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Abstract— Vision is an extremely important sense for both  Our experience, as well as the experience of all the
humans and robots, providing detailed information aboutresearchers that work in the field of computer vision, show
the environment. In the past few years, the use of digitalhat the digital cameras fail regarding the quality of the
cameras in robotic applications has been increasing sigimages acquired under certain situations, even consglerin
nificantly. The use of digital cameras as the main sensothe most recent cameras (an example can be found in [1].
allows the robot to take the relevant information from theThe algorithms developed for calibration of digital cansera
surrounding environment and then take decisions. A robusissume some standard scenes under some type of light,
vision system should be able to detect objects reliably and/hich fails in certain environments. We did not find scieatifi
present an accurate representation of the world to higherreferences for these algorithms.
level processes, not only under ideal light conditions, but In this work, we show that the problem can be solved
also under changing light intensity and color balance. listh by adjusting the colormetric parameters of the camera in
paper, we propose an algorithm for the self-calibrationle#t order to guarantee the correct colors of the objects, atigwi
most important parameters of digital cameras for roboticthe use of the same color classification independently of the
applications. The algorithm extracts statistical infortiom  light conditions (see for example the problem presented in
from the acquired images, namely the intensity histogram2]). This allows also a correct processing of the image if
saturation histogram and information from a black and aother features have to be extracted. We think that this paper
white area of the image, to then estimate the colormetripresents an important contribution to the field of autonasou
parameters of the camera. We present experimental resultsbotics.
obtained with several autonomous robotic platforms: two We propose an algorithm to configure the most impor-
wheeled platforms, with different architectures of theoris tant colormetric parameters of the cameras, namely gain,
system, a humanoid robots and an autonomous drivingxposure, gamma, white-balance, brightness, sharpnéss an
agent. The images acquired after calibration show goodsaturation without human interaction, depending on the
properties for further processing, independently of thiédh  availability of these parameters in the digital camera that
configuration of the camera and the type and amount of lights being used. This approach differs from the well known
of the environment, both indoor and outdoor. problem of photometric camera calibration (a survey can be
found in [3]), since we are not interested in obtaining the
Keywords: Robotic vision, digital cameras, image processing,camera response values but only to configure its parameters

camera calibration, colormetric parameters. according to some measures obtained from the acquired
images in robotic applications. The self-calibration gex
1. Introduction for a single robot requires only few seconds, including the

time necessary to interact with the application, which is

In the past few years, the use of digital cameras in roboticonsidered fast in comparison to the several minutes needed
applications has been increasing significantly. We cantpoirfor manual calibration by an expert user. Moreover, the
out some areas of application of these robots, as the caseveloped algorithms can be used in the real-time by the
of the industry, military, surveillance, service robotsdan robots while they are operating.
we start also seeing vision systems in vehicles for assisted The work that we present in this paper was tested and
driving. The cameras are used as sensors that allow the being used by several robotic platforms developed in the
robot to take the relevant information of the surroundingUniversity of Aveiro, namely in the challenging environrien
environment and then take decisions. of robotic soccer (where the goal is the development of

To extract information from the acquired image, such asnulti-agent robotic teams), both with welled [4] and hu-
shapes or colors, the camera calibration procedure is verpanoid robots [5], and also in autonomous driving vehicles
important. If the parameters of the camera are wronghand a service robot [6]. These robots are presented in Fig. 2.
calibrated, the image details are lost and it may becomin all these applications, the robots have to adjust, in a
almost impossible to recognize anything based on shape opnstrained time, their camera parameters according to the
color (see for example Fig. 1). lighting conditions.
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Fig. 1: Images acquired in different scenarios with différeobots, using wrong colometric parameters in their digit
cameras. From left to right, wrong value of gamma (high),o=sxpe (low), saturation (high), gain (high), white-balanc
(high both in Blue and Red gains).
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Fig. 3: A typical image processing pipeline (inside the imag

