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AR T W A 28 0] ) P 3504 B e e 2 SR Tn) L RS AR 4 RO A A DL B
Wl 57 T4 2R ) 8RN A AR SRS KIS LA 2 S AL ] Y S B 481, 33k 2 451 7 fif
FH3LTF Python /) DEAP HEZESK M, A0 45 5 44 19 N-5L 5 [a] 80 47 - HE B 18] 3 DL R (&1 45 €6 )
I s AE VAR I R P K A 20 B 24 BRORT K 24 TR ) DX DR T e AT is B R A 1
U L LN

N S N N Y T

o Ui 2 TR A2 0] Y AR T

* £ DEAP HEZE T i JH 358 4% 5k g B oR i N - 52 )5 0]

o 7£ DEAP HES T FH 5t 1% 53 1 4 A SR A 4 - HE B 0] 8

o £ DEAP HE 52T {f FH 35t 1 53 10k 4 A oK A 11 5 €20 1) 2L

o P A 24 SRORN AR 249 BB A & DA B AT 3z A A e e

5.1 FHAREX

REFEWAE Python 3 LI 5% : deap.numpy.matplotlib,seabornnetworkx,

5.2 #HZERFFHAREE

55 4 FRHE T I A PR R R R IR SRR S 22 18] A e i AR AT R SR EAL L
— AR 3l W — S AR SRR S O ELAR R Y F AR R AR e/ O A R R A
2y SR TR e R 8 R IR ) — AR R AR S A AT — S 2 SR BRI L A 2R BE K 4% b
5 003 LY B A O IS I35 1A A e /N S IS 45K 249 SRS A T RE RT AR A R SR il —
B8 R AL

55 21 A D0 TR — A 24 S A T R N TR R 3 2 o RIS TR sl A7 4 JE 2 Y
JO7 ] B 5k 26 R RUAT B T gk DR ) A0 L 25 N A S A 4% b S L Y TR R, 2 AU R ) A A
P B AR v A S 4k JRE 3K 0 4 358 A% 5 0k O it e 24 SR R ) A — o5 T 7 2
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5.3 T4 N-SJ5 IR, ik 24 T 2 1] R A AL L OF A 4 B e Il A S 00T 7%
TE 7S e i PR X 46 ] L

5.3 K N-EFEIH

ZoUL R N- 5L T U ) iR D\ 205 XERE BRI T 8 X8 AL E YR BR A RS
RS A KLU R A ML bR 8 A B AN Lk A AT A A AR el BT A RS S fiE
Ab R — A7 g — k. N-BLE RS 8 S 85 MERZE L, ORI R N XN
BN DHUS .

BR T n=2 Fl n=23 WY BLAL . N- 55 [ BXHEAT A AREC n #BA — A 0 T I fi i\
S5 ST 92 A A0 SRR RS AR [ B AT 12 Ak ar g, R R — AR 5-1
B

K 5-1 NSRS RY 92 Rz —

W A A8 7E S X8 L it E 8 Bl 7, T AFE Al A BB 35 4 426 165 368
A H I, A SR LAASTE ) — 47 86— 3 E R P 5 1 2B 4 3k i L D) 20 & B0 K
/0 F) 81 (8 BT » A3t 40 320, 5. 3. 1 ) ik — FUAERf SE M i o o X

5.3.1 fRmyFEmpsii

PR N -5 (] SR, AT LRI SR — A R0, B g — 47 sl B — 3 LR — A B L iX
R AT LU AT A 5 28 i e s S — DA P BB R H — DR R BARIMUER—
A EJEE T SR T A,

BN, 7E 44 BEA B 85 mE G R 51513 (3,2,0, D B AT DL G &l 5-2
Fis LR AL E

(D) 7R —AT00E 3 AbjicE 825 CGE D
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(2) FE56 ZATALE 2 AhjicE 85 G =31,

(3) S =ATAE 0 bHUE &5 GE—3D .

(D) FESEVUATALE 1 AbCE 85 G 25D

FE M, 53 b —Fh R BIHES (1,3,0,2) F o 1 {5 ik
fi i 5-3 FFoR .

TEME A T RO R H RE1 9 R ITARRD
i 358 figt v L o — ] BB G 24 SR b o R X 2R 22 1) Y Ak
. BN TR S — B A B A T 2, R 5-4
fin . [E I, 3 A Ak g (LR 5-3) WA
SEO P

K 5-2 F3(3,2,0,DFFEHESE XEWRE YA DA P 0 3508 3 s & R 5151
HEZ 1A Fh R FRM AR, R BB I A et ER

(VACEALIPREiCPIRES Y- 3|
I8 B 19 2R 7 U2 Python ZEARZLHESY 5. 3. 2 T8RS Python ZEiEATHlIA

K 5-3 F5£(1,3,0,2) F R M2 HEF K Bl 5-4  (3,2,0, 1D FRMNERARME)EHESE

5.3.2 Python X [A]i8I Y 5 )7 X

R T G N-BJE R X BATE T —42 4 NQueensProblem Y Python 28, X /4~ 2& 0]
PITE queens. py SCPF PR3] SCHF TR S R s AR th &

LT A )T 5 0 B B AT W0 n Ak, O S AR LT il ] Ok

(1) getViolationsCount(positions) : 15 45 i fif v (9 i3 29 %h &t , 3 4> e 40 Aig Jir i L 2 1
—NEGIFNERFIRM .,

(2) plotBoard(positions) : 2 & 45 2 14 i . 2 il 25 AE L& b7 & .

