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X’ = [SCQ,CEg, ...]o

#>] 1.2

1.2.1. NFITERAN A 51K, NREBHIW EAHDNTE ¢,y € A 2GHEE, ©
N —DNEERH W R 2SS,
B2 348 TT

1.2.2  HIRHYEAREE

ARIETE X, FATAT DU T BAIRAIKE : AR EDN 0, MIFSSIRAIK
FERRES NIRRT HIRKEMN—,
length [] = 0
length (x:xs) = 1+ length zs

KA AYIRTERKE, S &ER O(n), HF n BITE ML ERM4E
RENBNT, BAMER | X| RFTRVIFR X (FIKE, N 78GR E L, B0 DO
KEFHE—NTEF, HEEINSHR  TENENX—2E, NHEIHEKERE
AREZEL:

(1.2)

1: function LENGTH(X)
2 n<+0

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

5 X + NEXT(X)

6: return n

1.2.3 &3]
FBEH R DU BN RIFEN LI MR E « BT, (BYIRFERH « DA EEFNE
TTEEMNE,

SARPEEGEEAR f(x) 128 f o, ETEH f(z,y,....2) BN fzy ... 2
4Ff Lisp /1, T SEE, B4 car F1 cdr A ARG M HLES P 7 7 a8 1)
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) {’L =0: x
getAt i (x:xs) = (1.3)
1#0: getAt (i —1) xs
BATHR IR S HIRIE DL, WMREN [ ], W EITRBARE XK, @ 5
AT N HERTE Y, i > | X|, BTSN, RN SHIRNE i — | X| D
MERET, H—77H, & i < 0, WEH—REFEERE 0, RN IR
FENART BN, BTRERE 2, REIBERNNRERERN O(), NHEX
R AT AL :
1: function GET-AT(i, X)
2: while i # 0 do
3: X <+ NexT(X) > X = NIL [ 5%
4: 141—1

5: return FIRST(X)

#>] 1.3

1.3.1. £ GET-AT(i, X) BUIERSLIIF, X NE2EFE? § BN S/EME?
B 348 T

1.2.4 KEITE

FEAE— XM first /rest RFRATERE, FON last/inito A TAEEHR X = (21, 22, ..., 2],
B last IREIRETTR 2y, T init IREIFHIR (21, 20, ..., 2n_1]o BIRIXPONRIEL
HERIFR, 1B last /init 75 ZLAER R 513K,

last [x] = = init [r] = []
last (x:xs) = last xs init (x:xs) = x:init xs

last /init AR LIRSFIRAVIGE, SN [, ITARRE LK, FHEEHN
ARSI,

(1.4)

1: function LAST(X)

2 z < NIL

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

6: return x

7. function INIT(X)
s X'+« NIL
9. while REsT(X) # NIL do > X 4 NIL B Hi55
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10: X'+ Cons(FIrsT(X), X')
11: X < REST(X)
12: return REVERSE(X")

INiT SIS Cons EFER, X ARYIREY RN, &G EEESE R EAT
K(ETT 1.3.2),

1.2.5 &RAZET]

last B RAERFIH—FRFE, BRI RNZRBGIRFRIEEEE « TR, &
B BB RIE I 88— ORI R n, B UORIEE n — i — 1 TIT&R:

lastAt i X = getAt (| X|—i—1) L

B RIRIRZ N DEEE po T po, BENIMEEE ¢ 22, Bl rest'(ps) = p, EF
rest'(py) FNE B PUTHRE rest i 0 WHLEL, M py BIE ¢ PRERTEDE pro po —
FHefERFERISLES, RERNEESIEN], BE p, FIXERNELR, HREE p,
TBIFEAEIEEE « TR, B 1288 TIX—75%. BT pr,p BH—NEH, X—77
ESUER U N [P

D2 { n
o o

(a)

o Fni o

(0)

1.2: BEEEHEENE Mo (a) po FEARK, BEE py 25 i & (b) 2 pr FIEAREN, p,
TRAEEER @ Do

1: function LAST-AT(i, X)

2: p+— X

3: while ¢ > 0 do

4 X « REST(X) > U S
5: 11— 1

6: while REST(X) # NIL do
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7: X + REST(X)
8 p < REST(p)
9: return FIRST(p)

AR BOSL I N REE IR EHTEET, VI BRNTAI ARINIEN X = (21, 22, ..., 2,] A
Y = [, @ig1, ., Tn), B Y BIRERT i — 1 DITREH TR,

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

PRIEL drop m X E£FE1Im TILER:

drop 0 xzs = xs
dropom|[] = [] (1.7)
drop m (z:xs) = drop (m—1)zs
%] 1.4

1.4.1. 7£ Intr F1, ] PAF APPEND(X', FIrST(X)) K& Cons 4.7

1.4.2. 7£ LasT-Ar 1, QA AL S HIR AT B 2
BE: 348 TU

1.2.6 FEX

FESRAEELAGERIN, A BT, MMBR, FELE R E R R R SCINN BT 51 3R, T
JRHIRAREF (persist) T2, FFEIE Y NRHMERE KR GHIR () 5 2 &), ivIIfFRHh
append, 1 cons X #R, cons FEFRLIE NN, append TEREE M, FILHHZFRIE snoc CRF
cons RISKIE), HTEmGEFIRER, HEXEHN O(n). N T RRRE T, T
TTRT LK EE BB AL BAE i T ok, IFREE 71 3R (I T BT,

append [ ]z = [z]
append (y:ys) x = y:append ys x
XN HIEASEEAN T 5:
1: function APPEND(X, x)

2: if X = NIL then
3: return CoNs(z, NIL)

(1.8)

SEHMIRFHENFRAT: cons © s, append s xo
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2 HeX > RIFRkL
5. while REST(X) # NIL do

6: X + REST(X)

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

8: return H

BEHT ResT A IRIEE LU0 next 5IAMKE, 40 N EAHFAHD:

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

1 get At 2K, BANTFRERNFIFIRFAIEEML B MESOTR., NRAIEHREN
O(i), EA i 2EBRAIE,

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

23] 1.5

1.5.1. TEFIRAE X HIGI— DN EEAE R tail, BRI IEA 5 ET [,
1.5.2. (A ROZFEHT tail ZZ8E? X HERER MIFMT?
1.5.3. T£ set At H, WA I 23 A FRATER S 15 152
BRE: 349 TT

A

FIFAEAAMMAFAES X (DEEEMEBA— IR, ID N insert i z X,
SEIRAT set At K180 ()R T FVIRPIZFEA—TITER,
| inse.rt Ozys = x: .ys | (1.10)
insert i x (y:ys) = y:insert (i —1) z ys
4 i I YIRAK R, FATAT LR EAEANN, WA @, T EEAE M ATIE
SKH:
1: function INSERT(i, z, X)
2: if : = 0 then
3: return CoNs(z, X)
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H+— X
p+— X
while ¢ > 0 and X # NIL do
p+— X
X + REST(X)

141—1

10: REST(p) < CoONs(z, X)
11: return H

%5”%%)( = [.Il,.IQ,...,.In] E?, EDX#EE{Q‘{I\[‘E 1 S ) S] S n, ;ﬁ. €T; S Ljo iZE
< WENEMEN, B RREMERFNLE, G > (BFF) . £EENEE XA,
BME EFEA, FIEIRERFE T,

insert x [| = |[z]
) r<y: x:y:ys (1.11)
insert x (y:ys) =
AR yinsert x ys
AT 2B — RO R, AN EEZREN O(n), A RANERSEINT:
1: function INSERT(z, X)
22 if X = NIL 8 z < FIRST(X) then

3: return CoNs(z, X)

4: H+ X

5: while REST(X) # NIL H FirsT(REST(X)) < z do
6: X + REST(X)

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

8: return H

BATA] PO — D LR A : BRIt K% P lmAZFIR . BTSN
TELNEN ], X—HFRIE AN O(n?)o

sort [| = []

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

FATA] CAHBRIB T, SEINERE L B— MWIR B TR 2 P A E 4 R
1: function SORT(X)

2 S + NIL

3: while X # NIL do

4 S + INSERT(FIRST(X), S)

5 X < REST(X)

6: return S
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FEMEAFRIEMNZ], Z5RYIRBZEFH, FEFEIMELL, e — AR
A BTE NERELISIER, eENERGELHE, BIOEERE “BEA” (E
T 12D FIHRITERIX —E R, 8 3 BIRANAREAHT, EAEERE TR,

3] 1.6

1.6.1. =R ACCERSUN, 1 EAZ AR,

1.6.2. EFAEEHSIBAE L, HANE i TG E2FEREZY— MIE,
B2 349 TT

illi53

TR AR, MIEREA RS X (D) FEHEE N BEMFRITR delAt @ X; (2) EHFHE
MEFHMBR delete = Xo N TMBROE ¢ EHITTER, SERTEE « 25, REdhid—PIeE,
RERIAFR o EFE DR

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

T RFERTEE ¢ 2, HINRIE AN O(i), THEMHNMATEASLIL:

1: function DEL-AT(i, X)

2. S+ Cons(L,X) > FHEIT R
3: p+ S

4: while i > 0 H X # NIL do

5 141—1

6 p+—X

7 X < REsT(X)

8: if X # NIL then

9: REST(p) < REST(X)

10: return REST(S)

NT LRI, BAOTS IR A S, B ERRME L, FFEm X, A7
A] AZZ IR X ARV R, ST A &G S IE4RRIERNRE], FEFF S,
“EHIFMIBR” AT DABE— 2 40 o3 IS L (1) 3B — DT R MER; (2) #8207
BETRERNTR2MMER. FEEM—K, IATEHE,

delete x [] = []

T=y: Ys 1.14
delete x (y:ys) = vev (114)
r#y: y:delete x ys
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HTEDERSGMERTR, HEZEN O(n), TEERZINF, FATEEE A
R AL B :

1: function DELETE(z, X)
2: S« Cons(L, X)

3: p+— X

4: while X # NIL H FIrsT(X) # x do
5: p+— X

6: X <+ REST(X)

7 if X # NIL then

8: REST(p) - REST(X)

9: return REST(S)

23] 1.7

1.7.1. WIHEREE TS EERFTE TTRMFR,

1.7.2. HHEEHROMIBRE T, SR B fERIPTE T E B E RIS — ML E,
EE: 350 T

JERE
RN E—RE R, BnmyIREHMA—INITR, EEARTMAZ
PILR, BINRIETS 2 REIKEI, AR = NN TG, < |as| = n,
lys| = m, PHIEMDIRIIKE, SRNEFZERERRER, BHENm R, &
MEEZEN On+ (n+1)+ ...+ (n+m)) = O(nm + m?),
xsH[] = zs
xsH (y:ys) = append xs y+ys

1 cons FYIEREIR P CEERTRD) , FATA] ARTHE] 25 BB EIERE ys:

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

BORIE ZREN O(n), TEMTINE R, B EHEHS [, AT 2 AIAY
BRI (AT SR,
1: function CONCAT(X,Y)
2: if X = NIL then
3: return Y
4: if Y = NIL then

5: return X
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6: H+X
7 while REST(X) # NIL do
8: X <+ REST(X)
9: REST(X) « Y
10: return H

1.2.7 M5

BNEEFETESIRONSH, BMEERFRITESS, BANEET 1.5 F
MEANTE TR, & XEHRFHN 0B 1,
sum[] = 0 product [| = 1

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

M REFRERAYIER, EZEN O(n). HEIFMNERIZE, FATAIRH KL
MEETAE BRI E,

sum' a[] = a prod al] = a
sum’ a (z:xs) = sum (x+a)xs  prod a (z:xs) = prod (z-a) zs
(1.17)
KA A 0 FFIa BN, SKARIT M 1 a6 25k
sum xs = sum’ 0 xs product xs = prod’ 1 xs (1.18)
sl AT AP R
sum = sum’ 0 product = prod’ 1

] BBV 2 H ¥ K5/R (Schonfinkel, 1889 - 1942) 7F 1924 FAEH A, FAHT /R - Fil B
15 1958 FJal 2R, EEZITHEE f(z,y), MRAEAN o, EtE#N— PR T
y F—TCE L g(y) = f(z,y), BN g = f xo M BNZITEE f(z,y, ..., 2), BIHRIX
NS, ATLARRHON —RBNREL f, f o, f vy, ..o BAIFRISARRV RGN AL, TA]
DA Z TTRR B R 9 — R 5 —TeeRER, B f (2, y, s 2) = F(2) (). (2) = f 2y .. 26
KAEREE, HREINFZNNERSG, HBLEFICFRARGER, RS T,
FTEARSEE NS (BN o) (RN, SREFAH (FIINEAFEERTTR) . KRS
AE— B HEACNTEIR, BATFRIZAEAIEEO % IT” (B EBIRA"), FxXfhiEkRE
AIEAE 9 “ BB IR 01 B B, FEIX SRR, B R AR R, BB
PEART DA AR S R RE, FHFik s 1 T8 I3 RS A A A AR e, 723X (1.12) X T
FAFEFHIE >, BTSN G RN TT R T, BT A] DOR AL N 1% -
sort' a [] = a

, o (1.19)
sort’ a (z:xs) = sort (insert x a) xs
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BN [ ] JEashHE R EATE) : sort = sort’ [ 1o ERNEEIFHEIF]F, Fll]
RISt ER on (09, 1,16 1.), REZENTIEZM 1 FIREERD b Hn
R, IXE— O(n) BRI A7 I

function Pow(b,n)

<1

1:
2

3: loop n {X
4 T x-b
5

return z
BERUE ©® IERE, EREERELATMIOER, AIMEE 2 = »? FU4R, It
I, FATTEFA « FlL b 182 o3, Al LEREF G b* 53 b, AEHRFETHEE
(b)? = b8, HEE 4 IR, TIAZE 8 IR & n lRif N 2 HUEBER, Bl n = 2m, HrR
m 2 IFTUBREL, TR DU N IR 75 IR BRIE T o

BATE n T BIERRAETEEEC A n =0, B W0 = 1; 5 n AEE, K n BE,
Felt R b2 RIEFEREERITTT 45 n NEE, RN n— 1 2EE, rTRAEE AT E ot
RGPS R bs

P =1
RS E LR CEs (1.20)
Al bt

(B2 (b2 )2 TREBEHON RSB, Hbt, ROV UEKIRECT 7, REEHE
PR

W= 1
o on:  (b2)2 (1.21)
A0 bt

LdIX— B, Bl UK EERE Sy RIE I, BATETFR b = pow(b,n,1) TF
E%O

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

X IIEI B IE N O(lgn)o ¥ n FRMIHEII 1 = (amam_r...ara0)s, IR
0 = 1, BTN, FEEL 0, XA IR AR IR (295 10.2), $57F
BHHIRN 1 AR, RS GRS AR, B, i o,
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11 BRI 11 = (1011)y = 28 + 2+ 1, K b1 = b2° x b2 x by FRAITAT DAY DA
THIBRHITITE:

1. & b, 15 b;

2. MIX—ZE ST E] b2;

3. B8 2 ISR, NTTEE] b7
4. K 3 HILERFTT, 55 b2,

BE, BATESE 1. 2. M55 4 SRS RFER—&, 55 v, £k, TR DAk
WR:

pow(b,0,a) = a

n
2n:  pow(b?, §,a) (1.23)
AN pow(b?, ng,ab)

pow(b,n,a) = {

X—BIERF LR n AEBE— D Z#SIA CEER n BRIL 2), BRI
(LSB: Least Significant Bit) 7 0, n A8, FAPEIKECET, dhEti@)d, iRk
EMGER a0 XN _LEGIFHIEE 3 47; % LSB A 1, n NEE, bR THIEECER, &
TR b BB R o b Y n b 0K, FATSOHETE n FRIFTE AL, AL RE
BRUE a0 TEAEAINHE, FEHTHYREL Y BALGHIFEE n'. BERER o BIHETZ &M
b = a(b) o BLRTIEIRY n NEEET, OO H IR — BB TR IX—2k
HERER n B+, & n N_HHRRPE m A, T—BZERUTE m 8, YREN
EREART O(gn)e FA TR Han S LBERZRS],

[EZISRFN, SRAR A, FEIEARSEE A, Bl T—1his 7, — i ERLER

1: function SuM(X)

2 50

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

6: return s

7. function ProDUCT(X)

8: p+1

9: while X # NIL do
10: p < p - FIRST(X)
11: X < REST(X)
12: return p

MR, TATTRT DO MR SEIN A TT 30 n! = product [1..n]
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1.2.8 HANEMR/IME

GIRAF A RRYIR A HITT R AT BT AL, WA TE R R, B&/)ME, max / min HJHHE
SRR BN RA AT —PNICR [24], RN oy BN, BITHITETHIRH I R AL
B/ME, FMFRSTR A SRR R,

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

IZI?U_\”J : max IS
(1.24)
HEMNGRERT, BATRIKEZ N EEH, XERES T 4" 0HEET £
AT, ARG SRS 2 DA B PV R AR &/ IME.  BL min 96

min’ a[] = a

r<min zs: = T >max TS: T
=0y min zs

min (z:zs) = { max (x:xs)

) r<a: min' zzs (1.25)
min’ a (v:zs) =
A0 min’ a xs
5 sum’ /prod N[, FATAREA] min’ / max’ BAN—NEEENEEE, FRIEFEH
+oo (FTEALER)

min = min’ oo max = max’ —oo
FIEFIRAK B METONAEZEAIRE X, Al VR R LT R A AMENRIAE:
min (z:xs) = min’ = xs max (zx:xs) = max’ x s (1.26)

FEIB TR, B/ MERTR AT DA — AN EL,  PA MiN N fi:
1: function MIN(X)
2 m < FIRST(X)
3: X < REsT(X)
4: while X # NIL do
5 if FIRST(X) < m then
6 m < FIRST(X)
7: X < REeST(X)
8: return m
R A EEIAEI, A AEHRLTRIEN RS BN, BTHIRpED
AWNICR, BATRELEIN DR, Z7F 0, R RELFFIRIITR, P min
il
min [z] = =
1 < xg: min (x1:28) (1.27)

min (z1:x2:28) = {

I min (z9:25)



i

X
+m

14 F—E FIFER

2:>] 1.8

1.8.1. fEAREBIFELI length
1.8.2. ffH n I ZEHITER, LI o» PRI R, (A5 E2EN O(lgn

~—

i

2. 350 7L

1.3 7254

MAREAEE, BMAARIRIZE S : —FRESIERE, UNETTER; 75—
HIRGE , ARG RMFIIRAE R, BATIRRIF VIR HI 2B — G,

1.3.1 ZBE—Mf
FeArh@EE — B FRINRME . B — DK — 5 E i R AT F7F
B0 [3, 1, 2, 4, 5] BN [“three”, “one”, “two”, “four”, “five”],
toStr [| = |[]
toStr (z:xs) = (str x):toStr xs

FoANPITFERT RIS, FE N7, S5 THRIE, FUEVET
BE7MH, B4

(1.28)

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

Cey
[zero, zoo, ...]]

BN RFANVEHE —BoCE, fIIKETEMIC), AUt RIAE A PRI HIIRE:

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

IMAEFRATEA L, X N E B, BB ERIA R R 27 Tt R —
PERIAYIR, RPGDRIAFRES B B TRATHIRZH—1, B [a, but,
can, ...Jl. BIFERI—DERF, KA /IREOS RIZI R E A — D E A5
Ro B X — DKL, B3z — DI /IRBONHIER, BB 2 8 8F, BATERE
e, RFBRZE SRR RE) maz By emp xs, i emp ZHIRHIHCELREL

maxBy emp [r] = =«
emp x1 x2 0 maxBy emp (x9:x8) (1.29)
maxBy ecmp (x1:22:28) =
0 maxBy emp (z1:25)

X XHE (B EEE) p = (a,b), B LR
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{fst (a,b) = a (1.30)
snd (a,b) = b
TE SCERR] /O B FLAR R

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

¥ less & N\ max By 5l AT () H IR &% 22 AU SR 0E (FTEE L) t max” = max By lesss
&5, VA H max” AFHEATRSTHIFR

solve [| = [] (1.32)

solve (z:xs) = (fst (max” x)): solve s
RERRRAVIAIAE, solve F toStr ML FIFERI T E LM, T TRIXAERIEE
WE B — T,

map f[] = []
map f (x:xs) = (f x):map f s

map %52 — NI [ IENSEL, IR EN A PR F RS NITR L BAIFOR

HERBIENHTEN ZIRECN " @ e, R f RN A - B, BIFERAL A
AUTCERME V2R B HI7ER, W map HIZERLDN:

(1.33)

map :: (A — B) — [A] — [B] (1.34)

BE1E map X — 1N EEIN A — B BIREL, ARER— AN [A] IFIRA R
5= AN B WP, LRI M F AT DASE ARG SCAn R (FTEE AR -

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

HA fog REHAS, EETRNHRE g, RIGHEMAEE f, B (fog) z =
flg(x))o BRIE fAERT g ZJG. BATHAT DAMER SIEHY i BERTE SR, BRIy = f ()
ENT—PMNEE X TR « FIRE Y FHITTR y AULES:

Y = {f(z)lz € X} (1.35)

XA AE XHEEIR N “HRiBEY — =5 /R” E5HMER (FHR ZF ]R8

) P, RNEZAAET, TATELBEMTIR X FFIR Y IS Y = [f(2)|r + X],

MAER GG, AR AEHFEEE TR, JIRN ZF RIEXEIRMETIRER", ©

T NEAMN T A, 7EA0F, BATEZ WAL — MHEFIE L, BATMEHEZ 2101

H&, X E—MREHEP R EL perm X r, FIZEMNEER n FIFIFR X FIEH » TR
n

2, —2E P = " R,
(n—r)!
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I X|<r8r=0: [[]]
perm X r =
U [z:ys | © <+ X,ys < perm (delete x X) (r —1)]
(1.36)

gnSdk 0 NITRAS, SFIERF TR DNEUNT ¢, HFIEEFONESIRAIFIE ([
1] &0, FATE—EEHNERFENITR o, BITHMFEIRA n — 1 DTERFEFEr — 1
PNIEEAS, REER « ETE MR EIE,
N T AR ES ARSI, NEREIET A T — MNMHBIT R,
1: function MAP(f, X)
2 X’ < Cons(L, NIL) > FHBNTT R
3: p<+— X’
4: while X # NIL do
5: x < FIRST(X)
6: X < REST(X)
7: REST(p) < CONS(f(x), NIL)
8: p < REST(p)
9: return REST(X) > EFFHBIT A
KB N RNARER —LHERPIENITR, MITTIEFRISIR, FIandT
El—"NIIRAFRIE N ITER:
1: function PRINT(X)
2: while X # NIL do
3: print FIRST(X)
4: X < REST(X)

W, B HEEONEA— MR P, AE@HYIR, & P NAZEIENTR L
1: function FOrR-EACH(P, X)
2: while X # NIL do
3: P(FIRsT(X))
4: X < REST(X)

PERBIF, BATEE—T“n AT "B 0 B FHA n AT, #REKE, FATH
T NEHIERR n R,

L. KA B BIAT BT
2. AN 2.4.6... .. FBITEITFR, WRITZ=AY, MK GHERZKEY, WA=
3. B=N, e —Ix0F K. 58 3.6.9... . ALE BRI AR RS D)

RE—HINE, RERE—RLT (5B n 2) W XHIRE, REXE/LRTER



1.3 A% 17

HI? FIEF2EIE, o FARTN—H0.1 85 (0 K 1572). FHEREZ KA [0, 0,
ey 0o BLTGRSN 1 E n, RIFHRE K — KT (4, R /2K) HIFIER:

lights = map (i — (i,0)) [1,2,...,n]

IX— MGG BN RS 8N R E] 0, ERYIRE n DMUBRHR: L = [(1, 0), (2, 0),
o (n, 0)]o #BAE LI n R, 1755 i IR, B—REBXNE (j,2), & il (Bl j mod i = 0)
B /K, ZE1-0=1H1-1=0, PEREIORES = VN 1 — 2,

jmodi=0: (j,1—ux)
switch i (j,x)) = (1.37)
U (4, )

5 0 BARVESLIN map (switch i) Lo XBEMEH T switch BIFEAER, £ TR
TE SLERIEL op, PATHRER n R op [1,2,...,n] Lo

op[]L = L (1.38)
op (izis) L = opis (map (switch i) L) '
o, FEUETE N TR BN EEE R,
solve n = sum (map snd (op [1,2,...,n] L)) (1.39)

NEBIT R SEEL T 552 R,

solve = sumo (map snd) o proc where
lights = map (A1 — (i, 0)) [1..n]
proc n = operate [1..n] lights
operate [] xs = xs
operate (i:is) xs = operate is (map (switch i) xs)
switch i (j, x) = if j 'mod” i — 0 then (j, 1 - x) else (j, x)

BATFNHITHIECE Y 1.2, ... ... 100 RN AYEZE IR T #47) -

[1,1,1,

2,2,2,2,2,

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

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

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

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

X—EERIRENE: 3 BT AN, &56 1 BA0R7;4 52 8 BN, &EH 2 =
15,9 B2 15 RO, RIEE3Z0=; .. . BERTNEEN 2 F ((+1)? - 1=
I, &IEH i =k, BRI AR —451e:
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UER. K n SRAT4RS N 1 2 n, BERGTIARABELT, BHTHIGEH, FraLTE2 K
fY, JATRTDARE , BAREN & BT RHAT R IG =2 5 M. N T 950 i BT, %5 @ AT LA
W 5 BERR GRRN jl0), WHESS j %, BRI RBEREN—IR, FTAEAT RIS S S8 W 8
PHEFH, HREFPRSRRN, T HRERERIT, TNTFEXLHTESETHD
KT HE. SN TERBRE N, 1L S N n KIMERTFRIES, STHIEKN o, & pAn
A — DT, MARFE—DIEREE ¢, (15 n = pgo WHLEVL ¢ 12 n IRT- Kt
L HAY p # ¢ N, BATARE S FEIINDAEIEF, X6 | S| R EZEE, FRIE
p = ¢, I n VERZE VT, ZNREARS S FIN— DT, Wi FEE K
PET O

FATAT AT n AN FE R 77 BOR AR X — 8RR,
solve(n) = [v/n] (1.40)
THEAIFITFREFREE 1.2, ... ... 100 ST IR :

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

BRET 2 — MRS, ENUBRTAIEE, thal DA REVF 2 8 2RI S,
NERN SN AW EEA TR , QBB — 1454, 7 LA =4S
FHTTE X, WL AT DAfSE FH Bt O BE

1.3.2 &%

QA B/ N R S e — D AR R I E A M E R IRE T SATS ]
o A—Ma BRSNS : (1) 55 H—Pans A, (2) BHOvEET; (3) K2R
B SN EIE, SNBARRENL:

reverse [| = []

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

BN R TREE A, B — D ERERICR SRR, FHEAZSRKEE:

reverse = reverse’ [ |o

reverse’ a[] = a (1.41)

reverse’ a (z:xs) = reverse (r:a) xs
NETHEREEGEM, cons () BH LN EIHRIE, FAT AW MIIFRASLHIZ — B H
LR, FHETERERVATHE, XHEL TREMITREAN D, K5 ERIRGH
o BR EREMNER, BTEBETFICT LN SOME, AR LR HEA M 9 TE
AR
1: function REVERSE(X)
2 A+ NIL
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3: while X # NIL do

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

BHE, X—BREN T — D RESIR, MARERSIR EEREMR, FI1E
TREEEEN X CREBOyHERHIE R, N EE R

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

p = Xxs

XS = xs.next

p.next = ys
ys = p

}

return ys

25>] 1.9

1.9.1. fERERIANR [(k,v)] FIFEH v ERANITE,
EZR: 351 T

1.4 TH|FE

BEA T DAY E M BAESE Y, TR BN R EE T, KX R
MR R, take MBIFRHAEUHET n DITE, HE T sublist 1 n X, drop M\FIFRH
EFHT n DITE, HEY T sublist (n+1) | X| Xo B take NFK6:

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

(1.42)

X — BRI FUE Y IR 0 > | X| 80 n AR, KA X AE

B SE T FATHERT B BEACSEI VAT ST, (B FI R FFRAE, 7] ATEZ
RHEMA BFRBGEE KEN TR,

sublist s n X = take n (drop (s —1) X) (1.43)
TR, BE A MAA MR SR

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

SHEANESANE 7 IXHMEIE, HIA0 Python i xs[:m] Fl xs[m:] 2BIHEYT take/drop.




20 BFE IR
X [s, €] EAEMH, FATH AT ATEEE AL EHEAIR 2 #IT:
splitAt i X = (take i X, drop i X) (1.45)

take/drop T8 EBENEL EFFHI ML, AR AN EY R, HEREMEA AL, A
WrEY 53 EFICE, FRN take While/drop While, BN 1R —REILERESIHELHE
M p, RRRE, WU (LA ERIRAVER ST, IXF0 S EAN 2B BB 5 AT H,

takeWhilep [] = [] dropWhilep [] = []
p(x): x: takeWhile p xs p(xz): dropWhile p xs
takeWhile p (z:xs) = p(@) P dropWhile p (z:xzs) = p(@) b P
EVUE BN 2

(1.46)

1.4.1 Yiofnd

Ui f o A BRER IR P R TREH LS T FHIR, B —LEH—id#H
17, (E1S N [ E 22 BN, V)70 AT ABOA D 2 —FURRIRRY split, TN TR 2TEFRER
ERINIRDIT, TR EBEESENTREGHER —5M0, REFMREHERKETS, V)
DERZ-NFINR, =M BEKHHK, 5 — NSRRI, VInEmpEi: —
M ERMNRK TR, 5—MENHREZTNRK TR, BIEVN span, |5
EFRN breako

spanp [] = ([,[])
. B {p(:f;) : (z:as,bs) HA (as,bs) = span p xs (1.47)
span p (r:xs) = -
A ([, z:2s)

AFEEHEOEEIE, BT ALHL break p = span (—p)o span T break #i-
HE KA, — BRI ENET, ZREFIRE 7. NHEZE SPAN HYECSLHL:
1: function SPAN(p, X)
2: A+ X
3: tail < NIL
& while X # NIL H p(FIrsT(X)) do

5 tail < X

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

9: REST(tail) < NIL
10: return (4, X)
span F break KHRY) 2 NINE Y, DHRINRFHITTR S TFHIR, Bila0
B S BN T T8, 5/ SR

g,',,oup “MlSSiSSippl” — [(LM”’ (4i777 “SS”, LLi”? “SS”,“i”’ (épp”’ LLi”]
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BN, A —7EF: X = (15,9, 0, 12, 11, 7, 10, 5, 6, 13, 1, 4, 8, 3, 14, 2], 1
Ve T, BEP TR EFHEY

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

XM FE B AL ANE, FREDAE, ATIEEEIR T PR AR R (58
6 %), AFFHIRAEIMBARTFFHRF (B 13 F), FAHEDHFMAMR IR
~o ERTHETNNMELITCR oy BEFN" 12 ~ yo BATBEHIIE, FRHCEH D
TR WRFEN, M EMNET —4H, ENHE 2.y D ET WA,

group ~ [ =[]
group ~ [z] = [
{:c ~y: (xiys)iyss, A (ys:iyss) = group ~ (y:xs)
group ~ (z:y:xs) =
BN [x]iysiyss
(1.48)
X—BIRRINEEREN O(n), EF n Z2KE, WAIDAIER77 L —
Bk, #H X PNZ, BATE AL R NN [[21]]. AEMNE N ITEF MR
R, BHWHINDITR EN”, BT R TR RE—H, SN elE—
NMH,
1: function GROUP(~, X)
2 if X = NIL then

3: return [[ |]

4: x < FIRsT(X)

5: X + REST(X)

6: g+ [7]

= Gl

8: while X # NIL do

9: y < FIRST(X)

10: if x ~ y then

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

13: g9 [yl

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

16: X + NEXT(X)

17: return G

WA AppenD A RBEES I, X—SLHAN B E 2 E 21BN O(n?),
WERASOMTF, 7] LB ApPEND HBUN CoNs, 8 F 574 BREL, AT 3L B R AT
SEHLN : group (=) “Mississippi” F1 group (>) Xo WAJCMER span SREEITH, £
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NG, span KHIRD FILIE D : bz —2ERFRIRKFHIR, BTN
RIFE D AT span EFEFEFTETTR, EREN span FIFAFRECR —TTEE,
DS ERE TR, A DA AR RIX — £ 57 K — D ITREATTH
TR RO E,

group ~ [] = [[]
group ~ (z:xs) = (z:as):group ~ bs, EH : (as,bs) = span (v ~) zs
(1.49)
FEIRIX TR EA] UK SOR R R RE0 4, (HAIRE IRt S 14 0% 2 70
H: group (>) X = [[15,9,0,12,11,7,10,5,6,13,1,4,8,3,14,2]], HF—1ITEE 15, BWE
T > HWAEMBHTHR, 15 BYIRFHEATTR, Kt span LATETREE T as H,
MM bs NZ, XHAREIR, MR IEMIITHN, EADHBIRH IR SN 1T RRE
i, FEARIR, TR AR (~) AR R = ME: B R PRI B,

1. Bz ~ z;
2. MR 2 ~y &y~ 2o
3. fBIEM x ~yy~v 2=~ 2

A “Mississippi” 7740, (%S (=), LR =DEOAEWE, 774 T EfE R,
ERFBEMNKTETS CENENKRN, ER T B RERNFRE, FmmTE%
WA, H span SEIRISE Do EEER, BE IRFIVEREN KR, MH
— M EFEENTHRT, BRI MESITR B S e S, XELEN &4
Z55,

%> 1.10

1.10.1. 1B take/drop, 2 n B AEES take IR[A] | ], drop IR[EIEHFIEK,
1.10.2. SEHIFHERE] take F1 drop B

1.10.3. K sublist M slice ZENMEMTER, TTF X 1ENSEL

1.10.4. ZENMHE span HISLH:

spanp [] = ([,[])

{p(m) : (z:as,bs), EH : (as,bs) = span(p, xs)
span p (r:xs) =

AN (as,x : bs)

ERBA AT 44 K SEBNE (A AR [F]?
EZ. 351 T



1.5 & 23

1.5 &0

JLFArE AR BIEE A B RRRZEE, X2 — NG E, XM R E
FIRADEAME D, FATA] LR IR EE MR 2 E Bz 27, eARERE
FTE IR BRI ARE ), HEL sum. product. sort, EATERE RIS : F1IZR
I HIZEIR, SKFAM D 0 KA 1 HEFIN O [ ]; X 3R ST RS R T —otia
B, ORFIRZARN0, SR Z AR, HE I 2L i A I EYIRNAIZE RSN
aE - (HRZF), ZTTIsEHERN ¢, & X TEE:

h®z[] = 2

(1.50)
h @ z(x:xs) = z®(h @ zxs)

HAFNR X = (11,20, ..., x,), HEL R T

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

= 21D (2@ ((zn®(h ® 2[])...)

XEAEINE AR, ERRHIHEIT NG NTFE (2, @ 2), DWEZNETEES]
x1o XFIE 1.3 IRHUIT R L, IR T T ANARHIR, ZARE B R Im A 2 —
o, ERITHIBEZETE, RPN R,

1.3: 47/

XL EHR T — MR, YR 7B T ERER R — R 8 &1 CUGRAYER
72 b RGBS N =, WGERIIE M —mITa, A —oTik(E, E2IATE
HERBEHEE . KNS KRB EMPGEYT RIS EZHRA,

T IY/E reduce
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sum [1,2,3,4,5] =1+ 2+ B3+ (4+5))) product [1,2,3,4,5] =1x (2% (3x (4x5)))

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

=15 =120

BAWRX — RN BN, FrpIH, BT EMNE s, BATREIEN foldr:

foldr f z[] = =z

(1.51)
foldr f z (x:xs) = fx (foldr f z xs)
ER foldr, K15 3KARAT UE AN :
Sooiwi =x14 (et (234 o+ (T +20)).) (1.52)
= foldr (+) 0 [x1,za, ..., 2y
[Tz =21 % (xa X (T3 X oo + (Tt X Tp))..) (153)

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

BE S BT EATE R sum = foldr (4) 0 F1 product = foldr (x) 1, fEAHEF
BIER]E N A sort = foldr insert | |o BATRIAIE foldr i N BRI, HHEEMNE
AEHTH. FATRKEEICHN foldl:

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

DA sum A, AT AB R EIE B ARG B

(1.54)

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

F—HEHEIRT f 2z o WIHHE, XEEWSRERITH, SUERIERKRER
HIM [1,3,6,10,15], —MERIA, foldl ] AR A NHEHIIIE A (FECEEE)

foldl (&) z [x1, 22,y @y = 2B T Ba2® ... DXy (1.55)
foldl ZEIBITRY, AT LR HSLHUAERR, BH A (E REDUCE,
1: function REDUCE(f, z, X)

2: while X # NIL do
3: z + f(z, FIRST(X) )
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4 X + REST(X)
5: return z
foldr M foldl FBHEGHIN AR, ENFHAERELR, Filin, KEmaEH
FEM IR INTT R (W) o BATEE L —" fromList BREL, M—DFIRIGE LA
(FTEAE) -

fromList = foldr add @

Hrb g B aR. BRAERASMERXE MRS, ELERIITTRIIER-ER
e TR, tRABEHIRHRENT, foldr Bi2—DERANERE, T
foldl MIF~AE M FFRIFIZR, TEIEASEHIN Y T fRERIY e iR, FATAT DASE R IER,
FAIT reduce #1E:

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

B INNNMNALIAER foldl, RKNEEREBIFN, FINHERHFMmSi7E,
FHRBELEE, BEAHTITHEYIFR (HmAEHESRESSED B, st 8EMH foldr.
THEGFREFE N TEHIRFNEG N TESE T — DR, FFIREH]
10

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

XEAGEMEM foldl, ENHEKIENZTEM. HAEGRAXFIN, TMHZ—H
T fold, AFMERTTS fold, 1 fold, KR EIARF WA A, REAENE
BRTHIRN, HEEBISEME, ©n] DN A EREEE A, FlTA] PO
(12,6 19) BAIIFIEE B A AUEEATHEAT BN, REEHE FHXM N (DEXT
=z (Flan=sme) 5 (2) Rl ARRIE IS5 (B0 — R AT FIRFITTER) o AT —
DRIXEERE SR N A BN, LR AR EF,

TENBIF, FATH fold FT map KRR n FITEGE, £75287EH, A2 T —1
IR, BINILRE—ME (4,5), BELTHIFS « AR so SRAPHRIES, 1R
HIFFS i BERECEL j BEOR, MUBHERATHOIRGS, X—AERT LA fold 7E X:

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

WG T EATEZ K, BT ERIYIREM 1 2l n BV REL step XD
S REG T RS RS HI5R step i L = map (switch i) Lo foldr FIEE R 2
KT /BRRIRSHIR, # T RH map MERMERFEEHIRAS, BH sum KEHFTL
AT B R

sum (map snd (foldr step [(1,0),(2,0),...,(n,0)] [1,2,...,n])) (1.56)
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WERM " (G (1.15) E—HIIR BT &, S THEENTSRBRA— MR, X

By BN EPRY:
concat = fold, () [ ] (1.57)

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

2> 1.11

1.11.1. N TH foldr E XAGEANFE, BA TR AR EIZIT AL insert « X, IXHEEHEFE AT
PAFRIR A 1 sort = foldr insert [ |o foldr FIZEALIN:

foldr : (A— B —B)— B —[A] - B
HAE—PE f RBZE A - B — B, ¥YIia{E - F2REDA B, BEXTER
BN A WBIREATEN, RAEREIN B, WA foldl & XFEAHEF?
foldl HIZEALZAT 2.2
1.11.2. concat BIRTEIE Z4E (47 W — TR AR concat E ik,
1.11.3. {#HHH foldr K& X map.

1.6 EHFILIE

EHRMISIRE RIS, MURTAIR, WA THE T ZANR, AT, &
IR DIREIZER, RERRERHAMITE « 2GR TR X7 FA17] Dk
HAFR N TTRM o HEATA EE,

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

X—REMARNE elem, BEAREN O(n), BUESIRER, MHATEERMAE
O(lgn)o XEFANFNIRASFEHIN FHRIBENLIT A, TIERERH — o0& (I 3 &),
BT R elem #81F. £ n sATENEA, TAVEM 78 /(E"NHIR [(k,v)]. BXTT
REEHE, RERBAIR, TR EET R M REE RN VAE,

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

M elem AR, BATAUERNE « FES S, R BRI VAE, HTH# 2 HA
—EARAE, BA15I N “AIRE” RECEEY Maybe A, ©HWMNERE: 28 A B9FENME
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a BB, HIEA Just a 8 Nothing, X2 —FfEk=35| R 8 (1914.2.2 79),
H—PY & lookup B|— MG M. THMKESE TR MME, MEEHRWEE—&0
JLER:

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

BN find p s

find p (x:xs) = {

REFTREAZ NILRIRE &AM, find FIREIE—1, BATATHEEY BB
RS RETER, X BEEIMEILIE, WE 1.4 FiR, HiE NN (ZF REkRK)
filter p X = [z]z + X,p x|, AJLAAZES KIS RS BEGEE: filter (py A p2 A

) X = [zlr X, pi(a),p2(z), - 1%

i N\ —— filter p —

1.4: BN (21, T, ..oy 2y, FOH [0, 2, oy 2! 1o TRV, = p(ah).

M find NE, R EEFITTRFE S, filter RIEITHNR, BB —HHTIR,

mESNITR:

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

filter p (x:xs) =
AN . filter p xs

X—BEIEMNGRIEMIESE R, EIERSEIF, RA AppenD KIIELE R, MHEE
R NREEI O(n?), GHERA Cons B, MIEEREY TR, AT PAFFHAT—IREMERS
(A1 S (MLZRST) o
1: function FILTER(p, X)
2: X'« NIL
3: while X # NIL do

4: if p(FIRST(X)) then
5: X’ + ApPPEND(X’, FIRST(X)) > £ PRI (E]
6: L + REST(X)

MEFLEHATH BRI RER] DU foldr SKE N, WITHE f &G NITER, 1R
FFEEMHFINMEBNGERF: f p 2 as = if p 2 then z:as else as, & XIIIEN (A
B

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

SR T HALLRFZIRNEAY Optional<A>,
Y E OB MBI FAILAEIEN: [¢ « X, p1(x), p2(), ...] X [p1 (), p2 (), ...]o
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A] DU — 25 b9 (FRAE n Z2#R1)
filter p = foldr (f p) [] (1.65)

HUERE—MERIBER, ARTFIR, AT DA LA A] i 7 H 25 #4 B A 258 E
S, IR ESEBRIER 72

PERC— MR AETE — D iR S — R, RIEERE SR &, EAC) 2
— N RANE (58 14 5) . BB EREIIR as BEHIETIR bs FFHY
P, XEEW MR AT as Z2EZ bs RIS, 5% span FEFFEHEDEZMAH
REHTR . ERHELRITTTEZR — AL as. bs FENITR, #H as & bs FIATE, 104!

as C bs,

bs = True
[

| = False

1.66
a#b: False ( )

a=0b: asCbs

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

TR, g EREMEN AR, BRI ERRERN T EREEER:
XTTEHRS, A WA, X—RSEAETR, T SSEMEN B eSS, 7]
ARG DR, e ORISR A :

as D bs = reverse(as) C reverse(bs) (1.67)

EH C, AJ DMBIRFHIRAI (TR E), & N BHNREEIIRII T, &
FIER bs NRTHATRIS A :

infix? (azas) [] = False
as C (b:bs): True (1.68)
infir?l AB =
A0 infir? A bs

NEEA M ABERELEL:
1: function Is-INFIX(A, B)
2 if A= NIL then
3 return TRUE
4: n <« |A|
5 while B # NIL H n < |B| do
6 if A C B then
7 return TRUE
8: B < REST(B)

9: return FALSE
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AT RTZRAR I 75 Z AR R, F BB S A WE A, X—FRNEREN
O(mn), B m Ml n 2512 M DRI, MFH, FAT0] DIMEEH B BIATE &

&, ANaE A BGRRNERAYEIS:
infix? A B =3S € suffizes B,AC S (1.69)

NEEIBI TR SR AT LB T IX— 7574

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

Hr isPrefix0f HATHIZME, tails 2E—PDHIRITEGEHR(KTT4S),
2:>] 1.12

1.12.1. A reverse SEHLM: IS B A TR & 125,
1.12.2. {E MR, BEEH A RS,

1.7 KREXFI9f#

KERYRIE— e Z LG (58) , FDUCH/ D B8R, e Hui, HEf & (E1ERER
SN, 1E n SATER R, TATHZE — B G RERY IR  map (i — (i,0)) [1,2,...,n]o
N T REKTRDINER, X zip AL

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

X7 ATALEE K AR RIFIER,, SRIREE A R EUE A — MEE,, BATE

FE A AKRERT 5 HIER (RIS IESRAE), BIlan 10: zip [0,0,...] [1,2,...,n]. ZEHIAS
R, BT LA BN BIANFR SN zip [1, 2, ...] [a, an, another, ...]o zip NGAIL
Mg R, FATRTLAA foldr TE X E. BEHEN O(m), HA m BEFEYIRIKE,
TEIRARSLIR, anSRAEH AppEND, EMERER NN FITI AL, AI DA Cons F /%%
iR, [ELFEAHTTTH VIR, EaLINER, AJDUEH A REMHEEER Ry — ik
B K —SITT RS A — TR,

1: function Zipr(A, B)

2 C + NIL

5 while A# NIL H B # NIL do

1 C + ApPEND(C, (FIRST(A), FIRST(B))) > LRI [A]

5 A < REST(A)

6 B < REST(B)

108 zip (repeat 0) [1..n], EH repeat © = = : repeat x
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7: return C
W= B zip KERZ IR, BLRHEINFIRMET zip. zip3. zip4...... B
IR AT N AP & BRI, TR ETTREN B0, BEKRBNTRIYIR: 3
BB EE. AN [1.00,0.80,10.05,...] OT) ; BUEE LEE 9 [3,1,0,...], TR
TESET 3 MER L MEF 0 NERE, THIEFITEN SR

paysus [] = []
pays [l qs = []
pays (u:us) (q:qs) = wuq:pays us qs

BR 7 FSRIENE cons, T REEMM zip MR, TATRHEREHZRD [ Htedan
zip 7B X H— R
zipWith fas|[] = []
zipWith f[]bs = [] (1.71)
zipWith f (a:as) (b:bs) = (f ab): zipWith f as bs

A zipWith 7] AE XAFR GEAR) ) A B = sum (zipWith (-) A B)o zipWith
A EVESRIEIE ] DUE X TE 75 AR
F=0:1:2ipWith (+) F F’ (1.72)
VRS NE F 2H NEFRES, F— DR Z 0, B_PNHRZE L. F' 2
EHCKHOT R TC S LB ES N, NE=1InRE, F LR, #2 F 1 F
FRON MITRAA . N EABIFREFEAIL TR 15 DEERARREL:

fib =0 : 1 : zipWith (4+) fib (tail fib)

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

zip BB EIE unzip, KERBRFIR RN DR, FILMEA foldr & X577 f#
(FTEfL)

unzip = foldr ((a,b) (as,bs) — (a:as,b:bs)) ([ ],[]) (1.73)

AT SEKRHH T, HRNMEEUARBIIFRNERSGH: U = [(apple, 1.00),
(orange, 0.80), (banana, 10.05), ...], W EME REYIFR: Q = [(apple, 3), (orange,

1), (banana, 0), ...]o HEEBHUN, M DRKERSIERP T BEHBENTIHE, AGHE
HAM:
pay = sum (zipWith (-) snd(unzip U) snd(unzip Q)) (1.74)

zip M unzip WL BRI, FATRT LAY zip DACERFIARM, 19 S EdE 2
TCEXN, AR BARM R, IR zip T unzip JEF] DA TR ERE Z=a5 M & 7 B
12, ML ar 2 HINFE R 5 H (M R E—EF),
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HIRBIEE FEEREE AN E IR R, & TR mESINEZ, BMINET
FYEE, i, DR SRR AR IR, M T ARSI R PR O IE ETHE. R

BERZ

BRI L T TERSHFAIR, BATANAGEENTEERET. Rabhi

1 Lapalme ™ /M1 T R FHFRIIFZ REGUETE, Haskell bREFIRAL 72 TRME
IERVTEA SR, (AN B TIRZ S5 BIIEXINF, HFAA T “SNEEE",

1.13.1.

1.13.2.
1.13.3.
1.13.4.
1.13.5.

1.13.6.

1.13.7.

#:>] 1.13

&1t iota BIE(FRIEFRE D BRI T
o iota(...,n) =1[1,2,3,...,n];
e iota(m,n) = [m,m+1,m+2,....n], =H m < n;
e iota(m,m+a,...,n) = [m,m+a,m+2a,.. m+kal, k BHEEFEm+ka <n
AR B R E
o iota(m,m,...) = repeat(m) = [m,m,m,...];
o jota(m,...)=[m,m+1,m+2,..Jo
SCHREAMER R a2 3K zip Bk,
FBINE X zip(Ferr: E X NFIREN foldr2 f z xs ys)o
EH zip KN last At,
HE —PMEFMIRPEREEN TR, o AINE, 15ABHME ST
AMRXEEE TR, EAEREOMNET, HE—DHESENRITTENFYIER,
RPN R T RINF MARFFARYIR PN —H, X—EENERERERF
? QNSRRI RS MRS, AT DAAn Al (L SE 2
A DURFIZRR R R Tt fl AR A AL, BlaD 1024 FIDASRRN: “4 - 2 - 0 —
17 —RERUL, n = dy...dody AIARTN: “dy — dy — ... = dy,” o FEAPITH
FIRFTRIIEL o T b, SEIVEANTVEEIZE (NETERR) o
TR AINE R, IEIFIRE —FE TGRSR 3T ffa8 A T DARTAY AL &,
E 1.6 Pire S, 2B ATCRRIEIN, &I — PMEERERL YR
A EHNEN EHEM F R EREEA BRI A (R FIE S
FRIATHY 250 o
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L.5: A EHISIER

Ca IR

B 353 T



FOE YRR

HAABERIEHE PO BRI EIES, BELEMHAHRE (12 %), £
HERGH, MARREARAN, EEFERMA] IR HBHEREIN(ET 3.4, H—77
T, 7E R IR, SRR E Y S B AR A R SEH B H A H B B 2R 454,
“XAERWE S MR BRI - ARAEGEERIDY B, e T A gt
—BEXFHEREN N, NEIAFEFSH T — MR

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

2.1 ENX

XL map 2 = SR S TSR A, Bl SR S, PR A
BRI ENE, XEVRR T T = AR MR A, FRAT15E T8 — F = Ui,
— BB BN (0), HEEEZAWS: —DTEE k FEER N L, X
AN EEE R, TN (L k,r)o ST MBERR A A TS T4, SRAFRHTZ
Fo HAT DA R S T A, T A E S SN K HIME, X
KAUH Tree Ko H1HR— /N EEI /5 FRERNES, BATFR 975 2, TR 5
S A,

= AR R R U, AT AT He A 2, 3 LR M AT
S (1, k, ), M LA REENT k; & ANTAEMNS S RFEE, B 2.2 &
TT TSR, FIE 2.1 o, 7B SEL TR R, — R
(BT DURAT R, = AR ER T HME R T AR 3, 9 T SRR 51,
Bl ARG = X AG R IE N (key), FRTT ST EIIEEHUEAE (value), HH

o BECEREEI - BRI RIET S, ARE RS,

TR, Bl RN, R B EEFR R, ABRPNONTTRANES < BHRAHEL
S HEREHTHR YN T RS T RS T,

33
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ORNOXO
(

b)

2.1: X BIEERTFI B+

N Tree (K,V)o N T E LA, AIETRAHFERTR5H, FIMELT
IERRIEIL N B E, AEMRAH THIFE L, EREEIES, —B AR5
FEFEE R, T 8 A T RS IAEAT IR, SRR EEUE BT (e X
PR RBEHEZRAY, RIS 8 ADT):

()

(=)
OO
(]

Kl 2.2: Z Y HEZER/EIHEIF

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

2.2 A

0] — XARRMAE N & RIS HIER) i, TR ITRE . HARIEE L
R (D) WRRNE, BB —DITRN kTR (2 IR k/NTRT R EITT
=, RERAZEFRG; G0, K kARG FRT, 3k FETRTRPTRN,
HETEEAFE T, JATATDAE S ARTRIEEE (BT, Slsr Bds e /am, i
Al DA M, far SRR DL, AT TR — 1R o
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insert k @ = (,k,9)
kE<z: (insertkl,xz,r) (2.1)

insert k (L,xz,r) =
( : AN (1,2, insert k)

NHEEMHMEIBFREF:

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

BT TR, ARG H T A E R ERH] T fRT AT
PRIz, ISR
1: function INSERT(T, k)
2: root < T
3 x <~ CREATE-LEAF (k)

4: parent < NIL
5: while 7" # NIL do

6: parent < T

7: if £ < KEY(T) then

8: T < LerT(T)

9: else

10: T < RiGHT(T)

11: PARENT(x) < parent

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

14: else if k < KEY(parent) then

15: LEFT(parent) + x
16: else

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

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

21: KeY(2) + k

22: LEFT(z) < NIL

23: RIGHT(z) < NIL

24: PARENT(z) < NIL

25: return x

Hrb Key(T') PR X R R HUE, B Rl UEIN T :
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key @ = Nothing
key (I,k,r) = Justk

BATATDAESHE N, ¥ —H T R AR — RN

(2.2)

fromList[] = @
fromList (x:xs) = insert x (fromList xs)
SR N (58 1 F) ¥ fromList 7E XN (FIEA) : fromList = foldr insert @,
BATRER S EUNF A ARFREY insert k t 71 INSERT(T, k). HI&FH foldr, 5%
foldl (8% for TEIR) :

1: function FROM-LIST(X)

2: T + NIL

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

2.3 B

IR A XM RSN ITR, A =MBHT7E: fiFET. P&,
G, EATTRAZIEI RIAR T AR -1 R B SEE I an 4 B,

o BT Se ViR 5, RIS VT IR 22738, S fe 3 (Rl -4 ;

o HFIRT ST RIS TR, SRSV IR TS 2, B fE VI RIS 140 ;

o SRR SEVI IR T, SRIE VTG T, ST RIAR ' A

FRE Y “ V31" B EER BB IAM, e ARSI IR0 XA S, TEVI R/ 77

SCHIHR R TRIRRFR A H 5, ST IRl SE VT RO G e X TE] 2.2 HEY — XA,
=R ISR AN

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

. FFIEF:1,2,3,4,7, 8,9, 10, 14, 16

o EFIEI2,1,3,7,9, 14,10, 16, 8, 4

Rl i, A ST IR M EIRBI I TR, — IR HTE SARIE 11X
—MER (2R3 2.1.3)0 X map EHFIEL IR EE f MNAZEEDN TR L, ATt
SR 55 — AR [RIA EIRH

map f @ = O

(2.3)
map f (I,k,r) = (map f 1, f k,map fr)



2.3 mh 37

IR AVTIAL RS RAE, TTRANE S Sh—ER, FATAT DASEIRA R e
T
1: function TRAVERSE(T, f)
2. if T # NIL then
3: TRAVERSE(LEFT(T), f)
4 J(KeY(T))
5 TRAVERSE(RIGHT(T, f))

BATR] MBS map, I8 73 R — 1R = AR R WM B F P51

toList @ = []

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

PR ISR —DMEF 75 % BT AR Oy RN, BT FELT
MR EIE F513R, PR “WHET”: sort X = toList (fromList X ), 85 B REHE
Bt

sort = toList o fromList (2.5)
RATAT DA = SR (T o A (B T 5 —26).,

foldt fgz@ = =z
foldt f gz (L,k,r) = g (foldt fgz1l)(fk)(foldt f gzr)
XE f: A — B, BERHEEDN A BTTRBETN B, X f(k) = mo BEEEIIM

MG THREIM O 2 THIR) 152 o My, REH g R=MEHEER g 2 m yo FIH
foldt, TATAT DAE =R HIBRET map

(2.6)

map [ = foldt f (xmy — (x,m,y)) & (2.7)
foldt TEB NN =T HEL g tR1F T~ XINAYLEH, aNRAS0ZEH, AT DA
TITEREL f : Ax B — B LB, KEAN Tree A KIREN LA B BIE:
fold fzo = =z
fold f z (IL,k,r) = fold f (f k (fold f zr)) 1
B0 sum = fold (+) 0 ¥ X ETERITCRENEEK, length = fold (z n

n+1) 0 AfAG IR TT RN, B2 fold TEIEE X map, R ZITTHREL f B TH
S,

(2.8)

> 2.1
2.1.1. AW THIFRERAMPFRENGER, EEEH XM, HEHERFEN

—+
élil o
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o HIFEHER 1, 2,4, 3,5, 6
. HEIREER 4,2, 1,5,3,6
o EFIERER?
2.1.2. ZRAESEE A 1 3 R0 e 2l B 45 SR ER i —
2.1.3. UEBARX = SR AT e P AT UK 2 E8 T R4 M N BRI 4t
2.1.4. WHEFHEFREZTA?
2.1.5. EHZNNE X toList

2.1.6. FERABINE X depth t, 5 N RIS E,
B2 360 TU

2.4 B

AT = XAERW PR R BT IR AT ER, R DT RIS S MR R, X
BAMMTEH BN EWEN WRRE, B=MARANER: ) NP ER— M
2) SEEREER/NTR,; 3) EHRFE —TTRATATK (E— M BUF(F—) TR, HE
FEZRAUN Tree (K, V) FIZXAERM A ELIE N 2 X M AI(E:

o WMRRNZ, z TFIE;
o MR RITE (k,v) F k=2, EHRN v;
o MR x < k, AT HAEBIIEL SNIES TR AEITETL,

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

XEEH Maybe 27U+ AAFRIEIRVE DL, ICWATEEN b, ERFEENERE

N O(h)o AR =B F- (WEIIE), X T n DNITRA X, ERAEEN O(gn).
QIR = XARAS P, EERRII RIERIME T NIRILE] O(n). NEIETHEREITHIER
UL

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

else

AHN/E Optional<T>2RA NI —2,
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6: T + RicuT(T)
7. return VALUE(T) > T =NIL K[\ &

£ XHERR T, BUNTTRER M T M2 3, MAKKTTREZA T EM 7
Ko AIDIFIRIX—RERE MR A, &/NTTR, N T EIR/INITR, FATRT DAAMIE
FEMIETE, BRSNS, AR, FA TR DU A EA M BT E Rt R,
XD AIIEREESE O(h), Brf h BN HIEE,
mirll (@, k,r) = k:. max (I,k,@) = k (2.10)
min (I, k,7) = min [ max (I,k,7) = max r
ANFREL - XIRRW L ERSET. FlINMNRNITTETE, B— AR
BRATCR, lEHFR LG, TEGIFERFTT i T R:

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

XFEEER DT RIAREEHRTR. « FEREXNHRE = < y FIRD yo
R & B TR, MG RIS/ MERUE G 4K, B 2.3 77 8 FYE4ETTERN 9,
IR 8 A TR FHIR/ME, IR » (UG FRVE, FEA LR, &L —D
HIE p, (15 p FIZE TR « HUHIE, £E 2.3 7, TR 2 FTERT T RIKEEM 23,
A EE— P ETR 1, (B2 1 IRA LMD, hEA EERFDTR 3. 3 WA THE
& 2 BUHIE, IXHE 2 HUE4EN 3,

()

2.3: 8 HIRAENHAM X HIR/ME 9; 8 TS 2 BIJG4E, Boom BREl 1, Bk
BT, RErm BEE] 3, 3 FUATRHEE 2 BIHIE, B /E4E0 3.

WRIEE R T RS H—BERME TR R, REE RN T EMEIHES, X5
WA o A a4 (W &E—1ITR),
1: function Succ(x)
2: if RicuT(2) # NIL then
3: return MIN(RIGHT(z))




40 FE YR

else
p < PARENT(x)
while p # NIL H 2z = RicHT(p) do
T4 p

p <+ PARENT(p)

©

return p

4 o KAJERIRE NIL, FHRETRTTR S R
: function PRED(x)
if LEFT(z) # NIL then
return MAX(LEFT(z))

else

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

o: return p

AR RIS R — B AT RGIH 5 B RSEHHERE I B RIS, LR

Sk (B B 2R B AR, AR zipper (') BIG—F), EERFIEAMGRATHIRE “(FH
—MNMERRS, BONAREHITR", EAREEEINEF, BATERE B map HFEHD
FTETER, AU SER AL, (AR AR A A E

2>] 2.2

2.2.1. FWENME k BEFEET XEERW ¢ 7,
2.2.2. fEH PreD Ml Succ SEM—P XM RRAVERIE, HERH—HREH n T
R EIRE A7
2.2.3. NHEEFA] LUEG—MXE [a,b] NAYTTER:
for_each (m.lower_bound(12), m.upper_bound(26), f)
1A Al R 77 TR R X — (A
B2 361 T

2.5 fHIER

BT R 5 = AR R R B e SOt RN T S
LR, AMDSOTRIIRT I RFITR, EEMERT RSB, #FRT A «
RO IR R 1 (D INR ¢z BT REURE —RARE 70, ERR o V=", (IR

®ML 8 OCaml H7H ref 51 FAMES, X BEA TR T4l R EA AT,
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x BMRIEZ T, A TP ER/IME v Bt o, R HIETR ¢ U7, FA1F]

T IXRERORE B IR R B &/ MEAS AT RE R PUARTEZ T, IXRERUE SR B i
N —F, NTEER R &/ NS ", WFEE 2.4, & 2.5, 2.6 iR,

NIL NIL

2.4: BEEYHE"HTYA 2

O
o E

L
NIL R
) (d)

(@)

2.5: MERAE — D= 0 SHI T A

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

del lr = (l,y,deletey r),y =min r
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L delete(min(R), R)

(a) (b)

2.6: MIERE I NE 2B R

PR FEIRRVE ZRE N O(h), B h B2IRHTEE, SR BEFREEMREIRER
T

/YN0

1: function DELETE(T), x)

2: r<T

3: ' > LRTF
4: p < PARENT(x)

5: if LEFT(2) = NIL then

6: x + RIGHT(x)

T: else if RicuT(z) = NIL then

8 x < LEFT(z)

9: else > PN ERA S
10: y < MIN(RIGHT(2))

11: KEeY(z) + KEY(y)

12: VALUE(z) <= VALUE(y)

13: if PARENT(y) # = then > y FYZEFRE D as
14: LEFT(PARENT(y)) < RIGHT(y)

15: else >y e TR ERR
16: RiGHT(z) < RIGHT(y)

17: if RIGHT(y) # NIL then

18: PARENT(RIGHT(y)) <— PARENT(y)

19: Remove y

20: return r

21: if  # NIL then

22: PARENT(z) < p

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

25: else



2.6 BBl 43

26: if LEFT(p) = 2’ then
27: LEFT(p) < x
28: else
29: RIGHT(p) + =z
30: Remove 2’
31: return r
BE = ANZ, ERIES IR AL FAIIBRT RO AT R BRI IE 7R 2 A0 FE

y = o BT BIRTT RIX—RRTE . EIEEAE 2 RTARFRI AT REHTIR . dIR
A RN ES, MIEMBRATZ R R XAMED T, BEIREFTAIR. KN RIREFE,
A Pl 2ibk z 7,

“ AR R S SR T B EE he AR, O(h) £3E O(n)o R
ZUNFRF#T, O(h) 8838 O(lgn). VY AENHMM B shEs PRI %, IEF
fi&7 2 A P G (1) 55 265-268 TU) < JEIE FEA UG E RV N FETHIMER,  Se A RELER
BETELITRRIRFE, 5 BRI A

A DA A RSB B E LSS (Map, HUFR 9 REREURSF8), FhEET
“HELET X, BEME—H, BRSOV ME, CHRIRARE K, HIRERE
V, B HIRADN Map K V 58 Map<K, V>, JEZBRETEIE n DREL (BLGT) KR!
{k1 = v, ky = va, oo ki vn Yo BEF S AERMISCIMBRES I, TATRS K NEFE
Go BN RIFME I (E, 28808 Tree (K, V)o FATH = XIERMATHA
BT RIR R — X (BRI R, 2 E R ke, TAEA lookup BRAEIREBREHE vo 4N
Rk NETE, WPRE] o, ZBPY, FLE A HIZL R, AVL S R] DUF SR SE ISR B IR 5

2> 2.3
2.3.1. YT EIFHE N ZEA NN, FAE— RS PRI BRE T A TR AE
B ERMBRATT S, R B AMERTT R YR, RESIX—EE,
2.3.2. ZRIESEENFEAIAE,

2.3.3. QAAlAE— R = AR B R S B B R N R ?
B 362 T

2.6 [ HFHE
5% 53 R = ISR T2

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

Node(T k) = Node(null, k, null)
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#
1l

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

ANMeE P AR DL EC A8 i A RTA

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))

A NE k=21

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

foldt z Empty = z

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

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

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

HPRBAREE X!

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

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

}
return Optional.of(t);

IEAFHRE/NTR:

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




2.6 B BFRES

SHREATE T R EA:

45

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

il

delete _ Empty = Empty
delete x (Node 1 k r) | x < k = Node (delete x 1) k r
| x > k = Node 1 k (delete x r)
| otherwise = del 1 r
where
del Empty r = r
del 1 Empty = 1
del 1 r = let k' = min r 1in Node 1 k' (delete k' r)
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B @ATF

mAHEF R —MERENAHEEERE . £ —EF, BGH T ErEIE X
T —HAT AT R, BTN IRHTTR, IR @A R — MR+, BT
BB NE TR EANEN A, PR REN O(n?), B n BITRN D, AHHE S
IEHE IR, MRIEHE AT, REH, BN A T IR, apEE
P Y SEINE F E SRR BV IR R, [ENR A HERF

3.1 fET

FRIT AT AT A T4 A HEFP B9 8A8 (1 88 15 - 19 T0) RIS, It
EFHHIREZE P, &S 3NE—5KHhE, fita IR R = 8, AR S ERIE, W
3.1, MELIX—Id AR AT DASEE i A HEFE -

] 3.1 45E1E 8 N B — e

1: function SORT(A)

2: S+ 1]

3: for each a € A do
4: INSERT(a, S)

5: return S

X SKILR HE P S RAFMEAE AT S 7, AT DU A AR I Tt R

g B Ak

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

HARG i BB 13 n = A, AEE MR TEAH Al ZEFH, &
MINEZANTTRERIHETE A S i DITRN, T « ZFRTRECSFH, A7
AWPREARFAFFHITTRAA, W0E 3.2 FrR,

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

3.2: NECRTRFAEFE 2

3.2 A

FE-BLAHTYIRNEARE, NTHAH, hr] IR — e &R EHAMLE,
& A ANEEAAEE NG RIE#T, TEASSIEMNGREH#HITRERN:
1: function SORT(A)
2 for i < 2 to |A] do > Insert A[i] to A[l...(i — 1)]
3 x + Ali > R Ali] RFE 2
s i1
5 while j >0 H z < A[j] do
6 Alj + 1] «+ A[j]
7 jJj—1

o

Aj+1] =

BT RESRF IR, R~ EHmATRE MU EHIRIE, SIS
MIBFATTR =, FEL « FEIFTETTR (B Al + 1] Ali + 2]... O #SAGEEE)
—MIE, KE MBS IR o, G1E 3.3 Fis,

N NV NN

AR | AR | | Al AR+ - | A

T insert

Z

3.3: Kooz o FAEEH A FRYE « MLE
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BEHRIREN n, BB « M8T 0 DILRGE, A THRAME, & NRTHZERE
RE n—i+ 1 BICRAEEBE), B/ 2 MAE « ME. BELE, JIMELETIE
FEIEN TENMH, B0 HE, RN GAELHE, MFERE n —i+ 1 TIEE,
HPITHFALENBENRIE, TICRMNEAGBEMA R, fA R TR ELML
TR, R AR B SR E 2N O(n?)e BATHA] DUE X — D EASHAY INSERT() B
L, FFAEEIA A

25> 3.1

3.1.1. SKELNEEAG B R AR E,

3.1.2. JE M ERAYE A BRI A E i A HE
EEE: 363 TL

3.3 OB

TEFTHN e BRI i, AN BB — LB E AL B R, AT A AR RIEE
i, ERANFAHWEEEANZEZEFRH. —0EREMEERFFIIFRIEE AL
HI75 %o
function SORT(A)
for i + 2 to |A| do
x <+ Ali]

1:
2
3
4: p < BINARY-SEARCH(z, A[1...(1 — 1)])
5 for j < ¢ down to p do
6 A[j) < Alj - 1]

Alp] + =
O EIKE, BATHIAE AL - 1)) BEFN. BAIRELRE—DMIE j
BAG—1] <z < Aljlo He# 2z FIPEM BICE Alm], Hrhm = L%Jo tME 2 < Alm),
M ITHIAE T — PR & SNERE—F. HTE8REHRRE TR,
THERFE O(1gi) BINRNE A EHEA S

=

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

1:

2

3

4

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

8 l+<~m+1

9

else
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10: U< m
11: return [

X BRI S AT N BIAE R E, ERIARZE O(n?). B—HEH
FBAHFFRZE O(n?) IRELEAT O(n?) B sh; A &G, HERRERDET
O(nlgn), BRINRELZ O(n?),

3.4 #FIFE

TOBEBRERERRERREE] O(nlgn), EETERRBINEATHTE, ¥
RERENIRZE O(n?)o H—J7H, ERSIRFMHTEN, —~BERsEFEEME, A
BIEAGEHBINHER, £ 25, BATE X T TRYIRBAHFEE:

sort [| = [] (3.1)

sort (x:xs) = insert x (sort xs)
BAFEA foldr IR EMTE: sort = foldr insert [ o HTRRERT, FIRH
insert BIRHEEMEN R

insert x [| = |[x]

{mgy: Ty :ys (3.2)

insert x (y:ys) =
ER: yinsert x ys

WA DAANER T R51H, THEE 75— PRI IEAREIMIER, MEMTTR A,
Next[i] R1F T Ali] ZJ&a F—"1TICREIRG. AR A[Next[i]] B Ali] BN —1IT
R, HFEMDMRARRT N THIRIIRETTER Alm], B X Next[m] = —1, FonHig
[F] NIL; AMNE X Neat[0] faAIFIFRAISLHR, MART A, TATEFEAERT:

1: function INSERT(A, Next, )

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

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

=

function SorT(A)

8 n < |A]

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

11: INSERT(A, Next, 1)

12: return Next
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MR, REESIHAEETHA R FEZE KN R, (B0 F A4 GEFE A
E, BIKTRE O(n?) REE, SEATR, FIRASHRRENLILF, AeEFH =72
BRI EIEE,

3] 3.2

3.2.1. FHRSIHA, HFERZ2—DNENHEIINES, GH—DTE, REFHNR
5| Next, EHTHEYIELH A,
BEER: 364 TL

3.5 —XHZEMN

FADER] T — DR S RN IR & E AR ARDEE, (R &z —1)
R O(n?) WEZRE, —J7H, BIREH I EBIE R REFERE] O(gn); 55—
T3, FEBREIRSA, FNBEEN R e M B D FE BN R AT R, 1£58 =
B, BAE T ZXERN, ERAIFHE_0ER, —BEMEEACE, B0
DAFH B 24 TR A BT o

1: function SORT(A)

2: T+ o

3: for each x € A do

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

5: return To-LisT(7T)

XN THNRE XA sort = toList o fromList, 5 _F4H T INSERT-TREE()\ TO-
LisT()\ fromList BYE X, FIET, RHAEFHIEREN O(nlgn), A n ZITEM
ML IXRE) T E T HEF BN RN R (07 25 180-193 71, [ 25 167 T1), {HAE
BIMEOUT, SRR E TR, HIERER TR O(n?),

BN EEEAE - MHEFEIEWN A, ERSEN, EMEREEF A HAI,
A MU IR B R A, IR PR P Y TSI A 72/ N RS I AR
FHE AHE R DAHRTH B TR
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HVIE LR

B BEHIHIFEH — XERM RS E A BIRRIR, 8BS A BRI
SCEEBRRAIE? W N HEAYE AR

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

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

EXDTTEMREE, THEZER Zara, Zed, Zulu FHANEIAE, EIFZE
R FHIFFHEA . RRIKAE 1, 2, 3, ..., n AZXIEERN, RRBEIE 4.1
HUEER, EERIEREN O(h), h NEd. VIl h = O(lgn), X—RImIERL T, B
AIMEREIRILIN O(n), FERITHIFRITHH,

N\

.

4.1: PRI

53




54 EIUE B
25 4.1

4.1.1. NTERAETS, 8T IR ESEE, 7T MEAN M ZES: — MMk
EE)E, HAN—SMNEARTEE, LN MESHIBRN SR, XFEEEREN =X
HEREMTAEFR? WREERZ D REZ AW, FHZES2EET L5
R? Z2EE 4.2, HEZ A EEIF L,

B 364 7L

& 4.2: —LEIRSEMETRY — R

4.1 Vg

TR AP ERIIE L, PR A FSITEL (B 2.5), [EXM77EEGRRE,
TR T ARTEI . AR T — /5 R 7715, CATR AR —
AT R ME, Al DMEBCEW S RN R TR A F. RENPLER, T—ENH
AVL B, BEATERE B P, 6 8 EIE M AMEN, CUrEBHEE R, BPIRE T
i, AEA XA AT A=A E A R 7 iE 45 R, WETeEE A& 4.3 AR, Al DU A
TOPCHCRE X

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

rotate;, T = T rotate, T = T
(4.1)



4.1 ¥
(=) ()
O 0 — 0
ONO OXO

4.3: TMHY S hEse

55

ISR T DD (FIANPAR F IR ) , DI FRUSE ATRII A, ks
] DUEE — RV, HANIFER TG I FHIRE L. fEieteh, Tl

MARTT R T TSR T

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

2: p < PARENT(z)

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

5: b+ LEFT(y)

6: ¢ + RIGHT(y)

7. REPLACE(z,y) > oy Bt
8 SET-SUBTREES(z,a,b) > % a,b Nz BT
9. SET-SUBTREES(y, 2, ) > 2z, e Ny WFHR
10 if p= NIL then > AT 2 AR A
11: T<+vy

12: return T'

A hE Ricur-RoTaTE FYSCELE XN FREY (253 4.2) REPLACE(w, y) (HH y Bift

1: function REPLACE(z,y)

2: p < PARENT(z)

3: if p = NIL then

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

6: SET-LEFT(p, y)

7 else

8: SET-RIGHT(p, y)

9: PARENT(z) < NIL

SET-SUBTREES(7, L, R) ¥ L &5 x FEFH, R WA FH:
1: function SET-SUBTREES(z, L, R)
2: SET-LEFT(x, L)
3: SET-RIGHT(z, R)



56 EIUE B

i —F A SET-LEFT ] SET-RIGHT 58 I AT E :

. function SET-LEFT(z,y)

=

!\?

