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// ServiceCollectionExtension.cs

public static IServiceCollection AddServices (this IServiceCollection services)

{
// 1. RRErERERNETAENRERSE

var types = AppDomain.CurrentDomain.Gethssemblies ()

.SelectMany(a => a.DefinedTypes
/1 2. HEIRESMF Iservice Zil/TEAVEREER

.Where (x => x.GetInterfaces().Contains (typeof (IService))

&& !x.IsInterface && !x.IsRbstract))

.ToList () s

foreach (var type in types)

{
// 3. HIRFSEEME p1 B

services.Add (new ServiceDescriptor (type, type, Servicelifetime.Transient)):;

/7 4. FREZEBRIFTEERNFRE T It TR M
var interfaces = type.GetInterfaces().ToList();
foreach (var @interface in interfaces)

{

services.Add (new ServiceDescriptor(@interface,

sp =>» sp.GetRequiredService (type)}, Servicelifetime.Transient)):

1
1‘

return services;
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B EN ik #F et it RliR iz E

‘ SE1: EENE w

public mnterface IService { }

Y
$R2: BERENENE

public class ApiService : IService { }

¥
R 3. BEFHEEM
[z SENERii
AppDomain CurreniDomain —

_GetAssemblies() services Add()

|

v SEREEE TR
-EEE  ERFIREGMNE
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- BRE  AREETHRAMENE
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c= Program.cs
= WeatherForecast.cs

= Enumerable<Vea
9 HAZIEMES

SRELRIR(S): Bk

% % Service L & - ®¥% > & & 5 MainService. cs
kBELPEP KT
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BEF HEE ®BBNM GHG ZEP) EBEEE B0 ) AfN) TEM  EEEEAR  ®/EW) = - w
HHA(H)
®© -~ - B E Debug - AnyCPU ~ P DemoDll ~ [>

MainServicecs ® X DemoDll: #

S1DemoDll - 9gDemoDll ServiceMainService
(& 1 B DemoD11.Service . =mE (e

7522 'DemoDll’ (1 /1 BEE)
&1 DemoDlIl
P @ Connected Services
> S8 Properties

B3 Controllers
4 [ Service

b c# MainService.cs

1i] appsettingsjson
Program.cs

[
{

O BFIIEAR=E

ETHLRES): BEAfkE

Debug - AnyCPU = P DemoDli ~ [

T = (Ctrl+)
5 A% 'DemoDIl' (1 /1 @EE)
4 51DemoDIl
b G Connected Services
b g Properties
b &6 BN
@ Controllers
4 [ Service
b ¢= MainService.cs
b [ appsettingsjson
b c# Programus

Ctrl+Shift+A

Shift+Alt+A

rConfig

onfig (IntelliCode)

A TE (B & eI




9. E## TriggerPlugin.dll
Gio R5 ¢ s At %)

ERESENEE.
« v 1R > B > FEER(C)

HEEE ~ FEER R

@& OneDri P a =8
neDrive - Perso el
W E MSI
30 9 PerfLogs
3 T= Program Files
Program Files (x86)
& X
sQL2022
=
TableSchemaExcel
W = Windows
= BR EhE
B Er |=] appverifuldil
¢ EHERERE (C) |%] vfcompat.dll
=| TriggerPlugin.dll
@ =5 1] TriggerPlug

v £

14 T 02:40

/29 T 02:59

/29 T4 0253
26 4 10:28
4 02:08
/25 T4 0542

14 T 0314

EESE(N): |Triggerplugin‘dll

v| [t (nexerrdlistibolbro v

A EiE

10. % MainService * #-k ITriggerPlugin
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ﬁ@%ﬁﬁ&ﬁ&’%ﬁﬁ%ﬂT+mmR
s £ # using TriggerPlugin;
£ e aB c g* =

.
> &
Z is

Git(G)

~ AnyCPU ~ P DemoDIl ~

&1DemoDll
[
He]
752 'DemaDll' (1 /1 BEE)
51 DemoDll
Services

using TriggerPlugin; 5-£ 18 '[TriggerPlugin’ (

TriggerPlugin.ITriggerPlugin

E£EE 'TriggerPlugin’

==

& 'ITriggerPlugin’ 2 riggerPlugin’ -

11. F K 3E ¥ % 7 & [TriggerPlugin &= A M
FP BTV aienig b7
BEFERx “9ivha”

Debug ~ AnyCPU ~ P DemoDll ~

= 7% 'DemoDll’ (1 /1 B=H)
4 57 DemoDll

b 5W Properties
TriggerPlugin.ITriggerPlugin
MainService' REfE7 T EELS 'ITriggerPlugin.Execute
(IsonObject)’
- 'MainService' REfEST B RES ITriggerPlugin Finally()'

C : 'MainService' KB fE/TE LS "ITriggerPlugin.OnError
(Exception)'

(Alt+Enter 5§ Ctrl+)
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BEF) FEE
EEREAN)

e -

®HRV)  Git(G)
|/EW)  FEMH)

W-wEE -

HEP) EE@B) RE#(D)

Debug - AnyCPU

DemoDII*
&1DemaDll

MainServicecs* # X DemoDIk

- O[g DemoDll.Service.MainServic ~
TriggerPlugin;

DemoD11.Service

HainService : [ITriggerPlugin

® -
BENE
HREEARE

3 A0

ErmLAR(©S): REEkE

12. #

3
¥ i¥Excute( & # {7 ehp
)

%é“%“xé’*—‘%’%’*mlfﬁ

#&5E(E)

od E==0

® -

BRV)  GitG)
O .

=35(D) 1(S)

B-eBE Any CPU
DemoDII*
&1DemoDll

MainServicecs* + x DemoDIl: %

Syaten.Text.Ison;
Systen.Text.Json.Nodes;
TriggerPlugin;

DencD11.Service

HainService : [ITrigzzerPlugin

JeonDocument Execute(JzonObject input

Finally()

errorException)

T§%# (Dapper ~ SqlClient)

b #° 5] i¢ * Dapper# Microsoft. Data. SqlClient &
f;: FRFAR TR EF AT PMES

R (AR

] D11 '# B %% ITriggerPlugin

M) TE

P DemoDll ~ [>

SO\ % K
BESHEEE (Crly)
= A2 'DemoDll’ (1 /1 E=Z%)
4 5] DemoDll
P @ Connected Services
b 3@ Properties
b &8 fHfkiE
CS0535 'MainService' REETEAS

'ITriggerPlugin.Execute
(JsonObject)’

O X

= & LiveShare f&J

%) ~Finally(# 7%

AH(N)

~ P DemoDll ~

~ g DemoDll.Service.MainService

EH R ) &

Syaten.Text. Json;
Syaten.Tent. Json.Nodes;
TriggerPlugin;

JeonDocunent Execute(JeonDbject input)

throw NotlmplementedExcept

ton(});

Finally()

NotlnplenentedException();

OnError(Exception errorException)

NotlnplenentedException();

-
L

15 % k)

& fug % B # i7Excute => Finally => (OnError)

TEM R4 |REW) REAH)

> v B T A lfE] =S s

=
ad 5

Execute(JsonObject input)

=

BDB:E {7 A &
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# v
G ISBR Rtk sk k¢ > 0@ 7 Dapper#Microsoft. Data. SqiClient® # - F]pt {3 4 B 4 %

FRRrEAFEERFEEE 0 bt ODIIFRAL ¢V Ba BDIL - (5 4 5 B7
2 > ‘ﬂ“‘xﬁg i)

H-sBE 9 Debug ~ AnyCPU ~ P DemoDll ~ [> -

MainService.cs* 9
C
- YgDemoDll.Service.MainServ 3 sonObject input)

Ctrl+K, Ctrl+B

input)

Dapper

7\ Dapper @

v (=
¥ | DemoDll
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DemoDIl
Debug ~ AnyCPU ~ P DemoDIl - [>

e

SqlClient

provic r SC - r e to versions of SQL Server and
specific protocols, including as (TDS)

v B
System.Data.SqlClient @ == ft, F | DemoDll

to versions of SQL Server and
(TD

When using NuGet

Microsoft.Data. SqICIlent SNLruntime @ e
Internal implementa ge not meant for direct ¢

14. 33::%?] IS ﬁ"’v?‘] d1ericlass
p +%% T @/ ¢ Service. Model. Param. InsertMamberParam. cs
Serv1ce Model UserView. MamberIdUserView. cs

DemoDll

51 DemoDIl

onnected Se

appsettings,|
Program
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Debug - AnyCPU

MemberldUserView.cs # X
&1DemoDll
(& 1
emoDII’ (1 /1 BE%)
51 DemoDlI

@ C
@ Propert

memberld |

it

B Model
4 BB Param
c= InsertMemberParam.cs

View

1)) appsettingsjson
c= Program.cs

15. 3% 3 DB 7§ &
ARV
137 : MSSQL:r:g s = ¢
1767 %@~ chJsonF #L &4 5 p 2 & FParamtt 3¢
197 R T g
2077 2F 2 PIRERELE AL
38-52{7: & * DapperA7TH{ RIF T AL chE o ATH & 74 2 8w @memberld
217 #w & F 44 % JsonDocument # 3¢
2277 MBPEREGSR
2417 wimEH

DemoDll

Debug - AnyCPU ~ DemoDll b & BB < (A IfE

MainService.cs # X
&1DemoDll ~ GgDemoDllServiceMainService FinallyQ
{m =) Dapper;
DemoD11.Service.Model .Param;
Model.UserView;
(=}
{
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= DemoDIl

Debug ~ AnyCPU ~ P DemoDll - [>
MainServicecs # X
[ DemoDl|

-~ %gDemoDl| Service MainService

ar

param.phone, ¢ = param.note });

16. 22 DIL 4%~ 2 2 BRI o ¥ AP+ @)

At & R4 (3F5)

ZISHREY T BARFTRL

#5334 & 7D114% (DemoD11. d11)

g v & 2 hD1 145 (Dapper. d11 & Microsoft. Data. SqlClient. d11) (2 {8 &R 3 @FE @ * &5
BEE R R BE D)

IR Peip = BDI1 > B w4t RGFE Dziphh o b p LRTT o
Gey n 3 & - BDIIK, > » ERY > ziphh)

DemaDIl

[ DemoDIl

o

~ S GRSk 5 Ho)
DemoDIl 2023/12/11 EF 12:13
¥ DemoaDllsin 2023/12/10 T4 0

(¥ ¥]
it
it
,]]]51'
A
&t

5

(%3}
[¥%)
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=
bin
obj
Service

&9 DemoDll.csproj

B Program.cs

fEcr B E

2023/12/10 T 06:53

2023/12/11
2023/12/11
2023/12/11

2023/12/10 T 06:53

BEERRL
£F 1202 EEERR
FF1213 EEERK
12113 C# Project File

C# Source File

1KB
1KB

Z8 ZHE ppic) i
runtimes 2023/12/11 £ 12:14  BEZHE

Azure.Coredll 2022/7/1 £F 03:28 ER 314 KB
Azure.ldentity.dll 2022/9/20 £ 04:31 i = 299 KB
Dapper.dll 2023/11/23 T 0458 EEEZER 225KB
] DemaDll.deps.json 2023/12/11 £F 12:14  JSON 8= 28 KB
DemoDll.dll 2023/12/11 £EF 1214 EEEIAER 10 KB
DemoDll.exe 2023/12/11 £F 12:14  EFEER 146 KB
[] bemoDIl.pdb 2023/12/11 £ 12:14  Program Debug .. 13 KB
] DemoDllruntimeconfig.json 2023/12/11 £ 12:14 JSON 8= 1KB
Microsoft.Bel.Asyncinterfaces.dll 2020/4/15 4 06:39 EEEISER 15 KB
Microsoft.Data.SqglClient.dll 20NI2/10/18 B NA23  EERRIPTUES 270 KB
Microsoft.dentity.Client.dll & SkyDrive Pro > 1,422 KB
Microsoft.Identity.Client.Extensior © & Skype 9= 62 KB
MicrosoftIdentityModel.Abstracti ® #Z OneDrive(M) 19KB

| MicrosoftidentityModelJsonWel -Zip
B ft.dentityModel.JsonWel 7-Z > 88 KB
MicrosoftidentityModel.Logging Eﬂ =& Microsoft Defender F4&... 34 KB

| Microsoft.IdentityModel.Protocol = 38 KB
ftidentityModel e 4

| Microsoft.IdentityModel.Protocol 112 KB
ftidentityModel V' smemeac >
Microsoft.IdentityModel. Tokens.d 9h1 KR
Microsoft.SglServer.Server.dll BN > St
Microsoft Win32.SystemEvents.dl =T B =@\ BuEE)
System.Configuration.Configurat =E (o) | BAWHE

| System.Drawing.Common. & =
System.D gC dil —— EEENE

) =
System.IdentityModel.Tokens.Jwt B0 & = BEERE
System.Memory.Data.dll E%it(:‘h)% v | B (zipped) ERE
System.Runtime.Caching.dll ’ M) EF=ES

| System.Security.Cryptography.Pr ZTXE
y ty.Cryptography. AER)

| System.Security.Permissions. 2021/10/22 TF 0749 F 102 KB
v ty dll +

| System.Windows.Extensions. 2021/10/23 £F 0749 ER 26 KB
v d dll F i3
TriggerPlugindll 2023/9/27 T 0215 ERE 5KB

BATT (RF 6 riinE ) ¥
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runtimes 2023/12/11 £F 12114 BEERE
2| Azure.Coredll 2022/7/1 £F 03:28 EREXER 214 KB
=] Azure.ldentity.dll 2022/9/20 £ F 0431 EREILER 299 KB

%| Dapper.dll 2022/11/23 T 0458 EEEIER 225 KB
-;] DemoDll.deps.json 2023/12/11 £F 12:14 JSON B 28 KB
=] DemoDILdIl 2023/12/11 £F 12114 EREIER 10 KB
DemaoDll.exe 2023/12/11 £F 1214 EREDI 146 KB
[ ] bemoDIl.pdb 2023/12/11 £ 12114 Program Debug ... 13 KB
o) DemoDllLruntimeconfig.json 2023/12/11 £F 12114 JSON g2 1KB
i DemoDllzip 2023/12/11 FF 1218 B8 (zipped) .. 187 KB
%] Microsoft.BclAsyncinterfaces.dll 2020/4/15 £4F 06:39 REIER 15 KB
2| Microsoft.Data.SqlClientdll 2023/10/18 EF 06:33 EEEILES 270 KB
| Microsoftldentity.Client.dll 2022/10/4 £ 01:40 EEEILER 1,422 KB
=| Microsoftldentity.Client.Extensions.Msa.. 2021/11/20 £F 06:02 EFEEIEHR 62 KB
%] MicrosoftldentityModel Abstractions.dll  2022/10/14 £F 0342 EFEEIER 19 KB

17 ﬁﬁ&*ﬁ?‘*ﬂ & p DI A%
BLiE iR ﬁﬁ?‘w‘“ fe : ﬁi'J Hé,f{fé F * DIIPF € 25| aDI LA, o
(*7'*’: BLERRGFT A AL o F RPN F 2 B TR A A 5D o pemiz T

Dapper.dll EEENER 116K & 225KB  49% 2023/11/23 T4 04:58
DemoDIldll EREIXES 5KB = 10KB 56% 2023/12/11 B 12114
Microsoft.Data.SqlClient.dll BRENER 67K8 &H 270KB  76% 2023/10/18 £ 06:33

18. ¢ 3 API p+ @ D11 4%
DLL# % &4 => H B 1 & DI &
Namespace class => #-ikITriggerPlugin¢fclass« Namespace + Class ¢ f

APIETE*
Test Insert AP|

APIEREE"
& Insert API

EIEeRE

=

DLL REEE"
DemoDIl

Namespace class*
DemoDlIl.Service.MainService

19. @ DI 2N BEAFFRES (FRFEFT P THRBERP F LA 2 H BT PrE)
2 > - @Controller > ** *'MainServicep &1 j
¥ i B #, {7Execute ~ Finally ~ OnError
FEHSFIUTHY BB EER (T
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&1DemoDll

~ Any CPU P DemoDll -

i}—\»;

20. B kx
le: P
P iR

+

@~ emJsont
PGB @ szonTé;

H

7

J

/Main/GetAccountList

Parameters

No parameters

Request body

51 DemoDll

%4 (& F5)
e p]% #* F]
2EhoB g XY

52E 'DemoDIl’ (1 /1 BEE

Services

B3 Controllers
»  ¢® MainController.cs

4 [ Model

* Dllb’ﬁj%] » f]sont: 3

Reset

~ ]

applicationfjson

Clear

21. Rl R =

RLir(AE L

TP gTAR 2 )
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@ swaggerul x 4+

cC O & localhost

Responses

curl -X 'POST' \
/localhost:7@95 /Main/GetAccountlist® \
xt/plain’ \
pe: application/json’ \

Request URL

https://localhost:7895/Main/GetAccountlist

Server response

Code Details

2 Response bady

“memberId": “daal2927-0671-4e@1-9d7a-99d155488381"

Response headers

content-type: application/json; charsetsutf-8

date: Mon,11 Dec 2023 13:52:33 GMT
server: Kestrel

Responses

-

L4 SQLQuery1.sql - DESKTOP-AASVN1ADemoTest (test-user1 (60)) - Microsoft SQL Server Management Studio

RBEF) ®EE BRV) ZAEQ JBEP) IFRT ®EW HEH

i Bro-2 Wb BrmEun 220 %02 -0 -8 -5 -lRmEpED-
“f | DemoTest -lpwax « vESE|FER SEO \ e

i R <ccueryisa - e cetusert o)+ < I

mE- § ¥ ¢ =ISELECT TOP (10007 [nenberld]
2 DESKTOP-AASVNTA (SQL Server 16.0.1000.6 - DESKTOP-A) z {2::?]
= i@ DESKTOP-AASVN1TA (SQL Server 16.0.1000.6 - test-user1) [phone]
= EHE note]
HE [leDelete]
BHERES FROM [DemoTest].[dbo]. [Henber]
= i@ DemoTest
HERHEER
Bt
RFERZ
FileTable
SRR
BERERE
EE dbo.Member
EHREEERE
187
SNEETR
el 100% ~
oEE
EHERE BER e
Service Broker memberld name age phone note  isDelete
HEEE 1 ¢ daal2027-0671-4601-947a-004 155488381 © Allen 24 (087054321 HiE o
=t
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AR R LR
© Wb s
A&7 zISBVWebisd &% -
1. BEcsk 2%8 «‘%ﬁt}h‘% % » BT % src\environments\environment. prod. ts °

é@ Ly}

W)"

export environment = {

ENV_NAME: ‘PROD',

production:

useMock:

API_SERVER: 'http://
};

2. % T_ API Server 8% %#c(API_SERVER) » # » 9 %2 API Serverz.Domain names® [P o

API_SERVER: 'http:
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Initial Total o 551.74 kB

Lazy Chunk Files Names i Estimated Transfer Size
6 eb18Fdc d home-routing-home-routing-module 3 99 kB

