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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
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KEIHRE 5.4 A REE T T M HIREIE R, S8HE L2 —H I, NFER A
8 7#f,

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)

Y

I+ 0,u<+ |A]

3: while u — [ > 0 do

4: m<+ [+ 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

FEFFERTHHEANL L, A RNEY C 78S SEEMYXA 0.016 #hmtfn 75 % 86093442, L
F¥ARIEME 2500 £%o

Xk ] DUAE I 7RG 1,2 X NESITE EEBINTEE 75 (11, 2, 23, ... ]o
T EREL, KHIELL 2 [FRIPHRZICT EMES: 22, 210, 223, ... ]o [FIFE, 1K
RIELA 3 F1 5 ARFNAINHNTCH IEMES, X 3 MFEs GG, AbRE
HILE, RIER 1 ISMEIEIFE, BAT SR T X, i, FH%ERaar:

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

2[] 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

(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
FME—TTER
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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];
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FIES



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



24 B HIFE

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,



26 Fw FIR

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)

=



1.2 EX 33

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)



1.2 EX 35

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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MNT—XME p = (a,b), TellTE LA B RIEL:
{fst (@b)= a 26
snd (a,b) = b
ikt ZHFEIN fst((a,b)) = a, BAMER 7238 £ L I SUERIERT, 38
MEMEERIXMANICE: f 2 = f(2)o N REUAT BUE LR /RO B LR T
less(p, p2) = snd(p1) < snd(ps) (1.37)
¥ less & N\ maxz By HEATIZEH HERIR B 2 0 # e (Rl BAEFE )
maz” = mazBy(less) (1.38)
&g, BATEA max” () A RIFESETTHFIER:

solve(&) = @ (1.39)
solve(x : xs) = fst(mazx'(x)) : solve(xs)

D3]

REMRREIFEAFE, solve() R toStr() R RIFERTTHREEHT, TATRIZAERT
SERI S T

map(f, @) = @
map(f, x:xs) = f(z):map(f,zs)
map ¥ —PNERE f ENSE, RIG R ENHEPIRP SN ITE L AT
HUREE N BN R ATRECH SRS, R f REDR A — B, BIEREY A
FITCEIEGNEE B TR, W map BIZRADN:

(1.40)

map :: (A — B) — [A] — [B] (1.41)
A B NRAN A — B WREL, RER— DALY [A] BBIIRAE

tmap
NE—DNREN (B] W1, LTI R] DA A LS E SR (R ) -

toStr = map str

solve = map (fst o mazx’)

HAft f o g RTBRE, TH IS AE g, REFREE [, B (fog) « =
F(g(a))o AR £ HEFIT g 2 5o Bl AT DUSE Erie 0 £ S S, B y = f(a)
X T—AWEE X PIITEE o SIS Y PIITEE y MM

Y = {f(a)]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
Br”o FIRMNTZ — DR TR, 1ENBIT, BA VBB UKL — M HSI R, 3]
MaHE (L) ok, 5 SCE — BB HRS R perm (L, r), BIZEMKEEN n BIFIER

L SRt ¢ ATERIEIHES, —IH Pp = I R,
perm(L.r) = IL|<rorr=0: []]
A [z :ys | x e L,ys € perm(delete(x,L),r — 1)]
(1.43)

GRIRIEH 0 IR, BESIRFITTRIIDEUNT r, HEZIEE RO 2SR A
K (] W, BATE—IHSNERHFENITCR 2, BIFHMFIRAT n — 1 PITRBERE
r—1 LRI, REER o ETHMHPIRRTE, FEE Haskell B 7125, fH
T ZF RIKIIHES Rk

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

NT RS IR ASEE, A SIEA R T — M8 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') > AR R

BT
FEGOL P MR ER L ER PR N ITR, MATRWIEHHIFIR, BlnT
Ef—/AIIR PRI ITR
1: function PRINT(L)
2: while L # NIL do
3: print FIRST(L)
4 L <+ REsT(L)
S5, BRI A— TR P, RIRHSIE, ¥ P RAEIEA % b,

1: function FOR-EACH(P, L)
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v

while L # NIL do

3: P(FIrsT(L))
4: L < REsT(L)
WS Bl

eI+, BATEE—Tn AT AYER ) B HA n 3347, #2HEKH, AT
PIT P HEPIERE n X,

L. FATRERIATERTTIT
2. PN 2.4.6 - BRITHIIFR. QIERATRZSHY, WIKRIC; a2 KR, s ;
3. =T, T — k01K 8 3.6.9- B _ERIKTHYBHREIRZS DI

e —5RIN R, RA R —24T (5B n 22) R XBAREN, nR&E LRI 2%
2

JeE TR BRI 5T 285, 0 AT 51 001 By, Hirb 0 FOREK, 1 R
RIS THIBI, KTERZKHY [0, 0, ..., 0] RATH SN 1 2 n, RIGWRE R — KT (i,
5/ K) WIFIER:

lights = map(i — (4,0), [1,2,3,...n])

X BRI D SN N E] 0 b, 25RO — IR, B onRE—xHE: L =
[(1,0),(2,0), ..., (n,0)]o RIGTAHRIEIZ—HIFK n R, £ @ PAR(EH, B—RERRX
{6, QISRATHOZw S REML ¢ BERR, TATHURINERE,, BE 1-0=1 H 1-1=0, 3]
I PRRE IR o BN 1 — 2o XTAT (4, @), % il (B j mod i = 0), mi#H%EL
KTHPRA, &5 MLk AR,

. e jmodi=0: (j,1—ux)
switch(i, (4,x)) = (1.44)
e (4, )
XATEKTRIZS @ R FRlE IR S :
map(switch(i), L) (1.45)

XE BAMER T switch FATEALER, BENT:
map((j, x) — switch(i, (j, z)), L)
TR, BATE L —1EE op(), BEEHIT LIBX L BIMES n R, AREAN:
op([1,2,...,n], L)

op(@, L) = L

o . N (1.46)
op(i:is, L) = op(is,map(switch(i), L))
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o, RREMERN S DR BRI REAER,
solve(n) = sum(map(snd, op([1,2, ...,n],lights))) (1.47)

NI Haskell Bl FA2FFSCBL T IX—55 2885,

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

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

BAFNHITHIECE N 1.2, -+, 100 2N HIE Z IR T H547) -

[1,1,1,

2,2,2,2,2,

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

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

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

Tyl Ty Ty Ty Ty Ty T T, T, 7,7, 7,7,7,
s,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,
9?9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,9,10]

X5 FRARAE R
o 3 sSTLARN, /a5 HIKTN 1 =%;
o 4 =ATH] 8 AT, RIGTIARH 2 mAT25M;
o 9 =ATH] 15 AT, mIeH 3 ST =R,

BRK, GITHEE Y 2 Bl (1 +1)2 — 1 &N, BRE2H « RLT2RM. FXL,
BATA] DAERHIX —&510

UERH. R n AT SN 1 5 n, FIBEGTASZAIRELT, HTHIMGEH, BraLTHEDZ K
[, BATTA] DARE , B a BT RNk &I =i XS0 o HOKT, 45 i ATLA
W g BER G j)0), WIHESS j 48, BRI RBAREI—IR. FTLASAT IS S 56 775
NHEF I, RIERIRESZ R,

N T RE ST, BAHEREATE SH A E T8 T EE AR
n, it S N n MATERFRIES, S I o, % p N n B—DEF, NAREFEE—
MEFEL g, [ n = pgo WHLRVL ¢ T2 n FIRF, KL BAXEY p # ¢ I, Tl
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EE S IR AR T, X0 |S| R R BRIE p = ¢, Il n 2825
FITE XN REEAIE S S HE I — AT, W SEE T O

FRIEIX—&510, T Ta] DAdIS 4K n DAY SE4 77 BOR RIS AR X — i8R,
solve(n) = |v/n] (1.48)
NI Haskell Bl FARFHIH 102, -+, 100 2RATISAYLE R :

map (floor osqrt) [1..100]

RS2 — MRS, EAURRT AR, Al DAY 2V 2 E i &S, T
—ERAIX M HUED SR T . HZERATREW L — N2, F A5
A5 S, it R DA RS R

1.3.2 ¥
qnfnl A e/ N 2B [ S e — N B A AR 2 — TR B H , 75 ST AR E T R 5 T
B AE— ] B SRS -
1. 5 H—DansAfE;
2. oI,
3. W I N a2 R E,
AB)ARRIRENL, N T REEFIFE Lo
o B LN, REEERMINES;
o N, BRI FHIR L, ARG KB — TR INEEER

reverse(@) = O
(1.49)
reverse(r : xs) = append(reverse(xs),x)
ERIX—TTIERIVEREAEE, BHR TR EE 53R DAE AT R s SMAI [A] 7%
JER TR, w] DOR EAL AN BB AT 3 AT — > R R IC SR R A Fe
G AL NZBH R E BN reverse = reverse’ (@),
reverse’ (A, @) = A (1.50)
reverse' (A, x:xs) = reverse (x: A, xs)
ANFTAERERAN, cons & H BN T HRE, AT MFIERASLERZ — BT,
RKHBET RS ROVFITH, XS TREITTREAN—DHER, RGO,
R EIRERNEN Y, H T RIBIATCRR DT L N SOREE, A TA] DLR AR IR IEA

1: function REVERSE(L)
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2: A + NIL

3: while L # NIL do

4: A < Cons(FIrsT(L), A)
5: L + REsT(L)

6: return A

HE, X—RIRAE R T — BRI RS 3R, AR ERYIR BB ES, BAHET
REGETEM L R HSO st B BB i NEipl w12

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

return ys

#.3) 1.10
1. SBE— 0 2 10 {CLANBIEL, Gmt i B Oy 58 SRR, Bl 123 #4508 “one
hundred and twenty three”, QNEH A/ NEER 73 WE?
2. ERHEEIANK [(k,v)] FIEH o EERKHITE,

1.4 1A%

B A] AP o) FIDN SR ) Fr, AR5 B 5 20, [RITIX SRHEREER 2
LRIER AT,

1.4.1 #HEL EF 2H

MFIIRPEHET n DR, HYTIRERME 1 25E n DR FIIER:
sublist(1,n, L), Q% n N 0 8 L = o, WFFIFR NS, B0, @IFME L P
Hon — 1 DMIEE, BRSO TR B TR,

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

take(n,x : xs) = x:take(n —1,xs)

IX—H PRI E B ARG ST AR o > (L] 8 n IR, A L =S
HIIAFHG DL, IR EFE N HIRENEE R,
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MR EFEHT n DITR, FMTINEMERI TSR sublist(n + 1,|L|, L), K
|L| BANERRKE, ERISLEIR take EXIFRAY:

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

BAHEX B AR B EATT RIS o (ER I A B F7HR0E, AT AESIRAIE
(WEVA=R/SIE=pal NERNERIE N

sublist( from,cnt, L) = take(ent, drop(from — 1, L)) (1.53)
FAM—RIE I, B NG M52 5
slice(from,to, L) = drop(from — 1,take(to, L)) (1.54)

JBABIE SRR [from,to], TLIEMYH, BT AT DATEFE & A BAESIFR 73 H

It
splitAt(i, L) = (take(i, L), drop(i, L)) (1.55)
23 1.11
L. % sublist M slice G NMTBATERN, NMTERF L 1ENZEL
AR E 5

take 5 drop FEEBEEEFFII N, FATAT DA HY 8, RERR AT, B
AWTBLH B E EFFICR, FEN takeW hile/dropW hile, ‘EAE—EITCEE G B4
TESAE, WRAN 2, MM IEAS BT 7, XA G H A AR BE A AR,

takeWhile(p, @) = @
: : takeW hile(p, 1.56
takeWhile(p, © : xs) = ple): w:takeWhile(p, xs) ( )
S0 o
Her p 2HAIWSAM K p MATBI—NTE L, &R 2 ESURERFEA 2 S,
dropW hile BISZILZXFRAY:

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,



56 B HIFE

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]
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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)
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1: function INSERT(T, k)

11:

12:

13:

14:

15:

16:

18:

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

PARENT(x) < parent

if parent = NIL then
return x

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

else

RIGHT(parent) < x

return root

19: function CREATE-LEAF(k)

20:
21:
22:
23:
24:

25:

o

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

return x

2.4 WH

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

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

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

else

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

1

2

3

4

5: p < PARENT(x)
6

7 T <D
8

p < PARENT(p)

9: return p

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

1: function PRED(x)

2 if LEFT(2) # NIL then

3 return MAX(LEFT(z))

4 else

5: p < PARENT(2)

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

8 p < PARENT(p)

o: return p

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

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

.3 2.2

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

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

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

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

M XARRBEFIBRT R 2 B9753RaR

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

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

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

Tree

NIL NIL

2.5: 1R o ATDLER YR

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



74 FoE XHERW

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]



3.5 T RIGEk 83

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
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B 4.1 AFHRIRE

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

4.0.2 WiEks

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

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

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

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

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

1: function REPLACE(z,y)

2: p < PARENT(z)

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

5: else if LEFT(p) = = then

6: SET-LEFT(p, )

7 else

8 SET-RIGHT(p, y)

9: PARENT(z) < NIL

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

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

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

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

g3 4.2

1. LA TE RicHT-ROTATE H1E,



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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4.5: [ NIL 955

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

#3) 4.3

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

4.2 A

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

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

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

balance T = T

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

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

c \ /
a b ¢ d

/ a b c d \

d a
a d
b c b c

4.6: NG T ZBEERIPIRE

=

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

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

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

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

NHEUEN A TR :

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

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

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

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

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

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

B 4.7 A A LR

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

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

4.3 B

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

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

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

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

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

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

del Fe3Z— BTN ZMIFRAITTER k-

del ok = ©

(4.8)

k<k': fizB(C,(del I k), k')
k>k: fixB*(C,1, K, (del v k))
l=@: (C=Bw shiftBrr) (4.9)
r=@: (C=Bws shiftBl,1)
BN . fixB2(C, 1L K", (del r k"))
Hep k7 = min(r)

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

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

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

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

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

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

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

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

oL 1R R AR B RO B, IF HIZ LBV A — ALt Wi sl v DUE
W FEELAE EIX ARG DL, HA PRI, 2Efr] DI S| —Rhgi—E 1 A 1FTR,

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

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

fizB? C a2 @ (B,(R,b,y,c), 2,d) = (C,(B,shiftB(a),z,b),y,(B,c,zd))
fixB? C ag: © (B,b,y,(R,c,2,d)) = (C,(B,shiftB(a),x,b),y, (B,c,z,d))
fixB? C (B,a,z,(R,b,y,c)) zdg: = (C,(B,a,z,b),y,(B,c,z shiftB(d)))
fixB? C (B,(R,a,x,b),y,c) zdg: = (C,(B,a,z,b),y,(B,c,z,shiftB(d)))
(4.11)
Hr ape RRTA o BXNEBE, ATLUZR DT R 2,
THOL 20 WEBEY RS RO, 7] DUBI hER:, R OB 1 8¢
30 GNEIA. 27T,
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4.9: EE BT R AT ROV S
FAHEA (4.10) ROERS BIEINTE L 2 RIIBE
fixB? B ag: x (R,b,y,c) = fizB*>B (fixB*Raxzb)yc (4.12)

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

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

FARH R WNEA 3R,

4.10: X E R ) L&

s

AWM RGO N T LIRS, 1R o R, WAy A 75 0028 5 XY EE
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N T RAREN, v IS R0, AR Se1E 3R (4.12) BEA_ 3G A g &
fixB? C ag> x (B,b,y,c) = shiftB (C,(shiftB a),z,(R,b,y,c))

fixB? C (B,a,x,b) y cgz = shiftB (C,(R,a,z,b),y, (shiftB c))
fixB*Clkr = (Clk,r)

(4.13)

AR VLELE] IR =R, e — TR A, WEROBEZEN
o BEARIETRAED: — 20 1, DEROT STHRR T B — NN E R A
A ER ), EEIRRT A, FFREMRE MR, THEHI TR BB .

— the sibling is black, and has a red sub-tree
fixDB color a@(Node BB _ _ _) x (Node B (Node R by c) z d)

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

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

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

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

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

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

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

= Node color (Node B a x b) y (Node B c z Empty)
— the sibling is red
fixDB B a@(Node BB _ _ _) x (Node R by c)

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

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

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

fixDB B a x (fixDB R b y ¢)

— the sibling and its 2 children are all black, move the blackness up
fixDB color a@(Node BB _ _ _) x (Node B by c)

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

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

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

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

IHERBIERIE 2N O(h), Hp b A EE, BT 2R R, X T n
AT AR, b = O(1gn)o
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AR IELBRI L « 97

3] 4.5

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

PRICHYT REH @ 50% I B,

4.4 WA BERETL «

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

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

1: function INSERT(T, k)

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

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

RIGHT(p) + =

return INSERT-F1X(root, z)

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

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

1: function INSERT-FIX(T, )

2:

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

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

> [HOL 3 BIRTAR

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

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

¢LRM A L AMPRBEE AN E 0%, SUAF A,

4.5 INGk

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

4.6 MBIl

A AT RS RIZLRREE X, BOAT ROV,

’data Node<T> {



4.6 Ky BlFEF

4.11: an B HE H AL R

T key

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

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

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

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

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

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

99
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Node<T> uncle() = parent.sibling()

Node<T> grandparent() = parent.parent

LR

N

)

ARESUSEDEGEDNE

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

root = t

x = Node (key)

parent = null

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

}

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

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

1} else {
parent.setRight(x)

}

return insertFix(root, x)

CNENNRE (=,

// Fix the red—red violation
Node<T> insertFix(Node<T> t, Node<T> x) {
while (x.parent # null and x.parent.color — Color.RED) {
if (x.uncle().color — Color.RED) {
// case 1: ((a:R x:R b) y:B c:R) == ((a:R x:B b) y:R c:B)
x.parent.color = Color.BLACK
x.grandparent() .color = Color.RED
x.uncle().color = Color.BLACK
X = X.grandparent()
1} else {
if (x.parent — x.grandparent().left) {
if (x = x.parent.right) {
// case 2: ((a x:R b:R) y:B c) == case 3
X = X.parent
t = leftRotate(t, x)
}
// case 3: ((a:R x:R b) y:B c) == (a:R x:B (b y:R c))
x.parent.color = Color.BLACK
x.grandparent().color = Color.RED
t = rightRotate(t, x.grandparent())
} else {
if (x — x.parent.left) {
// case 2': (a x:B (b:R y:R c)) == case 3'
X = X.parent
t = rightRotate(t, x)
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// case 3': (a x:B (b y:R c:R)) == ((a x:R b) y:B c:R)
x.parent.color = Color.BLACK

x.grandparent().color = Color.RED

t = leftRotate(t, x.grandparent())

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



5.2 HEA 105
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
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9: return VALUE(T)
10: else
11: return NIL

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

.3 6.1

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

6.2 FEELHTSEM

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

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




128 FRNE B

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



6.5 TRIE FIHGZMIN FH 133

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

167



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)

5 A BEIITER insert k= merge (1,9, k, @) IXFERR AN 08 241
MEIFHER, 73 O(gn)o BATAT DA —DHIRFFIITTEMRIAGN, WIIFATIE o W,
EI8. 745 H1 T — MG 2w HERI 1T

build L = fold, insert @ L (8.10)

X S AR A TE N S build = fold, insert @
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8.7: MFIFR [9,4,16,7,10,2,14, 3,8, 1] #3& /& fmfE

HeHby

HE—NFA, R — e mE, RGN B H S T B /N e g aT ASE
IiHER -

sort = heapSort o build (8.11)

£

heapSort [ ] = []
heapSort H = (top H) : (heapSort (pop H))

RO RN TR, H EAGA M 1 n K, FIHEFP RS EZEN O(nlgn)o

(8.12)

8.3.2 FHik

FeAmEAE S G L 27 RN B4 4, QB8 8. RHHE (skew heap) B—FH
BAREHE TR T A mHE A SRR = T DO T RS A IS A R AR
INFAEM, NIRRT (X — RIS A RER P — 7 & H — NIL +719
RIEANEWNEZK, BRRREN 1 RRERI T & IR IR /e G i,

AR R (skew tree) SCERRUHE, RHAE —RREZRI — X, F/NNTTRIRF
TEMR A, BT RHERZ — RN, BEARIERL, AT DAEREE A X HE o e
BhES, BICH (L k, R)o

data SHeap a = E — =

| Node (SHeap a) a (SHeap a)
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8.8: MFFI [16,14,10,8,7,9,3,2, 4, 1] FEH /= lmE

aif

HEFMERAEZRIR N, e FEBART R, B NI, REIESER
RITRIIMEH BN —F b, REHEELG TR, SPRIEZFIN: H =
(L1, k1, R1)~Hy = (Lo, ko, R2)o i ki < ko, EEE ky VEFTEIRR, FRATTBERT LUK H, 1
L, &3, WATBLR Hy F1 Ry &3, AR—RME, BAVEFHE Ry b, RIERBEL T
B, RIGHIGE RN (merge(Ry, Hy), ky, L1)o

merge @ Hy, = Hy
merge Hi @ = H;
8.13
kl < k‘g : (merge(Rl,Hg),kl,Ll) ( )
merge Hy Hy =
A (merge(H17R2)7k27L2)

HARIPERAE, EAGH, ZREUAIS5H H TOUAR AR AT A (v —REE IS & R SE . R
PHEACFEC P 41, 25 R0 02 — IR TR — XA, an1EI8.9F R,

8.4 fHijEHE

7 (i HERTRHHE TR B2 A — SO SEBILAR 411 SRR — SRR — AR R, T/
(B K) TERMABAL TR Fo BATFE O(lgn) NRSRIKEER/ (885 K) TTER.
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8.9: HEFFH [1,2,...,10] FIERI R

R TSR RMAT, YERER MR, BIMBIL N IR O(n). RE AT LALLM
RARFE P, HRRHR AL T — AR BRI SLINTTIE, (SRR A P, (AR
RN T AF AU SRNE, E AW (EAE 7 RIA S s AR BE RS , XA FEKT IR] ) IR gt vl
DA R, AT IXFEAIROERR N “ME (splay) 7o X F AN — XAEEM, &% T
MR, WIS BE-T, KB RRIRENIREMERREE O(gn) A, Daniel
Dominic Sleator 1 Robert Endre Tarjan £ 1985 T F5[ A\ 7 MR 1 1],

8.4.1 {HJEIR{E

ARG TR AT DASCEL AR, 55— RoR T SCIL L, (B 7R AL B 22 AT L ; 58
“RAFG B, (BRSEIBOVE 2% ICIEETIRAT ROTRN o, BT KT
2N p, WRFAEMERT A, HITRIEHN g MRBEIED N =D, GO P EREP DX
FREGTR L, BT AR iR ) — R U2 BB, 4N EI8. 10,

1. zig-zig IR, « 1 p BRRAEFIEE o M1 p BRRA T, TADELPIESR:, ¥
x PR R

2. zig-zag B, x M p —BRBLETWH — G T Ldhes, « ZIRTA, p
Ml g ZERR T LA R

3. zig BIR, XABUL T, p BART R, EIIhess, « TR TR R, X2 HRHRIEN

wRa—%o

HF 6 MARFIEN. LI XM T = (L, k, R), HVIRKPERICR y I,
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/f
& 8.10: zig-zig: = Al p BB FWEEES T, 2 BONIRT flo zig-zag: o Fl p —

BREEF WS — PR E T, o BOUIRTT R, p 1 g AT o6 T R, zig: p BRI,
BERL 5 o MR R
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R AR

r=vy: (a,z(bp(c,9,d))
splay (((a7$7b)3pa C)vgvd) y = 71g-71g
& T
r=y: a,g,b),p,c),z,d
splay (a, g, (b,p, (c,z,d)))y = (« ) ) ) zig-zig XK
&anp. T
rT=1y: a,p,b),x,(c,g,d
Splay (aapy (bvxa C)vgyd) Yy = Y (< P ) ( g )) zig—zag
& T
z=y: ((a,9,b),z,(c,p,d .
splay (a,g. (b.2.0).p.d) y = {TW DD e it
(o 2] I
x=y: (a,z,(bp,c)) )
splay ((a,z,b),p,c) y = zig
o T
rT=y: a,p,b),x,c
splay (a,p, (b,x,c)) y = v: ((@pb)ac) zig XK
ST
splay Ty = T Hp

(8.14)

