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REFAE RS Eg D HARR D, BER T fesa?s, KIS, Re e T/
AR o HATREN TR REMPLAR 2 2 BERT, SEhr B p R BeA R I 4R
AREEREARZER . B TAEIB RIS, RSB P EL S 7o 3
AT TR, AR B CERei.

SOEAEMRR— S A, SR A . MEAPT ., IEBITRER T
T K P R A o

0.1 w=/NATH#E

HAM - AR AR AR — R I R/ N (1] 56—
) o HMEH AR — SRR, IS iuEs, RATHKS, Wi
SIS —MECEEER T, BEE A e TATA R — D/ N
BT BT H R AR U, TR AR B0 s A — A R
[is8, 4, 8, 9, 16, 1, 14, 7, 19, 3, 0, 5, 2, 11, 6]

AEXA PR A e/ NEEUZ 100 XM E B L2, FATRTLASZHD
5 T R
1: function MIN-FREE(A)
2 x40
3 loop
4: if z ¢ A then
5 return z
6 else
7 rr+1
HAPRF5 ¢ fseain T
: function ‘¢’(z, X)
for i + 1 to | X]| do
if z = X[i] then

return False

AN R > vy

return True

AR S NE T RXAelbE kB, T Bl A,

def minfree(lst):
i=0
while True:
if i not in lst:
return i

i=d+1

UBNFAFRE TILE TR, XA ERI R PEREIR IR AL 22 0 B I RR RO TRI A7
FRER P RIE . £ G 2.10GHz 2034y, 2G WAL E, H C 1K
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TR E 5.4 AR T IR THREIE S S8 TR T TR, WEERE
2 8 74l

0.1.1 p#

HUBEX — AR R TR X n AR 21, 2o, s 2, AR
FAE/INT n (R HEEE, IRIFAERE © AFE [0,n) XTEHI Ao AR LEEE AL —
ER 0,1, on — 1 HREAHES], XAMEOLT, SN EEEUE ne TRBEANAIT

Gt

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

~—

AT LA — M o+ 1 B9, SRARICIXIA] [0, n] WIS EECE S
CiNie
1: function MIN-FREE(A)
2: F < [False, False, ..., False] where |F| =n+1
3 for Vx € A do

4 if © <n then

5: F[z] < True

6: for i < [0,n] do

7: if F[i] = False then
8: return

Hrp s 2 AR R S P A E R RO B BEE AT A FRRIFTA R
HEUNT n, iR B ROPRCE N H e 35 RBA TR SR, E S —ME
PBAIALE . BRI n IE. FAVER T n+ 1 AR n MRk, Xk
T RMEH, BUATARIXT sorted(A) = [0,1,2,...,n — 1] HIHFIATE DL

BIRXNIE AR ELNER ], HRERE O(n) R RRFMHIRES. HATLR]
DASREEARAL o FRRE R EAIE KN n+ 1 B8 BREHRG, R PR
T o R BRI TR THAE R RN A FRATTAT LA A I R 8 B, SR
FRERAE A E . Ao, FATATCAME 3R R AR, N Zasia). T
T C 15501 AR SEBL T I st

#define N 1000000
#define WORD_LENGTH (sizeof(int) x 8)

void setbit(unsigned intx bits, unsigned int i) {
bits[i / WORD_LENGTH] |= 1 << (i % WORD_LENGTH);
}

int testbit(unsigned 1int* bits, unsigned int i) {
return bits[i / WORD_LENGTH] & (1 << (i % WORD_LENGTH));
}
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unsigned int bits[N / WORD_LENGTH + 1];

int minfree(intx xs, dint n) {
int i, len = N/WORD_LENGTH + 1;
for (i = 0; i < len; ++i) {
bits[1]=0;
}
for (i=0; i < n; ++i) {
if(xs[i] < n) {
setbit(bits, xs[i]);
}
}
for (i=0; i <= n; ++i) {
if (!testbit(bits, 1)) {
return i;

3

FEAFER AL L, XBARFPUT 0.023 Faita] LIAEH— 1 30

0.1.2 2mMiaxZ

A L BRI PAAS ] ERIHFEA AT . T 4EP T — R n /Y
PRASEEE, 3 on ARKRE, SRR RO FTRORE . 20 M6 2 A SR R R A R 4
TR NG IR, SR JE B E N TEMS R i A 0 25

AT AL 25 < [n/2] LTI TFA A HHEBEIAS
Sh—AFpa A RPEAL, WRIFH A" (IR [n/2], XULHTET—RE
A CEW T SN HBEERLME A7 thEl B, /o] FEE 24
A Bz, XA, RIRY RSN T .

TETEERE, SME TP A I EK, RGO T 2. 31T
AFHE O 46T Hm/ Nl R, BT FRA T [n/2] + 1o HILBRATRSAE
JAE M search(A, L), HAr I 2T, w2 EF . @BIHEGREME Y8 b=
i, BATRET G 1 AERE

minfree(A) = search(A,0,|A| — 1)

search(g,l,u) = 1

|[A'|=m—1+4+1: search(A”,m+1,u)
search(A,l,u) =

otherwise : search(A’,1,m)
/\qj
I+u
m = 1Y
A = [zlreAx<m]

A" = [z|lz e Az >m)
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X IEHATERIMOS R ERE TR E T O(|A]) WK HeESRR 2 H 1
A A" o BRI PR S e . B AR AN T(n) = T(n/2)+O(n), 1#
T FEHE AR R O(n)o AT AT LUXFE AT S5—IRFEEL O(n) KBSk L4
TRH AT F A", BRI O(n/2) Ik, 3B =IRFFZEIE O(n/4) K- A
14 O(n+n/24 n/4d+...) = O(2n) = O(n). e LrHHEAIAZESN [ala € A, p(a)
HiE LHNFK . BMEEERILNX {ala € A, pa)} AFAFE. T Haskell fi5fUR45E
T TR B,

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

bsearch xs T u | xs =[] =1
| length as = m - 1 4+ 1 = bsearch bs (m1) u
| otherwise = bsearch as 1 m
where
m= (1 +u) ‘div’ 2
(as, bs) = partition (<m) xs

0.1.3 fEiE51EeE

ANZAHOIX—BERIPERE . BIHRYRE N O(lgn), WA AL O(lgn).
FRATAT LA I Y e o ek RO S 23 TR _E R o5 -

1: function MIN-FREE(A)

2: [+ 0,u <« |A|

3: while u — 1 > 0 do

4: m<+ 1+ u?—

5: left <1

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

11: u <+ left

12: else

13: I+ left

WELFTR, KBRS EATRIICRE TR . left ZRTRIITHERIAKRT m,
117 le ft Fl right ZRIFITCEREBRT meo

X s T RiE St AT BRI S ) o (EHI IRT 926 JH 505 B S a9t o AN
BB R AT RER A A A

BT O(lgn) Mutkasial, (R LA R AU TR .
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left right

by

Ali]<=m Ali]>m O

K1 K. T 0 <i <left FICEWE All] <m, (LT left <i < right |
TCRWE All] > m, FIRIITCE AL

0.2 IE#M#

B EBRELE TR 1500 N IERIE. EMEGE RS 2. 3. 5 X=AETH
HIRE AR KINERE T2 5, FrLAMEBGE R SUAE 556188 T EAUREF
MYAVERA A AZ0 A - 1A, 20 3. b ARG HAAML EIEIE. 60 = 223'5 245 25
AMIERE K7 21 = 2937 P& AR T 7, FrLOREIEME FATE L 1 =20305°
B 0 DM IERE. BT 10 S IEREN R

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

0.2.1 FHEE

AT 1 IT0R . Bt & irf HAKL AT EE 48 2. 3. 5 XER1
AWrER, RateERASETRER N 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?(z)
9: while x mod 2 =0 do

10: x4 |z/2]
11: while x mod 3 =0 do
12: x < |x/3]
13: while x mod 5 =0 do
14: x4 |z/5]

15: returnz =17
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FIAER TN n B R AERFERIITENL L, H C 355 SLHHR 40.39
P K25 1500 4 IEMIEL (860934420) . 24 n #4f1%1 15000 A, Bpffi 10 434t
L4

0.2.2 MiEHEEE

BUSTANERIE 2 LB 2], I HIXEIa SR T TIRZ k. FRATRT LA
B, AFRE - PMEOEAME 20 3y S AENE T, MR MIX =AM 55 IR
XA I A 25 o Ay I/ B RAR = AR IERREUT 51 o FRATT AT LAGE FH BA 51X RSl
SERIAR S o

BB AT A MR A TEER . A5 — B TT R Br PSSR NI TE R 2 et »
KR e Je et FIFO(First-In-First-Out) o FATIEHZIE 1 ERNH 0
A IEAETINEAS o SRS AN EA S 55— MUBCH IE MR, 2 Ao ld 24 3 5, 774 3
ASBTIERUEL, 2 RO/ MR HTN RS o ISR A2 B AR T RA B, TR
IR ES . Fr B IEMACE R RE/ N TSI R ESRY(E , RIAERARY, R Zff
FreENERSI TR/ NI - 24k 13X — BB 2 R

AN

1#2=2 1#3=3 1#5=5 2%2=4 2%3=6 2#5=10
(a) BIERAS . 1 AL (b) 2. 3. 5 ABL
3[4[5]6[10] 4]s[e[o]10[15]
3%2=6 3#3=9 3*5=15 4%2=8 4%3=12 4*5=20
(c) 4. 6. 10 AL (d) 9. 15 ABA. 6 =%

P 20 A A AL BE R T 4 25

AR — R A SRR S R
function REGULAR-NUMBER(n)
Q<+ o
z+1

ENQUEUE(Q, =)

x < DEQUEUE(Q)
UNIQUE-ENQUEUE(Q, 2)
UNIQUE-ENQUEUE(Q, 3x)

1:
2
3
4
5: while n > 0 do
6
7
8
9 UNIQUE-ENQUEUE(Q, 5x)
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10: n+<n-—1

11: return x

12: function UNIQUE-ENQUEUE(Q, x)
13: i< 0,m <+ |Q|
14: while i < m and Q[i] < = do

15: 141+1
16: if i > m or x # Q[i] then
17: INSERT(Q, i, )

XN m HIRAF, INSERT RRALFRE O(m) BN EHZF . TCEEHIHEA —1
WooE. PAINKESHE n &N (ERH— M eRERSHEA = IHcE, 1
INAELEE < 2), BIETHIEN O(1+2+ 3+ ... +n) = O(n?).

F3IE 2o T BB YT AR n Z RII9SE &R, HIMRON ki, Rmit
O(n?) MWEZRIE.

Queue access time - N

B00000

700000

600000

500000

400000

=~ Queue accesstime

300000

200000
100000

]
0 300 1000 1500 2000

A 3: BASUTSIRIRECRT n {YR &

PR AL L, XM C 1RF S 0.016 Bl th 7282 86093442,
Fb g5 2835 2500 fi5.

XA AT DU I T G 2 X A& IrA IEREINTC 5 P8 (21, 22, 23, ... ]o
XTRA IERE, FHIELL 2 [BBIR R TCH IEMES: (231, 220, 225, ... ] [FFE,
RIKTELL 3 Fl 5 A58 75 AN TC55 IERES . ISAGX 3 s 88 &9, &
BEEITTE, A 1 NG, ROTEET X tgtdi, s
JIROT

X =1:[2z|Vx € X]U [3z|Vx € X| U [6z|Vz € X] (2)

Hep o X FORKITER o EREIPIFR X JFTE, AN » gV —1IR. £
Lisp X MRIEFRN conse 1 258 0 P IEAUEL, FATHEERAERATI. H 17T
FHNRMETE, BATBIHE L U BfE. & X = [z, 22,23, YV = [y1,92, 43, ..] N
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WA X' =[x, 23,...], Y = [y2,93, ...] RIREREE —DITR GRS
EXLU
T <yp: x X' UY
XUY =<z, =y: z: X' UY’
yp<axy: Yy XUY’

FMETEH A, BATCTHRLE X Y AZRINEN . SR E M sRIER IR,
ST AL AN T B B A -

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

merge (x:xs) (y:ys) | x <y =x : merge xs (y:ys)
| x =1y =x : merge xs ys

otherwise = : merge (x:xs) ys
y g y

B ns 111500, FTLAHEIS 1500 NEME. RPN L, xR
S 0.03 Fbo

0.2.3 PA%I

LHEMELE BRI TIRE, B EEEN TR EMEREAWERT. EFE
ARSI MRIETC R A P o ABNERAE AT EON R A Ze eI | O(1Q)). R T i
REL, RATEFAIERES = Qo = {2°)0 > 0F (NEE#H 2 BERINE:
Qas = {2'37]i > 0,5 > 0}; Qass = {2'375%|i,j > 0,k > 0}o HMH Qo3 TR j # 0,
Qass ER k # 0o JXPRIE T =REARILIAA EE . FFREEATEH — TR ™
Ao BATRIIGIN Q2 = {2}, Qo3 = {3} Tl Qazs = {5} FFIRMX=ABAFIATLHR
B/ NITER « JFRUH, AT PRV A

o AR z EM Qo HUHMY, AT 22 A Q2. 3z A Qa3, 5z A Qo350

o IR z M Qos HUHIY, FRATHAE 32 IO Qas, 5z AN Qazso FATANIZNEG
2z I Q2. FH Qs HARFESHE 3 BERAVEL.

o IR z B Qoss BUHAY, FKATIURE 52 TN Qazso FATARIZHKE 22 TN Qo,
3z AN Qs FINENIARIFEGH 5 BERAIEL.

FATAET X =PSB/ N BRI SR n N ICER. A4 THT 4 2P
P R, RE AT LA T .

1: function REGULAR-NUMBER(n)

2 z+1

3 Qo+ {2}, Qa3 + {3}, Qazs + {5}

4 while n > 0 do

5 2 + min(HEAD(Q2), HEAD(Q23), HEAD(Q235))




AL 21

2*min=4 3*min=6 5*min=10 3*min=9 5*min=15
Al B G
min=2 min=3
(a) 4. 6. 10 APA (b) 9. 15 APk
2*min=8 3*min=12 5*min=20
4] [elof]

min=4

(c) 8. 12, 20 ABA

5*min=25
|I|9|12|| [s[1o]15[20] |
min=5 /
(d) 25 ABA

Bl 4: =PI Qov Qo 1 Qoss RAWIEIEFANWHT 4 2. FIIAN EATEA 2.
3. b NWEE—ICE
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il

prus)

6: if z = HEAD(Q2) then

7: DEQUEUE(Q2)

8: ENQUEUE(Q3, 2x)

o: ENQUEUE(Q23, 37)
10: ENQUEUE(Q235, 57)
11: else if © = HEAD(Q23) then
12: DEQUEUE(Q23)

13: ENQUEUE(Qa3, 37)
14: ENQUEUE(Q235, bx)
15: else

16: DEQUEUE(Qa235)

17: ENQUEUE(Q235, 57)
18: n<n-—1

19: return z

SUEEER no e BRRAERR, BN =B BN — TR, X R
TR A 2 EARPEIRUH TR ATERIBAS 74— 2 =S BONAS, 3 X2
LRI FIEENEENEREE O(n) 1.

0.3 /&

P TR R AR RE 8] A 25 28 e o (HLBEE TR DMUASE RO B8, FRATA
TR IS o AR 2 LARTME LMD AY [R) T, FATRT LS A F2 B0 7 0k 2
B AT A WRREARRIENERE, RIS 25 H R BG4 AT HESE Bl
FEZH T NiEHELE (3] MEMpEIEA (1o AT AR T4 E R iE
WE. —EEESAHCORIES W, 7 T aREE S WAEARTAE . AT
B O AR ANE A SRR SRR TR 3L, TR LA— 255 AChS i Bro sREGURIAR
1120l Haskell, &AM P12 W WIEF RG . XERPIFA—E
PR B RE LS E AL .

AP CEIEFEY T 2017 FEHM. 2020 FERITIGHH TS o H AT LA
£ github EARAT ., A05RA BARASERUI, 1i5BCAR luxinyu95Q@gmail.com.,

#4351

L /el BRI, Fir A BCES 2 AR TR BT TAT LAR T IE S sRpric— 4L
TR Bl myIFR, SHERKEN n, MNTARMAEXENT n 1Y
Bzl <n, BAE |o] ERETENE. ZJEREH 8o, KEH
I EETERN AL EMREER . WX B,

2. n NEEF L 2, on, SRR, BN #ATEL 7, FFHRE 14
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x WBUKT yo BE 1 <y <n, #IF—DEREBAELMER R FEES N
i = foyo
3. THEHEBSRIEMEAM. YL 4

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

}
if (x3 = nums[n]) {
i=i+1
x3 = 3 % nums[j]
}
if (x5 = nums[n]) {
k=k+1
x5 = 5 x nums[k]
}

3

return nums[m];




24

5 &



B—F ik

1.1 &g

SIS AL R L E B BRI S Ao BN IR R RN TICR
M7 o Bl T2 —AIESERIFAF X, B E T — T R 5 X
IR HhEEE B R NEAR, W& EAAMRE. SRR, 51
FRHK/NTEFFBCHIE . ATEABER I AHTICER o« AT TR AMCK B R AR GE Fr 8112 1
TLER o Rl @A EAINE T, SRR RN T EAIZ R R R A R
T EAAKBYS (map), 3§ (filter), Fh (fold) FFRIEMBAE ., W LABkEX—
B, HENE T EIG .

1.2 EX
Gl SRR, B ROR . HE T
. —ABIESH N, LK 0 5 NIL;
. HEEL AR T

LA T — A T i gE. 0 Raawmss, — ek (b
WAE key) FI—7H15E. $51AFFIRAYS BT MR next. w5 — T RHPHI 751

Foh=E, BN NIL,

B 11 il ARy B

AW REAFHER T AT L, AR NIL. @ HE S8R &
AN, B

struct List<A> {
A key

YEHRE, lambda FEEAEAAIE RGN TR E R (93], [99]
PLZHUERT, PIRPITRAELLRN R HUIRET (I Lisp) SCRFaLS R REEREIIN 1%

25
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List<A> next

XN AP R A &N ABE ] o IRZ AL A IR RT3 25 5 [ null HE
&, FIWEEWNFARN T ER R EFIZR. —FERME 25 null (8 NIL); 55—
eI —FIF, (HABNEMICR, EEE R [T b, S50 A
WAF. B[] WHEDPBCAF. AHEMNGS o FORIR=sIF. =8, S57840.

1.2.1 @R

2 E— RSB L, BATE LA RECR 3 BIERBEL IR Ao S 1HE
TR 4N first(L) fil rest(L), 5i#& head(L) fil tail(L)*. Rz, FRATATLAA—A
JCE x MFIFE xs (ATRE) KEEH ANV, 08 o ose X R I /E
cons. FATHW N RKA:

{head(:v cxs) = (L.1)

tail(z : xs) =uxs

MNFARESIER X, BAMH o FoRB IR, B X FoRRARSIE, filin

X = [1’1,1’2,.’1;‘3,...], X' = [l‘g,]}g, ]o

%3] 1.2

L XFICRFAY A WFIF, MREHHIFAEMN IR 2,y € A BHHSE,
TE LR FIW A PR RIS

1.2.2 FIRHIEBERRE

RIS, AT LS AT AR AR : 23 8IRATRE Y 0, MiE=s 51360
RERBRE S IR FAIFRK N

length(@) = 0

(1.2)
length(L) = 1+ length(L’)

NTIERE, BAIMCKE R . HERESRER On), Hitn BTR
N TR, BT LR A e — A T, FEAERE In sl bR T 3R
I ERNX— A . NHE TR R A

1: function LENGTH(L)

2: n<0
3: while L # NIL do
4: n+<n+1

fE Lisp i, TS, B4 A car F1 cdr HILMGESIHLE RIOF 725 (03]
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5: L < NEexT(L)
6: return n

FEATZEXHMERIERIEOL T AT |L] RFRFIEE L IR,

1.2.3 5|

B SR LB B R BEVL T R AL © IT R (YRR ERTH « 4 RER)E
TCRITEALE
1=0: x

getAt(i, x : xs) = (1.3)
i1 #0: getAt(i —1,xs)

N T A AR FIFRAARI @ TR
o i 0, FENFIRPILARITR:
o N, ZERNFHIFRPIE i — 1 HITK.

FATHOTIA S TR GO WERIEN @, IR R ARE LY. 0 5
AT A RARE L A7 > L], alids I, ST SIRNES @ — |L]
MMEUERTEN . F—JiH, & i <0, RS EERE 0, AN
IR RGBT

TR EAEE @ 2B, KEIEERII RIS IR OG). FHEX M AEASEEL:

1: function GET-AT(i, L)
2: while i # 0 do

3: L < Next(L) > L = NIL [ {48
4: 141—1
5: return FIRST(L)

%3 1.3

L. f£ GET-AT(i, L) FEREEET, L O RER? @ MR ZERE?

1.24 XERTE

FEAE—XIA first /rest RFRAGERAE , FRA last /init o X TAEZ IR X = [21, 22, .0, 2],
PRET last IR[PURBITER o, 10 init IRE AN (21, 20, 0y Tno1] o BIRIXNHRAEA
AXRFR, (B last/init T8 A0, K2 ZER R

MIREAER X BIREITERM

o WMRIIFAGHE—AICK (2], W 2 PRAREITEK;
o M, SRRV THIR X BOREITR.
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last([z]) = =z

last(z : xs) = last(xs)
FAh, HARBER AR ICRAY 751560 -
o WRFIFHEH IR [11], SRNZ (]

o AN, FATEAMMFFIZE X PSRRI AR RBICRIF RIS, R o I
IAE BT THT o
init([z]) =[]
init(z: xs) = x:init(xs)
XM EIE P EBA LS FIRAE L, SN o I, HATNRARE L. T
T2 AR A% AL
1: function LasT(L)
2 z < NIL
3: while L # NIL do
4
5

(1.5)

x < FIRST(L)
L <+ REsT(L)

6: return x

7. function INIT(L)

8: L' + NIL

9. while REST(L) # NIL do > L A NIL [ 4
10: L’ + Cons(FirsT(L), L)

11: L < REesT(L)

12: return REVERSE(L')

X Bk T, it cons BAN init UEER . [HIRIXFEEAE )
TR, R e TR EG EE IR ARk (ILER1.3.277) .

1.2.5 REZES|

last() B RIARGIH— R 3 —fRAE 2RI R PRI EIEE @ D ITR.
R EER SRR BRI n, B0 n—i— 1 PICK:
lastAt(i, L) = getAt(|L| —i—1,L) (1.6)

EAFIRRE R PR o F po, EATHHEE 4 25, B rest'(p2) = p1, Hrp
restz(pz) FORBELEPITHREL rest() HIL @ e WHLRUL, M po BIZE @ LATH] K
—IFIRTE AR S, REE TR S EA]. BRI po BIARERAERR.
EKEHLT‘ET‘ET po MRIFFRIAEIRCR @ TICE. BL2800E TiX— 7% BT pu,pe fEH—1
B, XA Sh & k.



p2 pl

v \

M| [ . o [ ] > o o [

(a) p2 JFIRRTTEIZL, AR ;o ZJ5, BE D

p2 pl

/ \

|x[1]| |—> |x[2]| | > .. > l > .. > I

(b) 2 p1 FlIAKEENS, p2 RIFRIINAEE @ IR,

B 120 BURFHHES — Ml i

1: function LAST-AT(7, L)

2: p+ L

3: while ¢ > 0 do

1 L < REsT(L) > AL H
5: 141—1

6:  while ResT(L) # NIL do

7: L < REsT(L)

8: p < REST(p)

9: return FIRST(p)

4l R R SE B A REELE R, DI EA T AR T X = [21, 22, .. 2] H

o WMRY PUEH—AICEK [xa], WEEES i DICRMBEL v
o N, FRATFEIFA X HY s RE— ook, AEEHAYIR X M Y.
lastAt(i, X) = slide(X, drop(i, X)) (1.7)
HA g slide(X,Y) [ EFE 1R AT LS

slide(x : xs, [y]) = =
slide(x : xs, y:ys) = slide(zs,ys)
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BREL drop(m, X) RF51F X FRYHT m DICER, FATR LB TEE m DSl
drop(0, X) = X
drop(m, @) = @ (1.9)
drop(m, z:xs) = drop(m —1,xs)
%3 1.4
1. 1 Init Bk, AT PAH APPEND(L/, FIRST(L)) K& cons 4.2
2. f£ LasT-Ar Sikr, WALl S A g i il
1.2.6 EX

FEERAE RSN fEA S BERT MR SR A PRI A SE I G 1 3%
MEFIZRFT (persist) A4, FHAEG HHIRMRBEREIASIZ ([3]. 28 2 &),

i

TRINPKHA append, BT cons XiFR. —PFEZRIEIN, — PAERER . R
IR FRAE snoc CF cons ISR o BT EmIIEIFIRET, FIUHEREN
O(n), Hrhn BHEERIRKIEE. O 7l . AT LG A B Tk, IF
Wi BT BT o

append(&,x) = [z] (1.10)
append(y : ys,z) = y:append(ys,z) '
o [AZFIFREIN v, G508 [z];
o N, Kz IRINEIFAIRARE.
X R IEARSE RN T

1: function APPEND(L, z)
2: if L = NIL then
3: return CoNs(z, NIL)
4: H«+ L > PRIk
5: while REsST(L) # NIL do
6: L <+ REST(L)
7: REST(L) < CoNs(z, NIL)
8: return H

FOBr REST FURIFRE SN next 5 HRYMCE . 40 T EEg 6170
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List<A> append(List<A> xs, T x) {
if (xs = null) {
return cons(x, null)
}
List<A> head = xs
while (xs.next # null) {
XS = xs.next
}
xs.next = cons(x, null)
return head

%3] 1.5

L fEFVZRYE LRI — A R A i tail, WS INERE DU A B ] o
2. R Z DR tail 4252 XPPEREA TR

(L5

1 get At UL, WATFTES N BN F P TR E AL E LMERTTER « 8 LR EL set At (i, x, L)
oE
o =0, FEMIELTITE, RN L

o N, EIHMEK TR L HIE i — 1 P IeEK.

setAt(0,z, y:ys) = x:ys (111)
setAt(i,x, y:ys) = y:setAt(i —1,z,ys) ‘

X—BIEMIRIE AN O), Hr i R2EERINAE.
%>] 1.6
1. 7£ setAt W, W] b3R 2 51 L FOR AR I K 1l ?

A

FUZAENA IR F RS S — R AT E ML E N — T ICR 1L insert(i,z, L),
HAM setAt 200 73— LEBACFFIRPIEA TR, EHERIAEEF
o

NTARNTCR o, FZIeHist ¢ LENEHANE. A5 « MRS FHIFRME —
AFFIZE, FERIAT ¢ DITREEER R

o #Hi=0, fHAFEAZR T cons, 5N o L;
“i A 0 TTHA.




32 F—F Ak

o AN, GEIAHG 2z AR LRI - 1 M E, FPRIEELOCR I I
Tl o

insert(0,z, L) = z:L

(1.12)
insert(i,z, y:ys) = x:insert(i —1,z,ys)

4 HE PRI EERS , FRATATLCK HA SN, WA > N T2 AH M A 1%
AEEH:
1: function INSERT(7,z, L)
2: if i =0 then
3: return Cons(z, L)
H <+ L
p+ L
while 7 > 0 and L # NIL do
p<+ L
L <+ REsT(L)
11— 1

10: REST(p) < CONS(z, L)

11: return H

B <SRRI, B UMEEM AT, a8 > (). £6MaEx
RE. BATTLALI—DEE, (TR « AN L FYIRDRET -

o ¥ L ONEEE o /T L HSKEDICR, 458588 o0 L;
o AN, FATBITHF TR o FAZIFHIFK L .

insert(z, @) = |[z]
‘ x<y: z:y:ys (1.13)
insert(z, y:ys) =
ANy zinsert(x, ys)

HTEE—HRILR, WARRREREN O(n), Hin BRE. XATIER
ST :
1: function INSERT(z, L)
2: if L = NIL or x < FIRST(L) then

3: return CoNs(z, L)

4: H<+ L

5: while REST(L) # NIL and FIRST(REST(L)) <  do
6: L < REsT(L)

7: REST(L) < CoNs(z, REST(L))
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8: return H

PRI PR, AT ASEBHEAHE : & RITRILFRAE =513
Hro BT RRIEF AR EIER, FrLAX—HEFP IR AN O(n?).
sort(@) = @ (1.14)
sort(xz:xs) = insert(x,sort(xs))
ORI ST A, ARIES TR A AT
AILGEERIE T, SEE—ME AL & WSIRIPEH TR A B 45 R
1: function SORT(L)
2 S < NIL
3: while L # NIL do
4 S + INSERT(FIRST(L), S)
5 L < REesT(L)

6: return S

PRI REMTIS 2], S8R PIRAR C P I, RRIHSEEELE, A — Ak
AN BIE AT ZEAL BB F TR NZEIA AT A B o AR e AR R 1A 71.2. 775
HRA IR — 22, B 3 BRI, SIERERE AT ANLIL .

%3] 1.7

Lo RGBT, R A IR A P
C EPONEEH SR N, AR R IrA TR R RS ML
3. HEH/NT < HBSEslm A HER -

[N}

il B
FRAELL, BIBREA RS S — MR EREMEMBRITR: 7 MRaEsk
MEFFHMER. BIEE N delAt(i, L), Ja& LN delete(x, L)
NTMBRAIE ¢ ERITER, BAOTECHTE ¢ LEIAERME, AEBE—1IT
2. ORRAR o TR
o HHIFR L oA, MR NI,
o 50 =0, EMERATEGHITR, 200 L
A, I TAIF LA HERSS @ — 1 AT, SRR SK R IR R -

delAt(i, @) = O
delAt(0, x :xs) = xs (1.15)
delAt(i, x:xzs) = x:delAt(i—1,xs)
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HI T A BT @ DPATIHER, X RIENIRIEZREN O®). N HZMH Y%
HeSEBL:
1: function DEL-AT(i, L)
2 S« Cons(L, L) > HHE S
3: p+ S
4: while ¢ > 0 and L # NIL do
5 141—1
6 p<+ L
7 L < REsT(L)
8: if L # NIL then
9: REST(p) < REST(L)
10: return REST(S)

N TR TR AL, ATTIAR— B RS, Eaa — MRk E
L, FFfRIE Lo 6 S, FATaT Lhze et IBR L AP s, Bk il &a,
A S AR E AL RIRE], FFERFE S B S

EPI MR ST LAE— 2B A0 5 PR — R R AR R 5 — S B T R I
MIER: 35— MR A S THREEN TR MR . Ja& Em—%, WATS.
SfEsFE L HlER o i

o WRIIFNE, MEEFRN @
o AN, WIS x, A, WERN L
o FHHAAEFET . MRS, FRsb e L iR 2.

delete(xz, @) = @
r=y: ys (1.16)

delete(x, y:ys) =
xF#y: y:delete(x,ys)

H T B SR VR AR TR, X RRERIE RN O(n), Hn oy

R ARSI, FARIR AT LA A B 5 ok AL 2 4 -

1: function DELETE(z, L)

2 S < Cons(L, L)

3: p+ L

4 while L # NIL and FIrsT(L) # = do

5 p+ L

6 L < REsT(L)
if L # NIL then
8: REST(p) < REST(L)

=
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9: return REST(S)

%3] 1.8

L SRR ST ER BT A TR MER
2. BOTRCERIMBR S . BER A E R A TR R AR S M

EE

BRI ER E —BIE =, IRy R B IA— 1 ITR, MmiEREm )
REFIMAZ AN TCR . (B 22 RS IR SEE, MR E R RE 2 R TT
S SHIE

XHo = X
X+ (y:ys) = append(X,y) 4 ys

XA SEIEER X MY B, SR InA Zar gt 2 B, 23 Y] K. &
IR ZE R O(X] + (IX[+1) + ... + (IX]+[Y]) = O(X|Y |+ [Y]?). FFEeEHz
BAE cons HYREARPE CRET(R]D) . FRATATLARTHESR] X BYEER, SAEHEEs V!

o X NZE, HERA Y
o B, FATEGTHFE X' Y EESER, FHiE o, Minz)=sLEs.
SN, %Y RN, RAVCAIEYT, MTLAREEAR X (FhaE:

gHY =Y
X+#+o = X (1.18)
(x:xs)#HY = z:(zsHY)

PSRRI — ik X, SRR R RREEES] Y, RN O(1X]). £
IR, RS, AR AR e LT I8 o« T
OB SRR AE A R 51 -

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

(1.17)

2

3 return Y

4 if Y = NIL then

5: return X

6 H+ X

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

9: REST(X) « Y

10: return H
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1.2.7 F5FH

WATH FRET B RPEFINEG. BRI ESE, 8157
Hr, BB E T TSR
IR AN 53K

N T HHRAIFR TR AR

o HIIFNE, WEERT 0;

o AN, SEERONE A TCEINERATTRAIA.

sum(@) = 0
(1.19)
sum(z :xs) = x+ sum(zs)
KBRS, NRERI R IIE BT, AWEEREN 00 JAN 17 2 L2 F15%
HIFAA 1o

product(@) = 1

(1.20)
product(z : xs) = x - product(zs)

PSRN 2 I AU EAIRIPEREN O(n), Hirp n W

B3

SR SRBUEIEHSMAT 0 228 FRATRT DS H S ZE T A BT E . SRR,
S5 0 IR R, BRI RMEIZIR b SKERRE, M 1 IFIR R, & RIT=R
Fe gk o BRPRLARE SR

o HHIFRNES, IRIAIYHETRTAGE R
o I, HUHFRLITR, KHHERBIZER L, KGRSO R R,
NEDESRAN SRR R A

sum/(A, @)= A prod' (A, @)= A

sum/(A, x:xs) = sum(x+ A,zs)  prod (A, x:xzs)= prod(z-A, xs)
(1.21)

ZERTHIFE, FATLL 0 A RBUEIAET ] sum’, L1 N RZBVEIGEI]H prod':
sum(X) = sum/(0, X) product(X) = prod' (1, X) (1.22)
B AT AL TP

sum = sum/'(0) product = prod' (1)
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PRI 2 2585 /R (Schonfinkel, 1889 - 1942) £ 1924 {E4RH, RGBT
IR - FTERAE 1958 AR JE ) 2 AT [73]0 & —IJCRREL f (2, y), AR AL AN—125L
T, BFEHN— KT y —JCHE: g(y) = f(z,y), iIEh g = f 2. #E 2 ICH
B,y ., 2) BRRIKIENSEL, AT LA — RBVRE: f, f o, f 2y, .o BATIR
X R AL . BT DML TR B — 25— e A B f(,y,.0,2) =

FKHARBUEE, AMUTEN T NG, H BT LA A g R e 2R
SHTHH. FraBPIRESENSE (Bl A) N, ZEZFAH (Fln A
(TR o IXFEAGIE AT HE— 2B TR IR . FRATFRXAE R R B “ 1" (5 B
R, BRIXFRE B IAR A BB A A [01] BB, fEixEmsrt, #IAk
AR RTR . Rid IHIu v DA A SR, kg T Vi TR g 9 P
Mkt H o

L2679 R THRAHET IR, Had H LM A 1A 22X e R HE 7 o FRAT It AT LA
W HAR REiEIH

sort'(A, @) = A

. (1.23)
sort'(A, x:xs) = sort'(insert(x,A),xs)
AEHERR AT LUE NN @ VEE IR IAT BRALTE 5
sort = sort' (@) (1.24)

VENRBIARIITI B T, 01 AR SO B b ([63], 116 95.) e
BERO TR 1 JFIATERTRLA b 4L 1k, XA O(n) IR Iy

1: function Pow(b,n)
2 T+ 1

3: loop n times

4 rx-b

5 return z

FRETTA O AR, _ERENALERIPIOEA, TSR] » = b® 9EEIR. LI,
BATIETHH « Felh b 52 0°, W LLEHFFIRLL 02, T2 0% SR FHAGREDT
HLATLMSE] (b1)? = 0% JXFREIEHERER 3 3K, TAVE 8 K. 4 n ta1FA 2 %
B, Bln=2m, Hrhom ZARMEEL, JATRI LUR Ry i i 5 on

Bo= b
o= (b3)?

EX A BRI, FATTAT LR n 4 SRR AR %
e Hin=0, EX=1;

o B on HEEL Koo sk, JeitE br, SNETRREERT T
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o o NEHEL WO n— 1 RMEL AT IHTTE bt SRS ERE A R LL b.

o= 1
_— 2n:  (b%)? (1.25)
G bepnt

B2, B2 HTCR BRI Bk H . i, BATATLAERRECETT . 85
PR TR RO o

o= 1
I 2n:  (b*)% (1.26)
A -t

Gt iX—1BU, ST UG ELE R O i H . FRA Tl S5 0" = pow (b, n, 1) 1
oo
pow(b,0,4) = A
{2|n: pow(b2,g,A) (1.27)
FN: pow(b,n—1,0- A)

pow(b,n, A) =

FEHIH LR, HYERESE S 2] T O(lgn). FRATER ARSI, K4 n
%E%ﬁi:iﬂ:ﬁ?ﬂ%ﬁl n = (Amm-1...0100)2, W a; = 1, FRAPHFEMAE, FTEIHE
V2o BRI T IRRMERIE AR AL (Y 10.2) 0 KA kRGN 1 AR E, HER
T —E 2 e i EE R

Fn, SIE B B, 11 BRI 11 = (1011), = 23 + 241, [HI bt =
b2* X b2 X bo FRATATLAERE LR BRI T 5

N = BRI S R

2. X —gE R M2 b2,

3. W44 2 LIRS, ISR b2
4.5 3 BRI, 158 b7,

Boa. FRATESE 1. 20 FI%E 4 B RIER—ii, 158 Mo 28 L, FRATATLAE
— G EESGEITT .

pow(b,0,A) = A

n
2ln:  pow(b?, =, A) 1.98

pow(b,n, A) = 2 (29
AN pow(b?, LiJ’b - A)

R FIEAR EHIH n AR PG GEKE n BREL 2) o &
LSB(Least Significant Bit, HIFARAL) K 0. n NEE FAOEGIRECETT, 4ksiib
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., EHBERBLER Ao SO EEFITIO% 3 4 45 LSB A 1, n F#E. B
THIRECETT, B b TS RBER A b5 Yo 0 0, RATCALESE n HhHfT
Al BAGRAERIUA Ao TR, TRARECY , BRI ' MR
BUER A BIEARLELE b = A- ()"

ICRTIEEIES n AAPRO , (LU HR— R A A RO AL X — BRIk
HA n ke #F 0 I TRERIRR A m AL XN m . MR
BEBRN O(lgn) e Bl X — SR fir o 2 SEIUME AT 455 o

EIFSRAT KA. SRS, AT s, — R ks R

4
B

1: function Sum(L)

2 540

3: while L # NIL do
4 s < s+ FIrsT(L)
5 L < REesT(L)

6: return s

7. function PropuUCT(L)

8: p+1

9: while L # NIL do
10: p < p - FIRST(L)
11: L + REsT(L)

12: return p

FIFSRBURSE  FATAT LA I B e SEERF HOAs HE Y /7 3 n! = product([1..n]).