15a55d8a4.j program-routing-program-routing-module
permission-routing-permission-routing-module
home-routing-home-routing-module

api-gateway-routing-api-gateway-routing-module
permission-routing-permission-routing-module
operation-record-routing-operation-record-routing-module
settings-routing-settings-routing-module
feature-Route-backend-routing-module

common

Build at: 2023-12-14T14:32:41.510Z - Hash: 4b9elc11f58262bf - Time: 60224ms

4. Build &' % erd# fi e b 425575 » 242 P £ & 7 0 /dist/nutc-api-module-client 7 #* %
]1\ °

« dist » nutc-api-module-client v | 0 E 2 nutc
s B sHEH 5l x
assets 2114 T 10:32

=| 3rdpartylicenses.tt 2/14 T 10:32 39 KB
53.2d2d15115a55d8a4 js 214 51032 75 KB
189.d2c87ed14eT70a72 js 2/14 5 10:32 2 KB
198.ef7ealdVed 0424440 s 2 2/14 T 10:32 21 KE
237.715787e45e8eb911 s 20231214 T 10:32 8 KE
469.6&5‘]85&!:]515869933._]5 20231214 F5 10:32 13 KB
657.c890b18fddbeb028d js 20231214 T 10:32 373 KB
2| 81 6.c8a37c523445db34d j= 20231214 T 10:32 SBKE
901.d32b5ffe2e0cBalcjs 2/14 T 10:32 32 KB
997.344de48f02913982 s 214 51032 TKE
common. 7410atbdacd3ceel js 2/14 5 10:32 KE
v | fa-brands-400.2a305705360d40777 4 2/14 T 10:32 8o KE
|| fa-brands-400.b6033b540dd66184. wa... 2/14 5 10:32 08 KB
o | fa-regular-400.67a0ib748649533d 1t 4 T 10:32 62 KB
|| fa-regular-400.3580b4295c%bb1d5.w... 4 5 10:32 24 KB
o fa-solid-900.6a8db53d80e%dalc ttf 4 T 10:32 386 KB
|| fa-solid-200.fd0b155cd663a8fa waff2 4 51032 47 KB
|| favicon.ico 0 ™5 09:09 1 KB
G indexhtml 4 T 10:32 35 KB
main.74dbdecbabls9461f s 4 5 10:32 2,229 KE
polyfills. 4d95fafcf231c130 s 4 5 10:32 34 KB
runtime. 93d4f02711065922 js 4 T 10:32 3 KB
| styles.aBb29395e953022% css 4 5 10:32 254 KB

5. TISATHi = & » M- MWES4p» # i 2 P & /dist/nutc-api-module-client & i3k
BE o
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" |IsBweb | |IsB_Web

NEBS
EEETP:

|S}-'stem-backstage-client\dist\nutc-api-mndule-client
BE=RE
EES20). AFETE(G) -

5
FEM: Pzt () =Z=E(0):
http v |2EEEE v||s020 |
FiEREH):

{7l www.contoso.com 3 marketing.contoso.com

6. ® X IIS#H % # URL Rewrite o

Download URL Rewrite Module 2.1

* English: x86 installer / x84 installer

& German: x36 installer / x84 installer

* Spanish: x86 installer / x64 installer

® French: x86 installer / x64 installer

& [talian: x86 installer / x64 installer

* Japanese: x36 installer / %54 installer

s Korean: x86 installer / x64 installer

& Russian: x86 installer / x64 installer

¢ Chinese Simplified: x86 installer / x64 installer

® (Chinese Traditional: x36 installer / x64 installer

T RFIISH L 5U| ook

REIT (AR EITHIERE ) ¥
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el


https://iis-umbraco.azurewebsites.net/downloads/microsoft/url-rewrite

0 €Y NutchpiModuleClient x | @ & x|+

< G

() localhost:2020/1ogin

ISBES{CRBERFFS
NUTC ISB

Manager Website

fo:B % RIng
¢ 718 SAPI ~ PRAREE A~ k42 ~ SignalR Server » = B % % o

AFEE SAPIR L 0] B R SRR R G LR RARF IR (FT T

s ¢ API: portsL 8011

JR3%-4& 4 : portH. 8012

4,
A

Supt 4z portil 8013

SignalR Server: port%. 8014

1.

Brc “BraiEsa” = ‘fifes i’

=>

REIT (AR EITHRE) %

“B Exss M B Windows # &t ”
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£ Erelans

i ERERARER

m BGE

[ DUEREZ=FREN

n ERIEM

-0

ZEl

ERREVETEE

_ IVIICTOS01L Lorporauorn ZULsS) I 14
» LG 8.00 KB
Microsoft Corporation 2023/9/14

A ) EhEEES
<0 2023/11/25
‘s EREAZERA 644 KB
B Microsoft Corporation 2023/11/19

[
2023/9/17

1HESREE
BRAINGE

ENEEE B

FMicrosoft StoreEFI#ETHEHERR
B EERES
BHERER

@ s
PRy pp——

O EERmEE

T« B, > BIH.

ZHEEE

BIRCZERER

G RS EvEE B RS Windows ThaE

v O

BREEeEE

EEREREEEN  SUEEEENER  AEET [BRER] - (EE] H [BE
] o

=EE -~ = -

2. T § IIS (Internet Information Services)
TRl i E B PO R ] iE
LR S ALREE RV RIS &
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[ Windows LisE

BEBYEL R Windows IIEE

EERRIEE - EENZDEENENTIR - SEREIEE - S EERSETEENEINEE -
papul-i

- | >

ERNFRERREREE

Internet Explorer 11
= [m] Internet Information Services
[] FTP ElfE=2
= m WebEEIZ
L[] lIseE=EREEE
IS EEEES
L] s EEEE
L]l IS EERESERIR
= [m] = World Wide Web fE7%
(m] —R&HTTP Ih&E
] ==&
m] | HRREEET
(m] | EEEHETE
o EREIEREE
NET Extensibility 4.5
NET #EZ& 3.5
ASP
ASP.NET 3.5
ASP.NET 4.8
cal
ISAP| ERiESEE
ISAPI EFEZEZ
WebSocket B EE
AfEEEE=
FERER T
Internet Information Services TI5&=£(5] Web .01
Microsoft Message 751 (MSMQ) fEIfkEE
Microsoft KPS Document Writer

OUrdooogoog

®H

Nin

EE

@

u»_Cﬁ;ié"
YT BliE S -
# & ISBF 1‘—'
Servero (¥ p§
AR 8 5 A%@_’g'l
Bt od 4 7

R TER)
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"

=8 FHEER (C)
#E BE | EREISR
Lo A > RHER O
=% - EHED g2 =
inetpub 2023/12/12 T4 10:00
Intel 2023/9/14 T 02:53
ISB 2023/12/12 T4 10:28
MSI 2023/9/20 FF 11:01
PEI‘fLOgS 2023/9/14 T 02:40

2023/11/29 T4 02:59
2023/11/29 T4 02:53

Program Files

Program Files (x86)

TR (C)

7D><J

sQLz2022 2023/11/26 £ 10:28

Windows 2023/12/12 T4 10:00

EHE 2023/9/14 T 03114
D appverifuldll 2023/5/12 £ 04:28 110 KB
[2] TriggerPlugin.dil 2023/9/27 T4 02115 5KB
D vicompatdll 2023/5/12 £7F 04:29 65 KB

| ISB
? =R iR

1 > LB > REEE(C) > ISB > v O
=tE e B8R bR 1
api 2023/12/12 FF 1027  BEHERE
schedule 2023/12/12 T 1027 BESZHRE
service-referral 2023/12/12 FF 1027 BEEERE
signalr-server 2023/12/12 FF 1027 EEBERRE
4 BEISBFH 4 H#1
5. BEIIS
27 A BE LG TR R
Qj Internet Information Services (IIS) €8 = a X
£ | &3 DESKTOP-AASBVNIA » i 2 1@ -
#EEO BEV REH
a8 \

‘ g;' DESKTOP-AABVN1A E8E

v & DESKTOP-AABVN1A (DESK]

O mEE=sm g - w820 -G 2EETR BEGE Ex - B
- ——
@ wame | U :
@ EFE=Ee 7 ‘r‘?’ s L’J
? PERE MIMESZ IfrEEE SENS2 =Esog Ea
TREAERE 2 B
}'3‘?— i ;3__' =) fb‘?)
BinRE S58H 22 R EE)
=2 N
E \EA =)
Shared ~ IMEEE RTgEs
Configurat...
< >

6. Brki tfE HETH&RE - Port %
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—. EAINZE Tokend FEIYAPT (3524H)
BN Token ¥ APT
TEWEIYAEARAPT 2 B, i pe o 2E 50 e A2 — (B N i Token, 321 Tokenii F A% 48 AP TR K H &
APT BBX: http://_/SubSystem/GenerateReferralToken
A2
e account (string): T R&FMRIE
e password (string): FRFH
e action (string): ZXFHFH D11 HEM actionName ({18 &R EHERTE)
o encryptKey (string): TRHEMFEM RERETRHEHAETE)
e inputData (object): FHH D11 BpFEEMEATIE R
B
e data (string): EAEMIINE Token, BRI A 45 Fb,
#HER CH):
using System;
using System. Net.Http;
using System. Text;
using System. Threading. Tasks;

public class TokenService
{

private static readonly HttpClient client = new HttpClient():

public async Task<{string> GenerateTokenAsync ()

{
var requestContent = new
{
account = “subsystem account”,
password = “subsystem password”,
action = “desired action”,
encryptKey = “your encrypt key”,
inputData = new { keyl = “valuel”, key2 = “value2” } //BHREHIINE
b

var jsonContent = new StringContent (JsonConvert. SerializeObject (requestContent),
Encoding. UTF8, “application/json”);

var response = await
client. PostAsync ("http: /_/SubSystem/GenerateReferralToken",

jsonContent) ;

if (response. IsSuccessStatusCode)

{
var responseData = await response. Content.ReadAsStringAsync () ;
// Extract token from responseData
return responseData;
}
else
{
throw new Exception(“Failed to generate token.”);
}
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}
}
FFHAPT ) BR
15 N 1) Token 2E 3 I APT DASRAT B B 1) SE 05 i i
APT BEFX: http://_/Referral/ReferralRequest
A2
e authorizationHeader (string, FromHeader): 8% 1 4 i in®% Token.
o syncType (string, FromBody): &53K APT #iA! (R $E3Z Sync 8¢ Asyne) .
e connectionld (string, FromBody): SignalR [ Connectionld ({#i# M AAEMREID APT) .
B
e isSuccess (bool): #UTHER (true KREII)
e message (string): FUINELEEFRANE .
e data (object): FAH D11 fJIEEE KL,

BRI CH) .

public async Task<string> CallApiAsync (string token)

{
var requestContent = new
{
syncType = “Sync”, //8F Async”, & KiME
connectionld = “your connection id if async” // W ZIEREHAsyne, HIWZEER I
b

var jsonContent = new StringContent (JsonConvert. SerializeObject (requestContent),
Encoding. UTF8, “application/json”);

client. DefaultRequestHeaders. Add ("Authorization”, token)

var response = await

client. PostAsync ("http: /_/Referra1/Referra1Request”, jsonContent) ;

if (response. IsSuccessStatusCode)

{
var responseData = await response. Content. ReadAsStringAsync () ;
// Process the response data as needed
return responseData;
}
else
{
throw new Exception (“API call failed.”);
}
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JEF AP G

W 5 A AR P 7 SR FIAPTIR:, Signal RE AR R H B R ST LB . 18 AUFT RHUER G SRS

3K, MAE R T 58 RRAR A A SR IR [ 4G 2 i o
FEDRE:
1. f#F ReferralRequest API fEiXdE[E2EE5R, WHELR connectionld (HiE IEHE,
2. FEREWIMANHRRATY], RHE 30 BoefT — AT H R AER RS K .
#mER CH) :
csharp
1 R A
public async Task<string> CallAsyncApi (string token)
{
var requestContent = new
{
syncType = “Async”,
connectionld = “your signalr connection id”

var jsonContent = new StringContent (JsonConvert. SerializeObject (requestContent),
Encoding. UTF8, “application/json”);

client. DefaultRequestHeaders. Add ("Authorization”, token);

var response = await

client. PostAsync ("http: //_/Referral/ReferralRequest”, jsonContent) ;

if (response. IsSuccessStatusCode)

{
var responseData = await response. Content. ReadAsStringAsync () ;
// Handle the async response
return responseData;

}

else

{

throw new Exception(“Async API call failed.”);

}
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In dmg production, defect detection is usually performed manually, often leading to
low efficiency and accuracy. In this paper, we propose a system that detects defects using
computer vision and then grasps defective drugs using a robotic manipulator. The proposed
system adopts an eye-to-hand architecture with the camera fixed above the conveyor belt
and uses a two-point comection method to convert pixel coordinates in the image into real-
world coordinates to determine the target position. This system combines the Taguchi-
based You Only Look Once (TYOLO) model for object detection and the SOR.T algerithm
to track the location of the drugs. When defects are detected, the manipulator removes the
defective dmgs. Experimental results indicate that the mean accuracy, precision, recall,
and Fl-score of the TYOLO model reached 98.67%, 98%, 98%, and 98%, respectively.
The success rates of static and dynamic grasping tasks were 98% and 93%., respectively,
showing that the proposed system performs well in terms of both accuracy and stability.

Keywords: drug defect detection, manipulator, You Only Look Once, Taguchi method,
grasping

*Corresponding author

1. INTRODUCTION

In the era of Industry 4.0, robotic manipulators are part of the movement towards full
automation. However., most object classification in product manufacturing still relies on
human labor, greatly increasing costs [1, 2]. The use of manipulators has significantly im-
proved production efficiency, but 1t remains difficult to completely replace human labor 1n
a changing work environment. In complex work scenarios. manipulators often need to be
calibrated. which 1s time-consuming and cumbersome [3, 4]. To address these challenges,
vision sensors have been introduced to increase flexability. Nakamura [5] used a Kinect
camera to capture three-dimensional (3D) depth information and color data and success-
fully combined depth and color information by fusing the intrinsic parameters and relative
%Y i % 4 F
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position of the camera. The system used color information to mark depth pixels. enabling
instant tracking of target areas. Peng et al. [6] proposed a method for grasping objects with
six degrees of freedom based on self-supervised learning. The pomt cloud data of objects
were obtained through a self-supervised mechanism to automatically generate annotation
data required for the grasping task. This method not only makes data collection and target
annotation significantly quicker but also improves the automation of object-grabbing tasks.
However, although mstalling a depth camera or 3D lidar on a robotic arm can improve the
accuracy of grabbing objects, it increases the cost of system equipment. To mitigate this
1ssue, Hu et al. [7] used a low-cost network camera placed above the working area of the
robotic arm as well as hand-eye correction technology to successfully establish a coordi-
nate system between the robotic arm and the camera to improve accuracy and reduce costs.

Traditional image processing technology usually uses color information to segment
objects and combines edge detection techmiques. such as those developed by Kanopoulos
et al. [8] and Muszkieta [9]. to extract the key features of objects such as shape, center
postiion. length, and slope. However, when light, background, or object complexity
changes_ the accuracy and stability of these 1mage processing techniques become less reli-
able. To overcome these limitations, machine learning techniques such as neural networks
[10] and support vector machine (SVM) [11] have been used to improve the adaptability
and accuracy of image processing in dynamic environments. Kim et al. [10] increased the
demand for automated machine vision and proposed a vision-based dynamic target recog-
nition system for manipulators i which neural-network-based feature extractors and ob-
ject classifiers are used to 1dentify dynamic objects. Tsai et al. [11] used SVM to classify
object shapes such as spheres. cubes, spherical holes. and square holes, and then subse-
quently to pick and place the objects. Their experiments demonstrated the stability of SVIM
in shape classification. Although machine learming technology has many advantages in
classification. 1t has several shortcomings. For example, the performance of machine learn-
ing technology is highly dependent on the quality of the selected features. If the features
of the detected objects are improperly selected. the generalization ability of the model 1s
seriously affected.

Deep learning has become a popular choice for object detection in computer vision.
Detection methods are generally classified into two categories: two-stage and one-stage
models. Commeon two-stage models include region-based convolutional neural network
(R-CNN) [12]. fast R-CNN [13], and faster R-CNN [14]. which generate region proposals
via CINN and use feature pyramid networks (FPN) for object localization. Cheng et al. [15]
combined a densely-connected FPN with multiple two-stage detectors for dense grasping
gesture prediction. Although accurate, these methods are slower and less suitable for real-
time systems. In contrast, one-stage methods [16] predict both object categories and
bounding boxes using a single neural network. Common examples are SSD [17]. Reti-
naNet [18], and the YOLO series [19], which provide faster processing and are suitable for
real-time detection. Among them, YOLOv4 [20] outperforms SSD and RetinalNet on the
MSCOCO dataset in terms of recognition accuracy. While YOLOwv4 1s slightly slower than
YOLOv7 [21], it demonstrates better system stability and integration. making it a strong
candidate for industrial use. Wong et al. [22] designed a prediction and grasping system
that enables a robotic arm to accurately grasp moving objects on conveyor belts and rotat-
ing platforms using a two-finger gripper. Ucar et al. [23] used the YOLO detection method
to develop a system for identifying objects moving at unknown speeds on a conveyor belt
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to achieve automatic grabbing and tracking functions. Overall, the one-stage approach has
become the optimal solution for object detection and grasping in modern industrial envi-
ronments due to its high-speed processing and instant application capabilities [24].

The above-mentioned detection methods can determine the current position and status
of objects; however. problems arise when these objects are moving along a factory pro-
duction line. To overcome this issue, multiple object tracking (MOT) plays a key role in
robotic grasping tasks. MOT continuously tracks objects and ensures that the robotic arm
can accurately identify and grasp the specified target mn a dynamic environment. Tradi-
tional MOT methods, such as multiple hypothesis tracking (MHT) and joint probabalistic
data association (JPDA), can lead to decision-making delays due to high levels of uncer-
tamnty when identifying multiple objects. To improve system efficiency, Rezatofighi et al.
[25] optinmzed the computational efficiency of the JPDA model, while EKim et al. [26]
improved tracking accuracy by pruning the MHT map through the appearance model. Gei-
ger et al. [27] used the Hungarian algorithm for target association. Though this method
improves the accuracy of object tracking, 1t 15 difficult to apply 1n real time due to the need
for batch processing. Recently. simple online and real-time tracking (SORT) [28] was in-
troduced; this approach focuses on dynamic object association within each frame to reduce
decision-making latency and computational complexity. A combination of the Kalman fil-
ter [29] and the Hungaran algorithm achieves real-time tracking and grabbing tasks in
dynamic environments.

Parameter settings for deep learning models are often determuned using a trial-and-
error method. The Taguchi method [30, 31] uses systematic experimental design to deter-
mine the key factors that affect model performance and find the best parameter combina-
tion in a smaller number of experiments. This method not only saves time and resources
but also sigmficantly improves the stability and performance of the model [32, 33]. Lin et
al. [34] used the Taguchi method to find the best parameter combination of CNN and used
the confusion matrix as the main evaluation tool. Evaluation indicators included accuracy.
sensitivity, and specificity to measure the classification performance of the model.

In this paper, we propose a mantpulator grasping system that detects drug defects
based on computer vision and then tracks and grasps defective dmgs. The major contribu-
tions of this paper are as follows:

(1) The proposed system adopts an eve-to-hand architecture with the camera fixed
above the convevor belt and uses a two-point calibration method to convert
pixel coordinates in the image into real-world coordinates to determine the
target position.

(2) The proposed system combines the Taguchi-based YOLO (TYOLQ) model
for defect detection and the SOET algorithm to track the location of the dmgs.

The rest of this paper 15 organmized as follows: Section 2 mtroduces the hand-eye cal-
ibration process and explains the correspondence between the camera and the manipulator.
It also presents the TYOLO defect detection model. Section 3 shows the defect detection
results of TYOLO and the success rate of the mantpulator’s grabbing task. Finally, Section
4 summarnizes our research results and provides recommendations for future studies.

