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Abstract — The problem of pose determination using a calibrated
structured light system is to determine the position and
orientation of an object relative to a camera coordinate frame.
By projecting a multiple-line light pattern to the three planes of
the object, a number of line-to-plane correspondences can be
obtained, from which an efficient and compact closed-form
solution for the pose determination is derived. The performance
of the proposed algorithm in the presence of noise is also
investigated. Preliminary experiments conducted with a
structured light system shows that this novel method is robust,
efficient and is applicable to the real-time pose determination of
mobile robot.

Index terms: pose determination, structured light system.

I. INTRODUCTION

Determination of 3D rotation and translation is an important
problem that has wide applications in robotics and computer
vision. Pose determination involves the estimation of the pose
of an object in a reference coordinate frame. Depending on
the way the measurements are taken, the pose determination
can be classified as, among others, 2D-to-3D and 3D-to-3D
correspondence problems.

In 2D to 3D correspondence problem, pose determination
are performed based on defining a match between sets of 2D
image features and sets of corresponding 3D features. The
Stereovision is one of the computer vision techniques that can
be used to obtain 3D information of the environment. By
solving the correspondence problem between cameras,
triangulation can be used to reconstruct the 3D position of the
matched pixels. However, the correspondence problem is not
always easy to solve. On the other hand, structured light
vision system projects a known pattern onto the environment
and grabs the images with a camera, thereby avoids the
standard correspondence problem. Furthermore, the
structured light sensor is an active device so it will continue to
work in dark environments as well as environments in which
the objects are featureless. In contrast, stereovision would fail
in such texture-free circumstances. The pose determination
with a structure light system has been applied in object
recognition and shape reconstruction [1, 2]. Recently, these
measurements devices have also been used to collect 3D face
data for biometrics applications [3].

In 3D-to-3D correspondence problem, there are two sub-
catalogs: point-to-point and line-to-plane matching. A
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classical example of point-to-point correspondence
applications is find the location of a robot in the world
coordinate frame, provided that positions of the robot end-
effector are measured in both the robot base and the world
frame. In a line-to-plane correspondence problem, lines
represented in one coordinate frame and planes on which the
lines lie are represented in another frame. The problem is to
determine the pose of the second frame relative to the first
frame, given a set of matched line and plane measurements. A
typical example of the line-to-plane pose determination
problem is to find the position and orientation of an object in a
reference coordinate frame, say camera coordinate frame,
using a structured-light vision system [4]. This problem is
illustrated in Fig. 1. A light plane is projected onto the object
by a laser device. The image of the lines corresponding to the
intersection of the light plane with the object planes is
processed. The direction vector and distance of the lines in
the camera coordinate frame are then computed by using the
geometry of the camera and the laser scanner (Assuming that
the geometry of the structured light system has been
calibrated). As can be seen, the lines are represented in the
camera frame, while the object planes are represented in the
object frame. By projecting a multiple-line light pattern into
the object planes, a number of line-to-plane correspondences
can be obtained, from which the pose of the object in the
camera coordinate frame can be determined.
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Fig. 1: A structured-light system
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There have been active researches in solving line-to-plane
correspondence problems. Various closed-form and numerical
solutions were proposed in the literature [5-13]. As two
typical examples, a closed-form solution method based on
solving a high-order polynomial equation was developed in
[4], together with the description of a set of necessary and
sufficient conditions under which the line-to-plane pose
determination problem can be solved. An iterative solution
method based on the Levenberg-Marquardt nonlinear least
squares optimization theory was given in [11]. Recently,
results from comparative studies of four methods for
registering 3D range data to 2D images were given in [13].

This paper deals with the 2D-line image and 3D-plane
object correspondence problem initially, then with the
calibrated structured light system, the 3D line correspondence
in the camera coordinate frame can be obtained. Therefore, the
problem becomes the 3D line-to-plane correspondence
problem.

A closely related work to our research was reported in [12].
It proposed an algorithm to solve a special case of the line-to-
plane pose determination problem. It was assumed that for
each plane, there correspond at least three line segments. A
light-stripe vision system depicted in Fig. 1 provides such
measurement data. Under this assumption, a concise and
computationally efficient closed-form solution, termed the
triplet constraint algorithm, was derived based largely on the
theory given in [6]. The idea of the algorithm is to use the
invariant property of the angle between the two planes and the
direction vector of the third line.

