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ABSTRACT

This paper describes the process of calibrating the kinematic model for an active binocular
head having four revolute joints and two prismatic joints. We use the complete and parametrically
continues (CPC) model proposed by Zhuang and Roth in 1990 to model the motorized head, and use a
. closed form solution to identify its CPC kinematic parameters. The calibration procedure is divided
into two stages. In the first stage, the two cameras are replaced by two calibration plates each having
nine circles. The two removed cameras can be used to build a stereo vision system for observing the
varying positions and orientations of the calibration plates when moving the joints of the head. The
positions and orieftations of the calibration plates, or equivalently, of the end-effectors, can be deter-
mined from the stereo measurements. The acquired data are then used to calibrate the kinematic
parameters. Inthe second stage, the cameras are remounted to the IIS-head, and a method proposed
by Thai is used to calibrate the hand—eye relation. Once the above kinematics cah'_bration is done, we
shall be able to control the binocular head to gaze or track 3D targets. '

1. INTRODUCTION

Recently a significant amount of work in computer vision has focused on the problems of act-
ing, behaving systems, and in particular.on how "active vision” differs from vision with fixed cameras.
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In an active stereo system, the cameras are able to preform functions such as gazing, panning and
tilting. As shown in Fig. 1., we have designed and implemented an active vision system, called the
TIS-head, which has four revolute joints and two prismatic joints. The two joints on top of the JIS-
head are for camera vergence or gazing (referred to as joint 5° and joint 5% ). The next two joints
below them are for tilting and panning the stereo cameras (referred to as joint 4 and joint 3). All of
the above four joints are revolute, and are mounted on an X-Y table which is composed of two pris-
matic joints (referred to as joint 2 andjoint 1). Since the IIS-head is built with off-the-shelf compo-
nents, its kinematic parameters are unknown. Our goal is to calibrate its kinematic parameters for

controlling the orientations and positions of the stereo cameras.

According to the scheme of Roth, Mooring, and Ravani[15], robot calibration may be divided
into three levels. Level 11s defined as "Joint Level Calibration”. At this level, the primary goal is to
determine the correct relationship between the joint transducer signal and the actual joint displace-
ment. Level 2 is defined as "Kinematic Model Calibration”. At Level 2, the goal is to improve the
accuracy of the kinematic model of the manipulator. With this type of calibration, the assumption is
usually made that the links of the manipulator are rigid and the joints are either revoluté}fr prismatic.
Level 3 is "Nongeometric Calibration”. At this level the effects due to backlash, eccei_i't‘_ric'ity in the
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Fig. 1. A picture of the IIS~head
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. joint gearing, joint compliance, link compliance, friction and dynamic model are calibrated. In fhis
“péper, we will focus on the first two levels of calibration.

In general, calibration process consists of four major steps[9]. The first step would be to
choose the form of a suitable functional relationship, i.e., the kinematic modeling step. The second
step would be to collect measurement data needed for accurate kinematic identification of the robot ,
" i.e., the data collection step. The third step would be the computational process of using the data

.collected to identify the parameters in the model, i, e., the identification step. The final step would be
. the implementation of the new model in the position control software for the robot, i.e., the correction
--step. The correction step is not presented here, since in practice, the implementation of the new mod-

el is qulte straight forward.

-

Section 2 explains why we adopt CPC model, rather than the D-H model or the S—model for
the kinematic of the IIS-head, and then gives a brief review of the CPC model. Data collection using
stereo vision is described in section 3. Section 4 shows the details of the closed form solution for
identifying the kinematic parameters of the IIS-head. Section 5 mentions the second stage of the
3 calibration: hand-eye calibration. Section 6 shows some experimental results and section 7 gives
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some concluding remarks.

2. KINEMATIC MODELING FOR THE IIS-HEAD

The most popular kinematic model for a manipulator is the Denavit-Hartenberg (D-H) mod-
( el[4]. Butthere are several problems associated with the use of the D-H model. First, most calibra-
i tion methods based on D-H model are actually processes of improving the accuracy of the existing
model, while the nominal model is not readily available for the IIS-head we built. Second, D-H
model does not determine the correct relationship between the joint transducer signal and the actual
joint displacement, i.e., one further procedure is needed to complete the joint level calibration. We
prefer a model having the zero position of the joint variables correspond to the zero reading of the
joint transducers. Third, D-H model is not complete for the IIS-head. The hand/eye transformation
should have six degrees of freedoms, while the four parameters of the D-H model are not enough for
expressing it. Forth, D~H model is not parametrically continuous, in general. When two consecutive
joint axes are parallel, there are infinite number of common normals of the same length, hence the
location of the axis coordinate system may be made arbitrarily. But if these axes are slightly misal-
igned and intersect with each other, i.e., they are coplanar, the length of the common normal reduces
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to zero abruptly. Also, the location of the axis coordinate system jumps far away along the joint axis.
To deal with this discontinuity, many people treat two consecutive parallel joints as an exception and
use a modified formulation to determine the joint-to—joint transformation matrix.

One possible model for solving this discontinuity problem is the S-model[18]. Because each
link transformation matrix is specified by six parameters rather than by four, the S-model convention
is less restrictive than the D—H model convention. In S-model the origin of frame i~/ is not forced to
lie at the intersection point of the joint i axis and the common normal between the jointi-I and joint{
axis. The location of the origin of frame i-I on the joint i axis is arbitrary since the S-model has an
offset parameter. Another advantage of the S-model.convention is that the direction of the x axis of
frame i~1 only have to be orthogonal to the z axis of frame i~ because of introducing a new parame-
ter. These two added parameters provide the arbitrary location of origin of the frame along the joint
axis and the arbitrary orientation of the x axis of the frame so that the S—model is complete. More
importantly, the degree of freedom of being able to assign frame origin on joint axis may avoid the
disadvantage of not being parametrically continuous, because it can compensate the distance when
the frames’ origins in the D-H model jump far away. Although the S-model is complete and paramet-
rically continuous, we choose to use the CPC model[23] because it has closed-form squt@dns[Ztt] and
does not require nominal model. o

2.1 A Singularity~Free Line Representation : S

Robert{14] indicated that the lack of parametrically continuity of the D—H model is due to the
.singularity of D~H line representation, i.e., the way they represent one joint axis (a straight line) in
another joint frame i singular in some configurations. He then proposed a new representation for a
line in Euclidean n—épace, say n = 3, which uses only 2n-2= 4 parameters (the minimum number
possible). Unlike other 4-parameter representations, it has no singularities and special cases.

