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Abstract. Traffic congestion is a serious problem in urban areas. This paper proposes an
intelligent traffic flow forecasting system that integrates a three-layer IoT architecture with
edge computing. We compare four methods—Linear Regression, Random Forest, XGB, and
LGBM - using the Metro Interstate Traffic Volume dataset. The results show that XGBoost
achieves superior performance (MAE = 290.09, RMSE = 507.70, R*> = 0.9334, MAPE =
13.75%, Accuracy within 20% = 84.19%) and very low inference time (3.35 ms), making it
extremely suitable for future deployment on resource-constrained embedded computers and
microcontrollers like the STM32. This study provides an important foundation for the
development of real-time adaptive traffic signal control systems.
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Tém tit. Tac nghén giao thong 1a mot van dé nghiém trong tai cac d6 thi. Bai bio nay dé xuat
mot hé théng du bao luu luong giao thong thong minh tich hop kién tric IoT 3 16p va tinh
todn bién (Edge Computing). Ching t6i so sanh cac phuong phap: LR, RF, XGB, va LGBM
trén bo dir liéu Metro Interstate Traffic Volume. Két qua cho théy XGBoost dat hiéu suit vuogt
troi (MAE = 290.09, RMSE = 507.70, R*> = 0.9334, MAPE = 13.75%, D chinh xac =
84.19%) va co thoi gian suy dién cuc ky thap (3.35 ms cho toan tap dir liéu kiém thtr), dic
biét phu hop dé tich hop va trién khai trong tuwong lai trén cic may tinh nhung han ché tai
nguyén va vi diéu khién nhu STM32. Nghién ctru nay cung cp co sé quan trong cho viéc
phat trién cac hé thong diéu khién dén tin hiéu thich tmg thoi gian thyc.

Tir khéa: Dy bao luu lugng giao thong, XGB, LGBM, Diéu khién dén tin hiéu, ITS.

1. PAT VAN PE

Quan 1y giao thong d6 thi ngay cang dwa vao cac Hé thong Giao thong Thong minh
(Intelligent Transportation Systems - ITS) dé t6i vu hoa luu lugng. Pén giao thong truyén
théng thudng hoat dong theo chu ky thoi gian ¢d dinh, din dén sy kém hiéu qua trong diéu
kién giao thong bién dong. Du bao chinh xac luu lwong giao thong cho phép diéu chinh tin
hiéu mot cach chu dong - kéo dai thoi gian dén xanh trong cac dot cao diém du kién hodc
giam chu ky trong cac giai doan luu lugng thap.

Nhing tién by gan day trong Tri tué Nhan tao (AI) va Internet Van vat (IoT) dong vai tro
then chdt trong sy phat trién ctia ITS. Céc k¥ thuat xtr Iy anh AI da ching minh hiéu nang cao
trong viéc nhan dang va cai thién bién bao tin hiéu giao thong [1]. Thém vao do, & goc do loT
va truyén thong dit liéu, cac hé théng hoc may khong giam sat hién dai, vi du nhu thuat toan
tu tdi uu hoa tensor, da giup phan loai va quan 1y luu luong truyén thong IoT mot cach an
toan va chinh xac, loai bo cac luu lugng doc hai [2].

Déi véi viée phan tich dit liéu giao thong cbt 161, du bao giao thong da phat trién tir cac
phuong phap tham s6 (nhu ARIMA) sang cac md hinh Hoc may c6 kha ning nim bét nhiing
mdi quan hé phi tuyén phirc tap. Mot sé phan tich chuyén sau cho thiy cdc mé hinh Chudi
thoi gian (Time Series) hoc may nhu Random Forest dem lai tiém ning dy bao tdt [3].

bac biét, sy bung nd cua Hoc sau (Deep Learning) va céc bién thé hoc may td hop
(ensemble learning) tao ra cudc canh tranh manh mé. Cac kién trac nhu Bi-GRU d3 ung dung
co ché chu y (attention mechanism) dé phan tich lyu lugng giao thong khong gian-thoi gian
vo1 do chinh xac cao [5]. Mac du vay, cdc mang dya trén LGBM thuong tiéu ton tai nguyén
va thoi gian huén luyén. Mot giai phéap thay thé linh hoat 1a két hop (hybrid) LGBM véi cac
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mo6 hinh cay quyét dinh theo huéng Boosting nhu XGB nham can bang giita viéc nang cao do
chinh x4c va tiét kiém rui ro xur 1y dir liéu truyén tai [4].

