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LOI MO PAU

B4o c4o nay trinh bay d6 4n mon hoc Tinh toan hiéu sudt cao (HPC) vé6i chi dé tdi wu trién
khai mo hinh phat hién d6i twong thoi gian thuc. Muc tiéu cua dé tai 1a xay dung mot pipeline
MLOps dau cudi cho bai toan phat hién dbi tugng giao thong theo thoi gian thuc, trong d6 mo
hinh YOLO dugc huan luyén theo huéng teacher—student, c6 nhanh Knowledge Distillation
(KD), duoc tbi uu suy luan bang ONNX va TensorRT, dong géi bang Docker va tich hop cac
thanh phan giam sat van hanh.

Noi dung béo co duoc td chire theo hai truc bd trg nhau. Truc [y thuyét (Chuong 2) trinh
bay co s khoa hoc cuia céc thanh phan dugc sir dung — kién tric YOLO, Knowledge Distillation
cho object detection, cac dinh dang trién khai ONNX/TensorRT va hé sinh thai cong cu MLOps
— chi tap trung vao ban chat va nguyén Iy hoat dong. Truc thiec nghiém (Chuong 3 va 4) trinh
bay cach hé théng duoc thiét ké, ciu hinh va do dac, kém toan bd sb liéu thu duge tir chuin
benchmark thdng nhat trén GPU Tesla T4.

Tém tit ndi dung. D¢ tai xay dung mot pipeline MLOps cho real-time traffic object
detection, 1dy YOLO26 (Ultralytics, n.d.) lam kién trac detector, két hop Knowledge Distillation
da thanh phan cho object detection (Hinton, Vinyals, & Dean, 2015; Yang va cong su, 2022;
Wang va cong su, 2019), va dat trong tdm vao kich ban trién khai trén phén cing han ché tai
nguyén. Nhom di hudn luyén ba mé hinh trén GPU Tesla T4 (Colab) vé6i tap con 1000 anh
giao thong, 30 epochs, va chay chuan do théng nhéat (warmup 15, lap 100 lan, do trén 50 anh
validation) bang notebook colab_benchmark.ipynb. V& chét luong (do bing model.val()
chuén Ultralytics): teacher YOLO26x dat mAP50 0.827 / mAP50-95 0.574; student YOLO26n
baseline dat 0.714 / 0.481; student YOLO26n + KD dat 0.725 / 0.490 v6i Precision cai thién 1o
tir 0.691 1én 0.734 (+4.4 diém), Recall gan nhu khong d6i (0.678 — 0.679). Student nhé hon
teacher khoang 23.5 1an vé tham s6 (2.51M so véi 58.82M) va 22 1an vé dung luong (5.14 MB
so v6i 112.85 MB). V& toc do suy luan trén T4, student KD dat 9.4 ms/anh ¢ PyTorch (107
FPS), gidm con 5.1 ms & ONNX Runtime (196 FPS) va con 1.84 ms & TensorRT FP16 (543
FPS) — nhanh hon teacher PyTorch (66.9 ms) khoang 36x. Provenance artifact da dugc khép
kin: serving_model.pt trung checksum v4i student_kd_best . pt va khac teacher (xem Muc
4.2).

Tur khoa: object detection, YOLO, knowledge distillation, MLOps, FastAPI, Docker,

Prometheus, drift detection, local deployment.

vil



BANG PHAN CONG CAC THANH VIEN

Bang 2: Bang phan cong va mtrc d¢ hoan thanh cong viéc cua cac thanh vién

TT Ho va tén Cong viéc phu trach Mirc do hoan thanh
1 Thai Hoai An (Nhém  Tdng quan dé tai, Chuong 1, diéu 100%
trudng) phéi nhom, tich hop pipeline
MLOps
2 Nguyén Thi Thuy Chuong 2 — Co so ly thuyét, tai liu 100%
Duong tham khao, hi¢u dinh
3 Nguyén Duy Tan Chuong 3 — Trién khai hé thong, 100%
Docker, cdu hinh ha tang
4 LeVy Chuong 4 — Thyuc nghiém, 100%

benchmark, phan tich két qua

viii



Chwong 1: GIOI THIEU TINH TOAN HIEU SUAT CAO (HPC)
VA DU AN THU'C HIEN

1.1. Tong quan vé tinh toin hiéu suit cao va dong luc dé tai

Tinh toan hiéu suit cao (HPC) hudng t6i viée khai thac tdi da tai nguyén tinh toan — CPU da
nhan, GPU, b nhé va ha tﬁng phan tan — dé giai céc bai todn doi hoi thong luong 16n hodc do
tré thép. Trong linh vyc hoc sau, hai biéu hién dién hinh cua HPC la: (1) tang tdc huan luyén méo
hinh 16n bang GPU/da GPU, va (ii) tdi wu hoa suy luan (inference) dé dap g rang budc thoi
gian thyc khi dwa mé hinh vao van hanh. Dé tai nay tip trung vao nhanh th hai: 1am cho mot
md hinh phat hién dbi tugng vura du chinh xdc, vira dd nhanh va du on dinh dé trién khai trén ha

tang giGi han tai nguyén.

1.2. Bébi canh bai toan

Phat hién ddi tuong thoi gian thyuc 13 16p bai todn nén tang cta thi gidc may tinh trong cac hé
théng camera giao thong, trg 1y l4i xe, robot di dong va giam sat an toan. Pic trung cta cac Gng
dung nay la yéu cau déng thoi ba thudc tinh: do chinh xac du tot, do tré suy luan thép va kha
nang van hanh 6n dinh trong méi trudng trién khai thuc té. Vi vay, trong tim cta dé tai khong
nén dimg & viée t6i da hda diém s6 huan luyén, ma phai dat 1én bai toan t6i vu trién khai, giam
chi phi tai nguyén va gitr chat lugng du doan & mirc chap nhan duoc.

Ttr goc nhin trién khai, cac mé hinh object detection 16n thuong gip ba rao can. Thi
nhét, chi phi suy luin ting theo kich thudc mé hinh, gay kho dat rang budc real-time. Thir hai,
phu thudc framework huén luyén khién viéc dua mé hinh sang moi truong san phém gap kho
khin vé tinh twong thich. Thi ba, khi hé thong di vao van hanh, yéu cau khong chi 1a inference

diing ma con la kha nang theo doi drift, log, tai nguyén may va vong doi model.

1.3. Muc tiéu va déng gop ciia dé tai

Muc tiéu tong quat ciia dé tai 1a xay dung mét pipeline MLOps dau cudi cho real-time traffic
object detection, huéng dén cac img dung trién khai trén phan cting han ché tai nguyén nhu edge
device, server don 1é hay ha tdng phong thi nghiém. Trong pham vi d6, nhém tip trung vao ba

dong gop trién khai.

« Péng gép 1 — Knowledge Distillation da thanh phin cho YOLO26. Nhém cau
hinh Knowledge Distillation da thanh phan, gdm feature-based distillation (theo cu
hinh du kién trén céac feature maps P3, P4, P5 tai cac ting neck) va response-based

distillation trén classification scores cung bounding box, thay vi chi dung mdt cong
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thirc KL divergence cudi cung. Loi thé ky thuat la student model hoc dugc ca phan
phéi nhén 14n cach teacher ndi suy vi tri d6i twong, phu hop véi cac két qua KD danh

riéng cho object detection (Yang va cong su, 2022; Wang va cong su, 2019).

« Pong gop 2 — Pipeline MLOps end-to-end déng géi biang Docker. Hé thong dugc
tach thanh bdn docker-compose stack: serving pipeline (FastAPI + Gradio),
infra/mlflow (MLflow + MinlO + MySQL), infra/monitor (Prometheus +
Grafana + Loki + Alertmanager) va infra/airflow (orchestration). Loi thé 1a timg
cum c6 thé bat/tit doc 1ap theo cAu hinh may, déng thdi mdi cum van gilt duoc quan

hé phu thudc véi cac cum khac qua mot docker network chung.

« Pong gép 3 — Khung trién khai tw chira va thao tac hoa. Hudng dén tinh tai 1ap hoc
thuat va kiém soat toan bo tham s6 benchmark, nhom dung mot khung trién khai zur chira
(self-contained) van hanh dugc trén mot may don 1é v6i phan cing pho thong, kém
cac script bat/tit va healthcheck (start_full local.sh, stop full local.sh,
smoke_test_local.sh)dé chuan hoa thao tac giita cac 1an do va giira cac thanh vién

trong nhom.

Ba dong gép nay khong nhim dé xudt mot thuat toan detection hodc mét ki thuat KD
m&i, ma nham ching minh rang mot pipeline MLOps ¢6 thé dugce dung va van hanh 6n dinh
ngay ca trong diéu kién phan cting han ché. Pay 13 mot implementation-oriented study, pht hop

v6i pham vi danh gia ciia mon Tinh toan hiéu suat cao.

1.4. Pham vi trién khai va dinh hwéng hoc thuat

Pham vi dé tai tp trung vao kich ban trién khai mé hinh phat hién déi twong trén phan ciing han
ché: mot may don 1¢ véi GPU phé thong hoac CPU, dai dién cho céc tinh huéng thuc té nhu
camera giao thong bién (edge), tram xur 1y cuc bd tai co s¢ gido duc, hay may chu thi nghi¢m
c6 ngan sach gi6i han. Pinh huéng nay phan anh truc tiép mot nhanh quan trong cta Tinh toan
hiéu suit cao: tdi wu chi phi suy luan trén ha t?mg gi6i han thay vi gia dinh san mot cum GPU
16n.

Viéc dung toan b stack & dang fu chira trén mot may c6 ba 1gi ich hoc thuat. Thi nhat,
moi thanh phan (model server, tracking, monitoring, orchestration) déu dugc kiém soat phién
ban va tham sd ndi bo, tranh phu thudc céc dich vu bén ngoai cé thé doi version 4m tham va
1am s6 liéu benchmark thiéu nhit quan gitta cac 1an do. Thit hai, do latency trén cting mot may
duy nhét 1a diéu kién tién quyét dé so sanh PyTorch, ONNX Runtime va TensorRT phan 4nh
dung khac biét dinh dang thay vi khac biét phan cting (Muc 4.2). Thit ba, mot khung trién khai
tu chtra d& tai l4ap trén moi truong khac, pht hop véi yéu cau kiém tra doc lap trong nghién ctru.

Pham vi do cuia d8 tai bao phu day du vong doi pipeline. Phan huan luyén (teacher, student
baseline, student KD) duoc thyc hién trén GPU Tesla T4. Phan inference duoc benchmark trén
ca CPU va GPU, cho ba dinh dang trién khai PyTorch, ONNX Runtime va TensorRT FP16

2
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(Bang 4.7). Cac thanh phan serving, tracking, monitoring, orchestration va drift detection duoc
hién thyc hoa ddy du va van hanh kiém thir noi bd (Chuong 3). Hai huéng mé rong con dé danh
cho giai doan tiép theo — huin luyén trén toan b dataset voi nhiéu seed, va validate lai mAP
sau khi export ONNX/TensorRT dé do truot do lugng tir FP16 — dugc trinh bay nhu mot plan
cu thé & Muc Huong phat trién ciia Két luan.

1.5. Bai toan dir liéu va gia dinh dau vao

Dé tai str dung tap Traffic Detection Project cong bo trén Kaggle (Sardoan, n.d.) lam dit liéu thuc
nghiém. Tap dit liéu chtra anh duong phd ¢ gan nhén theo dinh dang YOLO cho nim 16p d6i
tugng giao thong co ban: bicycle, bus, car, motorbike va person. Dinh dang nhan YOLO
biéu didn mdi d6i twong bang nim s6 class_id x_center y_center width height vditoa
d6 tam cung chiéu rong va chiéu cao da chuin hoa theo kich thudc anh; day 1a chuan duoc st

dung xuyén sudt pipeline huin luyén, serving va benchmark trong dé tai.

1.6. Cau truc bao cao

Phan con lai cta bao céo duge t6 chirc nhu sau. Chuong 2 trinh by co so 1y thuyét vé
object detection, kién trac YOLO, Knowledge Distillation cho detection, dinh dang trién khai
ONNX/TensorRT, hé sinh thai MLOps va mot s6 cong trinh lién quan gan ddy. Chuong 3 md
td qué trinh trién khai thir nghiém hé thong, gdm cdu tric mi ngudn, kién tric tong thé, data
pipeline, training pipeline (teacher—student-KD), serving pipeline, ha ting Docker, cu hinh
cac thanh phan MLOps va tmg dung demo. Chuong 4 trinh bay két qua thuc nghiém theo trinh
tu: cAu hinh thuc nghiém va protocol do, két qua chét luong mo hinh, két qua benchmark tde do
suy ludn, phan tich trade-off cia Knowledge Distillation va thao luan tong hop. Phan Két luan
va hudng phat trién tong két nhitng gi di dat duoc cung plan mé rong tiép theo. Phu luc cubi
bao c4o luu kiém tra provenance bang checksum SHA1 va duong dan t6i kho ma ngudn cing

cac artifact mo.



Chuong 2: CO SO LY THUYET VE CHU PE NGHIEN CUU

2.1. Object detection va vi sao chon YOLO

Object detection 1a bai toan dong thoi dinh vi va phan loai cac ddi twong trong anh. So véi image
classification, ddu ra ciia object detection khong chi 1a nhan 16p ma con 1a bounding box. C6
thé chia cac hudng tiép can phd bién thanh ba nhém 16n: one-stage detector, two-stage detector
va end-to-end detector. Trong ) nay, YOLO — dugc gidi thiéu 14an dau boi Redmon va cong su
(Redmon va cong sy, 2016) — ndi bat vi g0p dinh vi va phan loai vao mot lan forward duy nhét,
can bang tbt giita tdc d6 va d6 chinh xac va do d6 phu hop véi bai toan real-time.

Trong pipeline ciia nhém, YOLO dugc chon vi ba Iy do. Thir nhat, hé sinh thai Ultralytics
cung cip workflow twong d6i 1ién mach tir train dén export va deploy. Thi hai, cac bién thé kich
thuge khac nhau cia YOLO thuén tién cho thiét 1ap teacher—student. Thir ba, viéc export sang
ONNX hoic TensorRT di duoc hd tro & muc tai liéu va cong cu, gitp khép voi muc tidu tdi wu

trién khai.

2.2. Kién triic YOLO: backbone, neck va detection head

Cac m6 hinh ho YOLO chia sé mot suon kién trac théng nhat gdm ba khdi nbi tiép: backbone
trich dac trung tr anh, neck hop nhét dic trung da ti 1€, va detection head dy doan bounding
box cting 16p d6i twgng. Cach td chirc nay 1a nén ting dé hiéu vi sao distillation can dung t&i
nhiéu thanh phan khac nhau ctia mang (Muc 2.4) thay vi chi mét dau ra logits cudi.

Backbone 13 mot mang tich chap sau léy anh dau vao va sinh ra mét chudi feature map
c6 d6 phan giai giam dan va do triru tuong ting dan. Cac phién ban gan day cua Ultralytics
(YOLOVS tré di) str dung cac khéi kiéu Cross Stage Partial (CSP) (Wang va cong su, 2020) va
bién thé C2f (Cross-stage partial with 2 convolutions, fast); ¥ tuong cdt 15i cia CSP 1a chia
feature map thanh hai nhanh — mot nhanh di qua chudi block tich chap, mot nhanh ndi tat
(shortcut) — nham ting dong gradient va giam chi phi tinh toan so v6i DarkNet truyén thong.
Backbone thuong xuét ra ba feature map & cac ti 1& giam 8, 16 va 32 1an so véi anh dau vao,
doéng vai tro dau vao cho neck. Mdi bién thé kich thudc ciia mdt ho YOLO (nano, small, medium,
large, x-large) chia sé cAu truc backbone nhu nhau nhung khéc nhau ¢ do rong kénh va d¢ sau,
tao ra dai mo hinh tir vai triéu t&i vai chuc triéu tham sé phii hop véi nhiéu rang budc trién khai.