2.2 CPC Model

Based on Roberts’ singularity—free line representation, Zhuang and Roth proposed the CPC
model for robot manipulators[23]. Consider a robot with n joints which can be either ideally revolute
ot ideally prismatic. Let {x;, y;, z;} be the frame i coordinate system associated with the jointi +1, {xy,

g, Zg} be the base coordinate system, and {x,, yx, 2} be the end—effector coordinate system. Let "Tj

be the 4 X 4 homogeneous transformation matrix from the frame ; coordinate system to the frame j
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coordinate system, and *T,, be the 4 x 4 homogeneous transformation matrix from the world coor-
dinate system (WCS) to the end-effector coordinate system. Then we have

Wl = WTo"T1* * - "Iyt T, . €))]

In general, the positions and orientations of the world coordinate system (frame w ) and the end—ef-
fector coordinate system (frame n ) can be assigned arbitrarily. All other link frames (frame 0, 1, ...,
n-I) are established based on the following convention:

1. The z-axis is assigned to be parallel to the i+ Ist joint axis. -

2. The coordinate frame {;, y;, z;} forms an orthonormal right-hand system.

Joint Axis { Joint Axis i+1

Fig. 2., CPC modeling convention
for a revolute joint

For convenience, let Rot(k, @) denote the homogeneous rotation matrix rotating about the

axis k for the angle a, and Trans(l) denote the homogeneous translation matrix transiating for the

vector 1. For example,

cos & —~sinag 0 0 I, 100%L

Rot(z,a) = su(l)a coga 2 g , and TraBS[ [5{” = g (1] 2 ? . 2
. ' Z
0 0 01 % 0001




Joint Axis {

Joint Axis i+ 1

i =10
in general
Frame (i - 1)’
-K—.- = - ~/
A\

/} Trans([0 0 d")

Frame -1

Fig. 3. CPC modeling convention
for a prismatic joint

B -line

I

Fig. 4. Transformation from frame (. iy 1O frame ;
As shown in Fig. 2. and Fig. 3., the CPC kenimatic model of two consecutive joint frames i-I

and i can be divided into two parts: one that transforms frame i -1 info (- 1), Le. 7.1y where
I, 1y is Rot(Z, 6;) for a revolute joint (see Fig. 2.) and is Trans((0 0 i) for a prismatic joint

(see Fig. 3.); and one that transforms frame (i~ 1)’ into frame , ie. ¢-1'T;. Notice that both the
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coordinate frames (i — 1)’ and are attached to the ith link, thus ¢"V'T; is a constant transformation

matrix and it can be explicitly expressed as (refer to Fig. 4.)

ED'F; = R; Rot(Z;, B) Trans([l,-,x iy I ,Z]T) , (3)

which will be explained in the following. Let[b;, biy bi, ] be the unit vector of z;—axis (i.e. the i + Ist

joint axis) represented.in frame (i - 1) .

(1) R;: Asshown in Fig. 4., the rotation matrix R; transforms frame (/- 1)’ to frame (- 1)'" such

that z(-1yr —axis is parallel to the i+ Ist jointaxis. To specify the jointaxis i + 1, two parameters b; x

and b;y are sufficient while b;, can be computed from /1-5% -b%,. Note that in the CPC model,

- the z-axes of any two consecutive joint frames should have positive inner product, since we have cho-
sen b;, = 0. Let the unit vector k = Zgay X i/ | Iy X % I, and the rotation ahgle

¢ = cos H(Zj1y ' %), then we have (see Fig. 4., also refer to [23])

[ b, -bibiy ]
_ ! ’ B:
_ L 1+bi, 1+, ix 0
‘ n . B 2
R =Rot(kg)=| Zbubiz _ % 4 o )

B 1+b;, 1+ b,‘;
o -bix by biz 0
i 0 0 0 11

(2) Rot(Z;, B;) : Since we should not violate the CPC convention 1, the directions of x and y-axes can
only be adjusted by rotating about the z —axis for the angle §; to the desired orientation. Thisrotation
can be expressed by Rot(Z;, ;) . In general, the exact orientation of the x-axis of the joint frames,
other than the end-effector and world coordinate frames, are not important, If there is no special
specifications, e.g., a nominal model, the orientation of the x-axis of frame / can be assigned to be
that of frame (i — 1)"’, then the rotation matrix Rot(Z;, §;) isnotneeded. Thatis B; is zero by default,
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unless a specific orientation of the x-axis of the joint frame i is required.

(3) Trans([l,— x liy i ,Z]T) : The translation is performed by using the translating transformation matrix
Trans([l,- x iy I ,Z]T) . Here, we do not need all the three components lix, liy , and I;, when sepcify-

ing link transformation ¢'T;. For a revolute joint i, if frame i is not required to be located at a

e

“specific position, we need only two components /;, and J; to translate frame (i — 1)’" toframe i (see

Fig. 4). For a prismatic joint we do not even need the translation vector at all, ie }; = 0, and frame
(i - 1)’ ischosen to have the same origin as frame ;. To assign a coordinate frame on a revolute joint,

it is better to locate the origin of the frame right on the joint axis, otherwise the rotation will not only
change the orientation but also change the origin of the frame with respect to another coordinate
* system. When the both consecutive joints are revolute, it is sufficient to translate the origin of frame

i-1 tojoint axis { + 1 with two components /;, and [;; , where (/;x, {;, ) are the point where the
jointaxis { + 1 intersects the x~y plane of frame (i - 1)"', see Fig. 4. With only the measurement of

orientaion and position of the end-effector, we can not determine the origin of the link frame asso-
ciated with a prismatic joint. Thus the origin of a prismatic joint frame is located on the joint axis of
the nearest revolute joint next to it, unless a nominal model is available (see Fig. 3.). —

In the case of a revolute joint, the matrix 7. i = 1,2, ..., n-1,is a function of seven parame-
ters { bix biy biz lix liy iz B; } and one joi}lt variable §;, while in the case of a prismatic joint, the joint
variable is d; and the parameters are the shme. The assignment rules for link parameters and joint

variables are as follows.

