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MO PAU

Tinh cép thit cua dé tai Phat trién thubc méi truyén théng doi hoi
chi phi khéng 10, thoi gian kéo dai (12-17 nim) va ty 1€ rii ro cao. Tuy
nhién, viéc xéc dinh cac lién két thudc-bénh tiém ning mét cach hiéu
qué vAp phai nhing thach thirc 16n v& mit tinh toan, bao gdm: (i) tinh
phirc tap va khong ddng nhét ciia dit liéu sinh hoc da ngudn; (ii) sy
mét cén bing nghiém trong va dac tinh thua ctia dit lidu; (iii) s ton tai
clia cdc mAu am tinh gia 1am sai 1éch m6 hinh; va (iv) han ché vé kha
néng giai thich cua cdc md hinh dy doan.
Muc tiéu nghién ctru P& hoan thanh luan 4n, nghién ctru sinh (NCS)
d& ra cac muc tidu cu thé sau day:
e Muyc tiéu 1: Phét trién mot md hinh dya trén viéc khai thac siéu
duong dan va 4p dung suy lusn Bayes trén mang théng tin khong dong
nhét.
°  Muyc tiéu 2: Xdy dung va trién khai céc ky thuat xir ly dir liéu
chuyén siu, bao gdm: (i) thuét toan lwa chon mAu a4m tinh d4ng tin cdy
(thdng qua tién xir Iy va gén nhén théng minh) d& han ché 4m tinh gia,
va (ii) k thuét can bing dit liéu d& giam thidu tac dong clia mét cin
béng 16p.
Noi dung va pham vi nghién ciru
1. Tbng quan céc phuong phép dir doén lién két thuc-bénh.
2. Khai thac siéu dwong din trén HIN.
3. D& xuht sir dung suy ludn Bayes xy dung quan hé tiém 4n thubc-
bénh va mét cin bang dir liéu.
o Pham vi: T4p trung vao khia canh tinh toan, sir dung dit ligu chuén
(DrugBank, OMIM), khong bao gdm thir nghiém 14m sang.
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Péng gbp chinh ciia luén 4n Lufn 4n trinh bay hai déng gép cbt 16i:
e Doéng gbp 1: Khai thac céc siéu dudong din trong HIN
e Doéng gbp 2:P& xult ding Iy thuyét Bayes phén tich méi lién két
thubc—bénh dya trén HIN thubc—bénh va dé& xuét phuong phép trich
xuit miu 4m tinh chét luong cao két hop ky thuét can bang dit lidu
ciing nhur xir Iy vn @& sy mét can bang dit ligu.
CAu tric lun 4n Luén 4n duge td chirc thanh 03 chuong véi ndi dung
chinh nhu sau:
* Chuong 1: Tdng quan-Gidi thiéu bai toan, co s 1y thuyét vé HIN
va tdng quan céc phuong phép nghién ciru lién quan.
¢ Chuong 2: Khai théc siéu dudng din trong du doan thubc—bénh -
Trinh bay cic mé hinh dy doan dya trén siéu dudng dan trong HIN.
o Chuong 3: Suy luin Bayesian va xir Iy mét cin bang dir ligu - D&
xuét khung suy luan Bayes va céc k¥ thuét xir Iy dit liéu dé nang cao
chét lvong mé hinh.
« K&t luan va huéng phat trién - Tém tit két qua, danh gié wu
diém/han ché va d& xuit huéng nghién ciru tiép theo.

CHUONG 1. TONG QUAN
1.1. Giéi thigu bai todn va bdi canh
Du doén lién két thuéc—bénh 13 thanh phﬁn bt 16 cua tai dinh vi thudc,
nhim phat hién chi dinh méi cho thubc da c6. Bai toan dy doén lién
két thubc — bénh trong HIN déng mot vai trd quan trong trong viée
phat hién cac chi dinh méi tiém ning cho cac dugc phém hién c6. Muc
tidu cét 161 cua bai toan 1a d4nh gia kha ning ton tai ctia mot lién két
gitta mot cap thuéc—bénh dua trén céc thong tin quan hé gian tiép co

sin trong mang.




Quy trinh téng quan ciia bai todn duoc minh hoa trong Hinh 1.1 va ¢6
thé mé ta nhu sau:

Péu vao: Mdt mang dir liéu khong ddng nhit G = (V,E), trong d6 V 13
tap céc dbi tugng (vi du: thudc, bénh, gen, protein, ...) va E 1a tdp cac
loai quan hé sinh hoc da biét gifta ching (vi du: thubc - bénh, disease
- protein, thudc - protein Associations,...).

Xir Iy: Ap dung cac phuong phap khai thac db thi, k§ thuat phan ra
hodic hoan thién ma trin, hodc cdc mé hinh hoc sdu dé phén 16p nhim
du doén kha niing ton tai cta lién két muc tidu.

Péu ra: V6i mbi cap thubc—bénh tiém ning (vd,vb), mé hinh dwa

ra dy doan vé sy ton tai cia canh:
(B = {1, néu lién két Ek c6 kha ning ton tai;
PEW =10,  nguocla

Mang théng tin khéng ddng nhét (HIN) cho phép tich hop va mé hinh
héa nhiéu loai quan hé khic nhau, nhu gifra thube, bénh, protein, va
gen. Tuy nhién, viéc st dung HIN ciing gap phai nhiing thach thirc
nhur: dir liéu khong dong nhét, thiéu dir 1iéu, mét cin bing trong cic
16p di liéu, 4m tinh gia, va kho khén trong viéc giai thich két qua.
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Hinh 1.1: M ta bai toan dy doan lién két thudc—bénh.
1.2. Khai niém nén tang
M6t mang thong tin dai dién cho mét triru tugng hoa cia thé gigi
thue, tép trung vao céc dbi tuong va cac tuong tac gitta céc d6i trong
nay. Mot cach hinh thirc, mang thong tin dugc hiéu nhu sau:




1.2.1. Mang thong tin

Mot mang thong tin duoc biéu dién la dé thi G = (V,E) véi mét
ham dnh xa loai déi tuong ¢ : V— A va mét ham dnh xa logi lién két
v:E—>R Mbéi déi twong v € V thugc vé mét logi doi twong cy thé
trong tdp déi tuong A : §(v) €A, méi lién két e € E thudc vé mét loai
quan hé cu thé trong tdp cdc logi quan hé R : w(e) ER. Néu hai lién
két thuéc cung mét logi quan hé, hai lién két nay sé€ chia sé cung mot
logi dbi tuong bét ddu va logi dbi tuong két thic.

