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Abstract. Quadrangle and line tracking are essential for messl world
applications of computer vision. In this paper, prpose a computational
efficient line tracker that can robustly and accusatedck lines in an image. W
use a multiplanode-Kalman fiter (MMKF) scheme, which can handle i
tracking accurately anobustly. The basic idea is to run N multiple $tddman
filters in parallel. Each filter is configured to uaedifferent state transitic
model. All thefilters are updated by the measurement at the Samaddllowing
the conventional Kalmarfilter update process. Thénal prediction is ¢
combination of outputs from all the Kalméfilter modules. After lines ar
detected, we developed a scheme to merge thettigether to become suitat
quadrangles. The experimental result shows thaptbposed system cédrack
lines and quadrangle robustly in real time. Thaltas useful in shape detectis
and should be suitable for building many mobilejgctor application:

Keywords: hough transforr; line tracking; multiple kalman filter; quadrangle
detection.

1 Introduction

In many applications, there is often a need tdtractangular and quadrangu
objects. For example, in our previous work, ther@ineed for detecting a
tracking quadrangles from images to assist theepto-camera system fi
displaying virtial objects on a piece of white card board or pfd-[2].

In such a system, a camera and a projector aretawtogether and facing tl
same direction.as in Figure 1. A user can movebtherd freely at a distan
away and the camera is capturing and calculatiegptbsition of the boar
relative to the camernprojector pair. Hence, the desired image can bespreg
correctly onto the board. The user can freely mibng very lightweight boar
as an interface to the computer to view moviesupes etc. There are plenty
applications for such systems. For mple, it can be used for a passenger
flight to watch movies, so the user does not needdw the fixed TV panel i
front of him. Moreover, this can also be used dsaxhing tool for medic:
students, in that the student doctor can examiearntarnal view of a huma
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body by moving the board up and down to selectcireect cross-sectional
view of the target object. The application potdnfigat this setup is enormous.
To achieve the above goal, we need to detect thedbavhich appears to be a
quadrangle in the image captured by the cameraeidre, a robust quadrangle
detector is required. However, the previous sysk&® a time lag problem,
when the board is moving too fast the detection ta&g up to 0.5 seconds to
complete, hence the image may appear to be laggetund the board.
Therefore, a more efficient algorithm for quadra&ndétection is a necessity. In
previous systems, the Canny edge detector and Hmeytransform [1]-[3] are
used to obtain the line features. Then an exhausesdch over the line
combinations is carried out to find four lines whan form a good quadrangle.
Finally, the four corners of the detected quadraragke tracked with a particle
filter. Other approaches such as the one by Zhdayis slightly different; it
projects the edge map from a Sobel edge detectdhetdHough space and
carries out the exhausted search directly in thegHospace. Then, when a
quadrangle is detected, dynamic programming is eyepl to track the pose and
location of the detected quadrangle. We think t#ttough these detection
methods can achieve acceptable results, the pexfmencan certainly be
improved by adding Kalman filter based tracking.

Processing
Unit

Display
surface

Figure 1 The camera projector system used in our previou& Jid-[2].

We found that line tracking by Kalman filter (KF)][&nd extended Kalman
filter (EKF) have been investigated in the work ofll$/1[6]-[7], the tracking
procedure is performed in the Hough space forlsldiine tracking even partial
occlusion exists. And in [8], Condensation [9] isceemployed for tracking the
set of lines in the Hough space. However, poor rnoglén the Kalman filter
may lead to large estimation error [10]. For examglthe line is too close to
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the origin, Hough-based feature detection (thahiéal filter depends on) would
be difficult to function. To address this problemnmathematical scheme called
Multiple Model Adaptive Estimation algorithm (MMAE$ proposed to be used
[11] and the Multiple Model Kalman filter (MMKF) isised as a stochastic
version of MMAE in [11] and [12]. In this paper, wevestigate the use of
MMKF and apply it to line tracking. We believe thdMKF is useful to
improve the robustness and stability with littlerdece of speed. The proposed
MMKF method is not only useful for tracking lineatimay also be extended to
handle other shapes such as polygons etc. We bel&ng this method we can
produce a robust line detector for even for lowtaosbile camera-projector
systems. Hence, a quadrangle detector based onliriisdetector can be
achieved. In Section 2, the rationale and thegadesi our method will be
discussed. Section 3 is about the details of th@eimentation. Experimental
results are discussed in Section 4 and we conthelehole paper in Section 5.

2 Theory and Design

2.1 Introduction to Quadrangle Detection and Tracking

In many applications such as a projector-camertesygl], the display content

has to be projected onto the correct display regeti@n area. To achieve this, the
system must able to locate the display area andbfihthe pose of it. Since the
display area can move freely in the 3D camera Vrestum and the projection

frustum, the rectangular display area is likelyoeodeformed into a quadrangle
by a perspective transformation. Therefore, we readethod to search for
quadrangles, which are built from lines. Henceglaust line detector is needed
in such applications.

