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A checkerboard detection utility 1

1 Introduction

Camera clusters are increasingly employed in a wide spectm of applications ranging
from surveillance, security and gaming applications, to aplications that monitor an
environment to infer social interaction for the anticipati on of user needs. In addition,
smaller clusters of cameras have been traditionally utilied for stereo reconstruction
in a great diversity of applications with examples found in domains such as cultural
heritage, medicine, three-dimensional photography and tee-immersion.

A crucial stage of setting up a camera cluster is the intrins¢ and extrinsic calibra-
tion of its cameras, so that 3D information can be extracted ty combining information
acquired through the available views. Several di erent apgoaches to the calibration
of cameras and camera clusters exist, employing a large dixsty of calibration targets
that provide reference points for the calibration process. After the seminal work of
Tsai [10], the wide majority of these methods adopt the use ofa checkerboard as a
calibration pattern. The application of this method requir es that a checkerboard and
its corners are detected and precisely localized in the imag This typically requires
user intervention and turns calibration into a tedious process. As reviewed in Sec. 2
of this report, techniques that reduce the amount of this intervention exist, but do
not provide a fully automatic means of detecting the checkeboard in a wide variety
of viewing conditions. In general, a complete, totally relable and fully automatic
procedure for achieving camera cluster calibration is not wailable and many of the
existing techniques require hardware-speci c con gurations. In addition, although
several approaches exist in the literature for the calibraton of camera clusters, only
a few approaches are publicly available.

In this report, we propose a method for the automatic detecton of a checkerboard
and its corners which are used for intrinsic and extrinsic canera calibration. The
automation of this process greatly simpli es calibration. The data that are collected
by the proposed method can be directly input to traditional, publicly available software
tools for camera and camera cluster calibration. It is showrthat besides automation,
the proposed method increases both the quantity and the quaty of the collected data,
resulting in an increase of calibration accuracy.

The remainder of this report is organized as follows. In Sec2, related work is
reviewed and, in Sec. 3, the camera cluster installation whe the proposed method
was tested is described. In Sec. 4, the proposed method for ¢hdetection of the
checkerboard and the localization of its corners in the acqwed images is presented.
In Sec. 5, a method for the identi cation of the detected corrers on the checkerboard
calibration target is proposed. Finally, Sec. 6 summarizeghis work.

2 Related work

One way to obtain input for the calibration of a camera cluster is by turning on a
LED in a dark environment [9, 1], so that the stereo correspodences required for
the calibration become directly available. Such approachg require control of the
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environment illumination, as well as photometric adjustment of the cameras so that
the light source is imaged in a way that guarantees that the sptial uncertainty of the

LED's image projection is minimal. Furthermore, [1] is not fully automatic as manual
calibration of one or more cameras is required to provide wit metric information,

while [9] requires Euclidean strati cation and non-linear minimization.

On the other hand, employing a checkerboard as a calibratioriarget is much more
convenient, as the construction of the target is simple and 0 particular photometric
adjustment is required for the cameras. Nevertheless, the etection of the checker-
board and its corners in the calibration images is required.The toolbox in [2] reduces
the manual intervention required for this detection, by prompting the user to indicate
the four reference corners of the checkerboard in each inputalibration image. The
rest of the corners are then automatically detected.

In greater relevance to the proposed approach are the methadpresented in [11, 8],
which automatically detect a checkerboard and its corners.However, as shown in the
experiments of Sec. 4 the method in [11] is not able to detectarners in very oblique
views of the checkerboard, constraining, this way, the co#iction of high-quality cali-
bration data. Additionally, both methods in [11, 8] require that the checkerboard is
fully imaged in order to be detected. This is often dicult to be achieved simulta-
neously for multiple views during the extrinsic calibration of a camera cluster. The
method in [8] also requires that certain checkers are markedn order to associate
detected corners to physical points on the checkerboard.

The proposed method detects the corners of a checkerboard ew if it is partially
visible and/or imaged in very oblique views. This greatly facilitates the calibration
process. Moreover, the proposed method, as well as [11], lities a checkerboard
which is comprised by an even number of checkers in the one diemsion and an odd
in the other, in order to establish this association automaically. It also o ers the
capability of combining detection results from multiple cameras acquired across time
to extrinsically calibrate them and to re ne their intrinsi ¢ calibration through bundle
adjustment.