2. SYSTEM ARCHITECTURE AND METHODS

—_

+iT % 6 |
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Our system architecture is shown in Fig. 1. First, the system performs hand-eve cali-
bration of the manipulator and camera to ensure accurate correspondence. Next, TYOLO
conducts object detection to obtain the coordinates of the drug. The drug 15 then scanned
for defects. TYOLO 1s then combined with the SORT algorithm to obtain stability and
accuracy in tracking defective drugs on the conveyor belt. Fmally, the target drug coordi-
nates are converted into control mstructions to command the manipulator to complete the
grabbing task to remove defective drugs from the production line.

Object detection and tracking Hand-Eye Calibration
RGH image
SORT TYOLO Camera

Robot arm g

Conveyor Belt

Object coordinate calculation
and velocity estimation
Transforming pixel ®
coordinates to .
Robotic arm coordinates ®

ROS- # Calibration point
Moveit

Pixel(x,y)

. Recogmze object

Fig 1. Proposed system architecture.

2.1 Hand-eye calibration

For forward and inverse kinematics calculations, the angles of each joint of the ma-
ntpulator are needed 1n order to calculate the precise coordinates of the end effector [35].
In this process. we start from the base, sequentially calculate the transfer matnx of each
joint, determine the coordinate system of the fixture, and finally locate 1ts position in 3D
space, as shown 1n Fig. 2. To obtain the accurate relative position between the camera and
the manipulator. the distance between the perspective of the camera and the scene needs
to be calculated to determine the position of the object in the image and its correspondence
in physical space. This process ensures that the manipulator can accurately grasp objects
and maintain operational stability.
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Camera

Fig. 2. Schematic diagram of object coordinate calibration.

The steps for hand-eve calibration are as follows:
Step 1: Confirm the coordinates of the manipulator

Forward kinematics calculates the position and attitude of the fixture based on known
joint parameters. while inverse kinematics calculates the parameters that each joint should
achieve through the position and direction of the target. These kinematic calculations en-
sure that the manipulator can perform movements accurately.

cos6; —sinijcosa,- sin@jxsinaj a; xcos 6,
v v

smf; cosf,;xcosa; —cosf;xsmna; a;xcos,
Aj . J J J J (1)
0 sma; cosa; d
0 0 0 1

where 6; represents the relative rotation angle of the joint between the j-1th axis and the jth
axis. aj represents the relative inclination angle between the Z;.1th axis and the Zjth axis. a;
represents the 7-1th axis to the ith axis, | represents the length of the joint connection of the
axis. and d; represents the vertical distance between the i-1th axis and the ith axis.

Next. the pose of the fixture 1s determined in the base coordinate system, which 1s the
spatial position and ornentation of the fixture relative to the base.

n.!' ox ax px
n.. 0. 4. P
T =Ax A x A x A x A x 4= " 7 i 2
n. o, a, p.
0 0 1

0
Y5 8T
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where T? is the coordinate transformation matrix from the first axis to the sixth axis of
the manipulator, which 1s used to determine the posture of the fixture in the base coordinate
system. The direction vector of the fixture 1s represented by ». o, and a. which are respec-
tively n = [ny, 1y, n:)%, 0 = [0 0. 0:]". and a = [ay, a,. a:]". The position vector p defines
the specific position of the fixture in space. p = [px. py. p-]". These vectors describe the
orientation and position of the fixture to accurately locate it in space.
Step 2: Confirm camera coordinates

The camera i1s fixed above the convevor belt and maintained at a certain height to
capture images. The position of the object in the image is approximately represented by
the pinhole projection model, thereby establishing the correspondence between image pix-
els and physical space coordinates. This model enables accurate mapping of the position
of objects in the image to physical space and supports the precise operation of the manip-
ulator.

w| |f. 0wl |x
v|=| 0 7, w|qy 3)
1 0 0 111

where u represents the x-coordinate pixel in the image plane and v represents the y-coordi-
nate pixel in the image plane. As the height of the camera’s viewing angle 1s fixed, the
depth value 1s not used as a basis for the subsequent process of hand-eye calibration. There-
fore, during the calibration process. # and v are mainly used to determine the position of
the object in the image, without considermg changes in depth information.

After obtaining mapping coordinates, the system can calculate the pixel coordinates
of the center of the circle through Hough circle detection to obtain the pixel positions of
the two correction points. The representation of the circle 1s 72 = (x — u)*+ (¥ — v)*. where
(1.v) represents the pixel coordmates of the center of the circle and » 15 the radius of the
circle; the pixel positions of the two circles are (1% and (1°1%). respectively. Through
these data. we can perform further calibrations to ensure the accuracy of coordinate con-
Versiofl.

Step 3: Confirm hand-eve coordinates

A fter the front end of the gripper of the manipulator 15 aligned to the calibration point,
the current coordinates of the gripper at point A and point B are recorded, as shown in Fig.
3. The coordinates of points A and B are (x2_y%) and (xZ v2). respectively. Through these
data. we can calculate the relative distance between the pixel coordinates and the manipu-
lator coordinates.

b a B b a Ba
= Xg—X5 Xy —-  ¥sT¥s ¥
X, = =— and ¥, = =—= (4)
6 ] a B <6 b a
u —u 0 Y -V v
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o

b
Robot arm ) 4 .
base

¥
Yrange

y;‘z V .

Fig 3. Relationship between pixel coordinates and manipulator coordinates.

If ¥, > 0 and y¢ < 0, then the camera 1s located in the front right position of the
manipulator base. The coordinates (x&.y&) and (x2.yZ) respectively represent the coordi-
nates when the manipulator reaches the correction point A and B, while (z°7) and (221?)
are the pixel coordinates of points A and B from the camera’s perspective. Therefore, the
distance conversion value between the manipulator and the camera can be calculated as
follows:

Xoerge =xg—f6 xu’ (5)
Vrge =5~V XV’ (6)

where (X.y) 1s the relative conversion value of object detection and (Xrange. Yranee) rEPIE-
sents the distance between the manipulator and the camera outside the frame.

Through the hand-eye calibration process, the system establishes an accurate spatial
correspondence between the pixel coordinates captured by the camera and the real-world
coordinates of the robotic manipulator. This spatial mapping enables the manipulator to
respond precisely to the visual input. With this foundation, the system can accurately in-
terpret the object positions detected by the vision model. In the next section, we introduce
the TYOLO model, which 1s used to identify defective drugs in the camera’s field of view
and generate object bounding boxes for downstream processing.

2.2 Proposed TYOLO model

The Ly; orthogonal table [36] and the S/N ratio are used to optimize the parameter

55T % 10 ¥
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combination of the TYOLO model 1n order to reduce the number of experiments and 1m-
prove the efficiency of TYOLO.

"

S/N = mlng[lz 11

L

(7)

where n 1s the number of experiments and y; represents the 7th experimental data.

In this paper, the following six impact factors were selected to construct the orthogo-
nal table: batch. momentum. saturation, learning rate, size, and activation. These factors
were selected because they directly affect YOLO s convergence speed. detection accuracy,
and computational efficiency. For example. the batch sizes (16, 32, 64) represent common
muni-batch values suitable for balancing memory usage and convergence speed. Momen-
tum values (0.85, 0.9, 0.95) were selected based on literature-recommended defaults for
optimizing training stability [37]. Saturation levels (0.5, 1.0. 1.5) relate to image normali-
zation and were selected to explore contrast variation effects on detection robustness. The
learming rates (0.01, 0.001, 0.0001) span coarse to fine learning to observe convergence
effects. Kemel sizes (3. 5. 6) were selected to assess the receptive field impact on feature
map resolution. Activation (leaky ReLU, sigmoid, ReLU) represent common nonlineari-
ties with different gradient and sparsity behaviors. The ranges for each factor were deter-
mined by a combination of preliminary expeniments. commonly-used settings 1n related
studies, and hardware resource constraints. Each factor was set to three levels, as shown in
Table 1.

Table 1. Impact factors and their levels.

No. Factors Level 1 Level 2 Level 3
A batch 16 32 64
B momentum 0.85 09 0.95
C saturation 0.3 10 15
D learning rate 0.01 0.001 0.0001
E kernel size 3 5 ]
F activation leaky elu sigmoid

This paper originally required 729 experiments in the full factorial experiment; how-
ever, the orthogonal table of the Taguchi experiment suggested only 27 experiments, which
represents a significant reduction. The optimized TYOLO model can effectively distin-
guish defective drugs from normal drugs and exhibits higher accuracy and efficiency dur-
ing the detection process. The TYOLO architecture 1s shown in Fig. 4.
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TYOLO consists of a backbone layer, a neck layer, and a head layer. The backbone
layer 1s responsible for object feature extraction. This paper adopts the CSPDarknet53 ar-
chitecture [38] and effectively solves the gradient duplication problem 1n CNN. The neck
layer combines multi-layer feature maps through pooling as well as upsampling and
downsampling techniques to improve the detection capabilities for objects of different
sizes. The head layer outputs the bounding box and detection score of the object to achieve
precise positioning and detection [39].

While the TYOLO model provides accurate identification of defective drugs within
individual image frames, practical applications often mnvolve dynamic environments where
dmgs move continuously along the conveyor belt. In such cases, consistent tracking across
frames 1s necessary to ensure correct object association and grasp timing. Therefore, we
integrated the SORT algorithm to perform multi-object tracking to enable stable and real-
time drug localization in dynamuc conditions. The following section elaborates on this
tracking mechanism and its role within the system.

Detectmon result

Fig. 4. TYOLO architecture.

2.3 Object tracking

TYOLO assists in successfully locating an object using a single image. However, in
practical applications objects must often be located while moving on a conveyor belt. To
solve this problem. we apply SORT technology to configure a umque ID for each detected
drug. In SORT technology, the Kalman filter 1s used to predict the position of each dug
in the current frame, and the mtersection over union (IoU) between the actual position and
the predicted position 1s calculated as the distance cost. First, a set of state parameters 1s
established for each tracked dmg:

x= [u,v,s,rjj,?,?]r (8)
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where u and v are the center coordinates of the drug prediction box, and s and r represent
the area and aspect ratio of the prediction box. respectively. As the aspect ratio of the drug
does not change, ¥ can be 1gnored.

Next, the state transition equation 1s used to predict the current state:

x,=Fx_,+Bu, (9)

where x; 15 the predicted current state, F; 1s the state transition matrix, x.; is the state pa-
rameter of x at -1, and B; and u; are the control influence matrix and control input vector,
respectively. The covanance matrix 1s used to calculate the confidence level of the predic-
tion:

P=FP_ F +Q (10)

where P; 1s the covanance matnx of the current prediction, P, 1s the covanance matrix at
t-1, and @ 1s the system noise.
Finally, the Kalman filter 1s used to improve the accuracy of the results:

%, =x,+K,(Z,— Hx,) (11)
B-(I-KH)R (12)

where x, 1s the filtered result, Z; 1s the actual value, A 1s the transfer matrix from the
predicted value to the actual value, 7 is the identity matrix, and K; 15 Kalman gain, which

represents the weight relationship between the current predicted value and the current ac-
tual value. The Kalman filter i1s defined as follows:

K,=PH"(HEH™ +R) (13)

where R represents noise.

When the Hunganan algonithm 1s used for matching, we regard the drugs of the pre-
vious frame and the current frame as two sets. We then use IoU to calculate the cost matrix
and match based on the minimum cost:

bU,_, : LU, ,;
Cost_,, =—| : (14)
Ia U‘:—.']T IﬂUll"-l 'II.I'
where IoU;, _ ; represents the IoU between the 7th drug in the #-1th frame and the jth
drug 1n the fth frame.

After multiple iterations. the best match 1s obtained, ensuring that the position of each
drug in different frames can be correctly associated.

3. EXPERIMENTAL RESULTS
>4iv % 13 |
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This section presents the results of the recogmition performance of the proposed TY-
OLO model First, the Taguchi method was used to obtain the optimal parameter configu-
ration of the TYOLO model The obtained nodes were then compared with traditional
YOLO. AlexNet [40]. LeNet [41]. and ResNet50 [42] for classification accuracy. Grasping

experiments were conducted on both static and dynamic drugs.

3.1 TYOLO with the best parameter combination

The S/N ratio for each factor and level combination from the Li7 orthogonal table were
calculated. The experimental results are shown in Table 2. When the batch was 16, the
momentum was 0.95, and the learng rate was 0.0010, the stabality of the model was sig-
nificantly improved. The choice of activation function (relu, sigmoid, or leaky) as well as
the adjustment of size and saturation also had an important impact on the accuracy and
stability of the model.

Tahble 2. 5/N ratio for different factor and level combinations.

No A B C D E F SIN(Y)
" || Batch | Momentum | Saturation | Learning rate | Kemel size | Activation

1 16 0385 05 0.0100 3 leaky 397157
2 16 0.35 05 0.0100 5 relu 399425
3 16 0.35 0.5 0.0100 4] sigmoid 307489
4 16 0.eo 1.0 0.0010 3 lealcy 307961
5 16 0.e0 1.0 0.0010 5 relu 300101
] 16 080 1.0 0.0010 ] sigmoid 307184
7 16 085 15 0.0001 3 leaky 397828
8 16 085 15 0.0001 5 relu 308254
0 16 005 15 0.0001 ] sigmoid 30.7130
10 32 0.85 1.0 0.0001 3 relu 30.7043
11 32 0.35 1.0 0.0001 5 sigmoid 39.7533
12 32 0.35 1.0 0.0001 4] leaky 397175
13 32 0.eo 15 0.0100 3 relu 307381
14 32 0.e0 15 0.0100 5 sigmoid 307139
15 32 0.e0 15 0.0100 4] leaky 397471
16 32 085 0.5 0.0010 3 relu 398068
17 32 005 05 0.0010 5 sigmoid 308051
18 32 095 03 0.0010 ] lealcy 308103
19 o4 0.85 15 0.0010 3 sigmoid 306023
20 64 0.35 15 0.0010 5 leaky 39.7220
21 64 0.35 15 0.0010 4] relu 30.7363
22 64 0.eo 05 0.0001 3 sigmoid 30.7300
23 64 0.e0 03 0.0001 5 lealcy 307560
24 64 080 05 0.0001 ] relu 397810
25 64 085 1.0 0.0100 3 sigmoid 397934
26 64 085 1.0 0.0100 5 leaky 307489
27 64 095 1.0 0.0100 ] relu 300022

Table 3 presents the importance ranking_ optimal level, and optimal parameter com-
bination of each factor. Fig. 5 shows the degree of the impact of the 5/N ratio on factor

$4iv % 14 |
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levels., where a large difference in S/ indicates that the corresponding factor had a more
significant impact. The final optimal parameter combination was as follows: batch = 16,
momentum = (.95, saturation = 0.5, learning rate = 0.0010, kernel size = 5. and activation
=relu.

Table 3. Average S/N ratio for each factor and level in object recognition.

Level A B C D E F
1 3079 30.76 30.80 39.76 3076 3076
2 3078 .77 39.79 3979 3079 3081
3 3976 3081 3074 3078 3078 3076
Delta 0.03 0.05 0.06 0.02 0.05 0.07
Fank 5 3 2 i) 4 1
Optimal parameter combination 16 0.95 0.5 0.0010 5 relu

Main effects plot of S/N ratios
Data means

Batch Ml omeeninm Saturation

30824

" BN

. t\._‘_‘_h_‘“ '//

i 10 76

= 97

-.Z, s T T T T T T T T T
b o} 1 & 12 i h.ES LER1] .95 o5 1. 1.5
1; Leaming mte Kemel size Activation

g nDE2-

N
~ 7~ 7\

T T T T T T T T T
R LLEURIL 0.0100 3 5 L leaky rdu sigmoid

30,764

10 Td=

Fig. 5. Effects of all factors in object dataset.
3.2 Comparison of various models for drug defect detection

The dataset used in this study mncluded two categories: normal drugs and defective
dmgs. The dataset had 1.086 images. which included normal. defective, and stained images.
The ratio of the number of training and testing images was 8:2 for model performance
evaluation. We used four model performance indicators. namely accuracy, precision, recall,
and Fl-score, to analyze and compare various models.

- TP+IN
Accuracy mdex = (15)
TP+ FP+IN+FN

>4iv % 15 |
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.. TF
Precision = (16)
TF+FFP
TP
Recall=— (17)
TP+ FN
2 x Precisi Recall
Fl-score = x - ?smnx — (18)
Precision + Recall

Table 4 presents the performance of the proposed TYOLO model and other deep
learming models [40]-[43] in drug classification. The accuracy. precision, recall, and F1-
score of the proposed TYOLO showed supernior performance of approximately 1.65% to
3.35%. 4% to 9.32%. 1% to 8.25%, and 2% to 9%, respectively. compared with the other
models.

Table 4. Comparison of various models for drug defect detection.

Models Accuracy Precision Recall Fl-score
AlexNet [40] 0532% 85.68% 89.75% BO%
LelNet [41] 06.15% 88.97% 90.76% 89.9%
ResNet-50 [42] 05.48% 20.67% 92 4% 91.5%
TOLOw4 [43] 07.02% 94% 07% 96%
TYOLO 08.67% 08% 08% 08%

3.3 Manipulator grasping task based on TYOLO

The system proposed in this paper combines TYOLO and SORT to accurately track
the target drug and ensure that the gripper reaches the drg position precisely. The robotic
arm 15 controlled by the robot operating system to grab defective medicines and place them
in a storage box. For the experimental settings. we adopted both static and dynamic modes.
A flow chart of the grasping task based on TYOLO 1s shown in Fig_ 6.
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Fig. 6. Flow chart of grasping task based on TYOLO.

In the static grasping task. ten drug targets were used for a total of ten tests. Table 5
illustrates the experimental results: the overall grasping rate was 98% (1.e., 98 successful
grasps / 100 attempts). The table lists eight experiments with a grasping rate of 100%. The
grasping rate of two experiments was 90%. Failed attempts were attributable to the position
of the drug, which was too close to the mamipulator, which meant the gripper was unable

to perform the grasping operation correctly.

Table 5. Comparison of various models for drug defect detection.

No. Number of successful grasps/ Number of attenipts Grasping rate (%)
1 1010 100%
2 10/10 100%
3 10/10 100%
4 10/10 100%
5 9/10 00%
6 10/10 100%
7 10/10 100%
g 9/10 00%
9 10/10 100%
10 1010 100%

Total 98/100 98%

The operating process of the system 1s shown in Fig. 7. First, TYOLO was applied to

o
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identify defective drugs. The system then directed the manipulator to reach for the defec-
tive drug. Once grasped. this drug was placed into a medicine storage box. The system
then continued to scan the other drugs for defects.

(a) (b)

(e) ()

Fig 7. Images of static grasping task: (a) TYOLO identifies drug status, (b) robotic arm is
guided to grasp drugs identified as defective. (c) defective drug is successfully grasped. (d) defec-
tive drug is placed in storage box. (e) next defective drug is grasped. and (f) second defective drug

is placed in storage box.

3.3.2 Dynamic grasping experiment

In dynamic experiments. the moving speed of the conveyor belt can affect the grasp-
ing efficiency of the manipulator. When objects are moving on a conveyor belt. the system
needs to quickly determine the position of the object and adjust the movement parameters
of the manipulator to accurately reach the target position. After the object enters the field
of view. the system obtains the pixel position and completes the manipulator positioning
based on the predicted movement trajectory. In the dynamic experiment. drugs were placed
one by one on the conveyor belt. and the manipulator grasped drugs identified as defective.
To venfy system performance. we set the conveyor belt speed to 90 rpm to ensure that the

41t % 18 |
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arm could perform the grasping operation correctly. The experiment was conducted a total
of ten times. with ten grasping tasks performed each time. Table 6 shows the experimental
results: the overall grasping rate was 93%. Failures were mainly caused by fluctuations in
the speed of the conveyor belt, which caused the position of the object to deviate from the
predicted path. Nonetheless, the experiment illustrated that the manipulator can success-
fully complete dynamic grasping tasks under stable conditions.

