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Developing a Layer of System Architecture for Human-robot
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This study suggests a layer of information system architecture for interactive Human-Robot Collaboration
(HRC) assembly based on shared CAD (Computer-Aided Design) and BOM (Bill of Material) databases. The
layer consists of several interfaces for HRC and shares CAD and BOM databases in the base system architecture
established by previous studies. The HRC interfaces include a BOM editor as a planning editor, a robot path
simulator and Interactive Language for robot assembly execution. Interactive Language provides flexible
controls and communications between human operators and robot systems. To test its feasibility, this study
implements the architecture as an information system with CAD and BOM databases coupled to a robot
manipulator, and applies an example product to the system. Finally, this study examines HRC aspects of the
proposed architecture with known characteristics of advanced HRC systems to clarify its characteristics and

limitations.
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712 A+ (Do et al., 2023)% A A%
8] o} 7| g A & 7|92 HRC Assembly &
t 2% Interface Layers F7}3c} A|¢He
HRC (Assembly) Layere 7]1&9] A5 28 2HA Y o7]g
A (Do et al., 2023)2] CADS} BOM Ho|E{H|o] A& Ff-3H}.
HRC Layere 179 284 8& =95+ BOM Editor, 29
A8& n)g] A& 4 QL& Robot Path Simulator 18] 1 2
A8 2 A E AT 4 T Interactive Language s E 3¢
Tk HRC Layere frdatal 2 a4l 45485 A d3st7] 9
st} I8 CADS} BOM o] e o] 2 & 7|{E o 2 3,
A okel o}7] 81 2] 7} HRC AssemblyS 24 3] A48 4 9l
A gRlat7] g5t o} 718l A 71uke] A H A 2" T3 s}
A AFe A&t oA Azl g A7 HRC 547
wE F3f AA o}7 X o EA I A F AFES QI
2= AL O 20 A #d A7 E AR
o A3 71 E A B2 2HAE A2 oA E &)
St B AT Z &48 HRC Layer?] #2979 e A
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CAD/CAM %7] A (Groover and Zimmers, 1984)= CAD %}
CAM(Computer-Aided Manufacturing) Hlo]EjWlo] 2~ SO 2
SHH A FAT 7R A o A B &F o] Ths
& dZstat shA T CAM Y & Hofel 28 2HA 2
CAM dloefo] 2o thgh 7 do] A=A e4gkal CADS}
CAM Hlo|E o] 2 Fe A7} o] FojA A G itk <
T A 2Ho] T/ 5 = CADSF BOM ] o] EfH o]
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I EE STEPS AF 843 v g4 &
g A FAEE A3 THHan, 2015). & A+
ol A AF(Do et al., 2023)E ISO STEPY] A&
38 7)o 2 A F A4S FHEHE CAD o] EfH o]
29 2E 2PA LS FF AUskE BOM vl o]~
st

A o E FEE CAD vloE Wl o] 25 A F 3/ vl o] B Wl
o] 2~ 7|8k A g} A4kl HE A Y-S A Y38k T Dassault
Systemes A2 CATIAE Hl A 53LE| H| o] B W] o] 2 Z o] &5}o] §
A ARE Heste] AA g A 3E TR FE AFANEES
2] Y g th(Dassault Systemes, 2023). OnShape AF= 1] #A ¥ H] 0]
ElH| 0] 25 o] §-3tef F2h4-E 7N CAD S} & A F 0L A
225 Agskal ATh(OnShape, 2023).

A} ZHA 8 (Design and Assembly Planning)S &3}
© ATE Zhad and Due A9 2Y A8 & FHst= STEP
718k 245 F2E A3 TH(Zha and Du, 2002). A A+ A A
o} 29 FA L Td317] 5t BOM A3 FAE 29 A
Z(Assembly level)& o] &3 W& A3t At 7= STEP
& ol &ate] A =Y 729 2§ AA o] dARA AAE
A3t

28 YA 8 (Robot Assembly Plan)S AUt A FAS
wdlof #3952 Horvath et al.(Horvath et al., 2001; Horvath
et al., 2002; Horvéth et al., 2004)& A FETZ(Y %2 BOM) 7
HAE R A4 2R A AAE AT AT
AE G4 AFT27 THE AF 29 B4 4 /it
2H 29 A AAE Aot AT A2 Al A
AE 72T dolHW o] 24 3§ A 285 Al 582 43k,

Do et al.(2021)& CADS} BOM Hlo]ElH|o] A5 o] &5}
AF 4 A A S 28 2dAY S Adste A~
g o7 A & AT Al o P A = 3 23}
£ ZZA 2 BOM(Process BOM: P-BOM)3} CAD H o] EfHj o]
25 AATFOEN A FAY ZX 2HAY S A3

Do et al.(2023)2 01 AT(Do et al., 2021)2] AF}E W7 A A
AEstE 23 2YA 8 A Pk o1 g A & LS of
o}7] 814 = CAD o] B} | o] 29} A4 /] BOM(Engineering BOM:
E-BOM) 2.2 F-¥] A4+ BOM(Manufacturing BOM: M-BOM)<
ARt B3 28 25 34 £9317] 93t M-BoM 3
CAD HloJH#o|2~E o] &3t F%H BOM(Process-BOM:
P-BOM) & Ah& A3k GiTh 12l B2 o] A= CAD o] H|
o]2-9} 3% BOM Hlo|Huo| ~ & o] &3} 25 BH 2 {
AYE AL F o BT
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st=d 2X 1 9tk CADER