: device) for a tri-stimulus system. This processing can be
Fig. 2: Robotic platforms used in this work. From left to performed on the YUV or RGB components depending on
right, CAMBADA (RoboCup Middle Size league robotic the system. This should be understood as a mere example.
soccer), NAO (RoboCup Standard Platform League soccer

robot), CAMBADA@HOME (service robot for elderly and

disabled people support - under test on RoboCup @HOME Chrominance is a numeral that describes the way a certain
league) and autonomous driving. amount of light is distributed among the visible spectrum.
Chrominance has no luminance information but is used
together with it to describe a colored image defined, for
This paper is structured in five sections, the first of thempgtance, by an RGB triplet. Any RGB triplet in which the
being this introduction. Section 2 provides an overview ongjue of R=G=B has no chrominance information.
the most important colormetric parameters of digital C&#8er  \ypite halance is the global adjustment of the intensities
and Fhe propert|_es on the image that are related to e_:ach ON&:the colors (typically red, green, and blue primary cojors
Section 3 describes the proposed algorithm. In Section 4 thg,| important goal of this adjustment is to render specific
results and their discussion are presented. Finally, &e&i |55 — particularly neutral colors —correctly; hencee th

concludes the paper. general method is sometimes called gray balance, neutral
. . balance, or white balance. This balance is required because
2. Conflguratlon of the camera parame- of different color spectrum energy distribution dependimg

ters the illumination source. The proposed algorithm uses aavhit

The configuration of the parameters of digital cameras i§'€@ as reference to calibrate this parameter. The ideatis th
crucial for object detection and has to be performed whef'® White region should be white — in the YUV color space
environmental conditions change. The calibration procedu this means that the average value of U and V should be 127.
should be effective and fast. The proposed calibration al- The black and white regions can be defined manually be-
gorithm processes the image acquired by the camera af@rehand to correspond to regions of the robots in the image
computes several measurements that allow the calibrafion 61 the algorithm can search in the image autonomously for
the most important colormetric parameters of a digital camwhite areas, after setting the camera to auto mode. In the
era, as presented in Fig. 3. Besides the referred parameteg@se of the NAO robots, the robot stops and look to a defined
the hardware related parameters gain and exposure are aResition of its own body where these regions are. In the case
taken into consideration. of the wheeled robots, due to the use of a omnidirectional

Starting by some definitions, luminance is normally de-vision system [7], the own body is seen in the image and a
fined as a measurement of the photometric luminous interwhite and black area was placed closed to the mirror. In case
sity per unit area of light travelling in a given direction. of the autonomous driving and service robots, an example of
Therefore, it is used to describe the amount of light thathe white areas obtained from the images acquired by their
goes through, or is emitted from, a particular area, and fallvision systems can be found in Figs. 5 and 4.
within a given solid angle. The brightness parameter is basically a constant (or pffset




We do not consider this parameter in the proposed calibratio
algorithm as in the referred applications of the robots we
work with the resolution of the images acquired by the
camera.

Gain, exposure, gamma and contrast are related and we
Fig. 4: From left to right, an example of an image acquiredyse the information of the luminance of the image to
in auto mode by the camera the autonomous driving robogajibrate them. The priority is to keep gamma out and the
the corresponding white areas obtained autonomously, angposure to the minimum possible value to reduce noise
the corresponding black areas also obtained autonomously the image and the effect of the moving objects in the
by the proposed algorithm. image. If the light conditions are very hard, the algorithm

will calibrate the gamma and exposure time.

Gain is a constant factor that is applied to all the pixels in
that can be added (subtracted) from the luminance compahe image when the image is acquired. Exposure time is the
nent of the image. It represents a measure of the averagiene that the image sensor (CCD or CMOS) is exposed to the
amount of light that is integrated over the image during thdight. Gamma correction is the name of a nonlinear operation
exposure time. If the brightness it too high, overexposureised to code and decode luminance or TGB tristimulus
may occur which will white saturate part or the totality values. One of the most used definition of contrast is the
of the image. The proposed algorithm considers a blacldifference in luminance along the 2D space that makes an
area in the image as reference to calibrate this parametebject distinguishable. To calibrate all these parameiers
In the CAMBADA and SPL robots, these areas are paris used the histogram of luminance of the image and a
of the robots and can be defined beforehand. In case e&fatistical measure to balance the histogram of the aatjuire
the autonomous driving and service robots, an example dfnage, as presented next.
the white areas obtained from the images acquired by their The histogram of the luminance of an image is a repre-
vision systems can be found in Figs. 5 and 4. The concepientation of the number of times that each intensity value
is that the black area should be black — in the RGB coloappears in the image. Image histograms can indicate if
space, this means that the average values of R, G and tBe image is underexposed or overexposed. For a camera
should be close to zero in this region. correctly calibrated, the distribution of the luminance-hi
togram should be centered around 127 (for a 8 bits per pixel
image). An underexposed image will have the histogram be
leaning to the left, while an overexposed image will have
the histogram leaning to the right (for an example see the
Fig. 13)).

