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1 bDat van dé

1.1 Gidi thiéu bai toan

Bénh tim la nguyén nhan t vong hang dau trén Thé gidi va ciing 1a mot trong nhitng thach thic 16n
nhat vé stic khoe dbi véi ca nam gidi va phu nit. Hon mét nita s6 ngudi chét vi bénh tim ra di dot ngot
ma khong hé c¢6 dau hiéu cdnh bdo — va nita con lai thi cin bénh da Am tham ton tai trong co thé ho

nhiéu nam trude khi bung phéat. Theo théng ké ctia t6 chitc World Heart Federation(WHF), ¢6 khoang
20.5 triéu ngudi tit vong moéi nam do cic bénh lién quan dén tim mach(CVD-Cardiovascular Diseases).
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Hinh 1: Théng ké ctia WHF vé ti 1& tit vong do cidc bénh tim mach

Ngay nay, viéc chuan doan sém chinh x4c va hiéu qué bénh tim mach dua trén cdc thong tin lam
sang tré lén cap bach hon bao gid hét. Nhiéu nghién citu da dude thuc hién va nhiéu mé hinh hoc may
khéc nhau dugc sit dung dé phan loai va du doan chan doan bénh tim. Trong du 4n, nhém TimeSeries
sé thuc hién phét trién mét moé hinh phéan loai kha ning méc bénh tim.

1.2 Gidi han bai toan hién tai

Trong du 4n ban dau, cdc TA&STA stt dung b dit litu Cleveland Heart Disease — gom 303 bénh nhan,
13 dic trung lAm sang (tudi, gidi tinh, huyét 4p, cholesterol, nhip tim, dau nguc, v.v.) va nhan muc
tiéu (c6/khéng mac bénh tim), 4p dung cidc mé hinh truyén théng nhu Naive Bayes, KNN, Decision
Tree, cling nhu mot s6 md hinh ensemble (Random Forest, AdaBoost, Gradient Boosting, XGBoost).
Két qua dat duge kha kha quan, v6i do chinh xac 1én dén 97%.


https://world-heart-federation.org/
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Model Val Test
Origin  FE  Origin+DT FE+DT | Origim FE  Origin+DT FE+DT

Naive Bayes .90 .90 .93 .93 84 .84 84 84
KNN .90 .90 97 87 84 84 87 84
KMeans .70 .80 83 .63 8T BT 84 7
Decision Tree 03 .93 93 93 81 81 Bl 81
Ensemble (KNN.DT NB) 87 .93 .90 87 84 .90 .84 84
Random Forest 97 .90 97 84 .90 87 .93 84
AdaBoost 97 81 .97 81 97 84 .93 84
Gradient Boosting | .87 81 87 84 .83 81 .93 .81
XGBoost 90 84 .93 81 87 87 90 .87

Hinh 2: Két qua thuc nghiém theo based-line ctia cac TA

Tuy két qua rat kha quan, nhung, cich tiép can nay van ton tai mot sé6 han ché:

« Kha ning téng quat héa: Két qui cao trén dataset nhé c6 nguy co overfitting, chua chic da
ap dung t6t trong ddc trung thuc té ldm sang véi dit liéu phiic tap hon.

o Gidi han diwr ligu: Cleveland dataset chi chtta di liéu bang (tabular), quy mo6 nhé (303 mau),
thiéu tinh da dang.

e Gi6i han m6 hinh: Cdc m6 hinh ensemble dit manh nhung chii yéu dua vao tabular data, khé
khai thac thong tin da phuong thic (vi du hinh anh/video y khoa).
1.3 Huéng md rong
Va dé cai thién khic phuc céc van dé néu trén, nhém TimeSeries tiép can giai quyét ting van dé theo
2 huéng chinh.
1.3.1 Huédng 1 — So sianh cic md hinh Ensemble Learning: Stacking va TSA trong tbi uwu
héa trong sé du doan
e Muc tiéu: Tép trung cai thién generalization va d6 én dinh.
« Phuong phap cbt 16i:
1. Khong tao thém dit liéu méi, van ding Cleveland (tabular).
2. Thay vi gan trong s6 thii cong hay voting don gidn, st dung thuit toan t6i wu bay dan TSA

dé tim trong s6 t6i wu khi két hop cdc moé hinh (stacking ensemble).
1.3.2 Hudng 2 — CardioFusion: Ghép da phuong thitc EchoNet 4+ Cleveland

« Muc tiéu: Khai thac triét dé ca dit licu dinh lugng (s6 liéu lam sang) va dit liéu truc quan (hinh
anh y khoa), tao hé théng du doan toan dién hon.

« Phuong phap cbt 16i:

1. St dung ResNet-50 dé trich dic trung tit EchoNet va MLP dé trich dic trung tit Cleveland.
2. Hop nhat (fusion) dac trung CNN 4+ MLP dé du doan bénh tim.
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2 Hubéng mdé rong 1: So sinh cac mo6 hinh Ensemble Learning: Stacking
va TSA trong tdi wu héa trong sdé du doan

2.1 Mo ta pipeline

Nhan thay rang huéng project gbc chi st dung cdc mo hinh ciy don 16 dé so sanh hi¢u suit, nhém dé
xuat y tudng dua ra moét md hinh ensemble dé két hop cdc mo hinh cdy (base models) lai v6i nhau.
Nhoém xay dung hai huéng tiép can chinh, duge trién khai song song va ddc lap nhu sau:

o Stacking 4+ meta model: Phuong phap nay “rap” cidc mé hinh cay (base models) lai v6i nhau,
sau dé dua dau ra ciia ching qua mot meta-model dé hoc cach t6i wu trong sb déng goép ciia timg
md hinh vao dy doén cudi cling. Nhém Iga chon Logistic Regression (LR) lam meta-model vi tinh
tuyén tinh, kha nang giai thich tét va tranh overfitting trén khong gian dic trung da dude tém
gon (tlt cdc base models).

« TSA (Tunicate Swarm Algorithm): Ciing van sit dung stacking dé két hop cdc mé hinh cay,
tuy nhién thay vi dua vao meta-model, nhém st dung thuit toan TSA. Pay 1la mdt thuit toan
meta-heuristic 1dy cadm hing tit hanh vi bay dan ctia loai tunicate. TSA tbi uu truc tiép vector
trong s6 w cho cidc md hinh co s6 nham t6i da héa mot chi s muc tiéu (vi du: AUC, Fl-score,
AP hodc Accuracy). Y tudng nay khéc & chd khong hudn luyén meta-model, ma st dung co ché
tim kiém toan cuc dé tim ra trong s t6t nhat trén tap validation.

Pé dam bao tinh khach quan, nhém bé sung mot baseline Equal Weights — titc phan bo trong sb
biang nhau cho tat ca base models — nhim so sanh v6i hai phuong phap t6i wu § trén. Qua dé, nhém cé
thé quan sat hiéu suat gitta cd t6i wu va khong téi wu trong sd trén bdn bién thé dataset. Ngoai cdc mo
hinh cy truyén théng trong project gbc, nhém con thém LGBM va CatBoost nham ting sy da dang
vé base models.

Toan bo pipeline sé duge trién khai nhu sau:

2.2 Gidi thiéu Tunicate Swarm Intelligence (TSA
2.2.1 Gidi thiéu

Trong tri tué nhan tao, bai toan tbi wu héa xuat hién & hau hét cic bude: tit hudn luyén mo hinh hoc sau
(deep learning), chon siéu tham s6 (hyperparameter tuning), t6i két hgp mo hinh (ensemble learning)
hay lua chon déc trung (feature selection).

Khi ham muc tiéu khéng kha vi (vi du: t6i wu Accuracy, Fl-score, AUC), cdc phuong phdp meta-
heuristic tré nén quan trong. Tunicate Swarm Intelligence (TSA) 1&4 mot meta-heuristic méi, mo
phéng hanh vi boi tdp thé clia sinh vat bién goi 14 tunicate. Thudt todn nay don gidn, dé cai dit, it
tham s6 va hiéu qua canh tranh v6i Particle Swarm Optimization (PSO) hay Genetic Algorithm (GA).

2.2.2 Ngudn gbc sinh hoc

Tunicate boi theo bay véi ba hanh vi chinh:

e Theo leader: cic c4 thé tién vé vi trf ciia con manh nhat (leader).

« Anh huéng ctia dong chay: thém dao dong ngau nhién moé phéng tac dong tit moi trudng nude.

e Tranh doén cum: duy tri da dang quan thé, khong dé tat ca roi vao mot diém duy nhét.
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Data Processing
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2.2.3 Mo hinh toan hoc
Mbét ca thé Xte R? tai vong lip t dudce cAp nhat:
X = X — A© (X{ oy — X)),
trong do:
o X! la nghiém t6t nhat (leader),
e Ala hé s6 diéu khién dua trén tham sb sinh hoc.
Hé s6 A dugce xéc dinh bai:

G=cx+c3—F, M= Ppin+ci(Pnax — Pnin), A=G-M,
véi:
e c1,c2,c3 ~U(0,1) (sb ngau nhién),
o F gi4 tri fitness (cAng nhd cang t6t néu 1a bai toan minimization),

e Poin, Puax 12 gi6i han tim kiém.



Al VIETNAM aivietnam.edu.vn

2.2.4 Dinh nghia ham fitness trong Al

Trong cac tac vu Al fitness c¢6 thé duge dinh nghia nhu:
e F =1— Accuracy dbi v6i phan loai,

e F = —Fl-score khi dit liéu mit cAn bang,

e F'=—AUC trong bai todn nhi phan,

o Validation loss khi tuning siéu tham sb.

2.2.5 Vi du: tbéi vu trong sé6 ensemble

Gi4 stt can két hgp ba mo hinh: Random Forest (RF), XGBoost (XGB), va CNN véi trong s6 (Wrr, WxGB, WONN)-
Rang budc:

2.2.6 Khdi tao
Ba vector trong s6 ban dau:
A =(0.33,0.33,0.33), B =(0.45,0.45,0.10), C = (0.20,0.20,0.60).

Két qué kiém thi:
Acc(A) =0.83, Acc(B)=1.0, Acc(C)=0.67.
Fitness FF =1 — Acc, do d6 B la leader.

2.2.7 Cap nhat

Céc ca thé A, C sé dich chuyén vé phia B theo cong thitc TSA. Sau khi cAp nhat, trong s6 duge chudn
hod lai dé téng bang 1.

2.2.8 So sanh véi thuat toan khéac

« PSO: dua vao van toc, nhiéu tham sb (inertia, cognitive, social).

GA: dung lai ghép va d6t bién, quan 1y quan thé phic tap.

Bayesian Optimization: hiéu qué vdi s6 chiéu nhd, nhung tén kém khi nhiéu bién.
o TSA: cong thitc don gidn, {t tham sd, phit hgp vdi cdc bai toan rang budc (ensemble weights).

2.2.9 Ung dung trong AI Engineering

« Ensemble learning: chon trong s6 t6i wu cho nhiéu mé hinh.

Hyperparameter tuning: tdi wu learning rate, batch size, regularization.

Feature selection: ma hod nhi phan chon/b6 dédc trung.

« Neural Architecture Search: tim s6 16p, so filter xap xi toi wu.
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2.2.10 Pseudocode (Python style)

# Tunicate Swarm Algorithm (TSA)
initialize population X

; evaluate fitness F(X)

N

while not stop:

X_best = best solution
for each agent X_i:
cl, c2, c3 = random()
G = c2 + c3 - F(X_1i)
M = P_min + c1*(P_max - P_min)
A =G x*x M

X i = X_best - A*x(X_best - X_i)

normalize (X_i)
evaluate F(X)
return X_best

2.2.11 Bién thé nang cao

Mot s6 nghién citu mé rong TSA:

e Chaotic TSA: thém chudi hon loan dé tang kha ning tim kiém.

« Opposition-based TSA: khéi tao cd nghiém va nghiém déi xtng.

« Adaptive TSA: thay ddi ¢y, 2, c3 theo timg vong lip.

2.2.12 Bai toan vi du

Muc tiéu va bdi canh Chiing ta téi uu trong sé ensemble cho ba mé hinh (RF, XGB, CNN)
bang meta-heuristic Tunicate Swarm Algorithm (TSA). Véi dit ligu toy (6 mau), ta mudn tim
w = (WRF, WXGB, WeNN) sao cho du doan tét hon.

Chién lugc trong ma dudi day
« Fitness mic dinh: log loss (nhay hon Accuracy, thay d6i mugt).
« Tuy chon: téi wu ci 7 (threshold) bing ¢ OPTIMIZE_THRESHOLD.

o Tryc quan hoa: vé duong hoi tu fitness va quy dao trong sé tot nhat.

import numpy as np
import matplotlib.pyplot as plt
from sklearn.metrics import log_loss, roc_auc_score

OPTIMIZE_THRESHOLD = False
SEED = 0

ITERS = 30

NOISE_SCALE = 0.03

probs = np.array ([
[0.55, 0.60, 0.80], # y=1
[0.40, 0.65, 0.70], # y=0
[0.70, 0.55, 0.741, # y=1
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5 B_raw

[0.35, 0.45, 0.50],
[0.69, 0.65, 0.85],
[0.43, 0.30, 0.55]

7], dtype=float)
y_true = np.array([1,0,1,0,1,0],

def softmax(w):
w = w - w.max ()
e = np.exp(w)
return e / e.sum()

def sigmoid(x):

H ¥ H
< < <
]

O = O

return 1 / (1 + np.exp(-x))

def w_to_raw(w_target):

dtype=int)

w_target = np.array(w_target, dtype=float)

w_target = w_target / w_target.sum()

return np.log(w_target + le-12)

3 def ens_scores_from_raw(raw):

if OPTIMIZE_THRESHOLD:

w_raw, tau _raw = rawl[:3], rawl[3]
w = softmax(w_raw)
tau = sigmoid(tau_raw) # (0,1)
else:
w = softmax(raw)
tau = 0.5
scores = probs @ w
return scores, w, tau
def accuracy_from_raw(raw):
scores, w, tau = ens_scores_from_raw(raw)

y_pred = (scores >= tau).astype(int)

return (y_pred == y_true) .mean ()

def auc_from_raw(raw):

scores, _, _ = ens_scores_from_raw(raw)
return roc_auc_score(y_true,

def logloss_from_raw(raw):

scores, _, _ = ens_scores_from_raw(raw)
1-1e-9)

scores = np.clip(scores,

return log_loss(y_true,

# oChn Fitness
def fitness(raw):

1e-9,
scores)

return logloss_from_raw(raw)

# return 1.0 - accuracy_from_raw(raw)

# return -auc_from_raw(raw)

A raw = w_to_raw([1/3,
w_to_raw([0.45,
w_to_raw([0.20,

C_raw

if OPTIMIZE_THRESHOLD:

1/3, 1/31)

0.45,
0.20,

0.101)
0.601)

scores)

# If Fitness is Accuracy
# If Fitness is AUC
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A_raw = np.r_[A_raw, 0.0]
B_raw = np.r_[B_raw, 0.0]
C_raw = np.r_[C_raw, 0.0]

print ("== 8Khi ato ==")

print ("Acc A:", round(accuracy_from_raw(A_raw), 3), "LogLoss A:", round(
logloss_from_raw(A_raw), 4))

print ("Acc B:", round(accuracy_from_raw(B_raw), 3), "LogLoss B:", round(
logloss_from_raw(B_raw), 4))

print ("Acc C:", round(accuracy_from_raw(C_raw), 3), "LogLoss C:", round(
logloss_from_raw(C_raw), 4))

# 1 TSA round
rng = np.random.default_rng(SEED)

def one_tsa_iteration(pop_raw):
fits = [fitness(w) for w in pop_raw]
best_idx = int(np.argmin(fits))
Wbest = pop_rawl[best_idx].copy()
scores, wbest, tau_best = ens_scores_from_raw(Wbest)
print ("\n=== ONE TSA ITERATION (manual) ===")
print ("Best index:", best_idx, " Fitness(best):", round(fits[best_idx],
print ("Best weights:", np.round(wbest, 3), "tau:", round(tau_best,3))
new_pop = []
for i, Wi in enumerate (pop_raw):
Fi = fits[i]
cl, c2, c3 = rng.random(3) # U(0,1)
G =c2 + c3 - Fi

M= ci
A =G x*x M
print (£"\n-- Agent {i} --")

print (" «c1,c2,c3:", np.round([cl,c2,c3], 4))

print(" Fi:", round(Fi, 6), "=> G:", round(G,6), " M:", round(M,6),
A:", round(A,6))

# update

Wi_new = Wbest - A * (Wbest - Wi)

# small noise

Wi_new += NOISE_SCALE * rng.normal(size=Wi.shape)

# in &kt &qu

acc_i = accuracy_from_raw(Wi_new)

fit_i = fitness(Wi_new)

scores_i, wi, tau_i = ens_scores_from_raw(Wi_new)

print (" weights:", np.round(wi,3), "tau:", round(tau_i,3))
print (" Acc:", round(acc_i, 3), " Fitness:", round(fit_i, 6))

new_pop.append (Wi_new)
return new_pop

> population = [A_raw.copy(), B_raw.copy(), C_raw.copy()]

population = one_tsa_iteration(population)

5 # Run TSA

def run_tsa(pop_raw, iters=ITERS, noise_scale=NOISE_SCALE, seed=SEED):
rng = np.random.default_rng(seed)
pop = [w.copy() for w in pop_raw]
fit_hist = []

10

6))

>
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print ("Final AUC :", round(auc_from_raw(best_raw),
plt.figure(figsize=(6,4))

plt.plot(fit_hist, marker="o"

plt.xlabel("Iteration")

5 plt

plt

7 plt

plt

plt.

best_hist = []
for t in range(iters):

fits = np.array([fitness(w) for w in popl)

best_idx = int(np.argmin(fits))
Wbest = poplbest_idx].copy()
fit_hist.append(fits.min())
best_hist.append (Wbest)

new_pop = []
for Wi, Fi in zip(pop, fits):

cl, c2, c3 = rng.random(3)
G = c2 + c3 - Fi

M = ci

A =G * M

Wi_new = Wbest - A *x (Wbest

Wi_new += noise_scale * rng.normal(size=Wi.shape)

new_pop.append (Wi_new)
pop = new_pop

fits = np.array([fitness(w) for w in popl)

best_idx = int(np.argmin(fits))

return popl[best_idx], fit_hist, best_hist

7 print ("Best weights:", np.round(w_best, 3),
s print ("Final accuracy:
print ("Final logloss

.ylabel ("Fitness (log loss)")
.title("Convergence of TSA on Ensemble Weights")
.grid (True)

.tight_layout ()

show ()

# Visualization
W_path = np.array([softmax(b[:3]) if not OPTIMIZE_THRESHOLD else softmax(b[:3])

plt
plt
plt
plt

7 plt.
.xlabel("Iteration")

.ylabel ("Best weights (softmax)")
.title("Weight trajectory of best solution")
.grid(True)
.tight_layout ()

plt
plt
plt
plt
plt

for b in best_hist])
.figure(figsize=(6,4))

.plot (W_path[:,0], label="w_RF")
.plot(W_path[:,1], label="w_XGB")
.plot (W_path[:,2], label="w_CNN")

legend ()

- Wi)

best_raw, fit_hist, best_hist = run_tsa([A_raw,
5 scores_b, w_best, tau_best = ens_scores_from_raw(best_raw)
print ("\n== Final result =="
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173 plt.show ()

Code Listing 1: TSA t6i wu trong s6 ensemble (c6 tric quan hod)

0.5225 4

0.5200 A

0.5175 A

Fitness (log loss)

0.5075 4

0.5050 4

0.5025 4

0.5150 A
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Hinh 4: Weight trajectory of best solution

Céc thanh phan chinh

« Fitness = log loss: nhay v6i zdc sudt nén thay déi muot di nhan chua déi.