In this paper, it is assumed that there are at least three
planes and each plane with two line segments on it. Under
this assumption, a new method is proposed to solve the
underline problem. With the method, the unknown rotation
matrix and position vector can be obtained in a closed form.
Furthermore, the necessary and sufficient conditions under
which the pose determination problem can be solved become
very intuitive.

The paper is organized as follows. In Section II, a formal
statement of the problem is given. Section III presents our
approach. Section IV provides experimental results. The
paper concludes with a summary.

II. PROBLEM STATEMENT

Given 3-D data of multiple-lines in one coordinate frame
(say the camera frame) and the corresponding planes in
another frame (say the object frame), the problem at hand is to
determine the transformation between the two coordinate
frames (Fig. 2). Let the unit vector m; ;, denote the direction

of a line Z; ; in the camera frame, and the unit vector n,

denote the normal of a plane F; in the object frame, where i

denotes the number of planes and j denotes the number of

lines on each plane.

My, My
m; ;=\ My j|s n; =|iny,
mzi,j n

Let p; ; be the vector of a point on line Z; ; in the camera

frame and d; the shortest distance of plane F; to the origin of

the object coordinate frame.
stated as follows:

The problem can be formally
given m;; , n; , p;; and d,
(i=123, j=12), determine a rotation matrix R and a

translation vector t such that the following equations are
satisfied:

n/Rm; ; =0 (1)

and

niT (Rp, ; +t)=d,; 2

di Zo

o Yo

Xo

object coordinate
frame

Xc
camera coordinate
frame

Fig. 2: The line data is described in the camera coordinate
frame and the plane data is in the object coordinate frame

where 7 denotes matrix transposition, R and t are the rotation
matrix and translation vector of the object coordinate frame
related to the camera coordinate frame.

The geometric meaning of the above two equations is easy
to understand. Equation (1) means that the rotated line vector
will be perpendicular to the plane normal, and equation (2)
says that the transformed point will line in the plane.
Therefore, the whole line will be completely in the plane.

III. SOLUTION

Let

aT:nrR,

1 1

i=1,2,3 3)

Then (1) can be rewritten as
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a/m,; ;=0 )

Each n; corresponds to m, ; on plane i, where j=12.

i,j
Since a, is a unit vector according to equation (3), a cost

function can be defined as

2
J=Ya/m, ;m] a +A(1-aja,). Q)
= '

If equation (4) is satisfied and @, is a unit vector, the above

cost function should equal to zero theoretically. Define

M, = Zmi’jme’j . (6)

The above cost function becomes
J=aMa, +A(l1-aa,). @)

A solution to the problem can be obtained by minimizing
J with respect to a,;. Differentiating J with respect to a;

and setting it to zero, from

Y _o, ®)
aai
one obtains
M;a; = Ja,. )

Equation (9) suggests that the solution a ; that minimizes the

cost function J is the eigenvector corresponding to the
minimum eigenvalue of M;. The following theorem states the

condition under which a; can be solved for:

Theorem 1. The necessary and sufficient conditions for a; to
be solved is that the two lines lie on the plane are not parallel.

Proof: In order to have a unique solution from (9), The rank of
M; must be two. It implies that the two lines on the plane

should not be parallel. The converse is also true.
Q.E.D.

After a,;is known, the rotation matrix R can be determined
from (3), assuming that the three planes are not mutually
parallel. Since R is orthogonal matrix, R!'=RT. By
multiplying R” on both sides of Equation (3), we have

a,-TRT:n,-T

i=1,2,3. (10)

The above equation can be rewritten as

Ra; =n,,

i=1,2,3. (11)
There are a number of effective methods for solving
rotation R in Equation (11): one is the Singular Value
Decomposition (SVD) method, and another is the quaternion
method [15]. Here SVD method was applied to calculate the
rotation matrix R.
Once R is known, (2) is a linear equation in the translation
vector. The solution is

niTt:di_niTRpi,j (12)

It is easy to show the following fact:

Theorem 2: The necessary and sufficient condition for R and ¢
to be uniquely solved is the three planes are not mutually
parallel.

IV. EXPERIMENTAL STUDY
A. Simulation Study

In this section, the simulation procedure to illustrate the
closed-form approach presented in Section III is described
first. Then, the performance of the proposed algorithm in the
presence of noise is given.

