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LOI CAM DOAN

Toi xin cam doan dé tai nghién ctu trong ludn van nay la cong trinh nghién
clru cta toi dya trén nhing tai lidu, s6 liéu do chinh toi ty tim hiéu va nghién
ctu. Chinh vi vy, cac két qua nghién ctru dam béo trung thyc va khéch quan
nhat. Dong thdi, két qua nay chua timg xuét hién trong bt ctt mot nghién
cltu nao. Cac s6 liéu, két qua néu trong luan van la trung thuc néu sai toi
hoan chiu trach nhiém truéc phép luat.

Téc gia ludn van

Ping Tién Dat

Dugc quét bang CamScanner



LOI CAM ON

Trudc tién, toi xin bay 6 long bidt on sau séc dén TS. D& Duy Hiéu, ngudi
da tan tinh huéng dan, dong vién va chia sé nhing kién thic quy bau, gitp
toi hoan thanh ludn van mét cach bt nhat, Toi cling xin gui loi cdm on chan
thanh dén PGS. TSKH. Phan Thi Ha Duong, ngui di khong chi truyén dat
kién thitc sau séc vé thuat todn ma con truyén cAm hitng dam mé nghién ctu,
glup t6i ludn kién tri va phin du trén con dudng hoc thuét. Toi xin duoc gui
10i cdm on t&i PGS. TS. Vit Thé Khai, ngudi da truyén dat cho toi nhiing kién
thic quan trong vé ky nang cong b6 khoa hoc va liém chinh hoc thuat.

Toi chén thanh cdm on cac thdy c6 tai Vién Toan hoc, nhitng ngudi da
trang bi cho t6i nén tang kién thic vitng chic tit cac mon hoc, tao diéu kién
dé t6i hoan thanh tt luan vin nay.

T6i xin giti 16i chan thanh cim on t6i Quf Pdi méi sing tao Vingroup
(VinIF) da cip hoc bdng Thac si trong nudc cho t6i vao ndm 2022, viéc duge
nhan hoc bong da gitp t6i ¢6 thém nhidu ddng luc dé hoc tap va nghién citu
trong khoang thoi gian theo hoc tai Vién Toan hoc.

Cudi cling, t8i xin giri 16i cm on dén Ban Lanh dao cling Phong Dao tao
ctia Vién Todn hoc, Hoc vién Khoa hoc va Cong Nghé, nhiing ngudi da ho
tro va tao diéu kién thuén lgi cho t6i trong sudt qua trinh hoc tép va nghién

cttu, dé toi c6 thé dat duoc thanh qua nhu ngay hom nay.

Tac gia luan van

Ding Tién Dat

Dugc quét bang CamScanner
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DANH MUC CAC KY HIEU, CHU CAI VIET TAT

Ky hiéu Dinh nghia

G(V,E) Mot do thi G vdi tap dinh V va tap canh E

A Ma tran ké ctia do thi G

d; Béac cua dinh i

dﬁ” Bac vao cua dinh i

dont Bac ra cta dinh i

P Ma tran xac suat chuyén trén do thi

b Xac suat budc di ngdu nhién dat tai dinh i tai thoi diém dirng

¢ Phan phéi dirng ctia bude di ngau nhién: ¢ = (¢1, ¢a, ..., Pn)

P 1a mot cach phan chia cong dong P = {Cy1,Cy, - -+, Ck}

Nc, S6 lugng dinh trong cong dong Cy

|Cx N Cy|  S6 lugng dinh c6 mit trong ca hai cong dong Cy va Cy,

|E2] Tong s6 canh trong cong dong C

b Tong s6 canh gitra cac dinh trong cong dong C va cac dinh ngoai
cong dong C

D(C) Tong bac cua cac dinh trong cong dong C

Qu Ham modularity cho d6 thi vd hudng

Qu Ham modularity cho d6 thi c6 huéng

Qr Ham modularity tong quét c6 hé s6 phan giai cho do thi vo hudng

Qp Ham modularity dé xuat cho do thi c6 huéng

QS Gia tri modularity Q, trén cong déng C

QJCr Gia tri modularity Qy trén cong dong C

Trong luan van nay, cac cap cum tu "mang" va "do thi"; cum tix "cOng déng"

va "cum" cting dugc sit dung vdi y nghia nhu nhau.
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MO DAU
Ly do chon deé tai

Bai toan phat hién cong dé)ng mang ddc biét quan trong trong khoa hoc
mady tinh cling nhu trong nhiéu nganh khoa hoc khac. Vi vay, bai toan nay da
duogc rat nhiéu nha toan hoc, tin hoc, vat ly... trén thé gidi quan tdm nghién
ctu. Dac biét 1a huong tiép can t6i uu hoa ham modularity nhu: Thuat toan
Louvain [1], Thuat toan Leiden [2], Phuong phap Ph6 ctia Newman [3]. ..

O Viét Nam, ciing c6 mot sé nhém quan tdm nghién ciru bai toan tim kiém
cong dong mang nhu nhém cta PGS. TSKH. Phan Thi Ha Duong va TS. D6
Duy Hiéu - Vién Toan hoc. Nhém ctia GS. TSKH. Nguyén Dong Yén — Vién
Toan hoc (nghién ctru vé thuat toan K-Means).

Modularity la mét thuée do quan trong trong viéc danh gia chat lugng
phan cum trong mang, phan anh khong chi mirc do gan két bén trong tirng
cong déng ma con muc do tach biét gitra cac cong déng khac nhau. Gia tri
modularity cang cao, cau trtic phan chia cong dong cang ro rang, cho thay
mang c6 tinh cong dong manh mé. Chinh vi vai tro quan trong nay, viéc phat
trién cac dinh nghia m&i vé modularity va nghién ctru cac thuat toan t6i uu
héa modularity dé tim kiém cong dong mang da thu hut sy quan tam va

nghién ciru sau rong trong linh vuc nay.

Muc dich nghién ctru

* Tim hiéu vé tim kiém cong ddong mang thong qua t6i wru modularity: cac
khai niém vé cong dong mang, ham modularity, trang thai dirng, qua

trinh bude di ngau nhién, cac bai toan t6i ru va mot sb thuat toan toi uru.



e Tim hiéu vé cac thuat toan tdi vu hoa modularity cuc bo: thuét toan

Louvain va thuét toan Leiden.
* Xay dung ham modularity thong qua budc di ngau nhién.

* Tim hiéu cac thuat toan t6i vu modularity toan cuc : phuong phap phd
ctia Newman cho do thi vd hudng va dé xuat phuong phap méi cho do

thi c6 hudng.
Noi dung nghién ctru

e Débi tugng nghién ciu : Cong déng mang trong do thi.

* Pham vi nghién cttu : Ham modularity cho d6 thi v huéng va c6 hudng,
cac thuat toan phuong phéap phé tdi ru ham modularity toan cuc va cac

thuat toan t6i uu cuc bo.

Co s& khoa hoc va tinh thuc tién ctia dé tai

Luan van duogc xay dung dua trén cac co sd khoa hoc sau:

* Ly thuyét do thi: cac dai lugng co ban ctia do thi, qua trinh ngau nhién
trén do thi, dinh nghia cong ddong mang va cac thuat toan tim kiém cong

dong mang.

e Ham modularity va giai bai toan t6i wu: cdc ham modularity danh gia
chat lugng cong dong, phuong phap nhan tir Lagrange.

* Dénh gia két qua: cdc m6 hinh do thi ngdu nhién va cac dai lugng danh

gia chat lugng cong dong.
Tinh thuc tién ctia dé tai duoc thé hién qua:

* Thuit toan phat hién cong dong c6 thé duge ap dung dé phan tich ciu
tric nhom trong nhiéu linh vuc, nhu mang xa hodi va sinh hoc. Trong

mang xa hoi, thuat toan gitip xac dinh cac cong dong c6 chung sd thich



hodc nhém anh hudng trén cac nén tang nhu Facebook, Twitter. Trong
sinh hoc, n6 ho trg phan tich mang ludi gen va protein dé tim ra cac

nhom chic nang tuong tac trong sinh hoc phan tu.

e CAc thuat todn tim kiém cdng dong mang bang cach t6i vu héa ham
modularity dua ra két qua la phat hién dugc cac cong dong tot va thoi
gian chay nhanh, c6 thé ting dung vao cac do thi phic tap, 16n trong
thuc té.

Nhung dong gop cua luin van

* Trinh bay vé cac thuat todn tim kiém cong dong mang ctia do thi vo
huéng thong qua t61 wvu ham modularity cuc bo: thuét toan Louvain va

thuat toan Leiden

e Trinh bay phuong phap phd ctia Newman t6i wu modularity toan cuc
cho do thi vo huéng.

* Dé xuat ham modularity cho d6 thi c6 hudng dua trén qua trinh budc di
ngiu nhién va phuong phap phd dé tim kiém cong dong mang cho do
thi c6 hudng.

Bo cuc luan van

Luéan van dugc t6 chic thanh ba chuong chinh nhu sau:

¢ Chuong 1: Trinh bay kién thic chudn bi: Trinh bay ve mang, cOng déng
mang, tim kiém cong dong mang. Trinh bay kién thic lién quan: budc

di ngau nhién, modularity, trang théi ding, ...

¢ Chuong 2: Trinh bay vé cac thuat toan tbi uu modularity cuc bo: thuat

toan Louvain va thuat toan Leiden.

* Chuong 3: Trinh bay cac thuat toan t4i wru ham modularity toan cuc:
thuat toan phuong phap phd ciia Newman cho dd thi vd hudng, ham

modularity dé xuat va thuat toan dé xuét cho do thi ¢6 hudng.



Chuong 1

Kién thitc chuan bi

1.1. Cac dai lugng co ban cta do thi

Do thi G = (V, E) dugc dinh nghia bédi tap dinh V va tap canh E. Trong
truong hgp do thi don, gitra hai dinh i va j thudc V chi c6 duy nhat mot canh
ndi truc tiép. Ngoai ra, nhitng canh c6 diém dau va diém cubi triing nhau, tic
la xuat phat va két thiic tai cing mot dinh, dugc goi 1a khuyén.

Cac khai niém co ban dudéi day sé duoc st dung xuyén sudt trong luan van
nay.

Dinh nghia 1.1.1 (D6 thi ¢6 huéng [4]). Do thi ¢6 hudng G = (V,E) la mot bo
ba gom mét tip dinh V, mot tap canh E, va mot ham dnh xa méi canh thanh mot cip
dinh c6 thir tw. Dinh dau tién ciia cidp co thit tu 1o dudi ciia canh, va dinh thit hai la
dau; cung nhau, hai dinh tao thanh diém dau cudi. Mot canh duoc xdc dinh la mot

canh tir dudi ciia no den dau cua no.

Nhitng canh trong d6 thi c6 hudng duoc goi la canh c6 hudng, c6 thé dugce
biéu dién bdi nhiing dudong thang c6 mii tén chi hudng. Trong khi d6, do thi
vo huéng duge xac dinh khi canh khong c6 hudng, titc mbi quan hé hai chiéu,
tir day ta c6 dinh nghia ctia d6 thi vd huéng nhu sau:

Pinh nghia 1.1.2 (D6 thi vo6 hudng). Mot do thi vé hudng G = (V, E) la mot bo
ba gom mot tip dinh V, mot tdp canh E, va mot ham dnh xa méi canh t6i mot cip

dinh khong cd thir tu.

Ma tran ké la mot cong cu toan hoc phd bién dung dé biéu dién do thi. N6

cung cap cach thitc mé ta sy két ndi gitra cac dinh trong dod thi thong qua cac

4



canh. Cu thé, ma tran ké ctia mot do thi duge dinh nghia nhu sau:

Dinh nghia 1.1.3 (Ma tran ké cta d6 thi [5]). Ma trdn ké A ciia d6 thi don G =
(V, E) la mot ma trdn vudng kich thudc n x n, trong dé n = |V| la s6 dinh cila do
thi. Cdc phan tir ciia ma trin A duoc xdc dinh nhu sau:

1, néucécanh tir dinhidén dinhj, Vi, j€1,...,|V].

Aij =

0, trong truong hop nguoc lai.
Ngoai do thi don, trong thuc té ton tai nhiéu do thi vdi sy lién két gitra cac
dinh khong chi 1a cac canh don ma c6 thé nhiéu canh hoéc trong s ctia canh,

do thi ¢ trong s6 dugc dinh nghia nhu sau:

Dinh nghia 1.1.4 (D6 thi c6 trong s6 [5]). Mot do thi Gy, ¢ trong so dugc biéu
dién thong qua 3 dai lugng Gy, = (V, E, W) trong dé W la ma trdn biéu dién trong

50 cho mdi canh vdi Wyj la trong s6 ciia canh noi giita hai dinh i, j.

Trong ly thuyét do thi, mot khai niém quan trong 1a bac ctia mot dinh, thé
hién s6 lugng két ndi ctia dinh d6 véi cac dinh khac trong do thi. Dé hiéu 1o
hon vé muc do lién két ctia cac dinh trong do thi, ta dinh nghia bac ctia dinh

nhu sau:

DPinh nghia 1.1.5 (Bic ctia dinh trong do thi [5]). Bdc ciia dinh i trong do thi G
duoc tinh dua trén tong cdc trong so ciia cdc canh ndi tir dinh i dén cdc dinh khdc

trong do thi. Déi vdi tirng loai do thi, bac ctia mébi dinh duoc xdc dinh cu thé nhu sau:

* D6 thi vé huwdng, khéng trong so: Béc cia dinh i, ky hiéu la d;, duoc tinh

bang tong sb canh noi dén dinh i:
n n
4= 3 Ay = A
j=1 j=1
trong do Ajj la phan tir ciia ma trin ké A, biéu thi sy ton tai ciia canh gitia hai
dinhivaj.

* D6 thi c6 hudng, khéng trong sb: Do canh cé hudng, bic ciia dinh i duoc

chia thanh hai loai:



— Bdc vao d": o téng s6 canh di vao dinh i,
. n
" =) Aj
j=1
— Bdc ra d?": 1a tong so canh di ra tir dinh i,
n
out __ .
j=1

* Dé thi c6 trong sé: Béc ciia dinh i duoc tinh tuong tw, nhung thay cdc gid tri

Ajj bang trong so cua canh givia hai dinh i va j. Cu thé:
n
di = Z wi]',
j=1
trong do w;; la trong s0 ciia canh gitia i va j.

Tir d6, chung ta sé dinh nghia ma tran bac cho do thi vo huéng va co huong

nhu sau:
Dinh nghia 1.1.6 (Ma tran bac cta dd thi [5]).

* Trong do thi v6 hudng, ma trdn bic D la ma tran duong chéo, trong do phan tir
Dii la bﬁC cua dinh i, tuc Dii = di'

d 0 .. 0
0 d .. 0

D=| 7 7| erv, (1.1.1)
0 0 .. dy|

o Trong do thi c6 hudng, ma tran bic di ra D% la mot ma trin duong chéo, trong
do phan tir D9 1a bic di ra ciia dinh i, titc la D' = d9".
- ;
a0 .. 0
t
0o 4 .. 0

Dot = e R™ ", (1.1.2)

0 0 .. 4y



K& tir thoi diém nay trong luan van, véi truong hgp do thi c6 hudng, ma
tran bac sé dugc hiéu 1a ma tran bac di ra.

Tiép theo, chiing tdi sé gidi thiéu vé ma tran Laplacian. Ma tran Laplacian
trong d6 thi la mot cong cu quan trong trong ly thuyét do thi, gitip biéu dién
cac thudc tinh két ndi va cau tric ctia dd thi, tir 6 ho tro phan tich cac dac

diém nhu tinh lién thong va phat hién cong dong trong do thi.

Dinh nghia 1.1.7 (Ma tran Laplacian [5]). Ma trin Laplacian L ciia do thi G duoc
dinh nghia la:
L=D-A, (1.1.3)

trong dé A, D lan lugt la ma tran ké va ma trdn bdc ciia do thi G.

1.2. Qua trinh ngau nhién trén do thi

Budc di ngdu nhién trén do6 thi la mot qua trinh ngau nhién moé ta su di
chuyén trén do thi, bat dau tir mot dinh ban dau, & méi budc, ta chon ngau
nhién mot canh ndi vdi dinh hién tai va di chuyén dén dinh & dau kia cta
canh do, sau do tiép tuc lap lai qua trinh nay.

