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MO DAU

HIV van 1a mot thach thic y té cong cong quan trong du da co nhleu tién bo
trong dy phong va diéu tri. . Khdng gidng cac bénh truyen nhiém cip tinh, HIV
1a mot bénh man tinh c6 dién tién theo thoi gian va yéu cau giam sat, diéu tri va
can thi¢p lién tuc voi nhiéu 16p ra quyét dinh, tir giam sat dich t&, quan 1y diéu
trj dén danh gia hiéu qua can thiép. Trong thuc tién, hé théng HIV tao ra luong
l6n dir lidu da dang, lam phat sinh nhu cau vé cac phuong phap phan tich va du
béo théng minh nham hd trg ra quyét dinh kip thoi va hiéu qua & nhiéu cap do
quan ly.

Luan an nay nghién ctru cadc phuong phap hoc sau hd tro ba bai toan chu
yéu trong giam sat va diéu tri HIV, bao gém viéc ude luong s6 ca nhiém trong
tuong lai, du bao nguy co tién trién bénh va udc lugng nhan qua hd trg ra quyét
dinh. Muc ti€u la phat trién cac mod hinh hoc siu c6 kha nang khai thac dir li¢u
HIV mot cach toan dién nham nang cao hiéu qua giam sat, tién luong va can
thiép. Phuwong phap nghién ctru két hop giira phan tich 1y thuyét va thue nghiém
trén dir liéu giam sat HIV, dir liéu 1am sang va dir liéu khao sat.

Céac dong goép chinh bao gdm: (1) mé hinh dy bao dua trén dd thi khong—
thoi gian gifta cac ca bénh, (2) md hinh phan tich sdng sét dua trén kién trac
Mamba; va (3) khung suy luan nhén qua két hop hoc sau va khung uge luong
nhan qué va diéu ph01 thich img bang hoc tang cuong. Nhitng két qua nay gop
phan xay dung hé thong hd tro ra quyét dinh dya trén dit liéu cho quan 1y HIV.

Chuong 1. COSO LY THUYET

Chuong co s¢ 1y thuyét trinh bay tong quan cac hudng tiép can hién dai trong
du bao va ho tro ra quyét dinh dua trén hoc may, tap trung vao ba nhom phuong
phap chinh: du bao ngan han, phén tich séng sot va udc lugng nhan qua Trudce
hét, Chu’ong gioi thi€u cdc md hinh hoc sau cho dir liéu chudi thoi gian va khong
gian—thoi gian, bao gom RNN/LSTM/GRU, CNN, mang no-ron d6 thi (GCN,
GAT, ST-GNN) va cac kién trac Transformer, cung voi cac bién thé mo rong
nhu TITAN va Mamba cho chudi dai hodc khong déu theo thoi glan Tiép theo,
chu:0’ng trinh by nén tang toan hoc cua phan tich séng sot va cac mé hinh hoc
sdu tiéu biéu nhu DeepSurv, DeepHit va SurvTRACE, cho phép xtr 1y dir ligu
kiém duyét va hoc quan hé phi tuyén gita dic trung va nguy co bién cb. Bén
canh do, chuong cling hé thopg hoa cac phuong phép suy ludn nhan qua dua
trén DAG va khung két qua tiém nang, cung cac mo hinh hoc sdu nhu TARNet,
DragonNet va DR Learner nham udc lugng hiéu tmg diéu tri ca thé. Cudi cing,
cac chi s6 danh gia cho ting bai toan duoc trinh bay nham 1am rd tiéu chi do
luong do chinh xéac, kha nang phan biét, hi¢u chinh va do tin cay ciia mo hinh.
Chuong ciing d4 trinh bay cac khai niém co ban trong viéc xay dung d thi nhan
qua va khai niém bat dinh trong du bao y té.



Chwong 2. DU BAO SO CA NHIEM HIV DUA TREN PO THI CA
NHIEM

1. Mé dau

Chuong nay dé xuat mot mo hinh d6 thi khong gian—thoi gian dua trén lién két
giita cac ca HIV, két hop co ché graph pooling dé chuyén tri thuc lan truyén
¢ quy mo toan thanh pho sang du bdo ngdn han cho ting quén, huyén, qua do
nang cao do chinh xac dy bao.

2. Phuwong phap dé xuit
2.1. Biéu dién do thi ca dwong tinh theo khong gian —thoi gian toan thanh phd

Do thi ca duong tinh duoc biéu dién dudi dang G = (V, E), trong d6 mdi nut
v; ¢6 dic trung x; € R% va mdi canh e;; co dac trung f;; € R% phan anh tuong
quan dich té.

Mtrc do lién két gifra hai ca dugc lugng hoa bdi hé $6:

pij = &ij X Tij X Kij. (2.1)
1, cung khu vuc,
\ A A e .
Thanh phan twong quan khong gian: §;; 1_ ZEEE——1
max (d;;)
dij = \/(longi — long;)? + (lat; — lat;)?.
L, ri =Tj,
Thanh phan tvong quan thoi gian: Tii =91 _ i — 7| . nguoc lai.
maX(Tij)
. . 1, cung duong lay,
Thanh phan tuong quan duong lay truyén: x;; = ¢ L; + L; _
T nguoc lai.

Canh chi tao khi: p;; > (3, gitip kiém soat mat do do thi va gitr cac lién két
c6 y nghia dich té.

2.2. Mo hinh du bao

Khung ¢ dé xuat (hinh 2.1) xay dung d5 thi khong—thoi gian cap thanh phd, hoc
biéu dién nut bang GNN dua trén co ché chu v, trich xuat va pooling cac d6 thi
con khu vuc, sau d6 4p dung global mean pooling va MLP dé thuc hién du bao
cho cép khu vue.



1. HOC BIEU DIEN CA NHIEM CAP THANH PHO 2. HOC BIEU DIEN CA NHIEM CAP KHU VUC (quan, huyén) 3.DU BAO 53 CA NHEM 01
& cAc KHU vyC

Véi méi khu vye r € {1,...,n}

Ma trdn dic trung nit Input cho b§ dir bao
VT X0 ¢ R¥ <& Z € R 7 dem
D ligu gidm sit HIV Trich xudt Rat gon @5 thi Hoc bidu dién Gip todn cyc Stack cée vector
(cipa "E""' £ thi con {node dropping) trén & thi con (toinbdndt) | | % ciacckhuwe |
v,cv TopKPooling AUGNN Global Mean :
/ E. CE hogc (GSA/ GAT / GATv2) Pooling 2 > -
AGNN SAGPool e
Ma trin dic trung canh (cdp thanh phd) ’ . .
FO ¢ RIE %, (GSA/ GAT / GATv2) —» ‘ Q‘ > 99 > L Ly on | ‘ ‘ IN .
1 \ ,\
H = AuGNN(G, X, F®™) ! ! 7
\ L] iy /b (e ) ; (Tang dy bio)
V Ny | ty o o l
[— L ] l 1
G =(V,E) ‘ e M - 9 Du b 4 ca méi
Bidu didn nit cip thanh phs | Hy = H[V;] G, =(V;,E;)  H =AuGNN(G!,H,) =z =Mean(H;) e S e
H e RY ¥ dem € RV % dem H e B xdem € RV % dem € Rim 'T =
( ) #n W
G, =(V, E, (N} < N,) =
e nx T n
€ R X dem i= €R
N, = V| ;
(n: s8 khu vuc) p
¥n

Hinh 2.1: So db tong quat cia mo hinh
2.3. Nhiing dic trung niit va canh vé cing khong gian biéu dién

Ngén ctru sit dung MLP dé anh xa chung vé cung khong gian nhung c6 chiéu
dep, €6 cOng thirc tong quat nhu sau:

FeatureEMBED(v;) = MLP(x;, d.p,), FeatureEMBED(e;;) = MLP( fi;, depm ).

