Abstract

In this paper we show that based on coplanar constraint
lhe motion and structure of the jointed links can be deter-
mined within a scale factor from a monocular sequence of
images. We analyze the relationship among the number
of the frames and links and the number of the equations
and unknowns, and achieve the unique robust numerical
$olution to motion estimation of the coplanar links by Ge-
ielic Algorithm. Then we apply the techniques to hu-
man motion analysis, and obtained the 3D motion data of
joints, could successfully re-animate the data. The exper-
iments with simulated data and real images are included
lo demonstrate the validity of the theoretic results.

Introduction

Generating appealing human motion is the central prob-

¢ techniques can be grouped into three main classes:
aming[9], procedure[2], and motion capture[8]. The

ame animation, procedural animation, and motion
tipture animation. Motion capture is a very popular tech-
lique because of the relative ease with which many hu-
motions can be recorded. Furthermore, up to now

motion capture is the only effective method for the hu-

tial sensors or markers to record the motion of a human
erformer by multiple cameras from different directions.
e recorded data is then used to generate the motion
0ran animation. The system is able to estimate posi-
onwith an accuracy of 0.1% of the workspace diameter.
However, to achieve such accuracy, it is necessary to have
tomplicated system composed of many special markers,
1d4-8 cameras that need to be accurately calibrated. Tt
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is stressful and hard to handle in many applications which
limits the use of the system.

An articulated object means an object consisting of
some rigid links connected together by joints[1]. It is well
known that human body can be approximately modeled
by articulated objects. In articulated model, the motion of
each constituent part is rigid, but the motion of the whole
object is nonrigid. Since there exist multiple motions in
the articulated objects, to recover their 3D structure from
motion, some special motion or projection models must
be assumed. The typical motion models have: the copla-
nar motion with a point known or fixed[7], the fixed axis
motion[10], and at least one known point[2]; the projec-
tion model has: orthogonal projection[5]. Without these
models it is seldom possible to determine 3D structure
of the articulated objects from the monocular perspective
views by correspondences of the joints of the links al-
though provided with more than two frames.

Some observations reveal that in general arms or legs
of human do not move about arbitrarily[4]. Rather, for
anatomical reasons, each leg tends to move approxi-
mately in a single plane for extended periods of time.
Here to obtain the unique 3D human motion we assume
that over a small number of image frames some parts such
as leg and arm move in a unknown fixed plane. In many
real human motions the constraint appears reasonable. If
we can determine motion of the coplanar parts of the ar-
ticulated human, it is possible to estimate 3D structure of
all human. Thus motion and structure determination of
some coplanar rigid links from many frames play impor-
tant role in the motion estimation of the articulated ob-
jects. In this paper, we analyze the 3D structure of multi-
link from motion, and investigate the relationship among
the number of the frames and links and the number of
the equations and unknowns. By Genetic Algorithm, the
robust numerical solutions can be achieved. The exper-
iments with the simulated data and the real images are
included to demonstrate the validity of the theoretic re-
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sults.

This paper is organized as follows: section 2 ana-
lyzes theoretically the motion and structure of the copla-
nar multi-link, section 3 describes the robust motion es-
timation of the articulated objects due to noise. Experi-
mental results and conclusions are presented in section 4
and 5.

2 Motion Analysis of Coplanar
Multi-link

2.1 Coplanar Multi-link

To determine 3D structure of an articulated object from a
monocular sequence of images, and further to make the
solution of 3D motion unique within a global scale factor,
in addition to the rigidity conditions we need constraints
on the motion. For the articulated objects we assume that
there exist some links which move in a fixed plane in
some frames. In real motion the constraint is reasonable.
For example in human walking or running, each of the
foot is alternately fixed on the ground during stance and
swing phase, but movement of any leg can be considered
in a plane in a short time because of only one degree of
freedom at the knee. Fig.1(left) shows the some coplanar
links connected together by joints. Our aim is to deter-
mine 3D structure of the rigid links from a monocular
sequence of images based on coplanar constraint.

The imaging geometry of the multiple frame motion
analysis problem is shown in fig.1(right). The origin of
the coordinate system is the focal point. The image plane
is at a distance f from the camera and is orthogonal to the
optical axis. The x-axis and y-axis of the image plane are
respectively parallel to the X-axis and Y-axis of the cam-
era coordinate system. A pinhole camera model is used.
Images of a moving object are taken at different times.
By processing these images, we attempt to determine the
3D motion of the object.