1.2.2. Mang théng tin khéng ddng nhit va khéng ddng nhit

Mot mang théng tin dugc goi la mang thong tin khéng dong nhdt
khi tdn tai nhiéu hon mét loai doi tuong (|A| > 1) hodc nhiéu hon mét
logi quan hé (|R| > 1). Nguwoc lgi, mang théng tin duoc goi la mang
théng tin déng nhdt.

1.2.3. Siéu dwong din (meta-path)

M¢t siéu duong din P [24] la mot con duong dwoc dinh nghia
trén so d TG = (AR), va duoc ky hiéu dudi dang A,
= A, = i .E Aj41, trong d6 dinh nghia mét quan hé tong hop
R =RI ° R2 > - ° Rl giita cdc déi twong A1,A2,...,Al+1, trong dé -
biéu thj todn tir hop nhét cdc quan hé.

1.2.4. Ma trin két hgp ciia siéu dwong din

Cho mét mang G = (V,E) va lwgc do mang [Wu2019] cia né la
TG, mét ma trdn két hop cho mét siéu dwong ddn P = T;— Ty — -
— Trdugc dinh nghia la:

X = Ar,1,AT,T, AT, Ty (1.1)
trong d6 Anzy 16 ma trdn ké (twong tdc) giita logi T;va logi T;. Gid tri
X(ij) biéu thi s6 lwong cdc thé hién con dwong giita doi twong u; € T
va doi twong v; € Tktheo siéu duong ddn P.




1.3. Téng quan nghién ciru

Theo céc tdng quan gin diy Bagherian (2021),Kim (2022) va Cai
(2023) va céc cong s, cac huéng du doén lién két thuéc—bénh c6 thé
phén thanh ba loai:
1. Dya trén d6 twong ddng/khoang cach: khai thac tir trong dong cu
trac/kiéu hinh. Uu diém: don gian, dé trién khai. Han: phy thudc dir
lidu da biét, yéu véi thube/bénh méi. |
2. Dya trén ma trin (MC/MF/CMF/RMF): khai thic c4u triic hang
thip ctia ma trén twong tic dé suy ludn phan tir thiéu; hidu qua véi dir
liéu thira nhung d& méc cye tidu cuc by, chi phi tdi wu cao.
3. Khai théc d thj (graph mining): 1am viéc truc tiép trén HIN (phan
cum, meta-path, meta-graph, random walk, lan truyén, khuéch tan).
Uu diém: tich hgp da nguén, tdn dung chu tric mang. Han ché : chn
chon meta-path thii céng, khé mé réng mang rat 16m.

Xu huéng hidu qué 13 két hgp phuong phép ma trin va khai thac
db thj dé vira tan dung cAu triic HIN vira hoc quan hé phi tuyén.
1.4. Khoang tréng va hwéng tiép cin ciia ludn 4n

Khoang tréng. (a) Tich hop da ngudn trén HIN con tha cdng,
thiéu chuén hoa dic trung meta-path; (b) Xir 1y mét can bing du liéu,
4m tinh gia chua triét d&; (c) Cudi ciing, Kha ning din giai va d tin
cdy ctia két qua dy doan vén 13 métthach thirc 16n.
Huéng tiép cén.
1. Khai thac sau meta-path va ma trin két hgp + SVD dé ning chét
lwong bidu dién;
2. Ap dung suy luin Bayes d& udc luong xAc suét lién két va gidm 4m
tinh gia;
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3. Phat trién can bf?mg dit liéu va lya chon miu 4m chét lugng
cao (hard negatives) dé ting do tin cdy du doén.
1.5. Dit li¢u va phuong phap danh gia
1.5.1. Tap dit liu thi nghiém
B0 dir liéu A_dataset:

B dir lidu ké thira tir nghién ctru cia Wu va cong su (2019), tich
hop tir cac ngudn uy tin nhir OMIM (bénh-protein), Gottlieb (thudc-
bénh) va DrugBank (thudc-protein). Quy mé clia bd dir liéu ndy bao
gdm 1,186 thubc, 449 bénh va 1,147 protein. Cac tuong tic da biét
trong b dit liéu nay 12 1,827 thubc-bénh, 4,642 thuéc-protein va 1,365
bénhprotein. Dic didm ndi bat ciia bd dit liu 12 tinh mAt can bing cao,
v6i ty 18 tuong tac dwong tinh thip, dao dong tir 0.207% dén 0.344%.
Bo dit liéu B_dataset:

B4 dit liéu dugc xdy dung bdi Zhang va Zhao, véi quy mo gbm
269 thubc, 598 bénh va 1,021 protein. Céc twong tac da biét trong bd
dir liéu nay 13 18,416 thubc-bénh, 3,110 thudc-protein va 5,898 bénh-
protein.

1.5.2. Phwong phap danh gia )

Dé danh gi4 hidu suét cac mé hinh, lun 4n sir dung céc chi sb
dudi day:

P& danh gia hidu sudt cac mé hinh, ludn 4n sit dung cac chi s6
danh gia da dang. Cu thé, c4c chi s co ban bao gdm D6 chinh x4c, Do
thu hdi, va Do chinh xac duong. D6i véi dit liéu mét cin bing, luén 4n
sir dung Piém F1, Hé sb tuong quan Matthews, va Gi4 tri trung binh
hinh hoc. Bén canh d6, céc chi s§ duva trén dudng cong nhu Dién tich
dudi duong cong ROC va Dién tich dudi dudng cong Precision-Recall

ciing dugc 4p dung dé danh gi4 hidu sust mé hinh,




1.5.3. Thiét 13p thye nghiém

Ngon ngir 1ap trinh: Python 3.x; Thu vién chinh: Scikit-learn;
LightGBM,; NetworkX;

Phuong phép d4nh gis: Panh gid chéo 5-fold Ap dung k§ thuat
loai bo thong tin (information removal) dé tranh ro ri dit liéu; Thuc
hién kiém dinh théng ké @& x4c nhan y nghia cta két qua

Céc phuong phap danh gia két hop véi hai bd dir liéu doc 1ap gitip
danh gi4 khach quan va toan dién hiéu suét ctia cic phwong phép dé
xuét.

1.6. Két ludn

Chuong nay thiét 1ap nén tang 1y thuyét va hién trang, 1am r han
ché cuia cac phuong phép hién c6. Ludn 4n vi vy tap trung vao: (i)
Phuong phap khai thac thong tin trén da ngudn dua trén meta-path; (ii)
xir Iy mét can bing va 4m tinh gia bing cin bing dit liéu. Ap dung suy
luén Bayes trong dur do4n thudc-bénh,; (iii) danh gi4 nghiém ngit qua
phuong phap cét bo va théng ké.