Tir d6, chung ta c6 thé dinh nghia vé ma tran xac suat chuyén trén do thi

sau nhu sau (4p dung cho ca d6 thi vo hudng va c6 hudng):

Dinh nghia 1.2.1 (Ma tran xac suat chuyén trén do thi [5]). D6 thi G = (V,E)
co ma trin ké A = (Ajj)nxn va ma trin bic D, goi P;j la xdc suat di chuyén tir dinh

i sang dinh j, xdc suat nay duoc xdc dinh nhu sau:

po_ Qi Aj (12.1)
1] Dii ;l:l Az] Lo
Cong thifc trén co thé viét dudi dang ma trin:
P=D"A= (Py)uxn (1.2.2)

Tir cong thirc|1.2.1} ta ki hiéu Pf]. la xéc suat dinh i di chuyén t6i dinh j sau

t budc; dudi dang ma tran, ta c6 P! = (Pit].)nxn 1a ma tran xac suat chuyén vdi
do dai t bude.



Ta théy, xac suat chuyén la xac suat co diéu kién khi tir dinh hién tai, ta
chuyén sang dinh khac véi xac suat dugce tinh dua trén bac ctia dinh hién tai.
Bén canh xdc suat chuyén nay, xac suat dé budc di roi vao cac dinh tai thoi
diém ban dau va sau t budc cling duge quan tam. Xem xét thoi diém ban dau,
budc di c6 thé bat dau tir dinh i v6i xac suat p;, bat dau tai dinh j véi xac suat
pj, .. Tit day ta ki hiéu xac suat dé sau t budc, budc di roi vao mot dinh i cu thé
1a pgt) (dat pl9 = p, tdng hop lai moi dinh, ta duge p(t) = (pgt), pét), ces p,(f)) la

vector xac suat. Dé thay

y =1, (1.2.3)
i=1
()

i

(t=1),
e

Pl(t) = ZPjiP](-t_l), (1.2.4)
j

Dac biét hon, xac suét p;’ c¢6 thé dugc tong hop tir cac p

hay p*) = p(t=D P dudi dang ma tran. Tir day, ta biéu dién duogc p(*) theo p(©)
va Pt
pt) = pO)pt, (1.2.5)
Mot trong cac dai lugng quan trong thé hién xac suat budce di ngau nhién
roi vao cdc dinh chinh 1a trang thai dung.
DPinh nghia 1.2.2 (Trang thai ditng Ergodic [6]]). Phdn phdi w = (71, 702, ..., TT5) =
(71;)ies trén khong gian trang thdi S dugc goi la phan phéi ditng Ergodic véi ma trin

chuyén P khi vdi moi trang thdi j, ta c6:

lim p!" = 7 (1.2.6)

t—o0 j
Dic bigt vdi moi cip trang thdi i, j, ta ciing thu dugc xdc sudt chuyén gidi han:
. t .
}Ln; Pij = ;. (1.2.7)
Néu phan phoi 7t ton tai thi sé 1a nghiém cta phuong trinh:

T =P, (1.2.8)

Dé trang thai dirng ctia bude di ngdu nhién trén do thi ton tai, can théa man

mot s6 diéu kién cu thé [6]:



e Doi voi d6 thi vo hudng: Do thi phai lién thong, nghia 1a tir bat ky dinh
nao ciing c6 thé di dén moi dinh khac. Hon nita, mot diéu kién quan
trong 1a uwdc chung 16n nhat (UCLN) ctia s6 budc dé mot dinh i quay lai
chinh n6 phai bang 1, tic la UCLN({t|t € N*, P} > 0}) = 1. Diéu kién
nay ngan qua trinh budc di ngau nhién roi vao mot chu ky cd dinh c6 do
dai 16n hon 1, gitp ddm béo rang trang thai ding cé thé dat duoc vdi

moi t du 16n.

e P6i voi do thi cé hudng: D6 thi can lién thong manh, tic 1a c6 thé di
chuyén tir moi dinh dén tat ca cac dinh khac theo huéng ctia cac canh.
Tuwong ty, UCLN ctia s6 budc dé mét dinh i quay lai chinh né cting phai
bang 1, tic la UCLN({t|t € N*, P}, > 0}) = 1.

1.3. Mang va tim kiém céng dong mang

Mang 1a cau truc c6 thé duoc hinh dung moét cach coban nhat nhu mot tap
hop cac diém dugc néi v6i nhau thanh timg cap bang cac dudng thang. Trong
ngdn ngl toan hoc, cdc diém nay duoc goi 1a dinh (hodc nit), va cac duong
ndi gitta chung dugc goi la canh. Trong bdi canh cau tric dit liéu va thuat
toan, do thi dai dién cho mét cau tric dir liéu phi tuyén, mo ta moi quan heé
gitta cac dinh thong qua tap hop cac canh.

DPd thi duogc ung dung rong rai trong thuc té, dac biét trong nghién ctiru
mdi quan hé gitta cac ddi tugng nhu mang xa hdi, mang protein, va mang
ludi san bay... Vi dy, mang Internet c6 thé dugc xem nhu mot tap hop cac
may tinh két ndi voi nhau, trong khi xa hdi con nguoi la mot mang ludi cac
cd nhan gan két qua cac moi quan hé. Nghién ctru do thi c6 thé tap trung vao
dac diém cta cac dinh, nhu hoat dong ctia may tinh, hodc cac canh, nhu cach
thitc tuong tac dién ra. Mot khia canh quan trong khéc la cau tric két nbi gitra
cac dinh, quyét dinh dén dic tinh cia mang, kha nang lan truyén thong tin,
tinh bén vitng trudc cac tan cong, va sy hinh thanh ctia cac ciu tric con.

Cong dBng mang: la nhom cac dinh c6 lién két chat ché véi nhau hon khi so

vdi cac dinh bén ngoai. Nhitng mbi quan hé nay c6 thé duge do luong qua
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cac chi s6 nhu sb dinh chung, s6 canh két ndi, s6 duong di ngan nhat, hoac do
tuong dong dua trén cac dic tinh cu thé. Tuy vao cach dinh nghia mbi quan
hé "tot" gitta cdc dinh, cac cong dong sé duge phat hién va mo ta khac nhau,
dua trén tiéu chi do luong nay.

Tim kiém cong dong mang: 1a qua trinh xac dinh va phan nhém cac dinh
trong mot do thi thanh cac cong dong hodc cum, sao cho cac dinh trong ciing
modt nhom cé két ndi chit ché véi nhau hon so véi cac dinh thudc nhém khac.

Cong dong mang thuong phan thanh hai loai: tach biét, noi médi dinh chi
thudéc mot cong déng, va chéng chéo, noi mdt dinh ¢ thé thudc nhiéu cOng
dong. Trong pham vi ludn van nay, ching t6i tip trung vao phan tich cong
dong tach biét.

Do sb lugng va tinh da dang 16n caa cac do thi, cac thuat toan nghién cttu
trong linh vyc nay lién tuc dugc phat trién. Trong sO6 d6, mot s6 thuat toan

truyén thong duogc nhiéu ngudi quan tam la:

e Thuit toan phan viing d6 thi [7]: Day la ky thuat chia d6 thi thanh mot
s6 cum nhat dinh, vdi kich thudc ctia méi cum da duoce xac dinh trude.
Thuét todn nay thuong duge 4p dung dé toi uvu hda cac van dé lién quan

dén phan b6 tai nguyén va xt ly di liéu phan tan.

e Thuat toan phan cum phan cp [7]: Thuat toan nay dua trén gia thuyét
rang mdi cong dong cé thé duoc coi 1a sy hgp thanh cta nhiéu cong
déng nhé hon & cac cap do khac nhau, tao ra mot cau tric cOng déng da
cap, phan anh sy phan tang cta do thi. Hai yéu t6 quan trong cta thuat

toan nay la tiéu chi hgp/tach cum va cach chon lat cat téi uu.

¢ Phan cum dua trén phuong phap phoé [7]: Phuong phap nay bao gom
cac ky thuat st dung tinh toan vector riéng va gia tri riéng dé phan chia
cac diém dit liéu thanh cac cong dong. Mot thuat toan quan trong dugce
dé cap trong bao cdo nay la téi ru héa modularity dua trén phuong phéap

phd, ap dung cho ca do thi c6 hudng va vo huéng.

* Thuat toan dua trén Louvain [8]: Thuat todn Louvain la mot phuong

phép hiéu qua dé phat hién cong dong trong do thi, tap trung vao toi
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uu héa ham modularity. N6 hoat dong bang cach lién tuc gop cac dinh
vao cong dong 1an can dé toi da héa ham modularity. Sau d6, cac cong
dong duogc hgp nhat thanh cac dinh mdi, va qua trinh 13p lai cho dén khi

khong thé cai thién modularity nta.

1.4. Ham modularity danh gia chat lugng cong dong mang

Modularity 1a mot thude do thuong dugce st dung trong ly thuyét do thi dé
danh gia chat lugng cta viéc phan chia cac dinh thanh cac cong dong. Ham
modularity dau tién dugc Newman gioi thiéu [9] so sanh sO canh thuc su ton
tai trong cac cong déng Vi s6 canh mong dgi néu cac canh dugc phan bd
ngau nhién. Gia tri modularity cao cho thay rang c6 nhiéu canh hon trong cac
cong dong so voi ky vong, diéu nay ngu y réng cong dong co cau tric ro rang
va hop ly.

Modularity trong d6 thi v6 huéng

Trong do thi vd hudng, cac canh khong ¢6 hudng, va modularity dugce tinh
dua trén sb lugng canh gitra cac dinh trong cting cong dong. Cong thirc tinh

modularity cho d6 thi vd huéng dugc dinh nghia nhu sau:

Qu=-— l <Ai]- — %> 6(8i &), (1.4.1)

Trong do:

e Ajjlasé canh gitta dinh i va j.

* divad, lan luot 1a bac ctia dinh 7 va j.

» m la tdng sb canh trong do thi.

* 6(gi,&j) = 1néuiva j thugc ciing mot cong dong, nguoc lai 6(g;, gj) = 0.
. % 1a s6 canh trung binh gitta hai dinh i va j theo d6 thi cau hinh [10].

Mo hinh d6 thi cAu hinh 1a mdt mod hinh tao d6 thi ngdu nhién duya trén

day bac cho trude véi tinh than ghép cac nita canh bat ki lai véi nhau tir d6
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- - A A ? A N A A 2 . ? BN d A -
tinh dugc xac suat mot nira canh bat ki két noi tdéi dinh j 1a 5. Bén canh do,
boi dinh i c6 bac la d;, do d6 s6 canh trung binh xuét hién gitra hai dinh i, j

theo mo6 hinh nay la:
dj did]-

X = ,
2m —1 2m — 1

d; (1.4.2)

trong do thi 16n thi bdi 2m >> 1, do d6 ¢ thé coi s6 canh trung binh la %.
Cong thuc biéu dién Q, do ludong mirc do tuong thich gitta sy phan
chia cong déng va s6 canh thuc su trong cac cong déng. Néu s6 canh bén
trong cong dong nhiéu hon ky vong, thi gia tri Q sé 16n hon 0, cho thay su
phan chia cong dong tot.
Cong thic Qy trén tuong duong voi biéu dién sau (xem trong [11]) véi
cach phan cum P = {Cy,Cy, ..., Cx }:
K KEG]  /D(C)?
Quzk_ZlQS": )3 [ - ( z(m")>

k=1

(1.4.3)

vdi ki hiéu \Eg{\ 1a s6 canh bén trong cong dong Cy, va D(Cy) = Liec, d(i) 1a
tong bac ctia cac dinh trong cong dong Cy. Cong thitc nay thé hién do dong
g6p ctia ting cong déng Cy (Q5¥) vao gia tri modularity téng thé. Néu mot
cong déng c6 cau tric ro rang, no sé lam tang modularity t6ng Qu. Nguogc lai,
néu cong dong khong c6 cau tric rd rang, gia tri dong gop c6 thé thap hodc

am, lam giam modularity tong hodc ting khong dang ké.
Modularity trong d6 thi c6 huéng

Trong do thi c6 hudng, cac canh c6 hudng tir mot dinh nay sang dinh khac,
va viéc tinh modularity phtic tap hon vi can xét dén hudng ctia cac canh. Cong

thitc modularity cho do thi c6 huéng [12] dugc biéu dién nhu sau:

Joutgin
Q=Y (A1) o(gi)) (1.44)
d m if m ir&] <x

i,j

Trong do:
e Ajjla s6 canh c6 huéng tur dinh i dén dinh ;.

o P 1a bac dira cta dinh i



13
. d}“ la bac di vao cua dinh ;.
* m la tong s6 canh trong do thi c6 hudng.

* 6(gi,&j) = 1néuiva j thuoc ciing mot cong dong, nguoc lai 6(g;, gj) = 0.

out gin
agtds

e —L 1a s6 canh trung binh tur i dén j dua trén d6 thi cAu hinh ngau
nhién.
©0 @
(6] \\:\\\ \ D
9 ® ®
® 22 %% Yoo 00 >
30 D9 ‘ 0 \
© e %9
o
(a) Modularity ~ -0.04 (b) Modularity ~ 0.4

Hinh 1.1: Minh hoa gié tri modularity trén do6 thi KarateClub.

Hinh [1.1) minh hoa hai cdch phan chia cdng dong trén do thi Karate Club
[13], v6i hai gid tri modularity khac nhau.

¢ Trong hinh , do thi dugc chia thanh hai loai dinh dé va xam, trong
d6 cac dinh nay kha 16n xon, xen ké khong thé hién ro ciu tric cong
déng, dan dén modularity thap. Cu thé, cOng déng mau do C co6 gia tri
déng gép 1a QS ~ —0.02 khi s6 lugng canh thuc té gitta cac dinh (= 14)
trong cong dong nhd hon sb lugng canh trung binh (= 15.7), ddi v6i cong
ddng mau xam C’ ciing dem lai gia tri Q5 ~ —0.02 khi sé luong canh
thuc té (= 22) nho6 hon s6 lugng ky vong (= 23.7). Gia tri Q, tuong ting
truong hop nay 1a xap xi -0.04.

¢ Trong hinh , do thi dugce chia thanh 4 cong dong ro rang: tim (Cy),

do6 (Cp), nau (Cs) va xam (Cy), cac dinh trong cing cong dong lién két
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chat ché véi nhau, dan dén gia tri modularity cao hon. Cu thé, muc do
déng gop ctia cac cong dong ng déu 16n hon 0 (le = 0.11, ng =
0.08, QSS = 0.07, Qg‘* = (.14) thé hién s6 luong canh thuc té trong moi
cong dong déu 16n hon s6 lugng canh trung binh. Gid tri modularity cta

cach phan chia nay la 0.4.
Mot s6 ham modularity khac

Trong cac bai bao [14-16]], cac tac gia trinh bay cdc ham modularity khac
dua trén nhirng dinh nghia mai vé mot cong déng tot: vidu trong bai bao [14],
tac gia con quan tam t&i mbi quan hé cta cac cip dinh "khong lién quan” ma
dugc phan vao cting cum, trong khi tai bai bao [15], tac gia dinh nghia méi
qué hé t6t gitta mot cap dinh dya trén do dai duong di gitta cac dinh va tai
bai bao [16] thi dé xuét tinh modularity dya trén do twong dong bang cach
thay thé sb canh gitta cdc dinh thanh d6 tuong dong gitra 2 dinh, mot khai

niém téng quét va c6 thé dinh nghia bdi nhiéu dai lugng khac.

1.5. Phuong phap nhan tu Lagrange

Phuong phap nhan tir Lagrange la mét ky thuét trong toan hoc dugc st
dung dé tim cyc tri (cyc dai hodc cyc tiéu) ctia mot ham sb khi c6 rang budc.
Phuong phéap nay ddc biét hitu ich trong cac bai toan t6i wu phi tuyén, noi ma
ham s6 can t6i vu hoéa va cac rang budc khong phai la ham tuyén tinh.

Cac dinh nghia co ban vé ham afin, tap non, ham 16i duoc trinh bay rat ro
trong tai liéu [17]. Duéi day 1a nhitng dinh nghia, dinh ly quan trong vé bai

toan t6i wu phi tuyén ma luan van st dung.

