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Calibration of an Active Binocular Head

Sheng-Wen Shih, Yi-Ping Hundyember, IEEE and Wei-Song Lin

Abstract—In this paper, we show how an active binocular
head, the IIS head, can be easily calibrated with very high
accuracy. Our calibration method can also be applied to many
other binocular heads. In addition to the proposal and demon-
stration of a four-stage calibration process, there are three major
contributions in this paper. First, we propose a motorized-focus
lens (MFL) camera model which assumes constant nominal ex-
trinsic parameters. The advantage of having constant extrinsic
parameters is to having a simple head/eye relation. Second, a
calibration method for the MFL camera model is proposed in
this paper, which separates estimation of the image center and
effective focal length from estimation of the camera orientation
and position. This separation has been proved to be crucial;
otherwise, estimates of camera parameters would be very noise-
sensitive. Thirdly, we show that, once the parameters of the
MFL camera model is calibrated, a nonlinear recursive least-
square estimator can be used to refine all the 3X%inematic
parameters. Real experiments have shown that the proposed
method can achieve accuracy of one pixel prediction error and
0.2 pixel epipolar error, even when all the joints, including the
left and right focus motors, are moved simultaneously. This
accuracy is good enough for many three-dimensional (3-D) vision
applications, such as 3-D navigation, 3-D object tracking, and
even 3-D reconstruction.

Index Terms—Active vision, binocular head, head calibration,
head/eye calibration, motorized lens calibration.

I. INTRODUCTION

CTIVE vision has become an important research top

in the field of computer vision. The major advantage
of an active vision system over a traditional passive visio
system is that it can utilize more degrees of freedom fig. 1. Picture of the IIS head.
adapt to its environment and, thus, has more potential in

many applications..B.eing able to acquire information aCtive'%tereo cameras (referred to as joint 4 and joint 3). All of the
many computer vision problems which are ill-posed to Soove four joints are revolute and are mounted onXa#”

passive vision system b_ecome Iin_ear and stable to an actiye \yhich is composed of two prismatic joints (referred to
observer [1]. Different kinds of binocular heads have beea[g joints 2 and 1)

built for investigation of active vision problems, e.g., [2]-[8].
To perform experiments on active vision, we have also built L

a binocular head (referred to as the IS head). This IIS hefd IMPortance of Calibration

has four revolute joints and two prismatic joints, as shown in Accurate camera calibration can greatly simplify solutions
Fig. 1. The two joints on top of the IIS head are for camera many important vision problems such as the stereo vision
vergence or gazing (referred to as joiidt and joint5R). The problem, the three-dimensional (3-D) visual tracking problem,
next two joints below them are for tilting and panning théhe mobile-robot visual guidance problem, the 3-D reconstruc-

. . _ Eon problem, the 3-D visual information registration problem,
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of the traditional stereo matching algorithms are based ah [30] used partial look up tables and interpolations to
well-calibrated stereo cameras (refer to [12] and [13] for @present the relationship. Willson [31] proposed use of low
detailed review). On the other hand, due to the complexitrder polynomials for some parameters and fixing the extrinsic
and difficulty of calibrating an active camera, most existingarameters except for the component of the translation vector
active vision systems are not accurately calibrated. Hende,the optical axis direction. It is well known that the image
some researchers chose to develop visual modules whegnter is very critical to accurate 3-D computer vision [27].
rely on either rough camera models (e.g., Krotkov [14]) ddowever, camera calibration techniques that estimate the
self-calibration techniques (e.g., Derickéal. [15], Du and image center together with the camera orientation suffer from
Brady [16], Ma [17], and Zhanget al. [18]). Nevertheless, the instability problem for the estimated parameters [29].
since an accurate model of an active stereo vision system @atording to our theoretical analysis [29], the Willson method
simplify solutions to the above mentioned vision problem$31] is a very accurate method for motorized lens calibration
many researchers are still working on improving the calibrsecause it initially uses the auto-collimated laser technigue
tion accuracy of their active binocular heads, e.g..etial. to locate the image center and thus separates estimation of
[19]-[21], Mclauchlan and Murray [22], Shiét al. [23], [24], the camera orientation from estimation of the image center.
and Younget al. [25]. Also, some researchers are using thBloreover, the Willson method provides a fixed-orientation
techniques of the calibration-trio proposed by Tsai [9] anchmera frame, the origin of which is constrained such that it
Tsai and Lenz [26]-[28]. can only translate along the optical axis, while in other models
the camera frame is changed without any constraint whenever
the lens setting is changed, which makes subsequent head/eye
There are at least three major difficulties in calibration afalibration more complicated.
an active binocular head. In kinematic calibration, the goal is to determine the relation
1) High Complexity: Calibration of an active vision sys- between the joint values of the head and the orientation
tem consists of three calibration processes, namefnd position of the camera mounts. Many methods have
motorized lens calibration, kinematic calibration, anéeen developed for kinematic calibration of binocular heads,
head/eye calibration. Each calibration process is itsélfg., Li et al. [20], Young et al. [25], Shih et al. [23],
a complex problem. [24], [32], and Lenz and Tsai [28]. Most of the work has
2) Ultra-High Accuracy Requirement: The angular reso- focused on the derivation of closed-form solutions. However,
lution (i.e., the view-angle of one pixel) of a camerdhe major problem is that, due to measurement noise, the
is roughly several fractions of 1 mrad. However, th&inematic parameter estimates obtained by using closed-form
orientation accuracy of the state-of-the-art camera c&olutions are not accurate enough to fit the ultra-high accuracy
ibration technique [9] is at least one order worse thaiequirement in applications of active binocular heads [33].
the camera resolution. Moreover, to achieve the requiredin head/eye calibration, the goal is to determine the camera
calibration accuracy, the gear backlash and some otlegordinate system and the camera mount reference frame. The
nongeometric factors in the kinematics model may ndisai and Lenz method [26] is recognized as the most accurate
be negligible. one (refer to [20] and [34]). However, if the kinematic model
3) Lack of Accurate Techniques for Camera Paramet@r the estimated camera poses are not accurate enough, then
Estimation: The goal of active camera calibration ishe results will not be satisfactory.
to establish the relation between the actuating motor po-The above-mentioned three calibration stages can also be
sitions and the camera parameters of an active/dynamieccomplished in one process provided that sufficiently accurate
stereo vision system. However, due to the correlatidnitial values of the active camera parameters are available.
between the estimates of certain camera parametdykLauchlan and Murray [22] used a variable state-dimension
e.g., the correlation between the estimates of imadjier to recursively estimate the head/eye relation and the
center and camera orientation, an estimate of a sartical and horizontal effective focal length. The reported
of camera parameters which yields very small twdracking error (similar to the epipolar error) is approximately
dimensional (2-D) residual error does not guarantee tHab pixel. This method is attractive because it requires no
the physical camera parameter estimates are themselspecial calibration object except the trajectories of some static
accurate [29]. feature corners observed in the scene. However, their kinemat-
. ics model is so oversimplified that no translation component
C. Review of Related Work is considered. Also, even though the tracking error is small,
The calibration problem of an active binocular head can bbleey do not know the amount of the absolute error, i.e., the 2-D
decomposed into three subproblems: motorized lens calibi@age prediction error (refer to Section 1V). Zhuagteal. [35]
tion, kinematic calibration, and head/eye calibration. also proposed simultaneous calibration of a robot and a hand-
In motorized lens calibration, the goal is to determine thmounted camera to avoid propagation of estimation errors in
relation between the lens setting and the camera parametbes three calibration stages. Notice that by using nonlinear
(both intrinsic and extrinsic). Several approaches have begptimization techniques, the active camera parameters can be
used to solve this problem. Abbott [2] assumed a fixedrther refined, and the accuracy will be improved to some
image center and used low-order polynomials to descrike&tent. However, when applying the Zhuastgal. method [35]
the relation. Li [19], Li and Lavest [21], and Tarabarés to the active binocular head calibration problem, one should

