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REBNERE LSRR, HER Tk sasR, SKEIRmI, R AE T EHR
AMA L HAMTREA TR RERIAL g2 S BIRR, SEPR B R B R AR A
RIEBIREGER . BVEE TAEFIBEIRIR, RS BN 7 EA S 17, A7
HEFRE TR fE A, A B STl

BUREMRR— L H R RN, S A ., 1N T, LM REE Tl
XN L,

0.1 /el

BATE - AR — M SR AE — D IR A B R Mg (1 35— %),
BANAHE LB ENPRIRIE —SLARRUAREE, Bl S PHIES, AT, IS %5,
— M BB, BB B o AR IR — R/ IR 1 T R
AT ER AR AL, I IEAE B A BB 1D SR A — IR

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

AERXMFNR P S NEEOR 10, XNEEE ERZUHRE R, FATTA] DZEE
H N AR
1: function MIN-FREE(A)
2 z+0
3 loop
4: if z ¢ A then
5 return =
6 else
7: T z+1
HAREE ¢ 9B
: function ‘¢’(z, X)
for i + 1 to | X]| do
if z = X[i] then

return False

AN R > vy

return True

ALIETE S NE 7 IX— MRS, R —Bfl R,

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

i=d+1

WY RAFME T ILE DTN, XN ENERER A 22, BIE AR RIAF
FREIN T RIERH, F—&8MN% 2.10GHz AFEES, 26 WEHHENL E, H CiES




B/ a] HEL 13
SCIITRE 5.4 OABETE T MU IEIE R, YHE AR —F AN, WFERIEE
8 7,

0.1.1 2k

PO — AR B TIX — S T n DNEGEEEL 21, 20, ..., @y, WERAF
FE/NT n BYRTFREEEL, DRAFAERN 2 AE [0, n) IXDEEIRN, SNNXEEL—E 2
0,1,...,n — 1 BUSEANHES, XAEDL T, ST EEEOZ ne TREBMTEIR4E:

~—

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

HHEFATAT A —MEED n + 1 BUEEH, SRARIZXE [0, n] WEYREDMEECZ A
AT,
1: function MIN-FREE(A)
2 F <[False, False, ..., False] where |F| =n+1
3 for Vx € A do
4 if x <n then
5 Flz] < True

=2

for i < [0,n] do
if F[i] = False then
8: return ¢

HA s 2 TR ST TR ERB I R, BTSN A PTG,
HEBUNT n, SN AR ICE N H, 12 TR TR RS, 25— MEN
AL E, BANBRIEHNA n OB FAVERT n+1 TAZ n MRS, XHELH
KAMERE, 5EAT AR AT sorted(A) = [0,1,2, ...,n — 1] BIRFRIGI

BRI TTERTRELNMEN ], (B2 EFRE O(n) HIBRRIEMEIRE, TATEA]
DARSANA ., FREHERERIER Y n + 1 BIEEH, BEEREE R G, XN R
7o REMNHIERNSIEFEREN A, FATAT AT R KIEEH, Aas
RERAEHE, 550, TATAT CAE A —HERIAIARCRAFAR S, M2, N
C HEHSPIFRFEI T IXMN rsot:

o

#define N 1000000
#define WORD_LENGTH (sizeof(int) * 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));
}

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

}

TEAHFA TN L, IXEAE A 0.023 ROt AT DA FE — B 5 D

0.1.2 4rimiG2

PR E_ERTHGE R DA R ERTHAE AT R, T4 T — D REN n /Y
PRASEE, 2 n ARRIN, 2B HEE S BOFT RIS, 7 MG 2 B9 SRR A o o4 T
MU INE) 1)L, SR JE B ROV EAT I DATS 2 B R A R

BATRI ARG 2; < [n/2] FBBURA—DFFH A RE BB
Hh—=E8) Ao MR AT, AEREY) A RIKEEL R |n/2), XTI — AR5
A BE W T, BN DME A7 RERE], B0, /e R —EAE A
W, B, WX X7, MR HIRARN T

TEEERE, SE Y A7 R EIN, SRR A T —52 k, TATA
FEM 0 TS i/ Nl IEEL, BTN RAZRR T [n/2] + 1o RIRERAIRRIEN E
SO search(A, L u), B 1 B R 8, w & EFR BIARL RS S Ao, 3]
IRETRA 1 EREER,

minfree(A) = search(A,0,|A| — 1)

search(&,l,u) = 1

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

otherwise : search(A’,1,m)
/\':I:[
I+u
m = |2
A = [zlreAx<m]

A" = [z|lz e Az >m)
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X —TTIEFATFEGIMI SR B FREET O(|A|) IREEESRRI 17
51 A I A", RIS, BT DAY T(n) = T(n/2) + O(n), i
i FE P ESEIEER O(n)o TATATUXFEIT: S5 —IRTRE O(n) IRHLERK 7Y
TIFPHI A LAY IRFREHIR O(n/2) IR, B =IRFTEHLK O(n/4) IR K TH]
N OMm+n/2+n/4+...) =02n) = O(n)e EENXFENHEKIER [aa € A, p(a)]
KENHNR, ENMEARIER {ala € A,p(a)} BFIARE, NHEIF Haskell il A5
WY ez AL,

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 ik 5 MRE

AN —FIRAIMERE, BIARRED O(lgn), TAAMRIR/NMLEZ O(lgn).
PATTRT DA I Re 32 U A R A Rl 22 A]_E A o5 -

1: function MIN-FREE(A)

2: [+ 0,u <+ |A4|

3 while v — 1 > 0 do

4 m 1+ UT_Z

5 left <1

6: for right + l tou —1 do
7 if Alright] <m then
8 Alleft] < Alright]
9 left < left+1

10: if left <m + 1 then

11: u <+ left

12: else

13: [+ left

WELATR, IXBARF N EEH PR R TR 0. left ZRTITCRAAKRT m, M
left F1 right Z BIRTEREAKRT mo

X — s T RIEI HANTR ERI MR R, A A2 A B, A
B IR A AT RE = A P AR,

DBATE O(lgn) KRR, R DLE R HER,
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left right

b

Ali]<=m Ali]>m L

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

0.2 BB

B TIEERREUE G 1500 NEMEL, EMEGRERESH 2.3.5 X=EARTHE
R, RABRKRZERTZ 5, AT DESGSH X E 561858 1E BRI
VEMGEAE DAL S BEETE - IR, 2.3.5 A5 BAMREIEMEL, 60 = 223151 2% 25 1
BB 87 21 = 2037 HFSAERT 7, BT AAZIEMEL FATE X 1 = 20350 2
%0 NEMEL 7 10 NMEMEWT:

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

0.2.1 Xk

BATATBAM 1 IR, B—R &G B R, N T, 2 2,3, 5 IXER A
L, Rt AL REEN 1:
1: function REGULAR-NUMBER(n)
2: r+1
3: while n > 0 do

4: rz+—x+1

5: if VALID?(z) then
6: n<n-—1

7: return z

8: function VALID?(x)
9: while 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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GFRETEN TR NG n A R, FERAERTENLE, H C 183 SRR 40.39 #
AIEFE 1500 NIEREL (860934420), 2 » HEHNZF] 15000 B, B 10 2t icikss
58

0.2.2 MG M:REL

BUSHIBRIE SR FEEFEI ) 3 RS R IMAIT TR 2R, FRAITAT DARHLAE
B, ANERGE - PN ROZ A 2.3.5 MENRT, M2 MNIX =AM 558 R IXAER]
LG AT I INBIRAR IR 25 TE R 5] FRATTRT DAGE P BAS XA i 2 K oK A
S

BABIAT AM A TERR, M55 —MIERHTTER AT AN BITE R S IE g 3X
—HREEWAR e SE Y FIFO (First-In-First-Out ), FRATHIREEREHE 1 /ER%E 0 D
IERETBRNBNS ] SRJE AT MBS 55 — M ER H TE AR, 35 A 2,305, 7728 3 DHTIE
AREL, 3% BRI R RIS, a0 S5 = AL AR E A7 A T IASHh, PR H B 77 DR
RES, Hr AR IEMEOE T RE/N TR R EAE, BRI A AR, T2 REFEANIER
FIFFHIR/NMI . B 2438 T IX — EEE AP R,

AN

1*#2=2 1*#3=3 1*#5=5 2%2=4 2%3=6 2*¥5=10
(a) FIERIRES, 1 ABA (b) 2.3.5 AR\
3[4[s[e]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 ARA (d) 9.15 ABA, 6 #EFE

B 2: fiE I ASIA SR IE AU A 4 2

FRAEIX — R A FIR SN T :
function REGULAR-NUMBER(n)
Q<+ o
z+1

ENQUEUE(Q, =)

1:
2

3

4

5: while n > 0 do
6 x < DEQUEUE(Q)

7 UNIQUE-ENQUEUE(Q, 2)
8 UNIQUE-ENQUEUE(Q, 37)
9

UNIQUE-ENQUEUE(Q, 52)
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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, )

XTREN m WIBAF, INsErRT BNELFRE O(m) W EITLT, JTCEE Hifd A —1
HR, BIINKESEES n &M (B - M TRERZBA=HTE,
AR < 2), BIBATNEDN O(1+ 243+ ... +n) = O(n?),

B3R TR T BAFI R RIR R n Z [RIRSE R, HR R kL, it
O(n?) NEZJE,

Queue access time - N

B00000

700000

600000

500000

400000
== Queue accesstime

300000

200000

100000

Q
Q 500 1000 1500 2000

3: BRI TRIRE n BIRFR

TERIFERI RN B, N RAY C 15 S S 0.016 #PPmthrt 74 % 86093442, bt
F¥ARIEME 2500 £%o

X n] OB 7 KA, 2 X RS ITE EMEBEITET A (21, 22, 25, ...

TR IERUEL, FHSREL 2 R 2IHSRRTCSS IEREN: (224, 225, 223, ... Jo [RIRE, #K
RFELA 3 F1 5 R1GEN5 SN TS IEMES. NARIX 3 DHTCT A&, RPRE
SR, RER 1 INEIEIT, BATSUEE T X a2k, T miaFzimas:

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

Hp o X FRRICR o EEEPIR X BUATH, NI « SOV — TR, 1E
Lisp FFIXPMREIEFNN cons, 1 2% 0 MEMEL, BABNCERAERATE, 17K
FIRHI AT, BATTRIAME L U B 2 X = (21, 22, 23...], Y = [y1, Y2, s, ...] AFD
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T X = [0, 20,0, V' = g0, yon ]| TRREF—TERBIRARTS, 72X
U
T <Yp: $1IX/UY
XUY =<z, =9y: z: X' UY’
ypp<axy: Yy :XUY'

ENRTET A, BT X\ Y ABHIEI. £ EMRERNIRES, 5
TRRTDASEE AN~ 15~ X

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 =y : merge (x:xs) ys

Eid ns !l 1500, AJCASEIEE 1500 DEMEL, ERENTFENLE, X—EF
FHF 0.03 ),

0.2.3 FAFI

THEHMBEREARTIRZ, BHEAEENTER, EMNREAWRER T, ERE
HIEBAFN DMRIETT R G o APIRIE N HE LN [EHR M VRN B O(1Q))s 9 T i
REE, WAHERAEMBDR=1H Q = {2i > 0} NEEH 2 BIRAVEL
Q23 = {2'37]i > 0,7 > 0}; Qo35 = {2'375" [, 5 > 0,k > 0} HH Qo3 FR j #0, Qas5
BR k # 0o IXMRIUE T =REMH AR A EE, BREENEH— TR E, B
TN Qo = {2}, Qa3 = {3} T Qo35 = {5}o FHRMIX="PBAFIAY L BRI Hi /)N
TR o HEH, AT TRV :

. ﬁﬂ% xT IEI%}‘)\ Qg EXHjE/‘], ﬁaﬂ‘ﬂ% 2z b[])\ Qg, 3z DH)\ Q23, 5% b[])\ Q235o

o QR z B Qos BULHY, T 32 MIA Qas, 5z MA Qazs0 TATARIZHF
2¢ NN Qq, AN Qo HATRIFRIEH 3 BEFRAVEL,

o QR z B Qogs HUHIAY, TATHRE 52 MA Qasso TAMTARIZHE 22 NI Qo
3z M Qas, BNENIASRIVFEEH 5 FEPRATEL

FATARWT MIX =B E /N, BEEIEUE S n DT, El4gat THT 4
TERRIXAN RS, BIRAT AN 1,

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))
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2*min=4

2[]

VIR

Al &

3*min=6 5*min=10 3*min=9 5*min=15

El 511 4]

min=2 min=3

(a) 4.6.10 ABA (b) 9.15 ABA

2*min=8 3*min=12 5*min=20

A ool

min=4

(c) 8.12.20 ABA

5*min=25
|I|9|12|| [sho]i5]20] |
min=5 /
(d) 25 ABA

E 4: (FH=Z1BAI Qan Qas Tl Qas5 SRALE IEIELHT 4 2, WA EATELE 2.3.5

HME—TCER
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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, 57)
15: else

16: DEQUEUE(Qa235)

17: ENQUEUE(Q235, 57)
18: n<n-—1

19: return x

BIFIEIN n Ko BHRIEIN, M= IR/ — TR, R—PRER
B R, B TARTEA TR AT AIBAS, 74 — S = e R IS, X — 2
AR, RN RIARE R O(n) W,

0.3 /h&h

PR BRI TH B SR AR RE BT B A 75 28 TE R R, ELRES AT R G N, FATTAS
AT RELF AR, R 2 DARIHE DA OR BRI, FAITAT DU IS g fs R B9 77 sCECE
B R ARNEH WHIEARGTEREARLEN, RN 25 H R E A a2 XA P B, &
BHE T NIRZEED MSRNEEZM U, AR TRENHREIES,
—HHRESE B OB SR, 55— HwIEE S e AR, BT F 20
TR ARRSRIE AL RN BRI T X, Tk PA—2201 A8 B, BREEKRI IS5+
KBl Haskell, 2 NS H]F 22— WIE SR G . XERAPFA—E & EE
FAEIE FAITE,

AR SRCEE TR T 2017 FEHAR. 2020 FRIFEHITES , BHTARATPATE
github _3R15, a0 RABBIRIGAUTUR, THILR liuxinyu95Q@gmail.coms

%31

1. s/ RGBT, A SRR AR S A FedlTAT AR AT IE S S ok pmic — M
TR, B —AR, LINERKEN n, X FEMLGLENT n HIEL
2| < n, KB |z EREFEN I 2B, 25—k
BT ERNR ERRE R, IEscliX—Ri%

2. n MEF L, 2, o0, IR AEHEE, ENRFEATEL T, HHEE ML 2
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BT yo RIZ 1 <y < n, WH—DITIRREWBAELNER R, H S RN
xT ﬂ] Yo
3. MHEZ—BORIEMEM R, e —MIASIfREL?

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];




H—E HIR

1.1 faifr

FIRANEA AR B BRG] LB R R A9 TR
wavo BAHER 2 —HESHFHEXIR, B MFERITH —MTF RS XM
TEHAE A A E ., BRIV A IR, B R EAE R RTE, S8R, 53R
KRANTCHRISEHE, rABERIIARTTCER . BATA] AMKEIEARUOE I FI R AR R,
R R AE R EEIASE h, FIRA SO T H A AR R AR E R XY TE
ZLHEMUR (map), IUE (filter), BHN (fold) FHBEHIBE, v IBOIIX—F, HEM
5B EITHRR L,

1.2 X
HlIZR KRR A ERR, 2 —RNB AR BES A, HoE
o —MHIFREFE NS, 1L o B NIL;
o HEEZNITEM—THIR,

E1LFR T — NS T Sl s R, SN0 R S s, — M oE (R
1E key) FI—NFHIF, FE8AITFHIRAG|HIEEUIE next, Bfag— 11 s F5I£
A, ieh ‘NIL ,

Bl 1.1 BT R RSIER

N2 BRI R — /N L, BN NIL, @ E S8R E X
HZR, flan :

struct List<A> {
A key

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

23
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List<A> next

RN " HIR ARSI DA, RZRSRIgAE AL SRS 5 I null #
h,llttffﬁﬁ#TlflE’Jﬁ(i%T FIF, —MEZMMAZ5IH nul (8 NIL) ; 55—
B — MR, (HEAEAEMITR, EHRRN [J. EEIRE, ”"%Iﬁﬁj—nﬁﬁﬁﬁﬁﬁ\]ﬁ
B[] MFEDEEAF, ABERTS o IR EAIER, S5 25

1.2.1 iRt

ZBE—NERFIR L, BATE XD ERECR 7 AIIRECELER T B2 IR, e 1iE
WHan4 A first(L) # rest(L), (& head(L) M tail(L)3, &2, BT AMN—TT
£ o MR 2s(A ARG S — DK, 18R o« xso X—HETEHI/E cons,
BATHEWMRRA:

(1.1)

tail(x : xs) = xs

{head(ac cx8) =x

MFAEEAIER X, B 2 FRE DR, B X' FRFIRHIE, Hlin

X = [271,272,173,...],)(/ = [IQ,Ig, ...]o

3] 1.2

L ATFIERERDN A BB, WERAESHIBHEM D ITR 2,y € A BEME, T
N ANEERAWTN B FE AT,

1.2.2  FIRIIEA R

ARHETE S, TATAT DU AT AR AR : ZBHIRAIKE N 0, MAFSSIRAI K
JERFRESE IR TR —,

length(g) = 0
length(L) = 1+ length(L')

NTHERE, BOIMKBIEE TR, HNEERER O(n), Hf n Z27TED
o N TR T, BATTAT DUR B AE I E — R B rp, FRAEH s ERTT 3R N
WX —A &, NHZHRERKERERSLE:

1: function LENGTH(L)

(1.2)

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

3FE Lisp P, TSI, BAWEMAHR car 1 cdr F AR MIHLER P2 f7as 1)
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5: L < NEexT(L)

6: return n

FEAMAHERFERBOLT, BAHEER |L| RERIIE L K,

1.2.3 &9|

BEA R AR BN EIBEN LT R R E ¢ BT, BAIRFERE 0 A RERIE
TLERMTEALE,
1=0: =z

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

N T MN— DN ESHIRPIREEE ¢ PITER:
o Hi N0, SFRNFIRPHSLETTER;
o G, EEFAFHIRPAIE i — 1 DITR,

BATBOE A B HIRRIE L MREN o, N EATARARE XK. @ BTN
HIATRARE X, %5 @ > |L], EIET, REEANTRBIERREE @ — |L] DM
BB —I7H, 4 i < 0, WEB— R EIFEE MW 0, RN YIRS HIRA
MR I ERE D

T FREERTEE ¢ 5, RIIFIRNNRIE AN O(i), T M ATERSLHL :

1: function GET-AT(3, L)
2: while i # 0 do

3 L < NexT(L) > L = NIL N5
4: 141—1
5: return FIRST(L)

3] 1.3

1. 1E GET-AT(i, L) FIEREEIA, L S RIERE? ¢ BN ERE?

1.2.4 KEILE

FELE—XF first /rest XFRAVIRLE FRA last /init AT FIAEZHIFR X = (21, 29, ..., 2],
BRI%Y last IRIEREBITE 2, M init IREIFHIR (21, 29, ..y 20o1]o BRIRXIRIEL
GXFR, AH last/init 7522 F713R, K2 SER [FF,

LIREAIER X HIREITEN:

o MRHNEKRREF—NITRE [21], M 2y BRRETTER;

o N EEFNTHIER X HIRETTR,
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last([z]) = =z

last(z : xs) = last(xs)

KA, SRR 2R EITR A 75K :
o WHRSNRAEH PR [21], BRI [ ];

o N FADETHMFHIR X7 FREEREREICRARIRER 72, RIS 20 B
FEHITH

(1.4)

init([z]) =[]
init(z : xs) = x:init(xs)
XD RIEPERA LB S HIRIE N, SR o N, HATNRARE XK, T
TEAE B IR ARSI
1: function LAST(L)
2 x < NIL
3: while L # NIL do
4
5

(1.5)

x < FIRsST(L)
L < REsT(L)

6: return x

7. function INTT(L)

8: L' + NIL

9:  while ResT(L) # NIL do > L 24 NIL B HS
10: L’ <~ CoNs(F1rst(L), L)

11: L <+ REsT(L)

12: return REVERSE(L')

X R A, — 1@ cons B init FIGER, [HRIXFEAERIFI#R
TEIAFP Y, PRI AR e R a SRS Rk (WL381.3.2719),

1.2.5 RMEG

last() BRIARTIH—FR B, BH AT U RIS R PRI « TR,
IR ELARH BRI RIK : 56— DRI R K n, 88 ZURBGE n—i — 1 MITR:

lastAt(i, L) = getAt(|L| —i—1,L) (1.6)

B RIRETR R R NEEE po B po, BATAHEE @ 22, B rest’(ps) = p1, HH
rest'(py) FREEPITRRE rest() I ¢ IR WLV, M py BTHE ¢ BEEATENX po
po —IHBTEFIBERAISLER, A RIN AR IE], B2 p, FIARERAIELE, 5
Bt po TRUFHRAIEIEEE « IR, B8R TIX—75 1% BT pi,pe HEH—DEH, X
—ITE MR RN E X,
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p2 pl

MR I e I e Sl

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

p2 pl

/ \

|x[1]||—>|x[2]||—> —>—> —>

(b) % py FEAREEM, py WIFEFIMERCE | PR,

1.2: JFEHHEH—NMED)E O

1: function LAST-AT(7, L)

2: p+ L

3: while ¢ > 0 do

4 L < REesT(L) > BRI
5: 1+1—1

6:  while ResT(L) # NIL do

7: L < REsT(L)

8: p < REST(p)

9: return FIRST(p)

2l bR RO HIIN AN RE LR ST, W BATA] DARIN GG X = (21, 20, ..., 2,] T
Y = [, @ig1, o ), HHP Y BBRERAT i — 1 DITREHI AR,

o WRY PXEF—NITR [z,], MEEEE « MTRMZE X Rk 245
o N FAFRM X F1 Y HPEEF—DILR, At EyR X f Yy,
lastAt(i, X) = slide(X, drop(i, X)) (1.7)
HARE slide(X,Y) [ ZFRHDFIRESLE:

slide(x : xs, [y]) = =
slide(x : xs, y:ys) = slide(zs,ys)
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BREL drop(m, X) EFF1FR X HFHIET m NITE, BATATLUEL T m B9

drop(0, X) = X

drop(m, @) = @ (1.9)
drop(m, z:xs) = drop(m —1,xs)
g3 1.4

1. 7€ IntT B35, BATAT PAF AppEND(L', FIRST(L)) K cons 4.?
2. 1E LAsT-AT BEH, (AAEBR SR A A AT L ?

1.2.6 HHHK

R EELAE TSN, N BT R, L pR GRS SEEU I G @3 91125, T R
FIROEFF (persist) AL, HAEIE Y RIRHERE R G5 (V) 28 2 B5),
wm

AR A append, ‘BN cons R FR, —MERSKIIM, —MMEREHE M, F LA
MR snoc( cons SOIHKHFE ), T2 EIFIRER, fr AHLEZEN O(n),
Hepn BAIRKIKE, N 7e G, BA1a] DO R E 718 Tk, HhEES
RAACHAT HHT,

append(&,x) = [z]

(1.10)
append(y : ys,z) = y:append(ys,z)
o [AIZRBIRISIN o, RN [z];
o N, K 2z BINEIFHIRAREE,
X A IE ARSI T -

1: function APPEND(L, z)
2: if L = NIL then
3: return Cons(z, NIL)
$2  H+« L > RAFRk
5. while ResT(L) # NIL do
6: L < REsT(L)
7: REST(L) < CoNs(z, NIL)
8: return H

HHT REsT AR E LI next IS, 40 MEAYEIFHH:
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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

23] 1.5

1. FESIRAE AN — AR & tail, RESINEIROU O H £ 1A,
2. fAIE RO tail 28?2 XPEREATRNN?

(34

I get At AL BA TR ER B EIF| R A IFEE LB AMBBUOT R E LK EL set At(i, x, L)
H:
o Fii=0, BBRHELT TR, &R N L/;

o BN BIHMERTFHIFR L' I i — 1 DT,

setAt(0,z, y:ys) = x:ys (1.11)

setAt(i,x, y:ys) = y:setAt(i —1,z,ys)

X—BERNEE AR O®), HA i BEBBHIAE,

3] 1.6
1. fE setAt W, QAR AbERZS A1 SR AR A 5 1 2

A

FIFARANA NAMAFEIRT S X — R E M B A —DITR, 1] insert(i, z, L),
HSHIMT set At KL 55— & LRAECHFIIRFEA IR, ERERNARERT
E/\JO

NTIMATER o, WEICATH « PENEAANE, KM = MEETFHIREE—
ASETFIER, FEANRT @ DITREHEER,

o £ii=0,TAELZT cons, RN x: L;
4 M 0 JTHA.
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o N IBTHRE » A FHIR L BIEE i — 1 MEE, FHORIRKER TR HINTER(T
LS

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

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

34 i EIESIRAKER, BATTAT DRR HA RSN, WA SIS 2 A B AR
SEER:
1: function INSERT(7,z, L)
2: if =0 then
3: return CoNs(z, L)

(1.12)

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

IR L = (01, 22, .., 2] OFF, BXHEMGIE 1 <i<j<n B <zj0 X
H < B CEMRI, Rl MREEMA RIS, B > (7)., BErEE XA
Fo BATATDARAT— DRI, #SHTR « A L BYIRIRERF,

o H L NTHE x /N L BSKERTR, &8RN v L;
o AN BABEAHK TR o AR FHIR L',

insert(z, @) = |[z]
4 r<y: xT:yY:ys (1.13)
insert(xz, y:ys) =
BNy insert(x,ys)
HTZEZE— BT R, MANNBEEAEN O(n), Bd n BRKE, M MANERSE
PR :
1: function INSERT(z, L)
2: if L = NIL or z < 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

HIFRTZ il NP AR, BATTAT AR AHEY - B— R R i r il A2 — P a385&
Ho T RIGEF AR LM, AT LOX—HEFEZRERN O(n?).

sort(@) = o

(1.14)
sort(xz:xs) = insert(z,sort(xs))

IXE—MBIARIR S TR R, AR — TR Ig A AR
DATHBRIEEA, SCIL—MENRIR B — WIRPBHTTRIHE P A RIS R+
1: function SORT(L)
2 S < NIL
3: while L # NIL do
4 S < INSERT(FIRST(L), S)
5 L < REsT(L)
6: return S
FEPE R ATIN Z], 85 RPN RAZ E R, MRS LEL, eNTE — AR
[Fl - i E WA TA AL BRAIER, T a8 N ZE A AT, BRAT TR e e (2 I " 1. 2. 775 ik
RAFTHBRIX—Z 5. 9 3 BEIR A, s tEsE A iiit.

g3 1.7

1 SR ARCE R, R HAL AR AL,
2. BN IE NRIE, AN E § JERITA TR R ER A — MIE,
3. REER/NT < HESEAHEF

TR

FEAZELEL, R A PR S — M2 e AL EMIERT R 5 — M2 B
EFFMIER, FEE XN delAt(i, L), JEEE XN delete(x, L)o
N THIBROE ¢ ERITER, BATECANE ¢ PEOXERAE, REHd —ITR,
RERIARER LR
o B L A, MIZER MBI
o # i =0, ZMIPREZSKERTR, 45580 L5
AN BT FHIR L FFRHIEREE « — 1 DT, RIE R RIS e Al

delAt(i, @) = @
delAt(0, x :xs) = xs (1.15)
delAt(i, x:xzs) = x:delAt(i—1,xs)
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T RREERTHE ¢ BHATMER, X —FIRRINTRAIE AR EN O(i), NHZAHMAIER

SCER:

1: function DEL-AT(i, L)

2 S « Cons(L, L) > FBIT R

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)

NT AR R AC R, FATFIAR— DB S, EEE — M RERRIE L,
FHEA Lo HA S, Tl TA] A 2MYIBR L FRAET A, 4GS i &5, BlTH
S JRARRIER e N A IR, HEF S B

“EHFMMER" AT DA — S Al AR O : — R OGRS — D B TR
IER; 5550 —MURREIFTR ST [ERTTR 2B MR, 5E EI—8&, WA,
SAEHIFR L HHER o B

o GERFIFRN=E, MEEFRN o;
o N, PRI o, FAHSE, MR L
o BRIAFT o, MEREFSK, FIBIAMAE L HHHIPR 2

delete(x, @) = @
delete(x, y:ys) = {x BEA (1.16)
x#£y: y:delete(x,ys)
T 75 2 8 3R A BAF PR TR, X — BRI E R E N O(n), i n AK
J& o EIRASEIRAR, TAURIART DAGE A B RO i LiZ 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)

83 1.8

L B RRRFE TS ER A T EMER.
2. WO RIMBRETR, BERA: B 5 HIFTR TC R LR s — M E,

L7
BRI IRAER S — e, IRInE s R ERIMA— N ITE, Mg
REMMAZANTLR, HARIEIT Z RIRIRSEI, WIEEARIERIMERES RN F T
Pl
X+o = X
X+ (y:ys) = append(X,y)ys
IXANSEITEZESE X MY I, RN TR 2R B R, BRI Y] R SN
EERERN O(X|+ (| X|+1) + ... + (I X]| +|Y]) = O(X||[Y]| + |Y|*)e FEBEREIRE
cons FEEARR CHEEUR D), FATTR] DLRTHES] X HIRER, RIGHERES v
o X N ERNY;
o BN BATETHIER X7 F Y EEER, B o, MRS,
SO Y AN, BAVCTR, T AEEGRE X EREER:
GHY =Y
X#+o = X (1.18)
(x:zs)HY = z:(zsHY)
BOEMEE BT — R X, AR EREMERES Y, 2:EHN 0(X|). fEmL
b @I SRS |, AT DASCEL R SN R g (AT ST, Rt
SEIFHF AR EEER S -

(1.17)

1: function CONCAT(X,Y)

2 if X = NIL then

3 return Y

4 if Y = NIL then

5: return X

6 H+ X

7 while REST(X) # NIL do
8 X + REsT(X)

9: REST(X) « Y

10: return H
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1.2.7 F5#
PATE B HRE RN R PTG, BN A& LR RSN, 2585157,
A LU AT TR
IBYTRANE R
N T RESIER A IT R
o HHIFRFE, MEERN 0;
o SN, ZERNE —DITRM EFIRTTRAT,

sum(@) = 0 (1.19)

sum(x:xs) = x+ sum(xs)
SREARY, ABEfRT B HLR IR O SRIE, SIS REN 0o AR ZE 8RR
B 1.

product(@) = 1

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

NIRRT 2l R IR, EATIRITERES O(n), Hoh n MK,

(1.20)

FEi#H

KA, SRARIEAR A A A2 TR FRATT AT DA R ZE e BB B, KA,
SRR 0 THAERM, B—RoTRMFBIEER b, KN, I 1 IR RN, B —RKIT Rk
iR o BBUIARE SR

o HHIFRNE, IRAILHTRREHR
o T BUERITTR, KHBEMBIGR L, KRG URSAEFERIRY K,
=R N AN

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

BRI, BATLL 0 N EBVEIBEIA sum/, A 1 NEBIRIGEAH prod :
sum(X) = sum’(0, X) product(X) = prod' (1, X) (1.22)
sl AT AL

sum = sum/'(0) product = prod' (1)
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PIERAE 2 B 25K /R (Schonfinkel, 1889 - 1942) £ 1924 4R H, JG K&K
IR-FTHAE 1958 EJEH T2, FE_ITRE f(z,y), MRAEAN—DSEL
x, RN — KT y —ICEE g(y) = f(z,y), BN g = f zo 7 EIZITH
B f(x,y, ... 2), BRGNS EL, ATV — RINRE £, f o, f z y, ..o TAHR
IXAER AR A B A, TR DR Z TR B — RS — ek EL, B f(z,y, ..., 2) =
f(@)(y)..(z) =fzy..2

RABHEE, MUTEITE N EFA, 3 HICRR IC AR g5 R 8 R
AHFA, FraRIRSERIERSE I A) EN, REFAH @l roe
2o XFEREIT R HE— A ATEIR, BATFRIXFERTRECH “RiE)A” (B RIAAT),
FRIX A RIS AL “ RISV RA” 0, g B, FEIX SRR, 1B R A fE T
BRI EER, I nT DR AR R, ke o H 328 V3 PR0E A A P A IR

TEEE1.2.6 1 R THEAHEFRIES Sy, HOB T LB MNAG M /e e HE . AT AT A
KHMA BT

sort' (A, @) = A

, (1.23)
sort'(A, x:xs) = sort'(insert(z, A), xs)
IXFEHET ] PUE XONE N @ (R E R AL 3
sort = sort' (@) (1.24)

PR REIE ARSI+, FRAT1E s Rt 5 on 2 (109, 1,16 95, ) IR BT
TiiERM 1 IFREE L b 3t n I, X2 O(n) INRIFTTIE:
function Pow(b,n)
1

1:

2

3: loop n times
4 T+ x-b
5

return z
FIETHE v° fUERE, ERBIRLEaTMKIEN, ATBIRE] « = b* RUESR. I,
BAEFEM o LA o 152 03, TLAERERUGERL b2, NSRS vt RJ5FHRERTT, B
AIDURE] (b1)? = b8, XFERSE RGN 3 IR, TAZE 8 (Ko # n T8I N 2 RYEEEUR
Bl n = 2m Hrp om BARTUREEL, BATTAT DAH N A7 A PUSE R b

Bo= b
o= (b3)?

MEIX— TG 2 FIARTK, BATAT DR n e 2HERRYAETUCREL
e Hn=0,EX W =1;
o n NEEG R n AR, SBHE be | RIEFISEERTTT;
o i on NEE, FN 0 — 1 ZEE, A PUSERTHR on 1, RS EREERR DL b,
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o= 1
I TS (1.25)
He bt

B2, 38 SRR MICIR B RIE I, ik, FATA] DURRRECE 77, )5
RefaEaai+.

o= 1
I 2n:  (b*)% (1.26)
Al bt

Zidix—&ek, sinl DR R ROy B, BT on = pow(b,n, 1) T
HAE,
pow(b,0,4) = A
{2|n: pow(b?, g,A) (1.27)
A pow(b,n —1,b- A)

pow(b,n, A) =

RS 7 M e, BUAEREAREI T Olgm) RATERTIKSEEOH, W55 n %
TR I 1 = (0 1.ar00)2, MR a = 1, TRATALEHAE, TEIE 17, Jx
AT HER S (5 10.2), JFTH IR 1 RIS, P BREI—
ARG IR,

B, MR U, 11 B R HEEI 11 = (1011) = 2° 1+ 2 + 1, FI o1 =
b B2 x by BT TAT LA LA RIS B 710

1. & 1,18 b;

2. MIXZ—EE MRS v?;

3. %558 2 BIEERTTT, N2 v2°;
4. 5 3 BIGERTETT, 158 02,

e, TATEE 1.2, /158 4 PRIGERFRN i, 1532 o', 25 b, BATATCAdE—H
KEESGHUTT,

pow(b,0,A) = A

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

pow(b,n, A) = 2 (29
BN pow(b?, L§J,b - A)

X —BIEA T EBREE n G R8E)— D RO GBI R n BREA 2).45 LSB(Least
Significant Bit, RIERAKAL) 4 0, n A EE, BATRIRECETT, 4805819, ToFRk 2 M
ZER A, XN EEIFIFRISE 3 5% LSB 4 1, n NEEL BRTRIRECETT, B2k
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b EBNEMGR A 154 n oy 0 I, FATCAEETE n FRIPTEAL, SRAE5 K2 B
fH A, f{fﬁﬁﬂlse FEHTREL v, LG IIFEE n/, MBS R A B R &M
br=A- (b)),

HERTHIRIE S n aEr 8Ny, (R H s — A O BB T AR 1X — 2 5 O
B n B B o0 WZHHIERRPE m AL, X—HBERTE m 8, YRTHERED
RA O(lgn)o BATHX—RIEN R SXEBUWENARTTE S,

B BRAN, KA, FEIEASEIAR, Bl T—14 77, — R ke s 2R

1: function SuM(L)

2 5+ 0

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

6: return s

7. function ProbpucT(L)

8: p+1

9: while L # NIL do
10: p <+ p - FIRsT(L)
11: L < REesT(L)

12: return p

A SRAEIR, Bl Ta] DOREIE T BB Sl SEER L OB HERY 753K n! = product([1..n])s

1.2.8  wAMEME/ME

WRAESHRANR P TCE R TR, MIFEER K. &/IME. max/min FITHHE
gEFHER] :

o BYIRAIEDICR [11], RN 21
o W, EBITHLE THIFR D SRR f/IME, FHRIFELITR RS 2R LA R,

min([z]) = =
min(z - ) {x <min(zs): x (1.29)
A min(xs)
il
maz([z]) = =z

mazr(z:xs) =

{x > mazx(zrs): (1.30)

A max(zs)
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XA SEELET WA I ZEAC B, BATTAT AR AN I8 IH, JF HIXAEIE B A T 78
LR7ACEERE ST, BIMEATIN i, ARG SR AT 2 CAC AR 7 R EOR, /IME. LA min

min'(a, F) = a
x<a: min(x,xs) (1.31)

A0 min/(a, xs)

min/(a, x:xs) = {

5 sum/ /prod’ ANE, BATARREM min' /max’ & AN—"HEENRIGHE, FRIEME
A +oo (FTEALTET) :

min = min'(00) max = maz'(—o0)

N T IROGZ— A, BRI R, S/ MESONAESPIRATE X, TR R TTRE
MNER ERERAR{E:

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

FEIBIFHIER K, S IMEFIERR] DO — DR AONIE RS, AT TiEIE Max BA MIN
Hfl:
1: function MIN(L)
2 m < FIRST(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
A —REIBIASEEL, A AR RS T RN B ER. BN, B TH&h 2 F
MANTER, BAMFIREH AT L, ZF A, RIGRSSEERIRIITTR, P min N
1
min([z]) = =

{3:1 < xg: min(xy:xs

~—

» | (1.33)
min(zy : xg: x8) =
s A min(zy : xs)

maz FIEI5 HATFR,
% 1.9

1. EHEEIIFSEH length
2. RIS AT
3. R n B ZHERE R, SCEUR on FPRIETHE, (IS E4E 0 O(lgn)
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1.3 7%

MREEERII 1 EE, A RORE R — R ERERIREEH, U TTR; 7
— AR BNREER, 2L Hah RS R A R, Rl BATIFRER RS R 2L i
IR

1.3.1 &gt

FATIEIL — LB 7RI, 5 — MoK — P B S I KRR AT 75T
g, 04 (3, 1, 2, 4, 5] #H#09 [“three”, “one”, “two”, “four”, “five”]o

toStr(o) = @

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

FHABITRRTHRIFASH Y, FE— D7, BEE T8I, FLelNE &
SrHH, piln:

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

LR

[zero, zoo, ...]]

RNV — B E, flin Ry (EFEMid)), gttt iaEd
A EHER R, i -

[[(a, 1041), (an, 432), (another, 8062), ... 1,
[(bat, 5), (bath, 34), (bool, 11), (bus, 0), ...],

LR

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

BREBATZ R, XN E TR, WA S g R IR 27 a5 902 —
NERIASIR, RN RIEEZRES B § 7 RATHBRZH—, B4: [a, but,
can, ...Jo BMFERI—MER, F—H 8RB RIZ R ER K — > B IF 5]
%O

BATTE SeE LD, 75— B8R [ RBON AR, FF IR B0 22 [ B3],
BATTEFH P, AT SRR PR Y max By (cmp, L), B emp BRI

maxBy(cmp, [z]) = =x

{cmp(a:l,aa) . maxBy(emp, zo : xS) (1.35)

mazrBy(cmp, ©1:xy:x8) =
A maxzBy(ecmp, 1 : xs)
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X —XME p = (a,b), TATE SCUN B EE£L

{fst (a,b) = a (1.36)

snd (a,b) = b

PGS ZHHEIN fst((a,b)) = a, TAMEM 72348 £ E I THERRIHELT, &
MRETEAIXPARICIE: f o = f(x)o 3 TRAUAT PAUE SCEATR] /IR BSOS Y EEAR R R T

less(py, p2) = snd(p1) < snd(p2) (1.37)
¥ less &N max By HEATZE H BRI SR 22 1) B 1a (Rl AL ) -
maz" = mazBy(less) (1.38)
o, BATEA maz” () AAFERIASHHAIER

solve(d) = @ (1.39)

solve(xz : xs) = fst(max”(x)) : solve(xs)

US1)

RERRIIIFBAFE, solve() R toStr() M RIFERITHEEER, FRATRIXFERY
SER MR WU

map(f, &) = @
map(f, v :xs) = f(x):map(f,zs)
map FEX— MR f ENSE RJER N REIIR PN TR B TR

HE RN BN REEEO "=, R f AN A - B, HHERA A
HITCRME R B BI7TER, M map BIZERAD:

(1.40)

map :: (A — B) — [A] — [B] (1.41)

B map B2 — RN A — B BIREL RIER— DAY [A] BIFIRZ i
NH—NFA [B] WFIR, L pe- B AT DASE A s & SCan s (R AL 0 -

toStr = map str

solve = map (fst omax')

Hot f o g FREMALE, CH SRR g, WS FRARL £, B (fog) z =
Flo())o B2l £ VERIT g 2 BTHUAT UGS B S 00 K2 AT, BIRK y = /()
EXT S X FITTE o SI5EE Y FITEE § B

Y = {f(2)|z € X} (1.42)
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XA RIE RSN “RgY —i 2 n/R” BEMR (FR 2F Ri&
O, RAZAET, BAVE AR —DIIREN S —DFIERIS YV = [f(z)|z €
Y], ARG, HAr DS HEEE IR, YR ZF RIEXPFRIE“FIRRE
7o

PRSI — DR TR, fEABIT, BAVEZ WA LB — M SIS TR, Bl
MaHEF (F2L00) ik, 58 SCE — I HIZ R perm (L, r), BIZE KN n BIFIER

L et ATERIRHHES, — 35 P = (n’i'), FRRIRGHES,

(L) |IL| <rorr=0: [[]]
perm(L,r) =
A [x:ys |z € L,ys € perm(delete(x, L), r — 1)]

(1.43)

WREH 0 NTEHA, SEFNRFITTENNEBUNT r, HFIG R B HI RS

) AN, B AR PN ITTER o, BIEHMNERY n — 1 DNTRPIEE

r— 1 DEHP, REFE » BT MEYIRETN, FHEA Haskell 7257,
T ZF FRRAXELBHA A

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

N7 RS IR ARSI, NE AR R 7 — MBI R
1: function Map(f, L)

2. L'+ Cons(L, NIL) > FBNT R
3: p+ L

4: while L # NIL do

5: x + FIRST(L)

6: L < REesT(L)

7: REST(p) - CONs(f(x), NIL)

8: p + REST(p)

9: return REST(L') > BFEHBIT R

BT
FEGOL PR ER L ER PR N ITR, MATFWIEHHIFIR, BlnT
Ef—/AIIR PRI ITR
1: function PRINT(L)
2: while L # NIL do
3: print FIRST(L)
4 L <+ REsT(L)

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

3: P(F1rsT(L))

4 L + REsT(L)

WS B

PERBIF, BATEE— T n AT AR 1 B A n 5347, #URHEKH, AT
PUT R IATERE n K

L. KATERIATER T
2. BN 2.4.6 - BITHITFR. QIERATIZSRY, WIKRIC an U2 KR, W5 ;
3. F=AMT, I — 10T K. 8 3.6.9- - ALE _ERIAT IR IS YT

a5 RN, RAERG—AT (B n ) NI XEIRE, MRAE LRI 2R
f?

S BERRIERAGFIR, 18 n RATFRN—F 0.1 By, Hh 0 FoRMEK, 1 3£
RIS THIAI, KTERZKHY [0, 0, ..., 0] RATHS N 1 2 n, RIGMRE R — KT (i,
5t/ K) BIFIR:

lights = map(i — (¢,0), [1,2,3,...n])

X BRI D SHEON R F] 0k, 8RNI, B ITRE—AME: L =
[(1,0),(2,0), ..., (n,0)]o RFFNHRIEX—FITR n R R @ RFMEH, B—RERXT
{8, MFRITHIG SREBL @ BEBR, TATHURFIRERF, BE 1-0=1H 1-1=0, 37
AR RS o« BITHRSEIN 1 — 2o MTAT (4, 2), 45 i) (B j mod i = 0), lEHEL
KTHOIRA, A WLk A AR,

o jmodi=0: (j,1-az)
switch(i, (j,x)) = (1.44)
{@U‘\U : (4, )

XA XTI @ R0 LR SN -
map(switch(i), L) (1.45)
X BAMEH T switch FIRTRLTE, BEFN T

map((j,x) — switch(i, (4,z)), L)
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ROk, BATE X —1 %L op(), BEEHIT LIBRX L BURES n IR, TARERY:
op([1,2,...,n], L)

op(@, L) = L (1.46)
op(i:is, L) = op(is, map(switch(i), L)) ‘
o, BENERNE TR B IMERMSEIRLNEZ,
solve(n) = sum(map(snd, op([1,2, ...,n],lights))) (1.47)

MR Haskell Bl FAEFFSRBL T IX—55 2885,

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)

BAFNEATHIECE N 1020+, 100 22N HIEZ BTN T H47) |

[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 T, T, T, Ty, T, T, 0,7, 7,7,7,7,
s,8,8,8,8,8,8,8,8,8,58,8,8,8,8,8,8,
9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10]

X SRR A A
o 3 B TLANIN, SIS iR520IKT0 1 5%;
o 4 TATH) 8 AT, RIGTIAHA 2 RATRRH;
o 9 SATEN 15 AT, BI5H 3 BAT R 5M;

BRK, YITHIEE N 2 3] (i +1)2 — 1 %N, RESH | RAT2RM. FXL,
FATTAT DOERAIX —&51:

UERH. K n ATHS A 1 2 n, FERIEVIRRAIIRELT . HTRIa, FraATH# R K
H, BATTA] DARRE,, Belah & 8OO RNk i e 2 =2 e XS0 o HOKT, 45 @ ATEA
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W g BER G i), WIHESE j 48, BRI RBAREI—IR. FTLASATHI% 556 75
NHEF I, BRERIRESZ A,

N TR, BAHEEREAITE SH A F T8 X T EE AR
n, 18 S N n KATAERTHIEE, S FHRIHN o, p N n BI—DRET, MR IFE—
MEFBEL g, [T n = pgo WHLRVL ¢ t2 n BFIRF, KL BAXEY p # ¢ I, Tl
BE S PR DAFERIE T, X6 S FEREE. BRAE p = ¢, I n ERZEE
IR XN HEERIRE S I — DR, TS ETENE T O

FRPEIX—4510, T 1] DUBIS 4K n PANEIZE 275 BOR PRId g X — i,
solve(n) = [v/n] (1.48)
RTEIAY Haskell Bl FA2FHIH 102, 100 2RXTIAYLE R :

map (floor osqrt) [1..100]

ML — MRS, EARMURIR TR, ] DIy 228 2 IREEE ., R
— BTSN BUA S R EEA AT, HERRATTRENS T — N5, 7 B A 2554
(I S, B AT DASGE PR B st (TR 8
1.3.2 ¥k

QAR P B/ N 22 T B e — S B AN BE AR — TE AR MU H , 5 AT AR ST 5 T,
HSAF A — ] B RS

1. S5 H— A,
2. Bl RIEA;
3. R ik IR i S TR
ANBAIRE, N T [RELHNFR Lo
o B LN, REGERMN;
o N BRI FHIR L', RERH — D ITRANE R,

reverse(@) = @
(1.49)
reverse(r : xs) = append(reverse(xs),x)
BRIX—TTIRRIVEREAEE,, BHR TR EE 53R AE R AT R s SR (A1 7%
JERR TR, Al DOR EAL AN BB AT 3o BRATTEE ] — > R R R I SR P R A Fe
g5 IFHENZINRKR G RE reverse = reverse’ (D).

reverse’ (A, @) = A

(1.50)
reverse' (A, x:xs) = reverse (xz: A, xs)
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AFETFAERERAN, cons J2 LN T ER1E, BA AR MIIRHISLHRIZ—BUHITTR,

R HE T 2RGERATATH, XS TR 2ETR A — MR, 285 ARG T, B
R EREMEN TR, BT REEBIATC TRl bR SORSE, BAlTR] U AR O IERRIEA:

1: function REVERSE(L)

2 A+ NIL
3: while L # NIL do
4 A < Cons(FIrsT(L), A)
5 L < REsT(L)

6: return A

HR, X —RIRAE R T — DB R SI3R, AR ERSIR EER S, BAHET
REELEN L HSOy st ES I E . i NEifl 2R

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

return ys

%> 1.10
1. BE— 0 2 10 {CLANBIEL, GmtE i BN 58S R, Bl 123 #4508 “one
hundred and twenty three”, QN5 A /NEGER 73 WE?
2. EREEIANR [(k,v)] FIERH v HERKPITE,

1.4 THIFE

B T DAPOE 7y OSSR Fr, TSR 70 B 5 2@ 1, RIS EAR 2
LRIER AT,

1.4.1 #HL EF. 7

MINRABHAT n DIER, HISTIREMNE 1 215 o DITRIET5E:
sublist(1,n, L), @R n A 0 8 L = o, WFHERNZ; G0, BITHE L' P
thon— 1 MLR, BRELE TR B T RAT,

take(0,L) = @
take(n,@) = @ (1.51)

take(n,z : xs) = x:take(n —1,xs)
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IX—H PRI B B T AR o > (L] 8 n IR, B L =S
AL SR DL, IR [EFE D HIFRE LS R,

MHIRBEFFAT n DIER, FN T IWEMIRIR IR sublist(n + 1,|L[, L), H
|L| BHNRAKE, BRIKBI take EATFRE):

drop(0,L) = L
drop(n,@) = @ (1.52)
drop(n,z : xs) = drop(n—1,xs)

BAHEX B AR BL B EATT RS o (BB FF AR, Al AESIRAIE
(EVA=R S i=pal NER R IEN

sublist(from,cnt, L) = take(ent, drop(from — 1, L)) (1.53)
AR, B A AL A AL 3 -
slice( from,to, L) = drop(from — 1,take(to, L)) (1.54)

JBABIE SCHIAIXTE [from,to], BLIEMYH, At A] DATEFEE A BAESIFR 73 H

VAR
splitAt(i, L) = (take(i, L), drop(i, L)) (1.55)
%3 1.11
1. % sublist M slice G MW BAIER, ML L 1ENZEL
B ES

take 5 drop FEEBIELEFMI DN FATTAT DO By e, HBRERR SR AL,
AW B E EFFICE, RN takeW hile/dropW hile, EAIIE— A ITCEE G EH
TESAE, QRN 2, W 1 EAG AR AR o, XA T A I8 IR A A AN [Fl,

takeWhile(p, @) = o

{p(x) : x: takeWhile(p, xs) (1.56)

takeWhile(p, = :xs) = |
S o

Hrb p BHIMZRM 1 p MAZEI— IR L, SERBHEIURFRE RS,
dropW hile HJSEIRZ R FRAY :
dropWhile(p, @) = &
{p(z) . dropWhile(p, xs) (1.57)

dropWhile(p, = : xs) = i
ol xas
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1.4.2 Y)rfigd

DIy Moy HARER R A TR E T ZHE R T FHIRR, 8 H — 0 — AT
XA, (AN R B AR ERIE

Yo

D173 Al IO N7 — R RAY split, BATANZAEFEE RN B SIR 2 TT, Tk
HEHNTTRB MBI — M, RIS R KATR, VInaRE—NFoIR, — D
RRKHIZ, 55— MR ERRIIE D,

DI A WRARAL: — R il SRR AR, 55— M@ AN I e R PR K T
R, BIEFRN span, JGENRN break,

span(p, @) = (2,9)
p(z): (z:A, B) HH (A, B) = span(p, xs) (1.58)

EN (2, z:ws)

span(p, x:xs) = {

N EAUFRAFBOZ AR, W] DASEIR break:
break(p) = span(—p) (1.59)

span F break BFHERKAIS. —BRMFTHOAZAME N, BISRIRE . T
& SPAN [HJIERSEIL:
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 (A, L)

X—REANE T — MBS DA IO AT SR, AT AT AR R A1 3R 22 1,

K H LA A A 2 S B

1: function SPAN(p, L)

2 A+ L

3: tail < NIL

4 while L # NIL and p(FirsT(L)) do

5 tail < L

6 L < REesT(L)

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

10: return (A, L)
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el

span F1 break ¥HIRY)53 NINESY, 3R HIRPRITTR S G T 513K, Bilan
R— TR HINE TR0, P EEESM R 7T

group " “Mississippi'' = [""M'', “Tqi'', 'ss'!', it
“Ssll,*‘ill, ‘*ppll, ‘*.ill]

BN, 28 H— 18
L =1[15,9,0,12,11,7,10,5,6,13,1,4,8,3, 14, 2]
eI R T4, BRI TTRERIL R TS
group(L) = [[15,9,0], 12,11, 7], [10,5], [6], [13, 1], [4], [8, 3], [14, 2]]

XM FE B AL IME, FrFERHE, AT TSR SIX MRS,
THIERSCARER, G PRI TR AR, BIRERRETNTHE
e

BAHE P HRAA R RERI KR ~o EHTHMINDHLITR oy BEEN":
x ~ yo WANEHHIER, BREEERMANTTR, WEREN, st el & T —4H; SNEGE «
BTHN, M y BT —DHdHF.

group(~, @) = [2]
group(~, [z]) = [[z]]
(1.60)
x~y: (x:ys):yss
group(~, r:y:xs) =
BN 2] ys:yss

H (ys : yss) = group(~, xs), X—HIENIREIEILER O(n), HF n BKE,
W] UHIERI T LM —RE, B L AN, BAPE I HSE RGN [2]], H
Wy BRKITR. REMNE A TeRITaE YR, FAHBRIM DN TTR “SFM0”, 3|l
R Ik P B A TE R TR B m — 4, 75 W ssT e — 1,

1: function GROUP(~, L)
2: if L = NIL then
3: return [NIL]

x < FIRST(L)

L <+ ResT(L)

g < [2]

G <9l

while L # NIL do
y < FIRST(L)

10: if x ~ y then

11: g < APPEND(g,¥)
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12: else

13: g9 < [yl

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

16: L + NExT(L)

17: return G

GUSRANINIRAE append (B REGIHLA, X —SCHRIR RIS 2 E IR FTT
Flle WRAFONT, 7] BLRE append BN cons, {73 2HBREY, AT ISkl
TR AT DA T :

gTO’LLp(:, [ma Uy8,8,1,8,8,%,D,D, 2]) = [[M]7 [2]7 [88]7 [7’]7 [53]7 Ma [pp]v [7’“

F

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]

WA PAER span KL H, (8 AN—D5&M, span FHNR T EIRNE 7 Hb 2

— B MR T3k, BATSRIRIB D AW AT span, HEIESERTE L,

HEFEN span WIEFRECE— LR, BREZ—DILEENSE, KRETREEH

JBo M AR E ZTTR L, BREZMN TR AT IR, 7T DU AR g

X—ZR N IL RGN ITHIW R BOEEE, SR R A I RS W R
HITEER,

group(~, @) = [2] (1.61)

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

Hrh (A, B) = span(y — z ~ y,zs), @A THIRFHIT span BIGER, BEIRIX D
720 BRERCAT DUORE B 1R A A R] 7 RE 70 4 -

group (=) " “Mississippi''
[\‘mll, \\—ill’ \\Ssll’ \\-ill, ‘\Ssll’ “-il', \‘ppll’ \‘-ill]

(HEARRE LR & 4 IR 7 702 -

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

F—NILRE 15, BEWET > MAEMNBTH, 15 BYIRFIRATR, Fit
span EFTAETCRIET A /1,1 B A=, RIHANBHIR, TR IEMIITN. FRod
PO R “FN” T RIE S, AR, FM KR (~) SRR & = MER:
H R RIS O PR

1. HRYE: z ~ o, BUEMITTRME B 5T
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2. i x ~ gy ~ 2 = o~ 2, MWRMADITRFN, FHHEPZ B =1ITR
FHY, MIX=TTREN;

3. WPtz ~ y & y ~ z, BIHERIT A ImES S,

Xt “Mississippi” 72, BT 1B 55 (=) (EN IR, Bk =N SR AFER 0 2
XBERFAE T IERRIEE R, ERAEARTET S (&) MENFEM IR AR, mit
[T B RPN IR AT JCTA T2 B 5 T 0 4o F span SEBLRYEE o1
HETR, K8 XIRHIN AT R, T — Do HEIRNTC AR, e
(R METTT R B SR 5, XL 56258,

43 1.12

B take/drop Bk, 2 n B, take IRIA] @, drop IR[AIZEEFIFR,
SCIRER B LY take AT drop B,

SEHH takeWhile #1 dropWhile &2,

RN span FISEL:

=W e

span(p, @) = (9,9)
p(z): (z:A,B)

spanlp. wies) = {%‘U!IJ: (A,z:B)

H (A, B) = span(p, zs), EMBATART 4 H I SLEE A F ?

1.5 &M

JUR A A R EEEE B R RSN, XA — N EE XA ERE
FIFRABIAME R, FATR] DA R ETE MR 25 & B IEE S B, EARB L2
BANFRFEREIGERE,

1.5.1 AHMEm

3 sum. product. sort, EAITERG TR A5,

Me) = 2 (1.62)
h(z:xzs) = xz@® h(xs)
BATRT LA ER o IR oK

o FIFRATINIIEE R, KA 0; KINN 1;HFRY o5
SHAY{E reduce
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o XMFSLTTRMBIGERIAT IR ZITHROE, KA ZAENN; RN Z M HE
PP % A

BATR S HIRN 5 R G NHIGEIE, 108 - (REMERNE), “JtidEMERH
©o LIRTESCATAS AN

h®,z, @) = =z

(1.63)
&, z, x:xs) = x&h(®,z,x8)

BATANINR L = [21, 20, ..., x), FHEEREITWH:

h®, z, [x1, T, ..., Tp])
= 331@]1(@,2, [x27x37"'7xn])
= 21 (v2® h(D, 2, [3,..., 2p]))

= 210 (x2® (..(xy ® (D, 2,9))...))
= 21D (22® (..(x, ® 2)...))

IXEARR LAY, E BRI H BN WA MG (2, @ 2), AWM T E 2
@10 JXFIE L 3REIRAIHT ML, $7 53 VT FNARHI e ZAR BB A AR S el 22 42—k
RIT I RIE BT &, SR — 1R,

&l 1.3: 7T

XL B T — IR, WO 71 TR — R B BEC IR B 2
Z Lo BAIIMGEEER 72 7S, WO RIS RE M —Sm 48, AWM —JeiilE, EEIFrERY
PR BAERBAE . KNS KBRS B3 RIS AR 2 R A Y

sum([1,2,3,4,5]) +(2+B+4+5)))
+(2+(3+9)
+(2+12)
+ 14

1
1
1
1
1

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

PAFRIX—ISFE B, Fealh, BT R MG — 4G, BATREEILN foldr:
foldr(f,z, @) = =z

(1.64)
foldr(f,z, x:xs) = f(z, foldr(f,z,xs))
G foldr, SRANE SKEAA] PAE AR :
Z:l:l xr, =X+ (iEQ + (.123 + ...+ (l'nfl + l‘n))) (165)
= fOld?"(-f—, 07 [xlv L2y eeny an
[Tz =21 % (xa X (T3 X oo + (Tt X T))..) (1.6)

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

&G A BT sum = foldr(+,0) F product = foldr(x,1), FHAHEFHE
FAWATH foldr X H:

sort = foldr(insert, &) (1.67)

1.5.2 B

BATRTLAE foldr ¥ EIBE, B~ ERMERNEER, R ERMNERAHT
o RIEFATREIC N foldl:

foldl(f,z, @) = =z
foldl(f,z, x:xs) = foldl(f, f(z,x),xs)
BA sum A, °] AE R H B2 AT B 2 A4 R :

(1.68)

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

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

PR T f(z, z) FHE, X2 IEMREN BTN, SNEKIEHRRER
FI24 [1,3,6,10,15], —ReK, foldl A PAFIT A RHEIAIFEA:

foldi(f, z, [x1, 22, ooy xpn]) = F(FC.(f(f(z,21),22), ..., Tpn) (1.69)
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sk HHERICTA:
foldl(®, z,[x1, T2, ..., Tp]) =2 BT B2 B ... DTy (1.70)

foldl JEREBIARY, AT DURF HSEHUNIERR, BATTRESRANAIN 2, AR —Itia
BN HTEERME TR B R ERERRIE REDUCE,
1: function REDUCE(f, z, L)
2: while L # NIL do

3: 2z f(z, FIRST(L) )
4: L < REesT(L)
5: return z

foldr T foldl #BHEGHINMAZ R, A ASREEH, Fln, FERIRHAXK
FE M= INTE R (AR, BATVEE L—1 fromList BEIEL, N—"DFIZRA 2 A 25 (7]
g0

fromList = foldr(add, empty)

H empty RSB BIABERA S HURIXN —MASR. LT MTRIERE
Txm T ERERE M, WRMEEHIGNRFF RN, foldr $2—1 B RIELE, M
foldl WIF=A 5|3, AEIRASEIIN Dy T kil e [m) e, BT TAT PSS S 8251 3R, 75
PUT reduce #1E:

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

B NINARALTEFER foldl, RIOVERREIEITM, [N i 2 REE a2 X757,
HHIRELSE R, BAEAETE5HIR (R IAE M SRAE S I, U BER foldro
an, FEEBFREFE DS VIERT RSN TR E T — D EMAYIR S, FHRIE
Al 10

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

XEARRERA foldl, RAINE U EKIEARZ T HAEAERE XA, HIMTHS
—MIFE fold, ABWERIFE fold, 1 fold, HKERBEBMA G AL H, REAREE
WA ZBRX TR, HE2S MBS RMRN, Erl AN AR H e REE M, 310 A
o — AR (19912.6 15) . —NBAFI, FIBE B 2SR T BN, RE e FEIX N5
-

o ENX T (HINH) ;
o A]STfARETIE YA LS (BN — AR O] 73 F A1 TR ),

MNP RX MG P BN, L ARE, AN,
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£:3) 1.13

L. ATH foldr & AN, BATRAE AR EOZ I insert(z, L), XA AT
PAFRIR A 1 sort = foldr(insert, @)o foldr HIZRALIN:

foldr : (A— B — B)— B —[A] - B

HAE— NS f 2R A — B — B, WIMGME » 20N B, BXTEE
By A BFIRMITEM, RAERNERN B, A foldl & XAHAHET?
foldl WIZRBIR(T 42

1.5.3 Pl

TERBIF, BATRBUUAH fold F1 map KGR n FATERR, (E75289EH, Ffl]
BT — MR, BN RE A (i, s), BEITHFS « IR oo B HIE
W AERITHF S @ RESCREL 5 BEBR, sl KT BVIRAS, IX—IRERT LA fold 7E -

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

FIAI FTAE AT K, ZHTBAPIRZMM 1 2 n UREL BREL step D
SR B DRI S AR NI TATH map KRBT BPRZ:

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

fold, MERBHRANFS /MRS FIR, #E THKRH map NEXHMEHTREH
WA, B sum KA LS 2 R5EH):

sum(map(snd, fold,((i, L) —

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

HRIk

GUIRIE fold F1%4" (381.2.677) fEFRAE—4HAIER b, HEERM S THUEA T ERBOK
— AR XA T RIS RE

concat = fold, (4, &) (1.72)
IR AR E X, HAREIN

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

%> 1.14
1. concat BIRFRIE 2 E BT 47
2. WA — PR A concat Bk,
3. M foldr KE X mapo
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1.6 TRRAGIIE
MRS SIS, AR THIR, S AT FE 2R %, # T4
&, B T ARSI R

1.6.1 J8F

BRI A WTTR o, MR E TR GE TR NITTREEN A FFI1ER? TR L
WK NTCERM o HATH T, BRI MAHEER TR EEKEE,

o FHNFRND, N o NFLE;
o HRKTRET o, WIELE;

o G, BTG E o BB T IR,

ace @ = False
b=a: True 1.73
ac((b:bs) = (1.73)
b#a: a€bs

X—BIEWIRNE elemo BEREREN O(n), B n BKE, HYIFRA T GIFA
1), BRI NSRBI 3 TR Z 977 IR HALAL B Bt TRl (ESZRASS s B 25 T Y Bl
HLYI], T — &R (LS 3 &),

1.6.2 il

BAHE TR & elem 181F. 1 n ARSI, JAVEM T8 /E" X5 [(k,v)]o
FXITREE DR, —ME, ZRFIRIRIERBAIR", tREHPEREME, K
MR ZHERTHR TR BRI T LR

lookup(x, &) = Nothing
v=x: Just (k) (1.74)
lookup(x, (k,v) : kvs) =
v#x: lookup(z,kvs)

M elem AR, FAIAAERITEAES A, WA EIREFEIRIEE /BN, BT HFE
WHMEFH A —EFE, BATTINT —MFR(E“ AR FREEEAY, Maybe A JAUA F AR
ANFEME: SUBFEM A BIHEME o, BUEZ. HIEN Just a B Nothing, X2—Hf
frRoRas 5 R 77k (1714.2.2 79,
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1.6.3 AL IE
TATAT DAE— S8 lookup B —Hetite REMUL AT REE S TN
{8, TR B S — S PR T 25
find(p, @) = Nothing
p(z): Justz (1.75)

find(p, (z:zs)) = {KUHJ Find( )
&0 find(p, xs

RERRER Z PN ITRI R EIF, find HIREISE —4 FATAI ey RANE 2
AR R SR FRYTTR, X RIE H AR 0, s 1L 4R,

i\ — filter p — #iH

B 1.4 BN [z, 20, 2], B (20, o), o 2 ]o TR 1V, = p(a).

FeATrT DA ZF RIEFHKRIE X filter:
filter(p, X) = [zi]x; € X, p(w;)] (1.76)

M find AN, R EEEATTEMEZLE, filter IRMAIZSHIR, BE—HMYIE,
SERNITE:

filter(p, @) = <
p(z): x: filter(p,xs) (1.77)
AN filter(p, xs)

filter(p, =z :xs) = {

R—RBIEMNG ARG R, ARSI, AR append RAGELER, MEiE=
TFEE O(n?)o
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)) > 2RI R]
6: L + REsT(L)

IERRRIGEZ N cons BAR, (HIZARIREIEERZW R, FflTa] A HIT—IR
NERS TR B e (R >D)e MR T TIHH R SRR BATTRT BAF foldr SRE SIS
I8, FMFHFERI— PRI f A NITER, NRFF SRR 2 R/

_)p(@): z: A
f(z,A) = {E?)E"J L (1.78)
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BANTZRHEFM p BN fo BAHE—IE 3 N2EL f(p,x, A)o REHATELH
SEIH foldr AL IEEIX:

Filter(p) = foldr((z, A) > f(p,, A), ) (1.79)
FATm] DA — R HL e (FRAE n 2B )
filter(p) = foldr(f(p), @) (1.80)

IR —MERRIRES . AMIBRTFIER, BATTAT DO ] ] i [ FIS5A8 A —
IHE A, RSB E R

1.6.4 PUfig

VLl — M2 FE e — D ety S — B, BIERRE AR = R, DLELT 2
—NTZCIRARNNE, ARETEETNATFRRILA, XERNMUE ELE—
MHNE A, fECZEHIES — IR B FRIEN. XEAEW MG HIK A
B E B RIS, X (1.58) MR span BIEFHFEHANFAMR KT,
FATRT DAGE SR 77 35 B— b8 AL B BN TR B RBEIART R EAE
—BIRET, & A2 B WAIZ, MidA: A C B,

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

a=b: asCbs

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

P TSI, MG E RN IR, (LR ITRERIRRER T R B R
XTI AIRIRE, S5 I e, BRI R, X — BRI,
99 TSIV IR RS, TRATAT DI IR R 5%, 2005 R A B 7
i

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

fE/ C, Birl DAHIMT—MIRZ G2 S FHIR, RS E, 757E
i B ARSI, AN TSR

infix?(a:as, &) = False
ACB: True (1.83)
infiz?(A, B) =
A0 infix?(A, B)

i A NZ EEHNRZBEMPIERIHPER. BT o C B B, FIE RS HIE
WEER. AT infia?(2, ), SRR EFR. 2N MRS

1: function Is-INFIX(A, B)
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if A = NIL then

return TRUE
n <+ |A|
while B # NIL and n < |B| do

if A C B then

return TRUE
B <+ REST(B)
9: return FALSE
H T RIS U R5 ZE LN [A], O BLAE B D IN AR ITA H, X — BRI E R E N

O(nm), HH n M1 m 73AIZWNDHIRKE, RUEE# R, QPR AE — L
B BIE N RGN R B2 — DR, 56 13 B T~ 757%, filn
KMP (Knuth-Morris-Pratt) 872, Boyer-Moore #i%, M5 C /41 T G4 77 i
XFRID, AT DK B TR RS, RatdE A BB 2R ERAVRISK:

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

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

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

Hrf isPrefix0f #HATHIZE, tails BEE—DIIRMFTHES, FATH
SKEENZRS

3] 1.15

1. SEEAERRIAYE T (PR ) Bk,
PN AR ITEEREN

] reverse SCERERIERS L IERTA,
SKINER B RIS E R R,
HE—MINR, BEERHERFT A RS,

RANEE R

1.7 zip Ml unzip

RIRFNZ AR — R S e 2 SC B, T DA/ D B8 AR T el 3
SCPLE B, (HE R MERERZNMERITARX R, ££ n sSATERE A, FATH AT 8]
FERERYIR:

map(i — (2,0), [1,2,...,n])
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BANEH TER IR RILER, AT PUE L= zip BRI

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

X—BRA DA R A RIAISFR, SRIRES R K BRI B R A — AL, (]
ELER] PRI S5 8113 (ARSI RAR IR IC 55 1Y, MR S MRAED , f1ant:

zip([0,0,...],[1,2,...,n])
25 7€ HRIRFER, BATTAT AR SR iF 45 40 R,
zip([1,2,...], [a, an, another, ...])

zip WG TAEMEGE R, BATRILAA foldr EXE, HIENNBEEZEN O(m),
Hrt m BRIESIRKE, RIS, GRMEM append 1#1F, HIERES TN
~F75 I T, BRAEGE R ER S L.

1: function Z1p(A, B)

2 C + NIL

5 while A # NIL and B # NIL do

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

6 B < REST(B)

7 return C

N TR append, FATTAT DMER cons, SRJG FHEGE Rk, (EIXFETCIRLERR A
TeF IR, L RIMEH, AT DA A SRAFEES R (D — il R —F1e R
BRER A — BT )

BT A=Y R zip RERZDIIR, HLEREERM T zip, zip3. zip4
------ HE| zip7. BEELT, BATNESEEITRN, M2 Z N A S E L f
an, B B RUKER BT RIS, N TR ER B B HEAT [1.00,0.80, 10.05, ...
(CRALRTT) ; A LR & 1 (3, 1,0, ...], "ML T 3 DER, 1 METF.0 MM
A, NH AR TR A ST

pays(U, @) = @
pays(@, Q) = @
pays(u:us, q:qs) = (u-q):pays(us,qs)

R T FHRIEIE cons, HHHEEHIM zip AHR, BATRASHEHZR N 1 HES

87 Haskell F:zip (repeat 0) [1..n]



60 B HIFE
zip, B X H—D—E

zipWith(f, A, @) = @
zipWith(f,@, B) = @ (1.86)
zipWith(f,a :as, b:bs) = f(a,b): zipWith(f,as, bs)

THZAA zipWith & XA WEFRERED T 1965
A - B = sum(zipWith(-, A, B)) (1.87)

zip W EIR unzip, ¥ RERFNR R NHIFR, RHEER foldr 45 HAA H
b7 X

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

AT ZHNFIF IR BN, RBCRETTEN 2N o, b FHFE T DL RYIR Z A,
IR AT DA st snd RIET:

(p, P) = (fst(p) : fst(P), snd(p) : snd(P))
X T SEAR R F, 2 BN E B DACERTI R T N4a HY -
U = [(apple, 1.00), (orange, 0.80), (banana, 10.05), ...|

XAERT KR EZ AT, 40 lookup(melon, U)o, WEEE MR RERYIR: Q =
[(apple, 3), (orange, 1), (banana, 0), ...]o THEEEHANS, FRATMIE RS R R 70 HY
BREE, R THEEAR:

pay = sum(zipWith(-, snd(unzip(U)), snd(unzip(Q)))) (1.89)
zipWith &5 EPEIERMEIE AT DAE STE 55 L ARELELS | :
F=0:1:zipWith(+,F,F") (1.90)

ERE SR F RIS HERAREES, - eRE 0, BoMTRE 1. F/ 2
K SLETTRITC TS EPTREES |, WEBE="1TeRE, B ELEIIREL, &2 F M F
Ho TRV, NEEIBIFRRPSIH TR 15 D EEIREELC:

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

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

zip M unzip RIS HZMRE, TATATAY & zip DIORHKIARIE, 5 mirh £
RN TTR, 25K BRI . TIRAT zip 1 unzip 3R] DU T ERER B 28G5 A Y
T 3 12, AR DL AR S IR AR R R S5 T (U B R e — %),
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#3) 1.16

1. &1t iota RIED) HATEINT:

e iota(...,n) =[1,2,3,....,n];

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

o iota(m,m + a,...,n) = [m,m+ a,m+ 2a,...,nJ;

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

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

HA g GB35 R TE 55 75, AT RIS i iE M sk se g (07 Fn o),

2. SEIREMEN AR a3 zip Bk,
3. H foldr X zips
4. R SOKERRIBF, G0 RN SR A RBRVIR R B S EER M. A2

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

10k
Q = [(apple, 3), (orange, 1), ...]
T A EHE, i BRI E S EME XN, WEREF I E DS,
5. HH zip SEHH last At

1.8 9 Jebdix

FIFR IR B AR ESAAN RIAR B, X T R BGUAE U N, BAINH T
S, o fige, SE DN ZHRA R AYEEA IR /2l T AN AAES | R IR R U8 AT IR, R
ERZEGRIEE AR A 1 I E R TERSCRR IR, TATARIZAEE B A1 — L
& T Rabhi #l Lapalme £ F M4 T X THIRAIF 2 MEGURIE, Haskell ARt
PEPRBE T R TR RIS, AR R TIRZ 5B X AIBIF, FH 7
AT BMMEER

23 1.17

L 5 —PEFIIRPERREZNTTR, £ NI, 5B SR 77
AMBRIX L EE TR, AR EEAE A, i — NS E N FETTRTHIIR, 4
FANRAPHITT R BRI R AR P E)— 8 X —RIER R %R ERERT?
QIR FCVFE A NI B £ 4, T DARRAR] g L SC B ?

2. ATDARISIFRF R HHERIRYAE B, BIan 1024 AIDARORN: "4 - 2 = 0 —
1 =KW, n = dpy...dody ATARTRN:“dy — dy — ... = d,, o EBMTH
FIRFTRHTEL o F1 b SKENENNEARLGSE, HIA0HIFI .
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3. fEa RIS, EIAFIFRE R SRIEGRISIER : BT a7 DARTRIN. &,
GHELBAR, M PRI, SR ATCIRIER, Bt — PN REERER R
B ATER, R b BT RE RS AT BT = (B AR e
AT Do

1.5: A MEREISIR



of T RN

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

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

void wordcount(Input in) {
bst<string, int> map;
while string w = read(in) {
map[w] = if map[w] =— null then 1 else map[w] + 1
}
for var (w, c) in map {
print(w, ":", c)

}

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

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

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

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

63
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(a) — LAY

(b) —HR XMt

B 2.1 ~XRIEE RG]+

CH—

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

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

(value),

& 2.2 ZXIERMAIB] T

2.2 BHEAS

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

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

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

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

right

parent

A

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

parent y parent

2.3: AT RGBT EHEAH A

2.3 WA

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

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

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

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

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

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




24 @

1: function INSERT(T, k)

11:

12:

13:

14:

15:

16:

18:

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

PARENT(x) < parent

if parent = NIL then
return x

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

else

RIGHT(parent) < x

return root

19: function CREATE-LEAF(k)

20:
21:
22:
23:
24:

25:

o

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

return x

2.4 WH

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

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

67

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

> T Hzs

XKL R AR GRS, HPTIRE Bk, I H AT DU R RO HY
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o SIS A, SRIE VRS T8, B TR AR Y e,

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

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

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

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

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

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

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

(2.2)

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

2. if T # NIL then

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

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

BT MES map PREL, @8I i Pl — R = KRB — NPT
A
toList(@) = []
toList(Node(T}, k,T,)) = toList(T})+ [k] 4 toList(T,)

BAHEEEA] DS R — MR 757 Bl — D EFRFIRE L N — D R
B, S5 T R e DA B (B 51 3R, 1T IR BT, IR HERR SRy

X = [xl,l’g,l’z;, "'71771]0

(2.3)

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

BATHATLAE R B & T 9K



25 1R o
sort = toList o fromList

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

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

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

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

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

fromList = fold; insert @

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

e
. BIFEEER 1, 2,4, 3,5, 6
. FEFBHLET: 4,2 1,5, 3, 6
o JEFRISER 7
2. VALNFT—RATARAEE, e S IR M T 0 Ji D73 R e i 77 ) SR B 7 — SR
3. VERRDN — SRR T H 73 7 T DURE 22 BT =244 B8 W NBIR BRI i
4. WTF n DITE, WHEFRRIES RE R A2

2.5 MR

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

2.5.1 &K

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

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

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

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

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

R BT AT DUAME A RSP

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

6 T < RicHT(T)

7 return T

2.5.2 /MR KILER

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

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

. . (2.7)
min(Node(T;, k,T,)) = min(T;)




25 1% i

max(Node(T}, k,2)) = k

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

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

2.5.3 ARGk

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

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

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

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

QISRIRAE ST A5 — BRI E] TART A, ERRBE IREVAL T A AR,
XU o AR CERM PRI — 1 ITR), NEAVEIRKLH TR ER:




72 FoE XHERW

: function Succ(z)
if R1GHT(z) # NIL then
return MIN(RIGHT(z))

else

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

1

2

3

4

5: p < PARENT(x)
6

7 T <D
8

p < PARENT(p)

9: return p

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

1: function PRED(x)

2 if LEFT(2) # NIL then

3 return MAX(LEFT(z))

4 else

5: p < PARENT(2)

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

8 p < PARENT(p)

o: return p

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

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

.3 2.2

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

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

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

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

M XARRBEFIBRT R 2 B9753RaR

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

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

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

Tree

NIL NIL

2.5: 1R o ATDLER YR

FRAEIX R, FATTE R delete FREK:
delete(d,z) = @
x < k: Node(delete(T},x),k,T,)
delete(Node(Ty, k,T),r) = <Qax>k: Node(Ti,k,delete(T,,z))
x=k: del(T;,T,)
RS R RARE R MBR T 51, ARG VA del BREUEFE, del 2ARYEELIEIT
VA delete DAMNBRA R R B/ IME

del(2,T,) = T,

(2.9)

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

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

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

B 2.6: MIBRAA —DAEE TR

Tree

L delete(R, min(R))

Tree

L R

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

2.7: MIBRAEP AR 2RI R



2.6 R

where

75

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

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

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

1: function DELETE(T), x)

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

5: if LEFT(2) = NIL then

x < RIGHT(z)

7: else if RiGHT(z) = NIL then

x < LEFT(x)

o: else > neither children is empty

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

y < MIN(RIGHT(z))

KeY(x) < KEY(y)

Copy other satellite data from y to =

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

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

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

Remove y

return r

21: if z £ NIL then

22: PARENT(z) < p

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

25: else

26: if LEFT(p) = 2’ then

27: LEFT(p) < x

28: else

29: RIGHT(p) + =

30: Remove 2’
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31: return r

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

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

g3 2.3

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

2.7 BKHLAE

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

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

3] 2.4

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

2.8 WURBURESIY

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



2.9 B3R HlFHREH

2.9 Bt
18 A B | PR AR B T

7

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

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

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

ENE I SN NP VRE N RE

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

THERIE VI AR

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

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

}
return Optional(t);

BRI HR/INTR:

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

SHREE T R JEYE:
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Optional<Node<T>> succ (Node<T> x) {
if (x = null) {
return Optional.None
} else if (x.right # null) {
return min(x.right)
1} else {
p = x.parent
while (p # null and x — p.right) {
X =p
p = p.parent
}
return Optional(p);




Ho5 EAHDE

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

3.1 fsr

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

%
%

B 3.1 REAL 8 MAZI—FR

1: function SORT(A)

2: S + NIL

3: for each a € A do
4: INSERT(a, S)

ang B Sk

79
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5: return S

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

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

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

insert

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

3.2: AECRTCRACFE 2

3.2 @A

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

o

Aj+1] =

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

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

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

3.3: RICR o« AL A PHIE  MIE

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

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

3.3 HER

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

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

1: function SORT(A)

2 for i < 2 to |A| do

3 x <« Ali]

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

5 for j «+ ¢ down to p do

0 Alj)  Alj — 1]
7: Alp| + x

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

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

8: l+<~m+1

9: else

10: U4 m

11: return [

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

3] 3.2
1. EHEHEH — &R,

3.4 %l

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

sort(@) = o

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

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

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

1: function INSERT(A, Next, 1)

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

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

7. function SORT(A)

8: n < |A|

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

11: INSERT(A, Next, 1)

12: return Next

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

#:3] 3.3

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

3.5 X{HEW

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

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

1: function SORT(A)

2: T+ o

3: for each x € A do

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

5: return To-LisT(T)

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

REET, A HEENSE — NP RIERN A, ERBE, EIERER 17T
TN, FAHE AU BIAEBR o, I BIAE PdiHe e i TAZSCBl A AE /N E R
Hsf (138 214 A HE R PAIRTHIE VA BT



CH ISR )

55 BRI = AR RRER G S R A MAE R IR, BB — XY
RRACEDETSE, AR WBCR ARIHRIETE? 40 R pyfl s ps:

void addrBook(Input in) {
bst<string, string> dict
while (string name, string addr) = read(in) {
dict[name] = addr
}
loop {
string name = read(console)
var addr = dict[name]
if (addr = null) {
print("not found")
1} else {
print("address: ", addr)
}

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

3] 4.1

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

4.0.1 P

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

85




86 BUYE LM

B 4.1 AFHRIRE

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

4.0.2 WiEks

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

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

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

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

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

1: function REPLACE(z,y)

2: p < PARENT(z)

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

5: else if LEFT(p) = = then

6: SET-LEFT(p, )

7 else

8 SET-RIGHT(p, y)

9: PARENT(z) < NIL

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

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

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

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

g3 4.2

1. LA TE RicHT-ROTATE H1E,



4.1 ENX 89

4.1 EX

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

T RINE A e R,

AR RO R,

3. A M RU(NIL) R,

4. WR—DIT RN, MBI AT 17 SRR A,

- ME—T R EIFTA RS B SR RE RO R

—_

[\

ot

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

4.4: 21 2R

HTRTART NIL 1R RO, IATEF R NIL 7R R E H, 214507
Ro FTA ANBEEREERY B FRVEAR I — SR RMAHRE, SR, &K &/IMEF. A
AR PRERE R IRAT,
NEAB TR AR — AR R AR BRI T B E
VS 7 R, B M. ML 2-3-4 B, BFIEED — IR, ETE R ATIL
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K 4.5: Fayl NIL 795

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

8.3 4.3

1. ISR n DR ER, HEE n ASEIE 21g(n + 1),

4.2 A

AFIECE NP F— D = R, ] RE ST S A ; 55—
WBE L BB, AR, BT RN, RETARRT A, BRTHE
PUSRAM R B 1 TR AT DATHG JE . M — Y IR AT RES | AP IMEARIV L6 AL, 35F 4
PR EBE,, Okasaki KIEATEAS R WE 4.6F7R,

VYRS AL e B S— B, tRMAT BIRMA L@ B E, RIRESER
TR, RIETERR 2, B SR AR R A, FAREKTE, BilE X
balance PREBE -, 21 RMBIGEZEN C, BUENERE B 84t R, =T A
KIEN—ANTCH T = (C, 1, k,r), HA 1.r BEGTH E BIE,

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

c \ /
a b ¢ d

/ a b c d \

d a
a d
b c b c

4.6: NG THRZBERIPYRMED

QR PURMRR IR AN 2, B 5 — T PRIEEIN A ST AR, LR EIIAR
e AR

insert Tk = makeBlack (ins T k) (4.4)

=

ins @k = (R,9,k, 9)
k<K : balance C (insl k) k' r (4.5)

ins (C,LK ,r)k =
k>Fk : balance C L k' (ins r k)

AR RS, BATTN kb QIR DA, BN EER =S B, WA
G XAMEZ N Lor Ko PR kR KBRS, 3R £ AR, RAEH
balance 1BE VM, BfGombilHERET SRR,

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

NHEEXN AT AR :

insert t x = makeBlack $ ins t where
ins Empty = Node R Empty x Empty
ins (Node color 1 k r)
| x < k = balance color (ins 1) k r
| otherwise = balance color 1 k (ins r)
makeBlack(Node _ 1 k r) = Node B 1 k r
balance B (Node R (Node R a x b) y ¢c) z d =
Node R (Node B a x b) y (Node B c z d)
balance B (Node R a x (Node Rb y c)) zd=
Node R (Node B a x b) y (Node B c z d)
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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

BASE T EEENHE, RBEFHEANECSFE, BAA] AE SR ER, 0]
PATE YT s F F — DR AR R A (1, 269 T1), 4. 7245 H T ERLL M, EA]
SRR 11, 2,14, 1, 7,15, 5, 8, 4 A 1, 2, ..., 8 HIEETIAL, 5B _AMF15BH, BifE
A E T, L BSR4

4.7 TN A ALY

FIRATE MBI T AMBE, T REN b B8, HEZREN O(h). H
THATEL YLD BRI ENER, b T RN 0 BNECRR, MARTRNERE
79 0(lgn)o

83 4.4
1. AMERERUCE, 250k E VYR G SEI insert Bk,

4.3 kR

ARUAIE0) | PR & NS (EIET RV Gibu . S UM bt DR R 4 55 R - S T2
T3ERT AR B 75 FORIEBIMBRATRCR . B0, — R AR, F T e 4kRI 220k
AR, MHRRINE TS R Ehn—Rig, AR CH T S 50% I, FARFRICH) Y
REE PR, MER L S BEALLRM AR, Rt FERERE TR, LA
MIER AR T R, IXRIBRMERR 5, (SR — B2 LR REOT S H DT H e,

2S2R 3B B AR IR S BRI T AR, X —AHEFRME persist
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FATAT A I WE R A () 290 T0) 7 RORIKE B LSBT, — DIZAERTTT R
BAEMABET S MERBET A o B, BATR B AR SRR A, 8 A M
ENEIFR b, SRAZBERIT RN yo MR y FORZLL G, RRHEA RO IR § TR
AR, WA IR, IEE B2 THEAIEI RPN T A E B AR E

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

WA ST RS R B, SRR EREhE| T RN, B N ER A ST
L (BBEmpty BRAMKLAYT @), MIERIN, 55— 200838 — AZ AR A SRBMIBR T
BT, i ORI TIEE

delete = makeBlack o del (4.7)

X—E BB, tRMHRE—-NTE, MREET T, BT —
150, BATFEMEL makeBlack FIENXIR:

makeBlack & = <&

(4.8)
makeBlack (C,l,k,r) = (B,l,k,r)

del 52— BARFNZMIFRATCR k-

del 3k = @
k<K : fixB(C,(del I k), K )
k>k: fixB*C, 1K, (del r k))
@: (C=Bws shiftB r,r) (4.9)
r=@: (C=Bws shiftBl1)
B fizB2(C,1 K", (del v k"))
Hrp k" = min(r)

o~

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

RN, G5ER O o BMFRATELER & FIRA ) &, Q1R & < &/, T 3
FEMI G SRR s GNSR k> K/, MBI MIAHER, B Tes)A45 R nl s & A INE R
B R, FENA fioB? HATBE. 4 k =k I, BAOTEMCE] T MR R R
E—F RS, BATTH 5 — st S A L QSRS AT U2 R R, IR E R R
CREhE T, XBOE XM TEZRBHEX (p — a,b), EHETHEAERIELX: (f p
then a else b)o AMNRMIRFIEA NS, BATRA FH PR R/ME &7 = min(r) VIR,
FEH k7 R ko

NTRFFREOT AN, shiftB RELETT R 2800 B, R RO 2o W E R,
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AN SRR F BIEE B p b, AR B

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

(827 l: ka T)
7la k7 7")

(4.10)

NHEUZFHM B TR (RS NERORBE D)

delete :: (Ord a) = RBTree a — a — RBTree a
delete t k = makeBlack $ del t k where
del Empty _ = Empty

del (Node color 1 k' r) k
| k < k' = fixDB color (del 1 k) k' r
| k > k' = fixDB color 1 k' (del r k)
| isEmpty 1 = if color = B then shiftBlack r else r
if color = B then shiftBlack 1 else 1
| otherwise = fixDB color 1 k'' (del r k'') where k''=min r
makeBlack (Node 1 kr) =Node B1Kkr
makeBlack _ = Empty

| isEmpty r

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

B fixB? Y BEFAR ORI BT R T PR R 0, D R 7T AR T RES2 70
B, WATRER T A @, A=M1ENL:

oL 1R R AR B RO B, IF HIZ LB A — ALt Wi sl 7 DUE
W EFAE 2B L A VURDFIE 0L, 28 A] DA S — R —E 3 EA IR,

d b

(?\ j%@

c c d

’;ﬁ’/“w\ﬁ(ﬁh
b . a b

B 4.8: 4 fFIE0LA] UBE NG —HIE K
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B AR AL B VU715 L -

fixB? C agz x (B, (R,b,y,¢),z,d) = (C,(B,shiftB(a),z,b),y, (B, c,zd))
fixB? C ag> © (B,b,y,(R,c,2,d)) = (C,(B,shiftB(a),x,b),y, (B,c,z,d))
fixB? C (B,a,z,(R,b,y,c)) zdsg: = (C,(B,a,z,b),y,(B,c,z,shiftB(d)))
fizB? C (B, (R,a,x,b),y,c) z ds: (C,(B,a,z,b),y, (B,c,z, shiftB(d)))
(4.11)

Hr age FRTE o BWNERM, AJPLE R R @,
TEOL 2 AR R B oL, v DOEI iER, BHACONE N 1 8
3, WEA 2f7R,

B 4.9: AWEBOT KA RN A

BATEAT(4.11) RUEAL ERENTEN 2 KB E

fixB? Bag: x (R,b,y,c) = fizB*>B (fixB?Raxzb)yc (4.12)
fixB? B (R,a,z,b) y cg: = fizB*> Baz (fixB> R by c)

oL 3 MEBER LR AL, LA T RIS 7T R R B, ZXAMEIT,
PATTR LT R R AL, R R AR [m R G, 5RO E R G B LE—R
FART R WEA 3R,

AWM FRIE D N T ETTRIIE, Q1R o R, W R #5302 X EE
X TF RHIEN, y FAES Rl T akSe e (4.12) BYELAL LIt ApE = :

fixB? C ag> x (B,b,y,c) = shiftB (C,(shiftB a),z,(R,b,y,c))
fixB? C (B,a,x,b) y cgz = shiftB (C,(R,a,z,b),y, (shiftB c))
fixB2Clkr = (Clk,r)

AR VLELE] EIA =R, FRJa — TR A, WEROKBEZEN

(4.13)
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AT
50 &

B 4.10: RPN R A 1%

A, EFFIETRRMELL: — RO 1, XER O RBHR T %5’I‘—A%XR%

[f)_ER S, BRI A, HREIE R, NG FREFR BB E

)

i

— the sibling is black, and has a red sub-tree
fixDB color a@(Node BB _ _) x (Node B (Node R by c) z d)
= Node color (Node B (shiftBlack a) x b) y (Node B c z d)
fixDB color BBEmpty x (Node B (Node R b y c) z d)
= Node color (Node B Empty x b) y (Node B c z d)
fixDB color a@(Node BB _ _) x (Node B by (Node R c z d))
= Node color (Node B (shiftBlack a) x b) y (Node B c z d)
fixDB color BBEmpty x (Node B b y (Node R c z d))
= Node color (Node B Empty x b) y (Node B c z d)
fixDB color (Node B a x (Node R by c)) z de(Node BB _ _ _)
= Node color (Node B a x b) y (Node B c z (shiftBlack d))
fixDB color (Node B a x (Node R by c)) z BBEmpty
= Node color (Node B a x b) y (Node B c z Empty)
fixDB color (Node B (Node R a x b) y c) z d@(Node BB _ _ _)
= Node color (Node B a x b) y (Node B c z (shiftBlack d))
fixDB color (Node B (Node R a x b) y c) z BBEmpty
= Node color (Node B a x b) y (Node B c z Empty)
— the sibling is red
fixDB B a@(Node BB _ _ _) x (Node R by c)
= fixDB B (fixDB R a x b) y ¢
fixDB B a@BBEmpty x (Node R b y c)
= fixDB B (fixDB R a x b) y ¢
fixDB B (Node R a x b) y c@(Node BB _ _ _)
= fixDB B a x (fixDB R b y c)
fixDB B (Node R a x b) y c@BBEmpty
= fixDB B a x (fixDB R b y c)
— the sibling and its 2 children are all black, move the blackness up
fixDB color a@(Node BB _ _ _) x (Node B by c)
= shiftBlack (Node color (shiftBlack a) x (Node R by c))
fixDB color BBEmpty x (Node B b y c)
= shiftBlack (Node color Empty x (Node R by c))
fixDB color (Node B a x b) y c@(Node BB _ _ _)




4.4 o RLLBNETR «

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

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

97

PR FIRAIE 2N O(h), Horb b AT, BT 20 BRI, N T n

AN REBIRE, b = O(lgn)o

3] 4.5

1 SEIR“bRid—ER " BRI  FRIC BRI A, (AT HIERIRERR, 44

PRICHYT REH @ 50% I B,

4.4 A INELBMEE «

TS AL CPERCATIE I, AT T LRSI, Oy 1528, Tl 14a
Lo FARIERI S — PR AL RARIR, 2 T RIE e B 21,

1: function INSERT(T, k)

RS IEE

2: root < T

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

5: p < NIL

6: while T # NIL do

7: p+<T

8: if £ < KEY(T) then
9: T + LerT(T)

10: else

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

13:  if p = NIL then > W T A=
14: return x

15: else if k < KEY(p) then

16: LEFT(p) +

17: else

18: RIGHT(p) =

19: return INSERT-F1X(root, z)

W RN, B RBE T, A 3 MEAEN, SrHEE A RTRRIEDNR,
BT 6 FE DL, HAETMET LG I, BATEE LD R BT A, BATRIRE AT

BT 2 Bt R AR A ML
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1: function INSERT-FIX(T, )
2 while PARENT(z) # NIL and COLOR(PARENT(z)) = RED do
3 if CoLOR(UNCLE(z)) = RED then > HOL 11z BURUH U2
4 CoLOR(PARENT(2)) - BLACK
5: COLOR(GRAND-PARENT(2)) <— RED
6 CoLOR(UNCLE(x)) < BLACK
7 x <~ GRAND-PARENT(z)
8 else > x FRT 2 R
9 if PARENT(z) = LEFT(GRAND-PARENT(2)) then
10: if 2 = RIGHT(PARENT(z)) then > 0 200 AT
11: z < PARENT(x)
12: T < LEFT-ROTATE(T, x)

> 1EIL 312 AT
13: COLOR(PARENT(z)) + BLACK
14: COLOR(GRAND-PARENT(z)) < RED
15: T < RIGHT-ROTATE(T, GRAND-PARENT(x))
16: else
17: if 2 = LEFT(PARENT(z)) then > BT 2 BIXTAR
18: 2 < PARENT(x)
19: T < RIGHT-ROTATE(T, z)

> T 3 R

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

BARERNEREN O(gn), HA n BT REL 1 balance BRERSLL, BRI
BRI A B AR A1, S AiE AN FIHIZL M, 4. 1145 H T PRARAL
R, e EERANE L TR 2R R P AIRE . BATTA] UL EMIRANE,
PR D AC A B B IR FAE — 2R REIRR, Okasaki 7E 1) AERHL T IR T

2L A L UMPRBE E N E 2%, SRR A,

4.5 MGG

LU T2 A — AP — SRR FATHE N~ BR8P —
X ——AVL $, £LEM ] DIB R H e 8 A SRS R EA  K REE i
JE| kA, FF EORFRAF- 8, el AR B . SRR EdREAA gL b, Mk
TR, TR RO, FELD R SEEL AR, O TIB R, R B 2 RS DL,
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4.11: an B HE H AL R

Okasaki Z5H T —FEIL 7575, HEUR T 2 FROISEBL D), R4 AVL #4, Splay
PRS2 B TR IE AL 7 ISR

4.6 it BlFRER

A T G I RIZLRME X, BOAT ROV,

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

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

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

}

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




100 HIYE

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

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

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

Node<T> grandparent() = parent.parent

LR

N

)

ARV SIOEGEDN

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

root = t

x = Node (key)

parent = null

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

}

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

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

} else {
parent.setRight(x)

}

return insertFix(root, x)

GINER G LIS

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

X.parent
leftRotate(t, x)

// case 3: ((a:R x:R b) y:B c) == (a:R x:B (b y:R ¢))




HARX

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

}
t.color = Color.BLACK
return t

101
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WhHE AVL B

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

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

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

51 EX

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

5(T)| < 1 (5.2)

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

103
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AVL B, HH SEE AR — M EENE, Y ERe XK, AN R ER
2,0 2" — 1, BHAIROLERDEZ 2D R, B N(h) REREN b B AVL H#HY
BN REHE. BATA:

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

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

()
PN

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

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

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

N(h)=N(h—1)+ N(h—2) +1 (5.4)

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

N'(h) = N'(h—1) + N'(h — 2) (5.5)

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

st o — YO L popin e,

UERA. @ﬁﬂiﬁl%)ﬂéw{io = h =081 N:

« h=0,N'(0)=1>¢"=1

e« h=1,N'(1)=2> ¢! =1.618...
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AT IEHENE M, B N/(h) > @'

N'(h+1) = N'(h)+ N'(h—1) {Fibonacci}

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

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

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

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

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

5.2 A

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

insert = fstoins (5.8)

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

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

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

AH = |T'| - |T| (5.10)
ERTLUE— R 4 RiIE DL

AH

T'| = |T|

= L+ max(|r'], |I']) = (1 + max(|r|,[I]))
= max(|r'|, [I']) — max(|r|, |I])
0<0,0/>0: 6+ Ar
0>0,0<0: Al—96

B Al

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

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

NHEAHFAR S T H R4 RS IE

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

tree (1, dl) k (r, dr) d = balance (Br 1 k r d') deltaH where
d'=d 4+ dr - dl
deltaH | d >0 && d' >0 = dr
| d <0 && d' >0 = dHdr
| d >0 & d' <0 =dl - d
| otherwise = dl
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5.2.1 “FHiRR
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4 MISHHEEBE, EL 3R, PR T £2 @ T [-1,1] FEREL ]

ReHG—HENEFLRIZEN, 615 6(y) = 0.

