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Abstract

Automated material handling equipment, especially that
operating in unstructured environments, requires an ability to
estimate the pose (position and orientation) of a prospective ioad
rapidly and accurately even when the object is partially obscured
by dust, dirt or intervening small objects such as blowing
debris. It is difficult to estimate the orientation of an arbitrary
object in real-time if it may be anywhere in a three-dimensional
workspace. However, an a priori known pattern on the object
can be exploited to provide pose estimation from a single image.
This paper introduces a robust method called the Pi4 method
which estimates the object pose from a single grey scale image
of a striped pattern on the object. This Pi4 method produces
pose estimates which are insensitive to partial losses of the target
pattern. The performance of the Pi4 method in the presence of
obscuration will be presented.

Introduction

The goal of this research is to be able to accurately
estimate the pose of an arbitrary object using a single grey-scale
image of the object even when the object is obscured by dirt,
snow or some objects. The key words in this description are
pose and obscuration. Pose is defined as the position and
orientation of an object (target pattern’s) coordinate frame with
respect to a world coordinate frame. Pose is expressed as in the
robotics literature by the homogeneous transformation matrix [ n
s a p] where the vectors n, s, a express the rotational and p the
positional transformation between the object and world
coordinate frames. Obscuration is defined as “the act of not
being clearly seen” and can appear in several forms when
dealing with real-world materials handling problems. One such
form is image noise which can be caused by dirt, snow or
blowing debris. Another form of obscuration is a filtering
process due to atmospheric rain, fog or haze. This paper will
deal only with obscuration expressed as image noise. Such
obscuration due to noise can be further classified as being either
constructive or destructive. This classification is based upon the
image processing of the target pattern. Destructive obscuration
always results in pixels corresponding to the target pattern being
classified as background; constructive obscuration results in
background pixels being classified as target pixels. This paper
will restrict itself to negative obscuration; however, Ugurdag [1]
has considered both positive and negative obscuration.

This paper describes a pose estimation system which
uses a single grey scale camera and a known, high contrast
target pattern on an object to estimate its pose (Fig. 1.) The
image processing and resultant pose estimates of a highly visible
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target pattern with computer added destructive obscuration will
be described.

Previous Work

The problem of pose estimation using known
geometric information is not new. There have been several
reported methods which use a single image and an a priori
known target pattern to determine the pose of an object:

e The conic method [2]: This method uses an ellipse, a
parabola or a hyperbola as the target pattern. It can
handle obscuration because the algorithm does not
require the entire target pattern; however, the algorithm is
iterative and may take a long time to converge to a good
pose estimate.

The three-dot method [3,4]: If the image locations of
three fixed points on the object are known, then the
actual coordinates of the three points may be written in
terms of three scaling parameters which can be iteratively
determined using the a priori known distances between
the three points on the object.

Yuan’s method [5]: Yuan used four rectangular points
instead of three triangular points. He formulated the
problem in a manner similar to the three-dot method but
solved for pose using a different iterative method.
Haralick's method [6]: Haralick, like Yuan, used four
rectangular points but solved for the pose analytically.
The linear regression method [7,8,9]: This method
requires six or more points on the object. Pose is
expressed as a twelve-element coordinate transformation
matrix which can be determined by applying linear
regression to the known image locations of the points on
the object.

Except for Yuan's method, all the methods described above are
mathematical methods which were not implemented in the real-
world. They do not consider the problem of identifying the
correspondence between the image points and the points on the
target pattern. And, except for the conic method, they all use
points to construct their target patterns.

A method which provides an analytic solution for
pose is preferred because of the potentially long convergence

times of an iterative method. Only Haralick’s method and the
linear regression method have analytical solutions. However, the
linear regression technique does not utilize the known
orthogonality of the target coordinate frame and may require
extensive image processing to identify the correspondence
between object and image points. As a consequence, Haralick’s
mathematical method was investigated for pose estimation in the
presence of obscuration.

Wolfe [7] implemented Haralick's mathematical
method as a practical method using a target pattern consisting of
four small circles and appropriate image processing to identify
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the image to object point correspondence. Wolfe’s
implementation can only make pose estimates over a restricted
range. The assumptions that Wolfe used and their consequences
are discussed in detail in {8]. This paper describes a different
implementation of Haralick’s method called the Dot4 method
which works over a wide range of object poses.

Th 4 Method

The Dot4 method uses a target pattern composed of
four squares in a rectangular pattern (Figure 2) The basic
asymmetry of this target pattern simplifies identifying the image-
object correspondence.

