Ky yéu Héi nghi Khoa hoc Quéc gia lan thir IX “Nghién ciru co ban va vmg dung Cong nghé théng tin (FAIR'9)”; Can Tho, ngay 4-5/8/2016
DOI: 10.15625/vap.2016.00057

MOT SO VAN PE VE KHAI PHA DO THI CON THUWONG XUYEN DONG
Hoang Minh Quang®, Vii Pirc Thi?, Pham Quéc Hung?
vién Cong nghé thong tin, Vién Han 1am Khoa hoc va Cong ngh¢ Viet Nam.
2\/ién Cong nghé thong tin, Dai hoc Quéc gia Ha Noi.
*Khoa Céng nghé thong tin - Pai hoc Su pham k§ thuat Hung Yén.
hoangquang@ioit.ac.vn, “vdthi@vnu.edu.vn, *quochungvnu@gmail.com

TOM TAT— Khai pha cac mdu thuong xuyén la bai toan quan trong co nhiéu kha ndng img dung vao thuc tién. Cac iing dung
trong thuec tién rdt da dang va phong phii nén phwong phdp khai phd tap Muc thuong Xuyén b; giéi han boi cau tric di ligu dang tap
hop khong phdn anh duoc hét ban chdt cia diF liéu chang han nhu cau tric thanh phdn héa hoc cia cé4c vién thudc tdn duroc, cdu
tric gen té bao, cdu tric protein dong vdt va nhiéu cdu trac khac. Cac cdu tric dir lieu nay hau hér déu co thé biéu dién dudi mgt
dang di liéu 6 cdu triic da biét nhue do thi, cay hodc lattice. Do vdy, cac nghién citu vé khai phd do thi con thirong xuyén cé y nghia
rat |on dac biét hitu ich trong linh vuc y té. Trong bai bdo ndy, ching t6i dira ra m¢ét s6 nhdn xét, danh gid vé céc thudt toan khai
pha do thi con thuong xuyén hién nay dong thoi ciing dé xudt mét vai diém thay déi trong viéc thyc hién khai phd do thi con thirong
Xuyén nhdm ting hiéu qud khai phd do thi con thwong xuyén nhdt la dé thi con thiong xuyén dong.

Tir khéa— Khai phé dii liéu, dé thi con thirong xuyén, khai pha dé thi, di# liéu c6 cau tric, dé thi con thirong xuyén dong, dé phirc
tap tinh toan.

I. GIOI THIEU

Khai pha dir liéu 1a linh vuc rat quan trong. Mot trong cac phuong phap khai phé dit liéu c¢6 nhiéu ing dung nhét
1a khai pha cac miu thuong xuyén. Van d& khai pha mau thuong xuyén la tir mot tap dir liéu cac déi tugng, vi mot
ngudng d6 hd tro tdi thiéu minsup cho trudc, ta di im cac dbi tugng c6 dd hd tro 16n hon hodc it nhat 1a bang véi do hd
tro toi thiéu minsup. Dir liéu c6 thé rat da dang tur d@t liéu nhi phan, dir liéu ) nguyén, s6 thuc hodc céc dit lidu ¢6 cu
trac phirc tap hon nhu cdy, dd thi, lattice v.v... Hau hét cac phuong phap khai pha mau thuong xuyén déu sir dung mot
nguyén 1y chung 14 tinh chit "Downward Closure Property" (DCP) hay con goi 1a tinh chit phan don diéu. Céc tap dit
lidu bao toan tinh chat DCP déu c6 thé ap dung thuit toan tya Apriori dé khai pha mau thudong xuyén. V& mit co ban,
thuat toan Apriori gdm hai budc: thir nhét 13 budc sinh tap ing vién va thr hai la tia céc tap ung vién dya trén tinh chat
DCP. Vi du trong khai pha tap myc thuong xuyén, mot (101 tuong dir liéu 1a mot giao tac va tap dir liéu 1a tap giao tac.
Trong mdi giao tac s& chia mot s muyc dir liéu 14 co xut hién hay khong Xuét hién trong giao tac d6. Khai pha tap
muc thudong xuyén la tim ra tat cé cac tAp muc ma co tan suét xuit hién trong mot sb giao tac l6n hon mot ngudng cho
trude nao do. Cong viéc nay rat don gian ta chi viéc dém mot tap cac muc ma dong thoi tit ca cac muc trong tap d6 déu
xuét hién trén mot sd giao tac sao cho sé 1an xuét hién da 16n hon mot ngudng thi tap do6 1a thudng xuyén. Va ta thiy
rang, mot tap 1a thuong xuyén thi tip con ciia né cling la thudng xuyén va nguoc lai mot tap 1a khong thudng xuyén thi
tap cha ctia n6 ciing 1a khong thuong xuyén. Day chinh 1a tinh chit DCP trong khai pha tdp muc thuong xuyén. Tir tinh
chat nay, vin d& sinh tap tng vién lan luot tap co k-muc 1a thudng xuyén ta xay dung tap (k+1)-muyc va di tim xem cac
tap (k+1)-muc nao 1a thudng xuyén véi k thue hién tir 1 dén hét s6 lwong muc ¢6 trong co sd dir lidu giao tac.