2.2  Definition of a Quadrangle

As mention in the previous section, the displayaase targeted is a rectangle.
However, this rectangle is deformed into a quadeanpby perspective
transformation. Théth quadrangle€,; is considered as a set of 4 straight lines

extracted in the imadeat timet and described a®,; ={I,.l,.!,.l.}, .where

lo, I, I+, Is, are the distinct lines in the imageat timet and they are arranged in
an anti-clockwise order. A quadrangle is shownigufe 2(b).
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Figure 2 (a) Graphical illustration of the definition ofliae. (b) lllustration of
the quadrangle defined from lineg, wherep=1, q=2, r=3, s=4.

2.3  Line Feature Extraction in our system

The line feature is extracted by first using Progjkes Probabilistic Hough
transform (PPHT) [13]. It takes a binary edge imagénput and output a set of
lines that has votes larger than a threshold. Tasrdwo more parameters, the
minimum line length and the maximum gap length. ffieimum line length
not only specifies the type of line the algorithotput but also suppresses false
positive output. Due to rounding error, a long lgegment may be decomposed
into many short line segments. The maximum gaptlehglps joining those
short line segments together. The threshold, th@énmim line length and the
maximum gap length are specified by the user. Howdhe values of the
parameters are dependent on the application ansctdre. Hence, the user has
to adjust the values for ffierent applications and scenes. Unlike the original
Hough Transform, PPHT has a shorter execution &nw therefore, it is used
in our application. On the other hand, PPHT retuhestwo end points of the
lines while the original Hough Transform returng times in the form of,6
pair. Although extra steps have to be taken to tiived,6 value in PPHT, it is
still faster than finding the two end points usihg €dge map an¥ pair.

2.4  Automatic Quadrangle Detection

If the system is designed for graphic display aggtions such as that in [1], the
quality of the image projected on the surface ipartant. To facilitate a good
projection, the rotation angle of display area $thawt be too large. Moreover,
the distance between the projector-camera pairtladlisplay should be in a
proper range. It is because if the projector isfascaway, the projected image
might not be bright enough for human eyes undeghbréenvironment. If they
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are too close, the whole display area might notsben by the camera.
Therefore, we put a upper limit and a lower limitthe length of,, Iy, |, and L.
The corners of the quadrangle should also be inkieleeamera view. Because
this quadrangle is a deformed rectangle by persetransformation and the
rotation of the display area is small, we obsertleat there are some useful
properties in the quadrangle for detection. With lielp of those properties, the
system can quickly locate the quadrangle (instdfadxbaustively exploring
every quadrangle) found in the image.

Therefore, our aim is to develop a set of rulegjfitadrangle detection. The first
observed property is that the opposite sides aresl parallel. The angle
between the linek, I, of the quadrangle is small. Moreover, it is troe the
line I, and L. Similarly, the second property is that the adj@stdes are almost
perpendicular to the each other. That means thie defween the adjacent lines
is around 90 The last property is the ratio between the adias&les. These
ratios are close to the original rectangle. Wewdgtithe detection criteria from
all these observations. A candidate of the possitdplay area is a quadrangle
that passes the detection criteria as follows:

The opposite sides are almost parallel.

The adjacent sides are almost perpendicular to athein.

The corners of the quadrangle should be insidéthge.

The lengths of the four sides are within the lolreit to the upper limit.
The ratio between the adjacent sides is closectdigplay area.

arwNPE

In Figure 3, (a) is the image frame captured, $bthe edge map produced by
using Canny edge detector, (c) is the lines dedeaising progressive
probabilistic Hough transform and (d) is the resafl drawing the lines on
current frame. Lines are extracted from the imagé.us assume N lines were
found in the current image frame The total number of quadrangles can be
formed by all thes@l lines is

N)Y  N!' _ N(N-1)(N-2)(N-3)
4)  A(N-4) 4!

(1)

Since the number of quadrangles grows V@(h®), it is impractical to examine
all the quadrangles. Instead of using all N lirefotm quadrangles, the system
can select distinctive lines, uses them to consuadrangles and tests them
with the criteria. We observed that a long strouiges may be divided into
multiple short lines during the line detection phashese small segments will
induce a lot of duplicated parallel line pairs gadpendicular line pairs. All the
duplicated line pairs are referring to the same fpair formed with the same
strong edges. Therefore, the time spend on theleatilon on the duplicated line
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pairs is wasted. To overcome this problem, datateting techniques will first
be applied to the set of lines and similar lines pnt into the same cluster.
Similar lines are determined by calculating theilsirity score defined as the
following.