Pinh nghia 1.5.1 (Bai toan tbi uu phi tuyén [17]). Cho mdt bai todn toi wu phi
tuyén co dang:
min f(x) vdi diéu kién x € X, (P™)

trongdé:X: {XGRN‘gl(x) Sollzll /M/hj(x) :OI]:1/ /]}

Cho x° € X 1a mot nghiém chap nhan dugc ctia bai toan (P,). Dat

I(x%):={ie{1,...,M}|gi(x°) =0}
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1a tap cac chi sb ctia rang buoc g;j(x) < 0,i = 1,..., M, thda man chat tai 9.

Ky hiéu S(x°) 1a tap hop cac vecto v théa man hé tuyén tinh sau:

(Vhj(x%),0) =0, j=1,...,]
(Vgi(x%),0v) <0, iecI(x0).

DPinh nghia 1.5.2 (Diéu kién chinh quy [17]). Ta néi diéu kién chinh quy duoc

théa man tai x° néu tdp non tiép xic véi X tai x° (T(X, x°)) la tap S(x0):
T(X,x%) = S(xY)

Pinh li 1.5.3 (Dinh ly vé diéu kién chinh quy trong bai toan (P'") [17]). Diéu

kién chinh quy dugc thoa man tai x0 € X néu cé mot trong cic diéu kién sau:
1. Cic ham hj(.), (j =1,---,]) vag(.), (i =1,--- , M) déu la cic ham afin;

2. Cicham hj(.), (j = 1,---,]) la afin; cic ham g;(.), (i = 1,--- , M) la 16i va

dieu kién Slater sau ddy théa man
JxeRN: (%) <0,i=1,---,M ova hi(x)=0,j=1,---,].

3. Cic vecto Vg;(x%), i € I(x°) va Vhi(x°), j =1,---,] la déc lap tuyén
tinh.

Dinh nghia 1.5.4 (Ham Lagrange va nhan ta Lagrange [17]). Ham Lagrange
1ng véi bai todn (P) duoc xdy dung nhur sau:

M /
E(xl/\'ll e /AM/,Mll' o /,u]) = f(x) + ZAlgl(x) + Z ﬂ]h](X),
i=1 =1

trong do:
e \; > 01a cdc nhin tir Lagrange twong 1ing vdi rang budc bat ding thiic g;(x).
* yjla cic nhin tir Lagrange tuong iing vdi rang bugc ding thitc hi(x).

Pinh 1i 1.5.5 (Pinh Iy ton tai nghiém cuc tiéu dia phuong ctia bai toan (P'?)
[17]). Cho cdcham f,g;,i=1,--- ,Mwova hj,j =1,---,] lacdc ham kha vi lién tuc
trén RN. Gid sir diém x* € RM 1a nghiém cuc tiéu dia phicong ciia bai todn (P'°) va

tai do dieu kién chinh quy dugc théa man. Khi do diéu kién KKT sau la diing:
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1. gi(x*)<0,i=1,--- ,M ova hj(x*)=0,j=1,---,];
2. Ton tai cde s6 thue A; > 0,i=1,--- ,Moapj, j=1,--- ] sao cho

Vxﬁ(x*//\lr' te I)\M/,ull' T /,u]) =0

3. )\igi(x*) = 0, i = 1,- < ,M.

1.6. Cac m6 hinh sinh d6 thi ngau nhién

Nhan cong dong ctia mot do thi xdc dinh méi dinh thudc vé cong dong
nao trong do thi. D€ danh gia toan dién va chinh xac chat lugng phan cum,
can biét trudc cdc nhan cta d6 thi c6 cau tric cong dong. Diéu nay gitip so
sanh két qua phan cum véi nhan da xac dinh dé danh gia hiéu qua thuat toan.
Do d6, chiing t6i stt dung mot s6 mé hinh sinh dd thi ngdu nhién nham tao
ra cac do thi c6 cdu tric cong dong 16 rang va biét trude nhan cta do thi, hd

trg viéc kiém tra va danh gia két qua.

Mo hinh phén vang [—vung [7] M6 hinh nay c6 cac tham s6 chinh bao gom:
s6 lugng cong dong I, s6 lugng dinh trong méi cong dong g, xac suat xuat
hién canh gitta cdc dinh ctiing cong dong la p;, va xdc suat xuat hién canh
gitta cac dinh khéac cong dong 1a poys. Vi nhitng tham s6 nay, mot do thi co

cau truc cOng déng c6 thé duoc tao ra véi cac dic diém sau:
e Béac trung binh cia moét dinh: Elk] = p;, (g — 1) + pourg(l — 1).
* 56 lugng dinh trong mdi cum 1a nhu nhau.
* Moi dinh déu c6 s6 bac xap xi nhau.
Mo hinh phan vung ngiu nhién Gaussian [7] Khac véi mo hinh phan ving

|—viing, m6 hinh nay gia dinh sb lugng dinh trong méi cum tuén theo phan

phoi Gaussian. Cac tham so chinh ciia mé hinh bao gom:

 Tong s6 lugng dinh ctia do thi: 7.
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» Cac tham s6 déc trung cho s6 lugng dinh trong méi cong dong: trung

binh y va phuong sai ¢.

¢ Xac suat canh trong va ngoai cum: p;;, va pout.



Chuong 2

Cac thuat toan tim kiém cong dong
mang su dung phuong phap toi vu
modularity cuc bo

Phuong phép t6i wru hdéa modularity cuc bo 1a ky thuat dung dé tim kiém
cac cong dong trong do thi sao cho cac két ndi bén trong mdi cong dong chat
ché hon so véi cac két ndi gitra cac cong dong khac. Thuat toan nay hoat dong
qua nhiéu vong lap, mdi vong lap sé dan cai thién viéc phan chia cic nhém
dua trén quy tac da dinh san, nham t6i wu héa gia tri modularity, tic 1a ting
cudng sy lién két noi bo trong tirng cong dong.

Mot thuat todn ndi bat trong 16p nay la thuat toan Louvain [1]. Thuat toan
Louvain 1a mot phuong phap ndi bat dé phat hién cong dong trong cac do thi
16n nho kha nang t6i wu héa hiéu qua. Ngoai ra, c6 nhitng phién ban cai thién

va mo rong cua thuat toan Louvain nhu trong cac bai bao [2}(18}[19].

2.1. Thuit toan Louvain

Thuéat toan Louvain duogc xay dung véi muc tiéu tdi ru héa ham modular-
ity Q, cho do thi vd huéng G = (V, E). Trude khi di sdu vao chi tiét cia thuat
toan, ching ta ctiing nhéc lai dinh nghia ham modularity Q, [9] nhu sau:

1 dld]

Trong phan nay, ta sé sit dung cong thitc Q, phién ban (1.4.3) vdi cach

phan cum P = {Cy,Cy, ..., Cx} dé thay dugc ro do dong gop cua ting cong

18
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dong Cy :

K K [|Ein 2
Qu = k_ZlQSk =>> [ ni"‘ - (Dz(;")> 2.1.2)

k=1

v6i ki hiéu \Eg{] 1a s6 canh bén trong cong dong Cy, va D(Cy) = Licc, d(i) la
tong bac cta cac dinh trong cong dong Cy.

Chting ta c6 thé mé ta cac budc cta thuat toan Louvain nhu sau: ban dau,
méi dinh trong do thi dugc coi 1a mot cong dong riéng 1é. Thuat toan Louvain
sau do thuc hién qua hai giai doan chinh va lién tuc ldp lai cho dén khi dat

dugc phén cum toi uu.

1. Giai doan 1: T6i wu héa modularity bang cach di chuyén cac dinh

Trong giai doan nay, mdi dinh i € V dugc xem xét d€ di chuyén vao mot
trong cac cong dong ké véi n6. Mdi lan thir di chuyén dinh i tdi cum
C, chiing ta sé tinh su thay d6i modularity, ky hiéu la AQ,*C. Dinh i sé
duoc chuyén dén cOng déng C nao do ma tai do AQ?C dat gia tri lon
nhat. Qua trinh nay 1ap lai cho dén khi tat ca cac dinh da dugc xét va
khong con sy cai thién nao thém ve gia tri modularity.
Chting ta tinh toan su thay déi Qy khi di chuyén dinh i tir cong dong C’
sang cong dong C bang cach so sanh gia tri modularity trudc va sau khi
dinh i dugc di chuyén tir cong déng C’ sang C. Gia tri thay d6i modular-
ity nay dugc ky hiéu 1a AQ!, 7€ va dugc tinh cu thé nhu sau:

8QiC = (@7 + M) — (af +f)
_ [Eicn| il (P +di>2+ E8| - df (P —dlﬂ

m 2m m 2m

L (50" 21 (og00y’

véi |[EX|, |[E%] 1an luot 1a s6 canh bén trong cong dong C, C’; D(C), D(C')

(2.1.3)

lan luot 1a tong bac cta cac dinh trong cong dong C, C’; d; 1a tong bac
dinh i, va d$,dS" 1an luot 1a tong s6 canh dinh i lién két véi cac dinh khac

trong cong dong C, C'.
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Dinh i sé dugc di chuyén vao cong dong Cy,qx sao cho gia tri AQ'7C 16n
nhat:
Crax = argmachQiﬁC (2.1.4)

Néu khong c6 cong dong nao cai thién duge modularity, dinh i sé & lai
cong dong ban dau. Giai doan nay tiép tuc cho dén khi khong thé cai
thién thém modularity. Bdi vi gid tri ham modularity Q, < 1 nén giai

doan nay sé€ dung lai duogc.

2. Giai doan 2: Tong hop cong dong va tao do thi méi
Sau khi két thuc giai doan 1, cac cong dong dugce tong hop lai thanh cac
siéu dinh dé tao thanh mot do thi méi. Trong sb gitta cac siéu dinh dugce
tinh bang tong trong s cac canh giira cic cong dong tuong ing trong dod

thi ban dau. Tic 13, trong so gitta hai siéu dinh Cx va C; dugc tinh bang:

Ac,c, = Y Ay (2.1.5)
i€Cy,jeCy

vOi Ajj la trong s0 canh gitra hai dinh i va j trong do thi ban dau.
Sau do, giai doan 1 dugc 13p lai trén do thi mdi nay. Qua trinh nay tiép

tuc cho dén khi gia tri modularity khong con cai thién thém.

Hinh 2.1 (ngudn: bai bao [1]) minh hoa thuat toan Louvain qua hai cap do.

Ma gia cua thuat toan Louvain dugc thé hién trong Thuat toan (1/sau:
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Algorithm 1 Thuat toan Louvain

Input: D6 thi G = (V, E)

Output: Céc cong dong C1,C, ..., Ck
1 Bién chi cAp dang xét: | =0 va khgitao P = @
2 Do thi cap 0: GY = (VO,E®) = (V,E) =G
3 while (I = 0 hodic |P| = |V!|) do

/* Xét @ thi tai cép [ */
4 | Khditao méi dinh 1a mot cong dong rieng 18: P = {{1},{2},.... {|V/|}}
/* Giai doan 1: T6i uu modularity */
5 Bién chi s6 vong lap: t = 0
6 bat Q(P) la gia tri modularity cta phan cum P.
7 | Gan Qg = Q(P)
8 | while (Q(P) > Qg hodct =0) do
9 t=t+4+1
10 Gan Qi = Q(P)
11 fori € {1,2,..,|V!|} do
/* Tinh d3 cdi thién modularity khi i — C */
12 Tap hgp cac cong dong lan can: T = {C|C € P, (i,j) € E,j € C}
13 forC € T do
14 | Tinh AQ!*C bang cong thtic
15 end
16 if max AQ!,7C > 0 then
17 bat Cyuy = argmaxCAQiﬁC
18 Cap nhat P: Di chuyén dinh i tir cong dong hién tai vao cong dong
Cinax
19 end
20 end
21 Tinh lai gia tri Q(P)
2 end
/* Giai doan 2: Téng hop cong déng, tao d0 thi méi */
3 | batV ={(C,D)|C,D € P}
21 | for (Cy,Cy) € V do
25 Tinh trong s6 canh Ac, ¢, gitta cac siéu dinh Cy, Cy trong d6 thi méi G'*! theo
cong thue
26 end
27 I=1+1
28 end

29 return Cach phan cum P vdi cac dinh ctia d6 thi ban dau (G)

Trong bai bao [20], hai tac gid Lancichinetti va Fortunato da chi ra rang vé

co ban, do phic tap cta thuat toan Louvain 1a tuyén tinh theo s6 canh ctia do
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Hinh 2.1: Minh hoa ting giai doan cta thuat toan Louvain khi 4p dung lén mot do
thi nho. Tai giai doan 1 cta cép dau tién, bon cong dong (dd, xanh lam, xanh luc
va xanh nhat) dugc phat hién. O giai doan 2, cdc cong dong nay trd thanh bon siéu
dinh, va mot do thi méi dugce tao ra vdi trong s6 méi. Qua trinh nay tiép tuc lap lai
& cac cap do tiép theo.

thi. Do d6 c6 thé danh gia do phuc tap cta thuat toan Louvain 1a O(m).
Ngoai ra, thuét toan Louvain cting dugc md rong cho truong hop cé huéng,
cac tac gia cia bai bao [19] da md rong thuat toan Louvain cho do thi c6 hudng
bang cach thay thé ham Q,, (trong cong thirc ) bang ham Qy cho do thi
c6 hudng;:
1

Qd:EZ

1]

out gin
L d

1] m

] 6(8i &) (2.1.6)

2.2. Thuat toan Leiden

Da c6 nhiéu nghién cttu md rong, cai thién thuat toan Louvain nhu trong
cac bai bao [2,/18,19]. Trong d6, thuat toan Leiden [2] dugc nhiéu ngudi quan
tam, vi né khong chi cai thién tinh hiéu qua ma con gidm thoi gian tinh toan.

Trong phan nay, ching tdi sé trinh bay chi tiét vé thuat toan Leiden.
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Trong bai bao cta Traag va cong su (2019) [2], cac tac gia da chi ra ré“mg
thuat toan Louvain c6 thé gdp van dé véi viéc duy tri két ndi gitra cadc cum
con bén trong mdt cym chinh. Cu thé, cic cum con nay c6 thé khong con lién
két vdi nhau sau mot s6 lan 1ap ctia qua trinh t6i vu modularity. Vi du, diéu
nay c6 thé xay ra khi mot dinh trung gian, dong vai tro cau ndi gitra hai cum
con, bi di chuyén sang cong dong khac do c¢6 nhiéu két ndi bén ngoai hon so
vdi két ndi bén trong cong dong hién tai ciia né. Khi dinh nay rdi di, cdc cum
con sé bi tach ra, dan dén viéc mat két noi trong cOng déng.

Thuat toan Leiden ra doi dé khic phuc van de nay. Mdc du thuat toan
Louvain c6 thé t6i vu modularity, nhung né khong dam bao tinh két néi bén
trong cac cong dong. Thuat toan Leiden thém mot giai doan tinh chinh sau
qué trinh phan cum ban dau, nham dam bao rang cac cong dong sau khi duoc
t6i ru modularity van gitt duoc tinh lién két noi bo.

Mot s6 dinh nghia vé kich thudc cta tap dinh va diéu kién lién két chat ché

trong thuat toan Leiden dugc trinh bay nhu sau:

Pinh nghia 2.2.1 (Kich thudc ctia tdp hop dinh [2])). Cho tdp hop S = {s1,52, ..., Sk}
vdi si(i = 1,2,...,k) la cic dinh thudc do thi goc ban dau. Khi dé kich thudc ciia tdp
S duoc xdc dinh nhu sau:
k
i=1

trong do ds; la bdc cia dinh s;.

Dinh nghia 2.2.2 (Diéu kién lién két chat ché [2]). Hai tdp R va S thudc cong
dong C € P dugc goi 1 lién két chit ché néu:

Y
> — 2.
E(R,S) > ;L IRI|IS], 222)

vdi E(R, S) la tong s canh néi giita 2 tip R, S, ||R||, ||S|| lan luot 1 kich thudc cia
hai tip R, S; <y la tham so d phan gidi duoc xdc dinh trong cdc cong thirc ,
2.2.4).