12



1

2

Al VIETNAM aivietnam.edu.vn

« Tuy chon threshold: b4t OPTIMIZE_THRESHOLD dé TSA t6i wu thém 7 € (0,1) (dling sigmoid énh
Xa).

e Cap nhat TSA: X' = Xpot — A+ (Xpest — X) v6i A = (co +c3 — F) - ¢;. C6 thém nhidu nhé dé
kham pha.

« Rang budc téng bing 1: diing softmax dé bao dam w; > 0, w; = 1.

« Tryc quan hoa: biéu dd fitness theo vong lap (hoi tu), va qug dao trong sé tot nhat dé thay mtc
anh huéng cia tting moé hinh.

2.3 Gidi thiéu Stacking Model

Stacking 1& mot trong nhitng ki thuit ensemble phé bién, dude xay dung theo nguyén tic meta-learning.
Trong budc nay:

o Cé4c md hinh co sd (RF, XGB, LGBM, CatBoost, ...) dugc huan luyén trén tap train va tao ra duy
dodn xéc suat trén tap validation (OOF — Out-of-Fold prediction).

o Céc du dodn OOF nay dugc gom lai thanh ma tran dic trung méi P, trong dé mdi cot dai dién
cho mot mo hinh co sd, mdi dong 1a x4c suat du dodn cho mot mau.

e Meta-model (& day 1a Logistic Regression) sé dudc huan luyén trén ma trdn P va nhan that y.
Qua trinh nay giip LR hoc duge trong s6 tdi wu cho titng base model.

Khéc véi viée gan trong sb bang nhau, Stacking cho phép hé théng hoc “ngam” rang mé hinh nao
manh hon sé ¢6 hé s6 16n hon, m6 hinh nao yéu hon sé bi gidm anh huéng. Dong thai, Logistic Regression
cung cAp kha ning gidi thich truc quan thong qua hé sb (coef), gitip x4c dinh vai tro clia ting base
model trong t6 hop.

2.4 CAc ham trién khai

Trong phan trién khai, nhém xdy dung mot pipeline dé so sanh ba phuong phap ensemble: Equal
Weights, Stacking-LR, va Stack-TSA. Cac ham dudi day thé hién cdch ma hé théng dude xay dung,
huan luyén va danh gi4.

Base Models. Nhém sit dung bén mé hinh cay lam base learners: Random Forest, CatBoost, XGBoost,
va Light GBM. Viéc két hop da dang céc thuit todn gitip gidm variance va ting do tong quat hoa.

base_models = [

("rf", RandomForestClassifier (
n_estimators=300, max_depth=5,
min_samples_split=2, min_samples_leaf=1,
max_features='sqrt', bootstrap=True,
random_state=42, class_weight=None)),

"cat", CatBoostClassifier(
iterations=1000, learning_rate=0.03, depth=6,
12_leaf_reg=3.0, rsm=0.8, bootstrap_type="Bayesian',
bagging_temperature=0.5, loss_function="Logloss",
eval_metric="AUC", auto_class_weights="Balanced",
random_state=42, verbose=0, allow_writing files=False,
thread_count=-1)),

13
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("xgb", XGBClassifier (
n_estimators=400, max_depth=5, learning_rate=0.1,
subsample=1.0, colsample_bytree=1.0, reg_lambda=1.0,
eval_metric="logloss", random_state=42)),

("lgbm", LGBMClassifier(
n_estimators=500, max_depth=4, learning_rate=0.05,
subsample=0.9, colsample_bytree=0.8, reg_lambda=1.0,
random_state=42)),

Céc tham sb st dung duge tham khdo tit cdc bai reading ctia AIO mdi tuan. Vi thdi gian cé han,
nén nhém st dung nhitng tham s6 dudce khuyén diung tuong ting véi timg mo hinh.

Huén luyén OOF va Refit. Ham train_bases_oof_and_refit sinhra OOF (out-of-fold predictions)
cho tép train, sau dé refit toan bo base models dé suy ra xac suat trén validation va test. Didu nay dam
bao khong ro ri dit liéu va cho phép stacking hoat dong ding.

def train_bases_oof_and_refit(
X_train, y_train, X_val, X_test,
n_splits=5, calibrate=True,
calib_method="sigmoid", calib_cv=3,
random_state=42

skf = StratifiedKFold(
n_splits=n_splits, shuffle=True,
random_state=random_state)

n_models = len(base_models)
P_train_oof = np.zeros((len(X_train), n_models))
P_val = np.zeros((len(X_val), n_models))

P_test np.zeros ((len(X_test), n_models))

fitted_bases = []

for j, (_, base) in enumerate(base_models):
oof_col = np.zeros(len(X_train))
for tr_idx, va_idx in skf.split(X_train, y_train):
X_tr, y_tr = X_train.iloc[tr_idx], y_train.iloc[tr_idx]

X_va = X_train.iloc[va_idx]

if calibrate:
model = CalibratedClassifierCV(
clone(base), method=calib_method, cv=calib_cv)
else:
model = clone(base)

model.fit(X_tr, y_tr)
oof _col[va_idx] = model.predict_proba(X_va)[:, 1]

P_train_oof[:, j]l = oof_col
if calibrate:
model _full = CalibratedClassifierCV(

clone(base), method=calib_method, cv=calib_cv)
else:

14
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model_full = clone(base)

model _full.fit(X_train, y_train)

P_val[:, j] = model_full.predict_proba(X_val)[:, 1]
P_test[:, jl] = model_full.predict_proba(X_test)[:, 1]
fitted_bases.append(model_full)

return P_train oof, P_val, P_test, fitted_bases

Equal Weights. Baseline ensemble: trung binh xéc suat ciia tat ca base models. Baseline nay dudgc
dung dé so sanh v4i hai mé hinh stacking - meta-model va stacking - TSA

def equal_weight_probs(P):
return P.mean(axis=1)

Stacking véi Logistic Regression. Stacking-LR dung LR lam meta-model dé hoc cich két hop
tuyén tinh cdc base models.

def stack_lr_fit(P_train_oof, y_train):
meta = LogisticRegression(
C=1.0, penalty="12", max_iter=5000, solver="1lbfgs")
meta.fit(P_train_oof, y_train)
return meta

TSA (Tunicate Swarm Algorithm). TSA 13 mot thuit todn meta-heuristic duge sit dung dé t6i
wu hod trong sb w biang cach minimize ham muc tiéu (1 — AUC). Do dic trung ctia TSA 1a khong dua
vao gradient dé t6i wu ham loss, ta can dinh nghia 16 rang mét ham muc tiéu obj_func. Vi TSA chi
hé trg bai toan minimization, nén viéc dimg (1 — AUC) 1a phtt hgp (thay vi t6i da hoa AUC truec tiép).

Dé bao dam nghiém hop 1é, céc trong sé6 w dude rang budc phai khong 4m va c6 tong bang 1. Diéu
nay doéng nghia véi viéc sau khi tim ra nghiém t6i wu, ta can chuan hoé vector w. Bén canh d6, ta thiét
lap khong gian tim kiém bang cdch dat cdc gidi han bién (bounds) cho timg trong s6, thudng 1a [0, 1].

Sau khi thiét 1ap bai todn, ta truyen cdc tham sb vao bd gidi TSA.OriginalTSA. Thuét todn sé tién
hod quan thé nghiém va tra vé nghiém t6t nhat trong best.solution. Vector w nay sau d6 duge chuan
hoé lai va st dung dé két hop cac xéc sudt du doan tir cdc base models, tit d6 tao ra du doin ensemble
cubi cling.
def stack_tsa_predict_auc(P_val, y_val, P_test,

epoch=250, pop_size=40, seed=42):
def obj_func(w):

w = np.maximum(w, 0.0)

s = w.sum()

if s <= 0: return 1le9 #phat nang tong weights khi no la so am
w=w/s

p = P_val @ w

if (p.max() - p.min()) < le-12: return 1.0
auc = roc_auc_score(y_val, p)

return 1.0 - auc

n_models = P_val.shape[1]

bounds = [FloatVar(1lb=0.0, ub=1.0) for _ in range(n_models)]
problem = {"obj_func": obj_func, "bounds": bounds, "minmax": "min"
algo = TSA.OriginalTSA (epoch=epoch, pop_size=pop_size, seed=seed)
best = algo.solve(problem)
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w = np.maximum(np.asarray(best.solution, float), 0.0)
w =w / (w.sum() + le-12)

p_val, p_test = P_val @ w, P_test Q@ w

return p_val, p_test, w

Panh gia va In két qua. Ham evaluate_version so sanh ba phuong phap ensemble trén ting bién
thé dit litu. Két qua duge in ra bdi pretty_print.

def

def

; def

metrics_report(y_true, p):

return {
"AUC": roc_auc_score(y_true, p),
"LogLoss": log_loss(y_true, p),
"AP": average_precision_score(y_true, p),
}

evaluate_version(X_train, y_train, X_val, y_val, X_test, y_test):
P_train_oof, P_val, P_test, _ = train_bases_oof_and _refit(
X_train, y_train, X_val, X_test)

p_eq_test = equal_weight_probs(P_test)

meta stack_lr_fit(P_train_oof, y_train)

p_stack_test = meta.predict_proba(P_val)[:, 1]

p_tsa_val, p_tsa_test, w_tsa = stack_tsa_predict_auc(P_val, y_val, P_test)

return [

{"name": "EqualWeights", **metrics_report(y_test, p_eq_test)},
"name": "Stack_LR", xxmetrics_report(y_test, p_stack_test)},
"name": "Stack _TSA", xxmetrics_report(y_test, p_tsa_test)},

1, {"w_tsa": w_tsa}

pretty_print(title, results):
print (f"\n=== {title} ===")
for r in results:
print (£"{r['name']:>12} | AUC={r['AUC']:.4f} | "
f"LogLoss={r['LogLoss']:.4f} | AP={r['AP']:.4f}")

0 day, ta quan tAm dén céc thuéc do nhu AUC, LogLoss, AP,... thay vi accuracy, vi trong céc bai

toan y té viéc cAn bang gitta cic 16p va tdi uu hod hiéu qua chan dodn quan trong hon so véi chi sb
chinh xac tho.

Cu thé, AUC (Area Under the Curve) gitip ddnh gi4d kha nang phan biét bénh/khong bénh trén

toan bo cdc ngudng du dodn, thay vi chi c6 dinh & mot ngudng 0.5. LogLoss do ludng mttc dd "t tin”
ctia m6 hinh trong du dodn xac suat, mot khia canh quan trong trong y té vi sai sé du doan véi xac
suat cao (vi du du doan chiic chin nhung lai sai) thudng nguy hiém hon. Trong khi d6, AP (Average
Precision) phan anh hiéu qua mé hinh trong viéc tim kiém va phat hién céc ca duong tinh hiém gip —
von 1a tinh hudng phé bién trong dit liéu y sinh hoc véi hién tuong class imbalance.

Do d6, viéc tap trung vao nhitng metric nay giip ddm bao moé hinh khong chi ding nhiéu trudng

hop, ma con cung cap xic suat du doan dang tin cay, c6 kha nang hd trg bac si dua ra quyét dinh lam
sang mot cach an toan hon.
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2.5 Két qua
Béng 1: So sanh hiéu suat giita Equal Weights, Stacking (LR) va TSA trén 4 bién thé dit liéu

Dataset Model AUC LogLoss AP
EqualWeights 0.9412 0.3689  0.9313

Original Stack_ LR 0.9370  0.3529  0.9289
Stack TSA 0.9328 0.3713 0.9251
EqualWeights  0.9202 0.3965 0.9042

Ori + FE Stack LR 0.9244 0.3778 0.9066
Stack_ TSA 0.9034 0.4104 0.8813
EqualWeights 0.9118  0.4121 0.8857

Ori + DT Stack_LR 0.9118 0.4031 0.8984
Stack_ TSA 0.9034 0.4137 0.8782
EqualWeights  0.9244 0.3969 0.9179

FE + DT Stack_LR 0.9286 0.3835 0.9200
Stack_TSA 0.9244 0.3996 0.9179

 Original dataset: Equal Weights dat AUC cao nhat (0.9412), chting t6 trong dit liéu gbc viec
két hop don gidn (trong s6 bang nhau) da mang lai hiéu qua rat tét. Stacking LR c6 LogLoss
thap hon (0.3529), titc du dodn x4c sudt “tu tin” hon. TSA kém hon mot chit, cho thiy tbi wu
meta-heuristic chua tao 16i thé trong kich ban nay.

o Ori + FE (feature engineering): Stacking LR vugt troi hon Equal Weights v6i AUC = 0.9244
va LogLoss = 0.3778. TSA lai suy giam dang ké (AUC = 0.9034), chiing t6 t6i wu theo AUC trén
tap validation chua tong quat tét sang test.

e Ori + DT (feature selection bang Decision Tree): Equal Weights va Stacking LR ngang
nhau (AUC = 0.9118), trong khi TSA thap hon (0.9034). Diéu nay cho thiy khi s6 lugng dic
trung bi gi6i han, lgi ich tit t6i wu hod meta-heuristic bi han ché.

o FE + DT (feature engineering + feature selection): Day 1a kich ban t6t nhat cho Stacking
LR, v6i AUC cao nhat toan bo (0.9286). Equal Weights va TSA gan nhu tuong duong (0.9244).
TSA khong vuot troi, nhung ciing duy tri két quéa 6n dinh.

Tém lai:

1. Equal Weights 1& mot baseline don gian nhung manh, ddc biét trén dit liéu goc.

2. Stacking LR thudng mang lai LogLoss t6t hon, va khi ¢6 thém FE + DT thi dat hiéu qua cao
nhat.

3. TSA linh hoat nhung chua én dinh, doi khi khéng vugt qua baseline vi dé& bi overfit vao tap

validation khi t6i wu trong so.

Tém lai, trong thi nghiém nay: Stacking LR 13 phuong phép 6n dinh va hiéu qui nhat; Equal
Weights 14 baseline dang tin ciy; con TSA can thém cic ky thuidt nhu regularization ho#ic bagging
trén validation dé tranh overfitting va phéat huy sitc manh.
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2.6 Explainable Al

Trong phan nay, nhém tap trung vao viéc gidi thich cdch cic mo6 hinh thanh phan (base models) déng
gép vao quyét dinh cudi cling ciia ensemble. Hai phuong phap dude st dung song song 1a Stacking-LR
va TSA, nhim cung cip cii nhin & mtic toan cuc (global importance) va cuc bj (local contributions).

Ta thiét ké mot ham explain cho phuong thitc TSA. Ham nay nhéan trong s6 tdi uwu w tit TSA va
ma tran x4c suit test (P_test):

o Trudc hét w duge chuin héa dé ddm béo téng bang 1. Diéu nay nham giit ¥ nghia ensemble: x4c
suat dut doan cudi cling 1a t6 hgp 16 clia céc xéac suat base models, khong vugt ngoai khoang [0, 1].

« Phan global vé bar chart cic trong s6 w, cho thdy mé hinh nao chiém wu thé trong ensemble.
Nhimg base model c6 weight cao sé€ déng vai tro chu dao trong du doan, trong khi cdc md hinh bi
gan trong sd gan 0 coi nhu it hosc khong déng gép.

« Phan local tinh déng gép ciia ting base model cho mdt mau cu thé. Cu thé:

— p_row lay vector xdc suat ciia tat cd base models cho mau nay.

— contrib_raw = w * p_row chinh 1a mitc déng gép tuyét doi clia ting base model sau khi
nhan véi trong sb da toi wu.

Néu normalize_baseline=True, cic déng gép dugc chuan héa bang cach so sanh v6i baseline —
tttc gid tri trung binh cé trong sb trén toan bo test. Didu nay nham muc dich lam ndi bat phan
chénh léch ma moéi md hinh da tao ra so v6i du dodn dién hinh, tit d6 thiy ré “ai” chiu trach
nhiém chinh trong viéc kéo mau cu thé sang phia “nguy co bénh” hodc “khéng bénh”.

o Keét qua cia ham gom:

1. Bang trong s6 toan cuc (global weight table) cho biét mtic &nh hudng tong thé ciia cic base
models.

2. Bang déng gép cuc bo (local contributions table) thé hién mitc dong gép ciia titng base model
cho mét bénh nhan cu thé.