The approach in [6] utilizes scene reconstruction to improe an existing calibra-
tion, but still an initial calibration is required. Cameras are required to be located
rather proximate to each other, in order for stereo correspadences to be accurately
established. An advantage of such an approach, though, is tt calibration can be
continuously updated, as due to a number of factors (e.g. chage of temperature, vi-
brations), the initial calibration can be cast invalid. In t he proposed approach, we
provide means for facilitating the bootstrapping of the calibration process.

3 Multicamera system setup

The multicamera system that has been employed as a testbed ithe context of this
work is installed ina 5 5m? room and consists of 8 FireWire cameras (66 51 eld
of view) that are mounted at the corners and at the in-betweenmid-wall points of the
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room viewing it peripherally in steps of approximately 45 . Two additional cameras
are mounted on the ceiling, with their optical axes approximately normal to the oor.

With respect to computational resources, 8 CPU cores are enlpyed in total,
equally distributed in two computers. A dedicated local area network link of 1 GB
bandwidth is reserved for their communication. A frame rate of 10Hz has been
achieved when employing 8 views in a resolution of 960 1280 pixels. Latency was
measured to be :4sec when all images had to be gathered in the same computer.

A crucial assumption in the majority of applications that em ploy a camera cluster
is that images are synchronously acquired from all views. Inthe presented setup,
synchronization is implemented across cameras through a déated FireWire bus and
the use of timestamps [7]. The employed synchronization métod guarantees that
the time lag in the acquisition of any pair of images is below 25sec. The set of
images acquired simultaneously from the camera cluster idyenceforth, referred to as
a multiframe.

4 Checkerboard detection and intrinsic calibration

The proposed camera calibration approach focuses in collgérog high quality calibra-
tion data in a fully automatic and convenient fashion. The developed method exhibits
the capability of detecting checkerboard corners in challaging images that cannot be
appropriately handled by conventional methods. This is ber cial to the calibration
accuracy, as it increases both the quality and the quantity d the data utilized in the
calibration process.

Ina rststep, the proposed method utilizes the method in [1]] that detects checker-
board corners. This method detects checkerboard corners onin the case of mod-
erate camera view obliqgueness and lens distortion. To sucssfully employ the above
method, the checkerboard is initially imaged in the center d the camera's eld of
view and in postures of moderate obliqueness. Checkerboambrners are detected by
[11] and a coarse estimate of the camera's intrinsic and lendistortion parameters is
obtained, by feeding the detected checkerboard corners tohe method in [2]. This
estimate is continuously re ned as more calibration data be&come available.

At a second step, in order to collect more and better calibraton data, corners are
detected in images where the checkerboard may appear in thegpiphery of the view
and under a very oblique perspective. The collection of suctdata contributes to the
robustness and accuracy of the calibration, as the whole e of view of the camera is
covered. Additionally, the great variability of checkerboard postures provides stronger
constraints for the subsequent calibration parameter estination. In the following
subsections, these two steps are presented in more detail.

4.1 Conventional corner detection and intrinsic calibrati on

Initially, the method for corner detection in [11] is employed. Typically, this fails to
detect the checkerboard in highly oblique checkerboard vies, however it does detect
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some of the checkerboard corners which are then organized i list data structure.
The detected corners are associated to checkers and orgaedz on a spatial grid that
corresponds to the structure of checkers on the calibratiorboard. More speci cally,
for each corner in the input list, the 8 nearest corners in theimage are selected. Each
combination of 4 corners is evaluated to determine if these 4orners occur on the
same checker or not. Two criteria are used:

1. At least three out of the four corners are not collinear. Ths is tested by rst
estimating the line that passes through the four corners andhen measuring the
distance of each corner from that line. Four corners are condered to belong to
a checkerboard square if the ratio of the sum of these distams to the perimeter
of the box is above a threshold (1.0).

2. Almost no edgels occur inside the checkerboard square. This tested by per-
forming edge detection [3] on the input image and counting tle edgels inside
the candidate checker. Four corners are considered to belgnio a checkerboard
square if the ratio of these edgels to the total area of the sgare is below a
threshold (0.01).

In order to determine that four corners belong to the same sqare both of the
above criteria must be satis ed. The corners are assigned téhe checker in clockwise
order.

