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TOM TAT: Clique I6n nhit (Max Clique Problem - MCP) la mét bai todn 16i wu 16 hop ¢é nhiéu irmg dung quan trong trong cdc
linh vuc mang xa hoi, thi giac may tinh, nhdn biét khuén mau, ... MCP la bai todn thuoc lop NP-Hard va dwoc nghién ciru rong rai
trong nhitng nam gan ddy. Trong bai bdo nay, chiing t6i dé xudt mét thudt toan Local Search dé gidi bai todn MCP; thudt todn nay
drgee cdi tién tir thudt todn k — opt Local Search (KLS) ciia nhém tic gia Kengo Katayama, Akihiro Hamamoto, Hiroyuki Narihisa.
Chiing 16i dd so sanh chdt heong ciia thudt todn cdi tién ndy véi thugt todn K — opt Local Search géc trén 34 bg di liéu trong hé
th(jng dit liéu thuc nghiém chudn DIMACS.

Tir khéa: Graph Algorithms, Maximum Clique Problem, KLS Local search, Variable Depth Search, Combinatorial Optimization.

I. GIOI THIEU
A. Mpt s6 dinh nghia

Cho G=(V,E) Ia db thi v hudng bat ky trong d6 V 1a tap clia n dinh va E €V x V 1a tp céc canh cia G. Tim
tap dinh C ¢6 kich thudc 16n nhat €V sao cho xay dung dugc do6 thi GC(VC,EC) voiVe=CvaEc= C x C, day duoc
goi 1a bai toan MCP (Max Clique Problem). Muc nay bai bao s€ trinh bay mot so dinh nghia va tinh chat lién quan.

DPinh nghia 1. Clique [7]

Cho G = (V,E) la db thi v6 hudng bat ky trong d6 V 1a tap cua n dinh va E €V x V la tap céc canh cua G.
Trong tipcon S €V, cho G(S) = (S, E nsx S) 1a mot dd thi con nam trong G. D6 thi G = (V,E) duoc goi la day du

néu tat ca cac cap dinh cta n6 c6 canh ndi véi nhau, tiec 1a V' i,j #V voii #J, (i, j) € E. Mot clique C 1a mét tp con clia
tap dinh V sao cho dd thi G(C) 1a d6 thi day du.

Pinh nghia 2. Kich thudce Clique [9]

Kich thudc cua mot Clique C 1a sb dinh c6 trong clique do, ki hiéu 1a |C|.

Pinh nghia 3. Chi sb Clique [4]

Cho d6 thi v hudéng G=(V,E), chi s6 Clique 14 sé dinh c6 trong Clique 16n nhit thudc dd thi G, ki hidu w(G).
Pinh nghia 4. Clique cuc dai [4]

Clique cyc dai (Maximal Clique) ctia d thi G 1a Clique ma khong bi chita béi Clique 16n hon no.

Pinh nghia 5. Clique 16n nhét [4]

Clique 16n nhat (Maximum Clique) cta G Ia Clique ¢6 s6 dinh 16n nhét ciia G. Mot Clique 16n nhét dong thoi 1a
mot Clique cyc dai, nhung diéu nguoc lai chua chic da dtng. Cho dd thi G dwgc moé ta nhu trén, bai toan tim mot
Cligue 16n nhét 13 bai toan Maximum Clique Problem - MCP. MCP 1a bai toan ti wu to hop trong trudng hop tong
quét, bai toan MCP da duoc chimg minh 13 bai toan NP-hard. Trong bai bao nay, tir @ thi s& dugc hiéu 13 don do thi
v6 hudng lién thong.

Vi du: Cho db thi G c6 8 dinh 18 canh nhu hinh v& 1

Hinh 1. D4 thi v6 hudéng G
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Khi d6 Clique 16n nhat tim dugc trén dd thi G 1a tap C={1, 3, 4, 5, 7} véi w(G) = 5 nhu duoc minh hoa & hinh

ve 2.

