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( SUMMARY )

Purpose &
Contents

Developing a system that enables simultaneous reference of the as—built BIM
model and the enhanced retro fitting part by laser scan matching while
implementing the airborne FPV with the retrofitting design plan as a UAV-HMD
fusion system.

Development of S/W that realizes UAV control, data acquisition and virtual
retro fitting simultaneously by integrating interfaces that leads/simulates virtual
retrofitting based design simulation and supports/restricts autonomous
navigation of UAV at the same time.

. Development of UAV-LIDAR-HMD fusion system

= Development of UAV-LIDAR fusion system with the construction of
mathematical system model

= Development of the combined UAV-HMD system for airborne FPV

= Development of the integrated control S/W for semi—autonomous flight of
UAV-LIDAR fusion system

. Utilization of the directional geometry descriptor and UAV scan position

estimation

= Define and implement directional geometry descriptors for the basic
elements identification

= UAV scan position estimation by utilizing the directional geometry descriptor

= Validation through the implementation of realtime registration and element
identification

. Development of virtual retrofitting system for expansion and restoration of

infrastructure and plant

= Construction of AR—-based retrofitting efficiency model and interfaces

= Simulation of the virtual retrofitting using the identified element based
non—marker AR

= Development of the UAV embedded LIiDAR based realtime virtual retrofitting
system

Results

UAV embedded LIDAR based real-time virtual retrofitting system including tests
to achieve the intended purpose.

IT convergence is expected to save infrastructure and plant retrofitting costs,
reduction in facility expansion, restoration project period, and reduction in
operation maintenance costs.

Expected
Contribution

Provides the ability to show the appropriate data and knowledge required for
maintenance and training in various forms in front of the user while working
through the VR/AR to carry out the required works at a higher level, and allows
the user to save the contents/session to reuse it efficiently for reappearance,
evaluation and retraining.

Experienced training using VR/AR can achieve quick learning with real-time
feedback, active and direct participation, effective skill transfer and easy
maintenance of the acquired skills, and pre-repeated exposure of dangerous
situations contributes to the safety of the equipment as well as the educator.

Keywords

. UAV, Unmaned , Reverse Virtual-Augment
Retrofitting , ] Point Cloud ] ] ,
Aerial Vehicle Engineering ed Reality
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shol ¢ AEEwE tholuby] A 2o
Aol e Wl ROSS GUIE AZ g,
GUIZ 3ol B89 3%, 4/4 S5 52
EASRI o)/HEF, HYLF, HAE
BYdEE beal S ASAHLES
EEEEIEEE S XS

<

I wisi
Robo;v(;t;::rr‘ating
Trajectary Python C‘mm“er Graphical

files User Interface

<Software architecture for the proposed system>

&3t navdate>

An adaptive
approach for
the
reconstruction
and modeling
of as—built 3D
pipelines from
point clouds

Area of interest

Initial
Orientation

Initial
Orientation

Accurate
Orientation

| L
ZANA A Folw ofe} o
Ay FAE 24 ATEE %9,

AHS MEID MMS 98 molE
Zotecel 258 K>
Hough Area-based
anl:t Cylinder Transform Hough T
C|° | Bxist | Straight | | Straight |
ou Cylinders ° |cylinders N
Part-A 215 183 85.11 197 91.62

<Statistics for straight cylinder

detection>
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Initial Orientation

@)

Accurate Orientation

Hough Area-based
anﬁgg Cylinder ATrans orm HotAJgh Transform
Cloud = EXist C)(II\:ir%ﬁer % Cyvl\;ir;ﬁer %

Elbow Elbow
Part-A 215 165 7674 176 81.86

<Statistics for straight cylinders
after elbow estimation>

- oFE Fee 2ay

fI &l A Universal
gk 53} Algebraic
Circle Fitting

=42 Ay

o 1

8

81.86% 5 EA.

AUTOMATIC CYLINDER DETECTION

mCylinders with Elbow  ® Straight Cylinder

Ot b U oyl D
ES833888

Hough Tr: Arez-Based Hough Tr

<Hough 4 &tat H 7|8t Hought# 2to|
AN F&d|1>
(a) laser-scanned point cloud (b) cylinder detection
(c) axis network reconstruction (d) SP3D reconstruction
resul ts
» 4in 1 A ZHdYs Tk Aol = 4in 1 AZ Zygdgo=
Hybrid A58 EAE FHSEG AX HPS NEEROEEEE R
AA 7o 2 HESE o FOE ZF Al A A ATHI o %
approach for 2213 Sote gheltt X 2 AR el A 914,
] FZglo g A3 To] v (=021 3| A 9 x}7) o 7ro
alignment of S 83 Foll =l ADNX = 3] F7b ofefef ol
3+ A2 A5 7}AF flE £ 3] Elo =] A E2NE O
reprocesse| TN VRN Adsiel A4 dEesgel 4d dezdy o4
. 7bsd ZEAMA - ===
d 3D point ks e N
Cloud, Video ‘ 3D to 2D Conversion
and CAD Ve s |—— [k i opis

model using
partial point
cloud in
retrofitting
application

Partial Point
Cloud

HMD Visualization

Frames

2D Camera

T —
@ Real-time Video

Frames

Eeames Parameters

Computer Generated Polhemus Motion Tracking Sensor

eSS
. CAD Model

User Interaction and Update Existing Model
<Overview of the proposed retrofitting application>
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mde AxFIo R FHEHE=
Z2}9-= 9 ICP(Iterative Closest

Partial point cloud From LiDAR

Pre-processed point cloud

Real-time partial point cload acquisition

<Alignment of pre-processed & partial point cloud by GICP algorithm>

LiDAR =AY =2 HS53 &= ¥XJE
b2 AYS F38ke] 2D gL
P AdE =, olvA HH

A} g dE ol dS F4¢ %, Hao
DU} Peter Henry®] Frame to Frame

gALEG A WS o] &3 A4
PEzvge A mdi 459 942
%/%] . Alignment
Frame by Frame Registration A‘i\%gr\zsm e Tronsfation Fotation
Extract the frame Tx 7, T2 | Reon | Apiten| Ayaw
from real time video
Real time acquisition -0.022(0.234|0.138(2.459 [2.718 | 2.315
l e View—1 8 1-0.101]0.277]0.362{2.299|2.096|2.703
E;: -0.115/0.279(0.363 [ 1.721 | 1.958 | 2.688
= -0.091/-0.151-0.155(-1.513{ 0.477 | 0.308
View=2 | 13 [-0.161{-0.265|-0.470|-1.306|-0.599| 1.405
-0.230|-0.270|-0.504(-1.276(-0.589| 2.398
0.174[-0.224|-0.155|-0.535|-2.638-0.128
View-3 | 15 [0-300]-0.168[-0.599]-0.220[-2.100] 1.341
vt = 0.318]-0.174|-0.612( 0.130 (-1.062| 2.093
Partial Cloud ‘ c il 0.061]0.105 |0.079] 2.483 |-0.628] 0.115
l;,::::n View—4 | 11 [0.168[0.241[-0.138[2.411]-0.619] 1.102
Extract 2D image of 0.169 {0.242-0.138| 1.919 | 0.705 | 2.698

preprocessed cloud

Partial Cloud Pre processed Cloud

Align preprocessed cloud
using ICP

<Overview of pre-processed point cloud in video>

= HMD, AF&A 24

=

=+

R S R B el =

Interactivedt ¢ E 238

4d= T4

<Virtual retrofitting with
interactions>
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2. 22F A=

7FhoE B3 FEAF7I (S Ak EH ).
(1) Airborne FPVE $3% UAV-HMD &3 Al 7|t
(2) Wk 2 JA7|ex &8 2L UAV 274 9x 47| A

ol g 2 1 FEAFT I (F S e aekE ).
(1) Airborne FPVE 93 UAV-HMD &3 A2 7
» Airborne FPV (First Person View) €% Al2=®S UAVe| Pan-Tilt 5%
EZe Ay gk ekel Transmitter7h & 25, AbSA= 289
Head-Tracker(¢l: Arduino Pro Mini GY-85 9DOF IMU Board) 7} Z 3%

Reception & Display &% UAVS} 415 HA #|o3te] UAVeA wlgtH =
61—5’—}\] Sy ==3 7:1*64
UAV

=2 -
@{K\A{; R/C Receiver ;'!'._@ Video Transmitter
LAY Camera

Video Camera and Transmitter Module

yaw

" UAV Control Command ff

Wireless
Data transfer roll
- . . Remote

J Controller

~—Y”"”

Wireless
Data transfer

Leati it PILOT / WEARABLE HEAD SET

VR Headset 7 Yideo
Receiver

Head Tracker

Reception and Display Module

<Airborne FPVA|AHRISl Mi A E>

»  SLAM(Simultaneous Localization And Mapping) 7|8+ 7]<S F<18] 3] 4 9

8o A8 53] PTAM(Parallel Tracking and Mapping)< A A|ZFo 2 <5
B4 ARE Agdoz FEAY vagAe AU 9x A FLI1E

IMUMIA PTAM

Follg 5 &3 o] ey
L4859 fAE AS,

CEE RIS s

Hef zE7 4 2i%| £ AAIZE A $1%] 3 W XIE 2
Alziol| e 2kt 55 ol $Ix] & 94z met =27t IMU }\:ﬂ }\:I PTAM 7] H
L& n) P& T3 A of
S/Wel 7iH,

<IMUMAM-PTAM &S 2 2td g&7|8F M o{>

)

(2) W&ol mE F7IsA &8 2 UAV 270 912 #4471« N
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7}. Airborne FPVE ¢3% UAV-HMD &% A~ 7
(1) &5tA 28 A% Eye-Tracker

» Z7E g3 A"l A}8% Eye Tracker: Pupil Labe] kel =442 =
ole] 2@} o] H FEAES FHeE= 2719 IR 7hvletet AoF AHS
FAsE= 10 9= ghveE £33

Pupil Eye tracker
Global Shutter. 200x200 @ 200 fps,
400x400 @ 120 fps.
IR camera with IR illumination (dark pupil
tracking
Latency 4.5 ms

Sensor

Ilumination

100 degrees diagonal. Leses are

FoV exchangeable: headset ships with 60deg and
100deg FoVlenses
Audio Record audio via host device microphone

- ofo] Fulet 2EGoRNE ofo] Aule FA H5
- o}o] e} o
- A A 994

o
Fl
et
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* Pupil 7S o83 Gazed 52 Uad 22 SAE o] FoF
@O ofe] EYPAE Al Aol&E ol &bl Al=wly AF.
@ Pupil Labs AR5 &3l G3S AAst] HolHE 5.
@ Pupil Labs IPC W o 2 HE ZMQ WAAY ZE2EZE HolHE AL
@ Pupil dlelH = Gafste $A dolEH 2 W3l o] ALE.
© ofeff= ofo] EfAdA A HolE B S&ZEIAH ORI HolH s&.

Pupil IPC
Backbone

Message Lamd Application
Bus

< Dataflow diagram representing the acquisition of gaze data into application >

* Pupil &8 L2132 @ Pupil dataE oFle} 2 F2oz2 YR} o] o
‘norm_pos 7} A eA JidgzE A& Ayrstd =5 A #Fxola, SAHE ALE
A8 5 A7t Fhele FEANA oA oF 3t

1. { # pupil datum

2. ‘topic': 'pupil’,

3. '‘method': '3d c++',

4. ‘norm_pos': [@0.5, ©.5], # norm space, [0, 1]

5. ‘diameter’': 0.0, # 2D image space, unit: pixel

6. 'timestamp': 535741.715303987, # time, unit: seconds
7. ‘confidence': 0.0, # [0, 1]

8.

9. # 2D ellipse of the pupil in image coordinates

10. 'ellipse': { # image space, unit: pixel

11. ‘angle': 90.0, # unit: degrees

12. ‘center': [320.0, 240.0],

13. ‘axes': [0.90, 0.0]},

14. 'id': @, # eye id, @ or 1

15.