Trong do6, x; € R% 1a dic trung dich té cua nit v;, con fij € R% 1a dic
trung khong-thoi gian (va/hoac dich t€) cua canh e;;.
2.4. Mang no-ron dd thi dua trén chii y cho dé thi thanh pho

Co ché ti chu ¥ trén d6 thi cho phép mo hinh hoc muarc d¢ anh hu:orng lan truyén
gitra cac ca duong tinh thong qua trong s6 cht y mém, thay vi gia dinh déng
gop dong déu. Véi dau vao D = [dy, . . ., d,,], attention dugc tinh nhu sau:

T

K
SCORE,; = softmax(Q
Vi
trong do () = DWqT,K = DW,CT,V = DWT,
Co ché chii y da dau duoc xac dinh: Multihead(Q, K, V) = CONCAT(Y'!,
Pé tich hop thong tin khong—thoi gian, dac trung canh dugc dua vao trong sb
chuy:

) s Y = SCOREatt . ‘/, (22)

(Geis Kej + feij)

Qeij = ,
! E (QC,Z'7 kc,u + fc,iu)
ueN(4)

(2.3)

T

o
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voi (q, k) = exp(
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Biéu dién nat dugc cdp nhat:

=10 | D iy (Ve +eci) |+ Vg = Wewhy + beo. (2.4)
JEN (i)
3.Graph Attention Network (GAT) c6 mo rong theo dac trung canh. Trong
GAT, trong s6 chu y giita nut dich v; va nat 1an can v; (bao gom ca 1) dugc tinh
dua trén ddc trung nit va dic trung canh. Ky hiéu h; = Wiz;, hy = Wiz, va
hi; = Wije;;. Khi do hé sb6 chu y duogc tinh nhu sau.

exp (LeakyReLU (W, ;h; + W, ihj + W, :hij))

ke/\/%u{i} exp (LeakyReLU (V\/thZ + W, he + W, zkhlk>) ’

Q5 = (25)

v6i multi-head attention, biéu didn cap nhat: b = L 20 57y @i by,
4.Graph Attention Network v2 (GATv2)
GATV2 tang tinh linh hoat cua attention bang cach thay d01 thi tu phép bién
d61 bang cach ap dung phi tuyén trude khi chiéu boi trong sd attention voi cong
thirc nhu sau.

cxXp (WJLeakyReLU(hz + hj + hl]))

S° exp (W[ LeakyReLU(h; + hy + hi))
KeN (Ui}

(2.6)

cvz-j =

2.5. Trich xuit dd thi con theo khu vue tir d6 thi ca dwong tinh cap thanh pho

Véikhuvye r € {1,2,...,n}, mot dd thi con G, = (V,, E,) duoc xay dung,
trong d6 V; = {v,1, ..., v,z } 1atdp cac ca duong tinh HIV duoc ghi nhén trong
khu vuc r, va L, = |V;|. Cac biéu dién nut trong G, dugc ké thira tryc tiép tir
embedding da dugc hoc trén d6 thi cép thanh phd. Nho d6, mdi ca duong tinh
trong do6 thi con van mang thong tin vé céac tuong tac lién khu vuc, thay vi chi
phan anh cau trac ndi khu vuc. Tap canh E, cua dd thi con dugc tai thiét lap
theo cling quy tic ngudng hoa & muc 2.1 pij > B.

2.6. Gop dd thi (Graph pooling) cho db thi con theo khu vuc

Bai toan du bao s6 ca HIV méi duoc mé hinh hoa nhu hoi quy ¢ muc toan d6
thi, trong do graph pooling (node drop pooling) dugc su dung dé rut gon d6 thi,
loai bo nhiéu va tap trung vao cac ca c6 anh hudng 16n dén lan truyén. Quy trinh
drop pooling gbém ba budc: (i) tinh diém nut; (ii) chon top-k nut; (iii) tai thiét
1ap do thi.

1. TopKPooling. Vi d6 thi con G, = (X, A,), diém nut dugce tinh va chon

nhu sau: S, = ﬁ, IDX, = RANK(S,. k), S, = sigmoid(S,(IDX,)).



bic trung va ma tran ké duoc cap nhat:

X! = X,[IDX,,]® (S ), A. = A [IDX,,IDX,]. 2.7)

~

2. SAGPool. Piémnut tinh dya trén GCN: S, = 0< DiiADEX WSAP001>

sau d6 chon | kL, | nit c6 diém cao nhat dé xay dung d6 thi méi G

2.7. Cap nhit biéu dién va tong hop thong tin mirc do thi con

Sau graph pooling, mé hinh giir lai cac ca duong tinh quan trong va ap dung
GNN dua trén chu y de tai tong hop thong tin cuc bd, qua dé ting cuong biéu
dién dong lyc lan truyén trong tung khu vye.

Tlep theo, dé thu dugc mot biéu dién cb dinh cho mbi do thi con G,, nghién
ctru s dung phép tong hop toan cuc (global mean pooling): output(G,) =

% Zf;l x;,Vr € {1,2,...,n}. Phép tong hop niy gitp biéu dién mirc d6 thi
phan anh xu hudng chung cua cac ca duong tinh trong khu vy, ddng thoi giam
anh hudng cua cac bién dong cuc bo khong 6n dinh.

2.8. Tang dv bao va diu ra ciia mé hinh

Céac biéu dién mirc dd thi cua tat ca cac khu vuc duogc ghép lai thanh mdt ma
tran: output(G) € R™%m_ Ma tran nay sau d6 dugc dua qua mot mang MLP
dé thuc hién héi quy va du bao sé ca duwong tinh HIV méi cho timg khu vue:
PredictOutput = MLP (output(G), 1).

3. Thuc nghiém va két qua

3.1. MO ta dir liéu

Nghién ctru sir dung dir li€u gidm sat HIV hoi clru, 4n danh cta 40.611 ca bér~1h
tal 23 quém/huyén tai TPHCM giai doan 2008-2019. Dt li¢u dugc biéu diér~1
dudi dang do thi, trong d6 moi ca bénh la mot nat voi cac dac trung dich té
dé ma hoa, cac canh duge xéc dinh dya trén khoang cach khong gian va tuong
dong déc trung. D6 thi duge xay dung theo chu ky ba thang dé€ phuc vu du bao
HIV ngan han.

3.2. Mo hinh so sanh

M5 hinh dé xuit duoc thuc nghiém so sanh v4i cac moé hinh ARIMA, LSTM,
BI-LSTM, CNN, Stacked-LSTM, CNN-LSTM, DCRNN, MPNN-LSTM, GAT-
LSTM, GCN-LSTM va CGN-GRU.

3.3. Két qua thuc nghiém

Nghién ciru khao sat cac t6 hop GSA, GAT, GATVv2 v6i TopKPooling, SAGPool,

dong thoi str dung GIN 1am d6i chung; két qua duoc trinh bay trong Bang 2.1.
Két qua cho thay to hop sir dung GSA ¢ tang d6 thi d6 thi, két hop voi

TopKPooling va GAT & tang dd thi con theo khu vuc dat hiéu nang cao nhat véi



Béang 2.1: Lya chon t6 hop t61 vu gitta GNN va Graph Pooling
GSA GATvV2 GAT GIN
MSE| R |MSE| R* |[MSE| R> |MSE| R?
TopKPooling + GAT + Global Mean Pooling | 21.64 | 0.558 | 23.29]0.52535.45 | 0.24 |41.43[0.112
SAGPool + GAT + Global Mean Pooling inf | inf | inf | inf [46.02]0.061| inf | inf
Global Mean Pooling 25.90 | 0.444 | 26.480.443 | 24.98 | 0.464 | 42.81 | 0.081

Bang 2.2: So sanh mo hinh dé xuat véi cac phuong phap baseline

Method | Proposed | MPNN | GAT | DC | GCN | GCN |LSTM| BI |STACKED | CNN | CNN | ARIMA
LSTM |LSTM | RNN | GRU | LSTM LSTM| LSTM LSTM
MSE 21.64 35.11 | 50.15 | 52.78 | 52.32 | 60.53 | 48.51 | 45.99 47.06 46.27 | 52.22 | 3944.64
R’ 0.558 0.244 | -0.008 | -0.136 | -0.126 | -0.303 | 0.010 | 0.010 -0.013 0.003 | -0.120 | -0.768

sai s6 MSE thap nhét va hé s6 R? cao nhét.

Lua chon tham s6 k trong TopKPooling. Dé danh gia anh hudng cua ty 1€
nut duge gitr lai trong TopKPooling, nghién ctru tién hanh thur nghiém v6i cac
gia tri k tir 0.1 dén 0.9. Két qua cho thay cho thdy tham s6 TopKPooling k anh
huong dang ké dén hiéu qua cua ca hai mé hinh GSA va GATv2. Bdi v6i GSA,
gia tri k=0.3 cho két qua tot nhit véi MSE = 21.64 va R? =0.558. Trong khi do,
GATV2 dat hi¢u nang cao nhét tai k=0.4 v&i MSE = 23.29 va R%=0.525. Do d6,
céc gid tri nay duoc lya chon cho céc thi nghiém tiép theo.