Thuét toan Leiden [2] danh cho d6 thi v6 hudng st dung mot ham mod-
ularity md rong, dua trén ham Q,. Ham modularity mé rdng nay, duoc ky

hiéu la Qy, 6 thé dugc coi nhu mot dang tong quat ctia ham Q.
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1 dld]
Q=5 - lAij — ’Y%] 6(8i, &) (2.2.3)

vdi 7y 1a hé s6 phan giai, dd phan giai cao dan t6i nhiéu cong dong hon trong
khi d¢ phan giai thap thi sd luong cong déng sé it di. Gid tri ham Qf cua cach
phan cum P = {Cy,Cy, ..., Cx} cling c6 thé biéu dién cong thirc nhu sau véi

Q](;k la do déng gop cua cong dong Cy:

:K Ck:K ‘Ea_ D(Cy) 2
o= z[ v (%)

(2.2.4)
= m 2m

vdi ki hiéu \Elc’”;(\ 1a s6 canh bén trong cong dong Cy, va D(Cy) = Liec, d(i) 1a
tong bac ctia cac dinh trong cong dong Cy. Cong thirc nay thé hién do dong
gop clia tirng cong dong Cy (ngk) vao gia tri modularity tong thé.

CAu truc ctia thuét toan Leiden bao gom ba giai doan chinh. Giai doan 1 1a
di chuyén cac dinh dé t6i vu héa modularity, trong dé cé cai tién so vdi thuat
toan Louvain bang cach stt dung hang doi nham giam s6 dinh can xét, tir d6
thu duogc phan cum P. Giai doan 2 1a tinh chinh cac cum da xuét hién trong
giai doan 1, nham xac dinh cdc cum con trong moi cong déng va thu dugc
phan cum mai Prefipe- Cudi cting, giai doan 3 thyc hién viéc tong hop cac

cong dong, tao d6 thi méi bang cach str dung hai két qua phan cum P, Py ipe-

Hinh (nguén: bai bao [2]) minh hoa qua trinh thuc hién thuat toan
Leiden qua hai cap lién tiép. Tai cap 1 (level 1), trong giai doan 1 tuong tng
vdi hinh b, thuat toan da phat hién ba cong déng: do, xanh luc va xanh lam,
tuong ing véi cach chia P. Trong hinh ¢, giai doan tinh chinh dugc thuc hién,
khi nay ¢6 su thay déi tir P sang Pyefine. Cu thé, cong dong do6 ctia P dugce
chia thanh hai cong dong con: mau dé va mau xanh tudi, trong khi d6 cong
dong xanh lam gitt nguyén, va cong dong xanh luc ban dau cting dugc chia
thanh hai cong dong nho hon: mau da cam va mau tim. Hinh d thé hién két

qua ctia giai doan tong hop. Cac cong dong nho trong Py, iy, tuong ung véi
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Hinh 2.2: Minh hoa cau tric ba giai doan cta thuat toan Leiden.

mot dinh trong do thi méi, nhung van dugc xét la thudc cung cum dya trén

két qua tir P. Cac hinh e va f thé hién vong 15p tiép theo ctia do thi tong hop.

Chi tiét thuat toan Leiden dugc gidi thich nhu sau:

Giai doan t0i wu modularity: Dau tién, ching ta tao ra mot hang doi K bao

gdm tat ca cdc dinh ctia dd thi. Sau d6, lan lugt xét ting dinh v € K. Méi khi

mot dinh v dugc xét xong, né sé bi loai khoi hang doi, gia st cong dong hién

tai cia dinh v 1a C. Tiép theo, dinh v sé dugc xem xét dé di chuyén sang cac

cong dong 1an can nham tim ra cong dong C’ mang lai murc cai thién gia tri

modularity 16n nhat. Cong thuc AQ;’C_)C, duoc xac dinh nhu sau:
AQ?—>C’ _ (Q](c: U{o} + Q?\{U}> _ (ng + ng)

_ [[E&I+dS (D) +do\*, |EI=d5 _ (D(C)—dv)?
m v 2m m 2m

- [mgn N <%~>>+ £, (D(C’)>2] , 225)

m m
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Néu dinh v khong di chuyén (AC’ : AQJZ%C/ > 0) thi hang dgi K s€ loai di
dinh v. Con trong trudng hop dinh v chuyén dén cong dong C’ nao do, diéu
nay c6 thé anh hudng t6i cac dinh ké cta v, khién cac dinh nay c6 thé can
dugc xét t6i. Do d6, moét tap hop cac dinh ké véi v ma chua thuoc cOng déng
C’ (ki hiéu la tap N) va da bi loai khoi hang dgi K sé duge thém vao hang dgi
K. Cu thé:

N ={u| (u,v) € E,ugC'}, (2.2.6)

K=KUW\K), (22.7)

Qua trinh xét cdc dinh v nhu vay sé tiép tuc cho dén khi hang doi K trong
hoan toan. Hinh minh hoa viéc st dung hang doi trong giai doan 1 cua
thuat toan Leiden: hang dgi K chi c6 thé tang thém s6 lugng cac dinh can xét

khi dinh v ¢6 sy di chuyén vao cong dong khac.

LOSDD) JO
%r—J

Hang dei IC néu dinh v khéng di chuyén @ AQUTE e
N

PPN . .*»'.._- - .
> ':\._.J'ﬁ'.:.'/:'ﬁ._.f ’ @ C. /ey |
J .
T | _

L

Hang dei K néu dinh v di chuyén

Hinh 2.3: Minh hoa st dung hang dgi trong giai doan 1 ctia thuat toan Leiden.

Giai doan tinh chinh: Sau khi hoan thanh giai doan t6i wu modularity, ching ta
c6 dugc mot phan cum ban dau P. Trong giai doan tinh chinh, P ¢6 thé dugc
chia nho thanh cac cum con, tao ra mét phan cum mdi goi la P, fine- CU thé,

cach phan cum tinh chinh P, fine dugc xay dung bang cach di chuyén ting



27

dinh trong mdi cong dong C € P lai voi nhau (dya trén diéu kién lién két
chat cheé).

Tai thoi diém ban dau, Prfine = {{1},{2},..., {n}}. V6i mbi cong dong
C € P, thuat toan sé thuc hién qua trinh tinh chinh nhu sau:

* Xdc dinh danh sdch cdc dinh c6 thé di chuyén: Budc dau la xac dinh tap R
bao gdm cac dinh trong cong dong C, ma no "lién két chat ché" véi phan

con lai cta cong déng C, cu thé nhu sau:
Y
R ={oJo € C,E(v,C—v) = 5 [[ol|([|CI] - [[o]])}, (2.2.8)

Céc dinh v sé dugc xem xét di chuyén néu né 1a dinh thudc tap R va thoad

man ({v[{v} € Prefine})-

* Xdc dinh cdc cong dong co thé chuyén dén: Ta xac dinh tap cac cong dong
T ma cac dinh c6 thé xem xét chuyén dén la nhitng cong dong thudc

Prefine va co "lién ket chat ché” v6i phan con lai cua cum C, cu thé:

T ={DID € Prefine, D € C,E(D,C—D) > %HDII(HCH — DI},
(2.2.9)

o Diéu ki¢n di chuyén: Tiép dén thi dinh v sé di chuyén t6i mot cong dong
D € T vdi xac suat P(D) dya trén d6 cai thién modularity AQ}_)D vGi 6

1a tham sb:

P(D) ~ exp(%AQjﬁD) néuAQy"P >0vaDeT (2.2.10)

e Sau khi dinh v di chuyén thi ta cap nhat P,, Fine Va tiép tuc 13p lai vong
1ap v6i cac dinh o' € R va {v'} € Prefine

 Phan "tinh chinh" cho cong dong C € P sé két thuc khi khong con dinh

nao vira dung doc lap va thudc tap R.

Giai doan tong hop, tao do thi mdi tir két qud P va Py, fine: Sau khi nhan duogc
phén cum tinh chinh Py tir giai doan tinh chinh, thuat toan sé tong hop
cac cum con nay thanh cdc siéu dinh. Thuat todn Leiden khdi tao cong déng

cho cac siéu dinh mdi nay dua trén cach phan cum tir giai doan moét P.
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Thuat toan Leiden c6 thé biéu dién qua ma gia cua thuat toan 2{dudi day.

Trong bai bao [2], cac tac gia da chi ra v6i cach xét theo hang dgi K & trén,
thuat toan Leiden sé nhanh hon so v&i thuat toan Louvain vi thuéat toan Lou-
vain phai xét toan bo dinh rat nhiéu lan. Bén canh d6, dya trén thuc nghiém
trong bai bao [2], va duoc trinh bay trong phan dudi day, thuat toan

Leiden chay nhanh hon nhiéu so v6i thuat toan Louvain.

2.3. Mot s6 thi nghiém

Trong phan nay, chiing t6i sé minh hoa do hiéu qua cta cac thuat toan
Louvain, Leiden trén cac d6 thi thuc (dugc thé hién trong cac bai bao g6c [1,2])

va thi nghiém trén mot s6 do thi ngau nhién.

2.3.1. Thi nghiém trén do thi thuc

Thi nghiém trén thuat toan Louvain

Trong phan nay, ching t6i sé trinh bay két qua tir bai bao gbc [1] vé so sanh
tinh hiéu qua cua thuét toan Louvain véi cac thudt toan CNM [10], WalkTrap
[21], va WT [22], dya trén hai tiéu chi: chat lugng phan cum (duoc danh gia
qua gia tri ham modularity Q) va thoi gian chay. Cac thi nghiém dugc thuc
hién trén mot s6 mang thuc duoc liét ké trong Bang[2.1|dudi day. Chung ta sé

st dung cac ky hiéu sau: k ~ nghin, M ~ triéu, B ~ ti.

| Do thi | (V,E) | Mo ta |

Karate [23] (34,78) Moi lién hé gitta cac thanh vién
trong CLB Karate

Arxiv [24] (9K, 24k) Do thi gom 9000 bai bdo khoa hoc
va trich dan

Web nd.edu [25] (325k,1M) Do thi trang web gom vai tram
nghin trang web (mién nd.edu)

Phone [26] (2.6M,6.3M) Mang luéi dién thoai ctia cong ty
dién thoai di dong Bi.

Web uk-2005 [27] (39M,783M) Mot do thi con cia mién .uk

Web WebBase 2001 | (118M,1B) D0 thi dugce thu thap béi Stanford

[28]] WebBase

Bang 2.1: Danh séach cac do thi thuc duge sit dung trong thi nghiém.
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Két qua thi nghiém dugc trinh bay trong trong Bang 2.2|dudi day (nguon:
bai bao [1]), so sanh hiéu suat ctia thuat toan Louvain v6i cac thuat todn khac
dua trén hai tiéu chi: gia tri modularity Q, va thoi gian chay. M6i 6 trong bang
dugc biéu dién dudi dang Q,,/T(s), trong d6 Qy, 1a gia tri ham modularity va
T(s) 1a thoi gian chay (tinh bang giay). Ky hiéu —/ — cho biét rang thuat todn
khong thé thyc thi trén do thi tuong ung.

Karate Arxiv Web Phone Web uk- | Web
nd.edu 2005 WebBase
2001

CNM 0.38/0s | 0.77/3.6s| 0.93/5034s| -/- -/- -/-
[10]
WalkTrap | 0.42/0s | 0.76/3.3s| 0.90/6666s| -/- -/~ -/~
[21]
WT [22] | 0.42/0s | 0.76/0.7s| 0.90/248s | 0.56/464s -/- -/-
Louvain | 0.42/0s | 0.81/0s | 0.94/3s 0.77/1345 0.98/7385 0.98/152p

Bang 2.2: Két qua so sanh thuat toan trén cac do thi khac nhau.

Nhan xét 2.3.1. Thudt todin Louvain thé hién su vicot troi 16 rét, dic biét khi kich

thutde do thi ting 1én, qua cdc truomg hop sau:

e D6 thi nhé (Karate):
Vi do thi Karate c6 vai chuc dinh va canh, cd bon thudt todn déu cé thoi gian
xir bj gan nhu tirc thi (0s duoc hiéu & day la thoi gian xir Iy rat ngin), khong
¢ su khdc biét ding ké. Gid tri modularity Qy ctia thudt todn Louvain dem lai
bang vdi hai thudt todn WalkTrap, WT va 16n hon thugdt todn CNM.

* D6 thi trung binh (ArXiv):
Khi xét do thi ArXiv vdi gan 10 nghin dinh va hang chuc nghin canh, thudt
todn Louvain van xit lj gan nhu ngay ldp tirc. Trong khi do, cdc thugdt todn khdc
mat tir 0.7 gidy dén hon 3 gidy dé hoan thanh. Ngoai ra, di cd su vuot [én cila
Qid tri Qy tir thudt todn Louvain (0.81) khi so vdi gid tri 0.76, 0.77 cua cdc

thudt todan con lai.

e Do thi rit I6n (Web uk-2005, WebBase):
Doi v6i cdc mang ludi c6 kich thudc khong 16 nhu Web uk-2005 hay WebBase (1
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t canh), cdc thudt todn khdc déu khong thé xit Iy. Tuy nhién, thudt todn Louvain
vdn xit Iy duoc v6i toc do rat nhanh, khing dinh khd ning vieot troi ciia né dbi

v6i cdc do thi lon.
Thi nghiém trén thuat toan Leiden

Trong phan nay, ching t6i sé trinh bay két qua so sanh gitra thuat toan
Leiden [2] va thuat todn Louvain dugc trinh bay trong [2], dua trén céc tiéu
chi: chat luong phan cum (dugc danh gia thong qua ham modularity Q,), do
két ndi trong cong dong va thdi gian chay ctia thuat toan. Méi thi nghiém da

duoc chay 10 1an dé thé hién su 6n dinh cta két qua danh gia.

So sanh chat lugng phan cum thong qua ham modularity Q,

Bang (nguodn: bai bao [2]) gobm cac mang ludi thuc dugc thuc hién véi
mot s ki hiéu don vi: k ~ nghin, M ~ triéu, B ~ ti. Trong khi do, bang
thé hién sy so sanh gia tri Q, ctia hai thuat toan Louvain va Leiden sau mot

sb cap dau tién.

[ D6 thi [ (V,E) | M6 ta |
DBLP [29] (317k,2.1M) Do thi trich dan gitra cac bai bao
trén co s& du liéu DBLP
Amazon (335k,1.9M) Do thi san pham trén Amazon
[29]

IMDB [30] | (374k,30.3M) D0 thi phim trén hé thong IMDB
Live Journal | (3.9M,69.6M) Do thi tuong tac gitta cac thanh

[29] vién trén hé théng Live Journal
 Web of Sci- | (9.8M,208M) Do thi gitra cac trang web khoa

ence hoc

Web (39.2M,1.5B) Do thi con gitra cac trang web ¢6

UK [31] mién .uk

Bang 2.3: Cac mang thuc dugc st dung trong thi nghiém ctia bai bdo Leiden.

Két qua thi nghiém vé gia tri Q, thu dugc sau 10 cap (tuong tng la 9 giai
doan tao do thi mdi) thé hién thuat toan Leiden dem lai gia tri modularity
c6 cao hon nhung khong dang ké. Cu thé, doi vdi do thi 16n nhu DBLP thi
thuat toan Leiden tot hon 0.1; d6i véi do thi 16n hon nhu IMDB mitc d6 chénh
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léch chi 14 0.0007 con véi do thi rat 16n nhu Web UK thi muc d6 chénh léch 1a
0.0005.

| Do thi | (V,E) | Qu Louvain | Qu Leiden |

DBLD (317k, 2.1M) 0.8262 0.8387
Amazon (335k,1.9M) 0.9301 0.9341
IMDB (374k,30.3M) 0.7062 0.7069
Live Journal | (3.9M,69.6M) 0.7653 0.7739
Web of Sci- | (9.8M,208M) 0.7911 0.7951
ence

Web UK (39.2M,1.5B) 0.9796 0.9801

Bang 2.4: Gia tri modularity 16n nhat sau 10 cap dau tién trong 10 lan chay hai thuat
toan.

So sanh d6 két néi trong cong dong qua tirng vong lap

Dua trén Dinh nghia veé diéu kién lién két chit ché giira cac tap con,
mot cOng déng duoc coi 1a mat két ndi khi ton tai hai cOng déng con Rva S
khong c6 bat ky canh két nbi tryc tiép nao gitra chting. Mot cong dong dugce
xem la két ndi kém khi ton tai hai cOng déng con R, S ma sb luong canh két
ndi gitrta hai cong dong con (ky hiéu la E(R, S)) 1a rat it.

Hinh [2.4{so sanh chat lugng két nbi ctia cac cong dong dugce sinh ra tir hai
thuat toan Louvain va Leiden qua cac vong 13p. Trong hinh, truc hoanh biéu
thi s6 thit tu vong 1ap, truc tung cho thay phan tram cac cong dong bi két ndi
yéu (mau xanh duong cho Louvain, mau xanh luc cho Leiden) hodc mat két
ndi (mau dé cho Louvain). Méi do thi thi nghiém tuong tng véi mot biéu do

riéng, kém theo tén cta do6 thi d6 duoc hién thi & phia trén.

