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

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

N(h)=N(h—1)+ N(h—2) +1 (5.4)

X LA TBRAREE LB IRELLS N, a1RE X N/ (h) = N(h) + 1, T Tk
ALK (5.4) B R BRSBTS KA |

N'(h) = N'(h—1) + N'(h — 2) (5.5)

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

N'(h) = ¢" (5.6)

st o — YOI fonsia st

UERA. (ERIECA)ANIE, 2 h =0 BR 1 I

« h=0,N'(0)=1>¢"=1

e« h=1,N'(1)=2> ¢! = 1.618...
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XN TFIBHEF L, B N/ (h) > ¢l
N'(h+1) = N'(h) +N'(h—1) {FEEHH}

> Gl 4 ph1 {1}
=¢" (o +1) {¢+1=¢2=ﬁ;3}
= ph+1
O
53 5.1.1, TATZAMGE] N pIEs R :
h < logs(n+1) = logy2 - lg(n + 1) ~ 1.441g(n + 1) (5.7)

X—AEAXW AVL MR O(lgn), NIITRIE T P, AR
WIHIEEHE, SECHER FRIENME-ES 1, FEESBEMER 0] < L. EFaEBE
TITEIEM R . TRATIEE H— i TR ICEC A 75 A R S, RS ST R B 2L
FERR LT T I R SR, AVL REHUE — R B P O, TN A
CXAERMAE X, RE A T 0 rTRGBIARIR H, T U5, BAWER N ES T A
T = (I,k,r,8) PR T HIE, HESCEMEERNERE . T 515

my —PEERAE 6

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

AVL WY lookup, max, min FEVEF — X RMAEE], mfd AFIMERERVE 25
BRI,

5.2 A

A AVL Sl A —DHCREM, i TRIZEE [6(T)| FIREREE 10 FATTAE
AL RRHE B RIRENIL AL S TR R P, FATTR o J5, WS e Fi e R 2 i
1o AR ZIRE ARSIV B Hr- P A 7 & SCRASSR N —XHE (T, AH), &
W T NG RIS, AH DS R AME, BT = AR AR A SRS T

insert x = fstoins x (5.8)
Hr fst (a,b) = a IBREI—XEFBIE =D ins o T HILR o FHAZIR T A
insr @ = ((g,2,9,0),1)
s 2 (L) {x <k :tree (ins x 1) k (r,0) 8 (5.9)
© >k tree (1,0) k (ins @ r) 6

RPN @, RN E « B9, PR 0, MR AN 1, A, &
T = (l,k,r,0)0 BATLLEL = 7Ok, AR & < k, TATRITHKG = AL 1 Hh, A0
LR AR S R R A 6 0,
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NG T o JRVATEARIZE R —XHE (1, Al) B (7, Ar)o BATDEL L tree W
BOPMGIA 1 TR, B 4 DBEC (U, ALK (7, Ar) 6, PSR (T, AH),
Heb 77 ik, AH SR
AH =|T'| —|T (5.10)
EAT A5 iR 4 Rl

AH

T = [T

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

max(|r[, [I']) = max(|r|, [I])

5>0,8>0: Ar (5.11)
§<0,8/ >0: 6+ Ar

5>06<0: Al—6

EIE Al

HHf 8 = §(T) = | — |I], AL TR T B B A THISSIE, 12
TR, R T T 5

o = =]
_ Ar— (I + A
Ir| + Ar — (|| + Al) (5.12)
= |r| =i+ Ar — Al
= 0+ Ar—Al
58 FEARY ) v AR AT P B, AT — 2 LK (5.9) FRRYEREY tree:
tree (I',Al) k (r',Ar) § = balance (I',k,7',8") AH (5.13)

NERE RS T H AT HRESIE:

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

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

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

| otherwise = d1
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5(x) =2

8(z)=-2

s(y) =1

s)=0 b

a b c
s(x)=1 e

&l 5.3: K 4 RSB E NgE—TE R

5.2.1 “F-ijss

HE 4 MIHERFEBE, WE 53007, PR £2 @ T [-1,1] JEE, ],
T H G — BT FUORIZE, (15 6(y) = 0o

FAIWRIX 4 MIBHNE—F. G—G. 5. E—H. LRI PR TN
§(2)\6(y)0(2); VRS IGHIEIGIR 70 0 (2). 6" (y) = 0.0"(2)o EANHIRFRI T, % B
25 H TUERA,

§(x) =d(z) d(x) =0
§(y) =0 §y) = (5.14)
d(z) =0 ¥ (z) =04(2)

A — e —fAMEE:

§'(y) =0 (5.15)
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AL, & SUEE N

balance (((a,z,b,0(x)),y,¢c,—1),2,d,-2) AH = ((a,z,b,d(x)),y,(c,2,d,0),0,AH — 1)
balance (a,z, (b,y, (¢,2,d,0(2)),1),2) AH = ((a,z,b,0),y,(c,2,d,0(2)),0,AH —1)
balance ((a,z, (b,y,c,0(y)),1),2,d,—2) AH = ((a,z,b,0'(x)),y,(c, 2,d,8(2)),0,AH — 1)
balance (a,z, ((b,y,c,d(y)), z,d,—1),2) AH = ((a x,b,8(x)),y, (c,2,d,0'(2)),0,AH — 1)
balance T AH = (T,AH)

(5.16)
HrR g (2) R 6(2) H0ER (83) o USRI DCATAE (TR, MR, R
AR A A2

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

PN B 2R R R PR E e, R (5.7), KT n AN RAOBE, insert
AN O(lgn).

5.2.2 K5

AW — PRS2 AVL W& ZEREM A (1) 252 = XERM; QX TERT
BT, 30 (5.2):0(T) < 1 RERAL, TN YRR RGOS T ik 2 -4 TR A e R 22 -

avl? @ = True (5.17)
avl? (I,k,r,0) = avl?l Havl?r Ho=|r|—|l]| H 6 <1 ‘
HeEERHE R
@ p—
o] =0 (5.18)
(I, k,r,0)] = 14 max(|r|,|l])

NHERBIFREFEIL T AVL MHE R

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

height Empty = 0

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

5.1.1. BATHIRIE T AVL MmN, SERIRIERE AR E — MR X2 S E AVL

o

5.3 m¥AFIE %

N T 5%, AT AVL REyan @ B iR, MZLRMEan < EZAREL, FA1E

X AERMREHCRB A, R FE I i R E S P,

1: function INSERT(T, k)

10:

11:

12:

13:

14:

15:

16:

17:

19:

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

PARENT(z) < parent

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

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

else

RIGHT(parent) « x

return AVL-INSERT-FI1X(root, x)

ABTTTRIG, S RTRERE AN, KI5 H 7 6 Bk, Tl M AT RERE

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

o 0] =1.|6'| = 0o FENJERAEFFHPIRAS, AW AR BB IR A 2 AL,
o 18] =08 = 1o fEA T2 IR EERIIN T , AR BARSE LA 2P

o 0] = 1.]0'| = 2, TREfEEZ AMEE -,

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

2:

while PARENT(z) # NIL do



76

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

d < 0(PARENT(2))
if + = LEFT(PARENT(2)) then
0 —0—1
else
0041
O(PARENT(z)) « &
P < PARENT(z)
L < LEFT(2)
R + RIGHT(x)
if |§] =1 and |¢'| = 0 then
return T'
else if [0| = 0 and [0'| = 1 then
x <+ P
else if [§| =1 and |§'| = 2 then
if §/ =2 then
if §(R) =1 then
§(P)«0
5(R)+ 0

T < LEFT-ROTATE(T, P)

if §(R) = —1 then

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

O(P)+ —1
else

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

I(R) « 1
else

0(R) «+ 0

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

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

BHE AVL #

> A

> AkSE E I L BT

> H-H
> ARIER (72)

> FH-/8
> HRAEC (83)

> A
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40:

41:

42:

43:

44:

45:

46:

47

48:

49:

50:

51:

52:

53:

54:

else > fE-G

dy < d(RicHT(L))
if ), =1 then

O0(L) + —1
else

(L)« 0
d(RIGHT(L)) < 0
if 9, = —1 then

0(P) + 1
else

d(P)«0
LEFT-ROTATE(T, L)
RIGHT-ROTATE(T, P)

break

return T

PR T ek, IR 2 g -8R T 00 A — I — I TR AT — IR s T

—FEME— A TR BT e . BT T AVL RERIIBRETL, ik B 45t 7
BRASSEL

AVL #E 1962 £ Adelson-Velskii 1 Landis!" ') $2 8, F AR AEE

Bt CHLLRRITER, AVL SFIZLRRIHACE B P — S, R BERER R T
JEHUE O(lgn)o 3N (5.7) 1S AVL MIRTFHEIEE N4, (ERBEWAIEIT, Bk

RS TLL PR U] (BELSRBEIR S AFIHPRAO TS 0 FEREE ., IRZAEF R
LR RN P — SR PRSI, AVL A4 [FIAE AT DUEIL, ot i o g
IEJ Eli):jo

5.4 sk Bl FER
AVL WHIE X :

data Node<T> {

int delta

T key

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

FrEE

Node<T> insertFix(Node<T> t, Node<T> x) {

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

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

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

var dy = r.left.delta

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

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

t = rotateLeft(t, p)

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

t = rotateRight(t, p)

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

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




FANE TR

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

6.1: FEEHS

6. 18R T —RREENR, BEEE T I8 1011, 10, 011, 100, 0, AIREHK =
HEHIEL k= (boby...by )o, BATE FEACEIEMBIERENL boo £ 0, MIEETA/E TS A
R Bh 1, MBS T, 55, BRAGES M, HEEX - IREEIICE S
B n ALEENER—H-T15 e TAPFARTFEAE T P TE R (key), IX—15 B HIZK
Ko B 6. RELE T RO N TR N T EECBIEE, FATAT DA —
I, FEF LS R THRAE,

6.1 B trie

FATFRE 6. 1T RIIEIBEEMIN binary trie, Trie & Edward Fredkin £ 1960 4F
R, EoRH SR retrieval, Fredkin ¥ HI5AE /tri:/, (HEANEAE /trai/ (F1
FESCRATA try IR EHRE) P, BLIEHR trie IBFR IRTZN, fFEARTEH, trie FIRT

79
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L R AR BAESAY, —MR binary trie & —FRFERA) — XA, R E R E
) —HERIA R IGE, 0 TR AE", 1 TR a7 BEE 6. 27017 trie, 3 NNFH
“117,40117, “0011” FRERF—DFIEHIEEEL 3,

6.2: K¥ii (big-endian)trie

NSFHERTERY 0 HWA/EARAL, FE—1 32 MEREI RS, A4S trie A 1, &5
SRR 32 A, O T AROIX — R, Xl A SR NS R A IR
f AL (MSB) B AE /21, ARG (LSB) EA I, XA AR N RImEEEY, [ Z i eifiL
FEATIFR A/ N EE R BRI, 1 FRN (1)202 FRN (01)203 RN (11)g+--

6.1.1 EX

BATA] DA A = XA o — DN RE 2N, BB & A T —ME(E
A PINES) FE - MgRtS A 0, G 9RiEA 1o

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

XF binary trie HHE—T7 5, HX B RS2 FH 19 B9z B E—FE 1Yo
WBATTCFTAET R AOEEE, T F IR (E, BRI B E E RN, anRE 2R R
A, MR AIZRALR IntTrie Ao

6.1.2 A

IR ANERGE & NUE o B, BATR & FHR 3 2R & R, &IRADZ o,
BABEFFZE TRHEA; WER & BEE, RIKADE 1, TATBIAFA A TR
FATRE & BREL 2 BB AR RARAL, XTI trie B T = (1,0, 7), A 1 r B
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HR, v RAEPIAES), & insert BYE AN :

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

WME k=0, Bl « EATIm. MR T =0, 48N (@, Just ©,0)0 RE k#£0,
BATHARYE £ WA BRI, B o B —ANZH-T 15 (2, Nothing, @) WNHR k
BEATFTE, IX— R % DRl E, A DU — N IRIEEZAME, 74 o i
FFFRA, B 6. 1M T RAKDAEABES {1 — 0,4 — b,5 — ¢,9 — d} PR, T
HERIBFFEF LI T insert BRELG

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

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

1: function INSERT(T, k, x)

2: if 7= NIL then

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

5: while k£ # 0 do




82 COVAE e = ()
6: if EVEN?7(k) then
7: if LEFT(p) = NIL then
8: LEFT(p) < EMPTY-NODE
9: p < LEFT(p)

10: else

11: if R1GHT(p) = NIL then

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

14: k<« |k/2]

15: VALUE(p) <z

16: return T'

INSERT #2532 3 N8 trie B T EREARIEE k AR AESE 2o X TH m (LR
TR kX —HEETT] trie FPEY m B, N TEEZRE O(m)o Bli 1R insert k x T
1 INSERT (T, k, ) HIZEF 1 IR, BTEH foldr. IEE R foldl (B for 18
) MR BN HI A E R, 40

fromList = foldr (uncurry insert) @ (6.2)

)ﬂiﬁ?ﬂ fromList [(17 a’)a (47 b)a (57 C)) (95 d)}) /E\:EP uncurry ﬂﬂ*ﬂ@ﬂﬁﬂ"]ﬁfﬁé
B, e ENFFFIEN insert, HE X :

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

6.1.3 Bk

FE— BRI A N IR trie K & I, 345 & = 0, MR AR A g R &R,
DNHIERE—AD 0 2 1, NEAFRETIBAEL,
lookup k & = Nothing
lookup 0 (l,v,1r) = w
even(k) :  lookup g l
odd(k):  lookup Lg] r

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

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

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

5 else

6 T < RicHT(T)
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7: k<« |k/2]

8: if T # NIL then

9: return VALUE(T)
10: else

11: return NIL

MNFE m CLIEEEL k, lookup PRENEZLET O(m),
23] 6.1

6.1.1. BEALUKEN Branch (IntTrie a) (Maybe a) (IntTrie a) &N
Branch (IntTrie a) a (IntTrie a),R{EARTFELEIRE] Nothing, 75 M)
IR[E] Just v?

6.2 FEELHTSEM

Trie KGR RS ETEFER, TEET 6109617, HE 4 M aFEEdE, HE 5
M RERZMN, SRFHRANRE 50%. N TR Em2RIA AR, FAT0] LR iR —
AT RS — T BTSRRI R IXAEHIEEESSH, B Donald R. Morrison 1E 1968
FERRH, TEMAIE S, B EFRN Patricia, /& Practical Algorithm To Retrieve
Information Coded In Alphanumeric B & FREE 7, YELEREENT, BATFRZ N
BRI, TEA T B R TE L R fRTFR B R . IXIIRT4E H T BRSO R Yy S
HE 6.3 BHETE —ER T A G, AT LM S| — B0 E 6. 4FRAIM, TEEER A, 73
BT RN N B B TR T A RIS, XTI AL FISRA N — R 4G
ANfAl, IXAEEEEETRRERR 7 A DZE 2SR,

6.4: /NIEEESO SCERABRES {1 — a,4 — b,5 — ¢,9 — d}
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6.2.1 ENX

BTSN T2 — R R X, EEE NS o, BE R T A, B — B
Bk M—ME 0, I8 (k,v); BE R R, HAEGFREE —D 2R K a3t
WIS, 7EFHT S —002 0, A FHITR —(2 1. 124 (p,m, 1, r). FNHEAIEIFAH
TESCT BERGATERI . BT RS 4 DB R AIEATS po — DB m BRI MR
—ROFE L T, 72 G T Loro BRSO m = 2 BITER, B8 n > 0, ATH
KT n ALHY ZREHIAERAE T AL ATSR

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

6.2.2 A

MR T AR y N, E T o, BATH y QI — DP9 RG R T A5 1
HE— TR 2, BAIRTE— D2, IR TR o fy 2Rl e T
Wo N THIERA, BATREARE] « 1 y BRKAHERTZ po HIAN, 2 = 12 = (1100)2.
y =15 = (1111),, W p = (1100)2, HH o FIRFATAITOE) ZBEFIAL, FATVEERH —
TR REEL m R A4 (mask) IXEEAL, TEARBIH, m = 4 = (100),, REKAFITZE p [ETH
I—hiRER 21 o HIX—A22 0, My FIX—A2 1. Wt z 2K&FH, My 246 F
o WIE 6.5,

prefix=1100

K 6.5: T BMF 1A 12,64 15 )5

QUERA T BEA 2, AR 19 A, BANIRRZIE LA » BAEM T B KA HAT
2% p VLHC, qHIRPLEC, WIRRE N —A2 0 8¢ 1 #JAifE /e A T, B, #5KF
y =14 = (1110), FHAE 6. 5FRAIH, T RKAHATH p = (1100),, F HIEE TR
—hr (2t )2 1, ALK o AL TR IR y MERAIRIS p AITA,
T tH— T e W 6.6FR,
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prefix=1100
mask=100

prefix=1100
mask=100

@ o ° prefix=1110

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

prefix=1100

mask=100 mask=10000

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

& 6.6: RN DAL

85
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insert kv @ = (k)
insert kv (k,v") (k,v)
insert kv (K',v") = joink (k,v) K (k',v")

zero(k,m): (p,m,insert k v 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 W, QE—MF R (ko) MWREAEFINEZ, K5 match(k, p, m)
AR b MRK AT p G m NEEMEE: mask(k,m) = p, HA
mask(k,m) = m — 1&ko EFeX m — 1 AU, RJGH k #0605, BREL zero(k, m)
RERE m 2GR ZHGIAZ 0 182 1. BATTR m MG 1 AL, RGN k17605

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

BREL join(py, T1,p2, To) RPN EIZFIPERR . M piy pe MHHRKAILATE
(p,m) = LCP(py,ps), BIEE—DHDEL, FHRE 11 To BT
o zero(pi,m): (p,m,Ty,T
join(py, Ty, p2, Tz) = Br,m) = A 1) (6.7)
7':‘_\‘9_\]” : (p7m7T27T1)
NTHERRA®ER, ALY p p BAUTRERS, AEEHESA
highest(xor(py,p2)):
highest(0) = 0
highest(n) = 1+ highest(n > 1)
FENRBA T AHRD m = 2highestlworour2)) - G KRINHERFTER p AT LA m 0

pis po FHHEM—NMEH, B p = mask(pr,m)o RNEIFIGIFREFEINT insert B¥
]

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 tl1
where
(p, m) = lcp pl p2
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lcp pl p2 = (p, m) where

m = bit (highestBit (pl ‘xor  p2))

p = mask pl m
highestBit x = if x = 0 then 0 else 1 + highestBit (shiftR x 1)
mask x m = x .&. complement (m - 1)

zero x m = x .&. (shiftRm 1) — 0

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

87

AR DU A @27 B 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+ 2z

18: else

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

21: else

22: RIGHT(p) + 2

23: return T'

Hrp BRaNCH(Ty, Tp) BIEE—DHr oA, MR K AR, 78 T A1 T, BN

?‘ *X‘j‘ o

1: function BRANCH(T7, T5)
2: T + EMPTY-NODE
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3: (PREFIX(T'), MASK(T)) <— LCP(PREFIX(T}), PREFIX(T%))
if ZERO?(PREFIX(T7), MASK(T')) then

LerT(T) < T}

RIGHT(T') + T
else

LErT(T) < T3

RIGHT(T) < T

L

10: return T

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

BRE LCP ZREUN MEE B A FERT SR -
1: function LCP(a,b)

2: d < zor(a,b)

3: m <1

4: while d # 0 do

5: d <+ Lg]

6: m < 2m

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

o

: function MASKBIT(x, m)

return z&m — 1

©

6.7/ TR AT IZA IS R RIS . ROREEELAT SO T8 1 REFEAE — e h
T, (EREUR K RIS AT BRI AT, 3 m A REEL, TN EIRI R 2a

& O(m)o

6.2.3 Bk

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

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

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

1:

2:

3:

4:

10:

11:

12:

lookup k @ = Nothing

k=Fk: Just v
lookup k (K',v) =

otherwise : Nothing
zero(k,m) : lookup k1

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

match(k,p,m) : {

otherwise : Nothing

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

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

else
return NIL

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

3] 6.2

6.2.1. Zi'5REF SEINEEEHTEME) lookup BRIk,

89

(6.8)
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6.2.2. SEEUEEL trie AEEENHTRT PR, (U HEA S HIT SE, S5RA TALAE?

6.3 Trie

FEFERY trie FIFEEATSI AEER B, TATTAT DT R AR BRI NEE R R EISI3R, K
R — MR E N FRFIRIFRT B, RIS trie 7] DMENSCRAEFA 1 T A,
MR 0/1 §RENERSIRES, AT B RN =X RN 2 o0, S5t
BRI, —3F 26 DA, INRBMER/NG , 0 DT BUXE] 26, 40 6.8F7R.

K 6.8: SHZIA 26 DR trie, EHE: a, an, another, bool, boy, zoo

FAERTERY 26 BT EREL SEEE, 128 6. 8HIRT REcd, HAEER acb.z Y
3 RTINS, HEHE, BIanER ¢ TR, 28RS, TATAT DU IX 278 7
B R, ANRIX KNG B T2t — D KRB N TP R R B R Y13, FAT1A]
DA map SFEHEEE MRS ZZSEE 12k,

—RBIH Trie K V 1Y trie W& AT o, slEE— 1, BE LA NHAE
O

1B v FIMF R, ASE TR IEHN (v, @), Hi o N V;
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2. TR, WEE o MEBRFH, SRTFHTNER K PRREME &k, 1278
(v,ts)o HH ts = {ky — Th ko = To, ook = T} B Ky FITHE T (AR
8fo KAN Map K (Trie K V) A DM SRIERFIZRBE B b SEIRmes (AL
5 4.5 F),

TE SN NI (Nothing, @) NHEINBITFFEFE X T trie:

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

6.3.1 ffiA

FIEMA A ER] trie W, HAPENE TITRIIIR, 2 trie N T = (v,ts)o
i ts[k] FEMRGS ts FRAFREE & MV AME, WREEIRENREIZERE; D ts[k] « ¢ FEBL
OF ts AIEATE kB ¢, QERAAENIE 25, FFIR 0] 553 o AR

insert [|v (v',ts) = (Justwv,ts) (6.9)
insert (k:ks) v (v',ts) = (v, ts[k] < insert ks v ts[k]) .
S pVA: ML R

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

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

FAHLA] PATHRRIE IS, SCIERTT A insert BRELC

1: function INSERT(T k, v)

2 if T'= NIL then

3 T < EMPTY-NODE

4: pT

5 for each cin k£ do

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

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

9: VALUE(p) < v

10: return T'

AREEIZEADN (K] (K BIFIER), K B2HE m DITRIEIRE, #BAKEN n, N
IARIENEZREN O(nlgm). HHR/NGHSCFIFRIN, m = 26, i ABRIERIE
FERN AT HR R ARE EEo
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6.3.2 Bk

£ T = (v,ts) PER—DIEEE (k:ks) I, BAIME—NTTE kTG, WREFE
MRS & B0 77, W NRIBITHIAE T7 &R kso SRV, IR B A7 LAY
HIENEER:

lookup [ ] (v,ts) = wv
ts[k] = Nothing: Nothing (6.10)
tslk] = Just t : lookup ks t

lookup (k:ks) (v,ts) =

TR A ) IE SR
1: function LOOK-UP(T, key)
2: if T'= NIL then

3: return Nothing

4: for each c in key do

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

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

8 return VALUE(T)

BHRBTENEIREN O(nlgm), B n ZRKE, m BITRITEEEHIRN,

6.4 RIS

Trie B2 [AIF IR, FRATTRT DAR [R5 TR I 4 BE R L —C A T A, IR AR
1520 7RISR . BIZN T ¢ BETIERSY . — DA RHE o TAECE T FRIZH,
BIRRTFBE ¢ RRE— DI ;0 FIRMMFRIFIIGTRRICH [s; — 3] XESIERMNE
HFEIRIRTER s, T s BUREIT R to WHERUL s /2 s 4 s1vs H so - HIRK AR,
MFAEM @ # j, B sivs; AMEEAEZII AT, 1B 6. 8Hh B AT RE
ek, ] IS ENUNE 6. 9K RIS

NERBIFRERE T RIS

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

BATICHTZEIN ST ¢ = (v, ts)SEAIHL, (Nothing, [ 1) ZRPNBE NI A (Just v, [])
FoREN v BT R,

LA DI Map [k] PrefixTree k v T,
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K 6.9: —HRATZM, L EHE: a, an, another, bool, boy. zoo

6.4.1 A

FRNFRE s B, BRSNS, TN s QIE—DHFH A, WE 6.10(a) Bl
o WIS s FIEANTH ¢, HRTRLEY s, 26 ASERIZE, Tl 100E— N 75955 5, 1
HHANIERTAR, FER BTSN ¢ b, RIS it DBIEN ¢ BORTRR TR, 0
K 6.10(b) Fimme IXHAMFRIRE L : s 9 s; BIRTER, WA 6.10(c) — (e); PAK s;
s MIRGER, W 6.10(d) — (e)o

another
: an bo
boy bo bool boy
(c)
other ol Y
y
boy ol
an bo another bool boy
bool boy
an ol y
(a) (b) (e)
bool boy

(d

6.10: (a) [AZEHHFEA boy; (b) A bool, BIEEHT/IEL; () A (b) A another (d)
[ (b) fiA an (e) IA (c) A an, R 5MA (d) #A another FH[HE



94 COVAE e = ()
T EAYERE A ETS ¢ = (v, ts) PHARE s FIME v:

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

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

GnEREE s has, BT o B st DARTHIE,; SNA ins K& FRATENIRTRTSR.

(6.11)

ins[] = [s— (Justv,[])]
match s s’ . (branch s v s’ t):ts (6.12)
ins ((s'—t):ts') =
A0 (s = t) sins ts'

RTT SA S EAFR, BATEE—MEN o BT, FR s BUFRIHE B S0
XTI o — ¢, AT s T s, MREATEAHATR GEL match HEL
R, WA branch BB T, BATE LR DFIRIEEMR T AHATE:

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

AT LEEL (C, A, B') = lep A B FAEEFIE A Fl B MR ASLRILZ, Hep
CH# A =AH C+ B =B 7, R A B PWEA—MAEHEEIIHE -
TEEARIE, WAL C = [ ]; &0, Tl HEITHIMTF1 2 rPHREUA T4, HK L0
JTCERMIITERT

lep[1B = ([1,[],B)
lep AT = ([LATD

lep (a:as) (b:bs) = {a;éb; ([],a:as,b:bs)

BN (a:es,as’,bs’)

(6.14)

HAr (cs,as’,bs’) = lep as bs BIRITHREAVEE R, BEL branch A v B t %MW1
A B, —/ME v I ¢, BRI AL B K AR O, KM ZIR 08 5
b, BT
branch Av Bt =
(C,[],B"): (C,(Justv,[B +t)]))
lep AB=1{(C,A"[]): (C,insert A vt)
(C, A, B): (C,(Nothing,[A' > (Just v, [ 1), B' > ]))

(6.15)

R A2 B BIRGEE, WK A BT E] o FRTERY 5, FIZR AT 50 70 45 B e

B RHIME— T8 ¢; AR B & A BURTSE, T DRI T RY I RAERRAZ] ¢ H;

A FATTANE—MED v BT 5 REHA ¢ A R PTRF, R TERBF12
FSEELT insert BikL:
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insert [] v (PrefixTree _ ts) = PrefixTree (Just v) ts
insert k v (PrefixTree v' ts) = PrefixTree v' (ins ts) where
ins [1 = [(k, leaf v)]
ins ((k', t) : ts) | match k k' = (branch k v k' t) : ts
| otherwise = (k', t) : dins ts
leaf v = PrefixTree (Just v) []
match [] _ = True
match _ [] = True
match (a:_) (b:_) =a=—»b
branch a v b t = case lcp a b of
(c, [1, b') — (c, PrefixTree (Just v) [(b', t)])
(c, a', [1) — (c, insert a' v t)
(c, a', b') — (c, PrefixTree Nothing [(a', leaf v), (b', t)])
lep [1 bs = ([1, [1, bs)
lcp as [1 = ([1, as, [1)
lcp (a:as) (b:bs) | a # b= ([], atas, b:bs)
| otherwise = (a:cs, as', bs') where
(cs, as', bs') = lcp as bs
BATIHE AT PATHBRIE IS, FIPEPA S I A SRR
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 kK = s; then
9: VALUE(T}) + v > i
10: return T
11: ¢ < LCP(k,s;)
12: k1<—k—C,k2<—Si—C
13: if ¢ # NIL then
14: match < TRUE
15: if k, = NIL then > s; J& k AYRISE
16: pT; k< Kk
17: break
18: else > WL
19: ADD(SUB-TREES(p), ¢ — BRANCH(k1, LEAF(v), k2, T}))

20: DELETE(SUB-TREES(p), s; — T;)
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21: return T'

22: if not match then > HTH
23: ADD(SUB-TREES(p), k — LEAF(v))

24: break

25: return 7'

R LCP I MR ATRTEL:
1: function LCP(A, B)

2 141

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

5: return A[l...i — 1]

BRANCH(s1, T4, 2, To) A BRRIG L QIR s 23, BAHAFRFE A RS2 B
DFRBIETE, TAE T REN Ty BT, SN, FATOIEE—DFR R0 =, TR
T\ T ENFH,

1: function BRANCH(s1, T4, S2, 1)
2: if s; = NIL then
ADD(SUB-TREES(T}), so +— T5)

4: return 7}

w

T <+ EMPTY-NODE

o

@

SUB-TREES(T') < {s1 — T1,s2 — T}

return T'
BARATERIE = 1S RA R, (HHE R EIRZE O(mn), B n BHEIKE, m
EHIRTTREGHIRN,

=

6.4.2 Tk

B kN, FATMART SOFGR, R k=[] 923, WBR AR sOiME 75 05411
WA RS, $RBIWUR s, — ¢, (15 s, 2 k AURTSE, RSB 7R ¢ &
Bk — sio MRMEK s; AR k BIATEL, WA AR E R,

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

Hit AC B #R A2 B WIS, BEL find BIE X AE—F, BIEFIRHPER
AR E SRR R. NHIIBFIEF S T ERER,

lookup [] (PrefixTree v _) = v
lookup ks (PrefixTree v ts) =
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case find (\(s, t) — s 'isPrefix0f ks) ts of

Nothing — Nothing

Just (s, t) — lookup (drop (length s) ks) t

R8RS 22 FIT R BRI TR RO AR AR BE B EE B, Lookup BIERIE 24N O(mn), HA
m BHNRTTREGHIRN, n BHIRIKE, FAIMIT 7 an S 7UKIL, K HAEA AT

2B

#.3] 6.3

6.3.1. {HBR lookup FIEHHIIEI, FITEASEILRTZM B AR,

6.5 Trie FIHGZITINH

BATRT AR trie FIRTZR R AFRVE 2 HBBAY A, EAE PR SRATIR S, B3
NARTE, AR RN 5 R SEIUARIR], AR 45 B O #T 2 s B

6.5.1 TSR A AH5T

IEE] 6. 1L, 24 FFL P A SO 5, TS IR A, B e M1,

A|A

Q, intrd|

Al [IEREN English Thesaurus — Simplified Chinese

intro

intro-
introduce
introduced
introducer
introducers
introduces
introducing
introduction
introductions
introductory

introgression

intro | mtrau |
noun (pl. intros) informal

an introduction.

ORIGIN

early 18th cent.: abbreviation.

intro- | 'mntrau |
prefix

into; inwards: introgression | introvert.

6.11: JAl4l

AR B 7 AT 0 BA], AR IR AR, mNk IR SR A 2 (60 A 2 A TR
TiEDR SPERE, AR RME. R 15%, B 6.122 M E BT UIRERIHI AN, 2%
AWEE, RYH—LERTRERIRIEIT, &1LV F AR AN RIS,

XA TR FoR T B BN TRIZIARE. FATTAT ART RIS RSN e, fay ske D, 3%
THEGF R BRE FAF NI, ISR n DERH. —MARE 725, E
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pref

prefix
prefrontal cortex
prefab homes

prefab homes oregon

K 6.12: A BRI AN

xt, HrP R S AR BRI, (B R AR AR, S PR NFRTER s I 3RAT
FERTZER SCELRIA SR E R A LA s TFkROHE, Q2R s s, st IR AT T E 2
IRE n SREER; B, BATTRIBEICECH) F BB B, 1R SCHHEMESRE RIS, 3T
AT DAY et 2 kil SRS HZREEUS AT n D take n (startsWith s t), Bt t 2A(
ZRIH

startsWith [ ] (Nothing,ts)
startsWith [ ] (Just x,ts) ([],z) : enum ts
startsWith s (v,ts) = find ((k,t)—»sCkorkC s)ts= (6.17)

{Nothz'ng : []

enum ts

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

LRTE— N s, BREL startsWith TERTZTHEZRTE DA s NRIRIVLE R, R
s A, CHEESITE P, GNRRTRHRE « A2, W ([, 2) MENEIgS R i,
PREL enum ts EXANF:

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

H concatMap (WHRH flatMap) BHNRITFEHE—NEEME, SR EHY
THRF AN TTRBATHR, RS SRR, WHE A build-foldr & AR,
DATERR TR A AR Y Hp A 45 5471 2R (TR —ZmAE R 88 5 &), WIR s K
=3, AR E LGS, N TR (K, ¢), AR s 58 k 2RI —DIRTER, Bl 1tiE
Ty 3 ¢, IR & BRINEIEDN SR Z A S, AR s ASFIEAR[F-Hrf R
VEAC, WIAFETELL s NRIZBIEE R, NHEIFREFP I T —8iA:

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])
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7N A

BATHAT A a2 A 77 LM STARTS-WITH(T, K\ )0 MR RITFER, FRATIIE
BATRBRGS k= Tio SR & BEDTR T, BIRTER, BARIZAR 7Y fe

2 n REEF MR K 2 k WATS, AV ZA/055 0, e & — k; £ T,
EIHAELL,

1:

2:

10:

11:

12:

13:

14:

15:

16:

17:

function STARTS-WITH(T, k,n)

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

HAEE ExpanD(s, T,n) I T HRH 0 DEER, 755 s HIMERE D BERTAT

T FATAT AR AR R TR e (I 14.3 79):

1: function EXPAND(s, T, n)

2:

10:

6.5.2

R + NIL
Q (5, 7T)]
while |R| < n and Q # NIL do
(k,T) < Por(Q)
v <= VALUE(T)
if v # NIL then
INSERT(R, (k,v))
for k; — T; in SuB-TREES(T) do
PusH(Q, (k # k;,T3))

Bt AL

2010 AT, REHTFHL AR NNE 6. 13RI A, FF9 ITU-T #
o e NS 3 2] 4 DU REE, ﬁﬂ%’;riﬁﬂ)\%i%ﬂ home, FATAT LA
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1 |[ ABC |( DEF
2 3
GHI |[ JKL
4 5
PQRS|( Tuv |(wxyz
7 8 9
@@

K 6.13: FHLITU-T #E

TR T A T8 -

L. AZMIR 4 BT b
2. 2=1IX 6 BENFTF o;
3. #—IR 6 AT m;
4. FEFRIR 3 BENTAY e
55 4 — T PR 75 TR (R T AR ST -
L RUEZ T 4.6.6. 3, 15E R home HI;
2. R S5 US| R —MEE A good;
3. R SRR RE] T — MEIE I gone;

JEERR AT, fIFRA T P, Rk SLBE L ARSI R ST A
ZRFEAFNRG | FENRG, TATTRT DORF SR (E 7E — 1 BTS8Pk S b A 125,
B BRSO T R R -

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

Mpo[i] BREEHIECT @ XA TF1Fo BRI DUE SN FAFEEC T BIERRES

My = concatMap ((d, s) — [(c,d)|c € s]) Mrg (6.20)
WER My, BT DGR R — I B3
digits(s) = {Mpq[c]|c € s} (6.21)

MNTEMAET [a..z] PRITHR, BAREEBSEIRR T 4 Lo NHEIEA
TREFPE X T IR :
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mapT9 = Map.fromList [('2', "abc”), ('3', "def”), ('4', 7"ghi”),
(YSI’ 77jk177)’ (IGY’ 77mn077)’ (Y?l’ 77pqrsﬂ7),
(l8l’ ”tuV”)’ (lgl’ ”WXyZ”)]
rmapT9 = Map.fromList $ concatMap (A(d, s) — [(c, d) | c < s]) $
Map.toList mapT9

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

2 (v, ts) EMATA IE BRI A RTSR, FRATRT DUME S B 3hh 57 RiERAL
B dso BAHEED TGS (s — ¢) € ts PIIFTLR s ¥H00N digits(s), K&
ERAM ds VEAC AR — A5 —DRIATSD, FIREFEZ D TRIVLAC ds HITHIL:

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

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

X pfe DRSS (s,0), BRE find BITHTE ¢ PERRIRET 4, Hh

ds' = drop |s| ds, RJGH s BEINEIEEMEIRTRTE . 29 7B 1K B 8L, 3
fITEERHET n = |ds| DA

(6.22)

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

SRR S T A AT

findT9 _ []1 = [[]1]
findT9 (PrefixTree _ ts) k = concatMap find pfx where
find (s, t) = map (take (length k) o (s+#)) $ findT9 t (drop (length s) k)
pfx = [(s, t) | (s, t) « ts, let ds = digits s 1in
ds “isPrefix0f  k || k “disPrefix0f  ds]

Fan 2 A T RSB AR RS, ATDAH— B Q, AAFIFFEI TRy =t
(prefiz, D, ), BN=JCHEEEMRIIIFTR prefiz, MAERIET D, MFHER
IR ¢ BABITAGRIIN i, = T2l B &S Bi4R, EBECT, DL ATERIR AR /o A1
AT BASI B H = TCA, AR TR AR . X TR BRET (s — T7), BATTRE s Fhite
Ji% digits(s)o W D BERIAIE, sKE] T —Mekia, Bl TR s FHINE prefic BIRT
M, FFx FIX—45 R, MR digits(s) & D BRI, FATFREIBIEFH 77 HiER,
BAVE—D=JtH (prefiz+ s, D', T"), Hrf D’ BRIRIIE T, R —H=IT
LKIEIBAA

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

2: R < NIL
3: if T = NIL or D = NIL then
4: return R

5: n < ’D|
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6: Q « {(NIL,D,T)}

7: while @) # NIL do

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

9: for (s — T") € SUB-TREES(T") do

10: D’ + DicITs(s)

11: if D' C D then > D' J& D IH1E5
12: APPEND(R, (prefix + s)[1..n]) > BRI n
13: else if D C D’ then

14: PusH(Q, (prefix# s, D — D', T"))

15: return R

BATTINEEEL trie FEESELATSMIT40, I B 130K, Tl TE M = XRESE
U7 BT REA IS (map) BURZEH, 1% FRBATREAV I NEBELY Fe 2 FREE T
RFIR, Hh— DRI TR R, trie FIRTSN AT AR SREAT SCFALEE, FRA1145
H T AN BT B AR R o B AT 53 Sh— N 2 IS 53, e
trie SRIZMAEEVINIRR, BT DNA LHEIEH T,

.3 6.4

6.4.1. fEH] trie S E SR TFAIFIN A

6.4.2. X FIRMEZAMRIESERATRTSR A FLETX, WA CRIUE S H OSSR 1% I8 5 i
i ? IR SAERE A BRI ?

6.4.3. TERAEURERNIEES, FHETHRAIRZ n REER?

6.6 Bt Bl FFER

52 = XREE SCREEL trie:

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

TR insert Bl ¥R ARSI T A MR A AR AL

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

key = key > 1
}
p.value = Optional.of(value)
return t

LGRS

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

IntTree(Int k, T v) {

key = k, value = v, prefix = k

bool 1isLeaf = (left = null and right =— null)

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

if left — x then left = y else right =y

bool match(Int k) = maskbit(k, mask) = prefix

Int maskbit(Int x, Int mask) = x & (~(mask - 1))

EEESSGIEE U NG N =R

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

parent = node

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

node.value = value
} else {

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

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

}

return t

IntTree<T> branch(IntTree<T> tl, IntTree<T> t2) {
var t = IntTree<T>()
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(t.prefix, t.mask) = lcp(tl.prefix, t2.prefix)

(t.left, t.right) = if zero(tl.prefix, t.mask) then (t1, t2)
else (t2, t1)

return t

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

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

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

return (maskbit(pl, mask), mask)

trie HE XA A -

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

Trie<K, V> insert(Trie<K, V> t, [K] key, V value) {
if t = null then t = Trie<K, V>()
var p =t
for c in key {
if p.subTrees[c] = null then p.subTrees[c] = Trie<K, V>()
p = p.subTrees[c]

}
p.value = Optional.of(value)
return t
}
RIS A E SR -

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

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

PrefixTree<K, V> insert(PrefixTree<K, V> t, [K] key, V value) {
if t = null then t = PrefixTree()
var node = t
loop {
bool match = false
for var (k, tr) 1in node.subtrees {
if key — k {
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tr.value = value

return t
}
prefix, k1, k2 = lcp(key, k)
if prefix # [] {

match = true

if k2 =[] {

node = tr
key = k1
break
} else {
node.subtrees[prefix] = branch(kl, PrefixTree(value),
k2, tr)
node.subtrees.delete(k)
return t
}
}
}
if !match {
node.subtrees[key] = PrefixTree(value)
break
}
}
return t
}
TREUR K ATHTZ 1cp F10F: branch:
([KT, [K1, [KI) lep([K] s1, [K] s2) {
j=0
while j < length(sl) and j < length(s2) and s1[j] = s2[j] {
j=3j+1
}

return (s1[0..j-1], si[j..], s2[j..])

PrefixTree<K, V> branch([K] keyl, PrefixTree<K, V> treel,
[K] key2, PrefixTree<K, V> tree2) {
if keyl — []:
treel.subtrees[key2] = tree2
return treel
t = PrefixTree()
t.subtrees[keyl] = treel
t.subtrees[key2] = tree2
return t

ME LRI BTSN Fr A fise 148 101 -

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

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

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

}

return r

P -

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

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

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

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

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

return res
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7.1 i

b EEA A REERT SR A A AR RIAE R 59— R R XM 1%
R BELEM 2 BIE] ko B MR EFERT & ERM D BT AT
BHXHFRG T B+ M, —&h B WHY RIE ) MBURERSL. B 718K T M
B i, B TAT DA E e A — AR R 2 [ R,

7.1: B #t

—IR AR EON S, sEE— IR kE MAEG DR Lro 7R 1 REIEAM
TERA/NT k, HEH & /DNTHEFH r PEEETR

Veelyer=z<k<y (7.1)

B PR IX— EARHE 2 2N, — 1R B B2, BB S n DNITEM n+1 DT
IR B AR — R B W ICIXEETCERN ki, ko, vy ki, TR 1,0, oty b,
N 7.2FRe 1R FFR TR I DA S5

K k| . k,

. AN

tn+l

t t

7.2: B BT

PRSI, 5 R R DURTERE (key) RN RZAOE (value), EANZATHER, RN, AT T s P EOE, Frffh
BRIFINE TR

109



110 FLt¥E BW
o TEEEIBMA Kk < ko < ... <kp;

o MTER ki, 78 t; PEIFFTETTRE/NT ki, FFH & ADTFRE ¢ RRERTT
o

Va, €ti,i=0,1,...,n =21 <k <Xy <ky<..<zp<kp<Tni (7.2)

¥ RAEE TR, 2ITRIERAY K, N B WHIEADN BTree K 5
BTree<K>, Ak, TABETE X —HMNI PALRTF B A1

o FTBERIH-F15 s E A A RIIRE ;

o TENXRERL d, FRh B IR INERL, BT A
- RE2EA 2d - 1 P&
— BOEG d— 1 IR, R RGN,

Bl
d—1<|keys(t)] <2d—1 (7.3)
Bl 142 TR UERAIX LR ] DLORIE B W& T8,

UER. BE—REE n NITRH B W, /NER d > 2, IETEEN he BRIRTT RSN,
HEWRZEDVEE d—1 MR RNTEEDEHE DR WREH T, WZEDE
MANREN 1 T8, B0F 2d NREN 2 WTaR, 206 242 NMNAKEN 3 1
TR g, BF 24" NREN b BT R BRART RN, R Aok
PA d — 1, B R EE TR DGR 2 NI AE:

n >1+(d—1)(2+2d+2d*+ ...+ 2d"1)

h—1
=14+2d-1)) d*
k=0

= (7.4)
=1+2(d-1) d__l
= 2d" — 1
[A] LR ) v G SR A B e R AN R
h < log, "1 (7.5)
OJ

IXHRUERA T B AT, R AERA B RPN 2-3-4 B, ERIR/INEE d = 2,
PRART MR S 2 ) 4 R0 8L (EATLLRRREA B L #R AT DA —
#R 2-3-4 #if, FATICEECN d BIAEZ B KN (d, (ks, ts)), H ks BILRIIRK, ts 72
TIFIR, NEAGIFREFEX T B #:
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data BTree a = BTree [a] [BTree a]

ZHRIEN (2,2) 8 BTree [1 [1, N T#BRESDTRHHEEE O d, ]
T HAD B #4F ¢ HR—FME (d, 1),

7.2 A

FARERE A AR, AR TELB 2 N ITRM 0B, 1A B ¢
ATER o I, BATMIRT 50746, EHGXAERINE? A ZEMBTRAB/NT o, TN
FRITEERT 2o WIRBRMGHIHFT R (keys(t)| < 2d — 1), ¥ z AL E, &
T, XA E AR — AR ¢, FA DB = FAZ ¢/,

! n 26

. | AN

‘l‘2HS‘8‘9“12‘15‘16‘17“21‘25“30‘31‘37”40‘42”46‘47‘50‘
. N

[T e T e Lo Lo Lo [ B e (o T L] [ T ] e [ ]

7.3: K 22 AR 2-3-4 #F: 22 > 20, AL TM; 22 < 26, A E T,
21 < 22 < 25, A ZIATHAIH-F 77 5o

ZEAE 7.3 2-3-4 BHEATTE « = 22, K 20 < 22, FAi 1S A4 M) 744,
BHE 26.38.45, BN 22 < 26, A DA N oREE IS — MR TFI, RS 21 M1 25, X2
— ARG -5 55, 4 22 A 21 A1 25 H ),

HARMFHREESE 2d - 1 MR, A » FESEATRL LI B #
FIRRI, FlanmIE 7.350A 18 FEEIBRIX AR, FATTA PR  Seil A2 3%,
e PR A

7.2.1 JEHAED

BATA] DLRFLLFRR AR “ et NFHE R "7 IR 2] B M, JoAE & B AT
M, TR AZNE L N B, 7 R, WERMAR P T, T8 P EX&SEE2

2920 b, TR RFSEHNT RS T . ZWES 7.1.1,
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TLRHITT RT3 ¥, B iR EE R, FI DA A2 A S A 2 el

c
S
2
Rl

{ full d (ks,ts) = |ks| >2d 1 (7.6)

lowd (ks,ts) =|ks|<d—-1

MR EELZ TR, FAME N split FRERGHAEALE m SRR =37, W

& 7.4F7:
/ /2 U 7S B U R S \

L1 I L1 Lyl

GERN - EEER

1 I i1 tyi1

7.4: FERE m BTN RN =87,

split m (ks,ts) = ((ksi, ts;), k, (ks,,ts,)) (7.7)
BAULEAE—E (1.45) HE X split At PRECRIIL:

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

XEFRHE, FATTAT AE X unsplit BREL 1= N0 EFHR—1 B A
unsplit (ks;,ts;) k (ksy,ts,) = (ks; H [k] 4 ks, ts; 4 ts,.) (7.8)

NHEEESEE « fAS ¢, RIEEEH fio BE 6, FHBCVEECH d WEE
B :

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

£ ins ZJ5F, WRR W REALZHILER, B fio A split KeHIF, FFAE
HTHIARTY

fiz (d,t) = {fu” dt: (d (k] llr]), where (L, k,r) = split d t
otherwise : (d,t)

(7.10)
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BRI ins FRELCHPMIEDL: X7 A, AT AEAE &KX (1.11) EX
AUFIZRAE AR insert RACH; S, BAITH ZHRESIERIALE, 138 T H A5 H Ao
N, BATE L partition:

partition x (ks,ts) = (I,t',r) (7.11)
Hr 1 = (ksy, ts))vr = (ks,, ts,)o BH—HHHAE TR (1.47) HE XHIFIRE
B span HATXI 5

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

XK, FrE/INT o BTCERMFRER T2 R8N 1, FiE KT « MEREEM ro
BT RG—B/NT o BFWEHAER ¢ 8 TRBATEITMEE « HMmAZ ¢ A, 4
& 7.5

ins (ks,@) = (inserty x ks, ) M1 R, BRI A

(7.12)
ins (ks,ts) = balance d1 (inst') r HH (I, ,r) = partition x t
ki <x<k;
insert

/ P O I U S S \
L L Lyt
k| o) ke bo<x<k P S

/ l insert \

ty 78] t; ti L
! r .

7.5: H x X9
M ¢ A x5, EREEEEZ TR, AEWE B WM. A& LK%
balance VAT HRIBE,

(7.13)

ulldt: fix
balance d (ks;,ts;) t (ksy,ts,) = {f fixy

otherwise : (ks; 4 ks, ts; 4 [t] # ts,)
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Hp fiv, KEECON d BIF060t 20 (t, k. t2) = split d t, RIGHTE— D
) B B

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

NHERBIFREFEILT B MAHEARE:

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

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

insert x (d, t) = fixRoot (d, ins t) where
ins (BTree ks []) = BTree (List.insert x ks) []
ins t = balance d 1 (ins t') r where (1, t', r) = partition x t

fixRoot (d, t) | full d t = let (tl, k, t2) = split d t 1in
(d, BTree [k] [tl, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] # ts2)
where
fixFull = let (tl1, k, t2) = split d t 1in
BTree (ksl # [k] # ks2) (tsl1 # [tl, t2] # ts2)

7.6 TR B BT, BRI “GMPXACDEJKNORSTU-
VYZ” HRITERA B Rk,

7.2.2 JCoriREHEA

B RITIR R ARTE R R DU R A S A 2R, o NS X —
Fithe. BIAMA RIBITFEAN, MiB2EHE 2d — 1 DMTRNT AN, BATEESFI=
oy, El 74AFR. BT REEREAR d— 1 DR, B A TR EHNRRE
R B W R M TR 2,2 K(z) RREERESHITE, T(2) RRNEHEH T,
iz PHYE « DITEN ki(z), B j BRFIEN t;(x), NHFIRIES « DMLERXT
Rz AT

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

3: x + t;(2)

4: y < CREATE-NODE
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AN AN

A C D

Q |

N P R S T V| X Y z

7.6: ARG “GMPXACDEJKNORSTUVYZ”,
F:d=2(2-3-4 %), F:d=3

K(y) < [ka+1(2), kara(), .., kaa—1(z)]
K(z) « [k1(x), ka(x), ..., kg_1 ()]
if z is not leaf then
T(y) < [tat1(2), tara (), ... taa(z)]
T(x) + [t1(x), ta(x), ..., ta(z)]
10: INSERT-AT(K (2), 1, kq(x))
11: INSERT-AT(T(2),7 + 1,y)

TR 2 = t;(2) I, BAPREEE d DITR ka(o) FEEART A 20 1R 2 B4
W7, HEATTRIEMRIER B SR, itk BATTTRZMART U, B TR MEE A
MR TR, MFAITE&H 2d — 1 DITRIT R BOFTH AT miX At
B, BT ART DARZSZHE FORITTR, X —TARTEE R A IA MR, Joazm,
QRERARTYT s T, TR EEp i — 0 o, R BESRAOAR T s O B R — T, 2
ARIRRISEE

1: function INSERT(t, k)

2 Tt

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

5: T(s) < [r]

6 SPLIT(s, 1)

7 TS

8

return INSERT-NONFULL(r, k)

HAE T INSERT-NONFULL BRIZE NI A r ANt QR » 2717 5, 34l
TR & AR/ EAE NBIRE A B (Z5S] 7.1 38R H 0B HE TN ). &),
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HEE B

THRE—MLE, 15 ki(r) < k < ki (r), WRDE ¢;(r) W1, ST 24, RI54K
AR RPN 53T DA

1: function INSERT-NONFULL(r, k)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

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

return r

N =
v

X—BEREEAN, 253 7.1.285 R G E R, 7T TR A
“GMPXACDEJKNORSTUVYZ” IS5,

>l
Q
<
>~
=

K 7.7 RGN “GMPXACDEJKNORSTUVYZ”, F:d=2(2-3-4 #), R:d=3
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7.2.3 HIFEX

FIFIRAF TR, BAITHRZEEE —NICEITHR, YIRS AGE, R
BERAFAE, BATRI PAER =0 &K, Al T /PRI ME TG, IRIE TR AR/
FESFAHIENE? FATTATDARE B T WFom =350 B ook o/, e ZEM 1,
M ro HAZELAMER “TCR/F B (ki t;) BIFIR, Flig, 2200 1 2K, |
1 r 20 ¢ SN SKHIERGEER, R —MNE 7. 8FRIY S, BATRT LU & &
EIGIVEEE 28

v RN

t tiy t; tiv b1
1 v !
T " (kiys ) (k1)
‘ 1
4 head tail
T ) | e | Gt

r

7.8: ¥ B MR NI TR e M — Xt 511k

NHEIBIFRERE AR E X T B MR, Bl N, 8B EE =0 =M
WP GLR, T80 513K, PR 708, A TR, T80 813k, Bk
T RN (L, 7)o

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

AR, TN r RIS —XHME (k,¢), HES—X (k,t) BT | &%
A, PREH ¢ B o MEBSIRIDERS PR, B TE TR W RN

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

FIR A RS, FATT0T ASCELX 73 R partition p t, IRYIESRMFE p 12 B # ¢ 595K

FERE =35 (L,m,r)e A | YRR m B E p, T » FEIEAHE, & X
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PKI¥Z hd = fst o head, EMNFIFRHPEHE—IE (a,b), REHIRE ao

p(hd(r)):  partition p (step, t)
partition p (&, m,r) =
otherwise : (&, m,r)
not o p)(hd(l)) : partition p (step; t
partition p (Lm. @) = (not o p)(hd(l)) : p p (step, t)
otherwise : (I,m, @)
p(hd(l)) and (not o p)(hd(r)): (I,m,r)
partition p (I, m,7) = p(hd(r)) : partition p (step, t)
(not o p)(hd(l)) : partition p (step; t)

(7.16)
B4 partition (< k) t ¥ t HEIAEA/NT & TR EEEG M, e
FREFEIT partition FEL:

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)

BATHRTDAMIF step,/step, WEATZILRIITRENE d 77, 2 n =l &
MBI TR/ FREEE, () TN LR « BEENHEE f 3 n ik,

n<d: sp(step?="(t))
splitdt=q(n>d: sp(step=%(t)) (7.17)

T

otherwise :  sp(t)
Hrp sp AT R HI 295
sp (L,t, (k,t") :r) = ((L,¢t,9),k, (2,t,1)) (7.18)

FF partition F split, NFHIRMNFRE B B, AT A€ X HIGEAEE, &
FRANFEENR B WEAETZ. /DI R=aH]

full d @ = False

7.19
full d (I,¢',r) =|l|+|r| >2d—-1 (7.19)

|
low d @ = False

7.20
lowd (I,t',r) =|l|+|rl<d-1 (7.20)
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MIEHCN d B B B ¢ fATTE « N, TATEIEAHEA, RGEBETELZE
A ) -

insert x (d,t) = fiz (d,ins t) (7.21)
AR RS AR Z LR, M fio EAE 4 FHIR:

. o — enli
fi (d1) = fulldt:  (d,(2,t,[(k ta)] BH (41, k,ta) = split d t (7.22)
otherwise : (d,t)
PR ins TWEMTE ¢ = @ W ¢ # o PIRMEDL X230, BAATHTE— DR
TG EMYER (1,¢,7) = partition (< z) t EAENE)IHHARINLE

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

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

PR balance B T ¢ BEEEE ZICRHABIT I

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

otherwise : (l,t,r)

Hep fizFull = (1,ty, (k,t2) : 1), (t1, k, t2) = split d to RHEBIFITFEFLIT
AR

insert x (d, t) = fixRoot (d, ins t) where
ins Empty = BTree [] Empty [(x, Empty)]
ins t = let (1, t', r) = partition (< x) t 1in
case t' of
Empty — balance d 1 Empty ((x, Empty):r)
_ — balance d 1 (ins t') r
fixRoot (d, t) | full d t = let (t1l, 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 (tl1l, k, t2) = split d t in BTree 1 t1 ((k, t2):r)

split d te(BTree 1 _ _) | n< d = sp $ iterate stepR t !! (d - n)
| n>d=sp $ iterate stepL t !! (n - d)
| otherwise = sp t
where
n = length 1
sp (BTree 1 t ((k, t'):r)) = (BTree 1 t [], k, BTree [] t' r)
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g3 7.1

711 BATRERPA < (% B WEFEEILR?

7.1.2. {ERIFERRHBRJe PR B R RIE T,

7.1.3. BAMERLRIEERFSTTRBANACE, HEH -0 EBN ar @ NS T
. BIEERERTETTA?

7.3 R

BATA] DR AR ERE XY REIE G 2 N0 B e — XA
BELAMATIE, H B RIEZANT5E, FELE B W ¢ = (ks,ts) FAELITR k, IR ¢
M TR (ts a), WIS R IR AT S0, BATH kR ¢ Rl =887
= (ks ts)t'vr = (ks,, ts,), A I MIF08 ¢ RRIFTETTRE/NT &, T r HEIRT
BILREKRTET ko R r PHIE—NDITR ks, FT k, TATIEKE] 7455 BT
BBIAHIE T 08 ¢ B,

ke ks: Just (ks, &)
lookup k (ks, @) =
otherwise :  Nothing
(7.25)
Just k = safeHd ks, :  Just (ks,ts)
lookup k (ks,ts) =
otherwise : lookup k t/

HH (ks ts)),t, (ksy,ts,)) = partition k to FREL safeHd EXN:

safeHd |] = Nothing
safeHd (v : xs) = Justx

NHEEB TR R T ERER,

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

T HNFS S, BRZ I, IR, BATH S < B 3EATX 0 2R
JEtEEAME S — DT RREFT &, GBI T AL

lookup k & = Nothing

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

otherwise : lookup k t/

Hrr (1,¢,r) = partition (< k) t BXAFZMEIRN 7o safeFst KEEEL fst B E
“Maybe HIE L, FHEHEIGIFEFER T fmap KK

SsafeHd TEHLERZFEHLL 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'

X an SIS, BATMRTT e THG, $REME @ 15 ki(r) <k < kiga(r)o W0
R k() =k, MRRETT R r MR 0 ARAHER ; S, BATTIREAE F 7087 ¢5(r) YK
SR, IR r MR, HH B AEEA, NHRESEER,

1: function LOOK-UP(r, k)

2 loop

3: i< 1,n <« |K(r)

4 while i <n and k > k;(r) do

5 1+ 1+1

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

7 return (r,1)

8: if r is leaf then

9: return Nothing > k NMETE
10: else

11: r < t;(r) > YRGS @ BRI

g3 7.2
7.2.1. - HoERGEmSERE L,

7.4 B

MERTCRG, T ARFTRERIITTR AR TCIEHRIE B RIFEK, BRART R5h, TR
AT d — 1, B d Bl NERL MFRTHEARE, OB A AR SCibRE
BE. JE IR,

7.4.1 SEMBRAHBE
BATE Y R ~ HERMHMPREIRZ Z D0k, REHEBE B WE-FHEt, &
RE B
delete x (d,t) = fix(d,del x t) (7.27)

HA R del XN Z 0B RIBMERERCE, MR ¢ 27730, BT RITR
FRIER s A0, BATH o RSN =800 (1, ', r)o HA 1 FD ¢ WIFTRICR/NT o,
i r PAHRITTRERTET (S 2. W r AN, BATRHHARE—DICR k), A
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EET (B k; =), BAHE TR T 28 ¢ IR AITR K (B K = max(t')) B
kio SRIEIBVAHBAN ¢ FHAHER &/, 4N 7.9 R, I (r NZSBL Ky # ), BATEVTH A
' HIBR o

delete x

\

ky | oo | kg NeEx [l | K,
/ replat:fe k; withx

deletek’

21 .}

k’=max(t,)

7.9: H K = max(t') Bt k;, RIGEI0M ¢ BIER &

del x (ks,@) = (delete, x ks, )

el o ¢ {Just x = safeHd ks’ : balance d 1 (del k' t') (k' : (tail ks'),ts")
el x =

otherwise : balance d 1 (del x t') (ks',ts)
(7.28)
Hrp (1,¢, (ks',ts")) = partition x t, 2 « BT =35, FATTAT AE—
DMt FPRIGRATCR Ko BEL max & AR

maz (ks, @) = last ks
(7.29)
maz (ks,ts) = maz (last ts)

B last IRMAFNERAFRRIG—MITREE—FER (1.4)) delete, BH R (1.14)
HE X EIFIRMBRER L tail REFIFRAHEIE —DITR A8, FHREF FHTRR (1.1),
PADEFTZ BB RTESRR ARIEZ P E L balance B WFRTTRAHRITTRARD, Wl
T EFH.

full d t: fizy
balance d (ks;,ts;) t (ks,,ts;) = < low d t : fiz (7.30)

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

R ¢ FRTEAR (< d— D, BMVEA fimy SEMN (ks ts) BEM (ks,,ts,)
GBI QEFE—DANZHD, MBI ks ts, FEIHEBRIGHITTR ko tno R
JEVAH unsplit (X (7.8)) Fl t GF: unsplit t,, ky, to ME—NEHEEZ LR
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Ko e, TATERAR balance BRERIYERZR B M,

ks # @ : balance d (init ks;,init ts;) (unsplit ty, kmy t) (ks,,ts,)
Jizy = ks, #@:  balance d (ks;,ts;) (unsplit t ky t1) (tail ks,,tail ts,)

otherwise : t
(7.31)
FRBE—MERT ks, = ks, = o, WA Z, X2 —HREA— P H-THIR,
TmiE—BE, kb F t, 232 ks, Fl ts, FE—DTER, BERIMES TG
ANFZEAE X fiz BREL IMAMBRIIAE P -