6(z)=-2

) =0

fdx)=1

f(x)=2

s(y) =1

5.3: ¥ 4 MEOBEE NG —IERX

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

25 H TUERA,

Fe—Fe:
0'(x) = d(x)
'(y) =0
d(z)=0

H—f:
§(x)=0
&'(y) =0
¢'(z) = 0(2)

H—FEME—f:

) - {5@) — 1.

otherwise :

§'(y) =0

M@:{Mm=—h

otherwise :

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

balance T AH =

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

H)
(5.17)

Hep §'(z) W 0 (2) %06 (B.17) X ARIEHVLEAETEK, &5 —1TIRE
AL, N ERAHRN A B 5 RE

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

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

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

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

NHERBIFREFEIL T AVL SRS A

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

height Empty = 0
height (Br 1 _ r _) =1 + max (height 1) (height r)
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%3] 5.1

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

o

5.3 AVL a2 :NHTE »

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

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

1: function INSERT(T, k)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

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

PARENT(z) < parent

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

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

else
RIGHT(parent) « x

return AVL-INSERT-FI1X(root, x)

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

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

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

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

2:

while PARENT(z) # NIL do
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

21:

22:
23:
24:
25:
26:

27:

28:
29:
30:
31:

32:

33:

34:

35:
36:
37:
38:
39:

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

T < LEFT-ROTATE(T, P)

if §(R) = —1 then

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

O(P)+ —1
else

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

I(R) « 1
else

0(R) «+ 0

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

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

BHE AVL #

> A

> AkSE E I L BT

> H-H
> fRH#EN (B.6)

> G-I
> fR4E (B.17)

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

42: if ), =1 then

43: O0(L) + —1

44: else

45: 0(L)«+0

46: d(RIGHT(L)) < 0

47: if 9, = —1 then

48: 0(P) + 1

49: else

50: d(P)«0

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

54: return T'

bR T ek, IR 2 R T 6 A — I — I TR AT — IR s T
— M — A TR BT, BT T AVL RERIBIBRTE, Hisk B 25t 17
PRAYSEEL,

5.4 Ik

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

5.5 kst Bl

AVL WHYE X

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

T
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e 200)

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

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

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

var dy = r.left.delta

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

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

t = rotateLeft(t, p)

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

t = rotateRight(t, p)

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

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




FANE TR

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

6.1: FEEHS

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

6.1 B trie

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

113
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ZR T AR FIBERSE, —H binary trie 2 —FRFRN — R, SMEMVBHE
A ISR E, 0 R, 1 FRoR“Tafa ", FER6.2HH trie, 3 NI
“117, 40117, “00117” ARERF— il &L 3,

Kl 6.2: Kiifi (big-endian) trie

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

6.1.1 EX

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

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

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

6.1.2 EHA

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

insert @ kv = insert(&, Nothing, @) k v
insert (I,v',r) 0v = (I, Just v,r)

k .
even(k) : (insert 5 v, v, 7) (6.1)

insert (L,v',r) kv = k
odd(k):  (I,v',insert r L§J v)

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

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

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

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

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

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

1: function INSERT(T, k, v)

2: if 7= NIL then

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

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

7: if LEFT(p) = NIL then

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

10: else

11: if R1GHT(p) = NIL then

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

14: k<« |k/2]

15: VALUE(p) < v

16: return T'

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

6.1.3 &R

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

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

THEAGIFARFSEIT lookup EREL:

lookup Empty _ = Nothing

lookup (Branch _ v _) 06 =v

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

lookup (Branch 1

BT AT DATH PRI LB AR B R A
1: function Lookup(T, k)
2: while k£ # 0 and T #NIL do

3: if EvEn?(k) then
4: T «+ LerT(T)

5: else

6: T «+ RicHT(T)
7: k<« |k/2]

8: if T # NIL then




6.2 FEELETZM 117

9: return VALUE(T)
10: else
11: return NIL

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

.3 6.1

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

6.2 FEELHTSEM

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

6.4: /NI EEEOR SCERAT IR {1 — a,4 — b,5 = ¢,9 — d}
TEREEOR AR, 0T O BB EITE FRII A RIS, XL PR E A
HEITZR N — NG ARF IXFEREEETZRTEER T BB =S
6.2.1 EX
BBRIZ R —FRER I X, BEE NS, s 2 — N R R
o MRl EE—MREEEE k M1—ME v;
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o OBCT AL HAA TREITE - DR K AR, £ TR N 002 o, A
TR T —AZ 1.

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

AR, —

, Hrp sy

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

6.2.2 A

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

prefix=1100
mask=100

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

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

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




6.2 FEEETZRM

prefix=1100
mask=100

prefix=1100
mask=100

@ o ° prefix=1110

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

prefix=1100

mask=100 mask=10000

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

& 6.6: RN DAL

119
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T ER=AE

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

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

insert (p,m,l,r) kv

match(k,p,m) : {

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

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

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

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

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

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

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

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

(p, m) = lcp pl p2
lcp pl p2 = (p, m) where
m = bit (highestBit (pl ‘"xor' p2))
p = mask pl m
highestBit x = if x = 0 then 0 else 1 + highestBit (shiftR x 1)
mask x m = x .&. complement (m - 1)

zero x m = x .&. (shiftRm 1) — 0

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

BT AT U a2 77558 insert:
1: function INSERT(T, k, v)
2: if T'= NIL then

3: return CREATE-LEAF(k,v)

4: y<<T

5: p < NIL

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

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

9: y < LEFT(y)

10: else

11: y < RIGHT(y)

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

13: VALUE(y) < v

14: else

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

17: T+ z

18: else

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

21: else

22: RIGHT(p) + 2

23: return 7'

H Branon(Ty, T) BIEE—HrAL, iR K AHHTR, I8 T A1 T, WM
T
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1: function BRANCH(TY,T3)

2: T <+ EMPTY-NODE

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

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

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

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

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

2: d < zor(a,b)

3: m <1

4: while d # 0 do

5: d <+ Lg]

6: m < 2m

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

8: function MASKBIT(x, m)

9: return z&m — 1

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

2 O(m)o

6.2.3 &K

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

B 6.7: ARG 1 — 2,4 — y,5 — z FIKIHEEERTZRM

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

lookup @ k = Nothing

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

(6.6)

zero(k,m) : lookup l k

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

match(k,p,m) : {

otherwise : Nothing

PATTHE AT ATH BRI T o IR AR 77 L E K,
1: function Look-Up(T\, k)
2: if 7= NIL then

3: return NIL

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

6: T < LerT(T)

7 else

8 T + RicHT(T)

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

10: return VALUE(T)

11: else

12: return NIL

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

3] 6.2

1. J SR LB RATE Y lookup FiX,
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2. SKEUEEEL trie ML BRI, U HEA NS B T BE, 85R A TALAEE?

6.3 Trie

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

6.3.1 X

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

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

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

—HR trie B NS, BE R DA, BE UGN
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LB v BT R, ANEH T
2. R R, WEE o 2R BRI K FREIRAME ko
FHERREEN V, BANCE trie FIZREDN Trie K Vo, FHEBIBIFREFEXT trie:

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

AN 2 RIRBIE SN (Nothing, @)

6.3.2 A

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

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

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

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

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

insert (Trie

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

empty = Trie Nothing []

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

2 if T = NIL then

3: T < EMPTY-NODE

4 p+«T

5

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

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

9: VALUE(p) < v

10: return T'

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

6.3.3 BER

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

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

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

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

3: return Nothing

4: for each c in key do

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

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

8 return VALUE(T)

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

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

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

6.4.1 X

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

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

NHERIBI TR E ST RIS :

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

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

6.4.2 A

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

bool boy

G}

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

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

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

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

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

ins (8 +—t):ts’ = {

otherwise : (s’ —t):ins ts'

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

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

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

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

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

branch Av B t =

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

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

(6.14)

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

leaf v = PrefixTree (Just v) []

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

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

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

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

25:

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

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

else > WL

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

return T

AR LOP HREH A BRI A AT

1: function LCP (A, B)

141

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

return A[l...0 — 1]

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

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

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

2:

3:

4:

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

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

6.4.3 K

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

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

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

lookup [] (PrefixTree v _) = v
lookup ks (PrefixTree v ts) =
case find (\(s, t) — s “disPrefix0f  ks) ts of
Nothing — Nothing
Just (s, t) — lookup (drop (length s) ks) t

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

.3 6.4

L. {HBR lookup FIEFHIEBYA, FITEASLELRTERM B A+

6.5 Trie FIHGZITINH

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

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

All B=EEW English Thesaurus  Simplified Chinese

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

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

introduction
introductions .
INtro- | 'mntrau |
introductory prefix

introgression
into; inwards: introgression | introvert.

6.11: JrjdiL

pref

prefix
prefrontal cortex

prefab homes

o O PO P

prefab homes oregon

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

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

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

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

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

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

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

startsWith [] (PrefixTree Nothing ts) = enum ts
startsWith [] (PrefixTree (Just v) ts) = ([], v) : enum ts
startsWith k (PrefixTree _ ts) =
case find (A(s, t) — s “isPrefix0f k || k “isPrefix0f  s) ts of
Nothing — []
Just (s, t) — [(s # a, b) |
(a, b) « startsWith (drop (length s) k) t]

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

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

2:

3:

4:

5:

10:

11:

12:

13:

14:

15:

16:

17:

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

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

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

1: function EXPAND(s, T, n)

2:

3:

4:

5:

10:

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

6.5.2 EFHREEAE

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

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

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

6.13: FHL ITU-T ¥

3. #—IR 6 BEATFR m;

4. FRIR 3 BERNFRF e;

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

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

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

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

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

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

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

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

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

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

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

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

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

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

(6.21)

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

SRR S T T AR

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

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

return R

Q « {(NIL, D, T)}
while Q # NIL do

1:
2
3
4
5: n < |D|
6
7
8 (prefix, D, T) + Popr(Q)
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9: for (s — T") € SuB-TREES(T) do

10: D’ + DiaITs(s)

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

14: PUsSH(Q, (prefit+ s,D — D', T"))

15: return R

.3 6.5

1. fEM trie SEBLE SN RITIN A

2. XFIREIZAMEGESE R RIS A RTE, AR ERUES th F 45 SR A% R v S
HEP? X SRERE AL BRI ?

3. ERATEMSRERIEE T, AHZFRIR AR Z n 5REER?

6.6 /N

BATINEEEL trie FERELRIZRMIITAR, 8IS BB —HEHIFOR, FRATE A AL
LT R REA IS (map) BURZE, 1% FORBATRRAV I N e 2 FRET
RFIR, Hh— DRI TR ER, trie FIRTSN AT DA REAT AL, FRA1145
T PR BRI BT: B SN TR Ao AN 55 S B2 S 5, e
trie SRIZM A B HEYINIKR, 27 DNA LHEEHTH,

6.7 b Bl

5 H = X E SRR trie:

data IntTrie<T> {
IntTrie<T> left = null
IntTrie<T> right = null
Optional<T> value = Optional.None

N insert ¥R AADERE I T A EMIKFI AR :

IntTrie<T> insert(IntTrie<T> t, Int key,
Optional<T> value = Optional.None) {
if t — null then t = IntTrie<T>()
p=t
while key # 0 {
if key & 1 =0 {
p = 1if p.left = null then IntTrie<T>() else p.left
} else {
p = if p.right = null then IntTrie<T>() else p.right
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}

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

LGRS

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

IntTree(Int k, T v) {

key = k, value = v, prefix = k

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

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

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

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

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

EEESSGIEE U NG N =R

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

parent = node

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

node.value = value
} else {

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

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

}

return t

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

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

return t

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

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

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

return (maskbit(pl, mask), mask)
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trie HE XA A -

data Trie<K, V> {
Optional<V> value = Optional.None
Map<K, Trie<K, V>> subTrees = Map.empty()

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

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

data PrefixTree<K, V> {
Optional<V> value = Optional.None
Map<[K], PrefixTree<K, V>> subTrees = Map.empty()

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

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

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

match = true

if k2 =[] {

2 200)

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

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

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

ME LRI BTSN Fr A fise 148 101 -

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

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

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

}

return r

P -

var T9MAIE{'2':"abc", '3':"def", '4':"gh'i", '5'!"jk1", A
l6l:llmnoll’ l7l:llpqrsll’ l8l:lltuvll, '9':"wxyz"}

var T9RMAP = { ¢ : d for var (d, cs) in T9MAP for var c 1in cs }
string digits(string w) = ''.join([T9RMAP[c] for c 1in w])

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

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

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

return res
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7.1 T

AR REERT LRI A A AT RRIAE R 59— R R — MR 77 1%
R EEE M 2 BE ko B B2 R ETHERT & ERK DL, BT AT
BHIXERS (BT B+ M, —F B KB RIEH) MdRFER S, E7.1R T —MR
B A, FATTAT AIES RN — AR Z A1 [

7.1: B #

—RR RN, EE—DITR k MEG DR L ro FEFH | FFRIEM
TLRE/INT k, HH &k /NTEFR r FRERATER

Veelyer=z<k<y (7.1)

B R — BUAEHE 2 20, — B B RECN S, B E n DITEM n+1 D F
I BN BARAE IR B B ICRXETTERN ky, ko, ooy by, BN 11, o b g
Q7. 2fR. R B TCERFN D BGM E PA N2

C[1] | K[1] | C[2] | K[2] | ... | CIn] | K[n] | C[n+1]

7.2: B T

o TEEEIBMA k < ko < ... <kp;

o MTER ki, 78 ¢, PEIFTETTRE/NT ki, FFE & DT8R ¢ RRERTT
o

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

143
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Va, €ty,i=0,1,...,n =21 <k <ao<ky<..<zp,<k,<zTp (7.2)

M RAEEF IR, 2ITREAY K, N B MAIEADN BTree K 5
BTree<K>, Ak, TMBETE X —HMNI PACREF B A

o FTERIHT T R EA M R BRI ;

o TESCRELd, BN B BB INERL, BT R
- mEZEH 2d— 1 MLHE;
- BOEH d— 1 DITR, R RIS,

B
d—1<lkeys(t)| <2d—1 (7.3)
FAE S RUERIZEE R AT PLERIE B At2 P,

IERA. FE—REHE n NTEMN B W, B/NEE d > 2, RIEERN he FRARTT M,
HETHELER d-1 MR RTRELEE MR, WRTEE 7/, W= 0E
PNRER 1 Tk, 206 2d NMRER 2 Tk, 206 242 MREN 3 1
Tk /)G, B/VF 24" MNMREN b T 5 BRARTT AN, B s Nk
DA d — 1, B fFRTEER TR NSO E N EAER:

n >1+(d—1)(2+2d+2d*+..+2d"1)

h—1
=14+2d-1)) d*
k=0

= (7.4)
=1+2(d-1) d:1
=2d" —1
AT IHEARF 9] v 5 JE X B OR R AN S
h<log, "1 (7.5)
O
IXFRIERA T B AT, BB B AR 2-3-4 W, ERER/INER d = 2,

BRART AR SRS 2 B 4 BRF KL AL A BT L #R AT DA —
BR 2-3-4 #if, BATCEEOY d BAEZ B BN (d, (ks, ts)), B ks BILRIIRK, ts 72
FRFIER, TG FREFENL T B #:

data BTree a = BTree [a] [BTree a]

B RIEN (2,2) 8 BTree [1 [1, N VBREG DT RAEHFE 0 d, K
I EA B 4 ¢ AR —XHME (d, t)o
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7.2 $HA

Al BN — SRR B, IR TR B 2 N TR MR, 1A B #f ¢ i
ATEER z I, BATMRT ST, BEHIXREALE? G EMRTTRENT o, AN
AITCERRT 2o WIERBARTEAIH T 5 (keys(t)| < 2d — 1), 58 « FABIMALE, &
T, XA B SFEE AR ¢, FA DB o FAF ¢/

4
. | AN
‘1‘2Hs‘s‘9le‘ls‘m‘nHz,‘stm‘u‘37”40‘42”46‘47‘50‘
4 q
. N" I

Lol s s o] ]w]v]lafals|o]a]a|[la]allw]a]sx]

7.3: K 22 AR 2-3-4 #f: 22 > 20, AL TH; 22 < 26, FAE IR T,
21 < 22 < 25, A ZIATHAIH-F17 5

2 E 7 37 2-3-4 FHEATCE = = 22, KN 20 < 22, FATEE [E145 ) 794
BHE 26.38.45, KN 22 < 26, Al DARE MR EE A5 — M1, RS 21 1 25, X2
—NAEIFT AL K 22 FAE] 21 #1125 HE],

HIIRHFHREELEHE 2d — 1 MR, A o FTESEATRL ZHIE B #f
HIRRI, A&7 356 18 BLESIERNX AN R, FA1A PR el N F 3, #
e PR A

7.2.1 AT

BATAT DAL AR FR Y S N BHE R V5 TEY RS B W, JE 518 B MHYTH
M, RTRBAZNE LA E, 5 TR, AERMAT P T, TMTE MmN &EE 2
TLRIIT RT3 F. BRI R, F DA R S S A 2 eud DRt R.

{ full d (ks,ts) = |ks|>2d—1 (7.6)

lowd (ks,ts) =|ks|<d—-1

WREHEITZITCEMDEL, TA1E X split RECEEAEAE m 2P N=3%, W
7 A7

split m (ks,ts) = ((ksi, ts;), k, (ks,, ts,)) (7.7)

2920 b, TR RFSEHNT RS T L, 20481,
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/ ky oo | mr | K

t ¢

~

3

i
~

/S»
Ka
i /

/ e \
tn

L

/ — \
m+1

t

7.4: EALE m BRI =],

BAMER S —E (Equation 1.55) F7E XK split At PRECRSZEN :
(ksi, (k : ks,)) = splitAt (m — 1) ks
{(tsl, ts,) = splitAt m ts
SRR, FATTAT DA X unsplit BREL, =D EFHFRR—D B R A
unsplit (ksy,ts;) k (ksy,ts,) = (ksy 4 [k] 4 ks, ts; # ts,) (7.8)

NHEPIERESEE o AR ¢, SRR fio (B8, FEBONERCH d METE
B

insert x (d,t) = fix (d,ins t) (7.9)
£ ins ZJa, WMHRRT REHE ZHTR, K fiz B split RHED, FHiE
HTIRRTT o

fix (d,t) =

{full dt: (R[], where (ko) = splitdt

otherwise : (d,t)

BRI ins TR ZACBEPIRTIE DL N T 19 1, FATTAT AR A 88— (Equation 1.13)
T X EIFNZR A AR insert RACEL T, BATTTRZEREN SIE RN B, 138 T -] 1444
No AL, BATTE SLEREL partition:

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

HH | = (ks ts)r = (ks,, ts,)o BIF—PHHZE—F (Equation 1.58) FiE XY
FIZFREREL span BEATRISY:
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(ksi, ks,) = span (< z) ks
(tsi, (t' = ts,)) = splitAt |ks| ts
IXAE, AT o BITCRFPERF o BEEEM 1, A RT o BERLEAN -,
BATR G — BT o BIFIREEIE N ¢ 5 PRBATRIAHRE « fAZ] ¢, 0
El7.50R,

ins (ks,@) = (inserty x ks, ) 7 5, PRI A

7.12
ins (ks,ts) = balance d1 (inst') r FHH (I, ,r) = partition x t (7.12)
ki <x<k;
insert
/ A O I O R S \
L 2 Lol
| ] K bo<x<k kLo |k,
/ l insert \
L fi L livt ln1
I r .

7.5: F o X537
M ¢ FA 2 o, BERIREEEEZ TR, NHEE B MM, TRATE LK
balance BJAHIEITHIRIEE

(7.13)

wll dt: fix
balance d (ks ts;) t (ks,,ts,) = {f fixy

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

e fix, BEECN d T8t 73950 (41, k. t2) = split d t, RIGHIE—HT
) B R

fizy = (ks; 4 [k] H# ks, ts; H [t1, to] Hts,) (7.14)

NHERBFREEFEIL T B MAMEARL:

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

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

insert x (d, t) = fixRoot (d, ins t) where
ins (BTree ks []) = BTree (List.insert x ks) []
ins t = balance d 1 (ins t') r where (1, t', r) = partition x t

fixRoot (d, t) | full d t = let (tl, k, t2) = split d t in
(d, BTree [k] [t1, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] # ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] # ks2) (tsl1 # [t1l, t2] # ts2)

K 7.625H T AR B MEYEIT, BN TR 2 I “GMPXACDEJKNORSTUVYZ”
FRETCEFEA B M 1E HAY,

//////N\\\\\\
AN AN

K | M o g R

N

A C D G J K | M| N P R S T V| X Y VA

7.6: ARG “GMPXACDEJKNORSTUVYZ”,
F:d=2(2-3-4 %), F:d=3

7.2.2 SEoREEA

B MTEREHRARIE R R B ES A 2R, M XME X —
Fiik. BTA RIBFEARN, MIBRNEH 2d — 1 MR AN, ?ﬂaﬁﬂ%ﬂﬁ\?}%ﬁ#
oy, 7 AFR. BT RESREE d - 1 MR, EEATEE R E
HER B . T 2,2 K(2) FREESHTE, T() FrReEEs E’\J?ﬁj\&,
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iZ x RS ¢ DICRN ki(2), B § BRFDEN t(x). FHEBIFIEES ¢« DMIEXNT
Rz BT

1: procedure SPLIT(z,1)

2 d < DEG(z)

3 x + t;(2)

4 y < CREATE-NODE
5. K(y) < [kar1(2), kara(z), s k2a—1(2)]
6 K(x) + [k1(x), ka(x), ..., kg_1(x)]
7 if x is not leaf then
8 T(y)  [tat1(2), tara(T), ..  t2a(2)]
9 T(x) « [t1(x), ta(x), ..., ta(z)]
10: INSERT-AT(K (2),1, kq(x))
11: INSERT-AT(T(2),i+ 1,y)

IRTR @ =t;(2) N, BATREEE d DITEK ka(a) AEEART R 2o R 2 B4
W7, EATTRIEMRIER B BRI, itk BATTTRZMART S, B TR MEEmEA
AR TR, MFITE &F 2d — 1 DITRIT R RONFTH AT sl At
B, P DARTDARESZHE EREYITR, X — 7R RRE e B A MR, Tz Ei,
GUERARTT BT, IR — 1, FRRESRATIR T R N BRI — i, R
EUNCRERINP SR
1: function INSERT(t, k)
2 <=1

3 if r is full then > AR R

4 s < CREATE-NODE

5: T(s) < [r]

6 SPLIT(s, 1)

7 < S

8 return INSERT-NONFULL(r, k)

HA B INsERT-NONFULL REEE AR AL r AN QIR r ZHF1 5, AT
IR ke BRI H A N EIAH R A7 B (ZR ST 3ZR A — 0 E AT, 0, FA1EK
Fl—MIE, (51T ki(r) <k < ki (r), MRDE t;(r) T, WUEIT 2. RGHREEA
T RdEN.

function INSERT-NONFULL(r, k)

n e |K(r)]

if 7 is leaf then

while ¢ <n and k > k;(r) do

1:
2
3
4: 141
5
6 11+ 1
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7: INSERT-AT(K (1), 1, k)

8: else

9: 141

10: while i > 1 and k < k;(r) do
11: t41—1

12: if ¢;(r) is full then

13: SPLIT(T, 1)

14: if k > k;(r) then

15: 1+ 1+1

16: INSERT-NONFULL(¢;(7), k)
17: return r

IX—BERIREAN, S S 28 RAE G ERIEIH, B7. 745 TARIEAN “GM-
PXACDEJKNORSTUVYZ” IHISE R,

—
[N Vi

A C E G J K N o R N U Vv X Y z

K 7.7 RKIEAN “GMPXACDEJKNORSTUVYZ”?, t:d=2(2-3-4 #), F:d=3

7.2.3 FIFEXF

A RAFE TR, FATFTFZMNE —DICERG, TV REER A E, GRA
BEAHAENE, BATAT DA 0 B AT M R BSE M BTG, ARAETT R AN A
FesA A TENE? FATRT LUK B W1 RN =8B FERR TR ¢, BRI 1, A
M ro HAp A MIER R “TCR /FRx (ki t) BIBIER, FeRlE, 2200 1 23, 1 A
r Gl ¢ SO SKHEREEER, A — DB 7 SFRB S . FATAT DUR H B 1A A
Ja#%50,

NI FAR AR E LT B W1 R BEE NS, BEEEE =5 M
WP GTER, FoE0 I, HEEDN T8, AR GTE, Far0dIFR. FA1cdE
BT RN (1L, 7)o
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4 i 14 tin1 T+l
1 t r
B " Ky tin) (k, 1)
t 1
t head tail
T (kh ti+l) (kn > tn+l)

r

B 7.8: K B MFIRS NI T BRI E R — 315

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

EERE— 20, TN r RIS —XHME (k,¢), HES—X (k,t) BT | B
AT, SRJEH ¢ Bt o [ /EREa D B G HOAR, BT TER A T R RN Tl

stepy ((k,t) : 1, t',r) = (It (k,t'):r)

(7.15)
step, (I, ¥, (k,t):r) = ((k,t'):1,t,r)

M AL, BT DLSEERKRI 73 R EL partition p t, IRIESAE p 12 B B ¢ 7K
KRG =59 (1,m,r)e FE | SRR m &R p, 1 r PRI EAH R, E X
PKIEY hd = fst o head, B MNFIRFEUHE—XME (a,b), RSEFIRE ao

p(hd(r)) :  partition p (step, t)

partition p (&, m,r) =
otherwise : (&, m,r)

(not o p)(hd(l)) : partition p (step; t)
partition p (I,m, @) =
otherwise : (I,m,2)

p(hd(l)) and (not o p)(hd(r)) : (I,m,7r)

partition p (I,m,r) = p(hd(r)) : partition p (step, t)
(not o p)(hd(l)) : partition p (step; t)
(7.16)

BIan partition (< k) t ¥ t HEAEA/NT & BRTERMa B EA M, T mags)
FREFEIT partition FEL:
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partition p t@(BTree [] m r)
| p (hd r) = partition p (stepR t)
| otherwise = ([], m, r)
partition p t@(BTree 1 m [])
| (notop) (hd 1) = partition p (stepL t)
| otherwise = (1, m, [])
partition p t@(BTree 1 m r)
| p (hd 1) & & (notop) (hd r) = (1, m, r)
| p (hd r) = partition p (stepR t)
| (notop) (hd 1) = partition p (stepL t)

PR DRI step/step, EELZITRMTRAENE d #7177, @ n=I| &
RIEMETTR/F OB R 7 (v) N ER « EENAERE f 3 n R

n<d: sp(step?="(t))
splitdt={n>d: sp(step=%(t)) (7.17)

otherwise :  sp(t)
Hrp sp AT T HI 29
sp (Lt (k') :r) = ((1,£,2), k, (2,t,7)) (7.18)

FIF partition F1 split, AFHIFRN TR B &, FATAT PAE L HIEAE T, &
SERAFEENR B WEATZ. /DI R=AH
full d @ = False

7.19
fulld (1LY, r) =l +r| >2d—1 (7.19)

il
low d @ = False

lowd (Lt',r) =l|4+|r]<d-1
MEHCY d ) B W ¢ FATTR « N, A TER@BEAEA, AHBETRL S
P i) 7 -

(7.20)

insert x (d,t) = fiz (d,ins t) (7.21)
GIRART RS AL ZICR, REL fio 0B d HHTR:

full dt: (d, (@,t1, [(k,to)] FHH (1, k,ty) = split d t
fiz (d,t) =
otherwise : (d,t)

(7.22)

B ins TEALH ¢ = o M ¢ # o PIRMEDL X TS0, FATHrE— DR
FURGENYER (1,¢,r) = partition (< x) t EMEFBITEARINME
ins @ = (9,9,[(z,2)])
t'=2: balance dl @ ((x,): 1) (7.23)
{t’ £ @ : balance d 1 (inst') r

inst =
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K%Y balance K& T8 t B2 EEEZEZ o EH TR

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

otherwise : (I, t,r)

Heb fixFull = (1, ty, ((k,t2) = 1), (t, k, t2) = split d to NHEPIGIFFEFEEEL T
AR

insert x (d, t) = fixRoot (d, ins t) where
ins Empty = BTree [] Empty [(x, Empty)]
ins t = let (1, t', r) = partition (< x) t 1in
case t' of
Empty — balance d 1 Empty ((x, Empty):r)
— balance d 1 (ins t') r

fixRoot (d, t) | full d t = let (t1, k, t2) = split d t 1in
(d, BTree [] t1 [(k, t2)])
| otherwise = (d, t)

balance d 1 t r | full d t = fixFull
| otherwise = BTree 1 t r
where
fixFull = let (t1, k, t2) = split d t in BTree 1 t1 ((k, t2):r)

split d te(BTree 1 _ _) | n< d = sp $ iterate stepR t !! (d - n)
| n>d=sp $ iterate stepL t !! (n - d)
| otherwise = sp t
where
n = length 1
sp (BTree 1 t ((k, t'):r)) = (BTree 1 t [], k, BTree [] t' r)

g3 7.1

1 BATRAAI DA < fif§ B WS HEEILR?

2. FERIEIAHER e IR EHEA " BT A,

3. FAMEALMEEHIRG T REARINC B, B = BN a2 LI 7L
i, BIRERERTRTIA?

7.3 AR

BT AR R RM W ESE LY RAISHEZ D08 B i, =X EA
HEEAMADTIE, H B RIEZANT5E, BEE B ¢ = (ks,ts) PEHITER k, WR ¢
M (ts a), MR RN FIRE R S, AT kR ¢ R0 =850
= (ksi ts)\t'sr = (ksy, ts,), b 1 72087 ¢ PEIRTETTRE/NT &, T r FHHIFT
BILRERTET ko R r PHIE—NDITR ks, FT &, TADHEE] 7455 75 WA
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BBYAHBAE T 08 ¢ B,

k€ks: Just (ks, &)
lookup k (ks, @) =
otherwise :  Nothing
(7.25)
Just k = safeHd ks, :  Just (ks,ts)
lookup k (ks,ts) =
otherwise : lookup k t/

H ((ksy,ts)),t', (ks,, ts,)) = partition k to KL safeHd EXN:

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

NERB TR T ERE R,

lookup k t@(BTree ks []) = if k “elem’ ks then Just t else Nothing
lookup k t = if (Just k) — safeHd ks then Just t
else lookup k t' where
(_, t', (ks, _)) = partition k t

X THNFRA LI, B2 2R, SRR, BATH SR < K775, A
JERAELMEHIE - NTREEEFT k, GNFIBME TE:
lookup k & = Nothing
Just k = safeF'st (safeHd r) : Just (I,t',r) (7.26)
lookup k't =
otherwise : lookup k t'
Hp (1, r) = partition (< k) t ERNAESWEIN 7o safeFst FEREL fst N AHE]
“Maybe”HE &, FHEFITFAZFER T fmap KR

lookup x Empty = Nothing

lookup x t = let (1, t', r) = partition (< x) t in
if (Just x) — fmap fst (safeHd r) then Just (BTree 1 t' r)
else lookup x t'

R T I, BA TR ¢ FF 86, FREVRLE i 813 k() < b < ki (r)o 40
S ki(r) = b, WIRIEI 5 r FIERT] o SURAIMRS ; 750, Bl TAREEAET50KE ¢:(r) TPk
SR, MR r RFR, IRE b AEH A, MEEZEER,

1: function LoOK-UP(r, k)

2: loop

3: i< 1,n <« |K(r)|

4 while ¢ <n and k > k;(r) do
5: 1 i+1

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

SsafeHd fERLERRFEF DL 1istToMaybe #24f
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7: return (r, 1)

8: if r is leaf then

9: return Nothing > k NMFFE
10: else

11: r+ ti(r) > AREEEHEE ¢ B

&3] 7.2
1. FH - ERGHEGSAEREL,

7.4 THIER

ERCR G, TRATRERA TR AR TCIAIGE B MAVER, BRIRTT R4, TTREL
AT d — 1, Kb d ZER/NER, MFRTRAEE, TAA R SemERE
BE. JoE I HEMER.

7.4.1 JelBREHEE

BATE Y B SRR E RS 20k, RIEEBE B WHEHE, &
e ERAIEZN

delete z (d,t) = fix(d,del = t) (7.27)

HAREL del JRX 2088 FRAMPRERE, Q2R ¢ 251, AT ROTR
HER o5 S, BT o RS =502 (1, ¢/, r)o Horh 1 A1 ¢ WATRILRNT o,
i r PRHRITRERTET ()2, N r AN, BATRHHARIE—DITE £, A
BET (B k; = o), BAHETRAF2E ¢ RIRAITTR K (B K = max(t')) BUK
kio SRJEHEIARMM ¢ FRIIER &/, QU7 OF R, S (r NZEER Ky # o), TABEITHEM ¢/
R .

delete x

\

ky | oo | kg NeEx [ | K,
/ replm‘:‘e k; withx

deletek’

Lol

k’=max(t,)

B 7.9: F k' = max(t') B k;, RGEITHM ¢ BHBR &
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del x (ks,@) = (delete, x ks, )
el o ¢ Just © = safeHd ks’ :  balance d | (del k' t') (k' : (tail ks'),ts")
el © =
otherwise : balance d 1 (del x t') (ks',ts)

(7.28)
Hrr (1,¢, (ks',ts")) = partition x t, @ « HATXI =887 FATAT DLtk —
WMt RIS ERARTTER Ko BRE maxr AT

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

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

PRI last IRMEFIRPERGE—DNLHE B —EEquation 1.4), delete, £ —
EEquation 1.16H7E LHVFIRMEREEL, tail KHIFRAE—DITRER, FHR E 5
THITEER (Equation 1.1), FATERFEERILATIERR A B IEHE XK balance B W1
R RPETTRRD, ETE I

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

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

Rt PRITTEAR (< d— 1), BMATEA fiz, SEM (ksi, ts;) BAEM (ks ts,)
B CRE—DANZH)e LAEMAB] AT ksints; FEUERIGHITTR ks tno 2R
JE VA unsplit (Equation 7.8) 1 ¢ &3 : unsplit t,, k., to HiE— NS HEZILEMN
Wik wefa, TR balance BREHIERZH B #i,

ks # @ : balance d (init ksy,init ts;) (unsplit t,, kny, t) (ks,,ts,)
Jizy = ks, #@:  balance d (ks;,ts;) (unsplit t ky t1) (tail ks,,tail ts,)
otherwise : t
(7.31)
EREE—MERS ks, = ks, = o, WECIZS, X2 —BREA—DHFHIR,
TFEB—TBE, b Mt 232 ks, f ts, FRIE—DILER, REFNMERICETE
NBIEHRE X fix B MMAMBRAYAEELZ 4 :

fiz (d,(2,[t])) = (d.?)
foe () ) {full dt:  (d (K], [L.r]), b (1 k) = split d ¢
otherwise : (d,t)
(7.32)
3, BAHERATE A — 2% WRMER G, R SRS — R, AT A
a0k = L, R M — R R E DT IR, TN BB AR RSB T NIRRT

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

fixRoot (d, BTree [] [t]) = (d, t)
fixRoot (d, t) | full d t = let (tl, k, t2) = split d t 1in
(d, BTree [k] [tl, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| low d t = fixLow
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] 4 ts2)
where
fixFull = let (t1, k, t2) = split d t 1in
BTree (ksl # [k] 4 ks2) (tsl # [tl, t2] # ts2)
fixLow | not $ null ksl = balance d (init ksl, dinit tsl)
(unsplit (last tsl) (last ksl) t)
(ks2, ts2)
| not $ null ks2 = balance d (ksl, tsl)
(unsplit t (head ks2) (head ts2))
(tail ks2, tail ts2)
| otherwise =t

BATESNEXT B REBIBIERFIE R MESR S E7.10,7.11, 7. 128838 1 HHIERATHI+

& 7.10: fHERAET

7.4.2 JEAIFEMER

F— T ER TR RN R EF, RIS EMER. ZEMRE ¢ FERTR 2.
B MR AT ER AR LA T

WOl 1R = FAET ¢ TR, I E ¢ @71 5. FATATAERE ¢ iy o
MR, QSR ¢ AR HEIE—TT R (), METE— P B R,

WO 2: MR o FET ¢ BTRD, H ¢ AEMF TR WEFEE=RFE:

WL 2a: NET7.9F0R, 2 k; = o BIRTHTTRN K, B K = max(t;). IR ¢;
ARBHITTR (> &), TlTH & B &, RIGIEAHM ¢, FFRHIER &

WO 2b: 4R ¢, PETTERAR, HE TR 6 SERBHIITER & O, Mkt
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7.11: MBR «C’, SRSEMIER T

G s Vv
M
D s v

7.12: MBR ‘K, REMIBR N
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BATHIEHITR K = min(ti) FH &, RIGIBAM ¢, FFRHIER &7 G0E7. 1307
Ro

delete x

\

ky | oo | ki | kExe k,
/ ” delete k \
t replace k; with k” i l ty

k"=min(t;.,)

7.13: K = min(ti) FH kg, RSEIEFHOM ¢, FRRHER &7

T 2c: Qi ¢, F1 ¢, BICEEANR (] = |tiga| =d — D, FAVKE tivoti, &
HER—MHT e BEEH 2d — 1 MEE, o] Azt W MiER, &7 14F7R,

x:ki

---------- >
t fi+1

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

7.14: JEAIFEMIBR

BHEBRSKITR L AT AR ¢ FES (REEHEITR), Wl L 2t
HRIIE—TTR, FHFH it ROCERIRERTRE TATRT DU A v B4 R, 4R &I 7. 1507
o

7.15: GEIREE

Wt 3: 402 ¢ TR ANE o, BNTERIAERD T8 ¢ PR 2. 0
Rt FHITRAR, BAIHRZEE AR5
TEOL 3a: Q2R ¢; AU MHART R oot PEUER—DEERBEITR (> d),
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BATRE ¢ BRI DITRBE ¢, RIERAL T AR —NITRE BB ¢, KR T
DEREN tio WETI6FTR, t; RIG—DITR, 7 KRBT ¢; IR .

ki
:A
/ . NA
kl kl ‘_:-—“ T k!l k!l kII

/ 1> s Kd-1 \ / LK s Ky \

1 q " it
v
k"l

/ k'ly s K'g1 k; \ / k"2 K"y \

" 'y " " 1

7.16: NETFEA—"1ITE

oL 3b: AR MELE T KA EITTREATE ([ti1| = [t | = d — D, Tl 1, ¢
HE—IER, ME— BT AT NFT 1, BT 17FR. SRS A% I i
B 2o
N DELETE BRECSEHL T /e & H AR %
1: function DELETE(t, k)
2: if ¢t is empty then
3: return ¢
4 i< 1, n<« |K(t)]
5: while ¢ <n and k > k;(t) do

6: 1 i+1

7: if k = k;(t) then

8: if ¢ is leaf then > IHM 1
9: REMOVE(K (t), k)

10: else > TH 2
11: if |K(t;(t))| > d then > TE 2a
12: ki(t) <= Max(t;(t))

13: DELETE(t;(t), ki (t))
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14:
15:
16:
17:
18:
19:
20:

21:

22:
23:
24:
25:
26:
27:
28:
29:
30:

31:

32:

g 161

/ K, ka \ / k", Ky, \

1 tq 1" L

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

' tq " L

717 B tiktip

else if |K(t;11(t))| > d then > 1H M 2b
ki(t) < MIN(t;11(t))
DELETE(t;41(t), ki(t))
else > TE 2¢
MERGE-AT(t, 1)
DELETE(t;(t), k)
if K(T) is empty then
t < t;(t) > 4l
return ¢
if ¢t is not leaf then
if k> k,(t) then

t+1+1
if |K (t;(t))| < d then > THHL 3
if i > 1 and |K(t;_1(t))| > d then > 1B 3a: /E

INSERT (K (t;(t)), ki—1(t))
ki—1(t) <— POP-LAST(K (t;—1(1)))
if ¢;(t) is not leaf then
INSERT(T'(t;(t)), PoP-BACK(T (t;_1(¢))))
else if i <n and |K(t;;1(t))] > d then > B0 3a:
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33: APPEND(K (¢;(¢)), ki (t))

34: k;(t) <= PoOP-FIRST(K (t;41(t)))

35: if ¢;(t) is not leaf then

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

37: else > THL 3b
38: if i =n+1 then

39: 14 1—1

40: MERGE-AT(t,1)

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

42: if K(t) is empty then > 4
43: t < t1(t)

44: return ¢

HA MERGE-AT(t, i) F0HL ¢(t). TCR ki(t)s AL 01 (t) BFHR— D 2EL
1: procedure MERGE-AT(t, 1)
2 x < t;(t)
3: Y < tipa(t)
© K@)« K@)+ k()] 4 K@)
5 T(x) < T(x)+#T(y)
6 REMOVE-AT(K (t),1)
7 REMOVE-AT(T(t),i+ 1)

3] 7.3

L BAHEAT R TR T2 BRI KRITR K = max(t') FHRERPRAITT
= k, RSB ¢ FRIHER & JEH RO FREVAEER TS R IS4 AR
B/NCRRE ke HEINIX—T774

2. SEIIFIFRAT B SAMHBREL %,

7.5 Jheh
B S Z TR AN, FER 5 R B IR — NS N, B R

FIRAERIREEL TR (1) 28 18 B), B MR D EA R 2. /D, PR DR,
REBHIBRAEAF B R EL B, X546 n DAY B 8, HPEREN O(lgn).

7.6 BB

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

SRR

void split(BTree<K, deg> z, Int i) {
var d = deg
var x = z.subTrees[1i]
var y = BTree<K, deg>()
y.keys = x.keys[d ...]
x.keys = x.keys[ ... d - 1]
if not isLeaf(x) {
y.subTrees = x.subTrees[d ... ]
X.subTrees = x.subTrees[... d]
}
z.keys.insert(i, x.keys[d - 1])
z.subTrees.insert(i + 1, vy)

Bool 1isLeaf(BTree<K, deg> t) = t.subTrees — []

A

BTree<K, deg> insert(BTree<K, deg> tr, K key) {
var root = tr
if disFull(root) {
var s = BTree<K, deg>()
s.subTrees.insert(0, root)
split(s, 0)
root = s
}

return insertNonfull(root, key)

BRI T R

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if disLeaf(tr) {
orderedInsert(tr.keys, key)
1} else {
Int i = length(tr.keys)
while i > 0 and key < tr.keys[i - 1] {
i=1 -1
}
if isFull(tr.subTrees[i]) {
split(tr, 1)
if key > tr.keys[i] then i =1 + 1
}
insertNonfull(tr.subTree[i], key)
}

return tr
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i
5y
W

B

HH orderedInsert #&FilATTREFIFEH,

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

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

EREK:

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int i = 0, n = length(tr.keys)
while i < n and key > tr.keys[i] {
i=1+1
}
if i < n and key — tr.keys[i] then return Optional((tr, 1))
if disLeaf(tr) {
return Optional.None
} else {
tr = tr.subTrees[1i]

-}

(S Wi pa sl I7%

BTree<K, deg> delete(BTree<K, deg> t, K x) {
if empty(t.keys) then return t
Int i = 0, n = length(t.keys)
while i < n and x > t.keys[i] { i=1 + 1}
if x = t.keys[i] {

if disLeaf(t) { // case 1
removeAt(t.keys, 1)
1} else {

var tl = t.subtrees[1i]

var tr = t.subtrees[i + 1]

if not low(tl) { // case 2a
t.keys[i] = max(tl)
delete(tl, t.keys[i])

} else if not low(tr) { // case 2b
t.keys[i] = min(tr)
delete(tr, t.keys[i])

} else { // case 2c
mergeSubtrees(t, 1)
delete(d, tl, x)
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if empty(t.keys) then t = t1 // shrink height
}
return t
}
if not isLeaf(t) {
if x > t.keys[n - 1] then i =i + 1
if low(t.subtrees[i]) {
var t1 = if i = 0 then null else t.subtrees[i - 1]
var tr = if i = n then null else t.subtrees[i + 1]
if t1 # null and (not low(tl)) { // case 3a, left
insert(t.subtrees[i].keys, 0, t.keys[i - 1])
t.keys[i - 1] = popLast(tl.keys)
if not disLeaf(tl) {
insert(t.subtrees[i].subtrees, 0, popLast(tl.subtrees))
}
} else if tr # null and (not low(tr)) { // case 3a, right
append(t.subtrees[i].keys, t.keys[i])
t.keys[i] = popFirst(tr.keys)
if not disLeaf(tr) {
append(t.subtrees[i].subtrees, popFirst(tr.subtrees))
}
1 else { // case 3b
mergeSubtrees(t, if i < n then i else (i - 1))
if i —n then i =1 -1
}
delete(t.subtrees[i], x)
if empty(t.keys) then t = t.subtrees[0] // shrink height
}
}

return t

BIFF R, RBERAR, /TR,

void mergeSubtrees(BTree<K, deg>, Int 1) {
t.subtrees[i].keys 4= [t.keys[i]] + t.subtrees[i + 1].keys
t.subtrees[i].subtrees 4= t.subtrees[i 4+ 1].subtrees
removeAt(t.keys, 1)
removeAt (t.subtrees, i + 1)

K max(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = last(t.subtrees)
}
return last(t.keys)

K min(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = t.subtrees[0]
}
return t.keys[0]
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HINE U

8.1 EX

HER — PR WA BEEEY , AT DR ORR 22 SEPR A0, CAEHER . H A LSRR
SEHREIERSE D, HEA Z RSB, R A — Pl B R 2R — O U T SR
He, VFZ2 AR E A HER R XA HER), B R.W. Floyd 45 A RcHEHE 7 B
R TIXASLE IO, AR SR E SRR, BREGH SN, E At RT DA H e RS
RS, AT, TATT AR = AL HE, EAE IR (Leftist heap). #HHE
(Skew heap). fHIEHE (splay heap)l'l, —MEENZS, BUfF G4 T AT LK/ NITTER,
B R — SR MEBUFE T =M

1 PR HETUS RS B/ VTR

2. SRR IRETOCR, FHORFRHERIPE BT BT RTHETIOT R B R/IR T R/ MY ;
3. AR R MAMED, FFREFHERIME;

4. HEBRE QA FF P AR A BT

T I0 3R AT ELAS, FRATT AT DA TS R R KT R BATIFRTTGER AR A7 B/ N R
AR /INTOME, TR R A7 B A TTER A HED K THHE, AT DAFH AR SCERE, R fwe/ ) (B
TERE TR R R HETR” TeRIN, A] DUE IR AR S AR, thT "™ 1%
PRI, SRR s IBR, 2805 A7 79 B TAR AR . FRATTHR(E A — OB SR 3HE D =
HE, ARZEAE=FANFH) = HE,

8.2 HIEEHIBIAYKE X — S

BRI TR X, EABHRFR e e X, TR R X
B, SR TLF i — X, TR B RO RS E 28 — 1 MR IR EA
WM ERIR, NERIGAHREN 1,2, ..., 28 — 1, MSER =X HIREH 0 1975 m0f i
XGRSO @ BT RAER AR RO B R, sea SO A RO BRAE B
—ATFIEIEEE 4T, EIRAGH T —#R5E & XA N A EEH R R E . T =X
e, MEAETE ¢ NITRARIT R, BRI RUEMEIE |i/2] DITR; EF
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168 FINE X
PR ES 20 DITE, MiA TR NS 20+ 1 PeE, R AR B THEN

KEE, BEREAEH MR AR (BR800 BRI Z R S AT BAE SR
(RBEAHMIRTIM 1 IH45) :

6 14 10 8 7 9 3 2 4 1

1

8.1: T84 = S EIEAH AR S

parent(i) = L%J

left(i) =2 (8.1)
right(i) =2i+1

A R TR 7 TR) AT OIS A28 SRS IR, DA B R S B 817

8.2.1 HEiRX

HEVERE R AR HEME RIS AR, (ERHEDUT RN/ (SRR, BT HES S RIEURE
R SR, FRATTAT AR R B3 T R, 2R1G — DG 9 A HEVE DT - (1SR AT
AR AR R/ (BRI B, R BRI AR — 7 HE, fIsREIL, FA1%
JE/NTHHE, T T SRR — SO, (2050 AR 4, AR E « XM AIATE 71 5
FHERGHANT (=) Eo IR RNAZH, (155 m BRI/ IME L, HXFRL 0
NIREIFTA TR E I NIEAR, N RERE T RIS R

1: function HEAPIFY(A, )

1Heapify, HIEIEHEA,



8.2 HHERA SRR = X HE 169
2: n < |A|
3: loop
1 54 i > s FRAER/)N
5: | < LEFT(7), r < RIGHT(7)
6: if | <n H A[l] < A[i] then
7: §1
8: if r<n H A[r] < Als| then
9: ST
10: if s # ¢ then
11: EXCHANGE A[i] <> Als]
12: 145
13: else
14: return

WNFEEH A FIESG| i, EHEFRESR Al 717 REARN e/ B, Fifk it i
INKITERIRIETE Ald], HRBRT R I, A5 BT A M &I P, (515
F B FIRER T R HEE B, Hearey INRIEZ4EN O(lgn), HA n BILE ML X
BN RIEH BN 5722 — XM B & E R IE L, B8 2488 T Heariry NEKS|
2 FFUR, $ 8/ NTHEEEE S (1, 13, 7, 3, 10, 12, 14, 15, 9, 16] FI2 IR, B RALE
A1, 3,79, 10, 12, 14, 15, 13, 16].

8.2.2 FyiiHE

/] Heaptey, FATTA] AMAE SR IE Hi e, B8 2 — X ZH R 8 H -
1,2,4,8, ... #2 2 BB, WE—FISNERE—R. HTRA—CH, ke —EBRZ
A 27 AR, Hhop BT 20 — 1> n BER/IVEEL n BBEHRIKE, Heapiry
X1 ANV ER, DM B S 2 e VB 1o TRATTBRE 79 5, BB —
ISV JITAEARTA)_ BT HEAPIFY, A — 03X RRIIAKRT [n/2]0
PATTRT LA T H A S AL IS R 1k

1: function BUILD-HEAP(A)

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

FR Heapiry EZEHN O(gn), {H2 Buip-Hear MEXERE O(nlgn),
MRLeMER B O(n) B. FATBL TAFERIMFI R, RE2A 1/4 W7 LRI FIA
TRE—R &EZA 1/8 W BB A MM 2 H 1/16 BT R ELROT
[ RRE BN =R+ Bk UAATRS SRRy -

1 1

1
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&l 8.2: HEVEEE, EE—:13.3.10 HEIMEN 3, ZHk 3 «» 13; 58 -4:13.15.9 Hix
AMERN 9, %31 13 <> 9; 5B =213 117 5, AREEE TR,
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KPMIERFE DL 2:
25=né+21+33+m) (8.3)

478
Q.3 mERGB.2), Bli1E:
11 11

25-5 = miz+@r-Drelooly ] BEE—TEEER
% 1 4 1 4 8 8
S = n[5 titgt ] S LN
= n

8. 3FIA T MELEH [4,1,3,2,16,9, 10, 14, 8, 7] HIE/ NTHERIE R, BEFRRIIT
HeAPIFY FYEFRT AL R EFTRBEATAZH A A,

8.2.3 HEELATRAE:

HEREEA TR L FR R EIITER , 58 IO, SF-kdme/ s (Bl RO BIRT & DITER, B/
TR —TE R (B RRTUE R —ITR), DB AFT R, 1EH — S
T R T TIEROC R, BN B S —ME:

1: function Topr(A)

2: return A[l]

il i S T

TS, BEHRIARTTR IR AT S, XA TR T = SREARRTS =, R
R AR R —ERRPRIEE K, Oy T REGIXARE O, FRATTA] DU RS BRI 4 SR AN
REBTER A, AR R B IR I —, IX A = TR~ i AEAR Y Rl e
HeaPIFY PREHEVE :
function Por(A)
x < All],n < |4]
EXCHANGE A[l] <> A[n]

1:
2
3
4 REMOVE(A, n)
5 if A is not empty then
6

HEAPIFY(A, 1)

7 return x

EAH B R R M R T 3R AN TR BT[], JXAE 58 Y 8 1/ ) I ) 42 2% P L B R T
HEAPIFY,  O(Ign).
Top-k

ELLFE] pop, A PR —HITERAPRIAT & M/ (8RR -

1: function Topr-K(A, k)
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4 1 3 2 16 9 10

14 8

! ‘

(1) (5)

4
@) ®)

K 8.3: Mk, (DREE 16, EAT T 7; (D 16 « 7; Q) KRE 2, Bl 14,8
#/N; (DK 3, B 9 f1 10 /)N, ()RR 1, B H 2 f1 7 &/ ; (6) K7 4,1 bk 4 F1
3E/N; (R 4 < 1; (8) M 4 « 2, 5571,
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2: R+ ]
3: BuiLD-HEAP(A)
4. loop MiN(k, |A]) times >k 8 R T T
5: APPEND(R, Popr(A))
6: return R
REFHET e

HER— B R SEIHT B LS IAE S5, F0 “OLSEgBAA K T AL
FERAVESTANHET, R MHETE Lo s IR SS U T. N T R THER Y
FAMESS, Al DRI, X/ NTE, OERE /NN TTRIE, WS .4FT

TNo

1 ®)

) (4)

8.4: 1 13 WU/INH 2, 2 565 9 K, ARG HS 3 ik,

PNV INTTHE R DN TE RN, AT RESBAHENE L, X T FOR I — X, B
RI7ERRT D i, FEAYETE BRI, HNRE2EHN O(gn).
1: function HEAP-FIX(A, 1)
2: while i > 1 and A[i] < A PARENT(7) | do

3: EXCHANCGE A[i] <> A PARENT(?) ]
4: i < PARENT(7)
A

A AR Hear-Fix RSB A U, DUNTHERBI, SermEed R BRI TR k&,
M Heap-Fix JH%:
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1: function PusH(A, k)
2: APPEND(A, k)
3: HEAP-FIX(A, |A])

8.2.4 HiHbw

A DARIFHHESCBLHR . DA/NTTHE R B, MRS HER TCBRA I — D, AN AHETTER
Wi/NTR, MRS TIPSR, HFHEFRITRE o D, RN RS 2R
O(n)o HTHHIRIEREIEN Ogn), FHIHITT n Ko KA S %N
O(nlgn)o HTEMNBER T HIM-DIIRFHEHFEER, RIS RIEREN O(n)o
1: function HEAP-SORT(A)

2 R+ ]

3: BuiLp-HEAP(A)

4 while A # [ ] do

5 APPEND(R, Por(A))
6: return R

Robert. W. Floyd 45t T B—FSibl. B RHE— KT, BTk, HHER
AR TR B R B RITTR A, R ERATTRMFEE] 1 HE P SR ER A B, 1
JFORAEAR R RITTERAL AL T IHED, BATPRFHERI A NB—, A5 TIT HEaPry TRE
HEROPER, EEIX IR, EEIMEH OO N — 1otk X—RIEE R THINYH,

function HEAP-SORT(A)

BuiLD-MAX-HEAP(A)
n < |A]

1:
2

3

4: while n > 1 do
5 EXCHANGE A[l] <> A[n]
6 n<n-—1

7

HEAPIFY(A[L...n], 1)

#3] 8.1

1. FES I LB HEHE 7 RS 38— P e WRrlE B — /)
HE oA, BN, B—1NICER o CEEERPME T, BTK BRRMTER
laz, s, .y an] S HTHIHE, FEM a5 FFRAIIT Heapiey, EEIX—MIET
AP BRGES T, X —TTIRIE 27

1: function HEAP-SORT(A)
2: BuiLp-HEAP(A)

3: fori=1ton—1do
4 HEAPIFY(A[i...n], 1)
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2. U, AT PUENE B A MIAHAT k B HeAaPiFy K top-k BIEA?
1: function Topr-K(A, k)
2 BuiLpD-HEAP(A)
3: n < |A]
4 for i <+ 1 to min(k,n) do
5 HEAPIFY(A[i...n], 1)

8.3 JefmHERIFHE

BB R RS iHE, Y 5 HETOT R e, FARM B AW
BRTBE, ENTTER R HE, QNS SFR. BT ENMTRHR & H R — D HENE? JyPREFHENE
J5z, AR R UR TR TT R R/ M. BATTA] PLega R MRPR TR 0 R RIZE R :

8.5: FHHHET (MIBRIRT /0 Ja, & A TR — T HE,

merge(d,R) = R
merge(L, @) = L
merge(L,R) = 7

FEATFWEA 922N, BT e, & 8RR RERE T R/ R,
FATAT AL AR R AOAR, IR BBV N —NMENEHEIIR, © L = (4,2, B).
R = (Ay,B), Hit AL A\ B, B #ZFR, WR = <y, 2 WEHAIR, FATATLL
R A, RE@IIHEIF B M R; BGERE B, BAMEF A T R, FrAYHERT DY
(merge(A, R),z, B) 8% (A, z,merge(B, R)) Z—o MNFAT LA, 2 T & 88, A TAT DAR
WA TR T & H . IXAERIHERR Oy 2 bt ( Leftist heap)o

8.3.1 ik

{56 7 At SEEM AR HERR O 7 Rt 72 IR R S C. AL Crane T 1972 £E5 A1,
PR R T — R, BFRME S E. TR B RIL AT NIL 1 R AEEE,
i NIL 5 BIRRET 0o WNEIR.6F R, FREART AL 4 BIEHIM-F5 0N 8, AT MR
RN 2, T 6 71 8 #OUZMH-T, BN 1o BATA 5 WATRANZ, B2
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ERGFROES, RRRET 1, MHERK, 10T AE XE IR T, I T
B il riar,:

8.6: rank(4) = 2.rank(6) = rank(8) = rank(5) =1

1. BEEHETW;
2. B <y, A T,

BATPRIZAER) S HRME N “ TP BRI, £ —BRZA MM h, ZIHEAS NIL
AR R R o e (iR SR AN P, (EU2 e n] DA — SR AP

ER 8.3.1. FH— A WM T B n N R, MR REIREAM NIL R
ZEH [log(n+1)] DR,

BATXHAM TUERA U ), BRI B, 158 X — B2 TR R SR, BB AT DA
RIUE O(lgn) BIE AR, FATAT DAE = XA RO ERY B3 In— Mok SO i, 103k
BRI (r, L, k, R), 73 AIFREE 20, TRIE AT

data LHeap a = E — =

| Node Int (LHeap a) a (LHeap a)

TE X rank PREGRAIT RLHIRR,

rank & = 0

(8.4)
rank (r,L,k,R) = r

=P

NTEMEFF, BAE L make BRELE A TRIBIRK, FAS B0 R4 2 i
)BEO
rank(A) < rank(B): (rank(A)+1,B,k,A)
A0 (rank(B) + 1, A, k, B)

make(A, k, B) = { (8.5)
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BRI AL B FHITTR ko 5 A BIBEUN, WA B 1ENEFM, A fENG T
o BT RBIREN rank(A) + 1; &0, % B BIRREVN, U A 1N TR, B 4G
T H RN rank(B) + 1o SEMANEmAE Hy M Hy, ENIAZEN 252N
(r1, L1, K, Ry)\ (12, Lo, ka2, Ry), TR RECE )T & IR

merge & Hy = Hs
merge Hy @ = H;
(8.6)
k1 < ko : make(Ly, k1, merge Ry Hj)
merge Hy Hy =
A make(La, ko, merge Hy Ro)

merge BAEA T LA TIEIA, Zefmith Birs PAORES . IXFERLARIE T RTAR E A4 E
N O(lgn)o [BIBE_ET, {5 A SEERRUHEE R 22 2 O M EREIR AT, I AT RALAY
EERFRABE B HZEIFRIERIN I E 2% EHERMENE O(n), FAFHE
R EEERGER, RGP,
1: function MERGE-HEAP(A, B)
2: C + CONCAT(A, B)
3: BuiLp-HEAP(C)

fEH merge PREL, AT DASKELEEAHIHEZRAE,

S H T
FATATALE O(1) IS IRINZREUAR T s HR A HETTOT 2R (WA AN S
top (r,L,k,R) =k (8.7)

SRS, B TR 2 G TG —NEE, 5 AN RS 28R merge HHIF,
2 O(lgn).

pop (r,L,k,R) = merge L R (8.8)

fliA

FABTCLR k B, TR & A58 H A — 779 O, R e S I 2Ry
AR

insert k H =merge (1,2,k,@) H (8.9)

W5 BAITER insert k= merge (1,9, k, @) IXFEHR AN [H)E 241
MEFHAHMFE, 73 O(lgn)o BATA] LRKE—DFIRABITCEMRIRAE N, WFIZHEIE 2w b
E8. 74 T — M IE L m R B o

build L = fold, insert @ L (8.10)

XA v A TE N tbuild = fold, insert @
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8.7: MFIFR [9,4,16,7,10,2,14, 3,8, 1] #3& /& fmfE

HeHby

HE—NFA, R — e mE, RGN B H S T B /N e g aT ASE
IiHER -

sort = heapSort o build (8.11)

£

heapSort [ ] = []
heapSort H = (top H) : (heapSort (pop H))

RO RN TR, H EAGA M 1 n K, FIHEFP RS EZEN O(nlgn)o

(8.12)

8.3.2 FHik

FeAmEAE S G L 27 RN B4 4, QB8 8. RHHE (skew heap) B—FH
BAREHE TR T A mHE A SRR = T DO T RS A IS A R AR
INFAEM, NIRRT (X — RIS A RER P — 7 & H — NIL +719
RIEANEWNEZK, BRRREN 1 RRERI T & IR IR /e G i,

AR R (skew tree) SCERRUHE, RHAE —RREZRI — X, F/NNTTRIRF
TEMR A, BT RHERZ — RN, BEARIERL, AT DAEREE A X HE o e
BhES, BICH (L k, R)o

data SHeap a = E — =

| Node (SHeap a) a (SHeap a)
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8.8: MFFI [16,14,10,8,7,9,3,2, 4, 1] FEH /= lmE

aif

HEFMERAEZRIR N, e FEBART R, B NI, REIESER
RITRIIMEH BN —F b, REHEELG TR, SPRIEZFIN: H =
(L1, k1, R1)~Hy = (Lo, ko, R2)o i ki < ko, EEE ky VEFTEIRR, FRATTBERT LUK H, 1
L, &3, WATBLR Hy F1 Ry &3, AR—RME, BAVEFHE Ry b, RIERBEL T
B, RIGHIGE RN (merge(Ry, Hy), ky, L1)o

merge @ Hy, = Hy
merge Hi @ = H;
8.13
kl < k‘g : (merge(Rl,Hg),kl,Ll) ( )
merge Hy Hy =
A (merge(H17R2)7k27L2)

HARIPERAE, EAGH, ZREUAIS5H H TOUAR AR AT A (v —REE IS & R SE . R
PHEACFEC P 41, 25 R0 02 — IR TR — XA, an1EI8.9F R,

8.4 fHijEHE

7 (i HERTRHHE TR B2 A — SO SEBILAR 411 SRR — SRR — AR R, T/
(B K) TERMABAL TR Fo BATFE O(lgn) NRSRIKEER/ (885 K) TTER.
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8.9: HEFFH [1,2,...,10] FIERI R

R TSR RMAT, YERER MR, BIMBIL N IR O(n). RE AT LALLM
RARFE P, HRRHR AL T — AR BRI SLINTTIE, (SRR A P, (AR
RN T AF AU SRNE, E AW (EAE 7 RIA S s AR BE RS , XA FEKT IR] ) IR gt vl
DA R, AT IXFEAIROERR N “ME (splay) 7o X F AN — XAEEM, &% T
MR, WIS BE-T, KB RRIRENIREMERREE O(gn) A, Daniel
Dominic Sleator 1 Robert Endre Tarjan £ 1985 T F5[ A\ 7 MR 1 1],

8.4.1 {HJEIR{E

ARG TR AT DASCEL AR, 55— RoR T SCIL L, (B 7R AL B 22 AT L ; 58
“RAFG B, (BRSEIBOVE 2% ICIEETIRAT ROTRN o, BT KT
2N p, WRFAEMERT A, HITRIEHN g MRBEIED N =D, GO P EREP DX
FREGTR L, BT AR iR ) — R U2 BB, 4N EI8. 10,

1. zig-zig IR, « 1 p BRRAEFIEE o M1 p BRRA T, TADELPIESR:, ¥
x PR R

2. zig-zag B, x M p —BRBLETWH — G T Ldhes, « ZIRTA, p
Ml g ZERR T LA R

3. zig BIR, XABUL T, p BART R, EIIhess, « TR TR R, X2 HRHRIEN

wRa—%o

HF 6 MARFIEN. LI XM T = (L, k, R), HVIRKPERICR y I,
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/f
& 8.10: zig-zig: = Al p BB FWEEES T, 2 BONIRT flo zig-zag: o Fl p —

BREEF WS — PR E T, o BOUIRTT R, p 1 g AT o6 T R, zig: p BRI,
BERL 5 o MR R
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R AR

r=vy: (a,z(bp(c,9,d))
splay (((a7$7b)3pa C)vgvd) y = 71g-71g
& T
r=y: a,g,b),p,c),z,d
splay (a, g, (b,p, (c,z,d)))y = (« ) ) ) zig-zig XK
&anp. T
rT=1y: a,p,b),x,(c,g,d
Splay (aapy (bvxa C)vgyd) Yy = Y (< P ) ( g )) zig—zag
& T
z=y: ((a,9,b),z,(c,p,d .
splay (a,g. (b.2.0).p.d) y = {TW DD e it
(o 2] I
x=y: (a,z,(bp,c)) )
splay ((a,z,b),p,c) y = zig
o T
rT=y: a,p,b),x,c
splay (a,p, (b,x,c)) y = v: ((@pb)ac) zig XK
ST
splay Ty = T Hp

(8.14)

AT 1 A B zig-zig 1A OL; 1% FRATPISE T IUERE zig-zag THIL; BRIGFZR T
IEHE zig THUL. HARMEILR, WHERRFAE, RO AFTTTRIS, JATH T 1%
TERIHEEMI AT M1, QHERAR s, 45 RO — 19 5 A AT EAR A AT 3R
FIRRT 5, AERRFR A BITTEREUD, WiR HOB T 50 A\ e 70, IRJG TRAT MR AE; S0
NG T, BT IR,

insert gy = (9,y,9)
y<x: splay ((insert L y),x,R) y (8.15)

insert (L,x,R)y =
{E\WJJ . splay (L,x,(insert Ry)) y

EI8.11EH TE—HEA [1,2, ..., 10] BIEER, HRRM 4 TR TFHHIZE R, Okasaki
RINT — ST B A e PR AR E RN U] - g 002 82 ) A B [0 A5 17 (R P AR R BN A%, ke e
TR BT R o BRI, anSRIESE A M sCE A MRTHER R, FATR T 73 F1 %
PR L A R, H L FEIATETCR/INT 2, R FITEEREAT v RE0 = A,
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K 8.11: M [1,2,...,10] FEAERI R,

L R NFEA TR 50T . o B AR A S IR T R

partition ¥y = (2,9)
partition (L,z,R) y =
(
(R =g (Ta ®>
(o <y (L, L), 2", A), B)
x <y Hrh: (A, B) = partition R’
R= (L/,ZCI,R/) ( ) b Y

& ((L,z,A),(B,2,R))
HH: (A, B) = partition L' y

y<az' (A (L,2,(R,z,R)))
73] Hr: (A, B) = partition L' y
&S (L, 2, A),(B,z,R))
HH: (A, B) = partition R’ y
(8.16)
partition FEZ—BRRE T FI—DEMEE yo WIRIINZ, ERN—RNZWEL T
o S, ICHEN (L, 2, R), FATHAEWAE o FIRRT RAVE o IR 2 < y, 2 MR
TN (DR vz, E — AERRBIER, FrETTRENT y, 858580 (T, 2). (2)
BN, & R= (L'« R), % o' <y, WITRJTHHEMEE D R, B R HRAE/NT
y RITTRBAM A, HRTTRWAM B, &858 N —xtht, K —#o8 (L2, L), 2/, A),
BN B #H o >y, BABEARA y 0H] L' BEIZ5R (A, B), REWIEERN—
X, —BRE (L, z, A), 5—H2 (B,2',R)o 3 y <z I, THOUEXFRA,
BATAT LA partition KEHHAR L, Hrh—DMaREHE T A —DHTR k W,
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FAVBHE D BIAPIERE T L F1 R, Hoih L SHEE/NT k BT A, 1 R SERA
By SRIGFRATAEE— R, fEH & 7ERIR, L R R 1E R F#f,

insert T k= (L, k, R), HH: (L, R) = partition T k (8.17)

8.4.2

I T R A BT 2 — R, B/ NITTRAL T B MR T e FRATTAT A A2
M 7 DARETER TR, ICARZSHIBMA T = (L, k, R), top BRECATLAE AN

top (&,k,R) = k
top (L,k,R) = top L

IXSRPR Bl = AR min PREL, S TRERN, F5 2R/ T = MBR, R
LA YT MPRIR, §EPA T — IR i
pop (,k,R) = R
pop (@, K, R'),k,R) = (R,k R) (8.19)
pop (L', K, R'),k, R) = (pop L'k, (R', k, R))

8B =2 NSEPR L HUT TR RAE, B BRI A partition BEL, TIRE
FAEM T = SARRMHIE, fRRME T, HETRERII R E 252 O(lgn).

(8.18)

8.4.3 HIf

WL EA partition, BATTATASEI O(1gn) WA EFFETE, 4 & H AR R
I, AR EATTERA 2, FATTRT DR 38 — BRA RUARTY UMD BIRR, RIS R HLA Dy it
(B HIEE AR, IHLJ , FRATTRE I HRe 55— BRAR B A0 5 7

merge 3T = T

8.20
merge (L,x,R) T = ((merge L L") x (merge R R')) (8.20)

¥

(L', R") = partition T x

QUERES— N HEN S, G5 R O o) — e, S, IR — DN (L, 2, R), o hELiE
EOHE T R2ER (L, R), o L' 88 T A/ » BI7TE, M R A& HRTT
o NSRBI L 0 L SFHOFRIE T, K R M R GFF G 1

8.5 /&

AR, BANH TIEAN =M, R AR, BT DA A A AR X
M= XRRSEEL, R EA A IBETAIE T an S 2USEBL, BoR —RR5E 2 = SR
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Bt T ERATRENLT A BATBEN G T Ei A = R SCEIRTHE, & T R Bl H,
KB BRI R AT USR] O(lgn), B BB 2N S 22 O(1) 1,
Okasaki 7E 1) FEGHI TR 3T, — 1 B ARRVARIE R0 — SR R 21| 2 S, IRt
KB H e BHES A 0 — T, LIRS RO e, 28+,

#5) 8.2
1. FHan2 B S (e R, (R,

8.6 it Ml FER

TEBEAHATRAY 8 2 — X, AL ST RIACH R84, ZR5 1M 0 JF4A:

Int parent(Int i) = ((i + 1) > 1) - 1

Int left(Int i) = (i < 1) +1

Int right(Int i) = (i + 1) < 1

HEVRE, KT R AR BN RSN S

void heapify([K] a, Int i, Less<K> 1t) {
Int 1, r, m
Int n = length(a)
loop {
m
1
r

i
left(d)

right(i)

if 1 < n and lt(a[l], a[i]) then m =1
if r < n and lt(a[r], a[m]) then m = r
ifm £ i {

swap(a, i, m);

i=m
} else {
break
}
}
}
IS T HE -

void buildHeap([K] a, Less<k> 1t) {
Int n = length(a)
for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1t)
}

5o LTI -
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K pop([K] a, Less<k> 1t) {
var n = length(a)
t = a[n]
swap(a, 0, n - 1)
remove(a, n - 1)
if a # [] then heapify(a, 0, 1t)
return t

FK top-k:

[K] topk([K] a, Int k, Less<kK> 1t) {
buildHeap(a, 1t)
[Kl r =11
loop min(k, length(a)) {
append(r, pop(a, lt))
}

return r

PR/ NHEHR TR A (H:

void decreaseKey([K] a, Int i, K k, Less<k> 1t) {
if lt(k, al[i]) {
ali] = k
heapFix(a, i, 1t)

void heapFix([K] a, Int i, Less<K> 1t) {
while i > 0 and lt(a[i], al[parent(i)]) {
swap(a, i, parent(i))
i = parent(i)

HERA -

void push([K] a, K k, less<k> 1t) {
append(a, k)
heapFix(a, length(a) - 1, 1t)

HeHER -

void heapSort([K] a, less<k> 1t) {
buildHeap(a, not o 1t)
n = length(a)
while n > 1 {
swap(a, 0, n - 1)
n=n-1
heapify(al[® .. (n - 1)], 0, noto lt)
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Fe S

merge E h =h

merge h E = h

merge hl@(Node x 1L r) h2@(Node _ y 1' r') =
if x < y then makeNode x 1 (merge r h2)

else makeNode y 1' (merge hl r')

makeNode x a b = if rank a < rank b then Node (rank a + 1) x b a
else Node (rank b + 1) x a b

PHESR I

merge E h = h

merge h E =h

merge hl@(Node x 1 r) h2@(Node y 1' r') =
if x <y then Node x (merge r h2) 1
else Node y (merge hl r') 1'

GHESEN

— zig-zig
splay t@(Node (Node (Node a x b) pc) gd) y =
if x — y then Node a x (Node b p (Node c g d)) else t
splay t@(Node a g (Node b p (Node c x d))) y =
if x = y then Node (Node (Node a g b) p c) x d else t
— zig-zag
splay t@(Node (Node a p (Node
if x — y then Node (Node
splay t@(Node a g (Node (Node
if x = y then Node (Node
— zig
splay t@(Node (Node a x b) p c) y =14f x = y then Node a x (Node b p c) else t
splay t@(Node a p (Node b x c)) y = if x — y then Node (Node a p b) x c else t

c)) gd y
b) x (Node
apd)y=
b) x (Node

0

g d) else t

0O T o T
m X T X
(e}

p d) else t

—
splay t _ =t
R -

insert E y = Node E y E

insert (Node 1 x r) y

splay (Node (insert 1 y) x r) y
splay (Node 1 x (insert r y)) y

| x>y
| otherwise

AR ) 5 1 -

partition E _ = (E, E)
partition t@(Node 1 x r) y
| x <y=
case r of
E > (t, E)
Node 1' x' r' —
if x' <y then
let (small, big) = partition r' y 1in
(Node (Node 1 x 1') x' small, big)
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else

let (small, big) = partition 1' y i

(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
E — (E, t)
Node 1' x' r' —
if y < x' then

let (small, big) = partition 1' y i

(small, Node 1' x' (Node r' x r))
else

let (small, big) = partition r' y i

(Node 1' x' small, Node big x r)

e

(LS EESE

merge E t =t
merge (Node 1 x r) t = Node (merge 1 1') x (merge r
where (1', r') = partition t x




HIEE I BT, JEREHE 1Y
lile

9.1 fHT

BATHATAEE T HF ) “hello world” AR IR, AFEH, FAINH 55
—HREMEIHEF TR &Y. REAREEHEFEERE B TIEZ TR
I, PEHEFE AT . BATTRE S 00 N 208 SRR R, 3 E A RIRI A
JEOH T, IRZHEEHEREF?, RS T HAL R RIERITERE IR O(nlgn),

HEREHE R R EARTE B B AESPIRE W B8 — N NMEENCH — B85, BANER
SRR/ NZ, —FE T R BHRIZ A5 R R — R 55— e T 3630
R SR i/ N — R

5B — MU INMZSEPR_EAZ R B R E NN 2 3% 5 58 —Ag Rl /N B R H I e A
Ho Khr b, ZATHEREAZ IO NIAT T HE, FF BEH 7R R B4,

X @’P ®,

B 9.1 EPkH R/ NI
R R RIR AT AR R,
N T RTEEF:
o ROl RSN, Hpas RN
A, BeATTER BB/ N TTER, RIS R 5 T

189



190 BILE MIZHEE R TR, e A RE (L

ER EE AR SRR TR IL T T AR IRIERE R RHITTR, WHEF4S
RERFEFH, BAIMEXMBINTR BT IR E NS EIL N,
X iR a] DUE RN R AT,

¢ A=29

9.1
{m}Usort(A’) : otherwise ©-1)

sort(A) = {

Hepom 28 A PEIR/INTR, A7 ZER m SMIFIRITR,

m = min(A)

A=A {m}

BAIFFARRE A B BB LS, B HAE LT HTE A 28, fER G0
NG, A BRARER, BAMEEmHRER], A HEEa] UE HAMEBREE,
KRk DU an & A7 4G Hi:
1: function SORT(A)
2 X+
3 while A # ¢ do
4: x < MIN(A)
5 A+ DEL(4, )
6 X < APPEND(X, x)

7 return X

B9 208 7R RIS,

... sorted elements ... min ... unsorted elements ...

B 9.2: ZEMIER 2 N EHFFEITCR, BRI MRIZRER i i/ N T R B IE ZE M e
il

FIEHATA L, FATR “TZ#%5 " R AR T RIE, (B2 5 BN [AIF
[A]_EATHH . BATRAEE REREFAE— DR X 1, SEMFIRER I F T R IR
ME X IR, SEhr b, BATAILEM A FrySRISCIEHEHE

BT B2 BA TR/ N TR IRIFE A BIE—NAIT (cell) 1 G A A, &
MABRTORETREFIE AL, 45 A NEER, TATHN RORRRAEERAL) , K58 —/NIIIT
RRFE T — DRIt PR E =T

A DU A2 HR 75 R B — HE P SR, S BRATTHENZS @ /DT R e, BT E
SR @ DNMIE R EITA R,

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

id A = {ay, a9, ..., a, }, (AT, LRV ¢ DITRERN, FIETE ¢ ZFTHIER
9 {ay,ag,...,a; 1y BREEHHFF T BAHKE {a;, 0541, ..., a0,y PHE/NTER, ARG
KA a; M, XK « MUBERT TIEMPTTE, EEX—EREERIREG— 1T
%

9. 34818 11X — A&,

% N

B 9.3: ZEMERII AN EFTLR, A MFIERITR PSR/ NI B AL E

9.2 AHRm/IILER

BATRARZE2LINESHET, IMERER/D (8K WTRRR T RE T
INEFATTRAMAER B /N B R — R & Y ? 10 iR LR R R — A
HIEH

SIS PR, (HR f (] B A T TR BN FE TR IEAT — 03 7 e LR AT
JIEREIHARERII L, BRI EE H i R E— R &, BRI —M, RreR 54—
FULLER, PRIG B NORRY; S ERATIFFIE 59 Ah—0, F0 BB R RYIXMILLSR, JF 8 N
K, EHEX— G TSR E R R e A A 135

KR, AR, NMFAN LRI R AL S, RIS 2REL, B2E
TEMREEA 2 EET T, MREEIETE T . A3 A5 TART DA ORIX — Rl ‘e AT 15 3E & A A
HIRHIRSEH o

9.2.1 #Hrid

E—FEREEE RIS LIRS, Bla0: {1,2, ..., n}, REER S 0T T b
B, ot —SHE NS SHE, EFERRIE N e A = SaE s
HEXPERESE n SHE. NCTTARESCEKA,

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



192 BILE MIZHEE R TR, e A RE (L

] MIN BREL, BRATTAT PURER SE AR AR BIEEHE P (RO (AT [ A TR]_E RO
o

ERERER/NTRITTRIREIRGRCRAETMAFERIA E RIERHS), IRE
SCHURshHERY, O TR Z— AR, TS, a1 C++ SRS HIENEER, Hit
A DVER ST R A5,

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 < nj; ++i)
std::swap(xs[i], min(xs+i, xst+n));

ARG BRI, i) DOREDTRIAE, AR EIENEER,
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

BN MIN-Ar FIEEHSERRE A BRWT Afi...], BAMBIZE— IR Al 2/
—, HEBE—REITTLE Ali + 1], Ali + 2], ... FE First-Inpex() AT NSEH
RIET| o

N Python il 217, MRYEIX — BB ST T EAN FEMEREHTEE, ©E
BB R W E BN, B/ NT RN B

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 4

AR R R AR o NI — S C AR E I RO A A,
HIN—HEEFIRA LB, ICIXMAFE N A M B, 2HHITR %) N L. 1E
FHBRIN g, FATEARGEMEMIHEE, Hit A 922 (¢), B W& 2 #EE, FATAT LA
B R R EEA T R, SRS R N — RN Ao IS ERATTAWIM B s
], IR EERIIER I (BRI —R) X BRI B e, XN, R HHREERUZ
B/NTEE, T A FEE L — {min(L)}, °ATAA T N —HH R IMEEL,

X =TT IEIAZE R AR (invariant) 9 : FEAERINEFRA A L = AU {m} U B, Kt
m N E AR R

X RIEHTE A TR S . EOE R T Al 0k 1 i EHREEA, IR ERE,
2 by NAEZEFS B HRIE—ICR, B’ IR by SMIRIRICR, LIRTTERT DUE RN
LI NESE &

(m,A) : B=¢
min'(A,m,B) = ¢ min/(AU{m},b;,B") : by <m (9.2)
min/(AU{b1},m,B’) : otherwise

N T g RNER, BATAMRRX —HEGHEAZ R A, BT (B —
) RABAIE m:

extractMin(L) = min (¢, 1y, L") (9.3)

Hrp L' 88 L #BR 1, DAMYFEIRITTE, BIL extract Min AMUER/INTE,
IR AR ITTE VA T I RIVHET . NHEY Haskell Bl FR2FSLH TIX—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

FATEID RGN, 2RI HER S R 2 B ATHRFRYIR R DS —
MR, At extractMin BHETCHE BMESMIRE L ICE,
BIEEANNEE min' B NN IZIIU R :

min' ys m (x:xs) = if m < x then min' ys # [x] m xs
else min' ys # [m] x xs

A MR ERIR B P RIS, (HIX BIAITHE M “cons™ TAZIEN, FVIENNH
TERYSE 2R E MR, MRS A BRI RRIEEE, T cons B H AN A O(1) B, FATIHF
ATRERFRAHEFPTTR AT, RO HE I AR AR B U2 X I A — Rk 22,

4R, BEARRTRIMXIIE?, MaEmuthE R/ N TR, MARMLARCE T8 2%

‘cons K H Lisp IF, Rl — N ICRMINE — MERASLES, LR A,
2FRAFAEHEF (stable sort)
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JE 2 AT DASERIAY . T B8 S 2 T I —FR il -
(l17 ¢) : |L| =1
extractMin(L) = (I, L") : Iy <m,(m,L") = extractMin(L')  (9.4)
(m,lyUL") : otherwise

WE L REE—ATEE RN singleton), i/ MERRIXIE K752, BT 1,
W L AIE TR, B 1, DUNORIRTEEN LB L = {lo, 1y, ..} EEIITHIMN
U AR MR, ERIOH (m, L), HP m B L PRIENTE, T L AEH m
SNUTIRTER, HE 1 A m DUASEI N R IMA,

R Haskell FERFSZHL T X —HRAHOMEHEHE

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

XX T cons” # 0, TFCTR BN B, BROVRIEMA ALK, H
BRXERA LRSI, R T2 HEESR ORI TIPSR, TT R RIAIHAT I
I IE A RAN PAGRIIE, 15235 Al AS B I Seh 2k T RiE I A A

9.2.3 IEEHFITERE

TEIRTBIRICIE, IR HIEER T ZAE R A B A AR AL HI7T R DA thi /)
(B BB T T o0 IRPGE, RIAEERIN AN in + (n — 1) + (n — 2) + ... + 1 IREEEE, B
it R R T O(n?) ISR,

FMERT B IE A HEF A L, IR Ry, REMFIIRIL N A ERE A
f, Tl AHEPAERAF R L MIEREN MR TH] O(n) GERFMEE—DHER, F HIR
MR ), B2 1B 00 MERENF- /T IHE O(n?),

FERE TRAVER 7y, BATVRE AT AN R MERER 2, JF 208 P ot e

£:3] 9.1

o EFETHARE S SEAR S FERHE AR RRA), MR
AISRTEIEAT AT B, 20 TRTAT 2 1B) AR

9.3 i

Zliwu?”%ﬂ]‘li?%ﬁlif“ Ay —LEgifiolt, BeBNTEE S, RikFREREZR
18 R JE X EIREA A T — AR, (B e N BB, RIFEAIr4 YR HEHE
R REE (/\éﬁwﬂ%
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9.3.1 HWEgHESEIL

FEHGHEMERERT, BATICRE AT 45 H AR BHE P IR G S ANE A, DAEREAL B
MR 21

TATA] AR BIFAE AP E A R B2 THr P FIRE i e . N TR, 77
DA ERR/INTR; T TIEH, FEAFEREATTR, KRN, I FIX R
TEOL, ARSI AERTHE AR, GIAZ IR B & RS- BT HET

BATTA] DORE BARBIHERP R HELE D — N LR PREUR Nl BK, i

sort(c,L) = { ¢ - L=9¢ (9.5)
mUsort(c, L") : L # ¢,(m,L") = extract(c, L")
Hh extract(c, L) BIEXN:
(lla QS) : ‘L| = ]'
extract(c, L) = (11, L") : c(ly,m),(m, L") = extract(c, L) (9.6)

(m,{L}UL") : =¢c(ly,m)

XH ¢ B R, R MATTR, e B e AN BN AR A
BONTHRIE (<) BN, BURBATI AT S AR HE S,

BN TR ZENET (total ordering) HYELELPREL, A2 LA Ry /)N
TP T T RTINS N TEREHT, AT EIXFAER RS, ¢ HER
BEONTFREWERAT, (R ENRARER, PR eREA I B T 44 557 (strict weak
ordering)!"’]:

o dEE &M (Trreflexivity) , A FAEM 2, 2 < o ANKALZ;
o AEXFRME (Asymmetric) , AHEA] = Fl y, & = < y BOL, W y < 2 RAKAZ;
o (B (Transitivity), XMEM 2.y fl 2, 5 2 <y H oy < 2, M 2 < 2z B{3Z,

RHHY Scheme/Lisp Bl FA2F S TS EULANEEHET . Scheme/Lisp HIIAITEE
F33 (lexical scope) A PATEI b LR PRIER IR 328,

(define (sel-sort-by 1tp? 1lst)
(define (ssort 1st)
(if (null? 1st)
1st
(let ((p (extract-min 1lst)))
(cons (car p) (ssort (cdr p))))))
(define (extract-min 1lst)
(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 1st))
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Hrh ssort fll extract-min #E2NEEREL, BATER ] DAE B # FH bbEk R %K
1tp?. ¥ < AR DAS 2@ FHE P45 5

(sel-sort-by < '(3 12 45 10 9))
;Value 16: (123459 10)

FEAn 2 USRI A A] DURE EEER RSB, BATTR L E 2R S B4R 134
fiEg BAEC UL, AR AR 0 BAMUB BRI T HET, BRAEDE, BATAF L
BERBIENSEAE N,

9.3.2 iR

HAR an A HE R BRI 7R RIITR, IREK &R/ TR

DAt i/ MERTE R E RSN — P EGER, T AR 7 28 15 BN 0%,

1: procedure SORT(A)

2 for i<+ 1to |A| do

3 m <1
4: for j < i+ 1to |A| do
5 if A[i] < A[m| then
6 m<—1
7

EXCHANGE A[i] ++ A[m]

BE— WSS, BATFRER: 0 DITRAF, S0l 0 — 1 DTRIHTE, &EF T —
MR, RARE n R, FITCTRHIT—IRE/MEE T, XN ERIAI AT
DA — IR n — 1o

A — T DUEATAOREE, anIREE « RITTRIGE = Ali], T TCTFATR M
P, BRESENR] DAVERE A -

1: procedure SORT(A)
2 for i< 1to|Al—1do
3 m <41
4: for j <+ i+ 1 to |A| do
5: if A[i] < A[m| then
6 m<—1
7 if m # ¢ then
8 EXCHANGE A[i] <» A[m]

B, b IDX A AN B B IR IR A R,

9.3.3 X3EHHF (Cock-tail sort)

Knuth Z5H 3 — D58 —FEEEHEF B DY, SRR EHE/NLE, 2K
TLER, FHBIEREAE, WH:
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procedure SORT’(A)
for i<+ |A| down-to 2 do

m <+ 4

1:

2

3

4: for j< 1toi—1do
5 if A[m] < A[i] then
6 m<—1

7

EXCHANGE A[i] <+ A[m]

E31FTR, (MR, RAMETRTZ EFR, BIERMARHIFITR, T
FIHARRAKE, ARG IREIAR 2 HIRE.

2
P4 N

- max| - | ... BFITE..

9.4: BIRERERARHITTRINEIRE

X R R SCEIR A, SRR KR T R BT DAL iR, E—2 i, 3
MO A] PARIN B G IMERT I RAE, 720 BIPR e IMER BTk, R RMEREIR
FEo IXAER] PLRHE R PERERS SR = (SNERFEIMR B ) FATTFRIX—RIEN “XG R TH
s

1: procedure SORT(A)

2 for i < 1 to U‘zilj do

3 min < i

4: maz  |[A|+1—1

5 if Almaz] < A[min| then

6 EXCHANGE A[min] <> A[max]
7: for j« i+ 1to|A|l—ido

8: if A[j] < A[min] then

9: min < j

10: if A[max] < Alj] then

11: max < j

12: EXCHANGE A[i] <> A[min)]

13: EXCHANCGE A[|A| + 1 —i] <> A[max]

K958 7 IX—F0%, TR, M faME T ERE S TEFITR BV
HOFEEM, BERHIFEA M, B RARARFRIER 7T, AR/ NIRRT ITR, 2
JG o IR EANTIEZ BB ARHE B 7 SR .