Nhiéu linh vic hién nay doi hoi khai pha mau thudng xuyén trén tap dir liéu co cAu tric phirc tap hon ching han
nhu cdu trac hoéa hoc cac hop chat, cAu triic gen té bao, ciu truc cac thanh phan thude, v.v... Hau hét cac cau truc phic
tap déu c6 thé dugc biéu dién dudi dang cay hodc do thi. Khai pha mau thuong xuyén trén tap dir liéu c6 cau trac phirc
tap chang han nhu ciy hodc do thi phtic tap hon rat nhiéu ldn so v6i khai pha tap muc thuong xuyén. Tinh chat DCP
van dugce dam bao cho dit liéu cdy hodc do thi nghia 1a néu mot do thi/cay 1a thuong xuyén thi d6 thi con/ciy con ciing
la thuong xuyén va nguoc lai néu mot dd thi/cay 1a khong thuong xuyén thi do thi cha/cdy cha ciia n6 ciing 1a do
thi/cay khong thuong xuyén. Mic du tinh chit DCP duge dam bao nhung van dé sinh ting vién lai gap nhiéu khé khin
vi v6i mot tap dinh va tap canh cho trude, viée tim do thi con/cay con vdi tdp dinh va tép canh d6 c6 phai la do thi
con/cdy con cuia mot dd thi/cay da cho hay khong la mot vén dé khong d& giai quyét. Van dé nay dwoc goi 1a tim dd thi
con dang céu (subgraph isomorphism). Nhiéu cong trinh nghién ctru da ching minh rang viéc xac dinh chinh xac mot
db thi c6 phai 1a d6 thi con ding cAu ciia mot db thi hay khong c6 do phtrc tap tinh toan thude 1&p NP-complete [Garey
va Johnson 1979]. Néu cau triic dir lidu 1a cay thi viéc xac dinh d thi con déng cdu da co thé giai quyét trong thoi gian
da thtrc [Chi 2004; Tsur va Shamir 1999]. Nhitng thach thirc nay din dén nhiéu cong trinh nghién ciru 1am ting hiéu
qua van dé xac dinh do thi con dang cau nhu cac thuat toan gSpan [Yan va Han 2002], FFSM [Huan 2003], FSG
[Kuramochi 2001]. Tuy nhién cac cong trinh nay van phai giai quyét vin dé tim do thi con dang cau trong thoi gian
khong da thuc.

Khai ph4 d6 thi con thudng xuyén 1a mot phuong phap khai pha dir liéu hiéu qua. Tuy nhién, cac (mg dung thyc
tién hién nay véi cac tap dit liéu vira co cu tric phurc tap lai vira ¢6 kich thuge rat 16n da dan dén viéc tim tap tat ca
cac dd thi con thuong xuyén ciing la rat 16n. Hon hét, c6 mot s6 dd thi thuong xuyén lai c6 do hd tro bang v6i dd thi
thudng xuyén cha cia no. Vi thé, viéc tim tap tAt ca cac dd thi con thudng xuyén dong c6 hiéu qua trong céc ting dung
thyc tién hon. Béi tir db thi thuong xuyén dong ta c6 thé tim ra tit ca cac do thi 1a con cua do thi d6 nén viéc liét ké hét
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cac do thi con thuong xuyén cia mot dd thi thuong xuyén dong lam tén thém bd nhd luu trir. Tuy luc can co thé tim
cac do thi con thuong xuyén nhanh hon nhung néu so lugng do thi dau vao 16n va so lugng do thi con thuong xuyén la
16n thi viéc liét ké hét khong thé hi¢u qua bang chi ligt ké cac do thi con thuong xuyén dong.

Trong bai bao nay, chung t6i dé xuat mot két qua c6 thé lam tang hi¢u qua khai pha dd thi con thuong xuyén
nhét 1 d6 thi con thudng xuyén dong. V&i mot cach nhin khac voi cac thuat toan ctia gSpan, FFSM, FSG va cac cong
trinh nghién ctru lién quan khac chung toi da giam dugc thoi gian tinh toan trong viéc khai pha do thi con va thuat toan
ctia chiing t6i hidu qua hon nita khi 4p dung vao khai pha d6 thi con thuong xuyén dong.

I1. MQT SO PINH NGHIiA

Mot d6 thi gan nhin G 1a mot b6 G =(V.E.XyXg.]) v6i V la tdp dinh, E € V x V 1a tdp canh. }y va Y la nhan
cta dinh va canh tuong ing. Ham gan nhin | 1a 4nh xa V — Yy va E — Y. Khong mét tinh tong quat, ta gia sir co
mdt thir ty toan thé < trén tap nhin— ¥y va — Yg.