Phan tich anh hwong ciia kién triic GNN sau pooling. Dé danh gia vai tro
ctia co ché chi ¥ trén dd thi con theo khu vyc, nghién ctru tién hanh thay thé
GAT biang GCN trong ting sau pooling. két qua cho thay Viéc thay thé GAT
bang GCN gitip qua trinh huén luyén 6n dinh hon nhung lam giam dang ké hiéu
ning du bao, cho thiy vai trd quan trong ctia co ché chi ¥ va kha nang khai thac
thong tin canh trong viéc hoc dong luc lan truyén HIV.

So sanh voi cac phwong phdp dy bao hién co. Sau khi lya chon dugc cau
hinh m6 hinh to1 uu, Két qua duoc trinh bay trong Bang 2.2 cho thiy cho thay
mo hinh dé xuat vuot troi vé MSE va R? 50 véi cac phuong phép so sanh, khang
dinh hiéu qua cua cach tiép can hoc do thi ca duong tinh ¢ quy md do thi.

Phan tich anh huong cua cac yéu to dich té.

Két qua ablation cho thiy vi tri, nghe nghiép va duong 1ay truyén cai thién
hi¢u nang du bao, trong khi nhom tudi it anh huong. Loai bé nhoém nguy co lam
MSE giam tir 21,64 xudng 19,52, cho thiy dic trung nay c6 thé 1am giam hiéu
nang mo hinh.

Danh gia hi¢u qua dw bdo theo cdac khoang thoi gian.

két qua trong Bang 2.3 cho thiy cho thdy mé hinh dat hiéu nang t6t nhat
trong du bao ngan han (15 ngay,1 thang), trong khi hi€u nang suy gidm rd rét
khi mé rong ctra s6 du bao dai hon.

Bang 2.3: Hi€u qua du bao theo cac khoang thoi gian khac nhau

15 ngay | 1 thang | 2 thang | 3 thang | 1 thang (1m data) | 1 thang (2m data)
MSE | 11.00 | 19.52 | 38.83 | 41.48 22.43 22.64

R’ 0.784 | 0.602 | 0.369 | 0.128 0.557 0.553




Chwong 3. DU BAO NGUY CO BANG PHAN TiCH SONG SOT
TRONG PIEU TRI HIV

1. Mé dau

Chuong nay dé xuit mot mo hinh phan tich sﬁng sot ca th~é hoa dua trén Mamba,
ket hop bo nhé dong va thanh phén Bayes dé hoc bi€u dién trang thai bénh, khai
thac phu thudc dai han va lugng hoa bat dinh, qua d6 nang cao chat luong du
bao.

2. Phuwong phap dé xuit
2.1. Tong quan Kién triic dé xuit

Hinh 3.1 minh hoa tong quan kién tric dé xuét, két hop cac bo ma hoa chuyén
biét, b0 nhd theo thoi gian va mo hinh SSM dé hoc biéu dién bénh nhan HIV,
déng thot du bao séng sot va két cuc diéu tri dudi khung Bayes c6 diéu kién,
két hop SHAP nham ting kha ning dién giai.

1. Dir ligu diu vao 2. Mi héa diic trumg 3. Hoc tri thirc 4. Hoc trang théi 5. D bio da nhiém 6. Giai thich mb hinh
va ma héa vj tri thisi gian quiéin thé dya bénh tiém &n (bao gBm ham mét mét) (SHAP)
trén b$ nhé (Selective SSM - Mamba)

A. Nhinh dy bio sing st
1) Dy béo ham nguy co

o - 1) Chi#u vao khing gian
sk M héa tinh P trang théi 2) X sudt stng sét Tish SHAP
iy (bih tink) L e —ra theo thid glan
(tim tri thire quén thé ¢ ) glan s6ing 6t ki vong
phi hgp v bénh nhan) 4) Diém nguy oo
Dich té / Hanh vi S eipin | —
(tink) lién tuc B. Nhinh dy bdo két cye didu tri (Bayes) theo thii gian
Ma héa theo théi gian ‘
= o > ¢ > 1) Anh hudng mirc quin thié -
(bién theo thés gian) ¢
b 2) Anh huimg mire nhom & =
Xét nghiém 3) Chuyén trang théi phy - Xép hang tim quan trong
(theo théi gian) Hop nhit va chudn héa thude diu vao 3) Anh huimg mirc cé thi (Bayes) diic trumg
(két hop tri thire quén thé 4) Téc dting didu trj téng hop
Ghép va ma héa v tri véi trang thé bénh nhdn ¢ 5) Dy béo kit cye dibu trf
Didu trf (két hop dic trumg va chuin héa) 4) Cap nhit va chon lpc - 6) Lurgmg héa bit dinh I8y § miu) Phin tich & trsc quan
(thea thix gian) va vi tri thi gian) tao diu ra déing gop dic trumg
HAM MAT MAT TONG HOP
L= Lo + MraniLownt + Apreat Lrves + Az Licr.
v ' v ¥ ¥ v
Tip dit ligu Dii 5 g
e . s 0;: € R% Diiu ra du béo Déu ra gii thich
D={(X, T\ b, dio sl hi, € R hi. € R™ (chot=1,...,T}) {s ; o, Var (3 )}
it by o B Var (g ity |5l Rank
N: s bénh nhin Chot=1,...,T; (chot=1,..., T) Biéu didn cudi cing: Ll L {v tiv 19341 J}
0 = 0,1y

Hinh 3.1: Téng quan kién triic mo hinh dé xuét

2.2. Mai héa dic trung 1Am sang va biéu dién diéu tri

Céac déc trung 1am sang va thong tin diéy tri duge nhung riéng biét 101 két hop
thanh bi€u dién dau vao, giup m6 hinh dong thoi nam bat trang thai bénh va tac
dong diéu tri theo tho1 gian.



2.3. Thanh phén hoc tri thitc quén thé dwa trén bd nhé)

Sau khi by ma hoa dac trung tao ra biéu dién bénh nhan h; ;, m6 hinh bo sung
mo-dun hoc tri thue quén thé dua trén bod nhc"r nham khai thég: cAc mau tién trién
bénh pho bién tur toan bo dir li¢u. M(j—dun gom ba thanh phan chinh.

Ngan hang b§ nhé nguyén mau toan cuc. M6 hinh duy tri mot tap K
nguyén mau kha hoc M = [mj,m,,.. mK]T € RE*4 Céac nguyén mau
duoc khéi tao ngau nhién va dugc cap nhat thong qua lan truyén nguoc trong
qua trinh huan luyén dé biéu dién cac mau tién trién bénh thudng gip cua quan
the.

Truy xuét tri thicc bing co ché cross-attention ¢4 xét dén thoi gian.
Thong tin thoi gian theo ddi duoc anh xa thanh véc tobi€u dién: e; ; = fiime(Tit).
Truy van duogc xay dung tur biéu dién bénh nhén va thong tin thoi gian: ¢; ; =
Wo (h; ;+e;+). Khoa va gia trj dugc sinh tir ngan hang b nhd: K = MWy, V =
MWy. Trong sb chii y dugc tinh bang co ché scaled dot-product attention:

KT ST S A 2 £, 1x
oy = Softmax (%) . Biéu dién tri thirc quan thé dugc truy xuat la: r;; =

@; V. Co ché cha y cho phép md hinh két hop thong tin tir nhiéu nguyén mau
thay vi chi lya chon mot nguyen mau duy nhat.

Hop nhit tri thirc quan thé vo6i biéu dién ca thé. Bicu dién bénh ‘nhan
va tri thice truy xut dugc két hop thong qua mot mang MLP cung két n01 du:

hzt - hzt ‘l_ ffusmn ([ ) ta r; t]) TI'Ol’lg dé fﬁlSlon( ) la mOt mang MLP gom 10p
tuyén tinh, ham kich hoat, chuan hoa va dropout. Biéu dién cudi cung h; + vua
bao toan ddc trung ri€éng cua tung bénh nhan, vira bod sung tri thirc hoc duoc tu
toan bo quan thé, va dugc str dung 1am dau vao cho mé-dun hoc trang thai bénh
dé mo hinh héa dién bién theo thoi gian va du bao séng sot.

2.4. Hoc trang thai bénh tiém 4n bang mé hinh khéng gian trang thai chon loc

Biéu dién bénh nhan sau khi dugc ting cudong bdi mo-dun bd nhd, ky hiéu h; £
dugc dua vao mo hinh khong gian trang thai c6 chon loc (Selective State Space
Model — SSSM) dua trén kién trac Mamba nham mo hinh hoa dién bién bénh
theo thoi gian véi d6 phire tap tuyén tinh theo chiéu dai chudi.