3. Xac suat du doan ensemble p,,, clia mau d6, duge tinh bang téng cic déng gbp.

def explain_tsa(P_test, w, base_names, sample_idx=0, normalize_baseline=True):
w = np.asarray(w, dtype=float).ravel()
if not np.isclose(w.sum(), 1.0, atol=le-6):
w=w/ (w.sum() + 1le-12)

P_test = np.asarray(P_test, dtype=float)
base_names = list(base_names)

df _w = (pd.DataFrame ({"base_model": base_names, "weight": wl})
.sort_values("weight", ascending=False))

plt.figure(figsize=(6,3))
plt.bar(df_w["base_model"], df_w["weight"])
plt.title("TSA global weight distribution")
plt.tight_layout (); plt.show()

p_row = P_test[int(sample_idx), :]

contrib_raw = w * p_row
p_ens = float(contrib_raw.sum())
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if normalize_baseline:

p_base_mean = P_test.mean(axis=0)

baseline = float((w * p_base_mean).sum())

contrib = contrib_raw - (w * p_base_mean)

title = f"Local TSA contributions (sample {sample_idxl})..."
else:

contrib = contrib_raw

title = f"Local TSA contributions (sample {sample_idx})..."

df _local = pd.DataFrame({"base_model": base_names, "contribution": contrib})

plt.figure(figsize=(7, max(3, 0.4*xlen(w))))
plt.axvline(x=0.0, 1ls="--", lw=1)
plt.barh(df_local["base_model"], df_local["contribution"])
plt.title(title)

plt.tight_layout(); plt.show()

return {"weights_global": df_w,
"local_contributions": df_local,
"p_ens_sample": p_ens}

Ta cling lam tuong tu v6i phuong thitc stacking - meta-model, hudn luyén mot Logistic Regression

lam meta-model trén ma tran xac sudt OOF (P_train_oof). Sau khi huan luyén:

e Céc hé s6 coef dugc liy ra dé do mitc d6 quan trong toan cuc ciia ting base model. Bar chart
biéu dién gia tri tuyét d6i ciia cac hé sb nay.

« SHAP dugc 4p dung trén Logistic Regression, gitip tao ra cic biéu do beeswarm va waterfall.
Beeswarm cho biét anh hudng toan cuc ciia timg base model, con waterfall giai thich cu thé mot
ca bénh (sample_idx).

o Két qua tra vé gdm meta-model, bang hé sb, explainer va shap values dé dung cho visualization.

def explain_stacking_lr(P_train_oof, y_train, P_test, base_names, sample_idx=0,

max_display=12):
meta = LogisticRegression(C=1.0, penalty="12", max_iter=5000, solver="lbfgs")
meta.fit (P_train_oof, y_train)

coef = meta.coef_.ravel()
imp = np.abs(coef)
imp_df = (pd.DataFrame({"base_model": base_names, "abs_coef": imp, "coef":
coef})
.sort_values("abs_coef", ascending=False)

.reset_index (drop=True))

plt.figure(figsize=(6,3))

plt.bar (imp_df ["base_model"].head(max_display), imp_df["abs_coef"].head(
max_display))

plt.title("Stacking-LR | |coef| (global importance)")
plt.tight_layout (); plt.show()

masker = shap.maskers.Independent (P_train_oof)
explainer = shap.LinearExplainer (

model=meta,

masker=masker,
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feature_perturbation="interventional",
link= shap.links.logit

)
sv = explainer(P_test)
sv.feature_names = list(base_names)

shap.plots.beeswarm(sv, max_display=min(max_display, len(base_names)), show=
True)
shap.plots.waterfall(sv([sample_idx], max_display=max_display, show=True)

return {"meta": meta, "importance_df": imp_df, "explainer": explainer, "
shap_values": sv}

Cudi cling, ta tao mot ham wrapper dé goi cdc ham da duge dinh nghia:

« Goi lai train_bases_oof_and_refit dé thu dudc ma tran xac sudt OOF, VAL va TEST tit cac
base models.

o Néu chon explain_model="stack" goi explain_stacking_1r.

e Néu chon explain_model="tsa" goi explain_tsa. Néu khong truyén w_ tsa thi ham sé tu t6i
uwu trén validation.

def explainable_ai_result(
X_train, y_train, X_val, y_val, X_test, *,

base_models, explain_model="stack", w_tsa=None, sample_idx=0
):
P_train_oof, P_val, P_test, _ = train_bases_oof_and_refit(
X_train, y_train, X_val, X_test
)
base_names = [name for name, _ in base_models]
if explain_model == "stack":

return explain_stacking_lr (P_train_oof, y_train, P_test, base_names,
sample_idx)

elif explain_model == "tsa'":
if w_tsa is None:
_» _, W_tsa = stack_tsa_predict_auc(P_val, y_val, P_test)

return explain_tsa(P_test, w_tsa, base_names, sample_idx)

else:
raise ValueError("explain_model &phi 1la 'stack' dhoc 'tsa'")

Vi du chay thi trén tap data gbc:

# XAI cho Stacking LR (ban Original)
xai_ori_stack = explainable_ai_result(
X_train, y_train, X_val, y_val, X_test,
base_models=base_models,
explain_model="stack",
sample_idx=0

# XAI cho TSA (dung w_tsa da toi uu san luc tinh evaluate_version )
xai_ori_tsa = explainable_ai_result(
X_train, y_train, X_val, y_val, X_test,
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base_models=base_models,

explain_model="tsa",

w_tsa=ex_ori["w_tsa"], # lay tu extras cua evaluate_version
sample_idx=0

Ta thu dugc két qua sau:
e V6i phuong phap stacking - meta-model

Stacking-LR | |coef| (global importance)

254

2.0+

154

104

0.5

0.0 -
f xgb Igbm cat

Hinh 5: Biéu do cot thé hién mic do dong gop ciia tung mo hinh

Truc x 1a |hé s6| ctia Logistic Regression khi dau vao 14 vector xac suat tit cic base models (rf,
xgb, lgbm, cat).RF c6 |coef| 16n nhat = & miic toan cuc, khi xdc suit clia RF ting, log-odds du
doan ctia ensemble thay d6i manh nhat. XGB ké tiép, r6i LGBM ~ CatBoost. Dy 1a tam anh
hudng toan cuc clia tiimg moé hinh trong ensemble, sau hiéu chinh x4c suat (calibration), nén c6
thé so sanh dudc.

High
f :.': - . . -es
]
=
ng }l sessme o --' g
7]
e
Igbm I. ctefes o 4 E
Q
[
cat l»- ced o 8o d
T T T T Low
-1.0 -0.5 0.0 0.5 1.0

SHAP value (impact on model output)

Hinh 6: Beeswarm plot cho thdy déng gop cia tung moé hinh khi kéo du dodn ensemble vé phia “bénh”
va “khong bénh”

Truc hoanh: SHAP value trén dau ra ctia meta-LR (thang do log-odds).Méi “feature” trong hinh
chinh 1a xéc suat dy dodn clia mot base model. Cac diém dé (gia tri “cao” ciia base prob) thudng
nam phia duong = khi base model du dodn xac suit cao, né kéo ensemble vé phia “bénh”. Piém
xanh (xéc suat thap) kéo vé phia “khéng bénh”.Dai diém clia rf rong va léch phai hon = déng
g6ép (duong/am) ctia RF lén quyét dinh cudi cling manh va thudng xuyén hon cic base con lai.
Diéu nay nhat quan véi bar |coef| & trén.

“E[f(X)]” 1a baseline log-odds trung binh ciia meta-model. Vi mot bénh nhan cu thé (sample_idx),
bén “dic trung” (rf/xgb/lgbm/cat) day log-odds tang lan lugt: rf +1.24, xgb +0.41, .. = giai
thich tai sao ca nay bi ensemble xép 14 “bénh”.

e V6i phuong phép stacking - TSA
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fix) =2.073

0.81 = xgb
0.83 = Igbm
0.811 = cat

0o 05 10 15 20
ETAX)] = —0.162

Hinh 7: Waterfall plot minh hoa chi tiét cich ting base model day log-odds cho mot bénh nhan cu thé

TSA global weight distribution

0.6 1

0.5

0.4 1

0.3 1

0.2 4

0.1+

0.0 - y T
f cat Igbm xgb

Hinh 8: Biéu do cot thé hién mic do dong gop ciia tung mo hinh

Trong sb toan cuc (global) ctia TSA: Khi téi wu AUC trén tép validation, TSA hoc ra mot
ensemble gan nhu “RF + CatBoost”, trong d6 Random Forest chi phdi quyét dinh. LGBM déng
g6p rat nhd, XGBoost hau nhu bi “tit tiéng”.

Dién gidi: hoic RF c¢6 kha ning phan biét tét nhit (AUC cao nhit/can bang bias-variance tt
nhét) trong cic base da hiéu chinh x4c suit; hosic dau ra gitta CatBoost-RF b6 sung nhau (khong
qué tuong quan), con LGBM/XGB tring lap va khong thém lgi ich nén bi day trong sb xubng
gan 0 khi t6i wvu AUC.

Local TSA contributions (sample 0)
p_ens=0.893, baseline=0.468

xgb

0.(‘)0 0.(‘)5 0.‘10 0.‘15 0.‘20 0.‘25 0.‘30
Hinh 9: Biéu do cot thé hién chi tiét mate do dong gép ciia tiing moé hinh cho mot bénh nhin cu thé

Déng gép cuc bo (local) cho mét mau cu thé: Xét mau bénh nhan dau tién:

Baseline = trung binh c¢6 trong s6 (theo w) clia x4c suat cac base trén toan bo test — “mde” du
doédn dién hinh ctia ensemble. p_ens = xéc sudt du doan ctia mo hinh ensemble clia mau dé sau
khi cong cic déng gép. Truc hoanh thé hién mitc do déng gép so véi baseline. Cu thé, O méu 0
nay: RF kéo manh 1én (=~ +0.30), CatBoost kéo thém (=~ +0.12), LGBM rat nhé, XGB ~ 0 —
tong cong day tit baseline 0.468 lén 0.893. Tém lai, néu bac si mudn hiéu “ai da day ca bénh nay
sang nguy cd cao”, cAu tra 16i 14 RF 1a nguon déng gép chinh, CatBoost hé trg ciing chiéu; hai
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model con lai khéng anh huéng dang ké.

3 Hudéng md rong 2: CardioFusion: Ghép da phuong thiic EchoNet
+ Cleveland cho phéan loai bénh tim

3.1 Mb ta pipeline

Dit liéu Cleveland Dir ligu EchoNet-

X{r Iy data n/a Dynamic M hinh Fusion
' A . Tign xir ly i
. Feature Engineering Chigt xust dic tru
. Chuan hoa >\ BB R
. Chuan hoa
I | i MLP CNN

Synthetic pairing Chia tap train/test .F1

theo nhan 5-fold — >

oo

: _ i | Danh gid mo hinh:
64-D L . Loss: Cross Entropy
iy .ROC-AUC

- ..n — . . . .Acc

CYITY

Y

Classifier
128 —>64->32->2

Hinh 10: Pipeline Ghép da phuong thitc (Multimodal) EchoNet + Cleveland cho phéan loai bénh tim
3.1.1 Tién xtt Iy & K§ thuat dic trung (Cleveland)

Buéc 1. Xit 1y thiéu (NA)

« Mic dinh (6n dinh): dién median theo cot sb.

« Tuy chon (ning cao): Random Forest imputation/interpolation cho ting cot thiéu bang RF hoi
quy/phéan loai dya trén cic cdt con lai.

Buéc 2. Feature Engineering
« age_group: phan nhém tudi (< 40, 40-49,50-59, 60-69, > 70).
e chol_category: < 200 (binh thuong), 200-239 (ranh gi6i), > 240 (cao).
e bp_category (SBP): < 120 (N), 120-129 (Elev), 130-139 (S1), > 140 (S2).
« health_index: chi s tong hgp tir tudi/chol/BP. Vi du sau khi chuan hod z-score:
health_index = «;z(age) + asz(chol) + asz(trestbps),
hodc lay PC; tit PCA(age,chol, trestbps).
e cardiac_risk: két hgp cp (dau nguc), thalach (nhip t6i da), oldpeak (ST chénh). Vi du:

cardiac_risk = (1 (cp € {typical, atypical}) 4+ B2z(thalach) — f3z(oldpeak).
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Buéc 3. Chuan hoa & Ma hoa
 One-hot/label-encode cac bién phan loai.
« Chuan hod s6 v6i StandardScaler: ¥’ = (z — i) /0.

o Chii 4§ leakage: fit imputer/scaler chi trén train, r6i 4p lén val/test.
Buédc 4. Tién xt ly & Trich xuét dic trung (EchoNet-Dynamic)

3.2 Chuan ho4 anh/video
o Lay key-frame hoic clip ngin (32/64 frames), resize 224 x 224.
e Chuan hod theo ImageNet néu dung backbone pretrained.

o Augmentation nhe: flip ngang, crop/center, chinh sing/tuwong phan nhe.

Buéc 5. Backbone & Head dac trung anh
o Backbone: ResNet-50 pretrained (ImageNet).
« Head mé&i: bd avgpool+fc mic dinh, thay bang

AdaptiveAvgPool2d(1x1) — Flatten — Linear (2048 — 512) — ReLU — Dropout — Linear (512 — 64).
« DPau ra nhanh anh: vector 64-D.

Buéc 6. Tao Metadata

o Dua meta qua MLP nhé in_meta — 32 — 16 — 8, concat véi 64-D, rdi Linear vé 64-D néu can.
Buéc 7. M6 hinh Fusion hai nhanh

Nhénh tabular (Cleveland — MLP)
 Kién tric: in_tab — 128 — ReLU — Dropout — 64 — ReLU.

e Pau ra: 64-D.

Nhénh anh/meta (EchoNet — CNN)

e Theo muc truée, dau ra: 64-D.

Hgp nhit & Phan loai
 Fusion: concat([64¢ap, 64img]) — 128.

o Classifier: 128 — 64 — ReLU — Dropout — 32 — ReLU — 2 (logits cho No disease / Heart
disease).
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Budc 8. Synthetic Pairing theo nhan

e Vihai bd khdc chii thé, tao mini-batch bing cich ghép ciip theo nhan: chon batch Cleveland nhan
Ye, batch EchoNet nhan ., r6i bat cip ngau nhién trong cling nhan (y. = ve).

« Dam bao stratified sampling dé giit cAn bang 16p trong qué trinh pairing.

« Céch nay thay vi ding CCA (doi héi cting nhém chii thé).
Budc 9. Chia tap, Huin luyén, Lich hoc

3.3 Chia tap

« Stratified train/val/test cho mai nguon.

o Fit imputer/scaler chi trén train.

Budc 10. Huin luyén

e Loss: CrossEntropyLoss.

o T6i wu: Adam (Ir le-3 ~ 3e-4, Lo le-4 ~ le-5).

o Scheduler: StepLR(step_size = K,y = 0.1) hoac CosineAnnealingL.R.
o Epochs: 30-100; early-stop theo val loss/AUROC.

« Logging: train/val loss, Accuracy, AUROC, F1, confusion matrix; Iuu checkpoint t6t nhat theo val
AUROC.

Buéc 11. K-fold
o 5-fold stratified riéng cho Cleveland va EchoNet; pairing theo fold; bdo cdo mean+std cho Acc/AUROC/F1.

Buéc 12. Panh gia & Phan tich

« Trén test: Accuracy, AUROC, AUPRC (néu mat can bang), F1, Sensitivity /Specificity.

o Calibration (tuy chon): Brier score, reliability diagram.

o Ablation: chi tabular vs chi image vs fusion; median vs RF impute; ¢c6/khong health_index/cardiac_ risk.

o Giéi thich: SHAP cho tabular; Grad-CAM cho anh.

3.4 Gidi thiéu tép dir liéu EchoNet

3.5 Toéng quan vé bd dit liéu EchoNet-Dynamic

Bo dit litu EchoNet-Dynamic 1a mot tap dit liéu quy mé 16n vé siéu a4m tim (echocardiography), dudc
xdy dung nham hd trg cic nghién citu vé hoc méay va tri tué nhan tao trong linh viuc tim mach. Tap dit
ligu bao gom 10.036 video siéu &m tim (apical-4-chamber view) dudc thu thap tit 10.036 bénh nhan
ngau nhién tai mot Bénh vién Pai hoc trong giai doan tit nam 2006 dén 2018. Méi video dai dién cho
mot ca nhan duy nhat, bdo ddm tinh da dang va khong tring lip.
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3.5.1 Thanh phan di liéu

Mot nghién citu siéu A&m tim tiéu chuan thuong bao gébm 50-100 video va &anh tinh tit nhidu géc nhin
va ky thudt khic nhau (dnh 2D, Doppler mo, Doppler mau, v.v.). Trong bo dit liéu nay, nhém nghién
cttu dé trich xudt mot video 2D dang x4m & milt cit apical-4-chamber, gin lién v6i phép do thé tich
that trai dé tinh phan suat téng mau (Ejection Fraction, EF).

M3i video c6 do phan giai chuan hod 112 x 112 pixel, s khung hinh dao déng tir 24-1002 véi tbc
do trung binh 51 fps.

2 Tusion

original Frame 60 Preprocessed Original Frame 90
(112, 112, 3} 224x224 Normalized (112, 112, 3}

Hinh 11: Vi du vé 14t canh tit video Echonet

Céc bién nhan di kém (metadata) dugce cung cip trong file CSV (Bang 2), bao gom:
« FileName: tén tép da bam, dung dé lién két video, nhan va annotation.

« Age: tudi bénh nhan (lam tron dén nam gan nhat).

e Sex: gi6i tinh.

« EF: phan suat téng mau, tinh tit ESV va EDV.

« ESV: thé tich cubi tAm thu (End Systolic Volume).

« EDV: thé tich cubi tdm truong (End Diastolic Volume).
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« Height, Width, FPS, NumFrames: thong s6 ki thuit video.

o Split: phén chia tdp train / validation / test cho benchmark.

Bang 2: Cac bién nhan trong bd dit liéu EchoNet-Dynamic

Bién Mb ta

FileName Tén file da bam dé lién két video va nhan
Age Tudi (nam)

Sex Gidi tinh

EF Phan suat tong mau (%)

ESV Thé tich cudi tAm thu (mL)

EDV Thé tich cubi tAm truong (mL)

FPS S6 khung hinh/gidy

NumFrames Tong s6 khung hinh ciia video

Split Phén loai train/validation/test

3.5.2 Y nghia lam sang

Mot chi s6 trung tAm trong ddnh gia chitc nang tim 14 phan suit tong mau that trai (EF), dugc
tinh bing coéng thic: EDV — BSY
EF = — oy~ 100%.
Chi s6 EF phan anh kha ning bom mau cta tim, cé gia tri quan trong trong chan doan bénh co
tim, danh gia chi dinh cho ho tri, vd xem xét cdy ghép thiét bi tim mach. EF thap thudng lién quan
dén tién lugng xdu hon trong nhiéu bénh Iy tim mach.

3.5.3 Théng ké md ta

Téng cong bo dit litu c6 10.036 video, trong d6 chia thanh tdp huan luyén (7.465, chiém 75%), tap
validation (1.289, chiém 12,5%) va tap kiém thit (1.282, chiém 12,5%). Tudi trung binh bénh nhan 13
68 nam, v4i 48% la nit gigi. Cac dac tinh chinh duge trinh bay & Bang 3.