Jiz (dv (@7 [t])) = (dv t)
fulldt: (d, ([K], [I,7])), FH (1, k,7) = split d t
otherwise : (d,t)

fiz (d,t) =

(7.32)
S, BAHERATHEAIA— 25 MR, R R RS —R 70, TR A
AR K ME— RO TR E BT, T BB TR SR T MBR AL

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@e(ks', ts')) = partition x t

fixRoot (d, BTree [] [t]) = (d, t)
fixRoot (d, t) | full d t = let (tl, k, t2) = split d t 1in
(d, BTree [k] [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] 4 ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] # ks2) (tsl # [tl, t2] # ts2)
fixLow | not $ null ksl = balance d (init ksl, dinit tsl)
(unsplit (last tsl) (last ksl) t)
(ks2, ts2)
| not $ null ks2 = balance d (ksl, tsl)
(unsplit t (head ks2) (head ts2))
(tail ks2, tail ts2)
| otherwise =t

BATRAIZRXS B HAIMERE IR B IEZRS) . B 7.100 B 7.10, B 7.1268 7 HERAY
s
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& 7.11: Bk cC, RSEMIER <

G N Vv
M
D s Vv

7.12: MIBR ‘K, RIEMIER N
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7.4.2 FREIFEHEMIER

SR AR REANRIN T EAEI, R FEMER, Z MR ¢ HERTE 2
A Mt FR I B AT

oL 1008« FET ¢ BocEF, IEH ¢ B s FATATAERE ¢ Y o
R, 4Nk ¢ A RME—T R (R, NEFH— P B E,

oL 2: R » FET ¢ BITEP, H ¢ NBMHTF R MFEE=FfFIHM:

Mol 2a: E 7900, 2k = o WRETIKITEN K, HHF E = max(t;). TR ¢;
SHERBHIITCE S O, BATH K B b, RE@a ¢ PR &

THL 2b: G ¢, FHITTEANRE, BR T ¢ SERBBIITE (S d), MR,
BATHGEHITE K = min(ti) B &, REIEEMM ¢, HIHBR &7, Q0B 7.13F
o

delete x

\

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

k"=min(t,,,)

7.13: F K = min(tig,) Bk, RSB ¢, FIIER &7

oL 2c: W ¢, fl i BCEREANE (4] = [t =d— D, BATE tivoti &
HE— MR BEEH 2d — 1 DR, Al L et IER, anEl 7.14F0R,

t/
Ky e ks

x=k,~

K Ky, oo Ky k T

7.14: JeEFFEMER

EHERIRKITTR k; EATH IR ¢ R E=CREESHETTR), W k2t
HIME—TTRR, I H bt ROUERIPER TR BATTAT DOREAR s RE SR JRE, 4N 1E] 7,150
ﬁ_\.o

WO 3: 4R ¢ FTRAAEE o, BT EBIHAAERD T8 ¢ PR 2o 40
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K"y Ky Ky, okl k| KM,k

Ky, okl

Ky

7.15: GRS

Rt PHITRAR, BAIFHRZLE AR5

oL 3a: g2k ¢ BIMDAERETT R ¢ 13t PRIEM—PNEERBIITTR (S d),
BATR ¢ FRI—DITRBE ¢, RIS RMLET RFR—NTRA LB ¢, R+
BN tio WE 7T16FR, t; IR —NILR. 1% PARIEBAHOM ¢, HHHER o

ki
P A
tl ,': Il‘ tl+1
k' K (___'_"‘ T ko k" k"

/ 15 e Kd-1 \ / LK s Ky \
t' 'y 1" "1
v
k”l

/ k'l, ey k’d_] ki \ / k”2, s kum \

] t'd i t" l”m+1

7.16: WEMEEA—PITR

oL 3b: AR RAPRTTRAAE (1| = |tisa] = d— D, FAK ¢,
t R —DICER, HUE— BT REFH RN, W8 7.1700R, AR5 M HIE )
JHIER 2o
RHEE DELETE PRECSEEL T He & H FMBRE A
1: function DELETE(¢, k)
2: if t is empty then
3: return ¢
4: i1, n<« |K(t)]
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/ K, ka \ / k", Ky, \

1 tq 1" L

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

' tq " L

717 B tiktip

while i <n and k > k;(¢) do

1+ 1+1
if k = k;(t) then
if ¢ is leaf then > THL 1
REMOVE(K (1), k)
else > B 2
if |K(t;(t))| > d then > B0 2a

ki(t) < Max(t;(t))
DELETE(t;(t), ki(t))
else if |K(t;11(t))| > d then > TR 2b
ki(t) < MIN(t;11(t))
DELETE(t;4+1(t), ki(t))
else > THIL 2¢
MERGE-AT(t,1)
DELETE(t;(t), k)
if K(T) is empty then
t < t;(t) > 4 Rl =
return ¢

if ¢ is not leaf then
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24:
25:
26:
27:
28:
29:
30:

31:

32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:

43:

44:

HEE B

if & > k,(t) then

1+—1+1
if |K(t;(t))| < d then > H0L 3
if i > 1 and |K(t;_1(t))| > d then > TE 3a: /o

INSERT (K (t;(t)), ki—1(t))
ki_1(t) <+ Pop-LAsT(K (t;_1(t)))
if ¢;(t) is not leaf then
INSERT(T'(t;(t)), POP-BACK(T (t;-1(t))))
else if i <n and |K(t;;1(t))] > d then > 1HO a5
APPEND(K (¢;(t)), ki(t))
k;(t) < POP-FIRST(K (t;11(t)))
if ¢;(t) is not leaf then
APPEND(T'(t;(t)), POP-FIRST(T'(t;+1(1))))
else > THL 3b
if i =n+1 then
14—1—1
MERGE-AT(t, 1)
DELETE(t;(t), k)
if K(t) is empty then > Gl
t < t1(t)

return ¢

Hr MERGE-AT(t, i) KL ;(t)  TCRR ki (t)s 73AL 41 (¢) BFFRR— DT L

1: procedure MERGE-AT(¢, )

7.3.1.

x + t;(t)

Yy tiya(t)

K(z) < K(z) + [ki(t)] 4 K(y)
T(x) < T(x) + T(y)
REMOVE-AT(K (t),1)
REMOVE-AT(T(t),i + 1)

#3173
BAHEARTTHREH TR F R KRITE K = max(t) BEEMERT

2 k, NEBIAHAE ¢ HRIER £ IEE RN FREVAEETTIE : IS4 R
B/NTRRE ko EXRIIX—T574

7.3.2. SKIBIEX B REAIMHERE %,
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7.5 gk

B WS = SR RS2 A58, FH R B IR — NG, B R

PSS BRG] (1, 45 18 25), B M A AME AR 20T 2, i /b, ST 5 DR,

KB R A EA R T B RE R L, S T8 n AN B W, EAERER O(lgn).
7.6 Bk RER

B BIE X

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

ST R

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

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

A

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

return insertNonfull(root, key)

BRI R

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if disLeaf(tr) {
orderedInsert(tr.keys, key)
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1} else {

Int i = length(tr.keys)

while i > 0 and key < tr.keys[i - 1] {
i=d-1

}

if isFull(tr.subTrees[i]) {
split(tr, 1)
if key > tr.keys[i] then i =1 + 1

}

insertNonfull(tr.subTree[i], key)
}
return tr

B

HH orderedInsert #&FilATTREFIFEH,

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

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

EREK:

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int i = 0, n = length(tr.keys)
while i < n and key > tr.keys[i] {
i=1+1
}
if i < n and key — tr.keys[i] then return Optional.of((tr, 1))
if disLeaf(tr) {
return Optional.Nothing
} else {
tr = tr.subTrees[1i]

-}

(S Wi pa sl 7%

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

}

} else { // case 3b
mergeSubtrees(t, if i < n then i else (i - 1))
if i = n then i =4 - 1

}
delete(t.subtrees[i], x)
if empty(t.keys) then t = t.subtrees[0] // shrink height
}
}

return t

BIFF R, RBERAR, /TR,

void mergeSubtrees(BTree<K, deg>, Int 1) {
t.subtrees[i].keys 4= [t.keys[i]] + t.subtrees[i + 1].keys
t.subtrees[i].subtrees 4= t.subtrees[i + 1].subtrees
removeAt(t.keys, 1)
removeAt (t.subtrees, i + 1)
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K max(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = last(t.subtrees)

}
return last(t.keys)

K min(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = t.subtrees[0]

}
return t.keys[0]
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8.1 EX

HER — PR WA BEEEY , AT DR ORR 22 SEPR A0, CAEHER . H A LSRR
SEHREIERSE D, HEA Z RSB, R A — Pl B R 2R — O U T SR
He, VFZ2 AR E A HER R XA HER), B R.W. Floyd 45 A RcHEHE 7 B
R TIXASLE IO, AR SR E SRR, BREGH SN, E At RT DA H e RS
RS, AT, TATT AR = AL HE, EAE IR (Leftist heap). #HHE
(Skew heap). fHIEHE (splay heap)l'l, —MEENZS, BUfF G4 T AT LK/ NITTER,
B R — SR MEBUFE T =M

1 PR HETUS RS B/ VTR

2. SRR IRETOCR, FHORFRHERIPE BT BT RTHETIOT R B R/IR T R/ MY ;
3. AR R MAMED, FFREFHERIME;

4. HEBRE QA FF P AR A BT

T I0 3R AT ELAS, FRATT AT DA TS R R KT R BATIFRTTGER AR A7 B/ N R
AR /INTOME, TR R A7 B A TTER A HED K THHE, AT DAFH AR SCERE, R fwe/ ) (B
TERE TR R R HETR” TeRIN, A] DUE IR AR S AR, thT "™ 1%
PRI, SRR s IBR, 2805 A7 79 B TAR AR . FRATTHR(E A — OB SR 3HE D =
HE, ARZEAE=FANFH) = HE,

8.2 HIEEHIBIAYKE X — S

BRI TR X, EABHRFR e e X, TR R X
B, B TLP T SO TN kRO SO S 28 — 1 TR WERE D
TRM BRI, NERIGHRSA 1,2, ..., 28 — 1, MIZER XGRS ¢ 89755 Rfi
XGRSO @ BT RAER AR RO B R, sea SO A RO BRAE B
—ATRIEECE A7, B 818 T — e XA M ABHR R PR, BT =X
e 2y, MEAPE | DTRARNTA, BN REMEIEE [i/2] MR, £

133
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TN 20 DNTCER, AN 20 +1 NTE, RFI AR [ T

AU RE, YR BN S A A AT 0 (BT~ 50 AANEREH 2 TR AR ER a] UE SCan
T REARNRTIN 1 IR :

6 14 10 8 7 9 3 2 4 1

1

8.1: T84 = S EIEAH AR S

parent(i) = L%J

left(i) =2 (8.1)
right(i) =2i+1

A R TR 7 TR) AT OIS A28 SRS IR, DA B R S B 817

8.2.1 HEiRX

HEVERE R AR HEME RIS AR, (ERHEDUT RN/ (SRR, BT HES S RIEURE
R SR, FRATTAT AR R B3 T R, 2R1G — DG 9 A HEVE DT - (1SR AT
AR AR R/ (BRI B, R BRI AR — 7 HE, fIsREIL, FA1%
JE/NTHHE, T T SRR — SO, (2050 AR 4, AR E « XM AIATE 71 5
FHERGHANT (=) Eo IR RNAZH, (155 m BRI/ IME L, HXFRL 0
NIREIFTA TR E I NIEAR, N RERE T RIS R

1: function HEAPIFY(A, )

1Heapify, HIEIEHEA,
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2: n < |A|
3: loop
1 54 i > s FRAER/)N
5: | < LEFT(7), r < RIGHT(7)
6: if | <n H A[l] < A[i] then
7: §1
8: if r<n H A[r] < Als| then
9: ST
10: if s # ¢ then
11: EXCHANGE A[i] <> Als]
12: 145
13: else
14: return

XTHEH A MRS 6, HEEERER Al B9 8RR EL BN B, Fik i
INKTERIRIFTE Ali], HRERITTR R 1, AR5 B T SR s, 415
Pl FIRER T R HEVE B, HEAPIFY RIS ZERN O(lgn), Hi n BITRE ML X
2 RN EEH R E MRS 52 2 — W R S BRI L, B 8.2 T HeaPiFy MR
51 2 FFE, IR/ NIV REERE (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] P20 IR, BHREK
TN (1, 3, 7,9, 10, 12, 14, 15, 13, 16],

8.2.2 FyiiHE

/] Heaptey, FATTA] AMAE SR IE Hi e, B8 2 — X ZH R 8 H -
1,2,4,8, ... #2 2 BB, WE—FISNERE—R. HTRA—CH, ke —EBRZ
A 27 AR, Hhop BT 20 — 1> n BER/IVEEL n BBEHRIKE, Heapiry
X1 ANV ER, DM B S 2 e VB 1o TRATTBRE 79 5, BB —
ISV JITAEARTA)_ BT HEAPIFY, A — 03X RRIIAKRT [n/2]0
PATTRT LA T H A S AL IS R 1k

1: function BUILD-HEAP(A)

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

FR Heapiry EZEHN O(gn), {H2 Buip-Hear MEXERE O(nlgn),
MRLeMER B O(n) B. FATBL TAFERIMFI R, RE2A 1/4 W7 LRI FIA
TRE—R &EZA 1/8 W BB A MM 2 H 1/16 BT R ELROT
[ RRE BN =R+ Bk UAATRS SRRy -

1 1

1
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&l 8.2: HEVEEE, EE—:13.3.10 HEIMEN 3, ZHk 3 «» 13; 58 -4:13.15.9 Hix
AMERN 9, %31 13 <> 9; 5B =213 117 5, AREEE TR,
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KA A 2:
2szng+a%+3é+m) (8.3)
3N (8.3) WA (8.2), Fli1A:
25— 8 = %+(4—i)(%—2)+] BT — T BT
S = mly+ gt 52 L SR

= n

K 8.3 T M [4,1,3,2,16,9, 10, 14,8, 7] F3E/NTIAER I AR, SRR
1T HEAPIFY B HFRTT A KT T A T ro

8.2.3 HEMIFEARRIE

HEFR I AR AL FE AR TAURE, 5 TR, S8R/ (B RO BT & NTEER, I8/
e A —Ie R (BUERRINER R —IT3R), PURABASTITR 1 = ARSI HE
AR RURAE T IERC R, N AR S —ME:

1: function TopP(A)

2: return A[l]

S Y HE T
S HETI S, BRI AR ITTRIUR AR, IXAH S TR T = XRAAR T A, RIR
B AN FORA —ARRIRAVEE K, O T RESRIX R O, FRATTAT DA RR R BRI £ Sk kA
RETCERAHE, KGR A I —, 1XAH 2 T BBR 75 /A AR L e P
HeapPiry PRE HEMER :
. function Por(A)
x <+ A[l],n « |A]
EXCHANGE A[l] + Aln]

1
2
3
4: REMOVE(A, n)
5 if A is not empty then
6

HEAPIFY(A, 1)

7 return x

ESEH Y AR R M B T 22 A 75 5 BT 1R, JXRE 58 CE 452 VR AR I R & 2% B B T
HEAPIFY,  O(Ign).
Top-k

ESER pop, A] ARH —4HITERPRIAT & D) (8RR :
1: function Topr-K(A, k)
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4 1 3 2 16 9 10

14 8

! ‘

(1) (5)

4
@) ®)

K 8.3: Mk, (DREE 16, EAT T 7; (D 16 « 7; Q) KRE 2, Bl 14,8
#/N; (DK 3, B 9 f1 10 /)N, ()RR 1, B H 2 f1 7 &/ ; (6) K7 4,1 bk 4 F1
3E/N; (R 4 < 1; (8) M 4 « 2, 5571,
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R+ ]

BuiLD-HEAP(A)

loop Min(k, |A]) times >k 8 R T T
APPEND(R, Popr(A))

6: return R

RIHMIL gk

HER— B R SEIHT B LS IAE S5, F0 “OLSEgBAA K T AL
FERAVESTANHET, R MHETE Lo s IR SS U T. N T R THER Y
FAMES, /] DARTHERIILI el Xt/ INIHE, IX IR I8N R TT R A ME, 4N 8.4F

TNo

1 ®)

) (4)

8.4: 1 13 WU/INH 2, 2 565 9 K, ARG HS 3 ik,

BB/ IV INTRHE R B RSN TCER I, RTRES BN HENE T, X TR — X, 1Bk
RI7ERRT D i, FEAYETE BRI, HNRE2EHN O(gn).
1: function HEAP-FIX(A, 1)
2: while i > 1 and A[i] < A PARENT(7) | do
3: EXCHANCGE A[i] <> A PARENT(?) ]
4: i < PARENT(7)

A

A AR Hear-Fix RSB A U, DUNTHERBI, SermEed R BRI TR k&,
M Heap-Fix JH%:
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1: function PusH(A, k)
2: APPEND(A, k)
3: HEAP-FIX(A, |A])

8.2.4 HiHbw

A DARIFHHESCBLHR . DA/NTTHE R B, MRS HER TCBRA I — D, AN AHETTER
Wi/NTR, MRS TIPSR, HFHEFRITRE o D, RN RS 2R
O(n)o HTHHIRIEREIEN Ogn), FHIHITT n Ko KA S %N
O(nlgn)o HTEMNBER T HIM-DIIRFHEHFEER, RIS RIEREN O(n)o
1: function HEAP-SORT(A)

2 R+ ]

3: BuiLp-HEAP(A)

4 while A # [ ] do

5 APPEND(R, Por(A))
6: return R

Robert. W. Floyd 45t T B—FSibl. B RHE— KT, BTk, HHER
AR TR B R B RITTR A, R ERATTRMFEE] 1 HE P SR ER A B, 1
JFORAEAR R RITTERAL AL T IHED, BATPRFHERI A NB—, A5 TIT HEaPry TRE
HEROPER, EEIX IR, EEIMEH OO N — 1otk X—RIEE R THINYH,

function HEAP-SORT(A)

BuiLD-MAX-HEAP(A)
n < |A]

1:
2

3

4: while n > 1 do
5 EXCHANGE A[l] <> A[n]
6 n<n-—1

7

HEAPIFY(A[L...n], 1)

#3] 8.1

8.1.1. FBF I —Fs B b HEHE e (U AR TR 58— S AR B A — i/
HE oA, BN, B—1NICER o CEEERPME T, BTK BRRMTER
laz, s, .y an] S HTHIHE, FEM a5 FFRAIIT Heapiey, EEIX—MIET
AP BRGES T, X —TTIRIE 27

1: function HEAP-SORT(A)
2: BuiLp-HEAP(A)

3: fori=1ton—1do
4 HEAPIFY(A[i...n], 1)
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8.1.2. Ky, n]PUEN B AMAGHAT k B Heariry SRR top-k BIEL?
1: function Topr-K(A, k)
2 BuiLpD-HEAP(A)
3: n < |A]
4 for i <+ 1 to min(k,n) do
5 HEAPIFY(A[i...n], 1)

8.3 JefmHERIFHE

BB R RS iHE, Y 5 HETOT R e, FARM B AW
ERTFRE, EATTERRHE, W& 8.57R. FATAANREE TR G FH R — M HENE? A fRFrHE
PRI, B AIAR T LU RIARTTR R iR N, TATTAT LAEEE R MR TR 0 FRISEER |

8.5: FHHHET (MIBRIRT /0 Ja, & A TR — T HE,

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

FEATFWEA 922N, BT e, & 8RR RERE T R/ R,
FATAT AL AR R AOAR, IR BBV N —NMENEHEIIR, © L = (4,2, B).
R = (Ay,B), Hit AL A\ B, B #ZFR, WR = <y, 2 WEHAIR, FATATLL
R A, RE@IIHEIF B M R; BGERE B, BAMEF A T R, FrAYHERT DY
(merge(A, R),x, B) 8L (A, x, merge(B, R)) Z—o PI/MERBA] LA, 9 T &7 B8, FAT 1] DAR
WA TR T & H . IXAERIHERR Oy 2 bt ( Leftist heap)o

8.3.1 ik

{56 7 At SEEM AR HERR O 7 Rt 72 IR R S C. AL Crane T 1972 £E5 A1,
PR R T — R, BFRME S E. TR B RIL AT NIL 1 R AEEE,
M NIL TR BIREET 00 AN 8.6F 7R, BERHRTT AL 4 BIEAIHF 75 500 8, AT MR
RN 2, T 6 71 8 #OUZMH-T, BN 1o BATA 5 WATRANZ, B2
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ERGFROES, RRRET 1, MHERK, 10T AE XE IR T, I T
B il riar,:

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

1. BEEHETW;
2. B <y, A T,

BATIRIXFER & FF RGN “FelmiE i, MEER U, £ — e mideh, 2354 NIL
A B R PR B S E A I, e g S U2 A A AN T, (B2 e ] DA — SR R MR o
BB 8.3.1. AH—MRAMN T EF n DR, MR REIREAN NIL HHE FR
ZEH [log(n+1)] DR,

BATIX WS T UERH U, D01, AR e B, TR R X — AR A TIR AR R LI, 8 AT DA
TRIE O(1gn) RIE Z%EE, FRATTAT DATE — OB A LA B3 — KR E X e mi, TEAR
BHIFEARM A (r, L, k, R), 73 AR, 20, TCRE AR

data LHeap a = E — =

| Node Int (LHeap a) a (LHeap a)

TE S rank HEORET AR,

rank & = 0
(8.4)

rank (r,L,k,R) = r

=Fid
NTSEMEFF, BAE L make REES A TRIBIRR, FAZ B0 O 22 i
)BEO
rank(A) < rank(B): (rank(A)+1,B,k,A)

make(A, k, B) = (8.5)
A0 (rank(B) + 1, A, k, B)
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BRI AL B FHITTR ko 5 A BIBEUN, WA B 1ENEFM, A fENG T
o BT RBIREN rank(A) + 1; &0, % B BIRREVN, U A 1N TR, B 4G
T H RN rank(B) + 1o SEMANEmAE Hy M Hy, ENIAZEN 252N
(r1, L1, K, Ry)\ (12, Lo, ka2, Ry), TR RECE )T & IR

merge & Hy = Hs
merge Hy @ = H;
(8.6)
k1 < ko : make(Ly, k1, merge Ry Hj)
merge Hy Hy =
A make(La, ko, merge Hy Ro)

merge BAEA T LA TIEIA, Zefmith Birs PAORES . IXFERLARIE T RTAR E A4 E
N O(lgn)o [BIBE_ET, {5 A SEERRUHEE R 22 2 O M EREIR AT, I AT RALAY
EERFRABE B HZEIFRIERIN I E 2% EHERMENE O(n), FAFHE
R EEERGER, RGP,
1: function MERGE-HEAP(A, B)
2: C + CONCAT(A, B)
3: BuiLp-HEAP(C)

fEH merge PREL, AT DASKELEEAHIHEZRAE,

S T
FATATALE O(1) IS IRINZREUAR T s HR A HETTOT 2R (WA AN S
top (r,L,k,R) =k (8.7)

SRS, B TR 2 G TG —NEE, 5 AN RS 28R merge HHIF,
2 O(lgn).

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

A

ABTLR k B, TR & A58 H A — N7 O, R e S I 2Ry
AR

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

5 A BEIITER insert k= merge (1,9, k, @) IXFERR AN 08 241
MEIFHER, 73 O(gn)o BATAT DA —DHIRFFIITTEMRIAGN, WIIFATIE o W,
.74 T — MaiE A fmERY -

build L = fold, insert @ L (8.10)

X S AR A TE N S build = fold, insert @
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8.7: MFIFR [9,4,16,7,10,2,14, 3,8, 1] #3& /& fmfE

HeHEY

PN, R Al — N e, R AN R EH SE T B/ N T 3Rl ] DASKE
BUHER -

sort = heapSort o build (8.11)

¥

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

388 H AR SO BN 1R], S BARA T n IR, RIS EERN O(nlgn).

(8.12)

8.3.2 FIHE

FemHEAE R LG R 2= AN IS5, GnE 8.8F iR, #HHE (skew heap) &2—
FhE VAR, R T A R SCBI R & 7 A DO U A A (RN, A A
BN, MR /e A 3, (HRIX— RIS AN REIRGF AL B RE — 70 S & H —> NIL F
TRIEN: NEWEZ R, EIRRER 1 RERL TSR : SR e G+
s

AR R (skew tree) SEERIYME, RURHE — VIR Z XX, BvNITTRMRTE
TERR A, BRI ER 2 — ORI, EANMRIERE, AT DAEREE FH — X IE o Hak
FHRA, KIEHN (L, k, R)o

data SHeap a = E — =
| Node (SHeap a) a (SHeap a)
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8.8: MFFI [16,14,10,8,7,9,3,2, 4, 1] FEH /= lmE

ai
HEFMERAEZRIR N, e FEBART R, B NI, REIESER
RITRIIMEH BN —F b, REHEELG TR, SPRIEZFIN: H =
(L1, k1, R1)~Hy = (Lo, ko, R2)o i ki < ko, EEE ky VEFTEIRR, FRATTBERT LUK H, 1
Ly &3, WA BLR Hy M1 Ry &3, AR—ME, BAVEFHE Ry b, RIERBEL T
B, RIGHIGE RN (merge(Ry, Hy), ky, L1)o

merge @ Hy, = Hy
merge Hi @ = H;
8.13
kl < k‘g : (merge(Rl,Hg),kl,Ll) ( )
merge Hy Hy =
A (merge(H17R2)7k27L2)

HARIPERAE, EAGH, ZREUAIS5H H TOUAR AR AT A (v —REE IS & R SE . R
PHELFEC P 41, S5 R8T —RRET- M — X0, anE 8.9 R,

8.4 fHijEHE

7 (i HERTRHHE TR B2 A — SO SEBILAR 411 SRR — SRR — AR R, T/
(B K) TERMABAL TR Fo BATFE O(lgn) NRSRIKEER/ (885 K) TTER.
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8.9: HEFFH [1,2,...,10] FIERI R

R TSR RMAT, YERER MR, BIMBIL N IR O(n). RE AT LALLM
RARFE P, HRRHR AL T — AR BRI SLINTTIE, (SRR A P, (AR
RN T AF AU SRNE, E AW (EAE 7 RIA S s AR BE RS , XA FEKT IR] ) IR gt vl
DA R, AT IXFEAIROERR N “ME (splay) 7o X F AN — XAEEM, &% T
MR, WIS BE-T, KB RRIRENIREMERREE O(gn) A, Daniel
Dominic Sleator 1 Robert Endre Tarjan £ 1985 T F5[ A\ 7 MR 1 1],

8.4.1 {HJEIR{E

ARG TR AT DASCEL AR, 55— RoR T SCIL L, (B 7R AL B 22 AT L ; 58
“RAFG B, (BRSEIBOVE 2% ICIEETIRAT ROTRN o, BT KT
2N p, WRFAEMERT A, HITRIEHN g MRBEIED N =D, GO P EREP DX
FREGTROL, BATT DA Hr ) — R e B, 41 8,107,

1. zig-zig IR, « 1 p BRRAEFIEE o M1 p BRRA T, TADELPIESR:, ¥
x PR R

2. zig-zag B, x M p —BRBLETWH — G T Ldhes, « ZIRTA, p
Ml g ZERR T LA R

3. zig BIR, XABUL T, p BART R, EIIhess, « TR TR R, X2 HRHRIEN

wRa—%o

HF 6 MARFIEN. LI XM T = (L, k, R), HVIRKPERICR y I,
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/f
& 8.10: zig-zig: = Al p BB FWEEES T, 2 BONIRT flo zig-zag: o Fl p —

BREEF WS — PR E T, o BOUIRTT R, p 1 g AT o6 T R, zig: p BRI,
BERL 5 o MR R
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R AR

r=vy: (a,z(bp(c,9,d))
splay Yy (((0,, x, b)apa C), g, d) = 718-71g
1|
r=y: a,g,b),p,c),z,d
splay y (a, g, (b, p, (c,z,d))) = (« ) ) ) zig-zig XK
&anp. T
rT=1y: a,p,b),x,(c,g,d
splay y (a,p, (b,r,c),g,d) = v anb).e(e0.d) zig-zag
& T
z=y: ((a,9,b),z,(c;p,d .
splay y (0,9, ((6,2,¢),.)) = {Tw DD e it
(o 2] I
xr=y: (a,z,(b,p,c)) )
splay y ((avxa b)apa C) = 71g
1|
rT=y: a,p,b),x,c
splay y (a,p, (b,x,c)) = ye ( ) ) zig X FR
ST
splayy T = T HE

(8.14)

AT 1 A B zig-zig 1A OL; 1% FRATPISE T IUERE zig-zag THIL; BRIGFZRT
IEHE zig THUL, HARMEIL, WHERRFAE, RO ARTTTRMS, JATH T 1%
TERIHEEMI AT M1, QHERAR 2, 45 RO — 19 1 B AT ERARr i AT R
FIRRT 5, AERAFR A BITTEREYD, wiR HOB T 50 A Ze T3, IR AT IR AR S
NG T, BT R,

inserty @ = (9,y,9)
<z: spla insert y L), x, R 8.15
insert y (Lo R) y play y (( y L)z, R) (8.15)
BN splay y (L, x, (insert y R))

Bl 8115 TR (1,2, ..., 10] BIZER, M4 TECFERIZE R, Wik
BT — S5 T B A AR R RN ) - B (RO 82 ) e B [ 4 177 (P R AR BTN A, s it 1
o VTR o AU, G FHE S £ M 8 A M RTER IR, TATRARE T 73 5 R
oy L 1 R, Hop L REFTAEITCER/NT 2, R PRTTERART 2. ARG o R, L.
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K 8.11: M [1,2,...,10] FEAERI R,

R NFEA TR . o B AR S TR T R R,

partitiony @ = (2,9)
partition y (L,z, R) =
(
(R =g (Ta ®>
(o <y (L, L), 2", A), B)
x <y Hrh: (A, B) = partition y R’
R= (L/,ZCI,R/) ( ) b Y

& ((L,z,A),(B,2,R))
HH: (A, B) = partition y L'

y<az' (A (L,2,(R,z,R)))
73] Hrh: (A, B) = partition y L'
&S (L, 2, A),(B,z,R))
HH: (A, B) = partition y R’
(8.16)
partition 52— NHEUEME y — B T Fo GRRENZ, 55N — W2 WAL T
o S, ICHEN (L, 2, R), BATHATEWAE o FIRT RAVE o WR 2 < y, 22 MR
T (DR vz, i — AERRBIER, FrETTRE/NT y, 858580 (T, 2). (2)
BN, & R= (L'« R), % o' <y, WITRTHAEMEEDE R, B R RGN
y RITTRBAM A, HRTTRWAM B, &8RN —xtht, K —#8 (L2, L), 2/, A),
BN B # o >y, BABEARA y 2H L' FEIZ5R (A, B), REWIEERN—
X, =B8R2 (L, z, A), 5—H2 (B,2',R)o 3 y <z I, THOUEXNFRA,
BATAT LA partition KEHHAR L, HrA—MaRHE T A — DR k W,
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FAVBHE D BIAPIERE T L F1 R, Hoih L SHEE/NT k BT A, 1 R SERA
By SRIGFRATAEE— R, fEH & 7ERIR, L R R 1E R F#f,

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

8.4.2

I T R A BT 2 — R, B/ NITTRAL T B MR T e FRATTAT A A2
M 7 DARETER TR, ICARZSHIBMA T = (L, k, R), top BRECATLAE AN

top (&,k,R) = k
top (L,k,R) = top L

IXSRPR Bl = AR min PREL, S TRERN, F5 2R/ T = MBR, R
LA YT MPRIR, §EPA T — IR i
pop (,k,R) = R
pop (@, K, R'),k,R) = (R,k R) (8.19)
pop (L', K, R'),k, R) = (pop L'k, (R', k, R))

8B =2 NSEPR L HUT TR RAE, B BRI A partition BEL, TIRE
FAEM T = SARRMHIE, fRRME T, HETRERII R E 252 O(lgn).

(8.18)

8.4.3 HIf

WL EA partition, BATTATASEI O(1gn) WA EFFETE, 4 & H AR R
I, AR EATTERA 2, FATTRT DR 38 — BRA RUARTY UMD BIRR, RIS R HLA Dy it
(B HIEE AR, IHLJ , FRATTRE I HRe 55— BRAR B A0 5 7

merge 3T = T

8.20
merge (L,x,R) T = ((merge L L") x (merge R R')) (8.20)

¥

(L', R") = partition x T

QUERES— N HEN S, G5 R O o) — e, S, IR — DN (L, 2, R), o hELiE
EOHE T R2ER (L, R), o L' 88 T A/ » BI7TE, M R A& HRTT
o NSRBI L 0 L SFHOFRIE T, K R M R GFF G 1

8.5 /&

A, FAINE T @A =M S, R R HER PR, w] DUE A R KR
XKL, FEEHIE N ESEHIE T an 2 S NSL B, e — PR e 2 = B 2K



8.6 MKyt: B+

o THERATRENLI A, BATBENEE T B — XS HE, 1E T RS, RHER
SRR TR 2R AT BUAE] O(Ign), AEEBRIERI 2 PERN R 2R EZ O(1) Y. Mk
FEVT G T TR, — > FARRYRRTR SRR — SR R B 2 S, IR AR 215 21

TEARSE A I S ARHERIBO HE, 2 W1,
g3 8.2

8.2.1. a2 a7y LB fme, RIHE,
8.2.2. & NHEMIBINHRIE

8.6 Pt Bl

TEBEH RN 58 2 — R RIS BRI R A sOFT T84, ZR5 1M 0 FF4A:

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i < 1) +1

Int right(Int i) = (i +1) < 1

HEEE, FeoT R RN RIS R NS

void heapify([K] a, Int i, Less<K> 1t) {
Int 1, r, m
Int n = length(a)

loop {
m =
1 = left(d)
r = right(i)

if 1 < n and lt(a[l], a[i]) then m =1
if r < n and lt(al[r], a[m]) then m = r
ifm # i {

swap(a, i, m);

i=m
} else {

break

}

M ISR K3 o«

void buildHeap([K] a, Less<k> 1t) {
Int n = length(a)
for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1t)
}

5o LTI -
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K pop([K] a, Less<k> 1t) {
var n = length(a)
t = a[n]
swap(a, 0, n - 1)
remove(a, n - 1)
if a # [] then heapify(a, 0, 1t)
return t

FK top-k:

[K] topk([K] a, Int k, Less<kK> 1t) {
buildHeap(a, 1t)
[Kl r =11
loop min(k, length(a)) {
append(r, pop(a, lt))
}

return r

PR/ NHEHR TR A (H:

void decreaseKey([K] a, Int i, K k, Less<k> 1t) {
if lt(k, al[i]) {
ali] = k
heapFix(a, i, 1t)

void heapFix([K] a, Int i, Less<K> 1t) {
while i > 0 and lt(a[i], al[parent(i)]) {
swap(a, i, parent(i))
i = parent(i)

HERA -

void push([K] a, K k, less<k> 1t) {
append(a, k)
heapFix(a, length(a) - 1, 1t)

HeHER -

void heapSort([K] a, less<k> 1t) {
buildHeap(a, not o 1t)
n = length(a)
while n > 1 {
swap(a, 0, n - 1)
n=n-1
heapify(al[® .. (n - 1)], 0, noto lt)
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Fe S

merge E h =h

merge h E = h

merge hl@(Node x 1L r) h2@(Node _ y 1' r') =
if x < y then makeNode x 1 (merge r h2)

else makeNode y 1' (merge hl r')

makeNode x a b = if rank a < rank b then Node (rank a + 1) x b a
else Node (rank b + 1) x a b

PHESR I

merge E h = h

merge h E =h

merge hl@(Node x 1 r) h2@(Node y 1' r') =
if x <y then Node x (merge r h2) 1
else Node y (merge hl r') 1'

GHESEN

— zig-zig
splay t@(Node (Node (Node a x b) pc) gd) y =
if x — y then Node a x (Node b p (Node c g d)) else t
splay t@(Node a g (Node b p (Node c x d))) y =
if x = y then Node (Node (Node a g b) p c) x d else t
— zig-zag
splay t@(Node (Node a p (Node
if x — y then Node (Node
splay t@(Node a g (Node (Node
if x = y then Node (Node
— zig
splay t@(Node (Node a x b) p c) y =14f x = y then Node a x (Node b p c) else t
splay t@(Node a p (Node b x c)) y = if x — y then Node (Node a p b) x c else t

c)) gd y
b) x (Node
apd)y=
b) x (Node

0

g d) else t

0O T o T
m X T X
(e}

p d) else t

—
splay t _ =t
R -

insert E y = Node E y E

insert (Node 1 x r) y

splay (Node (insert 1 y) x r) y
splay (Node 1 x (insert r y)) y

| x>y
| otherwise

AR ) 5 1 -

partition E _ = (E, E)
partition t@(Node 1 x r) y
| x <y=
case r of
E > (t, E)
Node 1' x' r' —
if x' <y then
let (small, big) = partition r' y 1in
(Node (Node 1 x 1') x' small, big)
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else

let (small, big) = partition 1' y i

(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
E — (E, t)
Node 1' x' r' —
if y < x' then

let (small, big) = partition 1' y i

(small, Node 1' x' (Node r' x r))
else

let (small, big) = partition r' y i

(Node 1' x' small, Node big x r)

e

(LS EESE

merge E t =t
merge (Node 1 x r) t = Node (merge 1 1') x (merge r
where (1', r') = partition t x
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9.1 fHT

ABENRS — M EMAHEE 77 R —E B, EAEMERE LA PO R
i EraRTR, BAEHEREHE R ERERI R Z 04, BRI RI A BN DARGE, &
LR BIHERE R, MRS T FER I HEFP IR MERE EFR O(nlgn). IEFEHERFHIEAR
A DAE HHZETE RS, MR IVZRE R, S ZBIMARRIRNZIE : —fE T /R
MBI B R — 05 55 —RiE T “FEA” , G SN i/ N — R, 38 — R
TEPR AL R BN P IR ; 58 A IR N BRI IE T & . SKRn b, £
TAHEA LR INEAT T I R R BRI :

L ARSI, HEpa R s
2. 0], BRENER/NTTER, K ELEINEI S5 R T

R—RIEETHRER, WREBRIEFRRRIITR, WERR TR, AT
R BRSNS

sort [ = []
sort A = m:sort (A—[m]) HH m=min A

Hrf A — [m] BWFHI A RERRITTER m JGHIRERER 7. AR A 2R -

(9.1)

1: function SORT(A)
2 X ]
3 while A # [ ] do
4: x < MIN(A)
5 DEL(A,x)
6 APPEND(X, )
7: return X
9. 1IR T IR HE AR, 1k, JATATDATE A AT EstHET, K5
% X FERINITERIGE AL, UUMOTEERAETE AR AL
STBUX— Btk HEREIE  NTERIE, TR Al At

1: function SORT(A)

155
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min
x
append
sorted unsorted
X1 < X <..<Xxg ap ay ... ay

9.1: ZEMERNERITTER, N AFHIARHR 1 B/ N TR INTE 2= M R B

2: for i < 1 to |A] do
3: m < MIN-AT(A, 1)
4: EXCHANGE A[i] <+ A[m]

/?\ A= [(11, ag, ..., a"], %,I%IE% 1 /I\TTZ%HYJ, [Cll, a2, ..., ai—l} ﬁBEﬂFﬁo ?kﬂ‘]?ﬂi?éﬂ
[Qiy Qi1 eny an) PEIERINTER, BHD o, 2240, XFEE « MIBEFRE T IERITER,
HERXR-UBREIIRE IR, B 9268 7iX—~EK,

S
%4 N

.. BFTTR. x| - |min| -

9.2: ZEMFERTNERFTTR, N AFIARFR 71K E e/ NS B2 IE A B

9.2 ARE/IILE

BATAT A Eee——ie 75 i A — e R SR ME. FITRREN 1,2, .., n0
EEEgm =0 1,2 BIMANICER, EEEVNTE NS5 3 FTREE - HERX
WEFS n SLR, B IKEE A,

function MIN-AT(A, 1)

m<—1

1:

2

3: for i < m+1 to |A| do
4 if Afi] < Alm] then
5 m<—1

6

return m
MIN-AT B Afi...] FE/NEENRE mo 2 m EAE—ATLE Al I
B—REILE Ali + 1], A[i + 2], ..o
AT ARSI A EE— TR L PERE/ME, IR L REE— &, B
i/t E, UM L FEE—PNITER o, ARERERE SR/ NTE v,
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oy PR — PR RA R R/NILR.

min [z] = (z,[])
min (x:xs) = r<y: (z,xs), HH: (y,ys) = min xs (9.2)
IZZI_\‘D—W : (y, T : ys)

A DUEE—25 RIS b, 2T E M : A B, FFaaN A =), B &
EAREITE, BN B FMEIEFRANITCE LR, KRR A, T8 FE/NIIEH mo
HEREN B HEB— IR, F1 m WEEER] B ZES, XK, m 2R/t E,
TEERRHEEAZ KRR L=A+ [m]# B,EHF a<m <bac A be B,

min (z : xs) = min' [ ] z xs (9.3)

¥

min’ asm |[] = (m,A)
b<m: min' (m:as)bbs (9.4)

min’ asm (b:bs) = {

BN min' (b:as) m bs
BRI %L min JR[A]—XME : B/ NCERMFIRTTRINR, XAEIEEEH AT DASEBLN -

sort [| = []

sort zs = m: (sort xs'), HH : (m,xs') = min ws

(9.5)

9.2.1 EEHEFTERE

EFH PR B PR A AT A ARHHF 7T R DLk B/ ME. ,"El'\ii\iﬁﬁT n Xk
Heyn o (n— 1)+ (n—2) + ..+ 1 WEEEE WIS Z0E R oY) — o), i
ANHEFPAE L, P TR AT B AN ETE L T RYTERE R AR, T AHE P e B b
TEOL N IERENERIEINTA] O (n) GTRAFEE—DHER S, H HIF M), mEH T
PERESEFTINTE] O(n?),

#3] 9.1
9.1.1. NEMEIBAEBR/IMESLIA AR -2
min’ asm [] = (m,A)

b<m: min' (as+ [m]) b bs

min’ as m (b:bs) = {

B min' (as 4 [b]) m bs

9.1.2. THFEHERHEFERER.
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9.3 Mk
T T R AR I e, SR 1T DU LR E R B <,

sortBy< [] = []
sortBy <t xs = m:sortBy < xs', HH: (m,xs') = minBy < zs

“f/IME" A R EE TR ART < AT ERAL:

(9.6)

minBy < [z] =

(x,xs), HF : (y,ys) = minBy xs 9.7
minBy < (xz:xzs) = { (@:y2) Y 61
A

(y, = :ys)

T —HEE, B NNTESERETHFER: sortBy (<) [3,1,4,..]c XHEZREK
< BAE R DY S0

o dEBE M MEM 2, 2 < 2 ANBRAZ;
o AEXFRME MEAT 2.y, B 2 <y, W y < 2 ANRAL;
o BEMEENM vy, B e<y Hy<z, W< 2

R BRI T ArERI7TR, i DR MEE RSN — P E G,

MR P 215 BN 2%

1: procedure SORT(A)

2 for i+ 1to|A| do

3 m <1
4: for j < i+ 1to|A| do
5 if A[i] < A[m| then
6 m <1
7

EXCHANGE A[i] <+ A[m]

HHT 0 — 1 DITRAHTE, BRIEHR FH— P ITR, BRZS n KEY. RILICRE
17— IR/ MEE K, XS EEPAHIEL AT AR D — IR n — 1o 5990, GHERES @ K
HITTRIGU 2 Ali], AT AT RGN E IXFER] DO — D G :
1: procedure SORT(A)
2 for i+ 1to|A|—1do
3 m <1

4 for j < i+ 1to|A| do

5: if A[i] < A[m| then

6 m <1

7 if m # i then

8 EXCHANGE A[i] <+ A[m]
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9.3.1 WEEFHER

RN T 5 —RE R P R SEEL D SRR BRIV R, TR AT,
ReHTBAER BN B WNEETNT 13.100R, (RN, B METRER TP, Bk
RHEFICR, MBI EAME, A5 BEIRAF R T HIAR .

procedure SORT’(A)
for i<+ |A| down-to 2 do

m <+ 1

1:

2

3

4: for j< 1toi—1do
5 if A[m] < A[i] then
6 m <=1

7

EXCHANGE A[i] <> A[m]

A
K« N

. |max| - | ... BFITE..

9.3: BIRIERERARIITTRIVEIRE

RGOSR RRITTR R IS ke, HE—20, RRReTH n] DARI N & Hdm )y
(EMTERARAE, 73R B/ IMEREI K, R EREIR o IXHERT DARF SN B PR IR A8
Foo KRR W RIEHT ", WIE 9.4F7R, (A&, ZEMFANE & EE T
TR, FIEAREARHER IRy, 2 A 2R/ IR RN N ITER, RE AR el1se
AT SLFIRE,

1: procedure SORT(A)

2: for i < 1 to L%j do

3: min < i

4: maz + [A|+1—1

5: if Almazx| < Almin] then

6: EXCHANGE A[min] <> A[max]
7 for j«+ i+ 1to|A|—ido

8: if A[j] < A[min] then

9: min < j

10: if A[max] < A[j] then

11: max < j

12: EXCHANGE A[i] +» A[min)]

13: EXCHANGE A[|A| 4+ 1 —i] <> A[max]

FENE AT HART, REAMERITR/NTRAMPITR, TERENZ, X2
ROABATTHH O B ARG PR TR ] DU A5 sUSEES EE EHE R -
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i
L. 2F/hreZE.l | © | - |max| - |min| -~ | ¥ . BFRAITE.L

S
9.4: —UAFRERIINE AL H R/ NIRRT R, RS R ENMNTRE ERAE

L HRHEFRF SN S BE GG — R, HFaE R NIRRT
2. S, BRENENERARME, 723lREDT Mg RO E, )53 IR R RT R
o

sort [] = ]
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], HH : (a,b, xs") = minMax s

Horh, BRI minMaz WA HRRER S e/ IMERT SR :
minMaz (z :y : xs) = foldr sel(min z y,max x y,[]) zs (9.9)

BATEBCL N T E D BIEN EREINE/AME 20, TKIE 21, H foldr T,
Hrp sel X H:

x<zo: (x,21,20:28)

sel x (v, x1,28) =Sy <x: (x0, 2,21 : T5)
A (xo, 1,2 : 8)

RE minMaz BINFIPERERERNERTE O(n) B9, (H +[b] BIFITEER, GHEl 9.4F
™, DM A BER/NMIERFTTER; A B BEBRNERITR. H A# B 1ENER
RER, AT DURS R HE 7 Fe o R VA Y -

sortt AB|[] = A+#B
sort' ABlz] = A+ (xz:B) (9.10)
sort’ A B (z:xzs) = sort’ (A4 [xo]) s’ (z1: B)

Hrp:(zg, 21, 28") = minMax xs, BAIUENZ AB BT csort = sort’ [ [ 1o
BB E U AEAE A 4 (o] T oy WIBGHESSS] B BRI, BFOGEITE R4 —IR
SEHERIE, T RS, BATATLME A RAE0F A, SRERRAT S o, BELEFIRITE
MAZIEN, FATEW NFEMRR:

A = A+ [x]
= reverse (z : reverse A)
= reverse (x: Z) (9.11)

e

= x: A
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BURT— U AR A7 A0 A, AFARIX — RS, DS — 2 SO T

sort' AB|] = (reverse A)+# B
sort' A B [x] = (reversez:A)+ B (9.12)
sort' AB (x:xzs) = sort' (zg:A) xs' (z1:B)

9.4 #ksGiE

BTG R HE RN B, BN RIE AR O(n?) B, M8 FLEGEAT
iy, HERETTRBAIARNIT, SFEIEINZ AT, N TR/ NTER, BIER
AR EHRRTR 47 AR — DR NTRN, BATLERE 11, RERLE TR
XN, BREER R, (BB UG/ NTRI, Bd1%H TN RNIE
B, TRMIT KT, HE— P BOER I E TR EAMEER, Hh—Mrrik
EREREEZ,

9.4.1 HFRTEIRINEE

JEER G IE 2 — IR, SR AR D RKINAY 32 BRI R ZIEANREE, 1982 4F
i, IREEMEX B 16 BRI, BAIEIR] 1978 4F, I H ARG —RiRF RN 75 12 R g 7t
ZEAEFE LT, TSR 8 HiATEEER; beEe =4 8 SARMEERRA, H
AR 8 AR, B TNK, (E58 50 HbFEh, 8 STERIAU 0K 4 2, FbEEr=4: 4 SZARMEER
BN SRIGIX 4 SZERRN 7T B A, bEBE = AR I L BRI 357 4, 80T 4 #01hER, it
Rl e, B EFIAIR N 8 +4+ 24+ 1 = 15, HERAN AR S HNE HEE
W, BATNCEANEW S BRI E, A N2 hR/G—3 b2 oE 2 & R BMEAS
BN E2? fEE LA TR, BRI, (&I N HUAE AR _E AN AT Bl
TS P2 A BRI E PN — G EE AT, BTN
SN, (RN AE — AE— L RR IR IX SRR IRAIERIN, 1R A RE T M ER et 424k
P H AT EKBA, B 9.5 T iX—1F 0,

& 9.5: JTE 15 EFE eIk

FMAA — MURHSL NI T BrRR, SE6E, RISETHRIIBAIK
T SRR NIBA (BRARBESE R A ZIZHRE ), AT R T 16, ARIEERIZ AN
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M, 05 14 RN2WE, MRS —RIBaaIke 15, BATFRZE—RHE e 77 5785
FREERHEEISE —KMEH, G, BATHEARMEE X —77E, B—HHE =K, FUK
------ AT DASE RS TR HE . FATTRT DA EE 42 A 2507 B8 Uk —IMB NAE (31140
—00), RFELUG EMASBIES, IXFEE 2SO %, RIEH 2m SRR,
m EEHRE PIARTE 2m L 272 4 42+ 1 = 2™ — 1 (REEFEA REF= A FTHIE 2,
IXFNEE —IRFHOEEAL BRI, Lhr L, FATCTE AT B IR R,
PREER A ERAE T R EEHINITASE B S5 ZaRmAYRN, — & 73 NI 248 et 22 o e, #5 ]
R R ERARHEE, KHIRATAT DNRRZER AR R, 186 A E E SR
[P 75 Tl T, TEIX 4R %A% b FHREE 5 AIRA. 1B 9.5 IX SRR PR IC A K 1, 75
FRGEMCEELERE [14,13,7, 15], X— B AT AR :

1. IWFREHRP TR —PRERAR 2R, 76t %2 CRRORAED 7 TR ;

2. HUHIR, B T ME e ER R RAREE RN —oo;

3. BRI LA R BB A, $RHFHE %, FARHE TR,
4. EEWIR 2, HFIFTARITRE BN,

N TR —HIT R, TN ENE —REERZER, R AMREE%E,
9.625H T IX—HEFHIRTI LN R, FRATAT DAE ] = SR HTE SORRIRHRPREM,
T EERE BRI, B RTFERAERN R R, TTREHE n ATRERNRIRL 2™
o MNELRSE, FIRERIRITRIRA W F7, M 2" BERRENT % AT
FEHRPREER, AT D TTRE — R — 71 S R, XA E T n R
X SRIGBATTE IR FERBE ¢1. ¢, I8 H—BRERE B ¢ Hr ¢ BIRRY
max(key(t1), key(ts)), LA T t1.teo EEIX—H AT DUSEN— BTN, A
PN T 1, NERERNGEN T —48, KPS, RN LgJo FFSEFIRE
ORI —IRARIEI, SNFISEAEEN O(nt 2+ 7 1) = O(2n) = O(n),

1: function BUILD-TREE(A)
2: T+ []
3: for each x € A do

4 ApPEND(T', NODE(NIL, z, NIL))
5: while |T'| > 1 do

6: T ]

7: for every t1,t; € T do

8: k < MaAX(KEY(t1), KEY(t2))
9: APPEND(T", NODE(ty, k, t2))
10: if |T| is odd then

11: APPEND(T", LAST(T))

12: T« T
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B 14, BHEHON —o0, 13 _ETHHTHIM
& 9.6: HbRFEMHERFRIRTILE
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13: return 7'[1]

FERERH ERAR SR HOAR T s, FATTE T R HN . —oo, SRR AEIEIT AL
SR [, A ) B R AL

1: function Pop(T)

2 m + KeY(T)

3 KEY(T) - —oc0

4 while T is not leaf do > BT MR m BN —co
5: if KEY(LEFT(T)) = m then

6 T < LerT(T)

7 else

8 T < RiGHT(T)

9: KEY(T) + —c0

10:  while PARENT(T) # NIL do > BRI B4
11: T < PARENT(T)

12: KeY(T) + MAX(KEY(LEFT(T)), KEY(RIGHT(T)))

13: return (m,T) UL =y v VISR L)

Popr b NEERME, BTA Nk, & B3 IRA LIRS SEE 28 —iE. BT
PREEI R TR, BRI, @ MmN O(lgn). NTAIEZREN O(lgn). T
T PR BRI SE I, FIRESEH O(n) I RAIMTE —BRERARZEM, RS HUT n IRXH
HERE, B — MR B R (E, B IRIERIMEREN O(1gn), BRPREEHERP BN
HEZEHN O(nlgn).

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3: for i < |A| down to 1 do
4: (A[i],T) < Por(T)

AT DU @A SE R AR 28 HE . FRATTE FH WA E o 2 —BRARZHIM N
(1 k,r), HA k AITE, Lor BEA T EX wrap x = (2,2, @) FE— DT 5o
XEEFR AT DAM n DICEFIR vs HEH n SRS R ts = map wrap xs.
M IEFRPREEI N, ELESPRARIN ¢, to, Ve K TCREIRTIIIR, 308 ¢t 1EN A
SR
merge ty to = (t1, max ki ko, ts) (9.13)
Hr k) = key t1, ky = key ty, AR TR, KL build ts ANHTEUH R
BT & 9T, SH S L ERAREEM
build[] = ©
build [t] = t (9.14)
build ts = build (pairs ts)
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Hrp:

airs (t1 :ta :ts) = (merge ty ta) : pairs ts
p (ti:ts ) ( ge t1 ta) : p (9.15)
pairsts = ts

N T WERARZER SR 2, FA A LA T, BT FRT AT ER
MHEE, R B B e ZE B B0 e R A, FRATR E o=
BN —ooo

pop (&, k, @) = (&,—00,)
k=keyl: (I''max (keyl') (keyr),r), EH1" = pop I
k=keyr: (I,max (keyl) (keyr'),r"), HHr" = pop r

pop (I, k,7) = {

(9.16)
HERF R AR AT A —ERERARZE S 58 LH et 22 (R e ) -
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (popt)
23] 9.2

9.2.1. FRBVARIERARTEHE LA T

9.2.2. FRARFEMHER AT DMEERMSE TR 42 BRREHF 42

9.2.3. FEHRERARZEMHEFF1 — SRR RIHERE, E AR RN 2 [RIReR A,
9.2.4. FEHRHEHEFPRIERPRZEIHE , BATIAOI AR 22 [ R a0l

9.4.2 Yl HEHER

FRARZE TR INTA R R TR A FIAN W B A IR S E] O(nlgn), IKEI THT
PRI HEF B BRR P, X AN A RO 2R ], HEF SERUE, SRR B A T AR
AR T TS, R XA S A A ARIER, [HE 548 7= R, GERAINEE
S SR SVE? ARAFHEF ITTERA n A, BARFEM LR S T 2n N R H
A o DN 0 DS AIREINERETL—F2ERIE? WNFIANIRT SAHITTR
HIATETS, M2 354 key BBa4AN top, IBA E—T RGN (9.17) BEATEA
B A B A AP

sort @ = |[] (9.18)
sortt = (topt): sort (popt)

XA — B HEHE P E e — i, HEEURTEERORF i/ (Bl fH, FF HiR
7 PR A S 3R, 8 P B A = SOHESE IR BRI EE A “ Gl sRECH IR 51, R
BRT n ANETTAN, TERAEMEIMNI SR, BREEAIHE, 2072 (A e e th AR 2 n
MR BATRAE T —EN A E 2RI, BN HEFZ B0 MA REFAITERE.
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9.5 Btk i
FEIB SR -

sort [] =[]
sort xs = x : sort xs'
where
(x, xs') = extractMin xs

extractMin (x:xs) = min' [] x xs
where
min' ys m [] = (m, ys)
min' ys m (x:xs) = if m < x then min' (x:ys) m xs
else min' (m:ys) x xs

AR -

[A] cocktailSort([A] xs) {
Int n = length(xs)
for Int i =0 ton / 2 {
var (mi, ma) = (i, n - 1 -1)
if xs[ma] < xs[mi] then swap(xs[mi], xs[mal)
for Int j=i+4+1ton-1-1 {
if xs[j] < xs[mi] then mi = j
if xs[ma] < xs[j] then ma = j
}
swap(xs[i], xs[mi])
swap(xs[n - 1 - 1], xs[ma])
}

return xs

3B A HIXS RR R -

csort xs = cocktail [] [] xs

where
cocktail as bs [] = reverse as +# bs
cocktail as bs [x] = reverse (x:as) +# bs
cocktail as bs xs = let (mi, ma, xs') = minMax xs

in cocktail (mi:as) (ma:bs) xs'

minMax (x:y:xs) = foldr sel (min x y, max x y, []) xs
where
sel x (mi, ma, ys) | x < mi = (x, ma, mi:ys)
| ma < x = (mi, x, ma:ys)
| otherwise = (mi, ma, x:ys)

2 X R IS ERAR R -

Node<T> build([T] xs) {
[T] ts =[]
for x 1in xs {
append(ts, Node(null, x, null))
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while length(ts) > 1 {
[T] ts' =11
for 1, r in ts {
append(ts', Node(l, max(l.key, r.key), r))

}
if odd(length(ts)) then append(ts', last(ts))
ts = ts'

}

return ts[0];

MERPRZERT B H T 2 -

T pop(Node<T> t) {
T m = t.key
t.key = -INF
while not +isLeaf(t) {
t = if t.left.key = m then t—left else t—right
t.key = -INF
}
while (t.parent # null) {
t = t.parent
t.key = max(t.left.key, t.right.key)
}

return (m, t);

HRPRZEMHER -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n = length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

AR TR HE R (B ) -

data Tr a = Empty | Br (Tr a) a (Tr a)

data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

Il
x

key (Br _ k _ )
wrap x = Br Empty (Only x) Empty
merge t1@(Br _ k1 _) t2@(Br _ k2 _) = Br tl (max k1l k2) t2

fromList = build o (map wrap) where
build [] = Empty
build [t] =t
build ts = build (pairs ts)
pairs (tl:t2:ts) = (merge tl t2) : pair ts

pairs ts = ts
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pop (Br Empty _ Empty) = Br
pop (Br L kr) | k= key 1
| k = key r

toList Empty = []
toList (Br _ Inf _) [1]
tolList t@(Br _ Only k _)

sort = tolList o fromList

=k :

Empty NegInf Empty

= let 1' = pop 1 in Br 1'
= let r' = pop r in Br 1 (max (key 1) (key r')) r'

tolList (pop t)

IR, TR IR, X HE

(max (key 1') (key r)) r




B IUHE, SEROIRRLHE, BoX HE

10.1 i

CXHERE A XA E TR, K SRR & S D (k> 2) EEEZ AR RIS
FIEFF AL, AENE I, B2 b SR AR, 1 RGEIR T
ZIEHER SRR AR, i nT DA 2SRRI B2 HE, TR RS2 HERE HE 5 I B PERE MO BN
A2 2% AR T T2 H RN [R], XN T BRI IRE S, AREIC RO e, EEL R
A EAFHITERE,

10.2 - WiiaCHE

WSS T A I, EH—H b XA, BRI KN R TR
NBEHFHRSIMAE, FHOEHE TN (o +b)" PZXEH G, SMAREA] DAER
N

(a+b)" =a" + <71]>a”1b+...+ <nil>abnl+b (10.1)

4 n BB, SRR 2 BT =M R —17, R ERTR DL

A 2RI DA — RS AR R, Hrp— U2 (EANEIA, ik =i+
FATN L AT 1, ey AT A B ERGT 2,

RERRCBE R = M, T4 (1010-1070), ZFIRAE 1665 EIEIA T n A EEUNAUIER, R EH0K n 7 BI58L

169
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10.2.1 Y5k

— R IR R — R 2 S, FEFA — R RR (rank), 1CFON 0 B9 TR
N Bo, A n B =THBRN Bo

1. By WMRBEEZE N

2. B, WHMIE B,_, WA, PR SUTER R —ZE B — RN T8,
WE 1017,

10.1: —IRCH

B 10245 H TR 0 2 4 B9 TR

WXL Z IR, TDUZEE B, TR REE G2 IR, Bl B,
FOBRA 1 MNRIRTR, B1EA4ANMTR,B2EBRF6NTR, B3EHE4D
TR, H 4 BA 1D RL ENMMRERIE R =M 4 17 O\E 0 777746) 1 1.4,
6.4 1o IXAlE I A TR R, #E—PHA T USRI ZIEM B, H&f 20 4
TLRo

— I B —H IR (IR AR, B R N R

1. EERBEER T R HETERT, X TN, R ROTRIANT () KT FRITR;
2. HEAEAAT PR — I RS IRL,

MHERT 2 ATDASHH— PSR &H n DICRRIEUHE, 1R n F2H0 32l
B (am...araq)2, HA ap BRARAL (LSB), ar, BN (MSB), 4 a; = 0, WHEFA
FEERN @ B9 I, 45 a; = 1, WIMER—E & E — By @ B, Bilan, g ik
HESH 5 NICR, 5 By 101, HERREH PR IR, —ERBON 00 —FBRBN 2.