For the ith joint, the value of the joint variable §; (or d;) of the ith joint is equal to the reading

of rotation angle (or translation length) of the transducer. The sign of the joint variable is determined
with that, if the increamental direction of the transducer agrees with the right hand law determined by

;.1 , then the sign is equal to that of the transducer. For a prismatic joint, the sign is determined by
checking if the incremental direction of transducer is corresponding to the positive direction of Z;_; .
If the /th joint is revolute and no nominal model is available, then only four parametersis needed, i.e.
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{biz biy lix liy }, and b;, = /1 _.b2 bfy , liz =0, B = 0. If the ith joint is prismatic and also no
nominal is available, the origin of the frame (i — 1)’ coordinate system is defined to be the same as the

origin of frame ¢ , which is on the next revolute joint axis. That s, /;, and /;, are set to zero (refer to

Fig. 3.). The parameters are {b;y by}, and bi, = J1-b~b},, Lx =1y =l =0, f; = 0.

To summarize the joint transformation “T; is given by

BTy = HTeyy OT,i = 1,2, 000 ' (5)
- Rot(z.1 §), for a revolute joint.
h -1 = t ! ) i .
where Ty {Trans(o, 0, d;), for a prismatic joint. ()

and “DT; is shown in (3). The necessity of different CPC kinematic parameters for different
links are shown in Table 1.

2.3 The CPC Kinematic Model for the IIS-Head

Table 1. Necessity of different CPC kinematic parameters
for different links

Parameteorld to Ba ?;I;e:—é;{o_lﬁga}r{n i 11; ‘nd—-]'g%fectc I3
b, N . N|N[N|[N N
by N - NI N | N N N
s b, R R| R | R R R
B N R|R|]R| R N/R
L N R|R | N N N
, N R|R{N|[N N
L, N R|R | R R N
DoF 6 2124 4 6

N: Necessary, R: Redundent,

N/R: Necessity in general, redundent in our case

P - P: Prismatic to Prismatic, P - R: Prismatic to Revolute
R - P: Revolute to Prismatic, R ~ R: Revolute 1o Revolute
DoF: Degrees of Freedom.



Different coordinate frames associated with diffent joints of the IIS-Head are shown in Fig. 5.

A A
{s} {58

B
t

I 6 {4} O (48
wes ' f\ 6s

.
(33 ¥ o, {3}

Fig. 5. Coordinate Frames and the skeleton
diagram of the IIS-head.

The coordinate frames 5& and 5% are the end effector coordinate systems. By using the CPC kine-
matic model we have two transformation matrix "Tse, "Tsx which can be formulated as follows:

-,

WTs = WT00T11T22T3L3LT4L4LT5L : (7
and | "Tsp = WT00T11T22T333RT4R4RT5R (8)

Since the calibration procedures, as will be described in section 4, are proceeded from the end-
effector toward the base, frame i will be determined before frame i-1. Therefore, we will derive the
kinematic model of the ']IS—hea-d from the end-effector to the base frame. Asshown in Fig. 5., the
last joints of both the left and right kinematic chains are revolute. In general, if we specify the joint

frames from the base toward the end-effector, then we have already assigned the frames 4% and 4% .
In this case the transformation to each end-effector frame have to use all the six degrees of freedom.

But in the calibraion procedure , we first have frames 5% and 5% , and want to determine the frames

4L and 4% on the joint axes 5 and 5%, respectively. Here, we only need two degrees of freedom
(bix biy) provided by the CPC model for the rotation, but need all the three degrees of freedom

(lix iy 1i2) for the translation since the origin of the end-effector frame is specified. That is,

we can omit Ss. and fsr in equation (3) and obtain
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o L ’x lsR
#Tg. = Rot(ds, 65) Ry Trans|lsey| ,and *Ts = Rot(Zs, 65) R Trans lsn %)
15“,2 Z5"‘,:5

Transformations from frame 3% and 3% to 4~ and 4R , respectively, are revolute ]omt to revo-
lute joint frame transformations. As mentloned in section 2.2, we have

I4L 141!

i T4 = Rot(z3, 1) Ry Trans[ly- J and FTye = Rot(Z3, 64) Ryr Trans[ldﬁ ] (10)
0 0

In Fig. 5. we can see that on the forth revolute joint, we have assigned two separate joint

frames 3L and 3%. It may be confusing in the phase of kinematic modeling, but it would become
clear in the parameter identification step. Notice that we have two end-effectors for the IIS—head.

Startingﬁ'om different end-effectors, we have different frames: 3~ and 3%, which should be identical
in the ideal case. But the CPC model only guarantees that both the z-axes of frame 3% and 3R are
along the revolute joint 4. Let frame 3" be the desired coordinate frame associated with joint axis 4.

Then we have to rotate frame 3% around the z-axis, which can be achieved by using the redundancy,
B3, as in following equation

3Lx I3R
2T3L = Rot(Z;, 03) R3 Trans[l3b -] ,and 2’['31: = Rot(%, 63) R3 Rot(zs, ﬁg) Trans[l3ﬂ ] (11)
0 0

i

The first two joints are prismatic. Since we do not have the nominal model of the TIS-head,
according to the explanation in section 2.2, we have '

07 (0)
T, = Trans| 0 | Ry Trans{0|, (12)
t.dZJ S
roa ro'\
and °T; = Trans| 0 | R; Trans|0|. (13)
- n-dl.d S
- 11 -
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In general, the base frame (frame 0) and the world frames (frame w) are specified somewhere
on the robot base and in the working space, respectively. For the transformation from frame w to

frame 0, "Ty, all the six degrees of freedom in the CPC model have to be used, which yields

{0
"To = Ry Rot(Zg, So) Trans[lgy] } (14)

0z

From equations (9)-(14), we have the following kinematic CPC model for the IIS-head :

[ l 3L X .L
Trans|/sz, Ty 4T
WTSL 0

“’Tsﬂ} = "To OT; T, Rot(Z,03) Rss (15)

[ ) ]
Rot(Z3, f3) Trans l3",y 3 Tz 4 Tsr
0

\

3. DATA COLLECTION WITH A STEREO VISION SYSTEM .

3.1 Techniques for Data Collection

From the user point of view the calibration measurement technique should meet certain re-
quirements imposed by the application. Ideally, calibration should be automatic, non-invasive, fast,
reliable and of low cost. A number of different approaches have been used for the measurement step
in robot calibration. The two most popular ways to acquire the position and orientation data of the
end-effector are the one using theodolites[5]{7][10][22] and the one using vision sensors
[3][12][13]{17][20]. Inpractice, the former requires manual measurement so it is rather laborious and
not automatic. Also, its accuracy depends on operator’s training and carefulness, so it may not be
reliable. We choose to use stereo vision because the calibration process can be made automatic by
using specially designed calibration setups and image processing techniques.