Biéu dién dau vao duoc chiéu sang khong gian trang thaiu,; ; = = Wi,h; t,sau
do trang thai bénh dugc cap nhat theo mo hinh khong gian trang thai co chon loc
Sit = AisSit—1+ B, W ¢, trong d6 cac ma tran chuyen trang thai phu thude dau
vao duoc hoc tir biéu dién hién tai A;: = exp(AiA), B = A;;B. PAu ra cua
mo hinh duogc tao thong qua co ché chon loc dic trung 0; + = Wout (it © Yir) -
Biéu dién tai 1an theo doi cudi cung 0; = 0, 7,, dugc sir dung lam biéu dién téng
hop cua bénh nhan va 1a dau vao chung cho cac nhanh dy bao sdng sot va du
bao két cuc diéu tri.



2.5. Du bao song s6t va két cuc diéu trj theo hoc da nhiém

Biéu dién trang thai bénh o; dugc str dung lam dau vao chung cho hai nhanh du

bao gdm dy bao song sot va du bao ket cuc diéu tri. 7
Nhanh du bao song sot. Biéu dién trang thai bénh dugc st dung dé du bao

ham nguy co

ﬁz — fhazard(oi)a (31)

tir d6 xéac suat sdng sot dugc tinh theo

t
=[]t = hig)- (3.2)
k=1

_ Nhanh du bao két cuc diéu tri. Tac dong diéu tri duoc tong hop tir ba muc
gom quan thé, nhom va cé thé
€; = €pop + €sub,i + €ind,i, (33)

va két hop voi biéu dién trang thai bénh dé du bao két cyc diéu tri

Ji = fou ([0i; €;;emb(d;)]) - (3.4)
~ Hoc da nhiém. Hai nhanh du bao duoc huan luyén dong thoi thong qua ham
mat mat
/:' - Esurv + /\rankﬁrank + )\treat (Etreat + /\KLEKL) . (35)
Chién quc hoc da,nhiém cho phép hai nhiém vu cung chia s¢ biéu dién trang
thai bénh, dong thoi to1 wu riéng ting nhanh dé€ nang cao hi¢u qua
2.6. Giai thich két qua du bao biang SHAP

Sau khi mé hinh dugc huan luyén, phuong phap SHAP dugc sir dung de lugng
héa mure 46 dong gop cua ting dic trung dau vao d6i véi cac du bao séng sot
va két cuc diéu tri ma khong lam thay ddi cau trac mé hinh. Gia tri SHAP cua
dac trung thr ¢ dugc xac dinh theo gié tri Shapley

[STE] = 15T = 1)!
b= Y e I R (O
SCF\{i} '
Poi Vc'ji dir liéu theo ddi doc, cac gia tri SHAP dugc tinh tai tung lan tai
kham va tong hop theo thoi gian d€ danh gia muc do anh hudng trung binh cta
tung dac trung:

T
Z Bril- (3.7)
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Cac gia tri SHAP duoc sir dung dé xac dinh cac yeu t6 nguy co, yéu to bao
vé va xay dung bao cdo giai thich nham hd tro dién giai két qua du bao.

2.7. Chién lwgee huin luyén mé hinh

Mo hinh dugc huan luyén theo chién luoc curriculum learning v6i d6 phuc tap
tang dan Ban dau m6 hinh chi hoc nhi€ém vu dy bao sdng sot, sau do bd sung
ham mat mat Xep hang va cudi cung dua thém nhi¢ém vu du bao két cuc diéu
tri. Cac tham sé duoc toi vu bang AdamW thong qua lan truyén nguoc, két hop
Reducel ROnPlateau va early stopping trén tap xac thyc nham ting tinh 6n dinh
va han ché qua khép.

3. Thuc nghiém va két qua

3.1. MO ta dix li€u

Thiét ké thuc nghiém va két qua danh gia mo hinh dé xuét trén hai bo dir liéu
thir nghiém 1am sang cong khai AIDS Clinical Trials Group (ACTG), bao gom
ACTG 388 va ACTG 175. Hai bd dit liéu nay dai dién cho hai kich ban bd sung
nhau trong bai todn dy bao song sot: ACTG 388 1a bo dit liéu doc theo thoi gian
(longitudinal), cho phep theo doi dién blen cua tu’ng bénh nhan thong qua nhiéu
lan do CD4 va tai lwong virus tai cac moc thoi gian khac nhau. Trong khi do,
ACTG 175 1a bo dir liéu dang tinh (static), trong d6 mdi bénh nhan chi duoc
biéu dién bdi cac ddc trung nén (baseline) thu thap tai thoi diém bat dau nghién
cuu.

3.2. Cac md hinh co sé dé so sanh

Nghién ctru lya chon cac mo hinh nén tang dai dién cho nhiéu huong tiép can
khac nhau trong phan tich séng sot, bao gdm mé hinh thong ké c6 dién (CoxPH),
cac mod hinh hoc sau dua trén Cox (DeepSurv), mo hinh ro1 rac héda thoi gian
(DeepHit), va mé hinh dua trén Transformer (SurvTRACE). Béi véi dit liéu co
tinh chudi thoi gian (ACTG 388), nghién ctru bd sung cac md hinh RNN nhu
GRU-Survival va LSTM-Survival nham khai thac thong tin longitudinal.

3.3. Thuec nghiém chi tiét trén ACTG 388 (Longitudinal Cohort)
3.3.1. Hiéu ning tong thé trén ACTG 388

Theo Bang 3.1,m6 hinh dé xuat vuot trdi so voi GRU-Survival vdi C-index cao
hon, IBS va Calibration MSE thép hon, cho thay kha ning phan biét, du bao va
hiéu chinh déu dugc cai thién dang ké.

Bang 3.1: Cac chi s6 hiéu ning chinh trén ACTG 388

Chi sb MH deé xuit | Baseline tot nhat (GRU) | Mikc céi thién
C-index 0.824 0.762 +8.1%
Integrated Brier Score (IBS) 0.087 0.112 -22.3%
Calibration MSE 0.012 0.021 -42.9%
AUC phu thudc thoi gian (24 thang) 0.801 0.745 +7.5%
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Nghién ctru thie nghiém trén ACTG 388 cho thay mo hinh dé xuét khai thac
hiéu qua dir li¢u doc, giap C-index tang tir 0,770 1€n 0,824 va cai thién kha nang
du bao sdm 3—6 thang. So véi cham soc tiéu chuan, mo hinh dat ty 18 tudn thu
diéu tri 74,1% so voi 61,8%, rit ngén thoi gian dat uc ché virus tir 22,7 xuéng
16,3 tuan va cai thién muc ting CD4 sau 24 thang tir +124 1én +168 cells/uL.

3.3.2.  So sanh hiéu nang voi cac mé hinh co so

Két qua thuc nghiém cho thdy mé hinh dé xuét dat hiéu ning tot nhat trén toan
b6 céc chi s6 danh gia. Cy thé, mo hinh dat C-index = 0,824, cao hon dang ké
s0 v6i cac phuong phap ddi sanh nhu GRU-Survival (0,762), LSTM Survival
(0,756), SurvTRACE (0,739), DeepHit (0,708), DeepSurv (0,672) va Cox PH
(0,634). Déng thdi, mé hinh ciing dat IBS thap nhat (0,087) va Calibration MSE
thap nhat (0,012), cho thdy kha nang du bao xac suit song sot chinh xac va hiéu
chuan t6t hon. Ngoai ra, AUC tai mdc 24 thang dat 0,801, vuot troi so vdi cac
mo hinh con lai. Nhiing két qua nay khang dinh rang viéc két hop biéu dién
chudi thoi _gian v6i md-dun by nhd va md hinh khong gian trang thai co6 chon
loc giup nam bat hiéu qua hon dién bién 1am sang theo thoi gian, tir d6 cai thién
dang ké hiéu qua phan tich séng sot trén dir liéu longitudinal.

3.3.3.  Kiém dinh ¥ nghia thong ké bang DeLong

Kiém dinh DeLong cho thiy md hinh dé xuat dat cai thién AUC ¢ y nghia
thong ke so vo1 Cox PH, DeepSurv, DeepHit , SurvTRACE, LSTM-Survival va
GRU-Survival.

3.3.4. Ddc diém qudn thé nghién ciru theo phdn tang CD4

Bang 3.2 cho théy su phan tﬁng sdng sot rd rét theo CD4 nén, véi nhém CD4 <
50 cells/uL ¢6 nguy co cao nhat (HR =2.84; 95% CI: 2.12-3.81; p < 0.001) va
tién luong kém nhat so véi nhom >200 cells/uL, khang dinh vai tro tién luong
trung tAm cta CD4 trong tién trién HIV.