When all available corners are associated with checkers, sonnected components
labelling technique is employed. Two checkers are consided to be connected if they
share one or two common corners. In order to determine and ra@psent the spatial
arrangement of the corners, we select the rst checker of théargest connected compo-
nent and we de ne its rst corner as the top-left. Then, by examining which corners
are common with the connected checkers we identify the type foconnectivity (North,
South, East, West, NorthWest, NortEast, SouthWest, SouthEast) as well as the top-
left corner of the connected component. Then we select the cmected checkers and
repeat the same procedure recursively, until all checkers dve been visited.

4.2 Rectication and intrinsic calibration re nement

By considering the fact that the checkerboard corners form arectangular grid in

the world, a homography is computed. This homography warps he image so that
the checkerboard appears frontoparallel and in its true aspct ratio. The computed

homography minimizes the backprojection error between pas of corresponding points
across the image and the output homography. In the warped viw/, corner locations
are predicted given the known size of the checkers. The corne are then detected
by applying corner detection [4] at the neighborhoods of thee predictions. This may
yield some spurious detections, as the limits of the checkboard in the image are yet
unknown. To discard spurious detections, their neighborh@ds are compared with a
synthetic template, using Normalized Cross Correlation aplied with a conservative
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threshold. Since the view of the checkerboard is frontopariel, the ideal appearance of
each corner is a priori known. More speci cally, each corners made up by four squares,
two black and two white. Two templates are employed, one witha black top-left square
and another with a white top-left square. The Normalized Craoss Correlation of the
synthetic templates with the corresponding image region iscalculated at the location
of each corner prediction. If the maximum of the two results ndicates a high degree of
similarity ( > 0:85) and the absolute di erence between the two results is hig (> 0:4),
this means that (a) the best scoring template constitutes a @od match and (b) that
the worst scoring template does indeed not match the correspnding image regiort.
Thus, it can be assumed that the underlying region images a ackerboard pattern
and that it is not an accidental match. Therefore, the predicted location is considered
to belong indeed to a checkerboard corner.

In Fig. 1 the result of the above procedure is illustrated, for two images. The
rst example (top row), shows the results of initial calibra tion. The inaccurate com-
pensation of lens distortion indicates that the estimation of the camera parameters is
still coarse. In the second example (bottom row), camera paameters have been more
accurately estimated.

For each incoming calibration image, [2] is re-executed foall the corners detected
up to that point. This way, the estimates of the intrinsic and lens distortion parameters
are iteratively improved and corner detection becomes inaeasingly more accurate. In
Fig. 2, the performance of the proposed corner detection méd is compared to that
of [11] and, in Fig. 3, the enumeration of corners organizedoa grid is illustrated.

It should be noted that the proposed method does not require hat the whole
checkerboard is visible, but makes use of all the availablenput (detected corners). In
contrast, [11] requires that the total checkerboard is visble in an image. During the
extrinsic calibration of cameras (see Sec. 5) this proves tbe a rather strong constraint,
as it might be di cult or even impossible to acquire full view s of the checkerboard
from two or more cameras. Therefore, the proposed method nobnly provides with
more detected corners but also, yields signi cantly more usful data to the calibration
procedure, as more views of the checkerboard can be utilized

In a calibration experiment (Fig. 2) that has been performedto assess the accu-
racy of the proposed approach, a checkerboard of 14 13 checkers, each of a size of
90x90mm, was imaged 210 times in a wide variety of postures and distases from a
960 1280 camera with a wide (66 51 ) FOV and signi cant lens distortion. The
proposed method utilized corners from 91 frames as opposed tL4 that [11] did, due
to the failure of the latter method to detect the checkerboard in as many frames as
the proposed method was able to. The corners that were input @ the calibration
algorithm were 12 293 versus 2184 and the backprojection errors were (B3 and Q46
pixels, respectively.

lWe have encountered cases that an accidental pattern in the environment, not belonging to the
checkerboard, would provide a spuriously high correlation score. Requiring that the corresponding
image region is also very dissimilar to the second template, eliminates such spurious matches.
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Figure 1. Two examples of checkerboard corner detection andrganization (one ex-
ample per row). Left column: the corner detection result of the method in [11]; some
corners are not detected, while the spatial organization othe corners is undetermined.
Right column: the obtained homography, with the generated £eds and detected cor-
ners superimposed (yellow crosses and red circles, respigety). In this homography,
the four missing corners are detected.
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Figure 2: Checkerboard corner detection for camera calibrion. Top row shows results
from the proposed method and bottom row shows results obtaiad with the method
in [11].
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Figure 3: Grid organization of checkerboard corners. Deteed corners from two views
are organized and enumerated on a grid. For clarity, enumerton is shown for even
checkers on each dimension. Left two images correspond toéhlst view and right two
to the 2nd.
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5 Extrinsic calibration