The feature point AU) denotes one of the endpoints
of the link at time #;, and a0 is the unit direction vector
along the line of sight of point AU). The feature space
point AG) and the corresponding image point a(?) are
denoted A and a at time #o. If the image a') of A
is located at (z,(;), Y45 )» then the unit vector is given by
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where f is the focal length. Let the distance from the

focal point to point AY) be X 4¢i) - A4 can be given by
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2.2 Rigidity Constraints

For a single rigid link with two endpoints A, and A,, the
angle / A1 O A, is the same as the angle Za;o0a2 which is
denoted as a4, 4,. Obviously the angle can be expressed
as

COS Qgpq, = d] ® A2 (3)

where A; and A, are two endpoints of single link, and a;
and a denote the corresponding image points.

Let ! denote the length of the link. From the triangle
AA10OA, we obtain

| Ay—As |=1 = X4 423 —2X4, A4, COS Qa0 — 8
C)

The distance between two endpoints of link must be the

same for all links in all views which yields the following

rigidity constrain equations

= I
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and 1=1,2..k
0

2 2 ' ! .
/\A(.j) + X — 2AA§;)/\A(J) cos (Iaij)a:

)
A.‘i] -1

for 7=0,1,2..n

2.3 Coplanar Motion Constraints

For an arbitrary space plane in coordinate system
OXY Z. The unit normal vector of the plane can be writ-

ten as
1

s oithioh i e il
oimg +n§ +1

Let ¢, ;) and ¢ ;) denote the angles between the unit
i it1

G)

i

(6)

n=

normal vector of the plane and a;”’ and aﬁi)] respectively,
we have:
cosp ;) = Tie a(.j);

i cos ¢a(j) = fieal )

it+1 it

Since movement of the link is always in a fixed plane
which means that all endpoints of links at different times
are fixed in a same plane. It leads to the following copla-
nar constraint equations

D= /\A(j) COS qba(_j) (8)

Here A ;) are unknown variables for 2 = 1,2..k and
j =1,2...n and D is the distance from the origin of the
coordinate system to the fixed plane. By combining equa-

tion (1),(7) and (8), the above equations can be written as
kAo (@,0ma +y,0ny + /) =D ©9)
1

Here k () = L .
a; /r2+n2+1 /zi(j)ﬂ,imw?

i

. In above

equations the A ,(;),n, and n, are unknown variables for
j=0,1,2,..nandi=1,2, ..k
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Figure 1:

24 Analysis of Solutions

which rotate and translate in a fixed plane for all
Itmes. For the fixed arbitrary space plane when given
1l frames the unknown variables have A Al)s Ny and oy,

nd the number of the unknowns is n(k g 1) + 1 within
ascale factor. From Equ(4) we obtain k(n — 1) rigid-
Iy constraint equations, and from coplanar constraint we
e n(k+ 1) — 1 equations, and therefore the number of
lheequations is 2nk +n — k — 1.

when k& = 1, which means only one link of the ar-
lculated object is in a fixed plane, the number of the
ons is 3n. — 2, and the number of the unknowns is
i+1. Obviously when provided with 3 frames the num-
krof the equations is 7 which is equal to the number of
e unknowns. Thus it is possible to recover the 3D mo-
on of the single link from above equations when given
frames. When k& = 2, the number of the unknowns
d equations are 3n + 1 and 51 — 3 respectively. To
ain the 3D information of the endpoints of the links
ly two frames are needed. Table.1 gives the relation-
lp among the number of the frames and links and the
imber of the equations and unknowns. From Table.1
esee that: when & > 2, there are more equations than
known variables although given 2 frames.

Furthermore we assume that the links are fixed in a
ne for each frame, but in the different plane for the
ierent frame. The assumption seems more reasonable
fhuman motion. For example: because of only one de-
¢ of freedom at the elbow the forearm and upperarm

Left: Coplanar multi-link of articulated object
Right:Perspective imaging geometry for motion analysis

are always in same plane for each frame but maybe in
the different plane for the different frame. In this case
the unit normal vector of the plane can be written as

n() = ——1 Y, n{) 1). For k links when
given n frames the number of the unknown variables is
n(k + 1) + 2n + 1, while the number of the equations is
similar to the previous case. When k& < 2, the number of
equations is always less than that of the unknowns, and
only when k£ > 3 and n > 5 there are more equations
than unknowns.