Table 6. Experimental results of dynamic grasping task.

No. Number of successful grasps/ Number of attenipts Successful grasping rate (%o)
1 10/10 100%
2 10/10 100%
3 9/10 00%
4 10/10 100%
5 8/10 B0%
6 9/10 o0%
7 10/10 100%
8 8/10 80%
9 10/10 100%
10 9/10 00%

Total 93/100 03%

4. CONCLUSIONS

In this paper. a robotic system based on computer vision 1s proposed for the automatic
detection of defective drugs and their subsequent removal from the production line. The
proposed system adopts an eye-to-hand architecture and uses a two-point correction
method to convert the pixel coordinates of the defective dmg into real-world coordinates
to determine the target position. This system uses the TYOLO model and the SORT algo-
rithm for defect recognition and object tracking. Experimental results indicate that the
mean accuracy, precision, recall, and F1-score of the TYOLO model reached 98 67%, 98%,
98%. and 98%. respectively. The accuracy. precision. recall. and F1-score of the proposed
TYOLO presented superior performance of approximately 1.65% to 3.35%, 4% to 9.32%,
1% to 8.25%, and 2% to 9%, respectively, compared with existing models. The success
rates of the manipulator for static and dynamic grasping tasks were 98% and 93%._ respec-
tively. The proposed system thus successfully mtegrates the TYOLO model and SORT
algorithm for dmg defect detection. tracking, and classification applications. Future re-
search will focus on applving other deep learning technologies to accurately predict drugs
on high-speed conveyor belts to improve system performance under dynamic conditions.

Although the results of our experiments were promising, the proposed system faces
several limitations in practice. One challenge is object occlusion, which may occur when
multiple dmugs overlap on the conveyor belt, reducing detection and tracking accuracy.
Another 1ssue 1s lighting variability: changes in ambient lighting conditions could affect
the image quality and reduce prediction reliability. Additionally, fluctuations in conveyor
belt speed may cause dewviation in trajectory prediction, leading to occasional grasping fail-
ures. Addressing these limitations is crucial for improving system stability in real-world
environments.

o
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To further enhance system robustness and applicability in high-speed or complex pro-
duction lines, several improvements are planned. We aim to develop a real-time feedback
loop between the visual detection module and the manipulator controller to dynamically
adjust trajectories during object motion. Furthermore, the mtegration of an online learning
framework will allow the detection model to update continuously based on new defect data.
improving adaptability without the need for full retraining. Lastly. incorporating 3D or
depth-sensing cameras 15 expected to improve spatial resolution, reduce occlusion effects,
and increase detection precision for objects with variable height or stacking patterns. These
advancements will facilitate broader deployment of the system in modern automated man-
ufacturing environments.
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Data embedding metheds utilizing a three-dimensional reference table (3DRT) medify pixels to embed digits
from various bases uzing the 3DRT. However, the current 3DRT-based methods are constrained to specific bazes
and necessitate a phyzical 3DRT for both embedding and extraction processes. Thiz paper introduces a novel
approach that constructs the 3DRT using groups of amsotropic cubes to mimmize embedding distortion. The

3DRT iz virtualized by reprecenting it az a two-cocfficient equation, climinating the need for a phyzical 3DRT
during embedding and extraction. This virtualization sigmificantly reduces computational complexity, enabling
embedding and extraction through straightforward ealeulations. Furthermere, wvirtualization decreases the
storage space required for the 3DRT. Expenmental resulte demonstrate that the proposed method achieves high
image quality and embedding capacity. Specifically, at embedding rate of 2 and 3 bitz per pixel, the method
produces quality scores of 46.99 dB and 40.91 JdB, respectively, across 200 test images.

1. Introduction

Data embedding iz a technique used to insert data inte digital ear-
riers. It is widely applied in fields such as steganography [1-3] digital
watermarking [4,5], and tamper detection [6-9]. Stegancgraphy is
utilized for transmitting confidential messages. Since the difference
berween the embedded carrier and the criginal cne is unnoticeable, it
effectively achieves covert transmission. Digital watermarking is
commonly used for declaring media copyright. The typical approach is
to embed robust and invisible watermarks into digital carriers. These
watermarks can be extracted to verify ownership in case of copyright
disputes. Tamper detection verifies whether a received carrier is intact
and untampered. This is done by embedding fragile watermarks into the
carrier. If the carrier is tampered with, the extracted watermark will
differ from the originally embedded one, indicating that the content has
been altered.

Various media, such as video, audie, and images, can serve as car-
riers for embedding data, with images being the most commeon due to
their accessibility and wide range of applications. When data is
embedded into an original image, the resulting image is referred to as
the marked image. Techniques for embedding data into images can be

* Thiz paper has been recommended for acceptance by ‘Zicheng Liu’.
* Corresponding auther.

categorized inte two types: reversible [10-13] and non-reversible
[14-34]. Reversible embedding techniques allow for the complete
restoration of the original image after the embedded data is extracted.
However, due to the necessity of preserving the ability to revert to the
original image, these techniques typically have a lower embedding ca-
pacity. In contrast, non-reversible embedding techniques cause perma-
nent changes to the image, meaning the original image cannot be fully
restored after embedding. This type of method is also known as lossy.
Lossy techniques often offer a higher embedding capacity compared to
reversible ones and provide broader application possibilities, which
have led to the development of numerous related embedding methods in
recent years [14-21].

The least significant bit (LSB) is a common lossy embedding tech-
nique that replaces the LSB of a pixel with data to embed information,
often causing noticeable pixel distortion. To address this, Chan and
Cheng [22] proposed the optimal pixel adjustment process (OPAP),
which modifies the most significant bits (MSBs) of a pixel to reduce the
distortion. Both LSE and OPAP use a single pixel as the embedding unit.
If the embedding technique is extended to use n pixels as an embedding
unit, the embedding error can be distributed among multiple pixels,
thereby reducing the distortion caused by embedding. Mielikainen [23]
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Fig. 1. Schematie diagram of RT-based embedding method.

was the first to propose a technique that uses pairs of pixels to embed
two data bits. Zhang and Wang [24] introduced the interesting explering
medification directions (EMD) embedding technique, which embeds a
digit of base 2n+1 into n pixels, pioneering the application of the
reference table (RT) concept in data embedding. Chao et al. [25]
expanded the RT to allow embedding a digit of base k* +2k +1 into two
pixels, where k is an integer larger than or equal to one. Xie et al. [26]
designed a RT using nine non-overlapping 3 = 3 pixel blocks, allowing
each pixel pair to embed a digit of base 81. Methods [24-26] can only
embed digits of specific bases, which are not powers of 2, requiring base
conversion before embedding and making them less convenient to use.
Hong [27] designed four RTs te embed digits of bases 4, 16, 64, and 256,
respectively, enabling the embedding of 1 to 4 bits per pixel (bpp). Hong
and Chen [22] proposed a technique that generates RTs using equations,
allowing the embedding of digits of any base.

Recent advancements [22-34] in data embedding have explored
three-dimensional reference tables (3DRT), moving beyond waditonal
two-dimensional metheds, Liae et al, [29] introduced a 3DRT technique
with better quality than 2D methods but was unable to embed digits of
arbitrary bases. Horng et al. [30] used a 3D Sudoku structure for
embedding, but its non-compact 3DRT design led to redundancy and
reduced image quality. Wu et al.’s 3SDRT method [31] also faced greater
embedding distortions and base-specific limitations. Similar issues were
observed in methods [32] and [33]. Lin et al. [34] reduced the
embedding distortion with a full search approach but required signifi-
cant computational effort and were limited to embedding digits in bases
8, 16,32, 64, 123, and 256, Methods allowing arbitrary base embedding
would enhance applicability, but [34] does not address non-power-of-
two bases.

In recent years, some studies [35-32] have applied deep learning
techniques to embed data in images. Zhu et al. [35] proposed a method
based on neural networks, where they used multiple convelutional
layers to construct enceder and decoder models. The encoder embeds
data into the image, and the decoder predicts the embedded data. Liu
et al. [36] proposed a method for generating marked images. The data is
first mapped to a secret matrix, and then an image strueture is generated
using a structure generator model. Finally, the structure and uniformly
sampled image texture are input into a generator model to produce a
marked image containing the secret data. Zhang et al. [37] presented a
high-capacity hiding method that first converts the image to separate the
luminance and chrominance channels. A convolutional neural network
(CNN) then extracts features from the secret image and embeds them
into the luminance channel to create the marked image. Guan et al. [38]
and Duan et al. [32] intreduced mult-image hiding approaches by first

o
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applying wavelet ransforms to two secret images. A large CNN model
then compresses the transformed secret images inte high-quality fea-
tures that are embedded into the transformed coefficients. While the
deep learning methods mentioned above have achieved significant
progress in embedding capacity, they require extensive computational
resources and additional information during model training and
embedding. Moreover, data loss is likely to occur during extraction.

For a 3DRT-based embedding method, reducing embedding error is
erucial. and previous methods have aimed to achieve this goal. How-
ever, methods [29-34] require the physical RT during both embedding
and extraction, leading to inconvenience and substantial memory usage.
In fact, a 3DRT requires 256 times more space than a 2DRT. For instance,
achieving an embedding capacity of 4 bpp with a 3DRT means three
pixels must carry 12 bits. Consequently, the reference table needs to
support digits of base 2'% = 4096, necessitating 256° » 12 = 201, 326,
592 bits, or 24 megabytes of storage. Additionally, a search algorithm
must be applied to every pixel group during the embedding process to
find the optimal solution, significantly consuming CPU resources. Based
on the above discussion, an effective 3DRT-based embedding technique
should meet the following criteria:

(1} Suppert embedding digits of any base to accommodate various
requirements.

(2} Minimize embedding error by eliminating redundancy in the
3DRT design.

(3) Generate the 3DRT through a simple equation to reduce
computational burden.

(4) Avoid the need for a physical 3DRT during embedding and
extraction, using an equaticn te obtain necessary information and
reduce memory usage.

(5} Allow embedding and extraction through a simple equation
without requiring a search process, including an overflow or
underflow handling mechanism.

This paper proposes an embedding technique using a virtual 3DRT to
meet the outlined criteria. The method constructs a 3DRT through an
equation with tweo coefficients, where different bases correspond to
different coefficients (criterion (1)). These coefficients allow the 3DRT
to be generated via simple caleulations, avoiding complex algorithms
(criterion (3)). A difference array and candidate digits enable the
embedding process to find an eptimal solution without a physical 3DRT
and searching (criteria (2), (4) and (5)). During extraction, embedded
data is obtained by substituting marked pixels into the equartion (crite-
rion (5}). This method supports embedding digits with bases from 2 to
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32,768 and is applicable to data hiding, digital watermarking, and
image authentication [40,41].

The paper is organized as follows: Section 2 reviews RT-based
embedding and extraction methods. Section 3 describes the proposed
method. Section 4 evaluates its performance using various metrics,
highlighting the novelty and contributions. The final section discusses
prospects.

(a) CG of R}

(b) CG of RZ,

(e) Ris

2. Reference table based embedding methods

The RT-based embedding technique uses N pixels as a group to
embed a digit d; of base /} by referencing an n-dimensional RT 5, which
is filled with digits from 0 to § 1. Let the pixel group .7’ consist of N
pixels po, p1, -+, px-1. To embed d; into .7, first obtain the .5 and set
the coordinates of the pivot element as po. py. -+, px-1. Then, within the
neighborhood Qu centered at the pivot element in 7, find a digit

A4

(c) CG of RZ,,

(D R3.

Fig. 3. 3DRT for various coefficients.
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closest to the pivot element and with a value of dy. Suppose the coor-
dinare of the found digitis ( py. py. . Py 1). Replace 7 with 5 = ( py,

P1. ~. Py-1) to embed dj. For illustration, the concept of this embed-
ding methed with two-dimensional and three-dimensional RTs is shown
in Fig. 1.

During extraction, we also have the reference table .5}, We locate
the coordinate (pj. py. - Py_,) in 57}, and its value is the embedded
digit dg. For a simple example from the method proposed in [23], a
partial RT of base 16 is shown in Fig. 2.

Assume . = (pg, p1) = (3, 5), so the pivot element is located at (3,
5), as marked with a triangle in Fig. 2. Suppose we want to embed a digit
151¢ of base 16. In the RT, we find that the coordinates (4,7) are the
closest to the pivet element, and the RT value at coordinates (4,7) is
1515 (ie., #74(4.7) = 156). Therefore, the embedded pixel group is 7
= (4,7). Note that the value of .,??5(2, 3) is also 1546 and it is equally
close to the pivot element as (4.7) (both at /17 + 2% = +/5). Hence, the
embedded pixel group could also be 5 = (2, 3). During extraction, we
only need 5 =(4,7) and the reference table #7; to extract the
embedded digit 1515 = .#34(4. 7). Note that #7,(2. 3) can also extract
the same digit.

3. The proposed method

The f-based 3DRT is constructed by stacking clusters of the cube
group (CG). Each cube in a CG represents a digit, and the cube located at
the center of a CG is called the pivot element, while the remaining cubes
in the CG are its neighbors. An optimal 3DRT should meet the following
conditions to minimize embedding errors:

(1) Each CG contains §# cubes, and the digit within must include 0 to
fg-1.

(2) The entire 3DRT can be filled with CGs of the same shape without
leaving any vacancies. Vacancies indicate that the 3DRT is not
compact.

(3) Inthe 3DRT, any cube can be chosen as the pivot element, and the
CG centered on this pivot element must satsfy condition (1).

(4) In a CG, the total squared distance from neighboring cubes of
values 0 to 1 to the pivot element should be minimized.

Based on the above conditions and [28]. we can conjecture that the
f-based 3DRT ..?E, can be constructed by a simple function:
.;C!"_f_’.(r,c,p}—{rx o+ exe |p)1:nod,|:!, (1

where the coefficients ¢j and ¢, are to-be-determined constants,
while r, ¢, and p represent the three coordinates of the 3DRT. Eq. (1)
ensures that a reference table can be constructed using the coefficients ¢}
and c;, with all values in the reference table constrained within the
range of 0 to §—1. A’j(r ¢.p) represents the value of the 3DRT at the
coordinate (r, ¢, p). Different values of ¢} and ¢} can form different shapes
of CG in the 3DRT, thus satisfying conditions (1) to (3). Here we illus-
trate how the first three conditions are met using .#,, 4%, and &, ,. We
setc; and ¢ tobe (2, 3), (7, 18). and (22, 230), respectively. The CGs for
# = 8, 64 and 512 are shown in Fig. 3(a)-(c), and their corresponding
portions of 3DRTs are displayed in Fig. 3(d)-(f), respectively.

From Fig. 3(d)-(f), it can be observed that the 3DRT is composed of
the CGs shown in Fig. 3(a)-(c). Each cube in CG represents a digit
ranging from 0 to #—1 (not shown in the figures). Additionally, these
CGs can fill the entire 3DRT space without vacancies (see Fig. 3(d)-(£)).
Furthermore, if we choose any cube as the pivot element, then the digits
of the pivot element and its neighbors will range from 0 to #—1, indi-
cating that the first three conditions listed above are satisfied.
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3.1. Determining the coefficients cj and c;

To solve for the two undetermined coefficients cg and cJ},, we can
generate a smaller local reference table?: using Eq. (1). Then, we check
if the digits mt]lmT": include all values from © to # — 1. If certain digits
are missing, it indicates a flaw in the 7’3, and that set of coefficients can

be discarded. I.f._-)?;: contains all digits from 0 to -1, it means we have
found a candidate set of coefficients. Ar this point, we can calculate the
sum of the squared distance between the pivot element to all its §—1
neighbors. By repeating this process, the coefficients Eg and ”El:- that
result in the minimal squared distance are deemed the optimal solurion.
Furthermore, the size of the local reference mblej’? iscrucial. An overly

large ;‘";' will lead to excessively long computation times, while a ?:.
that is too small may exclude the optimal selution. From [28], it is
known that the coefficients 'E}? and E.:’ should lie between 1 and §—1.
Therefore, theoretically, we must examine (f — 1)° sets of coefficients.
When # is small, this examination burden iz manageable, making it
easier to find the optimal coefficients. However, when ##1, we can
surmise that the GG in the 3DRT will be densely packed and inscribed
within a sphere. Since the volume of a sphere of radius r is given by rr%,
we can estimate the radius of this sphere as follows:

ry = v/3/4x. (2)

Therefore, the edge length of the local 3SDRT ?'; can be set to an integer
slightly larger than 2 < rg. This ensures that the digits within the optimal
CG will all be contained within _;?: It helps filter out some coefficients
(such as those causing elongated CGs), preventing them from partiei-
pating in the solution loop. However, if ¢ iz small (e.g., less than 32), the
estimared radius of the sphere is relatively inaccurare. Fortunately, for
small §, the computational cost of solving for the coefficients is low.
Generally, when § < 32, setting the edge length ofﬁs. to 5 is sufficient to
determine the optimal coefficients Eg and ?J; (with an edge length of 5
contains 5% = 125 cubes, which is significantly larger than § = 32).
Based on the above analysis, we can use the following steps to solve for
the optimal coefficients 'Ef.: and €} of H:

Input: Base fi.

Output: The optimal coefficients Eg and ¢ .ﬂl‘

Step 1. Based on Eq. (2), calculate g, and set A =2 x [ceil(rg) +=) +

1. Here, A is the edge length of the local RT._js’lg. £ is a small integer, and
ceil(x) denotes the smallest integer greater than or equal to x. This
design ensures that A is an odd number, and the local RT with a size of
A% is sufficient to accommodate fi digits from 0 to f—1.

Step 2. Let Sy, = oo, and define ¥y as the set of all pairs of digits
chosen from 1 to §f 1, where the same digit can be selected more than
once. These pairs form the coefficient sets used to compute the local RT.
Therefore, V5 consists of (# 1}3 coefficient sets. For example, if f = 3,
then ¥ = {(1.1),(1.2).{2 1).(2,2) }, resulting in 4 coefficient pairs.

Step 3. Sequentially extract the coefficient pairs (cﬁ,c}} from Vg,

substitute them into Eq. (1), and compute the local SDRTﬁj:r of F3(r.c,
p) within the interval 0 < r.e,p < A.

Step 4. If there are missing digits between 0 and # 1 within ._-;'P:,, it
indicates that the CGs generated from that coefficient pair exhibit
elongated shapes. Therefore, this set of coefficients is not optimal, and
we return to Step 3 to continue extracting the next set of coefficient pairs
from ‘P .

Step 5. If there are no missing digits between 0 and #— 1 within T";
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Fig. 4. CGe in 3DRT for difference bases.
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Fig. 5. Known solutions of coefficients for and 3DRT.

then within .2#;, locate the set of § cubes with values ranging from 0 to

f~1 that are closest to the center cube (pivot cube) of _f‘f Calculate
their sum of squared distances 5 from the center cube.

Step 6. If & < 8, et 'Eg = cg, c; = c‘.’;. and then set 8z, = &.

Step 7. Repeat Steps 3 to 6 until all coefficient pairs in ‘¥ have been
visited. The final updated 'Eg and ‘E;. are the optimal coefficient pair for
the 3DRT of base f.