Cho mét cap do thi G = (V.E. Yy, Xg.)) va G' = (V' \E' Xy, 251, G 1a d6 thi con ciia G' néu va chi néu:
(1yvev

()VueV, (u) =I'u)

(3)ECE

4) v (uv) €E, (I(uv) =TI'(,v))

G' duoc goi 14 d6 thi cha cua G

Hai d6 thi G = (V,E,Y,.Yel) va G' = (V' E' 3y, X 5, I) 14 dang cau néu va chi néu ton tai mot song anh £V —
V' théa man:

Q) vueV, () =Ifw)

(2)vuvevV,((uv) € E) o (flu),f(v)) e E'

(3) vV (uv) € E, (I(u,v) = I'(f(u),f(v))

) Df”) thi G 1a d6 thi con déng ciu cua G', ky hiéu G € G, néu va chi néu tdn tai mot do thi con G" cua G' ma G

dang cau voi G"

Chorm(f)t tap dit liéu dd thi GD va mot ngudng ¢ (0 <o< 1), do hd trg ctia G, ky hiéu supg duge xac dinh nhu
mdt phan s6 cac d6 thi trong GD véi G 1a mot do thi con dang cau cua G':
{G' e GD|G € G}

|GD

Supg =

G 1a db thi thuong xuyén néu va chi néu SupG= ©. Vian dé khai pha d6 thi con thuong xuyén 1a cho mot ngudng
6 va mét co s& dir li¢u do thi GD phai tim tat ca cac do thi con thuong xuyén trong GD.

I11. PHUONG PHAP TIEP CAN KHAI PHA PO THI CON THUONG XUYEN

Van d& khai pha d6 thi con thuong xuyén 1a mot phuong phap khai pha do thi ciing véi mot s6 cac phuong phap
cai tién trong nhidu cong viéc nhu phan loai cac hop chat hoa hoc [Huan 2004c; Deshpande 2005], phan cum tai liéu
anh [Barbu 2005], danh chi s dd thi [Shasha 2002, Yan 2004], tim kiém d6 thi [Yan 2005; 2006; Chen 2007] v.v... C6
hai phuong phép tiép can khai pha d6 thi con thuong xuyén 1a phuong phéap tiép can theo Apriori va phuong phép tiép
can phat trién mau.

Algorithm 2: Pattern growth approach

Input : g = a frequent subgraph, ¢ = minimum support, GID = a graph dataset
Output: F, a set of frequent subgraphs

1 F+0;

2 Fy + detect all frequent 1-subgraphs in GI;

3 k+ 1

4 foreach g € F; do

5 | Pattern-growth(g, Fy, 0, F);

6 end

Hai thuat toan tuong ng vdi hai tiép can khac nhau. Thuat toan tlep can theo Apriori ap dung chién thuét tim
kiém theo bé rong, thuat toan tlep can theo phat trlen mau ap dung chién thuét tim kiém theo do sau. Ca hai phuong
phap déu co nhiing vu nhugce dlem riéng nhung vé co ban van 1a sinh ra mot tap dd thi con va kiém tra n6 c6 phai 1a dd
thi con dang cAu v6i mot dd thi nim trong tap dir liu db thi hay khong tir d6 x4c dinh do hd tro cua dd thi con Gng vién
d6 va két luan dd thi con g vién c6 thudc tap do thi con thudong xuyén hay khong.
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Function Pattern-growth(g. GD, 0, F)

1t k+k+1;

2 Ck —

8 if g € F then

4 | return;

5 else

6 | F+ FuUg;

7 end

8 scan GD, find all the edges e such that g can be extended to g Ue, g + gU e, and insert g

mto C'ki

9 foreach g € C; do
10 if gr.count > o|GD)| then
11 | Pattern-growth(gy, GD, 0, F);
12 else
13 | return;
14 end
15 end

Algorithm 1: Apriori-based approach

Input : GD = a graph dataset, & = minimum support
Output Fy.Fs, ..., Fy, a set of frequent subgraphs sets

1 F + detect ﬂll h(‘quont l-subgraph in GID;
2 k + 2 while F;. # 0 do

3 F;; +— 0

4 Cy. + candidate — gen(Fy._y);

5 foreach candidate g € Cj do

6 gr.count +— 0 foreach G; € GD do
7 if subgraph-isomorphism(gi, G;) then
8 | gi.count <— gr.count + 1;

9 end

10 end

11 if gr.count > o|GD| A gr. € Fj. then
12 | F;, = FA- U gg:

18 end

14 end

15 k+—k+1;

16 end

Ta c6 thé nhan théy réng hau hét cac thuat toan trén van vudng vao viéc xac dinh dd thi con déng cAu cho mdi
do thi con tmg vién dugc sinh ra. Van dé ¢ chd ching ta khong biét c6 bao nhidu g vién dugc sinh ra khi két hop hai
d6 thi con mirc k hoic mé rong mot dd thi con mire k thanh do thi tmg vién mirc (k+1). Do d6 qué trinh nay s& 1a, véi
mdi db thi con tng vién mirc (k+1) duoc sinh ra, va v6i mdi dd thi trong tap dir li¢u dbi tuong dd thi ta s& phai xac dinh
dd thi con ung vién murc (k+1) nay c6 phai la dd thi con déng cAu cta do thi trong tap dir liéu dd thi hay khong. Viéc
xac dinh nay c6 d6 phic tap tinh toan thudc 16p NP. Néu do thi con tmg vién murc (k+1) nay la dd thi con dang ciu véi
cac d6 thi trong tap dit lidu thi d6 hd tro cua nd ciing ting 1én twong tng va néu dd thi con Gmg vién muc (k+1) ndy co
d6 hd trg 16n hon mdt ngudng minsup o cho trude thi dd thi con ing vién nay s& 1a mot dd thi con thuong xuyén. RS
rang ring & ddy ta thdy c6 thé c6 mot cai tién cho phuwong phap xac dinh dd thi con ddng cdu cho mot dd thi va xac
dinh d6 hd trg cua no.