A 7EIZE main ik ATEE — AN N 25 ()82 I3 DL fig 18 g F 25 > %2k

(1, 2,7,5,0,3,4,6)
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T 2 A AR O R R R ARG R A R .
Number of violations = 3

2 PN A 5-5 B 7R ARBE A B 3 b it 20 2

B 5-5 #1$(1,2,7,5,0,3,4,6)FxR /NG HE K
TET — /N B R s AR SRR R i e N-BL 5 [R) R
5.3.3 wi{EREOR N-B)n )

Ry 1A AR A A e N- 55 ), X LA 1 44 O 01-solve-N-queens. py #Y Python 2
Fi s TR AR AL B R AR R AR

R IR 5190 3R (B 1R N-5L 5 18 3R g 1 3R B 0, X 558 4 55X ik 47 # (8 &
(TSP) 1 Z 4% B 42 18] & (VRP) fIt HI 4 it 14 2 7 5 AR B0, i DL 5 415 i fe — 4 N -8 ]
7] LA TS B0 A 38t 4% 50K ik .l R ATT O DEAP 38t 4% 550 125 3 2 0 B A ) b 9 1
B R e, AT L 4k 2 1) RS o O B i 3

D B TR R E LR

(1) & )7 AR 405 2 it e 114 ] 8RR AS A 22 NQueensProblem ZE 5L 4 .

nQueens = queens.NQueensProblem(NUM OF QUEENS)

(2) i A i iR /MEE A B GWEE Dy 00, P sE CT — A — i B AR, R R /Ml
E IV JBE SR W

creator. create("FitnessMin", base.Fitness, weights=(-1.0,))

(3) MTMEH—A 7S R LR, h AR 2R 0 &, H Il
FLLF toolbox & X B EHEH] I FhEE,
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# create an operator that generates randomly shuffled indices:
toolbox. register("randomOrder", random. sample,
range(len(nQueens) ), len(nQueens))

toolbox. register("individualCreator", tools. initIterate,
creator. Individual, toolbox.randomOrder)

toolbox. register("populationCreator", tools.initRepeat, list,

toolbox. individualCreator)
(4) SJZBRIE N R BB E S B o 7 2 AR MU B RS AL PR R i 29 8.

def getViolationsCount(individual):
return nQueens. getViolationsCount(individual),

toolbox. register("evaluate", getViolationsCount)

(5) XTI T N 2 M B bR TR e 5, LA LG T8 XA 7 51 32 1 58 U5 1 il

BT

# Genetic operators:

toolbox. register("select", tools. selTournament, tournsize = 2)
toolbox. register("mate", tools. cxUniformPartialyMatched,

indpb = 2. 0/len(vrp))

toolbox. register("mutate", tools. mutShufflelndexes,

indpb =1.0/len(vrp))

(6) k&L KRGS ms , Bl 44 A4 (HOF) B AL 51 CY RS A 75 1014 T B R 30 b A% 45
TR, IEWNTES 4 T & BLAY R TR M AR H O A S BN 2 BB AR PR B RS AR A

population, logbook = elitism.eaSimpleWithElitism(population,
toolbox,
cxpb = P_CROSSOVER,
mutpb = P_MUTATION,
ngen = MAX_ GENERATIONS,
stats = stats,
halloffame = hof,
verbose = True)

(7 W THEA N-2J5 AR 24> a0 B8 9 . D I 22 460 1 44 N 50 B9 BT A7 B, T A
AXAS R f I 1T A — 1, Qb st T ALE $ B T 2 AN R % -

"

print(" — Best solutions are:")

for i in range(HALL OF FAME SIZE):

"

print(i, ": ", hof.items[i]. fitness.values[0], " —>", hof. items[1i])

TE AN ET 1A B A R\ RS S0 Y A 59 2R O 20 B K2 40 000 MLE L X E
J R — A A BN TR, DA T L ] AR o RS 1 16 A 2 G e g g 11 %K
AR IRE] 161, B 20 922 789 888 000 XA —ANEL R BLMEL . 1X A )AL A 38 i A 25 22, 0%
T 1500 J7 50 H 5 5 Btk AT He s, 48— R0 figg e in [ KT P54
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TEIB AT RE R Z AT BEE SR AT B

NUM OF QUEENS = 16
POPULATION SIZE = 300
MAX GENERATIONS = 100
HALL OF FAME SIZE = 30
P CROSSOVER = 0.9

P MUTATION = 0.1

TEX S BT RF s man T .

gen nevals min avg
0300 3 10.4533
1246 3 8.85333

23250 1 4.38
24 227 0 4.32

— Best solutions are:
0:0.0 —> Individual('i', [7, 2, 8, 14, 9, 4, 0, 15, 6, 11, 13, 1, 3, 5,10, 12])
1:0.0 —> Individual('i', [7, 2, 6, 14, 9, 4, 0, 15, 8, 11, 13, 1, 3, 5,12, 10])

7 :0.0 —> Individual('i', [14, 2, 6, 12, 7, 4, 0, 15, 8, 11, 3, 1, 9, 5,10, 13])
8 :1.0 —> Individual('i', [2, 13, 6, 12, 7, 4, 0, 15, 8, 14, 3, 1, 9, 5,10, 11])