% 72 Rafibakhsh(2017)=
Z31E 534

Ago dag g dAasF
H (2% 29& 98 A8
CAD A2 2H7H 22X 2PAYS A28 F
&1 A& 73 H T Fechter and Neb+= CAD API(Application
o] &3t A5 2R 2HA g Lo
4 AEE AH FE3t= B S AH83H % Th(Fechter and Neb,
2019). Kim and Choi(2005)= 3D CAD &3 STEP AR ZH-H £
354 @4 FEoL ol & o] &t Al F 2 A E A
&= 34 S Aokl T} Pan(2005)2 STEP CAD 3+ 2 3E
75t AR E FEote] b A 2H HEATOEA
Aote 29AY A2 S NESAT o5 97 CADER
B A53tE gAY S AAste G Folud ZEA A
FAE FHoH B AFAHY AA S =AY S FF A3t

7] 93 CADSF BOM H| o] E{ o] 25 1183} 3k}

<Figure 1> ZZAA 4 22 2YAY A (<Figure
la>) 9} dlo]H# o] 2 7|uk 21 2 & A (<Figure 1b>)9
Aol & BofErh ZEAA T4 Aol Hlste] w o] gl H o]
2 719 A2 Q7o 2R A ~Ho] Ff3tE CADS
BOM Hlo|ElHo]| ~5 Faf A& Az gare Feie =
ZA A 23 AEARE AT & Atk HRCE A7}
Z 30| CADS} BOM HolEHo] 25 FH3toan EF &
e A gt Ao 25 AT 5 STt

CAD Algorithm/
Model Procedures s i

Robot ’ I‘_

e e

Program Interface) &

/ Human

Other CAM apps

Figure 1. Comparisons between procedure and database oriented

approaches

2.2 HRC Assembly G-

(1) HRC Assembly 23S 93t 4528 A+

Human Robot Interaction(HRI)2] =& ZA} & F-(Tsarouchi et
al,, 2016)l W2W 1970~20151d Aol #d =F| FAZ
2] 4 (Intuitive) Robot Programming®] 7}¢ o] Th&E F o},
HRCO] =8 AL A7 (Wang et al., 2020)= HRCE 93] 917t
3} 25 Abo] 9] 4498 Communication?} Control o] Y&
3k, o] & 7@ 5t7] #l3ke] 2 ¥ < Multimodal B 7} 2
L& FA48T o714 Multimodal ©] & 43 2 o ?l

= T70
LR A5 AEE A LS ST 2 BE HRCY F
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Tsarouchi et al. <
1?41”3
Demonstration(PbD) 11 Teaching Pendants$} Touch
g o] &3 W, Al 1(Gesture) =4 221 B S o] &3
A os BRatdtt 23 A4 71ES 7O = Visual
Guidance 9} EAK(Imitation), <=7}2H& o] &3 A& 914 714
Eﬁﬂi o] &3 A 2~A ola] &2 BAH WA HolH FEH

o83 AT T2 U3} Sl B ATE LT
w3 24 7} Text to Speech 7] &2 o] &3] 233} A% 317
Y Tactile S &3 AY 28 AAE v 502 2839 4
58l= A = 4708 th(Tsarouchi et al., 2016).

AeAgo 92 APH Multimodal ATE 4, H=E,
AzA 2 3 771] Agehe 23] Alo] o] B Aot
Multimodal ¥ 8-& &34 02 X gst= 7| A S A7) &
7 Z HEHQiE}(Wang etal., 2019; Liu et al., 2020). HRCZ $] 3]
7S A AL FE ARE o] 88t XS Alojst= CPS9H Y
A9 EQel #¢ A+E = Ak (Tipary and Erdos, 2021,
Sun et al., 2022).

o
r:L i
=
s h
1 o
>
oL
QL

719 HRC 97& FE A 259 43548S 93
st 2@zl v o %‘ﬂ% AQkaksit. Hhe, 184
AZE Abole] £ &7 35 A&E H3) tolEHl o] 2E F-f3t

of ¥F AHS Adste Wol FHHsHA & o
2 Product Life Managemento| Al £& €] 2E, BOM 181 7]
& A FHE T AAA Y dF AFNEE XA
2 243 9ItHDo, 2019). IHEE & A5 HRCY &
T T e dHE AFE dHolHw o]
YA g 3 A Aol Agste] frAsta AHF
S ANEsYT A7 02 HRCO| AR 7]
71AE G A &o] SGhEH o] & A st AF Hlol
o]~ d¥o|H Fadd HOR o ZHT}

ATE ZE =AY A8 @A o HRCE A3}
Z9 AF9 CAD 297 BOM S QIzta 280 T4
W AHEsAT AEAR FhE 7]?3"""1 Q1zE 7]
483l CADS BOM Hlo|E{H o] 2~8 2Ho]
& A48t} CADS BOM o] Ejulo]» 7]k 21
o 1 HRCE A ¥3}7] 918 BOM Editors} o o] B v
233(4 Robot Path Simulator)& A3}, 2
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(2) HRC Assembly A& A+

HRC =% ZA} 97(Tsarouchi et a., 2016; Wang et al., 2020)°]|
w2 H HRC Assembly Al 8ol #3+ A= o F-& A7 229
2w S T QI Th HRCO A Q17 259 98] 4 2
o 8l A 2E Y A-E At AU, AT AL A7
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= HaEAY 2R AY S AR st= 5 2HA Y] A
QF=] A TH(Tsarouchi et al., 2016; Ranz et al., 2017).