Bang 3.2: Két qua séng sot theo phan ting CD4 ban dau

Phan ting | N |Ty1é |6 CI 12 CI 24 | CI Thoi
CD4 thang | 95% | thang| 95% | thang| 95% | gian
trung
vi
< 50 | 127 | 24.90%) 0.732 | (0.651+0.583 | (0.498+0.441 | (0.355+14.2
cells/uLL 0.813) 0.668) 0.527) | thang
50-200 226 | 44.20% 0.823 | (0.769+0.721 | (0.661-+0.634 | (0.571+21.7
cells/uLL 0.877) 0.781) 0.697) | thang
> 200 | 158 | 30.90% 0.886 | (0.834+0.823 | (0.758+0.759 | (0.684-+ Chua
cells/uL 0.938) 0.888) 0.834) | dat

3.3.5.  Phan tich logi b6 thanh phan (Ablation Study)

Bang 3.3 cho thdy cac thanh phin mé hinh hoa thoi gian déu cai thién hi¢u
nang du bdo, trong d6 Selective SSM dong gop 16n nhat, va khi tich hgp day
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du cac thanh phan, mé hinh dat két qua i uu (C-index = 0.824, IBS = 0.087,
Calibration MSE = 0.012), khang dinh hi€u qué khai thac cau trac thoi gian
trong dir licu ACTG 388.

Bang 3.3: Phan tich loai bo: Anh hudng ciia cac thanh phan thoi gian

Ciu hinh C-index | Mirc thay doi | IBS | Calibration MSE
Co so (khong thoi gian) | 0.741 Baseline 0.134 0.029
+ Selective SSM 0.789 +0.048 0.103 0.018
+ Temporal Memory 0.768 +0.027 0.119 0.023
+ Bayesian Treatment 0.756 +0.015 0.127 0.026
SSM + Memory 0.813 +0.072 0.091 0.014
SSM + Bayesian 0.802 +0.061 0.096 0.016
Memory + Bayesian 0.784 +0.043 0.108 0.020
MH dé xuat (day di) 0.824 +0.083 0.087 0.012

3.3.6. Hiéu nang dy bao trong béi canh rii ro canh tranh

P6i véi ba bién ¢b canh tranh trong ACTG 388, md hinh dé xuét dat time-
dependent AUC va C-index cao hon va 6n dinh hon so véi cac baseline & moi
moc thoi gian tu 3 dén 24 thang.

Bang 3.4: Gia tri AUC-ROC theo thoi gian (rai ro canh tranh)

Thoi gian | Cox DeepSury DeepHit | SurvTRACE LSTM- | GRU- | MH das
(thang) PH Surv Surv xuat
3 0.621 | 0.659 0.702 0.734 0.748 0.753 0.812
6 0.635 | 0.672 0.715 0.748 0.763 0.769 0.826
12 0.642 | 0.681 0.723 0.756 0.772 0.778 0.834
18 0.628 | 0.668 0.708 0.741 0.759 0.765 0.821
24 0.612 | 0.649 0.684 0.718 0.739 0.745 0.801

3.3.7.  Phan tich SHAP theo thoi gian (Temporal SHAP Analysis)

Bang 3.5 cho thdy CD4 va tai lugng virus (log RNA) 13 hai dic trung quan trong
nhat véi bién thién theo thoi gian 10 rét.
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Bang 3.5: Tam quan trong dic trung toan cyc (trung binh theo thoi gian)

Pic trung | Mirc quan | PO  bién | Giai doan | Dién giai 1am
trong thién theo | quan trong | sang

thoi gian

CD4 Count | 0.342 Cao Thang 06 | Tinh trang mién
(0=0.089) dich ban dau

quyét dinh tién
lugng

Log RNA 0.298 R4t cao | Thang 0-3, | Ponghoc virus va
(0=0.134) 12—-18 nguy co tai phat

Loai diéu tri | 0.187 Trung binh | Thang 0-12 | Hi€u qua dap ung
(0=0.045) ban dau

Thc‘ri gian | 0.156 Cao Lién tuc Tién trién bénh

diéu tri (0=0.067) theo thoi gian

CD4% 0.143 Trung binh | Thang 3-9 | Phuc héi mién
(0=0.052) dich

Gian  doan | 0.089 Thap Théang 624 | Kha ning dung

diéu tri (0=0.023) nap dai han

Can nang 0.067 Thip Thang 0-6 | Tinh trang suc
(0=0.018) khoe nén

Tudi 0.045 Rit  thap | On dinh Yéu t6 nhan khau
(0=0.009) hoc

Bang 3.6 cho thay mo hinh dién giai hiéu qua quy dao cia bénh nhan dat trc
ché virus bén vimg. Sy tang CD4 va giam RNA trong giai doan dau dugc phan
anh r0 qua gia tri SHAP, cho thay tac dong bdo v¢ theo thoi gian.

Bang 3.6: Quy dao bénh nhan mau: P4p ing hoan toan (ID: 12884)

Thoi diém CD4 SHAP CD4 | Log RNA | SHAP RNA
Ban dau (0 thang) | 18 cells/uL -0.78 5.14 +0.89
Thang 3 164 cells/uLL -0.31 3.18 +0.34
Thang 6 145 cells/uLL -0.18 0.95 -0.67
Thang 12 193 cells/uL +0.24 1.76 -0.23
Thang 24 186 cells/uL +0.31 2.30 +0.15

3.3.8.  Xac thuc lam sang (Clinical Validation)

Bang 3.7 cho thidy mirc dong thuin cao (70-77%) gitta m6 hinh va thyc hanh,
dong thoi cac truong hop phu hop dat két qua 1dm sang tot hon, dac biét trong

12 thang dau.
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Bang 3.7: Murc d6 tuan thi khuyén nghi diéu tri (xac thuc theo thoi gian)

Khoing Ty-1é CI 95% Loi ich CD4 | Uc-ché | Miic
thoi gian dong virus do hai
thuan long
0-6 thang | 73.2% (68.9-77.5%) | +89 cells/uL | 68.3% | 82.1%
6-12 thang | 76.8% (72.7-80.9%) | +127 cells/uL | 71.5% | 85.7%
12-24 thang | 71.4% (66.8-76.0%) | +93 cells/uL | 64.9% | 79.3%
Téng thé 74.1% (70.8-77.4%) | +103 cells/uL | 68.2% | 82.4%

Bang 3.8 cho thdy nhém “model-identified high-outcome™ dat két qua 1am
sang vuot troi so voi chém soc tiéu chuan—urc ché yimg nhanh hon, tang CD4
cao hon va giam ngung diéu tri, tai phat, khang thuoc (tat ca p < 0.001).

Bang 3.8: So sanh két qua giita nhom c6 quy dao thuan loi theo mo hinh va
nhom ti€u chuin

Chi s6 Nhém | Chim |Khic |CI95% | P- Kich
thuan soc ti€u | biét value | thuéc
logi theo | chuan hi¢u
mo hinh ung

Thoi  gian | 16.3 tuan | 22.7 tudn | -6.4 tuan | (-8.9, < d=0.72

dat VL < 50 -3.9) 0.001

Tang CD4 | +168 +124 +44 (28,60) | < d=0.54

sau 24 thang | cells/uL | cells/uL | cells/uL 0.001

Nging diéu | 14.2% 22.8% -8.6% (-124, -| < OR =

tri 4.8) 0.001 | 0.57

Tai phat | 18.9% 28.4% -9.5% (-14.1, - | < OR =

virus 4.9) 0.001 | 0.59

Khang thude | 7.3% 12.1% -4.8% (-8.2, 0.006 | OR =

-1.4) 0.57

3.3.9.  Phan tich kha nang mo rong

Béang 3.9: Scalability Analysis trén ACTG 388

Sequence Length | Inference Time | Memory Usage | Accuracy Loss
<5 18ms 2.1GB None
> 21 145ms 14.6GB < 0.7%

Do suy giam hiu nang nho hon 0.7% khi xur ly chudi dai xac nhan dd phuc tap
tuyén tinh theo chi€u dai chudi cua Selective State Space Model. Di€u nay dam
bado kha nang mo rong cho dir li¢u y t€ theo doi dai han.
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3.4. Két qua thwe nghiém trén b dit liéu ACTG 175
3.4.1.  So sanh hiéu ndng tong qudt giita cdc mé hinh

Bang 3.10 cho thay mo hinh dé xuat dat hi€u nang t6t nhat voi C-index cao nhét,
IBS thap nhat va sai s6 hi¢u chinh nho nhat, ching t6 kha nang phan biét nguy
co va hiéu chinh xac suat song sot vugt trdi so voi cac phuong phap so sanh.

