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Abstract

Multimodal visual haptic user interfaces can be made more effective by accurately colocating the
workspaces of their components. We have developed a coregistration technique for pose measurement
devicesbased on nonlinear least squares parameter estimation. A reduced quaternion parameterizationis
used for representing the orientation component of coordinate transformations, which avoids the numer-
ical instability of traditional approaches. The method isillustrated with two examples: the colocation
of a haptic device with a position tracker, and the coregistration of an optical and a magnetic tracking
system.



1 Introduction

The combined use of immersive visual and haptic displays has received focused attention in the last couple of
years [12, 4, 15, 17, 2]. We believe that the precise colocation of the visual and haptic components is necessary
to make these systems effective and useful for scientific exploration. For projection-based immersive displays,
coregistration typically involves determining the following three coordinate transformations:

e Therdative transformation between the coordinate bases of the position tracker and the haptic device.
e The position, orientation, and size of the display surface(s) with respect to acommon base.

e Thelocation of the user’s eyes relative to the tracked head frame.

In this paper, we generalize the first problem and present a technique to coregister pose measurement devices,
i.e. devices that measure position and orientation components of a moving coordinate frame relative to a fixed
base.! The method can also be used to calibrate atracking system from measurements taken with a more accurate
device[7].

The coregistraton technique is based on attaching a rigid mechanical link between the two (or more) mea-
sured locations (Figure 1). We can determine the relative transformation between the devices by taking a series
of simultaneous measurements and fitting a parametric model to the collected data. The parameters include the
position and orientation of one base relative to the other and certain position and orientation components between
the tracked frames. More precise parameter estimates can be obtained by considering inaccuracies in the measure-
ments from both devices using atotal least squares regression agorithm. It is also important to quantify how well
the estimation algorithm performs taking into account the quality of the collected data.
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Figure 1. The idea behind the coregistration technique.

After briefly introducing the mathematical framework behind parameter estimation, we present a novel orien-
tation representation based on a reduced quaternion parameterization. The method is illustrated in two typical
situations: the colocation of a haptic device with a position tracker, and the coregistration of an optical and a
magnetic tracking system.

The formulation presented here is similar to those used in the field of robot calibration, a taxonomy of which
can befoundin [6].

1The more commonly used term is tracking device or position tracker. For arecent survey on tracking technology, see [13].



2 TheCoregistration Problem

The relationship between the two devices and the corresponding measured locations can be described as a coupled
virtual mechanism (Figure 1). The geometric model of this mechanism is composed of the coordinate trans-
formations between the two stationary bases and the two (or more) moving coordinate frames. Some of these
transformations are fix and have to be estimated (denoted by the solid arrowsin the figure). Other transformations
are measured by the devices (indicated by the dashed arrows). We collect the parameters that describe the fix
transformations into a parameter vector ¢. The virtual mechanism is expressed mathematically as anonlinear sys-
tem of equations. We adopt the traditional formulation by considering device A as input, and device B as output
of this system:
y =f(x,¢) (1)

i.e. the output measurements y are afunction of the input measurements x and the model parameters ¢. The two
examples in section 4 will demonstrate how to obtain these equations from the actual geometric arrangement. Our
goal isto estimate ¢ from a series of input-output measurement pairs (%, y*). To achieve this, we minimize the
error between the output measurements and the model according to the least squares principle:

N
S=> e, (f(x",$),7)" Wie,(f(x',$),5") 2
=1

where e, isthe output error metric, which is most of the time defined as the difference between the model output
and the output measurement vector:

€y (f(X7 ¢)7 S’) = f(X7 ¢) - S’ (3)

and W; isaweighting matrix, which we set to the inverse covariance of the output measurements:
W, =V;"! 4

Since (2) is anonlinear function of the parameters, this formulation belongs to the family of nonlinear ordinary
least squares (OLS) problems [1].

A more sophisticated approach takes into account not only the output measurement errors, but also the input
measurement errors, resulting in nonlinear weighted total least squares estimation (TLS) [16]:

©®)

al e, (x!, %) g e, (x?, %)
5= ; [ ey(f(xi7¢)7yi) ] WZ [ ey(f(xi7¢)7yi)

Since al input measurements are considered as parameters of the system, the original parameters ¢ are augmented
resulting in a new parameter vector &:
X1

E=| - (6)
XN
¢
The implementation of both estimation techniques is discussed in detail in Appendix B.