M s AT LA BIAESRS 24 ACrh B AR B T — A, POl B R R O 0 X E
B2y, Besbhdan th B B LR R T s AT 0 ) e B T 8 AN T A i I 6 fif 2 44 N i v
0~7 W2 B HAE B 0. F — A HAE N 2800 1. R fr ik 24,

TR A R AR — IR T 16 AR5 7E 1616 HLEE E A0 &, WA 5-6 FiR . X 24k

Bl 5-6 FIFHBIA—DAITH 16 55 AR YR 2 E
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P 5-7 A T 25 A B /N3l L (LRS- X AN R L By it 2 1R . A sk P R on] LU
BB AR B 24 RO ALHR B 1 R A B2 (R 0., ] I Fifi 35 B8 22 A7 R0 ol 4 31 L o 2

IV JEE AN BB T
Min and Average Fitness over Generations

10
J A

w

k&

2 Ay

\

< 4

=

= ‘ \_\
T =
0

0 20 40 60 80 100
Generation

Bl 5-7 SR 16 S5 ) B0 A0 24X 42

¥ MAX_GENERATIONS AY{E 51 2] 400 17 AS SO A AT A7 5 0, 15 21 7 38 N A 8%y
fif, QRN MAX_GENERATIONS #| 500,45 N4 50 & 5 A EA & T A S i, 2
W IR TR [A) 24 G 5 8 1 3 A% B s i o DA B B i) N - 5205 n) A

5.4 1 ML T HEZAL 0o 8 3 TN TV IR 1R 36 19 2 HE fn) 2L

5.4 KR T HEYE &

R AR 5T L HEA T BE ey L HERE, — KA 3 DR (R BV B X T4
— PR TR 8 AN By — A B A TEVR IR T AR S G 2R 5k W A SR AR — A T
WIATE: 55 I8 4 76 T 5 B ) A DGR 0 371 3%

(D A ARFES TAEMAPER.,

) B ATAERSRTBES 5 MR,

) T ERFE MBI L ABNAFE LN E . RO 2 8 3 A9+ THFHE 2~
At WBETE L B2 At

WAL B L LUA E I m A o, — A4+ REE ERYE AP AEE B
PEAF4E

X AT 55 2 $7 T HEDE (8] & (Nurse Scheduling Problem ,NSP) f—/Nil 7, Bl DI 4 £
AL AR [F A AN R & TR P (9 RE J7 , & 2R [F 28R A B PECan 8 /INeH B BE I
12 /NEHETE) .
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ATARLTI 1 40 5 — /P ok B2 HE( E 0T B R AN 3 78 o F 2 R o7 A58 1 ke 5
BLCRE— R U8 7 1T TR — B DA I 0 4 i 1 2 7 77 2T 0
5.4.1 fRERTTA

N T SRR e HE PR TR T — A 81 3R (BB Sk R R H R HE L R R X R R R
AR UL, I ELst A 53018 T DU A M Ak B F e 78 J7 5K

AL LA —A b T B RN A — A 21 R EE D 1 R — R R
AN W HEAE B, 4, T T A 5 5

(o, 1,01,0,1,01,1,0 0000110 00,1, 0)

XA ARG SR AT LA 3 AME S — . W 51 FiR BRI L R AR
TARBER .

®51 PEIERASRHIEIEX

Ji H Ji— Ji = Ji = Ji J JA7S
(0,1,0) (1,0, (0.1, (0,0,0) (0,0,1) (1,0,0) (0,1,0)
T3 AYELPE | AE B | GO % B Pt T3

SRR BT AT 4P L O PESR G HAE — R B — R kR 5 2 0 TR R B

VA — A I XA 3 AT DA A 3 I EEER L O HoaT DU TG AR 7 it
B T AR R, 22 5-1 s R AEBE S B b L L S A E SR A 1L s I I SR PR
PERE A R BE, MR PR R BE) 5l i S8 K b i R R T A5 R — A i B A
(A PR, L RO 8 ANMEIE; 0 K A 7 4 K A BE UM 5 1 ST BRI i v LAAR 75 5 Hi
K A 15 A5 & HAE PR 4F

B 5 o T R A g PR N B BRI T DOV ST A 4 A A (B B O A 4R OR T
M RAE SN T RV MER 5 H .

TE VR S B2 , 36 T B 1 10 A 24 SRR 24 SR 2 JR) 1 X

5.4.2 WA SERLE

T fiff 47— HE BE[R) R L A7 26 29 AR B2 g i L DU, & 02 AN RE Bl S i, b (L 3 — 4>
By 22 idi Sz O] ) (0 B 3 A0 A S T, o 46 LU D BE £ 3R

53— 7 WL T LUK 3 04 O B R O ER 23R, B AT A R AT REAT A X LB 2B, R P L
D 5 A 35 B i 3 2 do 4 A 24 SR i B L S A T 225 AT DA i A X A L Rk S
LY A 2 i TORL

TE N-S 5 R rb B A BT 51 A ARk BR ) 02 A 29 3 A SRR B — i 29 R O Y
fift LA B — AR . X L B B B A S B 2SR b Bl B R R TR, SEBR
IR AE T — ol i 33l A B AN i B g AT AT M E ) SRR DD i R T TR R R
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B R A PR AR 24y AR5 AT AT G A T LT A S 155 280 B G dme /e (E ey Ak BRLPE B AT
7K ) BE 2 e 7 T B AR TL A SRS

