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Abstract: The key problem of stereo vision in measurement is how to find the anchor signs of objects for matching. In this paper,
we firstly propose the method of signs designing to describe the basic structures of aircraft. A novel agorithm called rolling ball is
proposed to detect them. The method opens some detecting windows. Through computing the distance between weight center and the
geometrical center of each window, the algorithm could capture the start pixels of the signs and find the raw moving vector. Adding the
condition of original moving vector, the synthetical vector ensures that the signs track will not be affected by intersection. We could
obtain more accurate detection results in terms of the restrictions of width, length and moving degrees. Both of the ssmulation and
aircraft measurement experiments demonstrate that the method could find out the anchor signs automatically and correctly. In addition,
we get some useful data which could be regarded as basic parameters when adopting the rolling ball method in stereo matching to

detect the signs.
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1. Introduction

Aircraft measurement is quite important for researchers to
find out the characters of planes. It can aso help techni-
cian to control the aircraft, making aircraft escape out from
some extremely dangerous situations like spin. The con-
ventional way to estimate parameters of aircraft attitude
was mainly based on manpower in wind tunnel [1] which
will take quite along time to finish it, approximately one
week. In thismethod, people took photographs of the mov-
ing aircraft model in spin, then they put a smaller model
(i.e. the sameframe with spin model, only the sizeissmaller)
to match the projection produced by photographs. When
the smaller models attitude has the same projection asrea
aircraft, engineers could get the pose of the real spin model.
During this process, the work accomplished by manpower
will contain subjective errors inevitably, and the experi-
mental data is insufficient for a higher precision require-
ment at times. In addition, the overall workload is unbe-
lievable huge. With two aircraft models required in this
method, the cost, which will be very high, has to be taken
into account seriously.
Therefore,another measurement method based on stereo

vision isused in the Langley 20-Foot Vertical Spin Tunnel
in America[2—7]. Datafor free-flying models are obtained

from up to four high-grade monochrome CCD video cam-
eras which provide inputs into the dynamic model data ac-
quisition system. These cameras provide 60-Hz imaging
of retroreflective target that are precisely positioned on the
surface of the model, and the poses of aircraft model are
recognized by the retroreflective targets. In this method,
the data processing is on the base of computer, and it takes
much less time. The algorithm could obtain more data and
avoid subjective errors effectively.

In recent years, a vertical wind tunnel has been built
in China[8]. Because stereo vision could measure the air-
craft efficiently; thismethod iswidely used in such kind of
scenes. The general processing of stereo vision measure-
ment is divided into the following three steps:

—Cameracalibration. Thisisan important step to get the
inner parameters of cameras for computing.

—Stereo matching. It is to find out the corresponding
pointsin different images.

—3D recovery. Based on previous steps, we can compute
the aircrafts pose in terms of geometric relationship in
3D space.

In these three steps,camera calibration is quite mature. Us-
ing the camera calibration toolbox provided by California
institute for free sharing, we can obtain those significant
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parameters easily. Stereo matching is a complicated prob-
lem which largely draws researchers attention. After stereo
matching, 3D recovery becomes a simple problem which
benefits from the knowledge of the geometric relationship
that could be got after the camera calibration and installa-
tion. However, if we recover the whole 3D information in
stereo matching, it will cost large amount of computational
time and make the stereo matching become extremely dif-
ficult. In addition, overall recovery is very sensitive to the
noise. Using this method, the computed results are not sta-
ble enough. On the contrary, recovering the proper sparse
3D information also can obtain the measurement param-
eters, but it takes very little time.Moreover, it can decline
the complexity of stereo matching. Therefore, sparse re-
covery method gradually catches the researchersinterest
[16].

One key step of stereo matching based on the sparse
3D information recovery isto seek the proper information
pointsfor recovery. Using these information points, we are
able to know the basic structure of the aircrafts and com-
pute their attitude due to the geometric relationships. Ad-
ditionally, detection for these points should be quite easy
and the signs will not cause any confusion. To measure
up these requirements, our paper focuses on information
points designing and proposes a novel detecting method
to seek them, so that the stereo matching becomes much
easier and faster. This can contribute to the aircraft mea
surement and ensure the computed results are reliable.