IV. PHAN TiCH GSPAN VA FFSM

Db thi déng ciu 1a mot dang dbi sanh mot tuong ung mot gitra cac dinh cia mot dd thi va cac dinh cua dd thi
khac ma bao toan duoc cac dinh k&. Phat hién do thi dang cau 1a budc quan trong trong sinh do thi con tng vién trong
khai pha d6 thi thuong xuyén. Do thi déng c?iu thi chua biét ¢ thé giai quyét trong thoi gian da thuc hay khong da
thirc. Tuy nhién phat hién 6 thi con dang céu dugc biét 1a thuc 16p NP- -complete [Garey va Johnson 1979]. Khi g101
han d6 thi thanh cay thi d¢ phuc tap giam di co thé phat hién cay con dang cau trong thoi gian da thirc [Hopcroft va
Tarjan 1972; Matula 1978; Chung 1987; Shamir va Tsur 1999]. Van d& xéac dinh d6 thi con dang cau con dugc ap dung
trong rat nhiéu linh vuc nhu nhan dang mau [Lu 1991], phan tich hinh dang [Pearce 1994], hoc may [Cook va Holder
1994]. Nhiéu thudt toan tim moi cach dé né tranh vain dé phat hién dd thi con déng cdu nhu cac thuat toan [Ullman
1976; Schmidt 1976; McKay 1981 v.v...].
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Céc phuong phap xac dinh dd thi con ding ciu trong vin dé khai pha dd thi con thuong xuyén hién nay hiéu
quéa nhét van 1a gSpan va FFSM. Ca hai thuat toan nay déu sir dung mot thir tw cho d6 thi xdy dung nén mot bd mé cho
mdi db thi, ddng thoi xac dinh mot ma bé nhat hodc 16n nhét trong bd ma ctia mot dd thi va coi 1a ma chudn. Do d6 mot
dd thi mic du duoc biéu dién bai nhiéu bd ma khac nhau nhung chi c6 duy nhit mot ma chudn. V&i mdi dd thi ung
vién, viéc xac dinh xem no6 c6 phai la dd thi con déng cu cia mot dd thi hay khong phuy thudc vao mot s6 dinh va sb
canh ctia dd thi con va sb dinh va sb canh cua d6 thi trong tap dit liéu dd thi duge dem ra so sanh. Sau day ta s€ phan
tich hai thuét toan dugc coi 14 c6 higu qua tot nhat trong thoi diém hién nay 1a gSpan va FFSM.

Algorithm 3: gSpan-Miner(c, o, GD, F)
Input : ¢ = a subgraph represented by a DFS code, ¢ = minimum support, GD = a
graph dataset
Output: F a set of frequent subgraphs

1 sort labels of the vertexes and edges in GI by their frequency;
2 remove infrequent vertexes and edges:

8 relabel the remaining vertexes and edges in descending frequency;
4 Fy + { all frequent 1-edge subgraphs in GD};

s sort F} in DFS lexicographic order;

6 F+— 0

7 foreach c € F; do

8 subgSpan(c, GD, o, F);

9 GD + GD — ¢;
10 if |GD| < o then
11 | break;

12 end

13 end

Procedure subgSpan(c, GD, o, F)

Input
Output:

1 if ¢ # min(c) then

2 | return;

3 end

14 F+FuU {l"}l

5 C 0

6 Scan GD once, find every edge e such that ¢ can be right-most extended to cUe, C' < cUe;

7 Sort C' in DFS lexicographic order;

8 foreach g € C' do

9 if support(gr) > o then

10 | subgSpan(gx, GD, o, F);