Hinh 2. D{ thi chira tap dinh Clique 16n nhat
Dinh . Dinh Iy kich thurdc Clique véi mét dinh bdt ky trong do thi
Cho d6 thi G(V, E), ov €V thi |C| chira dinh v khong vuot qua deg(v) + 1.
B. Ung dung

Bai todn MCP c¢6 nhitng ung dung quan trong trong linh vuc khoa hoc, ki thuat; chépg han nhu: Mang x4 hdi
[12], tao lich trinh thyc hién céc tién trinh trén may tinh (Scheduling) [2], danh nhan ban d6 (Map Labeling) [13], thi
giac may tinh (Computer Vision) [5],...

C. Mpt so nghién ciru lién quan bai toan MCP va van deé ddt ra can gidi quyét

Do c6 tinh khoa hoc va tinh iing dung rong rai, bai toan MCP da thu hut dugc sy quan tam nghién ctu lién tuc,
sau rong cuia nhiéu nha khoa hoc trén thé gidi trong hang chuc nam qua. Hién nay da c6 hang loat thuit toan giai bai
todn MCP dugc dé xuét va cé thé chia chiing 1am ba hudng tiép can sau:

Huéng thir nhat 13 cac giai thuat tim 10 giai dung, chidng han nhu thuit toan c¢b dién Bron-Kerbosch [8] cua
Bron-Kerbosch hay thuét toan Branch & Bound [5].... Uu diém cta hudng tiép can nay 1a tim dugc 16i giai chinh xac,
nhuoc diém cua hudng tiép can 1a chi tim duoc céc bai toan cd kich thude dd thi nho. Hudng tiép can nay 1a mot co s&
quan trong dé danh gia mirc d6 chinh xé4c cua cac thuat toan giai gin ding. Viéc giai dung bai toan MCP thuc sy 1a mot
thach thirc 16n trong 1y thuyét d thi toi vu td hop.

Hudng thir hai 14 cac thuat toan heuristic. Thuat toan heuristic chi nhimg kinh nghiém riéng biét dé tim kiém 10i
giai cho mot bai toan t&i wru cu thé. Thuat toan heuristic thuong tim duoc 10i giai c6 thé chap nhan dugc trong thoi gian
cho phép nhung khong chic do 1a 10i giai t6t nhat; tham chi cac thuat toan heuristic khong chéc hiéu qua trén moi loai
dir lidu d6i voi mot bai toan cu thé. Uu diém cua cac thudt toan heuristic 1a cho thoi gian chay nhanh. Cac thuit toan
ding dé tim cac Clique 16n nhét nhu thuat toan CLS va DLS ctia Pullan [14], thuét toan PLS [15],... c¢6 thé xem la cac
heuristic cho bai toAn MCP; tuy nhién chi phi tim dugc cac heuristic nay khong hiéu qua bang cac thuat toan
metaheuristic trong viéc giai bai toan MCP.

Huéng tht ba 13 cac thudt toan metaheuristic. Thuét toan metaheuristic st dung nhiéu heuristic két hop véi cac
k¥ thuat phu tro nham khai pha khong gian tim kiém; metaheuristic thugc 16p cac thuat toan tim kiém ti wu. Hién da
¢6 nhiéu cong trinh sir dung thuat todn metaheuristic giai bai toan MCP; chﬁmg han nhu thuat toan tim kiém tabu [11],
thuét toan luyén kim [16],... Cho dén hién tai, huong tiép can metaheuristic cho két qua t8t nhat trong $6 cac thuat toan
gin ding.

Bai todn MCP c¢6 hé thong dit liéu thyc nghiém chuin va c6 nhiéu cong bd lién quan da tién hanh thuc nghiém
trén hé théng dir liéu nay. Cac dd thi trong hé théng dir liéu nay co tdi da 3321 dinh, 5506380 canh. Mot s6 cong trinh
da cong bo két qua thuc nghiém trén cac bo dit liéu chuan nay.

Il. THUAT TOAN LOCAL SEARCH CHO BAI TOAN MCP

Trong phan nay, chiing t6i trinh bay vé thuat toan KLS géc va dé xuit nhitng cai tién cho thuat toan KLS géc dé
thu duoc két qua toi wu hon cho bai toan MCP.