B. Difficulties in Calibrating an Active Camera
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Camera This paper is organized as follows. Section Il describes
Stage 1 Parameters the MFL camera model and a calibration method. Section IlI
describes the kinematics model of the IIS head. Section IV
describes the global kinematic calibration process, including
the nonlinear recursive least-square estimator. Section V gives
the experimental results. Conclusions are given in Section VI.

Motorized Lens Calibration

Kinemasﬁt:g;ibraﬁon II. CALIBRATION OF THE MOTORIZED LENS
‘é A. Perspective Projection and Radial Lens Distortion
E Extrinsic The camera model used in this work is the perspective pro-
g Stage 3 Parameters jection model with radial lens distortion, which is commonly
g Head/Eye Calibration used in the field of computer vision. Let, be an object
5 _poinfc ?n the 3—D.space, angko, Yo, zQ) be its goordinates,
= Head/Eye Re]ationl in millimeters, with respect to a fixeabject coordinate system
k= Intrinsic (OCS). Let the projected image coordinatgg,in pixels, of
a Stage 4 Parameters the object poinpo be(ur, vr). The camera model used in this
" | Global Kinematic Refinement | paper requires 12 camera parameters,ig.vo, su, sv, f, £,

Dy Py, @z, bz ty, ANdE,, whereuy andvg are the coordinates
Fig. 2. Schematic diagram of the four-stage calibration process for an actQ_fethe 'mage ceqtens,u and Sv_are the hor'zont‘?l and Vert.'cal
binocular head. pixel spacings,f is the effective focal lengthk is the radial
lens distortion coefficientg,, ¢,, and ¢, are theX-Y—-Z
Euler angles of the camera orientation matrix, andt,, and

avoid directly estimating all the active camera parameters . : . .
. . . t. are the location of the optical center, respectively. Equations
simultaneously due to the correlations between the estlmatés

. . LT at relate the 3-D and 2-D coordinates can be written as
of certain extrinsic and intrinsic camera parameters. Inste%nows (refer to [9]):
based on our theoretical analysis [29], some of the intrinsiC '

camera parameters are better estimated independently of the (1 — kp?)(ur — uo)sy, :fxc (1)

extrinsic camera parameters; otherwise, the estimates will be ZC

very sensitive to noise. (1= kp”) (v — vo)sy = f 22 2
In this study, a four-stage calibration process was used #C

to calibrate the IIS head which could achieve a root-meawhere

square (rms) prediction error of approximately one pixel and p? = (ur — uo)?s2 + (vr — vo)?s2,

an epipolar error of about 0.2 pixel, even when all the

joints are moved simultaneously. Fig. 2 shows the schematic te to

diagram of the four calibration stages. In the first stage, the ve | =Rlyo | +t.

motorized lens is calibrated by using thmtorized-focus lens zC o

(MFL) camera model, which identifies the functions of th&® is the 3 x 3 rotation matrix composed by using the
intrinsic camera parameters with respect to the focus settings-Y'—Z Euler anglesg,, ¢,, and¢., andt = [t, ¢, tZ]’
In the second stage, the kinematic parameters are estimagedhe 3x 1 translation vector, where the prime denotes
by using the closed-form solution proposed in [24]. In ththe transposeoperation. Notice that three of the camera
third stage, the head/eye relation is estimated with eithearameters, i.e., the effective focal lenggh,and the vertical
a simple method usingoordinate measurement machinesand horizontal pixel spacing,, ands,,, can only be solved up
which will be described in Section IV, or the well-known Tsato a scale factor. In general, there are two ways to approach
and Lenz method [26]. In the fourth stage, all timematic this problem. One is to compose them into two effective focal
parameters estimated in the previous two stages are refineddngth parameters, namely, the horizontal and vertical effective
using a nonlinear recursive least-square estimator. This pafmal lengths (refer to the Weng method [10]). Another method
describes in detail the first stage and the fourth stage. is the one adopted in the well known Tsai method [9] and is
Notice that if one has already had accurate enough kinemagigtable for solid state cameras. This method is based on the
model that can be used as an initial value for nonlinegsict that the horizontal and vertical pixel spacing of a solid
optimization, then he can skip the second stage of kinemasiate camera can be directly obtained from the manufacturer.
calibration. However, when the available information is ndtowever, the horizontal pixel spacing will be rescaled with an
sufficient for constructing a kinematic model for the binocularnknown factor after the image is sampled by a frame grabber
head (which is usually the case, such as for the IIS heg@fer to [27]). Therefore, only the vertical pixel spacing, is
and the TRC UniSight/BiSight head we are using now), tHenown a priori in the calibration process. This is the method
second stage of kinematic calibration is recommended adopted in this paper. Nevertheless, if the vertical pixel spacing
obtain an accurate initial value for the subsequent nonlindgarunknown, we can simply set, to 1, which yields the same
optimization. representation as in the Weng method [10].
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change accordingly. For most off-the-shelf lenses, the relation
between the physical camera parameters and the focus setting
is too complex to be modeled exactly. Therefore, look-up ta-
bles or polynomials are often used to approximate the relation.
However, since the stepping resolution of the motorized lens
is usually very high, storing the relations requires a huge com-
prehensive table. It is impractical to build such a huge table
via calibration. Hence, low-order polynomials or interpolation
techniques based on partial tables are widely used.