FER, ENEEATAHT, i REAMATR N T RAMKICR, FER e,
IXRR B RTE B A M ERITR. BT, N EIFIAMIMAT,
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Z
]
. EFBU/NCE.L S I e ;nin -y . BFBAITE.|
i

9.5: —RIFRIINE AL e/ NIRRT R, R R e TR ERAI AL E

BRI/ NI IR ARTTR RN HIA NS — PRI ILR, HRIX 4 — A :
FH T BATIHE PN EEIE T 5 ZARPR RS 50, A AT RESE — RS SR FRAT TN I+
BN R TTR SR/ NT RN E, XA IRl 27 AN IR EE R BATHEw
Al ff X — Rl B 25 R B VRN RS,

NI Python HIl 725 S T XS T

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], xs[mal]) = (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[mil]) = (xs[mi], xs[i])
(xs[n - 1 - 4], xs[ma]) = (xs[mal], xs[n - 1 - 1i])

return xs

S PR HE R R m] DU R EGRA 75 2O PASE B, — DN E AR N -
o BFUEIL AR P AN B RE S G — IR, WHEF SR NIR 1

o I, FREE/NIERAAE, 73l EDT S BALE, 500 T HR R R T =k
}%_AO
CRECIIVYI vt ayoL I NESEE
L : |LI<1
{lmin} Usort(L")U{lynes} : otherwise
Horh, BREL select(L) WA L AhE B/ IMEF R K AE,

sort(L) = (9.7)

(lmin7 L”, lmaz) = Select(L)

ERE, RIMESEPME RS 2RI HE P45 RAVATT, 1EE L2 — D E R
O(1) A9 cons” 1##1F (ZE AP A), HRREANEHIENMFIREE, X—RIERIRHER
R, BHFBESMNE O(n), BAIHEFHIRAE,
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PRI select(L) FHEE NRIFHEHR &/ IMERIERKME, BERIE SN :

(min(ly, 1), mazx(ly,lz)) : L={l,1}
(s {lin Y UL D) = Ly < L
(Lmins {maz U L") ¢ lipae < la
(Lmin, {1} UL"  ljpaz) @ otherwise

select(L) = (9.8)

HH (lnins L lmaa) = select(L'), L' ZERZE 1, SMIRIRITR, RFHIFE
MANTER, BANERRY N IME, BERKITEN R KIE, FIRFSINE, X2
&L S, FRATEUH S —DITR 1y, RS IBVTHERI AT 2R s NI BRCR B A
Iy fEEAR DADUE fR A HIZE SR

ERATERILT, BATERAT ZEs R RANEIBRE, (H2 MBI R 2T
EHTR, FIEPERER AN O(n) #Y.

NI Haskell Bl FR2FEH 7 X—Rk,

csort [] = []
csort [x] = [x]
csort xs = mi : csort xs' 4H# [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

BERTFRAIHE BRI ERIMEREFF B K, IX—RIERT DLy P i, SE—H 2
N IR oy g, MBS NIE IR, ILIX—#0h A AR SHR
HEFITE, ICX—H#79 0 B, E 9.5 R, A TH A #1 B /E8 2f#R (accumulator),
X TP HE R Y E2 328 U3 SEERAN T -

AULUB : L=¢VIL =1

9.9
sort' (AU {lmin}, L, {lmae } UB) : otherwise 6-9)

sort'(A,L,B) = {

H Lins Lyae T L7 BYE YR Lo HEFIFAANT, BATIEANZH) A F1 B:
sort(L) = sort'(¢, L, ¢)

e L FIEN, TEREENEMBREURETE AU {lpin}s T lpee WE R
HEEEE| B MR, OB A S A —RIBINERIE, N T IHRRE, JATAT UK
A RAEHE A, SAERRAT DI 1, BELSEIRTEI TR T — UAER B, 1T
cons(x, L) = {x} U L, append(L,z) = L U {z}, TATEW FFEFER:

append(L,z) = reverse(cons(x,reverse(L)))

9.10
= reverse(cons(x, f)) (6.10)




200 FILE  MIZH 2R, ESEHE R L
&G, BT — IR FERE A S A, M — B, Bk
piax (1N

reverse(A)UB : L=¢
sort'(A,L,B) = reverse({l1} UA)UB : |L| =1 (9.11)
sort' ({lmin} U A, L" {lmaz } U B)

NHERY Haskell Bl 72783 T IX — 204,

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)

8.3 9.2

o HZISIESMESIES 2SS EARIEEHE R AL, B LR RS 8IE A
EHSIBS P, Qn] B LEE s E A 2R B A GBI SEAIEH (generic)?

o R I4EIES I Knuth 28 HAIESHEF,

o G RSEEIXS RIEHET BT IR AE NIRRT, RES ¢ MTRBER/IME, th
i RMH, WEEEHE, fR/MEMERESE N K, 7R o MESZHE]
50 MLE, KR KEREE A+ 11— MIE, HH— a2 ES LIx
— % EE DA NRRAYIL FE L

— A = {mazx, min, ...},
— A ={...,mazx,min};

— A ={max,...,min}.

o fiEH fold RSB select(L) PRIEX,

9.4 ABH

BIRNE R HE 7 REIE PR RBUR:, (B2 MRV T R A QIRFHIRR, FIH:
i miia < BRHEFPAE L, I RHE P IO MERER] B9% 5

NT WA G EREE R, BATTAI 0 S PR, Oh 18I FRATR /N
HATHF, LIRS EMETTRRBIFANGT . KIS EEIA RO, (H2N Tk
B/NTR, BAVRAERR BT S E TR 47 AEE — D R/INCRIN, Tl 152k
T EHRRIEA, PRI BATIRITE ML T A, WRLE T ERA R,
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[FIERE T EERE AR IR/ N TR, AT B X B RIRERI S TR R
NS R. TR NTITHE R T

R F R R SE T EH A LR, FELMARITT A, Hh—f2
MIRBREEZR RS SIS A 1Y,

9.4.1 FbRIRIINTE

JEBRIE AP EE28 70— 1R, KRB AN RIMNAT 32 SCERBABRAHE N RTE, 1982 4F
AT, REFEMERIAE 16 SR,

g B I, LEFRATIENE] 1978 47, I HAR — MR IR 7T R E R % 1258
—HeEETRR, A2 FEBRI N 8 HREATEERE; LB A 8 SOHRMEEKRIA, HiA 8 52
WK, TR, 1R85 ZFLEFRA, 8 SCBRIABI IR 4 Ho LEZG™E 4 SORIEBRIA; 28
JEIZ 4 SCERIAGT P, PR 25 B 28 N ST BRBA 435 TR 22

2 4 BRI, WER A A, BIRTEEBRIAIRN 8 + 4 + 2+ 1 = 15, {HZFEAT]
FAT RN SONTE R TS, BATEARRITEMR SR Z I ZE,

A ARG P PE T SR B I FE 2?7 FEE LA T F, [
Rt (ERIX M RMITERAAEE B AP

BATH TR ST A, BRI —THaamtA e = AR T L3R, B
PR IR, (H IR A IH — S — BRI IR, IX S IRATERBA, RATRE STV
PR ZE SN H M EERBL, 9,61t 17X —1H L,

9.6: JLZ 15 TEH R EIEIK

fRrise & S BMIH — MR HSL R, Bk, SR, RIS Bk
PAIKIZ 2= SR B NIBN . BB ARBISE AR AN ZIXAE, (ER AT AT DAF e i A R, 25
— M ERIREIKIRASE L, RFGE BTN 16, RIBEIRAIHN, v 14 A2
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MRt — R E IR 15.

FA TR RN — R PRIE A 7 EETE TR PR EISE N ME, e, TR E
AW EE X 7715, B =K, B B A PASE R FIE B IIHE T

— R, 1R ZE BT R — MR/ NE (BT —oo), IXFE UG ERA ST
e XA AL O TR ZE, RI&A 2 KRN, K m 234 BREL, 1598
TeEL 2m—l 4 om=2 4 4241 =2m — 1 (RELEA REFAERHE ZE, X —IRFHK
it ZE AL B AT AE I

Sfp b, FATETR AT B IR BRI, SRR R A T R BRI 5 R S8
158 5B AIBN, —ELE R NN ZIB G i W, SR E S R AR A, K FRATAT BA
MERFREEM AR U &, TG P AR R E A B AR A7 7 Al T, TEIX S& %12 TR
55 Z5RAIBA,

E9.65, IXZLIRIFPHRIC A K @, THRERERTCREE {14,13,7, 15}, RIEX—
AR AR RIR AR R

1. IWFREHEP T R A —PRERAR 2R, 7ot 22 (B ORAED) o TR ;

2. HUHIAR, B T e E E R R EEF RN —oo;

3. BRI LA RA BIRSAR A, $RHFHeE %, FRHE TR,
4. HELIR 2, HEIFTERTCREER

Bo. 725 7IX—HEFRIET LD B
BATA] DAE A = X B SORFORERARZER, O 1 B R[], 0 TR
RIS E AT o

struct Node {
Key key;
struct Node xleft, xright, =xparent;

BRRFHEFRITTRA 2 A, Hrb m A BIREL, O TG RRPREEMN, A0
FATCRBA—DHFT1 R, A ST —H - XWAFIER, FFRMFIREH
PR, EEREATAR T S AIME, AAJEH3E — BRI — XU, SRS B A KM, 2
5 HR R 3 I N A AG Fi, BEEIX — P BRA] IS 2 — 4Rt R, Horr AR
AU EREINT 1o XME—RId G, FriF BRI A EE B, e FrFER R R &S5 —
FRERIRZERT

function BUiLD-TREE(A)

T+ ¢
for each x € A do

KEY(t) + x

1:

2

3

4: t «+ CREATE-NODE
5

6 APPEND(T, t)
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i 15, REHAEHN —o00, 14 £
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7: while |T'| > 1 do

8: T + ¢

9: for every ti,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(t1) ¢

15: PARENT(t2) <t

16: APPEND(T",t)

17: T+ T

18: return 7'[1]

BAIER A BIKEN n, BRI YIRMER, X — DR R LM R o, ARE
ANWTECE — XA TR, R— I AIERE T n + 2 4+ 2 + .. + 2 = 2n, [KILEEIK
MEEN O(n)o

NHR C FEFPSREL T HRRZ R IE R R,

struct Nodex build(const Keyx xs, int n) {

int i;
struct Node xt, #xts = (struct Nodexx) malloc(sizeof(struct Nodex) x n);
for (i =0; i < n; 4++i)

ts[i] = leaf(xs[i]);
for (; n>1; n /=2)

for (i =0; i <n; i+4=2)

ts[i/2] = branch(max(ts[i]—key, ts[i+l]—key), ts[il, ts[i+1]);

t = ts[0];
free(ts);
return t;

Hr key PYRAITISEE T, 140

typedef 1int Key;

BREL leaf(x) MME x M — D11 5l W RAES 720 SR RER NS, B
& branch(key, left, right) G~ e, H HLSEEG T RIS
FRMPHTER 73S e FATXEEME T leaf Ml branch EREHISEIIATS, 5% A]
PAPENERS], IS BIRRTA,

FEGHREIASE, BN Python $REE 7 — UGS ITRI LA, Filn:

for x, y in zip(x[iter(ts)]x2):

BA ML IX LB F AN, 328 1] IS AR A,
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TR URER L RARBERI LT U5, Full 1 T TR —oc, RURTEIEIE 245
1 [EW, $RE AR

1: function EXTRACT-MAX(T)

2 m <+ Key(T)

3 KEY(T) - —oc0

4 while - LEAF?(T) do > BTA T~ —4
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 > HIKm E—%
11: T < PARENT(T)

12: KEeY(T) < MAX(KEY(LEFT(T)), KEY(RIGHT(T)))

13: return m

X—RIRIRAIRATTR, HEBGRIRZEN . EESHRmERES, BT HRIY
K, BAIFTEME A EIER) —oo, EH M — MEX KHI 7L, & HLERARZEM T T
AR/ BN, A FE FITCEREBR T-65535, Tl TA] PAE XA TE55 0 :

#define N_INF -65535

NHER C Bl FREFEH TR,

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 BT FIFECE R IR A5G 53 H 43R 2R 0L, BIan BAAIIAITHE,
HEAE LRI E SN pop.

EXTRACT-MAX _|E NACEEMRIE, &5 B I N —i&, 86 BRI EIE “H4E 2
B, T HEPREEME TR, BRI, st 2 S E R O(lgn), H n 2
e TR E (2719 v E ). IRILBEIEERER O(lgn).

N T SEBURAR IR I TR HE T %, BAEMHHET e R A 1S — R ERARZER, RGN
WTER B KRB, A SRBRAT 1A R4 FE A e 3G B HE e, BRATTIE 38— DB TR
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FEf A, 285 R AR B HE B TC SRR A 2 A0, a2 Ry, AT
B ETCRIEMEIZERIRE, NHEEIEIZRTF A TH .

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3: for i < |A| down to 1 do

4: Ali] < EXTRACT-MAX(T)

NHER C Bl FREFEH T BB R,

void tsort(Keyx xs, int n) {
struct Nodex t = build(xs, n);
while(n)
xs[--n] = pop(t);
release(t);

BIRERMM O(n) W AR —PREPRZEN, RIGTIT n IRFRHRSE, B — MR
HIHHFIRTTR AR, ROV EHRHHERIERITEREY O(1gn), T ABRPRZEE INHER
RIRREMAMEREN O(nlgn).

T - 3R RN T 8L

HRPRZEI IR M AT DA 20 RR BGRAT 75 USC B, TS B R B R g AL #E
MR (i B TAA N RS ZEEIRN —oo; %1 H A _EEBGHHES) AT D
BIEFFEER, TRAHTREFMET RHT . BATRT PR B — S E X,
G0 RHEIEIBIT Haskell ISR

data Tr a = Empty | Br (Tr a) a (Tr a)

—RR B NS, B N — ST, B key P T, AR TR
HRZ— R XA

SRR, BAMEA — MR B EORETR —oo, [HRIXNTTERIRIN RN, H 1%
AN, FEEEGRAEPAFE SR RESRAY, X i] AR E SLOTES5 . BN R IiAY Haskell
REFFHEEL T IEFTHIE X2 o

data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

FETREER 7Y, TRATVER min() BRECRIE LLZRII IR, HE R A SRR R IE £ i
INTEERIE T E,
TCEREL key(T) IRIEIM T AR MY keyo BREX wrap(z) ¥ILE o EA—DHT
Mo BREN tree(l, k,r) HE— DT R HF k& key, | Fl r ARG 73,
SUNRATEEREABIAN ord SREILEAUN, WIFFER IR M LS F BT AIETL S INF R AR, 2448, thnr DOk

FATHIZEBFRADY ord BY— instance, ZRGEE I AR/INLARHIRIN, X2 TE SRR RITED, B T ABRITERE, 3%
A ASHE HAth Haskell ¥4}
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eI REH, TATECRERRY, et N key TENHTT R key, BET HLAZAY
PRI 7E 45 -4
branch(Ty,Ty) = tree(Ty, min(key(T}), key(T3)), T») (9.12)

X Y Haskell B F1KH5H

branch t1 t2 = Br t1 (min (key tl) (key t2)) t2

BT ERARZEHE P R A — DR, EZRAHFF TR Mg 2m, &l
PATCIEAE —BR7E 2 = X, BAE EUNA s ARIX — R, AR FRATTHRIZE L P ARARS,
FEB HIB AR, AR B S EE v, FRATEREAMIE AR, fEHIERZ
BRECFR A, 0 RIESTBR ARG 1 ELBE (BIANTHEAER) , WA — SRR A X T,
A DINUEIX SCERBA S, B AFE T oRATLEER, TAT15e 2 ] DME SR BIRY 7T 1%,

BIER DT RERA M 719 5, RS EHE TR FE M

build(L) = build' ({wrap(z)|x € L}) (9.13)

BRI build' (T) H, AERFIFR T AU — R0, WA LR AR S0, EFf
BRI 0K — A, RERENEE . Q1R A LR, i AUE i e — PR D I, ] DA
AN —He L2, REBATEITE X —EE

o _ T : |TI<1
build' (T) =
build (pair(T)) : otherwise

X—HIEICREAC IR 5 A — R R G 0L - A SR HE P BB RO =3, g5 SRt =2,
WRH|FRAPZDEMER, I T = {11, Ts, ...}, T T/ FRREREAT PR SN R
o BREL pair(T) & X R:

(9.14)

pair(T) = { {branch(Ty,T3)} Upair(T') . |T| > 2' (9.15)
T : otherwise
NI Haskell Bl FHAS4E H T 1SR EE 1Y 2 8RR 7
fromList :: (Ord a) = [a] — Tr (Infinite a)

fromList = build o (map wrap) where
build [] = Empty
build [t] =t
build ts = build $ pair ts
pair (tl:t2:ts) = (branch t1 t2):pair ts
pair ts = ts

NT MR BT ZE (BT R) , BATGE LA T3, B — R key
FIARTI Y key AHSE, SRSV F R FE BRI ZAM 7 . 2 T Ik
FWA L, ATFHA R, K A key, FHBIER] DUE AR :

tree(¢,00,¢) : L=¢ANR=2¢
pop(T) = tree(L',min(key(L'),key(R)),R) : K =key(L),L’ = pop(L)
tree(L,min(key(L),key(R')),R") : K = key(R),R = pop(R)
(9.16)
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Y Haskell $l 7R SEEL T 58 H %,

pop (Br Empty _ Empty) = Br Empty Inf Empty
pop (Br Tk r) | k=key 1L =1let 1' =pop 1 in Br 1' (min (key 1') (key r)) r
| k= key r =1let r' = pop r in Br 1 (min (key 1) (key r')) r'

ERX—RBIENOCRE ZE T R MRS A IR [, I 2258 L 5h— DR
R R BUE TR,

top(T) = key(T) (9.17)
{5 FHIX LR ST Y BRI EL, SRR R TR TR HE R ik A] A oy T A9 55
sort(L) = sort' (build(L)) (9.18)
Hrr sort!(T) ANt WERARZEM Fhgi SR/ N TER

{ ¢ : T=0¢Vkey(T)=0o0
{top(T)} U sort'(pop(T)) : otherwise

I Haskell Bl 7125 KL T 52 B AR 28R IR HE R Rk,

sort'(T) = (9.19)

top = only o key

tsort :: (Ord a) = [a] — [a]
tsort = sort' o fromList where
sort' Empty = []
sort' (Br _ Inf _) =[]
sort' t = (top t) : (sort' $ pop t)

Horb DR E 57 R B R 2L only.key F1 wrap & XWIR:

only (Only x) = x
key (Br _ k _ ) =k
wrap x = Br Empty (Only x) Empty

#3 9.3
o LA NERERIIRIE T IHIBI KL 1leaf (). branch.max (). isleaf()
1 release(),
o FE—TTRBORIENR (GC) BIE S il an 2 R a I IR HE R AR 7

o N ABANBIERbRZERTE IR EH AR P r] DA R TR CTRIIEMS)? W
RIETTRMIMP L H7 5 TR AL, BARRZ NEEHE T . SbRIEMIKTR
e R iy 402

o BRI AREARZREIKHEP BIR, e NHEEIARAF:
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— A DACHEERE S ERITR;
— AMEARESED (hard code) BRI, AT DIMEBER(ERT TR,

o HEER IR T TR — SRR S, ST ST IR 2R
o HBR Y SR — SR S, SV S I DR 2 IR,

9.4.2 EAIHEHR IR T RS ISOH8

1S G P HRPR IR TR TR TR, BT TR HF BIAMERERR A2 O(nlgn). X
EAIRE] 7 ET AR RIRR ERR DY, (B2, XEMARAR S, HEpsEs
JG, BRARFER BRI YRR AR K 1 TEST, IXARE e XA SR EREE,
HEHGHE TR R, B ERAINEEH R RN mle?

HONEATAT AER 2, AR EITRA n A, BATEFR EEM T 20 DA
HAH n DT 0 D03 BIAINERETL—F2HIE?

GERBATTANARTT K key NTE5T, MIBEAZS, B2 b — T i/a2a tHr) A9, 195K
A DU — 2RSS @ A K

¢+ T=¢

{top(T)} U sort'(pop(T)) : otherwise (9:20)

sort'(T) = {

XFBAHE E—E R p 28 M AT GE & —FF, HEERAETER R 7 /) (B )

{8, 7 HAR B T PRIRAY S H R0, (EFEER) binary HESERR R &5 “ St ” Rk el

RS, BIEER T n DETTIN, TEFRAEMEIMNTZ ], R EECRHE, GH7E R splay

M HRE n DR BATRAE N —E NG E PRI, BN R 2 H 0 AR
GFEITERE,

9.5 /hgh

ARELNH TIESH P RO R, R r a8, B0, W U R s
HEIZ AR, ERIZEH EIRM R, (R MREAZ VT R, AFEH, BB, &
FEHERE ANOCRT DU i R hn DARKCEE, i ELIE m] DU MO iR R R ERAG A, AL
ARSI IKHE P A HERE R, MITIFEA I 1S ZIPERERYTETT
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BRE IUHE, SEROIRBIHERIBC N HE

10.1 47

FEMERTHIEE T AR, FRAT1E 208 A HERT DL A ROR R R SR a5 R SEE, AT
9T SRR A R

R AT AT LAS R K A D AREE R ATE el — i, Bl K
SR HIRRIRZELRL, AT DATE BN AR EROHETIO T 3R, HABRRERIMERERR AT LUXE] O(1gn).

QUARAEIR R I HER IR R, i n] DATS 2128 IR E, BAT TR 4R 1Y binary
HERR B/ DTRE O(lgn) BRISRSEEILG I, M 2L ARELHE n] DLRE & B VR i 21 5O
Al O(1)o XX TEIBIAREZ, Shr b, SLETRHERTRER 2 BROER 2 MM RERR 2 5
BNR O(1) 19, LA HEEREN O(gn).

e, BATRA I (pairing) #E, EAESKFRAHIA BAFRITERE, (HZIESMIE,
BRTEREIC R MER, IR A SR REIEY,

10.2 - WhirkHE

ARTEA A T, “WHE —2 K XA, BERAToR B T4
PR R IR, £ I HERI AR, REREIR/N N I T 2 I &R
8

10.2.1 X

I HELE K ER Y binary HEFSE 2%, HEGHIRMENMERERL, v DUKE|
O(lgn)o — D IAMER & —4H = TN,
e UER Y )

NT TR IR A Esk, BB — NEAREE R =M (FERY
BT =M el e d R E R A SR B 5E (1010-1070)) 07,

1
11

211
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1331
14641

TR AR R IR ARZITTARTDARS — R A IR, Hh—#f
R fERNEIIH G, FIRE, It a] DU SR 75 88 S

e Rank & 0 BT RA— MR AL

o Rank A n T EEMWR Rank 4 n — 1 B IR, PR R, 95 A2
TCER BRI —ERBBERE N 7y — BRI T

BATIE Rank 24 0 B =IMN By, Rank N n BI—IEBEN B,
E10. 14838 7 By, AN ER B, SBERZRL Bio

O

(a) —#f By #f

(b) FPIRR B, WREERL—1R B, B
10.1: IR A9 E X

X —BIH7E X, BATTAT AE Y Rank 2325128 0, 1,2+ SN IR AHE R,
ANE10.2f 7R,

WELIX L Z I ] AR B — LG B, A TAER Rank A n B9 IR,
BATHT R B e R IR

Bl Rank Jy 4 IR, E—BRAE—IMTEG; EZBE 4 MY EZRE
B 6 NMIRGEEES 4 MR EHESE 1 MR BN RmETR =ANE
5 1T:1.4.6.4. 1o IXut2 I 4= R,

BAN—=NE B RE, —1F Rank K n B IR FR R B0 27, FrAiTA]
DAE 2 A — 17U P B 337 SORIERR B,
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. :

a) Bo tf ) B1 (c) (d) Bs #
)

(e) By 1

10.2: Rank  0.1.2.3.4-- 1 — It
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A HE

A Z IR, BATTRT PAZES th TR E o — P I HE 2 — 4 A (3
FRA— D ZIRREARAR) , B e an MR :

o HEFPREEERBTER T R HEMEDL, BIMERET ST key BERTHET T Mo XEBEMAM T
B/ NHE, AT DA I S RHE, (7R B S AN N5 7 BRI, AF S
el INE, Fir A AES AT DOE IS 228 LB s, 22 o R,

o HEPERZH R IEME Rank N ro #0052, HEREAIER — I AT Rank
HEAIA

X—ENEZSH T —NEENGER, I TEE n DoEM 0, 50K n
AR B ag, a1, ag, ..., G, Y ag BERAKNL(LSB), a,, BN (MSB), X F
TR 0<i<m, & a; =0, MHEFRIEE Rank N i I 5 a; = 1, MIEH—
EEH IR Rank N i B9 " IRFM,

B, FAZIEHESE 5 ANTE, KA 5 DN “(LSB) 101(MSB) 7, Kl
IXANHE S A IR I, —#EAY Rank A 0, BAM—HEHY Rank N 2,

B 10 3R B IS 19 19 A, R 19 B EfI“(LSB) 11001 (MSB)”,
Kt EHE—#R By . —#R B, HI—#R B, B,

K 10.3: &6 19 NMoEN M

Bl =

TEAn S RIEE D, APAITIEAT DUE X K X, —RgEH “EMZ, A5
" (left-child, right-sibling) BI77 7% Mo 4 AR AR SRR — SURFEEH — 5K,
MRS B (feld), ZEMI 7B M7 Bro BATIE T AL MRS Beda a7y =iy
F AR, AT BRI RB Lo T e FIE B9 DL o6 1 i A R — D B )
HER, WIE10.4F7,
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10.4: “FEMEZT, A" HBITF. R IRTR, ERA BT A, B eEra0
8% NIL,Cy,Cs, ..., Cy N R TR R BEMBEHEE] Oy, Hith ) BISLET R
RRAG TR, C), ..., Cl, 8 Oy BT G

IR0 TR A AR R RIR A, el P A5 2H s R OR AT i T s AT
s

RO I AT Rank fREE, BAl TR HAE SO — 7B

R Python IR, (R EMEZF, GMLH"T5 %, & T W :

class BinomialTree:
def __init__(self, x = None):
self.rank = 0
self.key = x
self.parent = None
self.child = None
self.sibling = None

A —DITR key KA, FATEIE—PDH-FI5 4, H Rank 2 0, HAlT
B A
IR 5 P SRR A 19 L, AR R SCIR R

class BinomialTree:
def __init__(self, x = None):
self.rank = 0
self.key = x
self.parent = None
self.children = []

TEALPR B, (140 Haskell, FATTAT DL — TR & SCANTT

data BiTree a = Node { rank :: Int
, root :: a
, children :: [BiTree al}

T = IAHEGE O IR ISR R , AR RURTE AR Rank SR,
H BAFE— ESMYBRH] : A ETRERR A Rank S,

type BiHeap a = [BiTree a]
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10.2.2  FEAKIMERR/E

ATENNE ZIEHER AR IRCE, TR AORERE, AFTTR, HEIHF, D
K5 mAnsE HHETT R,

PR BERE

N SRR HE B AN . HE A, FRATFR SR SLBUR AR Rank —FEAUMTE
FERR— IR IR o ARAE — IR A S, DASAR AR AT B/ IME R HETE BT, FR 25 b
BEPARBR AR R, JREUBU N — M AIAR, 2851 55 — RR AR A 21 HoAth B Y
HITTH, QNE10.57Ro IKEL Key(T)\Children(T) 1 Rank(T) 435IV RIRE key, F
A1 Rank,

node(r + 1,z,{TL,}UC;) : xz<y

(10.1)
node(r + 1,y,{Th } UCy) : otherwise

l’mk(Tl, Tg) = {

k=

x = Key(T1)

y = Key(T»)

r = Rank(T;) = Rank(T3)
Cy = Children(T)

Cy = Children(T5)

B 10.5: Q2R = <y, ¥ y BN 2 KU — DT

WIS U RO FR(E, MIBEESRAEIOIERE B O(1), FHIAY Haskell (17
FRFP S T B,

link tl@(Node r x cl) t2@(Node _ y c2) =
if x<y then Node (r+1) x (t2:cl)
else Node (r+1) y (tl:c2)

HEFE R AT DU a2 2NA0 77 B, QREER “ 2+, ML 56 "/ R, R
LR key BORHIMGEZEN S — BRI AT 7 B, 2805 R T BEE S key BORRIMAY
A B N 1067,

1: function LINK(Ty,T3)
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2: if KeY(Tz) < KEY(T}) then

3: Exchange T + 15

4: SIBLING(T%) - CHILD(TY})
5: CHILD(T}) « T5

6: PARENT(T3) < T

7: RANK(T}) < RANK(TY) + 1
8: return 7}

10.6: # o <y, K y BEEE] o BUEM, K « BIFHBERER] y HIGM,

QAR A AR T LB 7, AR RO SRRG
1: function LINK’ (T}, T3)
2: if KEY(T,) < KEY(7}) then

3: Exchange T} < Ts

4: PARENT(T3) < T

5: INSERT-BEFORE(CHILDREN(T}), T3)
6: RANK(T}) < RANK(T)) + 1

7: return 7;

BRI T, XEHAMAH T Link’ B Python Bl 777,

def link(tl, t2):
if t2.key < tl.key:

(t1l, t2) = (t2, t1)
t2.parent = t1
tl.children.insert(0, t2)
tl.rank = tl.rank + 1
return tl1

£:35] 10.1
R 1ES, B &7, A0 557046 RSBl — iU i R RR o

GNSRAE R “ZE %1, A M 526 ™ RSB, BERE AT DATE RS RN TR S, (B2 AN SRAE A
B AR RAFE IR, MIPEREARH T A a5 A BRI, QSR A a2 5 TR, BERRIERY
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Fsf TR~ 28 AIE B TOAn SREEFTBESR, WD HBIN R, AEA, AT IR —H
[ 2 2

HABILE (push)

NRABARAA) IR A Rank /2R, WL MER link BEL FATATUE X
— /B EREH TP RN — BT, XTI Rank SR T AR AR,
WCAESHER H = {10, Ty, ..., T, }, Bl 18 -

{T} : H=9¢
insertT (H,T) = {TYUH : Rank(T)< Rank(Ty)  (10.2)
insertT (H',link(T,Ty)) : otherwise

Hrp
H = {T27T37 7Tn}

AN SRHEN A, MHTIR 9 AR A I — A —#R S ], FRATTEL RS ARI ZRAR b 2 — BR ARt
f) Rank, JNSRAESE, SR B TBERE AR — R EE R AIR (Rank AN 1), SRJ5 18 i A 27R
PRA ARG ARIERR I % 0F, FH Rank W3R E BN, Bl S A SRR
PG A BRI IE

AP AT 28 B ) — I CHE R PR, N SRR EEON n, M ERZE O(lgn) BR=
TR, BB insertT BZHUT O(lgn) IRE LN B FIRERRIRIE, KILE insertT HITE
BEN O(lgn)'s

FERZY Haskell Il FFEFA0 R

insertTree [] t = [t]
insertTree ts@(t':ts') t = 4f rank t < rank t' then t:ts
else insertTree ts' (link t t')

X — Rl B R R, BATAT DASEIHERT i AR TR, JoRRF AT RN — 7
T, AR e AR I,

insert(H, z) = insertT (H,node(0, x, ¢)) (10.3)

BT PUES A T RIEBIE folding i AZIHEA, NHEM Haskell il 727 E
NT—#HBIR%E fromList,

fromList = foldl {insert []

RO TE R 717 A TR BN 8], EZATAER insertT 58R%, A A=
WCHER R A ZRIEVEREDD O(1gn)o
FARE AT DU a2 2CH9 77 308 o
IEIK BRI~ ERIBEIIE, E A T REAE, 7 AS| i — MBI H - “numeric representation” ("),
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Algorithm 1 3" ZEMZ, A0 5L HI LI A — PR

1: function INSERT-TREE(H,T)

2: while H # ¢A\ RANK(HEAD(H)) = RANK(T) do
3: (Th,H) < EXTRACT-HEAD(H)

4: T < LINK(T,T})

5: SIBLING(T) < H

6: return T'

A5 Rank M5, FIE Algorithm 1ANWRREHEAEE —BRSFIFRE A\ B fERE 2 —
o MG, ERRIRAIMIE N SRR ER R, AR R U ERIR A,
QRERAE P A AR AF I 4, WIBIESE XON- Algorithm 2,

Algorithm 2 ffi A\—HEHh, i A SR it

1: function INSERT-TREE'(H,T)
2: while H # ¢A RANK(H|[0]) = RANK(T') do

3: T, + Popr(H)

4: T < LINK(T,Th)
5: HEAD-INSERT(H, T)
6: return H

Hrh %y Por KHRMARIE —BW T, = H[0] B, BEL HEAD-INSERT KF#T
WS INE HE A B A R AT

8] INSERT-TREE BY, INSERT-TREE' FHHTAR—A>, #S AT DASEE — IS HE R4
ANBIE,

Algorithm 3 W2 IHANEE
1: function INSERT(H, z)

2 return INSERT-TREE(H, NODE(0, z, ¢))

N Python F2E FHNERIFIZRSN T _EIRRE, (EH“ A&+, A"
HISEEL R BT E N ER S,

def insert_tree(ts, t):
while ts #[] and t.rank = ts[0].rank:
t = link(t, ts.pop(0))
ts.insert(0, t)
return ts

def insert(h, x):
return insert_tree(h, BinomialTree(x))
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3] 10.2

EEE— TR AGIEE S, M "7, A5 B RS = I HE A1
YN RF

HER I

BIFPAD ZIRHEE TSI IR, IRIEE X, SH R R
1%H Rank MR, I HAHHZIE Rank BIEEIEAIFHES, & RAEAEFA
FHHERF M, FERFUOERA, BATMR DA ER S — AR, ERECEATHY Rank, $5
BN —ERBITRSS RHE T AR Rank HHSE, FATTRE BN TRERGEE R AN — B8R, 28
JEIE TR E A AT AR & FF 25 R

K10, 7R TIX—5 %, el AR SEIEAE R,

ty | e to

/ \

Rank(t1) < Rank(t2)?

TR N

T | Ty | | T,

(a) 1EEE Rank BUMIRTIRAGE R,
T ts

/ \ \

li’flk‘(tl, tg)

N
T T || 4+ | T+ RSk A e R

(b) A FERRIE) Rank AHIA], REETRERER—ERHTI, 28)5 1%
ReE i NRITRIRM I S5 R+,

10.7: #EF

AR EHREIRE M — D8 BHWDNEA N, 2Ahd el B =
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(Ty, Ty, ..} Hy = {T, T}, ..} AL H| = {T, Ty, ..} H, = {T}, T}, .. }o

H, : Hy=¢
H2 : H1 = ¢
Rank(Ty) < Rank(TY)

merge(Hy, Hy) = {T\} Umerge(H;, Hs)
5) + Rank(Ty) > Rank(Ty)
)

1, Ho
{T{} Umerge(H,, H}
T

insertT (merge(Hy, HY), link(T}, otherwise

1)
(10.4)

N TN EIERERIERE, WEHE Hy A my R0, HE H, HH m, B, &
JEREERPRZH mi + mo B, WRIZH Rank HIERIR, WEFFRIERINE DY
O(my + my)o WRAFLE Rank HHFIHIW 7525512, 2T insertT HIRECH
O(my +ma)e I my =1+ |lgni], me = 1+ [lgne], HF ny M ny 2N MHERHE
5 S, B lgma | + Llgne) < 2llgn], EA n = ny + o FETTAEL, BAHS
FHERER O(gn)o

RTHE ) Haskell Bl FF257SEH T & HEE,

merge tsl [] = tsl
merge [] ts2 = ts2
merge tsl@(tl:tsl') ts2@(t2:ts2')
| rank tl1 < rank t2 = tl1:(merge tsl' ts2)
| rank t1 > rank t2 = t2:(merge tsl ts2')
| otherwise = insertTree (merge tsl' ts2') (link tl t2)

BHBIAEAT DU an 23U 75 2L, 40 Algorithm 4,

PHERR &5 A Rank SAEIENE A — I, FUOEN, FANEH Rank f/NIREFH
IBNENEE R, RPN HEPAYEE — BRI AT Rank AHSE, FRATALEAIHER L —HR
Wit B2 ApPEND-TREE I 2, ARIEFRATHY S FFIRME, Hr T Rank ANRELLES RHEH
HEA BRI, (H2EA AT RERIEE SR FR YR G — BRAESE, BERGRIE T RE S 5 IR A,
AIIEOL, OV E 2R RIAY Rank SN 1o M FAT 7R ZEHER AR 45 R i A B fe — PR
BEHEECOR, TFHMEED, M Last(H) 4 iR/a—89, ¥ ApPEND(H, T)
ARG —ERHREEINE AR AR

1: function APPEND-TREE(H,T)

2 if H # ¢N RANK(T) = RANK(LAST(H)) then

3: LAST(H) « LINK(T, LAST(H))
4 else
5 APPEND(H,T)

APPEND-TREES AW H_L IR KL, B —4 — R BB RN 55—,
1: function APPEND-TREES(H;, H>)
2: for each T' € H, do
3: H, <~ APPEND-TREE(H,T)

MR Python Bl FFEFSEIL T AHEX,
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FHtE

I, SRR IR SR X HE

Algorithm 4 AN PHE

1: function MERGE(H1, H>)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

if H; = ¢ then
return H,
if Hy = ¢ then
return H,
H<+ ¢
while H, # ¢ A Hy # ¢ do
T+ ¢
if RANK(H;) < RANK(H;) then
(T, H,) < EXTRACT-HEAD(H;)
else if RANK(H>) < RANK(H;) then
(T, Hy) - EXTRACT-HEAD(H>)
else
(Ty, Hy) < EXTRACT-HEAD(H,)
(T, Hy) < EXTRACT-HEAD(H,)
T < LINK(T3,T5)

APPEND-TREE(H,T)

if H; # ¢ then
APPEND-TREES(H, Hy)

if Hy # ¢ then
APPEND-TREES(H, H>)

return H

> Rank fHEF
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def append_tree(ts, t):
if ts # [] and ts[-1].rank — t.rank:
ts[-1] = link(ts[-1], t)
else:
ts.append(t)
return ts

def append_trees(tsl, ts2):
return reduce(append_tree, ts2, tsl)

def merge(tsl, ts2):
if tsl = []:
return ts2
if ts2 = []:
return tsl
ts = []
while tsl # [] and ts2 # []:
t = None
if tsl[0].rank < ts2[0].rank:
t = tsl.pop(0)
elif ts2[0].rank < tsl[0].rank:
t = ts2.pop(0)
else:
t = link(tsl.pop(0), ts2.pop(0))
ts = append_tree(ts, t)
ts = append_trees(ts, tsl)
ts = append_trees(ts, ts2)
return ts

3] 10.3

BIFRER R TR as RAF M T B — I TES, KB M &, AM5Les" 753
HERIE I

S

TE IR AR AR AR, AR TR ERRF & HEME R, MR SR TR BNt
. HEXERT SUTRAN RN RREBEEN, A TIRBUES R/ INTE, BA1HF
ZNETRRPEEIR/ N TR, FOAMERR 1gn B4, Bt DUREUR/IMER E 225
O(lgn)o

B2 5 3R E E SR AU R B/ N 2R (B top) , JEFE EERFHMHBR I CRAFHE M 5T
WA SCHER B TN By, By, ..., By, .., By, 221 By 4 Rank 4 k B I,
BHEH R/ NTRIRETEW B, IR = FHEMBRE, 2774 p 70, BEN1ENZ =1
M, Rank 72508 p—1,p — 2,..., 00

HHTBANTEEE L THEER O(lgn) FIEIFREL. —MERZER p BAHIYT,
XFEEATRY Rank HUAEN UIBIGHY, IR — 1 —I0CHE H,o RERBIMEA R ——




224 FrE ZIEHE, AR RN e

e, AIDARRN H' = H — Byo ¥ H, f1 H' &R DS 25 R R R R 4
B, E10.855A8 T IX— R,

Merge together

\
/'

10.8: ZIFUHERT5H 1

N7 SRS, BAITHREICE X — DR, n] AR B AR /N
o
(T,¢) : HHESH-DILE, HW{T}
extractMin(H) = (Ty,H') : Root(T)) < Root(T") (10.5)
(T",{T\} UH") : otherwise
Hrp
H={T\,Ty, ..} R HIRRAA
H ={T,,Ts,...} PR — R ARAA;
(T",H") = extractMin(H')
R ER A EE SRy —RHE, 55— B2 AR R/ NAIRE, 58 R R AR IR Y
Hofmr, BRIESOR — K& LR AR, IR e RIPEREN O(1gn)o
FHNZHY Haskell 7R 40 R :

extractMin [t] = (t, [])
extractMin (t:ts) = if root t < root t' then (t, ts)
else (t', t:ts')
where
(t', ts') = extractMin ts
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A P X — R AR, AT DORTSHETTDC R -

findMin = root o fst o extractMin

2R, AT DA P AR BT AR, £ s NAR T M AR R T g

DABIRME M M, AL " HAR RS 1 i/ ME R &K,

1: function FIND-MINIMUM(H)

2 T <+ HEAD(H)

3 min < 0o
4: while T # ¢ do
5 if KEY(T)< min then
6 min < Key(T)
7 T <+ S1BLING(T)

8: return min

QIR FE A ds R A7 I, b R B AE — IR O 71 3R b SR s/ NI — R
N Python B FFERF4 H T IXMMBE IR L,

def find_min(ts):
min_t = min(ts, key=lambda t: t.key)
return min_t.key

FIRFFEMA eatractMin HRE XMHEF R B/ NT R,
delteMin(H) = merge(reverse(Children(T)), H') (10.6)
Hrp
(T,H'") = extractMin(H)
BAHE ST T HHR AT Haskell 5154085,
N T g a2 A SEIR, FRATZERIPLINIR S b 518, A PR R 40150
TENERS] . NHEAIDIAIS L T a2 A5 HE IR,
1: function EXTRACT-MIN(H)
2: (Tonin, H) < EXTRACT-MIN-TREE(H )
3: H < MERGE(H, REVERSE(CHILDREN(T},;,)))
4: return (KeEY(T,in), H)

{56 5 L B R DASEERMERE Y . B JE MR TR — > I, 285 AN
MR H R/ NT R B FI A A

sort(xs) = heapSort(fromList(xs)) (10.7)
HAM heapSort SEIEAT :

)= ¢ : H=9¢
{findMin(H)} U heapSort(deleteMin(H)) : otherwise
(10.8)

heapSort(H
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NI Haskell B 72788 T HEHERE

heapSort = hsort o fromList where
hsort [] = []
hsort h = (findMin h):(hsort $ deleteMin h)

Hr fromList B LUEIL folding SRE Yo AT DA a2y 77 1AL E — T
AHEHEF, 5235 7] ASE B binary HERJHERET,

3] 10.4

o EEETIgRIZIES, A EMZT, A0S 8977 RS I HE R E S /]
TLRAIFRIE,

o LHHLRM ExTRACT-MIN-TREE() Hik,

o SR ZEMEZT, GMISLER" BT, R — BRI AR 5 R AR 24 T SL i B e i
RIS, e — IR S, SR ERAI S,

FAth

ERTHRATIES 9 — IR S FFRITERERRZ O(1gn)o IX—E5IEZ X &IN
TEO, IXEARER DR IREN O(1), TATZHEMEE T 708 A% ATIERA,

10.3 PR AHE

“EPALTE” e IR AR, LR R E AR SR AN AR TR,
BAREEHERIE#E Michael L. Fredman 1 Robert E. Tarjan 7 UERRXFHERI I R AE
INHEE 1 SRS R R, T2 AT TR 4 X pir 44 0 “ SRR 52 1,

10.3.1 EX

WRFARFLHEA T 2 — MEME e, (B2 IX AR NE IR SR A
SRAEATIAEE T (1140 Haskell) H 350D 2EBARLHE, TEMEIRE O T SLB2 4L T
R, HIan ) rhgg i T — MR B S B,

LRSI F A RIEFAITERE, BRI 2 SN A IR E M REARIAE] T
TR O(1)o ARTH, TAZE A SEERANE WA SEEL Y] BRARE, FZEERE T
Okasaki fJ TAED7,

B EBATN b — T I HE AN AR B2 HE R MR RE (FRDTRO UL, 2T 17 BB 2R
BHEIR B RE HFR)o

e ZIEHER, i A—DHrc R, BEZEMNSWE? HotR « SIRA A — i
T R AR R SRS X AR AR A AR
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B | ZIaHE | SRR
A | O(lgn) 0(1)
&3 | O(lgn) 0(1)
top O(lgn) 0(1)
| O(gn) | 2% O(lgn)

7% 10.1: EEHREHERIMERE bR

TESLIUIIRT, B8 Rank (92 VHBRITUFHEA, Q15 Rank 1%, MEATHESEE, A5
P, FIAERE S O(lg )

{6 P 4 SR, FRATTAT A28 Rk BN 8 A B3 SRR P RO, (A
A UG — N SRR OB, SRR IR, KB NE R, MERE S
AR, XRE ARAEER AP, TIREECRIUR O(lgn).

N T BN IR T 2, Bl TR B0 S — B AR K7 T BN EE,

HRARIX — 8, FellTAT LAYE ~ WUk HEROSE A |28t W AR S X, 01 TR
Haskell il T-R2F BTz, Bl 15 —IABH 2 X s

data BiTree a = Node { rank :: Int
, root :: a
, children :: [BiTree al}

L ARSLEE 2 N7, B2 — D I B, Hp & R/ NIRRT
IRERTT

data FibHeap a = E | FH { size :: Int
, minTree :: BiTree a

, trees :: [BiTree a]l}

77 FERE DL, BATTREHE AR TR A DB IE S R,
LRI tha] AR an 2 375 208 X, a0 N R C 1B S BT,

struct node {
Key key;
struct node xnext, xprev, xparent, xchildren;
int degree; //BDRank

int mark;

};

struct FibHeap {
struct node xroots;
struct node xminTr;
int n; //HEBNEK

EEERESH, Key TR AT AT LR/, iy Skt DB AT TR A B
e
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typedef 1int Key;

BAE a2 ST A, fHAEIAN A EER N, IXFER] DURITL IR Z2 4R E T AL Pk
IPERE, AT T NS 7B, — M2 degree (Bl Rank), & SCH— N1 sl
FREIEE ; bR mark A FRUVNTRERRIE, OGS mark FITER A
e,

10.3.2  FEAHERRME
T 2RI AR HE AR o _E 2 e PR I, AT 8 R 2 — I HER B,

fAFCER
Al DUA DY I CHERHE N RR 2 — AR R B & 4, HHh— PN EE — R —
AN R
insert(H,z) = merge(H, singleton(z)) (10.9)
Hrr singleton 22— MBI, BRI EE — N ITRERIR,

singleton(x) = FibHeap(1,node(1,x, $), )

BREL FibHeap() 3% 3 DSE, —NRR/N (size), INRE IR, i bMEN
1, —EREFIRAOB, SR A HEFR AR/ N TR, DU AFRIR IR ISR, PR
node() FIPARTHI S E—FE, EM—1 Rank H, —TE, fI—H IR E R
iEav S

AR AT DUSEION A ARMAARIE I — N8 K, 285 BT A B/ N R I,

1: function INSERT(H, k)

2 x ¢ SINGLETON(k) > Rz AR
3: append z to root list of H

4 if Tin(H) = NILV k < KEY(T)nin(H)) then

5 Toin(H) < x

6: N(H) < N(H)+1

HAREL T, () IREHFH RNTTERAI
PHK C ESHIFUEESEH TR AR,

struct FibHeapx insert_node(struct FibHeapx h, struct nodex x) {
h = add_tree(h, x);
if(h—minTr = NULL || x—key < h—minTr—key)
h—minTr = x;
h—nt+;
return h;
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3 10.5

R — T Tan L AGIRIE S, KPR R R, KR IEANARERIR IR —
%2@0

HeG It

1 DEHEAN ], FATITE S FFIN H AL BRI T RERR A, T2 IR E DU . IXHFEAX
PR PR HE AR BRI i, PRI BT Y &5 A T/ NT R AIRE SR Ko

H, : Hy=2¢
H, : H =9¢
FibHeap(s1 + $2, Timins {Tomin} UT1 UTa) 1700t (T1min) < 700t(T20in)
FibHeap(s1 + 82, Tominys {Timin} UT1 UTy) :  otherwise
(10.10)

Hrb s Fsp AN PNHE Hy F1 Hy BIRIN; Ty i, B Ty, 73502 HERD
FAB/NTTRIIN, T = {Th1, Tia, ...} &t Hy RIFRMRAECRAIH; T T, SR
KL, EEEHE Hy PEARMKERERAIM, B root(T) IRIAI—#R I AT 7T
%O

HE U BERITERED N H BN ], &I RIRRMERERUZE #EUN Al T Y Haskell
(R ER S NEEis (o

merge(Hy, Hy) =

merge h E = h

merge E h =h

merge hl@(FH szl minTrl tsl) h2@(FH sz2 minTr2 ts2)
| root minTrl < root minTr2 = FH (szl4sz2) minTrl (minTr2:ts24+tsl)
| otherwise = FH (szl+4sz2) minTr2 (minTrl:tslts2)

AT S FF R AT DASEIA 1 P N HER I R2 1 — > SR8
1: function MERGE(H,, Hs)
2: H+— o
3: RooT(H) < CoNCAT(ROOT(H;), ROOT(H3))
4: if KEY(T)in(H1)) < KEY(T)in(H>)) then

5: Tonin(H) < Tpnin(Hyp)

6: else

& Tonin(H) = mm(H2)
N(H) = N(H1) + N(H>)

8: return H

X—PREURIZ Hy F1 Hy #AS, AAFHO R B BRE S A, R C
I ERANE e

struct FibHeap* merge(struct FibHeapx hl, struct FibHeapx h2) {
struct FibHeapx h;
if(is_empty(hl))
return h2;
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if(is_empty(h2))
return hl;
h = empty();
h—roots = concat(hl—roots, h2—roots);
if(hl—-minTr—key < h2—minTr—key)
h—minTr = h1—minTr;
else
h—minTr = h2—minTr;
h—n = hl—n + h2—n;
free(hl);
free(h2);
return h;

fEH merge BREL, PTDASCEIREEUN TR O(1) AR, NHE4H T H BN R
O(1) HIEREUTER T 3R AT

top(H) = root(Timin) (10.11)

%3] 10.6
a2 E S, BB A BER A E,

s (R hoe )

R R PR R B 2, BT AE S FHIRIEH IR TR AVRER, TAF
SR AR TR B KMET BRI, B top HRTEE AT T, L H 02 M — 3l
AT T A2 AT

T I E A B R, A AE— MR TS BB JAFHF (tree consolidatitoin) %M, 3K
I EEm SR SLBIh 24 E,

T RIARBGURIR A EIR, BA e B —TE R TR -

ZEEL T, I {2,1,1,4,8,1,1,2,4}, Bl B ARWRIHE R RPN 5074
m, EEIBAEMHTFRE X7 HIREEER N {8,16},

XA R AIEE N -

consolidate(L) = fold(meld, ¢, L) (10.12)

Hrh fold() HFNRNFTEILER, B—E X &G NITREM RS R H— 1K 5,
BHFR Areducing #1E, EFTASERBIIMNZ A, DAL RN —5,

L = {21, 29,...,7,} (REELHOEF; I L = {12, 23, ..., 7, } REBRFE—1EK
F LM R T BREL meld() AIE XANR:

o}« L=
meld(L',x +x1) @ x=uz
{z}UL : z<ux

{z1} Umeld(L',z) : otherwise

meld(L,x) = (10.13)
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consolidate() PREHET—MNEFMERYIR L, FIRPNE S ARET. L ¥
RN ¢ BIEBE— BN TR v THAKRE L PE N TEEREE T o, W
TSNS —i (SR 22), RIGHEHIWT 20 BEF L FF—DMIeEREE, A
WrE X —id R EEMEMENTEMRHE —NLEARE, siERT RN, RI10.2Mf
RTVAHFF {2,1,1,4,8,1,1,2,4} (2P, F—FIFRER B T, H5
BRI R, ARG RRPIE - NTEME R, WRESE, SRR
SRR, RE YIRS R, BNEREH T TSR,

N Haskell fl FFEF 8% TIX—8F IS F2,

consolidate = foldl meld [] where
meld [] x = [x]
meld (x':xs) x | x = x' = meld xs (x+x')
| x < x' = x:x':xs

| otherwise = x': meld xs x

BARE G 2 IAFFERERIPERE,

By | PR | 4R
2|2 2
11,2 1,2
1| (14+1),2 |4
4 | (4+4) 8
8 | (848) 16
11,16 1,16
1| (1+1), 16 | 2, 16
2 | (2+42), 16 | 4, 16
4| (4+4),16 | 8, 16

% 10.2: I THID IR

PEEYVAFISFRARH L, ME— X AR Rank, FRATFRZEMHIEL meld() B4
B, 1 EXT Rank #HATEHEBIFRE Rank HHRIRIRIBERE K,
{z} :+ L=9¢
meld(L',link(x,x1)) : rank(z) =rank(z)
{z}UL : rank(x) < rank(xz;)
{z1} Umeld(L',z) : otherwise

BRI A Haskell Bl FREFAIR:

meld(L,z) = (10.14)

consolidate = foldl meld [] where
meld [] t = [t]
meld (t':ts) t | rank t = rank t' = meld ts (link t t')
| rank t < rank t' = t:t':ts
| otherwise = t' : meld ts t
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E10.945 ) T 3R R R T Id FE A& 38, F13R10.24H EL AT DA H T
Z IR REBL

K LB B AR A IR, SAERE RN TRIRAR A G, SRR
T e, RINFATRE TIERE R/ INTRERRR . IXFERIZIETE R BN A O(1)
WARTSFHETIOTER T

M, TEBEPIT 5 O(gn) KR, EFEREIFEE R/ NTRIIR, FATATLE
FHRITEE B extract Min() KEL

A R HE A B MBI R L, AT DAZE o R E R R R S8, 10 T, AR
A R/ NTRAVRRR; T R EREF IR DAIMITRIRA, s FERMERIR/N, BRIEL
children() IR [Al—#R Z T HRBRIR SN FITA 44

) = ¢ : T =¢Achildren(Tyin) = ¢
FibHeap(s — 1,T).,.,T") : otherwise

) Tman?

deleteMin(H

(10.15)

Hrp
(T,

min’

NI Haskell Bl 727 LB T # BRI,

T') = extract Min(consolidate(children(Ty,) U T))

deleteMin (FH _ (Node _ x []) []) = E
deleteMin h@(FH sz minTr ts) = FH (sz-1) minTr' ts' where
(minTr', ts') = extractMin $ consolidate (children minTr # ts)

ARSI E IR RN, BATRE Tir BIFTE FRITI TR, BRINEIZRAK

W, REPITRIBYIFFFBRIERE Rank AHRIBIMBERZE]—i, EEIFTARAE) Rank #A
Il

1: function DELETE-MIN(H)

2 x < Tpin(H)

3 if x ## NIL then

4 for each y € CHILDREN(z) do

5 append y to root list of H

6 PARENT(y) < NIL

remove z from root list of H
N(H) «+ NH) -1
9: CONSOLIDATE(H)

=

%

10: return x

Hi% ConsoLDATE fEH—MBHEE A SKRHATIHI, Ali] 80€ NRTE Rank
(degree) 79 i HIR, TEik I ARPRH BTN, QRIS Sh—15 Rank 2 i BIR, FeA 150
e RS2 — M Rank 79 i + 1 B, RIGH Al)] TBER, HHEERE Ali + 1]
BN, BN, AT IRRAIBERE, 41 e AR B S, 20 A st iRfE A
RN EIEGE R, FATRT AN A #4938 PG,




10.3 FEUEFEHE

YA AT

o3

BH1L2H 53 4, ‘47 SEREREE]
RIEHERE] “a

978, v RRHER o, ARG S BE
%2

& 10.9: IHFHAID

233
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1: function CONSOLIDATE(H)
2: D < MAX-DEGREE(N(H))
3: for i < 0 to D do

4: Ali] + NIL

5: for each x € root list of H do

6: remove x from root list of H

7: d + DEGREE(x)

8: while A[d] # NIL do

9: y < Ald]

10: x < LINK(z,v)

11: Ald] + NIL

12: d—d+1

13: Ald] + =z

140 Tpin(H) < NIL > I root #1193 (NIL)
15: for i < 0 to D do

16: if A[i] # NIL then

17: append A[i] to root list of H.

18: if T0in = NILV KEY(A[i]) < KEY(T}in(H)) then
19: Toin(H) < Ali]

IXHME— A ENEDEE MAX-DEGREE, T R DARE 225 Al 524 A (] 5 5

1 degree EFR. BAPEAERG— 14 H ERSEL,

I R BIRAC TR 77 FR RS BOIRE2HE, 2 MU EBRP R A 410,107,

NI C ESHIFREREH T BRI,

void consolidate(struct FibHeapx h) {
if(!h—roots)
return;
int D = max_degree(h—n)+1;
struct node xx, xy;
struct nodexx a = (struct nodexx)malloc(sizeof(struct nodex)x*(D+1));

int i, d;
for (i=0; i<D; ++i)
a[i] = NULL;

while(h—roots) {

x = h—roots;

h—roots = remove_node(h—roots, x);

d= x—degree;

while(a[d]) {
y = ald]l; //FEMxWdegreelBENSZ—F R,
x = link(x, y);
a[d++] = NULL;

}

ald] = x;
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‘ A[0] ‘ All] ‘ Al2] ‘ Al3] ‘ Al4] ‘

‘ A[0] ‘ All] ‘ Al2] ‘ Al3] ‘ Al4] ‘ °
[voron e [ [ ] O OJOR0

F 128 ¥ 3%, WA A # NIL, ‘d’ 5
Rk E C, KRG Ao BIEFRN
NIL, ¥ T3k, HF A: # NIL, ‘¢
PRERZE ‘2", FIREAN Aso

‘ Al0] ‘ Alll ‘ Al2] ‘ Al3] ‘ Al4] ‘ ‘ Al0] ‘ All] ‘ Al2] ‘ A3] ‘ Al4] ‘

#
'
S

Fr55 Fo6

All] ‘ Al2] ‘ Al3] ‘ Al4] ‘

‘ A[0]

B 7.8 %, NN Ao # NIL, ‘v’ ke
Qg HRTEA A (A 15258 S
BRI Q, FHEN A2(41 TBD),

10.10: BIHFFAIZP IR
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h—minTr = h—roots = NULL;
for (i=0; i<Dj; ++i)
if(ali]) {
h—roots = append(h—roots, a[i]);
if(h—minTr = NULL || a[i]—key < h—minTr—key)
h—minTr = a[i];
}

free(a);

g3 10.7
Ve — 1 R RHFEIE S, SSIEFR A A1 BE 2 05 B BRAR

10.3.3 S ERIERIPERE DB

N o Hrs HEIRA I HEVERE, TR E A “ 2575 1% (potential method)”s 15235 A] PA
25U THRX— I RN E Yo X A UNEGS H— D BRI,
[P ST B T ARERIE L

E=M-g-h

B —DMEAAIEREILRR, KRN M PR L SRS, Bkt e T &N
W IR, G1AX AR AR EERRE I W, WIS R AR :

W=M-g-(h —h)+W;

N
N
/
/
/
/
.
\
l,' ’ \
\
1
1
1
1
'
' .
' / \
1 ’ \
' i \
' i \
1 ,
' 1 i
\ i \
' i \
' I \
\ i
' I
' i
' !
\ 1
\ '
i 1
\ i
!
| !
1
i
H ’
\ H
\

,7l

& 10.11: = hHE

E10. 11838 7 iX—H#EE,
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BAMTRIFIRER V5 5K IR 3R BOIR B2 HE R 5 thaf, O 7T RUETHFE, BATEEE
SHERER/NERATHIE N ®(H)o XN HIZS N IR G H RN, &
ARG ERAE, BAVSE] TR B, B ERS o(H), WS oH')
O(H) AIZERIN_ERUAFH BIATHREATER 2w i DAZS 5 R AR A 20 R A

N T o Hrs thaRPE, & XN

O(H) = t(H) (10.16)

Hrr t(H) 2B AERARP R IREL, X T EMEAESRHE, 316 ¢(H) =
1+ length(T).

MNT n A R EEGEHE, WRTE MK Rank ERRJY D(n). A3, LRIUEHE
AR IR SR 2 D(n) + 1,

TEVAFFAG, FATEM T A= EERIRAE, A SIS TIN B Aok : AR 17
i/ NTRBIARMMER, SR E 2B AR R A U3 45 i 2 A P
D(n) + t(H) — 1 B,

B FIREARE, AT DAHE S H PR RELT T -

T = Tconsolidation + q)(H/) - (I)(H)
— O(D(n) + t(H) — 1) + (D(n) + 1) — t(H) (10.17)
= O(D(n))

AR APATIE IR S IR HERE, AT DA ORI AR SLHE Y R AR — 10T
A, KUIEA] DUREZ Hifl i+t D(n) B9 ERROY O(gn) CEIEMSHTE N, FrE BT R
FREME— B —#R =T ),

HZ, BT RE— BTN, FAE—FRES B — I R 20

#:.3] 10.8
SRRTAR VA R RS TRIR B R SR AR 5 ok A3 2

10.3.4 {J#/D key

A —FRFIRRHERR (R, & REMm QAR N, XM RIEMERIE TR
BTSN B/ INTT R (ED AR RE, Gl /NE R EIEM Dijkstra BIEIEHR
HE U AR X R M REEE HEN T 0(1),

ERIBATCIEE X — &I EEL Decrease(H, k, k'), HIFERENMF] key 5F
Tk B, AR kBN K, RGEHIRE MR, X2 B TR A TR AR
REIGIA, AL — DT KB R O(n)o

TEan 2 AR, FATTA] PUE % DECREASE-KEY (H, z, k)o HH « ZHE H
=T RS, BAHERERERNE ko R o, TATICHF T EIIRE,
Rt A ATRELE tH o R 2% N F BN TR O (1) MR,
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10.12: z <y, K7 o WHAT R _EVIR, RS SIS,

E110. 124818 17X —1E 0. K1 o BRIERVNG, B/ T y, TlTR o WHACT =
y VIR, SRIE Ry o BORR RGNS B8Rk,
BIRBATVRE T HEVE BUEEASAQT SIRMEVIN T RTE R 71, (B2 T UIBR 12+
B, BT —RR I T QIR — B IRR T IR 2 140, jUTCTARIE & R
PERE 7o N 1B SRIX — A1, SR ARSI T 59 Sh— BRI &1 -
RN RKRETENB D TR, EEZANRT RIS, RJEEINERR
Z\S S
RN DECREASE-KEY BIESEINR:
1: function DECREASE-KEY(H, z, k)
2 KEY(x) « k
3 p < PARENT(x)
4: if p#£ NIL Ak < KEY(p) then
5 Cut(H,z)
6 CascApING-CuT(H, p)
if £k < KEY(T)nin(H)) then
Toin(H) <z

HAP L Cascapive-Cur EH—MRERIERERGRELE DT 4
TRRESE D11 RN EIXMRIE, R Cur HIBERIX —HRId,

1: function CuT(H, x)

=

%

2: p < PARENT(x)
3: remove x from p

4: DEGREE(p) + DEGREE(p) - 1
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5: add z to root list of H
6: PARENT(z) - NIL
7: MARK(z) < FALSE

239

TEREXDIBR (cascading cut) IFEH, B A« WAL T, HHECSLE T —1

T R BATTEBY DR H AT ST UIRRAN R DIFR B E R BAR T o

1: function CASCADING-CUT(H, x)

2: p < PARENT(z)

3: if p 2 NIL then

4 if MARK(z) = FALSE then
5: MARK(z) <~ TRUE

6: else

7: Cur(H,x)

8: CascabpING-CuT(H, p)

NHERE CIBESHITREFEI TN key FIFETR,

void decrease_key(struct FibHeap* h, struct nodex x, Key k) {
struct nodex p = x—parent;

x—key = k;
if(p && k < p—key) {
cut(h, x);

cascading_cut(h, p);
}
if(k < h—»minTr—key)
h—minTr = x;

void cut(struct FibHeapx h, struct nodex x) {
struct nodex p = x—parent;
p—children = remove_node(p—children, x);
p—degree-—;
h—roots = append(h—roots, x);
x—sparent = NULL;
x—mark = 0;

void cascading_cut(struct FibHeapx h, struct nodex x) {
struct nodex p = x—parent;
if(p) {
if(!x—mark)
x—mark = 1;
else {
cut(h, x);
cascading_cut(h, p);
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%3] 10.9
UERH DECREASE-KEY BIER 3 MR 24 N HEIN T O(1).

10.3.5 SEPIRRHEA T HIHR

a, Bl BRERE 9 20X MR S5 Y 44 2 MU /R “ SR AR 32 HE™

BANER R —NEIEEA LI MAX-DEGREE(n), ERAXRAHSE n AN
R L R L degree BY_ PR, FRATTHE FH 2B BLEH A 1 JBok 45 HH UE
BH, H &SP MAX-DEGREE Bk,

I8 10.3.1. HELERARFHEP AT R 2, 12 k = degree(x), |z| = size(x), FEAERA
TRAR:

|z| > Frps (10.18)
Heh 7y, R3EBFAREEA:
0 : k=0
F, = 1 k=1

Fo 1 +Fe o @ k>2

UERA. BB R o BIEEE kAR, 01N 1, vo, o e, IR E A THBERZ R
x NHEEE, Hrb g B FEIAR, Ty, 2&EFTIAR,

BIRA |yi] > 00 H y; BERE] o HIRHE, T8 y1, 02, .., 521 BEFE T BNE
TEA XA Rank MIFAIMEERGEER, B DAEIX—INZI, TA16A

degree(y;) = degree(x) =i —1

G, Ry EHEBERE DT R CEL BN key #1E), BM—HAEFE
DNFN R, ESPALEITIBRIE A BRI, [ L BRATTAT DAHERT, AHEAT ¢ = 2,3, ..., K,
H:

degree(y;) > i — 2

2 s, AR v SR T RNEAIRENER/IME, P degree(z) = ko N TILFE
OB so =1, s; = 2, N T HMEN, AT DA :

Sk

k
2+ Zi:Q Sdegree(y;)
24 Zfﬁ Si—2

BATHE FREUERH s), > Fiypo00 FERABCEAVAGNE, X FIOFEN, FATE s =1 >
Fo=1,UK s1 =2>Fy =2, T k> 2 BVENR, Bl1E:

]

v v
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| > s
> 2430, s
> 2+ Zf:z F;
= 1+ F
BT, BAFEIUEH
k
Frz=14+)Y F (10.19)
1=0
FRRAE BRI 90T
o MAEN F,=1+F =2
o JB)AEN:
Fiyo = Frpp + F
= 1+Zf;01Fi+Fk
= 1+ Zf:o F;
g b, BAMSRIRARER:
n>lz| > F,+2 (10.20)

O

[A117. AVL BIEEH: Fy, > oF, Hrk ¢ = 155 Stk G a#Itk, Sl TFIRHER T 5%
IR EE 2N O(1gn)s.
MHEIX —45 3R, BATAT DUE X REL MazDegree WITR:

MazxDegree(n) =1+ |log, n| (10.21)

2 Max-DEGREE BiER] DARI R 2 ARELES RS2 E -

1: function MAX-DEGREE(n)

2: Fy+0

3: Fi+1

4: k<2

5: repeat

6: Fy — Fy, + Fi,
7 k+—k+1

8: until F, <n

9: return k£ — 2

NHER C Bl FREFEE T X Rk
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int max_degree(int n) {

int k, F;

int F2 = 0;

int F1 = 1;

for(F = F1 + F2, k =2; F < n; +k) {
F2 = F1;
F1 = F;
F=Fl+ F2;

}

return k-2;

10.4  FCbHE

BIRLPRRHEEHIC EERENRIMERE, R ERKIE R AMTZHERIR
PIHER 2R big-O Ja T A9 HEEOR, B VEIETE LCER TR o

A, AN ARSI —FHE  FX (pairing) HE, B2 CAIMERERIFAIHE, K&
TIERAE, TSR RRIRTERC R, SRR HEINE O(1) B9, MBI e 5 iRk
R REE N O(lgn) I, BINEE HEARTNIER 15 A, X—HEERAEE]
UERH, RER RERIREEIE B ME 2R EN O(gn).

R T PEREL SR, BOX HEIRAR (] B0, 77 15 A 175 A9 a2 UM R 25U B

10.4.1 EX

IFCHERT SE OIS HERR FARMASR S, MECA HEA R B2 —HR K XA, Be/)y
TR TRAR, HARTCRA TR,
NI Haskell #2772 X T BCXHE,

data PHeap a = E | Node a [PHeap a]

REDNIBIAE N, — NI HEE 2N, B2 R KXW, 85— MR
F—H T,

NHER C ESHI TR, A H TEONHERE o fEEL, BAIIOTHE R/
HE, BRI key HUZRADNEEC, BAIEM BRABERFIRH LM Z T, HNLE"E
S XRIRIE ),

typedef 1int Key;

struct node {
Key key;
struct node xnext, xchildren, xparent;

PHTLUR key HUZETMG ) C++ RIS HL, B 7 ASE A BT HIF 7127,
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HA AT T BATERV key ERIREHRRHZ], HMFE T O] PAZRS, A1
JaS N DARERE
10.4.2 FEARHERRIE
BATE SN BRI SR, &I nT DU ASCERSE Ao ZRERTIAS 7T ZAH A &
B TS RN E 2
BIF A BRI C R
BN R IR B AL, S TRATE FH N ECN HERS, 1 AE RS
o
o fAIPRIEOL: Hrp— S, AT ZIR A 5 —HEE R G ISR,
o TN BATELELP N HERIRR T RUTE, DR K — MER B — BT i,
% Hy F Hy 73 5REBNME, » F1 y A EIIRT SITE, KEL Children() 1R
[ —# K XM TFRE, Node() MN—MRTT TR —H IS — K X,
H1 : HQ = Qb
H2 : H1 = gf)

merge(Hy, Hy) = (10.22)
Node(z,{Hs} U Children(H,)) : z<y

Node(y,{H;} U Children(H3)) : otherwise

&

x = Root(Hy)
y = Root(H,)

TARE IR IERERE N HE BN O(1)3,
TP Haskell Bl FREF4H T merge $1E,

merge h E =h
merge E h =h
merge hl@(Node x hsl) h2@(Node y hs2) =
if x < y then Node x (h2:hsl) else Node y (hl:hs2)

tn] A an SN 77 LB & H 3R, (R M, G 5L 751k, Bl Ta] BA
TR ROTERBOR I, P BERAREBEREE 55 — D HE A B A T8 22 28 — AR
IX BN TR R AT DA IR AN S -
1: function MERGE(H1, H>)
2: if H, = NIL then

3: return H,

SR U BERITERE 0 B BN AL, X T B BER AT cons” KL, 3X— RUKAL,
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4: if H, = NIL then

5: return H;

6: if KEY(H;) < KEY(H;) then

7: EXCHANGE(H; <+ H,)

8: Insert H, in front of CHILDREN(H,)
9: PARENT(H,) < H;

10: return H;

FEIX IR, BATTH S 1A AT A B MR C 15 S Bl T

struct nodex merge(struct nodex hl, struct nodex h2) {
if (hl = NULL)
return h2;
if (h2 = NULL)
return hil;
if (h2—key < hl—key)
swap (&hl, &h2);
h2—next = hl—children;
hl—children = h2;
h2—parent = hl;
hl—next = NULL; /*Break previous link if anyx/
return hil;

Hr swap BRENSERIRSIHEA 978 AL,

FEFH & H R, 7] DUREEBOIRREHE I (10.9) —FESEEIE IR, IX—HBR(ERME
REAEELINTAl O(1), RINER/NITTER B IRTFAERR T A3, AT PART DOE IS AR AR B I AR
TLRo

top(H) = Root(H) (10.23)

RIS TR A PERE R H BN A O(1) #Y,

PNV R

[l SETRAIRELHE—FE, P/ T AL ETE a2 I PE R X IX— SRRt 3E
IAREEHEZ AT B 19 A HMELIBU NG, BATTREEAREY T AT s B VTR, AR &2
HErh, ME—HRPREIIR LR, ISRBMRTT A, AT AT DA E T o 7R U (TR S %
1Es

TNHAFEMIR TR R« FEBUNE k BIERIE,

1: function DECREASE-KEY(H, z, k)

2: KEY(x) « k
3: if PARENT(z) # NIL then
4: Remove x from CHILDREN(PARENT(x)) PARENT(z) < NIL

5: return MERGE(H, x)
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6: return H

NI C ESHIFREREH T IX—RIL,

struct nodex decrease_key(struct nodex h, struct nodex x, Key key) {
x—key = key; /* Assume key < x—key x/
if(x—parent) {
x—parent—children = remove_node(x—parent—children, x);
x—parent = NULL;
return merge(h, x);
}

return h;

3] 10.10

R TS, KM UK DT R R, BB RIER/D key BRIERY
ERTERE N FEUNTE O(1)? SN 2% 7, I 5L 28 " sths 7 2.2

i

KN i/ VTR R IRFAEAR T A, SRR RS, S — R85 71, XL
TR DA IR — R HIR

pop(H) = mergePairs(Children(H)) (10.24)

BEON HEAE F — RS IR AT & 1 560, B e WEE A4S, PRI BON L P & . R E M
GIAERK TR G IS SRR E I — R, BON HE 2 75k B IX— & I AR

E110.13F010. 144838 11X — BN S H AR,

YA O SRR AN B R _E AR U 2R L IREDN HER TR A,
ER—NFRIFIR {11, T, T, ..., Ty, }o mergePairs() BRECE XA :

o . A=9
mergePairs(A) = T+ A={T\}
merge(merge(Ty, Ty), mergePairs(A’)) : otherwise
(10.25)

Hrp
A, = {T37T4, ,Tm}

TEBR TR SN R R
N Haskell Bl 7P S TR —R%,

deleteMin (Node _ hs) = mergePairs hs where
mergePairs [] = E
mergePairs [h] = h
mergePairs (hl:h2:hs) = merge (merge hl h2) (mergePairs hs)
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a) AT AIEC N HE

g@@@@@

*Eﬁ w2 HER, RISz 9 BRTA

dbdbdbdy

c) BRI O & FF, KA & BRI DA
4*%%;;;/\%

10.13: FIBRARYY &L, R 7B kS 53
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(a) FARTT RN 9 F0 6 BIPERIRE &I (b) R RN 7 BIREEFFE 4R
R

(d) BRI 4 BIREFF RIS RF

10.14: WETAIZESFFHIH IR



248 FrE ZIEHE, AR RN e

5 tHARE T DA AR AR IR AN -
1: function Popr(H)
2: L+ NIL
3: for every 2 trees T, T, € CHILDREN(H ) from left to right do

4: Extract x, and y from CHILDREN(H)

5: T < MERGE(T,,T))

6: Insert T at the beginning of L

7: H <« CHILDREN(H) > H is either NIL or one tree.
8: for VT' € L from left to right do

9: H < MERGE(H,T)

10: return H

Hrr L s — D8R, R EIEMERG B RSTIEN K X
PRRT-B, MEAT & S RBAAZ] L HKER, RUONTERERATRTIT A, At DAF (0 I
HER L W, KRR IRMNG RAERIE, HE H el sESA ar B8R 71, IXAE O,
A EFF G RTIR— MR BRI MER NIZ— BRI AT NG TR AR &5,

TH C S GRS T R,

struct nodex pop(struct nodex h) {
struct node xx, *xy, xlst = NULL;
while ((x = h—children) # NULL) {
if ((h—children = y = x—next) # NULL)
h—children = h—children—next;
1st = push_front(lst, merge(x, y));
}
X = NULL;
while((y = 1lst) # NULL) {
1st = lst—next;
X = merge(x, y);

}
free(h);
return x;
}
MV R ECR HER 5 R E R 0 HEMERE DY O(1gn) 7,
%3] 10.11
EE—TNIES, S RERAY S ER AN\ —HRAH
JHIBRYS £

BATEAAE W HER LIRSS B PRI, MR AT DASCEIN Yot 1 i IME
W NRTEST (—o00) , RIGFHT— KGR IR, IXEIATN A I —FER 7575,
BANFTZRE LR delete(H, x), Hrp o BECOWHE H YR —T R4,
CAPROREE, « R
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A o AR, BATATRERIT RGeS, TV = N H U1, 2
JEXS @ AT IR HEERIE, R SR E IR H, T

pop(H) : x isrootof H

delete(H,x) = { (10.26)

merge(cut(H,x),pop(x)) : otherwise

IR M I 2 P 53 A, IR e AT TS AR E 0 S R RE U2 XN H] O (Ign)o
#3) 10.12

o WEETTES, KBS XRIMERE X,

o FEA RS IR Al b BRI MIBR I,

10.5 /D&

AR, BATRHERTSCILN =Y FEE 1 EhNFE AR, —WiHEm2E
BARSLHERE ] K SO BIARMAE N R R BAREEH, TRCA HE ] — PR K SORERA7 if %L
P IR BRI R (EREIRIEAT, AT DASRTS SR BRSO 0 SEPERE . 1X— R A
Hiak M, BAREBRHEERIE BB RIFRITERE, (2 SEIBON R 2%, Bl —5%
IRBEERBOE AV, ABEN QRTINS HE R 5 {8 889 SLBL, F BAESKERN A A aE
RIRES

FIARTNIE, BANH T —EEEARE T RBBIRSA, JEEREMRA KT
WEBTFERNE TIFHRR, W —ETHE, TR 408 AR, ihEL
LHAMIBAA,
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H—5 FARH RIS

11.1  fifr

PAFI & — R B ok LL A B R R M, et 1 FIFO (Joidtitt) M B e
AL, A Z R0 75 TR AT ASEEIRAA, L5 (E A B A s A BER, (ERIEFAEIMIX (ring
buffer) 3, {H2, TEHEIIPEBIHIZAF T OUHZMRERRFIZMF) , KBl — Pl £k
BASIANFF A AT L

AE, TAITHLBLASNN Z R, PSR — el RS, 7 Bk
JEANT BT RE RR

o ATDMEEBINT O(1) NIFIRERINITTER;
o ATDMERENTE O(1) WMSKERIREREHIPR T2

IXPARME A B A NIE AN —LE EbR, BIANRER SIS BE A7,

BIR, WAER A] DR 7 th SRS, (R A7 1E B ANl SRR 75 58, BASI AT LAFH
BRI RER B BB LI, Pl X B 2R H A R AU« A ] SEBE— 2l bR RS BA
&?

ATV B S e R ) B e BE AT B A G i X S A 5 SRV Fd 14 H—
B E A R EGS B, BRI — MR RO RE R AE 70 EER T SN REISEI e N ). AT
RS (BEIAME I ) PEREBENH BN R SEELTTE. &a, T4 — Rk
T M SRAELAR SE IR BRI

KER 7T BRI ENSEISK B Chris Okasaki B9 ARV 45 H T 16 FAS[R] 4l pf 45X
FAFo

11.2  SAFEFIRAGEIAE X S A S

ATTEA 2 A5 SRR SCELRIBAA, R EIAZR I DXSKBRAIBAS I, EAT12
SRR A FUAF

251
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11.2.1  FApRER SR

BRI HER, A DURA 5 HIAE BER AL AR BN TR] O (1) A BFRITER. H
N T ORIESERE e, RBETERER KB T — R, L RERAY B E A TR 9 55
— A,

X RIAEER, 0 TR R PTHRE, BT 2w B ER AE R R RR, 10
2 O(n) WAL, H n BEERKE, IXAERICIRIREIASIRIPEREZK,

N T ROIX A AN, FATFRE — DRI M IE ok PRI R BER A B, fEH—1
sentinel A DARILIL AR, NHEE C W& S0 6 s m R se il 7R,

typedef 1int Key;

struct Node {
Key key;
struct Nodex next;

};

struct Queue {
struct Node xhead, xtail;

};

B 7 — iR, Sk RRETEA 2 sentinel 19 5o

head tail

11.1: Z2BAA, SLERFN B ERARFE A sentinel 19 5L

BATREAS IR #E DR AT

function EMPTY > Bl — 2SR
function EMPTY?(Q) > fE— A Q BENT
function ENQUEUE(Q, ) > KEFLER o IARS Q (ABA)
function DEQUEUE(Q) > MBAFI @ MHIBR— TR (HBA)
function HEAD(Q) > FZISe e B AREBAY] Q B R — &R

& DEQUEUE M HEAD MIX 5], HEAD {UXIZHR FIFO HIHFIREL K —"IT
EMASEICEMIBR, T DEQUEUE ST THNERIR/E,

MERH CH+ AR IR TRV, fE N, C 1EH S BT R AMBIR TR B
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FAEAEIE S, AN Haskell IR Z BRI RAVE S, o] OB AT 2 MRIE Lk
%1, THERI Haskell HIFHSE LT HIZR A,

class Queue g where
empty :: q a
isEmpty :: q a — Bool

push :: ga —a — q a — BRA44 8 'snoc, append. push__back
pop :: ga — q a — B4 0 tail, pop_ front
front :: g a — a — @449 head

AT HRUE ENQUEUE Fl DEQUEUE A DATE R EUN RN FE AR, FAl ITESLER A TC R,
MEEERIBRTER,
function ENQUEUE(Q, )
p < CREATE-NEW-NODE
KEY(p) <z
NEXT(p) + NIL
NEXT(TAIL(Q)) < p
TAIL(Q) < p

EINER] sentinel 951, A AR MFAE— DT 5 (BAFIHE —1 sentinel 1750o
Rt EIARIEAEIBANHT 1 A p I, TR AR G A,

function DEQUEUE(Q)

/

x + HEAD(Q)
NEXT(HEAD(Q)) < NEXT(z)
if z = TAIL(Q) then > Q L

TAIL(Q) < HEAD(Q)
return KeEvY(z)
EATATERORIUE sentinel "1 7R HAM RAYATTN, K% HEaD SERRIR[E
sentinel B N— Ko
E11.24R 7 ENQUEUE M1 DEQUEUE f ] sentinel 11 53 TAERIIEE .
T C B S BT T AR H AR,

struct Queuex enqueue(struct Queuex g, Key x) {
struct Nodex p = (struct Nodex)malloc(sizeof(struct Node));
p—key = x;
p—next = NULL;
g—tail—next = p;
g—tail = p;
return g;

Key dequeue(struct Queuex q) {
struct Nodex p = head(q); //KEsentinelBI F—T T =,
Key x = key(p);

2T DAE RN, MSKERIMIER, (B2 AR R A R B 2%
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head tail

:Enqueue

(a) PUT ENQUEUE Hij

head tail

: :

(b) $R1T ENQUEUE &

head tail

] — -

"‘Dequeue

4

(c) $4T DEQUEUE Hf

head tail

l '

(d) W4T DEQUEUE &

B 11.2: FAEFEFRSCIIAGIN ENQUEUE fl DEQUEUE #1E
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q—head—next = p—next;
if(g—tail = p)

g—tail = gq—head;
free(p);
return x;

X 77T R R, T DA S M TR B R IR (BN 2 4%), TR AT DALESK D
R AR M — BB, sentinel 5 50T DABSBITRA TERNI o2 e 698 1 (00,

%> 111

o fEFAMEER, LI EmpTy? M1 HEAD #1E,
o HEE—TmRPNIES, H R mBERSTIAY, FEEIRAEI G RTRERBAS BT ER X

11.2.2  FEAEINX S

FAN—F 75 1R A R S — MEIA R P X (FR ring buffer), F1H#[5EFR
IEMER, ZRVEERIIEL R, 2 SCRE R SR T 2N T B R4, Al SR =2 AN
B, B, BATFEEFRRIES 0, HEMEBESLTMER TR IERERZE, Nkt
INE] O(n)o X2 F R EHFIRI S TREIMATFESN (shift) — 87T PARFMHEREE
— MR

TEIRG X ) RS AN 11.3F0 1 1. 4P 7R

R C &S B TR AEAZ X S T RS, ERLE TRMX N RKE
=, MiA S BN

struct QueueBuf{
Key* buf;
int head, cnt, size;

LEINAIEILC A R EINUCTIENESS o2

struct QueueBufx createQ(int max){
struct QueueBufx q = (struct QueueBufx)malloc(sizeof(struct QueueBuf));
g—buf = (Keyx)malloc(sizeof(Key)xmax);
g—size = max;
g—head = g—cnt = 0;
return q;

A DA — PN B RILSK S FRAZ BRI TC R N, FERERAITASIZ &5 %, B
R B,
function EMPTY?(Q)
return COUNT(Q) = 0




256 Fr—mE AR AR

head tail H5
LT
al0] [a[1]| - |ali]

(a) EEMAZ IR,

head tail ALt
N
afjl | - | afi]

(b) MKEBIHBRS TIoCR e, LT 4,

head tail JHH
afi)| - am/
(c) HREEHIA 2/ TT 2 L FISAL N
L
tail head puls!
al0] | - | alj]

(d) TR IMAZI LTS

— T,
tail  head St
VT
a[0] |a[1] | - R[j-1] a[j]

(e) RIBATLHRL T TEE, FIE i,

11.3: fEFFEIR I X SEELRAS
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Tail

Head

11.4: JEIREHX

SKIABN ENQUEUE 1 DEQUEUE H AR ERY B ] B 75 T4 2 I BIE L
function ENQUEUE(Q, )
if = FuLn?(Q) then
CouNT(Q) + CouNnT(Q) + 1
tail «— (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
BUFFER(Q)[tail] < z

function HEAD(Q)
if - EMPTY?(Q) then
return BUFFER(Q)[HEAD(Q)]

function DEQUEUE(Q)
if - EMPTY?(Q) then
HEAD(Q) < (HEAD(Q) + 1) mod SIZE(Q)
CoUNT(Q) < CouNT(Q) - 1

(BRI AAER LIRS MR, AT DOEIS — 2L R sp U2, AN Ny C 15
BHTF PR

void enQ(struct QueueBufx q, Key x){
if (! fullQ(a)){
g—buf[offset(q—head + q—cnt, gq—size)] = x;
g—cntt;

}

Key headQ(struct Queuex q) {
return q—buf[g—head]; //RIENFIRAZT
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}

Key deQ(struct QueueBufx q){
Key x = headQ(q);
g—head = offset(++q—head, q—size);
q—cnt-—;
return x;

53] 11.2
TR P X I AFITERIGE LI FLE T B R A &, SR Sk B MEE, A
i Count ZE&, WAAGIIAFLE T A2 20 iR ? 155 EMAIE N SLEE B Sk ai
T, FLERAE EEHR S TH o

11.3  AlipfEsem

AUE I — D FIRICTE 2 S HIPERERR . K2 B R R IR S i B 3R
RICHHNR, HIRHLHRERIEPERE N BRI [R], TAE R ZLMEN T O(n), H n
NHNRKE, BRI AEGE AR 28H — M RIERIPERE RIS I ZK, 1155
o

EnQueue O(1) —» > I > ... > > —» DeQueue O(n)
(a) DEQUEUE AL A,

EnQueue O(n) —» I - I - .. = I - — DeQueue O(1)
(b) ENQUEUE ANZRMERT A,

K 11.5: {#H%5R, DEQUEUE Al ENQUEUE JGi% RN IAZ) 5 B A)

TEALPREEIAEEN, FATARER R BoRIC RN R B, K RS — b5
WHITTIER, A REKI Al £ A,

11.3.1  WHIERAF

Chris Okasaki 7E [ &gt T —ME S B R B SE B, B2 A MER
RFTR— RN, BER" X B AR —it, TR — " DTk, W& 1.6
TNo

SERAMNFIRG, BATHEFITTEMA rear FIFRAISLER, MEREHEUN 8] ; LB,
FATRETTRM front FIRAISLEREUE, MEREZ H BN Al IXAERAFIAY 1 RE 2K AR
A DA 2 T o

TP Haskell fUBSE X T iXFAFF (paired-list) BAF,




11.3 SR EECEL

|
N
|

(a) SHEFFEME TR

front

DeQueue O(1) —» —> I - ... > - :>

EnQueue O(1) —» —»> I T >
rear
(b) “FEX R HAE— YR

& 11.6: fEH front ZIFRFN rear FIFSLILRIBAFITEAN— 1 B B R B

259
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type Queue a = ([a], [al)

empty = ([1, [1)

DR front(Q) M rear(Q) 43 AIIRIA] front I rear FIFK, KL Queue(F, R) M
WAFIER F AR #8iE—1BAS. ABAEME ENQUEUE (push) f1HIA DEQUEUE(pop)
A DUE SR

push(Q, z) = Queue(front(Q),{z} Urear(Q)) (11.1)

pop(Q) = Queue(tail(front(Q)), rear(Q)) (11.2)

HAEHIR X = {21, 20, ..., v}, WEREL tail(X) = {xa, 23, ...,z } NFRE—ILR
HMNIFRIRTTR YR

B2, TR — D RN, Zid— 25 HINRIEG, front 513RA AIREL
22, MM rear FIRAILH LR, KNSR EHEAT HARMER AL —M77 R 2R/
rear SR G front H13K,

Mtk BER HEBAIRE S, BATEHAT — P2, iIdPAY Q HY front F rear 4l
AN F = front(Q) Fl R = fear(Q).