To get 3D measurements using stereo vision techniques it is inevitable to calibrate the cameras
first. Camera calibration is the process of determining the internal geometric and optical characteris-
tics of the camera (e.g., intrinsic parameters such as focal length, lens distortion, etc) and the 3D posi-
tion and orientation of camera frame relative to a certain world coordinate system (extrinsic parame-
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Corresponding 2D 3D Calibration
Image points Points .~~~

5

O O i@, 0; 45 E1, 85543
intrinsic extrinsic
parameters parameters

Fig. 6. Schematic diagram of camera calibration

ters). The schematic diagram of camera calibration is shown in Fig. 6. For details of camera calibra-
tion, refer to Shih[16] and Tsaif19].

For an eye-on-hand robot, if the origin of the end-effector coordinate system is defined to be
on the lens center of the camera and if the calibration object can be kept within the viewfield during
- the measurement process, it is possible to estimate simultaneously the hand/eye and robot kinematic
parameters togéther using the CPC model. However, when calibrating the IIS-head, it is difficult to
always keep the calibration object within the viewfield while moving the joints of the head. Because of
this difficulty, the method proposed by-Lenz[IZ] 1s not applicable since their method requires that the
calibration object éemains within the viewfield when _mbving the rgobot.

3.2 Two Stage Procedure

To solve the above problem, we propose a two-stage procedure for calibrating the binocular
head. In the first stage, the two cameras on the IIS-head are replaced by two small end-effector
calibration plates having nine circles (see Fig. 7.). In this paper, the end effector, the camera mount,
and the end-effector calibration plate coordinate systems are set to be identical, and defined to be the
one attached to the nine—circle calibration plate shown in Fig. 7.. We define the origin of the end-ef-
fector coordinate system to be on the centroid of the central circle. The stereo cameras for measuring

- 13 -
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Stereo vision system for the first
stage of the calibration

;‘)' - Tilt

X-translp WY -translation
e e P e

Fig. 7. The schematic diagram of the setup for
the first stage of the calibration process

the orientations and positions of the calibration plates are set up such that both cameras can see the
two plates under the planned head motion during calibration. The positions and orientations of the
calibration plates, or equivalently, of the end-effectors, or of camera mounts, can be estimated using
this stereo vision measurement system. Since the stereo vision measurement system is éway from the
binocular head and the calibration plates are mounted on the head, it is much easier to keep the cali-
bration plates in the field of view while moving the joints of the head. The acquired pésitions and
orientations of the calibration plates are then used to calibrate the kinematic parameters.(section 4).
In the second stage, the cameras are remounted to the IIS-head. We then use the method proposed by
TsaiNOQ TAG to calibrate the hand-eye relation (section 5). Finally, the robot kinem;j;_ié and the
" hand/eye relation are combined to provide a complete kinematic model for motion control.

3.3 Estimation of the (}oordinate Transformation Matrix

Let {p;} be the set of 3D positions of N circles in world coordinate system, measured by the
stereo vision system, and {q;} be their corresponding point set in the end-effector calibration plate

coordinate system (i.e., frame 5C or 5%) . Note that {q;} are known from the manufacture of the

end-effector calibratoin plate. For example, q; = (0 0 0)7 for the central point. Then for each 3D

correspondence {p;, q;} , we have

g =Rp;+t+¢, (16)

—14 -

__—



where R is the unknown 3 by 3 rotation matrix, t is the unknown 3 by 1 translation vector and ¢; is3 by

1 noise vector. Define the error function as

N .
ER,t) = > llai- Rpi + O . (17)
i=1

By setting ViE(R,t) = 0, we have

t=q-Rp, (18)
1 N

where p= N
i

LS.
piand § == g;.
1 N3

Substituting (17) into (18), we have

N
ER) = . | &-Rp: [P, (19)
i=1
where | p;=p;~p and §; = ;- 7.
Rewrite equation (19) as
N N N - N
EQ®) = 3 §a-®p) P= 3| afGi-2dTRe: + 575 = > + 87i] - 2 3, 4Re:. 20)
: i=1 i=1 i=1 i=1

From (20), it can be shown that minimizing E(R) is equivalent to maximize

-

1

N i N N N
Z (j,T Rp; = z trace[c]fp R p;] = Z trace|R p; q,T] = frace [R z i (}?] . (21)
1 i=1 ' i=1

i=1

-
il
=

Thus, to minimize E(R), it is essential to maximize trace[R H], where

N
H= Z p: 67 . (22)

To solve for R which minimizes E(R), we use the method proposed by Arunf2]. Performing the

singular value decomposition of H, we have H = USV? where U and V are 3 by 3 orthonomal ma-

-15-




trices, and S is a 3 by 3 nonnegative diagonal matrix. Let X = VUT. ThusX s also an orthonormal
matrix. If det(X) = +1, then R = X and t = - Rp is the optimal solution that minimizes (17).