16. # 3D model data

17. 'model_birth_timestamp': -1.0,

18. 'model_confidence': 0.0,

19. 'model_id': 1

20.

21. # pupil polar coordinates on 3D eye model. The model assumes a fixed
22. # eye ball size. Therefore there is no "radius” key
23. "theta': o,

24. 'phi': @,

25. # 3D pupil ellipse

26. 'circle_3d': { # 3D space, unit: mm

27. ‘normal': [@0.0, -0.0, 0.0],

28. 'radius’': 0.0,

29. ‘center': [0.0, -0.0, 0.0]},

30. 'diameter_3d': 0.0, # 3D space, unit: mm

31.

32. # 3D eye ball sphere

33. 'sphere': { # 3D space, unit: mm

34. 'radius': 0.0,

35. ‘center': [0.0, -0.0, 0.0]},

36. 'projected_sphere': { # image space, unit: pixel
37. ‘angle': 90.0,

38. ‘center': [0, 0],

39. ‘axes': [0, 0]}}

< Pupil Data exported from the Pupil Apps > [Data: OtO|E2{{7{ — Pupil Labs 88 Z=13]
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Pupil $€& T2 B Gaze dataZ of#fof 2& g0z Wr it}
AirstE A9 FHE(ine 99 =% (line 7)& *%.

{ # gaze datum

1 "topic': 'gaze',

2 'confidence': 1.0, # [0, 1]

3 "norm_pos': [0.5238293689178297, 0.5811187961748036], # norm space, [0, 1]

4. "timestamp': 536522.568094512, # time, unit: seconds

5

6 # 3D space, unit: mm

7 'gaze_normal_3d': [-0.03966349641933964, 0©.007685562866422135, 0.9991835362811073],
8 'eye_center_3d': [20.713998951917564, -22.466222119962115, 11.201474469783548],

P. 'gaze_point_3d': [0.8822507422478054, -18.62344068675104, 510.7932426103372],

10. 'base_data': [<pupil datum>]} # list of pupil data that was used to calculate the
gaze

< Gaze Data exported by the pupil apps > [Data: OfO|E2f{7{ — Pupil Labs & ZZIH]

Pupil &§& ZZA|27ke] EA(IPC Backbone)2 ZeroMQ” W E 9] =
ghol B & 7|2 o2 3= LA (REQ-REP: reliable one-to-one
communication, PUB-SUB: one-to-many communication)< ©]-83}, IPC
Backbone . & @ pupil ® gaze (© notify @ logging®} #-2 E3 o
AAFAY A Egd #d dHolEE A H, ol 2=+ ¥4 Pupil

MH)| 25 53 Gaze datas & H&.

1. import zmq

ctx = zmg.Context()

3. # The requester talks to Pupil remote and receives the session unique IPC SUB
PORT

requester = ctx.socket(zmq.REQ)

ip = 'localhost' #If you talk to a different machine use its IP.

port = 50020 #The port defaults to 50020 but can be set in the GUI of Pupil
Capture.

7. requester.connect('tcp://%s:%s"'%(ip,port))

requester.send_string('SUB_PORT")

9. sub_port = requester.recv_string()

10. # open a sub port to listen to pupil

11. sub = context.socket(zmq.SUB)

12. sub.connect("tcp://{}:{}".format(addr, sub_port))

13. # set subscriptions to topics

14. sub.setsockopt_string(zmq.SUBSCRIBE, 'gaze')

15. # receives the string and print it on the console for C++ std:in to read.

16. while True:

o Ul b N

(o]

17. try:

18. topic = sub.recv_string()

19. msg = sub.recv()

20. msg = loads(msg, encoding="utf-8")

21. print("%s,%s" % (msg.get('norm_pos')[@],
msg.get('norm_pos')[1]),flush=True)

22. except KeyboardInterrupt:

23. break

< Usage of IPC Backbone for remotely fetching gaze data > [Python: IPC ¥&— Gaze 88 Z=1H]

ZeroMQ(OMQ: zero-em-queue) 2Fe] B 2 8l= AT&T, Cisco, EA, Los Alamos
Labs, NASA, Weta Digital, Zynga, Spotify, Samsung Electronics, Microsoft,
CERNOIA A5 = 22 HENA olBej2 ey 22 7les 23

- ol do/EYFoRR T ZA=E A4

- IPC, TCP, TIPC, multicast, inproc 7Fe] WA|XE HE
- Pub-sub, push-pull ¥ router-dealer #Z& ~ulE3S ¥
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4o Folnddz u%k, Aes] /O A4 24
o a2 ARUHY A4

- A Qojsh FAEL A9
S AE B, A8 0ERE oE oY ARE WE

= HTC ViveP!7} ZoE Zalo= golgeo dAlddgd AFEHm, oz 133}
7o) Pupil Eye tracker’} add-on"® %2 %3] VR/AR <&o] 7}58A v
7 HEZY Y A SWIHe FEAATAR §F AladHe] F & A8 oA,

R — —

< Pupil Eye tracker add-on to HTC Vive >

(2) A 2o A% Gimbal Camera

» F3A 2Eo] AF2E UAVE DJI Matrix 100P'0] 31, Zenmuse X3 gimbal
74| 2HO7} shcbel] of) e o] A o] Qla, 7|&F EAL ok %9}

[e)
gy

Zenmuse X3
GENERAL
Dimensions 107.3%x75.5%94.8mm
Weight 221g
Damped Plate CAMERA
Sensor CMOS 1/2.3"
Lens F/2.8 20mm
(35mm format equivalent)
FOV 94°

Photo Resolutions | 4000x3000

UHD: 4096x2160 p24/25
3840x2160p 24/25/30
FHD: 1920x 1080

bl Video Resolutions | 4 155/30/48/50/60
HD: 1280x720
p24/25/30/48/50/60
Yaw Motor | Anti—Flicker Auto, 50Hz, 60Hz
GIMBAL
Angular Vibration 40.03°
Range
Roll Motor Mount Detachable
Controllable Pitch: —-90° to +30°
Range Pan: +320°
Mechanical Pitch: —125° to +45°
Range Pan: +330°
Pitch Motor Max Controllable | Tilt: 120°/s
Speed Pan: 180°/s

Matrix 100 DJI developer Done with Zenmuse X3 gimble camera mounted and its technical spec >
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DJI Onboard SDK'+= Gimbal 2}
FhHletE o] &3kl @ Take
Photo ® Start Video (©) Stop
Video @ Control Gimbal Angle
© Control Gimbal SpeedE &
T U3, 5 292 UAVS
B IR ALl o] ]9}
HAE vErd, & FpA ol A
T&3lE Eye Tracker -
Gimbal 7}Hle} G A 2= 52
kel C++ Onboard
Application 9.

ol = <dji_gimbal.hpp>2]
gimbal class 725 HoT1
Constructor= Vehicle
CHAEES 7|Eo7g 7}x| 1l
Jo Telemetry @& HAHE
Z38F3kth Gimbale Angled}
Speed HI°|H &= Fx2A 2 Aol

30

|

Vehicle Class [ Gimble Class

Onboard
Application
(CE 1)
DJI Onboard
SDK

UART Driver

Onboard
Computer

rs
: Wired Link
UART

Matrics 100

Wireless Link
Lightbridge, SBUS

1

1

1
h 4

| Remote Controller |

®

: Wired Link

: USB

v

Mobile Device

< Placement of Apps, Onboard SDK & UAV >

Angle Data Structure

Public Members

OpenProtocol * protocolLayer typedef struct

DataSubscription * subscribe
DataBroadcast * broadcast

Control * control
Camera * camera
Gimbal * gimbal

... (Few more members are not listed here)

A

typedef struct

DJI::OSDK::Gimbal::AngleData AngleData

DJI::OSDK::Gimbal::SpeedData SpeedData

a| Public Attributes :

Pl int16_t yaw

int16_t roll

int16_t pitch

uint8_t mode uint8_t duration

Public Methods
Vehicle (const char *device, uint32_t baudRate,
bool threadSupport, bool
enableAdvancedSensing=false)

Vehicle (bool threadSupport)

Gimbal (Vehicle *vehicle)

void setAngle (Gimbal::AngleData *data)

void setSpeed (Gimbal::SpeedData *data)

Speed Data Structure

H Public Attributes :
Lol int16_tyaw

int16_t roll

int16_t pitch

uint8_t reserved0: 1
uint8_t reserved1: 1

void obtainCtrlAuthority (VehicleCallBack
callback=0, UserData userData=0)

void activate (ActivateData *data, VehicleCallBack
callback=0, UserData userData=0)

...(Few more ACK member functions are not listed

here

uint8_t extend_control_range: 1
uint8_t disable_fov_zoom: 1
uint8_t ignore_aircraft_motion: 1
uint8_t yaw_return_neutral: 1
uint8_t ignore_user_stick: 1
uint8_t gimbal_control_authority: 1

< Gimble Class Diagram of the DJI Onboard SDK >

So I ZEEFZS o] &3y ZidE #H A o= 93 @ Camera

class®] 22 shootPhoto(), videoStart(), videoStop()$F+= % .

DJI::OSDK::Camera Class Reference
#include <dji_camera.hpp>
Public Member Functions
Camera (Vehicle *vehicle)
void shootPhoto ()
void videoStart ()
void videoStop ()

A G g S WSS

[dji_camera.hpp: camera S2f2A]
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» olgE I ZREZE o]83e] Gimbal AlolE ¢33 ® Gimbal class®
AngleData®} SpeedDataT-Z=A 7} = o] )il setAngle, setSpeed &5
F3l Ao,

1. DJI:OSDK:Gimbal Class Reference

2. #include <dji_gimbal.hpp>

3. struct AngleData: The Angle Data struct for gimbal control.
Public Attributes: (int16_t yaw, int16_t roll, int16_t pitch, uint8_t mode, uint8_t

duration)

4. struct SpeedData: The Speed Data struct for gimbal control.
Public Attributes: (int16_t yaw, int16_t roll, int16_t pitch, uint8_t reserved0: 1,
uint8_t reserved1: 1, uint8_t, extend_control_range: 1, uint8_t disable_fov_zoom:
1, uint8_t ignore_aircraft_ motion: 1, uint8_t yaw_return_neutral: 1, uint8_t
ignore_user_stick: 1, uint8_t gimbal_control_authority: 1)

5. Public Types

6. typedef struct DJI:OSDK:Gimbal::AngleData AngleData
7. typedef struct DJI:OSDK:Gimbal:SpeedData SpeedData
8. Public Member Functions

9. Gimbal (Vehicle *vehicle)

10. void setAngle (Gimbal::AngleData *data)

11. void setSpeed (Gimbal::SpeedData *data)

[dji_gimbal.hpp: gimble camera angle & speed]

» B2 A 2" Gimbal Angle ¥FEF 58 9% © Telemetry 7%+ US3 a1,
roll, pitch, yaw, pitchLimit, rolllelt, yawLimit ¢ WHTE EF

1. DJI:OSDK:Telemetry:Gimbal Struct Reference

2. #include <dji_telemetry.hpp>

3. Public Attributes

4, float32_t roll

5. float32_t pitch

6 float32_t yaw

7 uint8_t pitchLimit: 1

8 uint8_t rollLimit:

9. uint8_t yawLimit: 1

10. uint8_t reserved: 5

11.

12. Member Data Documentation

13. float32_t DJI:OSDK:Telemetry:Gimbal:pitch degree;
14. uint8_t DJI:OSDK:Telemetry:Gimbal:pitchLimit
15. 1 - axis reached limit, 0 — no;

16. float32_t DJI:OSDK:Telemetry:Gimbal:roll degree;
17. uint8_t DJI:OSDK:Telemetry:Gimbal:rollLimit;

18. 1 - axis reached limit, 0 — no;

19. float32_t DJI:OSDK:Telemetry:Gimbal:yaw degree;
20. uint8_t DJI:OSDK:Telemetry:Gimbal::yawLimit

21. 1 - axis reached limit, 0 — no

[dji_telemetry.hpp: roll, pitch & yaw of UAV]

L

= Android®} i0SE o] &3t A UAVY 349 A4S =29 & 4
Rom, ot = Gimbalﬂ} CameraZ )38t DJI9] theFst Mobile SDKE Hoj T}
AJubd o2 AWM LxlS Aoty AFFS A HY L E =3l W aly

] i

¢

or
fljo _1
bl

s
1.