Queue(reverse(R),¢) : F=¢

11.3
@ : otherwise ( )

balance(F, R) = {
WER front FIRANZ, TEFHALMEIMEE; BNEIER front FIFRZ N, $LH KR
EE11) rear HFRRAES, MHTH rear FFR A,
XAEEN JE I BAAT H AR R T

push(Q,z) = balance(F,{x} U R) (11.4)
pop(Q) = balance(tail(F), R) (11.5)
N HE SEEERY) Haskell Bl FF27 S8 T FIREIE,
balance :: Queue a — Queue a
balance ([], r) = (reverse r, [])
balance q = q
push :: Queue a — a — Queue a

push (f, r) x = balance (f, x:r)

pop :: Queue a — Queue a
pop ([1, _) = error ”Empty”
pop (_:f, r) = balance (f, r)

BIRBAMUXAE front F rear FIFRATSLHERIEST ABNHI BN A, (2 PEREF ANRE
SEPRIED BN AL, RV AN, BRI  HEPERE SR AT LUK EN H BN IR, R rear 5113
S A R N TR AR B BRAE B, IX— BN O(n), Hif n = |R|, T TR 2E
PERERIUERATED ) > B 43152
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11.3.2  SUEBEHRAI|—— R PRSIl

FIORBNFAR L, 74— A BB D PRSI, EREEERgAZIE S, BN
IRAE) BASIC, RAEEH AT, AREMEAITE T, BE G EE SR ADIE iR, RE
A DABEF — SN R IE R RS, AT B SCEIEESR, (HURIE 17 1 B R B Y
TTERBAB, (1S MENERE N 24N AL,

121 HERR T BEAHMIRERR, BRIZTTR MO n, FUURIERIMERE T :

e HeR | B
I | O(n) | O(1)
ERMMA | 01) | O(n)
I | O(n) | O(1)

(1) )

S O

e IR 1

O

O(n

R 11.1: BEAMBERSIRIERN L

A DB 2, HERAE KB R MERE B 2N [R), e R v Ze i (] Mk 7 FE b
B R T (g BEC DL, BORZSIRUE 8, Tofe HR R , (R AR SKER BN S ERT L, 31X
T RIONAESKRERAR AN, 7R Z R TR MR A SR8 DATI B H — 24, BRI, 75224
JEARRITER MR AT B DA 5 (S WA — E ),

ERGH T DHBRRHE, TATAT DRI BB — D RS R R 7T 1k
RPN SO Sk R R, TR — D BB IR, AN 1L 7R,

C [x(11]x(21]... [x[n-11[x[n] | <~ EnQueue O(1)
_ / ptye21]...[yim-11]yimi] - DeQueue O(1)

rear array
(a) SHEFIEHEER (b) KPR o Sk B R ok

11.7: {#H front N rear FLH IR ASIFZU0— 1 B B RiG R

N Python Bl FFER7E ST MEEHRAYI®,

class Queue:
def __init__(self):

STAENE T IHX BASIC i, £ Python 1, LR THEM list MAZ array, WA ZFE AP C/
C++ BIFRER, NN E RIS,
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self.front = []
self.rear = []

def is_empty(q):
return gq.front = [] and q.rear — []

MREINBAERAE Pusn() MIHBAIRIE Por() #{AEREHRI LT,
function PusH(Q, =)
APPEND(REAR(Q), )

Hrid#E ArpenDd() RITR o MAZIBEHRER, HETHENNEHRIE, 6%
RPN ACFRR, bR 1 B8 IR BRI, SRR EHITTRIN, Er URENTF IR,
FHAE R E RS

HBAFRAERIRRE SN :

function Por(Q)

if FRONT(Q) = ¢ then
FRONT(Q) < REVERSE(REAR(Q))
REAR(Q) < ¢

n < LENGTH(FRONT(Q))

x < FRONT(Q)[n]

LENGTH(FRONT(Q)) < n —1

return z

g B L L, TEMMBRC R, Bl ARG NIRRT, Al DUEIE R SRR K 2
B 0 SRHIMT front BRGNS, XEPOS 1 IXLE4,

NI Python HIFFERFSEIL 1 ABVHIH A#RAE,

def push(q, x):
q.rear.append(x)

def pop(q):
if g.front = []:
q.rear.reverse()
(q.front, q.rear) = (q.rear, [])
return q.front.pop()

0 paried-list BABIZEIRL, HI TS 4L B o2 2RI AT, 53X — SRR 70 1R RE A
HAEINTE O(1)o

%> 11.3

o UEBDBBIER RS 70 HEPERE N B ZONTR] O(1),
o UEBTRCECEHBASIR S HEPERESN B 2N TR O(1)o




11.4  /NBOHE: SEBIRAS 263

11.4  /NSGE P EAS

BIRNIR S E A BRI H BRI ) 70 ESR 2% B D H BN TR O (1), (H2AE &R IR
THOCTRIMERERZE, BN front FIERFRE—NITER, REENTK n DNITRIESIA
PAA, X E n S DMRRHVEEEL, R PAT — R AR ERL S A RIME Do

HRAERLI, 288 n DITRECIA T rear F15R, HUT IR HERIEE, front F582E
N, TRITIEREL rear FIFR, IX—HIEZENMEINTA O(n) B, R rear FIZRH K
e, FEET, 4 n ARKI, IX—I HTHAEAK, Toiki 2 2K,

BRI —EIMEOL YR A2 T front M rear FIZRMAT-#, FATRT LAELEAS
BT RGP, BRI A — 25 V- 1 PR il

|R| < |F| (11.6)

H R = Rear(Q), F = Front(Q) 7 AlZFIHHIRTE MR, 185 |L] &
AR LK, X—FKMRIE T rear FIRMEKERKT front FFR, M5 MAAH
RN, BT R 43R

A IX — BRI S5, T EAm BRI YR, B THIRA N 2 mbEsR, ikt
TELMEN BRIFEHCE, AT DU FIRIK E R R, IFEH BT RN K
JE o IXFERR AT DATE B FUN RIZRIS AR A,

R Haskell il 7R 7E XA Z A A Ehit E3G N T KR A S B

data BalanceQueue a = BQ [a] Int [a] Int

HERF (11.6) — BRI, sirl DUBE KA front F11FR A RAK A

BENE:
Feéo|F|l=0 (11.7)

AR NRIER R, BAT— BN ] DHEH BN R PR ESIR L BIRE L]
BRI H BRI R AT DART—FE, FATITREZHIMEASIRIKEFE, i V-
M, A R T SRR,

push(Q, x) = balance(F, |F|,{z} UR,|R| + 1) (11.8)
pop(Q) = balance(tail(F),|F| — 1, R, |R|) (11.9)
HA L balance() & XA :

Queue(F,|F|,R,|R|) : |R|<|F|
Queue(F Ureverse(R),|F|+ |R|,$,0) : otherwise
(11.10)
X HEREL Queue() 2PN front FIRMBAZNKE ; rear FIRMKE, X
SLA5 B DIA3E — N AR BRI,
N Haskell Gl FF2 LB T FHEOBIELS, FF#H T Haskell FIZRAISR
GURPRIESEIRAF SR SR E 3o

balance(F,|F|, R, |R|) = {
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instance Queue BalanceQueue where
empty = BQ [] 0 [] ©

isEmpty (BQ _ lenf _ _) = lenf = 0

— Amortized O(1) time push
push (BQ f lenf r lenr) x = balance f lenf (x:r) (lenr 4+ 1)

— Amortized O(1) time pop
pop (BQ (_:f) lenf r lenr) = balance f (lenf - 1) r lenr

front (BQ (x:_) _ _ _) = x
balance f lenf r lenr

| lenr < lenf =BQ f lenf r lenr
| otherwise = BQ (f 4 (reverse r)) (lenf 4 lenr) [] 0O

23 11.4
WS RIES, LI REEH NS,

11.5  JE—ult : SEFRAA

S T T BARRT DU 0 B 22 18 O, (B2 R rear FIFRINHIMERETIARZ O(n)
), e n = |R|, RE P PEMERE N B EUN E], (HATIR rear FIRMRK, FEOARIERITERE
TIARRE, TEHEESLIN RS, TATLICRIETE SIAE I T APERE IR E K,

FRABRTEI 247, THERRSE F U reverse(R), 4 |R| > |F| W& k4IX—#
k. BIE |F| M |R| #R2HEEL, AIX— R, |ATA

IR| = |F| +1 (11.11)

F M reverse(R) FIEERARZEBAMIRER, ERL N TRER O(|F)), lEINETRE O(|R))
I TR rear HIER, IMLERIEN O(n), B n = |F| 4 |R|, HUZW, MBSIHH)
TLRMIRIE .,

N T SRSEI S, BATTARRE— IR F U reverse(R)o fROVRIEZIIX —FE
I BT SR 0 IREIAS IR ABANT EH PA R AR Ko IR B IR BRI N AT H AR AR 21
% 7, (B2 ] DO E L N EREIR LM R,

B
BATE S tr— TR R BGUR R RTE,
¢ X=9

(11.12)
reverse(X')U{z1} : otherwise

reverse(X) = {
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Hrp X' = tail(X) = {2, 73, ... }o

BN, WIRELLE AR —DHIR, SN, AT — IR o, KRR
TCER {22, T3, o, B} RGN {2y, 001, 23, 22}, RIGFHE 21 IBIMBIRE,

HZ, X—RIRRITEREAME, BT RER B A RASIR KL RIE L, RIHIX —&
FRRERITEREN O(n?),

SRS AR T -

reverse(X) = reverse' (X, ¢) (11.13)

Hr

A X=¢

(11.14)
reverse’ (X', {z1} UA) : otherwise

reverse' (X, A) = {

AR A NERE (accumulator), EAWT BIAAILE R, (EMEHE, 4IEH

reverse' (X, A) i, X BEMARRENITER, A 8IS NIEREFEIITER, 458 i (R
VA reverse’() I, X F1 A 73 AIELEWTFNZE:

X = {xivxi+17 7$n} A= {%‘-17%‘—27 $1}

FRIBIA, GERAZIDFEN, BATHFEBRRM X B S — IR, KR
HELEE] A BRI, X — D FERECGERT F N A O(1), FIFERIIRIEES n X, KX —
SR FIRZELNERTE O(n) B,

J2iB ) 0 B DPARE 2 M — IR RSOV B S TR, BRI EMES T —&
FIRPRAES e, BATTE L MRS, WERMUIRE: REIRES S, FORIEAEMAT R AL
(RFER) 5 FERRAS Sy TR ALK (520, MY Haskell Bl FA2FRAIREE
SRR,

data State a = | Reverse [a] [a]
| Done [a]

i FIX AR, FATTRT DAVE E (slow-down) BRI R reverse’ (X, A) BT

(S;,4) + S=S.AX=¢

(11.15)
(Sp, X' {z1}UA) @ S=S.ANX#¢

step(S, X, A) = {
B BAERELRTHIRS, ERIRESR S, (EH), B2 X HERERIR
TCRTEEL, RPRSZ N TERR Sy s AN, FATEH X Ry — IR, RKeHE
Z55] A RURITH, 8 MRS Z AR, BATAEETEIEAH, X -2 ERE R, 4
RTAPIRES, AR RN BREER X F1 A $RTE RO, FRATAT PATE DA AT ArT s
(B FIX LN, A step BREERSLR 7,
NHEEIB A R — Ml
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step(Sy, “hello”, ¢) = (S,,“ello”, “h”)
Step(Sr, 446110777 uh”) — (Sr; 44110777 uehav)

step(S,, “0”, “lleh”) = (S,, ¢, “olleh”)
step(S,, ¢, “olleh”) = (Sy,“olleh”)

NH Haskell B HHR T AR E]F:

step $ Reverse "hello” [] = Reverse “ello” ”h”

step $ Reverse ”ello” ”h” = Reverse ”1lo” ”eh”
step $ Reverse ”0” ”1lleh” = Reverse [] "olleh”
step $ Reverse [] ”olleh” = Done “olleh”

IRAETRATT AT DR S 5 T LI 53 BN AN AFIT E BARAE A (B2 IX AR T — 211
B, BATFREBN 73R F Ureverse(R) T, K T RTEZEIEE (slow-down) I3
HNERRIRIE F U .o ERRENERERN O(|F)). AR, BATHEIRERETEEIA
FAFI H BA TR E A 250

B R

KRB R HIIB D i B LR S TR FATTRT AR IR S B 4l R 31X
B — AT R TREL X UY, ROTATRSEH X RN X, REE—H X iy
JLERHH, TE] Y BRI IXFIEATRTESSHA reverse’ K4l

XUY = reverse(reverse(X))UY

reverse'(reverse(X), ) UY (11.16)
= reverse(reverse(X),Y) .

= reverse/(y, Y)

XS, BATAT AIAN A — AMRASIKISH step() FEL, 1F R RIEIG, B
e F oSG,
TR RN AN ER

1. AR F R, Z1SE| F = reverse(F) R = reverse(R);
zﬁﬁM%ﬁﬂ@ﬁé%@ﬂ% AT,

NHBATE X =MIRES S, RERHFL; S, FRIGERE; Sy IRERTEMK,
MR Haskell Bl 727 E ST IX=MUIRES,

data State a = Reverse [a] [a] [a] [a]
| Concat [a] [a]
| Done [a]
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I TRATAN RS F H R, IR E R AT B — 5 250 — 4 2R,

RASHE BA% TR AN B SR TR Y 18 F = {f1, o, F' = tail(F) =
{for f5r o W R = {r1, 7m0, . J R = tail(R) = {ra,rs, ..}o — KA S @EEMZ S,
AR S, S, Fl S, H—Fh, FRRAS S HiEa SnBEmssy, i F.F. X, A S1E
FrRIRISE R, RAR, 1SS FARA,

(ST’F/v{fl}UF,R',{Tl}U&_{) . S=S,ANF#¢ANR#¢
(Sca?{ﬁ}UR) : S=S,ANF=¢AR=1{r}
(Sy,A) + S=S.ANX=¢
(Se, X', {z1} U A) S=S.ANX#¢

next(S) =

(11.17)
FHM Y Haskell FEFUTR:

next (Reverse n (x:f) f' (y:r) r') = Reverse (n 4+ 1) f (x:f') r (y:r'")
next (Reverse n [] f' [y] r') = Concat n f' (y:r')

next (Concat 0 acc) = Done acc

next (Concat n (x:f') acc) = Concat (n - 1) f' (x:acc)

B FORRAT A T L1 25 8 B S5/ AR\ AR v DASI B — A2
i O(1) B FERINF,

[

TE2G B ARSI, BAVER DT — TN THE F U reverse(R), BHEREHZ
IR, AR PRSI, B |R| = |F|+ 1o I& m=|F|,

T30 H A B A BAER VG A AT I, AT TR B T F U reverse(R).
BHEFEE m+1 PRI R, BANRINIEIX SRR T F B, i, 3]
TEHH m -+ 1 PRATIERESRE, FIHEHETE T 2m + 2

B BRI TE R A B — D AR A BN B — B 3R, (HZ2 FRATI TR
E— KRB AETRATITE K 2m + 2 B HA1E 28, BAFIE A FTREH T TR —F
FI NI H AR AR, PRGN ?

KT RX—FEAMWNDEL, —DNREFHEE, — 2R E.

BAVEBHFHEE REB, FEBANMERE 2m + 2 PR F U reverse(R) 58K
Z B, BN BN EAS AT RE BRSNS RIS A A, KDy — Bk &2 P rg Ak
B2 om + 2 ), BATES ] T — D front 53R F = F Ureverse(R). T
—IRBAIZAG A I, A1 -

B = [F'|+1
= |F|+|R|+1 (11.18)
= 2m+42

WHtE B, M BRI RIS, BIEBRA AR R SR8 TR AN, A
TRAIE R AT AT TN, 2m + 2 D HEIBEFEETR T R front 5
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R E R, BT A 2RSS HE F U reverse(R). %75 1 HijHIZ5 HBYF-1
AR (invariant ) , BHEATRIE 71X — 5,

HEEAE—MREE. TE 2m + 2 HIHRESERET, HIRIERTREREN 24, X
FEAE—MEREITESL: FATTRZEM front FIREE TR, HZHH front FIR F =
F Ureverse(R) MARMWHELF, WA —RIHE front 513R,

— MR T IERTES — MR reverse(F) N, BAMRE—{ HLRTHY front Z15R
Fo XFERMEESGEAT m (REEBARE, BAMIAR LM, R (11.2) LA THE KK
B IR (RN R F A R) BRI ZIAFIRIREF4,

RTER front FI3 AT A i rear Hl3
{fir fistr o frr} (S, F,..,R,..) {.}

Wii— 1 ANTECHA F R R MPESE  ASHANYTE
£ 11.2: Wil m 52 BIIBATI RS

23 m IRHIERPE, F BEIARCZE R BATIRI NN aa iz 0 2 T E Ry
B, MO AN RARSHAT H AR E 2 BAE?

HE b, BT F WEIARSAE CERT ¢), FBAVCTHFHIFATERRET . X2K
HFUR = U ® =R,

X — S IREAT, TERHA TR RN, BATHRTEN F PR AR TR IE R
Ko FNTTEM F HISKERIE—HIPN, FATTAT DA A — D8R (counter) SRidsk F H
FISTCEI N, HIFETE F U reverse(R) I, THER N 0, IR EE F HI—A
TCERE, BRI BES I —, R RER T TR EIEHX DN IT R BRI ARAE, BRI
A —, RRBA TR AT DU ERE— R, BARTEERIREN D, FA MR EE
BT E AR . 2 HACYIHEERR 0 PIIHR, FA TRk TIE R E,

FRAE DA F 2304, FATTAT DAZE AR 8 SR IS AF I SERE SR T, 8 T Rkt
A, BATTR] DG I — D2 RARES Soo FHEIH Haskell il FREFSH TiX— Bkt
HIIRASTE o

data State a = Empty

| Reverse Int [a] [a] [a] [a] —n, f,acc_f'r,acc_r
| Append Int [a] [a] —n, rev_f’, acc
| Done [a] — result: f ++ reverse r

BASIHI B EEA 73 9 =897 - front HIFR A KEE R ; IEEHETR F U
reverse(R) HIHENRZS; # rear R CHAEKEEE ).
MR Haskell Bl 525 X T SLIN BRI EEESH

data RealtimeQueue a = RTQ [a] Int (State a) [a] Int

CHNSARER, A HE ] — D IIRFEACRANTN R LALLM (], XTI RA R T, KPR L, X
—LMEN PR ERREAR SR, FEAREEIIRE T, MR EEFH AR B front F1F. HIZ, INRZHH
BRI — R, H B S o, X — it 7=, uitt, Tl T3 IR lazy S, EIER SR K
VEFHAILENIR A, TR AE R R S Rp— Tl — oo, BRIl BB (AR,
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SEAFIELE 231 front F rear 3R, AR — DN IRARZS So, 188 Queue(, 0, Sy, ¢,0)o
FRAE V- invariant BYE X, FATRI OB RE |F| = 0 5& KA —DRAFIR S
7o NAHIH BAIRAEIE SN T -

push(Q, z) = balance(F, |F|,S,{z} UR, |R| + 1) (11.19)
pop(Q) = balance(F', |F| — 1, abort(S), R, |R|) (11.20)

BRARHIZAAET abort() PREL, ARFEATEIRY AT, 75 H DA FA 1326 Ja - £, 1XAE
Rk DUDERE — D IT R BATREE SOV ERCE, BATREE e i BAARSE,

FHIZA Haskell HRAFTABAERAERT PAHS ™ A8 FF2 7 45 Ho

push (RTQ f lenf s r lenr) x = balance f lenf s (x:r) (lenr + 1)
pop (RTQ (_:f) lenf s r lenr) = balance f (lenf - 1) (abort s) r lenr

BRI%Y balance() B ek & invariant, NRE R T, BA1F7EE 5 FUreverse(R)
FRIIB A T SRR P8 A5 ], FRATMUAA T — P M AR S A E T 5
step(F,|F|,S, R, |R|) : |R[<|F]|

step(F, |F| + |R|, (S;,0,F, ¢, R, $)p,0) : otherwise
(11.21)

balance(F,|F|,S,R,|R|) = {

HHM. A Haskell Bl 7RI :

balance f lenf s r lenr
| lenr < lenf = step f lenf s r lenr
| otherwise = step f (lenf + lenr) (Reverse 0 f []1 r [1) []1 ©

BREL step() RRARSHULHLE T —MRE, REEE T EERG, ST
K Spo
Queue(F',|F|, S0, R,|R|]) : S =5
Queue(F,|F|,S',R,|R|) : otherwise

Hr1, 8 = next(S), & F—NEMEIRIRZS; F/ = F Ureverse(R) @@t A
BT front F3R, BEIERRSFEHREREL newt() BISLIMANT . FIRTTHIAYE ARE, FAlT
BT — N ES o RIERIERIRZ DN IT R TR EE L,

(Son+ 1, F{f3UF, R {n}UR) : S=S AF+0d
(Son, B {ridUR) : S=S,AF=¢

next(S) = (S;,A) : S=S.An=0 (11.23)

(Se,n— 1, X' {x1}UA S=S.An#0

)
S : otherwise

step(F,|F|,S, R, |R|) = { (11.22)

M. A Haskell Bl FFEFUR:

next (Reverse n (x:f) f' (y:r) r') = Reverse (1) f (x:f') r (y:r'")
next (Reverse n [] f' [y] r') = Concat n f' (y:r')

next (Concat 0 acc) = Done acc

next (Concat n (x:f') acc) = Concat (n-1) f' (x:acc)
next s = s
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FRIEL abort() ATHERIRASAHL, T R4 T HBARAE, n] UM ER — P ITE,
(Sp,A") :+ S=S.An=0
(Se,n—1,X'A) : S=85.An#0
(S,n—1,F,F,RR) : S=85,
S : otherwise
HEREY n =0 BYIHE, BATTEFR LGS T _E—PDRER T EVIRE, RHRE A’ 1
N A EREER WERGS), BA TE I R BB XA AR D,
NTHIY Haskell Bl 727 T abort BRIEY,

abort(S) = (11.24)

abort (Concat © _ (_:acc)) = Done acc — HEE BATENR (rollback) T—MNTE
abort (Concat n f' acc) = Concat (n-1) f' acc

abort (Reverse n f f' r r') = Reverse (n-1) f f' r r!'

abort s = s

BNEA L RAZNEER T BRIYE — DRI AR : 2 FoR— T
= o AN, SR A2
Queue(¢7 17 (SC7 07 ¢7 {‘/'U})7 ¢7 0)
A LIS SZ BT S RAIRAE, S R AEREIR ! BR E—IR F Ureverse(R) RIHHED
S, B2 front HIRANZE, X2 K NIETFEFI LA REMNIRE (S.,0,0, A)
HE) (Sy, A)o KILFRE—DHEEREL step() T S WF:

S - { next(next(S)) : F=¢

(11.25)
next(S) : otherwise

NI Haskell Bl FAREFFARBL T IX—E2K:

step f lenf s r lenr =
case s' of
Done f' — RTQ f' lenf Empty r lenr
s' — RTQ f lenf s' r lenr
where s' = if null f then next $ next s else next s

FERGX—RIEM Chris Okasaki 1£ 1] 28 HATHFT AR, Okasaki FISIEEHKHIBA,
AT PP I T, AT R Y RTE IR T — IR, BRI SR RERY 7047 SE AN

%> 11.5

o 1E abort() BEEH, 4 n =0 N, HHATFERR—DITR?
o BB SR ARSI, TS IES , A SIS IS,

o TERTEA, BT THR 2, (8 P RS B DR SEENSE I ABIII , =4 0T 4aid itk it 55
JAERRT, ANRE—IRPEE HIELA, SN RETERER R BN B B A4, THSEIL
—MEMERI (azy copy), SR RN BN E R —ITR,
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11.6  TEPESZHPAS

SEERSE BABI B B TE T RFERN Y F U reverse(R) TR 28, 18MEREX TIX
KIMBIRERE), AT, FATEE 1S M SRR FHEE MRS 75 .

BOAFAE— N EREL rotate() FILABSHE F U reverse(R). WHt2 ¥, fEH—1
ERE A, FEBMAEREEEN

rotate(X,Y, A) = X Ureverse(Y)U A (11.26)

Hr, Bl X RGIEN front SR F,Y FIAHHN rear IR R, A WL NZE
¢o

TR TR R (rotate) AUZRPERIRTIEI—FE, B |F| + 1 = | R, fEACHIREA, FA1]
WRAERER | X| + 1 = |V 1TEA— DAL,

N FATRIE AL IYSEBL, TR, fR MR DN R

rotate(¢, {1}, A) ={p}UA (11.27)

iEl, X = {$1,$2, }\Y = {y17y27 },ﬁlﬁ X' = {I‘Q,l‘:g, }\ Y' = {yg,yg, } Z‘]EZ X
Y BREH IR INIRIRITR, BRI AT DAHESN T

rotate(X,Y,A) = X Ureverse(Y)U A FRHEE S (11.26897E X
= {z1} U (X' Ureverse(Y)U A) U ERESE &1
= {m}U(X'Ureverse(Y')U ({y1} UA)) reverse HIMETRT U IS EE
= {z1}Urotate(X'Y' {y1} UA) R E S (11.26)
(11.28)

VG L T AT A B, A] DAS SR AR BT

{mpud © X=9¢

11.29
{z1} Urotate( X', Y, {ytn} UA) : otherwise ( )

rotate(X,Y, A) = {

WIERFATIEHERAT U 184, TR LBV THERE 2 1, 24 H BRI BRI A 4
17 U, BEAT PAK rotate THE B R HERH . ABAH,

MR IX — R, BAMBBONFRAFIRE X, # front FIFRZE R —MEMFIE, A
JERETAN—7 (stream) H1 07, 2 HEANHI L NBAIRAE, 3 RBAA - B R bR, St
A |F|+ 1 = |R|, N TGP, BATPHGEEATIE R TR, X — 8T B E
) front FIFR F, MHTHY rear FIRNEE o BANRINLES— F HRIARTE N,

e, B AT H . ABNRAE, BATERHIR AT —D U B0E, KPRt A niHhT
3 (o} U P, E P — tail(F), TNER o, IEF P E8 P (R

LR R, fiA] DUFETH RS — M,

N T G IRIX — B, BATMEH Scheme/Lisp £ B FF2, IXAERT DA
e TR
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(define (cons-stream a b) (cons a (delay b)))

(define stream-car car)

(define (stream-cdr s) (cdr (force s)))

K%L cons-stream M\—NILE « MR L WiE—MEWAIER, EHAXNFI|ER
L KAE, REWHEIRE] stream-cdr 1T, HEIRKE R PUEIL lambda JHE RS
FR 631

THE B FRERE T EENINZREAFIE o

(define (make-queue f r s)
(List f r s))

(define (front-1lst q) (car q))

(define (rear-1lst q) (cadr q))

(define (rots q) (caddr q))

— PRI E=DEETr: — front FIFK, — rear FIERM—PMREITHE F U
reverse(R) Hifto X T2, X =53 02 nullo

(define empty (make-queue '() '() '()))

R, B front FIFRSEPR B2 —METER, BRI Z 6 R ARSI, filan
NER RO R front FHORHAIWIIATIR S N,

(define (empty? q) (stream-null? (front-1lst q)))

AR b — T T R B AAH R BATTPREBTINABITCER I E] rear HI3RATIH,
RGBT B F, Q0SRANTN FE mE 7R R P17

push(Q, z) = balance(F,{zx} U R, Ry) (11.30)

Hrp F2FOR front JIRAEMN; R, BFREFIRATH. MMAT Scheme/
Lisp Bl ¥R

(define (push g x)
(balance (front-1st q) (cons x (rear q)) (rots q)))

H BAIRAERT M BAR EEA — 2R, T front FIFRSEFRZ — MBI, Tl 155 2
T RAE, HARER MR AL,

pop(Q) = balance(F', R, R;) (11.31)

Hrb 7 SRR F AT VORI, KIS Scheme/Lisp §I FRZRATF

(define (pop q)
(balance (stream-cdr (front-1st q)) (rear q) (rots q)))
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N BRI, BATE R T RACEE (B0 23 PRSI T H AR E R B RS o
M front FErHHEHCTER ] DRSS SLER TR,

(define (front q) (stream-car (front-1lst q)))

FETREE TR E R TR, RESFER, Wit — KRR IR
AN e SR HS e MR T — OORAE, HFERH A — TR,

balance(Q) = { Queue(F", 6, 77) = R = ¢. (11.32)
Queue(F,R,R.) : otherwise
XH FWE SCRIFIE— T 5% -
F' = rotate(F, R, ¢) (11.33)

R HY Scheme/Lisp Bl FREFII R :

(define (balance f r s)
(if (stream-null? s)
(let ((newf (rotate f r '())))
(make-queue newf '() newf))
(make-queue f r (stream-cdr s))))

T30 I AC L PR RO T IRAR ERATT_E IR A 45 SEPE, 40 R Y Scheme/Lisp
I ERANEE

(define (rotate xs ys acc)
(if (stream-null? xs)
(cons-stream (car ys) acc)
(cons-stream (stream-car xs)
(rotate (stream-cdr xs) (cdr ys)
(cons-stream (car ys) acc)))))

f£ Scheme/Lisp H, FkA 10T DARARfHEHIIEE SRAE, £ BRI RS MR SR IE R gnfs
NG, BlAN Haskell, #H M B SRR DAFEH T

data LazyRTQueue a = LQ [a] [a] [a] — front, rear, f ++ reverse r

instance Queue LazyRTQueue where

empty = LQ [] [] []
isEmpty (LQ f _ _) = null f

— O(1) time push
push (LQ f r rot) x = balance f (x:r) rot

— O(1) time pop
pop (LQ (_:f) r rot) = balance f r rot

front (LQ (x:_) _ _) = x

balance f r [] = let f' = rotate f r [] in LQ f' [] f'
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balance f r (_:rot) = LQ f r rot

rotate [] [y] acc = y:acc
rotate (x:xs) (y:ys) acc = x : rotate xs ys (y:acc)

11.7 /&

TEE—ERIFL, BATE AW AT AMGAER AR 4 5. BATIRTS T
V2 BRI IR a2 N SE B BR EiaCse i, RGN 7 A IE s S NS A A
WMo {HIZ, MIFEEWFZ AU, T2 E 2 IR TAER SR M B B, YR —
MEFEEWNEH, CRIRZ AR EBEEERE 1 i,

Chris Okasaki XfZfipRE X BAFIHEAT TR, G H T2 EmiTiel, @
Tt gt bR B R RA B, AT TR DASE A ZRARN 77 1R SE BRI BAA (dequeue) , [RIRSFE B
SKESFN R B St A T HRAE . FERTHE—20, 0] DLSEELF %] (sequence) BUHREEH, X FE
PRIFHIZEFE (concatenate) , I I SZEBENLIT F] (random access) AL A2 IR
HIEEH . BATTIEAE N —EfRRRIX L0,

BRBATAETRENSERAF (priority queue), BB A] DURA S A AT =15 hgs
HiFHE (heap) SR SZHH,

%3] 11.6

o (ERSEEREATT IR, SEIAAIAS, FE 3K B0 Bl AR SRR BN TRl O(1) RUTTERTR
IROAHER.

o T Ta SRR S, MBS B XA SR R EL,
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12.1 4t

AR — T I RREN “hello world” FIBHRLMIN AN, BATHEH,
[ 265 HE BB AT 270 9 i AR R BGRSC B AR T B, Bl — 3, BATIZA H 7 gkt
BAB, AT DOSEI a2 2RI AFIARIRI AP BE . A B, FATTRAF 4IRS A R Bdim
S5

AR AR RER o R B G EE TS B, (ER AU, AT
I A A PR i <> TS IAE 4 BT BIANAELRIERT TR PSS IS S8 A Ukkonen FLi%,
[(LCZENVINE L

B )& T a2 IR AR R R A BIRE, ERRER R5IEH LI O(1) W
BEALIIRITCER. (HRERBEIAE R, HEE SR ABREE, B CIRE &
PRIFIXAERIBEALY I PERE,

A, FA TR BRI EHR EF 5 (sequence), ETFESCHRF N AR

o AIDATEFAIBISLER I H AN TR O(1) PRssd AL MIFR T ;
o AIDATEFAIRIEH A HEUN TR O(1) HRsdf A MIFRTTE;
o A DAPRIE (PLTLRMEN [E) I N P51
o A DAPRIEBEALYTIA], B EATTTER;
o A DAPRIRTEATANA BERE 7 51 KT
BAFR LR RS YR, BIR, BIEE a2 INE AR CGEa@msih)
. JC 72 [R] I i 2 JX L2 25K,
AEH, FATESH =/EE, SAEBRNNBET Z XK EBER R
(numeric representation) ; 45 ¥/ 48 0] 1% #2%113% (concatenate-able list) ; f &, 3/

L TFHER (finger tree)o
ARERERITHIFZERFK H T Chris Okasaki FILAEN,

275



276 BHoEm Y, RE R

12.2 - XFEPLG )32
— SRR 15113 526 P SR RSB — R L 151135, {63 — 5 44
TSI, TR0 S e— R AR & I T 2 5

12.2.1 F@EEA I

R12.15 W 1 @A S A BER R PEREXS b, TATTAT AR B RN EARIE T
IR

BlE A R
(SRl o) o
tE R o) O(n)
BEAL T ] O(1) ) O(n)
teebrEIg | 0w | on)
JER R O(n2) O(ny)

R 12.1: EIEEEH A A BEER A

W THRE Rk, AT DAERER A SL B0 T AR R 7R 25 B [A); (E 2 31175
S [ B BER AR R T A BRAIEAN ; 20 e L B o, AT el Eaiit « 22 DL
FNES « NTRIINE, 15, AT Z a1 Sahmin] DAE &L [ A 52Ot R
fIBR, o 7R R, BT E P 25— DMERRIRRE, RE RS MR
FI ko DRIIE R N RDRA 38 — P BER AR LA ER L,

T TEEH, AT E—D cell 22 H DIELER A —DHITR; MERSE —1
TLRJE, BATERE A cell BB XM RIEARTRZEN RSt RUITIE 1230,
HACBRENE B, ez, TR R R R THRE MR AT 8, AR 2 BN T, B s
RN TR @ DITERERRES « DITRMIBRIN T ZR S E TR — AR a),
N T ERMNDEA, BAFEEE DN TR 2 EH 2 E — B Em (2
I P17 EE T 0 BC A AT, BRI P S TR 28— B R A B A

FEZTIAHER FE T R, BANGH T ARMREOBES, BT TIRAEVSIER, ERILrit
T8, TR SEEEY n, R HRIAN ], BT TR 75 2 22 DAR IR A7 i
n NICER. BMEN 1 BRI AR AR I, AT rank S R EYEE LA =
BEHIAL, BATTA] ISR —PRIEHE: X TE6 n D0 RR IHE, 288 EMR5]
1 < < n, BATARAT DAPOEAEHEE M2 ORFEE @ D1 R I

12.2.2 fHEHZBENE R

A DA F 58 42 — A AR MR SEERBENL T R 81, 12,1 R T AR T
R XREREHEF,
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12.1: ERZMRETRER 6 DITRIFS

B T INARRE ¢ Bty SRERRIFA {21, 20, 73, 24, 75, 16 }o — XA ¢ BIR/N
N 2 BIDICER {21, 2o} FHETE ¢ FUHFA X0 ¢, RO/ 4, 8R4 A4
JLER {3, 4, 25,6} TRIETE to 7S

M T e X, BATE A EE—MH-TFRIRIRE DY 0o ¥REN i + 1 IR
N tio Bt A 20 DT

NTEHEEE n DNITRIFA, TATAT DU H 0y — HIX AR 578 2 = XA
Mo BESETRATRE n RN Z3EHI 2L

n = 2%y + 2'e; + ... + 2™e,, (12.1)

Hrb e, BFERA 1800, B0 n = (epmem—i...e1€0)20 TR e; # 0, MMFTFE K/
20 B5EE XM BlanE 2.1, AN 6, B 3t (110)2, BRI 0,
R FBATATZE RN 1 BIRE; 58 2 A0 1, RIEFRE AN 2 IR iz
1, RILFRE—RBIREN 3, KN 4 IR,

R=TTER T {1, 22, ..., 20} TR DRIIFNER {to,t1, ...t }, HFH e =
0, W ¢, M=z, BN, #Hoe =1, W ¢, H—BR7TEE X, FATIRIX—RFIER
N X B A]%1) 38 (Binary Random Access List) '),

BATRTAE F = WY E o RHHY Haskell Bl FF27 @& X 71 = X BENLT (]
HIER,

data Tree a = Leaf a
| Node Int (Tree a) (Tree a) — size, left, right

type BRAList a = [Tree a]

FIbRIE — XA E SCAHLEL, AT T size BIE B IXFEREDSBE G B ARIE VA T
size, A DAFT S R R ZREBUR B R /N

size (Leaf _) =1
size (Node sz _ _) = sz

12.2.3  TERHIRSLIEBIA

i AR R A] A RSB 248, flan, KT E o AR 3R
A DASEAN R




278 FroE B, BE g
1. AE—DNREE—MHF Ay IR ¢

2. K ARKERO S — R, HLERE R ¢ B size AN, VB size KT ¢ 19, 9045
¥ VI RRRRR Y — R, H T AR — MR, FERSIAA ¢ RS
FE I O(1);

3. TN, FE AR HEE — BRI size FT ¢/ AHSE, ICARMRARROIXERBE N ¢, v DA
B ¢ M1t BEEECR, TER— BRI ¢, |, t; F0 ¢ 2 RIDIXEH R I A 0 2R
JEBANETHRE ¢, FHAZIZRRA,

BI12. 28808 THTTR 21, 32, ..., 26 HIIBARNIBHIERAIIE DL

O

(a) HE—NITR =1 HIHT

(b) A oo MEATHERE, oA — BB 1 MR,

&

(c) TN w30 FERELEPIRM ¢1 M 20 AN a0 B
AW?%?‘}& L -
S, PRGBS, 7
A— *%EF“?J 2 BB

A &

e) fiA x50 M EEIR ) AN zeo KT NH-TFHREHEAL 10
W —BRNEE—IHF AR
(to), H—H tae

B 12.2: RTRMAZISHIRAP
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BT AP RZEE m B, m BIRINA O(gn), FIHAESKERI AR RIA R
TR NHIPEREN O(lgn). MIEBAIRUER 2 HEMEREN O(1),
2 RBA R _EIRFIRIE A SCR TR IR SIS BRI BRECN insert (S, x)o

insert(S,x) = insertTree(S,leaf(x)) (12.2)

X—HREMNITE o WIE G — DT IR, SRV insertTree Y4
SRR, BN 10 F = {1 o, 1 F = (it .} FORBMAIRE—
FRAR SRR ER 72

[ F=o
insertTree(F,t) = {t} UF : size(t) < size(ty) (12.3)
insertTree(F',link(t,t1)) : otherwise

HAPEREL link (t,, to) MR size MHIE B/ INFIRR AL IS —KRHTIR  BRI ER tree(s, 1, to)
FTHIIE IR, size 9 s, EATFRHIT ¢, F oo PIAORERERT DASEERAT T :

link(ty,ty) = tree(size(t,) + size(ts), t1, ta) (12.4)

NI Haskell Bl 72 LB T ER KB ATTRIIF %,

cons :: a — BRAList a — BRAList a
cons x ts = insertTree ts (Leaf x)

insertTree :: BRAList a — Tree a — BRAList a

insertTree [] t = [t]

insertTree (t':ts) t = if size t < size t' then t:t':ts
else insertTree ts (link t t')

—— Precondition: rank t1 = rank t2
link :: Tree a — Tree a — Tree a
1ink tl t2 = Node (size tl + size t2) t1 t2

IXBAED Y, BAVEH T Lisp PEaAA LS, RSB A TR N “cons”,
MFEISkR I RR e
RABU, FRATTAT ASEEL cons” IYIEB T, WP FIHISLEIIBRTT R,
o QSRARMRARRYE — BRI EE — DT R, REZERR NN 1 AIRIHIER ;

o T, KRS — BRI ETH DS TR 7, SRIE VAR 25 — KR RS 7 HEIRTS
— BRI DT IR

B12.325t 7 MWFFISKERHER T 2R A2 3K
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aboid:

) &H 5 PRI MIER s, K/ANA 1,
ﬁ AN Y
W%&ﬂﬂﬂ[ﬁ%o

()
OJOX0

(c) MR x4, HTARNEE—DHF0 SR, EE
TR AN 2 BIPIRR T4 SRV 58 — BT Itk st
BRI EP M TFo WEEH x4 B —DH-TFHUMER,
AR RS, — 2 EH 25 TR, HO—RK
INA 2, BEBITE T2, 210

12.3: MKERMIPRTZRAT R

i B UL, (BRI BN 2, FATTRT LRSS e A1 MR OT 2R A RAL B, bk
BIEAT RN FHINRIAR, 10BN F = {t1,ts,...}, BREFE WG TR
DA EF = {ty,ts,...}o

(t1,F') : t; is leaf

. (12.5)
extractTree({t;,t,} UF') : otherwise

extractTree(F) = {

Hr {#,t,.} = unlink(ty), 7 t, BINERTFH,
THE Haskell #2750 T iIX—H.i%,

extractTree (t@(Leaf x):ts) = (t, ts)
extractTree (t@(Node tl t2):ts) = extractTree (tl:t2:ts)

EIX—E X, I IREGHIZAH head F tail BKEL, R IREIFHHERIE—D
LR, FEIREIFERITE,

head(S) = key(first(extractTree(S5))) (12.6)
tail(S) = second(extractTree(S)) (12.7)

HAREL first IREI—XICE GRFRA tuple) FRYET—NITE; second IR[AIE—
MNILE, KEL key H LAV RIM-F15 R AZ R TR, NHEIY Haskell 7527 SCEX
BRI
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head' ts = x where (Leaf x, _) = extractTree ts
tail' = snd o extractTree

AT Haskell BIFRHEZEE XA head F1 tail XA, Bl b 71775 A4k
— R A RIE BRI import NS ASREE AT E X, Foli 12X LEFIE S HH L RE
TEYNT),

REPLYI e

AR SEBR R Z X 0 A R/ NRFEISE T E R, fEERERS], IR
B HHEN RN RIZ LT RN, RGN AT — IR E A IS IR, RoATE
FRRREER 2 — SR (B DIt 2 52 42 = XA, At AR AR B RS PR 2 e B4R, 1ERE
FOR AR NSO B L5, EATREATLT RIS, AH LA BE SR A TR e B R IS 2,

LERG| i FFF S, A R B AR MCRERR, BENLYT A% AT DAR IR
IRt

1. EE#Z i FIARMAR S — BRI Ty [ size BUR/N, 5 i INTEET size, WITTRTE 17 H,
FETORIE Ty &K

2. B, M i IR Ty B size, SRGFERRMAH TR AR o EE S AT HIE D 3R,
IX—FRA] AN R E o

lookupTree(Ty,i) : i <|Ti|

o . . (12.8)
get(S',i—|T1|) : otherwise

get(S,i) = {
HH T] = size(T), T S = {To, Ty, .} NEPERE— R DLOMOTI R 505,
X BB A AT AR R, XL n] DI A B E RS,
BREL lookupTree ;2— 1 7 &EREE, R ¢ FT 1, TATREFAIRT A, &
], FRATTRERRERT 4557, A0SR & /NTHr53 TG size, BB AR 2 TR &R, 75 15k
B ITHAE A AR,
root(T) : i=1
lookupTree(T,i) = lookupTree(left(T)) : i< [%J (12.9)
lookupTree(right(T)) : otherwise

HA L left IRE] T BIAEFW Th, M right IREAGFH T,
N Haskell 1 FF2 5200 7 AR OB,

getAt (t:ts) i = if i < size t then lookupTree t i
else getAt ts (i - size t)

lookupTree (Leaf x) 0 = x
lookupTree (Node sz tl1 t2) i = if i < sz “div’ 2 then lookupTree t1 i
else lookupTree t2 (i - sz ‘div’ 2)

RS, TETREIENAN, K31 0 M 1 TFE EERSEERIRIE S T, RIIM 0 TFiR,
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B2 48R TE—MEEDN 6 RS &S 4 MTRPE, Eelads —~R
R, BT AR/ 2, /INT 4, F DAKSAG 25 58 — A0, RIRPRERS RN @ = 4 — 2, BN
BARMAPRIRIRTHIE 2 DITR, BT TR AN 4, KT 2, AR EREIT
RMAEIZIR H, ROAHIRG 1N 2, EARTNFIIHI TR 4/2=2, AT DA K
TR T, REREAMEIIN T 705, REGRIETRIFITR,

(a) getAt(S,4)), 4 > size(t1) =

(b) getAt(S’, 4 — 2) = lookupTree(ts,2)

(c) 2 < |size(t2)/2] =
lookupTree(left(tz2),2)

(d) lookupTree(right(left(t2)),1), s
BOR[A

12.4: FEFRAIHRTIAIE 4 PDITRD R

{5 FH AL SRR, FRATTAT MBI E R AL E ¢ TR, /e tLBR R 3 — R T
[ size Fl @ BIRVIN, /INT i, FHEERHITTRAES — BRI H, BATDE A E AR
AU —ERA, R ERY size M1 i — T3] ERER, Hirp T | 258 —ERIMAY size, A0, 350X —
size RTET 4, FHELAITTRIER 1, TATBVAIF 2B, RIS F1 5, ReH
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TRAPRITREHAHICR,

{updateTree(Ty,i,2)} US" : i<|Ty|

12.10
{Th} Uset(S',i —|T|,x) : otherwise ( )

set(S,i,x) = {
Hep " = {1y, Ts, ...} BARMHBRE — BRI SMNRIAR 77
BRI setTree(T, i, z) RATHHER, FEREER « DITREHN .

leaf(x) : i=0A|T|=1
setTree(T,i,x) = tree(|T|, setTree(Ty,i,x),T,) : i< L@J
tree(|T|, T}, setTree(T,,i — L@J,m)) . otherwise
(12.11)
Heb 1 1T 505000 T WEG T N Haskell §l AR5 KB TIX— 50K,

setAt :: BRAList a — Int — a — BRAList a
setAt (t:ts) i x = 4if i < size t then (updateTree t i x):ts
else t:setAt ts (i-size t) x

updateTree :: Tree a — Int — a — Tree a

updateTree (Leaf _) 0 x = Leaf x

updateTree (Node sz tl1 t2) i x =
if i < sz “div’ 2 then Node sz (updateTree tl i x) t2
else Node sz tl (updateTree t2 (i - sz ‘div’ 2) x)

AT XWIMER, ¥ T5H n DR, H XV MPIRFZ R T,
AR IIERECH O(lgn)e RIMERLERS| i, REFTE O(lgn) KFERE N F]
Bt # RIS RIS ERIEL, 202 O(gn). K ILRENLT RS AMERE )Y
O(lgn)o

23 12.1
1. AR HBENL M EER A SRS RPN IR G 0, T 1REIES, &
PR, STINEEIRAL TR,

2. ATDAH A 3007 AR BENLIA RIS1R,, T AR P81 Sk i/, Rl
ViR RT OIS A BRI - B ST L IR, PR 0E ) FE B2 A R TRIBEATL T )]
REST, et —1 a2 UE 5 LI — B,

12.3  XFEPLYT AIRE T2 (Numeric

representation)

ERT—1, BIMHEEINFEREKEN n BFF, IRV n Ry it
n=2%y+2%; + ... +2"e,,, HH e; N i A1, EHN 1 83 0, & e; # 0, MAFE—R
KAINA 20 e = X,
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XY n B ZHERITE R Z R AE RS R 1A A1 Y Sk B 4
ATCER, AT RIS N 15 10 M1 A Sk B0 MR 7T 28 2R A0 TR — il Bk >
1o BATFRIX AN R Hnumeric representation '],

N T R X BENLT AR A R RoR, AT DO — D ZHERIALE SRR
Do KA Zero FRAFAEX B ZHEFIAL KNI, T One RRFRMRHIELE— AT
N F e R KNI ASFARTSA One, FRATTAT DAKEXS . AR B AN ZARAS o

MR Haskell Bl 725 & X T IXFERAS,

data Digit a = Zero
| One (Tree a)

type RAList a = [Digit a]

BATEM 7782~ XMHTE X, FHIEERMEIRES One Eo FIRRHIFIR/MER
N AZAT

X T T (digit) J&, — AR DI E &5 TR rSIFORICE, T TE
JOFE AIAATRE BT T ER A AR E S BN RN, AL one(t) BIEE—1 One
APRAS, FERB ¢ BEINEIZ MRS Lo BB getTree(s) MIRES s FIREU, 31 S 2
— IR, BEHE TRRIREHIET, 128 S = {s1, 50, ... }o S NBRE—DIRESIMIF

RERITo

{one(t)} : S=¢

insertTree(S,t) = {one(t)} US" : s1=Zero
{Zero} UinsertTree(S’,link(t,getTree(s;))) : otherwise
(12.12)

K ¢ TS — D R R RRARMR S I, ROy ES, 34l
BFE—IRES One, HAHHA RIS INENRES b XMRESZE i HIErh AIE——~4L,
MET R 0+ 1= 16

B, WERBMRAR 2, AT ERE RIS —0, R — MR
Zero, TANEIE—MRE One, BN ERHEARIR, A5 HIXDHEIER One RIS
Bl Zero RS, XMYF ZHEHIINE (.. digits...0)s + 1 = (...digits...1)s0 40
6+1=(110)y+1=(111), =7,

e — RS 2 R B — T2 One, IX BIRAMEIZAFHE A BRI ¢ FIIK
A One WA BAMEFER size, 1X— riA] PUEE NS FRF BICRIE, FRATESZM
—AHF BN R RHE AR B NEEHE R, 2 — D511, 2,4, ..., 20, I,
FATTRE AR A B R — BR B R B, 85 28 T R B R 4 SR A A BRI A b, T
ZHITHY One RS, BEEHN — Zero IR XY T RN (.. digits..1)a+1 =
(..digits'...0)y, HH (..digits'...)y = (...digits..)y + 1o BIG0 7+1 = (111)y +1 =
(1000)5 = 8,

R H Haskell ] FA2F S T IX— 8%,

’insertTree :: RAList a — Tree a — RAList a
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insertTree [] t = [One t]
insertTree (Zero:ts) t = One t : ts
insertTree (One t' :ts) t = Zero : dinsertTree ts (link t t')

HAREL, E4E link (). cons() SFRILRTIE X —F

FETORTRAT R L] F — BERIE R IR 2R M B SL B IBR T 2R, an SR %)
HEBMWE—HPIRZS One, HARZS EMHIIRIR LA — DM, BEREFSIE 7, XHE
T THHRETE 1 -1 =0,

I, A MG EFPHIF S — D, WERE One, RPN Zero, KRR
HRIX AR MIBR . IXAE Y T 3R (.. digits...1)s — 1 = (...digits...0)s0 BilA0
7—1=(111); — 1 = (110); = 6;

WERFFAIRHE — DT R Zero, TATTRE MG AR BB AREITIER, F*
A3 U9 3l MR AR A 85 FR At B, R L R AR T30 Zero IRASREBCEF LR One
7N S 118 N an] = S v ) 2T 7wl (1111155 e S P 1 = e 2 1 M
% (..digits..0)y — 1 = (...digits'...1)y, HH (...digits'...)s = (...digits...)s — 1o B4
4—1=(100) — 1 = (11), = 3o FHEIE LG THBREE,

(t,¢) : S = {one(t)}
extractTree(S) = (t,S) : s =one(t) (12.13)
(ti, {one(t,)}US" : otherwise

Hrh (¢,8") = extractTree(S’), t; ¥ t, 73Al2 t' WAL TR, HMKE, fFE
head 1 tail HE SCFIMERT—FF,

(i 20 — X BENLT RIFIRIF IR AL B A48, Okasaki 7810 HZgH T 1¥
MHbfpRe, 1E NI, BAVEHZR S (aggregation) 75, R 7E KB AR -1 (BFR
TIHE) IR

FEARRE— D2 RN SR n = 2m DITRANIRE, AR 3
HillZ R Al DA A 12.2:

i FRFE (MSB ... LSB)
0 0,0,..,0,0
1 0,0,..0,1
2 0,0,..,1,0
3 0,0,..,1,1
om — 1 1,1,...,1,1
om 1,0,0,..,0,0
NABEREL | 1,1, 2, ... 2™ 2™

® 12.2: A 2™ DITRAE R BRARE —#EHIRR
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FRMON R LSB (B ARAL) R TERR AFTC 2N, B R LT 2 Akt
B BNORM— MR — k2, PUT— IR B, SRR ot BRI
B RS B MSB (B miin) B RGT— (L 3t AR b — Ik, BRI RGP E B B2 Ak —
RREE R, AR ME—RORY, X R AETER A R EH A, MEE— DN EEAG,
MSB ZEAL 1,
B RTA BT BB, BTG E T = 14+ 142444 ... 42714 2m = g+l
DRl ST 85 R SR A A IR E R T R
2m+1
2m
XUERH TN BRI RS 24 N E BN O(1), MBRBEIEE ZENIEHRE S
BEEERES,

O(T/N) = O(*—) = 0(1) (12.14)

12.3.1 AR XBEPL M5

5 FH = SO S Bl < 2 = SCREATLYT () AR Rl B, 32U m] DOBEIS AR PR PR R B R
LFTHIR B TIERR. BATR A RS BT, A, B4 H— LR FR a2
TSI, (HEA BRI B EFoR %,

R — B =S HE—FE RN A, — XHERT DO RN EEH R SE B, BATTR] A
LR, MAESE PN IeREAREN 7 HEH 2 MRIBHRKRSE
N1 SR 2 DT RIBANRKRSER m B2 =X,

XA AL, FATAT DU R 5 | PO i AR TR, MAHRET AR 8
B, AR R A BERHR A EARE Bl T FERT B2 = il

PHF) ANSI C Bl R ST — B AR,

#define M sizeof(int) x 8
typedef 1int Key;

struct List {
int n;
Key* tree[M];
};

Hep n BAMAFEIITR N 28, Tl T n] DOEIE (A 3 SR R R
bR 2 BN R R ISO C++ Bl 727,

template<typename Key>
struct List {

int n;

vector<vector<key> > tree;
};

fiEg BAEC DL, FRATIEEA ANSI C 1E BT
B T EAD R, 75 8 —ERREN2E (— DNIREN Zero BIET), AFRER S
— BRI AR R BRSO, R ATTRIONIL A B0, R 5 b
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AIBERE, X2 IARY, BEIR—ME (digit), XME BRIy, B8
FOREIREA, GERB—BRB R - 5B 0 — 1 BRERAAE, 28 @« BRI, 4521
SAERRIVINN 20 BB, FRANBITCER, FIFTA AT T R A AR IX AR R, T
(W E @ 2T R A L,

EFFRERRBHE MBI E @ WE? WNSREEAH ZHHBCRAEREH n DITRIIZRM,
SN MHLRG, n BRE n+ 1o B n M0+ 1 B ZRERIERRT DU, Fr
i ZHTHIRCERA 1 282 0, 138 « RLM 0 ZZAR 1, I @ ZJa N ERERIFANES . FRATTA]
PIHIAia 5 5 el (o) SRk 2 —Ar, BIRWN T

function NUMBER-OF-BITS(n)
140
while |2 | # 0 do
n < 5]
1 1+1

return ¢

i < NUMBER-OF-BITS(n @ (n + 1))
] DU A2 BRI — ik 1 B9 A NI ANST C il 5 #2
)?O

int nbits(int n) {
int i=0;
while(n >> 1)
++Hi;
return 1;

Rl a2 2l ABIE T DOXAESEIL: B SeE MBI 0 BHERRR 1 AOGL ¢, RIS Bl
—DRANTY 20 HIEEH, I DMRERIH Y 78 4 — X, S e R et AT 2 ANtz 2 AT F
AN BRI — B,

function INSERT(L, x)
i < NUMBER-OF-BITS(n & (n + 1))
TREE(L)[i + 1] + CREATE-ARRAY(2")
[+1
TREE(L)[i + 1][I] < =
for j € [1,i] do
for k € [1,2/] do
l+—1+4+1
TREE(L)[i 4+ 1][l] + TrREE(L)[j][X]
TREE(L)[j] + NIL
S1zZE(L) < S1zE(L) + 1
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return L

XFRZE) ANSI C Bl R,

struct List insert(struct List a, Key x) {

int i, j, sz;

Key* Xxs;

i = nbits((a.n 4+ 1) » a.n);

xs = a.tree[i] = (Keyx)malloc(sizeof(Key) * (1 << i));

for(j =0, sxs++=x, sz=1; j < i; +j, sz <<K=1) {
memcpy ((voidx)xs, (voidx)a.tree[j], sizeof(Key) * (sz));
XS 4= sz;
free(a.treel[jl);
a.tree[j] = NULL;

}

++a.n;

return a;

HRIX— 75 XA PR REE EIE B AN AI4T. X IR IR0 S BT ] A e 12 5%
T8, NRERR T Sl TR 9 £ 2 il

BATTA] DA IRAE IR SR T 0 HEVERE. 13050 P PR 252 3R B — SR AR AR SR 52
B, EELRIA—DNEHIRMA n = 2 DITEK, FRMO R —HEFI B (R FT T —FF, E
e AR N B T SR AT AT AR E], anR 12 3FR:

i M (MSB ... LSB)
0 0,0,..,0,0
1 0,0,..0,1
2 0,0,..1,0
3 0,0,..1,1
om 1 1,1,..,1,1
om 1,0,0,..0,0
PR | 1 x 2™, 1x2m L 2 x2m=2 | om=2 9 om—l ]

& 12.3: A 2™ DITRAEREH R ZHHIFoR

AR LSB BUURAHTRIZ 2, (2RI EEM 0 2] 1 FR S A0S
ARSI TE R, FIRAZ & NREAL y 2m N R IR
N LSB BY—, L BHER AR 1 I, AR AT 3 55— B A P A Al 2 5 AR
reR, DRI B — RIS 2 DR, AR 14 X T MSB, BEfEf/E—IX
B R 1, 2 AR AT AT FR TR B HIER N 2m B A,
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R RS RRARNFFBR DA A IREL n, WASE] T o0 iETERE :

I1x2m+1x2m 42 x2m=2 4 42mlx]
O(T/N) = Of = )

- 0(1+%) (12.15)
= O(m)

KN m = O(lgn), Bt BAZ HEMERE M S B8N TR) T B oot BOnt e, (ER X A9 R L
T AR A\ PR, BB AN BFEEEES O(n)o
TR AR S, BELY A PEREZE LU AT R B TR
function GET(L,1)
for each t € TREES(L) do
if ¢ # NIL then
if i < S1zE(t) then

return t[i]

else

i < i— S1ZE(t)

fiEy SRS DL, FRATTAE S TR 5 R A IRACER, AHM AT ANSI C Bl 7R 40T

Key get(struct List a, int i) {
int j, sz;
for(j =0, sz=1; j <M; Hj, sz << =1)
if(a.treel[j]) {

if(i < sz)
break;
i —= sz;

}

return a.tree[j][i];

2 I MERFIBENL T BT E N EIEE LB E NS,
.3 12.2
1. EFE—1ES, SIEERRIBENLT A, EiEESRABSEE e B ITE,
2. HREE, UEBHMBRE LR 72 W8 24 0 HEEIN T O(1),
3. TS NIE S, I I A R R — X BENLI A% 2R,

12.4 w2 ARNEBHIK (paired-array list)

FE R A FT o, A28 Hid — DI (paired-array ) SKERHIBAS, 1E & M
IR SCRF PRI R 1E, BT R B PO BE LT I AR, IX — 75 A AT AR RSB
(IS N IE
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12.4.1 EX

El12.545 H 7B RGBS Sk 7 SOEREER, 151K
AL ER TR ATT RN, HTCRBERINE] front BEHRIJE R ; MISIRAEEHEATTR,
TCRMININE] rear BEHAIAR S,

x[n] (... [x[2][x[1]| < |y[1]|y[2]]...[y[m]

12.5: — DXL, EE P SO SRIERGEE R AR

PHE ISO C++ BIFIERFE ST IRXFEH — D EHELEH,

template<typename Key>
struct List {
int n, m;
vector<Key> front;
vector<Key> rear;

List() : n(0), m(0) {}
int size() { return n + m; }

};

IXEIAMER T ARHEZETRBERY vector SKRELANIASNFEHL

12.4.2 AN

LK% FroNT(L) IR[E] front 04, fi REAR(L) IR[A] rear £, fajsie UL, (1%
B SRS KEAE, il AMMIERA] PASEIan T,
function INSERT(L, x)
F < FrONT(L)
S1IZE(F') < S1ZE(F') + 1
FISI1ZE(F)] + x

function APPEND(L, )
R <+ REAR(L)
S1ZE(R) + S1zE(R) + 1
R[SI1ZE(R)] + =

T A RHREERZTE front $CEHA rear B HIREHETHY, ©ATTER 2 5 £ (Al
O(1) W, RHEHT ISO C++ Bl FREFEH 7iIX—HIXA,

template<typename Key>
void insert(List<Key>& xs, Key x) {
++xs.n;
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xs.front.push_back(x);

}

template<typename Key>

void append(List<Key>& xs, Key x) {
+xs.m;
xs.rear.push_back(x);

12.4.3  FEPLIIR)

H T BRI B S 2 2502 (BhASEE vector), B SCRIBENLYTIR], FIHARE 5 Sk
MRIIFIL
function GET(L, 1)
F < FrONT(L)
n < SIZE(F)
if 7+ <n then
return Fin —i+ 1]
else

return REAR(L)[i — n]

XHERG i € [1,|L]]e WREAKRT front FAHBIK/N, MEET;ME TR Z0E T
front ZXZHH, (HECN front EXEHA rear AL BFE RSN LAY 77 BB —# Y, AT DA
front EHH TR B WP R0, FMFEHBANR T ZE @ REMEITT
;R i KT front ZLHRIAK/N, WBHRFTIRIBYTTRTE rear B, 1M rear £+
N TERIIT 2 IEFE R, BATRFTER @ IRZE front BRI STHER] PUE AL E]TT
E

T 1SO C++ Bl FREFSEI T iX—8%,

template<typename Key>
Key get(List<Key>& xs, int i) {
if( i < xs.n )
return xs.front[xs.n-i-1];
else
return xs.rear[i-xs.n];

BENLYI R E TR SRR B 1A (E N R S

12.4.4  JHIBRANE-f

FIBR 22 LEAR AFI AN R 2% 03X 02 KU AHER AT REIE A — P #AH (front ZEHELE rear
) 22, MR Ih—MEEFEAITR. BIRIEN N, IR LR RATH, FAIFEE
XA MRS T,
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BRI EAAARIE 2 Y front B rear BB SINTHIGEE , TATAT LLK 5 —1 8
Loy BRI, ARG R AT — 2 SR I PR — A BT B, RTRR RN T -
function BALANCE(L)
F < FRrRONT(L), R < REAR(L)
n < S1ZE(F), m < S1ZE(R)
if F = ¢ then
F < REVERSE(R[L ... [F]])
R« R[|F]+1 .. m]
else if R= ¢ then
R < REVERSE(F[L ... [%]])
F F[|2]+1..n

SR b front BEHRZE Y rear BEHZ 5L AR E P EHRER A FRAT. FATTA] PA
22 front AT rear BCEH, JEAVEHIF-HRE KX, HJRTEFHE front M rear ZEHAI
[FI3k, R ISO CH++ Bl FREFSEIl 7iX— B8,

template<typename Key>
void balance(List<Key>& xs) {
if(xs.n =10) {
back_insert_iterator<vector<kKey> > i(xs.front);
reverse_copy(xs.rear.begin(), xs.rear.begin() + xs.m/2, 1i);
xs.rear.erase(xs.rear.begin(), xs.rear.begin() +xs.m/2);
XS.n = xs.m/2;
XS.m —= XS.n;
} else if(xs.m = 0) {
swap(xs.front, xs.rear);
swap(xs.n, Xxs.m);
balance(xs);
swap(xs.front, xs.rear);
swap(xs.n, Xxs.m);

XA BaLance FIAJE, SURE 2 KB R HRHIMERRTE 1o
function REMOVE-HEAD(L)
BALANCE(L)
F < FrONT(L)
if ' = ¢ then
REMOVE-TAIL(L)
else
S1ZE(F') < SI1ZE(F) - 1

function REMOVE-TAIL(L)
BALANCE(L)
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R < REAR(L)
if R = ¢ then
REMOVE-HEAD(L)
else
S1ZE(R) < S1zE(R) - 1
IXEAFAE— R FGE 0L IR E )5, FeHERAVEER TR 231, IEE, 8 AR
HIIMAIFIRAP RGN R, B TFEMPRIXME IR, 4R E—DYIEK,
NHE ISO C++ B TiX—5H%,

template<typename Key>
void remove_head(List<Key>& xs) {
balance(xs);
if(xs.front.empty())
remove_tail(xs); //MiBfrear P —T &R,
else {
xs.front.pop_back();

--XS.n;

}

template<typename Key>
void remove_tail(List<Key>& xs) {
balance(xs);
if(xs.rear.empty())
remove_head(xs); //MIbkfrontP M —TT&,
else {
xs.rear.pop_back();
--XS.m;

BAR, BIMEOLTYEREN O(n), Hrb n BXEHINR P EERTTR D BIME
DR AR S BUR BN, NGB #RE, 2 shift BRIEEZEMEN R, H2
PR BT > MR 2R O(1), BATHEUERI(E N ZR ST 2814

%3] 12.3

L g1 1an 2 7UE 5 SCIREN LT I RTE R TA.

2. TAMEH TAREZEFH vector SRACBRANZSNAE L, WA E @A, B2E
BAAE 0 FER KBV SRR, LU MRAFE D T IR B R 52 3 1

M o

3. UERARCEEH SR MR IR R 2R IR O(1),
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12.5 n[iEEH|FR

S = XBEAL ISR, BT T PR EHREE ., SCRAE O(lgn) ITRIAY
SKERTE AMIER, DA 2R 5 [ TREN LA HX

HZ, R D FIREREERATF AT 5o BAHIFRAR R H 782 — K RUIRRAE,
BATARERI MR E A S FHF 2 GRAMA LR REIFIER, N TR size, 2 117
FE— PRI RS FTIX — sizeo MHERSHMDIIRBHAD), —PTRERREHE—
PMRAIHRITTRZ A — R, REIRUCR LRI cons BREEEA
BB AFHIR, IR, Hen] DO A1 TR BB, fin:

So 81:¢

(12.16)
cons(head(sy), concat(tail(sy), s2)) : otherwise

concat(sy, s2) = {

HAPREL cons, head 1 tail WIE XAILHETH—2,

RN FINEEST AR m flon, X—TEE LA O(nlgn) NEKE—IF
FIFRHTTREALLT, RIEEH Q(nlg(n +m)) BNERTRERZR —BARSE 175
FIRTE, HH Q R BB, BARRE AT Is%E U,

TERTTAIEE 1 H, AT T SEN BAA, s e 2] O (1) BIABAATHEBA, QiR
FATTREAE R PAZ B A SE BN AT sCAI N BAER A, AT LUK M REHR = 21 25
o Okasaki £ Hgh T IXAERY LB,

N T SEMIRTIERESER, Okasaki BT T —R K XSG, SHIARTT RORFESIIZR A
IS —NITE, BATTLAHFEEEE o) ViMEIE, G FREEE/ N R ERS
22, IRAFAE— D SEINBASI R, R 55 Ab— I3 R 2 R i = T HEIX IR I %
Ja— D FB, X EPR_ER— A BRI, BRI TR AT DUXFESEEL : B e KT RIMAE
—BREE =DM RIS R, SRS KX R R 2 5 51 Y B2 38 AT 52 AR T

El12.6458 17X —HHEE5H,

IR Haskell BilFF2 7€ X T XIS A EHE 51,

data CList a = Empty | CList a (Queue (CList a))

— NAERFIREE N, HE 22— K X, BE&— root TTEM—NMFH
K TR AF, AR ER 2 r RS 3R, IX AT S Al T 277 H O S SN
FAF,

BRI clist(z, Q) W —DITER o M—PHFIIRHARIIAY] Q HiE— 1 RE
53R, BREL root(s) IRE] K XHHIIRITE, queue(s) IREIHFFHIM I, &
NOERERIRA] DUE TR

S1 : Sg = ¢
concat(sy, s3) = S 1 S =¢ (12.17)
clist(x,push(Q, s2)) : otherwise
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c[1] | c[2] | ... | c[n]
x[2]...x[i] x[i+1]...x[j] x[k]...x[n]

(a) FIFR {21, 22, ..., 0 } HIEIBLEH

12.5 WAl

’ c[1] ‘ c[2] ‘ ‘ c[n]

x[i+1]..x[j] x[k]...x[n] y[1]...y[m]

(b) MAB—FNE {y1,y2, ..., ym } EERIEHIEER
12.6: ANERSIRIBHRESH

c[n+1]

H = root(s1). Q = queue(sy)o EFEPMHIZEMS, WIERET— N2, WIEER
HFH— AN B, BATTREEE —ANFIRTUNEE — D HIER A BAFI Y B,

{58 F SIS BRI AT PACRUE A BAHRAE B PERE D B LIS TE] O(1), DRI B ZRIEHARER
INEDY O(1),

N Haskell §lFF2 7 S2BL T &R,

concat x Empty = x
concat Empty y =y
concat (CList x q) y = CList x (push q vy)

X BRERTG T RUFAEREBREIERE, IE RN n] DAE LB, AR s ot R

cons(z, s) = concat(clist(z, $), 5) (12.18)
append(s, ) = concat(s, clist(z, ¢)) (12.19)

IR E K AR, 7T RIS HIRAEE — e R
head(s) = root(s) (12.20)

{H2 M ATEEFEHI R SR MBR T R A 2 E 7%, XKV E — DT R R A,
BRIE FAT T ZE TR B TR BASI R B TS IS — AR K XA

RS SRS, RS EIFE AR B K SRR R SR, BATTR] A
EEEERE—E, PR — TR,
¢ Q=9

concatAll(Q) :{ concat(front(Q), concat All(pop(Q))) : otherwise

(12.21)
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HAREC front IRMEIBAFIAFEYEE —DNITRMAREEMER, T pop ST HIIAHE
1Eo

GUERBAFINZE , BB TE T4, IR RN — D283 A0, AT 58 — R+
PN, B — D ADERESIR, ARG TR AR TR — e, &, @A
EERZERETH R TWHIRE,

TEXAF concat All Ja, TATHEA] PASEBL A ZELERMBR T RAVRIL T o

tail(s) = concat All(queue(s)) (12.22)

NI Haskell Bl 7F2 7 SE8L 17X — 5%,

head (CList x _) = x
tail (CList _ q) = concatAll q

concatAll q | isEmptyQ q = Empty

| otherwise = concat (front q) (concatAll (pop q))

BRE isEmptyQ FISRHIMT—NRAFIZ G N2, BRISEIR AR, X EAREIR,
B ] IS AR R H] 7,

BI% concat All SEFr L& 7 BAS, B 5 IAFF (reduce) Bl —MREEHIZE R, IXFIFK
THE = AR R —F RN Rfold BESARH KM, BB I IS F AR RIS T# fold
RPRAIE SRR, FRATTAT AN BASI e S fold #1E2 11,

e Q=9
f(front(Q), foldQ(f,e,pop(Q))) : otherwise
B foldQ &% =NZ8, — It f, LA reduce, —MHIAE e, F1—1

TEITIHIBS Qo
FTANGE H—L21ERNSI EREAT fold AUBIFIRIZBAS Q MLBIRB &R {1,2,3,4,5},

foldQ(f,e, Q) = { (12.23)

foldQ(+,0,Q) =1+ 2+ B+ (4+(5+0)))) =15
foldQ(x,1,Q)=1x (2x (3x (4 x (5x1)))) =120
foldQ(x,0,Q)=1x (2x (3x (4x(5x0))))=0

i HRIXLEBF | BREL concat All FTEA foldQ HKTE o
concatAll(Q) = foldQ(concat, ¢, Q) (12.24)

N Haskell Bl P2 fold BIMESSZEL T W BUIZERE,

concatAll = foldQ concat Empty

foldQ :: (a - b — b) — b — Queue a — b
foldQ f z q | isEmptyQ q = z
| otherwise = (front q) "f° foldQ f z (pop q)

2 AR HEGRAETE =, B0 Haskell, X THESN monoid (X FEBH M type class, A] DA EHILE B & X AIEHESS 1
3T fold,
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(HZ2 PR FIRRMEREFFARE T A RIS L N ARRERS 2RI, MBI LR P i
Bir—NEHIREIN n DICRNGE, RGBT —IRMBRIN . It K X, 55—
TERAMEAEMRT A, T n — 1 RFREEE — D1 e B concat All BIKIR
HLRNLMERTA O(n)o

TER AU A0, BHER, DARSRATERE R EERBEN LR L, P ok, X—8ik
A7 HESR 2 TR B BN TR O (1) 1Yo BAARUERAIRITE 451 E (E MRS,

.3 12.4

L AnfapRE— R Esn e = X BN FISIRARE?

2. UEHRDE RS FRATMIBRIR (A9 70 HE 2 2% 0 B B 1) O(1), $87R: B banker
Jiiko

3. S RNIES, KBIANERYIK,

12.6 Ff5t (Finger Tree)

BATHAT MBI L RIRE , MARIREIA T k48 I 28 H bR,

T X FEALT R AT DATE SKERHEA T DR A A IHIBR, BEHLIS IR At e b,
EZMNPMIRIERZRITEREA SR, RNt A U 75 TR E RSN R,

A FERZEI AT DAPRIR IS 22 D FIRIERGEE R, £ K ER A1 B4l AR PERE AR 4T
HRHASFRER RSB RITTER.

XA TR T e R A A

o N T REMSTE LR R SR AT s R R, WA RENSIE I ANy A st 7 () Sk
FEHER;

o REUFHE RS AT DR BRE BEHLTS M S5 40 i or iiva < BUTRER, A SRAM I -1
PR GE, WIHRZR MR RE T PACRIE o 2t 1],

12.6.1 EX

FHaMt (finger tree)"] F 1977 AR H, Al DU FLBLE RN T3, IF HiE T4k
BRI ER A SR 0]

FATHIE, SIF 56, N T HERIERER S EZE, (Rt a] DA FE A F S 1
NIRBEEIRGEN, FHEMNKEEIRE Y 2-3 i, B2 —/MERm B-W (523 7T BA
SEARFHIHE B MIET),

—iR 2-3 MEEH PN =DF T AL NHA Haskell Bl FARFE X T 2-3 K,

data Node a = Br2 a a | Br3 a a a
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FEa R AHTEIAGL, TARE XA UEE DT AAIR, X—HIREZH
B 3T . N ANSI C filFFEFE ST IX AR R,

union Node {
Key* keys;
union Nodex children;

X—EXH, = DR PAEE 2 ~ 3 D key 3 2 ~ 3 BFH, IXH key ZMH
T R FRTT R,

ICRAMIPAEMT15 508 front T4 (WARAEMTFHE), BAMKHEHF15 58
rear THE (WM THE), BADTHeHE 2-3 W, 3 BATE B 79 s ER 2+, FRATAT
DE#ZHASAE 2 2] 3 MFRFIRFZREN] MARFEMAT DUy, sliE 2 EE
— N ILEMHF,

AR, — MR ] ARG R :

o —RRFHEWEE N
o EREUE—NITRIH T

o REQE=H - DEMTHE, 2—1MEZEE 3 MRIIE; —RTTa
B F—DNEMFE, Eth2 P EZEE 3 MITRIIIK,

X SOZBIARY, ] AR 5 M AR BN 75 SN, NI Haskell fiF2
P ST FHE

data Tree a = Empty
| Lf a
| Tr [a]l (Tree (Node a)) [a]

FEAT S AIME AR, BATTRT ARIZEAARY 771558 T4t T L, AT mT PAKE fin—4
{81 parent HYZE &R, 75 B MEMT REAZARTT M. FHEAT ANSI C REGE X T 45
o

struct Tree {
union Nodex front;
union Nodex rear;
Treex mid;
Treex parent;

BATRT DA 22165 NIL AARZERE; ERE — D IER, WX -t R 6 fE
front FHEH, TIER) rear THEHFHE L2,

B12.78112 8%t T — L FHEMHIH]

F—MBIT N —REH; BB RIEA DT REER, TR TS —
TR R B =R E AW ITTRI TR, — D ITRE front FHEH, 55
Q/I\Y:E rear ?*EEPO
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oy

() =24 (b) HEf— it

(c) front 1 rear F
B EH —1IT
=, HEE A7,

B 12.7: FHEWAEIBEIT, 1

e[de[o] a

(a) A front FHEHA (b) TR P4 front

3 LERE, Bl T FHEH 2 ML

2-3 YRR, AP ; S N —

(L8 MHF, fE—#R
A 3 N 2-3
o

K 12.8: FHEMHEIBIT, 2
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GUERFATARBE AR IR AT R, REFITRRMROTAN front FHE+, HEIETL
2-3 PHIRR I, SV F25 H TIXAIEDL, front FHEHPRIE T 4 DITR, REAHEP

BB, SEIRE TP, front FHEHREA 2 NITR. REED AN,
ME—NEH 2-3 WE 77 (BAEERRA T 2 E2M ). HTFRINEAN—RE
3 N SKHIR, B0 SRS T — TR

MR Haskell FIXHAMIX 5 T

Empty

Lf a

[b] Empty [a]

[e, d, c, b] Empty [a]
[f, e] Lf (Br3 d c b) [a]

TG — BT, N 2R RE D B 52— e ? THERATE SOZE
HI.BRZ front F1 rear FHEHIHFIRIER I E —BREIRIITHER, E LA Tree(Node(a)). B
SRR, Node SES RN P WERE —PRHITTRIALN o, M ZHKHTR
KA Node(a), 5B =29 Node(Node(a)) % n 2N Node(Node(Node(...(a))...)) =
Node™(a), HH ™ /R Node BREHLIETT (apply) T n Ko

12.6.2  WFHIRLERE A TR

TAIEE A FSE PR AR T 1A FHE B — 4 ATT R AR AR,, I35 245 AT
PAZE AR SR AR i AR BLTR I
L —BRFHERN T PHATTER o I,

o QISR MIZESON— 7, fE — P ITR o

o QERMEN—DHF, BETTR o, WEERN—ERF T, front THEES T
ABITER 2, rear FHEQE T HATHITTER y; PRE D VA FHEM ;

o G12R front FHEHHEZHITTR D@D 2-3 RIFY LR 3, #rC R Bad AZ] front
FHEH AT ;

o AN AR front FHEHEEHITRNMGEE 1 2-3 WY LR, front FHEHATR
JG 3 DTCERBIRAN—PRHHY 2-3 B, SREIXRAN B0 VT A8 A Z R RIER 70 HToT
2 o AL front THEHFIRTTRARIE,

L leaf(x) BIETEZTTR o FIM TR, B tree(F, T/, R) N=#nHiE
H—ERTHER: F O front T8, B2—MIEHE TITRIIIR, R 2 rear T8, T 2
FRTRIFR 72 B 73, 9 —EREEIRAYTHER . PR tr3(a, b, ¢) N=DITRK a,b,c BIE—FR
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2-3 15 BRIEK tr2(a, b) NINIEER o AT b BIEE—AR 2-3 i,

leaf(x) : T=¢
tree({z}, ¢,{y}) : T =leaf(y)
insertT (z,T) = tree({x, x1},insertT'( - T =tree({w1, 72,73, 74},
tr3(zq, x3,24),T7"), R) . T, R)
tree({z} UF,T",R) : otherwise

(12.25)
IX—HIEAERE F EHB I RE , HAE I N2 WA O(1). BIFAIIR
JEE R B v P B LR A1, TR L BB O(h), Eoir b RS, BT 2-3
FYERE T, It b = O(1gn), A n 2 FHEMTEETRIT LG
BRI LASEH insertT B MEEZRE O(1), 1BV EHLIEFERIN AT AT
DA S E AT BRI R, B2 AT DA 1 R0 107 SR T R TR R LERR,
NI Haskell 7255500 T AR,

cons :: a — Tree a — Tree a

cons a Empty = Lf a

cons a (Lf b) = Tr [a] Empty [b]

cons a (Tr [b, ¢, d, e] mr) = Tr [a, b] (cons (Br3 c d e) m) r
cons a (Tr fmr) =Tr (a:f) mr

XBARF T LISP M@ A& GERERE N5 2R AT Rl AT 2R
FAFIE AT DA a2 XA 77 XL B, 1ZeKEL Tree() A] DAGIE—HRZSHE, R
HIFTAZ B EAE front FHE. rear T, FHHER D FB, AT RFEEHER NS, BREX
NopEe() HPABIEE— 22 R
function PREPEND-NODE(n,T')
r < TREE()
pT
CONNECT-MID(p, T')
while FuLL?(FrRONT(T')) do
F < FroNT(T) > F = {ny,ne,ns,...}
FrRONT(T) < {n, F[1]} > F[l] =ny
n < NODE()
CHILDREN(n) < F'[2.]] > F[2..] = {na,ns, ...}
p«T
T < Mip(T)

if T'= NIL then
T < TREE()
FRONT(T' )<+ {n}

else if | FRONT(T) | = 1 A REAR(T') = ¢ then
REAR(T) < FrONT(T)
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FRONT(T) + {n}
else

FRONT(T') < {n}U FrRONT(T)
CONNECT-MID(p,T) <~ T
return FLAT(r)

HpfF S Li.) #oRAIE L 75K, AR i — 1 DTE, & L =
{ay,as,...,a,}, W L[i..] = {ai, aiz1, ..., an}o

PREL FRONT. REAR. MID, 1 PARENT 735l ASRIS front F-4E. rear 45, HA]
BRA>TR FNATT i, BRI CriLDREN F DAZRER— N s 280 19 2,

PR CoNNECT-MID(TY, To) Y8 T, ERFR R THNE#EE 70 £ R T
AR B T BN Ty AT R

EX—HEH, AR front FHECHH, XF| 3 MR, HATRITE FRER 7> 15,
HAT—IRMER BT A AR T BATTHE front FHEHERE — M ICRIMIRIRE -l i,
TRAN—"8171 5 (Node IREESGAN 1), SRIGARSG 19 it A2 A [RIER 73 ) T #
front FHEFI T IFECRIVE —NITR, Rl A TTRBURE BRI B E — T,

WHAERE, BITELZIET — 23R, EARIE T —BFH, IXERFHE front
FHRURATAENE Z TR, N TH—RE, FAA100E— 77 51, N T —#E
O, FAT T T — IR B PR A2 22 4 AR 1T R AZ front FHEHY B AT

TEiE DI AR, AL p SRICTE Y B B AT i, IXAERHT I R AT DARZE £
3| p B EFER T E S T,

o, ATREIRIIAR ro BIEP G EMBENZ Fuar KEL, 8T HZHE,
FeAMIaIEE T — R “ground” B, FHFLEEBONARAIA T iilo TEIR [BIART Al FeAl 175 2
PRI Z R0 “ground "Af . IX—IIFERYSZERAN T

function FrLAT(T)
while T # NIL AT is empty do
T « Mip(T)
if T+ NIL then
PARENT(T') < NIL

return 7'
XA while JEAH DAEER T 252 ground, BRI NIL (= ¢), {HZ front
FHEM rear FEEEZS,
N Python HlFH2 KB 7 FHaR A ARIX,

def insert(x, t):
return prepend_node(wrap(x), t)

def prepend_node(n, t):
root = prev = Tree()
prev.set_mid(t)
while frontFull(t):
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f = t.front
t.front = [n] + f[:1]
n = wraps(f[1:])
prev = t
t = t.mid
if t is None:
t = leaf(n)
elif len(t.front)=1 and t.rear = []:
t = Tree([n], None, t.front)
else:
t = Tree([n]+t.front, t.mid, t.rear)
prev.set_mid(t)
return flat(root)

def flat(t):
while t is not None and t.empty():
t = t.mid
if t is not None:
t.parent = None
return t

K% set_mid. frontFull,wrap.wraps. empty. R A5 1) STELET AR
BEM, Bl X EAEEIR, 33 ] AR T4 1E SRS,

12.6.3  MKEMER &

I insertT FHEIF D ERIEATHHRE, BT DASCELN P SLER PR,
& F = {f, fa .} N front THEIER, M NHRFEDTFI, R = {ri,re,...} N
rear FEHIFR, R/ = {ry, 73, ..} A R HEREH —DILRIMIFIRIR T

(r,¢) : T=leaf(x)
(@,leaf(y)) : T =tree({z}, ¢, {y})
(x,tree({r1},o,R")) : T =tree({z}, ¢, R)
T =tree({z}, M, R),
(F', M'") = extractT (M)
(f1,tree({f2, f3,...}, M, R)) : otherwise

extractT(T) =
(x,tree(toList(F"), M', R))

(12.26)
HAREL toList(T) ¥—HR 2-3 WL — N SR, (.
toList(T) — { {z,y} + T =tr2(z,y) (12.27)
{z,y,2} : T =tr3(x,y,z2)

BTG 7 RACER (BN M — DS R R HBR TR AV B TR, WNRFHERZEHE S
—NIERAMF, MIERAIEE T —BREH; AR TR SN ITR, — T RE
front 45, 75— PNICRLE rear THE, TAMER front FHEHHITER, 48R T HE
A—ICERMT AR front FHEHREHE LR, PRIERDAZ, T rear FHEA
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23, BATMBR front FAEHHIME—TCE, REM rear FHEHME"—NITEREBA front F
f8; WER front FHEHRA IR, M AR BT 923, BAI Tt I3 3t 7w eh
FIHIRAR — >0 5, SRFG R — 1 R B A R A front 45, MK front 45
FREYIE— TR EMPR IR ] e — M E 0L, AR front FHEEE—BLERIITE, 3
MR FTERE — DT R MR, M4 e A2,

El12.9/&7R T WL ER MRS Te R 7. FHEMTES 10 Mo, 4% —
MICERBMBRSG, front FHEHICR—NITR, #EBXMBR—NITRNG, front FHELE
N, BATMHTAIR TR A" — D e BN —FR 2-3 REHREH 3 MTERKN
FF X—FNERMAHH front 45, H AR BT MIE SR =3 Bl — N H &
A=A 2-3 R A7, X—TRES=EITE,

NI Haskell Bl FF2FSEEL T uncons,

uncons :: Tree a — (a, Tree a)

uncons (Lf a) = (a, Empty)

uncons (Tr [a] Empty [b]) = (a, Lf b)

uncons (Tr [a] Empty (r:rs)) = (a, Tr [r] Empty rs)

uncons (Tr [a] m r) = (a, Tr (nodeToList f) m' r) where (f, m') = uncons m
uncons (Tr f m r) = (head f, Tr (tail f) m r)

HAEE nodeToList ENXWR:

nodeTolList :: Node a — [a]
nodeTolList (Br2 a b) = [a, b]
nodeTolList (Br3 a b c) = [a, b, c]

KU, FATTT PAER uncons & X% head 1 tail.

head = fst o uncons
tail = snd o uncons

12.6.4  BHIBRASAEBEAS B ) T

BRG] DAYAZN N “BHRR—AE SR, ANSRMNERIS front FHE2E2S, HEMFPIR]
HR BB FR R T R (R A EUE AT RER AR, B0 front FHERIH R+
PO ZE  IXAPIEOUR R BT IR RIEE R, TOIME TR 4.

BB — D an L NREIL, AT DA A FHER R IERES — DR, BiE
BT A BT0A NS, $E— R, 8 ERY front THEANZE, S ERY
front FFHERTHEIFR B FRECAZS, ANE12.100 X FHIE, FATATLAM front FHEH
TR — PR, EN— DT R NTEHE, BT RA rear THEANZ, TATATLHE
MR front FHESIH, R AT—F0E Do

e, BATZEREM front FHEHEH BT RUZE N1 5 QI fE]? 3477
R IX— A R R N ERSD) , WERANE, AT RS IX — 19 775 s AP P2
HER — T, TETRERAT T RS RAE N H R AT R front T, FANHE
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(a) AFERFRIER 10 TR
fI5l

(b) MIBREE—MNICRIG, front FHHIE
Fl—ITR,

(c) FRRMSKHRIER—DTEER, AT AR 23 A 54 " —
ARG BT R 2-3 BRI — AR, TG
front F45, FPIRER A FIAZRL T &H KR 2-3 S g
To

12.9: \—PFEAIR LR OUMER IS T 2R A1+
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(IO ] 0] COTE]

12.10: AHNBEIH T, 865 ¢ B AT front FIEANZS

R R B _E ], ERHAHERE N7 i R BATR 2R AR T
Ro E12.113#618 71X —1d 12,
ARPEX — S0, TR RSLE 7SR, IX BB A NHIRAN
s
function EXTRACT-HEAD(T)

r < TREE()

CONNECT-MID(r, T)

while FRONT(T') = ¢\ MID(T') # NIL do

T + Min(T)

if FRONT(T') = ¢\ REAR(T) # ¢ then
EXCHANGE FRONT(T) <+ REAR(T)

n < NODE()
CHILDREN(n) < FRONT(T)

repeat
L < CHILDREN(n) > L = {ny,ng,ns,...}
n « L[1] > n 4 ng
FrONT(T') < L[2..] > L[2..] = {na,n3, ...}

T + PARENT(T)
if MiD(T") becomes empty then
Mip(T') + NIL

until n is a leaf

return (ELEM(n), FLAT(r))

XHEEE BLEM(n) IR\ 5 n FRERIFAIHE—TTER, a3 Ul A RIERA,
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[ |

2] -]

children of n[il[1]= [tli- 0 Jeli- 121 ]

]

(a) REE—DITE nli][1], A ER TR
THE_E— A front FHEH,

307
x[1] is extracted
EEN e -]
2121 ]2131].- 2R -]
nli- 121 [nfi-1G31]- ] 121 - |
[oti21]..] 2] .|

(b) HEX—IIHE ¢ K, BREHRIE x[1].