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

o

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

SESERE He, BT LB SIS TCRAN (T AR OS2, MUK — S R 7E 1995
2B T LT B AR S A ,

25>] 4.2

4.2.1. SLIAETE RIGHT-ROTATE 181E,
B2 365 T

4.2 ENX

LLEME— T B P ERM U, B 2-3-4 R 1 I A
ITE RIS, 2L A] DL ot R P, ATHE IR AT X B8 U5
20 BPE, FRATFR— IR OVZL RN, R e e NE 5 SR

RN AT e R,

IR RO R,

3. NIL 1 s,

4. WR—N RUNLLE, MBI R E R R e,

- NE—TT /A IR 70 AR 2 EESHAESER R G R

—_

\V]

ot

N 23X 5 M PRERIELL R AT B PEDE? SKBAE T MR R AT
REFFEREZET, RKBENZEERERZEME, R 4 RIE TN EEM N ESLHT
AT R, A, RENBEASHERONT R, BTERNBEESELOT R,
HRAEME 5, MEMAT REZFERREE S EHERRENRET R, BARAXEN
TRPRBHL, XRMERARIE T IREEAREESREREREMEN, & 4.4
A5 o T —ARZLIRMY,

AT NIL AR E AR R, B RN E L, A 4.5 R, FrE A e mgs iy
AR EERAN — R, EiEEK &R R/MESF, RARAMMEREER Rk

V7, B MTE— 234 b, BEEED —RLBH, TR,




4.3 A 57

& 4.4: 712K

o FHEEFEFE XS RZRPIER I TEEE X, BANEZRA o, BN
1I8H (¢, 1k, r), RIFREE (L) R) JeE k, £H T Lor.

4.5: [ NIL 9 52

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

5>] 4.3

4.3.1. IEFHEHE n N ANARR, EEE b A2 21g(n + 1),
EER: 365 TL

4.3 fEHA

MABIEEE MNP E: PN ZXERRMAAER, f ] e LS A E P, 55 =
PEEABMAB O, BAN, BMSHTRNLE, AEEAERTA, BFRT
EBVUSRINI A MEER AT DA o T —AYTRIELR A RES | A IMEATHVAL B =, 4 F
4 MIERFREEBE, EMEEF /A WE 4.6 Frm,

PR R A A A B S — R, WRATBRA LANEABE, ARERTER
TR S, RIEER 2, REHFEAORT AZERG, FARKELR, T8 X
balance EEE V], S REPIERZEN C, BUENEREG B E R,




58 BT LR
d a
b
a b ¢ d
d a
a d
b c b c

4.6: N EFREBERIIIREN

/
\

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, ¢, z,d))

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

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

GUERTIRR XA R, & /e —1TRIEIN A 2 CEMATE AR, LBRAIEAR
EEN N insert x T = makeBlack (ins x T), BUE B BALHYTE

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

GRERM =S, TR —MEN o B AT R BN EER = M1k BIR/N, 3813
R 2 AZ T, RJEH balance (BE -V, &EHERT REAER G,

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

NHEEXN MBI TR

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

=

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

balance color 1 k r = Node color 1 k r

BAMEE TESENGE, MREBAWECKEE, KM UESENHES,
A DE T SR A — DN IR R VR (1), 269 T). & 4.7 5H TR 2, &
11 BIEFES 11, 2,14, 1, 7, 15, 5, 8, 4 F1 1, 2, ..., 8 &AL, 55— DMIF1HEH, Bl
EFRPIE T, LLRRHR R -1,

Bl 4.7: $E A HILL R

HEATA NEEAEA BE, N T EEN b IR, EEXERN O(h), HTI
AR YES2L B B EMER, h FITT N n EXNECER, BAREENEZREN
O(lgn)o

25> 4.4
4.4.1. NMEREKICE, A PORE U SEIT insert BL%,

4.4 Iz

LR RIMHBR EL AN B 2% B AT DR A R AC AT A g (LR 2 BSR4
R DA H B 75 HORIAZIMBRATRER . G40, — XA —ERA, TR 2R
O, MIERINAETT R A0 — DRI, S EFRICHI T R 50%0, FARFRICHIT
REERR, RO SBINLEREER, FEBITEE, B EERRREG
TRIE R 5, 5 R R LRI ET S E D THEREE, BII5IANE
B (1,290 TO T RORIRE B HAEMFL, — NIXFERT REER N RETT R MER
BETA o N, BATRRGR BRI A, sE A MEFEITFH L, SRR
BT RN yo QIR y [RRBLL G, FHANEE; 1R ¢ [FRZRE, NN “WNER
&7, 180F B2, NHRAIBI TR T E R ERTE X

2SR LB T AR R T . X —RFPERRE persist
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data Color =R | B | BB
data RBTree a = Empty | BBEmpty | Node Color (RBTree a) a (RBTree a)

BT R (NIL) 2R 6, SRR EEEEI=T SN, B2y “WERE” =T R
(BBEmpty SUAMFHAY @), BRI, 55— A1l — AL RRAA R ; QiR BMIBR T U2
BER, BRI TER:

delete x = makeBlack o del x (4.6)

X—E M BN, ERMFRE—-NTE, MREET A, N THEIX—
G0, B TFREAENR makeBlack FIEXIR:

makeBlack @ = O (4.7)
makeBlack (C,1,k,r) = (B,l,k,r) '
del F3Z ZMBRAVTTER o F1I—HEHT

delz @ = ©
z<k: fizB%*C,(del z1),k,T)
x>k: fizB*(C,l,k,(del z 1))

del z (C,l,k,r) = = if C = B then shiftB r else r

if C = B then shiftB [ else
BN fizB2(C,l,m, (del m 7)), HH :m = min(r)
(4.8)
W A=, R o BN o Rk, W05 © < K, FA T M
M7 SR 25 SR 2 > &k, MMNEMRER, BTIBE85 R PR gESH NER BT A,
WM fizB? B8, 4z = kK, BATEME TEMIRATN A, WRE—FRAZ,
57— SR A R RZREAN, EFRER RO EFRA, WRM
BRFREA N, BATRE FWABIR/AME m = min r UJF, H m Bk, ATRE
RO ENEL, shift B RGN R NERE, BEOT RN NERG, WRFRMN
FAEINE R AT A R, NIZRE R A,

%)
%]

shiftB (B,l,k,r) = (B, k,r)

shiftB (C.,l,k,r) = (B,l,k,r) (4.9)
shiftBo = O
shiftBg = @

TEEMHNAE TR (NS NERAREE R

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

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

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

isEmpty Empty = True
isEmpty _ = False

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

PR fieB? BB BRIEM BT R EHR N E R G, NERET LA
KA, WAlRERE TR @, B =FIE0:

B 1 WERAN BT RO RA, FEZARTRE - MEF TR 7B
BT e B EIXAE I, AN TR, 2HA] I is—fg—E =, W& Al

Pl 7o
~ -~
b c ¢ d

//// b c d \\\\

4.8: 4 MyEA] MEE NG —HIE K

fixB? C agz x (B, (R,b,y,¢),z,d) = (C,(B,shiftB(a),z,b),y,(B,c,z,d)
fixB? C agz x (B,b,y,(R,c,z,d)) = (C,(B,shiftB(a),z,b),y,(B,c,z,d)
fixB? C (B,a,x,(R,b,y,c)) z dsz (C,(B,a,x,b),y, (B, c,z,shiftB(d))

(C,( d))

)

)

)

fixB? C (B,(R,a,z,b),y,c) z dgz = ,(Bya,x,b),y, (B, c,z,shiftB(d)))
(4.10)

HA age TR A o B NEEA.

1B 2 WEBAT S BT RV R, Al DUEN ek, KHEHZHI9EN 1 8

3o WAl A2 ffR, FRATTET (4.10) HUERE EHEINEN 2 EE




2 FIUE LB

4.9: WERET RILHETRNILE

6

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

TR 3 WE AR BT A, X R DT SRR, XRET,
BT BT R L, RN ERAZRRA, R NEREEER LEE—E
ERHTT R WE A3 e BMFANFRIGEN: N T LAV, LR o 2406, NZES
B, BN NEEE; N T NARER, vy SR, FAI4REE2EK (4.11)

AL IR E S

& 4.10: K WNEREAME _EEH

SR

fixB? C ag= = (B,b,y,c) = shiftB (C,(shiftB a),z,(R,b,y,c))
fixB? C (B,a,x,b) y cgz = shiftB (C,(R,a,z,b),y, (shiftB c))
fixB*Clkr = (C1k,r)

(4.12)
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ARIA AR EIR =AM, BE—1THRIF T RAZ, NERBREEZEN
Ao BT FRE /R:#/\E"I o, XXE@WM%&(%B?T I ENERE
[F_EA3), ERIRT A, FFREIRE N BE, NHE TR LB ES —k:

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

MER BRI E 2R O(h), B h AR EE, B4R R EEE, ST n
T RHIRE, b = O(lgn).

2:>] 4.5

4.5.1. SEPDRIC — B MIBRE L ARICHMBRAY T 55, (E R TE EREER, 4
BRRICHY T S E T 50% I B A,
EZE: 366 71
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HHE LB

I EECANE S, AL TR B, T 5%, Bl Ham <R

KH, AR — M = XARRIAHFE], 2 T RS e R B 2 T,

1: function INSERT(T, k)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

root < T
x <~ CREATE-LEAF(k)
CoLOR(z) < RED
p < NIL
while 7' # NIL do
p+«T
if £ < KEY(T) then
T < LerT(T)
else
T < RicHT(T)

PARENT(x) < p

if p = NIL then
return z

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

else

RIGHT(p) « =

return INSERT-F1X(root, z)

FIHRNLE, T REBE Vi, HE 3MERGBD, BMEE LG NMENR,

> BT A=

B 6 MBI, HAEMAA] AEFE, BNTEE LA BT TR, BT R
FIRUR T B N BBt RAE AT R MLt
1: function INSERT-FIX(T, z)
while PARENT(z) # NIL and CoLOR(PARENT(z)) = RED do
if COLOR(UNCLE(z)) = RED then
CoLOR(PARENT(z)) - BLACK
COLOR(GRAND-PARENT(z)) < RED
CoLOR(UNCLE(z)) <~ BLACK

x <~ GRAND-PARENT(z)

2:

3:

4:

10:

11:

else

> B 12 BIRATT B &

>z HIRAT RERE

if PARENT(z) = LEFT(GRAND-PARENT(2)) then

if © = RIGHT(PARENT(z)) then

2 < PARENT(x)

> B0 2: 0 BT
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12:

13:
14:
15:
16:
17:
18:

19:

20:
21:

22:

23:

24:

b Bl F 65

T < LEFT-ROTATE(T, x)
> 1B 312 BT
CoLOR(PARENT(2)) <— BLACK
COLOR(GRAND-PARENT(z)) < RED
T < RIGHT-ROTATE(T, GRAND-PARENT(z))
else
if © = LEFT(PARENT(2)) then > TE 2 FIASAR
2 < PARENT(x)
T < RIGHT-ROTATE(T, z)

> 1B 3 BIRHR
CoLOR(PARENT(2)) <— BLACK
COLOR(GRAND-PARENT(2)) < RED
T < LEFT-ROTATE(T, GRAND-PARENT(2))
CoLor(T) < BLACK

return T

BARZENEZREN O(lgn), B n BT RE M balance BRET B, EATTHIAL

HWHEFFAEE, BERMAMRRRFY, hSEH A RAVZLERM, & 4.11 41 7R
CLRRRY, ENTREAME 4.7 PR FIIE ST, FRRIEER RS EEF
FE—EEERER U,

() 14
1 7

4.11: A R E R AL TR

S RMBRENE T, S UABIH R A, LLERRE—FE LA B P X, A

EFHEE REIREMAEM: KOy RE b DI REFE, siEAE] B &, K
EEMEAEIA AR S, SUE B, TELLRMBISEEIA, o T B E M, &
B MG, NIES T —E 75, FEUE T 2 M LIRSEELLC), A
AVL . Splay W& & T ILAL I

4.6 IR BIFERF

A TR FHRVZLRR E S, BUIAT RN,

data Node<T> {

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

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

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

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

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

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

else parent.left

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

Node<T> grandparent() = parent.parent

a8

PARNY

i

ARSIV

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

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

return insertFix(root, x)

GINEENRSIC=R

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

while (x.parent # null and x.parent.color — Color.RED) {




4.6 M BlFEF

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

}
t.color = Color.BLACK
return t

67
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EBIUE

AR V)



BHE AVL M

N T PRV IR, LT R RS — B2 BB R AVL MR T BV E R
TR EERRENES, NTH T, 2 X:

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

Hep |T| - T HI&EE, Ior NEGFH. EXEW 6(2) = 0, INRERFH
T #E 6(T) = 0, NIRHZ 522 PR, B, —R&EEN h 2 XWE n=2" -1
PR BRT T RSN, FrE T REND, 6(T) RIZERERUN, KRBT, 247
PR 6(T) 9 — AT “ P [R5

5.1: AVL #f
— IR IR A AVL B, QURATE 78 T #5020 N &4
16(T)| < 1 (5.2)

SRR 0(T) HEER £1. 0, & 5.1 251 7 —H#E AVL SIEIF, 0RMHE n
AN, X —E XAFIE TS E h = O(lgn)o BATAIPAEIX N, —1REHN A
19 AVL #f, K S BN — M EENE, Y EETEE XM, SHENTREE
w®Z, N2t -1, BMROLERDEEZ/DT R, EX N(h) REREEN LB AVL 5
M B/ INT R E . BATA:

o« M @:h =0,N(0) =0;

69



70 HHE AVLH
o HE—1TRAM:A=1,N1)=1;

5.2 REEH T —NEE B B AVL I T, BEE =87 TE k HIAG TR L
ro AR h FOIFHH R (Rl 2 N IR R AR

h—1 h—2

&l 5.2: mEN b HYAVL B, R —RRF & b — 1, SO RET&EEANNT h -2

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

R RTFE— DN TFIREIEERN b — 1o R4 AVL WHIEX, & ||I| — ||| < 1o
Fr AR NIRRT S EARS/INT h— 2, T T AT ST S8R TR Sk
MM1ICHE T AS):

N(h)=N(h—=1)+N(h—2)+1 (5.4)

X— 3T FRA TR AR L PR RES |, GIRE N N'(h) = N(h) + 1, A5
ATDAREEC (5.4) BRie il 3 AR 2SI HIE I R AR -

N'(h) = N'(h—1) + N'(h — 2) (5.5)

SHE 5.1.1. #& N(h) RREN b 1 AVL T S8 EHR/IME, 2 N'(h) = N(h) +1,
R

N'(h) = ¢" (5.6)

oo = “5; L o e B,

IER. EFECEAANE, 2 h =081 I:

« h=0,N'(0)=1>¢"=1

e h=1,N'(1)=2> ¢! =1.618...
X FIEAEEN, & N'(h) > ¢"
N'(h+1) =N'(h)+ N'(h—1) {FEEHH}

> g i (iR
RS N (NS Lok
— ¢h+1
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A5 1FE 5.1.1, FAIIZLES 2 T Y45 R :
h <logs(n+1) =logy2-lg(n+1) = 1.441g(n + 1) (5.7)

IX—REXYH AVL WHIEEHR O(lgn), MFITRIE T FE 1, FEARMBRS%K
MEIZER, FECFER FRENERL 1, TFEBIBEMER 6] < 1. FFGHEETT
Py =2 )ik S A (N EA= an iy iE S oy W UM U S REN T A S U N o B U Bk G WER AR
U, TR B — R E T RIS, AVL 2 —R e P X, FATE A
T XARRMEE X, RE PR T 6 /] OSSR U, S8 T E, BIHES MEE T A
T = (I, k,r, ) PRIZ- PR FRIE, FAAESCENEERNEHE . TEiIEFEFRE

my —NEATE S

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

AVL $HY lookup, max, min ZFHEM = X RMAMHER], mfE AFMEREEIE 25
TR,

5.2 A

[A] AVL SR A —DHTRIN, SFE R FRILERHE |6(T)| AIREET 1, FATHSE
LR B B R KILEC T IR IR E P, FATTR o J5, B8 BT & ERZHE
Lo AT ERE RSB A E P8R 1, AR —XME (T, AH), H
FR T NSRRI, AH YR EREANE, BT = XIRRM AR ARR BT

insert x = fstoins x (5.8)

HA fst (a,b) = a REI=EFHIE =D, ins o T KITER z FAZIR T 7

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

WM A o, ERANEE v TR, FEEFR 0, mEEN 1. &0, 2
T = (I,k,7,0)0 FATER = F1 k, QR 2 < k, BATRVIAHE o FHAZIE TR 1,
GNHEAG TR ro BT ARNSE RO 2 —XNE (I, Al) B (', Ar), BATIET K%L
tree VBRI TIFERSE, B2 4 D2EC (U, A k. (7, Ar), 8, HEER
(T',AH), HH T NFH, AH E XK

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

R LA 0 i 4 AP
AT AR AR 6,
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AH

IT"| — ||

1+ max(|r'[, [I']) — (1 4+ max(|r|, [1]))
= max(|r'[, |I'|) — max(|r],[l])
0>0,0>0: Ar
0<0,0/>0: 6+ Ar

>0, <0: Al—-9§

Al Al

FHE  AVL

(5.11)

Hep o' =6(T) = || — '], BEHERPER T, M B 4ad 7THEXIER, /£

FETVEEE AT, IO TR Z ST T 6

5 o= Wl-

Ir| + Ar — (1| + Al)

= |r|—=|l|+ Ar — Al
= 0+Ar—AI

(5.12)

{56 PR oo FE AR (AP TR, b R] it — 2D X (5.9) FRHYRREL tree:

tree (I',Al) k (r',Ar) § = balance (I', k7', ") AH

NHEBYEFRERFSEI T AT HHVEEIE:

(5.13)

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

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

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

5.2.1 “PHEEE

HEAMBNFZRES, WA 5.3 Frr. FERTFN £28H T [-1,1] JuHE, K

ITRES— AN E ORISR, #15 0(y) = 0,

BRI A BN E— T B—A. B— K. £—H. WA FEETH
6(2) 6(y)~ 6(2); VARESGHIFEIR TN 6/ (2)s 6'(y) = 0.6'(2)o EMRIRRINT, M

B %5 TIERA,
E—rkK H—FH
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S(x)=2

sy =1

a b c d
500 =1 ~ N

Q

§(z) =d) [o@) =0

dy) =0 dy) =0 (5.14)
§(z) =0 §(z) =46(z)
G — A —AER:
ooy dy)=1: -1
T {ému 0
§(y)=0 (5.15)
5(z) = {5(y) =-1: 1
AN 0

AR, & BRI :

balance (((a,z,b,0(x)),y,c,—1),2,d,—2) A ((a,2z,b,0(x)),y,(c,2,d,0),0,AH — 1)
balance (a,z, (b,y, (c,2,d,0(2)),1),2) AH = ((a,z,b,0),y,(c,2,d,0(2)),0,AH —1)
balance ((a,z, (b,y,c,d(y)),1),z,d,—2) A = ((a,z,b,0'(x)),y, (c,2,d,8'(2)),0,AH — 1)
balance (a,z,((b,y,c,d(y)), z,d,—1),2) AH = ((a,z,b,¢(2)),y,(c,2,d,8(2)),0,AH — 1)
balance T AH = (T,AH)
(5.16)
HrR ¢ () F107(2) &I/ (B.17) E o QIR LR MRS, WRR A,
R BB R

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

BRI E R EAR A& ERIE, RIEX (5.7), XT n D REIH, insert
HIEZEH O(lgn).

5.2.2 i

I — R AR AVL WEERERS: (1) BE R IEEN; (2) X TEET
BT, 2 (5.2):6(T) < 1 BEMSL, FEEEEITHKRE TR 2

avl? @ = True (5.17)
avl? (I,k,r,0) = avl?l Havl?r BHo=|r|—]l] H 6 <1 .
B EB I & T
@ pu—
ol =0 (5.18)
|(l, k,r,0)] = 14 max(|r|,|l])

NHERBIFREFSEIL T AVL MR SRR

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

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

2> 5.1

5.1.1. FATAKIUE T AVL MEEE MR, ZRRIFEFRE R XK EGZE AVL
o
B 368 TL

5.3 mPNEE x

N TR, ATt AVL WEan @ URTR, MLLRM B a2 NEIZAR L, Tt
17 XAERERERHTT R, A5 IR e BRI E -,




5.3 wRNERE *

1: function INSERT(T, k)

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

5: parent < NIL

6: while 7" # NIL do

7: parent < T

8: if £ < KEY(T) then
9: T + LerT(T)

10: else

11: T «+ RicHT(T)
12: PARENT(x) < parent

13: if parent = NIL then

14: return x

15: else if k < KEY(parent) then

16: LEFT(parent) + x

17: else

18: RIGHT(parent) < x

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

BAFTTRG, WMATEE A eI, RI-FERF 6 the
i 6 JD 1o BAIM o T80, BHIRA LEE P, E21R

i 6 10 1, AN ATRE

Ro ICHTHIFER T8 &, HF 3 MIE 0
o 0] =1.]0'| = 0, FAENEWAT PHPRES. T RATESERE LA,
o 18] =0.0"| =1, EAFHNZ—RISEENT, FEAL A LARE T

o |5|:1\

| =2, TEfeF MEE Vi

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

3: d < 6(PARENT(x))

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

6: else

T: 0 +—d0+1

8 J(PARENT(2)) < ¢

9: P < PARENT(x)

10: L + LEFT(2)

11: R < RicHT(z)

T, ARG MA]

]

75
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12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

AT

48:

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

$EHE AVLH
> = ERE L

> k& 5 IR LT

> -

> MRIEI (B.6)

> G-I
> ARAER (B.17)

> A

> -
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49: else

50: d(P)+0

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

54: return T'

bR T ek, LE'?BHE%EIZTQI.? §o H— T — G FHEHAT—IRER; M
G—ERE - GFZERITPRER, RO T AVL RIRIEREE, R B 4H T
PR AT SE B,

AVL #2 1962 F (R T£LEMR) B Adelson-Velskii A1 Landis!'*, ') 2 HAY, FF
PIRAEE N F i, KREBIRIENEREEZ O(lgn). X (5.7) 15 AVL R
ST T, TEREEEAVEN T, HRIEF T2 2R U0, (HL AR eSS
AFIMERAVIB L N ERE R, REZAEF AT BREN E%@y:i%@%&ﬁ%ﬁﬂ%ﬂ
SEER, AVL AR RIREH AT DAEL VL, 1 A5 i v S 167 ] it

5.4 KBl F

AVL RIFYE S :

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

FEE

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

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

p.delta = 0
r.delta =0
t = rotateLeft(t, p)
} else if r.delta = -1 { //Right-Left

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

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

t = rotateLeft(t, p)

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

t = rotateRight(t, p)

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

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

AVL it




P v/ gl MR

SHINE RREON

“XERRREERFEET AT, AT LUHL (edge) KIEHEE L7 EEH
(Radix tree), H4% trie. HUZEM . [ Z2M0 R ARTEIX — BRI B HI SRS, BT
FHET 1960 AL, BT IZA TRV FIEYE R (40 DNA &RILED) ) %
U,

&l 6.1: FE

K 6.1 R T —BREH, BEE T ZdH 8 1011,10,011, 100, 0, 1RER
HFIEL k= (boby...by )2, BATE AR E LA MAIREAL boo £ 0, NIEE A FRYREEE
H; BN 1, RGN, #E, BIES 0, HEEX—IEEINEERE
B n A ELENER—MF i, BADFAFRZEET R EER (key), X—(EEHIIEK
KR B 6.1 REET R IRUEN TR E.

6.1 FF trie

FATFRE 6.1 FrRBIEHRLEMIN binary trie, Trie 2 Edward Fredkin £ 1960 £F
TRHEY, TR H %I retrieval, Fredkin K HI20E /tri: /, (HEAAIESE S trai/ (F0
JEZ A try BUEEMER) P, FLEBILT trie AN RIS, AFEH trie FIR1EK
R E R R EIELSM, —% binary trie 2 —FRFFRIY XM, & MEIN EHER
THHIRISRIE, 0 RR AL, 1 R AET P, BEE 6.2 Y trie, 117, 40117,

79
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“0011” AR A — P+ FEEL 3,

6.2: Kifi (big-endian) trie

£ 32 (BEARS T, REFEN 0 WAEERAL, A 1 NEREE—F 32
BERIRG, T fRPIX — (A, XA A/ 2, B & = 62 (MSB) 18
WL, &R (LSB) TEA I, XFEAFR A RIGEEE, K2 & &S MNAEGLFR A/
U EEE, (ER/ N, 1 RN (1)2,02 FRARA (01)9.3 FRA (11)5... ...

6.1.1 FENX

B S XMHTE N, — PP REENE, B TS A T —ME (ER =)
T IREEN 0, 5T SN 1o

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

XtF binary trie FRAYE—13 5, X R BFUESEHE R (79 s O B ME—FRE 1Y,
HERNTETET R e, mAFEEMEE, TSR E E L, tR(EREAY
A, NREIZEEN IntTrie A,

6.1.2 fEA

AL b AE o I, BA TR b R R, R £ 2 EE, RIRAZ 0,
BADBIFAEFRAEN; DR £ BFHE, RARMLE 1, A TBFAA FMEA. TR
BT & BRRA 2 BEEAR R INAL, N TARZW T = (1, v,7), A Lor BEGFH, 0
EE (AN, B R insert W17R:

insert k x @ = insert k x (&, Nothing, &)

insert 0 x (l,v,r) = (I, Just z,r)

k .
even(k) : (insert — x l,v,r) (6.1)
insert k x (l,v,r) = 2 k
odd(k): (l,v,insert L§J xr)
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WHR k=0, TME 2 FAT R Rk ELFE, X—BEBERFE, &
BRI DL — DMAIRFEZME, TR o ININEIFIERS, HZE k£ 0, TATHRE &
FIEHEMERTHE, B2 o B —DNZEMHT A (2, Nothing, @), &l 6.3 24l A St
{1 —>a,4—b,5—c,9— dHER, TEGIFEFEI T insert KA

&l 6.3: /NmEEEL trie, B EIRET: {1 — a,4 — b,5 — ¢,9 — d}

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

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

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

N THEEE, FATAT DA ERRIA 2 BIREC (B 2) B A0 0: even(k) = (k mod
2=0), LEMFEACMZE, t0: (k & 0x1) == 0, FATATCAHEERIEIT FAIEIRSZEIEA
AP

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

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

5: while k£ # 0 do

6: if EVEN?(k) then

7: if LEFT(p) = NIL then

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

10: else

11: if RIGHT(p) = NIL then

12: RIGHT(p) +— EMPTY-NODE
13: p + RIGHT(p)

14: k<« |k/2]

15: VALUE(p) + =
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16: return T

INSERT %% 3 DS T, Eili ARV k RN EHE vo X TH m LAY
HIEEEL ke, IX—BIEVIA trie o m B, WRAIEZXEHN O(m), T insert k o T 1
INSERT(T, k, z) FIZEUF I AN FR . BIE R foldr. IGEH foldl (B for TEIR)
ME T 5 EXSHE, 20:

fromList = foldr (uncurry insert) & (6.2)

AN fromList [(1, a), (4, b), (5, c), (9, d)], HAF uncurry I BACHIIFIZ
&, e ENRFEN insert, HE N :

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

6.1.3 T

FE/NIEEEY trie R k I, 36 k = 0, NDREART SR iERIEEE, SNIRIER
JE—AL2 012 1, WG F R TR ER,

lookup k & = Nothing

lookup 0 (l,v,r) = w

k .
even(k) : lookup B l (6-4)

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

FAHE AT DATEBR T SSINE R E R TE:

1: function Lookup(T, k)

2 while k£ # 0 and T #NIL do
3 if EVENn?(k) then
4: T + LerT(T)

5 else

6 T «+ RicHT(T)
7 k <+ |k/2]

8: if T'# NIL then

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

XNTH m ALHEEEL k, lookup REHIE ZEHN O(m),

#>] 6.1
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6.1.1. BEALLEEN Branch (IntTrie a) (Maybe a) (IntTrie a) Z&H
Branch (IntTrie a) a (IntTrie a), WR(ENFIEIRE Nothing, &
MBRE] Just v?

B 369 T

6.2 FEEHTZN

Trie HIER U2 ETEFER, 1EE 6.3 BB+, AF 4 M RFEEHRE, HE 5 1
TRERZEH, SEFHARETE 50%. AT IRESAAAZR, T 1R] DU —&
AT RUEGE R — D BTN LEIX ARV EHESEH, B Donald R. Morrison £ 1968 £F
fetH, AR Patricia, /& Practical Algorithm To Retrieve Information Coded In
Alphanumeric 465 P9, 452 BENT, Al THR 2 N EEERTSNT, 7215 [ EE s AT
PN RIFR I EE N, XIS H T BRI SE I P, KR 6.3 RV R A, FEI
6.4 FT7RAIRN . TEEEEUN o, s 0N M Y SEE B R E TR AR TSR. T
BT NI N — A FFE N F, IXEEEERIERR T ZE R 2,

6.4: /NIREEEUR LA {1 — a,4 — b,5 — ¢,9 — d}

6.2.1 TNX

REHTRI R — PRI R — X, SN T o, E BT A (k,v), BEEH
Bk MME v; BEE RN A (p,m, 1), G T I r 5 —D IR KA
2 p, EFWHT T —ALZ 0, A FRAI N —0Z 1o #S m REAMIE— LA H
T BIEA m = 2m IR, HAREE e > 0o ATEIRT n R ZERICENET A
HATSR, FHEAYBITARDE X T EERTER

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

SER T AR y N, BT =, BOH y QI TR R T A
FREE M FER o, TR DR, HRADHT1 A 2 F1y BT,
NTWELS, BATTRERE o My RKAHATR po FIU0, 2 = 12 = (1100)2.
y =15 = (1111)5, W p = (1100)s, FH o FTRIBATAIOHI ZHERIAL, TATIE M
m K E (mask) XA, TEARGIF, m =4 = (100),, mENHEFIH p FEHH—AHK
K2 o HRXALRO0, Ty FIRX—NE 1o R o BT, Ty 2H T, WHE 6.5
FTRe

6.5: /£ T BEMF N 12,5 A 15 fF

QUSRAN T BEANZS, AR 1 A, FAIFREICEAEL ¢ BEM T R K ATLAT
2% p PLFC, QASRITEC, MIARSE T —A22 0 8¢ 1 BIAtE /L A TR A, B, &R
y =14 = (1110), FHAE 6.5 FRAUH, BT RKAHETH p = (1100),, F HIEE T KA
—AL(2 )2 1, TATRITHORE o AL T WR y MR AHATE p AITEE, T/
HREIHE— TR WE 6.6 Ao

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

zero(k,m): (p,m,insert kv l,r)

match(k,p,m) : {

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

I join k (k,v) p (p,m,l,r)
(6.5)
UT =g i, GE—FIR (ko) NREAERNEE, KE match(k, p, m)
GBIk M B KA RIS p I m N ESHEF: mask(k, m) = p, ZH mask(k,m) =
m — 1&ko EFEN m — 1 F&ABUZ, KNG k #4605, BREL zero(k, m) Fe BRI m 2
JERIZHEHIALZ 0 182 1o AR m MAERS) 1AL, RIEF k 124605

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

BREL join(py, Th,p2, To) FEZ P DRIZFI IR M pry pe HER K AIHATSR
(p,m) = LCP(p1,ps), BIEE—DHI DR, FR T1. T W TR
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i

prefix = 1100
mask = 100

prefix = 1100
mask = 100

prefix = 1110
mask = 10

(a) A 14 = (1110)2, BEMHEEKAHFILE p = (1100)2 T
e, 3B A G T,

prefix = 1100
mask = 100

prefix =0
mask = 10000

prefix = 1110
mask = 10

(b) #A 5 = (101)2, EMEEKAHFIL p = (1100)2 FIE
B, o7 — ST R

6.6: fRTT AR



N
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.. Zero(pl,m): (p7m7T17T2)
]Oln(plaThp%TQ) = (67)
%I:U_I\IJ . (p,m,TQ,Tl)

NTHERKAKHETR, HATICX p1. p, BUTTERE, KBRSV L =
highest(xor(pi, p2)):
highest(0) = 0
highest(n) = 1+ highest(n > 1)

BRRBAT =R m = 20, BENIEFTE p °] AFERS m F1 py. py AL
—MEH, B p = mask(pr, m)e FEIIIGIFIEFELIL T insert BREL:

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

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

BATEAT A a2 T TR 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
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10:

11:

12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

22:

23:

LSRR L) 87

if ZERO?(k, MASK(y)) then
y < LEFT(y)
else

y < RIGHT(y)

if y is leaf, and k = KEY(y) then
VALUE(y) v
else
z < BRANCH(y, CREATE-LEAF(k,v))
if p = NIL then
T+ z
else
if LEFT(p) = y then
LEFT(p) « 2
else

RIGHT(p) + 2

return T

HAP BRANCH(Ty, Th) BRI — DR, MR KAKHETR, R/ T M T, "

T

1: function BRANCH(T71, T5)

2:

3:

4:

T <+ EMPTY-NODE
(PREFIX(T'), MASK(T)) < LCP(PREFIX(T}), PREFIX(T3))
if ZErRO?(PREFIX(T}), MASK(T)) then
LErT(T) < T}
RIGHT(T) + T
else
LErT(T) < T5
RIGHT(T) < Ty

return T

11: function ZERO?(z, m)

return (x&[%j) =0

PR LOP ZREUR MR B R A AT

1: function LCP(a,b)

d < xor(a,b)
m<+1
while d # 0 do
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d
5: d <+ |‘§J
6: m < 2m
7: return (MAsSkBIT(a,m), m)

8: function MASKBIT(x, m)

o: return z&m — 1

6.7 R T Rl A B IEE RIS/, BEIREEEN R4 7 R, (BIRFRE
LM ORI DURBUR A ATER, X m A3, A IERERER O(m).

6.7: FEAMET 1 — x,4 — y, 5 — 2 T RIGEEELRTZM

6.2.3 &I

UEHBR LN, MRNT = o 2, EZ2—THFTRT = (K,0) Bk #K,
M ke NFAE; QR k= K, M v NERER, R T = (p,m,l,r) B— DN,
MFERENILRIE p M k 7 m NEE T, IFRE T —A02 0/1 3383 71
180 r FE, WRRITEAILRIZ p, N & RN FE,

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

(6.8)

zero(k,m) : lookup k1

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

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

PATHE AT DATHBR % T 2 IR R 77 L E K,
1: function Look-Up(T, k)
2: if T'= NIL then
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return NIL
while T is not leaf, and MATCH(k, PREFIX(T'), MASK(T)) do
if ZERO?(k, MASK(T)) then
T < LerT(T)
else
T < RicHT(T)

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

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

XNTH m ALY ZHHIEEEL, lookup BIEHIE N O(m).

25> 6.2

6.2.1. 5 REFEIEELEISEMAT lookup Fiko

6.2.2. SEINEEEL trie FIEEEON BU BT F IR DT, (X HIE R 2SI s bl g5 SR A (i ER?
B2 369 TU

6.3 Trie

FeATRT DU MBS R BN 51 3R, Erh— R 2R 8, BTSNH] trie A] DAME
RXAERAE N TR, MM 0/1 T BEIERAYIRN, WEEHEARMN X
RN Z RN, EFER, —HF 26 N, R B KNG, R E AT
PAEE] 26, GN1E] 6.8 Fre

FAEFTER 26 fE T RESEL S EIE, £& 6.8 FRT sk, REMRF a bz
BTN, D, FIINARE c TR, 220, FATAT DU IX L2 7
FRpEc R, MMRX K/ NEEHEFEH P RBANERFEY RBEHR AR, A]AE
F map FHIRENRCHENSEE 9T, —BREEN Trie K V IREE T @,
HEE DA, BE LR RANE

L AN v UM 5, A&, 128 (v, ), B v BIZREDN V;

2. TR, BEEE v 2R, SRFUNNER K FRIEME £, 124
(’U,tS)o ;H\:EF[ ts = {kl — Tl,kg — TQ,...,an — Tm} @/E\ ]{31 %D%H‘T T; I\EHE/\JB%
5o AT DA A SRR R B B PR SE B (L3 4.5 ),

TE X NB NI (Nothing, @)o  NHIFIBIFRZFE N T trie:

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

6.8: B HZIL 26 T trie, L& HE: a. an, another, bool, boy. zoo

6.3.1 fHA

FIEFA XN, EZ] trie 1, HRENETITRIVIIR, 2 triec BT = (v,ts)o
iC ts[k] FEMRGT ts FREHEE & NV AVE, GIRZAHENREIZH; 1T ts[k] « ¢ EBREGS
ts FIRABE kY ¢, QERAFENIE 55, FFIR A1 5 e HUBRES

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

6.9
insert (k:ks) v (v',ts) = (v, ts[k] < insert ks v ts[k]) (6.9)

X N HIBI TR

insert [] x (Trie ts) = Trie (Just x) ts

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

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

FATHEAT DATEBRIS S, SKENERTT AT insert BELC
1: function INSERT(T, k, v)
2: if T' = NIL then

3: T < EMPTY-NODE

4: pT

5: for each ¢ in k£ do

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

7: SUB-TREES(p)[c] <~ EMPTY-NODE
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8: p < SUB-TREES(p)|c]
9: VALUE(p) < v
10: return T'

HREREADN (K] (K BFIR), K B2 & m DITRATARSE, BAYKEN n, N
NEZEHERERN O(nlgm), HRZ/NFHRICFIFER, m = 26, BARIERNERE
MFFFERRERIEL,

6.3.2 T

TET = (v, ts) PEER—DIFDHE (k:ks) I, TATME—DICE k FFHA, RFAE
RS S ke (90 T, WHE T RBITHTE T &L kso YN, IR B 77 mLAY
EFENGER:

lookup [] (v,ts) = w

ts|k] = Nothing: Nothin 6.10

lookup (k:ks) (v,ts) = ¥ g g (6.10)

ts[k] = Justt: lookup ks t
NEEAE N ANE R

1: function LOOK-UP(T, key)

2: if T' = NIL then

3: return Nothing

4: for each ¢ in key do

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

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

8: return VALUE(T)

EREENEREN O(nlgm), Hf n 2RATKE, m BITRER SN,

6.4 FIZM

Trie FZS BRI ZRIRK.  F 17T CAR [REAERY 75 15 R AR S A — BT A, IXAERE
B2 7RI, BN At BEWE Y — NN HIME v, B0 T T RIS
BT ¢, N NE— DR 5,0 FIRFFRAIBLET R RICH [s; — ;] XEFIRE
FE[EITETSR s, T s BEST R 5t ARV s & 5 H 5125 H So... ... K ATERTS,
XNTEAT i # 4, 515K si08; PEEIFEHAHRIS KE 6.8 TR AE
ggikl Sk, n] DUSEANE 6.9 BIRTZM,

TR TR & ST RIS L

MUAT DA Map [k] PrefixTree k v f#i&ETH,
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6.9: —HRBIZEMT, BL &5 a. an, another, bool, boy. zoo

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

FATERTZEM A t = (v, ts)o FEFIMY, (Nothing, []) FRRNE NI AL (Just v, [])
FREN v T 2

6.4.1 FEA

ANFRFE s I, BRI N2, BATH s QIE— DA A, WE 6.10(a) AT
o QNS s AIFEDFRE ¢, MR H s; FFAEAFERTER, TATOE— D155 ¢, il
HAFERTER, FOE RS B — Nk ¢ b, RIES ti t; DB ¢ BIFIAR TR, a0
6.10(b) AlT7Re IXEANFRRRIE N s U s; BIRTSE, 20E] 6.10(c) — (e); LA s; 7
s BYRIZE, 20E 6.10(d) — (e)o

NTE B R EFI TSR t = (v, ts) RIEAEE s FI{E v:

iizsert [Jv (W, ts) = (Jusf v, tS) (6.11)
insert sv (v',ts) = (v',insts)
NERHE s =, FATA v B &1 DARTHVE; SNEA ins fe & FRFETAYRTS.
ins[] = [s+— (Justv,[])]
match s s’ . (branch s v s’ t) : ts (6.12)

j " t)its’) =
s il 1) {%?JH\U : (s = t) ins ts'
HERTT SA S EATFH, FATQTE—MEN v BFH, 7R s BESEIHE B BN,
TR F IR s — ¢, FATELER o' F s WREANTELHATR OIS match EHEH
), WA branch BEDEH TR FATE X DHIRICEANRENTH A~ HRIS:
match [| B = True

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

O

bool boy

other ol

boy
an bo another bool boy

bool boy

(@) (b) (e)
bool boy

(d)

6.10: (a) MIZMHEA boy; (b) i A bool, BIIEHT 724 (¢) A (b) #A another (d)
[ (b) A an (e) A (c) A an, FR 51 (d) # A another 1H[F

BTE LFE (C, A", B') = lop A B RIBEGIR AR B MBKAIHE, Heb
CHA' = AB.C# B = B, MR A B HEA— MHEREENE T
ERR, MASERIR C = [ | BN, Bl DRITH M TFFIR FHRAA SRR, FH KT
FHHITERT:

lep[]B = ([],[],B)
leAH = ([7 ’D

A,
lep (azas) (b:bs) = {a#b: (L], azas,b:bs)

AN (aies,as’,bs’), EH (s, as',bs') = lep as bs
(6.14)
PREY branch A v B t #2 M NE A, B, —/ME v M8 ¢, BIEEH A, B IEREKA
HEIR O, K HS BFr AT <L, FFIRE T T

branch Av Bt =

(C,[],B"): (C,(Justv,[B +t)]))
lep AB=<(C,A"[]): (C,insert A" vt)

(C,A",B"): (C,(Nothing,[A" — (Just v,[]), B’ — t]))

(6.15)

WK A2 B HIRTER, MK A BRETE] o FrTERYTT AL, 23R BT 572 50070 45 2 ek o
B R HIME—FH ¢ R B & A BIRTER, T T IO R Y RAMERHAZ ¢ H; 5
], FATBIE—MED v B9 5L, K EHA ¢ (R RAR T3, SR FA2F
SCHLT insert Bk
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insert [] v (PrefixTree _ ts) = PrefixTree (Just v) ts
insert k v (PrefixTree v' ts) = PrefixTree v' (ins ts) where
ins [1 = [(k, leaf v)]
ins ((k', t) : ts) | match k k' = (branch k v k' t) : ts
| otherwise = (k', t) : dins ts
leaf v = PrefixTree (Just v) []
match [] _ = True
match _ [] = True
match (a:_) (b:_) =a=—»b
branch a v b t = case lcp a b of
(c, [1, b') — (c, PrefixTree (Just v) [(b', t)])
(c, a', [1) — (c, insert a' v t)
(c, a', b') — (c, PrefixTree Nothing [(a', leaf v), (b', t)])
lep [1 bs = ([1, [1, bs)
lcp as [1 = ([1, as, [1)
lcp (a:as) (b:bs) | a # b= ([], atas, b:bs)
| otherwise = (a:cs, as', bs') where
(cs, as', bs') = lcp as bs
PATHERT CATHBR T, TGP S AR
1: function INSERT(T, k, v)
2: if T'= NIL then
3: T <+ EMPTY-NODE
4: p < T
5: loop
6: match < FALSE
7: for each s; — T; in SUB-TREES(p) do
8: if K = s; then
9: VALUE(T}) + v > EE
10: return T
11: ¢ < LCP(k,s;)
12: k1<—k—c,k2<—si—c
13: if ¢ # NIL then
14: match < TRUE
15: if ky = NIL then > s; = k HIRTEE
16: p<Tj k< ky
17: break
18: else > BT
19: ADD(SUB-TREES(p), ¢ — BRANCH(k1, LEAF(v), k2, T}))

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

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

24: break

25: return 7'

B LCP JREUH M D HIRHI AT
1: function LCP(A, B)

2 141

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

5: return A[l...i — 1]

BRANCH(s1, 11, 89, To) FREBEERFRE . WE s, A=, WHAGHR AN ZERE
DNFBVETS, AT Ty EN T (T, &R, FATAIE— N2 ET A, 6
Ty Ty BT,

1: function BRANCH(s1, T4, s2, 1)
2: if s; = NIL then
ADD(SUB-TREES(T}), so +— T5)

w

4: return 7}

5: T <+ EMPTY-NODE

6: SUB-TREES(T') < {s1 — T1,s2 — T}
7: return 7'

EIRATERMHR & T ZRA AR, EEEZREAR O(mn), B/ n ZRITKE, m
BYIRTTREGHIR,

6.4.2 EK
B kI, BATMRTT SFHE, WER k=[] 9%, NBREART SAE ; 45 FRAT
AT, KBNS s, — ¢, (15 s, 2 k BURTER, NG F@ITHAE T/ ¢, &
Bk —sio WMRAER s; #AZ k BYRISR, NI AP EEEE R,
lookup [] (v,ts) = w
lookup k (v,ts) = find ((s,t) — sCk)ts =
Nothing : Nothing
Just (s,t) = lookup (k —s) t

(6.16)

Hrf AC BRR AZ BRIRISR, B find HIE X —F, BIEFIR P&
RIEEFRMRITR, THGIFREFLI T EXRER,

lookup [] (PrefixTree v _) = v
lookup ks (PrefixTree v ts) =
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case find (\(s, t) — s 'isPrefix0f ks) ts of
Nothing — Nothing
Just (s, t) — lookup (drop (length s) ks) t

ATER 2 P 7 B TRI R SR B AR L, lookup BIERIE ZXEN O(mn), KA
m BYIRTREGHIHRN, n BIIRIKE,

2:>] 6.3
6.3.1. THER lookup EIEFHIET, FITEIASLIIRTZSM I ETL,

6.5 Trie FIRTZMN AR
Bl TET AR trie FRTESRISRAR SR L 25 A 16500, SOFETRI B, B 0 A5, 3L
AT R, SNSRI, A4 A T ER R B,
6.5.1 IRIHEAD B shANST
A1 6.11 FF, 4 F P\ S S, IR S I R A B, 1 28 1A,

AlA Q, introl

Al BEF[EW English Thesaurus ~ Simplified Chinese

ki intro | 'mtrau |
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.

&l 6.11: 1781

A SNEHE AT i, 2EEKEITHRA. FASRRAESER 2 TE
TEDMR S ERE, BISRTE. R |1%, B 6.12 2— VA BT UIRER I ARE, 4
BANEG, 2| H—LERTREAY BRI, EATCUHE A AR N A VRIS,

XA T8 s T B A TRYTIRE, TR AR RTSOM R SEIN e, R St AL,
PATER T FFBRE FAF NI, RIEFIRAEL n DEH. —MAMRE T2 M,
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pref

prefix
prefrontal cortex
prefab homes

prefab homes oregon

6.12: A oA RIEAME

B, EAr iR S RIAIE A, (R MY BRSPS s I,
THE AT SEERA IR B &R DA s FFkAVSE, Q02R s A2, iy RHFTE F I E
FIRE| n SRR SN, BATRE LA F IR B, B RERIAES, F
TR CAY R H 2 HMEIE T, ARETEFREUSHT n D take n (startsWith s t), HH ¢ &
FIESDS

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

Nothing []
Just (k,t): [(k 4 a,b)|(a,b) € startsWith (s — k) t]

LBTE— YR s, KA startsWith TERIZR FIERATE DL s NETSRILER, R
s N2, BT T, BRI R EE o SRS, WP (], ) IIEIEE R 2 /.
R enum ts BN

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

Hrp concatMap(ﬂl*ﬁ\'ﬁ flatMap) EBYIRITEF—PNEEMS, R EEYT
FoR BN TTRATILGY, AAE R A Rk, BHE #H build-foldr fliE BRI,
PAHBR I E A P AE R R AR FIR (D) 55 5 2), MR s TN=S, T TR FIET,
TR DG (k,t), AR s 8k 2 5H0—"DRURIER, FATH0R ITHI R84 ¢, R &k
FNEE NS R /T G, Q05 s AR A& IEEL, WIATFEAERL s i
BHIEER, NHAVGIFRERKI TIX—FIE:

startsWith [] (PrefixTree Nothing ts) = enum ts
startsWith [] (PrefixTree (Just v) ts) = ([], v) : enum ts
startsWith k (PrefixTree _ ts) =
case find (A\(s, t) — s “isPrefix0f k || k “isPrefix0f  s) ts of
Nothing — []
Just (s, t) — [(s # a, b) |
(a, b) « startsWith (drop (length s) k) t]

enum = concatMap (A(k, t) — [(k # a, b) | (a, b) « startsWith [] t])
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FeA AT A an 289 75 NSEEL STARTS-WITH(T, kyn)o MARTT SFFSR, FRATITE
IREG DTS & — To Rk Z2HEDFR T, BURTER, TN TRIX R Ty =
B2 n RER; MR k; 2 k WEIS, BATREHARE 7, A £ — & 6 T, &
HEHL,

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

3: return NIL

4: s < NIL

5: repeat

6: match < FALSE

7: for k; — T; in SUB-TREES(T) do

8: if k is prefix of k; then

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

11: match < TRUE

12: k—k—k NI
13: T+ T,

14: 54+ sHk;

15: break

16: until not match

17: return NIL

HAEE ExpAND(s, T, n) W\ T F ¥ FEH n DR, IR s B IITE S DM REAYATE,
AT AR BRI ESH e (LET 15.1):
1: function EXPAND(s, T, n)
2: R + NIL
5 Qe [(57)
4: while |R| < n and @Q # NIL do

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

6: v <= VALUE(T)

7: if v # NIL then

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

9: for k; — T, in SUB-TREES(T) do
10: PusH(Q, (k # k;,T3))

6.5.2 FrFEEEE AL

2010 /1, KZEHFHLE#AE —NMIE 6.13 Frri8F @4, #r09 ITU-T 4L,
ERENMUFREE] 3 2] 4 NEESCFRE b, QIR E R A SCEIA home, Tl TA] DA%
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1 |[ ABC |( DEF
2 3
GHI |[ JKL
4 5
PQRs|( Tuv |(wxyz
7 8 9
@@

6.13: FHLITU-T %5

AR IR 5 -

1. $%FIIR 4 BT h;
2. =R 6 AT o;
3. &—IR 6 fHM AN FHF m;
4. TZMIR 3 B NTFIT e;
T AR PRIERAY 77 I N E AR R -
L ARIRIZ S 4.6.6. 3, 1L H18 home HFL;
2. # T SHDIHRE N — MEIZ I good;
3. T SREEHCERE N — MEIZ I gone;
4. ..

[EERR TN A, BIFRoY TRl PO, Rk SEUE H E N S R g
RZREZFRT 1ERRE, FATAT LUK SR AL — D AT Aok LB Fda A
%o BT EE T HEAL G :

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

Mypo[i] BE4a 2T i M HVE T4, AT A] PUE ONTFF I RO BT,

My = concatMap ((d, s) ~ [(c,d)|c < s]) Mrg (6.20)
IS B My, FATRT DU 15 B e il — A2 e 51,
digits(s) = {Mpq [c]|c + s} (6.21)

MNTEMANET [a. . z] WFR, BAPEEBSZRHRTAF # £ TEIIET
BFEN T EIBT:
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mapT9 = Map.fromList [('2', "abc"), ('3', "def"), ('4', "ghi"),
(YSI’ lljkl")’ (IGY’ Ilmnoll)’ (Y?l’ llpqr-s”),
(l8l , "tuvll) , (lgl , IIWXyZII)]

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

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

S (v, ts) TG 1330 BATFTAT R H TR, TR0 DA 35 4 30 55 B e
BB dse TRAUBEN TR (s o ¢) € ts TIIRTE 5 BHA digits(s), Fes
TREH ds VOB (Hr— NS —NIRIS) . ATEEFIES D FRIICAT ds BT

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

findrg t [] = [[]]
findrg (v,ts) ds = concatMap find pfz
Xt pfr FHIEDET (s,t), BKEL find JBVTIHITE ¢ HEHFIREFE ds', EH ds' =
drop |s| ds, SRIEH s NS MEIEITRTE, 9T B 1R EE 8T T T8E
BT n = |ds| ™R

(6.22)

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

NEAV TR SEIL T I AT

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 “disPrefix0f  ds]

Fan LR IT RS EASE RN, 7] U — N Q, IAFIFFRITTER A =TT dH
(prefiz, D, t), BN =JCHEEEERIIRIFIR prefiz, MARERIVET D, MFFER
BIFH ¢, PAFIRITERRIN 5, — TS ZRIR, 2T, DIETSMAIRT <. &
TR MBI ER S =TT, A& TS, N TR DRSS (s = T7), T s
Rl digits(s) WIR D ZERVRTER, BKE T — Meikia, BATR s BINE] prefic HY
R, FFICR NIX—25R, WIR digits(s) = D BIRTEAR, AT ERITE T 177 FH
R, BATE—N=TCH (prefiz s, D', T'), A D' BRIRKE T KX —#H=
TCAHBRIEIBAA

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

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

5: ﬂ/G—’l)|
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6: Q «+ {(NIL,D,T)}

7: while @) # NIL do

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

9: for (s — T") € SUB-TREES(T") do

10: D’ < DicITs(s)

11: if D' C D then > D' 72 D HIRTER
12: APPEND(R, (prefix + s)[1..n]) > FRFHE n
13: else if D C D’ then

14: PusH(Q, (prefix# s, D — D', T"))

15: return R

PATTINEEEL trie FIEEELRTERINT R, T BEELHY 3R ROR, TATTE H = XRsL
T BT EREETST (map) BIRSENT, 2N RBITRHEAVEINEEY RIIGRE
TTERMNFIR, ER—PMRBIELEF R, trie FIRTZM AT DUR SR TS0 7208, F147]
EH TR HEIE T BTN TR A BB R 55 9D I R SR SR,
B trie SRIZIA B EYVIHIRR, BT DNA HITE ) T A,

%3] 6.4

6.4.1. {H trie SEILE BIAN TR F A
6.4.2. N TIR[EIZ MBS SRAY BTSN SR BT, QAR IE f A 45 A2 e 5= B 7
Hep? XS ERE A BRI Im?
6.4.3. TEIRAIBIERMERNINGEH, AHZFIRERZ n KER?
BE: 371

6.6 B HITFREF

2 = XRE SCEEEL trie:

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

THHY insert B Fr2F AAIEE LI T & BN A G407

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

o =Y
H/NE

=30

LSS GRS

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

IntTree(Int k, T v) {

key = k, value = v, prefix = k

bool 1disLeaf = (left = null and right = null)

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

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

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

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

RS EATER I i N (B :

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

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

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

return (maskbit(pl, mask), mask)

trie HYE YRR A

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

Trie<K, V> insert(Trie<K, V> t, [K] key, V value) {

if t = null then t = Trie<K, V>()

var p =t

for c 1in key {
if p.subTrees[c] — null then p.subTrees[c] = Trie<K, V>()
p = p.subTrees([c]

}

p.value = Optional.of(value)

return t

AT B E SR -

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

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

PrefixTree<K, V> dinsert(PrefixTree<K, V> t, [K] key, V value) {

if t — null then t = PrefixTree()
var node = t
loop {

bool match = false

for var (k, tr) 1in node.subtrees {

if key — k {
tr.value = value
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return t
}
prefix, k1, k2 = lcp(key, k)
if prefix # [] {
match = true
if k2 = [] {
node = tr
key = k1
break
1} else {
node.subtrees[prefix] = branch(kl, PrefixTree(value),
k2, tr)
node.subtrees.delete(k)
return t
}
}
}
if !match {
node.subtrees[key] = PrefixTree(value)
break
}
}
return t
}
TR K AFRTZ Lep A998 branch:
(K1, [K1, [K1) 1lcp([K] s1, [K] s2) {
j=0
while j < length(sl) and j < length(s2) and s1[j] = s2[j] {
j=3i+1
}

return (si[0..j-11, si[j..], s2[j..1)

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

RE LRI TERAYFTA BTN

[([K], V)] startsWith(PrefixTree<K, V> t, [K] key, Int n) {
if t = null then return []
[T] s =11
repeat {
bool match = false
for var (k, tr) 1in t.subtrees {
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if key.isPrefix0f(k) {
return expand(s ++ k, tr, n)
} else if k.isPrefixOf(key) {
match = true
key = key[length(k)..]

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

[([K], V)] expand([K] s, PrefixTree<K, V> t, Int n) {
[([K]l, V1 r =11
var g = Queue([(s, t)1)
while length(r) < n and !q.isEmpty() {
var (s, t) = qg.pop()
v = t.value
if v.isPresent() then r.append((s, v.get()))
for k, tr in t.subtrees {
q.push((s ++ k, tr))

}

return r

P -

var TOMAP={'2':"abc", '3':"def", '4':"ghi", '5':"jkl",
|6l:llmnoll’ l7l:|lpqrsll’ l8l:|ltuvll’ l9|:l|wxyzll}

var T9RMAP = { ¢ : d for var (d, cs) in T9MAP for var c in cs }

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

[string] lookupT9(PrefixTree<char, V> t, string key) {
if t =— null or key =— "" then return []
res = []
n = length(key)
q = Queue(("", key, t))
while not q.isEmpty() {
(prefix, key, t) = q.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) {
q.append((prefix ++ k, key[length(k)..], tr))
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return res
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7.1 fa
b — AR = R R RIA S B, B R AR 7
VR RRE M 2 BN ko BRHE R E TR & SRR, T AT
B RSE AT B, —Fh B WY RIYR) FISRER S, & 7.1 Br T —i
B, 3RATAT AR S — S > [ R A,

N

e S

K M o P R T % X Y zZ

Q

A C D

& 7.1: B#f

—RROXERWMEN T, S NI R k EAE R L re 8 L FEIERTT
REVNT K, FEH kEANTHEFH r REEMTTER U

Veelyer=z<k<y (7.1)

B RPERx —BARHE B2 Dk, — B B BN, B E n Mt EM n+1 DT
IR, BN BAER R — IR B o 1ICIXEETCERN by, ko, ooy by PN b1, s oy b B
Nl 7.2 FRe T RAPRITCERM 2RI B DA T 444

kl kz kn

VSN RN

n+l

tl t2

& 7.2: B

PRSI, TR AT DURTESE (key) RN RZBO{E (value) o (EANZOFRA, (TSR, AREZNE 771 R AY(E, Frffh
RENAEN TR
107



108 FtE BW

o MTEE ki, T t; FRIFTETTRENT ki, FHH ki DT F0 ¢ PRIER
TR

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

HFTH RS TR, TURNEEN K, U B MK BTree K B
BTree<K>, IAN, BANETE X —HMN PAREF B #f-F:

o FTERIMH-F9 S E B MR AR
o TENEEE d, FRN B MHY R/ NER, DA
- ®EZEH 2d—- 1T
- &VEF d-1DIEE, R RBIGN,
B
d—1 < |keys(t)| < 2d—1 (7.3)
Fofi 5 T SRIUERRIX LRI AT DURIE B 2 51,

IERH. B E—BREE n DTRN BN, B/NEEd > 2, WEISEN ho FRIRTT HIP,
HENREVER d-11MtR, ROTRELEE PR, WREEFH, MZ=ED
BN NREN 1 T8, 208 2d NREN 2 708, 20F 2d° MREN 31
Tk . .&E, 20F 24" DNREN b FIHF e BRIRT RSN, K R NGk
PAd — 1, B AT IERITTR MR 2 T EATAFER:

n >1+(d—1)(2+2d+2d*+...+2d" 1)

h—1
=14+2d-1)) d*
k=0

0 (7.4)
=1+2(d—1) d__l
=2d" -1
R AR v JEE T S R ok R A 3K
h<log, " ! (7.5)
O
XBIERA T B MY FH1E, SETEAT B RIFCN 2-3-4 #f, BERR/NEHd = 2,

BRARTY AN AT R L 2 2 B 4 R0, (LIRS LR AT DB — AR
2-3-4 B, BANCEEN d BIAFZ B WA (d, (ks, ts)), B ks BITRIIR, ts BT
FIR, NHRIBIFREFEN T B#H:
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data BTree a = BTree [a] [BTree a]

T RIEN (2,2) B BTree [1 [1, N THREESNT KTEEE M d,
TPREEAD B 1 ¢ A RC—XHE (d, t)o

7.2 A

FARVERS I —ERREL, AP FEZLHEZ NITRN R, =\ B ¢
ATER o I, FAIMIRTT m0HE, EHOXARRINE 2 FrE ZEMRTTREBNT o, AN
ITERRT oo WMRERBIH T TR (keys(t)] < 2d — 1), §k o AR E, 4
M, X~ EZFEE AR T ¢/, TADBTHKE 2 AR ¢

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

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

7.3: B 22 FHAE 2-3-4 BF: 22 > 20, AL TR 22 < 26, FHEAE TR,
21 < 22 < 25, FHABIARIHIIHF 1 5o

ZEmE 7.3 B 2-3-4 FHEATTE ¢ = 22, BN 20 < 22, BATEERA M T
. BEEE 26,38.45, A 22 < 26, FTARE FREMAE — R, TS 21 # 25,
B PDARMAIHFT7 5, ¥ 22 FEAZE] 21 #1 25 H[HE],

HIIRHFHREEEHE 2d - 1 DNTE, A » ERENTELT Z IR B #
FIRLN, FlanmEE 7.3 A 18 SEIBEIX N A, FBATE WML ol AE TR,
s R A

7.2.1 JSCHEAFESRF

FATA] DL 2R Y el A ABBE” HiEY ER B W, o EE B MEYF
e, BT ERBAZEEWNE, Bk, NENAEYET, BMNETMENEE
W2 ENT AT 0R. EATEEE R, AT SRS S A Zed /0
ﬁ%o

290 b, TR RF SN T ST I, 245 7.1.1,




110 FtE BW

{full d (ks,ts) = |ks|>2d—1 (7.6)

low d (ks,ts) =|ks|<d—1

MEREBELZTTEMDR, BATE X split MEGEIEALE m RN =57, W

Kl 7.4 fiR:
/ b | o | hpa | ke N | e | K \
[

4 I

/ Kk v | ka \
tw

L]

/ = \
1

7.4: LB m KT RN =87,

b

split m (ks,ts) = ((ksi,ts;), k, (ks,,ts,)) (7.7)
PAMEAE TR (1.45) HE XK split At BRECRSEIL:

(ksi, (k : ks,)) = splitAt (m —1) ks
(tsi,ts,) = splitAt m ts
XA, Tl TA] PUE X unsplit AL, K =0 &FR—D B T A
unsplit (ks;,ts;) k (ks ts,) = (ks; 4 [k] 4 ks, ts; 4 ts,) (7.8)

NHEEESE o AN ¢, REER fia (BE P, FHEHBNVESN d EE
B

insert x (d,t) = fiz (d,ins t) (7.9)
£ ins ZJ5, AT REHLTZHICER, K fic B split FHEIF, FHEE
HTHIARTT Mo

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

otherwise : (d,t)
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B ins FFEALFRMAMIBOL: A FTH TR, BATTUEHASE —FEX (1.11) EX
AP ZAE N R insert SKRACHE; 50, FANFEXKEISEHIALE, 2 ITHIE FHHE A
NIk, FATE LEEL partition:
partition x (ks,ts) = (I,t',r) (7.11)
HA = (ksp,ts)r = (ksp,ts,)o BH—DHHAE R (1.47) & XHIFIRE
. span HATXI 5
{(ksl,ksr) = span (< z) ks

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

XEE, FTE/NT o BT EMEN FEEAELM 1, FrE KT « WESELGN ro
BATERE— /DT o B FWEHAERN ¢ B R RBATRIAHE « AR ¢ 1, @0
& 7.5 FiRe

ins (ks,@) = (inserty = ks, ) 7 5, FIRAE A

7.12
ins (ks,ts) = balance d 1 (inst') r EHH (I,t' r) = partition z t (7.12)
ki <x <k
insert
/ ky oo | kia ki k \
t t; 2
ko | o ok ek o . S
/ 1 insert \
t ti t; tiv1 L+l
! t’ r

7.5: H o /DR

B¢ A o J5, ERfREE SR ZITR, THIHE B R-FHESMF, TATE EE
balance AT IRBEE,
full dt: fizy
otherwise : (ks; 4 ks, ts; 4 [t] H ts,)

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

HA fiz EECN d WF2Et R (4, k, o) = split d t, SRIGHIE—DHTHY
B B L
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fixy = (ks; + [k] # ks, ts; 4 [t1, t2] H ts,)

NHEAGIFRERF LI T B M EITEARTE:

HEE B

(7.14)

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

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

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

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

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

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

& 7.6 GH TR B MIHF, BN ZKRCE “GMPXACDEJKNORSTU-

VYZ” FHYTCERAA B RIS,

N "

/

Q |

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

7.6: ARVGE AN “GMPXACDEJKNORSTUVYZ”,

Frd=2(2-3-4%), F:d=3
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7.2.2 FoiREEA

BMTEREBANEO R TR BRESELTZ TR, ML LHEAKX
—77ik. HIUA NBFFEAR, ZIBFEH 2d — 1 DITRIT R, FAPGE DR
=HBor, WA 7.4 FR. BN REREHE d - 1 DIER, B A TR AR
BENBMT R, HTTR 2, € K(z) FREASHITTE, T(x) RREESHTF2
o 18 & FHIE i DITEREN ki(x), 8 j BRF DBV ¢;(x). THEHVEIEES | MIEX
T 2 HAT R

1: procedure SPLIT(z, 1)
2 d <+ DEG(2)
3 x + t;(2)
4 y < CREATE-NODE
5 K(y) < [kar1(2), kara (), .., k2a—1(2)]
6 K(x) + [k1(x), ka(2), ..., kg_1(x)]
7 if x is not leaf then
. T(y) « [tae1(2), tasa(@), o taa()]
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)

DFTR @ = ti(z) I, BATRE d DITER ka(z) A EEARTR 2o IR 2 EL
T EATTREMRIE R B RN, St BAIFEMRT S8, BT MEEHEA
AIBRSIRIHATARE, MRFTE & H 2d — 1 DRIV R FIOVATE R RERIXAEHAL
B, AT DART DARESZHE ERAUTTER, X —T7IEAFE L BT ML, THRE,
ERIRT R B, MFERE DA, FHRERART RENERTHE— T4, N
PN RPN A

1: function INSERT(¢, k)
2 r<1
3 if ris full then > RIT R E T
4 s+ CREATE-NODE
5: T(s) < [r]
6 SPLIT(s, 1)
7 < S
8 return INSERT-NONFULL(r, k)

H A8 INSERT-NONFULL {RIZIE AR r N, AR r 2T, el 1%
Bk A/ N HEIEA SN AL E (S 7.1.3 ERERZEHITHEA) . &1,
THRB|—DMIE, 15 ki(r) < k < ki (), SRR ¢,(r) W T, SR T 997, REYK
BE[AF A Ao
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1: function INSERT-NONFULL(r, k)

2: n < |K(r)]

3: if r is leaf then

4: 11

5: while ¢ <n and k > k;(r) do
6: 14 i+1

7: INSERT-AT(K (1), 1, k)

8: else

9: 141

10: while ¢ > 1 and k < k;(r) do
11: t41—1

12: if ¢;(r) is full then

13: SPLIT(T, 1)

14: if £ > k;(r) then

15: 1+ 1+1

16: INSERT-NONFULL(¢;(7), k)

17: return r

X—BERIBIAN, 283 7.1.2 ZRMERENERIER, B 7.7 B H TRIREA
“GMPXACDEJKNORSTUVYZ” 45 R,

—
[ /X

A C E G J K N o R N U Vv X Y z

& 7.7 ARAEAN “GMPXACDEJKNORSTUVYZ”, F:d=2(2-3-4%), N:d=3

7.2.3 FIFRXS

PR ETTRN, BANFEMNE —NITRITR, HRVIRKEEAMLE, 1R
FECERTFE, BATRI MR &k, AIEMTRAFRIE NMIETA, RIETTRAIKR
NEAEB A RENE? AR LR B AT R o =88 70 AR T o, BRI
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LAEM ro HAEBMESR TR/ F B (ki) t) BIFIER, [iplid, 2200 1235 Y,
LA 22 ¢ SR SRR SR, A — DN 7.8 FRHI S, Bl TR] DA H &
ARS8,

v RN

L2} ti t tiv tnt1
/ ¢’ r
e (ki-1, 1) (ky, 1)
t [
t head tail
1
""""""" (ki tiv1) (kn» tar1)

7

& 7.8: K BRI NED T oA E MM —X51&

TNHIIBIFRERAFIRNEN T BT R, BEslENT, 8BS =M =N
PR OTR, T80 513K, PRI D728, G OTR, 72050 5%, FA1iC
FEEHITT RN (1,1, 7)o

data BTree a = Empty
| BTree [(a, BTree a)] (BTree a) [(a, BTree a)]

EEREE— D0, TAIM r FEEHEE—XME (k,t), BB —X (k,¢) BT 1 &
A, ARG ¢ Bt FMEBSRPRS IR, B8R TR =2 A,

step; ((k,t):0,t',r) = (It (k,t'):r)

(7.15)
step, (I, ¥, (k,t):r) = ((k,t'):l,t,7)

FIR AR, BATRT ALK 53 BREL partition p t, iIRIBSEAF p 8 B Ff ¢ 9B
A =E89 (I,m,r)e FTE | IR m &R p, T r IR RRE, & XK
B hd = fst o head, CMNFNRPEHE —IE (a,b), ARG EHIREL a0




116 FtE BW

artition step, t
partition p (&, m,r) = P p (step: 1)
otherwise : (&, m,r)
(not o 1 partition p (step; t
partition p (I,m, @) = p)(hd(l)) = p p (stepi 1)
otherwise : (I,m, @)
) and (not op)(hd(r)): (I,m,r)
partition p (I,m,r) = p(hd(r)) : partition p (step, t)
(not o p)(hd(l)) : partition p (step; t)

(7.16)
B0 partition (< k) t ¥ t FEAEN/NT k BTTEM O EELEMN, TFERIEIT
BERSLIT partition BREL:

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)

PATERT DA step/step, WEHLZITRAITREME k0. @n=||&
REMBTTR/ F O R, f"(x) BTN ER « EENHEE f 3 n ik
n<d: sp(step?="(t))
splitdt={n>d: sp(step—4(t)) (7.17)
otherwise :  sp(t)
Hrb sp AT NRIZ:
p (It (k1)) = (L1, 2),k, (2,t,7)) (7.18)
HMH partition # split, X THIERX KR B B, FATATDUE K HFEA R ZE, H
FAIFZEEN BRHEEE 2. /DT RAIHA M

full d @ = False

7.19
fulld (1,¢',r) =l +|r] >2d—1 (7.19)

|
low d @ = False

lowd (Lt',r) =l|+|rl<d—-1
FIEECN d B9 B B ¢ il ATTR « I, BATESS@BIAMIEN, AeBBETRTZ
A AL

(7.20)
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insert x (d,t) = fix (d,ins t) (7.21)
MRRTRSAEL LR, B fiz BV E d KH2IF:

. + — an]i
fiz (d.f) = fulldt:  (d, (@t [(k, t2)] BF (b1, k,ta) = split d t (7.22)
otherwise : (d,t)
BREL ins TREMIH t = o 1 t #£ o ST, N T2, T TR — D s pg -
FH R ANER (1,1, r) = partition (< x) t EAZENEITHARIAE:

ins @ = (2,9,[(z,92)])

, t'=0: balance d1 @ ((z,):r) (7.23)
mst =
t'#@: balance dl (inst') r

PRIEL balance Fe B F 73K t B EEEEZ T EHHIT IR,

full d t: fixFull
balance d 1t r = (7.24)

otherwise : (l,t,r)

Hrb fizFull = (1, ty, ((k,t2):r), (ty, k, ty) = split d to NEIGIFREFEI T #
N

insert x (d, t) = fixRoot (d, ins t) where
ins Empty = BTree [] Empty [(x, Empty)]
ins t = let (1, t', r) = partition (< x) t 1in
case t' of
Empty — balance d 1 Empty ((x, Empty):r)
— balance d 1 (ins t') r

fixRoot (d, t) | full d t = let (t1, k, t2) = split d t 1in
(d, BTree [] t1 [(k, t2)])
| otherwise = (d, t)

balance d 1 t r | full d t = fixFull
| otherwise = BTree 1 t r
where
fixFull = let (tl, k, t2) = split d t in BTree 1 t1 ((k, t2):r)

split d t@(BTree 1 _ _) | n<d = sp $ iterate stepR t !! (d - n)
| n>d=sp $ iterate stepL t !! (n - d)
| otherwise = sp t
where
n = length 1
sp (BTree 1 t ((k, t'):r)) = (BTree 1 t [], k, BTree [] t' r)

%371
7.1.1. BATEEGA DA < #5 BWEEEETER?
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7.1.2. FERTEIRER SR EE N EEFREA,
7.1.3. BAVERESEERRETEB/ANNE, BHFEH - 2ERS G LT
Mott, BEERESTREAL?
BEE. 3712 T

7.3 B

PATAT DR R R B E R RIS E Z DR B, —XWEHKA
BEAMNTTA, BB REZ NI, BEEBKt = (ks,ts) TEHRITTR k, IR ¢
BM TR (ts N2S), WA PR ES; SN, FATHE kR ¢ X =87
I = (ks ts)t'vr = (ksy, ts,), Hif L AIT08 ¢ FHIFTETCRE/INT k, 10 r FHHIFT
BRERTET ko R r FHIE—DITE ks, FT k, RATHHE] TEER; G NIFRA]
BITHIAE F A ¢ HE,

keks: Just (ks, @)
lookup k (ks, @) =
otherwise :  Nothing
(7.25)
Just k = safeHd ks, :  Just (ks,ts)
lookup k (ks,ts) =
otherwise : lookup k t/

HH ((ksy,ts)),t, (ks,, ts,)) = partition k to PREL safeHd 7EXH:

safeHd |] = Nothing
safeHd (x:xs) = Justz

NHRBIFRER ST EREE,

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

XA S, RS E O, IR N, BATAEM < k" #ATRID, A
JEReEAME DS — PR BEFT k, GBI TER:

lookup k & = Nothing

Just k = safeFst (safeHd r) : Just (I,t',r) (7.26)
lookup k't =

otherwise : lookup k t/

Hrr (1,¢,r) = partition (< k) t BXNAESHEIN 7. safeFst ¥EREL fst B E|
“Maybe”fU{E_E, FEBIBIFREFEHE T fmap KL :

SsafeHd TEHALLAEFEH LA ListToMaybe 24
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lookup x Empty = Nothing

lookup x t = let (1, t', r) = partition (< x) t in
if (Just x) — fmap fst (safeHd r) then Just (BTree 1 t' r)
else lookup x t'

K F LI, BATART 5 FF8, IREIGLE i (615 ki(r) < k < ki (r)o 40
R ky(r) = k, WEREIT 5 r FIZ3| 0 ERAIER ; T, FRATIKETE T8 ¢(r) FHk
SREE, IR r RITFR, R A kTR, NRE SR,

1: function LOOKUP(r, k)

2: loop

3: i+ 1,n <« |K(r)

4: while ¢ <n and k > k;(r) do

5: t+1+1

6: if i <n and k = k;(r) then

7: return (r, 1)

8: if r is leaf then

9: return Nothing > k NFLE
10: else

11: r < t;(r) > ARG i B

24> 7.2

7.2.1. R - ERSOEGSNEREE,
EE: 313

7.4 ER

MIERTTRE, TRATRERI VTR AR TTIEME B MAYE R, FRIRT R456, TR
AEENT d—1, Brb d BR/NER, MMRTREARRE, RAMA WML SR EE
2. e HEmER,

7.4.1 SEMBREEE

BATE Y R SEREMIHPRERZ 2 o, ReBEE B mHy-Fit. &

RESWD:
delete x (d,t) = fix (d,del x t) (7.27)

HARE del BN 2050 RIVIHERIE(E, Q2R ¢ B 70 &, BN THHITR
FRIIER o5 S0, BATA o KRR A =3B (1, ¢, r)oe EAR 1A ¢ BIFFETTR/ DT «,
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il r FEERTEATET (3. W5 r FHZS, BB RS —ATTE by, %
TETF (@ b = o), ROVE TR TR ¢ FOIBATEE & (B K = maz(t') BUE
koo SRIGIRITHIA ¢ FHIHER &, 40 7.0 FFRe 0 (r F9238% K, # o), TATBITHM
' IR .

delete x

\

ky v | ki NhEx e ky,
/ replac\‘:e k; withx

delete k’

1 Iyt

k’=max(t;)

7.9: K = max(t') B k;, RIFZEITHM ¢ TR £/

del © (ks,@) = (delete, x ks, )
el o ¢ Just © = safeHd ks’ :  balance d | (del k' t') (k' : (tail ks'),ts")
el © =
otherwise : balance d 1 (del x t') (ks',ts)

(7.28)

Heh (1,¢, (ks',ts")) = partition x t, @ » BITXI =507 FATTCUE—
Mt FIRGREARTCER ko B maz & XIH:

max (ks,@) = last ks

(7.29)
max (ks,ts) = maz (last ts)

PR last IRIEFIRAFHIRE—DITR (G (1.4), delete, B3 (1.14) F7E XAIS)
RIMERE L, tail HIIERFE—DITRER, FIREF TR (X (1.1). AT
M FREE AT SR N IEFE L balance BREL, WIRTTRFRTTRERD, BREH T
G

full dt: fixy

balance d (ks;,ts;) t (ksy,ts,) = S low d t: fix, (7.30)
otherwise : (ks; 4 ks, ts; 4 [t] # ts,)

5 ¢ REITERARE (< d — 1), BAVE fiz) 5EM (ksy, ts)) S (ks,, ts,)
B R RAED . UIEMHIB: AT kst ts) FEHEEEITEE ks bro K
EVER unsplit G (7.8)) Al ¢ B3 unsplit b b to HI¥E— NS LT EITH 5
Ko RIS, BATELOA balance FEMIEBAL B Y,
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ks # @ : balance d (init ksy,init ts;) (unsplit t,, ky, t) (ks,,ts;)
Jixi = ks, #9:  balance d (ks;,ts;) (unsplit t ky t1) (tail ks, tail ts,)

otherwise : t
(7.31)
EREE—MERT ks = ks, = o, MME NS, X2 —HBREE—NHFHIR,
TEFTE—TBE, k Ft, DBIE ks, F ts, FIIE—DILR, REBITERILATEA
BEAE N fiz BKEL, IIAMBRATASEZ S :

fiz (d,(2,[t])) = (d.?)
full dt: (d, ([k], [L,7])), A (1, k,r) = split d t
otherwise : (d,t)

fiz (d,t) =

(7.32)
B, BAHESRATEIIA— 5% RMER G, W7 R R EE— R 7R, TR
THIR =, Rt ME— R PR ERTEIAR, N EAIEF 27 S8 T MIBRE T,

delete x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (List.delete x ks) []
del x t = if (Just x) — safeHd ks' then
let k' = max t' 1in
balance d 1 (del k' t') (k':(tail ks'), ts')
else balance d 1 (del x t') r
where

(1, t', r@(ks', ts')) = partition x t

fixRoot (d, BTree [] [t]) = (d, t)
fixRoot (d, t) | full d t = let (tl1l, k, t2) = split d t 1in
(d, BTree [k] [t1, t2])
| otherwise = (d, t)

balance d (ksl, tsl) t (ks2, ts2)
| full d t = fixFull
| low d t = fixLow
| otherwise = BTree (ksl 4 ks2) (tsl 4 [t] # ts2)
where
fixFull = let (t1, k, t2) = split d t in
BTree (ksl # [k] # ks2) (tsl1 # [t1l, t2] H# ts2)
fixLow | not $ null ksl = balance d (init ksl, init tsl)
(unsplit (last tsl) (last ksl) t)
(ks2, ts2)
| not $ null ks2 = balance d (ksl, tsl)
(unsplit t (head ks2) (head ts2))
(tail ks2, tail ts2)
| otherwise = t

BATRFIZRNS B WHIMERE IR (ESR >, & 7.10. 18 7.11, & 7.12 f#5A T HHIERAY
lr,
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N
/E] /S V\
A | C | D G K | M o | P | R T | U X | Y | z
&l 7.10: MHIBRRET
N
+- /S V\
A | D G K | M o | P | R T | U X | Y | Z

7.11: MER C, SRTEMIBR < T

7.12: MHER ‘K, AREMHER N
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7.4.2 FEHEMER

5 —MOTIER ST RN R T R A F, REEMER. ZEMR ¢ FHIERITER .
BAFEMEEERAITEAT,

B L INR o FET ¢ (TRT, FHH ¢t BHFT R BT DIERER ¢ 78 2
fIBR, 4niR ¢ BRI (R, MTFE—PEBE,

B 2.0 o« FET ¢ T EF, Bt NEMTF IR, MFEE=MFHE:

BT 2a: GNE 7.9 F7R, 2 k; = o BYRTIKICERN K, B K = max(t;). R ¢,
SHEBHITTR (> O, TATH K EH k,, REEIA ¢ FRIBR &

TEOL 2b: QIR ¢, FRITTRARE, HE TR ti SHEBRITR & ), MK
s, ATHEUTTR K = min(tiy,) Bk, RIEIBETHOM ¢, FMIBR &7, 401 7.13
F7Re

delete x

k1 ves k,',l k,-=x,v kn
/ " delete k \
4 replace k; with k” : ! ot

k"=min(t;+)

7.13: % k' = min(ti.;.l) %Esﬁﬁ% ki, %E%Uﬂﬂﬂ)ﬁ ti+1 EPﬂﬂUI%ﬁ k"

II%\(R 2c: QD% tl‘ %D t¢+1 E@ﬁ%%BZ:E(HJ == |ti+1‘ = d — 1), ﬁﬂ‘]#% ti\ I~ ti+1 /5\
FR—DHT R EE8H 2d -1 PR, AILAZ2tMHHER, 1E 7.14 A,

x:k,-

PZE .