The Dot4 method proceeds in two distinct
computational stages: image processing and pose estimation.
Image processing reduces the input grey-scale image to four
distinct points with a known image to target pattern
correspondence.The second stage applies Haralick’s method to
the centroids of the four points to yield the pose of the target
pattern. The detailed derivation of Haralick's formulation of
pose may be found in [1].

Image processing in the Dot4 method may be divided
into four phases: thresholding, blob-coloring, segmentation, and
identification. Thresholding transforms the input grey-scale
image of the target pattern into a binary image where pixels are
classified as either object or background pixels. Blob-coloring
groups adjacent object pixels by assigning the same blob-index
to them.

Segmentation is the most complex image processing
phase as obscuration of the target pattern may result in more than
four blobs in the image. Segmentation merges blobs which
belong to the same square of the target pattern together to yield
four blobs. This is done using the fact that the size of a square in
the target pattern is less than the gap between the squares. Figure
3 shows an image of a Dot4 pattern before and after
segmentation.

The identification step identifies the correspondence
between the four squares on the image plane and the four
squares on the object. As one of the squares in the Dot4 pattern
is larger than the others the blob with the largest area is identified
as square #1 and its centroid used as the position of square#1.
The centroids of the remaining blobs are calculated and labeled
as #2, #3 and #4 as they are traversed in a clockwise direction
starting from square#1.

The Need for a New Pose Estimation Method

Wolfe’s and the Dot4 implementation of Haralick’s
algorithm fail when obscuration completely covers one or more
squares of the target pattern. If the target pattern squares are
simply made larger the probability of a target square being
completely obscured decreases; however, it becomes more
probable that the target pattern squares will be partially
obscured. This results in the calculated centroid locations of the
target pattern squares being different from the actual centroid
locations and in consequent pose estimation errors.

Overcoming the problems associated with
obscuration requires a pattern whose elements are not
susceptible to complete loss and whose positions can be
accurately estimated even in the presence of severe obscuration.
Lines fit this criteria. The position of a long, thin line can be
accurately estimated even if many parts of the line are missing.
Furthermore, because a line has an asymmetric shape it is
unlikely that random obscuration will completely cover a line. If
a line is partially covered by obscuration as seen in Fig. 4, it can
still be recovered without any error. Lines are used as the basis
for a new pose estimation method, the Pid method.
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The Pi4 Pose Estimation Method

The Pi4 method uses an E-shaped target pattern (Fig.
5.) which looks somewhat like a IT with an extra middle leg;
hence, the name Pi4.

The Pi4 method requires three parallel lines in the
target pattern. The perspective transform of the camera lens
maps these parallel lines into three lines which intersect at a
common point on the camera focal plane. This common point is
called the vanishing point and the coordinates of this vanishing
point, through the vanishing point theorem [10], uniquely
determine the orientation of the correspondin, g parallel lines in 3-
D space. Although only two parallel lines are necessary to
determine the vanishing point, the presence of the third line
simplifies identifying the correspondence between the true lines
on the target pattern and their images. As parallel lines vanish at
the same point on the image plane, three of the four lines on the
image plane must intersect at the same point on the image plane
when they are extended. Thus, the line which does not g0
through the common intersection point of the other three lines is
the horizontal line labeled line#4 in Figure 5.

The Pi4 method goes through two phases: image
processing and pose estimation. The image processing for the
Pi4 method is very similar to that described for the Dot4 method
and consists of thresholding, blob-coloring, segmentation and
identification. The Pi4 method uses the same thresholding and
blob-coloring procedures as the Dot4 method. However, the
segmentation is different than the Dot4 method merging the
blobs into lines using a beamwidth criterion. Consider a line fit
through the axis of least inertia of each blob. If two blobs belong
to the same target pattern line, the lines through their axes of
inertia should be very close to parallel; however, this merging
criterion is not sufficient. A more robust criterion results from
connecting the centroids of the two blobs and comparing that
connecting line with the axes of each blob. The minimum angle
that spans these three lines is called the beamwidth. Merging is
done by calculating all pairwise beamwidths between blobs and
merging until only four groups of blobs corresponding to the
four lines of the target pattern remain.

A final line is then fit to each group of blobs along
their axis of least moment of inertia. As explained above the
fourth line (identified as line#4) is identified as the single line
which does not intersect at a common vanishing point. The
remaining lines are identified by traversing line#4 in the direction
such that the centroids of the other lines are to the right. The
lines crossed while traveling in this direction are labeled line#1,
line#2 and line#3 in the order they are crossed.

After the identification is completed, some geometry
and Haralick’s algorithm is used to compute the pose of the Pi4
pattern.