10.2 I 171

B 10.3: &A 19 PDITERA IUHE
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1039 IR HESH 19 N, 19 = (10011),, H M By W, —1% B, i, —
B By B,

PATE A E SONZ X, W — MR RUTE kK v H0E T ts, 128
(1, k, ts)o & X ZIRAHE 4% FERE G A — TR Y 51 55 -

data BiTree a = Node Int a [BiTree a]

type BiHeap a = [BiTree a]

AR M 27, AT BT, AT A = SR SR E S22 X
Mo BT R B MRS MR o3 ZEMFR o34 1a T LS8 — AR -8, A R i ol
B R FrE AT R —ER, W 10.4F7R, AT DB FT B sk
PR R T
()

OSONEe

OO0
O ONRO

10.4: R NIRRT, Ts, ..., Ty N R BIFI R BIEMDN Ty, 5N Thy, o, Ty,
N Ty BT, Ty BIZEMZ TR T, GRS Too T HIZEMIZ TR 1o, A1
I R

10.2.2 W RER:
BATE BRI EMPIAR I B, MG B, 1o FEERPERR IR RUTE,
ERRRINIVE N FTHIAR, X545 — R8T HE 7 Wi, 0% 10.57R.

x<y: (r+1,z (rtts):ts)

link (r,x,ts) (r,y,ts') = { (10.2)

BN (r4+1,y, (r, 2, ts) s ts)
SR et T, A0SR " A SEIRAN R, FEREARVE AT DATE H 50N TRl N 8 A
1: function LINK(z,y)
2: if KEY(y) < KEY(2) then
3: Exchange x <+ y

4 SIBLING(y) < SUB-TREES(T})
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10.5: WK = <y, ¥ y 1N o BIEE— 1T,

SUB-TREES(z) <y
PARENT(y) + =
RANK(z) < RANK(y) + 1

return x

3 10.1

10.1.1. gwfEr=2EMaHT-R =AY

10.1.2. MERAIEM B, H58 @ TR RO ().

10.1.3. MERAZIE B, HEH 27 N R

10.1.4. FHRBSRTE T, SCBl I B R, 375 X fal Al JEAE R ?

10.2.3 #A
Bl 14 Herp I A 44 RS HE S, FHELE SR AT IS LR R D -

inst]] = [t

rank t <rankt' : t:t :ts

4 S , o (10.3)
inst (t':ts) = rank t' <rankt: t :instts
A ins (link t t') ts

HA rank (r,k,ts) = r, IR ZTERIAIRE, QRERHEONZE [ ], MEHTRE ¢ BN
HEFRE— RS S0, BRATTELRR ¢ AIHERRSS— BRI ¢ BORK. UNSR ¢ RIRRE/D, T ¢ pR
NS AR QIR ¢ AURRERVDN, TATTIR TR ¢ $8 NSIFRIARATR b 5 QrERPRAE S, Wik
byt BERE R —BRE R BIRE, S5 8 T i A ZIRERAIR A, G5RE n DITR, HEh&
ZH O(lgn) BRI, ins mREZHUT O(lgn) IREEINTAIRIHERE, HIN RIS 2%
O(lgn)?s M ins, BATAT LUE X ZTAHERARTE, Jofl AR © A —R
R — /N1 R, SRS AR A S

insert x =ins (0,x,[]) (10.4)

23X — I FERIP A —HERIEAINTEMEL, T AT | — 2 5] : BB %R (numeric representation) ),
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X8 OB, TATTA] DRI B E R T oo Rl A2 e
fromList = foldr insert [ ] (10.5)

XA FE A% 5, A I L2 " SEBLAN R -

1: function INSERT-TREE(T, H)

2 1< p <+ NoDE(0, NIL, NIL)

3 while H # NIL H RANK(H) < RANK(T) do
4 T+ H

5: H < SIBLING(H)

6 if RANK(T') = RANK(T}) then
7 T «+ LINk(T,T7)

8 else

9 SIBLING(p) + T}

10: p+ 1T

11: SIBLING(p) < T

12: SIBLING(T) < H

13: return REMOVE-FIRST(L)

14: function REMOVE-FIRST(H)

15: n < SIBLING(H)
16: SIBLING(H) < NIL
17: return n

10.2.4 HESIF

AHMAD WM Y TS FF A IR, &85 R A A R R AR,
H HAZIROBE N, SHLREMITFFHER L, B O HE R B 55—, bR
EATTHIRE, R I —RRTBNGE R AR ERR BIRRAE S, AT TR AT RER SOy — R
BORIIRE, R @3B BI & FFEE R,
merge ts; [] = ts;
merge [ tsa = tso

rank t; < rank ty: ti: (merge tsy (tg:ts))

merge (t1 :ts1) (t2 :tsy) = rank to < rank ty: ty: (merge (ty :tsy) tsq)
0] ins (link ty ty) (merge ts; tss)
(10.6)

=ty to BRARRINS, BTt a] DORFRERE IR RO TR A [HE R — N HE, R &5

merge (ins (link t; t3) ts1) tso
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PR ZCRT CATHEBRIE A, FE AR 75 UL BHE & 5F -

1: function MERGE(H,, Hs)

2. H < p <+ NoDpEg(0, NIL, NIL)

3. while H, # NIL H H, # NIL do

4 if RANK(H;) < RANK(H;) then

5: SIBLING(p) < H;

6 p < SIBLING(p)

7 H, < SIBLING(H;)

8 else if RANK(Hy) < RANK(H;) then

9 SIBLING(p) < H»

10: p < SIBLING(p)

11: H, < SIBLING(H>)

12: else > BRAHSE
13: Ty« H,, T, < Hy

14: H, < SIBLING(H;), Hy < SIBLING(H>)
15: H, <+ INSERT-TREE(LINK(T},T3), Hy)
16: if H; # NIL then

17: SIBLING(p) < H;

18: if H, # NIL then

19: SIBLING(p) + H»

20: return REMOVE-FIRST(H)

Bt Hy HF my B HE Hy TR my B, SHENERTRZHE mi +ms
RGNS AR, WEFHENTE O(my + ma)o WREEMAEFRBIN, &2
TEWH O(my +my) Kinse FBIE my = 1+ [lgni], mo = 1+ [lgny], HH ny
no EMMERBITTEREL, B [lgni ] + |lgna] < 2(lgn], HF n = ny + nyo RES
FHIEZEN O(lgn).

10.2.5 5

ZIEHER, AR AR JUARAE TR PRI ER/NT R HART ROTER RN
FIRAERN N 7RI R iR/ N, TR ERART &R BRIV A O(1gn)
R, BT DR EUR IME I VR 242 O(1gn)o (2T HIRIER R H /N, 1B
T ER E BRI CRFFHENE T, HEAF B TN By, By, ..., By, ..., Bmo W B, IR
RN R/ NTER, FHMIERE 27 p R IR, BN p— 1,p—2,..,00 T
ITRTEARE p BRF RS, AR — N T H,o BRE B, BIBHIAG AR — 1 0 HE
H' = H — [By)o K H, 1 H' G sta] DM RIRALER, WE 10.6FR. JAITELE
SONHE S i/ NT R TR
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10.6: —TFUHERT 5 R 1

top (t:ts) = foldr f (key t) ts (10.7)

=

f (ryzts) y=minzy

1XAE Y T3 PO HE R B A IR, $REHAR T A i eI ME -
1: function Topr(H)

2 m <— o0

3: while H # NIL do

4 m < MIN(m, KEY(H))

5 H + SIBLING(H)

6: return m

NT SRPRH, BATIT ZMHER 78 e/ N R TR RO -

min' [f] = (t[])
‘ key t < keyt': (t,ts),HA : (¢ ts') = min’ ts (10.8)
min' (t:ts) =
A0 (t',t:ts)

H key (r,k,ts) = k R IEHEIIRTT ROTER. min’ BIEERN—IHME: I
INTCERFTAERIR, BRI, 12 Rt AT DUE SCH HE A -

pop H = (k,merge (reverse ts) H'), HH : ((r,k,ts), H') = min’ H (10.9)

PIIVAINFES W IoR

1: function Popr(H)
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2: (T, H) + EXTRACT-MIN(H)

3: H < MERCE(H, REVERSE(SUB-TREES(T},)))
4: SuB-TREES(T,)

5: return (Kev(7,,), H)

HA SR ER S LB — 5, EXTRACT-MIN HIERSZIIAN R :
1: function EXTRACT-MIN(H)
2 H' + H,p+ NIL
3: T, < T, < NIL
4: while H # NIL do

5: if T,,, = NIL 8{ KEY(H) < KeY(T},,) then
6: T,+ H

7: T, p

8: p+— H

9: H <+ SIBLING(H)

10:  if T, # NIL then

11: SIBLING(T},) - SIBLING(T,)

12: else

13: H' < S1BLING(T},)

14: SIBLING(T,,) < NIL
15: return (7,,, H')

(5 FH S 3R A PT DASEIRHERE . B e MR HE P T A A — > I aCHE, 285 AT
M H R/ NTER,
sort = heapSort o fromList (10.10)
H heapSort SN :

heapSort [ ] = []

10.11
heapSort H = k: (heapSort H'), HH : (k, H') = pop H ( )

“IEHER A BRI A Z R EAERIMETLTZ O(1gn). MUTTAI I HER 2%
N HBUN TE], BADXERE R T 0 fEE A RIIER,

10.3 PR

ZIECHERY 44 5ok B ZIEURIT, SEOIRELHER) 44 7R H RSB 2RI
FIHEAR o bR —METE I, (HIXH AR I HEE SRR MESRIE RIS

3Michael L. Fredman f1 Robert E. Tarjan Eiﬁﬂﬁﬁﬂiﬁﬂﬁﬁﬁl‘ﬂﬁ%ﬁﬂﬂ‘ﬁmT%E?BZ??K%%&?HE’J’I&E, fAfI 12
X FhHE A4 N “ S B 1
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BN T 2R BIRLME, TR (R T S ERIRER 0], BRI HBRIESL, 22
TRSEHE TG TR R 7 e 52 2% LT ] DOKE B B4 1) 7

B TIEHE | BRI
A O(lgn) O(1)
aif O(lgn) O(1)
IREGHET | O(lgn) 0(1)
S O(lgn) | 739 O(lgn)

R 10.1: LPIRELHERD — TECHER () B A XS L

A IR AFTTR o I, BT o BARE — D19 SRR, REHA
FIRRMAR, BHEIRPRIBIE AT, GERBARSE, W THERE, 2RSIET5E A, A
AN O(gn). FERTEMERES, BATRHLZRA il AR HER SR EHER AT, K o
FITERI BRI, 7 PORIRIGHETT R, Pl 177 ZIC R IR—ERAR HIHR T A3
R17 T B/NTTR, — DRI AT o, & B TIRAIIBRE, 124 (n,t,, ts)o
Hrp S AR/ NTRIMEEIICR ¢, HPITR MO TEN n, HAR I 5
RN tso NHAIHITAERE 7 EBAREHE (B 7 I ATE 30 :

data FibHeap a = E | FH { size :: Int
, minTree :: BiTree a
, trees :: [BiTree al}

XA AT AR H BN AR BUETTT R (top H = key (minTree H)o

10.3.1 ffiA
FA TR A E SO — PR R I & 18, B — P HECGES A — B — N1 U
insert x H = merge (singleton x) H
BUE R AT A
insert = merge o singleton, (10.12)
Hrr singleton M x #JENEE —DITERAIM:
singleton x = (1,(1,z,[]),[])

FAFRCER AT DA AR AR B AN — D8 L, 285 ST 7 A i/ NT R IR
function INSERT(k, H)
x < SINGLETON(k) > ¥ kBN
ADD(z, TREES(H))
T,, + MIN-TREE(H)




10.3 FEUEFEHE 179

5. if T,, = NIL 8{ k < KEY(T},) then
6: MIN-TREE(H) < x
7: S1ze(H) < S1ze(H) + 1
Hrb Trees(H) $RBUE H HATERIVFIER, MiN-Tree(H) I8% T H &/t
ZRFTERIB

10.3.2 BIF

= IAHEA R, BATHE S FF IR BERE R EHEIR ZIRE R, (LOCRE 9 1 HE A R
Bk, AR LR BT & A i/ NT R AR,

merge h @ = h
merge 3 h = h
key t,, < keyt,, : (n+n' ty,t, tsHts
merge (n,t,,ts) (n',t) ts') = Y Y ( )
A (n+n/ )ty : ts 4 ts')
(10.13)

LN HERR A A, IX— SRR Y 4 BROERIH AR — D HER R AR E L, 4
SREFIARER, WIRT DAHEHES FH IR ETE m EIH R 18], T A 51 5 o A X e
FE LT FEPIRELHE -

data Node<K> {
K key
Int rank
Node<k> next, prev, parent, subTrees

}

data FibHeap<kK> {
Int size
Node<K> minTree, trees

IXFERL AT ASE I BON TR & FF 50
1: function MERGE(H,, H>)
2 H + FiB-Heap
3: TREES(H) < CONCAT(TREES(H,), TREES(H>))
4: if KEY(MIN-TREE(H;)) < KEY(MIN-TREE(H>)) then
5 MIN-TREE(H) < MIN-TREE(H,)
6 else
7

MIN-TREE(H) < MIN-TREE(H>)
S1ze(H) = S1ZE(H;) + S1ZE(H>)

8: return H

9: function CONCAT(sy, s2)
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10: e1 < PREV(sy)
11: ez < PREV(S2)
12: NEXT(e1) + s2
13: PREV(ss) < €1
14: NEXT(e3) + 81
15: PREV(s1) < e
16: return s;
10.3.3 5

TAHEEFEINHEIR T ARERE, 5 TR EAEB HPR L “A2" [k, 3RA]
TESOX—IE RN EIIAF, BB ERXE—DRE: SEET 2 BB,
L =12,1,1,4,8,1,1,2,4], TATRWORHEAA R B DN ECEAHN, EEIRA EHEFR
o EANBIFRIBREGERN [8,16], & 10.28H TIHHNFPE, IR R H
57 B B F RS R SIS ROR PR — TR R,
GUERARSE, LRI NS S EER; 5 — IR ISR, SR T T — P akt
Bl XA EHAFF R AE AT AR B Aok s :

B | AR | g5R
2|2 2
1]1,2 1,2
1] (1+1),2 |4
4] (4+4) 8
8 | (848) 16
11,16 1,16
1| (141),16 | 2,16
2 | (242), 16 | 4, 16
4| (444),16 | 8,16

* 10.2: IHBTFHID R

consolidate = foldr melt [ ] (10.14)

HA melt YN

meltz [] = =z

=1 melt 2z zs

(10.15)

/

melt x (2’ :xs) = Sx<a': z:a2 :xs

x>z 2 imelt x xs
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2 n = sum L, NITBEEFHIR, consolidate 4TI n FRom A ZHEHI%L,
MREE i A ERETE 1, WIRAFIRFBEE 20 XM G M 0 FFEd). il
sum(2,1,1,4,8,1,1,2,4] = 24, FRZi#FHIZ 11000, 5 3 F%E 4 L B2 1, FRPA
REFNRFEE 23 = 8,21 = 16, AU IEFT DASEEIM BV, A7 ZELLERRE,
FEAORRAH R IR TR R -

meltt[] = [t]

rank t = rank t' . melt (link t t') ts ( )
10.16
melt t (t':ts) = QSrankt<rankt : t:t' :ts

rank t > rank t' : t' :melt tts

B 10.725 7 3EBIRELHER I F L AR AP R, FR 10,20 ELRT DA BT A
o BATHERT DAGE A — DB A SRATIHFF, Ali] TRFBON @ BB, fEimPhEH
ORI, A FOB EN 55 —BRBON @ BIRE, BA TR e THERGEER IS 2 — RPN @ 4 1 AU,
RIER Ali] B2, FHEERE Ali + 1] BENE, HAND, SEEGEI TR, &5
G, A R T IR RIS R,
1: function CONSOLIDATE(H)
2 R < MAX-RANK(SI1ZE(H))
3 A« [NIL, NIL, ..., NIL] >3 R A
4 for each T in TREES(H) do
5: r < RANK(T)
6 while A[r] # NIL do
7 T + Alr]
8 T < LINK(T,T")
9 Alr] + NIL
10: rr+1
11: Alrl« T
12: T,, < NIL
13: TREES(H) « NIL
14: for each T'in A do

15: if T # NIL then

16: append T to TREES(H)

17: if T,,, = NIL or KEY(T) < KEY(T},) then
18: T, < T

19: MIN-TREE(H) < T},

R e b TR I VA5 )5, SERIRELHERR A A T I HE, IR HER A 5 5
N O(lgn) BRe Max-RANK(n) IR[Al n DNITRAHEFRAATRERIRL R, ARYE I E
HIEEie, BRERHIRN Br A 27 PICER. BlTH 27 <n < 2801, FTHENE— P KREL
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YA AT

o3

128 %3P, d REHER o, A&
JERERER a,

B 7.8 %, r LHEED q, RIE s BERE
F qo

& 10.7: IHFHAIP R
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EBRA R <log, n. BAEELH R BYSEMEMAIEG T, Bl 177 ZHIMITE —iE A i
AR A, $REF A iR/ NT R, BATRTBAE A (10.8) & X min 73 B HHETH
TLR TR

pop (1,(0,1‘,[]), ]) = (:C,H)

[ (10.17)
pop (n, (r,x,ts,),ts) = (z,(n—1,tm,ts"))

HAr (t,,,ts") = min' consolidate (ts,,ts)oiFEE + HINREIEZRER O(|tsn),
F e/ IMEFRAE BRI R F REREURIE e, X B A a2 3 CSEERan
1: function Popr(H)
2 T,, < MIN-TREE(H)
3: for each T in SUB-TREES(T,,) do
4 append T' to TREES(H)
5 PARENT(T') < NIL

remove 7T, from TREES(H)
S1ZE(H) < S1ze(H) - 1
CONSOLIDATE(H)

return (Key(7,,), H)

BAER “BRETTIE” /oA RER) o PEERE. [RIZP AR E S ERERIE L
E =mgh (10.18)

Nk 10.807R, RIgE—NE AR, KRN m YK LIS, R&Y
IR IEAE T aoh B BB, GHERIX—II R P AR EERE 8 W, IR ) SR -

W =mg(h' —h) + W;

hl

10.8: E 11356E

B LIRS A SRR, O T T RUEHAE, BT Jo SUMBR /N TR ATHY
BREN ©(H)o R NHRERHIZHNIEAHEA, SHBRERN, LM IIAH, R
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TR 1Y, I ERTEIERE ©(H ). ®(H') M1 ®(H) FIZEFAN_ERIEIE AR
orn] PAZE tH A 70 ER 2R, T SCBREDk

O(H) = t(H) (10.19)

Hp t(H) BHEPMAIREL T n DT RBEBIIRSHE, SHERATERTRR) L
BRI R(n), JAF)G, HERRAURREUR Z 9 t(H') = R(n) + 1, TEVAFFA, FATEM T 5
Hh—N AL, Xt st T R ok - BT TR A A R/ VT R EIRHARMNER, 2805
R 2B IEIRA R, IR RERZ AT R(n) + ¢(H) — 1 BRI, 5
HRERIIN R 28N T, RFFFRIIN R 24N T, A S o iErEREn

T = T.+®H)— (H)
= O(R(n) + t(H) —1) + (R(n) + 1) — t(H) (10.20)
= O(R(n))

A AFF SR ] DARR ORI B2 HE A BT A AR O IR, B R(n)
1L O(gn)o

10.3.4 RFHEESR

RS2 HER) — NSRRI . FMEE S TS5, EMESFESRATHIT, 9
IEFRATIAY B R AR HAT SR AV EUE IR, S 55 B HE T, SRS B, Blan i/
Az R RLIEAN Dijkstra BIEEMRBUX — 4520 U, IF B3AT R EH ) JEMEREIR S £
Ho < o faFHE H PR A, BANFHERERER/NN k. WIE 109, 5T R o
A/ NT AT ALy, BT o U1 N HEINEIHE (BRAK) . RUEIXRE AT ARG SRR AR Y
A U B IME, BYIRRT UG RIS B2 U, anSReR TIRZ 71, i
TCIERIE B HARIERIVERE, D9 T MRORIX — A1, FRAT145 3R IR B2 I — PR il S 14

MR IR E T HEATF1 8, SR BT R IR R EHE (BRAR) .

function DECREASE(H, x, k)

KEY(x) « k

1:
2
3 p < PARENT(x)

4 if p # NIL and k£ < KEY(p) then
5

6

Cut(H,z)

CASCADE-CUT(H, p) > [ETIBR
7: if k < Tor(H) then
8: MIN-TREE(H) + z

CASCADE-CuT ffH—MRICRICFK BRI R B R EL F 1, H1E Cur HiE
FRIX—FRIC,

1: function CuT(H, )
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B 10.9: 5 key @ < key y, ¥ = UI'R, ASGESIIEIMEH,

2: p < PARENT(z)

3: remove x from p

4: RANK(p) < RANK(p) -
5: add = to TREES(H)

6: PARENT(z) + NIL

7: MARK(z) <+ False

EIRYIRRI, #5758 = BERRIE T, BIORE AR 5 T T TRk
LIRS, B

1: function CASCADE-CUT(H, z)

.'\?

p < PARENT(x)
if p # NIL then

4: if MARK(z) = False then
5: MARK(z) < True
6: else
7: CuT(H, z)
8: CAscADE-CUT(H, p)
231 10.2

R15BH DECREASE 702 24 E N EEUNTH O(1),



186 FHE I, SERTIREHE, Bexd

10.3.5 EPIEZMENIm A

BATHARLG H Max-RANK(n) BIEHL, BEX T n DITRIZEPTRHEHATE
PIRREY L FR

19 10.3.1. W TEPTRHEFRIEMR o, 55BN &, (B k = rank(x)), x| R
FRITER ML,

|| = Fiso (10.21)

Hep B NEPTREZESI RIS kI

FO = 0
Fl - 1
F, = Fp1+Fpo

UERH. BT R o BIEEE kBRI g1, ya, .o yio U RAREER R 2 RIS TRISEIG, Hrp
y1 I, v, BOHTIIAG SBERH |yi| > 00 2 y; HEEE] o IS, 78 41, 02, .o i1
&AL T o ROYFRATEIERAR R R RERECK, B MEIX —IN %], A :

rank(y;) = rank(z) =i—1

WG vy, mEZHRERE—DT A (GEI DECREASE), ~HEEHE " NT1A, B
T BIYIRRFF A ZIZRAR AR, [RIHEBRATT AT DAMENT, ST« = 2,3, ...k, B

rank(y;) >1—2

L s Nz P RADETRERR/IME, HF k= rank(z). X TIAFIEN, A
so =1, 51 = 2 WRELRVL: BN 0 BB, Be/DA 1 DI, BN 1 BIRRADE 2 4
R, BN kBB, RADE s, DR

|| Sk
2+ Srank(ys2) + Srank(ys) + ...+ Srank(yi)

2+80+51+...+8k_2

v oV

HA 5 — 1T RN rank(y;) > i —2 3B s, B, FTEL Sranky) > Si—20
A8 FREUEA 51, > Fioyoo HERECRIAGNTE, X FIOFEH, BMT1E so =1 > F, =
1L, sy =2> Fy =2, MF k>2 BENR, BATAE:

z| = s
> 24+50+81+ ...+ 5k
> 24 Fo+ Fy+ ...+ Fy AR 1%

1+ +F+FB+..+F FlHR=0F=1
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AE, A FREIERH
k
Fra=1+)Y F (10.22)

=0
FRRAE FHECE AN
o HBIEM F,=1+F,=2

o BIFHEN, R &+ 1 FKAL,

Fryo = Fop+Fy
k-1

= (1+)_F)+F, A
=0

k
1+ F
1=0

25 b, A RIRALL:
n > |x| > Frio (10.23)

O

S o Hit g = LTV e s st
VR T BRI S 28RN O (Ig ) RIRIX 4558, TRTTAT I . ma Rank :

IR L PSSR : Fre >

mazRank(n) = 1+ |log, n| (10.24)

B A F RS2 38 )T E SRR MAX-RANK:
1: function MAX-RANK(n)
2 Foy+ 0,F; «1

3 k+ 2

4 repeat

5: Fy « Fy, + By,
6 k+—k+1
7 until £, <n
8

return k — 2

10.4  FCbHE

LA HER SEINER N E I, AT HE, E LI B PRI o KBRS 13
T, BAEREA FRBGETI, &2 AU R & 2 B, ARSI B R E R 7 P B
ZEHN O(gn) Il
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10.4.1 EX

FEXS HESCBION —HRZ XM B/ INTRRGF TR, — MR 2 NS o, H,
R kS, BE — MR R —HF R, IEN (2, ts). ZXBHMATHEMZT, G
{5 267 T3 IEREATRE S

data PHeap a = E | Node a [PHeap a]

10.4.2 HIF WA REHETR
B IFA B HER, FZE RS L
L. AERI— R o, 8580 55— HE;
2. A0, PEARPR A HERAR T S, HEROR A — ME D 55— BT

merge @ hy = hy
merge hy @ = hy

{x <y: (z,(y,tsg) :ts1)

B (y, (z,ts1) : tsy)

(10.25)
merge (SL’, t81> (ya t82> =

BIHBITERE Y H N (R, (0“7, 5267 7775, BA AR m s K A
FERES ) — D HERY PR T -
1: function MERGE(H,, Hs)
2: if H; = NIL then

3: return H,

4: if H, = NIL then

5: return H;

6: if KEY(H:) < KEY(H;) then

7: EXCHANGE(H; <> H»)

8: SUB-TREES(H;) < LINK(H,, SUB-TREES(H1))
o: PARENT(H3) + H;

10: return H,

FEF S FHF AL, AT DML BOIRSLHE— A ST AR, WX (10.12), HETOTER AT
PAMMRT 3R I  top (, ts) = wo FRIAFNIREUHETTI &2 2% FEAR J2 B 20N 1]

10.4.3 AR

TRBVER/NG, B LVE R AT, RJ5 G H 2N, IMRZERT A,
PATTAT LAE R/ NT 3R A

1: function DECREASE(H, z, k)
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KEY(x) < k

p < PARENT(x)

if p # NIL then
Remove z from SUB-TREES(p)
PARENT(z) < NIL

return MERGE(H, )

8: return H

10.4.4
A HHETR AR /U, BT RTS8 7B U3 9 B — R AR -
pop (x,ts) = consolidate ts (10.26)

BATENETAT , PR BSOS HLRE 7 5 9 2805 A TR E B I B IR — R, AL
HERA Rtk B IX— &I, a0E 10. 10818 10.11F7R, &I B KA R
AFHHER ) 210

consolidate [| = o
consolidate [t] = t (10.27)
consolidate (t1 : ty : ts) = merge (merge t1 ta) (consolidate ts)

Xt FE M %, A 5L 26 R SE BN R :

1: function Por(H)

2 L + NIL

3: for every T, T, in SUB-TREES(H) do
4 T < MERGE(T,, T,)

5 L + LINK(T, L)

H < NIL

7 for T'in L do

8: H + MERGE(H,T)

@

9: return H
BTG B REAEPR T T,. T, G T, REHEES] L fIATH, X
FERR ORI L I, SEhRg 42 N R B, A AT RE & AT 8B 14, IX RS
T, BJG—IR T, = NIL, B &GHE T = Tho

10.4.5 JHIE&

N T BREEADTT A 2, BATRT AR REMERUINA —oo, SRJEFHHAST— IR H
Bl AT AT I—FHERTT e 457 o AR R, AT TFESRIT IR IR, &
T, BAVE = MHE H YIS, RIER © AT — IR IR, BREER G H I H:
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a) S HATAECA HE

g: @@@@@

ﬁw52ﬁﬂﬁi$9ﬁ?m

%I

c) FEPERIR O B FF, R0 AT EUR Y,
%umF BRIEFR S

10.10: MHBRIRTY L, K57 B xS 5
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(o) O
00 OO0,
0 OJO.
() ()
() FEIRTE AN 0 1 6 HOPTERNE &9 (b) LT AN 7 HORE 29551
i sh
()
(2 (D
OO0,
() ()
()
(o) TSN 3 IR RRIZEIRAT () KRS0 4 OB &SIk

10.11: \NEMIEEHIIPE
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1: function DELETE(H, x)
2 if H = x then

3 Por(H)

4: else

5 H + Cur(H, )
6 x < Pop(z)

7 MERGE(H, z)

HE IEHE, SEROIRELHE, O 4

BRI M B 50 2 Ve FH 88 13 A, AT TR AR i 70 HEPE RE R RN TR O (1g )

3] 10.3

10.3.1.

MFBESAESHER TR n NICR, RIEHRITIE 2 n RORHE, FHEEIR

MERERIFIRZE ORE D EMEREZ O(lgn))o AATEEFIX — R ZE IR IL?

10.3.2. SEERECNHERIMIER .

10.3.3.

10.5

SEERAC N RIS 8% DECREASE-KEY

NG

AREA, BATPRHER ST Y R E 7 S = r RS, — I 2
TR ARSLHEAT FH 22 SRR N RS2 B AT A, TS HESC IR — R 22 A, JE IR 2
SLREN HUIRIFREIR AT, v DR A _EARS A9 o pEIERE. 1X—RIRBA B AT,

10.6 st Bl

2 SO E L a1, A 5LE) :

data Node<kK> {
Int rank
K key
Node<K> parent, subTrees, sibling,
Bool mark

Node (K x) {
key = x
rank = 0
parent = subTrees = sibling = null
mark = false

IR R -

Node<K> link(Node<K> t1, Node<K> t2) {

if t2.key < tl.key then (tl, t2) = (t2,

t1)
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t2.sibling = tl.subTrees
tl.subTrees = t2
t2.parent = t1

tl.rank = tl.rank + 1
return tl

193

ZIHERA

Node<K> 1insert(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 tl1 = h
h = h.sibling
if t.rank = tl.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

IR A\ A3 S B

data BiTree a = Node { rank :: Int
, key :: a
, subTrees :: [BiTree al}

type BiHeap a = [BiTree a]

Tink tl@(Node r x cl) t2@(Node _ y c2) =
if x < y then Node (r + 1) x (t2:cl)
else Node (r 4+ 1) y (tl:c2)

insertTree t [] = [t]

insertTree t ts@(t':ts') | rank t < rank t'
| rank t > rank t'
| otherwise = insertTree (link t t') ts'

t:ts
t' : dinsertTree t ts'

insert x = insertTree (Node 0 x [])
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—IHER A

I, TR IR, B X HE

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 (tl, 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)

JBIE P I

merge tsl [] = tsl
merge [] ts2 = ts2
merge tsl@(tl:tsl') ts2@(t2:ts2')
| rank tl1 < rank t2 = tl:(merge tsl' ts2)
rank tl1 > rank t2 = t2:(merge tsl ts2')

| otherwise = insertTree (link tl1 t2) (merge tsl' ts2')

I CHE A 5 H

Node<K> reverse(Node<K> h) {
Node<K> prev = null
while h # null {
var x = h
h = h.sibling
x.sibling = prev
prev = x

}

return prev

(Node<K>, Node<K>) extractMin(Node<K> h) {
var head = h
Node<K> tp = null
Node<K> tm = null
Node<K> prev = null
while h # null {
if tm — null or h.key < tm.key {
tm = h
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tp = prev

}

prev = h

h = h.sibling
}
if tp # null {

tp.sibling = tm.sibling
} else {

head = tm.sibling
}
tm.sibling = null
return (tm, head)

(K, Node<K>) pop(Node<kK> h) {
var (tm, h) = extractMin(h)
h = merge(h, reverse(tm.subtrees))
tm.subtrees = null
return (tm.key, h)

I CHE S H A 3 S

pop h = merge (reverse $ subTrees t) ts where
(t, ts) = extractMin h

extractMin [t] = (t, [])
extractMin (t:ts) = if key t < key t' then (t, ts)
else (t', t:ts') where
(t', ts') = extractMin ts

{5 P XAV BE R & FF 2L BB Bk

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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TR ARELR T FF -

consolidate = foldr melt [] where
melt t [] = [t]
meld t (t':ts) | rank t = rank t' = meld (link t t') ts

| rank t < rank t' =t : t' : ts

| otherwise = t' : meld t ts

{5 A B BT VA5

void consolidate(FibHeap<K> h) {
Int R = maxRank(h.size) + 1
Node<K>[R] a = [null, ...]
while h.trees # null {
var x = h.trees
h.trees = remove(h.trees, x)
Int r = x.rank
while a[r] # null {
var y = a[r]
x = link(x, vy)
alr] = null
r=r+4+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

SETRIRSAHER 55 1 -

pop (FH _ (Node _ x [1) [1) = (x, E)
pop (FH sz (Node _ x tsm) ts) = (x, FH (sz - 1) tm ts') where
(tm, ts') = extractMin $ consolidate (tsm 4 ts)

T

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) {
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var p = x.parent
p.subTrees = remove(p.subTrees, x)
.rank = p.rank - 1

P
h.trees = append(h.trees, x)
x.parent = null

X

.mark = false

void cascadeCut(FibHeap<K> h, Node<K> x) {
var p = x.parent
if p = null then return
if x.mark {

cut(h, x)
cascadeCut(h, p)
} else {

x.mark = true
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11.1  fif

FAFIFR AL T SeHt e (FIFO) BN, AT DAFH 22 R S SEERBAA, B4n B, XN
FESR, TER BRI XS MIBAH T 16 FURFEIRSZEL AP, AT e RIS
HAREK:

1. A DATE B BN RIN TR B IR INTT R
2. A DAFE R 2 TR A SRR BB PRI C 21

A ARTA A BER B SEEERAA o FheAT T 250X A i B SEBR, TSGR T i H e
FABAREER, an513%. BEH SRS

11.2  FlFREm

BATTAT DA BN TRIAE S 2 Sk A HBRTC R (B0 1 oeit e, BT RESE L
HRAAT — R, AR R MRPAT S —RilE, BATHRE O(n) WRIEHEEN SR LAZ
KRR, Kot n BAIRKE , IXFCIRIREIEREZ K, 1 PO A Rl m] PA—4
LRICKERM E, HH—MIIMIT A S R BARAEHE, 41 111578,

data Node<K> {
Key key
Node next

}

data Queue {
Node head, tail
}

FAB B S AR R N 8E 2 A BN (Enqueue, 8% push. snoc. append. push back) 1
tHBA (Dequeue, B¢ pop. pop front), fEHFIFEN , TATTEEELESLERIIATTER. MEEHBH
FRoceR DAL SR,

1: function ENQUEUE(Q, x)
2: p + NODE(x)

199
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head tail

lof

11.1: Z2BAA, Sk, EB#EBEA S

w

NEXT(p) + NIL
NEXT(TAIL(Q)) < p
TAIL(Q) < p

PAFIZE DA — T R (B S 1R, FIL TR EEHE SN NIL,

L

o

1: function DEQUEUE(Q)

2 x < HEAD(Q)

3: NEXT(HEAD(Q)) + NEXT(x)

4 if x = TAIL(Q) then > Q AN
5 TAIL(Q) < HEAD(Q)

6: return Kev(x)

S W RAEFTA H BT R AYETH, HEaD SEFRIRE] S BT R —D11 5, W 11207,
FATA] DX —SEELY R B AR, (ESLEA R R (A — I & Bl S AT A
FERNFIZE i i G s 1 100

S > X1

Y

X —>» .. —>» x, —> NIL

head tail

11.2: W8 S TEFIR

11.3 PAFEMIX

FIBNRA Sz, FATTAT DATE BN AR T RSB EEH AR B, (B FRZE M A O(n)
MEKERIBR, IX 2 R oA SR 2 HRARTT R AR B, R TIRBIBASIIITEREZE K, T,
ATTAT DA RS Y Sk R ERHEE R, (MOl — DA, RUAMEEAZR P X, AN I Gn & 1.3, 18] 11,45k
TRo IXHFE B BISLERAEAR head, PAFIKCE count, FIEZH K/ size, BEA] PASE2FRIA
FAFl, count ST 0 IBAFIAZS, ST size IBABICEi#. BATIERT AFI A B &1k
ANBA HBARYSEER,

1: function ENQUEUE(Q, x)
2: if not FULL(Q) then
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Tail

Head

11.3: fEIARE X

head tail puL head tail AL
N M I - M J
al0] |a[l]| -~ |al]]| - v lafi] | o |all
(a) EEIMAZ N ILE, (b) NKFERMIBRAE TooER)a, BB TSR,
head tail  JHH  tail head yUL
afi] | - am/ al0]| - | alj]
(c) EMAZAN TLEEFIFEAHT (d) F—NICEMABIBEH LA
AR, —ANHIL,
tail  head T H
M T J
al0]|afl] | - m[j-1] a[j]

(e) EMBEITTHRTF T ILEK, INFIE .

11.4: (EFIEPAGR P IX SEIE RS
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3: CouNT(Q) + COoUNT(Q) + 1
tail <— (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
Bur(Q)[tail] < x

L

o

function DEQUEUE(Q)
x < NIL
if not EMPTY(Q) then
h < HEAD(Q)
x < BUF(Q)[h]
HEAD(Q) < (h + 1) mod S1ze(Q)
CouNT(Q) < CouNnT(Q) - 1

8: return x

g3 11.1

TR IP X AERIR I AL T BRORBI A &, Rk B aE, mAM
Count, AMARIMASIR S N 23? BEEH?

11.4  WHIFBAF

HIH R SRR A R H S 1R], (B2 AR AR L MER TR TR 20 ] DB SRR “ XY
J& IR RSEBRNS N, AR — S ETEREE, AHIE 11.507R, IR 7 51U i
(front) M5 (rear)s BAFICH (f,r), ZRAFIET ([, [])o BAHEHTTRMA » BISLEE,
HIBAIN, FTER M f BISKERIGE, MEREHTZ 2N H

pop <=1 X —>» X —> .. —> X —> NIL <.

front

push ----- oy m > . — vy > NIL <«

rear

11.5: WBIFEBAS

{push z (f,r) =(far) (11.1)

pbop (I’:f,T) Z(f,T)

I —RYIHNIRIEG, f ATRENZS, M r LB ITTER, N T HELRSEHIBN, AT
r REEFWAE f B ([],7) = (reverse r,[])o AMLEXRH ARG, THEHRIT—IRF
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fhrke A A E -
balance [ | r = (reverser,[])
balance fr = (f,7)
—BHRA r BREE, MK UERERI T RE TR VM TR, BN, BRI PR
AR BN TR, FRATEFTE AR :
push x (f,r) = balance f (x:r)
pop (x:f,r) = balance f r

(11.2)

(11.3)

TATTAT AR e 40 tH— D BBIERADR AR S, IR 1L IRONFRYE, BATRM A
BEH SN SRS ROAA, QNI 11,67, 24 R B NS, Bl T F ik
o s R B,

PR Bl | gk
ELEIA | O(n) | 0(1)
EREIA | O(1) | O(n)
EEMR | o) | 0(1)
R | 0(1) | O(n)

R 11.1: BEAMBERSIRIERN L

e X Xy Xp |«--- push

front

Tty | ;2 | Ym [> pop

rear

& 11.6: ERZHBAS

23] 11.2
11.2.1. AT AEALE push W TG EREEL?
11.2.2. R HWNFNRRAF 2 PS5,
11.2.3. SEELAELHBAA,

11.5 “FAigEAS)

BIRXHNZRBNIN G 73 WE 52 75 P 00 B R, (LRI L T B MEREZERIERY, Bil4n
f AR, WEESHR n DITRIMARS, RPITHINEZER O(n), X
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—FRAEEDE fF o BREATEE, T SOE P, JAOTIMA— RN, ZK r
MREAKRT fIKE, SR ESIR,

| < |f] (11.4)

BRI EE R R KJE, (HIXFTELNEN B, A PRACEEIE SR R, HEH
NBAISBE T, IXFERFNRAFTIERETRA (f,n,r,m), B n = | f|,m = |r|, 2 HIZPID
FIRHIKIE, IRIEFEANIEE (11.4), BATATDURE [ AREERFMTASIZ & 2 -

RQ=¢ <= n=0 (11.5)
FATTEE R . APNBYZE N
{push z (f,n,r,m) = balance (f,n,x:r,m+ 1) (11.6)
pop (z:f,n,r,m) = balance (f,n —1,r,m)
HA balance 7E XN
m<n: (fn,r,m)
balance (f,n,r,m) = (11.7)
{IZ:?JF\”J: (f # reverse r,m+n,[],0)

11.6  SEHFEAS

TEEHAFI B SEBI R, PR IERE, SR PERETD R R EN [, TESER R H,
TEH SO, YEREHSUHIIAE f 4 reverse r H, W m > n, 3 T SEHERLN,
HF m.n AUREEEL BATH—PHIE:m = n + 1o #+ FNERERZ O(n), REEBRIEN
BIRER O(m), DREZREZ O(n + m), MIPAFIFHRITTEMNERIEL, AT PRRKIX—
BAEIREIE R AN Z, B — N RIS LR

reverse = reverse' || (11.8)
X SRR R, Ho

reverse a [] = a (11.9)

reverse a (z:xs) = reverse (r:a) xs
A DURA 5 ol Ry 00 109 8 RN IB AT, BRI A S T — RINIR
AR, TATEL—DIREH, BEWAIRES: REIRE S, FRIEFEETREE (R
e RS S FRRETELE R GEBD. 1 T ORBA IR A RASHLYE B2
(slow-down) R EE 1158 :

step S, al] = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (x:a),xs)
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B8, AV E L HIRVIRE, RN S, (L), HRARPERARIRITR
TS, R IR N e Sy s S, FATTIH IR P EI S —DITR o, FHELS S
a BIFTTE 32 N RBATAEEITIENA, X — IR RHEER, SRR LR R
LERWURAF TR, BELUSFRRIAH step INGEF, B4 :

step S, “hello” [] = (S, “ello”, “h”)
Step ST “e11077 “h” — (ST7 “11077, “eh”)
step S, “o” “lleh” = (S,,[], “olleh”)
step S, [] “olleh” = (S}, “olleh”)

IAERRATAT DAY S e BRI A0 IR BN HE . AN, (BB IX AN T —F A, F&%
MTEBRL D RE o LIBDIERIIMEE TR, BATRIAZB D EENEER, I8
FI— NG TS ws 4 ys, TRATATDASEHE s RGN s, SRIGIE—K &5 FITT
ZWH, 3] ys BRI, XA reverse’ 2518,

xsHys = (reverse reverse xs) 4 ys
= (reverse’ [] (reverse xs)) 4 ys
(reverse' [ ( ) e
= reverse’ ys (reverse xs)

= reverse ys ¥s

XS, FRATTAT ARSI — ARSI step, 16 r [KEEIG, BHHRME T
SERERE, SRRAN T S, 4 S SERR Spo BEAMBIERMR AT NI EL

1. FREE F R, B EE T R
2. M T BUHITE, BEEE i,

next (Sy, f',x:f,r' y:r
next (S, f',[ ], [y

= (Sp,a:f', fyr',r) FINRESf,r

)
) = mnewt (S, fyr')  RERGTREENIEE
)
)

]
< 11.12
next (Se,a,[]) = (5S¢, a) HEAREE R ( )
next (Se,a,xz:f") = (Se,x:ia, f) B R

BN RPN FTRZER X L 120 B2 B . AP A A ASEBLSER EAS,
IRIE-FHIBASIRIZAE, 2 m = n+ 1 I, BODHEZBPUE [ 4 reverse ro BT
Bon 41 WRKE r, BRI AEIX LGRS X f BIRES. )G, BT ZEEA
n-+ 1 BREATERRIE, FIEHALLE T 2n + 2 &, REENERRES DM
AR B — gD B, (HIXEA —DIRBERIE: FE5ER1 2n + 2 D EIEZAT, AIE
A IREH TH% TR — R ABIRIE IR S A T2

ISR, TR 2n + 2 PIERR f 4 reverse r ZHil, FESLHI NBNIRIEA AT HE
OAERNINZ G AP, — BITIRIRE PRI, 2638 2n + 2 )5, BATSE T —



206 Hr—m RS
DN f FIER f' = f 4 reverse ro T N —IRINFIZIG A TGN A

o= 1f]+1
= |fl+Irl+1 (11.13)
= 2n+2

|r

HL R, M IR IS ZIE RS, BB S AT, DU DAY IHEE
RAEFFAFASEAEG N, 2n + 2 DU RIRITFCETER T o B f FIEROTH R K,
AT A2 B HIERER T f 4 reverse v 275 T EHHFIN, FEBHFRATTARIE T IX — £,

EARENRZ, 7F 2n + 2 DU AT, HRIERTREREN 24, XS4 — il
JREE L : TRATTREM f FIRBH TR, (B2 f 51K f/ = f + reverse r MR
R, WREE—NRTAR f 51R. TR RE, A ITEE BT A
reverse f N, BAMRE—1) f BIEIAR, XAERMEZESLHT n RHIBARIE, TRATUBAR
RN, £ 11280 THE—HEZED IR (RN ) BN ZIBAFIBIRE T,

FRTEI £ BIA HEATR i - 5135
{fis Fists oo ) (I {..}
Bii— 1 DNCECH | f M hASEER | BEmAYTE

2% 11.2: 7 n P 5EZ HTRIBASI RS

2833 n IRHBAIRAE, f REIAEZRDE, TR RINDHAZR S E R TR B,
BRI QISRAR S A S ERE? S b BT f BYRIABIRYE, Rk T [ ], A TCHAEEST
EBRE T RN f 45 =[] # F = 5o B, I TERAROER, RATAE
TR f PR BRI LR, TR f BISKERIZE —HIBA, AT Ta] DAEA] —
MHEESRIER [ ARIRTTRI D SITETHR £+ reverse r I, HHEEN 0,
R f A — D IeRN, AR HHEER I —, R RN FR SRR Bkt
PAERAE, SR TR 08—, FORIRATIRR AT AMER — TR RATEER RN &S
o, TR EER RS, L HOCE T E N 0 B, ARSI TIE R
TEo NHEZHIN 7 IHERHIRSH foe X

next (Sp,n, fox:ifyr' yir) = (Sp,n+La:f, fiyr',r) FINREESr

next (S.,n, f',[ 1,7, ly]) = next (Se,n,f' y:r) SRESE I 7 NG+
next (S, 0,a,f) = (Sf,a) AR
next (Se,n,a,xz:f") = (Se,m—1,z:a, f) LR
next Sg = Sy SRR

(11.14)
BATEE XL T —NZBRIRE Sy REIRSEMRA LI, ISR 7R =
DNERGy: f R MERKE n (EETEAFW f + reverse r BIFENMRES. r RN EHKE

YH NS FERER, 82— DRSS IRAE AR LB ZEN F], JXAERE 7T A A 1o 920 E, X
—EMEIN PR EHARAAR S KL, TAVEHIZE £ HIR5IH, ST RNERPHEREESRE NS,
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moe 1N (f,n, S,r,m)o ZZBAFNCEHA ([ 1,0, S0, [ ],0)0 MRIEFEHINIY n = 0 BBAFIH
=, BAMERH . ANE R

push x (f,n,S,r,m) = balance f n S (z:r) (m+ 1)
pop (xz:f,n,S,r,m) = balance f (n—1) (abort S) r m

(11.15)

Hrh abort TEHI A BRI EES, XA R AT DU/DERE— DT R, BT EE X
X RIE, balance KEESEETRIN, Z AT RN EEN f 4 reverse r BB K E -1,
BT AR TE A IB I TR

m<n: stepfnSrm

G step f (n+m) (next (Sr707”vf7H7T)) H 0
(11.16)
H step FIRSHUERHLE N — MRS, 2EE ARG, IRSHERE| SRR

%Lt\ S()o

balcmcefnSrm—{

step f n S rm = queue (next S) (11.17)
Hr:

queue (Sy, f') = (f',n,So,r,m) FIBLHREER fEHf

(11.18)

queue S’ = ,n, S, r,m)

(
(
BATETFESLI abort BREL, 15 RIRSHL, T RA T HBAERE, Al VD ERE—1
ﬁ%o
abort (S.,0,(z:a), f') = (Sf,a)
abort (Se,n,a, f') = (Se,n—1,a, f)
abort (Sy,n, f'f,r'r) = (Se,n—1,f" f,r',r)
abort S = S

(11.19)

3] 11.3
11.3.1. 7E abort BRELH, 24 n = 0 I, FRATEFR_ B T _E—DMEEITEVRIE, B
T x THRE o TENGER, N AFEBRE—DITE?
11.3.2. {6 FH AEAH SZER SIS BAA], 3R AR S B, NRE— IR E HIEA, &
N2 K M REFRAR R 2 M (), B SEEl— MBTEE I, (155D R R E i
—MNITE,

11.7  TEPESENBAS

ST ABI R R BELE TAGAERT Y f 4+ reverse r HHE 2R, IS KER] SR
—MEC S, RIZEREL rotate B LABEZ I f 4 reverse ro WHELEVL, fEH—1



208 FHt—= A
ERES o, THAIFDEEEE T
rotate xs ys a = xs H (reverse ys) Ha (11.20)

BN zs VIR f IR, ys HIEIN r BIER, o WIGATLNZE [ 1o O T SKBIER
e, B e lEL A G L

rotate [ ] [y] a = y:a (11.21)
BYFIEHN

rotate (z:xs) (y:ys) a
= (z:28) 4 (reverse (y:ys)) #+a EXIX (11.20)

= z:(ws 4 reverse (y:ys)) #a) ERNGEEME (11.22)
= x:(xsH reverse ys# (y:a)) REIPEFRFNERNS S
= x:rotate zs ys (y:a) R E R (11.20)

A _E RIS DL, AT AR 2 R RIR FR T

rotate [ | [yl a = y:a (11.23)

rotate (r:xs) (y:ys) a = x:rotate xs ys (y:a)
TEMSTERITIAGE S, (o) BRIESHERE| . AN A HUT, AR rotate THHH
RIPET o BATUEBOVBNERIIE LA (f,r,rot), HH rot RNIEAEHATHIRFH
W8 f 4 reverse r, EFIIENZ [ o

{push z (f,ryrot) = balance f (x:r) rot (11.24)

pop (z:f,r,rot) = balance f r rot
IR balance FAFER S AIRTHE — (RECFE IR, YRR RN, TATFIEH —4
HHE:

balance fr[] = (f,[],f) HH: f =rotate fr ]

(f,r,rot) HEHEHCEE (11.25)

balance f r (z:rot)

£5:35) 11.4
Anr]SEER AL A A, 7 Sk B 500 S 4 AU TR] Y Te RIS AT HBR

11.8 B 2%
BB A
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Queue<K> enQ(Queue<K> q, K x) {
var p = Node(x)
p.next = null
g.tail.next = p
g.tail =p
return q

K deQ(Queue<K> q) {
var p = q.head.next //the next of S
g.head.next = p.next
if g.tail = p then qg.tail = q.head //empty
return p.key

TR XA E X

data Queue<k> {
[K] buf

int head, cnt, size

Queue(int max) {
buf = Array<K>(max)
size = max
head = cnt = 0

(S PR AR XA HE L ABA:

N offset(N i, N size) = if i < size then i else i - size
void enQ(Queue<K> q, K x) {
if g.cnt < gq.size {

q.buf[offset(q.head + g.cnt, q.size)] = x;
g.cnt = qg.cnt 4+ 1

K head(Queue<K> q) = if g.cnt — 0 then null else q.buf[q.head]

K deQ(Queue<k> q) {

K x = null
if g.cnt > 0 {
x = head(q)

gq.head = offset(q—head + 1, q—size);
q.cnt = g.cnt -1
}

return x

SCHBAS
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data State a = Empty

| Reverse Int [a] [a] [a] [a] —mn,acct, f,accr, r
| Concat Int [a] [a] — 1, acc, reversed f
| Done [a] —f =f++ reverser

— f, n = length {, state, r, m = length r
data RealtimeQueue a = RTQ [a] Int (State a) [a] Int

push x (RTQ f n s r m) = balance f n s (x:r) (m+ 1)

pop (RTQ (_:f) n s r m) = balance f (n - 1) (abort s) rm

top (RTQ (x:_) _ _ _ _) =x

balance f n s rm
| m < n= stepfnsrm
| otherwise = step f (m + n) (next (Reverse 0 [] f [] r)) [] ©

step f n s r m = queue (next s) where
queue (Done f') = RTQ f' n Empty r m
queue s' = RTQ f ns' rm

next (Reverse n f' (x:f) r' (y:r)) = Reverse (n + 1) (x:f') f (y:r') r
next (Reverse n f' [] r' [y]) = next $ Concat n (y:r') f!'

next (Concat 0 acc _) = Done acc

next (Concat n acc (x:f')) = Concat (n-1) (x:acc) f'

next s = s

abort (Concat 0 (_:acc) _) = Done acc — rollback 1 elem
abort (Concat n acc f') = Concat (n - 1) acc f'

abort (Reverse n f' f r' r) = Reverse (n - 1) f' fr' r
abort s = s

P SN RAS -

data LazyRTQueue a = LQ [a] [a] [a] — front, rear, f ++ reverse r

empty = LQ [] [] []

push (LQ f r rot) x = balance f (x:r) rot

pop (LQ (_:f) r rot) = balance f r rot

top (LQ (x:_) _ _) =x

balance f r [] = let f' = rotate f r [] in LQ f' [] f'
balance f r (_:rot) = LQ f r rot

rotate [] [y] acc = y:acc
rotate (x:xs) (y:ys) acc = x : rotate xs ys (y:acc)
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12.1  fisr
AR ARSI R RS AL &, el ARSI RS S R R
1. AT IAE Sk, PR LB 5O T A IR TE 2
9. BT DB (1 TPt ) YRR NP3
3. BT DABIEBEHL S I], Bk (T TTEE;
4. T ABRE RS R BT PR,

B, HIRACER 73l R IR ZR, N RERFR. B n NEDFIIRIKE, nin,
I AFRTRPCERE I SRR

(3 ¥l IIES
TESKHBIEANHER | O(n) o(1)
TEREERFAMER | O(1) O(n)
R O(n2) | O(ny)
)
)

BEALT RIALE O(1) O(i
fERLE @ MHBR O(n—1i) | O(1

ARERA G H =R : X BEFLIT AR, nl SR, THERT,

12.2 - XBEHLis R 52

X BEFLIRIF R B = SR AR SE B REALT S35, SR E S e =X
o TERARAFAEM 779 e AMEATAESUEEEL n, R HARIRN 3, BATHUATE T
B2/ DR E XK n DITR, BMEN 1 B9 RERIAL AR —ER =SB, SHY
RANKS i R e (2R ERT] 1 < i < n, BATARR] APRAESRMR A E AL IR
5 0 DRI =X, WE 121008, B ¢ty FIOREA (21, 22, w3, 24, T5, 26]o

211



212 Ft-= &5
(2)
(1) (O Q)

12.1: &F 6 TNTENFS

ICIREEN i + 1 BZER XN to to REE— T TR t; 88 28 T,
NTF n DITEFH, BAHE n RN ZIHHIEL n = (epem_1...€1€0)2, HH e; H 1
5 0,

n =2+ 2'e; + ... +2"e,, (12.1)

Q2R e; # 0, MHE—BRA/NN 20 B2 X ¢ FEE 12109617+, FAIK
JEN 6 = (110)20 BRALNLE 0, BATARTFER/NN 1 B 5 2 (02 1, FFERKRNHN
2 WU ¢y AR 1, TFEFRKNN 4 IR too RFEFICTH (21, 22, ..., 2] TR
NIRFEIFIR , B3R FR B R A NS SR ME— B9, FFZ IRV INEIDR RS, FRATTRR 2 =X
BEBLG B8 ), FRATTRT DALE — SR SR BERtt B RS PR R (L ISR MIZIIER 1 1, Je R
HEREEM 18, 2 E BRI AL SRR B R N RN BT RIEHN (s, 7),
Hrp s FoRTFMEIRN, Lor DRIFREGA TR BETTR « P RIEHN (2). T
ATTAT DAIZAE KRB — R AN

size (x) = 1 (12.2)
size (s,l,r) = s
N TAEHIER v WAZIFSH] S BRI, TATOIE — BRI — 1 5 4o B4
t' = (y), AR EHAZIHEMA, insert y S = insertr (y) S, 85 BT RATEA:

insert y = inserty (y) (12.3)

TRATROZE ARPR O — R ¢, HEt ¢, 1 o MU, AR ¢, ok, b5 ¢ BT
FRIERTT RN D) ; 25 ¢, A1 ¢ AISE, FRITAFETRES: (RORURTTED) P — R KRR
By = (25,6, 1), SRIGRITHNE 1, FEAFIARMR, WIFE 12,207,

insertr t [] = [t]
. sizet < sizety: t:ty:ts (12.4)
inserty t (t1:ts) =
A inserty (link t t1) ts

Hp link PR/ IMHE B BERZRC R  link t, t, = (size ty + size to, 1, t2)o
LR EE m R, m BIKANR O(gn), SKEEABIMERER O(gn). MEETR
I TUERH 5 PEPERE D & BN 1],
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O

(a) fEA 210

(b) N zo, BEHEF A [t1]o

e

(c) TN x3, &45ERN [to, t1]o d) AN x40 ZPIREE
?‘Ff*%jj [t2
@ OIO010 @ OION0XO10
e) FA a5, RN [to, t2]o ) #A @6, RN [t1, t2]o

Bl 12.2: {A 21,29, ..., T6



214 = 5

SRR, FRATTHFH 4 A 300 R SR M B SLER IR TC R 0 SR AR S —ARAR
& to (CBAM715 i), BRATERRR to MIER; 700, 128 T 0K 58 — R R o0 EL2I3RTS to, IR
e EAMER, i’ 12.3F17R,

B

a) T4 21,22, ..., x5 R 7R HBR x50 EHEMIER
1‘71‘ [to, t2] tOO

(1)
OI0X0

(c) MIBR 210 EITPURIFIIIETRE [to, to, t1], MBRIGTE
[to,t1]o

K 12.3: MLERMIBRTE

extract ((z):ts) = (z,ts)

(12.5)
extract ((s,t1,t2):ts) = extract (t1:ta:ts)

FIH extract BIATSEILN LT R MHBR :

head = fstoextract
(12.6)

tail = sndo extract

Hr fst (a,b) = a, snd (a,b) = b 73 HEEl—XEF R DE TS
AR IR SEBR L RT R RI 0 WAR/INARIFIX R, A ERRT 1 < i <n, A
JerE RLEINS LAY 78 42 = S, SRIG FEIEA T — IR E B rl e A FT R

1. EE&% i FIFRMRAEE —RRI ¢ BRI, 6 0 < size(t), MITTERTE ¢ 1, 2 TRTEM ¢
FRIETER;
B, 2 i =i — size(t), RSFIRITHIERIRIM P EREE / MTE,

i <sizet: lookupr it

(t:ts)[i] = { = (12.7)

AN ts[i — size t]



12.2 ZXRENLIGAIF12E

215

HrF lookupy TERIARIEIT 0 &K AR @ = 1, BATR AR 525 7500, BT TR

¥, RJa A
lookupr 1 (x) = =
s
i<|=|: lookupr it
lookupr i (s,t1,t2) = 2 ! .
B lookupr (i — L§J) to

(12.8)

12448008 THE— MR 6 KPR ELRE 4 MITRIIPER, 58— BRI
2 < 4, YREALE S IR, FHORRIEHN @ =4 — 2, B PRI ANN 4> 4 =2,
WG EPRTTRMAEIZR A, FOARS N 2, ARTHRFIIFRRN 4/2 = 2, ATDAE
IoRREE T, REREGMATINT 723, REGIZEFHITTR K00, Ji1E
AIDMBRIERNE ¢ BT,

(a) S[4],4 > size(t1) =2

(b) S'[4 — 2] = lookupr 2 t2

(c)2< LSize(t2)j = lookupr 2 left(t2)

- 2

(d) lookupr 1 right(left(ts)), IX[E] x5

12.4: ZREL S[4]

RAETE & MR, X T56 n DITRIFA, BIREIERECY O(gn). X



216 BHE FY

K5l i, RZHE O(lgn) NIRRT AL, 2% FRAERMRIE S ERUELE, K28
72 O(lgn)o FILFEHLIRIEYEUATEREDN O(lgn).

#:35) 12.1
N b PR 5 [BUARE I ?