4. KINEMATIC PARAMETERS IDENTIFICATION

Two kinds of techniques can be used to identify the kinematic parameters. The first one is an
iterative method while the second one provides the closed-form solution to the kinematic parameters.
For techniques that are of the first kind, the identification method is described as following. Let

p(qx; ) denote the end-effector—configuration vector, contains the position and/or orientation in-
formation of the end-effector, where g and « denote the joint variables and kinematic parameters,

respectively. Suppose we have made observations of the end—effector—configuration vector which are
denoted as pr’s. Then the value of « can be obtained by minimizing the error:

e(x) = %, || i — p(Qk; &) ”2 (23)

As e(°) is a nonlinear function of the kinematic parameters &, this is a nonlinear optimization prob-

lem. Using first order Taylor expansion of the error, approximate linear differential models can be
used[6][8][11][15]. In this paper, we use the second kind of techniques which provide closed form
. solutions[24]. Details are described as follows. ‘

4.1 Problem Formulation for the Closed F?rm Solution

Let q = [ql, g% g3, 44, gsi, qsn]-, where g; is the ith joint variable, ¢; € [6;, d;}. Asde-.
fined in section 2, ij is a homogeneous transformation relating link frame 7 and link framej. Let ipj
denote the transtation vector of I}, and let ‘R; be the upper-left 3 X 3 sub-matrix of ‘T;. Denote
the 3 x 1 column vectors of ‘R; by ’rj,, 'rj, and rj, , thatis ‘R; = |:il'j;; rjy "rj,z]. Let Rot(Z, 6)

and R; denote the upper-left 3 x 3 sub-matrices of Rot(Z, 8;) and R;, respectively. That is,

) cos®; ~sind; 0
Rot(z,6;) = |sing; cos@; 0. (24)

0 0 1
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Recall equation (4), each R; is actually a matrix function of b;, and &;, . Dividing equation (15), the

CPC kinematic model for the IIS-head, into rotation matrix part and translation vector part, we have

¥Rsu(d) = "Ry Ry R Rot(%,q3) Rs Rot(£,qu) Ry Rot(5,qs) Ry, (@25)

“Rsa(q) = ¥Ro Ri Ry Rot(3,q3) Rs Rou(3, ) Rot(3,qu#) Rux Rot(%,qs) Rsx, (26)

"psi(@) = ¥Ro lo + q1 "ro + g2 "r1; + "Re(@) Lt + "Ra(q) L + "Rex(q) lse,  (27)

“Ps(Q) = "Ro lo + q1 "ro; + g2 "1z + "Rsx(Q) bx + "Rua(Q) 1z + ¥Rex(q) Lx,  (28)

where "Ry = Ry Rot(Z,fo), "R1 = "Ry R1, "Ry = "Ry Rz, "Ry(q) = "Ry Roxz,q3) R,
"R3x(q) = "Ry Rot(Z,q3) R3 Rot(Z,B3), "Re(q) = "Ry(q) Rot(Z,q4) Ry,
"Rea(d) = "Rar(q) Rot(Z,q4) Ryr.

In equations (25)-(28), the kinematic parameters to be estimated are (b, boy), (b1 ,x b1y),
G2x b2y) s (b3x béy) s Guax bary), (bary barg), (bsiy bsiy), bsry bsry), Bo, B3, Yo = [lox loy lo2)T
b = [z, Iy, O], Ie = [l I, O, e = [y Ly O, I = [l Ly, O],
Lo = [lsey Iy Is2,]" and Ise = [Ise, e, Ise ]7. Notice that joints 1 and 2 are prismatic, thus ac-
cording to the CPCmodel convention 1; and I, are set to zero if there is no nominal model available.

When we move the IIS-head to a specific configuration, say q , we can obtain the coordinate

transformation matrix from WCS to the end—effecotr coordinate system, i.e. 5LTw(q) and 5'-I'I‘,,,(q) ,
using the stereo vision system as described in section 3.
. H
In the following, the kinematic parameter identification problem will be reduced to that of

finding a solution of linear algebraic equations. Atleast N+ I robot configuration measurements are
needed for a complete identification for an N degrees of freedom robot. The measurement starts at
an initial robot configuration which is denoted as qq = [qm, q20, 930, 940, Gst qsao] . Itproceeds
by moving one joint at a time, as shown in Fig. 8.. For cdn_vem'ence, in the rest of this paper we will use
qix to denote the configuration [qm, 420, -5 Giks -+vs G5ty qsnﬂ] , which is identical to qg except
for the ith joint variable gjp is replaced by gy . Thus, if one makes M measurements for each joint,

then he willhave M X N + 1 transformation matrices with each associated with a specific configura-
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~ Vision

e

P00 T T = “1T{0) TH T = AX=XB
Fig. 8. Moving one joint at a time
tion Qje, i.€. SLTv,,(q,-,v,,) and 5R’I‘y.,,(q,-k) Jdfori =1,2,.,Nandk =0, 1,2, ..., M (note that q; and qp are

identical).

4.2 Kinematic parameters identification of the IIS-head

A In this section, we describe the closed—form solution for the IIS-head kinematic parameters
identification problem. The computation can be divided into the following three steps.

Step 1. Determination of R3, Ry, R, R, Rsr and {3
In this step, the matrices Rst, Rsr, Rge, Rgr, R3,and "R, are solvedfor (in this order) one by

one. For example, Rz is determined after both Ry, Rz and Ry, Ry are determined.

Step 1-a. Determination of Re and Rsr:

Since the calibration procedure for Rs and Rz are identical, we will omit the notation 'L’ and
'R’ that distinquishes them. The measurement process starts by moving the IIS-head to M positions,
say gs1, 452, .-, qsay and then 5Tw(q5k) sk =1,2,.., M, are estimated by stereo measurement as

explainedin Section 3. Since all joints other than the fifth one are not moved, so the coordinate frame
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transformation matrix from the forth joint frame to the WCS remains unchanged. Thus, for each
configuration qs; we have

*Ru(aso) = Rot(Z,9s0) Rs *Ru(aso) = Rot(3,qsx) Rs SRu(ast) = *Ru(gse) . (29)

It then follows that
Rot(z, gse - gso) Rs = Rs *Ru(as0) *Ri(ase) - (30)
Taking transpose of equation (30), yields
RY Rot(z,qsi~qs0)7 = Ch RY, (31)
where Cse = *Ry(qs0) *Ri}asi) . | (32)

Post multiplying equation (31) by [0 0 1]7 and knowing that

0 0
Rot(Z,qsc—qs0)” {1) = ? :

we have
Cfb's-b's ={CI -1 b's =0, (33)
= b, .
where b's = |-bsy| and bs, = ll—ng-bgy. (34)
" bSZ '

. Due to the observation noise, equation (33) may differ from zero for a small amount. Combining all
the resuits from the M measurements-we have

’
} -

cl -1
: b's = Csb's =¢€¢= 0 (35)
Ch-1

where € is the error vector induced by the observation noise. The parameter vector b's can be
estimated by minimizing | € > subject to || b’s |[?= 1 and bs, = 0. It can be shown that the so-

lution to b’s will be the eigenvector of Cs’Cs corresponding to the smallest eigenvalue.