A. Thudt toan KLS
Input: D4 thi G(V,E)
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Output:  »(G) va tap dinh clique

Dé thudn tién cho viéc mo ta ¥ tudng thuat toan KLS goc va KLS cdi tién, ching toi c6 cac dinh nghia sau:
CChientai: tap clique hién tai

CClancan: tap clique tim kiém 1an can

CCbestlancan: tap clique 16n nhat tim duoc trong tim kién 1an can

PA: Tap dinh c6 kha ning thém vao CChientai

Y tudng cua thuat toan KLS goc gdm céc chudi thao tac thém va loai mot dinh tir clique hién tai dé tim mot
clique 16n hon trong khong gian kha thi 1an cén, chi tiét thuét toan cua tic gia dugc trinh bay chi tiét trong tai liéu [7].
Thuat toan KLS goc gom 2 giai doan:

1. Giai doan khoi tao (I-opt): khoi tao mot clique bang thao tac thém ting dinh ngiu nhién c6 bac 16n nh:élt
trong PA vao CChientai, sau mdi thao tic thém dinh cép nhap tip dinh PA va bac dinh Gpa, lip lai thao tac thém dén
khi PA=0.

2. Giai doan tim kiém ldn cdn (k-opt): Cap nhat CClancan=CChientai, CCbestlancan=CChientai. Sau d¢, thuc
hién chudi cac thao tac thém va loai dinh lién tiép, khi PA # @, thao tac thém tim dinh ngiu nhién c6 bac 16n nhit tir PA
thém vao CClancan va nguoc lai thuc hién thao tac loai dinh ngu nhién tir CClancan sao cho |PA| 16n nhét, cac dinh
thém va loai dugc ddnh diu nham tranh viéc tring lap dinh trong thao tac thém loai, sau mdi thao tac cap nhap tap dinh
PA va bac dinh Gpa. Chudi thao tac thém va loai dinh dimg khi di loai hét dinh ciia CClancan ton tai trong CChientai,
trong thao tac thém thyc hién so sanh gitra CClancan va CCbestlancan, néu |CClancan| >|CCbestlancan] thi tién hanh
cap nhat CCbestlancan=CClancan dé tim Ian can t6t nhat. Két thuc chudi thao tac thém loai néu
|CCbestlancan|>|CChientai| thi cap nhat CChientai=CCbestlancan va tiép tuc tim kiém lan can tir CChientai. Thuat
toan k-opt dimg khi két thiic qua trinh thuc hién cac chudi thao tac thém va loai dinh, CCbestlancan khong tim dugc
clique co kich thudge 1on hon CChientai.

B. Dé xuit cdi tién cho thudt toén KLS
Trong muyc nay, chung t6i dé xuit nhirng cai thién trén thuat toan KLS gc dé c6 nhitng két qua tdi wu hon.

Trong thuét toan KLS gbe dugc trinh bay ¢ phén trén, chung t6i nhan thy rang trong thao tac thém dinh c6 bac
16n nhat trong tap PA 1a Iya chon tc}i uu, n’hung khéng‘gian tim ki€ém I:Qm can lai bi han ché r’ét nhiéu trong thao tac
thém mot dinh va khong thu duge ket qud t0i wu hon. Dong thoi, han ché cua thudt todn KLS goc trong giai doan k-opt
& diéu kién ding 1a néu khong tim thay clique 16n hon trong khong gian kha thi lan cén thi két thic, tuy nhién voi dicu
kién dimg nay khong khai thac hiéu qua khong gian khai thac. V6i nhitng han ché dugc chung t6i rut ra va dé cép ¢
trén, tiep theo chung t6i s€ trinh bay nhirng cai tien cu thé trong cac doan ma gia sau.

Goi |CCgoc| 1a kich thude clique thu duge qua thudt toan KLS gécz van dé nay s& gitip khoi tao kich thudc
clique to1i uvu bang giai thuat KLS goc va sau do6 cai tién khong gian lan can dé tim clique toi vu hon.

