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Deep Learning-Based Multi-Class Vehicle Detection System Applied to
Embedded Systems
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Abstract

As transportation networks expand and vehicle usage keeps growing, driving safety and traffic management
efficiency have become important issues. Technologies such as Intelligent Transportation Systems and Advanced
Driver-Assistance Systems are advancing rapidly to reduce accidents and improve traffic efficiency through
informatization and automation. These applications rely on the real-time acquisition and accurate analysis of traffic
information, such as traffic volume, density, and vehicle speed. Most existing traffic detection systems adopt cloud
computing, which depends on stable network bandwidth and incurs high deployment and maintenance costs. In
contrast, edge computing greatly reduces latency and bandwidth demands while lowering long-term maintenance
costs. This research proposes an edge-computing-based real-time detection verification framework for multiple
vehicle classes. Lightweight YOLOv8 and YOLOv11 models were trained on a self-built traffic flow dataset from
Taiwanese roads, quantized, and deployed on two embedded development boards. The experiments were
conducted in two stages: local validation and real-world field detection. The test set was first used to determine
the configuration that best balances accuracy and performance, and the system was then mounted on a pedestrian
overpass to evaluate its performance and stability in a real environment. The results confirm the feasibility of
deploying edge devices in real traffic scenarios and provide an empirical basis and configuration reference for

intelligent traffic management systems that use traffic flow detection for decision-making.
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System RAM usage of YOLOv8n.engine (INT8) on Jetson
Xavier NX during Round 1 real-time detection
3860
3850

) 3840
=

o 3830
3
2 3820
£ 3810
£
£ 3800

3790

3780

4] 50 100 150 200 250
Time (s)

23 FE—iliE#ELH Jetson YOLOv8n INT8 RAM FH
TR E

System RAM usage of YOLOv8n.hef (INT8) on Raspberry Pi
5 with Hailo-10H Al HAT during
Round 1 real-time detection
620
610
@ 600
< 590
5 580
9 570
2 560
£ 550
£ 540
530
520
0 50 100 150 200 250 300
Time(s)

24 55— B4R Pi5 YOLOvSn INT8 RAM I &E#T
3.3 4RIEERAE SR L

AETEE RS B B B h A AR A B B aH
[FIRF FEIRE PR 2 B At R - S5 —dm 2 A

HBLE B RS R oy A e 25 BfE 26 P

BIEFHEEREELL 1920 < 1080 fgffrfE s - BLEkY
f52 3840 x 2160 R[a] > Praskad 02— #ehE
J& > BB [EIfgtf S T 0 B nT SESAE
FAELH . Jetson FEHC YOLOV8n JAMT iz Bl
Wrak(E O 0.8 Db AR EREN R E T
ZARE A A RS ol R KU g -
H 4R BT 2 UHNEE AT E534H> Raspberry Pi
5 $8BC YOLOvV8n FERG (S LS R » S5y
R EEAETEINE » REETR S HOR Y B TERIRE 4 b
T RSO — R EER TEDHIAE -

123

26 FE—inEEE4H Pi5 YOLOv8n INT8 #¥akas 5

BN FELH B Jetson YOLOvS8n INTS -~
FEpdH s Jetson YOLOv11n FP16 » #aikads 52495 71
WilE 27 BifE 28 AR o WAL i < (S
DEG AR BISERA A AN E R AN
ZRHEAEETANE - BRI RTE R
HHBEFAREA R 2B » —HSHRR -

27 FEANTREAELH Jetson YOLOvVSn INTS #rafad 5



4.5 RE
4.1455m

FIRFEURMEIR AR5  EE B
BNBGER V5 2 S AR YRR e
& o 5T DL B i 2 2 B E i AR 31 R W
YOLO #EE LAY - B S E A A EL 8 (LR H
5N Jetson Xavier NX EidfZ#; Hailo-10H Al HAT
Z Raspberry Pi 5 WifBGIEE - WALAH RS
BT AR S5 e B TS Pt A P8 B B B T R 2 ~
S UHE B S AR X 5 1 [ MR T B e MR TA -