Bang 3.10: So sanh hiéu niang cac md hinh phan tich séng sot trén ACTG175.

M4 hinh C-index | CI IBS CI Calib. | CI
95% 95% | MSE | 95%
Cox PH 0.61 | (0.587- 0.187 | (0.178- 0.048 | (0.044
0.633) 0.196) 0.052)
DeepSurv 0.65 | (0.628- 0.165 | (0.157- 0.037 | (0.034
0.672) 0.173) 0.040)
DeepHit 0.69 | (0.669- 0.142 | (0.135-4 0.034 | (0.031
0.711) 0.149) 0.037)
SurvTRACE 0.72 | (0.700- 0.128 | (0.122- 0.029 | (0.027
0.740) 0.134) 0.031)
MH dé xuit 0.77 | (0.7524 0.106 | (0.101- 0.016 | (0.014-
0.788) 0.111) 0.018)

3.4.2.  Phan tich AUC-ROC phu thuoc thoi gian

Bang 3.11 cho thdy mo hinh dé xuat dat AUC-ROC phu thugc thoi gian cao nhat
tai moi méc theo ddi, thé hién kha ning phén biét nguy co 6n dinh va vuot troi
so v&i cac phuong phap so sanh trong ca ngan han va dai han.

Bang 3.11: Gia tri AUC-ROC phu thudc thoi gian trén ACTG175.

Thoi gian (ngay) | Cox PH | DeepSurv | DeepHit | SurvTRACE | MH dé xuat
180 0.578 0.620 0.672 0.701 0.758
360 0.603 0.633 0.685 0.715 0.769
540 0.614 0.652 0.691 0.723 0.776
720 0.621 0.658 0.705 0.731 0.783
900 0.608 0.640 0.687 0.718 0.774

3.4.3.  Phan tich song sot Kaplan—Meier theo nhém CD4 nén

Phan tich Kaplan—Meler (Bang 3.12) cho thay su phan ting nguy co r0 r¢t theo
CD4 nén, véi nhom CD4 cao c6 xac suat sdng sot vuot troi; klem dinh log-rank
(p < 0.001) xac nhan sy khéc biét ¢ y nghia, cho thdy CD4 13 yéu t6 tién luong
quan trong.
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Bang 3.12: Két qua Kaplan—Meier theo phan tang CD4 nén (ACTG175).

Nhom N | Song sét 1 nim | Song s6t 2 nim | Thoi gian
(CI1 95%) (CI1 95%) trung vi (ngay)

CD4 > 350 | 927 | 0.924 (0.906—- | 0.864 (0.841— | Khong dat
0.942) 0.887)

CD4 <350 | 1212 | 0.847 (0.826— | 0.684 (0.658— | 798
0.868) 0.710)

Kiém dinh log-rank: x> = 23.8, p = 0.00000791
3.4.4. Phan tich dy bdo theo phdc do diéu tri trén cdc phdn nhém bénh nhén

Nghién ctru cling di thyc hién phan tich két cuc phu thudc phac d6 cho thay mo
hinh du bao khéc biét rd theo timg phac d6 diéu tri va phu hop voi 1am sang,
v6i ZDV+ddI cho tién lugng tot nhat va ZDV don tri kém nhat, dic biét & nhom
CD4 thap, xu huéng nay nhét quan gitra cac nhom bénh nhan, phan anh kha
nang cé thé hoa theo trang thai mién dich va tién sir diéu tri.

3.4.5.  Phan tich hiéu chinh xdc sudt (Calibration) va y nghia thyec tién

Phén tich d6 hiéu chinh cho thiy mé hinh dé xuét dat sai s6 hiéu chinh thap nhét
(0.016), vuot troi so voi cac phu’orng phap so sanh, khang dinh kha ning udc
lugng xac suat sbng sot chinh xac va dang tin cay.

3.4.6. Phan tich khuyén nghi diéu tri (Treatment Recommendation Analysis)

Két qua cho thiy mo hinh c6 tiém nang hd tro khuyén nghi diéu tri ca thé hoa,
v6i muc do phu hop twong dbi véi thuc hanh 1am sang (68.0%), diac biét cao
hon & cac nhém nguy co cao. Nhom c6 lya chon diéu tri phu hop voi khuyén
nghi ctia mo hinh ghi nhan két qua diéu tri kha quan hon.

3.4.7.  Phadn tich tam quan trong bién (Feature Importance)

Phén tich tAm quan trong ctia bién cho thdy CD4 Count la dic trung quan trong
nhat trong tat ca cac nhom diéu tri (0,22-0,28), tiép theo 1a Prior ZDV va ty 1¢
CD4/CD8. Cac yéu t6 nhan khau hoc va lam sang khac c¢6 anh hudng thép hon.
Két qua cho thay mo hinh tip trung vao cac yéu td quyet dinh chu yéu dén du
béo song sot, dong thoi thich nghi voi su khac biét giita cac phac do diéu tri.

3.4.8. Kiém dinh y nghia thong ké gitta cdc mé hinh

Két qua kiém dinh y nghia théng ké cho thdy mé hinh dé xuét dat C-index cao
hon ¢6 ¥ nghia thong ké so véi Cox PH, DeepSurv, DeepHit va SurvTRACE,
v6i muc cai thién tir 0,05 dén 0,16. Tat ca cac phép so sanh déu co p-value <
0,05, khang dinh rang su cai thién vé hiéu niang cia mé hinh khong phai do ngau
nhién ma c6 y nghia thong ké.
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Chuong 4. UOC LUQNG NHAN QUA VA DU BAO KET CUC
TRONG GIAM SAT VA PIEU TRI HIV

1. Mé dau

Chuong nay phan tich nhiing thach thirc ctia suy lun nhan qua trén dir li¢u HIV
quan sat va dé xuat mot khung suy luan nhan qua theo hudng mo-dun, tach biét
hoc biéu dién va wéc luong hiéu qua can thi¢p. Cach tlep can nay nang cao do
tin cdy trong udc luong tic dong ca thé va hd tro ra quyét dinh diéu tri trong bbi
canh lam sang.

2. Phuwong phap dé xuit
2.1. Dinh nghia bai toan suy luan nhin qua c4 thé

Bai toan duoc thiét 1ap trong khung két cuc tiém nang cho dir li€u quan sat HIV,
trong do moi ca thé dugc dic trung boi tap bién nén X, bién can thi¢p roirac T
vakeét cuc nhi phan Y. M6 hinh huéng t61 viéc hoc ham ky vong co diéu kién cta
két cuc tiém nang p(z, t) =E[Y(¢) | X = z], tr d6 suy ra hiéu qua nhan qua ¢
mirc ca thé va murc co diéu kién theo dic trung nén. Viéc xac dinh cac dai lugng
nay dua trén cac gia dinh co ban, bao gém tinh nhat quan (consistency), tinh
khong nhidu (ignorability), tinh duong (positivity) va gia dinh SUTVA, dong
thot cefm xem xét cac thach thire khi ap dung trong bdi canh dit lidu quan st
thuc té.

2.2. Xay dung va danh gia do thi nhan qua phuc vu suy luin can thiép

Hai d6 thi nhan qua tmg vién duoc xem xét: do thi tri thirc chuyén gia Gx va do
thi dua trén dir liéu Grgx, dugc xay dung béng SHAP-bootstrap, ANM-HSIC
va loai bo chu trinh. Phan tich d§ nhay duogc s dung dé lya chon d6 thi cudi
cung Grinal, 1am co sé udc luong tac dong can thiép dua trén quan hé nhan qua
thay vi chi dua trén cac mdi lién hé thong ké

2.3. Kién tric tong thé ciia hé thong

Hai d6 thi nhan qua dugc x4y dyung tir tri thirc chuyén gia va va suy luan dit liéu
(md hinh REX), sau d6 lwa chon ciu truc tdi wu théng qua phén tich d6 nhay.
Tap bién nhan qua dugc biéu dién dudi dang ma tran dic trung X € R™*P, gifip
giam sai léch do cac bién khong lién quan hodc hau can thiép.

Ma tran X duoc dua vao hai thanh phan: (i) TITAN dé hoc biéu dién phi
tuyén va (ii) DRLearner dé u6c luong hiéu g nhan qua theo nguyén 1y doubly
robust, cho phép tinh ITE va ATE.

Mot tac nhan hoc ting cudng hoc chinh sach 7(-) nham két hop dong hai
dau ra theo timg mAu, giup cin bang giira kha ning biéu dién va do tin ciy cta
udc lugng. Khung CAUSALRLSTACK do d6 cung cap mot phuong phap linh
hoat va chinh xac cho udc lwong hiéu Gmg nhan qua ca thé.

