
 

 

 
Abstract 

 
This paper presents an approach for calibrating a 

network of Kinect devices used to guide robotic arms with 
rapidly acquired 3D models. The method takes advantage 
of the rapid 3D measurement technology embedded in the 
Kinect sensor and provides registration accuracy within 
the range of the depth measurements accuracy provided 
by this technology. The internal calibration of the sensor 
in between the color and depth measurement is also 
presented. The resulting system is developed to inspect 
large objects, such as vehicles, positioned within an 
enlarged field of view created by the network of RGB-D 
sensors. 
 

1. Introduction 
Efficient methods for representing and interpreting the 

surrounding environment of a robot require fast and 
accurate 3D imaging devices. Most existing solutions 
make use of high-cost 3D profiling cameras, scanners, 
sonars or combinations of them, which often result in 
lengthy acquisition and slow processing of massive 
amounts of information. 

The ever growing popularity and adoption of the Kinect 
RGB-D sensor motivated its introduction in the 
development of a robotic inspection station operating 
under multi-sensory visual guidance. The extreme 
acquisition speed of this technology supported the 
selection of Kinect sensors in the implementation to 
handle the requirement for rapidly acquiring models over 
large volumes, such as that of automotive vehicles. The 
method presented in this work uses a set of Kinect sensors 
to collect 3D points as well as texture information over a 
vehicle bodywork. A dedicated calibration methodology is 
presented to achieve accurate alignment between the 
respective point clouds and textured images acquired by 
Kinect sensors that are distributed in a collaborative 
network of imagers to provide coverage over large 
volumes. 

The paper is organized as follows. Section 2 describes 
related work. Section 3 explains the internal and external 
calibration of Kinect devices. Section 4 presents an 

experimental setup, an analysis of calibration parameters, 
as well as some results and their evaluation. Finally, 
Section 5 presents some conclusions and future work. 

2. Related work 
In 2010 Microsoft introduced the Kinect for Xbox 360 

sensor as an affordable and real-time source for medium 
quality textured 3D data dedicated to gesture detection and 
recognition in a game controller. Since then, numerous 
researches have recognized the potential of this RGB-D 
imaging technology, especially because of its speed of 
acquisition, and attempted to integrate it in a broad range 
of applications. 

Among the numerous examples of applications for the 
Kinect technology that rapidly appeared in the literature, 
Zhou et al. [1] propose a system capable of scanning 
human bodies using multiple Kinect sensors arranged in a 
circle. Maimone and Fuchs [2] present a real-time 
telepresence system with head tracking capabilities based 
on a set of Kinect sensors. They also contribute an 
algorithm for merging data and automatic color 
adjustment between multiple depth data sources. An 
application of Kinect in the medical field for position 
tracking in CT scans is proposed by Noonan et al. [3]. 
They track the head of a phantom by registering Kinect 
depth data to high resolution CT template of a head 
phantom. Rakprayoon et al. [4] use a Kinect sensor for 
obstacle detection of a robotic manipulator. 

On the other hand, the depth data of the Kinect sensor is 
also known to suffer from quantization noise [5] [6], that 
increases as the distance to the object increases. The 
resolution also decreases with the distance [6]. The depth 
map may also contain occluded and missing depth areas 
mainly due to the physical separation between the IR 
projector and the IR camera, and to the inability to collect 
sufficient IR signal reflection over some types of surface. 
These missing values can however be approximated by 
filtering or interpolation [2] [7]. 

In order to merge data collected from different Kinect 
sensors, various approaches have been proposed for 
simultaneous calibration of Kinect’s sensors. Burrus [8] 
proposes to use traditional techniques for calibrating the 
Kinect color camera involving manual selection of the 
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four corners of a checkerboard for ca
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and used manual selection of cor
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The work presented here intro
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external calibration between multipl
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depth data available. The method 
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together to accurately acquire a 3D pro
a large dimension, here automotive veh

3. Kinect sensors calibration 
The Kinect technology consists of a

that provides three outputs: an RGB 
image and a depth image for each senso
these devices are grouped and operated
network of imagers in order to enlarge
view and allow for modeling of larg
automotive vehicles, precise mapping 
infrared of all RGB-D sensors must be
purpose an internal calibration proced
the intrinsic parameters of each cam
device as well as the extrinsic param
RGB and the IR cameras inside a
developed, along with an external calib
provides accurate estimates of the extr
between the respective pairs of Kinect d

