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Abstract : Autonomous equipment requires a large amount of data from various environments. However, it takes a lot of time
and cost for an experiment in a real construction sites, which are difficulties in data collection and processing. Therefore, this
study aims to develop a virtual environment for autonomous tower cranes technology development and validation. The authors
defined automation functions and operation conditions of tower cranes with three performance criteria: operational design
domain, object and event detection and response, and minimum functional conditions. Afterward, this study developed a virtual
environment for learning and validation for autonomous functions such as recognition, decision making, and control using
the Unity game engine. Validation was conducted by construction industry experts with a fidelity which is the representative
matrix for virtual environment assessment. Through the virtual environment platform developed in this study, it will be
possible to reduce the cost and time for data collection and technology development. Also, it is also expected to contribute to
autonomous driving for not only tower cranes but also other construction equipment.
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Fig. 1. NHTSA framework for vehicle performance guide
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(NHTSA, 2016).
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Table 1. Classification of fidelity (Liu and Vincenzi, 2008)

Classification Word Definition

Replication of visual and

Visual-audio Fidelity auditory stimulus

Replication of actual

Physical Fidelity equipment hardware and
software
o Replication of motion cues
Motion Fidelity felt in actual environment
Task Fidelity Replication of t?sgsband

Pychological maneuvers executed by user
COQ”'F'VQ How device functions, works,
Fidelity Functional Fidelity and provides actual stimuli as

actual environment
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Table 2. ODD for autonomous tower crane

Classification| Factors for ODD Definition

+ Types and specifications of tower cranes
« Determining the speed and range of
operation of the tower crane

Internal Tower Crane
Factor Specifications

+ Location information of buildings/fields/

surrounding obstacles at the construction site

Physical « Construction progress and work schedule of
Space
tower crane
External
Factor + 3m height for turnning operation of Jib
. « Wind with instantaneous speed less than
Safety Driving 15m/s
Conditions R .
« High illuminance that guarantees the visibility
of an object
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Table 3. Requirements for virtual environments based on OEDR

Classification Functions Virtual Environment Specific
« Realistic modeling of construction site
objects
Perceptive Surrounding « Various risk factors and potential obstacles
function -sensing with Behavioral patterns
« Change in illuminance within the scope
of ODD.
Decision ‘ « Collecting driving data by allocating tasks
. Path planning to the tower crane
function h .
» Modeling a parameterized crane
« High Fidelity of wind and wire rope
Control . ) ;
. Anti-sway « Interface to the simulator user with screen
function . .
and information
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Fig. 2. Fallback framework for Tower Crane

Table 4. Safety devices of tower crane

Safgty Functions Motion limit on
devices parts

Minimum/maximum
hoisting range limits
of cables and hook

A device that prevents the hook from
Hoist limiter| touching the ground and collision with the
trolley and jib during hoisting

A device that forcibly stops the trolley as a

Trolleyend |  rubber cushioning material that absorbs
stops the impact of the trolley when it operates

at the minimum or maximum radius

Minimum/maximum
range limit of trolley
traversing motion

A device that controls the power circuit to
Trolley prevent the trolley installed in the main jib
limiter from collided with the cab inside the jib
and escaped to the outer end of the jib

Minimum/maximum
range limit of trolley
traversing motion

A device that detects the number of
Swing limit|  revolutions of the slewing machine and

switch makes the slewing operation only within a
given range

Minimum/maximum
rotation range limit of
jib slewing motion

Rotation range limit
from entering the
working radius of

other tower cranes

Interface A device that prevent collisions between
System cranes due to proximity to each other
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Fig. 3. lluminance change of virtual enviornment developed in this

study
Table 5. Parameters for wind implementation
Category | Parameters Description
Strength Defmes wind strength for dynamic objects by
their mass
Minimum Minimum strength applied to dynamic object at
Strength position where noise strength is 0
Maximum Mlmmum strength applied to Qynamlc object at
position where noise strength is 1
o Direction | Defines angle for wind direction
Direction
Divergency | Defines angle spread for wind direction
Global Defines global noise scale. The higher Global
Scale Scale make wind more chaotic and dense
Speed . . . )
Noise Defines how quickly strength is changing
Noise Turbulence | Defines how quickly divergency is changing
Length Defines Noise scale over Z axis
Scale
Width Defines Noise scale over X axis
Scale
I Tag Wind will affect only objects with picked Tag
Filter
Layer Wind will affect only objects with defined layer
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coz | 9 1 | Column| 1200 | 1200 | 3200 | 9000 | 152 | 1 15 0 0 0 | -49 | 26 | -49 | o | 180 |

co2 10 1 | Column| 1200 | 1200 | 3200 | 9000 | 152 | 1 15 0 0 0 49 26 | 147 | o0 0 |
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Fig. 9. Database for material information of each activity

OF Hysitt

4.4.1 XM 2 A A

A9l 4% 3D HEo HEo g5 {it &Y FE7t
HEE UQsith A FHE RIS FLESH| Qe KM
TE, AR 488 ] I8 AR 74, A A8 ¢
oF =9 ARIQIR] 22 A HEE EEH ApAs
WS tha (Fig. 9t LT

715, H, €82 5 EfTE0lo] 5T Tg|AE B
A7 2R 72 FHo| mE 3719 BA, A AHo ok
2 350} 3FZS HiEOR Ty o] AR XS 84
SICh A SR/ 11 QIRE A dEgtozn HE9] 3D
20| ol F50] 7Es8lEE AL 019 Zo) AL
Mol 2RI ZeH S AES AT oF AAFC
A EF Q0] A& Hofshrol 2ol6teS T