1.2.8 BXENR/NME

WRAR A BRI HITTR A BT, WAAAEROR f/ME. max/min BT
BERIAAE -

o HHHRFHAAILEK (o], ZRN 213
o AN, BIMAE AT T EER R/ME, FHFHZELITR IR R RA LR,
min([z]) = =

{x <min(zs): x (1.29)

Ay min(xs)

min(x : xs) =
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il

maz([z]) = =z
{x > max(xs): (1.30)
mazr(z : xs) =
I mazx(zs)
XA SEBENA [ 22 AL, FRATTAT LI HA g R IH . I X Fed B 7o
LALIRRES), R, RAAGEREE DR IR f/IME. LL min 2y
K

min'(a, F) = a
. r<a: min(x,xs) (1.31)
min'(a, x:xs) =
Al min'(a, zs)

5 sum/ [prod’ Afa], FATARER min'/maz’ e N—DHEANEARIGE, FRARE
H oo (FTEALIEF) -

min = min'(00) max = max'(—o0)

NIRRT, FEEIEAS FrMECTIEZESIFRAE L, w LR ITR
NN R RV E

min(x : xs) = min'(z, xs) max(z : xs) = maz'(z, xs) (1.32)

FEib A B R foe/ MBS AT LAEE— DA Ok ARSE B FefT T Max LU MIN
Hiil:
1: function MIN(L)
2 m < FIRsST(L)
3: L < REsT(L)
4: while L # NIL do
5 if FIRsT(L) < m then
6 m < FIRST(L)

7: L <+ REsT(L)
8: return m

WA EISIHEI, FTUAE ST RN RRRES . SBIAN, |TyEhED
AMANTTER, BANFREHTWNE, X751, RS HERIITTR. LA
min N

min(jz]) = =
» x1 < x2: min(zy:xs) (1.33)
min(xy : xo 1 xs) =
Ny min(xs : xs)

max SEILE O FR .
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%3] 1.9

L. A RE#IASEI length
2. i FH R H SR AN HE T
3. fHH n MZEERIEA, SCAE o PR, (IS EJRER O(lgn)

1.3 Tk

MREEE AR, AMFARRIR AR —RhORFIIERE Y, (UL AT
7 PSSR A5 . AR EERMFSNFAF F Rl , FAIFRORFr IR 4
AR R BRET .

1.3.1 ZF—Rgt

PATE T — L) TR, o B — D4 — 5 B F g R R ST 5
L e [3, 1, 2, 4, 5] ey [“three”, “one”, “two”, “four”, “five”],

toStr(o) = @

(1.34)
toStr(x : xs) = str(z) : toStr(zs)

BAPIFRRTHFESR . R, waE THE, FUENE T
RS, il

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

DY

[zero, zoo, ...]]

FETRBAN VB — B, flin KEISRED (CEFEMID») ., St HiafHE
FHRYEHELREL, B

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

.« ey

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

BUETA T, XA E TR/, WA R B 2 il 45512
— ARSI, RPEADRIREGEES B E TR IR 4, B [a,
but, can, ...Jo IAIFHFEBIT R, K ALFIE /B PR R — 4
AL
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HATEICE L AR sz — A [IRBO HIEE . TR BB 22 1Y ]
AT, AT BB R R R G ( maz By(emp, L), HAT emp 25 A E
BRI o

mazBy(emp, [z]) = =
emp(x1, @) : mazxBy(emp, xo @ x8) (1.35)
maxBy(cmp, x1:x9:1x8) =
& maxBy(cmp, x1 : zs)

XEF—XHE p = (a,b), FATE LT 4l By ek £

fst (a,b) = a
snd (a,b) = b

(1.36)

NG Z HHEIL fst((a,b) = a, FAVEN T 2508 £ LN SGERRHILT .
FNVEN XIS f o = f(z)o BT RURTLAE SCER IR/ UCHO A FLAR PR 2L
T:

less(p1,p2) = snd(p1) < snd(pz) (1.37)
$i less N max By wlinl et BB 2 1 5 R (R IE D) -
max" = maxBy(less) (1.38)

w5, FATFEA max” () QFERIRSETH15E

solve(@) = o (1.39)
solve(z : xs) = fst(maz"(x)) : solve(xs)

RRE

B RRRBIIRIENTE . solve() Fl toStr() Bt RIFERTHR S5 o BAPREXFERY
ZERNG A BRE o

map(f, &) = @
map(f, x:xs) = f(x): map(f,xs)
map 2 —PRE [ AERNSEG SRR R BIFRP R EE IR B FRATHR

P HE R B E AT BN RN RO b R IR f 9N A — B, R
A HTCRBE NI B TR, M map AN :

(1.40)

map :: (A — B) — [A] — [B] (1.41)

BEfF: map BRI A - B RIBK, RIS (4] MBI
A3y (B) IFI3 LB LA B ST (RTEATY)
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toStr = map str

solve = map (fst o mazx')

Hrp fog FURMBASE, CEHICNMEL g, AFHMHIEE f, B (fog) x =
flg(x))e BEAE fAEMT g ZJme FATRAT LANERS B R E SLLAT . BREL y =
flz) EXT—TINES X FHICEK = 2IHG Y PRICE y KIBGY:

Y = {f(a)]z € X} (1.42)

XFIE R E S IR AT RS —— I 2RSSR (FIFR ZF ik
[72]e N ZAAET , FATE AR IR T — PRI Y = [f(2)[z € Y],
MAZEG M. R IS A EERITR. JIRN ZF R R S RAEAT
SUFRMAT R — KR TR AP, BATEZ IS — P HES IR . AT
MafiES ([72] [94]) %, 5 SCE—MRIHES R EL perm(L, r), FIZE BN n 1Y

n

S L it r AR AR, A P = T R,
perm(Lr) — {|L| <rorr=0: []
&y [z:ys |z e L,ys € perm(delete(x,L),r —1)]

(1.43)

ML 0 ANTEZHER, SR TE RO EUNT v, HESIEER N 2511

% (0 AL RATE B FIFEPEA TR o, BTHAEIARN n— 1 ARk

B r— 1 AR, RIEE o BTSSRI . FEAY Haskell §] 7R,
(R T ZF Seikat s sUHES S

perm xs r | r = 0 || length xs < r = [[]]
| otherwise = [ x:ys | x <«xs,
ys < perm (delete x xs) (r-1)]

N7 ARG B IRASEEE, TR R RRE T T AR B
1: function MaPp(f, L)

2 L’ + Cons(L, NIL) > LY A
3 p+ L

4 while L # NIL do

5: x + FIRST(L)

6 L < REeST(L)

7 REST(p) < CoONs(f(x), NIL)

8 p + REST(p)

9: return REST(L') > RFEHBT R
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E—#IT
FLLE NN RATA A B R — AR TR, TSR T
El— Mo E P ITE:
1: function PRINT(L)
2: while L # NIL do

3: print FIRST(L)
4: L + REsT(L)

W, BAMEBIIEN— R P, R5RM5IR, & P A& TR L.
: function FOrR-EACH(P, L)
while L # NIL do
P(FIrsT(L))
L < REsT(L)

= w o

BR S B 1] F

TERBIT, BATVEE— T n AT A [96]: B THA n RIT, #REKA.
FAHAT AR n k.

L A BOKTHRETIT 5
2. WENE 24 4 6 mATHYIT R WURATRSERHY, MR WAGE K, W55
3. T B B 3y 64 9oL B L AKT I BARRIR A DI 5

e eHRE, JOARE =k (58 n m8) BITRgdRsh. mH2A L=k 2
SEfy?

Jo5 B R 55 285 1 n RATFORN 8] 06 120y, i 0 S0RIEK, 1
FORRE. THAGR . JTHGZERE [0, 0, .., O] KEKT4 50 1 2] n, SRIEMET— %
T (4, 72/K) WFIER:

lights = map(i — (i,0), [1,2,3,...n])

XA g BB R 0 B, G5 RO — I, A TREME: L=
[(1,0),(2,0), ..., (n,0)]o SRIFFNTHRIEIX—FIFK n Ko £ @ KRMET, B laEs
XHE . WFRIT IS5 RERE @ BEER . FATHHIRESHIK. 8 1-0=1H1-1=0,
AT LG FE IR & BVl 1 — 2o XFFAT (J,2). % ilj (B j mod i =0),
AURHE KT HOIRAS A b A At 7
switch(i, (4,x)) = {] modi=0: (j,1-2) (1.44)
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XIFTEKTHIES @ R R P s S -
map(switch(i), L) (1.45)
XH, BAMEAT switch A BT, BEMT:
map((j,z) — switch(i, (j,z)), L)

TR, BATESL P RE op(), EEMAT LR L MBS n e N
Op([la 27 sty n}a L) °

wen -k . (1.1

op(i:is, L) = op(is,map(switch(i), L))

wJa . CREXHER S TR R R R A R
solve(n) = sum(map(snd, op([1,2, ...,n],lights))) (1.47)

MY Haskell #2528 17X — 55 240415

solve = sumo (map snd) o proc where
lights = map (A1 — (i, 0)) [1..n]
proc n = operate [1..n] lights
operate [] xs = xs
operate (i:is) xs = operate is (map (switch i) xs)

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

FATIUAT A My 1 20 -y 100 HISIOER ORI THAT)

[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,

Tyl Ty Ty 0Ty T, Ty, T, T, 7,7, 7,7,7,
s,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]

X G R AL
o 3 akI LA, S lhoRsenykl 1 m&:;
o 4 JITE| 8 JUTHY, WIFMIRA 2 |ITRZEHY:
o 9wk E) 156 SATHY, Haf 3 k25
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Bk, MATHEE R 2 8] i+ 1)2— 1 B, BIFSH | SR, F5 L,
AR LI T X — 4516

. K 0 SATHR SN 1B n, B EEJRTIIAERIARLELT . T HIRES, Bkl #ie
K, FATATLARGAE . BARShar BRI R AT S 2 se i o XET45 0 @ KT, 45 d
LA § 8RR GRoR R L), WIFESS j %6, ERITRBEREN— K. FrEAST B 55
AAEETR, RIERIRAZ SR

N T B R E S RIRT . AT B A S A AT R R RO E XA H R EL
n, it S N n WErAH RIS, S IR @, & p N n B—DET, WaRE
FE—NIERERL ¢, 15 n = pgo WALEUL ¢ i n BIRT. RIEHHEME p # g B,
HATOEES S A AR T, X [S] B2 BE BrIEp =q. ILH n 2%
SERTE TR XSS S FIN— 1T, NMSEEairry. O

MR —2518, FRATAT LU F4 n DAN 8958 4 V07 BOR s X — iR il
solve(n) = [v/n] (1.48)
NI Haskell - FRE/ 741 1n 20 - + 100 FRATHS 45

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

BRETE MR, EANURRTIIZR, Wl L REIF 2 2 2 i A
BTSN A SR AT . HEEFRATRE S i P — a5, I HA s g
PR RE SL, At AT LAGE P S O ABE 2 o

1.3.2 &t

Ay P e/ N 23 TR B — A LR R ERR —E RSB H R A AR T Y 5
Fo HLSLAFAE—A A1 LSS -

L Je5 A afs e
2. FetfonRikIH
3. R Rk Ay & SRR
A AR EM, TSI Lo
o L ONE, NSRBI ES:
o AN, BRI EFAIEE L SRIEHE SR — D TR IR IR B
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reverse(d) = o
(1.49)
reverse(r : xs) = append(reverse(xs),x)
(R IX— T LI MEREA . BT SR I 53R LAE RIS INTT R o EMAI [R5 A%

BERSF I o TG HAU N R AT e FRATEE A — > R FRER kT s Rl i S
G5, IR NSFIFKR B S reverse = reverse’ (@),

reverse' (A, @) = A
(1.50)
reverse' (A, x:xs) = reverse (xz: A, xs)

AFETFAERTAM, cons SZHEISHEIE. FATNE IR K HRE U T
R OCKHETRRGERIATI . XS THRIITR BN, SRR .
Bk BN RIRY . d T RS INTE R I BN SO, FRATRT LI AL N PE Rk
(%
1: function REVERSE(L)
2 A+ NIL
3: while L # NIL do
4 A < Cons(FIrst(L), A)
5 L < REesT(L)

6: return A

B, X BRER T DRI, A RAEESR BB FA1E
NoRELEN EA] LR OB SR N A Bl Ry

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

return ys

%3] 1.10

L 25— 0 2] 10 {CLANRIEL, il o SCERoR, filin 123 #645h
“one hundred and twenty three”, {5 A /NSRS W ?

2. fEFRIEIAR [(k,v)] FIFH v HEARITR.

1.4 FHIER

AT AP > B IESERI U Fr . T8I BTG 208 1, INIMTIX R 2
LMERT IR o
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1.4.1 HE. EF. o7&

MBI T n ATTER G THRBUNE 125 n ATTRIIF513  sublist(1,n, L).
W n N0 L=o, WFFEERAE: FI, @SAE L B n -1 90K, #
R K BT R E T A

take(0,L) = @
take(n,@) = @ (1.51)
take(n,z :xs) = x:take(n —1,xs)

X FIR IR . MR n > (L) 5 0 WSO BEEELY L K
S FAEIL, R EEEA SR,
MINFRPRFFH n IR, FHTMA MR 53 sublist(n + 1,|L], L), H
L] BAIERHIEE . EHISEEL take SZXIFRAY:
drop(0,L) = L
drop(n,@) = @ (1.52)
drop(n,z : xs) = drop(n—1,xs)

AR B EACSL BBV EAR T 25> o (EFHBUE IR FE4RAE . W LMERIR N
fry o7 BRI RE KR 751136

sublist(from,cent, L) = take(ent, drop(from — 1, L)) (1.53)
FIN—FIEA, R NLE A A 1 57
slice( from,to, L) = drop(from — 1,take(to, L)) (1.54)
S E SCAAKTA] [from,to], (4EMS. FA AT LAFERT E A2 BALS IR &
SARE
splitAt(i, L) = (take(i, L), drop(i, L)) (1.55)
%3] 1.11
L. 4 sublist Fl slice BU5NMBEAIEA, NTTHT L EASEG
FHBIMEF

take 5 drop FHEBMMELEFTHI A FATAT LS HA g, HERERS AR Gr,
AU EE EFF IR, BN takeW hile/dropW hile. EATE— & ILH B G
SRESTEFA, AW, W F IER AR 1R, XS R AR e EE A A
[ o
takeWhile(p, @) = @

x): x:takeWhile(p,xs 1.56
takeWhile(p, = :xs) = p(z) ile(p, xs) ( )
o o
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Hrprp BRI K p BAEI LR B, GIREESEEOR R AL
dropW hile HSEILZXTFRAY:

dropWhile(p, @) = &
xz): dropWhile(p,xs 1.57
dropW hile(p, © : xs) = p(@) P (p, zs) (1.57)
A s

1.4.2 Yigfa4A

DI > BB S 3R h B JC SR EOB Lty T S 3k dl e — i — i it
Frixmh oy 2R2tlE, (I RIS A N Zett o

5
DIor vl LI 72— Fhpik g split, FATARAETREH AL ER SR I, T2
WA NICREGWER 5, RIS RRITES. VIngRE X1k,
— BT, B MEER AN .
DI AR —Fg il R RIS HI3: A — MR e SR KT
WFo BIEFRN span, JGEFRN break.
span(p, @) = (2,9)
{p(m) . (z: A, B) Hrpr (A, B) = span(p, zs) (1.58)
span(p, x:xs) =
a0 (g, x:xs)
AR BB BUZ AR, WAl LASEEL break:
break(p) = span(—p) (1.59)

span fl break #F KRB —BHAMHFTHZ T T, 2RI F
[H /& SPAN [FJiEACSLIY :

1: function SPAN(p, L)

2: A + NIL

3: while L # NIL and p(FirsT(L)) do
4 A < Cons(FIrst(L), A)

5: L < REesT(L)

6: return (A4, L)
R BRGNS T SETRY IR DA KT AR, F It n] A R R =5
(], R RO i ) SR
1: function SPAN(p, L)
2: A+ L
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tail < NIL

while L # NIL and p(F1rsT(L)) do
tail < L
L + REsT(L)

if tail = NIL then
8 return (NIL, L)
9: REST(tail) < NIL
10: return (A4, L)

=

48
span M1 break KEHIFZ I AP . 4RSI FRP R ITR A T . B

WG TR B EON AT, S R 74 -
group " Mississippi'' = [TM'', TTi't, Tiss'r, it

\\ssll"\j'll’ “ppll’ “.ill]

BN, 25—y
L =1[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14, 2]
e o T4, B R TT R R L R RS -
group(L) = [[15,9,0], 12,11, 7], [10, 5], [6], [13, 1], [4], [8, 3], [14, 2]]

XA AR A SEAMME. TR, AT SRR X B 454
TP SCAE SR o AP A T SE AR AFFHER . BATEAERARE T /2
=AE

ANEDHFAFMFIIREFI R R ~o EMTHBPMEBLITER 2.y BEFH"
v~ yo FATBHIIZR, FRILEMADITTR. REN, MIUEMET 4l S
Tz BTN, M y BT .

group(~, @) = [2]
group(~, [z]) = [[z]]

(1.60)
group(~, x:y:xs) = {

x~y: (x:ys):yss

A [z] s ys:yss

Hrp (ys : yss) = group(~, xs). XIS HEZRIEHN O(n), Hrin 2R,
W ARy LR — k. 5 L ANZ, AT A RAE N [[24]],
Hrp oy BRLTTR RIS A TTRITIRE I YIER, A AP TTR 0N, 3,
T3 0 B R TR N E 4, AN el — 4.

1: function GROUP(~, L)
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2: if L = NIL then

3: return [NIL]

4: x < FIRST(L)

5: L < REsT(L)

6: g < |z]

o Gl

8: while L # NIL do

9: y < FIRST(L)

10: if x ~ y then

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

13: g9 < [yl

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

16: L < NexT(L)

17: return G

IR append BATRERA AL . X —STHLART 14 24 BES R AL Ry
e WMEAKIITY, LUK append 244 cons. i FHAMHeREL, AT LAY A
73T DASEER R

group(z, [m’ Uy 8,8,1,8,8,1,D,D, Z]) = [[M]’ [Z]v [33]7 [Z]’ [SS]’ [Z]a [pp]v [ZH

il

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

WATLAMEH] span Rl EN—A25M, span #5130 RIKPIHRSD: Hp
RIS FRY B AR . BT TR R AT span, EEIAHSEHTAIC
Ko (HEHEN span WIZEIFREUZ —JCREL, ERESZ MILRIENSE. KEERE
A o M EOROE “ICmE. BRI ICRIF AT IR AT LU B ok
ff X — 225 B ICREN T ITTHIMT R B E E SR AT B 5 Y sk
FIARRITCH -

group(~, 2) = [2]

group(~, z:xs) = (x:A):group(~,B)

Hrp (A, B) = span(y =  ~ y,xs), 2R FHIFIAT span (LR BIRX R
T4 BRECAT LK B3] AR ] o 4 -

(1.61)

group (=) " “Mississippi''

[“mll"‘-ill’ \SS'I, ‘-ill’ \\SS", -Ill’ “ppll’ “.ill]




52 F—

(BB A RE IE R B 7 14 IR P e 202 -

group (>) [15, 9, @, 12, 11, 7, 10, 5, 6, 13, 1, 4, 8, 3, 14, 2]
[ris,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]]

BAILRE 15, BHET > AMB T 15 Z2FIERTHHR IR, Fit
span fUFTAITREE T A h, 1 B N7 XA, M2 ERIIT . KR
BT A N ITT R E] e TRUER, FEMARR (~) FRA0 2 =1
Pepc: B RS btk XPFRME.

L BRM: o~z IMEMITEME B CEM:

2. I 2~y ~ 2= o~z WRWATESN, IFHLIZ B =400
FEM . MK =ATEREM

3. MR v~y oy~ oz, MIBEIIT AR LS.

X “Mississippi” /M, FAVEH S (=) ENRITEAT, Bk =50
JEo IXHERAE T IEMIINEE R . (R EARRTHET S (=) VNN SFIENRT,
AL T B RAERIRIFRE . IMICIEIE RO B 2 70 4. ] span SEELAYEE —
M, B SURFONE PR EM R, A — BRI TC ARl &
PURSE EATAT PSRBT Z R IR A IX AN S 25

%3] 1.12
B2 take/drop 835, 4 n R HEHT, take IRIF] @, drop IRIFI4 3.
SCIR L AE 2L take AT drop ik
S takeWhile f{1 dropWhile 8%,
Z R span [1SEHL:

L

span(p, @) = (2,9)
p(x): (z:AB)
&Gl (A,z: B)

span(p, x: xs)

Hrb (A, B) = span(p,zs), EMBANTAT L 1A LA AR

1.5 En

JLTFRra PR EE A B L RS . IXAE 6 XREMEAR ERA
FUZHTEIANE BT FRATAT LR SR EE MR B S 2 kS &0 B4 L2
FrABIZ BRI RIAAET [09]

S IY{E reduce




1.5 &hm 53

1.5.1 HMEHn
i sums product. sort, CAIENAEILE L5

h) = =z

Mz :xzs) = x@& h(xs) (1.62)

BT LTI MM R ok

o BN R. SRR 05 KB 1 HEFHY o;

o AT TE R L T HHE00 AR SRR AR BN ARTR :
R AR

AT SIS L5 TG VAT, B0 = (REMEIME) . LiEHg
Y @ EHRELATUSRMN:

h®,z, @) = =z

(1.63)
hM®,z, z:xs) = & h(D,z,x8)

HATHASNE L = [v1, 22, ..., 0], HHEERRRIFATT :

h®, z, [x1, T2, ..., Tp))
= 21 ®h(D, 2, [x2, T3, ..., 24))
= xl@(x2®h<@aza [l‘g,...,l’n]))

= ;1B (22® (...(x, ® (D, 2,9))...))

XLEFRUE R, ERRFTH R M A TG (2, @ 2) . AW 24T
EE] wyo RXMELMR AT AL 37 bt BT AL e SR b B AR A S 4 il 27
e BRITH L BT &, REUGER R,




o4 F—F Ak

XL B R T — 3. WGE B 1 1 TRV B — R B B A C UG BT
D Lo BAIHMGERR D A WO REM S Hg . AR —ICERE, BRI
A E AR SRS SRPUEEAIBCE ST B A R AR R Y o

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

2+(B3+(4+5)))
2+(349))
2+ 12)

4

+(
+(
+(
+1

1
1
1
1
1

ot

product([1,2,3,4,5]) =1x(2x(3x(4x5)))
=1x(2x(3x20))
=1x(2x60)
=1x120
=120

BAPRIX — AN R, T BN 346G AT HICA foldr:

foldr(f,z, @) = =z

(1.64)
foldr(f,z, x:xs) = f(x, foldr(f,z, xs))
i foldr, RFNESKAAFTLAE AN
= foldr(+,0, [x1,za, ..., x,])
[Tz =21 % (w2 X (T3 X oo + (Tt X Tn))..) (1.66)

= foldr(x,1,[x1,za, ..., xy)])

B S AT RAE A sum = foldr(+,0) fl product = foldr(x,1). fEAHE
FE AT foldr EXN:

sort = foldr(insert, &) (1.67)

1.5.2 ZEMZEm

FNTAT LA foldr FetfionRRid ). ErERMER SR, (HRITER N A A T
He PRULBAGHIEN foldl:

foldl(f,z, @) = =z
foldl(f,z, x:xs) = foldl(f, f(z,x),xs)

LA sum i, R LR BITHESE AAT H 284 TR -

(1.68)



foldl
= foldl

(+,Jl2345D
(+,0

= foldi(
(
(

,0+1,[2,3,4,5))
+40+n+a[3¢m)

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

= foldl(+,(((0+1)+2)+3) +

= foldl(+,(((0+1)+2+43)+

= 0+1+2+3+4+5

B SR T f(2,2) MITE, ZREERERAT R AEEOR R SRE
FroIh [1,3,6,10,15] —Mkiit, foldl nILLIT M NIHEFIEA:

[5])
+5,2)

i

+4
4

foldi(f, z, [x1, 22, ooy xn]) = F(FC(f(f(z,21),22), o0y T0) (1.69)
sk M aeik
foldl(®, z, [x1, T2y, Tp]) =2 B X1 B2 B ... DTy (1.70)

foldl 2RI IARY, v LI HSLHUNIRER . FATR & Rty =, SR80
BENHATERMEANICE B A FE T HIE REDUCE,
1: function REDUCE(f, z, L)
2: while L # NIL do

3: z < f(z, FIRST(L) )
4: L + REsT(L)
5: return z

foldr M1 foldl % BAEANM MR, ENFFARSRED . B, FLzeds
SCRFA IR AITCER () o BATEE LA~ fromList AL, 1 FIFRMTHE A
i (R EALIED) -

fromList = foldr(add, empty)

Hrp empty BN fwo HURFERAR S URIXE A G AR EAR TR A TE
REELE i TAE R IRAS I MR A R RIFRIRFRNT  foldr wi2— 1 B IRHYIEEE
117 foldl M= A:5di Fr i3 5 o AEIRASEBLI o 1 i Rt P IR0, JATTR] LASE RO mlak
AT reduce #ff:

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

ANNNASEH foldl, AT RERE#IAN, [FWE R E S5
It Hib 2835 . (AT 53R (HRAEERIESEI) I, B HEEH foldr,
i, FEBEF RS D TICE PR ST REE TR AR, JFR
Elg 10
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take(10, foldr((z,zs) — [z] : xs,2,[1,2,...])
= [[1], 2], [3], [4], 5], [6], [7], [8], [9], [10]]

XHEAREME N foldl, ROAINZITRIKIEAZTE M. HAA B XA, AT
GHIFFS foldo RPALNFFS fold, M1 fold, G ZMA T MALT . REAR
HNAERERTIIRN, HEEMESSMR. En LR e JATT
PO—HR ([99]2.6 75)« — ARSI RIEE SR Z8HISE A BE T & . BB T2 T IX
PSR

o BT (BIINER)
o AR IAZE R (BN — BRI AT S AR FARAITER)
NN o 2 b A e s 1 SO LTE=a) INIEZE & NP 17
%3] 1.13
L NTH foldr & SHRAHER . FRATRHE N BRECR T insert(z, L), XHEHER
T LAFKIN A sort = foldr(insert,@). foldr 2RI N
foldr::(A— B — B)— B — [A] - B
Hrp S — 28 f IR A— B — B, WIIAlH » AN B. EXITR

KDY A IR, FALRMATY B, WTF foldl & UHTNHE
Fre foldl HO2MLRA 47

1.5.3 flF
VENBIF, FRATPREWMI fold F1 map SKffk n ZXT#E. (E95 485, 3]
g 7T —A 3, BANICRE—ME (4,8), OSTHFES  FIRRRE s. &5
BeErr, WIRATIO PS5 @ REARACEL 7 BEBR, BRI RS . X —dBrT LA fold
fold,.(step,[(1,0),(2,0), ..., (n,0)],[1,2,...,n])

PRI A ST E R K . EArRRIPIZREM 1 2] n BRE REL step FeZ M4
S8 —RBEG A RS RN . AT map SREIEKT PRS-

fold,.((i, L) — map(switch(i), L), [(1,0),(2,0),...,(n,0)],[1,2,...,n])
fold, MZEFZRAMFF /WIRPIRAS XS FIZ . # N R M map WEEXHE R
WE, B sum KA LA 2 mseRy :

sum(map(snd, fold,((i, L) —

L (1.71)
map(switch(i), L),[(1,0),(2,0),...,(n,0)],[1,2,...,n])))
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EREX

WAL fold A" (551.2.67%) 1EMIAE—2H%3 b, HATRM Y T BN THEK
—AIFR . X R IE R AL R :

concat = fold,. (4, D) (1.72)
R A E L, HAET

concat([[1],]2,3,4],[5,6,7,8,9]]) = [1,2,3,4,5,6,7,8,9]

%> 1.14

1. concat IR 248 211 4.2
2. BIF— PR A concat k.
3. {#iF foldr k:E X map,

1.6 #EERFMIIE
MR IS G . RAOURTHIZE, ST AT E 2%, 3T
% ELEE TR LRI

1.6.1 BT

ZERM ARITR o, WTREERGETRENITREAY A [FIF FATa)
PAis A ZRAGEE D TR @ BETAH, BRI R ISR TTREEIE T,

o AN, W a AL
o HFLITLRET a. NIFFAE:

o BN, BAMACE o BEETFIIER.

a€d = False
b=a: True 1.73
a€(b:bs) = (1.73)
b#a: a€bs

K REWARIE elemo BN O(n), Hrpn 2RE. #HIFRAF (Bl
THF) . AN IHEZ BT 5 HA RSB ] BZIFRA SRR )
FIRERLIT ), oIk a4k (58 3 2.
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1.6.2 Zif

FATEE T KA elem $rffEo A8 n s ATERRE D AR T 68 /(" X151 [(k, v)] o
TRPTRAG M —ME XFIRFRAE RIKSIR IR e P & 5 ME, 3K
1175 ZHEAE A ER R U SR AT HE AR

lookup(x, &) = Nothing
v=ux: Just (k,v 1.74
lookup(x, (k,v) : kvs) = (k- 0) (L.74)
v#x: lookup(x,kvs)

il elem AR, FAIAEABEFAES A, 0 BB EEI 8/ (X TR
EWIEFA A, AT —FMFRIETTRE B AL, Maybe A AA
PIRARE(E : B2 A IEAME o, BUZ%. 20ICHN Just a B Nothing. iX
MRS AT ([99)4.2.2 79),

1.6.3 &EHxMNIE

FATATLABE— 24 lookup F|—MtF L. AHAUULBITE R A S TR
{H. MRS ER TR

find(p, @) = Nothing
Find(p, (x:z5)) = {p(:c) o Justx (1.75)
Nl find(p, xs)

REWAZAICRMEFIE. find FUREIE 4 AT LMEEY ROV EK
SRS FMFRICR Xl REEE AR IE, W LAR .

# N ——b filter p +——

B 1.4 N [z, 0y ]y T [2), 2, 2l e TR : V2, = p(a)).

FATHATLAR] ZF kAR E XL filter:
filter(p, X) = [z;|z; € X, p(x;)] (1.76)
M find A, WMRBAEMITTRB LS, filter IRAIZFTFR. BB
2, A IITR:
filter(p, @) = @
p(x): x: filter(p,xs) (1.77)
BN filter(p,xs)

filter(p, xz:xs) = {

X —BEMNG S SR . FEEASEE, IR append SRAIESSE, HhRE
2N O(n?).
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1: function FILTER(p, L)

2 L'+ NIL

3: while L # NIL do

4 if p(FIrST(L)) then

5 L' < ApPEND(L', FIRST(L)) > 2tk I [A]

6: L < REesT(L)

IERA B2 ] cons BAQ, (HIXFER RIS R i r o FRATAT AT —iRk

NENTEIA SR (ZR>D) « WA TR ZE AT T A PE B R A TR LA foldr Sk 5E SL
g ATH R — R EL f B NITR, RS SR E g5 R -

z): x:A
Fla, A) = {p( ) (1.78)
H: A

WMIFERGFVESAT p BN fo IXME—IA 3 DU f(p, 2, A)o KHATEAL AL
2 foldr 5 IR

filter(p) = foldr((xz, A) — f(p,x,A),D) (1.79)
PATTLARE— G HAR o (FRAE 7 ¥ [73])
filter(p) = foldr(f(p), D) (1.80)

Pt — A AOBRTFUZE, FATAT LA R 3k J1 A 546 I —
MHGERM, PRIFRCSEBRER .

1.6.4 [ITfg

VLpic— o R e — D EA IR BIERRE A FIRTN R E, ITRCS 2
=T EANHINES . RBL I THE T AT BRI XA VUL ELE—
Mo A, REEREHIES IR B PRI XEAMWRIRIEI: Hk
A RAE B METSHEZR. 2 (1.58) S 2RRY span SBE ST G R SFAFRY SICHT
o FATATLMEARLRY T B A B P TR AR BRI AR TTREE)
KME—FIRRERR. & A2 B RIFIZR, MidHh: AC B.

gCB = True
(a:as) C@ = False
a#b: False

a=b: asCbs

(1.81)
(a:as) C(b:bs) = {

HIT 513, RIS A LM RIET. R ATARER AR TR &S
2 RFFPAFIRMBES . R85 WA 2B P L. XA R R . X — i 58
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Al N T SEILNERS R R S, BT TR LG PSR B e, S8 5 (5 T AT 2
AT -

A D B =reverse(A) C reverse(B) (1.82)

A C, WAl LA — PR 2 A0 7L . FRIErPEiaE . Tkt
eI HARSIZR, AW TR :

infix?(a:as, &) = False
ACB: True (1.83)
infiz?(A, B) =
ra Il infix?(A, B)

AN, EXSPIFRAEMIIRN TS BT o C B ML, FILEIESH
IR XT infia?(0,9), FHRMZIEFN. THEX M AYIEASEHL:
1: function Is-INFIX(A, B)
2: if A = NIL then

3: return TRUE

4 n < |A|

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

7: return TRUE

o

B <+ REST(B)
9: return FALSE
T AT ZRAG I T B VE I ), I HLAEm D IR A, X — R 2 488
O(nm), Hrtn flm 3 HZPDFIRCE . ISR, X g —Lb
B BRI RGN 2 — DL TR 5 13 BAH T —LI5biy I, Flan
KMP (Knuth-Morris-Pratt) 27, Boyer-Moore &3, [ftst C A48 T S5 i1k
YRR, AT B AR, SREiE A B ERANERITE:

infix?(A, B) =35 € suffizres(B),AC S (1.84)

NI Haskell -5 - FH A A Se B 73X —J7 3%

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

Hrr disPrefix0f PHTHIZM A . tails BOE—DIIRMITAIEH. KA
I ENGR o

%3] 1.15

L SHAMERRNET (FERE) 8k
2. TLEEREREE.
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3. fEH] reverse SLEZNERT RIS IE RIS
4. IR AT AR
5. HE AR, MerHeEmira %,

1.7 zip # unzip

RIRIN AR — P SRR 50 S, MBSl o MR AR el HE
HALUE R, (AR TERE R LRI AR EU . £ n sAT G, FATH T A5
HOIERESIFR:

map(i — (2,0), [1,2,...,n])

WMNZHTFER P FIFR KRR, NI ATELE LA zip B%:

zip(A, @) = O
zip(@, B) = @ (1.85)
zip(a :as, b:bs) = (a,b): zip(as,bs)

XA AT A S FEAN A 91056 o RIRES IR AV BER AN R — A o Bl
HEATLIOCHTCS 513 (IR SIRARZTCIT 1Y, NI AR (D . piltn®:

zip([0,0,...],[1,2,...,n])
LB HRBIFR, FRATAT LAZE A ERIR U 2 5 TR
zip([1,2,...], [a, an, another, ...])

zip WA TR ZEAEEE e FATTAT LU foldr & L. BIEMISRIZZRE N O(m),
Hrm BEETIRNKE . (RSN, R append #H:4F, HYERES NI
NPT TE], BRARGE RS A .

1: function Z1p(A, B)

2 C + NIL

5 while A # NIL and B # NIL do

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

6 B < REST(B)

7: return C

AT R append, FRATATLME R cons, A5 FHEAE L . (HIXFETCIEALEE M
MEH IR IR, RATTUEH A SRFEMHEE R (AP g —
FITCEMLE A—FTTRXT)

57 Haskell f1: zip (repeat 0) [1..n]
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FATATLAE— DY zip RIKZ A P56 FLegmfeEfgdt 7 zip. zip3. zip4
"""" HE zipT. AT, FRATAZEMEITEXT, M2 2N IR G R %L B
i, 25 5 B MK R BB A B3, 0 T SRR - A 4R LB O 1,00, 0.80, 10.05, ...
(FRALRTC) s B SLACRER O [3,1,0,..], FoRE T 3 AR, 1 ME 7. 0
MR TR B RNAY G A

pays(U, @) = @
pays(@, Q) = @
pays(u: us, q:qs) (u-q) : pays(us, gs)
B T HIZRIEAE cons, HATHELIA zip R FATRAG RBING N [ IHE
25 zip, BUESCH R
zipWith(f, A, @) = @
zipWith(f,@, B) = @ (1.86)
zipWith(f,a : as, b:bs) = f(a,b): zipWith(f,as,bs)
NHERMA zipWith E AT (WHRIERFD [98] B9+
A - B = sum(zipWith(-, A, B)) (1.87)

zip HIIESIE unzip, FRERIIRD IS5, NG foldr 25 H A
B E L

unzip = foldr((a,b),(A,B) — (a: A,b: B),(2,9)) (1.88)

FMIN—X BRI IR E N, ARG IR N o, b FFETHAEERIIERZ
Ao SRR AT LM sty snd ZAWF

(p, P) = (fst(p) : fst(P), snd(p) : snd(P))
TSR, A B B LAKERS SR TE 2025 H -
U = [(apple, 1.00), (orange, 0.80), (banana, 10.05), ...|

RHE] KRR A, AN lookup(melon, U)o WESEHURHLZRIRIIER: Q =
[(apple, 3), (orange, 1), (banana, 0), ...]o THELEFN, FRATAM RIS L 77
WM RIECE, RETHE A

pay = sum(zipWith(-, snd(unzip(U)), snd(unzip(Q)))) (1.89)
zipWith Z5GAE1ESKIEIRTT LLE LTC o5 SR ARTLEL ] -
F=0:1:zipWith(+, F, F") (1.90)

EHE R FR2IEFHEPARES], H—IItRE 0, H_IMITHRE L. I 2
FA LT R TC T LWARES . NE=DTeHRE, G EPIRRE, &2 F
XS ROCER R RGPS TR 15 AR
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fib =0 : 1 : zipWith (+) fib (tail fib)

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

zip M unzip RIS ZMMR AT FATRT LAY R 2ip ISCHCPIRRA . 55 AP A9 £
PRRATTER , 7k BRI o SRR zip A1 unzip &R LT ERERS 04515
3k Az, BBl & SRR I AT 5 T ([10] 9RE—3)

%3 1.16

L. &t iota 835 (1) HHZEAT:
o iota(...,n) =1[1,2,3,...,n];
o iota(m,n) = [m,m+ 1,m + 2,...,n], where m < n;
o iota(m,m + a,...,n) = [m,m+ a,m+ 2a,...,n|;
e iota(m,m,...) = repeat(m) = [m, m,m, ...];
e jota(m,...) =[m,m+1,m+2,..].