1. Mad gid cdi tién
Giai doan 1. Khéi tao mét clique ngau nhién (1-opt cdi tién)
one_opt_advanced (V, E)

1. CChientai = @; / Khoi tao tap clique ban dau la rong

2. while (PA # @){

3 if (3 v e PA: deg(v) >= |CCgoc|) Chon ngiu nhién mét dinh v trong PA c6 deg(v) >= |CCgoc];
4, else Chon ngﬁu nhién mot dinh v trong PA c6 bac 16n nhét;

5 CChientai=CChientai U v;

6 Céap nhat PA va bac ting dinh trong Gpp;

7.}

8. return CChientai;
Giai doan 2. Tim kiém ldn cdn tot hon (k-opt cdi tién)
kopt_advanced (V, E, CChientai)

1. do{

2. CClancan=CChientai;

3. CCbestlancan=CChientai; // 14n can t6t nhét



Huynh Thanh Tan, Nguyén Van Thanh 151

4. count_vertex_delete=0; // dém dinh loai trong CClancan c6 ton tai trong CChientai

5. find_neightbor=false; //bién kiém tra c6 tim thy clique I4n can t6t hon clique hién tai

6. Cho mang mot chiéu color[v], dit color[v]=0, ¥'v € V

7. /Itat ca dinh ban dAu chua duoc danh ddu, mang color dé tranh cac thao tac thém loai bi 1ap lai
8. do{

9. if (PA#0){

10. if (3 v e PA: deg(v) >= |CCgoc])

11. Chon ngiu nhién mot dinh v trong PA c6 deg(v) >=|CCgoc]|;

12. else Chon ngau nhién mot dinh v trong PA c6 bac 16n nhét;

13. color[v]=1; // &anh dau dinh v

14. CClancan= CClancan u{v};

15. if (|ICClancan| > |CChbestlancan|) {

16. CCbestlancan=CClancan;

17. find_neightbor=true; // tim thiy 1an cn t&t hon hién tai

18. CCSAME=@; //cap nhat dé chtra cac 1an can khac tdt hon

19. }

20. else if (|CClancan| = |CCbestlancan| va CClancan ¢ CCSAME)

21. CCSAME=CCSAME U CClancan; // luu lan can tdt nhat tim duoc

22. }

23. else{

24, Tim 1 dinh v € CClancan chua duoc danh du sao cho |PA| 1a 16n nhit;

25. color[v]=1; // danh d4u dinh v

26. CClancan=CClancan \ {v};

27. if (v €CChientai) count_vertex_delete++;

28. }

29. Cap nhat tap PA va bic tung dinh trong Gp,; / cac dinh trong PA khong bi 1dp lai, tic V' i ¢ PA, ¢[i]=0
30. }

31. while (demloai < |CChientai); // diéu kién dirng khi loai hét tat ca dinh CClancan c6 trong CChientai
32. if (find_neightbor=true) CChientai=CChbestlancan; // cap nhat lan can tt nhat.

33. }

34. while (find_neightbor=true);

35. return CChientai; // két qua t6t nhét tim dugc trong lan can
Giai doan 3. Khai thac hiéu qua ldn cdan (6t nhdt
KLS(V, G, iter)

1. CCSAME=@; // luu cac clique l4n can co kich thudc gidng véi CChientai
one_opt_advanced(V,E); // khdi tao clique ngiu nhién
CChest=CChientai; // clique t6t nhat dugc tim thay
count=0; // dém sb 1an khong tim dugc lan can tdt hon
do{

while (count<iter) {

kopt_advanced(V, E, CChientai);
if (|CChientai| > |CCbest|) {

©® N o oA W N
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9. count=0;

10. CCbest=CChientai;

11. CCgoc=CChientai; // cap nhat lai gia tri clique t5t nhat cho CCgoc.
12. }

13. else count++;

14. }

15. if (CCSAME # @) {

16. CChientai=Mét clique CC e CCSAME;

17. CCSAME=CCSAME \ CC;

18. }

19. } while (CCSAME # @); // tiép tuc tim kiém xung quanh lan can cho dén khi khai thac hét.
20. return CChbest;

2. Noi dung cdi tién

Chung t6i trinh bay 2 cai tién cy thé thu duoc két qua tét hon KLS géc nhu sau:

