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Abstract
Automation in construction is considered as one of solutions to fundamental problems which the
construction industry has confronted. The development of real-time 3D local terrain modeling is the core
methodology of achievement of IES (Intelligent Excavating System) which is a mega-size research
concerning automation in construction. Stereo vision technique was selected as an appropriate method to
achieve 3D terrain modeling in real-time. The objective of this study is to suggest a conceptual method by
use of the stereo vision and assess feasibility of practical application under various conditions of construction
sites. Bumblebee XB-3 is adopted as the stereo vision system in a prototype of a 3D terrain modeling system.
This study is to investigate fundamental theories of the stereo vision system and to conduct tests in indoor
and outdoor environments for determining appropriate detection range, finding installation location of
cameras, doing visual assessment of the technical appropriateness, and checking reliability of 3D visual data.
These decomposed tasks present valuable information for establishment of the conceptual method and
improvement on the limitations of the use of stereo vision system for 3D terrain modeling in real-time.
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1. Introduction
Many construction planners and site engineers have regarded enhancement of construction performances
by high construction productivity and low unit costs as one of crucial factors for determining a success of
construction projects. The shortage of experienced laborers, raise of labor costs, and debasement of
construction qualities make construction industry in Korea face serious difficulties in achievement of high
construction performances. Construction industry has tried to use emerging technologies that are capable of
providing excellent construction performances. These efforts are especially witnessed in a field of
construction equipment. A research project titled “Intelligent Excavating System (IES)” that is one of
research projects supported by Korean government started with professionals in industries and researchers
in academic institutes in Korea at 2007 is currently conducting (Ahn et al. 2008; Yu et al. 2008).
Stereo vision technique was selected as an appropriate method to achieve 3D terrain modeling in realtime in previous researches (Ahn et al. 2008; Yu et al. 2008). The objective of this study is to suggest a
conceptual method by use of the stereo vision and assess feasibility of practical application under various
conditions of construction sites. In this study, Bumblebee XB-3, a state-of-the-art stereo vision system, is
adopted as the stereo vision system which is used in a prototype of a 3D terrain modeling system. In
accordance with the goal of the research, this study is to investigate fundamental theories of the stereo vision
system and findings by past researches related to this study. This study is to conduct tests in indoor and
outdoor environments based on theoretical reviews. Indoor test allows us to determine an appropriate
detection range by the stereo vision system and gives us basic information about installation location and
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installation an
ngle of cameraas on a cabin o
of an excavato
or. It would bee primary info
ormation for establishment
e
of a conceptuual method forr practical app
plication. Outddoor test enab
bles to do visuual assessmentt of the
technical apprropriateness of
o the stereo vvision system for
f practical ap
pplication to construction
c
s
sites.
Accuracyy
test, another outdoor
o
test, provides
p
quan
ntified differen
nces of distancce data of 3D images by thee stereo vision
n
system with comparison
c
off the result by actual measurrement. Thesee decomposedd tasks mentio
oned previouslly
present valuab
ble informatio
on for establisshment of the conceptual method
m
and im
mprovement on
n the
limitations off the use of steereo vision sysstem for 3D teerrain modelin
ng in real-timee.
2. Literature Reviews
Stereo vission technique is currentlyy used in a broad
b
range of various fiields such as terrain moddel
acquisition, object
o
identifiication and trracking system
ms. This tech
hnique is imp
plemented byy two identiccal
cameras placiing separately,, that is, thosee are placed on
o different horizontal
h
leveel but the sam
me vertical levvel
(Yu et al. 20008). The picttures taken b
by two camerras are mergeed and produuce a virtuallyy instantaneouus
estimate of the
t distances to objects. T
These cameraas detect imagges of an ideentical object with differen
nt
horizontal loccations and different
d
distan
nces. These tw
wo detected images
i
are merged
m
based on
o an identiccal
matching poin
nt of the objeect, a correspo
onding pixel, and
a then creattes one mergeed image. Thiss merged imagge
presents distaance data from
m cameras to the object. Quuick measurem
ment in distan
nce yields thatt this techniquue
can be highlyy effective forr detecting th
he object and segmenting the
t object andd gauging its size and shap
pe
(Woodfill et al.
a 2007; Cho and
a Park 19977; Ahn et al. 20008; Yu et al. 2008).
Identifyingg distance datta from the cam
mera to the object is deriveed from figuree 1 and the equuation as belo
ow.