Neck dam nhiém viéc xép chong thong tin theo ca hai chiéu: tir tang ndng gidu chi tiét
khong gian xudng tang sdu gidu ngit nghia, va nguoc lai. Cau trac phd bién 1a Path Aggregation
Network (PAN) (Liu va cong su, 2018) dat trén Feature Pyramid Network (FPN) (Lin va cong
su, 2017), tao ra ba feature map dau ra ky hiéu 1a P3, P4, PS5 tuong ung céc ti 1¢ giam 8§, 16, 32
lan. V&i anh dau vao 640 x 640, ba feature map nay c6 kich thude 1an luot 80 x 80, 40 x 40,

20 x 20. Y nghia thuc tién: P3 manh cho ddi tuong nho (xe dap, nguoi ¢ xa), P5 manh cho
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dbi twong 16n (xe buyt gan camera); mudn distillation day diroc student trén moi kich thudc déi

tugng, feature-based loss phai cham vao ca ba ting nay (xem Muc 2.4.2).

Detection head du doan trén timg prediction point clia ba feature map. Tong sé diém
du doan & imgsz 640 1a 802 4 402 + 20% = 8400. Tai mdi diém, head sinh ra mot vector phan
loai (kich thudc bang sb 16p, ¢ dy 1a 5) va mot vector hdi quy bounding box. Cac phién ban
YOLOVS tro di cua Ultralytics dung anchor-free decoupled head: anchor-free nghia la khong
dung cac hop tmg ctr ¢6 kich thude ¢b dinh cai dat truée nhu YOLOvS, ma mdi prediction point
tryc tiép hdi quy ra toa dd box; decoupled nghia 1a hai nhanh phan loai va hoi quy c6 16p tich
chap riéng, khong chia sé tham sd. Box duoc hdi quy theo Distribution Focal Loss (DFL) (Li
va cong su, 2020): thay vi xuét ra mot sd thuc cho mdi canh box, mé hinh xut ra mét phan phéi
X4c suét roi rac trén dai gia tri co thé cta canh d6 rdi tinh ky vong — cach tiép can nay cho phép
biéu dién d¢ bat dinh khi mép box khong sic nét va da chimg minh 6n dinh hon héi quy diém
tryc tiép. Hé qua voi KD: response ma student can hoc khong chi 1a logits phan loai ma con 1a
phan phdi box; chinh cau hinh ctia dé tai ciing tach thanh ba loss con cho dense logits, sparse
logits va box (Muc 2.4.4).

Khi ap dung KD trén cdp teacher—student cuing ho YOLO, sudn backbone—neck—head
chung khién viéc ghép cap feature map twong tng theo P3/P4/P5 1a truc tiép; phép bién doi 1 x 1
giita s6 kénh cua teacher va student (Muc 2.4.2) 13 16p cdu néi ky thuat dé xur Iy khac biét do

rong kénh.
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Hinh 2.1: Kién traic YOLOVS: backbone (CSP/C2f), neck PAN-FPN va detection head
anchor-free trén ba feature map P3/P4/P5. Nguon: kho cdu hinh mmyolo cia OpenMMLab

(OpenMMLab, n.d.).

2.3. Biéu dien dir liéu va cac khai niém detection co ban

2.3.1. YOLO-format va bai toan localization

Mot bounding box co thé dugc biéu dién theo corner format (x1,y1, T2, y2) hodc center format

(z,y, w, h). Trong thuc té ctia d¢ tai nay, pipeline dung YOLO-format, tirc toa d¢ tim cuing chiéu

rong va chi€u cao da dugc chuan hoéa theo kich thudc anh. Chuan nay thuan loi cho viéc huan

luyén bang Ultralytics va nhit quan voi cach nhiéu detector mot-giai-doan xir Iy nhén.
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Hinh 2.2: H¢ toa d6 YOLO-format: bounding box biéu dién béng (Zecenter, Yeenter, W, h) da chuin
hoé theo kich thudce anh. Nguodn: tai liéu dinh dang nhan YOLO ctia Roboflow (Roboflow, n.d.).

Mot hé quéa quan trong 13 moi budc augmentation hinh hoc déu phai cap nhat dong thoi
ca anh va bounding box. Vi vay, cac thu vién nhu Albumentations thuong phu hop hon céach

bién d6i anh don thuan r6i giltt nguyén nhan cii.

2.3.2. IoU va NMS

ToU do muc chong lap gitta bounding box du doan va bounding box ground truth:

Area(B, N By)

IoU = .
© Area(B, U By)

ToU cang cao thi du doan cang sat muc tiéu. Trong cac detector truyén théng thudc ho YOLO,
NMS thuong duoc dung dé loai bot cac hop du doan chong 14p manh. Tuy nhién, chinh budc
hau xur 1y nay ciing lam ting do tré va khién pipeline kém end-to-end hon. Pay ciing 1a mot
trong cac dong luc dan téi cac hudng detector méi nhur YOLOV10, noi bai toan hiéu ning dugc

xét cung voi viée gidm phu thude vao NMS (Wang va cdng su, 2024).

2.3.3. Precision, Recall va mAP

Pé danh gia chat lugng mot bo phat hién di twong, timg du doan ctia mé hinh duoc dbi chiéu
v6i ground truth & mot ngudng IoU c¢b dinh. Mot du doan dugc tinh 13 true positive (TP) néu
vira thudc dung 16p vira ¢ loU vai mot ground truth khép vuot ngudng dat trudce; trai lai la false
positive (FP). Mot ground truth khdng c6 du dodn nao khdp dugc tinh 1a false negative (FN).
Ttr ba luong d6, hai chi s6 co ban duge dinh nghia:

TP TP

Recall =

TeC1s10n TP + EP’ TP + FN
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Precision cao dong nghia s6 du doan sai (false positive) it; Recall cao dong nghia it d6i twong
bi bo sot.

Bing cach quét ngudng confidence ciia detector, ta thu duwoc mot duong cong Precision—
Recall cho mdi 16p. Dién tich duéi duong cong niy, & mot ngudng IoU ¢b dinh, goi 1a Average
Precision (AP) cua 16p 6. Mean Average Precision (mAP) 13 trung binh AP qua tat ca C' 16p:

Trong bao cao, hai bién thé duoc sir dung: mAP50 do ¢ ngudng IoU = 0,50 (dinh vi twong dbi
long), va mAPS50-95 theo chuén COCO (Lin va cong su, 2014) 1a trung binh mAP do & muoi
ngudng IoU tir 0,50 d&én 0,95 cach déu 0,05 — chi s6 nay khat khe hon vi doi hoi dinh vi chinh
xac 0 moi muc loU.

Bén canh chat luong phat hién, ba chi s6 dinh luong chi phi trién khai dugc dung xuyén

sudt bao cao:

« Latency: thoi gian x{r Iy mot yéu cdu (ms/anh). Inference latency chi tinh budc forward
mo hinh; end-to-end latency cong ca tién xt 1y va hau xu 1y. Muc 4.4 bao céo ca mean
va p95 latency.

* FPS (Frames Per Second): nghich ddo latency, phan anh kha nang phuc vu lién tuc.

* Kich thwéc moé hinh va bd nhé: dung luong file checkpoint, muc tiéu thu
RAM/VRAM khi nap; rang budc tryc tiép kha ning trién khai trén thiét bi gi6i han tai

nguyén.

2.4. Knowledge Distillation cho object detection

Muc nay trinh bay Knowledge Distillation (KD) ¢ hai 16p. L&p mét gidi thiéu paradigm teacher—
student va cac cong cu toan hoc cot 16i (logits, softmax c6 nhiét 4§, KL divergence) can dé hiéu
moi bién thé KD. Lp hai mé rong cac cong cu d6 cho object detection, noi mé hinh phai dong

thoi hoc phén loai va hdi quy bounding box.

2.4.1. Paradigm Teacher—Student va cong cu toan hoc

Knowledge Distillation 14y hai mang neural c6 dung lugng khac nhau lam trung tdm. Y tudng
nén tri thirc béng cach hun luyén mot mang nhd bét chude mot mang 16n dugc Bucila va cong
su dé xuét tir nam 2006 (Bucila va cong su, 2006) va sau d6 dugc Hinton, Vinyals va Dean téng
quat hoa thanh co ché soft label cho mang neural sau (Hinton, Vinyals, & Dean, 2015). Teacher
model — ky hi¢u fr — 1a mot mang da duoc huén luyén trude véi dung lugng 16n va dat chét
lugng cao trén tap dir liéu muc ti€u, dong vai tro nguén tri thirc. Student model — ky hiéu fg

— 1a mot mang nho hon vé s tham sb va chi phi tinh toan, dugc huén luyén dé bat chuée hanh

8
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vi cua teacher. Muc tiéu la fg ké thira phén 16m nang lyc du doan cua fr trong khi dat chi phi
suy luan du thap cho trién khai thoi gian thuc; teacher chi duoc dung ¢ giai doan huan luyén va
khong xuét hién ¢ giai doan phuc vu.

Tai dau ra phan loai cia mdt mang cho bai toan C' 16p, vector sb thuc z € R trude khi
qua ham chuan hoa duoc goi 1a logits. Classification scores (xac suit 16p) thu dugc bang cach
ap ham softmax c6 nhiét do 7:

iz, ) = —PE/T) i=1,...C

> jorexp(z/T)

Khi 7 = 1, cong thirc trd vé softmax chuan. Khi 7 > 1, phan phdi mém hon (cac x4c suat phang
hon), 1am 19 rd thong tin vé do twong dong giita cac 16p gan nhau — day chinh 13 soft label ma
student duoc khuyén khich bit chude, bén canh nhan cting (hard label) thong thudng.

Khoang céach giita hai phan phdi xac suit roi rac P va Q trén cung tap roi rac duoc do

bang Kullback—Leibler divergence:
P,
D (PlIQ)=)_P log

Dy (P||Q) > 0, bang 0 khi va chi khi P = Q, va khéng doi xitng (Dx. (P||Q) # DxL(Q||P)
trong truong hop tong quat). Trong KD, P thuong 1a phan phdi softmax cta teacher (myc tiéu
mém) va @ 1a phan phéi softmax ctia student (dang hoc); ti thiéu hoa Dy (P||Q) budc student
tiém can teacher & moi 16p, ké ca cac 16p c6 xac suit nho.

Ham loss distillation c¢6 dién ctia Hinton et al. (Hinton, Vinyals, & Dean, 2015) két hop
nhan cing va tri thirc teacher:

Lxp = (1= X) Lee(ps(1),y) + A-7° Dxi(pr(7) || ps(7)),

trong d6 Lcg 1a cross-entropy gitra du doan student va nhan cimg y; pr(7), ps(7) 1a softmax co
nhiét d6 cua teacher va student; A € [0, 1] diéu chinh ty trong hai thanh phﬁn; va hé s 72 gitr
thang gradient on dinh khi 7 16n. Cong thirc trén la diém xuét phat; cac muc ké tiép mo rong
n6 cho bai toan detection von doi hoi nhiéu thanh phan loss hon vi mé hinh phai hoc dong thoi

phan logi va dinh vi.

2.4.2. Vi sao detection cin multi-component distillation

Knowledge Distillation 1a k¥ thuat truyén tri thire tor mdt teacher model 16n sang mot student
model nhé hon nhim giir chit lugng du doan khi giam chi phi suy luan (Hinton, Vinyals, & Dean,
2015). Trong bai toan classification, cong thirc KL divergence trén logits cudi cing thudng du
dé student tiém can teacher. Pbi vdi object detection, rang budc khat khe hon vi mé hinh phai
déng thoi hoc hai nhi€ém vu: phan loai ddi tuong va hoi quy bounding box. Néu chi distill nhanh

classification ma bo qua box, student c6 thé dodn diing I6p nhung dat sai vi tri; diéu nay hau



Bao cao d6 an mon hoc Tinh toan hiéu suat cao Nhom 1

nhu khong xuét hién trong classification thuan. Khai niém KD chuyén biét cho detector dugc
Chen va cong su dat nén sém (Chen va cong su, 2017), sau d6 dugc mé rong thanh cac so dd
multi-component két hop dic trung trung gian, logits va box regression (Wang va cong su, 2019;

Yang va cong su, 2022; Task Integration Distillation, 2024).

2.4.3. Feature-based distillation tai cic ting P3/P4/P5

Theo céu hinh dy kién, feature-based distillation duoc ap dung trén cac feature map & phan neck
ctia YOLO26, noi thong tin da ti 1¢ da dugc tich hop (Ultralytics, n.d.). Y tudng dung feature
map trung gian 1am hint cho student dugc Romero va cong su dé xuét trong FitNets (Romero
va cong su, 2015), va da tré thanh thanh phﬁn chuén cua cac so do KD hién dai. Tuan theo kién
tric YOLO chuén, cac feature map twong Gmg ba ti 18 P3 (80 x 80), P4 (40 x 40) va P5 (20 x 20)
duoc dung dé distill, vi day 1a cac tAng mang biéu dién ngir nghia giau théng tin nhit cho bai
toan detection.

Khé khin k¥ thuat ¢ ddy 1a teacher va student thuong c6 s6 luong kénh (channel) khac
nhau, do student dugc thiét ké nhoé hon. Dé hai feature map khdp nhau vé sb chiéu biéu dién,
mot phép channel-wise transformation ¢, duoc ding dudi dang MLP hai tng véi cac tich chap
1 x 1, chiéu feature map student 1én cung sd kénh voi teacher tai timg ti 16 [ € {P3, P4, P5}.
Sau khi da chiéu, khoang cach giita hai ban d6 duoc do bang khoang cach binh phuong Lo:

Lew= > ||Fr — &(Fy)]

1e{P3,P4,P5)

2
27

trong d6 FL va F 1an luot 14 feature map cua teacher va student & ti 1¢ . Y nghia k¥ thuat 1a
student khong bi ép sao chép sd kénh cua teacher, nhung van dugc day biéu dién ngit nghia
trong dwong & timg ti 1&; diéu nay dic biét hiru ich cho xur 1y d6i tugng nhé hodc & xa, von phu

thudc nhiéu vao feature map ti 1€ cao P3.

2.4.4. Response-based distillation trén classification va bounding box

O déu ra cudi cling, response-based distillation cham vao hai thanh phan. Déi vdi classification,
goi zg? ), zg") € R 1a logits ctia teacher va student tai prediction point thir n trén ba feature map
(téng cong N = 80% + 402 + 20? = 8400 diém ¢ imgsz 640). Loss classification ép phan phdi

student tiém can phan phéi teacher qua KL divergence v6i nhiét do 7:

L\ w1 o
Las = N;DKL(]?%)(T) Hpg‘)(7—)>7

trong do pgf ) (1), pg”) (7) 1a softmax c6 nhiét do cua hai vector logits. Nho vé phai lay KL ¢ moi

prediction point, student hoc dugc ca soft label — muic d6 tu tin cua teacher giira cac 16p gan

nhau va cau trac 16i thuong giap — khong chi 13 nhan cimg tai cac diém c6 d6i tuong.

