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Introduction

The range imaging (RIM) camera is called with diffe-
rent names, i.e. range camera, laser range camera, 3D-
RIC camera, 3D depth camera, time-of-flight camera, 
CCD-D camera, and RGB-D camera. It acquires dense 
3D point data instantly from the measurement site. 
It is a new method on spatial data measurement and 
3D modelling, but their technical specifications and 
application areas have been increased rapidly by the 
time. So far, it has been used for many purposes, such 
as robotic, automotive, job safety, construction, defor-
mation measurement etc. 

The laser scanners cannot be used extensively in 
3D modelling tasks due to high cost to own. In addi-
tion, because of its ground based measurement pro-
perty, all object details could not be measured with it. 
However, RIM cameras can be moved everywhere to 
view object details. RIM cameras are attractive met-
hods in many studies thanks to their instantly 3D me-
asurement possibility. It can be used for 3D modelling 
studies as separately or together with the laser scanner 
and the other measurement techniques (Piatti 2010; 
Boehm, Pattinson 2010). The many measurements are 
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performed by the RIM camera from different points of 
view to obtain occlusion free 3D model. The measure-
ments can be performed either on static or kinematic 
(hand-held) modes. Each point cloud has its local co-
ordinates center of which is the camera. Therefore, all 
successive measurements must be registered into refe-
rence coordinate system so as to complete 3D model. 
In this study, the measurements were practiced by RIM 
camera and their point clouds were registered into the 
reference coordinate system in order to get 3D object 
model. 

1. Background

The RIM camera measures distance with time-of-flight 
principle of the laser light. The calibration and ins-
pection of the camera sections have been conducted 
by Lichti et al. (2010) and Oggier et al. (2004). Espe-
cially, emitter, optics, electronic and sensor units had 
been carefully inspected, and they out performed that 
the camera can be used for 3D measurements similar 
to laser scanner. The distance measurement accura-
cy of SwissRanger camera was achieved in 5–10 mil-
limeters, and carried out that the inside and outside 
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temperatures have significantly affect on accuracy of 
RIM cameras at Kahlmann et al. (2006). The study 
has shown that the inside temperature is beginning 
to effect the measurements in a few minutes after the 
start of the camera, and it can be modelled as syste-
matic error. The study was also demonstrated that the 
effect of outside temperature can be modelled likewi-
se. Rapp (2007) investigated regular and irregular error 
sources and relationship between error and the range. 
In the study PMD (vision) 19k, SwissRanger SR-3000 
and Effector O3D cameras had been inspected. It has 
shown that the measurements have systematic errors 
that can be modelled. In the study, the accuracy for 
SR3000 was acquired within 9mm, and this error was 
defined as acceptable value in 3D modelling study. 
In further study, the measurement precision of PMD 
CamCube 2.0 was examined for different lighting con-
ditions and integration times (Centeno, jutzi 2010).

Oggier et al. (2005) had provided automotive, 
interactive screen and biomedical applications of the 
camera. The position of the car according to location 
of ambient objects had determined by the distances 
that were measured by the camera. In the application 
for interactive screen, computer was controlled from 
projected screen by hand followed by the camera si-
milar to touch screen. In addition, the face modelling 
was carried out in biological study. These applications 
can be performed with low coast and fast by the RIM 
camera in contrast to the photogrammetry and laser 
scanner. In another study, photogrammetric eva-
luation and the RIM measurement had been compa-
red in that visualization, evaluation and convenience 
(Hussmann et al. 2008). According to the study, RIM 
camera had advantage in relation to driver aid, pre-
vent of the crash, stop and go and detect of the pedes-
trian and bicycling on the road during car driving. At 
the study of Cui et al. (2010), the objects which have 
about 50 cm height had been modelled by the came-
ra. The visualization defects of the measurements had 
been removed with repeated measurements. The ca-
mera can also be used to detection of moving. This 
attribute of the camera had been used to follow of the 
workers in construction and factory area in order to 
prevent accidents (Teizer 2008). Then early warning 
system has been set up to detect of the extraordinary 
moving, and the satisfying results had been achie-
ved. Furthermore, hand-held mobile measurements 
can be achieved by the RIM camera. The camera had 
been used for distance measurement and route de-
tection of the moving robots in Frank et al. (2010) 
and Sturm et al. (2010).

In this study, after the measurement principles of 
the RIM cameras were given, the measurements were 
practiced by the RIM camera and point clouds are re-
gistered into common coordinate system. 