CHUONG 2. KHAI THAC SIEU PUONG DAN TRONG DU
POAN LIEN KET THUOC-BENH

Tir nhitg thach thirc nhu d3 phén tich & Chuong 1, chuong nay
tap trung khic phuc nhing han ché quan trong ctia mé hinh EMP-
SVD, bao gdm: (i) chura khai thac triét dé vai trd trung gian ctia protein,
(ii) thién 1éch trong viéc str dung cac quan hé, (iii) bo qua cic quan hé
dong nhét, va (iv) xir ly dit liéu chua t5i wu.

2.1. Phan tich mé hinh EMP-SVD va djnh hwéng cai tién
2.1.1. Giéi thigu mé hinh EMP-SVD

Mo hinh EMP-SVD két hop céc ky thut meta-path, SVD va

Random Forest, tich hop dir liéu tuong tac gitra cac thuc thé sinh hoc
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nhu thudc, protein va bénh dé du doan méi lién két gitra thua thuéc va
bénh. M6 hinh dugc thuc hién qua cac bude chinh nhu Hinh 2.1
Budce 1: Xay dung mang dir liéu khong déng nhét véi ba loai nit:
thubc, protein va bénh; Budc 2: P& xuét 5 siéu dudong din véi do dai
nhé hon 4; Bude 3: Trich xuét dic trung bang SVD dé giam chidu di
lidu; Budc 4: Xdy dung va tdng hop cédc mé hinh phan 16p sir dung
Random Forest
2.1.2. Phan tich han ché cia mé hinh EMP-SVD

Qua phén tich vi so sénh hiéu suit cia EMP-SVD, c6 thé rit ra
mét s6 han ché chinh:

Thir nhét, cic meta-path khong di qua protein (Meta-Path-1 va
Meta-Path-4) cho két qua du doan thip hon déng k&. Nguyén nhén
chinh 1a do protein dong vai trd

Xay dyng mang khong ddng nhét
thude-protein-bénh

[ D8 xudt 5 sidu dwong dén ]

¥
[ Trich rit véc to dde trung (SVD) ] .
[ Dy doan thude-bénh ]

Hinh 2.1: M6 ta phuong phap EMP-SVD
trung gian quan trong trong nhiéu qué trinh sinh hoc, viéc bé qua thong
tin nay lam suy giam kha ning khai quat héa cua mé hinh.
Thir hai, trong nim meta-path dugc d xuét, sb 14n khai thac quan
hé thubc—bénh (6 14n) vurot trdi so v6i quan hé thudc—protein va bénh—
protein (mbi loai chi 3 14n).



Thit ba, m6 hinh EMP-SVD chii yéu tdp trung vao quan hé khéng
ddng nhat ma chua khai thic quan hé ddng nhit. Didu nay han ché kha
ning mé hinh héa dy di cAu triic va ngit nghia phirc tap trong HIN.
2.1.3. Dinh hwéng phat trién

Trong Chuong 2, luan 4n ké thira khung m6 hinh EMP-SVD va
d& xuAt ba huéng cai tién nhdm mo réng kha ning mé hinh héa ngit
nghia trong HIN, tir d6 ning cao d6 chinh x4c trong du doan lién két
thudc—bénh cu thé:

* D& xuit md hinh DR-LGBM-MH: Xy dung 01 siéu dudng
din méi, két hop véi LightGBM

+ D& xuit mé hinh HS-TMP: X4y dyng s4u ma trin ddng nhit
tlr 46 xdy dung ba nhém siéu dwong dén méi.

\ 1]
2.; lu m:::h | Mang khang déng nhét !

Trich rdt dic

Bon siéu duéng dan "
| trung bing SVD

| thude-protein-bénh |

. Path1: thudc->protein->bénh

1
1
1
1
1
L1 1
* X14s=Cyy " Ct.T |

. o Xlg=U TV
| Path2: thubc->protein->thudc->bénh 1 :
» * X245 =Cy " Cyi.T" Cys »‘ o X2g=U*E VT

1
* Path3: thubc->bénh->protein->bénh

i
o X345 = Cys " Cgy " Ce.T o« X3g=U VT !

|
- Pathd: thudc- ->protein->bénh->thuée->bénh |
* Xdgs=Cy " Cgt T* Cys T" Cys T

1
) o Xdgg=U*ZVT |
1/0/0/00! 1}

9 I
0‘0]1\000]

d N 1 l . i 1
» ] [} T A | !
5t i i Phan | téng h | Huinluyen phanlép ! ! Matrinvécto |
& thudo i 9pSing how, ' béng LGBM : thudc bénh |
1o !
i !
L Sntt’ i
§ protein o :«I 50 }_. . ‘ﬁ g\ t.& o M2g=U: VT :
—— lién két da biét & LT B e ":“E::::; : « M3g=U: VT ‘
B 00 ! '

—-lién kétdy doan | < J i S i
, , | 0 5 | o Mdy=U: VT |
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Hinh 2.2 So @b luong c6ng v1¢c cla mo hinh
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2.2. P& xuit md hinh DR-LGBM-MH véi 4 siéu dwong din
2.2.1. Co sé phwong phap

Mb hinh DR-LGBM-MH ké thira kién tric EMP-SVD nhung t6i
uu hoa viéc lya chon meta-path. Phuong phép nay tip trung vao viéc
xay dyng céc siéu dudng din cé ¥ nghia sinh hoc rd rang va kha ning
tinh toan hiéu qua, khung phuong phap dugc thé hién nhr Hinh 2.2
2.2.2. Thiét ké 4 siéu dwong din
e  Meta-path-1 (d—t—s): Thuéc — Protein — Bénh