7]E& Aol A HRC Assembly Al & o] T4 & Q17ko|H A &
HA A 283 Y5 AYo] YojupA] =t Hidd 2
TFol| A A SFsl= o} 7] 8] A4 = HRC Assembly A1 8] g o A <
H 259 FF AYe Ad ARbE oA 2E
°] CADS} BOM EloJEHo] 25 7|fto s 25 27 8
A5 o2 AAE, o] & P-BOM FE| 2 ARt 3k 7 &
A 71e FEol A s Z2H3A 2 o 7HA A de] itk 1
HEE AtH opEAE ds #A Sle xto] BOM
EditorE ©]-&3td BOM Hlo|E#o] 28 WAFO =N 25
o] ¥AS =HAY S M AY A A& 5 A

<Figure 2> 7] HRC Assembly ol &3 A7 (<Figure 2a>)
o} A ¢tE dlole o] 2~ 71¥F AT (<Figure 2b>)<] 20| & B
ot 71E AT Ao 2HYAY S IR HOE A Feta
A8 A A AAY 71 2tE 53 Multimodal Interaction=
ST HRC 78S A=t} Al e W2 CADSBOM Hl ]
EjHo] 29 FfrE AFAESS} 2HAG S 7NOE AFL
2 ARE 2gAg S WAstL Ffrd AFAE 7N
Interactive Language & Al g5t 25 2HA G} AP oA Z
#2Q HRCE A Y&t}

Interactive commands
Sensors/ Interactions N\, /prompts

Cameras =~ (Multimodal) -

Plan

Figure 2. Comparisons between Interface Oriented and Database
Oriented Approaches

3. A 2H) ol7e) A ¢} 74
3.1 TRIP-HRC o}7)€dlx] 270

<Figure 3> TRIP-HRCE &&= AIRHE HRCE 3 Al &
g ol7| g 4 & Hol &, ol 71 g A = 71& A (Do et al., 2023)
o A 7§ 4= TRIP(Team Robotics Intelligence Platform) o}7] €]
#](<Figure 3>2] TRIP Architecture) 9} ¥ -0l 4] HRCE ¢l 3l
714 HRC Layer(<Figure 3>2] HRC Layer)Z T4 ®t}, o] A
2 TRIP o}7) €| A & 7Fe3] A703F 3 HRC Layers A7 3t}

(1) TRIP S} B2 (Do et al., 2023)

TRIP ©}7] ] A (<Figure 3>2] TRIP Architecture)= &3 ¢ 9
ZYEFS HAAS CAD FYZFE STEP Y& g o}
(<Figure 3>¢] D) %= o}& =24 Z B (<Figure 3><] Physical

Robot)< 98t 28 = A 8 & 25 A A gk TRIP o}7| € 4]
O ERECADARE 7]538H4 Q4% £33 CAD vl Bl
o] 229} A F T+ Z(Engineering-BOM: E-BOM)E A %3 BOM
Ho]Eu|o] 22 A3 el o] S o] &3l A FoE ZH =Y
A 8-S A4 Tk (<Figure 3>2] ) “Auto Generation”). ©] 374
N HAE = FEZH A EE 2HAG S AN} S
& 4 9le BOM tlo]E{H|o] 29 Manufacturing-BOM
(M-BOM)3} Process-BOM(P-BOM) & B} & A &3t} P-BOM
ST RHH ZE YA L TR AHI N AE AA £ H
2R & FF AN t(<Figure 3>9 ©). 2+ #42 #H A7 (Do
etal.,2023)° A8 A= .

Assembly | Execution

Plangieeeeee———

(j i

.@_. E@Ediling Plan @Simulation @Intaractive Language'
________ h

BOM
Editor

Product Design

Program
Interface

Interactive

Interfaces] 1 H
i STEP Processor

Import 1
|

HRC
Layer

\TRIP

J¥ . Architecture

A=

Automated Robot Assembly
Planning & Execution Procedures

i
Procedures|: Interfaces

Databases] |

Physical Robot

Figure 3. TRIP-HRC system architecture

(2) HRC Layer

HRC layer= TRIP o}7] €] 4] 2] Q1 E]H o] 2 A F ol A 28 <)
dg3 29 9L 5= CADS 25 AU HH o] 2+(<Figure 3>
o] D#©) 1| HRCE 3] 5715k BOM Editor, Robot Path
Simulator 18] 2L Interactive Language $1E1 3| o] 25 E 93ttt

(<Figure 3>¢] Q@ ®).

BOM Editor(<Figure 3><] )

TRIP o} 82 = A3kt &7+ < 9= M-BOM 3} P-BOM
o= 39 25 YA S BOM vlo[Huo] 2o 25 A
gttt 17 #ed 242l Robot Assembly Planner= BOM Editor
£ o] &3t BOM wloJE#o] 20 4 4H E-BOM, M-BOM
183 P-BOME AEsty FQof we ¥AT 4 Ao
(<Figure 3>9| @). 250] A5 o & YA =25 2HAH g0
A 21& 1A ZPAY AY AAE A FsHA xt
™ Robot Assembly Planner’} BOM EditorE ©]-&3}] P-BOM
el o] A S HAAY F7H AR S Tl ¢4

BOM EditorE ©] &3t 23 2PA & AT F 9+ ©f
e 28 2974/ g0] Q70| AH&3hE P-BOM FHE A4
%3 BOM HolH# o] 2& &3 372 + 7] vlEolth
TRIP-HRC ©}718] 4= BOM dlo]Ej#]o] 2~¢] P-BOM HEj =
Zd9 22X 2YAE S A5 A3k, o] & Robot Assembly
Planner($1ZF)7F BOM EditorE o]-&3t] AT 4= 9loH, 1
ANE =24 250 Azt APAZ 5 At
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Robot Path Simulator(<Figure 3>2] @) om o FEE FEFHIE SAE o] &3t AXANZ
Robot Assembly Planner= Z2 ZPAE S Hrlshr] 98 4 Ao

o] CADSF BOM H|o|EjHjo] 2o AAE 4 §& T2

S &8 < Ut} Robot Path Simulators= BOM | o] E{ ¥ o] 2~

o} P-BOM AR H BX A gol]| st o ZE A
A& 7HA e o 9l th(<Figure 3>9 @), 7HA3HE Fall X

PAZ o FA7F L7 =¥ BOM EditorE %3k M-BOM %}
P-BOMEE Fd9 28 294G HAT & Uk o]AH
CADS} BOM HoJElHo] 25 T3 && Z2IHL T
FHRCE AT+ 3.