Recently, we have observed that accurate camera cali-
bration techniques vyielding very small 2-D residual error
do not necessarily provide accurate estimates of physical
camera parameters. Motivated by this observation, we have
derived the analytic covariance matrices of the estimated

Fig. 3. Motorized lens of the IIS head. camera parameters for four different approaches [29]. Based
on this theoretical error analysis, we have found that, for small
B. Motorized Lens variations, some of the camera parameters are approximately

Fig. 3 shows a motorized-focus lens used in the 1IS hee{'mea_rly dependent. For example, if the estimated orientation
In general, off-the-shelf commercial zoom lenses are design®@trix of the camera is
for manual operation and are not suitable for computer control. .
Using this kind of zoom lens in an active vision system R =06R(b¢, b¢y, 66-) R (4)
would make the calibration work more complicated and time- ] ) ) ]
consuming. Moreover, a lens without a zoom function ihere R is the true orientation matrix, anép., 6¢,, and
usually more accurate (due to smaller distortion), more coff?-= are the X—Y'—Z Euler angles of the error orientation
pact and lighter-in-weight than is a zoom lens. Therefore, WBatrix, 6&, then the estimates afy and é¢,, vo and é¢.,
have recently chosen to use a motorized focus lens for the f8d / and¢. will be linearly dependent for small variation
head instead of the motorized zoom lens we used a few yet#€ [29]). This phenomenon can cause a serious problem
ago. Currently, only the focus setting is motorized, and tH8 motorized lens calibration, and there are two different
aperture setting is left manually adjustable. The lens is atfl@Proaches to solving this problem. The first approach is to
to focus on objects at distances from 0.3 m to infinity, and if§velop new techniques for acquiring more accurate estimates
nominal focal length is 25 mm. Stepping motors are used @) the extrinsic and intrinsic camera parameters. The second
control the focus distance, and the operation range is divid@BProach is more interesting and will be described in more
into 2560 steps. detail in this paper. This approach makes full use of the
Let f, d, and F denote the effective focal length (i.e., theextra-degrees of freedpm in the calibration (i.e., the linear
distance from the optical center to the image plane), the objé§Pendency of the estimates of some camera parameters for
distance and the focal length, respectively. It is well knowsmall variations). For example, if we fix the camera orientation

that the above three factors can be related by the foIIowiﬁ@ a slightly incorrect value during camera calibration, then
lens equation: some other camera parameters will be deviate from their

1 1 1 true values to compensate for the effect of small orientation
T~ 7 +5 (3) error when the residual error is minimized. Motivated by this

B g | i 3) it be sh that the effect theoretical analysis result, we have proposed a camera model
y using lens equation (3), It can be shown that the elleCliyg, ., iorized-focus lens, which turns out to be similar to the
focal length, f, is in the region[F, F'dy/(do — F')], where

do is th inimal obiect dist hich | \mately 0 illson model [31]. Willson has used these extra-degrees of
o IS the minimal object distance, which 1S approximately o. 1[eedom without theoretical analysis and has achieved a very
m for our motorized-focus lens. Therefore, the resolution

. Qccurate zoom lens model. In Willson’s camera model for a
the effective focal length of the 1IS head can be comput

b imatel . ¢ h g the Steopi otorized zoom lens, namely tredjustable camera model
0 DE approximately one micrometer when using the SIEPPINg, o 5 camera parameters including the camera orientation
motor with 2560 steps, which is much more accurate than t

. f th librati H th d fid thex—Y component of the translation vector are assumed
;/r?n?irr:(i:te ‘: Iet(i:anl rfatlr?n etrror.in err;cei, ] ie r:arro“r ?SUST: L be independent of the lens settings. Moreover, the relations
€ € resolution of the stepping motor 1S NEgIgILIe. PUlsa ean the remaining camera parameters and the lens settings
thermore, to eliminate the effect of backlash in the motoriz

. . cus, zoom, and aperture settings) are approximated b
lens, the stepping motor controller was designed to move P gs) PP y

¢ . fthe | to the t ¢ i | ¢ i Wltivariable polynomials.
ocus Ting of the 1ens 1o the target posilion always from e ¢, 5 series of preliminary experiments on our MFL

same direction before it stops. camera conducted in our laboratory [36], we found that

« the effective focal length varies linearly with respect to
C. MFL Camera Model the focus setting:

When the focus setting is changed, the physical position,» the camera parameters are independent of the aperture
orientation and some intrinsic parameters of the camera will setting;
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 the variation of the optical center is small with respect to using a nonlinear optimization technique to minimize
the change of the focus setting. the following objective function:

Therefore, the MFL camera model is defined as follows.

1) The MFL camera model is an extension of the general N 9
camera model described in Section II-A. In the MFL => {{(1 — kpD)(ugs — wo)sy — f a:cZ}
=1

C(U'Oa Vo, fv Ii)

camera model, some camera parameters are functions of ZCi
the focus settings. 42

2) The vertical and horizontal pixel spacings, i.€,,and +[(1 — 1p?)(vpi —v0)sy — f yCz:| } (5)
sy, are independent of the focus setting. “Ci

3) The position and orientation of the CCS are independent  \yhere NV is the number of 2-D—3-D calibration pairs.
of the focus setting, i.e., the extrinsic camera parametersA
are all fixed, which yields a very simple head/ey%m
relation.

4) The relation between the image centet, vo), and the
focus setting is stored in look-up tables.

5) The relation between the coefficient of radial lens di
tortion, x, and the focus setting is stored in look-u
tables.

fter repeating the above process several times for differ-
focus settings, we have a table of the variable camera
parameters with respect to several different focus settings.

In the third step, the effective focal length with respect to the
focus setting is fitted with a polynomial while the image center
%nd the radial lens distortion coefficient are still maintained in
Rhe look-up tables. Notice that only the effective focal length
. . is fitted to a polynomial because its variation with respect to a

6) The relation b_etw_een t_he eﬁecnv_e focal lengfh,and changing focpusysetting is more regular and, thus, caFr)I be well
the fo_cus setting _'S a linear fun_ctlon. approximated by a low-order polynomial. On the other hand,
For convenience, we will refer to the fixed camera parametefge variation of the other parameters is complicated and is

Sus Sus Pzs Pys Pz, Tz, Ty, @NA1E, as thenominally-invariant  petter represented as look-up tables than fitted by polynomials.
camera parametersand to the focus-setting-dependent camera

parameters, i.eao, v, f, and x, as theadjustable camera m
parametersrespectively. Since we have eliminated the extra-
degrees_ of_freedom in estimating camera parameters by fIXIRg Kinematics Model

the extrinsic camera parameters, calibration accuracy can be

dramatically improved. The calibration procedure for the MFL The kinematic models of the IIS head can be written as
camera model is described in the following subsection. ~ follows (refer to [24]):

Tor, =Vo Q1 Vi Q2 Va Q3 Va3 Qu Vir, Qs1. Vsr, (6)

. KINEMATICS MODEL OF THE IIS HEAD

D. Calibration of the MFL Camera Model and

To calibrate the motpnzed Iens,_we hgve developed a three— Ofsr =Vo L Vi Qo Vo Qs Va QuVar Qs Vsr  (7)
step process. In the first step, with a fixed camera position,
all the camera parameters are determined simultaneouslyvidyere
using a general camera calibration technique with respect to Transz(q;), when jointi is prismatic
one focus setting. To ensure calibration accuracy, one should i = {Rotz(qi), when joints is revolute.
collect a large number of 2-D-3-D calibration pairs in this step ) o N
and use a nonlinear optimization calibration technique (e.d; is referred to as thehape matrixcontaining the position
the Weng method [10]) to estimate the camera paramet@l%d orientation of joint axig, andg; is the joint value of joint
based on an initial solution obtained by a linear cametarespectively. Fig. 4 gives an illustration of the relationship
calibration method. between the joint frames and the transformation matrices for