10
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Poi vdi bounding box regression, goi bé? ),b(S") la box du doan cua teacher va

student tai diém n, obj(Tn ) € [0,1] 1a confidence (objectness) ctia teacher, va 0 l1a ngudng
box_objectness_threshold. Loss box-regression chi lay cac diém cé teacher du tin cdy va

trong sd hoa theo confidence:

Loox =y obj” - d(b,05"),

n:obji™M >0

trong do d(-, ) ¢ thé 1a khoang cach Smooth-L; hoic 1 — GloU (Generalized IoU). Loi thé caa
ngudng va trong s 1a tranh nhidu tir cac du doan teacher kém chét lugng — von xuat hién nhiéu
& cac ving khong c6 ddi tuong that — va 1a 1y do cdt 161 vi sao response-based distillation cho

detection hiéu qua hon cach ldy moi prediction cua teacher 1am pseudo-label.

2.4.5. Ham loss tong hop va bon cau héi danh gia KD

Téng hop hai hudng trén, ham loss tong thé ctia qua trinh distillation dugc viét dudi dang:
‘Ctotal - »Ctask + Ofeat £feat + Clresp »Crespa

trong d6 L 1a loss huén luyén géc cua YOLO (classification loss va box regression loss trén
nhan goc), L VA Lyesp 12 hai thanh phan distillation dd mo ta, cON e VA (regp 12 hé s6 diéu
chinh mtc d¢ anh huong cua distillation so véi viée hoc truc tiép tir dit liéu gan nhan. Trong
thuc té trién khai, Oresp thuong dugc tach thanh nhiéu trong sb6 con cho tung nhanh dau ra (vi
du: logits day tinh trén toan bo prediction points, logits thua chi ldy diém c6 confidence cao cua
teacher, va loss box) cung mot tham s6 nhiét dd diéu khién d6 mém cua phan phéi nhan.

Mot quy trinh dénh gia KD hop 1y cho dé tai nay phai tra 10i dugc bon cau hoi riéng biét,
tach 10 chi phi va lgi ich:

1. Student baseline nho hon teacher bao nhiéu vé kich thudc file va chi phi suy luén?
2. Student baseline mat bao nhiéu mAP so véi teacher?

3. Student KD phuc héi duoc bao nhiéu phan mAP da mat so véi student baseline?

4. Phan mAP phuc hoi d6 ¢ di kém chi phi latency hodc bo nhé ting dang ké khong?

Néu khong tach bon cau hoi nay, rat d& roi vao ngd nhan rang cé KD ld tét hon, trong
khi trén thuc té mot cdu hinh KD chura téi wu van c6 thé tang thoi gian train nhung khong mang
lai cai thién trién khai 16 rét. Chuong 4 s& quay lai bon cau hoi nay dudi dang bang két qua thuc

14
A

te.

Ghi chi vé bang chirng: ciu hinh KD theo huéng multi-component di xuét hién rd
trong notebooks/trainer.py va train.yaml, nhung viéc khdng dinh trainerpy trién khai

chinh xdc phép channel-wise MLP 1 x 1 tai diing ba tang feature map P3/P4/P5 can duoc audit

11
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bd sung bang cach ddi chiéu véi cac cong trinh tham chiéu (Wang va cong sy, 2019; Yang va
cong su, 2022).

2.5. ONNX va TensorRT trong trién khai

ONNX (Open Neural Network Exchange) dong vai trd chuan trung gian gitp tach mé hinh khoi
framework huin luyén: mdt mé hinh huén luyén béng PyTorch (Paszke va cong su, 2019) hoac
TensorFlow c6 thé dugc xuat sang mot do thi tinh toan ONNX rdi chay bang ONNX Runtime
— mot thu vién inference da nén tang (CPU, CUDA, DirectML, CoreML, mobile NNAPI). Loi
thé chinh cua chudn nay 14 giam phu thudc framework gdc khi dua mé hinh sang méi trudng
san pham, dong thdi cho phép ap dung cac t6i wu cap do thi (constant folding, operator fusion)
ddc 1ap voi framework dao tao.

TensorRT 14 bd tdi wu hoa va runtime inference cia NVIDIA danh cho GPU. Sau khi
¢6 mo hinh ONNX (hodc db thi TensorFlow/PyTorch truc tiép), TensorRT thyc hién ba 16p tdi
ru sau: (i) hop nhit kernel (kernel fusion) dé giam chi phi khoi dong kernel va doc bo nhé trung
gian, (ii) luong tir hoa hdn hop xudng FP16 hoic INTS dé ting thong lugng tensor cores, va
(iii) Iyra chon engine cy thé t6i wu cho phan cing dich (Ampere, Hopper...) thong qua mot bude
build ngoai tuyén. Két qua thuong 1a mét file . engine chay nhanh hon dang ké so voi ONNX
Runtime trén cung GPU, d6i lai engine chi twong thich v6i dung phién ban GPU/CUDA duing
de build.

2.6. H¢ sinh thai MLOps va cong cu giam sat

Mot hé sinh thai MLOps dién hinh duoc t6 chire theo sau 16p chirc ning twong ddi doc lap: phuc
vu md hinh, theo ddi thi nghiém, déng goi container, quan sat h¢ thong, diéu phéi ludng cong
viéc va dam bao chét lugng dit liéu. Phan duéi ddy mé ta vai tro va nguyén 1y hoat dong ctia cac
framework dai dién cho timg 16p; cach thirc cAu hinh va tich hop cu thé trong dé tai duoc trinh

bay tai Chuong 3.

2.6.1. Phuc vu mo hinh: FastAPI va Gradio

Téng phuc vu mo hinh thuong tach thanh hai vai tro bd tro nhau. FastAPI (FastAPI, n.d.) la
framework backend hién dai cho REST/JSON API: chay trén nén ASGI dé hd tro xir 1y bat
ddng bo, dung Pydantic dé kiém tra dir liéu vao/ra dua trén type hint Python, va tu sinh tai
liéu OpenAPI/Swagger UI tir chinh khai bao endpoint. Cac thanh phan chinh ctia FastAPI gobm
APIRouter (gom nhom endpoint theo domain), middleware (xtt Iy CORS, log, metrics ngang
qua moi request) va dependency injection (chia sé tai nguyén nhu model, két ndi DB giita cac
endpoint). Gradio 13 thu vién Python sinh giao dién web twong tac tryc tiép tir mot ham Python:
chi can khai bao loai dau vao (dnh, van ban, audio) va diu ra, Gradio tu dung UI kéo—tha cung

mot server nhe phuc vu demo. Trong kién trtc MLOps dién hinh, FastAPI dam nhiém tich hop
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hé thong (API JSON thuan), con Gradio dam nhiém trinh dién nhanh va thtr nghiém thu cong

cua con nguoi.

2.6.2. Theo do6i thi nghiém va luu artifact: MLflow + MinlO

MLflow (MLflow, n.d.) 12 nén taing ma ngudn m& quan 1y vong doi mo hinh theo bén thanh
phan. Tracking ghi lai params, metrics va artifacts cho mdi run huén luyén. Project dong géi
code cting moi trudng dé chay lai dugc trén méay khac. Model 1a mot dinh dang dong goi mo
hinh kém signature dau vao/dau ra. Registry dang ky cac phién ban model theo stage (None
/ Staging / Production / Archived) phuc vu promote va rollback. Tracking server cia MLflow
thudng dugc dung cung hai thanh phan phu trg: mot quan hé DB (PostgreSQL/MySQL) luu
metadata run va mot object store twong thich S3 luu artifact. MinIO 1a object store ma ngudn
mo trién khai giao thirc S3, cho phép luu artifact theo bucket. B4 ba MLflow + DB + MinlO tao
thanh md&t phong thi nghiém chay hoan toan ndi bg, dam bao tinh kiém soat phién ban va tai lap

ddc 1ap véi céc dich vu bén ngoai.

2.6.3. Pong goi va dicu phoi container: Docker va Docker Compose

Docker (Merkel, 2014; Docker, n.d.) 1a cong nghé container dong géi ting dung cung phu thude
thanh mot image tu chura, chay duoc trén moi may c6 Docker engine. So vdi may do, container
nhe hon vi chia sé kernel host va khoi dong trong vai giay. Docker Compose mé rong Docker
dé khai bao nhiéu container thanh mot stack qua mot file YAML: c¢b dinh phién ban image, bién
moi truong, cong mang, volume bén viing va quan hé phu thudc khoi dong (depends_on). Loi
thé cia Compose so v6i chay nhiéu 1énh docker run rdi rac 1a tinh khai bdo — toan bd topology
hé thong nam trong mot file c6 thé kiém soat phién ban, va 1énh docker compose up c6 thé tai

dung nguyén trang moi truong trén may maoi.

2.6.4. Quan sat hé thong: Prometheus, Grafana, Loki va Alertmanager

L6p quan sat (observability) gém ba loai dir liéu van hanh: metrics (sé do dinh ky), logs (su kién
vin ban c6 cdu trac) va traces (duong di cia request qua nhiéu dich vu). Prometheus 13 co so
dir liéu chudi thoi gian (TSDB) thiét ké cho metrics: dinh ky scrape cac endpoint /metrics do
dich vu tir xudt, luu trit dudi dang chudi thoi gian c6 label, va truy van bang ngdn ngit PromQL.
Grafana 13 tang tryc quan hoa: ndi t6i nhiéu data source (Prometheus, Loki, Elasticsearch...)
va dung dashboard vdi cac panel time-series, gauge, heatmap. Loki 1a kho log c6 nhan theo
cung triét 1y ctia Prometheus — thay vi index toan van (nhu Elasticsearch), Loki chi index label,
do d6 nhe va ré; truy van ding ca phap LogQL ngay trong Grafana, dit canh cac panel metric
tuong Umg. Alertmanager nhén alert do Prometheus phat ra theo rule, gp cac alert tuong tu,
dap im theo lich va dinh tuyén to1 kénh nhan (email, Slack, PagerDuty). Bo bon nay la phuong

an observability nguon mo pho bién cho dich vu déng container.
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2.6.5. Dicu phdi ludng cong viéc: Apache Airflow

Apache Airflow 13 nén tang diéu phdi ludng cong viéc dua trén Directed Acyclic Graph (DAG).
Mbi DAG la mét file Python dinh nghia cac task (don vi cong viéc) cuing quan hé phu thudc giita
chung. Scheduler cua Airflow danh gia lich chay, executor day task xubéng worker (sequential,
local, celery, hodc kubernetes), va web UI cho phép theo ddi trang théi, log va lan chay gan
nhit. So v6i cron thuan, Airflow cung cap bén thude tinh then chdt cho pipeline MLOps: retry
tu dong khi task 13i, theo ddi quan hé phu thudc tudng minh, luu log timg lan chay phuc vu
debug, va backfill cho khoang thoi gian trong quéa khir. Trong céc pipeline MLOps dién hinh,
Airflow diéu phéi cac luéng nhu tai dit liéu, retrain mé hinh theo lich, kiém tra drift, hay export

sang dinh dang trién khai khi c6 model méi dugc dang ky.

2.6.6. Drift va dam bao chét lwong dit liéu vAn hanh

Sau khi trién khai, mot mo hinh machine learning van hanh trén dong dir li¢u khéac véi phan
phéi hudn luyén va c6 thé suy giam chét luong du doan theo thoi gian. Lu va cong su cung cap
mot tong quan hé thdng cho hién twong nay (Lu va cong sy, 2018); & ddy ta tom tit theo ba khai
niém bo trg nhau. Data drift (con goi 1 covariate shift) xay ra khi phan phéi dau vao P(X)
thay d6i trong khi quan hé diéu kién P(Y | X) khong d6i — vi du camera doi vi tri lam do sang
va goc nhin 1¢éch khoi tap train. Concept drift (con goi 1a label drift) xay rakhi P(Y | X) thay
dbi, tire cing dau vao nhung y nghia nhin da khac — vi dy tiéu chi dinh nghia 16p motorbike bi
mo rong dé bao gém ca xe scooter dién. Model drift 13 khai niém bao tram: suy giam chi sd
chét luong (accuracy, mAP) trén dong dir li€éu méi, co thé do data drift, concept drift hoac két
hop ca hai.

Theo hinh thai di&n tién, drift con duge chia thanh bén dang phu. Sudden drift xay ra 4ot
ngdt (camera méi dugc gan). Gradual drift dich chuyén tir tir (thoi tiét theo mua). Incremental
drift 1a chudi thay ddi nho tich luy theo thoi gian. Recurring drift 1ap lai c6 chu ky (ngay — dém,
ngay lam viéc — cudi tuan). Phan loai ndy quan trong vi lira chon ngudng canh bao va lich retrain
phu thudc truc tiép vao hinh théi drift du kién.

Dé do drift, ta so sanh phan phdi ctia mot feature gita tip tham chiéu R (thuong 1a

validation lfic train) va tap san phdm P (thu dugc khi van hanh). Bén thong ké pho bién gom:

« Population Stability Index (PSI): PSI = > (¢; — 7;) In(q; /r;), v6i 4, ¢; 1a ty 1€ tan
suat tai bin thir 7 & R va P; ngudng canh bao dién hinh PSI > 0,2.

« Kolmogorov—Smirnov: D = sup_ |Fr(z) — Fp(z)| véi F 1a ham phan phéi tich luy;

dung cho feature lién tuc.

« Jensen—Shannon divergence: bién thé dbi xtmg va bi chian cua KL, Dys(P||Q) =
3Dk (P M) + 5D (Q M) véi M = (P + Q) /2.

« Wasserstein distance: do khodng cdch vin chuyén giita hai phan phéi, hiru ich khi hai
phan phdi khong tring support.
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Dbi voi object detection, cac feature drift dang quan tim gdm phan phdi kich thudc d6i
tugng (bounding box), s object trung binh trén anh, phan phdi 16p ddi tuong, va dic trung anh
tong thé (46 sang, do twong phan, histogram mau). Khi drift dang ké, mAP do trén dong dir liéu
san pham c6 thé giam am tham trong khi mAP trén tap validation gc khong ddi — day chinh 1a
dau hiéu can retrain hodc fine-tune lai voi dit liéu moi.

Deepchecks la thu vién Python phé bién dé hién thuc hoa cac kiém tra trén. Thu vién
cung cap céc suite 6 san cho ca tabular, vision va object detection: so sanh phan phdi feature
gilta R va P qua PSI/KS, phat hién label drift, kiém tra chat lugng nhin va xuat bao cao HTML
c6 thé xem truc tiép. Trong kién tric MLOps dién hinh, két qua céc kiém tra Deepchecks dugc
day 1én Prometheus dudi dang metric dé Alertmanager phat canh bao, hodc lam tin hiéu kich
hoat mot DAG Airflow chay retrain — dong vong phan hoi tw duy tri chat lugng phdt hién drift

— hudn luyén lai.

