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Ceiling inspections present challenges due to limited accessibility and structural constraints. To ease the burden on security
personnel, who would otherwise need to manually disassemble, inspect, and restore ceiling components, this study
proposes a robotic system for detecting hazardous objects within ceiling environments. The proposed system features
several key innovations: a hollow-structured track mechanism designed to reduce vibrations from jolting while traversing
structural beams and to improve localization accuracy. We optimized the robot’s mass distribution and required drive torque
through dynamic simulations to ensure stable mobility in confined ceiling spaces. For effective hazardous object detection,
we developed a YOLOv8-Seg-based background learning algorithm that suppresses ceiling-structure patterns, allowing for
the identification of unknown objects without prior class-specific training. Additionally, we introduced a frame-based filtering
algorithm to enhance detection reliability by reducing false positives caused by motion blur during movement. The system's
effectiveness was validated through experiments conducted in a ceiling-structured testbed, demonstrating its capability for
accurate hazardous object detection under realistic operating conditions.
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Fig. 2 Robot platform and simulation environment model
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Fig. 3 Geometric parameters and center of mass of the robot
Table 1 Geometric model parameters
Parameter Symbol Length [mm]
Obstacle height h 70
Wheel radius r 44
Wheel base d, 220
Track width d, 138
Platform height d; 113
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Fig. 4 Obstacle overcoming simulation results
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Fig. 5 Drive torque in obstacle overcoming simulation
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Table 2 Specifications of the selected motor
b Motor: ECX FLAT 32S (50 W, 24 V)
Nominal speed [rpm] 10,000
Nominal torque [Nm] 0.0478
Max. torque [Nm] 0.0914
= . Current [A] 3.04
E g Size [mm] @32 %175
Rl Gear: GPX32
- Gear ratio 35:1
Efficiency [%] 78
Combined output
Nominal speed [rpm] 285.7
Nominal torque [Nm] 1.3
138 mm Max. torque [Nm] 2.5
) 150 mm .
Fig. 6 Robot size for limited cross-sectional entry
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Fig. 8 Obstacle overcoming test of the developed robot

Communication
Module

Jetson Xavier NX

Left Motor ¥

5/'

Compact Electronic
System -

LED

Camera

w% %ught Motor
LiPo Battery

Fig. 9 System configuration of the narrow-space exploration robot

2.4 1Y EA

2
)
ot
=
fru

T
)
oN

P A|]] O] S Fig. 99 2 A Al
3 W AARE A0S R 4 glor HEE
A9} A 2F 752 ALk
T QAtel atEE AR 71EAQl Alo] 7lse A
Hog gasly] S, A 2 49l Alol71€} skel Alel7]
2 JHEsioith feE THA darefEat ol a4 ¢dito] e
T 7162 4391 Alo17](Jetson Xavier NX)of| A = 2js}al, e
Alof, 49l #2], RF (Radio Frequency) 54l 5 HAIZHIo] &
TE= Aol 715 3k AoI7I(STM32)yE 53l +3do=X
it e Alo] s ekt
3] Alo}7]&= Fig. 101} Z-o] STM32H7 A]2]Z MCU (Micro
Controller Unit)s 7|4Wto& AA=]glon, GPIO (General
Purpose Input Output), ADC (Analog-to-Digital Converter), DAC
(Digital-to-Analog Converter), CAN FD (Controller Area Network
Flexible Data-rate), UART (Universal Asynchronous Receiver
Transmitter) 59| $E|#|o|2~E Z-g5to] e B AIAE HARE
OS2 A|ojgtth. KLE| A|of, CANopen ZE2EZF, RF 541, AlA A
o e, Y BT 7)ls 5= TSt Fig 113} o] k=2 74
mm, A2 64 mm, 0] 21 mmo] 4% ¢ Bt e 2 JLH3}
Fom, o5 Bl 31t E8I=et FA AE SAloll AdskiT

CANopen ]
‘ Battery |—'< 12V ‘ ‘ 5V } P CQ‘I\
[
Protection l CAN CAN
circuit & ‘ LED PW ‘ ’ 3.3V ‘ I oo Multiplexer H ‘
Filter dnl\cr Out

[ PWM

- .o |,| Terminating
[ﬁ) CAN Multiplexer resistance
Battery v
Analog LW MCU LE0S
nalog (STM32H743) |+ UsB
Output
. Digital
T - DIP SW
Motor etson
Board User Input -
Pl Signal Amp [* Left Motor
v '
Signal Amp » Right Motor