X1 =Cqu xC¥

e Meta-path-2 (d-t—d—s): Thudc — Protein — Thudc — Bénh

Xy = Cyg x OF % Oys
e  Meta-path-3 (d—s—t—s): Thudc — Bénh — Protein — Bénh
X3=Cus X Cu x Cy
e  Meta-path-4 (d—t-s—d—s): Thubc — Protein — Bénh — Thubc —
Bénh
Xy =Cy x Cy x CF x Cys
2.3. M6 hinh HS-TMP: Quan hé ddng nhét va siéu dwing din
2.3.1. Co sé phwong phap
Dé xuét ndy mé rong HIN béng cach tich hop cac q"uan hé déng
nhét dya trén Iy thuyét v& d6 tuong ddng chu tric. Hé théng gdm 6 ma
trAn déng nhét phan 4nh méi quan hé ndi bd giita cac thyc thé cing
loai, m6 hinh phuong phép dugc thé hién nhu Hinh 2.3.
2.3.2. Pé xuit 6 ma trin ddng nhit
Trong viéc thiét k& HIN, luan 4n dé xut ba loai canh méi ngoai
céc canh hién c6 (thuéc-protein, bénh-protein, thuéc-bénh), bao gém
thubc-thude, bénh-bénh va proteinprotein. C4c ma trén lién két nay
dugec tinh todn nhu sau:
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 Thubc-thube: Mbi quan hé thudc-thube duge thiét 18p qua
bénh (ma trdn hodc protein (ma trdn ) lam trung gian:

) ) ‘ . P .
[ Deluthube- o pgn v
@ khéng ddng nhit ! Xdy dung sdu nhém
| prewin-bdah | hudcprotainbénh || quan hé déng nhat !
i ! ! ' |
i
! | o H ! Quan ne tnude - tnude |
T g .
! T | | oy cCuxCuT. Gl CuxCa? i
i b £
! [ ~B / »‘ Quan he bénn - bénh i
! 1o o &) ! | O = Cu" % Cay €y = Cu % Ol |
- i
: L e 2 > H V. i hé protein - protein |
i i 1 age y = I ) )
| o o> P L =0T % Casy Ola=Ci % 0™ ')
i -
: I 2, | ; i
___________ i e R ;_ BT
____________ e e i i U sl iy

Ma trjn véc to
thudc bénh

Trich rat dge trung
béng SVD

o« Mig=U:VT e mp=UEVT
o M2gg=U: VT

e my=UrEVT

i
:
i
i
i
I
|
| «mp=U-svT
|
« M3gg=U: VT !
I
i

) Ba nhém sléu dudng din

| Nhém 1 (my): s dung Cyqg va Css
my=(my_q. My_z... My_g)

) Nhom 2 (mp): surdung Cgq va Crt
mp=(mz_y, Mz _2... M3 _4)

i Nhom 3 (M3): strdung Cyqq Csg va Cyt

i | m3=(m3_3, m3_z... M3 _g)
N

Hudn luydn phan lop & a Y

bing Randam Farest Phin 1 téng hep Bip dasn 8% thude

@ benh

'
'
i
I
I
|
'
' }i protein
i
i
'
I
i
'

lién két da biét

lién két du doan

Hinh 2.3: So d6 ludng cong viéc 3 nhém meta-path 1

e Protein-protein: Mébi quan hé nay cé thé dugc xé4c dinh qua
lién két thuéc-protein hodc bénh-protein, tao thanh cac ma trén :

* Bénh-bénh: Tuong quan bénh-bénh dugc x4y dung qua bénh-
thuéc va bénhprotein, tao ra cAc ma trén :

Céac ma trén niy cho phép m& rong kha ning mé hinh héa mbi
quan hé giira cac thyc thé trong mang va cai thién d6 chinh xac cua dy
doan.
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2.3.3. Ba nhém siéu dwong din

Nhém 1: Khai thic quan hé thudc-bénh cbt 16i Nhém nay khai
thac cac quan hé thudc-thubc, thudc-bénh va bénh-bénh, véi ma trin
két hop tdng quat:

ml = Cdd x Cds x Css.

Céc lya chon lién két thudc-thudc va bénh-bénh cho phép tao ra

bbn meta-path con sau:
ml_1: G xChpxCl ml_2: Q% xCy xCl,
ml_3: (:[h/ x ' Cys X (‘:I,. ml_4: (’lllll % Oy %:CL,
Nhom 2: Tich hop thdng tin protein trung gian Nhom nay tich
hop quan hé thuéc-protein va bénh-protein, tao ra ma tran Kkét hop:
my = Cyg X Cyp x Cyp X C!,
Bén meta-path con tir cac lyra chon thudc-thube va protein-protein
duoc moé ta nhu sau:
m2_1:CuxCuxChxCL m2_2: ©%xCyxChxClh
m2 3 : Cddt> Cdt> Cusx Cstt  m2 4. Cddr* Cdr*x Cttd* CsiT
Nhém 3: Khai théc toan dién da quan hé Nhém nay két hgp ba
m&i quan h¢ ddng nhét (thude-thube, protein-protein, bénh-bénh) va
khong ddng nhét (thubcprotein, protein-bénh) véi ma tran két hop:
m3= Cdd *x Cdt* Cnt X CstT X Css.

Co tam meta-path con trong nhom nay:
m3_1:CHxCuxCixChxCl m3 2: CuXxCaxCLxChxcl,
m3,_3:C,%xCauxChxChxCl mid 4: ClxCaxxCfxClx,
m3_5:Chyx Cy x Ci x CL x €% m3_5: Chyx Cy x Chx Ch x
m3_T:ClyxCuxChixChxCl m3_8: ChxCuxCixULxCt

2.4. Két qua thuye nghiém va danh gia
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2.4.1. Xay dung kich bén
Kich ban 1: Mé hinh DR-LGBM-MH
« Budc 1: Trich xuét dic trung tir 4 meta-path biéu dién quan hé
thudc—bénh, sau d6 giam chiéu bang SVD (B t&i wu = 0.04).
» Budc 2: Huln luyén 4 LightGBM riéng biét va két hop bang
phuong phép bo phiéu.
e Budc 3: Panh gia toan dién: LightGBM vugt trdi so vGi cac bd
phén loai khic (RF, XGB, SVM, KNN, AC); Ensemble giam dang Kké
FN va FP so véi meta-path don 1&; Nghién ctru cit bé: SVD va
LightGBM cai thién hiéu sut rd rét; Kiém dinh t-test (p < 0.05) khing
dinh y nghia théng ké; Vuot trdi c4c chi s6 v& Recall, MCC, F1-score
Kijch ban 2: M6 hinh HS-TMP:
+ Xay dung 6 loai twong quan (thudc-thudc, bénh—bénh, protein—
protein) dé 1am giau mang tri thirc.
e Tao 3 nhém mo hinh co s& sir dung Random Forest trén cac ma
trén.
« K&t hop 3 mé hinh co s& (tdng cong 128 céch két hop) dé danh gia
hiéu qua. A
o So sanh két qua véi cac nghién ciru trude va chon 20 cip thubc—
bénh c6 didm du doan cao nhit d& phan tich dién hinh.
2.4.2. Két qua

K&t qua thyc nghiém mé hinh DR-LGBM-MH

So sénh hiéu suét véi cdc mé hinh phén loai truyén thng va hién
dai két qua bang 2.1 cho thdy, LightGBM véi SVD dat hiéu suét cao
nhét trén toan bd céc thudc do, vugt trdi so véi ca RF va LightGBM
khong dung SVD.