Nhan xét 2.3.2. Tir hinh ta c thé it ra cdc nhdn xét vé hi¢u qud ciia thudt todn
Louwvain va Leiden nhu sau:

Thudt todn Louvain gip phdi hai van dé chinh:
o Cic cong dong do Louvain sinh ra cé thé bi mat két noi hodc két noi kém.

e Phan tram cdc cong dong bi két ndi yéu khong nhiing khéng gidm qua cic vong

lip ma con ting lén. Vi du, & vong lip dau tién, 10-15% cong dong bi két noi
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Hinh 2.4: Minh hoa két qua ti 1é s6 cum c6 két ndi yéu qua tirng vong lap ctia 2 thuat
toan Louvain va Leiden.

kém, va sau vai vong lidp, con sb nay cd thé ting lén dén 20-25% doi vdi do thi
DBLP va Amazon, hodc 10-15% vdi cdc do thi lon hon nhu Web of Science va
Web UK.

 Tuong tu, ty I¢ cdc cong dong bi mat két noi ciing ting dan, thuong dao déng
ttr 5-15% qua cdc vong lap.

Thudt todn Leiden, nho c6 giai doan tinh chinh, khic phuc duoc nhitng han ché ciia

Louvain:
» Khong c6 cong dong nao bi mat két noi trong qud trinh xit Iy ciia Leiden.

D ty I¢ cong dong bi két ndi yéu ban dau khd cao (khodng 20-25%), nhung sau
cdc vong ldp, ty 1é nay gidm ding ké, xuong dudi 5% sau vong lip thir tu dbi
v6i do thi DBLP, Amazon, Web of Science va Web UK.

* Sau vong ldp thit hai, Leiden cho thiy hiéu qud vuot tréi khi ty I¢ cong dong bi

két noi kém trd nén rit nhd, gan nhu khong ding ké so véi Louvain.
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So sanh thoi gian chay thuat toan

Tir ly thuyét cta hai thuat toan Louvain va Leiden, ta biét rang sau giai
doan tao do thi mdi, s6 lugng dinh sé gidm dang ké. Do do, thoi gian xu ly
trong vong lap dau tién (khi phai xét dén s6 lugng dinh ban dau, c6 thé 1én
dén hang triéu hodc hang ty dinh) thudng chiém phan 16n thoi gian chay cia
thudt todn. Vi vay, trong [2], cac tac gia chi so sanh thoi gian chay cta vong lap
dau tién, cu thé trong hinh trong do truc tung la thoi gian chay vong lap
dau tién tinh bf?mg gidy, truc hoanh la cac bo dir lieu duge sit dung dé€ kiém tra
thoi gian chay caa thuat toan, g6m DBLP, Amazon, IMDB, Live Journal, Web
of Science, va Web UK (2005). Cot mau do biéu dién thdi gian chay cta thuat

todn Louvain. Cot mau xanh biéu dién thoi gian chay cta thuat toan Leiden.

10,000
Louvain
Leiden
1,000
<100
a
E
|_
10
1
Q N e} > & o)
N o Q O S
F & & ¢ ¢ P
o th $Q\,o

Hinh 2.5: Thoi gian chay vong 1dp dau tién cta hai thuét toan Louvain va Leiden.

Nhan xét 2.3.3. Tir biéu do trén, chiing ta co cdic nhdn xét sau:
o Vi tat cd cdc bg dit liéu, thudt todn Louvain (mau d6) thuong cd thoi gian chay

ldu hon so voi Leiden (mau xanh).

* Su khdc biét gitia hai thugdt todn 16 rét nhat & cdc bo dit liéu Ion hon nhu Web

of Science va Web UK (2005), thoi gian ciia Lowvain gap nhiéu lan Leiden.
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2.3.2. Thi nghiém trén do6 thi ngau nhién

Bén canh viéc danh gia thong qua cac chi s6 modularity Q,, chiing t6i con
stt dung chi s6 Jaccard dé do ludng chat lugng phan cum trén cac do6 thi ngau
nhién cé cau tric cong dong. Néu phan cum tir thuat toan trung khép hoan

toan v6i phan cum gbc ctia do thi thi chi s6 Jaccard bang 1.
Chi s6 Jaccard danh gia chat lugng cong dong mang

Chi s6 Jaccard [7] do ludng mic dd chong chéo gitra hai tap hgp. Chi s
nay duoc tinh bang cach 1y ty 1é gitra kich thudc giao ctia hai tap hop va kich
thudce hgp cua chung.

Véi hai tap hgp A va B, chi s6 Jaccard dugce tinh theo cong thiic:

_|ansB]
-~ |AUBJ

Jaccard (A, B) (2.3.1)

Gia st chung ta ¢6 hai phan hoach cua dothi G, H = {H1, Ho, ..} vak =
{K1,/Cy, ...}, chi s6 Jaccard cho ting cap cum H; va K; sé dugc tinh. Dé tong
quat, ching ta c6 thé tinh gia tri Jaccard trung binh (MJC) nhu sau:

1 h
MJC = . Z; m]ax]accard(’Hi, Kj). (2.3.2)

P06 thi ngiu nhién theo hai mé hinh ngau nhién

Chting t6i tao hai do thi ngau nhién theo mo hinh phan ving [— ving va

mo hinh phan viing Gaussian ngau nhién véi cac thong s6 nhu sau:

e Do thi G’ tudn theo mé hinh phéan ving /— vung véi s6 cum ¢ = 5, s6
dinh méi cum | = 25, xac suat xuat hién canh gitta hai dinh trong cum

pin = 0.5, xac suat xuat hién canh gitta hai dinh khac cum p,,¢ = 0.01.

e Do thi G* tudn theo md hinh phan viing Gaussian ngau nhién vdi tong
s6 dinh n = 200, phuong sai s6 dinh trong mot cum u = 40, xac suat
xuat hién canh gitta hai dinh trong cum p;, = 0.4, xac suat xuat hién

canh gitra hai dinh khac cum p,, = 0.1.
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Két qua cta viéc thuc hién thuat toan Louvain va Leiden trén hai do thi G, G*

dugc thé hién thong qua bang 2.5, hinh 2.6, va hinh 2.7}

Do thi | Thuat toan | Q,, tu thuat toan | Q,, theo nhan | MJC
G Louvain 0.728 0.728 1.000
G’ Leiden 0.728 0.728 1.000
G* Louvain 0.263 0.259 0.799
G* Leiden 0.264 0.259 0.911

Bang 2.5: Két qua thi nghiém trén do thi ngau nhién cta hai thut toan Louvain va
Leiden.

10 1.0
I (X)) 0.00 I
0.8 0.8

- 0.6

0.00

- 0.6

0.00

-0.4 -04

0.00

0.2 0.2
0.00 0.00 0.00
0.0 0.0

0 1 2 3 4 0 1 2 3 4
Label Label

(a) Thuat toan Louvain (b) Thuat toan Leiden

Hinh 2.6: Két qua trén do thi G’: Ma tran nhiét do thé hién chi s6 Jaccard ctia tirng
cdp cong dong.

1.0
0.8
-0.6

-04

- 0.0

Label

(a) Thuat toan Louvain (b) Thuat toan Leiden

Hinh 2.7: Két qua trén do thi G*: Ma tran nhiét do thé hién chi s6 Jaccard cta ting
cap cong dong.
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Nhan xét 2.3 4.

o Tir thong so xdc sudt canh trong va ngodi cum ctia hai do thi, ta nhin thiy
do thi G’ c6 su lién két cdc dinh trong cing mot do thi la day dic (khi p;, =
0.5, pout = 0.01 trong khi dé do thi G* thi c6 su lién két it day dic hon khi
Pin = 0.4, pour = 0.1

* Bdng|2.5| minh hoa két qud thir nghiém ctia hai thudt todn Louvain va Leiden
trén hai d6 thi ngdu nhién G*,G'.

e Gid tri moudlarity Q, va gid tri chi s6 Jaccard trung binh (MJC) la hai dai

lugng dé so sanh vdi nhan cong dong ciia cdc do thi ngdu nhién.

 Dua trén gid tri Q,: cd thé thay cd hai thudt todn hoat dong tot khi gid tri cila
cdch phin chia cong dong tir cd hai thugdt todn déu Ion hon hodc bang modularity

ctia nhin cong dong.

» MOoi phan tir trén ma trgn nhiét do ciia hinh v thé hién chi s6 Jaccard
trén tumg cip cong dong gitta cong dong phdt hién tir thudt todn va mét cong

dong nhan dua trén mé hinh.

* Dua trén gid tri MJC va hinh|2.7|c6 thé thay thugdt todn Leiden cd két qud phan

cum gan vdi nhin cong dong ciia do thi G* hon.
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Algorithm 2 Thuéat toan Leiden

Input: D6 thi G = (V, E)
Output: Cach chia cac cong dong C1,Co, . .., Cx

30 Bién chi cAp dang xét: | =0 va khgitao P = @
31 D6 thicap 0: G¥ = (V' E%) = (V,E) =G
32 while (I = 0 hoic |P| = |V!|) do

33
34

35
36

37

38
39
40

41
42

43

44
45
46
47
48

49
50
51
52
53
54
55

56
57
58

59
60
61

62
63
64

/* Xét @ thi tai cép [
Khéi tao méi dinh 1a mot cong dong riéng 1&: P = {{1},{2}, ..., {|V!|}}
Khoi tao hang doi K = {1,2,3, ..., |V/|}
/* Giai doan 1: T6i uu modularity
while £ # @ do
forv € K do
/* Loai b6 v khdi hang dgi K
KC.remove(v)
/* Tinh 43 cdi thién modularity khi i — C
Tap hop cac cong dong lan can: H = {C|C € P, (i,j) € E,j € C}
for C € Hdo

‘ Tinh AQ;?C bang cong thuc (2.2.5
end
if max AQ}_)C > 0 then

bat Cp = argmaxCAQj,_’C

Cap nhat P: Di chuyén dinh i vao cong dong Cyax

Thém tap N (nhu trong cong thitc (2.2.6)) vao hang doi K
end
end
end

/* Giai doan 2: Giai doan tinh chinh

Khéi tao Prefine = {{1}, {2}, . {IV'[}}

for C € P do
Xac dinh tap R nhu cong thuc 1)
forv € Rdo

if 3{v} € Prefine then
Xac dinh tap T nhu cong thuc 1)

Pre fine
end
end
end

/* Giai doan 3: Téng hgp cong déng, tao d0 thi méi
batVy = {(C, D)’C,D S Prefine}
for (C,,Cy) € V do

Di chuyén dinh v theo xéac suat nhu cong thirc (2.2.10) va cap nhat

*/

Tinh trong s6 canh gitta céc siéu dinh Ac,c, trong d6 thi mdi G'*! theo cong

thite @.1.5)

end

Gan céc siéu dinh vao cac cum dua trén cdch phan cum P tir giai doan 1.

l=1+1

65 end
66 return Cach phan cum P vdi cac dinh ctia d6 thi ban dau (G)




Chuong 3

Cac thuat toan tim kiém cong dong
mang st dung phuong phap toi uu
modularity toan cuc

Trong chuong nay, ching t6i sé gidi thiéu phuong phap phan tich phé cho
do thi v hudng, dua trén nghién ctru ciia Newman trong bai bao [3]. Dong
thoi, dua trén y tudng st dung budc di ngau nhién trén do thi, chung tdi ciing
dé xuat mot ham modularity méi va phuong phap phan tich phd tuong tng
cho d6 thi c6 hudng, két qua nay dugc viét trong bai bao [32].

3.1. Phuong phap phé cho d6 thi v6 hudng

3.1.1. Phuong phap phé cho truong hop hai cong dong

Phuong phéap phd cia Newman [3] chia dd thi thanh hai cong dong dua
trén vector riéng ctia ma tran Laplacian. Cac budce chinh trong qua trinh thuc

hién thuat toan bao gf)m:

* Xac dinh muc tiéu: Dau tién, ching ta can xac dinh muc tiéu cta bai
toan, d6 1a t6i wu hoa viéc phan chia cac dinh cta do thi thanh hai cong

dong sao cho modularity dugc toi da héa.

e Chuyén déi bai toan: Sau khi xac dinh dugc muc tiéu, thuat toan sé dua
ra cac rang budc cho céc bién, gitip chuyén bai todn ban dau (thuong
phtic tap) thanh mot bai toan xap xi. Diéu nay cho phép chung ta dé

dang tim dugc nghiém gan dung.

38
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* St dung phuong phap Lagrange: Tiép theo, phuong phap nhan t La-
grange dugc ap dung dé giai bai toan xap xi nay, nham tim ra nghiém tbi
uu. Day 1a budc quan trong gitip ta xac dinh cac yéu t6 chinh anh hudng

dén cach phan chia cong dong.

 Tim vector riéng: Cudi ciing, nghiém ctia bai toan dugc tim bang cach
xac dinh vector riéng ung vdi gia tri riéng 1on tha hai ctia ma tran lién
két. Dua vao vector riéng nay, cac dinh cta do thi sé dugc phan chia

thanh hai cong dong khac nhau mot cach hiéu qua.

Nhd vao viéc st dung ma tran Laplacian va cac ky thuat ti wvu hoa, phuong
phap phé ciia Newman gitp xac dinh cau tric cong dong trong mang mot
cach nhanh chong va chinh xac.

Tiép theo, ching ta sé trinh bay chi tiét vé phuong phap phé. Cu thé, muc
tiéu ctia phuong phép 1a phan chia do thi thanh hai cong dong sao cho gia tri
ctia ham modularity Q,, dugc t6i wu hoa (dat gia tri cuc dai). Ham modularity
dugc dinh nghia nhu sau:

Qu= 5 1 |- @] (31 8)) G11)

2m 4 T 2m el

Muc tiéu 1a phan chia d0 thi thanh hai cong dong C; va C, sao cho gia tri ctia
Qu dat cuc dai. Diéu nay tuong duong véi viée tim cach sép xép cac dinh sao
cho sb canh thuc té gitta cac dinh trong cung moét cong déng 1a nhiéu nhét, so
vdi s6 canh ky vong néu cac canh dugc phan phoi ngau nhién.
Bai toan t6i vu: Tim cach phén chia do thi thanh hai cong dong C; va C, sao
cho:

p 3.1.2
max Qu (1.2

D¢ don gian hoa viéc giai bai todn t6i uu, chiing ta thay thé bién §(g;, gj) bang

bien méi s; nhu sau:

1 néu dinh i thudc cong dong Cy,
5; =
—1 neudinh i thudc cong dong Cs.
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T d6 chung ta co:
1
0(8i,8j) = 5(sisj +1).
Thay vao (3.1.1)), ta thu dugc:

_ 1
C 4Am &
1

d;d
Qu

i 2m

Ta dat B 1a ma tran modularity duoc xac dinh nhu sau:

did;
Pi = 4~ 5
Suy ra:
1
Qu = E le:Bi]-(sisj + 1),
Dé thay:

d; d;
ZBij:ZAij__ZZdj:di__l sz:O,
; ; 2m ; 2m

Thay (3.1.6) vao (3.1.5), ta dugc:

1
Qu = E Z Bl’]'SiS]'.
1

ﬂ} (sisj +1).

(3.1.3)

(3.1.4)

(3.1.5)

(3.1.6)

(3.1.7)

Tur d6 bai toan gboc (3.1.2) dugc viét lai vdi cac bién s = (sq, 52, ...,sN)T nhu

sau:

1 N .
m;ix Qu= mSaX am ;Bijsisj vdi dieu kién: s; € {:l:l} Vi=1,2,...,n,

(3.1.8)

Dé giai chinh xac bai todn t6i wu voi cac bién s; thudc tap gia tri roi rac, bai

toan nay dugc xép vao loai NP-kho (theo nghién ctru [33]]). Vi vay, Newman

da chuyén déi n6 thanh mot bai todn xap xi. Thay vi chi tim nghiém trong

tap cdc gia tri roi rac, phuong phap sé tim nghiém xap xi trén cac mien la cac

siéu cau hodc siéu elip, ma chung di qua cac diém roi rac dé. Xem minh hoa

& Hinh 3.1) (nguén: bai bao [3]).
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Hinh 3.1: Hinh minh hoa qua trinh chuyén déi tur tap gia tri rdi rac sang mien lién
tuc.