12.3 BFIFoR

FEGEEEL n FI IR Z RIFAERR 10 = 2% + 2'e1 + ... + 2Mep,, H
He; NS i MIRUES 5 e = 1 FAE—RRRVIN 28 BISEE =X, A4Sk A
TEER, KT IO 1; MRS B IR0 1o BATFRIXRISE R BT FRR L,
MY BRFORIZMR B, AT A IR E LIRS IREF Zero RoRATFAE
X, TR — One t FRIRFAE XM to IXAEBRMRAE AT AR Oy —8H 3RS
B, AT A S IR — A B S A

addt[] = [Onet]
add t (Zero:ds) = (Onet):ds (12.9)
add t (One t':ds) = Zero:add (link tt') ds

TR ¢ FEAFRPAO B RN 35 AR 2, BATTRTEARZS One ¢, B 02 —#EHiIlEL
FRAIE—fL ST 0+1 = Lo HARMAT, R H R E AT Zero, BANRIHE—
MIRES One t EHAFE Zeroo XM T ZHERIINIE (... digits...0)s + 1 = (...digits...1)20
Bl 6+1 = (110)+1 = (111)y = 7o WRZIFFHIE AL One ¢, BATNN ¢t F1 ¢ BIK
/IMER, XRFABNTER AT to = («) FTUETEA, REBAR IR/ NZHIE K,
BE—NFA11,2,4, .,20 L BATTRE ¢ R ¢ SEHERR, 3T A BRER AR iz
B One t' PEEHN Zeroo IZM Y F ZHERIINE (.. digits...1)y+1 = (...digits'...0)s0
fIan 7+ 1 = (111), + 1 = (1000)5 = &,

FETORIRATH ZHERIRIE R FR MR, R FHN L EH —10L One t, MERIE S
WRES, XN Z3EHRTE 1 — 1 = 0, WRFHIEZAL HHEAZ One t, A
KHFHN Zeroo XM T ZHEMIRTE (...digits..1), — 1 = (...digits...0). BI40
7—1=(111), — 1 = (110)5 = 6, AR ELLZ Zero, IIE TR EAENL, Tl BV MFI AR
I R K BT AR AR ¢4 6o, B Zero BHER One to, FFMHIER ¢4 XAHE T
RIS (... digits...0)g — 1 = (...digits’...1)qo B0 4 —1 = (100) — 1 = (11)3 = 3

minus [One t] = (][]
minus ((One t):ts) = (t,Zero:ts) (12.10)
minus (Zero:ts) = (t,(One ty):ts"), HH . (s,t1,t2) = minus ts

BRI A R E R E, BNBERREE, oMl AR HEE A, HER
REZBFHHEA n = 2™ DITRAIRE. HRARE R EHFORIME 12.1:
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i ) (& R)
0 0,0,..0,0
1 0,0,..0,1
2 0,0,..,1,0
3 0,0,..1,1
om ] 1,1,..,1,1
om 1,0,0,..0,0
NARIREL | 1,1, 2, ... 2™~ 1 om

7 12.1: HiA 2™ DICERISRE

T RN R AR B S AR AR, SR 2 L IR B R — IR
AR, PAT— IR BERE R, B EE om -1 YR RGNS R — Ik, ¥l
HIRBERE R — BRI, G — D IeRAJGE, EhZN 1, HETE THERERE, 15
BT =1 4142444 . +om—1 1 om _ om+l  SEISGVRIE NIRIER SRS 2R |

2m+1

2m

O(T/n) = O(
[R] A A 53 2 2% P55 S N [

) =0(1) (12.11)

.3 12.2

12.2.1. SEBUEFREAIRIBENLYIR] S[i], 1 < i < no HH n BFIIKE,

12.2.2. AT EUEFRTR R HIMBRIRE R 3 R A

12.2.3. A[DUHIREEN 2m UEEHRR e 2 — X (m B ARSUIEED, TSI — X
PERRPR I AFIREAL 5 7]

12.4 NEA )5

1 b —rh Fell 145 B DEEHRNS i T402H AT DAR SN TRIBE ALY ), FAlTAT A
KHY RABEEH T, B 12.5, #Son k77 SOEE M, TEFIRASLE
NI, IR f AR A R SR, TN r $ERRE, XA — X EdH R
AN S = (f,r),% FRONT(S) = f, REAR(S) = 7o AISEHASLELIR:

insert Xy X7 X]  [€mmmmemmeee- » N » Ym append

front rear

12.5:
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1: function INSERT(z, S)
2 APPEND(z, FRONT(S))

3: function APPEND(z,S)
4 APPEND(z, REAR(S))

BENLUIRIES @ DITRIN, JAVCHIW ¢ RI1F f 02 r, REEMEITR, &
i < |fI, LRAE [ e T f A e S SGER, TR f IR ME R ERFRT DR,
AT |f] — i+ 1 ELLETTER AR @ > |f], TTRIE r o TTREMNERGRTIN, K
1A @ — | f| ERLFDTR,
1: function GET(z, S)
2 f,r < FRONT(S), REAR(S)
3 n < SI1ZE(f)
4: if i < n then
5 return f[n —i+ 1] > RIAZRE]
6 else
7

return r[i — n|

HBRFTRERE — N f B r 222, TS — MR TR, FEWE P, 2 f s r
FE [ ]I, BATR S — B o R, SRS R AT — S A — XTI, o 2
MR BATTH AT DAZZHE o, JBVAVEH BaLaNce, FE for ZSHREIR,

: function BALANCE(S)
f < FRONT(S), r <~ REAR(S)
n < SIZE(f), m < S1ZE(r)
if F =[] then
ke )
return (REVERSE(r[1...k]), 7[(k + 1)...m])

if R=[] then
n

ke 5]
return (f[(k + 1)...n], REVERSE(f[1...k]))

©

10: return (f,r)

TERFRMMBRING, FRATEALE for RGN, HUR T :
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FrRONT(S), REAR(S)
4 if f =[] then >S5 = ([],[z])
5 T[]
6 else
7

REMOVE-LAST(f)



12.5 WF[ERA|FR 219

8: function REMOVE-TAIL(S)

9: BALANCE(S)

10: f,r < FRONT(S), REAR(S)

11: if r =[] then >S5 = ([z],[])
12: feT]

13: else

14: REMOVE-LAST(r)

T ST S, D P HEBSAME DL FYEREN O(n), Hrb n BITRMEL H
B A 2R R TRI

£:5] 12.3
R B AR 2 P2 2%

12.5 WnJiERYIFR

FEARBATAT LU O(1gn) I RITE = S BEHLI; I ARPRESLER AT A HIBR, R 5 1,
EERMNFHIHFARE S FATARER PRI RTE = X & I 21—, M7 2 AWTBE
TR/ NHRIRIR , B 12,645 H T — RN RIS, 22 XA 7 51 A 55—
MR vy, WETTRW DB TR BRREEE/NIFAT, 80 R B — R, X
SEF A — N SEI BB (W, —B) BB, BAHERFIIRTA (21, Q,) = (21,22, oy Ty o
AFEERT —DIIR (y1,Qy) = Y1, y2, ., ym] N, BATRENNE Q, HIEHRS,
FRIBHE AT o SEIN BB A B RE A H 28N 18], A1 4] 3 2 42 () 1 i 2 e
[EIIEDR

sH9IJ = s

THs = s (12.12)
(z,Q)4s = (x, push s Q)

ABILR 2 I, BAVCCIE—PNHEITRINR (2, 2), REREEERER,

insert x s = (r,d)+H s
{ ( ) (12.13)

append x s = s+ (z,9)

MRTERZS R B SR MPROT R T L IR 2y IR, BRSNS RIATE
T AR R 2 RN ATERES R, AT AR e 2 ERERE R, R —1
oI,

concat & =

(12.14)
concat @ = (top Q) + concat (pop Q)
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Hom Rl

PN

c[1] | c[2] | ... | c[n]
x[2]...x[i] x[i+1]...x[j] x[k]...x[n]

(a) (21, Qz) = [T1, %2,y ..., Tn]

’ c[1] ‘ c[2] ‘ ‘ c[n]

c[n+1]

x[i+1]..x[j] x[k]...x[n] y[1]...y[m]

(b) HE#Z (y1,Qy) =

[y17y27 ~--»ym} *Hﬁ?)\ly\ Cn+1 @J Qx

12.6: AJEHEIFE

EET AP ARSI BAS Ao BATTPRESE —ARTH ) HiBA, 25 R R Y 7

PHERAE—TAN s, RIGHE c1v s BERGER, BAEM concat WLERHIBRTER.

tail (z,Q) = concat Q (12.15)

BIK concat @1 T NF, B IIFEN—DREHIETR, XA EHSTX Q it

TTEARIEN L,

fold fzo =
fold f 2 @Q =
He f BHT I —ITH
Q=1[12,..,5
fold (+)0Q =
fold (x)1Q =
fold (x)0Q =

z

f (top Q) (fold f z (pop Q))
W, » BFjt, FHEERIIBMEIG T, <

(12.16)

I1+2+ B+ 4+(5+0)))) =15
Ix(2x(3x(4x(bx1)))) =120
I1x(2x(B3x(4x(5x0))))=0

BATTRT AR BINSRAE X concat (FEAEEZ) :

concat = fold (4) @ (12.17)

HEEOL N A B0 MR, ERERELZ A, MIPRERIERIMEREERIME I N2
PERY, ESEASFANII 0 DITRIG, SERIPAT—IRIHER, BN 2 AR n -1
FRFEL R TR (LEE TR, concat FTFE O(n) NAFATIHIF, HHE

3 A 2 P R TR
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12.6 T

X BENLYT R 2R AT DALE Sk 0 R BN TR) (o) F8 N THIRR, DO [A) 4T R
HLTIAl, (EZXE DA EEFRENINTC R IR AT PR R, PIERR SR AR S H B £l
] (9 EEATIEERE, 123k, EBES A EEUN A Ao (ENRER R 5 ETRENLYI A, XM
MEIFHRTRANT: 1. T A7 PR 7 (A1 3k, B2 DA TIE N ; 2. WA 1B VA BIE5H (1)
qniR) AR BERLYT RIS 3 TR Z SRR, TFHERE 0 FIR T XM RSS9 07
PR AR R R MERE B, FHRAH T 2-3 B (—F B-#), —#R 2-3 &
S (R (t1,t2) 5% (t1,t2,t3)0

data Node a = Br2 a a | Br3 a a a

BATE L —RRFHaRA
1. ENT o;
2. HEBHILEMNT (2);

3. AW E =80 —RFWAE, HFE, I8 (f.t,r). BITFHER-1TEZ 3
PIERIFIR,

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.6.1 #HA

(¢) (o], 2, [a])
12.7: FHER, H1] 1

e 12.7F0E 12.8FR. Bl 1 H (a) N @, (b) BIEA—DITREHER, (o) &
AMADTTR, DAE for THEH. MWRUSHEATTR, f THERET 2-3 RAYERH], 40

L BIRHSC R (front) | J& (rear) Y E F-BE,
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e[a]c]o] ;

(a) ] f FHEHA 3 (b) TRE -, [ F
TTRE, 8L T 2-3 #f HEf 2 MR
FOIBR, AP H R] #R 23 O

fE—RE 2-3 ¥,

12.8: FFaMt, 1] 2

Bl 2(a) ARe (b) IKE V)5, f FHEHE 2 DR, PR 22— EE 1R 2-3
o XL A] AR :

10/ Empty

(a) Lf a

(6], 2, [a]) Tr [b] Empty [al
(le;d,c,b],2,]a]) Tr [e, d, c, b] Empty [a]
([f, €], (d,e,b),[a]) Tr [f, e] Lf (Br3 d c b) [a]

ERRE A, FRED R — . THERZEEN, BRE for
FHERIR A B E—EREIRATTHER, XN Tree (Node a)o REHIN—4, #Z R
B, LEAIHIFEIRER T R FHERHEA TR R, BAT PUAgIN R, A
BRFFER T A o B

LR T = o, MEERNELITLEM T (a);
2. MR T = (b) B—PHT, 458N (], 2, [b]);

T = (f,t,r), MR [ HICRNMEANED 3,1 o AR f o WER f AR
3. K f HHIE 3 DITREBAHRY 2-3 & ¢, BIAR0RE ¢ AR ¢
Bt o BAZ f

inserta @ = (x)
| insert a (b) = ([a],2,[b]) (12.18)
insert a ([b,c,d,e],t,r) = (la,b],insert (c,d,e) t,r)
insert a (f,t,r) = (a:f,t,r)

R 78T, HE B U AR RN R R TR B b, B
THEA 2-3 RIFF4EREFM, B b = O(1gn), HA n 2TFHERHEETRINELGL 1%
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JART DA R B RO, B 2 HER 2 B D F RN R D LT AT mT AR B i
SR oL RmAZIR

rs >t = foldr insert t zs (12.19)

4.3 12.4

12.4.1. THBRIEIT, G5 ZUSLBLFHERTE A

12.6.2  MHER
MELERIMER AT ABAER insert AT HHRE,
extract (a) = (a,9)
eatract ((a], 2,1b)) = (a,(b))
extract ([a], @,b:bs) = (a,([b],,bs)) (12.20)
extract (la),t,r) = (a,(toList f,t',7)), HH : (f,t') = extract t
extract (a:as,t,r) = (a,(as,t,r))

HH toList ¥5—FE 2-3 WG MR

toList (a,b) = Ja,b]

(12.21)
toList (a,b,c) = la,b,(]

FefrImgat THESRE O (TR ER), AR FHERZ BRITREM T, SR AT
WMRFHEWMREESHNIR, AIMBR £ PRTE, SRNETTENHTF; WR f
REB—DILE, FRE NZ, T or A2, BATMER f HHE—TTE, RGN r F
“GET—NITEBA R RE—ATTER, MRS, Bl TRt = M R
FHIBR— 17 5, ARG IX — T RN A BRI R fo TSR f A RYIE—IT
RWIMER; R f EE—DLAERITE, BATRE NI EMER. B 12.9R7R T MWF
HISERHIRR PR T 2R BB+

5 extract, BATTRI LUE X head 1 tail :

(12.22)
tail = snd o extract

{head = fstoextract

%3] 12.5

12.5.1. {HBRIEIT, GRS IMIER,
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(c) FHRIMBR—DTEER, MFRIRF3 £ — DT 5, RE M 2-3
WEEHURIR, TERHTHT fo

12.9: fHER

H1=

=z

=4

527
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12.6.3 JEEREE
FRATTAT AKX FRHBSZER B2 SR s . IR

(a)

([a], @, [0])

append (f,t,[a,b,c,d]) e = (f appendt (a,b,c),[d,e])
append (f,t,7) a = (f,t,r 4 la])

R r PRYCEANEN 4 D, BOTEEEFOCRBME » K2, BN, 5% » 1Y

AT =D TCEREH, M3E —PRHTHY 2-3 A, BTSN AT AR R, SRACUERATTA]
DA M BNNESRAS T oo B AE s — PR THER

append & a =

d(a)b =
append (a) (12.23)

t < xs = foldl append t xs (12.24)

MEEFRIMBRTH = T8I 50 -

remove (a) = (J,a)
remove ([a], 2, [) = ((a),)
remove (f,@,[a]) = ((initf, @, [lastf]),a) (12.25)
remove (f,t,[a]) = ((f,t',toList r),a), EH : (¢ r) = remove t
remove (f,t,r) = ((f,t,init r),last r)

HA last PBFNRNRG—DNICR, init IRAIEFZEH > B X WE —F),

12.6.4 %%

HIEPIRTFHERE AN ZIEDL: Ty = (fi, 6,1 To = (fa, ta,72)0 BATH f1 1F
NIERAERAHT £, ry (ENEERBPE) ro RIEHF trrs fou by BFFRRARRIFR, BT
ry M fo BRI RIBIFIER, R DAXSEAT T4 [ -

merge t1 (r1 # f2) ta =

ty A1t WECZFHER, BENIE T M1 T =4, & Ty PRITERIAN o U ¢
HHITTRERN Node ao BADEAHAITEIF R ¢ B9 £ FHEM ¢, B9 r THE, R
JERE 4 Fts BIFRTRIER Y, ¢ B9 r THHEFA o 1Y f FHaEHF

merge S tsty = 15> ts
merget1ts & = 11 <K<ts
merge (a) tsta = merge & (a:ts) ty
merge t1 ts (a) = merge t; (ts 4 [a]) @
merge (fi,t1,r1) ts (fa,t2,72) = (fi,merge ty (nodes (r1 4+ ts 4 f2)) t2,72)

(12.26)
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HrF nodes K45 ToLRHHK—AH 2-3 #fo X2 ROy HIE 7R FFRITRIEA, b
FHEHHITERERE

nodes [a,b] = [(a,b)]
nodes [a,b,c] = [(a,b,c)] (12.27)
nodes [a, b, ¢, d] [(a,b), (c,d)]
nodes (a:b:c:ts) = (a,b,c):nodes ts
IXAERATTAT DA merge SRIE L FHERHIER: :
(f1,01,71) 4 (f2, 2, 72) = (f1,merge ty (r1 4 f2) t2,72) (12.28)

FEROX — 8 TN (12.26), SEFEBRIEA BT _ Bl & FF 808, TfiTna] D4 T i s
I—EHTE

T, # T = merge Ty [ ] Ty (12.29)

JE R PEREBGR T3 T A & 1o IR I AOTREE N AERB Fr A N —#R. B T 2-3
PP, THERATSE N O(gn) H n NITRKINL, SFHEDFREMF TR
REFHBA—HFE (R Z T insert 8 YO N PEHEBINE, BIMETN O(m), Hrf m 2
PRI I S B 22, SR ESIRIEIREDN O(1gn), B n BWERFHaM P EHHIIT
REH

12.6.5 FiEPLVIT

BRI RIS ZIERENL VI B R, b TR S 2 TR AR/, Tll4a 5
MR R — s ZRICRHBESHITTR N (s, £, r)s

data Tree a = Empty
| Lf a
| Tr Int [a] (Tree (Node a)) [a]

size g = 0
size (¥) = sizex (12.30)
size (s, f,t,r) = s

XH size (x) FHFA—ER 1o XREN « ATEERERITT A, BlA Node a, TMiA
AHHE BN RNATZ 1o MR AERA BRI, 8RR « BRE—T
BT (2)., MERMNRITHRNN 1, Bl size (z). = LIS WNRHIF),

{:v <t =insert (x), (12.31)

t
t>x = append t (x).
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PR :
rs Lt = foldr (<)t xzs
foldr (<) (12.32)
t>xs= foldl (>) t xs
BATETFEIREL 2-3 HFEIK /N
size (ti,ta) = size tq + size ty (12.33)
size (t1,ta,t3) = size t) + size ty + size t3

AT RAFIER (BIANIR— KB F45) AT TR AH sum o (map size) SRHE RN,
TEFR AFIMERIRAE A, B TR Z B AN I MERE, 42— M E i, AT BA
B RHRRE A BN R FAEWEEBIALEN: (s, f,t,r), TAT2IXETEEHHY
KINA s i3s3 8ry Hos =574 8¢+ 800 AR 0 < sy, MBFMLT f 1, BATHE TRIE f
ARG AR sp < i < sp+ s, WHEARGT ¢ W, BADNBIETE ¢ PHER; SN ERA T
r Ho BRIEZ AN, BATEFREAEM-F 5 (z) BIEN FRATH—AME (i,t) FRTEE
EaEr ¢ v i ALE, & EBIRIE lookupr TR :

lookupr i (z) = (i,x)
1< 5 lookups i f
lookupr i (s, f,t,r) = (sp<i<s;+s;: lookupy (lookupr (i —sy) t)
AN lookups (i — sy —s¢) r

(12.34)

XH:s; = sum (map size f),s; = size t, 73 HIZFFEWRTNER 7 HIK/ N WIER

TEMTF R (v) PERAT § NS, RN (i,2). BNITATHAINT ¢ 62T (s, f,t,7)
IR —#8 70, MRALTRIETFHE f,r 1, BAURKEIRFHEVIRFBENITE,

i< sizex: (i,7)
lookups i (z:xs) = (12.35)
N lookups (i — size x) xs

R i ALTHDTCER « 6 < size 2), TADRE (i, z), TS A H
FITER, MR @ AMITRIETHE f,r, MAEPRED ¢, TATRITHIEFREELR, 195
B (i, m)o XE m B4 2-3 #f, BAHE FRAEHAERK:

lookupy i (t1,t2) =

{i < sizety: (i)

A0 (i — size ty,ts)
i < size ty (i,t1)
lookupy i (t1,t2,t3) = { sizet; <i< sizet, +sizety: (i— sizeti,ts)
ENE (1 — size t; — size tg, t3)

(12.36)
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BATHRTS THEXRNMEGN TR ¢ AEEZEEE (o). F, REABNTFENFE o
Hy[a]:

T[i] = (12.37)

Filookupy i T = (i',(x).) : Just x
A0 Nothing
BATHFIAH T RE Maybe a = Nothing| Just a KFRRER G| RN AHEN, FEHL
VIR TR )ATE FHER P &R, 1B B T IR, T et 2 F Y, Bal
VIR 2N O(lgn), HH n BEHERNITTE N
TATHFER LI FFIE SR LG &M, REFRITERE, Sk, BIRER /S 2%
JEE R BN 1R], BT DASE XS BRI PO iR 201, BEATLZR 51107, BIARZE NIk, B
AT EREARNEIRS . 2R AT DA R eA g ok — S BRI (R, filan, FxA1eT LA
JPHISEEE MTF3 9t &% 0, MTF 7 EEAE i TR a) 2 Al
mtfiS=z<8 HH(x,5) = extractAt i S

TSR ETTH, AN AR 216 Z BIHEF R, EiGRIEHER, P
DAACEATIRIZETE ; ARG A I B 5T FR UL BC IR M R A R AR,

%>] 12.6

12.6.1. TERBHLTIRIET, anfalib PRSI o FIZR 5 LA 1% 5 ?
12.6.2. SEHH cut @ S, TEALE « #FH S 73EITT

12.7 b= Bl R
BEHLIA 152 (REHE) :

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

AR ZGRFEIME L T 2R, B4 Java/C++ Y Optional<T> K4
3H3Z move to front 45, BEMHT BWT (Burrows-Wheeler transform) $HEESHE L,
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extract ((Leaf x):ts) = (x, ts)
extract ((Node _ tl1 t2):ts) = extract (tl:t2:ts)

head' = fst o extract
tail' = snd o extract

getAt 1 (t:ts) | i < size t = lookupTree i t
| otherwise = getAt (i - size t) ts
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz t1 t2)
| i < sz "div’ 2 = lookupTree i t1
| otherwise = lookupTree (i - sz ‘div’ 2) t2

BENLII R AR MR E SRR :

data Digit a = Zero | One (Tree a)

type RAList a = [Digit a]

insert x = add (Leaf x) where
add t [] = [One t]
add t (Zero:ts) = One t : ts
add t (One t' :ts) = Zero : add (link t t') ts

minus [One t] = (t, [])

minus (One t:ts) = (t, Zero:ts)

minus (Zero:ts) = (tl, One t2:ts') where
(Node _ t1 t2, ts') = minus ts

head' ts = x where (Leaf x, _) = minus ts
tail' = snd o minus

M-

Data Seg<K> {
[K] front = [], rear = []
Int length(S<K> s) = length(s.front) + length(s.rear)
void insert(K x, Seq<K> s) = append(x, s.front)
void append(K x, Seq<K> s) = append(x, s.rear)
K get(Int i, Seq<k> s) {

Int n = length(s.front)
return if i < n then s.front[n - i - 1] else s.rear[i - n]

AR :

data CList a = Empty | CList a (Queue (CList a))
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wrap x = CList x emptyQ

X 4+ Empty X
Empty + vy y
(CList x q) # y = CList x (push q vy)

z

fold f z q | isEmpty q
| otherwise = (top q) "f° fold f z (pop q)

concat = fold () Empty

insert x xs = (wrap x) +H xs
append xs x = xS 4 wrap X

head (CList x _) = x
tail (CList _ q) = concat q

FHER:

— 2-3
data Node a = Tr2 Int a a
| Tr3 Int a a a

— Ffatd
data Tree a = Empty
| Lf a
| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } — H¥Ir&H
newtype Seq a = Seq (Tree (Elem a)) — &%l

class Sized a where — AJiFE K/
size :: a — Int

instance Sized (Elem a) where

size _ =1 — JLEMARNEN 1

instance Sized (Node a) where

size (Tr2 s ) =s

size (Tr3 s _ _ _) =s

instance Sized a = Sized (Tree a) where
size Empty = 0
size (Lf a) = size a

size (Br s _ _ _) =s

instance Sized (Seq a) where
size (Seq xs) = size xs

tr2 a b = Tr2 (size a + size b) a b
tr3 a b ¢ = Tr3 (size a + size b + size c) a b c
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nodesOf (Tr2 _ a b) = [a, b]
nodesOf (Tr3 _ a b c) = [a, b, c]

— FEMRIE

X <| Seq xs = Seq (Elem x “cons’ xs)

cons :: (Sized a) = a — Tree a — Tree a

cons a Empty = Lf a

cons a (Lf b) = Br (size a + size b) [a] Empty [b]

cons a (Br s [b, ¢, d, el m r) =Br (s + size a) [a, b] ((tr3 c d e) ‘cons’ m) r
cons a (Br s fmr) =Br (s + size a) (a:f) mr

head' (Seq xs) = getElem $ fst $ uncons xs
tail' (Seq xs) = Seq $ snd $ uncons xs

uncons :: (Sized a) = Tree a — (a, Tree a)

uncons (Lf a) = (a, Empty)

uncons (Br _ [a] Empty [b]) = (a, Lf b)

uncons (Br s [a] Empty (r:rs)) = (a, Br (s - size a) [r] Empty rs)

uncons (Br s [a] m r) = (a, Br (s - size a) (nodesOf f) m' r)
where (f, m') = uncons m

uncons (Br s (a:f) mr) = (a, Br (s - size a) fmr)

— G

Seq xs |> x = Seq (xs “snoc’ Elem x)

snoc :: (Sized a) = Tree a — a — Tree a

snoc Empty a = Lf a

snoc (Lf a) b = Br (size a + size b) [a] Empty [b]

snoc (Br s f m [a, b, ¢, d]) e =Br (s + size e) f (m “snoc’ (tr3 a b c¢)) [d, e]
snoc (Br s fmr) a=Br (s + size a) fm (r 4 [a])

last' (Seq xs) = getElem $ snd $ unsnoc xs
init' (Seq xs) = Seq $ fst $ unsnoc xs

unsnoc :: (Sized a) = Tree a — (Tree a, a)
unsnoc (Lf a) = (Empty, a)
unsnoc (Br _ [a] Empty [b]) = (Lf a, b)

unsnoc (Br s f@(_:_:_) Empty [a]) = (Br (s - size a) (init f) Empty [last f], a)
unsnoc (Br s f m [a]) = (Br (s - size a) f m' (nodesOf r), a)
where (m', r) = unsnoc m
unsnoc (Br s fmr) = (Br (s - size a) f m (init r), a) where a = last r
—

Seq xs H+ Seq ys = Seq (xs >< ys)

xs >< ys = merge xs [] ys

t <<< xs = foldl snoc t xs
xs >>> t = foldr cons t xs

merge :: (Sized a) = Tree a — [a] — Tree a — Tree a
merge Empty es t2 = es >>> t2
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merge tl es Empty = tl1 << es
merge (Lf a) es t2 = merge Empty (a:es) t2
merge tl es (Lf a)

merge tl (es+-[a]) Empty
merge (Br s1 f1 ml rl) es (Br s2 f2 m2 r2) =
Br (sl 4+ s2 + (sum $ map size es)) fl (merge ml (trees (rl 4 es 4 f2)) m2) r2

trees [a, b] = [tr2 a b]

trees [a, b, c] = [tr3 a b c]

trees [a, b, ¢, d] = [tr2 a b, tr2 c d]
trees (a:b:c:es) = (tr3 a b c):trees es

— &3

data Place a = Place Int a

getAt :: Seq a — Int — Maybe a
getAt (Seq xs) i | i1 < size xs = case lookupTree i xs of
Place _ (Elem x) — Just x
| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a
lookupTree n (Lf a) = Place n a
lookupTree n (Br s f mr) | n < sf = lookups n f
| n < sm = case lookupTree (n - sf) m of
Place n' xs — lookupNode n' xs
| n < s = lookups (n - sm) r
where sf = sum $ map size f

sm sf + size m

lookupNode :: (Sized a) = Int — Node a — Place a
lookupNode n (Tr2 _ a b) | n < sa =Place n a
| otherwise = Place (n - sa) b
where sa = size a
lookupNode n (Tr3 abc) | n<sa=Place n a

| n < sab =Place (n - sa) b

| otherwise = Place (n - sab) 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




B  PUEHEEAFHE

MNTEUER, £ T HARIHE R BIERIPERE_ERROY O(nlgn) P, RESHMFIIME
e S PUEHEF AR, MEREETAIAE] O(nlgn). BAER A ENRIAE T
A, G A RIAFFHER, BRI HER

13.1 P

IR H— 4/ NI AAZIRA SRR

L B ANIEZSET . B EEX AN NIRRT #R G 2 ) 22 2 A et s iy
U B AR

2. FrAUSREMAE NP EEIX P8, i 2 A MRt EE X — DK,

S Z T SR (EK) 1 [102, 100, 98, 95, 96,99, 101, 97], $3% 13. 11518 71X —
HEDE AR, 2B—20, B @k 102 BRI T3 T BATRIXAN/ N S, SRPATXI
o TATH B R . AT ANEBuG A, AN e —ATRR. LA, B & 102
JEK AN A U 2 T SR R AL, BATTFRAS S S5 =2, Bk 100 BRI T
T, HEN 98,95.96. 99 JERA/INAAA UGS T A A M, 1 & 9 101 JERAY/ N
RGBT, IR =47, =20, BEh 98 EKRI/INIR BN T AU 5L

233
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S 101 JEREVNTA RO T A MR, HAEMARERE — A, EHESHF, =
HFAFERTT T, BERIATA NERu 2 R0 B,

102 100 98 95 96 99 101 97

100 98 9 96 99 101 97 ‘102’
98 9 96 99 97 ‘1000 101 ‘102’
95 96 97 98 99 ‘100" ‘101" ‘102’
‘95" 96 97 ‘98 ‘99’ ‘1000 ‘101" ‘102’
‘957 96”97 ‘98 ‘99’ ‘100’ ‘101" ‘102’
‘95" ‘96 ‘97 98 99’ ‘100 ‘101 ‘102’

* 13.1: LSRR
BATA] UG POEHFFRIE Lo X3 L THEP I
o LN ] MHRFEERNE [ ];

o G, 1E L PEIE—DICRIENRNE p, R L PAKT p KILRHE
Fr, RESRET p BAM, RRRITAERT p FoRiy, S8R ET AN,

BT RN MAZ “RJE" AT MEGEHE 2 TR, PdiEr /R
(C. A. R. Hoare)7E 1960 42 H U1 FATIRE SR FHF A T BRAN T 5L i, 1X
A ZRATRE, BIUNEERES — NITRIEAEIUE p:

sort [] = []

13.1
sort (z:xs) = sort [yly € zs,y < x] # [z] # sort [yly € xs,z < y] (13.1)

TAER TR A “FAFD — 250 RIER (B 2P R5R) 1)
WAL, — 4 2F RER {ala € 5,p1(a), pala),..} BAMES S IR =
Pr. o . EEHEURTER (LS5 —T0), 41 RO T1F:

sort [] = []
sort (x:xs) =sort [y | y<xs, vy < x] 4 [x] 4 sort [y | y<xs, x < V]

BAVMBOAZABE AN HE o ] DUE R ERIHER, DOE T 25407 5%, W%
FOFAFE BCEERAINE . IEERA TR DHE AR R S (W =5, AT
HAERE S —E R ey, (B2 0 EH e ™ eEr UL DI E), @i
W, BAUB B < fENEREZEA

ST BURE AL ONIE N RIED (Zermelo) | #6522 5/R (Frankel),
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13.1.1 X%
FERAYPIEHE R E X, BATED TR E—IRIKIGTIE <2 WITE, $2
ARISITE > » W&, FILLEENTEFHE— XX 7t e :

partp [] = ([].[])
_ ~Jp(@): (z:as, bs), HH @ (as,bs) = part p s (13.2)
part p (x:xs) =

EN o (as,x:bs)

IXPEPOEHE PRI LN -

sort [| = [] (13.3)
sort (z:xs) = sort as+ [x] 4 sort bs, HH : (as,bs) = part (< z) xs '
PATTHE AT A B hnskog R 75
partp = foldr f ([],[]) (13.4)

Hrp X

p(x): (z:as,bs)

f(as,bs) x = 13.5
(a,50) @ {?:?}”JJ : (as,z:bs) 159
FEF B MSEIAIR 73, ARSI 285 R (as, bs) RFRNEE, # p(z), MR
x 2 as, BNRMRE bso XTI AT —AEIBITHTRI 72 -
partp [ | as bs = (as,bs)
p(z): partp zs (z:as) bs (13.6)

part p (x:xs) as bs =
BN 2 part p xs as (x:bs)

THEHAFIEARN z:2s BT
(as,bs) = part (< x) xs [][]
PRIEHER 7 L RERARIE sort as - [z] 4 sort bs A] DAE—P RN BRI

sort s[] = s
(13.7)
sort s (x:xs) = sort (x:sort s bs) as
Hrp s NERGER, BAUEN—DBIIERRIGENHER : gsort = sort [ o K352k
I, T ZOB AR D FHIER as.bs HEFF. TATRTATERS bs HEFP, K o BERREISEIRAT,
TR BAREE R 8 NG SerIHER o

sort = sort' []

sort' acc [] = acc
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sort' acc (x:xs) = sort' (x : sort' acc bs) as where
(as, bs) = part xs [] []
part [] as bs = (as, bs)
part (y:ys) as bs | y < x = part ys (y:as) bs
| otherwise = part ys as (y:bs)

13.1.2 JiHHEE

FATHE TR e el SR R H K 4y, HER 13. 14818 71X fh— o i X 3 19
FEP AT A REEH AT, B AR E R 13.1 (a) PRAJLERT4
A%

p=xl] UL HLR R
\ ( @
x[1] ‘ e <p | e >p | Ll X[y
(a) R HIAZR MR
p L R
N
*X[ﬁ’ fﬁJrl] L2 X[y
(b) JH4A
p L R
\ | J
| <pe )X[L} > D |x[u]
A
(c) &5

13.1: FHENICRERME p X0 —BAA

o BRIMINEENE po XITPEERIN, p BAEENFIRENLE

o —BAEE <p B, X—BRIEMAFN L;

o —BRAEE > p WD, X—BRIEMEILAN R, LR ZRITRAKRT p;
R JETHFTTRAAREI, X TRATRERTEAKRT po

K3 HaERE, L 1617 p, R $617 p BTN — LR, WEE 13.1 (b) FRe RJE A
FAa) R T, BE R BOdBHGM, SUGEK, LR R fEFRITTERM po
# o[R] > p, ENALT L #1 R Z[Al, BAVRELARTFEEN R; N 2[R] < p, EMIZNLT
L M, BATR L 1Adi#es)—2, RJa5H «[L] M1 2[R]. 3 R BT R/e—MIER,
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FTARITRAEAHEE, > p KUTRAPREEN T L A0, mE e TRAT L £,
B BATIHRZRLN p, (EENTIXPERI R, ik, JAT52H p M1 2 (L], WNEIE 13.1
(c) FHONFAEFEKITR, L BRG] p, RN N 7. BTG L 7RI H)
ZEORRIEL, Ny T T IS YRAETE, TATRE L 0 1, SIS EFRAE —DART p TR, 2
AN A, R KRR _E RN 1w, JRHORI 7> S0 :

1: function PARTITION(A, 1, u)

2 p < All] > B
3 L1 > =M
4: for Rin [l + 1,u] do > X AEMREA
5 if p > A[R] then

6 L+ L+1

7 EXCHANGE A[L] <> A[R]

EXCHANGE A[L] > p

9: return L + 1 > IR AR A B
TR 13285 TXITEAH [3,2,5,4,0,1,6,7) HI2PEE,

%

31 2(r) 5 0 1 6 7 HFHi,p=3.0=1.r=2
3 2()(r) 5 0 1 6 7 2<3,810r=10

3 20 5(r) 0 1 6 7 5> 3, Y&k

3 20 5 4(r) 0 1 6 7 4> 3, YRSL

3 2 4 0(r) 1 6 7 0<3

3 2 o) 4 5(1) 1 6 7 Bl 1, EH r i

3 2 01) 4 5 1I(r) 6 7 1<3

3 2 0 1y 5 4(r) 6 7 3 1, RGN r 224
3 2 0 m 5 4 6(r) 7 6 > 3, 4k

3 2 0 1) 5 4 6 7(r) | 7> 3, 4ks

1 2 0 3 51+1) 4 6 7 r G T IR, A p F

72 13.2: FFFRIEAH

ffifl PARTITION, A] ASEIR PR IEHE A0 T :

1: procedure QUICK-SORT(A,, u)
2 if [ < u then

3: m < PARTITION(A, [, u)

4 QUICK-SORT(A,l,m — 1)
5 QUICK-SORT(A, m, u)

BATHEHE IS ABH B R, 40 QUICK-SORT(A, 1, | A|)o GNSREEH A BON S B
HEA DR, TATERIRE,
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£:35] 13.1
13.1.1. BOHFEARPGEAEFIE X, BR T AR N8, A BT E51 R B,

13.1.3 M:HES T

PRIEHE L SCBR B P RE BT, BAHRE/ RS2 T ER DT FEIE L TR
MRE, EIL T BRI FIEINME N BAFIBOLT, BRI ER 58 70 AniEE 13,27
R, HTRE O(gn) VOB, BB —K, L n HITR; B ERITHIX,
B n/2 NITER, BARBITRELS 20(n/2) = O(n). H=BEXI7IUR, BIRAH
n/4 PR, BEFITINENZE O(n)-- RE—BEHE n PHER, 8 E—1T
=, BNEHZ O(n). KT ZEHIHRITIN RIASHN, 152 P HE P 7 & B 00 TR RE
79 O(nlgn)o

n

/N

n/2 n/2

n/4 n/4 n/4 n/4

.dgm)...

1 1 O IO 1

Kl 13.2: &UFIER, BxEI 55

BINMEOLT, K RA P, —E8o K 0Q1), B—H2HK O(n), BITHIREIR
N O(n)o TAFIBUL T, PRIEHEF AR A — KRV — X SIME DL T, T — R
APHTHIRN, BT S E — R TW, R ES . ZXBRRRALAR T — MR
O(n) WIBER, MIER—ZH, FrARTRMEAEHE, FIt&IMEI FRITEREN O(n?),
XA A GE B RIPERERA S0 TRATTRT A FE T LAMRI R AT BRI UL, BN R & T
REAHFSFEXN DGR, AINEFFIHLS B 7, IEFHE—EEN
SFENERE NI, ANFAE— M5 TR AT DASE 2l BRI o

TR %

PROEHE B M ERE RAF. BMERIRKI T BREIKERY 1:9 FIMHERIY,
PEREDISRN O(nlgn)o AL AT IE DM DORAFF RPN R R, 5
— R AR EER R E RO BORE B ERE L, FEIREEHER o, (RN TREAT T
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FeA%, P TIRZ A ER L, ZIEXITHIR (a1, a2, as, ..., a,], 18 a) 1
FFE, IR ERTEWDNTFHNR A = 01,20, ...y 6] F1 B = [y1, 92, s Yn—k_1]o TEIT
PEVHEF IR, A PEMDCEEAEN B FIEMTEIRITIE, SRAHFINE
RA [ar, a9y .oy an), BATE 4 a; < aj, SHACEFERE—TTR a R @i < ay < ay,
I H ap T8 a; B a; ZHIHOENEERS, BATAEXN a; F1 oy BATERRS, Bt2U, &
a; 5 a; AT, WL ai B4 o —BTEE a1 < aige < ... < a;_y ZHIHIE
NEWE, 2 P(i,7) RFE a; T a; HATHRAIIER, FM11A

2

P(i,j) = " (13.8)
AR S8 AT DU 2 -
n—1 n
C(n) = P(i,j) (13.9)
i=1 j=i+1

WISTRINELAET a; Al o, 15 FRABRHER b, BRFLLE ; A a, I ELIT
% a, KT ARLHE TR, BIEEE ERR, ¢ 09 BB n— 1, BRI i+ 1,
L= IIONCE

n—1 n

22 i
L= (13.10)
2

k+1

=1 k=1

C(n)

3 -
[

i A AR AL 0,
1 1
H, :1+§+§+.... =Inn+~v+e,

(R
C(n) = iO(lgn) =O(nlgn) (13.11)

BRI ERI S, DHNRKE n, M EEEIRNMREN i Mn—i-1
AIER 7o RIS REL LB p MR, BB S AN cn, BATHIREIAKR:

Tn)=T()+T(n—i—1)+cn (13.12)

Hep T(n) BXKEN n BIFIREEATPIEHEF BRI TR, @ DAH R AOBER 7R



240 =8 REHFE T
0,1,....,n — 1 FEUE, X HIRZEEEEHAE
T(n) = E(T(i))+E(T(n—i—1))+cn

n—1 n—1

1 1
_ 1 L1 i
_ni§:02(l)+”g I’'n—i—1)4cn

1 n—1 1 :Li(i
= — T(s - T(7
n; (z)+n§ () +cn

2 b—1
=) T(i) +en
=0

(13.13)

n <

PIAEE LA n:
nT(n) =2 T(i)+ cn’ (13.14)

¥ n Hon—1 8 52815 %A
n—2
(n—1)T(n—1)=2) T(i)+c(n—1)° (13.15)

=0
A (30 (13.14)) WERX (3N (13.15)) HEFER T6), HF 0<i<n -1,
nT(n)=(n+1)T(n—1)+2cn —c (13.16)

RHEEE ¢, BRI A:
T(n) T(n—-1) 2¢

= (13.17)
n+1 n n+1
RN n — Lon — 2- 158 n — 1 DMEH
Tn—1) T(Mn-2) 2c
= + =
n n—1 n
T(n—-2) T(n-3) 2¢
n—-1  n-2 + n—1
T(2) TA) 2c
3 2 '3
R G <F 2000, H 2 2GR, LEREl— DR T n BIEE
T(n) T(1 1
n+1_T+2C;E (13.18)
AV, S 2SI RN
T T(1
O(nf)l) :O(%—k?clnn—i—’y—ken) = 0O(lgn) (13.19)
S]ixg

O(T(n)) = O(nlgn) (13.20)
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13.1.4 gk

POk HE T HEREIL R, BIERIFMEH T, MRESIRMLEIE 0, R LR REH1 7>
i, HIEINME IR RAR, REWI, TR E5 R 75 1% DU G alm /b
IEIRIG I, BATL IR 20 ParTiTION TEACEE KB EE T EN HIIMEEE R4,
EESH n MEFETERNFHRF (2,2, ..., 2]

1 EARPOEE Bk — DT REN R p = o, PRVEERINDFA: (2,2, ..., 2],
KEN n—1, BI—DEAINZE, & TFRIBTH N n— 1 EI’JF”?U?EIFYLO JS¥=1
3’—]{@% O(’I’l2)o

2. PRSI < o> @ MRS, SEREFINERFIR 0 NET ¢ TR, #F
SR R B FANZH LIRS BN, S5 RN [ ] 4 [z, o] 4 [ Jo A
EEN O(n)o

SR, FA DRI AT RGH M T =0 K53, = R RE e it R R TT =,

sort [] = []

(13.21)
sort (z:xs) = sort S+ sort E H sort G

¥

S =lyly € xs,y < ]
= [yly € zs,y = x]
= [yly € s,y >

XS FR BN R = A FRERE R, FATTA] DA — D R BT
SOt gsort = sort [ o HH:

sort A[] = A
sort A (x:xzs) = sort (E4 sort AG) S

BATRAEE R N =ATF3% S, B, G, K E HtREeMHF, %%i&*%ﬂlﬁ
o BAVEMARRLR A X G 7, BEFHERD E BJEH, fETHI R
XS HoFe JllorthnT DA SRR AR G :

(13.22)

part SEGz ][] = (S,E,QG)
y<z: (y:S,E G)
(13.23)
part SEGz (yiys) = qy==xz: (S,4:F,G)

y>xz: (S, E,y:G)

ARG T 53— G U AN RIERGE AHE P AUSE IR, T2 AT HHE Y
?ﬁﬂ%‘z{%f K, BRAHERAE—E:
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sort :: (Ord a) = [a] — [a]
sort = concat o (pass [])

pass xss [] = xss
pass xss (x:xs) = step xs [] [x] [] xss where
step [] as bs cs xss = pass (bs : pass xss cs) as
step (x':xs') as bs cs xss | x' < x = step xs' (x':as) bs cs xss
| x' = x = step xs' as (x':bs) cs xss

| x'" > x = step xs' as bs (x':cs) xss

BARE - ZEF74E 7 (Robert Sedgewick) 25 1T RFIRAY K 70 7775 01, [ PR
NEEF 0,7 WEERFMAEFRR, FFOAE 4, 5 IBmEEREADR, ERREMrTE
VERFEUE po NEEFRE ¢ MIGEBERNBEI— > p PR, BIVETRE j Wk
PHEZNER—A < p BTE, N, rE « £BNTER < p, TE § HIANTE
# > po i fRM— > p KITE, M j fRA—A < p ICE, WEE 13.3 (a), N T
EE < p ICEN S BN, HAmRER 21450, Bl 1558 0 f1 5 H8MMmA TR,
ARG RE, B8 FHPPEES « f1 j HIBEEE R, EXI I EANZ], SR
BALEM G @ EMETTE (B O < p; ATE j GIE7CE (B4 ) > p. i
1§ Z A TR AR, AEE 13.3 (b),

FHHE p >p <p
\ _
x(1] e <P x[i]| ... 7 ... |x[j] >

(a) $5Et ¢ A1 j (2 1L AR

R p 7 7
\ ( (
<o oo s

(b) Kl AEE&MH
& 13.3: WA
M i, g MHIBE AN, BATFE—IREIMNAIA e, K A MR p 223 5 458

FALE b 2R, BRI X E T 1 F0 j ZRIREEH R B All...j) ;i FAI 2 XA
R w 2R Ali..w) EATIEEHEY

1: procedure SORT(A, [, u) > HEF XA : (1, w)
2. if u—1>1 then > W& 1 APALERTER
3: 11, j+u

1 p < All] > B
5 loop

PR IR R




13.1 PdHEE 243

6: repeat

7: 14¢—1+1

8: until A[i] > p > Mg i > u BN
9: repeat

10: j+—g3—1

11: until Afj] <p > W j < 1 BB
12: if j < i then

13: break

14: EXCHANGE Ali] +» A[j]

15: EXCHANGE A[l] <+ A[j] > #%5)] p
16: SORT(A,1,5)

17: SORT(A, i, u)

E EFTA TR EHE RIS TE Ol B X AR K A E I 8, KT g
IRAZH, T XI5 2 R, B USRI RN O(nlgn), i B, FILHATHY
N SRS b, IX—T7 IR AR BCRE /D, ek T AR B (A — M B T 3R AN
ATACTR, FATTAT DB R AR =B e 5 ek, FONANE T HIER TR T8,
Jon Bentley 1 Douglas Mcllroy Z5H T —N75i%: WEE 13.4 (a) A, SCiEFTA I
BRI TT R RAFE M 0100

L A
)

el o= <t o> =

(a) ZFEXN 7 BIANEE S5
i J
o —

<= e >

(b) ¥HF TR MR TR #EH ],
13.4: =§&%I15>

PSR YA RN, ] 8% > FERTEE 3 J BE < JET
2, AR ¢ 1 S D S, RO RIS Ali] o Alj), FIRHREE Ali], Alj)
EEETHME, MRS, R Al o Al ® A[] < Algl. fEXISLEEN, A7
T S T R TC R M A A ], SR T B TR MR
SR TR —, WA REONE, R TN, 15045 B B 13.4 (b) FF
oo IR, BB TN R PR AT 555101,

1: procedure SORT(A, [, u)
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e

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

if u—1>1 then
11, j+u
p+l,qg+u
pivot < All]
loop
repeat
14 1+1
until Afi] > pivot
repeat
J—J—1
until A[j] < pivot
if j <1 then
break
EXCHANGE Ali] <> A[j]
if A[i] = pivot then
p+—p+1
EXCHANGE A[p] <+ A[i
if A[j] = pivot then
qg+—q—1
EXCHANGE A[g] < A[j]
if i = j H A[i] = pivot then
j—i—1i+i+1
for k from [ to p do
EXCHANGE A[k] <> Alj]
Je—g—1
for k from u — 1 down-to ¢ do
EXCHANGE A[k| < Ai]
141+ 1
SORT(A,l,j+ 1)
SORT(A, i, u)

FHH=8 PuRHFEmEFHEE

> FEAAHSECR AL 7

> W% i > u FERAC R

> R < 1 RUEEIRALE]

> AFEAHSE TR

> FAHSFE AT R A E R

AN =FE X AN RS E A4 T, HEF A S A D H 5. AT

A B A B, BRI 1B B ER e T, He R E AR S
W — D ICRIENELUE p, WNEE 13,5078, EMNA], EMABRES < p FITR;
BRI BES = p PR Al BRES > p BTR, = DR BEIIEH 25108
inksjo [k, j) ZARMARITHAITTR, BANNEMGZ 14, THAR, < p BIED N
5= p M RE—ITK. « fABAHN MR, k 186« BIR—PITR. > p K
o=, j fErEE A
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i k J
( ( )
\] /

L <p..}-=D & 7?7 ... kF->D ..

& 13.5: BAFEFHR =X

ISTFIEIE, BATE Rt & RANTTE, MBEST p, S & AT~
AR > p, TS Alk) RALFRFRIRIG —TE4 Al — 1] 228, 5B > p
IR K BEREI —, BIIAR j AR, BT ARSI & MTER A
TRKT p, BIVREFRR R, B LR, F, MRTTE < p, ROV AR A
= p WIS — e Ali] 28t 2 kA j AN, QI FEf,

1: procedure SORT(A, [, u)

2 if u—10>1 then

3 il j+u k+<—I1+1

4 pivot «— Ali]

5: while k < j do

6 while pivot < Alk] do

7 ji—1

8 EXCHANGE A[k] <> Alj]
9: if A[k] < pivot then

10: EXCHANGE A[k] <> Ali]
11: 141+1

12: k+—k+1

13: SORT(A, 1, 1)

14 SORT(A, j, u)

FIOR A0 =38 Sl 73 R b, 35X — SCEIREDA fRT B E 7522 58 22 R SR 4 IR B

2N

BRI RE Rt B N KRB EE TR, (ENARTTIER R R— L R ZE L,
pian, FAIRRRE S TR EFN Gk AT IEF), Xln &A1,
13.6ZPMAIRIE L (21 < 22 < oo < @) F [yn > v2 > oo > y,] BIKISDES
B BATAT LA B Z IR ZENE O, B0 (2, Tty ooy T2y T1, Ty 1y Tingos o Ty ]y o
[11 < @9 < ... < 2], AN [2, 21, 201, @0, ... ] QBB 13.7TFRR,

XA Z G, BB E — D RS SR, EwfEns
H T — st 090 RAE [ B B I R TR A T I B A ARV NG | R AR
BRI AT REME, ReEE — TR PEJTE RETE, IEERX =B EER
Fe, AT ZOR SR, — M 2 FHE SR EEEHREDYL; BB A —Rindid 2 it
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(1 x[2] | x[3] | ... | x[n]

[l x[3] | x[4] x[n]

N

\

] X[n]

(a) [1’1 < < ... < xn} H"Jﬁ”ﬁjmo < p B"J%B%/‘E\%?o

yi21]-..[yin]
y21]y31]...[yin] 0
yB31]y41]..|yinl i

yln] 1]

(d) [y1 > y2 > ... > yn] BRI, > p FIERITE N

K 13.6: MFRZER
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lx[m] |x[m-1j|...|x[11|xlm+1j |x[m+2j|...|x[nj]

N

N e

x[m-2][x[m-3] . X

0 eSS T )

(a) BRT S —XA5), HE#RAF- 1,

[x[n]]x[11]x[n-11]x(21] .. |

/

[x(11]xIn-11]x2][x[n-21]x[2]] .|

N

1 [x[n-11]x121{x[n-21]xI31]...|

~

[x(21]x[n-21[x[3]]x[n-3]] .|

N

1 [x[n-21]x3][x[n-31]x[41] .|

~ O\

[x(31[xIn-31]x[4]]x[n-41]..| 1

<N

(b) = DTN

13.7: HEZERZEEN
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=R BIMER SR N RIME, e RMEBSEIRE —MIE, K
Bozzh 2|,

1: procedure SORT(A,,u)

2 if wu—1>1 then

N m e |1 o S 1+ L e
4 if A[m] < A[l] then > WER All] < Alm)]
5 EXCHANGE A[l] <+ A[m]

6: if Aju— 1] < A[l] then > R All] < Afu — 1]
7: EXCHANGE A[l] > Afu — 1]

8: if Alu — 1] < A[m| then > R Alm] < Au — 1]
9: EXCHANGE A[m] <> Alu — 1]

10: EXCHANCE A[l] <+ A[m]

11: (,7) < PARTITION(A, [, u)

12: SORT(A, 1, 1)

13: SORT(A, j,u)

Xt bR PURPRF IR I 22 1A 0L, IX — S PERE R4, EHFON “ =R E” Bk, %
— b DT R R AL TR R B
procedure SORT(A, [, u)
if wu—1>1 then
EXCHANGE A[l] <+ A[ RANDOM({, u) |

SORT(A, 1, 1)

1:
2
3
4: (7,7) < PARTITION(A, [, u)
5
6 SORT(A, j,u)

PRI%L RanDoM(l, ) IR[E—E | Il v Z BHIFEHIREEL | <0 < wo IX—E
HITC R BB A MR B, X — T IEF O BENLDEEHES U, it 2 =R EIE
e FEHLBRIEHE P E AN RE e R R 2 TE . WSRFAIBENL T, TTIRIEEE — It 2
HentE ERTTRE AR, 58 LERE A, BMEEIIS F ek 216 0,
(B IX L 77 VAR SERR B A AT RES BUS IR 4 USSR

WH TR, BN ERT BRI RZEE . a4 MRS
FIRGIN , PRIEHE A A AR, idd A HE7 RO st P00, SER74Eve, ARRR, £
FIRZ N T AR T, & T — N EE. R FHIH R TR N> T EIE,
UL TAE I AHE

procedure SORT(A, [, u)

if u — 1 > Cur-OFF then

1:
2
3: QUICK-SORT(A, I, u)
4 else

5

INSERTION-SORT(A, [, u)
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13.1.5 PEHER S5HER

“HEIERYBRIEHER” AR T 2 RSO —4 SRR N e AR, it se
TR, = R B B, DA =B 7. RIELAYIE I E SR SR IR T PRIE
Her r RS, B EH _EIRMEMEGE, B NN PR 7 A i B R, R
HHEFE A HE P RO A R AL R, BEAE - BIESH T mnaEd e s, =
SRHE S HE S PR HE R U9, 58 S unfold BRECKE— NI FE# 9 — SRR :

unfold[] = @
unfold (x:xs) = (unfold [ala € xs,a < z], x, unfold [ala € xs,a > x])

= AR (S —5) AR L, unfold P AR XOAERZ, QRS
RNZS, RN — R BN, RFNRAFE—DITR o (ENTRRIE, K518 1A
EAG T, HPETRE <o KT A T2 > o B7TR. R XER
PRIE Hh e k) B A RS R O -

(13.24)

toList @ = |[]
(13.25)
toList (I,k,r) = toListl+ [k] 4 toListr
FATTA] PR IR bR B Aok, 2 ) PR HE P 3RTA
sort = toList o unfold (13.26)

BB unfold ¥93E H — XALRW, KHEIEAHHEERIEN toList 1515113
JERERT DRRF 57 1o U0 FCREIX — I A P R 45 SRR T R, A5 21 7 B AR B P 7
B,

13.2 HIFHEF

PIEHE P AER Z BB T ERE LS, (EERZEB T LRI, BIEEH DA
IR TE Rl R 2 16 O A HEFEAT A 1B TEVRIE O(nlgn) REZRE, fEH
REOH ot EEAEEE X PR BEHMAIRENE A, R mEREIER
HHEFE R ERIHER 77 24 JAFHE A E WA T 2 a2 USRS, EORUER
BT, FOCR P AR R B 0T, I THER, AAE R A B A5,

sort [] = []
sort [x] = [x] (13.27)
sort xs = merge (sort as) (sort bs), H : (as,bs) = halve xs

3 deforestation
44 Haskell, Python 1 Java
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HF halve RPN H2TT XN TEEAH, AT AR ARG B RALE 2 #:
splitAt L'%S‘j x50 M THNIRBATLZLMEMN RN b 0 T 8 (LS —F), filan:

splitAt n xs = shiftn || xs (13.28)

¥

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n—1) (b:as) bs

xR H AT BRI, Bl Ta] DA B A B 2 B TR, S EZE AR
M2, BoOAEE A, BRERIETM, halve = split [ ] [ ], Frp:

(13.29)

splitas bs [| = (as,bs)
split as bs [x] = (x:as,bs) (13.30)
split as bs (x:y:xs) = split (x:as) (y:bs) zs

Bt e] DLAH & il — 0 ik, Nl iERr, SREEITE « I
B as b, RGEH as < bs:

halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

13.2.1 HIF

SRR EARANEE 13.8F7R. B EMAZ T, E0 Bl S mH A, BATZRZ
FAMROGEE — R3], BIR— N\, IR S @iy, BT mMERE R, T HEk,
MFRUNI—MERETT; REEEIX D, EEEM— R Z - C 2w, t/aF
NHI—BAAR A FATT AT DO — s X o

o)

00 ‘
Jo o
13.8: 93
merge [ | bs = bs
merge as [| = as

13.31
a<b: a:mergeas (b:bs) ( )

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

BN b merge (a:as) bs

X EEH, BATRT AER e S AL E 0 #, 70 AliE T HER a3
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1: procedure SORT(A)

2 n <+ |A|

3 if n > 1 then

’ m L% ]

5: X <+ CoprY-ARRAY(A[l...m])
6 Y < CopY-ARRAY(A[m + 1...n])
7 SORT(X)
8 SorT(Y)
9 MERGE(4, X,Y)

X—TTIEER TR A FRRERONESNE E, 1XZH T MErRGE BIENZE
JFEHUERTTR I, VAHI, FATAWREREE XY PETCER, EEEEU N — D iRE %
A, ERSAETEIE BRI — ], Bt — D P RIRER TR
F A,

1: procedure MERGE(A, X,Y)
2 117+ 1k« 1

3 m < | X|,n < |Y]

4: while i <m H j<ndo
5: if X[i] < Y[j] then

6 Alk] < Xi]

7 14—1+1

8 else

9 Alk] + Yj]

10: j—3+1

11: k+—k+1

12: while : <m do

13: Alk] + Xi]

14: k+—k+1

15: 14141

16: while j <n do

17: Alk] < Y[j]
18: k<« k +1
19: j—J+1

13.2.2 TERES T

FFFHERE 2 AP R A, BATEHE A0 &, R HE —ER- P
X, AR 1320, RSN O(lgn)s JAFHEFRNEITRE S O(lgn). 1TE&
— BTV IAIFIE— LR NP AIRIIT R, SR — M SE, K55 — 8y
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FIRTTEG RIS, T Z T W 1, QEFFIEN n, 1T T(n) HHE
J TR ], FRAT 1 — RS A
n
2

m%wﬁ@zz%ﬁwﬁ¥%ﬁm$T@%ﬁﬁ¥%ﬁﬁ$Tg%H%mma
Hi e BHAERL ML AFESFIZEEN O(nlgn). BN EIMAEEHTRE28 1 E 2
B, ARIRIUE 3 7 123 IR W RE AR L, FR i TRYIS 1A T LRSI HH 2 [ 5 2 P 407
o TR AR SN, B UORIAR, #5TE SERE NS RNz A, F DU T 20
BRI, IR EG, X2 A AR, B A2 AR E L AE HE A R —
BT, N O(nlgn)o

T(n) = T(Z) + T(g) ten = 2T(g) +en (13.32)

13.2.3 itk

NTRMEIAH XY &, TATRE co BRINEIENTRE,
procedure MERGE(A, X,Y)

APPEND(X, 00)

APPEND(Y, 00)

i+ 1,7 1,n+ |A]

I:
2
3
4
5: for k < from 1 to n do
6 if X[i] < Y[j] then
7 Alk] + X1i]
8 1—1+1
9: else
10: Alk] < Y[j]
11: j—J+1

TEVEHIN A AR S AL — M, Bl T DA e e e I, A
[FRER/N AR, 3N XA TAEX TR, S&/a B LR X A N A ]
JR#EH,

1: procedure SORT(A)
2: n < ’A’
3: SORT'(A, CREATE-ARRAY(n), 1,n)

4. procedure SORT'(A, B, [, u)
5 if u—1>0 then
I+u
6 m < LTJ
7 SORT'(A, B,l,m)
8 SORT'(A, B,m + 1, u)

SRR — oo
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9: MERGE'(A, B, 1, m,u)

BATRIN T 2B MERGE & AR TAEX:

1: procedure MERGE'(A, B,l,m,u)
2 i ljm+1,k<+1
3 while i <m H j <wudo
4 if A[i] < A[j] then

5: Blk] + Ali]

6 141+1

7 else

. BIk] « A[j]

9 jg+1

10: k+—k+1

11: while : < m do

12: B[k] + Ali]

13: k+—k+1

14: 14—1+1

15: while j <« do

16: Blk] < Alj]

17: k+—k+1

18: j—J+1

19: for ¢ + from [ to v do
20: Ali] <+ Bli]

253

> Sl [

XSGR AR ZREM O(nlgn) BRE] O(n)o MT 10 HMREBOTRAT, I

AERTEETE 20% 2 25%.,

13.2.4 JRMIHHHDT

N T G RSN S R, FoAT155 FE AN 2 R IR R VRO AR, ANl 13,957
™, THA X MY BHEA, ST, £ 1 ZACVEIFHE, FETTRE
o % All] < Alm], SUFIRTREEN | —2; BN A[l] > Alm] TEL Alm] BVAF4E
SR LT 1 2. A, BATHERTE A m Z BRI (B8 D mE P —ME,

g Al LB X

Alm]

.. BFEk Y.

= All] > Afm) WP X

& 13.9: JFHSERITIE

1: procedure MERGE(A, [, m, u)
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while [ <m <u do
if A[l] < Alm] then
l+1+1
else
x < Alm]
for ¢ «+ m down-to [ + 1 do > %
Ali] « Ali — 1]
9: All] «+ =z

{EX—FE R )2 24 IR LK O(n?). BXEHRIRE B2 — D ERMERT (AT 45
1, Bf X FRITTERNMEURIEL SX FEEHAFI, T 1 HEHTFIRATER 2 E
TAEX, MARECAE TAEXNITER, Ei e IEm R R, RO+ A
Ml B BT EN, 84515/ NYTTEIRAN TIEX R E R, BATE N T/EX A
HCERASH R, HIF5EAUE, RN F R R 7 T AT TEX NS, WE
K 13.10F7R,

EE#

P’ ~

LB Al - =/, Bl -
*i Ali] < B[j], WzZ#t Ali] «» C[k]

. B |ClK]| -

13.10: HFERHSE TAEX AR 1 H Rk

CFFHEAH A B MIIEX C #RREBAHN—R 72, JAFN TR ER SN
i1 A, B RUtIR. S5 AL E, 73l FHIXIE (i, m). [j, n) R0 ; TAEXAEERAE k.