In the second step, the nominally-invariant camera parafi€ IIS head. _ _
eters, i.e.5u, Su, o Py Pzv tar by, aNdt., are fixed to the Notice that the unknown kinematic parameters are all con-

values obtained in the first step, and the relations betwe@ned in the shape matrix, and that there are two, four, and
the adjustable camera parameters and the focus setting S¥eUnknown parameters to be estimated for a prismatic joint,
determined. For each focus setting, the following procedsrevolute joint, and a fixed-transformation matrix (e.g., the
is performed to obtain the values of the adjustable camdtgad-to-eye transformation matricés,z and V), respec-
parameters. tively.
1) Initial Solution: By using the estimate of the o
nominally-invariant camera parameters obtained f- Eliminating the Effects of Gear Backlash
the first step and setting to zero, (1) and (2) become In general, the effects of gear backlash are classified into
linear in ug, vg, and f. Hence, an initial solution for nongeometric terms in kinematic calibration (refer to Reth
the adjustable camera parameters can be easily obtaiakd37]). Backlash will not only degrade the motion control
by using linear least-square techniques. performance for an active vision system but may also cause an
2) Nonlinear Refinement: Using the estimated parametersmage prediction error of several pixels. One may choose to
obtained in the previous step as an initial solutionyse an expensive backlash-free gear to avoid all the problems
the adjustable camera parameters can be refined daused by gear backlash. Another solution is to reduce the
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Fig. 4. lllustration of the joint frames and the transformation matrices for the IS head.
effect of backlash by using either of the following two
methods. The first method is to control the motor such that it
always approaches the desired position in one direction before WCs
it stops. This method is simple and inexpensive, but it is more
suitable for a stepping motor system since the overshoot of a Nine-Point
servo-controlled system may cause the direction of motion to Calibration Plate ~ ~ ~ .
be unpredictable before the motor stop. The second method is
to assume a constant amount of backlash for each joint and to Left Camera Right Camera el
calibrate the backlash constant by using the method described £ 2 i
. g =]
in [38]. i i
Left-V e ight- =
IV. GLOBAL KINEMATIC REFINEMENT CH-YOIEe < Tilt-axis (\ = Right-Verge =
. . 2
A. Calibration Setup Pan-axis g
In order to obtain accurate calibration results, the setup 2

used in the calibration should be carefully designed. We will X oaxis

first identify the requirements for the calibration setup when ——
calibrating an active binocular head, and then describe the %;W

calibration setup we used for the kinematic refinement. Let

'th.e calibration space be thellargest convex subse_t of. t,g& 5. Schematic diagram of the calibration setup.
joint space of the 1IS head which contains all the calibration
configurations. If the calibration space is small compared

to the joint space, then after the calibration, the binocul@fate having nine white disks located at nine grid positions
head will have a large probability of working outside th@re mounted on the auxiliary translation stage. The origin
small calibration range, which may lead to larger kinematief the world coordinate systenfWCS) is defined to be at
inaccuracy in general. Hence, to obtain accurate calibratitie center of the nine calibration points when the auxiliary
results, the amount of motion for each joint should be madkanslation stage is at its home position, and #fieY” plane

as large as possible during the calibration data acquisitiohthe WCS is defined to be parallel to the calibration plate.
process. On the other hand, when the amount of motion fbihe translation direction of the auxiliary translation stage
some revolute joints is large, it is very difficult to keep thavith respect to the WCS is accurately calibrated by using a
calibration object in the field of view. One way to keegoordinate measurement machine (CMM). Therefore, the 3-D
the calibration object within the field of view of a rotatingcoordinates of the centroids of the nine disks on the calibration
camera is to use prismatic motions to compensate for thkte with respect to the WCS are always known even when
offset caused by revolute motions. Unfortunately, since thetfge translation stage is moving up an down. The auxiliary
is no vertical translation joint in the 1IS head setup, we haywismatic joint and the calibration plate are then used for head
to use an auxiliary vertical translation stage to move ttaalibration. They also can be used to provide initial estimates
calibration object, as shown in Fig. 5. A black calibratiomf the head/eye relation and the head-base-to-WCS relation.
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the kinematic parameters. After the second stage calibration,
the CMM is then used to measure the transformation from
the CMM reference frame to the WCS, i.& ZTyn. Hence,

the base-to-world transformatiolt,77, can be computed from
CMM7 and W ey, Then, the following procedure can be
used to estimate an initial value of the head/eye relations (refer
to Fig. 7 for the relation between the transformation matrices).

1)

2)

Fig. 6. Portable CMM we used for providing the initial estimates of the
kinematic parameters.

In the next subsection, we will describe a calibration method
for providing an initial estimate of the set of kinematic
parameters using a CMM. The main advantage of using a
CMM is that it is relatively convenient to acquire highly
accurate 3-D measurements, whereas when a vision system is
used as the 3-D measurement device, the lighting conditions,
background and shape of the calibration object will all affect ,
calibration accuracy. Notice that, since we have a nonlinear
refinement process in our four-stage calibration method, a
low cost portable CMM is adequate to provide sufficiently
accurate initial estimates of the kinematic parameters. The
portable CMM we used to provide initial kinematic parameters
is shown in Fig. 6. The original purpose of the portable CMM ¢
we used is mainly for reconstructing 3-D object models, and
it is not as accurate as those very expensive CMM’s used
for robot calibration. In fact, the accuracy of the CMM we
used is even worse than that of the stereo measurement system
which we have implemented and described in [24], except that
the former has a much larger working space. However, when
using stereo cameras as the measurement device, we have
operate the setup very carefully to have the accurate calibration
results shown in [24]. Also, according to our theoretical error
analysis [33], the estimation errors of the kinematic parameters
are inversely proportional to the range of the joint values

Choose a configuration of the binocular head, and cali-
brate its left and right cameras.

Keep the two vergence joints unchanged (so that the
stereo parameters obtained in the previous step are still
valid for computing 3-D measurements using triangu-
lation), and move the binocular head such that the
nine-point calibration plate shown in Fig. 5 is in the
field of view of the stereo cameras.

Compute the 3-D coordinates of the nine calibration
points with respect to the left and right camera frame,
respectively, using triangulation. Also, record the corre-
sponding 3-D coordinates of the nine calibration points
with respect to the WCS.

Compute the transformation matrices from the WCS to
the left and right camera frame§. Ty and “F1yy,
based on the Umeyama method [39] by using the three
sets of 3-D coordinates of the nine calibration points
with respect to the left camera frame, the right camera
frame and the WCS.

Compute the left and right head/eye relationships as
follows:

oo, =T *Ter) " WTer, (8)
Brer =T "Tor)™ VTor 9)

where ! 75, and 'Tgr can be computed based on the
forward kinematic model (6) and (7).