Hinh 4.1 minh hoa toan b kién trac cua khung CAUSALRLSTACK. Quy
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Hinh 4.1: Kién trc tong thé ctia mé hinh du bao nhan qua lai.
trinh bat dau tir dit liéu HIV/AIDS, sau d6 xay dung dd thi nhan qua nham xac
dinh céc dac trung c6 y nghia cho suy ludn. Hai m6 hinh TITAN va DRLearner
hoat dong song song dé khai thac hai khia canh khac nhau ctia bai toan: hoc biéu
dién va uéc lugng nhén qua. Cudi cung, md-dun hoc tang cuong dong vai tro
diéu phdi, két hop linh hoat hai nguodn thong tin va tao ra du bao nhéan qua cubi
cung kém theo murc d6 khong chac chan.

2.4. Hoc biéu dién nhin qua siu véi kién tric TITAN
Mo6-dun TITAN duoc tl}ié't ké nham hoc mét biéu dién tiém an z; € R? tir dau
vao z; € R?, phuc vu dong thoi du bao va suy luan phan thuec:

Ri = (DTITAN(%'; 9@)-

Pau tién, dic trung dugc nhing thong qua tich chap mét chiéu va cac 16p
Transformer:

WY = ConviD(z;), A" =MHAGR'™), A = LN + 1),

pY = LN(RY + FEN(IYY).
Pé tang tinh On dinh duéi thay doi phan phdi, bo nhd ngoai duoc tich hop:

— (W, +b,)), My=goM 1+ (1—g)oh”, = =" M.

Biéu dién z; duoc st dung dé uéc luong két cuc tiém ning dudi moéi muc
can thiép ¢:
f1:(t) = o(Woz; + b,), E[Yi(t) | Xi].

Mo hinh dugc huin luyén bang ham mat mat binary cross-entropy:

(i t) =

Lriran = —% Z lyilog fui(T;) + (1 — y;) log(1 — fu(T3))] -

1=1

Sau huan luyén, mo hinh sinh ra cac két cuc tiém ndng cho moi t € 7 va
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udc luong hiéu qua diéu tri c4 thé:
ITE; = j1;(1) — [1;(0).

2.5. Uédc lwong hiéu qué can thiép ca thé héa véi DRLearner

DRLearner dugc tich hop nhu mot nhanh song song véi TITAN nham uéc luong
hi€u tmg nhén qua theo nguyén ly doubly robust. Phuong phap nay két hop hai
thanh phan: mo hinh hdi quy két qua va mé hinh propensity score, dam bao tinh
nhat quan neu it nhat mot trong hai mé hinh dugc chi dinh ding.

Véi mdi cé thé 4, hai ham hoi quy két qua duoc wéce lugng:

(4.1)
va propensity score:
e(z;)) =P(T; = 1| X; = x;). (4.2)

Hiéu tng can thiép ca thé (ITE) dugc tinh theo cong thirc doubly robust:

. [t ) S
= (s ) O = o) + o) = o), 43

va hi¢u tng trung binh:

1 n
ATE= - ) 7. 4.4
n;T (4.4)

D6i v6i can thiép nhiéu nhanh T’ € {0, 1, ..., K}, higu tmg giita hai nhanh
a, b dugc md rong thanh:

—

I L
éa( X)) (X)) (Yi — (X)) +fra(Xi) — fi (X))
(4.5)

Mo hinh duoc trién khai voi Random Forest cho hdi quy két qua va Logistic
Regression cho propensity score, két hop 5-fold cross-validation dé dam bao
tinh tong quat hoa ngoai mau.

7A-i(av b) = (Y; - Iaa(Xi))_

2.6. Diéu phdi thich kng bang hoc ting cwong cho wéc lwong phan thue

M0 hinh str dung hoc tang cuong (RL) dé diéu phdi dong giira hai nhanh suy
luin song song: TITAN (biéu dién sau) va DRLearner (doubly robust). Thay vi
dung trong s tron c¢b dinh, m6 hinh hoc mot chién luoc két hop tdi wu & mirc
ca thé thong qua mot qua trinh ra quyét dinh Markov (MDP).

M4 hinh héa trang thai va hanh dong. V&i mdi ca thé 4, trang thai cia tac
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tor dugc xay dung tir hai du b4do phan thuc va tin hi¢u bat dinh:

_ | A TITAN ~DRLearner
i = [N, gPRLeamer ] (4.6)

Hanh dong twong tmg véi trong so tron lién tuc: a; = o, € [0, 1], duge sinh
ra tir chinh sach o; = my(a; | s;).
Co ché tron du bao. Dy bdo cudi cung la t6 hop 161 ctiia hai nhanh:

:g — Oély;HTAN + (1 )gPRLearner (47)

) Thiét ké phan thwéng. Phan thuong duoc dinh nghia dua trén 4m ctia ham
mat mat cross-entropy:

i = |y log() + (1 - i) log(1 — ). (48)

Cap nhit chinh sach. Chinh sach duogc tdi vu theo co ché Actor—Critic voi
policy gradient:

0 < 0 +nVylogmy(a; | si) Q(si, ai). 4.9)

Nho co ché nay, trong s6 tron duogc hoc thich tng theo ting ca thé, gitp hé
thong khai thac t6i vu d tin cay tuong d6i gitra hai nhanh suy luan va nang cao
chat lugng du bao phan thyc trong bdi canh di liéu di thé.

2.7. Uéec lwgng bat dinh va thich ing véi sw thay ddi phan phéi

Nghién ctru b sung co ché udc luong bat dinh bang Monte Carlo Dropout dé
danh gia do tin cdy ctia wéc lugng hiéu tmg nhan qua ¢ murc ca thé, thong qua
phén rd aleatoric va epistemic uncertainty Pong thoi, hé thong tich hO’p phat
hién concept drift dé kich hoat cap nhat khi phan ph01 dir liéu thay doi, giup duy
tri tinh 6n dinh va bén viing trong méi truong thuc té.

3. Thuc nghiém va két qua
3.1. M0 ta b dix li€u
Thyuc nghi¢m va danh gia st dung hai bo dit li¢u HIV cong khai trén nén tang
Kaggle nham danh gia khung suy luén nhén qua trong hai béi canh khac nhau:
B¢ dir liéu tha nhat (EDHS-HIV/AIDS) ¢6 nguon gbc tir Khao sat Nhan
khau hoc va Y té Ethiopia, phan anh déc diém dan s6, hanh vi va nhan thire lién
quan dén HIV & quy mé cong dong.
B dir liéu thir hai (AIDS Virus Infection Prediction, dua trén b ditr liéu thi
nghiém 1am sang ACTG 175) phan anh bdi canh thir nghiém 1am sang diéu tri
HIV, bao g@)m cac dac trung nhan khau hoc, 1am sang va mién dich.
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3.2. Nghién ctru mo6 phéng (Simulation Study)

1.Qud trinh sinh dir li¢u (Data Generating Process). Nghién ciru xay dung mot
hé thong nhan qua ban thyc t& mo phong bdi canh HIV véi n = 5000, bao
gdm cac bién gay nhidu quan sat dugc, mot bién gay nhiéu khong quan sat
X7 ~N(0,1), bién cong cu Z, bién trung gian M va hiéu qua can thiép di biét
theo dd tuoi:

Viéc gan diéu tri va két cuc duge mé hinh hoa thong qua:

logit Pr(T'=1] X, 2)=..., (4.11)
M =2 —1.5T +0.5X3 + s, (4.12)
logit Pr(Y =1) = 4+ T -7+ ¢ey. (4.13)

Trong d6, dir liéu quan sét loai b6 bién X7 nhim mo phong nhidu khong do
duoc, dong thoi xay dung thém tip chuan chira hiéu qué can thiép ca thé (ITE)
that dé phuc vu danh gia.

2.D6 thi nhdn qua: Cau triic chudn va cdu triic wéc heong. Hinh 4.2 mb ta
d6 thi nhan qua chudn voi cac bién gay nhidu, bién cong cu va bién trung gian
duoc xac dinh rd theo co ché sinh di liéu, trong khi Hinh 4.3 thé hién d6 thj udc
lwong tir dir liéu quan sat ¢6 ciu trac day hon va sai 1éch do xuét hién cac quan
hé tuong quan. Su khéc bi¢t nay nhan manh thach thire cua dit liéu quan sat va
vai tro ctia cac phuong phap ude luong nhan qua bén viing.