4.4.2 X MM A IHE A

=5 e el AAQL dE] JFM SH Oz 2o
ALHF] BET At IEEE =0A ET). BF=TH|
Ole 7 A BE, A AFo] Rolsiy AYe -
Sistcl Wtk Akgst 71s0] S8 Aol OJal Aol ')
FNE B A MiSshy] Slal 71 ALEF Thst
A QAE0] EFGIEE T

=5 ZF9 dE HES AFE Y ds AAE Tl
OJEAlO] Unityol] M1EE= WAOF FHEL s A
£2 58 A BIAE 2 A o5 A1E (Waypoint) &

Destination

B

Waypoint 1 ; position (x, y, z)

; time (sec)

; time (sec)

; position (x, y, 2)

; time (sec)

*{ Waypoint n

-

o] ElaER FHEL, ofF Kol A1 2 0lF A7k
S5 HE) EHS ST O] AR i Bk Bl
=5 A70) WSS HOIF 4 ULKFig. 10). 0l2 ol 5
= Z7|2) Motion Fidelity® a5t} lolE2] Chepd o
gl BU8S E9 4 Uk

=

4.5 9% QEHO| A 151

AHEst 71eE 7hetetdolA Jidkekal ASot ] flshA]
= QA S 7SR FEQAE0] WQRAEOR Ao
Zgg 4 UL AEs) 71s el B3 ole Fate
dH L EFF2Q10] Aoh= erEe AIAEOR T
HIOrS mislof St

O|E ?lall ARRA A1 Bl 329l HEE £5d7]
S 27t QIH#H 0| A FEA S alioly] Qs HHE &
5aol7] 915t s QIHWOIAE 7id | AT 7St
AFEAL QIEH|O] A= 7HAEHA O] ArSARE 4Tl #int of
Lzt ER A9 A oY, 2der HolH & HIolH =
A dohl Ths Bt Zo] AFEAL B9 & S8t 7HerE 9]
Grhe e ek

1) &%} QIE#H 0]~

7HIEHE Hola AFEAPE A301e Al QA=
EFRFEQ19] RF, A3, &d, Aol S5 e AREAL
9] orof wel YHERE Algoto] Bl Eele £AE
4= QLOJO} ST Fig 113 0] Ael Aot U AFEAT 9
&R (Input Device) 2t WG] AFEZAP} 71 HE HEW,
A S D, Q BEOE EIIERIC] EEL, AIH, &5 £AE

ot

¢

Fig. 11. Keyboard mapping for tower crane motion
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Table 6. Related fidelity and parameters for diversification by each

developed component
Category Component | Related Fidelity Parameters
. . - Light condition (lllumination,
Light Visual Fidelity Angle, Cloudiness)
Environment
Wind Motion Wind condition (Magnitude,
Fidelity Direction, Turbulence, Noise)
Tower crane Motion Specification (Length, Height,
Fidelity Load capacity, Speed)
Static Object | Visual Fidelity Type, Location
) Visual Fidelity Type, Location
ateria Fuctional Material information, Task
Fidelity information
Dynarmic Visual Elde|lty Type, Location
Object Motion '
Fidelity Behaviour pattern
Control ; -
User Interface F“W“"?”a'
Display Fidelity -
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Table 7. Detailed evaluation for similarity between developed
program and actual operation

Puroose

Target Fidelity Evaluation part
Graphic Real!ty of the tower crane drlylng scene
) ) « Reality of tower crane modeling
reality of the Visual . -
. . L + Reality of hook, jib, and trolley structure
simulation Fidelity . h
. + Reality of the precast object
environment

« Reality of graphics at the construction site

« Vibration of a fastened object
« Reflecting physical phenomenon of hook/

Reality of the Motion trolley/jib

tower crane Fidelity « Reflecting the physical phenomenon of the
operation
tower crane rope
« Vibration of an object by the wind
« Rationality of the program workflow
Uland User ‘ . Intu!t!veness of the program
- Function | -« Intuitiveness of how to manipulate tower
operation -
- Fidelity crane
interface

« Reaction speed of the control key
« Immersion in the work process
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Result of survey: visual fidelity

(Avg. Point)
Total Rate I @30
Graphics at the construction site I (3.9
Precast object I “0
Hook, jib, and trolley structure ] (46)
Tower crane modeling ] @.5)
Tower crane driving scene ] @.5)
0% 20% 40% 60% 80% 100%
m Strongly Disagree Disagree No Option Agree mStrongly Agree
Fig. 13. Result of survey: visual fidelity
Result of survey: motion fidelity
(Avg. Point)
Total Rate | I 47
Vibration of an object by the wind [l ] G
(3.8
Physical phenomenon of rope |
4.5)
Physical phenomenon of jib ]
(4.6)
Physical phenomenon of trolly |
y p y @)
Physical phenomenon of hook | @4
Vibration of a fastened object I )
0% 20% 40% 60% 80% 100%
m Strongly Disagree Disagree No Option Agree  mStrongly Agree
Fig. 14. Result of survey: motion fidelity
Result of survey: functional fidelity
(Avg. Point)
Total Rate e ¢S
Immersion in the work process | @3)
Reaction speed of the control key ] (4.6)
Intuitiveness of how to manipulate tower I (4.5)
crane
Intuitiveness of the program I (4.5)
Rationality of the program workflow I (4.6)

0% 20% 40% 60% 80%  100%

mStrongly Disagree ~ Disagree  No Option = Agree  mStrongly Agree

Fig. 15. Result of survey: functional fidelity
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