2.6.7. CI/CD va trigger trong MLOps

Mot pipeline CI/CD dién hinh di qua cic budc commit — build — test — report — release
(staging) — deploy (production). Khi chuyén sang MLOps, chudi ndy phai bao phu thém ba
ngudn thay doi: code, dir liéu va mo hinh. Trigger trong MLOps vi vy khong chi dén tir thay
d6i code (CI build image, chay test APT) mé con c6 thé dén tir mot model méi dugc ding ky vao
Model Registry (orchestrator chay export + benchmark), hodc tur tin hiéu drift ngoai production
(orchestrator goi job retrain). Diém khac ¢t yéu so voi CI/CD phan mém truyén thong 1a mé

hinh va di liéu ciing tré thanh tai nguyén c6 phién ban va c6 trigger riéng, khong chi ma ngudn.
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2.7. Mot s6 nghién ctru gan day lién quan dén dé tai

Bang 2.1: Mot s6 nghién ciru gan day lién quan dén real-time object detection va distillation

Coéng trinh Y chinh Lién quan dén d@ tai
YOLOvVI10: Loai bo phu thugc NMS trong Cung cb luan diém rang toi uvu
Real-Time huén luyén end-to-end va tbi wu kién trac detector 1a huéng song
End-to-End d6ng thoi hiéu qua—do chinh xac.  song voi KD khi mudn giam
Object Detection  Tac gia bdo cdo YOLOvV10-B ¢o latency cho suy luan thoi gian
(Wang va cong  d0 tré thap hon 46% va it hon 25% thuc.
su, 2024) tham s6 so v6i YOLOV9-C & cling

muc hi¢u nang.
Teach YOLO to D¢ xuét self-distillation cho Goi y hudéng mé rong tr KD
Remember: A continual object detection; bdo cdo teacher—student sang
Self-Distillation ~ cai thién mAP trong kich ban hoc  self-distillation hoac continual
Approach for ting dan. learning cho dir li¢u van hanh moi.

Continual Object
Detection (Dalle
Pezze va cOng su,
2025)

Task Integration
Distillation for
Object Detectors
(Task Integration
Distillation,
2024)

Focal and Global
Knowledge
Distillation for
Detectors (Yang
va cong su, 2022)

Nhan manh can distill dong thoi
phan loai va hdi quy thay vi chi

tap trung mot nhi¢m vu.

Két hop distillation theo ving tiéu
diém va toan cuc trén feature map

cua detector.

Phu hop v6i cdu hinh KD trong
repo, noi loss da tach riéng dense

logits, sparse logits va box loss.

Cung cb co so 1y thuyét cho viée
khong dung cong thire KD qua

don gian trong detection.

Tir goc nhin tong quan, c6 thé chia cac cong trinh lién quan thanh ba nhém. Nhom thir nhét

t6i wu detector & cp kién tric, dién hinh nhu YOLOv10, nham giam chi phi hau xir 1y va cai

thién bién hiéu nang—do chinh xac. Nhom thir hai tap trung vao KD cho object detection, nhin

manh rang distillation can cham dong thoi vao phan loai, localization va d6i khi ca dic trung

trung gian. Nhom thr ba mé rong bai toan sang continual detection hodc deployment-oriented

evaluation, tirc khong chi hdi m6 hinh c6 chinh xac hay khong ma con hdi mo hinh c6 gilr duoc

chat luong khi bdi canh di liéu thay doi hay khong.
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Diém tha vi 1a dé tai cia nhom khéng tring hoan toan véi bat ky nhanh nao phia trén.
Nhom khong dé xuét mot kién trac detector moi, cling chua xay dung mdt thuat toan KD mdi.
Gia tri clia dé tai nim & viéc két hop cac y tuong da co thanh mot pipeline trién khai tuong d6i
hoan chinh: train, track, export, serve, monitor. Vi vay, khi dinh vi dong gop hoc thuat, bao cao
nén tranh dién dat theo hudng d@é xudt thudt todn méi; thay vao d6 nén nhan manh day 1a mot

implementation-oriented study cho bai toan ti wu deployment.
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Chwong 3: TRIEN KHAI THU NGHIEM HE THONG

3.1. Céu tric kho mi nguodn

Toan b ma ngudn cia hé théng dugc t6 chirc theo nguyén tic mot thu myc dam nhiém mot moi
quan tam: chuén bi dir liéu, huin luyén, phuc vy, ha téng MLOps va artifact mo hinh duoc tach
thanh cac thu muyc doc lap, co thé chay va kiém thu riéng. So dd cay dudi day li¢t ké cAu tric
thu muc cap cao ctia kho ma ngudn.

hpc_nhoml_code/

| README.md ...t Huéng dan kién trac va khéi chay nhanh.
| PROJECT_EXECUTION.MA «@'unnnerrnnnnnneeannnns. Quy trinh trién khai chi tiét tam budc.
| _data_pipeline/ ........ Tai dataset, tao subset, sinh bién thé anh, quan ly phién ban dir liéu.
| _data_validation/ ............... Kiém tra chat luong va phat hién drift béng Deepchecks.
| _training pipeline/
src/
t train.py ....o..ooiiiiian Vong huén luyén KD da thanh phan (teacher + student).
config/train.yaml ............cc..iiinan... Céu hinh distillation va siéu tham sd.
| scripts/
L train_teacher_model.py ............coiiiiinnn Huén luyén teacher kém log MLflow.
| _notebooks/
colab_result.ipynb ..............oeeiinn. Lan huén luyén chinh thtrc trén Colab T4.
colab_benchmark.ipynb ........................ Quy trinh do chuan mAP va latency.
BrAINer . PY ¢ it Ban patch ctia Ultralytics hd trg KD.
| _serving_pipeline/
APL/ e e Ung dung FastAPI va cac router.
Eradio_aPP . PV ceeeetetiiiiii i Giao dién Gradio demo.
docker-compose.yml ..., Stack serving (CPU; profile GPU).
production/, production-data/ .............. Anh va prediction luu cho hau kiém.
| _infra/
MIEIOW/ ottt Stack MLflow + MinlO + MySQL.
monitor/ .....iiiiiiiiiiiiiiii Stack Prometheus + Grafana + Loki + Alertmanager.
AITFIOW/ o e e Stack Airflow voi DAG train/drift/export.

| model_artifacts/
t teacher_best.pt, student_best.pt, student_kd_best.pt
serving _model.pt, serving_model.onnx, serving_model.engine

| serving _model.pt .............iiiiiainn.. Ban sao ctia student_kd best.pt phuc vu demo.
| _reports/

t 108/ e Log runtime FastAPI va Gradio.

benchmark/ .........ccoiviiiiiiiiiiiii., report_results.json, quality.csv, latency.csv.

L OULPULS/ oottt e Béo céo cudi ky, figures, slide.

L dOCS/ i e Tai liéu k¥ thuat va huéng dan van hanh.

L assets/ . So d6 pipeline va hinh anh minh hoa.

So dé cay thir muc ciia kho ma nguén — méi thanh phan dnh xa téi mét 16p chire ndng trinh bay
0 Muc 2.6.

Cach t6 chirc ndy uwu tién ba nguyén tic thiét ké. Thir nhat, ranh giéi giita
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data_pipeline/ (dir liéu cho huin luyén) va data_validation/ (dit liéu luc van hanh)
cho phép phan tich drift hoat dong ddc 1ap véi pipeline huin luyén va khong phu thudc trang
thai ctia cac artifact dang train. Thit hai, moi thanh phan ha tang nim trong infra/ déu di
kém mot docker—compose.yml riéng, nén timg cum c6 thé bat hodc tit theo dung lugng tai
nguyén cta may va theo nhu cau demo cu thé. Thir ba, moi artifact mé hinh tip trung trong
model artifacts/ voi quy udc tén cb dinh cho timg vai trod (teacher, student baseline, student

KD, serving), tao tién dé dé xac minh provenance bﬁng checksum SHA1 truée khi trién khai.

3.2. Kién truc pipeline tong thé

Hé théng duoc thiét ké dudi dang mot pipeline chin giai doan tuan tw, mdi giai doan co dau vao
— d4u ra 16 rang va c6 thé chay doc 1ap khi can kiém thir (Hinh 3.1). Bon giai doan dau thudc
truc dir lidu va hudn luyén: tai dataset tur Kaggle, chuin hoa nhin YOLO va tao subset, huin
luyén teacher, huan luyén student baseline va student c6 Knowledge Distillation. Nam giai doan
sau thudc truc frién khai va vdn hanh: luu artifact da train kém checksum, export sang ONNX
va TensorRT, dong goi FastAPI lam backend inference, Gradio 1am UI demo, va by Prometheus
+ Grafana + Loki + Airflow dam nhiém quan sat va diéu phdi cac job dinh ky. Tach hai truc
thay vi hop nhat mot pipeline tuyén tinh cho phép tang trién khai van hanh doc 1ap sau khi da

co artifact va khong bi rang budc bdi tién do hun luyén.

<3 gradio

Response Request data

O FastAPI | -|®deepchecks)

Monitor

G

Prometheus Grafano

&
Engine N>
~ NVIDIA

Hinh 3.1: Pipeline tong thé chin giai doan: tir tai dataset Kaggle, qua data pipeline (chuin
hoa, subset, version qua MinlO), train teacher — student — KD, luu artifact va export
ONNX/TensorRT, dén serving (FastAPI + Gradio) va quan sat (Prometheus + Grafana + Loki
+ Airflow). Ngudn: nhom tac gia.

3.3. Data pipeline

Tang data pipeline chuan bi dit liéu cho huan luyén va ddong thoi tao 16p tham chiéu cho phan

tich drift sau khi trién khai. Bén module duoc thiét ké doc 1ap vé chic nang, mdi module c6 mot
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1énh con riéng dudi CLI python -m data_pipeline:

« kaggle download.py: két ndi Kaggle API, tai tap Traffic Detection Project (Sardoan,
n.d.) va t6 chic anh kém nhan YOLO theo c4u triic thu muc chuan train/, valid/,
test/.

« subset_creator.py: lay miu mot tap con kich thudc cdu hinh dugc qua tham sb
--size, van giit phan phdi 16p gan vai tap gdc, phuc vu vong thir nghiém nhanh hozc

demo.

* test_variants.py: ty dong sinh cic bién thé anh test theo bdn bién d6i nhidu thudng
gip trong giao thong (md dong, nhiéu Gauss, thay doi do sang, swong), phuc vu danh

gia do bén cua detector ngoai di€u ki¢n anh sach.

« version_manager.py: ddy phién ban dataset 1én MinIO lam object store, gan tag cho
mdi phién ban dé cac pipeline hun luyén vé sau c6 thé tham chiéu lai dang phién ban

da dung.

Viéc tach module thanh bén vai tro trén dam bao hai truc dir liéu cho hudn luyén va dir
liéu van hanh phuc vu drift hoan toan doc lap. Truc thu hai dugc trinh bay ky & Muc 3.6.5; phén
1y thuyét drift da dit nén & Chuong 2.

[ Chen anh tai day ]

Luwdi 1 x 5 anh: 1 dnh goc tir Traffic Detection Project + 4 bién thé, ¢ thé ldy
tir data/demo_subset/test/ sau khi chay python -m data_pipeline

dataset test-wvariants.

Hinh 3.2: Vi du tap dir liéu va bbn bién thé nhiéu sinh boi test_variants.py: anh gbc, md
dong (blur), nhiéu Gauss, dd sang thap va swong — phuc vu danh gia do bén detector.

3.4. Training pipeline

3.4.1. Cap teacher—student

Cap teacher—student dugc chon trong cung ho YOLO26 véi chénh Iéch kich thude co chu dich:
teacher yo1026x (58.82 M tham sb) dong vai trd nguon tri thire, con student yolo26n (2.51
M tham s6) 1a dich trién khai v6i chi phi suy luan thap. Khoang cach hon 23x vé sd tham s
tao bién du rong dé Knowledge Distillation phat huy hiéu luc; néu hai mé hinh qué gan nhau,
khong gian cai thién cho student bi thu hep. Hai mo hinh chia sé chung suon backbone — neck
— detection head (Muc 2.2), nén viéc ghép feature map theo P3/P4/P5 va ap dung phép chiéu

1 x 1 gifta hai mang 1a tryuc tiép.
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3.4.2. Vong huin luyén teacher

Vong huan luyén teacher dugc dong gbi trong scripts/train_teacher model .py. Script tiép
nhan cac tham sb dong lénh --model, --data, -—epochs, —-batch, --imgsz, --device va
--model-name dé c6 dinh moi siéu tham sé anh hudng dén két qua, bao dam tinh tai 1ap gitra cac
lan chay. Khi bat dau, script khdi tao moét MLflow run trong experiment teacher-training,
log toan b params va metrics theo epoch, luu artifact best . pt sau khi huan luyén va ding ky
model vao MLflow Registry dudi tén do —~-model-name chi dinh. Co6 -—no-m1flow cho phép
tat nhanh tracking khi can chay thir trén méi truong khong c6 MLflow server (vi du Colab doc

1ap), gitt pipeline van hanh dugc trong ca hai kich ban.

3.4.3. Vong huin luyén student véi Knowledge Distillation

Vong hudn luyén student ¢ distillation ndm trong training pipeline/src/train.py.
Script nap dong thoi teacher weights, student weights va file cau hinh YAML, sau d6 goi
student model.train(...) voi hai ddi sé dic biét 1a teacher (mang di huan luyén
trude, dung 1am ngudn tin hiéu KD) va distillation config loss (c4u hinh trong sb cua
cac thanh phéan loss). Hai ddi sb nay chi cé trong ban patch Ultralytics cia nhom (luu tai
notebooks/trainer.py); Ultralytics goc khong hd tro. Trong mdi vong ldp huan luyén, mot
batch duoc chay forward dong thoi qua teacher (ddt & ché do eval (), dong cimg trong sb) va
student, sau d6 tong loss dugc tinh theo cong thirc & Muc 2.4.5 va lan truyén nguoc chi qua

student.

3.4.4. CAu hinh distillation

Tép training pipeline/src/config/train.yaml ¢ dinh niam siéu tham sé distillation

dugc dung cho moi lan chay chinh thuc:

* logit_temperature = 3,0: nhiét d§ softmax ap lén logits trudc khi do KL divergence.

« dense_logit_weight = 0,25: hé s6 cho thanh phan KL trén toan bo 8 400 prediction

points.

« sparse_logit weight = 0,25: hé s6 cho thanh phan KL chi ldy cic diém c6

objectness cao cua teacher.
« box_loss_weight = 0,5: hé sd cho loss bounding box.

* box_objectness_threshold = 0,3: ngudng objectness cta teacher dé chon cac

prediction point dung cho box loss.

Niam tham s6 trén hién thyc ho4 dung tinh than KD da thanh phan loss di trinh bay 1y
thuyét & Muc 2.4.
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[ Chen anh tai day ]

Anh chup MLflow UI tai http://localhost:5000 sau khi di chay budc 5 va
6 (Muc 3.7): danh sdach run + biéu do mAP/loss theo epoch.

Hinh 3.3: Giao dién MLflow Tracking li€¢t ké cdc run teacher-training va
traffic-distillation kém metrics theo epoch.

3.5. Serving pipeline

3.5.1. Backend FastAPI

Backend serving duoc t6 chirc theo ba 10p tach biét trong serving_pipeline/api/: ting router
theo ting domain (routers/detection.py cho phat hién dbi twong, routers/drift.py cho
kiém tra drift), ting schema khai bao dit liéu vao — ra bang Pydantic, va ting middleware xir
ly CORS, log cung metrics ngang qua moi request. Endpoint chinh POST /detect nhan anh
upload, chay mé hinh YOLO d nap mét 1an ¢ khoi dong, hau xur 1y két qua véi cac ngudng
confidence threshold va iou_threshold ciu hinh duoc, ri tra v& JSON gom danh sach
bounding box, 16p du doan, confidence va thoi gian suy luan. Khi khoéi dong, timg dung dang
ky mot prometheus-fastapi-instrumentator dé ty xuat cic metric tai endpoint /metrics,

dong thoi khoi tao cac Gauge tuy bién cho muc tiéu thu RAM va VRAM ciia tién trinh serving.