Hinh 4.2: P4 thi nhan qua chuan .
Hinh 4.3: B0 thi nhan qué uéc lugng

3. Ket qua nghlen ciru mo phong. Bang 4.1 cho thidy mé hinh dé xuat dat hiéu
nang t6t nhat trén cac chi s6 nhan qua, voi PEHE, ATE error va bias thap nhat,
cung R? cao nhat trong udc luong ITE.

Nghién clru cling dé phan tich loai bo thanh phan, cho thdy mdi thanh phan
trong mé hinh dé xuat déu dong vai tro quan trong. Giam thanh phan nao trong
mo hinh déu giam céc chi sd danh gia udc luong nhan qua cua mo hinh. Bang
4.2 cho thiy CAUSALRLSTACK khong chi vuot troi vé suy luan nhan qua ma
con duy tri hi¢u nang du bao cao hon cac phuong phap so sanh.
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Béang 4.1: So sanh hiéu nang cdc mo hinh suy luan nhan qua trén dit liéu mo

phong
Phwong phap PEHE | | Sai s6 | Pd ITE R?| ATE uéc
ATE | | chéch T lwgng
ATE
MH dé xuat 0.0980 | 0.0198 |-0.0089 | 0.5834 | 0.2261
CAT Network 0.1089 0.0234 0.0187 0.5445 0.2537
Orthogonal Random | 0.1156 0.0267 -0.0145 | 0.5198 0.2205
Forests
Double/Debiased 0.1203 0.0289 0.0223 0.4987 0.2573
ML
Causal Forest 0.1267 0.0321 -0.0198 | 0.4743 0.2152
X-Learner 0.1334 0.0367 0.0298 0.5456 0.2648
CEVAE 0.1423 0.0412 -0.0267 | 0.5123 0.2083
Bang 4.2: So sanh hiéu ndng du béo trén dir licu mo6 phong
Phwong phap Accuracy | Fl-score | AUC-
ROC
MH dé xuit 0.8734 0.862 0.924
CAT Network 0.8267 0.814 0.889
Orthogonal Random | 0.8189 0.807 0.883
Forests
Double/Debiased ML 0.8123 0.798 0.876
Causal Forest 0.8045 0.789 0.867
X-Learner 0.7967 0.776 0.854
CEVAE 0.7834 0.761 0.841

4. Kiém tra @6 bén vitng (Robustness Testing). Cac thi nghiém kiém tra do
bén viing cho thdy mo hinh duy tri hiéu ning on dinh khi kich thuéc miu giam,
khi cuong do gay nhiéu tang va khi mo hinh két cuc bi chi dinh sai. Pac biét,
nhd dic tinh doubly robust, sai 1éch ATE van duoc kiém soat & mic thap ngay
ca trong céc kich ban bét 1gi, trong khi cac phuong phap don bén viing suy giam

dang ké.

3.3. Két qua thwe nghiém trén cac bd dir liéu HIV

3.3.1. Xdy dung va lya chon do thi nhéan qua cho hai bo dir liéu.

D6i véi ca hai bd dit 1iéu, ciu trac nhan qua duogc xay dung theo quy trinh hai
bude: (i) thiét 1ap DAG dua trén kién thirc chuyén gia dich t&/1am sang va (ii)
suy dién DAG tir dit liéu bang khung kham ph4 REX. Hai cAu trac duoc so sanh
thong qua tinh hop 1y sinh hoc, d6 6n dinh udc luong ATE/ITE va phan tich do
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nhay.

DAG chuyén gia dong vai trd tham chiéu, trong khi DAG tir dit liéu duoc
hiéu chinh dé loai bo cac canh khong hop 1y va gitt lai cac quan hé phu hop thuc
nghiém. D thi cubi cing cho mdi bo dit lidu (Gaset! Gdatasey gy sir dung
dé xac dinh tap bién diéu chinh (confounders), trung gian va cong cy, 1am nén
tang cho toan bg quy trinh udc lugng nhan qua cua luan an.

3.3.2.  So sanh voi cac phwong phadp suy lugn nhdan qua hién co.

Cac phuong phap so sanh gdm: Double/Debiased Machine Learning (DML),
Orthogonal Random Forests (ORF), Causal Forests, X-Learner, Causal Effect
Variational Autoencoder (CEVAE) , va Causality-Aware Transformer (CAT) .

3.3.3.  Két quad thirc nghiém
1.Cdc két qua chinh. Bang 4.3 cho thdy mé hinh dé xuat vuot trdi so véi ’tét ca
cac phuong phap baseline trén ca hai bd dit liéu. Thuc nghi€ém md hinh két hop

Bang 4.3: So sanh mo hinh dé xuat véi cac phuong phap suy luan nhan qua hién
co

Dataset 1 Dataset 2
Method AccuracyF1- AUC- | AccuracyF1- AUC-
Score | ROC Score | ROC
MH dé xuét 0.861 0.845 | 0.897 | 0.855 0.839 | 0.892

Double/Debiased | 0.774 0.749 | 0.830 |0.768 0.744 | 0.827
Machine

Learning

Orthogonal 0.781 0.758 |0.834 |0.774 0.753 | 0.831
Random Forests

CEVAE 0.743 0.720 |0.798 |0.740 0.753 | 0.795

Causality-Aware | 0.784 0.763 | 0.838 |0.778 0.758 | 0.835
Transformer

(CAT) Networks
Causal Forest 0.768 0.747 10.824 |0.763 0.742 | 0.821
X-Learner 0.756 0.738 |0.812 | 0.751 0.733 | 0.808

day du TITAN + DRLearner + RL dat hi¢u nang cao nhat trén ca hai bo dir liéu
va tat ca cac chi sd so véi viée loai bo cac thanh phan trong mo hinh két he
2.Ubc luong hiéu qua can thiép trung binh (ATE). Bén canh cic chi s du
bdo, Nghién ctru cling da tuc hién udc lugng nhan qua thong qua ATE. M6 hinh
dé xuat udc lugng ATE lan luot 14 0.247 va 0.243 trén hai bo dir liéu. Két qua
nay cho théy mo hinh cho ra uéc lugng hi€u irng can thiép 6n dinh gifra cac bo
dir liéu, ddng thoi phu hop voi xu huéng két qua cia cac phuong phap so sanh.
3.Phan tich loai bo thanh phan (Ablation Study). Bang 4.4 cho thiy mé hinh
day du dat hiéu nang cao nhat vé du béo trén ca hai bo dir liéu. Két qua cho thay
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viéc loai bo cac thanh phﬁn chinh nhu RL-ensembl@, TITAN, d6 thi nhan qua,
ude lugng bat dinh hodc phat hién tr61 khai niém déu lam suy giam hi¢u nang

0 rét.

Bang 4.4: Ablation study: Anh huéng hiéu nang khi loai bo timg thanh phan hé

thong
Dataset 1 Dataset 2

Ky thuat Accuracy | F1 | ATE | Accuracy | F1 | ATE
NH dé xuat 0.861 |0.845|0.247 | 0.855 | 0.839 | 0.243
Without RL Ensemble 0.789 0.767 | 0.235 0.788 0.765 | 0.231
Without TITAN 0.762 0.729 | 0.230 0.755 0.722 | 0.227
Without DRLearner 0.779 0.753 | 0.232 0.773 0.748 | 0.229
Without Causal graph 0.815 0.792 | 0.239 0.807 0.787 | 0.235
Without  uncertainty 0.850 0.831 | 0.244 0.843 0.825 | 0.241
estimation

Without concept drift 0.857 0.838 | 0.246 0.849 0.831 | 0.242
detection

Phan tich bﬁt dinh (Uncertainty Analysis). Danh gia bépg Monte Carlo
Dropout cho thay mé hinh dé xuat c6 mtc bat dinh thap nhat trén ca hai bd

dix liéu (0.093 va 0.092), phan anh d6 tin cdy cao hon cac cAu hinh khéc.

KET LUAN CHUNG

Lu4n an phat trién cac bai toan hoc sdu nham du bao va hd tro ra quyét dinh trong
toan bo chudi quan Iy HIV. Ba dong gop chinh bao gém (1) m6 hinh GNN dua
trén attention va graph poohng dé du bao dich t& tir do thi ca bénh toan do thi;

(11) mo hinh phan tich song sot dua trén khong gian trang thai c¢6 lwa chon nham
mo hinh hoa dong hoc bénh theo thoi glan va (iii) khung suy luén nhan qua lai
két hop hoc biéu dién sau, DR-Learner va tdi vu hoa bang hoc ting cuong. Mo
hinh c6 thé mé rong bang cach két hop cac dir liéu khac cling nhu mo rong ra

ca cac dich bénh khac.
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