(1) He i i) € 2 m T UG hD) L LUE B R LY REI AT REME . 7oK N-2 )5 7]
B, FATRENS L — BRI ER 3 200 rh BN 293 (A7 R8I 1 7 300k R — AN il L 3 ROR g 16
TR AR L AH— R UL L XA B 2 1 AT REAR A H 1

(2) TEVEAR fifp I 35 35 005 ST fif A 240 o A0 20 figp . 3o o 5 50 e a0 [ I 52K T i vh
AL B B - T L A7 5O T RIS AT BE = A O (B A o BT AT b 07 22 ROR D1 A A i 7

(3) TEVFAL gt i), 8 8 5 ST AT B8 249 SR RO A 2 figp . J5 g 30 U 4 ) — ol 5k Ak TR Agp O %)
Fo ok, AR PR R AR (E 6 TR 2400 A A R A A8 SR e O IR MY L 2 R
AFTRER, RIS B 2 R ] e BB B B &k,

(4) TEFAL fige i o 4 37 5 S AT A7 o 249 SR 9 i B ifp . 3 R 7 32 I AR AR 190 45 23 O 1 HEAR
MRABAE AR EWEHRE. P, EEFNEEAS TR, Fhr b, X258 24 b
A AT F R A AR L A P S A 5 S T e ) R ] R B T 2 Y Ak TR T
D3 9 A 571 AT R 5 00X 26 A i HE R 10 A 571 /1N AT fE 5 B 26 i Ak R R B L EY

A A5 S 91 e 9 L H 5 (40 B 7 9 0] s FORE 249 SRR AT Sy BEAT AT L A T AR BB L B 2 R
Ko 3R T S B — A AR o Bk S B AY , HG v i OB 24 TR AR TR T R A SR A
IR e Rk AR AR S 2 7 E bR RO il e fe /A

5.4.3 LT Python R [n] 8@ #m

BT EREFARR HEPE R B, A8 T — 44 4 NurseSchedulingProblem #J Python
2 RS TE nurses. py SCHFHP L AT AR SR B AY 2R AR R A

K WK 3 oK B 3208 hardConstraintPenalty 2240, 1% 2 80 2 /R 16 I B8 29 o8 19 4 5
¥ B ARSI IR A% R B £ A SR R R IR HEBE ) R

% list of nurses:
self.nurses = ['A', 'B', 'C', 'D', 'E', 'F', 'G', 'H']

# nurses' respective shift preferences — morning, evening, night:
self. shiftPreference = [[1, 0, 0], [1, 1, 0], [0, 1, 11, [0, 1, 0], [0, O, 11, [1, 1, 1], [O,
1, 1], 1, 1, 1]]

# min and max number of nurses allowed for each shift — morning, evening,night:
self. shiftMin = [2, 2, 1]
self. shiftMax [3, 4, 2]

# max shifts per week allowed for each nurse
self. maxShiftsPerfeek = 5

LI LU T 77 o6 25 78 B HEDE R e 4 7 i, R A R U (E PR .

getNurseShifts(schedule)
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VAR 77 3 0 T G 4% Bl 28 B 5 AT O

countConsecutiveShiftViolations(nurseShiftsDict)
countShiftsPerWeekViolations(nurseShiftsDict)
countNursesPerShiftViolations(nurseShiftsDict)

countShiftPreferenceViolations(nurseShiftsDict)

WeAh ZRE AL LT A ITT I

(1) getCost(schedule) ; TTELZSEHEHEZE AP HLAY SMA , it 5 B A hardConstraintPenalty
5 A

(2) printSchedulelnfo(schedule) : i i HEBEF FlE HL 4015 B,

FEIZ M main J7 3 i b RN T — A4 R B ) 8 Y S 4 O HL A i IR R
R T BEWLAY R f# . 24 hardConstraintPenalty=10 B}, 5 R H AT Fr s -

Random Solution =
[1000011100011000101011010111010101111
0010100101101101101111010101011010111
1010001101111011011111010011011100000
0101000011000000000110011110000110110
01011100000001110011]

Schedule for each nurse:

A:[100001110001100010101]
B:[101011101010111100101]
C:[001011011011011110101]
D:[010110101111010001101]
E:[111011011111010011011]
F:[100000010100001100000]
G:[000011001111000011011]
H:[001011100000001110011]
consecutive shift violations = 40

weekly Shifts = [9, 13, 13, 12, 15, 5, 10, 9]
Shifts Per Week Violations = 46

Nurses Per Shift = [4, 2, 4, 1, 6, 6, 4, 4, 5, 4, 5,5, 2, 4, 4, 4, 5,3, 4, 3, 7]
Nurses Per Shift Violations = 30

Shift Preference Violations = 30

Total Cost = 1190

Wi s 55 51 v al LB S8R L BEAIL A= B A AR AT RE 23 77 A B i 247, DT 72 A A8 )
AAE 5. 4 4 75 2 i — b T 3 A8 1 ) O TR R e/ A AR I T R T A RE 2 TR L

5.4.4  wARTIERED L HEBE RS
Ry T AE A s A B i U A - HEBE ) L B T 44 B 02-solve-nurses. py Y Python F#
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¥ AT SR A R AR h A R

P 70— HE R )8 it 10 2 s 0y X JE — A b A 81 3 (el Bl L IRt L Rl A A 4
TR Y 0-1 AL IR R A AL L W R D &R T 2 R,