We s 5 J7 | > YOLOvlin %2 88 (8 it
YOLOVSn » L Jetson -5 Z FEBEHAY Ryl - H
mAP50 # YOLOv8n f£714J 4.8% - 5= b5
ZiNs - BARLE FPl6 FFmisal 2 K-
i 15 o 4l A5 B B EE JF % BE © YOLOv8n i
YOLOvlIn 2 FPS AHEELBE AL 53 e T+ 49
7.61% B 16.18% ; ZRiME FP16 #E—2Ei INTS
HEE » mAPS0 43R4 1.96% Bl 5.52% > FPS
ZHRIFAIAN K 1% 0 B Jetson &
YOLOvlin 2z FP16 551 Ry 3 AR [ Bl A
i ERCE - #—2 34 > Raspberry Pi 5 f£[iC
Hailo-10H NPU FA%5E_FAHES Jetson BHEH (B
YOLOv8n Ei YOLOvlln 7 FPS # Jetson ¥f
JE INT8 fHAISTRIFETFFEY 22.45% H1 26.12% »
JEE R A R < HERR AL ©

P IR #2803 Car~ Motorbike 8
Bus =% REEH M8 1 B PR S PR TE
FITeE Z7KAE 3 RAY BRels il Al AR A AR /) B

124

YRS EREIERL BRI AGIE AR A AR

5! N B el R B NE 72 SRR KT R
TR AT HE RS IS 4 7y S I DAL
B EISI RI s p - (RIBEE R [E] R %

HEBER L mEE > SICEZ FPS 81 5 Ll

T ; Hp Pl Raspberry Pi 5 #£fif Hailo-10H NPU

ZBCBEXRERE - HEF FPS € - ilBlEHE

BT 48 i f » Jetson Xavier NX RIJH4¥E FPS

R IEELEC R R E B - A RIS EE

15T - BBS= » Raspberry Pi 5 #£HC Hailo-10H

NPU JA%% s B (AR E 1 B 75 & RIS 58 i W ek

RIREMREE 2Rk (HEYRR(E O S B TEAIE

FEREFE TSRS Jetson> H s 5 HER EEH#E TEOHIAE

FHAARNEIORAZ TN - BUR Hailo 7 BEHAAEZE

FHERRER . TensorRT {Jy7 52 - 45 Pt »

Kifger ARSERAT -

@ HE —ENHBNEGER TG L HEE M
BRI PR i BRas 2R - B S BRI E
UGN R ~ BLEE 5 EE 2 SRERE

@ 4 MEEL # B 9 A Jetson Xavier NX Ei
Raspberry Pi 5 $£&#; Hailo-10H Al HAT Rif&Eis
GEEE A E AL T Z ot LR
At BRa R RS P S B O -

@ 7 i A B BT P35 e B VR P o I B B

axat o BREEATIEEAEIN R E SRS R N 2 H
sAe JHLUE(ERRENE - REEEEEARZ

BGALE B RS SE -
AHEREBEEGEREEAKEL
YOLO AN EEACES R {7 » ofE
SOEE RS

RREEESOREHE AN BGR EER AR
ZBHRIE -

42 KRR EE

AE 2 BB R BERAEL > S E—K
fé ~ B — AL HIRE R & e IRt T i
1T MORWTFE T 230 2 Prasl e T B RE IR (£ 0E
WA AL b — R B I R R R 1 T Z Bk
Fo A e DARE AR A [F] A s A ~ A [FHR R
PRIREATE ~ AR e B i A BRI

(nEIAS
i



l-H
Jrﬂ}

T TRREMERAH K AR Z EEEE ST BE R AR TEIR
PEEL 2 PR - RGEWIFE AT LSRR RS - B
B~ RAGEO A Z R N RSB IL N
S > DU — P Band iR Y S B CRIR I N 202
{ERETT > INHIREE R0 R PR IE RS » B BT iE
FIE5 -

AR EEE T - AbTFe s ik Bl (L
Ry BB E P EEE T EH]  RAYETA Y
REAAE UL R LR AEEE  [FEF > YOLO
% H B FEE#EH YOLOvI2 -~ YOLOvI3 i
YOLOV26 ZEHHRA - ARACH R A A [FRfA B R
RN ERRE T S 2 B G Pa R
DIE SR (7 RS B R

BEHER T > AUTFERTE L PR A ]
TR 225 1 A B 5 AR ~ 28 e 1 B S AR (A
AU - B R B AT DUR BT
NAGERIT R FI BT BRI - R4 R U
CSI Jrimms s LIZen; USB [HimRA] - Sepk A

ENES 7 i Xy LV IRINGID SRS TEIE )i

NEEFHEE - DEHR AFEEAER e S TRz 2
SEHERIER

5. 2530
1. Alfikri, M. D., & Kaliski, R. (2024). "Real-

time pedestrian detection on IoT edge devices:

a lightweight deep learning approach", pp. 3-9.