Tir d6, thay vi chi tim nghiém trén tap roirac s; € {+1}, Newman dé xuat
viéc xap xi bang cach thay thé tap gid tri roi rac bang mot dudng cong elip v6i
diéu kién nhu sau:

Y dist =Y d;=2m.
1 1
Trong do, d; 1a bac caa dinh 7.

Nhu vay, thay vi nhan dugc két qua chinh xac s; = 1 (tuong tng vdi dinh i
thudc cong déng C1) hoacs; = —1 (tuong tng voi dinh i thudc cong déng Cy),
bai toan xap xi sé cung cap gid tri s; 1a mot s6 thuc. Dé xac dinh cong dong
ctia dinh i, ching ta sé 4p dung quy tac: néu s; duong, ta gan s; = 1 (dinh
thudc cong dong Cy), vanéu s; am, ta gan s; = —1 (dinh thudc cong dong Cy).

Tir d6, chiing ta thu dugc bai toan t6i wu trén mién lién tuc nhu sau:
max Y " Bjsis; voi diéu kién: id'SZ = 2m (3.1.9)
s 4m 1] [T i z -7 7

bé ép dung Pinh ly tim gia tri nho nhat ctia bai toan ti uwu 6 rang budc,
ham muc tiéu dugc biéu dién dudi dang:
-1
fls) = I ZBijSiSj/
)
va diéu kién rang budc la:

h(s) = Zdiszz —2m = 0.
1
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Phuong phap nhan tir Lagrange bién bai toan ti vu trd thanh:
-1
e = 6) 4 4000) = 1 Dy (L -2n ).
i i

Bang cach tao cac dai lugng f(s),h(s) nhu trén, ta da quy bai toan (3.1.9)
thanh bai toan t6i uu nhu trong Dinh ly st dung diéu kién thit hai cua
dinh ly nay, nghiém t6i uu ctia bai toan (3.1.9) can thod man phuong trinh
sau:
& (4—,; Yii Bissis; + 1 (X dis? — 2m)) 0
Vsl = : = |
% (4_—”1 Y Bijsis + 1 (L dis? — 2m)) 0

—1
i ;Bijsj +2ud;s; = 0.

Dat A = 2y, ta thu dugc:

ZBZ‘]'S]' = /\disi (3110)
j
Viét phuong trinh (3.1.10) dudi dang ma tran, ta c6 phuong trinh sau:

Bs = ADs, (3.1.11)

Do d6, gia tri cuc dai cia ham modularity Q la:

1 A A
Qmax = m ZBijSisj ~ am Zdisz2 ~ o (3.1.12)
1

Nhan ca hai vé ctia phuong trinh Bs = ADs vdi vector 17 = (1,1,..,1)7, ta co:
As = ADs. (3.1.13)

Dé thay ring s = (1,1,...,1)" 1a vector riéng tng véi gié tri riéng A = 1, diéu
nay c6 nghia la tat cd cac dinh déu thudc ciing mot cum, khong phan biét
dugc cau tric cong dong trong do thi. Theo dinh ly Perron-Frobenius [3], gia
tri riéng 16n nhat ciia mot ma tran khong 4m sé c6 mot vector riéng tuong ing
ma tt ca cac thanh phan déu duong, va trong truong hop nay, dé la vector
(1,1,...,1)". Tuy nhién, do vector riéng nay khong cung cap thong tin hiru
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ich cho viéc phat hién cong dong, ta can loai trir né. Thay vao do, ta chon
vector riéng ting vdi gia tri riéng 1on tha hai.
Chung ta c6 thé biéu dién lai nghiém thong qua ma tran Laplacian chuén
hoa:
L=D12AD"1/2, (3.1.14)

trong d6 D la ma tran bac cta do thi. Ta c6:
u=DY2% = (D”ZAD”Z) u=Au <+ Lu=Au  (3.1.15)

B&i vi cdc phan tir trén duong chéo trong D1/2 déu 16n hon 0 nén phan tir thi
i ctia vector u sé cing dau v6i phan tr thit i trong vector s, do vay, ta c6 thé
xac dinh nghiém thong qua vector riéng u. Cu thé, dua trén dau cta cdc phan
tir trén vector riéng u, ta phan thanh tuong tng hai cong déng.

Tir phan tich & trén, ta c6 duge phuong phéap phé chia do thi vo hudng
thanh 2 cong dong gom 2 budc:

* Budc 1: Tinh gia tri vector riéng u ing voi gia tri riéng cao thi 2 ctia ma
tran Laplacian chuén hod trong cong thirc (3.1.15).

 Budc 2: Chia cac dinh ctia d6 thi thanh 2 cdng dong tng vdi dau cda cac

phan tu

3.1.2. Phuong phap phd cho db thi v6 huéng cho truong hop nhiéu hon hai cong
dong

Nghiém cuia phuong trinh tuong ung voi két qua chia do thi thanh
2 cong dong dya trén dau cta cic phan tir trong vector riéng cia ma tran
Laplacian chudn hod. Trong phan nay, ching t6i 4p dung moét co ché tu dong
chia d4 thi thanh nhiéu hon hai cong ddng. Y tudng chinh ctia thuat toan la
ap dung phuong phéap phé 1én do thi gbc, sau d6 thu duge hai cong dong
C1, Co. T day ta tao hai do thi cdm sinh Gy, G, tit hai cong dong nay va thuc
hién phuong phap phé trén tirng do thi cdm sinh. Qua trinh nay dugc thuc
hién cho t6i khi viéc phan chia thanh hai phan nho hon khong thé cai thién
modularity. Chi tiét dugec mo ta trong phan ma gia ctia Thuat toan
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Algorithm 3 Thuat toan chia d6 thi vd hudng thanh cac cong dong

Input: D6 thi G = (V, E), ngudng cai thién modularity e
Output: Phan hoach cac cong déng Cy,Cy, ..., Ck

Khéi tao tap cac cong dong C = {G}

while 3C; € C chua duoc xét do

/* Xét cong dong C; chua dugc xét: */
/* Buéc 1: Chia thanh 2 cum b3ng phuong phap phd */
St dung phuong phap phd, xac dinh hai cong dong con Cy;, Cy; tix C;;

/* Budéc 2: Kiém tra gid tri modularity */

Tinh d6 cai thién modularity AQ,, v6i truong hop chia {C;} — {Cy;, Coi}
if AQ, > € then
| Cap nhat phan hoach: C = C \ {C;} U{Cy;, Ci}
end
else
| Gitr nguyén cong dong C; va danh dau la da duogc xét
end

77 end
78 return phan hoach cuoi cung C

3.1.3. B0 phuc tap tinh toan

Tir mo ta thuat toan va ma gia tuong ctia Thuat toan 3| tuong tng, dé thay

day la thuat toan chia dé tri. Cu thé, ta c6 tinh do phuic tap ctia ca thuat toan
(ki hiéu la T(n)) sau khi lam r6 ting budc dudi day:

e Chia: 1a budc dé chia dit liéu c6 kich thude n thanh di liéu nhé hon -
tuong tng v6i "Budc 1: Chia thanh 2 cum bang phuong phap phé”, bude
nay chu yéu dua trén viéc tinh vector riéng, gia tri riéng nén do phtc tap
tuong ung voi phép nhan ma tran, & day chon cach nhan thong thuong
la O(n?).

* Tri: 1a budc thoi gian chay téng hgp véi cac phan di liéu nhé hon, tng
quat thi phan nay c¢6 do phuc tap 1a T(|Cy|) + T(|Cy|). Dat k = |Cy| thi
ta biéu dién lai do phuc tap tai budc nay la: T(k) + T(n — k).

» Tong hop: la budc téng hop két qua, trong bai toan nay thi budc nay
khong mat thoi gian.
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Vay ta c6 phuong trinh dé qui vé do phtic tap tinh toan ctia Thuat toan

{@(1) néun =1
T(n) = (3.1.16)

Tai trudng hop hai cong dong dugc phét hién c6 kich thude nhu nhau thi
phuong trinh (3.1.16) trd thanh:

T(n) =2T(n/2) + O(n?), (3.1.17)

Con trong truong hgp xau nhat, qua mdi 1an chia chi phat hién duge mot cong
dong c6 kich thude 1a mot dinh thi phuong trinh (3.1.16) trd thanh:

T(n) = T(n—1)+0(n?), (3.1.18)

St dung dinh ly Master [34] dé tinh do phtc tap cua T(n) trong truong hop
(3.1.17) 1a O(n3); con trong truong hop (3.1.18) thi ta c6 thé tinh don gian:

T(n)=Tn—1)+0n®) =Tn-2)+0n>) +0((n—-1)>

3.2. Phuong phap phé cho d6 thi ¢6 huéng

3.2.1. Dinh nghia ham modularity cho d6 thi c6 huéng

Trong phan nay, ching t6i dé xuat mot dinh nghia méi cho ham modular-
ity Qp trén do thi ¢6 hudng, dua trén cac budc di ngau nhién va phan phoi
dirng. Dac biét, dinh nghia nay van c6 thé ap dung cho d6 thi vé huéng, mang
lai tinh linh hoat cao trong viéc sit dung ham modularity cho céc loai do thi
khac nhau.

Trudc tién, chung ta nhac lai ham modularity cho dod thi vo hudéng dugc

dé xuat béi Newman [9]:

1 dld]
Qu=— lA-- — —] 5(i,8i), (3.2.1)
2m 7 T2m veoJ
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Trong do, A;j la ma tran ke biéu thi s6 canh gitta dinh i va j, d; va d; 1a bac
clia cac dinh i va j, va 2m 1a tong s6 canh ctia do thi.

Tiép theo, khi sit dung phan phdi dirng ctia qua trinh budc di ngau nhién
trén do thi vé hudng, ta c6 ma tran xac suat chuyén tiép P = D714, véi D
1a ma trén duong chéo chira bac cua cac dinh. Khi do, A;; c6 thé viét lai dudi

dang P;;d;. Nho vay, ham Q, ¢6 thé dugc biéu dién lai nhu sau:

2m2m

d;  d; d;
Qu=1), lPﬁﬁ - ——]} 6(8ir 8j)- (32.2)

Gia st diéu kién ton tai phan phdi ding duoc théa man, phan phoi
dung ¢; sé c6 dang ¢; = 2‘1—7;1 (xem trong [35]), trong do d; la bac ctia dinh i va

2m la tong s6 canh. Khi d6, cong thitc modularity c6 thé bién déi thanh:

Qu =1 [Pidj — ditj] 6(8i,&)). (3.2.3)

ij
Tit cch tiép can nay, ching toi dinh nghia ham modularity Q, cho do thi
c6 hudng, tuong tu nhu truong hop do thi vo hudng, nhung dua trén cac xac

suat chuyén tiép gitta cac dinh. Dinh nghia cu thé nhu sau:

Qp =) [Pii¢j — ¢ij] 6(8i 8)), (3.2.4)

if
Trong do:

* Pjla xac suat chuyén tir dinh j sang dinh i,

e ¢;la thanh phan thit i trong phan phéi ding ¢, dai dién cho xac suat ma

budc di ngau nhién ding lai 6 dinh 7.

Dinh nghia nay ham y rang cac dinh trong cting mét cum nén ¢ xac suat
di chuyén qua lai 16n hon so véi xac suat dirng ngau nhién tai cac dinh riéng
1é. Cu thé, néu hai dinh i va j cing thuéc mot cum, ta ky vong rang xac suat
chuyén Pj; gitta chung 16n hon so voi xac suat dung ¢;, tic la Piip; > dip;.
Diéu nay phan anh tinh két ni chat ché gitta cac dinh trong cting cum thong

qua cac budc di ngau nhién.
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Y nghia tir géc nhin xdc sudt: That vay, vdi ki hiéu {Xj}r—1, . 14 qud trinh

budc di ngau nhién trén d6 thi voi X 1a vi tri ctia budce di sau k budc, ta co:
P = P(Xgy1 = 1| Xy = ]), (3.2.5)

thi ta c6 xac suat di chuyén tir dinh j — i la Pj; trong khi do theo cong thuc
thi ¢; chinh la xac suit dé qua trinh budc di ngiu nhién "ding" tai
dinh i bat ké bat dau tir dau. Do d6, ching t6i nhan thay néu dinh j,i ciing
cum thi gia tri P;; > ¢; hay ¢;Pj; > ¢ip;. Két qua nay tuong tu vdi biéu thic
¢ilij > ¢ipj. Hon thé nira, cdc cap biéu thic trong ham Q, cling ¢4 y nghia vé
mat xac suat:

P]Z(P] = P]l hm P (Xk = ]) ,
Pjigj = lim P (Xk = ]) P(Xp1 = i[ Xy = j),

Vay ta thu dugc biéu thite Pj;¢p; chinh la xéc suat dong thoi dé cip trang thai
hay cap dinh (i, f) tai thoi diém "dung".
Pjip; = kh_{rolop (X1 =14, Xx =17), (3.2.6)

Tuong tu, ta cing thu duoc:
Pijgi = lim P (Xyeiq =, X = 1), (3.2.7)
Trong khi do thi theo cong thirc lb thi biéu thuc:

Pip; = hm P(Xpiq =1) X% hm P(Xy=7j)= lim P (X =1i) x klim P (X1 =)
—00

k— o0 k—roc0
V€ mat y nghia, tinh hop ly cta viéc dé xuat hai biéu thic c6 thé gidi thich
nhu sau: bdi chiing t6i quan tam tdi thdi diém dac biét cua qua trinh budc di
ngau nhién dugc dp dung trén do thi ban dau, & day la thoi diém "ding", do
vay néu hai dinh(trang thai) 7, j c6 quan hé chat ché thi sy kién "budc di ngau
nhién dang & dinh j" (X} = j) sé c6 xu hudng di t6i "dinh i" (X1 = i) (va
ngugc lai) c6 xac suat xay ra 16n hon viéc hai sy kién d6 xay ra doc lap.

Vé mat toan hoc, ta dat hai su kién nhu sau:

* Sy kién [1:"tai thdi diém qua trinh da ding, bude di ngau nhién tai thoi
diém k dang & dinh j"
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* Sy kién Ip:"tai thdi diém qua trinh da ding, budc di ngau nhién tai thoi
diém k + 1 dang & dinh j"

Theo phuong trinh 3.2.6/thi Pji¢; = P(I1, I2) trong khi d6 ¢;¢; = P(I1)P(1).
Véi hai sy kién 1a c6 lién quan thi khi P(Iy, I) > P(I;)P(I), diéu nay cho
thay hai su kién c6 xu hudng xdy ra cing nhau nhiéu hon so véi truong hop
ching doc lap. Day c6 thé 1a du hiéu ctia mot méi lién quan tich cyc gitta hai

su kién nay.

3.2.2. Phuong phap phé cho d6 thi c6 huéng
Phan chia thanh hai céng dong

Ham modularity Q, ma ching toi dé xuat [32] khong chi hop 1y vé mit
y nghia va thong nhat véi ham Q, ma con c6 thé dugce tbi vu toan cuc bang
phuong phép phd tuong tu nhu cia Newman. Phuong phéap nay dua trén
viéc phan chia do thi thanh hai cong déng Cy va Co.

Bai todn t6i wu: Tim cach phén chia d6 thi thanh hai cong dong C; va C,
sao cho:

p 3.2.8
max Q (328

Trudc tién, chiing toi thay thé biéu thitc §(g;, g) bang bién don gian hon:

1 néuieCy,
5; =
—1 neui € C,.

Khi d6, ham Qj, ¢6 thé dugc biéu dién lai nhu sau:
Qp = %Z (Piigj — ¢igpj) (sisj +1). (3.2.9)
if
Dé don gian tinh toan, ching t6i dinh nghia ma tran M nhu sau:
Mij = Pjipj — pigpj. (3.2.10)

Tir 46, ham Q, trong cong thiic (3.2.9) c6 thé duogc biéu dién ngan gon nhu
sau:

1
Qp = 5 2 Mij(sisj +1). (3.2.11)
j
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Vi téng ctia cac phan tir trong ma tran M 1a 0, ta c6:
> Mi; =0,
i,j

do d6 ham Q, trong phuong trinh (3.2.11) trd thanh:

1
Qp = 5 ZMijsis]-. (3.2.12)
g
Bai toan t6i uu c6 thé dugce dién dat lai dudi dang:
1
max Qp = max > ; Mijsis;, (3.2.13)
vdis; € {—1,1}, ttiee 1a mdi dinh chi ¢6 thé thudc mot trong hai cong dong.
Tuong tu nhu bai toan t6i wu ham Q,, ctia Newman, bai toan téi uvu ham
Q, cting la mot bai todn NP-kho do tinh chét rdi rac cta tap gia tri s;. D giai
quyét van dé nay, ching toi sé xap xi bai todn bang cach cho phép cac gid tri
s; nam trong mot mién lién tuc va ap dung phuong phap nhan tr Lagrange.