The main body of this paper is organized as follows.
Section 2 states how to design and distribute the infor-
mation points so that these signs are capable to describe
the structure of planes and be easy to be detected. Section
3 details the rolling ball method to detect these character
signs for stereo matching. The application and usefulness
of the proposed algorithm are demonstrated in Section 4
by the method of simulation and applying it to the air-
craft measurement. Finally, Section 5 draws detailed con-
clusions.

2. INFORMATION SIGNS

As described before, the overall information recovery will
cost large amount of computational resources. We should
find proper signs as anchor points for sparse stereo match-
ing and recovery. Even though the structure of aircraft model
is simple, so many edges and corners, which are parts of
the model shapes, will cause confusion in computer vi-
sion and make correct recognitions very difficult (in Figl).
Thus, in this part, we will design proper signs so that they
can describe the basic aircraft structure for measurement.
In the meanwhile, these information signs should be able
to make the detection become much easier.

The basic principles for signs making are stated as fol-
lows:

—Thenew signs must not bring too much additional weight
to the aircraft or affect the experiment of the measure-
ment.

Reflection
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[* Edges ==
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Figure 1 Different Poses of Aircraft

—The designed signs ought to be detected easily. This
contains two meanings. Firstly, the signs could be an-
chored easily; Secondly,it takes very little time to find
out them.

—Different signs could be classified easily in order to
complete stereo matching. It means that the algorithm
could confirm the location of signs in terms of their
different shapes or sizes.

In relevant research, Domae [9] adopts the structure ray
to make the characteristic points, but this method will add
new optic equipment and it requires the objects staying
statically, while it is impossible in aircraft measurement.
A Canada company uses Optotrak technology which takes
lighting marker points as signs [10]. However, the light-
emitting diode (LED) will bring intolerant weight and the
cost of thistechnology isvery high. Erol [11] points out to
use the man-made signs which is easy to be detected and
will not bring additional weight, but in the paper it does
not provide detailed information. Therefore, our research
will base on Erol work and make a deeper study of this
method.

2.1. Selection of the Man-made Sgns

The widespread man-made signs are shown in the Fig.2.
From the picturewe could find that (a) to (c) are basic
signsand (d) to (i) are transfigurations of them. Signsfrom
(j) to (o) are coding signs.
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Figure2 The Popular Man-made Signs

Noticeably, even though the coding signs are easy to
be classified, in most cases these signs are very complex
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to process and they should not endure too much distor-
tion during stereo matching. However, the aircrafts have
numerous poses in the measurement. The distortion isun-
avoidable so that we cannot use these kinds of signs. When
we are doing experiments, the aircraft will cause some re-
flection areas(in Fig.1). The shapes of these areas are like
rotundity and rectangle which will make confusion be-
tween reflection areas and attached signs if choosing Fig.2
(a) or (c) asthe anchor signs. On the contrary, cross signs
(b) are not sensitive to the distortion and will not be mis-
taken by reflection areas. Additionally, the clear intersec-
tion pointsof crosses make the signs be ableto anchor their
location precisely. Only when the planeswith signsare ap-
proximately vertical for the image planes (Fig.3 (c)), the
signs cannot be detected. However, this situation is very
remote so that these signs will be used in our experiment.

q : .

Figure 3 The Experimental Effect of Cross Signs

2.2. Attachment of Man-made Sgns

After selecting the proper shapes of signs, we are going to
distribute these man-made signs on the suitable and mean-
ingful location so that they are capable to describe the ba-
sic structure of aircraft and can be detected easily.

As we know, the attitude of aircraft is mainly decided
by important parameters of the pitch anglefand roll anglep.
IntheFig.4, the unit vector of O, X, in aircraft coordinates
isn, whilethe unit vector of O,Y), isna.n, representsthe
unit vector O,, Z,, intheworld coordinates.Then, we could
compute pitch anglef) by (1):

0 = arccos(ng - n,) — g 1)
And theroll angle ¢ by (2):
@ =m —arccos(ns - n) 2

The geometric relationship of the signs should be able
to represent 6 and . Then, the distribution of signs ought
to enable usto find the parametersin formulas (1)(2). There-
fore, we distribute the signs as that in Fig.5. Using linesto
link all the points, we could obtain a simple model of the
aircraft.