Trong bai bao nay, ching t6i tip trung di sdu vao kha ning thuc thi nhanh ciia XGB d6i
voi dit liéu thoi gian thuc dang bang, nham muc dich dua cac md hinh dy bao hoc may dd so
xudng cp do vi xir Iy vi diéu khién, t&i uu hod cho ITS thuc té.

2. PHUONG PHAP VA MO HINH HE THONG PE XUAT

Dé giai quyét bai toan do tré trong cac hé théng xtr Iy giao thong truyén théng dung dién
toan dam may (Cloud Computing), nghién ctru ndy thiét ké mang ludi cdu trac phan cép, theo
d6 viéc trich xuit mau luu lugng va mo hinh hoa dy bao dugc dich chuyén mot phén xuéng
16p vat ly thong qua tinh toan bién (Edge Computing).

2.1. Bj Dir liéu va Phwong phap Tién xir Iy Dir liéu

Trong nghién clru nay, bo dit licu Metro Interstate Traffic Volume dugc st dung nhu mot
tap dir liéu chuan muc (benchmark proxy dataset) nham kiém ching k¥ ludng tinh kha thi cta
cac thuat toan phan tich chudi thoi gian, trudc khi dua vao tng dung thuc tién voi dit liéu giao
thong tai mién khi hau Viét Nam.

- Trich xuit diic trung (Feature Extraction): Cac thanh phan mang tinh chu ky bao
gém Gio (Hour), Ngay trong tuan (Day of week) va Thang (Month) duoc trich xudt nham
thiét 1ap tham chiéu chu ky thoi gian 16 rét di voi xu hudng luu lugng xe.

- Ma hoa dir liéu (Encoding): Nhitng dinh danh mo6i truong khong cé thur tu nhu déac
trung thoi tiét (ndng, mua, swong mu, ...) duoc biéu dién théng qua ky thuat Ma hoa One-Hot
(One-Hot Encoding).

- Chuén héa thang do (Normalization): Phuong phap MinMax Scaling dugc ap dung
bét budc trén toan bo cac bién sb doc lap nham tranh hién tuong bung nd gradient, dic biét
v61 cac mo hinh theo dang mang no-ron nhu LSTM.

- Phan chia tap dir liéu (Data Splitting): Thay vi cross-validation thong thuong, dit liéu
& bai toan nay duoc ngat dung theo dong quy luat thoi gian (80% cho qua trinh huan luyén
mé hinh co s&, 20% cho viéc dyu bao kiém thir va danh gia).

2.2. Kién triic Hé thong Edge-Cloud lai ghép (Hybrid Edge-Cloud Architecture)

Kiéu thiét ké kién trac chudn muc dugc dé xuét bao gém ba 16p (Hinh 1), bdo ddm kha
ning suy dién thong lwong cao va thich tmg linh hoat:

- Lép thiét bi/Cam nhan (Perception Layer): Mang ludi bao gdm cam bién d roi, cam
bién thoi tiét, va hé thong Camera Al thi gidc may tinh hoat dong lién tuc (24/7). Chung chiu
trach nhiém tho vé viéc dinh tuyén dém phuong tién truyén sb liéu sé phan nho vé Gateway
ndi hat thong qua cac giao thuc M2M.