Hrbi g AW R TEFE Fsl. ATLAE AT RE S ((63) A [10]) .

2. SEMEMERTIEI A 42X zip HE.
3. W foldr X zip.
4. XFIEAREIEIT, R SEE R 1 R YR RS AR A2
Q = [(apple, 3), (banana, 0), (orange, 1), ...]
i 2
Q = [(apple, 3), (orange, 1), ...]
HTRA AR, IrPIRPIRAEEEMERNEE. REEFITE DS

1.8 ¥ RFIE

P F 2P IR BRI R RFR A, X T R i O 2 B T
HE M BHERG ARHBERAVEASRNE . /a7 SRR k. BETI
Bo RERZEGRREARTHIRIL T AR THRSIRIIEL, BATARIZ AT E]
HE L3RR 1. Rabhi M Lapalme f£ [72] Hro 28 7 K THIRN 2 M BGURTE.
Haskell FRifE FEFR AL T 56 TRAMEL I TEANSCR . (AEEAE [1] R4t TIRZ 5 &M
KIBIF . FENAT BMBLE EHE

%3 1.17
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L W5 —MRFMFIRPLREZ N TR Eard R, 15 A E S0y
AMBRXLEELE TR ALREEA T, W — DN HAEAAFRTTRHIE.
g5 AN KRB TTR T N ARSI R — B X — BRI E R LR B
2 AR AV A/ MR SE R, w] LA g fh SEE?

2. WLURSIZRFIR eI AR e K. ildn 1024 FTLISRR N : "4 =2 = 0 —
U —kUL, n=dn...dody ATLARIRN: “dy — do — ... = dys (EZEPIAH
PIRFTRHEL a Ml bo SLELEAMNINEATEOSE, 1A

3. e IR, JRERSIRE —FABRIE Y S5 ST g1 1 AR AL
B, WMELSHIR. i, SPEATCIRIEI. it— P BIER AR5
T AR M L, T EIEHEITEIOT A T S (R AR
SR RD o

P 1.5: A AR 513



BIE NHEEW

HEAMGER M E PO N E BRI Ba s, HSCENIFA R, AR RS
W, B REA AL, E R AT LIRS (58 10.3 747 [1]). 75— J7H
FERREATG T, SRR R EE AR I AR S AN R S A 2R B IR 4544 o

AT SRR EAR S5 "hello world”s 77 - A§H] (Jon Bentley)
fE <ORBERILY [2] —Frh, e TSt BOCT R A BRI T Y
IR aa i T — k.

int main(int, charxx) {
map<string, int> dict;

string s;

while (cin >> s)
++dict[s];

for (auto it = dict.begin(); it != dict.end(); ++it)
cout << qt->first << ": " << qt->second << "\n";

RATITLUETT R R4
$ cat bbe.txt | ./wordcount > wc.txt

XHER map J2&—F P8 T O SE IR TR A . I HIRAERN key,
FHEIR IR R B N E . X T, R T = SRR AR IIRE. fE1E
AAranz ., BAER THE—F .

2.1 EX
TR R AR B E S, R TR
o HIENZ,
o BHEMEG=WD T —DICRMAG WD, X5 S E = XUt

FEA Iy SCRBHOA A AN F1E . SRR 5o B Tt n] A —BRA e T
TR 7 R BT LU AT R B 25 o IR — T R G TR O =2, 3K
MIFRZ A 519 13, NIRRT 1

65
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Iy

(a) “ XIS

()
© )
() Q) OO
OB ONNO
(b) —HR =3

K 2.1 SRR+

TR TR TR, B ROE AT LA AT RS IR E R R TRIAAE
o XTI, BrA 20 SR ERY N AT REE,
o AN RHUE/NT A A SR AE

F2.2 R T — i R K21, " LUERI ST AR —
BRSO T U AR AL, T = XA RN R BRI E L RE B TIL I . i T 0
WIXFRDA, FRATRR PR = AR R BB (key), FET U0 A A 2
FME (value),

2.2 HIFALR

RAE Z SRR HE L, BATAT LA 2. 3R R B R LR . — 1 A
B MR LSRR RN . 5 T RIE PRI A TR A5 T T
MM BRI, o n] DI — R IR AT RIS T

fETERES I, FRATSs RS BN AP o AN BRI SR 25 T — MO 7 Mo TERRAY
XFNER, —BONE 5 T Eda s gt T [, 1 LA B Tia R s R 3T
Ho AT RGN E X

LTS ETILE, BIRN, SR B SRR R ATEHRNYNT RS < MRS
2 BRI T R ST AL T




2.2 RIFEHER

B 2.2: XA EREB T

key + satellite data

left

right

parent

key + satellite data

key + satellite data

left left
right right
parent parent

& 2.3: AT KGR EE4IR

67
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data Tree a = Empty
| Node (Tree a) a (Tree a)

2.3 A

LI XA RRARA A ASCRER) 1, A 1FR 2R g TR A
SRRAF . N, FATAT AR AT A S -

o WA, G NITERON B AL
o WR kTR RPRICE, KEMAR R
o M, K kAR TR

ARG 5k F TR RPROCRN, W EEEFAE T . A7
R LA S5 ART OB, sl U m IR nAe Je e, o nl ARG AT AL R . g 5
AL, P 2GR AE I FABIERIEIAN, B0 W . v LUE SN R R

insert(@,k) = Node(2,k,d)
k<E: Node(insert(T;, k), k', T,)  (2.1)
insert(Node(T;, k,T,), k) =
otherwise : Node(T}, k' insert(T,,k))

BV RANZER, T Tos K 252 EHAA FHE. EE Node(l, k, r) HI/
ARG — TR 59 @ FoRaiel NIL. BRREEAZ LML - H5]
ARG TRE, FRFRE . T2 HN G

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

KBl i T RSCILED (pattern matching) $5fE. AT 15—
A TR RG] o AR AT U AT A, il AR
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
10: T < RicHT(T)
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11: PARENT(z) < parent
12: if parent = NIL then > T =
13: return z

14: else if k < KEY(parent) then

15: LEFT(parent) < x
16: else

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

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

21: KEY(2) + k

22: LEFT(2) < NIL

23: RiGHT(z) < NIL

24: PARENT(z) < NIL

25: return x

XS IR R Y (R TBE R, EL AT LASE SR RO
o

2.4 B[A

PR TR A X R ICR . A =R P T BT
Frii P Ja P e AT DR RS R T SO T9 RO S e DU s 44 Y

o FiFFES: SEVTRARTIR, SRRV, wE TR TR
o S BT TR, SRRTIRRTIR, EJE A R
o SRS SEUIIRZE TR, SRIRVIIA TR, EE TR R

iV )RR B T o SEVT ARG VT A3 SO N B R . FEVT IR 224 43
SRR YT RARFR A R R, SEUI IR SR VT FARFR O R R X T 2. 29— SURS
= P B EE R AN T

. WIFEET: 4,3,1,2, 8,7, 16,10, 9, 14
o HFmw: 1,2,3,4,7,8,9, 10, 14, 16

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



70 %% Xk Hm
R, whp s ot B INEIR B4 e 3R . — SRR SUARIIE 13X
— M FRATHEAR N A IE B B VRS, > o TR e I ) B AT DA A -
o HNERMAE, IRIA
o N P i e, SRIE VTR AT I, IE R R A T

XA AR B 2B I o FRATTAT AGE— 258 > map eREL, #4 T Frim  Y
PP e85 f B ICER b, TR s — BRI A HI A o
map(f,o) = O
map(f, Node(T;, k,T.)) = Node(map(f,Ti), f(k), map(f,T;))
SRR VTR S ERE, TCT G55 A — B, JRATTA] DX — sk
S (I

(2.2)

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

2. if T # NIL then

3: IN-ORDER-TRAVERSE(LEFT(T, f))
’ J(Kex(T))

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

AT EMERL map pREL, @1 il P — B SRR WAL — A P e
ik
toList(@) = []
toList(Node(T}, k,T,)) = toList(T;) # [k] 4 toList(T,)
FATIRUE T LG — R 5 B8 N Ie AR o — 1 R
W, SRS A o T SR B e R 5 6 o 3% T IR AR “WHE . DR AR

X = [x1, 22,23, ..., Tp]o

(2.3)

sort(X) = toList(fromList(X)) (2.4)
FNTEATEVS R B [8] RIB:
sort = toList o fromList
HrPeR gL from List ASWTHCRE ST MSIFr i N2 — 8RR B a] LA I3 E L
W
fromList([]) = ©
fromList(X) = insert(fromList(X'),x;)
WA N, MRS SUEHRE N ITR o AN, AR5
FAHIFRATIAR TR X' = (22, 23, o vp] o WM EM [7] GELMHR A6), &
AT LA fromList & SN :

fromList(X) = fold;(insert, &, X) (2.5)
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SATHE AT B — A (5 AT AT 9] CBhabas o) AT 2
ZH X

fromList = fold; insert @

%3] 2.1
1. 2500 N ol 7 D f R el o R 25 5, TR B — SO, R R il T Y &5

o
. BIFRGSEE: 1,2,4,3,5,6
o TERAR: 4,2,1,5,3,6
o Jalpim R 2

2. VAGNRT AL, G ST o P R Pyl I ) 45 R S R
3. RIS AR B FEA T el D a] LARE AR TC IR A MR N BRI o
4. T n AR, WHFREIEE AR R 40

2.5 HMEH

T = X RZ WP TR 1 e A 1, B n] LA (8 H S s i 22 X
R MMTEHA BN RN TRRE . A =MARRRRE 2% 1) ERrpa s — s
2) FHEREFH/NTE; 3) ERIE—TCRZETIK (E—D) a4k CF—1) JtXK.
2.5.1 &E#HK

AL EME E AT EAREIE A B TR R . AT LA R T A AR
HEPICEK k:

o WRRNE, EREK, kA

o MR RUTRET b, GPREHK. SRR R
o MR k/NTRATRITR, fE AT Irs T E

o M, FEA TR AR
FATATEAE SGE VA lookup MRBOR NI — % :

lookup(@,z) =

%)
(2.6)
lookup(Node(T;, k,T,),x) = a<k: lookup(Ty, x)

otherwise :  lookup(T,,x)
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X — PR EUR [ A BT 2 SR AR 2 o AT LU Y f A AF
B XBSAT LM Maybe 2R (IU4E Optional<T>) ALFRAFR B IFHTo
i :

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

AR XORARPA . R Z2 B R A RS M A 7052 (BRATREAE 26 DU FR 45 Hy
PHIRE S . KT n ATTERI TR, EEIERTERE O(lgn)o AR = ARA
P, BIMEDLT A RSB E] O(n). MAICHETEREA b, TIA AR
HITERERT EAZR K O(h) BB,

TR ER ] DA FH 23 JE SR S

1: function SEARCH(T, z)
2 while T' # NIL and KeY(T) # = do
3 if + < KEY(T) then
4: T < LerT(T)
5 else

6 T < RicHT(T)

7 return T

2.5.2 mw/PMHFAKTE

FEZXARER R, BUNYTTRERAL T M43, TR TTR B T 4>
SCo R LAR IR —Hp R E M K N s N T HEIR/NTER, FATAT LA
FEMIRTEE, BRSO o XEFRME, FATRT LA I AT R A 0 B B KT R

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

. . (2.7)
min(Node(T}, k,T.)) = min(T))
maz(Node(T), k,2)) = k (2.8)
max(Node(T;, k,T,)) = max(T,)

XPIA R PEREARR A O(h), HA h E W=

2.5.3 BIRFAE4E

AR B SRR Ul A s A 2 T Iy o 00 e/ NI TR
TG, BRI Eh R BRICR, SeE TRt sh. T EpE Ry e
TR

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

S

X EAE A ET R BTSRRI R .« IJEAE LN ETHL = <y
AR/ N4 yo MR @ B4 TR 2, A 3 T dee/ MBI SR 4k e 1812.40

8 RYJFARICZN 9, B2 8 BUA TIITPHYA/IME. WIPR = BOA TN 2, BRATIRR 2R

&

=
b3

=
rE

&

B

Y

X

9:

1
2
3
4
5:
6
7
8

B9, R — e, SRR A TR @ [, EE2.4h, T

<2 PR ERY T RBCA A M S, BT BRI 2P ETR 1, HE 1 3eA AN

. PR Bk S A, R IRAIEIE 7 ITR 3 e T e 1 3 F 2Rt
2 fytHsE. b, FAHKET 2 FF4ETE 3.

2.4: 8 WYJRAE N HAM SRR IME 9: 9 THAT 2 4K, EoBm EHE 1, ©
AR, FrLAgRSen EHE 3, 3 AT 2 fUHESE, SO ek 3.

WRIFAE 2T K5 — B2 TR AL ERAARBCA R B LT A A
Yl o WAEY (ERMTERE—1ICHR) . THMEIELI TR E:
: function Succ(z)
if RIGHT(z) # NIL then
return MIN(RIGHT(z))
else
p < PARENT(z)
while p # NIL and = = RIGHT(p) do
LD
p + PARENT(p)

return p

Yoo WAFUR, X—HILIRE NIL, FHRRTIRC E M BETE S IR
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1: function PRED(x)
2 if LEFT(z) # NIL then
3 return MAx(LEFT(x))
4 else
5: p < PARENT(x)
6 while p # NIL and = = LEFT(p) do
7 TD
8 p < PARENT(p)
9: return p

PLPARME e 21 21 pR K SRR S DU RTIORT 5 4R B 4K o IX FELR RN AEBR D 1H) A2
RS o — R 2 75 SR A i FA A A6, B R — L2 e g "1 bR i o JH LK
SR [ 1 L 2 R AR o TR ] P S A T L M5 R BB S5 AR zipper ([10]
WA ).

ARHTIA S RO o — s A S P2t R TAELis
BT, FATEF ] map RECPFEPTAICR . TR A, UfEq
AT AGE L BRI AR S XI5 R R ] 240K
PrhoTERAIIHER [5].

%3] 2.2

L. ffi[] PreD f1 Succ SLBL— T XHEMA LA eI —HREa n T
TCRIR R IR R AT 42

2. NHERRA A LAk X [a, 0] NHYITER:
for_each (m.lower_bound(12), m.upper_bound(26), f);
2l R T 5 X — )

2.6 Hp&

8 AR M A I B 70 28 T BT AN AL HE o FRAT T AR AIE N 53 J RS 1) A 4
ARERBER : XA, FrA e LR TR N T TR R . FHrA
A SRR AR T TR MR TY =R X — .

M SARZAIHER T A 2 BRI [6]:

o WUR 2 PANETH (M) 8EE AR, BEK "R

o BN,z ARAEE TR, BOTHEA TR IR/ME y Bty o, SRR
(Y DI

SML 8, OCaml Hi£7 ref 5Ifif&, XERATRTAEAI .
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XA BT R R TR A T B R MEA TR P AR A T
o BT AT S8 —RIE TR RN SR — R OL, AT AT AL Rt e ME Y R D04

K2.5. 2.6+ 2. 74 7 MIERIS RO SRR DL

Tree

NIL NIL

Bl 2.5: M1l o TLABEE DI

Tree
Tree

L
L NIL
(a) MHBR = H (b) MBR = J5 o « P B H A 5>
SR
Tree
Tree
R
NIL R
(c) MiIER = A (d) MER 2 5o 2 BP0 dy HA 53
SRR

& 2.6: MR IAA AR T ST R
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Tree

L delete(R, min(R))

Tree

L R

(a) MiBR = | (b) MER « J5o o PB4 M)
SRR R e ME

2.7 MBRAT A AR 20 SR

MR, FATE NI delete PR
delete(d,z) = @
x <k: Node(delete(T},xz),k,T,)
x>k: Node(T}, k,delete(T,,x))
x=k: del(T;,T})
FakSeilid Pk REEIRRMER T L, NS del sRETALIE, del SoAR IS HLE
AT delete LIMNERAT TR -HHY A/ IME

del(2,T,) = T,
del(T;, ) = T, (2.10)
del(T;,T,) = Node(T},y,delete(T,,y))

Hrbry = min(T,) 24 TR E/NTR. N HGEHNM A G RR

(2.9)
delete(Node(T}, k,T,), x)

delete Empty _ = Empty
delete (Node 1 k r) x | x < k = Node (delete 1 x) k r
| x > k = Node 1 k (delete r x)
| 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 r k')

R B BER b WIER R Z R0 O(h) o a4 AT ZAEMER)E . 1
A R E IR, NI RTRIR [EI R R AR FOAR T

1: function DELETE(T), x)
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10:
11:
12:
13:
14:
15:

16:

17:

18:

19:
20:
21:

22:

23:
24:
25:
26:
27:
28:
29:
30:

31:

ALY
A

r<T
' x > save x
p < PARENT(x)
if LErT(2) = NIL then
x < RIGHT(z)
else if RiGHT(x) = NIL then
x < LEFT(2)
else > neither children is empty
y < MIN(RIGHT(z))
KeY(2) < KEY(y)
Copy other satellite data from y to x
if PARENT(y) # « then > y does not have left sub-tree
LEFT(PARENT(y)) < RIGHT(y)
else > g is the root of the right sub-tree
RIGHT(z) < RIGHT(y)

if RicHT(y) # NIL then
PARENT(RIGHT(y)) <— PARENT(y)

Remove y
return r
if x # NIL then
PARENT(z) < p
if p = NIL then > remove the root
T
else
if LEFT(p) = 2’ then
LEFT(p) + z
else

RIGHT(p) + =

Remove z’

return r

ﬁ”%ﬁﬂﬂ%’f‘ﬁ@%ﬁ r ANE . BIEESRICR PRI R AR RIERA T S E

Mo R x PE— 3O, BIEEENR o O B0, RPN S0
aﬂaﬂl%%‘é?ﬁ@ku“?mEP&%JEWME?, S ye oy B o tRRYE, R

Bﬁﬂﬂ?ﬁﬁj’@%&?ﬁ% WEe wEBREN v D" RADETELIE v 2 o A FRPHRTT
RUX R -

R BT BB BT AR H AT R HTIAS o ARACTT RS, T35 A A B ) 7

RO e XRMFOLT . BT EEREHTHIMR . A B B e, mln] A% 4
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8z WBE T o XTEER b IR, XA E SR ENE Oh).
%3] 2.3

Lo 597 P SCERAN A 2SI S A7AE— RO ARRI IR 5 A2 R K E
BAAHIERA T i ARSI RO BT DT R e S liX — %

2.7 BEHLFE

AL A FIL B AR EEMR B T W& he IR EAEE AP, O(h)
Ml O(n), WIMBE NS R ez, AP, O(h) #ik O(lgn), &
TEHITEREAL = TRYT

N HEREA A RA AL SRR R X BB A R
HJ7i% ([1] 58 265-268 1) : A LA RE VR EER B NP . @i, (e
TARFEMET, Sl BV EETELTR AR . SRR EHEAE A .

%3] 2.4

L. ZwFESc IR BENUAL A — SR
2. R BRSO B B B A R P

2.8 Mix: BIFHKEE
T PR S R 1752 3L

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

Node(T x) { key = x }

Node (Node<T> 1, T k, Node<T> r) {
left = 1, key = k, right =r

}

ANl S DL 4 N BT -

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

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

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

}
return Optional(t);

B ENTR:

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

T ETT Rk

Optional<Node<T>> succ (Node<T> x) {
if (x = null) {
return Optional.None
} else if (x.right # null) {
return min(x.right)
} else {
p = x.parent
while (p # null and x — p.right) {
X =p
p = p.parent
}
return Optional(p);
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B=F EAHRF

EAHE 2 — R E A HE P EIE . FE55—5rh, AT T EmRIVIE L
XTI HRAIICER . FATABAFEBUEICER, PR i AR — A FE . BT
FFUARNART LA, HEFREAER O(n?), Hrf n BICHI M AHET
FIPEREA I — e MR AU SE0E, BIAn PO HE P AR . IRt 3103
SRREAEBLAHA T B AHEFP U o AEBRHEFP I SEBL I8 R SRR N Y
e, (AR B AHER -

3.1 &1t
NS AT SERT JE B TAG AR T 3 ANHERE B9 R ([4] 45 15 - 19 T7). %
FE M — BB ETF A B R T, R AT (0 AR o AT AT, AN A
I 4RMAME 3BT, ARG SR, A BB . 3R, 1Y
X, BATAT LRSS BT A

3.1 S EAE 8 FiANE—F

1: function SORT(A)

2: S + NIL

3: for each a € A do
4: INSERT(a, S)

2 A

81
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5: return S

X SEBURHE P B S RAFRE ARG S, T LAS R A 2 TR A Tl
AR
1: function SORT(A)
2: for i + 2 to |A| do
3: ordered insert A[i] to A[l...(i — 1)]

Hepz5] i fREREM 18 n = [Ale HEA—DILR 784 [AlL]] 2EF
. IIRATAEE AT R R N . SRS @ DITRI, Frf @ ZETTTRZD
Feie BATAWREARHEFHIJCERIAA . WE3.207R.

insert

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

B 3.2: AWPRITERMA B

3.2 A

BTG IR . TR, W] DUE E R A R B R AL E
A AT A ZE )45 58 A TR 21807 T TR S22 AT T 22 A TR A Y -
1: function SORT(A)
2 for i + 2 to |A| do > Insert Afi] to A[l...(i — 1)]
3 x <+ Ali] >4 Ali] PRAGE] x
4: j—i—1
5 while j > 0 and = < A[j] do
6 Alj + 1] < Alj]
7 j<i—-1

o

Aj+1] =

M TR R RS, AR EIRATTRE MU R SR B 1SR
MIERATTR z, TEH  RHrAITR (B4 Al + 1] Ali+2]--) #BIH
Wosh— M rE. e o BRI z. 3.3,

BRI n, 5B« MR ¢ DIUCRIA, EME] TG E. 5 PR ER
RIARR) n—i+ 1 RICRIAEHD, R o BASE « MiE. B R, AN T
MZETa sy 1A . 75—, RN AR, WFHERA v —i+ 1 4
TER, HPATHREE RS SHRE. BATH R LUE LA INSERT() BREL, I
AR e A A s N T A4 TR, Al NARAEAR T B RS R], DRI A
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S Y G

A1l | Al2] | ... | Al-1] | ALl] | AL+1] | A[i+2] | ... | Aln-1] | A[n] | empty

Kl 3.3: KU o flAKAL A PRI @ M E

NP ERE 2R O(n?), H n @ITRIEL
%3 3.1

L SEBU AR A AL A i N A
2. JESCHUMAYTR N PR EUASEIE A HEF? o

3.3 ZHEK

DTN G, ATPEAR I HEBEHR AL E R o FATZ T LARE RIS E
i, 2RO TFH A AR I 2482 C Py . B 02— e C P e s bt e
HIT %o
1: function SORT(A)
2: for i + 2 to |A| do

3: x <+ Ali]

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

6: Alj] = Alj —1]

7: Alp| + x

YA B T AL - D] 2EFR AR, B ER

(AT LAE SR <)o FRAFRZELE] M B j 15 Alj — 1] <2 < A[jl. FATEH
o ARG TER Alm] B 3o m = ()0 W @ < Alm]. BT AERT—
IR A RNERG T BT EREHER R TR, —aERE
B O(lg ) HISTAIE ML EH NS o

1: function BINARY-SEARCH(z, A)

2 I+ 1u<+1+]A]

3: while [ < v do

4 m e L% |

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

8: l+<~m+1

9: else

10: U+ m

11: return [

B EARER E R AR BT AL, SRR O(n?). B A
HAHEFFHRE O(n?) IKELEAT O(n?) kB E): (M = ddk)s . ttiﬁw\éﬂ SEIN
O(nlgn), HEIKELE O(n?).

%3 3.2
1. (I S0 4
3.4 %IFE

TAEPR RIS EFERE] O(nlgn), (HiFEERBIHEATRITE, BIK
EAERE O(n®)e S—J7 T, EHFIRAFEITTRET, —EARBTmAGER S,
TRNFRAVEAR SR BRI ARS8 —Frh, BATE S T SRR HE P 5%

sort(@) = @

, (3.1)
sort(x:xs) = insert(x,sort(xs))
s fold, HRTHEALIEA :
sort = fold,(insert, &) (3.2)
TR 2GR, SIRH insert SIEZAANERS A :
insert(x, @) = |[z]
» {:):Sy: xT:y:ys (3.3)
insert(x, y:ys) =
otherwise : 1y :insert(x,ys)

W DUAE Y A5, Mt 7 — D3RG R LR SHEMITER Al
Neat[i] fff7 T Ali] ZJ5 F—PICRIEKS . W2l A[Next[i]] 2 Al B9F—4
TeER e HPAMARIRRS]: M THIERRIREILER Alm], EX Next[m] = -1, FR
AT NIL; B64ME L Next[0] fRIMFIZRR LB FIHZRGIEE, B01E Ui H%
LURE

1: function INSERT(A, Next, )
22 j«0 > Next[0] 55k
3: while Next[j] # —1 and A[Next[j]] < Ali] do
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4: J < Next[j]
5: Next[i] < Next[j]
6: Next[j] 1

7. function SORT(A)

8: n < |A|

o: Next =[1,2,...,n,—1] >n+11ME5]
10: for i < 1 ton do

11: INSERT(A, Next, 1)

12: return Next

fEAIEE, REAES AL E B TN TR B RN TR] . (H 2008 1 4 REFREIH A
(rE. BAMTE O(n?) Kbk SEAAR, FIFASHFRENLITIN, AREFIH — 45
BERIRTHEN L -

%3] 3.3

L ERSIEE, Hrai e M EIHIN RS Sl 0k, RIEE R
51 Next, FFHEFIEEA Ao

3.5 Wi ER

IADER) T RS 2R e S A HAE AR, (U 1)
K2 O(n?) INEZRIE. —J5ial, FA1A B 0 EHAU LB EFEIRE] O(lgn)s 73
I, AR, OB SR R E G B LU BN R AT R - FE5
TEL O T X RER . BRI s — EEMEIEAME, K
ATTT AT RO TR AT 1Y 1

1: function SORT(A)

2: T+ o

3: for each x € A do

4: T < INSERT-TREE(T, )

5: return To-LisT(T)

4 T INSERT-TREE() F1 To-LisT() [ Lo PRI, RHEF
BN O(nlgn), H n @It M XiA8] T 3T I HE R SRR R R
([12] 28 180-193 T+ [4] %5 167 T1)o (AFEHIMEN T, MW AT, HrEpEs
TR O(n?),
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3.6 /g

RGO, FAHPFAENE MRS 4. P Ei, EfEEEF
TR o SRAHEF AU BUEZE T o B PRaeHE P TRESCEI : £/ NEL
PEER AT [EIB 28 A\ HEFr AR H R A -



ENE HAERLER

Emeh, B I SRR ST SR P A R B
REL
MOXAM 7 %, AR B AR A R IR # T, A ekEN
HEERAR AR LI

FATTRT EAMEZ H 9] 5~ A OB AR A s ok SEEX — DI RE -

int main(int, charxx ) {
ifstream f("yp.txt");
map<string, string> dict;
string name, phone;
while(f>>name && f>>phone)
dict[name]=phone;
for(5;) {
cout<<"Anname: "
cin>>name;
if(dict.find(name) = dict.end())
cout<<"not found";
else
cout<<"phone: "<<dict[name];

X FFAE TR (R, WERIATHE STL FE4R A5 map e 5l — %R
. BIPRIMERE AR ZE T o JUHRR RN Zaray Zed. Zulu SFUEZ ISR .

FL I o DU R AR i B (lexicographic order) IR, 442 1%
BT HES . WERBAMRACECT 1, 2, 3, ., n A SRR, s a1
HIZE R

RO IRAPE R 3R XTI EN b R, EERERRE R
N O(h)o TR LA, FRATHERENSLE] O(lgn) HITERE. (BAEUNE4. LRI
HEOLT, ERAITERERIL Y O(n)o JLPAIGER—1E.

%3] 4.1

o MTERNHBEEEISIE, N7 MREE, — G A &2 955
LR AT T S PR R ELRIT AR 2T
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« %v9E SER A e B A

A 4.1 AR

(task, ATELRZAEEGHR) . —MESFMLARA G kS HIEFER, 75—
MEFF MEFBIETS . S MESF P RSB R P2 XA A — 3
BERGR AFET R AR 8 08 RS E 2 by, i 2 1155
ESGE I

o 4.2, PRAEHREHE Z MG DUE M SRR 42

4.0.1 AR IUER RO T

N RGBS PEAE AL, FATRT LA 68 T BEN LTS R A 7 54 TEL (20
[1] {9 124 795) o (HRXATEAERRRME, SImFEsE iR o mAR, &
PN key J&, RSB MplEid, REO2RE AP A Z SR .

MICELINT i JURN 75 AT DA S R B T . AT AR 2K
T XA HTTER: (rotation) #AF. FEFeERAE Al LMERFI TR HIATSE &, i
WHIZE R RURT LRI RS =

ARESRLLEM — R R H P SRR (self-adjusting balanced
binary search tree) . N —ERNNATII—FH-FH#H AVL R fEJRTHIZE 8 T
TSGR, RABEZEE - Fa ARG splay B, EREGHEEBRIE, &
O AR A P14

4.0.2 PIRORESE

WHIBER R — PR PRROERAE . EAERFFPIF B ZRALRIN T, MR R4S
Hgo TXIE RN AEAE 22 AN R B — SRR W B — R B el D o 1514348
BT TR . R ZEMI — AR, G ZEEnT DA A M RIRE, TA e 2 Ze
i SpUitaE
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B 4.20 — AP TSR

() O,
ORNG. — ) ©
OO OO

(a) (b)
K 4.3 WRURERE . 7ot (a) TRRORIAEHOY (b): A TEdRlER 2 e AL .
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Jre e A nr LA s —

BRI EE LT A Tied o

rotater (T) =

{ ((a, X,b),Y,

rotater(T) = {

1: function LEFT-ROTATE(T, z)

2:

3:

4:

10:

11:

12:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

p < PARENT(x)

y < RIGHT(7)

a < LEFT(z)

b < LEFT(y)

¢ + RIGHT(y)

REPLACE(z, )

SET-CHILDREN(z, a, b)

SET-CHILDREN(y, , ¢)

if p = NIL then
T+vy

return T

: function RIGHT-ROTATE(T, y)

p < PARENT(y)

x < LEFT(y)

a < LEFT(2)

b < RIGHT(x)

¢ + RIGHT(y)

REPLACE(y, x)

SET-CHILDREN(y, b, ¢)

SET-CHILDREN(z, a, )

if p = NIL then
Tz

return T

function SET-LEFT(z,y)

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

(a,X,(b,Y,¢))

sk =N

FE  JERE LMo A

RINA P BRI . AT Hm] AR AL AC (pattern
matching) , JFHAELHE LEN ] KA H XL =Tt T =

(T1,k,T,), NI

T=(a,X,(bY,0)

(4.1)
otherwise

T = ((a,X,b),Y,c))

(4.2)
otherwise

M ARERRS . B T2 70 3O key . BT EBEE AT .

> {Eix y # NIL

> (8% = # NIL
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28: function SET-RIGHT(z,y)
29: RIGHT(2) <y
30: if y # NIL then PARENT(y) < =

31: function SET-CHILDREN(z, L, R)
32: SET-LEFT(2, L)
33: SET-RIGHT(z, R)

34: function REPLACE(z,y)
35: if PARENT(z) =NIL then

36: if y # NIL then PARENT(y) « NIL
37: else if LEFT(PARENT(2)) = z then

38: SET-LEFT(PARENT(Z), y)

39: else

40: SET-RIGHT(PARENT(2), y)

41: PARENT(2) < NIL

X EE AN ARSI UC L R B, o8 F MW SR A&, TRTE R T
PRI AR . WA E e, LRGSR E 2. MR LS 1%
KPHARLT M, T2 ARITEN . EFFE DUER U T4 AL BT Kb A 5 -
IR R R RS, BRI —e R, (AR 2 A S AR 1A PR RV o

AREERYRH D 2K E Chris Okasaki {9H [13].

4.1 ZIEMEIEX

LLERRE R —Fh E P SR [14]% . JE R A T O RIER: 4T BT
LIRS 5y Mo PR IR B P15 o

AT BAE SR B — RN B AR R 79 AT AR AL el R
oo WAR—ER T SGRRR L N HAYRES 5 SN, FATPRZ WL B [1]o

L AW REARAN, EAZEA,
2. AT RN R

3. IrARIM AT R (NIL F7 50 .

LR 2-3-4 WIHEMA (K 2-3-4 1, W% B W—8). Wb, WTL— 2-3-4 #f, #EhEs—
FRELERM AR ENTr P SR A 1A




" %v9E SER A e B A

4 R AT ROV, MER AT S E R .
5. MHE— 5, WEHARIFCA 737 A2 S H R AR AT .

It 2iX 5 M RERIELL AR PR e PO ST — DR RY R A
AR RO A BRA T U A AR B R A Sl SR e B AR P o

HEEEIBNFER, ERWENFAEM TESHZET M. B, SREREEA
GARORT R AR RIS ICH E f2_ BRI HUR —LR2D 0 e R IE DT,
MR U R BT B B S A R R BUE RO L XA R T AR
SR R AR R I WA (1] 44 BT R | —IRZLARA o

& 4.4: 21 B

M AR R NIL 5 AR AR, AT AR E o NIL 35 S usc A, n
K447

P 4.5: Eget 1 BirA NIL 95 s O 21 8

AR RADN VIV SIE L b R T Gl Y /A RE T (SRS e AN S NN = 2
{H5F . FUA AT BRERA R R RAY o

WIRTH ARSI R, AIRZES (set) 1 map A GrRE M HZLRRR L
Ao 3% C++ FriEE STL[0].
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HTHRBNT —MaeERE, AT LVE H = R W9 5E Lo 0
C++ KA

enum Color {Red, Black};

template <class T>
struct node {
Color color;
T key;
nodex left;
nodex right;
nodex parent;

};

X RREEEN, AT IMEAEEE AL (algebraic data type) [Y5E LH1Y
IEREZEL, AT Y Haskell 4] fR -

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

%3] 4.2

o FIZLARMIPEBGER n DT RAZLRM Y S A 2l 21g(n + 1),

4.2 @A

TR BRER WL, IR AR A O T ORFFLLIR R RO PE B
AT EAE TN T AT AN S - ) L

LAl key B, FATATLAH T @R R . AEEARMTAL BT
SV SNHI B AT 2L AR P R AT LA 2 o ME— B TRl 2 mT RES I NI AR AT R 2L 6

PREH & LB AN T 2R 2P A B R, (R A —
WPERERIR: JREALER, (HERAEREMIERE. REBREEBENAE s
Ho AT, BAPRERBGIRIE, HRRIX—JrERON RIE HE. JATth =%
ARGy A& LB LM AT HE o

Chris Okasaki i, A PURME L2 E SCZL AR A S8 VISR it ST THRIAT A A
AAHLBRILLAATT /e AR R — U2 BT LAMdEE N —A4 g [13], W
4.6F7R o

R At e n BB — 2. TR BB S, &5
TR R SR AL ARIRLLR A S A BT, IR SR R R
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FwE PR A Ao BA

A 4.6: FlNJE T ZMEE R YFF O
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A1 BB R EIR . 9 T, OB RRB ey C, EAMAME,
B B MLt Re X BRARERIZL B 0] AFA N — T T = (C, T, k. 1)

{(R,(B,A,x,B),y,(B,C,Z,D)) . match(T)

balance(T) = (4.3)

T : otherwise

Hrr, % match(T) FHELHIW 2 555 G El4.6rP U PR EHE 2 IR AL, & X
ﬁD_Fi
(B,(R,(R,A,z,B),y,C),z, D)V
_ (B (RACU(RB%) ))\/
"~ (B,A,z,(R,B,y,(R,C, z, D)))\/
(B,A,z,(R,(R,B,y,C),z, D))

RESUFRREL balance(T) Ja, FATHATLME S A R 4B R EL, il HSCH:
AR

match(T) :

insert(T, k) = makeBlack(ins(T, k)) (4.4)
e ins(T, k) BEUE LT :

(R.¢,k,0) = T=¢
ins(T,k) =< balance((ins(Ty, k), k', T,)) : k<K (4.5)
balance((T), k' ,ins(T,,k))) : otherwise

IR N2, MBI HRIZL AT, TR key AU RN ks

A, SERF 22490 SCR key 055008 Tis T RO K, BATEER ke AT K BRI, 86 U305

BN, X5 balance MEUKSE V. Foa. FAEH] makeBlack(T)
PRAGEARTY KRR .

makeBlack(T) = (B, T, k, T,) (4.6)

ST ELIE S R, B0 Haskell, 4 N B AT LASEIE A R IO RE T :

insert t x = makeBlack $ ins t where
ins Empty = Node R Empty x Empty
ins (Node color 1 k r)

| x < k = balance color (ins 1) k r
| otherwise = balance color 1 k (ins r) —[3]
makeBlack(Node _ 1 k r) = Node B 1 k r

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

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

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

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

Node R (Node B a x b) y (Node B c z d)
balance color 1 k r = Node color 1 k r




" %v9E SER A e B A

FEJFHRy balance HREUEHATLEAR, ERIZEAZ I, WH2 T RIAYHE
o MRS key MIAM S XAERTLATT4 X boxing A1 unboxing f#/f

FATBA LIRS key BTG MAKAEEE, FATT DAV, BB BE
IR, 38 w] AR s — MR A R A B ([4], 26 269 10).

FA.THRZE TP ARARI B0 MR 11, 2, 14, 1, 7, 5, 8, 4 FlAHIZS
Ro HMEGRRFFH L, 2, ..., 8 HAMEER. WTLLET], RIEMA TS, 2R
SRR P o

B 4.7 HARAFER S, A SB0E 2R A R LSRR

WG PR [F] B g — A el A —Foe =, TS 2 T — MCh i &
Pio BMEEASZ R ICIE I E S A, AR TT DAZm A 30 /2 5 2 — o A
Ho RFFEINERIME SR TTIEMEL, MIASTETIRE . 364 7 A% AR FE M
Lisp J7 & Scheme [ 7.

XFEA n AT RLER, X—HANBENEZIEHR O(gn).