A.1. Simulation Procedure

The simulation data we need here are three planes
represented in the object coordinate frame and two lines on
each object plane represented in the camera coordinate frame.
In order to get the above data, the following procedure is
performed in the simulation.

®  First, the normals of two planes, say light planes, were
randomly generated in the camera coordinate frame, with
the constraint that the two light planes should not be
parallel to each other.

® The normals of three planes, say object planes, were then
randomly generated in the object coordinate frame, with
the constraint that they were not mutually parallel. The
distances of the planes to the origin of the object frame
were also randomly generated. ~ After this step, n, and

d; were obtained.

® The true value of the transformation from the object
frame to the camera frame was assumed. It was a rotation
around the axis (0.4514, 0.0402, -0.8914) by an angle
/6 followed by a translation (2, 5, 6).

® The object planes were then transformed with the
transformation provided on the previous step from the
object frame to the camera frame.

® For each object plane, the two intersection lines were
calculated with the two light planes intersecting with the
corresponding object plane. After this step, m; ; were

obtained.
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® One point from each intersection line was then picked
up. There were six of them totally. After this step, p; ;

were obtained.

With the above generated data, the transformation was
estimated by applying the algorithm proposed in this paper
without any noise presented. It turned out that the estimated
pose was exactly the same with the ground truth data. It
means that our approach is theoretically correct. Comparing
with Chen’s algorithm [4], which had to solve the relatively
complex polynomial and need remove all the false roots, the
proposed algorithm is very easy to implement.

A.2. Sensitivity Study

In order to analyze the performance of the proposed
algorithm, a simulation study on the sensitivity of the
algorithm to errors in the orientation of line segments are
reported here. It was assumed that the line vectors were
perturbed randomly. The perturbed line vector located within a
cone with the original line vector as the axis. The angle
between the axis and the boundary of the cone was defined as
the perturbation range (PR). The unit of the PR is degree.

As is well known, the angle between two vectors can be
defined ascos(d)=aeb, where & is the angle, aebis the

inner product of the two vectors. If given the angle and one of
the vectors, it is impossible to calculate the perturbed line
vector directly, since the line vector has at least two unknowns
(the third one can be calculated by using the constraint that the
norm of the vector is equal to 1), and there is only one
constraint available. Therefore, the following procedure was
applied to generate the perturbed line vectors.

e Transform the original line vectors m to the unit vector
along the z-axis of the camera frame. One way of
implementing this transformation is to rotate the reference
frame by an angle of o about an axis k , where
a =arccos(zem) = arccos(m,) and k = zxm where z

|2 >m]
=[0 0 1]". The rotation matrix R, can then be represented
only by the vector m.

e The PR was generated as the Gaussian white noise. Since
the perturbed vector along the z-axis should be the unit
vector, we can pick one special vector here as [0 sin(&)

cos(8)]1".

e Then the perturbed line vector can be obtained by
multiply R, with the perturbed line vector along z-axis.

Fig. 3 and 4 show the histograms of rotation errors for PR

=1° and 5°. The results were obtained by running 5000 trials.
The error in rotation axis was defined as the angular offset of
the rotation axis; the error in rotation angle was simply the
absolute difference between the computed rotation angle and
the ground truth.
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It is clear that the rotation axis is more sensitive to noise
than that of the rotation angle. Comparing Fig. 3 to Fig. 4, it
is shown that, as a result of greater noise, the frequency
distribution flattens out and more distribution sections shift to
the right, and the maximum values of the errors increase. In
other words, the probability of errors tends to fall into higher
value areas when the noise increases. The number of the trials
(in percentage) in which the error of the solution was found to
be less than 0.05z (for rotation axis) and 0.01z (for rotation
angle) are listed in Table I.

In order to make the comparison of sensitivity
performance between our approach and Chen’s[4], the errors
of rotation axis and rotation angles obtained from both
algorithms are listed in Table II. It is obviously that the
sensitivity performance of our approach is much better than
the other one. On top of it, the computation complex is also
much efficient with our approach.