- Lép tinh toan Bién (Edge Computing Layer): Day 1a 15i thong minh xir 1y sat thiét b
thu (vi du nhu vi diéu khién nhung dong STM32, ESP32 manh, hoic may tinh Edge
Gateway). Tap hop cac trong so (weights) cia md hinh hoc may (nhu XGB) di téi uu ho
trudc do dugc nap tryc tiép vao bo nhé cuc bo (Local RAM). Bién thiét bi s& thuc thi ma
nhung dé nhan vao chudi vector thoi tiét thay ddi trong thoi gian tré dudi 5 ms mot lugt va
day tryc triép ra quyét dinh trang thai nhay dén (Xanh/P6/Vang) t6i vu thoi diém.
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- Lép Pam may (Cloud Layer): Giai quyét luu trit phan tan kho dit liéu 16n, truc quan
hoa trung tdm diéu khién thanh phd va lam nhiém vu siéu may tinh dé hudn luyén lai mang
(Re-training) theo chu ky dinh ki. Cac tham sb trong sé maéi tinh luyén s& dugc day qua cap
nhat OTA (Over-The-Air) vé thiét bj Bién.

Lép 1: Lé&p cam nhan (Preception Layer)
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Hinh 1: Kién triic hé thong va luong dir liéu
2.3. Trién khai Mé hinh Hoc may va Cay Quyét dinh T6 hop
Dé danh gia nang lyc trién khai thyc té tai 16p tinh toan bién (Edge Layer), nghién ctru
tién hanh mo phong phan cing va thuc nghiém so sanh song song bon mé hinh 16i doc 1ap
nhu sau:
 Hobi quy tuyén tinh (Linear Regression — LR): M6 hinh co s& (baseline) nham danh
gia muc sai s6 tuyén tinh thuan tay va lam chudn d6i chiéu cho cac phuong phap phi
tuyén.
« Rirng ngiu nhién (Random Forest — RF): Thuit toan hoc t6 hop (Ensemble
Learning) duya trén k¥ thuat Bagging, trong d6 nhiéu cdy quyét dinh dwoc huan luyén
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trén cac tip mau Bootstrap va tong hop két qua du doan nham giam phuong sai va han
ché hién tuong qua khép (Overfitting).

XGBoost (Extreme Gradient Boosting — XGB): Phuong phap Boosting dua trén tdi
wu hoa gradient béc hai, két hop co ché diéu chuén (regularization) manh trén timg cay
nham kiém soat @6 phirc tap mo hinh. Nho hiéu qua tinh toan cao va chi phi suy luan
(inference cost) thip, XGBoost 1 tmg vién phu hop cho cac hé théng nhing va méi
truong Edge Computing.

LightGBM (Light Gradient Boosting Machine — LGBM): Khung Gradient
Boosting duwa trén ciy quyét dinh voi chién luoc phat trién leaf-wise va thuit toan
histogram-based, giup ting toc huin luyén va giam tiéu thu bo nhé. M6 hinh dic biét
pht hop cho céc bai toan du bao chudi thdi gian quy mo 16n trong méi truong tai
nguyén han ché.

3. THU NGHIEM/PANH GIA PHAN TiCH

Thong qua Biéu do nhiét do twong quan (Hinh 2) gitta cac bién lién tuc, qua trinh phan
tich chi ra rang mdi lién hé tuyén tinh gitra cac yéu to thoi tiét va luu lugng giao thong 1a kha
yéu. Cu thé, nhiét do (temp) c6 hé sb tuong quan duong cao nhat & mirc 0.13, d6 che phu may
(clouds_all) & murc 0.07, trong khi lugng mua (rain_lh) va tuyét roi (snow_lh) gan nhu

khong twong quan chuan tuyén tinh (hé sé 0.00). Pic tinh nay 13 minh chtng 13 rét cho viéc
dir liéu giao thong do thi mang tinh phi tuyén rat cao va khong thé 1& thudc riéng 1& vao thoi
tiét (ma bi chi phdi théi quen theo chu ky gio/ngay). Chinh vi thé, viéc sir dung cic mo hinh
hoc may phi tuyén tinh cyc manh nhu XGB hay RF t6 ra bét budc va hiéu qua hon hén khi so

sanh voi hdi quy tuyén tinh (LR) don thuan.