; : Statistical measures can be extracted from digital images
Fig. 5: From left to right, an example of an image acquiredto quantify the image quality [8], [9]. A number of typical
in auto mode by the camera the autonomous service robaneasures used in the literature can be computed from
the corresponding white areas obtained autonomously, arile image gray level histogram. Based on the experiments
the corresponding black areas also obtained autonomousyesented in [10], in this work we used the mean sample

by the proposed algorithm. value (M SV):
>l + D
The saturation of a color is determined by a combination MSV = %7
of light intensity that is acquired by a pixel and how much j=0 i

this light it is distributed across the spectrum of diffaren where x; is the sum of the gray values in regign of

wavelengths. Saturation is sometimes also defined as tlike histogram (in the proposed approach we divided the

amount of white that has been blended into a pure colohistogram into five regions). When the histogram values of

In the proposed algorithm, we consider the histogram of than image are uniformly distributed in the possible values,

Saturation (obtained in the HSV color space) and we forcéhen M SV = 2.5.

the MSV value of this histogram to 2.5, following the expla- A graphical representation of the statistical measures

nation above about the use of the MSV measure regardingxtracted from the image acquired by the camera and its

the histogram of intensities, calibrating this parameter. relation to the parameters to be calibrated on the camera is
Sharpness is a measure of the energy frequency spatilesented in Fig. 6.

distribution over the image. It basically allows the cohtro .

of the cut-off frequency of a low pass spatial filter. This 3. Proposed algomhm

may be very useful if the image is afterward intended to be The algorithm configures the most important parameters,

decimated, since it allows to prevent spatial aliasesaatsf as referred above. For each one of these parameters, and
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Fig. 6: A graphical representation of the statistical measextracted from the image acquired by the camera andatsore
to the parameters to be calibrated on the camera.

that are available on the camera, a Pl controller was imdo

plemented. Pl controllers are used instead of proportional acauire imge _
cal cul ate the histogram and the MSV val ue of Lum nance

controllers as they result in better control having no stati if MBV I= 2.5
ary error. The constants of the controller have been oldaine if exposure and gain are in the linmts
experimentally for both cameras, guaranteeing the stgabili apply the Pl controller to adjust gamma

f the system and an acceptable time to reach the desired else if gainisinthelimt
Y Yy p apply the Pl controller to adjust exposure
reference. el se

. o ly the Pl controller to adjust gai
The algorithm presented next starts by the configuration of engppy € controtter toadqust gan

the parameters related to the luminance on the image, namely set the canera with new ganma, exposure and gain val ues
gain, exposure and gamma, by this order if necessary. To nd

; . . . . if MBV > 2 && MBV < 3
improve the quality of the image, i. e. to have the less noise " ¢4/ culate the hist ogram and M8V val ue of saturation

as possible, the exposure should be as much as possible. On cal cul ate average U and V val ues of a white area

the other hand, the gamma should be the one that gives the icfa' K/glvg;? avel age R Gand B values of a black area

best dyn_amic range for the intensity and we only want to apply the Pl controller to adjust saturation
change it is the gain and exposure alone cannot get good set the camera with new saturation val ue
results. ~end
. . o if Ul= 127 || VI= 127

When the image acquired have enough quality in terms of ~ appl'y the Pl controller to adjust W8 BLUE
luminance, considering that the MSV for the histogram of apply the Pl controller to adjust V8 RED
. . . . set the canera with new white-bal ance paraneters
intensities is between 2 and 3, the algorithm starts cdlilga end
the other parameters, namely white-balance, saturatidn an  if R!=0 || G!=0 ]| B!=0 _
brightness, according to the ideas expressed in the pviou apply the Pl controller to adjust brightness

. . set the camera with new brightness val ue
section. The algorithm stops when all the parameters have onq 9

converged. This procedure solves the problem of the corre- end
lation that exists between the parameters. while any paraneter changed



4, Experimental results the camera parameters related to the experiment described

To measure the performance of the proposed self calibrsibove. As we can see, the convergence of the parameters is
tion algorithm, experiments have been made in four robotiéast. It took less than 100 cycles to the camera converges
platforms: the CAMBADA robots (RoboCup Middle Size 10 the correct parameters in order to obtain the images
league robotic soccer robots) and NAO robots (RoboCu’presented in Fig. 7 and Fig. 8. In this experiment, the camera
Standard Platform League soccer robot), in indoor scesariowas working at 30 fps that means a calibration time below
a wheeled service robot and an autonomous driving agent. seconds. These are the worst case scenarios in calibration
In all the cases, the images acquired after the proposdgost of times, in practical use, the camera can start in auto
autonomous colormetric calibration have good propertiesnode and the algorithm applied after that. An example of
both in terms of objective and subjective analysis. this situation is presented in the video, where the lamps