Béang 3: Théng ké mo ta bd dit litu EchoNet-Dynamic

Chi sb Tong Train Val Test

S6 video 10.036 7.465 1.289 1.282
N gi6i (%) 48% 49% 44% 44%
Tudi (nim) 68 + 21 70 + 22 62 + 18 62 + 17
FPS 5094+ 6.8 50.8+6.7 51.0+65 51.3+73
S6 khung hinh 175 + 57 175 + 57 176 + 52 176 + 60
EF (%) 55.7 +12.5 55.7 +12.5 55.8 £12.3 55.3 4+ 12.4
ESV (mL) 43.3 + 345 432 +36.1 43.3 +34.5 43.9 + 36.0
EDV (mL) 91.0 + 45.7 91.0 £ 46.0 91.0 + 43.8 91.4 + 46.0

3.5.4 Bao mat va xit ly dit lidu

B6 dit liéu duge khit nhédn dang theo quy trinh nghiém ngat: loai bé van béan, tin hiéu ECG va cic dit
liéu ngoai viing quét; chuyén déi DICOM sang AVI dé tranh ro ri thong tin cd nhan trong metadata.
Céc video duge chuan hod vé kich thuée 112 x 112 pixel bang phép ndi suy bac ba (cubic interpolation).
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3.5.5 Ung dung

EchoNet-Dynamic dugc coi 14 mot trong nhitng bo dit liéu siéu 4m tim cong khai 16n nhat, phi hop dé
huan luyén va benchmark cic mé hinh deep learning trong chan doian va phéan loai bénh tim.

3.6 Gidi thiéu mo6 hinh MLP

Mang no-ron nhan tao la c6t 16i clia hoc may va trf tué nhan tao hién dai. Trong sb nhiéu loai mang,
perceptron da 16p (MLP) déng vai tro 14 nén tdng co ban cho céc hé théng hoc sau.

Biological Neuron versus Artificial Neural Network

impulses carried
toward cell body W

branches
v,

I_ \J / P T2 T
WS P Input t -
1 tes axon nputs L . z f
- a_xo". == -‘-‘-Zrminals AW e Output
C . - — -

AN et
,;‘7’, :.-\ \ impulses carried 5 Sum Activation

1S5 :
v away from cell body v - W, Function
cell body x -
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W
\:.J

nucleus ——=._g

Hinh 12: No-ron sinh hoc so vdi mang no-ron nhdn tao, Ngudn:ResearchGate

MLP 13 mot loai mang no-ron lan truyén thang bao gdm nhiéu 16p no-ron. Céc no-ron trong MLP
thudng stt dung cidc ham kich hoat phi tuyén tinh, cho phép mang hoc cidc mau phiic tap trong dit liéu.
MLP réat quan trong trong hoc méay vi chiing cé thé hoc céc mdi quan hé phi tuyén tinh trong dit liéu,
khién chiing tré thanh nhitng mo6 hinh manh mé cho cac tdc vu nhu phan loai, hoi quy va nhan dang
mau.

3.6.1 Céc thanh phan MLP

MLP da dudc st dung rong rai trong nhiéu linh vie, bao gom nhan dang hinh dnh, x 1y ngoén ngit tu
nhién va nhan dang giong néi, cung nhiéu linh vic khac. Tinh linh hoat vé kién tric va kha nang xap
xi bat ky ham nao trong mét sé diéu kién nhat dinh khién chiing tré thanh nén tang co ban trong hoc
sdu va nghién ctru mang no-ron. Hay cling tim hiéu sdu hon vé mot sd khai niém chinh ctia né.

Cac thanh phan

« Lép dau vao (Input layer): Lép dau vao bao gom céc ntt hoiic no-ron tiép nhan dit
litu dau vao ban dau. Moi no-ron dai dién cho mot diac diém hodc chiéu cua dit liéu dau
vao. SO lugng no-ron trong 16p dau vao duge xac dinh béi chiéu cua di lieu dau vao.

« L3p 4n (Hidden layer): Giita cic 16p dau vao va dau ra, cé thé c6 mot hodc nhicu 16p
no-ron. Mdi no-ron trong mét 16p an nhan dau vao tit tit cd cic no-ron trong 16p trude
dé (16p dau vao hosc mot 16p an khac) va tao ra dau ra duge truyen dén 16p tiép theo. S6
lugng 16p an va s6 lugng no-ron trong moi 16p an 1a céc siéu tham sd can dude xéc dinh
trong giai doan thiét ké mo hinh.

« Lép dau ra (Output layer): Lép nay bao gom céc no-ron tao ra két qua dau ra cudi
cling clia mang. S6 luong no-ron trong 16p dau ra phu thuoc vao ban chat ctia tac vu. Trong
phén loai nhi phan, cé thé c¢6 mot hodc hai no-ron tiy thudce vao ham kich hoat va biéu
dién xéc suat thuoc vé mot 16p; trong khi trong céc tac vu phan loai da 16p, c6 thé c6 nhiéu
no-ron trong 16p dau ra.
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Inner layer | Hidden layers | Outer layer

Bias Bias

Hinh 13: Vi du vé MLP c6 hai ldp dn, Ngudn:datacamp

o Weights: Céc neuron & céc 16p lien ké duge két ndi hoan toan véi nhau. Madi két ndi co
mdt trong s6 lién quan, quyét dinh do manh clia két néi. Céc trong s6 nay dude hoc trong
qué trinh huan luyén.

« Bias neurons: médi 16p (trit input) thudng c6 thém mot neuron bias cung cip dau vao
hang s6 cho tang ké tiép. Neuron nay cé trong s6 riéng dugc hoc trong qua trinh huan
luyén, gitp dich chuyén ham kich hoat va tdng kha nang khép dit licu.

« Ham kich hoat: moi no-ron trong céc 16p an va 16p dau ra dap dung mot ham kich hoat
cho tong trong s6 cac dau vao ciia né. Céc ham kich hoat pho bién bao gom sigmoid, tanh,
ReLU (DPon vi tuyén tinh chinh luu) va softmax. Cdc ham nay dua tinh phi tuyén tinh vao
mang, cho phép mang hoc cdc mau phiic tap trong dit liéu.

« Feedforward and Backpropagation: MLP dudc dao tao bang thuét todn lan truyén
nguge, thuat toin nay tinh toan do doc clia ham mat mét theo cdc tham sb cia mo hinh
va cAp nhat cdc tham s theo cach 1ap di lap lai dé gidm thiéu mat mat.

3.6.2 Cach thitc hoat dong

Trong mot MLP, cac no-ron xit Iy thong tin theo timg budce, thue hién cac phép tinh lién quan
dén téng c6 trong sb va cdc phép bién déi phi tuyén tinh.

« Tang Input: nhan di liéu dau vao, mdi neuron dai dién cho mot dic trung. Neuron & day
chi truyén dit liéu sang tang an, khong tinh toan.

« Tang in:

1. Mdi neuron nhan toan bo dau vao tit tang trude, nhan véi trong s6 w va cong thém
bias b.
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2. cong thiic tong c6 trong sb

Weighted Sum = Z w;r; + b
i=1
3. Két qua Weighted Sum dudc dua qua ham kich hoat f(Weighted Sum) (ReLU, sigmoid,
tanh...), gitip mang hoc duge quan hé phi tuyén va mé hinh héa dit liéu phiic tap.

« Tang Output: sinh ra du doan cudi ciing.S6 neuron & day phu thudc bai toan: 1 neuron cho
phan loai nhi phan, nhié¢u neuron cho phan loai da 16p, hodc gié tri thuc cho hoi quy. Thudng
dung ham kich hoat khac (vi du: sigmoid cho nhi phén, softmax cho da 16p).

o Training: Trong sé w va bias b dudc cAp nhat dé gidm sai s6 gitta du dodn va gid tri thuc.
Viée t6i utu ding cdc thuat todn nhu Stochastic Gradient Descent (SGD), tinh gradient ctia
ham mat mat va diéu chinh trong s6 lap lai nhiéu lan.Céng thtic cAp nhép trong so:

oL

8wi

W; <— w; — 1

3.7 Gidbi thiéu ResNet50 va CNIN
3.7.1 CNN cg ban

« Trong mang neural, m6 hinh mang neural tich chap (CNN) Ia 1 trong nhitng mo6 hinh dé
nhan dang va phan loai hinh dnh. Trong dé, x4c dinh déi tuong va nhan dang khudén mat
14 1 trong s6 nhitng linh vitc ma CNN dudc stt dung rong rai.

« CNN phan loai hinh a4nh bang céch ldy 1 hinh &nh dau vao, xit I va phan loai né theo céc
hang muc nhat dinh (Vi du: Ché, Meo, Hg, ...). Méy tinh coi hinh 4nh dau vio la 1 mang
pixel va né phu thudc vao do phan giai ctia hinh anh. Dua trén do phan giai hinh anh, may
tinh sé thay H x W x D (H: Chiéu cao, W: Chiéu rong, D: Do day). Vi du: Hinh &nh 13
méng ma tran RGB 6x6x3 (3 & day 1a gia tri RGB).

bxb6x3
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« V& ky thuadt, mé hinh CNN dé training va kiém tra, moéi hinh &nh dau vio sé chuyén né
qua 1 loat cac 16p tich chap vé6i cac bd loc (Kernals), tong hop lai cac 16p duoc két ndi day
du (Full Connected) va ap dung ham Softmax dé phan loai ddi tugng c6 gid tri xdc suat
gitta 0 va 1. Hinh duéi day 1a toan bo ludng CNN dé xit Ij hinh 4nh dau vao va phan loai
cic dbi tuong dua trén gid tri.

— CAR

L TRUCK
N — VAN
4 {.I'_ \

-\"‘-\_-._ s [ -

~\E—n [] — micveie
- FULLY
INPUT CONVOLUTION + RELU POOLING CONVOLUTION + RELU POOLING ) FLATTEN CONNECTED SOFTMAX
FEATURE LEARNING CLASSIFICATION

Lép tich chap (Convolution Layer) Tich chép la 16p dau tién dé trich xuat cdc tinh ning ti
hinh anh dau vao. Tich chap duy tri mbi quan hé gitta cic pixel bang céch tim hiéu céc tinh
ning hinh anh bang cach st dung cdc 6 vuong nhé cia dit lidu dau vao. N6 14 1 phép todn cé 2
dau vao nhu ma tran hinh dnh va 1 bd loc hodc hat nhan.

- Ma tran (volume): (h x w x d)
e h: chiéu cao
o w: chiéu rong

e d: chi¢u sau (ho#ic s6 kénh/diém anh
theo khdi 3D)

- B loc filter: (fy, x fiu, x d)
e fn: chidu cao ctia filter
e fu: chiéu rong cta filter

e d: chiéu sdu/truc sau clia filter tring
v6i chiéu sdu clia ma tran dau vao
(thudng cung sb kénh)

- Lép tich chép: c6 kich thude (h— fr, +1) X
(w— fu + 1) x 1 néu chi mot filter duy nhat
va van giit nguyén chiéu sdu 1 (hoiic ¢é thé
nhan bang s6 lugng kénh /filters néu c¢6 nhiéu
filters).

Xem xét 1 ma tran 5 x 5 c6 gia tri pixel 1a 0 va 1. Ma tran bo loc 3 x 3 nhu hinh bén dudi.
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1 /1|1 0|0
0|11 1|0
o001 11 0
0|01 1 0 0|1
0|1|1 00 * 0

5 x 5 - Image Matrix 3 x 3 - Filter Matrix

Sau do, 16p tich chap ctia ma tran hinh d&nh 5 x 5 nhén v6i ma tran bo loc 3 x 3 goi la "Feature
Map’ nhu hinh bén dudéi.

1/1f1lof0
oji[1f1]o] |4
A ENE
0|0|1|1|0
0|1|1|0]|0
Convolved
Image Feature

Su két hop ctia 1 hinh anh véi cac bo loc khac nhau c¢é thé thuc hién céc hoat dong nhu phét
hién canh, lam md va lam sac nét bang cach ap dung céc bo loc. Vi du duéi day cho thay hinh
anh tich chap khac nhau sau khi 4p dung cac Kernel khac nhau.
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Identity

Edge detection

Sharpen

Box blur

{nomalized)

Gaussian blur

Operation

(approximation)

==

=
=2 = o

Filter

-1 -1
g -1
-1 -1
1 0]
5 -1
-1 0]

= b3 =
b = b2
— B3 -
[

Budc nhay (Stride) Stride 1a s6 pixel thay doi trén ma tran dau vao. Khi stride 1a 1 thi ta di
chuyén céc kernel 1 pixel. Khi stride 14 2 thi ta di chuyén céc kernel di 2 pixel va tiép tuc nhu

vay. Hinh duéi la 16p tich chap hoat dong véi stride 1a 2.
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41

51

43
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44
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45

55
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56

61

63

64

65

66

71

73

74

75

76

Convolve with 3x3
filters filled with ones

—>

108

126

288

306

Pudng vién (Padding) Doi khi kernel khong phtt hop véi hinh dnh dau vao. Ta c6 2 lwa chon:

« Cheén thém céc s6 0 vao 4 dudng bién ciia hinh anh (padding).

+ CAt b6t hinh anh tai nhiing diém khong phit hop véi kernel.
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Ham kich hoat (Activation Function) Nhu sigmoid hodc tanh (Relu, ...) dé thém tinh phi
tuyén tinh.
Vi dit litu trong thé giéi ma chiing ta tim hicu 1a céc gia tri tuyén tinh khong Am.

Lép gop (Pooling Layer) Lép pooling sé gidm b6t s6 lugng tham s6 khi hinh dnh qud 16n.
Khoéng gian pooling con dude goi 1a ldy mau con ho#ic lay mau xudng lam gidm kich thuée cia,
moi map nhung van giit lai thong tin quan trong. Cac pooling c6 thé cé nhiéu loai khac nhau:

o Max Pooling
e Average Pooling

o Sum Pooling

Max pooling 1y phan tit 16n nhat tit ma tran ddi tuong, hodc lay tong trung binh. Tong téat
cd cac phan tit trong map goi la sum pooling

Single depth slice

x 11112 |4
max pool with 2x2 filters
5|16 |78 and stride 2 6 | 8
3 | 2 3|4
1123 |4
y -

Lép Fully Connected : Dé phén loai cudi cling.

Chubi I/O minh hoa Vi du éanh vao 224 x 224 x 3:
Conv 333,64, 5=LP=1 994 % 924 x 64 ENFELY 994 « 294 x 64

MaxPool 222572 119 % 112 x 64 S35 119 %112 x 128 B, 119 5 112 x 128

MaxPool 56 x 56 x 128 Conv 3% 3,256 56 % 56 X 256 M) 56 % 56 X 256

224 x 224 x 3

AP 1 x 1x 256 —SBOZRL g (Softmax).

VAn dé ban dau: Huin luyén khé véi dataset 16n, vanishing gradients, va tham sb nhiéu.
P4y la nén tang, nhung chua thuc té cho ting dung phic tap.
3.7.2 LeNet-5 (1998): Ung Dung DPau Tién Thyc Té

LeNet-5 14 mo6 hinh CNN dau tién dude trién khai rong rai, do Yann LeCun phét trién cho nhéan
dang chit s6 handwritten (MNIST). DAy 1a budc nang cap tit CNN co ban bang cach tich hop
huan luyén end-to-end.
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Biitan C3: f. maps 16@10x10
INPUT 6@23 :él.:;re maps S4: f. maps 16@5x5
32w32

S2: f. maps
6@14x14

|
| Full confection | Gaussian connections

Convolutions Subsampling Convolutions  Subsampling Full connection

Nhitng khac biét chinh ciia LeNet-5 so v8i “CNN co ban”

1. Subsampling hoc dugc véi tham sé va phi tuyén tinh
« CNN co ban: Pooling ¢ dinh (max/avg), khong hoc.
o LeNet-5: Average pooling v6i «, 5 hoc duge: y. = tanh(a.. - AvgPool(z.) + 5.).
« Lgi ich: Linh hoat hon, diéu chinh kénh theo dit liéu, tdng biéu dién.

2. Két ndi thua giita feature maps (C3)
« CNN co ban: Két nbi day du giita cac kénh.
« LeNet-5: Bang két noi thua, mdi map chi két ndi tap con.
o Lgi ich: Gidm tham s6, da dang dic trung, tranh ddi xtng.

3. Convolution toan anh thay flatten sém (C5)

« CNN co ban: Flatten r6i FC sau conv/pool.
e LeNet-5: Conv 5x5 trén Hx5 ra 1x1x120, gilt weight sharing.
 Lgi ich: Gidm tham s6, tich hop diic trung khong gian tot hon, it overfit.
4. Thiét ké tang tdi wu cho input 32x32
« CNN co ban: Kién tric linh hoat, khong khép chat.
+ LeNet-5: Chudi 16p an khdp (32—28—14—10—5—1), receptive field tang dan.
e Logi ich: Ngit canh md rong ¢ hé théng, t6i wu cho ky tu.

5. Huén luyén end-to-end hoan chinh

e CNN co ban: Dic trung thi cong + classifier riéng.
« LeNet-5: Hoc dong thdi qua backprop, loss chung.
« Lgi ich: Dac trung t6i uu, chinh x4c cao trén MNIST.

6. Hiéu qua tham s6 cao

¢ CNN co ban: MLP tuong duong 310k tham so.
o LeNet-5: Chi 60k nhd receptive field cuc b va sharing.
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+ Lgi ich: Nhe, dé huan luyén, biéu dién phong phii.
7. Phan cip dic trung va bat bién chiu dich

« CNN co ban: Phan cap ngam dinh.
+ LeNet-5: Edges — motifs — digits, véi invariance dich chuyén.

 Lgi ich: Generalization t6t cho viét tay, hierarchical learning 16 rang.

3.7.3 AlexNet (2012): Buéc Nhay Vot Véi D6 Sdu Va GPU

AlexNet danh dau sy biing né ctia CNN, thing cudc ImageNet 2012. N6 nang cap tit LeNet bang
cich tang do sdu va tdn dung phan ctng hién dai.