It is obvious that we could obtain the n; through the
centers of each symmetrical sign pair. Adding the location
information of sign 6 or 7, the vector n, is aso known.
Then, it becomes very easy for us to obtain the attitude of
the planes through formula (1) and (2).

[a) The location of sgns

[b) The basic structure of plane

Figure5 the Basic Structure Presented by Man-made Signs.

In common scenes, the minimum number of pixels for
signs detection is about ten so that the algorithm could find
out them correctly. In other words, the area occupied by
designed signs in image should be large enough for com-
putation. When we are designing the signs, some param-
eters should be computed so that al the signs could be
found out correctly. The pixel number of the signs projec-
tion in image can be computed from the formula (3).

Iy
L-dy

n=

X

L-dx &)

Where dx and dy are the distance between two pixels in
X-axis and Y-axis direction respectively. x and y are the
maximum distance of signsin thedirectionswhich are par-
allel with the dx and dy. f isfoci of the cameraand L isthe
distance from camera to the light center. In terms of the
minimum number of required pixelsfor detection, formula
(3) helps us figure out the proper distance of the signs.
In our aircraft measurement, the length of the plane body
is950mm.The length of wings is 1200mm while the width
is approximately 150mm.The distance between cameras
and plane is about 4 10m. Thus, we design the signs as
follows (Tab.1).

During the measurement, the occlusion is unavoidable
and we need to adjust the location in order to reduce prob-
ability of this situation to the minimum. Therefore, the dis-
tance between signs should belong enough, and better next
to the edges of the aircraft. The attachment of these man-
made signsis presented in Fig.6.
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Table 1 The Distribution of the Man-made Signs on the Aircraft

Distribution Types Num | Mainsizes

" 5
Aerofoil I d1=80mm,d2=15mm
Empennage d1=60mm,d2=12mm
Vertical d1=100mm,d2=12mm

d @J:
Empennage < d3=28mm
Airframe 4 d1=100mm,d2=12mm
side

d3=30mm

ventrolateral signs

() Beliyhold (¢ Rizht side

Figure6 The Man-made Signs of the Aircraft.

3. THE ROLLING BALL DETECTION

Geometry estimation becomes a useful method to detect
the signs in stereo matching [15], but many factors will

change the signs character of linearity. For example, the
projection of forane walking man in image is like a line
with some distortions [16]. Since man-made signs in the
image of aircraft spin measurement behave like stocky lines
with deformation, traditional methods become hardly to
meet precision requirement of recognition. Even though
Davies [15] proposed a method to detect the small stocky
lines that were insects in reality, it did not discuss how to
deal with problem of lines distortion. In our experiment,

thereis an intersection in some of the man-made signs. To

ensure that we could detect the + , T signs and not be dis-
turbed by their cross point, the proposed a gorithm should
be able to span these intersections. Due to the characters
of these signs, anovel detection method named rolling ball
detection is proposed.

3.1. Detection for Stocky Lines

Even though the line (i.e. the man-made sign) may have
deformation and a certain width, the centerline of it retains
the character of beeline. A rolling ball whose diameter is
equal to the width of line is used by the detection method
for tracking the line in the image. It is noticeable that the
trail of its center is almost a beeline (in Fig.7). Therefore,
using this character, we can find the man-made signs ex-
actly.

@.
% M
D, ~ -'ﬂx

[z} Wealline (b} Deformation line [c) Line in the real image.

Figure7 Theory of therolling ball detection method.

First of al, we chose amatrix as the detecting window
and design a coefficient for every pixel to transform the
rectangular window to arolling ball detection window (in
Fig.8).

Figure8 Therolling ball detection window inthe 5 x 5 matrix.

In order to confirm the location of the starting point,
the gray value is ¢(4, j) and we assume that the ¢(i, j) =
1—g(i,7) istheweight of every pixel. The location of the
center of weight in the window can be easily obtained by
formula (4), where W is the detection window.
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In most cases, the computed weight center cannot be

exact integer. So we should round the results. The principle

of this step isto find the nearest pixels location and regard
it asrevised weight center. The formulais as follows:

Ue = ug + 0.5 — rem(ugy + 0.5) 5)
Ve = vy + 0.5 — rem(vgy + 0.5)

[ug, vglis the raw computed result. rem is to take a rem-
nant,and [u., v.] isaweight center.