Chung t6i ap dung rang budc:
Z¢i512 =1 ,
i

v6i ¢; 1a thanh phan ctia phan phéi dirng. Bai todn xap xi dugc biéu dién lai
nhu sau:

msaXiZjMi]'SiS]', (3214)
v6i rang budc ¥; ¢;s7 = 1. Chung t6i sit dung nhén tir Lagrange y d€ gidi bai

toan nay:
L(s,p) =~ ZMijSiSj +u (Z(Piszz — 1) : (3.2.15)
ij i
Liy dao ham riéng ctia £ theo s;, ta co:

—Y_ Mijsj+ 2ug;s; = 0. (3.2.16)
j

Dat A = 2u, phuong trinh trén c6 thé viét lai thanh:

ZMijS]' = A¢;s;. (3.2.17)
]
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Phuong trinh (3.2.17) c6 thé dugc biéu dién dudi dang ma tran:
Ms = Ads, (3.2.18)

trong d6 ® la ma tran dudng chéo vdi cac phan tir ¢;.
Giai phap trén c6 thé duge don gian héa hon nira. Bang cach két hop
phuong trinh (3.2.17) va dinh nghia ma tran M:

Y Biijsi = Adisi + )_ pighjs;. (3.2.19)
J j
Phuong trinh (3.2.19) c6 thé dugc biéu dién dudi dang ma tran véi 1 =

(1,1,..,1)" € R*¥1:;

PTds — @ ()\s n (¢Ts) 1) . (3.2.20)
Chting ta sé don gian héa phuong trinh (3.2.20) vdi phép bién déi sau (chd
y1=(1,1,..,1)):
1TPT0s =170 (As + (97s) 1)

Vi P 1a ma tran xac suat chuyén tiép, do dé6
ToT N N N T
VP =Y Py ) Py.) P | =(1,1,.,1) =17,
i=1 i=1 i=1
Do d6 1TPTds = 1Tds = ¢T véi ¢T1 = 1, tir day ta thu dugc:
(A=1)¢s = —¢7 (¢7s) 1,
Tac6 ¢T (¢Ts) 1 = ¢Ts, do do, phuong trinh trg thanh:
ApTs = 0.

Quay lai cong thitc (3.2.17), ching ta c6 thé thay rang néu A = 0 thi thu
duoc:

Y Mijs; =0, (3.2.21)
i
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Phuong trinh (3.2.21) c6 mot nghiém la s = 1, diéu nay c6 nghia la tat ca cac
dau cta phan tir déu duong va tat ca cac dinh c6 ciing cong dong. Diéu nay
khong htru ich khi ¢6 dugc két qua dé. Vi vay, dieu kién ctia A 1a A # 0. Sau

do, chung ta co:

¢Ts = 0.
Do d6, phuong trinh (3.2.20) c6 thé dugc viét lai don gian hon:

PTds = A Ps. (3.2.22)
Nhaén ca hai vé ctia phuong trinh (3.2.22) véi ®71/2 va gia st u = ®1/2%s,

chung ta co:

O 12pTol/2y = zu. (3.2.23)

bit L; = ®V/2pp—1/2 chung ta co:

(L) Tu = Au. (3.2.24)
Gidi phuong trinh nay tuong tng voéi viéc tim gia tri riéng va vector riéng
ctia ma tran LY. Vector riéng tuong tng vdi gia tri riéng 16n thit hai (ngoai 1)
sé dugc st dung dé xac dinh cong dong. Néu s; c6 dau duong, dinh i thudc
cong dong C;, ngugc lai, néu s; c6 dau am, dinh i thudc cong dong C,.
Tir phén tich trén, ta c6 dugc phuong phap phé chia do thi c6 huéng thanh
2 cong dong gom 3 budc:
 Budc 1: Tao do thi G’ thoda man dieu kién ton tai phan phéi ding ¢, trong
truong hop G chua thod man:

— Diéu kién lién thong manh: thém canh néi gitra cac 16p lién thong,

— Diéu kién chu ky bang 1: thém 1 canh khuyén bét ki.

e Budc 2: Tinh gia tri vector riéng u tng vdi gia tri riéng thuc cao nhat
(khac 1) cia ma tran Laplacian chudn hod trong cong thirc (3.2.24).

 Budc 3: Chia cac dinh thanh 2 cong dong ting vdi dau cta cac phan t.
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Tong quat cho nhiéu céng dong

Phuong phap phé nay cling c6 thé md rong dé phan chia do thi thanh
nhiéu hon hai cong dong. Chi tiét thuat toan nhu phan ma gia Thuat toan @

Algorithm 4 Thuat toan chia do thi c6 hudng thanh cac cong dong.

Input: D6 thi G = (V, E), ngudng cai thién modularity e
Output: Phan hoach cac cong dong C1, Co, .. ., Cy

Khdi tao tap cac cong dong C = {G}

Tap céc cong dong chua duge xét Q = {C}

while dC; € Q do

/* Xét cdng dong C; chua dugc xét: */
/* Bubc 1: kiém tra didu kién tdn tai ¢ */
if G khong thod man diéu kién ton tai ¢ (Dinh nghia then
/* 1.1: Didu kién 1ién thdéng manh */
Thém cac canh gitta cac 16p lién thong
/* 1.2: Didu kién chu ky bing 1 */
Thém canh khuyén bat ki
end
/* Budéc 2: Chia thanh 2 cum b3ng phuong phép phd */
St dung thuat toan cho 2 cong déng, xac dinh hai cong déng con Cy;, Cy; tu C;;
/* Budéc 3: Kiém tra gi& tri modularity */

Tinh d9 cai thién modularity AQ, véi truong hop chia {C;} — {Cy;, Coi}
if AQP > ¢ then

Cap nhat phan hoach: C < C \ {C;} U {Cy;, Coi}

Cap nhat danh sach cong dong can xét: Q + 9\ {C;} U{Cy;, Coi}
nd

Ise

Gitt nguyén cong dong C;

Q<+ Q\G

end

end

return phan hoach cubi cing C

o o

3.2.3. Do phuc tap tinh toan

Cach tinh do phtc tap tinh todn trong Thuét toan {4 vé co ban la giéng
Thuat toan (3| khi ca hai déu 1a thuat toan chia dé tri. Biém khac biét 1a Thuat
toan 4| c6 xtt ly thém dé ton tai phan phbi dirng ¢.

Khi tinh todn phan phdi ding ¢ cho dod thi c6 hudng, ching t6i sit dung

cac thuat toan hiéu qua nhu Thuat toan 1 va Thuat toan 4 trong [36], voi do
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phtic tap tinh toan 1a O(n”/#) d6i vé6i do thi thua.
it do phtc tap ctia Thuat toan 4{1a Ty (n), do phic tap tinh toan cu thé
tung budc nhu sau:

e Chia: bao gom ca viéc tim phan phdi ding ¢ va tim gia tri riéng, vector
riéng nén téng do phiic tap 1a O(n3) + D(n) v6i D(n) la dd phuc tap tinh
toan phan phoi dirng ¢.

o Tri:vanla Ty (k) + Ty (n — k).
 Tong hop: khong mét thoi gian.
Vay ta c6 phuong trinh dé qui vé do phtic tap tinh toan ctia Thuat toan @

0(1) néun =1
Ty(n) = (3.2.25)

Trong truong hgp khong sit dung thuat toan nhanh thi ma str dung cach tinh
giai phuong trinh thong thuong dé tim ra @ thi D(n) = O(n®) va khi d6 thi
do phtic tap gitta hai thuét todn[3|va[d|la nhu nhau (T; (1) = T(n)). Con trong
truong hop s dung cac thuat toan tinh nhanh nhu trong [36] thi d6 phuc tap
sé gidm di trong truong hop do thi thua.

3.3. M6t s6 thi nghiém

Trong phﬁn nay, luan van sé trinh bay mot s thi nghiém chung to tinh
hiéu qué ctia phuong phap phé trén do thi vo hudng cia Newman va phuong
phéap phd trén do thi c6 hudng ctia chiing t6i. Ca hai thuat toan déu dugc ap
dung trén cac do thi sinh ngau nhién va do thi trong thuc té.

Déi v6i phuong phap phé trén do thi vo hudng, Newman ap dung trén do
thi ngdu nhién c6 cau tric hai cong dong, ngoai ra thuat toan ciing dugc ap
dung trén mot s6 do thi thue nhd.

Bén canh d6, trong trudong hop c6 hudng, ching t6i tao cac do thi ngau
nhién dya trén hai mo hinh phan viing ngau nhién dugc trinh bay tai chuong

1: md hinh phéan viung [—vung va phan vung ngau nhién Gaussian. Sau do,
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danh gia chat lugng phan cum so vdi nhan cong dong. Ngoai ra, chiing toi
cling so sanh phuong phap phd dé xuat véi thuat toan Louvain c6 hudng [19]
trén mot s6 do thi thuc.

3.3.1. Thi nghiém trén do thi v6 huéng

Cac thi nghiém trén do thi vo hudng dudi day duoc trinh bay trong bai
bao [3] ing vdi thuat toan phuong phap phé chia do thi vo hudng thanh hai
cong dong da dugc trinh bay tai phan

Thi nghiém trén d6 thi ngau nhién

Eigenvector element (arbitrary units)

Vertex

Hinh 3.2: Két qua vector riéng dung dé phan thanh hai cong dong ctia cac do thi
ngau nhién.

Trong bai bao [3], cac do thi ngidu nhién dugc tao ra tir mo hinh khéi ngdu
nhién [37]. M6 hinh khéi ngau nhién (SBM) duoc dinh nghia béi cac tham
s0: 56 luong dinh 7, phan hoach cta tap hgp cac dinh {1,...,n} thanh cac
tap con roi rac Cy, ..., C, goi la cac cong déng, va mot ma tran doi xung kich

thude r x r biéu dién xac suat cé canh P gitta cac cong dong. Cac canh trong
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do thi dugce sinh ngau nhién theo quy tac: bat ky hai dinh u € C;vav € C;sé
duoc két ndi véi xac suat Dy

Cac két qua thi nghiém dugc trinh bay trong hinh 3.2/ (nguon: bai bao [3]).

Trong d6 truc hoanh tuong ting thit tu tir 1 dén 10000 tuwong tng vdi 10000
dinh ctia d6 thi, con truc tung ing véi gia tri ctia cac phan tir ctia vector riéng
ung vdi gid tri riéng thit 2. Cac dudng cong mau xanh biéu thi gia tri ctia cac
phan ti trong vector riéng nay, voi dudong nét dit mau den ngang ung véi gia
tri 0. Phan duong cong nam dudi duong nét dut dai dién cho cac dinh thudc
cong dong 1, trong khi phan nam trén dudng nét dut dai dién cho cac dinh
thudc cong dong 2.
Trong thi nghiém 1: Thi nghiém nay tao ra 9 dd thi dua trén mo hinh Stochastic
Block Model (SBM) vdi téng s6 10.000 dinh, mbi dd thi dugce chia thanh hai
cdng dong. S6 luong dinh ctia cdng dong 1 dao dong tir 1.000 dén 9.000, va
xéac suat xuat hién canh bén trong mdi cong dong cao gap 3 lan so vdi gita
cac cong dong.

Thuét toan phé chia do thi thanh hai cong dong va Hinh ghi lai két qua
vector riéng tuong ung véi gia tri riéng thu hai trong phuong trinh cua
ting do thi.

Tix hinh vé, c6 thé thay thuat toan phé thuc hién kha chinh xac khi s6 lugng

dinh ctia cdng dong 1 phat hién dugc xap xi véi sb lugng thuc té. Do tach biét
gitta hai cong dong c6 thé danh gid qua hai gia tri quan trong: phan t 16n
nhat nh6 hon 0 (x) va phan tir nh6 nhat 16n hon 0 (y). Khi ¢6 sy khéc biét 16
rang gitta x va y, viéc phan chia cac cong dong sé dé dang hon. Trong trudng
hop céc gia tri x va y gan nhau, viéc phan loai cac dinh sé trd nén khoé khan
hon.
Trong thi nghiégm 2: Cac d6 thi ngiu nhién dugc tao tir mo hinh SBM véi sb
dinh cta hai cum bang nhau, méi cum gom 5000 dinh, va cau tric cong dong
duoc thay déi bang cach diéu chinh xéac suat xuat hién canh bén trong méi
cdng dong va gitta cac cong dong.

Trong Hinh , vGi cac do thi c6 chu tric phan cum r6 rang, ta c6 thé

thdy mot doan thang vudng goc xuat hién tai diém giao gitta dudng cong va
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duong nét dit. Diéu nay cho thiy cac phan tr ¢6 gid tri khac 0 ro rét, gitp
phan tach cac cong dong mot cach ranh mach va dé dang.

Ngugc lai, trong trudng hgp cac do thi ¢6 cau tric phan cum khong ro
rang, tai diém giao chi c6 duong cong hodc duong chéo ma khong c6 doan
thang r6 rang. Diéu nay cho thay cic phan tr ¢6 gia tri gan bang 0 ctia hai
cong dong khong tao ra su tach biét, khién viéc phan loai cac dinh trd nén

kho khan hon va qua trinh tach biét cong déng kém hiéu qua.
Thi nghiém trén d6 thi thuc

Trong nghién citu cia Newman [3]], tac gia da thuc hién cac thi nghiém
trén hai mang ludi thuc té: mot mang xa hoi cua ca heo [38] va mét mang ve
mdi quan hé gitrta cac cudn sach chinh tri. Két qua cta thi nghiém trong bai
bao d6 dugc minh hoa trong hinh 3.3] Hinh trén cho thiy biéu dd vector riéng
ung vdi gid tri riéng 16n thu hai, biéu dién sy phan chia cac dinh trong mang

lu6i thanh hai cong dong.

Eigenvector element

Vertex

Dolphin social network Political books

Hinh 3.3: Thi nghiém trén hai do thi thuc vé ca heo va sach chinh tri.

Déi v6i mang xa hdi ca heo, biéu do vector riéng (bén trai) cho thay sy

phan chia r6 rang thanh hai cum, tuong tng véi cac dinh trong do thi bén
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dudi, noi cac dinh (tugng trung cho ca heo) dugc t6 mau vang va xanh duong
dé chi ra hai cong dong khéac nhau. Tuong tu, ddi véi mang ludi sach chinh
tri (bén phai), bi€u do vector riéng cho thdy mot sy phan chia thanh hai cong
dong, tuong uing voi hai nhém sach c¢6 khuynh hudéng chinh tri khac nhau,
dugc thé hién bang mau xanh duong va mau dé. Phuong phap phé da cho
thay kha nang phan cum céc dinh trong cdc mang phic tap nay mot cach ro

rang.
3.3.2. Thi nghiém trén do thi c6 huéng

Cac thi nghiém nay duoc chung toi thuc hién trén dod thi ¢6 hudng, dua
trén thuat toan phuong phéap phé dugc dé xuat danh cho do thi c6 hudng, da
dugc trinh bay & phan

Bén canh viéc danh gia thong qua cac chi s6 modularity Q,, Q,, chung t6i
con st dung chi s6 Jaccard dé do luong chat luong phan cum trén céac do thi
ngau nhién c6 cau tric cong dong. Néu phan cum tir thuat toan trung khop

hoan toan véi phan cum gbc ctia do thi thi chi s6 Jaccard bang 1.
Thi nghiém trén d6 thi ngau nhién

Thi nghiém trén mé hinh phin ving l—ovung:

Trong thi nghiém nay, chiing t6i tao ra 10 do thi ngau nhién st dung mo
hinh /—vung. Kich thudc cta cac do thi duogc lua chon dao dong tu vai tram
dén vai ngan dinh. Muc dich ctia thi nghiém 1a so sanh két qua ctia thuat toan
phuong phap phd vi nhan cong dong ban dau ctia cac do thi dugc tao ra.