(a)

Figure 3 Edge points and lines extracted from a real image.

The similarity measuremerts(l, I)) is the Euclidean distance between the
closest point of the two lingandl; . The closest poirg of the linel; is

(r cos@ )r, sing ) hence
S(, 1) =S, 1)=4/(6 - §)(c- £)

The lines are similar if and only $(;,1,) < threshold

Similarly, we can define lines that are (i) paral{@) perpendicular in a similar
fashion. Therefore those lines that satisfy pdralhel particular criteria will be
grouped together to become quadrangles.
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2.5 Line Tracker and the Problem when the Line is Clos#o the
Origin
A line segment can be defined by its two end-poiH®wvever, occlusion of
these two end-points is unavoidable in many realdagituations. In this paper,
a line L is represented by using the conventiomddmpcoordinates of and6
[3]. The pointC is the closest point between the line and theirorfgf the
coordinate system used), angs the shortest distance between the origi€.to
In addition,# is the angle between the horizontal axis and dwov from the
origin toC. Thex-y coordinate ofC is tracked using the Kalman filter.

A single Kalman filter scheme alone cannot yielddyoesult especially when
the target line is near (e.gis only a few pixel long) or almost passing throug
the origin. To solve this problem, we propose te wsultiple independent
Kalman filters to track a line, i.e., each Kalmatefiluses a different coordinate
system with a different center (origin). To maks tkffective, we need to select
the relative positions of thé (=3) coordinate systems so that the origins are not
collinear. The effect is even if a line is closethe origin(s) of one or two
coordinate systems it would be far away from thgios of the other coordinate
systems. We believe that by using this multiple eldcheme, the prediction
accuracy and reliability can be improved.

2.6  Kalman Filter Design

Thex,y coordinates of the closest point C of a line basng tracked using the
Kalman filter (KF). We assume the closest point iBvimg with a constant

acceleration, and the motion in batkaxis andy-axis are independent and
linear. The motion of the closest point C can becdbed using the equation of
motion as follows:

1
X =Xt KA . (00

=%+ XAt
X=Xt Xy . 2 @)
Y, =yt 34_1At+E Yo (A"

Y = Vi t VAL

whereX,, X, andX, are the displacement, velocity and acceleratispeetively

of the closet point C in frame in thex-direction. Similarity, Y,, ¥, andy, are

the displacement, velocity and acceleration resgagtof the closet point C in
frame i in the y-direction. Atis the time interval between two consecutive
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frames. The state matrix and the measurement maftrike Kalman filter at
time t are:

X, =l % v % z=x v 3)

Derived from the equations of motion, the stateditton modelA and the
observation model H are:

1 At 0O
0100 {1 00 o}
A= , = (4)
0 0 1 At 0010
0 0 01
e @ o,
4. 2
At 2
o- (2) (At) 0 0 R_|:0_5 0:| )
0 0 (at)* (at) | 0 05
4. 2
0 0 (A;) (At)?

Where the noise covarianceQsand measurement noise covariande. is

2.7  Our Multiple-Model Kalman filter Line Tracing Algori thm

The multiple-model Kalman filter (MMKF) paradigm issed in our tracker.
Figure 4 shows the overview of our line track&ris the measurement at time
k. And it is transformed to the coordinate systemttw i-th Kalman filter
(denoted akF;) by the transformatiofi; into Z;. State X;is the prediction of
the state of the closest point in the next framehey-th Kalman filter. All the
prediction results are transformed back to one comepordinate system by
applying the corresponding inverse transformatiB)i*( Finally, a line fitting
function will be applied to find the final predictiofthe line.

The advantage is discussed in [12]. In our trackach filter uses a different
coordinate system. And if the origins of all thesm®rdinate systems are not
collinear (as discussed earlier), the line canagsghrough these origins at the
same time. This is to ensure that even whanone model is small, the values
of r in other models are large enough to give a core=uilt. The prediction of
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each sub-Kalman filter is the position and veloafythe closest point. By
discarding the velocity terms, we can obtain adetlosest (C) points that
should lie on a straight line as shown in Figurg) 3{(Ve can use a least squares
fitting method to find a best fit line that minimizége sum of square errors
among the line and closest (C) points.

Zik, | Xka [ . Xk
" Ty (x) | - KFy, ——T7' (=) |
Z). Zro | X2 Xio X
F [ n@) 1262 - Ty '(z) | ~Best Fit Line| "
i Xk ] X
L To(@) =2 KF, [ To(z) |25

Figure 4 The overview of the line tracker. KFi=the i-th Kamfilter.