3.1. Internal calibration 
3.1.1. Intrinsic parameters estima
Kinect cameras. The internal cal
includes the estimation of the r
parameters for the color and the IR sen
focal length (fx, fy), the principal poin
lens distortion coefficients (k1, k2, p1, p
the RGB and IR cameras exhibit differ
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 (a) (b)
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TABLE 1 : Internal intrinsic calib

Intrinsic Parameters of 
sensor fx_IR fy_IR 

K0 584.2 582.6 
K1 585.9 583.8 
K2 597.7 595.7 
K3 599.0 597.1 
K4 581.7 579.5 

 
Intrinsic Parameters of R

sensor fx_RGB fy_RGB 
K0 517.9 516.7 
K1 518.8 517.0 
K2 535.7 537.3 
K3 525.1 523.0 
K4 517.2 515.2 

chnique uses a regular 
x7 that is visible in both 

nal calibration the Kinect’s 
verlapping a mask on the 
nnot be turned off by the 
ector otherwise introduces 
wn in Fig. 1(a), and without 
ark as shown in Fig. 1(b). 
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R projection and creates a 
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he bright blobs due to the 
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and the IR cameras. Both 
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between the cameras (next 
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culated for each iteration, 
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odel. The reprojection error 
of all the target calibration 
calibration for the least 

in Table 1 for five Kinect 
k. 

bration of embedded sensors 
IR camera in pixels 
Ox_IR Oy_IR Error 

326.7 233.5 0.136 
325.2 242.3 0.148 
322.2 232.1 0.131 
331.5 240.3 0.157 
319.6 246.3 0.145 

RGB camera in pixels 
Ox_RGB Oy_RGB Error 
321.0 245.6 0.127 
331.1 261.4 0.124 
336.2 252.8 0.129 
322.1 255.1 0.153 
319.7 254.8 0.146 
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Distortion Parameters of IR camera 
sensor k1_IR k2_IR p1_IR p2_IR k3_IR Error 

K0 -0.1193 0.5768 0.0011 0.0037 -0.8692 0.136 
K1 -0.1323 0.6297 -0.0004 0.0028 -0.9595 0.148 
K2 -0.1279 0.7134 0.0003 0.0014 -1.2258 0.131 
K3 -0.1505 0.6235 0.0004 0.0033 -0.9402 0.157 
K4 -0.1394 0.7395 0.0019 0.0018 -1.2704 0.145 

 

Distortion Parameters of IR camera 
sensor k1_RGB k2_RGB p1_RGB p2_RGB k3_RGB Error 

K0 0.2663 -0.8656 0.0015 -0.0053 1.0156 0.127 
K1 0.2918 -1.0374 -0.0012 -0.0056 1.4310 0.124 
K2 0.2914 -1.1027 -0.0002 -0.0009 1.5614 0.129 
K3 0.2516 -0.9045 -0.0015 0.0017 1.1420 0.153 
K4 0.2380 -0.8270 -0.0010 0.0020 1.0251 0.146 

 

After calibration, both the RGB and IR cameras achieve 
reprojection error between 0.12 and 0.16 pixel, which is 
better than the original performance given by the Kinect 
sensor. The reprojection error without calibration of the IR 
camera is greater than 0.3 pixel and that of the color 
camera is greater than 0.5 pixel. The focal length of the IR 
camera is larger than that of the color camera, i.e. the color 
camera has a larger field of view. It is also apparent that 
every Kinect sensor has slightly different intrinsic 
parameters. This confirms the need for a formal intrinsic 
calibration to be performed on every device individually to 
support accurate data registration. 
 