z= f ×

b
d

: Equation (1)

where,
z: distancee from the cam
mera to the ob
bject point
f: foccal length
b: basseline
d: diisparity between the distancces from the leeft image and the right imagge
d = dl - dr
he distance fro
om the left im
mage to the object point
dl: th
dr: th
he distance fro
om the left im
mage to the ob
bject point
As describ
bed the equatiion (1), compuutation of dissparity based on
o the corresp
ponding pixel in two imagees,
the left imagee and the rightt image wouldd be a technicaal issue in stereeo vision tech
hnique.

Figuure 1. Diagram
m of basic opeeration by sterreo vision tech
hnique
3
358

26th International Symposium on Automation and Robotics in Construction (ISARC 2009)

In addition to computation of the disparity, it would also be critical issue to find an appropriate
corresponding pixel in an identical object with two images. Two methods have been introduced on the
market: 1) feature-based method, and 2) area-based method to resolve this difficulty.
Primary conditions for achieving the objective of this study is to detect a terrain image in real-time
without any interruption of equipment operation. One cycle of excavating is composed of “scooping out”
and “unloading the earth”. It generally takes 10 seconds for completing one cycle according to several
equipment guide books and site observation. This information notifies us that all procedure including
detecting and image processing would be completed within 10 seconds. Detecting terrain image is another
limited condition in this study. Detection by cameras would finish as fast as it can so that it would not give
any interruption during scooping and unloading the earth on the tray of trucks. These two limitations
described previously would be resolved by technical specifications of state-of-the-art stereo vision system.
The emerging technique of stereo vision system provides the technical solutions in that interpreting visual
data to 3D from distance data takes generally 1 ~ 2 seconds and detecting the image takes milliseconds.
3. Conceptual Method of Stereo Vision for 3D Terrain Modeling
Appropriate conceptual method of stereo vision system requires that detection range of cameras and
horizontal excavation range would be primarily determined. Careful study on installation of stereo vision
cameras follows. These requirements make this study investigate the detection range of cameras by indoor
tests and the excavation range by construction equipment references. The investigation allows this study to
determine the appropriate installation location of the stereo vision cameras.
3.1. Estimation of detection angle
Available detection range of the stereo vision camera is delivered by an indoor test. According to the
technical specification of Bumblebee XB-3, available angles are vertical viewing angle of 49.5 degree and
horizontal viewing angle of 66 degree. Indoor test is required so that appropriate viewing angle for use in
excavation operation. The system created 3D images based on two images captured by cameras which were
located in 2 meter distance from a screen. The size of projected area in screen was 2.28 meter in width and
1.75 meter height. This result and proportional computation informed that appropriate angles by the stereo
vision system were vertical viewing angle of 47 degree and horizontal viewing angle of 59 degree.
3.2. Installation of the stereo vision system
An excavator which is under development as a prototype shows 8.2 meter of maximum reach and 5.0
meter of maximum depth below ground. Previous study (Seo et al. 2008) indicated that appropriate
horizontal excavating range was 3.4 ~ 7.67 meters when the specification data of the same excavator were
delivered.
Location and mounted angle of the stereo vision system are determined by information derived from
appropriate detection angle and horizontal excavating range delivered previously. On-site observation of
excavating operation informed that the stereo vision system was installed on a cabin of the excavator to
obtain effective detection with appropriate coverage of the excavated area. Specification of the excavator
used in this study says that that height of prospective installation location on the cabin is 2.8 meter. Figure 1
illustrates basic simulation chart of the excavator for searching appropriate installation location of the stereo
vision system.
Figure 2 indicates that the stereo vision system needs to be installed on the cabin with 2.8 meter height
and 30 degree incline to cover 3.4 ~ 7.67 meters of appropriate horizontal excavating area.
4. Application Analysis by Field Tests
4.1. 3D terrain modeling
There are a few of specific technologies such as Triclops SDK by Point Grey Research Inc., Open GL
(Open Graphic Library) by Silicon Graphics Inc., and Microsoft Visual C++ compiler, version 6.0 by
Microsoft Corp. which are utilized for 3D terrain modeling. Triclops SDK allows us to control the operation
of stereo vision cameras and to transmit image data. It also includes conversion function from the image
data to point cloud suing SAD (Sum of Absolute Difference) algorithm. Open GL makes the converted
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point clouud by Triclops SDK be illustrated in the user
u interface. Figure 3 pressents basic diaagram of
functions by Triclops
T
SDK
K and Open G
GL.