FEOR g BRI

(1) B —4 NurseSchedulingProblem 255241, #1122 {4 & hardConstraintPenalty, % {H
i HARD CONSTRAINT PENALTY # &% & .

nsp = nurses. NurseSchedul ingProblen(HARD_CONSTRAINT PENALTY)

(2) YT AR S SR /MEBAS I E L —A> B — H b, B i/l 172 A

creator. create("FitnessMin", base.Fitness, weights= (—1.0,)

(3) W T2 0 80 1 B RE R AT AT toolbox 5 SLBIE ) i AL Fh Y -

toolbox. register("zeroOrOne", random.randint, 0, 1)

n

toolbox. register("individualCreator", tools. initRepeat,
creator. Individual, toolbox.zeroOrOne, len(nsp))
toolbox. register("populationCreator”, tools. initRepeat, list,

toolbox. individualCreator)

(4) SEBRIE IV PR RICIBE By A A ik DR T 58 v i 2 3 19 4% ol i 240 1A

def getCost(individual) :
return nsp. getCost(individual),

toolbox. register("evaluate", getCost)

(5) X F AL T BN 2 B B bR BE e 5 o LA Kol 7 — A 23 % 1) 74 e 58 SN
SLEEE S

toolbox. register("select", tools. selTournament, tournsize = 2)
toolbox. register("mate", tools.cxTwoPoint)
toolbox. register("mutate", tools.mutFlipBit, indpb=1.0/len(nsp))

(6) AT5 R FHRS B 8 By SR W8 L B 2 A (HOF) 1% R CYRT AR 75 09 8 3 2 R 3 A8 3
WAL 45~ —1%.

population, logbook = elitism.eaSimpleWithElitism(population,
toolbox, cxpb =P CROSSOVER, mutpb =P MUTATION,
ngen = MAX GENERATIONS, stats = stats, halloffame = hof, verbose = True)

(7 GRELEP i 4R B B B AL B TR R

nsp. printScheduleInfo(best)
TEIZATFE Y Z 00, BB SR i i, IR R

POPULATION_SIZE = 300
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P_CROSSOVER = 0.9
P MUTATION = 0.1
MAX_GENERATIONS = 200
HALL OF FAME SIZE = 30

SRIF g i SRR L AR ARSI 1 Il A B 2 S AR 15 1 S AR R A AR D

HARD_CONSTRAINT PENALTY = 1
TEIX LB E T s TR AR LA T fa it

—— Best Fitness = 3.0

—— Schedule =

Schedule for each nurse:

A:[O, 0 00001,001,001,001,0 0, 1,0, 0]
B:[1,0,0,1,0,01001,0,0010, 00,01, 0, 0]
c:[0,1,0,0,0,0,0 0,0 0,0,1,0,0, 0,0 0,0,0,0,0]
p:fo,1,0,00000001,0,010,01,0 0,1, 0]
E:[0,01,0,1,0,0 0,0 0,0, 0, 0,0 1,0, 0,1, 0,0, 0]
¥F:f[0,0 00010100100 00001,01,0]
G:[0,00010001,0010,0001,0,0 0 1]
H:f(1,0,010,001,0,0001,001,0, 0 0 0,0]

consecutive shift violations =
weekly Shifts = [5, 6, 2, 5, 4
Shifts Per Week Violations = 1
Nurses Per Shift = [2, 2, 1, 2
Nurses Per Shift Violations =

o ©

, 5, 5]
12,1,2,2,1,2,2,2,2,2,1,2,2,2,2,2, 1]

0
Shift Preference Violations = 2

PP IE— R AR, O R A A 3 ik 2y e Herh 2 — 2l S A R R BE A L
S WP B AR HE 6 AMEHE B T R R 5 AMEBE, X R DU R Tk B 2
N T BRI A 2947 o BE 20 SRS E S N F 10

HARD CONSTRAINT PENALTY = 10

I)I—LI;TL‘ vrtl%ﬁﬂ?

—— Best Fitness = 3.0

—— Schedule =

Schedule for each nurse:
A:[O0,001001,001,000000001,0 0]
B:[1,0,0,1000001,001001,0, 0 0 0,0]
c:[0,01,0,0,0,0,0,1,0,0,0,0,0 1,0, 0,1, 0,0, 1]
bp:f[o,1o0,00000001,001,001,0,0 1, 0]
E:[0,0 001001000001 0000000]
¥F.[0, 0 000010001,01,00,0,1,0,1, 0, 0]
G:[0,1,0,010001,001000001000]
H:[1,0,0,001,010,0000001,0 00,1, 0]

’

~
~
~
~
~
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~
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consecutive shift violations = 0

weekly Shifts = [4, 5, 5, 5, 3, 5, 5, 5]

Shifts Per Week Violations = 0

Nurses Per Shift = [2, 2,1, 2,2,1,2,2,2,2,2,1,2,2,1,2,2,2,2,2, 1]
Nurses Per Shift Violations = 0

Shift Preference Violations = 3

[IRE AT T 3 ik 24 (H 5 YR i B AR 24 3R 3 il 19 A 2 A 28
P 5-8 iR 1 25 ARG dre /NI L (Y- 24958 B BE (L SR WIAE 40~ 50 AU i FIA RE
TH BRI A 8 29 40 29, I H RIS o 5 5 JH B — A Y AU L A A /N By 3 e ik 2k