N
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VoRe| 98+ b 28

(@ The eyeball moves faster towards the target than the head, which follows
behind.

(® The head follows the target until the target is reaches a comfortable
position within the FoV (generally 0.03mn in the normalized coordinate
system).

(© During step ), the eyeball remains fixed on the target, moving in the
opposite direction from the head so as to compensate for head movement.

VoRe| A8 & o] &3 A&l date 53 25,

@ Start

(» Populate the scene with user defined scenario target points taken from the
scenario file

(© Compute the movement of the head from the initial point to the next set
of points

(@ Compute the time required for head movement from the current position
to the next position

(e) Start timer

() Change the angle of the viewport, Incrementally in X, y, and z directions
until the target is reached, following the equations below (input angle is

derived from the positions of scenario points taken from the scenario file)

_ T : _T
V, = CA,cos(A,y 180 )+ CA_sin (4, 180 )
V, = CA,cos(A,~y——)— CA.sin (A y——)
e A AN T AT
T . ™
Vz == CA(I/y)COS(AZ’}/ﬁ)‘F CAZSII’I (Aﬂﬁ)

where, V(,/,/.) = View Port z/y/z
CA(,/y)2) = Current ViewPort Angle x/y/z
Azyy)2) = New ViewPort Angle x/y/z
v = OpenGL resolution correction factor(VoR/FixedEye)
(® Change the position of the gaze such that

ov o= Gf: C’fi|2aa|
VoRt = GyP: C’filQaM

G _{G;’: Cfilaﬂl}
Gl = ol + el

where, G,z = Gaze with VoR
Gy,p = Gaze without VoR

G’P/y = Gaze Position z/y (in pixels)

xr

C};y = Current Position z/y (in pixels)

xr
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a= Newangle of gaze normal
a/B = OpenGL resolution correction factors
Compute the positions of the gaze and head movement during the
simulation
(v Stop timer
(O End

VoRe] el F o] &
AR 4709 it
A A,

ey

VoRe| el E o] &3 Algeeold &7ddlA e
A A1) e Y @S TYste] FEsAAL, G RE
=

A oF wkA}

Start of Target position in the
FoV Movement of Target As

" Theresult of head

movement

———————+ Movement of Eye Gaze

@ Gaze
e Target

Forwards direction
movement of gaze
(tracing)

7

4
\ Gaze Meets the
target half way
Opposite direction —* a
movement of gaze
(Retraction) Start of gaze positionin the
FoV

< Movement of target and gaze during simulation >

o ABdolA An aULelA Feld AP vEEAY glo] Y v
SAYOZT FANLE HFu o} s DAk A uT), T Aoke]
TR B BEZO M2 Y] BERL AAHOR IAT £ Ut
A BRF RS S F AL, £, 5 g 2499 WEES B
VoRe] F@¥ FHAkA Qe shele] was gAY F 98
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Distance between Target and Gaze over time Changes in the head movement over time

0.08

Distance (in mm)

0 2000 4000 6000 8000 10000 12000 14000 v
0 2000 4000 BO0O 8000 10000 12000 14000

Time (in ms) Tiriia jeiis)

—VoR —Fixed Eye —vor —fixed head

< Changes in gaze for Fixed vs. VoR cases > < Head movement for Fixed vs. VoR cases >

Changes in the Headmovment as apposed to achieving the target over Time - VoR
" | |
I
|
|
|

1 |
| |
1 I
1 I
1 1
1 I

Rate of Displacement of Head
{in mm)

7w AN 000 Hn 10000 12000 1000

Time (in ms)

—Gaze Vs Target ——Head Movernent

< Effect of head movement on achieving the target via gaze in VOR case >

+ VORS H§3HA %O BANoe] Ao BEZ mekahi Azke
FHAokuT =ga el $4e] e SA A3t aeEst Bl
o EEYE BEEe] Fugq

=
mgge) AuAe 9)Ae] gel s 4
Aol weh Bergatl e,

|

(
AV

Changes in the Headmovment over Time - Fixed Eyeball

Rate of Displacement of Head
{in mm)

Time in ms

——Gaze Vs Target ——Head Movement

< Effect of head movement on achieving the target via gaze in Fixed eyeball case >

(4) Eye-Tracking® Gimbal CameraZ %3 Airborne FPV
* VoR& E3ste] ALtE A tstd 413 FH3E= WA Gimabal 7HHleE 913
7R EAZ vjgE o] Fof ol 1¥ ¥} o] Onboard SDKE &3+ A|oj7]| &
Z3)] ot Aol AA A2l UAVE Airborne FPV & F33l=0 A& 3.
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Pupil Services | Publish Gaze data)‘ IPC Backbone ]
A

Read Gaze data

Writing to STDOUT

Python
Wrapper

C++ Controller
(Onboard SDK) Reading from STDIN

Controlling Gimble motors

< Data flow diagram for converting gaze data into gimbal directions >

» Eye Trackerdld doAA+= SAlH HE= 2D A+ F3EA©]3L, Gimbal camera
S Faw stng 2D HHEAE o A 9

T .
EE%C pZtChanglejl]— ya’wangle—é_ =

Zhel et Zt= 2 gk,

G (Max,r - Min,,)
- (Mang - MingN)
(pitch,mgle, yawangle) = Min, + Sx (gN— MidgN)

where, § = slope
Maz,, Min, : max and min restriced movement of the gimbal camera

Min,y, Maz,y : max and min values of gaze normal

gN : current gaze normal
(MaaﬁgN—F MingN)
2

MngN =

* Eye GazeZ %3 Camera Movement %% Azt vh&3t 28
(@ Retrieve GazeNorms(x, y) data from the IPC backbone messaging bus of
the Pupil service.
() Map the retrieved GazeNorms(x, y) using a mapping function as
described in equation 1 and 2 such that
(pitchangle,yawanglg) = f(GazeNorms (:c,y))
(©) get the current position of the gimble angle. (yaw and pitch)
@ If (|current gimble pitch — pitch,, .| < 10° OR
|cur7"ent gimble yaw — yaw, . | <5°) go to step (O
else go to step ©
(© move the gimble to new angle, (pitchy, e, yaw,, . )

(O Go to step 1 until end of session
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= Azimuth

< Elevation and Azimuth of the gimble camera view at -13° pltch & 32° yaw and the normallzed gaze data >

lo
s

» Pupil Eye Tracker &A% dlolEZ 7|4k 3t 3709 Gimbal 71 2F2]
=2 Ae F4sta, F40] guw e (FEF o] Gimbal 7HH ete] FoVel
T AR A SAH ] AolE Hlulste] o Lol LERY.

<

Target Points 1 2 4
Normalized Gaze Data (0.28, 0.58) (0.74, 0.29) (0.76, 0.57)
Pitch & Yaw of o 1m0 o o 100 o
Gimbal Camera (-10°, -15°) (7°, 32°) (-13°, 32°)
Elevation Error from o o o
the center of FoV 7.4 5 5.1
Azimuth Error from 3 4° 9 4° 1.4°

the center of FoV

* Gimbal 7}H2te] =% A7l 35mo] i, Eye trackere] 2d8AZ = 22m= o2
W obdl Tl 2o BRAE $AE A W Fovi MEaAw 27

Aele Aol Az thE 4, 54 Aok AAF + UL

< Field of View - Target 1 >
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b Tracker World View -

< Field of View - Target 2 >

- Abd AR 3D EIE FHSEG AN AFHE BE FIAE FHSs
o] o] Folxl o] Fo FiE IJJE S =E HAST wf Aol Az
HEle et Aol WA ol EolAith Aeksh: WM E 2wl 2y
Zr Al 18] AAZE 2 A0l o] FolAl= HiH e ZH s of&

Trimble Sensor Velodyne Sensor 2D Camera
Pre-processed Partial Point Real-time Video
Point Cloud Cloud

LJ Frames

Point Cloud
Alignment

J Extraction_
3D to 2D ' Frames "
Conversion Parameters

L y, N
|Projected 2D points Video Framel

< Qverview of the proposed point cloud alignment technique >
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< Two different 3D scanning hardware setups at the KICT water treatment plant >

o

£ Trimble TX3 3D® #o]x 2717} ZAE &< do]xatele] 3D

[e)
TAE Fepgrg ASsed ASHALE A5 B) dvhs ofd #5 1)
o] spolzEpy} g FH FANA HEH AL & F Ak o =
7132 Velodyne” PUCK VLP-162.% F53H(9] 9= §) FE#el 3D XAE
Feheer AN A5H vde G4 4 AQ AE EAE a9
A3std 7HY FERIARE S WA

&)

%ol FlE FeheE dolHE shi

2Ae Ageletn o
15

i e,
o

tlo R
o
— 0
rr
2 1o
At o
oo

=)
rob
=
2

P
o %
ol
O
rir

By
10
my [
o

A

e
juit=) -{E
R HE
H
¢

o e
o
2 ' 1o

_35_




Real-time partial Preprocessed

data data
Optimal
Preprocessed
data
Key points
Iteration
(n) ! Apply
transformation
Transform
Aligned
preprocessed
data

< Block diagram depicting the optimal alignment process >

AP A E A EQJQE Z29E HolHe B EJIE =9 AR d
AN FEA ) Fol2 2A] A AP A FEAS Waey A7)
zAste] 2 EQE Ik AR AR wEs s o
e Zgfolo] A 73
_(f)local)_T
global ~— 9
where, T(x,y,z) : global shift, S : global scale, P: 3D point
AR A e EQE FHeEe B ¥E FHSEE FHE o GICP
AP F2 AFTH = BE S gdes Jgdsug ofy Ay 22 Ay
AdEPMeon 5448 e A3 259 TUE IES Fof AANOR FH
o] o]Fol A g U=EF sk ot Y2 pok P, FRIE FEFE
tlol g

P = randomsample (Pp)
where, P, : optimal sampled preprocessed points,

P, : original preprocessed points

< Preprocessed point cloud data set and optimal subsampled point cloud >
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T AE9E A9 ZAE Fu(p,)7h oI F, DAL TE

sk T A wME FE 1= GICP dare|Fel o)

T= argmmTEd P +TP T7>dT

i=1

where, d, =a,— 1b, ©]i 7|4 q,, b,

rir
KN
KN
s
o
~
o,
==
rO
[
il
K
o
I

G-ICPel oj&l] H& ZQE ZFE9=(p)ot WY ME(p)E o] &3] W
FA(T,)0] DoAAH, A AHEd EJAE Fep-=(p)o AL (P, =1,P,)
AEdE IRJE SH9E(P)E 91, bt I8 T3 AEd IJE

copcl cpsipsd —chsp spsip— copsipsh t,

7 - spct) cpcp+spsipst cpspst —cpsi t,
Pl -so st aped t,
0 0 0 1

where, v, ¢ and 6 = roll, pitch and yaw, ¥ H 1= (t,.t,,t. ) translation

20 by

AP AR A Q1 E FEeEE B ¥QE FE9-=99] Alignment

fl gk w34 Al /\] 7+ % Alignment ScoreE View 1% View 2 + W

G-ICP¢} HA 3} @ G-ICPE A &3to] Hlueldtt o % H ol &l A2

A7 85 GICPE A}oa}o% e A7he 80% o4 P ow ATEE 10%

ol’d Tkt AL, olE TEl A vhRow A B Ayw EJE FH=E
[e]

e RUE FEEs e $H/4E 2 7 e

el A
z

I—o]

il
(M g
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< Preprocessed point cloud alignment results of View-1 & View-2 >

Method Iterations Run Time Alignment Score
View View-1 View—2 View-1 View-2 View-1 View-2
GICP 6 5 1.04 0.630 0.023 0.037
O-GICP 8 8 0.18 0.097 0.021 0.032
(2) 3D ¥JE Zg5= 35 AY
- BEL 0§l TUE FHAGE ol Fe] 0B B PP ANY £
ATk 7IHEAIAE D SHES] Ay FA42 Adder & FEE U 9
AA4E o Eze) FHow TAE Fehes AL Solshl WA

- Seed point selection and its neighbor point estimation
- Normal and tangential vector estimation

- Point pairing and typical angle calculation

Hlolg oA HA Seed

o} o]

o

44
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k
c= Z(pi_p) * <pz‘_p)T7 c e Vj:)\]' ° I/j,jEO,l,Q

1

k=
where, k is the defined number of nearest neighbors, p represents the
th

centroid of the nearest neighbors, A; is the j* eigenvalue, and v; is

the j' eigenvector.