clouds_all snow_1h rain_lh

traffic_volume

» _ temp
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1.00 0.01 -0.02 -0.10
0.01 1.00 -0.00 0.00 0.00
-0.02 -0.00 1.00 0.03 0.00
0.4
0.10 0.00 0.03 1.00
0.2
0.00 0.00 1.00 0.0

| | ] |
temp rain_1h snow_1h clouds_all traffic_volume

Hinh 2: Biéu d6 nhiét d¢ twong quan
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Chiing t61 danh gid cdc mo hinh dya trén hai ti€u chi: B chinh xdc (MAE, RMSE, R?
ACC _20) va Hiéu nang IoT (Thoi gian suy dién - Latency). Thuc nghiém va huan luyén mo
hinh duogc thyc hién trén ung dung Visual Studio Code cua may tinh Panasonic CF-
SVI9H20VS — Intel Core 15-10210U, 16GB RAM, SSD.

3.1. Hiéu qué dw bao thuc té
Bang 1. So sanh Hiéu nang gitta cac mo hinh

M6 hinh | MAE RMSE R2 MAPE | Do chinh xac Thoi gian du
(%) | (Saisb<20%) do4n (ms)
LR 1567.58 | 1796.50 | 0.1664 | 126.96 18.71 14.04
RF 466.00 700.78 | 0.8732 21.85 68.54 19.47
LGBM 1366.21 | 1628.85 | 0.3147 92.46 22.82 994.00
XGB 290.09 507.70 | 0.9334 13.75 84.19 3.35

Nhu thé hién trong Bang 1, XGB vuot troi hon dang ké so v6i ca LR, RF va LGBM.
Nhom moé hinh LR dat hiéu nang thap (R? = 0.17, MAPE trén 126%), phan anh kha ning xir
1y kém ctia dir lidu phi tuyén trén duong di thuc té. Ké ca dbi véi LGBM, du 1a m6 hinh Deep
Learning c6 tén tudi, nhung sai s6 van kha cao (R2 ~0.31, RMSE ~1628) va do tré do so 1én
dén xap xi 1 gidy (~994ms) chimg t6 n6 1a thiét ké cong kénh, khong phu hop cho phan ung
nhanh cip bach.

Model Metrics Comparison
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Hinh 3: Biéu do so sanh truc quan cdc chi sé hiéu nang (Accuracy, RMSE, Latency, MAPE)
gitta cac mo hinh dy bao.
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Cac mo hinh dang rung cay cho két qua vuot troi. RF dat R = 0.87. No6i bat nhit hoan
toan 1a XGB - khi dat mtrc R? ky luc (= 0.93) v6i do tré phan hdi nhanh khéng tudng (~3.35
ms so v&i 19.47 ms cia RF). Diéu nay cho thdy XGB 1a trai tim t6i wu dé duoc dwa vao céac vi
didu khién Edge, khi vira dam bao d6 chinh xac thuong thira (ACC_20 = 84.19%) vira dap
g nhu cau thay dbi tin hiéu nhay dén tinh bang mili-giay.

Biéu dd Hinh 3 cung cdp mot goc nhin truc quan va toan dién vé sy twong quan giita cac
mo hinh trén bén phwong dién cdt 16i. Trong khi nhém chi s6 sai s6 (RMSE va MAPE) ctia
XGB sut giam hudng xuéng muc thip nhat @6 thi, cdu trac cdy quyét dinh nay lai vuon 1én
dan dau an tugng & cot DO chinh xac (Accuracy > 84%). Pic biét, diém nhin mang tinh quyét
dinh ndm & biéu d6 gdc dudi cung bén trai biéu dién Do tré phan hdi (Inference Latency). Cot
tré ciia md hinh LGBM phinh to mét cach cyuc doan (kéo dai dén murc nghén c6 chai voi xap
xi 1400ms), tao nén sy d6i 1ap hoan toan vai thanh biéu do siéu thp (chi vai mili-gidy va gan
nhu cham day baseline) cia XGB hay LR. Minh chtng tir hinh anh nay tiép tuc cho thay
nhimg han ché dang ké vé tinh kha thi khi trién khai cic mé hinh hoc sau c6 do phirc tap cao
(chang han nhu LGBM) trén thiét bi tinh toan bién (Edge). Pong thoi, két qua ciing cho thay
XGB dat dugc sy can bang hiéu qua gitra d6 chinh xac dy bao va hiéu nang xt 1y, phu hop
hon v&i cac yéu ciu tai nguyén han ché trong méi truong Edge.