Ky e Ky . Kioeaky | ko | Kk

7.14: B I EMIER

HBHEESEITE L TR, Rt AT (FHESETR), WHk 2t
FRRIE—TTER, FH bt BOCERIMER T AR DURR B9 = 4 8L, a0 1E] 7.15
F7Re

B 3: AR t ITTRAAE S o, BAFEIBTHER D508 ¢, FHIER 2. W0
Rt PRITTENE, Tl TR ELEHEFRAT1E 0
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/ shrink

Ky, o b Ky ooy Ky k Ky, e k'

kll, wees K

Kay

7.15: HEIREE

TBUC Ba: QIR t; I IMAERBTT A £ 1t FEVER— PN EHERBERITRE S ),
BV ¢ FR—DITRBE ¢, RERAEET LR —NITRA LA ¢, R+
IR tio HE 7.16 AR, t; RIS —DITER. 2 N RBITHIM ¢; FHHHIER 2.

Y i
/ k't s Kot \ / K K" Ky \
, " "

e e

) q " " [

7.16: MEIRRA—DITR

1B 3b: AR MHET A HITTREA R (1| = [tisa| = d — 1), Tl T ¢, ¢
FREY— IR, FME—MEBT REFHF R — DT =, WE 7.17 AR, A5 MRS
JHIER 2o
N DELETE BRESLI 75 & FF MR :
1: function DELETE(t, k)
2: if ¢t is empty then
3: return ¢
4 i1, n<« |K(t)]
5: while ¢ < n and k > k;(t) do
6: 1—i+1
7 if k = k;(¢t) then
8: if ¢ is leaf then > TE 1
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

21:

22:
23:
24:
25:
26:
27:
28:
29:
30:

31:

ill5S 125

/ Ky oo Kl \ / K Ky \

Ko Koy K K K,
/ NN \

3 q " [

B 717 &t kot

REMOVE(K (t), k)
else > [ 2
if |K (t;(t))| > d then > 1H0 2a
ki(t) < MaX(t(t))
DELETE(t;(t), ki(t))
else if |K(t;;1(t))| > d then > 1G5 2b

kl(t) — MIN(tH_l(t))
DELETE(t;41(t), ki(t))

else > B 2¢
MERGE-AT(t, 1)
DELETE(t;(t), k)
if K(T') is empty then
t < t;(t) > AR
return ¢

if ¢ is not leaf then

if k£ > k,(t) then

1141
if |K(t;(t))] < d then > TE 3
if i > 1 and |K(t;—1(t))| > d then > 1H 3a: /£

INSERT (K (t;(t)), ki—1(t))
ki—1(t) < POP-LAST(K (t;—1(t)))
if ¢;(¢) is not leaf then
INSERT(T'(t;(t)), PoP-BACK(T (t;_1(¢))))
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32: else if i <n and |K(t;+1(t))] > d then > B0 3a: 5
33: APPEND (K (t;(t)), k;(t))

34: ki(t) < PoP-FIRST(K (t;11(t)))

35: if ¢;(¢) is not leaf then

36: APPEND(T'(t;(t)), POP-FIRST(T (t;11(t))))

37: else > 1L 3b
38: ifi =n+1 then

39: 1+—1—1

40: MERGE-AT(t, 1)

41: DELETE(t;(t), k)

42: if K(t) is empty then > 4 Rl =
43: t < ty(t)

44: return ¢

HAF MERGE-AT(t, 1) KB () TER Ky (£)s L t544 (¢) EFFR—DHT
1: procedure MERGE-AT(t, 1)
2 x < t;(t)
3: Y tipa ()
v K(@) ¢ K@) 4 )]+ K(y)
5 T(x) < T(x) 4 T(y)
6 REMOVE-AT(K (t),1)
7 REMOVE-AT(T(t),i+ 1)

24> 7.3

7.3.1. BATEARTHMER 7RI TR PR ATTE K = max(t) BHREMEREIT
Ek, NEIRIAME ¢ MR & 08 R FRRAE T RSB E
B/NTCE R by 1EEPIX— 1%

7.3.2. SKINFIFRXS B SEAIMHIBRE 2,

BE: 374 T

7.5 /N

B BPR — XHERR R EIZ D0, FER RV E RFE—NEE N, B
RISk E TR (U, 58 18 B) . B M R DB 2. i3 /D, S5 1EAS DAAR IR,
REFRIBRAEAFI B =R LR, X T8 n DITRA B A, EAHEREN O(lgn)o
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7.6 iR BIFER

B BRHYE S
data BTree<K, Int deg> {
[K] keys

[BTree<K>] subStrees;

TR

void split(BTree<K, deg> z, Int i) {
var d = deg
var x = z.subTrees[1i]
var y = BTree<K, deg>()
y.keys = x.keys[d ...]
x.keys = x.keys[ ... d - 1]
if not isLeaf(x) {
y.subTrees = x.subTrees[d ... ]
X.subTrees = x.subTrees[... d]
}
z.keys.insert(i, x.keys[d - 1])
z.subTrees.insert(i + 1, vy)

Bool isLeaf(BTree<K, deg> t) = t.subTrees — []

A

BTree<K, deg> insert(BTree<K, deg> tr, K key) {
var root = tr
if disFull(root) {
var s = BTree<K, deg>()
s.subTrees.insert(0, root)
split(s, 0)
root = s
}

return insertNonfull(root, key)

RABIRIRATT A

BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {
if dsLeaf(tr) {
orderedInsert(tr.keys, key)
1} else {
Int i length(tr.keys)
while i > 0 and key < tr.keys[i - 1] {

i=1 -1

}
if isFull(tr.subTrees[i]) {
split(tr, 1)
if key > tr.keys[i] then i =i + 1
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insertNonfull(tr.subTree[i], key)
}

return tr

HA orderedInsert %7l ATCREEITIFE A,

void orderedInsert([K] 1lst, K x) {
Int i = length(lst)
1st.append(x)
while i > 0 and 1st[i] < lst[i-1] {
(lst[i-1], 1lst[i]) = (lst[i], lst[i-1])
i=1 -1

Bool isFull(BTree<K, deg> x) = length(x.keys) > 2 % deg - 1
Bool isLow(BTree<K, deg> x) = length(x.keys) < deg - 1

JESARERPS

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int i = 0, n = length(tr.keys)
while i < n and key > tr.keys[i] {
i=1i+4+1
}
if i < n and key =— tr.keys[i] then return Optional.of((tr, 1))
if disLeaf(tr) {
return Optional.Nothing
1} else {
tr = tr.subTrees[1i]

-

(IS EaWin=pia3iil7

BTree<K, deg> delete(BTree<K, deg> t, K x) {
if empty(t.keys) then return t
Int i = 0, n = length(t.keys)
while i < n and x > t.keys[i] { i=1 + 1}
if x — t.keys[i] {

if disLeaf(t) { // case 1
removeAt (t.keys, 1)
1} else {

var tl = t.subtrees[i]

var tr = t.subtrees[i 4+ 1]

if not low(tl) { // case 2a
t.keys[i] = max(tl)
delete(tl, t.keys[i])

} else if not low(tr) { // case 2b
t.keys[i] = min(tr)
delete(tr, t.keys[i])
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1 else { // case 2c
mergeSubtrees(t, 1)
delete(d, t1, x)
if empty(t.keys) then t = tl1 // shrink height
}
return t
}
if not isLeaf(t) {
if x > t.keys[n - 1] then i =i + 1
if low(t.subtrees[i]) {
var t1l = if i =— 0 then null else t.subtrees[i - 1]
var tr = if i = n then null else t.subtrees[i + 1]
if t1 # null and (not low(tl)) { // case 3a, left
insert(t.subtrees[i].keys, 0, t.keys[i - 1])
t.keys[i - 1] = poplLast(tl.keys)
if not disLeaf(tl) {
insert(t.subtrees[i].subtrees, 0, popLast(tl.subtrees))
}
} else if tr # null and (not low(tr)) { // case 3a, right
append(t.subtrees[i].keys, t.keys[i])
t.keys[i] = popFirst(tr.keys)
if not dsLeaf(tr) {
append(t.subtrees[i].subtrees, popFirst(tr.subtrees))
}
1 else { // case 3b
mergeSubtrees(t, if i < n then i else (i - 1))
if i — n then i =1 - 1
}
delete(t.subtrees[i], x)
if empty(t.keys) then t = t.subtrees[0] // shrink height
}

return t

129

GBI TR, KB AR R/INTR,

void mergeSubtrees(BTree<K, deg>, Int i) {
t.subtrees[i].keys 4+= [t.keys[i]] + t.subtrees[i + 1].keys
t.subtrees[i].subtrees 4= t.subtrees[i + 1].subtrees
removeAt(t.keys, 1)
removeAt(t.subtrees, i + 1)

K max(BTree<K, deg> t) {
while not empty(t.subtrees) {
t = last(t.subtrees)
}
return last(t.keys)

K min(BTree<K, deg> t) {
while not empty(t.subtrees) {




130 FtE BW

t = t.subtrees[0]

}
return t.keys[0]
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8.1 ENX

Y2 —FRE LA EHESS A, 7] DU THEP AU e Ry E & BB RS0, Hhm
AR R X U SCH, #9858 (Robert W. Floyd) HIIVEAA HY T — Ry
HEHE P BRI HEAR B B OB HIR A, Al R E CEARE M L, ABENHH—
RSB, F45 R HE (Leftist heap) . B (Skew heap) . ffBHE (splay heap) ['l,
—/NHERCON S, BRI EE TR EERAITT R, Bl — S MR E ST W R

L PERR: TS RFE R/NTER;

2. FHBRIERBERHEDUTER, FORFHHER LI B RUHETTUT R 52 R - RN
3. FANBRIERHTTRIAMES, FRORFFHERIME 5T

4. HEHBEQIEFFP D) hER R HERTPE P

AT ICR AT AR, A SHETUE RIF R ATTR, WAIRIE R IF &R/ NTTRAVHEN
INTTUHE, THOERORTF B R TL IR AYHE R TIE, AT DAFIMRRSCEIME, R (B R 2R
BETRT R, SREGETITTRN, R ERTT AP RIEE, 3 TR, KRR MR, A
JE T BT, BRATIFRME ) — SR SE B A D — XA

8.2 FHEUHINA — Wi

A DURBE RS — R XM, B TLF R =X, IREEN kBT —
XWER 28 — 1 DR REEDNTEM LRI NERGRHRSN 1,2, .., 28 -1,
M5e 2 =X RS @« HYT A0 = XN RS « BT RER PRI EAER, 578
£ XA T RO R N E TR RS AT, B 81 4aH T —REe X
PR B FROR, AT  DITRARIT A, ERRT RN NS [i/2] DR L
TR RLES 20 DITER A FRX S 20 + 1 DITER. WRFTTRATRS BT THEH
K, WA SR R T8 (BN 50 o AR = IR AR AT DAE SN T (24K
HAIRTIM 1 I8, RGH T ADaESLHRIE] ) -

131
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16 14 10 8 7 9 3 2 4 1
1 2 3 4 5 6 7 8 9 10

8.1: FE4 XM EIEH AR

parent(i) = L%J
left(i) — =2i (8.1)
right(i) =2i+1

8.2.1 HEFHEE

HEVEEE | BUEHEME RV ARR, (ERHETUT RN R/ (Bl BT HEHIEEE
AU Z IS VLS — S, FRATTAT DURAG — Mg SR A HENE BT BRI AR Y =
#HERN (BURR) B, BIME(T AR — 7, SN, BTEERHRR
H/NTbE, (R EEH AR o, JBAMARE ¢ X VYR, EE FWEER SR TEFT
(ARAYE, AR B, fE1F R R AR F R/ IME

1: function HEAPIFY(A,1)
2 n < |A]
3 loop
1 541 > s fEAIER/
5: | < LEFT(7), r + RIGHT(7)
6 if | <n H A[l] < A[{] then
7 51
8 if r <n H Alr] < Als] then
9 ST

"Heapify, thIE/EHE,
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10: if s £ ¢ then

11: EXCHANGE A[i] <> Als]
12: 145

13: else

14: return

T B A N EEFHERESE, [N 2 X E EAIEL, HeEapiry Y
NEIZZES O(lgn), EF n Z2ITE M &l 8.2 IR T/NIHERTEEAT IR, KT
2 FFUG, B4 [1, 13, 7, 3, 10, 12, 14, 15, 9, 16] 25224 [1, 3, 7,9, 10, 12, 14, 15, 13,
16]o

8.2: MEIFEE, ZE—45:13.3.10 i/ MEN 3, 3L 3 « 13; 55 -25:13.15.9 &%
MER 9, THE 13 > 9; =113 WHFT A, EERGE R,

8.2.2 FiEtfE

(EH HeaPry, FATTA] DMEREEAAME HHE, MR 2 - XWERET R
H:1,2,4,8,... #Z 2 FEHIRE, B—0SNERE—R. BTHA—TEH, &E—E
REEH 2 DA, K p B 20 — 1 > n BUR/ANEE, n BHAKE, AP

Ny X

FrEM+, NE— P2/ (RIIALT [n/2]) FHIa-AITE_EHIT HEAPIFY,
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1: function BuiLD-HEAP(A)

2: n < |A|
3: for i + |n/2| down to 1 do
4: HEAPIFY (A, i)

B Heariry IEZEN O(lgn), {E2 BuiLb-Hear [E ZE R Z O(n lgn),
M/E O(n)s HMBKI TAEMT, &ZH 1/4 T R LEIFA FEEI—IR; &2 H
1/8 YT R BT A RSN, 26 1/16 E’Jﬁﬁ%’ﬁthiﬁa#ﬁ??rﬂ_(}\ ....... =
H AR SIREAT LRy

1 1

S = (4+28+31—6 ) (8.2)
KM MIERTFR LA 2:
1 1 1
= (8.3) i (8.2):
25— 85 — % (%—iﬂ%%;ﬁ§+m]%ﬁﬁ—ﬁﬁﬁﬁﬁ
1 1 w
S = 5 i 3 +..] eI e gl
= n

8.3 MR T MEEH [4,1,3,2,16,9, 10,14, 8, 7] A&/ NIHERIT TR, BERTIM
17 Heartry B BEARTT R K EFRIRHA T AT o

8.2.3 MERYELAIRIE

HEROEL AR (F ELFEERIRVTAT, 4L AR, -8y (B oR) BYRT & DITER, BV
TiER S —T R (B RARTUEF R —TR), DINAEA . — XHETHR W ATAR Y A,
EHARTE—ANTEE: Top(A) = ALl

R HHETIS , BEHRIR TR AR S, FRERT RHVRIR 2 A2 — R,
N T EERIXMIB L, REEEA, TA TR RS BRAVEE SRR B2k, SRR AT
KER— XL THBRHF T SmmAMRY = &/GHEH Hearry TREHEME

: function Por(A)
x + A[l],n « |A]
EXCHANGE A[1] <> A[n]

1
2
3
4: REMOVE(A, n)
5 if A is not empty then
6

HEAPIFY(A4, 1)
7: return x

MEZHATR M RRTT 2R (75 5 B 18], SR8 HH O N [F) &2 2% FE L B T~ HEAPIFY,
N O(Ign), ELEH pop, A] AEKH —HITRAFHIAT & D/ (B TTR:
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8.2 FHEZHSIINAT — X HE

‘4‘1‘3‘2‘16‘9

‘ (=)
(1)

(6)
4
() ®)

10‘14‘8‘7‘

8.3: MiEHE, (DKE 16, EATTHAT; (X 16 + 7; ) KE 2, Bt 14, 8
/N, ()R 3, BB 9 F0 10 BB/ (B) RS 1, BiEL 2 A0 7 &R/ (6)FaEE 4,1 bk 4 F1 3

/N (T2 4 5 1; (8)5HE 4 5 2,45
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1: function Topr-k (A, k)

2: R+ ]

3: BuiLp-HEAP(A)

4: loop MiN(k, |A]) times > K 188 H B U 3B T
5: APPEND(R, Por(A))

6: return R

AT DUHHESEE LSS, AT ESVEE, R TSRS, BIRMHETR
B LR @I ES T, N T RBEHPITHEMES, IR ERIM e, X T/h
T, IXERE NN TTRAVE, WE 8.4 FR.

(1) (3)

@) (4)

8.4: 13 W 2. 2565 9 K, RS 3 K

BN CNTRHERRRY) BN TTRATEESBOAEN ., STRRI N i, THENEEE
JRIE RS R, NRE 2N O(1gn)o
1: function HEAP-FIX(A, )
2: while i > 1 and A[i] < A[ PARENT(7) | do
3: EXCHANGE A[i] <+ A] PARENT(7) ]
4: i < PARENT(1)

Al DA Heap-Fix SCEfIEA U, JemEE R BIRINFTTE k, B H Hear-Fix
R
1: function PUsH(A, k)
2: APPEND(A, k)
3: HeAP-FIX(A4, |A])
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8.2.4 HHIF

A DARI SRR . A n DRFHEFP TSR — /NI, AN H HE T, ik

1§ 7T FPEER, MEERNNAEZRER O(n), HMHBRIERIEIREN O(gn), T
T nike BANREZRERN O(nlgn). HTHIMEM T B MIIRERIFSS
ZREZEN O(n)o

1: function HEAP-SORT(A)

2: R+ 1]

3: BuiLpD-HEAP(A)

4: while A # [ ] do

5: APPEND(R, Popr(A))

6: return R
WISOMBLEH T 55— L, 38— DRI, RHETTN R R A, IXAE R

RICRFAFIEE] THEF B LA &, TFERITREITRAM T HTHIHEDL, KRR
NB—, R TT Heaprry IREHEME T, BEX IR, EFHEH G — TR, X
—RIRE R THIMIEEL

1: function HEAP-SORT(A)

2: BuiLpD-MAaXx-HEApP(A)
n < |A|

«

4: while n > 1 do

5: EXCHANGE A[l] < A[n]
6: n<n-—1
7: HEAPIFY(A[l...n], 1)

%> 8.1

8.1.1. FEH I —F LI A PRV B — P MR B — D &/

HE A, BN, B—1PTE o CEEERNALE T, Bk, BRRNTE
(a2, g, oory an] S — NEEIHE, FEM ap FFUGHAT HEAPIFY, BEIX— M
GRS, X—TTRERL?

1: function HEAP-SORT(A)

2: BuiLp-HEAP(A)

3: fori=1ton—1do

4 HEAPIFY(A[i...n], 1)

8.1.2. KU, AU B £ FEHUT k & HEAPIFY REH top-k BIXA?
1: function Topr-K(A, k)
2: BuiLD-HEAP(A)
3: n « |A]
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4: for i <+ 1 to min(k,n) do
5: HEAPIFY(A[i...n], 1)

8.3 fimHEMRIHE

S X HERHETTOT R, RIRAGWMR T, e THEEHE, 20E 8.5 R, W
mEFele? B4:

Merge \\*

8.5: S HMETR (MERAR T 50 J&, &FFEG T AR — T HE,

merge R = R
merge L & = L
merge LR = 7

MR TREAZS, NREENR, FERT AR RIR TR R/, £
AT CEMTHERZHE) FIRT R pIRF TR B &R/NTTR, BATERER N —ME
HNEHEWR, £ L= (A2 B).R=(A,y,B), HF A A, B, B #2ZTH, R
x <y, r BUEFTHIR. FATAI AR A, BIFHEIF B #1 R; 83 (RE B, @I E I
AR R, HTHIHESN (merge A R,x, B) 8 (A, z,merge B R) Z—o W MESATLA, T
fal B, BATEEREA TRHITE I, FRIXFERIHEY 7E (it (Leftist heap) o

8.3.1 /folmiE

{56 FH e A A SEER A HER O £ (i HE, S 88 L (C. AL Crane) T 1972 F VR T2
frtfo BT RERE T — DR (BFRAE S MH), F T EIEIEHY NIL 17 AU E, NIL
TRAIBRET 0. GHE 8.6 AR, BEREART AL 4 BITHIMF75 508 8, At DR R BIRE
N2, TR 6 M 8 EREMT, BAIHIRRN 1. BRATR 5 AT NZ, BERZENE
TR, RIERREET 1 I2EGFHEIRRD BN i, B X EFFRISINT :

L SREHE T,
2. oy <1y, EHES T,
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° NIL  NIL NIL

NIL NIL

8.6: rank(4) = 2.rank(6) = rank(8) = rank(5) =1

BAMIFRXEER) S F RGN “LEfmIERT” BRI, £ —FRZE Wik, ZIHED NIL
MR EE R TEA M, o w2 m P, (B e n] DAY — R E AR

EH 8.3.1. H MR T 8 n MR, METREIARAM NIL R L&RZ
ZE |log(n+ 1) ™ R

FATERE TIUERR I 1O, ARYE B, A8 X — BRI TIRER &L, AT DAMRIE
O(lgn) NEZ&E, ICIF=HERN A (r, L, k, R), 73HIFRRFE, EFH, TTREE. G
F -

data LHeap a = Empty | Node Int (LHeap a) a (LHeap a)

TE S rank BEOREN [HIFR

rank & = 0

(8.4)
rank (r,L,k,R) = r
T X make BRETCBIEA TR BURK, FF 20305 ERF 2 TP
make(A. k. B) {rcmk:(A) <rank(B): (14 rank(A),B,k,A) ®5)
I (14 rank(B), A, k, B)

NIRRT AL BFITTER ko 5 A BIRREVD, WA B AENEFR, A TENG T,
FRBIREN 14 rank(A); B0, %5 B BIRREVN, 5LH A (BN EF8, B fE VAT,
H BN 1 + rank(B)o LEFINERME H, 7 Hy, FERIEH (1, Ly, K, Ry
(7’2, Lz, k‘z, Rz), é#fﬁ%f’ﬁﬁ)‘(ﬂ?t

merge & Hy = Hs
merge Hy @ = H;
(8.6)
ki < ko : make(Ly,ky, merge Ry Hj)
merge Hy Hy =
A0 make(La, ko, merge Hy Ro)

merge SEA T TR AR 2 (m R BR, (RUE T E24E 0 O(lgn)o [EIET_E
7, A BCE S TR R Z BB 0 MR REIREF, (HE HHRIERIIN RIE Z4E 0 O(n)o
BAFEEZW N, FE T ERED,
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1: function MERGE-HEAP(A, B)
2: C < CoNcAT(A, B)
3: BuiLp-HEAP(C)

1 merge BREL, AT DASEEIEARIHERRAE, BIANTE R BN RIZREUAL TR T A HE
TR (BN =)

top (r,L,k,R) =k (8.7)

HHINENE, BAGFMEHA— D, BHNERER merge HEA, E
O(lgn)s

pop (r,L,k,R) = merge L R (8.8)
FAFTCE kN, M kS — D S, AR EEIT:
insert k H = merge (1,2,k,&) H (8.9)

5 B BITER insert k = merge (1,9, k, @), ARNEZEMHZ O(lgn).
FA TR LR — MR AR B TTEAR G, 1S 2 R (R B ATE D) D build = fold, insert @,
8.7 L5 T — MG A AmHER 51 -

& 8.7: MFIFE [9,4,16,7,10,2,14, 3,8, 1] 35 /2 i

HE—NFA, WS — 1 mifE, RERETEHH T &/ N T E Al DAL
iR

sort = heapSort o build (8.10)
HrA:
heapSort @ =
capoor ] (8.11)
heapSort H = (top H) : heapSort (pop H)

SR EO R 1R, HEBOAM T n R, RIEHFREEZEN O(nlgn)o
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8.3.2 Rk

Je TR SN T 27 R PR, Q1 8.8 FiR. A4 (skew heap) B—
FEVERSHE, TREL T A RAEIEER T T 1), S R, B MIRR T
0, B A TR, (8493 —A NIL 95 5, RERE Sk, BEA 1, A
BIL T IS S IRES A A T,

8.8: MFFHI [16,14,10,8,7,9,3,2,4, 1] ¥ AT/ (e

PHERR (skew tree) SEHL, R —FARFIRAY = XA, &/ NITTRA TR
R, BRFRE RPN, BIHmR, ATERE M XINAYE L, MEEE N, 8
124 (L k, R)o

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

é#ﬁ*%fwéffﬁ%ﬁ Hl - (Ll,kl,Rl)\ H2 - (LQ,kQ,Rg) HTJ‘, % kl < k‘g, jﬁj:% kl
TERTRIAR . FATIBLRT DR Hy A0 Ly &5F, AT DR Hy M1 Ry &5F. BATERES
B R, Lo REBELGTFW, &RENERN (merge Ry Hy, ki, L1)o

merge @ Hy = Hs
merge Hy @ = H;
(8.12)
kl < kg : (merge R1 HQ,kl,Ll)
merge Hy Hy =
A (merge Hy Ry, ks, Ls)

HEHIBRAE, EHETE A, TR 58 ) TR ER AN 2 (i —FEEIS & H R L, BN
RIRHECIRE P2, 45 R — IR R — S, 4N 1El 8.9 A,

8.4 [HEMH

FEIRHERNRHE R B A R SEEIAYHE, QSRR = SO sl — SRR, MR/
(B K) TEERMABM TR R BT O(lgn) B IRIFRIKER /N (BiHEA) TTR,
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8.9: HEFFHI(1,2,...,10] A& HIRHH

MR AR AT, MERE S T, &INBEIL N IR O(n)o RUE AT LAFHZL R
RARFR A7, R AL T — MR ERAVLINTTIE, (S AW A T4, Sleator F1
Tarjan 7E 1985 5| A\ T M 5110, B3R A RIEAFHI SRS, AWK (EAE 5 (A1
RIARBEE:, IIPEEHRIFIAEE, ATRIZFEAERIEN “HifE (splay) ™ AT
B~ XERNETE TIRHRE, BEHES-T, RSEHEMIRERSREIEER
O(lgn)o

8.4.1 [HEMRIE

BT IR DASLEL IR, 55— A IR, (BRZECHERZHE L,
FoMARS R, HEKHENE R, REETRTRN 2, BRI HEN
p, WERFAEMRT R, 1EHN go HEBEEDPN=DDR, BPPEER D XNRHIE R,
BAMILAED Y — R B2 BT, 21 8.10 AR,

1. zig-zig IR, « 1 p BB FINEET R G T3, 18IS IRBER R « 28R /.
2. zig-zag I, o M p —E—H. EdTekk v LR A, p fl g AT A
3. zig ZIR, p BIR TR, e o T TIRT R, XEHERIFENRE—,

HE 6 MHARFEIENR, ICIEZZXWN T = (L, k, R), iATTE y I, & X HE
BAEUR:
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8.10: zig-zig: x il p AR/ TWEESEL T, x BOURT S, zig-zag: « flp —
fE—H, o ORI R, p F1 g RSB T R, zig: p BRI AL, B G v ZNIR™Y .
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r=y: (az(bp,(cgd))
Splay Yy (((a>xab)1pvc)agad) = {THIJ T 71g-718
=AU
x:y. a7g7b7p7c7x7d
splay y (0,9, (b, (e.2.d))) = {TW WD DD g
[ ALY [
T=y: a,p,b),z,(c,g,d
splay Yy (a’7p7 (b,.’E,C),g,d) = {T[jﬂjy ;E b ) ( g )) Zig_zag
(o ALY [
x:y: a7g7b7x’ c7p’d .
Splay Yy (a7 g, ((b7 x, C)7p7 d)) = {TI_HJ ;E ) ( )) 712-7aZ Xﬁﬁﬁ
IZ?J\ N
r=y: (a,z,(bp,c)) )
splay y ((a,z,b),p,c) = zig
ST
T=19y: a,p,b),z,c
splay y (a,p, (b,z,¢)) = ( h ) zig XIHR
=l T
splay yT = T HE

(8.13)

HEBR IR REEAZE, BRIEARN, SUTHRREE R, Ry, 4R

N—DHF 5 SRR ATTR y FIRT A o, R y < o BUER T AL T,
RIE R 5 UHE N TR AR,

inserty @ = (2,y,9)
<x: spla insert y L,x, R 8.14
inserty (L,x,R) = Y play y ( Y ) ( )
SN splay y (L, x,insert y R)

8.11: M [1,2,...,10] F=AERI R,

8.11 L8t T —HEA [1,2, ..., 10] HUZER, P AR HRMECF . NIRRZH T
— Sk SR RALN ) SR A e BR A T [ PR BE B2 19 /e AR S T R T
= o K T D EIME > LR, 618 L < k < R(L FITRE/NT o, R FILREK
T a)o RELA 2z NIR, L. R N FRIAE—ARF, BN REEIHIN TR T R,
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partition y @ = (9,9)
partition y (L,x,R) =
R =g (T7 ®>
<y ((Lyx,L"),2',A),B)
r<y HA: (A, B) = partition y R’
R = (L/,.’E/,RI) ( ) b Y
a0 (L2, A), (B, 2!, R))
o (8.15)
HH: (A, B) = partition y L'
L=o (2,T)
y < x/ (A7 (L/7x/7 (RI7‘I’7 R)))
el HH: (A, B) = partition y L'
L = (L/,IL'/,R/) ( ) b Y

o (L, 2, A), (B, z, R))
HrH: (A, B) = partition y R

partition ¥ — NEEEE y FI—HRW T, WRRAZ, RN (9,9), &N, 12
T=(L,z,R), & z <y, #AWFFIER: (1) R = o, RIB - IELRWIIER, FiE T
E2HNT g, ERN (T, 2) )G, 2 R= (L', 2/, R), % 2’ <y, BAHAZREES
& R EFTE/NT y TTEBARN A, RN B, SR A—H: (L, z, L), 2, A)
M Bo & o' >y, BEAMA y 7% L' 15 (A, B)o ERA—XM: (L, 2, A) F (B,2', R')o
Yy < a5, HOENFR

Al AF partition SCEUR A E L, MERYE T i ATTE k B, SRS EI N RE
FW LA R, SR L <k < RILEBMA/NT kKT, R EEFRIET). Aa
& (L, k, R)o

insert k T = (L, k, R), XH: (L, R) = partition k T (8.16)

8.4.2 FHHTIH

HEMAR L E2ZYHERW, /RN TRAEM, @A RERR
ERITE:

top (9,k,R) = k

(8.17)
top (L,k,R) = top L

IXSRRR EtE = XAERMHT man BREL(HATPUE X top = min), FHAHR, &41E
SEIA /L RR, LA TR

pop (2, k, R) R
pop ((@,k',R'),k,R) = (R,k,R) (8.18)
pop (L' k' R'),k,R) = (pop L', K',(R',k,R))
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FoT AT TR, BN T ZXERMIIER, FREM partition HEL
R, S BRERI R R EZ O(lgn).

8.4.3 &It

BT partition, FATA] ASKEL O(1gn) N RIFIEFHFEIE, SFHFPERFREMES, 10R
EATEA N ES, AT DURE S8 — BRI BURRTS SUVE BT BUIR, A e R H oy BRI (E 338 —
BRI FRIB TR 28 — BRI HO 710 & 5F

merge T @ = T
merge @ T = T (8.19)
merge (L,x,R) T = ((merge L L") x (merge R R'))

E

(L', R') = partition x T

8.5 /hgh

AER, TAINE T RS, HZEW R HEME, AT DA SR 2N = R
KH, FEAERRZE 2 XM TRV, & TSNk, B M = XRSLHHY
HE, ST HREBEUEEL, K B ERIR R E 2 R DAXE] O(lgn), AR S
RER TN AR, NIRTED thE T IR, RE WY B2 X, s
1S3 5E S HUHELAY , 0 — I, 2R RS2, o HE (28 + 5,

:>] 8.2
8.2.1. Han a7 LI L fmiE, R,
8.2.2. TEMHEHIEINTERIE
BEE: 35T
8.6 [Ix:HITFEF

FEHAFRHIZE 2 XA, M AAOaFE TR ACH SR8, R51M 0 44!

Int parent(Int i) = ((i +1) > 1) - 1

Int left(Int i) = (i << 1) + 1

Int right(Int i) = (i + 1) < 1

HEEEE, ROTR AR RIS B RN SE
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void heapify([K] a, Int i, Less<K> 1t) {

Int 1, r, m
Int n = length(a)
loop {

m=1

1 = left(d)

r = right(i)

if 1 < n and 1t(a[l], a[i]) then m =1
if r < n and lt(a[r], a[m]) then m = r
ifm # i {

swap(a, i, m);

i=m
} else {

break

MEEREHE :

void buildHeap([K] a, Less<k> 1t) {
Int n = length(a)
for Int i = (n-1) / 2 downto 0 {
heapify(a, i, 1t)

SR L HETIN

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

FHKHT kDT

[K] topk([K] a, Int k, Less<K> 1t) {
buildHeap(a, 1t)
[Kl r =11
loop min(k, length(a)) {
append(r, pop(a, 1t))
}

return r

PR/ NHEFR R TR (A :

void decreaseKey([K] a, Int i, K k, Less<K> 1t) {
if 1t(k, a[i]) {
ali] = k
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heapFix(a, i, 1lt)

void heapFix([K] a, Int i, Less<K> 1t) {
while i > 0 and lt(a[i], al[parent(i)]) {
swap(a, i, parent(i))
i = parent(i)

b STHEPNG

void push([K] a, K k, less<kK> 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)

FEfRHEE I

merge Empty h = h

merge h Empty = h

merge hl@(Node x 1 r) h2@(Node _y 1' r') =
if x < y then makeNode x 1 (merge r h2)

else makeNode y 1' (merge hl r')

makeNode x a b = if rank a < rank b then Node (rank a + 1) x b a
else Node (rank b +1) x a b

merge Empty h = h

merge h Empty = h

merge hl@(Node x 1 r) h2@(Node y 1' r') =
if x < y then Node x (merge r h2) 1
else Node y (merge hl r') 1'

(SIS (S

— zig-zig
splay t@(Node (Node (Node a x b) pc) gd) y=
if x = y then Node a x (Node b p (Node c g d)) else t
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splay t@(Node a g (Node b p (Node c x d))) y =

if x — y then Node (Node (Node a g b) p c) x d else t

— zig-zag

splay t@(Node (Node a p (Node
if x — y then Node (Node

splay t@(Node a g (Node (Node
if x — y then Node (Node

— zig

splay t@(Node (Node a x b) p c)

splay t@(Node a p (Node b x c))
— &N

c)) gd)y

X
p
x c) pd)y
g

0 T o T

< <

splay t _ =t

b) x (Node c g d) else t

b) x (Node c p d) else t

= 1if x — y then Node a x (Node b p c) else t
= 1if x — y then Node (Node a p b) x c else t

149
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insert Empty y = Node Empty y Empty

insert (Node 1 x r) y
| x>y = splay (Node (insert 1 y) x r) y
| otherwise = splay (Node 1 x (insert r y)) vy

GRS

partition Empty _ = (Empty, Empty)
partition t@(Node 1 x r) y
| x <y =
case r of
Empty — (t, Empty)
Node 1' x' r' —
if x' <y then
let (small, big) = partition r' y 1in
(Node (Node 1 x 1') x' small, big)
else
let (small, big) = partition 1' y 1in
(Node 1 x small, Node big x' r')
| otherwise =
case 1 of
Empty — (Empty, t)
Node 1' x' r' —
if y < x' then
let (small, big) = partition 1' y 1in
(small, Node 1' x' (Node r' x r))
else
let (small, big) = partition r' y 1in
(Node 1' x' small, Node big x r)

RS

merge t Empty = t

merge Empty t =t

merge (Node 1 x r) t = Node (merge 1 1') x (merge r r')
where (1', r') = partition t x




150 FI\E X



FNE AR

AENR S —FMENIHT 775 — G, M B I3
HFEiaEE, TG HEERF R RIZE DT, 7 BN FEIRY A R DA,
B AT RHERE R, WITTIAZIE T LA HE R IR ERE EIR O(nlgn). EEEHEFPHIE
AEA] DATE H B ATEFEREl, WERZFIIZEEN, 2 RINMERAZE: —E T
ORI | BRI B R A — R 75— Mg T BN, SR Sz s N — W, 58—
M T SE IR B R R E NP2 3 5 38 —AME IR /N ERRIIR PP IZ A &, SRFR
£, SRR A IR NEAT TR, SR R ERRE

L RN, S RN
2. AN, SRER/NITTR, KEMINEISE R A S,
XL AETHFER, IMREIOEFERRIITTR, WERERFH, TR
PR B L BERESC B

sort [| = []
sort A = m:sort (A—[m]) HF m=min A

A —[m] WAl A RERRTTER mo WA AN :
1: function SORT(A)
2 X 1]

3 while A # [ ] do
4: x < MIN(A)
5 )
6

(9.1)

DEL(A, x
APPEND(X, x)
7 return X
0.1 IR TSR AR, (ER0M, Tl IAT DM A SRR, %04
I X, HRINOTERIRIELE AL, BUUMITEREIHE AR)......o "ILUEE A6
B SR i NOTERE, A Al 228
1: function SORT(A)
2: for i «+ 1 to |A| do
3 m < MIN-AT(A, 1)

151
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min
X
append
sorted unsorted
X< Xp<..<Xp ap ap ... ay

9.1: ZEMENEFTTR, N MFIRER L R/ N TR = M B

4: EXCHANGE A[i] <> A[m]

LA =lay,an,...,a,), SR i NTTEN, [a1, a9, ..., a;1] BSEHEF. FATEE
(@i, Qig1s ooy an] FHRIER/NTTER, BHR o; 2280, XESE « MUBEBRE T EFBITTE,
HEX—-UEERIREG MR, B 9.2 #ir TxX—=EK,

R
% N

.. BFTE.. z | - |min| -

9.2: ZEMERINERFTTR, N MFIRE 2 HRE &/ YR B E AL E

9.1 ERE/IITR

FATAT DA b — ST iR — e R P S B ME RITRM SN 1,2, .., ne
FEEm SN 1, 2 FIMDNITR, SRV NTE N 5WS N 3 FTRILE... . EEX—F
WEZFIZE n STTR, X—T7EEaEEA,

1: function MIN-AT(A, 1)
2 m <1
3 for i <~ m+1 to |A| do
4: if Afi] < A[m| then
5 m <1
6 return m

MIN-AT EHAUT Ali..] FRANTTEIALE me £ mIEAE —PITR Afi], B
—te&EITTR Ali+1], A[i+2], ... BWATDVHBARNTIEEE—HTR L TERR/ME,
WRLEE—NIER, EiERNME, GNM L FEE—NTR o, AEERRE D
FRIEIIEREIR/IME yo 2y FEVNI— PR HRAHR/IME.

min [z] = (z,[])

_ r<y: (z,zs), Hf: (y,ys) =min zs (9.2)
min (x:zs) =
AN (y, 2:ys)
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Al DAt —& @A . KT R M : A, B, TN A A= (), B
BEHTER, BN B HEERDITEIE, HEKIBA A, T#E FE/NIIEHR
mo WEERWIMN B HEE— N ITER, fl m M EEEE B R ES, XN, m BtEH/IME,
FEEARHMEERLRXR L= A+ [m) 4 B, EBac A,be BEa<m<b

min (z:zs) = min’ [ | z s (9.3)

E

min’ asm |[] = (m,as)
b<m: min (m:as)bbs (9.4)

min’ as m (b:bs) = {

AN min' (b:as) m bs
B min IR [\ —XHE: R/NTTRRIRTTRINR, IXEEH R A] ISy

sort [| = []

9.5
sort zs = m: (sort xs'), HA: (m,xs') = min ws 6:5)

9.1.1 EEHERFERE

VB HE R 1 0 TP R BT A HEIT RO TR DA L ME, 08 T n Y0k
Mt (n 1) (n - 2) .+ 1 b IR ek oMY — o), A
HERFAI L, VERE HEPP A R ISR AR 0 IR R AR, T A P fE L
R T HERE PN 1) O(n) GE BT W — RS, BRI T e Ty
HEL O (n2),

2:>] 9.1
9.1.1. NHMNEIRHERE/MELIA (Al[a] 7

min’ asm [] = (m,as)

min' as m (bibs) = ¥<m;nmqm%mmbm

AN min' (as 4 [b]) m bs

9.1.2. KIFEHIEEEHEFET,

9.2 i
K T TR R RR IR e, SRATTRT DU e (e M o B <,

sortBy < [|] = []

9.6
sortBy <t xs = m:sortBy < xs', HH: (m,xs') = minBy < zs (66)
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“BMETHEEA < BT
minBy < [z] = (x,[])
{x<ly: (z,xs), EF: (y,ys) =minBy < zs (9.7

mBy < (x: =
minBy (z:x58) S (g o)

N F—HEE, (ENNTEBEFFER sortBy (<) [3,1,4,...]c XEER < i
JETEAE G5 ) 5t
o dEE M IMEM 2, 2 £ ;
o ARXIFRME: XM 2.y, B 2 <y, Wy £ x;
o BB EM vy 2, <y Hy<z, M a< 2z
a2 N FEHIEEHEF IR PR E TR, FHENHIEIAH B E/IME:
procedure SORT(A)

for i<+ 1to|A|do

m<1

1:
2

3

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

7

EXCHANGE A[i] <+ A[m]

Bl n — 1 DCRHTE, &a— TN RORES n KEY, THFERT - RE/IME
B IXFEA] AR D —IRINEETERR, 5390, QNERES « RHUTTRIALTZ Ali], NITEH A2

1: procedure SORT(A)

2 for i+ 1to|Al—1do

3 m <1

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

5: if Afi] < A[m| then

6 m<—1

7 if m # i then

8 EXCHANGE A[i] <» A[m]

9.2.1 YYEHEHEF

EENG T H RSP SRR ERERIN TR, MERATLER, KHMTE
REAME. W& 9.3 Fis, g, &EMHTTREZCFH, BEEEMAHFT
=, ENEIHAPRAE, R ZREIRFFEHIRE,

1: procedure SORT’(A)
2: for i+ |A| down-to 2 do
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3: m < i
4: for j« 1toi—1do
5: if Ajm] < A[i] then
6: m <41
7: EXCHANGE Ali] +» A[m]

A

P ~ _
- |max| - | .. CFTLE..

9.3: BUUERERKIITTRBEIRE

2, U DRI B R &ARME, FR/MEREDT L, RAREREIR
FEo IXAER] DURFINEETEINR BB IX—BIENCON W EEHERF ", W& 9.4 FR,
1: procedure SORT(A)
for i < 1 to L%j do

v

3: min <1

4: max « |A|+1—1i

5: if Almaz] < A[min] then

6: EXCHANGE A[min] <> A[lmax]

7: for j < i+1to|Al—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] <> Almin]

13: EXCHANCGE A[|A| + 1 —i] <> A[max]
R

LEBFRVNTE.] | v | o max| o min| - | Y . BFRARITE.

9.4: —RIFfFEINE M HR/ NIRATTR, Re R el TRE EHATE
FEWNEEIITIaHT, WRERA M N T RAEMBITR, FEET, X2ENAE
MO TSI, AT DA AR 7y RSB R -
LRSI EEENEE — LR, EFERAEFS;
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2. B, $RER/IMIRAME, 2BIRETT AR E, RS R RITR
7o

sort [] = []
sort [x] = [z] (9.8)
sort xs = a: (sort xs') 4 [b], EH : (a,b, xs") = min-maz s

HrR, R min-maz WA S MERTRRIE :
min-maz (z:y:xs) = foldr sel (min = y,max z y,|[]) zs (9.9)

FATERFTN N T EERN EREN I R/ME 20, BAME 21,  foldr HiiFF5, H
o sel XN

r<zo: (x,x1,20:28)

sel x (o, 21,08) = a1 <x: (20,2, 71:25)
A (w0, 21, 2:78)

RE min-maz RAFFZELNENE O(n), 1B #b] FIAMNEK, WE 9.4 FR, &7
mABESENIEFTR, 60 B ESHANERFITR, M AN B ENRERE, A
ReHk ey )T

sortt AB|] = A#B
sort' AB[z] = A+ (x:B)
sort’ A B (z:xs) = sort' (A4 [zo]) xs' (x1:B), EH: (z0, 71, 28") = min-maz xs

(9.10)

BNEH AL B BEHEF  sort = sort’ [ []o IBIRIEAUURAELE A 4 [z0]; T

oy MIMEESEE] B HORITE, T MPRIEHHRIE, BOTH A RN A, XEERAT I
B zo BEGERIRTE. FATEWTFENKR:

A = A+ [x]

= reverse (z : reverse A)

= reverse (z : Z) (9.11)
%
- 24
RS TR BN A B A, X — B, A0 T
sort' AB[] = (reverse A)+ B
sort’ A B [x] = (reverse z:A)+ B (9.12)

sort' A B (z:xs) = sort’ (z9:A) xs' (x1:B)
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9.3 ks

EIRY R HE R IE MR B, (BN R EZREIRZE O(n?), 8IS HBGHEITHE
P, BEREITTR AR, SNEREINEOHR, DFEIEIRHER TR UERK
BR/MEL? 1S —IREKR/NTRN, BATEF T 581, HITEMLETTRAN N, L
XK, EIEFRERT, BATEAEAXEMN K NIEER, MEMKITIEER
W, E— PR BETERACAENSR, HP—fMERRERT R,

9.3.1 HRIRFRIEINIE

BB FAAMEIYFEZR—IR, RE& DRI 32 BKBA S Ld AN RFE, 1982 4F
T, IREER R A 16 ZBRBL, FRATTEIF] 1978 4E, F B ARG — Rk 77 TR SRR E ot
ZEE IR, TE SRR 8 A THLER, FhEE~ 4 8 STIRBEERIA, &
8 TR, BENR, fER R ER, 8 SERIAWI Al 4 4, EEERF=AE 4 SIRBEER
A SRJGIX 4 ZBRBA AT AP XT , EEER P2 4 AR BRI N R T E, &20d 4 #0L0EE,
AP, B ERAION 8 44+ 241 = 15, EEBAIHAH S HIEHZ
W, BATCAEREM SRR E, A ARARE—7 EEPEGEE S IRAIAET
TN EL? EESSHHEFAA, AR, (E2X MUNEREMREE AT, F
TTEEHE T2 A7, RIZEEN— A EEA T HEER, BRETIRDER
BN, [HRNIE — T — FREAIR, XX HIBIKAVEKRN, R A BESTT IR
ZEANPEAMFTE BRI & 9.5 iR TIX—1F M,

9.5: JLR 15 TE55 — R BaIK

FNOA — MEREL T, BFER, LR, BRI BRI
=B TENIN (BRAIEL PRI, RREEETN 16, RIERIZHT
AN, #5714 NRIE, MRES —FBiEaike 15, FA7HFZE A RIER 77 TEE
HARFER HERENR R E, /e, NTEEIX—T71., (B =K, IR HiA
FERGEETIERENHE . EEERSFERR—MRNIE (B —co), XFELUEE
NEPIEF, BoARIBNFHIELE, RIZE 27 R, m Z2ERE, HRFE
2mTl 4 omT2 4241 =2 — LR REAERITEE, TNE RS REFEL
BRIROEE, KPR b, MAOVEFEET BIRA_ LIS, FARZEN R 17 T2 %H
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A5 B L1588 —amHIBN, —EFE R NN RIS ZE 0, BN Ee 2R K NHEE,
BRI L FRATTAT PAMERARZEMR BOAR 1T R &, 1R E 7= AR T ZE A BR AR (A7 77 Al [T, TEIX
&R ESEE I, B 9.5 1, XEMEFIRC KA, FERENTTREE
[14,13,7,15], X— EE& AT ARG

1. MFRFHEF LR 2 — PREAR 2R, TR % (BROR (B AL AR ;

2. BUHRAR, B A NS R SR RAEE N —oo;

3. BIRA_EEENHIBZE, SRR E, R HE TR,
4. BEHR 2, EFIFTAERVTREHEH,

Bt 14, BHEHN —o0, 13 EFHAHTHIR

9.6: FRARFEMHEFERIET LS

NTHN—HITRAF, BMNENENTHTE —RIRREER, REAMERHEZE,
9.6 B TIX—HFHIRT L NP, B XWEE X, N T EEM, 807 55
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TR TR M, RTERE n T2 27, M HRE2RRTELE HE", “&
2N T4, T AGEEEFRIEN, ME T EATE — M B2 n B, RE
BFRE AR ¢ to, #AIE —HRBE KA = XA to HH ¢ BIRRY max(key(ty), key(ts)),
FAETRN by tye BEIX—HBET|—HH, SRR 1, tETRIRTHEA
TR D, REGRITE, BHEER | 2], | 7). . SRR RS —
FESRRRIEM, MEHEEZER O+ 2+ 2 1 .) = 0(2n) = O(n),

1: function BUILD-TREE(A) 2
2: T+ ]

3: for each x € A do

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

6 T ]

7: for every t1,t, € T do

8 k « MAX(KEY(t1), KEY(t2))
9 APPEND(T’, NODE(t1, k, t2))
10: if |'T| is odd then

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

12: T+ T

13: return 77[1]

FRERH ERARZEM HUIR T s, AT B T MR HEE RN —oo, RGFEIEIT AT
SR [, X T B SR (B
1: function Pop(T)

2: m <+ Key(T)

3: KEY(T) - —oc0

4: while T is not leaf do > BIAA SR m BT —oo
5: if KEY(LEFT(T)) = m then

6: T < LerT(T)

7: else

8: T + RicuT(T)

9: KEY(T) + —c0

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

12: KEeY(T) < MAX(KEY(LEFT(T)), KEY(RIGHT(T)))

13: return (m,7T) S A= S Ive VI EER S EN)

Pop b NACHEME, BTUE NI, #%8 8 IRA LEE HEE R —iE, BT
PREFMHE 0, B EAURE, Wl 2 A= EN O(1gn). NRIEZEN O(lgn). T
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HZFRIRTRHE TSI, FEE T O(n) BN —BRERAREER, AT n (K54
HIRE, B— MW B R AR(E, SRR HERERERES O(gn), FRtnZEHE T B S
BEEZEHN 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)

W A] PUBVASCEERR SR T, EH - XWHE . S—BRIEZHIN N (1, k,r), H
kMR, Lr BEA T, EX wrap x = (2,2, @) BIE—MHF R XFEREA]
PAMFINER s FE L n BT ts = map wrap zs. FIEFRIRERMIT, HLELRARRT ¢,
by, IERFEAIRBIENIR, t1. bty 1ENEG TR,

merge ty to = (t1, max ki ko, ts) (9.13)

f

HA &y = key t, ke = key too BRE build ts NUTEUL FARREHAT &, R&A)
HHHRPREZEMS,

[

build [] = ©
build [t] = t (9.14)
build ts = build (pairs ts)
He:
pairs (t1:ta:ts) = (merge ty ta) : pairs ts (9.15)
pairsts = ts

NTEISHZE, BAMGEL A TH, EM—RFRT ST EEE, REEAH
MF AR E BRI R, &R FHRTTEEEN —o,
pop (8,k,2) = (F,-00,9)
kE=keyl: (I' max (keyl') (keyr),r), HA 1" = popl
k=keyr: (I,max (keyl) (keyr'),r"), HF v =pop r

bop (l,k,T) = {

(9.16)
HEFF R AR AN M — R ERARZR 58 et 2 (P2 ) -
sort @ = |[]
sort (I,—oo,r) = [] (9.17)
sortt = (keyt): sort (pop t)

25>] 9.2
9.2.1. RKIBIHBVERIRERHE LB T
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9.2.2. FRAREEMHERE A] DMCEMEE TR A? EREEHRFA?
9.2.3. HEATHRFRERMAHE A = AR R HE R, & 1AV R 2 [RIRCR A0 AT,

9.2.4. FEEHEREFFIFRAREENTHER, A TR R0 2 (5] /R 4 {a]
ER. 31T

9.3.2 P NHEHERE

FRAREEMOR N B B 2 EIR &2 O(nlgn), IBEI T ET HHRAHEF &L LR DY, X
B EBOENZ R, HFERUE, SRR I ATE 7 RERER R T MTE55, IR = X
NESHEMERER, BAGE T2, BIREINEEHRHERERTRE? RA
HEFHITERE 0 D, BRI SEIR B T 20 DR BEAFE 0 DNHFHR 0 D23
BERAEERETL —FZRIE? IR ZART A TTEH N, INR N, 4 key &
44N top, AT (9.17) BLAT DA — B H (o s F A TE

sort @ = |[] (9.18)

sortt = (topt): sort (pop t)

IXANHERE P E S oE 2 —HE . HERETIER AR 7 By (B AD (5, H BAR AL T PRIEAY
R, (R RY = SOESEIR R &l “ s " SEEH R 51, RIEEBR T n DNEETT
Sb, EFREMFINTZ ], REERIHE, 0w A RN NEE o DR T
RAE N —F A SRRV, B HEF 2 B0 A REFRIMERE,

9.4 [ HlFEF

FEIB AR A BT -

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

SRR

[A] cocktailSort([A] xs) {
Int n = length(xs)
for Int i =0 ton / 2 {
var (mi, ma) = (i, n - 1 -7)
if xs[ma] < xs[mi] then swap(xs[mi], xs[ma])
for Int j =i+ 1ton-1-1{
if xs[j] < xs[mi] then mi = j
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if xs[ma] < xs[j] then ma = j
}
swap(xs[i], xs[mi])
swap(xs[n - 1 - i], xs[ma])
}

return xs

FEIBARIXS B -

csort xs = cocktail [] [] xs

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

in cocktail (mi:as) (ma:bs) xs'

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

B A= XA SRR -

Node<T> build([T] xs) {
[T] ts =[]
for x 1in xs {
append(ts, Node(null, x, null))

}
while length(ts) > 1 {
[T] ts' =[]
for 1, r in ts {
append(ts', Node(l, max(l.key, r.key), r))
}
if odd(length(ts)) then append(ts', last(ts))
ts = ts'
}

return ts[0];

MERPR R B H T % -

T pop(Node<T> t) {

T m= t.key

t.key = -INF

while not isLeaf(t) {
t = 1if t.left.key = m then t.left else t.right
t.key = -INF

}

while (t.parent # null) {
t = t.parent
t.key = max(t.left.key, t.right.key)
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return (m, t);

HRRZERHE P -

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

BRI FRR e () -

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

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

Il
x

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

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

pop (Br Empty _ Empty) = Br Empty NegInf Empty
pop (Br Tk r) | k= key 1L =T1let 1' =pop 1 in Br 1' (max (key 1') (key r)) r
| k= key r =1let r' = pop r in Br 1 (max (key 1) (key r')) r'

toList Empty = []
toList (Br _ Inf _) = []

tolList t@(Br _ Only k _) = k : toList (pop t)

sort = tolList o fromList
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BE I, SBRBREME, X HfE

10.1 &I

TXHEAE A AT R, K R Rk R P (B > 2) EE AR (TR
AN AR EFE AL, AENY M, Rk XRRIRARER, 0
SRIEIRTIT I CHER R LB, m] DS BISE OB EHE, "G HE S FFRUMERE MO BN
F) 52 2% FEAR T 2 B BN B, 100 TIRIBAREE, AR AR, B LI A B
HI%ERERET.

10.2 I

IR L T4 I, T H—H k XHAIERR R, SRR RN TR
RNEFF SR, FWIER TR (o + b)" WX EBHF G, STWAEKATUE
RN

(a+b)"=a"+ (T)a”_lb—i—...—i— (nﬁ 1>ab"_1 +b (10.1)
=4 n N EARBN, BIREGH 2P H BT~ =HE P —17, W NEATR 10,
1
11
121
1331
14641

B ZMTTIER LA — RS AR, B —ME B, m#F=/A+
BTN 1, EI— TR 1, e BT A BRG B2/,

10.2.1  ZIFH

IR E YT B (rank) B2 XA, B > 0 HUEEEL, RN 0 BY I
Bo, - n BTN Bio
VAR B S BT (1010-1070), 44U 1665 4R T n RN AIIETY, IRRLERIE n ™ 19040,

165



166 BT TISUHE, 3BT E
1. By W HEE— T A

2. B, WMHWIE B,_, WA, HARTT ST E2RAN—HES — R0 R LN T,
WE 10.1 fiTe

10.1: —IRFCHE

& 10.2 BT Bos Bis Bay Bsy By BIBIFo MEEA], AILAEIE B, FEATRIT
REEREF R IR Al B, B0EE 1IN TRMRTR),B1ERE 41T,
F2BA 6T, EIEFANNA F4BER 1R, BIRTFRIET-F=MATF
AIZE 417 (BB 0 157H45) 1. 44 6. 4. Lo IXBUE IR 2 FRI R, HE—H3ATAT
PUSH] — T B, &F 2" DT,

“IEHE R S — IR GRAR), FETRE -

1. EERPTERT R HEVE S, X TN, (R TR > KRITR;
2. HEFEAAT PR I FIRRE AL,

MPERT 2 ATAD: &F n DITRA TECHE, Q150K n B0y — 3 HIE (an,...a1a0)2,
HA ay BRAKNOL(LSB), a,, B&REM (MSB), 24 HANY o, = 1 B, fEFTFEERN i 1
— I, BN, IR 5 DT, 5 I HEHIDY (101),, HEFEH AR I
M By 1 Byo B 10.3 FH IS H 19 TILER, 19 = (10011),, B EE =M
By« By Byo

TE N IR A Z X (r, k, ts), LERTRITR kB r FIE5T T8 tso EX
TR HE g HE k1B I ) — TN 21 3R

data BiTree a = Node Int a [BiTree a]
type BiHeap a = [BiTree a]
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()

OB OWOR0

000
ONONO ()

10.3: &6 19 DnEM I
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AR M T, AT T BT, AT VR A = SO RIS R e 22 X
o BT REELEMMAEME D : ZEME 2 faE T RS — R, A MER 2 HER
AT Re FrE BT RAN—MER, (E 10.4 FR. AT DAERER HEEHES*R
RFTR— N JHTH

CRONRe

ORONEO
O -~

10.4: R AR R, 11, Ty, ..., Ty N REIFRE, RBSEEMN Ty, EMNZ Thy, ..o, Ty
N T BF8e Ty BIEMZ T T, G LB TR Too To FIZEMZ T Toy, H
I R

10.2.2  MIAYRESRE

BEFEPVIRMN B, A DAIEH B, 1o FEERPUARMIAUIRTY RUTER, RV INITEN
HHUR, A5 R 5 —RE T HE FWEIE, W&l 10.5 Ao

x<y: (r+1,z,(rt,ts):ts)
AN (r+1,y, (r, 2, ts):ts')

link (r,z,ts) (r,y,ts') = { (10.2)

10.5: W = < y, K y 1EN = BB —IRFHH,
(AT, A" RSN T, BERERIE AT DAE BN RN 52,

1: function LINK(z,y)
2: if KEY(y) < KEY(7) then
3: Exchange = <> y
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SIBLING(y) < SUB-TREES(T})
SUB-TREES(z) <y
PARENT(y) + z

RANK(z) + RANK(y) + 1

return x

53] 10.1

10.1.1. ZWiEARETR=AF
10.1.2. ERAZIEH B, B8  ITEUT RE08 (7)o
10.1.3. IEFHZIM B, EF 2 D A,

10.1.4. FBREHEG 70, SCE —IC AU B RE, XA SE (] [R) R, (BAERR L
B 3718 TL

10.2.3 fHA
ZIECHE A U RHZ R IBIE HES I, TR AR T AT I R -
inst[] = [t
rank t < rank t': t:t':ts
. (10.3)
inst (t':ts) = Srankt <rankt: t :instts

A0 ins (link t t') ts
Hf rank (r,k,ts) = r, ZREL_IERAORE, QUERHEDN S [ ], Z55R00 [t]; SMIEL
B¢ AHEREE — BRI ¢ BURK, ANSR ¢ RURRELDN, MR RON 3 — 1R ; A0SR ¢ BIFRELD,
B IFHORE ¢ S8 AN FIRIRAIR R GRARAESE, UK ¢ ¢ SRR R — IR R AR, 85120
AR HERIIN A, WRA n DR, HPRZAH O(lgn) IR, ins ZRZHIT
O(lgn) EENAIREERE, NRIZEZREN O(lgn)?s A ins, TATATEUE L 1150
HERITR AN SRR, FRAEATTR o A — D1 5/, AR5 EmAZIHEA:

insert x =ins (0,z,]]) (10.4)
X SRR, FRATTAT DAR A BN R T e Rl A St
fromList = foldr insert [ ] (10.5)

xR FEMZ T, A ST as SEBn R
1: function INSERT-TREE(T, H)
2: 1+ p + NobpEg(0, NIL, NIL)

X — AR D ZHERI BRI, BT PAB | —2& A @ ${E %R (numeric representation) (31,
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10:

11:

12:

13:

0 FHE I, AR, B HE

while H # NIL H RANK(H) < RANK(T) do
T <« H
H + SIBLING(H)
if RANK(T') = RANK(T}) then
T + LiNk(T,T)
else
SIBLING(p) < T}
p«Th
SIBLING(p) < T
SIBLING(T) < H
return REMOVE-FIRST(L)

: function REMOVE-FIRST(H)
n < SIBLING(H)
SIBLING(H) <+ NIL

return n

10.2.4 H&EIT

¥
v

R

BFH D ZIEHER S TS H D IR AR, S aE R I BARR B,

HiZMeposl, S EBEmEFFaFELO. SRR NHERR I S8 — B, HiR
MIRIRR, RN — RIS R A, GRS RIRRIESE, B TR B T8ERER —
BORHIM, SR E i A B & 4R,

merge ts; [] = ts;

merge [ tsa = tso

rank t; < rank ty : t1: (merge ts; (ta:tss))

merge (ti:ts1) (ta2:tsy) = rank to < rank t;: ts: (merge (t1:ts1) tsa)
A0 ins (link t; ta) (merge ts; tss)

1

2:

3:

4:

5:

(10.6)
Yty o AR, Bl T AT DURBE B2 5 U N B R — N, RE I3 &5

merge (ins (link tq tg) ts1) tso

R A7 AT DATHBRIE IS, SCEDAAAR &7
: function MERGE(H1, H>)
H < p + Nopg(0, NIL, NIL)
while H, # NIL B H, # NIL do
if RANK(H;) < RANK(H;) then
SIBLING(p) < H;
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6: p < SIBLING(p)

7: H, < SIBLING(H;)

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

9: SIBLING(p) < H»

10: p < SIBLING(p)

11: H, < SIBLING(H>)

12: else > RRHESF
13: T, < H,,T5 < Hy

14: H, < SIBLING(H;), Hy < SIBLING(H>)
15: H, < INSERT-TREE(LINK(T},T5), Hy)
16:  if H; # NIL then

17: SIBLING(p) < H,

18: if Hy # NIL then

19: SIBLING(p) < Ho

20: return REMOVE-FIRST(H)

LHE Hy 185 mqy 1885, Hy 18 me B, SHENERFTERZE mi + mo B,
WIS B RAE R B, WEFFREY O(my + ma)e WRFEMMERBIN, K2 FHZE
F O(my 4+ ma) Rinse EEmy =14 [lgny |, mo = 1+ |lgna], HA ny Flny 2D
WA BWARN, B |lgn| + [lgne] < 2[lgn], EF n =ny +nye REEIFNERESN
O(lgn)o

10.2.5

ZIAHER AR BUAR T RARTF TS B B R/ME, ERXER/MERIFIRRZ T
T, N T IRBHER R/ NT R (HETH) , FEESHIRT RUTRF AL HEHHE O(lgn)
KRR, R BRBUHETRRY B 2% O(lg n)o

top (t:ts) = foldr f (key t) ts HHF f (r,z,ts) y=min x y (10.7)
Xf R HIEFSEEN -
1: function Topr(H)
2: m <— 00
3: while H # NIL do
4: m < MIN(m, KeY(H))
5: H + SIBLING(H)
6: return m

ST R E R, WP TN B;, By, ..., By, ..., By, HH
B, BIRRTY O R/ NE R REEMIERE 728 p BRI/, BN p—1,p—2, ..., 06
R p BRI, AR — D I Hyo BRE B, HIREEA A — D Z T CHE
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=
H' = H — [B,)o 1§ H, Fl H' &R AESIRALER, ME 10.6 Fimk. T I8
H, BRI 4 B8 TR RO

10.6: —IFCHERY L R (R

min' [f] = (t[])
, key t <keyt' : (tts),HA: (¢ ts') =min’ ts (10.8)
min’ (t:ts) =
A (t',t:ts")

H key (r,k,ts) = k FRBURTI RITR. min’ BIGEFN—XHE: HETTFTERIRY,
FAE B, 2N oRE X

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

Xt B AR RSN :
1: function Popr(H)
2: (T,,, H) < EXTRACT-MIN(H)
3: H < MERCE(H, REVERSE(SUB-TREES(T},,)))
4: SUB-TREES(T},)
5: return (KeEv(T,,), H)

Hrp SRR SEI LS — &, EXTRACT-MIN AUEASEIRAN T :
1: function EXTRACT-MIN(H )
2 H' + H,p+ NIL
3: T, < T, < NIL
4: while H # NIL do
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5: if T,, = NIL 8( Kevy(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')

A DASCEIMERE R, B SE MR T R — D ZI0GHE, SAUE N T3 /)
TLHRo

sort = heapSort o fromList (10.10)
Hr:
heapSort =
eapSort [] = [] o
heapSort H = (top H) : heapSort (pop H)

ZIGHERIIE A BRI R E R EERINME T Z O(lgn), nREE R ENF
RFTA], BT B 25 T IERA,

10.3 EEJFAREH

TR TR B ZOE SRR ARSI R ok B 2RI 0, 2K
ARSI A R 2B W, (XA ERE EEMERENE T A2 )
BRI AR, TEMEIRE OB AL 7SS _EAUER| DO, BRIE AN, 281 RS2 AT 4
TER T P B AR 2 H AU 1R 07

] IR AT E o B, BATTR o B9 55, FEHEAZIZRMAR, Wz iERk
EEAIT IR, QRERAESE, M TR, REBIFHEA. FNEEZEHR O(gn).
B MESRRS, B PR AR B HEIR M T, BT o« EEIAGMT, HTH
ARG, B TR ZIC AR AR T S R— T TR e R, — DAL EEE N
= @, HE RS TR, 188 (n, ty, ts)e HF n BILEMNL, t, BHEITEDN
B, ts BHERZIAMFIR, FHEHIGIFEFE T2 (B 7 000
HIE S :

3Michael L. Fredman I Robert E. Tarjan 7£ERIXFRHE RS (RS Jx B IRHE A T 32 A0S285 I R, T2 M1
4 R s 1,
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e TSR | SRR
A O(lgn) 0(1)
=Pis O(lgn) 0(1)
REGET | O(lgn) 0O(1)
SHLH O(lgn) | 7% O(lgn)

R 10.1: LR AREAHER] — TUECHER () B A XS LE

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

IXAERL AT DA B 2 RIZR BT (R A < top = key o minTrees

10.3.1 fBEA

ENXAEAN—MRREH, HPF—DMENEE MR insert « H =
merge (singleton x) H, B85 it BATE R

insert x = merge o (singleton x) (10.12)

E

Singl6t0n T = (17 (1,$, [ ])7 [ ])

TNEERT R A TSI
1: function INSERT(k, H)
2 x < SINGLETON(k) > K kBN — R
3 ADD(z, TREES(H))
4: T,, + MIN-TREE(H)
5 if 7, = NIL 8¢ k < KEY(T},) then
6 MIN-TREE(H) + z
7 SizE(H) + Size(H) + 1

Hrr Trees(H) REGE H B9 (FTEMAYFIER) , MIN-TREE(H) 103k T H H#
TRRRTERIR

10.3.2 &3f

IR, (ORFPRNHEF RIS —iE, G EHHT R HETT,




10.3 ZEPTHREIHE

merge h & = h
merge 3 h = h

key t, <keyt, : (n+n
merge (n,ty,,ts) (n',t) ,ts") = Y Y (

s Ymo

EE (n+n

175

Jtm, U, its 4 ts)

St its HtS)
(10.13)

NN HEET A N ZS N, 4 HIREIN IR AR — R RURREIE b, (AR R

AT S FHIE & 2 2N T,

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

}

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

1: function MERGE(H1, H»)

2: H < F1B-HEAP

3: TREES(H) < CONCAT(TREES(H;), TREES(H>))

4 if KEY(MIN-TREE(H;)) < KEY(MIN-TREE(H>)) then

5: MIN-TREE(H) + MIN-TREE(H;)

6: else

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

8: return H

9: function CONCAT(sy, s2)

10: e1 < PREV(sy)
11: ez < PREV(s2)
12: NEXT(e1) 52
13: PREV(s2) < €3
14: NEXT(e3) + s1
15: PREV(s1) < €2
16: return s;

10.3.3 3

BIFIHEIR TRAUBERS, 52 TR T EAEF PR AME" [FK,

FEAMEIVAT 8 5 — MR a8 T 2 BB, W0 L = 2

FlTE ox—1d
) 17 1747 87 17 ]'7 274]’
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AWCRAEFERI A D EAEN, BEERA EAEFNE, XD FRIREZEERN (8,16
® 102480 TAFHDE, B—FIRRBR G BT, 58 _SZHRESER, #i7
VBTG RINR PRI E — DT RM L, RS, ik, &2 I1H5F
SR, FNEREAT P A0, TSR R] IHZ ML :

(1+1),16 | 2, 16
(242), 16 | 4, 16
(4+4),16 | 8, 16

e | HeRRE | AR
2|2 2
1{1,2 1,2
1| (1+1),2 |4
4| (444) 8
8| (848) 16
11,16 1, 16
1
2
4

72 10.2: AHEFHIHPE

consolidate = foldr melt [ ] (10.14)

£

melt z [] = =

z=21x': melt 2z zs

e o (10.15)
melt z (2":25) = Szx<a': z:2':xs

z>x': 2 :melt T xs

% n = sum L, NFTEELZH, consolidate #HE T n F2om o 4L, 24 B
5 AL ERECTR 1, ERVIRPEE 20 X DG M0 FFEE) . B0 sum [2, 1, 1, 4,
8,1, 1,2, 4] = 24, 5 HEHIZ (11000),, 28 3 FI55 4 f7 B2 1, T ARAYIRAEE
23 =8,2% =16, FHZEMIAYTTTERT ASEEIRIATYAF, BRI HERRAR R RO B R K -

meltt [] = [t

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

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

10.7 g THIFFFRIP B, FI3R 10.2 XFELAT DAE HAEEUME, AT AGE A4 B)
HEH AEATIAF, Al RERON « HOB, PN, GBS — R « OB, SR
MEERGEERISEI— RN « + 1 B, ISR Al B, BERE Ali + 1], HAN
MAEIHITEE. BE, A FRlRE TAHER,
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10.7: MUFFHAIP T, 8 35, d RS o, REHEHES a; % 7.8 2, r JoBEREE] q,
RIE s BEREE g0
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1: function CONSOLIDATE(H)
2: R < MAX-RANK(SI1ZE(H))

3 A< [NIL, NIL, ..., NIL] >R
4: for each T in TREES(H) do

5: r < RANK(T)

6: while A[r] # NIL do

7: T + Alr]

8: T < LINK(T,T")

9: Alr] < NIL

10: rr+1

11: Alr] < T

12: T,, < NIL
13: TREES(H) < NIL
14: for each T in A do

15: if T'# NIL then

16: append T to TREES(H)

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

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

KA E I 39 e, SERARSZHER AR A T —WiEUHE, HF O(1gn) BN,
HIR/NA n, MAX-RANK(n) IREIRKATRERIRE R, H —INHERYSE 16, FR&ARAIHRE
Br B 2B ILE, H:28 <n < 28 FEHENTHI LR R < log, ne FMTHES
R HVEERG T, BT RFZFER BT, TRAE AN (10.8) & XK
min’ 7 & HHETR AT 7E A

pop (1,(0,z,[]),[]) = (z,[])
pop (n, (r,z,tsm), ts) = (z,(n—1,ty,ts))

HA (t,,,t8") = min' (consolidate (ts,, 4 ts))o TEE] 4 HIEZEZE O(|tsm|),

FROHE TR 2 A B F B TR AR R Ee X R AT a2 SUSEEAN T

1: function Popr(H)
2: T,, < MIN-TREE(H)

(10.17)

3: for each T in SuB-TREES(T},) do
4: append T to TREES(H )

5: PARENT(T') < NIL

6: remove T, from TREES(H)

7: S1ze(H) < S1ze(H) - 1

8: CONSOLIDATE(H)

9: return (KeEY(T,,), H)
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BAMER “FBRETTIE" A H B o REIERE, [EIZA 3R E B RERE
E =mgh (10.18)

GnE 10.8 AR, BRIgR—DERRRIEERE, KREN m (I L N2, RE(EF
fEEN b BN E, X RIEESEE N W, (2SR

W =mg(h' — h) + W;

10.8: E 15 6E

N T RIS R S THAE, S AT REN ©(H ). XD HRERHIES
NIERIFEN AFBRERERN, S RITFF, TR T HHE 1Y, B ERERE o(H').
O(H') M1 ©(H) BIZFIN_EAIAFHEFERTER R B HAY DR 2R, 7 AREN:

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

b t(H) Z2HEFRBIERE. T n DR B BRI, SR ERY R(n)o
IHIFERIBERZ N t(H') = R(n) + 1o {EVFFFHT, BATEM T 5 — D EZE R R
TRFRTE BIRARMBR, K TR R, Rt &EZI3H R(n) +t(H) — 1 B8, &
R HRERIR RIS Z4E RN T, RIAHMN B E 2EN T,, S ME 2 E T

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

AL BT R ER IR EE AN S HE B R A AR Dy I, N R(n) BY_E
RN O(lgn).
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10.3.4 LT

RHEETS TS, BRMEFTFEEATT, BAPEHMIHKRERD, F15E
55 AR HETT, FELEEETR, AR/ NE R EIE Dijkstra BIEHETZ KIX—#HE
A PR A IREIH A Al < o WM H PRI R, RERERERNN ko 20
10.9, # o BYE/DN TR A y HIME, K o UIRFFRIMEHE GRK) B, REIXFEERS
BRI R B/ ME, BYIRRT RS A B IR, IREE TR
T, T PRIE S FFRIMERE. v 7 ARORIX — R, R E I — DRI A

LR AR TR T R, SLRPRE BT AN EIHE RO o

10.9: 4 key x < key y, K x YI'R, A ININEHER,

1: function DECREASE(H, z, k)

2: KEY(x) < k

p < PARENT(x)

if p # NIL and k < KEY(p) then

I

>

5: CuT(H, )

6: CASCADE-CUT(H, p) > EIHITIER
7: if k < Top(H) then

8: MIN-TREE(H) < x

CAsCADE-CuT A —MRICRIERERATESRAEL F TR, HE Cur HiF
FRIRIC,
1: function CuT(H, )
2: p < PARENT(z)
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3: remove x from p

4: RANK(p) - RANK(p) - 1
5: add = to TREES(H)

6: PARENT(z) <— NIL

7: MARK(z) < False

[EIARN AT R o BARIE T, WA BEHETE AR ET T A, Tl 175 RS EIHY)
Bk, EEMR R

1: function CASCADE-CUT(H, z)

2: p < PARENT(x)

3: if p # NIL then

4: if MARK(z) = False then
5: MARK(z) < True

6: else

7: CuT(H, x)

8: CAsCADE-CUT(H, p)

#5>] 10.2
R1BH DECREASE B3 8 24 & N HEH] O(1),

10.3.5 ZEPRAREHER a4

PATAAREE H MAX-RANK(n) BYSEHL, BEX T n DICRAVERAFRZHEF LR
LR,

512 10.3.1. X T 2ERBEEHEFR RN 2, 52N k, Bl k = rank(zx), x| AR+
TLERMEL, W

|| > Fiei (10.21)

Hrh By RIS R RS kT

FO = 0
Fl - 1
Fr, = Fp 1+ Fro

UERA. BETT A o Rk BRFR v, v, .. yro W EHEEEER] » FINTEISE /S, HA
y1 BN, g BFTIA BEE |yi| > 00 2 y; FERRE] & BIREE, T8 g1, 9, .0 i1
CEFE 7o RATRNFIERRHERIRURBERE R, BT AEIX—I %I, A

rank(y;) = rank(z) =i—1
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WG v &2 HREARE—D TR (8 DECREASE), —BEAESE N7 H, B
%?EZEEU@JB%%DD)\@JMMER DRt AT DASERST, WA+ = 2,3, ...k, &

rank(y;) > i — 2

L sk N FTRDEATRERR/ME, HF k = rank(z), XN TIEFUENR, B
so =1, s1 =2, WHELEL: BN 0 IR, &DF 1 DT, BN 1 IIRERDE 2 DA,
BNk HOM, |DE s, DAL

|z Sk
= 2+ Srank(y2) + Srank(ys) + ...+ Srank(yi)

2 2+80+51+...+Sk_2

/\EF'EE‘):_"ﬁ—‘ﬁj%.yj ’I“CL’I”Lk‘(yi) > 1 —2 #E. Sk ﬁiﬁji, ﬁﬁL‘j Sm”k(yi) Z Si—20
FETREIUEA s, > Fipoo EHEFEIANE, N THFIENR, A so=1>F =1, MK
s51=2>F =2, T k>209EM, &:

|| Sk
2+80+51+---+3k_2
24 Fy+ Fy+ ... + F, IHAERIZ

1+ Fy+ R +F+...+F, HNMAFR=0F=1

(AVARAVARLY

B ORFEZIERA
!