11 end

12 end

Trong thudt toan gSpan-Miner, tac gia st dung ma DFS véi tht tu lexicographic order dé xac dinh mot ma
chuan duy nhit cho mot do thi. Xem xét dong sb 8 trong gSpan-Miner s& goi thi tuc subgSpan. Trong thu tuc
subgSpan, néu mot dd thi ma khong c6 ma DFS nhd nhat theo thu tu lexicographic order thi loai di, néu d6 thi con ¢
thoa man méa DFS thi duoc thém vao tap do thi con thuong xuyén. Sau d6 quét toan bd co so dit liéu va tim cac canh e
¢6 thé gan vao dd thi con thudng xuyén ¢ dé sinh ra do thi con mdi dwa vao tap dd thi con tng vién C va sip xép tap dd
thi con ung vién C theo thir tu cua lexicographic va vdi mdi dd thi con ng vién trong C thi s& dugc goi dé quy dé xac
dinh cac dd thi con muc (k+1) t1ep theo cta dd thi cua dd thi con ¢ ¢6 duoc dua vao tap dd thi con thuong xuyén hay
khong. RO rang voi phuong phép duyét theo do sau cua gSpan véi ma DFS va thu tu lexicographic order thi bai toan
sinh tng vién va kiém tra do thi con ding cdu thé hién & dong 6 cta thu tuc subgSpan. Mic du st dung right-most
extended dé search toan b tap dit liéu do thi GD dé thém céc canh vao mot dd thi con thuong xuyén ¢ thi tip img vién
duoc tim théy van nam trong d¢ phurc tap tinh toan la NP vi voi moi dd thi con thuong xuyén ¢ & muc k thi thu tuc dé
quy subgSpan déu dugc goi dé sinh ra cac dd thi con muc (k+1) cia c.

Algorithm 4: FFSM-Miner(C, o, GD, F)
Input : C = a suboptimal CAM list, ¢ = minimum support, GID = graph dataset

Output: F, a set of frequent subgraphs
1 F + { the CAMs of the frequent vertexes and edges };
2 F} + { the CAMs of the frequent edges };
3 FFSM-Search(Fy,F);
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Trong thuat toan FFSM-Miner ta thiy dong 1 1a khoi tao tip do thi con thudng xuyén F ban dau, dong 2 khaoi
tao d6 thi con thuong xuyén F; chi chira canh ban dau, dong 3 thyc sy 1a noi thyc hién thuat toan va nd goi thu tuc dé
quy FFSM-Search. Trong thi tuc dé quy FFSM-Search, dau vao 1a mot tdp cic dd thi con tdi uu theo nghia CAM
(canonical adjacency matrix), dang chuan cta ma tran ké ctia d6 thi. Thii tuc FFSM-Search thyc hién nhu sau: véi mdi
dd thi con t6i wu P trong tap dd thi con tdi wu W, néu dd thi con téi wu P 1a mot CAM thi n6 thudc tap dod thi con
thuong xuyén. Tai dong 4 cia FFSM-Search gan tap ) th1 con tng vién C trang thal rong. Tir dong 5 dén dong 7 trong
thi tuc FFSM-Search s¢ st dung toan bg cac dd thi con téi uu trong tap 6 thi con t&i wu W dé két hop lai v6i nhau sinh
ra cac dd thi con g vién C, dong 8 s& mo rong cac dd thi con toi wu P dé sinh do thi con tmg vién vao trong C. Va
qué trinh tiép tuc khi dong 10 goi dé quy thu tuc FFSM-Search. Dong 9 s& kiém tra cac d6 thi con mg vién trong C C(')
thoa mén tinh chat thuong xuyén hay khong va x6a né khoi tap ting vién néu n6 khong thudong xuyén hodc khong toi
uu. Nhu vay ta co thé thiy rang tap ng vién dugc sinh ra van nam trong do phirc tap thoi gian tinh toan thugc 16p NP
vi van phai sinh ra hét cac d6 thi con (mg vién va kiém tra xem n6 c6 thuong xuyén hay khong.

Procedure FFSM-Search(W,F)
Input : W = a suboptimal CAM list
Output: F, a set of frequent subgraphs

1 foreach P € W do

2 if P.isCAM then

3 F+ Fu{P};

4 C«0

5 foreach () € W do

6 | C+ CUFFSM — Join(P,Q);
7 end

8 C + CUFFSM — Extension(P);
9 remove CAM(s) from C that is either infrequent or not suboptimal;
10 FFSM-Search(C, F);

11 end

12 end

V. THUAT TOAN TiM PO THI CON THUONG XUYEN PONG

Yan va Han st dung thuat toan gSpan va dua ra thudt toan khai pha dd thi con thuong xuyén dong. DS thi con
thuong xuyén dong la dd thi con dam bao hai tiéu chi: mot 1a dd thi thuong xuyén, hai 1a déng dudi quan hé d6 hd tro.
Néu g 1a mot d6 thi con cuia g' thi g' 1a @6 thi cha cuia g, ky hiéu g € g' va 1a cha thuc su (proper subgraph) néu g € ¢'
tuc 1a g' phai co s6 dinh hodc s canh nhiéu hon g. Cho mét tap dir li¢u dd thi dugc ga“in nhan, D = { Gy, ..., Gy}, tap FS
chira tat ca cac dd thi con thuong xuyén tirc 1a do hd trg moi dd thi g trong FS la supg>c (v6i 6 ngudng do hd tro toi
thiéu hodc goi la min_sup). Tép tat ca cac dd thi con thuong xuyén dong, ky hiéu CS = { g | g € FS \wedge \not \exists
g' € FS: g \subset g' \wedge supg = Supg } tép tat ca cac do thi con thuong xuyén ma trong do khong c6 dd thi nao 1a dd
thi cha cua d6 thi khac dong thoi lai co cung d6 hd tro voi no. Nhu vay, CS € FS va van d8 khai pha db thi con thuong
xuyén dong 1a tim tdp day du cua CS trong tap dit liéu do thi D véi ngudng do hd tro tdi thiéu min_sup (o).