E) Combine the left and right head/eye relationships,

60T and $®T.pr, with the shape matrices of the
left and right vergence joints, i.els; and Vsg, and
define theeffectiveleft and right head/eye relationships
to be (Vi $Tcr) and(Vsr *BTcR), respectively.

used to obtain the calibration measurements. Because the joiny ..o that when no CMM is available. a stereo vision

value is limited to a relatively small range when using thg
stereo vision system as the 3-D measurement tool, whichf'
due to the restricted observability of the calibration patter
the kinematic parameters obtained by using the CMM

much more accurate than those obtained by using the ste
vision system. However, if the CMM is not available in theav
laboratory, one can use the results obtained with stereo vis
measurements as the initial value, but may take longer timefB
converge (as shown in Section V).

B. Initial Estimation of the Head/Eye Relations with a CMM

If a CMM is available, then the process of the second stage
and the third stage calibration will become very simple. IR

stem can first be used to provide the measurement data
T calibrating the kinematic parameters of the binocular head
s described in [24], and then the head/eye relation can be
Sstimated by using the well known Tsai and Lenz method [26].
Gi%e the kinematic parameters and the head/eye relation are
ailable, the base-to-WCS relation can be computed by using
O air of camera pose measuremeltg; and™ T g, the

ward kinematic modell T3, and '7s, and the head/eye
relation, 84T, and BT g.

Parameters to be Estimated in the Global
nematic Refinement Process

the second stage, the CMM is used to provide 3-D point The total number of unknown parameters to be estimated is
measurements for kinematic calibration (similar to [24] exce6, which includes the transformation matrix from the WCS to
that the 3-D measurements are obtained by using a CMRE base frame of the binocular head (six parameters, but there
instead of a stereo vision system). Here, the transformatiare four redundant parameters and only the two orientation
matrix between the base frame of the binocular head and ferameters of theX prismatic joint axis are variable to be
reference frame of the CMM;MM77 | is estimated as part of estimated), the orientation of tHé prismatic joint axis (two
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Head/Eye Relation
r ~
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A
Left Camera Mount 887,
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w
Right Camera Mount Icr

Reference Frame

Base Frame WCS

Wj*1
Fig. 7. The relationships between the base frame, camera mount reference frame, camera frame, and WSC.

parameters), the position and orientation of the revolute joiptt) denotes the joint value vector of the binocular head at
axes of Pan, Tilt, Left-Verge, and Right-Verge (16 paraméime ¢, and © denotes the 35 parameters to be estimated.
ters, four for each joint), the two transformation matrices dh addition to the 2-D prediction error mentioned above, we
the effective head/eye relations (12 parameters, six for eaalo have to consider the epipolar error, which is very impor-
camera), and three joint level parameters for the tilt joint. Thant for stereo vision systems. L&t [pr(¢), pr(?), ¢(t); O]

tilt joint (a revolute joint) of the IIS head uses a leveragand h.gr[pr(?), pr(i), q(t); ©] be the left and right epipo-
mechanism driven by a translation stage to achieve a higher errors, wherep.,(¢) and pg(¢) are the stereo correspon-
payload. Therefore, three joint level parameters have to dence of theith calibration point from the left and right
estimated to map the position of the leverage translation stagege planes (details of the definition and computation of

into the revolute joint angle. the epipolar error can be found in [38]). Notice that the
ideal values ofh,.[Pw (i), q(t); O], hpr[Piw (i), q(t); O],
D. The 2-D Prediction Error and the Epipolar Error her[pr(i), pr(4), q(t); ©] andh.r[pr.(4), pr(i), q(t); O] are

Global kinematic refinement is performed by minimizin
some errors which will be described in the following. Le
Py (i), i=1,2,---,9, be the 3-D coordinates, with respec
to the WCS, of the calibration points which are the centroids
of the nine white disks on the calibration plate (see Fig. 5).
From kinematic equations (6) and (7), we have

r.(0), pr(?), 0, and O, respectively. Let(t) be the 36-
%omponent vector containing the actual measurements of the
pine calibration points, i.e.,

pL.('{)
Af) = [ PrO) ] (12)
Pop(d) =("Ter, *FTor) 1 Pw (%) (10) 8

Per(i) =(“Tsr *RTcr) ™ P (4) (11)

where (i) and For(d) are the 3-D coordinates of théh  peine the measurement equation as follows:
calibration point with respect to the left and right camera

reference frames, respectively. For each of the nine calibra- z(t) = hlg(t); O] + w(t) (13)
tion points, its 3-D coordinates with respect to the camer

frame can be computed by using (10) and (11). Then, @wre
image location can be predicted by using the camera model

described in (1) and (2). The 2-D prediction error is defined hor [PW(i.), q(t); O]
as the difference between the observed image location and hpr[Pw (i), q(t); ©]
the predicted image location of a calibration point. For con- hlg(t); ©] = h”[;r(i) pR’(i) q7(t)' o] (14)
venience, leth,,[Pw (i), q(t); ©] and hyr[Pw (i), ¢(t); O] honlpr(d). prii). q(t):

denote the predicted left and right 2-D image location vectors
derived from (1), (2), (10), and (11), respectively, where
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is the measurement model, amd) is the Gaussian noise with Our new method applied to the left camera:
zero mean and covariance matdt).

N
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E. Nonlinear Recursive Least-Square Estimator
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. s 281
Based on the measurement model (14), we can estimate the
kinematic parameters by minimizing some objective functions?280.5 ‘
either with a batch nonlinear optimization process or with a g,

N
~
<D

recursive method. The batch process requires a predetermined ° %0 1000 1500 2000 0 500 1000 1500 2000
number of measurements that can provide satisfactory calibra- @ (®)
tion results. However, the suitable number of measurements 1o

is usually unknown in advance. Also, the initial estimates ,_,
of the kinematic parameters may not be accurate enough to
generate a sequence of robot head configurations such thaf,
for each configuration the calibration object is kept within theg ,
field of view of the stereo cameras. As a result, calibratiort s 4
data for batch optimization have to be collected under carefulizs.z
supervision, which is a time-consuming and error-prone task: 550 1000 1500 2000
On the other hand, a recursive optimization process will update © d

the kinematic parameters in each iteration, hence, after several

: : : ; : . 8. \Variations of the intrinsic camera parameters of the left camera esti-
iterations, the kinematic parameters will be accurate enouagted by using the proposed method, with respect to different position of the

for completely automatic generation of calibration configurascus motor. The horizontal axes represent the position of the focus motor. The
tions. Therefore, we choose to use a recursive method, i.e., i curves represent the results of four different real experimentso(a)in

recursive least-square estimator. Certainly, when the errorgﬁﬁ'(ﬂs (tﬁ)e‘?g dgg} fz)r‘]‘:'sd)i's gg?tfg‘ﬁ gg:?rﬂ:\:ggticzlnli:ﬁfgqg tgPST.'z")"meters)'

the recursive estimator is reduced to a satisfactory level, we

can apply a batch nonlinear optimization method and utilize

all the data collected in the recursive optimization process fieethod was used to estimate all the camera parameters si-
further refine the calibration results. However, our experiengeultaneously corresponding to the focus setting that provided
is that the result of recursive optimization process is alreadiear-focus images of the calibration objects. In total, 1000
accurate enough for most computer vision applications. PeD-3-D pairs of calibration points were used in this calibra-
use a recursive least-square estimator, the objective functifgh to ensure parameter accuracy. The estimated nominally-

IN
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! i
N
a~ N
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(w]

is defined as follows: invariant extrinsic parameters were then used to estimate the
J(©) =[6 — 6(0)] P~1(0)[® — 6(0)] adjustable intrinsic parameters in the MFL camera model.