Through the above steps, we can determine the optimal coefficient
pair i‘g and clJ satisfying the stated conditions. Using Eq. (1), we can
then generate the optimal 3DRT Rj, which ensures the smallest errors
when embedding data in groups of three pixels compared to other 3DRT
methods. Fig. 4(a)-(c) illustrates clusters of CGs using the optimal co-
efficients (c°c;) = (2.6), (22.230), and (1210, 2026) for § = 16,512
and 4096, respectively. It is observed that as § increases, the shapes of
CGs gradually resemble regular polyhedrons inscribed within a sphere.

3.2. Reduce the solution space

When f is small, the steps outlined in the previous section allows us
to determine the optimal coefficients. For applications requiring higher
payload (larger f), a full search method becomes impractical. For
example, when f = 4096 (4 bpp) and j# = 32,768 (5 bpp), ¥; contains

o

wm

40952 = 16,769,025 and 32,7672 = 1,073, 676, 289 coefficient pairs,
respectively. Fortunately, observations from previously solved optimal
coefficients can help reduce the number of candidate pairs. For example,
Fig. 5(b) and (b) show the mean squared error (MSE) distribution for the
3DRT when g = 256 and § — 512 with different combinations of cg and
¢}, respectively.

The yellow squares in Fig. 5(a) and (b) indicate the locations of the
minimum MSEs, and each figure shows several minimum MSEs
distributed symmetrically in all directions. We observed the same
pattern with other values of §. Consequently, to find the minimum so-
lution for large f, we can infer that it is sufficient to search a region
containing one of the minimum MSEs to reduce the solution space. Thus,
when searching for the minimum solutions, we can focus on the area
bounded by the lines c:,- =0, cg = c,,';, and cg = /2, as shown by the
triangular region in Fig. 5. This approach reduces the search space to
approximately 1/8 of the original area.

3.3. Data embedding and extraction using virtual 3DRT

The methods [20,26-31] and [34] require a physical RT for
embedding or extraction, necessitating the preparation of it beforehand.
This requirement imposes a significant storage burden and is inconve-
nient to use, especially when f is large. We propose an embedding

method based on a virtual 3DRT, which eliminates the need to create a
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e = (0,0,-1)

Fig. 6. Relative coordinates { g }

physical one. Firstly, we select a CG with a pivot element having a digit
o P

of zere in .a’g' Then, we determine the relative coordinates { ‘E’};m }

of digits 0 to ¢

rections, where r"“

1 relative to the pivot element in the r, ¢, and p di-
' represents the relative coordinate of digit i to the
pivot element of dlgjt 0. Fig. 6 illustrates the relative coordinates

{ E";m }f_: for # = 8 CEg = 2 and Tfé = 3), where the cube plotted using
dashed lines represents the pivot element of digit 0, and the other cubes
represent the neighboring elements of digits 1 to 7 in the same CG.

Suppose a digit s; is to be embedded inte 7 = (pg, p1, p2). Then, the
parameter ¢, representing the distance between 5; and 7, is calculated
as

& =3y -_:;‘}:(Pn. . P2) =35 (Pu * E‘E t P X E.:l IPJ)EO‘J.IU- (3)

Note that if # < 0, then ¢ = ¢ + f. The pixel values 5 = (pp. p, pa)

T Lt
after embedding sz, can be expressed as a simple function of{ r\"}s } o’
#, and .
. o [ iy TP -
# —_f(.f’.{ 01" 0, sf,-) = F5 4 (po,pr.pa), (@)

where f{ ) is the embedding function. Once f( » ) is obtained, there is
no need to search for the nearest element having a digit of 55 to
{(Po. p1. pz2). significantly reducing the computational cost associated
with finding the optimal walue, Note that the relative coordinates

Ao Pt - i - ' =0
{ F’}F ! } can be determined while finding the oprimal coefficients €,
=0

and 'E;, so there is no need to calculate them during the actual embed-
ding process. Additionally, ¢ is merely a function of s, E.g= 'E; and f#,
requiring only simple calculations to embed 35 into 5. This results in
minimal computational overhead and eliminates the need for a physical

3DRT. During the extraction process, a physical 3DRT is also unnec-
essary because the embedded digit ss can be simply calculated by

sub@tirutingf:g and “E; into Eq. (1):
55 = By, Pys ) = (Py % € + Py % T 4 pz) mod f, (5)

where pj,, p) and p, are the pixel values after embedding. Here is an
example of embedding and extraction based cn the virtual 3DRT. Let

# = 8, and the corresponding relative coordinates { f"" cn} = {(0,0,

N
ol

=001 F
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Pivot element of digit 0
0,0
e = (0,0,0)
e = (1,0,0)
e = (0,1,0)
el = (-1,0,0)
0), (0,0,1), (1,0,0), (0,1.0), (0, ~1,-1),(0,~1,0), (~ 1,0,0), (0,0,

1)} can be obtained. The digits of base 8 to be embedded into the pixel
groups {#} 7 , = {(4, 5, 6),(8,3.7),(3,6,2)} are {ss_;}io = {7, 4,1}.

First, substtute %% = (4,5.6) into Egq. (3) to calculate & =
.

S30—(4 % 245 % 3+6)mod§ = 2. According to ¢ = 2 and { E’E'D:'}_ .
-

we have #°" = (1,0,0). Adding thiz to 7, we get 7 = (5,5, 6).

Similarly, for 351 = 4, calculate # for 5% = (8,3,7) as 4, and using Eq.
(4), obtain the embedded pixel group 7, = #5°% + (8,3,7) =(8,2,6).
Forsgs = 1 and % = (3.6,2), wehave # = —1. 8ince —1 < 0,add =
8 to 0, resulting in ¥ = —1 + & = 7. Finally, use Eq. (4) to obtain %%, =
(3,6,1).

During extraction, LISiIJ.g I Eg and ?;, we sequentially extract the
embedded digits {sm} _ o from the pixel groups { "d}’:_n {(5, 5, 6).(8,
2,6).(3.6.1)}. Substitute 5 into Eq. (5) to extractsgg = (5% 2+ 5 % 34
6)mod & = 7. Similarly, for %% and 57, we have 557 = (Bx 2+ 2 x
3+ 6)mod8 = 4 and s3> = 1. respectively.

3.4. Dealing with the overflow and underflow Problems

Upon embedding using Eq. (4), pixel values may experience overflow
or underflow. Fortunately, in the r, ¢, and p directions, the coordinate
differences of each digit in the 3DRT relative to its neighboring digits of
the same value are constants, Therefore, by adding these differences o
the embedded pixel values, we can select the one that minimizes
distortion while aveiding overflow and underflow. In .3,

i k-1
{d';":; ” }i_o be the relative coordinates from an element of digit 0 to its k
nearest neighboring elements, alse with digit 0, in the r, ¢, and p di-
rections. Assume the original pixel values and the overflowed or
underflowed pixel values after embedding are (pg, p1, p2) and
(P, P1. Pa). respectively. First, compute the candidates of marked pixel
values using the following equation:

(i) k-1

{Tu...ﬁ.u,rz.:}:t_l: _{ I I:Pn i Fz)} (6)

=0
Then, from the set {70;, 71, 72:) ¥, retrieve the subset where ro;, 71 ; and

E-1
ra; are all fall within the range of 0 and 255, yielding { Toi 115 Tag } .
k' < k. Next, find the pixel group (rg;

{ R L
T Tri T }
Qi *1ir F3i P

Ty peTap) from the set

that iz closest to the criginal pixel values (pg, p1, p2)-
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(To2:T1,2,T22) = (0.3,1)

3(20) _ )2 0)
PV = G =(-10.2) (T0.3: 71,3, T23) = (2,2,0)

~R3(1,3,0)

-R3(1,3,—-1
_Digit 0 at (6,5,5) 8 :

(To1: 11, T21) = (0,1, -1)

e = (1,0,-2) é°7 = (-1,1,-1) (T0.4: T1,4:T24) = (2,3, -3)
(To.0: Tr0: T20) = (0.4, —2)
() Relative coordinates of dipit 0 (b) Mustration of underflow prohlem

Fig. 7. Examples of overflow/underflow handling mechanizm.

Data
spdico |
Divide pixels Use Eqs. (3) and (4)—» Use Eqgs. (6) and (T) Reshape {Tt’ :V-/:-l
Image l Pixel groups Marked pixel l Marked
! i groups (7))o~ image I"
(a) Embedding procedure
Extract {sg ),~=/3 =%
Divide pixels using Eq. (5)
Marked l Pixel groups l Data
Ll P Gt )

(b) Extracting procedure

Fig. 8. Flowcharts of the embedding and extraction processes.
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Fig. 9. Eight test images.
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Table 1

iy ~1 .
¢ and ¢, for various f.
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F] 2 3 4 5 6 7 8 9
- =% 2 2 3 2
(&.8) (1,1 1,1 (1,2 (2,2 2,3 (2,3 [z, 3) 2, 3
bpp 0.33 0.53 0.67 077 0.86 0.94 1 1.06
F) 10 11 12 13 14 15 16 32
(;.2_ Eﬁ:l (2, 4» (2 4) (2,5) (2,4 (2, 5) (2,5) (2, 6) (4,100
bpp 111 115 119 1.23 1.27 1.30 133 1.67
F 64 108 180 512 1024 2048 2096 32,768
(&.8) (7, 18) (5, 42) (11, 76) (22, 230) (494, 314) (61, 597) (1210, 2026) (901, 714}
o
bpp 2 235 25 3 3.33 3.67 4 5

Here i’ iz defined as:
. 2 . 2 . 2
€ = argmin((r,, Pu) r[ru P1) '(Izz Pz) )

The found pixel group (f'o_r-fl_.--f';-_p]' iz then used to replace

(7)

(Po. P). Ps). Note that choosing a small k could result in a suboptimal
solution, while a large k may increase computation time. In general,
setting k = 5 sirikes a geod balance between these factors, It is worth

noting that the proposed overflow and underflow handling mechanism
k-1

=l
does not require the use of a 3DRT, as the set { r:‘; } , can be ob-
=

tained during the calculation of Ef.; and Ej.

To demonstrate the overflow/underflow handling mechanism,
consider the example presented in Fig. 7. The digit 0 of base 8, located at
coordinates (6, 5. 5) and represented by a red cube in Fig. 7(a), is sur-
rounded by five nearest neighboring 0 s at coordinates (5.6.4). (5.3,5),
(5.5,7).(7.4,6), and (7.5,3), depicted as blue cubes. Assuming k = 5,
the relative coordinates of the five nearest neighboring 0 s from (6,5, 5)

—imy?
are | Z, I (S A VT
1), (1,0, — 2)}. Suppose the original pixel group is (1, 3,0}, and the
element ..5?;(],3, 0) = 2 is shown as a green cube in Fig. 7(b). After
embedding the digit 2, the pixel group changes to (1.3, — 1), represented
by a red cube in Fig. 7 (b), indicating an underflow. By adding the
4

()
s }i_o'
{'Eq..g.ﬁ_l'.fgj}':_o = {(0. 4, 2]'. (0‘. 1, ]}l. l:o. 3. I]l. (2. 2, 0]'. (2.
3, — 3)}, shown as blue and purple cubes in Fig. 7(b). Among these,
[ru_g. T1.2.Taz) and (Tg3,T13. Tz 3) are valid solutions, indicated by blue

1

cubes in Fig. 7(b). Therefore, { 70,7, 7o }. , = {0.3.1).(2.2.0)).
=

According to Eq. (7), we have i’ = 0. Therefore, the embedded result is

(To0: 71,00 T20) = (0,3, 1).

Based on the embedding and extracticn processes described in See-
tion 3.3, as well as the overflow and underflow handling mechanisms
discussed in this section, we have created flowcharts of the embedding

2.0, (1,02, (L -1

underflowed pixel wvalue (1.3,-1) to { we obtain

and extraction processes. These flowcharts are shown in Fig. 8(a) and
Fig. 8(b). respectively.

4. Experimental results

In this section, we will test the proposed method and compare it with
previous methods to analyze its performance. During the experiments,
we selected eight grayscale images, each with a size of 512 x 512, from
the USC-SIPI database [42] as the test images, as shown in Fig. 2.

To evaluate the qualicy of the images after embedding, we use the
peak signal-to-noise ratio (PSNR) [43] as the evaluation metrie, defined
by the following formula:

2557

MBE(L r}) d8, (@)

PSNR = 10 x Ingw(

where [ represents the original image, I’ represents the marked image,
and the function MSE(-) is used to calculate the mean squared error
between I and I'. The data to be embedded is generated using a pseudo
random number generator,

4.1. The performance of the proposed method

In thiz subsection, we will first test the performance of the proposed
method. Using the methods described in Sections 3.1 and 3.2, we find
the optimal coefficients 'Eg and EJ; for different bases #, with the bpp
ranging from 1 to 5. Some commeonly used values of # and their corre-
sponding optimal coefficients El'g and 'EJ; are presented in Table 1.

We use the eight images from Fig. 9 as test images. By applying the
coefficients from Table 1, we embed digits of different bases into the
images. The resulting image quality is presented in Table 2,

From Table 2, we observe that as the payload increases, the image
quality decreases. Thiz phenomenon occurs because, with higher
payload, each pixel group needs to carry digits of larger base, increasing
the range of potential pixel shifts. Additionally, we notice thar the image
quality of Tiffany is lower than that of the other images. This is because
the original Tiffany image includes numerous pixels near saturation (i
e., pixel walued at 0 or 255), which heightens the risk of overflow or

Table 2
The mage quality correzponding to payloads and images.
Image Payload (bpp)
1 1.5 2 235 25 3 4 5
Lena 52.004 50203 47.104 45.639 44139 41.116 35.099 20,046
Baboon 52.800 50,201 47.103 45.650 44140 41.118 35.083 20,046
Peppers 52.893 50.204 47.098 45.639 44136 41.119 35.091 20,007
Tiffany 52.876 50.258 47.056 45.568 44070 41.044 34.907 28539
Jet 52.911 50,201 47.112 45642 44137 41.119 35.107 20,041
Boat 52.899 50292 47.111 45638 44134 41.115 35.087 25036
Houze 52.905 50,291 47.118 45647 44122 41.108 35.096 25052
Sailboat 52.911 50.277 47.108 45.634 43137 41116 35.004 20.043
Average 52.899 50.286 47.101 45.632 44127 41107 35.072 28.976
a8
b 2 52 —_
40T % 31 F
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Fig. 10. Pixel walue frequencies for the Lena image before and after embedding.
Table 3
Averagad PENR of 200 images for vanous methods.
Method Payload (bpp)
1 1.5 2 225 a5 3 4 =
Mukheerjee et al. [20] n/a n/a n/a n/a n/a 39.20 n'a n'a
¥ie eral [26] 4454 4282 41.60 41.10 40.65 3086 n/a n/a
Hong et al [27] 5219 n/a 46 54 n/a n/a 4067 3458 n/a
Hong er al [25] 5237 5009 46.71 45.39 4377 40.74 34.63 28.35
Ko etal. [32] n/a n/a n/a 41.56 n/a 3791 3182 na
Lin etal. [33] 5114 n/a 46.20 nfa n/a 4054 34.48 28.23
Lin et al. [34] 52.85 50,21 46,99 45.50 43.98 n/a n/a n/a
Propoced method 52.85 50,21 46,99 45.50 43.98 40.91 34.73 28.42

underflow during embedding. Consequently, it becomes necessary to
locate alternative, more distant pixels to avoid these issues.

To further analyze the differences after embedding, we used Lena as
the test image with payloads set to 2 and 3 bpp. The pixel value fre-
quencies for both the original and marked images are presented in
Fig. 10.

In Fig. 10, we plot the frequencies of pixel values for the original and
marked images using histograms and line plots, respectively. It can be
obzerved that when the payload is small (2 bpp), the pixel value dis-
tribution of the marked image is closer to that of the original one. In
contrast, as the payload increases (3 bpp), the differences become pro-
nounced. This phenomenon eccurs because, during the embedding
process, pixel values may be altered by a distance of {/3/4r (see Eq. (2)
in Section 3.1). Consequently, we can calculate the altered distances for
f =64 and ¢ = 512, which are approximately \:m = 2.48 and
/1536/4x = 4.96, respectively. Therefore, a smaller # results in a
frequency distribution of pixel values that is closer to that of the original

image.
4.2. Gomparisons with other works

In this sub-section, we compare the proposed method with past ap-
proaches [20,26-28], and [32-34] using various metrics to analyze the
overall performance. The experimental setup iz as fellows: When
implementing [20], we construct a double-layer pencil shell matrix
based on the recommended optimal parameters from the original paper
to achieve the best image quality. Similarly, [26-28] and [34] utilize
optimal parameters to generate their RTs for a fair comparison. [32,33]
follow the embedding techniques as preposed in their respective papers
and embed digits of different bases.

o
<l

Additionally, we randomly select 200 images from the Boss image
dataset [44], which contains 10,000 grayscale images of size 512 = 512,
These images are served as test images for a large-scale evaluation of the
proposed method and other works. Table 3 provides a comparison of the
average quality of images using different methods at various paylead.

Table 3 includes eight different payload levels ranging from 1 to 5
bpp. The PSNRs show variability across different payloads, with some
methods not providing data for certain capacities (shown as n/a). Itis
important to note that methods [20.26-23] employ 2DRT. whereas
[32-34] and the proposed method utilize SDRT. Notably, the proposed
method maintaing high quality across all payloads, comparable to or
better than other methods, especially at higher payloads like 4 and 5
bpp.

Next, we set the payload to 3 bpp and further observe the PSNR
obtained using different methods applied to the 200 images. First, the
PSENR of the test images was obtained using the proposed method. These
test images were then sorted in ascending order based on the PSNR
walues. Finally, the other methods were applied to these sorted images.
The results are shown in Fig. 11.

From Fig. 11, it is evident that the proposed method consistently
achieves superior image quality across various images. This enhance-
ment can be attributed to the more compact arrangement of digits in the
3DRT censtructed by the proposed method. Additionally, the PSNR
analysis reveals that images numbered 0 to 50 exhibit a higher incidence
of underexposed or overexposed pixels. These pixels are more suscep-
tible to overflow issues after embedding, resulting in significant distor-

tion. In contrast, images numbered 150 to 200 show fewer underexposed
or overexposed pixels, thereby reducing the likelihood of overflow. To
visually compare images corresponding to different image numbers in
Fig. 11, images numbered 0, 15, and 199 are shown in Fig. 12(a)-(c),
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(c) [20], 654642 (d) [27], 595362

(z) [33], 570734 (h) Proposed, 537678

Fig. 13. Absolute difference image between the original and marked images.

while their histograms are displayed in Fig. 12(d)-(f), respectively.

We observe that Fig. 12(a) contains a background with a significant
number of underexposed pixels. Consequently, Fig. | 2(d) shows a higher
frequency of pixels near the value 0. In contrast, Fig. 12(b) has many
overexposed pixels, resulting in a higher frequency of pixels at the value
255, as seen in Fig. 12(e). These types of pixels are prone to causing
underflow or overflow during the embedding process, leading to greater
distortion. This observation supports our earlier conjecture regarding
the nature of images numbered 0 to 50. Finally, Fig. 12(c) shows no signs
of underexposed or overexposed pixels, with its pixel values concen-
trated between 30 and 220, as depicted in Fig. 12(f), resulting in higher
image qualiry.

To visually compare the impact of embedding on the original image,
we select an image from the BOSS image database (see Fig. 13(a)) as the
test image. Using both previous methods and the proposed method, we
embed data at a capacity of 3 bpp and assess the resulting differences.
Since the marked and original images show minimal visible differences,
we uze the image difference as a metric to highlight these distinetions.
By subtracting the original image from each marked image obtained by
different methods and taking the abselute value, we generate corre-
sponding absolute difference images (Fig. 13 (b)-(h)). In these figures,
pixels with zero difference are colored black, while those with an ab-
solute difference of 12 or more are colored white, Values between 0 and
12 are represented by a gradient interpolating between black and white,
so the brighter the pixels, the greater the distortion in the image.
Additionally, we calculate the total sum of these absolute differences to
quantify the total distortion caused by embedding, as shown in the
subttles of Fig. 13(b)-(h).