Step 1-b. Determination of Ry and R :
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In order to estimate Ry and R4z, the procedures are similar to that used in the previous steps.

Except that at this time the forth joints are moved while keeping other joints fixed, and the fifth joints
have returned to their initial positions, i.e. gszg and gszy. Similarly, the notation 'L’ and 'R’ are

omitted and for each configuration q4; we have

3Ri(q40) = Rot(Z,qa0) Ra *Rs(qa0) *Ru(quo) = RoKZ,qac) Ra *Rs(aax) “Ru(qar) = *R.{qa) .(36)

Since the rotation matrix Rs has been determined,
*Rs(qa) = Rot(Z,q50) Rs (37)
is now available. Also, 5R,(qs) is available from stereo measurement. Therefore,

4Rw(q4k) = “Rs(qax)’Ru(qar) is also known. Using (36), we then have

RY Rot(2,q4~qu)" = C§ R, (38)
where Cak = “Ru(aa0) *RiH(qae) - (39)
Similar to step 1-a, we have C{kb’. 4-b'y=[Ch-11by =0, (40)
'—bch—
where by = [—bi4,] and by = [1-0%,-b},. 1)
2 _

" The method for solving b’4 is identical to that depicted in step 1-a for solving b's.

Step 1—c. Determination of 84 .

Byholding the fist three joints fixed,i.e. "R3(q) isfixed, from equati.ons (25)and (26), we have

4LRW(Q) = ROf(f, ﬁ3) 4RRw(q) y (42)
where ¥R,(q) = Rot(z,qs) Re Rot(%,qst) Rst SRu(q)
and PRAQ) = Rot(2,qe) Ry Rot(%,qs8) Rsx SR(q). | 43)
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Note that *Ry(qx) and “R,(qx) i = 4, 5= and 5%, & = 0, 1, ..., M, are all known since R,(qz)
and 5RR,,,(qik) are available from stereo measurements, Rs., Rsz, Ry, Ry are determined from

steps 1-a and 1-b, and Rot(z, q,-k) can be computed easily given gz . Rewrite equation (42) as follows,

*

Q1 A2 A3 cosfz —sinfs 07 [bx1 bz bus
Aixd Aixs Aixs | = [sinBs cosPs O] |bra bies bus|, (44)
Aix7 Qs Aik9 0 0 1 b7 bus by
a1 Aik2 i3 L bix1 bz bix3 .
where Gika @ixs Qixs | = “Ry(ax), and |baa bus bis] = YRulqu) -
Aik7 Ak Aik9 bik7 bl'kS bfk9
Therefor, we have
D1 —bixd’ (k1]
bz —bis Qik2 |
bixs —bis| | cosps Qi3 '
) = ) 45
biea bixy | | sinf3 Qi4 (43)
bixs bua Aiks
biee D3 | | @)

. For all the configurations, qg,i = 4, 5% and 5%,k = 0, 1, ..., M, construct an overdetermined Sys-
tem and solve for the two unknowns, cosf; and sinfs, subject to sin?8s + cos’f3 = 1. Then B;
can be obtained from cosf; and sinf;.

H

Step 1-d. Determination of Rs:

To estimate Rj, all the joints are moved to their initial positions, qq, then the stereo measure-

ments of the end-effector calibration plate are performed for the configurations where only joint
three are moved, qa, X = 1, 2, ..., M. Unlike the previous calibration procedures, the kinematic

chains are now combined in joint three. Thus the informations from two kinematic chains can be used
together to calibrate R3. Since the transformation matrix from joint frame two to the WCS are not

changed, when only joint three is moved, we have
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2R (a30) = Rot(, q30)R3* Rx(q30)” Rulas0) = Rot(Z, q3)Rs> Rs(qan)’ Ru(ak) = 2Ru(aai) ,(46)

and 2Ro(qz0) = Rot(Z,q0) Rs Rot(Z,B3) *Rsx(ds0) *Ru(a0)
= Rot(Z,q3) R3 Rot(z,B3) ¥Rse(az) ¥Rulaa) = Rulase), (47)
where *Rsu(qw) = Rot(%, qu)RyRoi(Z, gsto)Rs:
and ¥Rsn(ase) = Rot(Z, qao)RexRot(3, gsw)Rs .
Let ¥Rufase) = ¥Rsx(ase) Rulaze) and FRy(qs) = *Ren(qan)” Rulase) - (48)
From equations (46) and (47), we have |
RY Rot*(2,q3%~q30) = CLe RY, (49)
RY Rot™(%,q3 - g30) = Ciz RY, (50)

where Cye = ¥Ry(q20)* Ri{qs0) and Cyz = Ror(Z,83) *Ru(az0)* Rilaw) Rot'(E,8y).  (51)

cro-1
Similar to the previous steps, we have [Cgf” I} b'3 =0, (52)
3R '

. "
where b3 = [— b3y] and b3, = 1/1~~b§x—-b%y. (53)

b3z

Step 1-e. Determination of ¥R, :

-

After Rsz, Ry ;and R3 are obtained, we can compute 2Ry from the following

2Rs(q) = Rot(%,q3) R3 Rot(7,qs) Ry Rot(Z,qs) Rst, (54)
which yields
"Ry = [Rs@) “Ru(@)]|” = “Ri(@) RI@).- e
Alternatively, we can obfain "R, from the other chain by computing “Rsx
2Rsx(q) = Rot(z,q3) R3 Rot(z,[s) Rot(7,q4) R Rot(3,qs) R, (56)
yields "Ry = [Rx(q) FRu(@)]" = "RE(0) R0 (57)
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Notice that since there is no revolute joint between the WCS and the second joint frame, so the
transformation matrix *R; is a constant matrix, i.e. it cannot be altered by changing the joint variables

of di and d5.