. Figs. 8 and 9 show the calibration results of the adjustable

+Z v(r;0) R~ (r)u(r; ©) (15) camera parameters. Notice that, to test the repeatability of

=1 the proposed method, the adjustable camera parameters with

respect to 26 focus motor positions (0, 100,, 2500) were

estimated four times subject to the same extrinsic parame-
v(t; ©) = {2(t) — h[g(t); O]} (16) ters. Figs. 10 and 11 show the trajectories of the estimated
left and right image center subject to 26 focus settings for

SN . . . . ) the first real experiment. In Figs. 8 and 9, the four curves
s its covariance matrix ang(7) is the covariance matrix of obtained from four real experiments are close to each other
noise vectorw(7) as defined following (14). P '

The update equations for a nonlinear recursive Ieast—squﬁ'lfé'Ch |mp.I|es that the proposed method is qg|te robust. Also,
estimator are as follows (refer to Mendel [40]): our experimental results showed that by using the proposed
calibration method, the residual rms error of (5) is only
PHt+1) =P ')+ H'(t+ )R "(t+ DH(t+ 1), (17) 0.24 pixels (computed with 26 focus settings and 14300
O@t+1)=0@1)+Pt+1H (t+ DR (t+1) calibration points), which shows that the proposed method is
ot +1; O(¢)] (18) very accurate.

Notice that, in Figs. 8 and 9 the estimates of the effective
where P(t) is the covariance matrix of the parameter vectofgcal length obtained in four different real experiments are
©(t), and H(t) is the Jacobian matrix, i.edh/00. very close to each other whereas the estimates of the radial lens

distortion coefficient look noisy. However, the four estimates
V. EXPERIMENTS of the lens distortion coefficient will have approximately the
same amount of distortion when usitig — «p?) in (1) and
A. Calibration Results of the MFL Camera Model (2). Therefore, the calibration results obtained using any of
In the first experiment, the proposed intrinsic paramettite four curves are all acceptable. As to the effective focal
calibration method was tested. A traditional camera calibratitengths, linear functions are fitted, and the resulting relations

where

©(0) is the initial estimate of the unknown parameter§p)
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Our new method applied to the right camera:

Our new method applied to the left camera:

2858 277.6 . ; v . .
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Fig. 9. Variations of the intrinsic camera parameters of the right camera esti-
mated by using the proposed method, with respect to different positions of they7s g

focus motor. The horizontal axes represent the position of the focus motor. The 279 5 280 280.5 281 281.5 282 282.5

four curves represent the results of four different real experimentsga)in ugz, (in pixels)

pixels), (b)vo (in pixels), (c) the effective focal legntlf,; (in millimeters), ) ) ) ]

and (d) the radial lens distortion coefficient (in millimeters —2). Fig. 10. Trajectory of the left image center subject to the focus motor

position estimated by using the proposed method. Values of the focus motor
positions are marked every five samples around the corresponding estimated

for the left and right cameras in our experiment are image centers. Notice that the variation of the left image center is about two

pixels.
fL (ML) =25.01005 + 5.191702 x 10_4]\4L (19) Our new method applied to the right camera:
and 285.8 — — T T T
fr(Mpg) =25.15386 4 5.241816 x 10 *Mp  (20)
2856

where My, and Mg denote the left and right focus motor
positions, respectively. 285.4F
Equations (19) and (20) together with the twenty-six- entry
lookup tables of the image centefsgr, (M), vor.(M)] and e
£ 2852}
[uor(MR), vor(Mg)], and the lens distortion coefficients,;
kr(Mp) and kr(Mp), were used to generate the |ntr|nS|c§
parameters of the 1IS head in the subsequent applications.” 2sst
For comparison, we have also utilized the traditional
method, which is used in the first step of the proposed MFL
camera calibration method, to directly estimate all the camera go4.81
parameters corresponding to the 26 focus motor positions.
The major difference is that, with the traditional method, all 2846+
the camera parameters are estimated simultaneously all the
time; whereas in our new method, the extrinsic parameters 0
are fixed, and only some of the intrinsic parameters need®%&74 2676 2678 268 2682 2684 2686 268.8
to be estimated. To test the repeatability of the traditional tnx (in pixels)
method, we also performed four real experiments, and SOmMg 11. Trajectory of the right image center subject to the focus motor
typical results are shown in Figs. 12 and 13. Fig. 13 shows thesition estimated by using the proposed method. The values of the focus
trajectory of the estimated image center subject to Changen?ﬂmr positions are marked every five samples around the corresponding
eStimated image centers. Notice that the variation of the right image center
the focus setting for the first real experiment. Notice that theess than two pixels.
trajectory is quite irregular and varies by 20-30 pixels, which
is large compared to the more regular trajectories with 1-3 =~ = . ,
pixel variation in Figs. 10 and 11. Also, from these figure$: INitialization of the Recursive Estimator
the intrinsic parameters vary dramatically subject to change ofThe initial values of unknown parameter§(0), are
the focus motor position. Therefore, the interpolation resultbtained by applying the second stage and the third stage
are less reliable, and a comprehensive lookup table is requimadibration methods, based on a low-cost portable CMM
for this approach, which makes it impractical. (refer to Section IV-B), and the initial covariance matrix,

500
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The traditional method applied to the left camera:

g, (in pixels)

o 500 1000 1500 2000

(@) (b)

m
N
o
@

in millimeters ?)

Eo52 E-24° B VN Fig. 14. Picture of the IIS head fixating at the nine-point calibration plate
B * ' during calibration.