Observing Fig. 13, it can be seen that the difference images for
methods [20,26], and [27] are brighter than those of [28] and [33]. This
is because the reference tables used in the former methods cause pixel
values to shift to greater distances. Addirionally, the dark area at the
bottom of Fig. 13(c) arises because method [26] excludes certain pixel
values from embedding for a 3 bpp payload. We alse observe that [32]
has a greater number of light dots (see Fig. 13(f)), which can be
attributed to the fact that 1/4 of the pixels are embedded using the LSB
method, leading to increased distortion. Notably, the proposed method
shows lower total distortion compared to other methods, as the used
reference table effectively restricts pixel alterations. Furthermore, the

o
<l
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Table 4
Comparizons using five metrics.
Method Reference Embedding Memory Base i Image
Table Time (bytez) Qualicy
. D2 Long 2E5% % 2 16, 4 Medinm
[20]
layar)
26] 2DRT Medium 2562 81 Low
- D Medium 2562 4, 18, Medinm
[27] 54,
256
. D Medium 2B62 Any f High
. Magic cube  Short I 64, Low
(32 512,
4096
[33] Index table  Shart Ix o High
o 3D Long 255% 1o Ourstanding
[34] 256
Propased Virtual Short I (f+ Any @ Ourstanding
method 3DRT k)

method replaces underflow and overflow pixels with optimal values,
thereby minimizing embedding-induced distortion in the image.

Table 4 summarizes the overall performance of various methods,
comparing the proposed method with existing approaches across five
performance metrics: reference table used, embedding time, memory
required for the reference table, ability to embed arbitrary bases, and
marked image quality.

Table 4 shows that the proposed method, utilizing a virtual 3DRT,
excels in short embedding times and efficient memory usage (3 = (f+k)
bytes). It also boasts the ability to embed digits in any base while
maintaining high image quality. In contrast, methods like
[20,26,27,28], and [34] either have longer embedding times, higher
memory requirements, or lower image quality. Methods [32] and [33]
offer short embedding times but are limited to specific bases. The pro-
posed method’s balance of flexibility, efficiency, and image quality
makes it a superior choice among the compared methods.

Finally, we compare the proposed method with deep learning ap-
proaches [35-39]. We use metrics such as capacity, embedded content,
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Table 5
Comparizons using six metrics.
Methaod ‘Capacity Embedded Content Lioc=less Extraction Computational Cost Embedding Time Zide Information Size
[35] Low Data Mo Medium Short Medium
[36] Low Data Yes Medium Short Medium
[37] High Image No Large Medium Large
[38 Ouistanding Images No Extra Large Long Exira Large
[39] Oustanding Images Mo Extra Large Long Extra Large
FPropazed method High Data ez Small Short Small

lossless extraction capability, computational cost, embedding time, and
size of side information to evaluate the performance of the proposed
method from various perspectives.

From Table 5, it can be observed that metheds [35] and [36] provide
a relatively lower embedding capacity compared to other methods. This
is because they do not perform feature extraction on the data but instead
uze an encoder to embed the data directly into the image. Interestingly,
although method [36] only offers a lower payload, it is capable of
lossless data extraction. In contrast, while methods [37-32] achieve
higher payloads, some data are lost during the extraction process. This
phenomenon occurs because these methods embed features of the secret
image into the host image, and the embedded fearures cannot fully
reconstruct the secret image.

Notably, the proposed method not only provides a satisfactory
embedding capacity but also allows for lossless extraction of data from
the marked image. Additionally, it can be observed that the proposed
method has a lower computation cost and shorter embedding time
compared to methods [35-39]. This is because the proposed method
requires only simple calculations to embed data, while methods [35-39]
rely on models for data embedding and extraction, resulting in signifi-
canty longer processing times. Furthermore, the proposed method re-
quires a negligible amount of side information compared to the methods

- ) — D ~1
being evaluated, as it only needs two coefficients (i.e., £g and cﬁ} for
data extraction, whereas methods [35-39] require an entire model with
NUMEToUs parameters.

5. Conclusions

This paper introduces an embedding method based on a virtual
3DRT. By constructing a local reference table and filtering certain co-
efficients, we significantdy reduce the time needed to find optimal co-
efficients, addressing the prior dependency on a physical reference
table. Our technique, leveraging a virtual reference table, enhances
embedding efficiency, resolves overflow/underflow issues, and requires
minimal memory for storage. Notably, the proposed method surpasses
previous techniques in image quality and supports embedding digics
across various bases, making it suitable for diverse applications,
including dara hiding, image authentication, and image restoration. One
limitation of the proposed method is that it can be computationally
demanding when searching for optimal coefficients in larger bases, such
as base 262,144 (6 bpp) or higher. Fortunately, embedding large-base
digits is uncommeon in practical applicaticns, and the coefficients pro-
vided in Table 1 are adequate for most cases. Future work could explore
more efficient search algorithms to further reduce the search time for
large-base coefficients and potentially extend the virtualized 3DRT to
higher-dimensional structures. This enhancement would broaden the
method’s applicability in high-demand, real-world envirenments.
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ABSTRACT

Thas study investgates the sigmficance of pedestrian flow detection technologies n
hughly populated areas such as museums, exhibition centers, and amusement parks,
particularly mn the fields of enterprise management, smart healtheare, and public safety.
Traditional detechon methods, such as cameras and mfrared sensors, are often
constramed by privacy concerns and environmental factors. In contrast, Channel State
Information {C5I) technology whhizes vanations n wireless commumicaton signals,
offering a privacy-preserving and cost-effective solution. To validate this approach, the
study employs hghtweight WiF1 transceivers to capture signal perhubations caused by
buman achvities, with a custom labehng and balancing method applied to the collected
data. Short-Time Founer Transform (STFT) 15 then used to convert the data mto fime-
frequency domain representations for feature extraction. The processed dataset 1s
subzaquently fad into machime learmng modsls for rammmg and prediction. Four machine
leaming algonthms—~FRandom Forest Classifier (RandomForestClazsifier), Support
WVector Classifier (SVC), HGBoost Classifier (3IGBClassifier). and Gradient Boosting
Clazsifier (GradientBoostngClassifier)l—were evaluated, all demonstrating excellant
performance. Among these, the Random Forest Claszifier aclieved $9% accuracy in
scenanies detecting (-2 people passing through the meonitored area. The results indicate
that integrating WiFi-based CSI technology with machine learming models can enable
precise and efficient real-time pedestnan flow momtonng, showcasing propusing
applications 1n museum and healtheare environments.

Kevwords: Arificial intelligence of things (AloT), Channel state informaton (C5I).
Human flow detecton, Machme learnimg, Short-tme fowrner transform (STFT).

1. INTRODUCTION

In the context of advapcing digital transformation and the growing demand for
mtelhzent solutions, pedesinan flow detechon technelogy plays 2 crucial mle m
enterprise operations management, smart healthcare, and public safety (Espinosa et al.,
2021). From office bmldings to hospatals, accurately tracking the dynamic distnbution
of peeple helps prevent overcrowding (Aziz et al., 2020} and 1mproves energy efficiency
(Shah et al., 2019). In public spaces such as hospitals, art galleries, exhibition halls, and
ammsement parks, understanding pedestnan flow patterns allows managers to identify
hotspots and sparsely populated areas, opimiring flow planning and ensunng efficient
crowd evacuation dunng emergencies. However, tradifional pedesirian flow detection
systems face numercus challenges m practical applications.

Curmrently, common pedestnian flow detechon technologies include the cameras,
mfrared sensors, and radio-frequency identification (RFID) tags (Frtwi et al, 2021;
Rangdale et al., 2023), which have been widely adopted in the commercial areas, public
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facilities, and mcreasingly apparent. Image-bazed detection
systems typically require high-resolution cameras and good
lishting condifions to zccurately capture pedestrian flow
changes (Winkler et al., 2014; Ewon et al, 2024; Wang et
al, 2024) This not only raises hardware costs but also
makes the systems vulnerable to environmental factors such
as poor lhghting. Moreover, the use of cameras poses
significant privacy concerns, particularly in public spaces,
potentally elictting public resistance and skepticism toward
survelllance  systems. In enferprise  enviromments,
compliance with privacy protecion laws further
complicates the adoption of such technologies.

In contrast, while infrared sensors (Marayana et al., 2015)
mifigate the dwect pnvacy 1ssuwes associated with mmage-
bazed systems, their detechion range 1= imited, and they are
susceptble to external emvironmental interference, which
can lead to sensor inacewracies. More importantly, infrared
sensors struggle to accurately distnpwsh individuals in
crowded or rapudly changing environments, making 1t
difficult to meet the growimg demand for diverse and precise
pedestrian flow detection sohifions.

RFID, as a detection method based on electromic tags and
readmg devices, avords some hmitations of cameras and
infrared sensors (Want, 2006). For example, EFID systems
are independent of lighting condifions and less sensitive to
environmental interference, improving detection stability
and accuracy. However, the application of RFID technology
also has challenges (Jia et al, 2012). Fust, each detected
individuz] requires an RFID tag, which can merease costs
and complexty for large crowds. Additionally, deploving
RFID reading devices requires professional setup, and thewr
range and accuracy may be imited by device specifications,
potentially creating blind spots m large or complex
seenanios. Lhe effectiveness of BFID tags may alse decline
i cases of rapid movement or tag obstuchon, further
limuting 1ts flexibility in varous apphications.

To address the challenges of fraditional crowd detection
methods, the applhication of Channel State Information (CSI)
technology has emerged as a nowvel solution. By analyzing
vanafions m  wireless commumcation signals, €SI
technology can accurately capture changes in the spatial
emvironment. Unlike conventional detection systems, TSI
technolo gy does not rely on video surveillance or additional
tagging devices but instead whlizes existing WiFi signals for
rezl-ime menitoring, thereby reducing deployment costs
and effectively protectng user prrvacy (Moshin etal | 2021;
Geetal, 2023). These characteristics make C5I technology
particularly suitable for privacy-sensiive environments
such as corporate office bwldings, exhibition halls, and
healthcare facihfies. Numerous CSI-based crowd detection
methods have been developed, typically using Access Point
(AP) devices as data sources combined with machine
learmmg (Fiao et al., 2019} or deep learming techmques (Lin
etal_ 2017) to develop recogmition models. These methods
leverage AP devices to obtain stable and hgh-dimensional
CSI data, achieving high accuracy. However, systems
relymg on such equipment face high costs, increasing the

difficulty of deployment. Moreover, many scenanos, such

as comidors and staurwells, do not require such powerful

equipment. This study amms to desizn and validate a

hghtweight C5l-based crowd detection technology, offering

an efficient and cost-effective solution while explorng its
feazility in real-world scenarios.

Expected confributions are,

* Creation of a low-cost. non-contact crowd detection
system: Propose an mnovative soluton bazed on MCU-
enabled C5I technology, utihzing WiF1 signal vanations
for crowd momtonng to achieve a low-cost, privacy-
preserving deplovment model.

® Intepration of lizhtweight bardware architecture:
Implement a compact design using the ESP32 module as
the core device, enabling collaborative operation of AP
and STA (Station Mode). The ESP32 5TA transmuts
signals, and the AP recerves and amalyzes CSI data,
providmg an efficient and flexible hardware design.

* Introduction of advanced feature extraction techmigues:
Employ short-time fourter transform (STFT) to exfract
tme-frequency featwres from raw CSI data, mmproving
clazzification accuracy and reducing noise interference.

* Comprehenzive meodel evaluation and companson:
Validate the effectiveness of C5I data processing by
comparing the performance of Random Forest Classifier
(RandomForestClazsifier), Support Vector Classifier
(5VC), XGBoost Classifier (X GBClassifier) and Gradient
Boosting Classitfier {GradientBoostingClassifier).

2. MATERIALS AND METHODS
2.1 Literature Feview

In recent vears, research has mereasingly focused on
utilizing modern commumication technologies for detecting
and tracking indrniduals in the vanous environments (Qian
et al, 2017; Sk et al_, 2022; W et al., 2023). Among these
technologies, €51 refers to detailled mformation about a
wireless communication channel obtained at the recerver,
meluding featwres =uch a3z =igmal strength, phase, and
frequency vanatons. These data provide msights into the
state of the communication channel, enabling analysis of the
spatial varations of wireless sigmals over ime. The unique
charactenistics of CS5] make 1t parhicularly effective in
sensing mimite environmental changes within a wireless
network, such as detecting the presence and movement of
obstacles, or even human postures and actions (Ma et al.,
2021; Wang et al., 202]1; Zhang et al, 2022; Fhou et al |
2023).

The apphcation of C5] technology relies on Multiple-
Input Multiple-Chutput (MIMO) systems. By transoutting
and recerving signals through multple antennas, MINMO
systems allow the receiver to gather detalled information
about the channel This not only enhances the capacity of
wirelass commmmnication but also improves the abibity to
monmtor spatial changes with precision. As a result, C3]
technology has demonstrated sizmificant potenhial m non-
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visual swrveillance, privacy protection, and mtellipent
ervironmental sensing (Lin et al | 2015; Chen et al., 2019).
One of the earbiest and most extensrvely studiad
applications of C5I technology is activity recogmition.
Researchers have analyzed wvamatons im WiF1 signals
caused by buman movements to 1denhfy specific achions.
For mstance, Zeng et al. proposed a CS5l-based actmvity
recogmtion svstem (Zeng et al., 2016; Dhing et al, 2019,
which differentiates vanous body movements by analyvzing
changes in WiF1 signals. Thes approach eliminates the need
for wearable devices while ensuning privacy, as it relies on
wireless sipnal data sequences rather than mmage data. The
svstem effectively 1dentifies basic actions such as walking,
sithng, and standing, achieving an accuracy rate of over
0%,

With recent technological advancements, cutting-edze
artificial mtelligence and immaging technologies have been
widely applied in the medical field, doving innovations in
medical diagnostics and healtheare. For instance, Laghan et
al {2023} proposed a model based on the Deep Residual-
Dense Network (DEDN) and Bidwectional Eecwrent
Newral Network (BaRMNN). successfully apphed to the
detection of atmal fbnllaben (AF). Leveramng deep
learmng techmiques, this model significantly improved the
early identification rate of arrhythmias. Additonally, Saeed
et al {2023} developed a comvolufional meural network
(CHH) model named DeepleukNet for classifving
microscoplc images, alding in the detection of zcute
Iymphoblastic lenkeria (ALL) and demonstrating the
potential of Al mn cancer diagnosis.

In the domain of medical imaging, Laghan et al. (2022}
explored how to collect and mterpret medical images
ranging from the nmanoscale to hyperspectral maging in
lighly challengmg envronments. These technologies
enable detailed analyvsis of mternal human structures,
thereby enhancing diagnostic accuracy. Ancther review by
Laghan et al. {(2024) focused on the applications of virtual
and augmented reahty in healthcare, particularly in the
quality assessment of user experiences In serlous games.
These technologies have been employed 1n patent
rehabilitation framming and psvchotherapy. Furthermore, Dias
et al (2023} proposed 2 remote bealthcars system
combining electroencephalo gram (EEG) and kinect sensors.
Thas system not only provides convement health monitorimg
for the elderly and disabled but alse facilitates remote
dizgnostics. The value of such technologies became
increasingly apparent dunmg the pandepme, highlighting
their importance for modern healtheare.

The application of CSI technology m the field of
healthcare 1= growing, achieving notable advancements in
health momtoning and intellizent medical research. C5I can
acowrately capture envirommental informaton around the
buman body by detecting subtle changes in wireless signals,
eliminating the need for wearable devices, and making it
1dez] for contactless monttormy. This feature 15 particularly

uzeful for detecting phvsiological indicators such as falls,
respiratory rates and heart rates (Wang et al., 2020). For
mstance, tradinonal fall detection methods rely on cameras
or wearable devices, often facmg privacy 1ssues or usage
meonvenience. In contrast, CS5I-based technologies have
been applied to momrtor vital zizns such as breathmg and
heart rate (Linet al, 2023; Leietal, 2024; Sun et al, 20247,
By analyring miner changes mn wireless signals, €51 can
wentify shght chest movements, thereby wmfermng
resprratory and beart rates. This technologv 1= not only
surtable for daily health menitoning but also advantageous
for remote momtonny scenarios.

In the realm of C5] applications for buman flow, vanous
studies have focused on developing technologies for spatial
crowd counting. For example, Xiao et al. (2019) propozed
an Al-based mobile senzing technology that uses wireless
signals for crowd detection. This method employs machine
leamming models to analvze =ignal features, achieving
efficient flow monfonng n dynamic enviromments.
However, 1t relies on hgh-performance hardware and
complex data processing architectures, leading to high
system deployment costs and hmited adaptababity. Suoularly,
L et al. (2017) mtroduced a deep learning model, WiCount,
which utilizes WiFisignals for crowd countmg by analyvzing
high-dimensional data. While this approach demonsirates
good acowracy, 1t demands sipmficant device resources and
faces challenges related to noise duning the feanue
extraction process.

In companson, the method proposed mm this study
leverages hzhtweight C5I devices combined with STET for
feature extraction. This approach effectrvely reduces noize
mterfarence in the data while enhancing the acewracy of
clazsification models. Moreover, the system has relatively
low hardware requrements, enzblng efficient and cost-
effective deployvment, particularly switable for crowd
counfing m narrow spaces such as comiders or staircases.
Compared to the aforementioned studies, this method
emphasizes practicality and feasibility, aclieving a balance
between performance and cost, thereby providing an
mnovahve soluhon for erowd detechion.

2.2 Research Methodology

With advancements m  wireless commumcation
technology, ervironmental momtonng through CS5I signals
has emerzed as a novel and practical approach. In existng
studies, buman flow detechion often relies on 1mage
recognifion methods, which are typically complex and
costly to deplov in real-world scenanos. This study aims to
develop 2 low-cost, simphified C5I-based system to replace
mage-based human flow detection. Therefore, we sat up a
simulated environment to capture buman flow datz and used
this data to bwld an efficient, cost-effective, and adaptable
human flow detection system. The overall flowchart is
dlustrated m Fig. 1.
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2.2.1 Eovironment Setup

The expermmental emvironment was set up m an open
comidor where we placed our equipment. The sefup consists
of fowr smgle-chip mucrocontrollers, a camera, and a
computer. Each single-chip umt includes two signal
receivers and frapsmifters made from =mogle-chip
technolo gy, captuning signal vanatons as solid objects pass
through the space between them. A camera was also
included m the setup to record video, facihitating later data
ammotation. A schematic of the complete environment setup
1= shown in Fig. 2, while the experimental setup in the actual
environment 15 depicted 1 Fig. 3.

3
Eu‘:’-—

)
—
i e

{E)

Fig. 1, Evironment setup diagram

Fig. 3. Experimental setup in the actual epvironment

As seen in Fig. 2 and Fiz. 3, to ensure the captured data
has sufficient signal strength and distingmshable features,
we opted for two sets of irensmitter'recerver pamws
postiioned at an angled transmission layout, with signals
croszing each other. The distance between sach umit 1= two
meters, which extends the signal coverage area and ensures
a more notceable signal vanation when people pass through.
Dunng the expenment, data collechon was conducted
across different numbers of pecple passing through the
comdor, covering scenanios from zero to two mdiiiduals. as
shown 1 Fig. 4 (a, b). This setup allows the svstem to
operate effectively under varymg crowd sizes. For data
acouracy, each experiment was performed under consistent
ervironmentz] conditions.