Cii tién 1: M rgng khéong gian thém dinh

Trong KLS géc, thao tac thém thuc hién chon dinh ngiu nhién c¢6 bac 16n nhét trong PA va thém vao clique co
khuyét diém sau: Han ché 16n vé tinh da dang cua giai doan khdi tao clique tir 6 khong tim kiém hiéu qua tir khong
gian lan cén; cu thé trong mot sb truong hop, cac clique duge khdi tao co6 sy giéng nhau chira cac dinh bac 16n nhét,
nhu vay khong gian khdi tao clique chi xung quanh nhitng dinh bac 16n va khong tiép can duoc 101 giai t6t nhat can
tim, dong thoi tim kiém 1an can xung quanh khong hiéu qua, han ché néi trén dwoc chung t6i thuc nghiém 20 lan trén
céc bo test brock bang cach kiém tra giai doan khoi tao. Han ché tinh da dang nay bao gdm ca chudi thao tac thém
trong tim kiém lan can & giai doan 2.

Qua han ché duoc rut ra, chung t6i dé ra phuong phéap: trong PA, chon dinh ngiu nhién c6 bac khong vuot quéa
clique tot nhat tim duoc hién tai, néu khong ton tai dinh nhu vay thi chon dinh ngau nhién c¢6 bac 16n nhat, giai phap
nay c6 2 uu diém:

e Tang tinh da dang trong khdi tao clique va giai doan thém dinh, khic phuc han ché cia KLS goc.

e Dam bao khong gian thém vao khong qué 16n din Qén thuat toan khong kha thi va cac dinh thém vao clique tir
PA c6 khad nang tim dugc clique 16n hon hién tai tdi thiéu 1a mot dinh.

Cai tién 1 nay duoc trinh bay chi tiét trong giai doan 1: dong 3,4; giai doan 2: dong 9,10.
Cii tién 2: Khai thic hiéu qud cdc lan cgn

Duya trén diéu kién dirng ctia thuat toan KLS gdc 1a: khong tim duge mot clique c6 kich thude 16n hon tir khong
gian tim kiém kha thi 14n cén cta clique hién tai thi dung lai, vdi diéu kién ding nay c6 nhiéu han ché, cu thé nhu:

o Chua khai thac hi¢u qua clique hién tai bé'mg thao tac tim kiém lan can.
e Khong khai thac cac clique tét tim dugc trong qué trinh tim kiém 1an can.

Do vay, ching t6i thuc hién cai tién: khai thac khéng gian kha thi 14n cén cuia clique hién tai trong iter lan, luu
trir cac clique 14n cén tot nhit vao mang CCSAME, sau iter 1an néu khong tim thiy clique t6t hon trong lan cén thi tién
hanh khai thac khong gian cua cac clique trong mang CCSAME nhu trong clique hién tai dén khi CCSAME = @ thi két
thdc. Cai tién nay lam ting xac suét kha thi dé tim kiém mot clique t6t hon va cho két qua t6i wu hon bang khai thac
mdt cach higu qua cac lan can tot nhat tim dugc xung quanh giai doan tim kiém 1an can, tuy nhién s& lam ting thoi gian
chay nhiéu. Trong ma gia k-opt cai tién khi thyc hién cai tién thay doi giai doan 2: dong 13 dén 19 dé luu trir va cép
nhat céc clique t6t nhat trong lan can dé khai thac; giai doan 3 dé thuc hién chon khai thac khong gian clique 1an can t6t
nhét tim dugc xung quanh clique hién tai.

Tom lai, v6i nhitng cai tién duge dé xuat cho thuét toan KLS 1a mo rong khong gian luva chon dinh thém vao
trong thao tac them va khai thac hiéu qua ldn cdn 16t nhdt tim dwoc da thu duge mot s6 két qua toi wu va vuot trdi so
voi KLS gbc trong giai quyét bai toan MCP, ching t6i thuc nghiém va so sanh két qua voi 34 bo test DIMACS giita
KLS gbc va KLS cai tién.
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A. Dit li¢u thwc nghiém

Chung t6i sir dung tong cong 34 bo dir lidu dd thi thua trong hé thong dir liéu thuc nghiém chuan DIMACS cho
bai toan MCP: URL http://iridia.ulb.ac.be/~fmascia/maximum_clique/ [3]. Thong tin chi tiét vé 34 bo dir lidu nay duoc

I1l. THU'C NGHIEM VA PANH GIA

trinh bay ¢ Bang 1; trong do6 cac cot lan luot ghi cac thong tin vé tén tp tin trong hé thong dir lidu thuc nghiém chuan,

s6 dinh va sb canh.