& 12.11: BJKA L&D, ERFERH — D5

X T —#R ground "RHE MR RIS il JXAE T AR L3 FAL TR IR
e JE TEIR [T T AN AL B, R BRI 2 A3E0 “ grand " B

MR Python Hl RSl 7 iIX—H%,

def extract_head(t):
root = Tree()
root.set_mid(t)

while t.front = [] and t.mid 1is not None:

t = t.mid
if t.front = [] and t.rear # []:
(t.front, t.rear) = (t.rear, t.front)
n = wraps(t.front)
while True: #repeat-until AR
ns = n.children
n = ns[0]
t.front = ns[1:]
t = t.parent
if t.mid.empty():
t.mid.parent = None
t.mid = None
if n.leaf:
break
return (elem(n), flat(root))
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GRRBHY front FHEF rear FHEH S, WM AR EL Tree.empty () REAIHE,
PAHEI T —HRIE Node.leaf KiEF—PHREM TR, BREAT R AT
2R > R 13 B HARA 77 1%,

T e VAU B 7 E, MTHER TP ERECE — MR G — D IT R A E IR TR 2
MR EE, RF AR AR, FHaRT DOV, BAT TSGR [ FHE A58 — P e &
JG— DT o

DT EEM ExTRACT-HEAD K, AR TN, M RIER 7B FEA N, 3
T E T RER e N, BRI T AN, s A T R AR e 5 —
AIFHEH. BN NI RIS, BIEEZ AR, thEER A58 — N7 s

function FIrST-LF(T)

while FRONT(T') = ¢ MID(T') # NIL do
T < Mip(T)

if FRONT(T') = ¢\ REAR(T') # ¢ then
n < REAR(T)[1]

else
n < FrRONT(T)[1]

while n is NOT leaf do

n < CHILDREN(n)[1]
return n
HEREHARE MG, WRGATT AR, EMANRES — TR
W, BRIGEMNSEEN— M1 5, M DEREETTER,
function FIrsT(T)
return ELEM(FIRST-LF(T))

MR Python HlFREFSEI 7 iIX—Hi%,

def first(t):
return elem(first_leaf(t))

def first_leaf(t):

while t.front = [] and t.mid is not None:
t = t.mid

if t.front = [] and t.rear # []:
n = t.rear[0]

else:
n = t.front[0]

while not n.leaf:
n = n.children[0]

return n

REUER G — LR S IR, BA PR S A1
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12.6.5 {EFHIEEARANITER
BT FEREZXIFRE, WATAI ABH insertT LHLREEINETE,

leaf(zx) : T=¢
tree({y},p,{z}) : T =leaf(y)

tree(F,
appendT (T, x) = T = tree(F, M,
appendT (M, tr3(zy, 2, x3)),
{$17 Z2,3, ]}4})
{1'4, :U})

tree(F, M,RU{x}) : otherwise
(12.28)
WIR rear FHEIAZETEN 2-3 B, WERITEANEL 4 1, Hroo R Al DLER
FEAE rear FHEH, BN, FATEE rear FHEHF, FRT="1ITREH, AE—HHH
2-3 At BIFHOAIN RN P RS R R S, IEAh, FRATTIEZEAL BRI R FUE L —Fp
EFHRMNZ, FHO—MZEE — T R
NI Haskell Bl 7F2 558 17 EBERESINE L,

snoc :: Tree a — a — Tree a

snoc Empty a = Lf a

snoc (Lf a) b = Tr [a] Empty [b]

snoc (Tr f m [a, b, ¢, d]) e =Tr f (snoc m (Br3 a b ¢)) [d, e]
snoc (Tr fmr) a=Tr fm (r4[a])

BRI snoc TAUF2 cons IR, Bl 1PALTE BT IHERME L AUXFRIR R
Fan B TAAE BN R 5 U, R RIRSC I 7 iX— 1k,
function APPEND-NODE(T,n)
r < TREE()
prT
CONNECT-MID(p, T')
while FuLL?(REAR(T)) do
R <+ REAR(T) >R ={ni,n9, ., My_1, N}
REAR(T) < {n, LasT(R) } > last element n,,
n < NODE()
CHILDREN(n) < R[1..m — 1] > {nl,n2, ..., ny_1}
p<T
T < Mip(T)

if T'= NIL then
T + TREE()
FRONT(T) + {n}
else if | REAR(T) | = 1 A FRONT(T') = ¢ then
FRONT(T') <~ REAR(T)
REAR(T) < {n}
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else
REAR(T) < REAR(T) U{n}
CONNECT-MID(p, T) < T

return FLAT(r)

XRZEY Python BIlFA2F 40 R,

def append_node(t, n):
root = prev = Tree()
prev.set_mid(t)
while rearFull(t):
r = t.rear
t.rear = r[-1:] + [n]
n = wraps(r[:-1])
prev =t
t = t.mid
if t is None:
t = leaf(n)
elif len(t.rear) =— 1 and t.front = []:
t = Tree(t.rear, None, [n])
else:
t = Tree(t.front, t.mid, t.rear + [n])
prev.set_mid(t)
return flat(root)

12.6.6  MEHMERCE

1 appendT 2L, FATTA] OB SEIL extractT WIIHEHERVE M ESSMERE S — 1T
%,

I0IESS, R — TR FHERCN tree(F, M, R), ' F 24 front F45, M FH[HE
T, R N rear T8,

(p,z) : T =leaf(x)
(leaf(y),x) : T =tree({y},¢,{z})
(tree(init(F), ¢,last(F)),z) : T =tree(F,¢,{x}) NF # ¢
T = tree(F, M,{z}),
(M',R") = removeT (M)
(tree(F, M,init(R)),last(R)) : otherwise

removeT (T) =
(tree(F, M',toList(R')),x)

(12.29)
PRI toList(T) MIE LHIBLET—FE, TR —F 2-3 MERH N E@EYR, HKEL
init(L) IREFIFR L HEREG—DNITEIMIFIRES, & L = {a1,a2, ..., an_1,0,},
W init(L) = {ay,a2,...,an_1}o BREL last(L) REIFIFR L HHEE—NILE, B
last(L) = a,o BH ] ASE AR BIMR T E I EARSIE,
RTAIRY Haskell Bl 7257 SEEL T R ERMBR B %, RER @40 unsnoc PAFRAA
BREFEE snoc FIIZHE,
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unsnoc :: Tree a — (Tree a, a)

unsnoc (Lf a) = (Empty, a)

unsnoc (Tr [a] Empty [b]) = (Lf a, b)

unsnoc (Tr f@(_:_) Empty [a]) = (Tr (dinit f) Empty [last f], a)

unsnoc (Tr f m [a]) = (Tr f m' (nodeToList r), a) where (m', r) = unsnoc m
unsnoc (Tr f mr) = (Tr f m (init r), last r)

BATH AT DO Tt SCRBIFIRR) last AT init BEL

last = snd o unsnoc
init = fst o unsnoc

a2 T R BRI PR IR LIRS, (HRIX B — DRI, A —
MR (EE TR I, BAVER R EAZETE front T8, T rear FHEHIHRIEL Y
TRz (B Tree({n}, NIL, $)), SR EM rear FHERIURSG—PICR, MLER
FERAIEE R,

QIR rear FHEN A, X—HRFFRIEOL AT LUBIS Z2H front FHEF rear FHERMR,
i N R EIRRR
function EXTRACT-TAIL(T)

r < TREE()

CoNNECT-MID(7, T')

while REAR(T) = ¢A MID(T') # NIL do
T < Min(T)

if REAR(T) = ¢\ FRONT(T') # ¢ then
EXCHANGE FRONT(T) <+ REAR(T)

n <— NODE()

CHILDREN(n) <— REAR(T)

repeat
L + CHILDREN(n) > L={n1,no, e, Np_1, N
n < LAST(L) >N Ny
REAR(T) < L[1..m — 1] > {n1,na, ey N1}

T < PARENT(T)
if MID(T') becomes empty then
Mip(T') <+ NIL

until n is a leaf

return (ELEM(n), FLAT(r))

BAHEAMARR TG 5 — TR, PAAOX — RIS B 45 58 1 E SR >
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12.6.7 %

FIEMRTHEMEANZHIE I, LW Ty = tree(Fy, My, Ry) 1 T =
tree(Fy, My, Ry)o FILAM Fy MENIEREESRATHT front T+45, H Ry 1 NIEREERAVHT
rear T, TANTER M\ Ry Fo My S ERHTHIHRIER 721

T Ry M1 Fy #E T RBIFIER, T AOX — RIS SEO TSN SRR

merge(My, Ry U Fy, My) =7
PSR DUR I, My F1 M, #ORFHEM, FOR B T f Ty BY70 R
ER—, & T, WHEERTTRIER o, W M, PEENITTEREN Node(a)o
I, FATAT DUV TS AR B My 1Y front FHEFI M,y B rear F45, AR5 My
M1 My BIHRIRIER Sy, AN My [ rear TF4EHT My 1Y front FHEEFHo
ICEREL front(T) IREIRE T [ front 45, rear(T) IRI[Fl rear FF5, mid(T) R[H]
FRIERER BT YRR ER AN 2SI, merge BIERT DAE AN :
merge(My, Ry U Fy, My) = tree( front(M), S, rear(Ms))
S = merge(mid(M),rear(M;) U Ry U Fy U front(Ms), mid(M,))
A AR FLE AT DUEA merge() SRE Yo
concat(Ty, Ty) = tree(Fy, merge(M, Ry U Fy, M3), Ry) (12.31)

FEROX —E KN (12.30), BATRBUERIRIEA B _EWUZ & H 18 0E, AT LA
NI E S

(12.30)

concat(Ty,Tz) = merge(Ty, ¢, T3) (12.32)

e, BATTREN merge() BIEE SGORFM

foldR(insertT,T»,S) : Ty =¢

foldL(appendT,Ty,S) : To=¢

Us, T Ty =1
merge(Ty, 8, Ty) = merge(p, {x} ,T3) | eaf(x)
merge(Ty,SU{z},¢) : Tp=leaf(x)

tree(Fy, merge(M;, )
otherwise
nodes(Ry U S U Fy), M2), Ry)

(12.33)

KECTHITE AR LA B, & Ty B T AR —HoN 2, BiEmE — K5I S

R TE R A BE RIS — R B foldL F1 foldR 2T a2 N ImfE AR

HHY for-each ¥, HH foldL BAEMAGMIE S HIITTE, M foldR BAMAINE,

MNFAEEHNER L = {a1, a9, ..., an_1,a,}, I8 L' = {ag, a3, ...,a,_1,a,} HEREF—
TCRIMIRIRER ST s foldL F1 foldR FILAZYAIE SLUNR :

e : L=¢

foldL(f, f(e,a1),L") : otherwise (12.34)

foldL(f,e,L) = {
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e : L=¢

, (12.35)
f(a1, foldR(f,e,L")) : otherwise

foldR(f,e, L) = {

BE A ASE AR R T REIEANE,

HE—BRR RS — DR T, BA KX — e B A RN S P HE
O AT — R ARG 5 G — B 22 BT D0,

BRE nodes R TCRINRFEAL—4H 2-3 WHYFIZR, 1X 72 R EER 73 B F-H
TEERFA LEFHEHFRITTRRAE Node BIR—%K, FIEIBITVEHIRRNL TG LAY
f, (BRI My o, BANTFREZE —RK A R USUF, HITTRIEA Mao HZFAT]
AREEREPITHAIRME, H LN BITTEREE o, TATHEER LA 2-3 RIAY Node(a)
FAZN My, o XAIFTERY insertT FIEFPAIACBRML B R fa = ICER, Ffl—
B 2-3 B, RIGIERITHIRAT insertT, NHEZAH T nodes BIE X :

{tr2(z1,22)} : L ={x1,22}
{trg(x17x27x3)} L= {x17x27x3}
{tr2(xzy, 22), tr2(xs, x4)} : L ={x1,29, 23,24}

{tr3(x1, z2,23)} Unodes({xy, zs5,...}) : otherwise

nodes(L) =

(12.36)

BRI nodes T 22185F 2-3 WHIRRMHIZEM:, HHIRFHE 2 a3 MR, 45582
HEBA M 2-3 WRFPIER,; BHIRPEE 4 NITE, WL RYR P S PR, 50
AW AN, RZ T 4 DITE, JUKHET 3 DITEMEI— 2-3 W, A3
IV nodes RACFRFIRITTER,

R ERMEREER T & BIE, AT IFAIE o nT DUR IR, 1283 BOTR FE R AR
RPERER — R LE ], T 2-3 AT DACRUESES 1, BERYEEN O(lgn’) Hd o' R
TLRAINML, BIFEL R TRIERERHEA —FE (RZ A insertT8 IRX) 790 PN
B O), BINERFI O(gm), Hrd m BRI EEZE, Fitt, SRR E %
& O(1gn), HA n Z2FRFEMNPEERITEREEK,

NI Haskell 5 FF2 5 5000 T 1R TL

concat :: Tree a — Tree a — Tree a
concat tl t2 = merge t1 [] t2

HF Haskell R prelude FEH — 14N concat MIKEL, KR Ei—LL
FHMOALFE GnBEs import BUE BT DUREGRINZE,

merge :: Tree a — [a] — Tree a — Tree a

merge Empty ts t2 = foldr cons t2 ts

merge tl ts Empty = foldl snoc tl1 ts

merge (Lf a) ts t2 = merge Empty (a:ts) t2

merge tl ts (Lf a) = merge tl1 (ts#[a]) Empty

merge (Tr f1 ml rl) ts (Tr f2 m2 r2) = Tr f1 (merge ml (nodes (rl1 # ts # f2)) m2) r2

HH nodes ERELRISLINGN T :
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nodes :: [a] — [Node a]

nodes [a, b] = [Br2 a b]

nodes [a, b, c] = [Br3 a b c]

nodes [a, b, ¢, d] = [Br2 a b, Br2 c d]
nodes (a:b:c:xs) = Br3 a b c:nodes xs

N7 a2 AT FOEREPIRTHEN Ty R T, TRATTFR G PR Y R ER 70
)W) i, BRI H A — RN, FOEAH, Jdl1a — 5, H Ty §) front
FHAEHN T 1 front F45; H 7o B rear FHEIEN T B9 rear FH5. #ITFHIM A
FH5(Ty B9 rear FHEM T BY front F48) FHITTREBIRA — DR, KRB HBA
AT 2-3 i, I0IX— 2-3 WIYFIRN No N AMUBEE e AR B3N, m B3R
IRATTRAIREBIG I — P, A TROXARFRI N _E— A R ey R 7y, 2R
JEEN T —IRIER,

= PR AR AT — AR O S I, AT 3 g, R e B — R N H Y 2-3 B
FEAF G — RS R, IR Y b — G RA R R 7 T4

THERERSGH T IX IR AR,

function Concatr(Ty,T5)
return MERGE(T1, ¢, 1)

function MERGE(T}, N, T»)
r < TREE()
pr
while T} # NIL AT, # NIL do
T < TREE()
FRONT(T') +— FrONT(T?})
REAR(T) < REAR(T3)
CONNECT-MID(p, T')
pT
N < NODES(REAR(T) UNU FRONT(T3))
T, + Mip(Ty)
T5 <+ Mip(T3)
if 7, = NIL then
T+ 15
for each n € REVERSE(N) do
T < PREPEND-NODE(n,T)
else if T, = NIL then
T+ T
for each n € N do
T < APPEND-NODE(T,n)
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CONNECT-MID(p, T')
return FLAT(r)

BIEHH for-each THIAILAT A ZEM fold &AM fold RS, NI Python
Bl FRE S T IX—RTK,

def concat(tl, t2):
return merge(tl, [], t2)

def merge(tl, ns, t2):
root = prev = Tree() #{’Ej‘gﬂiﬁﬁ\:ﬂ’ﬂ dummy iI'JP)f—(T\
while tl1 is not None and t2 dis not None:
t = Tree(tl.size + t2.size + sizeNs(ns), tl.front, None, t2.rear)
prev.set_mid(t)

prev = t

ns = nodes(tl.rear + ns + t2.front)
tl = tl.mid

t2 = t2.mid

if t1 dis None:
prev.set_mid(foldR(prepend_node, ns, t2))
elif t2 dis None:
prev.set_mid(reduce(append_node, ns, tl))
return flat(root)

HT Python FRIEFERIRAL T M fold FIEEL reduce, M fold 7] DAZHR TR
T SCIEER, B — ¥ T 244 R0 e B HH 9 3 F A5 AN RT BRI

def foldR(f, xs, z):
for x 1in reversed(xs):
z = f(x, z)
return z

ME—FRE SRR R RS T o R N —45 2-3 tifrh, —#R 2-3 i %
ATLABEYN 3 D, FIRR DS T 4, Tl Ta] DU 3 DR — R, R E4k84E
BT HITR. HREH 4 D, MeE o 2 B 2 Do SKEIRt, T HRIEN (3
M2 DECL D), BATRETEERA R 2-3 R,

W RAIERN L = {n1,n,, ...}, FHIEIELH 7IX—ABE TR,

function NoDES(L)
N=¢
while |L| > 4 do
n < NODE()

CHILDREN(n) < L[1..3] > {ni,ng,n3}

N+ NU{n}

L+ L[4..] > {n4,ns, ...}
if |L| = 4 then

x + NODE()
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HHm=m P, Ra Pk

CHILDREN(x) « {L[1], L[2]}
y < NODE()
CHILDREN(y) < {L[3], L[4]}
N + N U{z,y}
else if L # ¢ then
n < NODE()
CHILDREN(n) < L
N+ NU{n}

return N

NHERY Python FlFFER Sl 7IX—8I%, HAFRE wraps () B /ol R,

RIE R — M ANR A HITT RN T R T

def

nodes(xs) :

res = []

while len(xs) > 4:
res.append(wraps(xs[:3]))
xs = xs[3:]

if len(xs) — 4:
res.append(wraps(xs[:2]))
res.append(wraps(xs[2:]))

elif xs # []:
res.append(wraps(xs))

return res

23] 12.5

T NIE S, LI RER THEM R AR L,

CATHE AT RSN T? ENEE N EATRCRUE I EEE T
TRV G2 FATARENSUEI size RIEATHIE, FIIN R AL E —DH-FHTT
W, AN node(1, {node(1,{x}}), TEDBIEMBNARAIES (AN Python BY lisp)
FIFFSRANE S (W C++) SRR — R,

CEETT@mNIE S, LI ExTrACT-TAIL Hi%,

- A RGN A 2 KR TR IR | — R P P IR G — R, M T e
JTi%, BORREMS AL T AR

- AMER fold, SEELTFHEMNVERRIR, 7] DAE ATIE I 835 R A,
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12.6.8  FHIWHIBEHL I )
W size Id3%

TRALPRIEBEA LY [A] 19 SR 2R BN R R, O 1 SR T R Y size, 3R
MIZERFNTT RN size 228
NI Haskell Bl FAB1EE XAFHEITT size [FE.

data Tree a = Empty
| Lf a
| Tr Int [a] (Tree (Node a)) [a]

PHF) ANSI C 4588 SCRIEINTT size [FE.

struct Tree {
union Nodex front;
union Nodex rear;
Treex mid;
Treex parent;
int size;

BEEKEL tree(s, F, M, R) M size {8 s. front FF55I5R F. rear FH55I5R R, I
FRER T T MRS — R T HERN . UIRATTTRZIRTG size (GRS, RIS R EL
size(T) RIREL:

0 : T=¢
size(T)=1< 7 : T =leaf(x)
s : T =tree(s,F,M,R)

HM A, W size N 0; HRATAFRIRA tree(s, F, M, R) W size 7 s; {H2 4
HAE—FH-FIME size B2(F4A2 B2 1 4?2 BREREEN,. ABEY T =leaf(a) If
H a A= AME—DNICERN size AET 1, HREENR T, size BAN 1, HH o
AT AR —N 0 R, R BRATIE B P NS E T — 17

IERAR 7 SR IE I FEMTE R size BRECEASRIEEUE o

0 : T=¢
size(T) = size/(z) : T =leaf(x) (12.37)
s : T =tree(s,F,M,R)

EE, XA MBI, size # size’, R size! ISEEHEE—D 2-3 #,
HE B NEEA TR, N TR IXWAEN, BATA] DO IHE— TR RAE —
A XAERE AT DA — 875 X CI SR size) RFRATE 1E M. THERY Haskell filF
BT 1 REE X

data Node a = Br Int [a]

ANSI C Bl 7R RIS
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struct Node {

Key key;

struct Nodex children;

int size;
1

B, FATRE union BN T struct, R HAEMF, key R R —L
RAMRZE R

BREL tr(s, L) \N—" size B8 s FI— I L, QIR 8 (B2 — AT
FIHT, SRR 2-3 ), RS T2 7

tr(1,{z}) HE = ITRAIH
tr(2,{z,y})  SZAEMNTITRH 2-3 K
tr(3,{z,y,2}) =B 3 DNILEMN 2-3 W

IXFE, size’ BREUSEILHEAT DUR B9 5 size 158 ATE size/(tr(s, L)) = so
Kot E o BN R] DOBE VA A BRER tr (1, {x}) SRIZEL, BAiTn] DUE SR
B eREL wrap 1 unwrap:

wrap(z) = tr(1,{z})
unwrap(n) =x : n=tr(l,{z})

BUE front FHER rear FHEEZR 7RISR, N T HEFHET size, TATA]
AR — A size” (L) BREL, EAESIRPEENT RN size MK, 12 L = {a1,az, ...}«
L = {ag, as, ---}o

(12.38)

size"(L) = { ‘ 0 k=e (12.39)
size'(ay) + size” (L") : otherwise
] DA — L= e ok 2 X size” (L)o BAN:
size” (L) = sum(map(size’, L)) (12.40)
PAT AT DLRAS T 19 s RIS AR LAl BE TR — 2 2-3 A, B THH S 4t -
wraps(L) = tr(size”(L), L) (12.41)
unwraps(n) =L : n=tr(s,L)

MR Haskell Bl 5125 SEI0 T IX 2240 Bh BRI 24

size (Br s _) = s
sizeL = sum .(map size)
sizeT Empty = 0

sizeT (Lf a) = size a
sizeT (Tr s _ _ _) =s
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N2 wrap 1 unwrap $BIEE, TATERE T EMHZEAELE X

wrap x = Br 1 [x]
unwrap (Br 1 [x]) = x
wraps xs = Br (sizelL xs) xs

unwraps (Br _ xs) = xs

FEA RPN, FATAT PUEIS L5449 RS BEARTS 17 A size (580 THAY
RIRRAE T R size AN
function S1zE-NODES(L)
5+ 0
for Vn € L do
s ¢ s+ SIZE(n)

return s

NHERY Python Bl 7 FEF M TAREEHIREE) sum() 1 map () S 7IX—
Bl

def sizeNs(xs):
return sum(map (lambda x: x.size, xs))

e SRR, TRATER G NIL RARFR S, T DR G B E ok S —
HREARS AT SR sizeo
function Si1zE-TR(T)
if T'= NIL then
return 0
else

return S1zE(T')

W size 15 RE5IAKIE)

BATRTI S H A RTR B EE XS size B8, MMM AVES, BIAN insertT PRERIG
RETCERBAN— T G AHE A

insertT (x,T) = insertT' (wrap(x),T) (12.42)

MRZHT Haskell Bl FREFERANT :

cons a t = cons' (wrap a) t

ToE @ OIS, 100 size 9 1. BRI AR, B tree(F, M, R)
M~ tront T4, IERSMG T, Fl— > rear TARHGE—HETHGR, T IBUEFE
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MIZZASHAIRET size 55, HRIERTFARELFHIR A,

fromL(F) M=¢ANR=2¢
fromL(R) s M=¢ANF=0¢
tree/(F,M,R) = { tree'(unwraps(F'),M',R) : F=¢,(F',M') = extractT’ (M)
tree’ (F, M’ unwraps(R’)) R=¢,(M',R') = removeT’ (M)
tree(s, F, M, R) otherwise

(12.43)
Hrh s = size”(F) + size(M) + size” (R) 2R MNGHT size R BKEL fromL()
B— D RIYR O — R TFHER, BB — R R A — R i,

fromL(L) = foldR(insertT’, ¢, L)

LR, BATTHER] IRA fold, i FIB AR 77 1AL E,

IREER R — ME R R AR, B F.M. R #ANA, B A E X =
Y size, MANE|—, FEIEL I tree(s, F, M, R) 7 NFHIE IR, 75 H R
BRI B F AN — FHEE N S, BIERR 7 — AR FHE R RUROCE Y, HAE
— R QR AR B F R, B — D2, BIRF A AR o
“E” =T R WIER front FHENZE, S A AIER 3 A Sk ERE L 55— AR
B9 5 A rear FHENZS, UM HR RIS 70 Y BB BB ER HE — 1 s E RIS il A
BERXAME"B T R unwrap — DI, FFIBVAVE A tree’ () BRECRIEIES R,

MR Haskell Bl FR2FEH T X—RA,

tree f Empty [] = foldr cons' Empty f

tree [] Empty r = foldr cons' Empty r

tree [J] m r = let (f, m') = uncons' m in tree (unwraps f) m' r
tree fm [] = let (m', r) = unsnoc' m in tree f m' (unwraps r)
tree T mr = Tr (sizeL f + sizeT m + sizeL r) fmr

Hi% insertT'() FILMEH tree’ () E XA

leaf(x) : T=¢
tree’({z},6,{y}) : T =leaf(x)
insertT’ (z,T) = tree/ ({x,z1},insertT’( - T =tree(s,{x1, 72,
wraps({xs, x3,24}), M), R) x3, T4}, M, R)
tree/({x} UF,M,R) : otherwise

(12.44)
NHEIRY Haskell Bl 727558 17X —5H ik,

cons' a Empty = Lf a

cons' a (Lf b) = tree [a] Empty [b]

cons' a (Tr _ [b, c, d, €] m r) = tree [a, b] (cons' (wraps [c, d, e]) m) r
cons' a (Tr _ fmr) = tree (a:f) mr

A2 B A TR MO B BB 2, BIANAE AR 4a i 1Sk i AT RN, FE—18
W, — IR size 5.
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function PREPEND-NODE(n,T')

r < TREE()

prT

CONNECT-MID(p, T')

while FuLL?(FroONT(T)) do
F < FronNT(T)
FRONT(T) « {n, F[1]}
S1ZE(T') < S1zE(T') + S1zZE(n)
n < NODE()
CHILDREN(n) < F'[2.]]
p<T
T < Mip(T)

if T'= NIL then
T < TREE()
FRONT(T' )4+ {n}
else if | FRONT(T) | =1 A REAR(T') = ¢ then
REAR(T) < FrONT(T)
FRONT(T') < {n}
else
FRONT(T') < {n}U FrRONT(T)
S1ZE(T') + S1zE(T') + S1ZE(n)
CONNECT-MID(p,T) < T
return FLAT(r)

K Python Bl 7fUASSLEL 1IX—M AL,

321

> update size

> update size

def prepend_node(n, t):
root = prev = Tree()
prev.set_mid(t)
while frontFull(t):
f = t.front
t.front = [n] + f[:1]
t.size = t.size + n.size
n = wraps(f[1:])
prev = t
t = t.mid
if t is None:
t = leaf(n)
elif len(t.front)—1 and t.rear — []:
t = Tree(n.size + t.size, [n], None, t.front)
else:
t = Tree(n.size + t.size, [n]+t.front, t.mid, t.rear)
prev.set_mid(t)
return flat(root)
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B FAREE A B BIAG IE B BB T CAERE 32 size TENSE—1SE i leaf
B BRI BN — 1T sSUIERT, B IERAR size IRE LT, n

B L, BAIANE R eatractT. appendT . removeT Fll concat BiEPFEFEE!
X size B, IXENBHAEENES,

TERS L B BT

HEhN size (5 RJG, A& — MLE, ] URA Z g it 8 2= e AL 2 M T A F
T =B Ak Fo M FT R, I BRIV, BATRT OE— PRI E A E 4,
eSSBS = M ACE ¢ R LR,

TAWHAE F. M. 1 R B size [5R. ICX=87H size 73818 Spy S H
Syo MMRAENME @ < Sp, MWRTE F P, BAWETRE F PREE; 1R
Sy <i < Sp+ S, WATRAE M, BMFEBRIEE M PR, BN, THR—EE R
o, BATTHE TORAE R A

AR RS AR 23 B TRAC T, I A A — R FHE s
{ (6,2,6) : T=leaf(x)

LitAt(i, T) =
splitAt(i, T) otherwise
NSRS AT 0B, WA R 8B A2, MRy a2 s
EYARVIEOURYE ¢ AN 9 =R 750, BEeRIEL split AtL(i, L) £ i -
W RANRDEIR =557 (A, 2, B) = splitAtL(i, L), i 2 N L W55 i N1, A
2 I TAIER, M B 2 i R4,

(6.0,6) : T=leaf(s)
split At(i. T) = (fromL(A),x,tree’ (B M, R)) 1< Sf-
(tree' (F, M, A), x,tree’ (B, M,, R)) Sy <i< S+ Sn
(tree’(F,M,A),x fromL(B)) otherwise
(12.45)
£ LR\ ZFIEN A, B (A, z, B) = splitAtL(i, F); TfE G —FiE i f, 1X—
KREN: (A, 2, B) = split AtL(i — S; — Sm, R); HLEE ZHR S =MIE 0, HARY M.
z M, A B HIHHEUTT:

(Ml,t, MT) = SpthAt(Z - Sf, M)
(A,z, B) = splitAtL(i — Sy — size(M;), unwraps(t))

BRI split AtL SRR BT 7St Pn, B AR R KA R, A 2-3 Rif5r
B E BRI, KIEPERET AR H RN O(1) o 12 L = {21, 22, .. WL = {22,235, ... }o

(¢, 21,0) = i=0AL={x}
splitAtL(i, L) = (pyx1, L)+ i< size'(x1) (12.46)
({z1}UA,z,B) : otherwise
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Hrp
(A, x, B) = splitAtL(i — size'(z1), L")

Jr BRI R B o TG Z SR, SRIRAYPEREIER T Fh R BT 70 1A A3 )3 48
R, HAEOL NERRLE l, BIARTRERIR B b EER, IR IR A TERE,
O(h)o HITFTHEZFHIRY (B 2-3 B, HArE RO MHERSE SRR 4RI B P18 , BT
PA h = O(lgn), B n ZMHPEFHBRTTREE, 2HIBIEREREEREN O(lgn).
MR Haskell Bl FREFFEEH T split AtL BIEHTEHL,

splitNodesAt 0 [x] = ([]1, x, [1)
splitNodesAt i (x:xs) | i < size x = ([], x, xs)
| otherwise = let (xs', y, ys) = splitNodesAt (i-size x) xs
in (x:xs'y, y, ys)

T Haskell FIARMEEHELE X T RS FH splitAt BREL, 0 TR MPEE,
BATRAFFSCN splitAt's

splitAt' _ (Lf x) = (Empty, x, Empty)
splitAt' i (Tr _ f m r)
| 1 < szf = let (xs, y, ys) = splitNodesAt i f
in ((foldr cons' Empty xs), y, tree ys m r)
| i < szf 4+ szm = let (ml, t, m2) = splitAt' (i-szf) m
(xs, y, ys) = splitNodesAt (i-szf - sizeT ml) (unwraps t)
in (tree f ml xs, y, tree ys m2 r)
| otherwise = let (xs, y, ys) = splitNodesAt (i-szf -szm) r
in (tree f m xs, y, foldr cons' Empty ys)
where
szf = sizeL f

szm = sizeT m

REPLYIWI

i F 23 BN B%, AT TA] R R B s SCEERE N O (Ign) HIBEAILT R, 2 BREL mid(x)
REl—DN=JCHIEE 2 DN, left(x) F right(z) 73 HRIEIEE 1 #1565 3 #Ho

get At(S, i) = unwrap(mid(splitAt(i, S))) (12.47)

BATESAENE @ Rep oI o0hk 3 #Rr, SR BHNREIRY T &, FHREIHARITR,
RFBELFHIHIIE @ DITR, BATEICH @ KH, SRI5H PR B
B EIE, fJn P FTERIRERIX =R & IR,

setAt(S,i,x) = concat(L,insertT (z, R)) (12.48)

=

(L,y, R) = splitAt(i, S)
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Bt —2, BATER] PASEIL remove At (S, i) ik, MN—DFF1 S HMIBREE ¢ T
o BATESCAME ¢« 28], K1 LR RITTERIRE], SRR AL MR ER 7% Rl — AR
HFERT

removeAt(S, i) = (unwrap(y), concat(L, R)) (12.49)

N Haskell 7825 SEE0 T IX 2480,

getAt t i = unwrap x where (_, x, _) = splitAt' i t
setAt t i x = let (1, _

removeAt t i = let (1, x, r) = splitAt' i t in (unwrap x, concat' 1 r)

, r) = splitAt' i t 1in concat' 1 (cons x r)

i 2 UL )

fEan LI, AT LE RSSO thAME, BRI T DO F 70 8 B R S
GET-AT(T,i) Ml SET-AT(T,i, z) Bk, AV —MERREIL, n] MESE M E N
TTHEERIBRE, PHRIREZ =28, —RTHEWN T, — P 0 THANAERS] 4,
DA —EREL f, DAL E @ BRITT R LR,

function AppLY-AT(T, %, f)
while S1ze(T) > 1 do
Sy < S1zB-NODES(FRONT(T))
Sy S1zE-TR(MID(T))
if i < Sy then
return LOOKUP-NODES(FRONT(T), i, f)
else if i < Sy + 5, then

T < Mip(T)
94— 17— Sf
else

return LOOKUP-NODES(REAR(T), i — Sy — Sy, f)

n < FIRsT-LF(T)
x < ELEM(n)
ELEM(n) + f(x)
return z

BEARBEZ— Do MR ARHER, EAKKGE LRI EZIME size N 1
(A] DU 2 A5 2 M- R TR 207 15 RS T 25 > FR AR ), BERTEER, A
HRKEES i front TFHEAY size, FIHRRIER 2 TR size Z [AIFSE AR,

WRRG] i /T front FHERY size, W RAE front FHEH, BIESHH— ¥
FEAE front FHEHE; WREFIALL front FHE size /N, (SR ELAN_L A [E]EE 70
1Y size USSR/, m”qﬁ.‘ﬁﬁquﬁlggﬁ, BIEEFM @ HIE front FHE0Y size, SRS 4ESE
T 73 R RIS 70 B 7 2 01, WA /TR rear TR, BUETAR P RE P&,
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fEgE )G, BARE— DT R (TR —PNEATR), FERIITRFAMETIX
=R DR TATAT DUR e, RS H TR 7, F R4 A7 [EI e,

FIRIREAT f ATHTTRIENREETR,

B ORI F LA Lookur-NODES(L, i, f)o EHEZ =S — P
IR, = PMIERT], F— DM THIE . BRI POR— &SR AP, W
R RO, FHFHAERS N 0, BAMETRIA THEM B, TAMHEXMHFRI7TER
EHATEREL FHR I ETHITTRIER A S, FAIFTZE LB R size FIALERS], P
RE AN TAEIZ DT HAEER,

function LoOKUP-NODES(L, 1, f)
loop
for Vn € L do

if n is leaf Ai = 0 then
x < ELEM(n)
ELEM(n) + f(z)
return z

if i < S1zE(n) then
L < CHILDREN(n)
break

i < i— SIZE(n)

MR Python HlFHEF S TiIX—H %,

def applyAt(t, i, f):
while t.size > 1:
szf = sizeNs(t.front)
szm = sizeT(t.mid)
if i < szf:
return lookupNs(t.front, i, f)
elif i < szf + szm:
t = t.mid
i=1 - szf
else:
return lookupNs(t.rear, i - szf - szm, f)
n = first_leaf(t)
x = elem(n)
n.children[0] = f(x)
return x

def lookupNs(ns, i, f):
while True:
for n 1in ns:

if n.leaf and i — 0:
x = elem(n)
n.children[0] = f(x)
return x

if 1 < n.size:
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ns = n.children
break

i=1 - n.size

TR R LR IR R B NIX — BRI, FRATTALAT PASEIE GET-AT M SET-AT
BE,
function GET-AT(T,7)
return APPLY-AT(T,i, A\,.x)

function SET-AT(T, i, x)

return AppLY-AT(T, i, \,.x)

BAMEN id MBCRIRBGEE M BNILR, EH ASEITTRNE; WL A H 2R
B BATA] DA R, ‘& R TR DARTHIME, TR ARIEPE A HTas SR,

[RFawir |

TR QI T, (UL AppLy-AT BIEIEA, B IEFZEREMBRTEEN B
ipgve
BERTBAI AR TR a2 NP BEIRER T —fe B DA RO, BT AR
T HRA_ERATEI, AL, R R3] AN ISR A IR B/,
AT ] AR 5 h KBy B BATTE Sl IR AT —4 8
T NS, B BN E N front FHEEEE rear TH6, )G, TATHE TR
ol e [ PRAR 73 B AR AAH B 2
function SpLIT-AT(T, 1)
Ty < TREE()
Ty <+ TREE()
while S; <i < S;+ S, do > B T0IA R
T] < TREE()
T} < TREE()
FRrRONT(T]) < FrONT(T)
REAR(TY) < REAR(T)
CoONNECT-MID(T},T7)
CONNECT-MID(T5, T3)
T, <+ T7
Ty T,
i 41— Sy
T < Mip(T)
if i < S; then
(X,n,Y) < SpLiT-NODES(FRONT(T), i)
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T < FROM-NODES(X)
T« T
S1zE(T4) < S1zE(T) - S1zE-NODES(X) - SI1ZE(n)
FrRONT(TS) < Y
else if S; + S5, <i then
(X,n,Y) < SPLIT-NODES(REAR(T), i — S§ — S,,)
T, < FROM-NODES(Y)
T <+ T
S1ZE(TY) < S12E(T) - S1zE-NODES(Y') - SI1ZE(n)
REAR(T]) + X
CoNNECT-MID(T}, 1Y)
CONNECT-MID(T%, T3)
i < 1— S1zE-TR(TY)
while n is NOT leaf do > B Rk E1
(X,n,Y) < SPLIT-NODES(CHILDREN(n), ©)
i < i— S1ZE-NODES(X)
REAR(T)) + X
FRONT(T3) < Y
S1zE(Ty) < SuMm-S1zES(Th)
S1ZE(T,) < SUM-SIZES(T%)
T, + PARENT(T7)
T5 < PARENT(T3)

return (FLAT(T}), ELEM(n), FLAT(T3))

FIRESCQIEME T, M1 Ty RERFEDFINEE R, ENIE HUZ “ground” i,
NEEFIHTR T R 58— 42 BT R, 2 Sy Ml S, 7232 front FHEFIAHH]
R FIEH sizeo QHERAREZEIAINL BVE AL A0 97, FRATHUEER T Y front
FHEEHER T) 1Y front F45; HHEM T B rear FHEAEN Ty B rear F45, It
I, BATEARERE T 1 Ty BEAME Sy, e, BATRAE S IHA L ZRIE
Bo )5, BAMG Ty F1 T SERGEER, (51555 BOVATE B R ER 70 73 5 [RIAE AT
T, F Ty BEHEEKR, &, AN EI BFIEZE front FHEHY size, RIEARELITE
TR F40 5 2

FREHEHRE, BMNEE—MIE, DHEZKAEE front T8, BAKAELE
rear F45, TEFHEP I EN 74— D=J0H, B—EME =87 0 B E S
FHIRR, B RS RE A EITTRIT R, WADTHEARLEZ 2-3 B, B TR R
ZEH 3 DA, TWRHIEIRA] DOBS LB HOR e,

function SpLIT-NODES(L, 1)
for j € [1, LENGTH(L) | do
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if ¢ < S1zE(L[j]) then
return (L[1...j — 1], L[j], L[j + 1... LENGTH(L) ])

i < i— S1zE(L[j])

Fe TR, AT =TeHBTEEM SRR 77 F1 Ty, RIS EADERERIEN T, Al
T, HIBRZ AR

s, BT Z T B IR _ BRI, A SERMIEARTE o = EE 7

BADR =TeHBISE =8, R R, PATHERR, BRI N — T BHRTE
PRBATARWR 19 7 SERTAAL B @ AT 08, I BIZERAVEE — &R0 THIRM T
A Ty {EN rear THi5; M HIEERI S — B0 THIRMTEHA T, 1B front Fi5. 1t
JG, BT FHEMII =800 front F45, HIEER > T8 M1 rear THEAREREHEAN T, K
MIEA] AT B =800 1Y size FHARNN, R4 RAEARIAY sizeo

function SuM-S1zEs(T)
return S1ZE-NODES(FRONT(T')) + S1ze-TR(MID(T")) + SizE-NODES(REAR(T))

A, RIS E T N T, BRT R T, RETRELINREZ Frou-
NODES(L)o ‘EM—HT B —HRFHER . BATR] PUZE—RE 7 il AZ— AR
KHE, BAHEEIENSRSI BAIEE,

MR Python Bl FFERSEIL 7o #IE X,

def splitAt(t, i):

(t1, t2) = (Tree(), Tree())

while szf(t) < 1 and i < szf(t) + szm(t):
fst = Tree(0, t.front, None, [])
snd = Tree(®, [], None, t.rear)
tl.set_mid(fst)
t2.set_mid(snd)
(t1, t2) = (fst, snd)
i=1 - szf(t)
t = t.mid

if 1 < szf(t):

(xs, n, ys) = splitNs(t.front, i)

sz = t.size - sizeNs(xs) - n.size

(fst, snd) = (fromNodes(xs), Tree(sz, ys, t.mid, t.rear))
elif szf(t) + szm(t) < 4:

(xs, n, ys) = splitNs(t.rear, i - szf(t) - szm(t))

sz = t.size - sizeNs(ys) - n.size

(fst, snd) = (Tree(sz, t.front, t.mid, xs), fromNodes(ys))
tl.set_mid(fst)
t2.set_mid(snd)

i =1 - sizeT(fst)
while not n.leaf:
(xs, n, ys) = splitNs(n.children, 1)
i =1 - sizeNs(xs)
(tl.rear, t2.front) = (xs, ys)
tl.size = sizeNs(tl.front) + sizeT(tl.mid) + sizeNs(tl.rear)
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t2.size = sizeNs(t2.front) + sizeT(t2.mid) + sizeNs(t2.rear)
(tl, t2) = (tl.parent, t2.parent)

return (flat(tl), elem(n), flat(t2))

NEAIBFAE R — DT REPIRAETEE A B HT

def splitNs(ns, 1i):
for j in range(len(ns)):

if i < ns[j].size:
return (ns[:j], ns[j], ns[j+1:])

i=1 - ns[j].size

o FIEIR, Wi a] DT ESE I ERR0E 1o BATE et T 0 #], R R R+
AIPRERI TR B — R, FEReEE i BRITTRIR(E,
function REMOVE-AT(T, 1)
(Ty,z,Ty) < SpLIT-AT(T, 7)
return (z, CONCAT(T},T5) )

3] 12.6

1. BAMN=RSZEL insertT’ WITTE R B size M 1, iIXERAN TR T tree’ K
B EEIIX— 1%,

2. % insertT’ PSR, 52 R N EIE(5 A28 H R EGA a2 L HD: extract T
appendT’ removeT’\ Fl concat’s T head. tail.init, F last TREFFAZE,

3. fEam L HEE ArpLy-Ar H, TATKRE LRI size BEEL 1 Ko LA EE
R Y HTH T R S 7?2 IR IR A X2

4. EFE—1@2RIES, I FroMm-Nobprs(L) Bk, ] DA FAIEREE WA M
fold,

12.7 /hek

BARBATREES H —NMEFEE O(1) FENLYT A2 #5113, HRRER
FHEMBAREAI LI T — NERRIL RAFHIFH1o 18 SKHRAN R SRR BRI TERE N 70
IF1R] O(1), AT CATEXT N IR PR AN P 471, BB AR AL B R 51 o0l a3 R
S B AR AT R BRI AR R S| R AT T I R N R IR LR 2K, S iR R m AR A 5
bR ZEBAR it T IXAERT AR,

AR E AT, B T EREBEA R A S R R R G — DI EHE
G5 BATTA] DAE AT AT IR O — L SR R 1
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filan, HS2E—1 MTF (move-to-front) FIZRAGETERT %], FhAT DA AR ZE A48
HIFH,

mtf(S,i)={z}us’

HH (2,85 = removeAt(S, ).
FETORRYETT R, TR — LAY e < HEP R, s PuOEiE, 19
FHEFP LU e RIS A — L HIF R AL, B — L/ BRI E L,



ST =% sriiia, POt FHE
i2

13.1  fa4r

MNITESIEH, & T HRIHEP EIRRIREIEREN O(nlgn) U, REEF, UK
B AMRh TR Z R BIL. ENTRITEREARATIAZE] O(nlgn). —R2RIEHET,
i RHEP SRR, POEHEF B0 12058, RZIRAE PR RIBRIE 2 HT R AR 5K
A pRIEHR P EoE P TR,

FEAREE R, WATE SR PaEHE P R A, B2 — Ml 7 i 2 SRl 3
MEMERETRILN, FHoE LSRRGS, PORHEE I 2 ik it &
FEA, R I

N T FRRAL By B R, Bl s 2 BIAFHHE, ERERIEEEHEIL T
FEAIEES 730 BATTE S EAFHF I TRIEH X, BH5 B RTFFHT, F1B KA
EHIEFHER

13.2 PuEHER

Z 184 LFE B9 I 22 He A AT HZ B B i il —BAo SRR/ NI At £ B AE M,
B NI e A N, EIMEEAN 45 48R, BES/ NI RATTRE B Cubirie?
HRZ 775 AT DA, el i Pk HE e B 75 74

L B ANIEZSET . Frf EEX AN NIRRT #R G 2 M 22 2% A et sy
U R AR

2. FrE s EIEM N EEIX P8, a2 a MR N EE X — P,
B —4H/ NI R ) B s (AN K ) : {102, 100, 98,95, 96, 99, 101, 97} 7% 13. 14
AR T AT R IR 75 I BA R AR
BITIRIIN i, B =50 102 BRI — NI ZE T BATIFRIZ AN pivot,

R NISHFRICH, 1ET7IX IR S s i BRI A H At A #R b 2 fib i e
i, anRep S —ATRR. N, BrEoh 102 BRI S) T B & RIuh AL E, Pl DA

331
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13.1: ZZHE/ NI R AT TS B —RA

BATA S SRR, RS & 100 Brmf/NNAAZET, FIt, S&h 98, 95,
96, 11 99 JEOR /NI Al 2 1 AT, T - —44 B s 101 BEOKR NI & s bt
pivot fi, At AMIESE] T4 M, RAPRYEE =740 H 7N RTINS, K5, Bl 98 XK
NI RSN 1 2T pivot ; TS & 101 JERE/INITA SO 1AM pivot. {Hi2
i 101 KON pivot BIBRE/ N A f— N, BILTETRUREHET 1o Mz
i BRI E, RIMELFRMENTTE, B2ITA NS R RELAE,

102 100 98 95 96 99 101 97

100 98 95 96 99 101 97 ‘102’
98 95 9 99 97 ‘1000 101 ‘102’
95 96 97 98 99 ‘100" ‘101" ‘102’
‘95" 96 97 98 ‘99’ ‘100" ‘101" ‘102’
‘957 96" 97 ‘98 ‘99’ ‘100" ‘101" ‘102’
‘95’ 96" 977 ‘98 ‘99’ ‘100" ‘101" ‘102’

*® 13.1: —4/MITEAZ S il AR 2

13.2.1 EABR
VAR IR AT DA 2| PR AR TR, X F8 L #HTHER I
o & L N, NHEFSERHE AR, X EDFIEN;

o TN, 1E L HEIE—DICRIEN pivot, RIEEIAHIRE L KT pivot FITCER
e, HEERET pivot BYZEM, RIS IR ATE KT pivot FITCERTER?, K4k
RET pivot FIAEMM,




13.2 PudHEE 333

XA TR, ARG Wb, 7246 M IMEE I HER 2 AT LAF
I FHATRA TR, BAVRHERHITIEE RIFFITHRINA,

PIEHEFPE C. A. R. Hoare £ 1960 fE42H /11, 1X HLZE HY AR 2 B AR AR Y
— R B IRAIIRREANTIERE pivot, TATMEZEF pivot HUIEIRZ ERENINE
HEPRITERE.

B A LN AR R R — DICRIEN pivote IXFEREAT LR PRIEHEFTE 2L
NHEE A

sort(L) = ¢ - L=9¢
sort({zlz € L'yx < L1}) U{li} Usort({x|z € L',l; <x}) : otherwise
(13.1)

Her, BAESFH) L RS — DI, i L BERR L AMIFERE T {1, 13, .. Jo
XEBEFANMER T Zermelo Frankel A (AN ZF FiXZD) 1, HWHRA list compre-
hension, —~ ZF FRiK {ala € S,pi(a),pa(a),...} RRMNEE S FIEBULEKF
P1, D2, ... BBNERITLR, ZF RIANFEAHTRRES, BATRHY & DA R R
7, WA FEEEENTR, HAARFRNHIKEARNYIR, FHEREESE AR
PRI Ao

1E3Z#F list comprehension FYSRFEINEH, FIRATUA] DLERERIE RS, WITF
[ fY) Haskell {5l 727

sort [] =[]
sort (x:xs) =sort [y | y«xs, y < x] # [x] 4 sort [y | y+xs, x <y]

12501k, XATRER BRI PO FRE T BIEES I A —LErhiR 28 &, F27 th/h SR 1

vt .
G

sort [] = []

sort (x:xs) = as 4 [x] 4 bs where
as=sort [ a | a « xs, a < x]
bs =sort [ b | b « xs, x < b]

X—HARRPEE R 7 I E — L2, FlanBAffifE A filter, M ANJE list compre-
hension, 41 R Python il FAf7R:

def sort(xs):
if xs = []:
return []
pivot = xs[0]
as = sort(filter(lambda x : x < pivot, xs[1:]))
bs = sort(filter(lambda x : pivot < x, xs[1l:]))
return as + [pivot] + bs

AN E SIC TR E RIIMAIECE R, FhoCRlE: P | 250K,
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13.2.2 ™KgEF

BAMRBETCRAR IR R AR IR UT HE 7. Bl AT AR SR, 2 I H 5
HEP. IXAERLA] DAIE F BE 287 55, FESKPRAR, R TR Al RE R8s, A H, BB H
it 36 52 2R A N (Ianxt — AR HE ).

BAYRYTTIR, AR AR — 28, AR RTTESE AP P iy
B HTEAR . TA DFABR LA — & EE M 2T (total order) , HIg Z /D02
JETZK89F (strict weak order)[™) 7],

AT AR L, FAT MU B AE /N T 5T OR RO U SR AR T HE T

13.2.3 X471 (partition)

WIS HT T ) B A PO HE P Bk, R T IR S —IRIBRS T TE AR
T pivot BITLER, 5 U0 HIRE THTAERT pivot BITCER. BATA] LRABATE FH K
O —IRER i A%, SR
(¢,0) + L=¢
partition(p, L) = ¢ ({li}UA,B) : p(l1), (A, B) = partition(p, L") (13.2)
(AA{L}uB) = —p(h)
XHRY {2} U L AUUZ = cons” #F CROTRBERZZIR L), B R R 2HE BN H,
i partition, HIHAER A] PAE X M
¢ : L=g¢

sort(A)U{li} Usort(B) : L # ¢,(A, B) = partition(A,z <1y, L")
(13.3)

sort(L) = {

NI Haskell il FF2FSLH T IX—HE X,

sort [] = []
sort (x:xs) = sort as H# [x] 4 sort bs where
(as, bs) = partition (< x) xs

partition _ [] = ([1, [])
partition p (x:xs) = let (as, bs) = partition p xs in
if p x then (x:as, bs) else (as, x:bs)

XI7> (partition) AU TP HE P 2R E 2, R EHARZ HAH 7 HE 5%
HRARSCHE, AR MRS 2R E et mE H iy i 8T % 2
PRI HE P R 0 SRR, Bl 17k rean ] i an < 2CHO 77 IR S IR s PRI HE R

TEWE Z R 72 75 759, Lomuto U\ S5 75 AR B I B 5 MK, BRATHIGIER
STREARI 7 T7IR, FF R AR T IR A f e RE Y

132418 71X — U P TXIIH TTTR . BTN R — B T
2o (AT, B HIE13.2 (a) FRRYLER 2 EH A

o WM pivot, HXITFISFELERMT, pivot BTN EIRARIN B ;
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\ (
<[l } FAF pivot B9 KF pivot 1. | N
(a) RISHHIRASPE R

pivot p iR L HiLH R
N -
> X[FJ fﬁ—l—l] o

(b) F4k
pivot p FEIHF L HiLHR R

pivot p SR L HILA R
\

x[u]

( /
x[I] |.. NKTF pivot HY.. X[L}I ... KF pivot B9... |x[u]
K 1

g

13.2: fEFR/AIHITCRIE pivot X7 — B

o —BHEEEARKRT pivot FTTERATER D X —BRAIVEMEILABHIRICH L;

o —BHEERT pivot BITTRATE 2. X—ERIVEMIEFEIRICN R, W2,
L FRIEM R ARCZ AEYTCREAT pivot;

« R FRIC/EHEITTREARPACH, XEDHITTRATRER T, WAl BEAKT pivoto

FERI IS FEFF LA, L FRICHE pivot, R ARICFEIA pivot JEH R—ANITE, 41
E13.2 (b) FimRe AREEIEAWAANEL R FRICHTAMESR] R FRidEIEEd
B M A,

BUOER, #LLEE R ARICHRIAITTER pivot BRI KT pivot, iIX—TEEM
AT LA R ARICZ IR, BESARIFEE) R AR E F—A It &0, 8 R
FRICFE AT R/ N T EEET pivot (KT, ENMIZAL T L FRICHIZM, ik, Bl
¥ L FRICHFTE s —2, ARG L #1 R trid4aRIITER,

Y R RIS R E— N Io RN, AT RT R R, KT pivot HITTERER
WREANE T L ARCREN, mEMTTEA T L ARCH AN, HRBAIFRERD) pivot
TLR, A TIXMBRHE, yitt, A TAT A pivot 1 L ARicAEMITTER, 1
E13.2 (c) HBONAET SRR,

L FRICEZAE pivot, EREENNEELH BT IER 7. BATE L FRIEERK 5
RIS IRIR A, SEhRHr, T AR, BATEE R L ARIcH 1, f5Efm
E—KRT pivot FITTER, BN ERE, BATE N T AP RN,
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HH=8 Irm

a2, g FIAFHHE

Ko IR R IR, B2 =280 — M A, R XA R 52

1: function PARTITION(A, 1, u)

p <+ All]
L+
for Re[l+1,u]d
if —(p < A[R])
L+ L+1
EXCHANGE

return L + 1

EXCHANGE A[L] +»

o

then > A8

A[L] +» A[R]

p

T3 285 T XA {3,2,5,4,0,1,6,7} BIHEE,

> p N pivot

> MR

> A MIARIEHEATIER
97, EX < LR T

> IR B IR E

3) 20) 5 4 0 1 6 7
3 2@ 5 4 0 1 6 7
3 201  5(0) 4 0 1 6 7
3 20 5 4@ 0 1 6 7
3 200 5 4 0 1 6 7
3 2 oy 4 50 1 6 7
3 2 o) 4 5 1r) 6 7
3 2 0 1) 5 Ar) 6 7
32 0o 1) 5 4 6(r) 7
3 2 0 1) 5 46 70
1 2 0 3 5(0+1) 4 6 7

F4h, pivot = 3.0 =1.r =2
2< 3,88 10r=10)

5> 3, 4ksE

4> 3, 4k&t

0<3

a0 1, SRIGHN r 23 HR
1<3

3l 1, SRIGHN r 23 H

6 > 3, kst
7> 3, kst
r O T IO5R, 22 pivot F 1

2 13.2: FIEXI BB

K ANSI C Bl 27K 17X —XInHE,

int partition(Keyx xs, 1int

int pivot, r;

1, int u) {

for (pivot =1, r=1+41; r < u; +4r)
if (! (xs[pivot] < xs[r])) {

++1;

swap(xs[1], xs[rl);

}
swap(xs[pivot], xs[1]);
return 1 + 1;

Hrh swap(a, b) AIRUE SCHEREE#E %, 1SO C++ H swap(a, b) TEfn
T JZEH DABR BRI T SXHR AL, AR RN T SRR @ I AR A THE S TRATTIL S AN

TR RIX IR S0,

2% AR U A R, 5 AR X RS — T RIEN pivots
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i IX — X Bk, S A P HE e mT DASCERAN

: procedure QUICK-SORT(A, [, u)
if [ < u then

QUICK-SORT(A,l,m — 1)

1
2

3: m <— PARTITION(A, [, u)
4

5 QUICK-SORT (A, m, u)

XA THE P, AR AR I8, W0 Quick-SorT (4,1, |Al). HA
1> u MDA R BV BB &6 — IR, KWAEOL FEATE O 2
PN, Bk ERR BT F MR,

NHERY ANSI C Bl 7 FEFP2a th 1T IR RIS AR S B,

void quicksort(Key* xs, int 1, dint u) {
int m;
if (L<u) {
m = partition(xs, 1, u);
quicksort(xs, 1, m - 1);
quicksort(xs, m, u);

13.2.4  HBGARIEIAR/NAGE

FERN A D HE e BRI 0 BRI, BATE SEa] B fold SRS — AN/ Ihidodt: H
s 2 P — 3t AT DASE R o AR TR, 13 AT DASE AR A R T#E fold BTN
ESN

partition(p, L) = fold(f(p), (¢, ¢), L) (13.4)

HAEE f WS p B TTEM pivot HITHER, WiEEN—DSEUENE
¥f, BAWRZ N BRI B (Currying form), SR A, A6, f ATLIE
partition FREWERBRA—MNEEAE (lexical closure), ‘BRI LAV [A1IX—1E A HY
Wis. BRER f AW HTRI a5 RN — X 5138,

({z}UA,B) : p(z)
A =
f(p,z, (A, B)) { (A (eI UB) « —pla)

FArlix B TR FRPLAD (pattern-matching) FERRE X, TEASZFAE R VLECRY
IR, TR — &, W P RIRRAIIEXT (A, B), HEHRECRIKE P HEIH
ME,

NHE R Haskell ] P2 1 IX— B0 HOsHER , BRI R FE S i —IR,

(13.5)

sort [] = []
sort (x:xs) = sort small # [x] H# sort big where
(small, big) = foldr f ([], []) xs
f a (as, bs) = if a < x then (a:as, bs) else (as, a:bs)
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E%I45 (Accumulated partition)

] fold JEATHI T HUIEAR, SKhrn_ERRMSHRIIZRY (A, B) BRI, HITHEA
KT pivot, MEHRE] A, BRI B, TATATDRIX — BRI E L HIK,
AR T I A B A PRIEHE P B, IXAERE AT AT 22 (6], AT R IE I (B0
Bt Ao

(A,B) : L=¢
partition(p, L, A, B) = § partition(p, L', {l;} UA,B) : p(l) (13.6)
partition(p, L', A,{l;} UB) : otherwise
Hrp, B3R L A, W 1 REEFIE —PNITR, L RRERE —TTRIMURIR
o, TR L = {lo, 15, ... }o LA 7 UL N LLARSEL, Q12 Nz < pivot BITATLASE
PN NEE IS TR

¢ : L=g¢
sort(A)U{li} Usort(B) : otherwise

Hrb A, B Zilid_EdX] o 8o H A Es R,

(A, B) = partition(A\yx < Iy, L', ¢, $)

sort(L) = (13.7)

SRR

NS HT T PR HE 7 SRR T HR 7 AT DAR B, SR BERERAE sort(A) U {1} U
sort(B) FFE M AIFIZIRA B LG, T DAREFS S A T — 277k a it
RE, 7 Ah, WAl URHR R B ik oy BRI,

sort'(L,S) = { 5 L=9¢

. otherwise

Hrp § N ZEREER BAUAN—DZRIERIAER G ENHER : sort(L) = sort'(L, ¢)o
SRR, T EE VRO SR THEY . FRATTAT DASEIE T HRE KT pivot
RITCRHRT, 854 pivot REREZENX —45 AT, AR BERREE RAOEHTH “ BANLS
RENGSH RS,

ARPEX — SR, _EIRB IR E & IS5 i DASCELAN R :

S : L=¢
sort(A,{l1} Usort(B,?)) : otherwise

sort'(L,S) = {

SHEX B HEER, RRGERMIZR T 20E? XEA — MREZIAZMR: (T
e, BREER S HERTE TIg5 N EEaHF i iIITR. R, Tinadm s £
B B %,

S : L=¢

(13.8)
sort(A,{l;} Usort(B,S)) : otherwise

sort'(L,S) = {



13.3  PUERHEFIMERE AT 339

MR Haskell Bl 727 SCBL T BB REH 7 RIA,

asort xs = asort' xs []

asort' [] acc = acc
asort' (x:xs) acc = asort' as (x:asort' bs acc) where
(as, bs) = part xs [] []
part [] as bs = (as, bs)
part (y:ys) as bs | y < x = part ys (y:as) bs
| otherwise = part ys as (y:bs)

3] 13.1

o EEETaRNES, SRR EAPURHEF RIA,

o FHaR L INVPRIEHE PRI, BR T HIFRNZEHIE O, GRINIR A EH — I ITR,
] AR NI FAE DU B, B R BTk, AP —i FE L,

o FEREBPOEHF BIRRSSHA, M 7HRZER A B, TR POEd EifrE
SCXI 3 R Y, B IE YTV sort PRECRIMPR A&, ke —T TR BRI
&, SRHIE =),

13.3  POEHEFIITERE B

P HE RS BRI F A RE REF, B2 4 ™SI A AR 5 BANTFREAE
gt T ERUEI S SR TERE,

RUETNIE, FATA] DR B 58 S G B U B ME L T RO MERE. B2R, B 1E
IR AT TR 3 B RERE 3 511250 73 RN BR A BE AR ] 7P 1INy, QB 13 37, LR
O(lgn) IBVFEH,

BHA O(gn) B, 7R3 — &, #AT—07r, o8 n DNITER 1EE R, 31T
PIIRX 53, BERIRIGIAEEE n/2 DITR, 3B BRERHUTINELD 20(n/2) = O(n). 1E
B=E, AT VUR, HRAEHE n/4 DR, B=2EARHITREEZ O(n)-----
fEE—E, BHEE n MR, 8P BRASE IR, BAENEHRZ O(n). &
IR EAIHATIN RN, 153 2 PR TR R A IE L FRITEREDY O(nlgn).

(ERAERINMEIL T, X702 E 7> I B ER A 251 70 R MR B 7. B
H—ER IR O(1), 7 — 8K EN O(n). KIHIBFRIEREIRIMN O(n), W
RBATHFEIFEREREER, B AAEOUT, P I B A — AR — SO0 ; TS
BUN, ST IR, 501 A —fR 1, T 53— RS, —
XAFRILER T — DM KEN O(n) HIEER, MfEE—EH, FTARTREBACE, Kt
VB IHIERE O(n?), IXAIHEAHE T EEEHF A MEREA =
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n

/N

n/2 n/2
n/4 n/4 n/4 n/4
..lg(n)...

1 1 ... 1

13.3: BRAFHOLT, POEHER R 7 51K 7 B EEAH S AT R 7

BINE O Z A2 09?2 Hrp—NRER IS DL AT RITT R (BURER727TR) #AH
[Alo Lomuto HIRI72 75 IAIN FIRIRZE . BATHE R —TT XN H A IR 53 751%, 7]
DA R OIX — A1,

59N R Y 81 288 AT DA Bum ME O BRI B O ), Ko
THRE B pivot ITFYERT ERZEMY, 1M pivot JaHIER & FTERIRITR. Kok
R P A HIEE 3R 5 AR B

A HM— 2 0 n] LS B HE R RE IR 2. ANFAE— M5 TR AT DASE it
BIAEDL. BTN — T 2GR AR DHERIME DU LT T REME R (K.

13.3.1 “F¥IERE P «

PP A PG S MERE R, BRI RNSN, BAEFHKEDY 1:9 KW
H8y, SRR O(nlgn) Y,

AT TR B — SRS M A RN, 1923 AT DAL

BRI AT PAUERA BRIEHE 7235 G 00 B RE, Hrh—Fh77 R 7 Pk
7 LR ERI IR ECRZ BRG], BIan, fEieHE T b, AR DT R ER AT T L
B T EHE P A TIRZ AL ZEI R, ZIEXI AR {a1, as, a3, ..., an }, 1EF o
TE pivot, KITDEERHEWNNTINER A = {21, 22, ..z} F1 B = {y1,Y2, o Yn—t—1}o
TE4 ORIV RIEHE P IS FE A, A REUEARCER, #HAEN B RRERTRI T,

ICREHFHIERN {a1, as, ..., a, ), BATERXFERGER E a; < a;, GHACEF
TEH—TCE ap WE a; < ap < aj, I H ap 7 a; B a; ZHTBIEN pivot I, TA T
R a; Fl a; BEATECER,

WARY, a; 5 o BATHRIIME—FIREREA a;, B4 a TEFTE a1 < aiqe <
e <@ ZHIHEIE N pivot,
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2 P(i,j) K& a; #1 a; EATHERAIMER, TATA
2

P(i,j) = " (13.9)
S AR R () R BT DX FEAG 2]
n—1 n
Cn)=>_>" P(ij) (13.10)
i=1 j=i+1

GERFBATIELER T a; 71 ay, T8 PREVPORTER S, SEAELLEL o; M a;, FFHIT
R a; KIZAZHE CHATHAEL, BITE B, ¢ B9 EBRN n— 1,5 IRV @ + 16
RN, 19

n—1 n
2
C(n) = —
—~ 4~ j—i+1
it (13.11)
B 2
1=1 k=1 k + 1
{5 P VR AN 10,
1 1
H=14+-+-+....=lnn+v+¢,
2 3
[l
n—1
C(n) =) _O(lgn) = O(nlgn) (13.12)
=1

BATIERT A 55 50— R 75 TRUE B PO HE e £ P16 00 R RITERE. 88N, Sy
HEPRIFIRKIE N n i, QI RRRE SR 3 RN ER 7y, — BB KN 4, S5 —Ef K
JEN n—i— 1o RIS REFRELLEL pivot FIFNITR, EEHS AN cn, FIKIBATHL
IN:IEPS ¥

Tn)=TG)+Tn—i—1)+cn (13.13)

HAr T(n) BAKEEN n BIFIFRBATPIEHE AT RO ] BT @ DURHRAORESR
£ 0,1, ...,n — 1 FEUE, @A LCAYIEE, n] IS 240 R 45 R

T(n) =E(T®G)+E(Tn—i—1))+cn

n—1

n—1
1 1
_1 T+ 1 o
nz (z)—l—nZT(n i—1)+cn
1=0 =0
1n71 1n71
_1 T+ 1 (i
n; (’”n; (4) +en

o b1
= 2N 1
n; (i) +cn

(13.14)
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FH=E MGz, PIEHEFERIEF R
PRIA[RIN T LA n:
nT(n) =2 "i T(i) + cn? (13.15)
i=0

’on Bl n— 1 & H, TGS 5 Ih— 1

n—2

(n—1)T(n—1)=2) T(i) +c(n— 1) (13.16)

=0

A (13.15) WA (13.16) ATAHEER T6), AP 0<i<n—1,
nT(n)=Mnm+1T(n—1)+2cn—c (13.17)

FETHRPERER, TATAT AR B BN TR] co (A1 EFE— 2520 :
T(n) T(n-1) 2¢
= +
n+1 n n+1
PR 0 — 1on — 2-ARN n, ATBAGE] n — 1 PRI
T(n—1) T(n—2)+%

(13.18)

n n—1 n

Tn—2) T(n-—23) . 2¢

n—1 n—2 n—1

Q) _T() | %

3 2 3
e SN, WA A MR R ZE &, o] DUERITSE— kT n BIREL
n+1 1

ZT)I = T(21)+2c;k (13.19)

i TR BRI RN IR, R IZE RN -

T'(n)
n+1

):o(@ +2clnn+v+¢,) = O0(lgn) (13.20)

O( 5

O(T(n)) =O(nlgn) (13.21)

8.3 13.2

o YHRZEEITRM, N2 Lomuto HITTTAMRER L ZE?
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13.4 TFEszEerb i

REBUEI N PEHE P EREIL R (HRERZERIEI T, HRER NRERETT 0,
GERAFHE P R B R S 2RENL A Y, PR ZE T R SRR, RE, R
WHIRIR My = 5 1 R 22 o

AR AL TR LHRBTIE, ET8E O LA R iy A\ E oK)
SRR TR RE R, B @IS PR A R N IR B = 1R Y AT RE

13.4.1 APREEFCEN TR

1 E—THIZRS AR, Lomuto AN FENMERMGHESHRZELETRNF
G, BEEE n MEIFETTRINHRFI {z, 2, ..., o}, BATEPRITT EZRETHF

1 il A A PSR i BAMEROESE— D ITRIEN pivot, HAEN =, XA H
FRREIRAD TR, — N2 {z,2,....2}, & n— 1 DR, BI—DFFHN
7o & T ARIBVTHON 5 — DT AT  IZIER D O(n?) BIRIRTT A,

2. FAI—ITIERRIOE /N T @ BITTER, TR T @ BTTRETRI. X
FAS R TR N8, Hl n DNEET pivot HITTER, 1% FRIATE It =
FAH/NT pivot FITLRTFIIMARAEZH KT pivot IR T THEY, H
TENTE A, RIIE AV L RIS, RN Z AU R B pivot /NIUTTERRY
HEFP 2R, BT pivot FYTTER, FIEL pivot RIYTTRAVHEF & FIEFELK,

WERFTE TCREHSE, B M7 ERFTE O(n) N, XEGH TRISEEN—
BEEHGH AN T =K (binary partition, X153 F R AIFI—1 pivot), =473
|73 (ternary partition, 73 B =" F51) RE 4 AL EE T 2R,

FeATTAT PUXAER E L =53 X 73 P HEF (ternary quick sort)

¢+ L=2¢

(13.22)
sort(S) U sort(E) U sort(G) : otherwise

sort(L) = {

Hrb S B, G 2 alZFrE/NF ETHRT pivot BITTRAMAISER,

S={zlxreL,xz<li}
E={zlxr € Lyx =1}
G={z|lzre Ll <z}

NI Haskell Bl FREFFSCEL T HA R =70 Pidir Bk,

sort [] = []
sort (x:xs) = sort [a | a+xs, a<x] 4
x:[b | b+xs, b=x] 4 sort [c | c«xs, c>x]
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R, TCRBIAY LB R “/INF 7 F1 ST 75, T @ P HE SR /I
TR, TEMERE b, AR =7 PEHEF TR IENE] O(n) K =D FHIFRIERREK,
Al PU#EH — B & (accumulator) REE X — M HE,

L PREL sort' (L, A) Form A BT REN =0 ddir e X, e L h5HEFR
H, B E A B CHEFE D BERITIEINNZE  sort(L) = sort' (L, ¢)o FrAl]
A DASETE AT Ih S 441

sort’(L,A):{ A L=9¢ .
otherwise

XMFIBIAE R, =X EFNN T R="FF5 S, B,.G, HF G S fl @ #HE
WIEHET, M F S5 2% T pivot KITER, LHRE—PHIT T, FATTPAEEH R
T8 A X G THT, RAEEHF S RIERES B NEHE, EFNREREEXN S
HATHET
A L=¢

(13.23)
sort(S, EUsort(G,A)) : otherwise

sort' (L, A) = {

K7y A AT DUE F SRR RS H, XA (Y PR HE P 2P, T ROX B ERAT]

ARERE = pivot HEATHLEAOWT =, MFTREEAND: —DNHETYNT7HEL, 7
Hh—N R T AT, R UL, X AT A N pivot TR,

(S, E, Q) L=¢
partition(p, L', {l;} US,E,G) : 11 <p
partition(p, L', S,{LL} UE,G) : l1=p
partition(p, L', S, E,{l;} UQ)

Hep, 5 L ANZ, L N L PSS —IER, L WEER 1 SMIRIRER . Ny
Haskell Bl FA2FSEHL TIX—8 1%, BRI BIERG RGO HEINEITHET,

partition(p, L, S, E,G) = (13.24)

: p<ll

sort xs = sort' xs []

sort' [] r=r
sort' (x:xs) r = part xs [] [x] [] r where
part [] as bs cs r = sort' as (bs 4 sort' cs r)
part (x':xs') as bs cs r | x' < x = part xs' (x':as) bs cs r
| x' = x = part xs' as (x':bs) cs r
| x' > x = part xs' as bs (x':cs) r

Richard Bird Z5H T 5 h—"PEGtt U, AN @I HE 7 RS SR BRI TIE RER A,
TMHEAEHETF BT IR — D IR IRIF . IR FPRIX L T HIRIER A i,

sort xs = concat $ pass xs []

pass [] xss = xss
pass (x:xs) xss = step xs [] [x] [] xss where
step [] as bs cs xss = pass as (bs:pass cs xss)
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step (x':xs') as bs cs xss | x' < x = step xs' (x':as) bs cs xss
| x' = x = step xs' as (x':bs) cs xss
| x' > x = step xs' as bs (x':cs) xss

M%) sr (2-way partition)

i r] AR a2 N A7 AR AR & B E TR ML, Robert Sedgewick 44t 77—
K53 ik L P AR PANMEE, — DI EMERELN, 55— NGRS, TG
PR TEMEE I E AL 5

RIS TFEI, B E EMIITCEIEN pivote RIGAEMIEE @ ARWrlF4 A1k E 2|
BE—DNA/NT pivot FITCE; BN, GIFEE § AW A HMERIEEI— M KT
pivot HITTZE,

LI, FRATE MRS « Z BTRITCRET™ kN T pivot, MFTATEAMTES j 2 /5
HITTEET M KT pivoto @ FRIAI—DNRTEHET pivot FITCE; 1M 7 HEA— /N FEL
ETF pivot IEE, E13.4 (a) 1R T IR,

N TR NTEEET pivot BITTEN S B AEM, mHARTTER G EAG M, FATAT
PAZZHR i F1 5 FRIAIIRDNIC R, RERANIREHH, BE LI ERES]  f1 5 8
BE R

EXN BB ZI, BARFFEAZEEM (invariant), BIFTAE « Z#iICE (B
i ¥EMIMITTEER) BAKT pivot; MATA § Z/GHICE (B4 § famcR) AN
pivoto i fl j Z[AINTCR AL, E13.4 (b) #iR TIX— AL %KM

pivot p > pivot, < pivot

(U] | ANF pivot 9. | x[i] | 7 | x[f] | ... KTF pivot ...

(a) $6%F @ F1 5 42 ILRTHER
pivot p 7 7

\ ( (

x[1] [.. NKT pivot El"].x.‘ L2 \‘.. AT pivot H..
(b) XI5 REE 5
13.4: ESRESLMBITTEEN pivot TR 5

SAMAEE o AN j HIEEE R, B IR AT — RN S Bt A,
R /EMIA pivot TERAMRE j FRAAIAE b, ARG, FATS I XA T FA j Z[H
A BR, BAK @ FOXI3 X TR B TR A BOdA TIg T HERE
IX—RIRA] DA AN R,

SIER, BANGAEMEA ARG 18, B oiX PR RN I &7,
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1: procedure SORT(A, [, u)

10:

11:

12:

13:

14:

15:

16:

17:

if u—10>1 then
11, j+u
pivot < All]
loop
repeat
14 1+1
until Afi] > pivot
repeat
J—J—1
until A[j] < pivot
if j < i then
break
EXCHANGE A[i] +» A[j]
EXCHANGE A[l] <> A[j]
SORT(A, 1, 7)
SORT(A, i, u)

FBH=F Gz, PRHFMIEFHT

> sort range [[,u)

> EF LB TS 1 ALLERITR

> W% i > u FERAC R

> R < 1 RUEEIRALE]

> #3] pivot

5 TETA TTER A S5 AR 5 e, I — SRt PRI R 52 I 70 D 1 B A 5

M8, XERAET 3 RABEIZHERIE. BT RI72 2 FHR, B DUSAMEEE)
RN O(nlgn), TiH NEEIE0, NP CIES AT EFEH X —8ik

void gsort(Keyx xs, int 1, 1int u) {

int i, j, pivot;
if (l<u-1) {

pivot =1 =1; j = u;
while (1) {

while (i < u && xs[++i] < xs[pivot]);
while (j >1 && xs[pivot] < xs[--j]);

if (j < i) break;
swap(xs[i], xs[j]);
}
swap (xs[pivot], xs[jl);
gsort(xs, 1, j);
gsort(xs, i, u);

MIBLRT/MAI) Lomuto XIS RIEAMLEL, AT DU BN —RIAI TC 3R ARV E AL

B, IXREVENL TR R ELE pivot ER—MIAYTTRAEITAHE,

=Ry

BAR, BAIRL L S B TR AT N E R SR, HE—2, n DA =77

HE7” (ternary sort, WARE=&XI7>) B BB RCHER IR, FTATH8/NT pivot RI7TR
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BIRANTEME F 50 B, A8 KT pivot FITTERBIRALG N, M- R B S A %5
T pivot BITCER, HH =X, BAITHRTFEXNAET pivot KITTRHITIBIFHT ., 1£
IREVRRRIE U, TR E RCRACESE, BA TR A TH — P R@ T H T, R
TRIIPERE I ZIERTE] O(n),

FATHE PR T EE EU LI =#& X7, Jon Bentley 1 Douglas Mcllroy %5
T tE13.5 (a) AR, FTER pivot MR R VIR A E R LM A
e e,

pivot p i 7 q
\| \| L/
< ... FEF. ). hF 2L KT ST
(a) ZBEXN 5> BIANEE S5t
i J
\| /
DINFEOVDETL ORTFL
(b) FF0 pivot MHFEMTTEHE|HEIE 7

13.5: =X

N~

FEI KRB 73] Robert Sedgewick 25 HIFIAEMEL, - DNEEE « F1 5 AHAATREE
F| i BEUEMCRTEET pivot FITTR, I H j BEHEMVNTET pivot KIITER, B,
AR 0 B g IREMEEE S, BAOIAME e HEMRITER, RINRE RS TT
R A pivot FHTE, WERAHSE, Wiz « F1 p FEAIAYICER, PA j 1 ¢ FEIAIRYITER,
TERI IS AREE R, TEAFREET pivot FITTR MG M LS F (], 2246t
AIUEER T B TTR ML WA RTTREASE, MIA BB, A=A
BAMNAIVERETEAE, XIS RWIEN3.5 (b) iR, MG, FATRTE “T“M/ N
FO TSR T #80 F Fr BREATIB A HE
A DU & 2 i K1 o B S TS B
1: procedure SORT(A, [, u)
2 if u—10>1 then
3 11l j+u
4 p+l,qg+u > FRIAMESE T RILF
5: pivot < All]
6 loop
7 repeat
8 1+1+1
9 until Afi] > pivot > 2 i > u FIEEIRACEE

10: repeat



348 FBH=F Gz, PRHFMIEFHT

11: j+—g3—1

12: until A[j] < pivot > M § < | BESIRANEE
13: if j <1 then

14: break > F R TR AN
15: EXCHANGE A[i] +» A[j]

16: if A[i] = pivot then > AFAHTER TR
17: p+—p+1

18: EXCHANGE Al[p] <+ Ali]

19: if A[j] = pivot then

20: g+—q—1

21: EXCHANGE Alq] <+ Alj]

22: if i = j A Ali] = pivot then > KRG
23: j—i—1i+i+1

24: for k from [ to p do > RS R TT E AR E A
25: EXCHANGE A[k] +» A[j]

26: j—5—1

27: for k from u — 1 down-to ¢ do

28: EXCHANGE A[k] <> Ai]

29: t—i+1

30: SORT(A,l,j+ 1)

31: SORT(A, i, u)

NHER CIBESHIFREFEI T =EXor gy Bk,

void gsort2(Key*x xs, int 1, dint u) {
int i, j, k, p, g, pivot;
if (L<u-1) {
i=p=1; j =q=u; pivot = xs[1];
while (1) {
while (i < u && xs[++i] < pivot);
while (j > 1 && pivot < xs[--j1);
if (j < 1) break;
swap(xs[i], xs[j]);
if (xs[i] = pivot) { ++p; swap(xs[pl, xs[il); }
if (xs[j] = pivot) { --q; swap(xs[ql, xs[jl); }
}
if (i = j && xs[i] = pivot) { --j, ++i;
for (k =1; k < p; +k, --j) swap(xs[k], xs[jl);
for (k =u-1; k > q; --k, ++i) swap(xs[k], xs[i]);
gsort2(xs, 1, j + 1);
gsort2(xs, i, u);

FIANZEXII G, IR E A T o SRS AR ZHEA T AR B, [A]
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BRILATHY Lomuto HIXIZITITE, ERIPEE R M BB, BATA] DA fEx e ARG,
1S2—Ma] B =X 7 5B

AT EIIE— TAZSEM: (invariant )o FANIIRESEE —DITRIEN pivot, W
E13.6F, (EMIZ, 22 BORL S 748/ N T pivot BUTEER; # RV BREL &5F
T pivot BITEER; BAMKI A ERE SR T pivot FI7TER. X="1H BRI F 7351
N ik M jo FIRTE k F j ZRIAYER D ZRARITRHITR.

BAIMNERG B —TITR, —ITHER, FR/N T pivot BIERZAZ; FT pivot
HIER 7 RS — IR, Wi pivot AR5, ¢ MRS R, k 481 @ R —1
TLERe MHERT pivot HIER 2 tHoNAS, j farEEHRy B 5

CoL
[/

L= ol o

13.6: T Lomuto /A =#& X5

K #griaE, B2 —RE kAT R, WREFT pivot, k HFEIHER
T=IR; WRERT pivot, BATREEFARAIEX ARG — D IT R M, XA
FERTRIX AR AN —, ERA S j ERSI—2 . BT RITAMERZE] k1Y
TLERETIARRT pivot, BT EEIHATHAL, EE FIAERE, B0, RTE/T
pivot, BATREERET pivot XEAIEHE —PNILERH, 5 & M j HIER, X7 RELE
*o

1: procedure SORT(A, !, u)

2 if u —1 > 1 then

3 i lLj+u k+1+1

4 pivot +— Ali]

5: while k < j do

6 while pivot < A[k] do

7 j—j—1

8 EXCHANGE A[k] +» A[j]
9: if A[k] < pivot then

10: EXCHANGE A[k] <> Ali]
11: 141+1

12: k+—k+1

13: SORT(A, 1, 1)

14: SORT(A, j,u)

M|

AR TR ) = % 1) 70 PR e R b, IX — R A ) B, (HR RR 2 52
B NHER CIES AT REFEH T IX -8k
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void gsort(Keyx xs, int 1, dint u) {
int i, j, k; Key pivot;
if (L<u-1) {
i=1; j =u; pivot = xs[1];
for (k =1+ 1; k < j; ++k) {
while (pivot < xs[k]) { --j; swap(xs[j]l, xs[kl); }
if (xs[k] < pivot) { swap(xs[i], xs[k]); ++i; }
}
gsort(xs, 1, 1i);
gsort(xs, j, u);

3] 13.3

o BN RIS PR RIEEE A S — D ITRIEN pivot, tA] DUEH &5
—ILRIEN pivote THEMPIRRTHEFRIFEARIL, Sedgewick RIKIHRTL, F1
i PIEHEP RO, (E &G — NITRIEN pivot,

13.5 (PN O TRESERE

AR = PuEHE Ty (EH =& X57) REACE S HIRZ EE T R2HFH, H2AT
RA RO B 2 16 0l BIa0, SR FF IR e R E T, TR AT IEZ
B, X NE RGN KENEEN T RY], — M E b ENTER, 5— 1S
TR T

FBEWNMIRE: {21 < 20 < . <2} Tl {yn > 92 > . >y, }o BIBTHAET
pillapst

IREZ B HEZ R EEL, B0 {2, Tty ooy Toy T1y Tt 1, T2 Ty by FeH
{2y < w3 < ... <2} A—MIFRE {20, 71, 2001, 72, ... }o E13.85H T EAMNHIRI 7>
AT

WEERT DURER, (A feT B8 58 — N ITRAE A pivot, RE G E1GXI 2 HISE A
85, Robert Sedgwick £ HrggH 7 — R, FESERnH S8 7 2R, 1X—
BOH A B B IRAE [E A B EIEEE— pivot, M @7 SR DL NS | & A
I AT REME, — R T AR E S — PR, PRI E, ARENTE, Aa
IEFRIX =T E L (median) 7E4 pivot, fEERZEEN K, RIEXKI 2 G T
HRDEF—DILR,

LRSI A — M T R R, B THEHN R (TELRP N FRKIEE 26
FREY, A (U + u) / 2 RUHEAREICENRGAIRES RIS TR, R
R U+ (u- 1) / 2 RKE5IHRMERNTITTER, AT SRR, —F
W Z TR ZIRBHRET; A= RIE e = e R s/ MER B 25




135 EPNERERIH TR E

1 x[2] | x[3] | ... | x[n]

] x[3] | x[4]

X[n]

A

\

{1l

x[n]

351

(a) PO {z1 < @2 < ... < an} AIRIGIRR, BERIA DI, JEEESE — D ITRN pivot, NTFRET pivot

B B

yln] 1]

() 1 {1 > ya > ... > ya} BIRIDH, BRI, IEES D

JLHEN pivot, KTFET pivot MU EAZ,
K 13.7: WAPRZEEG
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lx[m] |x[m-1j|...|x[11|xlm+1j |x[m+2J|...|x[nJ]

N

N e

x[m-2][x[m-3] . X

0 eSS T )

(a) BRT S —KIIEER, HAEAFH,

[x[n]]x[11]x[n-11]x(21] .. |

/

[x(11]xIn-11]x2][x[n-21]x[2]] .|

N

1 [x[n-11]x121{x[n-21]xI31]...|

~

[x(21]x[n-21[x[3]]x[n-3]] .|

N

1 [x[n-21]x3][x[n-31]x[41] .|

~ O\

[x(31[xIn-31]x[4]]x[n-41]..| 1

<N

(b) = zig-zag JEIRHIRIZHH,

K 13.8: BHWNMERZEEN
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—MILRINE, FRKMEBSEIRE— TR E, B s bR E, e
WA RN B AITCERIEN pivot RIAT, NHEIFYFLIEG A EE RO IE#E R 72 HY pivot,

1: procedure SORT(A,,u)

2 if wu—1>1 then

5 m | o] > SR AR H R
4 if A[m] < A[l] then > WAER All] < Alm)]
5 EXCHANGE A[l] <+ A[m]

6: if Aju— 1] < A[l] then > R All] < Afu — 1]
7: EXCHANGE A[l] > Afu — 1]

8: if Alu — 1] < A[m| then > R Alm] < Au — 1]
9: EXCHANGE A[m] <> Alu — 1]

10: EXCHANCE A[l] <+ A[m]

11: (,7) < PARTITION(A, [, u)

12: SORT(A, 1, 1)

13: SORT(A, j,u)

X IR 4 RVRPRAVERZTE O, X — R L BARMERE RAF, BHF BN = E”
H1% (median-of-three) , B T B2 LI E L4152 E E RS,

B2, TRl BN, BEALARE - A & S R TC R RANMRK, AT A REERER
S P B RIARI Ok, O T T/ BaheE, — R BT REBERI =1 ITR
HAREUH S, 40 RTERY Haskell B FF2% F7Ro

gsort []1 =[]
gsort [x] = [x]
gsort [x, y] = [min x y, max x y]
gsort (x:y:z:rest) = gsort (filter (< m) (s:rest)) 44 [m] 4
gsort (filter (> m) (l:rest)) where
xs = [x, vy, z]

[s, my, 1] = [minimum xs, median xs, maximum xs]

HZ, MF B3R 4 MR IRRTERZ RO, 1IXAME 07 REANRE BAT AR, ARUR A2
TR R ERE, BANTFEAICEN EBEDHIR), MARENEERN ET=1)
AT, BATRHIG S 41 A0 R R EGAY 75 TR R UX — 3 53 Tm) il

PR T median-of-three J7i%, 7 —RiitfTHI LR SLECERENLERETTRIEN pivot,
{5 T Y G -

procedure SORT(A, [, u)

if wu—1>1 then
EXCHANGE A[l] <+ A RaANDOM({, u) |

SORT(A, 1, 1)

1:
2
3
4: (7,7) < PARTITION(A, [, u)
5
6 SORT(A, j,u)
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BRI%L Ranpom(l, u IR[E]—NTE | Fl w Z BIRGFENIEEEL | < i < uo X—NE EHY
TCRPA RN E — B LN pivot DA TRIZY, IX—BIEFCOABEHL DS T [,

Hit |, JEi® median-of-three i 2REN I EHEF#AGETE 2t R i Z2 18 o AR
FrHE A2 BN AT RY, JCIeeR s — MEN pivot, AR HARA B ERITE,
FERUCR EER AR RN, fEAl R EENIRARINE , FI R R EBAR L AIE & 2 AR,
&6 T B Y 77 TR ] DA IR A R E A REATL DS

RIEFEERIE b IEikib i 22 G0, (R IX EE TR RS ERAE SEfm B A Hh A1 RE 8
BUFIRGFHIEE R,

13.6 HAth T FEszik

WA TR, BN EIR TR HRZIE . Robert Sedgewick M
RKAWRGHE P RS RBOEN, A7 5 AREIMCHT ELBT R, N 6 A HE
R EARH L, Sedgewick, Bentley Fl Mcllroy 2R T ARRIIFFAIEE, Frl
“Cut-Off”s WMRFHIHFHTTRE ML T Cut-Off, gL mIE HEAFET

1: procedure SORT(A,,u)
2 if w — 1 > CuT-OFF then
3: QUICK-SORT(A, [, u)
4 else
5

INSERTION-SORT(A, I, u)

X —BOERISCBL A 28 B E RS,

3] 13.4

PR T ATTLE R 4 iR ZZ IR0, 1645 HE 2 AR ZEIR O

EFE— TP RGWEIES, I median-of-three 7512,

R 1an S GIEIE S, TR L POE T o

(i an 25 TE M R T 1, S P13 K R IN B #l A HEF SRR,

13.7 Hfth

BANVHRE N T 25Ul soR I STEA & “ EIE R PusHE R —2 5 A1
RS AR, 7 it &, R median-of-tree 1%+ pivot, BN E=
X5y B RIRERI AR EGR S, BIRTE IR RE T P HE 7 i SERE, A A LR
EATREEOR . B NN AR E A PdHE e A5 2T .
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L b s IR HE R A BB 2% R Richard Bird /R T8I deforestation,
M S HER S PgE R (7]

FBER-NMER IR E, B8 unfold, CR—NITRIIREM I —IE
PECELN

. L=
unfold(L) = ¢ ¢ (13.25)
tree(T;,11,T,) : otherwise
Hr
T, =unfold({ala € L',a <1;}) (13.26)

T, =unfold({ala € L',l; < a})

A — K02, MIEAT = IR — BN AN B L, X —RE AR 77X
KAERIE, GREHAT unfold WIFFNZS, SR BIAN—REH, XRBFRFEM;E, &
W, BIEER SR P E—DITR [ (EATRE key, R)JIBVA AN /4G 70 AT 01
FEFREITCR, BHIR L F/NTET key BITTER; MHMART key FITTRBH LA
LR Hir L' 2 L HBR 1) SMNIRIRER 7T

SERTHRATIES B — PR = AR e i D e sl R Tk

¢ T=¢
toList(left(T)) U {key(T)} UtoList(right(T)) : otherwise
(13.27)

toList(T) = {

FATAT DL _E IR R EEH & (compose) 22K, & X H P dHE P B %
quickSort = toList - unfold (13.28)

H—H, BATEL unfold HE—FR SR, KHAENPHGERIEA toList
1F ARG RE AT LR IX BRI 27 T o Q0 SRAIX — Il s A o (R4 SR TE R, S 21 T 4
AHPIEREF B,

TH BRI A Hh A2 5 — SRR A FEFR/FE deforestation )X — AR B Burstle-
Darlington fJTAE[],

13.8 HIFHEF

BIRPIEHE PR ZEUE L SR AR, ([H2TESIAME N R IES R CRIE,
RO & A AR L SER BaYekdt, theikse el s G i, Ve, RERRTERT B 1S
DU RERIRIE O(nlgn) BVERE, EBEIRREICIIH R LRI E R, tLah, IFFHE
FPRERIIE T2 B SRR =, AT AN RIE SRR 7 THIHE P . HELE pRE 5w
PRI SNSRI, T VAT HE R bR R U HE R 77 %, fUFS Haskell,
Python 1 Java(Java 7 ZJ5)o

A, BATE N AR ENLUER, 5B, AR5, Hi1H—LE
PAHHEF T, (G B ARV R B Rm_ERYVA IR,
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13.8.1 FEAHIFHER

MIPIEHE R —AF, JAFFHE A o B2 (A 2 e < RIS APk A, )5
FHHERPRUEX 532 ™A% PR, B R ORI e PP AR AL B HDT. 2R e e
AHIRS 7R AIHERE, AR T R AR HERR A RV, BIARTDARIA AT T,

LX) L HEFP I,

o JOFUBEOL AR A, MEE R T AN A
o S, R HIM AR TRIALE 73 BRI ER 57, SBVARS 7 AIHE R, SRR R SR IA T
HARFHHE R IR A ORIy R A=,

¢ : L=2¢
merge(sort(Ly), sort(Ly)) : L # ¢,(Ly,Ly) = splitAt(L%J,L)
(13.29)

sort(L) =

VRIS

EEEAFHEEE S, EANCRE T — N2 split At BEL, BRI E
K515y BIRIRER Y 59— 02 merge B, BRI DI C R RAIE—1

ARBIRATR, e LIS, BT 0] MERIRENLR S, KB split At AFH &
B ERAE RO, el H KON — DN TR YR

(6,L) : n=0

splitAt(n, L) = { ({LYUA,B) : n#0,(A, B) = splitAt(n — 1,L')

(13.30)
Hep 1, BIEZAIER L WE—DNTE, L B8R 1 2RISR
VAFFRSEARANIEN13.9F7Ro B EEFININE, i TE L2 H8 & ST a4 BA . k%

HIFZFAERTE, BmiZ PG .

A, T ZSRIX S FAROE L — i ], SR AR A — >/ Mxidnt . IF Bzt

RS ST, EM—NMxT, REME R = NS G, A sl iX el o
HTFRNNZER “EF” T, FA10] PALE & AR AT T P N 7 B A L3R & e, 3%

B — 7RI DUEE ] REERMNEERX—PE, BEHEM—BRAR/NME C&@id

(17, BWEFE R —BAR B TR DU — @I X R o
RHEHA AR T X —EEE,

: B=¢
: A=9¢
{a1} Umerge(A’",B) : a3 <b
{b1} Umerge(A,B") : otherwise

H ay M1 by 72ARSIFR A M B FRIE DR A M B A2 —mR
HMTFIARER 7o SARRIRTRAPE DU R BRI R L R — P E SR — 2351 3%

A
B
merge(A, B) = (13.31)
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13.9: MBAZ T — R[]

P RIS R AR IX —FIRA S B, AR D FIRE A A, BAINH D FIFR 5 H
B — TR, KT IR, B NTENSE R RIS — e, 58X
R EATIAH

N Haskell B FA2F, fH merge BIE X, SEIL T S8R A0IAH-HE T

msort [] = []

msort [x] = [x]

msort xs = merge (msort as) (msort bs) where
(as, bs) = splitAt (length xs “div’ 2) xs

merge xs [] = xs

merge [] ys = ys

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

R, XA L fREE A AR, B EH - e Rmi R thE R
D FRBIAL B,

IHFEHER B AT U a2 0A9 75 SUSEB, R4S H T EAR VA Her SRk,
1: procedure SORT(A)
2 if |A] > 1 then
3 m ¢+ |21
4 X <+ CoprY-ARRAY(A[l...m])
5: Y < CopY-ARRAY(A[m + 1...|4]])
6 SORT(X)
7 SorT(Y)
8 MERGE(A4, X,Y)
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LU HEF S S =DM TTEREN, e TR, Bk — R E R —
MEECEE X W K —RERIEEE Y J. AREENENTHET, & ¥Hr4 R
I A e X—HEMEH TR A K/NERIESME A, XEHT Merce HIENE
ERHBBOT R, BT EEN AT B,

VAFF IR A B AR BRAN I AT 46 H Y BRERGUE SCMHTR], 27— DR E 2SS,
—/M#EH sentinel FIREITLSEIL,

BE RN REIEARRERN M A BN TR, ERE/ NI — DI E g5 R
H A, BREENRSAFTCEE RN — DN, WERIEE S — MR
FIRTTRBINE A,

1: procedure MERGE(A, X,Y)
2 i 1,51k« 1

3 m <+ | X|,n + |Y]

4 while i <m A j <ndo
5: if X[i] < Y[j] then
6 Alk] < Xi]

7 1+ i+1

8 else

9 Alk] < Yj]

10: j—g+1

11: k+—k+1

12: while : <m do

13: Alk] < Xi]

14: k+—k+1

15: 141+1

16: while j < n do

18: k+—k+1
19: j+—g+1

BRRX-BEREOVEE, (AL FEYHLHE T ANRERSEH, AL
PAFRITEHTEH, 40 NHEE) Python Bl FFEF R,

def msort(xs):
n = len(xs)
if n > 1:
ys = [x for x in xs[:n/2]]
zs = [x for x in xs[n/2:]]
ys
zs

msort(ys)

msort(zs)
xs = merge(xs, ys, zs)
return xs
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def merge(xs, ys, zs):
i=0
while ys # [] and zs # []:
xs[i1] = ys.pop(0) if ys[0] < zs[0] else zs.pop(0)
i=1i+4+1
xs[i:] = ys if ys #[] else zs
return xs

e

FEXS HAVAFFH P HEA TGS RT, AV — NI AIMERE. BT M
DIRSEIAFF LI, 0P B, R 20 O RS T 7
Bl QIRBATI R bRzl e 75 AU — AR K04, m] DS EI— ARS8 38 P HI — S, 4n
E13.307R, RIIX BRI SN O(gn)o R BIAHHEFRIBIIREN O(gn).
IR R — R, R AEIAFF R, VI RIRAIPERE AT IR BV, fhUE 2 OnS Lk
ANFHIITER, SEA NP, 55— NIRRT R 08— E il 55 R
R R —DNERER TR R, 2RI PIR R R LA, ARFEIX—55E, 12 T'(n)
RN n B FIEATHER TR R TR, BATTR] A s I A TR R 0 -

T(n) = T(g) + T(g) +cn 1352)

:2T(g)+cn

e AU TR 5 =8B 70 - A AR AT A HHEPRERT T(2), M E=EE 0 139+
FPRER T(2), B G RIAFF I on, Ht ¢ BEDEEL RIS IR
O(nlgn).

IX— VRS FON AT A 1R OLARE FH, 102 RN VAR U2 15 A7 9115 70 N
# o

FAHM— A EE R PEREFE R R 2 BITHAE, (HRARIR I HE LI TT %, 25 [ATHFE
KR, BAREIGN B — PRSI, S0 23 A8 IR TR 24T

X T HiT T 28 H Y e L AR B VA FFHE R S, AR — @ AN, #17 SR 4 A\ E4H R
FER/NIZE ], FH AR TR A — 2 BB VA1, X — B RS IR B, X2 R A]
DURETRG (R A R AR 2 RITHAE LE AR HE A BRIR — B3I, O O(nlgn).

BRI BERYAFHHE T FERY 22 I/ N TIX — &5 R, IX 2Ry A iR B R EdE 451y
e, BAVCFRHIMYZE A DOEATIAH &I ZER 2 RTHFAER B TIBIFE Htk. M5
IR FIFIRN, T2 PR [ THAERY (],

AT 2RSSR S I AR B IR R, FTIAS% ) TR 4.
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At

TAHE T RRGZ A it bR B i S A FH P K. miHZe A a2 2R3+
BE BT AT UE A IETEZ5 1 sentinel KL o AT oo BN
IR E P EEHRARRE, XL HRERHZ G EMTE, E13.10fd 77X — B,

|a[i] | |a[n] |INF|

|x[1] |x[2] | |x[k]|

b1 ... |bIm] |INF|

13.10: f#H oo YEN sentinels FKEi{LITH:

1: procedure MERGE(A, X,Y)

2: APPEND(X, 00)

3: APPEND(Y, 00)

4: 1 1,5¢1

5: for k + from 1 to |A| do
6: if X[i] < Y[j] then

7: Alk] < Xi]

8: 14 1+1

o: else

10: Alk] < Yj]

11: j—g+1

PHEE CEFHIFRF KT IX . ERIIHFRIERAZ] THEFE . INF 8
TE XN —DREE, KPR Key —5o KBATDARUEE X, B R 2AUE RoEd —
FERR R BOHATIG, 5 LR B BN — DS B AP BIA . BATHE L R RGIX L

EET,

void msort(Keyx xs, int 1, 1int u) {
int i, j, m;
Key xas, xbs;
if (u-1>1) {
m=14+ (u-1) /2; //BlkintidtH

msort(xs, 1, m);

SO SRR SR AR Y, MR —oo
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msort(xs, m, u);
as = (Keyx) malloc(sizeof(Key) x (m - 1 + 1));
bs = (Keyx) malloc(sizeof(Key) * (u - m+ 1));
memcpy ((voidx)as, (voidx)(xs + 1), sizeof(Key) x (m - 1));
memcpy ((voidx)bs, (voidx)(xs + m), sizeof(Key) x (u - m));
as[m - 1] = bs[u - m] = INF;
for (i =j=0; 1 <u; +LU)
xs[1] = as[i] < bs[j] ? as[i++] : bs[j++]1;
free(as);
free(bs);

BITIX— 2 Pl I (R I S PO HE . BR 7R Je = /4B i £ Z R AP,
FEVAFFIN [ B HIBE IR (7 2 — DR ORI . 7 HIE R SR I FE
A9 — 8 RS . — MR T5 TR R — IR B IS — DRI R BE R AR/ N 22 AR
N LAEX (working area), WLJe, XA, J5 P82 BT HE R SEIC T IS HIIMNG 22 [F],
T2 M TAEDCRI T fRE IR TAEX RIS SR HilE] R &

NHEPEIRSEI 7K oA

1: procedure SORT(A)
2: B <+ CREATE-ARRAY(|A4|)
3: SORT'(4, B, 1, |A])

4: procedure SORT'(A, B,l,u)
5: if u—1> 0 then

6: m ¢ [

7 SoRT'(A, B,l,m)

8: SORT' (A, B,m + 1, u)
9: MERGE'(A, B, 1, m,u)

X—FIRANE T 5 — N EREAR N, HREAEN — DS BRI R e 2 —
[AfEN Sort' Bik, ELFRAVSEIIA, X— TAEXRAFEN TR, si& (- B30
TR GC(BERIEIO) B, BUIERIAFHRE Merce’ tHiE%Z— P TIEX S,

1: procedure MERGE'(A, B, 1, m,u)

2: il jm+1,k+1

3: while i <m A j <wu do
4: if A[i] < A[j] then

5: Blk] « Ali]

6: 14—1+1

7: else

8 Blk] <+ Alj]

9: j—g+1
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10: k+—k+1
11: while : <m do
12: B[k] + Ali]
13: k+—k+1
14: 1+1+1

15: while j < u do

16: Blk] «+ Alj]

17: k+—k+1

18: j—g+1

19: for i + from [ to v do =il |
20: Ali] < BJi]

T IX—/ NSO, JAFHFHEF TR Z RIS RIM O(nlgn) BEIRE] O(n). T C &
SO T IX ot T ORAIEEE, BOE—MEAHZE R IAHEERE
= BREE, fESPRPIEH (AR A IR A TR, 41 memcpy.

void merge(Keyx xs, Keyx ys, int 1, int m, dint u) {
int i, j, k;
i=k=1;3=m
while (i < m && j < u)
ys[k+] = xs[i] < xs[j] ? xs[i++] : xs[j++];
while (i < m)
ys[k++] = xs[i++];
while (j < u)
ys[k++] = xs[j++]1;
for(; 1 < u; +H1)
xs[1] = ys[1];
}

void msort(Keyx xs, Keyx ys, int 1, int u) {
int m;
if (u-1>1) {
m=71+ (u-1) / 2;
msort(xs, ys, 1, m);
msort(xs, ys, m, u);

merge(xs, ys, 1, m, u);

}

void sort(Keyx xs, int 1, int u) {
Keyx ys = (Keyx) malloc(sizeof(Key) * (u - 1));
kmsort(xs, ys, 1, u);
free(ys);

O IE AR I T IR EE RH AN, FEFRAYIINATHEANLLE, X 100000 NREHL™= 1Y
TCEHEFR, BEREBIEH 20% 2 25%.
FREGRIAFFHE R ] DO — 2P Mtk sl 2a H I RRASTE 51 22 v (R B H o0 R
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0. (B2, HTHIRRA B2 B ARERR, M5 7E A EHEATRENLT A2 — D ERIER TR Y
Bt CRAME R RT AZ B ISR A)o (ENHGE, TRATRT DUE A AHEALE 72 BIFIR, XHE
FTE LT AT B BRITTR BT — D AR, MATE S8 BRITTRETRA S —F
PR, NTERIIR, TFERAENTTREARNES, EAMHZE D, FIIX—2HI%
bt SV RE PRUEF- 708, SPEREAEAEMITE L TR O(nlgn).