1: procedure MERGE(A, [i,m), [j,n), k)
2 while i <m H j <n do

3 if A[i] < A[j] then

4 EXCHANGE A[k] < Ali]
5: 1—1+1

6 else

7 EXCHANGE A[k] +» A[j]
8 jJg+1

9: k+—k+1

10: while ¢ < m do

11: EXCHANGE A[k] <> A[i]

%la, b) FREAGTFXA, B o, (BT b
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12: 14 1+1

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—J+1

17: k—k+1

VA AR X T 220 e D 45 F

1. TR AU R, AR AN R BT 2R T AN ;

2. TAEXA] DIAE—F B EE, HAREARE SR ITFFHITTR,
BATTAT AR — RN TR, R —FAH e, B 1311078,

R X2 35 N B K < 5

13.11: VAFFHERF — 18

AT I — T ERHE, 3t U i MAHE T I 1312577 B

(T FHESE M ZIA A(% ) Al Bg B, (B4 T IEX AR % 5
G REERIN A+ B IR

1/4 B: 1/4 A: 172
work area sorted sorted

13.12: FEHEENRZTIF A.B

TAEX RS —Z M E 2 BT 3@ FAni i, S RIAFFHITRAPIE 55, M
A TAEX AN T B H R B B R o R AR A, AT TAEX RS 1/2 HEFp, 4538 B
PEZHENRT 1/2 oy, Fr LAEXHALT AL B i), GHEE 13.13 BT AR, XA
HEEMS TR T8 A A TEE D, ZEMARmE

1. frf B LR/ T A HEREITR, H¥FE, B HEi ARSI TIEXH,
1M B A EAEPART TAEX IR, T TIEXH B BIR/IMASE, BRIt aera] PA
s

2. T A HRE/NT B HERITE, HHF AR H# A f T/EXHHNE, 4
TAEXHE A H—H oo REW G, T EE S A HIANE, EaiE, i mN2E R
IFHRITER, TIEX G FEA W AR EREhE] 3/4 INE, 1tE, A
HEEI G B I TAEX IS, A TEX#EE] T EHE RN, tnE
13.13 R FT 7o
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1:
2
3
4
5:
6
7
8
9

10:

11:
12:
13:
14:

15:

2:
3:

4:

JEHEFAAFHE

Fr=m P
B:1/4 1/4 A:1/2
sorted work area sorted
1/4 merge A, B: 3/4
work area sorted

13.13: FIHT/EXIHH A.B

A T I AIRE I I, e TR W ahsIaT 1/4, Bl E X —5
PR AR EAE 1/2 HEE, W TAHEING 1/2, T TAEX (T eh A,
ORI TAEI I N, A % 3 i 3 é ------ VAR R, 4 TR
TR — A TERINLE R, 16U — T AR TR, FolTTAT DA P A HEF
P =T NS

l+u
meLTJ

wl4+u—m

procedure SORT(A, [, u)
if w —1 >0 then

SORT'(A, I, m,w)

while w -1 > 1 do

u — w

I+

w <+ [

|

SORT’ (A, w, 1)
MERGE(A, [[,[ + v’ — w), [/, u), w)

for 7 + w down-to [ do

J 1

while j <u H A[j] < A[j —1
EXCHANGE A[j] <> A[j — 1]

i —1] do

j—j+1
NTRIELAEX AR, TAVEH_LIRECE, BATR S a1 A BRI IX HE B
AT MERcE Fik, & K, BATRZEE X Sorr’ ik, €IS KEITHAH Sorr K
L TAEXFIE PR 7o

1: procedure SORT’(A,l, u,w)

if u — 1 > 0 then

m LH_TUJ
SORT(A,l,m)

> X PR

> TAERX
> MFIR

> B AHER?
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5: SORT(A,m + 1,u)
6: MERGE(A, [I,m), [m + 1,u), w)
7: else > KT A TR E| TAEX
8: while [ < u do
9: EXCHANGE A[l] <> Afw]
10: l+1+1
11: w+—w+1
B FREAE VP APRS T AL RS RUTR: 2, 7 S .., BT
O(lgn) W 5EHET . BIGBIARNRIRE 20 —FHE T, 2R 0 FH 2 eI R 31713 9F,
2 n DNICEHFIEN T(n), BATEW FEIHXR:
3 7
T(n) :T(g)+cg+T(%)+c£ +T(%)+c§n+... (13.33)
AF—FETTER, /LFHE R
n n n 3n ™
T(g):T(ZH—c——I—T(g)%—c?—I—T(l )~|—CE . (13.34)

4
PR (3R (13.33)) - (3R (13.34)) &

T(n) — T(g) - T(g) + cn(% + % +.)

AT lgn A % RO, FE S B T 380 35 2R
T(n) = 2T(%) + gnlgn
(TR IR TR, (SEIE5E O(nle® n).

13.2.5 HARHIFHF

13.14: MNP [0 [ Ao ) i

BN T RSSO A Z BVAFFHEF . BN RE AN R M S 5
PA— S 01 Foh B ARVAFFHER L% X THEMIFES, AT DAMEAE A BT AERE —
MMERRE T A TEA—NRERIGOL, BT A] AR R MRS 775, FR
et T LB, AR T RS N RIZbR it
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15,0, 4,3,5,2,7, 1,12, 14, 13, 8, 9, 6, 10, 11
8,12,14,0, 1,4, 11, 2, 3, 5, 9, 13, 10, 6, 15, 7
0,1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15

R —THIE T RIER N, B DR/ N TE D, R ARERE T YK E
H—, RUEE IR, RPRE TR 7RRER, BFIICRE, FREERF
A& 2ETR, AP, B2 AT ANE T RS — MBS T 5, T2, &
AT AR AN AR IR 7 41, — P MKERTR, — P MRERTR, VAR — T E K EF
Bl 1X—BEERIRF U, BATTRT AR TR RIAT B R TR 50

8,12,14 ( 0,1,4,11 | 2,3,5 9| 13,10,6 | 15,7

En& merge
——ay¥

7,8,12,14,15 | ... free cells ... | 13,11, 10,6,4, 1,0

K 13.15: BRAHHEF

13,1588 T IX— B8, FIEIHEN, AR, 735 E S m
BB T I RIFIXPIN T A2 — D TAEX AT EM, #% , BATERIX—%
R, RS N AL T, X — IR, BATR A7 A1 2 TAEX A A M, A
AR E, RAEEARRE R TAEX Okt SRTATTRESEIRIIH 2 TIEX S,
FAZZ B TAE X AN EE, FF ORI FUCA TR U3, FHaas—4C RV, ARk
M KRR R T 55— B R EIRE, RN E 7, HEP a4, IX— T EME
AWANTT RSB, F LA 7 5000 B 28T, oy Mg B RIAFFHER . a0
13.16FR, EMIE, o 201 d ZJGRTREEFETE, BATRAERR 5 [a,b)
AT REIRK, BN FFH (o, d) AT BEIRK, XTLIEX, f ZHif r 25
RIE RN (R EHE T T, arEgen, TR 5 [a,b) F [c,d) N f i
[ A5 BEELH, TAPET P r AT,

TEHE P I AaHT, FATHES BRI RN TAEX, o F1 b 5N, ¢ 1 d
famsa M, for fER TAEX A W,

1: function SORT(A)

2 if |A| > 1 then

3 n < |A

4 B < CREATE-ARRAY(n) > Bl TAEX
5 loop

6 [a,b) < [1,1)
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(a b C\ d
( )
coa | e o Freeo f. oo
f r
: (
.. B o RPEAL .. B
13.16: HARAFHEF N AU M T

7: lc,d) < [n+1,n+1)

8: fe1ren > FEM LAEX E R

9: te1 > AEER
10: while b < ¢ do > AL R EAHE TR
11: repeat > ¥ /& [a,b)
12: b+—b+1

13: until b > ¢ B A[b] < A[b — 1]

14: repeat > I [c,d)
15: c+—c—1

16: until ¢ < b B Alc — 1] < A[(]

17: if ¢ < b then S AR
18: c+b

19: if b —a > n then > [a,b) B REFHANHEFE R
20: return A

21: if t 2a14Y then > MV
22: f < MERGE(A4, [a,b), [c,d), B, f,1)

23: else > MG
24: r < MERGE(A4, [a,b), [¢,d), B,r,—1)

25: a<+bd<+c

26: t—t+1

27: EXCHANGE A <> B > P TAEX
28: return A

AN TR ZLE AT A E A S EUE
1: function MERGE(A, [a,b), [c,d), B,w, A)
2 while a < b H ¢ < d do
3: if Ala] < Ald — 1] then
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Blw] + Ala]
a+a-+1

else
Blw] + Ald — 1]
d<—d—-1

9: w+—w+ A

10: while a < b do

11: Blw] + Alal
12: a+a+1
13: w—w+ A

14: while ¢ < d do

15: Blw] <+ Ald — 1]
16: d«—d-1

17: w—w+ A

18: return w

HARIHHFHER B PERE R U PR IF R, Riskia IME, 58—,
AREIR T F AN SN 1, XEEHRE, TIEXPHHFNERF FEHNKERN 2, &
BE T R—RIZUBARE, HEREIREH TN RECAATRENT 2, X—4#
Ja, TEXESKEREDN 4 MAFHER -5, IHNEF FRHANKE
AINAE, RItRZT/E O(gn) M. F—AMTAERITR, FTLUEERER
O(nlgn). MFRTTRIFEESNR A, BATTIIEMNE RMSmIIH, & YR AT TS
THNRARK, BATTRT ARHRIR S 73R T, REBHIFFFE, AT 5IREH
AT, B E SRR XA AT E N (R L) -

sort = sort’ o group (13.35)
Hrr group HITETHNARBIRTFHIZE:
group [] = [[]]
group [z] = [[x]] (13.36)
. e <y: (1:9):gs, HH : (g:gs) = group (y:xs) )
group (x:y:xs) =
AR [2]:g:9s
sort’ LR HBFHNIRBOF VAT, ARG FEHRENS ITH B 252 :
sort [] = []
sort [g] = g (13.37)
sort gs = sort (mergePairs gs)
HA mergePairs TEXN:
mergePairs (g1:g2:9s) = merge g1 g» : mergePairs gs (13.38)

mergePairs gs = gs
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FHNBA AT DA B ESER sort’

sort’ = foldr merge | ] (13.39)

8.3 13.2

13.2.1. BIMEHSWNEIF (mergePairs) BB ZEMIRI 2?2 G1RMHE, 54 HIE;
GRERANIA], TR B pR?

13.2.6 HJEF_EHIFH

HARIAIHEF I E 2 oA aa 7 — R B W _E e 771k, B DAMR T (Et %
KRB, BREFHER n MR, BMVIREE— DR, RERAESNT 5
P, 193] 2 MRE 2 IEFFIER; IR n 258, 2RR—DKEN 1 WFF
Hllo FATTAWT RO ITFHAEEE 7751, BG5S 2IHE PSS R, mEgFR 2 o “ BRI
FEHEF"DU i E R 13.17FR,

b

SN

0 il
AN AN

13.17: BJEKM_EIHFFHEF

BAVEFEBIBAN 2 ENR, IR (21,22, ..., ] LE—TFRNBTHN n D
—ILR TR ([24], [, ..., [wn]], RIGBA AW BT

sort = sort’ o map(x — [z]) (13.40)

BAMEHBARFAFHF I sort’ 1 mergePairs, AW IAHF513%, BEE&
JE—A0s BERA B3R B RVITHFHEFIRG, (U A H T EAR, AR L, &
AT DA B ARV HEF AR R TS 0 (R 218 00 S HIR, BRIFHHT B2 ARSI T
FIRY REIRK, B KA EIFFHF AR PR K ET RS 1, BJRmA EIFHHE
JPHE X2 BBV FATTAT PAHRRIS 3 ik Qs :
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function SORT(A)
n <+ |A|

1:
2

3: B < CREATE-ARRAY(n)
4 for ¢ from 1 to n do

5

Bli] = [Ald]]

while n > 1 do

o

7 for i < from 1 to Lﬁj do
8: Bli] + MERGE(B|2i — 1], B[2i])
9: if Opp(n) then
B[] < Bln]
n
11: n [51
12: if B =] then
13: return [ ]
14: return B[1]

3] 13.3

13.3.1. HPMHERHRERIR BN foldp, FEREE X B KM _ERIHFFHET

13.3 FFHiT/bE

FERA PO REEH, SR 5E N, /] DT DT FRAIHET . 3X— SRR
PR RIER . SEhr b, FATHRIEA AR, AR AP IATIES, T2
A EIR p DT R, H p NACTEER M BRSO, aRBATTAT DOFATHE 17
I TRIANSERHER?, 7 Bl E O(nlgn) = pT", iFRONERPENR, JXAEHY FR M R i
FATRIE, 2, Ry REA PR RIE R p — 1 DR, XN p DM
B, RIGFHATHENHET, FAZRAIH), S HEER] 25 B, BA TR REIS EI P
O(n) BIERE, 55— 75, H A IDHFHEP FIRRRSTH B B v T IR 2R
RUFTINE, TEX ATV HE A PR HE 3T S Ar iR, BMA B, AFFHEF I
PRIEHE I IR BT B 2 I 1T, BEETE cdot RURTE 1986 4RI T
n NMEERES, EREN O(lgn) RIFHTIRFHHEFRIR, FTAHERE —~PMERME 2K
HH, BT AR AR e, BE T USE T T TREZ A,

13.4 &k

AESA T R B EHE R R ROEHEE R HE . ETHERIAE TR T
AR AHE T B ERE BRR O(nlgn). ZETT4EFL PR 2 20 R BIRRAAE R
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Rk KREHZIEEEE A POEAF E e TR, JEE T, Reall 2 et
B SR AIRIET, fEAERAANZ R, AMITEEERIEFFF X —
MRHRR, fTDARR D HIAE AT AR R, PsHE P £ R Z BB N RIS, MHE
SR B, PRIEHE P 7R ER DRSS iR, (BAESS — B3R R, SR AR A R
1B XBENERZER BRI LR 2, AR BAREE, M UE &1
N, ARSI NERRECRIEMERE, Sez PRisHE P R TERETE IR ZE TR 0L N HHBLIR (L, £
an LI AP I, JAFFHEF RO PEREA AT PR HE e, JF B ZE M 23 (Rl
17035, EAERLEELT, ARG, SREEZ RG], FEb)AH 7R
—NEERHI BT G,

POEHEF AP AR BCR . PRISHE AT AR TERHER B — R K,
[FIAEIAFFHE R tha] Db HE et S sk 1), Hip iR A 22k DY Hh—Fug i
R FAFFHIAEZRRE 2 BlanBOEHE?, B % TIAH. ROVEHEERTIF 5148
INFRET MR T A, PR3 5Chn ERt 2 eoIRER. Sk, 135
HEFP AR R E 2, ERID HR BB, TCIRRSF o), Arl s #, B0 H), 52 B KA
EorEl, POEHEFRMECRIESESE 0 #, ik e et im0l RE N1 —L&
CHETT IR AN = s AT, BEML DR HE 7 =K1 7055

FIRT N AL, TN T HAH R EIE, S AT RHEE . S BeHE ., e
PagHER ., VAT SRR R TR AR IR R DT R OUs, £S5 X — TR,
NMTIEZ D% SN AR “REEE” Pk, RGEHIHE R 7T IR TCIRAE A RN AR R IR T
AEFRCRIE B RHIEEE, R, AFILE G MEdRC RO T HH TR RIE

%o

3] 13.4

13.4.1. (ERAFFHERFRISREE, B — R REE R AN — DR8I A — R = AR,

13.5 Bl
5

Int partition([K] xs, Int 1, Int u) {
for (Int pivot=1, Int r=14+1; r<u; r=r 4+ 1) {
if xs[pivot] > xs[r] {
1=1+1
swap(xs[1], xs[r])
}
}
swap (xs[pivot], xs[1])
return 1 + 1

TSR, KER T TAEGRSANR S E0A, 1E R FIRIEN (R AHET R R E RAFIIERE
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void sort([K] xs, Int 1, Int u) {
if L<u {
Int m = partition(xs, 1, u)
sort(xs, 1, m - 1)
sort(xs, m, u)

PYCIERE i

void sort([K] xs, Int 1, Int u) {
if T<u -1 ¢{
Int pivot =1, Int i =1, Int j =u
loop {
while i < u and xs[i] < xs[pivot] {
i=14+1

while j >1 and xs[pivot] < xs[j] {
j=3-1

if j < i then break
swap(xs[il, xs[jl)
}
swap (xs[pivot], xs[j])
sort(xs, 1, j)
sort(xs, i, u)

IR

[K] sort([K] xs) {
Int n = length(xs)

ifn>1 {
var ys = sort(xs[0® ... n/2 - 1])
var zs = sort(xs[n/2 ...])
Xs = merge(xs, ys, zs)

}

return xs

[K] merge([K] xs, [K] ys, [K] zs) {

Int i =0

while ys # [] and zs # [] {
xs[1] = if ys[0] < zs[0] then pop(ys) else pop(zs)
i=1i+4+1

}

xs[i...] = 1if ys #[] then ys else zs

return xs

A TR XA TR :

’Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))
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Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+4+ (u-1) /2
msort(xs, ys, 1, m)
msort(xs, ys, m, u)
merge(xs, ys, 1, m, u)

Void merge([K] xs, [K] ys, Int 1, Int m, Int u) {
Int i=1, Int k=1; Int j =m
while i < mand j < u {
ys[k++] = if xs[i] < xs[j] then xs[i++] else xs[j++]
}
while i < m {
ys[k++] = xs[i++]
}
while j < u {
ys[kH] = xs[j++]
}
while 1 < u {
xs[1] = ys[1]
T+

JEHEAFHHER -

Void merge([K] xs, (Int i, Int m), (Int j, Int n), Int w) {
while i <m and j < n {
swap(xs, wit, if xs[i] < xs[j] then i+ else j++)
}
while i < m {
swap (xs, Wi+, i4++)
}
while j < n {
swap(xs, wH+, j++)

Void wsort([K] xs, (Int 1, Int u), Int w) {
ifu-1>1¢{
Intm=1+ (u-1) /2
imsort(xs, 1, m)
imsort(xs, m, u)

merge(xs, (1, m), (m, u), w)

}
else {

while 1 < u { swap(xs, U+, wtt+) 3
}
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Void dimsort([K] xs, Int 1, Int u) {

ifu-1>1{
Intm=1+4+(u-1) /2
Intw=1+4+u-m
wsort(xs, 1, m, w)
while w - 1 > 2 {
Intn=w
w=1+(n-1+1) /2
wsort(xs, w, n, 1);
merge(xs, (1, T+ n - w), (n, u), w);

for Int n =w; n>1; --n {
for Int m =n; m < u and xs[m] < xs[m-1]; m+ {
swap(xs, m, m - 1)

R

}
}
}
}
AR B A BV FHE
[K] sort([K] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys 4= merge(pop(ys), pop(ys))
}
return if ys — [] then [] else pop(ys)
}
[K] merge([K] xs, [K] ys) {

[K] zs = []
while xs # [] and ys #[] {
zs += if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)




HYE R

AT EALRGUEEAR 2 R AER R AEHS DAL, TAVAL a8 A AT DAMHESEZE 72k
55 ZAF PR IE R TS, A DR IR SRR i DIE E R E i H
AR B HERS 2%, B RE THUICRETR R I RAE B R IAY) 7T 3o RENGRFEARRTEEK, T
AL, ERRRE,

14.1 K EFEN)IG

X— AR BANAAE n DICERPFEE £ K U TR, XEARNMIE X
EMRAT KRR BATEH < RKRKEE &k /NIITER, A kT 2= e — RIS,
A A 7T TR R e B /MY, RIS TERIR TR P FHEE /MY, BT & (0t AT AR
FIE &k /MTTER, 12 n DL RPFHE/NTRBEENT O(n) M, KRR E Y
O(kn)o BATHAT AR HE, IXAERTDATE O(1gn) IFIATPA BE . ZREXTIER, A & (XA]
PATE O(k1gn) WRINIRISE S,

top k xs = find k (heapify xs) (14.1)
a5 AT B AL
top k = (find k) o heapify (14.2)
Hrp:
find 0 = top

. _ (14.3)
findk = (find (k—1))opop

BANERERBI LRI TT IR, M TARIRITTRIA N AL B, 13 A TR
AKRF (B HEE 2 m = |A| A KR/, H#E m F k:

L & k<m, W &k /NITTRIE A o, FOEF B, RJGTE A P&

2. # om < k, W& k/NEITRE B 1, BINEF A, RIGE B PEAERE
(k —m) /MHITTER,

267
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BARNGOL R X2 PR, AL B R/AIMES, BRITEMAR A, E24EHN O(n +
n/2+n/4+..) = O(n)o TAMM _E—FPRIEHFHRINITTTIE part, FEPLERE—D
TR (W) 1ENEME po RFTE < p BITCERBMA A, FIRTTRRAA B, X+
m =k — 1, p W2 k/DHICER, SNFEMTEITE A 8 B P&,

m=k—1: z, H¥ :m=]A| (A B)=part (<) s

top k (x:xs)=<¢m<k—1: top(k—m—1) B (14.4)
A top k A

FIPRIEHE 7 —FF, JRZETEO TN 048R EA T, YEREIRIEY O(kn) B O((n —
k)n)o “FEITE N T AT DATEZRMEIN R ARSI B 52, FAT I AT DARL A PsiE -4l 70 vh 25 A
B, W = s FETR A BEATLXI 70 75 -

1: function Topr(k, A,1,u)

2. BEXCHANGE A[l] ¢ A[ Ranpom(l, u) | > BEHLLE [1,u] PSR
3: p < PARTITION(A, [, u)

4: if p—1l+1=kFk then

5: return A|p|

6: if k<p—1+1then
7: return Top(k, A, l,p—1)
8: return Topr(k—p+1—1,A,p+ 1,u)
FATTAT DAAEIX — 7 AR B A E R AT & ME (B MERINF 2 ERR), 4R
BB F2% -

tops _ [1 =[]
tops 0 _ =[]
tops n (x:xs) | len = n = as
| len < n=as 4 [x] # tops (n - len - 1) bs
| otherwise = tops n as
where
(as, bs) = partition (< x) xs
len = length as

14.2 9 E

FREEIN R TR S — D “BEEERT: AR ERE— 1000 INAYEL, Zi
AR, EAERERRE, AEEMAESRE HiX ML Blan: Z2EHL? BRK
2?2 AL ERECFERAIR 2.7 REWE 3 BEBRA? F5F, METHIE, EIMERER 2%
FRo T£ 1000 PAW, AR IGEE W& HEER— 207, 10 IRWELREFHEE R, BN

!Blum. Floyd. Pratt. Rivest 1 Tarjan 1£ 1973 fEAH T —MRIERRIG T F B, 28R 87 T4, 545
% 5 PML&, BHE n/5 MHE, EERX—PEREHPENE,
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210 = 1024 > 1000, “SEEEA?"H2E — M EF IR, BRE i — P T2, ¥t
AHEEIX AR R AR B — 2 S, (B RN T A RIERE . RIEH
ERMEEZIXFENSE T H, FRABR RS, REIEAIENE, a2
B TIRIRT . GRAEEAE 30 FOPREXT, BEER1S i, fl4n: 1000 7T, & T ;500 JC,
K7 ;750 7T, K T 890 JT, K 17; 990 JT, IEHA! XN T “ &7 K&, H
THEEFFH A PR o, BAHREILFFFI PSS B g, f1 2 AR R 2 =y, &
HEHGWR 2 <y, HT A BEFW, BITAFTEER LIRS ER; BUAEGE
B IXFERMIE/N A FIRIUEL, GISRY A = [ ] RRIRE, M « RFEE, —57
BEIRER A BEFW, EELEEE NRE XS ARHEF B = 0 &K, IREEAHE
RENER, EEGIUE: BRI EA A B, BRATTHE 25 Rl
Wy KRR IR ZE D BRI SR, Al 2 A AT (GRrEEk
P E—RRPAHNBIHE S T — MR, 5 20 Z2EEAEEI, FHRAH T
TOBERSEI, S8 A B ETEN Lu(RE w.

u<l: Nothing
x = A[m] : m,ﬁﬁp:m:l—l-Lu_lJ
bsearch x A (l,u) = 2 (14.5)
x < A[m]: bsearchx A (I,m —1)
A bsearch x A (m + 1,u)
FATTE AT CATH BRI , Jiid 53l RS — &k

1: function BINARY-SEARCH(x, A, [, u)

2 while | < u do

5 e+ | o g [0

4 if Ajm] =z then

5: return m

6 if © < A[m] then

7 u<+—m—1

8 else

9 l<—m+1

10: Not found
BT RREE A, 0 ERNEIREN O(gn), 0 EBIEA] DS 2R H I K
BRI BIUNTTRE o =y, HF a <y, a.y B2 BRE, BAIFHK o HUREE, 3R]
ATRATF 2 N 0 FHIAIKIRZEIK o, ol a?, ..., BEIRIED o =y, B3 o' <y < o't
FORTTETCEEE R, FRKAY o F0 o, AR TFERFFREE, WHHE o THFE—ERIN
A%, FATA] DA — o EHORE TS0, E b iEn ERR. BT av >y, TATTAT AR
XM [0,1,..,y] NER, HTERE f(z) = o BIFBEL, X TEHZRE =, FA1LH
2HAIMLE EREHE A BULAR” i, BIREERH R LR — DA, ATEEENE AR 16 MR, iR EE 2R,

BREHLES A REVLH BT R IS AR A2
SR, BATRIAE A o™ WSS o™ = aa™s EEIMNHE MR REREL £(n).




270 FUE HER
BRI o, — LO% I, QIR ame = g, Wy, VRN W am < y, Befl1E
7z, BTHIERSY; BN EFE 2, EEIER; PIRME L N ERRHE RIEEIECE, BEEEI#R
A RTEER NS, /R, NHE 0B ERENE X, FATHATEREIS
=N f, VH bsearch f y (0,y), HH f(z) = a®s TAHAFEIUE O(lgy) X
f(x), FT5E,

u<l: Nothing
l+u
- Hrb .y —
bsearch f y (I,u) = flm) =y m 2t = | 2 J (14.6)
f(m) <y: bsearch fy (m+1,u)
flm) >y : bsearch fy (I,m—1)

14.2.1 ZHEER

BRI BN RS 4 eCE &4, SFERE M RITRINA mox ne BT
GH ) TC R 2 B VA G DAY B ARE AR 14.1F7R, Rl Pods e JE e rh R B AT
HFT 2 HoTERNE? TANFTFEAH — DR, RE—HAE (4,5) BFIR, EEER
Mi,j =z

[(z,y)|z + [1,2,...,m],y < [1,2,...,n], M, , = Z] (14.7)

= W N
S U e N
co N Ot W
© 0 O

14.1: BT, BHIER YR AN

B - (A0 AN — M AR U, IR AE ot i m AE 0 AR 2K
o BRI, (BARE Z B AN, 1208 — 0 &R B, @ H &N T Ma »
ERTER AR E/NT 2, TN EFL EXIBGWRAT 2, B N X R & 14,257
R, RERIXIBRFTRA] 255, WAEGLT, #RXIBEMN—MEEZR T —D L ¥, T
FEEEH, BAHEXRE LR RAEMR N : CHIREL f(x,y), EETEENFE
BRI (2, y), 15 f(2,y) = 2o FFFERATLURFLON T AT

f(x,y) = {

—

<z<m,1<y<n: M,

=

(oA -1

M
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< ?

N
S

(m72, n/2) (mfi2;n

~

? >

14.2: FE:HRITE/NT 2, KEXBE/NT 2; G FRITEKRT 2o KEXIBEIK
T 2

QIR f(2,y) REBEIEEEL, B0 f (2, y) = 2+ o°, a b SR BRE, BRIREAR
MET A, TN B A TFHRER D, NEE 143005, KM (0, 2) THA,
MNTENR (p,q), BAIEEER f(p,q) M 2 HIKF:

1R fp,q) < z:HT f BV, AN 0<y<q, B f(p,y) < 2o TANEFTE
BB FATE (LU LRED ;

2. R f(p,q) > 2 FTEN p< 2 < 2,8 f(x,q) > 20 BANEFKFLE LHIFTE
MEEBLRE) ;

3. MR f(p,q) = z:(p, q) B—DE, MFFLRER LI SHE AT AEF,
IXFE, BATHERT DU 4/ NETAAS R X, BIRE L EFT 1T, BLEF I, 5
BN EFT 0,

©, z) (z, z)

(p. 9)

\/

(0,0

K 14.3: \WEEAPEER
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TE S search PREL, RN LATFHAHEZR  search(f, 2,0, 2)o

p>z8lg<0: []

search f = pq — fp,q) < z: search f z (p+1) q (148)
f(p,q) >z:  search f zp(qg—1)
fp,9)=z:  (p,q):search f z (p+1) (¢—1)

BRELG, pv ¢ EVE-DRAESGA, TP, BEHEE 2(z + 1) REK
MR, RIFEA =M (D) BIR p. ¢ ANETE—D, JE 2 +1 Ptk
R; (2) AWKFRARTHE, &5 p BT 2; (3) A& T i, &% ¢ ZBAM,
14 ARR T B A FIEIAAIE . EIE 14.4 (a) H, AL EREN A (2,2 — 2) #F
W fx,z—x) = 2, BITRE 2 +1 PHX (2,0);(b) H, ETTKFEIIEN R (2, 2)
LR f(r,2) < 2, 2+ 1 DA, REHR; (o) B, LEMEERFDA (0,2) EER
F(0,2) > 2,2+ 1 HJa, LREW; (d) MIRHRRZERI NRBATRHZREE BRI
ALY « B L, FrE EELBARE] ¢ fiE, 5ta] DS ELE AR ECY

2(z 4+ 1) AR O(22) WIZ5 285 L, IX—B0tbRe B 28 SR S BIZR PN ] O (=),

A (z 2) A (z, 2)
(0, z) (0, z)
0,0 > ©, 0 >
( (@) (b)

A (Z, z) A (Z, z)
(0, 2) (0, 2)
(0,0 > (0, 0) >

() (d)

14.4: RTFMBREE

X— A DR, R f =R, AR EIMERA LR R
KAE, PAERMEETZ B, GkG— DSk, WEE 14.500R, SEERMNAE LA
(0,2) AT (2,0) MR, X—VEERH—PH/N f BV BATATCIE v Bz
BK m, 15 £(0,m) < 2; 15 « HHREIRK n, 15 f(n,0) < z; IXFEHERIXIEHLM
(0,2) — (2,0) 4&5/N2 (0,m) — (n,0), MNEE 14.6F7R,

Z]
Z]

AT A =0 EHIER mon (BE 2 = 0 B m, BEE y = 0 BR n). HK3h

{m = max [y[0 < y < 2, £(0,y) (14.9)

n  =max [z|0 <z <z, f(z,0

I/\ |/\



14.2 “HER 273

B 14.5: f(z,y) = 2> + y? WEIE

©, z) (z, )

(0, m)

\/

(0, 0) (n, 0)

B 14.6: H8/NAYIR AR R X IR
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(3R (14.6)) FES, H7E y, FH I <2 <u i f(z) <y < flz+1)

u<l: l
l4+u
: H .,
bsearch f y (I,u) = Jm) Sy < flm+1): m KA m =] 2 | (14.10)
f(m) <wy: bsearch fy (m+1,u)
f(m)>uy: bsearch fy (I,m —1)

IXFERLAT A0 AR man:

{m = bsearch (y — f(0,y)) z (0, 2) (14.11)

n = bsearch (x — f(x,0)) z (0, 2)

FE T ORIEZE/ NFETE NI T S EHER  solve(f, 2) = search(f, z,0,m)
p>nig<0: []

search f z pq = Jprq) <z search [z (p+1) q (14.12)
fp,q) > z: search f zp (¢ —1)
fpa)==: (p,q):search f 2 (p+1) (¢ —1)

RSOl E AW BB m f o, BRIUET O(g2) (R f; SEEER
FEEINGO FHE O(m +n) IR £ &EER FHHE O(min(m,n)) Ko SRR Z4EN
TR FEERREA f(z,y) = 2 +o°, N T HRE a.b, WFH m.n R/, BARMERERSE
O(lg 2)o

W& fHIRE
BINMEDL | 2logz +m +n
w&AFIENL | 21og 2 + min(m, n)

WEE 14.7, BEBZRXIK (a,b) — (¢,d) FH—R (p,q), £ f(p,q) # 2, RREE
FRETRT (< 1/ WR f(p,q) = 2, BT f BV, BATAIFN EZF{LE TG L
5, F p . q 17 LB S XFERER 1/2 B9, 77 DAPEgE MEZRVERE, T
HE f(p,q) = » R, BANEEHEEH LKL O EELN H &K 1R
L F=EBRNEREN O(g|L)), FATEBERFE R RLIER, WEIE 14.80T7R,

WRFL EAE f(p,q) = 2 B, BT E f(p,q) <z < f(p+1,q) FIR
UKL, M TEEFLN f(p,q) <z < f(p, g+ 1)) INTRATARER: p 51l.q 17 LK
ROEREF Ak, Tl TH B ZK P EWE f(p,q) <2< fip+1,9)
MR, SR EEL EWE f(p,q) < 2 < flp,q+1) BIR. AR LATE RS
f(p,q) < z, WHRMEI_EF R E RS f(p, q) > 2, MEREI R F, I, FAEFE
FREZR— A XI5, TS T2 SOH A SRS R
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(a, b) (a, b)
A

(b, q) (P, @)

(c, d) (c, d)
(0, 0) > (0,0 g

fip,q) <z flp, q) >z

(a) 4R f(p,q) # 2, RBERF L T A LK E
XK, IR T L K.

(a b)
A

(b.|1q)

(c, d)

(0, 0)
fip, q) =z

(b) WK f(p,q) = =z, AIRINEFMAKEED,
R X

K 14.7: 45/MERXIH

A(ab)

a, b)

(c.d

(0,0

(c. d)

(0, 0)

14.8: WHERERI L &

275
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Lo oy B0 R, EEREXE (0,m) — (n,0);

2. HHERXIH (a,b) — (c,d) MATH, IHAEHL B, SNEHELE - SE
I, SR N (p,q);

3. % f(p,q) = 2, (p,q) N—MR. BHAERTXIK (a,0) — (p — 1,q + 1) M
(p+1,q—1) = (c,d);

4. £ f(p,q) # 2, BIFHERW DT XIBIMI— 57L&, LN (p,q+1) — (p,b), W
14.9 (a); 8 (p+ 1, q) — (c,q), WK 14.9 (b).

A(@b) A

a, b)

® q) (p. 9)

(c.d

0,0

(c.d
(a) (b)

0,0

14.9: BBVIRRK O, WER f(p, q) # 2, ETREEZIERILE,

c<ad<b: []
search (a,b) (¢,d) =< c—a<b—d: csearch (14.13)
A0 rsearch

H csearch TEARKFEHL L= EHK (p,q) 15 f(p,q) < z < flp+1,q), 2K
14.9 (a) Fik, WIRPLE EFEREEAT -, KE TR (o Lb%d 1o EFh%& L
M (Erpel), anEE 14.10 (a) Fmo

A .
<.

{ =129
p = bsearch (x — f(z,q)) z (a,c)

f(p,q) > 2z: search (p,q—1) (¢,d)
csearch =< f(p,q) = z: search (a,b) (p—1,q+ 1) 4 [(p, q)] 4 search (p+1,q— 1) (¢, d)

f(p,q) < z: search (a,b) (p,q+ 1) # search (p+1,q — 1) (¢, d)
(14.14)

rsearch 5IHREL P BEAAER, RGP LI T SOER S EER:
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A(@b)
ka, b)
(b.|q)
(p,g) (¢4
(0, 0) "
(c.d
00 (g (b)

14.10: WL EERINATRRTE L

solve f z = search f z (0, m) (n, 0) where
m = bsearch (f 0) z (0, z)
n = bsearch (Ax — f x 0) z (0, z)

search f z (a, b) (c, d)
| ce<a ||l b<d=T]
| c-a<b-d=1let q= (b +d) ‘div’ 2 1in
csearch (bsearch (A x — f x q) z (a, ¢c), q)
| otherwise = let p = (a + ¢) “div’ 2 1in
rsearch (p, bsearch (f p) z (d, b))
where
csearch (p, q)
| z< f pq=search f z (p, g -1) (c, d)
| fpg=2z=search fz (a, b) (p -1, q+ 1) H#
(p, q) : search f z (p+1, q - 1) (c, d)
| otherwise = search f z (a, b) (p, q + 1) +
search f z (p+1, q - 1) (c, d)
rsearch (p, q)
| z< f pq=search f z (a, b) (p -1, q)
| fpg=2z=search fz (a, b) (p -1, q+ 1) #
(p, q) : search f z (p+ 1, g - 1) (c, d)
| otherwise = search f z (a, b) (p -1, q+ 1) +#
search f z (p + 1, q) (c, d)

MR REE, BHEER O(g(mn)) . PR _DEIR (p,q), BEHE f
H# O(Ig(min(m, n))) Ko LAE m x n KIBHERNEDY T'(m,n), AU THIEITRHR:

T(m,n) = lg(min(m,n)) + 2T(%,

g) (14.15)
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ARGk m = 2" > n = 27 {FHFHZIRANE:
T(2,2)) =j+21(2 1271

1—1
_ k(s _
B kzzoz (7= #) (14.16)
=0(2'(j — 1))
= O(mlg(n/m))
{AFEIERA TIXBTE m x n KBNS RNRIL TR,

23 14.1

14.1.1. SFPFEHFE 25047, U k& ERRPESEZREN O(n).

14.1.2. N TEER A PIRET £ TR, BATATLERE ¢ = max (take k A),y =
min (drop k A)e WHR = < y, W A WET & DNTEMEBERE;, SNFNTA
z XI5k NIEER, By MARRITTER, RGEFFY [ala +— A,z <a<y] P
BAERAT & DR, HF EF =k — |[ala « A, a < z]|o ELIX—8IL, IF
TR AR,

14.1.3. RITEEERMNEFEAH A f1 B WHIHE, e EIE 24E O(g(m +n)), &
Hom = |A|,n = |B|, #RIAM NN K E, FE 2 EX8 AB H/NF 2 1
TLRMAKT » KT RFAREZEMEE 1,

14.1.4. 7HBRIEIE, 8IS 5 2RI R D AR,

14.1.5. S B RBPIF M ERE: PRI E T ARR/ME, & LAz
wNMH. HERIE 2 /DT i/ MEBGEE KT ERRETCHE ; IR — 57,
THEIK 4 A/INETE, RIGEIFER,

14.3  AEW) S

MNTEEREFHHENGE R, N IEEIRSES, A AEmEH50L L
W ZEHIMIENA RT3k, MIRZEESRFH, 40 A, B, A, C, B, B, D, ... Giit&iR, gEf
PR e GE? AT DA B R S A D 1 SR gk (28 2 )4

Optional<T> majority([T] xs) {
Map<T, Int> m
for var x 1in xs {
if x in m then m[x]4++ else mx[x] = 0
}
var (r, v) = (Optional<T>.Nothing, length(xs) / 2 - 1)
for var (x, c) inm {
if ¢ > v then (r, v) = (Optional.of(x), c)
}

12004 £, AMITEFLT —FERE, 78 Count-min sketch 8%, i sub-linear Z3[AIMETHE 1,
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return r

AJ AP L R B BRS| ZR SE B 7 BB ES A, AR m B ARIEN n 5KIES, 1X—
KRR AN T

wH | WA 23]
LR | O(nlgm) | O(m)
A | O(n) &> O(m)

IS —FRITE R I AL, BEHRAIEE/RAE 1980 £R45 HY T —F75 1%, AT LA fE —
TR H B ANRAFAE) . BIRHIN R E RN O(n), BRIEFEN O(1), BRI
—EIRAOEEIR ) AR b R 2 A 1, BAT AN R A
AFRTTER, BRG] MHITTREAHE, GERAEIFE, RGHF FH—E 2 RE &
S IKIE SR B RIBEE AN HATHIRIER , WSHISEEON 10 MIRKG SRR, 51k
R4 H ATARIER , WIARIERE AOS 2200 1, S IRIEE 1S SR 1o 15 REIEE] 0 WA
BERMEE T, B N —iKIERE ERIRIE AN HIRIER FHARLE, W N RATR, HF1E
AREC m, W m ANRTREMCHC BT R EIT %E, (HATURABAFAE GEATCR, R
), IR ISR “RIEE " H IR o REF R — TR

H E

A,B,C,B,B,C A B A BBD,B
A,B,C,B,B,C, A B A B, B,D,B
A,B,C,B,B,C, A B A B,B,D,B
A,B,C,B,B,C A B A B,B,D,B
A,B,C,B,B,C, A B A B,B,D,B
A,B,C,B,B,C, A B A B, B,D,B
A,B,C,B,B,C A B, A B, BD,B
A,B,C,B,B,C A B,A B,B,D,B
A,B,C,B,B,C A B, A, B BD,B
A,B,C,B,B,C A B A B, B, DB
A,B,C,B,B,C A B A, B,B,D, B
A,B,C,B,B,C A B, A B BD,B
A,B,C,B,B,C A B A, B,BD, B

RIEE

piE

e e R e =R b

Wwwe =W >

maj[] = © \
maj (x:xs) = scan (x,1) xs (14.17)
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HHHE ER

HA scan XN

scan (m,v) [] = m
m=x: scan (m,v+1) xs
(14.18)
scan (m,v) (v:xs) = qov=0: scan (z,1) zs
AR sean (m,v —1) s
s HE R HBIEM :maj = foldr f (2,0), HH:
z=m: (m,v+1)
fz(mov)=qv=0: (2,1 (14.19)
A (myv—1)
BRI TR UL &4
verify m = if 2| filter (= m) xs| > |zs| then Just m else @ (14.20)
TR R A IE SR :
1: function MAJORITY(A)
2: c+—0m<+ g
3: for each a in A do
4: if ¢ =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. FRAEEIR, £ A hIHREIREGED [n/k] B9 & DR, HAn = (4],

e BUUEE k DARTTR, BERIREF FRTTERMENE £ D RED
TLEE E-REET [n/k| D), M—ESF K,
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14.4 KT FHIH

FE8 VR —BOESHERY Vi) T 5, 8 XA S = Vil + V]i+
1+ ...+ V[, ZF5 [ | BREMFPIRFRS, ERAE 0. IFE vV K&K T
FEFIRTEL? fil4n (3, -13, 19, -12, 1, 9, 18, -16, 15, -15] H, T4 [19, -12, 1, 9, 18] f
FIE R, N 350 AERFFHIFFRITTRAGE LR, AR TR, GRATH TTRER
B WS FPFIIRTERCR, 0, BARA] DUBI 5 48R A 56

function Max-Sum(V)

m <« 0,n « |V|
for i + 1 ton do

i
2

3

4: s+ 0
5 for j < i ton do

6 s s+ Vij]

7 m + Max(m,s)
8: return m

FRENEIRET O(n?), B n BFFIHKE, AT DUEERBEEER EE, —
B —I0IE R S AR E « GHENF AR A, FIRICSR T HRiFrEER R AR
TR B, NEE 14.110R, A.B A—EM%, B0R/RFF B < ABXKR 4 BHT
—/NIEER Vi G A B, BATBLHERR B Bt A, X4 B+ V[i] < 0 N, ¥
B EHEN 0, FREAH 7THMH (3, -13,19, -12,1,9,18, —16, 15, —15] I,

i

(

K 14.11: A R HBHEINER TSI, B 2L i 452175,
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&AM | L SRR AR CiFSEEF: P
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-SuMm(V)

2 A 0,B+ 0,n<+ |V]

3: for i < 1 ton do

4 B + Max(B + V[i],0)

5 A+ Max(A, B)

6: return A

BAMHL AT A S MER TR IR A Spae = fst o foldr f(0,0), HH f B3

ORI

fx(Sn,S)= (S, =max(S,,,S),S = max(0,z +9)) (14.23)

m

%>] 14.3

14.3.1. BBUERR T ARSI, IR B0 B RN 5,

14.3.2. ARHIE BT — DR iiiia Z 775 R FEEHR KM, B2EN O(nlogn),
BRI RAE A R BRM 730 FRATTRT DAY LK H A58 0 B S AT, FJS
R 73 BB, FES IR R 7 B R R, SRR —T5 1%

14.3.3. 1£ m x n B ZHEREBOERE P SR TIERE, (ESSTT RN RIRR K,

14.5 FRAHREE

TAFERRRZ R, A SRR AR B 74T R RN RE fEREKL
B, BT R (55 6 B0, BATIAI R IR B SSAEATIRR . AT AT DLE e 747 HR
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AT R, aE A 14.12F7R°,

[a[nfy] [afn]afn]e[ufo]ufs] [a]n]a[n]s[m] [e[t]ofw]e[r] =

R N R

q

(a) (RASHL 5 = 4, 5% ¢ = 4 NFRHIR, B8 5 MFIEARRL
[a|n[y] [a[n[a[n[e[nfo]ufs] [a[nfan]y]m] [f]1

o|wle|r] T

° (an]afn]v[m] P
a

(b) IWEE] s =4+2=6,

14.12: fEX A “any ananthous ananym flower” 54X “ananym”

EXXAR T HIERFRFSR P, WEE 14.12 (a) R, ERBE s = 4 I, B—KHE
P AT TR, 8 4 NMESE, 5 5 NME P 2 y, HTE T 52 to HERZE— T
HiegIE, ¥ s 1 (P mAERE) 1 MEE) ARG EF LS ananym #1 nantho--++- Al
KU s B ERT VBT 1, BTN DFRF an 1842 anan G FBATATLAKE s B0
2(P M55 2), tEE 14.12 (b) Fimme BANTEHR T lETE & LGS 4 DG
B, Bd TR A E, SEg, SR SRR R — RS T — N e
FRBILELEE D MHEE NS E RS, F/ME KMP &k,

WA T HHT k DN FERHARNER T, (T 1k DNFRFRE). 797 RATREZ it
P a8 s M, BANFZAH EREHEELH) ¢ TP WEIE 14.13F7R, & P
Al AR, M—E R &k, #5158 P FRIET £ MRS P, WERE B DR
FHIF, WELZR, #igk P, RN P, ESK. & a8 7 AR BTSSR ESR, WS
R/ k= 0o FRATEIRENFNBL 2RISR EHRNER KR ko E X RIHFEL 7(q),
BEIFEMTYE ¢+ 1 DERPRILECN S B AAE D,

m(q) = max{k|0 < k < ¢, AP, 2 P,lNG5} (14.24)

HEXA T Hwtg s ILAC P I, 2580 ¢ DR, N —DAR, JfiTEd
¢ = n(q) HKE—NENRIINE ¢ BHIR Plg] FISTA:
1: function KMP(T, P)
2: 7 < BUILD-PREFIXES(P)
3: n < |T|,m+ |Pl,qg+ 0

SRR — SR — R R TH, W C FRIEEFN strstr, C++ fREEFR find, AKX Java FRfEEH
H dindex0f,
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[T+ n]Ti2] . [Tli+e-1]. ] T

N
— [P(1]P2)]... PGl [P+ 11]...[Pla]] - | P

o 0] 1 B 1 S

Kl 14.13: P, FINZ P, BIRTEEMISER

4: for i + 1 ton do

5: while ¢ > 0 H Plg+ 1] # T[i] do

6: q + m(q)

7: if Plg+ 1] = T[i] then

8: qg+—q+1

9: if ¢ = m then

10: B i —m MR

o ¢ (q) > SR S VLR

HEMAZ (X (14.24)) M1E 7(q) FHALH, BATE—FERE R, HIEHT
B AR — DI AILAL, N A K ATSRIR N 2 S ZR AT B AR 2 R (1)
Bl: Py = Py = [ Jo SHA#2] P W58 ¢ NFATHS, BIZRREUE (i), i = 1,2,...,¢ — 1
#ERLr, HHHMRKIER P, FNEEZE P, KGR, WEE 14.14F0R, &
Plq] = Plk+1],WEREN 7 — D ERHT k, BATRE £ BIEKRIEMN—; B0 Plg] # Plk+1],
BAIMH 7(k) EHRENI—MNEIER P, KA k' = 7(k), 285 EEBOX DMHTRIZR A T — D
TG ¢ MFIE%E, EERX P8, 53 & 2K 0(ZH), SEEME ¢ M
TiESE, PREAH T ananym RIRTZREEEUE, & FIEMER (3N (14.24)) BIRAIE.

gxx\

o

P[1] | P2] | ... | PIK] | Plk+1] | ... | Plg-1] | Plq] | ...

?

A y
P[1] | P[2] | ... | P[k] | P[k+1] | ...

Bl 14.14: P, 22 P,_1 WEE, L& Plg) #1 Pk + 1]
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q P, | k| Py
1 a0«
2 an | 0| 7
3 ana | 1| a
4 anan | 2 | an
) anany | 0 | “”
6 | ananym | 0 | «”

1: function BUILD-PREFIXES(P)

2 m <« |Pl,k <+ 0

3 m(1) « 0

4: for ¢ + 2 tom do

5 while k > 0 H P[q] # Plk + 1] do

6 k + n(k)

7: if Plg] = Pk + 1] then

8 E+—k+1

9: w(q) < k

10: return 7

KMP MFHER B AR, MR RTHRE I 2 fEEZREN O(m) V. RASH7)
WEEINER O(n)o SARDEE TN O(m + n), FHFFRE O(m) ZHICFKATHEEUE,
FHERBRIEAF AR KMP BIERIPERE. FIELE “aaa...a” (n 1) FHERKN m
¥ “aaa..ab”s B8 m DFRPALER, BATHEEREDR — D4, I HILEAWTENR 1
NFRFo BUEFEIXFPE T, KMP SIEMKIH 2SN R,

14.6 fRIIEER

FERIIANTEREM B, AMIKRE 72T R R, ARTFrFERILE, it
A BT MRIEERED, THEFRE DGR 020K, FLERE AR,
FEL IO, Al REFFEZ M. BIINTF(E 2 A58 IR E RIS, ATETEKH
FAE X R R AR,

14.6.1 RIS EALER

WRE RS2 (DFS) FJ RIS R (BFS) H M 5 B R H ik, AR A
RIX PRI R BRI B AU
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\\!r

i

TR E K IR AR, A5 2820 X R A, XN EE
HRE, AR 14. 157K, ARBTG5 ORI T R, TRE2 METIN, RE
GNP R R AR, BEIEHCEIRAL T — AR T — B AR, B EI R
EiE— S8R, I F—/NMUEEEILR MR, B2 7RIS S NIH
BB AEE SRR ERRT, R e —&ik, — BRI FEAAHEE T, B
BERAEA N TIEIR, MAENEHEHT 20, AW “Z I —RE”, Bl 1ok
SIEHRE, BRI s (TEM). BT m x n BIHEME M fHREE, THEEN 0.1,
FIORBEAE K, EE 1416503 0] DUH R & X:

1

Tr sir

1

E E
= i
M ]
et HE TS
1| | -

(a) KT (b) —BEGHEEAIER

& 14.15: HE

=
»—uoogooo
= e i =)
_ O = = = = O
_ O = = == O
_ O R =R R = O
o O O O o o O

BERR s = (i,1) &R e = (p, q), BATEIKHFA M s 2] e BIIEE, TATTICHK
WA s JEBAHHB A, MDAk, BTN £ 2 e FrE. RERIERK
s-k EREG DM k B e BUBEIRRT, BATHFEE P L "muE FRid U R ES, K
A=K P IRELHITAE, SUadtty|R, REEUs e,

solveMaze M s e = solve s [[ |] (14.25)
HAp:

s=-e: map (reverseo (s:)) P
solve s P = { P (5:)) (14.26)

. concat [solve k (map (s :) P)|k « adj s,k ¢ P]
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P ORISR PR, AR ERZIET reverse FHR L. adj p it p M
HEIEAIAR L AP BT A _EAEAR Y 0 F L

adj (z,y) = [(=",y)] (2",y) + [z — Ly),(z+ L y),(z,y — 1), (z,y + 1)],
1<z’ <m,1<y <n,My, =0}
(14.27)
X BRI A R, MRITE KR, N T ERRE, AR T —&%E, F1H
MRS R T g™, ICF R R ER R, FRATEAE R oR SR B R R
P, X2 e T, A] A — PRI, FHGR, #A HE R [s]o R
H, BEAD s BRI AL, B0 a. b KEATRERVBR AR [a, 5] [b, s] ABke % T RKFEER
[a, s] BEH, FER o BRI R REHETE 3 P RANRIE AL, BEEX—IIHK, %
HIESR T — SR IR 1R  NATIA BRI B R MBS A, WEE 14.167R. 4%
N, BATEZX TTA R ATRE, #HREGW; &N IR RS, I RAR Y &
I IE AR A, SR E A o

[s] [2.5] Qs | [ ]
s 5. Qs S D s S

14.16: FIFRIE SRR

solveMaze M s e = solve [[s]] (14.28)
Hrp:
solve [] =[]
c=e: reverse (p:ps)
solve ((p:ps)ics) = Sks=][]: solvecs, £ ks = filter (¢ ps) (adj p)
ks #[]: solve ((map (: p:ps) ks) 4 cs)

(14.29)
S IVAINpES ARSI
function SOLVE-MAZE(M, s, e)
S [s], L =[]
while S # [ | do
P < Popr(S)
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5: p + LasT(P)

6: if e=p then

7. ApDp(L, P) > FREN— MR
8: else

9: for each k in ADJACENT(M,p) do

10: if k ¢ P then

11: PusH(S, P + [k])

12: return L

A BN 4 METTRIREARR, F BAERIR A&, EREELZ 04r),
Hrp n BEIRKE, KREREARIIZFER, TIPS 7 EENME, BIMEOT, fr
A IR R IE BT I — R, B2 O(n), Bt n B R EE, T T
HoRRFRS 12, ZIREIZREN O(n?)o

£535] 14.4
14.4.1. (SR IR S R RS fié

AV

BAREFREAL AL, HEF] 1848 FUIHI/R (Max Bezzel) A2 H/\ &5
w, BIGEOTER, AT d R AT, FI B ERERE T, fERaE BT
J\NEJ5, i 1z R B S 14.17 (a) #5381 2J5 AT DA 2RI,
B 14.17 (b) Zath 7/ \2J5 FIEHY R —Rh g,

) K u E‘H

(a) EFREBEAPRI RS (b) —Hfifig

14.17: )\ B J5[A)#

£ 64 METHIRAN 8 N2, HF P, MY, 48 4 x 101°% &17. FIH
BB 1 DNRIE, — MRIMRSRE [1,2,3,4,5,6,7,8] BIFERMHES, Hl4n4 &
6,2,7,1,3,5,8,4] FRE—ATHEGHIES 6 51, 5 AT EEERES 25 L5
S ATHI RIGTEAESE 4 7, EXFHERNAFTERE 8! = 40320 FifiF. MNE—FTHHIZE—
BHEE. $—1MEEE 8 MHEL (V\FIFHRE—F), BHEE AT RGN, BT
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REANEE — 25 B2, FRERTRES, M5 « TEE, 18] 8 FIFF AT
i — 1 DEERGIME, R 8 MIEAAREZER, FATERRIEEELIRT i — 1 M2
JGo 2 8 N EIFHRIIMAMELE, §URE] T — M. b TIRHATERE, TR T
XA ey, ARGk EH B A RERISIFF AT L Z R, BATH —MRA— P F15%
JABEER  solve [[]] [ ]

solve [| s = s

lc| =8: solve cs (c:5)

solve (c:cs) s = {
B solve ([x:c|z < [1..8],z ¢ ¢, safe x | 4 ¢s) s
(14.30)
AN, BANCEZAEATRE, s 103 TGRSR, FARTUG R ¢ KN
8, TATEREN T — M, REHICRE s o, RIBMREEEHG H5 |cf < 8, T 8 FIHh kit
FIARB G A (2 ¢ o), AIRARESERI S BV HE 25%E GBI safe = o). AIATHIAR
AR T I RIS,

safe x ¢ =V(i, j) + zip (reverse c) [1,2,..] B |z —i| # |y —j, EHF :y =1+ ||
(14.31)
safe K& y = 1+ || 17, = FIMNEEZEM ¢ PEMEERY ALk, &
¢ = liy—1,ly—2,...,11] AT y — 1 DEFHIERIG, BATRE ¢ KB, IR 1, 2, ... HRE
MEIFEAEIR: [(i1,1), (i2,2), .., (iy—1,y — V)]o RIFHIEED (i, 5) 2ENME (2, y)
RO FIER: o — i| # |y — jlo X—SKBLRREEAN, AT DAHFRIZ A BRI :

1: function SOLVE-QUEENS

2 S]]

3 L+ 1] > PRIF MR
4: while S # [ | do

5: A« Pop(S) > A SER—HEA
6 if |A| = 8 then

7 ADD(L, A)

8 else

9: for ¢ <~ 1 to 8 do

10: if VALID(7, A) then

11: PusH(S, A + [i])

12: return L

13: function VALID(z, A)

14y« 1+ ]A]

15: for i < 1 to |A] do

16: if = A[i] 8¢ |y — i| = |x — Ali]| then

17: return False
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18: return True

BREBNEEA 8 FIERE, (HRZK M A K%, SHfE 15720 FE R, i
/N 8% = 16777216 FHRTREY), T IEG TEHLEL K, B EENAR, 32— MEE,
B ek Bl A AR 2T AR E, AT BE] n BISRM, K n > 4, HEE
& n WK R 20N, [EIPRERA LA 8 B2 HEFIRY P (R 2 HEF IR R
& O(n!))o

23] 14.5

14.5.1. J\BJGERIBIFETE 92 DAERIR. A TAEM— M@, FEHTER 90°,180°,270°
e/ \ 2GSRI, T BEKEREE 77 Bl R =B R, A LEfRE T fr
1, R iEE e E B e R R R — 1 EXDNEN R, EEARNBERE
12 1N BUU\REIAEF, X 12 MAFRR. SO, (AR DR
IR 92 MiF,

14.5.2. BuH/)\EJEREE, 15 n] DUER n 25 MR-,

PR

AEE 1418 fE—HE 7 ek bR 6 AE I, — kR — R E S L. &
ERT PABKEN & 75 A Sk b, slOs — UE Bk S A 7 Ak b, H iR RERTIEER
{Z1E, ANREE IR, ANEIE 14.19, IXEEF A4, BREK, (11§ /4G 3 RALE B #? Frid
FEMIEF -1, H5MA 1, % E FERAKN 0, BATEHKEIN s = [-1,-1,-1,0,1,1,1]
FHEE) e = [1,1,1,0, -1, —1, —1] AR,

K 14.18: BRERA I

J @\235 y e W/"i\ P ;/% ;‘@i

(a) BEEIAHATHY (b) A B — (c) /e kid—H
ik b R

& 14.19: s
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IR BHER — MR IRE I HA—EIREDY 6 BT, el DUZ 8 B KR (H
e 14. 20721 XK AE A 2L,

=
)

(a

14.20: = FhBAH e

MERGRIAKMEN 1, 2, ..., 7. BIH 4 MR8sRIEE, BIAITTAEIN, 55 3 Bth
K ERH A DA ah R a0 3k b KR, 25 5 SRSk BRI DIER 2, B
2 Pk BROH AT DA B0 — H A Rk 0 Sk b, AR, %8 6 Buask BRYE
e, thm] DA ZE i — I BRRIESR N 7 B Sk S AR, 249K 4 RiO5 5, iRk
ATERT, s e R, BT AMEERERG, GUEHRERZE, Fra i
SRR ARIEHY, FERE AR, XEAFAEEERI, BINCFBEHDEA T &
ekt R, RS L 2 s ARSI, L[] BER £1,0 RRE « Mak22N.E
—HAE FEREE, LT0KMMEN p, 4 #8775 N:

—_

. TAAEBkER:p < 6, H Llp +2] > 0, 22t Lip] <> L[p + 2|;

\V]

AR p <7, H Lip+1] > 0,24t Lp] <> Llp + 1];

w

. [EBKER:p > 2, H Llp — 2] < 0, % Lip — 2] <+ L[p|;

o

CEREip > 1, H Lip—1] < 0,24t Lip— 1] < L[plo

X 4 NREL leapis hopys leap, F1 hop,, ZRAS L — L's HARERE, IR
[EIFEIAERT L A, AR S IEREMITHIZR, THaRIRE, trh JE — 11K,
R HETFRIRE, FI% M OICKATHREIRIRE, BATVRBIBHEART, RIS L=
TR T — Mg, AT PEICRE M h, BUFRAE L B 4 Fpfgah,
RAMTL A A AEHE R

solve [[-1,—1,—1,0,1,1,1]] [] (14.32)
Hr:

solve [| s = s

L=ce: solve cs(reverse c:s), L = head ¢ =~ (14.33)

solve (c:cs) s =
BN solve ((map (: ¢) (moves L)) 4 cs) s

S Fr KB http: //www.robspuzzlepage.com/jumping.htm
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292 BrEE MR
moves TEIRS L 2 221 4 HR]RERVFE S :
moves L = filter(# L) [leap; L,hop, L,leap, L,hop, L] (14.34)

PIPVA:NFES ARSI (T

1: function SOLVE(s, e)

5 S [ls]
3: M «[]

4 while S # [ ] do

5: s < Pop(S)

6: if s[1] = e then

7: ADD(M, REVERSE(S))

8: else

9: for each m in MovEs(s[1]) do
10: Pusu(S, m:s)

11: return M

X TR EARFRRE (5 15 22), RRAItH 7 —:

— = =
w N =

B -1 -1(-1]0 | 1]1]1
1 | -1]-1 10111
2 |[-1]-1 1011
3 [[-1]-1 1]1]0]1
4 -1 0]1]-1]1
5 ||-1]0 1111
6 -1 10111
7 -1 11|11
8 0-1]1
9 -1 1)1 (-1]0

1
1
1
1
0

—
=~
I
—
e = T N = N R S e B N e =)
1
—

—
()

e e e i i i e e =)
1
—

—_
ot
o
1
—_
1
—_
1
—_

A 3 AFENTE 15 Pea H I EREAR] DS 208N 7 H
HI—PRRK:
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GEES o [ 1] 2] 3 | 4|5 | .
WsAH |38 |15 2435

SRR R I EIE—: (n 4 1)? — 1, TATA] DUERX —4518:

UERH. PR AR AR IR, S T EAR A1 55 — MRS SN 1 n+1 Bfa 3k 2n H R REREIL
BT 2n(n+1) Bfa ke ZEMIE) & HE BRI M H G 5 EEAHIE — IR — EAHIE,
IR A AEBRER, T —HH n? OIS, RIIL S BT TR B IERTIE T 2n® B3k, R
TNHREHASRBRER, T2 BRBAH RISk b, B3 2n(n+1) — 2n? = 2n IR 1 n? IR
BRER, F1 2n XBEEARRS A Sk AR, SRR AMHIP TN n? +2n = (n+1)? -1, O

Mg B 3 DRV, EMRRE A BRI, ENTEMWERIREIT 46, £
BEMALTITG, J\ 2R NS BETTG, BEREEEREM (-1, -1, -1, 0, 1, 1, 1] JHA,
RS AR R — AR, BIRZEE TS TR ATRERIEIN, EXREN, 806 L ES
A4S T5 TS I\ B IE R, BORBEER A ) \ PR £ BRERS 8B, 8KF 4 #
AABIBEERTT kR, BABIRIEFEARNEREIRSTE ZIn, HIRAIALKIE EHRIE
RSB 20 ERENRLINSEE O; 2R R-EHREIRESR )\ 2EHRE
FEMLEL b ; BRER I B A B 2R R e 1 AL B EL A

FRATYASEE FH A I P SR R g DR 25 ) - S T 22 TP BRI T, D SR E R E AR
A, WRTCIEAR SR B 2 BRI, IR R TT 1%, TATaE KRB, sl 55
R RIRET Z BLIAETCAR, 2R, IXMRFAE — LA, S4RE—M)e, TA1A]
DS NESREGE YRS SRR FTRERIME. QMR DURRIAIRAS AR, ) — PR, 5 A
REARFRNERE, BREERZ D ARIRARERE, HZERRE, AV EF—
RE B RHEET, ERIRMUE B AT_E— R, EE 1420 RIE . 55k
T1sp R (1Rl o1 O € [ M 1 S O N W o= 0+ e e i 5 8

14.21: RERICALRAN

AR RRIEFR IR SR, ML BAMEAZ R 2 e e
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FEIRIR, 514N Prolog, i FITRFE ML SEVE R BRI SRABAR AL, f5II4n— Rk B nT DARE—2H 0
A -

c(a, b). c(a, e).
c(b, c). c(b, f).
c(e, d), c(e, f).
c(f, c).
c(g, d). c(g, h).
c(h, f).