AT 1 A B zig-zig 1A OL; 1% FRATPISE T IUERE zig-zag THIL; BRIGFZR T
IEHE zig THUL. HARMEILR, WHERRFAE, RO AFTTTRIS, JATH T 1%
TERIHEEMI AT M1, QHERAR s, 45 RO — 19 5 A AT EAR A AT 3R
FIRRT 5, AERRFR A BITTEREUD, WiR HOB T 50 A\ e 70, IRJG TRAT MR AE; S0
NG T, BT IR,

insert gy = (9,y,9)
y<x: splay ((insert L y),x,R) y (8.15)

insert (L,x,R)y =
{E\WJJ . splay (L,x,(insert Ry)) y

EI8.11EH TE—HEA [1,2, ..., 10] BIEER, HRRM 4 TR TFHHIZE R, Okasaki
RINT — ST B A e PR AR E RN U] - g 002 82 ) A B [0 A5 17 (R P AR R BN A%, ke e
TR BT R o BRI, anSRIESE A M sCE A MRTHER R, FATR T 73 F1 %
PR L A R, H L FEIATETCR/INT 2, R FITEEREAT v RE0 = A,
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K 8.11: M [1,2,...,10] FEAERI R,

L R NFEA TR 50T . o B AR A S IR T R

partition ¥y = (2,9)
partition (L,z,R) y =
(
(R =g (Ta ®>
(o <y (L, L), 2", A), B)
x <y Hrh: (A, B) = partition R’
R= (L/,ZCI,R/) ( ) b Y

& ((L,z,A),(B,2,R))
HH: (A, B) = partition L' y

y<az' (A (L,2,(R,z,R)))
73] Hr: (A, B) = partition L' y
&S (L, 2, A),(B,z,R))
HH: (A, B) = partition R’ y
(8.16)
partition FEZ—BRRE T FI—DEMEE yo WIRIINZ, ERN—RNZWEL T
o S, ICHEN (L, 2, R), FATHAEWAE o FIRRT RAVE o IR 2 < y, 2 MR
TN (DR vz, E — AERRBIER, FrETTRENT y, 858580 (T, 2). (2)
BN, & R= (L'« R), % o' <y, WITRJTHHEMEE D R, B R HRAE/NT
y RITTRBAM A, HRTTRWAM B, &858 N —xtht, K —#o8 (L2, L), 2/, A),
BN B #H o >y, BABEARA y 0H] L' BEIZ5R (A, B), REWIEERN—
X, —BRE (L, z, A), 5—H2 (B,2',R)o 3 y <z I, THOUEXFRA,
BATAT LA partition KEHHAR L, Hrh—DMaREHE T A —DHTR k W,
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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




I ERHEE

9.1 fHT

ABENRS — M EMAHEE 77 R —E B, EAEMERE LA PO R
i EraRTR, BAEHEREHE R ERERI R Z 04, BRI RI A BN DARGE, &
LR BIHERE R, MRS T FER I HEFP IR MERE EFR O(nlgn). IEFEHERFHIEAR
A DAE HHZETE RS, MR IVZRE R, S ZBIMARRIRNZIE : —fE T /R
MBI B R — 05 55 —RiE T “FEA” , G SN i/ N — R, 38 — R
TEPR AL R BN P IR ; 58 A IR N BRI IE T & . SKRn b, £
TAHEA LR INEAT T I R R BRI :

L ARSI, HEpa R s
2. 0], BRENER/NTTER, K ELEINEI S5 R T

R—RIEETHRER, WREBRIEFRRRIITR, WERR TR, AT
R BRSNS

sort [ = []
sort A = m:sort (A—[m]) HH m=min A

Hrf A — [m] BWFHI A RERRITTER m JGHIRERER 7. AR A 2R -

(9.1)

1: function SORT(A)
2 X ]
3 while A # [ ] do
4: x < MIN(A)
5 DEL(A,x)
6 APPEND(X, )
7: return X
9. 14 T IR HEF RIS R, vt ATATDATE A HE TR iHE T, K5
£ Xo SR NITEE AR AN 50U MTEE R A2 7 DI A B
FePUX— ik SRS o METTERR, FEA Al St

1: function SORT(A)

189
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min
x
append
sorted unsorted
X1 < X <..<Xxg ap ay ... ay

9.1: ZEMERNERITTER, N AFHIARHR 1 B/ N TR INTE 2= M R B

2: for i < 1 to |A] do
3: m < MIN-AT(A, 1)
4: EXCHANGE A[i] <+ A[m]

/7\'\ A= [(11, ag, ..., a"], %,I%IE% 1 /I\TTZ%HYJ, [Cll, ag, ..., ai—l} ﬁBEﬂFﬁo ?kﬂ‘]?ﬂi?éﬂ
[Qiy Qi1 eny an) PEIERINTR, KHR o, 2240, XFEE ¢ MIBEFRE TIERITER,
HERX-UEEIIRE MR, K920k TiX— B,

S
%4 N

9.2: ZEMFERINERFTTR, N AFIARFR 712 e/ NS e 2 IE A B

9.2 ARE/IILE

BATAT A Eee——ie 75 iR A — e R SRR ME. FITRFEN 1,2, .., n0
FEEEgm S0 1,2 BIMAICR, EEEVNTE NS5 3 FTREE - HERX P
WEFS n S7LR, B IKEE A,

1: function MIN-AT(A, )

2 m <1
3 for i < m+1 to |A| do
4: if Afi] < Alm] then
5 m <1
6

return m
MIN-AT B Afi...] FE/NEENRE mo 2 m EAE—ATLE Al I
B—REILE Ali + 1], A[i + 2], ..o
AT ARSI A EE— TR L PERE/ME, IR L REE— &, B
i/t E, UM L FEE—PNITER o, ARERERE SR/ NTE v,
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oy PR — PR RA R R/NILR.

min [x] = (z,[])
min (z: 1) = r<y: (w,xs), HF: (y,ys) = min xs (9.2)
IZII<}H\IJ : (y, T ys)

A DUEE—25 RIS b, 2T E M : A B, FFaaN A =), B &
EAREITE, BN B FMEIEFRANITCE LR, KRR A, T8 FE/NIIEH mo
HEREN B HEB— IR, F1 m WEEER] B ZES, XK, m 2R/t E,
TEERRHEEAZ KRR L=A+ [m]# B,EHF a<m <bac A be B,

min (x:xs) =min' [] z xs (9.3)
Hrp:
min’ asm |[] = (m,A)
, b<m: min (m:as)bbs (9.4)
min’ asm (b:bs) =
BN min' (b:as) m bs

BRI min IR Al —XHE : R/ NTRMFIRITTRINR, IR Ra] ASCELy :

sort [] =[]

sort xs = m: (sort xs'), HH : (m,xs') = min xs

(9.5)

9.2.1 EEHEFTERE

S8 e R P BT A A HET A0 TE ZE AP H M, ST T n
Yt (n— 1)+ (n—2) + ... +1 Wk Mg zEs oy _ ome), fifE
NHEEHAILL, VERRHE e AE R ST 0 T EME AR IR, T A (5 el
RS T PERE S PEIN ] O(n) GE A7 B (E—ANERTR, 3 ELNREI0 ) , AR
PERERSE T O(n2),

3 9.1
1. BRI AR ME SE A (A h) @ ?
min’ asm [|] = (m,A)

i as m (b:b0) = {;Jm ) 0

2. SRR FE A B HE R T
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9.3 Mk
T T R AR I e, SR 1T DU LR E R B <,

sortBy< [|] = |
sortBy <t xs = m:sortBy < xs', HH: (m,xs') = minBy < zs

“f/IME" A R EE TR ART < AT ERAL:

(9.6)

minBy < [z] =

(x,xs), HF : (y,ys) = minBy xs 9.7
minBy < (xz:xzs) = { (@:y2) Y 61
A

(y, = :ys)

T —HEE, B NNTESERETHFER: sortBy (<) [3,1,4,..]c XHEZREK
< BAE R DY S0

o dEBE M MEM 2, 2 < 2 ANBRAZ;
o AEXFRME MEAT 2.y, B 2 <y, W y < 2 ANRAL;
o BEMEENM vy, B e<y Hy<z, W< 2

R BRI T ArERI7TR, i DR MEE RSN — P E G,

MR P 215 BN 2%

1: procedure SORT(A)

2 for i+ 1to|A| do

3 m <1
4: for j < i+ 1to|A| do
5 if A[i] < A[m| then
6 m <1
7

EXCHANGE A[i] <+ A[m]

HHT 0 — 1 DITRAHTE, BRIEHR FH— P ITR, BRZS n KEY. RILICRE
17— IR/ MEE K, XS EEPAHIEL AT AR D — IR n — 1o 5990, GHERES @ K
HITTRIGU 2 Ali], AT AT RGN E IXFER] DO — D G :
1: procedure SORT(A)
2 for i+ 1to|A|—1do
3 m <1

4 for j < i+ 1to|A| do

5: if A[i] < A[m| then

6 m <1

7 if m # i then

8 EXCHANGE A[i] <+ A[m]
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9.3.1 WEEFHER

RN T 5 —RE R P R SEEL D SRR BRIV R, TR AT,
REBAER A B, ME??7HUR, (EAIRE, B METREREP I, FIREEARHE
FPILR, BN R RO E, )5S HEIARHE P HR7HIR .

procedure SORT’(A)
for i<+ |A| down-to 2 do

m <+ 1

1:

2

3

4: for j< 1toi—1do
5 if A[m] < A[i] then
6 m <=1

7

EXCHANGE A[i] <> A[m]

2
P4 N

- imaz| - | x .. BFITE..

9.3: BIRIERERARIITTRINEIRE

RGOSR RRITTR R IS ke, HE—20, RRReTH n] DARI N & Hdm )y
(EMTERARAE, 73R B/ IMEREI K, R EREIR o IXHERT DARF SN B PR IR A8
Fo X—BIERN WG REIHET ", MR 9. AR, fETIfg, ZMFnG M EEE T E
IR, BIEARARANF IR, 2R/ NIERII N TTR, A5 2 5l R e 5 i
I PR NIR N =

1: procedure SORT(A)

2: for i < 1 to L%j do

3: min < i

4: maz + [A|+1—1

5: if Almazx| < Almin] then

6: EXCHANGE A[min] <> A[max]
7 for j«+ i+ 1to|A|—ido

8: if A[j] < A[min] then

9: min < j

10: if A[max] < A[j] then

11: max < j

12: EXCHANGE A[i] +» A[min)]

13: EXCHANGE A[|A| 4+ 1 —i] <> A[max]

FENE AT HART, REAMERITR/NTRAMPITR, TERENZ, X2
ROABATTHH O B ARG PR TR ] DU A5 sUSEES EE EHE R -
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Z
]
. EFBU/NCE.L S I e ;nin -y . BFBAITE.|
i

9.4: —RIFRIINE AL e/ NIRRT R, R R e TR ERA AL E

PRSI s E G H — DR, HEF AR N F4;

1. &
2. TG, AN/ NFIEKAE, 77 BIREIFFSLFgs BALE, RGBTSR e =4k
}_‘%_‘O

sort [| = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], HH : (a,b, xs") = minMax s

Horb, B minMaz WP A PRI H B/ IMECRT R R AE -
minMazx (x :y : xs) = foldr sel(min x y,mazx z y,[]) s (9.9)

BATEBCLN NI E 2 BIE N BB B/AME 20, TKIE 21, H foldr T,
HH sel EXN:

x<xzo: (x,21,20:28)

sel x (v, x1,08) =Sy <x: (T0, 2,21 : T5)
A (xo, 1,2 : 8)

RE minMaz IR TRIPERER LM O(n) B, H +[b] BIBTEER, WNIE9.4F7
™, DM A BER/NMIERFTTER; A B BEBRNERITR. Hl A® B /ENER
RE, AT DURES R HE 7 Fe o R VA Y -

sortt AB|[] = A+#+B
sort' ABlz] = A+ (xz:B) (9.10)
sort' A B (x:xs) = sort' (A+ [xo]) xs’ (z1: B)

Hrp:(zg, 21, 28") = minMax xs, BAIUENZH AB BT csort = sort’ [ [ 1o
BB E U AEAE A 4 [ao]; T oy WIHGHESSS] B BRI, BFOGRITE R4 —IR
SEHRIE, AT IR, BATATLME A (RAF0F A, SRERRAT S o, BELEEIRITE
MAZIEN, FATEW FFEMRR:

A = A+ [x]
= reverse (z : reverse A)
= reverse (x: Z) (9.11)

e

= x: A
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BURT— U AR A7 A0 A, AFARIX — RS, DS — 2 SO T

sort' AB|] = (reverse A)+# B
sort' A B [x] = (reversez:A)+ B (9.12)
sort' AB (x:xzs) = sort' (zg:A) xs' (z1:B)

9.4 #ksGiE

BTG R HE RN B, BN RIE AR O(n?) B, M8 FLEGEAT
iy, HERETTRBAIARNIT, SFEIEINZ AT, N TR/ NTER, BIER
AR EHRRTR 47 AR — DR NTRN, BATLERE 11, RERLE TR
XN, BREER R, (BB UG/ NTRI, Bd1%H TN RNIE
B, TRMIT KT, HE— P BOER I E TR EAMEER, Hh—Mrrik
EREREEZ,

9.4.1 HFRTEIRINEE

JEER G IE 2 — IR, SR AR D RKINAY 32 BRI R ZIEANREE, 1982 4F
i, IREEMEX B 16 BRI, BAIEIR] 1978 4F, I H ARG —RiRF RN 75 12 R g 7t
ZEAEFE LT, TSR 8 HiATEEER; beEe =4 8 SARMEERRA, H
AR 8 AR, B TNK, (E58 50 HbFEh, 8 STERIAU 0K 4 2, FbEEr=4: 4 SZARMEER
BN SRIGIX 4 SZERRN 7T B A, bEBE = AR I L BRI 357 4, 80T 4 #01hER, it
Rl e, B EFIAIR N 8 +4+ 24+ 1 = 15, HERAN AR S HNE HEE
W, BATNCEANEW S BRI E, A N2 hR/G—3 b2 oE 2 & R BMEAS
BN E2? fEE LA TR, BRI, (&I N HUAE AR _E AN AT Bl
TS P2 A BRI E PN — G EE AT, BTN
SN, (RN AE — AE— L RR IR IX SRR IRAIERIN, 1R A RE T M ER et 424k
P HAMPT A ERBN, K9.5518 T IX—1E M.

& 9.5: JTE 15 EFE eIk

FMAA — MURHSL NI T BrRR, SE6E, RISETHRIIBAIK
T SRR NIBA (BRARBESE R A ZIZHRE ), AT R T 16, ARIEERIZ AN
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M, 05 14 RN2WE, MRS —RIBaaIke 15, BATFRZE—RHE e 77 5785
FREERHEEISE —KMEH, G, BATHEARMEE X —77E, B—HHE =K, FUK
------ AT DASE RS TR HE . FATTRT DA EE 42 A 2507 B8 Uk —IMB NAE (31140
—00), RFELUG EMASBIES, IXFEE 2SO %, RIEH 2m SRR,
m EEHRE PIARTE 2m L 272 4 42+ 1 = 2™ — 1 (REEFEA REF= A FTHIE 2,
IXFNEE —IRFHOEEAL BRI, Lhr L, FATCTE AT B IR R,
PREER A ERAE T R EEHINITASE B S5 ZaRmAYRN, — & 73 NI 248 et 22 o e, #5 ]
R R ERARHEE, KHIRATAT DNRRZER AR R, 186 A E E SR
[P 75 TAI T, TEIX 25812 - FHREE —5RRA. [&19.5H7, IXZRER IR PR IC K, T
FRGEMCEELERE [14,13,7, 15], X— B AT AR :

1. IWFREHRP TR —PRERAR 2R, 76t %2 CRRORAED 7 TR ;

2. HUHIR, B T ME e ER R RAREE RN —oo;

3. BRI LA R BB A, $RHFHE %, FARHE TR,
4. EEWIR 2, HFIFTARITRE BN,

N TR —HIT R, TN ENE —REERZER, R AMREE%E,
K19.625 H TIX—HFRIRT LR, BATTA] DA A — R B SCRETRERRZERE,
T EERE BRI, B RTFERAERN R R, TTREHE n ATRERNRIRL 2™
o MNELRSE, FIRERIRITRIRA W F7, M 2" BERRENT % AT
FEHRPREER, AT D TTRE — R — 71 S R, XA E T n R
X SRIGBATTE IR FERBE ¢1. ¢, I8 H—BRERE B ¢ Hr ¢ BIRRY
maz(key(tr), key(tz)), LA TA t1.toe BEIX—HERA] MG —HIHIM, SR
PN T 1, NERERNGEN T —48, KPS, RN LgJo FFSEFIRE
ORI —IRARIEI, SNFISEAEEN O(nt 2+ 7 1) = O(2n) = O(n),

1: function BUILD-TREE(A)
2: T+ []
3: for each x € A do

4 ApPEND(T', NODE(NIL, z, NIL))
5: while |T'| > 1 do

6: T ]

7: for every t1,t; € T do

8: k < MaAX(KEY(t1), KEY(t2))
9: APPEND(T", NODE(ty, k, t2))
10: if |T| is odd then

11: APPEND(T", LAST(T))

12: T« T
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B 14, BHEHON —o0, 13 _ETHHTHIM
& 9.6: HbRFEMHERFRIRTILE
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13: return 7'[1]

FERERH ERAR SR HOAR T s, FATTE T R HN . —oo, SRR AEIEIT AL
SR [, A ) B R AL

1: function Pop(T)

2 m + KeY(T)

3 KEY(T) - —oc0

4 while T is not leaf do > BT MR m BN —co
5: if KEY(LEFT(T)) = m then

6 T < LerT(T)

7 else

8 T < RiGHT(T)

9: KEY(T) + —c0

10:  while PARENT(T) # NIL do > BRI B4
11: T < PARENT(T)

12: KeY(T) + MAX(KEY(LEFT(T)), KEY(RIGHT(T)))

13: return (m,T) UL =y v VISR L)

Popr b NEERME, BTA Nk, & B3 IRA LIRS SEE 28 —iE. BT
PREEI R TR, BRI, @ MmN O(lgn). NTAIEZREN O(lgn). T
T PR BRI SE I, FIRESEH O(n) I RAIMTE —BRERARZEM, RS HUT n IRXH
HERE, B — MR B R (E, B IRIERIMEREN O(1gn), BRPREEHERP BN
HEZEHN O(nlgn).

1: procedure SORT(A)

2: T < BUILD-TREE(A)

3: for i < |A| down to 1 do
4: (A[i],T) < Por(T)

AT DU @A SE R AR 28 HE . FRATTE FH WA E o 2 —BRARZHIM N
(1 k,r), HA k AITE, Lor BEA T EX wrap x = (2,2, @) FE— DT 5o
XEEFR AT DAM n DICEFIR vs HEH n SRS R ts = map wrap xs.
M IEFRPREEI N, ELESPRARIN ¢, to, Ve K TCREIRTIIIR, 308 ¢t 1EN A
SR
merge ty ta = (t1, max ky ko, t2) (9.13)
Hr k) = key t1, ky = key ty, AR TR, KL build ts ANHTEUH R
BT & 9T, SH S L ERAREEM
build[] = ©
build [t] = t (9.14)
build ts = build (pairs ts)
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Hrp:

airs (t1 :ta :ts) = (merge ty ta) : pairs ts
p (ti:ts ) ( ge t1 ta) : p (9.15)
pairsts = ts

NT MWERIRZER HHBUS e %, Bl e & A6 TR, B — R TR RBTR
M5, RGBT F R P E R E E R0 5 W7 5, AT AT R
BN —oc,

pop (&, k, &) = (9,—00,d)
k=keyl: (I'ymax (keyl) (keyr),r), EH' =pop i
k=keyr: (I,maz (keyl) (keyr'),r"), HHr" = pop r

pop (I, k,r) = {

(9.16)
HERF R AR AT A —ERERARZE S 58 LH et 22 (R e ) -
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (popt)
23] 9.2

- RREBIA R AR SR LI T

. HRARFERMHER AT DU BRI TR 47 BRRE T 42

- PUBSHRPRERRHE A — SR R, e AT AN TRIRD 2 TSR A el
- HUBSHEHEFP R ERARZERTHE R, BT TR I TR0 22 TR AR an ]

e

9.4.2 Yl HEHER

FRARZE TR INTA R R TR A FIAN W B A IR S E] O(nlgn), IKEI THT
PRI HEF B BRR P, X AN A RO 2R ], HEF SERUE, SRR B A T AR
AR T TS, R XA S A A ARIER, [HE 548 7= R, GERAINEE
S SR SVE? ARAFHEF ITTERA n A, BARFEM LR S T 2n N R H
A o DN 0 DS AIREINERETL—F2ERIE? WNFIANIRT SAHITTR
NIATETS, MR ES, I key BN top, A8 E—"TE/a4 HRI=9. 1750 AT DA
— AN EIEAE A

sort @ = |[] (9.18)
sortt = (topt): sort (popt)

XA — B HEHE P E e — i, HEEURTEERORF i/ (Bl fH, FF HiR
7 PR A S 3R, 8 P B A = SOHESE IR BRI EE A “ Gl sRECH IR 51, R
BRT n ANETTAN, TERAEMEIMNI SR, BREEAIHE, 2072 (A e e th AR 2 n
MR BATRAE T —EN A E 2RI, BN HEFZ B0 MA REFAITERE.



200 PIE EEHE

9.5 Btk i
FEIB SR -

sort [] =[]
sort xs = x : sort xs'
where
(x, xs') = extractMin xs

extractMin (x:xs) = min' [] x xs
where
min' ys m [] = (m, ys)
min' ys m (x:xs) = if m < x then min' (x:ys) m xs
else min' (m:ys) x xs

AR -

[A] cocktailSort([A] xs) {
Int n = length(xs)
for Int i =0 ton / 2 {
var (mi, ma) = (i, n - 1 -1)
if xs[ma] < xs[mi] then swap(xs[mi], xs[mal)
for Int j=i+4+1ton-1-1 {
if xs[j] < xs[mi] then mi = j
if xs[ma] < xs[j] then ma = j
}
swap(xs[i], xs[mi])
swap(xs[n - 1 - 1], xs[ma])
}

return xs

3B A HIXS RR R -

csort xs = cocktail [] [] xs
where
cocktail as bs [] = reverse as +# bs
cocktail as bs [x] = reverse (x:as) +# bs
cocktail as bs xs = let (mi, ma, xs') = minMax xs
in cocktail (mi:as) (ma:bs) xs'

minMax (x:y:xs) = foldr sel (min x y, max x y, []) xs
where
sel x (mi, ma, ys) | x < mi = (x, ma, mi:ys)
| ma < x = (mi, x, ma:ys)
| otherwise = (mi, ma, x:ys)

2 X R IS ERAR R -

Node<T> build([T] xs) {
[T] ts =[]
for x 1in xs {
append(ts, Node(null, x, null))
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while length(ts) > 1 {
[T] ts' =11
for 1, r in ts {
append(ts', Node(l, max(l.key, r.key), r))

}
if odd(length(ts)) then append(ts', last(ts))
ts = ts'

}

return ts[0];

MERPRZERT B H T 2 -

T pop(Node<T> t) {
T m = t.key
t.key = -INF
while not +isLeaf(t) {
t = if t.left.key = m then t—left else t—right
t.key = -INF
}
while (t.parent # null) {
t = t.parent
t.key = max(t.left.key, t.right.key)
}

return (m, t);

HRPRZEMHER -

void sort([A] xs) {
Node<T> t = build(xs)
for Int n = length(xs) - 1 downto 0 {
(xs[n], t) = pop(t)

AR TR HE R (B ) -

data Tr a = Empty | Br (Tr a) a (Tr a)

data Infinite a = NegInf | Only a | Inf deriving (Eq, Ord)

Il
x

key (Br _ k _ )
wrap x = Br Empty (Only x) Empty
merge t1@(Br _ k1 _) t2@(Br _ k2 _) = Br tl (max k1l k2) t2

fromList = build o (map wrap) where
build [] = Empty
build [t] =t
build ts = build (pairs ts)
pairs (tl:t2:ts) = (merge tl t2) : pair ts

pairs ts = ts
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pop (Br Empty _ Empty) = Br
pop (Br L kr) | k= key 1
| k = key r

toList Empty = []
toList (Br _ Inf _) [1]
tolList t@(Br _ Only k _)

sort = tolList o fromList

=k :

Empty NegInf Empty

= let 1' = pop 1 in Br 1'
= let r' = pop r in Br 1 (max (key 1) (key r')) r'

tolList (pop t)

IR, TR IR, X HE

(max (key 1') (key r)) r




B IUHE, SEROIRRLHE, BoX HE

10.1 i

CXHERE A XA E TR, K SRR & S D (k> 2) EEEZ AR RIS
FIEFF AL, AENE I, B2 b SR AR, 1 RGEIR T
ZIEHER SRR AR, i nT DA 2SRRI B2 HE, TR RS2 HERE HE 5 I B PERE MO BN
A2 2% AR T T2 H RN [R], XN T BRI IRE S, AREIC RO e, EEL R
A EAFHITERE,

10.2 - WiiaCHE

WSS T A I, EH—H b XA, BRI KN R TR
NBEHFHRSIMAE, FHOEHE TN (o +b)" PZXEH G, SMAREA] DAER
N

(a+b)" =a" + <71]>a”1b+...+ <nil>abnl+b (10.1)