A B FIE IR A] DUE SN :

(¢,0) : L=2¢
split(L) = ({L},¢) : |L|=1 (13.33)
{lh}UA{lo} UB) : otherwise, (A, B) = split(L")

GRERINER N ZS, FIEE RN IR RSIRMNEH —PIeR, A TR
BN 1 BTCRMARNE AR, MRS E AR s a0, SR 2D EH
MDTER, BATRE — DT RMATEN B AR, K D InR BN B 15
&, RGN RIRTTRIAT A B2 H

RIARH R BRIFANAE, NI Haskell Bl FARP25 H T & 870 B RIER LB,

split [1 = ([1, [1)
split [x] = ([x1, [1)
split (x:y:xs) = (x:xs', y:ys') where (xs', ys') = split xs

13.9 JRHAIFHT

A FIAFHER A — T2 Z R R R BN 2 B AT IR, AL BA
KIERIENTEE O(nlgn) BIZRE], A TEXMRAEHIATE O(n) BIZEH,

G NNEREREHTFFHE R, @8 R 7 B AR R IE s, A
T, BATREA A ST I HE R — 22 ARk,

13.9.1  FebE I FF

B MEEREM, WEI13.110R, F8H A f1 B CHIFL, ST
I, FATIE — MM, <« ZBIRRTE RN BIIH5ERATER 72, e AT R Fi%
IR ; FEHR LRSS @ DNICERMER § DIt MR ¢ DITR/INTE j DITER, sl
i [AIETRS B —F, IXRRE L ELER T B A5 ) WERHEE 5 DITRMIZIMAN F— DAL R
W LBAE @ 2Rl N TIRENX— 5L, FTE @ Ml j ZBIICE, B8 « NoE, fiEm
ERS— i E, BIMEEX—PE G2IE A M B PHITREE T IERAIAE,
1: procedure MERGE(A, [, m, u)
2 while | <m Am <wu do
3: if A[l] < Alm] then
4 l+—1+1
5

else
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SIS xslil| .. B8 AL xsll]] .. EF TP B...

A xs[i] < xsj] M shift F/F4 A

K 13.11: FEMRJEHIAHE

6: x + A[m]

7: for ¢ < m down-to [ + 1 do > Shift
8 Ali] + Ali — 1]

9: All] +

HZ, X —SEMRHIRHARE S T HE P RO TEREIB L T T4 O(n?). XZRNVEA
HIRs B — M TR HIRAE, BN — D TR PR ARITFFRITTR MORIE EE,

HRAX— T RN C 5 E B FREP s TR ERIE, X 10000 MREHLA AT
TLRHEFI, BIHAERIIN A L AT 2 HRRERF 2 12 15,

void naive_merge(Keyx xs, int 1, int m, 1int u) {
int i; Key vy;
for(; 1T <m&&m< u; ++1)
if (P (xs[l] < xs[m])) {
y = xs[m];
for (i =m-1; i >1; --i) /* shift =/
xs[i] = xs[i-1];
xs[1] = y;

}

void msort3(Key*x xs, int 1, 1int u) {
int m;
if (u-1>1) {
m=1+ (u-1) / 2;
msort3(xs, 1, m);
msort3(xs, m, u);

naive_merge(xs, 1, m, u);

13.9.2 B TAEX

HNTRELE O(nlgn) I RIPSCEEHIAFHER, 0 EBEHHE P I, 2 &
RIRHTER 2 TENAF R TIEX, NTELE T/EXWRITER, B THMEREEITHT,
EATTANRESE o FATTA] DUBDRILAT F K R NSNS R AR R SR — e 8
BEANR : AT E B T BEH R R AT TR, R EE R NITTRIN
TAEXARIFEANLE, FATRRRE TAEX A RX A TCERANE H R RN TT R A, IX
B, ZUAFFSERUE, ORI AT BB ORAF T AT TAEX A7 BRI A, WnTEl 13,125
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7TNo

9:

10:

11:

12:

13:

14:

15:

16:

17:

1
2
3
4
5:
6
7
8

B

LB AL

=5

~

B[j]

.. 8. |CK]| -

13.12: JAFFINAE S TEXHHIAE

* Ali] < B[j], W swap(A[i], Ck])

365

FERCHR RS, WA C R F8E, R TR TR XE R B R HE 7 £
PR —ER . AN R ER MRS ER : A AR a A R A &, AT LU
XRRFREN]; HINCTER M TEXRRGA E, FEFEIEEH [o,b) RFR
FEWEITXE, B o, HAERE oo BEEKEFXE [[,m) M [j,n) FFHFRIM & IF
YRR AR,

: procedure MERGE(A, [i,m), [j,n), k)

while : <m A j <n do
if A[i] < A[j] then
EXCHANGE A[k] < Ai]
t+1+1
else
EXCHANGE A[k] +» A[j]
j—g+1
k< k+1
while ¢ < m do
EXCHANGE Alk] < Ai]
14 1+1
k< k+1
while j < m do
EXCHANGE A[k] +» Alj]
jJ+1
k+—k+1
VERE, 1V A2 R AR 4

1. TR AHE AR RN, W2, TIEXAURIER, ARGtk

TLRMARGHEEA R

2. TAEXATDINMER— P B T RAAF A RS, B2 OARIERARIAFFRITTR

AP
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N C ESHIFREREH T —RIL,

void wmerge(Keyx xs, int i, int m, dint j, int n, int w) {
while (i < m && j < n)
swap(xs, w, xs[i] < xs[j] ? i+ : j+b);
while (i < m)
swap(xs, wH, i++);
while (j < n)
swap(xs, wH, j++);

AR -8, BAIMRE SRR —MRE, R RN — R TIHFHET,
1 NORAY MU, A A BRR N A — e R AP AU TER? N 13.13F7R,

L RHEELL | L EfEE

13.13: AR P8l

AT BTN TR A — RO T, IR T L 7e
BIRHERE T o SESANIEN3 14T R, X E R — U2, TR TSR IS B 1
LS B RIEFI L JEE A I

I

RHEFPRY 1 BRAEFHY £ TR B . BEFH § TR A

13.14: A Fl B AHER DI ZI)AFH 2] —ikd

B2, FIRITAEX, HOR/NATDAESY  JTR, ERBAEN A M B BIHHEER
2? AR, AN 13 4R B R, IX — 22 AR AN TR,

B2, EIRATEE SR BRAHISA R A A REES BRI A9, SRIEARIAFHAY
TLERANBE 55, A AR XA 27 7R B B B R o KA DX A [ ?

Kk, BATATLAEALE TAEX G — 0z —ItR B, Mikii— 2z —H2 B
e, R TAEX AL T B B 7RI, 41E13.15 (a) FivRe IXFERYZZ HEml il
FLEXMTHA A ETEZED,

WHFEH L TR B TEX .. BFH § JTER A

(a)
TRIX L VIR

(b)
13.15: M TEXFH 78 A f1 B

= R E O
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1. frE B HRRITTRE/INT A FRRMEREITR. XMEO N, IHERRER B Y
ERN AR E TAEXH; T B AR &G DT TAEX R AR F A BT T
TEXH B BR/IMARE, RIESF AT AR B EAT TN ;

2. IPE A RRITTREVNT B PRUERTTR, XAEOL R, IIFHEZR AR A F
TAEXARITER. S TEXAAT 1 XA A RRTRERE, BEITHER A
HIRT—FER I A, I1sH)E, S ENNANERITFHTTER, TIEXAL
SIS AR B S), H &R 2IRAMN; G, HHFRZITEsH B L
TEXHINE, R TAEXERENE] 7B RN, NE13.15 (b) AR,

FATT ARG X —H T, BRNARAF G oz —fF, Nk Eras®
AZHRENFG— 2, TSR TAEXALT A, IXFERUAWTR TR XA RN, M L
F L F] L JAIFRORERART R, 4 TAEX A SN — P on R, ATk sk
7, VA EE D RNEHBRREFHN, I HEE DI RAEAHFEN T
ANTCER. bR b, FATAT ACE AP R AP & G Y T LA TR,

SERR ) BEA] DAREIR AN T -

1: procedure SORT(A, !, u)
2 if u—1>0 then
3 m o+ |5
4: w+l+u—m
5 SORT’(A, 1, m,w) > R ESEF TR
6 while w —1 > 1 do
7
8
9

u —w
w e [E] o ARIE TR R A
SORT’ (A, w,u’,1) > AR SEF TR
10: MERGE(A, I, + v — w], [u/, u], w)
11: for i + w down-to [ do > B AHET
12: J1
13: while j <u A A[j] < A[j — 1] do
14: EXCHANGE A[j] < A[j — 1]
15: j—g+1

N TR — N ERGI SR, FRATLIRIUE TAEX R K AN 2 5 A et Sk i) T
R, RIAER G —FHP N, FATER A _ERRECE, Tl RS g i i BRYIX EE R
ENT MERGE ik,
ROk, BANTREE LSort’ BIK, &Rt KIS IFE FH Sort K A2 TAE XA EL 7 #B
7o
1: procedure SORT’(A,l, u,w)
2: if u —1> 0 then

3: m < LH—TUJ
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SORT(A,l,m)
SORT(A,m + 1,u)
MERGE(A, [I,m], [m + 1, u], w)
else > R AT TR A E TAEX
while [ < u do
EXCHANGE A[l] ++ Alw]
10: l+—1+1
11: w—w+1

MR I SEAR A HE P AR, IX— I IREIAFF R HA shift TER. REEFED
AR AN T3 K - g %, g, oy BHFEE O(Ign) ey, BRIBITNFIARE2H
—FHE7, RJE LR R T,

X n DICRAF LS R T (n), BATEI R

© »®» 3 > Tk

T(n) =T(g)+cg+T(g)+c%" +T(g)+c%”+... (13.34)
FF IR, LRI :
T(g) =T(g)+cg+T(%)+c3§n+T(1ﬁ6)+c%+... (13.35)

PRI (13.34) - (13.35) 15:

T(n) = T(3) = T(3)+ cn(% + % +.)

AT lgn % R, F A S A U 2 R -

1
T(n) = 2T(§) +cnlgn

i SR A (telescoping) FTiEMRIL T HE, AT M EIZEER O(n 1g? n)o
THF C BEHFREFSH TIX—RIENERBLM, CH THims
wmerge BR%L,

void imsort(Keyx xs, int 1, int u);

void wsort(Keyx xs, int 1, dint u, int w) {
int m;
if (u-1>1) {
m=1+ (u-1) / 2;
imsort(xs, 1, m);
imsort(xs, m, u);
wmerge(xs, 1, m, m, u, w);
}
else
while (1 < u)
swap(xs, W+, wHt);
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void imsort(Keyx xs, int 1, int u) {
int m, n, w;
if (u-1>1) {
m=1+ (u-1) / 2;
w=T1+4+u - mg
wsort(xs, 1, m, w); //BFBREETERFTER.
while (w - 1 > 2) {
n=w;
w=1+(n-1+1) /2; //ALEE
wsort(xs, w, n, \); //Ai¥*HFPEEEFTER.
wmerge(xs, 1, L4+ n - w, n, u, w);
}
for (n=w; n>1; --n) //VIBREBEBNHEF
for (m=n; m < u & & xs[m] < xs[m-1]; +4+m)
swap(xs, my, m - 1);

-}

{EHJZ, FIRTEZE H TP 0 AL R S5 R/ NS A TR P L, IX—FE PR
BT AR, AT EALE, XF 100000 DY~ A ITTRHEFF R, BHIZ
TR ENG 60%, X T2 T KRBT HHRIEE R,

13.9.3 JRHWAIFHEE vs. BERTIFHEF

JEHLAFFHE 15288 — NG BRAI T 70U, 18D VA H R AR 2 T2 A A
Y, e T BRI E AR, (B2, NRGHEFP R YA R B,
M2 ABER KRR, VAF L TC TR B MG 22 R, QAT R & 3 T BRI,

NI L, BATTRT DAL i — P afian 2 sUATRER AT HE A S B, BERR T ] DUE X
N— e, AN R C IESBIFFR:

struct Node {
Key key;
struct Nodex next;

};

BATTAT DAE SN B R 25 T iU i, IR RER AN N2, NI C 1F
SRR I TR AL

struct Nodex link(struct Nodex x, struct Nodex ys) {
Xx—next = ys;
return x;

N7 KB L A E 2 H], AT D0 TH15R, SR 5 15 70 HI 51
Ko BRIEA, TAE LRI ROERL R — D7 HIRAVRTH, 25 ZHM DT,
IXFE N UGERIN, 77 RO 2SS — A FHIRARTE, X —77 %] DU :

1: function SpLIT(L)
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2 (A,B) « (6,9)

3: while L # ¢ do

4: p<+ L

5: L <+ NEexT(L)

6: A + LINK(p, A)

7 EXCHANGE A <+ B

8 return (A, B)
N CIESHI TR T IX— 0 FIETE, FR R A S

struct Nodex msort(struct Nodex xs) {
struct Node x*p, xas, xbs;
if (!xs || !xs—next) return xs;

as = bs = NULL;
while(xs) {
p = Xs;
XS = Xxs—next;
as = link(p, as);
swap(as, bs);
}
as = msort(as);
bs = msort(bs);
return merge(as, bs);

B RFREIIMBERM a2 EER, BB AIVAFH KL, AW D
FIRHI S —DICR, RN INEIZ RYRAIR R, HE—HIRZEZN, K55 5h—
IR BIZE R, MICTRIZE— Bl 25 RN RIEIALIN T ZHIN AT, 1X
2 RN FSRE R AN DR P E TRV N — D —MRCEZE A — dummy
[ sentinel HIFk, RIGEIRPIZIRATR E R, NHBIBITREFE L TN,

struct Nodex merge(struct Nodex as, struct Nodex bs) {
struct Node s, *p;
p =4&s;
while (as && bs) {
if (as—key < bs—key) {
link(p, as);
as = as—next;

}
else {
link(p, bs);
bs = bs—next;
}
p = p—next;
}
if (as)
link(p, as);
if (bs)

link(p, bs);
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return s.next;

3] 13.5

o UERHIRHBIAFHHEFPRITERESN O(nlgn).

13.10 HARHIFHDT

Knuth 25 7 5 9h—R75 7R R LI TG Z A FFHER o B8 AR 40 R AP i A
PA—SZaE R ], B B RVAFFHEFP TR,

13.16: AP A A RRJGE R e el

XFAEMFEA, w] AR BHGEE— MBS R 5. (EA—MRRTE D,
BAVE ] DAE R AEMAREXFER) 781, RRGH T —L1+, ISR 5 X
Sbrito

15,0,4,3,5, 2,7, 1,12, 14, 13, 8, 9, 6, 10, 11
8,12,14,0, 1,4, 11, 2, 3, 5,9, 13, 10, 6, 15, 7
0,1,2,3,4,5,6,738,9, 10, 11, 12, 13, 14, 15

& 13.3: JRIER T FPAIHIBI T

RHME TR T RENER, B_DITRNTHE D, BIRABER T FAIK
ERh—, REEHE MR, RPNRE TR 7 REEL, BMFHIER, IR
By PRS2 ITR; RPEYSE ATHE 7IEE RIS O

XEFRHD, BATTIRIAE 2 AT A SIS e AR 8 — DRI T 751, T2, 3l
A PRRE RN T P81, — D MCKEITAR, — D EERITAE, JAFH R — D E RIS,
X BB AR, BT DA 7 AT R R B R, T HR 2T

B13. 17808 TiX — B, BTG, BATMMEERF S, 2 5HRE R KR
BT A RIFIXANT P AIBIATF R — D TR, JAHFHIZE R M TAEX B SLHRAK
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8,12,14 | 0,1,4,11 | 2,3,5 | 9 | 13,10,6 | 15,7

En& merge

7,8,12,14,15 | ... freecells ... | 13,11,10,6,4,1,0

13.17: BRAHHF

KRB, #E, BTAMMELIX D, S RME O T, Xk, TATREH D
EF FRAIRIEE R TAEX A M, WA RZERITRE, XFERI AR A DT
—HeHA. STARTTREBAIRMIF A B TR G, AN TIEXNETTER
AT, TR A R TR X, SRR EE T AR I, RGN E L, Tl TR
A 7T 3R M A X 2 R,

e — A (R R I 45 00X — BTR. Taa—Ae AT, WR A Bl K AR
AR — BN RISHNRE, W2 i N r AR, R RS R,

BT IXAERAFF 753, MWK MEAC B HE 2, HFHER T AR B AT
e, EHAR M BRI, SEIX —RRN T2 AL, 13,1844 T
H ARVAFHHE I RUAZE P BT (invariant), A, bRIC o ZBIRITRMRC d 25
AITCRAR EHETIRAIAH T TANTERAREIR T A [a,b) [AEY RER K, R, 2
K7 [c,d) MAY REIR K, TIEXEAZEMINEHRSE ZATHR, f ZAiH
TLERM r ZJERTRFCLCE CENMTRESE TEFRN TR, aEden 58
1.3.5: - 48), BAVEF P [a,b) F [c,d) M fIRREGITIF; BEELN (55 2.4.6--
), BAIHTFFHIM r R,

a b c d

( ) )

Efﬂﬁ;‘ﬁm& ...spanfa,b).. | ..7... \{..spcm[c, d)... ‘l,,, (RS

<

f T

( (

et | o wmmmes. s

13.18: HARFFFHEFP N AU

FEa LI, AR R A7 . EHEPITaaRT, BB R/ AS
FIVEN AR, T8 o R b —IHaaTEAR M, 165 ¢ 1 4 FEARG M. faEt f faH
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TAEXHIF 3K, r Fi5IA TAEX LS B,
1: function SORT(A)
2: if |A] > 1 then
3: n < |A
4 B < CREATE-ARRAY(n) > Bl TAEX
5: loop
6: [a,b) < [1,1)
7: [e,d) <~ [n+1,n+1)
8: fe1lr<mn > fEIA TAEX 5 R front M rear 5%t
9: t < False > M front IHFFIEZM rear JH3F
10: while b < ¢ do > FFAERR ZEAMRITTR
11: repeat > & [a,b)
12: b+—b+1
13: until b > ¢ Vv Ab] < A[b — 1]
14: repeat > TR [c,d)
15: c—c—1
16: until ¢ < bV Alec — 1] < Al(]
17: if ¢ < b then > B overlap
18: c+b
19: if b—a >n then > 4 [a,b) I REIFEANEEHNIL R
20: return A
21: if t then > M front J43F
22: f < MERGE(A4, [a,)),[c,d), B, f,1)
23: else > M rear 93
24: r < MERGE(A4, [a,b), [c,d), B,r,—1)
25: a+bd<+c
26: t <+ -t > YIHIFFFR 751
27: EXCHANGE A < B > Y TAEIX
28: return A

AFFEIEMIE AT H AR, 2 XRIE T AT Z AR HIT AN SR A,

1: function MERGE(A, [a,b), [c,d), B,w, A)

2: while a <bAc < ddo

3: if Ala] < Ald — 1] then
4: Blw] < Ald]

5: a+a+1

6: else

7 Blw] « Ald — 1]
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8: d—d—-1
9: w+—w+ A

10: while a < b do

11: Blw] + Alal
12: a+a+1
13: w—w+ A

14: while ¢ < d do

15: Blw] <+ Ald — 1]
16: d«—d-1

17: w4 w+ A

18: return w

NHE) C BSOS T PR E R R, XERTRA R E
XIS N

int merge(Keyx xs, int a, int b, dint c, int d, Keyx ys, int k, int delta) {
for(; a<b & c < d; k 4= delta )
ys[k] = xs[a] < xs[d-1] ? xs[at++] : xs[--d];
for(; a < b; k 4= delta)
ys[k] = xs[a++];
for(; c < d; k 4= delta)
ys[k] = xs[--d];
return k;

Key* sort(Keyx xs, Keyx ys, int n) {
int a, b, ¢, d, f, r, t;
if(n < 2)
return xs;
for(5;) {
a=b=0;
=d
= 0;
n

A 35 - 0

=1;
while(b < ¢) {
do { //¥ Bla, b)
++b;
} while( b < ¢ && xs[b-1] < xs[b] );
do{ J/ Blc, d)
-—c;
} while( b < ¢ && xs[c] < xs[c-1] );
if( c<b)
c=b; /J/HBRAENES
if( b - a > n)
return xs; //BF
if( t)
f = merge(xs, a, b, c, d, ys, f, 1);
else
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r = merge(xs, a, b, ¢, d, ys, r, -1);
b;
SH
It

+ o o
n

}
swap (&xs, &ys);
}

return xs;

B ARAFHE P B PERER] B rh TR MR A S, BLESEPRAR, RIMEERIME
OUT, BRIFFHHPRITERETI ARG . BIZHA e TURE, 1255 — il 95%
A FFHIRE RN 1, XM RE, TEXPIIHFNERF FEHNKERN 2, &
A% TR RIRZE, (B2 MEATRIZERORIE T 3RS HIHI K AR RE/N T
2, Xl E, TAEKRESKERN 4 FAFHGER - BEERX IR, B85, 1T
B B ARG, BItR 2T O(gn) SIFMAFF, £ —FH, irf
RUTERARPATN, X — RGN TRIPERETIAN O(nlgn). BAEIEIEN 4 H K L
AYAFFHEP I, S EHR IR — A BRI,

FEAER BN, BT REBEBIRE 2 AR, TATCTEMNE B M)
Ko IR Z AR5 RSB B RIAFHHET

TR PRS2 A T ARSI T 5 ZRA AR, FeflTRT DA BN S 7-4113%, I
HH—DERISIR, BANEERHIIR, REHFF XA T2 R A E AW
I, e RS RIME— A FIER, e B HE P A4E R IX—Id e n] UL R Y

sort(L) = sort'(group(L)) (13.36)

HAREL group(L) ReARAHITTR P RARSER T 53R, Er] ABEIA R, i
T P 45 M0 261

o BN, WEERN—DINR, BEE—DEIIRENE—ITTER;
o FHIRPRAEH PR, SR DR, eBE - TMHEE - IILRIE;
o T, EBBIFR P EIATM DN ICR, RS — NN TFETE A, §RE — iR

AR TTRIEATIBIA RS — D 2R P BT ; A0, g - RS
AHE—DITRIFIR, B NIRRT H,
{L} = L[ <1
g?"OUp(L) = {{ll}UL17L27“'} : ll < 127{L17L27"'} :gT'OUp(L/) (1337)
{{li}, L1, Lo, ...} : otherwise

WA DL HEZ MR — 28, EA— DB HE S, WRER
Haskell {51 FrRC,

6 B Haskell FRIEFE Data.List FEIE— groupBy BRI, (X ERREMA B, IX 2B N ERZ— MAZM
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groupBy' :: (a—a—Bool) —[a] —[[a]l]
groupBy' _ [] = [[]]
groupBy' _ [x] = [[x]]
groupBy' f (x:xs@(x':_)) | f x x' = (x:ys):yss
| otherwise = [x]:r
where
re(ys:yss) = groupBy' f xs

1 sort BEAELL, sort’ FIZENZE — MEHFFRITTRIIR, T2 4 /aH— 25
THIEK,

¢ L=9¢
sort' (L) = Ly : L={L} (13.38)
sort'(mergePairs(L)) : otherwise

AT PR SR AT B S e ANSRAFHEF Y AR, WISSR B AR GRS
H=NTFHIEE, MHFE R, X —FHIRR A RHE PR, A0, FRAT8 H %L
mergePairs TN THR—AATIAIE, REIRIFMIEH sort’ EKEL

FENREE L mergePairs BREL 044 8, BRI BON RIS 75115813 7
R KR,

L : |L|<1

o C(13.39)
{merge(Ly, Ly)} UmergePairs(L") : otherwise

mergePairs(L) = {
GRERFR A FHIRD T IS, WIALHEEH; B0, BATESCRATN AN 7513 Ly
Ly V3%, R E AR RIRLE L7 HEISIRXSITF . mergePairs (IG5 FREARSZEL
HIFIRR, &2 sort’ RS RENTER — DI,
IFH BRI merge FIMLATHIE X —8 THA Haskell HlFREFZH T 52 8AIK
W

mergesort = sort' o groupBy' (<)

sort' [] =[]

sort' [xs] = xs

sort' xss = sort' (mergePairs xss) where
mergePairs (Xxs:ys:xss) = merge xs ys : mergePairs xss
mergePairs xss = xss

SO, FATA] LB D7 2103R, e 1VAH 0 —DIEINEE R, A5 ARRTEH

— DA, KHIAHBIEN 5 R, BRIE TR FHIRET 7, 1X2— i
[ fold I#2, TEAIAZE UMK A,

sort(L) = fold(merge, ¢, group(L)) (13.40)

MR Haskell Bl FA2FFSEEL 7IX—H fold & XHYVAFHHER :

KRB E S, T 2 8 R, AR R AR, (B BT RS N T, AR RN, AR D2
FEARABHR Ao
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mergesort' = foldl merge [] o groupBy' (<)

#:3] 13.6

o ] fold SEIRRY EHARVAFHEFAEMERE_ EMIEER] mergePairs BIEIEMF 2.2 40
R, THE HUERT; Q0 SRASE], W R ?

13.11  HEF EVFHDE

M B RIFFFHE T BB T8 L 4 /] DA [ — A BN, V3 5FHEF BERT DLE T
[ ST, AT AR M 3T, BRI R R B KA Ak 2 mT AR 77 sl A IE A
77 L,

N TS B JRE EIEHHEE, 'Rk R RO 0 DN TAIR, BN TAIRA
WE—IILR, RERNEEM MEBIF A, SR T 2 MREN 2 /Y
TR WR n 26, HE2FR—DKEN 1 FF5, FATE=ESRKAHEHAHY
FRI A, REMASEREHF R, Knuth RKOXMEIENCY “EREMERIFFHE
7 (straight two-way merge sort)!"'l, E13.19%51A 7 BIKM_EAYHHHEF,

& 13.19: BJEA EAFHHER

A A FHHE P IR DA B HEP IR AR, BATCH RN 72 F15)
Ko BNFIRE—THENI N n NAE—DIERIFHIR, REHE FRAREN]
AT

sort(L) = sort’ (wraps(L)) (13.41)




378 Fr== smiez, PEHEFEMEFHER

wraps(L) = { o« L=¢ . (13.42)
{{li}} Uwraps(L’') : otherwise
SR wraps WA] PAER map K, BAS UL A,
sort(L) = sort'(map(\, - {x}, L)) (13.43)

BATR] AE H BRIHFHEF @ X sort’ BREF] mergePairs BREL, /N BN
FAHFHIRR, BEEEE RFE R~ — MK,
NHY Haskell fIl FF2 7 SCBL T iX—5H%,

sort = sort' omap (Ax—[x])

RX—RIEHEET Okasaki 1E1 R HEEIR, Ml B SRVAFHFHER TR 248, U272
HITTIEAR, AR L, ©n] DA B 28 B —APREER G D0 (e Z2 16 0 HE S ok -

sort(L) = sort' (groupBy(\,,, - False, L)) (13.44)

HARVAFEHE R B2 B EIB IR T AR B EIR K, 5HARR, X BRI &4 KIE
& False, IL FHIRKENY EBE 1 MK,
FESRVAFHHEF 2L, BRA_EITFFHE R DU fold SRE o ERRISLEIELA
i%%‘ﬂfﬂjéﬁ?o
W HIKA_EIEH R, EESRRBIBIAFA T, o DURA S HHEERIE I, 5
ak B,

1: function SORT(A)

2: B+ ¢

3: for Va € A do

4: B+ AppPEND({a})

5: N «+ |B|

6: while N > 1 do

7: for i + from 1 to |5 | do
8: Bli] <+ MERGE(B[2i — 1], B[21])
9: if ODD(N) then

10: B[[5]] < B[N]

11: N« [4]

12: if B = ¢ then

13: return ¢

14: return B[1]

MK Python Hil 7Sl T alE AR B R _EIAHHER

def mergesort(xs):
ys = [[x] for x in xs]
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while len(ys) > 1:
ys.append(merge(ys.pop(0), ys.pop(0)))
return [] if ys — [] else ys.pop()

def merge(xs, ys):
zs = []
while xs # [] and ys #[]:
zs.append(xs.pop(0) if xs[0] < ys[0] else ys.pop(0))
return zs + (xs if xs #[] else ys)

LA O CRD A L, BRI SKERER H — X FHI3%, VAFF4F B izl B i, Xk
SN R - G e | g N3 8

3] 13.7

o fEM fold SEEIRREGRRYT B R EIAFHERF

o FUEFECE TR, SEELEGRHY BRM_EIAHHER . ANEE R AR R HR R A T
B, 0 list B¢ vector &,

13.12 FFEfribB

TEEA PR EIE, 4R 58, 7T DO T S T T HE Y . 1IX—
RIS VA HE R tIE A, SEPR b, TR POEHE A HEF B, AR AW A
ITHESS X RN 2 G T 5k, T2 R 5 0 B R p D81, Hr p AL ER A9
B, FARNEILR, ERFATA] DIOFATE T/ IR AT, 3 B2 O(nlgn) = pT7,
?fﬁ%ﬂﬂ“?&'lﬁbﬂﬁ”(linear speed up), X EIE MR TR L,

(B2, fal sy R BEAS BRI HE P 51K, JEH p — 1 D pivot, X2 p DNFFA, 2R
JE TR EATHET, AR RIET, MR IRAER 7B B, TATTHBERREINEY O(n)
HIMERE,

55— 77 H, T B R B A A HE e BRSOV IHATING IS ERAE IR B 9 T
IRBIRARACHIFFATINIE, Fa 26 HAT A HHE R AT PR IEHE 7 AT BB 4 AT, S2hr b,
PAFHE P A PRIEHE R Y 0 e 2 RS A TN A 5 31T FF17 1. Richard Cole 1£
1986 FARIL T n MNEEEER, PEREDN O(1gn) HIIHATIHHHEFEIETY,

HATAB R — PN ERME RN E, @ T AR “ AR NV, 3250
A U f U T R A N A

13.13 /&h

AREESAT R TR < HE B PagHE A HE . ENEsE T
FT AR BRI MERE EFR O(nlgn). Sedgewick PP PRIEHRFZ 20 tHLE K H
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MR RS, KRGS EEH PIsHE (e N BRI TR B A
¥, FEEEPR G, R AL FR EACFE ST R AR IR OL S, AR A2 A
BRVEEA, e T m e A e @ A AT,

XA, A] DAER > A AR T AR R B e, POsHE P AE R S B Il AR
Poso B EAREESHRAE, MHAMRIAMLL, POEHE R 25 DRSS ke, B
SUR AR, SR AN A R, IX 2 RN R B R ER S8 2 B A RERR,
AR RAHEH, 5—75mH, PP NRIE SIX I, AT ZHIMIZH,
H HLENMEAE P HE P B B BSOS, hEESRIEMERE, Sz P HE s AP REIX I 3t
RIBCEETT PO, R AR T IAEE R, AFFHER AN PR HE e 1AL B R N
RERI, EELTHEHINI S REATIAN, Bo T2 2 AR e o, HiE
FEAFOL N ICIA GRS R 2 H ], BIANTE IR AR R G, WAFEEZZIR . B
AT, B FHE T80 — NG ERATBF 7T R,

SRR RN H M POEHE AR, (HIZH AR WX I AHE it e
Ko PUdHER A DABE TERHEF B — R L E e [RREIAFFHER B T DA R4S
Hisk 7,

FEAEZ MO HE P IR 702, B WA DY) 5 Ah—Fiug AR a8 7 O XE 2 AR AN A
FHHMEZFRE S 2K,

planpesEHE R, R IRE S, BN pivot BT FFAIFRRIATA LR, &IN5
T pivot JEFFHIFRIERTTER, PRI R SR_ Rt 51 B A R,

SR, FFF R IR Z L PE S B85 2 (HRRI 0 IR AR A 5,
TEIEZF DT R A L B R E 82 B RA_E L MUEFFHEE L,
PORHEFIRMECRUETESE 0 #fll,. TATERIE _BUERA T, POdHE oIk et i = 1R 0,
RN — 2 TRESZER 77200 median-of-three, RENLIRIEHET, DU =B 1117345,

FIARTENIE, TG T —EEARRH P IR, B A jHER . BT,
HEHE . Bes s AU, HE 902 RN UR A S R BT R U, 51X —
AR, AMTIEZEIE LN ATE“REERE” (big data) BFIPEK, RGERIHER 75 IR ICTIAE
A FRAGIS RN B IR T AL BB ER A, AU, AL G R E 4
NT HHE I EFRIMES,

53] 13.8

o (ERIVAFFHER AR, BRI A] A — P8I A — R = AR

TSR, KER T TAEGRSANR S E0A, 1E R FIRIEN (R AHET R R E RAFIIERE



HE HR

14.1 4

HMRZ2—NERI HEENGUS, HHEVERZ RERE R EITE DA, FhLk
A 0 SR AR LT AN AT RER . B AL 28 AT DATE AR Fe st N —HEZ AR H L
IEFRE TR LS B A 2R T2 SRS (GPS) BI7AZE A DAE I AR 2| FiE B B
B, W AHMERSAARFIIMAFVICREE R B REENEY) 77 %,

ARENBEAMRETE ER AN, TRV — R0 r] IEE KT
HIFR AT B, AT R NE E SRR 2 TR 2 SRR . — DN RIERHET
HIFFIFRFHEE k RTER; B — 1 RBIECFFAHRIET Z0EK, BITER 4%
PRI = B,

XAMREHEAEPNEENH, RENBWNFE DR SCAREZR A Knuth-
Morris-Pratt (fAi#8 KMP) &%, 1 Boyer-Moore &%, BAMAI T 55 —MEZEIIEER
RigE—A5 EEH,

FRT AR, BATIES N B — AR R EARFHIS L R, e =
AT RN TR REGUR, BIERELH R (DFS)FI EEE R (BFS),

BIGBMETBRAAANK, AT RS R, AR SAHZOE
%, ERIE A R AR R SR i R

14.2 JFHEE

BRI BN AT DARIEHEAT B &K, RIMGEROR “B/RE A 0 My, #4
PE KA R I & I ERIIRE . ARG, BT 4 71X
1o XHE NI 5T T B R BIER R R,

14.2.1 ez g R

SIGZR— R R, BATA] DI thgs ME RO, ZFTTHFEKAIEL
figo IXFERLAE & TR IR RAEE,

381
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kIR

FIBLE n DICRPTFHE b /NITTR, REVREIRR LB BN —, K H
EF, RIFERRTTRP FHE /NIER, BEERX—FHREMEEEFHNPE kIR
SEATDAEKEIZS k/NITTER, 1 n DITRP T/ NITTRZBEMN T O(n) B, Hitt
X—ITIERIMEREN O(kn)o

oy — 75 R R BT AT G A HE (heap) BAEEEH, TCICATRRME, HIGHHEE
FIBCEHSCBIRIRE  — XCHE, SIS e s F e, ARBOETTOC 3R Ao i M e @
N O(lgn)e BIMIX—751%, W3 (14.1) # (14.2) R, $KEE k NTRATTEREN
O(klgn)o

top(k, L) = find(k, heapify(L)) (14.1)
Find(k, H) _{ | top(H) = k=0 (14.2)
find(k — 1,pop(H)) : otherwise

{E2, (5 HTHERIRIEART EER R 2, RS AFER — i B PIRAY 7 TRRESRENS &
/NHITEERIE?

BATTA] DUE I o TR Z B 75 1R AR — A1, 1SRG TR AT 7
B AR B, 1% A PREETRANTET B ARUEMICR, BA Tl al 208 N Ay
PR TANGTEEIENS

1. HBF A A BRE & BN

2. G k < |A|, WE k /DRITTRLARE A, BATAIPAEF T B, RJG1E A
Ht— &K

3. % Al < k, WIZE k /NRITRLRE B, BATAIUEZF T A, RIGE B
P EK B (k- |A]) /MR,

TR TR F R TR, B SUR, BA TR 51 7 9 E K
FERIFAS T8 A T B, IXFERFOCHTRE AR AT AU, R PERENERIERT TR O (n)o

KHE IR AN SEERX 73, KR m /ANITEERIRA— DT, RRIFRITTR A
B

A2 PO HE P BIXI 2 BT, R FTA/NT pivot KITCEREBSIEIRTHE, KA T
pivot KITCEREENEGEHE, MR —EE, FATAI DHE— Doz ik ERRRE,
MR “ PO R,

1. FEALZERE— DT R (BN — 1N pivot;

2. KATEAKRT pivot FITERMAT T A; KRIFITTRBMA TS B;

NXTREGH—NFH Lk NTTRRREE G EE TR LIS kTR, Heh L2 L — M,
FH L 2 s B T,
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3. BB A WKEM k4 |Al =k — 1, 1 pivot FL2%E &k /NITTER;
4. F Al > k—1,BFE A RIFEEB kMR,
5. G0 IBIFTE B RSHREE (k — 1 — |A]) /DITTER;

R—RBEA BN FHER, & 0 < k < |L|, Ef L 2—PMEEYEL,
ik L A L R —DITER, EHROENE pivot; L BLEFR 1, SMIFIRITR, (A, B) =
partition(\, - x < Iy, L))o BREL partition {FHPIEHEF R AHPEZRE L X558
e

L |Al=k—-1
top(k,L) = ¢ top(k—1—|A|,B) : |Al<k-1 (14.3)
top(k,A) : otherwise

(¢.¢) + L=2¢
partition(p,L) = ({l,}UA,B) : p(ly), (A, B) = partition(p, L') (14.4)
(A, {Li}uB) + —w(h)

T Haskell fll FF27SCH 7 iX—H%,

top n (x:xs) | len=n - 1 =x
| len<n - 1=top (n - len - 1) bs
| otherwise = top n as
where
(as, bs) = partition (<x) xs
len = length as

Haskell FIARIEZEHIREL T partition KL, BARSZIIR] A HiTH E T IR
HEFP OB,

REBIET, 8 k DICR—IHEIIREBILEN pivot. X7 REUG & 2 E 5
=, KA k— 1 DITERERAKRT pivot, HRIE O(n) INEITEK. &ZBT, BIRERIE
BT B PR ROMEEE B IMEMEN pivote XIDHIEERF, A 868 B 2 —&
AN, WREREER R/ NYTTEIEN pivot, MITERED O(kn). WNREEREIE
B AHITEZENEN pivot, WEEEH O((n — k)n)e

BAFIET (R 2R EIEEN) 2FIR pivot TRIFFEEXITHIFR, A IIKERM B 1
KE LA, AR AR IETRE O(lgn) (XX 57, BRI 5 AN RIFT AT
AP A B BE b RILEMATERE O(n + 2 + 2 + ..+ &), B m Zil A
Fi L <k B/NEEL N ERFFISRFIZERH O(n),

I E LRI TERE 3 iR 2 FHBCE I, 7 TR DR IR HE P B P2 P RE 79 # K40
AV EAE NS A, TIPSR P R, X — TR 2 AR IRAE LR K
R ER G TR R AT, FRATTAT DARE AP HE 7 A R R AR 77, flan =i
{E7Z% (median-of-three) BBENL pivot FEFERIB/ DR ZBHE A, W NHE 6L
PRRR7R -
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1: function Tor(k, A, 1, u)

2 EXCHANGE A[l] <+ A[ RaNpoM(l, u) | > BEALLET (1, u] PIIESE
3: p < PARTITION(A, [, u)

4: if p—1l+ 1=k then

5: return A|p|

6: if k<p—1+1then

7: return Top(k, A, l,p—1)

8: return Tor(k—p+1—1,A,p+ 1,u)

X—BIREEE A BIAXIE (1, o] JEEP (BRI ERTTR) RS & /NMIT
o HILMIIARE - MIE, A —AE ERITREN pivot HFIHE — TR
e, VD FIEEREHNBITR, IR ERZ pivot FTTERIALEL, QIR pivot AYHREEAL
BRI b, MR RAKT pivot TR NME T k- 1 4, Eiksl#EIa7E
TEE [1,p — 1] WIRRE k/NYTTER; SN, T k HIBE AT pivot BITEERDME,
RIGIBIFTE [p+ 1, u] WER,

A 275 A DURSRSCBIRI > B, g R g VAT N. Lomuto 77ARISE
Blo HeKBIBNMENS S BATRE,

1: function PARTITION(A, 1, u)

2: p < All]

3: L<+1

4: for R< 1+ 1toudo

5: if —(p < A[R]) then

6: L+~ L+1

7: EXCHANGE A[L] < A[R]
8: EXCHANGE A[L] <> p

o: return L

NHER CES ORI T IX—RE, B 7 RERRRIIE L, — 2 8
NERIEDL, 75— Mg kB T I AR IXEEE N N EIRE-1 FRERRIK.

int partition(Keyx xs, int 1, 1dint u) {
int r, p = 1;
for (r=1+1; r <u; +r)
if (! (xs[p] < xs[r]))
swap(xs, ++1l, r);
swap(xs, p, 1);
return 1;

}

/) ERREEs[KIF, BHu - 1 > kiEEk, FMiRE -1,
int top(int k, Keyx xs, int 1, int u) {
int p;
if (L<uw {
swap(xs, 1, rand() % (u - 1) + 1);
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p = partition(xs, 1, u);
if (p - 1+ 1 = k)
return p;
return (k <p - 14+ 1) ? top(k, xs, 1, p) :
top(k- p+ 1 -1, xs, p+ 1, u);
}

return -1;

Blum, Floyd, Pratt, Rivest 1 Tarjan 7£ 1973 F45H 7 — P75k, A] DACRUEAE %
ZEONRERETIR O(n) VLB, BRFIRK S NET /N, BHEZ 5 ML,
AR PE (median) AT DURPAAE, XFEEIIEH 2 M E, BINEEX DK, H
% BB 2 B T AR LN TR, FHEH “HERHE” (median of median),
TIRATLATE O(lgn) IR PAZE B BLIE IR E, IX 2 X2 53R ERAE pivote % R
K, BATHIX— pivot XIHIR, K@ N—F, RFEEFHE L /DTTE,
PERERT AR R :

(2

T(n)=clgn+can+T 2) (14.5)

Hrr o BUHRE “ERNTE" FEERE, co 2XTHHEEEREL A LAUEH S
KA (telescoping) 7 AR 7 #2, 5035 B H 3 € # (master theorem)[') 152 1ERE.
O(n)o

WRFTEIEHET £ /NUITE, MEFROENEMRI T, FA T8 AT DAEEE -
BRI R X — TR E:

6 : k=0VL—g
A A=k
AU{li} Utops(k —|A|—1,B) : |Al <k
tops(k, A) : otherwise

tops(k, L) = (14.6)

Hrr A\ B BYE SCRIRT—FE, 5 L A%, (A, B) = partition(A, -z < 1, L),
TR Haskell Bl FF2 5L T X —H %,

tops _ [1 =[]
tops 0 _ =[]
tops n (x:xs) | len =n = as
| len < n =as 4 [x] # tops (n-len-1) bs
| otherwise = tops n as
where
(as, bs) = partition (< x) xs
len = length as

AR

SO ESRS —E WRp TE 2 Bk, BAIEEERAHT —&22d, KK
BRI G AT IX AR “BER” : SR — D AKRT 1000 UL, APH
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Ko ARG N RAIE LM, BATREREEREE NS, tMFHEEHNAEZN
IR i@ H = P — L

= N
. BRBL?
o FTEAL_ BRI EAEIR 202

o BEWY 3 BEFRA?

RZBUGOUT, WAVEEZ IS REE T D IRIEAIE EIE 2, BAMFE A TARE 2R
AT
B — BN R, AL AR AT 06 1 H o RS — R i, A EL
HN=IE AT EAE 30 B HOTE, XN THIOEN, ERASHER & T, E2H
KT AIRWARRESAE 30 FOINIRBIERAHITE, LT ASE R fho BRAFIVTEIR SRS L2
SIMHAZ N =0 Bk BATHE Ha] DLE EI R XA FR A S 15 -

o WLAX:1000 JC;
o« FRNET;
o WAR: 500 JT;
o FRENKT;
o WLAR:750 JT;
o FRENKT;
o WLAR:890 JT;
o FRNKT;
o MLAR:990 JT;

TR IEH!

WHTECEEZ I, ROV AR T 1000, W FEIT R REFAI R, BREEHERR —
FRTRERVECY, WLA] DATE 10 IRNERHNE SR, IXZRY 210 = 1024 > 1000, {H72, 415R
g Bt la) “ bt 500 RA? BE 250 /NVAT? oo TR T o T R BT R
MMER LRI, TR RE R — R,

HEMFE BT ARNRN, METEA MG LA T — Mgk, AP DAEE—DA, RE A TSRS NP
16 MAEL, H P R R RS e E AR, BEtlas NREVLH A P TR A2 M, FREEZIAT X MLES A TR B 2,2
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FE| o EHRE- L, B R C TR HITER, REEEEE ALE
XEARHE P BB BT 0 &4, 16 T AN IR A RIE R T AR Ef, &R
RRBIREM, A TIECTFFY A PIEET o, BATEAReE S NS, f 2
BEATELAE, W AUIE I AESE, M ERL R B 5, EHREE T R » BV, BT A 2EFH,
TTHRTEAERTE A RS+, G, FAMESG A h RS &+, RS A R
DA, BN MIARIKE] =, WP = NEEFFIH,

TE2e B R EIRE AT, B — MR N2 ESEL, &40 (Donald Knuth)
fath: “BAR T AR EA B EEN EM, BEARHETT S MFARRB 7, Jon
Bentley f5tH, KRZH T EREMB EHHER H HMANTE (RFEHRIL) (Pro-
gramming pearls) 8§ — R4 HH SEEIHESER T — MER, BE 20 ZEEAPLRIEL,

T ERA MM, —RUZIBIARY, MR, LSS AR, SERRE
TR S, BN LR RN 1w, AMUE o B ERITR,

1: function BINARY-SEARCH(x, A, [, u)
2 if v <[ then
3 Not found error
4 else
5: m 1+ [ %] > RERTHR [ R
6 if Am] =z then
7 return m
8 if z < A[m| then
9 return BINARY-SEARCH(x, A, 1, m - 1)
10: else

11: return BINARY-SEARCH(x, A, m + 1, u)

qnTEREH SR IERY, K9 A R 15 R B, TRATARER St A [ ) Rt
B R SR 1A w ARK, ATREZIE A o
oy B AT U 77 SR, AREE D R B AR EE IR, FRATT AT BE 2L
FHERVCHEIIL A,
1: function BINARY-SEARCH(x, 4,1, u)
2 while [ < v do
3 m L+ [ %]
4 if A[m] =z then
5: return m
6 if © < A[m] then
7 u—m—1
8 else
9

l<m+1
return NIL

KH = EHGR —MRAFIIZR S, BATHEE A1, B2 ST 2ok IE
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PRI IE R

M T ERRECR R B AR 2, 0 EHITEREY O(1gn).

FEAE R IR R, FIRAR o LR B BER . BENLII RS E (v BRI TR R Bkt
TRl 0 ERICIEFEERNS, FEI gt T IERESERHE N, S E NEr
X

Err : L=¢
bi : x=by,(A,B)=splitAt(|Ll| L)
bsearch(x,A) : B=¢Vr<b

bsearch(xz,B") : otherwise

Hrb b, BYIR B ANEREIE—PITR, B WEER by SMIRIRER T, K
splitAt FHE O(n) WNRMEFIRD M D FAIER A F B (SR A MEFFHF —
), # B AN, H o T by, WHEREEHG AR = /T by, ITAIRER, BAIFE
BIE A PR, BN, TEAE B PR, NRIIF N, MFTELRKRIY, FERR
TLRMNFAE,

BT B AE T RO E 0 FISR, BIERIECR FHER AT R UGS,
AR Lk Iiﬁj‘ [AIEEAT 708, 73 B RRBOA T i 7 B A RER ARG HR 73, PRI R 1R A ]
PSRN :

bsearch(z,L) =

n n n
- - - - cee
I'(n) 02+c +08+

X—25RN O(n), MMKZ B TIHERIZERE—FER,

Err : L=¢
search(z, L) = L =1
search(z, L") : otherwise

TERAHEF — =, MG &, KN 0B RAR Bl = SRR
SEMEH, B CF P ANFR N — R (0GB S | AT AT (X £50t 1Al 48
23

BARTCIEA SRR T o mia 2 N 2 B, (H - 0B RERECEOMGEH tha
REZNH, BIETIFE o =y, NTHEWBRE o M1y, HF o < yo FAMHESF
oo NEER, BARATDAHFT R M 0 FFBIRIREK o°, ot a?, ..., BEILIHE:

Nat =y, ELRM o <y < o', XERTTIETCEEE, &m%)&ﬁ? z BV
X =1{0,1,2,...}, HHE X FHEHIFZEEREKEL solve(a, y, X)o

r1  a'=y
solve(a,y, X) = solve(a,y, X') : a™ <y
Err : otherwise

SHYAFRFINN, B BT AN A ERR, BIA0 Haskell HHHREE T RELE R AN RUEATRENLY (M 198, A Y
IEH TR IR AR 851, F1 Haskell HRIEEHAR], BFFASRRE BN FEIRENLTIFL.
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X — R I IS BT A A R PTRETE R, BB e X R — MRt R
xy, EEER a F1 y, RAEEE, W] 2, UG RENE; R/ NT y, MEF v, WEAERIR
FTEER X/ HER; BN, HTEE f(r) = o 1£ o AHERE, BIAEREREL, FRoT
RE2X f(z) BIEER, BT ENEERER, XS BT EEE R,

NTFARKE a f1 z, WERFTERFFEE, NIHHE o STHE—ENNE, G%E
AT AUV B IE? BATTRT PAER 23 6 2 B9 — 0 EHCR A TE0H , FRATTA]
DA ARATEREIRY ERR. BT ¥ > o, BATTRIATELX(E] {0, 1, ..., y} PHER, T
B f(2) = a® BAFBEE, N T L& o, BA 1A DUEREX R R 2, = [232], 0
R oa®m =y, W 2, FRFTZNE; WRENT y, BATRILAEF 2, BIRHITR; S
M, FAVEF 2, JFHEERITER ; MAPME R MECRHE RIEEIA, BMTEEX—EEE
FIH RN el E EHGEE R R, XRR TN LR,

ZoaBEHR AR DB S T (14.7) BUE o HHP, B PR RER £ dh %
=PSRN T R TR TR, BATAFTZVI A bsearch(f,y,0,y),HH f(z) = o

Err : u<l

m ot f(m)=y,m= 5"
bsearch(f,y,l,m—1) : f(m)>y
bsearch(f,y,m+1,u) : f(m)<y

TR BT B, I — TR T O(logy) W f(x), B
T,

bsearch(f,y,l,u) = (14.7)

HERR

— MR AR Z = SRR EARY R 2| —4E 15 s AR, (HF L
I A AN

TER—MBIF, ZE—D m x n B M, 817, BHIRTRAZE ™% E,
B14.125H 7 — NIXFERRERE,

[
c N ot W

1
B~ W N =
© 00 O =~

14.1: BT, BRHIHR™ At BRI O REL P

R o, NAIPRIEERE R EMRIFTA ST o FTRIE? BATFREL L —
AR, RE—HAE (4, 5) BIPIRR, BSFER M, ; = 2

LR, BATRIAE A o™ BZSRIE o™ = aa™ FEFMNHE MR RERE £(n).
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Richard Bird Wit 2 I — RN AR AR A AR L it A SRR,
AREEAE Frr i Ao THENURARIBIE N, RS 2R 0 EHCRARIGX AN,
HAMRA 7 B AR5,

IR BEARHEES, BHE AN T My 2 ERITR, WRENT 2, T
HEEEFE EXBHILR,; R ERT =, REEEFA TXEHITR, E14.2618 71X
PIRIEDL, KR ISR R AT AR FRITT R,

< ?

(m72, n/2) (m/2;-nf2)

? >

B 14.2: 7 HRETTR/NT 2o FTAROKBRTRE/NT o G PRITRERT
zo FITA KGRI TTREAT «

IXHE BRI AERE, AR, RXIBE M — MR T4 L, Bl
TRARSHBVAHHATINR . v 1 RS o — A1, AT 1edn tH— s e X, 24
Ja T3 285G, B B0, BRI RIS %o

ZIEFAS R VA Y B f (2, y), B0 f(2,y) = a® + bV, HHP o F0 b B2 BAREL 4
TEERE 2, B E IR TR (2, v)o

FEFIX—E X, LIRRRERE IR A, AT DURF IR 00 T A R 4L

M,

Ty 1<z<m1<y<n

f(x,y) = {

—1 : otherwise

IR AR
BRAREIH f (2, y) BIPTA R, S fE B0 77 R R 75 281K
1: function SOLVE(f, 2)
2 A+ ¢
3 for x € {0,1,2,...,2} do
4 for y € {0,1,2,...,2} do
5 if f(z,y) = z then
6 A+ AU{(z,y)}

7 return A
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TR, X—HEWHRET (2 +1)2 R fo BEAUERMEANK (14.8) YE X :
solve(f,z) = {(z,y)|lz € {0,1,...,2},y € {0,1, ..., 2}, f(z,y) = 2} (14.8)

Saddleback %

BATERMER f(x,y) AT RVIG RIS Dijkstra faH 0 BRIBIEASRMNE
TAME, TRMNE EAMEFEERR. WEI14.3F77R, ZRM (0,2) HiE, N T8 R
(p,q), BATTELER f(p,q) 1 2 FIRFR:

o W f(p,q) <z, AT f BRI, N THEMN 0<y < q, DRE f(p,y) < 2o K
I AEFEELE FRTE M (A A%REK);

o IR f(p,q) > 2, MXNTFAEM p <z < 2, BRE f(x,q) > 2o BATAILAEFFIK
LB ERIRA R R ETERERD) ;

o HNLE f(p.q) =2, (p,q) B—M#E, MARZE LR KRR AEF,

IXHE, BATILRT AR A/ NE IR KR, FIRBEAEF 1T, B2 EF 5,
s E [N ZFA T,

(0, z) (z, 2)

(p. 9)

\

(0,0

14.3: Wi EAHEE

X—T71E0] AE SCN— 1R EY search(f, z,p, q), ETERETE XN R T f(2,y) =
2 MEEHUR, FIRE AN (p,q), B AN (2,0)0 XMNEEIAL _LA—FFEE
(p,q) = (0, 2), RIGRNER solve(f,z) = search(f,z,0,2)o

¢  p>zVg<0
search(f,z,p+1,q f(pq) <=z

)
search(f,z,p,q—1) : f(p,q) >z
{(p,q)} Usearch(f,z,p+1,q—1)

search(f,z,p,q) =

;. otherwise
(14.9)

FATRIBREE, WR (p,q) RTE (2,0) B9/ 75, MITEME, FHEP Haskell
TR T IX— B
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solve f z = search 0 z where
searchpqg | p>z || gq<0 =[]
| z' < z=search (p+ 1) q
| z' >z =search p (q - 1)
| otherwise = (p, q) : search (p 4+ 1) (q - 1)
where z' = f p ¢

FIREIR f ERRHEFERTRERR, R—EFRIHREER f(p,q) FHEEZR 2
Ho BIEA] DA imperative #Y77ZUSEEH, TEEPAH AT SRR XIS T4 52

1: function SOLVE(f, z)

2: p+ 0,9z

3: S+ ¢

4: while p < z2Aq¢>0do
5: 2 f(p,q)

6: if 2/ < z then

7: p—p+1

8: else if 2/ > z then
9: q+—q—1

10: else

11: S« Su{lp.a)}
12: p+—p+1l,g+—qg—1
13: return S

NHERY Python HlFFERF Sl 7IX—FXK,

def solve(f, z):
(p, @) = (0, 2)
res = []
while p < z and ¢ > 0:
z1 = f(p, q)
if z1 < z:
p=p+1
elif z1 > z:
g=9q-1
else:
res.append((p, q))
(P, ) =((+1,q-1)
return res

BREFGUEIRT, p F1 ¢ FEDE—D2AE NATH—%, RHtRZFEE
2(z + 1) WL LTERIE R, X BB EEN IR, RIFIEN XN =R/, H—fh
ERUOEN p 1 ¢ FRATE—8, HEREE 2 + 1 Htal e sigR; 5 fME R
Writ & KT A RTE, e p 81T 2; 58 =Fh5 R ARWEE E=E 77 A R
i, B2 q BN,

B 14 45758 T BRI, E14.4 (a) H, NAL EMNE N (2,2 — x) #8
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e f(2, 2z —x) = 2, SHTHRE 2 + 1 DHX (2,0); (b) H, R ETTKPFL BRI
(z,2) WEES f(2,2) < 2,2+ 1 PJa, TREH; (c) 1, £MEEL ERFDA (0,2)
EETS f(0,2) > 2, Rl 2 + 1 )5, REW; (d) MIRRIRRERDL WRBITRHE
RIFE LRI AR « B b, TG = ELRBARNE y bk, sle] USRIt
IR PEON 2(2 4+ 1),

A (2, 2) A (z, 2)
©, z) 0, z)
0,0 > ©, 0 >
( @) (b)

A (z) z) “ (Z, z)
(0, 2) (0, 2)
(0,0 > (0, 0) >

() (d)

14.4: IR ZEEN

FEIREN O(22) MFFETEMEL, X —B0ER S R E IR & EIZMERNE O(2).

Bird J5, iIX—FIRRI44FR saddleback HIHIRZRVREL f /Y 3 4EEGH, £ 1
HRH B/ IMERS LRI AAE, AR R IZIE G, SRR E— S8, nE14.587
o

14.5: K& f(x,y) = 2% + y* HEH
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YGE) saddleback $##2%&

[ 2l 2 4E5, Pl TRAR M H 0 EHORSOERTR, FARY saddleback M
B (0,2) THE, FE A (2,0) BATHER, IX—JEHESA] DL~ 4N,

KD f BEsE, AR DAY o BEKEIRRHT m, 5 0 <m < z H f(0,m) < z;
AR, TATRI DAV E « BHEEIRKH) n, 15 0 <n <z H f(n,0) < z; IXAHERXIEK
FMESKRAT (0, 2) — (2,0) 46/NE (0,m) — (n, 0), WE14.6F7R,

A
0, z) (2 2)

(0, m)

\

(0, 0) (n, 0)

14.6: Hi/ TR B 2R [X IR

ZAR m Hn AT ST ASTREREN:

m =maz({yl0 <y <z f(0,y) < z})
n =maz({z|0 <z <z f(x,0) < z})

SR m N, KECf RR 2 BEN 0, XN T —4ER SRS R B R
Al (TE BRBGIAE R, FR0 Curried fLEREL £(0,y))o ATRAE Z 0 & HORSGEIX —
R, HRBMNTEN (14.7) BINEE, 85E y, BAOIAREIK | <z < u, (#17
f(@) =yo MREIFR I <z <u HHRHERFR f(z) <y < flz+1)

(14.10)

I uw<l
mo fm) <y < fmt1),m= 5]
bsearch(f,y,m+1,u) : f(m)<y
bsearch(f,y,l,m —1) : otherwise

bsearch(f,y,l,u) =

(14.11)

AT R XSO S IA FHE L, R TIR [ 2R XA N5 an SR R

XN TR EUE/NTET o, TR — MEXN R REERT v, M S E R TR

g5 B, WA AR —MEN MR BUEMA KT o, SR R R — MBI #HT

B, BIEMHAT 0 B &Ja, R A SN M BT ERBUER T v, WA A AR — 4
{EVERHTR LR, I TER, NHE Haskell Bl FFERFSZHL TIXFER 9 &K,

bsearch f y (1, u) |

i f (1) <y
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then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)
where m = (1 + u) ‘div’ 2

IZXAE, m F n A PAEA 0 BRI -

m = bsearch()\, - f(0,y),2,0,2)

(14.12)
n = bsearch(\; - f(z,0),2,0,z)

A TAT LAKs saddleback &R X346\ EREHEIFETE solve(f, z) = search(f,z,0,m):

o : p>nVg<0
search(f,z,p+1,q) flp,q) <=z
search(f,z,p,q—1) : f(p,q) >z

{(p,q)} Usearch(f,z,p+1,q—1)

search(f,z,p,q) =

otherwise
(14.13)

KR FIFEEAN) saddleback —F¢, (H2Y p @t n YN, BLAT DUZ I, TTCRR
IBE 2o TELBRAVSEELH, ATRAKE f(p, q) WHELRTE TR, AR HE, 0 R
Haskell Il F1RHS A~

solve' f z = search 0 m where
searchpqg | p>n || g<0=TI]]
| z' < z=search (p+ 1) q

| z' >z = search p (q - 1)
| otherwise = (p, q) : search (p + 1) (q - 1)
where z' = f p q
m = bsearch (f 0) z (0, z)
n = bsearch (Ax—f x 0) z (06, z)

X— 2t saddleback 2R, HAAMEHAME 0 EREE m Ml n, B -E
HEHE T O(lg2) IR f; e, BEAERMEN N HE O(m + n) IX; TTERETHITE
BURHE O(min(m,n)) R SERRIPERELN FRAT7R:

HHE f RREL
BIMEDL | 2logz +m+n
RIFED | 21og 2 + min(m,n)

7% 14.1: B0 saddleback HRAMERE

FLLREL, BN f (2, y) = a® + bv, X TIEEE o F1 b, m T n HXHR/D, [KIHEEE
APEREREIL O(1g 2).
X—E A DU an @A77 7E LM, B E B SN &A%
1: function BINARY-SEARCH(f, vy, (I, u))
2: while | < u do
3: m o+ |5
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4 if f(m) <y then

5 if y < f(m+1) then
6 return m
7 l+<~m+1
8 else

9 U4 m

10: return [

R _EIR — 9 E K, TR saddleback HEZH, JeiiE m Al no

1: function SOLVE(f, z)

2 m <— BINARY-SEARCH(\, - f(0,¥), 2, (0, 2))
3 n < BINARY-SEARCH(A, - f(z,0), 2, (0, 2))
4 p+0,gm

5: S+ ¢
6
7
8
9

while p <nAgqg>0do

2 f(p,q)
if 2/ < z then
p+—p+1
10: else if 2’ > z then
11: qg+—q—1
12: else
13: S+ SU{(p,q)}
14: p+—p+1l,g+—q—1
15: return S

HARR SR 401238 E R S o

Saddleback $H&RMHE—5

B 14 2R IR AE LR, FEME R E 4 L HAME D, BALLEAMER, #ARES
F 5 XEFHTR, MERAERXEE N —1 LI,

FE L, BAREE T HIMI— D EERIL, BTSRRI AFRE—— 5,
N4 TR

FIEMERNEEXIR, £ LA (a,b), H AN (c,d)s IR (p, q) NEHTEH
R, FEE f(pyq) # 2, BIFARELMEREFFHIE 20 B2 1/40 B2, 4R f(p,q) = =,
T f AR, BATTA] PARIIN Z e SR _ERY ¥ IXI8, FEH. p SR ¢ 17 ERIFR
AHAMFAEA ] PLEF L, XK ATT 1/2 BIXIR, o] DURIEgE MERTIX .,

H AT, BATEFREER A ST R, EARET IR R R ESF T
HAMER o FATAT PIRE R AL BI7K 75 T B 2 B 7 A — 0 E HORENIX
FE R
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(a, b) (a. b)
A

(v, q) (p,q)

(c, d) (c, d)
(0, 0) > (0,0 g

fip,q) <z flp. q) >z

(a) 4R f(p,q) # 2, RBERF /£ T A LXK
(RAERIT)o PIREDLT, IR AR X IRERAE AL

T L %O
(a, b)
A
(v.|q)
(c. d).
(0, 0) o
fip, q) =z

(b) IR f(p,q) = z, FILARIN ZFMW D F XI5,
] R R FR R~

B 14.7: Z8/ IMER XY
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FELER BT B IR A MEREMZRER I KL BN BOR R o FhATTAT DA BUKF-F
B3 MRS R St TR, tE 1487,

A(ab)

a, b)

(. d

0,0

(c d)
(0, 0) >

B 14.8: IHBUERIFPEGET 0B R

B2, R EAFERE (p,q) = z BN GIATALFINE? Filan, KFrhgk EA
IR Rl BRI, BATDRRERSRE — K2 f(p,q) < 2 < f(p+1,¢)o ME—AIA
ZIERBAIARRER p FI ¢ 1T BRI RSERER,

g LRI, IR KPR R AEIRE— L p, KR f(p,q) < 2 <
flp+1,q); MIEEBEEL D ERIEMNRE f(p,q) <2< f(p.q+1)o

NREER LA REETRR f(p,q) < 2, MBBUEH — &R IR A EFEES
R Rz, SRATE RO NI BUERR T 2, R AR FAENEE R, R, FATA] LA
HRE MR XIS AR E ST

JRERIXEEEEIE, TATAT DAGS H A0 saddleback #EERATA:

1. & v BFD o ST R, B RKIEAA S, M (0,m) E (n,0);

2. IORHERIIEZIXIRN (a,b) — (¢, d), HHEE N, WTLMRE;

3. HHENEKT R, WIFEACERLE T a8k, B0, g EEPL&ifT—
DER; CERNERNAE (p,q);

4. % f(p,q) = z,IL3% (p, q) N—E, RFIRIFERM N FIEEXIK (a,b) — (p —
Lg+1) Ml (p+1,q—1) = (¢,d);
5. BN, % f(p,q) # z, IBIARRFEFERT IS FRETE DR — 4 2k B ZREXELE N
(pg+1) — (p,b) WE14.9 (a); BFEN (p+1,9) — (¢, q) WE14.9 (b)o
TN FIRITS (14.11) BT (14.12) B0 X 52 Searchiy) o.q WETHIBEH
B, CHEER-NERXE, Hh A EAR (a,b), H AN (c,d)o

¢ : c<avd<hb
search(ap), e,y = § csearch : c—a<b—d (14.14)

rsearch : otherwise
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A(@b) A
Ka, )

B

) (p, Q)
(c. d)
(0,0) g

(c, d)
©.0 (g (b)

399

14.9: VLR KA, W f(p, q) # 2, ETEERIERILE

BB csearch TEKTEAER BT 08K, S5 (0,q) 53 f(p.g) < = <
Fp+ 1, q)o HNEI14.9 (a) Fime WIELE ERTA S8 RIOERSUEEAT -, ~HEH0R
[ R B B (p,q) = (a | 252 |)o PRI E MRS AR AT DA FE, A 14.10

(a). 7o
A@b)
o)
(p.|q)
(p.g (9
(©,0) g
(c, d)
00 () (b)
& 14.10: ST 0 BRI AVRRIE
searchp q—1),(c,d)
csearch = searchap),(p—1,0+1) Y {(P, @)} U searchipi1,g-1),(c.a)
searchap), (p,q+1) U s€arch,1,4-1),(c,d)
/\l:':'

q= "))
p = bsearch(\, - f(x,q), z, (a,c))

z < f(p,q)
f(p,q) ==

otherwise
(14.15)
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K%Y rsearch 5IEN, ENEEEHEPLFITHER,

searchiap),(p-1.q0 : 2 < f(p,q)

rsearch = ¢ searchp),(p—1,g+1) U {(p, @)} U searchpii,g-1),c.ay : f(p,q) =2
searchap), (p—1,q+1) U search1,¢),(c,ay @ otherwise
(14.16)
/\q:'
p=1%¢])

q= bsearch()\y . f(pa y)) Z, <d7 b))

N Haskell Bl FF27 S T —5 %,

search f z (a, b) (c, d)
| c<a ||l b<d=T]
| c-a<b-d=1let q= (b + d) ‘div’ 2 1in
csearch (bsearch (A x — f x q) z (a, ¢), q)
| otherwise = let p = (a + ¢) “div’ 2 1in
rsearch (p, bsearch (f p) z (d, b))
where
csearch (p, q)
| z< f pq=search f z (p, g -1) (c, d)
| fpg=2z=search fz (a, b) (p-1, q+ 1)
(p, 9) : search f z (p+1, g - 1) (c, d)
| otherwise = search f z (a, b) (p, q + 1) +
search f z (p+ 1, g - 1) (c, d)
rsearch (p, q)
| z< f pq=search f z (a, b) (p -1, q)
| fpgq=2z=search fz (a, b) (p -1, q+ 1) H#
(p, q) : search f z (p+1, g - 1) (c, d)
| otherwise = search f z (a, b) (p -1, q+ 1) +#
search f z (p + 1, q) (c, d)

FREFEIEE X WY BT =&, A5 L E L,

solve f z = search f z (0, m) (n, 0) where
m = bsearch (f 0) z (0, z)
n = bsearch (Ax — f x 0) z (0, z)

MTRRE RS LK, BEEIEER O(og(mn)) 8. B2, J9 T FHRA
(p,q) RS FIBHBIRCE, TN RSN T = B, PRSI £ IR
R Olog min(m, n))e STEK/NA m x n FETHKBIBRI N T(m, n), Bl TG
AN TEPS S

T(m,n) = log(min(m,n)) + 2T(%7

|3

) (14.17)
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ARG m > n, EHHETERFGIE, H m =24n = 27, BA1H:
T(2,27) =j+421(271,2071)

- kZ:O 2G k) (14.18)

=0(2'(j — 1))
= O(mlog(n/m))

Richard Bird IEB T, XBTE m x n (FEEIXIBAER A EERN R IR,
AT S R ABL, AR R Hi I

23 14.1

o SEFIHE T PIEHFHIER 7, UERA A Z 1Y k ESEEE, T E N Nt
HEN O(n)s

o (HERMEEKI 3 F = M EIE S B an 2 Y & IR HTE,
o LUREAVMHABEE LRGN k IEEHE,
o EEE—T9RIEES, SEI median-of-median B k EFEEIE,

o ARVILEHI tops(k, L) fEH T HIRANEEIRIE, 10 AU{l,} Utops(k—|A|—1, B),
X —RVERTIERE LRI 8], FIH2IE Y R K E R L, 1B &, (VH—i8
REFERR T-91| FRIERE R

o TEERRH 7RI —M MG ZH & IEEEWERE, E/eiENT k DNTRBIR
KAE, FRIRTTR T EME, 23C8 « My, & o /Ny, BRTARTAET & 4
TLREVNTRIRITR, BENIRTRE/NI k DITR; B0, WHHET & HITRS
RLETCR, FEPSHE G R,

1: procedure Tops(k, A)
2 l+1

3 u < |A]

4 loop

5: i < MAX-AT(A[l..K])

6 J < MIN-AT(A[k + 1..u))

7 if Afi] < A[j] then

8 break

9 EXCHANGE A[l] <+ A[j]

10: EXCHANGE Alk + 1] «» Al1]

11: [ < PARTITION(A, [, k)

12: u < PARTITION(A, k + 1, u)
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HHHE ER
TR —RIRIEA S &2 TEREAN{Ar?

{5 FIE AR5 SR VA B 75 Ko A SEBL = 0 B ETR, FHHEM B 3h 75 XA T
T AT AfE P AE I BEATL I R, thn] DUE SC— 22 AR, FHFRIgmRE A5
FHAER = BT HER

ERAEMPEFEA A M B, SEEMBIFE (median), ZKIN RIS AE N
O(g(|Al + [B]))s

1 TaSXTE S, 1E#ET saddleback 2T, Soidid — 0 & HOE A7 H B RS
HIRRIX I8,

A1 LNES, A BUER AP EGET 0 &R, MM —4E 8 R,

ANGH T IR “4E R A SR — DX, BT T A2 R/IME,
i bR EKNE, BHRHERIENT B IMEBE KT KME, WITCHE; A0, M
R X I EIRR 4 D/ NETY, ARAE A TERIFER,
1: procedure SEARCH(f, z,a, b, ¢, d) > (a,b): 75 N (c,d): 45 LA
2 if z < f(a,b) V f(c,d) > z then
if z = f(a,b) then

@

4: record (a, b) as a solution
5: if z = f(c,d) then

6: record (¢, d) as a solution
7: return

s pe [

o g [5]

10: SEARCH(f, 2, a, q,p,d)
11: SEARCH(f, z,p, q, ¢,d)
12: SEARCH(f, z,a,b,p, q)
13: SEARCH(f, z,p, b, ¢, q)

o IX— BRI TERE,

14.2.2 5EEH

NS TELERT S o BAIAPOCAZERR I BN, 12 > B EER IR , 1X

MR X EREREM, RNeXEE R R I A2 A, EXERET REILIZ
MRS R, IR RIE BA R AR SRR, IR 2 IS B SUCTRIN e 171
22 A I RR Al

RATTEATE S WA BB [R : Boyer-Moore AR#X (majority number) [Al#,

7R RN AL, EATEGES 2 R R BRI R, 25, A1 m R
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eIz A Y55 R PEBC LT - KMP (Knuth-Morris-Pratt) 27%, 1 Boyer-Moore &
%o

Boyer-Moore ELR]E

MY HE I 4 SR T — S BRER, (AN 28Tt Fe32 B 1R — DT I, 1E/E
HHEARNN G, A ="ERECET REERESE, WIE T RRS TR

RIS/ b B 5 Bl SRR T R S S8, XN ERITEENE, R AW
P RCL BESERAA AT AN B Gt M—DREEEERIIFS, Blan A, B, A, C, B,
B, D, ... TATRESEREN— M= 875 7%, 1AM 7RGt sE A (R WS4
PA BRI SE?

EARAT LOEE A — map, 8)5 10— SR MERIZ AN A, qiERATIE =X
R —F 8 B R

template<typename T>
T majority(const Tx xs, int n, T fail) {
map<T, int> m;
int i, max = 0;
Tr;
for (i =0; i < n; 4++i)
+Hmxs[i1];
for (typename map<T, int>::iterator it = m.begin(); it # m.end(); ++it)
if (it—second > max) {
max = it—second;
r = it—first;
}

return max * 2 > n ? r : fail;

X BT E e AL 5, ARGl map RIFFrA BRI NEEL #E,
ft3 7 map FRENG SR 2 AL N, 5 FEGEIS 8, Wt N ZRIE, & NIFE IR A —
MRIFRMER R IC AR IE,

TNEA RS HEIR TIX — R,

1: function MAJORITY(A)
2: M < empty map
3: for Va € A do

4: Pur(M, a,14+ GET(M,a))
5: max < 0, m < NIL

6: for V(k,v) € M do

7: if maxr < v then

8: max < v, m <+ k

52004 £, AMITEFLT —FERE, 8 Count-min sketch 895, i sub-linear Z3[AIMETHE 1,
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9: if maz > |A[50% then

10: return m
11: else
12: fail

KT m BEENF n g2, FEH BEER SN map (QOZEEME map), 1X
—REFEEFE O(nlogm) BRRATE map; 8 FHEGIREINE map, MIFT A E]
N O(n)o (HZBHNEFTANTZRIESEL, TR, FBZFHRZE O(m) KN ERET map,
REFHEBRZHMEIE N, K142 0 THEHARRZE map iz A BRI EIRY
XfEto

map ing)e| =3 [H]
% | O(nlogm) | O(m)
e O(n) &> O(m)

R 14.2: AFRFZE map HIPEREXSEL

Boyer 1 Moore £ 1980 &I T —FhI5bHI 75 1%, WIRFAE @I F LRI TR, 7]
AR —maii s e, I HIX—77 A& 0(1) r=sE b,

HARTAIE T — KA E R A RIeE A Oy BRI, TS S50y 1, 154%
IRAEE R, AN kR RN A H TR S, sURRIEE B9 2250 15 40, R —
K SR A B RTHIERIEE , FATRRMEE RS A REUR 1, 53R 1SS
AISEECE DY 0, VLM BRI T, AT T — 3Kk 5 R BIZ A\ ME o R
B, ks E S X — I,

BRIEEZERFSIN:A, B, C, B, B, C, A, B, A, B, B, D, B, %&14.3%3H 7iX—H
PSEINES e

X EIHA — U2 A R — DI 50% RIAREL, MBS AT REREH BT R s
i, (HI2, QSR A% & Wif5 - E A ERIESE, Wi 5 A e S “ IR " o=
Mo W T BT — R R T IR UL,

NHE R BETESL T IX — B,

: function MAJORITY(A)

c+0

1

2

3: for i + 1 to |A| do
4 if ¢ =0 then
5 x < Alil
6 if Ai] = x then
7: c+c+1

8 else

9 c+—c—1

10: return x



14.2 FHIER

RIEE | R

HihE

WO Q> >
—_ O R, O R O kO Rk O Rk O -

A B CB,BC A B A BB, DB
AB,C, B, B,C,AB,A,B,B,D,B
AB,C BB C A B, A, B, B, D, B
A B, C BB, C A B A B B, D B
AB,C BB, C, A B, A B,B D,B
AB,C,B,B,C,A/B,A,B,B,D,B
A B,C BB C A B A B B, DB
A B,C BB, C A B, A, B, B, D B
AB,C, BB, C,A B,A B, B D,B
AB,C,B,B,C,A,;B,A,B,B,D,B
A B,C BB C A B, A, B, B, D, B
A B,C, BB, C A B, A B, B, D, B
AB,C BB, C A B, A B, B D, B

3 14.3: FRMEZER AL B

405

LR, X —BIRE e T A RS, S — K, ERE e SR S

IR SO T HIEE SRR IR HO Il SR A A5 1l SR AN 0, 2RI TR
HOVRIE, RIRIDR N —IKIEREBEARIIRIE N BT HRIEE , FARSHTH,

PR, 55— DI SR AL

H— A ERRRISE R, N RSO — e ko T4 ik,

1: function MAJORITY(A)

2:

3:

4:

10:

11:

12:

13:

c+—0
for i < 1to |A| do
if ¢ =0 then
x <+ Ali]
if Afi] =z then
c—c+1
else
c+—c—1
c+0
for i < 1 to |A| do
if Afi] =z then
c+—c+1

X RR LN E O(n) 1Y, FTAZ R L&, — D PAC R 2 AR

AARBAFAER, BAR ERRIER DU et S A FAEREN, X—RE =5
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14: if ¢ > %50|A| then

15: return x
16: else
17: fall

RIEERE I T 3 UERI AR, X — AN M E 2R EZN O(n), I HFTHZ RV HE
o K C++ BT REFEH TIX—R/IAS,

template<typename T>
T majority(const T xs, int n, T fail) {
T m;
int i, c;
for (i =0, c=0; i<n; +i) {
if (lc)
m = xs[i];
c 4= xs[i] =m? 1 : -1;
}
for (i =0, c=0; i <n; Hi, ¢ 4= xs[i] = m);
return c x 2 >n ? m : fail;

Boyer-Moore AEURIA AT DU AR 0075 0B, AT A6 2R ki SR AN
ST R, M2 (i B2 RER (accumulator) K77 . 8 XAZDBIERIEECN maj(c,n, L),
B MEFAIER L, HEHRIERS o, WIS HI RS no HIEFESIRA N, N
¢ TEHARIINEON EE —SKIBIRAEER 1), MBS R 20N 1, B maj(l, 1, L), Hp I
JBRR 1) PAONIFRIARIESE, NIHDUZIXA BRI A E S

c L=¢
maj(e,n+1,L")

maj(li,1,L') : n=0AIl #c
)

maj(c,n — 1, L

BATETFTEE L — D RECREIES ISR 2 Sl 8, RENEEETRE

EEF R, FHRE, MIAFEERE, BNEIEIT Boyer-Moore BiEIKE— 1R ¢, 2R
JEREHAR—EEESRITE o RERSINESEE G,

l1:c

maj(c,n, L) = (14.19)

otherwise

fail : L=2¢
majority(L) = ¢ c=maj(ly,1,L),{z|x € L,x = c}| > %50|L|
fail : otherwise

(14.20)
NTHE ) Haskell Bl 272 T iX—87%,

majority :: (Eq a) = [a] — Maybe a
majority [] = Nothing
majority (x:xs) = let m = maj x 1 xs in verify m (x:xs)

CIXBAEMELL C BEFOITF, BMIRZEMT C++ KIRFRMR TR,
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maj cn [] =c
maj ¢ n (x:xs) | ¢c = x =maj c (1) xs
| n=0=maj x 1 xs

| otherwise = maj c (n-1) xs

verify m xs = if 2 x (length $ filter (=m) xs) > length xs
then Just m else Nothing

BR¥RFIR

Jon Bentley £ Hid 55— M RAIERE Y, 2872 — DT, Ak e i+ F41F
HIERARAE? Blan, FRIUREFAIH, 750 {19, -12, 1, 9, 18} HIFIHRK, 79 35,

(3]-13 )19 12| 1]9]18]-16]15]-15]

XH, AT ER R RMBE, RTETTEA B, BEARAERMELTITE
IR, A= MRIRIGOERTE TR R A, FA1E X ZFHNEKFE 0,

B R T IA RS 2 IR TE TR, R P0ER RIERNE R, X—7F
IR E 2% 77 905,

1: function MAX-SUM(A)
2 m < 0
3 for i < 1 to |A| do
4: 5+0
5 for j < i to |A| do
6 s+ s+ A[j]
7 m  Max(m,s)

8: return m

3R A E AT RTE A RIS R, B% Boyer-Moore BRI E

B, BATTA] PL—1043 4, —iid 5 T DA AR B 25 R AT ERRH, RN FRATIERR
SO0 H AT IR TSR AR, 14,1145 B T 3R Fr R A P 5

i

(

14.11: IR YA

FEAFARTISH B8, M FRAHTRERNEE « DLER, BB KRR Ao R, FA
IR RO i RN TFFIINRKMN B, A fl B HA—EMHSE, i L, FA SRR
B < AMWKZR, % B MITN—DIoEMMN, N#d A I, BT IX A KRS SRS
it A, X4 B L= oG, BROEN, BT B EHEERN 0, FRAH TH
] {3, 13,19, -12,1,9,18, 16, 15, —15} BRIEISN K,
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BRAR | DA i SR ER R ARG 77
0 0 {3,-13,19,-12,1,9,18, —16, 15, —15}
3 3 {-13,19,-12,1,9,18, —16, 15, —15}
3 0 {19,-12,1,9,18, —16,15, —15}
19 19 {-12,1,9,18, —16,15,—15}
19 7 {1,9,18,—16,15, —15}
19 8 {9,18,-16,15, —15}
19 17 {18,-16,15, —15}
35 35 {-16,15, 15}
35 19 {15, 15}
35 34 {-15}
35 19 {}

R 14.4: FHFEIRERTHIMEI B

IX—FRA] DA R
function Max-Sum(V)
A+ 0,B+0
for i < 1to |[V| do
B+ MAX(B + V[i],0)
A+ Max(A, B)

thn] DU B2 CH 7T SR BX — 508, BAIAHERRZR A M B, M2 eIk
NEBIFRT R AR N TEREIFA L BIERR T A, BAT T AR mazsum (0,0, L),

o

A : L=¢

(14.21)
maxs,m(A', B, L") : otherwise

mazs,m(4, B, L) = {

Hrp
B’ = max(l; + B,0)

A’ =mazx(A, B')
NHY Haskell #2552 1 IX— R,

maxsum = msum O O where
msum a _ [] = a
msum a b (x:xs) = let b' = max (x+b) 0
a' =max a b'
in msum a' b' xs

KMP

TR RE —RIREENRE, AR SR GBS A 7R R
A€o £ Trie, Patricia FUSZEMETT, AN T —EFFFRERE HRBIELHE, £
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R, A AR G R E A TR BRI E L,

FUemfERRZ it TNEN R ER TR, HEARZHEHARNIME, G
ANSI C trEEFR strstr B, C++ ERARIEFRY find, PAK Java FRifEE
JDK Hf) index0f, E14.12fR 7B — HLRF IR,

[alnfv] [afnfafn]e[ufo]ufs] [a]nfa[n]s[m] [e[i]ofw]e[r] =

s [alo[a[n[s[m] P
L
(a) WFEE s = 4, 5%, EEH ¢ = 4 MFRHEMA, BZ2E 5 M FRARFE,
[l [ ] Talolalole aloa]s] [aln[aln]s[m[ [e[i]o]w[c][r] T

° an]afn]v[m] P
a

(b) FARRIEIA R BRI s = 4 + 2 = 6,

14.12: f£X A “any ananthous ananym flower”#F$K“ananym”

FEEBAMEXA T PHERFHE P, I1E14.12 (a) iR, fEREEN s = 4 I,
SRR —E P T PRFRRGHSE, /i 4 M2 anan, (H25E 5 TF
FHE P H2 y, MAEXA T W2 t, BENTAESE,

BEI, B — PO FE T B R, FRATTRE s B0 1, 24 P ma#8s) 1 MiE, A
JEEHTEEH ananym A nantho - SEFR k-, s UG RAT UG 1, IXZ2EN, YBA1E
EE 5 DFRAFERN R, ELEOIRT 4 TR anan T HEATH T
FF an 1842 anan RYEH. RILEARIIZERR s 8 2, Wt P mE#s)
AL E, GNE14.12 (b) FivRe IXAE, FATELE M THRIE C S RS R 4 MG
B, Nk K& To R LA &,

Knuth, Morris 1 Pratt fRHEIX—EEELAH T —NEZ R B IREEE ), A
THE=AEEN R FE1E i, F/E KMP &%,

fAlE L, FANCSAR T VAT b DN FRERREN T, B T, AR T B k
MR

AT P @EaaRsh s MiE, FAIFREE L —DRT ¢ BIRE, Hr g 2
HVCECHI RN BIanfER14.12 (a) H, ¢ BIER 4, BIEE 5 DNFRFASUCHL,

2B NGB s ALK T 1 We? aE14.1307R, &R LUK P [AG
Bah, M—EFEEA k, (515 P PRl k DN FRMNEE P, NG kDN FrFEE,
hEtE i, Bigk P, A2 P, FEH,

MIRA FTREA AL RN [E SRR AT QN SRTRATTIA D92 £ ] IR 2 A A At 52
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[T+ n]Ti2] . [Tli+e-1]. ] T

N
— [P(1]P2)]... PGl [P+ 11]...[Pla]] - | P

> POPRILRL]  r

14.13: P, B2 P, HURIER, L2 P, G4

FrERMRIZFE S, WEFEE—ME k= 0o RFEEZA kW2, N T RRRE
EAT AT RER i s B, FRATIFREEREN RN BER AT SOZ G SRR ORI ko FRATTE L —
NSRRI (q), ERIFRAIHEE ¢ + 1 DFRARRECN B IZEDRAIAE N,

7(q) = maz{klk < gA\ P, O P,} (14.22)

Hrt, A0 B FR"A & B WESR", X—HREBAERTTEDN S /AR T

i, BL offset A s ZIRAPLED P I, 5 R ¢ DFRPERHHE], THE SR FAFARE, A 1%
TR 7(q) HE—NEIRIINE ¢, RIFEFZIXER Plg'] HSCRFRIFRE, 1R
PEIX — 8%, KMP AR O EIE AT DR

1: function KMP(T, P)

2 n < |T|,m «+ |P]

3: build prefix function 7 from P

g0 SRR e 2 UMW NS 22/ o

5: for i + 1 ton do

6 while ¢ > 0 A Plg+ 1] # T'[i] do
7

q + 7(q)
8: if Plqg+ 1] = T'[i] then
9: g+—q+1
10: if ¢ = m then
11: found one solution at ¢ — m
12: q < 7(q) > RELTFET — AT REAIA B

AN (14.22) BH THIZKEE 7 (q) HIE X, HZR BRI R KERIVBERMK
Ko SEPR_L, BATA] PUE—PERER, R EATEREE L

BB OUR S — NP AT, R RIS, N2 58T
REZH, B 7(1) = k = 0, ICRKIFIZEN Pro L, P, = P, FT23H,

5, YA P hrYEE ¢ DFRIN, FATEH, BISREBAIREE (i),
£ {1,2,...,q — 1} WELEHIFFILR PR T, I HEATR KRR P, FNtZ P,y
IESK. WEI14.14F7R, # Plg] = Pk + 1], WEAHREN T —DNEKRA &, T &
AR RAEI —; B, HRDFRIATE, BAMER ~(k) FHRE]— MR P, B
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411

k= m(k), )5 EEBOX D HRISRAY R — NP AR EMEE ¢ DMPrrEss BFEER

X—PER, H5E kK 0 GRRAASHBIRRRM), BEENIE ¢ DN,

2:
3:

4:

10:

P[1]

P[2]

.| PIK] | Pk+1]

| Pla-11

Plq]

Bl 14.14: P, 2 P, BEA, tLER Plg) #1 Pk + 1]

A

y

P[1] | P[2]

.| PK]

Plk+1]

KMP R75m, A RIS R R A2 A] DA IR AN T :

1: function BUILD-PREFIX-FUNCTION(P)

m < |Pl,k <0
(1)« 0

for ¢ <+ 2 tom do
while £ > 0 A Plq] # P[k+ 1] do

k < w(k)

if Plg] = Plk + 1] then

k+—k+1
m(q) « k

return

RN T TR “ananym” M AT R EAP B, KPR k SLFR EFRORTHE
R (14.22) BIEK ko

P,

q

Py,

S U R W NN R

a

an
ana
anan
anany

ananym

S O N = O O

W

W

an

W

W

R 14.5: MIEEFTER R B0 B

MR Python Bl FAEFSEIL T 785 KMP Hik,

def kmp_match(w, p):

n = len(w)
m = len(p)
fallback = fprefix(p)

k = 0 # how many elements have been matched so far.

res = []
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for i 1in range(n):
while k > 0 and p[k] # w[i]:
k = fallback[k] #Hall back
if p[k] = w[i]:
k=k+1
if k = m:
res.append (i4+1-m)
k = fallback[k-1] # look for next
return res

def fprefix(p):

m = len(p)
t = [0]xm # fallback table
k=0

for i in range(2, m):
while k>0 and p[i-1] # p[k]:
k = t[k-1] #allback
if p[i-1] = p[k]:
k=k+1
t[i] = k
return t

KMP RB7AMH S TERRTRAAER T R TR, R e n] DR
i E AR IERCEE R,

FIERTER R ELHI I HEVEREDN O (m), AT LAGE A RE AT IR IERA U, (8 RAER 75 7%
A DARE— 25 IE RS R B R B B MR RE 2 ZRE IS TR (R L S AR IR R RE D O (m+n),
RN RN O (m) 23 RISRIC SR ATER BRI A%

WERATFA T, FTRES N AR BFHER FAF R 2N KMP ITERE. &
JETEE—PNREN n D a BICK “aaa..a” 1, REKEN m D a FIFFFHE aaa..a”
N A RIFAFAAAIR, e — DAL EL e e, BV REENE— 7, H Hitt)E
AWTEE LR 1 D7 RIMEERXMHmED T, KMP BIRRIBZ MR RIE Cuft
2. WHEABEEZEN, B P = aaaa..b, T = aaaa...a, 78 KMP FIFERE,

alipd B KMP 8%

FA Al PR EGRA 7T TESE KMP BES BRI AE, fi2 201 KMP 85K B R
PRIFATZR R BME, B IR AT DA FH 4l PR G Y 2 5 R S M SRS B, (B3 @
{6 FH e RS2, 5oL BCEEM L, FHMBENLT RITT 2 MR x5k
iNIETE

Richard Bird & 7 —/AMEH fold fusion EHHES KMP EiEASERE (1 5 17
), A, BATE LA R NERI RIS R E 715, RGBS OIS E] KMP
Hik,

TEREIRSE A USRI TAT B AR AR F s i R FRORBNR, 18
Hifd 2, mANFIRBE 2, B DFNRER 9 N5 tE14.1507R, FHERIT

TEAHEX EAMEF B, BRI LER B IRFRIR S , BIAH Haskell $24% T R DATEH BN HIHEATRANL YT R A%,
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FEERAAT 5 DNFAFHAEM, 82 FoRZELLER T[i + 1] #1 P + 1]o QRS SR IX—F
FHAIMEIE R ELERHIER 73 (H2 F T34 B A BE R AR, 1A R U PEREAN
HAKE j R,

[Ti]T21] ..o | il | [Tri+ 1]+ ... .. | Tin-1)] (0] | T

?