Béng 1a. Thong tin dit liéu thuc nghiém nhom 1

Test N M
C125.9 125 6 963
C250.9 250 27984
C500.9 500 112 332
C1000.9 1000 450 079
C2000.5 2000 999 836
C4000.5 4000 4 000 268
DSJC1000_5 1000 499 652
DSJC500_5 500 125 248
MANN_a27 378 70551
MANN_a45 1035 533115

Béang 1b. Thong tin dir liéu thyc nghiém nhom 2

brock200_2 200 9876
brock200_4 200 13 089
brock400_2 400 59 786
brock400_4 400 59 765
brock800_2 800 208 166
brock800_4 800 207 643
gen200_p0.9_44 200 17 910
gen200_p0.9_55 200 17910
gen400_p0.9_55 400 71820
gen400_p0.9_65 400 71820
gen400_p0.9_75 400 71820
hamming8-4 256 20 864
hamming10-4 1024 434 176

Béng 1c. Thong tin dir liéu thyc nghiém nhém 3

keller4 171 9435

keller5 776 225990
p_hat300-1 300 10933
p_hat300-2 300 21928
p_hat300-3 300 33390
p_hat700-1 700 60 999
p_hat700-2 700 121728
p_hat700-3 700 183 010
p_hat1500-1 1500 284 923
p_hat1500-2 1500 568 960
p_hat1500-3 1500 847 244

B. Moi truong thwe nghiém

Céc thudt toan dugc cai dat bang ngdn ngit C++ st dung méi truong C-Free 5.0, CPU Intel(R) Core(R) i5-

5200U 2.20GHz, RAM 4GB, h¢ diéu hanh Windows 10, 64 bit.

C. Két qua thwc nghi¢m va dinh gid

1. Két qud thuc nghiém

Trong két qua thyc nghiém nay, ching t6i chon iter=100 va tién hanh chay ngau nhién 300 ldn. Thoi gian trung
binh dugc tinh 1a thoi gian ciia 300 lan chay trung binh (Pon vi gidy: s).
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Bing 2a. Két qud thuc nghiém nhom 1

KLS goc KLS cai tién
Test IcC| IcC] [CC[ trung binh Thoi gian trung binh
C125.9 34 34 34.000 5.12
C250.9 44 44 44.000 12.29
C500.9 57 57 56.627 80.08
C1000.9 68 68 66.550 423.11
C2000.5 16 16 15.430 1646.34
C4000.5 18 18 16.352 3804.35
DSJC1000_5 15 15 15.000 10.35
DSJC500_5 13 13 13.000 6.35
MANN_a27 126 126 125.923 14.55
MANN_a45 345 345 343.312 40.35
Bing 2b. Két qua thyc nghiém nhom 2
brock200_2* 11 12 10.840 2.04
brock200_4* 16 17 16.530 3.26
brock400_2* 25 29 23.347 5.03
brock400_4* 25 33 23583 12.51
brock800_2* 21 24 21.356 20.53
brock800_4 21 21 20.465 22.56
gen200_p0.9_44 44 44 43.063 10.82
gen200_p0.9_55 55 55 55.000 12.60
gen400_p0.9_55* 53 55 55.000 2453
gen400_p0.9_65 65 65 65.000 32.22
gen400_p0.9_75 75 75 74.227 56.43
hamming10-4 40 40 39.391 152.34
hamming8-4 16 16 15.352 18.23
Bing 2c. Két qua thuc nghiém nhom 3
keller4 11 11 11.000 15.08
keller5 27 27 26.747 28.34
p_hat300-1 8 8 8.000 3.46
p_hat300-2 25 25 25.000 6.29
p_hat300-3 36 36 36.000 9.43
p_hat700-1 11 11 11.000 15.36
p_hat700-2 44 44 44.000 32.10
p_hat700-3 62 62 62.000 39.01
p_hat1500-1 12 12 12.000 123.34
p_hat1500-2 65 65 64.253 233.40
p_hat1500-3 94 94 93533 845.12