Fiio=1+ ZF (10.22)
1=0

FHRE 398705
o LFRIEHF=1+F, =2
o BIVEM, B k4 1 B,
Fryo = Fop + Fy
k—1

= (1+) F)+F. HAREK

=0

1+ ) F
1=0

2 G E L ioN
n > |z| > Fiio (10.23)
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B

WRAEE B RRESHIESR: Fe > ¢F, B ¢ = ! +2 NEEIHIEE FATRR

UERA T AR ER B R E N O(1gn), MRIEIX—E5R, A] DUE X maz Rank :

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

Bl ) F 2R S2E S Y 18 T 72 XS MAX-RANK:
1: function MAX-RANK(n)
2 Foy+ 0,F; «1

3 k+ 2

4 repeat

5: by — Fy, + Fy,
6 k+—k+1
7 until F;, <n
8

return k£ — 2

10.4 B HE

LA SEIAL N B 7%, BONHESCIN BB, MEREIL . KBS 1RME, B4E
A RBUET, &HEZ HEHN RS 2, AT E R MR 2R E
O(lgn) oI,

10.4.1 ENX

FEXHESSIU —IRZ X, S/ NTRRF TR, — MNENHEELNT o, BZ2
R kXMW, B & — MR SM—H T, 1ICHN (2, ts) ZXMHATHEMZ T, 5
M 5Ee8" T IEATRE o

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

10.4.2  &FF AR
B I NEC HER, FERFE
L =N @, RN 57— DHE;
2. S, ELARPR S HERAR T A, R — MED 75— BT,

merge & hy = ho

merge hy @ = hy (10.25)
r<y: (x,(y,tss):ts1) ’
AN (y, (z,ts1):tsy)

merge (z,ts1) (y,ts2) = {




184 FHE I, AR, B HE

BIRIERENHE RN R, (EM AT, AMILE” 77k, BAHERT mECRHY
HEFERE S 59— D HERY TR AT
1: function MERGE(H,, H>)
2: if H; = NIL then

3: return H,

4: if H, = NIL then

5: return H;

6: if KEY(H2) < KEY(H;) then

7: EXCHANGE(H; + H,)

8: SUB-TREES(H;) < LINK(H2, SUB-TREES(H;))
9: PARENT(H:) < H;

10: return H;

(A H R, A DUB SIS e — A SEINE A1, 203K (10.12), HETDUTRA]
PAMART SERB: top (x,ts) = @0 TRAFIIREUHETNRE 2% A2 5 BN AL

10.4.3 LK

TRAVERNG, BATR VE MR TR, AE G2, ERERT A,
PATTRT AE B2 R NT R RIS
1: function DECREASE(H, z, k)
2: KEY(2) < k
3 p < PARENT(x)
4 if p # NIL then
5 Remove x from SUB-TREES(p)
6 PARENT(z) < NIL
7 return MERGE(H, x)

8: return H

10.4.4 FH
S HHETIRIAR T AUG , BA TS F R B T8 U3 3 pl— R AR -

pop (x,ts) = consolidate ts (10.26)

BV, PR BOS R T & 5F. REBEMEAZE G FH IR, FoX
TR B X —E IR, WA 10.10 F1E 10.11 FiR, SIS B KA EH
JAFHHER ) 2L
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%@@@@
& ® @

10.10: MHERARTT A, RS & FF. FIT 9 BRI HRIRE R,

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

X R FEM -, A 5T o6 " SR 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)

@

o: return H

MEAEBIRFBHEREFH T,. T, &3 T, RETHES L (A1, XHEH
U LN, KR RAZ IR ME A ZERIE, HER R RE & A A EUR 0, AT, &
JE—IX T, = NIL, N &H G T = Tho
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(d) (e) (€))

(9)

10.11: \NEMAEEFHIIZE: (d) &FHFH 9H 6; (e) BF T 7; () &I T 3;
(g) BFFFM 4,
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10.4.5 kR

MBREEANTT R 2 I, ATk SEIEBUINA —oo, ARG EHIT RS HIRIE, &
TIASBINFERTTTER, o AR A, BATAFERIT —IRFA L ERE, &0, &
TR = MHE H RY)R, RJEX o« T — IR %M, BREEREFFE H:

1: function DELETE(H, x)
2: if H =« then

3: Por(H)

4: else

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

7: MERGE(H, z)

R MR 1518 A 3 H B R, A TE R B R o fEME RE DB BN 1A O (Ign)o

#5>] 10.3

10.3.1. WEES MBI HEREA 0 DR, REHITHE. 24 n BRE, 53HRRX
PEREZ SR ZE (RE D REMERER O(lgn)). WM X — & Z 1B
10.3.2. SEEECAS HERIMHBR,
10.3.3. SEHACAT HERIIL /LA R DECREASE-KEY
B 380 1L

10.5 M=% Bl TFEF
2 R X (%, M 2E)

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

I

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

IR

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

Node<K> insertTree(Node<K> t, Node<K> h) {
var hl = Node()
var prev = hl
while h # null and h.rank < t.rank {
var t1 = h
h = h.sibling
if t.rank = til.rank {
t = link(t, t1)
1} else {
prev.sibling = t1
prev = tl1

}

prev.sibling = t
t.sibling = h

return removeFirst(hl)

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

TIRECHESR AR TSI

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

type BiHeap a = [BiTree a]

Tink tl@(Node r x cl) t2@(Node _ y c2) =
if x < y then Node (r 4+ 1) x (t2:cl)
else Node (r 4+ 1) y (tl:c2)

insertTree t [] = [t]

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

insert x = insertTree (Node 0 x [])

I HER &
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Node<K> merge(hl, h2) {
var h = Node()
var prev = h
while hl # null and h2 # null {
if hl.rank < h2.rank {
prev.sibling = hl
prev = prev.sibling
hl = hl.sibling
} else if h2.rank < hl.rank {
prev.sibling = h2
prev = prev.sibling
h2 = h2.sibling
} else {
var (tl1, t2) = (hl, h2)
(h1, h2) = (hl.sibling, h2.sibling)
hl = dinsertTree(link(tl, t2), hl)
}
if hl # null then prev.sibling = hl
if h2 # null then prev.sibling = h2
return removeFirst(h)

IS FF D I

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

IR R

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

}

return prev

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

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

I CHE S H A SR

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

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

(o8 FH I A R 5 3R TR RS2 4 -

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

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

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

var lastl = firstl.prev

var last2 = first2.prev

lastl.next = first2

first2.prev = lastl

last2.next = firstl

firstl.prev = last2

return firstl
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SR AREAMG T FF::

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

otherwise = t' : meld t ts

{5 FH i B 2 AT I

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

SR AR S A 55 £ -

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

I

void decrease(FibHeap<K> h, Node<K> x, K k) {
var p = x.parent

x.key = k
if p # null and k < p.key {
cut(h, x)

cascadeCut(h, p)

}
if k < h.minTr.key then h.minTr = x

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

h.trees = append(h.trees, x)
x.parent = null

x.mark = false

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

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

x.mark = true




FT—= L

BAFIFR AL T e tH (FIFO) AL, AT DA 22 A5 TRSEBABAA, 4 & I H SR,
TEIRERINXE, NIEA L T 16 MARRISEITIEV, BRI FRZE R E AREE AR

1. A] DATE R BN R NTAR B AT R ;
2. A DATE H £ TR A MK IR BB PR T 2%

PAITHE 2 AT SRR AV B SR B, TSR An ] L B B AR LA A (AN 113k, £
SCHIBAA,

11.1  #FR3EI

A DAF R B TRIEER I AR SR BRI A IBRIT R, EITHE HER AR AR Sk AT —
MR, MAEREIAITS —MiglE. FTE O(n) NEIEHSIRENSER, KA n EA15E
KE, TR BN RIAEREZ K, N T AROOX DA, BT IN— P ERIIFE
HALE, HH— DM R S B AFIALHE, 4N 11.1 AR,

data Node<K> {
K key
Node<K> next
}

data Queue<kK> {
Node<K> head, tail
}

() g \
head tail

Bl 11.1: BRI, 3k, E#BfER S

BREEARIIRNEIEZE AP\ (Enqueue, 3¢ push, snoc. append. push back) F1Hi A
(Dequeue, B pop. pop front), FATERELEFNZR LI ATTE MNIIREEMBR TR,

193




194

: function ENQUEUE(Q, x)

1
2 p < NODE(z)

3: NEXT(p) + NIL
4
5

NEXT(TAIL(Q)) < p

TAIL(Q) < p

N

&

EH—= B

BAFIZE DB — DT R (EAIFE S TRD, Rt TcFE &R ZE SN NIL,

: function DEQUEUE(Q)

x + HEAD(Q)

1
2
3: NEXT(HEAD(Q)) < NEXT(z)
4 if x = TAIL(Q) then

5

TAIL(Q) < HEAD(Q)

6: return KEv(z)

S T RAERTE B e RAYETE, HEAD SRR BIRE] S BN — D5, W0 11.2 A
TRo X —SKEIRT DAY FREIFF A IR, TESLEAEHRAE FH — B R Bl S 19 s AT DARE

FAEFIZZ I FEH . 100,

S

Y

1

A 4

T2

v

o
Kt
ok
Hi

head

B 11.2: 7H S AR

11.2  EIREMX

Tn

——> NIL

tail

FAFIZRATHR, AT DATE B BN B[ AR B AT R, (BFRZLNENRE O(n) MKHER
FR, XZ2RNBERFEIRTTERRAFTRE, H TEBIASIRITEREE K, AT DT
SRR, MU — 30, WISHIEIRE X, anEIEl 11.3. & 11.4 iR, FSKERAE
head, PAFIEE count, EHH K/ size, Fi AT PASE 2 FHIRBAF], count ZET 0 BSFAZI N
2ET size NBAFIT . B HER] DK IS E B 10 PA AR SEE,

1: function ENQUEUE(Q, x)

2 if not FuLL(Q) then

3: CouNT(Q) < COoUuNT(Q) + 1

4 tail < (HEAD(Q) + COUNT(Q)) mod SIZE(Q)
5 BUr(Q)[tail] + x

1: function DEQUEUE(Q)
2: x + NIL



11.2 TEIRGEIPIX

tail

head

11.3: TEIREHX

head tail B head tail H5
M Y A s (Y
al0] |a[l]| -~ |al]]| - o laf]] - |alf
(a) EEMAZ MR, (b) MLEGRE o ERE, Bl T2
N
head tail  JHSE  tail head 5
- alil| - am/ al0]| - |alj
(c) e AZ N ITLEEDIKRA (d) R—=MNITEIMAZIEH LA E
ol —NETT,
tail  head H5R
LT
al0] |al] | - m[j-1] a[j]

(e) REPHATTHRTT TITR, BIIE I,

11.4: (HFIEPRGR X SEEERAZ

195
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3: if not EMPTY(Q) then
4: h < HEAD(Q)
5: x < BUF(Q)[h]
6: HEAD(Q) < (h + 1) mod S1zE(Q)
7: CouNT(Q) < CouNT(Q) - 1
8: return z

23] 11.1

TEIRZ X IEYGBARIE TR ANAE, REAL, EMDNEE, mMAH
count, LHAIKGMIBAZ B 5 NZS? 26 B2
BE. 381 TL

11.3  XNAIFREAY

FIZREISKERBRIE N H N E], BT ELMNE, ATREERm DR “EXE”
DRSNS, FERE L — DS REER, WA 11.5 FvRe. P/NIIER 72 51 AL AT
(front). J& (vear) o ICBAFIN (f,7), ZBAFIRET ([ ], [])e APNRHETTERIIA r BIZKER,
BN ETERM f HSKERBGE, 1R REARZE B £ T,

pop <=1 X| —> X —> .. — X [—> NIL <.

front

push ----- » > »m > .. — vy —> NIL <

rear

11.5: BBIFRINS]

{push z (f,r) =(far) (11.1)

pop (IZf,T) :(faT)

L —RYNHNRIEG, f ATRENZS, [ r R BETTER, N T REARSEHIPN, Bl T
r REGIEESE f, Bl ([],r) — (reverse r,[ |)o BHRHABNG, FTFZHIT— IR e

EREEL:

balance [ | r = (reverser,[])

(11.2)
balance fr = (f,r)

—ERAE r BB, MIXIRIRIERIMERE R EAEMER F, R, BRE 2 3
BRI R, EHTE SN AN :
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{push x (f,r) = balance f (z:r) (11.3)

pop (z:f,r) = balance f r

A DR SIS HODBER AR ARSI, MRS 11.1 BUXSFRIE, R D& S
SKUERGESRIZ B, INE 11.6 AR 2 R BN, K F REE B R,

B1E el | R
FESKERIIA | O(n) | O(1)
EREBIA | O(1) | O(n)
TESLEBMER | O(n) | O(1)
TEREHBMIER | O(1) | O(n)

o)

R 11.1: BEABERS TR EHTN T

e X X X, |€«--- push

front

N Ym [> pop

rear

11.6: XEEHBAG

2:>] 11.2

11.2.1. Nt AZAE push N E T E R EFIEEE?
11.2.2. WA NFNRAFIRI 35S Z4E

11.2.3. SEEUNELHBAA,
B 382 T

11.4 “EEAY

BRI H 7> P2 7% O e B4 [, (BRI IE L T B MERE R £ e, filn
fHE—INIER, WEESR n DNITRMABS, XA HARIE R EN O(n). [AIEHT
JRAZ f A r AP, O 7R, AT — 8N, B3R » (REAKT f
AR, SRR ER SR,

Irl <17 (11.4)
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HE R B IR FIRBIR KR, BT RIS Tk, FEH AR E#, #
FIRBFIFTH (f,n,r,m), K n = ||, m = |r|, DBIRFINFIRITKE, IR
BT (11.4), ATOAKGES £ B9 KA

RQ=¢ <= n=0 (11.5)
B ARNBYZE SN :
{push x (fyn,r,m) = balance (f,n,x:r,m+ 1) (11.6)
pop (x:f,n,r,m) = balance (f,n —1,7,m)
Hrp:
m<mn: (fmnrm)
balance (f,n,r,m) = (11.7)
{é}[ﬂjz (f 4 reverse r,m +n, [ ],0)

11.5 SEHFAA

BT IR TR R LR M N (AR BE | ORD3R, RSN RA R E i — D udt, 1
BEMRSUHIRAE £ 4 reverse r HHo LR m > n, IR T HEFIN, HT m.n EEEEL,
N m =n+1, + WEZRER On), RENEZER O(m), ZEZEZ O(n+m),
AR MR IE L, FATR] U E D IREIS R ABRK, Eentr— B
IR S (R EEAE) -

reverse = reverse’ | ] (11.8)
Hr:
reverse’ a = a
L] (11.9)
reverse a (x:xs) = reverse (r:a) xs

A DU i 00 107 7 OB IR, BRI R T — RIIAPR S 1,
TE M —MNIRESHL, BEWRMIRES: R S, FoREETREE CR7ERD ; FERURES
Sy FRRIFLEEERGERD . 2 N RIATHAHIRSHLE Z (slow-down) S EL T :

step S, al]l = (Sp.a)

(11.10)
step S, a (z:xs) = (S, (r:a),xs)

B—PeE LIRS, RN S, (REH), BEFIRPEERARRTERE
R RRRIRASZE N FER Sy ; B, BV R BVE — N ITER o, Y HEESE S o BIFTHEH,
X EBHER, NEEITEIE, YRR R BRI RIS R LR E TR, 24
JEEHXEH step B{#EH, Fla0:



11.5 SERFBAA 199

step S, “hello” [ = (S, “ello”, “h”)
Step S’r ‘(611077 “h” — (S’r‘7“110777“eh77)
step S, “o” “lleh” = (S,,][], “olleh”)

step S, [ ] “olleh”

ERXANRR T —H 0, BAIEFEZZD o, FE 4, FARD RENGSR,
FEH— MR N TN xs + ys, TATAT UGS s REEN Ts, RGE—K s 1Y
TCEBH, & ys BRI, 1XF reverse’ Z51EL,

(S, “olleh”)

xsHys = (reverse reverse xs)H ys
= (reverse [] ¥s) 4 ys (11.11)

= reverse ys Is

FERINN G — RASHAH step, T8 r [KHEIT, BHIRIE T SINERE, =HRES
N R S, TR So TER Spo B ERIEGI AP DI

1. AR EE [, A8 T A
2. BHM T BUHIEE, SR 5 AT,

next (S, f/,x:f,r' y:r) (Sp e f, foyr',r) RN ELf,r
next (S, f',[ 1,7, [y]) = mnext (S., f,y:r") REER ENERE (11.12)
next (Se,a,[]) = (Sy,a) BRI
next (Se,a,x:f") = (Sex:a,f) B R

BT ARFERXEEHALREE G ABERIEH ASKINSE N A, HRYE
PR, M om = n+ LI, FFBIBED IR f 4 reverse ro BHEFTFRE n+1 KK r,
FINTEXELTANTENR TR f IR, a, FEBH n + 1 - REITERRIE,
HEHEIERR T 2n + 2 0, REENEERES M AT I —MEHESE, H
XEAH— DR 5T 2n + 2 TRIEZ AT, INFIE A AIRER TH TR —FR
FIHH N E R RS A T2

B, 1E5ER f 4+ reverse r Z i, ESLHINBAIRIEA AT RE B BI85,
— B EIRE FERIAE, S 2n + 2 5, BATBMEEI T — D f FI5R f =
[+ reverse ro TEHRAFHING

Il = [f]+1
= |fl+ I+ (11.13)
= 2n+2

R, M RSP ERINZI B, RIS AT TR, AR REEE

AEISRABIA A, 2n 4+ 2 S IHFEBITFEALTEN T, W f PRI E R,
BT AZ 2R R E f - reverse s 275 7 SFEFIN, FEEDFRATERIE 71X — /=,
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EAREHE, 1E 2n + 2 DR ZEAAET, HRIERTRERN &£, XS E—1
RERATE DL : FATFEM fVIRBUITTR, B2 f S15R f/ = f 4 reverse r MR
L WA DRI f 51K, A TR A, BHES M BEFHTITE
reverse f I, HIMRIF—{0 f BIBIA, IXFERWEESIEIT n IRHINRIE, (MR RZ 2
Mo 3R 112280 THE—NEZL HE (RN E £ r) BIFDHRIRES L

R £ BIA AT R E
{Fis fitas s fu} (Sp froen ) {...}

Bii— 1 NTECHA | 5 mhags | @83 T E

R 11.2: B n PR BTHTH AIRES

23 n KRN, f BVBIARTZERYE, R NINITT a2 R AR B, I RARSE
PANZ/ERE? FL b, BT f BIBIABRYE, 2T [ ], BATEFH-TER T, HH
FHT =145 =%, BXE AFEE f PR HNEBMERER, ATTR
M f BSKERZE— A, 7T PAGEF — D EEsRIE S f PRIRTTRA M, SITRTE
[ 4 reverse r B, HHEES N 0, B &L f FEY—DICERR, R —, TR
TEERXDILR; BRERITH R —, Ronfka] IDEZ — TR, BARTE
RN ED PR ERR I Es. O ITHEERN 0 B 5, TR TIE
FARMF, THEZEM 7 EER RS HUE X

next (Spon, f'oxfor',yr) = (Spon+ Laf', foyo',r) RN RES,r

next (S.,n, f',[1,7,[y]) = next (Se,n, f',y:r") SRS R e NIE#
next (S.,0,a,f) = (Sf,a) RS
next (Se,n,a,x:f") = (Se,n—1,z:a,f) B TN
next Sg = Sy EIRIRES

(11.14)

BATEE T —DEIRIRTS S, RBIABHIZHE, AFIREIRE 7 =57

fAIRNERKE n, (EETEFN £+ reverse r FIFRRNIRE r FIR N EKE m, 1EH

(f,n,S,r,m)o ZRAFNEH ([],0,80,[],0)s IRIEFHEHMNY n = 0 KBAFINZ, BK
HABRE SR

{push z (f,n,S,r,m) =balance f n S (x:r) (m+1) (11.15)

pop (z:f,n,S,r,m) = balance f (n—1) (abort S) r m

HA abort T8 HI BN IB R8s, IXAERER AT DUV IERE — IR, BATHEEE X
X— IR, balance R B SEEFAN, 25 R# RSN f + reverse r B K E i ;
BT [HARTE A BT A

YEANRIF, BHFEESEN RS HIPIR, IR AR T, LR L, N RN REFRA T2 RE, T
MEHIZE fAIRNGIH, SPTRNEHPIERE RS NS EF,
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m<n: stepfnSrm

IZZI<J|_\”J Stepf(n+m) (next (Sraov[]vfauﬂﬂ)) H 0
(11.16)

Hf step RORTSHUZHLEN S — MR, RS R, B2 R So.

balancefnSrm:{

step f n S rm = queue (next S) (11.17)
Hrp:
queue (Sg, ') = (f',n,So,r,m) MBHUHELER fELf
(11.18)
queue S = (f,n,SI,T, m)

PADEFTZELEL abort BREL, TR, BT HIA, ATLVDER — P ITER,

abort (S.,0,(xz:a), f') = (Sy,a)
abort (Se,n,a, f') = (Se,n—1,a, f)
abort (Sp,n, f'f,r'r) = (Sp,n—1,f, fr' r)
abort S =

—~

(11.19)

wn

:>] 11.3

11.3.1. 7E abort BRELH, X n = 0 B, TATERR EHEE T E—MEETRAERE, X
T o TRE a (EAER, AT AFEER N ITER?

11.3.2. (HFANEH ISR BAY, FR: LI EIEE SR, RRE— IR E HIBEA, &
NIt K RERRR BN SIS 18], B SEE— MEME I, (15825 KR E
—MNILER,

11.6 1B MHESEH AA

SEEFABIRY S HEAE TR RERTBY f 4 reverse r TFE R, FHMEMERER AEE]
—MNMEWIIEI, BRIZEEL rotate 7] LUBHITE f + reverse ro WELEW, HH—
ZM2S o, FEIDEREEEN:

rotate xs ys a = xs 4 (reverse ys) 4 a (11.20)

BATR s FIUEILN | AR, ys WA r IR, o WIOEMONZS [ 1o N T SLINEE
e, BASEH L FUBROL:

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

BB ON



N

&
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rotate (x:xs) (y:ys) a
= (2:28) # (reverse (y:ys)) 4 a EXF (11.20)

= x: (xsH reverse (y:ys)) #a) ERNGEEME (11.22)
= x: (zsH reverse ys 4 (y:a)) REHEFAIERNSEE
= x:rotate xs ys (y:a) BRIAAE XK (11.20)

Fg_EEIRIPRARE DL, AT MG R R RV FR BT

rotate [ | [yl a = y:a (11.23)
rotate (x:xs) (y:ys) a = x: rotate xs ys (y:a)
TEMEMEHATIREE S, () BIERHEEREIH . AN AHAT, XFEFR rotate
BEARDWHT o BEIIRIE S (f,r,rot), HH rot RoORIEEIHITHREITE
f 4 reverse r, BRI [ o

{push x (f,ryrot) = balance f (x:r) rot (11.24)
pop (x:f,r,rot) = balance f r rot
BIR balance BRIEERSAIRTHE —IREC T, SRS SR G T — 01T &

balance fr[] = (f,[1,f) HF:f =rotate f r[] (11.25)

balance f r (x:rot) = (f,r,rot) FEFHHLEFE

23] 11.4

11.4.1. GnarsCERANEIRAG, 1E 3L 58 B2 B0 &R SR £ IR 1 e IR AIHBR
B 384 T

11.7 [t B2+
BB . A

Queue<K> enQ(Queue<K> q, K x) {
var p = Node(x)
p.next = null
g.tail.next = p
g.tail =p
return q

}

K deQ(Queue<k> q) {
var p = gq.head.next //the next of S
g.head.next = p.next
if g.tail = p then q.tail = gq.head //empty
return p.key
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TEFRGZ IR Y E X

data Queue<kK> {
[K] buf
int head, cnt, size

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

T PR IR XA ABA:

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

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

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

K deQ(Queue<k> q) {

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

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

}
return x
}
SEIBAZ]
data State a = Empty
| Reverse Int [a] [a] [a] [a] —mn,accf, f accr, ¢
| Concat Int [a] [a] — n, acc, reversed f
| Done [a] — ' =f++ reverser

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

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

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

Il
x

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

balance f n s rm
| m < n= stepfnsrm
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| 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

PASI

PEMESLIN A

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

empty = LQ [] [] []

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

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

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

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

rotate [] [y] acc = y:acc
rotate (x:xs) (y:ys) acc = x : rotate xs ys (y:acc)




F+-=E B

ARSI R —MAE G, BAIHERERFIIHE:
1. AJ DATESKHR, R HT DAR £ Al AL HFRTTER
2. AT DABRIR (f0 TR 1] 2 D45
3. Al DABIEREALYT A, EEATTITR;
4. ATDAPOERTESRE AL B W51,

. PIRACER 1 R IX LR, IR RTR. KA n NEDNFIIRIKE, nin,
DHEMDFIIRIKE,

a1 e IR
TESREHEACER | O(n) o(1)
TEREHHFEAMER | O(1) O(n)
T O(nz2) | O(ny)
)
)

BEALIT PN O(1) O(i
TEALE 4 HFR O(n—i)| o

REL H =M FISKEL: X BN AIZIER, Al YRR, T,

12.1 X FENLIGAAIER

—XFEHLI RIZERE H =  ARMSCHRTRE LT YR, M EEE T2
XM, TERARIFAEM TR, X EMARAEE n, KHFZTRON 3], A TRE
TREZ/VRTEEZXRIFME n DITR, B NMEN 1 I ZHHI AR R,
BRI R R B R 2 RT11 < i < n, TATTESAT APOERERMAE AL ZE]
RIFES i DRI XM, B 12.1 FR, B ¢ty RPN [21, 22, 23, 4, 5, 6o

ICIREN i + 1 T2 XN o to REA - THFTR. t; &8 28 M,
T n DITRAFA, BABE n TN ZHHE n = (emem—1...e160)2, B e; 1 8
0o

205
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12.1: &F 6 DNITRIFS

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

MR e; # 0, MTFE—ERNN 2 B XM ;o 1EE 12.1 BT, 75
KE 6 = (110)2, wMNALZE 0, FATATRER/NN 1 BN 26 2 2 1, FEHEK
N2 IRty EREALE 1, FBERKNN 4 I too XFEAETE (21, 22, ..., 2]
FRNHIFN R, FIERPER IR NER 2 ME—H, HHZ R NEIRHES I, FATFR
R X BENLTTIRIZIR V, FRATRT DATE = SO SRRt B RE AR (6 DASE X Fh %1 2 -
1\E%/\f%ffu+¥ﬁﬁ\¢', 2 E R F I ICFERATR N XN RIEY
(s,0,7), B s RRTFRHIKN, lor DAIRTELG TR, BETTE o WHFHRIEHN
(7)o FATAT DUXAFELIRE —HRIRF Y AR )N

size () = 1 (12.2)
size (s,l,r) = s
RNTHEFITE y BAZFY] S BRTH, FATQIE—BREE — D71 =89 ¢ 14
= (y), R EBAZIFHRMA, insert y S = inserty (y) S, 85 Bt B E

insert y = inserty (y) (12.3)

AT R R IR ¢, FA% ¢, A ¢/ BN, TR 1, S0k, 5bI% ¢ BT 7%
PRI RN IR ; 75 ¢, A ¢ MBS, Bl T 0 etE (RSO ID) A — B A
By = (28,5, t'), RIEEITHI 1, | FEAFIZRRRAE, M 12.2 B,

insertr t [] = [t]
. {size t < sizety: t:ti:ts (12.4)
insertr t (ty:ts) =

I inserty (link t t1) ts

HA link KRR/ BRI TERZELSR  link t) to = (size ty + size tg, t1,t2)o

HRARMRAREE m AR, m BIR/NR O(1gn), SKEFEABIMERESN O(1gn). FEETR
AT TUERA 73 R BE B AT [AD

AR, T 1A R A BIES FE LM AL BB IBR T 2R, Q0 SRARMR A2 *Eﬁ‘ﬁ
B to (BT 550, TATERRE o MER; SN, IBITHKE — B T BRI ¢, A
JEXEMIBR, WA 12.3 FiRe
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@@

A8 8

B 12.2: A 01, 2,261 (2) BN 210 (0) FA 2, BEEEFZAE 1) (c) BN g, SR
A [to,ta]o (d) BN wao EFVEEEFEERA [t2]o (o) FN w5, BERH: [t0, ta]o (1) F
N i, 5 (11, ],

() ()
ONNONENOENG
OIOIOI0IONOIOION0 66

12.3: NKERHBRITE : (a) 21, 29, ..., 75 WL [to, ta]o (b) MR 25 (to)o (c) MIBR 240
LSRR E [to, to, t], MERIGTF [to, t1]o
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extract ((x):ts) = (x,ts) (12.5)
extract ((s,t1,t2):ts) = extract (t:ta:ts) .
A extract BVATSEEUN SKES TR ATMIFR:
head = fsto extract
(12.6)
tail = sndoextract

HH fst (a,b) = a, snd (a,b) = b 73 FIIREI—IHEH IR DE o
FRPRAR AR SERR_ERT R A NARNA R, BEERERGI1 < <n, Ffl]
FeEALEIN N8R T X, AR Ja BT — IO E R E AL EITT &

1. FEBE @ FARPRARSE — R0 ¢ BURVN, 35 @ < size(t), WITTERTE ¢ A, 352 T RAEM ¢
R T AL

2. BN, %2 i =i — size(t), REBITHERERAR HEREE  NITER.

) i1 <sizet: lookupr it
(t:ts)[i] = (12.7)
A0 ts[i — size t]

HAF lookupy FEMHFIT 0 &SR, IR 0 = 1, BATREART A AN, TR
W, AEIBHER:

lookupr 1 () = =
s
i<|z]: lookuprit 12.8
lookupr i (s,t1,t2) = 2 ' s ( )
A0 lookupr (i — L§J) ts

124 #0R THE—DREN 6 (FHIFREE 4 DTRIP R, F RN
2 < 4, REGEE AW, FHFRRGIEHN ' =4 -2, HTIREIMKRNNL> T =2,
HAFEHTTRMAERXRN . BARTIN 2, FRTHAFRIFRRN 4/2 = 2, AT DA
NRIEEE TN, REREGMRIINT 23, REGEIZETRRITR, K00, J1H
AIAMBSEREA B « FITT R,

ARIESE 2 — XA, XT38 n DITRIIFY, MERRIERECY O(gn). XNT
Rl i, RZHTE O(Ign) NERELZEIM, £ REERMWESEMIEL, KZH
2 O(lgn). HILFEHLITRIFYEUATERESN O(lgn).

%> 12.1

12.1.1. GakbFEZRS |k S ?
B 384 T



12.2 HFFROR

@
oYe ©

(© @

B 12.4: FKEX S[4]: (a) S[4],4 > size(t;) = 2 (b) S'[4 — 2] = lookupr 2 ty (c)
< LSZze(t2)J = lookupr 2 left(ty) (d) lookupr 1 right(left(ty)), RIE] 230

12.2 FEFR

FEABE n B HHIE TN ZAFEERR n = 2% + 2%ey + ... + 2™ep,, F
e W i MRIH, 4 e; = 1, MTFE—RKRNN 28 K2 XM, FAFHILEEA
TLER, A BT RN 1 MR B RO 1, BATIRIZMR R G RR U,
N BHZRRIZMIS B, BA A ZHERIGLE X IS DRSS E Zero RRNFAE
XM, THRZS— One t FRRFAE XM to IXFERRMRBE AT AR N —H 3RS
AR, TR A SCEL Ny — R 2RI i,

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

K ¢ AR B RIS : BN ES, BATRIELIRIS One t, B2 —#H
FPAIME— L, AT 0+1 = 1o BT, IR Z#H S ETZ Zero, FATOIEE
—NIRF One t Bgds Zero, IXMH S T RN (.. digits...0)2+1 = (...digits...1)s
BT 6+1 = (110)y+1 = (111)y = 7o WR_HFIELLZE One t/, FATAN t T ¢/ BIK
IR, IXBRNBATEZ A= DTt = () TN, il AR BIR/NBHTHHE K,
E—FA11,2,4, ..., 20, o FATTR ¢ F0 ¢/ BERGER, 3T i A BRI AE T+, T2
HIHY One ' $OEHLN Zero, IXMHE T RN (... digits...1),+1 = (...digits’...0)2
BN 74+ 1 = (111) + 1 = (1000), = 8,

2T RIATH ZEHIRIE R R MR, WRFIHEH —NL One t, MERIERF
IR, XA Z#ESIRTE 1 — 1 = 0 WERFIIAZAL, HEERE One ¢,
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TR Zeroo XA T Z#HIRIE (.. digits...1)s — 1 = (...digits...0)s U
7—1=(111)3—1 = (110)y = 6, WREALZE Zero, BiETR EE ML Tl T H TR
HOECF HER , K LR AR ¢1.to, B Zero BHLAL One to, FHMIBR t1o XY
FHERIEGE (.. digits...0)s—1 = (...digits...1)20 FlA1 4—1 = (100);—1 = (11)5 = 3,

minus [One t] = (t,[])
minus ((One t):ts) = (t,Zero:ts) (12.10)
minus (Zero:ts) = (t1,(One ty):ts'"), EH 1 (s,t1,t5) = minus ts

B R RAEREE R E, BNERREGE, orlm AN MERE, FEK
REZBFIHEAN n = 2" DITRERE, HRE IR 121

i (& . R)
0 0,0,..,0,0
1 0,0,..,01
2 0,0,..1,0
3 0,0,..1,1
om _ 1 1,1,..,1,1
om 1,0,0,..0,0
NASIRER | 1,1, 2, ... 2m L 2m

F+ 12.1: @A 2™ NTETE

TIHHIRRI R AL B AE AR, BEFE o RITE; IR B — IR
b, AT — IR B eV E, FRFE o IR IRE LS R b —ik, BETE Y
MR — IR A, BE—NnEMAE, e 1, BETEITHEXREREM, 52|
T=1+1+24+4+ ... +2m 1 pom =omtl SRR ANIREN DS ZE N
m+1

2m

O(T/n) = O(=—) = 0(1) (12.11)

SN NGO i =R k== G TN
53] 12.2

12.2.1. SEHBUERTFAIBIBENLTIA S[i], 1 <i <n. EHA n BFIIKE,
12.2.2. T EBUERRFIIMBRARCER) 7 5 25,
12.2.3. ATDAFKED 2™ BUEEHRRTER XM (m 2IEREED, 1§ARESEM =X
R RRAR BT A KO BEHLI7T (7]
B 3851



12.3 WEAHFS

12.3 NEAFS

PAHEET 11.3 FRREHNS I R DEEHFF, G 12.5, 1% k0 kAT 753X
EER DN, EYIRIISKER AR, BRNE] f BHRE; FEE AR, A8i02] r £
HARE. HA—HNEHEETRIIR S = (f,r), © FRONT(S) = f, REAR(S) = r, HiJ/G1H

NS

insert Xp Xy | X| j€meemeeeeees >

»2

front

12.5: WEAERF

—_

: function INSERT(z, S)

b

APPEND(z, FRONT(S))

w

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

>

rear

211

append

BENLUIIR)SE ¢ DICERN, FATEHMW i RI1ZF] f 02 r, AGHEMETTR, &
i < |f|, TTRE f . BT f R SKERR, BTl f IZIRMNERAEYFRS], H

|fl =i+ 1 EBAETER; MR 0 > |f|, TTRE r , H i — | f| EAEDTR,

1: function GET(7, S)

2 f,r < FRONT(S), REAR(S)
3 n < SI1ZE(f)

4: if i < n then

5 return f[n —i+ 1]

6 else

7

return r[i — n|

> RIAIZRT]

PR FTREIECA f 8 r 22, M —MEETTR, FERE T, = falir FF
[ 1B, TP 53— SR, ARG R AT — ST — X f. r XK

B FAMBATPAZZHE fr, BTV A BALANCE, 8 f.r SZHEEE,

1: function BALANCE(S)

2 f < FRONT(S), r < REAR(S)

3 n < SIZE(f), m < SI1ZE(r)

& if F =[] then

5 ko L% ]

6 return (REVERSE(r[1...k]), 7[(k + 1)...m])

|

if R =] then

& k<—LgJ
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9: return (f[(k + 1)...n], REVERSE(f[1...k]))

10: return (f,r)

TERFIRMBRI, BATEAGE for BE WD, FRULPHEHRIE:
1: function REMOVE-HEAD(SS)
2 BALANCE(S)
3: f,r < FRONT(S), REAR(S)
4 if f =] then > S = ([],[x])
5 T[]
6 else
7

REMOVE-LAST(f)

8: function REMOVE-TAIL(S)

9: BALANCE(S)

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

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

13: else

14: REMOVE-LAST(r)

T BT S8, DS R AIERINE L MEREDN O(n), KA n BITRE ML E
B S 2 R H N AR

23] 12.3

12.3.1. I AEEH T BRI S 24,
B 386 TL

12.4 AERYIFE

EIRAI LU O(lgn) B RIE = REBEAL T I ZRARAT LB REA T4 L MBR. K51,
EEENNFIIHAE G, BATRREREHE A XSS —E, MHEZER
RO/ MER RIS, 18 12.6 45 T — A RDERSIRAVSEI, 2 XMHIRTFEFSIE
HISE— IR o1, HETLRE IS T ERFEENIFSS, PR EE R
Fhfo XEFREH—NERBAT] (WET 11.5) B, FAHEFINRTN (21,Q.) =
(21, @2y oy Tplo HBEEET — DR (y1,Qy) = [Y1, Y25 -y Y] B, BATREHABAE]
Q. WEHR, HEHIZEE AT, SEINBASIAI A BAERE DD B B (7], (Rl A e #2 H1E
REL 2 H B IR RY,
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4] (&) Cp
X, X35 ees Xj Xit]s Xj2s s Xj Xfo Xt 1s s Xy
(@)
€1 € Cn Cn+1
X5 X35 s Xj Xit 1> Xit2s 0 Xj Xho Xt 15 s X Y1, Y25 Ym
(b)

12.6: Eﬁiﬁzﬁlﬁﬁ (a) (l‘l,Qg;) = [I‘l,fﬁg,---,xn], (b> E% (ylaQy) = [ylay%“wym}
HHETABK cpi1 Bl Qo
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SH I = s
THs = s (12.12)
(z,Q)#s = (x, push s Q)

FNHTTTR 2 B, BRI~ DNERITRIIR (2, 0), RIERHEZEXK,

(12.13)
append z s = s+ (z,9)

{insert zs =(z,0)4s

MATIERES R SLEMBR TR T E BIRAIE T, o AR, BBRERI N HURTA
FRETE 2 TR RS IRR, BATA] DR e 2 iSRS —ik, PR —1
IR,

concat g = O

(12.14)
concat @ = (top Q) 4 concat (pop Q)

EHF R EE LIS A, AT —IRTFIE ¢y A, 285 3T R R A Y
PHERAE —AN s, RIGTE c1. s EEEER, FAEM concat MLEBHHIFRITTER,

tail (z,Q) = concat Q (12.15)

HIE concat @7 7 BAY, B IFFHE| — PMRAPGE R, XA EELS T Q #
T e,

fold f z@ = =z

(12.16)
fold f2@Q = f (topQ) (fold f z (pop Q))

Hep f ZATIAFHZITRE, - 2%Fjt. FMHEZEEMIEMET, £ Q =
{1,2,....5}

fold(+)0Q = 1+2+B+(4+(5+0)))) =15
fold (x)1Q = 1x((2x(3x(4x(5x1)))) =120
fold (x)0Q = 1x(2xB3x(4x(5x0))))=0

FATAT AR FH B HIRIE X concat (FIEAMATED) -
concat = fold (#) @ (12.17)

EEOL N AL I BR ERERE LR A, MFRIRIERIIEREEERIMB I N B
Y, ELAZEFIIEI n DNITRE, SLEHUT—IRMER, N Z R FHE) n — 1
BRFERHITTRN(AEE T RD. concat FE O(n) NAETIAFH, EHE
73 PR 2 R B N TR
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12.5 FIEM

X BENLI A AT DAFE S0 B B (8] (o) J88 A\ AHBR, DAXS ERAs IR T RE
MR, EZEXE AR ESARIITTER, WIEH T RIEIER, FERYREEM FH AU
8] (o3 ) FEATIER:R, 78k, BB AN B Ao (ENRERA RS TR, XM
MIIFHRRTAT: 1, T Ay Ay F1sk, B DU TG 2. H A 1R I3 B9 454 (]
QAR PR BEATLI [RI RS AR 0 T A = FOEE 2R, SR 1000 R A 1 IX N R SR 7471 (07
MRS FEERIEREERER, FHEMFIH T 2-3 1 (—F B-A), —f 2-3 WEE
TER AR TR, A0 (8, 1) BR (b1, e, ts)o

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

TE N FFEM N N E =ME N —:
1. = @;
2. BITEMF (z);

3. WE = —RTFIE GTHE, 180 (f,t,r). BPFHER MR, £2Z
“H 3 IR,

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

12.5.1 fEA

WE 12,7 FRe (1) N @, (2) BEA—INITRERIZER, 3) S AW IMILR, 25|
fE for THEF. (4) ERBSHENTTR, f THEZHET 2-3 WHIRRHL (5) IRE 4, f
FHETE 2 IR, FREE— D EE R 2-3 EIH . X5 AT ARORON:

%] Empty

(a) Lf a

([6], @, [a]) Tr [b] Empty [a]
(ld,c,b], 2, [al]) Tr [d, c, b] Empty [a]
([f.e], (d,e,b),[a])  Tr [f, e] Lf (Br3 d c b) [a]

ERERE—MIFH, RREEDEFRZE N5, FEREIZEEN, RE for
FHERIF A B 2 — IR IR FHER, TE SN Tree (Node a)o IREEHEAN—4%, il 2 Hk
B, EHEBIFIFERER T TS A TRAERE, BRI U9 T, m—
BRFFER T FHHEA o

L BIESESCHT (Front) | J& (rear) Y & 71,
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w () [ s [o] [ w

We () ®3) ([, 2, [a]) (4) (d; c,¥], 2, [a])

()
aalen
OI0I0

(5) (le; f1, (ds c,b), [a])

12.7: T4t

1. MR T = o, MERNETETTF (a);
2. MR T = (b) B— T, RN ([a], 2,[b]);

3.7 = (f,t,r), IR f ATEDEARE 3, K a BAZ] f /1, BRI f H8YE 3D
TCRBAN—RRHTHY 2-3 B ¢/, BITHRE ¢ Tl E ¢ oo BRJEH o AR f A,

insert a ¥ = (x)
| insert a (b) = ([a], ?» [b]) (12.18)
insert a ([b,c,d|,t,r) = ([a],insert (b,c,d) t,r)
insert a (f,t,r) = (a:f,t,r)

PR 7B NS, e B ASFRE LN E, BITREBRTRE&E b, B
TEMA 2-3 WIF4ERF T, FIH h = O(lgn), HA n B2FEMHEETRA ML 1%
JART DA MR e IB U, 18 AR o P 2% D RN TR 107, AT TRT DA B e
SR T RMAZIR A

xs >t = foldr insert t xs (12.19)

4>] 12.4

12.4.1. JHERIEIE, FAEEAE 77 S B FFEmE A
EEZE: 386 TL
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12.5.2 fitlER
MELEBMIBR AT AEVEXRS insert HATIH#ER1E,

extract (a) = (a,9)
extract ([a], 2,[t]) = (a,(D))
extract ([a], @,b:bs) = (a,([b],,bs)) (12.20)
extract (la),t,r) = (a,(toList f,t' 7)), E/H : (f,t') = extract t
extract (a:as,t,r) = (a,(as,t,r))
HA toList F—HR 2-3 IEHONIR:
to'List (a,b) = Jla,b] (12.21)
toList (a,b,c) = la,b,c]

BB THIRE 0L (NS MER) . I RFIEW B R ITEM T, FR AT
B WERFENM DB SN IR, TAIMER f TR, SR VEITRNMNF; R f
FREE MR, PEES A, 1 r A2, AR £ FRE—TTE, RN r
UET—DILEBA f R f RE—DILR, A AT, BATH0E T F 5
JHIBR—10 i, SR G R IX — 11 R A R R SRR fo TSR f AYIE—TT
EHMER; R f EE—DMAERTTE, FATREE — P TTEMBR, 12.8 B~ T T
BISLESIBR DTG T (F R extract, FATA] DAE X H head 1 tail :

head = fstoextract
(12.22)

tail = snd o extract

23] 12.5
12.5.1. JHERIEIS, FITEERSEENMIBR,
B 387 T

12.5.3 FEEHERIE
AT DOSFRHISEER B B s i, kR,

append & a = (a)
append (a) b = ([a], 2, [b]) (12.23)
append (f,t,[a,b,c]) d = (f,appendt (a,b,c),|[d])
append (f,t,r) a = (f,t, 74 [a])

AR r FRRTTRANEN 3 0, BEEIEFTUTRISNE r RE. &0, K r FRIRT=1
TCERE Y, FIE —RRFTHY 2-3 B, ST HEASANE Rl IR O R R, ZEBUtA] DAR 22 &
IMESLRFE T ITRMIER —RTFHEM :
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12.8: Bk (a) &F 10 NITRHIN, (b) MBR—DITRIG, fIER—DITR. (c) #
RAHBR— D ITTER, AR ME"— D, KRR 2-3 IRHERHRARSIZR, (ETRY fo
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t < xs = foldl append t xs (12.24)

MEE BRI BRAE = T AR IS Bl

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

Hr last IREFIRIERE—DITR, init IR EERH 2 (WX (1.4),

12.5.4 &%

Ty 4 Tyo BEMRTIEMEANZIEI: Ty = (f1,t1, 1 )NT2 = (fa, t2,72)0 K
1A f (VRS R f, o TENEERAFRY 1o G t1n ris fou to BFFRCHIH
T, BT Mo BT RAISIRR, BT AX SO T80T (R

merge ty (r1 4 fa) ta =

ty A ¢ WERZTFHEM, (HEANTE Ty 71 T IR—9%, 5 Ty FHITTREED, o, M ¢
FRRITEERERN Node ao BATRITHBEITEFF: (RE ¢, HY f THEM ¢, B r 458, BT
Bt F 6o BUFRIENER 2D, ¢4 HO » FHEFD ¢ BY f T8 6

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

(12.26)
Hr nodes K45 T RAL L —H 2-3 ., XZRAPEFHATERAER
FHHITERR R,

nodes [a,b] = [(a,b)]
nodes [a,b,c] = [(a,b,c)] (12.27)
nodes [a,b,c,d] = [(a,b),(c,d)]
nodes (a:b:c:ts) = (a,b,c):nodes ts
IXAETATAT AR merge K& N FFEMAOZESE
(fi ti,r1) H (fa,to,m2) = (f1, merge ty (11 4+ f2) ta,72) (12.28)

FLAeIX — 7 AN (12.26), ERERIEA R _ R & ERIE, BT A H NS
H—2E X
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T, # Ty = merge Ty [ ] Ts (12.29)

ERMEREEUA T80 E I R1E, IBIARIRE A RR RN — R, BT

2-3 M1, FHEMEIEEN O(lgn) EH n HTTEN ML, SHEILFREE T

PERERIFR A —HE (B Z VA insert 8 () A MEE TN 8], BIMEH O(m), HAF m

MM EEZE, SR LEENEZREN O(gn), HH n Z2MRFEMPSHERTT
ESL

12.5.5 BEALITA]

BRI RIS ZAEREALT R AR R,y TR R E T ER BN, JlaE
DT G —1 s TEIDFKEGSHITTR ML (s, f,6,7)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

XH size (x) HFA—ER 1o XEEN ¢ AJRERERIT A, B0 Node a, THIH
BHE-BENINZ 1o NIFATRA] DAER A BRI, {88 TR « BRE—1
BITH (x)., UEXMETTHIRANN 1, Bl size (z). = LS IHRAEIF).,

x <t =1insert (x).t
(12.31)
t> 1z =append t (),
PAK:
rs Lt = foldr (<)t xs
foldr (<) (12.32)
t>xs= foldl (>>) t zs
FATEFREIREN 2-3 BFHIA/N:
size (ti,ta) = size ty + size ty (12.33)
size (ty,ta,t3) = size t; + size to + size t3

T R FIER (BIANIR — B F48) B AT TRT A sum o (map size) SRITE KN,
TEFE AR M BRER R, AT EE AN, IR MEEE, A2 — MM E 4, Al
PUBI SHERE M BIMEN AT R FHaf BEARIREM: (s, f,t,r), MO EFL
TR RN 8588y Hos = 57 4 8¢ + 500 IR0 < sp, MBMLT £ H, Tl TR
TE f REBG AR sp < i < sp+ s, WHEHRMNT ¢ &, BATBIFE ¢ PR, SN ER
fTF r He BRIEZ AN, BATEFRELNEMN T A (z) (TE . BATH—XNE (4,t) R
TERAREE t 7 i BIGLE, H e EIRE lookupr WTT:
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lookupr i (z) = (i,x)
1< s5: lookups i f
lookupr i (s, f,t,7) = (s;<i<s;+s;: lookupy (lookupr (i —sy)t)
A lookups (i — sp — s¢) 7

(12.34)

XH: s, = sum (map size f),s; = size t, TAEFHERFINE2HIAR DN, R

EMF R (z) FERAT « WNE, ERA (i) CUITATHINT i« 62T (s, f,t,7) F
M—&7 R TEIEFRE f,r F, BIURKIRERKFIEYIRFNE N ITE,

i<sizex: (i,x)
lookups i (z:xs) = (12.35)
A0 lookups (i — size ) xs

R i ML FREANTER & F (< size o), BATRIE (i, z), T NFAIRSE K HET
TLRe IR i NMUTHIGETE f,r, MERRED ¢, BADETHAEFREEK, FEIM
B (i',m)o XE m E—D2-3 0, T P REHFEK:

i <sizety: (iytq)

lookupy i (t1,t2) = {

A (i — size ty,ts)
i < size ty (i,t1)
lookupy i (t1,t2,t3) = 4 sizet) <i< sizet; +sizety: (i— sizeti,ts)
I (i — size t; — size tg, t3)

(12.36)
BATHETN TIHERXNEEGDNITE « HEEE (v), F, BREABMNFENFE ©
Ew[a]:

Hilookupy i T = (7', (x).) : Just x
T[i] = pr (&, @) (12.37)
AN Nothing

BATHIE TR Maybe a = Nothing | Just a RFRRF | KINE%EHKE 2, b
MU TR IR S E R R &R, BT EEUE TR IRE, BT R,
BEALII M E 2R O(lgn), EA n BEEIITTE N

BATHFEN LI FAITE SR EEEHE., RIFAIMRE, k. BERIENSHEES
R FE Y E L ], PT DATE XS SO [l A TR, S0 FEHLER ST, BIARZE N IE, Ffl]
NHT BERNEAREN, 2 TR UER e TR — L 88 m#, a0, FA1A]2A
FRFAISEEL MTF? 4Bk 1], MTF 8RR EEME « o ERBEshalaim (0
53] 12.6.2):

mtfiS=z<8 HH(x,5) = extractAt i S

R Z YRR R AL T2 IRIAL T, B4 Java/C++ 8] Optional<T>3EA!
333 move to front FI4EE, BN AT BWT (Burrows-Wheeler transform) #EE4EE7%,




222

FEEEET T, TN HEAR 2 TIEZ FHEF I, EE PR

AN BRI ; NG BAIN A FAT SR LR B AR E A R E T,
25>] 12.6

12.6.1. FEBENLIFIRIE, aofaib =S it o 25 R E 1 ?
12.6.2. SEH cut i S, EAE i TFF] S 7 EIF

12.6 K flTiER
B 811 (R

HHoE®E P

£, AR

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

type BRAList a = [Tree a]

size (Leaf _) =1
size (Node sz _ _) = sz

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

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

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

getAt i (t:ts) | i < size t = lookupTree i t
| otherwise = getAt (i - size t) ts
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz t1 t2)
| i < sz “div’ 2 = lookupTree i tl
| otherwise = lookupTree (i - sz “div’ 2) t2

BENLT M AR EER R

data Digit a = Zero | One (Tree a)

type RAList a = [Digit a]

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

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

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

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

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

tail' = snd o minus

NEEH A

Data Seg<kK> {
[K] front = [], rear = []
Int length(S<K> s) = length(s.front) + length(s.rear)
void insert(K x, Seq<K> s) = append(x, s.front)
void append(K x, Seq<K> s) = append(x, s.rear)
K get(Int i, Segq<K> s) {

Int n = length(s.front)
return if i < n then s.front[n - i - 1] else s.rear[i - n]

AR

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

wrap x = CList x emptyQ

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

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

concat = fold (+4) Empty

insert x xs = (wrap x) 4 xs
append Xs X = xS 4 wrap x

head (CList x _) = x
tail (CList _ g) = concat g

FHEM

— 2-3
data Node a = Tr2 Int a a
| Tr3 Int a a a
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— Fiam
data Tree a = Empty
| Lf a
| Br Int [a] (Tree (Node a)) [a] — size, front, mid, rear

newtype Elem a = Elem { getElem :: a } — HHITH

newtype Seq a = Seq (Tree (Elem a)) — &%l

class Sized a where — AJit&E A/
size :: a — Int

instance Sized (Elem a) where

size _ =1 — LEMNANERN1

instance Sized (Node a) where
size (Tr2 s _ _) = s
size (Tr3 s _ _ _) =s

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

instance Sized (Seq a) where

size (Seq xs) = size xs

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

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

x <| Seq xs = Seq (Elem x “cons’ xs)

cons :: (Sized a) = a — Tree a — Tree a
cons Empty = Lf a
cons (Lf b) = Br (size a + size b) [a] Empty [b]

cons (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)

[a] Empty [b]) = (a, Lf b)

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

uncons (Br

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

a
a

cons a (Br s [b, ¢, dl m r) = Br (s + size a) [a] ((tr3 b c d) ‘cons’
a

m) r

FFAl
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—
Seq xs |> x = Seq (xs “snoc’ Elem x)
snoc :: (Sized a) = Tree a — a — Tree a

snoc Empty a = Lf a

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

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

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

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

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

Seq xs H#+ Seq ys = Seq (xs >< ys)

Xs >< ys = merge xs [] ys

t <<< xs = foldl snoc t xs
xs >>> t = foldr cons t xs

merge :: (Sized a) = Tree a — [a] — Tree a — Tree a
merge Empty es t2 = es >>> t2
merge tl es Empty = tl << es
merge (Lf a) es t2 = merge Empty (a:es) t2
merge tl es (Lf a) = merge tl (es+#[a]) Empty
merge (Br s1 fl1 ml rl) es (Br s2 f2 m2 r2) =
Br (sl + s2 + (sum $ map size es)) fl (merge ml (trees (rl 4 es 4 f2)) m2) r2

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

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

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

— &35

data Place a = Place Int a

getAt :: Seq a — Int — Maybe a
getAt (Seq xs) i1 | 1 < size xs = case lookupTree i xs of
Place _ (Elem x) — Just x
| otherwise = Nothing

lookupTree :: (Sized a) = Int — Tree a — Place a
lookupTree n (Lf a) = Place n a
lookupTree n (Br s f mr) | n < sf = lookups n f
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| n < sm = case lookupTree (n - sf) m of
Place n' xs — lookupNode n' xs
| n < s = lookups (n - sm) r
where sf = sum $ map size f
sm = sf 4+ size m

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

sab = sa + size b

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




FH=F PRI

RENLBWM P EHF BIE: RIEHEFEIHE T, MR ATIAE] O(nlgn), X2
ET AP EIEERE LRV, BATESNHENIETER, tERFFHEF,
JFHAFHEFE,

13.1 HRIEHEF

F R NI R AZ IR SKHERA,

1. F— NIRRT, A LR ER S B rg £ M2 ; T Eh s vk 2l A
2;

2. A s M, AMA NI EE X — P,

S Z T8 5 ER (E) 1 [102, 100, 98, 95, 96,99, 101, 97], % 13.1 A 71X —HE
PANEHE, SE—20, &N 102 E R TFET, DM ERE GRATXIZR), At
&, A ANER s B A M, RS AT R, LI, B9 102 BRI/ NR R G2 T
BRANYEINE (FRPASIB). B2, &N 100 FEKRZTETF, F&EH 98, 95,
96, 99 JECKAY/NIR RIS EI T MY M, & &2 101 ERA/ NS TH M, s
F =T B, BEh 98 BRIV NIE R B AR B &8 101 RN A AL

227



228 FH== REEFTEAFER
NaEMERE, EEMARERE— A, TRAEHF. EERFENTTE, E2IATE AR

FIRANME,

102 100 98 95 96 99 101 97

100 98 95 96 99 101 97 ‘102’
98 9% 96 99 97 ‘100 101 @ ‘102’
95 96 97 98 99 ‘100" ‘101" ‘102’
‘95" 96 97 ‘98 ‘99’ ‘100" ‘101" ‘102’
‘95’ ‘96" 97 ‘98 ‘99’ ‘100" ‘101" ‘102’
‘957 96”977 ‘98 ‘99’ ‘100" ‘101" ‘102’

% 13.1: LB EHRTE

BATTRT LAVAZN PO AR P Y E S XA LA THEF I :
o B LNE ] WHFERNZ ]

o G, 1E L HEE—NICERIENEEE p, REIBTHE L A RKT p ITEHR,
BEERET p WEM, REETE KT p WoE T, SRE THEM,
AT “FN AR “RET. EAERMENEITHEF ] AT, BosdiF B ER
(C. A. R. Hoare) £ 1960 FE42H P11 1], & A H KA AR LR, XEE
ZRATRE, B0 EUERE — N ENEM p:

sort [| = []

sort (a:zs) = sort [yly s,y < a] 4 o) 4 sort ply - asa <)
AR T ZF AR OUEH 13,1, 509 1.6) 55158, 0 a0 FLR:
sort [] = []

sort (x:xs) =sort [y | y«xs, y < x] ## [x] 4 sort [y | y«xs, x <y]

PAMRBALIBEIFHEF . AT DB ERESR AR (O MR R, N T R RS #HAT
BT, BIDPEAER—EZRLF, HEEDEMRE™ 557 1 DILET 9.2),
13.1.1 X5

BATET TR B—IRFETHE < o LR, £ U00REME > » lTE,
AT e &

partp [] = ([],[])
{p(x) . (z:as,bs), HH : (as, bs) = part p s (13.2)
part p (x:xs) =

AN (as,x:bs)

XA PIEAR R E LN




13.1 BEHERE

sort[] = []

sort (z:xs) = sort as+ [z] 4+ sort bs, EH : (as,bs) = part (< z) s

] LB AN E X 7 (FTEEAK) -

partp = foldr f ([],[])

¥

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

AN (as,x:bs)

f (as,bs) x = {

229

(13.3)

(13.4)

(13.5)

XA EZAITER (as,bs) BRERE & p(z) Bz, MER x 2 as, G0

FRE bs, FNEIBEI:

partp [ ] as bs = (as,bs)
p(z): part p xs (z:as) bs
part p (x:xs) as bs =
AN part p xs as (x:bs)

X x:xs AT IIFRIE T (as, bs) = part (< x) 25 [] [ ]o
HHBERLE s K sort as - [x] H sort bs I 4 JHER:

sort' s[] = s

sort' s (x:xs) = sort' (x: sort’ s bs) as

(13.6)

(13.7)

BNZIIR BB sort = sort’ [ |o XIDSERUGIEITHIXS as. bs HEFF. AR

PASEXT bs HEF, K o BERRZNGESRAT, TEVHTHY RRREE R "R NESLRIHEF o

sort = sort' []

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

13.1.2 JRHiHEF

BAHE S KF A o HEp. B 13.1 IR T — w9 77 ik P,

MWERAGT G, AR RS EE 13.1 (a) ARAT 4 H2HA:
L BAEMINENE po KIDGERIS, p YREENEIRALE,;

2. —EHES <pWED. X—BIIEMIEFRN L;
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p = xll] LS L G5 R
\ g (
x[] <p . >p 7. |x[u]
(a) XA
p L R
\* x[ﬁJ fﬁ+1] L2 | x[u]
(b) THA
p L R
;[U k_ =P ,,X[L} e TP x[u] J
A4
(c) &R

13.1: FHEDNITTREEE p X0 —BEEAH

3. —BHER > p B, X—EBIEMILRN R, LR ZAKITTRABKRT p;
4. R JEHEATRAARCE, XEDHITRABERTEHAKRT po

I ITaE, L #6817 p, R 151\ p BN —1ITR, WEIE 13.1 (b) AR, RJEAH
IG5 R AT, B2 R B HAGMN, SIOEANK, #HLE R f8RATTERM po
& [R) > p, ENALT L R ZE, FAVRESARIBE R; BN 2[R] < p, EMIZNAT
LM, BATR L AEBsh—8, AAE5cik «[L] M z[R], & R B &E—MIER,
FTERITTRESCATESE, > p BTTREBEBEE T L A0, mEETRAT L £,
I BT ZRZE) p, UM TRXMERIIFE, Mt TA152H p M 2[L], W0E 13.1
(c) FHIMARTRAR, L REFEA p, FEE DA BATR L ENRI R
iR, N T T EIEARACTR, AR LGN 1, S EfEAE — P RT p TR, <
AN A, X XRIRY BN 5N 1w, FHERI > SEERAN R :

1: function PARTITION(A, 1, u)

2 p < A[l] > EifE
3 L+ > =M
4. for Rin [l +1,u] do > A EMNIER
5 if p > A[R] then

6 L+ L+1

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

8: EXCHANGE A[L] > p
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9: return L + 1 > IR EIXI B B
£ 13.2 A TXIEEA [3,2,5,4,0,1,6,7) B,

3(1)  2(r) 5 0 1 6 7 i, p=31=1.r=2

3 2()(r) 5 0 1 6 7 2<3,Bai(r=10)

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

3 20 5 4(r) 0 1 6 7 4> 3, 4hEL

3 20 5 4 0(x) 1 6 7 0<3

3 2 01) 4 5(1) 1 6 7 50 1, RJEH0 r 22 HH

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

3 2 0 1) 5 4(r) 6 7 5l 1, SRIGH0 r 22 H

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

3 2 0 11y 5 4 6 7(r) | 7> 3, 4kEE

1 2 0 3 51+1) 4 6 7 B T ISR, A5 p A

2 13.2: HEFERI LA

R ParTITION, F] DASCERPEAR A0 R

procedure QUICK-SORT(A, [, u)

—_

if [ < u then

N

3: m < PARTITION(A, [, u)
QUICK-SORT(A,l,m — 1)

i

o

QUICK-SORT(A, m, u)

HEFP I ABH B RS, 40 QUIcK-SORT(A, 1,|A|). WREHF BN HE
AR, NERERE,

5] 13.1

13.1.1. BOREAPUERAFHYE S, Mo BT RS IRV,

13.1.3 REHT

PIEHEFESCPR A FH AP RE RiF. RAFIBEOUT, BU392 5, WnE 13.2 R, 4
FE O(lgn) IKBJTHM. F—REX2—IX, W n NITR; BLEKDIR, IR
B on/2 DITR, BRBUTREDY 20(n/2) = O(n). FEZEXNZTWR, BIRAE n/4 D
LR, BAPITHNEERE O(n)... . &E—BEHE n MHE, 8MFE—TTR, &
INTEHEE O(n). KATE BMEIISREIRGFIBIL NHIEREN O(nlgn).