Step 2. Determination of 13, 13z, 1y, Iz, 15t and 1

Consider (27) and (28). Since *Ryp and lp are both unknown, the problem of solving I usgin
(27) and (28) is a nonlinear problem. To simplify the problem, define 1'; such that lop=Ri Ry 1'5.
Then (27) and (28) can be rewritten as

wpsL(q) = g1 "1y z + g2 "1y 2t YRy I'5 + WR3L(q) ke + "Ry(q) I -+ WRSL(Q) lst, (58)
and Wpsa(q) = g1 "1y z+ g2 "1 2+ Ral's + WR3R(q) I3z + YRyr(q) Iz + " Rsa(q) sz, (59)

Recall that we have set 1; = Qinsection2.3. However, since we have the redundancy, /, , instead of

letting />, = 0, we canselect /5, suchthat I'; + I, = [I'z x 2y O]T. When choose the redundancy

[, to eliminate /';;, we are shifting the origin of the robot base frame.

Notice that, in Eqs (58) and (59), *ps and ¥psr are the positions of the brigins of the left and
-+ right end-effector coordinate systems observed by the stereo measurement system in WCS; gy and g

are the prismatic joint values of joint 1 and 2. The rotation matrices, ¥R, YRu(q), ¥Rax(q),
YRe(q) , "Rar(q), szL((I) "Rsx(q) ,"are obtained in the prevxous calibration step. The only un-
knowns left in equations (58) and (59) are

x = [¥ro, "oz o oy bty Lty Ly Lty It Ity I, Iy Iy L iy Doy Iy D]
(60)
Notice that equations (58) and (59) are linear in x. For convinence, let ¥Ry, "Ry(q), "Rax(q),
¥Ry(q) and "Re(q) denote the first two columns of the rotation matrices ¥R, , *Ryu(q) , *Rsx(q)

"Ra(q) and "Ru(q), respectively.

For each configuration qz, we have, from equation (58) and (59),
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y(aix) = Glax) x (61)

qil3x3 g2lax3 "Ra "Ra(qu) "Re(qi) Ree(qin)  O3x2 O3x2 03x3
where G(qx) = W _ Wi . Y
qil3x3 qalaxz "Rz O3x2 Osxz  O3x3  "Rax(qx) "Rex(qw) "Rex(qa)

(62)

and Wawy = {:gzﬁg] . (63)

Combining all the results for the configurations, qz, i = 1, 2, 3, 4, 5%, 5R:k =0, 1, ...,

M, we have the overdetermined system
[ y(qo) | [ Glqo) ]

y=|yaw | ={ Glax) | x =G x. o (64)

(asa)]  LG(asran)
The unknown parameters are identified by minimizing the error function | y- Gx |? subject to

I"7[P= 1 and [ P= 1.

Step 3. Determination of Ry, R;, Ra, By and 1y

In this step, Rp, Ry, Kz, fo andlpare solved by using the results obtained in steps 1 and 2. Notice
that "ro, is the third column of ¥Ry, which is equal to the third column of "Ry = Ry Rot(Z, fy) .

Since Rot(z, fy) dose not affect the third column of Rg, *rq; is also the third column of Ry, ie. *ry,
= 1Y = [bo x boy bg ,Z]T. Since "rg, hasbeen determinedin stép 2, Ry can be obtained using (4). To
solve for Rz and R, notice that "Ry = YRR, and "Ry = "RgR;, or equivalently, R%' = ”’R{”’Rl and
RT = "RI"Ry. Therefore,

by = WR%" wrlz (65)

bll — WR{ wl'(}z (66)
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where b’;, the third column of R, is [-b;y, —b;y, 8;z)7, i = 1or2. Byusing "ry obtained in
step 2 and "R, obtained in step 1, b’y can be solved using (65). Then R can be obtained from
(4). Next, noticing that ¥R; = "R,R%, b’y can be obtained from (66), which leads to R;. Fi-

nally,
lp'=Ri Rz Iz + Ip) (67)

where 12 + 12 = [ I'a; '3, 0]Tand /5., I'z; have been determined in section step 2.

5. HAND/EYE CALIBRATION

- In the second stage of the calibration, we remount the cameras to the IIS-head to find the
hand-eye relationShip. The schematic diagram of the setup for the second stage of the calibration
process is shown in Fig. 9. Ablack calibration plate, with 25 white disks on it, is mounted on a transla-
tion stage where the Object Coordinate System (OCS) is defined and the coordinates of the 25 white
disk centers are known with respect to the OCS. The hand refers to the camera mount (end-effector
calibration plate) coordinate system used in the first stage and the eye refers to the camera coordinate
system (CCS) located at the lens center. Since the kinematic parameters of the IIS-head have been

identified, so given the joint variables, q; = [qlk, Q% 93k ek G5ie qsak]T, the coordinate
transformation matrices from the base coordinate frame to the camera mount coordinate frame, i.e.

* °Ts(qr) and “Tsa(qr), are known. Performing the camera extrinsic calibration, we have “Tolar)

Calibration Flate for the
Hand/Eye Calibration

o900 SO
(LA X X
*096 00
(A4 XX
L 2 2 X X J

Camera Mount (End-effector Cali-
bration Plate) Coordinate System

Fig. 9. The schematic diagram of the setup
for the second stage of the calibration process
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and €“To(qy) , the transformation matrices from the OCS to left and right CCS at the robot configura-
tion qg. Thus the coordinate transformation matrix from the robot base frame to the OCS is

T = Tslar) ¥Ter “Tolge) = Tsar) ¥Ter “Tolar) (68)

where the hand-eye relation 3T and T c» are unknowns to be estimated. Consider the left hand-

eye relation first. For two different robot configurations qx and g;, we have

"To = "Tsula) *Tex “Tolge) = “Tsle) *Tex “Tolg). (69)
Notice that, unlike the stage one calibration, since all the robot kinematic parameters are now avail-

- able, it is not necessary to restrict the robot motion in such a way that only one joint can be movedata
time.

Rewrite (69) as

Akj SLTCL = SLTICL Bkj ’ . (70)

where Ay = T Hq;) Ts(qr) and By = CTola) “Toaw) , (71) -

where Ay; is obtained from the robot kinematic model and By; is obtained from the extrinsic
camera calibration.