1 =
o] Zdol& ZtE cosh =0+ —a?)/2bc & ALt 3 5 =4, " ROI A 9
Aee ¥JQE FH9E pod e g2 #S d& F dernz & Hde
yH& o] 83 2l

< Typical angle calibration >
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A JHoll A & o] Az }
Feature Histogram (PFH)'S 283} wAs

FE gEe

Zrol a1 th 327} ROI(Region of Interest)+-wol we} #+F/F3tAl sl AdH o
W3S etk obel: 2] e stolzZe] RO WE 24 RFE Hol i
Typical angle range
ROI(cm)
30 cm pipe 25 cm pipe 18 cm pipe 15 cm pipe
10 7°710° 11°713° 16°728° 18°725°
20 16°719° 20°725° 30°738° 40°754°
30 31°737° 37°741° 40°759° -

< Typical angle range for pipeline classification with different ROIs >

s}t 30cm, 25cm, 18cm 2]

4 4,
gto] o] 79 ROIZ} 30cmE WO HAL o Fo|f & o] AAtol
2 & ek vEA 59 Av]Ho & ROIG A5 dld 2dy 99 H2 28
AY erAE so|xe] ¥IE F$E=F o]LHOR EFH 5 oA Hol
PFHe] #-&o] Fojua|ztt 15em AHAE ] 49 thEZH2 10emtt 15cm
ROICN A Ad3stA ALk 5 A&
Pipeline | Actual (cm) | Preprocessed | Partial Matching
a9 (a) 25 25 25 100
ad (b) 30 30 30 100
a9 (o) 15 15 15 100
< Result analysis for pipeline matching >




» g R 98 JAY LIDARZE A7 YstsE FQE Fgse= A2 tE

(c) 15 cm Pipeline

< Pipeline geometry (dimension) matching using curvature feature >

FIE Fgh¢E HHe A%

= Aol AeA e ZRJE SdH¢-=+ 2D MY 29 Frame-to-frame 34
o&) #As FHETE Frame-to-frame 3 ol o]n|x] HH A EAE
Fehe-=9 A9k sl dghe] AstEl Fell 3D EJQE ZE-=oA 2D 2]

E
Ze}9= RGB olM A7k F%5 % 2D vte Zeds FHHE Qe 37
obel 1y 2

Preprocessed 3D

point cloud s

height

) ) ) Camera parameters
Point cloud orientation

Realtime cloud

width RGB Image from point cloud

Point cloud registration

EA9 dolgz JAauee AAFAYS Hd43t7] 914 LiDAR AlA <}
i kel AgHgolde] FalEojof gttt AWty oz 7} fito wiAE
gt gAaatol s HEe]M A gski=d], 2 Aol M= Velodyne 3D
LiDAR A4 ¢} 7helglr}t obg]l g3 o] MTw Xsens IMU™9L 317
dAdF ] A IHFRS FEF

_41_




Velodyne <):|- p

Xsens IMU
Camera

< Velodyne LIDAR, IMU and Camera setup >

2Md SHE AT obel 1O Xsens IMU AlA o] &9 AE YA
Q= ©1&3te] ofeff Aow 2y ZFHE ik AT EJE
Fe9e A2 Y G, TE F Ath oV BE 4Y A 2AE
295, P, & 24 Aol ro] Avet £ EYs, G, S A DYl A
wEels g
CP,align = Pmat Cmat Qmatpt
100,
f00.0 010t
where, P ., =10f0,0{, G, = Y
00 Oyl 001¢,
0001
Local f z
vertical ¥y
S
MTw default coordinate system
Z up, defauit
>
.
X

Local tangent plane
Local Z up, default

Magnetic North
< Coordinate frame of IMU sensor >

A5 3D ¥QIE Seh¢=x ofd 1"y o] = AN A H o
S d7] felAE lE 3D EJEE Co lhnearlty 21 l16].o.
0}04 Zhulet st E 2 Aol ¥ = o X Hwo
Zheletal = o] FAlo] JhHlel HxA FAlelal Z W
FZolv] LIDAR AlA ¢ 7hvlel AAS B EA2ZRE 5Y a
AAA 7= ol EAZFEH LIDARS Ag7F 7hvlet iAo T4 o= 5 -F
2RAY e 2= AS 9.
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xeyizy 17
3D Point® P

X“

World coordinate
system

(x%,Y?)

R is the Rotation

rojectiort cente
L fis the focal length

Camera coordinate
system

< 3D point cloud projection on the image plane defined by the camera’s coordinate system >
» U5 S 199 LIDAR AAMZHEY HASH 2 AR AgE 3D £<

1=
3 e
Fepo el ofd oz e sehiE o ouA P e ¢35
EEERNETE

sink cosk 0
0 0 1

01 0
sing 0 cosg

where, |a,a5a5|= |0 cosw sinw

Q) Gy ag ll 0 0
0 — sinw cosw

COSK — Sink 0]

lcosqﬁ 0 —sing

Qy Gg Qg

- zAE Fape= gabe] A% BE(ntensity) RS obd] Ao Fhule el
A FAR oA wh £ 27 G AR, AR Lol 9,

ifZ] Z} Cyi,§)lr,g,b) = Ilr: 0,g: 0,b: 255]

1=0j=0

o 3ol FhulE} vig e Zde] A Intensity Fi, ) & 9 AolA F3 T
o & = 14 =

2= 9% G4 Intensity Cili,j) =2 of#f 2 o2 LA,

F[[T7gab] = C'[[Tagvb]
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CEoAA e AR

, 1efar ghelel gl

o}, gholthga UAV 7]k AA17)

< Point cloud image alignment on the camera image >

-

7 Bl ERV Y

(1) UAV-LIDAR®} 3 2E XZHo|A7He Holy &4

ROS(Robot Operating System)'”& BSD-licensed®] PColA] 23 QA E
Aojg 4= 9li= OS#Z hardware abstraction, device drivers, inter—process
communications, distributed package managements =% 85 7f&sl=d|
a3t &3 golBgelE Az gt ol 17l o] ROS wt2~H 7L & &%
Node® E#&= o] 7le Z 2 M A7} peer-to-peer network® 2.

ROS
Master

Registration l Registration

Messages T ' Messages

Messages

< Architecture of the ROS >
ROS+= topic#} servicegb= + &9 messaging mechanism< A &3},
topic=> publisher/subscriberzt Bl 7] 4 wA] A o]3l & L3t topics &
publisher/subscriber7} &3 4 9+ ¥HH ) servicei= request/response®l]
718kS = F7]139 sy provider’t U] requestE H RS message 9.
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Node -,—-l Service ’—v Node
Publication
Node ——3  Topic Node
Subscription
Node blication e

< Two way of node communication of ROS >
Velodyne LiDAR®] Puck LITE'™:= VLP-169] UAVE 98t A d2 7 Z(590g)
#lol A ~AUR 2019 $E2 100m o9 3D #74S 360° 3 FOVE +15°
42 FOV, 16419 2% 300,000 AQEZ A A5 multi-beam 3D LiDARY.

“Uiro, ®
b= %
\\.T { ‘.“
v S !
I
Wy, D i,
Q“‘-&}\\\\\\\ 2
\

< DJI Manifold2t Velodyne LIDAR Puck Lite >

DJI Manifoldi= DirectX 11, OpenGL 4.4, NVIDIA CUDA A Z23¥7]5&
$hete= WY PCE 3FH v, 99 59 A5 &34 A A& -
BE #Y, F3lst= 71 7ls el 2AE AL sAll

T Qo B 3kA o] UAV, Sensor, Camera, Host Computer,
Visualization System®} =3+ Al-83.

Velodyne Puck LITE®} On board #H3E <! DJI Manifoldi= DJI Matrix M100
UAVel| &&=™ Manifold?t M1002 dlolE FA 3 AFEHE7 A 7Hss
Hl57] Alg]d UART g o2z 44,

ST

(T o |
oo @ mo

9 8
S 2=
5 9

- UART CABLE .
[ Expansion
UART_ 1o
CANZ
2 {Rx} % 13 (Rx) .
M100 £ . i Manifold
3 {Gnd) | 16 {Gnd)

Ground

____y

. USB-microUsB

PC ‘

Running DJI Assistant?

< Hardware connection between M100 and Manifold >
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olg] &4 2] DROK DC converter regulator’} UAV battery(TB47D) = €
AL FE Wol Manifold®t LiDARO] &+ 3.

v" Properties: non-isolated step—down power supply module

v" Input voltage: 8-35V

v" Output voltage: 1.5-24V adjustable

v" Output current: 5A MAX, recommended: below 5V, 4A long-term; 6-9V,
3A; 10V-15V, 25A

< DROK DC Volt convertor regulator, UAV power supply diagram >

ool M100 kA Hlddst @ A= LiDAR Puck Lite(590g), Manifold(200g),
DROK regulator(9g), Wifi Dongle(80g), Propeller Guard(200g)<] 3l =<} %
1,079g PayloadES © A% v P A= Ho]Ft}. Firmware v.1.3.1.10¢] M1002]
7% 1000g Payloadoll A oF 13%3F2] <F4 421 hoveringo & H|U] & X3t

g El o 1 i o S =5 o
PEZIYS 9% IAE S92 8 A5T F U5

\

KICT H2E gEZTE
(2019.01.18.) =& 2 s,
UAV H W rise speed 5 M,
F o falling speed 4 s,
] wind resistance 10 s,
1% 475m flight time,

4 5min.

DUl Manifold |
alllle ai
i

< Fully equipped Matrix 100 UAV with 1,079g payload >
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DJI Manifolde] Ubuntu 14.04 LTS ARM¥} 7] ROS indigo distribution®
A28t On-board HAFENA #A53 PCD 39S 97 T2E AFENA
FAlo AFg8t7] el Intel 7260 HMW 4 o} el 2 A xa ) o} o)
A2 DJI onboard SDKPUE A x]3le] ROS message$} serviceE o] &3 4
UA E

1. Install DJI SDK Core Library
2. Before using the DJI SDK ROS package, we first need to install the DJI
SDK core library.

3

4. Download the necessary files from git repo and access the directory:

5. $cd~

6. $ git clone https://github.com/dji-sdk/Onboard-SDK

7. $ cd (dji_sdk_directory)

8. Create a build directory and cd into it:

9. $ mkdir build

10. $ cd build

11. Compile and install DJI SDK core library

12. $ cmake ..

13. $ make djiosdk-core

14. $ sudo make install

15. Setup the DJI SDK ROS package

16. Now that we have the core sdk library installed and ready to go, we can
start setting up the DJI SDK ROS package.

17.

18. Download the Package

19. First we need to download and install the dji_sdk ROS package.

20.