Extrinsic calibration of a camera cluster requires correspndences across images ac-
quired simultaneously from multiple views, in order to estimate relative camera po-
sitions and orientations. A method to establish such correpondences, based on the
proposed checkerboard detection method, is presented. Adlibnally, bundle adjust-
ment is performed to re ne the estimates of both the extrinsic and intrinsic camera
parameters.

The developed calibration procedure is fully automatic, fecilitates the collection
of calibration data for multiple checkerboard poses and dog not require that the
checkerboard is visible in all images of a multiframe. In cotrast, extrinsic calibration
of a camera cluster with [11] is based on a single multiframewhere the checkerboard
must be fully visible in all images. This requirement can be dcult or even impossible
to ful | for certain camera placements. Furthermore, the calibration obtained based on
a single multiframe is, typically, less accurate than the result obtained by processing
several of them in a bundle adjustment framework.

Extrinsic calibration is performed as follows. First, multiframes are acquired and a
checker grid for each frame is generated, using the technigudescribed in Sec. 4. Next,
grid corners are enumerated (e.g., "8 horizontal, 2" vertical corner) and associated
with physical points on the checkerboard. Given this assodition, correspondences
across cameras can be directly established. This associati is computed by identifying
the top-left checker of the checkerboard. This is based upoiwo assumptions (a) one
of the dimensions of the checkerboard consists of an even nidar of checkers and the
other dimension consists of an odd number of checkers and (lthe color of the top-left
square is known (black or white).

More speci cally, let W be the number of corners per row, andH be the number
of corners per column. In order to identify the top-left corner we need to identify the
corners at nominal checkerboard coordinates [1], [W;1], [,H] and [W;H]. Let us
assume that we have detected a partial checkerboard with dirensionsWg and Hyg,
in an input image. Let also the corners located at [11], [Wg; 1], [LHql, [Wg;Hd]
be de ned as the \extremal corners" of the checkerboard. In te following, we test
if these four corners are indeed the extremal corners of theheckerboard. For each
candidate corner, we consider the three nearest seeds on tfrentoparallel homography
(see Sec. 4), which havenot been veri ed to be checkerboard corners. If all of these
three seeds occur within the image, we consider the candidatcorner to be indeed
an extremal one. The intuition behind the above reasoning isthat since all three
seeds are not considered as checkerboard corners, there amd any other checkerboard
corners near the candidate corner; otherwise they would havbeen detected as regular
checkerboard corners and there would not be unveri ed seedavailable. In Fig. 4, the
result of the above process is illustrated.

In order to proceed, we need to identify at least two veri ed extremal corners.
From those, we can nd the number of corners at one or two dimesions (two, if the
extreme corners are diagonal) of the detected checkerboardWith this information
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Figure 4: Two examples of recognition of checkerboard extraal corner detection.
Superimposed blue markers indicate the detected and veri d checkerboard corners.
The red circles indicate the detected extremal corners of th checkerboard. For each
extremal corner, the three yellow crosses mark the three neast seeds, which are used
to test whether the corner is indeed an extremal checkerboar corner. The images
correspond to the two examples shown in Fig. 1.

we can decide whether the calculated \width" and \height" correspond to the actual
width and height of the checkerboard. If they do not exhibit such a correspondence,
then we transpose them.

Since we know that width and height are now properly assignedo the detected
checkerboard, the only ambiguity is if the top-left corner is detected correctly or we
need to rotate our labels by 180 degrees. But since the chedkmard has even width
and odd height, the top-left and bottom-right checkers are d di erent colors (and
top-right is di erent from bottom-left). By inspecting the color of one of the available
veri ed extreme corners (whether it is black or white) we candecide if it is the correct
color, or if we need to rotate the labels by 180 degrees.