RINET, MDA T, —E82K O1), B—E72K O(n). BFREIRKLN
O(n)o BRAFIRILT, PIEHE IR —IRP i — X IMEIL T, 2 — BRI P HY
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n
/\
n n
2 2
/\ /\
n n n n
n n n n
lgn

& 13.2: RUAFIRIL, BRI,

B, BT RERE R, 55—, BRI — P REN O(n) FUEER,
MES—ZEW, T REPACHE, &IME TRIMEREN O(n?), FITEAHEF. &%
HEFHOMEREA = TRATRT DA B LM TR L, BIUNKRBITREF. TREFFHT
BT r. BAEEN B R BRI o

T %

Pt FE BN NERE R, BRI 1:9 IR, TEREIRN
O(nlgn), BATEHPR LS FIIENR FEAE, /75 —FA xR EckE
EMEREV, TEESEHET S, (AT RES AT T i, PSR TR 2 NS
IR, E VIR (a1, as, as, ..., ay), T6FE ay TENEME, XIDERN A = [21, 79, ..., 21]
B = [y1,Y2, 0 Yn_n_1]o MfF A B HEMETREA L L (AT 2, RN
y; L) . REREHIFERN [ar, a0, ..., a4, F a; < aj, GHNEFEE—TTE a;
B a; < ap < aj, 7 H ap TF a; B a; ZHIPGEAEMEN, NEX a; M1 a; HITHR, H
S, a; 5 a; HATHEL, B2 a0 B4 ay —ETENE aip1 < @ipe < ... < aj_1 &
B A, 2 P(i,§) 3R a; M o EATHECAIRES BATA

. 2
P(i,j) = " (13.8)
B BB :
n—1 n
Cln) =Y P(i,j) (13.9)
i=1 j=i+1

GRERIEELT @i aj, WIEEIAEEE ajy a;, FH a; MBS R Bt E3X
i B ERRN n— 1,5 BURERN i + 1. RS
n—1 n 2
ol :Z; 2 v

L
i=itl (13.10)

n—1n—1t

- —— 2
Tkt
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S FH VAR,

1 1
H, :1+§—|—§—|—.... =Inn+v+e,
/g:
=Y 0(lgn) = O(nlgn) (13.11)

BRI TTEN AR, DHNRKE n, MR MREN ifln—i-1
AIER e RIS EEBE R p M ITER, A cno EUNEIY:

Tn)=T@{)+Tn—i—1)+cn (13.12)

HA T(n) BXKEN n BUFIRBEATHIEAEF AT AR E. ¢ UER RIERE
0,1,..,n — 1 FEUE, X EREEAHAE:

T(n) =E(T@)+E(T(n—i-1))+cn

1 —1 n—1
Eio ZTn—z—l)—i—cn
(13.13)
f—ZT EZT(j)—FCn
§=0
== ; T(i) +cn
PRIA[FIIT 3R RA
n—1
nT(n) =2y T(i)+cn’ (13.14)
=0
¥ n Ao — 1 B, 5585 5K
n—2
(n—1)T(n—1)=2) T(i) +c(n— 1) (13.15)
=0
A (13.14) AR (13.15), HEMAR T6), EF0<i<n-—1,
nT(n)=mn+1)T(n—1)+2cn—c (13.16)
RIEEELIN ¢, IR :
T T(n—1 2
nf)lz (nn )+n—:1 (13.17)

IR —1on—2..... 158 n—17FA,




234 FH== REEFTEAFER

3 2 3
KA SN, H R A HERTER 72, RN n BYRREL,

Q) _T() %

T(n) T(1) 1
n+1_T+2C;g (13.18)
IR VEFIREL, BRI R N
O(m) :O(¥+2Cm”+7+€n) = O(lgn) (13.19)
BRIk
O(T(n)) = O(nlgn) (13.20)
13.1.4 Hod

PArTITION TEALFE R B EE STRINMERENF. BEEHE n MIFITRIVRRFS

[z, 2, ..., 2]

1. HRYEE X G FE—TeRENER p = o, MDA — D EFIFKEN n -1 T
N (w, @, ..., xle RIFBFHN KN n — 1 RHIHEF, BEREN O(n?).

2. &M <2 M > o W7y, SREMDZEFIF 0 DET 2 BITR, D25
ﬁuﬂ#jaﬂé?ﬁ o éljj:%ﬁg [ ] ++ [Q?,l‘, ,I] ++ [ ]o E\E%}gﬁﬂ O(n)o

R — Rl oty = IR E S TR,

sort [] = []
(13.21)
sort (z:xs) = sort S+ sort E 4 sort G
H:
S =y xs,y < x]
E =y <+ zs,y = 1]
G =y« xs,y > z
FRHERT 2N S, B, G ERE: gsort = sort [ ], EA:
t A = A
sort A ] (13.22)

sort A (z:xs) = sort (E 4 sort AG) S
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E FnRelE, THFHF, SHENEE AX G 7, AR B EERI45 R
TENFTHIBERZ R S HiF, XI7thr] PAUE A R &

part SEGz[] = (S, E,G)
y<z: (y:S,E,G)
(13.23)
part SE Gz (y:ys) = qy=x: (S,4:E,G)

y>xz: (S, E,y:G)

EFEZE H T S —elod [, HED8 T HHT B9 751 R IR DR P -

sort :: (Ord a) = [a] — [a]
sort = concat o (pass [])

pass xss [] = xss
pass xss (x:xs) = step xs [] [x] [] xss where
step [] as bs cs xss = pass (bs : pass xss cs) as
step (x':xs') as bs cs xss | x' < x = step xs' (x':as) bs cs xss
| x' = x = step xs' as (x':bs) cs xss

| x' > x = step xs' as bs (x':cs) xss

SEAF4E 5 (Sedgewick) 28 H1 T DU 7 0V P, (EFIR NS ¢, j NS
AR, FFEEE 4, § FemBER G IO, R A MMTTEE AR po R
Efest i MAHEMERIBEIFED > p IR, B G18E j EEHEZEE
< pWITEE, WA, B o ZEAMTEE < p, j FIBITTE > po i fEIA—A > p ITE,
i j $6E— < p HITEE, W 13.3 (a)o H THEE < p HITEDBILN, HRTT
KX BIEM, FAIZH ¢ 71 5 FEABINDITER, ARSI, 58 P REE
i F1 j MEIEEE S, TR RN Z], SRFFAZE &M irE ¢ £ (1S
i)ES < p; BT j HIIRITEE (B4E )45 > po i A1 j Z AR EMALTE, 41 13.3
(b

HEp >p <p
\ .
x[] e <P s x| ... 7 .. |x[] >

(a) FEET 4 0 § A (- RTHERS

HiEp i J
x [
x[]] . <p.. A e P

(b) K EEZAE

13.3: WA

TTRERIARE T DA A
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4, j MHIBECRHEN, TE— RN, K /e MBI BN p 2243 5 8 maIAz
& o R, ARG XEITNG 1R § Z BB ER A[l...5);d A5 XA _E5E u Z [A]
B ER Ali..u) BIAHET

1: procedure SORT(A, [, u) > HEFIXE: (1, u)
2. ifu—1>1then > BHE 1 PPAERITR
3: 11, j+u

4: p <+ A[l] > B
5: loop

6: repeat

7: 14 1+1

8: until Afi] > p > 2R i > u B
9: repeat

10: j+j5—1

11: until Afj] <p > BB § < 1 BIIEN
12: if j < ¢ then

13: break

14: EXCHANGE A[i] +» A[j]

15: EXCHANGE A[l] + A[j] > 3] p
16: SORT(A,1,5)

17: SORT(A, i, u)

5 T LA SN SR R, BT Tyt T
SR, BRPEAETIAN O(nlgn), IE M, FIHATHISZIIN He, X — 755005
BORERE /D, B T AREAE R E R — MR TE 2R HATALBE, S TAT DU AU
M=K, SRS TRIENTZEITHRF, KA (Jon Bentley) Fl
H/RB 7 (Douglas Mellroy) 24 H T — 775 M1 13.4 (a) FIR, SCIBATERTRIEAT
ST SR TERTI 0 (1],

FE p i J q
—.—
o] =<2 > =

(a) ZBERISBIREL M,
i J
( )
\ v
o<l e = . e >

(b) RFFETHMERTTRIREI I,

13.4: =B&XI5>
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TR e AR, 52083 > BRIt ER, I H j 183 < AR, TN
IR . j EHREE R, TRt Al o A[j], RIS Af] Al EESTE
W WERMESE, Mzt Al « Alp] 5 A[j] < Alqle EXIDEEHRAT, FEEMEET
BER TR NGB R, ZHRBEUR T EE TR WRATE TR
], WA HR BN, AP AR AIERINERE, X4 RAE 13.4 (b) Fir. tfE, T
RN A8/ NT "/ T2 KT B o 33,

1: procedure SORT(A,,u)
2: ifu—1>1then

3: 11, j+u

4: p+l, g u > FEFMEE T EIIAS
5: pivot < A[l]

6: loop

7 repeat

8: 1 i+1

9: until A[:i] > pivot > Mg i > u B IRAC
10: repeat

11: j+j5—1

12: until A[j] < pivot > AW < I FEERGHE
13: if j < then

14: break

15: EXCHANGE A[i] <> Alj]

16: if A[i] = pivot then > SCHEEFRITER
17: p—p+1

18: EXCHANGE A[p] <> Ali]

19: if A[j] = pivot then

20: qg+—q-—1

21: EXCHANGE Alg] < A[j]

22: if i = j H A[i] = pivot then

23: J—j—1i+1+1

24: for k£ from [ to p do > AR TR AL E A
25: EXCHANGE A[k] +» A[j]

26: je—g—1

27: for k£ from u — 1 down-to ¢ do

28: EXCHANGE A[k] <> A[i]

29: 1 1+1

30: SORT(A,l,j+1)

31: SORT(A, 7, u)
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AR =X D HNZ R R E % T, TEF ST, AR #
[FR R S EMAR R AR DNERSOE Y, BRI, RS
— DITRIENENE p, WA 13.5 FR. EANZ], EM A BREES < p FI7TER; TR
FERAES = p IR, RAMHERES > p (TR, = MR EAVEF BN i k. jo
[k, ) Z AR FARSTRERITTR. MWERGRE 1T/, AN, < p BUED N ; = p BIHE
DRE—DITR,  BABARN N, ka6 (T —DTR. > p Bt =, j 5
[FEH E5R

i k J

( )
./

L. <p & =p..0...?2 ... F->p..

|

13.5: BRI =Xy

B kST R, W AR) = p, BEARTESE k; (12 AK] > p, 2t
A[K] & A[j — 1], 3BE > p SIKIA KRR —, CRIAR j MBI —5, BT R
TR b WTREEMAKT p, RINBEEFREIHEE LRSR, B, i
B AK] < p, 8 ARR] > Afi], b Alf] £ = p (X AFHE TR, X k. S
BEIGY

1: procedure SORT(A,,u)

2 ifu—1>1then

3 il j+—u k+—I1+1

4 pivot +— Ali]

5 while £ < j do

6 while pivot < Alk] do

7 j—j—1

8 EXCHANGE A[k] < A[j]
9: if A[k] < pivot then

10: EXCHANGE A[k] <> Ali]
11: 14— 1+1

12: k+—k+1

13: SORT(A, 1, 1)

14: SORT(A, j,u)

FIX AR AN = B& R 7048 b, 33X — SEEUAR G ] 2R H R 22 B8 2 Y ZZ# IR 8L

RERTR

BEARZMXIrREN N EE LR, HIvE —ERERNE. fli, FHIFHrIARH
NRAREFN (ERENFEZRF), MOERA P, B 13.6 2K mHEE
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Bl oy < o < oo <z Ml [y > 92 > o0 >y, WXIDER, BHFEZHH)
Ty U0 [Ty T 1y ooy T2y T4y T 15 T2y - Tn)y, e [27 < T2 < oo < 1], PAN
[T, T1, Tp1,To, ...]o WAL 13.7 Fi7Re

’ 2[1], (2], ..., 2[n] ‘

’ 2[2],2[3), ..., 2[n] ‘

,--.,w[nl |
R
0 [eln)

(a) [z1 < 2 < ... < zp] BIRIIBE, < p BIERE A,

TN
| w28l | |0 ]
| vi3ud] ]|

(b) [yr > y2 > ... > yn] HIXIZIH, > p BIHE RN =,
13.6: FIRIED

XJLAME G, S — DT R ENEIEIE RN HX] 0, ZEE YA H T —FhEL
BEOV ANTEEE IR B IR, 12 HEAT 8 S A A DR NS S R P BB, A
ESLER, PR RETTR, G =F R R E N, ARMTE: —MR2EE=
REEER U] 5 — R AZ o =& Wi IMERE SN 23K BT, K KERS N EIRER, K
R EhEIHE,
1: procedure SORT(A, [, u)
2: ifu—1>1then

N me 12 o S 1+ U R,
4: if Ajm| < A[l] then > HAER A[l] < Alm)]
5: EXCHANGE A[l] <» A[m]

6: if Afu—1] < A[l] then > FftR All] < Aju — 1]
7: EXCHANGE A[l] > A[u — 1]

8: if Aju — 1] < A[m] then > HfR Alm] < AJu — 1]

9: EXCHANGE A[m] <> Alu — 1]
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‘ em], z[m — 1], .., z[1], z[m + 1], z[m + 2), ..., z[n] ‘
4/\
‘ m—1],z[m —2],...,z 1]‘ z[m + 1], z[m + 2], ...,zn

x[m—Z],m[mm xm+2 z[m + 3),...,z[n]
] ol

()%T%*WW&EE%T?%

], z[n —1],

m[l z[n — 1], z[2], z[n — 2], 2[3],.

li/j:/i;imz
z[2], z[n — 2], m
[j//;::r\:nﬂ

b) —DNZFHEIXI I

13.7: EZRIREN
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10: EXCHANGE A[l] <+ A[m]
11: (7,7) < PARTITION(A, [, u)
12: SORT(A,1,1)
13: SORT(A, j,u)
X —SCELAT DARIAT_ESRPAMIRRRIE L, W0 “ = RAPE" . 50, BRI A
i Ihee=-: X
1: procedure SORT(A,,u)
2 ifu—1[1>1then
3 EXCHANGE A[l] <+ A[ RaNpOM({, u) |
4: (i,7) < PARTITION(A, I, u)
5 SORT(A,1,1)
6 SORT(A4, j, u)

BRI RANDOM (1, w) JX[E] [ 71w Z [RIBIRENIEEEL | < i < uo ZHR A[i] BISLEERN
B, W EAOBENLEREF U, ot E = R ES ZREN L IEHE T 8 oA e i
R EEB. WRFHFEVL 2, TICIREE PN EHUAE FRTRIE AR,
TERR FESZ MR, RENE, X EEHOHETE SR 72 M o

PREGEXRI 350, I0F —E TR, EH 4w MREITE TR, PIRHET %
BRHTAE, Ml A =T s g P, Rl AR A ZE/RP FNK TR RS
KE, €T —1MEE, WRTENDTEIE, s mER AR,

procedure SORT(A, [, u)

if u — [ > CuT-OFF then

1:
2
3: QUICK-SORT(A, I, u)
4 else

5

INSERTION-SORT(A, [, u)

13.1.5 PUEHEF SHEF

“HBIEHREAFE &N A T 208 — L FFEENE OV, stihag
IR, A = S EIR SR, DA =3 o0 .. . ARV E AO2 R 78
i, A E R, AR POEHF AR 2R, PO I
FHIE R ERIR R, B8RS AT DOE “AROC B 2, N RHHEFHE S H P
Rl 7S unfold R SIR RN — AL RN :

unfold[] = o
unfold (x:xs) = (unfold [a < zs,a < z|,z, unfold [a < xs,a > x])

= AR (W88 —F) AR, unfold P AEMBITT RMERE, 1R

2 deforestation

(13.24)
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RN, GERA—RE BN, FHIRAFFB—NITR o (BT RHE, RFIEFHAE
BRI, HFATRE <« BITR; A TRE > o BITR, M —REXER
PRIE AR e di T B RS R A TE S -

toList @ = |[]

(13.25)
toList (I,k,7) = toList 14 [k] 4 toListr
R BRI R B SR, w AT E S BRIE R R
sort = toList o unfold (13.26)

FASEIEE unfold AIE H — IERM, KHAENFRLEFRIEN toList, Z5HREE
Fro MNEAFImI AP ISR HER, SUSE] T EARPOERA P E L,

13.2 VHAHHEF

PoEHEFEREIL R, HERTEEBRRRER . IFFHFEMEEE TERIE
O(nlgn) FIEZE, EHTHAMINE, ERERZITMOT EEFEEEY, RE%H
REINE R AFHHE PR RIE T A 3, I3 A T o068, SUCRFIIE 7,
BB A

sort [] = []
sort [x] = [x] (13.27)
sort xs = merge (sort as) (sort bs), EH : (as,bs) = halve xs

e halve KFFFIRT 5 T 4 T4, BefTAT AT BRI LB 4 81 split At L@ | 5o
(BFIRBELRNEN R FEIF A (AR (145)):

splitAt n xs = shiftn [ ] xs (13.28)

£

shift 0 as bs = (as,bs)
shift n as (b:bs) = shift (n—1) (b:as) bs

ERS TR ERE TR BT, FATR] AR H &AM E B, A EZEAREZ,
FOANE—, BRERIETFE, halve = split [ ] [ ], HH:

(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

B AT LA — T &, BRI TTE « ININE] as L, RERHE as
bs:

341 Haskell, Python 1 Java
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halve = foldr f ([], []) where
f x (as, bs) = (bs, x : as)

JAFFEEAEANE 13.8 FR. B IEPIZIR S S HEARI A, M 1% 5 @ PR oaE s
—RE], BIk— A HTMINER, BT ML, D FRUNEE ], BEEX—
S, EFHEM A ELET, AEF TR —EZR—iEd,

o0 (O()

0O
Jo o @
13.8: |95
merge [ | bs = bs
merge as [| = as

(13.31)

merge (a:as) (b:bs) =

a<b: a:mergeas (b:bs)
AN 2 b merge (a:as) bs

xR, ATDAERZRAE A R E, 258 R 5 B35

1: procedure SORT(A)

2 n <+ |A|

3: if n > 1 then

4 m Lg ]

5: X <+ CopY-ARRAY(A[l...m])

6: Y < CoprY-ARRAY(A[m + 1...n])
7: SORT(X)

8: SorT(Y)

9: MERGE(A4, X,Y)

PR TRIECEE A FIREAR NI BIAT I, XN MERGE N R B L
TLRH, N AERE XY FHITTER, ERREVNIBA A, RELARTESICHEZE
—HH, RS HAHFTRIFIRITRAIE] A F,

1: procedure MERGE(A, X,Y)

2: i 1,5+ 1L, k+1

3: m <+ | X|,n < |Y]

4 while i <m H j<ndo
5: if X[i] < Y[j] then
6: Alk] + X7

7: 1 1+1
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8: else
9: Alk] < Yj]

10: j—J+1

11: k+—k+1

12: while : <m do

13: Alk] + Xi]

14: k+—k+1

15: 141+1

16: while j <n do

17: Alk] < Yj]
18: k+—k+1
19: j+—g+1

N TR XY BIZER, AT oo ININZEIREE o
1: procedure MERGE(A, X,Y)

2: APPEND(X, 00)

3: APPEND(Y, 00)

4: i< 1,7« 1,n<+ |A]

5 for k < from 1 to n do
6 if X[i] < Y[j] then
7: Alk] < Xi]

8 141+ 1

o: else

10: Alk] < Yj]

11: j—g+1

13.2.1 PEREMAT

IS AT RISFAE, BT RE 5, RIS R T — SO Q& 13.2
e MHEIE ERDEIRELE Olgn)e BEIEFTIHH, BF— TN FFIHIT
£, YHP— IS 5E—FFIR RIS TEE RIS R, FHNE TN
HERFAL, WHEEEN n BIREFI, 2 T(n) IHERE BTl B DA FIBIT% R
n
2

HERPIN 6D & = 8050 W RE B HE T(%), Xt 5 HE T(%), I35 en, H
e BEANEE, RILFIREFIZERN Onlgn). B—EIMREEITEZS HE 24,
REAFE A RN 2S IR AAT R, W T FEEASTE, 00T R TR AL

R —o0o

T(n) =T(Z) + T(g) +en = 2T(g) +en (13.32)
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245

HRFERNIZE R, HAERITTR, BITREG, ] IR ROX 2R, mATEAEHIE
RRZEZIER, 9 O(nlgn).

13.2.2 i

1: procedure SORT(A)

2:

3:

4: procedure SORT'(A, B, [, u)

10:
11:
12:
13:
14:
15:
16:
17:

18:

19:

20:

n < |A|

SORT'(A, CREATE-ARRAY(n), 1,n)

if u — 1 > 0 then
l+u
m < LTJ
SORT'(A, B,l,m)

SORT' (A, B,m + 1, u)
MERGE' (A, B,l,m, u)

FEBEHK MERGE' (A AR TIEX:

: procedure MERGE'(A, B,l,m,u)

i lLjem+1,k+1

while i <m H j <wu do

if Afi] < A[j] then
Blk] <+ Ali]
141+ 1
else
Blk] « A[j]
j—J+1
k+—k+1
while : <m do
Blk] + Ali]
k+—k+1
14141
while j < u do
BIk] « Alj
k+—k+1
j—J+1
for ¢ + from [ to u do
Ali] < Bli]

FFHIN S B AR AR B & R R — DR, FRATA PA— IR T KN n =
|A] I TAEX A TIAH, &/a B TEXAEE i E R L,
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X—POEE S EE 2 E M O(nlgn) BEKE] O(n)o X 10 I MNEEHER, MERERTIE
F 20%Z 25%,

13.2.3 [FHUEFHHF

N TG AN IR, B N 2 A R R TR, anE 13.9 A, 78K
HX MY CHFL, FH-IAFHEN, < 1 2TV ERFE D (EF). & All] < Alm], A
HIREEN | —20; BN All] > Alm] FEAE A[m] INAHERT, AT 1 26, iR
ZHEATE M T XA [I,m) F 5 TR AEFE—DMIE,

g (Al L EFES X Alm] L EFEES Y.

Al > Alm] WP X

13.9: [FHISFREITFE

1: procedure MERGE(A, [, m,u)

2 while [ <m < wu do

3 if A[l] < Alm| then

4 l+—1+1

5: else

6 x + A[lm]

7 for i < m down-to [ + 1 do > %
8 Ali] « Ali — 1]

9: All]

EERSFESIN [F E 2B RILAL O(n?), BEEM RN RIAVIRIE, F1 X FFAYTT
R MAIEL, XN TEEAHAFR, TAIE A BHFRTR (BN TIEX, MABEEET
EXNHTTR, R eI EZER, HREFFHE X\ Y, SR NITTRK
NLAEXH, R TAEX AR TR A R, JFFF5ERUE, X 1Y sURF T IHAT T
TEXAINE, WEl 13.10 AR,
XY MITIEX Z B2 IFEEAAR —aR . JAFNIRMME A X, Y #URIA, 4551
B XA [i,m)\ [j, n) M TIEXAERAE ko
1: procedure MERGE(A, [i,m), [j,n), k)
2 while i <m H j <n do
3 if Afi] < A[j] then
4 EXCHANGE A[k] < A[i]
5 1 i+1

®la, b) FREHGTFXAE, G o, (BTELE b,
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EE#

'd ~

LERL X LEH.L Y -
i X[i] < Y[j], WA X[i] + Z[k]
L BT | Z[K]| -

13.10: JAFIR TIEX NS H R

6: else

7: EXCHANGE Alk] +» A[j]
8: JJ+1

9: k+—k+1

10: while i <m do

11: EXCHANGE A[k] <> Ali]
12: 14141

13: k+—k+1

14: while j < m do

15: EXCHANGE A[k] +» Alj]
16: j—J+1

17: k—k+1

TAEXFREWRMN DA D RBIURER, DAEGIZHHERATTRIA SR 2) T
PEX R DA E—FHHEE, (ERIENESRRARIAFAITR, ATDUH—FAEN
TAEDCRIAFHHE 55—, tiEl 13.11 AR,

L ARHEEL. | L BHEEL

13.11: JFHHEF —H58E

QSR AN — - TAEXHE R, AR R i 7, Nl 13.12 AR, FATIAE

N IEE X(% )T Yﬁ $eR), (BFEIRTER I/ REAL 3 $OR, TEER
M X +Y HIZEER,

1/4 Y: 1/4 X: 12
work area sorted sorted

13.12: TEXAREPAUAH X MY

TARX B MR 2 A @IS FEANR T, EERITAFHITTRE N PE 2=, M
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PIEHEF AT

A TAEX AT HHAE B KRR AL, BA1eN TIEXRIE 1/2 #i7, 48R Y
BOZHLENFT 1/2 F57, ¥ TAEXBALT XY HiE), aiEE 13.13 E77fiR. XA Z

HEE TAEXMFHE X A TEZD, BEREMIIRET:

Y: 1/4 1/4 X: 12
sorted work area sorted
1/4 merge X, Y: 3/4
work area sorted

&l 13.13: FMAIZIEXIFHF XY

1. FrEY TR y BT X TR oo 13, Y M LERKAE (Y FLEX

PNAN SR DN

2. frE X TR 2 BN T Y TR yo JAFHFARTEH X I T/EXHRINE, =
TR X h—FTREWGE, TeBE X THNE, FEiE, JEENZE
EIAHAITR, TEXIEME R MFESHRRERZIE] 3/4 W E, tE,
JIHEE AR Y M TR NS, R TEXPRENE] T8RN, 0

13.13 N H R,

HEBRN T MRS 2 B, A TEXEEHNERT 1/4, BITEEX—F
B, BENRHEFH2HE 1/2 HiF, HEERHEIRT 1/2, M TIEX AT HE,

1

AN AR B R INEAE, M % £l i gl g IAFFRIMAE AT TR, = TR A R
N NTEENER, HHAE—DITRABAHAFN T A AT AR AR

HEEHLTITER,
procedure SORT(A, [, u)

if u—1 >0 then
l+u
m<—LTJ

wl4+u—m

while w — [ > 1 do

u —w

1:
2
3
4
5: SORT’(A,l, m,w)
6
7

I+
8

]
9: SORT’ (A, w,u’,1)
10: MERGE(A, [I,I + v — w), [u/,u), w)

w4+ |

11: for i + w down-to [ do

> XA

> TAEX R
> KRR —FHE

> BAHBART
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12: J 1

13: while j <u H A[j] < A[j — 1] do
14: EXCHANGE A[j] < A[j — 1]

15: j—J+1

N TRIELAEX B R, FAMEA LIREEE, BT SR ERNXAEEE
AT MEeRGE 8%, # TR, BATFREZEE X Sorr’ Bi%, B IS KIBITEA Sort KA
B TAEX A E R
1: procedure SORT’ (A, 1, u,w)

2 ifu—1>0 then

3 m < LHTuJ

4 SORT(A,l,m)

5: SORT(A,m + 1,u)

6 MERGE(A, [I,m), [m + 1,u), w)

7 else > R TR E TAEX
8 while [ < u do

9 EXCHANGE A[l] <> Afw]

10: l+—1+1

11: w—w+1

X—TTEANTFE TR T, RHEFER Ui R
HEHF. FUOBITNRIRE 2 —FH R, AafEH
TCEHEFIIEN T(n), BUIRIBIHXER:

n n
A8
PEINTRIREFTIFFE, 2 n A

MRS

n n n ™

T(”):T(2)+Cg+T(4)+c%+T(8)+c§+... (13.33)
XNT—FH7TR, I ZRAI RN :
T(g) =T(g)+6%+T(%)+c3§n+T(lﬁ6)+c%+... (13.34)
PRAAERE (13.33) - X (13.34):
T(n)~T(5) = T(5) +en(g + 5 +..)

ﬁﬁ@nﬁéﬁ%mmm@:

T(n) = 2T(g) +5nlgn

{56 B TIRFIEAR A2 (BRI Fl £ B, 1558145 R O(nlg® n)o

13.2.4 BEARAHHEF

SENGH T FI—RESLH, RERAN R MR RS o 0 FOh B AR
XTERFA, AT MR A BHAERE— DR T 2, Rpli, BT n] DAE
BRIMAREZAEHT T 41, 41 R 3o
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e

13.14: M3 [ A [R5 Y e Aot

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

RPFEATEEERN, TRIIREE - TR, B=TEEKENR, FRIIES
EHITR, BOFICF, N, BTSN REEREARSBET 5, AR
PR, —k—RBIAH. X—BEHR RUEA TR AR B R TR,

8,12, 14 0,1,4, 11 2,3,5 9 13,10, 6 15,7
7,8,12,14, 15 ... free cells ... 13,11,10,6,4,1,0

merge

13.15: BRFFHEF

A 13.15, MM, DAHERKIVIBER T F5. REIFHEITEXE
M, BEEIX—H B, AR NI E A T, X —IR, R8I AH B TAEX
A, NATAERE, XA E A TEX LR, HArA TR I 2
TARXGE, 2 TAEXAEECA, FRMNMME O REITFF, ek —amn, i
R KIAFBH T Y —BEHREIRE, KA NFIER, FFEHR. X—7EMNES
PN TT IRAC A, FF BAE A F A8 B R0, ARV B A3 HEE. W0 13.16
FIR, (RN, o 28l d 2 JERC RO, HARREF T [a,b) FET REI&
K, ANEFFA (o, d) AET BERK, NTLIEX, f 28 r ZGEHTREAFF
FEEETTFFID. aEEEH, BT [a,b) ¥ [c,d) M fREEGIFFE; BEEEH,
Mo EEAZEIFFF,

HEFP TG, #ESIF BRI RN TIEX, o F b F&RERLM, ¢ M d FEAR
M, for FEIA AR ZEA T,

1: function SORT(A)
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10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

251
a b c d
eew. LorEan o By ). e
f T
: g
. B . ARBEA. =5 O
13.16: HARIAFHHEF I AR
if |[A] > 1 then
n <+ |A|
B < CREATE-ARRAY(n) > A TAEX
loop
[a,b) « [1,1)
[e,d) <~ [n+1,n+1)
f+1l,r<mn > fEA TAEXEE
t1 > AHEES
while b < ¢ do > PR ZAMRITR
repeat > & [a, b)
b+—b+1
until b > ¢ 8¢ A[b] < A[b — 1]
repeat > & [c,d)
c+—c—1
until ¢ < b 5 Alc — 1] < A[(]
if c < b then > IS
c+b

if b—a > n then

return A
if t 274X then
f < MERGE(A4, [a,b), [c,d), B, f,1)

else

> [a,b) B BN 74

r 4 MERGE(A, [Cl, b), [07 d), Ba T, _1)

a+b,d<+c
t—t+1

EXCHANGE A < B

> MEEIFFH

> MEIAFH

> YL TAEX
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252 B REHENIETEET

28: return A
VAFF TR IFFTTIAE N,
1: function MERGE(A, [a,b), [c,d), B,w, A)
2 while a < b H ¢ < d do
3 if Afa] < Ald — 1] then
4 Blw] + Alal
5: a+—a+1
6 else
7 Blw] + Ald — 1]
8 d—d—-1
o: w— w4+ A

10: while a < b do

11: Blw] < Alal
12: a+a+1
13: w+—w+ A

14: while ¢ < d do

15: Blw] + Ald — 1]
16: d+—d-1

17: w—w+ A

18: return w

B RIAFHEFRIMEREN TR INT Took, B BASm TR 55 — i, R8T
IR EEN 1, XEERE, TIEXFRHNEF FEANKEDN 2, R T4
it (BB E T YN KEC AN T 2, X—#)E, TEXESREZEDHN
4 BYFFFEER .. F—f)E, IIHNEF FEANKERNG, Fiit&ZFEE O(lgn)
AR, B-REMIrERITER, SMEREN O(nlgn). MTFHIR, BATLENE
FEMsmiaf, & EYIREE TARRRFFIRARN, Al AR DN F2IR T, *E
B A, AEE T YIRS AR, &IESEIHFEE R X (FEA):

sort = sort’ o group (13.35)
HA group Kot R HNAFERE 5%
group [] = [[]]
group [z] = [[«]] (15.36)
r<y: (v:9):9s, HH : (g:gs) = group (y:xs) ’
group (x:y:xs) =
AN [x2):g:gs
sort [] = []
sort [g) = ¢ (13.37)

sort gs = sort (mergePairs gs)
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Hr:
mergePairs :g2:gS) = merge : mergePairs gs
g (91:92:95) ge g1 ga g g (13.38)
mergePairs gs = gs
.3 13.2

13.2.1. ENXEBINEFH: sort’ = foldr merge [ ], ESWME I (mergePairs) & 24
TR 2?2 WERAEE, B4 R ; a0 SRANE], > BE e ?

13.2.5 EJKMm_EHHHERF

BARAHH P E R E AT H T —F B KM _EBIHEF 7575, BT DUR 77 A %
R, ERRFIER n MR, FPFIREE—NITER, REHESHTFEFIM
A, 1§58 2 DMER 2 MEFVIR; 1R n B3, 2FR—IMKEN 1T
Hllo BATRWI RS ITHALE T 75, RGEEHEF SR, SEFRz N BRI
FHEF” P A 13.17 iR,

| SN

]

L]
A od o g
& 13.17: BIRA AT

BAEFRAEFIOBIAN D EITNZR K (21, 20, .., 2] BB [[24], [22], .., [2,]], R
JEA U5

sort = sort’ o map(x > [x]) (13.39)

FBATE H B RIAFHEF BT mergePairs, BEEAFH A— DU FIFR, BIERE_EHHHE
PR BRIAHHEFRE, (UCEPETTERR, AL, ©rTAH BRI RIR:
BRI (REB ) HESHK, BRTIHHF 2K IRER IR BEIR K, M AJK
[ FIRIFHER OB F IR ET R 1, 17 DHEEIB T i ok A:

1: function SORT(A)



254 FH== REEFTEAFER
2: n < |A|
3: B < CREATE-ARRAY(n)
4 for ¢ from 1 to n do
5: Bli] = [A[i]
6: while n > 1 do
7: for i « from 1 to LgJ do
8: Bli] <~ MERGE(B|[2i — 1], B[2i])
9: if OpD(n) then
B[]« Bln]
n
11: n < [51
12: if B=[] then
13: return [ ]
14: return B[1]

#:>] 13.3

13.3.1. BFHRHEERRIEMB B foldp, FE AT E X HER _EAFFHFHEF,
EZR: 391 7L

13.3 F TALFE

FEPRIEAR A, SXIr e, A AT R DT AT, X — SR 34k
FPAiE M, AR DS ZFHATIESS, RFFI &I p DT80, B p NS
BARIEOLN, QiR A DOFHATAE T RN SRR, H EilE O(nlgn) = pT”, AR
SR, XA ETAM R AT RIE, (B8, M By REAPIEF &L L
Hp — 1 DEE, X2 p DT, RIGFHATR BN, HARRMMAR, M
BRI EL, BATHBEREFE O(n) BIMERE. 75— 77, FRIAFHHEF BIERTHET
HIEIAFH B, N T IRBIRIUERIFFATINE, T2 FHTIAHHE R B T
BRI, BUA LU, IIFHE R B R e R e TN B 2 H T, B
IRTE 1986 FEFFRH T n DMEFEES, MEBEN O(1gn) FUFHTIAHHE R IR ), FATALE
B NERREE, B T AR EARRIRREE 0,

13.4 /Ngh

RENY T NAE R EHIF BIE: ORI HEE, SR T HEL
FEFHIMERE ER O(nlgn), ZEFFYEIFMPUEAFE 20 X BIHIRHERHIETE,
RER ISR PR (ENEREF TR FERGE, RrAl B A E RS
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MRFPVIRER T, FIEEAAZ A RS, MTEEERIFFHEF 7. X—IARA
JRE, 7] AEB P HIE AT AR ERE], PRIEHEPAERZ BN PRIULR. MEEEZEM
b, BRI, B1ES — I, N R AN, REREEESH
P E 7%, NRAIBMAEA, mIFFFHFNIE &I, ARG NEBREIRIE
PRE. R PR RIMEREERER L N HBIRM, fEan <R INE R AP,
JFFFHEF R MERE N I PR, HF EFREASNYAFF M, ERLEHBT, BIanEA
ARG, ZEEERFIRG, FRtb)F3FHEF AR — NSRRI 7T U,

POEREP M P A EEE R AR BRIRHER A] DU (R IR e 1Ak
Rt r] LR HE R S sk ), HEpERA 2260, Hp—2 iRyE R o F e
HHMEZRRE ), RIEHT 5 T3, BERTFRAE N TETREEN T,
JAFFSRRR B R FPAIRERE, S, IPFHEPRIAFIEREE 2%, EXI D AR A &,
TIEFD, AEDE BARDE ER B RA Eo#E, PR RERIETEE D #,
RO A = s E TR, BEFLPEREE . =B X056, BRI % & ZE 1R Do

FARENIE, TG TEAHFER, EEHmART. W7 G, s
R, BRIEHE T AR, R AR BRI 70U, S ARER, A
MIEZ %8 “REHE" PR, R 77 B TIEE A IR BTSSR T A sk E
REVEAE, LU, OETLE G WEBIECER0YHE TEFRIES,

#5>] 13.4

13.4.1. {FHRAHHFBIRIE MN— 181 7= 48 = X IR/,
B 392 71

13.5 % Bl F
FiHRI4

Int partition([K] xs, Int 1, Int u) {
for (Int pivot =1, Intr=1+4+1; r<u; r=r + 1) {
if xs[pivot] > xs[r] {
1=1+1
swap(xs[1], xs[r])
}
}
swap (xs[pivot], xs[1])
return 1 + 1
}

void sort([K] xs, Int 1, Int u) {
if L<u {
Int m = partition(xs, 1, u)
sort(xs, 1, m - 1)

sort(xs, m, u)

TSRRA, KIS TR B A SR, TR PRI F R A HE P R R RIFRYIERE
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PGIEEE R

void sort([K] xs, Int 1, Int u) {
if T<u-1¢{
Int pivot =1, Int i =1, Int j =u
loop {
while i < u and xs[i] < xs[pivot] {
i=1+1

while j >1 and xs[pivot] < xs[j] {
j=3i-1

if j < i then break
swap(xs[i], xs[jl)
}
swap(xs[pivot], xs[j])
sort(xs, 1, j)
sort(xs, i, u)

JAFFHER

[K] sort([K] xs) {
Int n = length(xs)

ifn>1{
var ys = sort(xs[0® ... n/2 - 1])
var zs = sort(xs[n/2 ...])
Xs = merge(xs, ys, zs)

}

return xs

[K] merge([K] xs, [K] ys, [K] zs) {

Int i =0

while ys # [] and zs # [] {
xs[i] = if ys[0] < zs[0] then pop(ys) else pop(zs)
i=14+1

}

xs[i...] = if ys #[] then ys else zs

return xs

) TAEXGA TR FHHE

Void sort([K] xs) = msort(xs, copy(xs), 0, length(xs))

Void msort([K] xs, [K] ys, Int 1, Int u) {
if (u-1>1) {
Intm=1+ (u-1) /2
msort(xs, ys, 1, m)
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msort(xs, ys, m, u)
merge(xs, ys, 1, m, u)

Void merge([K] xs, [K] ys, Int 1, Int m, Int u) {
Int i=1, Int k=1; Int j =m
while i <m and j < u {
ys[k++] = if xs[i] < xs[j] then xs[i++] else xs[j++]
}
while i < m {
yslktt] = xs[i++]
}
while j < u {
ysTkt+] = xs[j++]
}
while 1 < u {
xs[1] = ys[1]
T+

JFHIAFFHE -

Void merge([K] xs, (Int i, Int m), (Int j, Int n), Int w) {
while i <mand j <n {
swap(xs, wtt, if xs[i] < xs[j] then i+ else j++)
}
while i < m {
swap(xs, wHt, i++)
}
while j < n {
swap(xs, wH, j++)

Void wsort([K] xs, (Int 1, Int u), Int w) {
ifu-1>1¢{
Intm=1+4+ (u-1) /2
imsort(xs, 1, m)
imsort(xs, m, u)
merge(xs, (1, m), (m, u), w)

}
else {

while 1 < u { swap(xs, U+, wH)
}

Void dmsort([K] xs, Int 1, Int u) {
ifu-1>1¢{
Intm=1+4+ (u-1) /2
Intw=1+4+u-m
wsort(xs, 1, m, w)
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while w - 1 > 2 {
Int n=w
w=1+ (n-1+1) / 2;
wsort(xs, w, n, 1);
merge(xs, (1, L+ 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)
}
}
}
}

=z

=

PIEHEF AT

BB A EFFF A

[K] sort([K] xs) {
var ys = [[x] | x in xs]
while length(ys) > 1 {
ys += merge(pop(ys), pop(ys))
}
return if ys — [] then [] else pop(ys)

[K] merge([K] xs, [K] ys) {
[K] zs = []
while xs # [] and ys #[] {
zs 4= if xs[0] < ys[0] then pop(xs) else pop(ys)
}
return zs ++ (if xs #[] then xs else ys)




FHUE ERI

MNMEBEI BN ARG SEI T R RIEE, A & B TAHLE AN
FIHEFRE R AR TAR, T8 LE M EMNE T R ETHRL, BT
HUMNM LRSS R R EENEY T E ... . AEN B RERNERR LA REE,

14.1  kiEERAIE

AAE n DITRFFHE £ REVNBITTR, XERNIE SOEMRIF X R,
AR < KRS k/DTTR, RE BT 2—RIE0, &ESNTTEEE
BN, ARG EFIRITTRE P FHE /P, BT kAT DAREIES k/NTTR. 7E n
PIEEFTFEE/NTTRBLEMERNE O(n) B EIHERTEN O(kn), FATH AT EIKH
HE, IXAERTDATE O(lgn) BRI EE T, ZRETAHES, B8 k IXA] DATE O(k 1gn) N EINERTS
ER,

top k xs = find k (heapify xs) (14.1)
55 Rl AL A

top k = (find k) o heapify (14.2)

E

find0 = top
find k = (find (k—1))opop

BTEREREE LTI T3, ERIMERIERITR 2N A, B, (1§ A FILRE
FRF(BHITE, ©m= AN ABKND, LB m F k:

L &k <m,ME k/NUTTRE AT, T(EF B, RIGTE A FIEHER;

2. Hm <k, W& k/NITTRTE B, BANIEF A, RG1E B HIBAERE (k—m)
/NITER

(14.3)

BB T2 P, AL B R/, BIRIATEMUEIR:, E22EN O(n +
n/2+n/d+..) = O(n)o FMHMA L—FEHIEHRFHRIXDTTIE part, FEHLIEREE—

259



260 FHUE #HERI

NICER N — M) MENEIME po KFTH < p HITTRBA A, FIRITLRBA Bo BZFHEHE
m =k — 1, p BEH k/NITTR, SUENBEITE A 80 B FEH,

m=k—1: xz, HEF :m=]A| (A B)=part (<) s

topk (v:vs)=dm<k—1: top(k—m—1)B (14.4)
AN top k A

FIEREHEF —#F, REB T X R T, MERRIRIN O(kn) B O((n —
k)n)o “FYIIEELT AT DATELRAME N R NER BB 520 FAT T AT DARY A RS HE 2 A B AR A
B, 0 = S AETR L A RELR 0k

1: function Top(k, A, 1, u)

2. EXCHANGE A[l] < A] Ranpom(l,u) | > BEALLE 1, u] PIERE
3: p < PARTITION(A, [, u)

4: ifp—I1l+1=kFk then

5: return A[p|

6 ifk<p—1I+1then
7 return Topr(k, A,l,p—1)
8: return Tor(k —p+1—1,A,p+ 1,u)
A] DAVEBIX — 5 IR IR B B AT & ME (k MERIRFE 2 EER), 0 N Eif -+
R

tops _ [1 =11

tops 0 _ =[]
tops n (x:xs) | len = n = as
| len < n=as 4 [x] # tops (n - len - 1) bs
| otherwise = tops n as
where

(as, bs) = partition (< x) xs
len = length as

14.2 —HOER

FRAEI Z I FRIE IS — DN “BPBER” 22 AR BE AR — D 1000 PANAYER, Z i fA] -1
A, A RIERE S, AEEMBLEEEHIX ML, flul: 2E5L? B2EHL? G
A7 _ERVEFESAERI 47 BEWE 3 BEBRA? FESF, 1 1000 DA, W1 & I [0 ZF HERR —
FECF 10 IRANFRRERR B SR, [ 210 = 1024 > 1000, “BEEL?HE—NEE
IR, TREEH —FAVEE 2, I AR ERXEN R R E —EET, BFEEE

!Blum, Floyd, Pratt. Rivest fl Tarjan 7£ 1973 fE45HH T —MNEMRHE 7775 1 B, BFIR0 W5 T4A, SA5R2
5 MR, BHEH n/5 ME, EEX—SEEHHENAE,

2322 P02 B — N LR i, BRI EEA—DA, AT ENLERALR 16 DA, SR EIE 2 A,
BENE N GER TR A,
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A S T ES IR, BINEEEENEEZIXENZETH, FRABTR—
B, REIEUOSENE, HEZ2EE TR T . RS 30 FOPREX,
IRIGXE, B4 1000 7T, & T ;500 7T, /K T 750 7T, 1K T 890 7T, K 775990 7T, IEH#A !
XA T “ &R Eg, N TECFFY A FIK o, BAHKEN T F5IH
RER y, fl 2 b, R o =y, ERGER, MR v <y, BT A BCFH, TMTHFE
TERTHEE RSB BNTEEFE B, XEERMEE/N A BRI, WY A =[]
EHARERE], W 2 REE, A BERENR A BOFW, MEEERE NRAERN KT
HIEEE B, IREEAPEFEREIE R, SEMNN: “ BR o E R E AR TR
B, BERHTAIEZMEAAIEN. T, AR R IIAZ R A BERNLIFSE
IR, BBIEMAANECRZERIE — P a H S Bt S 7 —MER, EF 20
ZEFEAWEI, FHAH T &L, 28AH A ETHRN Lu(RE wo

u<l: Nothing
-1
x=Alm] : m,,HJZF':m:lJrLu |
bsearch x A (I,u) = 2 (14.5)

x < Alm]: bsearchx A (I,m—1)

A bsearch x A (m + 1,u)

FeAl T RT DAVEBRIB VS, i8I BRI ST — &4k
function BINARY-SEARCH(z, A, [, u)
while | < u do
m [+ LUT_ZJ > B |
if Ajm| =z then

1:
2
l4+u

3

4

5: return m

6

7

8

9

5 Rinta=

if © < A[m] then
u+—m—1
else
< m+1
10: Not found
T BB EE, Z 0 EHNEZREDN O(lgn). —rEHITA] DI S K
BHIR, BIUITHE o® = y, BF a < y, a.y #R BREL, BATFHK o BORBER, Al
AIPAZS 25 M 0 FREBMRIRZEIR o, al, 6, ..., BEEIEIIFED o = ¢, 8 o' <y < a'T1,
FORTTIRTCREH R, NIRKH o F1 2, WRFFERFFEE, WIHE o STHFE—ERIR
A 3. FATRT DL Z 0 EHCRHITE0E, BRI BN R, BT av > y, FATATE
TEX[E] (0,1, ..., y] NIER, HTEE f(z) = o 2IFEEE, N T EHZE o, Tl
BRI 0 = [ L), MR 0 =y, W 2,0 RIS R 0 < g, RINEF
T, BIBVER ST ; BEFE 2, FHIESTT; S L N ECRHE RO B, E2IEEEEL
ERTOREE NS, RN, THZ2DERBRIE X, BT RIE R R N
UK BATATAEH o™ FERKIHHE o' = aa™s XERNZE MR L FHIAEEL f(n).
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— NS f, VA bsearch f y (0,y)e FANTRFZEIE O(gy) IR f(z), TFTHEE,

u<l: Nothing
l+u
prm— H . P —
bsearch fy (I,u) = flm) =y m 2eftm = | 2 J (14.6)
f(m) <y: bsearch fy (m+1,u)
f(m)>y: bsearch fy (I,m—1)

14.3 "H4EEI

FEM o ERMN 4 B 4 E @4, SRR M IR mox ne BT,
FHIHTTRES R RN B A% NE 14.1 F7R, A0 BRI e R M rp R B
HFT 2 T RE? BRMNFESE—PEZE, REI-HAUE (i,)) YK, EEFFER
Mi,j =z

(z,y)|z < [1,2,...,m],y + [1,2,...,n], M, , = ] (14.7)

1
B~ W N =
S Ot = N
co N ot W
© 00 O =~

14.1: 7. SHER AL 0

HEE  HEEAX -, IREErh R 2 =R
ZO BRI, BERA S AR, I8 0 B HUER, R ITREN T My »
ERTTR, WMRENT 2, BANEFL KB WRKT 2, ZFA N, W 14.2 Fr
R, REHIXIBFRRA] E7, WAER T, BREKEEMN—MERZR T — 1 L, T
FEEEIH, FAHEXE A RAEHR N : SRR f(2,y), ERETCENFTEX
BEIR (v, y), BS f(2,y) = zo FEFFERA] IR T HEAYR L

l<z<m,l<y<n: M,
flz,y) =
HE -1

WR f(z,y) BEEEEE, G40 f(z,y) = 2%+ 9°, a. b 2 BRI, BRIRIERZ
MET A, TREMNE LAHEFFEERD), tE 14.3 Fx, BRM (0, 2) FFE, X
THNR (p,q), BATELEL f(p, q) F1 2 BIKZ:

1 W f(p,q) < z:HT fHRIEE TENOO<y<q,B flp,y) < 2o BANEFE
HLE FHIATE R (A B%RED) ;
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|3

NS
o) 3

14.2: 72 RETTRNT 2, REKEEVNT 2,85 FRITERT 2o KEKEBHEIKT

Zo

2. WAR f(p,q) > 2 FTEM p<z < 2,8 f(x,q) > 20 BANEFNKFELE LHIFTE
AEBLRED);
3. TR f(p,q) = z: (p, q) B— MM, MALE - SHE A AEF.
XAE, BATA] LB 48/ NEAE R X, BIRELER 1T, BAEF 5, 5
EHRINEFT

(0, 2) %2)

>

(0)

0,0)
14.3: \WE EAHER

TE M search PREL, FHENIE_LATFFIEH R  search f 2 0 2o

p>z28lg<0: []

search f = pq — flp,q) < z: search f z (p+1) ¢ (148)
flp,q) > z: search f zp (g—1)
f.g)=2:  (p.q):search fz (p+1) (¢—1)

BRERNG, p.g 2VE—N2AG. FIE—P, RETE 2(2 + 1) IREHGER
R, RIFIENE =M (DR p.q ANFTH—, RE 2+ 1 PREAIEER; (2) Tk
KERGRTE, &G p 81T 2; Q) NUrEER NRl#H, &K ¢ TR B 144 IR T &
FRIEIAE . B 14.4 (a) F, WAL LG DR (v, 2 —2) BHE f(z,2—2) = 2,
BEHFE 2 + 1 550K (2,0); (b) H, EAKFELNE DA (2, 2) BFEE f(o,2) < 2,
z+ 1 5, BREW; (o) 1, EMELIE DA (0,2) BHERE f(0,2) > 2,2+ 1 F)F,
HREW; (d) MR ZREB . WRBATRAERIRZE ERFTE KL « H
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b, TR B E BRI y b, WA USRI SRR RDEON 2(2 + 1) FIEFEN
O(2%) BF5ZSEM L, X — B0 R 2 R IR & RIS A O(2).

A A
0,2) 2,2) ©,2) 2,2)
(0,0) =0 (0,0 =0
(a) (®)
A A
(0, 2) (2, 2) ©,2) \_ (2,2)
L

\ 4

(0,0) > (0,0

(2,0) (2,0)

14.4: BRIFRRZEBN

X— AR S8R, N f =BG, £ N5 MERA L5
KE, ARAMEZEG, GG — S, W& 14.5 i, SBERMNE LA
(0,2) A N (2,0) R, X—JOERIH—FPUE/N, RV, FATAT IR y k3]
=K m, 15 £(0,m) < z; 1 o HHREIRK n, 15 f(n,0) < z; XFEERXIEELM
(0,2) — (2,0) g8/ (0,m) — (n,0), WA 14.6 TR,

14.5: f(z,y) = 22 +y?> HEIE
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(0,2) (2 2)

(0,m) (n,m)

(0,0) m0) (20)

& 14.6: ZH/ NI B R XA

Z]

n  =max [z|0 <z <z, f(z,0)

IA A

4

AT H = ERERE mon (B 2 =0 &R m, HE y = 0 & n). K3
I (14.6) ESN, ATy, FHRI <z <u i f(z) <y < f(z +1)

u<l: l
l+ u
bsearch f y (l,u) = fm)<y<fm+1): m Reftom=| J (14.10)
f(m) <y: bsearch f y (m + 1,u)
f(m)>y: bsearch fy (I,m — 1)
XAEFL AT A= 2 &K man:
{m = bsearch (y — f(0,y)) z (0,2) (14.11)
n = bsearch (x — f(x,0)) z (0, 2)
B SRAEAE N FETE N T S R  solve(f, 2) = search f 2 0m
p>niig<0: []
search f zpq = J(prq) <z search [z (p+1) 4 (14.12)
f(p,q) >z:  search fzp(qg—1)
fp,g) =z (pg):search fz(p+1) (¢—1)

XSO ESEANRL A EHREE m Moo, BRITET O(g2) X f; SEBERE
EBINMEO R HE O(m +n) R f; RFIBER N HE O(min(m, n)) R SVAEZEWT
o HEEREA f(z,y) = 2% +yb, T EHARE a. b, IR m. n R/, BARMERERRD
O(lg 2)s
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W& fHIRE
BINED | 2logz +m +n
BIFIEDL | 2log z + min(m, n)

QA 14.7, FEERXIK (a,b) — (¢,d) FHRI—K (p,q), & f(p,q) # 2z, RAEEEF
REF (< 1/D0 R fp,q) = z, BT f B, JATAIRIN ZF/L T G L&D,
Fp Hl g T EREE R IXREEEIT 1/2 AR, AT ABRIERAE/ MERTEE, O THE
f(p,q) = z B, BATEEEFL HLIKCPES L EELN A &K, EERER L -
“BEBRIEIREN O(g|L)), BATEREFER HLER, NE 14.8 R,

A A
(a,b) (a,b)

(p,q)

(c,d) (c,d)

\ 4

\4

(0,0) (0,0)

f(p,q) <2 fp,q) > =2
(a) QIR f(p,q) # 2, REEEF L FEUA _ERIKAXIE, FIRXIBARK T L,
\

A
(a,b)

(0,0) >
fp,g) =2

(b) W f(p,q) = 2, AIAKNEFMT
IREE Ty, R XKIEN

14.7: Fi/ME R

GERALEATF f(p, q) = 2 A, BAIFHINE f(p,q) < 2z < f(p+1,q) IR OK
Tl NFEEHRLN f(p,q) < 2 < f(p,q+1))o HRTNTREER p H,q 17 LRI
TEREF. GFEEkK, TMTH -2 EHHRIKCFHLLEHE f(p,q) <z < flp+1,q)
MR, SR EEZL ERE f(p,q) < 2 < f(p,q + 1) IR WIREE EATE REMER
f(p,q) <z, WHRE L5 GRATE SEER f(p,q) > 2z, MREITNSR, N, HA1EF
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(a,b)

(c,d) (c,d)

3

(0,0) > (0,0) >

14.8: IR FE &L

R —MEXIR, T ERSOHR D8RR
Lo oy BIZ R, HEERXIE (0,m) — (n,0);

2. HERXI (a,b) — (¢, d) HRTTE, WAKCFHREZDER, SMEHEL - IE
B RN (p,q)s

3. %4 f(p,q) = 2, (p,q) N—"TH. BIFTHRFXIH (a,b) — (p—1,¢+ 1) F (p+
1,g—1) = (c,d);

4. 4 f(p,q) # 2z, BITERHNF I — KL, L&A (p,g+1) — (p,b), A0
14.9 (a); 8L (p +1,9) — (¢, q), 4NE 14.9 (b)o

A
(a,b) A A
(a,b)
|
Pl Y (p,9) B
(e, d) (c,d)
(0,0) > (0,0) >
fp,q) # 2 f(p,q) # 2

14.9: BIFERKEHIXEL, 2R f(p, @) # 2, ETREERIIHERIZE

c<ailid<b: []
search (a,b) (c,d) =S c—a<b—d: csearch (14.13)

A rsearch
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Hr csearch TEIKFEHLZ EZ3E (p,q) H15 f(p,q) < 2z < flp+ 1,q), W

14.9 (a) Fis WEAL EFIERSREAT 2, BE TR (o L”%d e EFHLLE

M(EHZR), N 14.10 (a) Firo

A A
(a,b)

(c,d) (c,d)

(p,9)

4
4

(0,0)
(a) (b)

14.10: HHL D ERINHIRTRE T

@

q= L%J

p = bsearch (x — f(x,q)) z (a,c)

f(p,q) >z search (p,q—1) (¢, d)

csearch = q f(p,q) = z: search (a,b) (p—1,q+1) + [(p,q)] # search (p+1,q— 1) (c,d)

f(p,q) < z: search (a,b) (p,q+ 1)+ search (p+ 1,4 —1) (c,d)

(14.14)

rsearch S5IHELL IHHESER, NHAGIFEF LI TSR SEER:

solve f z = search f z (0, m) (n, 0) where
m = bsearch (f 0) z (0, z)
n = bsearch (Ax — f x 0) z (0, z)

search f z (a, b) (c, d)
| c<a ||l b<d=T[]
| c-a<b-d=1let q= (b +d) ‘div’ 2 1in
csearch (bsearch (A x — f x q) z (a, ¢), q)
| otherwise = let p = (a + ¢) “div’ 2 1in
rsearch (p, bsearch (f p) z (d, b))
where
csearch (p, q)
| z< f pq=search f z (p, g -1) (c, d)
| fpg=2z=search fz (a, b) (p-1, q+ 1)
(p, q) : search f z (p+1, g - 1) (c, d)
| otherwise = search f z (a, b) (p, q + 1) +
search f z (p+ 1, q - 1) (c, d)
rsearch (p, q)
| z< f pq=search f z (a, b) (p -1, q)
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| fpqgq=2z=search fz (a, b) (p -1, q+ 1) #
(p, q) : search f z (p+ 1, q - 1) (c, d)

| otherwise = search f z (a, b) (p - 1, 9+ 1) +#
search f z (p + 1, q) (c, d)

BERXEERAF, SHER O(g(mn)) ¥, BHL_EK (p,q), FEIE f
£ O(lg(min(m,n))) Ko LFE m x n XIBHEEREEN T(m,n), B FEREHRKAR:

T(m,n) = lg(min(m, n)) + 2T(%,

n
3) (14.15)
AT m = 28 > n = 27, FERRTORITE:

T(2,29) = j+2T(2,2771)

B kZ:O 2=k (14.16)

=0(2'(j — 1))
= O(mlg(n/m))

AEUERR TIX 21 m x n KEAERET TR,
23] 14.1

14.1.1. UERA kIEBERFEIIEZEHN O(n),

14.1.2. N TERAFIAET kMR, AT PRI 2 = max (take k A),y = min (drop k A)o
MRz <y, M ARE E DITEMEEE; GUIFATH « X2k TR, Ay
MAFIRTLE, REEFFI [a + Az < a < y] FIEBEEKRT K L&, H
K =k—|la+ Aa<az]l, BEUX—EE, HOTERE,

14.1.3. EEMDMEFHA A B R FpE”, WHENBZEXE O(g(m + n)), K
m = |Al,n = |B|, 7AW DNEEENKE, BEHTRM 0 56, ElFEE
NN: median(A, B) = C[Lm+ nJ], HH O = merge(A, B) N&HEHNEF
H

14.1.4. HBRIBIS, 8IS R 2RID S S #E R,

14.1.5. EM—HEEREEHFONERE: FUERXENAE TARR/NME, 6 AR
BANH, HHERE 2 /NTR/IMESE R T RARETH; SN MFOR— D7,
EIK 4 NINETE, AE i3 R,

B 393 T

ELEN S E LR 2E TR, FENTEE n MERFFI o B EE Xy

median(z) = odd(n) : ﬁ[%]
even(n) 5 (alg]+=l5 +1)
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14.4  OEAIER
MTEEREHBHTENSITER, BNVNGEEERES, REREFRLE

W ZEHMEIE NA P ik, MIRESRFY, WA, B, A, C, B, B, D, .. Ziit4%, &
TR RS Gt 7] DR - SR A e e SRR ek (LS8 2 26

Optional<T> majority([T] xs) {
Map<T, Int> m
for var x 1in xs {
if x in m then m[x]++ else mx[x] = 0
}
var (r, v) = (Optional<T>.Nothing, length(xs) / 2 - 1)
for var (x, c) inm {
if ¢ > v then (r, v) = (Optional.of(x), c)
}

return r

A A ZLRR R B A8 R SE LR - SR A A, QIERAE m AIRIEN n SKIESE, X —
SEIRYE AN R R

=i | WA Z5 /]
LM | O(nlgm) | O(m)

A | O(n)

il
\>
©
&

IS — AT R AREL . SEESFIEE/RAE 1980 F4AH T — 77 1%, A] LA —
I AR ANRFAE) . BIERNREZXEN O(n), ZREREN O(1), HARHEHIE
— BIRARBER I, BRI AVARTE b B2 R 1, AT P
PAFRATER, BEEI&/ER THTREES, WRAFAE, &EF T —T2RE,
&5 — IR R ERIRIE NV HRTHVREE, SISHIRECY 1. IR EERIERE, 5k
TR HRTHRAEE , NRAEZ AUS N 1, BSNEREE SRR 1. H15EEE 0
NEEHRMEE T, EFE T —IKIERE _ ERMRE N\ Tk IEE UL, N RATR, H1F
FEAREL m, W m NA]REMCE E TR V&1, EARRECNFAE (R2ETERL, RIRH
PUHE), MERJEIERAT RME " H LR, FEHFAF TR

62004 F, AMTEI T —FHEZRE7E, #28 Count-min sketch £, {1 sub-linear ZS [A#ETi+5 51,
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wiEE | /BE | FME

A 1 A,B,C, B, B,C, A, B, A,B,B,D, B
A 0 |AB,CB,BCA,B,A,BB,DB
C 1 A,B,C,B,B,C, A, B, A, B,B,D,B
C 0 |ABCB,B,CA,B,A, B, B,D,B
B 1 A,B,C,B,B,C, A, B,A,B,B,D,B
B 0 A,B,C, B, B,C, A, B, A, B,B,D, B
A 1 A,B,C,B, B,C, A, B, A, B,B,D,B
A 0 A,B,C B, B,C,A)B,A/B,B,D,B
A 1 A,B,C, B, B,C, A, B, A,B,B,D, B
A 0 A,B,C, B, B,C, A, B, A,B,B,D, B
B 1 A,B,C,B,B,C, A, B, A, B, B,D,B
B 0 A,B,C B, B,C,A)B,A,B,B,D,B
B 1 A,B,C,B,B,C, A, B, A,B,BD,B

maj [| = &
maj (z:xs) = scan (x,1) xs
Hrf scan X H:
scan (m,v) [] = m
m=x: scan (m,v+1) xs
scan (m,v) (v:xs) = qov=0: scan (z,1) zs

AN scan (myv —1) zs
HERMHSMNEI: maj = foldr f (2,0), HM:

r=m: (m,v+1)
fz(muv)=<v=0: (1)

AN (myv—1)
RIEEFZERIEZ G
verify m = if 2| filter (= m) xs| > |zs| then Just m else @

NEEA B AERSLEL:

1: function MAJORITY(A)

2:

3:

c+—0m<+— g

for each ¢ in A do

271

(14.17)

(14.18)

(14.19)

(14.20)
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4: if c =0 then

5: m<+a

6: if a = m then
7: c+c+1

8: else

9: c+—c—1

10: c+0

11: for each a in A do
12: if a = m then
13: c+c+1
14:  if ¢ > %50|A| then
15: return x

16: else

17: return &

>] 14.2

14.2.1. ¥ RAOFEE, £ A P IHHIIREGES (n/k] Bk DAE, Ebn = |A], 2
B E DAFRIEER, BEEIRER TRITEMERNR k. WRFEDIT

FE E-RE(EZT [n/k] D), M—E2F K,
B2 396 T1

14.5 HwAKFFAIH

AV B —BIELERTE ) Vi...j) M4, & FRFAIRS = Vil + V]i+
1+ ...+ V[j], ZFA [ | BAEAIFAINF 72, CRIRE 0, WAHRE] V &K+
FEFIRI P12 f5ilgn [3, -13, 19, -12, 1, 9, 18, -16, 15, -15] #, 741 [19, -12, 1, 9, 18] HY
IR, 9 35, WRFHIFHITTEREZ L, RAMBE R TEM, WRMETR
H 2 B, W P HIRIFIR R, 9 0, BARAT DURIT 75 28 B 5

1: function Max-Sum(V)

2: m < 0,n < |V|

3 for i <— 1 ton do

4: 5+ 0

5: for j < iton do
6: s+ s+ Vj]

7: m < MAX(m, s)
8: return m

FEENEIRERN O(n?), B n BFFIKE, FATA] DUEEREIENEE, —
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BE#—IAICR N AAEIE « SRENTFYIRIF A, RIS T BRrER&R K
FFAIR B, A0E 14.11 FirR, AL B A—EMHF, BRI B < AWXHR, 4 BT
— IR VIi| HinjEEE A K, FATSHERN B Bk A, Z B+ Vi) <0, ¥ B
EHEN 0, NRAL THMEWIE 3, -13,19,-12,1,9,18, —16, 15, —15] K25 TR,

i

14.11: A ZHEHER&ERTFHIM, B 2L &R F5IH,

BAM | DA EENTFFYIR AR TR 7>
0 0 3,—13,19,—12,1,9, 18, —16, 15, —15]
3 3 [—13,19,—12,1,9,18, —16, 15, —15]
3 0 [19,-12,1,9,18, —16, 15, —15]
19 19 [—12,1,9,18,—16, 15, —15]
19 7 [1,9,18,—16,15, —15]
19 8 9,18, —16,15, —15]
19 17 [18,—16,15, —15]
35 35 (16,15, —15]
35 19 15, —15]
35 34 [—15]
35 19 []

1: function Max-Sum(V)
2: A+ 0,B+ 0,n<+|V]

3: for i + 1 ton do

4: B + MAX(B + V[i],0)
5: A+ Max(A4, B)

6: return A

BATHEAT AH BINEL T AR AT Spue = fsto foldr f(0,0), AP f H¥#R
KA1

fx (Sn,S)= (S, =max(S,,,S),S = max(0,z +9)) (14.23)

>] 14.3
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14.3.1. BEERFFHIFIBISEIL, IR B N i KA F 75,
14.3.2. AFHIC A H T —Nrmiia 2 B 5K FEER A, E2EH O(nlogn).
BRI RAE R R R FoATRT DS T H /T80 0 A &R, #f5
EEB I BB, TSR R BB BB KA, SEIIX — 775
14.3.3. 1E m x n N _4EEHUEREH FHRFHERE, F15S T2 MEHNFR K,
B2 397 TL

14.6 FITEHEER

FRIERE LRI RIE, FrE SCARGRERE A 71T BRI, A
P, BRI (35 6 2), ATH AR EERSEAE TR, BAOTH A IEREFF
PSR TER, A 1412 R 7,

[alofy] [afn]afn]e[ufo]ufs] [a]nfa[n]s[m] [e[t]ofw]e[r] =

R Y

q

(a) IRIZE s = 4,1E5% ¢ = 4 DFFHAER, HE 5 DFFARL
Llofv] [afn]afn]e[ufo]ufs] [a]n[a[n]s[m] [e[t]ofw]e[r] T

° an]afn]v[m] P
a

(b) w2 s =4+ 2 =6,

14.12: XA “any ananthous ananym flower” #5-4X “ananym”

TR T RS P, 10K 14.12 (a) TR, EREE s = 41, B—KE P
T HNFER, 514 MEFE, BE5 MEPHREy, BET H2 to WHIZE— IR
Kb, ¥ s 1P AA#S) 1 MEE) REEHTEEEL ananym 1 nantho.... ... FATA L
s FRIGERT DU 1, AR DFET an 1842 anan FIE5E. AT LU s 850 2(P 7]
G#30)2), A 14.12 (b) Fim. BATER TIHETEAET 4 M ERIER, BT T
LRI E, =@, LR, SRRREX—EEAH T — NESF /&L
BLEE D) MHE=ANBFNE FREE R, F/E KMP &k,

B T H5i k NFRERIERN T (T 19k NFRR08) . 8T R REZ T
PGB s MiE, BAIFEEFNHCHRIEERN ¢ M. W& 14.13 fiRs, & P

YRR — R R R T A, W CAREEFR strstr, CHHAREEFIT find, DA Java FRifE ZEA (Y
index0f,
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AIEERS), M—EFEFED k, (€15 P FRYRET k& DFRMEIR P, FRE k DT
[, R, AiSR P, FINE P, BIESR. & BEMEBRRTSNEER, N
FERN k=0, TANTZXKEIFRNBLZATSSCRERATRAK ko & M HISEE 7 (q),
EEIFENTEE ¢+ 1 DFRA AN MZERRAA BV,

T[] | Tri+1] | Tli+2] Tli+g-1]
A A A
S
. —» P[1] P[2] P[jl Pli+1] P[ql
A A
P[1] | P[2] P[K]

14.13: P, FINZ P, BURTSA1 55

7(q) = max{k|0 < k < ¢, HP,ZP,HIG4} (14.24)
SEXAR T Fmi% s IBEC P i, 3581 ¢ DFAFHER, T —DAE, FATET
¢ = (q) HEI—PELDRAIALE ¢» BEFLLEL Plg] ISR
1: function KMP(T, P)

2: 7 < BUILD-PREFIXES(P)

3 n<« |T|,m«+ |P|,q« 0

4 for i + 1 ton do

5: while ¢ > 0 H Plg+ 1] # T[i] do

6 q < m(q)

7: if Plqg + 1] = T'[i] then

8: qg+—q+1

9: if g = m then

10: MNE i —m 22—

11: q <+ 7(q) > FEREZRILEA E

EHAIR (14.24) 4938 n(q) AL, BRI —SEFEE, WETSEL,
TSRS — DR R ILAE, B B K AR R 4R B AR S (1) = 0, B
Po= Py = [ ]o 4435 P i o NI, BIERIE n(i), i = 1,2,....q — L 5
ELEHF, 3 B ERTRKIRIS P AR P,_, BE%. W 14.14 iR, 2 Plg =
Pl + 1], WHREI T —NEKI &, OV & (AN —; 0 Plg) £ Plk + 1], 3/
FIF (k) EREEI—ANIGH Py, Eorf K = m(k), B HASX M4 R — A 52
BEME o MEEAESE, EEX SR, B kR 0 (EH), BRS¢ M
s, FRAHT ananym HATBEEKIE, & FIRBER (14.24) (IBAME,
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FHEE BRI

P[1]

P[2]

P[K]

P[k+1]

P[g-1]

Plal

P[2]

PLk]

Plk+1]

14.14: P, & P,_, WG4,

42 Plg] A1 Pk + 1]

q P, | k| Py
1 a0«
2 an | 0 | «”
3 ana | 1 | a
4 anan | 2 | an
5 anany | 0 | “”
6 | ananym | 0 | “”

1: function BUILD-PREFIXES(P)

2: m < |Pl,k <+ 0

3: (1) <0

4: for ¢ +— 2 tom do

5: while & > 0 H P[¢] # Plk+ 1] do

6: k < w(k)

7: if Plg] = P[k + 1] then

8: k< k+1

9: w(q) «+ k

10: return 7

KMP Pt B R &, TSR E A D E DY O(m) !, HBREG K7
EIER O(n)o BADREEZEN O(m+n), HEE O(m) ZRICFKATHEHIE, £
REBHAFF AR KMP BERIERE, BB “aaa..a” (n D) FEREKN m K7
Hiaaa..ab’o # m DFAFALA, HATRREELDR —DFFF, 7 Bt/ HNWIENR 1
o BMELEIXFMENL T, KMP BIE IR ZLNER B,

EHHT k/NTR:

14.7 % B2+

Optional<K> top(Int k, [K] xs, Int 1, Int u) {

if L<u {
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swap(xs, 1, rand(l, u))
var p = partition(xs, 1, u)
ifp-14+1=k
return Optional.of(xs[p])
return if k < p - 1 + 1 then top(k, xs, 1, p)
else top(k- p+ 1 -1, xs, p+ 1, u)
}
return Optional.Nothing

Int partition([K] xs, Int 1, Int u) {
var p =1
for var r =1 4+ 1 to u {
if not xs[p] < xs[r] {
1=1+1
swap(xs, 1, r)

}
swap(xs, p, L)
return 1

DEER:

solve f z = search 0 m where

searchpqg | p>n || g<0 =[]
| z' < z=search (p+ 1) q
| z' >z =search p (q - 1)
| otherwise = (p, q) : search (p 4+ 1) (q - 1)

where z' = f p g
m = bsearch (f 0) z (0, z)
n = bsearch (Ax—f x 0) z (0, z)

bsearch fy (1, u) |u < 1=1
| fm < y=14f f (m+ 1) < y then bsearch fy (m+ 1, u) elsem
| otherwise = bsearch f y (1, m-1)
where m = (1 + u) ‘div’ 2

REEK:

Optional<T> majority([T] xs) {

var (m, c) = (Optional<T>.Nothing, 0)

for var x 1in xs {
if ¢ — 0 then (m, c) = (Optional.of(x), 0)
if x = m then c+} else c--

}

c=20

for var x in xs {
if x = m then c++

}
return if c > length(xs)/2 then m else Optional<T>.Nothing

EE=IIDSTERPIN - ER#
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BRI

majority xs = verify $ foldr maj (Nothing, 0) xs where
maj x (Nothing, 0) = (Just x, 1)
maj x (Just y, v) | x =y = (Just y, v 4+ 1)

| v—=0= (Just x, 1)

| otherwise = (Just y, v - 1)

verify (Nothing, _) = Nothing

verify (Just m, _) = 14f 2 x (length $ filter (=m) xs) > length xs

then Just m else Nothing

BT AR
maxSum :: (Ord a, Num a) = [a] — a
maxSum = fst o foldr f (0, 0) where
f x (m, mSofar) = (m', mSofar') where
mSofar' = max 0 (mSofar + x)
m' = max mSofar' m
KMP FFF VLA

[Int] match([T] w, [Tlp) {
n = length(w), m = length(p)
[Int] fallback = prefixes(p)
[Int] r =[]
Int k=0
for i = 0 to n {
while k > 0 and p[k] # w[i] {
k = fallback[k]

}
if p[k] = w[i] then k = k + 1
if k =m {
add(r, i + 1 - m)
k = fallback[k - 1]
}
}
return r

[Int] prefixes([T] p) {
m = length(p)
[Int] t = [0] * m //fallback table
Int k=0
for i =2 to m {
while k > 0 and p[i-1] # p[k] {
k = t[k-1] #fallback

}
if p[i-1] — p[k] then k = k + 1
t[i] =k

}

return t
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FEANTERENRHNE, AMTZRE TWE2TTIEERE, NETFIFRILE, f#
HA—TERFETEMOEES, EEFE DSR2, LR,
SRR, WA 2 DR (PN FE 2 R E IR ERIRE) . AMTEFERH
FR R N RIBRALAE

15.1 IREALIH B R

REMAEHER (DFS) M1 EMRIEER (BFS) F UM “EHER" FE, AR SR
XA R BIAMIS IS BRI,

15.1.1 X¥=

ERE BRI HEANBE, B0 “YIBR 9 XN EEERE, XN A%
BEkBE, 0 15.1(b) FR, THIAIG 2588 LR L, F1EZ MG, H~
REZEME|RANR, EIGHCERME T —MER: S —EmaEdE A A KE, B2
BRI IR — KBRS, HE N —/ NI EBEIER TR, B2 TR EE N
HE B EER _EOEEHT, RGBT —&E, —BERIM EELEEERET, i
HNTIEIR, A —Z ENR 2R, AR 2 — RE”, BARKEHRE,
FOREE A (TR o FATH m x n AERE M fRIRE, TRERN 0.1, RRESHE
B & 15.1(b) RUXEER] AFH T HERYREFEE S

=

|
" o o o o o o
= O ~ B = = O
_ O = = = = O
_ O = = == O
_ O R = R RO
o O O O o O OI

BEER s = (i,)) &R e = (p,q), BATEILEATEM s 5] e VR, AL
HFTE s EEAIELBR, XML k, BITERHM k B e FTERZE, AERIRE

279
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]

Tr sir

|

I E
- i
H .
R TS
| | .