Algorithm 5: CloseMining(D, min_sup, S)

Input : A graph dataset D va min_ sup
Output: The closed frequent graph set S

1 remove infrequent vertices and edges;

2 SY «+ code of frequent graphs with single vertex;
3 §¢+ 8%

4 foreach code s € S” do

5 | CloseGraph(s, NULL, D, min_sup, )

6

end

Tuong tw nhu thuat toan gSpan-Miner, thuat toan CloseMining st dung cung mét phuong phap chi khac & chd
kiém tra diéu kién trong dong 10 dén 12 cua thu tuc dé quy CloseGraph xem ¢ ton tai mot do thi cha nao ma co cung
d6 hd tro véi nd hay khong. Vvé mat ban chat, viéc sinh tap ing vién va vén dé xac dinh dd thi con dang cAu khong co
gi thay d6i van thudc 16p NP.
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Procedure CloseGraph(s, p, D, min_sup, S)

Input : A DFS code s, its parent p, a graph dataset D, and min_sup
Output: The closed frquent graph set S

1 if s # min(s) then

2 | return;

3 end

4 if 3e',¢' =g, Ue' Ng < gs AN(gp, D) = L(gp, g'. D) A g, not a failure case of early
termination then

5 l return;

¢ end

7 set C to 0

8 scan D once, find every edge e such that s can be extended to frequent s U e; insert s U e
mto C

9 detect any possible failure of early termination in s;
10 if AsUe € C, supy = supy,. then

11 I msert s into S;

12 end

18 remove s U e from C' which cannot be right-most extended from s;
14 sort C in DFS lexicographic order;

15 foreach sUe € C' do

16 CloseGraph(s Ue, e, s, D, min_sup, S);

17 end

V1. THUAT TOAN PSI-CFSM

Trong bai bao ndy, chung ti dua ra mét phuong phap vé mit tinh toan 13 t6i wu hon so v6i gSpan va FFSM.
Chung tdi cling sir dung thir tu cho nhén cta dinh va canh giong gSpan va FFSM. gSpan st dung ma DFS dé xac dinh
mdi db thi con chi c6 mot biéu dién duy nhit, FFSM sir dung CAM dé biéu dién sy duy nhit cta dd thi con. Chung toi
sit dung CAM dé biéu dién su duy nhat ctia dd thi con va ap dung mot phwong phap khai pha dd thi con thuong xuyén
mai va goi tén la Polynomial Subgraph Isomorphism Closed Frequent Subgraph Mining (PSI-CFSM).

Nhu trén di dé cap, thuat toan gSpan s dung ma DFS dé xac dinh biéu dién duy nhét cho mét dd thi. Ma nay
dugc goi la Minimum DFS Code (M-DFSC). Cho mot do thi, gia sir coi mdi dinh 1a mot gde thi tir gbe do theo phuong
phap duyét theo do sau s& co rat nhidu cdy bao trum cua db thi d6. Nhu vay & day khong c6 tinh duy nhit vé mat bleu
dién. Vi vay, [Yan va Han 2002] da de xuit mot phuong phap ma chuin dua trén nhan cua do thi bang cach gan moi
dlnh danh duy nhét cho mdi dinh va mdi canh ciia do thi trong ma DFS sé& dugc biéu dién boi mot bo 5 thanh phan (i, j,
li, le, Ij) voiiva j 1a dinh danh cua dinh, |; va |; 1a cac nhan tuong ng, l 1 nhan cua canh nbi gilta hai dinh tuong tng.
Dua trén mot tha tu goi 1a DFS lex1cographlc order, M-DFSC cuta do thi g dugc goi 1a ma chuin ciia g. Ma chuan nay
chinh 13 mé nho nhét theo phwong phéap duyét ciy theo do sau ma mdi budc s& thém vao mot canh trong méi DFS.

Thuét toan FFSM thi str dung CAM dé biéu dién sy duy nhét ctia mot dd thi. Vi mot db thi g s& co (n!) ma tran
ké cta do thi gvdinla s6 dinh cua dd thi. Cho mot ma tran ké M ctia mot dd thi g, mi ciia ma tran M 1a mot chudi cac
phan tir cua phin tam gidc duéi hodc trén ctia mot ma trin M bao gdm cé cac phan tir ndm trén duong chéo chinh. Véi
mdi hoan vi cia ma trdn M ta s& thu duoc mot méd clia ma trdn M. Tuén theo mot tht ty duoc xac dinh trén tdp nhan
cua dinh va tap nhanh cua canh cia dd thi g ta s€ tim dugc ma 16n nhit hodc nho nhat trong tat ca cac hoan vi ciia ma
tran M. Ma 16n nhat hodc nho nhit nay s& dugc coi 1a mi chuan dé biéu dién duy nhét cho mot do thi g thay cho (n!)
biéu dién cta mot do thi g. Ma trén ké ma 16n nhit hodc nho nhét duoc goi la dang chuin ma trin ké (Canonical
Adjacency Matrix, hodc goi tit 1a CAM) [Inokuchi 2000, 2002; Kuramuchi 2001; Huan 2003]. Theo d6, mot CAM
biéu dién duy nhat cho mot d6 thi g va mot dd thi g chi c6 mot CAM. Véi cac phuong phap vét can viée xac dinh CAM
ctia mot dd thi ciing c6 do phire tap tinh toan 1a O(n!) thudc 16p NP. Tuy nhién, véi viée st dung thr ty nhin cua dinh
va canh cua dd thi thi viéc xac dinh CAM s€ c6 d0 phuc tap tinh todn thoi gian da thuce.