—> —> —>
3x3 5x5 3x3
s=2 same s=2

55 x 55 x 96 27 X 27 X 96 27 X 27 X 256 13x13 x 256

227 x 227 %3

FC FC
3x3° - > g » O
same Softmax
1000
9216 4096 4096
13x 13 x 384 13 x 13 x 384 13 x 13 x 256 6 X6 X256

60M parameters

Khac biét so v8i LeNet-5
1. Quy mé & do sau

o LeNet: anh 32x32, 2 conv noéng + pooling c6 tham s6, C5 “conv-toan-anh”, rat it
kénh.

o AlexNet: anh 227x227, 5 conv + 3 FC, kénh 16n (96—256—384...), downsample manh
(Conv 11x11 stride = 4 + 3 MaxPool).

2. Kich hoat

o LeNet: tanh/sigmoid (dé bao hoa).
o AlexNet: ReLU — hoc nhanh, gradient khoé.

3. Pooling

« LeNet: average pooling c6 tham s (+ tanh).
o+ AlexNet: maz-pooling chong 1an (3x3, s=2) — chon loc dic trung t6t trén anh tu
nhién.
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4. Chuin hoa & regularize

o LeNet: khong BN/LRN, khong dropout.

« AlexNet: LRN (bdi canh thsi diém dé hitu ich), Dropout 0.5 § 2 FC dé chéng overfit.
5. Huén luyén & phan ciing

« LeNet: CPU, du li¢u nhé (MNIST).

o AlexNet: GPU, dit liéu 16n (ImageNet 1.2M), data augmentation (crop, flip, PCA
color).

6. Classifier

« LeNet: C5 (conv phi kin) — F6 84 — 10 16p.
o AlexNet: Flatten 9216 — FC4096 — FC4096 — FC1000 (“rdt day” — nhiéu tham

s6 nhung manh).
Takeaway

« So véi LeNet-5: AlexNet khong chi “tang 16p” ma la combo kién tric + ky thuat huan
luyén + GPU + dit liéu 16n, mé ra ky nguyén CNN cho anh tu nhién.

« So v8i CNN co ban: van gitt khung Conv-ReLU-Pool-FC, nhung chuan héa lua chon
(ReLU, max-pool, conv 3x3 & gitta, FC day, regularization manh) dé dat hi¢u nang ¢ quy
mo 16n.

3.7.4 ZFNet (2013): Tinh Chinh Va Tryc Quan Héa

ZFNet (Zeiler & Fergus) thing ImageNet 2013, chit yéu “mé xé” AlexNet bang deconv /visualization
dé tinh chinh kién tric, chit khong déi triét 1.
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_l

i

o

Conv (7x7) Conv (5x5) Conv (3x3) FC (4096)
v v v v
ReLu ReLu RelLu RelLu
' ' | '
Max-Pool Max-Pool Conv (3x3) FC (4096)
' v
ReLu ReLu
! v
Cony (3x3) FC (1000)

v

4

Max-Pool

[

ZFNet lam gi?
+ Deconv/Visualization Gin mot “deconvnet” vio sau timg 16p dé nhin lai ving anh kich
hoat manh = chan doan:
— Convl 11x11 stride 4 ciia AlexNet lam mat chi tiét sém (aliasing).
— Mot s6 cau hinh khién feature map “ddm nhiéu/it ciu tric”.
« T chan doan — chinh kién tric

— Conv1l nhé hon, stride nhé hon: 7x7, stride 2 (giit chi tiét t6t hon).

— Gift cach “giam dan H xW, tang kénh”, nhung b6t hung han & dau mang; pooling van
3x 3, stride 2 (chéng 1an).

— Phan gifta diing 3x3 déu tay (gan “tién than” ctia VGG-style).

— B6 grouped conv 2-GPU clia AlexNet (thuong train trén 1 GPU) = céc 16p nhin
full kénh.

— Dropout ¢ FC van git; LRN xem nhu khdng qud can (tdc dung nhé khi da chinh
conv /stride hgp 1y).

Khac gi AlexNet & LeNet?
e So v6i AlexNet
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— Nho kernel/stride & dau (7x7,5=2 so v4i 11x11, s=4) = {t mat chi tiét sém, gidm
aliasing.

— Git 5 conv + 3 FC, max-pool chéng lan, ReLU, dropout — nhung cau hinh “vita
tay” hon = mAP /top-5 t6t hon.

— Khong dua vao LRN/2-GPU split; nhan manh thiét ké conv/stride hop lij 1 chia kho4.
e So vGi LeNet
— Lam trén anh ty nhién 16n (ImageNet), siu & rong hon nhiéu; duing ReLU +

max-pool, khong con “avg-pool c¢é tham s6” hay két ndi thua.

Takeaway ZFNet = AlexNet dugc “bac si chinh hinh”: dung truc quan hod dé giam
downsample s6m, chuan hod kernel /stride, b6t rudm ra = dic trung r6 rét hon, hiéu ning cao
hon, dit tién dé cho VGG (chudi 3x3).

3.7.5 VGGNet (2014): Tang D6 Sau VGi Kernel Nho

convl

7 %7 %512

11/x 112 x 128

ﬁ'ﬂ convolution+ReLU
@ max pooling

@ fully connected+Rel.U

224 % 224 x 64

« Y tuéng: kién tric ddng nhit, chi ding Conv 3 x 3 (stride = 1, padding = 1) xép chong;
giam kich thuée chi bang MaxPool 2 x 2 (stride = 2).

e D6 sdu: VGG-16/19 ¢6 16-19 16p conv, sdu hon hin AlexNet /ZFNet.

« Visao 3 x 3 xép chdng? 2 x (3 x3)~5x5,3x(3x3)~7x7nhung it tham s6 hon
va nhiéu phi tuyén hon = biéu dién manh hon.

« Nhip kién tric (VGG-16):

(2%x64) — pool — (2x128) — pool — (3x256) — pool — (3x512) — pool — (3x512) — pool — head
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BatchNorm: ban gbc (2014) khong BN; bién thé VGG-BN (2015) thém BN gitp train
on dinh hon.

Uu diém: d6 chinh xdc ImageNet thoi diém d6 ~ 7% top-5 error; diic trung conv sach,
httu dung cho transfer (detection/segmentation).

Nhugc diém: ~ 138M tham s6 (da s6 & 2 16p FC 4096), tinh todn ning; khong cd skip nén
khé tang sdu hon (dé degradation/vanishing).

Khuyén nghi hién dai: ding VGG-BN; thay Flatten bang GAP (7x7x512 — GAP —
512 — FC) dé gidm manh tham s6; 14y dic trung tit conv5_ 3 + GAP/GeM/R-MAC.

Khic ZFNet: VGG gitt H x W lau hon va xép chong nhiéu 3 x 3 truéc moi pool = dac
trung giau chi tiét/ngit cdnh hon (do6i lai nang hon).

3.7.6 ResNet (2015): Mang Siéu Sau Vi Residual Blocks

1 t
RalLL RelLL
+ |- + o
R :_""" T
Batch norm : I Batch norm !
I ! I
4 , " 4 ,
3 x 3 Conv : : 3% 3 Conv :
4 I : 4 |
] |
Reall) [ : RelLl [ 1= 1 Canv
] |
1 I : ) 1 i
Batch norm : I Batch norm :
I
f ! . f ;
3= 3 Conv I : 3= 3 Conv !
1 : I 1 :
X X

Pong lyc tir cic bién thé trudc

+ LeNet-5 hoc end-to-end bang backprop nhung con néng (tanh, subsampling c6 tham s6)

= chua d6i mit van deé t6i wu khi rat sau.

+ AlexNet/ZFNet diy quy mé (ReLU, max-pool, GPU, aug) nhung van 13 mang thdng

(khong cé duong tat).

« VGG dung “all-3x3” dé sau (16/19 conv) song khéng cd skip = khi tang sidu hon gip

vanishing gradient & degradation (thém 16p lam train/test té hon).
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Vanishing Gradient Trudc hét thi Backpropagation Algorithm la mdt ky thuit thudng
duoc st dung trong qué trinh tranining. Y tudng chung ctia thudt toén 14 sé di tit output layer
dén input layer va tinh toan gradient ctia cost function tuong ting cho tiing parameter (weight)
ctia mang. Gradient Descent sau dé dugdc st dung dé cap nhat cdc parameter dé. (LeNet-5)

—_
E\E —

= 5§

g e

D g 20-layer
=0}

£ 56-layer 2

g i

3 g

B

20-layver

0 1 2 5 [} i} 1 2

itcr-.‘ (1(:4)J itcr? (lt:4)J

Toan b6 qua trinh trén sé duge lap di lap lai cho t6i khi ma cdc parameter ctia network
dugc hoi tu. Thong thudng chiing ta sé c6 mot hyperparametr (s6 Epoch - s6 1an ma traninig
set dugce duyét qua mot lan va weights duge cap nhat) dinh nghia cho s6 lugng vong lip dé thuc
hién qué trinh nay. Néu s6 luong vong lap qua nhd thi ta gip phai truong hop mang cé thé sé
khong cho ra két qua tot va ngudc lai thoi gian tranining sé 1au néu s6 luong vong lap qué 1én.

R e el

Fﬂ =
ﬂl 5- a
-',""ﬂg Grﬁdiﬁn
r

ELPR
t:l 5 :_-.l :-':l 1:3 al FHI l;.:li |H+
Deep Layers Somwhere in Initial
the middle Layers

Tuy nhién, trong thuc té Gradients thudng sé c6 gia tri nhé dan khi di xuéng cac layer thap
hon. Dan dén két qua 1a cdc cap nhat thuc hién bdi Gradients Descent khong lam thay doi
nhiéu weights ctia cdc layer d6 va lam ching khong thé héi tu va mang sé khéng thu duge két
qué tot. Hién tuong nhu vy goi 14 Vanishing Gradients.

Kién tric mang ResNet Cho nén giai phap ma ResNet dua ra la sit dung két ndi "tat” dong

nhat dé xuyén qua mét hay nhiéu 16p. Mot khdi nhu vAy dude goi 1a mdt Residual Block, nhu
trong hinh sau:
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X
weight layer
]:(x) l relu N
weight layer identity

ResNet gan nhu tuong tu véi cdc mang gom cé convolution, pooling, activation va fully-
connected layer. Anh bén trén hién thi khéi du (residual block) duge sit dung trong mang.
Xuat hién mot miii tén cong xuat phat tit dau va két thic tai cudi khéi du. Hay néi cach khéc
la sé bd sung dau vao X vao dau ra cta layer — hay chinh 1 phép cong tdt (skip connection)
nhu minh hoa.

Viéc nay giap:

« Chdng lai hién tuong dao ham bang 0 (vanishing gradient),
« Vi van con cong thém X vao dau ra nén thong tin géc khéng bi mat hoan toan.
Véi H(x) la gia tri du doan, F(x) 1a gid tri that (nhan), ta mudn H(x) bang hodc xap xi
F(x). Khi d6, ResNet hoc phan phan du (residual) thay vi toan bd anh xa, titc 1a:
H(x)=F(z)+x

Viée F(x) ¢6 duge tit x nhu sau:
1 X -> weightl -> RelLU -> weight2
Gia tri H(z) c6 duge bang céch:
1 F(x) + X -> RelU

Nhu ching ta da biét viéc tang s6 luong cac 16p trong mang lam giam d6 chinh xéc, nhung
mubn c6 mot kién tric mang sdu hon c¢é thé hoat déng t6t.
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e Hinh 1. VGG-19 la mét md hinh
CNN stt dung kernel 3x3 trén

e Hinh 2. ResNet dung cac ket noi
3X3 conv, 64 7X7 conv, 64 12 ¢ . e , N .
( ResMet 152 output tat (skip) gitta 16p n va n+x (mui
3X3 conv, 64 +VGG-19 output) ~
- tén cong).

Hinh 3. Duing 12 dau ra ti
ResNet-152 va VGG-19 lam input
52 cho mang 2 hidden layer; dau ra
cubi qua 2 16p an.

3X3 conv, 128 3X3 conv, 64

il

3X3 conv, 128

3X3 conv, 64

3X3 conv, 64
—

3X3 conv, 256

3X3 cony, 64 (onychomycosis
3X3 conv, 256 or not)
3X3 conv, 64 ¥
it |

3X3 conv, 256

3X3 conv, 256 3X3 conv, 128

3X3conv, 128 .}
3X3 conv, 512 pac?

e

3X3 conv, 512 152 layers

3X3 conv, 512
3X3 conv, 512

I

3X3 conv, 512
3X3 conv, 512

3X3 conv, 512

\

fc 4096

fcé
fc 4096

e i

fcé

3.7.7 ResNet50 Trich xuit dic trung

Tryc Quan Hoéa Kich Thudc Feature Map Biéu dd nay thé hién su thay déi kich thude cta
dit liéu khi di qua cdc giai doan ctia ResNet-50. Hay chii ¥ cdch chiéu cao va chiéu rong (khong
gian) gidm dan, trong khi s6 kénh (d6 siu) tdng 1én, cho phép mang hoc cdc dic trung ngay
cang phiic tap.

Chiéu Cao/Réng (Khong gian) [ Sa Kénh (B9 sau)

200.0 2,000
100 0
= 388 Conv3_x élﬁ?
§ I Chiéu Cao/Réng (Khiing gian): 28x28
2 200 = IS8 Kénh (B9 sau): 512 200 g
§ 100 _— 100 &
[ =
1 B B g
& - | .
% 2
£ =20 _— — 20 8
E —
= 1.0 | ] 10
= _— 1
8 - ]
¥
0.3 |:| e = 3
0.1 = e 1

Input Conv1 ConvZ2_x Conwd x  Convd x  Conwvs_x Output
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Bién doi kich thuéc dién hinh ctia ResNet-50 (output stride ~ 32):

9224%224%x3 2™y 119%112x64

MaxPool | 5656 %64

Comv2 X o 56 56256

_Convdx 98 98% 512

Conv4_ x

— 14x14x1024

Convb_x

—— TXTx2048

CAP 1% 1%2048.

Quy ludt: HxW gidm theo titng stage (do stride/pool), s6 kénh tang (64—256—512—1024—2048),
biéu dién ngdy cang tritu tugng/ngit nghia.

Giai doan 0: Anh Pau Vao Moi thit bit dau v6i mot bic anh. Déi v6i ResNet-50, anh dau
vao thudng duge chuan héa vé kich thude 224x224 pixel véi 3 kénh mau (D6, Luc, Lam). Day la
diém khdi dau ctia toan bd qué trinh trich xuat ddc trung.

+ Chuan hoa & chuan bi: &nh RGB — resize/crop vé 224 x224x 3, chuan hoé theo mean /std
ImageNet.

« Ché dd trich xuit: dit mo hinh eval dé BatchNorm dung running stats.

Giai doan 1: Tich chdp Go6p Ban Pau (Convl MaxPool)

Conv DT 60922 119511264 SNV 1195119564 MBPLSB =2 56 565064,

224 %224 %3

Convl: 7x7, 64 bo loc, stride 2

1

BatchNorm & ReLU

1

Max Pooling: 3x3, stride 2

Vai tro: trich xuat canh/hoa van tho, gidm FLOPs sém.

Giai doan 2: Conv2_ x (3 bottleneck, out = 256)

« Mbi block: 1x1 (gidm kénh 64) — 3x3 (64) — 1x1 (md kénh 256), gitta cac conv c6
BN+ReLU; skip identity.

« Kich thugc: 56 x56x64 — 56x56x256 (git HxW).

« Y nghia: hoc mé-tip cuc bd (gbe, duong cong, texture nho).
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Conv 1x1, 64

1

% 3 Khai Conv 3x3, 64

1

Conv 1x1, 256

Giai doan 3: Conv3__x (4 bottleneck, out = 512, downsample)

+ Block dau: downsample (stride = 2 dit & 1x1 ho#ic 3x3 tuy bién thé) + projection skip
1x1 dé khép kénh.

« Kich thudc: 56 x56x256 — 28 x28x512.

« Y nghia: m6 ta ciu tric 16n hon (bd phan don gidn ciia déi tuong).

Conv 1x1, 128

1

x 4 Khai Conv 3x3,128

1

Conv 1x1, 512

Giai doan 4: Conv4__x (6 bottleneck, out = 1024, downsample)
+ Kich thugc: 28x28x512 — 14x14x1024 (downsample & block dau).

« Y nghia: diic trung giau ngit nghia nhung van gitt tuong déi thong tin khong gian; thuong
la “xuong song” cho det/seg.

Conv 1x1, 256

1

x 6 Khai Conv 3x3, 256

1

Conv 1x1, 1024

Giai doan 5: Conv5__x (3 bottleneck, out = 2048, downsample)
o Kich thudc: 14x14x1024 — 7x7x2048.

+ Y nghia: dic trung cip vat thé/canh; mdi 6 7x7 c¢6 receptive field gan toan anh.
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Conv 1x1, 512

!

x 3 Khai Conv 3x3, 512

1

Conv 1x1, 2048

Giai doan 6: Gop & Phan loai cubdi

Global Average Pooling

TXTx2048 y 1x1x2048 —=5 logits (vd. 1000 16p ImageNet).

Khi trich zudt ddc trung: dimg & vector 2048-chiéu (trude FC).

Global Average Pooling

1

Fully Connected (1000 outputs)

Giai doan 7: Vector dic trung dau ra
« Dai dién: vector 2048-chieu (sau GAP, trudc FC) co6 dong toan bod ngit nghia ciia dnh.
« Thuyc hanh: L2-normalize dé so khép (cosine/Euclid) trong retrieval /ID; hodc giit feature
map 7x7x2048 néu can thong tin khong gian (R-MAC/GeM, attention).

Ghi chi vé residual (4p dung cho moi stage) MGdi block xuat y = o+ F(x); skip git biéu dién
cii, nhanh F chi hoc phan b6 sung = dac trung dudc tich lug on dinh qua nhiéu tang; gradient
lan truyén t6t khi hudn luyén. Khi doi kich thudc/kénh giita cic stage, ding projection skip 1x 1
dé cong ding kich thude.
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3.8 Gié6i thiéu mo6 hinh hgp nhit (Fusion Model)

Optional
——————— »i f
d i Image Features;

; tooe{64D] -4

Numerical
MLP

A 4

Numerical
Data

64D

64-D Feature

Classifier

Linear 64-32
ReLU, Dropout 0.2| > Output
Linear32>2 |, mlp_features
ReLU, Dropout 0.2

Fusion
Layer

Hinh 14: M6 té vé Fusion Model

M6 hinh Fusion dugc thiét ké dé két hop thong tin tit hai ngudn dit liéu khéc nhau:

« Dit lidu bang (tabular): cic bién s6 lam sang hoic chi s6 y té, vi du tit by dit liéu
Cleveland.