3.1.2. Extrinsic parameters estimation for built-in 
Kinect cameras. The respective location of the color and 
IR cameras within each Kinect unit is determined by 
stereo calibration. The camera calibration method 
proposed by Zhang [12] also provides the location of the 
checkerboard target with respect to the camera coordinate 
system. If the target remains fixed for both cameras then 
the position between both cameras is defined by Eq. (1). ܪ ൌ ூோିଵ (1)ܪோீ஻ܪ 
where H is the homogenous transformation matrix 
(consists of 3x3 rotation matrix R and 3x1 translation 
vector T) from the RGB camera to the IR camera, HIR is 
the homogenous transformation matrix from the IR 
camera to the checkerboard target, and HRGB is the 
homogenous transformation from the RGB camera to the 
checkerboard target. The translation and rotation 
parameters between the RGB and IR sensors are shown in 
Table 2 for five Kinect sensors. The internal extrinsic 
calibration parameters allow to accurately relate the color 
and depth data collected by a given Kinect device. 
 

TABLE 2 : Internal extrinsic calibration of embedded sensors 
Translation (cm) and Rotation (degree)  between RGB and IR 

sensor Tx Ty Tz Rx Ry Rz 
K0 2.50 0.0231 0.3423 0.0017 0.0018 -0.0082 
K1 2.46 -0.0168 -0.1426 0.0049 0.0032 0.0112 
K2 2.41 -0.0426 -0.3729 0.0027 0.0065 -0.0075 
K3 2.49 0.0153 0.2572 -0.0046 0.0074 0.0035 
K4 2.47 0.0374 0.3120 0.0052 0.0035 0.0045 

3.1.3. Registration of color and depth within a given 
Kinect device. The Kinect sensor does not provide the 
registered color and depth images. Once the internal 
intrinsic and extrinsic parameters are determined for a 
given Kinect device, the procedure to merge the color and 
depth based on the estimated registration parameters is 
performed as follows. The first step is to properly relate 
the IR image and the depth image. The depth image is 
generated from the IR image but there is a small offset 
between the two, which is introduced as a result of the 
correlation performed internally during depth calculation. 
The offset is 5 pixels in the horizontal direction and 4 
pixels in the vertical direction [5] [13]. After removing 
this offset using Eq. (2), each pixel of the depth image 
exactly maps the depth of the corresponding pixel in the 
IR image. Therefore, the calibration parameters of the IR 
camera can be applied on the depth image. ݄݀݁ݐ݌ሺݔ, ሻݕ ൌ ݔሺ݋_݄ݐ݌݁݀ െ 5, ݕ െ 4ሻ (2)

where x and y is the pixel location, depth_o(x,y) is the 
offseted depth value affecting the Kinect depth sensor and 
depth(x,y) is the corrected depth value. 

The second step is to transform the color and the 
corrected depth images to compensate for radial and 
tangential lens distortion using OpenCV [14]. The 
geometric transformation on the images is estimated using 
the distortion parameters and provides undistorted color 
image and depth image (depth_ud(x, y)). The next step is 
to determine the 3D coordinates corresponding to each 
point in the undistorted depth image, using Eq. (3) to (5). 

ூܺோ ൌ ൫ݔ െ ܱ௫_ூோ൯ ݀݁݀ݑ_݄ݐ݌ሺݔ, ሻ௫݂_ூோݕ  (3)

ூܻோ ൌ ൫ݕ െ ܱ௬_ூோ൯ ݀݁݀ݑ_݄ݐ݌ሺݔ, ሻ௬݂_ூோݕ  (4)ܼூோ ൌ ,ݔሺ݀ݑ_݄ݐ݌݁݀ ሻ (5)ݕ
where (XIR, YIR, ZIR) are the 3D point coordinates of a 
depth image with respect to the IR camera reference 
frame, (x,y) are the pixel location, (fx_IR, fy_IR) are the focal 
length of the IR camera, (Ox_IR,Oy_IR) are the optical center 
of the IR camera and depth_ud(x, y) is the depth of a pixel 
in the undistorted depth image. 