Hrt, WiE o(X,Y) RonfiE X MYy #l, X—Ws2a77 e, R
iEY R X EE, TATAT DA AN — PRI S, s & — ST AR S
&l 142225 T — M AAEL, (E4AE X 1Y, Prolog FI PAEIE NEAVFEFHIE EA]
Z R A R,

14.22: —/NEEE

go(X, X).
gO(X, Y) B C(X) Z)) go(Z, Y)

R—F: —MIE X fE OB, EEMNDARCE X\ Y, & X il Z
%, H Z MYy Z[FAEEE, W X MY ZRFEEEK. B4, Z FEEe e —,
Prolog 14—, RIGRSHER, WA HBITERRMINA S eiksE, [T
BEHLE N —MEW L, R HUE IR CHHE R RN, 4 LR EIEIE, mHAK
PN, R R B IR AR 7715, BN, B E RIS — M A —E 2

B EEAR,
3] 14.6

14.6.1. (SRR 7 e (] R BRBSGURETR, (15 e mT DARRIR B n A FEERIIR DL

IR E SR Rl

KR —IERgE, RKRHE IR, — g ~ERSER. A5/, Jf
RRZKMe /IIFHBER FARKRI S IM—HERTE, AR AREEIR, ¢, AR {LiE
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—RERI T T, (HRANRARRAE, IRSNCHEE, TR SN2 F3E, QAT AT RAY
JIRIL TR AR PEER RIS 7] ?

HTIRASNZIEZE, ROKAT AL 2R a2 IR M, 22 P RIEIERIR
B SRR —REaIE I, RS — eIz m] DR %A AR Pz, T SR
TRAGIRERI 75, B AR ERTA BRI, FERRMENsE R, A ERGARY 7518, SR
—RBEM—F, FIREWD . BTG — 05 RIFTA AT RE. G TR RTRE. =X
JERIFTARTRE: - ERIFIRIG, ATARIZRIGERENE 17X REE R, H HiX—&m 5 A
FITE RIREFR L, R iR TRAIARTR.

QAT IR TR A TE A RERIARER? B IE— DM, 25 B IRIE AT 2
B — R, FFERAE MR, HRIERERE B @, 53 BRI, 52 R
TRIEIRE 7, SRIGSFERF NIRARER, 7l XR 22, AT DARIE I AL — R - 620 AT
NI Z JE A REFHEEE —IR. S5 A K —FAo BFRUS LE BT AT T A9 A FRBK,
QR A T BBRIRME, vl BIPA R RF R N OUEER, 1X—BAAI AT PACRUEHR I 22 -

B 14.23: 5 i D AHIAEBR, W5RAH R RERuG 2R 2

FIZR IR R g R, RS AL B AURIAINE, JHAN, £& A =
{w, g,c,p} EEIRFE HE KK, EE B = 0. BIRHREMBIN— DN ITRELEEH
B3, WRESHAFAERRK, MARESHEMNRIRIE, Hing &> HIREE i
A B (IR, BER—TBSI Q BEEIBIRE A = {w, g, ¢c,p} B = @0 RERIIIAN
22, BATHUH SR IT R, ¥ e Al RERTIE RS, SRS R R G RIS TR BT BA R . 4 2R
PAFISKERFET A = @B = {w, g, ¢, p}, TATEKEN 7 fft. EIE 142458508 TR
Al — R _ERIFTA T RERR UG T, JERR A TR,

ATV 4 2 i HECRFRE S, B—ARR—MEY, R w=1.F g =2. A%
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,,,,,,,,,,,,,,,

14.24: WS —MREIHG, B PHIFTAIEIRN 2, 3, 4; REES 3 B LRI

c =4 RK p=28, 0 BREHE, 16 BRUSHAEEYIES. H 3 TRAAIRME,
IR SN, FRE, {H 6 %%Tjj#ﬁlﬁlﬂﬂe F il BHRBATTR RS AL (8) M5 Hh—1ir
(4 2. D= DBl 25— M b WIATRIREN RN :

B<8: [(A-8—i,B+8+1i)|i+ [0,1,2,4],i = 08LAN; # 0]
mv A B =
B [(A+8+i,B—8—1i)|i +[0,1,2,4],i = 08LBAi # 0]
(14.35)
Hp A Fos g 5188, BATHI Q = {[(15,0)]} BaHEZR: solve Q.

solve @ = @
A=0: reverse c, (A, B) =c,(c,Q") = pop Q
solve Q@ =
BN solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q')
(14.36)
HAP R valid c KEFNBINEER (A, B) BIFEEMRE, RNEEZ 3.6, FHHMA
2, AMEET ¢ H:

A, B # 386, (A, B) ¢ ¢ (14.37)

N ERR B AIE AL
1: function SOLVE
2 S ]
3 Q«{[(15,0)]}
4: while @) # @ do
5: C + DEQ(Q)
6 if C[1] = (0,15) then
7 ADD(S, REVERSE(C))
8 else
9 for each m in Moves(C) do
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10: if VALID(m, C) then

11: ENQ(Q,m:C)

12: return S

NS T AR,
Vst G 1
NSNS PSS
R H¥ FORK
ENSENISS EE
HI3% IRFERK
FLOHR R R
e NS PSS
FARK ENISP
SN NS (S
Vst |
ENE NS /(S S
(ENIEPd FLRK
NS PSS ¥
R FLHRARK
ENE SIS H3K
¥ ENEEAISS
FLRK RH¥
S NEENIE PSS
{7k )

AWM, = 9 Fro — 4 Fho WA REMTFIHEUE 6 FHoK? X8 H BT
BWMRIG AR, A —NENEESE R IIRTE R E NS R T IX N R, TELFsk
G2 AR 3YHR L B T IX AN R, £ SRR NEAE AN g i) Hh A B3k ik 4a
HT =MD, REIRSKIRFHEE 6 FK, BIEEE 20, M\ 9 AEIHEFHEIH
3 FKe A TIEEOX— i, /N FHFRERE 1 FK. WEIE 14.25F7R,

HEFEN 9 AT, RFIESRIREIN 4 FRET, 3% 4 FHRIOEFEI=, wial
DARE 1 7K, WIEIE 14.26F7 7R, BIHEE R MRS, AR ARNERE, Bk
Banfa A 899 FAI 1147 AR T2 2 FHIK,
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HHHE ER

14.25: BJIGMP

4
1

=

B 14.26: AU, A BIA/INHIEIR
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RANHT B, A, BIRA 6 #agfE: (1) /MR A 2R007K; (2) B %&H7K; (3)
2 A;(4) 173 B; (5) ¥ A HIKEIA B;(6) ¥ B BIAN A, NREZ2—RYIEKENE,

BB a < b < 2a0

A B 1

0 0 VARGl

a 0 B A

0 a ¥ ABAB
a a I A
2a-b | b ¥ ABIAN B
2a-b |0 ot B

0 2a-b | ¥ ABIA B
a 2a-b | i A
3a-2b | b ¥ ABIAN B

TeiemaiElE, SRR ARE T ARRN za + yb BB, HA o b ZH

&, z.y 2R RIEEOEHRISSIE, TATAT LA

B AR SE
ZEIZI;FIB

58 g K B HAMY g RE

B a b IR AR ANLIEEERRES . BD: ged(a, b)|go QISR ged(a,b) = 1(a b HZE), AILISE
FMEZ BRI g Tk, BRRIDVHIE 2 &AM, BRI AFIERAREUKDE,
HEFRETTE g = za + yb FHY 2.y, AT LAMGEI—HIRIE, & 2 > 0,y < 0, AT MEH
A 2 KRB B 4Ly Ko BIAVNRAR o = 3. KA b =5, ZHEUF g =4
K, BH 4 =3 x 3 —5, Al AIZH T E:

BAE

o W o =W o W o

»&HHOOTCAJCOOOUU

AR

{8l A

¥ ABANB
fEl A

¥ ABANB
¥ B =
¥ ABANB
fEli A

¥ ABANB

SN A 3 RVEIZE B 1 IR BATTA] AR EGE AT RN LS R R
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BRR « 1 y:
(d,z,y) = gcdesi(a, b) (14.38)

H d = ged(a,b), ax +by = do ¥ a < b, B q FIRE r, HEXRR b= aq + o
N d BEER ab, AL d HEERR ro BT r < o, ATLAIEIE FHK o F1 r IR KR ALIEL
I3/ N AR,

(d7 xlv y/) = nge:L’t (T7 a) (1439)

Hord=a'r+y'a ¥ r=0b—aq fOA:

d = 2/(b—aq)+va (14.40)
= W - et
5 d =ax + by Xt HRHEIEHRKZA:
T — ) mlé
-V a (14.41)
y =4

VAR R RAELE a = 0 B ged(0,0) = b = 0a + 1bo XY RE LRSS E
IRESN N
gcder1(0,0) = (b,0,1)

b 14.42
ngezt(avb) = (d7 yl - .,L,/77$/) ( )
a

Hrp d, o'y BE XN (3R (14.39))0 AR g = md, M ma F1 my BEEEIKIA]
AR — M IR 2 < 0, B0 gedepi(4,9) = (1,-2,1)0 HT d = za + yb, BATTRWEE
x b, BN y 8 o, BEF 2 KT 0, XFEEINFEIEA—E R, BIZH 3 A.5 F
HURF, FREX 4 FOK, ¥ RRE LRISHEIES T 23 !
[(0,0),(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),

(0’4)7 (374) b (2’5)7 (270) b (0’2)7 (372) b (0’5)7 (375) b
(3,0),(9,3),(3,3),(1,5),(1,0),(0,1),(3,1),(0,4)]

Mt ATE 6 2
[(6,0),(0,5),(3,2),(0,2),(2,0),(2,5),(3,4)]

EZHEETIE g = za + by AILHFZME, 2| + |y| BUN, FrRPEED, AT
PASRF LS 1Rl BB £ 6 RafErh (I AL @16 B K A BIA B
)HATT ZR R, (A —NAYERZHEATE 221K, BAAIFRRITTRZE —RAIE

Xt (p,q), pv g 3 ARPVRAZKEIAR, iE5% 7 MR 2RI RIEIKERE, THERTAS
A :{[(0,0)]}

solve a b g = bfs{[(0,0)]} (14.43)
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HEIIAZ, BATTMSKEREH — A1 EFH, RF ﬁU*E’J%F#ﬁ*@é\gﬂm
BATRAREN T — M BMTR A R S BN RREHIRE, 2 6 Fm]
RE, REEERFH AR,

bfso = |[]
bfs O pEllg =g: reverse s, A (p,q) = head s,(s,Q") =pop Q (14.44)
S =
A bfs (pushAll (map (: s) (try s)) Q')
try s = filter (¢ s) [f (p, O|f < {fla, flg,pra,prp,ema, emp}| (14.45)
Hrp:

fla (p,q) = (a,q)
fls (p,q) = (p,b)
ema (p,q) = (0,9)
emp (p,q) = (p,0)

(

pra (p,q) = (max(0,p + ¢ — b), min(z + y,b))

(14.46)

pre (p,q) = (min(z + y,a), max(0,z +y — a))

X—77EROR B R PR P B, BATTTEFRAE I N TR PR ERED I, AT LA
FA— N2/ PRIl WEE 14.27, FIEIRESHN (0, 0)o HA fill A 1 fill B AJ17,
B TORAEIES (3, 0) BYEEA B2 fill B, IERME5 R (3, 5). 1 (3, 0) BYREEAH £
empty A FERFEARE (0, 0)o FATBITIX—1ET, EHKERSZEEN, B
AT AR EIE] 14. 27 RSN g i — A5 A, A BRI R 96 RS

0.,0)
(3.0)
©.5)
3.5)

'-‘ﬁll A“» empty B
y 4
(3.5 0,0

14.27: £RIEFE
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1: function SOLVE(a, b, g)

2 Q «+ {(0,0,NIL)}

3V« {(0,0,NIL)} > 2FICRES
4 while Q) # @ do

5: s < Por(Q)

6 if p(s) = g B ¢(s) = g then

7 return BACK-TRACK(s)

8 else

9: for each ¢ in EXPAND(s,a,b) do
10: if c#s H c¢V then

11: PusH(Q, ¢)

12: ADpD(V, ¢)

13: return NIL

14: function EXPAND(s, a, b)

1: pp(s),q<qls)

16:  return [(a,q,s),(p,b,s),(0,q,s),(p,0,s), (max(0, p+q—b), min(p+q,b), s), (min(p+
¢,a),max(0,p +q — a),s)]

17 function BACK-TRACK(s)

18: T[]

19: while s # NIL do
20: (p,q,8') =s

21: r < (p,q):r

22: s+ &

23: return r

23 14.7

14.7.1. e BRIy R L BRASEIR DA R B K A,
14.7.2. BOEY R LERRIE, SHEREREMEHEES || + [y &)

Il

RGHT AR IE R IR, WEE 14.28, ESME Kloski, HERA/N MRS
AR, HERFIER 10 MEd, Embsfa S si@E BR. s/NIERIN R — AR
BT, BeRI—N 2 x 2 87, FEME ROTRIARIRL, A — D3 2 DA R AER
Mo SRR —BARE R, HARCNXIE T ML BRI, kAT B in 2 28
WS, R R B R T E, 14.2972 H AR “F 7 AR LL”, Bk
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Ay — AR L, R PARR M SR K R

(a) HECUAAT R (b) Bah T2 EHIRE
?

K& 14.28: HFERIETK

B 14.29: HAR M1 HRILIL %

FRATH 5 x 4 FEFERACERIE, 7THIM 0 FFEA. 1 2] 10 MR T, 0 R
BALE, FRE M G TERBIVIEIRES. ER « g FRREET 58, R
FHL L AR, L) i BEIMEES, B0 L4) = {(2,1),(2,2)} F#rE 4 M
FHEE TME (2,1).(2,2), FATATDIEME BB 20 MBS 0 3 19, {81755
ARG e = 4y + o XAEEVYMET HHE L[4] = {9,10},

b0 1 {0,4},2 — {3,7},3 — {8,12}
|_> Pl ) ’_> ) ) '_> ) )

L0102 4 {9,10},5 — {11,15}
H ) ) H ) )

M=13 4 4 5 L=

s 7 s s 6 {16},7 — {13},8 > {14},
9 {19},10 — {1,2,5,6

6 0 0 9 {193 { J

BATTAT DATE SCBRES (M) — L FERRET =1 (L) — M RSN 5 A e it
1: function (M)
2: L+ {}
3: for y < 0~4do
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4: for x +— 0~ 3 do
k < Mly|[x]
L[k] + ADD(L[k], 4y + x)

o

@

7 return L

. function p~1(L)
M« [[0] x4] x5
10: for each (k+— S) in L do

o

©

11: for each cin S do

12: x < cmod 4,y < [c¢/4]
13: Mly|[z] «+ k

14: return M

BAMEE R 10 MEF, BERGEL NER 4 NS 1 48, (EHEMEH
£k, BEIERRN (Ay, Az) = (0,£1), (£1,0), fEfRFE_E, IR BIZFR A
d = +1, £4, FIAHET Li] = {c1, co} MEEBNEN {c1 — 1,00 — 1}o IXBEHERH D
FFRRIEN:d = 1,cmod 4 = 3 fl d = —1, ¢ mod 4 = 0, B (A7 M —1l32 BBk a5 —
M, HEMDNSAIYERZA 8 FREFNIRTRE, HIANE— F 4 MATRE: 5 6 Tt
557 BEE 8 BN EE 9 BRmE, BIE 1430 FI ke RS BRI AT,

B 14.30: Zefll: AR 1 BIRS T ERRTASEN; 00 ROTAR 1 AR FRIRR 2 HORS -2,

N T WE R, A MG EM T & BRI EARE T, R 0 8 & WATHE
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B
valid Lk d :
Vee Lkl = y=|c/4|+ |d/4]|,z = (c mod 4) + (d mod 4), (14.47)
(0,0) < (y,x) < (4,3), M[y[z] € {k,0}
il — RV TRERI BN R, (OB AN R AP, BRI
M, # Mo, (HEANTA BB F AR R

1 10 10 2 2 10 10 1
1 10 10 2 2 10 10 1
Mi=|3 4 4 5 My=13 4 4 5
3 7 8 5 3 7 6 5
6 0 0 9 8 0 0 9

KMNTFLELRARRERES, ZBEERHET A~ mRANEES: || =
{pl(k— p) € L}, iR I L HrEENES. LM DNEFERE— A REET
{{1, 2, 5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}}, /&
ANREA Rt — R EE, TR, B0 N M, A My KRR,

(10 10 1 2 31 10 10 |
10 10 1 2 31 10 10
Mi=|3 5 4 4| My=|4 4 2 5
3 5 8 9 76 2 5
6 7T 00 (00 9 8
A — AR R AR, FATTE I — 1A Ja S R AR e -
mirror(||L|]) = {{f(c)|c € s}|s € || L||} (14.48)

Hrp flo) =4y +2',y = |c/4],2' = 3— (c mod 4)o FATULEH—BAFNHITIHE,
RN TEREE W — RN SIIX RSB R. IR (K, d),
FONEMEL ATk, 51N dUEDN £1, £4), BAFIRIGETC S Q = {(s,[])}, HH
s EiEfi R, HE Q # o, BATHMLEEH — PN E, ERAKIHET (FS 10)
R EIREMWAE ¢ = {13,14,17,18}, B L[10] = ¢, GNENRNIE R S0, Tl 12210 1
NGB T AT AEEMIRBENTTE (k,d) A IEERERE
L BATHES 7 idgE— R g ES,

solve @ H = |[]

L[10] =t: reverse ms, HH((L,ms),Q") =pop @  (14.49)
solve Q H =

A solve (pushAll c¢s Q') H'

Hrp cs = [(move L e,e:ms)|e + expand L] #ir= L6077 %,

expand L = {(k,d)| k<« [1,2,...,10],d + [£1, £4],

(14.50)
valid k d,unique k d}
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move HUF L[k] #3/1 d BN :move L (k,d) = map (+d) L[k]o unique HIW#T
H—{efmfm ||| ¢ H, 5% mirror(|L']]) ¢ H ANTEDTSEIERH, MREHEEE, B
BMEGTE B AT ERER, NN A IERSEI, ‘M) 57 R »
AR 116 & (B2H8) 1 1), &G 3 FUT:

1: function SOLVE(s,e)

2 H«<{[ls]}

3 Q< {(s9)}

4: while ) # @ do

5: (L,p) < Por(Q)

6 if L[10] = e then

7 return (L,p)

8 else

9: for each L' in EXPAND(L, H) do
10: PusH(Q, (L', L))
11: ApDp(H, || L)
12: return &

[|5|, |3|’ |2|, lll:l

[|5|’ |3|’ |2|’ |l|:|

[l?l’ |9|, l4|’ |4|]

[lA', 'Al’ |6|, |O|]

[lAl, |A|’ IOI, |8|:|

[|5l’ |3|, '2', |1|]

['5', |3|’ |2|, |l|]

[l?l, |9|’ |4|, |4|:|

[lAl’ lAl’ IOI’ |6|:|

[lAl’ 'Al, lol’ |8|]

[|5|, |3|’ |2|, lll:l

[|5|’ |3|’ |2|’ |l|:|

[l?l’ |9|, l4|’ |4|]

['0', 'Al’ 'Al, |6|]

[lel, |A|’ IAI, |8|:|

TR R, KR, SR TE R RE A S RIS, RIREE LT, B
AIChR, KRR, I A, AR AR IR, 2 A RAE I — 2, NN
LRI R BRI 2] TR EUKRIEAEEG IR NN, TR IEIREZ R
MR EAEEARIK, FAE R AISRIEMG R (B S), 181K
BRI R, R KRBT E] T e RN E, &4 W AR AR AR,
A A= MIRESERSEN A — D IRTSe BAT AT 2T REE T, £ R — 2 N AYIEIT

ZIRGEZA, BAOIAZHE—PRAER, ORI 7 NP BRI E e i BT P,
H RIS T e, IXRG T IR T AR R, 143145 H T T IR AL
RAX L,
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P N

CSIN T Ao
At e e

(a) IREMRIIER (b) I EMRSEHER

14.31: RN LR RAII

HFBATCEEER TR, T EREERERIBIIRIER 2K, MBIk
FRANUTE 20 B /D BB T, MBS B2 R AN N 25 B 22 BT B3 I, ™ RIS
IR 7 — A R TIAS R O VB, (e AR AR R e R IR, H B
BE 1432096 A E, FEEIR K AR, BAVCER ARSI T 2 [A]
RIS 2. TERMIRTT o BB ¢ ZRIRRESEHIFEE BT o — b — ¢
XFBEREREN 22; TR BT o — e = f — ¢, HNERKERA
20,

14.32: HFHENA A E

%3] 14.8

14.8.1. FEEFRH T —HiEshidhdl, 14.33%5 2 — R L IIAR AR, 8 MEIE Y
7T NELMATHT, FMET EARERS 1 2 7, G0SEFIAE TR AR [ R
21, WAL AT DAEshid %, BB AR AELZ, NFRR eI TRHERN, Bing
R MIF 1.2.3.4.5.6. 7 BIIEBNREL K 7.6.5.4.3. 2. 1o W5 —DEF
R LR JR T ) [P
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& 14.33: FEEIES)ENE

14.6.2 HOHEE

MR E RGP RTINS, AR, RERL, (A IRV TRIE R (LR
HARG . AR AIEATFAEZ TN R BRSO — LR E A7 £ R B 5 TR X
F L

I K B i

5K B gmis 2 —Ri A i/ MG BRI /1%, T ASCIT A 7 i1 —
HEFRIBOS 7 BE, B FF SR, rTDARIK 27 = 128 DNFERF. HAH o1, BINEBDFEE
log, n Ni3HE n DAFFRF, NHEKRE R CF LR, TR A 2] Z M5 0 2
25, BRI 5 AL, BHY TR 5 AL 00000 1iAE 0o XAEAIGRED 75 PR A E K Dmhd,

TIE | hD || TAE | GehD

A 00000 || N 01101
B 00001 || O 01110
C 00010 || P 01111
D 00011 || Q 10000
E 00100 || R 10001
F 00101 || S 10010
G 00110 || T 10011
H 00111 || U 10100
I 01000 || V 10101
J 01001 || W 10110
K 01010 || X 10111
L 01011 || Y 11000
M 01100 || Z 11001
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YAR“INTERNATIONAL” /] PAZwHSH 65 A7 — 3% :

00010101101100100100100011011000000110010001001110101100000011010

H—HE R K, A i o /AR A, ARG %L 10 A58 C,
F 5 A Zdkd % 11001 1R Zo BAT LR EA T IRILKE, EEMRBR <SR
o fFlan —dkdl% 1101, BATAFIEEZ 1, FHEE 101 GRAR“BF”), B2 110, )5
HERE 1(FR“GB”), 82 1101 (F/R N), BE/RATHEMEZET KWL, fF AT E
HESN T 7 RSN - (ERRPRR BT 2 BIGRED, BT AR R AL X, Rif
FE— MR TC IS )RS AR -

TIE | b || T | Gk
A 110 || E 1110
I 101 || L 1111
N o1 O | 000
R |o001 ||T 100

NA“INTERNATIONAL” 4wfEk 38 r ) — i %k

101011001110001011101001010000111061111

& PRI ASIEENE B X FR . X ZENEE Em 2 e gmErI TS,
IXFERIRASFTN TSRS, RIS AR ZE D RTT, MK E R — P 4R, IXERGIK
T—NA: 48 SR, RES BN RS IS K E ARG ? 1951 4F, BB TEBe
AR - BREDT ZIMPER - RIEEREER: R TIXN RS- S
HIRZIR T, BREZIKTIRA MG T, FHFakEEEIR, BIELN, tRE
BIEEN T ik, TR SMRIE XA R HBLRMIEN R, &5 W N mi i
o BRI SIARRIG BN A MR AL, B S F R IR 2 B HE A IR 2,
672 H = XA RTS8, FRRETH 1 Rle MR RO A2 95, 17 ZC i
HEIFERAN 0, M RTEERIN 1, NEE 14.340 F040, MR B E] N FERRE, [
ERIGAAENE No HItE N R 01; F4/F A iR A4, £, HigE 110,

IXARB A ] DARERD . 3 eI, 0 1A /eL 1 1A BEMFI, R B R ER
SEMRSNE, ARG EFTRERT SRS, 6k 2 A BJRm LR EER, TG
I, AR — T R, BRI H MR e/ N T RLE R — N9 3
I3 SAEE PR T I EE N, AW B S/ N AR & 3T, S e 15 21— R, 40
14.35,

FATEH XA E SCEEIG R 20, 1N TAE, AT SRR EE
FFo RN RN (w,1,r), A w BNE, [, r BEAG T T ERTHA (w,c)

YR prefix-code, MIAEICHIZRAG.
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14.34: WaFR S

L, 1 0,1 R, 1

1,2
A2 N.3
L, 1 0,1 1

A

R,
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Hrp ¢ B, BIFFRIE, BEMEN merge a b = (weight a +weight b, a,b), HH:

weight (w,a) = w (14.51)
weight (w,l,r) = w
NSRRI RS R B N AR S
build [] = ¢ 1452
build ts = build (merge tity) ts', (¢, t2,ts") = extract ts .

FREL extract ITREFIFEHIE A E R/ NIRRT, 7 weight t, < weight to, 7E
Mot < tago

extract(ty:te:ts) = foldr ming (mint, to, maxty to,[]) ts (14.53)
Hr:

) {t<t2: (min ¢ ¢, max t ty,to:ts)
ming t (t1,ta,ts) = (14.54)
B . (ty, by, t:ts)

N TIERAGIENG R 20, FATHEEH A 768 n SR, WAHRZEER A, R
Ali] BFIRE/NTF Aln — 1) 3% Aln], BE35H0e A[i] F1 MAX(A[n — 1], A[n)) FHEAH
Aln] 2] Aln — 1], IXAEEEAHSN—, BEEHTEGRRARGKSM:
: function HUFFMAN(A)
while [A| > 1 do
n + |A|

T <+ Max(A[n], A[n —1])
if Afi] < T then

1
2
3
4: for ¢ <+ n —2 down to 1 do
5
6
7 EXCHANGE A[i] < T

%

Aln — 1] <+ MERGE(A[n], Aln — 1))
Dror(A[n))

©

10: return A[l]

BATAT PANIG R 8/ T ISR, 2 p=[]. MRV RIEIIR, EHEN p < 0:p,
FHER p « 1:po FIIEM T REFERF ¢ B, 1857 ¢ — reverse p IfEFE, & X (FH1k)
code = traverse | ], HH:

traverse p (w,c) = [c > reverse p| (14.55)

traverse p (w,l,r) = traverse (0:p) | H traverse (1:p) I
ISR — ISR w —IERER dict 774 Z#fFA

encode dict w = concatMap (c — dict|c]) w, EHdict = code T (14.56)
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RIS A 2, — I ST bs —IHERIGR S, MR TS, 0 17
L1 A, BRS¢, ARG REIRT KSR, decode T bs =
lookup T bs, HH:

tookup (w,) [] = [
lookup (w,c) bs = c:lookup T bs (14.57)
lookup (w,l,r) (b:bs) = lookup (if b =0 then [ else r) bs

e X S A ARSI AR R IR 7 — RPR IR SRS - BRI E A TIED, SUR I E
BRI &, X —RIIRERRIUERE, 74 7 2R EICHTRTSR M. 7Rk
— AL 2R R, R EIDE IS, TATFRIX MR OGRS R R IR
JTEN TR0 Hils, FOLRIRATDARIR, AR Z A, (W ORI RES B 2R
BRI AE G, @ HAERIIER AR — N ERAIRT Uk,

#%.>] 14.9

14.9.1. LM&HSRAY Huffman FEERARKEE,

HF M

AR FHELENY), qndel F B /D OBE B2 3 EER? (BRI 5 FREIEIAVEE M : 1 53, 5 7.
2.5 .5 FiL1 JCo 1 fA& 10 47,1 L& 10 /4, 128:C = {1,5,25,50,100}, T EKE
x 7o MHEHTULIREE, R Bk e K THIMERE M -

change 0 = []

change x = ¢, : change (x — ¢,), HH : ¢,, = max {c € C,c < 7} (14.58)

BlansiHt 1.42 7T, BREL change AEREMAIER  [100, 25, 5, 5, 5, 1, 1], FKATATLA
WS [(100, 1), (25, 1), (5, 3), (1, 2)], TR—K 1 JC.—H 2.5 f1. =AL 5 73
K1 T, NFHIF C XL, ZULRIE AT R IUE, ZUOEEN K2 HER
(IRE T RGHE R BHEFISN U C = {1,3,4), 5k 2 =6 25k, mILHZE 2 K 3
ST, HEODRISEHR 6 =4 + 1 + 1, 2L 3 Kb,

RENZ RN, ZOORIGIE R SIS, R EWMAR, RN 2, flansE
XATATVIRE, AR SR T K EBI DU B W, T8 B T1T. ¥R s, &
ILVEIER] DA IR AT AT 75 2 - fE— 1T R AT REZ TN B TA],

1: L+ W
2: for w €T do
3: if |w| +s > L then

4: Insert line break
5: L+ W —|w|

6: else

7:

L+ L—|w—s
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3] 14.10

14.10.1. {5 FHESRADE NG % S : AR M TR H 8-, & 95 i [ 3

14.10.2. RFIFCHENEHFRYFR A, 74— DL R AL 1 1 % S0 7715
B Q IRTFEFHEER, RWTA Q 1 A SKEREBUHES IR, & FF 5 AR b
HSEB R FTERG, BAFI SRR — 5, BIRAIGR 2/, 15X
—Fii%o

14.10.3. AEMBRER T, BB IS S /g,

14.6.3 AKX

FREEMMERS NIRRT AR (R R DRI, RIREHKE i
Tk o HIRIUE: BEMAIR Cho K C,, FRIBE MR : C1\ Coo DTN T 21,
Too Bl Cry = C1 # Con = @1 + 00 W Oy 5 2y WIEALHE, B Oy B5HE 20 1Y
A,

UERH. FBETR. X 2, BRAFTES — DN EAFRI TR O, b Oy BIREME D, 5
WI7i% O+ Cy WBEMZE/DT Co XN O, RS « BIRAUEF B, FFE, AT
A DAER O, 25 o BYRALAR, 0

MR ANRAL, R y < o, RS RN - (R 70 3] S 8t
Moz —y BB, XM DRICEEIFA—E R « MR, FRE: H=
FREM C = {1,2,4} 5¥t o = 6, SACMFEMNARET 2 + 4. (HH 6 = 3+3 73N
St 3 BUDF A, BT B R ILEN 3 = 142, HEHE TR (1+2)+ (1+2)
T 4 MU, RIS A] 7 o4 TR ¥ R, BAIRR e B "Rtk
A", BT ERIATEAURYE M E 7o i e Uk 14544 -

change 0 =[] (14.59)
change x = min [c: change (x — ¢)|c € C, ¢ < z]

Hrp min EHRE RIERISIER, HIX—E CAREERZE AN A R, BT
T#ARE KEEEHE, # C = {1,2,25,50,100}, 5t change(142) B, FEIHH
change(141).change(137).change(117).change(92).change(42), fE L5 change(141)
I, R 141 250IRA 1. 20 25, 50, 1000 XS ERITR 137,117, 92, 42, #R%4H
PA 5 68K, 2% THRLBRIRSEFINR T %, TATHZRM T 10 R &L 7 A
M. T FIGaN 22 E, Sid y INSEEW Tly) ZRECT ISR IR, R Ty) = o, WH#
HH SRR, FRBHEFEEN Tyl

: T« [[],9,9,..] > T[0] =[]
2: function CHANGE(x)
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3 if x>0 H T[z] = @ then
4 for each ¢cin C H ¢ < z do
5: Cyy < ¢ : CHANGE(z — ¢)
6 if T[z] = @ 8¢ |C,,| < |T[z]| then
7 T[z] < C,,
8: return 7'[z]

HHHE ER

BATERT LB A 774 D S 7RI s AL, M T10] = [ | FHEA, iRi™
A T[] = 1], T[2] = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], 4HFRK 14.1(a) firR. 5
e T5] AMIEEE:S D 1708 1 A5 oM, BAREHE B, HmILARRSER R
72 14.1(b), T[5] = [5]o ¥ FRGEM 2 = 6,1 73,5 HE/INT 6, B MIEE: (1) 1 700
T[5] 15 [1,5];(2) 5 700 T[1] 15 [5, 1]o XM MESENT, fE1E T[6] = [1, 5o BRIEAT™
A T, Hep i < o I, B—REMH ¢ < WTE, ERFREIKEBFR- Tl — ] 1
BALHE, FINL ¢ 58— 57 R, IR &/ DI —MER Tl

T

0] 1

2

3

4

AL

1] [

[1,1]

[1,1,1]

[1,1,1,1]

(a) Sifft 4 73 ANHIBR LRSI

0] 1

2

3

4 5

AL

(1]

[1,1]

[1,1,1]

1,1,1,1] | [5]

function CHANGE(z)

T+ |[],@

]

for i < 1 to x do

(b) 5idfe 5 53 AN ERALAES7%
R 14.1: S FERAIR MR

if T[i] =2 8 1+ |T[i — ]| < |T[i]| then
Tli] < c:Tli — ¢

I

return 7'[z]

1:
2
3
4 for each ¢cin C H ¢ < i do
5
6

LR (AR HEREEENA,

A AR g 5 8 T A R, AT PAR
IR F AT BT 70 54 T[] PmERERIREm ¢ DU TREATRE MR n, Al
T[] = (n,c)o N TR o« BEMAIR, BAINEE Tlx] HIKE] ¢, RIFEMN

Tz —c] HHRE| /- HE| T[0].
e 6 7 8 9 10
B || [1,5) | [1,1,5] | [1,1,1,5] | [1,1,1,1,5] | [5,5]
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1: function CHANGE(x)

2 T « [(0,92), (00, 9), (0, D), ...]
3 for i <~ 1 to z do

4: for each cin C H ¢ < i do
5 (n, )« T[i—c|,(m,_) <« T
6 if 1 +n <m then

7 T[i] + (1 +n,c)

8: s ]

9: while z > 0 do

10: (_,¢) « Tz
11: S<c:s

12: T T —cC

13: return s

ARG T AT DA ZEMIZ IR EE : foldl fill [(0,0)] [1,2,...], HH:
fill T x =T min {(fst T'[x — c|,c)|c € C,c < x} (14.60)

H s> a {87TR o MAZIFA s GO 12 EFHER), KM T kit
ARSI

change 0 T = []

(14.61)
change x T = c:change (x —c) T, HH : ¢ = snd T|x]

A SUIRE © = n, BIEEIS n IR BIRREARE k = |C| DNTE, EAREN O(nk)®,
HEZ O(n) FZRIRTE T ANER BRMA LIEZ BTAE NTTIE, AR ZIC k&I
fE7 R, R REIRRI R ORI, S22 IR 7 AEREE R X — RN
EHE T, RO F RN IRMEE S, 2 IURET 1940 FHEHE, 314
MUK AR5 M

1 RO T, TREA] DA o s T IR N - A, i (IEARE R DA -]
A IE H
2. EHBE T, AN T4 S B DA PR L e

BRATRS

T EBARNE, FRANTCTRIESL, Hla, Mississippi A1 Missunderstanding FIER K2
- HON Miss, MEEK AT N Misssi, AEIE 14.36FT7R, W0 FRIX 2B,
TEH% 90 R ACADRAT bE (diff) S R, HRERK AL F RIS T AR E L)
. MIDNTIFE os.ys MNERE AT FAE T :

8 A
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A 14.36: s EKAETFH

LCS([lys) = []

LCS(zs,[]) = [] (14.6)

LOS(wews, yys) = {J; =y: x:LCS(xs,ys)
BN max LCS(z:ws,ys) LCS(xs,y:ys)

Hrf max EHBREKNFH, LCS BIE X EH RN L5, 7] DAl RS
INFIF AR, R EBIREDE N 1 X—E X WEHES T RS, 1 5HE0
EEARTFFINZREA TR 2R RN, TAVERA 4R T I0RFMERIT
fitt, 17, I AIRE xs. yso FHITTRMIRTIM 0 T8, 5 0 17, 0 FIREZR TS,
T[i][j] F&R~ LCS(xs[0..5],ys[0..4]) RIKEE, &M T REEH&ERKALTFH, BN
LCS([],ys) = LCS(zs,[]) = [ ], F®A&EE 0 17.0 FI#2 0, LA antenna 1 banana /3
Bl FRATM T[1)[1] FFHEHEFESS 1 1To b 1 antenna LR —DNEARR, BT AF—1T
#H 0, FHE T[2)[1], ITHIESX N a, T[2][1] = T[1][0] + 1 = 1, Bl LCS(a,ba) = a, #%
TRFEEhF T[2][2], a # n, 3 _ETT (LCS(an, b)) MM (LCS(a, ba) HIFRA(EIETE
T[2][2], &HRS2 1, Bl LOS(ba, an) = ao XAEFA RS K RIGIETTIEEE, AN ITZN
R R T[], W ws[i — 1] = ys[i — 1), W T[] = Tl — 1 — 1] + 1, BN LT
T[i — 1)[5] MM T[)[j — 1] HIEEERH.



14.6 fFEIHER 317

0 |1(2|3[4]|5]6]7

[]la|n|t|e|n|n|a
ol(]lolololololo]o]o
1/ b | 0]0]0]0OJ0O]0O]O|O
2la|0|1|1|1f1}]1]1]1
3| n |0 |1 2|2]2]|2]|2]|2
41 a |01 22]2]2]|2]|3
S5/n |0 (1]2|22[3|3]3
6|lal|0]|1]|2|2|2|3]|3|4

1: function LCS(zs,ys)

2:

3:

4:

10:

m <+ |zs|,n + |ys|
T « [[0,0,...],]0,0,...],...] >(m+1)x (n+1)
for i + 1 to m do
for j < 1ton do
if xs[i] = ys[j] then
T[i +1)[j + 1] < T[i][5] + 1
else
T[i + 1][j + 1] + Max(T[i][j + 1], T[i + 1][5])
return FETCH(T, zs, ys) > RIEGS R

FETRMN T REEKAEF I, NETTTHE, MRRE 2s[m] = ysin], N
xs[m] B2 LCS KRR, # FREEE 2s[m — 1], ys[n — 1], @UFANTEEE T[m — 1][n]

I T[m][n — 1] BRHIAREL R TE,

1: function FETCH(T, xs,ys)

2:

3:

4:

10:

11:

12:

13:

m < |xzs|,n < |ys|
r ]
while m >0 H n > 0do
if zsm — 1] = ys[n — 1] then
rasm—1]:r
m<m—1
n<n-—1
else if T[m — 1][n] > T[m][n — 1] then
m<+—m —1
else
n<n-—1

return r
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£5:3] 14.11
14.11.1. {EHEMEREAEE R KA TR RALRRMS

TFHANE

HEBBES X, WRHKEIFE L S C X, {15 S HEEREmZ N s, Al
S8 =Y i=s?fla0 X = {11, 64, -82, -68, 86, 55, -88, -21, 51}, s = 0 A ="fiE:
€S
S = @.{64, -82, 55, -88, 51}, {64, -82, -68, 86}, UIHRF %, BIAEE 27 NTHEZM,
Hern = |X|, EHREHN O(n2"),

sets s @ = [O]

s=x: {x}:setssxs (14.63)
sets s (v:xs) =
{%?U!IJ : (sets s xs) 4 [2:5|S € sets (s — ) xs]
93280 L TSN ER B 1 IR, AT DA SIZSHLRISR . FRATT B JiRIA_EA R
& T, ICRF A, H RS FRZME, &5 EMRAEENER: W2 S
FAERENFE S, 15 35 = s, @I 4 n] e F BRI E PR 1 < s < u,o
MR s <180 s > u MITCHE,

l:Z{xEX,x<0},u:Z{x€X,x>O} (14.64)

EETERREE, BT Em=u—1+1%, BHRE—-ME: | <j < u
FZHEE n = |X|+ 117, BITNNEESHEDNTE o, T[] EneGRZETE
S C{wy, w9, ...z} H1F 39 = jo 2 0 /TR, RER=%E o WTFEZM, T HFE
WRLE R F, RE T)0][0] = T, R Y. 0 = 0, MM 2, A, MEREE 117,
BR >S- o =048 BR > {z,} = 2, B T[1][0] =T T[1][z1] =Ts

I 1+1 0 T U
o | F F T F F
z, | F F T T F
F F T T F

O o ATRAMSE] 4 FFRTREMIFEZHA: Y. 0 = 0. Y {1} = 21, Y {22} = 204
YAz e} =21 + @20

I | 1+1 0 Ty | oo | To | o | T+ 2 u
g | F F T T F F F
x, | F F T T F F F
z9 | F F T T T T F
F F T T T T F
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FIES @ 7T, IIATTR 20 PIRAISEIRTE {21, 22, ..., 1} RIGHIFTE 745
Mo E—ATHNEIIANE, A Y {2} = i, BB T(i][z;] = To FATRE =
MBS 22— 555, BN MR E, 52 » TR,
FTAEH T'[n)[s] WEREFR R TFEN s BEHFE.

1: function SUBSET-SuM(X, s)

2 l«>Y{reX z<0}ue ) {reX z>0}

3 n <« | X|

4 T« {{F,F,. . },{F,F, ..},...} >(n+1)x(u—101+1)
5: T[0][0] « T > @=0
6 for i < 1 ton do

7 T[] X[i]] T

8 for j <[ tou do

9 Tli][j] < T[(5] v T — 1][5]

10: Jj < j— XJi

11: if [ < j < u then

12: Tlil[j] <= Tlall5] v T = 1][5']

13: return 7'[n][s]

FAGIFNES] j A 0 FFEE, MM 1 B uo fELFRgmFEIAEH R A § — 1 %
o ¥ FREMAH T RIEHE S HE .S = so £ T[n|[s] =F WIJCHE; & NAHF
B (DWR z, = s, WFE {z,} B2— M. TAHETRREE Tin - 1][s] WEMR, W
RN T, EAM {21, 29, 23, .y 201} PIRTERTN s AT, (202 s/ = s — 1,
MR 1< <u,I3FH Tn—1[s"] NE, FABBIAM {21, 20, 73, .0y 01} RIEFD ', IR
5%z, MAFEDTEA,

1: function GET(X,s,T,n)

2: T[]

3: if X[n] = s then

4: r<{X[n]}:r

5: if n > 1 then

6: if T'[n — 1][s] then

7: r < r# GET(X,s,T,n —1)
8: s+ s— X|[n]

9: if | <s <u H T[n—1][s'] then
10: r <14 [(X[n]:)|r + GET(X, s, T,n—1) ]
11: return r

FASHRIEIRR T O(n(u — 1 + 1)) WOWTEER T, R O(n) ERBER.
“REFIEE O(n(u — 1 + 1)) B2, FRATATLAE 4 « — 1+ 1 7E5IR V RE—
ek, IR V[j] = (S1, S, ..} MR TE WE NS =N S == jo V
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HHHE ER

TR 2. A o EH—5 V, IERMA =, EREREIN 7R, RE
ERIE Vs Ho

1:
2
3
4
5:
6
7
8

9:
10:

11:

12:

13:

function SUBSET-SUM(X, s)
I« >Y{reX z<0}u« > {reX z>0}
V+[9,9,..] >u—1+1
for each z in X do
U + Cory(V)
for j <[ tou do
if x = j then
Ulj] « {{«}} U U]
Jjej-x
if | <j' <u H V[j’] # @ then
Ulj] < Ul u{({z} U S)IS e VIi'T}
V<«U

return Vs]

FATAT AR A B HIAE SR V = foldl bld (replicate(u — 1+ 1) @) X, HA

replicate n a FEAERKERN n IR [a, a,...,alo bld F X FENITTEREH Vo

bld V z = foldl fV [I,l+1...,1] (14.65)
Hrp:
j=: Vijlu{{z}}
fVi=qQ1<j <uBT[j|#o: VjJu{{z}S|SeT[y]}, HHj =j—-=
EE 1%
(14.66)

3] 14.12

14.12.1. MERATFHIR, Z—fh B KA _ERER RSP “T5m7, A

RFIINKE, A=Md: N &KL, ‘W AE@ETE, NW KA,
IXEETT R R BTN i R A M SE R, FATTMRISHIA N AITHG, tREHN
NW’, BT E X A LAEsh B/ EJTHIAS + aSRM(EDN N, i ER8 5 E b
TTHIAE T Q0RN W, KPR S E MRS+ dite S —RTE,

14.12.2. NTFFEMBETR, —E6 | <0 <u BAZA? ETRREEH—D 45N A?
14.12.3. B EE ) CUPRRSCTE gl B &) 2 — P B AT A DR R & e SOh

MFRFE s BT ¢ FrfRR, Iz ATHERE, F5IRRIT, WiEEET
B R IR 0 BIER, R, RHR— DA, Q1T kitten — sitting, ZiHE



14.7 B :HITFER 321

1. kitten — sitten (k — s);

2. sitten — sittin (e — 1);

3. sittin — sitting (+ g)o
EFBHASHR, SKRPTAS A5 5 F) i P

14.7 Kbk Bl R

EFLHT & /NITER:

Optional<K> top(Int k, [K] xs, Int 1, Int u) {

if L<u {
swap(xs, 1, rand(l, u))
var p = partition(xs, 1, u)
ifp-1+1=—%k

return Optional.of(xs[p])
return if k < p - 1 + 1 then top(k, xs, 1, p)
else top(k- p+ 1 -1, xs, p+ 1, u)
}
return Optional.Nothing

Int partition([K] xs, Int 1, Int u) {
var p =1
for var r =1 4+ 1 to u {
if not xs[p] < xs[r] {
1=1+1
swap(xs, 1, r)

}
swap(xs, p, 1)
return 1

e

solve f z = search @ m where
searchpgq | p>n || g<0=/[]
| z' < z=search (p+ 1) q
| z' >z =search p (q - 1)
| otherwise = (p, q) : search (p + 1) (q - 1)
where z' = f p q
m = bsearch (f 0) z (0, z)
n = bsearch (Ax—f x 0) z (0, z)

bsearch fy (1, u) |u < 1=1
| fm < y=419f f (m+ 1) < y then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)
where m = (1 + u) ‘div’ 2

IREE K
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Optional<T> majority([T] xs) {

var (m, c) = (Optional<T>.Nothing, 0)

for var x 1in xs {
if ¢ =— 0 then (m, c) = (Optional.of(x), 0)
if x =— m then ct+ else c-—-

}

c=20

for var x 1in xs {
if x = m then cH+

}

return if c > length(xs)/2 then m else Optional<T>.Nothing

BRI AR K

majority xs = verify $ foldr maj (Nothing, 0) xs where
maj x (Nothing, 0) = (Just x, 1)
maj x (Just y, v) | x =y = (Just y, v + 1)
| v=0= (Just x, 1)
| otherwise = (Just y, v - 1)
verify (Nothing, _) = Nothing
verify (Just m, _) = 14f 2 x (length $ filter (=m) xs) > length xs
then Just m else Nothing

BRRTPAIM:

maxSum :: (Ord a, Num a) = [a] — a
maxSum = fst o foldr f (0, 0) where
f x (m, mSofar) = (m', mSofar') where
mSofar' = max 0 (mSofar + x)
m' = max mSofar' m

KMP FfFE LA AT

[Int] match([T] w, [TIp) {
n = length(w), m = length(p)
[Int] fallback = prefixes(p)
[Int] r =[]
Int k =0
for i = 0 to n {
while k > 0 and p[k] # w[i] {
k = fallback[k]

}
if p[k] = w[i] then k = k + 1
if k=m {
add(r, i + 1 - m)
k = fallback[k - 1]
}
}
return r

[Int] prefixes([T] p) {
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m = length(p)
[Int] t = [0] = m //fallback table
Int k=0
for i =2 tom {
while k > 0 and p[i-1] # p[k] {
k = t[k-1] #fallback

}
if p[i-1] = p[k] then k = k + 1
ti] = k
}
return t
}
RIENSERE:
dfsSolve m from to = solve [[from]] where
solve [] = []
solve (c@(p:path):cs)
| p = to = reverse c
| otherwise = let os = filter ('notElem’ path) (adj p) in

if os = [] then solve cs
else solve ((map (:c) os) +# cs)
adj (x, y) = [(x', y") | (x', y") « [(x=1, y), (%41, y), (x, y-1), (x, y+1)1,
inRange (bounds m) (x', y'), m ! (x', y') = 0]

ANC=V= Tf i

solve = dfsSolve [[]] [] where

dfsSolve [] s = s
dfsSolve (c:cs) s

| length ¢ = 8 = dfsSolve cs (c:s)

| otherwise = dfsSolve ([(x:c) | x <« [1..8] \\ c,

not $ attack x c] 4 cs) s
attack x ¢ = let y = 1 + length c 1in
any (A(i, j) — abs(x - i) = abs(y - j)) $
zip (reverse c) [1..]

BIRR A 7 e

solve = dfsSolve [[[-1, -1, -1, @, 1, 1, 1]]] [] where
dfsSolve [] s = s
dfsSolve (c:cs) s
| head c = [1, 1, 1, 0, -1, -1, -1] = dfsSolve cs (reverse c:s)
| otherwise = dfsSolve ((map (:c) $ moves $ head c) + cs) s

moves s = filter (#s) [leapLeft s, hopLeft s, leapRight s, hopRight s] where
leapLeft [] = []
leapLeft (0:y:1l:ys) = 1:y:0:ys
leapLeft (y:ys) = y:leapLeft ys
hopLeft [] = []
hopLeft (0:1:ys) = 1:0:ys
hopLeft (y:ys) = y:hopLeft ys
leapRight [] = []
leapRight (-1:y:0:ys) = 0:y:(-1):ys
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leapRight (y:ys) = y:leapRight ys
hopRight [] = []

hopRight (-1:0:ys) = 0:(-1):ys
hopRight (y:ys) = y:hopRight ys

Bk IR 75 e e ) iy > TS ER :

[Int] solve([Int] start, [Int] end) {
stack = [[start]]
s =[]
while stack # [] {
c = pop(stack)
if c[0] = end {
s += reverse(c)
} else {
for [Int] m in moves(c[0]) {
stack 4= (m:c)

}

return s

[[Int]] moves([Int] s) {
[[Int]] ms = []
n = length(s)
p = find(s, 0)
if p<n - 2 and s[p+2] > 0 then ms 4= swap(s, p, p+2)
if p<n -1 and s[p+l] > 0 then ms 4= swap(s, p, p+l)
if p > 1 and s[p-2] < 0 then ms 4= swap(s, p, p-2)
if p > 0 and s[p-1] < 0 then ms 4= swap(s, p, p-1)
return ms

[Int] swap([Int] s, Int i, Int j) {
a = copy(s)
(alil, al3il) = (aljl, alil)

return a

I 7] i) st -

import Data.Bits
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (><))

solve = bfsSolve $ Queue.singleton [(15, 0)] where
bfsSolve Queue.Empty = [] — no solution
bfsSolve (c@(p:_) :<| cs)
| fst p = 0 = reverse ¢
| otherwise = bfsSolve (cs >< (Queue.fromList $ map (:c)
(filter (“valid' c) $ moves p)))

valid (a, b) r=not $ or [ a “elem” [3, 6], b "elem’ [3, 6], (a, b) “elem r]
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moves (a, b) = if b < 8 then trans a b else map swap (trans b a) where
trans x y = [(x - 8 - i, y+ 8 + 1)
| i «[0, 1, 2, 4], i =0 || (x .&. 1) # 0]
swap (x, y) = (y, X)

AR R LA BRI SR AR K [ 7 -

extGed © b = (b, 0, 1)
extGed a b = let (d, x', y') = extGed (b "'mod” a) a in
(d, y' = x" * (b “div’ a), x'")

solve ab g | g 'mod  d # 0 =[]
| otherwise = solve' (x x g “div’ d)
where
(d, x, y) = extGed a b
solve' x | x < @ = solve' (x + b)
| otherwise = pour x [(0, 0)]

0 = pour (x - 1) ((a, b'):ps)
b = pour x ((a', 0):ps)

pour x ps@((a', b'):_) | a'
| b

| otherwise = pour x ((max 0@ (a' + b' - b),

min (a' + b') b):ps)

pour O ps = reverse ((0, g):ps)

KRR AR S

import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve' a b g = bfs $ Queue.singleton [(0, 0)] where
bfs Queue.Empty = []
bfs (c@(p:_) :<| cs)
| fst p=—=g || snd p = g = reverse c
| otherwise = bfs (cs >< (Queue.fromList $ map (:c) $ expand c))
expand ((x, y):ps) = filter ('notElem’ ps) $ map (\f — f x y)
[fillA, fillB, pourA, pourB, emptyA, emptyB]
fillA _y = (a, vy)

fillB x _ = (x, b)
emptyA _ y = (0, y)
emptyB x _ = (x, 0)

pourA x y = (max @ (x +y - b), min (x +y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

fElK AR IE A LS e s it :

data Step {
Pair<Int> (p, q)
Step parent
Step(Pair<Int>(x, y), Step p = null) {
(p, 9) = (x, y), parent =p

Bool (=) (Step a, Step b) = {a.(p, q) = b.(p, q)}
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Bool (#) (Step a, Step b) = noto (=)

[Step] expand(Step s, Int a, Int b) {
var (p, q) = s.(p, q)
return [Step(a, q, s), /+fill Ax/
Step(p, b, s), /*fill Bx/
Step(0, g, s), /xempty Ax/
Step(p, 0, s), /*«empty Bx/
Step(max(®, p + g - b), min(p + q, b), s), /xpour A into Bx/
Step(min(p + q, a), max(0, p +q - a), s)] /xpour B into Ax/

Optional<[Step]> solve(Int a, Int b, Int g) {
q = Queue<Step>(Step(0, 0))
Set<Step> visited = {head(q)}
while not empty(q) {
var cur = pop(q)
if cur.p=1¢g || cur.q =g {
return Optional.of(backtrack(cur))
} else {
for s 1in expand(cur, a, b) {
if cur # s and s not in visited {
push(q, s)
visited 4= s

}
return Optional.Nothing

[Step] backtrack(Step s) {
[Step] seq
while s # null {
seq = s : seq
s = s.parent
}

return seq

I

import qualified Data.Map as Map
import qualified Data.Set as Set
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<])), (<))

cellof (y, X) =y *x 4 + X
posOf ¢ = (c “div’ 4, ¢ ‘mod" 4)

cellSet = Set.fromList o (map cellOf)

type Layout = Map.Map Integer (Set.Set Integer)
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type NormLayout = Set.Set (Set.Set Integer)
type Move = (Integer, Integer)

start = Map.map cellSet $ Map.fromList

[(x, [(o, 0), (1, ©)1),

(2, [(0, 3), (1, 3)1),

(3, [(2, ), (3, 1),

(4, [(2, 1), (2, 2)1),

(5, [(2, 3), (3, 3)1),

(6, [(4, ©1), (7, [(3, I, (8, [(3, 2)1), (9, [(4, 3)]),
(10, [(0, 1), (0, 2), (1, 1), (1, 2)1)]

end = cellSet [(3, 1), (3, 2), (4, 1), (4, 2)]
normalize = Set.fromList o Map.elems

mirror = Map.map (Set.map f) where
f c = let (y, x) = posOf ¢ in cellOof (y, 3 - x)

klotski = solve g visited where
g = Queue.singleton (start, [])
visited = Set.singleton (normalize start)

solve Queue.Empty _ = []
solve ((x, ms) :<| cs) visited | Map.lookup 10 x = Just end = reverse ms
| otherwise = solve g visited'
where
g = cs >< (Queue.fromList [(move x op, op:ms) | op <« ops ])
visited' = foldr Set.insert visited (map (normalize o move x) ops)
ops = expand x visited

expand x visited = [(i, d) | i «[1..10], d « [-1, 1, -4, 4],
valid i d, unique i d]
where

valid i d = let p = trans d (maybe Set.empty id $ Map.lookup i x) in
(not $ any (outside d) p) &&
(Map.keysSet $ Map.filter (overlapped p) x)

‘Set.isSubsetOf" Set.singleton i

outside d c=c <0 || c > 20 ||
(d=1&& c 'mod" 4 =0) || (d = -1 &k c ‘'mod’ 4 = 3)

unique i d = let ly = move x (i, d) in all ( Set.notMember® visited)

[normalize ly, normalize (mirror ly)]
move x (i, d) = Map.update (Justo trans d) i x
trans d = Set.map (d+)

overlapped :: (Set.Set Integer) — (Set.Set Integer) — Bool

overlapped a b = (not o Set.null) $ Set.intersection a b

HEAERIE SR

’type Layout = [Set<Int>]
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Layout START = [{0, 4}, {3, 7}, {8, 12}, {9, 103},
{11, 15},{163},{13}, {14}, {19}, {1, 2, 5, 6}]

Set<Int> END = {13, 14, 17, 18}
(Int, Int) pos(Int c) = (y=c / 4, x = c mod 4)

[[Int]] matrix(Layout layout) {
[[Int]] m = replicate(replicate(0, 4), 5)
for Int i, var p in (zip([1, 2, ...], layout)) {
for var c in p {
y, x = pos(c)

mlyl[x] =i
}
}
return m
}
data Node {
Node parent
Layout layout
Node(Layout 1, Node p = null) {
layout = 1, parent = p
}
}

//usage: solve(START, END)
Optional<Node> solve(Layout start, Set<Int> end) {
var visit = {Set(start)}
var queue = Queue.of(Node(start))
while not empty(queue) {
cur = pop(queue)
if last(cur.layout) — end {
return Optional.of(cur)
1} else {
for ly 1in expand(cur.layout, visit) {
push(queue, Node(ly, cur))
add(visit, Set(ly))

}

return Optional.None

[Layout] expand(Layout layout, Set<Set<lLayout>> visit):
Bool bound(Set<Int> piece, Int d) {
for c 1in piece {
if c+d< 0 or c+d > 20 then return False
if d = 1 and ¢ mod 4 — 3 then return False
if d =— -1 and c mod 4 — 0 then return False
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return True

var m = matrix(layout)
Bool valid(Set<Int> piece, Int d, Int i) {
for c 1in piece {
y, X = pos(c + d)
if m[y][x] not in [0, i] then return False
}

return True

Bool unique(Layout 1ly) {
n = Set(ly)
Set<Set<Int>> m = map(map(c — 4 * (¢ / 4) + 3 - (c mod 4), p), n)
return (n not 1in visit) and (m not 1in visit)

[Layout] s = []
for i, p in zip([1, 2, ...], layout) {
for d in [-1, 1, -4, 4] {
if bound(p, d) and valid(p, d, i) {
ly = move(layout, i - 1, d)
if unique(ly) then s.append(ly)

}

return

Layout move(Layout layout, Int i, Int d) {
1y = clone(layout)
1y[i] = map((d+), layout[i])
return ly

MK SRHIET R, Jnfifad:

code = Map.fromList o (traverse []) where
traverse bits (Leaf _ c) = [(c, reverse bits)]
traverse bits (Branch _ 1 r) = traverse (0:bits) 1 # traverse (l:bits) r

encode dict = concatMap (dict !)

decode tr cs = find tr cs where
find (Leaf _ ¢) [] = [c]
find (Leaf _ c) bs = c : find tr bs
find (Branch _ 1 r) (b:bs) = find (if b =— 0 then 1 else r) bs

5 FH B0 Lo R S LS 1T -

import qualified Data.Set as Set
import Data.List (group)
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solve x = assoc o change x where
change 0 _ =[]
change x cs = let ¢ = Set.findMax $ Set.filter (< x) cs in c : change (x - c) cs
assoc = (map (Acs — (head cs, length cs))) o group

example = solve 142 $ Set.fromList [1, 5, 25, 50, 100]

BN ASHURITE R TR ) (1L i

[Int] change(Int x, Set<Int> cs) {
t = [(0, None)] ++ [(x + 1, None)] * x
for i = 1 to x {
for c in cs {

if ¢ < i {
(n, _) =t[i - c]
(my _) = t[i]
if 1 + n < m then t[i] = (1 + n, c)
s =[]
while x > 0:
(o, ©) = tlx]
s 4=c
X=X - ¢C
return s

A A T R ) A 1L -

import qualified Data.Set as Set
import Data.Sequence ((|>), singleton, index)

changemk x cs = makeChange x $ foldl fill (singleton (0, 0)) [1..x] where
fill tab i = tab |> (n, c) where
(n, ¢) = minimum $ Set.map lookup $ Set.filter (< 1) cs
lookup ¢ = (1 + fst (tab ‘“dindex' (i - ¢)), c)
makeChange 0 _ = []
makeChange x tab = let ¢ = snd $ tab “index’ x 1in c : makeChange (x - c) tab

REKALT A

[K] les([K] xs, [K] ys) {
Int m = length(xs), n = length(ys)
[[Int]] c = [[0]*(n + 1)]*(m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i1[j] = cli-11[3-1]1 + 1
1} else {
c[i1[3] = max(c[i-11[j], c[i]1[j-11)

}

return fetch(c, xs, ys)
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[K] fetch([[Int]] c, [K] xs, [K] ys) {
Kl r =11
var m = length(xs), n = length(ys)
while m > 0 and n > 0 {
if xs[m - 1] = ys[n - 1] {
r += xs[m - 1]
m=m-1
n=n-1
} else if c[m - 1][n] > c[m][n - 1] {
m=m-1
} else {
n=n-1

}

return reverse(r)

TFERFIHE [ -

Bool subsetsum([Int] xs, Int s) {
Int 1 =0, u=0, n= length(xs)
for x 1in xs {
if x > 0 then utt else 14+
}
tab [[Falselx(u - 1L+ 1)] * (n 4+ 1)
tab = [0][0 - 1] = True
for i, x in zip([1, 2, ..., n], xs) {
tab[i][x - 1] = True
for j =1 to u {
tab[i][j - 1] or = tab[i-1][j - 1]
ji=3 - x
if 1 < j1 < u then tab[i][j - 1] or = tab[i-1][j1 - 1]

}
return tab[n][s - 1]

P —HEFIFER 7 AT ) A

{{Int}} subsetsum(xs, s) {
Int 1L=0, u=0, n= length(xs)
for x 1in xs {
if x > 0 then ut} else U+
}
tab = {} * (u - 1+ 1)
for x 1in xs {
tabl = copy(tab)
for j = low to up {
if x =— j then add(tabl[j], {x})
jl =3 - x
if low < j1 < up and tab[j1l] {
tab1[j] |= {add(ys, x) for ys in tab[jl]}
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tab = tabl
}

return tab[s]
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data Color {RED, BLACK, DOUBLY_BLACK}

BATETCE A = AR R R BIMERETE, FF DR T sl BT mlo QMR BIMIER
TREER R G, BATES W E RO 5, e HH0E—PBE,

1: function DELETE(T), x)

2 p < PARENT(x)

3 g+ NIL

4 if LEFT(z) = NIL then

5: q < RiGgHT(2)

6 REPLACE(z, RIGHT(z)) > A TR ©
7 else if RiGHT(z) = NIL then

8 q + LEFT(x)

9 REPLACE(z, LEFTz()) > FHEFIE R o«
10: else

11: y < MIN(RIGHT(2))

12: p < PARENT(y)

13: q < RiGcHT(y)

14: KeY(x) < KEY(y)

15: copy data from y to x

16: REPLACE(y, RIGHT(y)) > FG TR ¢
17: x4y

18: if CoLor(z) = BLACK then

19: T < DELETE-FIX(T, MAKE-BLACK(p, ¢q), ¢ = NIL?)