2. Range imaging camera

The RIM camera is instantly measure all points of the 
view unlike laser scanner. The measurements have 
their own local coordinates, the origin of that is the 
optic center of the camera. The camera records conse-
cutive exposures which are about 50 frames per second 
(fps) (MesaImaging 2012). Each frame is recorded 
into a separate measurement file. When many frames 
are recorded from the same view, each one has little 
different value from the others because of many er-
rors which are affect the measurements. Therefore, the 
mean measurement file is computed by the average of 
all consecutive exposures in order to reduce effect of 
the errors. According to Piatti (2010), thirty consecu-
tive exposures ensure high accuracy 3D measurement 
by the RIM camera. 

3. Results

Many measurements are performed by RIM camera 
from different point of view in order to view all de-
tails of the object which will be modelled. In this case, 
all point clouds that each one has local coordinates 
have to be registered into reference coordinate system. 
The point clouds of RIM camera can be registered by 
the iterative closest point (ICP) method (Besl, Mc-
Kay 1992; Chen, Medioni 1992) similar to laser scan-
ner tasks. The other way to perform the registration 
(rotations and translations) of point clouds is the use 
of amplitude or range images (Altuntas 2011). Three 
case studies were given below for explain the execution 
of these methods. The point clouds were registered by 
ICP in the first two case studies. In addition, hand-
held mobile measurement was performed by the ca-
mera at the third case study and the registrations were 
executed with the keypoints which were extracted by 
SIFT (Lowe 2004) from the amplitude images. 

3.1. Case study 1

In this case, two overlapping measurements were per-
formed by SR4000 camera. The camera is about 1.50 
m and 1.60 m distance from the object for the first and 
second stations respectively (Fig. 1). The integration 
time was set to 3.3 milliseconds (ms), and 10, 30 and 
50 consecutive frames were recorded from two stations 
(Fig. 2).
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The mean measurement files of 10, 30 and 50 
consecutive frames were computed by created Matlab® 
code. Then the registration was realized between the 
same count measurements (Table 1) by using the ICP 
that was executed in PolyWorks® IMAlign (InnovMe-
tric 2007) (Fig. 3).

3.2. Case study 2

The cultural heritage measurement was performed 
by the camera in the Mevlana Museum (Fig. 4). Once 
again 10, 30, 50 consecutive frames were recorded 
from two stations with different point of view as over-
lapping. Then the mean measurement files were com-
puted and the registration was realized between the 
same count measurements by the ICP (Table 1). 

The Table 1 shows that the registration accuracies 
of the 30 and 50 consecutive frames are very close and 
it is slightly better than the 10 consecutive exposures. 
The number of the measurements affects accuracy 
of both the mean measurement and the registration. 
When the distances between the measured points, 
which are 0.6 cm and 2.09 cm (angular resolution is 
0.24o) respectively in these two studies, are considered, 
the standard deviations are smaller than them. Accor-
ding to the results of these two studies, it can be said 
that thirty frames of consecutive exposure from the 
same view are enable high accuracy for 3D modelling 
studies, and the point clouds are registered with high 
accuracy by the ICP. Generally, ten frames also make it 
possible satisfying results in many studies. 

Fig. 1. SR4000 camera stations and measurement side (case study 1)

Fig. 2. The overlapping point clouds by SR4000 camera (case study 1)

Fig. 3. The registered point clouds of RIM camera

Fig. 4. The overlapping amplitude images (above) and point 
clouds (below) from two stations by SR4000 camera in 

Mevlana Museum
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3.3. Case study 3

The hand-held measurements need to solve some pro-
blems for the registration of point clouds. In such a si-
tuation, GPS/INS units have to be added to the camera 
so as to establish relationship (to solve three rotations 
and three translations) between the successive measu-
rements as similar to aerial and ground based mobile 
LIDAR applications. However there is no GPS or INS 
with the camera. Therefore every frame is associated 
with the next successive images by point extraction 
or image matching methods (Piatti 2010). The regis-
tration parameters between the images are computed 
by the coordinates of the matched points. The SIFT 
(Lowe 2004) and SURF (Bay et al. 2008) are generally 
used for automatic image matching in simultaneous 
localization and mapping (SLAM) applications. The 
keypoints were extracted from the overlapping images 

and then matched by RANSAC (Fischler, Bolles 1981) 
in these methods (Brazetti et al. 2010; Altuntas 2011). 
The SIFT are widely used for automatic image mat-
ching with respect to the SURF. 

The hand-held 100 consecutive frames were recor-
ded by the SR4000 camera for the implementation of 
the method. During the measurement, the camera was 
moved through the side to view all details. Then the 
1st, 20th, 40th, 60th, 80th and 100th frames (Fig. 5) were 
selected interactively from the measurements. The key-
points of the amplitude images of these frames were 
extracted by SIFT code given by Lowe (2005), and then 
matched. The outlier keypoints were removed by using 
fundamental (F) matrix as known in computer vision 
(Brazetti et al. 2010). Here, there are only three outlier 
keypoints between 80th–100th images, and they were 
removed from the matched point set.