Figure 2. Operation chart of the excavator
e

Figuure 3. Diagram
m of functionss by Triclops SDK
S
and Opeen GL
The imagees detected byy stereo vision cameras show
w 640 × 480 reesolutions in color
c
and are merged
m
based
on the image captured by th
he camera on the right locaation. Figure 4 shows a 3D modeling disp
play viewer
posed with 3D
D terrain moddel display, 2D
D stereo imagee map created by matching two
t captured
which is comp
images, and a depth map illlustrated as a grey scale index which is co
onverted from
m the computeed distance datta.
The conceptuual method off stereo vision system conduucted by this study
s
enables the camera to
o detect the
terrain image on the triggerr signal by exccavating system
m automaticallly or by manuually. The merrged image
after matching then is automatically pressented on the 3D modeling display vieweer.
4.2. Field tests
c
to assess
a
the pracctical applicatiion of stereo
Many fieldd tests on various constructtion sites are conducted
vision system
m for 3D terrain modeling. V
Various shapess of terrain an
nd objects whiich may exist in
i construction
sites are deteccted in field teests.
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F
Figure 4. 3D modeling
m
displlay viewer
The steereo vision system is mounted on a tripo
od of 2.8 meter height and 30
3 degree incliine from the
horizon. The
T images is detected
d
with 640 × 480 ressolutions in co
olor. Total 98 images are cap
ptured by totaal 5
field tests. Basically, all captured imagges are converrted to 3D imaage via a speciific display sysstem which was
w
developedd in this study.. Consequentlyy, assessment of noise condditions and prrocessing timee makes the
conceptuaal method of stereo
s
vision system feasiblee or improvedd further.
Figuress 5 and 6 show
w 3D terrain iimages of variious shapes off terrain and with
w various tyypes of objectss
existing in
n construction sites, respectiively. All 3D images
i
converrted from the captured imagges shown in
Figures 4 and
a 5 are asseessed and deteermined wheth
her these are sufficiently
s
app
propriate to be
b applied in
excavatingg works.
Professionals agreedd that most 3D
D images show
wed appropriaate accuracy with
w considerattion of a broadd
o
tolerrance of excavvation. This faavorable test result is due to
o easiness of fiinding
range of operation
correspon
nding pixels in terrains whilee detecting varrious patterns in terrain.

Figure 5. 3D terrain im
mages of vario
ous shapes of terrain
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Unlike mo
ost 3D imagess, the images th
hat concretedd hume pipes and
a surface waater were capttured in are
determined not to be used due to poor qquality caused by not finding correspondiing pixels. Thiis limitation
olved by contrrolling cameraa’s shutter speeed and creatin
ng noise remo
oval algorithm. Figure 7
would be reso
shows the 3D
D images of terrrain with con
ncrete hume pipes
p
and surfaace water in poor quality

Figure 7. 3D terrain im
mages with co
oncrete hume pipes and surfface water
wn in figures 44, 5, and 6 show
w proper resuult in accuracyy. It doubts wh
hether 3D
Visual asseessment show
images created by stereo viision system arre perfectly matched
m
with actual
a
terrain in
nformation orr not.
Consequentlyy, the accuracyy test requires that the distan
nce data in 3D
D images by sttereo vision syystem need to
o
be compared with those byy actual measuurement.
hows an accurracy test condducted in consstruction sites..
Figure 8 sh