« Dic trung anh (image features): cic diic trung trich xuat tit 4nh siéu Am tim (EchoNet-

Dynamic) thong qua mang CNN hodc ResNet50 da huan luyén trude.

Nhanh MLP (cho dit liéu bang). Dit liéu bang dau vao c6 kich thude d dude dua qua mang
MLP ba tang:
d — 128 — 064,

tao ra vector dic trung 64 chicu:
ZyLp € R%,

Nhanh CNN (cho dit li¢u anh). Anh siéu Am duge xtt Iy qua ResNet50 (da bo 16p phéan loai
cudi cling), sau d6 qua mot chudi tang giam chieu:

ZoNN € R5.
Khbi Fusion. Hai vector dic trung zy;.p va zony duge ghép ndi (concatenate):
. 128
Zfusion = |ZMLP;ZONN) € R™C.
Sau d6, zfusien duge dua qua hai tang an dé giam chiéu va hoc biéu dién chung:

128 — 64.
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Pau ra (Classification head). Cudi cling, vector 64 chiéu dudc dua qua tang phan loai:
64 — 32 — 2,

dé du doan nhan Heart Disease hoic No Heart Disease.
Tém tit pipeline.

. MLP CNN
Numerical Data —— zy;1p, Image Features — zonnw,

. Fusion Layers Classifier. .
[ZMLPa ZCNN] —— Zjfysion Y.

Luu y. Néu khong c¢6 dut liéu anh, nhdnh CNN sé dugc thay thé bang vector 0, nghia 1a chi st
dung nhénh MLP dé du do4n.

3.9 Céac ham trién khai
3.9.1 Trich xuit dic trung anh v8i ResNet—50

Trong bude dau tién, nhém minh khéi tao mot bd trich xuat dic trung d&nh dua trén ResNet—
50 da huan luyén trude (ImageNet). Phan backbone duge gitt t6i layerd (2048 kénh), loai bd
avgpool va fc. Dau ra 2048 chiéu duge 4nh xa qua projection head 2048 — 512 — 64 (ReLU +
Dropout), tao vector 64-D tuong thich véi nhanh MLP trong mé hinh hop nhét. Anh dau vao
dugc resize vé 224 x 224 va chuan hod theo thong ké ImageNet.

import torch
import torch.nn as nn
from torchvision import models, transforms

def initialize_fixed_cnn_model ():
"""Tnitialize FIXED ResNet-50 CNN for image feature extraction
print ("Initializing FIXED ResNet-50 CNN...")

non

resnet = models.resnetb50(pretrained=True)

class FixedCNNFeatureExtractor (nn.Module) :
def __init__(self):
super (FixedCNNFeatureExtractor, self).__init__()
# backbone without avgpool & fc
self .backbone = nn.Sequential (*list(resnet.children())[:-2])
self.avgpool = nn.AdaptiveAvgPool2d((1, 1))

self.feature_layer = nn.Sequential/(
nn.Linear (2048, 512),
nn.RelLU(Q),

nn.Dropout (0.2),
nn.Linear (512, 64) # 64-D feature

def forward(self, x):
# x: (B, 3, 224, 224)

x = self.backbone (x) # (B, 2048, 7, 7)
x = self.avgpool (x) # (B, 2048, 1, 1)
x = torch.flatten(x, 1) # (B, 2048)
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x = self.feature_layer (x) # (B, 64)
return x

cnn_model = FixedCNNFeatureExtractor ()
cnn_model .eval ()

transform = transforms.Compose ([
transforms.Resize ((224, 224)),
transforms.ToTensor (),
transforms.Normalize (mean=[0.485, 0.456, 0.406],
std=[0.229, 0.224, 0.225])
»

print ("FIXED CNN feature extractor initialized!")

13 print ("Architecture: Input(3,224,224) -> ResNet -> 2048 -> 512 -> 64")
14 return cnn_model, transform

Code Listing 2: initialize_fixed _cnn_model(): ResNet-50 feature extractor to 64-D

3.9.2 M5 hinh hgp nhét (Fusion CNN 4+ MLP)

M6 hinh hgp nhat két hop hai nhanh: (i) nhanh MLP cho di liéu bang dnh xa d — 128 — 64 sinh
vector zyp € R%; (ii) nhanh CNN/ResNet sinh zcyn € R%. Hai vector duge ndi [zyrp; zonn] €
R!% dua qua khoi fusion 128 — 64 (ReLU, Dropout). Cudi ciing 1a classifier 64 — 32 — 2 dé
xuat logits (c6 bénh/khong bénh). Khi thiéu dnh, mo hinh tu dong ghép thém mot vector khéng

1

2

dé van st dung dudge nhanh MLP don kénh.

import torch
import torch.nn as nn

class NumericalMLP (nn.Module) :
"""Tabular MLP: in_dim -> 128 -> 64."""

def __init__(self, input_dim, hidden_dims=[128, 64], output_dim=64):

super () . __init__Q)

hli, h2 = hidden_dims

self .net = nn.Sequential(
nn.Linear (input_dim, hl), nn.ReLU(), nn.Dropout(0.2),
nn.Linear(hl, h2), nn.RelLU()

)

self .out = nn.Linear (h2, output_dim)

def forward(self, x):
return self.out(self.net(x))

class FeatureFusionModel (nn.Module) :
"""CNN + MLP Feature Fusion Model - FIXED"""
def __init__(self, numerical_dim, fusion_dim=128, num_classes=2):
super (FeatureFusionModel, self).__init__()
self .numerical_mlp = NumericalMLP(

input_dim=numerical_dim, hidden_dims=[128, 64], output_dim=64

)

self.fusion_layer = nn.Sequential(
nn.Linear (64 + 64, fusion_dim),
nn.RelLU(),
nn.Dropout (0.4),
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nn.Linear (fusion_dim, 64),
nn.RelLU(),
nn.Dropout (0. 3)

)

self.classifier = nn.Sequential (
nn.Linear (64, 32),
nn.RelLU(),
nn.Dropout (0.2),
nn.Linear (32, num_classes)

def forward(self, numerical_data, image_features=None):
mlp_features = self.numerical_mlp(numerical_data) # (B,64)
if image_features is not None:
fused_features = torch.cat([mlp_features, image_features], dim=1)
else:
fused_features = torch.cat([mlp_features, torch.zeros_like(
mlp_features)], dim=1)
fused_features = self.fusion_layer (fused_features) # (B,64)
output = self.classifier (fused_features) # (B,2)
return output, mlp_features

Code Listing 3: FeatureFusionModel: MLP + CNN fusion, classifier 64->32->2

3.9.3 Tién xit Iy & xiy dung dic trung (Feature Engineering)

Dit lidu bang dudc sao chép va tdch nhan cardio. Céc bién lién tuc (age, height, weight,
ap_hi, ap_lo) dugc ép kiéu sb, dicn thiéu bang trung vi; cdc bién phan loai (cholesterol,
gluc, gender, smoke, alco, active) dién bang gi4 tri phé bién nhat. nhém minh sita cdc miu
c6 ap_hi < ap_lo, winsorize ¢ mtic 1-99% dé gidm ngoai lai. Tt d6 tao cdc dic trung lam
sang: age_years, bmi, pp, map, sbp_ dbp_ratio, cd tang huyét ap, cd cholesterol/glucose cao,
risk_behaviors; phan nhém theo tudi, BMI, huyet ap; va tuong tdc nhu bmi_x_age, pp_x _age,
htn_x_chol. Cu01 cling, cac bién lién tuc chu dao duge chuan hod bang RobustScaler dé 6n
dinh truéc ngoai lai.

import numpy as np

import pandas as pd

from sklearn.impute import SimpleImputer

from sklearn.preprocessing import RobustScaler

def preprocess_and_engineer_features(df: pd.DataFrame):
nun
Expected columns:
['age','height', 'weight', 'gender','ap_hi','ap_lo','cholesterol','gluc',
'smoke','alco','active', 'cardio']
nun

df = df.copyQ

target_col = 'cardio'

assert target_col in df.columns, f"Missing target column '{target_coll}'"
y df [target_col].astype (int)

X df .drop(columns=[target_col, "id"]).copy ()

num_cols = ['age', 'height','weight','ap_hi','ap_lo']
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for ¢ in num_cols:
X[c] = pd.to_numeric(X[c], errors='coerce')

num_imputer = SimpleImputer (strategy='median')
X[num_cols] num_imputer.fit_transform(X[num_cols])

swap = X['ap_hi'] < X['ap_lo']
if swap.any():
X.loc[swap, ['ap_hi', 'ap_lo']l]l = X.loc[swap, ['ap_lo', 'ap_hi'l]].values

for ¢ in ['height', 'weight','ap_hi','ap_lo','age']:
lo, hi = X[c].quantile([0.01, 0.99]) .values
X[c] = X[c].clip(lo, hi)

X['age_years'] = np.floor(X['age']l / 365.25) .astype(int)
h_m = X['height'] / 100.0
X['bmi'] = X['weight'] / (h_m**2 + 1le-9)

X['pp']l] = X['ap_hi'] - X['ap_lo'l]
X['map'] = X['ap_1lo0'] + X['pp'] / 3.0
X['sbp_dbp_ratio'] = X['ap_hi'] / (X['ap_lo'] + 1le-6)

((X['ap_hi'] >= 140) | (X['ap_lo']l >= 90)).astype(int)
(((X['ap_hi'] >= 120) & (X['ap_hi'l < 140)) |
((X['ap_lo']l >= 80) & (X['ap_lo'l < 90))).astype(

X['is_hypertensive']
X['prehypertensive']

int)
X['wide_pp'] = (X['pp'] >= 60).astype(int)

for ¢ in ['cholesterol', 'gluc', 'gender', 'smoke','alco', 'active']:
if ¢ in X.columns:

X[c] = pd.to_numeric(X[c], errors='coerce')
cat_imputer = SimpleImputer (strategy='most_frequent')
X[['cholesterol', 'gluc', 'gender', 'smoke','alco','active']]l = cat_imputer.

fit_transform(
X[['cholesterol', 'gluc', 'gender', 'smoke','alco','active']]

)

X['chol_high'] = (X['cholesterol'] >= 2).astype(int)
X['gluc_high']l = (X['gluc'] >= 2).astype(int)
X['risk_behaviors'] = X['smoke'] + X['alco']l + (1 - X['active'])

X['age_bin'] = pd.cut(
X['age_years'], bins=[0, 39, 49, 59, 69, 120], labels=[0,1,2,3,4]
) .astype (int)
X['bmi_class'] = pd.cut(
X['bmi'l, bins=[-np.inf, 18.5, 25, 30, np.inf], labels=[0,1,2,3]
) .astype(int)
X['bp_category'] = pd.cut(
X['ap_hi'l, bins=[-np.inf, 120, 130, 140, np.inf], labels=[0,1,2,3]
) .astype (int)

X['bmi_x_age'] X['bmi'] * X['age_years']
X['pp_x_age'l] = X['pp']l] * X['age_years']
X['htn_x_chol'] = X['is_hypertensive'] * X['chol_high']
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to_scale
1

L
age','age_years', 'height', 'weight','ap_hi','ap_lo',

'bmi','pp', 'map', 'sbp_dbp_ratio','bmi_x_age', 'pp_x_age'
]
to_scale = [c for ¢ in to_scale if ¢ in X.columns]
scaler = RobustScaler ()
X_scaled = X.copy(Q)
X_scaled[to_scale] = scaler.fit_transform(X_scaled[to_scale])

print (f"Final feature shape: {X_scaled.shapel}")
return X_scaled, y, scaler

Code Listing 4: preprocess__and_ engineer_ features(): cleaning + feature engineering

3.9.4 Chiét xuit dic trung tir EchoNet

Trong budc nay, nhém minh trich xudt céc dic trung metadata tiéu chuan tit FileList.csv
ctia EchoNet—Dynamic (cac bién nhu EF, ESV, EDV, kich thuéc khung hinh, FPS, s6 khung).
Nhéan nhi phan duge gan theo ngudng EF: heart_disease = (EF < 50%). Vé tién xit 1j, nhém
minh dién khuyét bang trung vi trén céc cdt sé hoc, sau dé chuan hod bang StandardScaler.
Dé dong bo véi vector ddc trung 64 chicu tit nhanh CNN (ResNet), cac dic trung metadata
duge pad ngau nhién gia tri Gaussian (nhd, trung binh 0, d6 1éch chuan 0.01) cho di 64 chiéu
hodc cit bét néu vuot qua. Ngoai ra, nhém minh thuc hién mot sanity check theo 16 nho: lay
mot khung hinh dau tién tit video .avi, 4p dung transform (chuan hod ImageNet) va day qua
extractor CNN (ResNet-50) dé x4c nhan dudng suy dién anh hoat dong binh thudng. Néu khong
c6 video/khéng doc duge khung, pipeline sé chi dung dac trung metadata.

import os

import cv2

import numpy as np

import pandas as pd

from PIL import Image

from collections import Counter

from sklearn.preprocessing import StandardScaler

import torch

def extract_echonet_features_properly(filelist_df, volume_df, videos_path,
cnn_model, transform, max_samples=50) :
"""Extract features using REAL EchoNet data - FIXED VERSION"""
print (f"Extracting features from EchoNet data (max: {max_samples})...")

if filelist_df is Nomne:
print ("No FileList data available")
return None, None, None

# 1) Metadata features + binary label from EF

print ("Extracting metadata-based features from FileList.csv...")
feature_cols = ['EF', 'ESV', 'EDV', 'FrameHeight', 'FrameWidth', 'FPS', '
NumberOfFrames']

filelist_df['heart_disease'] = (filelist_df['EF'] < 50).astype(int)
available_cols = [col for col in feature_cols if col in filelist_df.columns]
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25 print (f"Available EchoNet features: {available_cols}")

26 if not available_cols:

27 print ("No suitable feature columns found!")

28 return None, None, None

29

30 sample_df = filelist_df.head(max_samples).copy()

31 features_data = sample_df [available_cols].fillna(sample_df [available_cols].

median())

33 # 2) (Optional) Add volume tracing features if available
34 if volume_df is not None:

35 print ("Adding volume tracing features...")
36 # TODO: merge volume_df[...] theo FileName énu &cn
37 pass

39 # 3) Normalize and pad/crop to 64-D
10 scaler = StandardScaler ()
41 features_normalized = scaler.fit_transform(features_data)

13 if features_normalized.shape[l] < 64:

14 padding_size = 64 - features_normalized.shapel[1]

15 padding = np.random.normal (0, 0.01, (features_normalized.shape[0],
padding_size))

46 features_final = np.hstack([features_normalized, padding]l)

47 else:

18 features_final = features_normalized[:, :64]

19

50 labels = sample_df['heart_disease'].values

51

52 print (f"Extracted EchoNet features shape: {features_final.shapel}")

53 print (f"Label distribution: {Counter (labels)}")

54 print (£"No NaN in labels: {not np.isnan(labels).any()}")

56 # 4) Sanity check: try reading a frame from some videos and pass through CNN

57 if videos_path is not None and cnn_model is not None:

58 print ("\nAttempting video feature extraction for validation...")

59

60 video_count = 0

61 for _, row in sample_df.iterrows():

62 filename = str(row['FileName'])

63 video_file = f"{filenamel}.avi"

64 video_path os.path.join(videos_path, video_file)
66 if os.path.exists(video_path):

67 try:

68 cap = cv2.VideoCapture(video_path)

69 ret, frame = cap.read()

70 cap.release()

72 if ret and frame is not None and len(frame.shape) ==
73 frame_rgb = cv2.cvtColor (frame, cv2.COLOR_BGR2RGB)
74 frame_pil = Image.fromarray(frame_rgb)

75 frame_tensor = transform(frame_pil).unsqueeze (0)

77 with torch.no_grad():
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video_features = cnn_model (frame_tensor)
video_count += 1
if video_count == 1:

print (f"Video processing test successful! Shape:

{video_features.shapel}")
except Exception:
continue

if video_count > O:

print (f"Successfully processed {video_count} video samples")
else:

print ("Video processing failed - using metadata features only")

return features_final, labels

Code Listing 5: extract__echonet__features_properly(): trich xuét metadata + kiém tra video frame

3.9.5 Tao bo dix liéu da phuong thicc (Cleveland + EchoNet)

Do Cleveland va EchoNet 1& hai quan thé bénh nhdn khdc nhau, nhém minh xay dung hai chién
luge két hop thue té. (i) Synthetic pairing: ghép cip mau Cleveland va EchoNet theo cung
nhéan (bénh/khong bénh) dé tao cip gia 1ap, can bang s6 lugng duong/tinh, va tra vé group_ids
theo chi s6 Cleveland phuc vu Group KFold (tranh ro 1f). (ii) Separate cohorts: diing hai b
tach biét, 1ay mau EchoNet cit xudng dé khép kich thude véi Cleveland, pad chiéu vé cling do
dai va huan luyén song song khi tao batch. C& hai chién luge déu ghi nhan phan bd 16p va kich
thude dau ra, ddm béo pipeline c6 thé chuyén doi linh hoat tuy bai toan.

import numpy as np
from collections import Counter

def create_realistic_multimodal_dataset(cleveland_X, cleveland_y,
echonet_features=None, echonet_labels=None

strategy="synthetic_pairing"):
nnn
Create realistic multimodal dataset acknowledging Cleveland and EchoNet are
DIFFERENT patients
nnn
print ("="%*60)
print ("REALISTIC MULTIMODAL DATASET CREATION")
print ("="*60)
print ("Acknowledging: Cleveland and EchoNet represent different patient
populations")

if echonet_features is None:
print ("\nStrategy: Cleveland data only")
return cleveland_X.values, None, cleveland_y.values, "cleveland_only"

print (f"\nDataset Statistics:")
print (f"- Cleveland: {cleveland_X.shape[0]} patients, {cleveland_y.mean()
:.1%} disease rate")

print (f"- EchoNet: {echonet_features.shape[0]} patients, {echonet_labels.mean
() :.1%} disease rate")

cle_pos_idx = cleveland_y[cleveland_
cle_neg_idx = cleveland_yl[cleveland_

== 1] .index.tolist ()

y
y == 0].index.tolist ()
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echo_pos

echo_neg_idx

print (£"
print (£"
ll)
print (£"
ll)

np.where (echonet_labels == 1) [0]
np.where (echonet_labels == 0) [0]