Robot Path Simulator”} 1723t BOM Elo|H o] 29 2
R 29492 p-BOME] 38 AAo] AoH 25 =Y A9
o] A 999 action AA 2 =4 (Sequence)°] THDo et al.,
2023). Action 44| = ZE Gripper?] o] A H XA A A
THA &9 o] && B, Fd st Gripperst 2 F59 3
A AAE FE3}E placement 2} A (<Figure 4> placement
AA)E Fxd} s action 2A S Gripper 911+ CADS}
BOM H ] Ej o] 2] M-BOM, P-BOM 18] 1 F-&9] §/¢3}
A (Placement) AEE Fx3to AMHT, 12 EZ Robot
Path Simulator= CAD %} BOM ©| o] Eju| o] o] A| Al A .2 A
& Gripper®] $2 Mgt <A JRE Q&2 0= 7N 8sh=
golEMwol A $& TE IR o7 B 9t}

Interactive Language(<Figure 3>2] ®)
TRIP-HRC o84 Es 2F =8 A3 DA Robot
Assembly Operator$} 235-9] A5 2+8-8 2 U3t} Q7ta} 2
Bo AT Interactive LanguageS 53 Eﬂﬁ} stn =58 29
7t AAE AT & Ath(<Figure 3> ®). Y7+ FHlH 2
ASE gl 2t SA o 3 “”3’% 2
BEE 54 AA Y o g Fhlete
Ao Zodd 4 9lth 252 CADS BO
29 A|F 3 BOM AR E Farsto] §lgto
NEES]—E]— ]U;H iio 0]7}0] LHT—'/] EﬂEﬂO] ﬁ] S
& 7% Interactive Language 3H74 & 53l 7 1@ T
Interactive Language= BOM H|o|EJ#|o] ~& &3
EHo] FHI AFAE % Az 98-S s B E HEE
o] &3t A AA N J5 L& AFe) Interactive Language =
Azto] AHg3tE FF WEE Folo 54 FF AAE 2
RoAA dAFAYG 2o & FES AEAZ F30 &
NEE ARFo=N
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3.2 CADS} BOM dHjo]E]sjo] A

(1) CADS} BOM H|o]E#o] 2 F2

<Figure 4> CAD<} BOM H|o]E{#]o] 29| Z 5 %4 H]
oJeHo] 2~ 2~7|utE Z¥ 2 Tolol Ao R HASIATH
STEP ¥

71#0 2 RAYE CAD dolEuo] 29| Z
ﬂ?io‘l} BOM Hlo]EjHo] 2o &3} 2

3k CAD HoJEHl o] 2 FF < &
) % H3}= face, edge 18] I vertex(point)
£ rel_geo A2 A4t 722 H 9121 faced} edge?
71848ty FRE 242t A8k surfaced} curve A A S A

229 9

=
2L Mo ¥

Ao it} o] T2E ZE YA S $I3 STEP i
ZFH E A THDo et al., 2023).

|d|rect|on| I rel_place |
2 di related relating  |item_face
relati eometr
x dir | placement reI relatmg

| face | I edge |

part

location

Figure 4. The CAD and BOM Database Schema, Extended from
(Do et al., 2023)

BO
A

=

dolH# o] 25 FA 8= item ¥ item 7+ Al FT4
£ Zd3d}t= rel A4 = E-BOM, M-BOM 18] 1 P-BOM
FHIT Rel AA & 2HF S TS F59 43 9
FH8k= placement A o AAH Threl_geod] o9 2
3l rel place Z4AE 53819 A4). Placement 24| = F&
o Y25 w@s}7] 918 A 2 FE(location) %} x &} 25 o] W3
(direction) S EZsT} YF W& Foi7 x9) 2502 HH
AR A Do et al )

ol

E
=
ol

5“.: N mlo M

P-BOMO A TS £3 work A = item 9] 3¢ 2
22N 9Y S 2HF A LEH e ZE YA Y S 28T
t}. Work Z2A & T4 8= action A= 28 ZPA 9 A4
TADHNE ZEY Gripper/} 171 F3E A 2 o] g8t &
d oA T 845 BEY. TH 2 action A A 9] A7}
9 S 7‘%3% A3 work AA S A, AF 2YE
] M-BOM & T43he 24 53 29 FY work A & AL
Ejdeld 2HF HAAE AT 25 2HA o] AET

(2) Instance =&
<Figure 5> 18 #ZY A, B I8 C FFOE o] Folz
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asmD Z2HF0| 25 29 8o 54 £319] CADS}BOM H|©]
i o] 2~ e S $Z9)] Instance TFo] o] 1 0 2 & 31T}

<Figure 5> 9% 919 CAD Rdo= 2F9 343 2YF
e B fA7F B E o] Atk o] AEE Instance B2 9
E-BOMCS.E 7 ¥ Th(<Figure 5>9| asmD:part®] BOM TX).
ZYE asmDE A, B IYL C FEOFE FAH 9lon £
ABAE RS rel AA 0l T FFS 2HF A /\HH
AA AES placement A7} A Stk 2 ¢ F
(C:part)2 asmD 9} BOM A %:(asmD-C:rel) &2 AZAH ] 911,
asmD ZHF A9 C FF9 Ao 9A(C in asmD:placement)
A 7} rel 2AA o) AA =0 glTt.