3 Experiments

To evaluate the robustness and stability of oup@sed trackers, we generate a
set of synthetic data to simulate different kinflsnovements, e.g. motion with
smallr and complex motions with mixed translation or riotat In the data set,
the two end-points of the lines are given. The feraf the line is not fixed for
some data set to simulate the lines extractedahimgages. The overlap ratio,
defined in [12], is used to evaluate how good the tracker is performing. We
first draw the predicted line (ground truth) withpixels thick (it becomes a
ground truth range of a line) and draw the linenbby our algorithm on top of
it.

The overlap ratio is the percentage of the numbgixels of the line detected
inside the ground truth range over the total numbiempixels of the line

detected. If the line found is completely inside thround truth range, the
overlap ratio is 100% and so on. The width of theugd truth range is to
provide a certain tolerance for the results. Beeatl®ere may be error
accumulated in different processes like Canny ef#gection, Hough transform
and rounding error in the calculation. The widtlsés$ to 2 pixels throughout all
the experiments conducted, see [12] for detailhefdefinition of overlapping

ratio.
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Overlap Ratio in Pure Traslation Motion
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Figure 5 Overlap ratio in Pure translation. Our approacBKs.

3.1  Experiment 1: Translation performance

To compare the performance between trackers, 28omly generated line
segments with pure translation motion in 24 diei (0, 15° 30° and so on

until 345°) and 3 different speeds (1, 2, 3 pixels per fiaare tested. The
trackers are tested in 20 consecutive frames. Vaage score of all lines in the
same directions are shown in Figure 5. We can ss#etlte proposed 3KF can
slightly improve the performance in term of accyrand stability.

3.2  Experiment 2: Rotation performance

In this experiment, the value of r of the line ieefi to 10, 50 and 100 pixels.
For each value of r, the angular velocity is set%d, 4 , 8 and 16 degrees
per frame. We record the performance of the trackeR0 frames. The average
scores are shown in Figure 6. The score of 3KF slfmglow 20% when the
angular velocity reaches 4 degrees per frame aytaehfor all tested value or r.
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3.3  Experiment 3: Real video test

In a real video test, a white cardboard is put osilger screen so that the
cardboard can be easily detected. The camera isngidkeely but slowly.
Figure 7, in the first row, the left picture shothe snapshot of the system at
frame 41 of the testing video, the right picturewsh the quadrangle detected.
Figure 8 shows the case for frame 42. The systammsusing the predictions
of the trackers to form the quadrangle.

Overlap Ratio in Pure Rotation Motion
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Figure 6 Overlap ratio in pure rotation motion. Our approacBKF.

-n

Figure 7 Lines (left) and a quadrangle (right) is detected ahown at frame
41.
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Figure 8 shows the case for frame 43 of the segquefoe system failed to
extract lines for the top and bottom of the bodidwever, we can use the
prediction ability of the trackers for the top sided bottom side téorm a
guadrangle using our Real-time Quadrangle TracMethod mentioned
in section 2.

Figure 8 Lines detected and a quadrangle le is trackedhater43.

4 Conclusion

The work investigates how we can robustly detedttearck a quadrangle in real
time. Since a quadrangle composed of four linesa sobust line tracker is
required. A line tracking method adopting the Mul&i Model Kalman filter
paradigm is proposed in this paper. Each Kalmaterfilvorks on a state
transition scheme based on a particular coordisygem. By combining all the
outputs of these Kalman filter modules, we can peedrobust line tracking
results. In our tests, we show that our three-Kalma&thod outperforms the use
of a single-Kalman or two-Kalman filter schemes es&dly when the line is
close to the origins of one or two coordinate systelt is also suggested that
the choices of the locations of the coordinate esyst may affect the
performance, and selection of these coordinates beya future research
direction. The lines detected are then used fordiquagle detection. Our
algorithm is also very efficient, and even a smatibedded system can process
a line at 200 frames per second. We believe usiiggniethod can produce a
robust line and quadrangle detection module for-éast mobile applications.
The next step is to merge it with our existing ceargroject based handheld
display system [1] to improve its speed and acgurés mentioned in the
introduction there is time-lag problem when therboa moving too fast, we
hope this efficient quadrangle can solve this bl Moreover, we are also
exploring a hardware approach for line detectioth @madrangle detection.. As
we have seen, the line detector requires the Cadgg detector which takes up
a heavy resource for the calculation of the imagedignts. We found that
image gradients can be easily calculated by sirspl#raction of pixel values
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direction sent from the camera image bit streard,inan be implemented by
logic gates using an FPGA (field programmed gatayarby a hardware
language VHDL or VERILOG. The advantage is not oitlis efficient, it is
also economical and power saving because expeasiyg@ower-hungry math
processors can be replaced by simple logic gates.o& projector-camera
system can be easily integrated into mobile phonesher mobile devices.
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