Pinh 1y. Cho tap do thi gén nhén cho ca dinh va canh GD v6i mét thir ty toan phan trén nhin cua dinh va canh.
Ton tai mét thudt toan tim tap chaa tat ca cac do thi con thudong xuyén déng cia GD ma van dé xac dinh do thi con
dang cau trong qua trinh sinh tap ung vién va d€m dd ho tro cia do thi con dugc thuc hién trong thoi gian da thuec.
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Algorithm 6: PSI-CFSM(D, ¢ = min_ sup)

Input : Tap dit licu dé thi GD vi 0 = min_sup
Output: C'Sy, C'Ss, ....C'S. tap cac db thi con thudng xuyén déng tucng (g véi sé dinh

cac tap doé chita

1 xay dyng mot danh sach lien két duge sap thit ty theo CAM Cj chi chifa cac 2-subgraph;

2 foreach u € (5 do

3 tim kiém nhi phan u trong C} va xéac dinh sup, > o dua vao FS} va FSP;

4 end

5 k+3;

6 while sinh ra ing vién mitc k trong g; € GD tix FS} va CSi_, do

7 xay ding danh sach lien két duge sap thit tu theo CAM Ci;

8 foreach u € C} do

9 thitc hién tim kiém nhi phan dé tim  trong ({ va xac dinh sup, > o dé dua vao
CS;. va CSy;

10 kiém tra v € C'S,_; néu sup, = sup, thi loai v ra khoi CSg_q;

11 end

12 k+—k+1;

18 end

Chung t6i dua ra phuong phéap xéac dinh db thi con dang cdu bang cach sir dung CAM dé biéu dién duy nhit cho
mot d6 thi g trong tap dir lidu d thi diu vao GD. Cing véi CAM chiing t6i chia tach vin d& khai phé4 dd thi con thuong
xuyén thanh khai pha db thi con thudng xuyén theo timg mirc. Bit diu tir mte do thi chi c6 1 canh tirc 14 chi ¢6 2 dinh
va ching t6i goi cac do thi nay 1a 2-subgraph. Pau tién s& khai pha tit ca cac dd thi 2-subgraph, tim tit ca cac dd thj 2-
subgraph 1a thudng xuyén va luu lai. O day ching toi sir dung nhiéu tap luu trit cac 2-subgraph thuong xuyén. Tép CS,
s& luu toan bd cac 2-subgraph thudng xuyén dong cta toan bd tap dir lieu dd thi GD _Vé cac tap FS'; s& luu céc 2-
subgraph thuong xuyén cia cac do thi g€ GD. Cung v6i d6 chung toi cling s& dung C'; dé luu toan bo ung vién 2-
subgraph cua do thi gi€ GD. Tiép theo tir FS' 3 tro di chung ta chi luu cac tap db thi con thuong xuyén dong nén FS'; bi
thay thé bang CS's. Tai mdi bude khai pha do thi con thuorng xuyen dong muc k (k >=2) ta s& két hop cac d6 thi nam
trong FS', va CS'y. 1de sinh ra cdc ung vién nim trong C'y, mdi thanh vién nim trong C' khi sinh ra s& duoc dua vao
mdt danh sach lién ket dugc sép xép sin tao thanh mot danh sach lién két dugc sép thir tw theo CAM. Khi can x4c dinh
mdt Gmg vién trong C'y co phai 1a 6 thi con thuong xuyén hay khong thi chung ta ap dung chién thuat tim k1em nhi
phan dugc coi 1a t6i wu nhat hién nay dé tim sy xuat hién cua no trong cac Cl khac. Rd rang, ta thdy ¢ ddy mdi do thi
con tmg vién s& duoc tim bang tim kiém nhi phan. Gia st mdi d6 thi g c6 m = 2" d6 thi con Umg vién muc k thi viéc
tim kiém mot dd thi con trong né la O(|0922 ) nén du m c6 16n dén dau thi thuat todn xéac dinh d6 thi con ding céu va
dém d6 hd tro ciia mot dd thi con tmg vién van thude 16p P tirc 1a giai quyét trong thoi gian da thic.