The above corner identi cation approach is utilized in the detection of cases where
the checkerboard has not been detected by the method. If thescriteria are not ful lled
and if less than the =8 of the checkerboard corners have been detected, the method
rejects the acquired calibration image from the input. In this way, images that might
provide erroneous calibration input are automatically exduded.

The 3D coordinates of the recognized corners are required fdundle adjustment
and are computed as follows. For each frame, the checkerbadris assumed to be
coincident with the XY plane of a 3D coordinate system relative to which camera
position and orientation is computed. Moreover, the 3D coodinates (0; 0; 0) are
assigned to its top-left corner. Since the cameras are statj a transformation that

TR-397| FORTH-ICS, Aug.2009 5 Extrinsic calibration



A checkerboard detection utility 10

registers the camera centers is computed by estimating theatation and translation
that minimizes their squared distances. The inverse of thigransformation applied to
the 3D locations of the checkerboard corners (points on theXY plane), provides the
estimates of their 3D coordinates. The 3D to 2D correspondetes of the identi ed
corners are passed on to bundle adjustment [5]. The nal resli of this process is
an estimate of the extrinsic camera parameters as well as a lmement of the camera
intrinsic parameters estimates.

As expected, it is observed that more accurate extrinsic cabration results are
obtained when calibration data cover the entirety of the recnstruction volume, rather
than when extrinsically calibrating from a single checkertbard pose. By utilizing
more than one multiframe this becomes possible. At the sameime, by using the
proposed method, calibration is fully automated. As an indication of the obtained
improvement, an experiment was performed utilizing the sane dataset as in Sec. 4.
The backprojection error using a single multiframe was @03 pixels. When all frames
were utilized, the error dropped to 018 pixels.

The acquisition of data for the calibration process is faciitated by an on-line user-
interface (see Fig. 5), which informs the user as to if the acgisition of more data is
required for an accurate calibration of the camera cluster.Regarding intrinsic camera
calibration, this interface visualizes the projection of the detected checkerboard corners
on the eld of view of each camera, indicating if there are aras of this eld that have
not been covered. Regarding extrinsic camera calibration r@d bundle adjustment,
this user interface visualizes the 3D coordinates of the deicted corners, indicating
if the entirety of the reconstruction volume has been coverd by the motion of the
calibration target. In this way, the user is guided as where b target the acquisition
of additional input for the calibration procedure, both int erms of eld of view as well
as in terms of reconstruction volume.

6 Summary

In this report a method for the automatic detection of a checkerboard and the identi-
cation of its corners has been proposed. In addition, techiques for the intrinsic and
extrinsic calibration of a camera cluster which are based orthis method, have been
presented. These techniques are publicly available semu#omatic methods, which
with the incorporation of the proposed checkerboard detedbn method have been
fully automated.

The proposed checkerboard calibration technique detectsral recognizes the cor-
ners of the checkerboard by predicting their image locatios, based on initial estimates
of the camera intrinsic and lens distortion parameters, whch are continuously re ned.
The calibration process itself is based on publicly availake and well established calibra-
tion and bundle adjustment methods. The proposed checkerbard detection method
facilitates their application by automating the checkerboard detection operation. The
proposed checkerboard detection technique is also expergntally compared against
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Figure 5: An online user interface indicates if the motion ofthe calibration checker-

board has covered a camera's eld of view and the reconstrugbn volume. Top two

rows show the acquired images and the corresponding eld ofigw coverage for a
camera. Bottom row shows estimated 3D points, estimated by tiangulation, passed
on to the bundle adjustment procedure.
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the method in [11], demonstrating that it can detect the chedkerboard calibration
target in more challenging conditions (large obliquenesssigni cant radial distortion)
than the former technique.

Employing the proposed utility software, numerous calibraion images can be ef-
fortlessly utilized for the calibration of cameras providing, thus, higher calibration
accuracy without the requirement of user intervention. This becomes important not
only for intrinsic camera calibration but for extrinsic cal ibration as well, as the de-
tected and recognized corners are employed in both processeln the case of extrinsic
calibration, the automatic detection of the checkerboard and its corners becomes of
particular signi cance as, typically, a large number of images is required to cover a
wide area, such as the one covered by the presented camera sfer. We have observed
that the utilization of the reported software saves a consigrable amount of time dur-
ing camera cluster calibration, while at the same time, resits in increased calibration
accuracy.
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