Kiém dinh théng ké sy khéc bi¢t hi¢u suit
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Pé x4c nhan rﬁng su cai thién hiéu suét khéng phai ngAu nhién,
lun 4n tién hanh kiém dinh t-test hai m&u cho cac thudc do chinh. Két
qua dugc trinh bay trong Bang 2.2.

Bang 2.2: So sanh hiéu sudr béing kiém dinl t-rest hai mau

Phwong phép AUPR AUC PRE REC ACC McCC Fl
RF khong SVD 0.0128 | 0.00997 | 0.6240 0.0089 [ 0.00236 | 0.0020 0.0017
RF ¢6 SVD 0.0055 0.0002 0.1180 0.0960 0.0044 0.0046 0.0024
LightGBM khong
SVD 0.0330 0.0150 | 0.1240 | 0.0793 0.0039 0.0038 0.0027

Bang 2.1: Két qua nghién ciru cit bo vé anh hudng ciia SVD

Phuong phap AUPR | AUC | PRE | REC | ACC | MCC | F1
RF khong
0.955 | 0.949 | 0.905 | 0.861 | 0.877 | 0.756 | 0.882
SVD
RF c6 SVD 0.959 | 0.953 | 0.888 | 0.891 | 0.887 | 0.776 | 0.889
LightGBM
0.960 | 0.955 | 0.898 | 0.893 | 0.894 | 0.787 | 0.895
khéng SVD
LightGBM co
3 0.969 | 0.966 | 0.915| 0.921 | 0917 | 0.834 | 0.918
VD

Cdc gia tri 16t nhdt dwgc in dam.

Két qua kidm dinh cho thdy, phuong phap dé xuét dat cai thién
c6 ¥ nghia théng ké trén céc chi s6 AUPR, AUC, ACC, MCC va F1-

A 3 2 9 N - s [N A 1A
score (p-value < 0.05). Di€u ndy dam bao réng céc cai thién ve hiéu

suét khéng chi 13 két qua nglu nhién, ma phan 4nh tic dong thuc su

cua phuong phap

So sanh véi cac phwong phap trong nghién ciru trurée
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Cudi cing, luan 4n so sanh mé hinh DR-LGBM véi céc phuong
phap duge cong bb truée ddy. Nhém phuong phép cd dién bao gbm
PREDICT, TL-HGBI, LRSSL, SCMFDD, MBiRW; trong khi nhém
phuong phap gin diy c6 EMP-SVD

Nhin chung, DR-LGBM-MH khéng chi dat dugc gia tri cao &
timg chi s8 riéng 1& ma cdn duy tri duoc su can bing giita céc tidu chi.
Su vuot trdi cia DR-LGBM-MH so v6i EMP-SVD c6 thé dugc 1y giéi
boi vide d& xuét cac meta-path tip trung vao vai trd trung gian cua
protein (MP-1, MP-2, MP-3, MP-4), khic phuc duge han ché cua
EMP-SVD khi b qua cic quan hé ddng nhét. So véi c4c phuong phéap
dua trén ma tran (SCMFDD) hoic lan truyén (MBiRW), phwong phép
ctia ching t6i linh hoat hon trong viéc nim bét cdc mdi quan hé phi
tuyén phirc tap théng qua LightGBM

Bdng 2.3: Két qua so sénh hiéu sudt giita cac phirong phép

Phwong phap AUPR | AUC | PRE REC | ACC | MCC F1
PREDICT 0.908 | 0.895 | 0.809 | 0.850 | 0.830 | 0.662 | 0.828
TL-HGBI 0.852 | 0.846 | 0.829 | 0.750 | 0.774 | 0.552 | 0.787
LRSSL 0.881 | 0.861 | 0.864 | 0.732 | 0.770 | 0553 | 0.790
SCMFDD 0.836 | 0.854 | 0.926 0.713 | 0.774 | 0.575 | 0.805
MBIRW 0.952 | 0942 | 0.867 | 0901 | 0.884 | 0.769 | 0.884
EMP-SVD 0956 | 0951 | 0913 | 0.854 | 0876 | 0.755 | 0.882
AICI2023 0.968 | 0.966 | 0.930 | 0.882 | 0903 | 0.806 | 0.906
DR-LGBM-MH 0.969 | 0.966 0915 | 0921 | 0917 | 0.834 | 0.918

Cdc gid tri 1t nhdt diege in dam.

Két qua thye nghiém Mé hinh HS-TMP:
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Luén 4n so sanh véi mét sé mé hinh tién tién trude d6, bao gdm
EMP-SVD, LRSSL, MBiRW, MPG-DDA, PREDICT, SCMFDD va
TL-HGBI. Két qua so sanh dugc trinh bay trong Bang 2.4 theo cac chi
s6 AUPR, AUC, PRE, REC, ACC, MCC va F1-score.

2.4.3. Céc nghién ciru dién hinh

Phin nay kiém chimg cac cip thudc — bénh c6 xéc sut dy dodn
cao (0.99), cho thdy mé hinh dy doan chinh x4c nhiéu mbi lién hé phu
hop véi bing chimg y hoc, nhir nthém B-blocker cho suy than tién trién
va TCA cho bénh thdn kinh di truydn. Mét sé lién két méi nhu
Fludrocortisone — ha huyét 4p tur thé dimg va Oseltamivir — bénh néo
goi mé tidm ning tai dinh vi thude.

Bdng 2.4: Higu sudt ciia cae phirong phdp lién quan

Phurong phap AUPR | AuUC | PRE | REC | AcC | Mcc Fl
EMP-SVD 0.956 | 0.951|0913 | 0.854| 0.876| 0.755| 0.882
LRSSL 0.881 | 0.861| 0.864 | 0.732| 0.770| 0.553 | 0.790
MBiRW 0952 | 0.942| 0.867 | 0.901 | 0.884 | 0.769 | 0.884
MPG-DDA 0.944 | 0.930 | 0.886 | 0.842 | 0.867 —| 063
PREDICT 0.908 | 0.895| 0.809 | 0.850| 0.830| 0.662 | 0.828
SCMFDD 0.836 | 0.854| 0926 | 0.713| 0.774 | 0.575| 0.805
TL-HGBI 0.852 | 0.846 | 0.829 | 0.750 | 0.774 | 0.552| 0.787
Phuong phap cia luan 4n 0.968 | 0.963 | 0.895 | 0.922 | 0.908 | 0.816 |0.908

4.3. Cac nghién ctru dién hinh

Phén nay kiém chimg céc cip thubc — bénh c6 x4c suit dy doan
cao (0.99), cho thdy md hinh dy doan chinh x4c nhiéu mdi lién hé phu
hop v6i bing chimg y hoc, nhu nhém B-blocker cho suy than tién trién
va TCA cho bénh thin kinh di truyén. M6t s6 lién két méi nhu
Fludrocortisone — ha huyét ap tu thé ding va Oseltamivir — bénh ndo
goi mé tidm ning tai dinh vj thuc.