(a) EE (b) —E A AIEIR

15.1: K=

s-k JERBIE DM k B e RIBRTERT, BANFEE N —E @HERE"RCLUBRES, H
— PR PIERERHIMELNE, SORERYIR, HERHHRE,

solveMaze M s e = solve s [[ ]] (15.1)

Hrh:
s=e: map (reverseo (s:)) P
solve s P = P (=) (15.2)
AN 2 concat [solve k (map (s :) P)|k < adj s,k ¢ P]

P FIRTFHIRR R ZY PR, &I T reverse R¥%, adj p Bt p HEBAILE A
K EETTIA_EAERRY 0 B

adj (xvy) = [(xlvy,) A [(l‘ - 1,y), (.’E + lvy)v (x,y - 1)7 (J?,y + 1)}7

/ , (15.3)
1<’ <m, 1<y <n, My =0

X RMRE, RATERE, N T EHRE, RFREHRE K2, HA1F
BB R R, IDRIEATHH AR, FATEAERHT R F R
B, X EHECHEIY, AT DA — PHEOREHL, JTial, B AR s, KE
L, FRHEH s EEERUA, BN ab... R ATEERTERTR [a, 5] [b, s] Atk 2 NREGERR
a, s] B, FE B o BRI R ARG 3 P AAREE AR, EEX &, &
FRIER T — &R FUWFHE: NADERIZA B RAER A, tHE 15.2 iR, HHZEh
2, BATEZ T A RIATRE, R, G5 AR TTHIMEIER 2, T RAREED
HUEEEAT R, 2RJE A k.

solveMaze M s e = solve [[s]] (15.4)

¥



15.1 IREALSEHT EEER

[i, poes

?

s]

(NP

s]

[p, ..., sl

[k, p, ..., s]

[a, s]

[q, ..., s]

[q, ...,

s]

e

RIEEE

solve [] =

solve ((p:ps):cs) =

X R HTIE AL

15.2: FAMRICREER

1: function SOLVE-MAZE(M, s, e)

reverse (p:ps)

281

solve cs, HH ks = filter (¢ ps) (adj p)

solve ((map (: p:ps) ks) + cs)

2: S« [s],L=]]

3: while S # [ | do

4: P < Pop(S)

5: p < LAST(P)

6: if e=p then

7: ApD(L, P)

8: else

9: for each k in ADJACENT(M, p) do
10: if £ ¢ P then

11: PusH(S, P + [k])
12: return L

(15.5)

> FREI— M

FHH L NEA 4 MRTIRTREAR, 7 BEEREIN e E, EREFLUZ O(4n),
Hepn BRERE, KRERENZAER, BB TEENVE, &IMEIT,
AT ANR S AR B A — R, BN O(n), H n BEERANEE, HTEH

THRRFRZ, ZREZEN O(n?),

15.1.1. {E AR ER Hi A 5 IR R P B i

53] 15.1

EEE. 399 TT
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15.1.2 J\EJGA#@

BREFRGED KA, HEE] 1848 FIIHIR (Max Bezzel) A 12 H/\ /57
A, 2IEEUTER, Al B R AT, A B ERER T IATERLE BT\
MEJE, Mz FAANEHEK T, Bl 15.3 (a) ik 7 250 ARG ERYERE, & 15.3
(b) &G H T\ 25 RIRY S — i,

I Kl u EAH

(a) EFREEFR RS (b) — iz

15.3: J\ &2 J5[Al#H

£ 64 ™METHBA 8 MNEE, HE P, fHEY], 2498 4 x 101°% &7, 5 A
REER 1 NEfE, — MR RONARE [1,2,3,4,5,6,7,8) BIFEFFHES, F404 H
6,2,7,1,3,5,8,4] R-FE—ITHERFHES 6 4, FEITHNEFEES 24 L. ..
S ITNEFIEES 47, XHERMNAFTERE 8! = 40320 #fH /&, MNE—1THEHEE
—EBRERE. F—1TEEA S HEE(WIFRE—F]), BB _ITHNERR, BT
RIRERIEE — D EEMHO RS, FERTT LY, NT5H i (THEG, $E| 8 FHHAHH]
i— 1 MNEERENME, R 8 MIBE R, BATHENRIEE AR — 1 M2
JG. 2HF 8 N EFEIIMAME S, §ikE T — Mg, v T AR, TATER T
X—1F, Aadksite &1 TR RERYIFF T A ZRI B, TATH — MEFI—PoIER
JABEER  solve [[]] [ ]

solve [| s = s
lc| =8: solve cs (c:s)
AN solve ([w:c|lw + [1..8], 2 ¢ ¢, safe x c] #cs) s
(15.6)
FNZ, BIMEAZ AT RTRE, s I0x T TAEREIAE, ERIUNE ¢ KERN
8, TMHREN T — P KHICHKE] s 1, RIGREE H | < 8, BATIM 8 Flkit
HARW SHIF (z ¢ o), FRT e R R E Y 2% dE 081 safe z o). AITTHIM
RN T IHEHE R,

solve (cics) s =

safe x ¢ =V(i,j) < zip (reverse ¢) [1,2,..] B : |x —i| # |y — jl, =F 1y =1+ ||
(15.7)
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safe REH y = 1+ |c| 1T, « SR RGN ¢ PIEMBERNH%, e =
[y sy oo in] SRy — 1 NEBFIEMIF, ROV ¢ R, TR 1, 2, ... ARG 2
SRR (i1, 1), (i, 2), . (iy—1,y — D))o REHBE (i,)) BERRE (2, y) HH
WIS o — | # |y — jlo X —LBURERMITN, 7T ARBRIBIT I e kR S

1: function SOLVE-QUEENS

2 S«

3 L+ ] > LRIF R
4: while S # [ | do

5: A+ Pop(S) > A BR—FAT
6 if |A| = 8 then

7 ADD(L, A)

8 else

9: for i <+ 1 to 8 do

10: if VALID(¢, A) then

11: PusH(S, A + [i])

12: return L

13: function VALID(z, A)
14: y <« 1+ |A]

15: for i < 1 to |A| do

16: if v = Afi] B |y — | = |z — A[i]| then
17: return False

18: return True

EREBNEEE 8 VR, BERZIRMARW /IS, SHEE 15720 FEN, /I
T 8! = 40320 FATREY), HITIE 5 TEAHAKFE . EENFR, HE|— M@, @il e
e BE ] ISR N FRfE, AT DAY R E n 2GR0, K n > 4, {EREE n 1
KPR R SOEE AN, R ER N EAs 2SI T (BEE 2 IR EE O(n!)).

:>] 15.2

15.2.1. B/ \2EHEE, 158 r] DURR n 2/51R-,

15.2.2. J\EFREFE 92 MRER, N FAEM— MR, BEIER +£90° tHEZE/\ 2
[EIRRRfR, BN ER, BEERENBEREA 121, BXR/\EEHNERT,

HHIX 12 NRFERIAR,
BEZE: 400 7T



284 F+HE #HERII

15.1.3 B @R

W 15.4, E—H 7GR EE 6 REHE, —HAkAB—-REEEE LH, F
EERT DABKEIE R B0 A Sk b, st — R E BRI E Ry Ak b, HEE N RERTEHEL
{21k, NREFIR, WA 15.5, IXLEF HEAIAAL B, BRER, (E15 /45 3 RALE B #? tRide
MF -1, 500N 1, EFENALN 0, FBATEREIM s = [-1,-1,-1,0,1,1,1]
g e = [1,1,1,0, -1, -1, 1] BIfi&

15.4: BERAY S E

ﬁ»@s;ﬁw&‘ S )&\5_ BV ey iﬁﬂv\ ey

(a) BREIAHATHY (b) AIA S — (c) IAIEERTE— R
a3k kb H

15.5: FBaFL

XEBHA — MR RIE e FHA—E RN 6 BT, AT LUE 8 5l B RHI{&
o B 15.6 BIXERBHIEMER 1o MERGRIEKMNEN L, 2, ., 7o BIRE 4
MBI AIRE, BIANTHAEIN, 5 3 Sk ERYH AT DS ah Rl a3k b, AR, 58 5 B
sk ERYFEM AT AR —D . 88 2 Bk ERYEEA] DiAA i — R E ke =
3k b, XFRHE, 55 6 Bk ERYEEE, HRTDAAERIE —H, BIRIER T 7 a3k
TR, 2 4 /5%, WREATERT, siEHZAH e R, BT AMAEE
HeerAG, GMKRBEAE, FrEBsiEE Nl e, FERERR, XENFLEEE
TBle FANNCRBEHIPEA TRIGMESER RS L2 s WEAMHS, L) fERZ
0,+1 TR i MREER A —HAL AN FE, @S0 KBIVEN p, 4 MiiE
ENITRN:

1. MABkER:p < 6, H Lip+2] > 0, %%t Lip] <> Llp + 2];
2. MIERSN:p <7, H Lp+1] >0, #k Llp] + L[p + 1];

3. MIAEBKER:p > 2, H Lip — 2] < 0, #t Llp — 2] « L[p|;

LB 3RIE: http: / /www.robspuzzlepage.com /jumping.htm
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15.6: = Fhpk AR

4. AR p> 1, H Lp — 1] < 0, # Lp — 1] < L[p]o

TE X 4 NEREL leap, hopys leap, hop,, IR L — L', FHARERES), WR[E][H
FERY L AAE, (R S ek e Mot iz, FFEmnHE, ek e — 1R, ZIRHF
HEFERE, FIR M ICFIEEREIRIE, FATAUEE AT, RIS L = e N
2T — Ml BATERHZBICRE M ., SNENE L B2 4 #8250, iR
AITEL AR AR RS R,

solve [[-1,—1,-1,0,1,1,1]] [] (15.8)

Hr:
solve []s = s
L=ce: solve cs(reverse c: s), - L = head c (15.9)
solve (cics) s =

AN solve ((map (: ¢) (moves L)) 4+ cs) s
moves TEIRZS L = B2 4 HA]RERIAZ S
moves L = filter(# L) [leap; L, hop, L,leap, L,hop, L] (15.10)

X R HTIE AL
1: function SOLVE(s, e)
xS s
3 M« []

4 while S # [ | do

5: s < Pop(S)

6 if s[1] = e then

7 ADD(M, REVERSE(s))

8 else

9 for each m in MovEs(s[1]) do
10: PUsH(S, m:s)

11: return M

X —TER N AR (B 15 207), RRIIH T —:
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N1 |-1/-1]0|1]1]1
1 1|-1]0|-1|1]1]1
2 1|-1]1|-1|0]1]1
3 1|-1]1|-1|1]0]1
4 1|-1]1|0|1]-1]1
5 1o 1 |-1|1]-1]1
6 0O|-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
12 101 |-1]1]-1]-1
13 110 -1]1]-1]-1
4 (111 ]-1]0]-1]-1
15 |11 1]0]-1]-1]-1

BN 3 AFENTE 16 SAa B, ¥R EIREAR] SR8 & H
H—PRAR:

GOEESn |1]2]3 | 4| .
WEAH [ 3]8]15] 2435 ..

SEIRTF R (n 4+ 1)? — 1, FATA] PUERIX —&516:

UERH. FERCR AR INGS, B 1 F AR 55 —MREEN T n+1 80453k, 2n A BEERE I
BN T 2n(n+1) Bk, ZEMRE R B EEDANGMAYFTE B IEMHIE— R, — BEHE,
IR AEBRER, BT n? OIS, R SET A BIERDE T 2n® 8053k, F
TR ZBRER, 2Bk REIAELTR Ak B, S3HF 2n(n+ 1) — 202 = 2n (R, K n? IR
BRER, 1 2n RBREIAE RT3k EARDN, SRIREMBIIZEN n?+2n = (n+1)2 -1, O

Mg b 3 N, B TRIBHEE B RN, BENTEMIERIRESTT M6, Ek
BEMALTTA, )\ ERBMNSHETTG, BRERFE M [-1, -1, -1, 0, 1, 1, 1] FFiA,
RREREE MR, BREREES THATRERIET, EXEN, 806 LT EG
PANTT NS, J\ 2R RS, SIRERER ) \FERE; BRERS B+, S00F 4 #
NFEFIBRER T ik, RABIEFE N IERERSIE LT, ERINAEKEREMAIE
REIRSREM 20 ERENRLINEZL ;N\ 2ERBNRLRSE /D EEHE
FEALE B BRER F I B RIS R 2 B A B B,
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AT FH AR A SRS SR A PR IX L2 (R3S = T RERIE TN, 10 R EALIRFRTIR
A, WMRTCTEIR SR A 2 I kI, IR 75 7%, BA8EE R, 8iE 55
RFrERTREMI A BLRITCAR, 2R, IXEMHAFE— AL, HHRE|—Ma, FA1A]
DA NG R B RS T EATA AT RERYR. QSR DUBIAIRS AR, i — AR, &
RARRARAER, EREEE D AMRARSE, HZEREARS:, TS ER
—IRE_ R EEIN, EFRMEEMZEIRE E—E, W& 15.7 FRERITF. §
SKESR T AR SERA R, A EERE R, R SR TR

15.7: IREM ALK

IXFEAIE ZRISATNIRE M ISR, HEFBRITEALRE A ZERAE, LR
FEERIE, (5140 Prolog, {# FIR A SC/E N ERIART SRR, Flan—NKEwT DA —4H
WP

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).

HAFWE o(X,Y) R E X MY &8, 267N, iRELY f1X
N, BATAI DA — N FRHINT S, 8CE B — R MRS, B 158 4
T—MERAE, RS AE X MY, Prolog AT LIS FHEFHE M AZGH
il

go(X, X).
go(X, Y) = c(X, Z), go(Z, Y)

X—EFU: — M E X 1 E OEE, EEMNEME XY, X f Z HiE,
B ZMY ZEA@ERE, U X MY ZEFEEERE, TR, Z FEFERTEEAIE—, Prolog
D, AEREHEER, REYIEFERAMNN A 22 H TER, FITE R
T—MET L, XEFHEREMLIIERERN, Y AFERER, mHA05E
i, WREMSCEREZERERNTE. Hla0, EXEFRHNE - MEH A —EE2RE
12,
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B

}o O

15.8: —NERE

#5>] 15.3

15.3.1. (BUk R H A HY R B AR, (E15 B 0] AR IR n R FEERYF I,
EE: 401 TT

15.1.4 R, ZF B3R

RXE-EERBE, RHE IR — R BRI, A5/, JF
RRZXo /NERBERE NRRM A I—FEIRIY, RKRBIRAREEIR, £ AR L
—RERIME— ISR, (ERUNRRKRATE, IRRIZIEE, MFERIZEE S, W0 AR RAT
TIIEIL AR RS ER RIS ]2

H TR R B3, RKA AR 2 s 2N EHIRE, 8N REICHIR
B R RY A — I, AR — A IaEl DO A AR PE Iz, O T S
TRAGE 77 1%, BAFFERAGE A RTEIN, LR E R, BRI AT, SR
—REM—F, FREWY, BNEEER —XEBIFTH RTEE. MG RTH RTEE. =X
JEHIFTERIRE ... ... BRI, FTERIARIEEENS TR RE R, H HIX—ER 75 7AE
FTE RTREFF L, B R RAVARS,

WA IR ERTA AT RERIRIR? BE— RN, Z25EHERBMNETE
RE—PER, FTERE IR, ARIEEZ O EBR, FHEIBBRKRM, HEIE3k
NI EIRE T, REFRF D IRARBR, O T B, AT DARIE IZXAE — N S T
AN 5 RERBHEE I, S 5WEWRAI AR — A BT ATE A AR
BR, QiR i A R 2 RER, wiuh BIAB R NIRIEER, X — BB AT DACRIEDE X 22

FIE IR B R R IR, FHES A, B RERAMFE, TFHRN, 86 A =
{w,g,c,p} FER, FHE KK, £E B = 0, BIRHKRFIMAI—NTREES
AR5, WREGHFNEERK, NAESEHELITRIZRI, BingH&RDHIREL
T A B IR, EH— T Q BEEIEIRE A = {w,g,¢,p} B = @ HEP
IR, BA TR KB TT R, ¥ RATA AT RERIE R, RS RY R ERIRZS AR,
RBIELEF T A = 2. B = {w, g, ¢, p}, BATEREN TR, & 15.10 #E THERIT
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ball box

& 15.9: 55 i DAHBEDK, MR A R BB 2 E,

Fo [R—IRE_ERIFTE I REERBG A T, TofR BE TR,

15.10: NE—MRETTHE, EE —PHFTEIEDN 2, 3, 4; RJ5teESS 3 B LAIAT
BIET... ...

ATDAA 4 AL ERIBCRRRE S, U RR—HEY), Rw=1.F g =2 HX
c=4KKp=8 0FRTRZE, 15 RNEUSHAEEYNES. H3 RRHERNE,
MR ZIZHE, [FRE, E 6 Fonsm — RGN, BRBNTRRSA Q)M AL
(4.2, D) N—DNEFEB B E| 75— NIF B RTRIR BN 7500

{B<8: (A—8—i,B+8+d)|i «[0,1,2,4],i = 08LARi # 0]
mv A B =

EN o [(A4+8+4,B—8—1i)|i < [0,1,2,4],i = 05LBAi # 0]
(15.11)

Hh A Forg i 5isR. BATH Q = {[(15,0)]} FFIHEE: solve Qo
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solve @ = O

e O A=0: reversec, =H(A,B) =c,(c,Q") = pop Q
solve =
AN solve (pushAll (map (: ¢) (filter (valid ¢) (mv A B))) Q')
(15.12)
HAEH valid c EFHIRENER (A, B) BFEEMNR, TREEZ 3.6, H HHARZ

Wi, T o o
A, B # 386, (A4, B) ¢ c (15.13)

NEER M ANEREREL:

1: function SOLVE

2 S ]

3 Q< {[(15,0)]}

4: while Q) # @ do

5: C + DEQ(Q)

6 if C[1] = (0,15) then

7 ADD(S, REVERSE(C))

8 else

9: for each m in Moves(C') do

10: if VALID(m, C') then

11: ENQ(Q,m:C)

12: return S

NEAE TR,
yoe | A
IRVF B RK
JR.HX FORK
IR B3 AR *
=B IRERR
FLEIR AR IR
R IR B3 ARK
FRK IR.BE3%
IR R HR AR
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=]

I N= PSS
R.B¥*
LENEP VIS

R

IRVGEACR

£

FORR

15.1.5 {#7K/A)@

FARK

*

F AR ARK
H3
(ENEEANITS
IR H%X
IRVEVERRK

BT, =9 TH — D 4 The WA BEMATARERH 6 TH7K? X VE H AT DAE
WIS AR A — METIEE SRR AR EZERN R TN R, 43RS
FEFCRIE A 3) R I T IX A, B SN A CAn AT R0 - A (IR 45
TR, REARESKIAFHESE 6 Ak, BIEE DN, M9 AR HEH 3
THKe N TIEAIX— 5L, /MTFHFREREAE 1 71K, WA 15.11 Fr.

9

1

=

9

15.11: &/GH%

S 9 FHEVI T, RIEESMIREIN 4 FHIIT, FRF 4 FHEGITE12, mlAT
D21 Tk, &l 1512 iR, EREER R —ARES, A2 AR ER, EiAE

EQ{a A 899 FHAT 1147 FHHIIR 152 2 FHK,

9

4

4

1

=

1

15.12: R AT, SR E AR

KN MNRT B, A, BRADHIN b, a, BIE 6 FHEEIE: (1) A ZRHIK; (2) B 2EH
K; (3) BI=E A; (4) 172 B; (5) K A HHYZKEIA B; (6) K B BIAN A, TRE RS
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EIKEIE, RIRAE a < b < 200

A B e
0 0 a6
a 0 17 A
0 a ¥ ABN B
a a #7 A
2a-b | b ¥ AFA B
2a-b |0 #E B
0 2a-b | KF ABIA B
a 2a-b | ElIK A
3a-2b | b ¥ ABAB

TR (e, SRR R EE AT ERTRN za + yb FIIEI, KA 2,y B
. REEOeHRIZRE, BATA] LHIMTZ GRERE] g Tk H BN g REBH a. b HY
BRARNLIBEERRI . BD: ged(a,b)|go TR ged(a,b) = 1(a. b BER), AILUGEIEEH
REL g Tk BIRRTDHIE RS H R, BRNMHAIAEEAREIKDER, BEERE
Jite g = za + yb T 2.y, AJPASEI—HEIE, B2 > 0,y < 0, FATVEHM A 2
B B oy R, BIA/INIAR a = 3. AT b = 5, HEUS g = 4 Ak, B
4 =3 x 3 -5, ATLAZIT RAILER:

A | B | #E
0|0 | FFA
310 | fEi#H A
0|3 | KABAB
3|3 | fEif A
1|5 | KABAB
1|0 | ¥ BE=
0|1 | HABAB
311 | EifA

0 |4 | ¥MABAB

SLETH A3 IR B2 B 1 IR BATAT AN EOE Y R LR SR IR R
g My

(d,z,y) = gcdesi(a, b) (15.14)
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Hr d = ged(a,b), ar +by = do ¥ a < b, B g IRE r, HEXR b= aq+ 1o
LR d BERR al b, R d HEERR ro HT r < a, AT DUBET FEK o F1 r BIERKALIEL
VAN

(d7 xlay/) = ngemt(Ty a) (1515)

Hfd=a2r+y'ac ¥ r=0b—aqA:

d = 2/(b—aq)+ya (15.16)
= (Y —2'q)a+2'b
5 d = ax + by XLt B NEHEIFXA:
x — 2 _xlé
—Y a (15.17)
y =

IBIFANA R FZE L ETE o = 0 gcd(()7 b) = b= 0a+ 1b, XEEY R BEE
NN
ngemt(07 b) = (b, 0, 1)

15.18
gcdegsi(a,b) = (d,y/—x’é,x’) ( )
a

Herd, oy BE XA (15.15)0 1R g = md, W ma F my HEEEK A RE—
M R 2 < 0, Bl gedewi(4,9) = (1,-2,1)s HT d = za + yb, FBATHIWRE o S0
b, AR v I a, BE o KT 0, XHEBRRNBIER—ERM. BHIZ0AH 3 7.5 FEIHR
T, IREN 4 FoK, T RRLESRIAGH 23 45
[(0,0),(3,0),(0,3),(3,3),(1,5),(1,0),(0,1),(3,1),

(0’4)7 (374) b (2’5)7 (270) b (0’2)7 (372) b (0’5)7 (375) b
(3,0),(9,3),(3,3),(1,5),(1,0),(0,1),(3,1),(0,4)]

MR HEAFTE 6
[(6,0),(0,5),(3,2),(0,2),(2,0),(2,5),(3,4)]

EZHRETTE g = za+by BEFZME, ||+ |y| BN, IR P ERED, BATATLR
FZERL SRR B B 1E 6 FhER(ERR (B AL B BOR ABIA B.....) "FF1T”
XM EH— DTSR ZHE A Z L. BIIFRITTRZE —RIMEX (p, q),
ps ¢ PBRFRAKEIVAR, 185 T MTHERIRE I EIKERE, THaRBAZINER:
{[(0,0)]}o

solve a b g = bfs{[(0,0)]} (15.19)

HEAFIAZ, FATHELIBEH — 1 E 75, WRFEIFHHREIRESE S g THK,
PATREREN T — MR, BOTRRYIE R, SN RB&REEVIRE, Zid 6 fiA]
RE, RIEEERIFF A
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bfsa =[]
b O pElg =g: reverse s, & (p,q) = head s, (5,Q') =pop Q  (15.20)
S =
A bfs (pushAll (map (: s) (try s)) Q')
try s = filter (¢ s) [f (P, )| f {flm flB,pra,prp,ema, 6mB}] (15.21)
Hrp:

fla (p,q) = (a,q)
fls (p,q) = (p,b)
ema (p,q) = (0,9)
emp (p,q) = (p,0)

(

pra (p,q) = (max(0,p + ¢ — b), min(z + y,b))

(15.22)

pre (p,q) = (min(z + y,a), max(0,z +y — a))

X =T ERIR AR RSB, MR ENINNE N TEFREREDE, AT
FMA—=D 2R/ RIS, & 15.13, #IRE (0, 0)e HA fill A # fill B AJ{T,
B RTEIESR (3, 0) VAR 24K fill B, ICTFOHEER (3, 5). 1F (3, 0) BYEEA 24K
empty A BEIEWIIEIRE (0, 0)o FATBOLIX—1ET, EFHKERSEEEMN, A
Al DAZAE 15.13 RSN SO II— AR5 A, AL © BRI 9E RS

0,0
(3,0
(0, 5)
(3, 5)
(0, 3)
(3,2)
15.13: 2RI

1: function SOLVE(a, b, g)

2: Q «+ {(0,0,NIL)}

3V« {(0,0,NIL)} > ZRICRES

4: while Q) # @ do

5: s+ PorP(Q)

6: if p(s) = g B q(s) = g then

7 return BACK-TRACK(s)

8: else

9: for each ¢ in EXPAND(s,a,b) do
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10: ifc#£s H c¢V then
11: PUsH(Q, ¢)

12: ApD(V, ¢)

13: return NIL

14: function EXPAND(s, a,b)

15 pp(s) g qls)

16: return [(a,q, s), (p,b,s), (0,q,s), (p, 0, s), (max(0, p+¢—b), min(p+q, b), s), (min(p+
¢, a),max(0,p+q — a), s)]

17: function BACK-TRACK(s)

18: r ]

19: while s # NIL do
20: (p.q,8') =s

21: r < (p,q):r

22: s« s

23: return r

#:>] 15.4

15.4.1. PO RNULEGE S, SHREIEA AR o] + [y B/, DARREDKIE,
BZE: 401 T

15.1.6 EXE

(L5557 FLAE 7RG R I RSN, 18 15,14, ESMER Klotski, MR/, TIREH
R, HAREE 10 MNBE, FERERTRERE, B OBERA NN — N EBAIY
T, BRI —HN 2 x 2 80, TERLE R 7ROFRIRL, A — NS 2 A KA
M. BAK SR ER, B NXIEF ROEE LSRR, R EREEE
B, RS SR R T E, & 15.15 & H AWK R T2, AR
—BREL L, IR R AR R ER R,

BT 5 x 4 SERESAR ML, (TFIM 0 FF4G, 1 5] 10 MRFREMT, 0 Fizs
GrE. FEME M 4H T EEERIEIRGS. B8 i I TRTERT B, fRAF
8L RF%, L] BHT i BEOABES, 10 L4 = {(2,1),(2,2)) FRE 4 M
TRETAE (2,1) (2,2)0 BT LUEELE A 20 M BHSH 0 5 10, {75118
(NS ¢ = dy + zo XRESVI LT I L14] = {9, 10},
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(a) EIGT R (b) BEh#&E THER
T

Kl 15.14: ERIEN

& 15.15: HAR“FEFHRTLIL R

HErHE

BRI
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1 10 10
1 10 10
M=13 4 4
3 7 8
6 0 O

2
2
)
)
9

297

15 {0,4},2 — {3,7},3 — {8,12},
4+ {9,10},5 — {11, 15},

6 — {16},7 — {13},8 — {14},
9 {19},10 — {1,2,5,6}

PATTA] PUE SCBRE (M) — L FFRRES o1 (L) — M ERETRIA Rl

function p(M)
L+ {}

for y <~ 0~4do

k  Mly][x]

L[k] + ADpD(L[k],4y + z)

7 return L

oo

: function ¢~1(L)

©

1:
2
3
4: for z <+ 0~ 3 do
5
6

M <+ [[0] x 4] x 5

10: for each (k+— S) in L do

11: for each cin S do

12: x < cmod 4,y < [c/4]
13: Mly][x] < k

14: return M

RIMEESE 10 ML T, BEREGHE L TESR 4 MRS 18, (EHEMEHEE
+, BEhFERRN (Ay, Az) = (0,+1),(+1,0), EAFHE, ENFRASHIRRIGE
d = +1,+4, FIGIHEF L[i] = {c1, co} MERBBIEN {c; — 1,c0 — 1}o XEZEHBRM N
FERIEN d = 1,cmod 4 = 3l d = —1, ¢ mod 4 = 0, 5 LA T~ M —1M112 5Bk EI 5 —
M, ZEMNEOVYERZHE 8 FREENATEE, FlaNsE— 1E 4 MTaE: 55 6 LA fy;
578 SHA TN, 5 9 AL, B 15.16 FIRFIMNMIE ER AT,

1

1

1
1

=

0

1

v

0

1

! 1

X
V12 2

1

1
1

& 15.16: Z£M: PR 1 BIRET-ER AR50, A0 R ITFR 1 HORS MR 2 YRS 158,

NTHE R EBE, OB T k Bah2I8) Birss T, WERN 0 83 & AT

%5
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valid L[k] d :
Ve e Lkl = y=|c/4] + |d/4]|,x = (c mod 4) + (d mod 4), (15.23)
(0,0) < (y,2) < (4,3), M[y][z] € {k,0}

2 — RIS EN A REE IR M R (OB FALEFEFEAR R Z SR, BT HEAY
M1 75 M27 {EE{I‘]$EJ:7\EEI)FHIEJE<Jﬁ%O

1 10 10 2 2 10 10 1
1 10 10 2 2 10 10 1
My=|3 4 4 5 My=|3 4 4 5
3 7 8 5 3 7 6 5
6 0 0 9 8 0 0 9

RNBEEHSGRRAES, REEERT, &AL 1RES: (L] =
(pl(k = p) € L}, WA RS L HHTEENES, FEFRNERRN T REET
({1, 2, 5, 6}, {0, 4}, {3, 7}, {8, 12}, {9, 10}, {11, 15}, {16}, {13}, {14}, {19}}, &
AR R R FE IR, B RERD M, 7 M, MR

10 10

1 2 3110 10 |
10 10 1 2 31 10 10
Mi=|3 5 4 4| My=|4 4 2 5
3 5 89 76 2 5
6 7 0 0 00 9 8

ARV — 1A BB R FRAT, Pl T S — 1A fa) B X AR A
mirror(||[Ll[) = {{f(c)lc € s}[s € [|L]|} (15.24)

HA f(e) =4y +a',y = |c/4],2" = 3—(c mod 4)o BAVEH—MATIHITHEZR,
AR DN TTREEWE D — RIS SINRER S SFERIN R FREEN (k,d),
FOREMEE EREBE T k, AN dUER £1,4+4) s DAFIRIGAM Q = {(s,[])}, HHF
s EEEIAfR. HE Q # o, MM KHEE — PR, ERKIHEF (FS 10)
ERENEEIE t = {13,14,17,18}, B1 L[10] = t, GIENEMILEH; G, BATZ0K
ENEEBSEIRMET, T RTH ANEEMIEEENTTE (k,d) ABR, TEERT
i, BATHES H idgF3— AR e R EE,

solve @ H = []
L[10] =t: reverse ms, HH((L,ms),Q") =pop Q@  (15.25)

solve Q H =
A solve (pushAll cs Q') H'

Hr cs = [(move L e,e:ms)|e < expand L] Z# =AML %,

expand L = {(k,d)| k<« [1,2,...,10],d + [£1, £4],

(15.26)
valid k d,unique k d}
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move LT L{k] %3] d BN : move L (k,d) = map (+d) Llk]o unique HIWTH#T
H—tAm R || L || ¢ H, 5% mirror(||L'||) ¢ H NMEFEILFEF, IREEESR, B
EATEFCK H AT /E9 MR, TEENMANEAREM, “#I25" h R &>
FEIRIL 116 2 (BEBE) 1 18), &G 3 P

1: function SOLVE(s, e)

2 H{[sll}

3: Q<+ {(s,9)}

4: while Q) # @ do

5: (L,p) «+ Por(Q)

6: if L[10] = e then

7: return (L,p)

8: else

9: for each L' in EXPAND(L, H) do
10: PusH(Q, (L', L))
11: App(H, || L)
12: return &

[|5|, |3|’ |2|, Ill:l

[|5|’ |3|’ |2|’ |l|:|

[I?l’ |9|, l4|’ |4|:|

[lAl, IAI’ l6|, |0|]

[lAl, |A|’ IOI, |8|:|

[|5l’ |3|, '2', |l|:|

['5', |3|’ '2', |l|]

[l?l, |9|’ |4|, |4|:|

[lAl’ lAl’ IOI’ |6|:|

[IA', IAI, '0', |8|:|

[|5|, |3|’ |2|, Ill:l

[|5|’ |3|’ |2|’ |l|:|

[I?l’ |9|, l4|’ |4|:|

['0', IAI’ lAl, |6|]

[l@l, |A|’ IAI, |8|:|

S TRITALER, EI7K (AL, S mIE I AR A S RIRVZER . MRS, e 1T
AtE, KR, EFEEAF, B RESRRKR IR, . ARERN—F, ¥EHN
2 RIPRS B EEER R T, BUKEEREHRSEM DNZHF, MA LIRS
BROMTFERAERTAEIIK, BRGNS ERMNR IS, &
IEIRESRF I JE, B RIETBEh2] TieEHIM B, & REEE HMAY
AN, AT A — DRSS R 55 5h—IRES, BT FFAT 2T gk, R —2 W
HNETIR ZIAFEZ AT, RNASE—PIRAER, K RIE T RN EREERERE
AT BT AR A e, XA ER N LR, B 1517 8H T ER
Pt ZRATA B
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(b) IEALHER

15.17: IREMT EAL R

HFRMNTEEEN FT R, T EREREANTIRIER 2=, MBFIL
FRAS T L 2 PR D B e I, MRAS I B BB AT AN AP RIS Z HUFTIRIE T, | LT
R T A BEATIESHR O DR, B ERER L ERIRE, SEN
15.18 A HE, SEEERKEARR, BATTERT BRI DR 2 A
ARG (2o TERMIRT o PR ¢ Z RIHIREREFF IR R DH T 0 — b — ¢
XEREREREN 22, MEET EZWMTHERE 0 » e - f = ¢, ERNERERE

=
e

15.18: HIXERIEAE

3] 15.5

15.5.1. #ZZEIRDT—1E = X,

15.5.2. BEEL 2 B T —AEshEE, & 15.19 AR R rIRAE, 8 MRE
B 7 MEEBATHET, B MEF EARERS 1 28] 7, RAEFAE TR [E B
BN, WA F AT DIEsd %, BEERENREES, WRTENTEBEEN, Bis
R MITT 1.2, 34,5, 6. 7 BB EE K 7.6.5.4.3.2. 1o TRE — 12
7 fR R BT B ) L

2498 . FERL(1937-2020) , HEERFEE,




15.2 DA

15.19: FEEIE shE @

15.2

mILEIE
TR Bl ORI AL, Z20AD, AR,

[ =N
AEEo

301

ZZ: 402 T1

AR IR R R

HARS . BIRZ AR Z T RIRIARER, PO —LERF7E [P TE R B 75 TR K

F AR

15.2.1 MGREZHEG

15K 2w E—fH RN ENEBRmLN %, BRI ASCII RS 7 i1 —

BERIROS B 07 FFS4RE, ATDARIR 27 = 128 DN, HAH 0.1, 31dT]

EHVTE

log, n L3 HE n DPAFETFRF, NHERFRCTFRIER, K78 A 2] Z B 0 2
25, T NREG 5 AL, T FEI 5 A2 00000 MAE 0o IXFEAYGRIE 77 AR N E K Ghido

TIY | S || T | GRS

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

YA“INTERNATIONAL”A] DAYRES A 65 Ar i) 3%
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00010101101100100100100011011000000110010001001110101100000011010

SRR R, AL 0 AR A, PG 3R 10 1858 C,
F 5 Az~ 11001 A3 2, BIAF] LB E MR WK, [E1EREN 2IERIE
{Fan —3EfIE 1101, FATPFDEEE 1, JFHEERE 101 GRZR“BF”), IE 110, /5 HER
£ 1(FR"GBY), BUZ 1101 GRAR N) o, BE/RETHEI 2L KEWiG, & AT E %
WO FRF 2 9RoN"- -7 (EFRIRER (LR D BIwAD, Fr AN 2 R BB, THZ
— PMRIFRATTCE S :

T | GRS | TAT | R
A 110 || E 1110
I 101 || L 1111
N |01 | O |000
R |001 | T 100

NA“INTERNATIONAL” ZwES A 38 A7y 345

10101100111000101110100101000011101111

1% ERESAZIBENE BN FR . X2RANEE EAgwmEEH v mEaIRi,
IXFERIRAEFR T ATSRAY 3. RIS AT Z IR, WS KErH— P9 E, XEARS
BT — DA B7E SR, BEE R ERS RS RS K ERIE? 1951 F, MEHE TR
ZIMB AR - BIEERE LSRR TN AASINERZR T, Brel]
S TIRA, ML T, FFEHEEEI, IBIEHR, ROCEIIE T %, Bk
SRE SR TR HIRARAEE R, & F N N TFRRERE, B0 IR
BENMFRRIBRE, & FHFRNEZ T H IR ENER, 16K 8 H YR
AR, FRHRETHF A MR SN ARG, FARDHRENI 0, MG
BTERTEIN 1, 20E] 15.20, B0, MAR™ <2l N BB IE 2, MR GG R N,
(Kl N ZwbdoN 01; F1F A HUEIRR G 1, 72, Fid2 110

IXARBEIE AT DARRRD . 8 ZEHIEL, 0 M2, 1 A, EAMF, 9 R _ERYFRF
ILRRRIENE, AR ENIREIRT SRS, bR 8 8K LR 7RISR, 7
GRS, B DFRRA— T S, BRI M E R/ DT RE TR — D7
o AIENH DT EIINEF, NRNERNE R/ DNIRN &I, &E152—&%
B, 2 15.21,

TATEH =W IVE LG R 2/, R 7TAE, RAM 71 RREE
BFo IR RFTRN (w,1,r), B w Z2NE, [ r BEGFW, HFHERTA (w,c)
Hrp ¢ BFF. BIF TS, AEMI merge a b = (weight a+weight b, a,b), EH:

ST prefix-code, TN EICHIZRED.



15.20: FGREM

15.21: FEHG K S0

303
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weight (w,a) = w

, (15.27)
weight (w,l,r) = w
NHEE RN R E RN T S
build [f] = ¢t
‘ , (15.28)
build ts = build (merge ty to) ts', HF (¢, ta,ts') = extract ts

PRIEY extract M\FI%IFR A HANEE B/ NBU PR AR, 5 weight t, < weight to,
TEN ) < tgo

extract(ty:te:ts) = foldr ming (mint, to, maxty to,[]) ts (15.29)
Hrh:

) t <ty: (min tt;, max tty,ts:ts)
ming t (t1,ta,ts) = (15.30)
B (g, tg, t:ts)

N TIERER R EN, BATHEAE A 70 n BRTH. WA A, 1R Al
HIRE/NT Aln — 1] B A[n], #LACHE Al F1 MAX(A[n — 1], A[n]). HEH#EEFF An]
Z Aln — 1]o XHEAG /N —, EEHTEEIIRARIEKSM:

1: function HUFFMAN(A)
2: while |A| > 1 do

3: n < |A|

4: for i <~ n—2 down to 1 do

5: T + Max(A[n], A[n — 1))

6: if A[i] < T then

7: EXCHANGE Afi] <> T

8: Aln — 1] <~ MERGE(A[n], A[n — 1])
9: Dror(A[n])

10: return A[l]

BATATAMIG R R T 15T R, 2 p = []o MRTTRIBEHR, ZEHEE p « 0:p,
HEE p — 1:po BIAMTTSFR ¢ B, I8 ¢ — reverse p 2IFBFE, & X W EAL)
code = traverse | ], HH:

traverse p (w,c) = [c > reverse p) (15.31)
traverse p (w,l,r) = traverse (0:p) | 4 traverse (1:p) 1 '

GRALIS AR — TR SR w —IAE R dict 77 E IR

encode dict w = concatMap (c — dict|c]) w, EHdict = code T (15.32)
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FRIGISARME e, — 1043 75 bs —IERRREW, MRT RFFA, 0 [
e 1A, BIAMF i H TR o, REEIEET SAREEERD, decode T bs =
lookup T bs, HH:

lookup (w,c) [] = ]
lookup (w,c) bs = c:lookup T bs (15.33)
lookup (w,l,r) (b:bs) = lookup (if b =0 then [ else r) bs

e K S AU IS R R EL T — MR R SR IS . BIREFFAE TIAD, SRR EUNE
BRI &7, X —RINBE&EIIER, £ T 2RRMATRHmL. BRI
— AT AR AR, BREMILZE MBI BRI IO B R U ITHY
THENTOLREG, SULEIER DARR, MR mE, EX W OREES~E2R
RIEHAE S, BANERIERTAR — NSRBI R aus 1,

#5>] 15.6

15.6.1. LIS AT Huffman R4 E L,
B 403 T

15.2.2 #TE (A

R ALY, WA B D RBE R E R ER? RIRE 5 MR T - 1 70,5 70
2.5 f.5 .1 70, 1 & 1097, 1 766 10 /8,188 C = {1,5,25,50,100}, FHZikF
z 77, AT, SISk & K EERE

change 0 =[] (15.34)

change x = ¢, : change (x — ¢,,), EH : ¢, = max {c € C,c < x}

PN 5246 1.42 T, BREL change £ RBEM AR [100, 25, 5, 5, 5, 1, 1]o FATRTEA
BEEEHH (100, 1), (25, 1), (5, 3), (1, 2)], "on—H 1 0. —# 2.5 A1, = 5 77
M1 b, XTI+ CIXREmEE, ORI ARG, ROERNRZHER
MIRE T RAES A EWEFISN W C = {1,3,4}, 5tz = 6 9k, ILHE 243
T, EHRORIEEHE 6 =4 + 1 + 1, 3 3 W,

REPERMNME, 20ORIBBELIE S, BEREBAE, RMNA 72, filans
SHTATIIRE, AR SOR T K EEL UE % E W, FERAE T17. CHRIAREN s, &
DEIER] DAgs MR B LT AT 75 28 £ — 1T R AT REZ I B 1A,

. LW

2: for w € T do

3: if jw| + s > L then
4: Insert line break
5: L+ W —|w|
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6: else

7: L+ L—|w—s

25 15.7

15.7.1. [ FHHERADENG K S AR MW HETE H RT3, &5 RUEIEAH,

15.7.2. WIRFHEIENEHEFEYIE A, 11— NI A RIS 1S 5 2 R 7575
FBAZI Q (RIFGHEE R, TEIM Q F1 A SKESEUHE/NIR, G /E AP 4
HSEFIRPATERE, BAFIHRE TN — R, BIRANIGRER, ELIIX
— k.

15.7.3. HEGRKEM T, HAMNSINSEIIE K 2 S,

BEEE: 404 TT

15.3 BAHLK]

ZERAEMTERS NIRRT RIME (EARDET), RZCHRE
HEEL 2 R MR Co K C,, PRI 72 NAH : C1\ Coo AIFN T 244
Zoo HIC,, = C1 # Covx = x1 + 200 W Cy B 2y BIERAHE, B Oy it o, FE
Ak
UERR. HRIEZ, X xy, BIEEE S — MR A7 O, b Oy BB /D, 5
515 O # Oy IEME/DT C,o X C,, B x ERILET B, [FFE, B
AIAUERH Cy /2 5l 2o BIBALAR, O

EEMR BN, RS y < o, KRR DD TR 250578 y
oz —y BRI, RN RIUEEFA—E R Rt « FIRILHE. (ENRA): A=
MEEM C = {1,2,4} itz = 6, RIMHFZMHEET:2 + 4 HHE 6 =3+ 3 72N
S 3 HIRSTIRE, BT AR RN 3 =1+ 2, BHHETE 1+2)+ (142)
HFE A BT, WRERMACRB A RN E TR T A, AR A& “RIUL
THA", BT ERIATEARSE T E o At R L 74544

change 0 = []
(15.35)
change x = min [c: change (x — c)|c € C, ¢ < z]

HA min IEHKERENYIR, BX—E X EEREMNATHNER, B
mRIEAFEAKEEETHE, & C = {1,2,25,50,100}, 5iift change(142) I, 75
B E change(141). change(137). change(117). change(92). change(42), TEITHE
change(141) I, ¥ 141 7358 Z 1. 20 25, 50, 100, XFEFL SRR 137, 117, 92,
42, HMRTED 5" FEHEIK, 2F T EERIEBIINTTE, BIHERE T IiR&K
ity R, T YIaNZH, 5y NIeER Tly) KT BRI, 1R
Tly) = o, MBI E TR, FREHEIEEFA Tyl
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T+ [],9,9,..]
2: function CHANGE(x)
3 ifz>0 H T[z] = @ then

4: for each cin C H ¢ <z do

5: Cy, < ¢ : CHANGE(z — ¢)

6: if T[z] = 2 5 |C,,| < |T[z]| then
7: Tlx] + C,,

8: return 7[z]

BABERT LAB FRIA) B4 DR AT RS ME. M T[0] =[] T8, KX
AT = 1), T[2) = [1,1], T[3] = [1,1,1], T[4] = [1,1,1,1], T0FK 15.1(a) FRe
SO T[5) AW NERE: 5 D1 e 1 K5 phlm, TREEEMN. RIMEREERN
# 15.1(b), T[5] = [5]o % FK5iH 2 = 6,1 505 &N 6, BFMNESE: (1) 15300
T[5] 15 [1,5]; (2) 5 7000 T[1] 15 [5, 1) X MR, (E1E T[6] = [1,5]. BIRIERF"
AT, B <o, B—REMA ¢ <i WME, ERRERE TR T - o] K
i, BN L c BEI—DRETT R, IREETRDN—MERN T,

x 0 1 2 3 4
U | (]| (]| [1,1] | [1,1,1] | [1,1,1,1]
(a) S 4 5y AR ARSI R
T 0 1 2 3 4 5
g | 0wy Ly n s

(b) 5i#fk 5 7> ANHIBRALRESIZR
* 15.1: ST ERAIRIMESIR

1: function CHANGE(x)

2 T+ [1]2,..]

3 for i < 1 to x do

4: for each cin C H ¢ < i do

5 if T[i] = @ 8 1+ |T[i — ]| < |T]i]| then
6 Tli] < c:Tli — ¢

7: return 7'[z]

RUERRE () FEREEENS., KAENEESE T REE. A
FOESRARR F AR AR B 7 53 T[] FTEERaIREm o DURFRERBE MEE no
BT[] = (n,c)o N TIRG I 2 FIEMIIR, TMTMES Tlz] HERE] ¢, AEEMN

Tz — ¢ FEE ¢ ... ... B T[0],



308 F+HE #HERII

ME 6 7 8 9 10
BAEEE | [(1,5] | [1,1,5] | 1,1,1,5] | [1,1,1,1,5] | [5,5]

1: function CHANGE(x)

2 T « [(0,92), (00, 9), (00, D), ...]
3 for i < 1 to = do

4: for each cin C H ¢<i do
5 (n, )« T[i—c|,(m,_ )<« TIi]
6 if 1 + n < m then

7 Tli] < (1+n,c)

8: s+ ]

9: while x > 0 do

10: (_,c) < T[]
11: S<c:s
12: Tz —cC
13: return s
BACARZAE T WA] DA ZEMIZINAEEE: foldl fill [(0,0)] [1,2,...], HA:
fill T x =T > min {(fst T[x — ¢],c)|c € C,c < x} (15.36)

HA s> o TR o AT s G0 (5 12 ZFER) . REFMH T OEH
BRALARYIE:
change 0 T = |[]
change ' T = c:change (v —c) T, EH : ¢ = snd T|x]

FHHYE © = n, BIEEA n R BIRRZRE k = |C| DTE. BEXEN O(nk)*,
HEE O(n) WZERIRF T NEZBRFA LIZ BIAA NHYTTE, BT EICR&MN
TR AE, EHREREARRICER, KEZER TSR, X —RFENCY
BEE TR, MOURE R IEMEEESMK, Z2IURET 1940 FREHH, 3175
ALK e R B 2 P M R -

1. ST, A AT DA O Fo 5 TR NI (AL, AR AT DAM T m]
fEPIEH

2. HE TR, ¥ WEHIARA] R 2 DA IR _EHIRE,

(15.37)

15.3.1 E&EEALTFF

MFEBARE, TFRITCFIESE, 540, Mississippi #1 Missunderstanding FJE £/
HFE#H Miss, M K AT FFI8 Misssi, S1E 15.22 AR, SHRIXEM AR, e
‘ER
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2 90 ERZ R I (diff) FUEE R, BRERAL T FIIRMRAZES AR E LI
BEo PIDFRFER ws.ys HIBRK AT FHIE AT

-
[iT:]

15.22: AT FF

LCS([)ys) = []
LCS(xs,[]) = [] (15.38)
x=y: x:LCS(xzs,ys) '

LCS(z:xs,y:ys) =
AN max LCS(z:xs,ys) LOS(zs,y:ys)

Hrf max EHEKNFH, LCS BIENEE BTN, 7] Ao il SR
NOTF A, FHIKESRELE N 1, X—EXMESEES TR, TR
BEAHFFIZREHATEELR R, BAUEH _HRE T idFk T RERRE
fiBo 17, I RINER s, yso FHITTERIIRTIMN 0 F A, 5 017, 0 FIRERZEFA,
Tlil[j] &~ LCS(zs[0..5], ys[0..i]) FIKE, &N T REHEKAHEFFH, Ky
LCS([],ys) = LCS(zs,[]) = [ ], FRHMEEE 017.0 FIE/E 0, DA antenna F1 banana 5
B, FAIM T[1][1] FFEEFEE 11T, b F antenna FHAHE(T—NEEAE, BT AE—1T
#H 0, HFE T[2][1], TTAIEX R a, T[2][1] = T[1][0] + 1 = 1, Bl LCS(a,ba) = a, %
TRBENE T[2][2], a # n, ¥etE E77 (LCS(an, b)) FILEM (LCS(a, ba) BV KEEF
T[2][2], &HR2E 1, Bl LOS(ba,an) = a, XM TES G RISHEFT 2, EFHNIA
98 % T[], R wsi — 1) = ys[i — 1], W T[] = Tl — 1[j — 1] + 1, SR _EFF
T[i — 1][5] AN T[] [j — 1] AIEFEERAY,

o
—
S

—

5| | o

<

=

DT R W|IN| =IO
OO o OO OO

=l el el el E= =
NN NN R|OOB [\]
NN (N[, O] || W
NN ROl O |0
wWlwinv(iv[Rr[olo|lB | o
WlWwWw|I ||~ B D
B lwlw|ln|Rr|lo|lo|l® |

1: function LCS(zs, ys)
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10:

FrHE #RI

m < |zs|,n < |ys|
T «+ [[0,0,...],[0,0,...],...] >(m+1)x (n+1)
for 7 <~ 1 to m do
for j < 1 ton do
if xs[i] = ys[j] then
Tli+1][j + 1] « T(lj] + 1

else
Tli+ 1[5 + 1] < Max(T'[d][j + 1], Te + 1][5])
return FETCH(T, zs, ys) > RIEHEER

BTN T RESEAETFFI, METTTFE, WRAKRE zs[m] = ys[n], N
xs[m] L& LCS IR E, #Z N RRE xs[m — 1], ys[n — 1], ENFATEEE T[m — 1][n]
I T[m][n — 1] BRAIUREE [ 7,

1: function FETCH(T, zs,ys)

10:
11:
12:

13:

15.8.1.

m < |xzs|,n < |ys|
r< ]
while m >0 H n>0do
if xsjm — 1] = ys[n — 1] then
rasm—1]:r
m<m—1
n<n-—1
else if T'/m — 1|[n] > T'[m|[n — 1] then
m<+—m —1
else
n<n-—1

return r

#5>] 15.8

i H 2 INREME R AT TR R RRE
B 405 TT

15.3.2 THEMA@

BERBMES X, WMTHKEFTEFE S C X, #15 5 MMM s, Bl

285 =

Soi=s? BlUl X = {11, 64, -82, -68, 86, 55, -88, -21, 51}, s = 0 H ="

€S

S = @.{64, -82, 55, -88, 51}, {64, -82, -68, 86}, UIRFFAE, DIk E 27 NFEZM,
Hebn = |X|, EZEHRN On2"),
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sets s @ = [O]
s=x: {x}:setssxs (15.39)
sets s (v:xs) =
G (sets s xs) 4 [2:5|S € sets (s — z) z3]

FFEETE N HE FEMFIES TR, 7] LSRR, BB KA LR
M T, B F IR, HERAZEH TR MR, 55 ERNFENE R A2 S
BEEDNTFES, H15 Y5 = s, B —iEH I MEEFEZMIE TR < s <wue
W s < 188 s > u MITCHE

1= {z<0hu=) {z>0} (15.40)

EENEEBY, RETEm=u—1+1%, BFRE—ME: | < j < w
KA n = |X|+ 117, BITANESFENTE o, TH)] REEGFEFE
S C Az, 20, ...,z } 1R Y S = jo B 01TRIK, REZE o WTFEZM, T HA
TYE AR F, B T[0]0] = T, &~ Y. @ = 0, FAIM 2 FFA, SRS 11T,
bR > @ =040 B > {x1} = 1, HIk T[1][0] =T. T[1][z1] =T,

I 1+1 0 T U
g |F| F T F F
z |F| F T T F
F| F T T F

PPN T2 RIS E] 4 FhATRERY TR Z 0 Z@ = 0, Z{$1} = T1~ Z{-’EQ} = To~
dAr, xa} = 21 + 0

| 1+1 0 Ty | oo | T2 | oo | 1+ 22 u
g | F F T T F F F
z1 | F F T T F F F
o | F F T T T T F
F F T T T T F

FRES i AT, IIATTER @0 RIS EIETH {21, 22, ..., 221 } RIGHIATE TR
Mo E—1THABERNTUNANE, KO Y {z;} = z;, LA T[i][z;] = To TATRF 2; M0
FEHWFrE < EEE—E3E, BN NN R, HE%ERE n MTRE,
RIEH Tn][s] WERERTTFEM s BEFTE,
1: function SUBSET-SuM(X, s)
2: l<>Y{reX z<0}ue ) {reX z>0}
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3 n <+ | X|

4: T« {{F,F,.. . },{F,F, ..},..} >(n+1)x(u—1+1)
5: T[0][0] « T > =0
6: for i + 1 ton do

7 T][X[i]] T

8: for j < [ tou do

0 Tl < TGV T - 111

10: j 7 — XJi

11: if | < j < wu then

T « THG] v TG - 115

13: return T'[n][s]

RIGHIFNERSG| § M0 FFEE, TRM L 2 uo TELFRRIEINE AR DA j — 1 #ift,
BN RENA T REHFE STHE Y. S = s, £ Tn|[s] =F NTCHE; TNERFE
s (DWR z, = s, MFEE {z,} B— D FATHETREE Tn — 1][s] WEMKR, 0%
NT, FIBIFAM {x1, 2, 23, oy w1} PRI s ITE T, (D2 s =s—2,, W
Ri<s <u, FHH Tn—1)[s'] BE, BADBEAM {21, 22, 3, ..., 01 } RIEF &', KRG
¥ z, ARG D FEH,

1: function GET(X,s,T,n)

2 T ]

3: if X[n] = s then

4 r <« {X[n]}:r

5: if n > 1 then

6: if T[n — 1][s] then

7: r < r# GET(X,s,T,n—1)
8 s+ s— X[n]

9: ifl <s <wu H Tln—1][s'] then
10: r < r 4 [(X[n]:r)|r + GET(X, s, T,n—1) |
11: return r

ENESHRIEIEIA T O(n(u — 1+ 1)) IRDIMERAS T, K587 O(n) ERIHEM
CHERMFEE O(n(u—1+1)) 2, BATATDH—4E v — 14+ 1 7081R vV B4
TKigo B—INV[j] = {51,5,,..} FHEAFENTE, HE DS =>5%=...=j V
TR TGN, NED o EF—5 V, LKA z, FREEFINFEZM, RE
ERAE V[s]

1: function SUBSET-SUM(X s)
2: l«>Y{reX z<0},u > {reX,z>0}
3: V< [9,9,..] >u—1+1

4: for each x in X do
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5: U « Copry(V)

6: for j < [ tou do

7: if x = j then

8 Ulj] « {{z}} U U]

9: j—j—x

10: ifl <j ' <u H V[j'] # @ then

1: Uil < Ul u{({z} U S)IS € VIi'T}
12: VU

13: return Vs]

FATRT AR A M B hIA ARSI ZR V = foldl bld (replicate (u—1+1) @) X, HA
replicate n a F*AEKE N n 53K [a, a, ...,a]o bld A X FENTEEHR V,

bld V = foldl f V [I,1+1...,u] (15.41)
Hr:
j=x: VIjlu{{z}}
FVi={i<i <uBT[)#o: V[j]U{{a}S|S € T[j}, &y = j—a
A 1%
(15.42)

#:>] 15.9

15.9.1. MNEREALFFHIA-, 75 —F 8KA LR FRETICR FRIIRNKE
MET7m”, NARREFL, W AR, 'NW ASRATE, XETT AR
TN R R ARG SR, FMTMFEAERIE N AFFE, aREN NW T T
ENASESIEE BRI REN N, siEER N E] LTS T R
W ACERE SR MR T g —E %,

15.9.2. NFFEMPWLETR, —E6 1 <0 <ulira? EFReEHF—S% N

15.9.3. wiEE R (XHCSCTEgRIEEE) 2 —MEEFMEMEUEENE, BENX
NNFIFE s B ¢ FRFRNA, TZATHERE, F5IRFIT, HREHEH
FE =M R R 8GN, MHER, Bk, BR—DFFRF, YT kitten — sitting, &
BIEE 3,

1. kitten — sitten (k — s);
2. sitten — sittin (e — 1);

3. sittin — sitting (+ g)o

ERBIASHLK, KN FAT 5 Rl gm iR R 5,
B 405 TT
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15.4 [ Bl TFEF
YRR SR

dfsSolve m from to = solve [[from]] where
solve [] = []
solve (c@(p:path):cs)
| p = to = reverse c
| otherwise = let os = filter ( 'notElem’ path) (adj p) 1in
if os = [] then solve cs
else solve ((map (:c) os) +# cs)
adj (x, y) = [(x', y") | (x', y") <« [(x-1, y), (1, y), (x, y-1), (x, y+1)1,
inRange (bounds m) (x', y'), m ! (x', y') =— 0]

J\E IRl

solve = dfsSolve [[]] [] where

dfsSolve [] s =s
dfsSolve (c:cs) s

| length ¢ =— 8 = dfsSolve cs (c:s)

| otherwise = dfsSolve ([(x:c) | x < [1..8] \\ c,

not $ attack x c] 4 cs) s
attack x ¢ = let y = 1 + length c 1in
any (A(i, j) — abs(x - i) = abs(y - j)) $
zip (reverse c) [1l..]

BRERHY B

solve = dfsSolve [[[-1, -1, -1, O, 1, 1, 1]]] [] where
dfsSolve [] s = s
dfsSolve (c:cs) s
| head ¢c = [1, 1, 1, 0, -1, -1, -1] = dfsSolve cs (reverse c:s)
| otherwise = dfsSolve ((map (:c) $ moves $ head c) + cs) s

moves s = filter (#s) [leapLeft s, hopLeft s, leapRight s, hopRight s] where
leapLeft [] = []
leapLeft (0:y:l:ys) = 1:y:0:ys
leapLeft (y:ys) = y:leapLeft ys
hopLeft [] = []
hopLeft (0:1:ys) = 1:0:ys
hopLeft (y:ys) = y:hopLeft ys
leapRight []1 = []
leapRight (-1:y:0:ys) = 0:y:(-1):ys
leapRight (y:ys) = y:leapRight ys
hopRight [] = []
hopRight (-1:0:ys) = 0:(-1):ys
hopRight (y:ys) = y:hopRight ys

BIRER 5 M (1R ) > NSRBI

[Int] solve([Int] start, [Int] end) {
stack = [[start]]
s =[]
while stack # [] {
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c = pop(stack)
if c[0] = end {
s += reverse(c)
} else {
for [Int] m in moves(c[0]) {
stack += (m:c)

}

return s

[[Int]] moves([Int] s) {
[[Int]] ms = []
n = length(s)
p = find(s, 0)
if p<n - 2 and s[p+2] > 0 then ms 4= swap(s, p, p+2)
if p<n -1 and s[p+l] > 0 then ms 4= swap(s, p, p+l)
if p > 1 and s[p-2] < 0 then ms 4= swap(s, p, p-2)
if p > 0 and s[p-1] < 0 then ms 4= swap(s, p, p-1)
return ms

[Int] swap([Int] s, Int i, Int j) {
a = copy(s)
(alil, al3il) = (aljl, alil)

return a

pORGIIIEIfiE

import Data.Bits
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve = bfsSolve $ Queue.singleton [(15, 0)] where
bfsSolve Queue.Empty = [] — no solution
bfsSolve (c@(p:_) :<| cs)
| fst p =— 0 = reverse c
| otherwise = bfsSolve (cs >< (Queue.fromList $ map (:c)
(filter (“valid' c) $ moves p)))

valid (a, b) r =not $ or [ a "elem” [3, 6], b “elem’ [3, 6], (a, b) “elem r]

moves (a, b) = if b < 8 then trans a b else map swap (trans b a) where
trans x y = [(x - 8 - i, y+ 8 + 1)
| i «[0, 1, 2, 4], i=0 || (x .&. 1) # 0]
swap (x, y) = (y, X)

MY FeBR ) LE S BRI R

extGed @ b = (b, 0, 1)
extGed a b = let (d, x', y') = extGed (b "mod” a) a in
(d, y' = x" % (b “div’ a), x'")
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solve ab g | g 'mod” d # 0 =[]
| otherwise = solve' (x x g “div’ d)
where
(d, x, y) = extGed a b
solve' x | x < @ = solve' (x + b)
| otherwise = pour x [(0, 0)]

pour x ps@((a', b'):_) | a' 0 = pour (x - 1) ((a, b'):ps)
| b' b = pour x ((a', 0):ps)
| otherwise = pour x ((max © (a' 4+ b' - b),
min (a' +b') b):ps)

pour 0 ps = reverse ((0, g):ps)

= II

KRR B A%

import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

solve' a b g = bfs $ Queue.singleton [(0, 0)] where
bfs Queue.Empty = []
bfs (c@(p:_) :<| cs)
| fst p=g || snd p =— g = reverse c
| otherwise = bfs (cs >< (Queue.fromList $ map (:c) $ expand c))
expand ((x, y):ps) = filter ('notElem’ ps) $ map (\f — f x y)
[fillA, fillB, pourA, pourB, emptyA, emptyB]
fillA _ y = (a, vy)

fillB x _ = (x, b)
emptyA _y = (0, y)
emptyB x _ = (x, 0)

pourA x y = (max 0 (x +y - b), min (x + y) b)
pourB x y = (min (x +y) a, max 0 (x +y - a))

KRR A A SE LI :

data Step {
Pair<Int> (p, q)
Step parent
Step(Pair<Int>(x, y), Step p = null) {
(p, 9) = (x, y), parent =p

Bool (=) (Step a, Step b)
Bool (#) (Step a, Step b)

{a.(p, 9) = b.(p, @)}
not o (=)

[Step] expand(Step s, Int a, Int b) {
var (p, q) =s.(p, 9)
return [Step(a, q, s), /+fill Ax/
Step(p, b, s), /«fill Bx/
Step(0, g, s), /xempty Ax/
Step(p, 0, s), /xempty Bx/
Step(max(®, p+ g - b), min(p + q, b), s), /xpour A into Bx/
Step(min(p + g, a), max(0, p +q - a), s)] /xpour B into Ax/
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Optional<[Step]> solve(Int a, Int b, Int g) {
q = Queue<Step>(Step(0, 0))
Set<Step> visited = {head(q)}
while not empty(q) {
var cur = pop(q)
if cur.p =g || cur.q =g {
return Optional.of(backtrack(cur))
1} else {
for s 1in expand(cur, a, b) {
if cur # s and s not in visited {
push(q, s)
visited 4= s

}
return Optional.Nothing

[Step] backtrack(Step s) {
[Step] seq
while s # null {
seq = s : seq
s = s.parent
}

return seq

317

HERIE:

import qualified Data.Map as Map
import qualified Data.Set as Set
import qualified Data.Sequence as Queue
import Data.Sequence (Seq((:<|)), (<))

cellof (y, x) =y * 4 + x
posOf ¢ = (¢ “div’ 4, ¢ ‘mod’ 4)

cellSet = Set.fromList o (map cellOf)

type Layout = Map.Map Integer (Set.Set Integer)
type NormLayout = Set.Set (Set.Set Integer)
type Move = (Integer, Integer)

start = Map.map cellSet $ Map.fromList
[(1, [(o, 0, (1, 1),
(2, [(0, 3), (1, 3)1),
(3, [(2, ©), (3, 0)1),
(4, [(2, 1), (2, 2)1),
(5, [(2, 3), (3, 3)D),

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

(10, [(0, 1), (0, 2), (1, 1), (1, 2)])]
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end = cellSet [(3, 1), (3, 2), (4, 1), (4, 2)]
normalize = Set.fromList o Map.elems

mirror = Map.map (Set.map f) where
f c = let (y, x) = posOf ¢ 1in cellof (y, 3 - x)

klotski = solve g visited where
g = Queue.singleton (start, [])
visited = Set.singleton (normalize start)

solve Queue.Empty _ = []
solve ((x, ms) :<| cs) visited | Map.lookup 10 x = Just end = reverse ms
| otherwise = solve g visited'
where

g = ¢cs >< (Queue.fromList [(move x op, op:ms) | op <+ ops ])
visited' = foldr Set.insert visited (map (normalize o move x) ops)
ops = expand x visited

expand x visited = [(i, d) | i «[1..10], d « [-1, 1, -4, 4],
valid i d, unique i d]
where

valid i d = let p = trans d (maybe Set.empty id $ Map.lookup i x) in
(not $ any (outside d) p) &&
(Map.keysSet $ Map.filter (overlapped p) x)

‘Set.isSubsetOf" Set.singleton i

outside d c=c <0 || c > 20 ||
(d=18&& c 'mod° 4 =20) || (d=-1&& c ‘mod’ 4 = 3)

unique i d = let ly = move x (i, d) 1in all ( Set.notMember' visited)

[normalize ly, normalize (mirror ly)]
move x (i, d) = Map.update (Justo trans d) i x
trans d = Set.map (d+)

overlapped :: (Set.Set Integer) — (Set.Set Integer) — Bool
overlapped a b = (not o Set.null) $ Set.intersection a b

= II

LS SSELN N AwEN

type Layout = [Set<Int>]

Layout START = [{0, 4}, {3, 7}, {8, 12}, {9, 103},
{11, 15},{163},{13}, {14}, {19}, {1, 2, 5, 6}]

Set<Int> END = {13, 14, 17, 18}
(Int, Int) pos(Int c) = (y=c / 4, x = c mod 4)
[[Int]] matrix(Layout layout) {

[[Int]] m = replicate(replicate(0, 4), 5)
for Int i, var p in (zip([1, 2, ...], layout)) {
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for var c in p {
y, X = pos(c)

mly][x] =1
}
}
return m
}
data Node {
Node parent
Layout layout
Node(Layout 1, Node p = null) {
layout = 1, parent = p
}
}

//usage: solve(START, END)
Optional<Node> solve(Layout start, Set<Int> end) {
var visit = {Set(start)}
var queue = Queue.of(Node(start))
while not empty(queue) {
cur = pop(queue)
if last(cur.layout) =— end {
return Optional.of(cur)
1} else {
for ly 1in expand(cur.layout, visit) {
push(queue, Node(ly, cur))
add(visit, Set(ly))

}

return Optional.None

[Layout] expand(Layout layout, Set<Set<Layout>> visit):
Bool bound(Set<Int> piece, Int d) {
for c 1in piece {
if c+d< 0 or c+d > 20 then return False
if d =— 1 and c mod 4 — 3 then return False
if d = -1 and c mod 4 — 0 then return False

}

return True

var m = matrix(layout)
Bool valid(Set<Int> piece, Int d, Int i) {
for c 1in piece {
y, X = pos(c + d)
if m[y][x] not in [0, i] then return False
}

return True
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Bool unique(Layout ly) {
n = Set(ly)
Set<Set<Int>> m = map(map(c — 4 * (¢ / 4) + 3 - (c mod 4), p), n)
return (n not 1in visit) and (m not 1in visit)

[Layout] s = []
for i, p in zip([1, 2, ...], layout) {
for d in [-1, 1, -4, 4] {
if bound(p, d) and valid(p, d, i) {
ly = move(layout, i - 1, d)
if unique(ly) then s.append(ly)

}

return

Layout move(Layout layout, Int i, Int d) {
ly = clone(layout)
1y[i] = map((d+), layout[i])
return ly

MIGK EMIDEL R, i :

code = Map.fromList o (traverse []) where
traverse bits (Leaf _ c) = [(c, reverse bits)]
traverse bits (Branch _ 1 r) = traverse (0:bits) 1 # traverse (1l:bits) r

encode dict = concatMap (dict !)

decode tr cs = find tr cs where
find (Leaf _ c) [] = [c]
find (Leaf _ c) bs = c : find tr bs
find (Branch _ 1 r) (b:bs) = find (if b = 0 then 1 else r) bs

{56 FH 0 0 SRS S L 1

import qualified Data.Set as Set
import Data.List (group)

solve x = assoc o change x where
change 0 _ =[]
change x cs = let ¢ = Set.findMax $ Set.filter (< x) cs in c : change (x - c) cs
assoc = (map (Acs — (head cs, length cs))) o group

example = solve 142 $ Set.fromList [1, 5, 25, 50, 100]

BIASHLRITE SR # B m B AR -

[Int] change(Int x, Set<Int> cs) {
t = [(0, None)] ++ [(x + 1, None)] = x
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for i =1 to x {
for c in cs {

ifc < i
(n, ) =t[i - cl
(my, _) = t[i]
if 1 + n < m then t[i] = (1 + n, c)
s =[]
while x > 0:
(L, ©) = tx]
s 4=c

X=X —-cC
return s

BT R A R (AR

import qualified Data.Set as Set
import Data.Sequence ((|>), singleton, index)

changemk x cs = makeChange x $ foldl fill (singleton (0, 0)) [1..x] where
fill tab i = tab |> (n, c) where
(n, ¢) = minimum $ Set.map lookup $ Set.filter (< 1) cs
lookup ¢ = (1 + fst (tab ‘dndex’ (i - c)), c)
makeChange 0 _ = []
makeChange x tab = let ¢ = snd $ tab “index’ x in c : makeChange (x - c) tab

REAFFFI:

[K] les([K] xs, [K] ys) {
Int m = length(xs), n = length(ys)
[[Int]] c = [[0]*(n + 1)]*x(m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {
c[i10j] = cli-11[3-1]1 + 1
1} else {
c[i]1[j] = max(c[i-11[3], c[i1[3-11)

}

return fetch(c, xs, ys)

[K] fetch([[Int]] c, [K] xs, [K] ys) {
(K] r=1[]
var m = length(xs), n = length(ys)
while m > 0 and n > 0 {
if xs[m - 1] = ys[n - 1] {
r 4= xs[m - 1]
m=m-1
n=n-1
} else if c[m - 1][n] > c[m][n - 1] {
m=m-1
1} else {
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return reverse(r)

TERFIHE AL

Bool subsetsum([Int] xs, Int s) {
Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then utt+ else 14+
}
tab = [[False]l*«(u - 1 + 1)] * (n + 1)
tab = [0][0 - 1] = True
for i, x in zip([1, 2, ..., n], xs) {
tab[i][x - 1] = True
for j =1 to u {
tab[i][j - 1] or = tab[i-1]1[]j - 1]
jl=13 - x
if 1 < jl1 < u then tab[i][j - 1] or = tab[i-1][j1 - 1]

}
return tab[n][s - 1]

P —4EF 225K 5 S A [m] R ) A

{{Int}} subsetsum(xs, s) {
Int 1=0, u=0, n= length(xs)
for x in xs {
if x > 0 then utt else 1+
}
tab={} * (u-1+ 1)
for x in xs {
tabl = copy(tab)
for j = low to up {
if x — j then add(tabl[j], {x})
jl =3 - x
if low < j1 < up and tab[jl] {
tab1[j] |= {add(ys, x) for ys in tab[j1l]}

}
tab = tabl

}

return tab[s]




fifs A ZLREMTHYan < ZUHIPRE TR

FE AR EL, LLRRM B an & AR BAFR ZA T E 2 GO, £ 85 IE — X ARR M
RUMFRE IRz b, FATEE e e A SR a2 Pk, BRI R
AISE TR, SRR ERRET SEERD, Vi, BTN NERE”, K
REFFREOT REENE, NHIBIFEFEIN T N ERERE X

data Color {RED, BLACK, DOUBLY_BLACK}

BATE B A = XERMBIMIERETE, FICRBMIERT mATRT . INRBHIER
TRAB R R G, B8 NER ORISR 5, RIFHEME—PBE,

1: function DELETE(T), x)

2: p < PARENT(x)

3 ¢+ NIL

4: if LEFT(z) = NIL then

5: q < RiGgHT(2)

6: REPLACE(z, RIGHT(z)) > G FIER «
7: else if RicuT(z) = NIL then

8: q + LEFT(x)

9: REPLACE(7, LEFTz()) > FEFRIER ©
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)) > G TR y
17: x4y

18: if CoLOR(z) = BLACK then

19: T < DELETE-FIX(T, MAKE-BLACK(p, ¢q), ¢ = NIL?)