2. Barthélemy, J., Verstaevel, N., Forehead, H., &
Perez, P. (2019). "Edge-computing video
analytics for real-time traffic monitoring in a

smart city". Sensors, 19(9), 2048, pp. 5-21.

3. Gholami, A., Kim, S., Dong, Z., Yao, Z.,
Mahoney, M. W., & Keutzer, K. (2022). "A
survey of quantization methods for efficient
neural network inference". In Low-power

computer vision, pp. 291-326.

4, Guerrero-Ibanez, J., Zeadally, S., & Contreras-
Castillo, J. (2018). "Sensor technologies for

intelligent transportation systems". Sensors,

9N

125

ENEL el e 4 Wb ENG RN N A

12.

KA FZHL

18(4), 1212, pp. 5-8.

Z. He, K. Wang, T. Fang, L. Su, R. Chen and
X. Fei. (2025). "Comprehensive performance
evaluation of YOLOv11, YOLOvV10,
YOLOV9, YOLOvS and YOLOVS5 on object
detection of power equipment". 37th Chinese
Control and Decision Conference (CCDC),
Xiamen, China, pp. 1281-1286.

IEEE STD 754-2019. (2019). "IEEE standard
for floating-point arithmetic". IEEE,
Piscataway, NJ, USA, pp. 1-84.

Jacob, B., Kligys, S., Chen, B., Zhu, M., Tang,
M., Howard, A., Adam, H., & Kalenichenko,
D. (2018). "Quantization and training of
neural networks for efficient integer-
arithmetic-only inference". Proceedings of the

IEEE Conference on Computer Vision and

Pattern Recognition (CVPR), pp. 2704-2713.

L. Jiao et al. (2019). "A survey of deep
learning-based object detection". IEEE
Access, vol. 7, pp. 128837-128868.

Kapoor, S., & Narayanan, A. (2023). "Leakage
and the reproducibility crisis in machine-
learning-based science". Patterns (New York,

N.Y.), 4(9), 100804, pp. 1-11.

Khanam, R., & Hussain, M. (2024).
"YOLOV11: an overview of the key

architectural enhancements", pp. 1-6.

Alex Krizhevsky, Ilya Sutskever, and Geoffrey
E. Hinton. (2017). "ImageNet classification
with deep convolutional neural networks".

Commun. ACM, 60(6), pp. 84-90.

V. K. Kukkala, J. Tunnell, S. Pasricha and T.

Bradley. (2018). "Advanced driver-assistance
systems: a path toward autonomous vehicles".
IEEE Consumer Electronics Magazine, vol. 7,

no. 5, pp. 18-25.



13.

14.

15.

16.

17.

18.

19.

20.

TRE WEE

M

S. Liu, L. Liu, J. Tang, B. Yu, Y. Wang and W.
Shi. (2019). "Edge computing for autonomous
driving: opportunities and challenges".
Proceedings of the IEEE, vol. 107, no. 8, pp.
1697-1716.

Loshchilov, 1., & Hutter, F. (2017).
"Decoupled weight decay regularization”, pp.
2-9.

Mills, K. G., Fetrat Qharabagh, M., Qiu, W.,
Han, F. X., Salameh, M., Lu, W, Jui, S., &
Niu, D. (2025). "Applying graph explanation
to operator fusion", pp. 1-6.

R. Padilla, S. L. Netto and E. A. B. da Silva.
(2020). "A survey on performance metrics for
object-detection algorithms". International
Conference on Systems, Signals and Image
Processing (IWSSIP), Niteroi, Brazil, pp. 237-
242.

J. Redmon, S. Divvala, R. Girshick and A.
Farhadi. (2016). "You only look once: unified,
real-time object detection". IEEE Conference
on Computer Vision and Pattern Recognition

(CVPR), Las Vegas, NV, USA, pp. 779-788.

Sapkota, R., & Karkee, M. (2024).
"Comparing YOLOvI11 and YOLOvS for
instance segmentation of occluded and non-
occluded immature green fruits in complex

orchard environment", pp. 1-4.

W. Shi, J. Cao, Q. Zhang, Y. Li and L. Xu.
(2016). "Edge computing: vision and
challenges". IEEE Internet of Things Journal,
vol. 3, no. 5, pp. 637-646.

Sohan, M., Sai Ram, T., Rami Reddy, C.V.
(2024). "A review on YOLOVS and its
advancements". In: Jacob, 1.J., Piramuthu, S.,
Falkowski-Gilski, P. (eds) Data Intelligence
and Cognitive Informatics. ICDICI 2023.