= =

=

BTA. LS

]
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- & = w w:
ap Ap
o3 Y,

{a] O Parsan 1) Twa Paopks
Fiz. 4, Data collection environment diagram
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2.2 2 Data Processing

C5I data provides high-resclution msights mto the
propagatton charactenstics of signals wathin a2 wireless
channel This data typrcally encompasses frequency domain
features such as amphitude and phase. Because wweless
signals expenience multpath effects hke reflechon
refraction, and diffraction as they propagate through space,
C5I 15 adept at captunng dyvnamuc environmental changes
and subtle channel perturbations caused by buman activities
(Cominelh et al., 2023). Consequently, C51 data can deliver
detatled temporal and frequency charactenistics useful for
recogmzing human actvity patterns. However, due fo its
high-frequency wanabibity and nonstatonary mnature,
analvzing C5] data directly in the time or frequency domain
can be challengmg and mavy not fully reveal its underlving
behavioral patterns. Therefore, in this study, we utlize fime
segments labeled with buman actmaty characteristics and
employ STFT techmigues to transform the data. This
approach allows us to extract effective tme-frequency
features, thereby supporting subsequent classification tasks.
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2.2.2.1 Feature Labeling

Once the raw data has been collected, the first step 1= to
label the data by marking the charactenstes of crowd size,
such as no people, one person, or two people, at the fime
points they appear These labels are then categonzed into

arrzys commesponding to the different crowd sizes for storage.

Subsequently, based on the labeled fime infervals, the
corresponding C5] data 15 extracted and stored. To prevent
imbalances in feature occumrence frequency that could affect
predictive oufcomes, Wwe lmpose a data quanfity limit on
each feature to enswre a consistent sample size. This 1s
essenfial for subsequent data processing and analw=is.

2.2.2.2 Data Transformation

To address the non-stationary charactenshes of C51 data
and extract its fime-frequency features, thiz study employs
the STFT as the primary data preprocessing method (Baba,
2012). By applving a shding window 1o the tme domamn,
STFT segments the signal into localized intervals and
performs the fourier transform on each. This results in a
joint distnbufion of time and fequency, effectively
revealing the frequency components that vary over fume.
Thas capability provides significant advantages in handling
nop-stationary sigmals amd 1= parbieularly swtable for
extracting the tme-frequency featuwres of human flow
activities. The short-time Founer transform 15 defined as:

Xt fl= E r)-wit—t)-e™dr

The formula referenced in (Allen ot al., 1997). In this

equation:

x(t): the ime-domain signal.

T - ¢): the window function u=ed to localize the signal in
time.

g% . tha kernel function of the Fourier ransform.

The resulting X(t, F) represents the energy distnbution of
the s1iznal at time # and frequency f. This formula illustrates
that the STFT decomposes a time-domain signal into its
time-frequency domain representation. By admsting the
window function's length and type, a balance between time
resolution and frequency resolution can be achieved.

2.2.3 Model Selection

This section mtroduces the models used in this research.
Obsering the charactenisties of C5] data reveals that sigmal
transmassion 15 affected by factors such as multipath effects,
reflection, attenuation, mmterference. and noize, resulting in
high-dimensionzl and nonlnear properbes. Thus, four
machine learming classifiers were chosen for comparison:
FRandomForestClazsifier, SWVC, XGBClaszsifier and
GradientBoostmgClassifier Each classifier possesses
umque operazting features, makmg them well-smted for
addressing different tvpes of 1ssues m CSI signals. This
study trains and compares models using each of these
classifiers.

The first classifier, RandomForestClassifier, comprises
multiple decision trees, each learming from a randomly
selected subset of C5] features and then using a votng
svstem among the trees to make the final decizion
RandomForestClassifier achieves medel diversity by
resampling data multiple fimes during traiming, effectively
identifying the C51 features most mfluential in classification.

SVC, known for its strong performance m high-
dimensional data, clazsifies data by finding a decision
boundary that maximizes the margin between classes. The
model maps mmput data to a high-dimensional space and
identifies an optimal plane that distimgwiches different
classes. Focusing on support vectors—data points near the
decizion boundary with the meost sigmficant umpact on
classification. SVC avoids overfiting, making 1t 1deal for
small-scale, kzh-dimensional C31 data classification.

Fmally, XGBClassifier and GradientBoostingClassifier
are both gradient-boosting-based classifiers, iteratively
generating decision trees to improve classification accuracy.
Despite shanng 2 common prineipls, they differ in
mmplementation. XGBClassifier includes optimmzation
features like automated mussing-value handhng, L1712
regulanzation, paralls]l computation, and GPU acceleration,
making it smitable for large datasets and reducing overfiting
nsk. In contrast, GradientBoostngClassifier relies on
manual kvperparameter tumng and manual passing value
mmputation, offering greater flexability. Both models are
well-suited for C51 data processing.

3. RESULTS AND DISCUSSION

Thiz study conducted experiments on C5] human flow
data usmg fouwr different machme learming classifiers and
compared ther performance. The pwpose of the
experiments was to evaluate each clazsifier's accuracy and

stability wher handlmg CSI signals with  high
dimensionality, pmltpath effects, and nonhneanty.

Claszification was performed for scenanos with zero to tao
individuzls passing through the comdor, and the predictive
abilinies of the model: were quantified through confusion
matrices and accuracy rates.

3.1 Besults of STFT Feature Analysis

After pre-processmg and transforming the raw data, we
extracted three segments comresponding to different
numbers of people paszing through the observation area.
These segments were analysed wusing tme-frequency
spectrograms. Fig. 5 presents the data from left to nght,
showing scenanos of zero, one, and two mdividuals pas=sing,
respectively. As obzerved mn the fizure, when no people are
within the detection range, the signal exhibits munimal
fluctuations and remains stable. In contrast, when one
person 1s present, the signal shows more vanations o both
high and low frequencies compared to when no one 1s
present. With two people when passing through the siznals,
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Fig. 5. Companzon of STFT spectrograms

becomes even more dynamic, with noticeably brighter
colours in the ligh and low-frequency regions. These results
indicate that the C3] data processed through STFT contain
sufficient features for the model to learn effectively

3.2 Accuracy Analysis

In this section, accuracy was used as the pnmary
evalnation metnc to compare the performance of four
models RandomForestClassifier, 5VIC, XGBClaszifier, and
GradientBoostmgClassifier under varying numbers of
individuzlz and different data processing methods. The
overall accuracy of each classifier summarized m Table 1.

Tahble 1. Transfer the sensor log data into frauming data

Fawdata After STFT
Model /Data accuracy aceuracy
[ )
RandomForestClassifier 30 99
SVC 4 95
HGBClazsifier 73 98
GradientBoostingClassifier 69 93

From the table, it can be observed that there 1= 2 notable
difference in accuracy among the models when apphed to
raw C85] data. MGBClasafier achieved the highest
performance with an aceuracy of 73%., while SVC had the

lowest at 44%. This suggests that wath unprocessed OS5I data,

HGBoost's mherent capabilifies to handle igh-dimensional
datz and nease, as well as it automatic bandling of mis=mg

values, allow 1t to perform relatively well On the other hand,

although S5VC generally performs well wath kgh-
dimsensional data, the noise apd nonlmeanty of C51 data

may make it challenging for SV to 1dentify an appropriate
boundary.

In order to further compare the performance of the
proposed method mn this study with existing technologies,
we selected data proceszing and prediction methods from
two related studies and apphied them to the dataset used in
thas research. The fivst study 15 the machine learmming-based
approach proposed by Miao et al (2019), while the second
15 the deep learmng-bazed approach miroduced by Liu et al.
(2017).

The method proposed by Xiao et al. (2019) uses a shding
window for noise reduction and extracts statistical features
(skewness and kurtosis) as the basis for clasaification,
emploving a SVM for crowd detection. However, when
applied to the dataset in this study, the zcewracy achieved
was only 29%, indicating howtatons in handhng the
specific environment and datz characteristics of this
research.

On the other hand L et al. (2017) method employs
Butterworth filtering amd phase comecton for moise
ehmination extracting phase and amplitude from C51 datz
az feature imputs, and uhlizes a fully conmected
Backpropagation MNewral Network (BP Neural MNetwork) for
crowd detechon. When tested on this study's dataset, this
method also demonstrated hmted applicabelity, achieving
an accuracy of just 30%, highhghting its madequacies in
addressing the unique environment and data charactenshes
of this research.

3.3 Confusion Matrix Analysis

In thes section. confusion matrices are used to lustrate
each model’s performance in predicting different numbers
of individuals. Confusion matnces of each model tramed
and tested on raw data are shown in Fiz. 6.
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Fig. 6. Confusion matrix of raw data

As seen mn Fig. 6, although each model achieves a certain
level of accuracy, they demonstrate varying performance
levels due to differmg adaptability to C51 data. While some
models perform better than others, there 15 sipmficant room
for improvement overall. Therefore, we apphed 3TFT to
preprocess the data and then trained the models, resulting in
the confusion matrices shown in Fig. 7.

From Fig. 7, 1t 15 clear that after traimng on STFI-

Biions s 1 Lt Tt R TFT

i
Praciiec

(n) RandomForestClassifier

SR L STFT

Hnjl\lql
{c) XGB lassifier

processed data, the acewracy of all fowr models mproved
sigmficantlvy. This 1z because the STFT processing
effectively filtered out noise and mnterference from the raw
data, making the essental and distimgmshing features mn the
data more prominent and eazier for the models o recogmze.

Wext, we will present the results of applying the methods
proposed by Xiao et al. (2019) and Lin et al. (2017) through
confusion matrices, as shown m Fiz. 8.

Fredaned
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S ador s Bl it kv RAET
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Fig. 7. Confusion matrix after STFT
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Figz. 8. Confusion matrix after STEFT

From Fig 8, it can be observed that the recogmtion
performance of these two methods 1= sigmificantly poor
when appled to the data collected under the equpment and
emvironmental settings of this study. The confusion matrx
reveals evident classification ermrors, parficularly with higher
error rates 1o cases with fewer individuals or boundary
categones, resuling m low overall accwracy. This mav be
attmbuted to the noisy charactenstics of the dataset and
environmental vanations, indicating that these two methods
are unsurtable for the expenmentzl emvironment and
equipment used i this study.

Fmally, we used three commeon quantitative metrics—
Precizion, Recall and F1-Score, to summanze the results of
all methods into a table. The table presents the Macro
average values of these three metrics for comparison. The
summarized results are shown in Tabls 2.

From Table 2, it can be obzerved that the machine
learnimg method propesed by Hiae et al (2019) achieved 2
Precision of only 25%, mdicatmg a logh proportion of
misclassaifications when identifying individuals, resulting in
low accuracy. The Becall was only 25%, demonstrating that
this method had low sensitvity for this elassification task
and failed to effectively detect most targets. The combimed
average Fl-Score for Precision and Recall was also low at
just 24%, suggesting that thas method 15 unable to mest the
requrements of this equipment and expenmental
environment.

Simularly, the deep learming method proposed by Lm et al.
(2017) performed poorly m the apphication scenano of this
study. It achieved a Precizion of 31%, Recall of 30%, and
an Fl-Score of only 30%. Despite employmg advanced
deep leaming techniques, this method failed to adapt to the
lightweight equipment and data charactenstics used i this
study, leadmg to suboptimal performance and accuracy.

In contrast, in this smdy's experimental results, the
FandomForestClassifier combined with S5TFT feature
extraction on lLightweight hardware achieved the best
performance, with Precizion, Recall, and Fl-5core all
reachimg 99%. Other machine learming classifiers (SVIC,
XGBClas=zifier, GradientBoostngClassifier) al=o
performed well, maintaining results at a ngh level of 98%,
demonstrating the feasibility of using STFT combined with
machine learning to detect CSI data m this environment.

These experimental results highhizht that the application
of the STFT techmigue 1n this study effectively filtered out
epvironmental noise from the C5I data collected by
lightweight devices and extracted distmgwishable fime-
frequency features. This approach smgmficantly mmproved
the detection accwracy and stabiliy of the models,
showecasing the potenhal of combiming hzhtweight
hardware with optirmrzed data processing techniques for CS1
data applications.

Table 1. Quantitative metries for each method

M ethod / Metrics Precision (%2}  Recall (%5} Fl- Score (%)
STFT + RandomForestClassifier 99 99 99
STFT = 5V 4 o8 98
STFT = XGBClassifier o 98 98
STFT + GradientBoostngClassifier 98 98 98
Hiao method 25 14 24
Liu method 31 30 30
hirps-//doi.ore/ 10,6703/ 1TASE 202503 _22(1).001 8
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4. CONCLUSION

Thiz studvy successfully designed and vahdated an
efficient, Lightweight, and cost-effectrve WiF1 C5l-based
buman flow detection system centered om the ESP32
module. Compared to devices used in other studies, the
adoption of ESP32 sigmificantly reduced the system’s
hardware cost and size. By integrating STET analv=is with
machine learming techniques, the system effectively filtered
emvironmental noise and extracted kev features for acourate
buman flow detechion. Expenmental results demonstrated
that the system 15 particularly smitable for simple scenarios
such as commidors and staireases, highlighting its advantages
In privacy protection, low cost, and non-contact semsing.
Thes work lays a sohd foundation for the development of
privacy-friendly buman flow detection systems.

Future research can further enhance thiz hzhtweight
device by integrating deep learming techniques, such as
autoencoders or ime-frequency domain fusion analysis, to
improve Itc data representation capabilities apd detection
performance In more complex scenamos. Additionally,
ophmizations can be made for mulh-target detechon and
dynamie environments, especially to address challenges
posed by multpath effects and environmental vanations.
Overall, this study achieved an efficient applicatton of WiF1
C5] technology in human flow detection using low-cost,
lightweight hardware and provides a reference for future
advancements and extensions of C5I-based technologies.
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As wban areas develop and technolegy advances, artificial intelligence technologies offer
mmerons applications to alleviate a pressing issue: traffic congestion. The importance of traffic
management and safety monitoring underscores the crucial role of integrating wvehicle
recognition technology with the Internet of Things within intellipent transportation systems. In
this study. You Only Look Onece with Uniform Experimental Design (U-YOLOnd) is proposed to
enhance the performance of vehicle recognition. The approach aims to optimize hyperparameters
within YOLOw4, resulting in a high recognition rate in the model Furthermore, two datasets
were wilized: Vehicle from Beijing Institute of Technology (BIT) and Conymsational Intellizence
Application Laboratory from National Chin-Yi Unversity of Technology (CIA-WNCUT). The
experimental results revealed significant improvements when comparing U-YOLOnw to
YOLOv4. In the BIT-Vehicle dataset, U-YOLOwd achieved a mean average precision of 97.84%,
whereas in the CIA-NCUT dataset, it reached 89.19%, highlighting its supericr performance
over YOLOwd The UXYOLOnd model has overall demonstrated significant improvement in
vehicle recognition revealing its adaptability across different datasets and various scenarios. Its
application is expected to play a crucial role in intelligent transportation systems, enhancing
traffic management efficiency and road safety.

1. Imtroduction

With the global population continmuing to grow and business activities flourishing,
transportation and road traffic have become increasingly essential for daily operations. However,
this also leads to a range of issues, including traffic congestion, heightened carbon dioxide
emissions, increased risk of traffic accidents, and challenges in route planning and management.
In response to these challenges, intellizent transportation systems (ITSs) otilize technologies
such as the Internet of Things (IoT), big data analysis, and artificial intellizence to enhance
transportation efficiency and public safety, and ultimately, to improve the convemience of
travel V) Specifically, IoT technology facilitates connectivity among transportation facilities,
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vehicles, and pedestrians. enabling instant data collection and sharing. Biz data analysis extracts
valuable information from massive data to support traffic management and decision-maling.
Artificial intelligence technology is applied in traffic monitering. signal control, and intelligent
traffic prediction. enhancing the intelligence of the transportation system Among these
technologies, the vehicle recognition system. a prvotal component of ITS, connects to the IoT to
identify wehicles and transmit relevant information to the menitoring center or other traffic
management platforms. Moreover, it provides traffic managers with real-time data access for
adjustments and responses. Specifically, the vehicle recognition system not only analyzes traffic
flow but also estimates driving delay times and soggests alternative routes, thereby reducing
energy consumption and carbon dioxide emissions. Sinmltanecusly, regarding wrban security,
the wvehicle recognition system can pinpoint accident locations, identify illegal vehicles, track
suspect vehicles, and provide real-time information to relevant units to maintain public
safety ) These benefits collectively promote urban transportation efficiency and safety,
mitigate the negative impact of transportation on the environment, and enhance the travel
experience for individuals.

Accurately detecting and identifying vehicles in the constantly shifting traffic environment
remain a significant challenge. The diversity and complexity of traffic scenes, including factors
such as traffic volume, road directions, and the pmiltitude of vehicle types, pose substantial
hurdles for vehicle recognition technology. Additienally, adverse weather conditions, varying
light sources, and object ccclusions exacerbate the diffienlty of vehicle identification. leading to
diminished accuracy and stability™ Consequently, there is a clear need to enhance and refine
vehicle recognition technelogy to meet the changing demands of road traffic. Conventional
machine learning (ML) approaches mainly consist of two steps in target recognition? feature
extraction and classification. Specifically, features are typically extracted directly from image
pixels nsing low-level feature extraction methods such as speeded-up robust features (SURF).58)
scale-invariant feature transformation (SIFT). 5" and histogram of oriented gradients (HOG) &)
Subsequently, classification 1s commenty performed using algorithms such as k-nearest neighbor
(ENN)A® and support vector machine (SVM).® However, the instability of conventional ML
lies in the fact that feature extraction relies on mamal desizn by experts, which can result in a
time-conswning and computationally tediows process. Fortunately, with the development of
deep learning. conventional approaches are gradoally being replaced by comvolutional neural
networks (CNNs). CWNNs perform image localization and classification by extracting features
from images nsing mmlti-level convelution and pooling layers, and it has been widely nsed in
object detection tasks ') In vehicle recognition tasks, CNN models can not only detect and
classify different categories of vehicles through mode] training bt also adapt to various scenes
and environments.

Among all CNN models, object detection models can be mainly divided into two types: two-
stage and one-stage (12 The former models usually generate candidate regions of interest (region
proposals) first. then feed those candidate areas into CNN for further processing such as feature
extraction and classification to idemtify the objects’ locations amd categories. Representative
models. such as region-based CNN (B-CNN). (13) Fast R-CNN., and Faster B-CNN. M) achieve
high accuracy and are particularly suitable for complex scenes where accurate object recognition
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1s required. However, they are hindered by the time-consuming nature of the two-step process of
generating and classifying region propesals. On the other hand, one-stage object detection
models, such as the Single Shot MultiBox Detector (SSD)?%) and You Only Lock Once
(YOLO), 1% integrate region proposals and object classification into a single network, allowing
model parameters to propagate from the input layer to the cutput layer. One-stage models offer
the advantage of reducing computational time making them particularly snitable for real-time
applications. However, their accuracy tends to be lower than that of two-stage models. In the
context of vehicle identification tasks, it is crucial to consider both computational time and
accuracy to achieve effective real-time vehicle identification.