17

2.5. Két ludn va déng gop chinh

« D& xuét 1 siéu duong din méi gitip khai thac sdu vai trd trung
gian cua protein va khic phuc han ché cia EMP-SVD.

Phét trién khung 6 ma trin ddng nhét va 3 nhém siéu duong din
cho phép khai théc toan dién cdu trac HIN, tao ra 128 t6 hop meta-
path con.

+  Phuong phép ndy mé ra huéng tiép c4n méi trong khai thac HIN
cho bai toan dy don thubc-bénh, véi {mg dung thyc tién rong réi.

o K&t qua chuong 2 dugc cong bd trong bai bao ISI Q2 [CT01], 3
bai héi nghj SCOPUS [CT02], [CT08], [CT09] va 1 bai hdi nghij qubc
gia [CT04], chirng minh tinh kha thi va tng dung ctia phuong phép.

CHUONG 3. SUY LUAN BAYESIAN VA XU LY DU LIEU
TRONG DU DOAN LIEN KET THUOC-BENH
3.1. B6i canh va myc tiéu

K& thira cac md hinh tir Chuong 2, chuong nay giai quyét ba thach
thirc then chét nhdm cung c¢b d6 tin cdy cho cic du doan: (i) 4m tinh
gia trong dit liéu huén luyén, (i) mét can bang dit liéu nghiém trong
gifta céc 16p, va (iii) nhu ciu v& mét khung suy lun c6 thé lugng hoa
mirc d6 tin cdy.

Dé ddng thoi giai quyét cac thach thirc nay, lusn 4n d& xult mot
quy trinh tich hgp ba k§ thuét chinh: suy luan Bayesian, thuét toan
chon mAu 4m tinh chit lugng cao (HNS) va k§ thuat cén bing dir liéu
Gaussian—SMOTE. Chuong nay s& trinh bay chi tiét cic budc thuc
hién, bt dAu tir viéc thiét 14p m6 hinh, lya chon m&u 4m tinh, cén bing
tap dir 1idu, cho dén budc suy luén cudi cing. Khung phuong phap
dugc minh hoa trong Hinh 3.1.

o Eh e __J'

A
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3.2. Phuwong phép d& xuit
3.2.1. Co s& Ly thuyét Bayesian

Xac sut lién két thubc—bénh théng qua cic protein trung gian
duoc xac dinh nhu sau:

p(d|s) = Zcp(d|t)p(t|s) (3.1

Céng thirc mé ta x4c suét dy doan lién két gira thude d va bénh
s théng qua céc protein trung gian t, trong d6 p(d | t) va p(t | s) duge
udc lugng tir dit ligu huén luyén.
3.2.2. Thudt toan chon miu Am tinh chét hirgng cao (HNS)

Thuit todn 3.1 Chon mu am tinh tiém nang cao

Tnput: Aaln ¥ k] (ma trdn thudc-protein)
Az[m x k] (na trdn bénh-protein-)
Au[k x k] (ma trdn protein-protein);
Output: Z- (tap mau im tinh)
Begin Algorithm
Ads « Adt - Att - ATst;
Z <0
i1
while i < m do
je1 -

while j < n do
if Ay(i,j) =0 then
| 2~ « Z2-u{(i,j)}
end
jej+l
end

i—i+1 |
end

return Z-

Két thiic thudt toan
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Thay vi sir dung tAt ca cac cap thuéc-bénh chua dugc chitng minh,
luéin 4n @ xuét tinh toan x4c suét twong tic p*(ds) dwa trén x4c sult
tién nghiém k&t hop cua protein p*(t). Chi nhitng cip cd xac sudt
p*(djs) = 0 méi duge chon vao tdp miu 4m méi Z+—. Tép dir liéu hudn
luyén cudi ciing Z = Z+ U Z+— nh& d6 duge cén bing va c6 chit lugng
cao hon, gitip md hinh hoc tép hiéu qua va cho két qua di doan chinh
xéac hon.

Nhing miu ndy dugc xem 13 chét lugng cao (HNS) vi ¢6 xé4c sut
lién két rét thip, 1am giam thiéu kha ning chiing thuc chét 13 c4c lién
két tich cuc chua duoc phat hién (false negative)

3.2.3. Suy ludin Bayesian trong dy dodn lién két thuéc—bénh

Luén 4n xdy dung ndm md hinh suy ludn Bayesian khac nhau,
m&i mé hinh thé hién mot géc nhin riéng v& mbi quan hé thudc—
protein—bénh. Dy doén cudi cling duoc tinh bing cach 1iy gia trj 16n
nhét trong nim mé hinh, gitip khai thac t6i da thong tin va cung cép
x4c sult hau nghiém minh bach cho timg cép thudc—bénh.
rs | d) p(d)

P(s) (dya trén dit 1iéu huén luyén truc tiép), - 3.2)
pa(d ] s) =D pld | 1) plt | 5)
t

pi(d ] s) =

(thubc—protein-bénh), (3.3)
pa(d]|s) = Z pd|t) Z pt|d)p(d|s) (mdrong qua thude trung gian), (3.4)
t d'eZ
pald | s) = Zp(d | s") Zp(s' | d)p(d'|s) (quan hé thuée-bénh-thude), (3.5)
s'eZ d'eZ
ps(d | s) = Z p(d| s Z p(s" | )p(t]s)  (két hop protein-bénh). (3.6)
s'eZ t

Du doén téng hgp cudi cimg:

p(d]s) = ,»2}““.-,1"('1 | 5). (3.7)
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Hinh 3.1: Khung phwong phép d& xuéit

3.3. Két qua thyce nghi¢m va danh gis

3.3.1. Dt liéu

Hai bd dit liéu dugc st dung: A_dataset (OMIM, Gottlieb,
DrugBank) gdm 551 thudc, 302 bénh, 1.147 protein; va B_dataset
(Zhang, 2018; Zhao, 2022) gdm 269 thudc, 598 bénh, 1.021 protein.