3 Representation of Orientation

We need to represent the coordinate transformations with a minimum set of parameters to avoid having to use a
constrained optimization algorithm. The position components are parameterized by their Cartesian coordinates
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expressed in the frame they originate from. For the orientation components, however, we face the problem of
choosing an appropriate representation. Euler angles are minimal but suffer from singularities, otherwise known
as gimbal locks. The exponential map is also minimal, but besides coping with singularities, it is difficult to use
it for combining rotations [5]. Rotation matrices are highly redundant and it would be difficult to keep track of
the large number of constraints they are subject to, or to come up with a reduced parameterization. Quaternions
are an optimal choice, because they only require a single constraint. It is also possible to represent them in a
reduced form, which is more convenient and elegant to include in the geometric model than Euler angles are.
Since there is more than one way to represent a quaternion with three parameters only [8], we need to examine
certain conditions at every iteration step of the estimation procedure and dynamically reparameterize the system
to avoid singularities.

3.1 Reduced Quaternion Parameterization

The reduced representation is based on the observation that if we know the three smallest magnitude elements
of a quaternion and the sign of the largest magnitude element, we can compute this element from the constraint
equation. Let’s denote the minimum magnitude vector component of quaternion q by s. Without loss of generaity
we can assume that:
q1
S=1 4 (7)
q3

i.e. the largest magnitude element of q = [ ¢ ¢q1 ¢2 g3 |1 is qo. Since valid rotations are represented by unit
guaternions, we calculate ¢y as:

w=2VI-sTs=%\/1-¢ — ¢} - & ®)

Thus, we can define an operator that converts the reduced quaternion to the full representation:

+\/1-¢7 — 63 — 63
q(s) = 7 9)

The Jacobian of this operator dq/ds can be written in the following form:

—Q1/QO —Q2/QO —Q3/QO

oq 1 0 0
os 0 1 0 (10)
0 0 1

Thismatrix iswell-conditioned aslong as ¢, is not close to zero, which istrue, since ¢ is assumed to bethe largest

magnitude element of g. The sign of ¢ is fixed until we choose a different reduced representation. Notice that
there are four possible reduced forms, much fewer than the number of different Euler angles representations. The
ambiguity in (9) can be handled by carrying the sign over from the previous iteration of the estimation procedure.

3.2 Error Metric

A related problem is how to calculate the difference between two orientations. Since the space of 3DOF rotations
SO(3) isnonlinear, thisis not asintuitive to define as position error. If the difference is small, linearized forms can
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be used. These include direct difference for Euler angles and quaternions, and differential orthogonal rotations for
rotation matrices [6].

There is an adternative formula for quaternions, which closely approximates the idea definition, i.e. the angle
of rotation. It is based on the quaternion q, that rotates between the two orientations g, and g:

qA qe = qB (11)
from which:

de = d4 Up (12)
where * denotes the quaternion conjugate operator [9]. We can use the vector part of ¢ as the error metric:

e(d4,0p) =Qe = ¢a 4B — B dA —da X Q5 (13)

since it contains information about both the angle 4, and the axis k. of rotation:

_ . 06 ~ e
Qe = kesin() 2 ke (14)
The optimization procedure essentially minimizes the norm square of q., which is a quantity very close to the
square of the rotation half-angle, if the angleis small. We also need the partia derivative of q with respect to q:

dqe
dd,4

where S(q) is a skew-symmetric matrix that represents the cross product by q.

In practice, we found that it does not significantly matter if we use this definition or just the vector difference
between the reduced quaternion parameters. We include it here for completeness and also formulate the estimation
procedures with an error metric in mind.

= [ as S(as) — g5l ] (15)

4 Examples

To illustrate the use of the mathematical framework, two example formulations are presented. In the first, we
coregister two full pose measurement devices, such as a haptic device and a 6DOF tracking system. The second
example shows how to colocate a 6DOF full pose and a 3DOF position only tracker using multiple measurement
locations.

4.1 Full Pose Coregistration

Inthis case the devices measure all six degrees of freedom of the tracked framesrelative to their bases. We consider
device A the input, and device B the output of the system (Figure 2). The transformation between the base frames
Ap and By is represented by displacement vector py and quaternion ¢,. The relative position and orientation of
the tracked frames A; and B, are expressed by p; and g, . Let'sfind the position and orientation of frame B; with
respect to frame By viathe By-Ay-A;-B1 loop:

_ f(o ) — | Po T R(A(s0))(Pa + R(a(s4))P1)
y =1 = (so) A(s.4) o(s1) ] 16
from which:
Po
o=| o | x= ‘S’j], y=|q (17)
S1



and R(q) isan operator that converts aquaternion to arotation matrix (Appendix A). Alternatively, we could omit
the orientation part in (16) and obtain a partial formulation:

y = £(¢,%) = | o +R(d(s0)) (P4 + R(d(s.4))P1) | (18)

Figure 2. Coregistration of two full pose measurement devices.