4 n BB, SRR 2 BT =M R —17, R ERTR DL

A 2RI DA — RS AR R, Hrp— U2 (EANEIA, ik =i+
FATN L AT 1, ey AT A B ERGT 2,

RERRCBE R = M, T4 (1010-1070), ZFIRAE 1665 EIEIA T n A EEUNAUIER, R EH0K n 7 BI58L

203
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10.2.1 Y5k

— R IR R — R 2 S, FEFA — R RR (rank), 1CFON 0 B9 TR
N Bo, A n B =THBRN Bo

1. By WMRBEEZE N

2. B, WHMIE B,_, WA, PR SUTER R —ZE B — RN T8,
WE10. 1777,

10.1: —IRCH

EI10. 245 TR 0 2 4 59 TR 1)+

WXL Z IR, TDUZEE B, TR REE G2 IR, Bl B,
FOBRA 1 MNRIRTR, B1EA4ANMTR,B2EBRF6NTR, B3EHE4D
TR 94 BA 1R BIMREERANR =APHE 4 17 (W 0 177HR) 1 1.4,
6.4 1o IXAlE I A TRV R, #E—PHA T USRI I B, Haf 20 4
TLRo

— I B —H IR (IR AR, B R N R

1. EERBEER T R HETERT, X TN, R ROTRIANT () KT FRITR;
2. HEAEAAT PR — I RS IRL,

MHERT 2 ATDASHH— PSR &H n DICRRIEUHE, 1R n F2H0 32l
B (am...araq)2, HA ap BRARAL (LSB), ar, BN (MSB), 4 a; = 0, WHEFA
FEERN @ B9 I, 45 a; = 1, WIMER—E & E — By @ B, Bilan, g ik
HESH 5 NICR, 5 By 101, HERREH PR IR, —ERBON 00 —FBRBN 2.
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B 10.3: &A 19 PDITERA IUHE
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E10. 3R IS 19 NTE, 19 = (10011),, SH —E By M, —# B, #f, —
& B, o

PA TR — IR R 22 X, A — MR RUTER kBE v FE T80 ts, 108
(1, kyts)o BN ZIRAHE R 42 FEFRIE G Y — TR H9 5138 -

data BiTree a = Node Int a [BiTree a]

type BiHeap a = [BiTree a]

AR M 27, AT BT, AT A = SR SR E S22 X
Mo BT R B MRS MR o3 ZEMFR o34 1a T LS8 — AR -8, A R i ol
BT T LB T AL — MERR, A1 E10. 4R, ] DUE R B 58 ok R
R R
()

OSONEe

OO0
O ONRO

10.4: R NIRRT, Ts, ..., Ty N R BIFI R BIEMDN Ty, 5N Thy, o, Ty,
N Ty BT, Ty BIZEMZ TR T, GRS Too T HIZEMIZ TR 1o, A1
I R

10.2.2  HRRERE

BATE XHEREARAE MR I B, MIEH Bpyqo HEEEFRARRIBUIRT RUTER,
BN EIRR, IR IER ) — IR E T He AT, 410,507,
link (r.z.t5) (r.y.ts') = x<y: (r+1,z(rtts):ts) (10.2)
BN (r4+1,y, (r, 2, ts) s ts)
(S “FEMI 2, A S 26 "I SE AN R o B0 R DALE H BN RI N 52 A
1: function LINK(z,y)
2: if KEY(y) < KEY(2) then
3: Exchange x <+ y

4 SIBLING(y) < SUB-TREES(T})
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10.5: WK = <y, ¥ y 1N o BIEE— 1T,

5: SUB-TREES(z) <y
6: PARENT(y) + =
7: RANK(z) < RANK(y) + 1
8: return z
#.3] 10.1
1. g AE T~ =AY
2. UEHIIRBE B, R i IO (7).
3. MEFAZIER B, HEE 20 DR
4. ABEBRETFR, LI I R BERE, 1XM77 206 (] R, (ERERRR?
10.2.3 ffiA
FATHE D ZIEAHZ IR IR G HES, FHE LR AFT A I GRS RR A -
inst]] = [t
rank t <rankt' : t:t' :ts
4 (10.3)
inst (t':ts) = Srankt <rankt: t :instts
A0 ins (link t t') ts

HA rank (r,k,ts) = r, IR ZTERIAIRE, QRERHEONZE [ ], MEHTRE ¢ BN
HEFRE— RS S0, BRATTELRR ¢ AIHERRSS— BRI ¢ BORK. UNSR ¢ RIRRE/D, T ¢ pR
NS AR QIR ¢ AURRERVDN, TATTIR TR ¢ $8 NSIFRIARATR b 5 QrERPRAE S, Wik
byt BERE R —BRE R BIRE, S5 8 T i A ZIRERAIR A, G5RE n DITR, HEh&
ZH O(lgn) BRI, ins mREZHUT O(lgn) IREEINTAIRIHERE, HIN RIS 2%
O(lgn)?s M ins, BATAT LUE X ZTAHERARTE, Jofl AR © A —R
R — /N1 R, SRS AR A S

insert x =ins (0,x,[]) (10.4)

23X — I FERIP A —HERIEAINTEMEL, T AT | — 2 5] : BB %R (numeric representation) ),
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X SO ALY, FATTRT DA BN ER A T oo =i A e
fromList = foldr insert [ ] (10.5)

XA FE A% 5, A I L2 " SEBLAN R -

1: function INSERT-TREE(T, H)

2 1< p <+ NoDE(0, NIL, NIL)

3 while H # NIL H RANK(H) < RANK(T) do
4 T+ H

5: H < SIBLING(H)

6 if RANK(T') = RANK(T}) then
7 T «+ LINk(T,T7)

8 else

9 SIBLING(p) + T}

10: p+ 1T

11: SIBLING(p) < T

12: SIBLING(T) < H

13: return REMOVE-FIRST(L)

14: function REMOVE-FIRST(H)

15: n < SIBLING(H)
16: SIBLING(H) < NIL
17: return n

10.2.4 HESIF

AHMAD WM Y TS FF A IR, &85 R A A R R AR,
H HAZIROBE N, SHLREMITFFHER L, B O HE R B 55—, bR
EATTHIRE, R I —RRTBNGE R AR ERR BIRRAE S, AT TR AT RER SOy — R
BORIIRE, R @3B BI & FFEE R,
merge ts; [] = ts;
merge [ tsa = tso

rank t; < rank ty: ti: (merge tsy (tg:ts))

merge (t1 :ts1) (t2 :tsy) = rank to < rank ty: ty: (merge (ty :tsy) tsq)
0] ins (link ty ty) (merge ts; tss)
(10.6)

=ty to BRARRINS, BTt a] DORFRERE IR RO TR A [HE R — N HE, R &5

merge (ins (link t; t3) ts1) tso
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PR ZCRT CATHEBRIE A, FE AR 75 UL BHE & 5F -

1: function MERGE(H,, Hs)

2. H < p <+ NoDpEg(0, NIL, NIL)

3. while H, # NIL H H, # NIL do

4 if RANK(H;) < RANK(H;) then

5: SIBLING(p) < H;

6 p < SIBLING(p)

7 H, < SIBLING(H;)

8 else if RANK(Hy) < RANK(H;) then

9 SIBLING(p) < H»

10: p < SIBLING(p)

11: H, < SIBLING(H>)

12: else > BRAHSE
13: Ty« H,, T, < Hy

14: H, < SIBLING(H;), Hy < SIBLING(H>)
15: H, <+ INSERT-TREE(LINK(T},T3), Hy)
16: if H; # NIL then

17: SIBLING(p) < H;

18: if H, # NIL then

19: SIBLING(p) + H»

20: return REMOVE-FIRST(H)

Bt Hy HF my B HE Hy TR my B, SHENERTRZHE mi +ms
RGNS AR, WEFHENTE O(my + ma)o WREEMAEFRBIN, &2
TEWH O(my +my) Kinse FBIE my = 1+ [lgni], mo = 1+ [lgny], HH ny
no EMMERBITTEREL, B [lgni ] + |lgna] < 2(lgn], HF n = ny + nyo RES
FHIEZEN O(lgn).

10.2.5 5

ZIEHER, AR AR JUARAE TR PRI ER/NT R HART ROTER RN
FIRAERN N 7RI R iR/ N, TR ERART &R BRIV A O(1gn)
R, BT DR EUR IME I VR 242 O(1gn)o (2T HIRIER R H /N, 1B
T ER E BRI CRFFHENE T, HEAF B TN By, By, ..., By, ..., Bmo W B, IR
RN R/ NTER, FHMIERE 27 p R IR, BN p— 1,p—2,..,00 T
ITRTEARE p BRF RS, AR — N T H,o BRE B, BIBHIAG AR — 1 0 HE
H' = H —[B,)o ¥ H, il H' GFF5ln] IS EIRLLEER, AE10.6F7R. BATESeE X
MHEAR TR B/ TR R
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10.6: —TFUHERT 5 R 1

top (t:ts) = foldr f (key t) ts (10.7)

=

f (ryzts) y=minzy

1XAE Y T3 PO HE R B A IR, $REHAR T A i eI ME -
1: function Topr(H)

2 m <— o0

3: while H # NIL do

4 m < MIN(m, KEY(H))

5 H + SIBLING(H)

6: return m

NT SRPRH, BATIT ZMHER 78 e/ N R TR RO -

min' [f] = (t[])
‘ key t < keyt': (t,ts),HA : (¢ ts') = min’ ts (10.8)
min' (t:ts) =
A0 (t',t:ts)

H key (r,k,ts) = k R IEHEIIRTT ROTER. min’ BIEERN—IHME: I
INTCERFTAERIR, BRI, 12 Rt AT DUE SCH HE A -

pop H = (k,merge (reverse ts) H'), HH : ((r,k,ts), H') = min’ H (10.9)

PIIVAINFES W IoR

1: function Popr(H)
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2: (T, H) + EXTRACT-MIN(H)

3: H < MERCE(H, REVERSE(SUB-TREES(T},)))
4: SuB-TREES(T,)

5: return (Kev(7,,), H)

HA SR ER S LB — 5, EXTRACT-MIN HIERSZIIAN R :
1: function EXTRACT-MIN(H)
2 H' + H,p+ NIL
3: T, < T, < NIL
4: while H # NIL do

5: if T,,, = NIL 8{ KEY(H) < KeY(T},,) then
6: T,+ H

7: T, p

8: p+— H

9: H <+ SIBLING(H)

10:  if T, # NIL then

11: SIBLING(T},) - SIBLING(T,)

12: else

13: H' < S1BLING(T},)

14: SIBLING(T,,) < NIL
15: return (7,,, H')

(5 FH S 3R A PT DASEIRHERE . B e MR HE P T A A — > I aCHE, 285 AT
M H R/ NTER,
sort = heapSort o fromList (10.10)
H heapSort SN :

heapSort [ ] = []

10.11
heapSort H = k: (heapSort H'), HH : (k, H') = pop H ( )

“IEHER A BRI A Z R EAERIMETLTZ O(1gn). MUTTAI I HER 2%
N HBUN TE], BADXERE R T 0 fEE A RIIER,

10.3 PR

ZIECHERY 44 5ok B ZIEURIT, SEOIRELHER) 44 7R H RSB 2RI
FIHEAR o bR —METE I, (HIXH AR I HEE SRR MESRIE RIS

3Michael L. Fredman f1 Robert E. Tarjan Eiﬁﬂﬁﬁﬂiﬁﬂﬁﬁﬁl‘ﬂﬁ%ﬁﬂﬂ‘ﬁmT%E?BZ??K%%&?HE’J’I&E, fAfI 12
X FhHE A4 N “ S B 1
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BN T 2R BIRLME, TR (R T S ERIRER 0], BRI HBRIESL, 22
TRSEHE TG TR R 7 e 52 2% LT ] DOKE B B4 1) 7

B TIEHE | BRI
A O(lgn) O(1)
aif O(lgn) O(1)
IREGHET | O(lgn) 0(1)
S O(lgn) | 739 O(lgn)

R 10.1: LPIRELHERD — TECHER () B A XS L

A IR AFTTR o I, BT o BARE — D19 SRR, REHA
FIRRMAR, BHEIRPRIBIE AT, GERBARSE, W THERE, 2RSIET5E A, A
AN O(gn). FERTEMERES, BATRHLZRA il AR HER SR EHER AT, K o
FITERI BRI, 7 PORIRIGHETT R, Pl 177 ZIC R IR—ERAR HIHR T A3
R17 T B/NTTR, — DRI AT o, & B TIRAIIBRE, 124 (n,t,, ts)o
Hrp S AR/ NTRIMEEIICR ¢, HPITR MO TEN n, HAR I 5
RN tso NHAIHITAERE 7 EBAREHE (B 7 I ATE 30 :

data FibHeap a = E | FH { size :: Int
, minTree :: BiTree a
, trees :: [BiTree al}

XA AT AR B BN IR BOE T R 1 top H = key minTree Ho

10.3.1 ffiA
FA TR A E SO — PR R I & 18, B — P HECGES A — B — N1 U
insert x H = merge (singleton x) H
BUE R AT A
insert = merge o singleton, (10.12)
Hrr singleton M x #JENEE —DITERAIM:
singleton x = (1,(1,z,[]),[])

FAFRCER AT DA AR AR B AN — D8 L, 285 ST 7 A i/ NT R IR
function INSERT(k, H)
x < SINGLETON(k) > ¥ kBN
ADD(z, TREES(H))
T,, + MIN-TREE(H)
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5. if T,, = NIL 8{ k < KEY(T},) then
6: MIN-TREE(H) < x
7: S1ze(H) < S1ze(H) + 1
Hrb Trees(H) $RBUE H HATERIVFIER, MiN-Tree(H) I8% T H &/t
ZRFTERIB

10.3.2 BIF

= IAHEA R, BATHE S FF IR BERE R EHEIR ZIRE R, (LOCRE 9 1 HE A R
Bk, AR LR BT & A i/ NT R AR,

merge h @ = h
merge 3 h = h
key t,, < keyt,, : (n+n' ty,t, tsHts
merge (n,t,,ts) (n',t) ts') = Y Y ( )
A (n+n/ )ty : ts 4 ts')
(10.13)

LN HERR A A, IX— SRR Y 4 BROERIH AR — D HER R AR E L, 4
SREFIARER, WIRT DAHEHES FH IR ETE m EIH R 18], T A 51 5 o A X e
FE LT FEPIRELHE -

data Node<K> {
K key
Int rank
Node<k> next, prev, parent, subTrees

}

data FibHeap<kK> {
Int size
Node<K> minTree, trees

IXFERL AT ASE I BON TR & FF 50
1: function MERGE(H,, H>)
2 H + FiB-Heap
3: TREES(H) < CONCAT(TREES(H,), TREES(H>))
4: if KEY(MIN-TREE(H;)) < KEY(MIN-TREE(H>)) then
5 MIN-TREE(H) < MIN-TREE(H,)
6 else
7

MIN-TREE(H) < MIN-TREE(H>)
S1ze(H) = S1ZE(H;) + S1ZE(H>)

8: return H

9: function CONCAT(sy, s2)
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10: e1 < PREV(sy)
11: ez < PREV(S2)
12: NEXT(e1) + s2
13: PREV(ss) < €1
14: NEXT(e3) + 81
15: PREV(s1) < e
16: return s;
10.3.3 5

TAHEEFEINHEIR T ARERE, 5 TR EAEB HPR L “A2" [k, 3RA]
TESOX—IE RN EIIAF, BB ERXE—DRE: SEET 2 BB,
L =12,1,1,4,8,1,1,2,4], TATRWORHEAA R B DN ECEAHN, EEIRA EHEFR
B, XMPIFRIREEERN [8,16], #10.245H TVAHAIHEE, TR 4"
FRET; BARRREE R, B e RYR RIS — TR L W
RAHSE, AU ME S B ; e — Y2 IFFHFIEER, B EERA AT N — P r e,
XA B VAF ISR AT DA BN SL B -

B | AR | g5R
2|2 2
1]1,2 1,2
1] (1+1),2 |4
4] (4+4) 8
8 | (848) 16
11,16 1,16
1| (141),16 | 2,16
2 | (242), 16 | 4, 16
4| (444),16 | 8,16

* 10.2: IHBTFHID R

consolidate = foldr melt [ ] (10.14)

HA melt YN

meltz [] = =z

=1 melt 2z zs

(10.15)

/

melt x (2’ :xs) = Sx<a': z:a2 :xs

x>z 2 imelt x xs
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2 n = sum L, NITBEEFHIR, consolidate 4TI n FRom A ZHEHI%L,
MREE i A ERETE 1, WIRAFIRFBEE 20 XM G M 0 FFEd). il
sum(2,1,1,4,8,1,1,2,4] = 24, FRZi#FHIZ 11000, 5 3 F%E 4 L B2 1, FRPA
REFNRFEE 23 = 8,21 = 16, AU IEFT DASEEIM BV, A7 ZELLERRE,
FEAORRAH R IR TR R -

meltt[] = [t]

rank t = rank t' . melt (link t t') ts ( )
10.16
melt t (t':ts) = QSrankt<rankt : t:t' :ts

rank t > rank t' : t' :melt tts

B10.7¢5 H T SEBIREZHER IS AZ R D BR, MR 1023 EER] DA HE T2 MM
o BATHERT DAGE A — DB A RATIHFF, Ali] TRFBON @ HOR. fEi@PhHEH
ORI, A FOB EN 55 —BRBON @ BIRE, BA TR e THERGEER IS 2 — RPN @ 4 1 AU,
RIER Ali] B2, FHEERE Ali + 1] BENE, HAND, SEEGEI TR, &5
G, A R T IR RIS R,
1: function CONSOLIDATE(H)
2 R < MAX-RANK(SI1ZE(H))
3 A« [NIL, NIL, ..., NIL] >3 R A
4 for each T in TREES(H) do
5: r < RANK(T)
6 while A[r] # NIL do
7 T + Alr]
8 T < LINK(T,T")
9 Alr] + NIL
10: rr+1
11: Alrl« T
12: T,, < NIL
13: TREES(H) « NIL
14: for each T'in A do

15: if T # NIL then

16: append T to TREES(H)

17: if T,,, = NIL or KEY(T) < KEY(T},) then
18: T, < T

19: MIN-TREE(H) < T},

R e b TR I VA5 )5, SERIRELHERR A A T I HE, IR HER A 5 5
N O(lgn) BRe Max-RANK(n) IR[Al n DNITRAHEFRAATRERIRL R, ARYE I E
HIEEie, BRERHIRN Br A 27 PICER. BlTH 27 <n < 2801, FTHENE— P KREL
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YA AT

o3

128 %3P, d REHER o, A&
JERERER a,

B 7.8 %, r LHEED q, RIE s BERE
F qo

& 10.7: IHFHAIP R
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EBRA R <log, n. BAEELH R BYSEMEMAIEG T, Bl 177 ZHIMITE —iE A i
AR A, HREIF A iR/ VT RN, BATRTPAE T (10.8) & XK min’ 738§ HHETITT
RFTERIB

pop (1,(0,1‘,[]), ]) = (:C,H)

[ (10.17)
pop (n, (r,x,ts,),ts) = (z,(n—1,tm,ts"))

HAr (t,,,ts") = min' consolidate (ts,,ts)oiFEE + HINREIEZRER O(|tsn),
F e/ IMEFRAE BRI R F REREURIE e, X B A a2 3 CSEERan
1: function Popr(H)
2 T,, < MIN-TREE(H)
3: for each T in SUB-TREES(T,,) do
4 append T' to TREES(H)
5 PARENT(T') < NIL

remove 7T, from TREES(H)
S1ZE(H) < S1ze(H) - 1
CONSOLIDATE(H)

return (Key(7,,), H)

BAER “BRETTIE” /oA RER) o PEERE. [RIZP AR E S ERERIE L
E =mgh (10.18)

QnE0.8FI7R, BRI — N R IIR(EILRE, R RN m YR L 8, &k
FHEAE Ty o ALE, WX — I AR EERRE I W, MRS ANy -

W =mg(h' —h) + W;

hl

10.8: E 11356E

B LIRS A SRR, O T T RUEHAE, BT Jo SUMBR /N TR ATHY
BREN ©(H)o R NHRERHIZHNIEAHEA, SHBRERN, LM IIAH, R
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TR 1Y, I ERTEIERE ©(H ). ®(H') M1 ®(H) FIZEFAN_ERIEIE AR
orn] PAZE tH A 70 ER 2R, T SCBREDk

O(H) = t(H) (10.19)

Hp t(H) BHEPMAIREL T n DT RBEBIIRSHE, SHERATERTRR) L
BRI R(n), JAF)G, HERRAURREUR Z 9 t(H') = R(n) + 1, TEVAFFA, FATEM T 5
Hh—N AL, Xt st T R ok - BT TR A A R/ VT R EIRHARMNER, 2805
R 2B IEIRA R, IR RERZ AT R(n) + ¢(H) — 1 BRI, 5
HRERIIN R 28N T, RFFFRIIN R 24N T, A S o iErEREn

T = T.+®H)— (H)
= O(R(n) + t(H) —1) + (R(n) + 1) — t(H) (10.20)
= O(R(n))

A AFF SR ] DARR ORI B2 HE A BT A AR O IR, B R(n)
1L O(gn)o

10.3.4 RFHEESR

TRTHILTCPIRHER— DN SBRR o FIHEE S TESS, o ME S5 R ZHRATIAIT,
IHEBRATIA BER A ORISR AR N, (1555 SE RGO HETI, S B, BIan &/
A EIEA Dijkstra BIRARIBUX —#0EN, FF BIRATTHR ZIH I HEMREIRE H 4L
IR, & o fEFHE H AHHISREAT AL, BA IR EREREBUNA ko WE10.9, 5T 5 =
AMEVNT AT 5y, 170 o DI R FFARINEIHE GRAO) o R IR AT DAE S AR Y
A AR A B/ IMEL, (B DIRRTT UGS HIRAN 2 T, QSRR R TIRZ T4, it
TEIRPRIE S FFHRIERIPERE, N T HRORIX — A1, AT 145 2 BOIRBLHERT Al — PRI ZE A -

=D IRKRE T RTINS, SZEPRE V) RIS R H,

1: function DECREASE(H, z, k)

2 KEY(x) « k

3 p < PARENT(x)

4 if p # NIL and k£ < KEY(p) then

5 Cut(H,z)

6 CASCADE-CUT(H, p) > [EIER
if k < Tor(H) then

8: MIN-TREE(H) + z

CASCADE-CuT ffH—MRICRICFK BRI R B R EL F 1, H1E Cur HiE
FRIX—FRIC,

1: function CuT(H, )

=
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B 10.9: 5 key @ < key y, ¥ = UI'R, ASGESIIEIMEH,

2: p < PARENT(z)

3: remove x from p

4: RANK(p) < RANK(p) -
5: add = to TREES(H)

6: PARENT(z) + NIL

7: MARK(z) <+ False

EIRYIRRI, #5758 = BERRIE T, BIORE AR 5 T T TRk
LIRS, B

1: function CASCADE-CUT(H, z)

.'\?

p < PARENT(x)
if p # NIL then

4: if MARK(z) = False then
5: MARK(z) < True
6: else
7: CuT(H, z)
8: CAscADE-CUT(H, p)
231 10.2

UEHH DECREASE 7S 2 N & EE R O(1).
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10.3.5 EPIEZMENIm A

BATHARLG H Max-RANK(n) BIEHL, BEX T n DITRIZEPTRHEHATE
PIRREY L FR

19 10.3.1. W TEPTRHEFRIEMR o, 55BN &, (B k = rank(x)), x| R
FRITER ML,

|| = Fiso (10.21)

Hep B NEPTREZESI RIS kI

FO = 0
Fl - 1
F, = Fp1+Fpo

UERH. BT R o BIEEE kBRI g1, ya, .o yio U RAREER R 2 RIS TRISEIG, Hrp
y1 I, v, BOHTIIAG SBERH |yi| > 00 2 y; HEEE] o IS, 78 41, 02, .o i1
&AL T o ROYFRATEIERAR R R RERECK, B MEIX —IN %], A :

rank(y;) = rank(z) =i—1

WG vy, mEZHRERE—DT A (GEI DECREASE), ~HEEHE " NT1A, B
T BIYIRRFF A ZIZRAR AR, [RIHEBRATT AT DAMENT, ST« = 2,3, ...k, B

rank(y;) >1—2

L s Nz P RADETRERR/IME, HF k= rank(z). X TIAFIEN, A
so =1, 51 = 2 WRELRVL: BN 0 BB, Be/DA 1 DI, BN 1 BIRRADE 2 4
R, BN kBB, RADE s, DR

|| Sk
2+ Srank(ys2) + Srank(ys) + ...+ Srank(yi)