21. Go to your catkin workspace.

22. $ cd ~/your_catkin_ws/src/

23. Download the DJI SDK ROS package from our git repository.

24,

25. $ git clone https://github.com/dji-sdk/Onboard-SDK-ROS.git

26. Run 'catkin_make' and compile.

27. $ cd ~/your_catkin_ws/

28. $ catkin_make

29. We almost have all the software setup for DJI SDK ROS.

< DJI SDK Installation process > [Shell Script: DJI S/W installation on Ubuntu O/S]

DJI SDKE A x %] DJI PC Assistant 2, DJI GO AppS =2E HFEHS
Tabletoll Z+z} A5t 2R = HFE <9 UAV, flight controllers} A4S ]3]

o

ol ¢} o] OSDK API Controle] On¥ o] ¢lojolstal, RC statuse ‘F&Z 4.
TeEr @~ B Py

| < «ip | mico .1 Onboard SDK

£} Basic Setup {1 ‘Enable API Control [F| Ground Station Status

Baud & Data Transmission Rates Data Type

Baud Rate 230400 - ACT Ground Fusion Data -

Timestamp: 50Hz hd GYRO: Data Fusion >

Attitude Quaternions 30Hz b ALTI Data Fusion -
Acceleration: 50Hz - HEIGHT: Altitude 10 the Home Point =
Velocity(ground speed): 504z "
Angular Velacity(based on aircrarft) 50Hz -
Postion: 50Hz -
Magnetometer: Not Sending -
RC Channels Data 50Hz -
Gimbal Data 50Hz -
Flight Status: 10Hz -
Battery Level THz -

Control Infermation 1Hz -

< DJI onboard SDK page to enable APl Control >
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= UAV$} flight controller®2 H/W$} ROS7} 418 A2 w] App ID(1055437) 9}
key’[xﬁr(47ef00ea3dc8f981363d8484b42cba2377b2c3F594da977b274b049c26e1fb95)7}
2 8 3k, Manifold®] Ethernet ZE<°F A4 ¥ Velodyne LIDAR VLP 16&
2217171 918 obel €] configuration Ax}7F I Q.

1. Configure your computer’s IP address through the Gnome interface

2. Access the Gnome Menu (Super key), type "Networks Connections" then run
it. Select the connection's name and click on "edit". Choose the IPV4
Settings tab and change the “Method” field to "Manual".

3. (Click on "add" and set the IP address field to 192.168.1.100 (“100” can
be any number except in a range between 1 and 254, except 201).

4. Set the “Netmask” to 255.255.255 and the "Gateway" to 0.0.0.0.

5. To finish it click on "save".

6. Connecting your computer to LIDAR through terminal

7. Power the LIDAR via the included adapter Connect the LIDAR to an
Ethernet port on your computer. Statically assign an IP to this port in
the 192.168.3.x range.

8.

9. sudo ifconfig eth@ 192.168.3.100

10. Add a static route to the LIDAR's IP address. The IP address can be
found on the CD case which was included with the LIDAR.

11.

12. sudo route add 192.168.XX.YY eth@

13. Checking the configurations

14. To check the connection open your web browser and access the following
sensor’s network address: 192.168.XX.YY. The following page should
appear:

15. Installing ROS dependencies

16.

17. sudo apt-get install ros-VERSION-velodyne

18. Installing the VLP16 driver

19. 1. On terminal, inside your ROS workspace, find the “src” folder and
execute the following command:

20.

21. $ cd ~/catkin_ws/src/ && git clone
https://github.com/ros-drivers/velodyne.git

22. 2. After that, on terminal, inside your workspace, update all
dependecies:

23.

24. $rosdep install --from-paths src --ignore-src --rosdistro YOURDISTRO -y

25. 3. Then build your workspace:

26.

27. $ cd ~/catkin_ws/ && catkin_make

28. 4. Now, your Velodyne package is ready to run.

< Velodyne LIDAR VLP 16 configuration > [Shell Script: Velodyne LiDAR configuatiuon on Ubuntu O/S]

! Editing velodyne_interface

Connection name: | velodyne_interface

General Ethernet 802.1xSecurity DCB | IPv4Settings | IPv6 Settings

Method: | Manual hd
Addresses

Address MNetmask Gateway Add

[ 192.1¢€ | 255.255.255.0

L= £ e e b Delete

DNS servers:

Search domains:

Require IPv4 addressing for this connection to complete
Routes...

Cancel Save

< Velodyne LIDAR VLP 16 configuration >
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.3 C | ® 192.168.1.201
i Apps [} QDoubleSping %F Competitive Pr & Mathematical f ¥ Basic Operatio Il Using Regular E

Velodyne’ LIDAR

Sensor Model: [ VLP-16 Lite | S/N:[ AF32714558 | MAC: [ 60-76-88-10-38-de |

VLP-16 USER INTERFACE [Configuration] [System] [info] Diagnosticy

Laser: @ On Off
Return Type: | Strongest v

Motor RPM: 600| + | - | | Set

FOV Start: o] + | -] End: 359) + | - | [ set

Phase Lock On ® Off Offset: o+ |-|| set

Host (Destination) 1P:[255.255.255.255 | Data Port:| 2368 Telemetry Port:| 8308/ | set

Network (Sensor) IP: 192.168.1.201 Mask: 255.255.255.0 Gateway: 192.168.1.1 DHCP: On ® Off

Set
| Save Configuration

Downioad Snapshot

GPS Position: [ | PPS: [Absent ]

Motor State:[On| RPM: Lock: Phasc:[___ 3080]
Laser Slale:

Velodyne' LIDAR

< Velodyne LIDAR VLP 16 configuration >

DJI Zenmuse X3 gimbal cameras A}&3te] HY L FA4S a7 f&iA
obg] 1} o] FiW gt 8-pins XE+ Manifold CAM_IN ¥E¢°} AZA3} 1,
CAM_OUT-=2 N1 flight controller 8-pins = ZA3s}e] thA] 7hWeke] 10-pins
XEZ dAAdgt. dH ol B g = GStreamer, FFmepg, libusb, libdcam.so <.

I

(.| |
n
)

\
Q

< Zenmuse X3 gimbal Camera connection setup with Manifold >

FAEA s, B A 9

°] Velodyne LIDARE #%3}+=
|2} & #4st= Camera Node=
Z5FEe] SSH WH o=

ROS master= 2 ROS NodeE 5 =3}
VeloCamData 35 Nodew= ofzll 133}
Velodyne Node®} Zenmuse X3 gimbal 7

g3, 7 wul Bggon 97 s

Manifoldell 5 A3 A].

m R

=

1m+
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Manifold

ROS
Master

Registration Registration

Data

LT

< Architecture of VeloCamData capture >

Velodyne PCD captureZE €3 Nodex= VLP 16 3D LiDAR H|°o|EHZ FH 54
Tt =E =golH = FA o 5 HA 2 velodyne_msgs/VelodyneScan H| o8 &
9HE 31, velodyne_pointcloud 37127} o] dlo]H & & ¥ HE] 3k sensor_msgs/
PointClous2 messages® % 2F3}+= nodes®} nodeletsS #]-&3Ft}. Roslaunch”}
XML e 23HES &8 obefiet 22 4709 NodeE .

Manifold
-i
i
ROS
Master

Registration Registration

|

” velodyne nodelet
_manager _laserscan

~ velodyne_nodelet

velodyne_nodelet
_manager

~ velodyne nodelet
_manager_cloud

__manager_driver

< ROS 4 Nodes list for Velodyne PCD capture >

1. <!-- -*- mode: XML -*- -->

2. <!-- run velodyne_pointcloud/CloudNodelet in a nodelet manager for a
VLP-16 -->

3. <launch>

4. <!-- declare arguments with default values -->

5. <arg name="calibration" default="$(find
velodyne_pointcloud)/params/VLP16db.yaml"/>

6 <arg name="device_ip" default="" />

7. <arg name="frame_id" default="velodyne" />

8. <arg name="manager" default="$(arg frame_id)_nodelet_manager" />

9. <!--<arg name="max_range" default="130.0" />-->

10. <arg name="max_range" default="5.0" />

11. <arg name="min_range" default="0.4" />

12. <arg name="pcap" default="" />

13. <arg name="port" default="2368" />

14. <arg name="read_fast" default="false" />

15. <arg name="read_once" default="false" />

16. <arg name="repeat_delay" default="0.0" />

17. <arg name="rpm" default="300.0" />

18. <arg name="cut_angle" default="-0.01" />

19. <arg name="laserscan_ring" default="-1" />

20. <arg name="laserscan_resolution" default="0.007" />
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21. <!-- start nodelet manager and driver nodelets -->
22. <include file="$(find
velodyne_driver)/launch/nodelet_manager.launch">

23. <arg name="device_ip" value="$(arg device_ip)"/>
24, <arg name="frame_id" value="$(arg frame_id)"/>
25. <arg name="manager" value="$(arg manager)" />
26. <arg name="model" value="VLP16"/>

27. <arg name="pcap" value="$(arg pcap)"/>

28. <arg name="port" value="$(arg port)"/>

29. <arg name="read_fast" value="$(arg read_fast)"/>
30. <arg name="read_once" value="$(arg read_once)"/>
31. <arg name="repeat_delay" value="$(arg repeat_delay)"/>
32. <arg name="rpm" value="$(arg rpm)"/>

33. <arg name="cut_angle" value="$(arg cut_angle)"/>
34. </include>

35. <!-- start cloud nodelet -->

36. <include file="$(find
velodyne_pointcloud)/launch/cloud_nodelet.launch">

37. <arg name="calibration" value="$(arg calibration)"/>
38. <arg name="manager" value="$(arg manager)" />

39. <arg name="max_range" value="$(arg max_range)"/>

40. <arg name="min_range" value="$(arg min_range)"/>

41. </include>

42. <!-- start laserscan nodelet -->

43, <include file="$(find
velodyne_pointcloud)/launch/laserscan_nodelet.launch">

a44. <arg name="manager" value="$(arg manager)" />
45. <arg name="ring" value="$(arg laserscan_ring)"/>
46. <arg name="resolution" value="$(arg laserscan_resolution)"/>

47. </include>
48. </launch>

[XML Script: Initial parameters for Velodyne LiDAR]

@S & /home/ubuntu/pavanj/catkin_ws/src/velodyne-master/velodyne_pointcloud/launch/VLP16_points.launch http://localhost:11

File Edit View Search Terminal Help

* Jfrosdistro: indige

* frosversion: 1.11.21

* /velodyne_nodelet_manager_cloud/calibration: /home/ubuntu/pava...
/velodyne_nodelet_manager_cloud/max_range: 5.8
/velodyne_nodelet_manager_cloud/min_range: 6.4
/velodyne_nodelet_manager_driver/cut_angle: -0.61
/velodyne_nodelet manager_driver/device ip:

f/velodyne nodelet manager driver/frame id: velodyne
/velodyne_nodelet_manager_driver/model: VLP16
/velodyne nodelet manager_driver/pcap:
/velodyne_nodelet_manager_driver/port: 2368
/velodyne_nodelet_manager_driver/read_fast: False
/velodyne_nodelet_manager_driver/read_once: False
/velodyne_nodelet_manager_driver/repeat_delay: 0.0
/velodyne_nodelet_manager_driver/rpm: 300.0

/velodyne nodelet manager_ laserscan/resolution: 0.887
/velodyne_nodelet manager_ laserscan/ring: -1

*
*
*
*
*
*
*
*
*
*
*
*
*
*

NODES
/
velodyne_nodelet_manager (nodelet/nodelet)
velodyne_nodelet_manager_cloud (nodelet/nodelet)
velodyne_nodelet_manager_driver (nodelet/nodelet)
velodyne_nodelet_manager_laserscan (nodelet/nodelet)

auto-starting new master
process[master]: started with pid [2487]
ROS_MASTER_URI=http://localhost:11311

setting frun_id to ee351604-cc2e-11e8-al8c-7c5cf8e95d36
process[rosout-1]: started with pid [2560]

started core service [/rosout]

process[velodyne_nodelet_manager-2]: started with pid [2503]
process[velodyne_nodelet_manager_driver-3]: started with pid [2504]
process[velodyne_nodelet_manager_cloud-4]: started with pid [2505]
process[velodyne_nodelet_manager_laserscan-5]: started with pid [2506]