Fig. 10 Diagram of compact electronic system

User Input User Input
Digital Analog

| FAN | | Lidar }

Bottom view

Top view

olgfgt AAl= s AAt ARt AR Aloj7} Al 8
S 2to] BAof RS SHEgle] TS A,

HE Aol WEE A9 Aoi7lolA Aol CAN FD §4l
& B k9] Alol72 HLE, 58] Aolrle ol ofe
AEE gkelo] mEe] SES FUsiA Aofaict. el o]
3|2 ok9] Alof7]olA % obd2 AEE 0-10 V
of ggHel HYOE FHAA, AT S Aol 15l
gheh E=3E 519 Alo7]olli= RF 2417]7F Wd=]o] Slo] RF =
2715 Bolo] AACR 258 4 Atk A9) A7) A
AnE 2Ee Y Aole 4 olol 1T AT WA A 574
3l =% H8o] 7hsdtths RS 7T Eh, 4] Alo7 o
X A Aol WEe AAgteR Hzlat % ool Alswle) 3
AT AATHES Aol s

Y Ao s]2+= PWM (Pulse Width Modulation) A1 35 &8
sfo] LEDS] ¥/l sk, GPIO ALES o) AMY] 42
Alofer = == AAESIT 3L, 64 2lF EYm ujE 2ol
FEEE AU ol B AU & e PR FAI
oo, ujE g Aol 4 UA ik olstkzE Hod A Ahso= A
HE Aol 2o 325 GASHIeh =3t AAE v At
HUEH 7152 F8f ol AU I Al A7 2 =E Skl



42 / January 2026

289 79 %L ol Al A AP Fal Bt
A A Fe FATE F3) 2ol AYT 4 YEAE Bl
she W B A9 A% AT, F WAt Bole] v
2 4 ANBE mito] FBY 4 YLAS AFFHE PR
35 49, A WA AR A RS BAR Bel0] F

W 4% Algoltt.

A27](7F= 150 mm x A2 150 mm)2] thH-S
& elsitiFig. 1), 2348 AZHY 722 g S,
7ol 744 glol Fsh= d AdEskaitt. oI5
U A3 Es g8 B8BTS Bel 4% ) 48 30
= A9 4 9L stk

A 2o FxE= s AT = e e

b

Pt zo]9] Aol Eo] Attt Zito] AoES <t
85t 2T = AEAE FRIE] $3l, Fel
30, 45, 75 mmZ GAF O FTIA7|H HollE
Brpskeh. A3 Ayk(Fig. 13), 5 sj4S T3l dl5d =2
o =& 7k E0¢l 70 mm#t ofye}, 18 23}5H= 75 mm
Lolo] AolBE He 5 9lgo] =it T3t 103] o4t
o] kg Ao E F2F H4o|y BE get glo] FAE o
2 258t

e
2,
C

(c) Driving experiment on a 60 mm ceiling obstacle

Fig. 14 Results of the reduced-scale ceiling driving experiment
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Fig. 15 Training dataset and results of the hazardous object detectio
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Algorithm 1: False Positive Filtering for Object Tracking

1 Initialize tracked objects and their confidence scores;
2 for each frame t do

3 Detect objects C; in frame (;
4 Initialize new filtered objects list: filtered_objects < |);
5 Create a spatial index for tracked objects;
6 for each object O;, in C, do
7 matched < False;
8 Find nearest neighbors O, in tracked objects within distance
S
9 for each Qj -1 in nearest neighbors do
10 if ToU(Oj4-1,0;,) > T then
11 con fidence(Q; ) «
a - confidence(Oj-1) + (1 — a) - confidence(O;);
12 Increase object persistence count:
count(0; )  count(0j,—1) + 1;
13 Append O;; to filtered objects with updated confidence;
14 matched < True;
15 break;
16 if not malched then
17 Initialize new object with
con fidence(Q; ;) « initial_con fidence;
18 Append O;; to filtered objects with count 1;
19 Update tracked objects: tracked-objects < [illered_objects;
20 for each object O in tracked objects do
21 if count(Q) > T, and confidence(Q) > Cypip, then
22 L Draw bounding box for O;

Fig. 17 Pseudo code of object filtering algorithm
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Table 3 Results of hazardous object detection with object filter

applied
Confusion matrix Object detected ~ Not detected ~ Recall
Object TP: 4168 FN: 412 0.91
Background FP: 322 - -
Precision 0.93 - -

Table 4 Results of hazardous object detection without object filter

Confusion matrix Object detected ~ Not detected  Recall
Object TP: 4427 FN: 695 0.86
Background FP: 1402 - -
Precision 0.76 - -
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¢ FN (False Negative): GT &= dijsl & A&7} ¢A
t, ToU7} 0.5 m]RkQl 79

* FP (False Positive): GT $JgE0] gl= Yxof 91 E A
At 2t A

e Recall: GT Y& = YIE ehx] o] &3t v
_ TP
Recall = TPTFN (4)
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P P _ A4
recision TP+ FP
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