Min and Average Fitness over Generations

1200

1000

800

|
wl ]
o\

0

Min/Average Fitness

0 25 50 75 100 125 150 175 200
Generation

P 5-8 SR 4 HE PR IR R A 3 £ 22

FT L AT AT 7 b 5840 v 0k i B R 29 A AT D E 10 AR R AR ST 08 T A A R
T RE T BB E T e A (R T AT S5l e e A A ) R S SR A R 1 Y U R AT S
FE T —ME 55 (B ) D b R 75 1) 502 SRR 249 3R 2 ] (9 AL A

5.5 KEEZEB[EM

FEERE I EE o 30D R R R S5 H LR & L RN MG 22 (B G 2R A [T v R T et (g
D FRIRKTGE AT I FRIR — XX G 2Z ] ) 5 7 L 0 1l LA — i P 3k S UL T i i[5 0
R . A&l 5-9 7R A Petersen Bl IZ B LLFH2 824 K Julius Petersen [ 2 FAn 44 .

B AR5 A I R o & ] DL R 7R FES B 3R AR 5% 4% Fh 25 A A9 300 5 2 0% 25 0 B =X oG
2 N A A R 45 L fRL A JRy L R 45 A TR S LA T EHLIR S R T A5 R T AR AR A

& AT 55 2y B b B B A1 a5 T — S 068 R0 U] — X AH 3% CAH AR /9 775 SN e it
FHAR TR BB, Xt B R A TS 25 (e m) 8, T 5-10 R T IE# 35 (LAY Petersen EJE
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& 5-9 Petersen [ [¥l 5-10 Petersen [ [ IE i %5 t2
(3K ¥ . https://commons. wikimedia. org/wiki/ (RU: https://en. wikipedia. org/wiki/
File: Petersenl_tiny. svg File: Petersen_graph_3-coloring. svg /A & fii )

P, 43 C 38 P B A — S A R —— R d5e D i B8 it . B an 18] 5-10 B,
Petersen AT LA H 3 0 20 €0 1F 6 b 5 €5, (L2 {7 F 9 0 20 €8 2 AN AT R IE B 5 (1% 76 1811
H1, X R IR H Petersen B G H0UZ 37,

AT A B W S @ DR 22 BSE AR T b i IR R R D A e i — A T AT
o X AE 77 2, B EORACR — . 40, 5 A= 0 HEDR B0 T 0 (B B R R T LA #E
el — > B R &0 B 7 R s T i 5 0 HE DR BRAE BIE L 3R 9 i 58 T D) R i B PR B
BN (T EREARBAED . o TS B [/ — A A5 45 A PR (P4
BEVCO #5585 HEHETC A, 2 2R A b 206 AR AN ] 89 3 B 2 Ay AR 48 719 i 43 TE A [] 198 283 € 3t 7T LA
fifp e X A h g . AR EETF LAY N -8R )L AT LSRR S — A A R) R B ) A AR
FME LW — A ET T, A7 —F s 1 B 0 S — AR 4, A A A DG
7 LG TC L L 5 I A 3 TE | H T TU AR R L KT T I L K ik R i 45 55

A B UL EHRRE L RZEANE B 602 — Atk p a] i, S51E% —FE X BB MO 1#
A 00 [ A il BT A R O TR .

5.5.1 fiemJik

75 Y 2 1 51 2 (O R Al b, mT LR ] — A 3 s 3, Hoh 4 R ek R — A
Ml — BB, I ELAI 3 b 0 4 0 R AR DL C BT Y — >

B, Petersen [EIA 10 A3 5, W45 50T KL —A4> 0~9 B 51L BRJ5 6 10 4
JLR W FIRF R IZIE W JUE O,

@, /] LA—#E e T e R s P A A

(0,2,1,3,1,2,0,3, 3, 0)

NI BT .

(1) FHE%0.1.2.3 &R 4 FFif,

(2) B — LMD A —FE OO E R,

O Hil _HHEAEFHA.
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(3) S = A RS R EE (D E A,

(D FHEARN TR AL =ME6a O ER,

(5) EHIU BN LA S S A B (D

S T X AT IV AL S T B 0 R R R a5 R A T AR A W) — R, an R AT
il T TR —Fp i, Al e — A i 2 ) A, R L R O TR i 2 0 B i ME BN LU
LHE M IR E @,

05 B R st 7E SR B/ ME R B E R . ISR A A X A B B AT U 5 B
JH 8 B0 — B 22 R B R I SR AN G W 7 — g e Oy ik i DA T (RIS D i
0 1 B0 T R 0 SR S A BT R B — A 5 A IS4 aT DL X A BT R — I
NSRBI 7 B 207 LRG0 A 07 F A — U, B BR8N R B AR . AR
] DA 3 (5 FH 4K 24 ORI B 24 TR i A5 3 X BT XA ARG AE 5. 5. 2 TTURA

5.5.2  fUHRE L AERNER 29 e i v el A i et

TEfff DA = HEBE ) RS, FRATTHS H T 24 5 GRS 3k 26 24 34 REKE A 0 A8 350 TR 249
(B J1 85/ MELSRAR BEAR AR Z [R1 4 DX 1] . A P13 € Tl A0 v 208 T %) 0 ) P9 1 A 208 14 1 058
AT LAA A [R] A 20 €0) S — B 2 30, A 3 s B 249 S AR R B8k 22 5 5 A AT LA AR AS AT A% Y i