Két qua thi nghiém dugc trinh bay trong bang[3.1| BAng nay bao gdom nam
cot: Cot dau tién 1a tén cta do thi, cot thit hai la bd tham sb (g, 1, pin, Pout) tao
ra do thi theo md hinh ! —vung (da dugc gidi thiéu tai phén. Cotthubala
gia tri modularity Q tir cac cdng dong dugc phat hién béng thuat toan pho,
cot thit tu 1a gia tri modularity Q; dua trén nhan cong dong goc ctia do thi,
va cdt cudi cting la gid tri trung binh ctia chi s6 Jaccard (MJC) dugc gidi thiéu
tai phan nham danh gid mic do tuong dong gitta cac cong dong duoc

phét hién bdi thuat toan va nhan goc.
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Pothi | G = ( L Pin, Pour) | Qg tur ket qua thuat toan | Q; theo nhan | MJC
Gq (5,30,0.6,0.01) 0.734 0.734 1.000
Go (5,40,0.5,0.01) 0.710 0.725 0.980
Gs (5,50,0.5,0.01) 0.704 0.722 0.976
Ga (5,60,0.5,0.01) 0.717 0.727 0.987
Gs (5,100,0.5,0.01) 0.721 0.724 0.996
Ge (6,200,0.5,0.01) 0.742 0.742 1.000
G, (6,300,0.5,0.01) 0.742 0.742 1.000
Gg (6,500,0.5,0.01) 0.742 0.742 1.000
Gy (6,600,0.5,0.01) 0.742 0.742 1.000
G1o (6,300,0.6,0.01) 0.756 0.756 1.000

Bang 3.1: Két qua thir nghiém véi m6 hinh phan ving [—ving.

Hinh 3.4/minh hoa truc quan hon vé két qua nay.

Biéu dé so sanh gia tri ham modularity Qq qua céc dé thi So sanh chi s6 Trung binh Jaccard (MJC)

~@- Nhan cla d6 thi
-¥- Phuong phap dé xuat

————— et e SN

Modularity
J

ol 10

(a) Qu (b) MJC
Hinh 3.4: So sanh modularity Q; va MJC ctia cac do thi tir G; dén Gyg.

Thi nghiém trén mo hinh phin viing Gaussian ngau nhién: Ching toi ciing tao
ra 10 do thi ngau nhién tr md hinh phan viing Gaussian ngau nhién. Kich
thudc cta cac do thi duogc lua chon dao dong tu vai tram t6i vai ngan dinh.

Két qua thi nghiém duoc trinh bay trong bang dugc t6 chiic tuong tu

bang
Két qua dugc minh hoa tryc quan trong hinh
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Pothi | G = (n, U, T, Pin, Pout) | Qg tut thudt toan | Q, theo nhan | MJC
G11 (100,30,4,0.7,0.01) 0.650 0.650 1.000
G (200,40,5,0.7,0.01) 0.739 0.739 0.984
Gi3 (400,80,10,0.7,0.01) 0.723 0.723 1.000
Gy (500,100,10,0.7,0.01) 0.729 0.732 0.996
Gis (500,100,10,0.6,0.01) 0.722 0.725 0.996
Gig (1500,150,50,0.7,0.01) 0.739 0.784 0.873
Gy (2000,200,50,0.7,0.01) 0.746 0.784 0.898
Gis (2500,250,50,0.7,0.01) 0.768 0.785 0.980
G19 (2500,250,50,0.7,0.01) 0.770 0.786 0.981
Goo (3000,300,100,0.7,0.01) 0.785 0.785 0.997

Bang 3.2: Két qua thir nghiém véi m6 hinh phan viing Gaussian.

Biéu d6 so sanh gia tri ham modularity Qq qua céc dé thi So sanh chi s6 Trung binh Jaccard (MJC)
& L 2

-@- Nhan cia d6 thi
¥ Phuor ap dé

Modularity
s & S S & 8
8 & 3 3 8 8
% E
a

Mean of jaccard index

(@) Qu (b) MJC
Hinh 3.5: So sanh modularity Q,; va MJC cua cac do thi tir G171 dén Gyp.

Nhan xét 3.3.1. Nhin vio cdc bing va hinh dnh trén, ching ta thay thudt todn
phuong phdp phé da mang lai chat luong cong dong khd tot trén cd hai mo hinh
| —ving va Gaussian ngau nhién. Sy chénh léch gitta gid tri modularity Qg tir thugt
todn va nhan cong dong ban dau la khong ding ké (nhu minh hoa trong hinh
va3.50), trong khi chi s6 Jaccard trung binh (MJC) cho thdy d¢ tuong dong cao giita
cdc cong dong sinh ra tir thudt todn va nhin ban dau (hinh va 3.5p). Ta thiy cé
nhiéu truong hop két qud tir thudt todn dem lai trimg khdp hoan toan vdi nhan céng

dong ctia do thi.
Thi nghiém trén d6 thi thuc

Trong phan nay, ching toi sé tién hanh thi nghiém dé so sanh phuong
phép phé cho do thi ¢6 hudng ctia chuing tdi v6i hai thuat toan pho khéc la
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oPCA va rPCA [39]. Y tudng chinh ctia hai thuat toan oPCA, rPCA chinh la
dua trén viéc phan ra cadc ma tran biéu dién ctia d6 thi (lan luot 1a ma tran ke
A vama tran Laplacian) thanh t6ng ctia cdc ma tran c6 hang bang 1, tir d6 thu
dugc vector biéu dién cta timg dinh. Cac bo di liéu ma chuing t6i stt dung dé
so sanh dugc mo ta trong bang

| DO thi don | (VI |E]) | Mo ta |

Mang Copen- | G,; = (536,924) | Mot mang ludi tin nhan gitrta cac sinh

hagen [40] vién dai hoc trong Nghién citu Mang lu6i
Copenhagen, trong khoang thdi gian bon
tuan

Mang Copen- | Gy = | M6t mang ludi cudc goi gitta cac sinh

hagen [40] (568, 1303) vién dai hoc trong Nghién ctru Mang ludi
Copenhagen, trong khoang thoi gian bon
tuan

Mang Uni Email | G4 = | Mot mang ludi dai dién cho viéc trao doi

[41] (1133,10903) email gitta cac thanh vién caa Pai hoc
Rovira i Virgili & Tay Ban Nha, nam 2003.

Mang Euroroad | Gs3 = | M6t mang ludi "E-roads" quoc te, chu yeu

[42] (1174,1417) & Chau Au. Cic dinh dai dién cho céc
thanh phd va cac canh dai dién cho cac
con duong.

Bang 3.3: Danh séach cac d6 thi don thyc té.

Vi céc thuat toan oPCA va rPCA yéu cau phai cung cap trudc sb lugng
cong dong, chiing t6i sé 4p dung hai thuat toan nay véi sb cong dong thay
doi tir 2 dén 20 d€ tim ra cach phan cum t6t nhat (cach phan cum c6 gia tri
modularity 16n nhat). Két qua nay sé dugc so sanh vdi gia tri modularity cta
phan cum thu dugc tir thuat toan cta ching toi. Trong moi thi nghiém, chiing
t6i stt dung ca hai chi s6 modularity 1a Q; (xem cong thitc ) va Qp (do
chung t6i dé xuat) nham dam bao viéc danh gia duge khach quan hon.

Két qua thi nghiém duoc tinh bay tai bén hinh va3.9|dudi day,
trong d6 truc hoanh 1a s6 cong dong tuong tng voi mot cach phan cum, truc
tung la gia tri chia ham modularity, duong mau xanh véi ki hiéu cac dinh tron
ung voi két qua thuat todn oPCA, dudng mau cam vdi ki hiéu vuong ung
vdi thudt toan rPCA va duong mau do nét dut ki hiéu hinh tam giac ung véi

phuong phap phé dé xuét.
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So sanh gia tri modularity Qg gitta céc phuong phap oPCA, rPCA va phuong phap phé dé xuat So sénh gia tri modularity Q, gilta céc phuong phép oPCA, rPCA va phuong phap phé dé xuat
0.40 -— -— S
05
035
0.30
04
025
-
S 03 & o020
015
02
010
0.1 @ orca 0.05 @ oPCA
A rPca - 1PCA
W PP phé dé xuat 0.00 ¥ PP phS dé xuat
25 50 7.5 100 125 15.0 17.5 20.0 25 50 75 100 15 150 175 20.0
S6 luong cong déng khao sat 56 luong céng déng khao sat

(a) Qa (b) Qp

Hinh 3.6: So sanh cac ham modularity Q,, Qp gitra thuat todn phé ctia chiing t6i va
hai thuat toan phd khac: oPCA, rPCA trén do thi G,;.

So sanh gié trj modularity Qg gitta cac phuong phap oPCA, rPCA va phuong phap phd dé xuat So sanh gia tri modularity Q, gilta cac phuong phap oPCA, rPCA va phuong phéap phé dé xuat
L e L e I O o S (R NS S L SR
0.6 4
0.6
054
05
0.4 4
0.4
5 <
03 034
02 024
01 @ opcA 01+ @ oPCA
- rPcA - PcA
¥ PP phd dé xust WV PP phd dé xust
25 5.0 75 10.0 125 15.0 175 20.0 25 5.0 75 10.0 125 15.0 175 200
S6 luoing cong déng khao sat S6 luong cong déng khao sat

(@) Qu (b) Qp

Hinh 3.7: So sanh cac ham modularity Q,, Q, gitra thuat todn phé ctia chiing t6i va
hai thuat todn phd khac: oPCA, rPCA trén do thi G,».

So sénh gié tri modularity Q4 gilta cac phuong phép oPCA, rPCA va phuong phép phé dé xuét So sanh gia tri modularity Q, gilfa cac phuong phap oPCA, rPCA va phuong phap phé dé xuat
055 —— e s Py PPy RppSpvSpTp o 055 v
v T v B A i E g R
0.50 050
0.45 0.45
0.40 0.40
& 035 & 035
0.30 0.30
025 025
020 @ opca 0.204 @ opcA
- reca - PcA
015 W PP phé dé xuat 0154 Y PP phS dé xuat
25 5.0 75 100 125 150 17.5 20.0 25 5.0 75 100 125 150 175 20.0
S8 luong cdng déng khao sat 56 luong céng ddng khao sat

(@) Qu (b) Qp

Hinh 3.8: So sanh cac ham modularity Q,, Q, gitra thuat toan phé ctia chiing t6i va
hai thuat toan phd khac: oPCA, rPCA trén do thi G;;.
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So sanh gia tri modularity Qq giifa cac phuong phap oPCA, rPCA va phuong phap phé dé xudt So sénh gia tri modularity Q, gilta céc phuong phép oPCA, rPCA va phuong phap phé dé xuat

2.5 5.0 7.5 10.0 125 15.0 175 20.0 25 5.0 75 10.0 125 15.0 175 20.0
S6 Iuong cong dong khao sét 56 luong cng déng khéo st

(a) Qa (b) Qp

Hinh 3.9: So sanh cac ham modularity Q,, Qp gitra thuat todn phé ctia chiing t6i va
hai thuat toan phd khac: oPCA, rPCA trén do thi G,,.

Nhan xét 3.3.2. Nhin tir cic hinh va c6 thé rit ra nhitng nhin xét

sau:

o Thugt todn phd dé xudt cila chiing téi (duong mau do, ky higu hinh tam gidc)
chi can thic hién mot lan va trd vé mét diém duy nhat trén biéu do, trong khi
cdc thugdt todn khdc nhu oPCA va rPCA phdi chay nhiéu lan v6i cdc so cum

khdc nhau dé'tim ra cdch phan cum tot nhat.

* Gid tri modularity Q4 va Q, ctia thudt todn phd dé xuadt déu dat miic cao, cho

thay chat lugng phan cum rat tot.

* So sinh vdi oPCA va rPCA, phutong phdp phd ciia chiing t6i thé hién hiéu suat

vuot troi.
So sanh v6i thuat toan mé rong cta Louvain trén do thi c6 huéng

Trong phan nay, ludn van sé trinh bay viéc so sainh phuong phap phé dé
xuat va thuat toan Louvain c6 hudéng (Directed Louvain [19]) trén do thi thuc
EU Email (G,5 = (1005,25571)) 1a do thi email bao gdm email di va dén cua
mot t6 chiic nghién ctiru & Chau Au.

Nhan xét 3.3.3. Két qud gid tri moudalrity Qg tir phuong phdp dé xuat la 0.361
trong khi gid tri do cuia thudt toan Louvain co huong la 0.433.
Tuy nhién, khi danh gid sdu hon vé sy lién két, tinh chat cong dong thi thudt todin

Louvain c6 hudng cé téi hon 70% cdc cong dong co tinh chat kém khi so lugng dinh
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chi la 1 dinh dén t6i s6 canh cia cdc cong dong do rat it. Chi tiét dugc minh hoa qua
cdc hinh v cu thé:

* Hinh|3.10p,|3.11b thé hién mdi cong dong duoc phdt hién tir thudt todn dé xuat
c6 mdt d9 canh va s6 bdc trung binh la di 16n, tuong dong vdi cic cong dong
khdc.

* Hinh|3.10p, B.11p thé hién chi ¢6 7/27 cong dugc phdt hién dugc tir thudt todn
Louvain cd hudng la c6 mdt do canh va so bdc trung binh dii cao dé thay do la

mot cong dong cd lién két chit ché.

Mat g canh theo thuat todn Louvain 6 huéng Mat do canh theo thuat toan PP Phd dé xuat

000
C Cl G2 G i G5 G C7 CB Co CloCll Clz CI3 Cl4 Cls Cl6 C17 Cla C19 C20 C21 C22 23 C24 €25 C26 @
Céng déng Céng déng

(a) Thuat toan Louvain c6 hudng (b) Phuong phép phé dé xuat

Hinh 3.10: Gia tri mat d6 canh ctia cdc cong déng phat hién duogc.

56 bac trung binh theo thuat toan Louvain c6 huéng 56 bac trung binh theo thudt toan PP PhS dé xust

(a) Thuat toan Louvain c6 hudng (b) Phuong phéap phé dé xuat

Hinh 3.11: S6 bac trung binh ctia cac dinh trong cac cong dong phat hién dugc.

Nhan xét 3.3.4. Dua trén nhin xét trén ciing cdc hinh két qud, ta thay:

* Bdi vi thudt todn Louvain hay thudt toan Louvain cd hudng chi co tiéu chi duy
nhat dé di chuyén dinh la ham modularity, ma ham modularity chi phdn dnh
mot goc nhin vé cong dong "tot”, do dé sé cé mot sb tinh chat khd truc quan

vé do thi ma ham modulariy chua thé bao qudt, vi du nhu s6 bdc trung binh,
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s6 dinh trong cum hay chinh su két néi giita cdc cong dong con (ma thudt todn

Leiden cho do thi vé hudng da gidi quyét).

o Trong khi do, thudt todn dua trén phuong phdp phd thi tién hanh phan tich phd
ctia ma trdn biéu dién, ma tinh chat cia do thi thi cé thé duoc tich hop théng
qua cdc gid tri riéng, vector riéng, do d6 cic cum thu dugc cd su thong nhat vé
tinh chat hon.



Két luan

Luén van "Mot s6 thuat todn tim kiém cong dong mang thong qua toi wu
hoa ham modularity” da trinh bay vé bai toan tim kiém cong dong mang va
mot s6 thuat toan s dung t6i wu hoa modularity dé tim kiém cdng déng

mang. Cu thé, luan van da:

 Trinh bay thuat toan Louvain va thuat toan cai thién cua né la thuat toan

Leiden.

* Trinh bay phuong phap phé ctia Newman, dya trén phan tich gia tri

riéng va vector riéng ciia ma tran Laplacian.

* Trinh bay dinh nghia ham modularity méi cho dd thi c6 hudng pht hop
v6i dinh nghia ham modularity trong truong hop vé hudng st dung

budc di ngdu nhién va phan phdi dung.

e M rong phuong phap phd cho d6 thi c6 hudng, stt dung modularity

ma chung t6i da dé xuat.

 Thuc hién cac thi nghiém trén d liéu sinh ngau nhién va dir liéu thuc
dé chung to6 tinh hop ly va hiéu qua ctia phuong phép phd ma ching toi

da dé xuat.
Viéc xay dung cdc ham modularity méi sao cho phtt hgp véi ting loai do
thi cu thé ludn 1a mot cht dé hap dan. Trong thoi gian tdi, ching toi sé tiép
tuc nghién ciu dé xay dung cac ham modularity mdi cting nhu xay dung cac

thuat toan tim kiém cong dong cho do thi hai phan.
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