Using thelocation difference between the geometrical cen-
ter and weight center of the window, we can compute the
moving direction and move the detection window to cap-
ture the starting point of the line (in Fig.9).

A

[c} Capture Starting Foint

% NN

[d} Moving Window

(a} centers Location [Bjraorving window

[g] Clean U=d Fixel [f] Relocate Centers

Figure 9 The process of capturing line tracking.

After capturing the starting point successfully, we zoom
in the detection window so that we can obtain anew center
of the window and a new center of weight (in Fig.9.b). A
new location distance is generated during the process. In
the following stage, we use it to find the moving direction
to track the line (in Fig.9.d). To avoid the influence from
the used pixel, when the window moves to the next loca-
tion, we clean the gray value of the used pixel (in Fig.9.e).
It is easy to find that when the detection window meets
the end of the line, no matter how we enlarge the window,
the distance between the window center and weight center
will not change any longer or at least retains very small.
In this situation, we could stop searching algorithm. Even
though this method could help us find the potential signs,
some other shapes may cause some errors during the de-
tection. In order to avoid the effect of noise, we still need

to add some restrictions, stated as followings, so that we
could detect the man-made signs correctly.

—The percentage of effective line points (line width) in de-
tection window should be constant, and the computational
formula (6) is used to get percentage of effective points.

Ne= >
n - pij>0,pi; €W
p= 75 x 100%, inside= - 1pi; >0 (6)
Y1 0pi =0

Where W is the field of detection window,p;; is the gray
of the pixels,n. isthe effective pixelsin detection window,
and m isthe size of the detection window.

—Thedirection of extend vector should not change alot.
If the moving direction always changes, we regard this
is curve, not the beeline.

—The moving steps of detection should be restricted in
a particular range so that the detecting effects will not
be affected by noise.

3.2. Intersection Traverse

The kernel of the rolling ball agorithm is using the off-
set between weight center and geometric center to move
the detecting window. The intersection of signswill affect
the moving direction, or even stop moving (in Fig.10).The
case in Fig.10.c stops moving because offset is too small
and the algorithm mistakes that it has reached the terminal.
The case shown in Fig.10.d also stops moving due to the
dramatic changes of moving direction. In order to detect
the signs correctly, we should protect the algorithm from
impact of these points.

One of the solution isthat we can regard these signsare
made up of short lines. However, this cannot be achieved
in the experiment, as the length of them will be too short
for detection. Therefore, our revised algorithm adds a new
concept of direction weight and a condition of original ori-
entation. That means in the optimal rolling ball detection
method the moving direction is not only decided by the
new computed moving direction.

In the Fig.11,n; represents the unit original moving
direction.ns is the unit computed moving direction which
is in terms of the difference between weight center and
geometric center.ng is synthesized vector by and through

formula(7).

ng = c1ng + cang (7)

The ¢; and ¢, are weight coefficients. This determines the
new detecting window 3. From the Fig.11, we can see that
the offset of moving direction is declining by adding the
restriction of original direction and this pulls the detecting
window back to the right orientation.

Noticeably, there is mistinessin the definition of origi-
nal vector. If we usethelast moving vector asit, sometimes
the offset is hard to be pulled back (Fig.13.a), or it causes
adramatic vibration in detection (Fig.13.b).
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(C)Small changes
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Figure 10 Effect of Intersection Area.

Window 3

v
Window

o m

Sa

Window2

Figure 11 The Revised Moving Direction

® (e 1e,)=09:1

Figure 12 Synthesized vector ns

In order to limit the intersection effect in other steps,
we regard the summation of moving vectors in previous

steps as original vector.

z—1 )

ny = n'

1= ®
n@) = ng = c1ny + cang

n"isthe moving direction of detecting window. The orig-
inal vector n in X step isthe summation of previous mov-
ing vectors. Using the new defined original vector n;. We
could span the intersection without very little effect (in

Fig.13).

e A 3 6

w (e 1e)=0:1

Figure 13 n; isthe summation of previous moving vectors

4. EXPERIMENTAL RESULTSAND
ANALYSIS

In terms of the proposed method, we firstly useit in simu-
lation to validate its usefulness in line detection. Then we
capture the real sceneimages of aircraft measurement, and
use the proposed method to detect the real signs.