20: release x

21: return T'

333
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PR FRIEZ A R R T FRIRRT R 20 o AJDUBREEHERLE], 40
R o SHNZFH, BATRE VIR, FHH S —FW ¢ KRB zo N, FRAE 2 1Y
AFRREEIRNTR y, H y Bt o, REERAHRE o VI 2R o 2RO,
A Make-BLacK(p, ) TREFBEEN, MEHT T —PHIBE,
1: function MAKE-BLACK(p, q)
2: if p = NIL and ¢ = NIL then
3: return NIL > PFH A — N
else if ¢ = NIL then
n <— Doubly Black NIL
PARENT(n) < p

e

return n

else

return BLACKEN(q)

AR p F g ER A, BATHEMIBR A — 795 BB, R s, AR A p
AR, T g REs, WHIRIER T — DR e AT NIL s, RIELLE
PP 3, NIL /2B, FRAFEIX— NIL Z2pk “XE R A7 B NIL REBHFER 5 1)
SR, WIS p. g TANZ, FM A BLACKEN(q) K7 ¢ MIEIER, QISR LL ), ¥
ERECRE, IR ¢ ELRBON, RERSONER D, 5% TR, Tl D@ he =
Qe AR WEBO, XEA=MIERFELLR (1, 292 T1), FHIENH, WE
R R BT A] DUZ @ T A, tha] DUZ I R NIL,

ot 1. NEROTRELHENRE, HEZLBTRA MO TR T
A DU BERRIE S, AT EN, el IR S| —fgt—E . A
3TH7Ro

1: function DELETE-FIX(T, z, f)

2: n < NIL

3 if f = True then >z e E R NIL
4: n<2x

5. if 2 = NIL then > FIRIE— -7
6: return NIL

7. while z # T and CoLOR(z) = B? do >z e WE R AR A
8: if SIBLING(z) # NIL then > ST RA NN
9: $ < SIBLING(x)

10:

11: if s is black and LEFT(s) is red then
12: if = LEFT(PARENT(7)) then >z {EAM
13: set x, PARENT(z), and LEFT(s) all black

14: T < ROTATE-RIGHT(T, s)
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37: WEBET RS B, H HIZWE T RE M AT R, il — 0

FeiRfEBEE,

15:
16:
17:

18:

19:
20:
21:
22:
23:
24:
25:

26:

27:

T < ROTATE-LEFT(T, PARENT(x))

else >z (R4
set x, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(x))

else if s is black and RIGHT(s) is red then

if © = LEFT(PARENT(z)) then >z {EAM
set x, PARENT(z), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(x))

else >z AEA M
set z, PARENT(z), and RIGHT(s) all black
T < ROTATE-LEFT(T), s)
T < ROTATE-RIGHT(T, PARENT(z))

WOl 2: WEBOT QRS RN G, w] DU ks, K ODE RO E S

T, AEE 38FR, a BL ¢ TRE R,

BATHELEATEZE HRTE X — B,

1: function DELETE-FIX(T, z, f)

2:

3:

4:

n + NIL

if f = True then >z e E R NIL
n<—x

if = NIL then > MHERIE— BT
return NIL
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7. while z # T and CoLOR(z) = B? do

8 if SIBLING(z) # NIL then

9: s <= SIBLING(z)

10: if s is red then ST SR E P WA N
11: set PARENT(z) red

12: set s black

13: if = LEFT(PARENT(z)) then > o TEAEM
14: T < ROTATE-LEFTT, PARENT(x)

15: else >z AEA M
16: T < ROTATE-RIGHTT, PARENT(x)

17: else if s is black and LEFT(s) is red then

18:

oL 3: BEEBOT KA LA T ROV R, BT RN T R th e R,
A DVR VLS T AL o, RO R AR I R, SRS SR i) A2, QHIEIIE 39FT
R, H PRI FREIE O

=AML, DR R AT S S T AR A S, BATTE R I R

PR e R, R BB ) B AR, QNSRS BIAMRTT 5, TATPRARTT A i
B, FERBEERE, 55N, RENEROEBE IR HIHER, ta] &Ik, &
J&, R E R NIL BUTR I, AT TPRERE 938 NIL,

1: function DELETE-FIX(T, z, f)

2 n+ NIL
3 if f = True then >z e E R NIL
4: n<—x

5. if © = NIL then > MHERIE— BT

6: return NIL



10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

AT
&£ &

K 39: [\ _bf&iE R

while z # T and CoLOR(z) = B? do

337

if SIBLING(2) # NIL then > SLER T AN S

s <= SIBLING(z)

if s is red then > SLEET RONAL

set PARENT(z) red
set s black
if x = LEFT(PARENT(2)) then
T < ROTATE-LEFTT, PARENT(x)
else

T < ROTATE-RIGHTT, PARENT(x)

else if s is black and LEFT(s) is red then

if © = LEFT(PARENT(x)) then
set x, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T), s)
T < ROTATE-LEFT(T, PARENT(x))

else
set z, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(z))

else if s is black and RIGHT(s) is red then
if x = LEFT(PARENT(x)) then
set z, PARENT(z), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(Z))
else
set z, PARENT(z), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)

> o FE/EM

> TEAM

> x FE/EM

> x fEAM

> x FE/EM

> x TEAM
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32:

33:
34:
35:
36:

37:

38:
39:
40:

41:

42:
43:

44:

45:

AR N HTTES Wl SRS

T < ROTATE-RIGHT(T, PARENT(z))

else if s, LEFT(s), and RIGHT(s) are all black then
set = black
set s red
BLACKEN(PARENT(2))
x < PARENT(2)

else > A BB R
set x black
BLACKEN(PARENT(2))

x < PARENT(z)

set T" black
if n # NIL then
replace n with NIL

return T

BER, BIMEAZANSEC R A T FFBET A o (AIREENERE)  FRD fo
AR ENERE NIL, W f O9E, SNFRATH n RIERE, I ERLBE SRR, H
3@ NIL Bt neo

NI T FE RSB T AL R R B

Node del(Node t, Node x) {
if x — null then return t

var parent = x.parent;
Node db = null; //doubly black

if x.left = null {

db = x.right
x.replaceWith(db)

} else if x.right — null {

db = x.left
x.replaceWith(db)

1} else {

}

var y = min(x.right)
parent = y.parent
db = y.right

x.key = y.key
y.replaceWith(db)

X =Yy

if x.color = Color.BLACK {

}

t = deleteFix(t, makeBlack(parent, db), db = null);

remove (x)

return t

Hr makeBlack f&MIBR/G 1T S22 NANE B, FEACEINE 26 NIL 19
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RGO

Node makeBlack(Node parent, Node x) {
if parent — null and x — null then return null
return if x — null

then replace(parent, x, Node(0, Color.DOUBLY_BLACK))
else blacken(x)

HA K%L replace(parent, x, y) ¥ parent T x, H y &,

Node replace(Node parent, Node x, Node y) {

if parent = null {
if y # null then y.parent = null

} else if parent.left — x {
parent.setLeft(y)

} else {
parent.setRight(y)

}

if x # null then x.parent = null

return y

PK%L blacken(node) KLl midoh B, KRG YOI E B,

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

PHEEBIFREFEEL T BEERE:

Node deleteFix(Node t, Node db, Bool isDBEmpty) {
var dbEmpty = if isDBEmpty then db else null
if db = null then return null // delete the root
while (db # t and db.color =— Color.DOUBLY_BLACK) {
var s = db.sibling()
var p = db.parent
if (s # null) {
if isRed(s) {
// the sibling is red
p.color = Color.RED
s.color = Color.BLACK
t = if db = p.left then leftRotate(t, p)
else rightRotate(t, p)
} else 1if isBlack(s) and isRed(s.left) {
// the sibling 1is black, and one sub-tree is red
if db = p.left {
db.color = Color.BLACK
p.color = Color.BLACK
s.left.color = p.color
t = rightRotate(t, s)
t = leftRotate(t, p)
1} else {
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db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.left.color = Color.BLACK
t = rightRotate(t, p)
}
} else if isBlack(s) and isRed(s.right) {
if (db = p.left) {
db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.right.color = Color.BLACK
t = leftRotate(t, p)
1} else {
db.color = Color.BLACK
p.color = Color.BLACK
s.right.color = p.color
t = leftRotate(t, s)
t = rightRotate(t, p)
}
} else if isBlack(s) and isBlack(s.left) and
isBlack(s.right) {
// the sibling and both sub-trees are black.
// move blackness up
db.color = Color.BLACK
s.color = Color.RED
blacken(p)
db = p
}
} else { // no sibling, move blackness up
db.color = Color.BLACK
blacken(p)
db = p

}

t.color = Color.BLACK

if (dbEmpty # null) { // change the doubly black nil to nil
dbEmpty.replaceWith(null)
delete dbEmpty

}

return t

Hrp isBlack(node) Al — 1 mZ2 &0 R G, ARIELLRRIAIIER, NIL 2
BE,

Bool 1isBlack(Node x) = (x = null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color = Color.RED)

BRI E WEEE NIL, JH Node Y replaceWith #1785k,

’data Node<T> {
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/]
void replaceWith(Node y) = replace(parent, this, y)
}
BRLL BRI, MEREIRECE AR &L, BB E BAEKANZ

tbe MFEH n AR, HEAEN O(gn).

3] .13

13.1. GG HIM— AR 5 T R ZL AR 5 SRR, FH R IEZL R A BR 3
%o
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AVL $—E BRI

I WAGREEZL
] AVL RHEATTRIG, @R A EIRE L
AH = |T'|—|T|

= L4maz(|r'], [I']) = (1 + mazx(|r|, [I]))

= max(|r'[, [I']) — maz(|r], [I])
620,5/201 Ar (67)
§<0,6/>0: 4+ Ar
§>0,0/<0: Al—96
A0 Al
HER. — XA A RTRE RN G I 45 7 S e i P IRl -5 T TR A S IR S
T, ARIEERTEZL, A TIREN:

L3R 6 > 0 FFH o > 0, fEARTE, G FMITSERANTEFREE. &
JERRE N ATl B A R Ar;

2. MR 6 < 0, FEFARTEF AT EANT A TR, B2 6 > 0, WG T
PR EE R RSN T, W22 TR AN ('] = 1o Bt DA RIS AN :

AH = max(|r'|,|l'|) = maz(|r,]I|) {§<0H § >0}

= |r'| =l e =11}
= Irl+Ar =1
=0+ Ar

3. s >0 H ¢ <o, FiER R0, BATE:

AH = max(|r'|,|l'|) — maz(r|,])l]) {6 >0 H § <0}

= 1= Ir
= |l| + Al —|r]
=Al—-90

343
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4. B0 6 06 FAKT 0, WA ARSI S EEANT A TR SER
N4 B Sk B e TR AR L Al

IT  $0 A G R i EE

GNEIE 40F7R, TR TR ZEERIPIRME D, PR AR +2. %S, P
¥ o(y) BN 0. LA THREAMHRSE,

f(x)=2

5(z)=-2

s(y) =1

8(y) =0 5

a b c d
s(x)=1 ~

B 40: NG ZIRE F-HRT 4 FE o

X 4 FEO AR A — G — A A — . ICBE RT3y
§(2)\8(y)\6(2), BEIG AN 6 (2).6' (y)s 8’ (2)o TATMHE NKIEM, WRJSFE 4 FiF
ORISR RN 6(y) = 00 FFEAFER o' («) F1 0(2) HIEEIR,

UER. FRAT15y BUBH RS PRI LR,
Je— %
T o TEVREHE AR, B 8 (2) = 6(2)e BIH 8(y) = —1 H 6(2) = —2, FFBA:

6(y) =lel —lz[ = -1 = || =|z[ -1

(68)
6(z) = Idl — lyl = =2 = |d =y -2
I
§(z) = |d I R (3 (69)}
— Jyl—2— (2l - 1)
69
— Jyl— 2l -1 R TR s =1y )

= 0
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AT 8 (y), B REER:

"(y) =zl — ||
= 1+ maz(lc],|d]) — |z] {3 (K (69)), |c] = |d|}
= 1+4]c - |z| {=X (=X (68))} (70)
= 1+ z|—1-|z|
=0
A EAREESR, T — S, BT 4
§'(x) = 0(x)
'(y) =0 (71)
§(z)=0
I
AT — X, 53RO 745 e R
(x)=0
'(y) =0 (72)
0'(z) = d(2)
H—k
HIEHEE 6 (x). WEFHE, 14!
§'(x) = [b] — lal (73)

JARETAETRT, 2 BN

2l =1+mazx(lyl,[d]) {6(z) = -1 = ly[ > |d[}
=1+1yl (74)
= 2+ max(|bl,]|c|)

K 5(x) = 2, FTBA:

6(x) =2 =z —la| =2 {30 (U (74))}
= 2+ maz(|b], |c|) — |a| = 2 (75)
= max(|b], [c[) — [a] =0

R 5(y) = |e| — [b] = 1, W:
maz(Jbl,|e]) = |e| = [b] + 1 (76)
HHRAR (R (75)) B3

b +1 —la| =0 = [b] = [a| = =1 {X (X (73)) }
= (x)=—-1
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JRZINR 6(y) # 1, maz(|b, |e]) = [b], FRAZ (R (75)) F731:
bl —lal =0 {3L (3 (73))}

=d(x)=0 (78)
B LIRPREN, FATFE 6 () A 5(y) BIRFR:
5 (z) = {iﬁu b . ! (79)
XF 8 (2), IRIEE L EFET:
5(z) = ld— [8(:) = =1 = |d| - o}
= |yl =l -1 {lyl = 1+ mazx([b], |c])} (80)

= maz (], |c]) — ||
WER 6(y) = || — |b| = —1, W maz(|b], |c]) = |b] = |c| + 1o KHHAAAR (5N (80))
1SRN 6 (2) = 1o RZUR 6(y) # —1, W mazx(|b], |¢|) = |c|, B §'(2) = 0, &H LA
PRGN, 8 (2) I 6(y) BIRARIT:

oo oyy=-1: 1
e {éﬁlu : 0 5!

B, AT 6 (y), BT DAES tH R AR AR

5(y) =l — el )
— maz(|el, |d)) — maz(|al, 5]
SRKE S5y AL

1. % o(y) = 0, B b = |c], RIEX (X (79)) F1X (X (81)), H:0'(2) =0 =
la| = [b] AR 0'(2) = 0 = |¢| = |d|o L &' (y) = 0o

2. % o(y) = 1, R (X (81)), FATE 0'(2) = 0= || = |d]o

0'(y) = max(lel,|d]) —maz(|al, [b]) {le| = d]}
= e[ = maz(lal, |b]) {z0 G (79): 0'(2) = =1 = [b] — |al = -1}
= e/ = (ol +1) {6(y) = 1= el = bl = 1}
=0

3. % o(y) = —1, I (X (79)), BATH 6'(2) = 0= |a| = |b]o

'(y) = max(|c],|d]) —maz(|al,[b]) {la| = [b]}
= maz(|c|, |d]) — [b] {0 L 8D): Jd] = |e| =1}
= lef+1—1b| {0(y) = =1 = |e| = o] = —1}
= 0
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EHR =R OLHIEE RARIE 6/ (y) = 00 Rf LIRZERIAGNEER, BT LS ZH A~ K]

TR
§(o) — dy)=1: -1
R F TR
o'(y) =0 (83)
() — o(y)=-1: 1
R R
Y ]

FE— M — FEXS PR, BEFSEIRIHE S, BeAlTa] AR 2NN (5K (83)) se2HRIAY
4R

I IBRETA

TR 25 S 7B e FE R R, QN SRR B 1 (-1, 1] BvEHE, iR =B E
PAGREE AVL B,

* PREGUMIER

BAVEE I = SR RMMBRRIL, e E Pl HE T, MERRIZER N
—XHE (T7, AH), Hrb T/ ZMBRSHIHRL AR 2R 8, BERE S T

delete = fsto del (84)
HrR del(T, k) W T R TTER K MHER:

del ok = (2,0)
k<E : tree (dell k) Kk (r,0)¢
k>Fk : tree (1,0) k' (del r k) ¢
l=2: (r,-1) (85)
r=2: (I,-1)
AW tree (1,0) k" (del r k") §
HA k" = min(r)

del (I,K',r,8) =

GUERBE N, G5 R N (2,0); BN T = (I, K, 7, 0), FATELEL £ 0 K HIE
R, IHE TROBITEHRIMER, 2 k= & N, BATECE] T ZEMBRATT 5, WRERY
E—F A=, AT DLRRHEY] RIS — R R &0, R TR/ IME &7 V)
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(b) TE B

41: MERIEE

T, R K, TRATATAEH tree BERT AH HIZEIR, FIEABIEMLEL, FEE NN
FHER R A B IR L

balance ((a'vva?&(m))vy?Ca_Q) AH = (a’axv (b,y,C,—l),(S(x) + 17AH) (86)
balance (a,x, (b7yacu 6(2/))72) AH = ((a7$7b7 1)72/767 6(3/) - 17AH)

MR A FRE AN T :

delete t x = fst $ del t x where

del Empty _ = (Empty, 0)

del (Br 1 k r d) x
| x < k =node (del 1 x) k (r, 0) d
| x > k = node (1, 0) k (del r x) d
| isEmpty 1 = (r, -1)
| isEmpty r = (1, -1)
| otherwise = node (1, 0) k' (del r k') d where k' = min r

HA min fl isEmpty &XH:

min (Br Empty x _ _) = X
min (Br 1 _ _ _) =min 1

isEmpty Empty = True
isEmpty _ = False

XEEEIE 7 MIERFEFESE balance HSLHE:

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

T a2 UmIER
<> T PR E A AR BE 1R AZ P, Rl AMEEL, MHPRTR AL TR 2 A1 0. 3R
ITE B M = SRR, 2805 FHE E 70 B 2R 5 DS A - Al

1: function DELETE(T, x)
2: if z = NIL then

3: return T'

4: p < PARENT(z)

5: if LEFT(2) = NIL then

6: y < RicHT(2)

7: replace x with y

8: else if RicuT(z) = NIL then
9: y < LEFT(x)

10: replace x with y

11: else

12: z + MIN(RIGHT(z))

13: copy key and satellite date from z to z
14: p < PARENT(2)

15: y < RIGHT(2)

16: replace z with y

17: return AVL-DELETE-FIX(T), p, y)

PR 2 B, 38 o BIAT RON po WERAE— N2, BATTR: 2 DT, BN 53
— B, A, RMERTRERA N2, BAHES TR EREIR/AIMET R 2, KHAR
ARG HI2] =, RJEH = UI'N. &), BATTHA AVL-DELETE-FIx, FHEAMRTT A T\
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AR py I T AL o 15T AL p BOFIR T8 6(p), MIBRIE BO-F- 8K 74 6(p)s

BN RRIRRE =M R AE

L |6(p)| = 0.]6(p)’| = 1o BERMIERSG AT EERER T, (HZ R KA 2 AVL

WHITER BEHIL.

2. [6(p)| = 1.10(p)’| = 0o MIBREGT /A TR I 1, BHBRIS R & AR )N
T 1o ZEAFWIIER A, SRR KRB/ T 1o AR ZYES:

H I _E SRR Y

3. 16(p)] = 1. [6(p)'| = 2 X ULHAMIBRIS FAT S E 2 R T AVL ST, Al

s EE I A e KB 2 P

XFEO 3, RERMEEMBAR BN, BATTZE X AR FRE RS

DU TR M AL P,

1: function AVL-DELETE-FI1X(T), p, x)

2: while p # NIL do

3: | < LEFT(p), r + RIGHT(p)
4: <+ 0d(p), &+ ¢

5: if z =1 then

6: 0 —d+1

7 else

8: 0«6 -1

9: if p is leaf then

10: 0«0

11: if [0 =1A|0'| =0 then

12: T4 p

13: p + PARENT(x)

14: else if [§)| =0 A || =1 then
15: return T'

16: else if |§| =1 A |0'| =2 then
17: if 0’ = 2 then

18: if §(r) =1 then

19: d(p)«0

20: 5(r)«0

21: pr

22: T <+ LErFT-ROTATE(T, p)
23: else if 6(r) = —1 then
24: dy < 0( LEFT(r) )
25: if , =1 then

> =r=NIL

> H—H

> A=



ER ST

26:
27:

28:

29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:

50:

51:
52:
53:
54:

55:

56:
57:
58:
59:

60:

61:

62:

6(p) < -1
else
d(p)+ 0
d( LEFT(r) ) <0
if 9, = —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
§(p) <0
()« 0
p+1
T < RIGHT-ROTATE(T, p)
else if §(/) = 1 then
d, < 6( Ricur(l) )
if §, = —1 then
é(p) 1
else
6(p) 0
d( RicHT(l) ) +- 0
if 5, =1 then
o) «+ —1
else
0(l) <0
else
6(p) < —1
(1)« o(l)+1
T < RiGHT-ROTATE(T, p)
break

T4 p
p < PARENT(z)

351

> MbRRE A, 5 -6

> AL

> =K

> E—H

> MbRREA, £ — A

><1

) N e
o B, A e E
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63:
64:

65:

14.1.

AVL f—F BRI BR B 122

if p = NIL then o HBRAR T 5
return x
return T'

23] .14

e AVL fiEgan < sURMERAIE A, RFEREIRTER o i, SEl—NE MR AVL
WBEEHEX,

vV Bl

PHEEIBITFREFEELT AVL SRMIERE

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 =y

y = y.replaceWith(y.right)

t = deleteFix(t, parent, y)

release(x)

return t

Hr replaceWith @& XS WA BWAIE 7. release (x) BT A o Y=
], &5 REHYSEIAN T :

Node deleteFix(Node t, Node parent, Node x) {
int di, d2, dy
Node p, 1, r
while parent # null {

d2 = d1 = parent.delta
d2 = d2 + if x — parent.left then 1 else -1
if isLeaf(parent) then d2 = 0
parent.delta = d2
p = parent
1 = parent.left
r = parent.right
if abs(dl) — 1 and abs(d2) — 0 {
X = parent
parent = x.parent
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} else 1if abs(dl) =— 0 and abs(d2) = 1 {

return t
} else 1if abs(dl) — 1 and abs(d2) — 2 {
if d2 — 2 {
ifr.delta=—1{ // BE—F&
p.delta = 0
r.delta =0

parent = r
t = leftRotate(t, p)
} else if r.delta=-1{ // H— K&
dy = r.left.delta
p.delta = if dy =— 1 then -1 else 0
r.left.delta = 0
r.delta = if dy — -1 then 1 else 0
parent = r.left
t = rightRotate(t, r)
t = leftRotate(t, p)
} else { // MRS HE, H—4A
p.delta 1
r.delta = r.delta - 1
t = leftRotate(t, p)
break // BEFRBH#ET K

}
} else if d2 = -2 {
if (l.delta=-1) { // E— &
p.delta = 0
l.delta =0
parent = 1

t = rightRotate(t, p)
} else if l.delta=1{ // E— &
dy = l.right.delta
l.delta = if dy =— 1 then -1 else 0
l.right.delta = 0
p.delta = if dy — -1 then 1 else 0
parent = l.right;
t = leftRotate(t, 1)
t = rightRotate(t, p)
} else { // Mk E, E— k&
p.delta = -1
l.delta = l.delta + 1
t = rightRotate(t, p)
break // BEFRBH#ET K

}
/) BERN, #8EKALEHR
X = parent

parent = x.parent

}
if parent =— null then return x // HIBEET R
return t
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1.1.

1.2. n

W

BER

BE1

/e RGBSR, B B R AR B B, BATTA] AR AT IE S0 S SRbric— MK
TREF . B AR, LIUNRKEN n, X FEMLIENT n HIEL
2| < n, KB |z EREFENIEL ZEHAAR YR, &5 — Pk
BT ERNA ERURE R, iEsliX—RI%,

Int minFree([Int] nums) {
var n = length(nums)
for Int i = 0 to n {
var k = abs(nums[i])
if k < n then nums[k - 1] = -abs(nums[k - 1])
}
for Int i =0 to n {
if nums[i] > 0 then return i + 1
}

return n 4+ 1

MEF 1, 2, .., n, BHE—HE, ENNEEFTEL T, HFAE - «
PSR T yo % 1 <y < n, WH—DTIIEREWELMERT R, H B RN
x M yo

flan X = [3, 1, 3, 5, 4] 1, BEMZE v =2, HEWNZE vy = 3, BAAH 4 fhfg
P (DA, () /5%EHET . B) FFE4mE. (D fEFFE,

IR, W m = 12T RIS, EMias = [0 < m,a ¢
X A :bs = [b > m, b+ X]o WRAEMKE |as| < m, ATHIERNETFEL
Ml s=1+2+..+m= m(mQ—l— D L 2 = s — sum(as)o FIRAITHEHIE
(n +m+ 1)(n m)

B FAELAM,IE s = (m+1)+(m+2)+...+n ,
y = sum(bs) — s ; G AMIKSE |as| > m, _J%DE’EE’EK%EEW'J A AR
JiE, A VB ERIET v = s’ —sum(bs), BEEINET y = sum(as)—s; &N,
WREMIHEE |as| = m, WHE m DAKT m EE BERITAFEETZ
BE 1,2, ..., m BEDHA, ik, FATAT LA R IFELER sum(as) T s AIERAH
&, VR ARG R, n] DAEF MBI PTE 8, R R IR I A S « #

355
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s BT, FRAT 2T, 75 MBI SR B2, T8I A4k, T BT P31 IR
LB RSB 1, TR AR, MR, R [ 2
N O(n)o BIE B HAGIESEIFEO(n+n/24n/d+...) = O(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= (1L + u) ‘div’ 2

(as, bs) = partition (<m) xs

k = length as

sl=(L+m) = (m- 1+ 1) “div’ 2

sr=(m+14+u) * (u-m “div' 2

(sl', sr') = (sum as, sum bs)

EHET . BT AT BECTERAE 1 B n 2 (8], FATTAT DA A RS O HET SR E R HE
I, BANBERARM, N TEMIE ¢ B o, TR o # 6, AT
KEMNE ¢ EREEE y 84, IR o = y, BATHEE] TEHEERET, [N,
BAVEMBRAB L ¢, BEERX R, 52 « 5T sERIES
7. BTN — IR ARNR R ACE, RN RS 2
O(n)o

(Int, Int) missDup([Int] xs) {
(Int miss, Int dup) = (-1, -1)
for Int i = 0 to length(xs) - 1 {
while xs[i] # i {
Int j = xs[i]
if xs[j] = xs[i] {
dup = xs[j]
miss = 1
break
} else {
j = xs[i]
(xs[11, xs[31) = (xs[3], xs[i])

3
3

return (miss, dup)

FREG, BRTEE— KN o WD, TSNS 1,
AR IR P« MR EARIE, MBS EE TR, R
M2 LTXA G E E AT EAHOS T, BRSNS N d, RITHNE 5 —
1424 tn= @ DA BIER A OB RT o FRATTAT DA Hh 32 2
HISCE m — b s — o'y (ELRIX— T RTEBEAISMC RE n 073 1A FEAR T,
TR 1 5 T2 — R (R B (. TE), Bl AT DU LR e
HITE 505, T ISR TR, KT IR AN o, B 51
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WS |o] (B ERTTRANCN L, K (2| R o B4HE, IRAHIE—
MECENA T, TATHRE T EERITER, 8RBT DA E K
v,

(Int, Int) missDup([Int] xs) {
(Int miss, Int dup) = (-1, -1)
Int n = length(xs)

Int s = sum(xs)

for i =0 ton -1 {
Int j = abs(xs[i]) - 1
if xs[j]l <0 {

dup = j
miss =dup +n x (n+1) /2 -s
break

}

xs[j] = - abs(xs[j])

}

return (miss, dup)

TR, 21— MR 27— 1 5] 0 195155, 2L Z, RIS
STELRE ST, ERERES OB 2R T 2082 TR TAT LUK e 1
sezte, e M MUY ks TR, X — AT T
WNFFE:

m=s—s
Hr m RREBLEE, s BM 1 5] n EIF, s BHIERPFE TR,
B FRTEERRNTTEMEERNITE, TENH— TR R HR D AR HEL
> (zli] —i)=d—m (3)

HApZEMZ AR « DTRBE @ FRIRNF REATRH S — MRz RY &
We? BT, ARBATRE ¢ NITRIFETRE « V77, RJER4s
REMERK, HEa] DISE] N EAEER

> (@li]® = %) = d®> —m® = (d+m)(d —m) (4)

BT d—m AEF 0, BRATATLAUAR (X (3) B (3R (4)) M, 5815 —
DN

> (@i =)/ > («li] —i) = d+m (5)

e tg (X (3)) F177E (X (5)), DN TTHRE. D RENEL, IXERLA] DA 214
5.

LSl
m_12<Z S > (ali] - i)
dzg( Z .Z‘[Z]-Z) +Z(I‘[’L]—Z))
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missDup xs = ((b ‘div’ a - a) ‘div’ 2, (b ‘div’ a + a) ‘div’ 2) where
ys = zip xs [1..]
a=sum [x -y | (x, y) + ys]

b = sum [x"2 - y*2 | (x, y) + ys]

1.3. 2H), e — M HIAS I,

BEHE 1.2

1.2.1. XFIEREEDN A BB, ERAEHIMHETN DN ITR ©,y € A BEHESE, E
M RIFARAWTIH N HIFR TR A

(=) :: [al] — [a]l — Bool

[1] = [] = True

(x:xs) = (y:ys) = x =y && (xs = ys)
xs =— ys = False

EHE 1.3

13.1. 1E GET-AT(i, X) [ERIFIR, X W2 2/ER? | AN 2/ERH?
AT IR A LAY, ATBARIF Optional<T> RLBEILAMEN:

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

BER 14
1.4.1. 7€ Inir W, AT AR ApPEND(X', FIrRST(X)) K& Cons 4.?
APPEND R FHEANEZIRBININITR, REFEHREREMN On) TR
O(n?), Hp n BHIRKE,
1.4.2. 7E Last-Ar H, Wal b B SH RATER A A IH HL?

Optional<T> lastAt(List<T> xs, Int i) {
List<T> p = xs
while i # 0 and xs # null {
XS = Xs.next
-i__
}
if xs — null then return Optional.Nothing
while xs.next # null {

XS = Xs.next

p = p.next




}
return Optional.of(p.key)

359

BEHE 1.5

1.5.1. TEFISRAYE I — AR tail, FAIIRTA AL R A,
PANTEMETE X, NZZEARRERER, SN2 B RLERSIR,

data List<A> {

1.5.2.

1.5.3.

}

data Node<A> {

A key
Node<A> next
}

Node<A> head = null
Node<A> tail = null
Int length =0

List<A> append(List<A> xs, A x) {

}

List.Node<A> t1l = xs.tail
xs.tail = List.Node<A>(x, null)
if t1 = null {
xs.head = xs.tail
} else {
tl.next = xs.tail
}
xs.length+
return xs

RIS I BEHT tail 2252 X PEREA (A 5EMA?
TEREERER AN, MBRIS, Mz FIRANAT SN, M —ITRFIRMERITEREN, MH
A7 BRI BRis e — DRIES, Hu#E R WO REE, MrhEAcE
TEIN as = bs + cs, TRELIENTATHE bs HIRBHE,
1 set At H1, Qi{af bR ZS B R AR I FE L ?

setAt 0z [ | FESCERT o1 [ o WIER |zs| = n, ATRAIN setAt n o xs ZEY
T s+ [z]o BB SHIZRABAE LA i Ab B,

EHE 1.6

1.6.1. HAAREBFN, K HAZRAIIRAL

insert n x [] = [x]

insert n x (y:ys) | n < 0=x :y :ys

| otherwise y : insert (n - 1) x ys
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1.6.2.

1.7.1.

1.7.2.

1.8.1.

1.8.2.

FERREH SR AR, AN B« JERIATE TR R R A ES 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)
3

return xs

BR 1.7

R RIRRF T4 ERIFTH TCEMIPR.

delAll x [] = []
delAll x (y:ys) | x =y = delAll x ys
| otherwise =y : delAll x ys

BE BN

delAll x = foldr f [] where
fyys=14f x =y then ys else y : ys

B REHRIBR TR, SRR B SRR R TR TR R s) — M E,

[K] delAt(Int i, [K] xs) {
Int n = length(xs)
if 0 < i and i <n {
while i <n - 1 {
xs[i] = xs[i + 1]

i+
}
popLast(xs)
}
return xs

BER 1.8

A REIBIFSEIL length

length = len 0 where
len n [] =n
len n (x:xs) = len (n + 1) xs

6 n BRI, SCEUR o VBRI, 1S E24E N O(lgn)
BAPFAER b —EBBEL, BEREEL b AIPUREE T BAL e (B4 1)
M =oeis B (BIAnsRiR) B &, B EBATIFRIZAENIE &0 248 (Monoid),
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Monoid pow(Monoid b, Int n) {
Monoid a = Monoid.e
while n # 0 {
if n& 1=—1then a=a x b

b=bxb
n=n>1
return a

BEER 1.9

1.9.1. SEHREEIEXK [(k,v)] FIRH o [HRKHITTR,

maxValue ((k, v):kvs) = maxV v kvs where
maxVm [] =m

maxV m ((_, v):kvs) = maxV (max m v) kvs

FHH 1.10
1.10.1. B take/drop, 5 n BHE take IR\ [ ], drop IR[AIEHERFIFE,

safeTake n [] = []
safeTake n (x:xs) | n < 0 =[]
| otherwise = x : safeTake (n - 1) xs

safeDrop n [] = []
safeDrop n (x:xs) | n < 0 = x:xs
| otherwise = drop (n - 1) xs

1.10.2. SEMRUHELE) take H1 drop Hik,
TR MFRTTER, 1ELEEHRINITEE shift #1F, %A s
KR n, take(m, xs) A ABISIELSLHIT n — m (REFMBRSZI, 87T SCH
drop(m, xs), M\ xs[m] &, BN ITER xsi] MATFEENE] 2si —m]. &G MNEHD
MR m PDITE,

[K] take(Int m, [K] xs) {
Int d = length(xs) - m
while d > 0 and xs # [] {

pop(xs)
d__

}

return xs

[K] drop(Int m, xs) {
if m < 0 then return xs
for Int i = m to length(xs) { xs[i - n] = xs[i] }
while m > 0 and xs # [] {
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pop (xs)
—
}

return xs

}

1.10.3. ¥ sublist 1 slice B A BEIER, TTFH X 1ERSEL

sublist from cnt = take cnt odrop (from - 1)

slice from to = drop (from - 1) o take to

1.10.4. ZJETHE span HISEHL:
spanp [] = ([].[])

span p (z:xs) = {

(pz): (x:asbs),HA : (as,bs) = span(p, xs)

AN (as,x : bs)

EMEATA T 4 H RSB AR ?

X =SSR ws 73R T WERTT 8 p AT TR E p TG TTR:
as = [p(a),a <+ xs] 1 bs = [not p(b),b + xs|o as A —E=ME p HEIKH]
2, M2e p K7,

HHE 1.11

L1L1. NTH foldr & SARNHER, BATRABA KL K insert « X, IXFEHT AT
PAFRR A 1 sort = foldr insert [ |o foldr HIZEAIN:

foldr:: (A— B —B)—» B—[A - B

HAE—NSE f 2R A — B — B, HIMMHE = FZEDN B, BXTEL
By A NFIRMAITEM, RAERNERN B, A foldl & XiHAHET?
foldl WIZRAIRAT 4.2

foldl BIZRALN: foldl :: (B —- A — B) — B — [A] — B, [ foldl, Bl 175
TSRS EI A B e A -

sort = foldl (xs x — insert x xs) [ ]
B E X — D R
flipfry=fyx (1.58)

RN HET A E X sort = foldl (flip insert) [ ]



1.11.2. concat WIBRIE 24 B2 B — DR MERTEM concat BIE,

1.11.3.

1.12.1.

1.12.2.

363

R/ foldl 1 foldr 7E X concat FIEERAMIRIE, as + bs FIEHER O(m),
Her m = |as|, [ foldl I xs, # wsy H ... # xs, B, as P ERL
KB, "N O(my + (my +ms) + o+ 20 mi)o B foldr KB
w5y 4 (w50 4 (... 4 28y,)...) B, as FIKEASBOREHS, RN vs; FIKE,
HEXEN O(my_1 + ... + mo +my) BEIENBRIR, FRATAT AR E IX—

=RES

concat [] = []
concat ([]:xss) = concat xss
concat ((x:xs):xss) = x : concat (xs:xss)

EF foldr RE X mapo

map f = foldr (x xs — (f x):xs) []

BEE 1.12

HH reverse SEIIZMER RIFIE IRE L,

(1.59)

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

List<K> reverse(List<K> xs) {
List<K> ys = null
while xs # null {
ys = cons(xs.key, ys)
XS = Xxs.next
}
return ys

3

B — MR, R ER TR TGS,
H2MTTTR. WO ws JT4a, A R3Sk ETHF 105 FE R,

[xs, tail xs,tail (tail xs),...,[]]

W R] PAKIF pattern matching AW 24535356, SEE drop YRR :

tails [] = [[]]
tails xs@(_:ys) = xs : tails ys

BABERT AR MBI [[ ] TT46, ARG TTRAIE S
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tails = foldr f [[]] where
f x xss@(xs:_) = (x:Xxs) : xss

E#E 113
1.13.1. it iota IR (FlETHRE D HMIEAR:
e jota(...,n) =[1,2,3,...,nl;
e iota(m,n) = [m,m+1,m+2,....n], LH m < n;
e iota(m,m+a,...,n) = [m,m+a,m+2a,....m+kal; k #HEH m+ka <n
AR B R
o jota(m,m,...) = repeat(m) = [m, m,m, ...];
o iota(m,...) =[m,m+1,m+2,..].

ERREEIAN 1,2, ... n):

iota = iota' [] where
jota' ns n | n<1l=ns

| otherwise = jota' (n : ns) (n - 1)

HIRMERAATE: [m, m + 1, ..., n], BAOTATELTERM 1 2508 m BIn]:

iota m n = iota' [] n where
jota' ns n | n<m=ns
| otherwise = jota' (n : ns) (n - 1)

HMES K [m,m+a,m+ 2a,...,m+ kal, Hrp kb 2 m+ka <n WK
BHL

jotamna | m < n=m: jota (m+ a) na
| otherwise = []

WTFEAE 0 = oo MIFFRFH: [m,m + 1, ..], ATAZHE | ERGEITL I S

iota m=m : diota (m + 1)

#ilan take 10 (dota 1) F4ERT 10 DNHEAREL
8 +1 BRI IS E] repeat

repeat m = m : repeat m

s b ROTAT DA L —A iterate BAK, E18 4206 iota DifE:

iterate f x = x : +dterate f (f x)

jotal n = take n $ +dterate (+1) 1

jota2 m n = takeWhile (<n) $ €dterate (+1) m
jota3 m n a = takeWhile (<n) $ iterate (+a) m
repeat m = iterate id m

jota5 m = iterate (+1) m




1.13.2.

1.13.3.

1.13.4.

1.13.5.
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KA R a3 zip Bk

[(A, B)] zip([A] xs, [B] ys) {

[(A, B)] zs = null

while xs # null and ys # null {
zs = cons((xs.key, ys.key), zs)
XS = Xs.next
ys = ys.next

}

return reverse(zs)

3

FBINE X zip (F&7R € XN DFNERRIBIN foldr2 f z xs ys)
PATTFEE SR HI R B A -
foldr2 f z[]ys = =z
foldr2 f zxs|[] = =z (1.75)
foldr2 f z (x:xs) (y:ys) = foldr2 f (fxyz) xsys

INGR foldr2 7E X zip(FTEAL) :

zip = foldr2 f [, HH : f x y 2ys = (x,y):2ys

i zip SZER last At
NTEMEMRSIE kDR, BAE 2s = [0, 21, ..., vp1] ZHET & DNITR
JE188] ys = drop k xs. NG xs.ys FEGER zip s ys, KRG —XN TR

e (-Tnfkflv xn—l)o

lastAt k xs = (fstolast) (zip xs (drop k xs))

IS — MEFMIIRPRBREERITR, EaL I, 1§ &Ry
AMPRIXLEEE TR, EARBIAE D, W — NS EARTTRIHSIR, 4
AR AFHITTR T M ARFF IR AR P — 8, X —RIARE %R BT ?
GUER SR VFE AN BARESHY, AT DAGR{a fa (L SC B2

dedup [] = []
dedup (x : xs) = x : dedup (filter (x #) xs)

ATV BIIRAE X dedup:

dedup = foldr f [] where
f x xs =x : filter (x #) xs

HTXNENTRBIT filter, EHEN O(n?), MRS (M =, UE) ] DASCHR
O(nlgn) MEEERE:
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dedup = Set.tolList o Set.fromList

Xt R i ORI P S -

[K] dedup([K] xs) {
Int n = length(xs)
for Int i =0, i <n, i+ {
Intj=+4+1
while j < n {
if xs[i] = xs[j] {
swap(xs[j], xs[n - 1])
n——
} else {
Jj++
}
}
}
Int m = length(xs) - n
loop m { pop(xs) }
return xs

3

1.13.6. A] DAFHFIFRRFZ R3S IE 5L, Hil4n 1024 AIDARTR A4 -2 - 0 —
17, — MKW, n = do...dody FTRART N :“dy = dy — ... = dpy o RAFHADH
FFRFRRHIEL o F bo EFENIEEGEE CIETERR).

= BRSO BT IRASIR, MR, SMEA, n =
(dp--dody )10 TN [di, do, ..., dyy]o BIAN 1024 IR [4, 2, 0, 1], FATTATEA
MIXFERIFIER, I foldr (c d — 10d + ¢) 0 ¥H#a[E BREL, 2, AR R
TH] ) B BORH A 7 SRR 4 i 51 2R -

toList n | n < 10 = [n]
| otherwise = (n “mod’ 10) : tolList (n ‘div’ 10)

B, 0 BINERHALTT, BT 0+ as = as + 0 = as, i 0 AJPAFOR
2 [] 8 (0], AR BA:

[]+bs = bs
0] +bs = bs
as+[] = as
as+1[0] = as

a+b

BN d = (a+ b) mod 10, HAHN ¢ = | 10

|, a8 L

(azas) + (b:bs) = d:(as + bs + [c])

NHUE A T AR :
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add [] bs = bs

add [0] bs = bs

add as [] = as

add as [0] = as

add (a:as) (b:bs) = ((a + b) ‘mod’ 10) : add as (add bs [(a + b) ‘div’ 10])

HIRSEITE, as — 0 = aso SMMDMIESZNAT as, bs MHIH, WMRIHE—AL
a < b, MIFTLENL:d = 10 + a — b, TFIRAL as’ = as — [1]o

minus as [] = as

minus as [0] = as

minus (a:as) (b:bs) | a<b= (10 + a - b) : minus (minus as [1]) bs
| otherwise = (a - b) : minus as bs

P FRITUTEEE as x bs, A bs FHIIG— 1 b TeD as, FH45 I 10 5 2
HHEESR cs' = 10 x cs + (b x as)o W b x as B, WK b= 0, 8587 0; HEE
WUF, b FeBAERL a 1851 d = ab mod 10, YEfT ¢ — L% | MIENE TR
R L

bx (a:as) =d: ([c] + (b X as))

IR IR IS s

mul as = foldr (A b cs — add (mull b as) (0:cs)) []

mull @ _ = []
mull b [] = []
mull b (a:as) = (b * a "mod’ 10) : add [b * a ‘div' 10] (mull b as)

BRJa S REEIPRIR, B /e 2 SNl — MEEET 0, AR EREZ
A EEROR R ARERAIR N S e E A A ERZ 0 NXMIRARRIEESET 0:

isZero = all (= 0)

EE#Z as. bs R/NKE, 0 ANFE(THER B 2REL, S EALARAEIT AR (EQ
FoHE, LT F/N T, GT Rk T):

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

IXRE, ANT R, SE TR AT DU emp 58 X

eq as bs = EQ = cmp as bs
1t as bs = LT = cmp as bs

BRIE AT DA 95 2889 75 NS GRFREL bs # 0):
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las/bs] = as<bs: O
REE 1+ [(as — bs)/bs]

HRFAT] AAS LT, HIE as = ¢ - bs +r, HH ¢ /27,0 < g < bs FREL
%2 as = (Am...a2a1)10 = [a1, g, ..., ap], BATFEAFEEK a,, BREA bs B q,,,
MR r = am — @ - bso RGN E R —4L ap_q, K 107, + am—1 BREA bs
BT g1 FIEREL 110 GTERESAERGER, IXIETF 2 foldr BIIEFE:

ldiv as bs | isZero bs = error ”divide by 0”
| otherwise = foldr f ([], []) as where
f a (gs, rs) = (q:qgs, (a:rs) ‘minus’ (g "mull’ bs)) where
q = ndec (a:rs)
ndec as = if as '1t' bs then 0 else 1 + ndec (as 'minus’ bs)

1.13.7. FEamLIME T, 1EIAFIRZ —MrABERISIZR DT S8R 1 DA B,
i 1.6FR. iR, ZIEATCRRIEIN, Wit — PMRIEREL MR E
BEAMEI IR b, BT REAREIIERA AR R (DA RIE e E
IIREPYS

B 1.6: HHTEMAISIFR
QRINFRA A I, WFRSITaai I =P AR, ARAEIME IS LA AIET,
FASRAT R ANTIE LB S, B MR AL T 10, BATTA] DAN AN E
FIR: p BHRAETRE 1 DR, ¢ BIRAETEE 2 DR AR ENEE NN ZIHIE,
B,

Bool hasCycle(List<K> h) {

var p=h, g=nh

while p # null and q # null {
p = p.next
q = g.next
if g = null then return False
q = g.next
if p =— q return True

}

return False

3

TOPERR L, IX S TIESHE L, N T B HGIE, UM N EE T RN, —E X ERE.
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DA%E - IS OHEIXA T A R R, FRAEA] DUH— 2 R AT
GRAIRLE. HZIETE 1.7,% OA KEN kDA, W A FHETEIR, FIKHN n D
Mo 4 p 2lIE A I, HEERN 2 (510 ¢ CEENAME B, MNP NMEEHITIA
¥l p &5 q BEES k, WA EBFNT ¢ ZE_EAEERTH n — & R po X

B

B 17 faRIEH

IER p A A BT 0™ o — ko LR p FIRTEE & SLEEE A, R

IXHFE ¢ E?Ui’%%ﬁ?ﬂéﬁ, —IREIE 1 DR ¢ B kG HRENX A, HI
p Fl g 1 A M, BRI T k < no FATATLANERA k > n &G HIEXT
HY:
UERH. pog MESKINAS, 24 p 218 A I, ¢ BATHE - A S5 & mod n Y
WE, HINFEONIB N R : ¢ 258 LIRS n — (k mod n) AY p, N
. n—(kmodn) n— (kmodn)
N 20— N v

n — (k mod n)

LEI p AN A BITHET 10 5 =n — (kmod n), MR p FHlH &k KE
IEAIE : (k mod n) +n — (k mod n) = n, [ EIFE| T A, KR ¢ 7£1E L
p JEEIZIFRSLER IR, —RATE— DR, &1k FHEENR A f1 p B
i, O

HRAE Lk oA, EAIEI R R A P ERIALE :

Optional<List<K>> findCycle(List<k> h) {

var p =h, q=nh

while p # null and q # null {
p = p.next
q = g.next
if g = null then return Optional.Nothing
q = g.next
ifp=gq{
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2.1.1.

2.1.2.

qg=nh

while p # q {
p = p.next
q = g.next

}
return Optional.of(p)
}

3
return Optional.Nothing

BE 21

SEEAN MR P P RSE IR, TR Bt X, 45 e il 4
Ho

o HiFEHEER 1, 2,4, 3,5, 6
. FERER 4,2,1,5,3,6
o EFIEHER?
[4,2,5,6,3,1]
S e SIE THL M HIT 3 2 13 R H e ks 7 ) 85 SRR — A

LRSS P, Fplhaifn I, R P=1=[], W=XHHh= o,
A, /iR R, £ A7, Bk P RS —NTRE m 2R AW
Ho i) qm) “ e iR A7, Bl —@ T DE T R3] m, FHHE T 9
B=HB83 [ay, agy ooy i1, My Gig1s Gagay ooy Gy, 200 = I[1,4), 1, = I[i + 1,n],
Hrp [1,r) RREAGHIXE, BFE  BEAERE r, BN [0 X=H
5 I,m, I W, I 2 ETRRFRRAER, I 26 FHETPERSER, <
k= |I| RARETFHEIKN, BATATLAH & 728 P[2,n] AWERS: P, P, H
P, ZHl k NITR, P ZRERE . XA AT USAMA (P, 1) EEAT
B, (P, 1) EEA TR

rebudld [ [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I.)

¥

(I, I,) = splitWithm I
(P, P.) = splitAt |I}| ps

NHEB TR

rebuild [] _ = Empty
rebuild [c] _ = Node Empty c Empty
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rebuild (x:xs) ins = Node (rebuild prl inl) x (rebuild prr inr) where
(inl, _:inr) = (takeWhile (# x) ins, dropWhile (#x) 1ins)
(prl, prr) = splitAt (length inl) xs

] DO S8 e A 1 RS :

Node<T> rebuild([T] pre, [T] ins, Int 1 = 0, Int r = length(ins)) {
if 1 > r then return null
T ¢ = popFront(pre)
Int m = find(c, 1ins)
var left = rebuild(pre, 1ins, 1, m)
var right = rebuild(pre, ins, m + 1, r)
return Node(left, c, right)
}

UERN — AR R T e i P o] DURE 22 R 342 AR M/ N BRI i o

UERH. fH ROIER, BRIREE RN, iR RF. JIHERE
R ITCRE IR R, IR H— R/ T B%E T AATRERNZS o, BRI+ F
WHERN [ BEFN. HIR T AR T = (2,k,2), HTFHHF
WIHERN k] BAEFMW. Bt T REERDET A (1L k,7), PFBIERHN
toList | 4 [x] 4 toList ro HIT T 2/ Fi o7 B8, I 1Lr #kk T
INFTRA toList | Fl toList r #A 7o ARYE — AERIMAE X 2 € 1,2 < k,
FAnl y € r,y > ko FRLAFRFIBIIEE R toList | 4 [x] #-toList r BIF. X5
T N FERITF G B M — R RS RE T O

T n MR, R RFIRE R ER 42
(nlgn)
FEHIENRE S toList

toList = foldt id (as b bs +— as 4 b: bs) []
= fold () []

EFHBINE X depth t, FRIF—HR XA & E,

depth = foldt (r+— 1) (x dy — d+max z y) 0

BEE 2.2
HIMTEAME b BEAETREN Tree K I XHERW ¢ H,
member x (Node 1 k r) | x = k = True

| x < k = member x 1

| otherwise = member x r
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2.2.2.

2.2.3.

2.3.1.

2.3.2.

i PreD #1 Succ K — P X HEMIIERZS. HEBI—HRESE n 1
TR E L E B 4.2

data Treelterator<T> {
Node<T> node = null

Treelterator (Node<T> root) { node = min(root) }

T get() = node.key

Bool hasNext() = node # null

Self next() { if hasNext() then node = succ(node) }

-

REFEVT R FTIEAN S AT R IN T ST AR O E, BIEE SCT El i,
EfERNE R LR A Ay AV TR LM R, 23 I, X TR 5, 3
MR — IR (BE—IRBEIT—IR). Filin:

for var it = TreeIlterator(root), it.hasNext(), it = it.next() {
print(it.get())
}

Pl DU I E 24 O(n)o

NHEFER AT P& — X [a, b)) NEITTER:

for_each (m.lower_bound(12), m.upper_bound(26), f)
T2 2 R B 77 TR R X — ]

mapR f a b t = map' t where
map' Empty = Empty
map' (Node 1L k r) | k< a=map' r
| @ < k & k < b = Node (map' 1) (f k) (map' r)

| k>b=map' 1

BHE 2.3

T R SR N ZE N, (A — RO ARAOER % . A 72 7 B R (E
BHAMERAT T R, e R R KER T R )R gfe X —RIA,

delete _ Empty = Empty
delete x (Node 1 k r) | x < k = Node (delete x 1) k r
| x > k = Node 1 k (delete x r)
| otherwise = del 1 r
where
del Empty r = r
del 1 Empty = 1
del 1 r = let m = max 1 in Node (delete m 1) m r

e SEERRE AL
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fromList = (foldr {insert Empty) o shuffle

2.3.3. AMAAE— R = SR R BE RS BRIz AR 9 137

BAVEREEKEE m, RIEAHEEKER [s,a0,b, ..., ¢ BRIIF NG 5, e
RTINS T R AR B 119 sl TR A D B 12
(EFTMD) s = ny = ng = oo = Ny — e, DEHNTERELER 1, WM s
2 e MIMBEKENT SREINES, FRBRMERN m+ 1, SHNERKE
BH o, HEHBNMFI R (2,k, 0) ERKEERN [k, RKEEHZ 0O\ &
B K)o BESTTA (k) NRKES, BEORE=FTRRAME: (1) WL
TR T RENRARTT A, FEMRT BRI ERIRTT RRE KE, T
depth 1 + depth r; (2) FEFH 1 RIS, 3) 4 W r PR,

maxDistance Empty = 0
maxDistance (Node Empty _ Empty) = 0
maxDistance (Node 1 _ r) = maximum [depth 1 + depth r,

maxDistance 1, maxDistance r]

Hrf depth BE X WERS] 2.1.6, FHESENRIA] PAK H B BRI B S
7B [ ], B RRRRKEEE [k, 2300 Lk, r) RRREEZE =34
RIS s (1) MARBIZE M e R RS AR, A &, PN _EAREAS M R
RHTERS; () ZEMIER KB (3) A MR KEE,

maxPath Empty = []
maxPath (Node Empty k Empty) = [k]
maxPath (Node 1 k r) = longest [(reverse depthPath 1) 4 k : depthPath r,
maxPath 1, maxPath r] where
longest = maximumBy (compare “on’ length)
depthPath = foldt id (A xs k ys — k : longest [xs, ys]) []

X =TT R BRI I8 T — R, HHREA RN XS WG T —R. T
REE, FATAT LA RFA LR S HE RE d FIRKIEE mo IR
Tree A Tree (Int, Int) WH—IRIRIFEE:

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 [d1 + d2, ml, m2]) r where
(d1, ml1) = pairof 1
(d2, m2) = pairof r
pairof Empty = (0, 0)
pairof (Node k ) =k

PATIHE AT U B AR R :

‘maxD‘i st = snd o pair o foldt id g Empty where
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gl _r=Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, m1) = pair 1
(d2, m2) = pair r

pair = (maybe (0, 0) 1id) o key

BEE 3.1

3.1.1. KB A B AR PE

Void dnsert([T] xs, T x) {
Int i = 0, n = length(xs)
append(xs, Xx)
while i < and xs[i] < x { i++ }
while i < n {
xs[n] = xs[n - 1]

n
n
n=n-1

3

xs[i] = x

3.1.2. G SCESRATER A\ B DASEELE AT

Void dnsert([T] xs, T x) {
append(xs, x)
Int i = length(xs) - 1
while i > 0 and xs[i] < xs[i-1] {
swap(xs[i], xs[i-1])

-i__

[T] sort([T] xs) {
[T] ys =[]
for x in xs {
insert(ys, x)

}

return ys
}

EE 3.2
3.2.1. ARG A, HiFER 2 — N EHHPINRG ], B —DI7E, RIEFR 5|

Next, EiHFIEE A,
[K] reorder([K] xs, [Int] next) {

Int i =-1

[Int] ys =[]

while next[i] # -1 {
append(ys, xs[next[i]])
i = next[i]
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}

return ys

BR 41

X TFRORHIEING, O 7 IRATEIERE, o] DAGE A D H R BIESS : — D ISKER
[E1E, S350 G IR, 5 AMESS BN AR, IR A — 8
R AR TBY? QERAEIE TSR I 22 Fr i, (E ] 255 1S 2T 285 R?
25 E 4.2, IRHEZHAFEE D

T B T SRAZ IR 2 B HES ), SR IME S5 72 Bl P AE AR T, 3Kk T), =
(- (2,k1,D),...), b, D), BB Ty = (D, ka1, (D, ko, (D, kny D))o TEA
Bl 4.2(c)o MRDPREND A B, B MES LN T, TRIRII T4, 1XLEHf
HETE BN —IRIEFHR, B 4.2(b) EHRER, TTERNZHE, BT A
A — N

BHE 4.2

LA E RicHT-ROTATE 1F,

1: function RIGHT-ROTATE(T, y)
2 p < PARENT(y)
3 r + LEFT(y) > ¥ x # NIL
4 a < LEFT(z)
5: b <+ RIGHT(x)
6 ¢ < RIGHT(y)
7 REPLACE(y, ) > H 2 Bty
8 SET-SUBTREES(y, b, ¢) > b,c Ny BT
9. SET-SUBTREES(z,a,%) > % a,y A x KT
10 if p= NIL then > BEHT y AR R
11: Tz
12: return T'

ER 4.3

WERAEHE n T RBIZLER, HSE h ASEE 21g(n + 1),

BATE ARSI BEEENE L TR o WROASE bh(r) BN 2(RE )5
B0 R R BRI R AT SR E BRI 5, AT A R IR RS
() 5 A R T i P DUIX — 7 SRR RN, R, FRARES s R s
21 R B,
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ERA. FRAT T SR UEB DUEMIT R o IIRAY A A5 200 — 1 DT R 31T
Xt o W R AN TR A = N 0, & = NIL, FREDEH 2°-1=0
MR BUEB BB A o, BN TR G SR bh(x) (FRAERN
Rt0) B bh(z) — L(FHEIRONLLE), BT « FR&SE /N T o S,
RIBANRE, BT EDEE 2@ 1 MR, AR 2 208!