Next, the color is assigned from the RGB image to each 
3D point PIR(XIR, YIR, ZIR). The color is mapped by 
transforming the 3D point PIR into the color camera 
reference frame using the internal extrinsic camera 
parameters and then reprojecting that point on the image 
plane of the RGB camera using the intrinsic parameters to 
find the pixel location of the color in the undistorted color 
image using Eq. (6) to (8). ோܲீ஻ሺܺோீ஻, ோܻீ஻, ܼோீ஻ሻ ൌ  ܴ . ூܲோ ൅ ݔ(6) ܶ ൌ ൬ܺோீ஻ ௫݂_ோீ஻ܼோீ஻ ൰ ൅ ܱ௫_ோீ஻ (7)ݕ ൌ ቆ ோܻீ஻ ௬݂_ோீ஻ܼோீ஻ ቇ ൅ ܱ௬_ோீ஻  (8)
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orientation between the two cameras
Kinect unit is accurately compensated
extrinsic parameters obtained from inte

 

 (a) 
Fig. 2. Accurate registration of color and d
image, b) colored depth image. 

3.2. External Calibration 
The last set of parameters estimated
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calibration method is applied. It take
rapid 3D measurement technology emb
and provides registration accuracy with
depth measurements accuracy. An imp
this method is the fact that it is unnec
Kinect infrared projector to perform 
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passing close to the center. The closest point to all 
intersections between these lines is selected as a center 
point O. Two points X and Y are selected on the plane to 
define vectors ܱܺሬሬሬሬሬറ and ܱܻሬሬሬሬሬറ. The normal to the plane is 
defined by the cross product ሬ݊റ ൌ ܱܺሬሬሬሬሬറ ൈ ܱܻሬሬሬሬሬറ/หܱܺሬሬሬሬሬറ ൈ ܱܻሬሬሬሬሬറห 

The orientation and the translation between two 
Kinect’s IR cameras are calculated from the normal 
vectors and the centers of the checkerboard target defined 
with respect to both IR cameras. Let ݊ଵሬሬሬሬറ and ݊ଶሬሬሬሬറ be the two 
normal vectors, and O1 and O2 be the estimated centers of 
the target with respect to Kinect’s IR cameras 1 and 2 
respectively. If ݊ଶሬሬሬሬറ is mapped on camera 1’s frame then the 
rotation between the two vectors can be defined by the 
axis angle representation. The angle between two vectors 
is defined by Eq. (11) and the rotation axis is normal to 
both vectors and defined by Eq. (12). 

 

 
 (a)   (b) 

Fig. 4. a) Possible combination of lines passing through the 
center of the checkerboard, b) the normal vector and the center 
of a checkerboard target. 
 θ ൌ cosିଵሺ݊1ሬሬሬሬറ. ݊2ሬሬሬሬറሻ (11)௡ܸሬሬሬറ ൌ ݊1ሬሬሬሬറ  ൈ ݊2ሬሬሬሬറ (12)

The axis-angle representation can be defined in 
quaternion form as: ݍ ൌ ሾݍ଴ݍଵݍଶݍଷ ሿ (13)
where ݍ଴  ൌ ଵݍ  ,2ሻ/ߠሺݏ݋ܿ   ൌ  ௡ܸ௫ሬሬሬሬሬറ݊݅ݏሺ2/ߠሻ,  ݍଶ  ൌ ௡ܸ௬ሬሬሬሬሬറ݊݅ݏሺ2/ߠሻ, and  ݍଷ  ൌ  ௡ܸ௭ሬሬሬሬሬറ݊݅ݏሺ2/ߠሻ. The quaternion 
representation can be converted into a rotation matrix R, 
defined as: 

ܴ ൌ ቎1 െ ଶଶݍ2 െ ଷଶݍ2 ଶݍଵݍ2 ൅ ଷݍ଴ݍ2 ଷݍଵݍ2 െ ଶݍଵݍଶ2ݍ଴ݍ2 െ ଷݍ଴ݍ2 1 െ ଵଶݍ2 െ ଷଶݍ2 ଷݍଶݍ2 ൅ ଷݍଵݍଵ2ݍ଴ݍ2 ൅ ଶݍ଴ݍ2 ଷݍଶݍ2 െ ଵݍ଴ݍ2 1 െ ଵଶݍ2 െ ଶଶ቏ (14)ݍ2

where R is the rotation matrix between two camera axes 
and q0, q1, q2, q3 are the quaternion coefficients. The 
translation between two camera frames is calculated using 
the centers of the checkerboard target as: T ൌ ଵܱ െ ܴ0ଶ (15)