_idx

Available for pairing:")
Cleveland: {len(cle_pos_idx)} positive, {len(cle_neg_idx)} negative

EchoNet: {len(echo_pos_idx)} positive, {len(echo_neg_idx)} negative

# Balanced counts (optional cap at 60 per class)

max_pos
max_neg

n_pairs_

= min(len(cle_pos_idx), len(echo_pos_idx))
= min(len(cle_neg_idx), len(echo_neg_idx))
per_class = min(max_pos, max_neg, 60)

if strategy == "synthetic_pairing":
paired_cleveland, paired_echonet, paired_labels = [], []1, []
group_ids = []

# Positives

for

i in range(max_pos):

cle_idx = cle_pos_idx[i % len(cle_pos_idx)]

echo_idx = echo_pos_idx[i % len(echo_pos_idx)]
paired_cleveland.append(cleveland X.iloc[cle_idx].values)
paired_echonet.append(echonet_features[echo_idx])
paired_labels.append (1)

group_ids.append(cle_idx)

# Negatives

for

final_cleveland
final_echonet
final labels

i in range(max_neg):

cle_idx = cle_neg_idx[i % len(cle_neg_idx)]

echo_idx = echo_neg_idx[i % len(echo_neg_idx)]
paired_cleveland.append(cleveland_X.iloc[cle_idx].values)
paired_echonet.append(echonet_features[echo_idx])
paired_labels.append (0)

group_ids.append(cle_idx)

np.array(paired_cleveland)
np.array(paired_echonet)
np.array(paired_labels)

group_ids = np.array(group_ids)
return final_cleveland, final_echonet, final_labels, "synthetic_pairing",
group_ids

elif strategy == '"separate_cohorts":
print ("\nStrategy 2: SEPARATE COHORTS approach")
print ("Rationale: Use both datasets independently, combine at training

time")
all _cleveland = cleveland_X.values
all_cleveland_labels = cleveland_y.values
n_echo_samples = min(len(echonet_features), len(all_cleveland))
echo_indices = np.random.choice(len(echonet_features), n_echo_samples,

replace=False)
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selected_echonet = echonet_features[echo_indices]
selected_echo_labels = echonet_labels[echo_indices]

# Pad dimension to match
if all_cleveland.shape[l] != selected_echonet.shape[1]:

max_dim = max(all_cleveland.shape[1], selected_echonet.shape[1])

if all_cleveland.shape[1] < max_dim:

pad_cle = np.zeros((all_cleveland.shape[0], max_dim -
all_cleveland.shape[1]))
all_cleveland = np.hstack([all_cleveland, pad_cle])

if selected_echonet.shape[l] < max_dim:

pad_echo = np.zeros((selected_echonet.shape[0], max_dim -
selected_echonet.shape[1]))
selected_echonet = np.hstack([selected_echonet, pad_echo])

combined_cleveland = all_cleveland[:n_echo_samples]
combined_labels = all_cleveland_labels[:n_echo_samples]
group_ids = np.arange(len(combined_labels))

print (f"Separate cohorts approach:")

print (f" Cleveland subset: {combined_cleveland.shapel}")
print (f" EchoNet subset: {selected_echonet.shapel}")
print (f" Combined labels: {Counter (combined_labels)}")

return combined_cleveland, selected_echonet, combined_labels, "
separate_cohorts", group_ids

else:

print ("Using default synthetic pairing strategy")
return create_realistic_multimodal_dataset(cleveland_ X,

cleveland_y,

echonet_features, echonet_labels, "synthetic_pairing")

Code Listing 6: create_realistic_multimodal__dataset(): synthetic pairing & separate cohorts

3.9.6 Huén luyén va danh gid md hinh Fusion

nhém minh hudn luyén mo hinh Fusion (CNN + MLP) véi k—fold cross—validation. Néu c6
group_ids, dung GroupKFold dé¢ tranh data leakage; néu khong, dung StratifiedKFold dé bao
toan ti 1& 16p. Tai mdi fold, scaler cho tabular va (néu c6) cho dic trung anh déu duge fit trén
tdp train rdi Ap dung cho test nhim tranh ro ri thong tin. Mat can bang 16p dude xit 1y bang
class weights trong CrossEntropyLoss. Téi wu sit dung Adam véi weight decay nhe va StepLR
dé ha dan learning rate. Két qua mai fold (loss/accuracy train, accuracy test, phan b du doan)
duge luu lai; sau cing, nhém minh gép du dodn dé béo cdo cac chi sé tong hop nhu Accuracy,
Precision, Recall, F1.

import
import
import
import

numpy as np
torch

torch.nn as nn
torch.optim as optim

from collections import Counter
from sklearn.model_selection import StratifiedKFold, GroupKFold
from sklearn.preprocessing import StandardScaler
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def train_fusion_model(

aligned_numerical,
aligned_cnn_features,
aligned_labels,
epochs=100,
batch_size=7000000,
learning_rate=0.001,
groups=None,

seed=42,

n_folds=5

"""Train the CNN+MLP feature fusion model with 5-fold cross-validation."""
print ("="*50)

print ("TRAINING FEATURE FUSION MODEL - 5-FOLD CV")

print ("="%50)

rng = np.random.default_rng(seed)
torch.manual_seed (seed)

indices = np.arange(len(aligned_numerical))
y_np = np.asarray(aligned_labels, dtype=int)

if groups is not None:

print (£"Using GroupKFold with {n_folds} folds")

cv_splitter = GroupKFold(n_splits=n_folds)

splits = cv_splitter.split(indices, y_np, groups=groups)
else:

print (£"Using StratifiedKFold with {n_folds} folds")

cv_splitter = StratifiedKFold(n_splits=n_folds, shuffle=True,
random_state=seed)

splits = cv_splitter.split(indices, y_np)

fold_results, all_y_test, all_y_pred, all_test_accuracies = []1, [1, [1, []
numerical_dim = aligned_numerical.shape[1]

for fold_idx, (train_idx, test_idx) in enumerate(splits):
print (£"\n{'='*50}")
print (£"FOLD {fold_idx + 1}/{n_folds}")
print (£"{'='*50}")

fusion_model = create_fusion_model (numerical_dim) # factory =>
FeatureFusionModel (.. .)

# Fit scalers on TRAIN only

num_scaler = StandardScaler().fit(aligned_numerical[train_idx])
X_train_num_np = num_scaler.transform(aligned_numerical [train_idx])
X_test_num_np = num_scaler.transform(aligned_numerical[test_idx])

if aligned_cnn_features is not None:
cnn_scaler = StandardScaler().fit(aligned_cnn_features[train_idx])
X_train_cnn_np = cnn_scaler.transform(aligned_cnn_features[train_idx
D
X_test_cnn_np

= cnn_scaler.transform(aligned_cnn_features[test_idx])
if fold_idx == O0:
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print ("Training with both numerical and CNN features (multimodal)

"
else:
X_train_cnn_np = X_test_cnn_np = None
if fold_idx == O:
print ("Training with numerical features only")
# Torch temnsors
X_train_num = torch.tensor (X_train_num_np, dtype=torch.float32)
X_test_num = torch.tensor (X_test_num_np, dtype=torch.float32)
y_train = torch.tensor(y_npl[train_idx], dtype=torch.long)
y_test = torch.tensor(y_npl[test_idx], dtype=torch.long)
if X_train_cnn_np is not None:
X_train_cnn = torch.tensor (X_train_cnn_np, dtype=torch.float32)
X_test_cnn = torch.tensor(X_test_cnn_np, dtype=torch.float32)
else:
X_train_cnn = X_test_cnn = None
print (f"Training set: {len(X_train_num)} samples")
print (f"Test set: {len(X_test_num)} samples")
print (f"Class distribution - Train: {Counter (y_train.numpy())}")
print (f"Class distribution - Test: {Counter(y_test.numpy())}")
# Class weights
class_counts = np.bincount(y_train.numpy(), minlength=2)
class_weights = (class_counts.sum() / (class_counts + 1le-6)).astype(np.
float32)
class_weights = class_weights / class_weights.mean()
criterion = nn.CrossEntropyLoss(weight=torch.tensor (class_weights))
optimizer = optim.Adam(fusion_model.parameters(), lr=learning_rate,

weight_decay=1e-4)
scheduler = optim.lr_scheduler.StepLR(optimizer, step_size=30, gamma=0.5)

fusion_model.train()
train_losses, train_accuracies = [], []
n_train = X_train_num.size (0)
if batch_size is None or batch_size >= n_train:
print (£"Using FULL BATCH training (all {n_train} samples per
iteration)")

actual_batch_size = n_train

else:
print (£"Using MINI-BATCH training (batch_size={batch_sizel})")
actual_batch_size = batch_size

for epoch in range (epochs):
# Shuffle per epoch

perm = torch.randperm(n_train)
X_train_num_shuffled = X_train_num[perm]
y_train_shuffled = y_train[perm]

X_train_cnn_shuffled
else None

X_train_cnn[perm] if X_train_cnn is not None

total_loss, correct, total = 0.0, 0, O
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111 n_batches = (n_train + actual_batch_size - 1) // actual_batch_size

113 for b in range(n_batches):

114 s = b * actual_batch_size

115 e = min((b + 1) * actual_batch_size, n_train)

116 batch _num = X_train_num_shuffled[s:e]

117 batch_lbl = y_train_shuffled[s:el

118 batch_cnn = X_train_cnn_shuffled[s:e] if X_train_cnn_shuffled is

not None else None

120 optimizer.zero_grad()

121 outputs, _ = fusion_model(batch_num, batch_cnn)
122 loss = criterion(outputs, batch_1bl)

123 loss.backward ()

124 optimizer.step ()

126 total_loss += loss.item()

127 _, pred = outputs.max (1)
128 total += batch_1bl.size (0)
129 correct += (pred == batch_1bl).sum().item()

131 scheduler.step ()

132 epoch_loss = total_loss / n_batches
133 epoch_acc = 100.0 * correct / total
134 train_losses.append(epoch_loss)

135 train_accuracies.append(epoch_acc)

137 if (epoch + 1) % 20 == O0:
138 print (f"Epoch [{epoch+1}/{epochs}] Loss: {epoch_loss:.4f} Acc:
{epoch_acc:.2f}%")

140 # Eval on test

141 fusion_model.eval ()

142 with torch.no_grad():

143 test_outputs, test_features = fusion_model (X_test_num, X_test_cnn)
144 test_probs = torch.softmax(test_outputs, dim=1)

145 _, test_predicted = test_outputs.max(1l)

146 test_accuracy = (test_predicted == y_test).float() .mean().item()
147

148 # Store fold results

149 fold_result = {

150 "fold": fold_idx + 1,

151 "model": fusion_model,

152 "test_accuracy": test_accuracy,

153 "y_test": y_test.cpu().numpy(),

154 "y_pred": test_predicted.cpu() .numpy(),

155 "y_probs": test_probs.cpu() .numpy(),

156 "train_losses": train_losses,

157 "train_accuracies": train_accuracies,

158 "final_train_loss": train_losses[-1],

159 "final_train_acc": train_accuracies[-1],

160 "num_scaler": num_scaler,

161 "cnn_scaler": cnn_scaler if aligned_cnn_features is not None else

None

162 }
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163

164 fold_results.append(fold_result)

165 all_y_test.extend(y_test.cpu() .numpy())

166 all_y_pred.extend(test_predicted.cpu() .numpy())
167 all_test_accuracies.append(test_accuracy)

168

169 print (£"\nFold {fold_idx + 1} Results:")

170 print (f" Test Accuracy: {test_accuracy:.4f}")

171 print (£" Final Training Loss: {train_losses[-1]:.4f}")

172 print (f" Final Training Accuracy: {train_accuracies[-1]:.2f}%")
173

174 # Summary

175 print (£"\n{'="'%50}")

176 print("CROSS-VALIDATION RESULTS SUMMARY")
177 print (£"{'="'%50}")

179 mean_accuracy = np.mean(all_test_accuracies)

180 std_accuracy = np.std(all_test_accuracies)

181

182 print (£"\nTest Accuracy across {n_folds} folds:")

183 for i, acc in enumerate(all_test_accuracies):

184 print(£" Fold {i+1}: {acc:.4f}")

185 print (f"\nMean Test Accuracy: {mean_accuracy:.4f} x {std_accuracy:.4f}")

186 print (£"Min Test Accuracy: {np.min(all_test_accuracies):.4f}")

187 print (f"Max Test Accuracy: {np.max(all_test_accuracies):.4f}")

188

189 from sklearn.metrics import accuracy_score, precision_score, recall_score,
f1_score

190 overall_accuracy = accuracy_score(all_y_test, all_y_pred)

191 overall _precision = precision_score(all_y_test, all_y_pred, average='binary',

zero_division=0)
192 overall _recall

zero_division=0)
193 overall f1

zero_division=0)

recall_score(all_y_test, all_y_pred, average='binary',

f1_score(all_y_test, all_y_pred, average='binary',

194

195 print (£"\nOverall Metrics (aggregated from all folds):")

196 print (f" Accuracy: {overall_accuracy:.4f}")
197 print (f" Precision: {overall_precision:.4f}")
198 print (f" Recall: {overall_recall:.4f}")

199 print (f" Fi1-Score: {overall f1:.4f}")

200

201 results = {

202 "fold_results": fold_results,

203 "mean_test_accuracy'": mean_accuracy,

204 "std_test_accuracy": std_accuracy,

205 "all _test_accuracies": all_test_accuracies,
206 "all_y_test": np.array(all_y_test),

207 "all_y_pred": np.array(all_y_pred),

208 "overall_accuracy": overall_accuracy,

209 "overall_precision": overall_precision,

210 "overall recall": overall _recall,

211 "overall f1": overall_ f£f1,

212 "n_folds": n_folds,

213 "best_fold": np.argmax(all_test_accuracies) + 1,
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"best_accuracy": np.max(all_test_accuracies),
"worst_fold": np.argmin(all_test_accuracies) + 1,
"worst_accuracy": np.min(all_test_accuracies)

}

return results

Code Listing 7: train_fusion model(): 5-fold CV, chuan hod trong-fold, class weights, tong hop két qua

3.10 Két qua

Bang 4 trinh bay béo cdo chi tiét két qua phan loai ctia mo6 hinh trén tap kiém thit. M6 hinh dat
accuracy 0.87, véi macro Fl-score = 0.86 va weighted Fl-score = 0.87. Dic¢u nay cho
thay hiéu ning tong thé kha t6t va cdn bang gitta cac 16p.

Bang 4: Bao céo phan loai chi tiét ctia mo6 hinh

Class Precision Recall F1l-score Support
No Disease 0.84 0.97 0.90 32
Heart Disease 0.94 0.74 0.83 23
Accuracy 0.87 55
Macro Avg 0.89 0.85 0.86 55
Weighted Avg 0.88 0.87 0.87 55

Phan tich theo tirng 16p:

« No Disease: Precision = 0.84, Recall = 0.97. M6 hinh hau nhut khong bé sét ngusi khoe,

chi ¢6 mot s6 1t bi du dodn nham 1a bénh. Fl-score = 0.90, thé hién kha ning phéan loai
16p nay rat tot.

Heart Disease: Precision = 0.94, cho thay khi m6 hinh du dodn c6 bénh thi dé tin ciy
rat cao. Tuy nhién, Recall = 0.74, nghia 1a van con bé sét khodng 26% bénh nhan thuc su
c6 bénh. Day 1a diém yéu chinh can cai thién vi trong bdi canh y khoa, bd s6t bénh nhan
thuong nguy hiém hon bao dong gia.

Y nghia trong chin doan bénh tim: Mo hinh hién phtt hop lam bo loc sang loc buée dau, vi
khi du dodn c¢é bénh thi do chinh xéc rat cao. Tuy nhién, can diéu chinh dé tang Recall § 16p
bénh nham giam nguy co boé s6t bénh nhan. Cac huéng cai thién bao gom:

1.
2.

Diéu chinh ngudng quyét dinh (vi du tit 0.5 xuéng 0.4) dé wu tién tang Recall.

Stt dung ham méat mét c¢é trong sb hodc focal loss dé phat ning cac trudng hop bé sét bénh.

. Ap dung céc phuong phép hiéu chuan xac suat (Platt/Isotonic) va ti wu ngudng trén dudng

cong ROC/PR.

. B6 sung dic trung tiu dit liéu 1am sang hodc hinh dnh dé cung cap thém thong tin cho mo

hinh.

Ngay ca khi nhom nghién citu trién khai véi mot tap dit lieu quy mé 16n hon 70,000 mau
ciing 11 bién dau vao va 1 bién muc tiéu, moé hinh van dat dudc hiéu nang rat tot. Két qua cia
5-fold cross-validation duge thé hién thong qua ma tran nham lan & Hinh 15, v6i d6 chinh xéc
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trung binh ciia cac fold dao dong tir 0.971 dén 0.980, cho thay tinh én dinh va kha ning khai

quat cao cua mo hinh.

Fold 1 (Acc: 0.978)

True

0 1
Predicted
Fold 4 (Acc: 0.973)

17

True

Predicted

Individual Fold Confusion Matrices

Fold 2 (Acc: 0.980)

16

True

0 1
Predicted
Fold 5 (Acc: 0.972)

19

True

Predicted

True

Fold 3 (Acc: 0.971)

22

36 402

Predicted

Hinh 15: Ma tran nham lan cta ting fold khi huan luyén véi hon 70,000 mau dit liéu.

Dit liéu bao gom ba nhém dic trung chinh:

+ Objective features: thong tin khach quan nhu tudi, chiéu cao, can ning, gi6i tinh.

« Examination features: két qua tham kham y khoa nhu huyét 4p tAm thu, huyét 4p tam
truong, cholesterol, glucose.

« Subjective features: thong tin chii quan tit bénh nhan, vi du nhu théi quen hit thubc,
stt dung rugu bia, va muc d6 hoat ddng thé chat.