2+80+51+...+8k_2

v oV

HA 5 — 1T RN rank(y;) > i —2 3B s, B, FTEL Sranky) > Si—20
A8 FREUEA 51, > Fioyoo HERECRIAGNTE, X FIOFEH, BMT1E so =1 > F, =
1L, sy =2> Fy =2, MF k>2 BENR, BATAE:

z| = s
> 24+50+81+ ...+ 5k
> 24 Fo+ Fy+ ...+ Fy AR 1%

1+ +F+FB+..+F FlHR=0F=1
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AE, A FREIERH
k
Fra=1+)Y F (10.22)

=0
FRRAE FHECE AN
o HBIEM F,=1+F,=2

o BIFHEN, R &+ 1 FKAL,

Fryo = Fop+Fy
k-1

= (1+)_F)+F, A
=0

k
1+ F
1=0

25 b, A RIRALL:
n > |x| > Frio (10.23)

O

S o Hit g = LTV e s st
VR T BRI S 28RN O (Ig ) RIRIX 4558, TRTTAT I . ma Rank :

IR L PSSR : Fre >

mazRank(n) = 1+ |log, n| (10.24)

B A F RS2 38 )T E SRR MAX-RANK:
1: function MAX-RANK(n)
2 Foy+ 0,F; «1

3 k+ 2

4 repeat

5: Fy « Fy, + By,
6 k+—k+1
7 until £, <n
8

return k — 2

10.4  FCbHE

LA HER SEINER N E I, AT HE, E LI B PRI o KBRS 13
T, BAEREA FRBGETI, &2 AU R & 2 B, ARSI B R E R 7 P B
ZEHN O(gn) Il
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10.4.1 EX

FEXS HESCBION —HRZ XM B/ INTRRGF TR, — MR 2 NS o, H,
R kS, BE — MR R —HF R, IEN (2, ts). ZXBHMATHEMZT, G
{5 267 T3 IEREATRE S

data PHeap a = E | Node a [PHeap a]

10.4.2 HIF WA REHETR
B IFA B HER, FZE RS L
L. AERI— R o, 8580 55— HE;
2. A0, PEARPR A HERAR T S, HEROR A — ME D 55— BT

merge @ hy = hy
merge hy @ = hy

{x <y: (z,(y,tsg) :ts1)

B (y, (z,ts1) : tsy)

(10.25)

merge (xat81> (yat82> =

BIHBITERE Y H N (R, (0“7, 5267 7775, BA AR m s K A
FERES ) — D HERY PR T -
1: function MERGE(H,, Hs)
2: if H; = NIL then

3: return H,

4: if H, = NIL then

5: return H;

6: if KEY(H:) < KEY(H;) then
7: EXCHANGE(H; <> H»)

8: SUB-TREES(H;) < LINK(H,, SUB-TREES(H1))
o: PARENT(H3) + H;
10: return H,
EH G EEEL, AT DURSEBIR S — AL SR AR, 413K (10.12), HEOTERA]
PAMARTY R EL top (x,ts) = w0 FAFIIRHUHETTIRY 52 A% 5 AR /2 B B A,

10.4.3 AR

TRBVER/NG, B LVE R AT, RJ5 G H 2N, IMRZERT A,
PATTAT LAE R/ NT 3R A

1: function DECREASE(H, z, k)
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KEY(x) < k

p < PARENT(x)

if p # NIL then
Remove z from SUB-TREES(p)
PARENT(z) < NIL

return MERGE(H, )

8: return H

10.4.4
A HHETR AR /U, BT RTS8 7B U3 9 B — R AR -
pop (x,ts) = consolidate ts (10.26)

BATENETAT , PR BSOS HLRE 7 5 9 2805 A TR E B I B IR — R, AL
MHER 2Tk BiX— &I, a0E10.108110.11F7R. AFFS R B KA EAYA
FHHER D210

consolidate [| = o
consolidate [t] = t (10.27)
consolidate (t1 : ty : ts) = merge (merge t1 ta) (consolidate ts)

Xt FE M %, A 5L 26 R SE BN R :

1: function Por(H)

2 L + NIL

3: for every T, T, in SUB-TREES(H) do
4 T < MERGE(T,, T,)

5 L + LINK(T, L)

H < NIL

7 for T'in L do

8: H + MERGE(H,T)

@

9: return H
BTG B REAEPR T T,. T, G T, REHEES] L fIATH, X
FERR ORI L I, SEhRg 42 N R B, A AT RE & AT 8B 14, IX RS
T, BJG—IR T, = NIL, B &GHE T = Tho

10.4.5 JHIE&

N T BREEADTT A 2, BATRT AR REMERUINA —oo, SRJEFHHAST— IR H
Bl AT AT I—FHERTT e 457 o AR R, AT TFESRIT IR IR, &
T, BAVE = MHE H YIS, RIER © AT — IR IR, BREER G H I H:
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a) S HATAECA HE

g: @@@@@

ﬁw52ﬁﬂﬁi$9ﬁ?m

%I

c) FEPERIR O B FF, R0 AT EUR Y,
%umF BRIEFR S

10.10: MHBRIRTY L, K57 B xS 5
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(o) O
00 OO0,
0 OJO.
() ()
() FEIRTE AN 0 1 6 HOPTERNE &9 (b) LT AN 7 HORE 29551
i sh
()
(2 (D
OO0,
() ()
()
(o) TSN 3 IR RRIZEIRAT () KRS0 4 OB &SIk

10.11: \NEMIEEHIIPE
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1: function DELETE(H, x)
2: if H = x then

3: Por(H)

4: else

5: H + Cur(H, )
6: x < Pop(z)

7: MERGE(H, z)

PR A B B0 25 Vi FH 88 £ 43, AT AR AR E i 70 HEEPE RE tH R BN TRD O (1g m)o

£:3] 10.3
SCERECAT HE AR

10.5 &k
A, Fof T HEE ST~ SR RS T R BB M, — I

BB SLHEAE FH 22 SR AR E N SR IR R At 1, T HHESC BN — PR 22 SO, JEId Re S
SEREIN FIRRPEREIR AT, AT DR EVA LAY o it RE, X—RIREA R A M.

10.6 Bl -FERF
2 U L EMET, M) -

data Node<K> {
Int rank
K key
Node<K> parent, subTrees, sibling,
Bool mark

Node (K x) {
key = x
rank = 0
parent = subTrees = sibling = null
mark = false

IR R :

Node<K> link(Node<K> tl1, Node<K> t2) {
if t2.key < tl.key then (tl, t2) = (t2, tl1)
t2.sibling = tl.subTrees
tl.subTrees = t2
t2.parent = t1
tl.rank = tl.rank + 1
return tl
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] }

—IECHERR A :

Node<K> insert(K x, Node<K> h) = insertTree(Node(x), h)

Node<K> insertTree(Node<K> t, Node<K> h) {
var hl = Node()
var prev = hl
while h # null and h.rank < t.rank {
var t1 = h
h = h.sibling
if t.rank = tl.rank {
t = link(t, t1)
} else {
prev.sibling = t1
prev = t1

}

prev.sibling = t
t.sibling = h

return removeFirst(hl)

Node<K> removeFirst(Node<kK> h) {
var next = h.sibling
h.sibling = null
return next

TIGCHER AR T S

data BiTree a = Node { rank :: Int
, key :: a
, subTrees :: [BiTree al}

type BiHeap a = [BiTree a]

Tink tl@(Node r x cl) t2@(Node _ y c2) =
if x < y then Node (r + 1) x (t2:cl)
else Node (r + 1) y (tl:c2)

insertTree t [] = [t]

insertTree t ts@(t':ts') | rank t < rank t' = t:ts
| rank t > rank t' = t' : dnsertTree t ts'
| otherwise = insertTree (link t t') ts'

insert x = insertTree (Node 0 x [])

I HERI B

Node<K> merge(hl, h2) {
var h = Node()
var prev = h
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while hl # null and h2 # null {
if hl.rank < h2.rank {
prev.sibling = hl
prev = prev.sibling
hl = hl.sibling
} else if h2.rank < hl.rank {
prev.sibling = h2
prev = prev.sibling
h2 = h2.sibling
1} else {
var (t1, t2) = (hl, h2)
(h1, h2) = (hl.sibling, h2.sibling)
hl = insertTree(link(t1l, t2), hl)
}
if hl # null then prev.sibling = hl
if h2 # null then prev.sibling = h2
return removeFirst(h)

BB I T :

merge tsl [] = tsl
merge [] ts2 = ts2
merge tsl@(tl:tsl') ts2@(t2:ts2')
| rank tl1 < rank t2 = tl:(merge tsl' ts2)
| rank t1 > rank t2 = t2:(merge tsl ts2')
otherwise = insertTree (link tl t2) (merge tsl' ts2')

I CHE R H

Node<K> reverse(Node<K> h) {
Node<K> prev = null
while h # null {
var x = h
h = h.sibling
x.sibling = prev
prev = x

}

return prev

(Node<K>, Node<K>) extractMin(Node<K> h) {
var head = h
Node<K> tp = null
Node<K> tm = null
Node<K> prev = null
while h # null {
if tm — null or h.key < tm.key {
tm = h
tp = prev
}
prev = h
h = h.sibling
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if tp # null {
tp.sibling = tm.sibling
} else {
head = tm.sibling
}
tm.sibling = null
return (tm, head)

(K, Node<K>) pop(Node<K> h) {
var (tm, h) = extractMin(h)
h = merge(h, reverse(tm.subtrees))
tm.subtrees = null
return (tm.key, h)

I HESH 33 U S B

pop h = merge (reverse $ subTrees t) ts where
(t, ts) = extractMin h

extractMin [t] = (t, [])
extractMin (t:ts) = if key t < key t' then (t, ts)
else (t', t:ts') where
(t', ts') = extractMin ts

{5 P XAV BE R & FF 2L PRI B2k

FibHeap<K> merge (FibHeap<K> hl, FibHeap<K> h2) {
if isEmpty(hl) then return h2
if isEmpty(h2) then return hl
FibHeap<K> h = FibHeap<k>()
h.trees = concat(hl.trees, h2.trees)
h.minTree = if hl.minTree.key < h2.minTree.key
then hl.minTree else h2.minTree
h.size = hl.size + h2.size
return h

bool isEmpty(FibHeap<k> h) = (h = null or h.trees — null)

Node<K> concat(Node<K> firstl, Node<K> first2) {

var lastl = firstl.prev

var last2 = first2.prev

lastl.next = first2

first2.prev = lastl

last2.next = firstl

firstl.prev = last2

return firstl

ARSI T FF -

’consolidate = foldr melt [] where
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melt t [] = [t]
meld t (t':ts) | rank t = rank t' = meld (link t t') ts
| rank t < rank t' =t : t' : ts
|

otherwise = t' : meld t ts

58 FH 4l BH R T A 9

void consolidate(FibHeap<k> h) {
Int R = maxRank(h.size) + 1
Node<K>[R] a = [null, ...]
while h.trees # null {
var x = h.trees
h.trees = remove(h.trees, x)
Int r = x.rank
while a[r] # null {
var y = al[r]
x = link(x, vy)
alr] = null
r=r +1
}
alr] = x
}
h.minTr = null
h.trees = null
for var t in a if t # null {
h.trees = append(h.trees, t)
if h.minTr = null or t.key < h.minTr.key then h.minTr = t

SEIRIRSHER 58 -

pop (FH _ (Node _ x [1) [1) = (x, E)
pop (FH sz (Node _ x tsm) ts) = (x, FH (sz - 1) tm ts') where
(tm, ts') = extractMin $ consolidate (tsm 4 ts)

TRTHILE:

void decrease(FibHeap<K> h, Node<K> x, K k) {
var = X.parent
x.key = k
if p # null and k < p.key {
cut(h, x)
cascadeCut(h, p)
}
if k < h.minTr.key then h.minTr = x

void cut(FibHeap<K> h, Node<K> x) {
var p = x.parent
p.subTrees = remove(p.subTrees, x)
p.rank = p.rank - 1
h.trees = append(h.trees, x)
x.parent = null
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x.mark = false

void cascadeCut(FibHeap<k> h, Node<k> x) {
var p = x.parent
if p — null then return
if x.mark {

cut(h, x)
cascadeCut(h, p)
1} else {

x.mark = true
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11.1  fif

PRSI A 1 Jeit Jett (FIFO) HIAIL, RT DA 2 My iR SR BREAS, 40 e, AXTA)
HESR, TEIRRIPIX S, Okasaki Z3tH T 16 MUARFEIRISEILTTIA L, BABI 221 /2 T TH Y
PIREEAR R :

1. A DATE B BN RIN TR B IR INTT R
2. A DAFE R 2 TR A SRR BB PRI C 21

A ARTA A BER B SEEERAA o FheAT T 250X A i B SEBR, TSGR T i H e
FABAREER, an513%. BEH SRS

11.2  FlFREm

BATTAT DA BN TRIAE S 2 Sk A HBRTC R (B0 1 oeit e, BT RESE L
HRAAT — R, AR R MRPAT S —RilE, BATHRE O(n) WRIEHEEN SR LAZ
KRR, Kot n BAIRKE , IXFCIRIREIEREZ K, 1 PO A Rl m] PA—4
LRICRERMM E, FHH—MISMIT A S AR, E11L 1R,

data Node<K> {
Key key
Node next

}

data Queue {
Node head, tail
}

FAB B S AR R N 8E 2 A BN (Enqueue, 8% push. snoc. append. push back) 1
tHBA (Dequeue, B¢ pop. pop front), fEHFIFEN , TATTEEELESLERIIATTER. MEEHBH
FRoceR DAL SR,

1: function ENQUEUE(Q, x)
2: p + NODE(x)

233
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head tail

lof

11.1: Z2BAA, Sk, EB#EBEA S

w

NEXT(p) + NIL
NEXT(TAIL(Q)) < p
TAIL(Q) < p

PAFIZE DA — T R (B S 1R, FIL TR EEHE SN NIL,

L

o

1: function DEQUEUE(Q)

2 x < HEAD(Q)

3: NEXT(HEAD(Q)) + NEXT(x)

4 if x = TAIL(Q) then > Q AN
5 TAIL(Q) < HEAD(Q)

6: return Kev(x)

S N RAERTE HE T RIVRETTE, HEaD SEPRIRE] S YR —D1 5, AHE11.207R,
FATA] DX —SEELY R B AR, (ESLEA R R (A — I & Bl S AT A
FERNFIZE i i G s 1 100

S > X1

Y

X —>» .. —>» x, —> NIL

head tail

11.2: W8 S TEFIR

11.3 PAFEMIX

FABIRA Sz, FATTAT DATE B BN RPR TR AN EIEEH R, (HFR ZERERTH] O(n)
MEKLFRIHIER, 32 Ry ERs 2 FRIR TR AR IART R 3], O T ISEIRASIRIPERE R, 3
A1) DTS A Sk R IERGEER,, (U — IR, B IA R X, G &N 11.3, 1147,
IXAE FEH I SKERARAR head, BAFIHE count, FIELH K/ size, R AT PATE R ZIRBAF,
count T 0 IFPAFIAZS, 5T size INPAFIE T, FATTIERT DAFI FHBUS R LR, H
PARISEEL

1: function ENQUEUE(Q, x)
2: if not FULL(Q) then
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Tail

Head

11.3: fEIARE X

head tail puL head tail AL
N M I - M J
al0] |a[l]| -~ |al]]| - v lafi] | o |all
(a) EEIMAZ N ILE, (b) NKFERMIBRAE TooER)a, BB TSR,
head tail  JHH  tail head yUL
afi] | - am/ al0]| - | alj]
(c) EMAZAN TLEEFIFEAHT (d) F—NICEMABIBEH LA
AR, —ANHIL,
tail  head T H
M T J
al0]|afl] | - m[j-1] a[j]

(e) EMBEITTHRTF T ILEK, INFIE .

11.4: (EFIEPAGR P IX SEIE RS
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3: CouNT(Q) + COoUNT(Q) + 1
tail <— (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
Bur(Q)[tail] < x

L

o

: function DEQUEUE(Q)
x < NIL
if not EMPTY(Q) then
h + HEAD(Q)
x < BUF(Q)[h]
HEAD(Q) < (h + 1) mod S1zE(Q)
CoUNT(Q) + CouNT(Q) - 1

8: return x

g3 11.1

AR X AEIRE U TR A&, Rk B, mAH
Count, YA IIBAFZ A5 23?2 245 Ci? CEIRMAME DL : SKERE 2 SRR , 13L&
FERHRIETH o

11.4  RHIFEAF

FIZR Sk ER AR O B LN ), (H R R AR L e TRl 3R n] IMEM IR “ X
J2" VEREK SIS, FEIRZEAN— D BB ERESR, AN 11507, PRI 70 1 AL AT
(front) M5 (rear)s BAFICH (f,r), ZRAFIET ([, [])o TAHEHTTRIMA » BISLEE,
HBAIS, R TCRM f BISKEREGE, TEREHT 2 RN TH]

pop <1 X —>» X2 —> .. —> X, —> NIL <

front

push ----- » o m > .. — ¥y —> NIL <«

rear

& 11.5: WHIZRBAF

(11.1)

push x (f,r) = (f,x:r)
pop (l’:f,?“) :(far)

S — RV NRIESS, f ATRENZS, M r HIEEITTER, N T REARSEHIBN, BA T
r REJFFWAE f B ([],7) = (reverse r,[])o AMLEXRH ARG, TEHRIT—IRF
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o 2 A A B
balance [ | r = (reverser,[])
balance fr = (f,7)

—BRA r BB, MBXUGERIERIPERE TR S iR TR, RAE W, SRR 3R
PR RN TR o BAT T SN PAFIHE B :

push x (f,r) = balance f (x:r)
pop (x:f,r) = balance f r

(11.2)

(11.3)

TATTAT AT 5 H — D BB R DR ARSI, MR IR FRYE, AR
B SN 3K EREEORTE BN, ANE11.6FTRe 2 R U=, B F Bk
o s R B,

PR Bl | gk
ELEIA | O(n) | 0(1)
EREIA | O(1) | O(n)
EEMR | o) | 0(1)
R | 0(1) | O(n)

R 11.1: BEAMBERSIRIERN L

e X Xy Xp |«--- push

front

Tty | ;2 | Ym [> pop

rear

& 11.6: ERZHBAS

53] 11.2
1. AT AZAE push BB TGRS A FNE L2
2. UEBHXNHIZEAF A o3 P 2% SR B £ T,
3. SEEIAEHBAA,

11.5 “FAigEAS)

BIRXHNZRBNIN G 73 WE 52 75 P 00 B R, (LRI L T B MEREZERIERY, Bil4n
f AR, WEESHR n DITRIMARS, RPITHINEZER O(n), X
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—FRAEEDE fF o BREATEE, T SOE P, JAOTIMA— RN, ZK r
MREAKRT fIKE, SR ESIR,

| < |f] (11.4)

BRI EE R R KJE, (HIXFTELNEN B, A PRACEEIE SR R, HEH
NBAISBE T, IXFERFNRAFTIERETRA (f,n,r,m), B n = | f|,m = |r|, 2 HIZPID
FIRHIRIE , ARIEFEIAN (11.4), BATATDUGE £ B EERABIAS IR o= :

RQ=¢ <= n=0 (11.5)
FATTEE R . APNBYZE N
{push z (f,n,r,m) = balance (f,n,x:r,m+ 1) (11.6)
pop (z:f,n,r,m) = balance (f,n —1,r,m)
HA balance 7E XN
m<n: (fn,r,m)
balance (f,n,r,m) = (11.7)
{IZ:?JF\”J: (f # reverse r,m+n,[],0)

11.6  SEHFEAS

TEEHAFI B SEBI R, PR IERE, SR PERETD R R EN [, TESER R H,
TEH SO, YEREHSUHIIAE f 4 reverse r H, W m > n, 3 T SEHERLN,
HF m.n AUREEEL BATH—PHIE:m = n + 1o #+ FNERERZ O(n), REEBRIEN
BIRER O(m), DREZREZ O(n + m), MIPAFIFHRITTEMNERIEL, AT PRRKIX—
BAEIREIE R AN Z, B — N RIS LR

reverse = reverse' || (11.8)
X SRR R, Ho

reverse a [] = a (11.9)

reverse a (z:xs) = reverse (r:a) xs
A DURA 5 ol Ry 00 109 8 RN IB AT, BRI A S T — RINIR
AR, TATEL—DIREH, BEWAIRES: REIRE S, FRIEFEETREE (R
e RS S FRRETELE R GEBD. 1 T ORBA IR A RASHLYE B2
(slow-down) R EE 1158 :

step S, al] = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (x:a),xs)
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B8, AV E L HIRVIRE, RN S, (L), HRARPERARIRITR
TS, R IR N e Sy s S, FATTIH IR P EI S —DITR o, FHELS S
a BIFTTE 32 N RBATAEEITIENA, X — IR RHEER, SRR LR R
LERWURAF TR, BELUSFRRIAH step INGEF, B4 :

step S, “hello” [] = (S, “ello”, “h”)
Step ST “e11077 “h” — (ST7 “11077, “eh”)
step S, “o” “lleh” = (S,,[], “olleh”)
step S, [] “olleh” = (S}, “olleh”)

IAERRATAT DAY S e BRI A0 IR BN HE . AN, (BB IX AN T —F A, F&%
MTEBRL D RE o LIBDIERIIMEE TR, BATRIAZB D EENEER, I8
FI— NG TS ws 4 ys, TRATATDASEHE s RGN s, SRIGIE—K &5 FITT
ZWH, 3] ys BRI, XA reverse’ 2518,

xsHys = (reverse reverse xs) 4 ys
= (reverse’ [] (reverse xs)) 4 ys
(reverse' [ ( ) e
= reverse’ ys (reverse xs)

= reverse ys ¥s

XS, FRATTAT ARSI — ARSI step, 16 r [KEEIG, BHHRME T
SERERE, SRRAN T S, 4 S SERR Spo BEAMBIERMR AT NI EL

1. FREE F R, B EE T R
2. M T BUHITE, BEEE i,

next (Sy, f',x:f,r' y:r
next (S, f',[ ], [y

= (Sp,a:f', fyr',r) FINRESf,r

)
) = mnewt (S, fyr')  RERGTREENIEE
)
)

]
< 11.12
next (Se,a,[]) = (5S¢, a) HEAREE R ( )
next (Se,a,xz:f") = (Se,x:ia, f) B R

BN RPN FTRZER X L 120 B2 B . AP A A ASEBLSER EAS,
IRIE-FHIBASIRIZAE, 2 m = n+ 1 I, BODHEZBPUE [ 4 reverse ro BT
Bon 41 WRKE r, BRI AEIX LGRS X f BIRES. )G, BT ZEEA
n-+ 1 BREATERRIE, FIEHALLE T 2n + 2 &, REENERRES DM
AR B — gD B, (HIXEA —DIRBERIE: FE5ER1 2n + 2 D EIEZAT, AIE
A IREH TH% TR — R ABIRIE IR S A T2

ISR, TR 2n + 2 PIERR f 4 reverse r ZHil, FESLHI NBNIRIEA AT HE
OAERNINZ G AP, — BITIRIRE PRI, 2638 2n + 2 )5, BATSE T —
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DN f FIER f' = f 4 reverse ro T N —IRINFIZIG A TGN A
T
= |fl+|r]+1 (11.13)
= 2n+2

HFLR U, M BRSNS ZI B, BIEEARMTRREE AT TR, DA PR I
RAFAFRAFAEHEG I, 2n + 2 D HBEIRIFEATER T BERHH £ FIEREH K,
FATA A 2 RSB 7 W reverse v 25 7 EEHRIN, FEBHFERA AL T1X — i,

EARSERZ, 7E 2n + 2 B HHESERET, HARIERTREREN & 42, X4 — il
JREE L : TRATTFZEM f IR TR, (B2 f 51K f/ = f + reverse r MR
WHELE, WNEAE— RN f PR, 3T RIX AR, BAHES —HEIF T A
reverse f I, HAMREE—17 f RIAR, XFERMEIESGHIT n IR BARIE, BAUARZ
e, R (11.2) B THE—MEED A (RN REE F A r) BN ZI S EIRE
+1

RIFHY £ BIAR BATHRITE ) r FIFR
{fi7fi+17~~7fn} (Smfw"?fﬂ"') {}

i — 1 NEECHA | 7T MRRSE | GaH ANTE

& 11.2: {il n B5EMRZ ATHIBASIH RS

23 n IRMNRPE, £ REIARCTERG, BATHNRINIFaZ 0 8521 T B R B
PG SRARSE A BRE? B2 b, BT f BIEIARBADE, BT [ ], A TEFHEHET
BERRE T XERN f#+ 5 =47 =5, B, ETIERREN, BITRE
SR f R PARIER SRR, RIONTTERM f BYSKERIE— BN, FATTRT DAE A —
MIEERRICHE f PRIRTTREN DN YHEHE f + reverse r I, HELERHN 0,
R f I — TR, SRS I —, R Rk AR EE R XN TR SRk
RAERAE, U T BER I8 — , R IRATTRER AT VDI — D Ii R, TR IERRE 20
o, FRAT RS TR, 2 BT EER N 0 BN, FATTTICFRAREL AT R
1B, THZEI T HE AR E

next (Sp,n, fox:f,r' yr) = (Se,n+Laf, fyr',r) [FNRESr
next (S.,n, f', [ 1,7, [y]) = next (Se,n, f',y:r") REGEE R, . N2

next (S.,0,a,f) = (Sf,a) BRI
next (Se,n,a,z:f") = (Se,n—1,z:a,f") B ERE
next Sy = Sy SRR

(11.14)
BATEE N T —DRIRE Sy SREMCIRSF RSB, IAFIHEHRSE 5 =
NI f FNREKSE n EFETEFW f 4 reverse r FIHFEPRES. r FIFRLHKSE

YH NS FERER, 82— DRSS IRAE AR LB ZEN F], JXAERE 7T A A 1o 920 E, X
—EMEIN PR EHARAAR S KL, TAVEHIZE £ HIR5IH, ST RNERPHEREESRE NS,




11.7  TEMEIZRAZ 241

me BN (f,n,S,r,m)e ZINEH ([1,0,S0,[],0) RIEFEHFLNZ n = 0 KRS
2, FA MBS ABAE SON:

push x (f,n,S,r,m)
pop ("E:f’nu S’T’m)

= balance f n S (x:r) (m+1) (11.15)
= balance f (n—1) (abort S) rm

Hrh abort TEHI A BRI EES, XA R AT DU/DERE— DT R, BT EE X
X RIE, balance KEESEETRIN, Z AT RN EEN f 4 reverse r BB K E -1,
BT AR TE A IB I TR

m<n: stepfnSrm

step f (n+m) (neiEt (Sr;07 [ ]vf? [ }774)) H 0
(11.16)
HAT step RSB T —RA, LU LR, A SE R

%Lt\ S()o

balance fn S rm =
A

step f n S rm = queue (next S) (11.17)

Hrp:

queue (Sp, f') = (f'sn, So,rym)  FUES GG ke (11.18)

queue S’ = ,n, S, r,m)

(
(
BANETEELI abort AL, T IR, BT RE T HIBGRSE, AT DAUDER —1
ﬁ%o

abort (S.,0,(z:a), f') = (Sf,a)
’ — 1 /
abort (Scan7a7f) (SC7n 7a7f) (1119)
abort (Sy,n, f'f.r'r) = (Se,n—1,f, f,r',7)
abort S = S
#3) 11.3

1. 1€ abort BREUP, 24 n =0 K, 24 n =0 K, FRATEIR_ERE T E— DR TR
MM, 2548 7 o TR o TERER, T AFREER -1 ITER?