— [Pr]Pi21] ... [Pij1] [P+ 11]Pi+21] ... [Pim]| P

14.15: P BRI § DNFRFEHERE, 8 FREES Pl + 1) F1 T[i + 1]

IESXXARBET @ NN T, 2on T RIS, RRNFRAN T, Fon T WEE; F
¥, i P ET § DNEREN P, FIRFRFN Pyl T, FE—NFREN ¢, P, IS
—NFEREH po FATAT PRI R “cons” KR,

T = cons(t,T))

(14.23)
P, = cons(p, Pl)
ot = p, M RS A R R N A
=T 01t (14.24)
P1; = P, U{p}

BATHERNS —FE B gl — 5 7K, w] AR OUX —a)il, 3@ 8 — X813,
= front FIFRF—A rear FI5&, AT DL LM [R] AR5 10 ol B 230N TR O B 32
BelEe itk T ER TSR AER 7 FH I RA,

T =1T,UT, = reverse(reverse(T,)) UT, = reverse(ﬁ) U T (14.25)
P = P,U P, = reverse(reverse(P,)) U Py = reverse(};p) U P '

A1FA (1, T,) 7 (B, P,) RAEIARIHERI TR, R ¢ = p B,
R LA 35 5O T, D ST AT 25

Ii = cons(t, ﬁ) (14.26)
Py = cons(p, By) |
KMP EHREZITIAN, ERIIULACHI AT 2 Ao 2 H.
search(P,T) = kmp(rw, (¢, P)(¢,T)) (14.27)

Hep 7 BT AT RIRTER R, FRAYIGERTSR R ENY KMP AL SRTERT DUE
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Y,
(T © P=¢AT.=¢
? F ? (b S & 7é ¢ ANTs = (b
_ {| p}Ukmp(W,’lT( p?PS)v( p?TS)) D Pa=oANT # ¢
rmpte (5o P2, (5 ) = ot (B, ), (B, 1)+ t=p
kmp(r, 7(B,, P), (TL,T!)) = t#pAP, =
kmp(r, (B, ), (T, T2)) + t#pAB, £
(14.28)

1705, 2 R ARG R B, WPE— M, N RS, X
AT BT SO A R, B S R BB, AR PR A UL, RS
R 2 G 2R A K AT, T8 A A, ZE AR e, Bl R A IR

BATRR, BRGNS, (R YR T R M AR 5,
MR AERR, 3 FLATEES R,

BT, NIRRT B E 2RI R, (BRSO A A
HERO ST, TRl RS0 — iR, (R BTSSR, TRV AR R -, P64 R —
NS TRIG R,

FPH T ISR T A R — N RRISCRRRY R — RO L, L
FERINANTSE—NFIF, RSB TR,

W R —ANFRRR, 7 B YR T B H — T, RN FEB 5
SRR AN, RIEEFE R, S0, B R R YR T BRI s — 70T,
VRV FR BT GHERT R, ARECSIDBRORLE, DAAKSEME TR,

AT DA 9 75 T s AT PR A, LT B MR, (14.22) R SLEITRT, 801 (14.20)
iR

(b, P) = (P, P) (14.29)

prts
Hr

B) = longest({s|s € prefizes(P,),s 1 P,})
P-P-P

SR BB R RIER, RS A 8T P, RIS, s TR SRR
P, WSS, IR K — MRS, X BIRATE T 8 2 R IR
RIRES,

3o EEL R O — R TR L, P T T R A A R 2 ) SR RS 28,
B P, C P, f1 P, 0 B, ST, FILRAER P, (8 —MEEIRIZ. FHAH T 5
HRIGEENIE X

(14.30)

@) L=ovir=1
cons(¢p, map(As - cons(ly, s),prefixzes(L'))) : otherwise
(14.31)

prefizes(L) = {

NI Haskell Bl FA2 7KL T 0 M B 71 R ERE IR,
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kmpSearchl ptn text = kmpSearch' next ([], ptn) ([], text)
kmpSearch' _ (sp, [1) (sw, []) = [length sw]

- -, =1

kmpSearch' f (sp, []1) (sw, ws) = length sw : kmpSearch' f (f sp []) (sw, ws)

kmpSearch'

kmpSearch' f (sp, (p:ps)) (sw, (w:ws))
| p = w = kmpSearch' f ((p:sp), ps) ((w:sw), ws)
| otherwise = if sp =—[] then kmpSearch' f (sp, (p:ps)) ((w:sw), ws)
else kmpSearch' f (f sp (p:ps)) (sw, (w:ws))

next sp ps = (sp', ps') where
prev = reverse sp
prefix = longest [xs | xs <« 1inits prev, xs “isSuffix0f  prev]
sp' = reverse prefix
ps' = (prev # ps) \\ prefix
longest = maximumBy (compare “on’ length)

inits [1 = [[]]
inits [_] = [[]]

inits (x:xs) = [] : (map (x:) $ 1dnits xs)

X—FIEAEREZ, T HABRE % BATA] DU HBg R L, W% KMP 22
AR, ESEPR R — N BN SR TR RIS R, R RT PAEER] fold SRR
(B A). B, 1E fold REAEH, BATA] PULEE— DR N — PRI W

zip(T,{1,2,..}) (14.32)

KESCARFT B R zip #23K, 1738 — 1R, B RAE— A E HIUTSCA “The
quick brown fox jumps over the lazy dog” IXFEALEFIIERE T, 1), (h, 2), (e, 3),
., (0, 42), (g, 43)o

fold ELEAN APIRASEEWER 7Y, B0 2R TERE (P, Py), A RIS
N2, JESR e IRHERE, B (¢, P)o N T 7718, FATENAH E,Ps ST
%, R AHE XA TR ZFHRBIER,, IHIRAR) 5 5b— 8057 2 TR B Ry 1)
&, ERIIE NS, fold G5 PRI, X—FIRE S EHEINR, Bl IFREE R, 1F R
KGR, XL KMP BiEE ] Ein e

kmp(P,T) = snd(fold(search, ((¢, P), ), zip(T,{1,2,...}))) (14.33)

XHEME—“BE T2 search R, EEZ— MRS, fI— PN FR—&SIX, iF
HFIREl—MHBIRSERNGE R, 12 P, FIE— DTN p, FIRFR R P (HD
P, = cons(p, P.)), BATEUW FHYE X :

(PpUp, F),LU{i}) « p=cAP/=¢
(PUp,P)),L) : p=cAP{#¢
(P, P), L) : P=¢
search((m(P,, Ps), ) (c,7))

search(((P,, Ps), L), (¢, 1)) =

otherwise
(14.34)




416 FHyE #E

AR P, WFRYEE —DFA AT T ¢ 5%, BINTERAER SRR
FRRIPTA FAFA AR e B, R E e 5, WS T — Mg, BATRIX—AE ¢ ID%F]
FIFR L A5 AR AR SEEE, BATARTRE S —DFrF, REdkss, R p Ml c AR, Tl
FEEREIENMLE, REEFER, (H26 —DMRFRED, BAOTREEDR: 24 P, N
2, BATTTHR E ORI AR,

HITZRERIEL m AU ] DARS f i fe, FRAVE SR — DR KT8, ERZE P,
HIZR, AN 2 BES. FATAIDANG RS, X TEAEAESSIEE L, idRPE—D
TCERN Iy, RIRIE D L', E L RE init(L) IR BIFRER G — NI RIMY T HAthoo
o
{ ¢ : |L=1

cons(ly,init(L")) : otherwise

TR, X—E RGBSR N HE N, WAL P, $U2E KA
init(P,) 3 P, AL, MR, MRS SN TR init(init(P,)) 24T
DA, 7 BEE X IR E IR M, 1RGSR R E St n] DAL T

init(L) = (14.35)

7(P,, P,) = (P, )+ Bp=9¢ (14.36)
allback(inat ,cons(last , Py : otherwise
fallback(init(P,) (last(P,), Ps)) herwi
Hrp
AB) : AJP
Fallback(A, B) = (4,8) -5 (14.37)
(init(A), cons(last(A), B)) : otherwise

W T2 BRI PRI EER, RILEE fallback —EREST R, B last(L) 1B
[E]—PMIRN G — P IER, BRIMRE — NN A #RE (S U3 A), (HINRE
TR B, MR, MIFKEEE — DL bR — 3 SO IR AR 1R, X — kA A
ZRPREHT S A N E PN R], (B AT A S A RITERLL, 928 IR 18, KDy an &% AT A
FEH BN TR TRISR R AR R . NI AY Haskell 17 F2 5 SEHL 13X — itk

failure ([1, ys) = ([, ys)
failure (xs, ys) = fallback (init xs) (last xs:ys) where
fallback as bs | as "isSuffix0f  xs = (as, bs)
| otherwise = fallback (init as) (last as:bs)

kmpSearch ws txt = snd $ foldl f (([], ws), []) (zip txt [1..]) where
f (pe(xs, (y:ys)), ns) (x, n) | x =y = 1if ys—=[] then ((xs+#[y]l, ys), ns4[n])
else ((xs41[y], ys), ns)
| xs = [1 = (p, ns)
| otherwise = f (failure p, ns) (x, n)
f (p, ns) e =f (failure p, ns) e

AL T, A R EECA R, BATTTCIA M N E R array SRICRKATHE L, X
bR b, ATERERECAT AE(E R — MRS R EARE TR ILE Y 5 &R/ — R
SFAEEN 75— MRES, FATRT LR AR RS et 500 — B, 18 SCRMREE R
Al (algebraic data type) FIFREH, B4 Haskell, IXAEAVIRZSH AT UE LA
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data State a = E | S a (State a) (State a)

—MNIREEE A, BB TS =800 S ATHVIRA, QRIS R IS A BIRTIRE,
FIDCEC A H R BIIRAS . IX— 8 SN — AR I8 SRR FAT TR ELAR D “ Al o
e, MRS # o X A EARIRESN (P, Py)o

FEA UK KMP Bi%m, T 1B FrH R IS ATSR R & 5 ISR, FRATA]
POBEEFHER T EREIRES RN, BNNERIRE (¢, P) TG, RPN TIRER
P, AT _EEE K « SR — DRSS, Heisef 4 &, Aeaid
[FIRTRTE— D PRS2 — DRSS A 717 e XA —MRIRTE L, HIRE
HAEE| (P, ¢) I, QnIRVCECERY), A TCIRAR SR, XA RS A R 1R
o NHE T ARSI BRI R AL

bUild(W(Pp7PS)7¢v¢) : Ps :¢

(14.38)
build((Pp, Ps),L,R) : otherwise

bUild((vaps)a ¢7¢) = {

Hrp

L = bUZld(W(va Ps)7 ¢7 ¢)

Hep p f1 P WIS SCRILETER, p 2 P PRE—DFR, P 2EIRE T &
HEH— K2, build REUKIZAREE R, BIRNRTC IR E —BRICH W, TR H& )
(strict) gmAEFAEErR, VA FIXFERT R B B AR, (BAESCRIEMESRIERIIASE , A
WA BT 554 291, Lisp 775 Scheme F1 Haskell # 0] DS IXFEH T IRAS
o TEAN I, A8 B 8 R AT ST RS RS TE 5 RS

EI14.1658R 7 MFFFH “ananym” X B A TC TR, FHr A MR B T
VLA — EIESRINR ARG Ol IS, BT RrE R ER DA 52 5 Frd e 4k ag A il
T, MRAEIX — R, FRATTAT PUE X — Ml Bl B EOR AW A — ISR R
FR R CAE R IR R,

True : P,=¢

match((P,, Py), L, R) = 14.39
(5, Fo) ) { False : otherwise ( )

T FPRSEASR, AT AR — > B SRS KMP /L,
kmp(P,T) = snd(fold(search, (Tr,[]), zip(T,{1,2,...}))) (14.40)

HA, Tr = build((¢, P), ¢, ¢) RICT RIS . BHEL search HAEILACHEN S
7, IR TIRES R .2, 1] P, RV — DTN p, FIRE 2N P, A REKE
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ﬁ [match failNl[ch

’ (", ananym) ‘ (a, ananym) ‘ ’ (", ananym) (an, anym) ‘
match
fail match
’ (", ananym) ‘ (ananym, ") ‘
fail
14.16: \NFAFE “ananym " HIERITC T RS
BRENRIRERIALE,
(R, AU {i} p = ¢ Amatch(R)
(R, A p = c A —~match(R)

search((((Pp, Ps), L, R), A), (c,i)) = ((((P,,P,),L,R), A

search((L, A), (¢, 1)

P,=9

otherwise

~— — ~— —

(14.41)
"NTHY Haskell il AR SEBI 7 iX —Hik,

data State a = E | S a (State a) (State a) — state, ok-state, fail-state
deriving (Eq, Show)

build :: (Eq a)=-State ([a], [a]) — State ([al, [a])
build (S s@(xs, []) E E) =S s (build (S (failure s) E E)) E
build (S s@(xs, (y:ys)) E E) =S s 1 r where

1 = build (S (failure s) E E) — fail state

r = build (S (xs#I[y]l, ys) E E)

matched (S (_, []) _ _) = True
matched _ = False

kmpSearch3 :: (Eq a) = [a] — [a]l] — [Int]

kmpSearch3 ws txt = snd $ foldl f (auto, []) (zip txt [1..]) where
auto = build (S ([], ws) E E)
f (s@(S (xs, ys) 1L r), ns) (x, n)

[x] “dsPrefix0f' ys = if matched r then (r, ns+4-[n])
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else (r, ns)
| xs = [] = (s, ns)
| otherwise = f (1, ns) (x, n)

H AT FSHE TSRS E R i, TR 2 A« RO REDRAAE, MRl
ZREREL m B SOBCRIR 2, IX 2 H T BRI WA TR A2 55 28 A Al RERTER

H ISR TC S5 1Y, BATTRT DARE PR AL TC 75 Bm e A B W75 7. A 5]
HUB L PARELELS], EBREZEINHTRTNMED 0 F1 1, HARAGEFEARELL AT DS
e miE B AMER NS 2

FO =0
F=1 (14.42)
F,=F, 1+F, >

IXHE, W AT DARORH A O 2L R IR

Fy=0

F=1

F,=F +F, (14.43)
Fy=F+F

R B3R SE A PIMIEI AT A BRI R, 5 XTE5 EPTREINA F = {0,1, F1, Fs, ..

BATE P HEAYEFR:

F: {0,1,F1+E),F2+F1,...}
= {0, 1} U {l’ +y|.’L' S {F(),Fl,FQ, },y € {F17F2,F3, }} (1444)
= {0,1}U{z+ylre Fye F'}

Hrh F' = tail(F) ZBREFE—DITRIMIFTE L RACLE, 12 E TR SRAERY PR
5, 40 Haskell, 3X— %€ X 0] DASCERGN R,

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

Je55 LW ARSLELE KT3I E SCAT DS AR AT TR E 3k 5 68 FH R 7 AT DR TS
o ICIRERI Ny T, BATTAT DA S P AR UE 7 N AT IRZS e AS R 2K

root : T =4¢
trans(T',c) = R : T=(P,P,),L,R),c=p (14.45)
trans(L,c) : otherwise

QUERVCRC— DI T 0o s, BAT TR B HIART Ml MR BRI S SR =
B, BATELALFAT ¢ M P BB —DTAF po WIRMHSE, TATHEFSEH M TR
JRH); A5, PATTEEAS I M 52 R R
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IS FARAS RS PR, FRATTAT DUE SIS A IS SR, SR BN AT AY
LRI HIZEAL

build(T, (P,, Ps)) = ((Py, Ps), T, build(trans(T,p), (P, U {p}, P.))) (14.46)

FREMUE =82, E—nBERIMEAERIINGES (P, P,); WRITEKRIK,
HT T A B o] DIAC PRI RIS 1B 00, BATELR R e B =M 5 25 W PTRE AR,
PATTRIE—DF4F, B YTRTEAT M-3F, 8 FH B T8 ARS8 R 2K

IX BT —FRE RGO, AR P, Dz, FORICEL T FTH B 74, ARAE L
HTE S, ARG ARRI A T 58 £Ra sk, FATTRT DATS 2 R H HIAS IS R AL

((f%7lﬂ)71¥¢0 : Ps=9¢

build(T, (P,, P.)) =
(T (B F2)) { ((Py, Ps), T, build(trans(T, p), (P, U{p}, P.))) : otherwise

5, BA T FREE SOTCFHIRAS B IR 5, F DARIEE A 1S I 72, e
root = build(¢, (¢, P)) (14.48)

X — AR U S, BATTAT PG H— M) KMP R,
kmp(P, T) = snd(fold(trans, (root, [)), zip(T, {1,2,..}))) (14.49)

NI Haskell Bl 7A2FSLEL 17X — KMP &k,

kmpSearch ws txt = snd $ foldl tr (root, []) (zip txt [1..]) where

root = build' E ([], ws)

build' fails (xs, []1) =S (xs, []) fails E

build' fails s@(xs, (y:ys)) = S s fails succs where
succs = build' (fst (tr (fails, []) (y, 0))) (xs+1[yl, ys)

tr (E, ns) _ = (root, ns)

tr ((S (xs, ys) fails succs), ns) (x, n)
| [x] “dsPrefix0f’ ys = if matched succs then (succs, ns+[n]) else (succs, ns
| otherwise = tr (fails, ns) (x, n)

B4 174 H T XA “anal S R “anaym "R 4 &, T 81 =25 10 FZFFECED
B, P DA 3 AR ZE AN F-B R T e & B AT TR IE 9“2 7 AESE 4 40 FRF UL
SR, R M TC R A 15 A5 T B 1A% [N, BRATTA R trans(right (right(right(T))), n)
(45 A YE A2 M 748, FLARBRER right (T) IRIEIRE T (A0 1A%, ARAEA IS AEAN
WREBE X, X—ERRE R —PEEIRE ((a,nanym), L, R). BAARHE
SRR ATTREENES,

X —RIEA SR T8 M R A, FrE BB RIS B 2 RIS, 1IEId 2
IS ZER O(m), BIERVEIK S BEMERED O(m +n)o BEFTAZHE U T EIEH
HIUERH,

TERATILRIN BIRZ TR O, REGURIRIE R LTS, HZ2TE KMP R,
X NBIEAENE R, B, X EZZHTRATEE L5 RSB R N B L
HIE A,
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Bl 14.17: 7E3CK “anal” FHERFIFH “ananym”, IR B GRS E LR

Boyer-Moore FfFHIPLALR A

Boyer-Moore FAF R LELETEZ 1977 RIS — M A R EH T 5,
BEREBAER B T R HE 2L,

A HFZFF (bad-character) g & 54

HVLACRHE R TAT R I, BE IR A T AT E B, ARG — 17
TEARHRE, BREERAIERRN, N 14.18F R, 1M H., BMERA TREAHE R A5 R A ]
PR 1 2 2 DAL PSR R R, SEhr b, AR F AT B “ananym " AT EN 6,
Ra— MR ‘m, (HESCRN N FREE D ERARA HEEF R
Hrh, BAHRLL AT LEREFANERS 6 A,

[a[ny[ fa[n]an]t]n]o[u[s] fa[nfa]n]y]m] [fifowe]<[ | T

s
— |a|n|a|n|y|m P

q

<>
<—>

14.18: FIAFAF W A HBMERF R T E, mA MR RN T 6
IS UNIS

MIZX AT AR 2 A RPN, BATRT PO RFERR AT S A T I B, QRSO
HEIFAHERER], TATTATAREIFT A AMEE TR ER BT R T, fEadkRiH
AR, REGBRIAR RFAF, BATHEA] DAz BIa A RS ) — MRS R R K ERI IR, #%
IREYEEZR, GRS AR AR TR R AR A AL ? Oy AR
(ETATRERIfE, RATHRERG D> BR8N, RIS EFHER, WA 1419578,

APEFERI AR ATREZ I MBI RHE R B, IDFHERBIIRKEN |P|, ETHF
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©»
[
B
o<
@
—

<>
<>

e|lx|a|m|p]|l

P

[

(a) FHERPIIRE DT e’
‘P’ ARPLAL, {HI2 p’ HBIFERHER
LN

ils s{i|m|p|l]e].. T

[
y

<>

e(x|a|m|p]|l]e P

(b) FATHREFAMFFE 2 D
¥, ARG EFTRE,

14.19: ANRAVCRE I 745 A R R BB v TR A D R
IR BARIN pr, pas ..., pio MU, BATTRE M RSG— DML ER TR PR, P
S G R (0T P RE A4

s=|P|—p, (14.50)

RPN — AT, FHER B RYRG — DI NP 0, fESLBIN, FRE
PO IXAE L. 540, BT REE R R RIE R B RE — DT RER O [P 8
FAIRLAIMED , S MG, TICEMRE A A T AIERE, BT AR E R R R
HRIE— DN FAFEX BT SCA R4, B B AN R AR, 1B 14.2007R,

i|s sfi|m|p|l]|e].. T i|s s|li|m|p|l]e].. T
A [
A y

elx|alm|p|l|e P e|lx|a|m|pfl]e P

Y
/

3
A

(a) (b)

14.20: BIMESFF 1 F0 ‘o’ EFR AL B PCALR I, FATEMEHFR o’ KREH PRI
PEES, 19FIEE R 6 (RIESE—1 ‘o’ HIIRIALE T, fFREBNE S A4 o” BRI E DL
B PR EE RN 0)

TESERRHR, B R A R AF RN RS AS 21 fa] 58, DO AY 775 R AR, 1)1
FRN Boyer-Moore-Horspool #7217,
1: procedure BOYER-MOORE-HORSPOOL(T, P)
2: for Vc € ¥ do
3: wi[c] « | P|
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4: for i < 1to |P|—1do > Bkt e fe— M E
5: w[P[i]] < |P| —1

6: s+ 0

7 while s + |P| < |T| do

8: i< |P|

9: while i > 1 A P[i] = T[s +i] do > NG Iaa 4
10: 141—1

11: if i <1 then

12: found one solution at s

13: s« s+1 > ARELFHR — Mg
14: else

15: s« s+m[T[s+|Pl]

EFHERN B, BATE SR PRI T EETIR R ERRBIRE [Pl &
J&, BAIMNEFG A ERAHE R R, BT A PR EE R, RN I ERHER R 2
OV IR, A5 O i IR ARMECRE 78 25 ML BT HMEL, TR EERIN, BATRSCAR I RHE R BRI /2
XS5, ERXNTRINFTRIME s, ROVEMG IR, BRI 4 IRRRK, 8
RESRHERBPIITAE T, JaE WAL T — M, Tix Fa0E, JATEK
1A P RS AR . A

MR Python HlFAEFSEIL 7iIX—Hi%,

def bmh_match(w, p):
n = len(w)
m = len(p)
tab = [m for _ 1in range(256)] #{%ﬁ% E?ﬁ%ﬂjﬂﬂﬁ"]ﬁ
for i in range(m-1):
tablord(p[i])] =m - 1 - i
res = []
offset = 0
while offset + m < n:
i=m-1
while i > 0 and p[i] — w[offset+i]:
i=1 -1
if i < 0:
res.append(offset)
offset = offset + 1
else:
offset = offset + tab[ord(w[offset + m - 1])]
return res

RIEERMER O3] + |P|) BN RIAIE PR RAS, QR FAFERMR/N, MIPEREE
R R BRI RENSORR R ERE, TR, BIAIIEN N, KRR RBTRIATE
FAFAAHIR, BIANTESCA “aa.....a” (n DT a’, ILN a”) FER aa..a” (m DNFERF
‘a’, LN a™)o MIMEREN O(mn). HRHERIITIFRK, I HA HEMRITHH, 5
TRAITERE R AT, WERIERS R, IX—Z5 IR G T 4RI 5258 Boyer-Moore RIRTERATFE
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N EEREMIE

BYIYEE Y- 5

AL AR “bbbababbabab...” {2 “abbabab”, GNE14.21 7R, FRIEA R FRFRAN,
ROZIFAAMNERS 2 AN 8fi,

b|lb|b|la|bla|b|bla|[bfa|b].. T
A A
X
\ 4 Y
alb|bla|b|a]|b P
(a)
blb|bla|bla|b|bla|b|a|b T
A
Y
a|lb|bla|bla|b P

B 14.21: ARFEAR BRI, RLA4A A 2 Dz, X0, F—P5RF D AL EHE
S Fay

SRR L, ATTRT AR BE 4T AEDRELIRWCHT, BATEL A I/ RPIULES T 6 D77
F “bbabab”s T “ab” BUE YR BRIATLR, 2 CICRCE 25K, TR Pk
FREMTEIX NG, WNE14. 2278,

b|l|b|bla|b]|a

>n
o
o

(>
S

(>
-3

A
Y
a|lb|bla|blal|b P

<>

& 14.22: BT RIS ab” 2 CICACHR 2 HYIEER, FATR] PAA FAS 15 “ab " A 57

IXH KMP FIEH R AR IR H R0, (HZ2BANIAREEBOE X2 K715,
Z AN 14. 23FREI B o ERIT, BATEPLEL T “bab”s BEIRRTER “ab” thi2 “bab”
HIIEER, BATAIARRE PR IZ AL, IXRE N “bab” WAEH B AL B I, AIFHERRR
8 3 DNTITHIAIE, O T IR ] RERVAR, AT REMA TR 2 DAL

PAEPIRE BLEH R T BAT IS SR, UnTE14. 24P,

R e SRR U] FH SR AL 22 2 A5 LRI DB B Ol A0SR T T AR AR] — R % Ol
Az, AR AT AT A% — 8 BB S

o TH0 1, AR EVLELER 7 FIFEA R SRFIR R FHER T BRI, H HiX—E5%
A IR R T B A HARN B, BT DU R R A a2, X 57IX—
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blala|b|bla|b|a]|b T
blala|b|bla|b|a]|b T
A A A
A A A
Yvy Yvy
a|lb|bla|blalb P a|b|bla|bfalb P
(a) (b)

14.23: EILECATER 7 “bab” BAEFHER BV HEM B HIL (WS 3 DFAFEE 5 D
FIF)o BAVHRREFAG AL 2 D EAALDURE T T rT BEA A

ATZR;

o THIL 2, AR EVLECHR 7 RN E BB ERHE R BB E, AT DA
AR AR MRS, (1S o M H IR B X 55,

FEAfERIE R, REA]RE, BUEMAE 2 MiE0, IR E IR e E
HINE, AJEHRERE 1o BT BRI ESHIU T PIRRE SUE X UM TR R 71T
Ff, FATA] DI R AT T AL B, A 1E H A T R A1 R 2R A%

fay BEE DL, 18 P AN @ DNFIFITHARIGEN PoBl P, N8 Pli] P[i+1]...P[m]o

X 1, AT DRE P (ENEH, B8 P, Pu_1, Pu_a, ..., P, BER
HFENZ P RIATSK. o] POEI AT AT — 41 S,

X 2, BATRTDMEE P EDEIR, B P, P, ..., Py, BERNRKE
LELME P RS, n] PUEEMNERART 5 — i s,

1: function GOOD-SUFFIX(P)

2 m < | P]

3w« {0,0,..,0} > FHEI— R m BIFRA%
£ 1+0 > B e ERBFEINE P AYRTSE
5. for i <~ m — 1 down-to 1 do > 5 —RAEIMEEIE N 1
6 if P, C P then > = FREREMZ A MR RTS
7 I+

8: ms[i] < 1

9: for i + 1 to m do > 5B RRIEIMEEE L 2
10: s <— SUFFIX-LENGTH(F;)

11: if s 2#0A P[i — s] # P[m — s| then
12: Ts[m — s] <~ m —i
13: return m,

X—RIEMIE RIFEHRINER =, BEAE P NS NER, NRETTE, 2
B HIEH, WIRIGSE P RINDE P AYRTSE, SRR S S0 TR, FRR H A T
FTE I, EEBANTABS — a5 Py, 7 < i FHFERZ P 1IHTS.
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B compare

i —l N

(a) TE0L 1, EPEECHY T8, G — BRI R RHE R ER AT RIS,

- compare

T

(b) 1L 2, PLBCER D BIIG SR, BHBIERHE R BRI B E,

14.24: XAREKEHIE R C VLI 75 IR GRIER T RR YR
R



14.2 FHIER 427

ARG, X—HIEB A P AR, NEIERIITE, BIRKIIEEHR, ©H N
¥ Surrix-LENGTH(R), KiHRE P, HEwKH— P FEINZ P i ESRAKE, 1R
KE s AET 0, WIARE— DT85, AN EFHERBNER, BRITZETHNR 2
RIRBEEM ©, WGBS s TIRE, 0 78R EOERE C LRI S SR, AT
kR Pli — 5] Al Plm — ] A,

PR%L SurrIx-LENGTH HYSEEIUTR,

1: function SUFFIX-LENGTH(P;)

2: m < |P|

3: j<+<0

4 while Plm—j]=Pli—j]Aj<ido
5: j—J+1

6: return j

N Python I FHERFSEIL T RAF SN,

def good_suffix(p):
m = len(p)
tab = [0 for _ in range(m)]
last = 0
# B —IWIEI, FHAE G 1
for i in range(m-1, 0, -1): #In—l7 m-2, ..
if is_prefix(p, 1):

e

last = 1
tab[i - 1] = last
# 56 I EIR, BHE DL 2
for i 1in range(m):
slen = suffix_len(p, 1)
if slen # 0 and p[i - slen] # p[m - 1 - slen]:
tab[m - 1 - slen] =m - 1 - 1
return tab

A pli.m-1] BER p AT
def is_prefix(p, i):
for j 1in range(len(p) - 1i):
if p[j] # p [H]:
return False
return True

#IREIRAGS pl...i] FIKE, ERINEE p FE5

def suffix_len(p, i):

m = len(p)

j=0

while p[m - 1 - j] = p[i - j] and j < 1i:
i=i+1

return j

HUCACRIGIN, A BRI RAF IS SN AT RERINIE A, Boyer-Moore Hi%
FEAEDX AR EEER,, FIEERBOR I PR E DASRIS BRIV, A R PRI R
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] DAL AR A0 MR SCEIAIE.
1: function BAD-CHARACTER(P)
2 for Vc € ¥ do
3: mplc] < |P|
4 for i< 1to |P|—1do
5: [ Pli]] < |P| — 1
6: return m,

K Python HIl ¥R KL T A RFAFMINIRAIIER A,

def bad_char(p):
m = len(p)
tab = [m for
for i 1in range(m-1):
tablord(p[i])] =m - 1 - 1
return tab

in range(256)]

B ZH) Boyer-Moore BRI E JE MFEZRAHIIE H M DMALNER, FRFHERAFSOR
AIZEMIXS T, XA FTALE, BT WA AR, A RAPLEL R 2L, st 22 A
PIRBRLIN, FIZEER B RE R A P A8

1: function BOYER-MOORE(T', P)

2: n < |T|,m + | P]

3: 7y < BAD-CHARACTER(P)

4: 75 < GOOD-SUFFIX(P)

5: s+ 0

6: while s +m < n do

7: 14 m

8: while i > 1 A P[i] = T[s +i] do

9: i—i—1

10: if i <1 then

11: found one solution at s

12: s+ s+1 > RELTFHT — M
13: else

14: s < s + max(mp[T[s + m]|, 7s[i])

RHEH Python Bl 7127, 5eBMSZEL T Boyer-Moore H.i%o

def bm_match(w, p):
n = len(w)
m = len(p)
tabl = bad_char(p)
tab2 = good_suffix(p)
res = []
offset = 0
while offset + m < n:
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i=m-1

while i > 0 and p[i] — w[offset + i]:
i=4d -1

if i < 0:

res.append(offset)
offset = offset + 1
else:
offset = offset + max(tabl[ord(w[offset + m - 1])], tab2[i])
return res

B FE) Boyer-Moore Hik, TERIAIIEN T, HA YFFER PR DI XA
HRIE, BEREASE O(n + m) Y, ££ 1977 4F, Knuth, Morris #1 Pratt IERA 7iX—&518,
B2, YRR B I SCARHIN, A0HETFTIR, Boyer-Moore HIETERIMEN R AITERE
79 O(nm)s

BAMEIE IS Boyer-Moore HiERAIPREGNSCIY, 15238 7] A2 Richard Birds
A Boyer-Moore 814 (U RIS 16 &, ),

%3] 14.2

« IEAA Boyer-Moore AREVE L ERTE,

o MNTHERAIR, SEHAPHRRZHITR, BEFEDTIEZRIMRIE? 2EFE
TG Z BIEHEEEH, B1A0 map R BEEER?

o WMAHRE|—DFIR A BIREGEE 1/3 BITTR? WS —DFIR A IR %L
it 1/m TE&?

o MR AREETERTHEH, QAT IRRF B2 i AR ) 2

o Bentley f£ "] REGH T — NG Z A7 2R FEARAMEAEN O(nlogn),
TR PN RAEH S P f7 BATTRT DAY ER H BT~ 0 B RN, A =4
HR o BB RN (HZ AT DE T ZE R H B s 70 A B R, 75 7R 2 IR =G
A A P 4

1: function MAX-SUM(A)
2: if A= ¢ then
return 0
else if |A| = 1 then
return Max(0, A[1])

else

w

m e [ 15]]

a < MAX-FROM(REVERSE(A[1...m]))
b < Max-FroM(A[m + 1...|A|])

10: ¢ < MAX-SuM(A[L...m])

© »® 3 2> «



430 FHyE #E

11: d < MAX-SuM(A[m + 1...|A])
12: return Max(a + b, ¢, d)

13: function MAX-FROM(A)

14: sum < 0,m <0

15: for i < 1 to |[A] do

16: sum <— sum + Ali]
17: m  Max(m, sum)
18: return m

G, X—TTEFENERER R T(n) = 2T (n/2) 4+ O(n)o IEEFE—1WIEIES, KU
X8Rk,

o B m x n BHERERE, FEFErRTR MR, SEHAPH—DTIER, 15
FILREANE IR K,

o ZE n MEERE, AUFR 4 mHE, B EERITERE N 1, i
RN EIX — I IRUKEGE, E14.2525H T — DM+, BN, & et EEdE

T ]

& 14.25: R EHXEERRBUK

{0,1,0,2,1,0,1,3,2,1,2, 1}, MIFKEER 6,
o MRRAEBRKR BN BT, i KMP BIERITERET SR o Lkit:?
o (RN P, DARFRZRMEN R IR IR, SO SSR Ak £X 1T KMP 8%,

o TEXCA “anal” HIHRFIFE “ananym”, IRMESW left(right (right(right(T))))
AR,

14.3 fRIGIER

HHEAE R A DUH TSR, £ N TE RN, AMIKRE THER
fRHITF 27718, MFFITRER, T4 ERUCEC AN, MR AN — 8 B T — Mg
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ERE, EEFRE DGR, L TZEA FEERER R, FRBE KRR TR
AR, B2 A R R, i@ 5 71 2 MR, BN, — IR E rTREFE 2 AE R
B, NMITERETRZR HAE SR AR LR,

14.3.1 FEREEZE (DFS) MY EREIE R (BFS)

DFS HI BFS A CERIR IR B ER, eMmaEwEnEEREE
AR, B —MRRREH , B 7 A BRI AR TIERTEE, A7, Ff1E
BRI fER DFS M1 BFS fROUELEER, AR IEX AR RS,

Y=

BRI, T30, B/ B E—REE, E14.2685H T —MNEER
il FEHLEL R, HEEEA HIEREE AL 7E 1990 FUR, Pl RER
BRI AR IR RIRAT,

I

I I N

g%hﬂﬂ

11 1

Kl 14.26: —MIEERIE|T

EEARZMIE, AN H AR, BRI R AIRZHNEE
R EIEE, (B2 e IR 2 EIER,

fan, B — Dk, 82 IERE, BEEH, ME14.27F0R, X—EH AR,
HHE A] DASEIR R BT BIRPEaiitt, 2R A%, s —ERi, 208 T s sta] 2
IR EIFNBENZ B G R, MR 5 HIORIRTT AT [,

K 14.27: MR —ELGR, B ATEIN
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XA TR, HFE 2 METUN, AR S BRI SR A RIfR. SLGERAT
/NS TS ) BSOS, BATT AT DA — R B AR E . B EN 7 B, JATMEIE—5%
TR, RSB R —/ NI DR RIRIRE L, (RN DER T HEHAR, s & BN
T e 1A [l A 2 b R e A I 77, SR I — 2

EAATR e, G SRBA VA - ELAHEE 1, sk BIBATHEA T8, 2675a ]
BREEHT A, AW IR 2", AT R ENE IR S 5,
BE PR RNX IR B TOME, N A TR A ENRE] IR BRI A,

— R HIA R B 77K, B m x n BUFERE, B TRAER 0 3L 1, R
XAERGHR. E14.27TFRREE AT DU N HEBREFEE Yo

0 00 0OO0O
011110
011110
011110
011110
0 00 0O0O
111110

BT s = (i,)) MR e = (p,q), TMNELREFTHRIRE, LM s F e B
R,

BARTFAE— DB RERTTTR, N THREIFTAM s 2 e HIEEE, FAITAT DA
EM s FEBAIFTEHESA, TRk, BATRTREM £ 2] e FIATARZE, X—
T35 AT AR AN

o JDFEN, AR R s IR e MR, EREH;

o N XATET s BEIBEAAHBA &, BT £ B e BIEHRESTE; W05 AT A
ik EDE e, FREES s-k ERBIRD K 2 e BIBETEATI,

B2, A T —E mag” D E S =, A0, RN, 347
M s fRENT — DRk, RIGTANRSTHM k 2] e FIEEIE. BT s RN & 3E
i, i ATERE PRAEITH, ARSI s 2] e BB, PR A T IHATH
B RITES TEFR

BATHIFE R — DR, AR BATEL AL E, N T8 2w
AR, BANEHIX IR, ARG ELED. BATBOITE EAELAE, M 200
Ao X MY SRTRTE SCAI R o

solveMaze(m, s, e) = solve(s,{¢p}) (14.51)

Hrh m B RERERE, s B, e B R FE solve & XAE solveMaze
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IR, Rk n] DAE R IR E A& S, BEREKRE AR,

{{s}Uplpe P} : s=e
solve(s, P) = concat({ solve(s',{{s} Up|p € P})| _ (14.52)
: otherwise
s' € adj(s), ~wisited(s')})

XE P YT —DEEZ (accumulator), BN sSARHIC SEAER Y AiAL &
EEIEA BRI (E2 BTN 23 5 Y, 3 2E 21 B9 s P a8 H1)ZR B LR, T A
PORAE R G . IXBRINFIZRA B IR E LR MER A (O(n), H n BHIRHR
FTTEDNED, ARSI IR E R E N R, o8 T it s R, 34l

RAIDAKE SN (14.51) P HYfGER [ 750,

solveMaze(m, s, e) = map(reverse, solve(s,{¢})) (14.53)

B TRTREE L REL adj(p) 1 visited(p), FIEHRHTEN A p HIEEBNA, 5
FRAER p 26 UATEaZ=ED. NMARERAIKFI5 ), 80 577 A _ERIHHARTT
=, [HARN 0, BAITE SO 0%,

adj((ac,y)) = {(xlaylﬂ (x/vyl) € {(.’II - 17y)7 (l‘ + l,y), (.Q?,y - 1)7 (xvy + 1)}7
1<z’ <M, 1<y <N,my, =0}

(14.54)
Hrp M N 33l @R E R S
PRIER visited(p) KR p B & EILRAESR P HFHE—KEZ L,
visited(p) = Ipath € P,p € path (14.55)

MR Haskell Bl FAEFSREL T X —ERERIE,

solveMaze m from to — map reverse $ solve from [[]] where
solve p paths | p = to = map (p:) paths
| otherwise = concat [solve p' (map (p:) paths) |
p' «+ adjacent p,
not $ visited p' paths]
adjacent (x, y) = [(x', y') |
(x'y, y") « [(x-1, y), (x4, y), (x, y-1), (x, y+1)1,
inRange (bounds m) (x', y'),
m! (x', y') = 0]
visited p paths = any (p ‘elem’) paths

X NHEAERE mz & SHEE, X R R] PAZA tH AR Bl AR

mz = [[Oy 0, 1, 0, 1, 1]:
(1, o, 1, o, 1, 1],
(1, e, o, o, o, o],

>

b 3

SEREL concat BTG —HANRIERLR, I : concat({{a, b, c}, {z,y, 2}}) = {a,b, ¢, z,y, 2} BIKATLAS I
M Ao
Sreverse MIEMAKE AT A TR Ao
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[l? l, 0! l’ l} l]?
(e, o, o, 0, 0, @],
fe, e, 0, 1, 1, 0]]

maze = listArray ((1,1), (6, 6)) o concat

solveMaze (maze mz) (1,1) (6, 6)

BATHEATIRR], IX2 — 95 2L R” BIMRE, Ci R R AT A E @R s/ E o e
1, MESCPRIYIRE ZEFEH, Flantlas & BUER B 728, $RE— SRl ey 1o &A1A]
DAVHEREARE, ERIARTIT OGN IR AT 77 152K, Hlas 8 FUS RIS — MG, Bk
MR ERITCIEANE, BAIFREEMEGREA R I RE”, DR IR AR
Ro BT AV ZIERHHIRTIEA_ R RImE, NI e aImirg, FATa] L
{E A — RS,

FEITHARRIIN s, AR s PRAFAER AR, TP, $RHAN s AEIER S, B
an a Fbe RIGFATEMIRATRERIERAR {a, s} 1 {b, s} HEARRH, BETOK, FATREEE
12 {a, s} 5, RIEREN N o HEERR REALE 3 2] ENARR R EHER
o TMEBERX IR, EFIRHE, BB T REBRE R PRI, ENER
T, s R BRI B, WNE 14,28,

[s] [2.] Qs | [ ]
S — Qs S D s S

B 14.28: RO EE —NRAE—PITRIPIR, X—ITCRNER 5o s T a b 3E
o B81E {a, s} M {b, s} BHEMEIEL, FER—D, DA p SERAIEHL 5 o p FIAT i j A0
kER, X 3 DR RNAFREIR, FHAER R, BRARFTA RMBE RS 2 AR R,
BNAZZALL ¢ SiERIRIERKIZ,

HA] DU — D FIFRK SN, Bt e AT AN SRIRTS, Hr i i s A2 th s n
FFRK, AI POEIT IXAE R B F2 SR MR DR & A7,
solveMaze'(m, s, e) = reverse(solve' ({{s}})) (14.56)

BT BAMERE 1, MAZ 2RI, ZEBAEEM map FE Sz
i, ZoRBNELZA TATERIATRE, [ERBAIRENRR, FILERETMR, S0, 3,
15 B TR fiZe B 128, R 2L R 2 FITA 2R BB I B AL, 2R JG FRHE AR, FRATTHT S
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Tk, HRRA N, M ICERICA s, FHHRITUTRIGHTHIRRTA S’ 51 H—
PRSI, REHE Po ILIXFHEHHIE DN pr, HRIIRON Po XA
A RUE AR,

¢ S=¢
$1 1 si=e
solve’(S') : C={clc€adj(p1),c¢ P} =¢
solve'({{p} UPlpe CtUS) : C#¢

solve'(S) =

(14.57)
Hrh adj (Y€ XFFTEAHER, NI Haskell il A2 SLEL 7 iIX—KEHIL,

dfsSolve m from to = reverse $ solve [[from]] where
solve [] = []
solve (c@(p:path):cs)
| p= to =c — HIFE—-MMEER
| otherwise = let os = filter ('notElem’ path) (adjacent p) din
if os = []
then solve cs
else solve ((map (:c) os) +# cs)

A DURA BB SO — 51K, MITHRE IR, 7258 —ATHRE — M), TATA
7RI ], TR HAD % Tk, RIS RS2 AR i I SR AR sk B 12, B EIARE N,
BA TR EAF NS EBTRH

] DU a2 277 RSN — B BATEE — MR W TR R 2 8 AT
RERR 2, BRI, B o AR IR 12, ANSRIX —BR 1R 2IIA T & A, WIERE 13K
BN S, FATRE AR Z O R RT A I E SSIN R 2 B VE R R i A,
FrEEE, EEX—IREERTRIATE R AR R E e,

BAVERFRERITT S S Rk, BAEMLRAIIAGEH, BREHBAHKRER, X
FERCR s, NI, R R R EE — D e R, TR B0 s AR 7 B I
TLR. B P, KETREE P PRSI —TITR LasT(P). an LI AVRTEE N
o
1: function SOLVE-MAZE(m, s, e)

2: S ¢

3 PusH(S, {s})

& L+ ¢ > &5 RAIR
5: while S # ¢ do

6 P < Pop(S)

7 if e = p,, then

8 ADD(L, P)

9 else

10: for Vp € ADJACENT(m,p,) do

1Oadjacent @ﬁﬂgﬁ%%@*ﬁﬁl, 1E IS,
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11: if p ¢ P then
12: PusH(S, P U {p})
13: return L

NEHY Python Bl FAEFFSEHL TIX—E B RIX,

def solve(m, src, dst):
stack = [[src]]
s =[]
while stack # []:
path = stack.pop()
if path[-1] — dst:
s.append(path)
else:
for p in adjacent(m, path[-1]):
if not p in path:
stack.append(path + [p])
return s

def adjacent(m, p):

(x, y) =p
ds = [(0, 1), (0, -1), (1, @), (-1, 0)]
ps = []
for (dx, dy) in ds:
x1 = x + dx
yl =y + dy

if 0 < x1 and x1 < len(m[0]) and
0 < yl and y1 < len(m) and m[y][x] = 0:
ps.append((x1, yl1))

return ps

[FIRERI B3 B A] DA IX —FE P RN o

mz = [[0, 0, 1, 0, 1, 1],
[1, o, 1, 0, 1, 1],
[1, 0, 06, 0, 0, O],
i, 13, o, 1, 1, 17,
[o, 0, 0, 0, 0, O],
[6, 0, 6, 1, 1, 0]]

solve(mz, (0, 0), (5,5))

B LEEEEIMIEOLN, B2EE L N e 4 DRI, 8 METHESEEALL, 7 H.
RAEFPINAERE T, BIEANEREEZ 0(47), SKhr EHFERR RIFFAZRIX
FER, IX RN EATIE 36 T C LSRN B, ERINMENLT, FTh Al AEIAK S80S
IR — IR IR 24N O(n), b n R HAHEER RS, T
T MR RIERR 2, ZRIEAEN O(n?).
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J\EL 5 )8

J\RJEHEZE - MREASE, BRERRAEFEEARTE, 2\ 2585
HE 1848 44 M Max Bezzel $2tH 1", 2/GZEFREBLAH —RET) EARRIHL T, i
A DABGE R —A T, SN ERE R B A H e, IR —R7T I,
AT DAVERLE ERINHE N\ 25, Mz RAZ IR S, E14.29 (a) #1725
A AB G BIRTEEL, B14.29 (b) £ T\ &5 R R —Rh g,

; N
s u
N i
) Kl - 'E—H
() EIBRGHL IS (b) K

A 14.29: J\ 25 H#

AR, AT AR 2 )77 555 48 g o) \ 2 5 A0, 72 E R AR ALY 64 Mg FH O
8 NEJF, XTELE P, M AIREMHET R, XN RLAN 4 x 1010, BIAFKATA]
PASHIX — 751k, BRI —ITHARRERS 2 NI LM RS, FHHTM—A 2 EE
TRAESE 1 FIEIEE 8 HIHHE—4 L, FrA—"M@ERfa R Rg {1,2,3,4,5,6,7,8}
FIERIHER ], BlanAR R {6,2,7,1,3,5,8,4} TR, B—DNEEEBAES 1 17, 5 6 5
F AN REEESE 2 7. E 24 L BRIE— N REEES 8 7.5 4 4 k., BT
X771k, BATAFERE 8! = 40320 Ml aERIAH o

FATTAT DARKEE S RS . AR B IR EIERAL, FATTR] DA EE — 179G, B— 1B E
JGo NTHE—NEGE, 71 8 Ml REAVIER, ] AT ELE ) \FIFH I HE—5 b T
RIEBBEE N BE, TlTRE 8 MrIGENFI, BT AIREHEE — B /ad, Kt FLes)
AREFHEIR T, BATEEX—TRE, ¥ T8 « MEE, BITEESE « 77410 8 MiHE,
HENAYPULATHT i — 1 DEEBRGEIAE, tRTE 8 MIBEERREIERK, BlIX—1TH)
8 MBS WIATHE RO R B 52, FATTHA R MK S Rl — AT [E
YA 8 N RIEEEIIAMES, BATEERE] T — DNl 70, 5 T IEI A T RE
fi, BANFEILR FIX—10 7, AEdkeu A A nT g5, HHA T LR O, 2256
—1THY 8 IR TE G, X — I AR R, NHE MRS 3\ &5 R EHI R,

solve({¢}, ¢) (14.58)

FIREE ISR, AT — Mk S SRIAKATREAY 22, — etk e —1=
TLRe BAMEM—NFIFR L KICKITH AT, ICHMHITTERN s, BRI R
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SERHIAR R, Wak2 1 2 8 HE e RAHA, KRRt s, G, F#ITNAERIC
S, EREY solve FIBEARE AR,

L : S=¢
solve(S’,{s1i}UL) : |s1|=38
solve(S, L) = {i}Us| i€e][L,8],
solve( i ¢ s, US’,L) : otherwise
safe(i,s1)

(14.59)
itk RIAFTAE AR CE 258k, AT TEMREEW T, 5% L 2id
SR T A REIRE, BA TR EAAE NS SIR ] S0, E R ITUT R AR R E
8, RAAFRATHLEN T —Ma[ATHYME, AR HIIKE] L v, A5 ke FHIL BRI ; W
RIX—MRNKENT 8, RIATBMN IR ERLARRRIRNEG, FAIMNE 1 25 8 ¥
o R EARBLE A GBI @ ¢ s Z61F), [N BN RERURIZR ERYH A & 5% (it
safe ZM). AIATHIAR RBHE AR H TGRSR,
BREY safe(z,C) MEENME » FNEREFRZEGSW C PREERRMRIZLTTM
Wik, BMMATRERVIE ML, 73l 45° [EHT 135° ET7A. HTX—2EMENITH
y=1+|C|, H i |C| 2R C FKE, FILEREL safe AIE IR,

safe(x,C) =V(c,r) € zip(reverse(C),{1,2,...}), |z —c| # |y — 7| (14.60)

HHR zip $5 NIRRT R A A, AL — NS, I, 2
C = {Ci1, Ciony o en, e} FRFRRT i — 1 DNEFHBIFTHENS, LARSKE G E
TEHTTFIREE {(cr, 1), (¢,2), o (ci1yi — 1)} RESHIE (2, y) MR Lk,
R Haskell 1l FRERFS280 73—\ 5L FIRAA%,

solve = dfsSolve [[]] [] where

dfsSolve [] s = s
dfsSolve (c:cs) s

| length ¢ = 8 = dfsSolve cs (c:s)

| otherwise = dfsSolve ([(x:c) | x « [1..8] \\ c,

not $ attack x c] # cs) s
attack x cs = let y = 1 + 1length cs 1in
any (A(c, r) — abs(x - c) = abs(y - r)) $
zip (reverse cs) [1..]

MERNIX—RIRR RN, ‘& r] ARA 5 HUH an 2 7CH0 77 SSBl, FAIfE £k
HMARSFR TR BIEHIA R, 108Dy S, R RN A, ar S ETERT DRI,

1: function SOLVE-QUEENS

2 S {0}

3 L+ ¢ > PREFTA fRIIFIER
4 while S # ¢ do

5 A« Popr(S) > A BH—EAR
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6: if |A| = 8 then

7: ADD(L, A)

8: else

9: for i <+ 1 to 8 do

10: if VALID(i, A) then
11: PusH(S, AU {i})
12: return L

R —ITHABRA — 2R, SRR ARTEIHRTUTR, ANEH 2R HARERE
B BATARIR R A R —1THRIIE 8 M E, NRIZAIE R L2, it 2 e A
BERTHE R 258, sk A B E R, HERE, FREETEARR, BT
o PR, BATTC TR B R R AT R S B

PRE VAL RERIG R A TR —1TH o SN BRI R R G X e, EEH
B4R, RIEHEN AL LR S AR RS,

1: function VALID(z, A)

2: y < 1+ |A]

3: for i < 1 to |A| do

4: if = A[i] V |y —i| = | — A[i]| then
5: return False

6: return True

MR Python Bl A2l 7IX—an @2\ G AHE.

def solve():
stack = [[]1]
s =[]
while stack # []:
a = stack.pop()
if len(a) — 8:
s.append(a)
else:
for i 1in range(1l, 9):
if valid(i, a):
stack.append(a+[i])
return s

def valid(x, a):
y = len(a) + 1
for i 1in range(l, y):
if x — a[i-1] or abs(y - i) — abs(x - a[i-1]):
return False
return True

BRBEREN2ENE 8 FInl{hEs, (HRIFAEME YA 1T, HAE A% E #
HIFIA S ER, BIERAE 15720 FMEM, XEIZT/N T 88 = 16777216 Fim]

RELL,
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A DMRA G R X — IR /&, F DR n RIERIE, Kb o > 4, {HZHE
n BHER, B A RIS TR 2GR AN, X — BT SRE U EEACE 1 B 8 By RS bR (1L
REHBIHI EDZ o(n!))e HLAN, IEAFTESS —RfuINSGEH, T EPRSAEER IR TR,
B TS AN BT AR AR, RIS B — M), I i tniies, vl DUS ZIH A
FREIfR, BATRIX — O ERTREE NGRS,

BHLER S

W AWENE —TE R T H AR, R T E —FE PN AR R E L, 0
E14.30F7R, £ 7 BHEE—HR Ak BA 6 HE . WUERATTASEZH, BEERT
PABREIA 3K b F i ] DARE — HE I, kBT 2 A3k b, ZEME B R RERS
(MITEE, A A 5 i R RE A ZE MU AT IE, 114 315858 1 5 EEBRERAT LN,

N

ok A TR T
00 OO0 (T e e ) ),

\G

&l 14.30: BRERA e B

X8 H Z R RE R 22 HE B AL s s s BRER, (5 A A1 3 RS A S Bk,
WRBARIC LM FEER A, G B, BEHENALN O, IXiEH H it 22k
HEIEHSM AAAOBBB ##1%] BBBOAAA,

U'ézjgf n e te, Y, = S f&l %

(a) BEEIAHATHY (b) A5 g (c) FAZEMiERIE—
3k ko —HEE, HE .

& 14.31: s

IXIE R PSSR — MR IR R B RO A —E RN 6, BRI
& 8 B HORAIEEL, [B14.3225 ) 7 — 23X KA Z LB,

BATTRT LB G A2 B 7 IR DU, SRR\ 25 AL, IEMERAR)
ARALEN 1, 2, ., 7, HARIEWL R, B 4 MelRERIREEN. BIAniFESoTiaRIm i, 55 3
Bk ERYE AT DI Eh B2 0 3k b R, 55 5 Bua sk BRI AT DA 28]
—H; AN, 8 2 Bk ERYE AT DA RS — R E i, BB A3k L, [RIRE, 55 6 SR
A3k BRI EE, AT DA e ol — I A,
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(a) B N Bk #E
(Solitaire) board

(¢) Draught

14.32: BB ZMIER, KRB http://www.robspuzzlepage.com /jumping.htm

T, BATAT LACSE R HEETRE, RG24 4 Moy B —Fh, 443k
AT %, 4 Fi7 SREA1T, MRBATEARTE T, SEHIFEIKHEE %,

T HBATIRR A A A 75 3k R RE A, A5 IR E e L REm e, TR IIX e 5 AR 2 AN
AL, AR ENFRANE], X BARAREFAEEE ME I, (B2, BAWFR DR
B, DME R SR

N T BRIEIX S, BT BIH-1,0.F0 1 ARFE AL O F1 B, —MRESHE—FIIT
£, BN EREX 3 MEFH—R, BEHIRER {-1,-1,-1,0,1,1,1}, L[i] FRE
MR, BEIERAE | MaEG A, SEFE— R MBSk E i, S8 7
— MR SR E i, 100K EN po 4 FIRTRERIRSZN 77 AT DURIRLN R,

o MEBkER (Leap left) :p < 6, H L[p + 2] > 0, %#e Lip| <+ Llp + 2];
o /R3] (Hop left) :p < 7, H Llp+ 1] > 0, &#k L[p] « Lp +1];
o A BER (Leap right) :p > 2, H Lip — 2] < 0, %4t L[p — 2] « L[p|;
o MG (Hop right):p > 1, H Llp — 1] < 0, &H#k Lip — 1] <> L[p]o

Hitt, BFATTE X 4 NEREL leap, (L) hopy (L) leap, (L)1 hop, (L) # L N#ER
G, IXERECROIR BRI L, A0, B REZEERPIRES L

BATAT AR —M% S RARFF A iy, FFaarIIHE, M 5 — 1N 5113R, %1
THHE—-DILER, MR HRE. BATRIRBINBREIESIR M H, M EiER7,

solve({{-1,—-1,-1,0,1,1,1}},¢) (14.61)

HERA N 2, B TR AR T R AR RS ISR T {1,1,1,0, -1, -1, -1},
BEAEREN T — M. BATR ERNX —IRSH— RIS RENE] M s A0, &
THERERVIRGS E2K 4 FATRERIRS SN, FR AT RIRS BN 7 I (AR DA R R4k 524
Ko ICHERRN S, BRTUITCERENN 51, 51 FICKIIRIGHPIREN Lo BIERTDUE AN
o

M . S=¢
solve(S,M) = < solve(S’, {reverse(s;)}UM) : L={1,1,1,0,—1,—-1,—1}
solve(PUS', M) : otherwise
(14.62)


http://www.robspuzzlepage.com/jumping.htm
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Hrp P B2HERGIVIRES L 2 ErTREMIRB 754!
P ={L'|L’ € {leap,(L), hop,(L),leap, (L), hop,(L)}, L # L'}

AR BRE N e — N IE R, MRGHIRESZE — P IeR. B AIFRZR

H:, RAFERRRIZIR AR,
N Haskell B7F2 7, ST BERF 36 fm) A

solve = dfsSolve [[[-1, -1, -1, 0, 1, 1, 1]]] [] where
dfsSolve [] s =s
dfsSolve (c:cs) s
| head ¢ = [1, 1, 1, 0, -1, -1, -1] = dfsSolve cs (reverse c:s)
| otherwise = dfsSolve ((map (:c) $ moves $ head c) + cs) s

moves s = filter (#s) [leapLeft s, hopLeft s, leapRight s, hopRight s] where
leapLeft [] = []
leapLeft (0:y:1l:ys) = 1:y:0:ys
leapLeft (y:ys) = y:leapLeft ys
hopLeft [] = []
hopLeft (0:1:ys) = 1:0:ys
hopLeft (y:ys) = y:hopLeft ys
leapRight [] = []
leapRight (-1:y:0:ys) = 0:y:(-1):ys
leapRight (y:ys) = y:leapRight ys
hopRight [1 = []
hopRight (-1:0:ys) = 0:(-1):ys
hopRight (y:ys) = y:hopRight ys

IBATIX AR AT DARRHY 2 DXIFRAVMEE, SR 15 2. NRIIH T HAR—

Mo

MEg FiREE, R REIEIHN, Kt nT PAEE S a2 205 XL, Bl 1 HE
VRN ENE » REENME, IDEHRS s 8 {-1,-1, ...,-1,0,1, 1, ..., 1}, /£

AR IEIERER e

1: function SOLVE(s, e)

s S {{s})

3: M+ ¢

4: while S # ¢ do

5: s1 < Pop(S)

6: if s1[1] = e then

7: ADD(M, REVERSE(S1))

8: else

9: for Vm € MoOVES(s;[1]) do
10: PusH(S, {m} U s;)

11: return M

FIRERIRS B 75 TA AT ARSI Moves I3, ‘B R DUCHERE R FIERHE L, T

M Python FEFPSREL 11X — %,
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step||-1|-1|-1101]1]1]|1
1 -1(-170-1]1 1|1
2 111|110 1]1
3 1|11 |-1|1]0]1
4 1110 |1]-1]1
5 1701 -1]1|-1|1
6 Of(-1|1|-1|1}]-1]1
7 1(-1]0|-1]1]-1|1
8 1(-1|1|-1]0]-1|1
9 1(-1|1|-1]1]-1]0
10 1(-1|1-1]1]0]-1
11 1(-1]1 /0] 1]-1]|-1
12 1101 -1]1]-1]|-1
13 110 -1]1]-1]-1
14 1 (1|1 }|-1]0]-1]-1
15 1 /11,0 ]-1]-1]|-1

+ 14.6: BH@SEH—ME

443

def

def

solve(start, end):
stack = [[start]]
s =[]
while stack # []:
¢ = stack.pop()
if c[0] = end:
s.append(reversed(c))
else:
for m in moves(c[0]):
stack.append([m]+c)
return s

moves(s):

ms = []

n = len(s)

= s.index(0)

if p<n - 2 and s[pt2] > 0:
ms.append(swap(s, p, p+2))

if p<n -1 and s[p+l] > 0:
ms.append(swap(s, p, p+l))

if p > 1 and s[p-2] < 0:
ms.append(swap(s, p, p-2))

if p > 0 and s[p-1] < 0:
ms.append(swap(s, p, p-1))

return ms
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def swap(s, i, j):
a=-s[:]
(ali]1, al3il) = (aljl, alil)

return a

NFEME 3 REERAER, BIMNAELFE 15 AR ENAG B, 1Jid
BIRBEE, BT DS RIEERP BRI E M F R H I — DR, (R ER:
SUFENRE [1]2] 3[4 ]5 ..
WEREE |38 |15 | 2435 | ..

R 14.7: B E MRS BRI R RR

RAPFIH R BRI R e 2 T 80— IR, fikr 2 B i
MIFEEREE n BIXERR (n+ 1)2 — 1o LR L, BATATPAERAX — A

FEER R ARSI R AIRIRE, B R TR AN —MEs T n+ 1 63k,
Kt 2n HEEE, BB T 2n(n + 1) B3k, B—PEENFEILE, £MNERT
I, ARG MR HIERIE —IR, —BAE, BIRRE—RBkER, BT —3tF n?
OIS, RS TRTE AT T 2n? SoaSk, BTN SIASRBRER, 2 BkE
MR ASK b, BHEE 2n(n + 1) — 2n2 = 2n R ¥ n? RBKER, F1 2n (REKEIMEARA
Sk AN, RIS N n® +2n = (n+1)* — Lo

R RN

WER _L3A 3 NERE, BAR eI AR, (2 EMNRIREAE & RS, el
E B TR, B RBMA LTS, )25 RS BT 4R ; BRER 7 ik w7
M AAAOBBB HPIRZSIT UG, MRS —FHER, IR, MA T TR RERIET,
EEREH, fE-PHA LN EAEAN TR REERE; )\ 25 R, SRR REE
8 Al AT fkidee; BhEk B e, IR EIERE 4 AORRIRBEER T URT BhikRe, mARE
UG, BARARIREARSIE 2, HIRNTIGLTEEHAE RZARER( 20 EEE
A, RECIRAR A\ 2GR, REIREE 8 M E/FAREMTERE b Bk
FEESE A, RZARSEITE BN B H

AT FAH [ ) SRS SR RO L A1, FRATT AW B m] RERIZ IS, ek B4
IRBNHPIRES, AR TCTRR ST [ 22 U B I, J@ I X AR 75 1%, T8 Al
PATKENfR, 803 55 RFTA RTRET A DL IR AT

SR, REMHRIEAFAE— LA, HEKE— MRS, TATRT AR REGR, siE ks
SHKPTE A RERY AR

GRERFRATEAECAAIRAS MR, 0 H— R, B MR EARR — A FIRE R, AR
KL, B2 DAMIRARE R, HEREWAR L, TATAFE &R — R E LR H e
Ui, EEIRUS EIHEIR A E—R, E14.335008 T FAHERESM ORI, 75k
T TEREA T BA TS, fEA L RIAE AR, TR EREER A IR E AR
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}%O

14.33: IRELICERIIIT

IXFERIE R R AR SAE R DFS (Deep-first-search), TEMSEH Frb T4l
FEALZTRIR Z R REMAER, TGRS, G140 Prolog, AR/ /E AR
INHSRAERARL, 40— K AT DA — 2 MR ik -

c(a, b). c(a, e).
c(b, c). c(b, f).
c(e, d), c(e, f).
c(f, c).
c(g, d). c(g, h).
c(h, f).

Hr, WS oX,Y) RonfiE X MY &8, T8, X—ks2a0mtEmr. w
REIE Y F X, FATA] DI — SRR S, siE A — ST AR =,
B14.3455H T —MHEAE, EESHMMIE X MY, Prolog R PUEN T AIFER
A ez rZ2SHIER,

14.34: —MNEMEE

go(X, X).
gO(X, Y) B C(X: Z): gO(Z; Y)




446 FHyE #E

KRR, — M B E CAHE, ERSHRNARAE X MY, %5 X
Z HiE, B Zz MY ZAAERK, W X Y ZBFEER, B4, Z WiEErT a2 A
ME—HY, Prolog SIEFE—1, RIGUMEHI TR, HALEITLRRMN, 4 S 2K
EIERE, N, Prolog Z[EIM, B #E] T —MEDI_E, X B HUZREIIERK
B

HBMATZIREE, TH ALK RD D EAIR, RERIEERBIRAR
HIT5TR. Blan, 5 R H S — MR A —E R A S, Bl TR
W 2R, Han HER R D BRI 7T .

IR B

KR EEGEE, MR, E R —HE - EAREE R, A—
/M, A RR S, BT AR/, HRERE R 57 Ih—FEAR P, RRBHIRARE
IR, 2E B EE ARt v, (HRAIRARAE, IR BN, TR RN
H3E, XIEM H ZRIKEN R R —R077 1%, AT AR BIZR AR RO 1]

& 14.35: IR, =F. H 3R

IXIE H A CHERIRARIZR 2, BRI A] DA% UK s I 2, FFIR
6], {H2 4% TR, ToieieRAR B 3R R AR — izl ], s IR — iz [E] DL 5
ARVEBNZTR, N T SR TREIARTER, LB AR 2Rk, BT DU R B A 1Yk
U, PRASWR A R E PR, GHRAE EIRRAY T 1A, RERE R, sR M —2, TR MW
8, AL PR BRI — XIS R AT RE, TR RIS A RTRE. = IXJeRIFE A
RE-- BREIFXG, BA TG RRPEARENE 10 7, X RREE R, I HIX—%
T IEAERTE Al REFF I, R AR PRAVMRE,

IELE T, BATEER I A& TA A RERIRER. PRAFEAWHZ T CPU N
RZAFEZ AL, (E TR TR DRI — 1 faf B AR, X AH T A T 7

LEFATH BRI, =58 AREE, MEREMN— M BigH—1
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B, M B AN REAER, HARIVBREZ B @R, BEEIRBREANE; N RIS H 3K,
AR IR EIRE 7, 285 55 N IRARBR, N 7RSI A, BT R — 1
MU AR TR HAMAETSEIE 2 )5, A REFFREE IR, FATTRT DALES 5 iR AT A vk
Jill—BAo BRI FE AT A ABEER, QR Ath 75 A R 2 RBRIR M, ARmkul 2N 515 T
RABER 31X — BB AT PACRIUE? XS 23~ F- AR

] 14.36: MK, 5B 0 DA, BER, IRIAHEIZRER, Hiui 22

FATA] DU R RS ARV, 3, S, RISl AR S A
B 3K, JHAHINE, /G A PREIR FE AR MRR RS B 225, TR
RRRMAI— DR NEEEEN S — MR, BMESH, MRAEERR,
WIARE S AR MNRIRIY, HARER R RIREL, 22 A Fl B lIAA,

BAMEH DB, B RS —DMIRE A = {w,g,¢,p} B = ¢ HEPX
FIA =, BATTEH ASISKER TR, R HY RO rTRERUIERE, KRy R)a
A RS TR R AS R #Ro AP ERBASISL IR S — DRl 2 i A R AR, Bl A = ¢,
B = {w,g,c,p}, BATRIKEN T iR, E14.37HR Tix— BB RIT, F—RE L
HIFTA AT REMEER SR A 17, R TE R T[R9,

BATA DA =4~ 4 AL ZHHIBCRERRE S, B—MFRR— Y, IR w = 1,
Fg=2HX c=4KRKp=8 0 XnTHEE, 1b KIrnEUEHEFEYHES, H3
Fon LA IRMIE AR TR —M, BRIREIZHE, R, E 6 FonrBih—Mff
TEMRAITEI, BIRBA TR S AL (Y 8) MIZsAh—1 (4. 2, 8L 1) N— P #23h 3
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,,,,,,,,,,,,,,,

14.37: WEB—MIRESIHA, &S —PHIFTEIED 2,38 4; RJEHES 3 B LR
ﬁﬁ¢§ﬁ£ﬂﬁ ......

HIN T b AIATHIRS S TR E XA R :

(A—8—i,B+8+i)|ic{0,1,2,4},i=0VARi A0} : B<S
{(A+8+1i,B—8—14)li € {0,1,2,4},i =0V BAi #0} : Otherwise
(14.64)

mv(A, B) = {

Hep A o gfii 585,

BATTRT DAGE A AT 279 5 SR 2R B RA S, 1EBASIN @, BT A AAI e & — 4
B, FIRAEGH—XITR {(15, 0)}. 5 Q AN=, MK DeQ(Q) HUHIBAIIA K
TR M, PAIFRIFIRITTRICH Qo M NUEETIITRIFIR, BRI H
H—RINBED), RPE—-DITTRN m = (A, B), BRE—RXBEHIIRE. B
EnQ'(Q, L), B—MMIEAENRINBNIRSE, ©FF L FATH rTRERIR s F 1, B — A
FIASA R ER, FHIREGFT IS, (XIS, SEMRRTER] BUE SOV BB
18

¢ Q=20
reverse(M) : A'=0

{m}U M| m € mo(ma), )) : otherwise
valid(m, M) .
(14.65)

HAEE valid(m, M) KEFHIZNEER m = (A", B") BEMMIEHR, BHE
R A7 F B” BIARER 3, ANRER 6, 7 H m DIRTRAE =0T, EAEET M, B
e EE A=A,

solve(Q) =
solve( En@Q'(Q’, {

valid(m, M) = A" # 3, A" £6,B" #3,B" #6,m ¢& M (14.66)

N Haskell Bl FAEFFSCEL TIR, . A RIERIMRE, N T B, JX EERA6E
F T BB A FIZRRRROAF A& R L 12 5 FH i 18 270 o 4 O 2 R G RA A

import Data.Bits
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solve = bfsSolve [[(15, 0)]] where
bfsSolve :: [[(Int, Int)]] — [(Int, Int)]
bfsSolve [] = [] — Tfi#
bfsSolve (c:cs) | (fst $ head c) =— 0 = reverse ¢
| otherwise = bfsSolve (cs 4 map (:c)
(filter (‘valid' c) $ moves $ head c))
valid (a, b) r=not $ or [ a ‘elem’ [3, 6], b ‘elem’ [3, 6],
(a, b) “elem’ r]

moves (a, b) = if b < 8 then trans a b else map swap (trans b a) where
trans x y = [(x - 8 - i, y+ 8 + 1)
| i «[0, 1, 2, 4], i =0 || (x .&. 1) # 0]
swap (x, y) = (y, X)

A DO IX—RTEM (sl SR FTA T RERIAR, AN ER i PRIV IS 45 -, 1F
NERS], B Al A OX — 243, N4 7IR, . BSERER A D R AUR

B
R | AR
ENE NI B S S
R.E¥ FRR
RER KRR *
H¥ RERK
FUHIR LR IR
* ENIEEA (S
FRR R.H¥
IRLEVEE KRR
M
Yislas | AR
IRLFEESE KRR
R E¥ FORK
| ENIEEW(SS ¥
IR EENIE PSS
IRERK H¥
* | ENIEEA(SS
FR RH¥
ENENISE TS

X — AR ] DU a2 20 75 SO R, EEA] DUR IR FRAT TR AR 2 i VA Y, AT
A DU E B HON TR, BATMEAIR S RICKAT ARSI, — I et &H —
MIERAIFIEE {(15,0)} ARSI, REAFIA =S, BATHIE IR DEQ MLHRER
HITR C. RERGENE TRANERE, FRE, SURITIE A fERIFshIE T,
HRENMTIAEIBASIE B, DA AERI SR,

1: function SOLVE
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®

10:

11:

12:

13:

HHHE ER

S« ¢
Q¢
ENQ(Q,{(15.0)})
while @ # ¢ do
C « DEQ(Q)
if ¢; = (0, 15) then
ADD(S, REVERSE(C))
else
for Ym € Moves(C) do
if VALID(m, C) then
ENQ(Q, {m}uC)

return S

Hrpid & Moves M1 VAL BIE 5 EFTHEIR, NEIRY Python Bl FAEFFSLEL T

IR BB,

def

def

def

def

def

solve():
s =[]
queue = [[(6xf, 0)]]
while queue # []:
cur = queue.pop(0)
if cur[0] =— (0, Oxf):
s.append(reverse(cur))
else:
for m 1in moves(cur):
queue.append([m]+cur)
return s

moves(s):
(a, b) = sfo]
return valid(s, trans(a, b) if b < 8 else swaps(trans(b, a)))

valid(s, mv):
return [(a, b) for (a, b) in mv
if a not in [3, 6] and b not in [3, 6] and (a, b) not 1in s]

trans(a, b):
masks = [ 8 | (1<<i) for i in range(4)]
return [(a » mask, b | mask) for mask in masks if a & mask = mask]

swaps(s):
return [(b, a) for (a, b) 1in s]

IX—FE AT R SRS AN, EAEr 2 R RERI RS Sk N, (Rl 248 1

ERCRUIEN I

BFRARKEFIIN, EA m ADATREAIESE, HA m Eiwiﬁﬁf H’J{—Jiﬂtif%ﬁ"]

BHo m SUNT 4, FILEIEAES n ERINABTINRIAZEE ot X— Gz
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IS SEFRATH ], AT TR 2 22 AT S A PR EE R AR L. BIMEL T, TATIRIRIE
NG EATH ATREFIAAPRS. HTHREREICRDUERES, BIERAMM O(n?) 1
S TR ZR SR n ORI AR A AT REIRAS,

NI

FKRERE —EEMN T REP R E A, X — R I8 A, HAEMK
i, = TR EE 9 FK, B TR EE 4 FKe RIQHRABEMNFIHEH 6 FHK?

XiEHHARZZMEA, MR ZE KR A& a] U2 EEE,
—/ R JOXIE B H B E NN DERRIEEECER AR AR (Blaise
Pascal), 75— Wi Z{HHA (Simeéon Denis Poisson), 1E# 44 T35 L CFERE R
3)(Die-Hard 3) #, FEZBHE ARG, BUFIHT (Bruce Willis) F1ZEZ/R, K7 i#h (Samuel
L. Jackson) B F| T [FIFF A BN,

FE AN R BRI (Polya) TECAMAI AR Hr 45 T — MEHEIE R V),

4

K 14.38: WNMRFRIBFZ A0 9 1 4

M 14 3SHTRCLAIRAS B S EUARIN e, JRAINESS H, BRI, T
A 6 THKe XFEBATRTCARAL, Bi—2 0, MM 9 FHRIIIMTHEIH 3 Tk, N T
IRBOX— s, IR TR A 1 K. GBI 14.39F7R,

9 9

i

\F

[}

g

& 14.39: &%
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RAEZE W, LZEW 9 FHHT, RIFIESMIREIN 4 THHT, HR 4 THH
T, AR DARRE] 1 THK. AN 14,408 7R, Ui, BATE LIRS T, dd B,
BATA] AR B IS E] 6 THKEERITT .

9 9

4 ::> 4
4
1 1

14.40: FFARIHEH, RGBT

AL R 75 1 — PRI PR s A 75 i, (BRNARTTIR AR MNP SR BRI R
%o BUANZEFEM 899 FHFN 1147 FHAPMFAFE] 2 FHK?
FERMAMIT, FIRA 6 MIRIETIR IR A, TN B:

o R/MHT A ZRHK;

RRIMT B 2K,

R/ A FRRKE=
ReRMF B Bk
KT A HRKBIAKIRT B;
o KRMF B HEIKEIN/MIEF A,

N HE— REKEIE, X BERNMBIEAH o < b < 200

TECTHA TR, B EKI R RS ARTN za + yb FITER, HH o
o RN FIRR, 2 1y BB @i, FITRERFRIKIIATREE o
5 b M&MEAE, TRBAZAIA LAHNE, B ME TR R, 2460 DISEl g 7
7K

filan, HERAMA D HIRERN 4 FR 6 AT, BATKIZICIESE] 5 FrIK, 8
i FEGE R E AT, PSR T, 4 BCY g REBBIR T AR K ALIEL
REERI, A BE1S 2] g FHoKo BD:

ged(a, b)lg (14.67)

Hep < BRI S, mln FoREBE n ATLAE m 8RR, E—D UL, WER o F1 0 B
=, Bl ged(a,b) = 1, AT IS EERE B R g THK,
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A B 1

0 0 VARGl

a 0 5% A

0 a ¥ ABIAN B
a a Bl A
2a-b | b ¥ ABIANB
2a-b |0 ot B

0 2a-b | ¥ ABIA B
a 2a-b | i A
3a-2b | b ¥ ABIAN B

R 14.8: I PIBIK ERIBKIRIE RN B2 5

BRBITIKE ged(a,b) BEEEER g 0] DLHIKIRIEUE S A M, (HR2RIMFAFIE
R AR BIKIRIEIT . ASREBRATTAT DARENEEEL = F1 o, (18 g = za + ybo FLAIDAS
F—HEE (RERERNBRIM) KRR, BB RN RE—E, %
x>0,y <0, BRATEEETH T A B3 2 )k, #25H+ B Bit y Ik,

BN, FH/ANEAR o = 3. KA b =5, BEIF g =4 K, BN 4 =3 x 3 -5,
BATAT DA R — RV

A | B | #fE

0|0 | FFeE

310 | fEi A
0|3 | ¥ABAB
3|3 | A% A
15 | K ABANB
10 | ¥ Bf#=
0|1 | ¥ ABAB
31 | Bl A
0|4 |¥ABAB

R 14.9: BUS 4 FOKFEHATHIRME

TEIX— FRFIHRCED, TAMEH A 3£ 3 %, #1%2 B 4 1 R, iX—id 2 a] DUk an
‘FO
BE o X

1. Bl A;

2. ¥ ABIN B, % B 25, WK E A2,
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(A LT T A I — [A) 2 SRR o Ay BUe A — D K THEIM T B LRSS RE
(Extended Euclid algorithm), AT DAFH SRfRHIX AN ] 5T, ?%ﬁﬂ"]@(ﬂ@?%ﬁ?ﬁ, HEEK
B R AL, Y W L RS R IRIE ] AR IS8 — X 55 o F o, (15

<d) €, y) = ngea;t (CL, b) (1468)

HI d = ged(a,b) WIRKBLIH, T aw + by = do RR—MIHE, B a < b, (7AER
0 AR - 575

b=ag+r (14.69)

K d RN2IE, el AR BERR o 1 b, (Rl d AT DABERR ro BT r /NT a,
BATAT POEIE TR o F - B9 ALIEBORIBUIN AT,

(da Ila y/) = QCdeJJt (T’, a) (1470)

MRAEY B LEASBERE X H d = 2'r+y ao B b = ag+r FHN r = b—ag
FEF e XA -, BT DS 2

d = 2/(b—aq)+vya (14.71)
= (Y —2'q)a+2'b
XIEME o 5 b NEREHE, TRINE:
o /9
TV TTY (14.72)
y=a
X NIV R R JIRFMFRAEAE a =0 N,
gcd(0,b) =b=0a+ 1b (14.73)
g b, PR LIS SRR AT DUE S
p ) (0,0,1) : a=0
ex ) = 14.74
gedear(a,0) (d,y' — x’g, x') i otherwise ( )

Hrr d. o'y BYE XK (14.70),

BRI LR T, (BB MR BARRYE, 55—, 9 RJLES
HIEGBH T RARAAMHENEH G, HEBUKNER g AIREASET 4, iz d 6%
o # m = g/gcd(a,b), BATRI A AR = 1y Felh m £5; 35 =, T RIE = > 0,
KT T ER T A B3t o B, (BRI LRBREZEIFARIE 2 N EE. Bl
gedeys(4,9) = (1,-2,1) £ x N, BT d = za + yb, BATATLURKTRE 2 h0 o, [F]
¥y o, B 2 KT 0,

I, TATE AT PAG 52 B TR EDK BRI #E 7. NHERY Haskell Bl 727K
T xRk,



14.3 fRIHER 455

extGed © b = (b, 0, 1)
extGed a b = let (d, x', y') = extGed (b "'mod” a) a in
(d, y' = x' % (b “div’ a), x')

solve ab g | g ‘'mod" d # 0 =[] — Lff
| otherwise = solve' (x x g “div’ d)
where
(d, x, y) = extGed a b
solve' x | x < @ = solve' (x + b)
| otherwise = pour x [(0, 0)]
pour O ps = reverse ((0, g):ps)

pour x ps@((a', b'):_) | a' = 0 = pour (x - 1) ((a, b'):ps) —filla
| b' = b = pour x ((a', 0):ps) — empty b
| otherwise = pour x ((max 0@ (a' + b' - b),

min (a' + b') b):ps)

BRTATA] DURY I L 1S BIAMRR LK A, H2 SRR A —E 2
BRALE. Ban, (6 3 FHF0 5 THEHT, ZRER 4 FHKRGI %, R LSRRG Hin
NHIRAENY -

[(0,@),(3,0),(0’3)’(3,3),(1’5)’(1,0),(0’1)’(3,1),
(O’4)’(3’4))(2’5)’(236))(612)’(3’2))(615)’(3’5))
(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),(0,4)]

BHFTRE 23 B, MRUEAFTRE 6 2
[(0,0),(0,5),(3,2),(0,2),(2,0),(2,5),(3,4)]

ME% 23 DR, BATLIES 8 D, T B HER 4 KT, HEREIIA
O TIRTHIR 15 2o REZBATESY R LERRIRGEINERIEH S « 1y IF
R R R — M H & FEETRE g = za + by BV, 2| + |y| BUN, AR
SR, AR SRS A 88 H 2R SRR LA S,

AT IR AR ? FATTE PIRERES, — AR SR « My, (515 || + |y| &/DN; 550
— AR R IR, 2 B3R AR, AT B HE MR, BT RINTRZE 6
PR RERIERLE Bl AJE B A BIA BOR B BIA AEIZ ARIEZ B, FAi1A]
DIFATZ AR BIHRIE, 1 AR MRIER] IS RIS MR, BAIFHZRre 2428
RSO R E S, N T AARIEFEIRSIHATHIRCR, BAMEH — BB ZHERT
ARZEL PIIHREFRITTRZE —RIMEX (p,q), HF p F ¢ ZHZM A EEK
AOARRN, IXEAE XS L% T MIHA SR G A TRIBIKIRIE, BABI—JT4am, ME—RTTR
MR, R EH—XME {(0,0)}

solve(a, b, g) = solve’{{(0,0)}} (14.75)

HEAFIA 2, FATTHEMBAIISLER B tH— MRS, 50X — PR R)E
—MIRE, BE BWREE g THOK, MBAHELE T — Mg, BATRIX— PP R ; &
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T, By Fedmefa — MIRAS, ZFTE 6 AATeE, R EERVIRE, FFREMTImAZIBA
FIEEER. LTI Q, BIILERRIZHIFFSIN S, S Hila—RHMEN (p, q), R FHIHSR
xR S SKERTTR NG, BN Q' IX— 1R BIERE AR

¢ Q=9
solve' (Q) = reverse(S) : p=gVqg=yg
solve! (EnQ'(Q',{{s'}US'|s' e try(S)})) : otherwise

(14.76)
AP B BRI SIS, H5 try(S) 2R 6 il
2, F7= KRR

fillA(p, q), fillB(p, q),
try(S) = {s'ls" € § pourA(p,q), pour B(p, q), s ¢ S} (14.77)

emptyA(p, q), emptyB(p, q)
6 FPERIERTE XARBEM, X TR, 6552 A0 KR BOR 2R T =

X FRIZSERAE, WA KPERRDA 0; S FEIAEE, BINFERE BT HEIRE &
BRI A,

fillA(p,q) = (a,q) fillB(p,q) = (p,b)

emptyA(p,q) = (0,q) emptyB(p, q) = (p,0)

pourA(p, q) = (maz(0,p + g — b), min(x + y,b))

pourB(p,q) = (min(z +y,a),mazx(0,z +y — a))

NI Haskell F2FS2BL T iX—f#i%,

(14.78)

solve' a b g =bfs [[(0, 0)]] where
bfs [1 =[]
bfs (c:cs) | fst (head c) =— g || snd (head c) — g = reverse c
| otherwise = bfs (cs 4 map (:c) (expand c))
expand ((x, y):ps) = filter (‘notElem’ ps) $ map (\f — f x y)
[fillA, fillB, pourA, pourB, emptyA, emptyB]
fillA _ y = (a, vy)

fillB x _ = (x, b)
emptyA _ y = (0, y)
emptyB x _ = (x, 0)

pourA x y = (max 0 (x +y - b), min (x + y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

IX— 77 IR E e R R AT DU e S 7 AL B, BATTIEFRAEBAFIRY
FAILERREEIMORERY, °] DAES — 2RI RIE k3R, RE e
FEHARVERINT . IXFERETT & R EA 2 H,

WIE 14417, FIEIRESH (0, 0) HA “GIA° Fl 6B’ Al1T, EANIHIMAILR;
B ROk, BRATEICRMEER (3, 0) BIEA B2 AuB, FHHEER (3, 5) 0% MK,
B2TE (3, 0) HUEA B2 ‘empty A7 R EIFIHILAIRES (0, 0)o T RATEICR TIX
— IR, Fr DUX— &kt . B, AT K EBRTIRES, B2 E IR,
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(0,0)
(3,0)
©,5)
(3.,5)

,"ﬁll A‘ “.empty B
y 4
(3,5) (0,0)

14.41: A2 FEIRSEFZE T — 12/ R+

XA, BATER IR EDTTR P ICRRIER TS, BATTAT A%
B 1441 AT S I — DR KR, H A EMEEIRSEIMEIIEIRS. T
) C 18 :.ﬁJ?ﬁEf& At T IX— R HIE S

struct Step {
int p, q;
struct Stepx parent;

};

struct Stepx make_step(int p, dint g, struct Stepx parent) {
struct Stepx s = (struct Stepx) malloc(sizeof(struct Step));
S—p =Pp;
sS—q =(q;
s—parent = parent;
return s;

-}

Hrb p #1 ¢ BN BKBIAR R FETIRE s, & XEE p(s) F q(s)
Pap; UJ&IEJXW\? N, A S FURIRR] DASCIRAN 1 :

1: function SOLVE(a,b, g)

2 Q<+ ¢

3: PUsH-AND-RECORD(Q, (0, 0))
4: while @ # ¢ do

5: s < Por(Q)

6: if p(s) =gV q(s) = g then
7: return s

8: else
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9: C < EXPAND(s)

10: for Ve € C do

11: if ¢ # s A = VISITED(c) then
12: PUSH-AND-RECORD(Q, ¢)
13: return NIL

Hr Pusa-AND-RECORD ANMUHTEERAMARAIIEHE, R HAC R AT A HIIRES
HIF A, IXAERE R AL AT DA A2 15 SR IRAS. AT RY push #ROEERREHrCRIMA
FNFIRHIEER, X T pop BIE, BATIHFARITREMER, MR R kgt mEBs—2, X
—HEATA P REEERI SR DA A RTE S, FHE C ESHIFREFEM 17X —
Hike

struct Step *xsteps[1000], xxhead, *xtail = steps;
void push(struct Stepx s) { xtail++=s; }
struct Stepx pop() { return xhead++; }
int empty() { return head — tail; }
void reset() {

struct Step x*xp;

for (p = steps; p # tail; ++p)

free(xp);
head = tail = steps;

N TRE-MRESR BV, BlIT 2k H 515, e p 1 g BIE,

int eq(struct Stepx a, struct Stepx b) {
return a—p — b—p && a—q — b—q;

int visited(struct Stepx s) {
struct Step x*xp;
for (p = steps; p # tail; ++p)
if (eq(xp, s)) return 1;
return 0;

TR

struct Stepx solve(int a, 1int b, int g) {
int i;
struct Step xcur, =xcs[6];
reset();
push(make_step(0, 0, NULL));
while (!empty()) {
cur = pop();
if (cur—-p =g || cur—q = g)
return cur;
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else {
expand(cur, a, b, cs);
for (i =0; i <6; ++i)
if(leq(cur, cs[i]) && !visited(cs[i]))
push(cs[i]);

}
return NULL;

Hr ¥ expand ZAFTE 6 FpglE:

void expand(struct Step*x s, int a, int b, struct Step*x cs) {

int p = s—p, q = s—q;

cs[0] = make_step(a, q, s); /«fillAx/

cs[1] = make_step(p, b, s); /«fillBx/

cs[2] = make_step(0, q, s); /xemptyAx/

cs[3] = make_step(p, 0, s); /xemptyBx/

cs[4] = make_step(max(0, p+ g - b), min(p + q, b), s); /+xpourAx/
cs[5] = make_step(min(p + q, a), max(0, p + q - a), s); /xpourBx/

SEARD R AT DOEIE AR AN b3 e, 40 3 e R B

void print(struct Stepx s) {
if (s) {
print(s—parent);
printf("%d, %dAn", s—p, s—q);

A E

HERTE R — PR, EAHME Kloski, TERZ EZREA RN, HHH
KN JR B AR, Bl14.422F EE SN ERE T Ko

(a) EAGT)R

K] 14.42: HEREHFR
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HERETRF, 2 10 MRS, EERERTSREERE, RERKN A
BAIHIIETT I, KRB —8N 2 x 2 Bl FERREL ROTRIARRL, 5 — Dol 2 DAL
KAER . BRI —BRERE R, HAR Oy & T N TR BRI S, A B in
B EEIS S, K RSB R T E . B14.4372 H ARSI, 440 “FE ¥
LU, BRI — AR L, RIRE IR MK R,

B 14.43: HAR T HRILOL %

AT, BT AR, B —R58h, AR, FERMRILEIR
&, ZHE HRIRES,

B EATARTR, B — 5 x 4 TEFEREREE, MR BhRich— ey, T
HRIRERE M, 251 T R TERI PRI,

1 10 10 2
1 10 10 2
M=|3 4 4 5
3 7 8 5
6 0 0 9

FEFERERR, (BN @ T ER MMM B « ML, FkE 0 (RS
fE, BRI 1, 20 RAEH T, —DMaRa] DA —FH— P8 L ok
K&K, BPTRZ MR, BEETHOZTRIMRNVEFE S A A B, Bl
L[4 ={(3,2),(3,3)} &R, % 4 MEITER THAE (3,2) # (3,3), H (4,5) FRIE
ATV § YIACE,

R TERIRIAAAT 7y AT AR IXFR 77 7E S BT A £,

{1, 1), (2,1} {(1,4),(2,9)},{(3,1), (4, 1)},{(3,2),(3,3)},{(3,4), (4,4)},
{61142} {(4,3)1:{(5,4)1,{(1,2),(1,3),(2,2), (2,3)}}

FRAERIERT, BAFRERE LT 10 MY, BERESEL NefA 4 MraBgsl,
BERXZE—PNERWFEZE, SPEE 10 x 4 NMET, & n P, 26 40 M
HSZPR ERIBOLRERX 2%, BIGHTES — P HINR, A 4 FAT6E: #5258 6 BRaaH8
3 Ko 7 BREE 8 A NASE; AR ES 9 BRIATERS S, AT HEIRITHE A AT REX
Az E14.4428 1 TR BTSSR & A TR
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B 14.44: ZEM: RN 1 BIRSFRRRT DARS SN M0 EJ5RR 1 BOAS 7 B ARAT A, (H
& NITRRN 1 IR FHIbRN 2 BIRS 2R,

FEMEI BT #E TR 1 BB s — D RS Dl XM A S
MMET EITHY 1 EREEh BRI T AT O DL AT, BT DS T RIE RN 15 85
1 1 RN — DT, DA THRICN 05

A MEE 7 HE T — DN AT, IXETr, BB B J5RIER 7 Al DARS
S E|—MRFERERL T BT S BORS 7P, (H2 NSRRI 1 ARERSEhZIBEH e T 2 At
IS,

NTHE MGG, BAFEREM T E ST S S ZRB 8 2R AL
B, R B BRIRS T8 0, 8iE e fHR, Bahmlg al TR & Nst S el
Ko MTAGR L, MNEFERE N M, ZEANEBNE EMETF, B3N (Az, Ay),
Hp |Az| < 10 |Ay| < 1o FEAIFER, & 782G AT

valid(L, k, Ax, Ay) :
V(i,j) € LIk = ¢ =i+ Ay,j =j+ Az, (14.79)
(171) < (ilvj/) < (574)7Mi/j’ € {ka 0}

AR I8 W] L) 5 — D EE R AN R EE R B 2, 2 —RAIN 3], i
AIRER B EATHIS M Rl EUZ, X OOE S H PR R I RE MR 2 AN Y, 5 18 N 2a
AU INRERE, AR My # Mo, (AR BAMSRER RAZENE] M., RIS _E2AH(R
E,\JO
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1 10 10 2 2 10 10 1

1 10 10 2 2 10 10 1
Mi=|3 4 4 5 My=13 4 4 5
3 7 8 5 3 7 6 5

|6 0 0 9 8 0 0 9

X B EAT, FEEA R, AR R R I E R 1] IR
XERLEAR SR 2N Ly F Ly, ATLMREZRAE ||Ly || = || Lo||, B [|L]] BIH—fLHIAR
JRy, HE AR

||L|| = sort({sort(l;)|Vl; € L}) (14.80)

IH—{yAm JmH, A R CRE T 7, I BN T RN AR A P, FHELRE]
HINRE E SN (a,b) < (c,d) & an +b < en + d, HH n ZHEFERTEE,

MR EINEATERIRER A FRAY, RIHAT & th el LA FRA o HDR AR A R
e MEE, BAFERAE, Blan NEH My M My SEZXFREIA R,

(10 10 1 2 31 10 10 |
10 10 1 2 31 10 10
Mi=| 3 5 4 4 My=14 4 2 5
3 5 89 76 2 5
6 7 00 00 9 8

FEREEMRYA—Am R A BRI, 8 N 75 ] AR A B3 2 — 3t
PRI Rl o

mirror(L) = {{(i,n —j+ 1)|V(i,j) € [}|Vl € L} (14.81)

BAVRIUFE R T3 UER 32 45 rIATAR T 8, A6 JR T 2 T RIS sh Ak 0 &
o BTATAT DA R 77 R R R S T8 3K (EF —DBAF, BAFIFEY e R A
B — RIS, FIXER N SBMR. BIREIINERN (k, (Ay, Az)), R
AEMEL EBSNE & DT BRI (Az, Ay)s.