4.2 Partial Pose Coregistration

This example shows how to formulate the coregistration equations for a 6DOF full pose and a 3DOF position
tracker (Figure 3). Four measurement locations are used with the purpose of being able to extract full pose
information from three simultaneous position measurements [7]. Thus, three attachments are needed, which are
joined at location A;. The equations are obtained by finding the position of B; with respect to frame B, viathe
By-Ap-A1-Bjloop (j =1, 2, 3):

Po + R(q(so))(pa + R(d(sa))p1)
y =f(é,x) = | po+R(d(so))(pa + R(d(sa))p2) (19
Po + R(d(s0))(pa + R(q(s4))P3)

from which:
Po
S0 PB1
¢p=|p1L |, x= IS)A , Y= | P2 (20)
P2 A PB3
P3

5 Conclusions

To verify the feasibility of the technique, we have implemented and tested the two examples above in GNU
Octave [3]. The second example was used to coregister a magnetic and an optical tracking system in a real
experiment [7]. In practice, both estimation algorithms are needed: OLSis used to get a“rough” estimate, which
can be refined later with TLS. Note, however, that if the input noise is not significant relative to the output noise,
both OLS and TLSwill yield very similar estimates.



Figure 3. Colocation of a 6DOF full pose and a 3DOF position tracker.

A Operator R(Q)

The following operator transforms a quaternion to the corresponding rotation matrix [9]:

B+ —a—a3 2092 — 29093 2¢1¢3 + 2q0q2
R(O) =| 2qq+290ep @+3E—9d—aG 299 — 200 (21)
29193 — 2qoq2 20203 + 2q0q1 @+ 45 — ¢ — ¢

Note that this operator has a more commonly used equivalent form, which is obtained by incorporating the con-
straint ¢ + ¢? + g5 + ¢3 = 1. In the estimation procedures the partial derivatives are frequently used. These can
be derived directly from (21):

OR. g —q3 G2
o 2| @3 9 —q (22)
q0 _
| 92 Q1 q0
OR. q g2 q3
90 21 @2 —q1 —qo (23)
q1 _
L 43 9o q1 |
OR —q2 41 4o
90 2| @1 @ @ (24)
q2 _ _
| —90 43 qz |
OR —q3 —qo q1
9. = 2| 0 @@ (29)
q3
| 4@ a2 g3 |




B Nonlinear Least Squares Parameter Estimation

The problems we are interested in can be modeled by the following nonlinear vector equation:

y = f(x,¢) (26)

where (x,y) stand for the input and output variables of the problem, and ¢ is the parameter vector.
In order to get an estimate of ¢, we take N measurements and use an iterative algorithm based on the principle

of least squares. Let (x%,y) denote the actual but unknown input and output variables at measurement 4, and ¢,
the actual but unknown parameter vector. Then, assuming a perfect model, it is true that:

yi:f(xi’(b*)’ izl""’N (27)

In redlity, the measurements are corrupted by noise, which we express through error metrics e, (x, %*) and
ey(yi, y*). For our purposes, these functions consist of the vector difference of the position components and the
metric introduced in section 3.2 for the orientation measurements.

B.1 Weighted Ordinary L east Squares

Let the output measurement errors e, (y?, ') beindependent and normally distributed with zero mean and covari-
ance matrices V;. The estimate of ¢, ischosen to minimize the following expression:

N
S = Z ey(f(xi7 ¢)7 yZ)T WZ ey(f(xi7 (‘b)’ }'}Z) (28)
1=1

where W; is a positive definite, symmetric weighting matrix, which we set to the inverse covariance of the output
measurement errors:
W, =V, ! =R!R; (29)

The upper triangular matrix R; is obtained from the the Cholesky factorization of W; [11]. We reformulate the
minimization problem by collecting the weighted measurement errors into a single vector g(¢):

g1 (¢) R, ey(f(xl’ ¢)v$’1)
g(¢) = : = : (30)
gN(¢) Ry ey(f(xN’ ¢)v yN)
Hence, the objective function (28) is expressed as:
S =g(¢9)" g(4) (31)

To find the optimal parameter vector ¢, we use an iterative procedure, which linearizes g around the current
estimate ¢,, of step k:
S = (g(¢r) +IAP) (g(4) +IAS) (32)

The parameter Jacobian of g is expressed as:

Rl Ey(f(xl7 d)k)? yl) F(X17 d)k:)

5989 _ : (33)

RN Ey(f(xNa ¢k:)7 yN) F(XNa ¢k:)



where:

dey

B, = 5 (34
F = g—; (35)
The solution to minimizing (32) is the well-known formulafor linear least squares problems [11]:
Ad=—(IT13) " g(n) (36)
from which ¢,, is updated:
Dpr1 = ¢ + AP (37)

and the procedure is repeated until the corrections are sufficiently small:
A <e (38)
B.2 Weighted Total L east Squares

So far we have neglected the input measurement errors, which is not usually a problem as long as they are small
relative to the output measurement errors. It can be shown, however, that the parameter estimates might be biased
if the input measurement errors are sufficiently large and are not included in the estimation procedure [10]. To
avoid this problem, more complicated formulations that treat the input and output measurements equally have been
developed [14, 16, 18].