3.5.2. Giao dién Gradio

Tép serving pipeline/gradio_app.py hién thuc giao dién Gradio cho phép nguoi dung tai
anh giao thong va xem két qua phat hién ngay trong trinh duyét. Gradio khong tu chay mé hinh
ma goi sang FastAPI qua HTTP, giit mot ngudn-sy-that duy nhét cho logic inference (Muc 3.5.1)
va tach bach giao dién twong tac khoi backend tich hgp. Phan vai tro nay cho phép thay UI khi
can ma khong phai stra backend, dong thdi mot backend ¢ thé dong thdi phuc vu nhiéu giao
dién (Gradio cho demo, REST client cho céc hé thong tich hop khac).

3.5.3. Luru prediction phuc vu hau kiém

Madi request /detect thanh cong déu kém mét thao tac luu cip (anh dau vao, prediction) vao thur
muc serving_pipeline/production-data/ véi tén file mang dau thoi gian va mot UUID
ngan. Prediction duoc ghi theo dinh dang YOLO thay vi JSON dé céc thu vién phan tich nhu

Deepchecks (Muc 3.6.5) doc truc tiép nhu mot tap detection doc lap va ddi chiéu véi tap tham
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chiéu. Pay 1a co ché déng vong cho drift detection: dit liéu van hanh tu tich luy thanh tip so

sanh theo thoi gian thuc, khong can thém budce thu thap riéng.

3.6. Ha ting MLOps va cdu hinh stack

Toan bd ha téng dugc dong goi thanh bdn do cker-compose stack doc 1ap, chia s¢ mot docker
network chung dé cac container c6 thé tham chiéu nhau qua hostname ma khong phai phoi cong
ra host (Hinh 3.4). Tach stack theo vai tro thay vi gop vao mot compose duy nhét cho phép timg

cum bat/tat doc 1ap theo dung luong tai nguyén va theo nhu cau cy thé ciia mdi 1an demo.

Image Detection

/detect E— I——

0 FastAPI o3 gradio User

A

Model P Saving prediction ’

Drift Analysis

/detect/data
9deep Ch@CkS. 0 FastAPl Data Scientist

Current data HTML format

Metrics Monitoring

' ~\ ‘
- - ‘ ML Engineer

Promjtheus Grafana

A

data

Reference |

scrape

A

/metrics

O FastAPI

Hinh 3.4: So d6 tong thé bon stack ha ting va quan hé giita chung: serving (FastAPI +
Gradio), tracking (MLflow + MinlO + MySQL), monitoring (Prometheus + Grafana + Loki
+ Alertmanager) va orchestration (Airflow). Cac miii tén thé hién ludng metric, log, artifact va
trigger gitra cac stack. Ngudn: nhom tac gia.
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3.6.1. Stack serving

Stack serving pipeline gdm hai container chinh: api chay FastAPI bang Uvicorn (cong
8000) va ui chay Gradio (cong 7860). Mot profile gpu bo sung container api-gpu dung image
base c6 CUDA runtime dé chay inference TensorRT khi may dich c6 GPU NVIDIA. Tach api
va api-gpu thay vi gdp chung cho phép cung mét file compose chay dugc trén ca may chi-CPU
1an may c¢6 GPU bang cach bat hoic khong bt profile.

3.6.2. Stack tracking: MLflow + MinlO + MySQL

Stack infra/mlflow chay ba container ddm nhiém ba vai tro bo trg nhau. MLflow Tracking
Server (cong 5000) phuc vu truy van UI va API; MinlO (cong API 9000, console 9001)
dong vai tro object store twong thich S3 Iuu artifact; MySQL nho luu metadata run. MLflow
duoc khoi dong voi —-default-artifact-root s3://mlflow/artifacts/ trd vé MinlO
va --backend-store-uri tro vé MySQL, tao phan chia trach nhi€ém rach roi: dir li¢u lon
vao object store, metadata cdu triic vao quan hé DB. Céc script huan luyén tiép nhan tham sé
--mlflow-tracking-uri qua dong lénh, cho phép chuyén nhanh giita tracking ndi bd va mot

server tir xa khi can chia s¢ két qua gitra cac thanh vién.

3.6.3. Stack monitoring: Prometheus + Grafana + Loki + Alertmanager

Stack infra/monitor déng géi bén container chinh ung vé&i bén vai tro observability da
trinh bay & Muc 2.6.4, kém ba container phu trg dé mo rong pham vi giam sat. Bon thanh
phan chinh: Prometheus mount file prometheus.yml chira cic scrape job tré vao endpoint
/metrics cua serving qua docker network chung; Grafana mount sin datasources . yaml khai
bao Prometheus va Loki lam data source kém thu muc dashboards/ ty dong nap, cung cép
san cac panel cho request rate, p95 latency, 16i 5xx va muc tiéu thu tai nguyén; Loki nhan log
qua driver log ctia Docker hoidc qua sidecar Promtail, truy van LogQL ngay trong Grafana dat
canh cac panel metric tuong tmg; Alertmanager khéi dong v6i cdu hinh kénh nhan tdi thiéu
(null route méc dinh) va dugc cap nhat alertmanager.yml véi webhook Slack hoac SMTP
khi can bat canh bao thuc. Ba thanh phdn phu tro: node_exporter xuit cac metric phan cimg
host (CPU, RAM, disk, network); dcgm-exporter cua NVIDIA xuét metric GPU khi may co
GPU; pushgateway lam cau ndi cho cic job batch ngan (nhu Airflow DAG) ddy metric vao

Prometheus ma khong can endpoint scrape thuong tryc.
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[ Chen anh tai day ]

Anh chup Grafana tai http://localhost : 3000 véi data source Prometheus,

cdc panel cho /detect: so request/s, p95 latency, 16i 5xx va biéu do tdi nguyén.

Hinh 3.5: Dashboard Grafana gidm sat dich vu serving: request rate, p95 latency, ma trang thai
va muc tiéu thu RAM/VRAM theo thoi gian thuc.

3.6.4. Stack orchestration: Airflow

Stack infra/airflow dung Airflow v4i executor CeleryExecutor, PostgreSQL lam metadata
database va Redis lam message broker giita scheduler va worker — cdu hinh chuan cho phép mo
rong song song cac DAG ma khong bi gidi han boi mot process duy nhat. Thu muc dags/ chira
bén DAG phuc vu vong doi MLOps:

« train_model dag.py — pipeline huan luyén teacher / student / student KD, chay theo
lich hodc theo trigger thay d6i dit liéu.

* daily_drift_detection_dag.py — chay suite Deepchecks dinh ky hang ngay trén

tap san pham thu dugc tir serving (xem Muc 3.6.5).

* convert_tensorrt_dag.py — export sang dinh dang TensorRT khi mot model m&i
dugc promote sang stage Staging trong MLflow Registry.

* daily_production_inference_dag.py —chay inference dinh ky trén mdt batch dnh
san pham dé theo ddi chat luong du doan theo thoi gian.

Web Ul Airflow mac dinh mé tai céng 8080.

[ Chen anh tai day ]

Anh chup graph view ciia train_model_dag.py (hodc mét trong bon DAG
khac: datly_drift_detection_dag, convert_tensorrt_dag,

daily_production_inference_dag) tai http://localhost :8080.

Hinh 3.6: So 46 DAG train_model dag trén Airflow Web UI: quan hé phu thudc giita cic task
tai dir liéu, train teacher, train student KD va dang ky artifact.
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3.6.5. Kiém tra drift véi Deepchecks

Téng kiém tra chat luong dir liéu van hanh nam trong thu muc data_validation/,
gdbm ba module: dataset loader.py boc tip anh va nhin YOLO thanh ddi tugng
VisionData cua Deepchecks, drift_analysis.py hién thuc céc suite kiém tra, va
generate_predictions.py sinh prediction trén tip san phim dé so sanh vé6i tap tham
chiéu. Tap tham chiéu lay tir thu muc validation lac huan luyén; tip san pham lay tir
serving pipeline/production-data/ —noi FastAPI tu dong tich luy cap anh — prediction
(Muc 3.5.3). Mdi lan chay, suite thuc hién ba kiém tra Deepchecks cbt 13i cho thi gidc may
tinh: ImagePropertyDrift (d6 sang, o twong phan, d6 mo), LabelDrift (phan phdi 16p) va
tly chon PredictionDrift (phan phdi confidence clia model trén hai tap). Két qua dugc xuat
ra bao cao HTML day du va cac chi s6 tom tit dugce ddy 1én Prometheus. Router /drift trong
FastAPI cho phép goi suite ndy theo yéu cau dé debug nhanh, con daily drift detection dag

cua Airflow chiu trach nhiém chay dinh ky va phat alert khi murc drift vugt ngudng cAu hinh.

[ Chen anh tai day ]
Trang dau bdo cdo HTML do data_validation/ sinh ra, gom bang tom tat

cdc kiém tra (passed/failed) va 1-2 biéu dé phdn phéi feature minh hoa drift dién
hinh.

Hinh 3.7: Trich bédo cao HTML Deepchecks: so sanh phan phdi kich thuéc bounding box, do
sang anh va ty 1¢ class gitra tap tham chiéu va tdp san pham, kém chi so PSI va canh béo theo
tung ki€m tra.

3.7. Quy trinh thyce thi end-to-end

Toan bd pipeline dugc khoi chay theo tdm budce tuan tu dudi day, kém cac 1énh cot 15i tuong
ung dé mot thanh vién méi co thé dung lai hé théng tir dau.

Buwdéc 1 — Tao Docker network dung chung. Trudce khi bat cac stack, tao mdt bridge
network dé bon cum c6 thé tham chiéu nhau qua hostname container.

Buéc 2 — Khéi dong stack tracking. Bat MLflow + MinlO + MySQL bang
docker compose up -d trong thu muc infra/mlflow/; MLflow Ul sin siang tai
http://localhost:5000.

Bwéc 3 — Khéi dong stack monitoring. Bat Prometheus, Grafana, Loki va
Alertmanager bang docker compose up -d trong infra/monitor/; Grafana sin sang

tai http://localhost:3000.

Buéc 4 — Chuén bi dir liéu. Tai dataset, tao subset va day phién ban dit liéu 1én MinlO:

1
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python -m data_pipeline kaggle download \
--dataset yusufberksardoan/traffic-detection-project \

--output data/raw --organize

python -m data_pipeline dataset subset \

--input data/raw --output data/demo_subset --size 1000

Buéc 5 — Huén luyén teacher. Train YOLO26x v6i log MLflow day du:

python scripts/train_teacher_model.py \
--data data/demo_subset/data.yaml \
--model yolo26x.pt \
--epochs 30 --batch 4 --imgsz 640 --device 0 \

--model-name yolo-teacher-model

Buéc 6 — Huén luyén student véi Knowledge Distillation. Truyén teacher weights vira

huén luyén vao vong KD:

python training pipeline/src/train.py \
training_pipeline/src/config/train.yaml \
--teacher-weights runs/teacher/teacher_yolo/weights/best.pt \
--student-weights yolo26n.pt \
--data data/demo_subset/data.yaml \
--mlflow-tracking-uri http://localhost:5000 \
--mlflow-experiment traffic-distillation \

--mlflow-run-name student_kd

Buwéc 7 — Khéi dong stack serving. Sao chép checkpoint student KD thanh

serving model.pt (cung checksum, xem Phu luc 4.6.5) va bat stack:

cd serving_pipeline
docker compose up -d api ui # CPU
# hoac:

docker compose --profile gpu up -d # GPU + TensorRT

Buéc 8 — Do benchmark. Chay notebook colab_benchmark. ipynb (hodc moéi trudong
tuong duong c6 GPU) dé sinh cac chi s6 chat lugng va latency theo protocol théng nhat &

Muc 4.2; két qua duogc Xuét ra reports/benchmark/ lam dir li¢u nguén cho Chuong 4.

3.8. Ung dung demo

3.8.1. Kién tric hai 16p giao dién

Ung dung demo c6 hai 16p giao dién bd trg nhau. FastAPI dong vai tro backend tich hgp hé
thong: tu sinh tai liéu OpenAPI tai /docs (Hinh 3.9) va phoi endpoint /detect dudi dang
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REST/JSON dé moi client (dich vu khéc, script kiém thtr, UI tuy bién) déu co thé goi. Gradio
dong vai tro UI demo cho con ngudi: cung cép giao dién kéo — tha anh (Hinh 3.8) va hién thi
bounding box, nhan 16p, confidence ngay trong trinh duyét ma khong can dung frontend riéng.

Hai vai tro dugc tach bach trén hai container doc lap dé co thé thay thé hodc mé rong doc 1ap.

®_Object Detection Service

Inference Device

« JCPU (Standard) Detected Objects:

Confidence Threshold 05 5 bicyclen

loU Threshold (NMs)
Figh more aver

Hinh 3.8: Giao di¢n Gradio demo: nguodi dung tai anh giao thong va xem bounding box, nhan
16p, confidence truc ti€p trén trinh duyét. Nguon: nhom tac gia.

Object Detection Service @

Object Detection API using YOLO model

Health ~
/ Root o
/health Health Check -~
/gpu/available Check Gpu Availability ~
/tensorrt/reload Reload Tensorrt Engine ~
/tensorrt/info Get Tensort Info ~
Detection ~
/detect Detect Objects -~
/detect-gpu Detect Objects Gpu ~
/detect-tensorrt Detect Objects Tensort ~v
/model/info Get Model Info ~
/config Get Config N
Model N
/model/info Get Model Info >
Config N
/config Get Config ~
Schemas v

Hinh 3.9: Tai liéu OpenAPI/Swagger UI dugc FastAPI sinh ty dong tai endpoint /docs, md ta
contract dau vao — dau ra ciia /detect va cac endpoint phu trg. Nguon: nhom tac gia.

28



Bao cao d6 an mon hoc Tinh toan hiéu suat cao Nhom 1

3.8.2. Ludng twong tac co ban

Nguoi ding tai mot anh giao thong vao giao dién Gradio. Anh duoc giri sang FastAPI qua HTTP,
mo hinh YOLO chay inference véi hai ngudng confidence_threshold va iou_threshold
cau hinh duoc, két qua tra vé dudi dang JSON gdm danh sach bounding box, 16p, confidence va
thoi gian xir 1y. Gradio nhan response, v& bounding box 1én anh va hién thi trong khung két qua.
Song song, FastAPI luu cdp (4nh, prediction) vao production-data/ (Muc 3.5.3) — nguén dir

lidu dé suite Deepchecks chay phén tich drift & giai doan sau.

3.8.3. Kich ban trién khai muc tiéu

Ung dung duogc thiét ké cho ba kich ban. Tht nhat, demo hoc thudt: minh hoa truc quan toan
bd vong doi MLOps cho object detection trong cac budi bao céo va 16p hoc. Thir hai, edge hodc
near-edge deployment: chay student KD & dinh dang TensorRT FP16 trén mot may c6 GPU phd
thong dé dat latency dudi 2 ms cho mdi anh don (Muc 4.4). Thir ba, hé thong gidm sdt néi bé:
két hop serving véi drift detection va monitoring dé theo ddi chat luong van hanh theo thoi gian,

dit nén cho co ché retrain ban tu dong khi dir licu thuc té 1éch khoi tap huén luyén ban dau.
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Chuong 4: BAN LUAN VA PANH GIA

Chuong nay trinh bay toan bo két qua thyc nghi¢m. B cuc di theo trinh tu chuin cua bao céo hoc
thuat: cau hinh thuc nghiém va protocol do, két qua chét luong phat hién, két qua benchmark toc
dd suy luén, phan tich trade-off cia Knowledge Distillation, va thao luin téng hop. Phan kiém
tra provenance cuia cac artifact (checksum SHA 1) dugc trinh bay & Phy luc A dé giit luong trinh

bay tap trung vao két qua.