2. A RCELH LB S BRI TR : M FFARIEHE RIS, NRE— IR MR B i, &
MFE S R REFRARBIZR M R, 1B SEB— MEMEE 6, (15820 SR I E
— IR,

P SIS A S

ST ABI R R BELE TAGAERT Y f 4+ reverse r HHE 2R, IS KER] SR
—MEC S, RIZEREL rotate B LABEZ I f 4 reverse ro WHELEVL, fEH—1

11.7
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ERES o, THAIFDEEEE T
rotate xs ys a = xs H (reverse ys) Ha (11.20)

BN zs VIR f IR, ys HIEIN r BIER, o WIGATLNZE [ 1o O T SKBIER
e, B e lEL A G L

rotate [ ] [y] a = y:a (11.21)
BYFIEHN

rotate (z:xs) (y:ys) a
= (z:28) 4 (reverse (y:ys)) #+a EX (11.20)

= z:(ws 4 reverse (y:ys)) #a) ERNGEEME (11.22)
= x:(xsH reverse ys# (y:a)) REIPEFRFNERNS S
= x:rotate zs ys (y:a) I E S (11.20)

A _E RIS DL, AT AR 2 R RIR FR T

rotate [ | [yl a = y:a (11.23)

rotate (r:xs) (y:ys) a = x:rotate xs ys (y:a)
TEMSTERITIAGE S, (o) BRIESHERE| . AN A HUT, AR rotate THHH
RIPET o BATUEBOVBNERIIE LA (f,r,rot), HH rot RNIEAEHATHIRFH
W8 f 4 reverse r, EFIIENZ [ o

{push z (f,ryrot) = balance f (x:r) rot (11.24)

pop (z:f,r,rot) = balance f r rot
IR balance FAFER S AIRTHE — (RECFE IR, YRR RN, TATFIEH —4
HHE:

balance fr[] = (f,[],f) HH: f =rotate fr ]

(f,r,rot) HEHEHCEE (11.25)

balance f r (z:rot)

£5:35) 11.4
Anr]SEER AL A A, 7 Sk B 500 S 4 AU TR] Y Te RIS AT HBR

11.8 B 2%
BB A
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Queue<K> enQ(Queue<K> q, K x) {
var p = Node(x)
p.next = null
g.tail.next = p
g.tail =p
return q

K deQ(Queue<K> q) {
var p = q.head.next //the next of S
g.head.next = p.next
if g.tail = p then qg.tail = q.head //empty
return p.key

TR XA E X

data Queue<k> {
K buf[]

int head, cnt, size

Queue(int max) {
buf = Array<K>(max)
size = max
head = cnt = 0

(S PR AR XA HE L ABA:

N offset(N i, N size) = if i < size then i else i - size
void enQ(Queue<K> q, K x) {
if g.cnt < gq.size {

q.buf[offset(q.head + g.cnt, q.size)] = x;
g.cnt = qg.cnt 4+ 1

K head(Queue<K> q) = if g.cnt — 0 then null else q.buf[q.head]

K deQ(Queue<k> q) {

K x = null
if g.cnt > 0 {
x = head(q)

gq.head = offset(q—head + 1, q—size);
q.cnt = g.cnt -1
}

return x

SCHBAS
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data State a = Empty

| Reverse Int [a] [a] [a] [a] —mn,acct, f,accr, r
| Concat Int [a] [a] — 1, acc, reversed f
| Done [a] —f =f++ reverser

— f, n = length {, state, r, m = length r
data RealtimeQueue a = RTQ [a] Int (State a) [a] Int

push x (RTQ f n s r m) = balance f n s (x:r) (m+ 1)

pop (RTQ (_:f) n s r m) = balance f (n - 1) (abort s) rm

top (RTQ (x:_) _ _ _ _) =x

balance f n s rm
| m < n= stepfnsrm
| otherwise = step f (m + n) (next (Reverse 0 [] f [] r)) [] ©

step f n s r m = queue (next s) where
queue (Done f') = RTQ f' n Empty r m
queue s' = RTQ f ns' rm

next (Reverse n f' (x:f) r' (y:r)) = Reverse (n + 1) (x:f') f (y:r') r
next (Reverse n f' [] r' [y]) = next $ Concat n (y:r') f!'

next (Concat 0 acc _) = Done acc

next (Concat n acc (x:f')) = Concat (n-1) (x:acc) f'

next s = s

abort (Concat 0 (_:acc) _) = Done acc — rollback 1 elem
abort (Concat n acc f') = Concat (n - 1) acc f'

abort (Reverse n f' f r' r) = Reverse (n - 1) f' fr' r
abort s = s

P SN RAS -

data LazyRTQueue a = LQ [a] [a] [a] — front, rear, f ++ reverse r

empty = LQ [] [] []

push (LQ f r rot) x = balance f (x:r) rot

pop (LQ (_:f) r rot) = balance f r rot

top (LQ (x:_) _ _) =x

balance f r [] = let f' = rotate f r [] in LQ f' [] f'
balance f r (_:rot) = LQ f r rot

rotate [] [y] acc = y:acc
rotate (x:xs) (y:ys) acc = x : rotate xs ys (y:acc)
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12.1  fisr
AR ARSI R RS AL &, el ARSI RS S R R
1. AT IAE Sk, PR LB 5O T A IR TE 2
9. BT DB (1 TPt ) YRR NP3
3. BT DABIEBEHL S I], Bk (T TTEE;
4. T ABRE RS R BT PR,

B, HIRACER 73l R IR ZR, N RERFR. B n NEDFIIRIKE, nin,
I AFRTRPCERE I SRR

(3 ¥l IIES
TESKHBIEANHER | O(n) o(1)
TEREERFAMER | O(1) O(n)
R O(n2) | O(ny)
)
)

BEALT RIALE O(1) O(i
fERLE @ MHBR O(n—1i) | O(1

ARERA G H =R : X BEFLIT AR, nl SR, THERT,

12.2 - XBEHLis R 52

X BEFLIRIF R B = SR AR SE B REALT S35, SR E S e =X
o TERARAFAEM 779 e AMEATAESUEEEL n, R HARIRN 3, BATHUATE T
B2/ DR E XK n DITR, BMEN 1 B9 RERIAL AR —ER =SB, SHY
RANKS i R e (2R ERT] 1 < i < n, BATARR] APRAESRMR A E AL IR
25 @ DT RE =X B2 0008, B b1ty FOREH (21, 20, 23, 24, 5, 26

245



246 FrEm 7Y
(2)
(1) (O Q)

12.1: &F 6 TNTENFS

ICIREEN i + 1 BZER XN to to REE— T TR t; 88 28 T,
NTF n DITEFH, BAHE n RN ZIHHIEL n = (epem_1...€1€0)2, HH e; H 1
5 0,

n =2+ 2'e; + ... +2"e,, (12.1)

WHR e; # 0, MTFE—HERNA 28 IER XMWt FEEI12. 1090177, oI K&
N6 = (110)90 FAKAIE 0, BATARTTEAR/INN 1 BN EE 2 A2 1, WEFARNA 2
BB ¢ RN 1, TWE—ARRINHN 4 IR too RXFERRIEFA (21, 20, ..., 7, ] TRARA
PEIEIR, B3R AP B9 R NS R M — 1Y, FEAEIE M/NEIRHES ], BATTFRZ =X
REALYE MBI 1, FATTR] DATE = O e A SR RS VRS (b DASEBXRPA 2R 2 1, ST
FURTEAEMF 49 5, 2 AE AR PR FR D SR KN IXFERE D R /2N (5,1, 7),
Hr s RFHIIKN, Ior BRIRRELA TR BEITER o I RIEHN (1), K
ATTRT DUXAER B — IR K]

size (x) = 1 (12.2)
size (s,l,r) = s
N TAEHIER v WAZIFSH] S BRI, TATOIE — BRI — 1 5 4o B4
t' = (y), AR EHAZIHEMA, insert y S = insertr (y) S, 85 BT RATEA:

insert y = inserty (y) (12.3)

TRATROZE ARPR O — R ¢, HEt ¢, 1 o MU, AR ¢, ok, b5 ¢ BT
FRIERTT RN D) ; 25 ¢, A1 ¢ AISE, FRITAFETRES: (RORURTTED) P — R KRR
By = (25,6, 1), SAIERITHER ¢, | FEABIBMRF, W12, 2077,

insertr t [] = [t]
. sizet < sizety: t:ty:ts (12.4)
inserty t (t1:ts) =
A inserty (link t t1) ts

Hp link PR/ IMHE B BERZRC R  link t, t, = (size ty + size to, 1, t2)o
LR EE m R, m BIKANR O(gn), SKEEABIMERER O(gn). MEETR
I TUERH 5 PEPERE D & BN 1],
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O

(a) fEA 210

(b) N zo, BEHEF A [t1]o

e

(c) TN x3, &45ERN [to, t1]o d) AN x40 ZPIREE
?‘Ff*%jj [t2
@ OIO010 @ OION0XO10
e) FA a5, RN [to, t2]o ) #A @6, RN [t1, t2]o

Bl 12.2: {A 21,29, ..., T6



248 o= 5

XEAR L, FATTH A 4 A B AR SEE A FISK BRI PR TR AR 2R — AR
T2 to (BT 50, TATERERE ¢ MIER; &0, IR 28— KRBRHR > EEIRTT 10, 2
JE R HAER, GHE 12 37,

B

a) T4 21,22, ..., x5 R 7R HBR x50 EHEMIER
1‘71‘ [to, t2] tOO

(1)
OI0X0

(c) MIBR 210 EITPURIFIIIETRE [to, to, t1], MBRIGTE
[to,t1]o

K 12.3: MLERMIBRTE

extract ((z):ts) = (z,ts)

(12.5)
extract ((s,t1,t2):ts) = extract (t1:ta:ts)

FIH extract BIATSEILN LT R MHBR :

head = fstoextract
(12.6)

tail = sndo extract

Hr fst (a,b) = a, snd (a,b) = b 73 HEEl—XEF R DE TS
AR IR SEBR L RT R RI 0 WAR/INARIFIX R, A ERRT 1 < i <n, A
JerE RLEINS LAY 78 42 = S, SRIG FEIEA T — IR E B rl e A FT R

1. EE&% i FIFRMRAEE —RRI ¢ BRI, 6 0 < size(t), MITTERTE ¢ 1, 2 TRTEM ¢
FRIETER;
B, 2 i =i — size(t), RSFIRITHIERIRIM P EREE / MTE,

i <sizet: lookupr it

(t:ts)[i] = { = (12.7)

AN ts[i — size t]
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249

HrF lookupy TERIARIEIT 0 &K AR @ = 1, BATR AR 525 7500, BT TR

¥, RJa A
lookupr 1 (x) = =
s
i<|=|: lookupr it
lookupr i (s,t1,t2) = 2 ! .
B lookupr (i — L§J) to

(12.8)

B12.4008 THE—DNREN 6 FFRAHERE 4 DTRIPE, BNl
2 < 4, YREALE S IR, FHORRIEHN @ =4 — 2, BRI ANN 4> 4 =2,
WG EPRTTRMAEIZR A, FOARS N 2, ARTHRFIIFRRN 4/2 = 2, ATDAE
IoRREE T, REREGMATINT 723, REGIZEFHITTR K00, Ji1E
AIDMBRIERNE ¢ BT,

(a) S[4],4 > size(t1) =2

(b) S'[4 — 2] = lookupr 2 t2

(c)2< LSize(t2)j = lookupr 2 left(t2)

- 2

(d) lookupr 1 right(left(ts)), IX[E] x5

12.4: ZREL S[4]

RAETE & MR, X T56 n DITRIFA, BIREIERECY O(gn). X
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K5l i, RZHE O(lgn) NIRRT AL, 2% FRAERMRIE S ERUELE, K28
72 O(lgn)o FILFEHLIRIEYEUATEREDN O(lgn).

#:35) 12.1
N b PR 5 [BUARE I ?

12.3 BFIFoR

FEGEEEL n FI IR Z RIFAERR 10 = 2% + 2'e1 + ... + 2Mep,, H
He; NS i MIRUES 5 e = 1 FAE—RRRVIN 28 BISEE =X, A4Sk A
TEER, KT IO 1; MRS B IR0 1o BATFRIXRISE R BT FRR L,
MY BRFORIZMR B, AT A IR E LIRS IREF Zero RoRATFAE
X, TR — One t FRIRFAE XM to IXAEBRMRAE AT AR Oy —8H 3RS
B, AT A S IR — A B S A

addt[] = [Onet]
add t (Zero:ds) = (Onet):ds (12.9)
add t (One t':ds) = Zero:add (link tt') ds

TR ¢ FEAFRPAO B RN 35 AR 2, BATTRTEARZS One ¢, B 02 —#EHiIlEL
FRAIE—fL ST 0+1 = Lo HARMAT, R H R E AT Zero, BANRIHE—
MIRES One t EHAFE Zeroo XM T ZHERIINIE (... digits...0)s + 1 = (...digits...1)20
Bl 6+1 = (110)+1 = (111)y = 7o WRZIFFHIE AL One ¢, BATNN ¢t F1 ¢ BIK
/IMER, XRFABNTER AT to = («) FTUETEA, REBAR IR/ NZHIE K,
BE—NFA11,2,4, .,20 L BATTRE ¢ R ¢ SEHERR, 3T A BRER AR iz
B One t' PEEHN Zeroo IZM Y F ZHERIINE (.. digits...1)y+1 = (...digits'...0)s0
fIan 7+ 1 = (111), + 1 = (1000)5 = &,

FETORIRATH ZHERIRIE R FR MR, R FHN L EH —10L One t, MERIE S
WRES, XN Z3EHRTE 1 — 1 = 0, WRFHIEZAL HHEAZ One t, A
KHFHN Zeroo XM T ZHEMIRTE (...digits..1), — 1 = (...digits...0). BI40
7—1=(111), — 1 = (110)5 = 6, AR ELLZ Zero, IIE TR EAENL, Tl BV MFI AR
I R K BT AR AR ¢4 6o, B Zero BHER One to, FFMHIER ¢4 XAHE T
RIS (... digits...0)g — 1 = (...digits’...1)qo B0 4 —1 = (100) — 1 = (11)3 = 3

minus [One t] = (][]
minus ((One t):ts) = (t,Zero:ts) (12.10)
minus (Zero:ts) = (t,(One ty):ts"), HH . (s,t1,t2) = minus ts

BRI AU R R BAMERRETTIRR, I ERARN D EE AT, %
JERIRIAIZZFPAIEA n = 2m DITRAVNIRE. ARARA) —BEHIRR 12,1
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i ) (& R)
0 0,0,..0,0
1 0,0,..0,1
2 0,0,..,1,0
3 0,0,..1,1
om ] 1,1,..,1,1
om 1,0,0,..0,0
NARIREL | 1,1, 2, ... 2™~ 1 om

7 12.1: HiA 2™ DICERISRE

T RN R AR B S AR AR, SR 2 L IR B R — IR
AR, PAT— IR BERE R, B EE om -1 YR RGNS R — Ik, ¥l
HIRBERE R — BRI, G — D IeRAJGE, EhZN 1, HETE THERERE, 15
BT =1 4142444 . +om—1 1 om _ om+l  SEISGVRIE NIRIER SRS 2R |
2m+1

2m
TXBRUERR T 46 A 7 P 4% BN ]

O(T/n) = O(—) = O(1) (12.11)

.3 12.2

1. SEMEUEZRRFAIRIBENLIA S[i], 1 < i < no HH n BFIIKE,

2. (ERISRETE, UEBMMBRAC 73 32 2 D B 24 TR

3. ATDAHKEDY 2m HOBEHFRRTE 4 = X (m 2 AR DUREE0, T EEHSIN — X
PEARARHSR ARIREN LT F]o FF o eI 0 fEE A

12.4 NEA )5

18 b—Farh, Feli14a tHad XEEH T, BT AT DAH 20N TRIBEHLIT Tnl, FRATTAT A
KEY AT, tEN12.5, #3075 ORI M, TEFIRSLEHEA
I, BINE f R ; mEAHEAN, 2] r KRB, XERNTH— R R
IR S = (f,r),% FRONT(S) = f, REAR(S) = ro Bi/GHANLEIR:

insert Xy X7 X]  [€mmmmemmeee- » N » Ym append

front rear

12.5:
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1: function INSERT(z, S)
2 APPEND(z, FRONT(S))

3: function APPEND(z,S)
4 APPEND(z, REAR(S))

BENLUIRIES @ DITRIN, JAVCHIW ¢ RI1F f 02 r, REEMEITR, &
i < |fI, LRAE [ e T f A e S SGER, TR f IR ME R ERFRT DR,
AT |f] — i+ 1 ELLETTER AR @ > |f], TTRIE r o TTREMNERGRTIN, K
1A @ — | f| ERLFDTR,
1: function GET(z, S)
2 f,r < FRONT(S), REAR(S)
3 n < SI1ZE(f)
4: if i < n then
5 return f[n —i+ 1] > RIAZRE]
6 else
7

return r[i — n|

HBRFTRERE — N f B r 222, TS — MR TR, FEWE P, 2 f s r
FE [ ]I, BATR S — B o R, SRS R AT — S A — XTI, o 2
MR BATTH AT DAZZHE o, JBVAVEH BaLaNce, FE for ZSHREIR,

: function BALANCE(S)
f < FRONT(S), r <~ REAR(S)
n < SIZE(f), m < S1ZE(r)
if F =[] then
ke )
return (REVERSE(r[1...k]), 7[(k + 1)...m])

if R=[] then
n

ke 5]
return (f[(k + 1)...n], REVERSE(f[1...k]))

©

10: return (f,r)

TERFRMMBRING, FRATEALE for RGN, HUR T :
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FrRONT(S), REAR(S)
4 if f =[] then >S5 = ([],[z])
5 T[]
6 else
7

REMOVE-LAST(f)
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8: function REMOVE-TAIL(S)

9: BALANCE(S)

10: f,r < FRONT(S), REAR(S)

11: if r =[] then >S5 = ([z],[])
12: feT]

13: else

14: REMOVE-LAST(r)

T ZHA T S e, DR S HERIAME DL RPEREN O(n), K n BITRML H
BT PR 2 PR RN TRV

g3 12.3
1. TERH R 5 BHBR 50 B 5 2% B R £ T,

12.5 W[EEH|FR

ERBATTAT AT O(1g n) I IYE — SURHBEHLS AR PR SR (A R, 2231,
(BRI AR S, BellTRAE R AT — SR & 542, T 78 SRl
R/ MERIIR, 12,64 T — RS RIS, % IR B RS —
ANTEE 2y, HETEEWIIRE T B T NG A, 8 B TR, X
B iy — ST BAB (L b — 20 B, ROHERFIFRN (21, Qo) = (21, T2y oy )
BT R AL (41, Q,) = [0, Y2 s y] I, BAHEENNE Q, IR, %
BEZ B SR SZBAGI N\ B\ PERE Jo 5 S0 1, TR 20 S M Bl J2
I,

SH I = s

GHs = s (12.12)
(,Q) 4 s = (x, push s Q)

AHILR 2 N, BAVCOIE—DERITTRIK (2, 0), RE R HERGER,

insert x s = (r,d)H s
{ ( ) (12.13)

append x s = s+ (z,9)

ARSI R B SR BR T 2R T B SR T @y AR, IBRIE TR N RIAE
T AR R R 2 R REYRNERES R, BT DA E T 25 E R R, TPl —1
IR,

concat & =

(12.14)
concat @ = (top Q) + concat (pop Q)
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c[1] | c[2] | ... | c[n]
x[2]...x[i] x[i+1]...x[j] x[k]...x[n]

(a) (21, Qz) = [T1, %2,y ..., Tn]

’ c[1] ‘ c[2] ‘ ‘ c[n] | c[n+1]

x[i+1]..x[j] x[k]...x[n] y[1]...y[m]

(b) j&% (ylyQy) = [y17y27 7ym} *Hl—i_ll:]:)\ly\ Cn+41 %‘IJ Qx

12.6: AJEHEIFE

EET AP ARSI BAS Ao BATTPRESE —ARTH ) HiBA, 25 R R Y 7
PHERAE—TAN s, RIGHE c1v s BERGER, BAEM concat WLERHIBRTER.

tail (z,Q) = concat Q (12.15)
% concat 8P 7 IAA, BAVIFF RN — D RAEHIGR, XA EAHS T Q #
TEMRE,
fold fzo = =z
fold f =Q = [ (top Q) (fold f z (pop Q))
Hep f BHTIHFNZTEE, - 26, NEE —ERFSmE+, <
Q=1[12,..,5

fold (+) 0 Q 1+2+(B+M4+(54+0)))) =15
fold (x)1Q = 1x(2xBx(4x(5x1)))) =120
fold (x)0Q = 1x(2xB3x(4x(5x0))))=0

BATTRT AR BINSRAE X concat (FEAEEZ) :

(12.16)

concat = fold (4) @ (12.17)

PR BRI TEREERIME I NRLRIER), &SR FHIEIN n DLRIE, LAl
PAT—RMBR, N 2 ) n — 1 BRFIEERZ TR (RE&E — D1 5D,
concat T O(n) B EIHATIAF . QIAE A, GO0, MIBRGERBEILZE, W R 2
B BN A,
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#:35] 12.4
1. TERHRTZERZSZR A MIBRERVER 703 8 2% 5 & B R,

12.6  F5H

Z XL R A AT DATE SRR B £ ] (o4 F N HIBR, DAX E5s a) k1 7Rl
BLYIA, (H2XE DA ER R ANTT 2R, ek T s, IR ZREE08 F & 4
) (9 AT, 163k, BB EEUN A A, (HANRER K5 EATRENLII R, XM
M FARRERANT: 1, TR Ay SOPId iy [0Sk, B8 DAMEA TSN ; 2. 5 & 18I ru & (1)
QAR TSRS [ AL s o iR 2 ISR, FHEW 0 FIF 7 IX P ROR S 71 17,
RHES SR IERER R EE, FHMAIH T 2-3 # (—& B-H), —#F 2-3 RS
TR, A0 (2, t0) BR (t, 1, t3)0

data Node a = Br2 a a | Br3 a a a

BATE L —HRTFHat oy :
1. HENT o;
2. lFEZHITLEM T (2);

3. AU E =G R, HFE, I8 (f,t,r). BMFHER-1TEZ 3
PMILRABIR

data Tree a = Empty
| Lf a
| Tr [a] (Tree (Node a)) [a]