4.1. Smulation Results

In our simulation, we firstly construct a picture with con-
fused shapes and noise. Then the rolling ball algorithm is
used to seek the line. In Fig.14(a), the method uses de-
tection window to find out the starting points. Picture (b)
shows the detecting results when the agorithm adds the
restriction of the effective line points so that some other
detected shapes have been eliminated. Using the vector re-
gtriction in (c), we confirm that all the detected shapes are
linear. In terms of the moving step restriction, picture (d)
gets the final detected results which are exactly what we
want.
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Figure 14 The Simulation of Rolling Ball Detection

4.2. Aircraft Experiment

We use this method to process the real images of aircraft
measurement. During the processing, therolling ball method
isto detect the man-made signsfor stereo matching. Firstly,
we should confirm the suitable size of detecting window
which will restrict the width of potential line. From the
Tab.1, the +and T signs are very small, so we will open
ab x 5 matrix as detecting window. Regarding the larger
signs- on the bellyhold of the aircraft, the detecting win-
dowisa7 x 7 matrix.

In the experiment, the restrictions of algorithm are ef-
ficient area, direction of vector, available steps. We detect
the signs correctly in the Fig.15.

It isnoticeablethat, in the middle of the bellyhold lines,
the directions of them have some changes. Thisis a com-
mon scene in the real detection experiment. In addition,
as the scenarios are various, the thresholds of restrictions
cannot be the same. Therefore, in order to adapt to these
changes, we will loose some restrictions to ensure the effi-
ciency of algorithm, and make this method be suitable for
most cases.

Through numerous experimentsin our provided scenes,
we get some real data which could be used in signs detec-
tion for stereo matching (in Tab.2). All the datain it ensure
the proposed a gorithm to be capable of adapting to slight
changes of scenes.

4.3. Error Analysis

In the Fig.15.c, we could find that when we are detecting
theline, thereisstill afluctuation in the centerstrack. This
is because of the approximation error from formula(5).1f
we hope to decline the effect from it, we could enlarge the

[zlgreraft [b] +=7zn

[d} back fine

Figure15 Rolling Ball Detection of Man-made Signsin Aircraft

Table2 The Experimental Results of Rolling Ball Detection

Efficient Pixels Vector Direction Length

(steps)

Aam | dam Semin| Semin

Restriction (percentage) (degrees)

Umin Aumazx | Aum

+ Signs 0.60 0.95 0.20

5 10 5 20

T Signs 0.60 0.95 0.20 5 10 5 25

Bellyhold 0.50 0.90 0.25 10 15 40 80

Signs

overall image matrix so that the precision of weight cen-
ter computation could be improved. Another impact factor
is the ratio of ¢; and ¢y . It decides the original vector
and raw computed vectors influencing extent. If the ratio
isquite large, it can span the intersection successfully. But
once moving direction offsets, it is very difficult to pull
it back to the right orientation. On the other hand, if the
ratio is too small, intersection will cause failed detecting
results. Therefore, the specific value is determined by the
particular scenarios.

5. Conclusion

In this paper, we firstly provide several formulas to com-
pute the attitude of the aircrafts. In terms of them, we de-
sign the proper man-made signs, including their shape, lo-
cation, distribution to help us get the parameters of the air-
craft. Then, anovel and reliable method, rolling ball detec-
tion, is proposed to seek these signs. The main ideain this
method is to use the difference of the weight center and
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geometrical center of each detecting window to track the
signs. We propose three restrictionsfor algorithm to ensure
the efficiency of it. Both of the computer simulation and
aircraft measurement experiment in real scenario demon-
strate that the algorithm could figure out the signs accu-
rately. In addition, we get some useful datawhich could be
regarded as basic data when adopt the rolling ball method
to detect the signs.
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