Dit liéu dugc bidu dién trén mang khéng ddng nhét thubc—
protein—bénh; mAu am tinh chon theo Wu (2019) va thuét todn d& xust,
tao cac bién thé A FNdataset, A HNdataset, B_FNdataset,

B_HNdataset; sau d6 chia train/test theo ty 1¢ 80:20.

Céc thuc nghiém chinh gdm: (1) So sanh nhiéu k¥ thuit can bing
dit liéu (SPY, NCR, SMOTE, KMeans_ SMOTE, Gaussian_SMOTE,

I
|
|
|
|
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...); (2) Phan tich ablation @ d4nh gi4 vai trd cia Gaussian SMOTE;
(3) Kiém chimg phuong phép trén B_dataset.
3.3.2. Hig¢u qua ciia Gaussian-SMOTE

Céc thi nghiém 14y miu qué muc (SMOTE va bién thé) trén
A_FNdataset va A_HNdataset duoc téng hop trong Bang 3.1. Két qua
cho thiy HNdataset luén vuot trdi FNdataset trén moi thuéc do. Pang
chi y, trén A _HNdataset, Gaussian SMOTE dat F1 = 0.8509, G-
Mean = 0.8980 (cao nhét), va PR-AUC = 0.8839; CURE_SMOTE
cling canh tranh véi F1 = 0.8453, PR-AUC = 0.8836.

Bdng 3.1: Hiéu suéit mé hinh theo cdc kjf thudt 1y méu qud mike.

Phuong phap A FNdataset (mdu A_HNdataset (mau
qué mire) qué mifc)*
F1 G- PR- F1 G- PR-
Mean AUC Mean AUC
SMOTE 0.7308 0.7909 0.7531 0.7985 0.7586 0.8395
Borderline-SMOTE 0.7206 0.7854 0.7345 0.8217 | 0.8761 0.8351
CURE-SMOTE 0.7920 0.8556 0.8320 0.8453 0.8858 0.8836
SMOTE-TomekLinks 0.7292 0.7907 0.7516 0.7988 | 0.8528 0.8393
AND-SMOTE 0.7057 0.7708 0.7181 0.7794 | 0.8565 0.8063
SMOTE-D 0.7911 0.8589 0.8288 0.8424 | 0.8848 0.8831
Random-SMOTE 0.7384 0.8061 0.7728 0.8168 | 0.8842 0.8541
KMeans-SMOTE 0.7940 0.8686 0.8045 0.8426 | 0.8851 0.8809
SMOTEWB 0.7757 0.8527 0.8152 | 0.8371 | 0.8970 | 0.8767
Gaussian SMOTE 0.7936 0.8667 | 0.8327 0.8509 | 0.8980 0.8839

'Diém 36 cao nhét dwroc in dam.

3.3.3. D& xuit 3: P4nh gid hi¢u suét ciia phwong phép a2 xudt

Luén an tién hanh so sanh bdn c4u hinh gém: dir liéu géc, chi ap
dung Gaussian_SMOTE, chi 4p dung High Negative (HN), vd md hinh
két hop HN + Gaussian_SMOTE. M&i cu hinh dugc kiém dinh bing
5-fold cross-validation nhim bao dam tinh khach quan va n dinh. Két
quéa & Bang 3.2 cho thdy mé hinh két hop dat hiéu suét cao nhét trén
ca ba thudc do (F1 = 0.8509, G-Mean = 0.8980, AUPR = 0.8839),

As re s A 3 2 .
vugt trdi so véi cac cau hinh con lai.
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Sy két hop HN + Gaussian-SMOTE hoat dong higu qua vi: HN
loai bo nhidu tir 4m tinh gia, trong khi Gaussian-SMOTE cén béng
khéng gian dic trung, gitp m6 hinh hoc dugc bién quyét dinh t6i wu
cho cé 16p thidu s6 va da s6.

Bdng 3.2: So sdnh F1, G-mean va PR-AUC giita cdc phuong phdp

Phuong phép Fl G-mean PR-AUC
Original 0.5264 0.6976 0.5067
High Negative 0.8339 0.8779 0.8746
Gaussian_ SMOTE 0.5413 0.6933 0.5248
Our method 0.8509 0.8980 0.8839

3.3.4. Két qua thong ké t-test

Két qua t-test hai mAu ddc 1ap cho thdy phuong phép Gaussian—
SMOTE + HNS c6 sy khac biét c6 y nghia théng ké so véi cac phuong
phap khéc (tht ca céc chi s6 cho p < 0.05), chimg minh tinh vu viét ciia
phuong phép, két qué thé hién Bang 3.3.

Bdng 3.3: Két qua thong ké t-test hai mau

5 PR-
So sanh Fl G-mean AUC
Original vs Gaussian-SMOTE 0.000010 0.00012 0.000006
Original vs High Negative 0.370000 | 0.780000 | 0.066000
Original vs Our Method 0.000005 | 0.000051 | 0.000006

Gaussian—-SMOTE vs High Negative | 0.000005 | 0.000370 | 0.000005
Gaussian—-SMOTE vs Our Method 0.000002 | 0.000190 | 0.000004
High Negative vs Our Method 0.000310 | 0.000440 | 0.000180

3.3.5. So sanh higu suit v&i cac nghién ciru gin ddy
Phuong phép d& xult dugc so sanh véi cac mé hinh hién c6 nhu
deepDR, HINGRL, AMDDT, v.v. Két qué trén tap Bdataset cho thiy




23

phuong phép cia ludn an dat AUPR = 0.915, AUC = 0.966 va F1 =
0.856, cao nhét trong cic mé hinh so sanh xem Bang 3.4.

Bdng 3.4: So sanh hidu sudt véi cde nghién ctbu gén déy trén Bdataset

Phwong phap AUPR | AUC | PRE | REC | ACC |MCC Fl

deepDR 0.804 | 0.820 | 0.883 | 0.233 | 0.601 | 0.299 | 0.369
DDAGDL 0.831 0.842 | 0.761 | 0.770 | 0.764 | 0.529 | 0.765
HINGRL 0.877 | 0.884 | 0.800 | 0.808 | 0.803 | 0.607 | 0.804
HNet-DNN 0.891 | 0.892 | 0.782 | 0.828 | 0.810 | 0.621 | 0.804
DRWBNCF 0.901 0.900 | 0.981 | 0.202 | 0.599 | 0.326 | 0.335
DRHGCN 0.910 | 0.909 | 0.867 | 0.771 | 0.826 | 0.658 | 0.816
AMDDT 0.930 | 0933 | 0.861 | 0.865 | 0.862 | 0.725 | 0.863
Model with FNS 0.892 | 0.959 | 0.835 | 0.843 | 0.932 | 0.793 | 0.835
Phuong phap luén an 0.915 | 0.966 | 0.862 | 0.851 | 0.938 | 0.817 | 0.856

* Cdc gid tri cao nhdt diroc in dém.