ANid o AT LA e/ M B R AR Ry — N RS TR 7E S D i B B 24 3 XA
P HTEE T o el B Y B e

JIF LA AT A B A T R A0 6 B R R SRR L T LR o ME B 6 R R L BB (AR
185 00 R ) I8 B SEBR Y B/ N BB B

STEY - HEPE ] B e B A0 2S00 38 o B — A AR bR IOk S B IX Bh Ty 1, i S A
2y IR RLAS IR Tl FH B 22 60 ) AR S AR K S AR A Sy e/ N R 3 I R B XS T g
PIE i Python 2897,5. 5. 3 78 % b R A7 4

5.5.3 JtT Python 1) 0] 8 R

R T EEERE @R B E# T — 44 8 GraphColoringProblem [ Python 28, X 4~2&
A LATE graphs. py SCHFHEE], SCHFRTFE SR A s AR RS A

NTEMXAZ AT Python BYIT IR NetworkX 42, & 0] LA G & #:4E 22 K
FAVER € 1n) 8 1Y 1] 2 NetworkX B 28 B9 — A Sl BT LLAS T 28 DSk A i A4S 10 T o B 4
PR v R TS AATE B 1, W T8 D 19 Petersen &1,

GraphColoringProblem 21y 14 & pR B 4% W2 & & 09 KIAE S8, Ik, B 36 3% iK
hardConstraintPenalty Z%{, % 5 83 7n i b 29 o) () 78T -

SR A8 3 R BRI — A T B A B 3R R — A SR B DA ] DA SR 1] e A A e
P9 R R AHAR

self. nodeList = list(self.graph. nodes)

self.adjMatrix = nx.adjacency matrix(graph).todense()
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LR T 7R A E SO HES T A b R

getViolationsCount (colorArrangement)

I T 4 S HE S b il R

getNumberOfColors (colorArrangement)

BeAh ZRE TR LT A T7 3 5 — A J7 ki R 4 E BUEHES /Y B A 5 B AN OT i
ML 25 5 0 0 €5 HE 91 25 Tl 36 665 s [T

getCost(colorArrangement)
plotGraph(colorArrangement)

LI main J7iE L2 FIZ R T BB T —A> Petersen & 19 SE 41 3 B ki ) #5030 X
T LB HES (B2 5 FhEE) BB A% , [RIEEHS: hardConstraintPenalty FI{EIZE N 10

gcp = GraphColoringProblem(nx. petersen_graph(), 10)

solution = np.random. randint(5, size = len(gcp))

SR

solution = [241300220 3]
number of colors = 5

Number of violations = 1

Cost = 15

HT T XA IR B BB A 70 5 Bl BTG 5T S B— A b 58, TS A BUAS 15, X
A A 5-11 o B L T — AN LA G

B 5-11 5 Bl (4535 25 (5 1) Petersen @

O Hil _HHEAEFHA.
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5. 5.4 19 I FH 35 A GRS Aif A e 3 5 2 €5, o 2 [ B il 2 T P %) 25 € 50 1 ) A

5.5.4 @iRRERR

SR TP gt BRI SR AR 1 I 2 [l ) 44 Ol 03-solve-graphs. py [ Python #2JF,
IR N AN RSk < & =

PR A i 1 7R T U — N BB 36 BT DL BT R — T il kR B R A AR R
VIR D BRI T SR M2 55

(1) B#E#—4> GraphColoringProblem 2 ) 3£ i , 52 4] 2 £ 0 oK f# i) NetworkX

(A5 p R GE B Petersen [®) L M hardConstraintPenalty B9 3] 228, Z {8 8 i % B HARD
CONSTRAINT PENALTY #) % &l 58 1

gcp = graphs. GraphColoringProblem(nx. petersen_graph(),
HARD CONSTRAINT PENALTY)

(2) Y07 B bR 2 S/ ME A B DL —A> 5 — 0 B bR B S5 /NS R 5 g
creator. create("FitnessMin", base.Fitness, weights=(-1.0,)):

(3) H T2 B RFRD BBEARS HNE6,FEZE L1 RE 7 4EN T
O BB R 1 Y BEALEE B0 AR L AR BN B R s S 5Btz —. K5 €
SC— A 8O B 2R AR S B AR B — A 3k S B ML B B A AL K S 4 o A DE L 1 31 3%
T R R AT B AL A BB O 5 e L SO AR A T

toolbox. register("Integers", random.randint, 0, MAX COLORS - 1)

toolbox. register("individualCreator", tools. initRepeat,

creator. Individual, toolbox. Integers, len(gcp))

toolbox. register("populationCreator”, tools.initRepeat, list,

toolbox. individualCreator)

(4) @3 H GraphColoringProblem 28/ getCost () J7 ¥, ¥4 36 I B P pR S Bl
T8 3 0 31 B0 s A R £ 5 i (5 R BRI A i A DG D0
def getCost(individual):

return gcp. getCost(individual),
toolbox. register("evaluate", getCost)

(5) X T st A 58 TS8R T LA AE 328 438 R0 28 SCHRARE B JR A0 S B8 5 A 0, Ao S e A
ST IR ITTEELE 0 1 Z ] S, ik BLFR BEAE — > S B Y R 45 28 I R 5K
R —ANBEALAE B B, mutUniformInt 38 F 5t 6802 52 B X 20 8 (R 75 ZAR B 10 AY
integers & FABFE R BV D .