4.1. Cau hinh thyc nghiém

Ba moé hinh dugc huan luyén trén Google Colab v6i GPU NVIDIA Tesla T4, ding chung mot
tap dir liéu, cung kich thudc anh va cing s epoch dé bao dam so sanh cong bang. Bang 4.1 mo

ta dit liéu thuc nghiém, Bang 4.2 tong hop cAu hinh huén luyén.

Bang 4.1: Tap dir liéu thuc nghiém

Hang muc Gia tri

Nguon dir liéu Kaggle yusufberksardoan/traffic-detection-project

(Roboflow street-view-gdogo).

Sd 16p 5:bicycle, bus, car, motorbike, person.

Dinh dang nhan YOLO (class_id x_center y_center width height).
Tap con huan luyén 1000 anh (demo_subset).

Tap validation 262 anh /3097 instances.

Kich thugc anh 640 x 640.

Béng 4.2: Cau hinh huin luyén ba mé hinh (trich tir train_args)

Hang muc Teacher Student baseline Student KD
Kién triic YOLO26x YOLO26n YOLO26n

Trong s6 khoi tao  yolo26x.pt yolo26n.pt yolo26n.pt
Epochs 30 30 30

Batch size 4 16 16

Image size 640 640 640

Optimizer AdamW auto auto

Seed 42 42 42

Device Tesla T4 Tesla T4 Tesla T4
Distillation N/A N/A multi-component
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CAu hinh distillation 4p dung nhiét d6 softmax 7 = 3.0 cho phan phdi logits,
trong s& 0.25 cho dense logits, 0.25 cho sparse logits, 0.5 cho box loss va ngudng
box_objectness_threshold = 0.3 — chi nhiing dy dodn box ma teacher du tin cay
mai duge dung 1am tin hi€u distillation.

Ba quyét dinh cdu hinh déng cht y. Thir nhdt, batch size khac nhau giita teacher (4) va
student (16) 1a chu ¥: teacher YOLO26x 16n nén phai giam batch dé vira VRAM cua T4, trong
khi student YOLO26n nho chép nhén dugc batch 16n hon dé én dinh gradient. Thir hai, cung
seed=42 va cing s6 epoch giita ba 1an huan luyén loai bé mot bién nhiéu ngudn khi so sanh ba
mo hinh. Thir ba, optimizer cua teacher dugc dat cting 1a AdamW (phu hop mo hinh 16n), trong khi
student dung ché do auto cta Ultralytics — thu vién s& chon SGD v&i cdu hinh hyperparameter
mac dinh, phan 4nh dung kich ban trién khai ma nhém mudn hudng t6i: student 1a mé hinh dich,

dugc train bang cau hinh tbi gian nhat.

4.2. Protocol do va moi trwong benchmark

Tét ca s6 liéu trong cac muyc tiép theo dugc sinh boi mot quy trinh do thong nhat nham bao dam
so sanh giita cac mo hinh va giita cac dinh dang trién khai phan anh dting khac biét mé hinh thay

vi nhiéu moi truong. Quy trinh gom sau rang budc c6 dinh:

1. Tap danh gia thong nhit: ba mé hinh cing do trén mot tap validation 262 anh / 3097
dbi twong (da trinh bay & Muc 4.1).

2. Ngudng ¢b dinh: imgsz = 640 cho moi mé hinh; mAP do ¢ conf= 0,001, iou=
0,7 (chuan Ultralytics dung dé dung dudng cong Precision—Recall), con latency do &
conf= 0,25, iou= 0,45 (chuan phyc vu thyc té).

3. Phéan tach hai lop latency: model-only inference chi tinh thoi gian forward mo hinh,
con end-to-end latency cong thém preprocess (resize, normalize, d6i dinh dang tensor)

va postprocess (NMS, decode bounding box).

4. Warmup + 13p: 15 lan warmup loai bo chi phi khoi tao JIT/CUDA graph, sau d6 do
100 1an lap voi batch = 1, ludn phién trén 50 anh dé tranh loi dung cache CPU/GPU.

5. Chi s6 bao cdo: trung binh, p95 latency (do d6 6n dinh cho SLA), va FPS suy ra tir
trung binh.

6. Cang mdt may: PyTorch GPU/CPU, ONNX Runtime va TensorRT déu do trén cing
mot instance Tesla T4, 15,6 GB VRAM, 13,3 GB RAM h¢ théng, 2 vCPU, Python 3.12
va PyTorch 2.10+cul28. Do trén ciing mdt may 1a diéu kién tién quyét dé so sanh dinh

dang phan anh dang khac biét phin mém thay vi khac biét phan cimg.
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4.3. Két qua chat lwong mé hinh

Béng 4.3 tong hop chat luong phat hién trén tap validation theo ba seed déc ldp (42, 123, 456)
cho student baseline vé student KD, véi mdi cAu hinh train 30 epoch & cac seed khac nhau nhung
cung dir li€u, optimizer va lich huén luyén. Bao céo trung binh va do 1éch chuin qua céc seed;
cOt A 1a paired difference KD trir baseline trén cung seed. Hinh 4.2 truc quan hoa khac biét;

Hinh 4.3 cho théy hanh vi hdi tu ciia mot 1an train KD theo tung epoch.

Bang 4.3: Chat lugng phat hién trén tap validation (imgsz 640, conf=0.001, iou=0.7) — ba seed
doc lap, bao cao mean + std

Model Precision Recall mAPS0 mAP50-95
Teacher (tham chiéu) 0.600 0.518 0.525 0.329
Student baseline (3 0.702 £ 0.012 0.667 £+ 0.013 0.709 £ 0.008 0.477 £ 0.009
seed)

Student KD (3 seed) 0.702 £ 0.015 0.674 £+ 0.009 0.722 £ 0.008 0.488 £ 0.005
A KD — baseline —0.000 £0.025 +0.007 £0.012 +0.013 £0.006 -+0.012 4+ 0.005
(paired)

Ghi chu phwong phap luin. Tap validation cho lan do nay dugc 14y mau lai boi
subset_creator.py (1000 anh, val split mic dinh) nén khac vdi tap ctia lan do benchmark
latency & Muc 4.4; vi vay gié tri mAP cua teacher (0,525 & day so vdi benchmark cii) chi mang
tinh tham chiéu ndi bd cho ding tp val ndy — trong tdm phan tich & Muc 4.3—4.5 14 so sanh
student baseline v6i student KD trén cung val split, von 1a phép do apples-to-apples cho hiéu

luc cua Knowledge Distillation.

Ba quan sét trén Bang 4.3. Thir nhat, KD cai thién mAP50 trung binh +0,013 diém va
mAP50-95 trung binh 40,012 diém so voi baseline ciing seed; muc cai thién nay nhdt qudn
trén ca ba seed v6i do 1éch chuan chi 0,006 va 0,005 — muc bién thién xap xi mot nta gia tri
trung binh, cho thdy tin hiéu thuc sy c6 chiéu huéng duong chir khong phai nhiéu seed. Thir
hai, Recall tang nhe (+0,007 £ 0,012) con Precision khong cé sy khac biét rd gitra hai cAu hinh
(—0,000 £ 0,025); bién thién Precision 16n hon gia tri trung binh, nghia 14 két qua Precision don
1¢ khong nodi 1én xu hudng — bd Precision ting +4,4 diém bao co & 1an do mot-seed trudc day
1a biéu hién cua may rui seed chtr khong phai hiéu tng KD nhét quan. Thi ba, do mAP50-95
dao dong ¢ cac ngudng IoU tur 0,50 dén 0,95, do on dinh cua cai thién cho théy box cua student
KD nam sat ground truth hon & cac ngudng IoU trung gian.

Phin tich ban chét cai thién. Knowledge Distillation dy student bam phan phéi tin
cay cua teacher trén 8 400 prediction point (Muc 2.4.4), nho vay bounding box va phan loai
duoc didu chinh hai hoa & moi vi tri anh thay vi chi ti wu cuc bd theo nhan cung. H¢ qua théng
ké 1a mot dich chuyén nho nhung dong déu cia mAP qua cac seed — dic trung ciia tin hi¢u

regularization mém chir khong phai dot bién hyperparameter.
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Hanh vi hi tu. Hinh 4.3 cho thdy ba thanh phan loss cta student KD (box_loss,
cls_loss, dfl_loss) giam déu trong 30 epoch, khong co dau hiéu overshoot hay phan ky.
Puong mAP di qua giai doan ting nhanh trong 10 epoch d4u rdi vao binh nguyén & cac epoch
sau, goiy réng voi sb lidu hién tai, 30 epoch da du dé mo hinh tiém can diém t6t nhat trén tap
con 1000 anh; ting tiép epoch c6 thé khong cho loi ich dang ké néu khong dong thoi mo rong
dir lidu.

Trugt mAP sau export ONNX/TensorRT. Bang 4.4 so sanh mAP cua student KD &
ba dinh dang trién khai (PyTorch FP32, ONNX FP32 va TensorRT FP16) trén clng tap val.
ONNX va TensorRT déu truot khoang 0,019 diém mAP50 va 0,012 diém mAP50-95 so voi
PyTorch FP32 — mtc trugt nay khong thé dén tir ONNX FP32 (cung dé chinh xac), do d6 phan
16n dau hiéu truot nim & khac biét giita engine inference ctia Ultralytics-PyTorch va Ultralytics-
ONNX/TensorRT trong khau pre/postprocess. Thyc té trién khai, muc truot dudi 2% tuong d6i
1a chip nhan duoc khi di lai ting toc 1,8x (ONNX) va 5x (TensorRT FP16) so v&i PyTorch.

Bang 4.4: Validate mAP cho student KD sau khi export sang ONNX va TensorRT FP16 (cung
tap val, conf = 0,001, iou = 0,7)

Dinh dang Size (MB) mAP50 mAP50-95 P R
Teacher PyTorch 112.84 0.525 0.329 0.600 0.518
Student KD 5.14 0.730 0.492 0.717 0.670
PyTorch FP32

Student KD ONNX 9.35 0.711 0.479 0.739 0.634
FP32

Student KD 6.84 0.711 0.479 0.744 0.638
TensorRT FP16

Phan tich chit lwgng theo 16p. Bang 4.5 liét ké mAP50-95 cho ting 16p ddi tuong.
Hai quan sat dang cht y. Thit nhat, ba 16p xe (car, bus, bicycle) dat mAP cao hon rd rét so voi
hai 16p khéc; person c6 mAP thap nhat do thuong xuét hién kich thudc nho va nhidu bién thé
tu thé trong anh giao thong. Thi hai, mirc truot khi chuyén dinh dang phan bb khong déu giira
cac 16p: bus mat ~ 0,06 diém mAP50-95 khi tir PyTorch sang ONNX/TensorRT, trong khi cac
16p khac trugt dudi 0,01 diém — cho thay 16p c6 it sample (bus) nhay cam hon véi lugng tir hoa
nura do chinh xac.
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Béng 4.5: Per-class mAP50-95 trén tap val (5 16p ddi twong giao thong)

Dinh dang bicycle bus car motorbike person

Teacher PyTorch 0.329 0.345 0.538 0.264 0.166

Student KD 0.505 0.676 0.631 0.394 0.251
PyTorch FP32

Student KD ONNX  0.508 0.616 0.630 0.384 0.257
FP32

Student KD 0.508 0.615 0.630 0.383 0.257
TensorRT FP16

GT (7 objects, 3 classes)

Pred (Recall=1.00, FP=0)

Hinh 4.1: Vi du dinh tinh: anh dau vao (trai), ground truth (gitra) va prediction cta student KD
(phai) trén mdt anh val nhi€u doi tuong va da dang 16p. Bon vi du dinh tinh bo sung duoc luu ¢
outputs/figures/qualitative/qualitative_{2..5}.png. Ngudn: nhom tac gia.

Detection quality on validation set
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Hinh 4.2: So sanh mAP50 va mAP50-95 gitra teacher (YOLO26x), student baseline (YOLO26n)
va student KD (YOLO26n + Knowledge Distillation), do bang model.val () thong nhat trén
262 anh validation, imgsz = 640, conf = 0,001, iou = 0,7. SO liéu chi tiét: Bang 4.3.
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Hinh 4.3: Dudng cong huén luyén 30 epoch cta student YOLO26n c6 Knowledge Distillation:
ba thanh phan loss (box_loss, cls_loss, df1_loss) cing cac chi s6 chét lwong (Precision,
Recall, mAP50, mAP50-95). Ngudn: results.png do Ultralytics sinh trong thu muc

runs/distillation/student kd/.

4.4. Két qua benchmark toc do suy luin

Muc nay so sanh latency ctia cac mo hinh trén cung mot GPU Tesla T4. Bang 4.6 1iét ké chi phi
luu trir cta tung dinh dang; Bang 4.7 ghi nhén latency thuc do theo protocol Muc 4.2.

Béng 4.6: Chi phi mé hinh theo ting dinh dang trién khai

Model Dinh dang

Teacher (YOLO26x)  PyTorch

Student baseline PyTorch

(YOLO26n)

Student KD PyTorch

(YOLO26n)

Student KD ONNX

Student KD TensorRT
FP16

Tham s6  Size (MB)
58,820,118 112.85
2,505,750 5.14
2,505,750 5.14

- 9.36
— 6.90

Bang 4.7 bao cdo benchmark latency théng nhat: warmup 15 1an, do 100 lan lip trén
50 anh validation, conf=0.25, iou=0.45, imgsz=640, batch=1. Chi $6 inference 1a chi

phi model-only (khéng gdm pre/post-processing); chi s6 end-to-end cong ca preprocess va

postprocess.
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Bang 4.7: Benchmark latency va FPS trén cung mdt may (Tesla T4, 13 GB RAM, FP32 trr
TensorRT)

Model Format Device Inf mean (ms) Infp95 (ms) FPS (inf) E2E (ms)
Teacher PyTorch T4 GPU 66.87 94.19 15.0 71.85
Student baseline PyTorch T4 GPU 9.40 10.60 106.3 11.14
Student KD PyTorch T4 GPU 9.38 11.63 106.7 11.11
Student KD PyTorch CPU 133.58 185.97 7.5 136.33
Student KD ONNX T4 GPU 5.11 7.74 195.7 6.86
Runtime
Student KD TensorRT T4 GPU 1.84 1.90 543.0 3.59
FP16

Bon quan sat rit ra tir Bang 4.7. Thit nhdt, riéng viéc chuyén tir teacher YOLO26x sang
student YOLO26n da giam latency khoang 7.1 x trén cung GPU T4 (66,9 ms — 9,4 ms), tuong
g d6 tang tdc do nén kién trac. Thit hai, d6i dinh dang tir PyTorch sang ONNX Runtime giam
thém khoang 1,8x (9,4 ms — 5,1 ms) nho t6i wu d0 thi & cAp ONNX (constant folding, operator
fusion). Thit ba, chuyén tiép sang TensorRT FP16 giam thém khoang 2,8x (5,1 ms — 1,84 ms)
nho kernel fusion sau hon va lugng tir hoa nira @6 chinh xac. Thir tw, p95 cua TensorRT (1,90
ms) gan nhu tring véi mean (1,84 ms), cho thdy latency rat 6n dinh — thudc tinh can thiét cho
dich vy thoi gian thuc. Tinh tong tir teacher PyTorch xubng student KD TensorRT, tong do ting
toc trén cing GPU 1a khoang 36 x.