Table 1.The registration results of SR4000 point clouds by ICP

Station 1 Station 2 ICP registration
Number  
of frame Distance (m) Number  

of frame Distance (m) Mean convergence 
(cm)

Std. dev.  
(cm)

Case study 1
10 1.50 10 1.60 0.0414 1.6850
30 1.50 30 1.60 0.0338 1.7221
50 1.50 50 1.60 0.0361 1.7260

Case study 2
10 4.90 10 5.00 0.0453 2.8305
30 4.90 30 5.00 0.0331 3.0550
50 4.90 50 5.00 0.0334 2.0613

Fig. 5. The keypoints were extracted from the amplitude images by using SIFT. Three outlier keypoints  
between 80th and 100th images were removed
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The coordinates of the keypoints were computed 
from their point clouds. The first point cloud was se-
lected as reference, and all the others were successive-
ly registered in relation to its coordinate system. The 
registration parameters (Table 2) were computed with 
coordinates of the keypoints using Helmert 3D regis-
tration (1).

  
, i = reference and i < j. (1)

The accuracy of both the keypoint coordinates 
and the registration parameters are related to the pixel 
size the other word distance between the measured 
points. The current results of the registrations (Table 2) 
can be improved by the ICP. In that case, The registra-
tion was also performed by the ICP and more precise 
results were obtained (Table 3) (Fig. 6). Nevertheless, 
a large number of point clouds on the mobile appli-
cations by the RIM camera should not be registered 
consecutively to prevent cumulative errors. Hence, the 
measurement loops must be constituted or the first and 
the last measurements have to be consisted of control 
points belong to same coordinate system. 

Conclusions

The laser scanners are fast and precise measurement 
techniques in comparison to conventional and pho-
togrammetric methods. However they are not as 
widespread as expected because of their costs. On 
the other hand, due to its ground based property, it 
can’t visualize all details. The results of this study show 
that the RIM camera can be used for 3D modelling 
tasks of indoor environment and objects. Its measu-
rement accuracy is enough for 3D modelling studies, 
and their costs are very low with respect to the laser 
scanner. However, the short range and colorless me-
asurements are deficiency of them. The object details 

Table 2. The registration results achieved by SIFT and residuals on the keypoints (case study 3)

Themeasurements 
(frames)

Matched 
keypoints

Rotations (grad)
Omega

Phi
Kappa

Translations (m)
tx
ty
tz

Mean residual on 
the keypoints (m)

dx
dy
dz

Std. dev. of keypoint 
residuals (m)

sx
sy
sz

1th←20th 11
4.71140
0.74704
0.78677 

–0.38778
–0.17630
–0.10048

–1.9385e-009
–5.7704e-010
8.8261e-012

0.02314
0.01402
0.05214

20th←40th 5
3.71000

18.19000
–6.84000

0.89760
0.27585
0.26410

–8.1036e-006
7.9602e-006

–2.3161e-011

0.04377
0.05132
0.01840

40th←60th 24
2.48490

18.28400
–5.02480

–0.33943
–0.08431
0.10434

–1.8379e-006
–1.6576e-008
6.7925e-012

0.04443
0.02330
0.10132

60th←80th 20
–1.06430
14.89200
–2.47530

–0.10970
0.05749
0.05107

–5.2778e-007
6.7366e-010
1.1238e-011

0.01809
0.01883
0.08151

80th←100th 16
–1.00720
16.14200
–1.06740

–0.00120
0.04780
0.00640

–1.6514e-007
–1.7038e-010
1.6585e-013

0.01048
0.00954
0.03945

Table 3. The ICP results that were performed to SIFT results

The frames Mean 
convergence (m) Std. dev. (m)

1st←20th 0.000561 0.018563
20th←40th –0.000169 0.019318
40th←60th –0.000518 0.018512
60th←80th 0.001130 0.014539

80th←100th 0.000712 0.012499

Fig. 6. The registered 3D point clouds  
of the measurement side
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can’t be selected from the measurements because of 
their colorless point clouds. The color record for the 
points can be overcome by using the image of exterior 
camera. The mesh and texture mapped 3D model can 
also be constituted from point clouds of the camera. 
Furthermore the ambient light affects their performan-
ce. The camera should not be used in direct sunlight. 
The RIM camera is practical instrument for 3D measu-
rement and modelling of indoor environments. It will 
be used for plenty of applications depending on the 
improvement of its technical specifications by the time.

In this study, the point clouds of static measure-
ments were registered by the ICP with high accuracy. 
In addition, the registration of hand-held measure-
ments were performed with the keypoints extracted by 
the SIFT from the amplitude images. Furthermore the 
keypoint based registrations were improved by the ICP 
method.
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