0 500 1000 1500 2000 0 500 1000 1500 2000

C d - . .
© @ C. Acquiring Calibration Data
Fig. 12. Variations of the intrinsic camera parameters of the left camera

estimated by using a traditional direct nonlinear method, with respect to In order to calibrate the 1IS head, we had to generate a

different positions of the focus motor. The horizontal axes represent te@quence of joint values to control the binocular head such
position of the focus motor. The four curves represent the results of f

different real experiments. (a)o;, (in pixels), (b) vor. (in pixels), (c) the Hat the_callbrat_lon plate was visible to the stereo cameras
effective focal lengthfr, (in millimeters), and (d) the radial lens distortionall the time. This task could be accomplished by using an
coefficient, =, (in millimeters —2). inverse kinematics module. According to our inverse kine-
The traditional method applied to the left camera: matics SFheme described in the Appendix, the gaz_g angle
200 - . , ' and the joint values of the&{—Y table and of the auxiliary
Z-axis were chosen to be the given parameters. Therefore,
in the real experiments, the gaze angle and the above three
joint values were randomly generated whereas the remaining
joint values were determined by solving the inverse kinematics
equation. Notice that at the beginning of the calibration
process, if the head parametefd(t), were not accurate
enough to generate joint values for tracking of the calibration
plate, then the calibration process had to be interrupted, and
manual operation could be imposed to drive the calibration
object back to the view-field of the stereo cameras such
that new measurements could be obtained to update the
kinematic parameters. However, since our initial parameters
were accurate enough, the calibration object was successfully
tracked during the whole calibration process.
The process of data acquisition started with random gen-
eration of the gaze angle and the three joint values (the
X-Y table and the auxiliaryZ-axis). Then, the joint values
285 pen 280 285 290 of the remaining axes were determ_lned automatlc_al_ly using
gy, (in pixels) the inverse kinematics module. This set of new joint val-
, _ ) ) ues, ¢(t), was then be sent to the motion controller of the
Fig. 13. Trajectory of the left image center subject to the focus mot

position estimated by using a traditional direct method. The values of tl [es head.' Fig. _14 Sh(_)WS .a picture of .the ”S_ head fixating
focus motor positions are marked every five samples around the correspondiigthe nine-point calibration plate during calibration. After
estimated image centers. Notice that the variation of the left image centetfie motion command was completed stereo images of the
larger than 15 pixels. Similar results have been obtained for the right image . . . ’ . .
center when using the traditional method. al!brat!on p_Iate were acquired, and the centroids of the nine
calibration disks were computed and sorted to generate correct
P(0), is set to diagonal, in which the initial variances of eacktereo correspondences. Fig. 15 shows a typical picture of
translation and each orientation parameters are set to (th& detected nine stereo correspondences. The image location
mm)* and (0.02°)?, respectively. Notice that a larger initialaccuracy of the centroid detection for the nine calibration
variance might cause a faster convergence rate; howeverdiitks was about 0.1 pixel, and the total time for image
might also cause the instability problem since the number a€quisition and processing was approximately 0.5 s, using a
unknowns is very large. Therefore, a smaller initial variancgparc 20 workstation equipped with a Data Cell S2200 frame
may yield a slower convergence rate, but the recursive filtgrabber. The nine detected stereo correspondences and the

will be more stable. joint values,g(t), were fed into the nonlinear recursive least-
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Left Image Right Image

Fig. 15. Typical picture of the detected stereo correspondences.
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Fig. 16. Decrease of the 2-D prediction error with our iterative refinement procedure. A portable CMM was used in the second and third stages for
providing the initial kinematic parameters.

square estimator described in Section IV-E. The distributigroints). Initially, the prediction error was about ten pixels,

ranges of the generated joint values are listed in Table I. and it decreased rapidly to about one pixel after iteratively
correcting the 35 kinematic parameters of the binocular head.

D. Real Experimental Results Notice that since the effective focal length of the IIS head was

Figs. 16-18 show some results of the real experimen@20ut 25 mm, and the pixel dimension was aboup:f one

Fig. 16 shows the rms 2-D prediction error based on boBixel of rms prediction error was approximately equal to 0.4

the left and right 2-D predictions (18 2-D predictions froninrad of rms orientation error, which represents an extremely

the left and right images corresponding to the nine calibratitnigh accuracy calibration result for an active binocular head.
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Fig. 17. Decrease of the epipolar error with our iterative refinement procedure. A portable CMM was used in the second and third stages for providing

the initial kinematic parameters.

TABLE | 500 500
CALIBRATION RANGE OF EACH JOINT
Joint Name Working Range Calibration 00 400
Range 3 :
1 X 0-1000 mm 0-200 mm 500 A« %00 A
2 v 0-500 mm 0-500 mm »00 » - s00 i
3 Pan 0°-200° 80°-133 3
4 Tilt 0°—60° 1°45 100 7 * 100 ran
5L Left Vergance 0°—80° 0°-43 ‘
5R Right Vergance 0°-80° 0°—44 % 200 700 % 200 200
6L Left Effective 25.01-26.34 mm | 25.11-25.52 mm Left Image Right Image
Focal Length
6R Right Effective 2515-26.50 mm | 25.21-25.65 mm Fig. 18. Footprints of the nine calibration points in the left and right images.
Focal Length

selected as the centroid of the nine disks on the calibration
Fig. 17 shows another important performance index of gate. Fig. 18 shows distributions of the image locations of
active binocular head, i.e., the rms epipolar error. As showe nine calibration points on the left and right image planes,
in this figure, the initial value of the extrinsic and intrinsigespectively, corresponding to the 1000 iterations in the ex-
parameters caused an epipolar error of about ten pixeieriment. Because the center calibration point was fixated, its
and after several hundred iterations, the epipolar error witprints in the image were confined within a much smaller
reduced to 0.2 pixels on the average. Notice that the 2fBgion than were those of the other eight calibration points.
feature extraction error of the circular calibration points was The last experiment is to repeat the global kinematic refine-
approximately 0.1 pixel. This shows that the epipolar lines ofient experiment except that the initial kinematic parameters
the 1IS head computed based on the calibrated parametersused is the estimates obtained by applying the stereo vision
very accurate; hence, the epipolar constraint can be fully ugeghnique [24] in kinematic calibration (stage 2) and by
to reduce the searching range for stereo correspondences wagplying the Tsai and Lenz method [26] in head/eye calibration
dealing with stereo vision problems with this active binoculgstage 3). Fig. 19 shows the rms 2-D prediction error of the
head. nine calibration points. Initially, the prediction error was about
Recall that the joint values required to fixate the steresgven pixels, and it decreased to about one pixel after several
cameras at the calibration object were determined by usihgndred iterations of correcting the 35 kinematic parameters.
the inverse kinematics module described in the Appendidowever, because the calibration range (i.e., the range that
Here, the mission of the inverse kinematics module was ¢éach joint can be moved when measuring the calibration
compute a set of feasible joint values such that the giv@oints) of using a stereo vision system as the 3-D measurement
interest point would be fixated at the center of the left artdol is much smaller than that of using a CMM, the initial
right images. In this experiment, the point of interest waastimates of the kinematic parameters are less accurate than
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Fig. 19. Decrease of the 2-D prediction error with our iterative refinement procedure. The stereo vision technique and the Tsai and Lenz method were
used in the second and the third stages, respectively, for providing the initial kinematic parameters.
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Fig. 20. Decrease of the epipolar error with our iterative refinement procedure. The stereo vision technique and the Tsai and Lenz method were used in
the second and the third stages, respectively, for providing the initial kinematic parameters.

those obtained by using the CMM (refer to [33]), and thas 3-D tracking and 3-D reconstruction. Notice that Figs. 19
residual error of the nonlinear optimization process is highand 20 show the experimental results of 2500 iterations while
than the one obtained by using the initial value that is obtain&ifs. 16 and 17 show only 400 iterations because of faster
with the CMM. However, while the peak 2-D prediction errofOnvergence.