< Parameters for the Velodyne node in roslaunch program >
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= ROSY topic& Node?t messageE publish/subscribedt”] €3 214 2] d o]
W22 Nodei topico] F 79 415t dols #Ao] ¢lar, oJ® topico] #&
messageE publish/subscribe dt= AW 21X 7} H Q&) topics 3] AHHQ

AT AHE B8Ed 4= 13l Velodyne LIDAR®] topic 3] ~E+ U539 22

£ & root@tegra-ubuntu: ~

File Edit View Search Terminal Help

root@tegra-ubuntu:~# rostopic list

/diagnostics

Jrosout

/rosout_agg

/scan

/velodyne_nodelet_manager/bond
/velodyne_nodelet_manager_cloud/parameter_descriptions
/velodyne _nodelet_manager_cloud/parameter_updates
/velodyne_nodelet _manager_driver/parameter_descriptions
/velodyne_nodelet manager_driver/parameter_updates
/velodyne_nodelet_manager_ laserscan/parameter_descriptions
/velodyne nodelet manager_ laserscan/parameter_updates
/velodyne_packets

/velodyne_points

root@tegra-ubuntu:~# I

< ROS topics list of Velodyne LIDAR >

* Velodyne LIDAR 274 H|°o|E & /velodyne_points topicel publish/subscribe

0

Al H=d, 3k vl dlolHE 93 topice /velodyne_packete]t}. Node 7+
E215 93 /Velodyne_data message:= 3D 2704 Ho]E]& ROSbag(.bag)
ol AztstE 93k FE7E oby 7] W&l ROSbagPCD W3hs &3 PCD
stlz wsks s, 7b Eelold PCD e FAAA @ B PCD 274
HolB 2 AHo] 94 3 2E HAFEHE HAA A ated A8,
Manifold
ROS Remote
Alaior Files in .PCD Secure Computer 1
format S © ranfer.
. Files in .PCD
Registration TROS'mg PCD conversion format
Scanned bag
velodyne nodelet " diia
_manager
Publish I RO%5hag record
/velodyne points

Data

< Architecture of Manifold and Remote Computer 1 remote communication >

= MI1009] Zenmuse X3 ¥ ZlH2E o] 834 Velodyne LIDAR =73}
SAlol AAE H3ke7] 98l = Velodyne =X 53 -5 7hve} A
X A SEFHooF 3t} gray_or_rgh W ZE] HUQ w3l o]
to-mobileo] A=W DJI Go2t 4% AY Mobile SDK &85 AF8317] 93

Zol of#fi= ROSlanch® 7}vle} #& Nodes &5 o] dhepne 3.
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@ S & /homejubuntu/pavan/fcatkin_dji/src/Onboard-SDK-RO5-3.2/dji_sdk_read_cam/launch/manifold_c

File Edit View Search Terminal Help

started roslaunch server http://tegra-ubuntu:51952/

* [/dji_sdk_read cam/gray_or_rgb: 1
* /dji_sdk_read_cam/to_mobile: 1

} * /rosdistro: indigo

| * /rosversion: 1.11.21

NODES
dji_sdk_read _cam (dji_sdk_read cam/dji_sdk_read_cam)
ROS_MASTER_URI=http://localhost:11311

core service [/rosout] found
[process[dji_sdk_read_cam-1]: started with pid [3381]

lcreate ivafilter success
Inside NvxlLiteH264DecoderLowlLatencyInitNvxlLiteH264DecoderLowlatencyInit set DPB
and Mjstreamingdisable host

enable device

mount gadgetfs

system init ok!

udc soft connect

< Parameters for the camera node in Roslaunch program >

* Camera =% /dji_sdk_read_cam< 5539 /dji_sdk/image_raw topic©]
A= L M100S. 2 7B gkl Fadth i3 Y= WA bag o=
=315 31 ROShag to video M3 E3) 94 T 2E 20| A3y X
S5 HolE ek S AAZ MY e ATS AT HolHE A

Manifold
I\:{ 08 Recorded 8. -
aster idea 2%, emote
\ % %  Computer 2
] ROShbag to video \
conversion
Registration | Rfl:-fﬂl‘ﬂﬂd
E Recorded Face
/dji_sdk_ video data
read cam
ROShag
record

/dji_sdk/
5 image raw

< Architecture of Manifold and Remote Computer 2 remote communication >

» U5 19 (a)¥ VeloCamData® 537 918 AA 45 BoErh WdA
Manifold®} ¥4 EXE 1o] AZd% a1, A%3H (b) 1H 5422 Velodyne
LIDARE 93 Node’} 559 &, 44 FA0 = FHWeErt A" & 27009]
TEE A % 28 gASE 270 dolelE PCDE AFstt 94 S2E 19 A
PCD dHlolEl ¢ Aol ¢tusd 2H FAFHAA v S AZdste] oA
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Manifold

Remote Computer 1

ROS
Master
— PCD
Registration TRPORF] Secure file
[ Registration transfer
B —

Remote Computer 2

/dji_sdk
read_cam

fdji_sdk
read cam

Recorded
video

(@) Architecture of Manifold and Remote Computer 1, 2 remote communication

@ S & root@tegra-ubuntu: ~

File Edit View Search Terminal Help
root@tegra-ubuntu:~# ./fa.out

. Launch LiDAR to scan

. Record Scan data

. Process the scanned data format

. Launch video recorder

I5. Process the recorded bag to video

. Stop the whole scanning system

. Eliminate previous scanned and recorded video data

(b) Prepared necessary function menus of the Manifold computer

1. case 1: system("roslaunch velodyne_pointcloud VLP16_points.launch");

2. break;

3. case 2: system("rosrun rosbag record --duration=15 -0 ./share/ScannedData.bag
/velodyne points");

4. cout<<" Scanned data is getting converted to PCD format....!!"<<endl;

5. system("rosrun pcl_ros bag_to_pcd ./share/ScannedData.bag /velodyne_points
./share/ScannedData");

6. break;

7. case 3: coutc<" Scanned data is getting converted to PCD format....!! \n"<<endl;

8. system("rosrun pcl_ros bag_to_pcd ./share/ScannedData.bag /velodyne_points
./share/ScannedData");

9. break;

10. case 4: system("roslaunch dji_sdk_read_cam manifold_cam.launch");

11. break;

12. <case 5: cout<<"video is getting recorded!!"<<endl;

13. system("rosrun rosbag record --duration=5
./share/bag_video/recordFile/record.bag /dji_sdk/image_raw");

14. cout<<"video conversion is taking place"<<endl;

15. system("python /home/ubuntu/share/bag_video/bag2video.py -o
/home/ubuntu/share/bag_video/recordFile/record.avi -v --encoding bgr8
/dji_sdk/image_raw /home/ubuntu/share/bag_video/recordFile/record.bag");

16. break;

17. case 6: system(" rosnode kill -a");

18. break;

19. case 8: system("sudo chmod -R 777 /home/ubuntu/share/");

20. break;

21. case 7: cout <<"Data is being Eliminated ........... \n"<< endl;

22. system("rm /home/ubuntu/share/ScannedData/*.*");

23. system("rm /home/ubuntu/share/bag_video/recordfFile/*.*");

24. Dbreak;

(c) Prepared code script of the menu functions [C++: Triggering scanning and recording through RC1]
< Qverall architecture of VeloCamData capture and code snippet >
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- WA D BaEe 24,
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Application

Menu Hair Trigger

Touchpad
* Grip
System
Menu

< HTC VIVE headset and Controllers >

= HTC VIVEE AR&3dh= AlZbA =8 3l 360° Q1B A
aHE T Zo] HA 2m x 1.5me] AFEE €5YdS T8 = shal, wol~
selo]A e 2 HE ) 5m oW, 30745° 3poll A ALgx} QlE] A o]

o] Fo] A Okfﬂﬁ} /\P*OLX} AEs 918 Controller%: Abgete] A WEFo
BE 8Z8 74 flERTE A A AE T

ﬁiﬂx}fgk C++ Z# 2~ olX g & Python, JAVA%Q Eﬂ?‘%ﬂ °1E1»ﬂ o] 2~
AT A AzE] AFH s 9 JAAE ZokddA AzE dag s

Implicit 298, Eg|3 F4, oju|y dx} Fol thstA o] &4,
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» HTC VIVE® Stream VRS 913t OpenVR APIE AH&-3F @l & &
e, A AHHAE A9 WEY BE GUIE flste] QT
ZlolH el & o]&3 %2, OpenGL¥ Direct 3DE 538 7] K =/v}-9-20
H+d o = SDL /g gtolB el & AHE-Eh

= ol#gf ¢} o] SDL_DIR, OpenVR_DIRS # A &3 DModule_vtkGUISupportQt 2}
DModule_vtkRenderingOpenVR=S ON, DVTK_OPENVR_OBJECT_FACTORY <
OFFZ 3l+= A& X3 VIKE Qt, OpenVR 18|31 SDL¥} $H4] wrapping $F

-DCMAKE_INSTALL_PREFIX:PATH=${SDL_DIR} \
-DBUILD_TESTING:BOOL=OFF \

-DModule_vtkGUISupportQt:BOOL=0ON \
-DModule_vtkRenderingOpenVR:BOOL=0ON \
-DVTK_OPENVR_OBJECT_FACTORY :BOOL=0FF \
-DVTK_QT_VERSION:STRING=5 \

-DQt5_DIR:PATH=${Qt5_DIR} \
-DOPENVR_INCLUDE_DIR:PATH=${OPENVR_DIR}/headers/ \
-DOPENVR_LIBRARY:FILEPATH=${OPENVR_DIR}/bin/linux64/libopenvr_api.so \
0. -DSDL2_LIBRARY:FILEPATH=${SDL_DIR}/1ib/1ibSDL2-2.0.50.0.4.1 \
1 -DSDL2_INCLUDE_DIR:PATH=${SDL_DIR}/include/SDL2 \

< Setting up VTK rendering in Qt application > [System Parameter: QT with VTK in RC2]

PP OVONOOCUPRAWNPR

s Qt T E&EZRZ Mo vtkE A7) Y8 WA A renderwindowel A vtk
rendererE qvtkWidgetell 33+s}a2(line 12), button <18 A S
F7bskat(line 24), QtVTK &&lA ZAE S5-5 HolHE ¢

S(line 27) ote] 283} 2 HXE Interactive Az} Al ~ElS A3,

// Constructor
RenderWindowUISingleInheritance::RenderWindowUISingleInheritance()

{

this->ui = new Ui_RenderWindowUISingleInheritance;
this->ui->setupUi(this);
this->ui->qvtkWidget->SetRenderWindow(renderWindow);
render->SetBackground(1, .5, 1);

O ONUE WD

11. // VTK/Qt wedded

12. this->ui->qvtkWidget->GetRenderWindow()->AddRenderer(renderer);

13. QWidget::showMaximized();

14. // Set up action signals and slots

15. connect(this->ui->actionExit, SIGNAL(triggered()), this, SLOT(slotExit()));
16. connect(this->ui->pushButton, SIGNAL(clicked()), this, SLOT(Test()));

17. connect(this->ui->pushButton_2, SIGNAL(clicked()), this, SLOT(Model1()));
18. connect(this->ui->pushButton_3, SIGNAL(clicked()), this, SLOT(Model2()));
19. connect(this->ui->pushButton_4, SIGNAL(clicked()), this, SLOT(Model3()));
20. connect(this->ui->pushButton_5, SIGNAL(clicked()), this, SLOT(interaction()));
21. connect(this->ui->pushButton_6, SIGNAL(clicked()), this, SLOT(camera()));
22. ui->qvtkWidget->update();

23.