Let X denotes the unknown SLTC:. , then equation (70) becomes of the form AX = XB. Many

methods[21] can be used to solve for the algebraic equation, AX = XB, and we choose to use the
technique proposed by Tsai[20] since accfoding to Wang’s experiments{21], Tsai’s method has the
smaller standard devidtion than others.

. To solve sLch by Tsai’s method, it is necessary to make measurements at least at three differ-

ent robot configuratoins, say qx , ¢; and g;, and during the robot motion at least two joints that are
not parallel or anti-parallel have to be moved. In our case, the pan and tilt motions are adequate for
the estimation of the hand-eye relation. The right hand-eye relation SRTC'R can also be obtained from
a similar procedures. ‘ '

6. EXPERIMENTS
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Table 2. Specifications of IIS-head

Joint # Type Range Resolution
1 Prismatic | 0 - 1000 mm | 0.005mm
2 Prismatic | 0 - 500 mm 0.005mm
3 Revolute 0 - 180° 0.004°
4 Revolute 0-60° 0.005¢
sL Revolute 0~ 90° 0.0036°
5R Revolute 0 - 90° 0.0036°

Table 3. DH kinematic parameters for IIS-head

Joint # q d a a
1 |0 q -90° | Omm
2 90° o) -90° | Omm
3 J3 450mm | -90° | Omm
4 Gs | 150mm | 85° | 50mm
5L gs© | 100mm | 0° | Omm
5R as® | 250mm | 35° | 70mm

To evaluate the accuracy of robot calibration, the positioning error is adopted as the error mea-
sure, where the positioning error is defined as the Euclidian distance between the measured and the
_ CPCkinematic model positions of the end-effector. The specifications of the IIS-head are shown in
Table 2. To collect measurement data, we have also setup a static stereo vision system, with the length
of baseline equal to 600mm, which provides the accuracy of 0.5mm if the object distance is approxi-
mafely 1.5 meter. .In the simulation, we only add noise to measurement of the end—effector calibra-
tion plate, and do not add noise to the joint value, because the measurement error of the stereo vision
system is much larger than the resolution of the joint variables. The kinematic parameters of the DH
model of the IIS-head used in the simulation are contained in Table 3. In Table 3, the kinematic
parameters are rough estimates of the true values, where ¢ is the rotation about axis z.; needed to
make axis x;; parallel with axis x; , d is the translation along z;.1 needed to make axis x;.; intersect
with axis x; , ais the rotation about x; needed to make axis z;-1 parallel with axis z;, a is the translation
along x; needed to make axis z;.; intersect with axsis z;, refer to [4] for the details of DH model.

Note that we have used the DH kinematic mode, since it is easier to be understood for the readers not
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Fig. 10. Simulation process. *T, is the tfransfor-
mation matrix from plate coordinate system to
world coordinate system.

Computer Simulation

10
9 oo =3 Oox = 3f

-
1

Positioning Error (mm)
ch
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L
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0 T 5 T 1I0 T fs T
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Fig. 11. The positioning error versus the measurement number

and the standard deviation of the observation error.
familar with the CPC model. The schematic diagram for the computer simulations are shown in Fig,

10. The DH model generates a transformation matrix according to given joint values. The transia-
tion vector is then perturbed by adding noise with zero mean and standard deviation op mm toitseach

entry. Rotation matrix is also perturbed by multiplying a rotation matrix with random rotation axis
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Table 4. The calibration results from
real experiments

Left Branch: Right Branch:
#: = 0.65mm | 0, = 0.24mm | #z = 0.28mm | 0, = 0.31mm
ty = 0.23mm | 0, = 0.12mm | #y = 0.13mm| 0, = 0.21mm
4 = 0.35mm | o, = 0.30mm | #: = 0.1kmm | 0; = 0.35mm

and random noise angle whose mean is zero and standard deviationis opx degrees. The noisy trans-

formation matrix is used as the measured one, and the calibration procedure described in section 4 are
applied to the measured data and the joint variables. The estimated CPC kinematic parameters are
then tested by computing the positioning error. '

The first experiment is to determine the number of measurements has to be made for each
joint. Fig. 11.shows the positioning errors of end-effector caused by robot calibration error. Each
data point is the average of ten random trials. We find that for the requirement of lmm calibration
accuracy, the observation error should be controlled below 0.5mm and the number of measurement
should be more than five, and we choose to use nine measurements for each joint.

In the real experiment, nine measurements are made for each joint as determined in the pre-
vious experiment. Currently, the hand-eye calibration is not completed yet. Thus only the calibra-
tion procedures described in section 4 are used to estimate the kinematic parameters. Due to the
- constraints that the calibration plates have to appear in the view field of the stereo cameras, the cali-
bration ranges are smaller than the physical working ranges of the joint variables. Also, we have

-chosen nine poses of the IIS-head as the testing configuration set which are drawn from the calibra-
tion range (but the g:élibrau'on procedlfres did not use this set). The mean and standard deviation of -
the positioning er_rér in x, y and z directions are shown in Table 4, which shows that the positioning
errors are less than 1mm in each direction.

7. CONCLUDING REMARKS

' Many computer vision problems that are ill-posed, nonlinear or unstable for a passive observ-
er become well-posed, linear or stable for an active observer[1]. Being able to acquire information
actively, the active vision system has more potential applications than a passive one has. Specifically,
in an active stereo vision system, the cameras are able to perform functions such as gazing, panning
and tilting. To control the positions and orientations of the cameras, both the kinematic modei and its
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parameters of the active vision mechanism have to be known. Unfortunately, the exact kinematic
parameters are usually unknown. In this paper we have solved the kinematic parameters identifica-
tion problem for the [IS-head based on the CPC closed form solution[24]. Some modifications has to
be made to the original CPC algorithm since the mechanism of an active binocular system has a
branched kinematic chain having two branches, i.e., two chains sharing some common joints. We
have extended the CPC method to handle this situation and still enjoy having closed form solution.
The extended method can be directly used to solve the kinematic parameters for similar mechanism
having branched chains. To control the active binocular system, we also have to develop an inverse
kinematic solution for the CPC model with the estimated parameters. Our next goal is to develop an
mverse kinematic solution, and implement the active vision paradigm on the IIS-head.
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