IR R, BAB P S e da T Rle HEBAFIA 2, Tl TR M RAS Sk ER Bt —
MR ERKHN—IHH 26 CE2NKREAMIE,RD L[10] = {(4,2), (4,3), (5,2), (5,3)}o
GNERENK, MIEEH; B, Bl TGS F221Km B NG 4 ANT7mgsh, HHEpma ]
TR RE S A R AN TSR, R NMERE R, A TRZERE A HERIH—
iR AR EE

ICRAFN Q, iR RIE N H, BAFISKHRIC AV EE — MR L, BX M AR
FEdy Mo BIXAMG RN IR — RIS S NHBRTEE X T AR,

6 Q=0
solve(Q, H) = reverse(S) : L[10] = {(4,2),(4,3),(5,2),(5,3)}  (14.82)
solve(Q',H') : otherwise
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FATROR, ARSI, BB 2 T FrE rlRERIRS 37T R, (H2REETKE]
AT S ATFRORBAHEE T — M, TR 8 5110 PR [a] IX A2 I 15
Ul B, BIEM G ATHIAR R e TR rIATRIRS SN 75 5, HREHT AR RN ARSI R
o HAFNEN Q' EHTEHIAT R SICRA H' o RIGFEFETIEI R,

N T Re—MGJRY A AEERGHAG R, FATTE T U N HIRE L

expand(L, H) = {(k, (Ay, Az)| Vk € {1,2,...,10},
V(Ay, Az) € {(0,-1),(0,1),(~1,0), (1,0)},
valid(L, k, Az, Ay), unique(L’, H)}
(14.83)
Hep 1 2¥H R L RS kB T80 (Ay, Ax) JGE2INHT R, M/ 29
JRR BLERERS, M & L' BN FRAR R BN R RERE . PR unique & SR :

unique(L',H)=M"¢ HANM" ¢ H (14.84)

B FAE RO TR A R R, BT HAT map SRREARR,
N Haskell Bl 72 E T —HRAULFE,

import qualified Data.Map as M
import Data.Ix
import Data.List (sort)

type Point = (Integer, Integer)
type Layout = M.Map Integer [Point]

type Move = (Integer, Point)

data Ops = Op Layout [Move]

FAEFH_LHE X solve(Q, H) KA,

solve :: [Ops] — [[[Point]]]— [Movel]

solve [] _ = [] — Ff#

solve (Op x seq : cs) visit
| M.lookup 10 x = Just [(4, 2), (4, 3), (5, 2), (5, 3)] = reverse seq
| otherwise = solve q visit'

where

ops = expand x visit
visit' = map (layout o move x) ops -4 visit
g =-cs 4 [Op (move x op) (op:seq) | op < ops ]

HAEE layout BT HERLA T — LI R, BKEL move JEIIIHENEE @ HLAl
T (Ay, Az) EEEREHHY map.

layout = sort omap sort o M.elems

move x (i, d) = M.update (Justomap (flip shift d)) i x

shift (y, x) (dy, dx) = (y + dy, x + dx)

Ut AT DA P TR BT A S TR
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HHHE ER

BRE expand IR[EIFTA RIATRYREEN T 2., AHATEIN) expand(L, H) & XF7R,

expand :: Layout — [[[Point]]] — [Move]
expand x visit = [(i, d) | i «[1..10],
d « [(0, -1), (0, 1), (-1, 0), (1, 0)],
valid i d, unique i d] where
valid i d = all (\p — let p' = shift p d 1in
inRange (bounds board) p' &&
(M.keys $ M.filter (elem p') x) “elem’ [[i], [1])
(maybe [] id $ M.lookup i x)
unique i d = let mv = move x (i, d) 1in
all ('notElem’ visit) (map layout [mv, mirror mv])

BAIFRERIFEIFRAIAGR, BHEL mirror BYESATR:

mirror = M.map (map (A (y, x) — (y, 5 - x)))

X —FE P R B i A A M IS 5 A R R R A, SRR
Ja 3 HaT:

['5', '3', '2', '1']
['5', '3', '2', '1']
['7', '9', '4', '4']
['A', 'A", '6', '0']
['A', 'A", '0', '8']

['5', '3', '2', '1']
['5', '3', '2', '1']
['7', '9', '4', '4']
['A', 'A", '0', '6']
['A', 'A", '0', '8']

[lSl’ |3|, lzl’ lll]
[ISI, |3|’ lzl’ lll]
I:l7l’ |9|, l4l’ |4|:|
[IOI’ lAl’ IAI, |6|:|
[lol’ IAl, lAl’ |8|:|

total 116 steps

%116 0, &%

Al DU e @AY IR SEBAEA R RR, TERE solve(Q, H) ZRIEIAN, ©
A DR 2 MO B MBI, BATRT DARH M R BERZ 2 B R ALA R L, JXH—E'JE_JLAE
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ZJRTEENIC KA. (M RXMT IR DI g2 [, SRR TR e
I HIE R a5 RATIH R, TR MR RIS KA RfaE L
RIS
LEE Link(L, L) Rt/ L BEREIEmRMR L b, NHRRERZ 1

A R, R AR R R,

1: function SOLVE(Lg)

s H < [|Lo]

3: Q<+ ¢

4: PusH(Q, LINK(Lg, NIL))

5: while @ # ¢ do

6: L + Por(Q)

7. if L[10] = {(4,2), (4,3),(5,2), (5,3)} then

8: return L

9: else

10: for each L' € ExpAND(L, H) do

11: PusH(Q, LINK(L', L))

12: APPEND(H, ||L'|])

13:  return NIL > JCf

NHERY Python Bl 7FER Sl 7 IX—f#TX,

class Node:
def __init__(self, 1, p = None):
self.layout = 1
self.parent = p

def solve(start):
visit = set([normalize(start)])
queue = deque([Node(start)])
while queue:
cur = queue.popleft()
layout = cur.layout
if layout[-1] = [(4, 2), (4, 3), (5, 2), (5, 3)]:
return cur
else:
for brd 1in expand(layout, visit):
queue.append(Node (brd, cur))
visit.add(normalize(brd))
return None # no solution

He normalize 1 expand SEERANT:

def normalize(layout):
return tuple(sorted([tuple(sorted(r)) for r in layout]))

def expand(layout, visit):
def bound(y, x):
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return 1 < yandy < 5and 1 < x and x < 4
def valid(m, i, y, x):
return m[y - 1][x - 1] 1in [0, 1]
def unique(brd):
(m, n) = (normalize(brd), normalize(mirror(brd)))
return m not 1in visit and n not in visit
=[]
[(e, -1), (0, 1), (-1, 0), (1, 0)]
= matrix(layout)

for i in range(1, 11):
for (dy, dx) 1in d:
if all(bound(y + dy, x + dx) and valid(m, i, y + dy, x + dx)
for (y, x) in layout[i - 1]):
brd = move(layout, (i, (dy, dx)))
if unique(brd):
s.append(brd)
return s

FIRZ B ImIZIE S —HE, Python FRRIEEHRTIM 0 JFH4E, TEALPEN 77

MEREL, 56 mirrorimatrix.fl move HJSEFIGN R,

R

e

=z
o

1t

~

def mirror(layout):
return [[(y, 5 - x) for (y, x) in r] for r {in layout]

def matrix(layout):
m = [[0]*4 for in range(5)]
for (i, ps) in zip(range(l, 11), layout):

for (y, x) in ps:
mly - 1][x - 1] =1
return m

def move(layout, delta):
(i, (dy, dx)) = delta
m = dup(layout)
mli - 1] = [(y + dy, x + dx) for (y, x) in m[i - 1]]
return m

def dup(layout):
return [r[:] for r 1in layout]

A PMBNOX— R, e AR IER R IR, IEREER T IR RERRIR,
RGOSR, AN EAHERZE VO RIEL, Hrh V8 WRISIRESTF A 7] DU i
FIMATAE IR, HRITEXEIRSEEE 22, H M R R RIS REEE

ok, MX—HEN B HERERZ O(V).

VARSI NG

IR AR AR, A T S TR R (K AL A R A i A LRI
g5k, MRS RIS, BN TBAE R IR IS, £99R, F a3
{7 AR, AR TR AR IR, - AT SRE A Y — B, T o 4 BRI RIS
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BT IR AL BN 2] TR K AIEARE AR IRAS, M-8R 04, T IR IR
HAp R — MR T B A TEE A RAK, SERIE PRI R A R (U M52
57), ZILRESR I M R, R R R 23h 2] T A B,

B REA — 2 AN, AT POA—DIRZSERE 575 Sh— D IRES, TR
AR, A HAT M= A AT RERIET, (ER—H AT IR e <
i, BATAZHE—PIRAE R, X —TTERIE 7 BA R/ IR AT DAEH Mg 2 il
fttlo Xt EEE14.457] DUZ X AT R IR SR < R A 22 5% BTN TSR AT
TITAY PR AR 23 A, XM R PR N LR (BFS),

TN BN
S AINA o
AN A
4 \?’w\ “173/‘ “9 10
(a) REEMIEIER (b) I EALSEHER

14.45: IREIALRI R ERIUF

BT BATEEEIER “FAT R, R RIE R A — DGR AR E
M2t 2R B D RIIRIZ I MBS SLFRE HH, 75 2582 25 BRAHT HORIZE T A
AN BIBNS B R HB o 3 B SR S AR 5 R T ) A AR BSR4 A o 279 /1 4
HIBNBI AT AR 53X — Ko Tk, _LmflrF2 5 PRSI A X — 45, e
{5 FHAIZRARARIUBNS, TRl A BRAZAE SR ZRAE I TR, T8 80 1AL, 35238 AT DAGE AT
HiT T 2R B AR RS BB e 1,

IR RIRBE T — AR B R 7T R SRR D P BRI, (R E R REE R K
BRHEENRMLE. & ENE1446FRH—IEAHIE, SEREBZIKEARR, J1T
TER AL Z R DN T 2 (R Y B R A

FERMIIT o BT ¢ ZWRRESEFFIFEE BT o — b — ¢ X5
BERERERN 22; MREN BELZIMHHKE 0 — e — [ — o, REKERA 20, T
— RN BRI A TR,

14.3.2 HWEEILHE

REAEUT, FHEEREMME NFTRE BRI BRI BN 8, 22 A, A, 202
REE, HEMMARNBRERRIEFAES. ARZ PSRN RIUEAEET 2
TG RE N, ATEBIN T HALEREE A, (7R BB B A 7T IR RE W R B R
%O
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& 14.46: THINEAEHIE

LW RS

AT TOLEREE”, AR OLRITR”, X T HERE P, 50O RIS EEDS DA
HIRAT, RSB 5 RIS e . BATTE e 415 R A Huffman Fibt w]/Et;
RGN R E R ME RS R BT B R, EA TR 2 70 D RIRHT LAY AR,

Huffman Zih%

Huffman 4afidz2 —M A/ NS BB 775, HEHE WA ASCIT /3, e 7
A Z RIS B BT IR RF S 9RiY, ASCI 3R] PARIK 27 = 128 RURFIRY
FR HEH 0 fl 1, ATFEZED log, n MRS n PAFRMFER, WRRERE
KEWHSCFRF, TAlTAT PUE L WFR14. 10 RATHIRS R,

X —HE 3, XA “INTERNATIONAL” 7] DAGRAS A 65 V) 1%

00010101101100100100100011011000000110010001001110101100000011010

WML LIRS, ERFRE A 2 7 B 0 2 25 1BEL, B0 gwmISEH 5 N
HEFRIAL, BN, THEERHIEH 5 A7, Bl 00000 MidE 0o IXFERIGRAG 7T 2BEFR R “F E K
JEGRED,

T —Fhehd 77 R B KRS, FATAT AR H— A ZHHIA 0 SRR A, AW
ATHHINIE 10 K3 C, B 5 DHERINIE 11001 1RF% Zo BARIXA7 0] DLE
AR YA IS, (HRTERRAD IR, 2338 Bt o Bl 48 2 — Rk 1101, BATA
HIEERE—N 1, FHEE— 101, BIF/FE “BF”; 2 —1 110, FHEEE— 1,
EREFFEGB”; B2 1101, ERERFERF N,

FEAMEE RS R A KRS, & HNTR E 8RS — D, TR Z 85
IR KIFIA flo BE/R T FLAD (i AR IRV IE PR 0 Bl gmts, Ff AAS R4 B
FRIE LRI, T LAY 77 75 T DA Gt S, % T8 R H RS R :

XA“INTERNATIONAL fR AR ILAE R mAD 0 38 (LAY — 3%k :
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T | W || T | Rt

A 00000 || N 01101
B 00001 || O 01110
C 00010 || P 01111
D 00011 || Q 10000
E 00100 || R 10001
F 00101 || S 10010
G 00110 || T 10011
H 00111 || U 10100
I 01000 || V 10101
J 01001 || W 10110
K 01010 || X 10111
L 01011 || Y 11000
M 01100 || Z 11001

K 14.10: —PNREFELFITHIG R

T | kD || T | Gk
A 110 || E 1110
I 101 || L 1111
N o1 O | 000
R |00l ||T 100

14.11: —NEk R

469
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1010110011100010111010010100001110601111

SRR EIR R, TRATAIBENTMAE B 7R, X2 E TF
R w2 H SR S A AT S IXAERIRASATR A BT SEED (BN prefix-code, 328 ATRESS
AN S AR IERTZRAS non-prefix code), {#FRTZRAG, FATANTFEALM I FRLT, X
FEGR AL I FE Rt o] A

IXERTIR T —MNEBIAE: 2578 — DK, BATREGRE— MR, H155
KERIE? 1951 4, 2 MIT F—4&%4M David A. Huffman [E4FEE] T IX M A]
O, fhZIT Robert M. Fano fEIR B, AN HEMH T IX MR, #i A S0
KEIR T o Huffman 2K TIRA, LB T, FH6E FIEESIH IR, 1B1ELR,
L ZIREEN T — D E B fE

X — 75 20 BB R MR R A SO R B AT R M s T 2%, B A ) G i i
o

B e n] DU SO RIS AR IREL IXHEBATAE T — N7/, 84
FIEA — M E, NEN—DNRRZFRHIERN— 0, el DU HBLRIX
], 8E B IR,

Huffman &I, B DA —H#E = SR =L §i S8, AT 2R R E 110
R 1B MARTT s I = R b 2 A e R HERS, FA TR — 0, A4 RITEERT, 0
- 1

E14.ATHR T — R, B, MEATMRTT R A 2] N N, BATE S
7, SREMAERA N, Btk N BgEA 01; XN T2 A, BAOIFE A, mfA, i
o L A IgRESE 110, R, X—I7ERIERE TSz TR,

B 14.47: —FRGRHE

XIS IE ] DAELFE SRR o 43— Hs —RERIAZIN, 25 5 —R0h 0, A ZE R ;
AN 1, WA, HEREM 71 G, 7R B PR RSN A, ReEAEHT
IR [EARTY L, ARSAE BRI — BERIAL
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BATTREMN—DF1F SHEAERIFNZR, #1E— R IR, (R R AR PER 74T,
PEEARTY A EBOL, Huffman $2H 7 — HJRA_ERIRRE, THERIREE, FTA 55T
AN — 711 R BHRBA DR M E RN A, REEElTEFFmR—1
T3S o 3 SCHIAER AN B B AR o FRAT AN AN B/ N AR 5 5, &
FE S 1G] — R, 1448808 T X — M id 2,

A2 a N.3

v

Kl 14.48: 15i&—# Haffman AR

FATTAT DAEE A = SR A SO T8 Huffman Zifd. 807 REZH—PME
EE, AN T RREETR. NEHY C B Ol R T IR R,

struct Node {
int w;
char c;
struct Node xleft, xright;
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BATHL AT AR I — LR A5, BT A A, —R Huffman S 202 — D7
TR, EE N FAMERIAE; ZAR— D03 R, LA BT A M R E
o NI Haskell $Il57-CHS, & X T IXPAPE L

data HTr w a = Leaf w a | Branch w (HTr w a) (HTr w a)

HEFFMIR Huffman B 77 F1 T, I, FATEIZ—AHHI 2 3T A, LIXFER N
BT R TR . BRATTA] DOEERAEAT —RRIENZE 70, 55— BRIEN G T, BFFE RN
— R T, AR PR FRAERIF, Bl w = wi + wao 5 w1 < wa, FATEX
Ty < Ty, RHEZH T Huffman SHEEIER —FE

Tl . A= {T]_}

(14.85)
build({merge(T,, Ty)} UA’) : otherwise

build(A) = {

A NETWIYIR, E—TFHESHERE TR RHNENH 7S, & AP RE

— R, AL EEE o XA B 2K Huffman B4, 751, FRATTE HE AR B/ N AR

BT, M1 Ty, FIRERETERSIRN A, REH T, 1 T, GHR—EH KR, FHik
0] %7138 DAMES T8 A PO 3

(T,, Ty, A") = extract(A) (14.86)

BATRT DUR— K R A AR, DAREIBCE R/ N AR, AR e X T iIx—id
FETHAR IO, R AT P ITER, FHE AN E S/ N R, FIREA
— N EREE (accumulator) TENERG— NS,

extract(A) = extract'(min(Ty, Tz), mazx(T1, Tz), {13, Ty, ...}, ¢) (14.87)

BT — K ERIAR AT, A5 HAE /N T AR R/ NGRS A AT — KR, FRATT
RUESAIESE R, EEIXRN, N TUESMAITIR A, iIdHAE RN 7, B 7y Sh
HIHRI Y A7 IX— g RE n] BUE KA,

(T,,T,,B) : A=¢
extract'(T,, Ty, A,B) = § extract' (T., T}, A',{Ty} UA) : T, <T, (14.88)
extract' (Ty, Ty, A', {T1} UA) : otherwise

Hrp T = min(Ty, T,) T, = max(Ty, T,) 95 IE RN I/ MY EE R,
NHEM Haskell 72733 7 Huffman WHIMERTE,

build [x] = x
build xs = build ((merge x y) : xs') where
(x, y, xs') = extract xs

extract (x:y:xs) = min2 (min x y) (max x y) xs [] where
min2 x y [ xs = (X, y, XS)
min2 x y (z:zs) xs | z <y =min2 (min z x) (max z x) zs (y:xs)

| otherwise = min2 x y zs (z:xs)
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AT DU a2 XA 77 1A Huffman B AAIEISRE, FRATTE A — DR E R
Huffman B, /57T 3R B A R/ NI RO, RIS TRATM A AT RIEAR AR,
IEE— M /I, BATTHUR HANR S TR, BEERCRR— N Ei, HFTh
AR e BT, B TR B e BRI & 5, HF Bt e — M ERTT R, XL
AR 1 DAL, BATEEIX IR AT NG — R,

1: function HUFFMAN(A)
2: while |[A] > 1 do

3: n < |A

4 for ¢ < n — 2 down to 1 do

5: if Afi] < MaX(A[n], Ajn — 1]) then

6: EXCHANGE A[i] <+ MAX(A[n], Aln — 1))
7: Aln — 1] + MERGE(A[n], A[n — 1])

8: Dropr(A[n))

9: return A[l]

PHE C++ Bl FREFEH TR —BE, X, FATAZERERS5 PR
B,

typedef vector<Nodex> Nodes;

bool lessp(Nodex a, Nodex b) { return a—w < b—w; }

Nodex max(Nodex a, Nodex b) { return lessp(a, b) ? b : a; }

void swap(Nodes& ts, int i, dint j, int k) {
swap (ts[i], ts[ts[j] < ts[k] ? k : j1);
}

Nodex huffman(Nodes ts) {

int n;

while((n = ts.size()) > 1) {
for (int i =n - 3; i > 0; --1)

if (lessp(ts[i], max(ts[n-1], ts[n-2])))
swap(ts, i, n-1, n-2);

ts[n-2] = merge(ts[n-1], ts[n-2]);
ts.pop_back();

}

return ts.front();

X—RIRGIFF AT, RS MEEHZRmMIIER, FIEaR 590
o BR] DAgH— P R, MR RHRIE, A PE R/ NI FRRI S k]
AT DA I HEIX A SR A, 4 ] DAGRUE PRl 175 [P BB/ N TE R . BATTRT UK AT Y
1 RN — N HE AR i = O X — NI AR TR RN ), RIS FRATTIE SRR
HETUR H B/ N 3R, RS I 5, AR AT e X T = SCHE, IX—#RERIPEREN O(lgn).
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Klitt, SATEREN O(nlgn). IXZE L BTSRRI RIRE L . AR TR MHETTER
HITR, AEITiEHE Huffman B,

build(H) = reduce(top(H ), pop(H)) (14.89)
AR AN, BRSSO S, B M HETIER 55 — R T 5

T : H=¢
build(insert(merge(T, top(H)),pop(H))) : otherwise
(14.90)
PRIEY build M1 reduce BAHIBITVEH, NEA Haskell Il 727 LB TIX—HiX,
{6 Y A T 2 O SR HE RS54

reduce(T, H) = {

huffman' :: (Num a, Ord a) = [(b, a)] — HTr a b
huffman' = build' o Heap.fromList omap (A(c, w) — Leaf w c) where
build' h = reduce (Heap.findMin h) (Heap.deleteMin h)
reduce x Heap.E = x
reduce x h = build' $ Heap.insert (Heap.deleteMin h) (merge x (Heap.findMin h))

W] DU a2 XA 772, EAHERME Huffman B, & 561 R8T He i ok,
PEE/NI— DN ETHED, HHEPRTRZ T 14, AT R/ NN, G
—PBRERHIR, ARG EIHE S, R — P B E FIHET R N e — AR, el 2 R
Huffman

1: function HUFFMAN’(A)
2: BuiLpD-HEAP(A)
3: while |A| > 1 do

4: T, < HEap-Popr(A)

5: T, + HEapP-Popr(A)

6: HeAp-PUsH(A, MERGE(T,, T}))
7: return HEAP-PoOP(A)

PHEE) C++ Gl FREFRE 7 IX— [R5k, X B 7AREZE 2 At
AOHE, FTEREIROL N2 — D RRHE, TR, R BT ZEA DR T I
BERMHENS L

bool greaterp(Nodex a, Nodex b) { return b—w < a—w; }

Nodex pop(Nodes& h) {
Nodex m = h.front();
pop_heap(h.begin(), h.end(), greaterp);
h.pop_back();
return m;

}

void push(Nodex t, Nodes& h) {
h.push_back(t);
push_heap(h.begin(), h.end(), greaterp);
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}

Nodex huffmanl(Nodes ts) {
make_heap (ts.begin(), ts.end(), greaterp);
while (ts.size() > 1) {
Nodex tl = pop(ts);
Nodex t2 = pop(ts);
push(merge(tl, t2), ts);
}

return ts.front();

IR OB, WHAAE— NN R AYAYIE Huffman #7575, W
2% Huffman WHMIEERE, ©LIR EEIFH—RIFLIANEIEEAIR, FATTRT AR —
PNAVIREFIZLE S F AR BRRBATIAASIURIR 951128 b 25 B — PR, 5t AT
BIFEARIFFRANIRI R, AFETESNRARIFTA RS, PASI AR RS —ER i, &
WU RN Huffman #f, fEANIESRENDTFAARII M, PAFIDNZE,

build (A) = reduce’ (extract” (¢, A)) (14.91)

XEH A SRR HELT PP B9 5o AR AT TR, B AR NI R 2
FEBNBIRI SR, B2 TRANR AR — IR, AT ZEI, IEBASIKERAT N T, tHFA
Ja, NFIZEN Q518 A RS — KRN T, RIRAIRIEN A’ BREL extract” AT PAE X
(I

(Tba (Qa A/)) : Q = ¢
extract”(Q,A) =< (T,,(Q',A) : A=¢VT,<T, (14.92)
(T, (Q,A") : otherwise

SKhw b, BAIIRIR BUSIRAEREIA b AT DB VRS2 AR IR HE, B AWR P
/NHIREH SRS B FF

reduce' (T, (Q, A)) =
T : Q=¢rA=¢ (14.93)
reduce’ (extract” (push(Q",merge(T,T")), A")) : otherwise

Hep (T7,(Q", A”)) = extract”"(Q, A), FrnEH B —HNE R/ NIR, NI
Haskell il 727 TIX—8H ik, EREX—BEFH, EE ek 2l 12 A E
R WEREARIM T2 EFR, UCHX—P, FHE, XEMEM 7HIRMmHEEIER X
R RS, FIRAE NSRRI 7R B LM [R], BARIESH TS TSI — =,

huffman'' :: (Num a, Ord a) = [(b, a)] — HTr a b
huffman'' = reduce owrap o sortomap (A(c, w) — Leaf w c) where
wrap xs = delMin ([], xs)
reduce (x, ([1, [1)) = x
reduce (x, h) = let (y, (g, xs)) = delMin h 1in
reduce $ delMin (q 4+ [merge x y], xs)
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delMin ([], (x:xs)) = (x, ([1, xs))
delMin ((q:gs), [1) = (g, (gs, [1))
delMin ((q:qs), (x:xs)) | g < x = (g, (gs, (x:xs)))
| otherwise = (x, ((q:gs), xs))

KB a] DU a3 75 Sl
1: function HUFFMAN”(A) > A CAZRNEHF
2 Q<+ ¢
3: T < EXTRACT(Q, A)
4 while Q # ¢V A # ¢ do

5: PusH(Q, MERGE(T, EXTRACT(Q, A)))
6: T + EXTRACT(Q, A)
7: return T'

HAEE ExTrACT(Q, A) MBAFIFIEAH A B A E R/ NI, AR TR R
NS B E LA, ICPAFISKERRII A T, BHRIEE —DNITRN Tho

1: function EXTRACT(Q, A)

2: ifQ#oN(A=¢VT, <T,) then
3: return Popr(Q)

4: else

5: return DETACH(A)

Heidf2 DETACH(A) R A SR —NITREHIR ML, FFMEEHHBER, f£X
2R L IAEE R, WEEH PR ERS — DT sl H 2 — MRS R, F1A1]
AT DUR IR 2 B ER R 17 0, IXAE BB BRI R e — IR, N, T
) C++ BIF PSS T X — B,

Nodex extract(queue<Nodex>& q, Nodes& ts) {

Nodex t;

if (!q.empty() && (ts.empty() || lessp(q.front(), ts.back()))) {
t = q.front();
q.pop();

1} else {
t = ts.back();
ts.pop_back();

}

return t;

}

Nodex huffman2(Nodes ts) {
queue<Nodex> q;
sort(ts.begin(), ts.end(), greaterp);
Nodex t = extract(q, ts);
while (!q.empty() || !ts.empty()) {
g.push(merge(t, extract(q, ts)));
t = extract(q, ts);
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return t;

GRENRI B R PR, MITCTRIEATHER . 25 B RT3 AR, BATTR] A
FEL M R ARE LS B

BA 4R 7 =R Huffman BEIRIETTTER, BAAMATARRT S Huffman $2 HIH SRS,
ERMEES RAARMNR, E14.4925H 1 =FMUAR 7T IEAIER Huffman

(c) MT ORI, LIENRTTERMIESE R,

14.49: [FIFERYFAEHIFRAIE HATAF Huffman B

BIRIX = BERANIR], (B2 AT T AT DA A e e R i IX BRI I EL AR AR IERA, 152
HrAzF 0 sE U 5 16.3 1 T EFEAIINE R

Huffman REFEZE Huffman mASH 0, AT DUBIE Huffman REUS&FH
S5 BN, 3@ e Huffman B DAGIERS R, FATH— D3R8 p, MR A
W AN TAEAR 73, WA A e, BATIAERTSR G I —1™ 0, AR A4 %, stishn—
N 1o HENEM-F5 /N, BURFHF FR A RN AT IC A TSR, IEM T 95 s
TN o, T WA 35008 T, F1 T,o FIERSRATEKEL code(T, ¢) E XA R,

{le,p)y : leaf(T)

(14.94)
code(T;,pU{0}) Ucode(T,,pU{l}) : otherwise

code(T,p) = {

HAP R leaf(T) 1E T 22— MHF T RIER DX TR, NHEAY Haskell 15
R IREIX — Sk A — MR AL,

code tr = Map.fromList $ traverse [] tr where
traverse bits (Leaf _ c) = [(c, bits)]
traverse bits (Branch _ 1 r) = (traverse (bits # [0]) 1) #
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(traverse (bits 4 [1]) r) ‘

BAHE AL ARG IR G E (NGRS, Gipdid A2, TSR, 24
JeE W R tH —RE 5, BT IS B RSB,

FERDIS, FATTARYE — 37 51218 Huffman R, MARTT SUTGE, IBZ] 0 ML, 18
2 1 AR, SREMT T R, gt AR, )5 MR RUT AR S, =
FiTE 3 PR THFESE N, R RREE T, I —HHIPAIN B = {by, b, ...}, BREE—
NANIRIARE 20 B, SR AT DAE SR,

{¢} : B=¢ANleaf(T)
{c} Udecode(root(T),B) : leaf(T)
decode(T;,B') : by =0
decode(T,,B’) : otherwise

decode(T, B) = (14.95)

HA root(T) IR Huffman HHYFRT 5 NHIAY Haskell Il 727 S28 T A5
%o

decode tr cs = find tr cs where
find (Leaf _ c¢) [] = [c]
find (Leaf _ c) bs =c : find tr bs
find (Branch 1 r) (b:bs) = find (if b — 0 then 1 else r) bs

B —AMELR (on-line) FRAELHE, HEAE JERPEIN 8], ARG EE— /> HERIRL, X
— T DA A R T 2 RSB i, L0223 IR 1,

1: function DECODE(T, B)

2: W+ ¢

3: n < |B|,i<+1

4: while ¢ < n do

5: R<T

6: while — LEAF(R) do
7: if B[i] =0 then

8: R < LEFT(R)
9: else

10: R < RIGHT(R)
11: 141+1

12: W <+ WU SYMBOL(R)
13: return W

THEP C4++ Bl FREFEH TX—m42 R Huffman fRASHETE,

string decode(Nodex root, const charx bits) {
string w;
while (xbits) {
Nodex t = root;
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while (!isleaf(t))
t="'0" = xbits++ ? t—oleft : t—right;
w 4= t—c;
}

return w;

Huffman Zwt4, #5172 Huffman REMERIRERR 7 —MABRRE, RE
#AE A TR, Huffman B977 72602 M HIZE BB R B/ NS ER IR, XX 2 & FF R B Y
BRUFERE, R, 1IX—RAEHR BRALAIIERE, 74 T — D 2R R RIS,

HIF AR R R R R R e R 2R R LA, ERZHIEI RN, Huffman
G — MR Dl BATFRIZAERIESRE R R B LI IR SR A S0 SRS

SULTTTEA] AR OUR Z (W78, (H 2 A 20T TRRES 7 A 2 R I LR A AR
%o BHAHE R AZE — NMEBREIFT IR FFHISE 16.4 T4 T 10IF%
(Matroid) /5%, ‘E & 1 A] AN H 70 D RIARIRZ W],

BT

EHMERA], TS EEIIC, MTBCREZMERGH T, EHREAE, £R
PEIN AT DAL EER RS, AR BLE, IRITE RN, 1 ESRR—Ek, ALikm
ZUFHE SRR M, R EESR, B Ak, REite E B E SR i i D e
HIRE I ?

BATHEENEMRSRIENGF. SHFE 5 MORRIAAET: 1 #5705 £,
25 341,50 50 M 1 FEI0, 1 FEILHFT 100 3E57, HRRTE AN RO E, BO1E
RS PREA T RN R RKEER M, ICEmIMESIRN C = {1,5,25,50,100}, 4
TEEARTERER X, SO s m a7 1A AT DUE AR,

¢ : X=0
{em} Uchange(X — ¢y, C) : ¢y =mazx({ce C,e < X})
(14.96)

MR C 1HIRETFHEA, ¢, MBE—DAKT X WEEM, WIRZE it 1.42 3T,

XS AR TSR {100,25,5,5,5,1, 1}, A AR 5 HUH X — 51| 3225 # ok —

HEE—EEX {(100,1),(25,1),(5,3),(1,2)} HELEW, BATFE—K 1 FEochl

M, —# 25 EREM, = 5 EMEM. K1 E0EM, FHE Haskell il 727

ST X — /D SR,

change(X,C) = {

solve x = assoc o change x where
change 0 _ =[]
change x cs = let ¢ = head $ filter (< x) cs in c : change (x - c) cs

assoc = (map (Acs — (head cs, length cs))) o group

X —FE PR A% IR R e HES, Bian -

solve 142 [100, 50, 25, 5, 1]
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X —RRZ RS, fhn] DARA 7 Hi ey an 2 B FER.
1: function CHANGE(X, C)

2 R+ ¢

3 while X # 0 do

4: cm =mazx({ce C,c < X})

5 R+ {cn}UR

6 X+ X—-cn,

7: return R

R Python Bl FAEFFSEIL 7 IX—an S NEIE, 45R D— it

def change(x, coins):
cs = {}
while x # 0:
m = max([c for c in coins if ¢ < x])
cs[m] = 1 + cs.setdefault(m, 0)
X=X-m

return cs

X RERXHAE MRS, S00 7R DIREIR IR, EhrSER RN,
BHYE, FOLEN T RZBE R RFHEA L EREE—LEEISN, I, FRik
FERREMARRPEESHIMEN 1,38 40 AERZSDHROMEN 6 AUk, AR
MMATEAE N 3 BIEM, {HZ, 5007 ES IS RAZ 3 #Alm : — ey 4, W
BIHEEA 1o ZHAERME,

CLPY RIS

WRBER AR, SULTT IR A —EReSa R AR, 9 THEI SRR, AT EEH
JE TR ZE A BRSNS IRITT T,

BAESEbR, SU0TT AR AR RSN, 28K, 71T (word-wrap) /&
PR 4R A FODN V0 88 S X R R AP RE . QISR SRR, TE—ATBRA T, S
Sof B HAR S T1T R, (AT I0RE, P R Em AR A ABATRY, &
RENSIXNTTiERE 4G A B TR, (B2 B TER T, kR, LHEILREBA
R AR AT AT 77 38, H HSRBIEE R A B, @38, a0 NEAEIRFTR, € XK T,
ITAREREM T E W, BRI RIRIFEA s

. LW

2: for w € T do

3: if |w| + s > L then
Insert line break
L+ W —|w|

else

;e gk

L+ L—|w—s
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X SCAR B REMA w, ZRTAEH D00 RIS — 1T IR AT REZ A1 B 21 H
FTBERR, 1R Z SCAMCERAR A T 2R SRR TIT T AL B,

WHRZE, BAILIEIREN A A R AUHE, TIARIT ORI, AT DA 2N
MRITTIER AR IS 7]

ZhARK

FES R TR ER, BATZB ST IAAN IR R EIR M XN MM
KR, BEA—MITIE, ] ARIEEKE S Uirle?

BRIEEATEREN T HIAMEN X BIERAIBRAILTT R IR ZRIRE M RFAESIR O,
Ho BT DLRFIXEERE M 73 IR, C) T Cho ENMTIAIETOME X1 M Xoo FrflT%
TREIUE, ¢y 25 X, FRILR, H O, BRH X, B ItR.

UERA. X X, BIRAFAE— D5 — DB AT O, Bl O REIEMBEE D,
W SHHTTTE Cf U Cy HHAREMBRZEDT C, IXH C, BEBIMEN X HIERHY
BALAEAETT G, [FRE, FATHEATDUER C, 25t X, KU, O

ER, MREIEOIFA—E KL, GERBAMEIE—ME Y < X, BRI
A RIS T A SR Y BYRAIUR, SR X — Y BRI, RIXHD
RACMEEIFEER, FHA—ER I X KRR, 2 IEIXFERIR B G =R, m{E
N 1280 40 SIRMEDN 6 BIERAIBR AR TR ZMBE i, —HMEDN 2, 55— RBUMEN
4o [HSR, ANHIG R AP TIR 6 = 3 + 3, RET N FRIER R 5 7 2=h
3=1+2, BMEA—KMEDD 1. 5 —BAMED 2 MR R 3, (B SRR TTRH
T 4 BB 1+ 2 + 1+ 2 RS 6,

GUER— A AUAE IR AT DA A T AL AR, BATIAR e B “ il 145
#” (optimal substructure), StHtZ BRI, AL RE M HMERTEAL 70 fif, TAREE
B,

U RN B UL T 25 m] ARIEIR,

change(X) = { ¢ = X=0 . (14.97)
least({c U change(X —c)lce C,c < X}) : otherwise

MNTEREMMARS O, WM ER 0 W RAANTEZAEMTRE T ; S, T EE
AR T RIE X BIBEETE o, BITER O X — ¢ BRI, BATERERTH %
1677 Z& R, (R RE T i D — M R EE R

NTE ) Haskell il FF257 SE 73X — B T A I3 f#2%,

change _ 0 = []
change cs x = minimumBy (compare ‘on’ length)
[c:ichange cs (x - ¢c) | ¢ « cs, ¢ < x]

BTN change [1, 2, 4] 6, BMERMMEN 1,280 4 BIBEM, S EDN
6 UEk, X—FEF P DIAHIEMINER [2, 4], REWL, BFEMO & EREm A
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AL 1.42 SETTHYREIRPERERCN TSR, f£—& 2.7GHz By CPU, #IF 8G M7
AR b, X—FEFTE 15 P ARG A R,

& AERE IR AE T, 72 B T Bk, A RENERITRE, HHRE
change(142) N, BFRZERE change(141). change(137). change(117). change(92)\
change(42)o FEEEE change(141) I, BEFRZRIXMETHIEZE 1. 2. 25, 50, F
100 357, IXFE, SRS B UGBS 137, 117,92, F1 42 JXLE(H, MR AL 5 TR
IR

IXFIME B TR S AR U 75 IR T RS OIS e A1 E R AL

{ 1 : n=1vn=2
F, = (14.98)
F, 1+ F,_o : otherwise
ZEFSRUE, MR Fy B, TATFZERITH R M Fo MYSTEHE B I, 3
MTEFRIE Fs, AN Fy- RIFREFRRA NS, SR T, HRE RS, 1
FIFER—iE—EtEE A,
Fg - F7 + F()
= Fs+ Fs+ Fs+ Fy
= B+FR+FR+FB+F+FB+FR+F

N TR EE R, BATTA] DAESR LB IRSLEAI N R — DR Fo X ERAE
AIRT DR BAET N 1, Bt eR R e H, 72 B T FRGEVA TR A, (R
HE P, BATECRERETRE & DR, MRANEZH, B EREE RS
AME. A0, BATREHE—PUHE, SRS F, BEE, TR EREAEMSS, DU
TR ER,

1. F« {1,1,NIL,NIL,...}

2: function FIBONACCI(n)

3: if n>2A F[n] = NIL then

4 Fn] < FiBoNAcci(n — 1) + FiBONACCI(n — 2)

5: return F[n|

{5 PSS BLR SR, BATTA] ATS H— DT A B ToEe) S R S i o 757k, FAT T —
NRM T RICFERIH S E, TR, FrE N EE N2 H, 1B TRE N
BT A, TATE XN A, SO MIME R 557, B4 TR T ER
SHTTIRG, BATEHLE R ARG,

1: T+ {qb, @, }

2: function CHANGE(X)

3: if X >0AT[X]= ¢ then
4: for c€ C do

5: if ¢ < X then
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6: C,, < {c}U CHANGE(X —¢)

7 if T[X] = ¢V |Cp| < |T[X]| then
8: T[X] + Cp

9: return 7[X]

SHEAMEN 0 BBk, AATEEATHED, FrDARNZE ¢o S, TANELL T[X]
PIG M X B, WNFRERSHRXION 2, WIFR @A TR, BAME ¢ B —Zfr
AMEART X BREM, ST R, BUGRTMERN X — ¢ BIRIETTIR. 17 FEHY
AUMREA b, BATEINE 1 AUEDY ¢ BIREM, SER1S T i X AR, )5,
BATR AR AR ORAFAERAS PR T[X] — TN,

NHE Python $l 7R 71X —RIK, EUER 8000 ZFPR4 i 1 5k 1.42
SETCHI R AR

tab = [[] for in range(1000)]

def change(x, cs):

if x > 0 and tab[x] = []:
for s in [[c] + change(x - ¢, cs) for ¢ in cs if ¢ < x]:
if tab[x] = [] or len(s) < len(tab[x]):
tab[x] = s

return tab[x]

AR BRI TR, RIERIT Fy, By, F, ..., F, R E, XIaE2
MNTHERGR'E N 2R RSB BN o
1: function F1Bo(n)
> F={1,1,NIL,NIL,..}

3: for i + 3 ton do
4: Fl[i]+ Fli — 1]+ F[i — 2]
5: return F[n]

FRATTAT DUfE F R OLR) SR B SR AR R S b o [R) 8L, BMELDN 0 BYERTTR, AR
N2 R TAN A S AN S EDN 1 (R, DASEEIRE i RGN, Al Ta] PAGEA
1 32 AN TOMEDY 203 M1 4 Bk, Al DAZIAI a0 2 A0 1 S8R, 3 1 3
IR 4 B0 1 R Em, N RIFRIAERISIRNAINERI4.12(a) FUR,

HHMED 5 BIERR, IR TR, SEE NGRS AR —1 1 3£
AR, BIEERT 5 A 1 SEo0AVRE T Sl B (] 1 A 5 2 RIREM ., BAREE TR
ARE T /D, R RS R PR R N UNR14.12(b) Fro

R, SHMEDY 6 AUERRS, T AMARET: 1 20 5 ZEEAKRT 6,
MFEREIX 2 FEIT,

o WNSUAEER 1 357, Tl HE FRFEELMFEIRVIME 5o HTIRNTEETERG
HRIESR T 5iHe 5 BUERIUIE {5}, (HR 1 A 5 £oilim, IXAERMTIGE— D Sl
WMEHN 6 FI—M#E {5,1};
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ME || 0] 1 2 3 4
mIOUE || ¢ | {1} | {11} | {1, 1,1} | {1,1,1,1}
(a) SLHMER 4 £ AN R ISR

E ||o] 1 2 3 4 5
BRI || o | {1} | {1,1} | {1,1,1} | {1,1,1,1} | {5}
(b) SHIMEN 5 3£ ANIER AR 3R

7 14.12: SR BERIRLALIFR

o WNSERREEA 5 257, TAE T RTE AMFIRINE 1 EEER, AL
St 1 BIERALAE {1}, ZAERANTAS 2] T 5B ED 6 B9 9h—TE {1,5}.

BT AN ETTERTSHRET TR ZE AT, FRATAT DO SR — MENR IR, R
B3, BAT TR OGP TR R h e D R BRE R K
TEAEAT— R, HFERAME @ < X B RITT REN, FATB— &R H1E,
MTFEAAKRT @ BIBER, FATMRE AT T[i — o] RIRELF IR, FX—
fE PR AEE AN _E—REm o, Wi 5t ¢ BY— D)7 SRIET, AR AE %
DA, IESRENERAE
NHEAFIEKLE T X — B EA_ERE R,
1: function CHANGE(X)
2 T+ {¢,0,..}
3 for i + 1 to X do
4: force C,c<ido
5 if T[i|=¢V1+|T[i—c]| < |T[i]| then
6 T[] < {ctUT[i— ¢
7: return 7[X]

NHERY Python HlFFERF Sl 7 IX—8X,

def changemk(x, cs):
s = [[] for
for i in range(l, x+41):

_ 1in range(x+1)]
for c 1in cs:
if ¢ < i and (s[i] = [] or 1 + len(s[i-c]) < len(s[i])):
s[i] = [c] + s[i-c]
return s[x]

MR RAF IR A RA%S, R IMH AP A RBEERNNA,

KRR AT RS R, 58 2 BRI 2 AR, Dy 1 /D22 [ ETHAE, 3
AITAT AL SRAE R T M)A HR 73 o T S et fy [m) 7, FRATVA TR ZICR RN T 5
e 0, A RERI AR — B M,

1: function CHANGE'(X)
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10:

11:

RIS R 485

AXIED 6 7 8 9 10
O || {1,5} | {1,1,5} | {1,1,1,5} | {1,1,1,1,5} | {5,5}

% 14.13: BIBORNG T FERE A

T «+ {0,00,00,...}
S« {NIL,NIL,...}
for i + 1 to X do
force C,c<ido
if 14+ T[i — c] < T[i] then
T« 14+T[i — (]
S[i] < ¢
while X > 0 do
PRINT(S[X])
X+ X — 5[X]

N T ISR SRR LA T A%, IX— W IR TR T S T ek

TRBME 01, 20 TR AR MR, T S i 7 R URAmERR S — 1 m

{E

NTHRBRA X SR MAIER, 55— MEFIE MY S[X], 7% FRIRMLT

FEE R X = X — S[X]o FAEWRKE S[X'] RIS T —MEm, JATABrE AR
YA T PP e BRI RE T, EL R RIS AR I B, N Python HlFA2FSEIL T
X—RIk,

def

chgmk(x, cs):
cnt = [0] 4+ [x+1] * X
s = [0]
for i in range(1l, x+1):
coin = 0
for c 1in cs:
if ¢ < 4 and 1 4 cnt[i-c] < cnt[i]:
cnt[i] = 1 + cnt[i-c]
coin = ¢
s.append(coin)
r=1[1
while x > 0:
r.append(s[x])
X = X - s[x]
return r

BEFERBANE n, X—FIEME n R, BUOER, BiERSAE SHIRE T,

BHBITIEDN O (nk), Hrb & JR45ERE M RGN R HERE M R, &S0t
BIR, WEBUL O(n) BIZSHE, BEMFEM T M S Kicwm Il 1 FEHI,

FELAE PR R RIPAE A, BATITCTE BB SRARR RS, BUE 1 H BN R N 2 i, — R
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INER BRI E TR finger K120 FATTAT DAEFR R AR/ DRE M 2L, FIIEEEAIRE
O CRIFFER R,

ISR AR RIS, SCBR E—HR finger 4, BN T = {(0,0)}o TSt
B9 0 Bk, IEFRAEATREM, FATHFIR {1,2, ..., X} HEAT fold, R AWIIAFEAK, fold
AR —TTRECE change(T, i), fold &5H 5, TATBRIGFRA R RLMRME, A5 HE
W ERE make(X, T), WNIX—FRFGHIE H S E T Y511 R,

makeChange(X) = make(X, fold(change, {(0,0)},{1,2,..., X})) (14.99)

FERREL change(T, i) 1, BAMGEFTHMMEAKRT @ BIBEM, EH S BER IR
— FraRRE M A&/ DEEE, kT AIRE MR — A HME, #EAZ finger B, &JEIR ]
BRI E NS R,

change(T, i) = insert(T, fold(sel, (00,0),{c|c € C,c <i})) (14.100)

BATHEHRAE fold ARG EERE EURD I ST 5 fold BARITHIETN (o0, 0), 41
RNFAEEAKRT @ AT, KL sel((n,c), ) RMNDNSE, BE—PSERE—N
{6, WS AR B EANE AR T, EJ2 B AT IEIRBIR R, 55— D280 1
HE T, Pl 75 Z AL A BT E 2 75 n] DA BCE A IR

sel((n,c), ) = { (L+nid) o 1n <, (,e) =Tli =] (14.101)
(n,c) : otherwise
MG LR )G, S FT BRI AT B Ml n] DU 2 —ikH,
make(X,T) = { ¢ = X=0 (14.102)
{c}Umake(X — ¢, T) : (n,c)=T[X]

N H HY Haskell 51 FF2 7 SEEL T S bl i L B THnEZEHRY Data. Sequence,
HSZIH finger #,

import Data.Sequence (Seq, singleton, index, (|>))

changemk x cs = makeChange x $ foldl change (singleton (0, 0)) [1..x] where
change tab i = let sel ¢ = min (1 + fst (index tab (i - ¢)), c)
in tab |> (foldr sel ((x + 1), 0) $ filter (<1i) cs)
makeChange 0 _ = []
makeChange x tab = let ¢ = snd $ index tab x in c : makeChange (x - c) tab

ANE R BIRIA ERTTEE, 2 BT AT, BRI R T AR AR, 1X
R TR R RARR RN, TFERE LM TSR, X—R R ES
F[A]# (overlapping sub problems),

PR A R AR N, Q0 Haskell, 3248 17 PUE AR ; AR — L DA BN ST, 4 ML, $2 48 1 AT R i
el
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) B>y il () 6 5
SRR FAE 1940 F£48H Richard Bellman 2, B E2EREMMBENRES, B
FR A AN
o WML TFEER, TRIRE AT DARE 73 RN T A NAY 7 TR0, B e A ol DA Rt A
IX L[] Y A A HE R
o EG TN, [A)#A] DARE R 04 T R, R B R 22 IR e B A AR
LL20 NI : )

S g T e, RIS AR (A T 5 MM B 1 (M)A 1 o

BRAKTRIINE

REAHTF A RS K AL F R REAE, a8 —=d, Tlllat 7amS
RIAHTF BT R, &KAETFFITCHERET T HESE 7.

flan, SCA “Mississippi” 1 “Missunderstanding” B K AT B8 “Miss”, B
KAILF T “Misssi”s A1E14.50F77R,

7/

v

o

14.50: KAHTFFS

NEFA XK HER 00 18, RIFHIEXPIE A R KA, SRt T
O 1) H e “iff” (925 3R, K S BOME R AR T BRSO B R RRRA £ R, Rk
INET R EE P T A

MEMAZHE X R Y FPEIEA—A N, MERK AL TR LOS(X,Y)
FIRNZS, T, 8 X = {21, 29, e 2] Y = {1, Y2s oo Yo o AIRE—ATER 2, A
yr ML, FRATAT UBITHIGER X — {0, 2, s} T Y = (g, s ooy} WIS
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il REEER LOS(X,Y) AILOEIR o BHINEl LOS(X',Y") ZHikfg. &
W, zy # o, TATTHERITER LCS(X,Y') M LCS(X',Y) IGER, IEERKK
—MENRALER, GER=MEIL, BAT] IS E N EATE o

6 X=¢VY =¢
LCS(X,Y) = {r1}ULCS(X")Y') :© z1=wn (14.103)
longer(LCS(X,Y"),LCS(X',Y)) : otherwise

X R E AR AR TS, SR AT A R AT DA A USRI
AT IR, R PR R A A R R 1o

FIfE, X—E XS HEE T ME, FHENR KA T RIS RHTER
Z R

A AEIX PR, BATTRT DAfE I 3 RIS AR OOIX — ]l

BATTA] DA — P R RIS 7 SR R R 1TRISI AR X A1 Y /Y
THio

a t|le|n
213|456
b1
a |2
n|3
a |4
n|b
al|b

2 14.14: IEFEALARE —4EFRA5

X —RIFLEH T R FFF 8 “antenna” fl “banana” 2 Al K AT 750061 7
MR ED AT 7 8 6. BATE SBRERSIEG N, H TR0, {A1H
FELES “antenna” PRI 7 DNFLRF, # “banana” FEE 6 MR, ENTEZFR @’ ,
FAHE REBITEES 5 1758 6 4, X—Ith =, RIMTFEEE X I, 52
IREFAFHEN, BlI— DR RN, sEE B TEHR RSP — I EEHA G R, [R5
HrsE I (AL RERARL, 3 —F R A R R B G, B RBNIRE A T e kA&
o X—IIREAIBIAE S, 7 248 Y, BTN TR/ B b i A A A5 46
AbFE,

FES BRI A RN R K Ao EoN, TATAI DAY R RIAERK, 15
AT — ST,

AR XA AR, SEEL T B TIE R RIS AL,

1: T < NIL
2: function LCS(X,Y)
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aln|ftlje|n|nja
oo | |P || 9

bl¢

a| ¢

n|¢

a| ¢

n|¢

a| ¢

* 14.15: EETBIRMMBERR

3 m <« | X|,n « |Y]|

4: m <+~ m+1,n+n+1

5: if 7= NIL then

6: T+ {{¢,0,....,0},{¢,NIL,NIL, ...}, ...} >m’ xn
7 if X #¢0AY # ¢ AT[m'][n'] = NIL then

8 if X[m]=Y|[n] then

9: T[m/][n'] < APPEND(LCS(X[1..m — 1], Y[1...n — 1]), X[m])

10: else

11: T[m/|[n'] + LONGER(LCS(X,Y[l...n — 1]), LCS(X[1...m — 1],Y))

12: return 7'[m/]|[n’]

RIGHIGILT, 58— 1T —FIERBHE A 2 B FRAYIER N NIL, FRIFEAT—1
FRPERNZE, BB R FRIIURNA NIL, BTN DB RIE— TR, A
BN R T HREN&R KA, NHEEY Python fl 7S 7iX—R1K,

def lcs(xs, ys):
m = len(xs)
n = len(ys)
global tab
if tab dis None:
tab = [[""]x(n+1)] + [[""] + [Nonel*n for _ 1in xrange(m)]
ifm # 0 and n #0 and tab[m][n] dis None:
if xs[-1] = ys[-1]:
tab[m][n] = lecs(xs[:-1], ys[:-1]) + xs[-1]
else:
(a, b) = (les(xs, ys[:-1]), lecs(xs[:-1], ys))
tab[m][n] = a if len(b) < len(a) else b
return tab[m][n]

WA DA B R R E SRR K AT, BN SR R RN, 53 9h,
BAE AT DL R AE AR P ORI 2 RIS, TR IR K TR K, H R
MBS R K AT PA. —THEN, FASHRIFTE TG 0
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1: function LCS(X,Y)

2: m <+ | X|,n < |Y]

3: T + {{0,0,...},{0,0,...},...} >(m+1)x(n+1)
4: for i < 1 to m do

5 for j < 1 ton do

6 if X[i] =Y[j] then

7: Tli+ 1]+ 1] «+ T[i][j] + 1

8 else

9 Tli 4 1][j + 1] < MaX(T[][j + 1], T[i + 1][4])

10: return GET(T, X,Y,m,n)

11: function GET(T, X,Y, 1, 7)
12: if i=0Vj =0 then

13: return ¢

14: else if X[i] = Y[j] then

15: return ApPEND(GET(T, X,Y,i— 1,5 — 1), X[i])
16: else if T'[i — 1][j] > T'[i][j — 1] then

17: return GET(T,X,Y,i —1,j)

18: else

19: return GET(T, X,Y,i,5 — 1)

B R _E AR, BATTNE 2 17,58 2 FI0T46, IX—TN . X MY FFE9sE 141
TER. WAREHE, W H BTN R R AT IR 1o X AT POEIE R H3 Y
KEEM 11558, maBrssR, FEEL A b, BN, RE—-DILEAE, AT
R IE BT R — TN 2277 B — WP PRI RR R EIR N, B IX— IR, 2 RAR,

e, AT T A1 DS i K AT R, WERASHIA R 75 TG, G12R X
Y e — e RS, BATHE S RPRRE— TR, FHEN AL
MERER, BN, AREIG—DICRATE, BAIHEZ LA MR 77T, iR ERR
ARSI TP,

MR Python HlFREFSEI TiIX—H %,

def lcs(xs, ys):
m = len(xs)
n = len(ys)
c = [[0]*(nt1l) for _ 1in xrange(mtl)]
for i in xrange(l, mtl):
for j in xrange(l, ntl):
if xs[i-1] — ys[j-1]:
c[il10j] = c[i-11[j-11 + 1
else:
c[i]1[j] = max(c[i-11[3], c[i1[3-11)
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return get(c, xs, ys, m, n)

def get(c, xs, ys, i, j):
if i—0 or j=—0:
return []
elif xs[i-1] — ys[j-1]:
return get(c, xs, ys, i-1, j-1) 4+ [xs[i-1]]
elif c[i-11[j] > c[i1[j-1]:
return get(c, xs, ys, i-1, j)
else:

return get(c, xs, ys, i, j-1)

tha] DU AR EEA 77 1250E B RIA_ERIEHASHRIRS. TSR finger M
NG HBATEAN n+1 1 0, BIIX A X AT fold RAFIERM, K5 MR
SR K AT,

LCS(X,Y) = construct(fold(f,{{0,0,...,0}}, zip({1,2, ...}, X))) (14.104)

T RREIEIRR T AR, TG X MBERE zip B —, K 7@y v 17
fold, BRI HFHI—1T, FFidx T HATN L, FrETEN FTREKARFRIINKE,

f(T, (i,x)) = insert(T, fold(longest, {0}, zip({1,2,...},Y))) (14.105)

B longest FEZM NS, BB— N SEE BTN IEREH X —ITEHARNNE,
BoANSER—ANE, &R Y PNAITR, EHRIX TR X
AR, FE R KR AN 21T,

insert(R,21+THE—1][j—1]) : z=y
insert(R, max(T[i — 1][j],T[i][j — 1])) : otherwise
(14.106)
RIS SERG, Al DUBE B RAE HER KA T8, N TSR, Fi10] DA
R X ALY, DU A4 R m R n

longest(R, (j,y)) = {

construct(T) = get((?, m), (?, n)) (14.107)

AR FFHIR NS, AP — AN TEE B « A y. RIRIGE MO X7
1 V7, B8 get BIBIKE XU,
6 : X=oAYV =0
get(Xi—1), (V- ))ufe} : 2=y

get(X',i—1),(Y,j)) : Tli—1][]> Tl — 1]
get((?,i), (?’,j —1)) : otherwise

get((X,1),(V,5)) =

(14.108)
NI Haskell il FF2FSLH T IX—HE X,

lcs' xs ys = construct $ foldl f (singleton $ fromList $ replicate (ntl) 0)
(zip [1..] xs) where
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(m, n) = (length xs, length ys)
f tab (i, x) = tab |> (foldl longer (singleton 0) (zip [1..] ys)) where
longer r (j, y) =r |>if x =y
then 1 + (tab “dindex’ (i-1) “dndex’ (j-1))
else max (tab “dndex’ (i-1) ‘index’ j) (r “dindex’' (j-1))
construct tab = get (reverse xs, m) (reverse ys, n) where
get ([1, 0) ([1, @) =[]
get ((x:xs), i) ((y:ys), 3)
| x =1y =get (xs, i-1) (ys, j-1) + [x]
| (tab “dndex’ (i-1) ‘index’ j) > (tab “dindex' i ‘dndex’ (j-1)) =
get (xs, i-1) ((y:ys), 3)
| otherwise = get ((x:xs), i) (ys, j-1)

FHARIWE

BNASHURIAY AT AR R B AR IR, 3w DA R — LB ) — R I &R R, 5114014
1 (subset sum) [, Z57EE TRENES, 2EFAE— TS TE, #5FHEFT
MR 0? FlanES {11,64, —82, —68, 86, 55, —88, —21, 51} TEEMMIHN 0
e TH8, — N2 {64, —82,55, —88,51}, H—1E {64, —82, —68,86}0

MR 0 B DMRERVE N, AINBAFERE — D&, (HEHANE ST E
so AT FRATTEER BN A T R Y 5-,

TR, BIF2EF AT A B, N T NI R, BT DUEEEE R E,
XN TE n MTRNES, BHF 20 DRI, N T8 MR, Fll 1HFHERENZ
BN so BB NERMERME, HIEK EEZERN O(n2"), X2 Magms
2, MREEHEHRZILE, IR A< s,

FEMEFE— MBI, NREG N, BARTH; BN, SHEEN X =
{z1,20,..}0 B x1 = s, WFHE {2} BT, BINEEFELERESHRIRE
X' = {xg,x3,..} TRGIE TENN so BN, 7 2z, # s, MIFTERMATEELE, &
MEFRZAE X PR TFEM s, UFREMRTEMN s — 210 A THEAFA s — 2, B
T, BATATLURE 2y IO S, MR —NET I, RIHERE SRS T IR A TSI,

¢ X=9¢
solve(X, s) = {{z1}} U solve(X’, s) T =35
solve(X',s) U{{z1} US|S € solve(X',s —x1)} : otherwise
(14.109)

X XEEE T4, RAREARRIE T4, HH, X EXEHES
TRl FATTAT AR ShAS AL, i — K RIS 7 AT, TR DR 1SR
[

TR TR TR B TSR AHT, TATE B B R RAE A, SFER—T
AN s, W “FEAE”, N AFAE

S e R ERATRT DARE 7 MR _E IR, ANARFEE BIAN s AE B NEREEHY
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TR, WZ AT,

(14.110)

si=Y {re X,z <0}
Su=>re X, x>0}

BN, s < 5 < s, HTATARITRACGZREL, BATTATCAEA —5Kk RS, SF
su — s+ 1 81, BHIRKIX—VEENE— P ATRERIE, M s, B 5,0 RIGHRIHINS
NEBHR, #RBEFE— T8, HADNZITON M ME, FHarINE, A R Eg)
MR BAIMNES X B —NICR o THA, BARTE {21} BIFN o, FTLAR
T AT o) —TIR N E,

S |lsi+1 | oo | @ | oo | Sy
xzy | F F .| T |..|F

7% 14.16: THEMA B RREE 1T

EHEETIIE IR 2o, ATAGE] 3 FATRERTRI, FIEE—1TREL 75 {2.}
HIRIDN o XFRI—ATHATE RTREME, QRN L oo, EANIWE N FERIART IR,
FTASE—4TH o R —IUHRAIZONE; IR o, MEIFTA ATRERTRIZ L, FhATTAT
DS EI—L58r{EH, FRIARE 21 + 20 F—TIN N E,

S |lsi+1 | o |lxy | oo | Xo | oo | T1+X2 | on | Sy
z; | F F e | T | .| F | .. F .. | F
zo | F F e | T | T | . T .. | F

2 1417 TEMRBPRIRESE 1T

BIMEZ, JHEEGRME TR, FIEHE {21, 2, ..., 220} AERGRIN, 524
TGRS (Al E— AT N BRI, (5A N E. ARAEN = BI—IIRCNE, K&
A= RNES {a} BN 0 BATAILLRE 2, MBIEHAIATENZ L, XA L
152 — L5, X R EEFHE AT R N H,

HIXACEEERITRE, BRI T —1NEF | X| THRR, BEERRE
AT, NRNAEN s RITUZ EICRR, wl il DANE R S AAE FRIINN so BT s <5 8L
su < s INTCRE, FEIXFBENL T A] DABRIE RIS RUAIEIE AR, A8 NI iX — R AP,

1: function SUBSET-SUM(X, s)
2 sy {re X,z <0}
3 Sy > {re X, x>0}
4 n <+ | X|
5 T < {{False, False, ...}, {False, False, ...}, ...} >n X (s, —s +1)
6 for i <~ 1ton do
7

for j < s, to s, do
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8: if X[i] = j then

9: T[i][§] - True

10: if i > 1 then

11: T1il[j] <= Tlll5] v T[i — 1][j]

12: J < j— X]i]

13: if 5; <j' <s, then

14: Tlillj] « Tlall5] v T[i = 1][5']
15: return T'[n][s]

TR, RIEPHINRTIANZMN 1 F] s, — s+ 1, THEM s B 5,0 HTRZEGE
IR ERS ], BATA] DAEIE T[i][j — 1) REATHE, TEE Python 712
A T RGBT,

def solve(xs, s):
low = sum([x for x in xs if x < 0])
up = sum([x for x in xs if x > 0])
tab = [[False]*(up-low+l) for _ 1in xs]
for i 1in xrange(0, len(xs)):
for j 1in xrange(low, uptl):

tab[i]1[j] = (xs[i] = J)

jl1 =13 - xs[il;

tab[i][j] = tab[i][j] or tab[i-1][j] or

(low < j1 and jl1 < up and tab[i-1][j1])

return tab[-1][s]

IX—FEFIRA M IR SORAE = 0 i = 1,2, ..,n — 1 BFIARRITEN, X
REN i =0 B ATHIRSE] i — 1 = -1, EfERESHRIRG —17, P REERR N, 1X
FeEiffL 7R HIZHE,

(HFHIX—384%, /] DURE BTG RN s T8, BdElRshRE—
TR s B—T0, MWREE—DITR x, = s, WFE {z,} BRZ—DH, TMET
RE 1T s MRLAYIE, FFIBITHM {21, 22, 23, ...,z } FRERTERN s #Y
T, o, BAGERIEEE 17, MM s — 2, BT X TREFNX—ERNTFE, 3
IO @, JERE— DRSS, BN s

1: function GET(X,s,T,n)

2 S+ ¢

3: if X[n] = s then

4: S+ SuU{Xin]|}

5: if n > 1 then

6: if T'[n — 1][s] then

7 S+ SUGET(X,s,T,n—1)

%

if Tln — 1][s — X[n]] then
9: S+ SU{{Xn]}uss e GeEr(X,s — X[n|,T,n—1) }
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10: return S

NHERY Python HIlFFER Sl 7IX—HX,

def get(xs, s, tab, n):

r=1[1

if xs[n] = s:
r.append([xs[n]])

if n > 0:

if tab[n-1][s]:
r =r + get(xs, s, tab, n-1)
if tab[n-1][s - xs[n]]:
r=r + [[xs[n]] + ys for ys 1in get(xs, s - xs[n], tab, n-1)]
return r

X —FEMPERSISIRKIBZIEIR T O(n(s, — s + 1)) IRLAR RS, K514
H O(n) IRMIX—FAEE 5 I ERTAIZEREA O(n(s, — si 4+ 1))o
BATATLAEAH — DAk B S n TR, A& A9 — IO B — AT RE
AR, Horp el 7 RAISIR, HER, MEFBRIFTEIE N2, X T X g —1
TLR, BATABTE R R, Bl 7 ATA Al seR 2RI, SRTA TR RS,
XN s AR —IHL & T BRI E SR,
1: function SUBSET-SUM(X, s)
2: si >y {re X, z<0}
3: Sy > {re X,z >0}
4: T+ {¢,0,...} > sy, —s +1
5: for x € X do

6: T" < DupLICATE(T)

7: for j < s, to s, do

8: j—j—x

9: if x = j then

10: T'[j] < T'[jlu{x}

11: if sy <j' <s, AT[j'] # ¢ then

T'lj] T[] U {{a} U SIS € 7157}
13: T+ T

14: return 7'[s]

MR Python Il FAEFSEIl 1IX — I HE %,

def subsetsum(xs, s):
low = sum([x for x 1in xs if x < 0])
up sum([x for x in xs if x > 0])
tab [[] for _ 1in xrange(low, up+l)]
for x 1in xs:
tabl = tab[:]
for j in xrange(low, uptl):

if x — j:




496 FHyE #E

tabl[j].append([x])
jl=13 - x
if low < j1 and j1 < up and tab[j1l] # []:
tabl[j] = tabl[j] 4+ [[x] + ys for ys 1in tab[j1]]
tab = tabl
return tab[s]

X REIEEH —NEMWRIEH, EER A NTR, REWEHRT
fRRIFRAR, IX AT DA fold DAZHRR AT 75 NS, BRA MR FHERME A&,
M s HIRE] s, BITIRINATEIUI NS,

subsetsum(X, s) = fold(build, {¢, ¢, ..., }, X)[s] (14.111)

23 fold J&, MRFASTIELF T, B A s k] AR RAREZR,

NTEH—ILR v € X, KE build MR {s;, s+ 1, ..., s, } 1T fold, ¥ T ME
I, MECREET «, FEREAAE 1 MENES {2} A j T, EEXERIIN
s THER, TASSEM 0 b TR RNAE j — = IR NZ, NG HIEPFTE 74, 3
KR « MARIEDMEEP,

build(T,x) = fold(f,T,{si,s1+1,...,8.}) (14.112)
FT.0) = T'lu{{ztuYY €eT[j']} :+ si<j <suAT[j'|#¢.j =j—x
7 T . otherwise
(14.113)
IXEHPREL f A T AT, T BE AR
_ { {2}UT[) : 2= (14114
T : otherwise

I\ (14.113) A1 (14.114) RYSE—ATHRR B — D fs, B i IURES EE
AT T R
N Haskell Bl 727 S8 TIX— R,

subsetsum xs s = foldl build (fromList [[] | _ + [Ll..u]]) xs “didx’ s where
1 =sum $ filter (< 0) xs
u=sum $ filter (> 0) xs
idx t i = index t (i - 1)
build tab x = foldl (At j — let j' = 3j - x 1in
adjustIf (1 < j' && j' < u && tab “Hidx’ j' # [])

(# [(x:ys) | ys + tab “didx’ 3'1) j

(adjustIf (x = j) ([x]:) j t)) tab [1l..u]
adjustIf pred f i seq = if pred then adjust f (i - 1) seq else seq

—LERPRE, WU B AR T A, T R RARR R,
R Z @A PR AR RIRT B A, ST e — MR T 55—, BARANA]
R 7 RIS I, (HRESPRT, MRIEEZ 2R, T B 0% BAIHZEF4iHsr
A LA AR 5
XL RAVERBEL T s < 50 8 s > 5, BIHBALEL MR s RIE L FRGEHEM, WFH.
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RIS R 497
23] 14.3

{5 FARRAR HE B TP R BT A fide

J\EJERIBAELE 92 MAFFE AN FAEM—MR, KEied 90°. 180°, 270° 1
#2/\ 25 SRR, H BAEKERIE B 7 R e =, A L2 R
), e L B8 B L fE RO Rl — 1 fERXDNE X L, EIEAFRNBERA 12
o B\ REHET, X 12 MR, SOEER, AR/ DR E
R 92 M.,

B\ 2R HEIE, (15 e T AR n 25,

eSO BRER 75 0 1 L R BSG URETR, (B 45 P AR IREEI . S I
BUOR, ¢ BERIAIEREIX, $XH A AT RERTRE.

2 e BRI I L AR SRR AR R BK [

BATCFHRNE BRI E R o T yo WL B ALEAS IR R i), 31
AT AN TIX RIS AR : (8176 A, K A FRDUKEIA B, 3 B G, 1
2, BEIHE—MRAEE T HE AR, EEIX— Rk, A RERYIT
ik E PR E R

FOY el LIS V5 TR L, T A et R ik m] DA R AR BRI R IHER, &
YR LES R, SHREIFRLREH S S (2| + |y| /D

JFEE (John Horton Conway) &t T —FhiEshilhdl, &14.5145HH2E—RREery
A, 8 NMRAEHH 7 MELRANTHT, BMEF EFRERS 1 2 7, R
HLFHE AR B B 2 =S Y, A AT DAV Bl 25, BB (AR A IELR, NIRRT
EMIERN, BR2HEFMIUT 1.2.3. 4.5, 6.7 BTESIRFERL 7. 6. 5.4, 3.2,
Lo 9n'E — MEF MR EIE 3 A,

14.51: FREGES)ER
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AR )

2R Huffman A4 RE T,
M ALEF R, 55—/ KA EEE R FREFIER M7, mAE
FAIKE, B =Ma: ‘N REmRdL, WARERMA, NW REmEIL, XL
MR REA TAN A R R A S R, BATNERIGIIA N A G, REN NW, 3k
TR E XN AR LA sh B 2 L IR+ RER ‘N, st EER S| L7 kST
WA W BUKEREENE L MIAS T EFE—1RIEIE S, SSX—RTX,
Levenshtein ZwfaiE B /E —Fr &N N RMHECEEN R, B8 CHINFRF B
s B PR + R LSRR, B8 ZATHERE, OCR Y5 T=
H, Levenshtein w8 EHE & o = MER/E: 8 I— DR, MR —DFRF. Bt
—NFR, BRI ERR AR —DNER, NEMATFH, 40 T NFR R
“kitten"FEHRE “sitting” TR, WIS HH Levenshtein 4wiEEEE A 3,

1. kitten — sitten (¥ k Bl s) ;

2. sitten — sittin CE e BN i);

3. sitten — sitting (FE45 AL g)o

SR, HHE RN TR R A Levenshtein #EE,

14.4 /NG
ARENE T HARNHEERTT 5, Gy Et R B A, &

1@ s BA R, v DAES TR 3 CRIRE R, XA B R E R B
HAR IR . Boyer-Moore AREXIFI, i AR FR AR AT, AR 54+ ER DLAC S I HR /2

iz_.

RITTERIBN o 55— R R RIS Z TG 2, IS AW ME RIS,

HEFKHERER, SRR k R, 0B R AN Saddleback #ERARNH T
DA IR, AEICH T LR EBRR T, RERET AR YRR
TETER, EATTA LU —RANHIIRR, siF R A E HR AR, IR B /e
RIXZ A R R RS, R — DB MR, I AN E TR
iEE, SIASRLRITT TR T2 RIS A e L T A R AN, X T3 IR O, BT T3
AT DAE F AT A SRS, BN S0 SR, AR IR RS i AL



bk A ZLPRBI a2 AU BRBE

M A LE, 210 A A < SRR ETA T 2 AL P S 22 A5 I, 76308 — AR
HIPRBTA 2 b, BT e A Epr R Ik 2 P T, PR AR (T s S RO R
AUSE AR TR IR, BESRE— IS ERYR T BB B, i, FAI5IABERE”, K
REFR O RBIE AL, NHEAH] TR TN E R GAE X

data Color {RED, BLACK, DOUBLY_BLACK}

BATETCE A = AR R R BIMERETE, FF DR T sl BT mlo QMR BIMIER
TREER R G, BATES W E RO 5, e HH0E—PBE,

1: function DELETE(T), x)

2 p < PARENT(x)

3 g+ NIL

4 if LEFT(z) = NIL then

5: q < RiGgHT(2)

6 REPLACE(z, RIGHT(z)) > A TR ©
7 else if RiGHT(z) = NIL then

8 q + LEFT(x)

9 REPLACE(z, LEFTz()) > FHEFIE R o«
10: else

11: y < MIN(RIGHT(2))

12: p < PARENT(y)

13: q < RiGcHT(y)

14: KeY(x) < KEY(y)

15: copy data from y to x

16: REPLACE(y, RIGHT(y)) > FG TR ¢
17: x4y

18: if CoLor(z) = BLACK then

19: T < DELETE-FIX(T, MAKE-BLACK(p, ¢q), ¢ = NIL?)

20: release x

21: return T'

499
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PR FRIEZ A R R T FRIRRT R 20 o AJDUBREEHERLE], 40
R o SHNZFH, BATRE VIR, FHH S —FW ¢ KRB zo N, FRAE 2 1Y
AFRREEIRNTR y, H y Bt o, REERAHRE o VI 2R o 2RO,
A Make-BLacK(p, ) TREFBEEN, MEHT T —PHIBE,
1: function MAKE-BLACK(p, q)
2: if p = NIL and ¢ = NIL then
3: return NIL > PFH A — N
else if ¢ = NIL then
n <— Doubly Black NIL
PARENT(n) < p

e

return n

else

return BLACKEN(q)

AR p F g ER A, BATHEMIBR A — 795 BB, R s, AR A p
AR, T g REs, WHIRIER T — DR e AT NIL s, RIELLE
PP 3, NIL /2B, FRAFEIX— NIL Z2pk “XE R A7 B NIL REBHFER 5 1)
SR, WIS p. g TANZ, FM A BLACKEN(q) K7 ¢ MIEIER, QISR LL ), ¥
ERECRE, IR ¢ ELRBON, RERSONER D, 5% TR, Tl D@ he =
Qe AR WEBO, XEA=MIERFELLR (1, 292 T1), FHIENH, WE
R R BT A] DUZ @ T A, tha] DUZ I R NIL,

ot 1. NEROTRELHENRE, HEZLBTRA MO TR T
I DUBE e R, AR EN, BENeknl s —fa—E X, 0
EIA 1R,

1: function DELETE-FIX(T, z, f)

2: n < NIL

3 if f = True then >z e E R NIL
4: n<2x

5. if 2 = NIL then > FIRIE— -7
6: return NIL

7. while z # T and CoLOR(z) = B? do >z e WE R AR A
8: if SIBLING(z) # NIL then > ST RA NN
9: $ < SIBLING(x)

10:

11: if s is black and LEFT(s) is red then
12: if = LEFT(PARENT(7)) then >z {EAM
13: set x, PARENT(z), and LEFT(s) all black

14: T < ROTATE-RIGHT(T, s)



(@g\d
b c \
b c

501

%
/
c d
a b

/ b c d \

Al WEREGET AR RE, FF HZ BT R — ML R EIE— e

FeiRfEBEE,

15:
16:
17:

18:

19:
20:
21:
22:
23:
24:
25:

26:

27:

T < ROTATE-LEFT(T, PARENT(x))

else >z (R4
set x, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(x))

else if s is black and RIGHT(s) is red then

if © = LEFT(PARENT(z)) then >z {EAM
set x, PARENT(z), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(x))

else >z AEA M
set z, PARENT(z), and RIGHT(s) all black
T < ROTATE-LEFT(T), s)
T < ROTATE-RIGHT(T, PARENT(z))

WOl 2: WEBOT QRS RN G, w] DU ks, K ODE RO E S

B A, WNEA2FTR, o B ¢ TIRE R,

BATHELEATE HRTR X — B,

1: function DELETE-FIX(T, z, f)

2:

3:

4:

n + NIL

if f = True then >z e E R NIL
n<—x

if = NIL then > MHERIE— BT
return NIL
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A2 B BT A L ROVt

7. while z # T and CoLOR(z) = B? do

8 if SIBLING(z) # NIL then

9: s <= SIBLING(z)

10: if s is red then ST SR E P WA N
11: set PARENT(z) red

12: set s black

13: if = LEFT(PARENT(z)) then > o TEAEM
14: T < ROTATE-LEFTT, PARENT(x)

15: else >z AEA M
16: T < ROTATE-RIGHTT, PARENT(x)

17: else if s is black and LEFT(s) is red then

18:

oL 3: BEEBOT KA LA T ROV R, BT RN T R th e R,
A DURF L6 T R AL, R AR R AR AR 0, SRR AR ) B AR3, ANIE A 3FTR,
AR FREIE L

=AML, DR R AT S S T AR A S, BATTE R I R

PR e R, R BB ) B AR, QNSRS BIAMRTT 5, TATPRARTT A i
B, FERBEERE, 55N, RENEROEBE IR HIHER, ta] &Ik, &
J&, R E R NIL BUTR I, AT TPRERE 938 NIL,

1: function DELETE-FIX(T, z, f)

2 n+ NIL
3 if f = True then >z e E R NIL
4: n<—x

5. if © = NIL then > MHERIE— BT

6: return NIL



10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:
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AT
&5 &

& A3 A bf&E

while z # T and CoLOR(z) = B? do
if SIBLING(z) # NIL then

s <= SIBLING(z)

if s is red then
set PARENT(z) red
set s black
if x = LEFT(PARENT(2)) then

T < ROTATE-LEFTT, PARENT(x)

else

T < ROTATE-RIGHTT, PARENT(x)

else if s is black and LEFT(s) is red then

if © = LEFT(PARENT(x)) then
set x, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T), s)
T < ROTATE-LEFT(T, PARENT(x))

else
set z, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(z))

else if s is black and RIGHT(s) is red then
if x = LEFT(PARENT(x)) then
set z, PARENT(z), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(Z))
else
set z, PARENT(z), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)

> LT RN

I D WLAN Ei)

> o FE/EM

> TEAM

> x FE/EM

> x fEAM

> x FE/EM

> x TEAM
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32:

33:
34:
35:
36:

37:

38:
39:
40:

41:

42:
43:

44:

45:

bk A LR a2 T UMBREE

T < ROTATE-RIGHT(T, PARENT(z))

else if s, LEFT(s), and RIGHT(s) are all black then
set = black
set s red
BLACKEN(PARENT(2))
x < PARENT(2)

else > A BB R
set x black
BLACKEN(PARENT(2))

x < PARENT(z)

set T" black
if n # NIL then
replace n with NIL

return T

BER, BIMEAZANSEC R A T FFBET A o (AIREENERE)  FRD fo
AR ENERE NIL, W f O9E, SNFRATH n RIERE, I ERLBE SRR, H
3@ NIL Bt neo

NI T FE RSB T AL R R B

Node del(Node t, Node x) {
if x — null then return t

var parent = x.parent;
Node db = null; //doubly black

if x.left = null {

db = x.right
x.replaceWith(db)

} else if x.right — null {

db = x.left
x.replaceWith(db)

1} else {

}

var y = min(x.right)
parent = y.parent
db = y.right

x.key = y.key
y.replaceWith(db)

X =Yy

if x.color = Color.BLACK {

}

t = deleteFix(t, makeBlack(parent, db), db = null);

remove (x)

return t

Hr makeBlack f&MIBR/G 1T S22 NANE B, FEACEINE 26 NIL 19
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RGO

Node makeBlack(Node parent, Node x) {
if parent — null and x — null then return null
return if x — null

then replace(parent, x, Node(0, Color.DOUBLY_BLACK))
else blacken(x)

HA K%L replace(parent, x, y) ¥ parent T x, H y &,

Node replace(Node parent, Node x, Node y) {

if parent = null {
if y # null then y.parent = null

} else if parent.left — x {
parent.setLeft(y)

} else {
parent.setRight(y)

}

if x # null then x.parent = null

return y

PK%L blacken(node) KLl midoh B, KRG YOI E B,

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

PHEEBIFREFEEL T BEERE:

Node deleteFix(Node t, Node db, Bool isDBEmpty) {
var dbEmpty = if isDBEmpty then db else null
if db = null then return null // delete the root
while (db # t and db.color =— Color.DOUBLY_BLACK) {
var s = db.sibling()
var p = db.parent
if (s # null) {
if isRed(s) {
// the sibling is red
p.color = Color.RED
s.color = Color.BLACK
t = if db = p.left then leftRotate(t, p)
else rightRotate(t, p)
} else 1if isBlack(s) and isRed(s.left) {
// the sibling 1is black, and one sub-tree is red
if db = p.left {
db.color = Color.BLACK
p.color = Color.BLACK
s.left.color = p.color
t = rightRotate(t, s)
t = leftRotate(t, p)
1} else {
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db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.left.color = Color.BLACK
t = rightRotate(t, p)
}
} else if isBlack(s) and isRed(s.right) {
if (db = p.left) {
db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.right.color = Color.BLACK
t = leftRotate(t, p)
1} else {
db.color = Color.BLACK
p.color = Color.BLACK
s.right.color = p.color
t = leftRotate(t, s)
t = rightRotate(t, p)
}
} else if isBlack(s) and isBlack(s.left) and
isBlack(s.right) {
// the sibling and both sub-trees are black.
// move blackness up
db.color = Color.BLACK
s.color = Color.RED
blacken(p)
db = p
}
} else { // no sibling, move blackness up
db.color = Color.BLACK
blacken(p)
db = p

}

t.color = Color.BLACK

if (dbEmpty # null) { // change the doubly black nil to nil
dbEmpty.replaceWith(null)
delete dbEmpty

}

return t

Hrp isBlack(node) Al — 1 mZ2 &0 R G, ARIELLRRIAIIER, NIL 2
BE,

Bool 1isBlack(Node x) = (x = null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color = Color.RED)

BRI E WEEE NIL, JH Node Y replaceWith #1785k,

’data Node<T> {
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/]

void replaceWith(Node y) = replace(parent, this, y)
}

BRLL BRI, MEREIRECE AR &L, BB E BAEKANZ
1ke MFEH n D RLER, HEXRER O(gn).

g3 A1

L. ZwEREFHIWT—IRBZ S LRI 5 Z MR, A RIS UELT SR AR AR
%o
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ffis B AVL B—uEBHFI BRI

B.1 #AJGHIEEER
1 AVL BHEATERIS, B 17 (EPURIIL:

N
= L4maz(|r'], [I']) = (1 + mazx(|r|, [I]))
= max(|r'[, [I']) — maz(|r], [I])

0>0,0>0: Ar (B.1)

§<0,6/>0: 4+ Ar

§>0,0/<0: Al—96

e Al

HER. — XA A RTRE RN G I 45 7 S e i P IRl -5 T TR A S IR S

T, ARIEERTEZL, A TIREN:

LW s >0¥H & > o0, ARG, HFH&EEENNTEFHNEE. &

JERRE N ATl B A R Ar;

2. MR 6 < 0, FEFARTEF AT EANT A TR, B2 6 > 0, WG T
PR EE R RSN T, W22 TR AN ('] = 1o Bt DA RIS AN :

AH = max(|r'|,|l'|) = maz(|r,]I|) {§<0H § >0}

= |r'| = [l e =11}
= Irl+Ar =1
=+ Ar

3. s >0 H ¢ <o, FiER R0, BATE:

AH = max(|r'|,|l'|) — maz(r|,])l]) {6 >0 H § <0}

= 1= Ir
= [l| + Al — |r|
=Al—-90
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4. B0 6 06 FAKT 0, WA ARSI S EEANT A TR SER
N4 B Sk B e TR AR L Al

B.2  fli NGRS

WEB.AFTR, Fra®RZELZNERIEI, FiN e 2, RS, iR T
6(y) IEN 0. e T BAMHRR G,

f(x)=2

5(z)=-2

s(y) =1

8(y) =0 5

a b c d
s(x)=1 ~

B.1: flNJE T Z K FHIRY 4 FRiE D

X 4 FEO AR A — G — A A — . ICBE RT3y
§(2)\8(y)\6(2), BEIG AN 6 (2).6' (y)s 8’ (2)o TATMHE NKIEM, WRJSFE 4 FiF
ORISR RN 6(y) = 00 FFEAFER o' («) F1 0(2) HIEEIR,

UER. FRAT15y BUBH RS PRI LR,
Je— %
T o TEVREHE AR, B 8 (2) = 6(2)e BIH 8(y) = —1 H 6(2) = —2, FFBA:

6(y) =lel —lz[ = -1 = || =|z[ -1

(B.2)
6(z) = Idl — lyl = =2 = |d =y -2
VA% )E
5() = Id I [ (B2))
S
B.3
=yl - |z -1 (e Ry TH 5 = [yl — 2] = 1) (B:3)

= 0



B.2 fEAJGHF-HijE%E

T 6 (y), AUREER:
y) = [z -l
= 1+ maz(lel, 1d)) — o] {3 (B3), |el = |dI}
= 1+4|c]— |z] {X (B.2)}
= 1+|z|—1—|z
=0
TCE RS R, X T/E — A8 O, i A A 7
8 (z) = d(x)
§'(y) =0
d(z)=0
H—H
G — G — R, 5 R A R 45 SR
d(x)=0
'(y) =0
0'(z) = d(2)
ik
BHHRHEIE 0 (v), WETEG, TA14:
§'(z) = [b] — |al

VARETAETRT, - BN

1zl =1+max(lyl,|d]) {0(z) =-1=[y| > |d|}
=1+[yl
= 2+ max(|b], |c])

K 5(x) = 2, FTBA:

dx)=2 =|z|—|a|=2 {X (B.8)}
= 2+ max(|bl,|c|) — |a| =2
= maz(|b],[c]) — [a[ =0

ISR 5(y) = |c] — o] = 1, W:
maz(|bl, ) = le| = [b] + 1
LA (B.9) 1950):

b|] +1—a|=0=|p| —|a| = -1 {X (B.7)}
= (x)=-1
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(B.4)

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)
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2R 6(y) # 1, W maz(|b], |c|) = |b], fRAIX (B.9) 155:
bl = lal =0 {3\ (B.7)}

= (B.12)
B LIRPREN, FATFE 6 () A 6(y) BIRFR:
=1: -1
§(z) = {iﬁu o, (B.13)
NTF 6(2), IRIEE L EFET:
5 = ldl— e {3(z) = =1 = ld] - [y}
= |yl =l -1 {lyl = 1+ mazx([b], |c])} (B.14)

= maz (], |c]) — ||
R 5(y) = || — b] = —1, W maz(|b], |c]) = [b] = |e| + Lo FFHARAT (B.14) H
B50:6(2) = 1o RZUIE 6(y) # —1, M maz (||, |c]) = |e|, B §'(z) = 0, &I LA
R oL, o' (2) Fl 6(y) BIRRWT:

ooy oyy=-1: 1
§(z) = {éljllj | . (B.15)

B, AT 6 (y), BT DAES tH R AR AR

) =l - 2] (B.16)
— maa(|c|, d]) — maz(|al, b])
XHE N5 =RpE 0 :
1. % 6(y) = 0, WA |b| = |cf, IRIE (B.13) IR (B.15), H:6'(z) = 0 = |a| = |b|
DA 6'(2) = 0 = |c| = |d|o I 6 (y) = 0o

2. £ 6(y) = 1, IR4EX (B.15), BATE 6'(2) =0 = |c| = |d]o

d'(y) = max(|c], |d]) —maz(|al,[b]) {|c] = [d[}
= |c| — maz(|al, |b]) {X (B.13): §'(2) = -1 = |b| — |a| = —1}
= e[ — (o +1) {6(y) =1=|c| - |b| =1}
=0

3. % 0(y) = —1, R4ER (B.13), BATE ' (2) = 0= |a| = |blo

5 = max(le,|d) = maz(lal. 1) {la| = [b]}
= maa(lel|d)) — b {3 (B.15): |d] ~|el = 1}
= Jel+ 1= (6 = =1 = [e| = = -1}
= 0
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EHR =R OLHIEE RARIE 6/ (y) = 00 Rf LIRZERIAGNEER, BT LS ZH A~ K]

TR
oo Joy)=1: -1
T {émuz 0
5(y) =0 (B.17)
oo Joly)=-1:1
e {E‘NU: 0
Y ]

FE— M — X R (ERSRIAHES, AT ARG 2RI (B.17) S22 HRIRY4E
Ho

B.3 MHEREA

TR 25 S I e FE AR, AN SRR B 1 (-1, 1] FvEHE, iR =B E
PAGREE AVL B,

B.3.1 FAEEUMER

BAVEE I = SR RMMBRRIL, e Pl HE T, MERRIZER N
—XHE (T7, AH), Hrb T/ ZMBRSHIHRL AR 2R 8, BERE S T

delete = fsto del (B.18)
Hrr del(T, k) MWB T #ROTER & MHIFR:

del o k = (2,0)
k<E : tree (dellk)k (r,0) ¢
k>Fk : tree (l,0) k' (del r k) o
l=0: (r-1) (B.19)
r=o: (I,-1)
B tree (1,0) k" (del v k") §
Heh k" = min(r)

del (IK',r,8) =

GUERBE N, G5 R N (2,0); BN T = (I, K, 7, 0), FATELEL £ 0 K HIE
R, IHE TROBITEHRIMER, 2 k= & N, BATECE] T ZEMBRATT 5, WRERY
E—F A=, AT DLRRHEY] RIS — R R &0, R TR/ IME &7 V)
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(b) TE B

K B.2: MEREE

T, R K, TRATATAEH tree BERT AH HIZEIR, FIEABIEMLEL, FEE NN
FHER R A B IR L

balance ((a,x,b,5(x)),y,c, _2) AH = (CL,.’IJ, (b,y,C,—l),(S(.’If) + 17AH) (B 20)
balance (a,z, (b,y,c,6(y)),2) AH = ((a,2,b,1),y,¢,6(y) — 1, AH) '

MR A RE AN T

delete t x = fst $ del t x where

del Empty _ = (Empty, 0)

del (Br 1 k r d) x

| x < k =node (del 1 x) k (r, 0) d

| x > k = node (1, 0) k (del r x) d
\
\
\

isEmpty 1 = (r, -1)
isEmpty r = (1, -1)
otherwise = node (1, 0) k' (del r k') d where k' = min r

HA min fl isEmpty &XH:

min (Br Empty x _ _) = X
min (Br 1 _ _ _) =min 1

isEmpty Empty = True
isEmpty _ = False

XEEEIE 7 MIERFEFESE balance HSLHE:

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

B.3.2 a2 MR
<> T PR E A AR BE 1R AZ P, Rl AMEEL, MHPRTR AL TR 2 A1 0. 3R
ITE B M = SRR, 2805 FHE E 70 B 2R 5 DS A - Al

1: function DELETE(T, x)
2: if z = NIL then

3: return T'

4: p < PARENT(z)

5: if LEFT(2) = NIL then

6: y < RicHT(2)

7: replace x with y

8: else if RicuT(z) = NIL then
9: y < LEFT(x)

10: replace x with y

11: else

12: z + MIN(RIGHT(z))

13: copy key and satellite date from z to z
14: p < PARENT(2)

15: y < RIGHT(2)

16: replace z with y

17: return AVL-DELETE-FIX(T), p, y)

PR 2 B, 38 o BIAT RON po WERAE— N2, BATTR: 2 DT, BN 53
— M I, ANRFER RN D, BAMEG PR BB/ IMET R 2, FHAFR
ARG HI2] =, RJEH = UI'N. &), BATTHA AVL-DELETE-FIx, FHEAMRTT A T\
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btk B AVL M—IERARIBRA A

AR py I T AL o 15T AL p BOFIR T8 6(p), MIBRIE BO-F- 8K 74 6(p)s

BN RRIRRE =M R AE

L |6(p)| = 0.]6(p)’| = 1o BERMIERSG AT EERER T, (HZ R KA 2 AVL

WHITER BEHIL.

2. [6(p)| = 1.10(p)’| = 0o MIBREGT /A TR I 1, BHBRIS R & AR )N
T 1o ZEAFWIIER A, SRR KRB/ T 1o AR ZYES:

H I _E SRR Y

3. 16(p)] = 1. [6(p)'| = 2 X ULHAMIBRIS FAT S E 2 R T AVL ST, Al

s EE I A e KB 2 P

XFEO 3, R BEEREHANRIEMR. BAITZEH R EB 279 R PRSI

HATHINI AL B,

1: function AVL-DELETE-FI1X(T), p, x)

2: while p # NIL do

3: | < LEFT(p), r + RIGHT(p)
4: <+ 0d(p), &+ ¢

5: if z =1 then

6: 0 —d+1

7 else

8: 0«6 -1

9: if p is leaf then

10: 0«0

11: if [0 =1A|0'| =0 then

12: T4 p

13: p + PARENT(x)

14: else if [§)| =0 A || =1 then
15: return T'

16: else if |§| =1 A |0'| =2 then
17: if 0’ = 2 then

18: if §(r) =1 then

19: d(p)«0

20: 5(r)«0

21: pr

22: T <+ LErFT-ROTATE(T, p)
23: else if 6(r) = —1 then
24: dy < 0( LEFT(r) )
25: if , =1 then

> =r=NIL

> H—H

> A=



B.3

26:
27:

28:

29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:

50:

51:
52:
53:
54:

55:

56:
57:
58:
59:

60:

61:

62:

iGN RPR

6(p) < -1
else
d(p)+ 0
d( LEFT(r) ) <0
if 9, = —1 then
o(r) <1
else
o(r)«0
else
6(p) <1
d(r)«o(r)—1
T < LEFT-ROTATE(T, p)
break
else if ¢’ = —2 then
if 6(I) = —1 then
§(p) <0
()« 0
p+1
T < RIGHT-ROTATE(T, p)
else if §(/) = 1 then
d, < 6( Ricur(l) )
if §, = —1 then
é(p) 1
else
6(p) 0
d( RicHT(l) ) +- 0
if 5, =1 then
o) «+ —1
else
0(l) <0
else
6(p) < —1
(1)« o(l)+1
T < RiGHT-ROTATE(T, p)
break

T4 p
p < PARENT(z)

o17

> MbRRE A, 5 -6

> AL

> =K

> E—H

> MbRREA, £ — A

><1

) N e
o B, A e E
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63:
64:

65:

fi% B AVL f—UERAFRIHBR &%

if p = NIL then o HBRAR T 5
return x
return T'
%3] B.1

e AVL fiEgan < sURMERAIE A, RFEREIRTER o i, SEl—NE MR AVL
WBEEHEX,

B.4 Bl

PHEEIBITFREFEELT AVL SRMIERE

Node del(Node t, Node x) {
if x — null then return t

Node y

var parent = x.parent
if x.left = null {

y = x.replaceWith(x.right)

} else if x.right — null {

y = x.replaceWith(x.left)

} else {

}

y = min(x.right)

x.key = y.key

parent = y.parent

X =y

y = y.replaceWith(y.right)

t = deleteFix(t, parent, y)

release(x)

return t

Hr replaceWith @& XS WA BWAIE 7. release (x) BT A o Y=
], &5 REHYSEIAN T :

Node deleteFix(Node t, Node parent, Node x) {
int di, d2, dy
Node p, 1, r
while parent # null {

d2 = d1 = parent.delta
d2 = d2 + if x — parent.left then 1 else -1
if isLeaf(parent) then d2 = 0
parent.delta = d2
p = parent
1 = parent.left
r = parent.right
if abs(dl) — 1 and abs(d2) — 0 {
X = parent
parent = x.parent
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} else 1if abs(dl) =— 0 and abs(d2) = 1 {

return t
} else 1if abs(dl) — 1 and abs(d2) — 2 {
if d2 — 2 {
ifr.delta=—1{ // BE—F&
p.delta = 0
r.delta =0

parent = r
t = leftRotate(t, p)
} else if r.delta=-1{ // H— K&
dy = r.left.delta
p.delta = if dy =— 1 then -1 else 0
r.left.delta = 0
r.delta = if dy — -1 then 1 else 0
parent = r.left
t = rightRotate(t, r)
t = leftRotate(t, p)
} else { // MRS HE, H—4A
p.delta 1
r.delta r.delta - 1
t = leftRotate(t, p)
break // BEARBHELT L

}
} else if d2 = -2 {

if (l.delta=-1) { // E— &
p.delta = 0
l.delta =0
parent = 1
t = rightRotate(t, p)

} else if l.delta=1{ // E— &
dy = l.right.delta
l.delta = if dy =— 1 then -1 else 0
l.right.delta = 0
p.delta = if dy — -1 then 1 else 0
parent = l.right;
t = leftRotate(t, 1)
t = rightRotate(t, p)

} else { // Mk E, E— k&
p.delta = -1
l.delta = l.delta + 1
t = rightRotate(t, p)
break // BEARBHELT L

}
/) BERN, #8EKALEHR
X = parent

parent = x.parent

}
if parent =— null then return x // HIBEET R
return t
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