Figure 8. Accuracy testt of stereo vision system
As shown in figure 8, th
he accuracy test is conducteed that the sterreo vision systtem which is located
l
in 2.8
meter height and 30 degreee incline deteccts targets which placed randdomly within 2 ~ 11 meterss. The distancce
o vision system
m are compareed with those by actual survveying in that the distance from
f
the
data by stereo
camera to thee target is meaasured manuallly.
Compariso
on of total 148 samples of tthe distance data
d between 3D
3 images andd actual measuurements
indicates 0.0551 meter of an
n average deviaation and 0.1668 meter of a maximum
m
devviation. Graph
hs where
deviations anaalyzed in the 4th and the 5th field tests weere illustrated in
i figure 8. In addition to deviation
graphs, table 1 presents anaalysis results o
of deviation byy distance from
m the camera and the targeet.
As shown in figure 9 an
nd table 1, it n
notes that morre distance fro
om the cameraa to the target has bigger
d between tthe 3D imagess and actual measurement.
m
I explains thaat the stereo
It
deviations of the distance data
vision system
m has limitation
n for practicall application to
o detecting terrrain where is located with long
l
distance
from the cam
mera due to diffficulty in findding the corressponding pixel.
3
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Figure 9. D
Deviation graph
hs in the 4th and the 5th fieldd tests
Distance range
3 ~5
5 ~7
7 ~9
9 ~11

Table 1. C
Comparison result of deviattions (unit: meeter)
Maximuum
Average
Standarrd
deviatio
ons
d
deviations
deviatio
on
0.0833
0.034
0.02133
0.1366
0.050
0.03366
0.1588
0.04311
0.068
0.1688
0.04844
0.065

V
Variance
0.0005
0.0011
0.0019
0.0023

5. Conclu
usions and Fu
uture Works
This sttudy introduceed the conceptual method of
o stereo vision system to be applied to create 3D terraain
model in excavation
e
operation. The sstereo vision system
s
has beeen deployed in
n broad ranges of area wherre it
is normallyy limited to sttationary objeccts in outdoorr environmentts or steady-sttate objects in indoor. The
application
n of stereo vission system to
o construction
n operation forr creating 3D terrain modell would face many
m
challengess which are tottally different with past reseearches. Accordingly, this sttudy conducteed many
experimen
nts using stereeo vision system in construcction sites in order
o
to achievve appropriatee applications and
assessed teechnical charaacteristics incluuding limitatio
ons. These exp
perimental ressults suggest conclusions
c
ass
follows:
• Ind
door experimeent conductedd to find apprropriate installlation of stereeo vision systeem on cabin of
o an
excavator. Experrimental resultts inform thatt the camera on
o the excavattor is located in
i 2.8 meter height
h
andd 30 degree inccline for acquiiring availablee detecting areeas.
• As result of seveeral field tests in constructio
on sites, mostt targeted terrrain is well deetected and creeated
3 images. A few of imagees detecting co
oncrete hume pipes and surrface water haave a problem
m that
in 3D
whiite hole is witn
nessed due to
o mismatchingg two images. It, however, would
w
be oveercome with use
u of
more advanced algorithm forr noise removval. The accurracy test of the
t distance data
d
of 3D im
mages
owed that averrage deviation
n of distance data
d between 3D
3 images andd actual measuurement was 0.051
0
sho
metter. These devviations were ggradually biggger while the distance
d
from the camera to
o the target became
more.
• In this
t study, thee conducted teests of accuracy of 3D imagges by stereo vision system
m were limitedd only
to visual
v
assessm
ment of 3D im
mages and com
mparison asseessment of disstance data beetween 3D im
mages
andd actual measuurement. Alth
hough these tests
t
providedd basic guidelline to the co
onceptual metthod,
welll-designed experiments neeed to be conttinuously deveeloped. Accurracy and stabiility of this syystem
on vibration by an
a excavator aand reliability and accuracyy of the acquirred 3D imagess would be fuurther
exp
perimented.
The prrimary findinggs and concepttual method suuggested in th
his study woulld be applied to
t not only an
n
excavator but also a dozzer, a loader aand other consstruction equip
pment. Basedd on findings in
n this study,
m
would be conducted in
i IES research project.
further stuudies for achieeving accuratee 3D terrain model
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