3.2. Panh gia Hiéu ning hé thong Edge

Ngoai d6 chinh x4c phan tich, tinh kha thi khi trién khai trén céc thiét bi tai nguyén thap
(Edge Devices) nhu STM32, ESP32 hay vi may tinh nhung 1a yéu té then chét. Nham phan
anh sat thyc té, chiing toi da tién hanh mot qua trinh Benchmark chuyén nghiém ngit danh
cho thiét bi vi ba: danh gia thong lugng du doan (Throughput) lién tuc ctia 10,000 requests
ngau nhién lién tiép trén bo nhé hé thong.

Bang 2. Danh gia Benchmark hi¢u nang thoi gian thuc tai mang Bién (Edge)

Mé | Dptré Thong Xir 1y 50 Danh gia
hinh (ms) lwgng mau (ms)
LG 0.11 | ~3,540,826 0.3 | Cyc nhanh gon nhung hi¢u suat du bao
han ché, din dén kiém soat tin hi¢u 15i
RF 477 ~205,679 3.41 | Cham hon XGBoost khoang 10 lan, sb
lugng cay 16n lam qua tai RAM ndi cua
diéu khién nhiing
LGBM | 101.18 ~12,455 111.77 | Tré xap xi 100ms trén mot frame va chiém
mét bo xir 1y, hoan toan khong kha thi dé
nhiing phan cting
XGB 0.51 ~429,065 0.83 | Can biang hoan hao: Tré suy dién cuc
thap dwéi 1ms, khong giy thit ¢é chai
vong lip diéu khién dén LED/chudng

Két qua thuc nghiém tai Bang 2 tai khang dinh uu thé tuyét ddi cta thuat toan XGB.
Trong khi LGBM mic ket voi sb vong ldp tai tinh todn ndng né (do tré ~101.18 ms), XGB
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giai quyét phép tinh ¢ thoi gian nhdy mat 13 0.51 ms. Trong mot gidy, XGB xu Iy trot lot x4p
xi 430 nghin yéu cau (Throughput > 429k req/s). Piéu nay dem lai d6 tinh (stability) cho CPU
tai ngd tu giao thong: hé thdng vira thu nhan dir liéu hinh anh, vira xir Iy hoc may ma khong
s¢ tran hoac ngam chu ky xung nhip (Clock cycle overhead).

Bdng 3: Log thic té mé phong thoi gian thiee hé thong Edge Gateway (Dwa trén mé hinh
XGB lwu trit bo nho cuc bo)

Dau thoi gian | Piéu kién Pau | Thoi gian suy | Luong Lénh Hé thong
(Timestamp) vao (Input) dién (Latency) phuong tién | (Action)
du bao
01:28:12 H:12, 2.74 ms 5,092 xe Kéo dai Bén Xanh
W:Clouds (Uu tién Cao diém)
01:28:13 H:02, W:Clear | 2.43 ms 591 xe Giam Chu Ky beén
(Ché d6 Pén Vang)
01:28:18 H:23, W:Mist 1.29 ms 2,094 xe Binh Thuong
01:28:20 H:15, 2.95 ms 5,507 xe Kéo dai Bén Xanh
W:Clouds (Uu tién Cao diém)
01:28:23 H:01, W:Rain 1.91 ms 422 xe Giam Chu Ky Ben
(Ché d6 Pén Vang)
01:28:24 H:12, W:Haze | 0.88 ms 4,505 xe Kéo dai Bén Xanh
(Uu tién Cao diém)

Qué trinh md phong thiét bi Edge (Jetson Nano/STM32 Emulator) trong Bang 3 thé hién
16 cach thic hé théng dua ra phan quyét doc lap ¢ muc siéu nho (Micro-levels). Khi bt dugc
cac diéu kién thoi tiét hodc khung gi¢ dic thu tu thiét bi cam nhan ngoai vi (Perception
Layer), may tinh Bién ngay lap tic ddy mang vector vé 16i XGB dé du doan lugng giao thong
d6 vé nga tu. Toan bd chu trinh tir luc nhan 1énh dén luc tra quyét dinh nhay dén tin hiéu duy
tri 6n dinh dudi 3 mili-gidy (thap nhét 0.88 ms ¢ gio H:12 - Haze).