%3] 4.3

o A —FareIEF, #lin C. C++ B Python SRSCEIATI A A0 N FTE
HEE: WRESARSA AL, &2 Reta & R A R AR O

4.3 &

EoEEEL, R R ERERE A S I T A AR L. X 55E
FIFEE A TLLRM . RESEUIEOUT, BRI, IRt T A4k
Okasaki {4 ZMREIE AT 2 BA 45 LU R RYMERSFE [l Hordr— IR 502 A
FRECIRAZIRIURZ -

AR EEL AR, F5E TR, AARECIRIIET, MEREIEZR
PASEERRY o 2 RBGEIR S IE TR 2 BRI, A1 Ehr R T FR
2o SEBRBAH, R MR (gt ke [ AT BAr T7 5.

SREHEFBA SR IIEE LA —F 244 persistent MIHA, T LU FIRH A BOZE IG5 . TN 2L 19 FF
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. BT EAA AT A, MAOURIC— T ZEMIBRAY Y R S A BRI T 79 L
L 50% IR, HRTAARPRICHI T R R

MU RBGIRT, a5 AR tam NBE 2 R . X R BRI A
BRI, FRATHIIR B2 OIS T EAE P IRt S BIR LB B B, TR S
ARH AL TR LI P15

AN AR MEREIEEESRA [15]e FAEMER— RO A S5 % W
o RN IEAE R LL R R S LR, A — I AR 8 H T oAl
42

FEMM R — R R, FRATAT LA 5N B BT[] IR IR S 4
P e, BmART MR 7, MBS ERRARGTAERATT Kf. IR
TRBLER, FATHEZ RO AR REL2ROH, EMaZl—1 N
HRATH T R

N T ERBCER OB S, BATHEE SR MR AYE L, 1R Haskell 75
(MR

data Color = R | B | BB — BB: AT MEH/ER W E B4
data RBTree a = Empty | BBEmpty — XU E 1255 s
| Node Color (RBTree a) a (RBTree a)

F R — T i BTSSR R RO BRI ERTY (U2 R
TR, FATEE N REATIEE . MIFReRBCE LT -

delete(T, k) = blackenRoot(del (T, k)) (4.7)
Hrp
¢+ T'=¢9
fizBlack?((C,del(Ty, k), k', T,)) : k<K
fizBlack?*((C, T, k', del(T,, k))) : k>FK
kBlE(T.) : C=B
del(T, k) = mkBIK(T) L T=¢ (4.8)
T. : otherwise
kBlk(T;) : C=B
BRI i T=9
T, : otherwise
fizBlack?*((C, T}, k", del(T,,k"))) : otherwise

PRAL del JE ST S FARIFIEDL . IR NS, X B FUE DL T RO BRZSE SR
25 ¢y AN, ARAHHBRAY key HCSHTTRRY key /N, FATTEB AR 2o 73 2347
s ASREE LRI R key K WD A AEA U 20 SOMBR . T RTRES I AU R0,
it LA S5 ke 2 A0 3

WERAFMIBRAY key 4S5 T BT R0 key, BRATRFZLEEL VIR 45 411174
A3z, BAIVREM A0 SRS AT i, FF LR 7 M
A JEIER AT LA T o AN, AR SRR N, BTN 23 32 3k B iR/ IME
K" = man(T,), RHE )R HEH Y TR R key o




N %v9E SER A e B A
B, AL delete JBITIAH blackenRoot SEHPEARTT f 4L

¢+ T=¢

4.9
(B, T, k,T,) : otherwise (4.9)

blackenRoot(T) = {
FIZL BRI N SBE T makeBlack PREHHLE . blackenRoot L2 T X 23Ry
ML TR o X — A FRAUAE BRI A 25, ROl A BRAEAS AT REF AR — RS, T
SRARE A T RERY o
PREC mkBlk T ORAFRE DI R R SR AR M AR R R RO R A, B
WO S ROy B, ERARY S RSO E B, AIREER =S, WK HARIE N
WEBARZ, LR Do

i} T=2¢
(B, T,,k,T,) C=R
mkBIk(T) = (BT, k.T,) B (4.10)
T otherwise

Hrp, 55 B? FRNE B,
B B HTH R ECE LB A Haskell 77 LAS2) R I THREF

delete t x = blackenRoot(del t x) where
del Empty _ = Empty
del (Node color 1 k r) x
| x < k= fixDB color (del 1 x) k r
| x > k = fixDB color 1 k (del r x)
— x ==k, MR A
| isEmpty 1 = if color=B then makeBlack r else r
| isEmpty r = if color=—B then makeBlack 1 else 1
| otherwise = fixDB color 1 k' (del r k') where k'= min r
blackenRoot (Node _ 1 k r) = Node B 1 k r
blackenRoot _ = Empty

makeBlack (Node B 1 k r) = Node BB 1 k r — U HHBM
makeBlack (Node _ 1 k r) = Node B 1 k r

makeBlack Empty = BBEmpty

makeBlack t =t

MERSE T, ME—EBA E LN RECR fizBlack® s FRATHEAEX A RE . 18
IR B B EAN T e, A R, XA =R fr . 5 —
Mg SLH, B R AT R RTAT LU Y L ] LU R A 2T R @ FRATT
HIRESED.

4.3.1 WEERETRHNAEABRE, FEAEZABTRE—IMLEFTR

XX, BATR LA e gk ie E . SALAUMARR A EI, €
il LA g —Fps— i B A IR,
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4.8 BEBAT RN RE, HFHIZRTRA - ML AT R XFER
AL — R R R 5
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FA AT DL oA AL FX VY R A 4315 10 -
(C,(B,mkBIlk(A),z,B),y,(B,C,z,D)) : pl.l
(C,(B,A,x,B),y,(B,C,z,mkBIlk(D))) : pl.2
Horpr pl.1 0 pl.2 BRI E L :
=(C,A,z,(B,(R,B,y,C),z,D)) A color(A) = B>

fizBlack*(T) = { (4.11)

pl.1: \Y,
T=(C,A,z (B,B,y,(R,C,z,D))) Acolor(A) = B>

T=(,(B,A z,(R,B,y,C)),z D) A color(D) = B>
pl.2: V
T=(C,(B,(R,A,x,B),y,C), z, D) A color(D) = B>
INSFORCE R Y RSB A ST A @, Sl e I, Al LU HAR
SN AT plo IFRATT N A U U BB 25 i A AL -
(C,(B,mkBIlk(A),z,B),y,(B,C,z,D)) : pl.l
C,(B,¢,z,B),y,(B,C,z,D)) : pl.l
(C,(B,A,z,B),y,(B,C,z, mkBlk(D))) : plz2
(C,(B,A,x,B),y,(B,C,z,9)) pl.2
Horp pl 1" HT p1.2" BOREAE LA

fixBlack?*(T) = (4.12)

T=(C,?,z,(B,(R,B,y,C),z D))
pl.l’: < v

T=(,®,x(B,B,y, (R,C,z D)))

T=(C,(B,Azx(R,B,y,(C)),z®)
pl.2' : ¢ v

T=(C,(B,(R,A,z,B),y,C),z®)

4.3.2 WEEZETSHNRAFZTEAIE

XARHEOLS , FATR LB eSS, H A pl.l A1 pl.2. WA 207N,
R (4.12) FUBA EREhIX— B Al R 2R (4.13),

fizBlack?*(B, fizBlack®*((R, A, z, B),y,C) : p2.1
fizBlack*(B, A, z, fizBlack*((R, B,y,C)) : p2.2

T : otherwise
(4.13)

fizBlack*(T) =

Hrf p2.1 F1 p2.2 FoRUWTF:
p2.1: {color(T) = B A color(T;) = B* A color(T;) = R}
p2.2 : {color(T') = B A color(T;) = R A color(T,) = [52}
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A 4.9: BRI R T RONLL A

433 NEERETRHAFTAARE, ZABFTRHUANFIRALER
2,

RXFMEDLT . FATAT LCREX A L 2 7T f B o, R R AL IR, SRS
WERGRIE &SRR M. MEAIFIR, AWRXIFRAE L.
FMIALAEF (4.13) ROZERG EHIINIE 2 A9 5E Lo

mkBIlk((C,mkBlk(A),z,(R,B,y,C))) : p3.1

fizBlack*(T) =
mkBIE((C, (R, A,z,B),y,mkBlk(C))) : p3.2

(4.14)

Hrf p3.1 f1 p3.2 E XA
3.1 T=(C,Azx (B,B,yC)A
o color(A) = B? A color(B) = color(C) = B
2.{ TZ(C,(B,A,x,B) )
| )

A
color(C) = B? A color(A = color(B) = B }

IR ER O BN EROET L €, S mhRa)s, rTLMGEHARE
2T KL ?ﬁﬂ‘]ﬁiﬁﬁl.lmﬁ%ﬁ&iiﬁmﬂﬁ@l%,ﬁﬁﬁﬁfﬁ.

mkBIlk((C,mkBlk(A),z,(R,B,y, :op2.1

)))
FizBlack(T) mkBIE((C, ¢, x, (R, B, vy, ;;; :op2.1 (4.15)
)

mkBIk((C, (R, A, z, B),y, mkBlk(C : p2.2
mkBIk((C, (R, A,z,B),y,®)) : p2.2
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(a) z B AL B (b) & = WRTHIBIE ML, G HA R
o, AN E R

(c) v HIB( WL S B (d) # y SERTHIBIE N, 455 h
s AR A EE AT
i 410 g medi Fles

Hrp p3.1" fl p3.2" FELWF

31/. T:(C7®7x7 (B7B7y7C))/\
pe color(B) = color(C) =B

Ly [ T=(CB.AzB) )
po-= color(A) = color(B) = B

I, BATTFRER AR EEIE AT TEE . BIEP0E LN — s H
B BHMANLAESEME: —AE pl1 M pl2, BCERGOTY G EEHR T Hh—
MR R AR B, EEIRT AR BTEIERASRIRT AR, B
DS Bt 25 H B o

i (4.12) (4.13) F1 (4.15), FATAT LG 25 Haskell IEREEY

— AT RCONRA, FFHA LA TN
fixDB color a@(Node BB _ _ _) x (Node B (Node R by c) z d)

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

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

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

= Node color (Node B a x b) y (Node B ¢ z Empty)

— AT RS

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

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

fixDB B (Node R a x b) y c@BBEmpty = fixDB B a x (fixDB R b y c)
— AT RIS A R, 1R A R

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

fixDB color (Node B a x b) y BBEmpty = makeBlack (Node color (Node R a x b) y Empty)
— HAfiF i
fixDB color 1 k r = Node color 1 k r

XTEA n AT RHIZLER, MERETEREREN O(lgn).

%3] 4.4

o M MMRETES . SHUATHREINbRC  EETMIERENE  duptR Sek
BRI SbRIC, (AT HIERMIER . H#bnic iy B Hilad 50% ARz,
I ATRAARICHY T R R o

o A AATEAE mkBlk IR, 2oRHFHH fizBlack®?

4.4 WEANAERMEE «

WL IAEN, BATREB it SEMLL B BT ENXSEE, FRATRAE — TS
EE R
FNBERYEA AN SRR o 1041, FIA T 2L R B e R A
R E

1: function INSERT(T, k)

f

w

2: root <~ T

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

5: p < NIL

6: while 7' # NIL do

7: p+«T

8: if £ < KEY(T) then
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9: T «+ LerT(T)

10: else

11: T «+ RicHT(T)

12: PARENT(2) < p

13:  if p = NIL then > W T has
14: return z

15: else if k < KEY(p) then

16: LEFT(p) + x

17: else

18: RIGHT(p) =

19: return INSERT-F1X(root, z)

SN R, BATRHI R, SRR E P EFFIR R EdREE AT
et T Y Python #1727

def rb_insert(t, key):
root =t
x = Node(key)
parent = None
while(t):
parent = t
if(key < t.key):
t = t.left
else:
t = t.right
if parent is None: # N 25
root = x
elif key < parent.key:
parent.set_left(x)
else:
parent.set_right(x)
return rb_insert_fix(root, x)

BIA 3 MEARITERE . WRF BN, WFTHEEE 6 FifFil. 3 f
HAMG UL R AT LAG IR o Brf AT RBIACTY 1, BARACT /U9 5L 2019 m 4 0 4L
o FATHTLHE BN B, SRS HEHHR AT RAYHEAT ALt B RIEN
SEELANE -

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

3: if CoLOR(UNCLE(z)) = RED then >EM 1z R HEA M
4: CoLOR(PARENT(z)) - BLACK

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

6: CoLOR(UNCLE(z)) < BLACK

7: x <~ GRAND-PARENT(z)
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8: else > 2 BT RUE AR
9: if PARENT(z) = LEFT(GRAND-PARENT(z)) then
10: if x = RIGHT(PARENT(z)) then > AL 20 o AT
11: 2 < PARENT(x)
12: T < LEFT-ROTATE(T, x)

> DL 30 @ AN AL
13: COLOR(PARENT(z)) - BLACK
14: COLOR(GRAND-PARENT(2)) <~ RED
15: T < RIGHT-ROTATE(T, GRAND-PARENT(z))
16: else
17: if x = LEFT(PARENT(z)) then > HEL 2 BN FRAE O
18: x < PARENT(z)
19: T < R1GHT-ROTATE(T, )

> L 3 BYRFRIE O

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

—RRIZLERM RN key UEZREHN O(lgn). FIRTIANE XY balance PREX
FHEC, FATATLAURBVE NI ZE R PIROTIEAOUER IR RIS LA, BRE
Ao B — PP key, PIFFTIE IS A R ZLEMR . IR H, flX—
A NREM L, A A AR DL RS E A A — 2P RE B Okasaki
FE [13] Whag 1 R T AL BRI N SRR TR RE Y A0 04T

BB E EE A SEI I T RY Python #il7 Ry

#AEE TS LA
def rb_insert_fix(t, x):
while(x.parent and x.parent.color—RED):
if x.uncle().color — RED:
#1E0 10 ((aR xR b) y:B ¢:R) ==> ((a:R x:B b) y:R ¢:B)
set_color([x.parent, x.grandparent(), x.uncle()],
[BLACK, RED, BLACK])
X = x.grandparent()
else:
if x.parent = x.grandparent().left:
if x — x.parent.right:
#1EM 2: ((a xR b:R) y:B ¢) ==> | 3
X = X.parent
t=left_rotate(t, x)
#1503 ((a:R xR b) y:B ¢) ==> (a:R x:B (b y:R ¢))
set_color([x.parent, x.grandparent()], [BLACK, RED])
t=right_rotate(t, x.grandparent())
else:
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if x — x.parent.left:
#1502 (ax:B (b:R y:R ¢)) ==> 1H 3
X = X.parent
t = right_rotate(t, x)
#1EM 3 (ax:B (b y:R ¢:R)) ==> ((a xR b) y:B ¢:R)
set_color([x.parent, x.grandparent()], [BLACK, RED])
t=left_rotate(t, x.grandparent())
t.color = BLACK
return t

FATIZ5 Y 1 PTERZLERRE . AT ANE4. 7 se 2R RS RE Y o 30T
ATEAEZEILEA T AR .

B 4.11: A4 B T S
21 S iy AR LR A\ S A L B 2. TR TR IESCEa L 7T
DBZABMTE B TSI,
4.5 HTE
T SIS 25 365 T ) — R T — S 20 o 57 50— 1 S — SR AVL Hf,

FATPRAE T —FS 20 ZLARR A LA B BT T i e 2 2R A BR St RIS
T REBEHARAY R kA, IR R, wirl LA s B R IRk
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e b, AR P Eds . BATG 2] T Tries T WLLRM RIA T 2L
HRZARIL, MERIERS, M a AR RO B R E 2.

Okasaki [y TAREFFLL B BN LGRS M. K TRZ HERFRIHES
BTSRRI SEBE [16]0 AATrh4r iR Splay . AVL RS 2 2 211X
— KM 5E R o
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FTHE AVL #

REEH AVL W [FZLEAZERL, AVL R0 1 i g = SO P-4 ] BTN e
Y. BRMT B EMA A E L LA BT SR o X FEZLRRAAT AVL
MEGBTAISEEL, A BT IRATIE— PR AR B P — SR IR

VR T LR, AT HA B T SO ST R R T SO A, R AT
AR e A 0 SO B 22, IR AR, IS BIAEAS P o SC— BRI s 22
T

§(T) = |T,| - T3 (5.1)

Hrb T G T WS, T M1 T a0 RER A 9032

AR T o(T) =0, UHIRGEFHRY. fin, —HREEOA h e =X
WA n=2" -1 BT RSN, BrA Y RS AR5 3. e
SRR 73 SCHSIE 0(T) = 00 73— MRIRRY B2 250 6(¢) = 0. T 6(T)
LB N, T TR A o

FATESL 6(T) A— 1R = SUMHIPE R 1

5.1 AVL BHIENX
M R A TR R, AT N AVL 4.

16(T)] < 1 (5.2)

AVL A R A R X ERRA R T 1, AArgER-1. 06 1 X =/MH.
&5.145 1 7 —H#R AVL #HIH11

Hift 2 AVL S RECRAEFEPETE ? a8 1 A 20X 8 SCREARIIE—HRAT n 15
HIBE R RN O(lgm) > BT TR AR B 7 2R B — 25K

XF—#REN b Y AVL R, R REEIEAR P EERE. HER IR
LTI SAENTEEERS, 82" - 1 IBAEROEEZ DI ENE? & LK
BN (h) REFEEN b 1 AVL TS AR 8 o XETFRIEAYT O, FATA]
PASZRIH N (h) H{HC:

o ZMf, h=0, N(0)=0;

109
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K 5.1: AVL R+

o AT HMN, h=1, N1)=1;

L F N (h) SRR 5. 280t T —BOEE b 1 AVL R T 6y
SES BB RRIAEATIASE T Tpo WIORIER FREEZ IV FE IR

h =max(|T;|,|T.]) + 1 (5.3)

R I IRAFAE— D TR B h— 1o M4 AVL A E L FRATA ||| =T, ] <
Lo FrlAF M=t FRIEEARS/NT h— 20 10 T B &1y B8O A AR
AL (1R RD o TREAMSE] NEASIHR A

N(h)=N(h—1)+N(h—2)+1 (5.4)

()
PPN

& 5.2: 8N b B9 AVL B, Hrep—0308 h— 1, B R EA/NT
h—2

X BT FRATBAR L 44 1 2 IR H (Fibonacel) £051« IS E L N (h) =
N(h) + 1, FRATHATELKE (5.4) Bl A BAL A o
N'(h) = N'(h 1) + N'(h — 2) (5.5)

5138 5.1.1. & N(h) A7& 4 h #9 AVL 89 % & 48 FME, 4 N'(h) = N(h)+1,
m

N'(h) > ¢" (5.6)
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b o= YEE mE A h E 4 S E k.
. MR TR, 1A
« h=0,N(0)=1>¢"=1
e h=1,N'(1)=2>¢' = 1.618...
REF RGN, 3 N(h) > o'
N'(h+1) =N'(h)+N'(h—1) {Fibonacci}

> ¢h +¢h—1
=¢" P+ 1) {o+1=¢2= Y53}
::¢h+1
O
HIERES. 1.1, FATISLRIFRE N R 4Y
h <logs(n+1) =logs2-lg(n+1) =~ 1.441g(n + 1) (5.7)

R AU AVL RERYEEEN O(lgn) . IIARIE 1.

FEARH AR, Sl AN ER 2 SO B S5 o A0 2R ph b SO TR - 2 o
(il 1, gt EE B AT 0] KA E) 1 LA B IWRIE R Tk 2 ek . %
# Okasaki fEZLERMS [13] FRUEE S & . AZEA, HAIA—FRAIEES (pattern
matching) J5ike XFHRAL  RETIHRIE, fifF AVL RN T R B R
ENHER, ARFERPERLE &R AVL WE%.

Ay 0 RARR LA KR e A MO IR R AT R R
BN RO, MRS R AR, BATHE R MER AT A T o X — AT 2
B T I

IRPEX— B, BT = SRR A E SO n—A~ 6 28k, W MR C++ £
MR o

template <class T>
struct node {
int delta;
T key;
nodex left;
nodex right;
nodex parent;

FEuli R B LI A R R RIS R AT (constructor) SRORAEPAHIA+ 6o 40
1 [17] 5, EX T 44 constructor: E. Nv P, Z, Hrr, EEZSH ¢, N FEF
A R-1 P ARE PR TR 1 Z REPE R4 0.
AT, IRATE AT A R P A A (R
HESTIURRTT 6, B BRTERIG I, [20].
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data AVLTree a = Empty
| Br (AVLTree a) a (AVLTree a) Int

FNTREME IR B A e, AiE. FHER BuMEFSE, BN HEE
e FAIOORTE MR 2 U R S A A o

5.2 A

£ AVL RPN — N HC Z 0 RES BN T, ST 1 0 X Bt 1.
N T IRE A, T LMRIEAS R S A T O e R . R 280 4 2SR A Xl
Tk

FHN—FP RS Okasaki 7521 BAY S A FH A DE L 7 7. BRI Rl
[GLAERI

7] AVL i N —N1 key, R TFHE FOEL S [-1,1] Z 2,
(O B B 2 G0 1o FRATIT L0 VT My ik FH X — {5 SR S b2 R 1P R 1o 58
SARNFEREE RN XA (T, AH), HAor T ARG HIH, AH S8 e R
IME. A HEL first(pair) BUS—SHEFRIE IR, TATT AE AR 116
NEE BTSN, S AVL R AR AR A

insert(T, k) = first(ins(T, k)) (5.8)

=

((0,k,0,0),1) + T=¢
ins(T,k) = tree(ins(Ty, k), k', (T-,0),A) : k<K (5.9)
tree((1;,0), k', ins(T,, k), A) : otherwise

Tiv Tov K AHPESAE, IR A TR, key HIFATIA

T, = left(T)
T, = right(T)
k' = key(T)
A=6(T)

] AVL 4 T Ffli N7 key kb B, BEERBEONZS, 8558 — 7L T
[ key o4 k. “PEFIRFN 0o RERTRELIEMN Lo

AN, R T ANE, FAIR B AR R key & FIFFFN key & AR/
Rk /NFIRTT R key, FATRHBBITRAZ TR, ANERHSAL 74

IRYETE S, VRN RGO —XHME, Gl (17, AH;)o AT ZXTHER RIS,
PRSP, IR R SR INE . I E LR EL tree(), % 4 M2E: (T, AH)-

ERG XEARBCPE R RS (-1, 1) W, TR ELIEX MEE N .
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K' (T, AH,) F1A. XN BE R IC N (T, AH). Her, T" P a1

. AH ZEEEREIE, E T

H=|T'|—|T| (5.10)
BRI LAE—2 50N 4 Rl
AH =T - ||
=1+ max(|T7|, |T}]) — (1 + maz(|T,[,|T1]))
= max(|T7|, [T}|) — maz(|T.|, |T2|)
AH, A>0ANA >0 (5.11)
A+ AH, A<OAA">0
") AH A A>0AA <O
AH, otherwise

:.mE’JIﬁHhEEU%Tu;’%%Bﬁ% Co
%EUT$ ARERT, BT BB TR T Ao 4 AVL R -1
L RATH:
A =T - |7y
= T, + AH, — (|T}| + AH))
— |T,| - |Ti| + AH, — AH,
=A+AH, - AH,;

W e S A AR AR P DR A o e, AT AUE L (5.9) HRYEREL tree() T o

(5.12)

tree((T},AH,), k', (T.,AH,),A) = balance((T], k', T\, A"), AH) (5.13)
e EAARRE VAT B B A0 1A, FRATAT LAGZE Y Bk R4 Haskell 45174005
o2l N\ R

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

RBAHS T, WREHEAR key CEAAE, BOUUE TR key Bk SGHIES

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

o EEYE N T B R A UE SN

deltaH d d' dl dr
| d >0 && d' >0 = dr
| d <0 && d' >0 = ddr
| d >0 & d' <@ =dl -d
| otherwise = d1
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5.2.1 FEEE

FA e ARSI AC (pattern matching) SRIKE P, B Joth 2745 8 A FLE
fHOL (pattern) ZHIR AVL RIFGPET

K5.30 R 1 4 Rhifc BB EPETRO TS O iIXEMgiih, P IR r#E 2 a2,
MIAFEIEH [—1,1] Z W Wi iE, PR M 0, 240 SO R R

K 5.3 A JE T EHECPAEY 4 FPE T

FATINZE L fTraG, IR ST 10, ARIRFRIX 4 Mg A ZE — Zid - (left-left
lean). /& — A1 (right-right lean). #5 — = {i (right-left lean). A — A4 (left-right
lean) o TCIARERTHIPEE T4 6(x)s 0(y)s 0(2); THREISHPEETH 6 (2)s ()
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Zi WS, A 4 FRESLE AR P ER AR AR 0(y) = 00 o' (x) F 6'(2) FULE
wr. BARUE A A Co
E-ER (Left-left lean) BIIER

o' (z)

§'(y)
' (2)

6(x)
0 (5.14)
0

£ - A% (Right-right lean) BJIENR

&' (z)

' (y)
'(2)

0
0 (5.15)
3(z)

A - &% (Right-left lean) % - AW (Left-right lean) AJIERL

§'(z) :{ -1 4(y)=1

0 : otherwise
1 : 6 =-1
5(2) = ()
0 : otherwise

5.2.2 R THE

B ST 1R O AT DA SR =, T A R S RS DL G e ST P AE
=R R
(((Aava75(x))vy7 (C,Z,D,O),O),O) : Pll(T)
(((A,:L’,B,O),y, (C’,z,D,é(z)),O),O) : Prr(T)
(A2, B,/ (2)), 5, (C,2, D,5'(2)),0,0) = PalT)V Po(T)
(T,AH)

balance(T, AH) =

. otherwise
(5.17)

Hep Py(T) Fort T e /e — e i il o' (z) M delta’(2) #5185 (B.16) &
Mo

Py(T):T=(((A,z,B,(x)),y,C,—1),z,D,—2)
PoT) i T = (4,3, (B,y, (C.2,D,6(:)),1),2) 518
PAT) 1T = (4, (B 0.6 1) 5.0,
Pu(T): T = (A2, (B,y. C.6(y), 2 D ~1),2)
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NTHIAY) Haskell 7RSI T iX—F-#& 2 R AL

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

WAEIERPERERNR A B B B, AR ATZE I RIER . R AVL R n
IR, WAFIZIPEREN O(lgn).

BE

FILAE LA ORI — RS2 A2 AVL e BAIFR UM T : e
WATUE BRI AR RN Hk e 2 AVL RERITE T

AL AR RS, R AN .

N T SE AVL RERITEBUR AL . BATRER S A 0 SR SRR
IR A2 SR WAl 2 AVL RERIPE v BRI E AT 7717 R

True : T=¢
avl?(T) = (5.19)
avl?(T)) N avl?(T) N||T| — |Th|| <1 @ otherwise
v R RT AR S SO A T4
: T'=
IT| = 0 ¢ (5.20)
1+ max(|T,],|T;]) : otherwise

FIM 1Y Haskell 1] 7F2 5 S28iunF :

isAVL Empty = True
isAVL (Br 1 _ r d) = and [isAVL 1, isAVL r, abs (height r - height 1) < 1]
height Empty = 0

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

%3] 5.1

MERETRE R RAE T EEEM . WRE a3 (imperative) 15
5. O EITEERE I
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5.3 &

AT AR T B LML, Al R BRI PR TP I BR B E R SO K
ARG AR, Bl R R Jm T RE AW

AT AL BN B LB TER, EA R BREYE . AVL &
BRI ] AZE 5% Co

5.4 AVL PRGBS REE «

HANELNE T AVL BRI EZENA . ATENRRESN AVL B A -
JERE" Sk, BT LI AR D B ST A AT HUAR

FRZLRRM B A& TR A FIEAL, BATCI I SO R HOTR A, &
JE PRI AR R

1: function INSERT(T, k)

2: root < T

3 x <— CREATE-LEAF(k)
4 o(x) <0

5: parent < NIL

6: while T # NIL do

7: parent < T

8: if £ < KEY(T) then
9: T < LerT(T)

10: else

11: T «+ RicHT(T)
12: PARENT(x) < parent
13: if parent = NIL then > T A=
14: return x

15: else if k < KEY(parent) then

16: LEFT(parent) < x

17: else

18: RIGHT(parent) < x

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

ANFCR T, WIS R TRESE I, UGPSR - 0 o fb o fli NZIA I 2 f
O N 1, FRAZEM A 6 Bl 1o ERREAET, BATTEMN o IR, HIRIN L
SOV, EEIRT R

NI Python il Ry S T il NSRAR) E B S

’def avl_insert(t, key):
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e

root = t
x = Node (key)
parent = None
while(t):
parent = t
if(key < t.key):
t = t.left
else:
t = t.right
if parent is None: #tree is empty
root = x
elif key < parent.key:
parent.set_left(x)
else:
parent.set_right(x)
return avl_insert_fix(root, x)

AN PAENIERNING SR/ GEL X VN VA= P ANER 8 Ive N (L) e el =X NS
JRERMBEERR, FHENRAEHEART .

XEFNTEN TLRN—EPELR set_left() M set_right() Jitks

N TS, BAITREREN T REMAR T AMEZAM. MRAELM, F
BN 0 W, ANEGhT. TTBTREER TN o, BATAIT =FiE il

o 0] =11M [0 =0, WHHENJFHALT PEPRZS. AT R E B BOA KA
e, BiRaiR.

o H |0l =01 [0 =1, WALz ISR T, AT RSB
AR P

o # (0] =1and |6'| =2, B AVL WA 1, AT ZAA TR AT
Be.

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

3 d < 0(PARENT(2))

4 if © = LEFT(PARENT(z)) then

5: 0 +—d—1

6: else

7: 0 —d+1

8: J(PARENT(2)) < ¢’

9: P + PARENT(x)

10: L < LEFT(2)

11: R + RIGHT(z)

12: if [§| =1 and |§'| = 0 then > B ERARM, &

13: return T




5.4

14:
15:
16:
17:
18:
19:
20:

21:

22:
23:
24:
25:
26:

27:

28:
29:
30:
31:

32:

33:

34:

35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:

50:

AVL #f & 4% Xk +

else if [0| =0 and |[¢'| =1 then
x <+ P
else if [0| = 1 and [0'| = 2 then
if ¢/ =2 then
if §(R) =1 then

I(P)«0

d(R)« 0

T < LEFT-ROTATE(T, P)

if (R) = —1 then

dy, < O(LEFT(R))

if 5, =1 then
0(P) + —1

else
d(P)+0

d(LEFT(R)) < 0

if 6, = —1 then
d(R) 1

else
d(R)«+0

T < RIGHT-ROTATE(T, R)

T < LEFT-ROTATE(T, P)

if §/ = —2 then
if (L) = —1 then
d(P)«0
(L) + 0
RIGHT-ROTATE(T, P)
else
d, < 0(RicHT(L))
if 5, =1 then
(L) + —1
else
(L)« 0
d(R1GHT(L)) <~ 0
if ), = —1 then
0(P)<«+1
else
0(P)«+0

119

> 4kSE H IR BT RURT

> f-A R

> R (B.5)

> A-ZEAE L
> MR (B.16)

> fE-/E G

> SN
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51: LEFT-ROTATE(T, L)

52: RIGHT-ROTATE(T, P)

53: break

54: return T'

XEBANE M T LR — T UE LCRYTERARE . FRATER BB A B P-4 T
T 0o T HER AT TR, BRI T P, RIS TR B R A
X B T ERRYEE R AE 4 FFOLT . A7 — WAL — 2o AT e
¥y i — AeAmAN S — A5 R BT R -

HZRAY Python #il 5 Fefyn T :

def avl_insert_fix(t, x):
while x.parent is not None:
d2 = d1 = x.parent.delta
if x — x.parent.left:
d2 =d2 -1
else:
d2 =d2 + 1
x.parent.delta = d2
(p, 1, r) = (x.parent, x.parent.left, x.parent.right)
if abs(dl) — 1 and abs(d2) — 0:
return t
elif abs(dl) — 0 and abs(d2) — 1:
X = X.parent
elif abs(dl)=—1 and abs(d2) — 2:

if d2 = 2:
if r.delta — 1: #E—E‘f%ﬂ
p.delta = 0
r.delta = 0

t = left_rotate(t, p)
if r.delta = -1: #E—E‘f%ﬂ

dy = r.left.delta
if dy = 1:

p.delta = -1
else:

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

r.delta =1
else:

r.delta = 0
t = right_rotate(t, r)
t = left_rotate(t, p)

if d2 — -2:
if l.delta — -1: # /5-ZEE M
p.delta = 0
l.delta =0

t = right_rotate(t, p)

if Ldelta = 1: # E- 4100
dy = l.right.delta
if dy — 1:




5.5 N4 121

l.delta = -1

else:

l.delta =0
l.right.delta = 0
if dy — -1:

p.delta =1
else:

p.delta = 0

t = left_rotate(t, 1)
t = right_rotate(t, p)
break
return t

Ay AVL BiEBREE T LIZ % Co

5.5 g5

AVL B21E 1962 4E 1 Adelson-Velskii 1 Landis[18]. [19] #31. AVL {9
i R BRI EE AT CHIDT B R TR L

MR A SRS L AVL RFIZL R . BT B P A SR, X T2
R, BOIRTERERRE Olgn) M. MU (5.7) IZEH, AVL W11k 5 ™
#, PRIAESR S AR, HRIEEI TR (18] (HLLBAAEA S 4E A A
BRATE T RE B A

TRE AT HIRE T P 20 A S P — S R R S B, il ST,
AVL B RIRETT AL i RO i ke S

FERE FORINTET B, AP BB ai e, SO A, AR SR
8, 1 Trie f1 Patricia %% . EAIEFATHER T, WRAFSEHLLLNT
3, BATRGE T A—MEBIEIRE - B W
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.

FNE HEHHH - Trie FAETE N

6.1 f&EIr

T B9 /1 2R A9 25 AR R R T R AR RS, BT AT AR (edge) 3R
Fi# o B (Radix tree), W1 Trie MIFTZEM L2 X FEAEHRSE . BAT4T 1960
AL BRI T s 21 MAEMESAE (I DNA #CERE) [23] SE4tit.

K 6.1 FERE

K6 R T —RREEEOR ([1] 45 269 T1) . &4 78 1011, 10, 011, 100 F1 0.
IR AL H A IR b = (bobr...by)2. FATEERA LM RELL b 2 1 &
A2 0, N 0, W FRAEEM A3 S A0 1, MIARSAE A 5 S 4. #ely, 3R
&S A, JFEEX IR EREIE AR n ALEEERE 715 5,

BRI AT A key, [FEHIZRAT. EPT RAPARER key (UIUZ
N TR o A BRI gl ER SRR key, RERTUATYEZS(H], AT LAdEd fris
B PR AL EE

123
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6.2 EH Trie

6.1 i 7s BOBHR S5 AT M FR R binary tries Trie /& Edward Fredkin 2 H Ho
TR H AR retrieval . F IR/ i/ o ARV NAEEEAE/ tral/ (1L
SCER] try BYEEAEE])([24]. Trie AN ETSN . —# binary trie & —FPRERRIY
e I key fFHUALE B HERIACRYIE . 0 FoR A7, T 1 R
H7[21].

H T RERR] AR O ], BATTRT AR R 0/1 B3O key o M4
BB Trie B, FATEH IR HFA N —tH], SRatedf—Ar, &8 0, NEEH
AR M, R L WFRARA NS HRXEA R FEE6.291/
Trie, R 0/1 &, 31X 3 4> key SAME, (HENTAAKRE 2R EE X
TRXAGITRUL, BAILIZAE Trie WAL E i NEERL 3 We?

& 6.2: Ky (big-endian) Trie

USRI Y O /AR, A2 32 B E RS, A4S Trie A 1,
SRR 32 B s e ARy 31 e R U A AT, mE
TRAAE AR 2SRRI,

Okasaki Z5 | 7 —Ffi 73k [21]. —HHRIE RS0 (MSB) WHAAEN, &
iz (LSB) fEfrifle iXFh Trie FRIE A (big-endian) Rfo FATHL AT LA /N
(little-endian) HOREIR keyo XHE, +HEHIAY 1 R/ —BEHIRY 1o WRIEA
B2 Trie . S8R SAH AWM 7SR . €A —ESs. TitflRg 2
RERETR A N IR 01, +BERIRY 3 7R 08/ N ] (11)20 IXFREIFER TH
RNLHTHIE 0, fF— L key fE Trie FREAr B AT AR — i«
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6.2.1 FEH Trie HENX

FATAT LAEE H = X 2542k 2 X binary triec —> binary trie [ f{%E 44
2, BOAAE AN FEZSAT AT LMRAFRUMI I IR (satellite data) o /¢
5> gmish 0, A4S S 9mE5H 1.

MY Haskell )70 E LT Trie FACEEHE

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

FEAT 2 ARG FEIE T, Trie M FHOE ONEHEEE, A0 R TEH) Python #il-5-(UAh
IR :

class IntTrie:
def __init__(self):
self.left = self.right = None
self.value = None

6.2.2 A

F T3 Trie [ SO, il NSBTE R LAR B 2R3 8 A T 3L TR
AR 0, SRR key MR, FATEE PR 73 ST RN AN
ACMBIRIN 1, B key NETEL FATFL AN 3520 FRATXAEABIHLKEG key BR
LA 2 B DL fid AR A, ELEIEERSERT A I, IEHT key 280 0, AL 1T
Trie 8 T A4S0 T M1 T, R EAFRERIEARN d (RTLICAZS) o A0SR T 08
25, WIHZAA 7 SOMEAE O8NS o AT LAOX A E SR -

(T,,0,T.) : k=0
insert(T, k,v) = (insert(Ty, k/2,v),d,T,) : even(k) (6.1)
(T, d,insert(T,, |k/2],v)) : otherwise

WRFHE AR key B, XA B ORI E RO EE. tnl DARE R
PRAFIR— key _ERIPITA £

6. 2095 72 AR ARSI {1 = a,4 — b,5 = ¢,9 — d} [0

NI Haskell #2528 17X — @A EI%.

insert t 0 x = Branch (left t) (Just x) (right t)
insert t k x
| even k = Branch (insert (left t) (k ‘div’ 2) x) (value t) (right t)
| otherwise = Branch (left t) (value t) (insert (right t) (k ‘div’ 2) x)

left (Branch 1 _ _) =1
left Empty = Empty

right (Branch _ _r) =r
right Empty = Empty
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K 6.3: H/Nii#& % binary trie SCELAMLET: {1 — a,4 — b,5 — ¢,9 — d}

value (Branch _ v _) =v
value Empty = Nothing

Wl LA e @ T SOE SR B L. BT key B/0umEEL, AR, FATH
TNAMBE AT 500 0, MBS LT 500 1, WAL 7. iR
TRNZ, BAIRRECIE TR EEX - PRERLHSE G —0 (RAM
fr) JEtEik.