24. void RenderWindowUISingleInheritance::Test()

25. {

26. vtkSmartPointer<vtkUnstructuredGridReader> readerl =
vtkSmartPointer<vtkUnstructuredGridReader>::New();

27. reader1->SetFileName("FARO_Scan_PlantPart_ninehundred_2.vtk");

28. reader1->Update();

29.

30. )

< Creating interactive GUI > [C++: Creating interactive GUI for retrofitting in RC2]

_56_




S
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o

Construction Technology)2] A4S
KICT®] =42 AAH o]& gholt} ~vfdste] EQIE

ATFA, et g o2 As-built 49 A 7tEE wjFow
TAES fg A s S v HERIY Y 7|2 3

[e]
dyA ot} o]l & 98] & HAA = 7S SEZIH Al A dld A<
BB ¥ E Fgoess A ]7}03 # 53] G-ICP(Generalized Iterative

) o)

stol obel 9% qgu e AAE 4TS
QG AT Aokl 44, WEE AGE BHRAE ol $39 VIK
FANRoEA Y JENYS $HI.

Visualization

< Block diagram for point cloud alignment and LIDAR scanned point cloud output using VTK >

= PCD g2o= Ay FAYAAE IJE ZF9= dolE = Cloud Compare
S/WE o]&3le] VTK® Unstructured Grid § 2] o5& WH3stal
vtkUnstructuredGridReader = VTKo| A ¢}3lt}, o] Readerd &<

_57_



vtkUnstructuredGrid Hlo]H @ H #E o] vtkGeometryFiltere] & o=
AHEETE o] BHE oW dHolHolAE P dHE HolHE FEITH
HAS 0D, 1D, 2D AR FEH 1 Zg39 JHE =50

vtkPolyDataMapper®] 42 0.2 ARG vl o] F g Z2|ujE e} nfsg il

vtkActor, vtkRenderer, vtkRenderWindow= % ¢ $-=2H 3} o] 1A a1,

vtkRenderWindowlInteractorg &3l AF&82F Qe o] FHET ofgf] 17
PCD #}do] VTK dto]xz gl T A3t H&= JAS HolE.

Subjected to Clond
Compare

VitkUnstrocturedGri
dReader

.+

¥tkRenderWindow
Interactor

VikRenderWindow
VtkRenderer

VikGeometryFilter

Ytk PolydataMapper

< Architecture of the PCD Visualization process >

cw
As-built FZAIA T A dA FH] E5S WE F AE AME FF T
gij g = A e dERYE ZRAAE st o s 1

=] grzRay ZTRAL AoAES 93 v VIVE controllers -3

et g 715 8 44,




Point Cloud

= J]E BAS V|FOoR Ho|EE TEE F5S WA 58S FHAY
3k tpoks A EE oby 199 T-junctiony} 28 F7F Ao w mdeg sl
A 7)1 A & Sl HEs CAD E2S vtkOBJReadergs 3l ¢1olAl &3 5o

=
& =
ol Ao R YERVY ZTRANAE WP

< Retrofitting pipes CAD model 1 for retrofitting in the KICT water treatment facility >

< Retrofitted CAD pipes model 1 along with Point Cloud data >
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< Retrofitting pipes CAD model 2 for retrofitting in the KICT water treatment facility >

s
N
g

:
(o]

(e

1o

)

[m

hu

5

GridReader

i VtkUnstructured

VtkOpenVRRender
WindowlInteractor

VtkOpenVRRender
Window

VitkPolydataMapper VtkOpenVR
Renderer

< Architecture of the PCD Visualization process in HMD >
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(3) #}oltbd= UAV 7|8k KICT 7H g EZyE: AU HAE
= ot} Az UAV 7|d 71 gER9HE ] AAd7]sdTd a3 A5 dA
Fgddetn Fod Ay A 19 3] HAdAA[2018. 10. 15 ~ 10. 18]o “A
gholt} 7wk 7H) SlERTHETS FESte] AA 22~ Ad 9 A5 &0

w9 O 209 94 s 2E %73139} gto]t}, Manifold ¥ ¥ 7Zlvgt&
Zzbsk Al 2" HAE & AlEZ Aol ofg] FHo A =2 launching Camera

node, launching Velodyne node, recording Velodyne & Camera node 3}%.

&2 &8 root@tegra-ubuntu: ~ — [m] X

Connect ’
GetData
LoadData

ModelData

AlignCloud

Save
AlignVideo

Clear

MoveData

< Initial setup for VeloCamData capture >
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& ‘ &2 root@tegra-ubuntu: ~ — O X

Connect
GetData
LoadData
ModelData
AlignCloud
Save
AlignVideo
Clear

MoveData

< Video recording process after the camera node launch >

= 9] slHA Camera node launch$2] €9 HITQ A Z2AAE BT
olgff 3o A= Velodyne node launchZ o] 270y ZEAAS HoFr}h F
o] =% bag Lz AFH Fo Zt7] Videoot PCDZE A 3t

» &£ &2 root@tegra-ubuntu: ~ = O X
Connect -
GetData
LoadData
ModelData

AlignCloud
Save
AlignVideo ‘ meing S

Clear re

MoveData

< Data recording process after the Velodyne node launch >

B | peintCloudViz — O X

Connect
GetData
LoadData
ModelData
AlignCloud
Save
AlignVideo
Clear

MoveData

< Scanned partial point cloud data from Velodyne LIiDAR >
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VeloCamData®] &H 7} o] FoyxH 974 s 2EZ H|t] 9l PCD7}
2708k i PCD dlo|lE = ofgl] 29 A FHiEQl
of A3ats As-Built =23} AL 7)A 3t

B | PointCloudViz — O X

Connect
GetData
LoadData
ModelData
AlignCloud
Save
AlignVideo
Clear

MoveData

B PointCloudViz = X
Connect
GetData
LoadData

ModelData
AlignCloud
Save
AlignVideo
Clear

MoveData

=
i
Wi
-

Foh¢=9F As-built o] 9] ZLE I} ol
E

= AAskaL, AARE FE 29

‘W HSL' ol ol
N
i)
)

m

[t H
AL
o

I g

E
ot AN

81 Camera = O %

< Point cloud data alignment with physical model in real time video >
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3

(4) grelthd= UAV 7|9t KICT 7V glEZHY: A5 A

Performance Assesment of the Virtual UAV-Lidar Retrofitting Process at KICT

1. Gaze emulation performance of the airbome camera: An average of 7-8%, i.e. an average of 8.26°
reduction in the changes of viewpoint was achieved. As indicated in Table 1. The targets were
found well within the expected foveal range (Elevation < 10°, Azimuth < 5°) as indicated in
table 2.

With VOR | With VOR [Without Wi Vv ; aa
Scen- |- Base | Target X| * (Starr) (End) S oK A b TR
. [line target =% Scene Scene PO
e \tor (A&B)|Target Y| x Y | x Y X Y X Y displacement | displacement  csnge
(W/ VOR) | (W/O VOR)| (in degree)
| 5 | — 213500|1648| 2036 | 1664 | 3500 | 1648 | 1656 | 1628 1464.09 1844.11 8.93
2 — 3120361664 412 | 1576 | 2036 | 1664 | 408 | 1636 1626.38 1628.24 0.04
1 — 2[1956[1324| 840 | 1400 | 1956 | 1324 | 184 | 1352 1118.58 1772.22 15.36
2 1 & 4 (2 — 3| 840 [1400]| 3056 | 1648 | 840 | 1400 | 3592 | 1536 2229.83 2755.36 12.35
3 — 43056 1648 [ 2968 | 1544 | 3056 | 1648 | 2736 | 1560 136.24 331.88 4.60

Table 1. Displacement of scene and changes in viewpoint of the UAV mounted gimbal camera

Scenaria | Target 208 0B B egrecs | range G ey
1 2000 1392 2.54 0.00
I 2 2032 1672 4.04 0.75
3 1832 1464 0.85 395
| 1960 1320 4.23 0.94
2 2 1824 1476 0.56 4.14
3 1952 1580 1.88 1.13
4 1804 1560 1.41 4.61

Table 2. Position of targets within foveal range (Prepared by Adithya B. ‘;A:;//)

2. Curvature matching of the model geometry: Table 3 shows the analysis of curvature matching with
different radius of pipe and elbow shapes and 92.30% and 87.5% of curvature matching of the

model geometry of straight and elbow pipes respectively.

Pipeline Curvature(cm) | No. of shapes No. of shapes matching
15 3 2
Straight pipes 25 16 26 15 24 92.3%
30 7 7
15 0 0
Elbow shapes 25 5 7 4 6 85.7%

30 2 2 \
; P
Table 3. Analysis of curvature matching of the model geometry (Prepared by Ashok Kumar Patil ‘W)/ )

3. Dynamic performance of the UAV-AR retrofitting: Table 4 shows the dynamic performance of the
UAV-AR retrofitting with less than 20 quantitative repetitive adjustment and Roll/Pitch
displacement less than 2° (RMS) and Yaw displacement less than 5° (RMS).

Alignment ; Alignment
Views Meraticos Distance(mm) Roll(*) Pitch(®) Yaw(?)
: Initial 15.48 -3.5 -1.9 8.7
View-1 | 16 ™4 3.55 1.3 1.3 38
. Initial 12.89 235 3.04 3.2
VN 13 13" 7.29 1.04 2.33 38
3
Table 4. Dynamic performance of the UAV-AR retrofitting (Prepared by Pavan Kumar B. N. \m‘{/w )
AN
January 25, 2019  Project Leader ~ Young Ho Chai, Ph.D. %\('é%\
Korea Institute of Civil Engineering and Building Technology . ‘ LY, ¢;= _}
¢ = (,‘\ - L6 J i
4 i 6
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Appendix A, Gaze emulation performance of the airborne camera

2 2,000 1,844 - B
> 5 *%
z 1,6261 /675 Z
o , o,
& 1,500 1,464 ) - 214
2 2 il 148
E E
% 1,000 2 131
E_ ; 100
o
% 500 .'q'.:
e e
9 =2 9
1-2 2-3 1-2 2-3
lowith VOR IEWithout VOR lowith VORI O Without VOR

(a) (b)

< Scene changes with and without vestibular-ocular reflex (VOR) for Scenario 1: (a) gimbal
camera and (b) simulation >

@ 3,000 2 755 ) 200

% ¥

) 2224 2 150 140

= 2,000 1,772 o

g g

g £ 100

E 1,000 = = - 53

(=] ’ e

: 331 =

3 136 S

i3] 0 — a5 0 =i
1-2 25 34 1-2 23 34
Iowith VORI Without VOR \ |I]n With VORI Without VOR |

(a) (b)

< Scene changes with and without vestibular-ocular reflex (VOR) for Scenario 2: (a) gimbal
camera and (b) simulation >

» [7|F 7|20 TEY S XK}FEHM] 1. Gaze emulation performance of the airborne camera

v Performance Assessment2| Table 1, 2

Table 12| Column A2} B= VOR HERFFO| ME AZAELI ZTEA|ES TAA2[O|CE,
OpX|9f ZE 2 VORO| M2 O|SHMAHE|E 4255 A (192 L A|™O X0|E EO =Lt

3. Table 29| Elevation/Azimuth within foveal range= A|&O| 3}HO| FAMoZ H T HOH
UEXE =I5t 42.55(4,000/94° FOV)E LHE0f SAIE Elevation, Azimuth Z+& A 4kstct,

v Appendix AO|AQ] With VORI} Without VORZS| XtO|

1. H&E F SAIALIZ[2 1, 20|M VORE HE3HX| %2 GimbalZZ Y0f HSiM, VORE

M50 of 7~8%5 E FZ0|1 3T SAIE 2 = UAUCL
= z]

o
0|4 H| Mo = VOR 2HESE Sl 3~4%2 HE &




YAW

A, Initial (94° FOV)
B, -33.5° (UAV)

C, 21.4° (Gimbal)
D, -8.3° (UAV)