The experiment that follows have been conducted usin§f the laboratory are switched on and off after the camera
the cameras of the robots with different initial configuras ~ Calibrated. In these situations, the camera converges in a
inside a laboratory with both artificial and natural light reduced number of cycles.
sources. In Fig. 7, the experimental results are presented

when the algorithm starts with the parameters of the camera Camera starting with low parameters
set to lower value and Fig. 8 presents experiment resultst4° ‘ ‘ ‘ e
when the camera parameters are set to higher values. As it, | T EXROSURE |
can seen, the configuration obtained after using the propose WB_R
WB_B ————=

algorithm is approximately the same, independently of the 1000
initial configuration of the camera.
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Fig. 9: A graphic showing the variation of the parameters of
et(i_]e camera when it started with higher values. We can see

Fig. 7: Some experiments using the proposed automat Jfast convergence of the parameters.

calibration procedure. From left to right, an image capure
with some of the parameters of the camera set to lower
values, the corresponding image obtained after applyiag th
proposed calibration procedure.
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Fig. 8: Some experiments using the proposed automated 0 20 40 60 80 100 120 140 160 180 200

calibration procedure. From left to right, an image capure Time

with some of the parameters of the camera set to highefig. 10: A graphic showing the variation of the parameters
values and the corresponding image obtained after applyingf the camera when it started with higher values. We can
the proposed calibration procedure. see a fast convergence of the parameters.

In Fig. 9 and 10 there are presented the variation of In the NAO robot, we work with the cameras at 15 fps



due to the limitations on the processing capabilities, Wwhic visually confirmed in Fig. 11. The histogram of the image
leads to times close to 10 seconds. However, due the faecquired using the camera in auto mode (Fig. 13) shows
that the NAO robots do not have graphical interface with thehat the image is overexposed, leading to the majority of the
user, the proposed algorithm is very useful to calibrate th@ixels to have saturated values.

two cameras of the robots.

In Fig. 11 we present an image acquired with the camera
of a CAMBADA robot in auto mode and in Fig. 12 we
present an image acquired with the camera of a NAO robot
in auto mode. The results obtained using the camera with gy, |
the parameters in auto mode are overexposed and the white
balance is not correctly configured, both for the welled and 4000 |
NAO robots. The algorithms used by the digital cameras that
are on the robots (we tested also some more models and the&000
results are similar) is due several reasons explained hext. ]
the case of the omnidirectional vision system, the camera 2000 r H
analyzes the entire image and, as can be seen in Fig. 11, ‘ |
there are large black regions corresponding to the robot 1000 L -
itself. Moreover, and due to the changes in the environment B it

H stogram of the intensities, M8V = 4.74
6000

around the robot as it moves, leaving the camera in auto 0 50 100 150 200 250 300
mode leads to undesirable changes in the parameters of the Intensity

camera, causing problems to the correct feature extractio,gig 13: The histogram of the intensities of the images
to object detection.

presented in Fig. 11. This is the histogram of the image
obtained with the camera parameters in auto mode.

Hi stogram of the intensities, MV = 2.47
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Fig. 11: From left to right, an example of an image acquired

with the camera of the wheeled robot in auto mode, an image2000
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Fig. 14: The histogram of the intensities of the images
presented in Fig. 11. This is the histogram of the image
= - obtained after applying the automated calibration prooedu
Fig. 12: From left to right, an example of an image acquired
with the camera of NAO in auto mode and an image in the It is expected that robots can perform their tasks under
same robot after the proposed algorithm. natural lighting conditions and in an outdoor environment.
This introduces new challenges. In outdoor environments,
The good results of the automated calibration procedurthe illumination may change slowly during the day, due to
can also be confirmed by the histograms presented in Fig. 1the movement of the sun, but also may change quickly in
The histogram of the image obtained after applying the proshort periods of time due to a partial and temporally varying
posed automated calibration procedure (Fig. 13) is cemterecovering of the sun by clouds. In this case, the robots have
near the intensity 127, which is a desirable property, aso adjust, in real-time, the camera parameters, in order to




adapt to new lighting conditions. As a future work, we would like to extend this work to
The proposed algorithm was also tested outdoors, undenore robotic applications in non-controlled environments

natural light. Figure 15 shows that the algorithm works wellwell as to present more detailed results regarding its use in

even with different light conditions. It confirms that the more models of digital cameras with different type of lens,

algorithm can be used in non-controlled lighting condision that also affects the calibration of these parameters.

and under different environments.
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