1: function INSERT(T, k, v)
2: if 7= NIL then

3: T <+ EMPTY-NODE

4: p+<T

5: while k£ # 0 do

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 RIGHT(p) = NIL then

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

14: k<« |k/2]

15: DATA(p) + v

16: return T
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WANBEERZ 3 M24: R Trie (4 T ZHRARIEEEL b AN AVEEE vo T
[ Python iR S8 17X — 835 BRI T Ans Rk a2

Lo

def insert(t, key, value = None):
if t is None:
t = IntTrie()
p=t
while key # 0:
if key & 1 — 0:
if p.left is None:
p.left = IntTrie()
p = p.left
else:
if p.right is None:
p.right = IntTrie()
p = p.right
key = key > 1 #key / 2
p.value = value
return t

XEFA m LR TR kX BRI mok, R RIE 2N O(m).

6.2.3 &K

FE/ N RERY trie FRAEHCECY kI, AR RS kAR iR k=0, NI
AR ] AR A R . ANIRYE RS — (2 0 182 1, A4 SEdt T
A
¢ T=¢
d : k=0
tookup(T, k) = lookup(T}, k/2) even(k) (6.2)
lookup(T,, |k/2|) : otherwise

NI Haskell 182 Fp S8l 1k A A H

search Empty k = Nothing

search t 0 = value t

search t k = if even k then search (left t) (k ‘div’ 2)
else search (right t) (k ‘div’ 2)

APV a2 AR B, JAIN b R A MIT IR, B A
AR 0, FARSAE A SCEHG: WA 1, MIEA N sER . BRIFTAN
HAL SR
1: function Lookup(T, k)

2: while k£ # 0 AT #NIL do
3: if Even?(k) then
4: T < LerT(T)
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5: else

6: T + RicHT(T)
7 k<« |k/2]

8: if T # NIL then

9: return DATA(T)
10: else

11: return not found

NI Python fil-fRERrsiBl T AL

def lookup(t, key):
while t is not None and k # 0:
if key & 1 — 0:
t = t.left
else:
t = t.right
key = key > 1
return None if t is None else t.value

BRI key H m AL, WAEREIENEZEN O(m).

6.3 EHEIBH

Trie [k RURZSFEHFER . WE6.207R, HAM 715 R T A8, B
K Trie PAEKENT SR GE R A TREZEFAZE, RATTLLG—ES
PR R T R BTSN RIX R B S, B Donald R. Morrison 7
1968 FHEH . EMAIESCH, BIZREFRA Patricia. /& Practical Algorithm To
Retrieve Information Coded In Alphanumeric 1 & FE455 [22].

Okasaki 25 Hi T BRI M AV LB [21]. 6.3 A — IR R aItE.
AT LAS 2 — R0 6.4 B s HOR o

K 6.4: /N RTZRA SEELR ST {1 — a,4 — b,5 — ¢,9 — d}
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MBI, T AL IR 300 RUITGER Y key 52 EHIFTA T3 32 A2 o 1X4
T key LD —HE, MG MR — PR IR Al Trie HHEL, BT
B TIRZ 2N,

FOFEEL Trie AR, BEBETZAN AT LA K 3 SEIR T AN 38 26 27 TR iy 0 Ji
ZEIe BB AL ABECERTH 0 &FH AR AT A=A Okasaki f£ [21] HFIH T
PN S =

6.3.1 ENX

BT — IR XU, BB, BRI WA
it

o T AR key RUHURIGEUR (T 075 ;

o DIV WELA T WA TR key BATERACH bR 2 SERTSE . I
HAEMF 3 SC N 02 0, A2 31 R AL Lo

MR Haskell $-7-ACHSE ST BT -

type Key = Int
type Prefix = Int
type Mask = Int

data IntTree a = Empty
| Leaf Key a
| Branch Prefix Mask (IntTree a) (IntTree a)

N T FIR NI IR 247 90 320 key AR, 203275 PP ORAE T FERD (5
Bo EHFAEME 2 (EECR, B 2n, H n BIRMEEL FrallT n g9 gkl
(AR T key HIILETSL

MR Python Bil5~ACASRE ST R ZARFIAR LY. Y 4l Bl R 2o

class IntTree:
def __init__(self, key = 0, value = None):
self.key = key
self.value = value
self.prefix = key
self.mask = 1
self.left = self.right = None

def isleaf(self):
return self.left is None and self.right is None

def replace(self, x, y):
if self.left = x:
self.left =y
else:
self.right =y
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def match(self, k):
return maskbit(k, self.mask) = self.prefix

FHorb match JIWTT RBYRTSAERMERT R S ER) key —2 FNHENDRE
HISEEE

6.3.2 @A
LIEN key B, WM ZS, R G— AR, key RIS OEAR A T15

RH, WE6.5 R
) ®

B 6.5: fefll: Moz A0 A 12 )5

MR HA =D o, RAERHEANN key FIEHRBN—H A5
Ry Ho BRIEAIEE— SIS R IS o Fly X8 S RIS 71
ATWE y WIAZAE/DE A, FOTTFELE] « fy WK AERTE . 21,
% key(x) A 12 (—#H] 1100) ,key(y) & 156 (3] 1111), MEHERKAIERTZAN
TR 1100, Hrf o ARRBATASOM) Z3EHIAL, FRATAT LA A — A B Ui i g
REPEIHELNT o AEIX T, ATLAR 4 (b6l 100) 7M. SRALHISE
T —(ARER 20 key(z) HX—(02 0, T key(y) HiX—foe 1o Bk« 27 TH,
My &4 FRe X7 6.6 7R

prefix=1100

B 6.6: Zefill: A 12 s A0 RS 15 R

RRREA 2, AE — BRI 95 5, SRR BB LBl A key A1
R IR R BAS AT U2 A — 8. AR —30 MIARYEEE TRAIALZ 0 b2 1
BB AR S SO U BEA TSN o B, AR A 14 (gt 1110) FlAE6.6MP AR
e, T RIS A SRR 1loo MHE TR —AL (21 f2) & 1, FrLAT 2 14 38
VAT ANZIA 44 o

B, WERAFHE AR REECRIAR Y il g S I AL AT SR — B, FROTHEMR
TR TR o (16 TR 1 X RIS [F] 1 0



2
i

£S

R

6.3 BT BT

=
3\2‘\5

prefix=1100
mask=100

prefix=1100
mask=100

G ° e prefix=1110

(a) HANEEEL 14, EMR KL T
(1100)2 —2o 520 Hdk 4 A\ 245
73

prefix=1100
mask=100

prefix=1110

(b) FNEEH 5. BERIHICAILHIZY (1100)2 A

—H HEH AU S

6.7: )73 3271 RUIA AR AL

131
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ICERARRLCN &k, BN o RN (ko) 2300 REEHR (pom, T, T7), K
Hop MEEBRARAILETR, m FOREMS, T M T, 2 RIRFRAA 19032 LidfRoial L
USE MO GV Rr

(k,v =oVT= (k)
join(k, (k,v), k', T = (K,
insert(T, k,v) = ¢ (p,m,insert(Ty, k,v), T,

(p,m, T}, insert(T,, k,v)
join(k, (k,v),p,

p,m, T}, T,), match(k,p,m), —zero(k,m)
m, T}, T,), ~match(k,p, m)
(6.3)
BATHEGA UGN, T 85 N2, B8R — D EARME key B35 5. KA1
PR ROAELA 5 I R 254 o
BATEH T A1 5, (E2 key ARAIENL. XIFRE S H— DRIt
TR, A, BATHEE R R AILRS, FFHEIR e, WA M. R
B join(ky, Th, ke, To) TTIRLEALIR, FRATRHE 2 E L E -
= PUATALEE T o950 32 Rl Har SCRERI BTSRRI N IR — S i Ol
PSS N 3 R v S VNI Sa e e = B o a1 e e AN I A U E G B
[ A 53 AN
)i AT T 9 ST L AR key A —EAYTE DL KT join B
ey 3 H—ET T A
PN R B E LR EL mateh(k,p,m) FLAFIBTEET & MM m LAERIALZ
T p —8 Wt EeE p EHRAL L2 EHN kB — D% g, — 1o
R key RN ] (Prpn—1--piepo)2, FHEAN key b 1 ZERIEAN
(knkn—1...Fi...ko)2, HEAGA (100...0)7 = 2% WIFK kv pv m —BCY HACYX TAEE J,
i<j<nfp=k
FllTT I BT 55 mask(kym) = p ARSI mateh ¥ Ho
mask(z,m) =m — 1&x. BIFEXT m— 1 #prHU, SREHEE R « #efidtfr 5158,
T zero(k m) H A LRI TR — LR A 00 FATAT LIRS m 4
i LA AIs A, BT RN b BT AL s E

)
) (
) = (p,m, Ty, T,), match(k,p,m), zero(k,m)
) = (
T) = (p,

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

ZEEL, A m = (100..0)y = 20, k = (kpkn_1...kil..ko)2, BT ki HITF—1L
2 1, Frlh zero(k,m) [gE5K false; 2, # k= (knkn_1...ki0...ko)2, NIZEEN
true,

u%& join(py, Th, pa, To) HeZ IR IR N 28, E4H pr 5 pe ViR
KAIERZ, RGOS R, I Ty M T fEN 5 R

(p7m7T17T2) : Zero(pl,m) (pvm) LCP(p17p2)

(6.5)
(p,m,T5,Ty) : —zero(pl,m)

jOin(pla Tlap?a T2> = {
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N TR p1 M pe RIBARAILETS, FATATLA X eI R R, K5 X4
R RALEG= A — G m = 2lrer@or)l G K NIRRT S AT LU X AL po

5 po HEET— MG H . Bian:
p = mask(pi, m)

NI Haskell -7 F5 7 S2 8L T 40N SR

(6.6)

import Data.Bits

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

join pl tl p2 t2 = if zero pl m then Branch p m tl1 t2

else Branch p m t2 tl1
where

(p, m) = lcp pl p2
lcp :: Prefix — Prefix — (Prefix, Mask)
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 o &. complement (m-1)) — complement F R H%

zero x m = x o &. (shiftRm 1) = 0

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

fRNF L AT LA a4 07 550
1: function INSERT(T, k, v)
2: if T'= NIL then

3: T < CREATE-LEAF(k,v)
4: return T

5: y<T

6: p < NIL

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

8: p<—y
9: if ZERO?(k, MASK(y)) then
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10: y < LEFT(y)
11: else
12: y < RIGHT(y)

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

14: DATA(y) < v

15: else

16: z + BRANCH(y, CREATE-LEAF(k, v))
17: if p = NIL then

18: Tz

19: else

20: if LEFT(p) = y then
21: LEFT(p) ¢ 2

22: else

23: RIGHT(p) + =

24: return T'

PRAL BRANCH(TY, To) RYVERIRIRTIENE LAY join M. B8 — B2 LT
wo TRRAR AT, RER Ty 1 T & NIRRT
1: function BRANCH(TY,T3)
2: T <+ EMPTY-NODE
3: ( PREFIX(T"), MASK(T) ) - LCP(PREFIX(T}), PREFIX(T3))
4: if ZERO?(PREFIX(T}), MASK(T')) then

5: LErT(T) < T}
6: RIGHT(T) + T5
7 else

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

N Y Python i1 f 5 SEE0 Tl A BRHE -

def insert(t, key, value):
if t is None:
return IntTree(key, value)
node = t
parent = None
while (not node.isleaf()) and node.match(key):
parent = node
if zero(key, node.mask):
node = node.left
else:
node = node.right
if node.isleaf() and key — node.key:
node.value = value




6.3 HRATHAHT

else:
p = branch(node, IntTree(key, value))
if parent is None:
return p
parent.replace(node, p)
return t

135

IR branch il lep ZEENF:

def maskbit(x, mask):
return x & (~(mask - 1))

def zero(x, mask):
return x & (mask >> 1) — 0

def lcp(pl, p2):
diff = pl » p2
mask = 1
while diff # 0:
diff >> 1
mask << 1
return (maskbit(pl, mask), mask)

def branch(ti, t2):
t = IntTree()
(t.prefix, t.mask) = lcp(tl.prefix, t2.prefix)
if zero(tl.prefix, t.mask):
t.left, t.right = t1, t2
else:
t.left, t.right = t2, t1
return t

6.8 7R 1 i 4 N S 1 Y BT8R

prefix=0
mask=8

prefix=100
mask=2

K 6.8: AL 1 — 2,4 — 9,5 — 2 B—KImEEEL

IRV 432

Y

AL

USERl
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6.3.3 &

UNSRAT SR S BB ST L, R key ANSRTAFEHAVEEL, T
BRI N2 MR OCE — 47 5L BT key 180 TR HAOE, W
TR RZIT T RS R EE. A0, B T 21030, BAIFREIL
TR R AL AT R A AP A H AR 2, IR T (2 0 B2 1 8t
BB WRERAHATRA 2, WA BN,

o  T=¢oV(T=(FK,v)k #Fk)

T = (K,v),k' =

T = (p,m,T;, T,), match(k,p,m), zero(k,m)
T = (p,m, T}, T,.), match(k,p,m), —~zero(k, m)

<

lookup(T, k) = ¢ lookup(T;, k
lookup(T,, k

~ ~—

otherwise

©-

(6.7)
MY Haskell 1]-7-F2 7 5230 138 H A A%

search t k
= case t of

Empty — Nothing

Leaf k' x — 1if k=k' then Just x else Nothing

Branch p m 1 r
| match k p m — if zero k m then search 1 k

else search r k

| otherwise — Nothing

ton] LA g A0 A LB AR RTZRIR AR, A SRR A B A BRI T 1
AMHRBHTE, BN R ERSURRIAL. WRE 0, 8RR TRES: R
e 1, MG RS

HETE A R FATHE AT KK key @A%F TREEHRAVEE Bk
AT -

1: function Look-UPp(T k)
2: if T = NIL then

3: return NIL > R E|
4: while T is not leaf, and MATCH(k, PREFIX(T'), MASK(T)) do

5: if ZErRO?(k, MASK(T)) then

6: T < LerT(T)

7: else

8: T + RicuT(T)

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

10: return DATA(T)

11: else

12: return NIL > )
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NI Python #ly R fr el 7 iX— & A

def lookup(t, key):
while t is not None and (not t.isleaf()) and t.match(key):
if zero(key, t.mask):
t = t.left
else:
t = t.right
if t is not None and t.isleaf() and t.key — key:
return t.value
return None

6.4 FFF Trie

HEH Trie FIRGEEM T LAMER T MESCF AL BRI AT S AT, 5 HAHOC I BORTE i3
PRSI E E AW H . Haskell 155 A9%1Fes GHC (Glasgow Haskell Compiler)
£ 1998 SELARTHY SEIMH A 1 T BTSN [21]0 WS key HYZEBY N FRF,
Trie FIFTZE L AT LA SCFAL BRI A ks -

6.4.1 ENX

R FRHERN key, (AN SCHAE T EHGEKE, —I7 26 -7
FFo MRAMER/NG , —Fhfa R IMNERIRERD 3 (FH) BB 260 A28
LA SEIRE N 26 HYRCERETR 5. WEI6.9F7R.

FARRTAR 26 D SCERE AR BIINE6.90, RT3, HARE
b Az 1 3 TSI N A i S, PIINAER RIS, AR AR, R
W FATERE TR A H X2 2 B 50 5

WERX KNG, S AFETGE LM MRS . S8 H S 260 FA]
R LA Hash 3RECE map SRR S5 M DR 580 H 20 LRI B

Zib, —BRTAT Trie i N2, BEEE DT R T RIAUREATPIF:

o WMPH R, ANEAET T30
o MYV, SAZNTRE, BTG AR T

W75 ORI 35 R T REAEAE AEOC B dR « T IETHY Haskell 7R E LT
% Trie,

data Trie a = Trie { value :: Maybe a
, children :: [(Char, Trie a)l}

empty = Trie Nothing []

NI ANSI C | FACRSZS T 545 Trie MUSEHIE Lo IR, FRATRET
GESICCIEINCE S S S E A
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K 6.9: HLZEH 26 M0 XHIFSF Trie, 14 av an. another. bool. boy Fl zoo 3t
6 1~ key
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struct Trie {
struct Triex children[26];
voidx data;

};

6.4.2 A

ICRHAAR PRI N K = kikoo kb, HP k250 4 D7 K ORBREBE— 17
B by SMNURIAR TR o RAHEANIEDE. 1L T = (v, C), Hr1 v W7 SR
R C = {(c1,Th), (c2, Ta), ooy (Cons Tin)} N5 SCAUBRET o BN TAF ¢ BRATE
TR Tio AR T Nz, MR RIS C tohass

(U/7C) : K=9¢

6.8
(v,ins(C,ky, K',v")) : otherwise. 68)

insert(T,K,v") = {
WMIRFHGAL key N2 H, FATHBEIE o B ARIIOEEE vo BN, 3L
BRI, s IEE TR N o X — i R R B ins(CL ke, K/, 0") SEHL. &
B C PTG — T 4 CF HEREE— st LA HoAt e g, 53X —
PRAT LARE SLAnF

{(klvinsert((¢7¢)7Kl7vl))} : C= ¢
ins(C,ky, K',v") = {ky,insert(Ty, K',v" ) }UC" : ki =¢ (6.9)
{(c1,T1)} Uins(C', ki, K',v") : otherwise

A CONZ, BATRTAS by BATE—rRy=T  E (S P ER 2T
WAL, IRIEBITRARIARR T s SNEERE T ko W BIR 74, RJ5 2600
BEATHRAN o

MIERY Haskell 7827 S0 7X@ AN H %K.

insert t [] x = Trie (Just x) (children t)
insert t (k:ks) x = Trie (value t) (ins (children t) k ks x) where
ins [] k ks x = [(k, (insert empty ks x))]
ins (p:ps) k ks x = if fst p — k
then (k, insert (snd p) ks x):ps
else p:(ins ps k ks x)

W] U @ A E LR o RATMRT SUTHR . B a7 i 7
FEFIAER 23 5o ISR ZS, RETE— DT AL, SRR AEEE N — DS RPN A 53
o FANEL X IR HBEI AN TR BB N Z ZIE T

PN RANENETPE I

1: function INSERT(T, k, v)
2: if T = NIL then
3: T < EMPTY-NODE
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4: pT

5 for each c in k do

6: if CHILDREN(p)[c] = NIL then

7: CHILDREN(p)[c] <~ EMPTY-NODE
8: p < CHILDREN(p)|c]

9: DATA(p) < v

10: return T'

N ANSL C fil 72 5 S8 T iX— 1A R

struct Triex insert(struct Triex t, const charx key, voidx value) {
int c;
struct Trie x*p;
if(lt)
t = create_node();
for (p = t; xkey; +t+key, p = p—children[c]) {
c = xkey - 'a';
if (!p—children[c])
p—children[c] = create_node();
}
p—data = value;
return t;

Hr K% create_node G — %, HEIARN 79 S0 E RZ

struct Triex create_node() {
struct Triex t = (struct Triex) malloc(sizeof(struct Trie));
int 1;
for (i =0; i < 26; 4++i)
t—children[i] = NULL;
t—data = NULL;
return t;

6.4.3 BT

BRI, TRA T — ST, R R S5 F40 3, WX T4 L
SRR 12 Trie 3 (v, C) . BAFAEIRIY key R N2, MHEH K = kiks.. hino
H— AN b BARIFHN K.

v : K=¢
lookup(T, K) = ¢ : find(C k) = ¢ (6.10)
lookup(T',K') : find(C k1) =T"

HAR%L find(C, k) BB AR TRF— WX C AR 7R kX R
TR R MS F3E C 2 MIZER N 2, BRI AL C = {(k1, T1), (k2, T2), -, (kin, Tin) }
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SR Ty XN by FSRBREIHCA O NHIIARE L T find FEL

¢ + C=9
find(C, k) = T ki=k (6.11)
find(C’', k) : otherwise

N Haskell ] 7825728 7 Trie YEHRE L. SMFEH 7R ERRR 4L
lookup ¥,

find t [] = value t

find t (k:ks) = case lookup k (children t) of
Nothing — Nothing
Just t' — find t' ks

W] U ar & AT AL A . A E R ERFEREBENF N TR £ 03
HEREINS 5. B SR E TR AT R R R B R s
o

1: function LooOK-UP(T, key)
2: if 7= NIL then

3: return not found

4: for each c in key do

5: if CHILDREN(T)[c] = NIL then
6: return not found

7: T <+ CHILDREN(T)|c]

8: return DATA(T)

MR ANSIC i A2 S T A % . SERRAT, BRI 23154 NULL.

voidx lookup(struct Triex t, const charx key) {
while (xkey && t && t—children[xkey - 'a'])
t = t—children[xkey++ - 'a'];
return (xkey || !t) ? NULL : t—data;

%3] 6.1
IIIUR, AU SRR LA Trie FAO TR LAY
T G R RE?

6.5 FRTEISR

FEEEL Trie —FF, P47 Trie P25 AR H MRG0T LA RIFER) 735004 Trie
45 R 28
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6.5.1 ENX

FREATZERR — FERPRRY ISR, B RS T3 FrAmr 37 sila —
PMERAIETSEH  WHAFAERGSAE T 03T R, AEAR AR
AR EAE I, AT e I P BURE P I o

WFAEE6. 9P LS A — N SR RS AT LS 2] ERANEI6. LORT HT 48 o

K 6.10: —RERTZM, &7 key: a. an. another. bool. boy Fl zoo

AT LG 745 Trie {95 SCHEUE S5 2RISR A E Lo —HRATR 2L AN
2, BRI T = (v,0) TR Hrf o AT R RAAIIInEdE: C =
{(s1,11), (52, T2), oo, (80, T) } R ZHBREIRS, BERTWR AL —DFFFH 55 RIS R A
T Tio

NI Haskell 1A E SCT RIS o

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

empty = PrefixTree Nothing []

leaf x = PrefixTree (Just x) []

NI Python #il AU E ] T Trie SKiE LRTSUR -

class PrefixTree:
def __init__(self, value = None):
self.value = value
self.subtrees = {}

6.5.2 fHEA

WNTAREE s B, RO, e s, Wig6.11 (a) Fros. A0,
FNDE AT ST o MRAAAERN 703 T MPEFRF R s, FEH s; Ml s £7
FESERRTRTSE, ST X — B3 Tyo BUASRUEL, FATEIE— 8 Ay P




6.5 FAFAGH 143

S TR ARG, SR T A Ty (ERET RO RRR TR T, A T 3
HIX—HT%. MEG1L (b) Fim. XEAERAEHII: —FR s 8 s MRS
MG () Fim: BA—FE s A s MR, MIE6.I1L (d) Fiw.

DRI T = (v,0). B insert(T, k,o') 454 k TR o HAE T
.,

insert(T, k,v") = (v,ins(C, k,v")) (6.12)

XE, HATHA A SN B ins(C, k, ") IWEBHHN o WR T3 SZHIET C O
25, MBI — DT /G AR EZ AR BT I8 C = {(k, Th), (k2, T2),
C" R LR — AN ISR X LASNA i H At o

{(k, (v, 0))} + C=0
{(k, ,Cp))yuC" : k =k
{branch(k,v' ki, T1)} UC" : match(k;, k)
{(k1,T1)} Uins(C’, k,v") : otherwise

ins(C, k,v") = (6.13)

BT B S B FUE B FRATEIEE— AT L K o EAEA, %4
JE¥s kR RX AN A e MR I — ML . B T ATALERAEE A key EEEAFAE
L, FROTAFTEGE o 5 T ECRIVEdE. 2 Cn, T Ty T 793
Westo SR =ATALER K FOSE— DB key DEECAGIENL. o —fraksid R4
SRR

FATFRBANE A FI B DS HACY BT A 2 A RIS

match(A,B) = A# ¢ ANB#pNay =b (6.14)

Hrfag 7100 2052 AT B A NSRS DT
PR branch(ky, v, ko, To) BRIZEEAEHAE ky A0 ko, UG o A1/ Too €
AR RIS A ILRTEE b = lep(ka, ko), ICRTRR ARV K =k — & A0

ky = ko — ko FATESCEALHMFIA FIEIL: kr 08 ko BYRTER, B3 k2 O ko HUHTZR

T —FEOL, FATEE— R 7T 8 v AAIT, R b BREEEXA
Wbo SRES (ky, To) AME—RY TS o XST50 —MEOL, BATRITHH & fl v
N Teo BN, FATFRECE— DSV R GHAENRARAILATS & HIBGT. X
TS RAPA TR, AN (R, Te), AR AR, AR v, I
Hi2 k) Bt

(k) (v7{(k/2)T2)})) . k = kl
branch(ki,v, ke, T>) = (k,insert(Ty, ki, v)) : k=ky (6.15)
}

(k, (¢, {(K}, (v,0)), (K5, T2)}) : otherwise

Hrp

vy (kny ) }s
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@Ey m

(a) K 741FH boy AN 2R, GEHRN— (b) 4kZEdi N\ bool, G730, WY
719 R HIASERTSCN bos

(c) AFH5H an 1N key H8dE y AN M7 A7 A% ©. FFXTRATZY another.

insert
another

other

(d) He— T IO NETSR an, 747 another 1E4 key iAo #5258 T H other FiiA\E 17052
.

P 6.11: J5ii AT 2R AR ) 25 R 00
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k= le(kl, k2)
K =k —k
Ky =k — k
BREL lep(A, B) AW A f1 B 42 BUAF B 745 ¢ a1 #1 by 435148 A F1 B
FEEIE— N5, A B RER A F45

¢ : A=¢VB=6¢Va £b

(6.16)
{ai} Ulep(A', B') : a1 =10

lep(A, B) = {

NI Haskell 7R 5 S0 T BTS00 A SE

import Data.List (isPrefixOf)

insert :: Eq k = PrefixTree k v — [k] — v — PrefixTree k v
insert t ks x = PrefixTree (value t) (ins (children t) ks x) where
ins [] ks x = [(ks, leaf x)]
ins (p@(ks', t') : ps) ks x
| ks' = ks
= (ks, PrefixTree (Just x) (children t')) : ps — overwrite
| match ks' ks
= (branch ks x ks' t') : ps
| otherwise
=p : (ins ps ks x)

match x y =x # [] & y # [] &% head x =— head y

branch :: Eq k = [k] — v — [k] — PrefixTree k v — ([k], PrefixTree k v)
branch ksl x ks2 t2
| ksl = ks

— ex: insert ”an” into ”another”
= (ks, PrefixTree (Just x) [(ks2', t2)])
| ks2 = ks
— ex: insert ”another” into ”an”
= (ks, insert t2 ksl' x)
| otherwise = (ks, PrefixTree Nothing [(ksl', leaf x), (ks2', t2)])
where
ks = lcp ksl ks2
m = length ks
ksl' = drop m ksl
ks2' = drop m ks2

lep :: Eq k = [kl — [kl — [k]

lep [1 _ =11

lep _ [1 =11

lep (x:xs) (y:ys) = if x=y then x : (lcp xs ys) else []

RSNV AN PRy (Tl N
1: function INSERT(T, k, v)
2: if T = NIL then
3: T < EMPTY-NODE
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:

27:

pT
loop
match < FALSE
for each (s;,T;) € CHILDREN(p) do
if £k = s; then
VALUE(T;) < v
return T
¢« LCP(k,s;)
ki+—k—c
ky < s, —¢
if ¢ # NIL then
match < TRUE
if ky = NIL then
p<T;
k<+ K
break

else

K # M — TRIE Fo7] At

> s; A k BT

> 53 S ETT T A

ADD(CHILDREN(p), (¢, BRANCH(k1, LEAF(v), ko, T7)))

DELETE(CHILDREN(p), (s4,T}))

return T’

if —match then

ADD(CHILDREN(p), (k, LEAF(v)))

break

return T

> BN AR T R

BiRsET, R LCP SN TR B I BAIR A LTS . A7 RF & bool A1

boy FIER AN ALRTZEN boo FAFEBRINES (-) 8B LA 775 B AR F B0 o
B4 bool - bo = ol, % BRANCH 5T 301 UIFHUFTXT MY key o

HIFRF M AL -
1: function LCP(A, B)

2:

3:

4:

5:

1+ 1

while i < |A| Ai < |B| A Ali] = BJi] do
141+ 1

return A[l...;i — 1]

N TARBEARILAT SR, FATATLGE— P T/ R 74F, RS A

I3 ST 7T R AFAE PR DL BRANCH(s1, TY, 82, To) RIZEUZ AN

[ key FHMERBS o UIZR 51 D2, B — D FREERIZ S — THIATSR . HIIEFAF R an
RAE]—HRATZN another IR XFMFHLAE T BN T T BRI &
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W, iR sy ANE, FATHZECE S — DD L I8 Ty Fl Ty 4050 98T
R o

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

2: if s; = ¢ then

3: ADD(CHILDREN(TY), (s2,1%))
4: return 7}
5: T < EMPTY-NODE
6: CHILDREN(T) < {(s1,T1), (s2,T2)}
7: return T'
N Y Python iR S B T RIS Y4 N B0

def insert(t, key, value = None):
if t is None:
t = PrefixTree()
node = t
while True:
match = False
for k, tr 1in node.children.items():
if key = k: # B R FSEERE
tr.value = value
return t
prefix, k1, k2 = lcp(key, k)
if prefix # "":
match = True
if k2 = "":
# B “another” 4l ARIZRN “an” AYM, 4k )
node = tr
key = k1
break
else: # 77 I HI— T Y R
node.children[prefix] = branch(kl, Patricia(value), k2, tr)
del node.children[k]
return t
if not match: # IEAN— A7 5
node.children[key] = PrefixTree(value)
return t
return t

ﬁ¢§&%ﬁﬁA*WﬁAiﬁﬁﬁmm By

#ikME (p, s1', s2'), Hfr p 2 lcp, sl'=sl-p, s2'=s2-p
def lcp(sl, s2):

j=0
while j < len(sl) and j < len(s2) and sl1[j] = s2[j]:
j4=1

return (s1[0:j], si1[j:], s2[j:])

def branch(keyl, treel, key2, tree2):
if keyl = "":

# B “an” fHARIFTZEA “another” HHH
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treel.children[key2] = tree2
return treel
t = PrefixTree()
t.children[keyl] = treel
t.children[key2] = tree2
return t

6.5.3 &E¥K

il Trie AR FATARER —IRIERED FAFE ATMRTT ST, &0
SCHUR R AFAETEA TR RLR) key BAFEHR TR WIRAAE, HATNFE
AR RTR A, SRR RIS AN, AR BT AT AR
FIFFEAIATZR . WA

ERER N T = (v,0), THEAEHA find MBAETA 103 C HhidtfTE
o

lookup(T, k) = find(C, k) (6.17)

A C Oz, WEHRW, BNEE C = {(ki, T1), (k2, T2), ., (kn, Ta)}, FATE G
R k2 b HIRTZR, WERAVE . s R AR YRS C7 k.

¢+ C=¢

vy, k=k

lookup(Ty, k— k1) : ki Ck
find(C', k) : otherwise

Hrp AT B3R AN B IWRATE, WARIED T3 300 key J2& k HIRTZE, W
find REOGRME# )T (mutually recursive call) HiiH H lookup BREUIATE K
MY Haskell )72 7 S0 T A A

Find(C, k) = (6.18)

find :: Eq k = PrefixTree k v — [k] — Maybe v
find t = find' (children t) where

find' [] _ = Nothing
find' (pe(ks', t') : ps) ks
| ks' = ks = value t'

| ks' “disPrefix0f’ ks = find t' (diff ks ks')
| otherwise = find' ps ks
diff ksl ks2 = drop (length (lcp ksl ks2)) ksl

AR A AT LU S A 515588
1: function LooOk-UPp(T k)
2 if T'= NIL then
3: return not found
4: repeat
5: match < FALSE
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6: for V(k;,T;) € CHILDREN(T') do
7: if £ =k, then
8: return DATA(T;)
9: if k; is prefix of k then
10: match < TRUE
11: k<« k—F
12: T+ T
13: break
14: until —-match
15: return not found
NI Python il F2 5k ETE&%% EE THIHE XA lep(sl, s2)
HRECRIE DN ARSI .

def lookup(t, key):
if t is None:
return None
while True:
match = False
for k, tr din t.subtrees.items():
if k — key:
return tr.value
prefix, k1, k2 = lcp(key, k)
if prefix # "" and k2 = ""
match = True
key = k1
t = tr
break
if not match:
break
return None

6.6 Trie FARTZERT AR

Trie MIRGZUM AT LA SRARRVF 2 A A A AT, FRATZ5 H— 280+, fih
iR, HURE SRS, T BIAGESS .

6.6.1 FEFIRIIIAF B35

6. 12 /R (R B IRl AL . O T S M, S PR TR,
TR AR SR, W A e FR A RS H

FL 3] LA B A A R T 0 B o EAT AR AT AR O ALk FE iR MR R 2
[l 2 Bk LA R RE . fUd% 2247 (caching). %5| (indexing) 4%,

FIFRE T IRl R AL, (16,1358 T R E IR R 5 R i = AN A5
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[ NON ] Dictionary (48 found)
AlA Q, introl [}
Al JIENEN English Thesaurus — Simplified Chinese »
— intro | 'mtrau |
intro- noun (pl. intros) informal
introduce . .
an introduction.
introduced
introducer
introducers ORIGIN
introduces
. . early 19th cent.: abbreviation.
introducing

introduction

introductions

intro- | 'mtrau |
introductory prefix

introgression
into; inwards: introgression | introvert.
introgressions

] 6.12: FLy-ildite A - e A\ T BC A A8 B O 4 A 41 1

SIHH —SE AT REA A ZR I JX LRI - SK B4 A P R A AEDCRD, I Hogs
MR TREHT . B RIREGNZ , R -

XPINMEFH, SR AL T R B e I . FERLEIARH) IDE (BERT
RIEE) H, GmiB A T AR B P B 3h 5 iR P A o

PATVE B W ATZ R SEIM 7Rl B o Ry T fRifb R, (R AT TR IR i 2 2
— A

LR LRAE T key-value I, key J2 S SCHURIE AL, value S2X B A AEFRE o

N B, TRHAE HZG AR, TR PR A R R 5
Fo XML EIRIELL 2’ TSk, f1FF abandon. about. accent. adam:----- WAR, X
A A T R HH Y B3]

WMSEGEERIRR 2, —FPJ7 252 HUBRET 10 4>, i i AR iR AR,
A T DA YE B 22 OB I AN SRAF A I AT BN A, FRATACH /I A9 R T n
T RAVEIEIT ;. A, FA TR VA A A L F BT R 7 Se R A

X FHEMERIE (lazy evaluation) HYZRFEEASEHT, — P B EDWAY JT 52 16 1
P RATR TR, AERIETRTERET n 4. ICHENATEW A T = (v,C), TH
IR ES S B LAk TFSL T2

enum(C) : k=¢,v=4¢
JindAl(T, k) =< {(¢,v)}Uenum(C) : k=d¢,v+#¢ (6.19)
find(C)k) : k#¢

PSLBRINAEST AN Ak, AUEDFE RO, ST 5]
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Google

goo

google sites add comments source code
google notes

google maps

google earth

google.com

google translate

google voice

google images

google chrome

good morning america

4] 6.13: KT % NI i A\ DUFECH e 2451

HIPATACEE key 2SO FUE ML IO, FRATE MY R T iR A A 2= 1 F
Wt BE—ITHM find RMESGIRARIS & VCRCHY 7932

WMEN E T AN, A8 C = {(k1,Th), (k2, T2), oy (B, Tin) }, S BREE—
FBIeES AN TR A iR C7 o A SRR T LUE LA R

6 C=0
mapAppend(ky, findAll(Ty, $)) U enum(C”)

Hrh mapAppend(k, L) = {(k + ki, v;)|(ki, v;) € Ly EHHTE k WINE1E L
HIFTA key-value XK key RiTHI?

PR enum AT concatMap FHIREEE S (JRFRA flatMap) 2.

enum(C) = (6.20)

enum(C) = concat Map(A,y-mapAppend(k, findAll(T, $))) (6.21)

BREL find(C, k) & LANT o WMRFREN=S, RNz B0, EESRE k
WS4 Tho A5 Ky ROk FHSE, 3EAH mapAppend 1] Ty BT 753 3 key B
FEIRTZR ks A0ER ki 2 R AURTSR, SRR IAMAE A LA k — Ky T3
RZ, R ko2 ke BETE, W Ty B 5 SCROR B dile. 30, Bkt 55—
XTHRER] AR b TR A 3% ) HL AR
6 C=0
mapAppend(ky, findAll(Ty,¢)) : kT k
mapAppend(ky, findAll(Ty, k — k1)) : ki Ck

find(C', k)

Find(C, k) = (6.22)

otherwise

PRI LA GO AN TR AT . 7F Haskell Hr, {HFSEBEE RIS LS, mapAppend TR N
map(first(k+), L)
SRR M T XN TC 2 T . SRS R . S {d T build-foldr ST ERAHEIZE R B
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R Haskell 47 F2 7 #2 B _EIR B SEI T — a7 LAY FE - Ja]

import Control.Arrow (first)

get n t k = take n $ findAll t k

findAll :: Eq k = PrefixTree k v — [k] — [([k], v)]
findAll (PrefixTree Nothing cs) [] = enum cs
findAll (PrefixTree (Just x) cs) [] = ([], x) : enum cs
findAll (PrefixTree cs) k = find' cs k
where
find' [] _ =[]
find' ((k', t') : ps) k
| k “disPrefixof" k'
=map (first (k' 4#)) (findAll t' [])
| k' “isPrefix0of" k
=map (first (k' #)) (findAll t' $ drop (length k') k)
| otherwise = find' ps k

enum :: Eq k = [([k], PrefixTree k v)] — [([k], v)]
enum = concatMap (A(k, t) — map (first (k #)) (findAll t []))

f. Haskell IXFERIEE R EAREERSE T B n eI n] LA take(n, find AU(T, k)
SRR B A 25T take PRETHYTEANE Lo
] DL a4 U5 sUSE B A 7 iAl e R RY SRS T I IR E SR TSR A
FERE A THE T /\X]LJ_LE/]HJW$DEHF$HJ)\E/]V‘]%\~ i, BEAY R
PR PR ERIRIEIRT n ek
1: function Look-Up(T, k,n)
2: if T = NIL then

3: return ¢

4: prefiz < NIL

5: repeat

6: match < FALSE

7: for V(k;,T;) € CHILDREN(T) do
8: if k is prefix of k; then

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

11: match < TRUE

12: k<« k—k

13: T+ T,

14: prefiz < prefix + k;

15: break

16: until -match

17: return ¢
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HrbE R EXPAND(T, pre fiz, n) 3B n A7, XLEFRAE T Ha RFERTET

o CHEBLN) T EMeE L (BES) , Afif)s—Sx ) I SENRERE
EATEHRI A

1: function EXPAND(prefiz, T, n)

2: R+ ¢

s Qe {(prefiz,T))

4 while |R| < n A Q is not empty do

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

6: if DATA(T') # NIL then

7: R < RU{(k, DATA(T) )}

8 for V(k;,T;) € CHILDREN(T) in sorted order do

9: PusH(Q, (k + ki, T;))

IR Python #l-fREfSLBL 7 — S HFIE S B TR ERETR) find H

HORFIMT — PR AR — T RYATSE

def

def

lookup(t, key, n):
if t is None:
return []
prefix = ""
while True:
match = False
for k, tr din t.subtrees.items():
if string.find(k, key) = 0: #key is prefix of k
return expand(prefix + k, tr, n)
if string.find(key, k) =—0:
match = True
key = key[len(k):]
t = tr
prefix 4= k
break
if not match:
break
return []

expand(prefix, t, n):
res = []
q = [(prefix, t)]
while len(res)<n and q:
(s, p) = q.pop(0)
if p.value is not None:
res.append((s, p.value))
for k, tr 1in sorted(p.subtrees.items()):
q.append((s + k, tr))
return res
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6.6.2 T9 MiNiE

EATE

K # M — TRIE Fo7] At

FHUH P G 15 Bl B IS PE R RS AN PC ESE R H. FHLSE (FRoy
ITU-T ###5) ERAAERDR%E. WE6. 145K .