12.6.1 A

nE12.7/112.8f7R, Bl 1 H (a) N @, (b) BIEA—DITRENER, () &F
MATCR, AE fuor THEH. MRUESHEATTR, [ THERET 2-3 WHIFRH], 2l
2(a) F7Ro (b) IREVi)5, f THEHH 2 MR, FREZE—DEH IR 2-3 MY
Mo XL AT AR ON |

1%} Empty

(a) Lf a

([0], 2, [a]) Tr [b] Empty [a]
(le,d,e,b],2,[a]) Tr [e, d, c, b] Empty [a]
([f. €], (d,e,b),[a]) Tr [f, e] Lf (Br3 d c b) [a]

L BIRHSC R (front) | J& (rear) Y E F-BE,
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(c) ([b], 2, [a])
12.7: FHERL, H 1

e[d]c]e] a
(a) ] f FHEHA 3 D (b) TRE ¥, f F
LR, BT 2-3 fif BEH 2 PMEHR;
FRIRR, AP P17 R TR 90 O

HE—IE 2-3 fil,

12.8: FHERE, 1] 2
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FEREE— DO, FREDHFRE D, TR0, BRE for
FHERIRAER & —BREIRAITHER, XN Tree (Node a)o IREHIN—4, #Z &
B, LEAIHIFEIRENR T R FHERHEA TR, BATA PUAgN T, H—
BRFFERN T A o B

1. R T = o, MR NAITENT (a);
2. R T = () B—MMHT, ERN (o, 2, [b);

= (f,t,r), MR f PICRNENED 3, o AR f o AR f TR
X 3. ¥ f PRIE 3 DICRBA R 2-3 B ¢, IBITHLRE ¢ FEAF] ¢ R,
BRIt o FAZ] f .

inserta @ = (x)

al, @, [b])
a,b],insert (c,d,e) t,r)

fitir)

R 7B AL, e B U AR RN R 3R R TR B b, B
T 2-3 RIFFLEREFM, FI b = O(1gn), HA n 2FERHEGETRINELL 1%
JART PA R B IR O, $i B9 70 HE A B D BN TR U107 AT mT A e i
SR oo RmAZIR

(

insert a (b) = (
insert a ([b,c,d,el, t,r) = (
(a

insert a (f,t,r) =

(12.18)

xs >t = foldr insert t xs (12.19)

83 12.5
1. {HEERIEH, FIERRY 7 NSLE FHamtdE A

12.6.2 fHIBR
MELEBMER AT ABVERS insert BEATIERLE,

extract (a) = (a,9)
eatract ([, 2,[}) = (a (b))
extract ([a], &,b:bs) = (a,([b],2,bs)) (12.20)
extract (la),t,r) = (a,(toList f,t',7)), HH : (f,t') = extract t
extract (a:as,t,r) = (a,(as,t,r))

H toList F—F 2-3 TN HIIFR :

toList (a,b) = [a,b]

(12.21)
toList (a,b,c) = la,b,c]
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BATIHEIS 75 R IGO0 (A =SB AR IR ), N SR 2 BT 3R, S5 ROt
ERFHEM R EEW IR, AR f TR, &8RN ETTRI 7 2R f
HEH IR, PRED N, T e A%, BATMER f HEiE—ITR, KEM r &
ETAITTRBN fIR A AIER, MR TS, AR T3 F-H
TR — 1 5, 2RI RIX T AR RN AR RSN FRAE fo TSR f HEYIE—IT
RPMER; 4R f EE - PAERTTER, AR — R MbR. E12.9fR 7 MFS
SKERAMBRPT D TTZRAIB T

(c) FHRIMER—DTEER, MR A" — DT, REE M 2-3
PEHRBR, TERHTET fo

12.9: fHlER
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i extract, Bl TA] AE X H head 1 tail:

{head = fstoextract
(12.22)
tail = sndo extract
%3] 12.6
1. THBRIEIE, FPEA SR
12.6.3 JERFERME
FATTAT DO FR st S B B SR AR AHIER
append & a = (a)
append (a) b = (], 2, [b) 1293
append (f,t,[a,b,c,d]) e = (f, appendt (a,b,c),|d,e]) '
append (f,t,r) a = (f,t,r 4 [a])

SR r PRTERANEE 4 A, BATERTHTRBNE] r KE, BN, K r FHEY
AT =D TCEREH, #3E — BT 2-3 A4, IR b PRI E] A TR A R B SR BRATTA]
DA =M B NESRRE A5 TR B AR THEM -

t < s = foldl append t xs (12.24)

N BB IR 5 TR0 0 -

remove (a) = (9,a)
remove ([al, 2,[8) = ((a),)
remove (f,,[a]) = ((initf,d,[lastf]),a) (12.25)
remove (f,t,[a]) = ((f,t',toList r),a), EH : (¢ r) = remove t
remove (f,t,r) = ((f,t, init r),last r)

Hrb last FREPIRIIERIG— IR, init IREIHRER > GE L —F),

12.6.4 4%

EERMRTFHEMEA DG : T = (fi,t, 1) To = (fa ta,r2)o TATTH fi 1F
NIEREERPE £, vy (ENEERPE) ro REHRF t1ris foto BFFRRAPRITR BT
ry A fy BB REISIRR, B OX R0 T40 7 ) :

merge t1 (r1 # f2) ta =
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ty H1 o WECZFHER, BB T M1 T ——9%, % Ty PRICERIAN o, W ¢
HHITTEREEN Node ao BADBAHBATEF ORI ¢, B9 f THEM ¢ B9 » THE, R
JER ¢ M1ty BIFRRIER Y, ¢ B » THEM ¢, B9 f FHREEFH

merge S tsta = 15> to
merget; ts @ = t; < ts
merge (a) tsta = merge & (a:ts) to
merge t1 ts (a) = merge t; (ts 4 [a]) @
merge (fi,t1,71) ts (fa,ta,72) = (f1,merge t; (nodes (r1 # ts 4 f2)) ta,72)

(12.26)
Hrr nodes KA TIURHAL L —H 2-3 W, X 2Ry EFRPETERILE bt
FHEHITCREIIR— K

nodes [a,b] = [(a,b)]
nodes [a,b,c] = [(a,b,c)] (12.27)
nodes [a,b,c,d] = [(a,b),(c,d)]
nodes (a:b:c:ts) = (a,b,c):nodes ts
IXAEFRATAT A merge SRE X TFHEW 5 :
(fi:t1,71) 4 (fas t2,72) = (f1,merge ty (r1 4 f2) t2,72) (12.28)

EEBOX —E X (12.26), EEFEBRAEA B LAt & 91181, AT DAGS H s in
—HHTE L
T, # Ty = merge Ty [ ] Ty (12.29)
ERZ A MEREEN AR T8 IR & IR, I T RITR N AR FR U N —#Re BT 2-3
PR P, TR O(gn) B n NITRI D, SIHELRFMF TN
REFIE A —FE (R Z I insert 8 ) N MEREIN R, BIMEBN O(m), Hf m 2
PRI A = 22, BV ERIRE RS O(lgn), HH n BMRFHER T EHHIT
R

12.6.5 Bl

BRI RS2 FERENL VT BV R, N T s TR IR/, Befl4a
MBI R — s ZRRICKHEERITTRE N (s, f,1,7)0

data Tree a = Empty
| Lf a
| Tr Int [a] (Tree (Node a)) [a]

size @ = 0
size (¥) = sizex (12.30)

size (s, f,t,r) = s
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XH size (2) HA—ER 1o XBEAN = oJaEEFIRIT AL, Hl40 Node a, TR
BHE—BNKNAE 1o AEATA] FERA G IN, 88N TR « fEE—1
BITH ()., UEX M EITTHRNNF 1, Bl size (2), = 1 (S FHIT)o

x <At =insert (z). t
(12.31)
t > = append t ().
PR :
rs Kt = foldr ()t xs
foldr (<) (12.32)
t>xs= foldl (>) t zs
A TETFZEIREL 2-3 HFETA/N:
size (t1,ta) = size t; + size ty (12.33)
size (t1,ta,t3) = size ty + size ty + size t3

T s B R (BIANR— I TF48) FATTRT LA sum o (map size) RIFE K/,
TEFR AFIMER IR E A, B TR Z B AN I ME R, a8 — M E i, AT BA
ISR R E A BN YT R FAEWREIALEN: (s, f,t,r), Bl T2IXETEERHY
KINA s 83 8ry Hos =554 8¢+ 800 AR 0 < sp, MBFMLT f 1, BATHE T RLE f
HREHG R sp < i < sp+ s, WELT ¢ o, BATBBIITE ¢ PR SN EFRA T
r Ho BRIEZ AN, BATET BN 75 5 () BIEN. BATH—XME (i,t) RREE
EEt ¢ i BIACE, HFE ESIRE lookupr Q1T

lookupr i () = (i,x)
1< 85 lookups i f
lookupr i (s, f, t,7) = sp<i<sg+s: lookupy (lookupr (i —sy) t)
A0 lookups (i — sy —s¢) r

(12.34)

IXH:s; = sum (map size f),s; = size t, 73 AIRFFEWETNETHIR/ N 05K

FEMFII R (v) HERLMT « NS, ER9 (i, 7)o SNFRATAINT @ LT (s, f,t,7)
R —# 5. MR TRIEFHE f,r B, TAUKRERFIEII RPN TR,

i <sizex: (i,)
lookups i (z:xs) = (12.35)
EUE lookups (i — size x) xs

R i MLTFIHEADTTR = G < size z), BADRE] (4, 2), BFA VRS ARG H
HITCER. AR « AMITRTETHE f,r, TIERBEED ¢, FATEIEFREEL, 152
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NE (i,m)o XE m JB2—A 2-3 B, BAHE FRAEEFE:

i< sizet;: (i,ty)

lookupy i (t1,t2) = {

A (i — size ty,ts)
i< size ty: (i,t1)
lookupy i (t1,t2,t3) = size t) <14 < size t; + size ty: (i — size tq, o)
0 (1 — size t; — size tog, t3)

(12.36)
BRI THEXNMEFGNITE o AEEE (o). F, REABNTFENFE
B A :

Filookupr i T = (7', (x).) :  Justx
Tli] = pr (@ (@)c) (12.37)
A0 Nothing

BATFIH T8 Maybe a = Nothing| Just a RFRRT | HIBIL AN, BEl
Vil TR EIRIAAE THEM LR, IR ORI T AOIREE . BT b2 PR, Rt
IR RN O(gn), B n BIEERITTR ML

BATHFHER LIRS SR BRI, RAFAITERE, Sk BIRIER 2 R %
JEE R HE BN TR, FT DATE RS BN TR AR TR, 01 BEATLER 51 107, BIARZ ik, FRATI
9T RBEARNBARGE, 7 TR DA eI — g A e, fan, BAaTeT bAoA
FPASEEE MTF 4wt 0% 07, MTF 5 ERA B ¢ TR Eh S i :

mtfiS=xz<8  Hf(z,5) = extractAti S

R E T, BA TR HEAR R 2 TiE < PRI, SR DU, T
PISCEATIRI TG ; ARG BA N AT R ILRC IR A R R,

g3 12.7

1. TERENLT RIS, anqaf b B2 & FIZR S R AIIEHL?
2. SEM cut i S, TEAE @« HFF S S3EIIT,

12.7 K> Bl Ry
B I (R :

data Tree a = Leaf a
| Node Int (Tree a) (Tree a)

type BRAList a = [Tree a]

AR ZGRFEIME L T 2R, B4 Java/C++ Y Optional<T> K4
3H3Z move to front 45, BEMHT BWT (Burrows-Wheeler transform) $HEESHE L,
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size (Leaf _) =1
size (Node sz _ _) = sz

1ink tl t2 = Node (size tl + size t2) t1 t2

insert x = insertTree (Leaf x) where
insertTree t [] = [t]
insertTree t (t':ts) = if size t < size t' then t:t':ts
else insertTree (link t t') ts

extract ((Leaf x):ts) = (x, ts)
extract ((Node _ tl1 t2):ts) = extract (tl:t2:ts)
head' = fst o extract

tail' snd o extract

getAt i (t:ts) | i < size t = lookupTree i t
| otherwise = getAt (i - size t) ts
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz tl1 t2)
| i < sz “div’ 2 = lookupTree i tl
| otherwise = lookupTree (i - sz “div’ 2) t2

BENLIS AR MR E AR :

data Digit a = Zero | One (Tree a)

type RAList a = [Digit a]

insert x = add (Leaf x) where
add t [] = [One t]
add t (Zero:ts) = One t : ts
add t (One t' :ts) = Zero : add (link t t') ts

minus [One t] = (t, [])

minus (One t:ts) = (t, Zero:ts)

minus (Zero:ts) = (tl, One t2:ts') where
(Node _ t1 t2, ts') = minus ts

head' ts = x where (Leaf x, _) = minus ts
tail' = snd o minus

B

Data Seg<kK> {
[K] front = [], rear = []

Int length(S<K> s) = length(s.front) + length(s.rear)

void insert(K x, Seg<K> s) = append(x, s.front)
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void append(K x, Seq<K> s) = append(x, s.rear)

K get(Int i, Seg<K> s) {
Int n = length(s.front)
return if i < n then s.front[n - i - 1] else s.rear[i - n]

Com i 71

ARSI

data CList a = Empty | CList a (Queue (CList a))

wrap x = CList x emptyQ

X 4 Empty = x
Empty # y =y
(CList x q) # y = CList x (push q vy)

fold f z q | isEmpty q = z
| otherwise = (top q) 'f° fold f z (pop q)

concat = fold (4 ) Empty

insert x xs = (wrap x) +H xs
append xs x = xS 4 wrap X

head (CList x _) = x

tail (CList _ q) = concat q

FHER

— 23 it
data Node a = Tr2 Int a a
| Tr3 Int a a a

— FEN

data Tree a = Empty
| Lf a
| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } — H#rH
newtype Seq a = Seq (Tree (Elem a)) — ¥4l

class Sized a where — A[IHEA/N
size :: a — Int

instance Sized (Elem a) where

size _ =1 — JLRINANEN 1
instance Sized (Node a) where
size (Tr2 s _ _) = s

size (Tr3 s _ _ _) =s

instance Sized a = Sized (Tree a) where
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size Empty = 0
size (Lf a) = size a

size (Br s _ _ _) =s

instance Sized (Seq a) where

size (Seq xs) = size xs

tr2 a b = Tr2 (size a + size b) a b
tr3 a b ¢ = Tr3 (size a + size b + size c) a b c

nodesOf (Tr2 _ a b) = [a, b]
nodesOf (Tr3 _ a b c¢) = [a, b, c]

— FEMR(E

x <| Seq xs = Seq (Elem x ‘cons’ xs)

cons :: (Sized a) = a — Tree a — Tree a

cons a Empty = Lf a

cons a (Lf b) = Br (size a + size b) [a] Empty [b]

cons a (Br s [b, ¢, d, €] m r) =Br (s + size a) [a, b] ((tr3 c d e) ‘cons’ m) r
cons a (Br s fmr) =Br (s + size a) (a:f) mr

head' (Seq xs) = getElem $ fst $ uncons xs
tail' (Seq xs)

Seq $ snd $ uncons xs

uncons :: (Sized a) = Tree a — (a, Tree a)

uncons (Lf a) = (a, Empty)

uncons (Br _ [a] Empty [b]) = (a, Lf b)

uncons (Br s [a] Empty (r:rs)) = (a, Br (s - size a) [r] Empty rs)

uncons (Br s [a] m r) = (a, Br (s - size a) (nodesOf f) m' r)
where (f, m') = uncons m

uncons (Br s (a:f) m r) = (a, Br (s - size a) fmr)

— HRE

Seq xs |> x = Seq (xs “snoc’ Elem x)

snoc :: (Sized a) = Tree a — a — Tree a

snoc Empty a = Lf a

snoc (Lf a) b = Br (size a + size b) [a] Empty [b]

snoc (Br s fm [a, b, ¢, d]) e =Br (s + size e) f (m “snoc’ (tr3 a b c)) [d, e]
snoc (Br s f mr) a=Br (s + size a) fm (r # [a])

last' (Seq xs) = getElem $ snd $ unsnoc xs
init' (Seq xs) = Seq $ fst $ unsnoc xs

unsnoc :: (Sized a) = Tree a — (Tree a, a)
unsnoc (Lf a) = (Empty, a)
unsnoc (Br _ [a] Empty [b]) = (Lf a, b)

unsnoc (Br s f@(_:_:_) Empty [a]) = (Br (s - size a) (init f) Empty [last f], a)
unsnoc (Br s f m [a]) = (Br (s - size a) f m' (nodesOf r), a)
where (m', r) = unsnoc m

unsnoc (Br s f mr) = (Br (s - size a) f m (init r), a) where a = last r
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— YRR
Seq xs H+ Seq ys = Seq (xs >< ys)

xs >< ys = merge xs [] ys

t <<< xs = foldl snoc t xs
xs >>> t = foldr cons t xs
merge :: (Sized a) = Tree a — [a] — Tree a — Tree a
merge Empty es t2 = es >>> t2
merge tl es Empty = tl << es
merge (Lf a) es t2 = merge Empty (a:es) t2
merge tl es (Lf a) = merge t1 (es#[a]) Empty
merge (Br sl fl1 ml rl) es (Br s2 f2 m2 r2) =
Br (sl 4+ s2 + (sum $ map size es)) fl (merge ml (trees (rl 4 es # f2)) m2) r2

trees [a, b] = [tr2 a b]

trees [a, b, c] = [tr3 a b c]

trees [a, b, ¢, d] = [tr2 a b, tr2 c d]
trees (a:b:c:es) = (tr3 a b c):trees es

— &3l

data Place a = Place Int a

getAt :: Seq a — Int — Maybe a
getAt (Seq xs) i | i1 < size xs = case lookupTree i xs of
Place _ (Elem x) — 3Just x
| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a

lookupTree n (Lf a) = Place n a

lookupTree n (Br s f mr) | n < sf = lookups n f
| n < sm = case lookupTree (n - sf) m of

Place n' xs — lookupNode n' xs
| n < s = lookups (n - sm) r
where sf = sum $ map size f
sm = sf 4+ size m

lookupNode :: (Sized a) = Int — Node a — Place a
lookupNode n (Tr2 _ a b) | n < sa = Place n a
| otherwise = Place (n - sa) b
where sa = size a
lookupNode n (Tr3 _ a b c) | n < sa = Place n a
| n < sab = Place (n - sa) b
| otherwise = Place (n - sab) c
where sa = size a

sab = sa + size b

lookups :: (Sized a) = Int — [a] — Place a
lookups n (x:xs) = if n < sx then Place n x
else lookups (n - sx) xs

where sx = size x
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MNTEUER, £ T HARIHE R BIERIPERE_ERROY O(nlgn) P, RESHMFIIME
e S PUEHEF AR, MEREETAIAE] O(nlgn). BAER A ENRIAE T
A, G A RIAFFHER, BRI HER

13.1 P

IR H— 4/ NI AAZIRA SRR

L B ANIEZSET . B EEX AN NIRRT #R G 2 ) 22 2 A et s iy
U B AR

2. FrAUSREMAE NP EEIX P8, i 2 A MRt EE X — DK,

BTSN (EK) @ [102, 100, 98,95, 96,99, 101, 97], F213. 148k 7iX—HE
PSR, S5—20, B Eih 102 BRIVTZF25F BATIRIX AN A B HE, #7 DA R X1k
TG B S f e AT N B2 A=, anRmP S8 —ATFTR. BEI, B &k 102 JBEK
AN B B T B4 MG IALE, BATARLAS S, 58 =20, & 100 BEORTA 125
Fo BB 98,9596, 99 FERAINAA UGS T ZEM, S 101 BRI NRAR
BN TN, WMRAE=AT, B2, G 98 BORIVNIA RO T A MR E#E; &
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A 101 JEORANAAC SO T A HE, AN R E — A, TRy, 58
[FIFERYTT T4, ERIATA NERuG 2 R4 B,

102 100 98 95 96 99 101 97

100 98 9 96 99 101 97 ‘102’
98 9 96 99 97 ‘1000 101 ‘102’
95 96 97 98 99 ‘100" ‘101" ‘102’
‘95" 96 97 ‘98 ‘99’ ‘1000 ‘101" ‘102’
‘957 96”97 ‘98 ‘99’ ‘100’ ‘101" ‘102’
‘95" ‘96 ‘97 98 99’ ‘100 ‘101 ‘102’

* 13.1: LSRR
BATA] UG POEHFFRIE Lo X3 L THEP I
o LN ] MHRFEERNE [ ];

o G, 1E L PEIE—DICRIENRNE p, R L PAKT p KILRHE
Fr, RESRET p BAM, RRRITAERT p FoRiy, S8R ET AN,

BT RN MAZ “RJE" AT MEGEHE 2 TR, PdiEr /R
(C. A. R. Hoare)7E 1960 42 H U1 FATIRE SR FHF A T BRAN T 5L i, 1X
A ZRATRE, BIUNEERES — NITRIEAEIUE p:

sort [] = []

13.1
sort (z:xs) = sort [yly € zs,y < x] # [z] # sort [yly € xs,z < y] (13.1)

TAER TR A “FAFD — 250 RIER (B 2P R5R) 1)
WAL, — 4 2F RER {ala € 5,p1(a), pala),..} BAMES S IR =
Pr. o . EEHEURTER (LS5 —T0), 41 RO T1F:

sort [] = []
sort (x:xs) =sort [y | y<xs, vy < x] 4 [x] 4 sort [y | y<xs, x < V]

BAVMBOAZABE AN HE o ] DUE R ERIHER, DOE T 25407 5%, W%
FOFAFE BCEERAINE . IEERA TR DHE AR R S (W =5, AT
HAERE S —E R ey, (B2 0 EH e ™ eEr UL DI E), @i
W, BAUB B < fENEREZEA

ST BURE AL ONIE N RIED (Zermelo) | #6522 5/R (Frankel),
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13.1.1 X%
FERAYPIEHE R E X, BATED TR E—IRIKIGTIE <2 WITE, $2
ARISITE > » W&, FILLEENTEFHE— XX 7t e :

partp [] = ([].[])
_ ~Jp(@): (z:as, bs), HH @ (as,bs) = part p s (13.2)
part p (x:xs) =

EN o (as,x:bs)

IXPEPOEHE PRI LN -

sort [| = [] (13.3)
sort (z:xs) = sort as+ [x] 4 sort bs, HH : (as,bs) = part (< z) xs '
PATTHE AT A B hnskog R 75
partp = foldr f ([],[]) (13.4)

Hrp X

p(x): (z:as,bs)

f (as,bs) x = { (13.5)

AN 2 (as,x:bs)

FEFRBISCILRIRI 7y, Ao LRI IR (as, bs) R, 5 p(a), WA
x 2 as, T BRE] bso IXAEBATRT PASKEL— A REIZITHIK 53 :

partp [ | as bs = (as,bs)
p(z): partp zs (z:as) bs (13.6)
part p (x:xs) as bs =
BN 2 part p xs as (x:bs)

THEHAFIEARN z:2s BT
(as,bs) = part (< x) xs [][]
PRIEHER 7 L RERARIE sort as - [z] 4 sort bs A] DAE—P RN BRI

sort s[] = s
(13.7)
sort s (x:xs) = sort (x:sort s bs) as
Hrp s NERGER, BAUEN—DBIIERRIGENHER : gsort = sort [ o K352k
I, T ZOB AR D FHIER as.bs HEFF. TATRTATERS bs HEFP, K o BERREISEIRAT,
TR BAREE R 8 NG SerIHER o

sort = sort' []

sort' acc [] = acc
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sort' acc (x:xs) = sort' (x : sort' acc bs) as where
(as, bs) = part xs [] []
part [] as bs = (as, bs)
part (y:ys) as bs | y < x = part ys (y:as) bs
| otherwise = part ys as (y:bs)

13.1.2 JRHHER

BT RS B SEBUR X o3, HEFe. 13,1480k 1 iXRh— ki B X o3 B 75
EPU, BN R, T, BEHERHIE13.1 (a) FREJLER 2R :

p = z|l] JEIR L LR R
\ M
x[]] o <p.. e > P L2 X[y
(a) X7 FUAZE 5
p L R
N
e X[ﬁJ fﬁJrl] L2 %[y
(b) FFt4
p L R
\ | y
| <pe )X[L} > D X[l
i
(c) &5

13.1: FHENICRERME p X0 —BAA

o BIMNEERE po RIDERIN, p BN FIRANE;

o —BAEE <pBERD. X—BRIVEMEIZAN L;

o —BHEEE > p D, X—BRIVEMIEFN R, LR ZRIFTTREKRT p;
o RJGHBITTRAARLEE, XERIHITTRATRERTEAKRT po

KI7pITeat, L 161 p, R F617 p B9 R —DITEK, tHE13.1 (b) FoR. AR
sl R ATCHE, B R BB AM, BEN, B R F8ARITEM po
z[R] > p, EMALTF L M R ZIAl, BAREARTE3) R; B0 2[R] < p, ENIZALT L
e, BAK L AEGEN—5, RIG25H: o[L]) M1 o[R]. 2 R B &G — ML ER,
BRITTREACTETE, > p WITREEREENE] 7 L AW, mHETRMT L AW, 1t
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I BATITZARZTN p, (N TIXMERIHIE, Ak, B2 p 71 2[L], AE13.1 (c)
FRERARTLTR. L SR p, RN N ER 7. BATRE L K0 HI2E
FOREl, N T T REEARAERE, Tl TR L 80 1, (S EFRAE — D KRT p TR, S8

HA A, FFXITXRIE BN FN 1w, BRI SRR

1: function PARTITION(A, 1, u)

2 p <+ All] > FLiE

3 L1 > el

4: for Rin [l + 1,u] do > XA MRER

5 if p > A[R] then

6 L+ L+1

7 EXCHANGE A[L] <+ A[R)]

8: EXCHANGE A[L] <+ p

9: return L + 1 > IR [EXI 5 B B
RI32%GH TRINDEA [3,2,5,4,0,1,6,7] B,

3() 2(r) 0 1 6 7 T, p=30=1.r=2

3 20)(r) 0 1 6 7 2<3,8hi(r=10

3 20 5(r) 0 1 6 7 5> 3, &k

3 2 5 4(r) 0 1 6 7 4> 3, k&t

3 2 5 4 0(r) 1 6 7 0<3

3 2 01) 4 5(r) 1 6 7 o) 1, RJGH r 23 Hh

3 2 01) 4 5 1(r) 6 7 1<3

3 2 0 1 5 4(r) 6 7 3l 1, SRIGHN r 23 Hh

3 2 0 1 5 4 6(r) 7 6 > 3, ez

3 2 0 1y 5 4 6 7(r) | 7> 3, 4k&L

1 2 0 3 51+1) 4 6 7 r 8O T IR, 2 M p F

R 13.2: T B

i ParrrTioN, A] DASEEAPIEHE P

1: procedure QUICK-SORT(A, !, u)
2 if [ < u then

3: m < PARTITION(A, [, u)

4 QUICK-SORT(A,l,m — 1)
5 QUICK-SORT(A, m, u)

BATEHE PN B AFAH LR R, 41 Quick-Sorr(A4, 1,

REA IR, RTERZIRM,

|Al)o ANEREZH BN S
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£:35] 13.1
1. BOHFEARPGEAEFIE X, BR T AN N0, A BT E251 R AL B,

13.1.3 M:HES T

PRIEHE L SCBR B P RE BT, BAHRE/ RS2 T ER DT FEIE L TR
MRE, BT BRI EIME L. BB, BRI ER 751 7, WNEI13.200R,
HFEE O(gn) WKIBFEM, B0 —K, B n IR, B 2R, B
REFR n /2 IR, BERPATIE 20(n/2) = O(n). H=EXI7 IR, BRI n/4
MR, BTN EEEZ O(n)-&E—REEE n MTHE, 8RB ITR,
SINEHZR O(n). KA ZRIHATI AN, 152 PusHE 7 £ R A IH TR PEEE
O(nlgn).

n

/N

n/2 n/2

n/4 n/4 n/4 n/4

.dgm)...