TABLE I
SENSITIVITY RESULTS USING OUR APPROACH

PR E, i <0057 E,, <001z
(DEG) (%) (%)
1 100 100
2 99.20 96.80
3 92.64 83.92
5 70.86 61.10
TABLE II

COMPARISON OF SENSITIVITY RESULTS

PR E i <0.17 E,q <0.17
Chen’s | Ours Chen’s | Ours
1 94.5 100 91.1 100
2 91.8 100 85.1 100
3 89.1 99.8 79.1 100
5 83.7 94.9 67.0 100

B. Experimental Results

The experimental setup consists of a LCD projector, a SONY
CCD camera of 510 x 492 pixels and a 25-mm lens, and a
cube object. Both the projector and the camera are rigidly
mounted on one heavy-duty static system.

Before applying our method to the real experiment, the
structured light system needs to be calibrated to obtain the
geometry relationship between the projector and the camera.
The method proposed in [14] has been adopted here for this
purpose. After the calibration, the relative position of the
projector and the camera should not be changed any more.

Since the proposed approach requires at least two
nonparallel strip lines on each object plane, and three such
object planes has to be acquired by the camera at one shot, the
relative position of the object, the projector and the camera has
has to be designed carefully so that the filed of view of the

camera is able to cover at least three adjacent planes of the
object at the same time while the project can also project the
light planes on those three planes. After good relative
positions for all three components are configured through
trials, their positions should be fixed during the whole
experiment. Since the project can only generate one light
plane at a time, it has to project non-parallel light plane twice
to generate the necessary data. The experimental procedure is
described as follows.

e First, the projector shoots one light plan to the object.
Camera takes the picture of the object with the light
strips on. This is called as image 1.

e Second, the projector projects another light plane,
which is not parallel to the first light plane, to the
object. The camera takes the picture of the object
again with the light strips on. This is called as image 2.

e Third, the camera takes the picture of the object with
the light strips off. This is called image 3.

Since the positions of the camera and the object are fixed, the
first light strip pattern can be easily acquired by the difference
of image 1 and image 3. Similarly the second light strip
pattern can be obtained. By using the geometry between the
projector and the camera, which has been obtained through the
calibration procedure, and the image of light patterns, the 3D
line correspondences with respect to the camera can be
obtained. Without losing the generality, the origin of the
object coordinate frame was defined at the intersecting point
of the three mutually orthogonal surfaces of the cube.
Therefore, the plane correspondences in the object frame can
be easily obtained. With the above acquired data, the
proposed algorithm was applied to estimate the pose of the
object relative to the camera.

In order to evaluate the experimental results obtained from
our proposed approach, the ground truth data of the relative
position of the object with respect to the camera is needed.
However, in the real world, it is not easy to obtain this ground
truth data. Usually there are two wyas, one is using an
expensive well-setup measurement system to measure the
position data. Another option is using a well-known camera
calibration method to estimate the camera’s position and
orientation with respect to the object. The second approach is
adopted here. The camera was calibrated with Zhang’ method
[15], where the calibration board can be generated by a chess-
board paper posting on one object surface. Since the camera
calibration results are the pose of the camera relative to the
object coordinate frame, the inverse of the transformation
matrix of the calibration results were calculated.

Then the estimated transformation matrix from the
proposed approach is compared with the one from the camera
calibration. The error of the rotation axis is 0.06 7z and the
error of the rotation angle is 0.03 7. The translation error is

1.045mm, which is defined as ||t —t is the

ot cat || Where t

est
estimated translation vector of the object relative to the camera
using our method and t_, is the translation vector estimated
by the camera calibration. The experimental results show that
the performance of our proposed algorithm is very close to the

camera calibration one. Another advantage of the proposed
algorithm is that the image noise can be reduced to its
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minimum since only the light strip pattern is needed for the
data processing.

V. SUMMARY

A line-to-plane method for object pose determination using a
structured light has been presented in this paper. Comparing
to the other pose determination method using a structured light
system, it can be seen that the closed-form procedure given in
the paper is very efficient, compact, and computation time can
be ignored in most cases. Furthermore, the necessary and
sufficient conditions under which the pose determination
problem can be solved are indeed intuitive. This
characteristic would make the proposed method suitable for all
the real-time applications, such as mobile robot localization
and navigation.

Comparing to the stereo-vision-based pose determination
method, the structured light system can avoid the challenging
correspondence problems between two images. Furthermore,
since the structured light sensor is an active device so it will
continue to work in dark environments as well as
environments in which the objects are featureless, which are
the scenario that stereo vision system would fail to work.

Furthermore, extension of the procedure to a linear least
squares solution for the case involving measurements from
more lines in a plane and more planes is straightforward.
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