Piém nghén pre/postprocess. Cot end-to-end ciia Bang 4.7 boc 16 mot quan sat quan
trong: tai dinh dang TensorRT, inference chi 1,84 ms nhung end-to-end t6i 3,59 ms — nghia Ia
chi phi preprocess + postprocess di chiém khoang 1,75 ms, gn bang thoi gian inference. O
PyTorch GPU, khoang cach twong duong ciing vao khoang 1,7 ms (9,38 — 11,11 ms), nhung vi
inference dai hon nén ty trong tuong ddi thap (~ 18% thay vi ~ 49%). Hé qua 1a mot khi da day
inference xudng mirc TensorRT FP16, t6i wu tiép theo nén hudng vio pipeline pre/postprocess
(chuyén sang CUDA, ding torchvision.transforms.v2 hoic albumentations chay trén
GPU, hodc gdp nhiéu anh thanh batch) chir khong phai téi wu mé hinh thém nira.

Latency CPU va hé qua trién khai bién. Khi khong c6 GPU, student KD & dinh dang
PyTorch CPU mét 133,58 ms (7,5 FPS) — cao gap khoang 14,2x so vdi cing md hinh trén GPU
T4. Mrc 7,5 FPS van cho phép xur 1y hinh anh tinh hoic video toc do thap, song kho dap tng
kich ban > 25 FPS cho video giam sat thong thuong. Day 1a dong co 1o rang cho viéc thir lugng
tir hoa thém xudng INT8 va phan tich chi phi batch processing dugc trinh bay & hai muc tiép
theo.

4.4.1. Thir nghiém lwgng tir hoa INTS8

Luong tir hod dong (dynamic quantization) sang INT8 trén ONNX Runtime la phuong an ré va

nhanh dé rat gon mo hinh ma khong can dir liéu calibration. Bang 4.8 so sanh phién ban FP32
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va INTS ctia ciing mét file serving_model .onnx & chat luong va latency CPU/GPU.

Béng 4.8: Quantization ONNX INT8 dynamic (do trén cung tap val 262 anh, batch=1)

Pinh dang Size (MB) mAP50 mAP50-95 CPU (ms) GPU (ms) CPU FPS

ONNX FP32 935  0.627 0.424 71.75 5.93 13.9
ONNX INT8 274  0.620 0.397 505.36 500.26 2.0
A —71% —0,007 —0,027 +604%  +8334% —86%

Ba két luan dang chu y tir Bang 4.8, trong d6 ¢6 mdt quan sat ngugc truc gidc. Mot, dung
luong file giam ~ 71% (9,35 — 2,74 MB), dung ty 1¢ ky vong khi doi tir FP32 sang INT8 cong
phan overhead Iuu scale/zero-point cia mdi tensor; chi s6 nay c6 ¥ nghia 1& cho thiét bi bién
c6 dung luong luu trir han ché. Hai, mAP50 chi trugt 0,7 diém va mAP50-95 truot 2,7 diém
so voi FP32 — mirc trugt chap nhan duoc, cho thdy md hinh YOLO26n khong qua nhay véi
INTS weight-only quantization. Ba vd quan trong nhdt, latency ting vot & ca CPU va GPU: tir
71,75 ms 1én 505,36 ms trén CPU va tir 5,93 ms 1én 500,26 ms trén GPU — mau thuan véi ky
vong dit ra & Muc 4.4. Nguyén nhan nim & co ché dynamic quantization cia ONNX Runtime:
qua trinh quantize va dequantize dugc thuc hién tai runtime cho méi forward pass, cac operator
INTS danh cho object detection (convolution 16n, focal loss) chua c6 kernel ddy du cho INTS
trong runtime version hién tai, khién mdi node phai fallback vé FP32 kém overhead chuyén doi
dinh dang. Hé qua la dynamic INT8 dynamic khéng phai con dudng kha thi cho viée ting tdc;
mubn tan dung INTS can static post-training quantization véi calibration set (ONNX Runtime

QuantTool hoic TensorRT INTS) — mot hudng da dugce liét ké & phan Hudng phat trién.

4.4.2. Throughput theo batch size

Khi nhu cau phyc vy 13 nhiéu anh dong thoi thay vi do tré thap cho mot anh, batching cho phép
tan dung song song cua GPU. Hinh 4.4 va Bang 4.9 ghi nhan throughput cta student KD PyTorch
GPU trén T4 véi batch size € {1, 2,4, 8,16}, mdi cdu hinh chay 50 14n lip sau warmup.

Béang 4.9: Throughput student KD PyTorch trén Tesla T4 theo batch size

Batch ms/anh Téng (s) Throughput (FPS)

1 17.43 0.87 57.4
2 12.55 1.25 79.7
4 11.23 2.25 89.1
8 10.76 4.30 92.9
16 11.30 9.04 88.5
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Student KD throughput vs batch size (T4)
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Hinh 4.4: Throughput (FPS) cua student KD PyTorch theo batch size trén Tesla T4. Pinh dat ¢
batch = 8 (92,9 FPS, 10,76 ms/anh); batch = 16 suy giam vé 88,5 FPS do by nhéd GPU va cache
pressure. Ngudn: nhoém tac gia.

D4 thi c6 hinh vai dic trung. Throughput ting nhanh khi batch chuyén tir 1 1én 4 (57,4 —
89,1 FPS, +55%), nho tan dung song song manh mé cua cac tensor core. Tu batch 4 1én 8 chi
thém +4%, goi y bdo hoa tai nguyén sap xay ra. Batch 16 suy giam vé 88,5 FPS — biéu hién
c6 dién cua bo nhd GPU bi fragment, cache pressure & cac tang tich chap 1on hoic tang chi phi
PCle transfer host—device. Hé qua thiét ké: voi T4 cu thé nay, batch = 8 la diém vin hanh t6i
wu cho throughput; tang tiép khong thém loi ich ma nguoc lai con lam chdm. Trén cac GPU cao
hon (A100, L4) dinh c6 thé dich vé batch 16n hon, nhung quy trinh do nay — tang dan batch t&i

khi throughput suy giam — 14 cach thuc dung dé x4c dinh cau hinh trién khai cho mdi may dich.

4.5. Phan tich trade-off Knowledge Distillation
Muc nay tra 10i bén cau hoi danh gia KD da dit ra & Muc 2.4 bang s6 liéu thuc té.

1. Student nhé hon teacher bao nhiéu? Student YOLO26n c6 2,505,750 tham sb so
v6i 58,820,118 cuia teacher YOLO26x, tirc nhd hon khoang 23,5x. V& kich thuéc file
PyTorch, student ndng 5,14 MB so véi 112,85 MB cua teacher (gidm ~ 95,4%); khi
trién khai, TensorRT engine FP16 chi con 6,90 MB. Day 14 mirc nén rat 16n vé chi phi
luu trlr va nap mo hinh.

2. Student baseline mét bao nhiéu mAP so véi teacher? Néu liy lan do benchmark
cii (teacher mAP50 ~ 0,83) lam tham chiéu tran, student baseline & mirc 0,71 tuong
duong khoang 14% chét luong twong ddi — trade-off ¢6 loi khi dit canh murc ting toc
~ Tx & PyTorch GPU. (So sanh tryuc tiép teacher trong Bang 4.3 khong phan 4nh dung
vai trd tran Iy thuyét vi val split bi 1dy mau lai, xem ghi cha phwong phap luan ¢ dau
Muc 4.3.)
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3. Student KD phuc hdi dwgc bao nhiéu phan mAP d4 mét? Trung binh qua ba seed,
KD nang mAP50 thém +0,013+0,006 diém va mAP50-95 thém +0,0124 0,005 diém
s0 v6i baseline cting seed — mirc cai thién nho vé tuyét d6i nhung on dinh (std xap xi
mot nira gia tri trung binh), goi y dy 1a tin hiéu thuc chtr khong phai nhiéu. Recall ting
nhe +0,007 & 0,012 va Precision khong thay d6i rd rang (—0,000 4 0,025), cho thay
KD trong ciu hinh nay dich chuyén duong cong Precision—Recall 1én mot chut theo ca

hai truc thay vi danh d6i giita hai chi sd.

4. Phan mAP phuc hdi cé di kém chi phi trién khai ting khéng? Khong. Student KD
dung dang kién trac YOLO26n nhu baseline nén s6 tham sd, kich thudc file (5,14 MB
0 PyTorch) va latency hoan toan ngang baseline (Bang 4.7: 9,40 ms so v&i 9,38 ms &
PyTorch GPU). Chi phi ting chi ndm & thoi gian huan luyén: KD mét khoang 968 s so
v61 516 s cia baseline (= 1,88, tirc thém ~ 7.5 phut trén T4). KD vi vay dem lai cdi

thién chat luong mién phi ¢ thoi diém suy luan, chi tén thém thoi gian train mot lan.

Dién gii tong hop: v6i 30 epochs trén tip con 1000 anh va do qua ba seed, KD trong
cAu hinh hién tai dem lai cai thién nho nhung nhat quan & ca hai mAP (40,013 diém mAP50 va
40,012 diém mAP50-95, std ~ 0,5%), Recall ting nhe va Precision khong thay dbi dang ké.
Hanh vi nay khép véi mét mo ta nhe nhang cua tac dung KD cho object detection: distillation
dong vai tro regularization mém cho student, day phan phdi confidence cua student sat teacher
trén 8 400 prediction point, qua d6 cai thién ca dinh vi va phan loai nhung khong tao nén thay
d6i dot bién & bét ky chi s6 don 1é nao.

Co ché bén trong. Cau hinh da thanh phan & Muc 2.4.4 va 2.4.5 giai thich vi sao cai
thién thay & ca hai mAP nhung phan b moéng. Thanh phan sparse logit loss chi lay tin higu tir
nhiing prediction point c6 objectness teacher vugt ngudng 0,3, két hgp véi box loss trong s6 hoa
theo confidence teacher, khién student dugc kéo manh vé phia cac vung teacher tu tin — chinh la
cac ving c6 kha niang chira d6i tugng. Hé qua 1a confidence cua student duogc calibrate lai ddng
déu trén toan anh thay vi tip trung cuc doan vao mat s6 kich thudc hodc 16p déi tuong nhét dinh;
diéu nay phan anh & viéc cai thién mAP50-95 c6 gié tri tvong duong cai thién mAP50, tirc box
ctia student KD chinh xac hon ¢ nhiéu ngudng IoU dong thoi, khong chi riéng ngudng 0,50.

4.5.1. Ablation siéu tham s6 KD

Pé kiém chimg cau hinh distillation d& chon khong phai tuy tién ma nam & ving t6i wu, nhom
thuc hién mot ablation 5 cdu hinh véi cing dir lidu, ciing 15 epoch (rt ngan dé tiét kiém) va
quét hai si€u tham s6 chinh: nhiét do softmax 7 € {1,0,3,0,5,0} va trong s6 box loss box_w
€ {0,25,0,5,1,0} trong khi gitt cac siéu tham s6 con lai & gia tri mac dinh. Bang 4.10 ghi nhan
két qua.
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Bang 4.10: Ablation siéu tham s KD (15 epoch, cling seed, cac gia tri khac gitt mic dinh)

Ciu hinh 7 box_w Precision Recall mAP50 mAP50-95

baseline (da 30 05 0.664 0.623  0.657 0.444

chon)

7 thip 1.0 05 0.684 0.597  0.646 0.431
T cao 50 05 0.677 0.598  0.632 0.420
box_w thap 3.0 0.25 0.713 0.587  0.652 0.435
box_w cao 30 1.0 0.654 0.620  0.641 0.430

Ba quan sat ddng cha y. Thit nhat, cau hinh méc dinh (7 = 3,0, box_w = 0,5) dat mAP50
va mAP50-95 cao nhit trong nim c4u hinh thir nghiém; ca hai phép quét déu xac nhan day 1a
diém sweet spot, khong phai lya chon ngau nhién. Thir hai, hai cuc ctia nhiét 36 — 7 = 1 va
7 = 5 — déu 1am mAP giam: 7 qué thap khién phan phdi soft label suy bién gan nhu nhan cing
(mét tin hiéu inter-class similarity cta teacher), trong khi 7 qua cao lam phan phéi qua déu khién
KL divergence khong con thong tin bi¢t thi manh. Thir ba, hai cuc cua box_w thé hién trade-off
Precision — Recall: gidm box_w lam Precision tang Ién 0,713 (nho student bam tin hi€u phén loai
cua teacher chat hon, it du dodn box thira) nhung ca hai mAP déu giam; ngugc lai, tding box_w
lam Recall nhinh nhe nhung gidm Precision va mAP. H¢ qua thiét ké: cau hinh mic dinh can
bang tbt giita hai nhanh cua distillation. S6 tuyét d6i & bang nay thap hon Bang 4.3 vi ablation
chi dung 15 epoch dé gi6i han chi phi GPU; so sanh twong ddi gitta ndm cau hinh méi 14 tin hiéu

can lay.

4.6. Thao lujn va ham y

4.6.1. Két luan thwe nghiém chinh

Nam két luan chinh rat ra tir cac két qua Muc 4.3-4.6. Thit nhat, trade-off gitta nén mo hinh va
chat lugng rd rang co loi: giam 23,5 tham sb chi doi 1ay khoang 14% mAP twong ddi, dong
thoi dat mic ting toc ~ 7x trén PyTorch GPU va ~ 36 x khi két hop véi TensorRT FP16. Thit
hai, Knowledge Distillation da thanh phan dem lai cai thién nho nhung nhat quan qua ba seed:
40,013 £ 0,006 diém mAP50 va +0,012 + 0,005 diém mAP50-95 so véi baseline cung seed,
trong khi khong phat sinh chi phi ¢ thoi diém suy luan — chi ting ~ 1,88x thoi gian huan luyén
mot 1an. Thir ba, bién hiéu nang gitta ba dinh dang trién khai duoc xéac thuc béng do thuc véi
p95 ciia TensorRT 1,90 ms — gan nhur tring mean 1,84 ms, cho thay d¢ 6n dinh phu hop véi SLA
dich vu thoi gian thuc. Thit fir, mAP sau export trugt khoang 1,9 diém mAP50 (= 2,6% twong
db1) & ONNX va TensorRT so véi PyTorch FP32; mirc truot ndy chdp nhan duoc khi doi 1y toe
d6, nhung phai dugc do lai trong cac chu ky cai tién mo hinh tiép theo. Thit nim, pre/postprocess
hién da tré thanh diém nghén tuong duong véi inference & TensorRT, dinh huéng cho cong viéc

t6i wu tiép theo.
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4.6.2. Ham y trién khai

Mirc 543 FPS cua student KD TensorRT trén mot T4 du ngan sach dé phuc vu nhiéu ludng video
ddng thoi. Mot camera giam sat giao thong tiéu chuan 30 FPS chiém khoang 5,5% ngan sach
suy ludn trén T4; n6i cach khac, mot T4 don 1¢ c6 thé phuc vu y thuyét khoang 18 ludng 30 FPS
néu inference duoc pipeline tot véi pre/postprocess. Tuong (mg, & ché d6 anh don (vd: hé thong
VMS su kién hodc API on-demand), mgt T4 dap g dugc tai > 500 request/s — gép nhiéu lan

nhu cau thyc té cua mdt tram giao thong cd vira.

Déi véi kich ban bién khong c6 GPU, 7,5 FPS ¢ PyTorch CPU van dung dugc cho phan
tich anh tinh hodc video cham; v&i INT8 quantization (chua do trong bao cdo nay) cé thé ky
vong day lén khoang 15-25 FPS, dii cham ngudng video thyc thoi. Day 1a mot hudng ty nhién

dé mo rong pho phan cing trién khai ma khong can thay doi kién triic mé hinh.