1 2 3
ABC || DEF

4 5 6
GHI JKL || MNO

7 8 ¢l
PQRS || TUV ||WXYZ

* 0 #

K 6.14: FH| ITU-T 4

fE ITU-T SR8 EH N DESCRIA S A PRI T 2. B3 - 256 A\ R home,

At e B T T P B e -
o HRWIK 4 SELSINTARE b
o IR 6 BELUR N o)
o F—Ik 6 BELMR N FAF m;

o IR 3 LN TAT e

73 S0P SR ) 5 S T A SR -

o MRUKALT 4y 6+ 6 3, Hiii] home HFLAEMRIESI RN AR LT

o BRSO FEBE IR, good MR HBIAE R I ;

o HTWEEERES, T MR gone HIETIF L

XTI, FTEARBURE AN (E, AR ERMA A — i 1A 7
o JXFITIEBFRAETO S NIE B AL [25]
5, LTIk, JRMER 9 58k T9 &g A%l LUH AT g8 ke st Bt

M1 T PR R IR, T R N IEFR UGS A . Rk B T9 %
NIEEFE AR R T A, BRSO RGN AP TR 5 AT

O SEBALAHE TR B H A

[

lo

T9 23 textonym HJ%j
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EFoBATTREE S T AT, ERRF S IR T4 -

Mro={ 2— abc,3 — def,4 — ghi,
5 — jkl,6 — mno,7 — pqrs, (6.23)
8 — tuv,9 — wayz}

X WU IE . Mrold] BUIRFIET: @ XA T TR AT AT LLE L
FREREF T o
My = concat({{c — d|c € S}|(d — S) € Mry}) (6.24)
TEIS AR Mpg  FRATAT LUK B et — LA T 1) o
digits(S) = {Mp4 [c]|c € S} (6.25)
HE—NFFY] D = didy...d, . FATEL T9 EHIFEWT

{o} + D=2¢
concatMap(find,prefizes(T)) : otherwise

Hrp T 2L RIaRTA A S H RTRTZR . BATR AN T9 f iR
o FEIANECTH D =, MG ERIRIEE R IR E S S, MY T
BRI AR

NS A LI 13, AT E TS Cr s X (k, Ti). HIEKT
FEER K BEHONECT Y di SRR HCER di M1 Do InSRHrbZ —2 55— HIHrg. Nk
HIX Ry (ki T) DEATRE— B4

findT9(T, D) = (6.26)

prefives(T) = {(k;, T;)|(ki, T;) € Cr,d; = digits(k;),d; C DV D C d;}  (6.27)

PREL find #2280 — AR S M2t — a7 77 Hip S 2
D HyHTZR. M, FAIN D hEBRIX—mgR, AEHFRINETH D' =D — S 4k
Sitrile ‘P S TRINIRDE T B A S RATI .

find(S,T") = {take(n, S + s;)|s; € findT9(T",D — S)} (6.28)

Hrbn = [D] ZRIABF RIS AL take(n, L) MFIFE L HARIGHT n 4~IC
o WMRIERRREET n, MZPATICE.
MY Haskell -7F2 /5 SC30 7 AT EHRY T Ao

import qualified Data.Map as Map
mapT9 = Map.fromList [('1', ",."), ('2', "abc"), ('3', "def"), ('4', "ghi"),
(ISI’ "jkl")’ (IGI’ Ilmnoll)’ (|7l’ "pqrsll), (|8l’ lltuvll)’

(lgl s "WXyZ")]

rmapT9 = Map.fromList $ concatMap (A(d, s) — [(c, d) | ¢ < s]) $ Map.toList mapT9
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digits = map (Ac — Map.findWithDefault '#' c rmapT9)

findT9 :: PrefixTree Char v — String — [String]

findT9 t [] = [""]

findT9 t k = concatMap find prefixes

where
n = length k
find (s, t') = map (take no (st++)) $ findT9 t' (k ‘diff’ s)
diff x y = drop (length y) x
prefixes = [(s, t') | (s, t') < children t, let ds = digits s in
ds “isPrefix0f  k || k “isPrefix0f" ds]

FLAGE A A et R S an & 308y T9 AT FAIEM— 1B Q. HARSY
FITCEN = TEQE (prefzx D, T). =Tt & I CHERIFILR prefiz, HA
LR ARIAR D WHRHERIN T To BAFIRIIRIIR, =TS — D 25H)
%, B T@%%'?E’J%ﬁl%, AR RTS8 BT Rlo SRS I A ST U =TT, X
HEIR T, AR EE T T A ZR T BB, AP0 5200 5 4
ki FARBE T H D' IR D 2 D' WATSE. IR T Mk R AT K
TRINE =TT RIS prefiz 5, HOR FX 4%, R D' 2 D WEIZ, A7
i B SAE R . Dt IATRKE ke SERIHETS, FRIEH D - D'
FZ TR — BT =TT, NBAFI Y .

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

2: R+ ¢

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

5: n < |D|

6 Q< {(¢,D,T)}
7 while @ # ¢ do

8: (prefix, D, T) < Popr(Q)

9: for V(k;,T;) € CHILDREN(T') do

10: D’ + Dicirs(k;)

11: if D' = D then > D’ is prefix of D
12: R <+ RU{ TAKE (n,prefiz +k;)} > (R EAEIT n
13: else if D C D’ then

14: PusH(Q, (prefix + k;, D — D', T;))

15: return R

PBREL DIGITS(S) Y7 /F A S BB o
1: function DicITs(S)
2: D+ ¢
3: for each c € S do
4 D + DU{Mgz4[c]}
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5: return D

NERY Python fily ey RIS S T T9 AL

TOMAP={'2"':"abc", '3':"def", '4'!"gh'i", "5k, A
l6l:|lmnoll’ |7I:Ilpqrsll’ 'SIII'tUV", Igl:llwxyzll}

TO9RMAP = dict([(c, d) for d, cs in TO9MAP.items() for c 1in cs])

def digits(w):
return ''.join([T9RMAP[c] for c in w])

def lookup_t9(t, key):
if t is None or key — "":
return []
res = []
n = len(key)
a=[("", key, t)]
while q:
prefix, key, t = q.pop(0)
for k, tr 1in t.subtrees.items():
ds = digits(k)
if string.find(ds, key) — 0: #key is preﬁx of ds
res.append((prefix + k)[:n])
elif string.find(key, ds) = 0: #ds is prefix of key
q.append((prefix + k, key[len(k):], tr))
return res

%3] 6.2

i F] Trie SCELHL-F-IRIEAT T9 H AT,

X FR [ 2 A e A SR T 2R A BRI, AR T ORIy A 25 R R U
HEFP? XA REF A2 B R R N2

o WSAEEIMETERAE, Anfr SEEL R EGURY FE-r IR AT T9 g A\ 3ke

6.7 /Mg

ARFE IR TR Trie FURTSUN o BT BB S A AT S5 1) 76 20 158 e 9
LG E] T EERM . AT Trie MITRFRTZ T LG U2 BB 2519 0 B 2K
e BT LIRS SCFHE S AE BT, FANT48 7 H ST o i A /Y
TIASAT T fy Nk B RSEEAE IR fRoR T A Trie
FHRTZE A RN J7 o LS BARARE T, MR AIA RPN A R
B BeE A LAZE R Do
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7.1 &9
B @ — D EENEIRS . CHF TR B SN s R
MOFEEL (1], R RE AL Zh B WP B B+ WLl B fEH 2
FFBAREN LI AT DA — R eSS b g 7, M5t B #
[39]5
K718 T8 B A, FRATATLOES SRl — AE R A A S E

C G P T 4

/ \ l/ 4 \
Lo ] oLefe) [l o] fefe]s] [fv] [x] ]2

K 7.1: B #

[EIZ— T AR AT Lo — IR SRR -
o HFERIETRG

o HEMEG =S, HE, BRAMD SN BRA NS XM S
R SR

[RIES, SR ZRIH AL T T FR A A
o AT 7 S AP BEEARAN R T 1T RO SRR S
o VRV K TARM A I 53 S AR

MTAREI =X (L, k, R), Hr Lo R Ak iR AA TR RIS (E . 47 1
L Key(T) ] LIARBUR T (OS(E, X BRG] AFoR man g

Ve e L,Vy € R= Key(z) < k < Key(y) (7.1)
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WX —E HE, R EALZMHEN T2, e B . &

—HE B
o SHE N
o FEEAS n NMEEM 0+ 1 BT, SR TRHEE R B W XS ER] TR

ﬁj\%ﬁaj“j k17k27 )kn iﬂ:] C1,C2y...,CpyCptio

BT 2058 7 —A B W IR

C[1] | K[1] | C[2] | K[2] | ... | CIn] | K[n] | C[n+1]

A 7.20 —4 BT

T BT B (R ARG 2 T Y BIR A S F
FIrA BOSAECHS IR G (FRBI8) AU ORAE. BIl: ko <o <o < ks
o MR ki T ¢ TIIFARICERMAKRT ko B ki ART T i HIER

TR
X PR A AT LAk oy R = (7.2).
V.Ti < Ci,’i = 0, 1, vy, => a1 < kl <x9 < kQ <..<z,< kn < Tpt1 (72)

Ba . N T HIETEE . B RS LA ER
FIA B 119 L BT R TR L 5
o SEXEERL, BN B A E/NERL:

- B RERZ G 2t — 1 PR

- BRIRT RSN, AT RS EA - 1 MEE.

FREREA n MEER B R, FoNERCE > 2, WIS ke BRARTT RSN
MR REOEA t -1 MEE. FOVRTTRE0&6—MME, Brdz2/0Hm4
WEN 1T R, B 26 DREDN 2 97T R 2008 262 DRERN 3 7
Rl BOA 2400 ADNREES b B9 R BRIRT RSN, T R EORLL
t—1, BaT LU E] B WP 2T R MG B9 L T A

n >14t—-1)(2+2t 42>+ ...+ 2t"71)

h—1
=1420t-1)) t°
k=0

(7.3)
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TR B REAY&EEMCRBIE N R

h < log, "1 (7.4)
XHLEN T B R . REEHE B WFRAN 2-3-4 . BRIS/NERt = 2,

BRARTY ML R 2 2 4 DMEME. AT —PRZLBA A S _EAT AT AR N
—RE 2-3-4 $f,

Y Python #l AAUMLEH T B MHYE Lo EMRIE NI/ NERL t 61—
L

class BTree:
def __init__(self, t):
self.t =t
self.keys = []
self.children = []

B BT Ol R R AN AR (DEEE) . N T B, AT A
% JERX LRI MR o

Ar, FATE L AR AR ERE B o O 1 IRFEE, JATST
BT ], R RESRA TR TR 20 BUAh, BT AR5 A FRRIAL
BREARTTIE . ERAERN R TR RSRIS [13] [39]. &5, T2 B AHIM
FRAEHE .

7.2 HEA

FANTAT LT A Wrd A key A B Ao J7ikfl — AR WL LA x 1Y,
MY (O R . FATET S EE— M, XMCE LM A key #/NT @, 1M
AMPA key #AT o'e MRYETYRURM 75, FHHBAW WRhEam
key A2 26 — 1Y), gL o ABIXALE . A0, X B
L AT B T X R 2o

BT 34 T — RG] IXER B A0 2-3-4 Bf. HIEATCER = = 22 I,
R ER R RRAFI key K, i LA T RAQE A MY IR 264 38 A1 455 A8
22 <26, FrLAERRARES DI 21 1250 KR AL AR
o R 22 HedlAF] 21 H1 25 HhiA,

B2, WRMTFIRAROEEH 2t — 14> key, BEOEW 7o FATHNRER R H
KeHT key AN XFFEFE B A, A 18 i@ B XA M. A7 BT %] LA
Eo

7.2.1 iRk

FATAT LA m o P i AN I (PG R8T A PR IR 575 . — il
BITIUERE AT REREER AT AT 04 3 — P suif N e R 2 310 B S
ST, TER AR T A T . 2 AT
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26 38
J 1NN
|5|8|9||12|15|16|17| 21 |25 30| 31| 37 40 | 42 46 | 47 | 50
(a) 4 22 FN 2-3-4 fif: 22> 20, FEALTH 22 <26, TS AT
TR
4
’5‘8‘9‘ ’12‘15‘16‘17‘ ’21‘22‘25‘ ’30‘31‘37‘ 40‘42‘ ’46‘47‘50‘
(b) 21 < 22 < 25, HIHF 15 A,
K 7.3: B B SRR RIAH L
NGRS £

WA R, BATRT LAEAR AR e T AT 503

— MG t— 1A key 197 50T LUZIREIT ARR 43470 3 MBSy Aol iR 45>
BAEHT ¢ — 1 A key A0t A7 RE A MAYER BRI R ¢ — 1 > key A0 ¢ A7
FEAPIIESZEGTER B B HETERESE ¢ A keyo FATAIEMBEE [ _EHEAFIAL
TR AR LHT VR MR AL WEE ¢ 4 key A4 AP0 N TR ALR
—SHTAYIR Y R

K[1] K[2] | ... K[t] K[2t-1]

S N

C[1] C[2] C[t] C[t+1] C[2t-1] C[2t]

(a) 2 4FHT

KIt]
K[1] K[2] | ... | Kit-1] K[t+1] | ... | K[2¢-1]
J l 4 Y 4
crn 2] cry Clt+1] C2t-1]
(b) 53¥ /5

B 7.4 AR
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ZETR z, 10 K(z) AR key (9515, C(z) ham gL, 6

i T key N ki(z), &7 TN cj(x). THEIETENNE T2 95777 node H1fy
IR R

1: procedure SPLIT-CHILD(node, 1)

2: x + ci(node)

3: y < CREATE-NODE

4: INSERT(K (node), i, ki(x))

5: INSERT(C(node), i+ 1,y)

6 K(y) < {kes1(2), krya(2), ..., ko1 (2) }

7: K(x) < {ki(x), ko(z), ..., ke—1(x) }

8: if y is not leaf then
9: (j(y) — {Ct+1(x)7ct+2(agv'"7(bt(x)}
10: C(x) + {c1(x), ca(x), .oy ce(z) }

MR Python #il v Ry Sl T 70k R

def split_child(node, 1):
t = node.t
x = node.children[i]
y = BTree(t)
node.keys.insert(i, x.keys[t-1])
node.children.insert(i+l, y)
y.keys = x.keys[t:]
x.keys = x.keys[:t-1]
if not is_leaf(x):
y.children = x.children[t:]
x.children = x.children[:t]

HrberRgy is_leaf FIl— 5 gUE 21715 Mo

def 1is_leaf(t):
return t.children = []

SRR, A key B EHEABIACH R AT A ATRECE T, IXFEptss
HR B R R S
AT R AR, FATRT AR (UG, IPE AR SRR a1 A
IR EAUERTTRE AW T, AT 0. BT RATCA AL A
T IJHGW”+P &AM key —EDT 2t — 1o HEHEAN D key AR B
PP o ﬁ{f/\ﬁﬁ% E ToL )T AL P — K T TT R AR AT B
QD%TEF ({2l sr, M B — DR R, BASEM key, HFTAIHE
TR IXA T A \\EI’JU’E EI’J?T?, o SRIRFRATHURT LA R _E IR B9 #3047 B TR
THIRE A, AT key FA
1: function INSERT(T, k)
2: r«T
3: if r is full then > AR AL oot il




164 %t¥F B#

4: s <+ CREATE-NODE

5: C(s) < {r}

6: SPLIT-CHILD(s, 1)

7 < S

8: return INSERT-NONFULL(r, k)

Hrh8% INSERT-NONFULL (BRI AT SN IS EHS R A R A . S ARA%
NI AT AL AR RHE A key FUA/INE AR GG B A0, FiE
FHEFHRANN TR WRFTTECW, s 1550 .

1: function INSERT-NONFULL(T), k)
2: if T is leaf then

3: 141

4: while i < |[K(T)| Ak > k;(T) do
5: t—i+1

6: INSERT(K (T),1, k)

7 else

8 i<+ |K(T)]

9: while i > 1 Ak < k;(T) do
10: 1+ 1—1

11: if ¢;(T') is full then

12: SPLIT-CHILD(T, %)

13: if k> k;(T) then

14: 1 i+1

15: INSERT-NONFULL(¢;(T), k)
16: return T'

X IAR . B R m/ MRt B AR A A AR E , RN R
JERREARAF ERBC R G (B ¢ = 10 fuRsfe, —FRIEEED) 10 (9 B AT LAGRAT
100 f254f) » AESEBAA, VTt il IBEHER . XAEN B TR 4550

BT 5% TRk a— SRR G, M, P, X, A C, D E J, KN, O, R, S, T,
U, V.Y, Z &R B PEERE R 2234 (t=2), F-ANERTNE/NER
t =3 FATATLLEHIBIER B REAY 1A

Ny Python #ilfe /7 SLBL 1 iX—Hk.

def insert(tr, key):

root = tr

if is_full(root):
s = BTree(root.t)
s.children.insert(0, root)
split_child(s, 0)
root = s

return insert_nonfull(root, key)
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K 7.5: fl G,

Hrr A AR GTY AR AT R I SL I T B -

def insert_nonfull(tr, key):
if is_leaf(tr):
ordered_insert(tr.keys, key)
else:
i = len(tr.keys)
while i>0 and key < tr.keys[i-1]:
i=1-1
if dis_full(tr.children[i]):
split_child(tr, 1)
if key>tr.keys[i]:
i =i+l
insert_nonfull(tr.children[i], key)
return tr

IXHL % ordered_insert T — It KIGA R E/FHHEHHEL is_full
HURE N EEASA 2t —1 1 keyo

def ordered_insert(lst, x):
i = len(lst)
1st.append(x)
while i>0 and lst[i]<lst[i-1]:
(lst[i-1], lst[i]) = (lst[i], lst[i-1])
i=i-1

def +is_full(node):
return len(node.keys) > 2 x node.t - 1

R B AL SR , 1K R RN TE 2 A B T 0 P I B A 8
o ETREEN n BB JEH ARG O(n) 1. H%( ordered_insert
B RIS SR A SRR . RIFMRIG — A TE K IR A R4 TE %
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BECT. WARA/NEE, gtk T3 ik,

EREANBEE

T R LAR FIRIZL AR A AU T 5 R SE Al R 2 B AR SRi%. [4L
FAREARY, B A T AR key SN, SRR A TE S LUK
Ve B WAl LVAEVE BT R, B TREEAZA key TR A
i, BT LA RIS BT U2 A EW, T key TING . BRI TR LA 2 /N E
RO PR A

insert(T, k) = fiz(ins(T, k)) (7.5)

PR ins(T', k) MRTT TR B B, EEISIERIACEN kb SfAN . L0JE R
BREL fix KA B WHIMERT. 12 BN T = (K, C,t), Hit K AR key, C
T, ¢ R/ NERL

NI Haskell 7S E LT B o

data BTree a = Node{ keys :: [a]
, children :: [BTree a]
, degree :: Int} deriving (Eq)

MR — B BEAYE S, FATATLAZS AT Y Haskell 5 \PR%L

insert tr x = fixRoot $ ins tr x

SLIREL ins(T, k) B, FATEALPEPFOARIES: WIR T 2575, bk fE
BRARNENT s AW T 52T 5, BT ELE TR ke BRI T7 firfe

BT.625H 700 REITE Ol BEE R EM IR E . X TR key ki, 7
FHAAR key k /2 ki <k <k, AR ZEGEITR kTS5 ¢ Fo

FHENGLEAR T R T =80 Z2MED 5 ein FIAEMIER

(K'U{k}UK",¢,t) : C=¢,(K' K")=divide(K,k)
make((K',Cy),ins(c, k), (K", C%)) : (Cy,C3) = split(|K'|,C)
(7.6)
AR AT BRI T RS DL BT divide(K k) A key 73 M
i, By key #OAKT b, IR RIRE key HA/NT K

ins(T, k) = {

K=K UK'AVK c K",k c K" =k <k <k

B ATRIRI SE ROl BREL split(n, C) K BTA R TR 50 5 C1 A1 Co PR
gre HAr Cy B THT n BRI 1 Co AERIRIT. O TS —ERFICH
c, HRFRIEH Cso

BoJE . BATTEE b d RN S 7 ¢ o BRE make $652 3 240 Hrp
BB =R X key MIFRRGSIZ: B A28 R EREM
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k, K[i-1]<k<K[i]

nsert to

| | K[1] | | K[2] | | | K[i-1] | | K{[i] | | | | K[n]

- [@n] [or] [om

(a) EALEIRFHENI T30

| | K[1] | | K[2] | | | K[i-1] | k, K[i-1]<k<K[i] | K{[i] | | K[i+1]
y A 4
cr | . |ain an| .

(b) N o

| K[n]

K 7.6 1A 32T A key

fENRY key FITRAHIERT B AT U@ A 2o o/ NERUR B, IRt S, sk 7id
HHEE.

. F K/ / K// 1 .
make((K/’C/)’c7 (K//7C//)) — flx UZZ(( 7C>7c7( 7C )) full<c) .
(K'UK",C"U{c}ul” t) : otherwise
B Full(c) KeAE A ¢ RO, IR, B firPull K o 135
. IFEH R 2R key SRAE—HTHT B B9 A2

FiaFull(K',C"), ¢, (K",C")) = (K'U{KYUK",C' U{cr, e} UC" 1) (7.8)

X (e1, k', c2) = split(c)o FEMHFH. BT t — 1 4> key MIRT ¢ >R A&
AR, R =1 key ME  DFRBUH TGS DETRG H t key K
BeE) EAEANE] key H1o

A LI R BREL BATA ARSI fin(T) LASEEREGIRY B R AR
Ho EHERY REGS AT LR key, WAEIRG], BT IF. D IFHIZS
RPN THE AL R R S B L.

c : T=(¢,{c}t)
fiz(T) = ¢ ({K'},{c1,e2},t) = full(T),(c1, k', c2) = split(T) (7.9)
T : otherwise

MY Haskell §7f2 /75020 7 B REHRARTE.

import qualified Data.List as L

ins (Node ks [] t) x = Node (L.insert x ks) [] t
ins (Node ks cs t) x = make (ks', cs') (ins c x) (ks'', cs'")
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where
(ks', ks'') = L.partition (<x) ks
(cs', (c:cs'')) = L.splitAt (length ks') cs

fixRoot (Node [] [tr] _) = tr — shrink height
fixRoot tr = if full tr then Node [k] [cl, c2] (degree tr)
else tr
where
(cl, k, c2) = split tr

make (ks', cs') ¢ (ks'', cs''")
| full ¢ = fixFull (ks', cs') c (ks'', cs''")
| otherwise = Node (ks'4+ks'') (cs'4[c]4#cs'') (degree c)

fixFull (ks', cs') c (ks'', cs'') = Node (ks'+4[k]+ks'")
(cs'4#[cl,c2]4cs'') (degree c)
where
(cl, k, c2) = split c

full tr = (length $ keys tr) > 2x(degree tr)-1

7. 745 T NI 1) 25 44 s L GMPXACDEJKNORSTUVYZ” [ AN [ 45
Ho

(a) 2-3-4 HHHH N Gh

G M P T

TN

A|C|D]|E J | K N|O R[S UlVI|X|Y|Z

(b) F/NEECt = 3 [ B AHEAL R

B 7.7 SRR RS

7.5 R a2 RS R LR, BATH LR R EMNARZ AL AT
HOZ L B W S IkEE R

7.3 HiI&

B/NERCH € /) B, BRI RN, AR R key #ANEEAT £ -1 1
WS R — A key Ja . A ATRER 3 SOX A B
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IR ASRAE—HE, BATAT LR A Sl - s (e M BRpi b AT A s i T
VB, DAL W5 A R 5 2 19 key s sl& EMIBRIEXT T RO TIE S, LUB ST RY key

JURAZN

7.3.1 MIRRIFS I+

HAV B E A RGO WERAF MRS key & FRERST ROV —IF P 2, R
TATLAE R kN o llERe AR o R (R ME—5 0 . BATTCRRH DM
BRI S AN key idbo DLEBFD, FRATRZ AL Lo

WHFFOUR . FAMRT G, B IR M e — SRR A2 kB Ry
zo MR 2z B3R, WA =FHo:

o FAHUL 2a: WER K HTEN 7Ry S EBEZH key (2T 8), BAIH y &
FURTANTTER & B @ Hhiy b, SRRIBIFHAE y Fok & IHBR.

Hrp, b RYETSKOCEALE TRy TPRIEJE 1 key o
7. 8HIA T IXFPE DL

Delete k from x

Node x k1---ki-1/ k=k \ki+1"'kn

N\

Nodey Node z

e

Node x kl---ki-l/ k=k’ \ki+1---kn

Delete k' from y / \

Nodey Node z

7.8: (i FATIRIC Z A I F A T B

o FIEUL 2b: MR y SAEM key AL, HE kBT 2 SAK key 2T
t. FATATLLCKE = FPRYICE kL 2 kb HJR4ROCER K7 SR, S5
B 2 Rk HER

Hrr, & fEHICRIZE TR 2 TR 1 keyo
7. OFE T RXFE DL
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Delete k from x

Node x k1---ki-1/ k=k \ki+1"'kn
/ re;%e\ \

/

Nodey Node z

e

Node x kl---ki-l/ k=k’ \ki+1---kn

/ \ Delete k” from z

Nodey Node z
Number of keys < t

B 7.9: i AR TSR AT B

o FHEUL 2¢: AN, WR y W 2 SHH key #AE, FATHTLLK yo kA1 2 55
SRR BIRIFEH 2t — 1A key, ME, FRATHAT VRIS HT
REAT I U MBS o

XA EEIRIE O ARG IFEHTT A S AL key, Mpl2di, k2 =
HIME— key, 1y fll z J2 o (SUARIMD 15 il TR FRATRR R A 5 B2 A1
_EO

K7 10858 1 IXFE DL

AR, R kAR ¢ P key, HATHZEAE o PHEI— TR

cin G kb AETRE ¢ e FEXS ¢; BEATEEIAMIBRAT, BATFREBCHIE ¢ BOEA ¢

M keyo MRS key AL, HURZREATUT AL

o THEN 3a: ATKA ¢; BRTE AT AL cic1 T cipro WERATA— DT A A

ARBH) key (/D¢ 4), BATH = DA key W TFBEHE] ¢; o, Ik
SHRBZ key FILHT RPE— key [ EBBHE] @ e R, BATEFTE
R o #5757 AR R 11 A Eh R ¢

X ARAEETT ¢ A B2 key DMEREFTIRTHAIMER . #FRIEATATLIN ¢
Hhos RS ko

7 11HE T IX Bl

TR 3b: MR AT LT A AR key HEARE . FATRTLLKE: ¢ o HEY
= key, MUE—SLBAT KA N —DFT R RGO AT I R
o
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Delete k from x

Node x k1---ki-1/ k=k \ki+1"'kn

AN

ky'..kes’ k.. k"
Nodey @ Node z
Node x Ky.K 1k qe Ky

/ Delete k from y’

k. kg

Merge y, k and z into new node y’

K 7.10: &5 FEHER

Node x
ki <k<k;

't

kkis_— ki N Kz

Childc; \ Rightsibling c;,,
4 4 O\ k1” kz"u-km” \

2.
Cmi1

Delete k

4

Delete k kll(ll/ K; \I(;+1...k,,

from child ¢; / \ Rightsibling ¢;,,
/ ki'..k,., \ k; \ / K" k" \

7 7 ” ” 2

C; s Ct C; Cy s Cm+1

Rl 7.1 [ A 56T R ey

171
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K7 12858 1 iX— 18 Do

Node x
ki <k<k;

't

Delete k

child kl...k,._l/ k; \k,.+1...k,,
I C;/ \ Rightsibling c;,,

’ ’ 7 7
/ ky..k, 4 \ k. keq \
7 7
¢’ [ C

e

Ky 1Kesg.n ki

Delete k
from the new merged child
/ ki'..k,., \ k; N k. k" \

7 7 ” 2
C; s Ct C; s Cm+1

B 7.12: 4% v kR e B A— DT

N LIRS, FRATHR A E L LeHi B R4 B4 CaN-DEL for —A5
RS RIE LN key LISRATIERERAE
1: function CAN-DEL(T)
2: return |K(T)| >t
I MERGE-CHILDREN(T, 1) ¥+ 15 ci(T)- key ki(T) F1FT5 1 et (T) &F
i TR
1: procedure MERGE-CHILDREN(T, i) > A4 ¢ (T) ki(T) F cipr(T) B9F
x <+ ¢;(T)

N

3: y < ¢it1(T)

4: K(z) + K(z) U{k;(T)} U K(y)
5: C(z) «+ C(x)UC(y)

6: REMOVE-AT(K(T), 1)

7: REMOVE-AT(C(T),i+ 1)

X RS ERI T HUERRIER @ 7T KR key, BENTRISE i +1 1
GBI REN T ool @ 4 key A2 @+ 1 A7 B

R eR L FATRT LA AL =R B R O, AAITAE SC N R BRI BR
Ak

1: function DELETE(T, k)
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10:
11:
12:
13:
14:
15:
16:
17:

18:

19:
20:
21:
22:

23:

24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:

37:

Ml

11
while ¢ < |K(T)| do
if k= k;(T) then
if T is leaf then
REMOVE(K(T), k)
else
if CAN-DEL(¢;(T')) then
ki(T) <= LAasT-KEY(¢;(T))
DELETE(¢;(T), k:i(T))
else if CAN-DEL(c¢;41(7")) then
ki(T) < FIRST-KEY(¢;41(T))
DELETE(¢;i+1(T), ki(T'))
else
MERGE-CHILDREN(T, 7)
DELETE(¢;(T), k)
if K(T) = NIL then
T < ¢;(T)
return T'
else if k < k;(T) then
Break
else

t+—1+1

if T is leaf then
return T'
if - CAN-DEL(¢;(T)) then
if i > 1A CAN-DEL(¢;—1(T")) then
INSERT(K (¢;(T)), ki —1(T))
ki—1(T) - Por-BACK(K (¢;—1(T)))
if ¢;(T) isn’t leaf then
¢ <+ Por-BAck(C(¢;—1(T)))
INSERT(C(¢;(T)), ¢)
else if i < |C(T)|A CAN-DEL(¢;, (T')) then
APPEND (K (¢;(T)), ki(T))
ki(T) <— PoP-FRONT(K (¢;41(T)))
if ¢;(T) isn’t leaf then
¢ < Pop-FRONT(C(c;41(T)))
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> E 1

> EL 2

> EIL 2a

> [HE 2b

> HIL 2¢

> i/ N

>k AT H
> ENL 3
> &M 3a: ZEM Y 2h

> 0L 3a: A7 b 5
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38:

39:
40:
41:
42:

43:

44:
45:

46:

47

APPEND(C(c;(T)), )
else
if i > 1 then

MERGE-CHILDREN(T', i — 1)

else

MERGE-CHILDREN(T, 7)

DELETE(¢;(T), k)
if K(T) = NIL then
T+ ¢ (T)

return T

#%L¥F B#

> f 3b

> 38 M BR

> A/ NE

K713, 71471548 T BRI RGP, SO RS R RN .

P

/N

-

/

A|B D|E|F J|K|L N|O

Q

R

(a) MERHTET B B

P

/4N

-

A|B D|E JIK|L| |N

O

Q

(b) MER key F. 1i§iL 1

K 7.13: B REMERAGLER (1)

N Python # 7R FPsEl 17 B AR %

def

def

def

can_remove (tr):
return len(tr.keys) > tr.t

replace_key(tr, i, k):
tr.keys[i] = k

return k

merge_children(tr, i):

tr.children[i].keys 4= [tr.keys[i]] + tr.children[i41].keys
tr.children[i].children 4= tr.children[i+1].children

tr.keys.pop(i)
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S 4\ LA

A|B D|E J | K N|O QR[S Uu|v Y| Z

(a) M key ‘M5, FI5H 2a

P

N

C L T X

AV LA\

A|B D|E|J|K N|O Q|R (S UlvVv Y| Z

(b) MR key ‘G, FHEL 2¢

K 7.14: B REMERAOSTR (2)

C L P T X

AN BN

A

A|B E|J|K N|O Q|R|S u|V Y| Z

(a) MER key DJi. FHEBL 3b, W ELH 1

E IL, P T X

L NN

a

A|C J [ K N|O Q|R (S UV Y| Z

(b) MBE key B'f5, FIE0L 3a, A4S0 15—
™ key

1g) L P S X

VAN TANIN

A|C J|K| |N Q| R TV Y|Z

(c) MHER key U'JG, FH500 3a, [ 2200 b0 25675 55 A
—> key

K 7.15: B REMERAGEER (3)
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W
o
o

tr.children.pop(i+1)

def B_tree_delete(tr, key):
i = len(tr.keys)
while i>0:
if key — tr.keys[i-1]:
if tr.leaf: #‘I"%E{H, 1
tr.keys.remove (key)
else: #‘l‘jﬁaﬁ 2
if tr.children[i—l].can_remove():7%‘&%2% 2a
key = tr.replace_key(i-1, tr.children[i-1].keys[-1])
B_tree_delete(tr.children[i-1], key)
elif tr.children[i].can_remove():#%‘ﬁ%ﬁﬂ 2b
key = tr.replace_key(i-1, tr.children[i].keys[0])
B_tree_delete(tr.children[i], key)
else: #‘I‘%E{E, 2c
tr.merge_children(i-1)
B_tree_delete(tr.children[i-1], key)
if tr.keys—[]: #%@&TE@%E
tr = tr.children[i-1]
return tr
elif key > tr.keys[i-1]:
break
else:
i=1-1
#5003
if tr.leaf:
return tr #key NNIEAE
if not tr.children[i].can_remove():
#1EDL 3a
if i>0 and tr.children[i—l].can_remove():7%;Efﬁm5ﬂgg
tr.children[i].keys.insert(0, tr.keys[i-1])
tr.keys[i-1] = tr.children[i-1].keys.pop()
if not tr.children[i].leaf:
tr.children[i].children.insert(0, tr.children[i-1].children.pop())
elif i<len(tr.children) and tr.children[i+1].can_remove(): %#zE%ﬂUEﬂEE
tr.children[i].keys.append(tr.keys[i])
tr.keys[i]=tr.children[i+1].keys.pop(0)
if not tr.children[i].leaf:
tr.children[i].children.append(tr.children[i+1].children.pop(0))
else: #‘I‘%E{JEE, 3b
if i>0:
tr.merge_children(i-1)
else:
tr.merge_children(i)
B_tree_delete(tr.children[i], key)
if trokeys=I[1: # 4 YA 1) o
tr = tr.children[0]
return tr

B #
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7.3.2 %kMEBEEE

IHERBITG BRI R T, TWEHARBR L, RE RS A AT
Do
FA AT DA —Fh Bk T bR Bk . BISEMER . AR B TR e S
PRSI AN SN FHE AR
delete(T, k) = fix(del(T,k)) (7.10)

M B RIER— A key B, BATEMRT LTS B U EMEIXA key e
Y9 R

IR R AL, AT AR A key, SRJEHLE T MR AR HY
key BATKPUBRTICEMNE B WA

WX R — 3T R M key SR BB NP BATGIFEANT.
K RE®IHn, W7 16/7R.

Delete k, where k=k

/ ky.k; 4 /)f( \k,~+1..-kn \

5] i Cist (Y]

ky..kiy + ki.q...k,
/ j \, \ Merge left and right

Cy Cist
left part ? /\\‘ right part
/ ky..Kig Kisgokinsg \ KioKi1 Kizgenkings

(o Merge(c, ¢;.p) | Cnaz leaf node

Cni1

B 7.16: Mo ST RURHIER keyo MHIBR ki S50 R0 T PER Y o BB UPREE TS EE
XM R 1 R

BIFR, MERFGEFFRIWADTT LN RM 7T R, AT key S8, A5
Mot 23 B B — A U Y S8 — 6 . A, R ETHE
TR FATA %%4% key GHE]—iE.
FIHFTAIE, FAERAY key LM RS T R R TECT R key I
VHRERER B WEI’J?L@%I o BATRHREMRT SUTR, A BRI 2 A2t
e,
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Delete k, where k;_;<k<k;

/// kykiq | Kk, \\

c; (o Chiz

/// kpkis]| ki ki | kg, \N

5] Cia ] Cist (Y]

left part right part
¢/« delete(c; k)
B 717 W R e TIER key k5. 2505 oo BER, FRATHZAMIRIS o T
MFR A3 T Ao

LB IR, B B AR — 20 30 R T =8B ZEMER A T
A ARKT k1 key, B4E ki, ko, o kicy FITFW c1,cop ey cimns BB ELE T 42
WANT kB key, B4E iy ki1, ooy Bngr FIFRE cigr, Cigo, oo Cngrs B B IHHBM T
B i TR, BAPGEERICH ¢ MET17HR.

LERS, BATHRERE o B2HES TRBZM keyo MRAL (DT 14, IE
RIXENMERRTIE AR, JEEFIRRE DT ¢ A4 BATATENZAN, = £
TR key FUFRE, XRFRIERTE FHRAE . T ASTA T A AR X key
M RHIEIE -

WRAEMRIA A =S, BATATESE o i EE.