Notably. the series of YOLO models'’”) have demenstrated a strong capability for feature
extraction and rapid object recognition through mmitiple improvements and optimizations. Its
excellent performance has been acknowledged in smumerous practical applications. For instance,
Lm ef al. replaced the backbone network with the ConNeXt-5 network for the feature extraction
part in YOLOv4.(8) Additionally, a global attention mechanism was integrated, and the loss
function was modified with SIoU for real-time vehicle detection tasks."® Liu et al. also applied
the GhostbottleMet algorithm to the feature extraction process within YOLOwS to address the
issue of incomyplete feature extraction cansed by the uneven distribution of image features in
surface ship detection and recognition tasks O% Safonova ef al implemented YOLO models to
detect infested trees using images acquired from high-resohition unmanned aerial vehicles 20)
However, the performance of these models was impeded by the types of detection and the
complexity of the images, highlighting the importance of appropriately adjusting
hyperparameters to improve the model’s accuracy, thereby enhancing its performance and
robustness.

The selection of hyperparameters can significantly impact the model performance by
enhancing accuracy, improving model generalization, reducing overfitting, and even expediting
the training process. Numerous researchers have proposed several methods, including foll
factorial desizn, grid search®V and random search®? However, these approaches typically
demand a substantial oumber of experiments and impose high requirements on computing
resources and time ¥ Considering constraints on time and cost, the Taguchi method and
uniform experimental design have emerged as widely adopted alternatives. The Taguchi method
is an effective experimental design appreach that enables the discovery of optimal
hyperparameter combinations in a limited mumber of experiments. Althengh the mumber of
experunents in the Taguchi method typically exceeds the mumber of levels squared. it 13 still
relatively smaller than those of full factorial experiments and grid searches, maling it easy to
implement. Nevertheless, the Taguchi method has limitations, as the settings for factors and
levels cannot be too extensive and are determuned by experts with specific experience and
intuition regarding the experiments *¥ On the other hand, in uniform experimental design,
factors and levels are determined on the basis of predistribution. ensuring balanced exploration
across different factors and levels. This approach effectively reduces the mumber of experiments
while maintaining the comprehensive exploration of the hyperparameter space. In other words, a
uvniform experimental design can discover better hyperparameter combinations in a limited
mmber of experiments, effectively addressing nmlti-factor and nmlti-level parameter selection
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problems @ Therefore, to enhance model accuracy while conserving computational time
through fewer experiments. in this study, we emploved a oniform experimental design to
optimize parameters, effectively addressing the challenge of nmlti-factor and mmlti-level
parameter selection. Moreover, building upon the concept of a rapid and accwrate real-time
vehicle recognition system. we proposed an improved YOLOv4 model with vniform
experimental desizn (U-YOLCOwY) to achieve high-precision vehicle detection and classification
The contributicns of this study can be summarized as follows:
* The proposed UYOLOw4 model achieved real-time wvehicle detection and enhances
recognition accuracy.
* The uniform experimental design method is utilized to determine optimal parameter
combinations in nmiti-factor and nmiti-level parameter selection efficiently.
= A practical vehicle dataset, Computational Intellisence Application Laboratory from National

Chin-¥i University of Technelogy (CIA-NCUT), was established from traffic wvideos in

western Taiwan Furthermeore, U-YOLOw4 was implemented in actual scenes along a country

road in Taiwan.

The remainder of this study is organized as follows. In Sect. 2, we introduce the proposed
real-time vehicle recognition system wpsing the UYOLOw4 methed In Sect 3, we present a
comparison of the results between U-YOLOvw4 and YOLOwv4. and in Sect. 4. we draw conclusions
and ocutline future prospects.

1. Real-time Vehicle Recognition System

The overall workflow of this study is illustrated in Fig. 1. To address the challenges present in
vehicle identification. the vniform design experiment method was emploved to optimize the
model hyperparameters. Subsequently. through regression analysis, the optimal parameter
combination was determined to enhance the performance of the YOLOwvd model Additionally,
real-time images captured from cameras installed on highways in western Taiwan were obtained,
and the system was deployed on an AGXK Xavier embedded platform

Fig. 1. (Color omline) Overall workfiowr of real-time vehicle recognition system.
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21 YOLOv4 model

YOLOv4.29 an end-to-end designed model. as shown in Fig. 2, can be trained on a single
graphics processing unit for fast and accurate performance (%) Its architecture is mainly
composed of three parts as shown in Fig 2. namely. the backbone. neck. and head. The backbone
utilizes CSPDarknet53 with the concept of the cross-stage partial network for achieving effective
feature extraction. The neck combines a spatial pyramid pooling layer and path aggregation
network components for integrating feature maps of different scales. Lastly. the head employs
the original YOLOv3 architecture, which converts feature maps obtained from the backbone
into prediction boxes and categories.m'n) In this study. hyperparameters such as batch
normalization (BN). the number of convolution kernels, and the activation function (AF) in the
last three layers of the YOLOv4 head were chosen for uniform experimental design adjustment.

[ 5]

.2 Uniform experimental design

The uniform experimental design method®® replaces the orderliness and comparable
characteristics of orthogonal experiments by evenly distributing parameters within a certain
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range. This ensures that the parameters cover the entire design space and that each experimental
point is representative ®® This benefits the effective exploration within the desizn space,
lowering computational costs and avoiding repeated experiments. especially when the design
space is large or complex. In this study, seven factors, including three 2-level factors and four
3-level factors, were designed and are listed in Table 1. Moreover. the required mumber of
experiments was determined according to the wniform layout and zood lattice point sets, as
revealed in Table 2. The uniform experimental design flowchart is alse provided in Fig_ 3.

Table 1
Experimental factors and levels in uniform experimental design.
Factor Lavel 1 Level 2 Lewvel 3
BM 1] 1 —
CBL1 Filters 128 256 512
AF Mish Bell Laaky FellJ
BM 1] 1 —
CELZ AF Mish Bell Leaky FellJ
BM ] 1 —
CEL3 AF Mish Bell Leaky FellJ
Table 2
List of wniform layout
1 2 3 4 5 4§ 7
1 B G 14 1 11 13 4
2 10 10 11 4 14 10 15
3 4 15 1 5 @ ) 5
4 ] 7 2 13 4 1 14
5 1 11 4 10 12 12 10
-] 13 12 g T 13 3 1
7 14 9 5 2 1 L] @
8 12 14 o 14 L] 14 7T
@ 2 2 10 3 T 2 8
10 7 13 15 o 4 4 12
11 E] B 12 12 2 9 2
12 5 5 7 & 3 15 13
13 15 3 13 11 10 b 11
14 G 4 ] 15 15 5 &
15 11 1 E] B 5 11 3
CL&-NCUT s 5 I piferm Rrgrrussn anclysm
fatast fesatral foeties s bevels "'""':::::;NH Madsl iraining e '|=-'lﬂ|-"-'"ﬂ-|"]

Fiz 3. Flowchart of uniform experimental desizn.
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2.3 Multiple regression analysis

Multiple repression is a statistical analysis method that explores the relationship between cne
dependent wariable and one or more independent variables. Unlike simple linear regression
which involves only one independent variable and cne dependent variable, nmltiple repression
considers the effect of mmltiple independent variables. This allows for a more comprehensive
analysis of the factors affecting the dependent variable ¥ In this study, quadratic nmitiple
regression was performed after completing the 15 experiments described in the previous section
to identify the optimal parameter combination The fornmla for quadratic nmltiple regression is

-1\ A TR 3 AT, | ®
1=l

iml Tl i +]

where £, I, and Sy represent the residval term. dependent variable, and intercept term,
respectively. By; signifies the coefficient of the linear term indicating the effect of the ith
independent variable on the dependent variable; #,; denotes the coefficient of the quadratic term
representing the effect of the square of the ith independent variable on the dependent variable;
Fi; indicates the coefficient of the interaction term representing the impact of the product of the
ith independent variable and other independent variables on the dependent variable. Additionally,
X and X, denote the valves of independent variables, while n represents the total mumber of
independent variables.

2.4 Evaluation metric

Four evaluation metrics—mean average precision (m4F), precision, recall, and Fl-score—
are described to assess the performance of the UYOLOwd and conventional YOLOvd models.
The fornmlas for these metrics are listed as follows:

-
AR,
AP = il TE @
M
Precizion = . (3)
TP+ FFP
Recall =——2 @
TP+FN

2x precision « recall

Fl1= . (3)

precision + recall
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where TP. TN. FP. and FN respectively stand for true positives. true negatives, false positives.
and false negatives. respectively. Moreover, n represents the number of categories and AP;
denotes the average precision in the ith category.

3. Results and Discussion

In this section. we aim to verify the effectiveness of U-YOLOv4 using two datasets.
Moreover. the optimal parameter combinations and the vehicle recognition performance, along
with further discussions, are provided. Furthermore, the model was also evaluated under various
lighting scenarios and tested for real-time application on highways.

31 Results of U-YOLOv4 using Beijing Institute of Technology (BIT)-Vehicle dataset

3.11 BIT-Vehicle dataset

The BIT-Vehicle dataset comprises a total of 9850 vehicle images. including six types of
vehicle, namely. trucks, buses, sedans, microbuses. minivans, and SUV5, as illustrated in Fig. 4.
These images were captured from various sections of the highway, encompassing different light
conditions. with each image featuring one or two vehicles. For the experiments. the data were
randomly split into an 80:20 ratio, with 7880 images used for training and 1970 images for
testing. The detailed breakdown of each category within the BIT-Vehicle dataset is provided in
Table 3.

Fig. 4. (Color online) Images within BIT-Vehicle dataset.
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Table 3

MNumber of vehicle categories within BIT-Vehicle dataset.

Category Bus MicTobus Minivan Sedan suwv Truck
Training data 457 702 388 4751 1104 6438
Testing data 101 181 Ba 1170 288 175
Total count 558 BE3 476 5022 1392 Bx2

31.2 Uniform experimental design

In YOLOw4, the head plays a crucial role as it processes aggregated features and predicts
bounding boxes, object scores, and classification scores. Therefore, optimizing pretraining
parameter combinations can significantly enhance the model’s performance Herein Table 4
lists a total of fifteen vniform design experiments. Following the completion of these
experiments, all data vnderwent analysis vsing quadratic mmiltiple regression to determine the
optimal parameter combination Finally, the results are presented in Table 5, with the optimal
pretraining parameter combination displayed in Table 6.

11.2 Comparison of experimental results between U-YOLOv4 and YOLOv4 using BIT-
Vehicle dataset

To assess the performance of U-YOLOw4, comparison experiments were conducted with the
original YOLOv4 model The performance was averaged from three experiments using the BIT-
Wehicle dataset. as listed in Table 7. The UYOLOw4 model achieved the same precision recall,
and Fl-score as the original YOLCned model, at 94.3, 973, and 96%, respectively. Furthermore,
UNOLOv4 demenstrated a 0.58% increase in mAP compared with the original YOLOwd model
Specifically, the UYOLOwd model exhibited better recognition in five categories: minibus,
minivan, sedan, SUV, and truck This indicates that UYOLOw4 can more accurately locate
targets in detection tasks and shows a slight improvement in overall detection accuracy.

1.2 Results of U-YOLOv4 using CTA-NCUT dataset
321 CTA-NCUT dataset

In this subsection, the CIA-NCUT dataset, collected by the team from National Chin-Yi
University of Science and Technology, is introduced. This dataset is particularly suited to
reflecting actual road conditions in Taiwan Aceuired through cameras installed on hisghway
sections in western Taiwan, it was complemented by the development of the AGX Xavier
embedded platform for video data collection. Moreover, since image recognition outcomes can
be affected by weather conditions and lighting environments, the dataset comprises images
captured voder various conditions such as day, night, and rainy days as illustrated in Fig. 3.
These images enconpass both forward and bacloward perspectives from driving viewpoints. The
CIA-NCUT dataset includes five wehicle categories: cars, buses, trucks, motoreyeles, and
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Tahble 4
List of fifteen uniform desizn experiments.
CBL 1 CBL 2 CBL 3
BN Filters AF BN AF BN AF
1 1 512 Leaky 0 Felu 1 Felu
2 1 128 Leaky 1 Felu 1] Leaky
E] 1] 512 Mish ] Mish 1 Mish
4 1 128 Leaky ] Eelu 1 Mish
5 1] 256 Mish 1 Mish 1] Felu
G 1 512 Leaky a Lasky 1 Felu
7 1 512 Leaky 1 Leaky /] Leaky
8 1 256 Felu 1 Mish 1] Felu
9 [i] 256 Mizh ] Lazky 1] Mizh
10 L] 128 Relu ] Leaky 1] Leaky
11 ] 256 Felu 1 Felu 1 Mish
11 [i] 256 Mizh 1 Mish 1 Feln
13 1 512 Mizh ] Lezky /] Mish
14 ] 128 Felu 0 Mish 1 Leaky
15 1 128 Felu 1 Felu 1 Leaky
Table 5
Besults of uniform desizn experiments using BIT-Vehicle dataset.
Precizion (%) Recall ®a) Fl-score (%) mAP (%)
1 a5 o7 ] 98.T8
2 o4 o7 o] 0743
3 85 98 ] 0715
4 a5 o7 ] 0747
5 ) w7 L] 06.48
§ 95 o7 L] 96.71
T o4 e E] 0744
] o4 k] ] 07.64
9 95 o7 L] 07.40
10 85 a7 ] 0740
11 85 o7 ] 05.63
12 o4 o7 o] 97.53
13 o4 k] ] 97.67
14 o4 @7 ] 97.38
15 o4 7 ] 0506
Table §
Optimal pretraining parameter combination using BIT-Vehicle dataset.
CHEL 1 CBL 2 CBL 3
EN 1 BN 0 BN 1
Filters 128 AF Leaky AF RellJ
AF Leaky

bicycles, totaling 76307 images. After image labeling, the data were randomly divided into a
training dataset of 61278 images and a testing dataset of 13310 imapes. maintaining an 80:20
ratio. Given that each image contains multiple vehicles, the total mmber 1s presented in Table 8.

To ensure consistency and comparability across experiments, the nniform design experiments
adopted the same process as described in Sect. 3.1.2 for the BIT-Vehicle Dataset. Subsecuently, a
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Table 7

Comparison of experimental results between U-YOLOv4 and YOLOv4 using BIT-Vehicle dataset.
Method YOLOvw4 (%3) U-YOLOv4 (%)
Precision 94.50 94.50
Recalil 97.50 97.50
Fl-score 96 96

mAP 97.26 0784

Bus 100 100
Minibus 98.35 98.64
Minivan 92.70 94.44
Sedan 08.90 9892
suv 96.55 97.32
Truck 26.74 9173

Fig. 5. (Color online) Images within CIA-NCUT dataset.

Table 8
Number of vehicle categories within CIA-NCUT dataset.

Car Bus Truck Motorcycle Bicycle
Traming data 57701 4204 9561 28203 4506
Testing data 14302 968 2480 6981 1103
Total count 72003 5172 12041 35274 5609

quadratic nmltiple regression analysis was conducted to select the optimal combination of
pretraining parameters. The results of all fifteen uniform design experiments are presented in
Table 9. with the optimal pretrained parameter combination revealed in Table 10.
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Table @
Besults of uniform desizn experiments using CIA-NCUT dataset
Precizion (%) Recall ™) Fl-zcore (M) mAP ("a)

1 71 o1 80 289
2 71 20 80 B3.86
3 72 20 80 88.52
4 72 bl 80 8342
5 72 b] 80 8345
G 71 20 80 8368
7 71 o0 e E8.88
8 72 o1 80 88.82
9 72 20 80 88.57
10 70 01 Te 8860
1 71 20 Te 88345
12 72 20 80 88.50
13 73 ] 80 88.53
14 71 o0 T8 B850
15 71 20 80 2344
Table 10
Optimal pretraining parameter combination using CIA-NCUT dataset.
CBL 1 CBL2 CEBL 3
EN 1] BN 1 BM ]
Filters 256 AF Leaky AF Mish
AF Leaky

1.2.2 Comparison of experimental results between U-YOLOv4 and YOLOv4 using CIA-
NCUT dataset

Table 11 presents a compariscn of experimental results between U-YOLOw4 and YOLCned.
Despite a slight decline in precision and Fl-seore for U-YOLOw4, there was an approximate 1 to
2% improvement in mAF and recall rates. This trend highlights UY0OLOwd's proficiency in
accurately identifying objects in target detection tasks, with heightened sensitivity. Specifically,
with inereasing recall, the model becomes more effective at capturing true positive samples,
albeit potentially resulting in more false positives and thns reducing precision and Fl-score.
Importantly, U-YOLOv4 demonstrated superior recognition ability in each category compared
with the original YOLOv4 model.

1.3 Tmplementation of U-YOLOv4 on highways in Taiwan

To understand the performance of the actual implementation of U-YOLOw4 in real-time
wehicle recognition a section of a provincial highway in Taiwan was selected. The workflow, as
shown in Fig. 6, inchudes cameras installed on pillars, transmitting real-time video back to the
monitoring center via the infernet.

Figure 7 shows vehicle recognition images generated by U-YOLOwd and YOLOnd. It is
evident that YOLOwd struggles to recognize vehicles appearing far away from the camera
(highlighted in the red cirele). Conversely, U-YOLOw4 demonstrates a higher recognition rate in
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Table 11

Comparison of experimental results between U-YOLOv4 and YOLOv4 using CIA-NCUT dataset.
Method YOLOv4 (%) U-YOLOw (%)
Precision 2 70
Recall 90 2
Fl-score 80 70
mAP 88.31 8019
Sedan 83.83 84.07
Passenger 93.68 9402
Truck 94.56 94.86
Scooter 83.76 84.48
Bicycle 8574 87.64

Fig. 6. (Color online) Workflow of actual implementation in real-time vehicle recognition.
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Fig. 7. (Color online) Vehicle recognition images generated by (a) U-YOLOv4 and (b) YOLOw4.
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real-time image recognition and effectively identifies smaller vehicles at greater distances from
the camera.

COrverall U-YOLOwS improved mAF by 0.58% compared with the original YOLOwv4 while
maintaining consistent performance in precision, recall, and Fl-score in the BIT-Vehicle dataset.
On the other hand, the CIA-NCUT dataset. with more complex situations. showed that
UNOLOv4 improved by 0.858% to 2% in recall and mAE but its performance in precision amd
Fl-score declined slightly. This difference may be attributed to the diversity of the dataset, such
as varying weather conditions, lisht sources, and wehicle directions, posing challenges to the
model’s generalization ability. Additionally, in real-time vehicle detection applications,
UNOLOv4 performs better than YOLOw4 in detecting smaller vehicles at greater distances.
However, there i3 still roem for improvement in the confidence of identifying those vehicles.

4. Conclusion

Im this study, we emploved a uniform experimental design method to optimize the YOLOn4
model for vehicle detection systems. By leveraging the characteristics of a nmiform distribution,
the parameter space was systematically explored. resulting in the successful development of
UNOLOv4 with improved performance. Additionally, the CLA-NCUT dataset was established
by collecting traffic images from actuval roads in Tarwan Evalnation results on both the BIT-
Wehicle and CIA-NCUT datasets demonstrated that U-YOLOw4 improved mAP by 0.38% to 2%
compared with the original YOLOw4. Althowgh there were slight decreases in some performance
indicators, the overall performance was still enhanced. Moreover, U-YOLOw4 was applied to a
highway section in Taiwan, confirming its effectiveness in real-world scenarios, particularly in
identifying smaller vehicles at greater distances.

MNonetheless, challenges persist in the geal-time detection and identification application of
UXOLOv4, inchuding insufficient confidence in certain sitwations, necessitating further
improvement. In future research, U-YOLOw4 can be enhanced through refined feature extraction
and model adjustments, thereby boosting the acowacy and confidence of identification and
enhancing its application vahue and reliability.
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