20: release x

21: return T'

323
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MHFREEIZZ M R R T MR R 2o o ATLOES EBCEME], W

R o SENZHFH, BATE VT, FHHS—F8 ¢ KEK 2o SN, FAE 2 Y
LT EREIR/NTR y, oy B o, REBEAMKE VT, 1R z Z2ERERY, T2
ITAH MAKE-BLACK (p, q) TRFFBEJEM, DIEET F—PHIEE,

1: function MAKE-BLACK(p, q)

2: if p = NIL and ¢ = NIL then

3: return NIL > B HE — T R

4: else if ¢ = NIL then
n <— Doubly Black NIL
PARENT(n) < p
return n

else

return BLACKEN(q)

SR p F g EONEE, BAHEMIBR JA — D71 R8I0, N2, IR A p
AN, T q A, GEEAMIER T — DR AT R, FATM NIL Bifse, RIELE
MR 3, NIL 2B EAY, FA X — NIL 285 WE B AR NIL ROFHER 5 798
AT, QIR p.q BN ZS, Bl T FH BLACKEN(q) FEr ¢ BIBIEE, AN 2 L6, KT
R, IR ¢ CRERERN, FERBONERG, 7Nk, AT e BT
B, RAER WERE", XEF=MIENHEELHE (U, 202 T, SMHIERS, WE
AT TR U2 @ A, Al DU NE RS NIL,

B 1 WEROT R EANRE, HFHZABTRE - PMLOaTF TR, A
AIAE ek kB S, HAENEMA G0, EN2En AR —Ma— X, W

A1 TR
u/?\d %
~. —
b c c d

/ b c d \

Al WERGTHRIRBENRE, HFHZABTRE - PMIOEF TR, BE—R
e BREBE,
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1: function DELETE-FIX(T, z, f)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

n < NIL

if f = True then >z e MW E R A NIL
n<zx

if + = NIL then > FIFRIE— T
return NIL

while z # T and CoLoR(z) = B? do >z WEAAE, BAERT A
if SIBLING(z) # NIL then > SR A

s <— SIBLING(z)

if s is black and LEFT(s) is red then

if + = LEFT(PARENT(7)) then >z 1£ A M
set z, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T, s)
T < ROTATE-LEFT(T, PARENT(Z))

else >z TEA
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 + = LEFT(PARENT(7)) then > x 1E A M
set z, PARENT(2), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(z))

else >z 1EA
set x, PARENT(x), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)
T < ROTATE-RIGHT(T, PARENT(z))

B 2: WERBOT RS T RNLE, A DU e, FNEROIKE NS

RO, WEE A2 TR, a5 c RE N EEA,

PR LCRTEA HRTR LI — 0,

1: function DELETE-FIX(T, z, f)

2:

3:

4:

n < NIL

if f = True then >z A E R NIL
nx

if 2 = NIL then > fHIERAE — T
return NIL

while z # T and CoLOR(z) = B? do
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"
5

A A2 BERGT RSN RNLE

8: if SIBLING(z) # NIL then

9: § <— SIBLING(z)

10: if s is red then

11: set PARENT(x) red

12: set s black

13: if x = LEFT(PARENT(2)) then

14: T < ROTATE-LEFTT, PARENT(x)
15: else

16: T < ROTATE-RIGHTT, PARENT(x)
17: else if s is black and LEFT(s) is red then
18:

S
A

> BTN RNALE

> x FEZEM

>z AN

B 3: WEREOTT AL T ROVRE, LB RN 70 R theE R,

ATDORF L2681 el o, RN E R R, N E R AR R B R, WA A3

AR, B RS FRETE Lo

ER=FEA, WERET RS T REANE, BN, TTERR N E R
BIRENEER G, REEREM EEE, NRERZENIERT A, FTATPRRT L2
TEAG, HERBELTE, 55, MRENERGEBELBEHHHELR, Al K

ko BRJE, F N E R A NIL F95 0L, B PREIKE I8 NIL,

1: function DELETE-FIX(T, z, f)

2: n < NIL

3: if f = True then
4: nx

5: if x = NIL then
6: return NIL

7. while z # T and CoLOR(z) = B? do

> o 2 NEEE NIL

> fHIERAE — T



10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:

ca oo
ne oot

A3 Al EEERE

if SIBLING(z) # NIL then > ST RS
$ <= SIBLING(z)
if 5 is red then S RN WA AN
set PARENT(z) red
set s black
if + = LEFT(PARENT(7)) then > x 1£ /M
T < ROTATE-LEFTT, PARENT(x)
else >z TEA

T < ROTATE-RIGHTT, PARENT(x)

else if s is black and LEFT(s) is red then

if + = LEFT(PARENT(7)) then > x £ A M
set z, PARENT(z), and LEFT(s) all black
T < ROTATE-RIGHT(T, s)
T < ROTATE-LEFT(T, PARENT(Z))

else >z TR
set x, PARENT(z), s, and LEFT(s) all black
T < ROTATE-RIGHT(T, PARENT(z))

else if s is black and RIGHT(s) is red then

if + = LEFT(PARENT(7)) then > x 1E A M
set z, PARENT(2), s, and RIGHT(s) all black
T < ROTATE-LEFT(T, PARENT(z))

else >z R M
set x, PARENT(x), and RIGHT(s) all black
T < ROTATE-LEFT(T, s)
T < ROTATE-RIGHT(T, PARENT(z))
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33:
34:
35:
36:
37:
38:
39:
40:

41:

42:
43:

44:

45:

b A 2R e S MBRETE

else if s, LEFT(s), and RIGHT(s) are all black then
set x black
set s red
BLACKEN(PARENT(z))
x < PARENT(z)

else > [A] BAZE#RA
set = black
BLACKEN(PARENT(z))

x < PARENT(x)

set T black
if n # NIL then
replace n with NIL

return T
BER, RATHE ASABHC AR A T, BHEE T A o (TR WA R ), AR1E f.

WER o« B WERME NIL, U] f NE, HEBRMH » RIERE, HERKBE YR, B
TR NIL B n,

NHEAIFRE R SR T LR BRI TR,

Node del(Node t, Node x) {

if x = null then return t
var parent = x.parent;
Node db = null; //doubly black

if x.left = null {
db = x.right
x.replaceWith(db)

} else if x.right =— null {
db = x.left
x.replaceWith(db)

} else {
var y = min(x.right)
parent = y.parent
db = y.right
x.key = y.key
y.replaceWith(db)

X =Yy

}

if x.color = Color.BLACK {
t = deleteFix(t, makeBlack(parent, db), db =— null);

}

remove (x)

return t

HrF makeBlack M MFRIG T mUE G2 N E B, HACENE R G NIL HR

I,
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Node makeBlack(Node parent, Node x) {
if parent — null and x — null then return null

return if x — null
then replace(parent, x, Node(0®, Color.DOUBLY_BLACK))

else blacken(x)

HHK% replace(parent, x, y) ¥ parent 97175 x, A y B,

Node replace(Node parent, Node x, Node y) {
if parent = null {
if y # null then y.parent = null
} else if parent.left — x {
parent.setLeft(y)
1} else {
parent.setRight(y)
}
if x # null then x.parent = null
return y

K%L blacken (node) ¥t s B K RBEATT SN NERA,

Node blacken(Node x) {
x.color = if isRed(x) then Color.BLACK else Color.DOUBLY_BLACK

return x

NHEHEIFEFEH TBEERE:

Node deleteFix(Node t, Node db, Bool -isDBEmpty) {
var dbEmpty = if isDBEmpty then db else null
if db = null then return null // delete the root
while (db # t and db.color — Color.DOUBLY_BLACK) {
var s = db.sibling()
var p = db.parent
if (s # null) {
if isRed(s) {
// the sibling is red
p.color = Color.RED
s.color = Color.BLACK
t = if db — p.left then leftRotate(t, p)
else rightRotate(t, p)
} else 1if isBlack(s) and isRed(s.left) {
// the sibling 1is black, and one sub-tree is red
if db = p.left {
db.color = Color.BLACK
p.color = Color.BLACK
s.left.color = p.color
t = rightRotate(t, s)
t = leftRotate(t, p)
} else {
db.color = Color.BLACK
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p.color = Color.BLACK
s.color = p.color
s.left.color = Color.BLACK
t = rightRotate(t, p)
}
} else if isBlack(s) and isRed(s.right) {
if (db = p.left) {
db.color = Color.BLACK
p.color = Color.BLACK
s.color = p.color
s.right.color = Color.BLACK
t = leftRotate(t, p)
1} else {
db.color = Color.BLACK
p.color = Color.BLACK
s.right.color = p.color
t = leftRotate(t, s)
t = rightRotate(t, p)
}
} else 1if isBlack(s) and isBlack(s.left) and
isBlack(s.right) {
// the sibling and both sub-trees are black.
// move blackness up
db.color = Color.BLACK
s.color = Color.RED
blacken(p)
db = p
}
} else { // no sibling, move blackness up
db.color = Color.BLACK
blacken(p)
db = p

}

t.color = Color.BLACK

if (dbEmpty # null) { // change the doubly black nil to nil
dbEmpty.replaceWith(null)
delete dbEmpty

}

return t

Hr isBlack (node) #Wr— N1 e @G N EM, IRIBLLEMAYMER, NIL 12
HEE,

Bool 1isBlack(Node x) = (x =— null or x.color — Color.BLACK)

Bool 1isRed(Node x) = (x # null and x.color — Color.RED)

BRI R ATBE N E B A NIL, JHH Node HFHI replaceWwd th #1781,

data Node<T> {
/]
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void replaceWith(Node y) = replace(parent, this, y)

IR RN B THIE, MIFRE R EZNART R& 1L, 8CE ENER AR A
ke WFEH n DT ST ERN, HEZEN O(gn).
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IFRETA

ffifs B AVL

B.1 fANGHEEZL
] AVL B A TR, RS 77 {2 PR AL

AH = |T"|—|T|
= 1+max(]r'[, [I']) — (1L + mazx(|r|, |I]))
= maxz(|r'|, [I'|) — maz(|r|, |I|)
5>0,6>0: Ar (B.1)
5<0,6>0: 5+ Ar
50,6 <0: Al—6
A0 Al

IERR. — XA ATRERIN NG DS E, FERFET 6 TS ERE L
TR EE, RIEHAGZL, HERERL

LR 6 > 03 H 0 > 0, EHARTE, A TR SEENNTEFHISE, &
FEHUHE B0 oiik” B A TR Ar;

2. R 6 <0, EMARTE THBYSENSNTE TN, E2ENGE & >0, WAL T
PR R R T A AN T, TR TR ERIFANZE (|| = 11D BT AR ERIIE AN :

AH = maz(|'|,|I'|) — maz(|r|,|I|) {6 <0 H & >0}
= || = |I] =1
= |r| + Ar — |l
=0+ Ar
3. W s >0 H & <0, FUIER 20 Tl 15 :

AH = max(|r'|,|I'|) = maz(|r],]l]) {6 >0 H § <0}

= 1= Ir
=|l| + Al —|r]
=Al—-¢
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4. AN 6 A0 6 EBAKRT 0, VERHHE ARG £ TR RS RN TG T, &R
st Tl B £ TR Al

B.2 fAEHIFEIEEE

WEIE B.1 R, AT REEEREAMERS, FHEEFEZ £2, HEG, P
KT 6(y) TEN 0. A EAMERSE,

o(x)=2

6(2) =-2

sy =1

sy =0 b

a b c d
500 =1 ~ N

Q

& B.1: FAJETREIRE FHEHT 4 7R

X4 MIERDRE: E—FF. G—G. Bk £—H. IWBERTFHEET725]
N 8(x) 0(y)s 8(2), BEIEZHIN & (2) 8" (y)- 0" (2)o FAHETRIUERR, HEESATE 4
B LA T R FEAE AL §(y) = 0. ARG H 6/ (x) F 6'(2) BIFER,
UERH. AT Al SR A E (T ik,
E—7
T o FEVERERT G AR, K 6 (2) = 0(x)e KW §(y) = —1 H 6(2) = -2, FrA:
5y) = el ~lol =1 = |e| = [o] -1

(B.2)
6(z) = Id| — yl = =2 = |d =ly| -2
IEESIER
5() = |d I [# (& (B2))
— -2 (el - 1)
B.3
=yl - |zl -1 (e Ry BT = [y] — o] = 1) (B:3)

= 0



B.2 fEANJGHIFHEREE

T 0 (y), B REER:

() = |zl —lz|
= 1+mas(eld) — lal {3 (X (B3), | = |d]}
= 14— Jal (5t (B2)}
= 1+ z|—1- |z
= 0
LR EREER, & T — B0, #i &R
§'(x) = ()
§'(y) =0
d(z)=0
H—H
A —BE—TEXFR, 5 R H P R 45 R0
d(x)=0
§'(y) =0
0'(z) = d(2)
a1
BB E & (x), WG, ATE:
5(2) = bl — |al

AEETHTHT, 2 SN

1zl = 1+max(lyl,|d]) {0(z) =—-1= |yl > |d|}
=1+y|
= 2+ max(|b], |c])

K% 6(x) = 2, b

0z)=2 =|z|—|a|=2 {X = (B.8))}
= 2+ max(|b],|c|) — |a| =2
= maz(|b, |¢[) — |a| = 0

AR §(y) = |c| — [b] = 1, M
maz([b], |e]) = |c| = [b] + 1
KEHAAK (X (B.9)) B2

b|+1—la|=0=|b| —|a| = -1 {K G (B.7))}
= () =—-1
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(B.4)

(B.5)

(B.7)

(B.9)

(B.10)

(B.11)
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R HI5R 5(y) # 1, W maz (], e]) = [b], A (2 (B.9)) E41:
b —la| =0 {30 (N (B.7)}

5 0 (B.12)
B LIRS, FAUFE] 6 () F 6(y) BIRKZR:
§(2) = {5(‘”) = (B.13)
AN 0
T8 (2), IRIBE N EET:
5(z) = |~ 18(2) = =1 = |d - yl}
= |yl —le[ -1 {lyl = 1+ max([b], |c[) } (B.14)

= maz(]pl,]e]) — |

R 5(y) = |e|—|b] = =1, W maz(|b], |c]) = [b] = |¢|+ 1o FHFEAAZ (K (B.14))
IR0 (2) = 1o RZWER §(y) £ —1, W maz(|b], |c]) = |c], B §'(z) = 0, &FF L&
FARPIEL, o' (2) 71 6(y) FIRARLR:

dy)=-1: 1
5 = B.15

) {;7::)”\” : 0 ( )
&I, N 6 (y), AT DA S NER KA

§'(y) =z — |7 (B.16)
= max(|c|, |d]) — maz(|al, |b])
XX R =FE 0

1. % 6(y) = 0, WiBA |b] = ||, BBRIFEX (X (B.13)) #1958 (53X (B.15)), H:6' () =0 =
la| = |b| AR 6'(2) = 0 = || = |d|, AL 8 (y) = 0o

2. & 6(y) = 1, IRI\ER (K (B.15)), BKATE 6'(2) =0 = || = |d]o

"(y) = max(|c],|d]) —maz(lal, [b]) {le| = |d]}
= |c| — maz([al,|b]) {30 (& (B.13)): &'(2) = —1 = [b] — |a = —1}
= el = (ol +1) {0(y) =1= e[~ o] =1}
= 0

3. # 6(y) = —1, FAER (X (B.13)), Fl1E 6'(x) =0 = |a| = |b]

d'(y) = maz(|c],|d]) — maz(|al,[b]) {|a] = [b]}
= mazx(|c], |d]) — [b] {z0 (N (B.15)): |d| — |e| = 1}
= e[ +1— ] {6(y) = 1= |c| = |b| = —1}
=0
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EHR=APIEIIHIEERAER R o' (y) = 0o K5 EIRLERIAGNESR, AT LS E I HI PR

TR
§(z) — oy)y=1: -1
O =Yz, o
5(y) = (B.17)
502 — oyy=-1: 1
=1 . 0
o

FE—GMA— XN, ERAZEURHES, TATAT LSRR (X (B.17)) Z2MER
HIEE R,
O

B.3 fEREE
MBRE 23 TR R R, (SRR T T (1,1 K7EE, MEEEE
DR AVL IR,

B.3.1 REEMIER

A = XARRM MR E %, ReE PR HETEE. MBRAIZERN
—XHME (T', AH), KA T/ Z2MEREHIHTI AH & ERED &, MEREEE 0T

delete = fsto del (B.18)
HH del(T, k) MR T FRITE K HER:

del o k = (2,0)
k <k : tree (dellk)k (r,0)¢
k>Fk : tree (1,0) k' (del r k) o

l=92: ,—1 B.19
del (I,K,r,8) = (r,=1) (B.19)
N r=o: (I,-1)
A0 tree (1,0) kK" (del 7 k") §
HA K" = min(r)

GNERBRNZ, Z5RN (2,0); BN T = (1K, r,86)o FATHEL k7 & I
R, FHEETREIAERFMER. =4 k=& &, BOTEAE] T ZMBRAT R IR E
HIE—TF Rz, AT LR EDT RS — RN &N, FE TR ey&/IME &
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(b) 1T B

&l B.2: flfREE

PN, & K BATRTAE tree BREN AH RISESR, @ ABIRMELL, FEIN
AR ER - R BB O

bCLlCLTLCfE ((a,x,b,d(aﬁ)), y,c, _2) AH = (a,ﬂ?, (b7 yvca —1),5(1’) + 17AH) (B 20)
balance (a,z, (b,y,c,6(y)),2) AH = ((a,2,b,1),y,¢,6(y) — 1, AH) ‘

LEIVARISREIS 2 Ll

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 F1 isEmpty & XN:

min (Br Empty x _ _) = x
min (Br 1 _ _ _) =min 1

isEmpty Empty = True
isEmpty _ = False

AR HE 7 MG T ELE balance HSEEL:

’balance (Br (Br (Br a x b dx) y c (-1)) z d (-2), dH) =
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(Br (Br a x b dx) y (Br c zd 0) 0, dH-1)
balance (Br a x (Br by (Br c z d dz) 1) 2, dH) =
(Br (Br a x b @) y (Br c z d dz) 0, dH-1)
balance (Br (Br a x (Br b y c dy) 1) z d (-2), dH) =
(Br (Br a x b dx') v (Br c z d dz') 0, dH-1) where
dx' = if dy = 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
balance (Br a x (Br (Br b 'y c dy) z d (-1)) 2, dH) =
(Br (Br a x b dx') yv (Br c z d dz') 0, dH-1) where
dx' = if dy = 1 then -1 else 0
dz' = if dy = -1 then 1 else 0
— Delete specific
balance (Br (Br a x b dx) y ¢ (-2), dH) =
(Br a x (Br by c (-1)) (dx+1), dH)
balance (Br a x (Br b y c dy) 2, dH) =
(Br (Br a x b 1) y ¢ (dy-1), dH)
balance (t, d) = (t, d)

B.3.2 S MR

an IR EE IR BE(ER B 2 P, RO AL, IPRTRZEACE E 2 a6 0, &
ITE 8 = XIERMMIER, ARG EE T e A5 2R P R
1: function DELETE(T, x)
2: if = NIL then

3: return T'

4: p < PARENT(z)

5: if LEFT(z) = NIL then

6: y < RicHT(2)

7: replace x with y

8: else if Ri¢HT(z) = NIL then
9: y < LEFT(x)

10: replace x with y

11: else

12: z + MIN(RIGHT(z))

13: copy key and satellite date from z to z
14: p < PARENT(2)

15: y < RIGHT(2)

16: replace z with y

17: return AVL-DELETE-FIX(T), p, y)

AHBRTT 5 o B, 10 & BUATT SN po WIRAE— TR, TATE = IR, BUR RS
— M, BN, R FRESAAZ, BAES TR AAIREIR/IMET & 2, BHEAH
HHREHE o, REH 2 VI'T. &fa, BMTAH AVL-DELETE-FIX, FHEART A T
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fif>k B AVL #tf — UERAANMHER 2

A AL py FHEHET AL yo 16’“*5 p HIFEIRI T8 6(p), MRS HYF#IR 50 6(p) o

B2 BRI =M FRTE!

L |6(p)] = 0. |6(p)| = 1o EAMIBREFHEYSERET, EZRT

AVL R, BEHIE,

RATZRT 2

2. 16(p)] = 1. [5(p)'| = 0o THBRATAEAFRIEIRREZE S 1, MRS FRE A

T 1, FAETFRIESEHES, £
B R _EE R R,

R MATR AN T 1o Bl IBEL

#hsz

3. 16(p)| = L [6(p)'| = 20 XULBAMFRIEFRBYEmEZEE R T AVL HITER, Fl]

T EE I B R B P,

XTEN 3, RECMEEMMARIEMF, BAIFHZEH N EE B.2 FHRETAAR

B TR ML 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«46 -1

9: if p is leaf then > =r=NIL
10: 0«0

11: if [0 =1 A |0'| =0 then

12: T4 p

13: p + PARENT(x)

14: else if [0| =0 A [¢'| =1 then

15: return T'

16: else if |§| =1 A |0'| = 2 then

17: if 0’ = 2 then

18: if 5(r) =1 then > H—H
19: d(p)«0

20: 5(r)«0

21: P

22: T <+ LEFT-ROTATE(T, p)

23: else if §(r) = —1 then >AE—7
24: dy < 0( LEFT(r) )

25: if 0, = 1 then
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26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

AT:

48:

49:

50:

51:

52:

53:

54:

55:

56:

57:

58:

59:

60:

61:

62:

6(p) < -1
else
d(p)+ 0
d( LEFT(r) ) <0
if 0, = —1 then
o(r)«1
else
o(r)«0
else
6(p) <1
d(r)«o(r)—1
T < LEFT-ROTATE(T), p)
break
else if ¢’ = —2 then
if 6(I) = —1 then
6(p) 0
d(l)«0
p+l
T < RiGHT-ROTATE(T, p)
else if §(I) = 1 then
9y < 0( Ricur(l) )
if 0, = —1 then
o(p) 1
else
d(p) <0
d( RigHT(l) ) -0
if 0, = 1 then
o(l) + -1
else
d()«0
else
6(p) « —1
() <o) +1
T < RIGHT-ROTATE(T, p)
break

T <p
p < PARENT(z)

341

> MibRRH, 5 -6

> A EN

> E—

> E—H

> iR, 22—

N > B
> TREEIR N, 4k5 E1 T S T
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63: if p = NIL then
64: return x

65: return T

B.4 #HITERF
TEHIFIFRFIINT AVL R E %

> AHERAR TS

Node del(Node t, Node x) {

if x =— null then return t
Node y
var parent = x.parent
if x.left = null {

y = x.replaceWith(x.right)
} else if x.right = null {

y = x.replaceWith(x.left)
} else {

y = min(x.right)

x.key = y.key

parent = y.parent

X =Yy

y = y.replaceWith(y.right)
}
t = deleteFix(t, parent, y)
release(x)
return t

Hr replaceWith BYE X2 WA EKIIE 7. release(x) BT M o

A, EE RERISEILN 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
} else 1if abs(dl) =— 0 and abs(d2) = 1 {
return t
} else if abs(dl) = 1 and abs(d2) = 2 {
if d2 — 2 {
if r.delta=1{ // B— &
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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 { /) BIBRE B, BE—F
p.delta =1
r.delta = r.delta - 1
t = leftRotate(t, p)
break // BEARBH#ET K

}

} else if d2 — -2 {

if (l.delta=-1) { // E— k&
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 —
l.right.delta = 0
p.delta = if dy =
parent = l.right;
t = leftRotate(t, 1)
t = rightRotate(t, p)

} else { // HiBRH, £— &
p.delta = -1
l.delta = l.delta + 1
t = rightRotate(t, p)
break // BEARBH#ET K

1 then -1 else 0

-1 then 1 else 0

}

/) BERN, #EEKALER
X = parent

parent = x.parent

}
if parent = null then return x // MEFEBE T =
return t
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1.1.

1.2.

fiisk ¢ Z==E=

\

EE1

B/ NGB R, AR SR AR R S, FATA] DRI IE S S RARIE — MK
FEROFE, B —IRBIIR, & 2| < n, BT n WIRKE, BALE |z|
EHEEFENTE, ZJEEAMEIBYIE, HEE N ESFT RN EREE
Fo HIESEINX—HT%,

Int minFree([Int] nums) {
var n = length(nums)
for Int i =0 ton - 1 {
var k = abs(nums[i])
if k < n then nums[k] = -abs(nums[k])
}
for Int i =0 ton - 1 {
if nums[i] > 0 then return i
}
return n

}

D M 2, . n, BEE—AEE, CIOIEEATE T, 3 B — 1 o
BT yo BHE 1 < y < n, W — P FTIREES(ELPERT I, BB PR Y
x M yo

Bl X = [3, 1, 3,5, 4], BXWZ v =2, BEEWZE y = 3, FAEH 4 Fifig
e ()48, (2) BS5EHER . (3) 7524, (4) 2,

ST, R m = [ MUARFARS, M as = o < m,a
X) A bs = b > m,b X HIRAMERE |as| < m, ATHIEEMECE 1 F
@LE3:1+2+m+m:an+UJMx:s—wmm$Oﬁﬁﬂﬁ%ﬁ%

E%ﬁ?ﬁﬁ%ﬁhu4m+m+m+m+m+n:W+m+;W‘mkm

y = sum(bs) — s'; G LMK E |as| > m, AIHIEEWEFELM, FHFF
HI77 1%, ATVEHERIET v = s’ — sum(bs), BEEHETF y = sum(as) — s;
G R AEMEIKE |as| = m, WHE m DMAKT m B9EF, HRATAFIE
PATREE L, 2, ..., m RIS, i, FATTR] A EIFFHEAR sum(as) F1 s,
WSS, UiRRZEMITZ A R, Al PAEF MR prE 807, Rfe @3t a S

345
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fifk ¢ ZEE

ES
o Fl s B0, RAOVEZEN, EEMROSHER, EBAERN, FEARF
SR RIR | B0 RS IRA 1, BIT R L 55, AR R,
FIE 2% H O(n)

missDup xs = solve xs 1 (length xs) where
solve xs@(_:_:_) Lu | k<m-1+1= (sl - sl', sr' - sr)
| k>m-14+1=(sr - sr', sl' - sl)
| sl = sl' = solve bs (m+ 1) u
| otherwise = solve as 1 m
where

m= (1 + u) ‘div’ 2

(as, bs) = partition (<m) xs

k = length as

sl=(lL+m) x (m- 1+ 1) “div’ 2

sr=(m+14+u) * (u-m ‘div’ 2

(sl', sr') = (sum as, sum bs)

BT, HTRAREFEEE 1 2 n 28], Tl 17T CAUE A S A7 R E e
T, BATB LA, N TE8MIE i EAT o, R « £ 4, Tl
KEMME » ERET y K, IR 2 =y, T IEE TEEWET, [N,
PAVER BRI TRE ¢, EERX—HMIIE, B 2 5T i EHRIEE
T, HTE8MIF O —REIRIEMIAE, RSN A S 24 E N
O(n)o

(Int, Int) missDup([Int] xs) {
Int miss = -1, dup = -1
for Int i = 0 to length(xs) - 1 {
while xs[i] # i {
Int j = xs[i]
if xs[j] = xs[i] {
dup = xs[j]
miss = 1
break
} else {
j = xs[i]
(xs[i], xs[3]1) = (xs[3], xs[i])

}
}

return (miss, dup)

TR, BEFEE—MEEN n (FREEE, N FFHRNE M 2, ]
(BRI BRI o« MBI EFRID, M8 EE TERN, RIS
HUXAMLE FRUFRICEAM0E T IEEMET R d, ROTHE s = 1+ 2 +
m+n=”m;n,u&$W¢%ﬁ%ﬁ?ﬁ#oﬁﬂﬂuﬁ%ﬁ%%%ﬁ?
m=d+s— s BEX—HFEEBEIIMNCEN n WZERAFFERCHE, BT
BRI S B R — R ERNE A (. ), TA1A DO E AR N A E
e NS SR E S, HTFRFFIRNE MCE o, B’ FHI RS
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|| (LB ERITTERIRCATEL, B o] RTRENE, WRENAK —LECEN
T, BT TEERITTR, 2 N R DO B H E R

(Int, Int) missDup([Int] xs) {
Int miss = -1, dup = -1
Int n = length(xs)

Int s = sum(xs)

for i =0 ton -1 {
Int j = abs(xs[i]) - 1
if xs[j] <0 {

dup = j
miss =dup +n x (n+1) /2 - s
break

}

xs[j] = -abs(xs[j])

}

return (miss, dup)

TR, B — MELIEE: 47— 1 5] n (9515, FE— LR, R
TR IR, [EREAEa MRk H = B0 TERIE? TR AT USSR AT 1
TN, B ”(” 1) xR T AR, X — A T
WrHE:

m=s—s

Hrh o BTRELNEE, s B 1E] 0 WEMF, & B5IRTFETEMA,
(BRFNFEELNTENEENITTE, TE R — Nk H AN R,
> (@i —i)y=d—m (3)

HAZEMZSRAEE i DITREE « FRRMM, sEEHRE S MRz
We? ERZEEHTTT, WRBATKE « DITRAETRZE « 777, RIER4ES
RENER, wir] IS E] NHRIZER:

> (@li]® = %) = d® = m® = (d+m)(d —m) (4)
HT d—m AT 0, &MTAT LA (3) BREA (4) WM, 15215 — D1

> @li)* =)/ (xli] — i) =d+m (5)
Bt (3) AL (5), BN TR PN RATEL, IR AT DAE 545

3 0l
= 3Gy S0
R R S U)

= Sl
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1.3.

1.2.1.

1.3.1.

1.4.1.

1.4.2.

fiisk ¢ ZHER

missDup xs = ((b ‘div’ a - a) ‘div’ 2, (b ‘div’ a + a) ‘div’ 2) where
ys = zip xs [1..]
a=sum [x -y | (x, y) < ys]
b = sum [x"2 - y*"2 | (x, y) < ys]

B, BT HIBAS AR

EE 1.2
WFILERLIN A YR, NREBHIMHEATEDNITE 2,y € A BEHEE, E
N —PNEPFRHAIMTRNT R GHEE,
Fo AT ZRAUIR | P A — 2R %1 3R

(=) :: [a] — [a] — Bool

[] = [] = True

(x:xs) = (y:ys) = x =y && (xs = ys)
xs =— ys = False

EE 1.3

TE GET-AT(i, X) BNERSLHEIA, X NERERE? @ BN Z/ERE?
B HIIT B ARE LH, BT DAFIFH Optional<T>ALE ARG

Optional<T> getAt(List<T> xs, Int i) {
while i # 0 and xs # null {
XS = Xxs.next
-i__
}
return if xs # null then Optional.of(xs.key) else Optional.Nothing

ERE 1.4

£ Init H, ] PAF APPEND(X', FirsT(X)) K& H#: Cons 4.7

APPEND FIRFERTHEIREBIRIITLE, XFEEBREZREM O(n) FERIO(n?),
Hrfn BYIRKE,

TE LasT-AT 5, QA0S HI R AT S A
fF optional<T>:

BEL?

Optional<T> lastAt(List<T> xs, Int i) {
List<T> p = xs
while i # 0 and xs # null {
XS = xs.next
-i__
}
if xs = null then return Optional.Nothing




1.5.1.

1.5.2.

1.5.3.

1.6.1.

349

while xs.next # null {
Xs = Xxs.next
p = p.next

}

return Optional.of(p.key)

EE 1.5

TEANERATE AR IN— DB R tail, RENINETA AN BN L,
BMFEREE X, NREEARRAER, N2 HAERZENYIR,

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

Node<A> head = null
Node<A> tail = null
Int length =0

}

List<A> append(List<A> xs, A x) {
List.Node<A> tl = xs.tail
xs.tail = List.Node<A>(x, null)
if t1 = null {

xs.head = xs.tail
} else {

tl.next = xs.tail
}
xs.length++
return xs

}

(RTINS R IZEE T tail Z2E? X EREE TREMA?

TEEERANAN, MIBRET, [ ZS FIZRANATT A, W —TTRFIRMIERTTER, A
BN E D EIFIRN, FRE&E— M REN, REEEE RN EEE, MR E
TEIN as = bs # cs, TR RIFE bs BIESZR,

1E set At H, QOrI AL =S Bl R ATBSE Y B 02

setAt 0z [ | IBNFERT 2 : []o WE |zs| = n, AILLUAR setAt n x xs FE
T xs + [2]o EEZFIRAETVIE AT R 5 AL,

EE 1.6

SNBSS, K EAZ AR,

‘insert nx [] = [x]
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1.6.2.

1.7.1.

1.7.2.

1.8.1.

1.8.2.

fifx C

W

i

EEHER

insert n x (y:ys) | n < 0=x :y :ys
| otherwise y : dinsert (n - 1) x ys

RS IEm AR, AN E « ERTETRFEZAEREE— M,

[K] dnsert([K] xs, Int i, K x) {
append(xs, x)
for Int j = length(xs) - 1, j > 1, j—— {
swap(xs[j], xs[j-11)
}

return xs

B 1.7
WITEIEEE T A EENTE T EMER,

delAll x [] = []
delAll x (y:ys) | x =y = delAll x ys
| otherwise =y : delAll x ys

B F BRI

delAll x = foldr f [] where
fyys=1f x — y then ys else y : ys

SRR B, WA GBS R TR B E AR — MR,

[K] delAt(Int i, [K] xs) {
Int n = length(xs)
if 0 < i<n {
while i <n - 1 {
xs[i] = xs[i + 1]

i+
}
popLast(xs)
}
return xs

RIS length

length = len 0 where
len n [] =n
len n (x:xs) = len (n + 1) xs

(8 n B9 MK, LR b BRI, @152 24E N O(1gn)
BAFHAZER b —E BB, R b AT B EAIE T #8407 e (B9 1)
M=o BE (BIsRIR) IR G, B EBANTIRIXAERI RSN X HEE (Monoid)
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Monoid pow(Monoid b, Int n) {
Monoid a = Monoid.e
while n # 0 {
if n& 1=—1then a=a *b

b=bxb
n=n>1
return a

EHZE 1.9
1.9.1. HHEBEIEAXK [(k,v)] FIFTRHF v BERKIITE,

maxValue ((k, v):kvs) = maxV v kvs where
maxVm [] =m

maxV m ((_, v):kvs) = maxV (max m v) kvs

EHE 1.10
1.10.1. BX take/drop, 2 n ZHEE take IR[A] [ ], drop IR[AI2HFFR,

safeTake n [] = []
safeTake n (x:xs) | n < 0 =[]
| otherwise = x : safeTake (n - 1) xs

safeDrop n [] = []
safeDrop n (x:xs) | n < 0 = x:xs
| otherwise = safeDrop (n - 1) xs

1.10.2. SEIFLHIE LY take 1 drop FEi%E,
TFETEHAHRE A MERTTR, E3LFEFRINIFEE shift #7F, S8 2s
KEH n, take(m,xs) A DUBITESLHAT n — m (REIMIERELIL, 7 LI
drop(m,xs), M zs[m] &, T DITER zsfi] FRTEENE] zsi — m], &G MEHES
R m T,

[K] take(Int m, [K] xs) {
Int d = length(xs) - m
while d > 0 and xs # [] {

pop(xs)
d__

}

return xs

[K] drop(Int m, xs) {
if m < 0 then return xs
for Int i = m to length(xs) { xs[i - n] = xs[i] }
while m > 0 and xs # [] {
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pop (xs)
—
}

return xs

}

1.10.3. B sublist F1 slice 5 N BN TER, TTFE X 1ENSEL

sublist from cnt = take cnt odrop (from - 1)

slice from to = drop (from - 1) o take to

1.10.4. F[ENH span HISLEL:
spanp [] = ([].[])

span p (r:xs) = {

p(x):  (z:as,bs), EH : (as,bs) = span(p, xs)

AN (as,x : bs)

ERFATAT 45 R SEINA (AT AN [F]?

X—SEHHEAIER ws 0BT FER S TJE p BIFTETCRMNRE p BIFTETTR:
as = [p(a),a < xs] fl bs = [not p(b),b + zs]o as N—7EEIH/E p KA
2%, e p FIRKTFF,

EE1.11

L11.1. N TH foldr & XFEAHEF, BATRAE AR EIL AL insert X, IXFEAEFA]
PAFRIR A sort = foldr insert [ |o foldr FIZEALN:

foldr::(A— B — B)— B — [A] - B

HAPE— NS fZRAE . A > B — B, U1MME » BI2RA0N B, BXITEE
AR A WFIRHITEN, RAGRIIZEAN B, WA foldl E XiENHEF?
foldl BIZETLZ(T47?

foldl FIZEEIN: foldl :: (B — A — B) — B — [A] — B, {#H foldl, BA17%
TSN B R AHET

sort = foldl (xs x — insert x xs) | |
B TE R R AL
flipfry=fyx (1.58)

RN HEF A E N sort = foldl (flip insert) [ ]
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concat KNI 72 E R A7 B —DEMN AR concat BEiko

5 foldl #1 foldr 7E X concat FIEERAMREE, as 4 bs FIEZERZ O(m),
Hem = |as|, A foldl B x5 H w59 4 ... H x5, I, as FIKEBORBE,
BHERNO(my + (my+ma) + ... + 320 my)o HH foldr LB xsy 4 (wsy 4+
(v 4 28,)...) I, as IKREAZHOREEK, MEFD vs;, WKE, HEREDN
O(Mp—1 + ... +mao +my) BEMERER, FATATARHE X —FIkA:

concat [] = []
concat ([]:xss) = concat xss
concat ((x:xs):xss) = x : concat (xs:xss)

EF foldr SR7E X map.

map f = foldr (x xs — (f x):xs) [] (1.59)

EBE 1.12

] reverse SEERZ MR B FIL TR E X,

List<K> filterL((K — Bool) p, List<K> xs) {
List<K> ys = null
while xs # null {
if p(xs.key) then ys = cons(xs.key, ys)
XS = Xs.next
}
return reverse(ys)

3

BE—DIIR, BEHERFTE RS,
HEMTTE WIIR xs THE, AW RISLERHFIDR TR,

[s, tail xs,tail (tail xs),...,[]]

AT PAFI A pattern matching 45 SkHEE, 5L drop HYRER::

tails [] = [[]1]
tails xs@(_:ys) = xs : tails ys

BATERT A A MM ([ ] 748, TG M AT RIS G4

tails = foldr f [[]] where
f x xss@(xs:_) = (x:Xs) : Xss

EHE 113
1&1T iota Bk (FRREFRE D HHEWNT:
o iota(...,n) =1[1,2,3,...,n];
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1.13.2.

fiisk ¢ ZHER

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

e iota(m,m+a,...,n) = [m,m+a,m+2a,..m+kal; k Z2EHFEm+ka <n
A B REEEL

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

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

HhEREEEMN [1,2,...,n]:

iota = iota' [] where
jota' nsn | n<1=ns

| otherwise = jota' (n : ns) (n - 1)

HOHUERRIGE  [m,m + 1, ..., n], BATHFFZIE FERM 1 208 m BIA]:

iota m n = iota' [] n where
jota' ns n | n<m=ns

| otherwise = jota' (n : ns) (n - 1)

HIXHEDS K [m,m + a,m + 2a, ...,m + ka], HH k 2 m + ka < n BIEK
BEL

jotamna | m < n=m: jota (m+ a) na
| otherwise = []

NTTFE n = oo BIFFUFHN: [m,m + 1,...], ATLAZE_EHEIAIS TR B 1F:

jota m=m : diota (m + 1)

40 take 10 (dota 1) F74ERT 10 DNHEREL
£ +1 AT IR E] repeat

repeat m = m : repeat m

25 b, AR AE X — iterate BREL, B3 25 iota HIRE:

iterate f x = x : 1dterate f (f x)

jotal n = take n $ €dterate (+1) 1

jota2 m n = takeWhile (<n) $ dterate (+1) m
jota3 m n a = takeWhile (<n) $ iterate (+a) m
repeat m = iterate id m

jota5 m = iterate (+1) m

KSR RT3 zip Biko

[(A, B)] zip([A] xs, [B] ys) {
[(A, B)] zs = null
while xs # null and ys # null {
zs = cons((xs.key, ys.key), zs)
XS = Xs.next

ys = ys.next
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return reverse(zs)

}

HBINE X zip (FR: & X DHIRIIEIN foldr2 f 2 xs ys)o
PAVTEE XN PR IRAI BN IE:
foldr2 f z[]ys = =z
foldr2 fzxs[] = =z (1.75)
foldr2 f z (x:xs) (y:ys) = foldr2 f (f xy z) xsys

IRIGH foldr2 B X zip(FIEAL):

zip = foldr2 f [|,H™H : f v y zys = (x,y):2ys

R zip SLH last At
T EMEMERESISE b DNITR, Bl s = 20, 21, .0y 21| AT B DITE
JG18% ys = drop k xso RIGHE ws.ys KGR zip vs ys, KRG —XNITE

Efj‘:% (‘rn—k—la Z'n—l)o

lastAt k xs = (fstolast) (zip xs (drop k xs))

'S — PEFMIIRFERFEENTTR, Ea S NINET, 1§t E 75
MFRIXEEE TR, FARBIAEF, WE— P HEEARITTRIHIIR,
SERVIEARTTRINT M ARFNRY R —8, X—BENEREREM
HY? AnSRTCIFfE RSN EEEE A, m] AN fe] fai (L SR

dedup [] = []
dedup (x : xs) = x : dedup (filter (x #) xs)

ATLAFH B INSRAE X dedup:

dedup = foldr f [] where
f x xs =x : filter (x #) xs

HTFNENCEEAT filter, EZERN O(n?), FHHEA (N = &) r] DASTEL
O(nlgn) NEE#RIE:

dedup = Set.tolList o Set.fromList

X N A S R E SR -

[K] dedup([K] xs) {
Int n = length(xs)
for Int i =0, i <n, i+ {
Int j=14+1
while j < n {
if xs[i] = xs[j] {
swap(xs[j], xs[n - 1])

n--
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W

i

1} else {
I+

}
}
Int m = length(xs) - n
loop m { pop(xs) }
return xs

}

1.13.6. 7] DAAAIERSRF RIS IE B8 EL, 51140 1024 AT AR A “4 -2 - 0 —
17—k, n = dp...dody AIARTN: “dy = do — ... = dy o EEHDH
FIRFRIIE o T by SEEVEATNEEZE (INEEERR) o

AT 8RB B LB RATIR, ML, BT, n =
(dm--dady) 10 TN [dy, day .., d)o BN 1024 FRIRA [4, 2, 0, 1], FfTA] A
MIXFEFNZR, 8IS foldr (c d— 10d + ¢) 0 #HR[EI B REL, Rz, ATLARIAT
T BRI ECRH TR B AR R 3R

toList n | n < 10 = [n]
| otherwise = (n “mod’ 10) : tolList (n ‘“div’ 10)

HAESLHNE. 0 BITEREALTT, BI04+ as = as + 0 = as, HH 0 AJPAFRIR
29 [] 8 [0], AT A:

[]+bs = bs
0] +bs = bs
as+[] = as
as+[0] = as
F NN d = (o + ) mod 10, 46 o = | 42 W= A
(a:as) + (b:bs) = d:(as + bs + [c])

NEEN MBI TRER

add [] bs = bs
add [0] bs = bs
add as [] = as
add as [0] = as
add (a:as) (b:bs) = ((a + b) "mod’ 10) : add as (add bs [(a + b) ‘div’ 10])

HIRSELHRTE. as — 0 = aso GNMDALEIZAIAT as, bs MR, WRFE— L
a < b, WFEENL:d = 10 + a — b, MEIRAL as’ = as — [1]o

minus as [] = as

minus as [0] = as

minus (a:as) (b:bs) | a<b = (10 + a - b) : minus (minus as [1]) bs
| otherwise = (a - b) : minus as bs
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FETRSELINIRTE as x bs, TATTRE bs HHIEE—NL b FLA as, KEERIFLL 10 )5 E
PIEER cs’ =10 x cs + (b x as)o HHE b x as B, R b =0, ERN 0; HEIE
N, FH b FTAENL a 152 d = ab mod 10, HE ¢ = L%J INEJF 4R TeTERI S
R

bx (azas) =d: ([c] + (b x as))

Xt N BT RE A

mul as = foldr (A b cs — add (mull b as) (0:cs)) []

mull 0 _ = []
mull b [] = []
mull b (a:as) = (b * a ‘'mod’ 10) : add [b * a ‘div’ 10] (mull b as)

B JE LB REIBRE as BREA bs BUTEAE Y T3 ¢ FIREL » (H15:
as = q - bs +r, EFREWDIUVNTEREL B1:0 < r < bs, REVET 0 WIEEFR, AT
DL SE TR AT A M — N E T 0, DA B AREZ RV R R, Q1SR
FRATHEFEMEASE 0 NI MIRRBRIEEFT 0:

isZero = all (= 0)

FE#E as. bs R/NKE, 0 /NTEMAER B A%, SN SR ARAIETT HLEL (EQ
TS, LT =/, GT KT

cmp [1 [1 = EQ

cmp [] bs = if isZero bs then EQ else LT

cmp as [] = if isZero as then EQ else GT

cmp (a:as) (b:bs) = case cmp as bs of EQ — compare a b
r — r

XA, /NT AT SETHIWTER AT AR emp 7E X

eq as bs = EQ = cmp as bs
1t as bs = LT = cmp as bs

FRizA] A %5 288977 OSEBL (RFREL bs #£ 0) :

as <bs: 0
las/bs| =
{E\J'_UJ : 1+ [(as — bs)/bs]
EEFRNTAI MG ELF, BARE L KRENERE: & as =q¢-bs+7, 2
as = (Qp-..a2a1)10 = [a1, a2, ..., ap|, BATFEAFTZEZER a,, BRI bs HIFE g,,, 1
RE 1 = am — @ - bso RIEHIITE T —4L apy—1, K 107, + apm_1 BREA bs BY
B @1 FIREL rin_ 10 BGTERNSAIERLER, XIBUE foldr FILE:

ldiv as bs | isZero bs = error "divide by 0"
| otherwise = foldr f ([], []) as where
f a (gs, rs) = (q:qs, (a:rs) ‘minus’ (g "mull’ bs)) where
q = ndec (a:rs)
ndec as = if as '1t' bs then 0 else 1 + ndec (as 'minus’ bs)
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1.13.7. fEan LI INEH, MEFIRE —F A BIERISIER 5o mfam 1 AR ALE,
N 1.6 Fise HimFRIN B, KB ATIRIER, &It —PRERERL MR
BEEHMEN, FHEM L, BRI EFREIEIATERI T R BN DA FEHE S
E=ICINREN O

1.6: A EHIZIER

RN BN, MR I 2P AR, RIEIME IS LA RZIET,
IS REIRAITIE b B2, BT HSIERIET e AT LIFI M MattiE
P33 p SRR 1 DT R,  BOETEE 2 D R IR ENERE DM ZIHEIE,
NSRS IS

Bool hasCycle(List<Kk> h) {

var p=h, q=nh

while p # null and q # null {
p = p.next
q = g.next
if g = null then return False
g = g.next
if p — q return True

}

return False

DAARE - siS FEEIX AT A AR, TR U —2 K HIER T
RN E, FETE 1.7, % OA KEN kDN, M A FFRTER, AR n D
e MY p K AR, EER 2 5 ¢ ELRNENE B, N NMEH 16
o p &G q BHE k, NS LEFN T ¢ ZE LIEERTH n — k BEER po XFH
R

. n—k n—k
Cw—v W

PSR, IX U TSN, N T B HGIR, Y O EE T RN, —EXERAE.
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1.7: BRI TIE
IS p M A BT 0™ o ko 8RR p FERTME & AUSELE] A, AR

BHE ¢ EEIFL RIS, — KB 1 N, o 3 & B HEEE A, B p A
CTEANDE, ERFEIET k < no B TATLUER b > n BHE5I0 2 HH):
L. pog MIRSKHLRTS, % p BI5K A B ¢ SIA TEE L A BT & mod n HOAL
B, ESONER I o 356 EATEEE n — (k mod n) (0 p, I

n— (kmodn) n— (kmodn)
20 —v B v

t =
BEA p A BTRET vw v — (k mod n), 415 p FIRTHE k 5F
BB (kmod n) +n — (kmod n) = n, I6FEIZEIT A, KILWRILE ¢ 1B
o BEBIRLERH R, — a0, 20 & EAENE AR p B
THI&, O]

IRHE LR oA, NERIEI TR R E A FrERE:

Optional<List<kK>> findCycle(List<K> h) {
var p=h, g=nh
while p # null and q # null {

p = p.next
q = g.next
if g = null then return Optional.Nothing
q = g.next
if p=gq{
q=nh
while p # q {
p = p.next
q = g.next
3
return Optional.of(p)
}

}
return Optional.Nothing




360

2.1.1.

2.1.2.

fiisk ¢ ZHER

EE 21

L TEUN il DDA A e O ZE SR, IR B X, R4 S e e P Y
%%o

e FIFEIEER 1, 2,4, 3,5, 6
o FFIEHER 4,2, 1,5,3,6
o EFIEHER?
[4,2,5,6,3,1]
2w SETILMHIT 7 2 P R P e 1 7 ) 425 SR B — A,

IEHIFIEAE RN P, FFREHERN I, R P =1=[], U=ZXHH= o,
A, #i R E R, e A, Fit P RSB —DNInE m 2R REE,
MR AR e R AT, BAT—E AT ATE T FEE] m, FHE T =36
T ]ar, Gy ey Qi1 My Qi1 Qoo oy ), 201 = I[1,4), 1, = I[i + 1,n], HH
[1,r) TR FGFF XA, BAE HEANESE r, BATAT AN [ o X=885 I, m, I,
o, L R AETRETFIERSR, I 26 TREPFIERSER, < k=] &~
FEFREIFRN, BATAT DA & 28] P2, 0] AMES: P, P, &4 P, 2R/1 kT
&, P, ZRIRE, XERMA LOEE#A (P, L) EELEFW, A (P, 1)
HEA T

rebudld [ | [] = @
rebuild (m:ps) I = (rebuild P, I, m, rebuild P, I,.)

Hrp:

(I,,I,) = splitWith m I

(P, P.) = splitAt |I,| ps
NHEEATFRERF:
rebuild [] _ = Empty
rebuild [c] _ = Node Empty c Empty

rebuild (x:xs) ins = Node (rebuild prl inl) x (rebuild prr inr) where
(inl, _:inr) = (takeWhile (# x) ins, dropWhile (#x) 1ins)
(prl, prr) = splitAt (length inl) xs

] DUE IS S A2 1 SRR SE

Node<T> rebuild([T] pre, [T] ins, Int 1 =0, Int r = length(ins)) {
if 1 > r then return null
T ¢ = popFront(pre)
Int m = find(c, 1ins)
var left = rebuild(pre, 1ins, 1, m)
var right = rebuild(pre, ins, m+ 1, r)
return Node(left, c, right)
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UERN — AR RO TH 51 P 7] PLRF 2 BT RAZ AR M NI R R I i o

UERH. fEH RIEE, RIZREE_XHERN, R pEAERTT. BITERE
o I TC R IR R I — RN T BE5E T RRIRENT o, SR
PRy [ 2EFH. HIRT ARIERH T T = (9,k, ), HFHF
FFIEAERN k] BB PR, HIk T HRERET A (1 k,r), PFmhaER
toList |4 [z]+toList ro BT T 28/ N iR F 707 B9, M 1or BREL T /)8,
FitA toList 1 ¥ toList r #VA o ARYE - XIRRRATE X, Fflz € L,z < k, £
My ery >k TLAHFIRAER toList | # [x] # toList r BJF, X5HIE
T NFPEAERTFFE, MR SR FELSEREF. O

WHEFP R E A E R A7
(nlgn), Ed n 2TEHH,

EFZINE X toList
toList = foldt id (as b bs— as4b:bs) []
= fold (:) []
HRZINE X depth t, HFIF—HR — XHATE L,

depth = foldt (r+— 1) (x dy — d+max z y) 0

ER 2.2
FIUTEAME & B EFET IR ¢ .
member x (Node 1 k r) | x = k = True

| x < k = member x 1
| otherwise = member x r

4 PreED M Succ SKEL—P ZXIRRWMHIEN G HEBH —REH n T
R E ZRERT 27

data Treelterator<T> {
Node<T> node = null

Treelterator (Node<T> root) { node = min(root) }

T get() = node.key

Bool hasNext() = node # null

Self next() { if hasNext() then node = succ(node) }
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2.2.3.

2.3.1.

2.3.2.

2.3.3.

fiisk ¢ ZHER

REFEVARTIRAE AT RN TE I KT RAIRK () (H, BORER T A
W, BEAEREE N ERN A RN AFELEENE, RN, T80T
<, BATOOHRI—IR (FE—IR B —IR), Bla:

for var it = TreeIterator(root), it.hasNext(), it = it.next() {
print(it.get())
}

Pt LA T E 25 E N O(n)o

NEARR A DUE S — X [a, b] WHYTTER:

for_each (m.lower_bound(12), m.upper_bound(26), f)
I Al R Y 75 R R R IX — (A

mapR f a b t = map' t where
map' Empty = Empty
map' (Node L k r) | k< a=map' r
| @ < k & k < b = Node (map' 1) (f k) (map' r)
| k>b=map' 1

EE 2.3

Y REIN D ST N, FAE O AR MIBR L 1% A F B R R E
BHASMBRE T R, AR EREN TR YT WESIX—RE,

delete _ Empty = Empty
delete x (Node 1 k r) | x < k = Node (delete x 1) k r
| x > k = Node 1 k (delete x r)
| otherwise = del 1 r
where
del Empty r = r
del 1 Empty = 1
del 1 r = let m = max 1 in Node (delete m 1) m r

gt SEILREA A

fromList = (foldr {insert Empty) o shuffle

QRARTAE— R = SR R PR S B ” B9 A7

FMEREKER m, AEAHRKERZR [s,a,b,...,eo BRI DR s, e
ST SREIR DT Al B T RBIREE R, AN TR R A E B SR
(EHED) s = ny = ng — oo = Ny, — €, TEHNTAEBEKERN1, MM s
F e S EKERNT REINEE, ERBRENEENm + 1, ZWMORKE
EH o, FFERNMMTFIA (9,k 0) WERKEERN k], RKEZHZE 0 (M E
B k) BEDZTR (LK r) NRKES, ELORE=FFHERE: (DML
TR T R ENER T A, BMRT REIEE TR &R T R EREE, ST
depth 1 + depth r; (2) £ | FHIREKEE; Q)G T r FRRKER,
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maxDistance Empty = 0

maxDistance (Node Empty _ Empty) = 0

maxDistance (Node 1 _ r) = maximum [depth 1 + depth r,
maxDistance 1, maxDistance r]

HH depth BIE X WERS] 2.1.6, FEIERENELRT DUK H B K& 1R, SHVRK
BER ], BEMHF T RNRKRER k], 23X 0R (L k) IRKEBRZE=H
AR AR (D) MREIZEMRRT SRR, 0Lk, I _EAREE M &
R RS TE; (2) MR KR, Q) EMRKEZ,

maxPath Empty = []
maxPath (Node Empty k Empty) = [k]
maxPath (Node 1 k r) = longest [(reverse depthPath 1) # k : depthPath r,
maxPath 1, maxPath r] where
longest = maximumBy (compare ‘on’ length)
depthPath = foldt id (A xs k ys — k : longest [xs, ys]) []

R—TTEE T RIRENE I —R, HEEA DN X &M@ T —R, N7
REE, TATATLAB KA LET RPETIRE d RRKEE mo JEIIRBLET:
Tree A Tree (Int, Int) & — RS ZE:

maxDist = extract o mapTr where

extract Empty = 0

extract (Node _ (_, m) _) =m

mapTr Empty = Empty

mapTr (Node 1 _ r) = f (mapTr 1) (mapTr r)

f 1 r =Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, ml) = pairof 1
(d2, m2) = pairof r
pairof Empty = (0, 0)
pairof (Node _ k _) =k

B A] A ZE AR :

maxDist = snd o pair o foldt id g Empty where
gl _r=Node 1 (1 + max d1 d2, maximum [dl + d2, ml, m2]) r where
(d1, m1) = pair 1
(d2, m2) = pair r

pair = (maybe (0, 0) 1id) o key

EE 3.1

3.1.1. SEMMEAAG AL FRAT AR E,

Void dnsert([T] xs, T x) {
Int i = 0, n = length(xs)
append(xs, Xx)
while i < n and xs[i] < x { i+ }
while i < n {
xs[n] = xs[n - 1]
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3.1.2. E SCESRATHER A R DASCEE AT

Void dnsert([T] xs, T x) {
append(xs, Xx)
Int i = length(xs) - 1
while i > 0 and xs[i] < xs[i-1] {
swap(xs[i], xs[i-1])

Gom
}

[T] sort([T] xs) {
[T ys =11
for x 1in xs {
insert(ys, x)
}

return ys

EE 3.2

3.21. EHARSIHEA, SFERE-PERIVINRS HH—PI7%, RIEHVR

4.1.1.

5| Next, EHTHETIEAH A,

[K] reorder([K] xs, [Int] next) {
Int i = -1
[Int] ys =[]
while next[i] # -1 {
append(ys, xs[next[i]])
i = next[i]
}

return ys

EE 41

X TRECORHE NG, 7 IR R, a] DLER M D FHZRIES: — DMk
HEE, BN MEFRTEER . SR MEFSHIEN SR, AR X
REMB 2 TRY? NEREEINFE I BE 2 F I, 2SR A4
R? ZHEE 4.2, KL EZHNFHEE D

H T @R RG] FHEY, KB MES 7517~ £ AR E R, Sk
Th = ((...(0,k1,9),...), km, @), BTy = (3, ka1, (D, kmyos (D, kny D)) )o
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AN 4.2(c)e RS RENFEL, BAMESF4— NI T, TR THE, ixe
THEATE— N AT, [ 4.2(b) TR, TR, §
BN,

EE 4.2

SINABE RiGHT-ROTATE T81E,

1: function RIGHT-ROTATE(T, y)

2: p < PARENT(y)

3 x <+ LEFT(y) > & o # NIL
4 a <+ LEFT(z)

5: b+ RicHT(2)

6: ¢ + RicuT(y)

7. REPLACE(y, ) > H z By
8 SET-SUBTREES(y, b, ¢) > b, c Ny BT
9:  SET-SUBTREES(z,a,y) > 2 a,y Nz BT
10 if p= NIL then > AT y BT
11: T+=x

12: return 7'

EE 4.3

UERAEAE n D RN, HSE h A2 21g(n + 1),
FMTELEIIANBESEINE N, TR NERESE bh(r) BN c(RE ) F|
MR RRE ERRET AEE, RIELEWNER 5, T REEEME
[ E I RET R FTPAX—E S BEMM, o, RS iR amE SR
AEMIBRAEE,

UERH. FRATE SR UERA DUEAT 5 o IR TR R D ELE 20h(®) — 1 D5 AR, T
X o B EEAECEIANE E & EN 0, 2 = NIL, FREDEF2°-1=0
MR MIEEEDET A o, EREG TN REEERZ bh(x) (FREIRD
BE) B bh(z) — L(FRAIRALE), BT o WFR&EE—E/NT « FNEE,
RIBIIMERL, BETHEDEH 2@ 1 AN LR« 2OEF:
2(20h(®) =1 1) 41 = 207 — 1 NI

DRI EA h, IR BT 4, REEESIL AT R T UE—RE
7 b, BT RNBEBS—F, REIENNRESEZRDRN b2, Fit:

n>2M?2 1= 202 <41

PRIHBOSEIS R h/2 <lg(n + 1), Bl:h < 21g(n + 1) O
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4.4.1.

B C
B2 4.4

M AR ITHEL, 29 5k EPURME N SEIT insert B2,

W

i

=

AL

Node<T> 1insert(Node<T> t, T x) = makeBlack(ins(t, x))

Node<T> makeBlack(Node<T> t) {
t.color = Color.BLACK
return t

Node<T> ins(Node<T> t, T x) {
if t — null then return Node(null, x, null, Color.BLACK)
return if x < t.key
then balance(t.color, ins(t.left, x), t.key, t.right)
else balance(t.color, t.left, t.key, ins(t.right, x))

Node<T> balance(Color c, Node<T> 1, T k, Node<T> r) {
return if ¢ — Color.BLACK {
if isRed(1l) and isRed(l.left) {

Node (Node(l.left.left, 1l.left.key, l.left.right, Color.BLACK),

1.key,
Node(l.right, k, r, Color.BLACK),
Color.RED)

} else if isRed(l) and qisRed(l.right) {
Node (Node(1l.left, l.key, l.right.left, Color.BLACK),
1l.right.key,
Node(l.right.right, k, r, Color.BLACK),
Color.RED)
} else if isRed(r) and isRed(r.right) {
Node(Node (1, k, r.left, Color.BLACK),
r.key,

Node(r.left.right, r.right.key, r.right.right, Color.BLACK),

Color.RED)
} else 1if isRed(r) and isRed(r.left) {
Node (Node(1l, k, r.left.left, Color.BLACK),

r.left.key,
Node(r.left.right, r.key, r.right, Color.BLACK),
Color.RED)
} else {
Node(1l, k, r, c)
}
} else {

Node(1l, k, r, c)

Bool 1isRed(Node<T> t) = (t # null and t.color — Color.RED)
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4.5.1. KHPRIC — EETMBREE: ARCBMIBRAT T R, EATEENBR, =
WARCHY T R E I 5096 i B
BAHEEME « F—MRIC a AT RA, REIZERIN: Tree (K, Bool), A
x B, S/ insert (x, True) %1 SARCHTFE, MBRRCRARIC a 24 Falseo &
JEgtit EMIERT AL, FF RS ER,

delete x = rebuild o del x

Hr:
delzx @ = ©
x<k: (c,del zl,(k,a),r)
del x (c,l,(k,a),r) = Sx>k: (¢l (ka)del zr)
x=k: (cl,(k,False),r)

QIR AR AR IC M BR B RIS — =, A TR BAH 2R, I/ R A5
R, REER,

1

sizet < —(cap t): romlList otoList) t

rebuild t = 2( Y )
A0 t

HH toList 14 i T, ZBEARIC Y MBRAY T A
toList @ = []
a: toList | 4 [k] 4 toList r

toList (c,l, (k,a),r) = {

G0 toList I # toList r
T R R BRI ST T A, TR EAE T R AR YR/ (cap) FAARM
PR RN (size) o KERTEYSEALY FE4: Tree (K, Bool, Int, Int), 37 X node
PREUEF T R E

node @ = o

node cl (kya, _, )r = (¢l (k,a,sz,ca),r)

¥

sz = size | + size r + (if a then 1 else 0)
ca=14capl+capr

PRIEY size 1 cap M RFFEUHH R FRIN A

size ¥ = 0 capd = 0

size (_,(_, _,8z, ), ) = sz cap (_,(_, , ,ca), ) = ca

&g, BATH node BREUCE LT BARHE AFIMERFH (c,1, k,r), AT EIE]F
EF:
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W

i

=

AL

data Elem a = Elem a Bool Int Int deriving (Eq)

active (Elem _ a _ _) = a
getElem (Elem x _ _ _) = x

instance Ord a = Ord (Elem a) where
compare = compare ‘on’ getElem

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

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

node ¢ 1 (Elem k a _ _) r = Node ¢ 1 (Elem k a sz ca) r where

sz = size 1 + size r + if a then 1 else 0
ca=cap L4+ capr+1

size Empty = 0

size (Node _ _ (Elem _ _ sz _) _) = sz
cap Empty = 0
cap (Node _ _ (Elem _ _ _ ca) _) = ca

delete x = rebuild o del x where
del _ Empty = Empty
del x (Node ¢ 1 e@(Elem k a sz ca) r)
| x <k =node c (del x 1) e r
| x >k =node ¢ 1 e (del x r)
| x =k =node ¢ 1 (Elem k False 0 0) r

rebuild t | 2 * size t < cap t = (fromListo toList) t
| otherwise = t

fromList :: (Ord a) = [a] — RBTree (Elem a)
fromList = foldr dinsert Empty

toList Empty = []
toList (Node _ 1 e r) | active e = toList 1 # [getElem e] 4 toList r
| otherwise = toList 1 4 toList r

W ™ ™ @
0o o o o0
N N N N

EE 5.1

5.1.1. BATARKIET AVL WHYGEEMNER, SRSt FRE R XAZEGZE AVL

d)
d)
d)
d)
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6.2.1.
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*XSI‘O
R T RIE S AR, A TR DA A RRA toList BREL, K& i i4h
RESHRF:

verifyAVL t = isAVL t && sorted (tolList t) where
sorted [] = True
sorted xs = and (zipWith (<) xs (tail xs))

EE 6.1

EGA U E Y Branch (IntTrie a) (Maybe a) (IntTrie a) &N
Branch (IntTrie a) a (IntTrie a), WRENFEEIRE Nothing, 75
MBERE] Just v?

MY lookup, BATFELE insert FHIEFHCER A ER AR A, 1E 6.3
Bz B T Rl QSR Maybe EREY A TIETR ZFIMEG II—MREL
BHRRTIRIE

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

EE 6.2

%5 e e SEINEE BRI ZRINHY lookup Bi%o

import Data.Bits

type Key = Int
type Prefix = Int
type Mask = Int

data IntTree a = Empty
| Leaf Key a
| Branch Prefix Mask (IntTree a) (IntTree a)

lookup :: Key — IntTree a — Maybe a
lookup _ Empty = Nothing
lookup k (Leaf k' v) = if k =— k' then Just v else Nothing
lookup k (Branch p m 1 r) | match k p m = if zero k m then lookup k 1
else lookup k r
| otherwise = Nothing

match :: Key — Prefix — Mask — Bool
match k p m = (mask k m) = p

mask :: Int — Mask — Int
mask x m = (x .&. complement (m - 1))
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fifk ¢ SEERE

W

i

zero :: Int — Mask — Bool
zero x m = x .&. (shiftRm 1) = 0

6.2.2. SEINEEEL trie BN HTRT PR, (U HE VSR R, 45 5F IR

A 1575 FEANrIE I 5l 5 T K B trie B MR OCHRAER, B 7 IR BT 2
B -, EMIEGIERE [ o MR R (I, m,r), REG TR
BIFETF RIS R as, bs, FEIE m 282 Maybe, 215£/E Nothing, N[j# 14
FEERIE as - bs; WIRZ Just v, NEERSE (k,v):as 4 bs, HH kBT 5 MY
I EE R GRS (0 A2, 1 [AIAA B/ NI R o

toList = go 0 1 where
go _ _ Empty = []
go k n (Branch 1 m r) = case m of
Nothing — as 4 bs
(Just v) — (k, v) : as H# bs
where
as = go k (2 * n) 1
bs =go (n+ k) (2 xn) r

BMIMRE SFFG, £k =0, RE d =0, MENE =0, MAENE =1 =
294k = 140; AT — B d = 1. 4N N BT k29 (00)2 = 0. (10), = 2" 40,
(01)y = 1, (11)g = 2  + 1, —fM, N FEE d ET A, 2 k = (ag...a0a1a0)2, AL
MK =k, AN K = ag2?+ ko FITE FERSKIF, BlTHE=0,n=20=1
JABNEREL go k no [AILIRITVEA go k 2n. [MIAZEITVER go (n + k) 2n.
XFEIEIS keys = fst o unzip o toList L] ARSI TR EEAIFR, iRk
WA as + bs TRELANER A, FATAT AR @31k :

toList = go 0 1 [] where
go _ _ z Empty =z
go k n z (Branch 1 m r) = case m of
Nothing — xs
(Just v) — (k, v) : xs
where xs = go k (2 * n) (go (n+ k) (2 *n) zr) 1

BE—25, TATAT DR HEERY trie HURTF BINIRIE, M _FHH fold ML,
MFREY key 21T R HKAY,

foldpre f z = go 0 1 z where
go _ _ z Empty =z
go knz (Branch T mr) =f km (gok (2 *n) (go(n+k) (2*xn)zr)l)

(EFHEINERAE, FRATATLAEHTE X toList M-

toList = foldpre f [] where
f _ Nothing xs = xs

f k (Just v) xs = (k, v) : xs

R EIRN BRI  EIE R, TFEITE keyo TR UE X HE WHTF
Z0:
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foldpre _ z Empty = z
foldpre f z (Leaf k v) = f kv z
foldpre f z (Branch p m 1 r) = foldpre f (foldpre f z r) 1

RIE SEIMB L By HE-(E 113K

toList = foldpre (Ak v xs — (k, v):xs) []
keys = fst o unzip o tolList

QSRR I AR R R FTE B, ToIe R/ N AR trie MR RIREEELHTEAR
B, BRI IR R B B R T HES IR, O T IRIE, FRATE L —
N bits LE, R/ N FE L BN B0 — L8155, SAE AT AR IE A
J 3 I 40 T

verify kvs = sorted $ map bitsLE $ keys $ fromList kvs where
sorted [] = True
sorted xs = and $ zipWith (<) xs (tail xs)
bitsLE 0 = []
bitsLE n = (n ‘'mod” 2) : bitsLE (n ‘div' 2)

HrR kos ZREHUEARVEAEYIFR, XN RSB ATSM A RIERZ B0 T

verify kvs = sorted $ keys $ fromList kvs

EE 6.3

THBR lookup BRI, FTEFASLIL RIS HIZ X,

Optional<V> lookup(PrefixTree<K, V> t, K key) {
if t — null then return Optional.Nothing
Bool match
repeat {

match = False
for k, tr in t.subtrees {
if k =— key then return Optional.of(tr.value)
(K prefix, K k1, K k2) = lcp(key, k)
if prefix # [] and k2 — [] {
match = True
key = k1
t = tr
break
}

3
} until not match
return Optional.Nothing

EE 6.4
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6.4.1.

6.4.2.

7.1.1.

7.1.2.

\

fiisk ¢ ZHER

EHH trie SEIL B SIANT RO ZUR A
X THARIRIER ks, BAWEE trie FEEF VR ¢, RJ5K ¢ TEHFH 2R
T BRIGEMTET n PMEEEIN:

import Data.Map (Map)
import qualified Data.Map as Map

startsWith :: ord k = [k] — Trie k v — [([k], v)]
startsWith [] (Trie Nothing ts) = enum ts
startsWith [] (Trie (Just v) ts) = ([], v) : enum ts
startsWith (k:ks) (Trie
Nothing — []
Just t — map (first (k:)) (startsWith ks t)

ts) = case Map.lookup k ts of

enum :: Ord k = Map k (Trie k v) — [([k], v)]
enum = (concatMap (A (k, t) —
map (first (k:)) (startsWith [] t))) o Map.assocs

get n k t = take n $ startsWith k t

Hrb first f (a,b) = (f a,b), REREL f AR —XMERIRT—D L, SKELFII
AR, s N, RAOTETE Mry FIEREIFTE RTRERFAF, RIS E trie 7
Ll BRERPOSIVA SRR

findT9 [] _ = [[]]
findT9 (d:ds) (Trie
cts = case Map.lookup d mapT9 of

_ ts) = concatMap find cts where

Nothing — []

Just cs — Map.assocs $ Map.filterWithKey (Ac _ — c ‘elem’ cs) ts
find (c, t) = map (c:) (findT9 ds t)

XFTIR[E] 2 M 45 RV RIS/ B TR, AT RIE R H A0 &5 SR % I I
Hip? XN PEREF A BRI E?

HZRY 6.2.2, X T = X ETERH, 72 IRATF&F7 Al DRSS HIF RIS R T
Z X HTSM, BATFTZRX F R B, R B = R EE
T (ANZL BB AVL ), AT DATEZRIERS R N 3% el 3 (8R>] 2.2.2),
R A EYIREE RERYIREE T, MFTRE O(nlgn) KA FHHEF,

BET1
PATREFLAE < (#15 B EFEETLE?
ADA < BMESEE TR MELMITENTET 2, T2 /NFETE
BT, EEER MERN FEFIMOE E S TR, — MBI IBRE B
ME—, T — A A 22 ME (k — |01, vs, ...]), FRAZEMET (multi-map)
i FRIEINEBR e R B N BIEF RS,

‘BTree<K, deg> insertNonfull(BTree<K, deg> tr, K key) {



var root = t
while not is_leaf(t) {
Int i = length(t.keys)
while i > 0 and key < t.keys[i-1] {
i=1 -1
}
if full(d, t.subTrees[i]) {
split(d, t, 1)
if key > t.keys[i] then i =1 + 1
}
t = t.subTrees[1i]
}
orderedInsert(t.keys, key)
return root
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7.1.3. BMEALEERRGETRBANNE, BEH 0 ES amSLHHAT

i, BIEEERERTRTITA?

void orderedInsert([K] xs, K x) {
append(xs, Xx)
Int p = binarySearch(xs, x)
for Int i = length(lst), i >p, i =1 -1 {
xs[i] = xs[i-1]
}
xs[p] = x

Int binarySearch([K] xs, K x) {
Int 1 =0, u = length(xs)
while 1 < u {

Intm=(lL+4u) /2
if xs[m] = x {

return m
} else if xs[m] < x {
1l=m+1
} else {
u=m
}
}
return 1

}

EoREARREEN AR, REZDERFE O(lgn) NE, HEMHARFR
O(n) I RIS 88 2H AR S uo

EE 7.2
7.2.1. FRZDERSOHGSRNERE L,

Optional<(BTree<K, deg>, Int)> lookup(BTree<K, deg> tr, K key) {
loop {
Int 1 =0, u= length(tr.keys)
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7.3.1.