Phuong phép d& xuét trong luéin 4n nay két hop mé hinh dya trén
xtr Iy méit can béng dir liéu véi ky thust Gaussian SMOTE, nhim cai
thi€én d6 chinh xac trong dy doan lién két thubc—bénh. Khéng chi
chimg minh hiéu qua qua c4c chi sé dinh lrgng, mé hinh con dy doan
chinh x4c c4c thubc c6 tiém ning thuc tién, mé ra huéng tiép cin méi
cho bai toan tai dinh vi thuéc (drug repositioning) trong linh vyrc dugc
phém, gitip rat ngén thoi gian va chi phi phat trién thubc. _

3.4. Két ludn va dong goép chinh

Chuong nay d& xuét phuong phéap két hop suy luan Bayesian véi
xtr ly dit lidu thong minh cho bai toan dy doan lién két thudc-bénh, véi
cac dong gop chinh:

o Thut toan HNS dya trén Bayesian dé loc m&u 4m tinh chét luong
cao

« Két hop Gaussian-SMOTE véi HNS tao bd dit liéu cén béng t8i uu
* Hé théng nam céng thirc suy ludn Bayesian cho dy doan da goc
nhin
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Két qua da dugc cong bb trong bai bao ESCI Q2 [CT05], 01 tap chi
trong nu6c[CTO06], 01 hdi nghi SCOPUS [CT07] va 01 tap chi ESCI
Q3 [CT08], khing dinh tinh tmg dyng thyc tién ctia phuong phép.

KET LUAN VA HUONG NGHIEN CUU

Luén 4n dong gép quan trong trong dy doan mdi quan hé thube—
bénh, dic biét trong tai dinh vi thubc, qua viéc tmg dung hoc may va
suy luin Bayesian d& giai quyét c4c vin d& nhu dir ligu khong dong
nhét, mit can bing va mAu 4m tinh gia.

Ddng gép chinh cia luan an

1. D& xuét giai phap sir dung céc sidu dudng dén (meta-path) dé
nang cao hiéu qua du doén lién két thubc -bénh trong mang khong
ddng nhét thudc-protein-bénh. (1) D& xult 1 siéu dudong din méi két
hop; (2) D& xuét 6 quan hé ddng nhét thudc-thude, protein-protein,
bénh-bénh tir d6 x4y d& xuét xdy dung 3 nhém siéu dudng din dya
trén 6 mdi quan hé ddng nhét

2. D2 xuét phuong phép suy ludn Bayes dé phan tich mdi quan
hé giita thudc va bénh tir mang thuéc — protein — bénh khong déng
nhét. Pdng thoi, phwong phép dé xuét ciing st dung k§ thﬁat can bang
dit liéu, chon céc miu 4m tinh c6 d5 tin cdy cao d& dy doan mbi quan
hé giita thubc va bénh.
Hurémg nghién ciru tiép theo

Hudéng nghién ciru tiép theo s& tap trung vao:
e Tu dong hoa viéc lua chon va két hop céc meta-path, ning cao tinh
chinh x4c va linh hoat ctia md hinh.
« Phat trién co ché gan trong sb d& t6i ru hoa kha ning két hgp thong
tin tir cAc mang dit ligu phurc tap.




25

DANH MUC CONG TRINH CONG BO
[CTO1] Anh Dao, N, Le MH, Tho Dang, X. (2024). "Label Transfer for Drug Disease
Association in  Three  Meta-Paths”", Evol Bioinform Online. 2024  Sep
13;20:11769343241272414.
[CT02] Tho Dang, X., Hung Le, M., Anh Dao, N. (2023). "Drug Repositioning for Drug Disease
Association in Meta-paths", In: Phuong, N.H., Kreinovich, V. (eds) Deep Learning and Other
Soft Computing Techniques. Studies in Computational Intelligence, vol 1097. Springer, Cham.
[CTO03] Hung Le, M., Anh Dao, N., Tho Dang, X. (2025). "Drug Repositioning by XGBoost for
Meta-Paths in Heterogeneous Networks", In: Hoang Phuong, N., Huyen Chau, N.T., Vladik
Kreinovich, (editors), Explainable Al and Other Soft Computing Techniques: Biomedical and
Related Applications, Springer, (To appear in 2026) (indexed in Scopus)
[CTO04] Hung Le, M., Anh Dao, N., Tho Dang, X. (2025). "Drug Repositioning by LightGBM
for Meta-Paths in Heterogeneous Networks", The National Conference on Fundamental and
Applied IT Research, 2025.
[CTO5] Hung Le, M., Anh Dao, N., Tho Dang, X. (2025). "Bayes Inference for Drug Discovery
by High Negative Samples and Oversampling", Bioinformatics and Biology Insights. 2025;19.
[CT06] Hung Le, M., Anh Dao, N., Tho Dang, X. (2024). "Enhancing Drug Discovery Through
A Meta-Path Based Oversampling Approach For Imbalanced Data", Journal of Science and
Technique-Section on Information and Communication Technology 13.01 (2024).
[CTO7] Hung Le, M., Anh Dao, N., Tho Dang, X. (2024). "High Potential Negative Sampling
for Drug Disease Association Prediction", In: Hoang Phuong, N., Huyen Chau, N.T., Kreinovich,
V. (eds) Machine Learning and Other Soft Computing Techniques: Biomedical and Related
Applications. Studies in Systems, Decision and Control, vol 543. Springer, Cham.
[CTO8] Hung Le, M., Anh Dao, N., Tho Dang, X. (2026). Drug repositioning by belief networks
and ensemble method. Biomed Phys Eng Express. 2026 Feb 19;12(2).
[CT09] Hung Le, M., Anh Dao, N., Tho Dang, X. (2026). Drug Repositioning by Multilayer
Perceptron with KernelPCA in Heterogeneous Networks, In: Hoang Phuong, N., Huyen Chau,
N.T., Vladik Kreinovich, (editors), Explainable Al and Other Soft Computing Techniques:
Biomedical and Related Applications, Springer, (To appear in 2026), (indexed in Scopus).