Some of these methods are based on treating the input measurements as parameters of the problem. Let the
measurement errors e, (X' — x'), e, (§; — y*) beindependent and normally distributed with zero mean and joint
covariance matrices V;. Then the estimates x;, %2, . . . , Xy, ¢ are chosen to minimize the following expression:

(39)

NI el i) ] e, (xt, 1)
S:Z xz'? o W; $i7 o
i=1 ey(f(x 7¢)7 y ) ey(f(x 7¢)7 y )
We assume that the errors between measurements are independent, but those of a single measurement are not
necessarily so. Thus, W; is a positive definite, symmetric weighting matrix:
W, =V '=R'R; (40)

Asbefore, R; is obtained from the the Cholesky factorization of W; and has the following form:

| Rii Ray;

We recast the minimization problem by collecting the input measurement and parameter estimates into a single
vector &:

“le)] e



Hence, our goal isto minimize:

S =g(é)"g(é) (43)
where: ) ;
Rl ,1 ex(x ple ) + R2 1 ey(f( 17¢)7y1)
_ RI,N ea:(XNaﬁN) + R2,N € (f XN7¢)7y )
g(&) - 1;{’371 ey(f(xl, d)i 1) (44)
Rj v ey(f(x ( N, #),3") 1
The iterative procedure at each step calcul ates the correction A&, which is added to the current value of &:
§ki1 =&k + AL (45)
by finding the minimum of the linearized expression:
S = (g(&) +IAET (g(&)) +IAE) (46)
The parameter Jacobian J of g iswritten as:
I=1] 3.6 346 ] (47)
where:
[ Ry Eg(x},%Y) + Ro1 Ey(f(x}, ¢p), §') Falx, &)
3 0g(€) _ | Rin Ez(xf,%Y) + Roy :E-y(f(xéva br), §') Faulxg, ¢4 (48)
“ Ju Rs1 Ey(f(x;, #4), 5') Fulxy, ér)
I Rs v Ey(f(x), ¢1),9") Ful(x), d1)
Ro1 Ey(f (Xka¢k) Y Fy(xp, dp) ]
5, P88 | Row By 9.9 Folxl. o) 49)
’ ¢ R, Ey(f(xp, #1),5") Fol(xi, b
| Ra v By (f(x)), 04),3") Fo(xy, b)) |
and:
oey
E, = - (50)
0
E, = 8%/ (51)
of
F, = a (52)
of
F, = 9 (53)

We could proceed with the linear least squares solution like we did in the previous section, which works well
for a small number of measurements. Notice, however, that by incorporating the input measurements into the
parameter vector, we increased the size of the search space significantly. More efficient procedures exploit the
sparse structure of the Jacobian J [14].
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B.3 Incorporatinga priori Parameter Estimates

If we have apriori knowledge about the parameter estimates, it is useful to include it in the estimation procedure.
Thisis done by adding aterm to the objective functions (28) and (39):

Sy =S+ey(d,d)" Wyes(o,d) (54)

where ¢ isour apriori estimate of ¢*, such that ed,((}b —¢*) isnormally distributed with zero mean and covariance
matrix V4. The iterative procedure is carried out as before, except that now g and J are augmented by:

gs(#) = Rgey(d,d) (55)
Jy = R¢%—Zf (56)

B.4 Evaluating the Parameter Estimation

An important step of parameter estimation is to check that the statistical assumptions about the model are appro-
priate, and to find out how accurate the parameter estimates are.

B.4.1 Goodness of Fit

It can be shown that if the Gaussian assumptions are valid, the objective function Sfollows the ¥ distribution with
v = M — P degrees of freedom, where M isthe length of g and P is the number of parameters [11]. A sample
S* from this distribution is obtained by computing S with the converged values of ¢:

S* = g(ér)" g(ér) (57)

By comparing S* to the x? distribution, we can find the probability of getting thisvaluein light of the assumptions.
If this probability is very low, we conclude that the assumptions are invalid and need to be modified, typicaly via
changing the measurement error covariance matrices [18].

B.4.2 Estimating thea posteriori Parameter Covariance

An estimate of the a posteriori parameter covariance matrix can be calculated from the Jacobian using the con-
verged values of the parameters [10]:

Vo= (J(dp)" I(epp) ™" (58)

By taking the square root of the diagonal entries of this matrix, we get an estimate for the standard deviation of
the parameter errors.
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