E, 6.2° (Gimbal)

Previous Heading
--------- - Current Heading
. .- Previous Camera
" Viewpoint
Current Camera

\/ Viewpoint

< Gimbal and UAV yaw angle changes for Scenario 1: (left) photographs from various camera
and UAV positions and (right) third-person view showing the angles >

= [Performance Assesment] 1. Gaze emulation performance of the airborne camera & & X}

v VOR 7|5& ESt= Gimbalel XY Xt

3. Aol gk AZlek =0l0] Sr=S HAISCL
HI ™ UAV ZZ| 220|845 HAISHCE

4

5. UAVZ} O|&38t0] A HiRj X|Ho2 0|538t0] FtH2t7t 1 S8ES &stA stCt.

6. UAVe| Haks =H35t0] =AXCe 2 Ot SHE oA oot

7. UAVO| 3k =710f el Gimbalel 24 20| AAM =203 = Z0f wat T EC)
8. T H|O| ZtH2t FAS 4,000x4,000 TAO| HIC|RQE =3t5tCt,

v VOR 7|68 ZE&SIX| U= Gimbal? S2Q HX}

rot
s
-

UAVZL Ol &3t A B X|H2=2 O|S5t0] FtHEt7t 18 SHE o
o BgE +¥olo XNz L FHE Yot/ oot

Hf
. o
3. A H|ZHO| Fio2t BAS 4,000x4,000 HAO| H|C|QE =3tCt
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PITCH

YAW

A, Initial (94° FOV)
B, -23° (UAV)

C, 23.5° (Gimbal)
D, 68.5° (UAV)

E, -7.4° (Gimbal)

F -7.9° (UAV)

G, 1.3° (Gimbal)

Previous Heading

Current Heading

.- Previous Camera
.7 Viewpoint

Current Camera
\/ Viewpoint

< Gimbal and UAYV yaw angle changes for Scenario 2: (left) photographs from various camera
and UAV positions and (right) third-person view showing the angles >
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Appendix B, Curvature matching of the model geometry

< Curvature matching of the model geometry (a) KICT Model 25cm (b) Partial Model 25cm (c)
KICT Model 30cm (d) Partial Model 30cm>

Total Straight Pipes 30cm : 7
Total Elbow Shapes 30cm : 2

Total Straight Pipes 25cm : 16
Total Elbow Shapes 25cm : 5

52-25cm

< (a) 15cm Model geometry, (b) 30cm Model geometry, (c) &(d) 25cm Model geometry>
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Appendix C, Dynamic Performance of the UAV-AR Retrofitting

.......
AlignCioud
Save
Abgrividen
Char

MaueOiata

< (Row 1) View 1 : (a) before alignment, (b) after alignment (Row 2) View 2 : (c) before
alignment, (d) after alignment >

KICT Point Cloud Data

|

(a) (b)

< Point Cloud Video alignment : (a) KICT Point Cloud Data (b) KICT Point Cloud Data
alignment with in video>

» [KICT 7t&t 2|EZI 8] 3. Dynamic performance of the UAV-AR retrofitting

1. = MNE 83l S 57 424 282 7I5tety Alds =2, 8 8 Eototr| A 7t
7td = 7t E= 7hd A2 NZE AHYOA A5k fiet =Y I3 S Merstot
2. TXel & 3D ZQUE FEHRE, LDAR MMM 4 & A2 ZIE SEREet HFH
49 CAD 2 S UAV & Ztofi2toll oo =4 X HiES O[&tCh
3. AREAR BHEOIM TA2| E ZQE Z2HRE HOIHE FEStL, 3D Z2E Z2t2E 8 CAD
SO FET RGB O|OX|E A2 HID|2 =2 Yuh Seotrt
=

HEOS[ 7|& HHIE




(a) (b)
< (a) Visualization of Point Cloud Data with Predefined CAD Model (b) Point Cloud data after
retrofitting with CAD Model >

Pﬁ'ftial;,gg_i_r;_\f‘(':]oud Data

Partial Point Cloud Data"
@f{-«:-‘ |®

RGB — KICT Point Cloud Red — Partial Point Cloud Blue — CAD Model

<4in 1 Alignment : (a) View 1, (b) View 2>

[Performance Assesment] 3. Dynamic performance of the UAV-AR retrofitting A& & X}

v Onsite O|29| dd HEXt

Hi= & UAv Z2|Eg|0[dS AA|THTE

H4 AFEH_1(H0lH 4ot fA AFH 22 EZ2L|Y)E FH|SHC,

On-board Z#E(Manifold)0| Al Velodyne LIDARS| ZQIE &

On-board ZFE{(Manifold)0| A Gimbal ZtH2to| HA FES A|ZfsiCt,

ManifoldOi| A FSE ZQE ZS2tREQ} 9H31|Ef gdos ¥4 AFH 122 TSttt

71 FSE M ZQAE ZZIRER! O|SEH &2 ZAE Z2HREE O-GICPE Fgstrt.

el ZQE S2REQ FSE HORE gz SN #4 AFH 22 WEICL
|=IE|_

= o
1 —
AtHO| =H|oH CHYS CADEEZ Z QY2 ZSHE PCD-VIDEO =30 HZADIC

© © N O U A WD =

O|RO0X|= ¢, ¥4 HRE_10A
Soto] g5HQ 2 EROE XS




Appendix D, UAV-AR Virtual Retrofitting on January 18, 2019 at KICT

(a) (b)

(g) (h)

< KICT : (a) & (b) UAV Calibration, (c) Water facility, (d),(e) & (f) Data acquisition using UAV
LiDAR, (g) & (h) Point Cloud Data Registration and Retrofitting in Remote Computer -1 and 2>
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Appendix E, Brief description of the virtual UAV-LiDAR retrofitting system S/W

Overview of application

1. Sensory UAV setup design for data acquisition (Partial point cloud and Video).
Communication setup to transfer acquired data from UAV’s On-board Computer to
Remote Computers.

Alignment of pre-processed point cloud data with acquired partial point cloud data.
Video alignment with pre-processed point cloud data.

Visualization of pre-processed point cloud data and intuitive retrofitting using CAD
model with pre-processed point cloud data.

DB

Major source file and functions used in application development

e UAYV on-board computer setup: Communication setup to transfer acquired partial point
cloud data and recorded video from UAV’s On-board Computer to Remote Computers.
=  VeloCamCapture.c
e Roslaunch — A Robot Operating System (ROS) functionality to launch multiple programs.
e Rosrun rosbag record — To acquire partial point cloud data from LiDAR.
e Rosrun pcl_ros bag_to_pcd — To convert acquired LiDAR partial point cloud data in .bag
to .pcd file format.
e Rosnode kill — To kill all the applications.

e Remote Computer-1: GUI interface application for point cloud alignment and
communication setup between UAV’s on-board computer with Remote computer-1.

pclviewer.cpp

e JoadFileButtonPressed - Load partial point cloud data acquired from LiDAR sensor

e saveFileButtonPressed - Save aligned point cloud data to folder and from this folder
Remote computer-2 gets aligned data.

e ConnectButtonPressed- Create communication between UAV on-boar Computer and
Remote Computer-1

e GetDataButtonPressed- Get partial scanned data and video from UAV On-board
computer to Remote computer-1.

e AlignModelData- Point cloud alignment function.

OGICP.cpp
e alignPointCloud- Optimized Generalized-ICP Point cloud alignment function.
e GetalignedCloud- Final output data of aligned preprocessed point cloud data.
PointCloudVideoAlignment.cpp
e PCLVisualizer- Aligned point cloud visualization function
e OpenCVRenderer- Video and point cloud alignment visualization function
e Remote Computer-2: Get aligned pre-processed point cloud from Remote Computer-1 for
visualization and retrofitting using CAD models.
Retrofitting_Appllication.cpp
GetData - To get aligned pre-processed point cloud from Remote Computer-1.
pedViz - To visualize aligned pre-processed point cloud.
Modell - To retrofit CAD Modell with aligned pre-processed point cloud.
Model2 - To retrofit CAD Model2 to increase water flow in existing water facility.
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e Model3 - To retrofit CAD Model3 to reduce complexity and increase efficiency.
e OnMiddleButtonDown - When mouse middle button is pressed for picking of CAD
models to retrofit.

User interface

e UAYV On-board computer setup

S S root@tegra-ubuntu: ~

File Edit View Search Terminal Help
root@tegra-ubuntu:~# ./a.out

. Launch LiDAR to scan

. Record Scan data

. Process the scanned data format

. Launch video recorder

. Process the recorded bag to video
. Stop the whole scanning system

. Eliminate previous scanned and recorded video data

<Various inputs On-board computer for data acquisition>

Keyboard Input
1. To Launch LiDAR.
To record the partial point cloud data and convert into .pcd format.
To record Video from UAV camera.
To process recorded .bag into .mp4 format.

To stop whole scanning process.

e A

To eliminate previous data.

e Remote Computer-1

Connect
GetData
LoadData
ModeiData
AlignCloud
Save
AlignVideo
Clear

MoveData

<Remote Computer-1 GUI>
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e Major Remote Computer-1 GUI buttons

Connect- Establish communication between UAV on-board computer and Remote
computer-1

GetData- Get LiDAR acquired partial point cloud data and UAV camera recorded
video file.

LoadData- Load partial point cloud data.

ModelData- Load pre-processed point cloud data

AlingCloud- Point cloud alignment algorithm using optimized GICP algorithm
Save- Save aligned point cloud data for further process.

AlignVideo- Video and point cloud alignment function

e Remote Computer-2

<Remote Computer-2 GUI>

e Major Remote Computer-2 GUI buttons

PointCloud - To visualize aligned pre-processed point cloud.

Modell - To retrofit CAD Modell with aligned pre-processed point cloud.
Model2 - To retrofit CAD Model2 to increase water flow in existing water facility.
Model3 - To retrofit CAD Model3 to reduce complexity and increase efficiency.

Interaction - To perform interaction with CAD model by Rotating, Scaling and
Translating to perform retrofitting.

Camera - To perform interaction with camera to change and set the view according
to requirement.

GetData - To get Point Cloud Data from Remote Computerl.
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g ZAE FARFTE 93 VR/AR Edolde 7|H&d

Safety

* Promote safety, lower risk of
mistakes and eliminate disruption
of work with virtual training.

Knowledge

« Knowledge transfer & retention
(captures enterprise knowledge).

Motivation

| *Higher levels of engagement and
motivation, especially for today's
learners, Interactive & Dynamic.

Proficiency

* Reducing training time to
proficiency by 50%.

| Cost

« Significantly reduced initial and
.~ ongoing costs of learning and
development.

Value

¢ High value for dangerous and

Qil Platform, FPSO, FLNG).

Operation

* Training can be started before the
real plant is taken into operation.

Performance

* Increase in overall employee
performance 40%.

remote working environments. (e.g.

- VR/ARE 8% 49 Edlelde Azt smu) H3q0)m AHAQ Fol fi,
BHAQ 71&A5 D 57180 48 FAR WE GEe YA 5 glom,
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A ool TR FElE nelE 5 QA sl £E we A9 U2 QAT
97 AF, AW NE/AAE AFEHA = F ADoIt BAb R Aol
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» YNCC Naphtha Cracking Center®] Ethylene Plant?} BTX Plantol = 4 719 glEZ 3] H
S xFsta o, ofg 17 @AlolEETFA V|E HEZRIY 8 249
AHIE B8l oY e SERIE Q49 d9AS HoE

<CloudWorx for S3DE Pipe/Equipment Modeling: Insulation2| A % &>

i

11

[FORWFORMATION |:

<S3DE 0|&%t Drawing Extraction>

<RPLC Deep Conversion Project: 8 &, Z|A, #=, Support 22 ISO, GA Drawing MM, 4MM/4=>

<MCG Revamp Project: Hi2t, Z7|AH, = 2 GA,7= Drawing MM, 8MM/3%>
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