TRIP oH7181A o] 45 2PAE Y4 LEZAA = E-BOM
7t BE(ltem) 9] B3 AR E o] &3t 2§ A4S AA 3t
+ M-BOM & A 43 & th(<Figure 5>2] asml:part®] BOM +X).
Z23 A 25 98 o] Fdte Move 53 LA Ho| =
HE T Base 7 F = T M 89 2H FFOR VM oM E

2] F < BOM A 52 7Hth o= (A, B)¢ (asm0,C)E 3}
BEZ0Z 7A€ asm0%} asml & 7 2HEH HF 2HF
52 YA ZTF2 FZ0] Base +Z0°] Move 7). o2
A8t B9 2YES asm0(Base F-&)ol ZH = C FF(Move

32 amlF C F5S A43 = asml-Corel AAZ T

Tt
BE 2§ £AM7FM-BOMel ¢J st 24 = H P-BOM S o] &
to] 28 2 A 85 A gt <Figure 5>2] 33 1o A9}

5

B o] 29 H asm0 F3F 2HF th7] Ao FHlE C FF

= Fol(a0 HA) AR A5t 2 A Z o] F8t+ Gripper ]
A (a2 SA)7F 2R FH o] T} o] & tl o] B Wl o] 0] £ 3}7] 9

3to] asml ] F 2HFA F4E 2838 opl(opl:work AANE
b9 FF 02 AZA35o P-BOMS A S &, opl ol asml & 2 H

517 A3 ¢ B-F S asm0 F-F 2.2 o] %5 A 7]+ action 2 4] 9] <=

(a0, -+, a2, a3:action) S Ay A e},

Action A= 31F &2 Gripper 3 9| A|(grip place &
)} oju] F-E2] 91X (item place £4) FRE /M- 25
ZRAAEE Y30 A Gripperd] 914 HETF F 35X Robot
Path SimulatorE #13t F& 92 A BE F7}3% . Opl ol
AZH action =41 (Sequence)®] A A+l a0 action(a0:action)

El
gl
&

asmD(CAD)
4

[l

AlB ’

E-BOM

destination ™
of C
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C #&9 599 FEo=2A AA (DA 22 [0,0,0] A4 2
[1,0,01, [0,0,1] x8} z & W ehH E -5 o] AA = B ol 53
7L,
2}

- ofH

o] item placeE Al4tatH, o] & 7|HEO.E gripper place g ALt
g}, Action £A19] whAI e F2HQl a3(ad:action)S FF CE
CADOA ot 29 F 4] 4o $9X(C in asmD:placement)
o oW Ho IHEE a39 item place 42 C in
asmD:placement®} ZoFA| Al Tt Oplo] d2d 25 27
g 589 ¢ FF9 A (<Figure 5>9] initial place of C)ell
A A Ekeke] ¢ FF9 29 F asmD A B 9] (<Figure 5>
9] destination of C)°ll A = actionﬂ A7) ")

<Figure 5> &= GripperQ} & CY A HA <= a2:action
A9 gripper X XY grip place £49 AX AA
(grip:placement)$} item place 4739 $1 2] 214 (on_path:place-
ment)©] T}, Gripper®} -3 (item)2] 9] A (placement 2} 4])= 3
G 5F Coll the 23A G ANAAH 24, Move 7% CY
/g A B (<Figure 5> Instance L@ o= XHHA &)

o) L
g1 71E 29E T 28 E(asm0)S] FAS 12 ¢
ol -40}04 74] Feoh Move #3534 7 2HEFS XY 53X
d HF 2HF asml 9 BOM AF< Tt A< & An
(BE AF asml 9 9% 319 FEF asm07} Base F-%, L 2%

oft

o 7EE 7}Move—rﬁ).

(3) BOM Editor, Robot Path Simulator, Interactive Language
CERER RS-

CADSH BOM Hlo[EHo]2E 7|¥C2 BOM Editore
M-BOM 3} P-BOM 2] BOM Al Z(rel 24A))& 718} AL AHA]
skl 23 zHAZS WAL & Akl <Figure 5>9
asm1-opl:rel). BOM Editor= BOM A1 52 T4 A T4 < rel
Ao FEHT AAT 5 A= A8 FA 9 )
$E e AT AANE S ) ME2 AT B F
o] 71& BOM 725 AT o, BOM EditorE A3t
AFE =X 29AL LS AT 5 9

o2 T M
Robot Path Simulator= 2% ZH A g «] action 24 2] 2
B2 Placement A K ¢} 9 FZ9] g4 ARE CAD H9] E1
Ho| 22 HE A5t 3D CAD APIE o] &3t 3344 714

s}gkoh(o]l <Figure 5>9] a0, a2 1] 3L a3:action). TRIP-HRC ©}

k.

F{

tem place
|asm1 asmo: rel N asml-opl: re!

gripper place

a3 v _
=7 Item place

el asmo

initial placel. .- | Start: placement
of C

|grip: glacementl

| on path: Elacemenl‘

Figure 5. An instance diagram of CAD and BOM database
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7)€ 4= Robot Path SimulatorE T#3}7] $13te BOM ]
ElH o] 25 S48t} 7]& TRIP o} 84 & action 2 A ol
A& A4HE Gripper Placement ZAFETH A A3 H T A
Robot Path Simulator®] 7% 2t %A 9| Gripper®] #1237} of
1/]11} ZY BEZ o X E QA EE action AA o 3| F &
59 Placement A5 & 43} o

Interactlve Language= <17+ Ope ratora Sk
7beke S HE 29ES 2T
asm0, asm1:part), BOM(rel ZA) ZLE]_L
<Figure 5>9] opl:work 9} a2:action 12| 3L grip:placement) 4 K.
£ Agst, 2EE 2 ARE T8k A F3 A
Al item “‘ﬁx}(‘ji 5)E B3 #H AFARE EXS F
ATH ZEL action 2] 2 Grlppe 19} B A (placement 7]
A AEE 2R QEFo|~E T3l &7 ZH dEsto
Z24 434S AP

ZPA g F
FE(d <Figure 5>
SR 2GAI( 9

3.3 HRC Layer 78

(1) vlolEl W o] 28} 2 A 2] 78

TRIP o}7]18] % ] 7]¥ko] = CADS} BOM H o] EjH| o]
T #AE vlojewo]~ ] A"l MariaDB(MariaDB,
2023)E AH&ste] FRE UG o] & 98] <Figure 4>9 S~
TZE A Y dolgH o]~ Ho| BE AEE Tt CAD 3¢
3 24 239 QAE]H o] 2(<Figure 3>9] O#B)E CADS}
BOM dl| o] e o] 20 T3t gfo]4d &-& T2 I 0 7 7]y
Atk ZHE QdEFHol~ §& T (<Figure 3>9 ©)
Dobot Aol A A g8H= THo] A QIE 3| o] 2 & (Dobot, 2023)
< A ALt 28 2HAY AF A8 ZEAA
(<Figure 3>9] ) GA| Fho] A EloJEj o]~ S§ T2 A O
2 sk ATh(Do et al., 2023).