7.3.2.

fiisk ¢ ZHER

while 1 < u {
Intm=(lL+4+u) /2
if key — tr.keys[m] {
return Optional.of((tr, m))
} else if t.keys[m] < key {

1l=m+1
} else {
u=m

}
}
if disLeaf(tr) {

return Optional.Nothing
} else {

tr = tr.subTrees[1]

EE 7.3

BATEATHER 7RI F R FHIRAITER K = max(t') BHERFREITT
= k, RIFIBAMTE ¢ FFHHIER &0 3EH R FRRIACE TR FG9E R HY
B/NTCRKE L ko THEIX—TTIE
BATESCZTE X min BREL, TR B R AHHTER/NTR

min' (BTree ks []) = head ks
min' (BTree _ ts) = min' $ head ts

A = KW, FEM < B < €15 « AREHIELAMBERS. NIHIRA]
KX S EA SR

partitionWith p (BTree ks ts) = (1, t, r) where
1 = (ksl, ts1)
r = (ks2, ts2)
(ksl, ks2) = L.span p ks
(tsl, (t:ts2)) = L.splitAt (length ksl) ts

P& RmE AT DO AR HESEIUMIER 1

delete' x (d, t) = fixRoot (d, del x t) where
del x (BTree ks []) = BTree (L.delete x ks) []
del x t = if (Just x) — (listToMaybe $ reverse ks') then
let k' = min' t' 1in
balance d ((init ks') # [k'], ts') (del k' t') r
else balance d 1 (del x t') r
where
(l@(ks', ts'), t', r) = partitionWith (< x) t

SKELFIZRN B REBIMIERE %,
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delete x (d, t) = fixRoot (d, del x t) where
del _ Empty = Empty
del x t = if (Just x) — fmap fst (listToMaybe r) then
case t' of
Empty — balance d 1 Empty (tail r)
— let k' = max' t' in
balance d 1 (del k' t') ((k', snd $ head r):(tail r))
else balance d 1 (del x t') r
where
(1, t', r) = partition (< x) t

max' t@(BTree _ _ []) = max' (stepL t)
max' (BTree _ _ [(k, Empty)]) = k
max' (BTree _ _ [(k, t)]) = max' t

max' t = max' (stepR t)

AR, FATFEZRT balance PRECE ARSI NIALHE, &2 MRS T E I :

balance :: Int — [(a, BTree a)] — BTree a — [(a, BTree a)] — BTree a
balance d 1 t r | full d t = fixFull
| tow d t= fixLow 1 t r
| otherwise = BTree 1 t r
where
fixFull = let (tl1, k, t2) = split d t in BTree 1 t1 ((k, t2):r)
fixLow ((k', t'):1) t r = balance d 1 (unsplit t' k' t) r
fixLtow 1 t ((k', t'):r) = balance d 1 (unsplit t k' t') r
fixtow 1 t r = t —l==r==]]

Hrf unsplit /& split FIFIBE, BRIE XN:

unsplit tl k t2@(BTree (_:_) _ _) = unsplit tl k (stepL t2)
unsplit t1@(BTree _ _ (_:_)) k t2 = unsplit (stepR t1) k t2
EE 8.1

8.1.1. RIEWH. [as,as, ..., a,] IEHAEE—ME, (T E— T EHH HeaPiFy 2
AR, 23 H BuiLD-HEAP BB EHE,

8.1.2. ARJLA, R _E,

EE 8.2

8.2.1. FIan <z NHY 77 UL A (mHE, FHHE,
BAVIESLH w20 7 77 @R, BAIET s —145 M-

data Node<T> {
T value
Int rank =1
Node<T> left = null, right = null, parent = null
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fiisk ¢ ZHER

BHMDLEmAER, BAeB TR NEEG TR EFF, AEENE RS HE#H
o WNREMBIRREY NI AES T, N T 75 LB, TATFIA— D=
T REAR,

Node<T> merge (Node<T> a, Node<T> b) {
var h = Node(null) // the sentinel node
while a # null and b # null {

if b.value < a.value then swap(a, b)

var ¢ = Node(a.value, parent = h, left = a.left)

h.right = ¢
h=c
a = a.right
}
h.right = if a # null then a else b

while h.parent # null {
if rank(h.left) < rank(h.right) then swap(h.left, h.right)
h.rank = 1 + rank(h.right)
h = h.parent

}

h = h.right
if h # null then h.parent = null
return h

Int rank(Node<T> x) = if x # null then x.rank else 0

Node<T> 1insert(Node<T> h, T x) = merge(Node(x), h)

T top(Node<T> h) = h.value

Node<T> pop(Node<T> h) = merge(h.left, h.right)

RHERSCHLE (] B, WATICFTLET TAURR, &R 7RISR, TR

51A:

-
—lj PAR)

N

data Node<T> {
T value
Node<T> left = null, right = null

BAVOSEHL S FF R AL, e RO e (e HEAE [ -

Node<T> merge (Node<T> a, Node<T> b) {
var h = Node(None)

var root = h
while a # null and b # null {
if b.value < a.value then swap(a, b)

3

var ¢ = Node(a.value, left = null, right = a.left)

h.left = ¢
h=c
a = a.right

h.left = if a # null then a else b
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root = root.left

return root

8.2.2. & XHERYBINIRIE

fold fz@ = =z
fold f = H = fold f (f (top H) z) (pop H)

EZE 9.1
9.1.1. XEFERHEZMAZIEM, EBIRERNE Z&ERZLIER, FFFKE R E
bt MR w2 R AT,
9.1.2. SHIFEHNESRHEFEF,

Void sort([K] xs) {
var n = length(xs)
for var i = 0 ton - 1 {
var m = i
for Int j=17i4+1ton-1{
if xs[j] < xs[m] then m = j
}

swap (xs[i], xs[m])

9.2.1. REBARIFRARZEHEE LI T o
& max F1 —oo BFHN min M oo HLA] ASLHTHFHEFF, AR DUE—2 e
R 2&

minBy p a b = if p a b then a else b

merge p tl t2 = Br tl (minBy p (key t1) (key t2)) t2

fromListWith p xs = build $ map wrap xs where
build [] = Empty
build [t] =t
build ts = build $ pair ts
pair (tl:t2:ts) = (merge p tl1 t2) : pair ts
pair ts = ts

popWith p inf = delMin where
delMin (Br Empty _ Empty) = Br Empty inf Empty
deWMin (Br 1 k r) | k= key 1 = let 1' = delMin 1 1in
Br 1' (minBy p (key 1') (key r)) r
| k= key r = let r' = delMin r 1in
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9.2.2.

9.2.3.

9.2.4.

10.1.1.

10.1.2.

fiisk ¢ ZHER

Br 1 (minBy p (key 1) (key r')) r'

toListWith p inf = flat where
flat Empty = []
flat t | inf = key t = []
| otherwise = (top t) : (flat $ popWith p inf t)

sortBy p inf xs = tolListWith p inf $ fromListWith p xs where

sortBy (<) oo X T FHFHEF, M sortBy (>) — oo BN T HEFHEF.
TR HE T ] MO TR 4° B RRERF A7

A DMETERESE TR, A% 9.2.1 ISR, sortBy (<) oo BIRJ LI & B HE
TTENAFHF. ErNEREFF.

FLESRARFE IR HE P 0 — SIS R HE R, TATRYIS B == RIR R an{a],

BN EIEZREERZ O(nlgn), DEEZREHZ O(n), XHITET, —XHM=E
N JE AR (BRAERR A MBR) . MR e R 52 EH n ME%
BB

EeBEHE P A SRR ZR N HE 7, A TR AT [E) A0 2= A1 AL &R a0 {al
EATNEEZREHZ O(nlgn), BAIEREEZE O(n). XANTET, HHTE
WEHED =S, MR EZ R T T 598 518 O(n) HIZS [,

B2z 10.1

Gt TR =M

pascal = gen [1] where
gen cs (x:y:xs) = gen ((x +y) : cs) (y:xs)
gen cs _=1: cs

LA~ =ATEH R —1T, HERET=4 T —1T, I LUXFE=4RT n 1T
take n (iterate pascal [1])

UEB I B, 38 ITRYT REON (7).

UERR.  AEEIA9%, By R — MR, & B, AEATIRE IR,
W B,y HIER B, Hl. 8 0THIRT A1 = ("), Fi TN REEW
oy, —ER N BB AN TR B, HE i — 117, —880E%—# B, IE i 17, &
HAH:

n! n!
(E+0) = G “Din—i+ 1f! LT e
nli +(n—i+1)
illn—i+1)!
(n+1)!
illn —i+1)!

SGD
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O
10.1.3. IERH =T B, FEFE 2" D A,
UERH. #R4E_E—ZRSIIERREE R, B, &7 SR8 inh
() + () + ..+ (1) &ITHEM
= 1+ LK (a +b)"Fa=b=1
= "
O

10.1.4. HIRGRE TR, S DR BERAR P, XA SUE (A1, EREARR?
AR BT 710, AT TR AT AR 2R A

1: function LINK’(T},T3)
2: if KEY(T:) < KEY(T}) then

3: Exchange T1 < T3

4: PARENT(T3) < T}

5: INSERT(SUB-TREES(T1), 1, T3)
6: RANK(T}) < RANK(T3) + 1

7 return 7}

I, BATR] PLRE RS PP ORTF . IXREREFT B DN ZI R BB R 5 2 2 1Al

EFE 10.2
IR IEAH DECREASE 73S 2% N E LU 1E] O(1),

TE X BRERREL
O(H)=1t(H)+2m(H)

b t(H) AHEFREIEE, m(H) 2F A0 A B MRICEOTIZE., U]
THER, HRECH 2, DecrEASE A O(1) BHENE « V)T, #8583 CAscADE-
Cur, I ¢ R, B O(1) MEER Cur, AE1EH, Fit DEcrREASE FYETH
FEN O(c)o

BERRITEBRENZ L, 2 H 2V DECREASE RIFIHE, B0 ITAY CASCADE-
Cur I R —MNERiclm R, HIERHERIE (BE—RERIN ., &RG, #HEHEE
t(H) + c 850, EAEERAY t(H) B0, VI N EIRAMERHY ¢ — 1R, DU L oz HAREY
T mEA m(H) — c+ 2 MHERICHT R BIEER m(H) M RBZE c— 1ME
CASCADE-CUT HIBFRFRICHYT fle Ba— RV RIREARIE— DT il IXFESS
REM L2 N:

HH) + ¢+ 2(m(H) — ¢+ 2) — [t(H) + 2m(H)] =4 — ¢
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10.3.1.

10.3.2.

fiisk ¢ ZHER

XD ERNARZ N O(c) +4 — c= O0(1)o

B2 10.3

INRELAES HEF A 0 DITR, RIEHITHE, = n RRR, 38 HAYEIR
PERE SR ZE (REMMMRER O(lgn)). INMEREIX —&ZEIEM?

RE IR HIEE mo EmANKRE, (1R EE FUER T — IR 5,
AR G tanl:0bveE 22 /ID/NEI2:oN

MAX_SUBTREES = 16

Node<K> insert(Node<K> h, K x) {
if h # null and length(h.subTrees) > MAX_SUBTREES {
h = dinsert(pop(h), top(h))
}

return merge(h, Node(x))

SCELECRK HERI AR,

NT TR, FAVLEEF DT R — AR5 H:

data Node<K> {
K key
Node<K> parent = null
[Node<K>] subTrees = []

Node<K>(K k) { key = k }
3

EIEMERES « HITTR, BATICMHE b FFEREI DL o AIREY T to IR ¢ =2 h
HUAR, FATTH ZITHERAE pop BIAT, SMFRATIE ¢ HIRT & p, MFREFH
e UIN, REX ¢ PUTHHERCE, BRIGH pop(t) EFFE ho

Node<K> delete(Node<K> h, K x) {
var tr = lookuptr(h, x)
if tr — null then return h
if tr — h then return pop(h)
tr.parent.subtrees.remove(tr)
tr.parent = null
return merge(pop(tr), h)

}

Node<K> lookuptr (Node<K> h, K x) {
if h.key =— x then return h
for var t in h.subtrees {
var tr = lookuptr(t, x)
if tr # null then return tr
}

return null




\ }

3

81

|

BIAERNNEIEZRE O(n), HA n Z2HEFITENEKE, MERNEZREH
O(m), A m BATET R E S FHREVRN, SIREZER O(n).
10.3.3. SEENECXHERIM /e I0AEE DECREASE-KEY

NREEART S b BYME, BINEZAHE « B, S0, TATE tr BT
MFREERE ¢ IR, B3 tr BYEN 2 J5, K tr GFFE A

}

Node<K> decreaseKey(Node<K> h, Node<K> tr, K x) {

if tr — null or tr.key < x then return h

tr.key = x

if tr — h then return h

tr.parent.subtrees.remove(tr) // 0(m), where m = length(subtrees)
tr.parent = null

return merge(tr, h)

FEFRS, FATTRT ASEE A tookuptr (h, v) FRIFELARERTT AL, ARG y BUEFERT
?9 x, Eﬂ:deceaseKey(h, lookuptr(h, y), x)o Q’E%E%Dﬂﬂﬂﬁé—%ﬁﬁ, ﬂff O(n)o

BZE 111

BRI XV RUE TR AR, WREML. BRI, mAH
count, UG MPASIZ &G AZ? ZEER?

RUER] LAl 75 ek B0 e B BF AT HE . S E RSO, W0E 11.4, TATTEZ ERE R
W75 T%. FBRAEAMMITCIRFRAIXIE, I03KER5 10 h BEN t. ZPX AL
s\ BNAEAGITFXEN (b, t), Z5 AW T:

empty(h,t): h=t
full(h,t) : t—h=s

MBI XA S TR S A TRIZE (N2 R) , 12 [n], = nmod so X

ERHTHFRAFBER S K [t]s — [h]s = [s]s = 0, B [t], = [hlso XIETGEH

7
E=E S

(a8

BUBHIEE IR, BRI AT 3k, R BURfE HUSE SR 2 TR ARSI 25, Y, FRATE A5
A—MRCEFRIC byt BISCEIT), ZAERS HAE RN, THXERT TR
B, SN RV K IR, AT LAEE— 15 s ERIIARE p(p > o) BUEHEAT

HlrE, 5

empty(h,t):  [h], = [t],
Full(ht):  [t—h],=s

Bl
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Int P_LIMIT = 104743 // the 10000th prime
Bool empty(Queue<K> q) = (q.h = q.t)
Bool full(Queue<K> q) = (q.s = (q.t - g.h) mod P_LIMIT)

void enqueue(Queue<K> q, K x) {
if not full(q) {
g.t = (q.t + 1) mod P_LIMIT
gq.buf[g.t mod g.s] = x

}

Optional<K> dequeue(Queue<k> q) {
Optional<K> x = Optional.Nothing
if not empty(q) {
x = Optional.of(q.buf[q.h mod q.s])
qg.h = (q.h + 1) mod P_LIMIT
}

return x

B2 11.2

11.2.1. N AZEAE push B BT E MG EFIVEEE?
EEIXFEE I push a ([],[]), AGH popo
11.2.2. WA RBNRINFNBI 3 RES Z4

ERIEMKIE DT, REBFIR r FRIFNITRIC 1 70 FEERSISR push, HAT
—IRINNIRLE, FFIEIN 1 700 2 PETEFEN O(2). HHR pop, MIRAIEHFIR K
B, WA T — (R 18 1E, (B AR B, D HEEFEN O(1),
[, WFAAT m ?/”Uifc’é%ﬂ 1 B, B m BRERSIER » BURE, HE/HE T

r HNFRAW m 7. FTAHEEFEN O(m + 1 —
11.2.3. SEPURELARNS,

1: function PUsH(Q, )
2: ApPPEND(FRONT(Q), x)

3: function Popr(Q)

4: if REAR(Q) = [ ] then

5: REAR(Q) < REVERSE(FRONT(Q))
6: FRONT(Q) <[]

7: n < LENGTH(REAR(Q))

8: x < REAR(Q)[n]

9: LENGTH(REAR(Q)) < n —1

10: return x

UIES i BIES
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EE 11.3

1E abort BRELH, 2 n = 0 I, FATEFR_EH/GE T _E— MERTENERIE, B35
Tz THRE a (ENEER, N LAFLEERER —PITER?

HAEHHIERE pop ZVEH abort (K&, n = 0K, BREEEIENITEAL, RSB
(S.,0, (z:a), f') BN (Sf,a)o T EIRGEREIFRY » (ERZEHHAITTER, HILFH
FEM v IRl a (ERGER,

N SEIRSE N BAS, TR S RIS AN, RRE— IR E HIEA, &
M=K RERR R RN Z MR (8], 1ESCI— MBIEEH, (1580 RN E
—NITER,

AT DATE B BN R N RS BRI E . Tl IR f RIESINATTE (push),
TEFH » WEBBHHITE (pop)o WMEEHNFEEN, Fil— MRS 1 HE
ace = reverse(f) 1o W f # [ ], WAL EE TR, BIE] ace FIARE, 4
[ RERER G, Tl r MR —KTTENE] ace REE, B append(ace, r[i]),
Fi=0,1,.,|r| — 1o 2P HERARIGEM r BIREFEITE, 4 i @H |r|
NS

data State<k> {
[K] acc, front, rear
Int +dx

State([K] f, [K] r) {
acc = [], front = f, rear = r
idx = 0

}

// compute reverse(f) ++ r step by step
Self step() {
if front # [] then acc.append(front.popLast()) // reversing
if s.front = [] and idx < length(rear) { // concatenating
acc.append(rear[idx])
idx = idx + 1

}

Bool done() = (front = [] and length(rear) < 1idx)
}

data RealtimeQueue<K> {
[K] front = []
[K] rear = []
State<K> state = null

Bool 1isEmpty() = (front = [] and rear — [])
Self push(K x) {

front.append(x)
balance()
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}

K pop() {
X = rear.poplLast()
balance()
return x

}

Void balance() {

if state — null and length(rear) < length(front) {
state = State(front, rear).step()
front = []

}

if state # null and state.step().done() {
rear = state.acc
state = null

EE 114

QAT SEERAR AN BAS ], 2 K R B2 BT S 455 5 25U TR B ST 2R SN AR B
KRB AT ASKELR EIBAA o DAXKEN R A B, 72 PR ERIE : pushy [/ pop;
M push,. /pop,o TE pop/pop, WIZTTHAT AR, DA T LR IRIL T b —
ﬁ%o

empty = ([1, [1)

isEmpty ([1, [1) = True
isEmpty _ = False

pushL x (f, r) = (x:f, r)

pushR (f, r) x = (f, x:r)

popL ([1, []1) = (Nothing, empty)

popL ([1, r) let (as, bs) = splitAt (length r “div’ 2) r 1in

popL (reverse bs, as)
popL (x:f, r) = (Just x, (f, r))

(empty, Nothing)

let (as, bs) = splitAt (length f “div’ 2) f in
popR (as, reverse bs)

popR (f, x:r) = ((f, r), Just x)

popR ([]1, [1)
popR (f , [1)

EE 121

AU ALERER S [ R I ?
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FATAT LG I Maybe ZEBBRANEE TG I, AR R5([ i < 0, IX[E] Nothing, 4
RRGIIS K, MELBFEHRARM NS HIE, IR[E Nothing,

getAt [] _ = Nothing
getAt (t:ts) i | i < © = Nothing
| i < size t = lookupTree i t
| otherwise = getAt ts (i - size t)
where
lookupTree 0 (Leaf x) = Just x
lookupTree i (Node sz tl1 t2) = if i < sz "div’ 2 then lookupTree i ti
else lookupTree (i - sz ‘div’ 2) t2

ERE 12.2

SCINBER R IIRIBENLITR S[i],1 < i <n. EH n ZFIIKE,
BT R T BSFR A B

getAt (Zero:ts) i = getAt ts i
getAt (One t:ts) i = 1if i < size t then lookupTree i t
else getAt ts (i - size t)
where
lookupTree 0 (Leaf x) = x
lookupTree i (Node sz tl1 t2) = if i < sz "div’ 2 then lookupTree i ti
else lookupTree (i - sz ‘div’ 2) t2

ST EUERRF IR R D R 2

FEBARYERE, NEE n =2m WEIIRUINRTER, BEEIFHIES, RN
AT ROFER AR, HIRAG 7> i 2 2 2 2 B

A DA E N 2m BBEHFORE 2 = X (m BIRTUEEED . IEHBETIN =X
AR A BEALI ]

data List<k> {

Int size = 0

[[K]] trees = [[1]
H

Int nbits(Int n) {

Int i =0

while n # 0 {
i=1i+4+1
n=n/2

}

return i

3

List<K> insert(List<K> xs, K x) {
var i = nbits(xs.size xor (1 + xs.size)) // locate the bit flip to 1
if i > length(xs.trees) then xs.trees.append([])
xs.trees[i] = [x]
for Int j =0, j <1, j+H {
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itk ¢ SEER
xs.trees[i] = xs.trees[i] ++ xs.trees[j]
xs.trees[j] = []
}
XS.size = xs.size + 1
return xs
}

Optional<K> get(List<K> xs, Int i) {
for t in xs.trees {
Int size = length(t)
if i < size then return Optional.of(t[i])
i=1 - size
}
return Optional.Nothing

EZE 12.3
TR T R e B IR Y 0 P 2 2%

TE M F I B RENFEKEE @(s) = |r| — |f| =n—m, HF m = |f|.
n=|rle MSKEBIERI, %5 f # [, WIEEF O(1) MIAIZEE f MRE—NTE,
R f =], FH O(n) BHERE » #7850 B O(1) B4 f HIRJG
—PNICR, X RN N

¢ = n+14(s)—d(s)
net 1+ (] = 1) = (] = 1)
n+1+(n—[51) = ([51-1) - (-0
=1

HONCKERIBRA D E N O(1), XIARHE, BB BRAY 2 2 2 2
O(1)

ERE 124

HERET, RAERTRLAFEREA. I TFERT = (f,t,r), 2
MID(T) = ¢ DIRECFE &R 770
1: function INSERT(z,T)
2 n = (x)
» Lepe (1T1)
4 while [FRONT(T')| > 3 do
5 f < FronT(T)
6
7

n < (f[2], 3], .-)
FrRONT(T) + [n, f[1]]
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8: p<T

9: T < Mip(T)

10: if T'= NIL then

11: T « ([n],NIL, [ ])

12: else if |[FRONT(T')| =1 and REAR(T) = [ | then
13: REAR(T) < FrONT(T)

14: FRONT(T) < [n]

15: else

16: INSERT(FRONT(T), n)

17: Mip(p) < T
18: T < Mip(L), MID(L) < NIL

19: return T

BATRREATTR o BA—DEITRMF (v), MR f FEEH 3 TR, il
BRI, BT IR ETA NEES. BT f R —NITRIMIFIR
R, TN —DHTT S n GREESGNN 1), RS RERRE n 38 AF B3,
RFFANEN f RN — DITRARGTH f F16. BHEHRE, TATZEL
AT — D2, BAENE T — IR, XIRTRET f TR B EZ TR,
T E BN, BACEE— N5, N T E— B0, AR n BAZ f
ERATE, &, BATREREIR T 7 RAE, TR T —MFRRT L
TR, BRRT RHTAT .

EE 12.5

12.5.1. JHERIZIS, FTEPASEEMIER,
WERMBRE front FHEZEZS, BEMAEER 7 B9 F A “f87 7 s, (H2MATE
A RIBEZAFME, B0 front FHEFIH A FRE N2, XMEER Z2HT
PHRIREIE R,

rl1]1], rl1]r2], ...

r[1][1], (13023, ...

n[é][1], n[2](2], ... ‘ rlél[1], rfélf2], ... ‘

& 12.9: TR, 28 ¢ EFRY f A2
BATEMARNEIFFER PR — TR, Eu T 5 B TA NHE7,
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PE-BRT, BEEERY f AN, B f AR R T REDY S, 08 12,9, T
AT, JATAT DM f FERH S~ e RE M), N TEE, BTRE -
AREE, BANTEZHE for, BAREHT—RE DL HE, FATEEM f BT A
BENM T, RN, BAITERSHER. FNFERX TR —ER LW, 5
FIBAHEIE— D71 5o N BATRERAM FIARTT R Bl 12.10 18 7IX
—dE,

r[1][1], r[11[2], ...

n[i — 1][1], n[i — 1][2], ‘ rli — 13[1], r[é — 1][2], ‘

sub-trees of n[2][1]

’ n[e)[2], ... ‘ ’ rlél[1], rlé2], ... ‘

IR —NITR nli)[1], AR ER T RBELE—FHRT f FHEH,

extract z[1]

’ z[2], z[3], ... r{1101], r{11[2], ... ‘

r[2][1], rf2](2], ... ‘

n[% — 11[2], n[¢ — 11[3], ‘ rl¢ — 11[1], r[z — 1][2], ‘

sub-trees of n[2][1]

’ n[1[2], ... ‘ ’ rla[1], re02], - ‘

BHE i IR, REREIE 21,
& 12.10: HEMA FigEF, EEFREH — 7T A

MRHEIX — B, FHEAVEZESSE T 713K ER BRI E (RIS =),
1: function EXTRACT(T)
2: 1« (H?Tv [])
3: while FRONT(T') = [ | and M1D(T') # NIL do

4 T < Mip(T)
5: if FRONT(T) = [ ] and REAR(T') # [ | then
6: EXCHANGE FRONT(T') <» REAR(T)

7: f < FrONT(T), r < REAR(T)
s n<+ (f[1], f12,...) > n iz 2-3 B
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9: repeat

10: FRONT(T) < [n2,ns,..]

11: n <4 ng

12: T < PARENT(T)

13: if MID(T") becomes empty then
14: Mip(T) < NIL

15: until n is leaf

16: return (ELEM(n), MID(L))

X EEE ELEM(n) R 5 n FRFRIE—TTR, BT IR EFLE,
T Z VAR MTFHER P IRECE — D& G — NITRIE L. BB LOREITF
BRI ERE DT TR, WRFIENZ, THREFHRA N, JATm
IHETRRE DA NED, BERIRIFE AN, BRI T R FEEES —
e F4a,

1: function FIRST-LEAF(T)

2: while FRONT(T') = [ ] and MID(T") # NIL do

3: T « Mip(T)

4: if FRONT(T) = [ ] and REAR(T') # [ | then
5: n < REAR(T)[1]

6: else

7: n < FrRONT(T)[1]

8: while n is NOT leaf do

9: n << n

10: return n

11: function FIRST(T)
12: return ELEM(FIRST-LEAF(T))

HASE ZAMERF, RT AR T, sUAMEES — DT 1R8N, R
g — PITRSIHELL

B 12.6
TERENLIT RIS, Ai{rI A B S A o AR S A B ?
BA TR AE RS N T, Hla0:
@[i] = Nothing
] {i<0ﬁi>sizeT: Nothing
T =

G
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12.6.2. KM cut @ S, FENE i {EFH S 2EITT,
Fefllga H—FhFHEM 3 B SCIL (FHER YV E AR E X SE RERRRAIT) .
ITE I TEARIEFRAE, IR 0 < i < size s FATHZ N RIFER cutTree i S
AT E,

cut :: Int — Seq a — (Seq a, Maybe a, Seq a)
cut i (Seq xs) | i < 6 = (Seq Empty, Nothing, Seq xs)
| i < size xs = case cutTree i xs of
(a, Just (Place _ (Elem x)), b) — (Seq a, Just x, Seq b)
(a, Nothing, b) — (Seq a, Nothing, Seq b)

| otherwise = (Seq xs, Nothing, Seq Empty)

cutTree 3BT EN % =F0 57 £, ARl G0, HREEED A A Maybe KAIFR
AIREEHAE], MRBEINEEF/EH —P RN E ¢ 17T o, BHEEE—
N Place 28IH, (MR R5] i M TRIEFRE f,r 7, TATEA cutList E—
78, DB R RA LR, IR« AT, WEIF 0 El, REXNER
Place i' a 18 2-3 B o FEALE & HE—2553E,

cutTree :: (Sized a) = Int — Tree a — (Tree a, Maybe (Place a), Tree a)
cutTree _ Empty = (Empty, Nothing, Empty)
cutTree i (Lf a) | i1 < size a = (Empty, Just (Place i a), Empty)
| otherwise = (Lf a, Nothing, Empty)
cutTree i (Br s f m r)
| i < sf = case cutList i f of
(xs, x, ys) — (Empty <<< xs, x, tree ys m r)
| i < sm = case cutTree (i - sf) m of
(tl, Just (Place i' a), t2) — let (xs, x, ys) = cutNode 1i' a
in (tree f tl1 xs, x, tree ys t2 r)
| i <s = case cutList (i - sm) r of
(xs, x, ys) — (tree f m xs, x, ys >>> Empty)
where
sf = sum $ map size f

sm = sf + size m

H tree fom r BIEH—DFHER, HHTIE S AL

tree as Empty [] = as >>> Empty
tree [] Empty bs = Empty <<< bs
tree [] m r = Br (size m 4+ sum (map size r)) (nodesOf f) m' r
where (f, m') = uncons m
tree f m [] = Br (size m + sum (map size f)) f m' (nodesOf r)
where (m', r) = unsnoc m
tree f m r = Br (size m + sum (map size f) + sum (map size r)) f mr

X FHER 2-3 SRY > HI LN T

cutList :: (Sized a) = Int — [a] — ([a], Maybe (Place a), [a])
cutList _ [] = ([], Nothing, [])
cutList i (x:xs) | i < sx = ([], Just (Place i x), xs)
| otherwise = let (xs', y, ys) = cutList (i - sx) xs
in (x:xs', y, ys)
where sx = size x
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cutNode :: (Sized a) = Int — Node a — ([a], Maybe (Place a), [a])
cutNode i (Tr2 _ a b) | i < sa = ([], Just (Place i a), [b])
| otherwise = ([a], Just (Place (i - sa) b), [1)
where sa = size a
cutNode i (Tr3 _ a b c) | i < sa= ([], Just (Place i a), [b, c])
| 1 < sab = ([a], Just (Place (i - sa) b), [c])
| otherwise = ([a, b], Just (Place (i - sab) c), [1)
where sa = size a
sab = sa 4 size b

AR A EESE T AL ERITTR. MBRE T A BRITTR, LU MTF #1E,
BN EZREEZE O(gn)o

setAt s i x = case cut i s of
(_, Nothing, _) — s
(xs, Just y, ys) — xs H+ (x <| ys)

extractAt s i = case cut i s of (xs, Just y, ys) — (y, xs 4+ ys)

moveToFront i s = if i <0 || i > size s then s
else let (a, s') = extractAt s i in a <| s'

B2z 13.1

BOHEA PO AR B E S, U BT R YR AV, #E1— SR

sort [x] = [x]

B2 13.2

MR EHER, XNMABAR 2 F NEFFI. fEm, 81077
B E N no (HRZIME S TG s MI=FA, merge([],s1) = [ | @51,
RIGET 50, [ | B 51D 80, RIGHEI 53, | D51 D52 D sse.. ... Fr DA E 2R
On+2n+3n+4n+ ...+ kn) = O(n@) = O(nk?), TMMEH, EH—
IE 51D 59, 53 D S4n. ... N O(kn), #TFR—#: (s, @ 52) D (53 D 84) ... ... X
B O(kn)o BIEHHT Igk 5, REIXE N :O(nklgk). BRI & IFHIIHE E P,
FATHAT AR — KA k BN, (R1E & DFIIEBNER/NTREITE
H, BEREMNE O(nklgk).

EE 13.3

TP & HHRIERS BB foldp, TR X B RF_LAIFEHE .
BATER A SE [ HEE ARG f(F(2,y),2) = f(z, f(y,2)e D7
THEH f AT 2, & X FRANN:
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foldp f z [] =z

foldp f z [x] = f x z

foldp f z xs = foldp f z (pairs xs) where
pairs (x:y:ys) = (f x y) : pairs ys
pairs ys = ys

IXFEENNAE SN sum = foldp (+) 0, T B EE_EAYFFFHEFE XN 6

sort = foldp merge [Jomap (:[])

B2 13.4
13.4.1. HERAHFHFHEFE RIS N — DNFEI =4 ISR,

T DA T Rk B R AR SR, AR B9, A
SR A ERALL 58T R AN T 2, SRS TR
BIER—RER, TR AR X AT 5, BN hEs, SRR
FHN—H, ENSTRER (A, 2, B) F (C,y, D)o % <y, Fl y X145 B 4
A B, BY, 57 B, SIS 286 {b < y) KI5, BY B8 (b > y) B4 H o
Q55 C H9 Con Oy RIGHIREBIFLE R

(A,z,B)® (C,y,D) = (A Cy,z,B, & C"),y,D & BY)

He ‘e’ For & ¥t MFRHE, 35 = > o, B T3 A, D, TEEIBITEF
ST RIS B, BEA TR 13.3 E XHIMNEN foldp,

toTree :: (Ord a) = [a] — Tree a
toTree = foldp merge Empty omap leaf

partition x Empty = (Empty, Empty)
partition x (Node a y b)
| x <y = let (al, a2) = partition x a in (al, Node a2 y b)
| otherwise = let (bl, b2) = partition x b in (Node a y bl, b2)

merge Empty t =t
merge t Empty = t
merge (Node a x b) (Node c y d)
| x <y =1let
(b1, b2) = partition y b
(cl, c2) = partition x c
in Node (Node (merge a cl) x (merge bl c2)) y (merge d b2)
| otherwise = let
(al, a2) = partition y a
(d1, d2) = partition x d
in Node (merge al c) y (Node (merge a2 dl) x (merge b d2))

S(:[1) HEF 2 25— [z]:280
SIS R — ISR ST RIHALEE , AT DU SR FE i p B el 51I5% (i), ARSI (13.31) &9, mGH
FhiR BT R (F RS R = X,
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BZE 14.1
14.1.1. UERA kIEBERFEIIEZE RN O(n),

ZEPEHP I E R E DT ET 13.1.3,

14.1.2. AT ERATHIET L/ NTE, FATAI PR 2 = max (take k A),y = min (drop k A).
MRz <y, W ARIETE DTRMBERE, SN « K2 E EDNTR, Ay
JINFIRTTER, REEFFI [a «+ A,z < a < y] FIBEAERET K DLE, &

FE =k—|a+ Aa<a]l, WEIRX—EE, HOTERE,
1: procedure Tops(k, A)

2: l+1

3: u < |A|

4: loop

5: i < MAX-AT(A[l..k])

6: J + MIN-AT(A[k + 1..u])

7: if Afi] < A[j] then

8: break

9: EXCHANGE A[l] < A[j]

10: EXCHANGE A[k + 1] <> A[{]
11: l < PARTITION(A, I, k)

12: u < PARTITION(A, k + 1, u)

FEER FTHEREZ O(n)o 2T BB RECY : BHIEINH LT R
K. &/ME i, j, RIEHITIR LR BIRIX 77 WERK 2P, 703 N okEIR
FEEF IR, XREERED O(n +n/2+n/4...) = O(n)o

14.1.3. BEERMPCFHA A B N EHHE", HENBIERE O(g(m +n)), B
m = |A|,n = |B|, 7AW M HRKE, BE4H TR 0 a8, BT EE
NN: median(A, B) = C[Lm;—nﬂ, HA C = merge(A, B) N&HEHNEF
B °,
BMAEENN T, BE—DHEEM NS DR IT &R, 21 =0,

u

u = m, BAVENHEE A FRR5IN: @ = LZ%JO R L EE

X, b = [T ANERER LA, HA, A DR Al 2
#, MEEIER, N B AR j = h— i MERE Afi) 2 ¥, RERSER
BIj] < Ali] < Blj + 1o 4137, WAIENAG AL w2 ME, SURERA

s/ VAR Lou BT 0B, TEGIFERLEI TIX 75k

T 1

SRMLE S E WG EE A, EENTER n MTRAFFY « B EEXY:

odd(n) : m[”—;rl]

median(z) = n n
{even(n) : %(m[g] + w[g +1])



394

fifx C

W

i

EEHER

K median([K] a, [K] b) {
if a = [] then return b[length(b) / 2]
if b =— [] then return a[length(a) / 2]
Int i = medianOf(a, b)
return if i — -1 then return median(b, a) else a[i]

Int medianOf([K] a, [K] b) {
Int 1 =0, u = length(a)
while 1 < u {
var i =(l+4+u) /2
var j = (length(a) + length(b)) / 2 - i
if j <1or j > len(b) {
if (j = 0 and a[i] < b[0]) or
(j = 1len(b) and b[j - 1] < a[i]) then return i
if j > len(b) then 1 =1 + 1 else u = i
} else {
if b[j - 1] < a[i] and a[i] < b[j] then return i

if a[i] < b[j - 1] then 1 =17 + 1 else u = 1

}

return -1

B MITERA A MEANERE £ DITENREL R m > n(HIE
A, B), tNRE—#H =, MIREI S IS—THE B MTR, R k=1, 1R[]
A[0]. B[0] FEZINI— BRIEN j = min(k/2,n),i = k — j, RIEHEL Ai
1 Bljlo N5 Ali] < Blj], BMEFE Al #if Blj] FHITTR, AFHBIF7E
FIRTEPTFHE bk — i KHY; SNEFATE Blj) /i1 Al 5/, AE1EE,

K median([K] xs, [K] ys) {
Int n = length(xs), m = length(ys)
return kth(xs, 0, n, ys, 0, my, (m+n) / 2 + 1)

K kth([K] xs, Int x0, Int x1, [K] ys, Int y0, Int yl, Int k) {
if x1 - x0 < yl - y0 then return kth(ys, y0, yl, xs, x0, x1, k)
if x1 < x0 then return ys[y0 + k - 1]
if yl1 < y0 then return xs[x0 + k - 1]
if k =— 1 then return min(xs[x0], ys[y0])
var j = min(k / 2, y1 - y0), i =k - j
i=x04+ 1, j =y0 + j
if xs[i - 1] < ys[j - 1] then

return kth(xs, i, x1, ys, y0, j, k - i + x0)
else
return kth(xs, x0, i, ys, j, yl1, k - j + y0)

SN, BATARERXFEE LB m € A+ B, fEif5:

ly < A4 By <m]| = |ly <~ A4 B,y >m][ = 0,+1
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BIART m BUTCEF/INT m T RFAMEZ 80E 1, IR RG] [0,1,2,3,3,3,3,3, 5],
B/ INFET. A TETHSE R,

14.1.4. {HEFRIEE, @I EHT RO LI S8 A,

1: function SOLVE(f, z)

2: p+ 0,9+ 2

3: S+ ¢

4 while p<z H ¢>0do
5: 2« f(p,q)

6: if 2/ < z then

7: p+—p+1

8: else if 2z’ > z then

o: qg+q—1

10: else

11: S+ SU{(p,q)}
12: p+—p+1lg+qg—1
13: return S

14.1.5. KM THEEREFEH M ERE: BVERXENE TAER/IME, H LAZ
RAMH, EHERE 2 /NTR/MESFE R T RARETHE; SUMFOR]— D1,
DEIRL 4 NINEFE, RTEIBITHE R,
1: procedure SEARCH(f, z,a, b, c, d) > (a,b): £ N (c,d): 15 A
2 if 2 < f(a,b) B f(c,d) > z then
if z = f(a,b) then

o

4: record (a,b) as a solution
5: if z = f(c,d) then
6: record (c,d) as a solution
7: return
a —|— c
8: p < |_ J
b + d
% ¢ [—5]
10: SEARCH(f, z,a, q,p,d)
11: SEARCH(f, z,p, q, ¢, d)

H(
12: SEARCH(f, z,a,b,p, q
(f,

q)
13: SEARCH(f, z,p, b, ¢, q)

A VAT DR FF 2 BR800 25 07 AE T RLY A HOSEFY P R B ]
B T(A) Bl O(1) BIERE 2 < f(a,b) T f(e,d) > = BERL, RIEDE
g 4 NERUEESEE NEEIT: T(A) = AT(A/4) + O(c). MRIEEEEE R EN
O(A) = O(mn), BRI, B K AITRRIALIE Hy IR SETE P 22
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14.2.1.

fiisk ¢ ZHER

R

B 14.2

T RNEETE, £ A R SHREBIREGE (n/k| B9 k DREL, ,H—EP n=|Al, &
e BRE kD REDTER, BE UE&F?J?E’JE%*EP*TE kD tNERFEAIT
FE E-ARE(ET [n/k] D), M—E2F K,

FATVEL—DFHM Map : T Int, B T 2 A PROTERIEE, X PFEIOS
TRIEE o BEIEER, BOTIRTFINT o, FA1—10HE# A — L5
foldr maj @ A, HA maj & X N:

a€m: mla) < mla] +1
majam=4q|m|<k: mla] <1
A filter (b~ m[b] # 0) {b+ m[b] — 1|b € m}

(14.21)
NT AHFENITER o, R a ¢ m AEFIHA FF BFHAPRREESE k1,
AR o IIAFBE, FFIERN 1 E mla] « 1; WR a € m, BATRHEEIN—
mla] < mla] + 1; BNANRFHAEH k Mk, TATHEE MgIEE 52
1, AUEREZECN 0 WHIER,
o, BATEFRLE m PRERRVEIEERIE—T, EEEMNNELESEL
T n/k, % m' ={(a,0)|a € m}, RIGHBFH—IX A: foldr cnt m' A, H/f1 cnt
XA

ent am’ =if a € m’ then m'[a] «+ m'[a] + 1 else m/ (14.22)

IXAE m/ ISR T IXEEEEE I 28, BT T8 n/k B9 keys (filter (>
n/k) m'), NEBIPIFEFSEI TIX—T7:

majorities k xs = verify $ foldr maj Map.empty xs where
maj x m | x “Map.member® m = Map.adjust (1) x m
| Map.size m < k = Map.insert x 1 m
| otherwise = Map.filter (#0) $ Map.map (-1 +) m
verify m = Map.keys $ Map.filter (> th) $ foldr cnt m' xs where
m' = Map.map (const 0) m
cnt x m = if x “Map.member' m then Map.adjust (1+) x m else m
th = (length xs) “div’ k

XF R IR ARESLEIAN T -
1: function MAaJ(k, A)
2: m <+ {}
3 for each a in A do

4: if a € m then
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5: mla] <~ mla] +1

6: else if |m| < k then

7: mla] <1

8: else

9: for each ¢ in m do
10: mlc] < mlc] — 1
11: if m[c] = 0 then
12: REMOVE(¢, m)
13: for each ¢ in m do

14: m[c] « 0

15: for each a in A do > Sk
16: if a € m then

17: mla] < mla] +1

18: r=/[],n<+ |4

19: for each ¢ in m do

20: if mc] > % then

21: ADD(c, 1)

22: return r

B2z 14.3

(BB AR T FE BRI SEEL, 3R B B KRR T8
WRBR T AT A, A EIREF 5, Tl TA] PAE fold I {5 F AT
8 P, M P, &XHEAEIETFIIHIMN S TFIIAS (S, L),

maxzs = fst- foldr f((0,[]),(0,[]))
Her: fa (P, (S, 1)) = (B, P')
£ f ' P’ = maz((0,[]), (x + S,2:L)), P!, = max(P,,, P")

AREA P G H T — Do iia 2 BT ER FRAR KM, E2EN O(nlogn)o
RS RRIRAEF R DB, FATTAT OB VTR H AT E0 0 BB, ME
FHR B R, FES A SR B R, SEIIX —T5 7.
1: function MAX-SuM(A)
2: if A= ¢ then
return 0
else if |A| = 1 then
return Max(0, A[1])

else

m o 4]
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14.3.3.

fiisk ¢ ZHER

8: a < MAX-FROM(REVERSE(A[L...m]))
9: b+ Max-FroM(A[m + 1...|A]])

10: ¢ + MAax-SuM(AJl...m])

11: d < MAX-SUM(A[m + 1...|A])

12: return MAX(a + b, ¢, d)

13: function MAX-FrROM(A)

14: sum < 0,m < 0

15: for i < 1 to |A| do

16: sum < sum + Ali]
17: m < MAX(m, sum)
18: return m

GIFEFAEITEE T(n) = 2T (n)2)+0 (n)o FIF T EATHIE N O(n)
menmgﬁﬂﬁﬁﬁﬁﬁﬁ?ﬁﬁﬁi%ﬁ%ﬁ%?%ﬁﬁﬁ
FATMNIEHER BB — T IF48, BRI 1T (ML, ), M2, %], ..., M[i, #])e I
%ﬂ%%ﬁ$%@%ﬁ%%ﬁ&#%ﬁ%:

ZMu ZM2; ZMnJ

FHERAARTHNER mazsum KHFE V HRYRARM, FidR2RERM,

maxSum = maximum o (map maxS) o acc o rows where
rows = init o tails — exclude the empty row
acc = concatMap (scanll (zipWith (+))) — accumulated sum along columns
maxS = snd o (foldl f (0, 0)) — max sum in a vector
f (my s) x =71let m" =max (m + x) 0O

s' =max m' s in (m', s')

Hr tails FE NS 1.12.2, zipWith BE X LET 1.7, concatMap
HIE X IETT 6.5.16 scanl F1 foldl 25U, (HE B IAEG REARERI—DAIFR
Hi, scanll & scanl FI— PMNEERIG I, FIIREZYIRIE — 1T E,

scanll f 1] = ]
scanll f (z:xs) = scanl f x xs
Hrp:
scanl fql] = Iq]
scanl f (x:xs) = q:scanl f (f qx) xs

Xt R E a2 2B TR AR

K maxsum2 ([[K]] m) {
Int n = length(m), k = length(m[0]) // number of row, col
K maxs = 0 // max so far




for i =0 ton -1 {
xs = [0] * k
for j =1 ton-1{
xs = [x +y for (x, y) in zip(xs, m[j])]
maxs = max(maxs, maxsuml(xs))

3

return maxs

K maxsuml([K] xs) {
Ks =0 // max so far
Km=0 // max end here
for x 1in xs {
m = max(m + x, 0O)
s = max(m, s)
}

return s

399

ERE 15.1

15.1.1. (€ FMCRER HA B IR R A e

dfsSolveAll m from to = map reverse $ solve [[from]] [] where
solve [] ss = ss
solve (c@(p:path):cs) ss

| p = to = solve cs (c:ss) — find a solution, go on search
| otherwise = let os = filter ('notElem’ path) (adjacent p) 1in
if os = [] then solve cs ss

else solve ((map (:c) os) 4 cs) ss
adjacent (x, y) = [(x', y') |
(XI: yl) — [(X_17 y); (X+1: y): (X: y_l)7 (X7 y+1)];
inRange (bounds m) (x', y'), m ! (x', y') = 0]

R KR

[[(Int, Int)]] solve([[Int]] m, (Int, Int) src, (Int, Int) dst) {
[[(Int, Int)]] stack = [[src]]
[[(Int, Int)]] s =[]
while stack # [] {
path = stack.pop()
if last(path) =— dst {
s.append(path)
} else {
for p in adjacent(m, last(path)) {
if not p 1in path then stack.append(path + [p])

3

return s
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15.2.1.

15.2.2.

fiisk ¢ ZHER

[(Int, Int)] adjacent([[(Int, Int)]] m, (Int x, Int y)) {
[(Int, Int)] ps = []
for (dx, dy) in [(0, 1), (0, -1), (1, 0), (-1, 0)] {
Int x1 = x + dx, yl =y + dy
if 0 < x1 < len(m[0]) and 06 < yl < len(m)
and m[y][x] — 0 then ps.append((x1l, yl))
}

return ps

EE 15.2

O\ 2 EREE, 5 E R DIRR n 251,
FTE n 2GR, BAE n x n #H1E EER 0 DEJE, BT ORI T 1Y 8
Rl n fENRIR], NRAIM THIL D 2R E R

i

[1]

TCfE

T

2,4,1,3],[3,1,4,2]
[2,4,1,3,5],[3,1,4,2,5],[1,3,5,2,4], ... 3£ 10 M

& U T S

J\EEFBETE 92 MR, N TEA—ME, Vﬁﬁ’ﬂz% +90° HHEE/ &2
[EIRRRRfR, BRI 2R, BEIETREMNBEREA 121 BR/\EEHNERF,
FRHIX 12 NRFE R R,

J\EJERRRINFRME, AR EIE A TEARE RN IR, BEE RN IR E TR A,
EFA RIS FRIES —HARE Dg X, BIEM T 8 MNE#: [HEE R id, BlgH
ILIERE 90°,180°,270°% 7K, B E RN, IH M ALEN . (L TAE (4,5) B9
2EEX 8 MNEH NN

Bt @%

id
Y B, X B
2 PR FREN
90°, 180°, 270°

9—1i,j) (4,9 —J)
]71) ( ——j,9 )
9_]3)( _19 ]) (],Q—i)

(4,
(
(
(

BHE— MR, TATHAIX 8 ME# ™4 8 ME, FFANNENTZFNHT, T
FA—"MEGREESF 12 DR R

‘import Data.List ((\\), sortOn)
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import Data.Set (Set, empty, insert, notMember, size)
import Data.Tuple (swap)

d8 = [1id,
reverse, map (9 - ), — reflect Y, X
trans swap, trans (A(i, j) — (9 - j, 9 - 1)), — reflect AC, BD
trans (A(i, j) — (9 - 3, 1)), — 90
trans (A(i, j) — (9 - 1, 9 - 3)), — 180
trans (A(i, j) — (3, 9 - 1i))] — 270
where

trans f xs = snd $ unzip $ sortOn fst $ map f $ zip [1..8] xs

uniqueSolve = dfs [[]] (empty :: Set [Int]) where
dfs [] s =s
dfs (c:cs) s
| length ¢ = 8 = dfs cs (uniqueAdd c s)
| otherwise = dfs ([(x:c) | x «+ [1..8] \\ c,
not (attack x c)] # cs) s
if all ('notMember® s) [f c | f « d8]
then dinsert c s else s

uniqueAdd c s

attack x cs = let y = 1 + length cs 1in
any (A(c, r) — abs(x - c) — abs(y - r)) $ zip (reverse cs) [1..]

X 12 Mg

[3’6)4’1)8’5)7’2])[3)6’8)1’4)7’5)2]’[4’1)5’8)6’3)7’2])[4)2’7)3’6)8’5)]‘]
[476787371777572]7[477717875727673]![572747773787671]7[573787477717672]
[5!7711378!674!2]’[577!4711378!672])[6!277!174!875!3]’[674!7711872!573]

EE 15.3

R Bk 75 e (P AR R B RR, (E15 8 R] DU o A BRI TR Do
BATAZER A n FAERRIR, S FRIRTSRIA]

solve n = dfs [[start]] [] where
dfs [] s=s
dfs (c:cs) s
| head ¢ = end = dfs cs (reverse c:s)
| otherwise = dfs ((map (:c) $ moves $ head c) H cs) s
start = replicate n (-1) # [0] 4 replicate n 1
end = reverse start

EE 15.4

BOHY R LR SE R, FIREMASER 2| + |y| &/, ABRREDK AR,

import Data.List
import Data.Function (on)

— Extended Euclidean Algorithm
gcmex a @ = (a, 1, 0)
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gcmex a b = (g, y', x' —y' % (a ‘div’ b)) where
(g, x', y') = gcmex b (a ‘mod’ b)

— Solve the linear Diophantine equation ax + by = ¢
solve abc | ¢c 'mod" g # 0= (0, 0, 0, 0) — no solution
| otherwise = (x1, u, yl, v)
where
(g, x0, y0) = gcmex a b
(x1, yl1) = (x0 * ¢ ‘div’ g, y0 x c “div’ g)
(u, v) = (b ‘div’ g, a ‘div’ g)

— Minimize |x| + |y|
jars a b ¢ = (x, y) where

(x1, u, yl, v) = solve a b c
=x1 -k *xu
=yl + k *x v
= minimumBy (compare ‘on’ (Ai — abs (x1 - i * u) +

abs (yl1 + i % v))) [-m..m]

m = max (abs x1 ‘div’ u) (abs yl ‘“div’ v)

x < X

— Populate the steps
water a b ¢ = 1if x > 0 then pour a x b y
else map swap $ pour b y a x
where
(x, y) =jars a b c

— Pour from a to b, fill a for x times, and empty b for y times.
pour a x by = steps xy [(0, 0)]
where
steps © O ps = reverse ps
steps x y ps@((a', b'):_)
| @' = 0 = steps (x - 1) y ((a, b'):ps) —filla
| b' = b = steps x (y + 1) ((a', 0):ps) —emptyb
| otherwise = steps x y ((max (a' + b' - b) 0,
min (a' + b') b):ps) —atob

HZANE, BES IR — wEFRIHE)E 5, 2.2.3 7,

ERE 15.5

15.5.1. #HZEIRT—% = XM,
¥ AR 5 RN m, (R ET 12.5 HEFZIE RS :

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

toList t = bfs (Q.singleton t) where
bfs Q.Empty = []
bfs (E :<| q) = bfs q
bfs ((Br L kr) :<| q) =k : bfs (g |[>1 |[>r)

15.5.2. FEEGEDIE,
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BATH 0 2 73X 8 MFHIHAIREM T, Hh 0 RERZL, 2 ALAT, EHIET
A DA AL, BATRERRN 0 EHAIFAGE8, [MERs)EIREN, 4E
Seia W B 2SLER, A AEEISKERN, dksem 2 m R R, ReplHl, Rz AL 0 72
HEFISKER, ‘© ] ARNES 5 (LB ERUMLT A, RZTRAT, REEE SR AT AR
K, BE 12048 PR RER T, HAFREILPWT:

start = [0..7]
end = 0:[7,6..1]

solvel = dfs [[start]] where
dfs [1 =[]
dfs (c:cs)
| head ¢ = end = reverse c
| otherwise = dfs ((map (:c) $ moves c) 4 cs)

moves (s:visited) = filter ( notElem’ visited) [fwd s, bk s, cut s]
where
fwd xs = case break (0 —) xs of
(as, O:b:bs) — as # (b:0:bs)
(atas, [0]) — 0O:as H# [a]
bk xs = case break (0 =) xs of
([], 0:bs) — bs 4 [0]
(as, 0:bs) — (init as) #+ (0 : last as : bs)
cut xs = case splitAt 4 xs of
((0:as), (x:bs)) — (x:as) # (O:bs)
((x:as), (0:bs)) — (0:as) 4 (x:bs)
_ — Xs

[156775675547352] }[1775676’574’372]![157765675547352] }[177567556745372]!
[11776!5741073!2]’[177!675!4731072])[117761574!37210]’[077!675!473!27]‘]

EE 15.6

15.6.1. SKIar S RHIIG R EMRAEREE,

data Node<T> {
Optional<T> ¢ = Nothing
Int w
Node<T> left = null, right = null

Bool disLeaf() = (left = null and right = null)

Node<T> merge (Node<T> a, Node<T> b) = Node(Nothing, a.w + b.w, a, b)
Bool (<) (Node<T> a, Node<T> b) = (a.w < b.w)
Node<T> huffman([Node<T>] ts) {

while length(ts) > 1 {
Int n = length(ts)
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15.7.1.

15.7.2.

fiisk ¢ ZHER

for Int i = n - 3 down to i 0 {
if ts[i] < max(ts[n-1], ts[n-2]) {
Int j = 1if ts[n-1] < ts[n-2] then n - 2 else n - 1
swap (ts([i], ts[j])
}
}
ts[n-2] = merge(ts[n-1], ts[n-2])
ts.poplLast()
}
return ts[0]
}

Map<T, [T]> codeTab(Node<T> t, [T] bits = [], Map<T, [T]> codes = {}) {
if t.disLeaf() {
codes[t.c] = bits
} else {
codeTab(t.left, bits + [0], codes)
codeTab(t.right, bits + [1], codes)

}
return codes
}
BEE 15.7
{5 FH SR SRAR G I 2% SR - AT MHE TR ER EH PR R84, & 5 fe Tl ml e,
H=9o0:. o

Huffman H = ¢ |H|=1: pop H
A Huffman (push (merge t, t,) H")
Hr: (to, H') = pop H, (ty, H") = pop H'

1: function HUFFMAN(H)
2: while |H| > 1 do

3: t, + PoP(H)
4: ty POP(H)
5: PusH(H, MERGE(t,, tp))

6: return Por(H)

WRFIF EIENEFFPRSIR A, FE— DM RIS K ERAT 757!
A Q TRIFEFFEEIR. U Q 0 A SKEREHEV NI, S FHE AR, &
BSEHIRAFTER S, SRR — R/, RIRARIRRER, 1ELIX
—T7 %o
Huffman (t:ts) = build (t, (ts,2)), HH:
build (t,([],2)) = ¢
build (t,h) = build (extract (ts,push (merge t t') q))
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Hep: (¢, (ts,q)) = extract h

extract (t:ts,@)) = (t,(ts, D))
J([)d), HA = (t,q') = pop q
t<t: (t,(t:ts,q)),HF: (¥, ¢) = pop q

t<t': (t(ts,q))

(t
(t

extract ([ ],q) =

extract (t:ts,q) =

15.7.3. aEMRKREMN T, AAMNEIISLIIG K 2 M,
decode = snd o (foldl lookup (T,[])), HH:

lookup ((w,c),cs) b = (T,c:cs)
lookup ((w,l,7),es) b = if b= 0 then (I, cs) else (r,cs)

EE 15.8

15.8.1. ERAEINBREEER KAHTFIIHIRMERS

import Data.Sequence (Seq, singleton, fromList, index, (|>))

lcs xs ys = construct $ foldl f (singleton $ fromList $ replicate (ntl) 0)
(zip [1..] xs) where
(m, n) = (length xs, length ys)
f tab (i, x) = tab |> (foldl longer (singleton 0) (zip [1..] ys)) where
longer r (j, y) =r |>1if x =y
then 1 + (tab “index’ (i-1) ‘dndex’ (j-1))
else max (tab “index’ (i-1) “dindex’ j) (r “dndex’ (j-1))
construct tab = get (reverse xs, m) (reverse ys, n) where
get ([1, 0) ([1, 0) =[]
get ((x:xs), i) ((y:ys), j)
| x =1y = get (xs, i-1) (ys, j-1) 4 [x]
| (tab “index’ (i-1) “index’ j) > (tab “index’ i “dndex’ (j-1)) =
get (xs, i-1) ((y:ys), j)
| otherwise = get ((x:xs), i) (ys, j-1)

EE 15.9

15.9.1. MEKAFFFIIR-, 75— B RA_EREEE FRET LR T FIRKE
M7E”, NRERAEAL, W AGERATE, NW AEKRATEL, XET7EfERT
AT B 2R HIEE R BATMRIBRIE T ATTE, IIREN NW, BA Tl
BN LA E e BT T INARMEDY N, i EEA SN E] ETTRIRS T ai2R
NW KPR BB MR F. WEKIX—RE,

data DIR=N | W | NW

[K] les([K] xs, [K] ys) {
Int m = length(x), n = length(ys)
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3

Kl r =11

m=

n =

}

fifx C

W

i

EEHER

[[(Int, DIR)]] c = [[(0, null)] * (n + 1)] = (m + 1)
for i =1 tom {
for j =1 ton {
if xs[i-1] = ys[j-1] {

c[i][3] = (fst(c[i-11[j-1]) + 1, DIR.NW)

} else {

cli]1[j] = 4f fst(c[i-11[j1) > fst(c[il[j-11)

m

} else if

n

then (fst(c[i-1][j]), DIR.N)
else (fst(c[i][j-1]), DIR.W)

return rebuild(c, xs, ys)

[K] rebuild([[(Int, DIR)]] c, [K] xs, [K] ys) {

Int m = length(xs), n = length(ys)
while m > 0 and n > 0 {
DIR d = snd(c[m][n])
if d — DIR.NW {
r.append(xs[m - 1]) // or ys[n - 1]
m=m-1, n=n-1
} else if

d —
-1
d =— DIR.W {

DIR.N {

=

return reverse(r)

15.9.2. RHFFEMILETR, —EH 1 <0 <uMZa? ENREH—PUENL?
HESRAFEFE (RN 0), WAEFER T <0 <u M—EMIL, FHEREZE
EHHES X, FIRAATRE/NT 0, HH | = min(X)e RZ2HENHNES
EBRARIRERT 0, H u = max(X),

15.9.3. R DFRFER ARG R &,

[[Int]] d =
for Int i =
d[i][e]

}
for Int j =
d[e][j]

}
for Int j =
for i =
CcC =

Int lev([K] s, [K] t) {

[[0]*n]*m //d[i]1[j]: distance between s[:i] and t[:j]

0

0

1
1

to length(s) {
i //drop all chars of source prefix gives []

to length(t) {
j //insert all chars of target prefix to []

to length(t) {
to length(m) {

if s[i-1] = t[j-1] then 0 else 1

d[i]1[j] = min([d[i-1][]j] + 1, //deletion

dlil[j-1] + 1, //insertion
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d[i-1][j-1] 4+ c]) //substitution

}
return d[length(s)][length(t)]
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Everyone is permitted to copy and distribute verbatim copies of this license

document, but changing it is not allowed.
Preamble

The purpose of this License is to make a manual, textbook, or other functional
and useful document “free” in the sense of freedom: to assure everyone the effective
freedom to copy and redistribute it, with or without modifying it, either commer-
cially or noncommercially. Secondarily, this License preserves for the author and
publisher a way to get credit for their work, while not being considered responsible
for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the
document must themselves be free in the same sense. It complements the GNU
General Public License, which is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software,
because free software needs free documentation: a free program should come with
manuals providing the same freedoms that the software does. But this License is
not limited to software manuals; it can be used for any textual work, regardless of
subject matter or whether it is published as a printed book. We recommend this

License principally for works whose purpose is instruction or reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains
a notice placed by the copyright holder saying it can be distributed under the terms
of this License. Such a notice grants a world-wide, royalty-free license, unlimited in

duration, to use that work under the conditions stated herein. The “Document”,
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below, refers to any such manual or work. Any member of the public is a licensee,
and is addressed as “you”. You accept the license if you copy, modify or distribute
the work in a way requiring permission under copyright law.

A “Modified Version” of the Document means any work containing the Doc-
ument or a portion of it, either copied verbatim, or with modifications and/or trans-
lated into another language.

A “Secondary Section” is a named appendix or a front-matter section of the
Document that deals exclusively with the relationship of the publishers or authors of
the Document to the Document’s overall subject (or to related matters) and contains
nothing that could fall directly within that overall subject. (Thus, if the Document
is in part a textbook of mathematics, a Secondary Section may not explain any
mathematics.) The relationship could be a matter of historical connection with the
subject or with related matters, or of legal, commercial, philosophical, ethical or
political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are desig-
nated, as being those of Invariant Sections, in the notice that says that the Document
is released under this License. If a section does not fit the above definition of Sec-
ondary then it is not allowed to be designated as Invariant. The Document may
contain zero Invariant Sections. If the Document does not identify any Invariant
Sections then there are none.

The “Cover Texts” are certain short passages of text that are listed, as Front-
Cover Texts or Back-Cover Texts, in the notice that says that the Document is
released under this License. A Front-Cover Text may be at most 5 words, and a
Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy, rep-
resented in a format whose specification is available to the general public, that is
suitable for revising the document straightforwardly with generic text editors or (for
images composed of pixels) generic paint programs or (for drawings) some widely
available drawing editor, and that is suitable for input to text formatters or for auto-
matic translation to a variety of formats suitable for input to text formatters. A copy
made in an otherwise Transparent file format whose markup, or absence of markup,
has been arranged to thwart or discourage subsequent modification by readers is not
Transparent. An image format is not Transparent if used for any substantial amount
of text. A copy that is not “Transparent” is called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII with-
out markup, Texinfo input format, LaTeX input format, SGML or XML using a
publicly available DTD, and standard-conforming simple HTML, PostScript or PDF

designed for human modification. Examples of transparent image formats include
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PNG, XCF and JPG. Opaque formats include proprietary formats that can be
read and edited only by proprietary word processors, SGML or XML for which the
DTD and/or processing tools are not generally available, and the machine-generated
HTML, PostScript or PDF produced by some word processors for output purposes
only.

The “Title Page” means, for a printed book, the title page itself, plus such
following pages as are needed to hold, legibly, the material this License requires to
appear in the title page. For works in formats which do not have any title page as
such, “Title Page” means the text near the most prominent appearance of the work’s
title, preceding the beginning of the body of the text.

The “publisher” means any person or entity that distributes copies of the Doc-
ument to the public.

A section “Entitled XYZ” means a named subunit of the Document whose
title either is precisely XYZ or contains XYZ in parentheses following text that trans-
lates XYZ in another language. (Here XYZ stands for a specific section name men-
tioned below, such as “Acknowledgements”, “Dedications”, “Endorsements”,
or “History”.) To “Preserve the Title” of such a section when you modify the
Document means that it remains a section “Entitled XYZ” according to this defini-
tion.

The Document may include Warranty Disclaimers next to the notice which states
that this License applies to the Document. These Warranty Disclaimers are consid-
ered to be included by reference in this License, but only as regards disclaiming
warranties: any other implication that these Warranty Disclaimers may have is void

and has no effect on the meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commercially
or noncommercially, provided that this License, the copyright notices, and the license
notice saying this License applies to the Document are reproduced in all copies, and
that you add no other conditions whatsoever to those of this License. You may not
use technical measures to obstruct or control the reading or further copying of the
copies you make or distribute. However, you may accept compensation in exchange
for copies. If you distribute a large enough number of copies you must also follow
the conditions in section 3.

You may also lend copies, under the same conditions stated above, and you may

publicly display copies.

3. COPYING IN QUANTITY
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If you publish printed copies (or copies in media that commonly have printed
covers) of the Document, numbering more than 100, and the Document’s license
notice requires Cover Texts, you must enclose the copies in covers that carry, clearly
and legibly, all these Cover Texts: Front-Cover Texts on the front cover, and Back-
Cover Texts on the back cover. Both covers must also clearly and legibly identify
you as the publisher of these copies. The front cover must present the full title with
all words of the title equally prominent and visible. You may add other material on
the covers in addition. Copying with changes limited to the covers, as long as they
preserve the title of the Document and satisfy these conditions, can be treated as
verbatim copying in other respects.

If the required texts for either cover are too voluminous to fit legibly, you should
put the first ones listed (as many as fit reasonably) on the actual cover, and continue
the rest onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more
than 100, you must either include a machine-readable Transparent copy along with
each Opaque copy, or state in or with each Opaque copy a computer-network location
from which the general network-using public has access to download using public-
standard network protocols a complete Transparent copy of the Document, free of
added material. If you use the latter option, you must take reasonably prudent
steps, when you begin distribution of Opaque copies in quantity, to ensure that this
Transparent copy will remain thus accessible at the stated location until at least one
year after the last time you distribute an Opaque copy (directly or through your
agents or retailers) of that edition to the public.

It is requested, but not required, that you contact the authors of the Document
well before redistributing any large number of copies, to give them a chance to provide

you with an updated version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the
conditions of sections 2 and 3 above, provided that you release the Modified Ver-
sion under precisely this License, with the Modified Version filling the role of the
Document, thus licensing distribution and modification of the Modified Version to
whoever possesses a copy of it. In addition, you must do these things in the Modified

Version:

A. Use in the Title Page (and on the covers, if any) a title distinct from that of the
Document, and from those of previous versions (which should, if there were any,
be listed in the History section of the Document). You may use the same title

as a previous version if the original publisher of that version gives permission.
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B. List on the Title Page, as authors, one or more persons or entities responsible
for authorship of the modifications in the Modified Version, together with at
least five of the principal authors of the Document (all of its principal authors,

if it has fewer than five), unless they release you from this requirement.

C. State on the Title page the name of the publisher of the Modified Version, as
the publisher.

D. Preserve all the copyright notices of the Document.

E. Add an appropriate copyright notice for your modifications adjacent to the

other copyright notices.

F. Include, immediately after the copyright notices, a license notice giving the
public permission to use the Modified Version under the terms of this License,

in the form shown in the Addendum below.

G. Preserve in that license notice the full lists of Invariant Sections and required

Cover Texts given in the Document’s license notice.
H. Include an unaltered copy of this License.

I. Preserve the section Entitled “History”, Preserve its Title, and add to it an
item stating at least the title, year, new authors, and publisher of the Modified
Version as given on the Title Page. If there is no section Entitled “History” in
the Document, create one stating the title, year, authors, and publisher of the
Document as given on its Title Page, then add an item describing the Modified

Version as stated in the previous sentence.

J. Preserve the network location, if any, given in the Document for public access to
a Transparent copy of the Document, and likewise the network locations given
in the Document for previous versions it was based on. These may be placed
in the “History” section. You may omit a network location for a work that
was published at least four years before the Document itself, or if the original

publisher of the version it refers to gives permission.

K. For any section Entitled “Acknowledgements” or “Dedications”, Preserve the
Title of the section, and preserve in the section all the substance and tone of

each of the contributor acknowledgements and/or dedications given therein.

L. Preserve all the Invariant Sections of the Document, unaltered in their text and
in their titles. Section numbers or the equivalent are not considered part of the

section titles.
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M. Delete any section Entitled “Endorsements”. Such a section may not be included
in the Modified Version.

N. Do not retitle any existing section to be Entitled “Endorsements” or to conflict

in title with any Invariant Section.

O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that
qualify as Secondary Sections and contain no material copied from the Document,
you may at your option designate some or all of these sections as invariant. To do
this, add their titles to the list of Invariant Sections in the Modified Version’s license
notice. These titles must be distinct from any other section titles.

You may add a section Entitled “Endorsements”, provided it contains nothing
but endorsements of your Modified Version by various parties—for example, state-
ments of peer review or that the text has been approved by an organization as the
authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a passage
of up to 25 words as a Back-Cover Text, to the end of the list of Cover Texts in
the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover
Text may be added by (or through arrangements made by) any one entity. If the
Document already includes a cover text for the same cover, previously added by you
or by arrangement made by the same entity you are acting on behalf of, you may
not add another; but you may replace the old one, on explicit permission from the
previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give
permission to use their names for publicity for or to assert or imply endorsement of

any Modified Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this Li-
cense, under the terms defined in section 4 above for modified versions, provided that
you include in the combination all of the Invariant Sections of all of the original doc-
uments, unmodified, and list them all as Invariant Sections of your combined work
in its license notice, and that you preserve all their Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple
identical Invariant Sections may be replaced with a single copy. If there are multiple
Invariant Sections with the same name but different contents, make the title of each

such section unique by adding at the end of it, in parentheses, the name of the original
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author or publisher of that section if known, or else a unique number. Make the same
adjustment to the section titles in the list of Invariant Sections in the license notice
of the combined work.

In the combination, you must combine any sections Entitled “History” in the
various original documents, forming one section Entitled “History”; likewise combine
any sections Entitled “Acknowledgements”, and any sections Entitled “Dedications”.

You must delete all sections Entitled “Endorsements”.

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents
released under this License, and replace the individual copies of this License in the
various documents with a single copy that is included in the collection, provided that
you follow the rules of this License for verbatim copying of each of the documents in
all other respects.

You may extract a single document from such a collection, and distribute it
individually under this License, provided you insert a copy of this License into the
extracted document, and follow this License in all other respects regarding verbatim

copying of that document.

7. AGGREGATION WITH INDEPENDENT
WORKS

A compilation of the Document or its derivatives with other separate and inde-
pendent documents or works, in or on a volume of a storage or distribution medium,
is called an “aggregate” if the copyright resulting from the compilation is not used
to limit the legal rights of the compilation’s users beyond what the individual works
permit. When the Document is included in an aggregate, this License does not apply
to the other works in the aggregate which are not themselves derivative works of the
Document.

If the Cover Text requirement of section 3 is applicable to these copies of the
Document, then if the Document is less than one half of the entire aggregate, the Doc-
ument’s Cover Texts may be placed on covers that bracket the Document within the
aggregate, or the electronic equivalent of covers if the Document is in electronic form.

Otherwise they must appear on printed covers that bracket the whole aggregate.

8. TRANSLATION

Translation is considered a kind of modification, so you may distribute trans-

lations of the Document under the terms of section 4. Replacing Invariant Sections
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with translations requires special permission from their copyright holders, but you
may include translations of some or all Invariant Sections in addition to the original
versions of these Invariant Sections. You may include a translation of this License,
and all the license notices in the Document, and any Warranty Disclaimers, provided
that you also include the original English version of this License and the original
versions of those notices and disclaimers. In case of a disagreement between the
translation and the original version of this License or a notice or disclaimer, the
original version will prevail.

If a section in the Document is Entitled “Acknowledgements”, “Dedications”, or
“History”, the requirement (section 4) to Preserve its Title (section 1) will typically

require changing the actual title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as
expressly provided under this License. Any attempt otherwise to copy, modify, sub-
license, or distribute it is void, and will automatically terminate your rights under
this License.

However, if you cease all violation of this License, then your license from a par-
ticular copyright holder is reinstated (a) provisionally, unless and until the copyright
holder explicitly and finally terminates your license, and (b) permanently, if the copy-
right holder fails to notify you of the violation by some reasonable means prior to 60
days after the cessation.

Moreover, your license from a particular copyright holder is reinstated perma-
nently if the copyright holder notifies you of the violation by some reasonable means,
this is the first time you have received notice of violation of this License (for any
work) from that copyright holder, and you cure the violation prior to 30 days after
your receipt of the notice.

Termination of your rights under this section does not terminate the licenses of
parties who have received copies or rights from you under this License. If your rights
have been terminated and not permanently reinstated, receipt of a copy of some or

all of the same material does not give you any rights to use it.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU
Free Documentation License from time to time. Such new versions will be similar
in spirit to the present version, but may differ in detail to address new problems or

concerns. See http://www.gnu.org/copyleft/.
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Each version of the License is given a distinguishing version number. If the
Document specifies that a particular numbered version of this License “or any later
version” applies to it, you have the option of following the terms and conditions
either of that specified version or of any later version that has been published (not as
a draft) by the Free Software Foundation. If the Document does not specify a version
number of this License, you may choose any version ever published (not as a draft)
by the Free Software Foundation. If the Document specifies that a proxy can decide
which future versions of this License can be used, that proxy’s public statement of
acceptance of a version permanently authorizes you to choose that version for the

Document.

11. RELICENSING

“Massive Multiauthor Collaboration Site” (or “MMC Site”) means any World
Wide Web server that publishes copyrightable works and also provides prominent
facilities for anybody to edit those works. A public wiki that anybody can edit is
an example of such a server. A “Massive Multiauthor Collaboration” (or “MMC”)
contained in the site means any set of copyrightable works thus published on the
MMC site.

“CC-BY-SA” means the Creative Commons Attribution-Share Alike 3.0 license
published by Creative Commons Corporation, a not-for-profit corporation with a
principal place of business in San Francisco, California, as well as future copyleft
versions of that license published by that same organization.

“Incorporate” means to publish or republish a Document, in whole or in part,
as part of another Document.

An MMC is “eligible for relicensing” if it is licensed under this License, and if all
works that were first published under this License somewhere other than this MMC,
and subsequently incorporated in whole or in part into the MMC, (1) had no cover
texts or invariant sections, and (2) were thus incorporated prior to November 1, 2008.

The operator of an MMC Site may republish an MMC contained in the site
under CC-BY-SA on the same site at any time before August 1, 2009, provided the
MMC is eligible for relicensing.

ADDENDUM: How to use this License for your
documents

To use this License in a document you have written, include a copy of the License
in the document and put the following copyright and license notices just after the

title page:
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Copyright © YEAR YOUR NAME. Permission is granted to copy, dis-
tribute and/or modify this document under the terms of the GNU Free
Documentation License, Version 1.3 or any later version published by the
Free Software Foundation; with no Invariant Sections, no Front-Cover
Texts, and no Back-Cover Texts. A copy of the license is included in the

section entitled “GNU Free Documentation License”.

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace

the “with ... Texts.” line with this:

with the Invariant Sections being LIST THEIR TITLES, with the Front-
Cover Texts being LIST, and with the Back-Cover Texts being LIST.

If you have Invariant Sections without Cover Texts, or some other combination
of the three, merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recommend
releasing these examples in parallel under your choice of free software license, such

as the GNU General Public License, to permit their use in free software.
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