Pang chu y, cac quyét dinh diéu khién hoan toan bam sat kich ban giao thong vat 1y thuyc:
Trong khung gid 12h trua - 15h chiéu (H:12, H:15) két hop diéu kién may (Clouds), luu
luong vot 1én trén 5000 xe, tu diéu khién 1ap ttrc kich hoat chu trinh “Kéo dai Pen Xanh” dé
xa dong phuong tién. Trong khung gio rang sang Olh - 02h (H:01, H:02) két hop troi
mua/trong tréo, luu lugng roi xuéng muc rat thap <7000 xe (591 xe, 422 xe). Kich ban thong
minh kich hoat trang thai “Gidm Chu Ky Dén”, chuyén dén chép Vang nham tbi uu hoa thoi
gian chd doi 1ang phi ddi v6i cac nhdm phuong tién don 1é vuot qua ngd tu ban dém.

4. KET LUAN

Trong nghién ctru nay, chung t6i di dé xuit mot kién trac Hé thong Giao théng Thong
minh phan cap (Hybrid Edge-Cloud) két hop mé hinh hoc may nham giai quyét bai toan du
bao luu lugng va diéu khién tin hiéu dén giao thong theo thoi gian thyc. Két qua thuc nghiém
dbi chiéu toan dién trén bo dit liéu quy md 16n da chiing minh sy vugt trdi tuyét dbi cua mod
hinh XGB so v6i mang no-ron hoc siu (LGBM) hay cac thuét toan hoc may truyén thong. M6
hinh XGB khéng chi dat d6 chinh xac du bao xuat sic voi hé s6 xac dinh R? = 0.9334 va sai
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s& MAPE ¢ muc 13.75%, ma con dap ng hoan hio nhitng rang budc khat khe vé mit tai
nguyén cua cac thiét bj tinh toan Bién (Edge Computing).

Thong qua cac kich ban do kiém chudn (benchmark) khéc nghiét, giai phap 15i dat thong
lwong hon 429,000 yéu cau/gidy v6i do tré suy dién chi xap xi 0.51 ms. Thanh tyu ndy minh
chimg tinh kha thi cao trong viéc trién khai thuat toan tryc tiép 1én cac vi diéu khién hodc may
tinh nhiing han ché tai nguyén (nhu ho vi diéu khién STM32) dit tai cac nat giao 16. Nho vay,
hé thdng loai bo triét dé do tré do phu thudc mang vién thong khi giao tiép v6i Dam may, tu
chu ra cac quyét dinh diéu tiét tin hiéu dén nhay bén va tuan thu chat ché dién bién thuc té caa
dong phuong tién.

Trong khia canh phat trién twong lai (Future Works), nghién ctru sé& tap trung mo rong
giai phap bang cach tich hop song song ludng dir liéu thoi tiét v6i camera nhan dién thi giac
may canh bao su kién trén duong. Pong thoi, nhom tac gia dinh hudng thiét ké va trién khai
mot bo mach phan cimg nguyén mau (Proof-of-Concept) chay thir nghiém thyc nghiém (on-
field testing) trén cac tuyén phd han ché tin hiéu, nham danh gia do on dinh va t6i wu hé théng
trong mdi trudng giao thong phirc hop. Qua dé, nghién ctru gop phan dinh huéng phat trién
cac hé thong giao thong thong minh theo huéng chinh xéc, linh hoat va sin sang trién khai
trong thyc té, dac biét phu hop véi bbi canh do thi dang phat trién nhanh nhu Ha Ngi va cac
thanh phé 16n tai Viét Nam.
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