(2) BOM Editor 78

EHo s A H ZE 2 YA g S dzbo] Flsta WA st

7] 913+ BOM Editor(<Figure 3>2] (3)) Apache Tomcat(Apache,
2023) 719k} S dlo]EMl o] 2~ - TR WO T T3 T
Y &4 Z21%$ §3ke] E-BOM, M-BOM 1| 1 P-BOM %
ofo[€l 9] 7)5t oA AA JHE FAT U oH, 2 £HME
TS M-BOMI 25 =Y A 82 T3 p-BOM L M A8 A
U 3718 4 91t BOM Editor= ©9] Al F7-43 A (<Figure 4>
9 rel AA)E F7FtAY A A 8L 753 BOM T2E ¢ 37
oA 129 sA EF st 715& AT

(3) Robot Path Simulator 7-&

QIZF Planner7} Z5-0] A 33 YA Y & HES} ] §81]
A8-3= Simulator(<Figure 3>¢] @)& 3D CAD Al2=HIQl
FreeCAD(FreeCAD, 2023)2] Python MacroZ ©]-&3}o] 7383}
% TH<Figure 6> CAD Python Macro). CAD Python Macro=

- Hyonyoung Han -

Joonmyun Cho

BOM HloEj#| o]~ p-BOMS| AAst] Z 2§ A F 9
Action 9| F-F3 Gripper?] 4] ¢} E'ﬁ‘% D Al &

Aoz 24T o o

D-2R em °
L ADEFOIEON o

CAD Python
Macro
T item id,
actions
BOM [CAD
DB DB
CAD File
Figure 6. System architecture of Free-CAD-based Robot Path
Simulator

Robot Path Simulators 25 ZHAIE 49| Gripperdt F-&
9 @< FreeCAD WA d&A 08 HolF7] §3ho
CADS}BOM dlo|Eulo] 29t H 2 4 ) A3 CAD 3
< YA AHE-ETE o] = CAD tolE o] 2ol AHE AlF §
4 AEE CAD 9 g4 o2 E¥dt= 7]50 ofd 1EH
2 k7] wlEo|th. CAD APIE U3 Python Macro$l
Robot Path Simulators Bl o] E{H] o] 2o A 2R AT S X
H3}= action 24 9] =419} Move F-% ¥ & (<Figure 6>9] ac-
tions<} item 2] id)E ¢ CAD A 2Hlo s BF F4-E ac-
tion 24 A 7} A o] 3k YA o] Y= E W Tk CAD A 2=H
& W H ol w2k CAD JJr°]°1W 4 ARE o] Foi7 A

o] 43t} 18 2 Z Planners FreeCAD Al A& 53514 3
A oz v 28 2YA S Fold 9l

(4) Interactive Language 73

BOM H o] Ef#]o] o] p-BOM HE| Z FH|H ZE 23 A &

<2 Interactive Language 4 3 373 (<Figure 3>9] ©)< &3l =2
A Z2EE 25 A 4 AT Interactive Language A 3 374
Pythons ©] &3t o] HWo] 2 & T2 0 Z A 7] E] 9]
o oA &S 98 4% ZE < Dobot Magician(Dobot,
2023) AAste] YA 5 9

Itrip .2 88 ¥ Interactive Language 8 372 Python 4
T £ 32 (Regular Expression) Z& = 283 6 ]E1 o] 2
& ZEIY0E T IYERE 4 SH L ]71l°]
7|REE o] &3] E2E 3o HH o] & gt 210
HE & Aty 4748 2Yste FoA g P or F2g
CES ol FA 94 B E(SpeechRecognition, 2023)< ©]

2 E HEs yoyd os

3te 7l & TSR

¢
RS

1:1[0

Interactive
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Table 1. Commands/Prompts in Interactive Language

Types Commands/Prompts Description
Execution of plans run (task) Execute all the planned actions for the end product
List info. of Is items List all the parts including assembly parts and end product
objects(items, actions Is actions List actions (elements of robot assembly plan)
and places) Is places List shared places

Share the current a_part is located on a_palce

Locate a part on a place

places location of a_place is Declare a place
Assemble assemble part_a and part b Assemble two parts
move part_a above part b Move a move part above a base part
Reporting part_a should be assembled Waring on the current execution (can prohibit it)

asm_a is assembled

Reporting the result of sharing or assembly operations

Interactive Language”} A &3t BH o & A7to] 243}
28 2UAE A, A5 29, 9x

ol 2o Adste WE 9 9 Au
(<Table 1>)

tion of place_a is 100, 100, 0).
BE 29 9ye LEL 25 A 24, o5 17
2 Adste HEojo|th o & part a®] HAE 311‘0]'7] 98t

o is located BH = AHEE 4 UTHl par_a is located on
place a). 2&-0] FJof o] 53t FEMove F8)S =9 U
)] Al o5 A 7171 Y3 move HH S &
(¢ move part_move above part_base). T F-E& HF =
HA7]7] $13) assemble BHAE AL 4 S
part_move and part_base).

EHol Agd HE S

H 3 B 3
T#(Base F#&
9]
PR

_‘

(¢l assemble

Fglate &2 = T ATH
asm_a is assembled from part_move and part_ base) ERS R

Z zP dgro|y 29 A7) FnHE AL g
£ & 4 th(d Warning! part a should be assembled with
part_b).