In fact the number of the needed frames are relevant
to not only the number of the links but also the position
of the unknown plane. Especially when the optical axis
of the camera is perpendicular to the fixed plane, we have
ng = n, = 0, thus the ranges of endpoints of the link are
only the unknowns. When we assume the the fixed plane
is parallel to Y axis which means n,, = 0. the normal vec-
tor of the plane can be written as 7 = —L—(n,, 0, 1).

Vn2+1

in this case the number of the unknowns is n(k + 1) for
n frames, while the number of the equations is unchange-
able, which means that less frames are needed than when
the unknown plane is arbitrary.

3 Robust estimation:

Due to noise, correspondences with error, and approx-
imate assumption on articulated model, the exact solu-
tions of 3D motion of the articulated model, which sat-
isfy meanwhile the coplanar constraints and rigidity con-
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Table 1 : Relationship among the number of the frames and links and the number of the equations and unknown

straints, do not exist. Generally the solutions which make
the articulated objects coplanar can not have the length of
its each link same in these views, and vice verse. In this
case, although not all the endpoints of the articulated link
are in a single plane and meanwhile the length of the links
may be not equal in these frames, there exists a “virtual
plane”. In fact the “virtual plane” can be an appropriate
selection of the solutions in terms of a tradeoff between
the coplanar constraint error and the rigid constraint error.

If the endpoints of links are not in the “virtual plane”
for some frames. The distances between these points and
this plane can be written as:

Ay i

o B e
RGE T =P

We have the following distance error criterion:

& :szi]‘

In addition the rigidity constraints may not be sat-

(10)

(11)

isfied exactly in these views, i.e || Ag? — Agtj) | = |

A(llj) = Agl]-) ||# 0. Thus the length error criterion can be
considered as

n k = i & =,
7 1 1 1
= Y D4 -4 -4 -4 02
1#£l;1,0=0 j=1

The final error criterion can be a tradeoff between &;
and 52

&= a& + Bé (13)

Where a, 8 C 0,1 and @ + 3 = 1. It is a typical opti-
mization problem which can be solved by dynamic pro-
gramming.

Genetic Algorithm: It is well known that Genetic
Algorithm is the robust global search and optimization
technique which imitate the mechanism of life evolution
in the nature. In this paper, we use Genetic Algorithm to
estimate 3D motion of the coplanar rigid links. First the
final error criterion above is established as the objective
function. According to the equation below, the objective
function is mapped into fitness function value.

g

f=C T+ ¢ (14)

Where C is the constant factor. The unknown param-
eters: A, i),ngy andny (G = 0,1,2,..m, io=120
are converted into binary codes which are concatenated
together in one order and construct an individual(or chro-
mosome), then generate an initial population of n indi-
viduals. Based on the initial population, according to cer-
tain probability, m individuals, the most highly chromo-
some(in accordance with the evaluation function) in the
current generation are reproduced in the new generation,
and copies(or parents) are put into a mating pool for fur-
ther genetic optimizing operations: cross over and mu-
tation, according to corresponding probability. Through
trial-and-error process, the chromosomes with greater fit-
ness survive to the next generation, thus the population
with the great fitness increase, when the termination con-
ditions(the predefined threshold of the final error)are sat-
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sfied, the process of iteration finishes. Below we first
use the GA to testify our simulated data, then use it to
estimate the motion of human.

4 Experimental results

The method has been applied to several computer simu-
lited data and a number of real image sequences.

41 Simulated Test Data

first we present experiments using computer generated
data. Here the single link was considered to testify our
dlgorithm. The 2D image coordinates of endpoints of
link came from the simulated images which were taken
from some snapshots of a link confined to coplanar mo-
lion. Without loss of generality the focal length f is set to
1.

As discussed in the previous section, it is possible
0 recover 3D motion of the single link when given 3
Irames, but obviously the solutions are not unique. Due to
lie multiplicity of the solutions, we need more frames for
lheunique solution. Forn > 4, an over-constraint system
Isobtained(See Table 1: 10 equations, 7 unknowns), gen-
erilly there are the unique solutions when given 4 frames.