1 1 O IO 1

Kl 13.2: &UFIER, BxEI 55

BINMEOLT, K RA P, —E8o K 0Q1), B—H2HK O(n), BITHIREIR
N O(n)o TAFIBUL T, PRIEHEF AR A — KRV — X SIME DL T, T — R
APHTHIRN, BT S E — R TW, R ES . ZXBRRRALAR T — MR
O(n) WIBER, MIER—ZH, FrARTRMEAEHE, FIt&IMEI FRITEREN O(n?),
XA A GE B RIPERERA S0 TRATTRT A FE T LAMRI R AT BRI UL, BN R & T
REAHFSFEXN DGR, AINEFFIHLS B 7, IEFHE—EEN
SFENERE NI, ANFAE— M5 TR AT DASE 2l BRI o

TS *

PROEHE B N ERE RAf. BMERIRKI T BREIRERY 1:9 FIMHERIY,
PEREDISRN O(nlgn)Uo BTG HIATTIE DM DORARF ARSI N R R, 5
— R AR EER R E RO BORE B ERE L, FEIREEHER o, (RN TREAT T
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FeA%, P TIRZ A ER L, ZIEXITHIR (a1, a2, as, ..., a,], 18 a) 1
FFE, IR ERTEWDNTFHNR A = 01,20, ...y 6] F1 B = [y1, 92, s Yn—k_1]o TEIT
PEVHEF IR, A PEMDCEEAEN B FIEMTEIRITIE, SRAHFINE
RA [ar, a9y .oy an), BATE 4 a; < aj, SHACEFERE—TTR a R @i < ay < ay,
I H ap T8 a; B a; ZHIHOENEERS, BATAEXN a; F1 oy BATERRS, Bt2U, &
a; 5 a; AT, WL ai B4 o —BTEE a1 < aige < ... < a;_y ZHIHIE
NEWE, 2 P(i,7) RFE a; T a; HATHRAIIER, FM11A

2

P(i,j) = " (13.8)
AR S8 AT DU 2 -
n—1 n
C(n) = P(i,j) (13.9)
i=1 j=i+1

WISTRINELAET a; Al o, 15 FRABRHER b, BRFLLE ; A a, I ELIT
% a, KT ARLHE TR, BIEEE ERR, ¢ 09 BB n— 1, BRI i+ 1,
L= IIONCE

n—1 n

22 i
L= (13.10)
2

k+1

=1 k=1

C(n)

3 -
[

i A AR AL 0,
1 1
H, :1+§+§+.... =Inn+~v+e,

(R
C(n) = iO(lgn) =O(nlgn) (13.11)

BRI ERI S, DHNRKE n, M EEEIRNMREN i Mn—i-1
AIER 7o RIS REL LB p MR, BB S AN cn, BATHIREIAKR:

Tn)=T()+T(n—i—1)+cn (13.12)

Hep T(n) BXKEN n BIFIREEATPIEHEF BRI TR, @ DAH R AOBER 7R
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0,1,....,n — 1 FEUE, X HIRZEEEEHAE
T(n) = E(T(i))+E(T(n—i—1))+cn

n—1 n—1

1 1
_ 1 L1 i
_ni§:02(l)+”g I’'n—i—1)4cn

1 n—1 1 :Li(i
= — T(s - T(7
n; (z)+n§ () +cn

2 b—1
=) T(i) +en
=0

n <

2GRN E Y

B n H on—1 #5285 %K
n—2

(n=1)T(n—1)=2) T(i)+c(n—1)°

=0

A (13.14) W20 (13.15) IHEMAW T6), B 0<i<n-—1,
nT(n)=(n+1)T(n—1)+2cn —c

RS EEL ¢, b
T(n) T(n—1) 2¢
n+1 n n+1
IR n—1on — 2185 n — 1 MEL
T(n—1) T(n—2)+%

n n—1 n
T(n—2 T(n—3 2
(n-2) _Tw-3) 2

n—1 n—2 n—1

) _T() |, 2%

3 2 3

ReFra 200, R AR RS, RIS EI— DR T n BRI

T(n) T(1 1
— _ N 2 _
+ cz 2

n+l 2 i
FIFH VAR AL, A HIGE R
T T(1
O(n f)l) = O(% +2clnn+v+e€,) =0(gn)
(At

O(T(n)) = O(nlgn)

(13.13)

(13.14)

(13.15)

(13.16)

(13.17)

(13.18)

(13.19)

(13.20)
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13.1.4 gk

POk HE T HEREIL R, BIERIFMEH T, MRESIRMLEIE 0, R LR REH1 7>
i, HIEINME IR RAR, REWI, TR E5 R 75 1% DU G alm /b
IEIRIG I, BATL IR 20 ParTiTION TEACEE KB EE T EN HIIMEEE R4,
EESH n MEFETERNFHRF (2,2, ..., 2]

1 EARPOEE Bk — DT REN R p = o, PRVEERINDFA: (2,2, ..., 2],
KEN n—1, BI—DEAINZE, & TFRIBTH N n— 1 EI’JF”?U?EIFYLO JS¥=1
3’—]{@% O(’I’l2)o

2. PRSI < o> @ MRS, SEREFINERFIR 0 NET ¢ TR, #F
SR R B FANZH LIRS BN, S5 RN [ ] 4 [z, o] 4 [ Jo A
EEN O(n)o

SR, FA DRI AT RGH M T =0 K53, = R RE e it R R TT =,

sort [] = []

(13.21)
sort (z:xs) = sort S+ sort E H sort G

¥

S =lyly € xs,y < ]
= [yly € zs,y = x]
= [yly € s,y >

XS FR BN R = A FRERE R, FATTA] DA — D R BT
SOt gsort = sort [ o HH:

sort A[] = A
sort A (x:xzs) = sort (E4 sort AG) S

BATRAEE R N =ATF3% S, B, G, K E HtREeMHF, %%i&*%ﬂlﬁ
o BAVEMARRLR A X G 7, BEFHERD E BJEH, fETHI R
XS HoFe JllorthnT DA SRR AR G :

(13.22)

part SEGz ][] = (S,E,QG)
y<z: (y:S,E G)
(13.23)
part SEGz (yiys) = qy==xz: (S,4:F,G)

y>xz: (S, E,y:G)

ARG T 53— G U AN RIERGE AHE P AUSE IR, T2 AT HHE Y
?ﬁﬂ%‘z{%f K, BRAHERAE—E:
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sort :: (Ord a) = [a] — [a]
sort = concat o (pass [])

pass xss [] = xss
pass xss (x:xs) = step xs [] [x] [] xss where
step [] as bs cs xss = pass (bs : pass xss cs) as
step (x':xs') as bs cs xss | x' < x = step xs' (x':as) bs cs xss
| x' = x = step xs' as (x':bs) cs xss

| x'" > x = step xs' as bs (x':cs) xss

DAARF - ZETT4E 5 (Robert Sedgewick) 45 Hi T MAIRERT R 73 77 3% 01 P, (5PN
ANBEF 4,5 WEAPRIAEE, FFERT 4, j FemEd A G R, R AN TR
VERHME po NG 4GS « MAGHREZNEEI— > p WITE; BINGHEE § mkEH
MEZNES A < p WILE, W, T « LANITER < p, ITE § AIHNTER
> po i FEM—D > p BICER, T j f&M—1 < p HIITER, WE13.3 () N TRHEHE
< p BTCEXIGT BN, HARTTREIF RGN, FA158H ¢ f1 j HERHmAN TR, A5
PRE I, BE RS RER] i /1 j B EE S, EXI PRI, SRRE R
MR @ EMETTR (B O < p; ATE j GMRITTR (B D > po @ Ml j
Z RITTR MR, WE13.3 (b)o

FHHE p >p <p
\ _
x(1] e <P x[i]| ... 7 ... |x[j] >

(a) $5Et ¢ A1 j (2 1L AR

R p 7 7
\ ( (
<o oo s

(b) Kl AEE&MH
13.3: RAl4HH
M i, g MHIBE AN, BATFE—IREIMNAIA e, K A MR p 223 5 458

FALE b 2R, BRI X E T 1 F0 j ZRIREEH R B All...j) ;i FAI 2 XA
R w 2R Ali..w) EATIEEHEY

1: procedure SORT(A, [, u) > HEF XA : (1, w)
2. if u—1>1 then > W& 1 APALERTER
3: 11, j+u

1 p < All] > B
5 loop

PR IR R
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6: repeat

7: 14¢—1+1

8: until A[i] > p > Mg i > u BN
9: repeat

10: j+—g3—1

11: until Afj] <p > W j < 1 BB
12: if j < i then

13: break

14: EXCHANGE Ali] +» A[j]

15: EXCHANGE A[l] <+ A[j] > #%5)] p
16: SORT(A,1,5)

17: SORT(A, i, u)

E EFTA TR EHE RIS TE Ol B X AR K A E I 8, KT g
IRAZH, T XI5 2 R, B USRI RN O(nlgn), i B, FILHATHY
N SRS b, IX—T7 IR AR BCRE /D, ek T AR B (A — M B T 3R AN
ATACTR, FATTAT DB R AR =B e 5 ek, FONANE T HIER TR T8,
Jon Bentley #1 Douglas Mcllroy £ T —"1N7571%: WE13.4 (a) Fiw, Setipr A fI &
WS R TR R 0

L A
)

el o= <t o> =

(a) ZFEXN 7 BIANEE S5
i J
o —

<= e >

(b) ¥HF TR MR TR #EH ],
13.4: =§&%I15>

PSR R AN, B 0 8% > HERoeE, HH j 83 < &
e, BERTANSE @ F1 5 IE MBS E RS, RO Al < Alj)], FNEE
Ali], A[j] BEFTRME, WREE, B Al < Alp] 8 Alj] < Alglo FEXIDEER
A, BT A ST MR TR NG R E R R, R FEE TR
N WRFTETCREME—, NI RBCNE, A=A MEIMNEFE, K94 RanE13.4
(b) FRe MG, BATTR TR ZN T/ NTF 7R “ToAS RT3 7085,

1: procedure SORT(A, [, u)
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2: if u—1>1 then

3: 11,5+ u

4 pl, g u > FR A TCRAVIA
5: pivot < All]

6: loop

7 repeat

8: 14 1+1

9: until Afi] > pivot > 2 i > u FIEEIRACEE
10: repeat

11: j+—j3—1

12: until A[j] < pivot > M § < 1 RUEHIRALEE
13: if j <1 then

14: break

15: EXCHANGE A[i] <> A[j]

16: if A[i] = pivot then > AEFRAHSER TR
17: p+—p+1

18: EXCHANGE A[p] <+ A[i

19: if A[j] = pivot then

20: q+—q—1

21: EXCHANGE Alq] <+ Alj]

22: if i = j H A[i] = pivot then

23: j—i—1i+i+1

24: for k from [ to p do > KRS TT R A R H [A]
25: EXCHANGE Alk] +» A[j]

26: jj—1

27 for k from u — 1 down-to ¢ do

28: EXCHANGE A[k| < Ai]

29: 141+1

30: SORT(A,l,j+ 1)

31: SORT(A, i, u)

XA N = # X FIZHR G B¢ T, RTINS RMIA TR, MR
A B A B, BRI 1B B ER e T, He R E AR S
R — NICRIENENE p, WNE13.5FR, ENZ], ZMABES < p KR, #%
MRFBEES =p BLER, &REGMABRES > p KITR. = DR BEIIGHRZ BN i
kvjo [k, j) ZRIZMARSIREAITTR, FAMERGZ 11, THER, < p B2 =S,
= p BB A~ IeR, @ FEFEAHR TR, k480 0 BF—TITR. > p KRR
N, j HEAEE B
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i k J
( ( )
\] /

L <p..}-=D & 7?7 ... kF->D ..

& 13.5: BAFEFHR =X

ISTFIEIE, BATE Rt & RANTTE, MBEST p, S & AT~
AR > p, TS Alk) RALFRFRIRIG —TE4 Al — 1] 228, 5B > p
IR K BEREI —, BIIAR j AR, BT ARSI & MTER A
TRKT p, BIVREFRR R, B LR, F, MRTTE < p, ROV AR A
= p WIS — e Ali] 28t 2 kA j AN, QI FEf,

1: procedure SORT(A, [, u)

2 if u—10>1 then

3 il j+u k+<—I1+1

4 pivot «— Ali]

5: while k < j do

6 while pivot < Alk] do

7 ji—1

8 EXCHANGE A[k] <> Alj]
9: if A[k] < pivot then

10: EXCHANGE A[k] <> Ali]
11: 141+1

12: k+—k+1

13: SORT(A, 1, 1)

14 SORT(A, j, u)

FIOR A0 =38 Sl 73 R b, 35X — SCEIREDA fRT B E 7522 58 22 R SR 4 IR B

B2

BRI RE Rt B N KRB EE TR, (ENARTTIER R R— L R ZE L,
B, A R 7y e R B IN IR 2 P IR 2 7)), I3 85 SR A1 B 13.6 2 R
RIS DL : (21 < 20 < .. < ) BT [y1 > 92 > .o > ] BIKIPEER, BATTRT DAL HIEE
ZIERZENGIL, I (20, T 1y ooy T2y T1, Tong 1y Tong2s T )y FeH [21 < 29 < oo < 23],
PAN (2, 21, Tp 1, To, ..o QHEI13.TP7Ro

XM Z G, BB E — D RS SR, Ewfins
H T — st 090 RAE [ B B I R TR A T I B A ARV NG | R AR
BRI AT REME, ReEE — TR PEJTE RETE, IEERX =B EER
Fe, AT ZOR SR, — M 2 FHE SR EEEHREDYL; BB A —Rindid 2 it



280 Fr=m PEHERIEIFHEE

(1 x[2] | x[3] | ... | x[n]

[l x[3] | x[4] x[n]

N

\

] X[n]

(a) [1’1 < < ... < xn} H"Jﬁ”ﬁjmo < p B"J%B%/‘E\%?o

yi21]-..[yin]
y21]y31]...[yin] 0
yB31]y41]..|yinl i

yln] 1]

(d) [y1 > y2 > ... > yn] BRI, > p FIERITE N

K 13.6: MFRZER
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lx[m] |x[m-1j|...|x[11|xlm+1j |x[m+2j|...|x[nj]

N

N e

x[m-2][x[m-3] . X

0 eSS T )

(a) BRT S —XA5), HE#RAF- 1,

[x[n]]x[11]x[n-11]x(21] .. |

/

[x(11]xIn-11]x2][x[n-21]x[2]] .|

N

1 [x[n-11]x121{x[n-21]xI31]...|

~

[x(21]x[n-21[x[3]]x[n-3]] .|

N

1 [x[n-21]x3][x[n-31]x[41] .|

~ O\

[x(31[xIn-31]x[4]]x[n-41]..| 1

<N

(b) = DTN

13.7: HEZERZEEN
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=R BIMER SR N RIME, e RMEBSEIRE —MIE, K
Bozzh 2|,

1: procedure SORT(A,,u)

2 if wu—1>1 then

N m e |1 o S 1+ L e
4 if A[m] < A[l] then > WER All] < Alm)]
5 EXCHANGE A[l] <+ A[m]

6: if Aju— 1] < A[l] then > R All] < Afu — 1]
7: EXCHANGE A[l] > Afu — 1]

8: if Alu — 1] < A[m| then > R Alm] < Au — 1]
9: EXCHANGE A[m] <> Alu — 1]

10: EXCHANCE A[l] <+ A[m]

11: (,7) < PARTITION(A, [, u)

12: SORT(A, 1, 1)

13: SORT(A, j,u)

Xt bR PURPRF IR I 22 1A 0L, IX — S PERE R4, EHFON “ =R E” Bk, %
— b DT R R AL TR R B
procedure SORT(A, [, u)
if wu—1>1 then
EXCHANGE A[l] <+ A[ RANDOM({, u) |

SORT(A, 1, 1)

1:
2
3
4: (7,7) < PARTITION(A, [, u)
5
6 SORT(A, j,u)

PRI%L RanDoM(l, ) IR[E—E | Il v Z BHIFEHIREEL | <0 < wo IX—E
HITC R BB A MR B, X — T IEF O BENLDEEHES U, it 2 =R EIE
e FEHLBRIEHE P E AN RE e R R 2 TE . WSRFAIBENL T, TTIRIEEE — It 2
HentE ERTTRE AR, 58 LERE A, BMEEIIS F ek 216 0,
(B IX L 77 VAR SERR B A AT RES BUS IR 4 USSR

WH TR, BN ERT BRI RZEE . a4 MRS
FIRGIN , PRIEHE A A AR, idd A HE7 RO st P00, SER74Eve, ARRR, £
FIRZ N T AR T, & T — N EE. R FHIH R TR N> T EIE,
UL TAE I AHE

procedure SORT(A, [, u)

if u — 1 > Cur-OFF then

1:
2
3: QUICK-SORT(A, I, u)
4 else

5

INSERTION-SORT(A, [, u)
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13.1.5 PEHER S5HER

“HEIERYBRIEHER” AR T 2 RSO —4 SRR N e AR, it se
TR, = R B B, DA =B 7. RIELAYIE I E SR SR IR T PRIE
Her r RS, B EH _EIRMEMEGE, B NN PR 7 A i B R, R
HHEFE A HE P RO A R AL R, BEAE - BIESH T mnaEd e s, =
SRHE S HE S PR HE R U9, 58 S unfold BRECKE— NI FE# 9 — SRR :

unfold[] = @
unfold (x:xs) = (unfold [ala € xs,a < z], x, unfold [ala € xs,a > x])

= AR (S —5) AR L, unfold P AR XOAERZ, QRS
RNZS, RN — R BN, RFNRAFE—DITR o (ENTRRIE, K518 1A
EAG T, HPETRE <o KT A T2 > o B7TR. R XER
PRIE Hh e k) B A RS R O -

(13.24)

toList @ = |[]
(13.25)
toList (I,k,r) = toListl+ [k] 4 toListr
FATTA] PR IR bR B Aok, 2 ) PR HE P 3RTA
sort = toList o unfold (13.26)

BB unfold ¥93E H — XALRW, KHEIEAHHEERIEN toList 1515113
JERERT DRRF 57 1o U0 FCREIX — I A P R 45 SRR T R, A5 21 7 B AR B P 7
B,

13.2 HIFHEF

PIEHE P AER Z BB T ERE LS, (EERZEB T LRI, BIEEH DA
IR TE Rl R 2 16 O A HEFEAT A 1B TEVRIE O(nlgn) REZRE, fEH
REOH ot EEAEEE X PR BEHMAIRENE A, R mEREIER
HHEFE R ERIHER 77 24 JAFHE A E WA T 2 a2 USRS, EORUER
BT, FOCR P AR R B 0T, I THER, AAE R A B A5,

sort [] = []
sort [x] = [x] (13.27)
sort xs = merge (sort as) (sort bs), H : (as,bs) = halve xs

3 deforestation
44 Haskell, Python 1 Java
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HF halve RPN H2TT XN TEEAH, AT AR ARG B RALE 2 #:
splitAt L'%S‘j x50 M THNIRBATLZLMEMN RN b 0 T 8 (LS —F), filan:

splitAt n xs = shiftn || xs (13.28)

¥

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n—1) (b:as) bs

xR H AT BRI, Bl Ta] DA B A B 2 B TR, S EZE AR
M2, BoOAEE A, BRERIETM, halve = split [ ] [ ], Frp:

(13.29)

splitas bs [| = (as,bs)
split as bs [x] = (x:as,bs) (13.30)
split as bs (x:y:xs) = split (x:as) (y:bs) zs

Bt e] DLAH & il — 0 ik, Nl iERr, SREEITE « I
B as b, RGEH as < bs:

halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

13.2.1 HIF

JAFF AR E 13 .8FR. BIEMIAEZT, E 2 BIHEIR S mHE . BATE R Z T
RUcEE — R, BHR— N IR S &0, BT MIERE Y, BATEEM AL, 7
BN —NERT] AR EE X PR, BEMEA AR % FEf E 2l EFR Y

— BN Z T TR] DA — 181 X R T T
00O

00 ‘
Jo o
13.8: 93
merge [ | bs = bs
merge as [| = as

13.31
a<b: a:mergeas (b:bs) ( )

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

BN b merge (a:as) bs

X EEH, BATRT AER e S AL E 0 #, 70 AliE T HER a3




13.2 VAFEHER 285

1: procedure SORT(A)

2 n <+ |A|

3 if n > 1 then

’ m L% ]

5: X <+ CoprY-ARRAY(A[l...m])
6 Y < CopY-ARRAY(A[m + 1...n])
7 SORT(X)
8 SorT(Y)
9 MERGE(4, X,Y)

X—TTIEER TR A FRRERONESNE E, 1XZH T MErRGE BIENZE
JFEHUERTTR I, VAHI, FATAWREREE XY PETCER, EEEEU N — D iRE %
A, ERSAETEIE BRI — ], Bt — D P RIRER TR
F A,

1: procedure MERGE(A, X,Y)
2 117+ 1k« 1

3 m < | X|,n < |Y]

4: while i <m H j<ndo
5: if X[i] < Y[j] then

6 Alk] < Xi]

7 14—1+1

8 else

9 Alk] + Yj]

10: j—3+1

11: k+—k+1

12: while : <m do

13: Alk] + Xi]

14: k+—k+1

15: 14141

16: while j <n do

17: Alk] < Y[j]
18: k<« k +1
19: j—J+1

13.2.2 TERES T

FFFHERE 2 AP R A, BATEHE A0 &, R HE —ER- P
X, ANE13.20R, MR O(lgn). JAFFHEFRIRITIREN O(gn), fEH—
BEGEATIAI AR — AN P AIRICR, S HH—MEESE, 15— HI R
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SICEE RIS R, VIR 2NN I, SRR n, I8 T(n) NHEF
P E], AT — FORIA X &
T(n) = T(%
HEFRIN A0 & = 3053 - i 5 HE s T(%), XG2S HE T(%), 33 cn, H
Hi e BHAERL ML AFESFIZEEN O(nlgn). BN EIMAEEHTRE28 1 E 2
FE o ARIRIAAH: 77 123 I R RE R AR L, FRATTRY IS 5T LR SB4A He 28 118 A0
S F T A SN, OB IR, ER TS SR NS IR A NG 23 8], DA T 2
HE— 5 BT, BBITIR A S, X 2= (A ] DURRA, 52 AR U BNAE 3 A R —
BT, N O(nlgn)o

)+T(g) ten = 2T(g) +en (13.32)

13.2.3 itk

NTRMEIAH XY &, TATRE co BRINEIENTRE,
procedure MERGE(A, X,Y)

APPEND(X, 00)

APPEND(Y, 00)

i+ 1,7 1,n+ |A]

I:

2

3

4

5: for k < from 1 to n do
6 if X[i] < Y[j] then
7 Alk] + X1i]

8 1—1+1

9

: else
10: Alk] < Y[j]
11: j—J+1

FEVAFFIN 52 52 AR (R R AR 2 — MR ), JATTA] A—IR P& 4P A A

AR/ N AR X, BRI S XA TAEXRA T, e B AR X AT A = il [E]
JEE A,

1: procedure SORT(A)

2: n < |A|

3: SORT'(A, CREATE-ARRAY(n), 1,n)

4. procedure SORT'(A, B, [, u)
5 if u—1>0 then
I+u
6 m < LTJ
7 SORT'(A, B,l,m)
8 SORT'(A, B,m + 1, u)

SRR — oo
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9: MERGE'(A, B, 1, m,u)

BATRIN T 2B MERGE & AR TAEX:

1: procedure MERGE'(A, B,l,m,u)
2 i ljm+1,k<+1
3 while i <m H j <wudo
4 if A[i] < A[j] then

5: Blk] + Ali]

6 141+1

7 else

. BIk] « A[j]

9 jg+1

10: k+—k+1

11: while : < m do

12: B[k] + Ali]

13: k+—k+1

14: 14—1+1

15: while j <« do

16: Blk] < Alj]

17: k+—k+1

18: j—J+1

19: for ¢ + from [ to v do
20: Ali] <+ Bli]

287

> Sl [

XSGR AR ZREM O(nlgn) BRE] O(n)o MT 10 HMREBOTRAT, I

AERTEETE 20% 2 25%.,

13.2.4 JRMIHHHDT

N G FHAAN 23 (8], FRATIZ8 P AN 2 A IR BB o AR X & 13.9F0R,
THA X MY CHrer, SHTEAH N, < | 2B IFIFEY, AT RE T,
Al < Alm], BURIEIRSS) | —2; BN All] > Alm] FREHE Alm] BANJAFHFER
H AL T 1 2l ik, BAHERE {0 m ZER7TR (B4 DAjEFE—MrE,

g Al LB X

Alm]

.. BFEk Y.