[e)
735 73

4N HEHEE

4.1 oA AlE

THH A 2EH & 0] &3} <Figure 7> asm A Al FS 2
e 28 ZYAY S AN AT <Figure 7> CAD 39
91" asm A ZHF0] t(op), s(pring), c(ylinder) 1] I b(ase
FEH1AZS 74 BA=Z 925 9= E-BOM, 5 =¥

~—

&X S EAEHE M-BOM(F7F 28 F asm0, asml1, asm2 Z3F)
a8 3 23 29348 & 23 P-BOM(FH A A opo, opl,

op2 E3o] EAIH o It
M-BOM, P-BOM
E-BOM % asm?2 ta_sl( __________
s op2 ¢ \i
% Tl 2000000 |
- I S op]-operation i
g 0 1000000 !

______________

Figure 7. Example product and its E-BOM, M-BOM and P-BOM
(Do et al., 2023)

42844

A ¢F8F HRC Assembly 374 o} 7] €3] 74k 1 A ~8 9]
LI *}%6 A1) AF AA 2AE #4],2) 28 214
A3 2R 2PAE HESG M T2 4) 2E 27 A9
AR UE ? Atk o] FA F 1) AF A AR FH9}2)
2348 A4 dA= FE AF(Do et al., 2023)°] A 3] A
ol gtk o] A& B A9 A FEQAHRCTF dojut=
HNEEZHAY HESG WA 2 4) 28 2§ A3 dA o o
s A gt

() =848 A& |7

2R o3} A5 AAE =5 2HA L A7 Robot
Assembly Planner] &3t AES 1 W7 th(<Figure 3>
@ Editing Plan). CADS} BOM Ho]E{#lo] 29 E-BOM,
M-BOM, P-BOM 12|31 A& F4 FRE HES] 25ty
] 79k BOM Editor &8 ZZ 1% 0] A FH T} <Figure 8>
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HAE M-BOM¥ P-BOM &29 28 zHAIL BOM
EditorE o] &3t elste stH& B ET) A asm2
9] M-BOM 74 < Yol AF2Z F714 asm0, asm1, asm2 ©}
o[’ 3} ZHA <l P-BOME 3l 57F op0, opl, op2 1]
op3 T4 AAE st WA 4 Qi)

4-(J) asm2 (-) null PART [1.0 EA]
4~ (Jj asm1 (-) null PART [1.0 EA]
4-(J) asmo0 (-) null PART [1.0 EA]
L O base () #41 PART [1.0 EA]
1 O cylinder (-) #304 PART [1.0 EA]
3 op0 (-) null WORK [1.0 EA]

€M [nul

) op1 (-) null WORK [1.0 EA] EA: counter v

L. O epring (1) #796 PART [1.0 EA] Y 0.0 ]

O op2 (-) null WORK [1.0 EA] Bengy—————————

) top (-) #533 PART [1.0 EA] = 0—07‘
() op3 (-) null WORK [1.0 EA] S
<tat. [WORKING: robot pick v

o
update € | retun

© Welcome . Thu Jun 01 23:09:33 KST 202

Figure 8. Browse and Edit M-BOM and P-BOM of Example
Product

QIZEQl Robot Assembly Plannere= 235 ZHAE AEE
9l5ted BOM Eloj gl sl o] 29 28 2§ A F 3} CAD Hlo|H
Hlo] 25 o] oo} 71 2y Agdolds £33 + ot
(<Figure 3> @ Simulation). <Figure 9>2] Robot Path
Simulator= CAD St BOM Fl o] EjHo] 2ol =3 24 A &
£ 9ol REY 34 29 FA S NASdT & 22
#-& BOM © o] ¥l #] o] 2] Action <A E ¢ o CAD 9ol
Grippers} #5& 29 ¢t A8 CAD gHd Yehd
ool T vt Y A B S o] §ote] REZRE 2
WA ©] Gripperst FF-& CAD 39l 34902 %E—*‘.%L T
AUt ol 4% TRIP-HRC o} 44 = A% F45} BOM A4S
dub doleuo] 22 HefForn 21 2gALE A
Eo}ﬂ‘/} A F e dYd & T2 AES 7

mlm

F
— RSN 1T —
1 QRPDIITOIIIH S om
step 14 EJ_M 27 g x
<;> Dec mal(oE‘I%p)E Q:HV -
N
N\

Deci mal(84 00000000) i
Decimal(0E-8),
Decimal(0E-8), '
Decimal(49. 00000000) ‘gripper’

1, pose’: Decimal(0E-8)}
ﬂ('nem ‘spring’, ‘oid': '0p2’, ‘op"

iz
0000), ‘gripper: |
1, 'pose": Decimal('0E-8'}

OCcAD v 152.95mm x 116,731
o)

B asmc 21+ @ simtrip FCMacro - Editor

Preselected: asmC.Part Part__Feature002 Face3 (10.184232mm, -4.089016 mm

Figure 9. Robot Assembly Simulator

- ¢EY

zFd

Q)25 2HA g 43

=R 9]3]1 AR Qztel o5 HEHT WA 25

297 5> BOM tlo|Huo] 2o AAH =24 25l HE
& o} A8 th(<Figure 3> ©). o]d 17HS] Robot Assembly
Operator= Interactive LanguageE ©]-&3ta] 223} &3t}
(<Figure 3>¢] ®).

o 2 oA AE2| base} cylinder FEFS Y|
7]_0 11_424 o] assembly tﬂaﬂo{E /\}%_ }oq EE_J,} 5
& 4= Qo WA Q17ko] baseS} cylinder FF& A2
placel 3} place2oll 22t A A7 T is located T8 & ©]
Zt BE A E TR T 25| HIA A~
ot dA FEH A E AT g Qv o] H

2% gl

=X
i oft do

A

[¢)

lo per

B

ftl
o;mbﬁj__l_ﬂé.’é'

M o & NoopQ o

rlo of

itrip> cylinder is located on placel
itrip> base is located on place2

QIZto] ZE A cylinder %S Base F53 ZHIIEE
HE gt 252 BOM tolg o] 2o AA4H 25 YA
Y (actions 2} A& 0] &35+ placel ol 1= cylinder #F 2 ©]
SAA place2dll Y= Base FE ZHE F Utk ZH S =
HE S 2HFO] asm0Y & EEET A2 A oY AL
%o BOM Editort} 2% SimulatorS ©]-&3}o] 2P A 83 =
HES A 59

itrip> assemble cylinder and base
— asm( is assembled from cylinder and base

o 45 el o HEE plnlol 2171 s
2otk o] A 2RO Zog BOM b9
OH top olo]Elo] asm1 ¥} ZHE ook

A A AeT & °‘E}

9P BOME

PO PN N s T

itrip> top is located on placel
itrip> assemble top and asm0
— Warning! spring should be assembled before top.