I BREA T = (K,C,t), Hi K fl C 5354 key FI7#. HRE del(T, k) MR
HIER key ko

(delete(K,k),p,t) : C=2¢
del(T, k) = merge((Ky,Ch,t), (K3,Ca,t)) : ki=k (7.11)
make((K1,C"),del(c, k), (KL, C%)) : k¢ K

WMEREAEM TR C = ¢, B T 2—MF1 5. ROTEREE & M. &0, T
A=W SZ T R R ke K, % kE WBRIEETAR key FITFR#E5 5 T BHR5
(K1,Ch) F (K3, Ca)o B8 F RS H M5 T
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/ kyokis)| ki ki | kiupk, \

5] Cia ] Cist (Y]

left part right part
¢’ contains too few keys

kl"'ki-}/ k,'_z k,' ki+1...k,,
/ / el ks o \/ \

/ A \ \\
C 4 C C
C; ot i-2 i ‘| i+1 ot n+l

~ -
______

unsplit(c, 4, k4, ¢;)

&1 7.18: [ ZE R “AE T key FNTRE, SRIEEAT O RAVI RAE

Klz{k17k27"' i— 1}
K2 {kZJrl? 1429 -y m}
Cl = {Cl,CQ, ceey Ci}

Co = {Cit1,Citas ey Cmy1}
R k¢ K, ROTHEERR] DT e, SR HMAX TR ER ko

(K|, Ky) = ({K'|k' € K,k <k}, {K'|k' € K,k <k'?)
(C1.{c} U Cy) = splitAt(|K1],C)

AT RERE LR YETFMRI T = (K, Ch,t) fl Tr = (K3, Ca,t)
I, SR TR T A, RATE WA key RS —RIZ S — MM 7T M. &
W, AP O WG — BT Co PRI — RIS H G T A5 A make
PRE G — BN . # O #l1 Co AR, I8 Cy s — RPN cim. HRT
WA Crs i Co RIS —HB TN Con s HRTROY Cyo NHBIARE L THIFE
#:

(K1U Ky, ¢,t) @ Ci=Ca=¢
make((K1,C), merge(cim,c21), (K2,C)) : otherwise
(7.12)

FATHLHTE LAY make RELSAEEE T B TFHRAG KT &A% key BT

merge(Ty,Ty) =
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Blo FATATLISEREATELL, (E15EREASAL T d1 T MIBRIE AL key 1 HITE L.

fizFull((K',C"),c,(K",C")) :  full(c)
make((K',C"),c,(K",C")) fzxLow((K’ C", e, (K",C") : low(c)
UK",C'"U{cuC” t) : otherwise
(7.13)
Hrp low(T) &R T AN key BEDT t — 1o BEL fizLow (P, ¢, P) 2
=S FEMIN key FIFREXF Prv — 1T oo LAY key M7 Pro
ﬁD%E{”Jiﬁ BANZ , BATHMNAEMAE X key MIFRE, SRR TIH I RERAE AT
TREHARBZN key, SRGIEFAMPT make. FI, GRS MA N2 ?Jiff]?jﬁm
AMAE" %] key PR AERAALER NS, FATHAG 75 EEER [EWFjJ
G RV N ST =YD T Y
SLEMERS N Po= (K, Cr). AR Ky Aoz, ieiJa—r key MIF-R4500004
Kim T cimo FIARH) key FIFHCHN K] and Cfo [FIFE, &G MED N P = (K, C.),
WM K, A=, 88X key MIFR 500 key T crne BRI key FIFH1CH
K! and C!. R%L fizLow EXUNT:

make((K],C}), unsplit(cim, kim,c), (K., Cy)) : K, #¢

fizLow (P, ¢, P.) = ¢ make((K,,C,),unsplit(c,k.1,¢,1), (K.,CL)) : K,#¢
¢ : otherwise
(7.14)

BREL unsplit(Ty, k, To) R FHHERE, EHBEATRA— key #i&E—HRH
1 B #fe

unsplzt(Tl, k,Tg) = (Kl U {k’} U Kg, Cl U CQ, t) (715)

NI Haskell §- 727508 T B REAIIHEREE

import qualified Data.List as L

delete tr x = fixRoot $ del tr x

del:: (Ord a) = BTree a — a — BTree a
del (Node ks [] t) x = Node (L.delete x ks) [] t
del (Node ks cs t) x =
case L.elemIndex x ks of
Just i — merge (Node (take i ks) (take (i+l) cs) t)
(Node (drop (i+1) ks) (drop (i+l) cs) t)
Nothing — make (ks', cs') (del ¢ x) (ks'', cs'')
where
(ks', ks'') = L.partition (<x) ks
(cs', (c:cs'')) = L.splitAt (length ks') cs

merge (Node ks [] t) (Node ks' [] _) = Node (ks4tks') [] t
merge (Node ks cs t) (Node ks' cs' _) = make (ks, 1init cs)
(merge (last cs) (head cs'))
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(ks', tail cs')

make (ks', cs') ¢ (ks'', cs''")
| full ¢ = fixFull (ks', cs') ¢ (ks'', cs''")
| low ¢ = fixLow (ks', cs') c (ks'', cs'")

| otherwise = Node (ks'+4+ks'') (cs'4[c]4#cs'') (degree c)

low tr = (length $ keys tr) < (degree tr)-1

fixLow (ks'@(_:_), cs') c (ks'', cs'') = make (init ks', dnit cs')
(unsplit (last cs') (last ks') c)
(ksll, CSII)

fixLow (ks', cs') c (ks''@(_:_), cs'') = make (ks', cs')
(unsplit c (head ks'') (head cs''))
(tail ks'', tail cs'')

fixLow _ ¢ _ = c¢

unsplit cl k c2 = Node ((keys cl)+4 [k]+# (keys c2))
((children cl) 4 (children c2)) (degree cl)

S HBRFHE Z B TR ERER) B AR BR FIFERY key, 152 AS55RA
WERETIE H A FTAE, E7.19. 7.20/17.21, (HR2ENTHR 2 FE RN &

EH B R

AR S N\

A|B D|E|F H|I|J|[K N|O Q|R|S Uulv X|Y|Z

(a) MBRFTIG B A
/ :
G

\ /

H(I[]J|K N|O QR[S u|vVv XY |Z

"ﬂv\_

(b) Mk key ‘E’J5

K 7.19: SeMiFRFHEE REER (1)

7.4 #E
TRATTRT LIS — S Z0M (8 2 S TR R . TS B R ik
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N
AV SN\

A|B D|F| [I|J[K N|O QR |S u(lvVv X|Y|Z

(a) BB key ‘G

H M P T

NN

A

B|[C|[D|F I{J|K N|O QR |S u|v X|Y|Z

g

(b) MHE key “A’J5

K 7.20: SeMfiBRFHE R REER (2)

N

B|C|D|F I{J|K|N|O Q|R|S UlVv X|Y|Z

(a) M key /5

//\\

N|O Q[R|S|T|V X|y|z

(b) MEx key ‘U'J5

K 7.21: SeMEREEERIER (3)
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TR, BRRUARRNERE, A, BB A (B2 B S A
priE

1: function SEARCH(T, k)

2: loop

3: 11

4: while i < |[K(T)| ANk > k;(T) do

5: 1+ i+1

6: if i <|K(T)| ANk =k;(T) then

7: return (7',17)

8: if T is leaf then

9: return NIL > k AR
10: else

11: T « ¢;(T)

MARTT RUT IR SREARMNEIR I E — R a1 keyo AR A BLULACAY
key, SURBEYHTT A key FRTIVEANZER. G0, WEREEIR (1 E @ 15 & <
k<lkivr, BTRMAET i PHERIX— keyo WIRFE TR 0795 FIEBATHK
# key, iR [E— S EFRRAFE.

NI Python #ly#2/7SLBL T B MR AL,

def B_tree_search(tr, key):
while True:
for i in range(len(tr.keys)):
if key < tr.keys[1i]:
break
if key — tr.keys[1i]:
return (tr, 1)
if tr.leaf:
return None
else:
if key > tr.keys[-1]:
i=i4+1
tr = tr.children[i]

o] LAHE R 0S8 B R k. 4E B T = (K, C,t) TR key k
i, BATESCME kRITAR key 2B ERD o
K, ={K|K <k}
Ky ={K|k <k}
B Ky S /NT kY keys 10 Ko B HRAYED . AR Ko 95— ICK
PIFET b WS, S BA T ZB A AR ok TR
(T,|K1|+1) : kGKQ
search(T, k) = ¢ : C=¢ (7.16)

search(cik,|4+1,k) : otherwise
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T Y Haskell 417887 SE3 T X —&3%

search :: (Ord a)= BTree a — a — Maybe (BTree a, Int)
search tr@(Node ks cs _) k
| matchFirst k $ drop len ks = Just (tr, len)
| otherwise = if null cs then Nothing
else search (cs !! len) k
where
matchFirst x (y:_) = x=y
matchFirst x _ = False
len = length $ filter (<k) ks

7.5 INEE

AER, FAET BR, CR R EMI R . FATBE A7 A
VIR E AR, ST LA (] LA T . A1 H 7 B =R fmA M
BRAIE A S AR EEU . . B TREMRTY RUA 35 g T2 4, BEII TRy
I EAIRE A R EERRE e 1T B B2 PATRY . R TEA n AITRM B #, X
LERRAERYIS AT AT AR O(lgn) Y.

Z%3 7.1

o TERRAN, BATHIERFI IR , (0 key H/NTEHEARITEE, 1
£ key HAT . b b, EERAELH MRS T LEHAIUT . 4%
RN, OB

o AU B WRAFAERRARNITR . BREEEGESNICRRGELE FER
1.

o E%anr$ s B ML, RERIAAEITRA .
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8.1 f&iT

HERA T B — R B2 o AT LUT TR RAR 2 SEBR A, BLiE R i
AP, SCEBIEES [10].

HEARZ AR SEEL, Hor i IRy —Fhal i B R 2R — 3 [4], i se3)
Yo Pl C++ PrifE%E STL Fhf) heap A1 Python JEHE] heapq #Z XA SLBLMERT -
H1 R.W. Floyd 45 iz s B HERR 7 S5 R A IR A SE 30 [41][42].

W —FhiE RS, SR AT AR S DAAM A BR 5 sk Se . Az, 3K
145 L] — SORPRSEEIRHE, E0fE /ol (Leftist Heap). skew HE (o475 SCRR
BN RMED)  FIRHE (splay heap) o EMHEFIEG AR AL [3]

HESE — PR A0 PR B BE S5

o TiEL (top) WEMRfFERUN (HiEHK) LK

o S (pop) BRABKTIGRICHRBER. [RIRSERFFERIPEDT, SR TR TR E T
ALY RN (BiRK) A

o REFTCRMAZDEDPIIAORFFHERMERT, TR Z TR PRy H/ (5
RA) H;

o HARME (B INHESTE) . FEIRFFHERITE DL

X E SRR« BB FRAE EBUER R B 251
FA VPRI RAT B/ NIT R B fo/ NE - TR AT B KT 3R B o KM

8.2 RMHBAXIRN-NHE

5 REMERYE SL, A TAT AR R SEBE . — R B RER 2/ (8idmeR) T8
RO IR i ZRIBCTHES TTRI , FATR AEHGR RS b g . 47
TR, AR RUMER . SRR AT R E A

FAMTHRAE ) — SR SCBU R SO . RS2 = R R A — SO

185
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8.2.1 EX

SRR SL IR N R . I BRI R — Re e X (B, A
LEARIE T TP B S B R F R SRR, L RE(E AR E SR o AT
LR o H R N MR SOTAR . B O IR) RAE AL

K8 1R T — o 4 = RN B H NV A R RTE .

16 141 10 | 8 | 7 97 241—3

K 8.1: SE — S BRI A ki

PEAIE 2 [ R RST AT EAE SR (SRR G 1 IT4R) -

: function PARENT(7)

—_

return | ]

!\?

3: function LEFT(7)

4: return 2:

5: function RIGHT(7)
6: return 2; 4+ 1

XTEHFEE @ DICRARFWNT R, BT XETE, AT LOEE E 25
li/2] DICEREBIEACT R BTN S 20 DITER, MG PR SE 2041
MICER MR REG T TEEHE, WA AENE 7R (Fnet-7
TR .

FESEBRA R A, AT /ORI B 5 TR AT LUE s B Se B, Flan Ry C AR
o TEE, AURSHHIZRTI 0 TFhG.

#define PARENT (i) ((((i) + 1) > 1) - 1)

#define LEFT(i) (((i) << 1) + 1)

#define RIGHT(i) (((i) + 1) << 1)
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8.2.2 Heapify

HERE P E R RR I wUR 4EPHER TR : RITICRR TR e/ (BiR) JEER
Xﬂ:ﬂﬂéﬁléﬂﬁéﬂﬂ’] MHE, SEMEMERTION @ BT, FATAT D & BRI
E%KT/J\?“%J?\ PUE Z T VI X (NET RS (P N '/ ks A E
ﬁ%ﬁﬂid\ﬁ (o R XHEILNUEGK @ FIPTRR-FRIHE G5 A HE.
NHEAEFE MG EREA RIS 777 5 AR NEEVE I

1: function HEAPIFY(A,1)

2: n < |A]

3: loop

4: [ + LEFT(7)

5: r < RIGHT(7)

6: smallest < 1

7: if I <nA A[l] < Ali] then

8: smallest <1

9: if r <n A Afr] < A[smallest] then
10: smallest < r

11 if smallest # i then

12: EXCHANGE A[i] +» A[smallest]
13: 1 < smallest

14: else

15: return

R — N A RI— RS i, Al WA RERAR I B/ e I, 3K

e H B NIRRT Ali], FPBERIIC RSS2 T, SAE 8L A T MR
165 A I B B I s s T R BT i B S 1 10

HEAPIFY [ RIZ 240 O(lgn), Hr n SICEMNEE XE RN EiRE D
(B ER BN 58 48— SUIR I 25 i IE He o

FEEARRSEI, SR Z BN S B DASEM N, X — L85t
BRI AS R/ N, S i K. RTEIY C Bl PR S8 T iX— Bk

typedef int (xLess) (Key, Key);
int less(Key x, Key y) { return x < y; }
int notless(Key x, Key y) { return !less(x, y); }

void heapify(Keyx a, int i, int n, Less 1t) {
int 1, r, m;

while (1) {
1 = LEFT(i);
r = RIGHT(i);
m=1;

if (L < n && lt(a[l], alil))
m=T1;
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if (r < n && lt(a[r], a[m]))
m=rj
if (m # 1) {
swap(a, i, m);
i=m;
1} else
break;

E8.2%iA T HEAPIFY MNZER 5| 2 FHiG , #& I K HEAb AT ZH {16, 4, 10,14,7,9,3,2,8,1}
ﬁ%ﬂquag%/[\}}gﬁio ﬁéﬂﬂgzgﬁ%‘ﬁﬁ {167 147 107 87 77 97 37 27 47 1}0

(a) BER1: 4. 14 0 7 PRECRITERE 140 K 4 R 515 5 e

(b) PHR 2: 2 4 1 8 PERTTERE 8. K 4 A 715 s fhe:

(c) 4 AMTH il TRRLS

1 8.2: Heapify BBl 1, HENHAME
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8.2.3 WIEH

050 Heapiey §3%, 7T LURT MM RO s e WA5E% — U
R

1,2,4,8,...,2% ...

ME—plsNERE )=, BTRHA—ELHH (GE2 " XWAERTIH) . &5
—EREZGA 27 AR, H 2P <n, n BEANKE,

HEAPIRY SEHAT TR SRR AR, SR T B I 715 o B
JEHEVERT T o FATRT LA T 719 5, B — 0 ST ROT I3 T HEAPIFY . IR
BRI RS AT [n/2].

IRYEIX— A, BATAT LI A~ ROMERE TS (DA N B

1: function BUILD-HEAP(A)
2: n « |A]
for i < |n/2| down to 1 do
HEAPIFY(A, )

HSR HEAPIFY BERIE 245 O(1gn) . fH/2 BUILD-HEAP HYE 24 A2 O(nlgn),
TMHRZMERTE] O(n) Ho TATHGE T ArA B 75, &EA 1/4 B gk Tt 1h)
TR &E2A 1/8 T KBTI TSI &2 A 1/16 BT Rk
FER NS =K I RIS SR B R -

«

L

1 1 1

R w I #pRE L 2:
1 1 1

M= (8.2) wkh= (8.1), FATA:

1 1 1
S:n(§+1+§+...):n

NHE C HEF O RS T R A

void build_heap(Key* a, int n, Less 1t) {
int 1;
for (i = (n-1) > 1; i > 0; —--1)
heapify(a, i, n, 1t);

PI8.3%A T MEA {4,1,3,2,16,9,10,14, 8, 7} #yiE— P RHERY %P 5Ke
N RFOR T HEAPIPY TSI R AKET RERIR N T 4R HEVE ST T 34 iy
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B BB X SR ST
R{ESZ 16,

B 16 SR ET T YRR BTk

SATCR 2 FTERT R
(2
Q)
Q) () OO
g © O

= 14 B THHIRATR, e 2 [l

14 BERARAGHEITTERON 3 HI1T 5.
(2
O)
(1 () © ©
O ONNO)

VYL 10 2 FRTPRGERAICER, S 10 Al
37 IR AEILREN 1 El’hj o

B 16 B TRIPHEAITE, S5k 16
L, BERACH 1A T R ETTER Y 4

HIAR T 5o
@

FNFE

— U3
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8.2.4 HERIERIZE

HERE S SCEORBA TR AL LR AR ERA R (AT P Rl LASRIB s e 2l

I EEAYBAPEARARIGROCR (BN RITR) . S TIGRICR, 4K
s/ (BERK) BTk ATTER, B/NETTRIE (HERVER R/ NE, S RHER A
SRR ISR — UK E) . ARIEAFTITR .

XFT HSE e — SR SRR HE, KRR E 2R AR R UL MR O(lgn) HY.
ALRAE, IR TR, (U 2 2 R O(1).

RETRARTT =R

FE OB S sErp . AR SURAF T/ (BRR) U, R EER S —
MH-
1: function TopP(A)

2: return A[l]

X FRARA R R ) O(1) 9. P TIX ARG 1T 2 HER 5 R AL P

B HHETRIT R

5 HHRAE LRI C R BE AR — 28, TR/ EAERBRTUTOCR G, Ed AT
HeAPIFY SRR EFFIKEHERPE . TRz 7 — MRS, HR2 BRI
#o

1: function Popr-SLow(A)

2 x < Topr(A)

3: REMOVE(A4, 1)

4 if A is not empty then
5 HEAPIFY(A, 1)

6: return x

XS E O ¢ 30 FIIGHROCE . AR RIS — oo, Ay
KB WRILERAA N2, HAHRY S — ILRIT AT K HEAPIFY,
MAER n B FPMIER R — D OCR TGN E] O(n)o IXZPAHA 7206
Fr AT HITCR BRI AT 3 X 3RIERON TR ERERIE, EEENE
ARBETHE T
N TR — R, TR ASS B PR 58— e — IR SRR R
ORI
1: function Por(A)
2: x < Tor(A)
3: n < HEAP-SIZE(A)
4 EXCHANGE A[1] <> A[n]
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5: REMOVE(A, n)
6: if A is not empty then
HEAPIFY(A, 1)

o

8: return x

MBI R BN B 5 — DT RAUTFEFEUNE O(1), 1 HEAPIFY BEATIN
2 O(gn) e XFEER Lo B E B E 22 a5t ) O(lgn). T C
B FREF S T X — 8k

Key pop(Keyx a, int n, Less 1t) {
swap(a, 0, --n);
heapify(a, 0, n, 1t);
return a[n];

S top k I TE

i pop, FTLMRIT fEHIEH —AUEFRYET b KA (ST £ /) o BATRT LA
M ERORHE, SREEE T kIR pop BRI

1: function Topr-k(A, k)

2: R+ ¢

3: BuiLp-HEAP(A)

4: for i « 1 to MIN(k, |A]) do

5: APPEND(R, Pop(A))

6: return R
WA kG TEEHNAE, AR RN AN R R Bl SiIH, AT
8 e/ IME MIN BRHCR P E RIS
T H Python flf# 7 5LHL [ top-k Hy%:

def top_k(x, k, less_p = MIN_HEAP):
build_heap(x, less_p)
return [heap_pop(x, less_p) for _ in range(min(k, len(x)))]

W key 1H

HERT LR SR SCBIAHT A LS R BAF TR 7R A 7 YA R B O Y key B 4
WHESEBR R A, A T REPITIHEMES, BRATISRESERIER.
XA HAE B NEF RN key B, S RHERIH AR E ARG I E A key .
IS AFIR T B R HERREE 9 T R 4 38 ImE 15 Fy2B R
b/ NE I FEAME NG, PTRESS IR M PERT, T key FIRELL BAIAHSE
/No FRATATLARE SN B2 R M HER 14 T o
BRI RIE A EE . TR SR IE— TG (cell) SCrERRH IR




8.2 REMIEIE X =S8

B B9 M RIYED 4.
()

B o 4 BNE) 15, KT HAC .
()

B BRI, S 8 A 15
(2

P9 B 16 KA SME 14, ST
1138k, WG 15 /NT 16, AbFRREFRL:

Bl 8.4 BEREAMEPRAMER ISR

193



194 EAE U

1: function HEAP-FIX(A, 1)

2: while i > 1 A Afi] < A[ PARENT(4) | do
3: EXCHANCGE A[i] <> A] PARENT(?) ]
4: i < PARENT(7)

—REN BT OB Y AT RO, ARERACTY BN, s T . Sk
HEH_ TR, HRIRTT A, B KRBT R ER .
X R B, BATAT DASEEL G NN key HI3R1TE
1: function DECREASE-KEY(A, 1, k)
2: if k£ < Ali] then
3: Ali] < k
4: HEAP-FIX(A,1)

— RO key LEIERTRYE/ NI AR FEAITERER O(gn) 9. T
1 C Bl R P8l 1 A%

void heap_fix(Key*x a, int i, Less 1t) {
while (i > 0 && lt(a[i], a[PARENT(i)])) {
swap(a, i, PARENT(i));
i = PARENT (i)}

}

void decrease_key(Keyx a, int i, Key k, Less 1t) {
if (lt(k, a[il)) {
ali] = k;
heap_fix(a, i, 1t);

A

FAF LA DECREASE-KEY SRSH] (1] Setyd—1> key 4 oo MM /. MRIE
B/ NERIEDT, B OSBRI — N IeR . Aa, ORI key S/ N1
BARIE, P DECREASE-KEY JRIZHEVE T
A AT LAE ] HEAP-FIxX RSBUEN o KA I TT R BRI E) £
K. KA Heap-Fix [H gl _ERE VST
1: function HEAP-PUSH(A, k)
2: APPEND(A, k)
3: HEAP-FIX(A4, |A])

MR Python il Ry SeBl 7 RN E L

def heap_insert(x, key, less_p = MIN_HEAP):
i = len(x)
x.append (key)
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’ heap_fix(x, i, less_p)

8.2.5 HEHERF

HEHE R HER— AR o MRS YE I, P MR 2t OE TR A /N (B
BR) JeERe BATAT AR RO — e, SRIE AR R/ N2 H BRI HE

;ﬁi'::l‘go

MR IX— AR BRY BEA T
1: function HEAP-SORT(A)

2 R+ ¢

3: BuiLp-HEAP(A)

4 while A # ¢ do

5 APPEND(R, HEAP-POP(A))

6: return R

N Python il FRERFSEEL TIX—E Lo

def heap_sort(x, less_p = MIN_HEAP):
res = []
build_heap(x, less_p)
while x#[]:
res.append(heap_pop(x, less_p))
return res

AP RIOCERA n A, i Builp-Heap MEERIEZEE O(n) B9, T
pop BAEME RN Olgn), FHFHMPAT T n e RILHEHET R SRIE 28N
O(nlgn)o WTINMEM T A DFIRAAHHEFEER, NIEHFEAZRDY O(n).

Robert. W. Floyd Z5H 7 — e A S 0L BUER A EE— R KM
et/ M XFEHICEME RN BK, KR KR ITTRIEARBIITTERR
e, XFERATCEMAFRE 2 T HEY IR IO B T EERAE R R TR AL A 1 Y
T IR SOERITEDT, BATFR LR R A/ NS, SAFIT HEAPIFY JRE HER1E
Pto FATEE X e, HBHEPOT N — IR,

1: function HEAP-SORT(A)

2 BuiLp-MAax-HEAp(A)

3 while |[A] > 1 do

4: EXCHANGE A[l] < A[n]
5 |A| + |A] -1

6 HEAPIFY(A, 1)

X SRR RFEHHET R, ToRE BN SRR A R TR C §l Ry
SLILT

’vo-id heap_sort(Keyx a, 1int n) {
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build_heap(a, n, notless);
while(n > 1) {
swap(a, 0, --n);
heapify(a, 0, n, notless);

%3] 8.1

o BRGSO PR ERHE P T % B S MR HE R S D D
e A, I, B—AICR i BELEERNMET. Bk, BRANITER
{ag, a3, ...;an} SN —FHVHE, FEA ao TFIEPAT HEAPIFY . EEE X — M/
LR R . THR CESARMLI T IX—#E. X—IEEf4? W
RIEW, B HIE, SRR, 15 HEE .

void heap_sort(Keyx a, int n) {
build_heap(a, n, less);
while(--n)
heapify(++a, 0, n, less);

o BETFFERYEM, FATR LIS B Z2RARAT b # HEAPIFY SRISCHIFEHIE 2L
Y top-k FiE 42 N C BT HIHAMEHR:

int tops(int k, Keyx a, int n, Less 1t) {
build_heap(a, n, 1t);
for (k = MIN(k, n) - 1; k; --k)
heapify(++a, 0, --n, 1t);
return k;

8.3 MM skew ¥ REBRXH_-NH

MR BSRZ R s QSR A, A 50A AT RE A FH K Y = SO SR S e

T SR TR A SR R IR BAR S5 . FRATT AR SRl 25—
[FlE % T HEAP-POP 1 DELETE-MIN #(E1 . 5 EIES.SFRI — XA (L, k, R),
HH Ly ks R 93RIFIR/EFW key FIAFHE

MR kR NENTERTTR, e 26 P IITRERT ke k B H
o HBRIN AT BATFHEANENTEIF A —BF . B TE 5 AR RHER
BT, BTHIART A AU R AR R T R R B NT R

KA 224G IR 2 A A SR T R, FRATTAT LASZBD 45 H PR RE RS 30 T
AT
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& 8.5 “XM, Ay 1 L ERARR T K

H, : H=¢
merge(H,,Hy) =< Hy : Hy=¢
7 . otherwise

Hrpr ¢ ZoRzs e IR IR NS, RO BRI S HERITE L, IR
H AT PR AT T B/ NIITTER o FRATTAT LA BB BRS8N — AR e
BFF R,

PR, & L= (A2, B)s R=(Ay,B), Hrp AL A’ B. B #2171, 1
R <y, z PREHRIR. JATSEATLMRE A, X580 B M1 R 638 =5
HRE B, AARIEAMEIE AR Re FrisEal Loy Nz

o (merge(A,R),z,B)
s (A, x,merge(B, R))
W ER R IETRINEE S, A TR, AT AR A M TR T & 91 ZEfmifE
(Leftist heap) w5t TiX—EAHLINAY
8.3.1 EX
5 R ZE AR SE IR ERR M 2 A Mo Ze w1 C. A. Crane T° 1972 £E5] N
[43].
Rank (S-{H)

TEMRRT AT S HBE XL T —1 Rank {H (EiFR S 1H) . Rank #E ATk
TG ANERAT R RS o LA ANET s 2510 i NIL, BNt 7735 sl 09195 St 2 MR
dl_jk){_:_(o

nE8.6ffr7~, NIL [ Rank #fxE Xk 0o FREMR T 4, HILHIMFA5 500 8,
Fr LR AT 19 Rank 4 20 [RIORHT A 6 R 8 #R2M1 175, ArLAEAN T Rank 4
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Lo BARTR 5 WA FRA S, EERENA FREZT R, Hib Rank B, Wtz
Fik NIL fsc R a8 1o

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

EfmiERR
1 Rank, FATATLAGE SCA I A SR -
o BEABHAMFR IDHAIE M Rank E24 .

o WA TR Rank (€, i0/AFH) Rank B . QIR m <7, lisciie /e
EERRIE

FATHR LT G IF RN ZEm L BT SR, R, 213 ST
TR R PR B SR A o
FEfm ISR AT, (2 e ] AR — S R B, n h RRE R A

T 8.3.1. X —ARAGBK T 04 n AN L, MRS & F AR AM G PR 5
w3 L& %448 logn+ 1) Nk,

FATX NG T IEFRYIEN , s Al S [44], [45] Sk T ARE RS RE . R
PRICERE, WYX —H R TR RIS . #ATEMRIE O(lgn) RIE .

FRATTAT LA = SO 5E LAYl B3 In—A Rank {ERE U/l o 10ARZS Y Zc i
WA (rk, L, R)o NI Haskell Bil-F2f5 5 L1 /el o

s

data LHeap a = E — %%
| Node Int a (LHeap a) (LHeap a) — Rank. jTZE. 7. 151

FANTE LMY Rank 2 0, A0, BT s BOFHE Ay 28t r KRG Rank
Ho MR rank(H) sEA] LARBUT—1H 00 T HIE.

)0 H=¢
rank:(H)—{ . He=(rkLR) (8.3)
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XF Rz Haskell 4]-5-F Fpan T -

rank E =0
rank (Node r _ _ _) =r

JrER I, BATLUGK rank(H) fGHEH roo

8.3.2 &3

R EIAIEERAE, RATTFELE L DEIEH A A PR Rank /6, Jf
T8 Y HIEA TR Y S HR
(ra+1,k,B,A) : ra<rp

8.4
(rg+1,k,A,B) : otherwise 8.4)

mk(k, A, B) = {

KRR =A2E, 1 key IR As B 215 A [ Rank BN, &

B B AENZETW, AV NG FRERAE—REBCRII . X5 B% A 1 Rank fil

—VENIXRF A Rank {6, FIBMNEY Rank (B2 ra + 15 500, 405 B A Rank
BN W AR, B ENE SR FiE Rank {524 B + 1o

AT AT A, FRATTAETOUER S I 17— 8 key. LA Rank I8

LEMAEmME Hy F1 Hy, 2B key HIZEA TR0 ki, Ly, Ry
o, Lo, Rao PN merge(Hy, Hy) BREUE XL T EF50E:
Hy : H =6
H, : Hy=¢
mk(ky, L1,merge(Ry, Ha)) : ki <ks
mk(kz, Ly, merge(Hy, Ry)) :  otherwise

PR merge SURAEA I BTNV, TR Ze R AP ORE LAGR S o X RERRE
PRIE 7SRRI RN O(lgn).
MY Haskell (850 T & FFH 2.

merge(Hy, Hy) = (8.5)

merge E h =h

merge h E =h

merge hl@(Node x 1 r) h2@(Node _y 1' r') =
if x < y then makeNode x 1 (merge r h2)

else makeNode y 1' (merge hl r')

makeNode x a b = if rank a < rank b then Node (rank a + 1) x b a
else Node (rank b +1) x a b

B BEHMARRHI =X HE

i A H R — SO R Z B O Tl AR bR I BARFIBLATH BALAY &
HEAFHAR (cache) BUi FUfo (Hi2 G IFERIERINEE RIEANLIERTH O(n). 18
TR SEBLR A P LG RGOk . SRR RIS E SR EEr R HE [50].
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1: function MERGE-HEAP(A, B)
2: C < CoNcCAT(A, B)
3: BuiLp-HEAP(C)

8.3.3 EHIRMHERE
R ETE L) merge B35, FRATAT LASCIRAR 22 FEAR ) ERRAE

IRENTRER T RN AR E

BT /N TC R SR A TR AL, AT MR UM 8] O(1) PIERECEIHER T
Wt ER. TANIEZHME H = (r, k, L, R) FRRITGTEITER . AT T R 251 1Y
FERALTE .

top(H) = k (8.6)

AT LIS HEAE, FATE B DT EZMER, AR ARG I A— D

Mo
pop(H) = merge(L, R) (8.7)

BT EE R SE I T merge BREL, R Ze R AR 58 HE 43R ) B2 2 A

& O(lgn).

A

HATHT AR R JCEA R — R A — 1 G, R EME AR
LA A FFE] .

insert(H, k) = merge(H, (1,k, ¢, ®)) (8.8)

BAR, BT EERAN merge AL X—HIENEIRERE Ogn).
R NERAE, AT AR 20 ks — P ER  B Se SR AR JAd A B e e T
TGS T folding.
build(L) = fold(insert, ¢, L) (8.9)
8. 745 55— A i A WA O ] 1
NI Haskell -8 7S2B 1 _E IR & 2 AT

insert h x = merge (Node 1 x E E) h

findMin (Node _ x _ _) = x

deleteMin (Node _ _ 1 r) =merge 1 r

fromList = foldl dinsert E
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& 8.7 MFIEE {9,4,16,7,10,2,14, 3,8, 1} #yi& -

8.3.4 (FRZEmMESSIHEHF
i FHHER AR E, AT LA HMEHE P R S8 58— 77, BATE RSB E

BRH R FefE SRR NI MHEF U B/ NT R
sort(L) = heapSort(build(L)) (8.10)

o 1 H=9

heapSort(H) =
P () {{top(H)}UheapSort(pop(H)) : otherwise

(8.11)

PRI 58 HH 33 B A2 2 BE R R TR FFEABOR A T no R, IR P B9 SR
2R O(nlgn). THIAY Haskell § 7427 S8 1 Al HOHERET o

heapSort = hsort o fromList where
hsort E = []
hsort h = (findMin h):(hsort $ deleteMin h)

8.3.5 Skew iff

FefmMEE R B &= AR RN P 25 o B8R T — MBI, Rk 7
% {16,14,10,8,7,9,3,2,4, 1} FITCEHR AT e o

Skew ME (ECHR HHHEME) BRI 1 Zoim¥ERSEEl, SURe 1P [10]s [17].

PR e I ER T . S ZE A9 Rank (E/NFA MR, FROTES B4 T1E
ERIX— T8 Ao ARG AE merge NN REARIF AL BRI — 23 SO 7745 IR 0o
XEE N, AEXEMALZ A, TR Rank [HEH 1o —Fh“f& SRR BRI 28,
TR G, FATER I T X Skew HERY I
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K 8.8: MFHI {16,14,10,8,7,9,3,2,4, 1} K i) /e e EAR S

Skew HEHJTE X

Skew HEft i skew BESCHIAOHE. Skew HEL—FIFRIY — . B/ MOTEZ R
TERET I, TR AR IR skew H.

Skew HITER AR 7 Rank 8 (s S (7). BfTATLAECES I — SRS E Lo Wk
ERns, WO AR (b, L, R). P Haskell § FATE X T skew #.

data SHeap a = E — =%
| Node a (SHeap a) (SHeap a) — JTZE. &£ 1

&

BIHFERPORIREE R . S4B I MRRAESS skew RIS, FRATHBAMRTY /L, 1054
INIVERBTIIIR . SRR S AR KT RN S IR — I b Ffa Pt /e A 758
o ICWRRIEZ TN Hy = (ki, Ly, Ry) Al Hy = (k2, Lo, Ro)o #5 k1 < ko, 1EHE
kv VEBTEIM . FRATIBEFT LAY Hy F1 Ly &9F, WATLUK Hy 71 Ry B9 AR—
P, BATEIFR] Ry o RSB T, BaIEESRA (k, merge(Ry, Ha), Ly )o
FRIDFUEI, BAHEEE ST

H1 : H2 = ¢
merge(Hy, Hy) = Hy 2 Hi=¢ (8.12)
(ki,merge(Ri, Hy),L1) : ki <k

(ko,merge(Hi, Rs),Ly) : otherwise
A ERAE, ELREN  REUNEES T 2 A58 H ERAZe R —F 18 4 B merge >R

T ME—HIARLZ AT HETRE Rank 1.
MR Haskell i 7F2)7 S0 T skew HEo
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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'

insert h x = merge (Node x E E) h

findMin (Node x _ _) = x

deleteMin (Node _ 1 r) = merge 1 r

RIEFATIH skew HEALFRE P41, A5G0 —RECHET R — 3OS, nl&(8.9Ff

Sl

& 8.9: HIEFFH {1,2,...,10} #i&ERY skew {358 AP

8.4 {HEHE

JEAHER] skew HEGIHT, (] = RS2 4 m] DLSEEIERX R B 451 o 1T H. skew
HERZE T — PR AR PT35I R M RMESS T 55 Sh— TPl P 1k
M5

FEAmHER] skew HEGEFRORHAE —SARER (BST) o ARFATRIRE RIS
SERHR AR, Fol (B TR R TIRT . JATFHE O(lgn)
I TRARIU RN (8 R) TEER

IR TP, PERES IR T BIREILT . KB RAERRIR L Y
O(n)o BIRFATAT LUHLLIRMRE SR SCIL = SO, (HGXRE IR T o MRRIRAL 7 — e
PWHISEBL, ERYEER AT LA -
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8.4.1 ENX

R R R LT 2247 (cache) FYSEEG, EAWRIG S AT IEAEDT BT ALIH top
e, TXFEFRRUT R AP o] DABE M e FRAT PG IX AR ERR R (/2 (splay) 7o X
TAPH AR, S TR ES , Wk . K28 e
PHERVER 3 (amortized) PEREERSE O(lgn) f. Daniel Dominic Sleator {1 Robert
Endre Tarjan 7E 1985 i f.5 N T MR [48][19].

RRIRME

AR TR T LASEEL R R 58— R BB Z HUTR U0, (HA] MR S 3t il
LR (pattern matching) SRSEHL: 28 “ M BE&ASE -HIEA, (HRLHENE

%o

IEHRTEAEVT AT R0 X, BRI RO Py IRAFAEACT /L, e G
BB ES N =50, BB BRAPI DAL, N T AR, RIS HE
AP E L.

o Zigzig YR, MES.10ff7R, X M P #d /e X M P AR A . 3K
A ERL . K X AR Y L

() O
OB RO

(a) X fl P #2/crielid X Ml P #E (b) X 2 PIKBERE e o AR R
FER R

K 8.10: Zig-zig 1

o Zig-zag PR, MESIIR, X fl P —#RELAFH S REL I Ll

Fe, X BRI, PG AR T AT R

o Zig PR, WMESI20R, XMIEHUY, PRRT A, fgidhehl, X A 7Ry
Rlo REMRRIENRE L.