Performance of the Pi4 and Dot4 Methods

Both the Pi4 and Dot4 methods give accurate results
when no obscuration is present in the image. However, the Pi4
performs better than the Dot4 method in the presence of
obscuration. This was demonstrated by measuring the sensitivity
of pose estimates computed by the Pi4 and Dot4 methods to
obscuration. Images of Pi4 and Dot4 patterns were obtained
using a 244x248 pixel CID camera with a 25 mm, f1.9 lens. The
camera had a grey-scale resolution of 6 bits. The target patterns
were produced using an Apple LaserWriter™ printing the target
patterns on ordinary white paper. The light source was standard
room lighting, i.e. fluorescent lamps in a suspended tile ceiling.
The pattern was horizontal and below a camera pointed down at
the floor. Obscuration was artificially generated by computing
random patterns with specified total noise area and
superimposing them onto the target pattern images. Typical
obscuration patterns are shown in Figure 6.



To test the effect of dot size upon pose estimates in
the presence of obscuration two different sized Dot4 patterns
referred to as Dot4(1) and Dot4(2) were evaluated. Whenever a
pattern dot or line was completely obscured the pose estimation
was recorded as a failure since there was not enough pattern
information to calculate the pose. The three target patterns were
imaged in three different poses to detect any algorithm sensitivity
to a particular pose and to verify the pose range over which pose
estimates could be reliably made. 400 different obscuration
patterns were prepared for the performance test. 200 patterns
obscured 7% of the image by area; the remaining 200 obscured
20% of the image area. The obscuration patterns used for these
experiments were collections of rectangular blobs representing
only destructive obscuration, i.e. if an obscured pixel
overlapped a pixel corresponding to the target pattern that pixel
was classified as a background pixel.

Pose estimation performance of the Pi4, Dot4(1) (the
Dot4 method with a Dot4 pattern of small squares) and Dot4(2)
(the Dot4 method with a Dot4 pattern of large squares) methods
with 7% and 20% obscuration is summarized in Tables 1 and 2.
The normalized positional 'crr‘or was calculated as

P
famge X 100%
where Ipl is the magnitude of the vector distance between the
origins of the target pattern’s actual and estimated coordinate
frames and range is the distance from the camera to the target
pattern (approximately 1.15 meters in these experiments). The
orientational error was calculated as

An +As + Aa
3

where An, As and Aa are the angles between the known and
estimated orientational vectors of the target pattern. The three is
used to average the orientational error over the three axes. The
number of blobs column indicates how many blobs were in the
obscured image after segmentation but prior to merging.
Whenever obscuration blobs completely covered a square or a
line failure occurred and the number of failures column records
how many times this happened.

Conclusions

The experimental results demonstrate that the Pi4 method does
not need the entire line to calculate line position. Mathematically,
this may be regarded as the superiority of a method using
second-order statistics (line fitting) as opposed to a method
using first-order statistics (locating a centroid). The Pi4 uses
relations rather than length or area (as in the Dot4 method or
Wolfe's method) making it very difficult to incorrectly identify
the stripes of the Pi4 pattern removing another source of error.
Finally, the asymmetric shape of the Pi4 pattern stripes prevents
the method from failure. In general, random obscuration will not
result in complete loss of a line and as long as the line is not
completely lost the line fitting provides a very accurate estimate
of the line’s location.
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Figure 1 - Schematic Diagram of Pose Estimation
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Figure 2 - Dot4 Pattern
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(b)

Figure 3. (a) The blob-colored image of a Dot4
pattern; (b) The segmented image. The
background is labeled 0 in both images.
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Figure 4 - Estimated Line After Obscuration
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Figure 5 - Pi4 Target Pattern

Fig. 6: Two typical noise patterns. The white blobs are
obscuration. The pattern in (a) has 7% obscuration
whereas the pattern in (b) has 20% obscuration.

E i total numbe]
7% Obscuration - .rror o ___number | number | o oo
orientation |position of blobs | of failureq pattems
average 0.22° 0.04%) 7 600
Pi4 " 0
maximum | 253 04% | 12
average 3.62° 1% 4
Dot4(1) § 58 600
maximum 176° 37 % 5
average 3677 |08% | 4
Dot4(2) 0 600
@) maximum | 30.8° |[8% 7
Table 1 - Pose Estimation Results for 7% Obscuration
E: i total number]
20% Obscuration . - orn | number | number | o i
orientation p051n0n of blobs] of failures pa_nems
average 0.43° 10.007 %} 13
Pi4 - 0 600
maximum 3.82 04% | 20
average 4.54° 1% 4
Dotd(1)}28 174 | 600
maximum 180° 90 % 5
average 793 | 4% 4
Dot4(2) 1
| 115 [1207] 3 600

Table 2 - Pose Estimation Results for 20% Obscuration
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