2(2bh(m)—l _ 1) +1= Qbh(z) -1 /I\%)f—?'\o

LLLRRA R h, IYELLRMIER 4, NMFAEIESVLLETT R, BT DME—1

2 b, Ba anE s —, Rt BmrRasSER0N b2, Fit:
n>2M?2 1= 2M2 <41

PILBOTEIRE]:h/2 < lg(n+ 1), Bl:h < 21g(n + 1),

BEHR 44

4.4.1. AMERBERUCH, 23R EPYREOTSEIE insert Bk,

Node<T> insert(Node<T> t, T x) = makeBlack(ins(t, x))

Node<T> makeBlack(Node<T> t) {
t.color = Color.BLACK
return t

3

Node<T> ins(Node<T> t, T x) {
if t — null then return Node(null, x, null, Color.BLACK)
return if x < t.key
then balance(t.color, ins(t.left, x), t.key, t.right)
else balance(t.color, t.left, t.key, ins(t.right, x))
}

Node<T> balance(Color c, Node<T> 1, T k, Node<T> r) {
return if ¢ = Color.BLACK {
if isRed(l) and isRed(l.left) {
Node (Node(l.left.left, l.left.key, l.left.right, Color.BLACK),

1.key,
Node(l.right, k, r, Color.BLACK),
Color.RED)

} else if isRed(l) and qisRed(l.right) {
Node (Node(l.left, l.key, l.right.left, Color.BLACK),
l.right.key,
Node(l.right.right, k, r, Color.BLACK),
Color.RED)
} else if isRed(r) and disRed(r.right) {
Node (Node (1, k, r.left, Color.BLACK),
r.key,

Color.RED)
} else 1if isRed(r) and isRed(r.left) {

Node(r.left.right, r.right.key, r.right.right, Color.BLACK),
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Node(Node(l, k, r.left.left, Color.BLACK),
r.left.key,
Node(r.left.right, r.key, r.right, Color.BLACK),
Color.RED)
} else {
Node(1l, k, r, c)
}
} else {
Node(1l, k, r, c)
}
}

Bool isRed(Node<T> t) = (t # null and t.color — Color.RED)

BER 4.5

SR “FRIC—EE R HBRRTE  FRICHUMBRAYS A, (BT EIERIRERR, 1%
FRICH T R E IS 50% I B AR,

BAHEFME = I—DIRIC o AT RH, WHIREN  Tree (K, Bool), fliA
x I, fEH insert (z, True) BT RARICNTFEIE, MBREPEARIE o 282N Falseo
RIGGEH EMIBR RN RS,

delete x = rebuild o del x
Hrp:
delx @ = @
x<k: (cdelxl (ka),r)
del x (c,l,(k,a),r) = Sx>k: (¢l (k a),del xr)
x=k: (cl,(k, False),r)

QRSRA AR IC BRI TS fUREIE —F, BRATPRIRI R Bl F1 3%, fiide thafl Ry
R, REERE,

1
sizet < —(cap t): (fromListotoList)t
rebuild t = { 2< )+ )

A t
Hrr toList TEH i I, & FRIC A MRS M

toList & = []

' a: toList | 4 [k] 4 toList r
toList (c,1,(k,a),r) =
A0 . toList | # toList r
T G O P AR S T A, TR AR T R R AR RN (cap) FOAM
BRI RN (size)s KERZRBIY 724 : Tree (K, Bool, Int, Int)s 37E X node
PRI T R H
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node @ = o

node ¢l (kya, _, )r = (¢l (k,a,sz,ca),r)

¥

sz = size | + size v + (if a then 1 else 0)

ca=14capl+capr
FRIEYL size 1 cap M7 B RN

size @ = 0 capd = 0

size (_,(_,_,8z, ), ) = sz cap (_,(_, , ,ca), ) = ca

e, A node BRBUEHRELBMTRAMBBRHE (¢, 1, k,r), W0 NEEIBFT

R

data Elem a = Elem a Bool Int Int deriving (Eq)
active (Elem _ a _ _) = a

getElem (Elem x _ _ _) = x

instance Ord a = Ord (Elem a) where
compare = compare ‘on getElem

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

balance B (Node R (Node R a x b) y ¢) z d = node R (node B a x b) y (node B ¢
balance B (Node R a x (Node R by c)) z d =node R (node B a x b) y (node B ¢
balance B a x (Node R by (Node R c z d)) = node R (node B a x b) y (node B ¢
balance B a x (Node R (Node R by c) z d) = node R (node B a x b) y (node B ¢
balance color 1 k r = node color 1 k r
node ¢ 1 (Elem k a _ _) r = Node ¢ 1 (Elem k a sz ca) r where

sz = size 1 4 size r + if a then 1 else 0

ca=cap L4+ capr+1

size Empty = 0
size (Node _ _ (Elem _ _ sz _) _) = sz

cap Empty = 0

cap (Node _ _ (Elem ca) _) = ca

delete x = rebuild o del x where
del _ Empty = Empty
del x (Node ¢ 1 e@(Elem k a sz ca) r)
| x < k=node c (del x 1) e r

N N N N

d)
d)
d)
d)
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| x>k =node c 1 e (del x r)
| x =k =node ¢ 1 (Elem k False 0 0) r

rebuild t | 2 % size t < cap t = (fromListo tolList) t
| otherwise = t

fromList :: (Ord a) = [a] — RBTree (Elem a)
fromList = foldr +insert Empty

toList Empty = []
toList (Node _ 1 e r) | active e = toList 1 4 [getElem e] 4 toList r
| otherwise = tolList 1 4 tolist r

BER 5.1

BRI T AVL BHIRSREFER, 52 R¥e IR A2 — 1 MR 7 2 AVL
*X\To

B 7 SR VERRREREIR, BT DRIFE — SUIBEAI toList BIAL, Rt si i ik
RETHT:

verifyAVL t = isAVL t && sorted (tolList t) where
sorted [] = True
sorted xs = and (zipWith (<) xs (tail xs))

BEE 6.1

A LUEE Y Branch (IntTrie a) (Maybe a) (IntTrie a) &N
Branch (IntTrie a) a (IntTrie a),WRENRFELEIRIE Nothing, 5N
IRA] Just v?

MY lookup, BATFHELE insert FHLIERCIEER A ERHEIT A, & 6.37
H2S BT R AR Maybe £E28 8, FRA TIE 75 ZRIMG I —MREL
BRI E

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

EHE 6.2

USRI R R T B Y lookup BELTE

import Data.Bits

type Key = Int
type Prefix = Int
type Mask = Int
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data IntTree a = Empty
| Leaf Key a
| Branch Prefix Mask (IntTree a) (IntTree a)

lookup :: Key — IntTree a — Maybe a
lookup _ Empty = Nothing
lookup k (Leaf k' v) = if k = k' then Just v else Nothing
lookup k (Branch p m 1 r) | match k p m = if zero k m then lookup k 1
else lookup k r
| otherwise = Nothing

match :: Key — Prefix — Mask — Bool
match k p m = (mask k m) = p

mask :: Int — Mask — Int
mask x m = (x .&. complement (m - 1))

zero :: Int — Mask — Bool
zero x m = X .&. (shiftR m 1) — 0

6.2.2. SEBEERL trie MIBERUM RT3 I, SR HEA R 2 A0 U S5 R (AL ?

A7 e A rE IS B 7 e T BN trie FEARBOCHRBNZR #1502
WA AT, BB R [ o MORCE R (1, m,r), A TR
IBIHFT RIS RN as.bs, FEI m BHE Maybe, 1152 Nothing, Wiz
R as  bs; WRZ Just v, MEERZE (k,v):as 4 bs, HH k 2RO M
TR RS (0 (IR 1 A BN EE R,

toList = go 0 1 where
go _ _ Empty = []
go k n (Branch 1 m r) = case m of
Nothing — as 4+ bs
(Just v) — (k, v) : as H# bs
where
as = go k (2 * n) 1
bs =go (n+ k) (2 xn) r

BATMBREE STFE, 2 k=0, RIE d = 0, AN & =0, AEN & =1 =
294k = 140; AT —E d = 1.4 DHEX A & 29 (00)2 = 0.(10)2 = 2140,
(01)y = 1. (11)g = 2! + 1, —fEM, T8 d B, 2 k = (ag...asa1a0)2, AL
W K = k,TAEN k= ag%2?+ ko RIMAE EXRSCHIHR BATH E=0,n=20=1
JABNEEL go k no TAI/EIBVAWMA go k 2n. AT go (n + k) 2n.
XFEE keys = fst o unzip o toList FLA] DRI HIEEDII YR, iRk
M as + bs FELNEM ], FATTAT DRI RISk :

toList = go 0 1 [] where
go _ _ z Empty =z
go k nz (Branch 1 m r) = case m of
Nothing — xs
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(Just v) — (k, v) : xs
where xs = go k (2 *x n) (go (n+ k) (2 *n) zr) 1

2, BATAT AR LY trie HURTT B IN#R1E, FI%E —FEHI fold HHLL,
WA key Z1EHRH,

foldpre f z = go 0 1 z where
go _ _ z Empty =z
go knz (Branch 1 mr) =f km (gok (2*n) (go(n+k) (2%xn)zr)l)

FEFH B ANIRAE, TATIAT DAEHTE X toList H:

toList = foldpre f [] where
f _ Nothing xs = xs

f k (Just v) xs = (k, v) : xs

B T2 B G P N B, LR key, FATA]PAE MR IR S
JiIR

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

RIE KILMBR B HE-(E 4 3% -

toList = foldpre (Ak v xs — (k, v):xs) []
keys = fst o unzip o toList

GRERAT A Dy tH— PR R TR B, TCIR R/ N EE R trie JERRIREEELATER
B, BT R AL IR RS SR I T+ HEIEN . O 7 B, BATIE L —
FARPREL bits LE, R/ BERCEAG O B —HERIRI813R . 2805 A] DASIERT P
o 7 BRIP4 -

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)

H ks ZREHUABIEE-(ES15R . X BRI B AT SR I S IERE P40 1

verify kvs = sorted $ keys $ fromList kvs

EHE 6.3

HER lookup FIEHHIEY, R SEILATZM B Ao

Optional<V> lookup(PrefixTree<K, V> t, K key) {
if t = null then return Optional.Nothing
Bool match
repeat {
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match = False
for k, tr in t.subtrees {
if k =— key then return Optional.of(tr.value)
(K prefix, K k1, K k2) = lcp(key, k)
if prefix # [] and k2 — [] {
match = True
key = k1
t = tr
break
}
}
} until not match
return Optional.Nothing

EHE 6.4

6.4.1. {EA trie SCIL A FHNTTAITIN Ao

6.4.2.

XTHABIFILR ks, BAWEE trie FIEZ T ¢, ISR ¢ NHEIEIFHEEER
J&ITo BRJGHEMTHT n AMEIZIT:

import Data.Map (Map)
import qualified Data.Map as Map

startsWith :: ord k = [k] — Trie k v — [([k], v)]
startsWith [] (Trie Nothing ts) = enum ts
startsWith [] (Trie (Just v) ts) = ([], v) : enum ts
startsWith (k:ks) (Trie _ ts) = case Map.lookup k ts of
Nothing — []
Just t — map (first (k:)) (startsWith ks t)

enum :: Ord k = Map k (Trie k v) — [([k], v)]
enum = (concatMap (A (k, t) —

map (first (k:)) (startsWith [] t))) o Map.assocs

get n k t = take n $ startsWith k t

H first f (a,b) = (f a,b), K& f NAE—XHMERYRT—D L SCEIRMIZ
BN, NN, BATETE Mo FHRBIFTA RTREMYF4F, A5 E] trie
LRRER3 SSINAER IR

findT9 []1 _ = [[]]
findT9 (d:ds) (Trie _ ts) = concatMap find cts where
cts = case Map.lookup d mapT9 of
Nothing — []
Just cs — Map.assocs $ Map.filterWithKey (Ac _ — c “elem’ cs) ts
find (c, t) = map (c:) (findT9 ds t)

X TFIR (AN 2 545 SR AT RIS B RIR, WAl CRUES H A28 A% I v Sy
Ho7? X RAERE A BRI ?




7.1.1.

7.1.2.

7.1.3.

383

2R3 6.2.2, AT X ETSRI, 12 AT i P a] DRSS 5 S0P 45 R )T

2 XA, BT X g S i 7. WA B P —

S B

TR ANZLRMR B AVL 44, BT DATELRIERT R %738 7 14 (MLZRST 2.2.2),
AR ARG IR BE RIRFIRE B 7B, MITHEE O(nlgn) BRI TR,

BEE

BATRA A DA < fif§ B WS HEETLR?

AL < fif B R EEETLR FEEMICRNTET o, M o /NFETHE
AMTTER. EAEE MPRNFEIOMEBEES TR, —RIAMTRE B R
SEME— T — DR DA B ZME (K — o1, v, ...]), FRAZAEBER (multimap),

FEFPEIRHBR e R Bl A BIE R RS

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
var root =t
while not is_leaf(t) {
Int i = length(t.keys)
while i > 0 and key < t.keys[i-1] {
i=1-1
}
if full(d, t.subTrees[i]) {
split(d, t, 1)
if key > t.keys[i] then i =1 + 1
}
t = t.subTrees[1i]
}
orderedInsert(t.keys, key)
return root

BAMEREMEEBARGCRMA RO E, 1 =0 BT a2 7%

i, BIRERERTRTIA?

BT

void orderedInsert([K] xs, K x) {
append(xs, Xx)
Int p = binarySearch(xs, x)
for Int i = length(lst), i >p, i=1 -1 {
xs[i1] = xs[i-1]
}
xs[p] = x

Int binarySearch([K] xs, K x) {
Int 1 =0, u = length(xs)
while 1 < u {

Intm=(lL+4+u) /2

if xs[m] = x {
return m

} else if xs[m] < x {
l=m+1
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} else {
u=am
}
}
return 1
}

HIRERREMEN RN, RE D ERFEE O(gn) NH, HEMHARE
O(n) W AR BIEEH ASRE 2L

BERT.2

7.2.1. fER = ERBOEm S AERE R,

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int 1 =0, u = length(tr.keys)
while 1 < u {
Intm=(lL+4+u) /2
if key — tr.keys[m] {
return Optional.of((tr, m))
} else if t.keys[m] < key {

1l=m+1
} else {
u=m

}
}
if disLeaf(tr) {
return Optional.Nothing
} else {
tr = tr.subTrees[1]
}

BERT.3

7.3.1. BAHEARTTHER TRIIR TR ERAICR K = max(t) B HEMERE T
= k, R ¢ FRIER & JEH RO FREVAEER TS R R4 AR
B/NCRRE ke HEINIX—T774
PATETCERE S min BREL IRIX B PEYER/INTR:

min' (BTree ks []) = head ks
min' (BTree _ ts) = min' $ head ts

FEM o XIS, FREA < B < (15 o ATREHBIE M REER, k]
ReXl o A A SR A

‘partitionwith p (BTree ks ts) = (1, t, r) where
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1 = (ksl, ts1)

r = (ks2, ts2)

(ksl, ks2) = L.span p ks

(tsl, (t:ts2)) = L.splitAt (length ksl) ts

i R AT PO R SEELIER 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

SKHFIFRA B ARUMHPRE %,

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)

BEAh, BATTEZXT balance PREUE AT ML ER, &2 BRI A-F-HRITEE :

balance :: Int — [(a, BTree a)] — BTree a — [(a, BTree a)] — BTree a
balance d 1 t r | full d t = fixFull
| low d t = fixLtow 1 t r
| otherwise = BTree 1 t r
where
fixFull = let (tl, k, t2) = split d t in BTree 1 t1 ((k, t2):r)
fixLow ((k', t'):1) t r = balance d 1 (unsplit t' k' t) r
fixLtow 1 t ((k', t'):r) = balance d 1 (unsplit t k' t') r
fixtow 1 t r = t —l==r==]

HH unsplit /& split FIIEIBE, ERE X N:

unsplit tl k (stepL t2)
unsplit (stepR t1) k t2

unsplit tl k t2@(BTree (_:_) _ _)
unsplit t1@(BTree _ _ (_:_)) k t2

BER 8.1
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8.1.1.

8.1.2.

8.2.1.

ARIEW [ag, as, ..., a,] FIEHIRER—HE, SOSE— N ICEMEH Heariry 2
AR, A BuiLD-HeAp BEEHE,

R B, SRR E

BEHE 8.2

a2 2N 75 FUSE B (i R
BA LI HE, D 1 77 EEI, BAHEST b —1 45

data Node<T> {
T value
Int rank = 1
Node<T> left = null
Node<T> right = null
Node<T> parent = null
}

BIFMAEmHERS, B BTA NEG T EFF, RIRERE G T
PRo QHIRFEMIBIRREY NI AR A AT FM0 0 N T 75 fEALBRZSM, AT IA— D2
T REIAR,

Node<T> merge (Node<T> a, Node<T> b) {

var h = Node(null) // the sentinel node

while a # null and b # null {
if b.value < a.value then swap(a, b)
var ¢ = Node(a.value, parent = h, left = a.left)
h.right = ¢
h=c
a = a.right

}

h.right = if a # null then a else b

while h.parent # null {
if rank(h.left) < rank(h.right) then swap(h.left, h.right)
h.rank = 1 + rank(h.right)
h = h.parent

}

h = h.right

if h # null then h.parent = null

return h

3

Int rank(Node<T> x) = if x # null then x.rank else 0
Node<T> 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)

PIER) SN fa] 1, BA VTR FRIARK, B A T IR AR, FIIeHR A
K5I
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data Node<T> {
T value
Node<T> left = null
Node<T> right = null
}

TAMXLIRE FFRREL, HE R A S IR e A ] -

Node<T> merge (Node<T> a, Node<T> b) {
var h = Node(None)
var root = h
while a # null and b # null {
if b.value < a.value then swap(a, b)
var ¢ = Node(a.value, left = null, right = a.left)

h.left = ¢
h=c
a = a.right

}
h.left = if a # null then a else b
root = root.left

return root

8.2.2. & NHEMIZINHRIE

fold f z @
fold f z H

z

fold f (f (top H) z) (pop H)

BEHE o1

9.1.1. XEFEMRHEMAZIEN, BAERIERE 2 RLIER), MIFAIR KR IE
El, MiBERE 2 i 2 TR

9.1.2. SEPFEHLERHEFREE,

Void sort([K] xs) {
var n = length(xs)
for var i = 0 ton - 1 {
var m = i
for Int j =14+ 1ton-1{
if xs[j] < xs[m] then m = j
}

swap(xs[i], xs[m])

EHE 9.2
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9.2.1.

9.2.2.

9.2.3.

9.2.4.

10.1.1.

Rg IR R SEEN T
& max M —oo BHHN min T oo BRI ASEBUTHFPHER?. FeflTA] DAE—P 0T
TSRS

minBy p a b = if p a b then a else b

merge p tl t2 = Br t1 (minBy p (key tl1) (key t2)) t2

fromListWith p xs = build $ map wrap xs where
build [] = Empty
build [t] =t
build ts = build $ pair ts
pair (tl:t2:ts) = (merge p tl t2) : pair ts
pair ts = ts

popWith p inf = delMin where
delMin (Br Empty _ Empty) = Br Empty inf Empty
dewWMin (Br 1 k r) | k= key 1 = let 1' = delMin 1 1in
Br 1' (minBy p (key 1') (key r)) r
| k= key r = let r' = delMin r 1in
Br 1 (minBy p (key 1) (key r')) r'

toListWith p inf = flat where
flat Empty = []
flat t | inf = key t = []
| otherwise = (top t) : (flat $ popWith p inf t)

sortBy p inf xs = toListWith p inf $ fromListWith p xs where

sortBy (<) oo X THIFHEF, M sortBy (>) — oo BX T FFHT,
TRAREEHE T A] UGBS TR 4 BRI HIF 47

Al MBS TR, SRS 9.2. 19558, sortBy (<) oo BIRISCILEH S
TLRINFFHET . EREREHT,

ELARAR BRI HE A — AR R, AR (R A 2 RIS A,
BN RS A EEE O(nlgn), DREZEEZE O(n). XAET, ZXHEER
PN JE AN (BRARSE A HBR). MR BRI T E R EE » D%
R

PEHEHE P A AR B HE T, AT 1A IS [E) R0 23 (R &5 an e
BN RS EEE O(nlgn), DHREIREER O(n). XHHET, HHFSS
WEHER S, AR TEHET 58 548 O(n) BIZ3(AL,

EHHE 101

gmizE LR R =M

pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
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10.1.3.

10.1.4.
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‘ gen cs _=1: cs

VR I B, ¢ AT SO (7).

IERA. fERIECA AR, By RA— MRV AL & B, HETHE IR,
B, HIWER B, Hil. 8 0 TR A1 = ("[1)e 8 i TR EW
oy, —HR R EMT B, (% i — 14T, —&b2 s — MR B, K% i 17, &
A

n! n!
(L) +0) = 4= Di(n— i+ 1! MTEY
- n! 17 1
N (i—l)!gnfi)!(i n—i+1)
_ n! n+1
(i —=D)n—9)i(n—i+1)
B (n+1)!
dl(n—i+1)!
= (P
O
IR B, HEH 2" DR,
UERA. MRAE E—ZRSITIEBEE IR, B, T84T 1 SR
M)+ () +...+ (7)) &M
= (1+1)" LI RK (e + b)"Ha=b=1
= 9on
O

A IRTE T, SEE I A BEREAR o 3R 75 SCE R [A) R, (EARE R ?
NS R PRAZ 08, TR B TR Al A TR LRI TR -

1: function LINK'(T},T?)

2 if Key(Ty) < KeY(T1) then

3: Exchange T < Ts

4 PARENT(T3) < T

5: INSERT(SUB-TREES(T}), 1, T3)
6: RANK(T}) < RANK(T3) + 1

7: return 7}

it FRATTAT DARE T PP R AT o IXRERE BT B AN IR B 7 2 U TRl

EE 10.2

R15BH DECREASE U702 24N EEUNTE O(1),
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TR

and
)y

O(H) = t(H) + 2m(H)

Hrr ¢(H) NHEP R EIRRE, m(H) 2RISR B MRICEON S E )R
THRR, HREOY 2, DEcrEASE A O(1) WA = YI'R, AAEIEVAJHAH Cascape-Cut,
BB ¢ o BRA 0(1) BEER Cur, AE1EH, Fitt DECrREASE [FETHFEN
O(c)o

BRI ESRENZML. & H 2EH DECREASE HiFHE, B0% I/ CASCADE-
Cut Y F—"MFRICHT R HEBREARIC (R G — IRBRIN . S UG e 4L ¢(H) +c
R BUFE IR ¢(H) B89, UT R IETRONE AT ¢ — 1 B, PAK A = 9ARAT Tt B
28 m(H) —c+2 MRICHI A BNEER m(H) N RIEZE c—1 NME CASCADE-
Cut HIBFRARICITT Rle 5 — I TE F AT REARIE — 1 il IXAEBRERT LR
ZN:

HH) + ¢+ 2(m(H) — ¢+ 2) — [t(H) + 2m(H)] =4 — ¢

BRI A RS H O(c) +4 — ¢ = O(1).

EHE 10.3

10.3.1. GERESAECAHERTRA n DITR, RJEPITHIE, 2 n RRN, 3R
PERERIHIRZE ORE I EIEREZ O(lgn))s ANMATERGIX — R 221K L2
BATTAT DU B — D IR R BE m, FEFEANARE, 40 B E T —
IR RAE, IR 5 T H AT 3R A R

MAX_SUBTREES = 16

Node<K> insert(Node<kK> h, K x) {
if h # null and length(h.subTrees) > MAX_SUBTREES {
h = insert(pop(h), top(h))
}

return merge(h, Node(x))

3

10.3.2. SEERECN HERY M ER
R T TTERER, BAILAEAN T S — AR5

data Node<kK> {
K key
Node<K> parent = null
[Node<K>] subTrees = []

Node<K>(K k) { key = k }
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FIEMIERE N « BITR. FAVEMHE b FREREILL « IRE T8 o 2R ¢ 2 h
AR, BATHZITHHIRAE pop BIA], SMNFBATER ¢ BT AL p, MFHRH
¢ DR SRR ¢ SATHHIRAE, BJE R pop(t) BFFIE] he

Node<K> delete(Node<K> h, K x) {
var tr = lookuptr(h, x)
if tr — null then return h
if tr — h then return pop(h)
tr.parent.subtrees.remove(tr)
tr.parent = null
return merge(pop(tr), h)

}

Node<K> lookuptr (Node<kK> 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

}

BAERNNEERER O(n), Hit n BHEHFITTEWNEE, MERNE ZEH
O(m), B m BTEW RS FBIERN, SRS RERN O(n),

10.3.3. SEHIECATHERIILSERAEE DECREASE-KEY
NSRRI A b BE, BRATERHHTE «» B, G0, FATET tr FIRT A
TR tr UIR, W tr BER = 5, % tr G50 A

Node<K> decreaseKey(Node<K> h, Node<K> tr, K x) {
if tr = null or tr.key < x then return h
tr.key = x
if tr — h then return h
tr.parent.subtrees.remove(tr) // 0(m), where m = length(subtrees)
tr.parent = null
return merge(tr, h)

3

I, AR ASEVEF lookuptr(h, y) RIS EEYERERY 1 o, SRIGHE v OB EHT
N x, Bl:decease K ey(h, lookuptr(h,y), ). HEEZEFMERER, 2 O(n)o

BEE 111

AR X AEPIREN IUE T IR A&, Rk BM D EE, mAH
Count, 4IAAZIMASIZ &4 25? SR 15 Eil?

RAE AT LA 51178 SRR AE R B AT, A Sk ERE EHR S T A TE 0, aniE 114, TRATRE
H R R TE. BEAEAMMICIRERIIXI, iIL3KERT 8 h BEN %
MXBEN s, FEHATFXE [h,t) PR G, 2 AR
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empty(h,t): h=t
full(h,t) : t—h=s

ARG P IXAR Y TR A ESIA TR (N#Ha%), 12 [n], = n mod s, X
FIRHRE BRI (], — [h]s = [s]s = 0, B [t], = [h]so XIETERHIZ KM
IR AR R IR, (U Sk RIS HOZE R ELBUR TCTRHIMT RS 25 T, A= 2,
FIAN—RIERRIE het BITEIEIT) , BATEZS, HE N AR, T AERSITTR
I ERAS, Q1SR T SKHR SE B BB RS 7 (IR, AT DA — A1 s EERAIREL p(p > o)
UG THIE, Bl :

empty(h,t) :  [h], = [t],
full(h,t) : [t —h],=s

SR TS

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
g.buf[g.t mod q.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])
q.h = (q.h + 1) mod P_LIMIT
}

return x

BEE11.2

11.2.1. AT AZAE push NI T ARG SR EEL?
ZEIXFERE O S push a ([1,[]), RS5HF popo

11.2.2. I AR BAFNH 7P IS
FAMERICKE T, BEAIR » PRI ITRIC 1 77 MEHRYIZR push, $1
IT—IMAIRAE, 80 1 730 73 PETEFEDN O(2)0 BHR pop, ANRARIE AR
FG WA T— IRE AR AR, (B A B I3 5 3 HETHAEDN O(1), QiSRG RYI3R
JER MIEAAT m IR 1 IRERHY, Horp m R EERYIER » KE, JFEMER T
r FIRAH m 7. FTPAGHEEFEN O(m + 1 —m) = O(1)
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11.2.3. SEEURERHBNA,

11.3.1.

11.3.2.

1: function PUsH(Q, )
2: APPEND(FRONT(Q), x)

3: function Popr(Q)

if REAR(Q) =[] then

5: REAR(Q) < REVERSE(FRONT(Q))
6: FRONT(Q) < [ ]

7 n < LENGTH(REAR(Q))

=

8: x < REAR(Q)[n]
9: LENGTH(REAR(Q)) < n —1

10: return x

BEBHE 11.3

1E abort BRELH, 24 n = 0 B, FRATERR BHEE T E—MERTTRIIRE, K
Tz TRE] o fENGER. AT ATRERR—ITR?

HAMHERIE pop ZVAH abort MR n = 0 I, FEARVENITER, IRSEIREM
(S, 0, (z:a), f1) MR (Sy,a)o M HIRFEEIFH o IERZHHITER, FILHE
FEM v R[] o ENER,

65 FH DB AH SCER SN AR, 13238 TP AR IB I SR IN, ANRE— IR PEE I, &
TIGE 2R 1 RE R B S RN ], B SEB— MBS H, (515820 LI E il
—PItHR,

R ATEHEUN RN RIS B K, BATTEEEA fF RIEERIIATTER (push),
TEFA » SR TTE (pop)o WEEHAFEEIN, JF 58— MKW 1 H
acc = reverse(f) 1o AR f # [ ], BATIHEHITTE, BINE] ace KRR, 3
f REEGEHR G, BAIM r EMBE—HKTTEINE] ace KEE, B append(acc, r[i]), H
Hi=0,1,..,|r — 1o 7 HERNTIARTGEMN r BIREHEITER, & i B |r|
A SR,

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
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if s.front = [] and idx < length(rear) { // concatenating
acc.append(rear[idx])
idx = didx + 1

}

Bool done() = (front =— [] and length(rear) < idx)
H

data RealtimeQueue<k> {
[K] front = []
[K] rear = []
State<K> state = null

Bool 1isEmpty() = (front — [] and rear — [])

Self push(K x) {
front.append(x)

balance()
}
K pop() {
X = rear.poplLast()
balance()
return x
}

Void balance() {

if state = null and length(rear) < length(front) {
state = State(front, rear).step()
front = []

}

if state # null and state.step().done() {
rear = state.acc
state = null

ER 114
QAT S B AEIRAS, 75 Sk 58 B SR ER 7 1 5 BN 1R] (¢ =R IAN R
I 2 AL AR AT ASEERN AT BAF ], AXNE R R, & SR RHRAE : pushy /pop;
1 push,. /popro 1€ pop, /pop, WIZTHAITR L, DL RSEMBIRIGTE R E— L&,

empty = ([1, [1)

isEmpty ([1, [1) = True
isEmpty _ = False

pushL x (f, r) = (x:f, r)
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pushR (f, r) x = (f, x:r)

popL ([1, [1) = (Nothing, empty)

popL ([], r) = let (as, bs) = splitAt (length r ‘div’ 2) r 1in
popL (reverse bs, as)

popL (x:f, r) = (Just x, (f, r))

popR ([], [1) = (empty, Nothing)

popR (f , []) = let (as, bs) = splitAt (length f ‘div’ 2) f 1in
popR (as, reverse bs)

popR (f, x:r) = ((f, r), Just x)

BHE 121
AT AL R 5 R 1 ?
FATATASI N Maybe ZREDRAS B FE N, W09 2R5] i < 0,IR[A] Nothing, 415
R K, MEZIE TR A 1V, IR[E] Nothing,

getAt [] _ = Nothing
getAt (t:ts) i | i < 0 = Nothing
| i < size t = lookupTree i t
| otherwise = getAt ts (i - size t)
where
lookupTree 0 (Leaf x) = Just x
lookupTree i (Node sz tl t2) | i < sz ‘div’ 2 = lookupTree i tl
| otherwise = lookupTree (i - sz “div’ 2) t2

BE 12.2

12.2.1. SEMBUERRFFIIBENLYIR S[i],1 < < no HH n BIFFIHKE,
FATHEIS R 5 BRI

getAt (Zero:ts) i = getAt ts i
getAt (One t:ts) i = if i < size t then lookupTree t i
else getAt ts (i - size t)
where
lookupTree (Leaf x) 0 = x
lookupTree (Node sz tl1 t2) i = if i < sz “div’ 2 then lookupTree tl i
else lookupTree t2 (i - sz ‘div’ 2)

12.2.2. AT EUEFRR R HIMPRRIE R 0 IR A
FIEFAROIRE, NEH n =27 KIFFHRIHERTER, ERIFH1Z %S, MM
AR 7T ROFER AR, IR 70 A2 2 JRE 2 s AT

12.2.3. AJDAHKEE 2m BEHARE 2 — X (m R ARTUIBRED, THHEEH M —
PR AR AMTREALIS )

‘data List<K> {



396 SEER

Int size =0

[[K]] trees = [[1]

Int nbits(Int n) {

Int i =0

while n # 0 {
i=4+4+1
n=n/2

}

return i

3

List<K> insert(List<K> xs, K x) {
var i = nbits(xs.size xor (1 + xs.size)) // locate the bit flip to 1
if i > length(xs.trees) then xs.trees.append([])
xs.trees[i] = [x]
for Int j =0, j <i, j+H {
xs.trees[i] = xs.trees[i] 4++ xs.trees[j]
xs.trees[j] = []
}
Xs.size = xs.size + 1
return xs

3

Optional<K> get(List<K> xs, Int i) {
for t in xs.trees {
Int size = length(t)
if i < size then return Optional.of(t[i])
i=1 - size
}
return Optional.Nothing

EE 123
ST R TR 5 W
T AR BRE SR IEE : 0(s) = |r| — |f] = n — m, HH m = |f].
n = [rle WSKEBIBRET, 2 £ # [, MEBEFT O(1) WZH f (RIE— TR, 1R
£ =0, B O(n) IS r 74, R f/o B O(L) 28/ HIBUE— %,
SRS AR
c = n+l1+(s)—D(s)
= 1+ (=) = (Irl - 1£D)
= n+l+m—[5) = (51 -1)=(n-0)
=1

O KERIMER I 2 R AR O (1), MR, M ERIMBRAT - 2 20 2 O(1),



12.4.1.

12.5.1.
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BEE 124

HPREIH, FAIEARR 7 AL FRREA. N TFEWN T = (f,t,r), £
MID(T) = ¢t PARERHR[EIHE4)

1: function INSERT(z,T)

2 n = (x)

s Lepe (LT[

4 while |FrRONT(T')| > 3 do
5: f < FroNT(T)

6 n < (12, f13]; ..

7 FrRONT(T) < [n, f[1]]

8 pT

9 T < Mip(T)

1. 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

PAREHEATTR o WA —DHITRM T (2), WK f THEEL 3 TR,
IE IR R, AT — IR BT SR, BATTRE f AHBRES — N ITRIMIRIR
FR R, N —DFT R n GREESEIN 1), ARIEAREKE n AT H 1R,
BRHEANSR [ R — N CRERHN f T, BHERE, TATZEA
FET — A, BAENE T — BRI, BRI f TR AN E 2 TR,
T —REN, BATQNE — D7 &, X T a— B, AR n AR f
BRI e, WATREMATR To 20T (A E, BAT8IE 7 — DRk L
L, BRI AT

BEE 125

THBRIET, FAEPA SR

GUERMNBRIG front THEAEZS, WU RIER 72 BB “5 7 95 e (EZRERIIE R
A RTREZAHNEY, BIAN front FHEFIH A FHHECN 2, IXAMEOOER Z2H T
IR,
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i iz ]

[ o

12.10: AR, 55 & ETFR f A2

PATEMNAMN AT FAER HRIERES — DR, BT B TR ~NEE,
REI—ERTI, BB f AN, 8 F ORI IE R A, G 12,100 R
T, BATRTDAM f RIS — R R ). M EE, BT A
r ANE, BATIR for, Bl BT—HIE 0L e, FATEEM f BT
REBE AT NRAR, BATTREIRSARE BATEE T M — B L[El,
BB MRIE — DT o R FRATRBA AR Mo B 1211388 T
X—idfE,

2i0]H2121]- ]

children of n[i][1]= [n[i-l][l]|n[i-1][2]|...] ‘ lr[i-l][l] |r[i-1][2]|...]

[prin2]..] ‘ [stinnriii2)] - ]

TREEE— N ICR nli][1], RERERNF T RRE E—RMH f FHah,
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REIREIR

[IEIEx] CEES B

RIE] RIS

[oti21]..]

AT i U, SRR (1],
12.11: B, BEFRE — 1
ARPEIX — B, N HEREIRSE 17 IFSKER PR E (RIBEHA 23D,
1: function EXTRACT(T)

2 L= (T
3: while FRONT(T') = [ ] and MiD(T") # NIL do

4 T < Mip(T)
5: if FRONT(T') =[] and REAR(T) # [ ] then
6: EXCHANGE FRONT(T') <+ REAR(T)

7: f < FrRONT(T), r < REAR(T)

8: n <« (f[1], f[2],..-) >n e 2-3
9: repeat

10: FRONT(T) < [na,ns, ..

11: n<—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(L1))

XA ELem(n) SRIEM- T 5 n PEREIE—TTE, BT R,
FEER M TG AR — MR — N ERIE Lo B VRO 45
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12.6.1.

12.6.2.

AISE — e e fa — 7 1 e WERTFHENZS, PR AN =S, BT &
FRIRIER e N, BEEIRIITFHEA A, 8 Fr A R0 Ul A7 B e 5 — A
FHEH.

1: function FIRST-LEAF(T)

2: while FRONT(T') = [ ] and MID(T") # NIL do

3: T + MiIn(T)

4: if FRONT(T) = [ ] and REAR(T) # [ ] then
5: n < REAR(T)[1]

6: else

7: n < FrRONT(T)[1]

8: while n is NOT leaf do

9: n < ny

10: return n

11: function FIRST(T)
12: return ELEM(FIRST-LEAF(T))

HA S MBI, QAT AT, BRI E 55— s REUR
Ja— Nt ES R
HHE 12.6

TERENLYT RIS, QA B0 o FIZR 5 R AR HL?
BATAT DAEZR 5 NI TR A2, 40 :

@il = Nothing
) i <08 i>sizeT: Nothing
Tl =
VU

SCHE cut i S, TEAE @ EFF] S 2EITF.

FeflI4h H—RhFHEW > B SEI (FHEW R EEAE XS5 AR EMR BT, 2
ITE T RAREFREE, R 0 < i < size s Tl 1H FRER cutTreei S
AT,

cut :: Int — Seq a — (Seq a, Maybe a, Seq a)
cut i (Seq xs) | i < 0 = (Seq Empty, Nothing, Seq xs)
| i < size xs = case cutTree i xs of
(a, Just (Place _ (Elem x)), b) — (Seq a, Just x, Seq b)
(a, Nothing, b) — (Seq a, Nothing, Seq b)
| otherwise = (Seq xs, Nothing, Seq Empty)
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cutTree B3 BB =585 oM, H1a], G, HRIERDFIH Maybe KRIFIR
AIREAEAE], MEREINOEFEZRE P RGINAE MR o, BEEE—
N Place 8, tNRZES| i M THEIEFHE f,r B, BNV cutList #—2
o3 E, HR B G RIGE R AASESR; R 0 AT ], MNBIA53El, RE SR
Place i’ a FHY 2-3 Bt o FEALE o H—53E,

cutTree :: (Sized a) = Int — Tree a — (Tree a, Maybe (Place a), Tree a)
cutTree _ Empty = (Empty, Nothing, Empty)
cutTree i (Lf a) | 1 < size a = (Empty, Just (Place i a), Empty)
| otherwise = (Lf a, Nothing, Empty)
cutTree i (Br s f mr)
| i < sf = case cutList i f of
(xs, x, ys) — (Empty <<< xs, x, tree ys m r)
| i < sm = case cutTree (i - sf) m of
(tl, Just (Place i' a), t2) — let (xs, x, ys) = cutNode 1i' a
in (tree f t1 xs, x, tree ys t2 r)
| i <s = case cutList (i - sm) r of
(xs, x, ys) — (tree f m xs, x, ys >>> Empty)
where
sf = sum $ map size f
sm = sf 4+ size m

Hrb tree fom r MEH—DTHEN, FEATIE L RILRE:

tree as Empty [] = as >>> Empty

tree [] Empty bs = Empty <<< bs

tree [] m r = Br (size m + sum (map size r)) (nodesOf f) m' r
where (f, m') = uncons m

tree f m [] = Br (size m + sum (map size f)) f m' (nodesOf r)
where (m', r) = unsnoc m

tree fm r = Br (size m + sum (map size f) + sum (map size r)) fmr

TR 2-3 RIAY D FISLILAH T

cutList :: (Sized a) = Int — [a] — ([a], Maybe (Place a), [a])
cutList _ [] = ([], Nothing, [])
cutList i (x:xs) | i < sx = ([], Just (Place i x), xs)
| otherwise = let (xs', y, ys) = cutlList (i - sx) xs
in (x:xs', y, ys)

where sx = size x

cutNode :: (Sized a) = Int — Node a — ([a], Maybe (Place a), [a])
cutNode i (Tr2 _ a b) | i < sa = ([], Just (Place i a), [b])
| otherwise = ([a], Just (Place (i - sa) b), []1)
where sa = size a
cutNode i (Tr3 abc) | i<sa= ([], Just (Place i a), [b, c])
| 1 < sab = ([a], Just (Place (i - sa) b), [c])
| otherwise = ([a, b], Just (Place (i - sab) c), [])

where sa = size a

sab = sa + size b

BATRT DU g SeE L B RTT R, MBRfEE A ERTR, A MTF $##1F,
EMNRERERZ O(gn).
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13.1.1.

13.2.1.

13.3.1.

setAt s i x = case cut i s of
(_, Nothing, _) — s
(xs, Just y, ys) — xs 4+ (x <| ys)

extractAt s i = case cut i s of (xs, Just y, ys) — (y, Xxs -+ ys)

moveToFront i s =4if i <0 || i > size s then s
else let (a, s') = extractAt s i in a <| s'

HEE 131

BOHEAPORHE P HYE S, BR T IR 356, Ui BT sRAIR A B, B h—
AT

sort [x] = [x]

BE 13.2

BMEIHFESPMEIT (mergePairs) EZREMHF2? WERAHR), 154 HIEH;
ERANR], WA~ BEpRe?

MR EIFE R, XDNAEARR EREITF £ DNEFFY, B, 8175
HIESRIERN no MHABIMAEY TG s, AIZFH, merge([],51) =[] ® s1,
RIGETI s0,[ | @51 @ 50, RGBT 53, | @51 Dsa @ sz FTUSEILEN:
On+2n+3n+4n+ ...+ kn) = O(nw) = O(nk?), MMM &I, H—
B 51D 59,83 D sy FB O(kn), BETR—5: (51 @ 52) © (55 B 54) X
& O(kn)o SILHAT Igk 0, BEIRE N O(nklgk). TS FFIEE H R,
BATRT AR — KN k BN, (R1E & DNFY& BR/NTRHT
A, EREWR O(nklgk).

BEHE 13.3
BRI A HIRIERS BN foldp, FEH©E X BERA_EEHERE,
BATER —JTHARE f RS EESRE: f(f(x,y),2) = f(z, f(y,2))e T
TCIBE f BIBANITTN 2, E XHH BN

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

IXAEEINALE SN sum = foldp (+) 0, T B ERIA_ERTFFFHERE SN :

sort = foldp merge []Jomap (:[])




14.1.1.
14.1.2.

14.1.3.

14.1.4.
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HEE 141

SEYIEHE N E 2 E 00T, UERH k IEFRISESE ZEN O(n).

NTER A RRIAT kTR, BATATPER ¢ = max (take k A),y =
min (drop k A)o HR = < y, M A BIFT & DNTRABER; GUFHRMNA
o XIRT k NIER, H y MAFRITR, REET A [ala — A,z < a <y] F
BIFEHET & DITR, HP K =k — |[ala + A, a < 2], EEMX—RIE, I
TR,

1: procedure Tops(k, A)

2 l+1

3 u <+ |A]

4 loop

5: i < MAX-AT(AJl..k])

6 J < MIN-AT(A[k + 1..u])

7 if Afi] < A[j] then

8 break

9 EXCHANGE A[l] <> A[j]

10: EXCHANGE A[k + 1] <> AJ{]
11: | + PARTITION(A, [, k)

12: u <— PARTITION(A, k + 1, u)

SEEIIE I R EZRE R O(n)o A HT BRSO : TGRSR R E]
K B/IME i, §, RIGHATIRRSME N [RIE R 70 NSRRI 714, 70 i R G IRT
BIEF—FILR, XFELNEDY O(n +n/2 4+ n/4...) = O(n).
B EEERWANCREEE A f B B E, 2N RERE O(lg(m +n)), H
Hom = |A|,n = |B|, 2RI NN KE, F1ME 2 X8 AB HUNT 2 1)
TLEREMAT =z BWITRFEMEZEMEZE 1,
THERIES )T, @ RS R LI S E

1: function SOLVE(f, 2)

2 p+ 0,9+ 2

3 S+ ¢
4 while p <z H ¢>0do
5: 2« f(p,q)
6 if 2/ < z then
7 p+—p+1
8 else if 2/ > z then
9 qg+—qg—1
10: else
11: S+ SU{(p,q)}
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14.1.5.

14.2.1.

12: p—p+1l,g+qg—1

13: return S

S R E R E R BRI A N ERIME, G AR
X AEH, GHERE » /DT R/MESE KT RARETCH; & MAOR— 7,
R 4 NINETE, AEIBIEEER,

1: procedure SEARCH(f, z,a,b,c,d) > (a,b): /£ NA (c,d): LA
2. if 2 < f(a,b) B f(c,d) > 2 then
3: if z = f(a,b) then
4: record (a,b) as a solution
5: if z = f(c,d) then
6: record (c,d) as a solution
7: return
s pe [
9% g [
10: SEARCH(f, z,a,q,p,d)
11: SEARCH(f, z,p, ¢, ¢, d)
12: SEARCH(f, z,a, b, p, q)
13: SEARCH(f, z,p,b, ¢, q)
SIS
EE 14.2

T RABETE, £ A hSEREBIEGEE [(n/k] B9 & DAL, Hb o = Al
fem: BRI & DAFTER, ERIRER FHTRMERE kD RN
TLRE -AE(EZT [n/k] D), M—E2F K,

PATESL—DFI Map : T — Int, K T 72 A PRITERERIA, XDl
K TMEIEHE o FEMESER. BITRTFIHONT o, U188 A —LEH
H: foldr maj @ A, W maj & XN:

a€em: mla] + mla] +1
maj am=q|m|<k: mla] <1
A filter (b mb] # 0) {b— m[b] — 1|b € m}

(14.21)
NT AHFENTE o, WR o ¢ m AMEFHH, FFHFHRPPEEE NS L
D, BATE o MATFH FFIEER 1 B mla] « ;AR a € m, BATEEEIN—
mla] < mla] + 1; ENANRFHAPEH £ Mk, BA MR 1915 5
1, SR EEHCY 0 MSIFR,
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&g, BANEHTFE m HREFRIVEEERIE— T, BE R EE0R SiEd
T n/k, % m ={(a,0)|a € m}, RIGEEF—IX A: foldr cnt m' A, HA? cnt
EXN:

ent a m' = if a € m' then m/[a] < m'[a] + 1 else m/ (14.22)

IXAE m! FRICSR T IR EERIEH R, AT N n/k BY: keys (filter (>
n/k) m')o NHEEIBIFREFLREL 7IX—T57k:

majorities k xs = verify $ foldr maj Map.empty xs where
maj :: (Eq a, Ord a) = a — Map.Map a Int — Map.Map a Int
maj x m | x “Map.member® m = Map.adjust (14) x m
| Map.size m < k = Map.insert x 1 m
| otherwise = Map.filter (#0) $ Map.map (-14) m
verify m = Map.keys $ Map.filter (> th) $ foldr cnt m' xs where
m' = Map.map (const 0) m
cnt :: (Eq a, Ord a) = a — Map.Map a Int — Map.Map a Int
cnt x m = if x “Map.member' m then Map.adjust (1+) x m else m
th = (length xs) “div’ k

PSIA:RpeS pes L I
1: function MAaJ(k, A)

2: m <+ {}

3: for each a in A do

4: if a € m then

5: mla] < mla] +1

6: else if |m| < k then

7: mla] <1

8 else

9: for each c in m do
10: mlc] < mlc] —1
11: if m[c] =0 then
12: REMOVE(c, m)
13: for each ¢ in m do

14: mc] < 0

15:  for each a in A do > ik
16: if a € m then

17: mla] <~ mla] +1

18: r=/[],n<+ |4

19: for each ¢ in m do

20: if m[c] > % then

21: ADD(c, r)
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22: return r

EE 14.3

14.3.1. BSERR T AR SEEL, IR A B AR 55,
QUERBR T SR T AN, JEAR BER )7 41, FRATTAT DATE fold I A% A i FH A
{H P, M P, FAHEE OIS T AIRIMNS T AR S (S, L),

mars = fSt'fOZdT f ((07“)7(07“))
Hrp . [z (P"w(sv L)) = (Péwpl)
£ f ™ P =maz((0,]]), (x + S,x:L)), P,, = max(P,,, P')

14.3.2. ARAIE G H T — D miia 2 W77 ER FEEH R R, X O(nlogn).
TR R RAE R 0 B 7ye FATTAT DRI Y MR HY R~ 8 70 B B R, S
FHR o BN, FIES R AR s 20 B i KR, SR — 715,

1: function MAX-SuM(A)
2 if A= ¢ then
3 return 0

4 else if |A| = 1 then

5: return Max(0, A[1])

6

7

8

9

a < MAX-FROM(REVERSE(A[1...m]))
b+ Max-FroM(A[m + 1...|A]])

10: ¢ <+ MAaxX-SuM(AJ[l...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

HIREFAEBIARER T(n) = 2T (n/2)+O0(n). MHFEHATHIEZIKEN O(n),

B 14.10

14.10.1. i FHHESRAIE NG X S : AN HE T H 74, & e il



14.10.2.

14.10.3.

14.11.1.
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H=9o9: o
Huffman H = ¢ |H|=1: pop H
&y - Huffman (push (merge t, t,) H")
Hrfi: (t,, H') = pop H, (ty, H") = pop H’

1: function HUFFMAN(H)
2: while |H| > 1 do

3: t, < POP(H)
4 t, < PoP(H)
5: PuUsH(H, MERGE(t,, ty))
6: return Por(H)

WNRFIF CHNEH AR A, FFAE— DRV TR AR IE G K 2R 75 74!
MBI Q PRIFEFFEE R AW Q 1 A SLERE B/ NI, A#fi)\ly\o At
HSER R ARG, BAFIH R HJF S — B, RIS RIIGR 20, HKBX
—Jitk.

Huffman (t:ts) = build (t, (ts, @)), HH:

build (¢,([ ],2)) = t
build (t,h) = build (extract (ts,push (merge t t') q))

HHp: (¢, (ts,q)) = extract h

extract (t:ts,@)) = (¢, (ts @))
extract ([1,q) = (&, (] (t.q") = pop q
ﬂ<t (t:ts JHAF () = po
extract (t:ts,q) 7)) .4 =pop g
t<t: (ts,q))

LENGR SN T, A MSMSIING K 2 fEhd,
decode = snd o (foldl lookup (T, ])), HH:

lookup ((w,c),cs) b = (T,c:cs)
lookup ((w,l,7),es) b = if b= 0 then (I, cs) else (r,cs)

BEE 1411

A BRI IE R K AT AR R AR RS

import Data.Sequence (Seq, singleton, fromList, index, (|>))

lcs xs ys = construct $ foldl f (singleton $ fromList $ replicate (ntl) 0)
(zip [1..] xs) where
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(m, n) = (length xs, length ys)
f tab (i, x) = tab |> (foldl longer (singleton 0) (zip [1..] ys)) where

longer r (j, y) =r |>if x =y
then 1 + (tab “index’ (i-1) “dndex’ (j-1))
else max (tab “dndex’ (i-1) ‘dndex’ j) (r “dindex’ (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 =1y = get (xs, i-1) (ys, j-1) 4 [x]
| (tab “index’ (i-1) ‘dindex’ j) > (tab ‘index’ i “dndex’ (j-1)) =
get (xs, i-1) ((y:ys), J)
| otherwise = get ((x:xs), i) (ys, j-1)
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Everyone is permitted to copy and distribute verbatim copies of this license

document, but changing it is not allowed.
Preamble

The purpose of this License is to make a manual, textbook, or other functional
and useful document “free” in the sense of freedom: to assure everyone the effective
freedom to copy and redistribute it, with or without modifying it, either commer-
cially or noncommercially. Secondarily, this License preserves for the author and
publisher a way to get credit for their work, while not being considered responsible
for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the
document must themselves be free in the same sense. It complements the GNU
General Public License, which is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software,
because free software needs free documentation: a free program should come with
manuals providing the same freedoms that the software does. But this License is
not limited to software manuals; it can be used for any textual work, regardless of
subject matter or whether it is published as a printed book. We recommend this

License principally for works whose purpose is instruction or reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains
a notice placed by the copyright holder saying it can be distributed under the terms
of this License. Such a notice grants a world-wide, royalty-free license, unlimited in

duration, to use that work under the conditions stated herein. The “Document”,
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below, refers to any such manual or work. Any member of the public is a licensee,
and is addressed as “you”. You accept the license if you copy, modify or distribute
the work in a way requiring permission under copyright law.

A “Modified Version” of the Document means any work containing the Doc-
ument or a portion of it, either copied verbatim, or with modifications and/or trans-
lated into another language.

A “Secondary Section” is a named appendix or a front-matter section of the
Document that deals exclusively with the relationship of the publishers or authors of
the Document to the Document’s overall subject (or to related matters) and contains
nothing that could fall directly within that overall subject. (Thus, if the Document
is in part a textbook of mathematics, a Secondary Section may not explain any
mathematics.) The relationship could be a matter of historical connection with the
subject or with related matters, or of legal, commercial, philosophical, ethical or
political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are desig-
nated, as being those of Invariant Sections, in the notice that says that the Document
is released under this License. If a section does not fit the above definition of Sec-
ondary then it is not allowed to be designated as Invariant. The Document may
contain zero Invariant Sections. If the Document does not identify any Invariant
Sections then there are none.

The “Cover Texts” are certain short passages of text that are listed, as Front-
Cover Texts or Back-Cover Texts, in the notice that says that the Document is
released under this License. A Front-Cover Text may be at most 5 words, and a
Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy, rep-
resented in a format whose specification is available to the general public, that is
suitable for revising the document straightforwardly with generic text editors or (for
images composed of pixels) generic paint programs or (for drawings) some widely
available drawing editor, and that is suitable for input to text formatters or for auto-
matic translation to a variety of formats suitable for input to text formatters. A copy
made in an otherwise Transparent file format whose markup, or absence of markup,
has been arranged to thwart or discourage subsequent modification by readers is not
Transparent. An image format is not Transparent if used for any substantial amount
of text. A copy that is not “Transparent” is called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII without
markup, Texinfo input format, LaTeX input format, SGML or XML using a pub-
licly available DTD, and standard-conforming simple HTML, PostScript or PDF de-

signed for human modification. Examples of transparent image formats include PNG,
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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



420 SR

If you publish printed copies (or copies in media that commonly have printed
covers) of the Document, numbering more than 100, and the Document’s license
notice requires Cover Texts, you must enclose the copies in covers that carry, clearly
and legibly, all these Cover Texts: Front-Cover Texts on the front cover, and Back-
Cover Texts on the back cover. Both covers must also clearly and legibly identify
you as the publisher of these copies. The front cover must present the full title with
all words of the title equally prominent and visible. You may add other material on
the covers in addition. Copying with changes limited to the covers, as long as they
preserve the title of the Document and satisfy these conditions, can be treated as
verbatim copying in other respects.

If the required texts for either cover are too voluminous to fit legibly, you should
put the first ones listed (as many as fit reasonably) on the actual cover, and continue
the rest onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more
than 100, you must either include a machine-readable Transparent copy along with
each Opaque copy, or state in or with each Opaque copy a computer-network location
from which the general network-using public has access to download using public-
standard network protocols a complete Transparent copy of the Document, free of
added material. If you use the latter option, you must take reasonably prudent
steps, when you begin distribution of Opaque copies in quantity, to ensure that this
Transparent copy will remain thus accessible at the stated location until at least one
year after the last time you distribute an Opaque copy (directly or through your
agents or retailers) of that edition to the public.

It is requested, but not required, that you contact the authors of the Document
well before redistributing any large number of copies, to give them a chance to provide

you with an updated version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the
conditions of sections 2 and 3 above, provided that you release the Modified Ver-
sion under precisely this License, with the Modified Version filling the role of the
Document, thus licensing distribution and modification of the Modified Version to
whoever possesses a copy of it. In addition, you must do these things in the Modified

Version:

A. Use in the Title Page (and on the covers, if any) a title distinct from that of the
Document, and from those of previous versions (which should, if there were any,
be listed in the History section of the Document). You may use the same title

as a previous version if the original publisher of that version gives permission.
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B. List on the Title Page, as authors, one or more persons or entities responsible
for authorship of the modifications in the Modified Version, together with at
least five of the principal authors of the Document (all of its principal authors,

if it has fewer than five), unless they release you from this requirement.

C. State on the Title page the name of the publisher of the Modified Version, as
the publisher.

D. Preserve all the copyright notices of the Document.

E. Add an appropriate copyright notice for your modifications adjacent to the

other copyright notices.

F. Include, immediately after the copyright notices, a license notice giving the
public permission to use the Modified Version under the terms of this License,

in the form shown in the Addendum below.

G. Preserve in that license notice the full lists of Invariant Sections and required

Cover Texts given in the Document’s license notice.
H. Include an unaltered copy of this License.

I. Preserve the section Entitled “History”, Preserve its Title, and add to it an
item stating at least the title, year, new authors, and publisher of the Modified
Version as given on the Title Page. If there is no section Entitled “History” in
the Document, create one stating the title, year, authors, and publisher of the
Document as given on its Title Page, then add an item describing the Modified

Version as stated in the previous sentence.

J. Preserve the network location, if any, given in the Document for public access to
a Transparent copy of the Document, and likewise the network locations given
in the Document for previous versions it was based on. These may be placed
in the “History” section. You may omit a network location for a work that
was published at least four years before the Document itself, or if the original

publisher of the version it refers to gives permission.

K. For any section Entitled “Acknowledgements” or “Dedications”, Preserve the
Title of the section, and preserve in the section all the substance and tone of

each of the contributor acknowledgements and/or dedications given therein.

L. Preserve all the Invariant Sections of the Document, unaltered in their text and
in their titles. Section numbers or the equivalent are not considered part of the

section titles.
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M. Delete any section Entitled “Endorsements”. Such a section may not be included
in the Modified Version.

N. Do not retitle any existing section to be Entitled “Endorsements” or to conflict

in title with any Invariant Section.

O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that
qualify as Secondary Sections and contain no material copied from the Document,
you may at your option designate some or all of these sections as invariant. To do
this, add their titles to the list of Invariant Sections in the Modified Version’s license
notice. These titles must be distinct from any other section titles.

You may add a section Entitled “Endorsements”, provided it contains nothing
but endorsements of your Modified Version by various parties—for example, state-
ments of peer review or that the text has been approved by an organization as the
authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a passage
of up to 25 words as a Back-Cover Text, to the end of the list of Cover Texts in
the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover
Text may be added by (or through arrangements made by) any one entity. If the
Document already includes a cover text for the same cover, previously added by you
or by arrangement made by the same entity you are acting on behalf of, you may
not add another; but you may replace the old one, on explicit permission from the
previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give
permission to use their names for publicity for or to assert or imply endorsement of

any Modified Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this Li-
cense, under the terms defined in section 4 above for modified versions, provided that
you include in the combination all of the Invariant Sections of all of the original doc-
uments, unmodified, and list them all as Invariant Sections of your combined work
in its license notice, and that you preserve all their Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple
identical Invariant Sections may be replaced with a single copy. If there are multiple
Invariant Sections with the same name but different contents, make the title of each

such section unique by adding at the end of it, in parentheses, the name of the original
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author or publisher of that section if known, or else a unique number. Make the same
adjustment to the section titles in the list of Invariant Sections in the license notice
of the combined work.

In the combination, you must combine any sections Entitled “History” in the
various original documents, forming one section Entitled “History”; likewise combine
any sections Entitled “Acknowledgements”, and any sections Entitled “Dedications”.

You must delete all sections Entitled “Endorsements”.

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents
released under this License, and replace the individual copies of this License in the
various documents with a single copy that is included in the collection, provided that
you follow the rules of this License for verbatim copying of each of the documents in
all other respects.

You may extract a single document from such a collection, and distribute it
individually under this License, provided you insert a copy of this License into the
extracted document, and follow this License in all other respects regarding verbatim

copying of that document.

7. AGGREGATION WITH INDEPENDENT
WORKS

A compilation of the Document or its derivatives with other separate and inde-
pendent documents or works, in or on a volume of a storage or distribution medium,
is called an “aggregate” if the copyright resulting from the compilation is not used
to limit the legal rights of the compilation’s users beyond what the individual works
permit. When the Document is included in an aggregate, this License does not apply
to the other works in the aggregate which are not themselves derivative works of the
Document.

If the Cover Text requirement of section 3 is applicable to these copies of the
Document, then if the Document is less than one half of the entire aggregate, the
Document’s Cover Texts may be placed on covers that bracket the Document within
the aggregate, or the electronic equivalent of covers if the Document is in electronic
form. Otherwise they must appear on printed covers that bracket the whole aggre-

gate.

8. TRANSLATION
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Translation is considered a kind of modification, so you may distribute transla-
tions of the Document under the terms of section 4. Replacing Invariant Sections
with translations requires special permission from their copyright holders, but you
may include translations of some or all Invariant Sections in addition to the original
versions of these Invariant Sections. You may include a translation of this License,
and all the license notices in the Document, and any Warranty Disclaimers, provided
that you also include the original English version of this License and the original
versions of those notices and disclaimers. In case of a disagreement between the
translation and the original version of this License or a notice or disclaimer, the
original version will prevail.

If a section in the Document is Entitled “Acknowledgements”, “Dedications”, or
“History”, the requirement (section 4) to Preserve its Title (section 1) will typically

require changing the actual title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as
expressly provided under this License. Any attempt otherwise to copy, modify, sub-
license, or distribute it is void, and will automatically terminate your rights under
this License.

However, if you cease all violation of this License, then your license from a par-
ticular copyright holder is reinstated (a) provisionally, unless and until the copyright
holder explicitly and finally terminates your license, and (b) permanently, if the
copyright holder fails to notify you of the violation by some reasonable means prior
to 60 days after the cessation.

Moreover, your license from a particular copyright holder is reinstated perma-
nently if the copyright holder notifies you of the violation by some reasonable means,
this is the first time you have received notice of violation of this License (for any
work) from that copyright holder, and you cure the violation prior to 30 days after
your receipt of the notice.

Termination of your rights under this section does not terminate the licenses of
parties who have received copies or rights from you under this License. If your rights
have been terminated and not permanently reinstated, receipt of a copy of some or

all of the same material does not give you any rights to use it.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU

Free Documentation License from time to time. Such new versions will be similar
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in spirit to the present version, but may differ in detail to address new problems or
concerns. See http://www.gnu.org/copyleft/.

Each version of the License is given a distinguishing version number. If the
Document specifies that a particular numbered version of this License “or any later
version” applies to it, you have the option of following the terms and conditions
either of that specified version or of any later version that has been published (not as
a draft) by the Free Software Foundation. If the Document does not specify a version
number of this License, you may choose any version ever published (not as a draft)
by the Free Software Foundation. If the Document specifies that a proxy can decide
which future versions of this License can be used, that proxy’s public statement of
acceptance of a version permanently authorizes you to choose that version for the

Document.

11. RELICENSING

“Massive Multiauthor Collaboration Site” (or “MMC Site”) means any World
Wide Web server that publishes copyrightable works and also provides prominent
facilities for anybody to edit those works. A public wiki that anybody can edit is
an example of such a server. A “Massive Multiauthor Collaboration” (or “MMC”)
contained in the site means any set of copyrightable works thus published on the
MMC site.

“CC-BY-SA” means the Creative Commons Attribution-Share Alike 3.0 license
published by Creative Commons Corporation, a not-for-profit corporation with a
principal place of business in San Francisco, California, as well as future copyleft
versions of that license published by that same organization.

“Incorporate” means to publish or republish a Document, in whole or in part,
as part of another Document.

An MMC is “eligible for relicensing” if it is licensed under this License, and if all
works that were first published under this License somewhere other than this MMC,
and subsequently incorporated in whole or in part into the MMC, (1) had no cover
texts or invariant sections, and (2) were thus incorporated prior to November 1, 2008.

The operator of an MMC Site may republish an MMC contained in the site
under CC-BY-SA on the same site at any time before August 1, 2009, provided the
MMC is eligible for relicensing.

ADDENDUM: How to use this License for your

documents
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To use this License in a document you have written, include a copy of the License
in the document and put the following copyright and license notices just after the

title page:

Copyright © YEAR YOUR NAME. Permission is granted to copy, dis-
tribute and/or modify this document under the terms of the GNU Free
Documentation License, Version 1.3 or any later version published by the
Free Software Foundation; with no Invariant Sections, no Front-Cover
Texts, and no Back-Cover Texts. A copy of the license is included in the

section entitled “GNU Free Documentation License”.

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace

the “with ... Texts.” line with this:

with the Invariant Sections being LIST THEIR TITLES, with the Front-
Cover Texts being LIST, and with the Back-Cover Texts being LIST.

If you have Invariant Sections without Cover Texts, or some other combination
of the three, merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recommend
releasing these examples in parallel under your choice of free software license, such

as the GNU General Public License, to permit their use in free software.
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