<Figure 10> Interactive Language®] 43 73 <1 itrip ol T
EE &8 ¢dzto]l 223 J& Addste FHE BofEth
Interactive Language S ©]-&3 W& <] ¢ Eiﬂ' 2 | éJJr 7|1HE
£ 53l ¥ s5 Jlon gold g4 A4 BES o] &3}

of Q79 2P o' AYAZ T & Yt
<Figure 11> itrpol] AZ" ZHo] Uzt Operator«]
Interactive LanguageS 53 ol wpe} BE& 2H3}+=
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g nejzd,

op0 op0 None
opl opl None
op2 op2 None
op3 op3 None
trip> Is locs

{'id": 'p_move’, 'x": 220, '
trip> assemble base a
The base part : base
The move part: cylinder
Please wait while the plan executes...

—24, 'z': 0} {'id": 'p_base’, 'x': 220, 'y": 75, 'z": 0}
cyhnder

asm0 is assembled from base and cylinder.
trip> assemble asm0 and top

The base part : asm0

The move part: top

WARNING! execution suspended. asm0 should be assembled with spring
trip> assemble asm0 and spring

The base part : asm0

The move part' spring

Please wait while the plan executes...

asn;l is assembled from asm0 and spring
trip

L

Ln: 42 Col: 6,

Figure 10. Itrip, an execution environment of Interactive Language

Figure 11. Execution of Robot Assembly Plan

4.3 TRIP-HRC o}7|€) 4] &] A1 7} §HA]

TRIP-HRC oH19A 9] EA3% FAE elstr] st
HRCY =% ZA} d-H(Tsarouchi et al., 2016; Wang et al.,
2020)8 53 AT AW HRCY 54 & 71E 22 A ket Al
*E“ﬂ T8 A8 AH4E vust A4 HRCY 542
(A, 21 AA o1 ZHo] DA Y& YA u8 5o, 24, 4
Y 57 skl 7t SPH O E )33t A ARS
I AA, o] A7 2E Abo] o A

>>4

i

folr x2
o

ok rlr

bad
&
fr
[
5]
o
o
4
pas
rlr
X
3
l‘:;
5
£.
%
(&l
i
o |
L S

d part_b @ ). TRIP- HRC 0}7] g ;<1 = /g
M-BOM, P-BOM 2] 1 CAD d|o] €4

o] ~F o] &ota] £X| FRE AHESHA L, BF AA 9} A
s 39 WHE M3t gk £33 Interactive Language
ABEE ol 43 oty WYo] YT $4 U4 HES F
3l ol 7k &4 B E o] 7453t

=4, HRC Q7 250 Ao 530

& 4 L oo met A3 2R Abo]of
7HeHE = e AbeA S 7hA of dE} :Lﬁi HRC
Y F o meh A T 25
& 9lofof gt} TRIP-HRCE 25 ;% = 1}%23 74]
Agg ¢ 9lon, BG4S dzto] ZRE 2YPAY S W
g Utk 25 2§ A3 Al Interactive Languages 73+
AR 28 2Y3A Y RAIF APS T ¢ 90tk a7
T 2Y EEFY I AN SEHAS S At xR ER =
H oA Azt BE o 2 e FF 277 A7
H 2R A9 A T 4 ot kAT TRIP-HRCE &
AR5 =AY G B el fleng AY Y F
ZRo| YA Y S 5EAHOE bt FEE 5 QT

AR, HRC= th9 Azt 23 Abo] 9] o] 75 afof
gt X HRCE o9 QI Z50] 7 Th9f o] A= T e
7153 o A s A Tt AAH FaAE
ARG AAZTH FA TRIP-HRCE U7Hs 23o] 112 4
228 g o2 FA o .

A tH o} 7| el A 7|Hl 2B A & A A3 A3 y)rﬂp__?,]
O] HRC &4 & o] &3t A E3 A3} TRIP-HRCS #5815
EE YA, 2HAY LS 9N £ A= FE ZEIH 7
19_]71_}4.;31_@-0],] Fgo] P g 9= AAA YA wE

S-S AT Tt 23] 29 A W8 F WSt o g5t
o FHOE 2R AL AU AR S 552 R H
7beka thi Al 8 AAsHA X3k o} 7|9 A7} WSt 5%
Ao g g3 4 YA dH ‘ﬂ@rﬂ E ZPA Y& 97+
T AT AR, H7FRE(EY) 12 v 7]E 21 o] H o]
ElWo] 27} 712 F 2 st EE@TRIP HRCE A7 23 71

& @Y TS A FsH oo A7 251 o] 243
g 7% Al gstA Zath

o] CADS} BOM H|oJEH|o| A& F

ko 24 a3 J RC AssemblyE A| ¥3t= Al 2H o}7E)
Z LayerZ #9Hat9ith. HRC Layers= 7]& CAD$} BOM H|©]
o] ~E& 7|4k 2 BOM Editor, Robot Path Simulator ~L&]

I Interactive Language = 74 ¥ 91t} A|¢H¥ HRC Layer/} 5
7} TRIP-HRC o}/ €] A= STEP EF, A & t o] o]~
] Al 2~E Python Bl o]E{ M| o] 2~ §-& ZZ 1% 3D CAD ¥
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