4.6.3. So sanh véi literature vé KD cho object detection

Miic cai thién mAP cua KD trong bao cao (40,013 + 0,006 diém mAP50, 40,012 0,005 diém
mAP50-95 trung binh qua ba seed) ndm & bién duwéi ciia khoang thudng thiy trong cac cong
trinh KD cho object detection: FGD (Yang va cong su, 2022) bao cao trung binh +2 — +3 diém
AP trén COCO khi distill RetinaNet/Mask R-CNN, Finelmitate (Wang va cong su, 2019) bao
c40 +1 — 43 diém tuy ti 18 teacher—student. Co ba 1y do kha di cho mirc bién duéi & thuc nghiém
nay: (i) tap huan luyén chi 1000 anh, nhé hon nhiéu so véi COCO khoang 100 1an, han ché bién
cai thién; (ii) s6 epoch khiém tén (30), trong khi cac bai bao gbc thudng train 12-24 x scheduler
chuan ciia COCO; (iii) ngay ca voi ba seed, chiéu dai thi nghiém vAn ngan so vdi best-practice
nhiéu seed. Tuy bién cai thién nho vé gid tri tuyét d6i, tin hiéu duong nhét quan trén ca ba seed
(mAP50 duong & ca ba run voi do 1éch chuan x4p xi mot nira gia trj trung binh) goi y KD & quy

md lon hon c6 tieém nadng cai thién ro rét hon.

4.6.4. Phan tich trudong hop thit bai

Viéce thiét ké ké hoach cai tién tiép theo doi hoi hiéu mo hinh that bai ¢ dau chir khong
chi ¢ ty 1é tong. Bang 4.11 liét ké nim anh cé recall thap nhat trong 200 anh dau cia tap
val (theo dinh nghia true positive & Muc 2.3.3 véi ngudng IoU = 0.,5); Hinh 4.5 hién thi
hai vi du tiéu biéu (Input — Ground Truth — Prediction). Bén vi du bd sung dugc luu &

outputs/figures/p2/failure_{2,3,5}.png.

41



Bao cao d6 an mon hoc Tinh toan hiéu suat cao Nhom 1

Bang 4.11: Nam anh val c6 recall thip nhat theo student KD (IoU > 0,5 tinh 1a true positive)

TT Tén anh (rat gon) S6 GT Bését FP Recall
1 image70 (variant a) 4 4 0 0.00
2 image70 (variant b) 4 4 0 0.00
3 screenshot 17292 2 2 0 0.00
4  image20 33 26 2 0.21
5 image30 26 20 5 0.23

Input GT (4 objects) Pred (Recall=0.00, missed=4, FP=0)

Hinh 4.5: Failure case 1 (ba c6t Input — Ground Truth — Prediction): anh tong hop véi bon ddi
turong nho, mé hinh khong phat hién dugc bat ky ddi twong nao (recall = 0). Ngudn: tip val.

Hai mo-tip that bai 1d rang. M6-tip thit nhdt: ba anh c6 recall ding bang 0 déu thudc
dang anh ngoai phan phdi — hai anh image70. png. jpg 12 phién ban chuyén d6i qua nhiéu budc
(dudi .png_jpg) va screenshot_17292 1a anh chup man hinh; ca ba déu c6 thé bi giam chét
lwong pixel do tai ma hod hodc két ciu khac véi anh giao thong that. Mé-tip thir hai: hai anh co
nhiéu d6i tugng cung lic (33 va 26 ground truth) — mo hinh bé sét da s (26/33 va 20/26, 1an
luot) trong khi false positive van thap; diéu nay phan anh kha ning tach hop NMS hitu han khi
mat do doi tugng vuot $6 prediction point chét luong cao trén mot ti 1€ feature map. Hai mo-tip
nay goi y hai hudng cai tién cu thé dugc néu & phan Hudng phat trién: data augmentation manh
hon vé bién dang JPEG / re-encoding dé chéng mé-tip mét, va diéu chinh ngudng NMS hoic

tang d6 phan giai input cho anh déng ddi trong dé chong mé-tip hai.

4.6.5. Threat to validity

Hai rtii ro cii vé tinh bén vitng va xac thuc dinh dang di duoc giai quyét trong ban nay nho thi
nghiém da seed va do lai mAP sau export (Bang 4.3 va 4.4). Con lai ba rii ro can ghi nhan khi
dién giai két qua. Mg¢, tap hudn luyén 1 000 anh 1 tip con nho va duoc ldy miu lai giita cac 1an
do (Muc 4.3), nén gié tri tuyét d6i cua teacher giita cac 1an benchmark khac nhau khong so sanh
tryc tiép duoc; comparison baseline vs KD trong ciing val split (qua ba seed) méi 1a phép do
apples-to-apples. Hai, ba seed cung cip mot woc lugng do 6n dinh ban ddu nhung van 1a & mau

nho vé théng ké — khoang tin cay thuc sy doi hdi > 5 seed va best practice 1a > 10 seed. Ba, tat
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ca benchmark latency dugc do trén dang mot Tesla T4; két qua 6 GPU thé hé khac (A100, L4,
RTX 40xx) c6 thé ty 1€ khac, dac biét 1a phén TensorRT FP16. Ba rui ro nay dinh hinh cac budc

tiép theo & phan Hudng phat trién ctia bao cdo.
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KET LUAN VA HUONG PHAT TRIEN

Két ludn

Pé tai da xay dung va do ludng hoan chinh mot pipeline MLOps dau cudi cho phat hién d6i
tugng giao thong thoi gian thuc, gdm nam ting ndi tiép: chuan bi dir liéu kém phan tich drift,
huén luyén teacher—student v6i Knowledge Distillation da thanh phan, phuc vu qua FastAPI va
Gradio, quan sat hé thong bang Prometheus—Grafana—Loki—Alertmanager, va diéu ph6i Apache
Airflow. Toan b ha ting dong g6i thanh bon stack docker-compose ddc 1ap, van hanh 6n dinh
trén mot may don 1& v&i phan cting phd thong.

Trén truc chdt lwong — chi phi, viéc nén tir teacher YOLO26x (58,82M tham sb) xudng
student YOLO26n (2,51M tham sb) — giam 23,5x tham s6 va 22x dung luong — chi danh d6i
khoang 14% mAP tuong ddi. Trén cung student YOLO26n, Knowledge Distillation da thanh
phan cai thién chat lwong nho nhung nhdt quin qua ba seed doc lip: +0,013 + 0,006 diém
mAP50 va 40,012 + 0,005 diém mAP50-95 (Bang 4.3), khong phat sinh chi phi ¢ thoi diém
suy luan va chi ting ~ 1,88 x thoi gian huan luyén mot 1an. Ablation nim ciu hinh xac nhan diém
van hanh méc dinh (7 = 3,0, box_w = 0,5) 12 sweet spot trén ca hai chi s6 mAP (Bang 4.10),
cling c6 gia tri cia ciu hinh KD da thanh phan d trinh bay & Chuong 2.

Trén truc téc do suy ludn, dudng din PyTorch — ONNX Runtime — TensorRT FP16
dem lai tang toc lién tiép 1,8 x va 2,8 %, dua student KD xudng 1,84 ms/anh (543 FPS, p95 1,90
ms) trén Tesla T4 — nhanh hon teacher PyTorch khoang 36 x trén cliing phan cimg (Béang 4.7).
Ba phat hién kém theo can duoc ghi nhén ro rang dé dinh hudng cho cong viée tiép theo. Mot,
mAP cua dinh dang FP16 trugt khoang 1,9 diém so véi FP32 (Bang 4.4) — mtc chp nhan dugc
nhung can do lai trong moi chu ky cép nhat mé hinh. Hai, pre va postprocess hién chiém ~ 1,75
ms & dinh dang TensorRT, gén mot nira thoi gian end-to-end — da tr¢ thanh diém nghén moi
sau khi inference da dugc t6i wu sau. Ba, lugng tir hoa dong xubéng INTS trén ONNX Runtime
giam dung luong 71% nhung tang latency hang chyc lan (Bang 4.8); mudn tan dung INT8 can
chuyén sang static quantization véi calibration set.

Provenance cua ba dinh dang trién khai (.pt, .onnx, .engine) déu duge xac minh béng
checksum SHA1; toan bo s6 liéu benchmark, ablation, multi-seed va failure case déu luu dang
JSON/CSV trong thu muc reports/; mi ngudn cung cac notebook do chuan dugc cong khai
trén GitHub dé c6 thé tai 1ap doc 1ap. Béo cao do d6 két luan rang dé tai da dong gop mot thiét
ké MLOps hoan chinh kém bing chimg do ludng & ca chat luong va tdc do, véi mire cai thién
do KD va mirc nén tir teacher xuéng student dugc xac 1ap mdt cach trung thuc qua thi nghiém
da seed. Han ché chinh con lai nam & quy mé dir liéu (1 000 anh subset) va phan ctng danh gia
(mot Tesla T4 duy nhat); nhitng gidi han nay dinh hinh truc tiép danh sach Hudng phat trién
ngay dudi day.
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Hwéng phat trién

Tam hudng mé rong tiép theo dugc sip theo thir ty wu tién giam dan, mdi hudng gan voi mot

quan sat cy thé tir Chuwong 4 thay vi 1a ké hoach chung.

1. Mé rong quy md dir lidu va sb seed: chay lai pipeline trén toan bo tap Traffic Detection
Project (thay vi subset 1 000 anh) v&i > 5 seed doc 1ap. Muc tiéu 1a thu hep khoang tin
cay cua A KD vs baseline (hi¢n 6 muc std ~ 0,006 voin = 3) va kiém chung du dodn

& Muc 4.6.3 rang bién cai thién gia ting theo quy mo di liéu.

2. Static INT8 quantization véi calibration: phat hién & Bang 4.8 cho thiy dynamic
INTS trén ONNX Runtime tang latency vi thiéu kernel ti uru; chuyén sang post-training
static quantization vdi calibration set (vai tram anh dai dién) va/hoac TensorRT INTS

engine c6 thé giai phong loi ich tbc do that su cho trién khai CPU va edge.

3. Téi wu pre/postprocess pipeline: cot end-to-end cua Bang 4.7 chi ra pre/postprocess
chiém ~ 1,75 ms ¢ TensorRT, gan bang inference; wu tién doi preprocess sang GPU
(NVIDIA DALI hoic CUDA tensor ops) va gop decode bounding box theo batch dé

ha téng end-to-end vé sat gia tri inference-only.

4. Mé rong lwéi ablation siéu tham sé KD: ablation hién tai quét nam cdu hinh véi 15
epoch trén subset; mo rong sang ludi dﬁy du (vd 7 € {1,2,3,4,5}, Qesp VA Qtgenr d0C
1ap) trén full dataset v6i s6 epoch chudn sé& chi ra cau hinh tbi wu cho cip YOLO26x—

YOLO26n dic thu va liéu sweet spot co dich chuyén theo quy mé dir liéu hay khong.

5. Ting cwong da dang dir li¢u dé khic phuc failure mode: phan tich & Muyc 4.6.4 cho
thiy hai mo-tip that bai chinh — anh ngoai phan phdi (synthetic, re-encoded, screenshot)
va anh dong ddi twong (> 25 GT/anh). Thém céc augmentation vé bién dang JPEG/re-
encoding va ap dung tile inference (chia anh thanh 6 con va inference tirng 6) 1a hai

hudng truc tiép giai quyét hai mo-tip nay.

6. Mé rong Kién tric distillation: thir cac bién thé nhu self-distillation (Dalle Pezze va
cong sy, 2025), feature distillation da tﬁng theo FGD (Yang va cong su, 2022) hoac
task integration (Task Integration Distillation, 2024) dé khai thac ddy du tiém ning cta
KD da thanh phan khi d3 c6 sin pipeline benchmark da seed.

7. CI/CD va vong phan hoi tw dong: bd sung GitHub Actions/GitLab CI cho lint, test
APL build image va publish artifact; két ndi v6i Airflow DAG dé retrain mdi khi tin
hiéu drift cuia Deepchecks (Muc 3.6.5) vuot ngudng, dong vong phan hdi end-to-end

gilra observability va training.

8. Benchmark da phin cirng va mé rong kich ban: do lai trén cdac GPU thé hé khac
(A100, L4, RTX 40xx) va thiét bi bién (Jetson Orin, Coral) dé dung duong cong
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scalability; dong thoi chuyén tir anh don sang ludng video RTSP va b sung tracking

dé danh gia dung kich ban giam sat giao thong thuc té.
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PHU LUC A. PROVENANCE ARTIFACT VA KHO MA NGUON

A.1. X4c minh provenance bang checksum SHA1

Trude khi doc sb liéu & Chuong 4, nhém xac minh provenance cua céc artifact béng checksum
SHA1 d bao dam cac két qua benchmark dugc do trén diing mé hinh d3 tuyén bd. Nam artifact

trién khai c6 checksum:

Artifact SHA1

serving_model.pt 9bfeba91e47b275836869d9b2086850432eb305£
student_kd_best.pt 9bfeba91e47b275836869d9b2086850432eb305f
teacher_best.pt ef65377dafa97e9f5c4fcObccl17c3ee341bad27

serving_model.onnx af7654153c6£35951d411a6d62dd880c14ea2642
serving_model.engine a778e285be2e5819df0efal128da245a13d168d5

Hai quan sat rat ra. Thir nhdt, serving model.pt trung tuyét dbi véi
student_kd_best.pt, x4c nhan md hinh dang phuc vu demo ding la student qua Knowledge
Distillation. Thur hai, serving model.pt khac hoan toan teacher_best.pt, loai trir rui ro
benchmark nham trén teacher. Hai artifact trién khai bo sung — serving model . onnx (export
FP32 tir student KD) va serving model.engine (TensorRT FP16 build trén T4) — ciing dugc

Iuu checksum dé co thé kiém tra lai trén may khac.

A.2. Lién két kho ma ngudn va artifact mé

Toan by ma ngudn, notebook do chuan, két qua benchmark, ablation va failure case dugc cong

khai trén GitHub. Nguoi doc c6 thé clone vé va tai lap két qua theo quy trinh tam budc & Myc 3.7.
* Repository chinh: https://github.com/hoaianthai345/HPC_Nhoml MLOps_
ObjectDectection
* Branch: main

« Notebook do chuin:

— notebooks/colab_benchmark.ipynb — benchmark mAP va latency chuan.

— notebooks/colab_pl_extensions.ipynb—multi-seed, validate sau export, per-

class, qualitative.

— notebooks/colab_p2_extensions.ipynb — ablation, INT8, failure cases,
throughput batch.
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« Két qua dia do (lwu trong repo): reports/benchmark/, reports/pl/,
reports/p2/ — gdm JSON ciu hinh ddy du va CSV ciia moi bang dugc tham
chiéu trong Chwong 4.

* Script chay local (CPU-friendly): scripts/p2_validate_format.py,
scripts/p2_quantize_int8.py, scripts/p2_failure_cases.py,
scripts/p2_benchmark local.py — hd tro chay lai ting phép do riéng 1é
trén may local ma khong can Colab.

Tai 14p nhanh. Dé kiém chimg provenance, ngudi doc tai cac artifact twong tng tir
release (hodc tu sinh béng notebook trén), sau d6 chay shasum hodc shalsum va ddi chiéu véi
bang & Muc A.1. Moi sai khic vé checksum cho thay artifact da bi thay doi va moi dién giai dwa
trén artifact d6 can dugc kiém tra lai trude khi sur dung.
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