FER R BRI AN 7 2 B A O R R A R

126

21.

22.

23.

24.

25.

26.

Algorithms for Intelligent Systems. Springer,
Singapore, pp. 4-9.

Terven, J., Cordova-Esparza, D.-M., &
Romero-Gonzalez, J.-A. (2023). "A
comprehensive review of YOLO architectures
in computer vision: from YOLOvVI to
YOLOvVS8 and YOLO-NAS". Machine
Learning and Knowledge Extraction, 5(4), pp.
1680-1716.

Voulodimos, A., Doulamis, N., Doulamis, A.,
& Protopapadakis, E. (2018). "Deep learning
for computer vision: a brief review".

Computational intelligence and neuroscience,

7068349, pp. 1-3.

M. Won. (2020). "Intelligent traffic monitoring
systems for vehicle classification: a survey".

IEEE Access, vol. 8, pp. 73340-73358.

Wu, H., Judd, P., Zhang, X., Isacv, M., &
Micikevicius, P. (2020). "Integer quantization
for deep learning inference: principles and

empirical evaluation", pp. 1-6.

Zhu, Li & Yu, Fei & Wang, Yige & Ning, Bin
& Tang, Tao. (2018). "Big data analytics in
intelligent transportation systems: a survey".
IEEE Transactions on Intelligent

Transportation Systems, pp. 1-16.

Z.Zou, K. Chen, Z. Shi, Y. Guo and J. Ye.
(2023). "Object detection in 20 years: a
survey". Proceedings of the IEEE, vol. 111,
no. 3, pp. 257-276.



	1.緒論
	1.1邊緣 AI 與智慧交通辨識之發展
	1.2深度學習物件偵測技術
	1.3模型最佳化技術
	2.研究方法
	2.1研究架構
	2.2實驗環境
	2.2.1硬體環境
	(1) 個人電腦（PC）
	(2) Jetson Xavier NX
	(3) Raspberry Pi5 8GB與Raspberry Pi AI HAT+ 2
	(4) IPEVO P2V Ultra

	2.2.2軟體與開發環境
	2.3資料集建構
	2.3.1影像拍攝與擷取
	2.3.2車輛類別定義與影像標註
	2.3.3資料集劃分
	2.4模型選用與訓練策略
	2.4.1模型選用
	2.4.2模型參數設定與訓練
	2.5模型轉換與量化
	2.6邊緣部署與驗證
	2.6.1實驗模型配置與部署
	2.6.2模型訓練關鍵指標說明
	2.7驗證實驗規劃與流程設計
	2.7.1精度與效能本地驗證實驗
	2.7.2實際場域即時辨識驗證實驗
	3.實驗成果
	3.1模型訓練與收斂成果
	3.2模型對測試集之測試結果
	3.2.1辨識精度與推論效能分析
	3.2.2各類別車輛之辨識精度分析
	3.2.3模型辨識測試集圖片結果比較
	3.3實際場域即時辨識測試結果
	3.3.1實驗環境與系統架設
	3.3.2即時辨識測試數據與分析
	3.3.3系統穩定度分析
	3.3.4即時辨識結果比較
	4.結論與未來展望
	4.1結論
	4.2未來展望
	5.參考文獻


    B  p


    B  g t


     I o U =   a r e a (   B  p ⋂   B  g t )  a r e a (   B  p ⋃   B  g t ) #  ( 1 )


     P r e c i s i o n =   T P  T P + F P #  ( 2 )


     R e c a l l =   T P  T P + F N #  ( 3 )


     R e c a l l =   T P  T P + F N #  ( 3 )


    R  n


    R  n + 1


    R  n


  (   R  n + 1 −   R  n )


    P  i n t e r p  (   R  n + 1 )


    R  n + 1


    R  n + 1


     A P =   ∑  n  (   R  n + 1 −   R  n )   P  i n t e r p (   R  n + 1 ) #  ( 4 )


     m A P =  1  N   ∑  i = 1  N    A P  i #  ( 5 )


    N  f r a m e s


    T  t o t a l


      t  i n f ,       i


  i


     F P S =     N  f r a m e s    T  t o t a l #  ( 6 )


       T  i n f =  1    N  f r a m e s   ∑  i = 1    N  f r a m e s    t  i n f ,       i #  ( 7 )


       T  i n f =  1    N  f r a m e s   ∑  i = 1    N  f r a m e s    t  i n f ,       i #  ( 7 )