BIA 6 MORRERITEOL, (B2 BT MR 53t A Dok AL BE . JE k2 —
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(a) X Ml P — R —HR2
EER R

(b) X FONIRTI R PG AR T AT

K 8.11: Zig-zag 1

a b b c
(a) PRI M (b) A EFRE X AR Ko

K] 8.12: Zig 1
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MR T = (L, k,R), HBUSRIRREIT ALY B, iR n] LUE LT

(a, X, (b, P, (c,G,d))) : T=(((a,X,b), P,c),G,d), X
(((a,G,b), P,c), X,d) : T=(a,G,(b, (c X, d))) =
((a,P,b), X, (c,G,d)) : T=(a,P(,X,c),G,d),X=Y
splay(T, X) =< ((a,G,b), X, (c, P,d)) T =(a,G,((b,X,c),P,d)), X =
(a, X, (b,P,c)) : T=((a,X,b),P,c), X Y
((a, P,b),X,c) : T =/(a, ,(b,X,c)),X Y
T : otherwise

(8.13)

AT 4% 72U HE “zig-zig I s #% F RIS 7 AL B “zig-zag I i s B 5 4%
T zig T . HAIEAL N . WA FANAE
NTA A Haskell 752 7 SEB T A

data STree a = E — %%
| Node (STree a) a (STree a) — left, key, right

— zig-zig
splay t@(Node (Node (Node a x b) pc) gd) y=

if x =— y then Node a x (Node b p (Node c g d)) else t
splay t@(Node a g (Node b p (Node c x d))) y =

if x — y then Node (Node (Node a g b) p c) x d else t

— zig-zag

splay t@(Node (Node a p (Node b x c)) g d) y =

if x = y then Node (Node a p b) x (Node c g d) else t
splay t@(Node a g (Node (Node b x c) p d)) y =

if x =— y then Node (Node a g b) x (Node c p d) else t

— zig

splay t@(Node (Node a x b) p c) y = 1if x — y then Node a x (Node b p c) else t
splay t@(Node a p (Node b x c)) y = if x — y then Node (Node a p b) x c else t
— 250

splay t _ =t

BN key B, FOTHAAT R ERAVER T BRI AP E R QR 2, 45
FA— AT R AN AHEAR key MR AL WERFHEAR key U1,
AR LRI, SRR TR E s IS key SEANAT TR, FIAT IR R
Eo

(¢,x,0) + T=¢
insert(T,xz) = ¢ splay((insert(L,x),k, R),x) : T =(L,k,R),z<k  (814)
splay(L, k,insert(R,x)) : otherwise

NI Haskell 727 SCHL 1l N

insert E y = Node E y E

insert (Node 1 x r) y
| x >y = splay (Node (insert 1 y) x r) vy
| otherwise = splay (Node 1 x (insert r y)) y
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8. 13%A T M IR AZE —TAA P {1,2, ..., 10} FOCRIER. IR
il PR SO, B SRR . T SR AR U A EE A P A 25 R

K 8.13: fi A m] LARSGE P

Okasaki A3 T —Z% (Al FLAY R RRIRAERLIN [3]: 400 SE R A2 miia 0047 DT ] P
ORI, ILBEE 19 e

MRYEL RN, AT XS . S5 R T o FURT i Gl B3R
BRI, AR LE A Ao s A M RTREPT . FRAOTHRA - E R B LM R,
Hep L SAPA/NT o TR, R AR R FATAT LM R (Fin
AR, 8 o R, L A0 R RlfENAA T 2 EERIRIHR, B Rt
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Fris A

T = (L,k, (L' K, R"))
kE<pk <p
(A, B) = partition(R', p)

((L,k, L"), k', A, B)

T= (LK, (LK, R))
((L.k,A),(B,K.R)) :+ k<p<Wk

(A, B) = partition(L', p)

partition(T,p) = (8.15)

(6,T) : T=(Lk,R)AL=¢
((L',k',R'),k,R)

<kp<Fk
(A, B) = partition(L’, p)

T
(A7 (LI7 k/7 (RI7 k? R)) p

T=((L,K,R)kR)
KF<p<k
(A, B) = partition(R’, p)

(L',K',A),(B,k,R))

PREL partition(T, p) fesz— R T F1— A IHEE (pivot) p AZEL 513
AEPEN FREe A o R T 0 IR S RN — XS A s B0, BN (L, k, R),
A CBEMEE p AR RHIME ko 2R k <p, NPIRNFIE DL —FlE R N
SRR, AR T SRR, IrA R ICEREY N T p, ISR (T, 6).

A, R= (LK, R), BAIHESETAEEEDE R, KB R Pra/NT p
FITCRTBAMN A, HARITTRBMAM Bo L8580 X0, H—#oh (L&, L), k', A),
7H—RA B

WA TR key AV/NTEHE(E, AT IS IR #] L B 21251 (A, B).
RAMERN R, —2 (L k,A), F—#E (BF, R). Hp<kf, [Fi
XIRREY . HBRJE Y =41 UAb .

NI Haskell i F 7 S28 T 00 BISHE

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
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let (small, big) = partition r' y 1in
(Node (Node 1 x 1') x' small, big)
else
let (small, big) = partition 1' y 1in
(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
E — (E, t)
Node 1' x' r' —
if y < x' then
let (small, big) = partition 1' y 1in
(small, Node 1' x' (Node r' x r))
else
let (small, big) = partition r' y 1in
(Node 1' x' small, Node big x r)

FANTRTLAH partition SEEURANSR . 41— MfifgdE T i\ —HCx k 1Y,
FNPCR e FUAPIRR T L F1 Ro Horp L SAFTA/NT k BT, T R S A
RIS o SNRTATEE BRI, S kAR, LA R AR T

insert(T, k) = (L,k, R), (L, R) = partition(T, k) (8.16)

XF R Haskell 4]5-F& FPan T -

insert t x = Node small x big where (small, big) = partition t x

FRELFNSE HTRAR ST R

TR AR i 2 T AR R, B/ NRTCER AT S A MR e AT
AN ] A B IARBUCRR T Z o SEARZS I T = (L, k, R), top(T) BREAT LUE X
LURE

k@ L=¢

(8.17)
top(L) : otherwise

top(T) = {
X LR EstE — AR RRH min(T) Bk
XFF oA, BT R/ NT R MR SR VTR, AT IR
i A

R : T=(¢,k,R)
pop(T) = (R,k,R) : T=((¢,k,R),k,R) (8.18)
(pop(L'),k‘/, (Rlak7R>> T= ((L/aklaR/>’k7R)

TEEX A =56 ULhr BT TR ERME, BB BRI partition
PREL, T2 B T SRR A B

R et 2 #H9 . top A1 pop RAFRITEREHRZ O(lgn).

NI Haskell i 7F2)7 528 T top Ml pop #4F.
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findMin (Node E x _) = x
findMin (Node 1 x _) = findMin 1

deleteMin (Node E x r) = r
deleteMin (Node (Node E x' r') x r) = Node r' x r
deleteMin (Node (Node 1' x' r') x r) = Node (deleteMin 1') x' (Node r' x r)

CEis

GBI — D EERAE, BT R T RS Wi partition sEEL IR
AT ASEEL—A4> O(lgn) BHAIRY & FFE .

BEIFPIRR RIS, IR EATHA N ES, FRATA] LK 28— B OAR Y U o
IR, SR HAE I 4 B 2E R o S, AT VA Mol 58— AR 3 5 5
SE ST

T . Ty =¢
(merge(L, A), k,merge(R,B)) : Ty = (L,k,R), (A, B) = partition(Ts, k)
(8.19)

IS — NS, R WA E . AN, 25— N (L, &, R), FRAT
ok VENESEE D & T 521552 (A, B), M A 68 T AT/ T kAL
M B ALEHART R WATE RS IEHS A f L &N AETR, ¥ BA R A&
IR T o

TX— 3 SCAT LARH N T i) Haskell 4178527

merge(Ty, Ty) = {

merge E t =t
merge (Node 1 x r) t = Node (merge 1 1') x (merge r r')

where (1', r') = partition t x

8.4.2 HEHEFF

P T SRR P RS SE B Tl SR R T e B B, ATl LASE 28 T Y
HEHEFP € Lo a2 R R EIA R R, BRI T IRER RS .

8.5 I

AREH, RATNAET @R SO & . REARIEHER T, AT LAE AR
TR SRR S

TR RE SCFHFAL IR T8 T R n — SO, B8 6 M — SURPIE C
FOMEN 2o e skew MERNMHRRME. BTN XS T MU L. €
R —#R5E 2 " ORI WS M BRI BERLG ), BAT AR B AN E BB [ Y 46 R 4
S
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(B2, FRATAT LAGE i 2 ) = ORGSR SR Al pR B — X . KRB P A
FERINE O AT LUAE] O(lgn) IERE. AYBRIEN Mtk gEEL 2= T LUAE] O(1).
Okasaki £ [3] H5 H T IXLEHHR LI EL AT

PAUAEARTE L H T fmfh. skew HEFIMREIER SR AT EA AR
S S L.

MR ESAZ B — Y R & R, X5 5 5 th B S 5 45
=1z (Binomial) M. EJFHAHL (Fibonacci) HERIECIXS (pairing) M. FRATEAE
JETIE T I 23

%3] 8.2

o MUy LB e skew SR RIE,
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ENE NCHFBMFT, ZFHF
HIEE (L

9.1 &4t
AT AT A28 T HERF P “hello world” $EAHEF B, AZTh, Bl /45—
FEDWITHER J75: 1P HE P o SR R HE PR Bl R AN TG 2 R B e
A P RUEEHER . S0 T S W7 2B B R BN, 3 HMORIFI g fa e
O, SREGICEIEE R, TSSO HER S0 A IR O(nlgn).
P HE P FELAEAE 3 A S T 08— M e — 2 o RO
SRTBEIING, — R T G, BB 5 BT A
A, A /N
% BN SER 40 B ph S/ NP 0 AT 85— e B /N AP P
o SRR B, BT AT R N T m IR ELA R T R AR

X @’P O

9.1: Skt NI
VR R RO AT LARSE I
N T HRICERHE
o ERIEDL: WEIRFPIINZS, HEFPa Rt Nz
o AN, BATHREIR/NIICER, R R SR A T -

213
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TR ERAE R ERE TR T . InRER IR BoRIITR, WHE 45
FRFERI . FNTRE S TS LT EE N SR N
XA AT LI A N TR 25

¢ A=¢
{m}Usort(A") : otherwise

sort(A) = {

Hrbrm 24 A vhRyBUIVCR . AT 2R m AN ICER .

m = min(A)

A= A—{m}

HAPFEABE PR BAREAR S5 . AR AT S NI A B84l fEREL
AP, A BHRAgER. ROMERIHESAER, A H20] LUR HAEEL
X —FE R U e &2 7 g H -
1: function SORT(A)
2 X9
3 while A # ¢ do
4: x < MIN(A)
5 A < DEL(4, )
6 X < APPEND(X, x)

7 return X

P9 24838 T e PR RIS R

... sorted elements ... min ... unsorted elements ...

& 9.2: ZEMES A EHRFRYICE . IR AT A 5l o a3 e/ N R B AN 22 00 A
JEtil

B FALL, BRI I R IR R T RN, (HR A AT AT (R AN A
[F_ERITE . BAPEERORAFAE AR X . SBMTRRAR e  H  TT R BT 5F
WINE X BORE. SEhr b, BATATLAE R A iz ) SEEL R o

BT R R R/ MR A B — T HIC (cell) 1 (5 A %A,
HATHERTCREIR AL, 35 A MR, FATHITY RORFORAERE AL L RS /)
FITCRRAAAE TR, RS =THIC

A ARSI T AR SR —HE PR . SBIEATIE S @ DITR R, HATHBE
TS & MBI BTTAC e

1: function SORT(A)
2: for i < 1 to |A| do
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3: m < MIN(A[i...])
4: EXCHANGE A[i] <> m

iL A= {ai,ag, .., an}, AR, HIROVEEE « HITRET, FrafE ¢ ZHIH
W {ar, az, ...,a;i1 } HEEHE T 7o AR {ai, aigr, ..., an ) PHIB/NITER, 4
JEREHAN a; 52, XFESR @ MMUEBRAF VIR TR . EE X IR
IR,

9. 38 1 IX— L

% N

K 9.3: ZEES A EFFICER, AW MI A IC R PRSI/ N A7 £ IR 7

9.2 ERHFEINTE

AT ARG LBIEFHF, M ESR/N (BiE) HITRDRE— M RE
To INZTATR IR e/ Nl K — R A B 10 TR LR R g — 4
AR -

BRI, (R 5] A T IR A BT RT3 A LR R Y
TR SEHA RS R . BUAEGE H oR R AT . BA UM, RKeR s sh—
WULLE, RGBT EORAY s IR BATHRES AW, AT B PR, FHET
R, EEX R RS E R A A AT .

LR, BATR K, WMFRAX LB R E HEE S, IR &L, J1&
SRR ARG T MRS . A BRI ] DU X — R, e BlE S
AN FI R EAE S o

9.2.1 #rit

FoMITERRREERC LT, Gl {1,2, . n}, ARG S RO T
Ho St — S A 5 a . W EORRYE N A5 S = SR
~~~~~~ EEXHPREEE n SHE . RICTARIES AL

1: function MIN(A)

2 m < A[l]

3: for i < 2 to |A| do
4 if Afi] <m then
5 m < Ali]

6: return m
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A MIN PREL, FRATAT DA SE s EE AR R B HE Y (A (T 23 [l RI B 1) _E
Ak o

Ltéﬁﬁmﬁ%Mﬁ%L@M%ﬁ%mﬁﬁ$2%ﬁ§(%ﬁ%%%%ﬁﬁﬁ
B RHER  E T B, FEGET, W C++ SRR RAE S
.%TUE&%%E%%X@o

template<typename T>
T& min(Tx from, Tx to) {
T*x m;
for (m = from+; from # to; -++from)
if (xfrom < xm)
m = from;
return xm;

}

template<typename T>
void ssort(Tx xs, int n) {
for (int i = 0; i < n; ++i)
std::swap(xs[i], min(xs+i, xst+n));

FEASCF S HTEERYENE T, ATLLREDTRAIAE, A EENE
1: function MIN-AT(A)

2: m < FIRST-INDEX(A)
3: for i <~ m +1 to |[A| do
4: if A[i] < Alm] then
5 m <1

6: return m

e N MIN-AT FIEESEPRE A B R W Afi- ], FAMEGRESE — D ITR Al Zoh
H—A4, HFHB T TR Ali+1], Ali +2], ... K% First-INDEX() ] T NS5+
RG] io

N Python #ilF#2 7, ARAEX— Mg SEI 1 HEA R AR P R . BE
BAGHE R W E BN, I B/ NTRIIALE .

def ssort(xs):
n = len(xs)
for i 1in range(n):
m = min_at(xs, i, n)
(xs[i], xs[m]) = (xs[m], xs[i])

return xs

def min_at(xs, i, n):
m=1;
for j in range(i+l, n):
if xs[j] < xs[m]:
m=j
return m
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9.2.2 44H

TN TR A TR R — S BRI G B i A A
], I HEERAAR LIS ICXWARE N AT B £FHITR (H4H) N
Lo fEHRRIAR . FATHARLCHALMHE, Bt A b= (¢), B Gailiid. &
TR LA B A e i U TR T LEAR . SR A/ N — N Ao IEJEFRATAET A
B i A, M B AR IR (BRI —BD X EF) B Bkas. X, &
JEHPARIEE R B MIICER, T At s L — {min(L)}, Al AT 4Ry HuME
.

X IR R R (invariant) 2 : fEAEMTIMEITE: L=Au{m}uB, K
Hm o H TR AR

KBTS R A AT T Bk T nlpm Iy i BGR 45, BLihgEse
Bo 4 by ARSI B RN —JCEK, B MR b SNURIRICR, LIRJERTLOE
AU BEEL

(m,A) : B=¢
min'(A,m,B) = min/(AU {m}, by, B) by <m (9.2)
min' (AU {b1},m,B’) otherwise

W EHHRNER , AR BB NS A BIUEMTEE (Bl
— ) SR m:

extractMin(L) = min' (¢, 1y, L") (9.3)

Hep L s LBk L MR TCER . B35 extractMin MUEIKEUINTK,
IR IR TCER AT T RAIHER . IR Haskell #2508 17X — 8%

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

BT FAEN, S FIHETEE R S 8 AT TSI 2/ 05 h —
MIEE, WL extractMin pRECTCTE FHHAETSMO R DT .
BEE N NERE min' 85 ANz S

min' ys m (x:xs) = if m < x then min' ys + [x] m xs
else min' ys # [m] x xs

T B B2 IR B P (R 8102 o AHIX BELRATT 7 B2 ] “cons™ AN ZIB AN R A8
TR E 2L, FIPA) A B EERIELL, T cons™ @ H AU ] O(1) B9 A1
FHAT BRI FHE T TR, ROAHE PR A S 2 X I i — P

tcoms K Lisp W5, Fml— PITRMHNE— MR L. TEIRSE A
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LR, BERFFICRMAXIUT? . LSRRy NTR, AR T &
e AT LASEEL o T T AE S 1 X PR

IR

(I,¢) : |LI=1
extractMin(L) = (I, L") : 1y <m,(m,L") = extractMin(L") (9.4)

(m,l; UL") : otherwise

W L AGHA IR (B0 singleton) . f/MEMZXME—HIITER. AINHC L
N LB —ATCER, B L DSMORRITR N L, WL = {l, 15, ...} S350 )T
ML PR/ NCER, ERIEHN (m, L7), Hhm g L' i/ e, L7 ey
R m SMNFIRTCER . HEA I A me LASRSE WA 2 e e/ IMEL

TR Haskell 275280 10X — iR AR R o

sort [] = []
sort xs = x : sort xs' where
(x, xs') = extractMin xs

extractMin [x] = (x, []1)
extractMin (x:xs) = if x < m then (x, xs) else (m, x:xs') where
(m, xs') = extractMin xs

X EAAUE FH T “cons™ A, JCHE BN #AE . FoNSEIEMNA 1A LA 3, {H
FEIX A —YCRINTEY R i T B AR R R A8 IH BRI o T 28 TR R A I
Frim it i3 SR UAGIE . 38 AT ASH I SR h e BB N 2
9.2.3 EFEHEFRITERE

o bnicik, 2 HEH T B T2 AT A AR HRE Y TT R DABkIE th
/ME: BIGHATT no kB AR RN : n+ (n—1) + (n—2) + ...+ 1 kI
B, B OED L gERHERR T TIE O(n?) M5k,

HERT A ARHEANAEP AL, P AT 2P 00 I PERE R A
L BN HE P AE S IGO0 N PERE A ZRIE R ] O(n) TRAMAE— R, JEE
WP AT ) . BRZENE DL N PERESA T IT I ] O(n?).

FEFE N RAYER S, BN TR AT et i ROt RE R ZE . HFsaliZ Pt .

%3 9.1

o JEAF T IRERE S SHEAR RS AR AR A o FNEHHEY
HUBSERE TR LD, AT A T AN 23 [R]_E R

2Fr e EHERT (stable sort)
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9.3 MieLiH

AT IR ) — LA RcE, BRI AT 2L, KHE P EEES
W SR X FIASS A BT — SO RE . (R BN B RGN AR
HEFF I IR IR IR o

9.3.1 ttRAESHL

FERGHPERERT . BTG RITE 25 H VIR P B AS EIE A . LAMEREALRE 2
FHER 254 -

FATATLUR BIFAE R s O HE R T 28 TP HE AR Fedle e o XA
i B AT E SR/ NIRRT T A, feEARBTHEmc TR SR A F . RX
PR DL, IRAFAEA PP SAEROHE AR, BIINSIRRT Ehe s 4R it T HE

FATTAT LA BAAR R HE ARV — 1 LEAC R B Nt P i, T h

sort(c,L) = { ¢ = L=¢ (9.5)
mU sort(c,L”) : L#¢,(m,L") = extract(c,L’)
Hrp extract(c, L) BIENN:
(lla ¢) : ‘L| = ]'
extract(c, L) = (i, L")+ c(ly,m), (m, L") = extract(c, L) (9.6)

(m,{LLi}UL") : =c(ly,m)

XH ¢ B HEEE, ERZMADICR, KE A P WA A A
o A5 NT A (<) N, SR IRMTICHTZ H IR P L2

ALIRIGETHELE 2T (total ordering) HYHLECHREL, WALR U HLEEE RN/
TG A KT e TR, PRI, o Wt
UNTTRAEWLRIT . HRAENEARESR, B R EL I 2SS 7 (strict weak
ordering) [52]:

o AEH M (Irreflexivity) , XFAEAT z, = < x AT
o AEXIFRM: (Asymmetric) , X « fly, & o <y Bor, Wy <x ARz
o fGEEME (Transitivity) |, XHMEM ov y fl 2z, Hor<y Hy <z, Mz <z % 7.

NI Scheme/Lisp | F#2 7 SL I T SEAL L HET . Scheme/Lisp HY il
YEME (lexical scope) I DAL HEEC PRAL A% 1% o

(define (sel-sort-by 1ltp? 1lst)
(define (ssort 1st)
(if (null? 1st)
1st
(let ((p (extract-min 1lst)))
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(cons (car p) (ssort (cdr p))))))
(define (extract-min 1st)
(if (null? (cdr 1st))
1st
(let ((p (extract-min (cdr 1lst))))
(if (ltp? (car lst) (car p))
lst
(cons (car p) (cons (car lst) (cdr p)))))))
(ssort 1lst))

Hr ssort fil extract-min #E A REL, EATERAT LAE B H L R £
1tp?. ¥ < BT LAS 2350 1 TP 7 45

(sel-sort-by < '"(3 12 4 5 10 9))
;Value 16: (123459 10)

FEar S LAt n] DA LB R B SR . B PRI MR B R
ey B DL, AR EE AR QRS BAMLOE BITR I THT R, BRAREL, FATAH
FLR R B NS RGN

9.3.2 ARIAE

FARN a2 AU R FIE 0 T T ITR , FRE R /Y. AR
DI S/ IMER AR BRSO — D N EIRER, I RE 215 B 2= o
1: procedure SORT(A)
2: for i+ 1to|A| do

3: m <1

4: for j < i+ 1to |A|l do
5: if A[i] < A[m| then
6: m<— 1

7: EXCHANGE A[i] <+ A[m]

BE PSS, BATHE n DI, AT n— 1 LERHEE R . SRR TR
— IR, BIVEH n K. RICTERERBET — R/ MEE . XN IR K
BT LA > — IR AL n — 1.
A AR LA AN . AR ¢ KRITEMR Ali], JRATCRR ATt
Bl B SHR LLAEE N -
1: procedure SORT(A)
2: for i<+ 1to|Al—1do

3: m <41
4 for j < i+ 1to|A|l do
5: if A[i] < A[m| then

6: m <1
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7: if m # i then

o

EXCHANGE A[i] <» A[m]

A8, LRSI AR RS A R,

9.3.3 XBEEHF (Cock-tail sort)

221

Knuth 5 i — 55— 9S8 [P1]. SUOn2Edas/NVeR ., 2R

KIeR, HHBHEREAAE. WT:

1: procedure SORT’(A)

2: for i« |A| down-to 2 do
3: m <1

4: for j<~1toi—1do
5: if A[m] < Ali] then
6: m<—1

7: EXCHANGE A[i] <+ A[m]

WAL AR, AR, SAMRITREZ R FRTAHF TR,

AR HAPRY B, SRJE S AR AR -

A

| N
- max| ---

T

.. BFICE...

A 9.4: BRUGESF FCRRYICRMEIR R

P

AE

X ARYSEEL R , AR ROR I TR ] AT PR . 2P, B
AT AT AR i MEAT R KB, 0 Bl MERTEDT K R RAE AR R
FEo XFERTLCKHHEFPEREMS B b i (ONEEDRERCEORAE) o AR — S35 IS T

A
1: procedure SORT(A)

2: for i < 1 to L“;JJ do

3: min < i

4: max + |A|+1—1i

5: if A[maz] < A[min] then
6: EXCHANGE A[min] <> Almazx]
7: for j < i+ 1to|A|l—ido
8: if A[j] < A[min] then
9: min < j

10: if A[max] < A[j] then

11: maxr < j
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12: EXCHANGE A[i] <> A[min]
13: EXCHANGE A[|A| + 1 —i] <> A[max]

PA9.58HE 1 X — 8%, AT, ZeES A4 M A& T EFPICER . B

FIFEZEM, BERIIAEA o BEEHMARA T RIER Y, EM B/ MIR KR ITER,
SR B EA TSR B ARHE B BT KR E -

LH
L Bzl | 2 | - [mad| — |min| ~ | BT
L

B 9.5 — kAl R N ENL H e/ MTERRITER . AR ENTEE ER R E

R FENERPITIAET. MR A AT/ TR AMBITER, [ER B
oo XI2 DA SIS B P EAYTTR . AT, N EE
AT, FA MR/ MU ATTR RGN F— DRI TR HEXE L
Al p T BT A B ETFE BTSSR A, A ] RESE — S 2 M BT
W 2 e AT R el TR IO E, X St 2 7 B A IERI 25 R 3K
AT AT g PR — IR 25 5 B R N SR>

NI Python {7 SEBL T X R IWHE o

def cocktail_sort(xs):
n = len(xs)
for i in range(n / 2):
(mi, ma) = (i, n - 1 -1)
if xs[ma] < xs[mi]:
(xs[mi]l, xs[ma]l) = (xs[mal, xs[mi])
for j in range(i+l, n - 1 - 1):
if xs[j] < xs[mi]:

mi = j
if xs[ma] < xs[j]:
ma = j
(xs[i], xs[mi]) = (xs[mi], xs[i])
(xs[n - 1 - 4], xs[ma]) = (xs[ma], xs[n - 1 - 1i])

return xs

AR HE et i) LA eR B 7 SO ASE B — > EDML AR A -
o MFEIL: HFHEFRFSIN S SE S A—ITR, WHETE R A5

o AN, EVR/NIERAE, 0 RUBEDT LS RAE , S8)5 5 ISR A TR
HEY o
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RV INDS ) I ESE S @
L : |LI<1
{lmin} Usort(L")U{lyne:} : otherwise

Hrpr, pREL select(L) WFFI L AU e/ IMEA TR (H -

(Lmin, L, lmaz) = select(L)

sort(L) = (9.7)

TR, S/ MESER B AR 2SI I HE P 25 R A AT IR TR B — A )
O(1) iy cons™ gl (ZEAAMT A) o (HEHRKXEHEMEIRE, X —#ERAL
PR, TN R O(n). FATHEFHLE .

PREL select(L) FHlitE NI RS S/ MEANERCRAE . BRYE SO :

(min(ly, 1), max(ly,lz)) : L={l,}
(I {lmin} UL lpaz) = 1 < linin
(mins {lmaz } UL, 1) ¢+ ljpaw < lh
(min, {1} UL" ljpaz) : otherwise

HH (lnins L lmaa) = select(L'), L' ZBgE L SMIRIRITTR . WRFIHE
WATEER, BABERR/ NI H/IME, BRIVENRKME. RRTFHIAZ . X2l
FUHOL. I, FATEURE—ICK L, 858 H AT A& T R P U NI ROE
FERD 1y MR8 PAPRAE e ) 25

HREFTERBI T, IROTEATE ML R R AGE IR (AR B e 7 2
IR, FILHERERLIERTR O(n) 1.

NI Haskell f]FF2 75200 T X —5H %

select(L) = (9.8)

csort [] =[]

csort [x] = [x]

csort xs = mi : csort xs' 4 [ma] where
(mi, xs', ma) = extractMinMax xs

extractMinMax [x, y] = (min x y, [], max x y)
extractMinMax (x:xs) | x < mi = (x, mi:xs', ma)

| ma < x = (mi, ma:xs', x)

| otherwise = (mi, x:xs', ma)

where (mi, xs', ma) = extractMinMax xs

HERT AT B IR E R MR K . X — [RIA] LASr P 2B g e SE—20 02
WX RIHE et N Bid IH . ZAMES B/ NI TP ITER, 10X —%ah A Ala
TR ERFITER, X9 HN B, WME9SHR. A A M B R
(accumulator) , X EEIFHER 1Y i A SZHan

AULUB : L=¢V|L|=1

9.9
sort’ (AU {lmin}, L, {lmaz } UB) : otherwise (9.9)

sort' (A, L, B) = {

:/H\:EF[ lmin‘ lmam %D L// E/‘Jﬁ_’ijé[aj:o EHH_‘%—‘}F;QSEH" ﬁ’fl‘j{g}\éﬁg A %D B:
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sort(L) = sort'(¢, L, ¢)

ek B I, EREFEEIBAEUR AAE AU {lnin}s T lnae W ELHERY
HLEF) B E’Jﬁﬁﬁo Ty I A # A — UGB IR R 8 TIHRRE . 3RATAT LUK
A RAF A AL SRR LR Ly 5825 2R 0 A2 AT — UG VBT i
cons(z,L) = {x} UL, append(L,z) = LU {z}, FANTEWTFEHEL:
append(L,z) = reverse(cons(x,reverse(L)))

9.10
= reverse(cons(z, T)) (6.10)

R . BAIT USRS A Bl A ARAX— B, BT
BCBELT

reverse(A)UB : L=¢
sort'(A,L,B) = reverse({li} UA)UB : |L|=1 (9.11)
Sortl({lmin} U A7 LN? {lmam} U B)

NTEIAY Haskell | F2 7 SE8 73X — M0tk

csort' xs = cocktail [] xs [] where
cocktail as [] bs = reverse as 4+ bs
cocktail as [x] bs = reverse (x:as) 4 bs
cocktail as xs bs = let (mi, xs', ma) = extractMinMax xs
in cocktail (mi:as) xs' (ma:bs)

%3] 9.2

o MEhAE S SIE S 2B EAR RN T RS, BRI S EIE A
FERFASTE S T, A s B EE A SR A A REE SN ] (generic)?

o 14 FEE T SeBl Knuth 25 HAEREHET o

o 53— FRSEIRAG R HE Y T R AE N EAREAAT . (BUESS ¢ DITRERVIME,
ERAME. NEEREHRE, S/MEFREREM IR, e R/ IME
B « MCE, BHOKESCHEIE (A + 11— MUE EH 1 Tar S EF %
WX —fifi o VERLA MR R A FAE I -

— A = {mazx, min, ...},
— A= {..,max, min};

— A= {max,...,min}.

o f#iHH fold S3LHN select(L) PR%EL,
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9.4 7KAoL

BRI HE SRR BRYEREIINE P IT Ry IERIFFIRA, 0
HAb o MaZ FHEF L, PR RE Bk Jm

N T A BB B HE Y, FN AT A IR E o O 1 s AR N
BHATHER . UG E TR TCR AR/ MR o RSN EARPAE R o AHFEON T ik
BR/NCR, AU R ITR 47 SERE Dy NTRR, AL brk
Di 7 AR RS, I AT ATE WREE T SR AR AN, R ST R AR R

ALEAE T YA PR AR I/ NCER IS, BATA S AR L B 2R ) % T A
K/PBIF R THRMAEIT IR AT -

R EEH P R e T EA O AR AAEILRARI I, Hb—F2
MUEER FEBEAG 2 JE A o

9.4.1 $RIRFTEINE

JEBRHE G VI EE28 I R BRI 32 SCBRIAREZFEANIE . 1982 4F
BT, RIEHBUUA 16 SCBREA [53],

fE B DL, LEFRATEE] 1978 45, FFHAMGR FERA T IRk E R S % 1E
BRe IR, A SIEERA O 8 AHBETEERE: HEBEE 8 SORIMEBREL, HAR
8 SR, T, FEH HEHTET, 8 SCBRPAREI K 4 Ao T 4 SARIERR
A SRIGIX 4 STBREAST AR, LB AR S 2 P S BR A 425 42

285 A BELERE, EER A BRSO 8 +4+2+1 =15, HEK
AR ATEERTE S, BATEERIE W SRR ZE .

AN ARG IR oS b M MEA R 4 4 FEESERY T A, 1
ilnit. ERX M RIAEFRER R EFHALDF

AT EURL e A, B PRIt = AR T2 . IR EA]
PR SRBN , (BRI — SAE— ERBREIR . XSCBAFIRAIERE , R ATRESAT
Wl oet 22 SN HAB AT AR . 19.6188 T iX—1& Do

4 9.6: JLE 15 1258 —Fet gk

B S BMBA — MR H SRR Brrdiok, Soypbia. BB HoRm
ARG 2 SRR PR N BA o BRSRBLSEFPOAN X, (HZBATT) LA BRI, 25
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H— MRS IRE R . RESEERIECT N 16, IAEEEHIRIN, £y 14 A2
WA, TRAER —HE R BAEIRA 15.

NI EHE R A B AE SR TR R 58 A K EH e, FRATA S
AWEEX 7%, BB =K, Bl r] ASE e TR R Ry -

RN EEERNET R MYNGE (Bl —oo) . XFELUEEMAZ
Mk, KRS AR OMETRR 4. (BT 2™ STERBL, Hir m BN HAREL
ARFFEE 2m =1 1 2m =2 4 4241 =27 — 1 RILEA B AR, XIS Ik
FHOE LRI AR o

SEbr b, FAVTCTH AT H R _ERY RS SRR TR rh R A T AL 88 A P15 12
LA TRRAEA, —EAR RO LI, SN RN . R
AT LA AR SRR AR T st WY Al A B AR R - T ), AR X Ak i A2 b
SR S i110] I\

9.6, IXFERRIC K, THER AN RO {14,13,7, 15}, R4EIX
— B, IR T

L AFFHEP e RIRAR e, JE%E (RKME) AT
2. BUBREAR, B TR I E S AR R KEE —oo;

3. BURME_EATERI RS AR E, SRS, FRR I E TR ;
4. EELER 2, HEIFATRYICERARPER

9. T T X HEFF AT TLAS BB,
TRATAT A P S5 SRR SBRIENT, N T BRI, T
IR SR

struct Node {
Key key;
struct Node xleft, xright, =parent;

BIRFFHEF TR A 2™ A, Hrh m A AR 0 T HSERARIERE, FRA7
SR TN DT 5, R R 7 —H XRS5 . AR AR
BUL RS, HEEC BT RAUME, 20 E IS — BRI SO, AR ) AR Y
B, 2 5IRIMRE S BIER A TR EE XA LS —H B, Hep
TS RN T 1o X5t )T, BrS BIRRHIECH . FREERIRER R A
ZATFE| —BREARTER
1: function BUILD-TREE(A)

2: T+ ¢

3 for each z € A do

4: t «+ CREATE-NODE
5 KEY(t) + =
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W 14, HHBA —oo, 13 ETHAHIHIMR

K 9.7 SbRIEMHERP IR
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6: APPEND(T, t)

7: while |T'| > 1 do

8: T + ¢

9: for every t1,t, € T do
10: t < CREATE-NODE
11: KEY(t) + MAX(KEY(t1), KEY(t2))
12: LEFT(t) < t;

13: RIGHT(t) <« t3

14: PARENT(t;) « ¢

15: PARENT(t3) <t

16: APPEND(T",t)

17: T+ T

18: return 7T'[1]

VRIS A KBRS n, BRI, X AR n. £
R AR R, X — I IE T n+ %+ % 4. +2 = 20 [EE
S RHERE N O(n).

FEK C RS0 T AT ik

struct Nodex build(const Keyx xs, int n) {

int 1;
struct Node *t, xxts = (struct Nodexx) malloc(sizeof(struct Nodex) x n);
for (i =0; i < n; 4+4+i)

ts[i] = leaf(xs[i]);
for (; n>1; n /=2)

for (i =0; i <n; i4=2)

ts[i/2] = branch(max(ts[i]—key, ts[i+1]—key), ts[i], ts[i+1]);

t = ts[0];
free(ts);
return t;

o key BYZEAUTUIGE LT, BN

typedef 1int Key;

BREL leaf(x) ME x ME—DIFI e TR LRI AR ZS .
BR% branch(key, left, right) Q#3215 JFHAZEL 7R
FREHB TN 2 3T A RATXEZNE 7 leaf 1 branch pREH LI . 132
EHATDMERSS], 220 iR B
FACRFEINSE, Q0 Python 324 T —VUGERMA TR TE, #Hiln:

for x, y in zip(x[iter(ts)]*2):

FANIMGILIXEAEF AT, 5 n] AZE AR 40D .
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TFRBUL R ZER AR T (U5 . FRATE TR MR IO —oo, SRJR(EIIL AR
£ I N 2 i BN NE = SN

1: function EXTRACT-MAX(T)

2 m <+ Key(T)

3 KEY(T) - —oc0

4 while - LEAF?(T) do > I
5: if KEY(LEFT(T)) = m then

6 T < LerT(T)

7 else

8 T + RicuT(7T)

9: KEY(T) + —oc0

10: while PARENT(T) # ¢ do > B KR _E—%
11: T < PARENT(T)
12: KEeY(T) < MAX(KEY(LEFT(T)), KEY(RIGHT(T)))
13: return m

R BRI PR ATTR . HHEUGRRIEN . RS EEIET, BT AR T
e, FATTCHEMENEIER —oo. M — IR0, E HEER T AT
JCEHAR/ N BN, PRI ICERAR K T-65535, FAl TRl LAE LATE5

#define N_INF -65535

NHER C Bl RSB T IX R

Key pop(struct Nodex t) {
Key x = t—key;
t—key = N_INF;
while (!isleaf(t)) {
t = t—oleftokey = x ? t—=left : t—right;
t—key = N_INF;
}
while (t—parent) {
t = t—parent;
t—key = max(t—left—key, t—right—key);
}

return x;

EXTRACT-MAX 17 A1 SE R 25 AL 1) 53 H AV E AR i 28 BLo B BA B AL
A e _FIR AL H A 4 pop.

EXTRACT-MAX FFACFRRI W, 555 H A~ i, #E BRA G S %
. TR TR A, AR, RSN O(gn), Hrp
n R TRIEE (et S E) . FEIRPERE O(gn).

AT LIRSS T BNE . IO MR C R — BRERIE, AE A
WIEHE fo KB QSRR AT 75 4 R s MG 0 U HE Y, FRATTS 25 — AN B Y TT 2
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FEf A, SRR SR AR B TR AR B A A0, a2 R HER . FRATAN R
BB TTRIB MBI RIRE. T IR EEI T Pt T -

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3: for i < |A| down to 1 do

4: Ali] < EXTRACT-MAX(T)

THR C By R T Bk R

void tsort(Keyx xs, int n) {
struct Nodex t = build(xs, n);
while(n)
xs[--n] = pop(t);
release(t);

SR ERMA O(n) BERAEE—IRERIRIERS . JRRIIT n URHIHIRAE . B — M
IR TR TR A R RSB RV ERIPEREDY O(lgn), BrARIRZE Mgk HE
FrRRERY EMATEREDS O(nlgn).

RIRFE KA R T

b