Dénh gia do phtrc tap thuét toan PSI-CFSM. Dong 1 xay dung danh sach lién két duoc sap thu tu theo CAM céc
dd thi 2-subgraph tao thanh C', cho mdi do thi g;. 2-subgraph 1a 2 dinh nén chi c6 duy nhit 1 canh béi chung ta chi
quan tam dén cac do thi lién théng. Do vy budce nay s& chi 1 x4c dinh tit ca cac canh cua tat ca cac do thi g; trong GD.
Dong 2 dén 4 1a d6i véi mdi dod thi con u trong C'; ctia mot do thi g; ta s& so sanh v6i cac dd thi v cuia CJ, theo tim kiém
nhi phén thi thoi gian tinh toan toi nhat 1a O(log, |C’2|) va néu tim thiy thi ta s& ting d6 hd tro cua u va v 1én 1 va danh
déu 1a da xét dé 1an sau chung ta khong tim dén n6 nira. Nhu vy buée 2 dén 4 s& tinh toan trong O(n log, max(|C'3]))
voin la s6 lwong cac dd thi trong GD. Tir dong 6 dén dong 13 1a mot vong lap ma néu van sinh ra tng vién muc k thi
van tiép tuc. Nghia 1a vong lap nay s& chay tdi da 1a max(|Vg,|) budc, moi budc cuia vong 1dp chinh 1a tim tap do thi con
thuong xuyén dong ¢ muirc k. Trong vong lap ta thuc hién cong viée twong ty nhu voi 2-subgraph la xay dungC', 1a mot
danh sach lién két dugc sip xep theo thir tw cua CAM, viéc xay dung danh sach lién két nay cung chi tinh toan trong
thoi gian toi nhat 1a O(log, ck vgi)) Va van 1a da thirc. Cac cong viéc tiép theo & mirc k 1a tim kiém cac d6 thi Gmg vién
nao thoa man 14 d6 thi con thudng xuyén theo tim kiém nhi phan cung chi thuc hién trong thol gian t6i nhat 1a O(n logz
max(|Vg.|)) va cting thyc hién trong thoi gian da thirc. Dong thir 10, kiém tra v € CS',; ¢6 tdn tai dd thi nao c6 do hd trg
bang véi do ho trg ctia d thi con dang xét u hay khong thi tir d6 thi u ta phal xay dung cac d6 thi con mirc (k-1) ctia u
va xac dinh tat ca cac con ny c6 con nao trung voi v thi ta loai v khoi CcS'v. 1. Vay do phirc tap tinh toan ¢ dong 10 la
O(m log, |CS k1)) voi m 1a s6 @b thi con muc (k-1) duoc sinh ra cia u. Ma so dd thi con mirc (k-1) cta u chinh la lan
luot bé di céc dinh cua u cung véi canh gin voi no ta s& duge tap "1 va luc lugng 16n nhét cia max(|S%.)) = (k-
1)*(k-2) nén s dd thi con mirc (k-1) ciia u 1a NS, = [V [*(k-1)*(k-2). Vay tong hop lai ta s& c6 do phirc tap tinh toan
cua PSI-CFSM Ia

O((max(|Vg,| x ll()(/)(l\ | XnX logamazx(] ZZ — 1) x (k—2) x logs|CS;._4|)).

i=1 k=3
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VII. KET LUAN

Vi két qua xdy dung dugc thuat toan khai pha do thi con thuong xuyén dong voi xac dinh do thi con déng cau
thyc hién trong thoi gian da thirc mang lai mgt ¥ nghia 16n trong viéc khai phé dit liéu n6i chung va khai pha do thi noi
riéng. Tiép theo bai bio nay, chung t6i s& thuc hién thir nghiém thuat toan dé chirmg minh tinh hi¢u qua cua thuat toan
méi duge dé xuét.

VIIIl. LOT CAM ON
Chung t6i xin gui 101 cam on t6i dé tai CS16.17 “Nghién ctru mot s6 phuong phéap khai pha quan diém va tng
dung vao bai toan tong hop ¥ kien theo tinh nang san pham cta nguoi tiéu dung Viét Nam” - Vién Cong nghé Thong tin -
Vién Han 1am Khoa hoc va Cong ngh¢ Viét Nam da tao dicu kién, trg gitip mot phan kinh phi dé hoan thién bai bao nay.
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SOME PROBLEMS ON CLOSED FREQUENT SUBGRAPH MINING
Hoang Minh Quang, Vu Duc Thi, Pham Quoc Hung

ABSTRACT— Frequent patterns mining is an important problem is more likely into practical applications. The diversity of data
structures such as chemical structures of the drug ingredients, cell gene structures, animal protein structures and other structures,
causes many difficulties in frequent itemsets mining. The good news is that these data can be represented by many structured data
formats known as graphs, trees or lattices. Therefore, the study of frequent subgraph mining is significantly useful in the medical
field. In this paper, we review and evaluate some current frequent subgraph mining algorithms and recommend some improvememt
in the implementation of frequent subgraph mining in order to increase the efficiency of frequent subgraphs mining algorithms,
especially closed frequent subgraphs mining algorithms.

Keywords— Data mining, frequent subgraph, graph mining, structured data, closed frequent subgraph, complexity computation.