4. Experimental results 

4.1. Setup 
The imaging system designed to assist the navigation of 

a robotic arm for the inspection of a vehicle from color 

and depth information is shown in Fig. 5. Five Kinect for 
Xbox 360 sensors are positioned to cover the complete 
side and partial front and back of a vehicle. The setup 
covers a 180 degrees field of view around a vehicle and 
can be replicated on the other side for a complete 360 
degrees view. The sensors are positioned 1.0 m above the 
ground and parallel to the floor. Kinects K3 and K4 are 
rotated towards the vehicle about 65 degrees with respect 
to Kinects K0, K1 and K2. This configuration permits to 
meet the following requirements: 1) a minimum coverage 
area of the setup, 2) the collection of depth readings in the 
range of 0.8 to 3 m, which is the range where Kinect 
performs properly, with a standard deviation of 2 cm and a 
quantization error around 2.5 cm, and 3) an overlapping 
area of 0.5 m to 1 m between contiguous sensors to ensure 
accurate point cloud alignment and to support the external 
calibration process. 

 

 
Fig. 5. Experimental configuration for scanning a vehicle. 

4.2. Evaluation of Intrinsic Parameters 
The quality of the intrinsic calibration method is 

measured by the reprojection error. We performed some 
experiments to observe the effect of inaccurate intrinsic 
parameter estimates during reconstruction. Kinect 
provides the depth of each pixel captured by the IR image, 
but the exact location of the pixel in the X and Y 
directions depends on the intrinsic parameters. In the 
experiments, the Kinect sensor is placed in front of a 
rectangular and planar object of size 60x25cm that is kept 
parallel to the Kinect IR camera image plane. Depth data 
is more accurate in close range, therefore the object is 
placed at a distance of 60cm where the quantization step 
size is less than 1mm [16]. The object is projected into the 
world coordinates, using Eq. (3) to (5), with the acquired 
depth and the intrinsic parameters obtained by calibration. 
The reconstructed object is shown in Fig. 6(a), where the 
red silhouette defines the actual size of the object, which is 
approximately the same size as that of the reconstructed 
object. The same experiment is also performed using the 
default intrinsic parameters encoded in OpenNI [17] and 
the result is shown in Fig. 6(b). In this case the 
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reconstructed object is significantly en
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However, the rear window of the larger vehicle, which is 
made of tinted glass, is partially captured. All of the main 
areas of the vehicle body and wheels, including dark 
rubber tires, are accurately reconstructed and sections of 
the model acquired from the five viewpoints are correctly 
aligned, even over narrow roof supporting beams and 
highly curved bumpers areas. Table 3 presents a 
comparison between the characteristics of the 
reconstructed vehicles and their actual dimensions. The 
Kinect depth quantization introduces scaling errors of 
about 1cm in height and width and a depth error of about 
2.5 cm at 3m distance. Each sensor covers the full height 
of the vehicle and the average error on height is under 1%. 
The estimation of the length of the vehicle and the wheel 
base (i.e. the distance between the centers of the front and 
back wheels) involve all the calibration parameters. The 
error on the length is under 2.5%, which is relatively 
minor given the medium quality of data provided by 
Kinect at a depth of 3m and in proportion to the large 
working volume. For further assessment of the algorithm, 
an ICP algorithm [18] was further applied on the final 
results, but it did not significantly improve the registration.  

 
TABLE 3 : Reconstruction compared with ground truth 

  Height Length Wheel base 

Car 
Actual (mm) 1460 4300 2550 
Model (mm) 1471 4391 2603 

Error (%) 0.75 2.11 2.07 

Van 
Actual (mm) 1748 5093 3030 
Model (mm) 1764 5206 3101 

Error (%) 0.91 2.21 2.34 

5. Conclusion and future work 
In this work a calibration methodology for the Kinect 

sensor and for networking such sensors is presented on an 
application for collecting 3D data over large workspaces. 
The best-fit plane calibration method takes advantage of 
the 3D measurement technology embedded in the sensors 
and provides registration accuracy within the range of the 
depth measurements accuracy provided by the Kinect 
technology. The proposed calibration technique opens the 
door to a great number of real-time 3D reconstruction 
applications over a large workspace using low-cost RGB-
D sensors. 
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