toolbox. register("select", tools. selTournament, tournsize = 2)

toolbox. register("mate", tools.cxTwoPoint)
toolbox. register("mutate", tools.mutUniformInt, low=0,
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up = MAX_COLORS — 1, indpb=1.0/len(gcp))

(6) ZKSE R RS TLAL B8 1Y 7 i, B4 A (HOF) BB CH RS e 55 194 140 B2 R BER
i fem T —10:
population, logbook = elitism.eaSimpleWithElitism(population,

toolbox, cxpb=P_CROSSOVER, mutpb = P_MUTATION,
ngen = MAX GENERATIONS, stats = stats, halloffame = hof, verbose = True)

() BRSO e L PR AR S SR e 4l K&
TEIBATFE P Z 00, B B AR S AE L AR R .
POPULATION SIZE = 100

P_CROSSOVER = 0.9

P_MUTATION = 0.1

MAX_GENERATIONS = 100
HALL OF FAME SIZE = 5

A o 3 SRR 24 3R B AR DR N 10, B EBCR BEE N 10:

HARD CONSTRAINT PENALTY = 10
MAX COLORS = 10

T EBCE R T

—— Best Individual = [5, 0, 6, 5, 0, 6, 5, 0, 0, 6]
—— Best Fitness = 3.0

number of colors = 3

Number of violations = 0

Cost = 3

A R BRI AR Re s 3 Al (A% 0.5 Fl 6 R BN R IER & (B, 1E
MR W, LR BB EIFAETEE, EEN L EMNZEMAX G, 3 ML ECmp
Petersen I @5, &l 5-12 R IE#E (1Y Petersen &, Ul W] 1 fif 19 A 8501k

&l 5-13 $ R 1 & A de /DN 3 07 B8 (B AP X 35 07 A, AT LAt B T Petersen [ERLAS
AARTE /N IZ B AR RS 2 1 i .

BTk —NERE, 5 Bty Mycielski E & #t Petersen K, ZE & 23 3
AL EME R 5.

gcp = graphs. GraphColoringProblem(nx. mycielski graph(5),
HARD_ CONSTRAINT PENALTY)

it 15 Z Wi AR R 1 280, A4 10 FhZ 6 g 150 & 759 31 LR 45

—— Best Individual = [9, 6,9, 4,0, 0,6, 5,4,5,1,5,1,1,6,6,9,5,9,6,5, 1, 4]
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[ 5-12 3 PP (A IE 7 & (0B Petersen @

Min and Average Fitness over Generations

20.0

17.5

; h
(=]
| et

Min/Average Fitness
»m o D
= L = wn
| |-
JJ ;_s-"‘

)5 A WA A A AN
5
0 20 40 60 80 100
Generation

Pl 5-13  SKfif Petersen [l 1Y) 2 € )8 1) 3% AR i 26

—— Best Fitness = 6.0
number of colors = 6
Number of violations = 0

Cost = 6

BRI Ay b i A X A B B8O 5L DL BRI R R R B R R R ILE . B
FEARE S B AL A e 7 N 2R SRS AN A AR e 7 S — S0 —FP Oy B R U A R I
A0 3G AR RS Cn] RESE AT 24 N SRR 5 / B i 2 AR, o5 —Fh o7 Bt BRI

O Hil _HHEAEFHA.
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U A [R] A 8 2R (H B0 ) 0 s . IR O SE 4R B T AT 6 Bl BUE B9 A% I LAFRAT RS B R
RO B 5 Bl BB FIE IS AR AT LR B A RO i -

MAX COLORS = 5

St 2B TT G AT 30 T (0 A v A AR B AR e PR R B B B N 10 Ak
DE 5 A A RA R KA T AEARB R A 107 A 8] 5% A (B FE B R oA 23 AT
)5 I LA BRIV 7 ) 32 A7 AT FR A Bl MRS Bk A A O BL 2 4R B R A A
1 AR VE BB — U AT AT R 2 B T A o (E i 25 O W U0 B R, B B RN B
Ui 1k

FEA B R, LN 6 FhETE T AR I, AT LUAR 25 2 Mo 4R 5 e ( fige

—— Best Individual = [0, 3,0, 2,4,4,2,2,2,4,1,4,3,1,3,3,4,4,2,2,4,3,0]
—— Best Fitness = 5.0

number of colors = 5

Number of violations = 0

Cost = 5

FHOERE LA 5-14,

5-14 i 5 AP IE R E (05 Mycielski O

U SRRE B R B B D B 4 AT IR AR R =D — i,
St T DA 2 i P 5 vk B A 2 s B AL B

O Hil _HHEAEFHA.
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INEE

A A AT PR R ) X e 5 e R ST A A DG A Tl RS DDA O B — A [
RIS IRV T 3 AN ML Y 2 SR G0 . N5 AR 3 R BIE ) R R ] X T A
— A [R) L R AE 2 R TR S B B — i 193 2 A 2R O 5 B — A 5 TR REAN
VAL 25 E R Y S AR R R IZ B S B T — R Rk . e MR RGR R 2R S AR
AR 2 14 ] R Sy ok 4 [ T 30 A A5 0 M

B H AT A 1k, BATT— ELAE AT ST p DR S TR 25 5% e 21 ARG S B R A, 5 6 EARS AR
2 2 4% [ oy () 48 2 () 0 L IE W 35 £ B0 O 12 5

h R 7%
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