Chi tiét cac bién trong tap dit litu:
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Bang 5: M6 ta chi tiét cdc bién trong tap dit liéu

Tén bién Nhém Mb ta Kiéu dit liéu
Age Objective Tudi (tinh bang ngay) int

Height Objective Chiéu cao (cm) int

Weight Objective Can nang (kg) float
Gender Objective Gi6i tinh (ma sd) categorical
ap_ hi Examination Huyét 4p tAm thu int

ap_lo Examination Huyét 4p tAm truong int
Cholesterol Examination Cholesterol (1: binh thudng, 2: cao, 3: rit cao) categorical
Gluc Examination Glucose (1: binh thudng, 2: cao, 3: rat cao) categorical
Smoke Subjective Hut thube binary
Alco Subjective Ubng rugu bia binary
Active Subjective Hoat dong thé chat binary
Cardio Target Cé bénh tim mach (0/1) binary

3.10.1 Nhan xét két qua

V6i dit liéu 16n va da dang, mo hinh khong chi dat do chinh xac cao ma con duy tri duge su can
bang trong phan loai giita hai 16p (khong bénh va bénh tim mach). Diéu nay chiing minh:

1. Tinh 6n dinh ctia m6 hinh khi mé rong quy mé dit liéu.

2. Céc dic trung y khoa co ban nhu huyét ap, cholesterol, BMI va hanh vi sinh hoat (smoking,
alcohol, activity) 1a nhitng yéu t6 quan trong gitip m6 hinh hoc dudc mdi quan hé manh
mé v3i nguy ¢o bénh tim mach.

3. Két qua khéng dinh tiém ning tmg dung ctia mé hinh trong cic hé théng hd tro quyét dinh
lam sang, dic biét 1a sang loc va du bdo nguy co tim mach trong cong dong.

4 API cho huéng md rong 2 - CardioFusion: Ghép da phuong thitc
EchoNet + Cleveland cho phan loai bénh tim

4.1 API la gi va vi sao lai can API ?

Néu frontend 1a giao dién gitp don gidn héa trong giao tiép gitta ngudi va méy, thi API
(Apphcatlon Programming Interface) chinh la g1ao dién ctia backend giip don gian héa giao
tlep gifta may va mdy qua internet. VA trong tat ca cdc kién tric API, REST 1a kién tric dé
hiéu va thong dung nhat.

Vi du don gian cho phuong thitc GET ctia API:

from fastapi import FastAPI
app = FastAPI()

Q@app.get("/")
async def root():
return {"message": "Hello World"}
Code Listing 8: API co ban la 1 ham nhung dudc viét de 1én, gitip ham d6 c¢6 thé duge truy cap & bat
ct dau
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PROTOCOLS VERSIONING
Always use for API calls Version your API to manage changes
to ensure security and data privacy and maintain backward compatibility.
N N

‘ y MET l

1 wra | ENDPOINT =

1 Use clear and consistent domain “ Use nouns to represent resources.

\‘ naming conventions.Subdomains(like api) \ Paths should be intuitive and follow

\ are often used for API endpoints. \ RESTful principles.
\ \
\ A

GET fwttps:// . example.coﬁi‘ “Iv1 lusers”
/ 7age=25&gender=male & page=2&|irr!it=10

1 \
v \ [}
\ .
HTTP Methods v | 4 v
(GET_Jeorretreving ((POST_Jor creating FILTERING E/ PAGINATION
for updating (215 tel TP for patching Divide large data sets into pages Specify criteria to retrieve relevant
' for manageable chunk retrieval. data subset, refine search results
0] = N =3 =] for deleting

Hinh 16: RESTfulAPI URL Structure

4.1.1 APIcégi?

Dé xit Iy dit liéu (i.e. kieu D6i Tugng) hiéu qua, 1 ham can c¢6 5 phuong thitc dé 14 Lay (GET), Tao
(POST), Cap nhat toan by (PUT), X6a (DELETE) va cap nhat 1 s6 phan nhat dinh (PATCH).
REST API c6 2 déi tuong chinh 1a 1am nhiém vu giao tiép v6i nhau dé 1a Client va Server, ca 2
deu 1a thiét bi dién ti c6 kha ning giao tiép qua internet (e.g. may tinh, dién thoai). Trong do:

Client (c6é thé 1a 1 ho#ic nhiéu) c¢6 nhiém vu giti yéu cau va nhan két qua. Yéu cau giti di
¢6 thé 1a 1 trong 5 phwong thite GET, POST, PUT, DELETE va PATCH. Véi GET via DELETE
cau tric ctia 1 URL day du sé giéng nhu sau:

« protocols 1a giao thitc chung dé truy cap internet c6 thé Ia http (khong bao mat) hodc https
(s cho secure, bédo mat)

o vesioning dinh danh phién ban khac nhau cta code.

+ sub-domain 1a 1 tén Mién doc nhét gitip dinh danh céc trang web véi nhau, giéng nhu so
do.

« end-point 1a 1 tén Ham doc nhat gitp dinh danh cdc Ham trong code véi nhau.

o filtering (loc) déng vai tro truyen dit liéu theo cip key:value nhu SQL, néu phuong thitc c6
kha nang cap nhat dit litu nhu POST, PUT va PATCH céc bién sau dau ’?’ sé 1a tham sb

clia ham.

o pagination (phan chia trang) déng vai tro chon loc s6 lugng dit liéu da duge xit Iy. (e.g.
limit = 10 s& tra vé 10 dit liéu).
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WHAT IS A REST API?

CLIENT SERVER

S AR
— wrre | oRL | —
\ ) @& @lED
GET /surveys
POST /surveys/123 n

DELETE /surveys/123/resp ...

PUT
\ I ~
| TSON |
_

survey_id: 123,
score: 9,

message: "amaze ...",
response_id: U

mannhowie.com

Hinh 17: REST API

Server c6 nhiém vu nhan url lam dau vao roi xit Iy va trd vé két qua. Trong ngit cAnh minh
dang code 1 API Backend, thi may tinh ctia minh chinh la 1 Server vi n6 ¢6 kha nang nhan, xit
Iy va trd ve dit liéu.

Trude khi di sau hon vé API cho du dodn bénh tim trong thai gian thue, viée cach luu trit Weight
sau huan luyén 1a 1 buéce khong thé thiéu.

4.2 Luu trit Weight cia mo6 hinh cho Inference

Sau khi huan luyén, mo hinh luu weights vao file .pth va scalers cho timg fold (RobustScaler
cho dit liéu s6, StandardScaler cho céc dic trung CNN) vao file .pkl bang Pickle, gitip ddm bao
preprocessing nhat quan. Céc dit liéu duge luu bao gom:

o Fusion Model weights (.pth) - Toan bd parameters da hoc cia mé hinh Fusion (CNN +
MLP)

o Numerical scaler (.pkl) - Mean/Std ctia 28 features (age, BMI, BP...) trong tadp du liéu
Sulianova.

o CNN feature scaler (.pkl) - Mean/Std ctia 64 CNN features (ctia frame trong moéi video)
trong tap dit licu EchoNet.

Khi inference, mé hinh fusion c6 weight t6t nhat trong céc fold sé dude chon va dong nhat dit
liéu qua chuan héa véi cing mean/median/IQR nhu tdp huan luyén.
if 'fusion_results' in locals() and fusion_results is not None:

# create a directory to save models

save_dir = 'models/'
os.makedirs (save_dir, exist_ok=True)

# save weights for each fold's model
for fold_result in fusion_results['fold_results']:

65



1

2

3
3

Al VIETNAM aivietnam.edu.vn

fold_num = fold_result['fold']
model = fold_result['model']

# save model weights (state_dict)

model_path = os.path.join(save_dir, f'fusion_model_fold_{fold_num}.pth')
torch.save (model.state_dict (), model_path)

print (f"Saved model weights for Fold {fold_num} to {model_pathl}")

# optional, save scalers for preprocessing (needed for inference)
if fold_result['num_scaler'] is not None:
scaler_path = os.path.join(save_dir, f'num_scaler_fold_{fold_num}.pkl

")

import pickle

with open(scaler_path, 'wb') as f:

pickle.dump(fold_result['num_scaler'], f)
print (f"Saved numerical scaler for Fold {fold_num} to {scaler_pathl}")
if fold _result['cnn_scaler'] is not None:

scaler_path = os.path.join(save_dir, f'cnn_scaler_fold_{fold_num}.pkl

")

with open(scaler_path, 'wb') as f:
pickle.dump(fold_result['cnn_scaler'], f) # type: ignore
print (f"Saved CNN scaler for Fold {fold_num} to {scaler_pathl}")

# optional, save only the best fold's model (based on highest test accuracy)
best_fold = fusion_results['best_fold'l]

best_model = fusion_results['fold results'][best_fold - 1]['model']
best_model_path = os.path.join(save_dir, 'best_fusion_model.pth')

torch.save (best_model.state_dict(), best_model_path)

print (f"Saved best model weights (Fold {best_fold}) to {best_model_pathl}")

print ("All model weights saved successfully!")
else:
print ("fusion_results not found. Run train_fusion_model first.")

Code Listing 9: initialize_fixed_cnn_model(): save model weight for each fold with pickle

4.3 CAu truc folder téng quan

Dé phat trién API, nhém minh chia thanh 5 phan chinh 13 Thit Nghiém (v6i heart_ prediction 1a
code thit nghiém chinh), API (téng hop cdc ham tit heart prediction thanh cdc API Request),
Data (dit lidu tai vé tit kaggle) va Models (chita weight va dit liéu duge chuan héa).

Trong folder chinh API, folder utility tong hop céc ham trong heart prediction.ipynb va
théng nhat cac import qua file  init . V&i main.py la file chita cac API Request, main.py cé
thé truy cap cic chitc nang théng qua folder utility ‘(e.g. from utility import funcl, func2,...)‘
chtt khong phéi goi chinh xéc timg files mot. Ngoai ra, viéc ding  init  con gitp chudn héa
duong dan cia file (file_path) thong qua main, nghia 1 moi file_path s& bat dau tit main ké ca
khi n6 c¢6 duge khai bao & trong folder utility di chang ntta. Tom lai, init__ giup don gian
héa viéc import 1an khai b4do dudng dan file.

Project/
heart_prediction.ipynb # Notebook training & testing
cleveland.csv # Dataset (backup)
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fusion_results. json # 5-folds result
requirements. txt # Dependencies
api/ # PRODUCTION API
main.py # FastAPI endpoints
utility/ # Core logic
__init__.py # relative path
model . py # Model architecture
load_model.py # Load weights & scalers
load_data.py # Load datasets
preprocessing.py # Preprocessing pipeline
predict.py # Prediction logic
feature_engineer.py # Feature engineering
test/ # Unit tests
start_api.bat/sh # Startup scripts
Documentation/

API_USAGE_GUIDE.md
VIDEO_SELECTION GUIDE.md
CODE_DOCUMENTATION SUMMARY .md

data/ # PREPROCESSED DATA
echonet_features.npy # CNN features (10000x64)
echonet_labels.npy # Ground truth labels
echonet_features2.npy # Alternative features
models/ # TRAINED MODELS Weights
best_fusion_model.pth # Best model weights
fusion_model_fold_x*.pth # 5-fold models
num_scaler_fold_x*.pkl # Numerical scalers
cnn_scaler_fold_x*.pkl # CNN feature scalers
frontend/ # Streamlit demo (comming soon)
README . md

Code Listing 10: save model weight for each fold with pickle

4.4 Kién trac téng quan cta API

Hé théng API dugce xay dung trén FastAPI framework, cung cap giao dién RESTful dé thuc hién
du doan bénh tim mach dua trén moé hinh hoc sdu da phuong thitc (multimodal fusion). Quy
trinh inference ctia API dugc thiét ké véi 5 bude xtt Iy tuan tu:

1. Khéi tao md hinh: Tai trong s6 da dugc huin luyén tot nhat ctia mo hinh fusion
(best_fusion model.pth) cling véi cadc bo chuan hoéa dit liéu (StandardScaler) tit thu muc
/models. M6 hinh fusion bao gom hai nhanh xt 1y song song: nhanh MLP cho dit liéu s6
va nhanh CNN cho dac trung video.

2. Tién xit 1y dit liéu dau vao: Chuyén ddi 13 features tho tit dit licu bénh nhan (tudi, giéi
tinh, chiéu cao, cdn nang, huyét ap, cholesterol, glucose, hiit thudc, ubng rugu, hoat dong thé
chat) thanh 28 features sau khi 4p dung feature engineering. Céc features méi bao gom BMI,
MAP (Mean Arterial Pressure), PP (Pulse Pressure), cic tuong tac phi tuyén (BMIxage,
PP xage), va cadc ngudng lam sang (hypertension flags, cholesterol/glucose thresholds). Sau
d6, ap dung StandardScaler dé chuan héa dit liéu theo phan phdi chuan (u = 0,0 = 1).
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3. Trich xuit dic trung video: Hé théng cung cip hai phuong thitc dé ngudi ding chon

video siéu am tim tir bo dit liéu EchoNet-Dynamic (10,030 videos):

o GET /videos: Liét ké danh sich video v6i phan trang (pagination), moi video keém
metadata nhu EF (Ejection Fraction), s6 khung hinh, FPS, va thong tin phan chia tap
dw liéu (train/val/test).

« GET /videos/search?query=<pattern>: Tim kiém video theo tén file sit dung khép
chudi con khéng phéan biét hoa thudng (case-insensitive substring matching).

Tén video duge ngudi ding cung cap (vi du: 0X1005D03EED19C65B . avi) sé& dugce 4nh xa sang
chi s6 video_index théng qua ham get_video_index_from_filename(). Dic trung CNN
64 chiéu ctia video tuong ting sé dudc trich xuat tit file da luu san (echonet_features.npy)
dé tranh tinh toan lai, giam thoi gian phan hoi tit vai gidy xudng milliseconds.

. Dy dodn qua mé hinh: API nhin yéu cau POST tai endpoint /predict véi dau vao

JSON chita dit liéu bénh nhén va video_index/video_filename. Mé hinh fusion thuc hién
forward pass vdi hai dau vao song song:

» Numerical features (28 dims) — MLP [128, 64] — 64-dim embedding
« CNN features (64 dims) — Identity mapping — 64-dim embedding

Hai embeddings dugc ghép (concatenate) thanh vector 128 chiéu, qua 16p fusion [128, 64],
va cudi ciing qua classifier [64, 32, 2] dé dua ra dut doan nhi phan (Disease/No Disease).

. Tra vé két qua: API tra vé response dudi dang JSON cé cau tric chuan theo Pydantic

model PredictionResponse:

o prediction: Nhan dy dodn (0=No Disease, 1=Disease)

o prediction_label: Nhan dé doc ("Disease”/”No Disease”)

+ disease_probability: X4c suat mic bénh P(Y = 1|X) tit softmax layer
» confidence: Do tin cdy = max(p, 1 — p) véi p la disease_probability

+ patient_id, video_index: Metadata dé truy vét

 ground_truth: Nhan thuc té (néu cé) dé danh gia

4.5 API End Points

endpoints

/predict "POST - Make a prediction"

/predict/batch "POST - Make batch predictions"

/videos "GET - List available videos in the echo dataset"

/videos/search "GET - Search videos by filename pattern (like regex)"

/health "GET
/docs "GET

1 {

Check API health (api available or not)"
Interactive API documentation"

Chitc ning ndi bat - endpoint predict:

"patient_data": {
"id": 1, # Patient ID
"active": 1, # Physical activity
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~

9

10

11

12

13
14
15
16
17
18

19

20 }

"age": 18, # Age in year

"alco": O, # Alcoho usage O=no, l=yes

"ap_hi": 110, # Systolic blood pressure (huyet ap t&m thu)

"ap_lo": 80, # Diastolic blood pressure (huyet ap tam truong)

"cardio": 0, # Cardiovascular disease (O=no, l=yes)

"cholesterol": 1, # Cholesterol level (l1=normal, 2=above normal, 3=well
above normal)

"gender": 2, # Gender (l=female, 2=male)

"gluc": 1, # Glucose level (l=normal, 2=above normal, 3=well above normal
)
"height": 168, # Height in cm
"smoke": O, # Smoking (O=no, 1l=yes)
"weight": 62 # Weight in kg
},
"video_index": 2 # Option 1: choose video by index
# OR
"video_filename": "0X10...avi" # Option 2: choose by video filename which

map back to video_id

Code Listing 11: High Light Feature

Cé patient_ data la mot Pydantic Object (i.e. chudi JSON) ding dé luu trit thong tin dau vao
truée khi dua vao du doan. Models

o PatientData: 13 truong dit liéu tuong tu nhu trong dataset huan luyén
+ PredictionRequest, video_index: Metadata dé truy vét

e PredictionResponse: Nhan dy dodn (0=No Disease, 1=Disease)

Note: Dau vao /predict cé thé sit dung 'video index’ (0-10029) hoic ’video_filename’ (e.g.
'0X1005D03EED19C65B.avi’)”

4.6 API Main Workflow (Inference workflow)

Buéc 1: API Request
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STEP 2: DATA VALIDATION

Dau vao 1a 1 POST request véi dau vao 1 Padantic Model (i.e. chudi JSON) gom 13 truong dit
litu do ngudi diing nhép tir giao dién API Swagger lam tham s6 cho phuong thitc (method)
/predict.

Bué6c 2: Data Validation

DATA VALIDATION

STEP 3:

Truée khi di vao xit 1y, dit liéu trude tién sé duge xit Iy véi Age tit 6 nim sang sd ngay tudi,
kiém tra cac truong dit liéu c6 nam trong khoang gia tri hop 1y hay khong. Néu file video duge
chon thay vi nhép video truc tiép, tén file sé dudgc 4nh xa veé video id.
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Buéc 3: Preprocessing

Trong budce tien xit 1y dé dam bao tinh nhat quan trong inference va training, num_ scaler cho
dit liéu s6 trong Padantic Object va cnn_scaler cho dit liéu anh (néu c6) dude luu khi huan
luyén trén 1 fold sé dugc ldy dé chuan hoéa dit liéu dau vao.
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textbfBuée 4 + 5: Model Inference and Response

Trong chay du doan, cac tham sb dude dua vao Fusion Model 16i thuc hién forward pass dé
ghép céc dac trung ti dt liéu bang (i.e. Pandatic Object) va dit liéu anh (Echo dataset’s
image) néu c6, dau ra 1a xac suat dut doan cho 2 nhan c¢6 hodc khong, nhan cé x4c suat 16n hon
sé duge chon dé két qua du doan trong JSON dau ra.

Cau tric JSON dau ra c6 bao gom:

2 "prediction": O,

3 "prediction_label": "No Disease",
"disease_probability": 0.14276719093322754,

5 "confidence": 0.8572328090667725,
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"patient_id": 1,
"video_index": 4,
"ground_truth": O,

"numerical_features_shape": [

1,
28
1
"cnn_features_shape":
1,
64
1

"device": "cuda"

L

Code Listing 12: /predict endpoint output
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