is slightly larger than that obtained by using a CMM, as shown

in Fig. 19, the rms epipolar error roughly converges to 0.3 VI. CONCLUSION

pixel with a converged peak error of 1 pixel, as shown in Active stereo vision is attracting more and more research
Fig. 20. This 2-D prediction accuracy and epipolar accuragyterest. Many binocular heads have been built to investigate
is good enough for most computer vision applications suthe active vision problems. However, accurate calibration of
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a binocular head has been such a difficult task that litttee joints including the left and right focus motors are moved
work relying on well-calibrated heads has been carried ositnultaneously. This accuracy is good enough for many 3-D
in the past. The main difficulties of the calibration problernision applications such as 3-D navigation, 3-D object track-
for a binocular head are the high complexity, ultrahigh accirg, or even 3-D reconstruction. Based on the highly accurate
racy requirement and the lack of accurate camera paramelibration, we have successfully done some experiments on
estimation techniques (accurate camera calibration technigpagoramic stereo imaging and are now working on reconstruc-
may not provide accurate physical camera parameters). Utitih of a 3-D environment model using our active binocular
now, no accurate calibration results for any binocular he&jstem.
have been reported when the camera orientation and position
and the motorized lens are moved simultaneously. In this
paper, we have demonstrated how an active stereo vision
system can be easily calibrated with very high accuracy.
Consequently, many 3-D applications can directly make full For an active binocular head, the goal of inverse kinematics
use of an active binocular head. In addition to the proposal al§dto compute the joint values of the robot head such that

demonstration of a four-stage calibration process, this papeg optical axes of both stereo cameras will pass through a
has made three major contributions. given 3-D target point. The IIS head has totally eight degrees

1) We have proposed an MFL camera model for camergggre?dr?r? controlled by tr?e lfo#omr(;g e |ght motors: the left
using motorized lens to adjust the focus setting. T ng t focus motors, the left and right vergence motors,
the tilt motor, the pan motor, and th&- and Y-motors.

APPENDIX
INVERSE KINEMATICS

MFL camera model was initially motivated by our.
theoretical analysis results (described in [29]), and it
turned out to be similar to the Willson model [31].
have made full use of the extra degrees of freedom in
the estimation process (i.e., the linear dependency ofl)
some estimates of the camera parameters under small
variations) by fixing the extrinsic parameters. This model

is simple and especially suitable for cameras having
a low distortion lens because the linear dependencies
under small variations become invalid when the amount
of lens distortion is large (refer to [29]).

Therefore, to solve a unique set of joint values for control
Wi of our binocular head, eight constraints should be provided.
eJ’he eight constraints chosen are as follows.

The 3-D coordinates of a target point with respect to
the base frame of the binocular head: To direct the
binocular head to a new observation configuration, the
most efficient way is to choose a 3-D target point in
the environment by means of its 3-D coordinates. Given
a pair of stereo images, one can choose a 3-D target
point by determining its corresponding image points
in the stereo image pair and then compute the 3-D

2) We have proposed a new method for calibrating an MFL . . :

. coordinates of the target point with respect to the base
camera model to map the value of the focus setting to frame of the binocula?r hgad This con%ition provides
the intrinsic camera parameters. The calibration method . '

. . . three constraints.
for the adjustable camera model is efficient and accurate, L , .

. . . 2) The joint values of the first two joints of the 1IS head,
for two reasons. The first reason is that we use a linear ie the position of theX—Y table: This condition
solution to provide accurate initial values for the subse- .rc';vides ENO constraints. The 1IS Head was originall
guent nonlinear optimization method. The second reason (Fj)esigned to have aJX—Y.tabIe to emulate an mgbiley
is that the estimations Of. the image center and e.ﬁect_ive robot platform. Thus, the inverse kinematics module has
f(:,ct?: length are .ma;d;a. mde%e:;j;nt of the tes?rtr;]atlon to be independent of th&—Y" table such that when the
ot the camera orientation and tixe-component ot e [IS head is mounted on a real mobile robot platform, the
translation vector because the image center with the inverse kinematics module will still work
csm;ra orlentatlonfar;]d the elffe_ctlve focal Iengl_th W'lth 3) The gaze angle of the binocular head: The gaze origin
the Z-component of t ”e tra'ns. ation vector are linearly is defined as the point locating on the tilt joint axis and
dependent under sma vgrlanon_s. i ) being closest to the pan joint axis (see Fig. 21). The

3) We have shown that the kinematic parameters (including

the head/eye relations) can be refined by using the
nonlinear recursive least-square estimator. The nonlinear
measurement function contains both the prediction of the4)
2-D image location and the epipolar error. Totally, 35
parameters are estimated simultaneously, including three
joint level parameters. An inverse kinematics module
has been implemented to fixate both the left and right
cameras to the center point of the nine calibration points.
Therefore, the whole refinement process can be executed
automatically without manual operation.

In this paper, we have used real experiments to demonstrate
that our calibration method can achieve approximately one
pixel prediction error and 0.2 pixel epipolar error when all

gaze angle is defined as the angle between the tilt joint
axis and the line passing through the target point and the
gaze origin. This condition provides one constraint.

The 3-D target point should be clearly focused in the
stereo images: Owing to the MFL camera model we
used, the nominal values of the extrinsic camera param-
eters are independent of the focus settings. Therefore,
the joint values of the focus motors can be determined
after all the joint values corresponding to the extrinsic
parameters of the stereo cameras are determined. After
the position and orientation of the stereo cameras are
determined, the 3-D coordinates of the target point with
respect to both the left and the right camera frames
can be computed by using the kinematic model of

Authorized licensed use limited to: National Taiwan University. Downloaded on January 13, 2009 at 23:25 from IEEE Xplore. Restrictions apply.



SHIH et al: CALIBRATION OF AN ACTIVE BINOCULAR HEAD

Target Point [0

Pan Joint Axis (10]

AN

The Gaze Origin (11]

[12]
Gaze Angle [13]
[14]

Tilt Joint Axis [15]

Fig. 21. Gaze origin and gaze angle.

[16]

the binocular head. Since thB8-component of the 3-

D coordinates of the target point is essentially the obje£t’)

distance, the focus setting for focusing on the 3-D targgg)

point can be computed by using the lens equation (3).

This condition provides two constraints. [19]

In practice, the optical axes of stereo cameras may not inter-

sect with each other at all. Therefore, in our implementation,
we only constrain the optical axis of the left camera to exact]yg
pass through the target point while the right optical axis is
only required to be as close to the target point as possible.
Each time we solve the inverse kinematics problem to contrgh;
the binocular head, we first compute a simplified kinematic
model based on the estimated kinematic parameters. From the
simplified kinematic model, an analytic solution to the inversgy)
kinematics problem can be easily computed. The exact solution
to the inverse kinematics problem is then obtained by usi
an iterative nonlinear method. Current implementation of our
inverse kinematics solution (including the computations of the
simplified kinematic model, the initial solution and the iterativ?m]
solution) take only a few milliseconds on a Sparc 20.
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