= All] > Afm) WP X

& 13.9: JFHSERITIE

1: procedure MERGE(A, [, m, u)
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while [ <m <u do
if A[l] < Alm] then
l+1+1
else
x < Alm]
for ¢ «+ m down-to [ + 1 do > %
Ali] « Ali — 1]
9: All] «+ =z

{HIX— RS RS I ) B 2% IR AL AR O (n?). BUEAMIRS B2 — MR MER TR Y
1, Bf X FRITTERNMEURIEL SX FEEHAFI, T 1 HEHTFIRATER 2 E
TAEX, WAL EE TAEXNITE, ERAEIIESEER, YHHRETFFH4H A
M B BICER, 4308/ NYTTEBAN TEX A E RN, BRI TAEX
FRRTT R K, VARG, FORAIR D FEE L IRE T el TAEXBINE,
K 13.10FT7Re

EE#

P’ ~

LB Al - =/, Bl -
*i Ali] < B[j], WzZ#t Ali] «» C[k]

. B |ClK]| -

13.10: HFERHSE TAEX AR 1 H Rk

CFFHEAH A B MIIEX C #RREBAHN—R 72, JAFN TR ER SN
i1 A, B RUtIR. S5 AL E, 73l FHIXIE (i, m). [j, n) R0 ; TAEXAEERAE k.

1: procedure MERGE(A, [i,m), [j,n), k)
2 while i <m H j <n do

3 if A[i] < A[j] then

4 EXCHANGE A[k] < Ali]
5: 1—1+1

6 else

7 EXCHANGE A[k] +» A[j]
8 jJg+1

9: k+—k+1

10: while ¢ < m do

11: EXCHANGE A[k] <> A[i]

%la, b) FREAGTFXA, B o, (BT b
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12: 14 1+1

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—J+1

17: k—k+1

VA AR X T 220 e D 45 F

1. TR AU R, AR AN R BT 2R T AN ;

2. TAEXA] DIAE—F B EE, HAREARE SR ITFFHITTR,
BATTAT AR — R0 TR, R 5 —F 0. WnE13.11F7R,

R X2 35 N B K < 5

13.11: VAFFHERF — 18

QAR B A O — = TAEXHER, R/ i FIARHET 7o WE13.120R, i)

WFHE AR A(% ) il Bg B, (R TR AN DA i e,
TREAM A+ B R,

1/4 B: 1/4 A: 172
work area sorted sorted

13.12: FEEENRZTIF A.B

TAEX RS —Z M E 2 BT 3@ FAni i, S RIAFFHITRAPIE 55, M
A TAEX AN T B H R B B R o R AR A, AT TAEX RS 1/2 HEFp, 4538 B
WAZHENET 1/2 757, B LAEXEAL T AL B HlA], GNE(13.13 ETTAlR. XA ZHEE
BILEXMTEA A PETEZD, BEMARTE

1. frf B LR/ T A HEREITR, H¥FE, B HEi ARSI TIEXH,
1M B A EAEPART TAEX IR, T TIEXH B BIR/IMASE, BRIt aera] PA
s

2. T A HRE/NT B HERITE, HHF AR H# A f T/EXHHNE, 4
TAEX#E A —YIoREW G, HFRER A NS, FisiE, BREENE
EIAFFITE, TIEXAG ML SRR AR HANRERNE 3/4 A E, 5,
I REEH G B I TAEXAING . & TIEXEREsNE T8 &AM, W
K 13.13 N5 FfiRo
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1:
2
3
4
5:
6
7
8
9

10:

11:
12:
13:
14:

15:

2:
3:

4:

JEHEFAAFHE

Fr=m P
B:1/4 1/4 A:1/2
sorted work area sorted
1/4 merge A, B: 3/4
work area sorted

13.13: FIHT/EXIHH A.B

A T I AIRE I I, e TR W ahsIaT 1/4, Bl E X —5
PR AR EAE 1/2 HEE, W TAHEING 1/2, T TAEX (T eh A,
ORI TAEI I N, A % 3 i 3 é ------ VAR R, 4 TR
TR — A TERINLE R, 16U — T AR TR, FolTTAT DA P A HEF
P =T NS

l+u
meLTJ

wl4+u—m

procedure SORT(A, [, u)
if w —1 >0 then

SORT'(A, I, m,w)

while w -1 > 1 do

u — w

I+

w <+ [

|

SORT’ (A, w, 1)
MERGE(A, [[,[ + v’ — w), [/, u), w)

for 7 + w down-to [ do

J 1

while j <u H A[j] < A[j —1
EXCHANGE A[j] <> A[j — 1]

i —1] do

j—j+1
NTRIELAEX AR, TAVEH_LIRECE, BATR S a1 A BRI IX HE B
AT MERcE Fik, & K, BATRZEE X Sorr’ ik, €IS KEITHAH Sorr K
L TAEXFIE PR 7o

1: procedure SORT’(A,l, u,w)

if u — 1 > 0 then

m LH_TUJ
SORT(A,l,m)

> X PR

> TAERX
> MFIR

> B AHER?
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5: SORT(A,m + 1,u)
6: MERGE(A, [I,m), [m + 1,u), w)
T: else > KT A TR E| TAEX
8: while [ < u do
9: EXCHANGE A[l] <> Afw]
10: l+1+1
11: w+—w+1
B FREAE VP APRS T AL RS RUTR: 2, 7 S .., BT
O(lgn) W 5EHET . BIGBIARNRIRE 20 —FHE T, 2R 0 FH 2 eI R 31713 9F,
2 n DNICEHFIEN T(n), BATEW FEIHXR:
3 7
T(n) :T(g)+cg+T(%)+c£ +T(%)+c§n+... (13.33)
AF—FETTER, /LFHE R
n n n 3n 7n

PR (13.33) - (13.34) 15

T(n) — T(g) - T(g) + cn(% + % +.)

AT lgn A % RO, FE S B T 380 35 2R
T(n) = 2T(%) + gnlgn
(TR IR TR, (SEIE5E O(nle® n).

13.2.5 HARHIFHF

13.14: MNP [0 [ Ao ) i

BN T RSSO A Z BVAFFHEF . BN RE AN R M S 5
PA— S 01 Foh B ARVAFFHER L% X THEMIFES, AT DAMEAE A BT AERE —
MMERRE T A TEA—NRERIGOL, BT A] AR R MRS 775, FR
et T LB, AR T RS N RIZbR it
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15,0, 4,3,5,2,7, 1,12, 14, 13, 8, 9, 6, 10, 11
8,12,14,0, 1,4, 11, 2, 3, 5, 9, 13, 10, 6, 15, 7
0,1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15

R —THIE T RIER N, B DR/ N TE D, R ARERE T YK E
H—, RUEE IR, RPRE TR 7RRER, BFIICRE, FREERF
A& 2ETR, AP, B2 AT ANE T RS — MBS T 5, T2, &
AT AR AN AR IR 7 41, — P MKERTR, — P MRERTR, VAR — T E K EF
Bl 1X—BEERIRF U, BATTRT AR TR RIAT B R TR 50

8,12,14 ( 0,1,4,11 | 2,3,5 9| 13,10,6 | 15,7

En& merge
——ay¥

7,8,12,14,15 | ... free cells ... | 13,11, 10,6,4, 1,0

K 13.15: BRAHHEF

EI13. 1588 7 IX— g, BIEIFIAN, FATMPMETRF 5, 23S R IR
BT FPA. ARG IXP T R 2 — A TAEX R e, #5, JREERX—%
R, RS N AL T, X — IR, BATR A7 A1 2 TAEX A A M, A
AR E, RAEEARRE R TAEX Okt SRTATTRESEIRIIH 2 TIEX S,
FAZZ B TAE X AN EE, FF ORI FUCA TR U3, FHaas—4C RV, ARk
M KRR R T 55— B R EIRE, RN E 7, HEP a4, IX— T EME
AIANTTIAACFEE, H B ¥ e8I B RN, ERron Mg ERIAFHHET.
E13. 16w, R, o Z AT d ZJEHITREAEEE, BATEIRERTFS [0, ) A
LY RAIRK, RNKEFFA (o d) FET RERK, XTILIEX, f ZEif r 250
TLRACIAH T (WEETFRHD, 8GR, AT [a,b) F [c,d) M f 2]
VA BEEEH, BAVE T Y r LTI,

TEHE P FF AT, FATHES BRI RN TAEX, o F1 b 5N, ¢ 1 d
famsAa M, for fER TAEX A W,

1: function SORT(A)

2 if |A| > 1 then

3 n < |A

4 B < CREATE-ARRAY(n) > Bl TAEX
5 loop

6 [a,b) < [1,1)
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(a b C\ d
( )
coa | e o Freeo f. oo
f r
: (
.. B o RPEAL .. B
13.16: HARAFHEF N AU M T

7: lc,d) < [n+1,n+1)

8: fe1ren > FEM LAEX E R

9: te1 > AEER
10: while b < ¢ do > AL R EAHE TR
11: repeat > ¥ /& [a,b)
12: b+—b+1

13: until b > ¢ B A[b] < A[b — 1]

14: repeat > I [c,d)
15: c+—c—1

16: until ¢ < b B Alc — 1] < A[(]

17: if ¢ < b then S AR
18: c+b

19: if b —a > n then > [a,b) B REFHANHEFE R
20: return A

21: if t 2a14Y then > MV
22: f < MERGE(A4, [a,b), [c,d), B, f,1)

23: else > MG
24: r < MERGE(A4, [a,b), [¢,d), B,r,—1)

25: a<+bd<+c

26: t—t+1

27: EXCHANGE A <> B > P TAEX
28: return A

AN TR ZLE AT A E A S EUE
1: function MERGE(A, [a,b), [c,d), B,w, A)
2 while a < b H ¢ < d do
3: if Ala] < Ald — 1] then
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Blw] + Ala]
a+a-+1

else
Blw] + Ald — 1]
d<—d—-1

9: w+—w+ A

10: while a < b do

11: Blw] + Alal
12: a+a+1
13: w—w+ A

14: while ¢ < d do

15: Blw] <+ Ald — 1]
16: d«—d-1

17: w—w+ A

18: return w

HARIHHFHER B PERE R U PR IF R, Riskia IME, 58—,
AREIR T F AN SN 1, XEEHRE, TIEXPHHFNERF FEHNKERN 2, &
BE T R—RIZUBARE, HEREIREH TN RECAATRENT 2, X—4#
Ja, TEXESKEREDN 4 MAFHER -5, IHNEF FRHANKE
AINAE, RItRZT/E O(gn) M. F—AMTAERITR, FTLUEERER
O(nlgn). MFRTTRIFEESNR A, BATTIIEMNE RMSmIIH, & YR AT TS
THNRARK, BATTRT ARHRIR S 73R T, REBHIFFFE, AT 5IREH
AT, B E SRR XA AT E N (R L) -

sort = sort’ o group (13.35)
Hrr group HITETHNARBIRTFHIZE:
group [] = [[]]
group [z] = [[x]] (13.36)
. e <y: (1:9):gs, HH : (g:gs) = group (y:xs) )
group (x:y:xs) =
AR [2]:g:9s
sort’ LR HBFHNIRBOF VAT, ARG FEHRENS ITH B 252 :
sort [] = []
sort [g] = g (13.37)
sort gs = sort (mergePairs gs)
HA mergePairs TEXN:
mergePairs (g1:g2:9s) = merge g1 g» : mergePairs gs (13.38)

mergePairs gs = gs
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FHNBA AT DA B ESER sort’

sort’ = foldr merge | ] (13.39)
23] 13.2
1. ERZIF mergePairs BISEENE Z4 AR 2.2 QERAHIA], 1B 45 HIERA ; A SRAS

[F], BB B P2

13.2.6 HJEF_EHIFH

HARIAIHEF I E 2 oA aa 7 — R B W _E e 771k, B DAMR T (Et %
KRB, BREFHER n MR, BMVIREE— DR, RERAESNT 5
P, 193] 2 MRE 2 IEFFIER; IR n 258, 2RR—DKEN 1 WFF
Hllo FATTAWT RO ITFHAEEE 7751, BG5S 2IHE PSS R, mEgFR 2 o “ BRI
FFEHEF "D, iR 1317 R,

b

SN

0 il
AN AN

13.17: BJEKM_EIHFFHEF

BTSN 3 FIFN R, SR (21, 22, ..., ] FE—IFERNBD N n DE
—TLR TR [[21], 2], ..., [2,]], RIETRATARWR EATIHIH

sort = sort’ o map(x — [z]) (13.40)

BAMEHBARFAFHF I sort’ 1 mergePairs, AW IAHF513%, BEE&
JE—A0s BERA B3R B RVITHFHEFIRG, (U A H T EAR, AR L, &
AT DA B ARV HEF AR R TS 0 (R 218 00 S HIR, BRIFHHT B2 ARSI T
FIRY REIRK, B KA EIFFHF AR PR K ET RS 1, BJRmA EIFHHE
JPHE X2 BBV FATTAT PAHRRIS 3 ik Qs :
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function SORT(A)
n <+ |A|

1:
2

3: B + CREATE-ARRAY(n)
4 for i from 1 to n do

5

Bli] = [Ald]]

while n > 1 do

o

7 for i < from 1 to Lﬁj do
8: Bli] + MERGE(B|2i — 1], B[2i])
9: if Opp(n) then
B[] < Bln]
n
11: n [51
12: if B =] then
13: return [ ]
14: return B[1]

3] 13.3

1. B B R _EIAH .

13.3 FFHiT/bE

FEHA PR BIEA, S0 5E SN, FTDIHA TN D7 AR X — SRS
IFFFHE G . SERs b, HATHREH A, HEAE AP IATIES, T2
AR EIR p DA, Horh p MACERER R BARTROL R, RIATR] IFATLE T/
I I SERHET, FEE O(nlgn) = pT", SIFKONERMNNGE, IX LA SIR M iR It
FATRIR, (HE, f Ry REAPORARF RIEA R p — 1 DA, XI9h p DT
A, RIEFHATHENH T, FHAZ R, S HIER 73 B B, TATTHBERR ZI -1
O(n) BIMERE, 55— 75, H R IAFHHEFP EIRARSH B H I B O T IR 2R
WU TINE, FREXIFATIIFHE A BRIsHE P AT APy it SR L, VAT HE
PRIEHE P IR R E NI B 2T, BEETE cdot BURTE 1986 4E R TR
n MEEEER, TEREN O(lgn) KIFFATIAFHRRIEI, AT — N E R A4/
BH , B T AR FEAREEE, RERTUSE U TREZ N,

13.4 /h&h

ARESA T WA B EHE R R ROEHEE R HE . ETHERIAE TR T
AR ATHE T B ERE BRR O(nlgn). ZETT4EFL B PUEHET 2 20 R BIR R R
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Rk KREHZIEEEE A POEAF E e TR, JEE T, Reall 2 et
B SR AIRIET, fEAERAANZ R, AMITEEERIEFFF X —
MRHRR, fTDARR D HIAE AT AR R, PsHE P £ R Z BB N RIS, MHE
SR B, PRIEHE P 7R ER DRSS iR, (BAESS — B3R R, SR AR A R
1B XBENERZER BRI LR 2, AR BAREE, M UE &1
N, ARSI NERRECRIEMERE, Sez PRisHE P R TERETE IR ZE TR 0L N HHBLIR (L, £
an LI AP I, JAFFHEF RO PEREA AT PR HE e, JF B ZE M 23 (Rl
17035, EAERLEELT, ARG, SREEZ RG], FEb)AH 7R
—NEERHI BT G,

POEHEF AP AR BCR . PRISHE AT AR TERHER B — R K,
[FIAEIAFFHE R tha] Db HE et S sk 1), Hip iR A 22k DY Hh—Fug i
R FAFFHIAEZRRE 2 BlanBOEHE?, B % TIAH. ROVEHEERTIF 5148
INFRET MR T A, PR3 5Chn ERt 2 eoIRER. Sk, 135
HEFP AR R E 2, ERID HR BB, TCIRRSF o), Arl s #, B0 H), 52 B KA
EorEl, POEHEFRMECRIESESE 0 #, ik e et im0l RE N1 —L&
CHETT IR AN = s AT, BEML DR HE 7 =K1 7055

FIRT N AL, TN T HAH R EIE, S AT RHEE . S BeHE ., e
PagHER ., VAT SRR R TR AR IR R DT R OUs, £S5 X — TR,
NMTIEZ D% SN AR “REEE” Pk, RGEHIHE R 7T IR TCIRAE A RN AR R IR T
AEFRCRIE B RHIEEE, R, AFILE G MEdRC RO T HH TR RIE

%o

3] 13.4

L (ERIAFFHER AU SREE, BTt — R RIE R DA — NP8 2 — R = SR

13.5 Bl
5

Int partition(K[] xs, Int 1, Int u) {
for (Int pivot=1, Int r=14+1; r<u; r=r 4+ 1) {
if xs[pivot] > xs[r] {
1=1+1
swap(xs[1], xs[r])
}
}
swap (xs[pivot], xs[1])
return 1 + 1

TSR, KER T TAEGRSANR S E0A, 1E R FIRIEN (R AHET R R E RAFIIERE




298 FHH=8 PuRHFEmEFHEE

void sort(K[] xs, Int 1, Int u) {
if L<u {
Int m = partition(xs, 1, u)
sort(xs, 1, m - 1)
sort(xs, m, u)

PYCIERE i

void sort(K[] xs, Int 1, Int u) {
if T<u -1 ¢{
Int pivot =1, Int i =1, Int j =u
loop {
while i < u and xs[i] < xs[pivot] {
i=14+1

while j >1 and xs[pivot] < xs[j] {
j=3-1

if j < i then break
swap(xs[il, xs[jl)
}
swap (xs[pivot], xs[j])
sort(xs, 1, j)
sort(xs, i, u)

IR

K[] sort(K[] xs) {
Int n = length(xs)

ifn>1 {
var ys = sort(xs[0® ... n/2 - 1])
var zs = sort(xs[n/2 ...])
Xs = merge(xs, ys, zs)

}

return xs

K[] merge(K[] xs, K[] ys, K[] zs) {

Int i =0

while ys # [] and zs # [] {
xs[1] = if ys[0] < zs[0] then pop(ys) else pop(zs)
i=1i+4+1

}

xs[i...] = 1if ys #[] then ys else zs

return xs

A TR XA TR :

’void sort(K[] xs) = msort(xs, copy(xs), 0, length(xs))
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void msort(K[] xs, K[] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+4+ (u-1) /2
msort(xs, ys, 1, m)
msort(xs, ys, m, u)
merge(xs, ys, 1, m, u)

void merge(K[] xs, K[] ys, Int 1, Int m, Int u) {
Int i=1, Int k=1; Int j =m
while i < mand j < u {
ys[k++] = if xs[i] < xs[j] then xs[i++] else xs[j++]
}
while i < m {
ys[k++] = xs[i++]
}
while j < u {
ys[kH] = xs[j++]
}
while 1 < u {
xs[1] = ys[1]
T+

JEHEAFHHER -

void merge(K[] xs, Range<Int> (i, m), Range<Int> (j, n), Int w) {
while i <m and j < n {
swap(xs, wit, if xs[i] < xs[j] then i+ else j++)
}
while i < m {
swap (xs, wH, i++)
}
while j < n {
swap(xs, wH+, j++)

void wsort(K[] xs, Range<Int> (1, u), Int w) {
ifu-1>1¢{
Intm=1+ (u-1) /2
imsort(xs, 1, m)
imsort(xs, m, u)

merge(xs, (1, m), (m, u), w)

}
else {

while 1 < u { swap(xs, U+, wtt+) 3
}
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void imsort(K[] xs, Int 1, Int u) {

ifu-1>1{
Intm=1+4+(u-1) /2
Intw=1+4+u-m
wsort(xs, 1, m, w)
while w - 1 > 2 {
Intn=w
w=1+(n-1+1) /2
wsort(xs, w, n, 1);
merge(xs, (1, T+ n - w), (n, u), w);

for Int n =w; n>1; --n {
for Int m =n; m < u and xs[m] < xs[m-1]; m+ {

swap(xs, m, m - 1)

R

}
}
}
}
AR B A BV FHE
K[] sort(K[] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys 4= merge(pop(ys), pop(ys))
}
return if ys — [] then [] else pop(ys)
}
K[] merge(K[] xs, K[] ys) {

K[1 zs =[]
while xs # [] and ys #[] {
zs += if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)
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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,

301
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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 -




304 FHyE #E

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)

319

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 —
TR SRR 5 2A HRTRARNER, AR RS Y 2808 1, R )5S
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
VS EENESS i S

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=
o N R ZE AT R TR,

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
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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

325

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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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)
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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

(>
o

(>
-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 347

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> «
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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




14.3 fRIHER 355

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,



14.3 fRER 361

(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

363

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)
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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,
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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)
HARE EnQ B—KARFPFIIIAZINE, BRI try(S) ZRFTE 6 fif
18, FEF= A8 B AR -
fillA(p, q), fillB(p, q),
try(S) = {s'|s" € { pourA(p, q), pourB(p, q), s ¢S} (14.77)
emptyA(p, q), emptyB(p, q)
6 FHRVERE ARE WL, X FEIHRE, 4552 AR KIRBURENR A,
X TR ZS HE, KRR 0; M FERIARE, BROFERE B THIRREE
BTG RBK,
fillA(p,q) = (a,q) fillB(p,q) = (p,b)
emptyA(p,q) = (0,q) emptyB(p, q) = (p,0)
pourA(p,q) = (max(0,p+ q — b), min(zx + 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




384

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

389
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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]




400 FHyE #E

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 405

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



408 FHyE #E

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:
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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 417
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'

419
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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)
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%
/
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:

423

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

429



430 fi% B AVL f—UERAFRIHBR &%

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 0 (y), AU REER:

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

431

(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=
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26:
27:

28:

29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
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)
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> MbRRE A, 5 -6

> AL

> =K

> E—H

> MbRREA, £ — A

><1
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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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