2. Pdanh gid va nhdn xét

Két qua thyc nghiém cua thuat toan duoc ghi nhan trén 34 bo dir lieu DIMACS chi tiét trong Bang 2, théng tin
vé moi két qua cua tirng dir liéu lan lugt ung véi tén cia bo dit lidu, clique tot nhat cua thuat toan KLS gac ghi nhan
theo ngudn tai lidu cua tac gia trong tai ligu tham khao [7] va thdng tin caa KLS cdi tién gom: clique tot nhat tim dugc
(dugc danh dau * ghi chd nhitng b dir ligu két qua tt hon so voi KLS goc), mat do clique trung binh, thoi gian chay
trung binh cua thuét toan.

Dua vao két qua & Bang 2, ching toi ¢ mot s6 nhan xét sau:

Thuat toan KLS cai tién thu duoc 6 b dir ligu co két qua tot hon so véi KLS gac; dac biét, thuat toan mang tinh
hiu qua cao trén nhitng bo dix liéu brock, cac bo dir liéu dugc bai bao nghién cuu tong quan [8] danh gia co két qua
khong tét khi thuc hién khao sat bang thuat toan KLS goc mat do trung binh cua thuat toan KLS cai tién cao, tuy nhién
cac bo test brock c6 mat do thap chang to tan suit xuat hién két qua téi vu la khéng nhidu, thoi gian chay cua KLS cdi
tien gip nhiéu 1an so véi KLS géc vi khai thac hiéu qua 1an luot cac 1an can dé dat dén két qua tét nhit. Tém lai, thuat
toan KLS gac dugc ching toi cai tién thu dugc két qua tot hon, nhitng cai tién dugc dé xuat dya trén nhitng han ché cia
KLS gdc va tir d6 dua ra giai phéap tot hon.
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IV. KET LUAN

Bai bdo nay dé& xuit nhimng cai tién cho thuat toan k — opt Local Search (KLS) ctia nhém tac gia Kengo
Katayama, Akihiro Hamamoto, Hiroyuki Narihisa va dugc thuc nghiém so sdnh qua 34 b6 dir liéu DIMACS. Nhiing cai
tién duoc dé xuat thu duoc 6 két qua tdt hon so voi thuat toan KLS géc, ph?m 16n & cac bo test brock, két qua dat dugc
trén dir liéu thuc nghiém brock 1a tdi wu hién nay [3], g6p phan thay d6i nhing danh gia cua cic nha nghién ctru bai
toan MCP v¢é thuat toan KLS khong hi¢u qua trén nhitng bo dir liéu brock [8]. Thuat toan KLS cdi tién va két qua thuc
nghiém 1a thong tin hitu ich cho viéc tiép can giai bai toan MCP, dong thoi dua ra nhitng huéng nghién ctru méi cho
cac thuat toan Local Search. Thyc té hién nay, co nhiéu thuét toan g?m ding giai bai toan MCP, mdi thuat toan déu co
uu va khuyét diém, riéng voi thuat toan KLS — mgt metaheuristic, trong bai bao nay da dé cap chi tiét mot sd han ché
ctia thuat toan KLS va dua ra nhitng phuong hudng giai quyét cho timg truong hop, nhiing cai tién dugc dé ra 1a tot
hon vé két qua cho thuat toan KLS bang thuc nghiém so sanh, qua d6 dong gop mot thuat toan giai hidu qua bai toan
MCP dua trén thuét toan k — opt Local Search (KLS).
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A IMPROVED LOCAL SEARCH FOR THE MAXIMUM CLIQUE PROBLEM

Huynh Thanh Tan, Nguyen Van Thanh

ABSTRACT: The Maximum Clique Problem (MCP) is a combinatorial optimization problem which has important practical
applications like social networking, computer vision, pattern recognition, ... The MCP is known to be NP-hard and recently has
received much attention from the scientific community. In this paper we propose an improved version of the k — opt Local Search
(KLS), which is a variable depth search based algorithm suggested by Kengo Katayama, Akihiro Hamamoto and Hiroyuki Narihisa
for the maximum clique problem. Extensive testing on 34 DIMACS benchmark graphs shows good results in comparison to the
original KLS.
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