We used computer to generate 4 frames of single link
Which is in a fixed plane , and obtained the 2D obser-
‘vatlons of two endpoints of the single link: (agl) 2.0,
20), o (o 403, 0.62)); (a{?:(5.0, 5.0), a{?:(1.39,
788)) (a1 (4.0, 6.0), a$¥:(0.667, 1.33)); (a§4) (8.0,
20), a2 (2 0, 0.0)). By GA optimization approach dis-
cussed above, we got the unique solutions of the normal
\ector of the fixed plane: n, = 0.4986, n, = 0.4986(the
wmesponding normal angle 6, = 26.5°, 6, = 26.5°).
Once the normal vector is determined, we can obtain the
4D coordinates of endpoints at different frames when
ength of the link is fixed. In this case, the yielded normal
Vector and 3D coordinates can satisfy exactly the copla-
lrequations and rigidity equations.

- We added some random noise (percentage of the 2D
image coordinates of the corresponding endpoints) to 2D
image coordinates of endpoints in the different frames.
fist the random noise is added to the image coordi-
liles of any one endpoint. Using the same method, we
oblained the normal vector, 3D coordinates of the end-
oints with random noise in 2D image coordinates, and
oial error. Figure 2 gives relationship between the nor-
ial angle(left), 3D coordinates of the endpoint with the
indom noise(middle), total error(right) and the random
bise. Although the coplanar equations and rigid equa-
lons can not be satisfied exactly due to the noise in 2.D
mages, there does exist “a virtual plane” which makes

the recovered 3D motion of the link satisfy the final error
criterion.

Furthermore, when we added the random noise to all
endpoints of the link in 4 frames, as the previous case, we
could find the unique “virtual plane” and 3D coordinates
of the endpoints when given the random noise. Figure 3
shows that the different random noise brings out the dif-
ferent “virtual plane”, and the total error increases when
more noise is added to the 2D image coordinates

4.2 Real Image Sequences

In the following we use the technique discussed above
to estimate human motion. Because the legs of human do
not move about arbitrarily, and they tend to move approx-
imately in a single plane in a short time, here we attempt
to estimate 3D motion of legs from a sequence of im-
ages when a person is walking. It is known that good
correspondences of feature points from images is of im-
portance for 3D motion estimation, while extracting and
tracking feature points in the grayscale sequence images
are very difficult. For similarity, we attached some mark-
ers at the joints(see fig.4). By using video camera we
took the sequence of human walking, obtained the frames
by sampling the sequence at the rate of 30 frames per-
second. Then we tracked these markers in the sequence
images, and got the 2D image coordinates of these mark-
ers. Finally we used the 2D image coordinates to esti-
mate 3D coordinates of the joints by above approach.
Due to only one degree of freedom at the knee, the
leg can be considered as the coplanar articulated objects
with two links. In fact, when attaching the markers to
the joints, it is very difficult to make the three markers at
one of the legs in the same plane so that leg can be consid-
ered as the multi-link, thus in this experiment we consider
each leg as two different single link, and estimate the 3D
motion of two single link respectively. In addition, in
this experiment it is dispensable to have a person walkin g
along the line path. Because when the sequence is sam-
pled at the rate 30 frames per-second, one step have more
than 4 frames. We give a pre-defined total error thresh-
old as the criterion, and use this criterion to decide which
frames are in the same “virtual plane” by trial-and-error
process. First the initial four frames are selected to find
the “virtual plane” and meanwhile calculate the total er-
ror, then next frame is added to calculate the total error
using the same plane, when the total error is less than the
error threshold, the frame are considered as in the same
“virtual plane”, otherwise the frame belongs to next one.
We repeat the process up to the end of the sequence. By
the method, we obtained the 3D coordinates of the joints
of the legs. Fig.5 gives the normalized 3D coordinates
of the waist, knee and ankle, the results are very satis-
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Figure 2: The normal angle(left), 3D coordinates of the endpoint with the random noise(middle), total error(right) vs

the random noise

Figure 3: The normal angle(left), total error(right) vs the random noise when add some random noise to all endpoints

factory. Then the obtained 3D motion data of joints of
leg is attuned to generate the animation of walking. Fig.6
shows the stimulated walking of articulated model at a
given viewpoint.

5 Conclusions

Motion and structure determination of articulated objects
from multiple frames is important in a large number of
applications such as human gait analysis and the moni-
toring of robot motion. In this paper based on assump-
tions of the articulated model and coplanar constraint, we
estimate 3D motion of the human walking. The experi-
mental results are very satisfactory. Our further research
work is to track automatically the features of human such
as joint points in the sequence images by constraint fu-
sion, then use decomposition approach to estimate 3D
motion of the total human. We have gotten some results.
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Figure 5: The recovered 3D motion trajectories of leg: waist, knee, ankle

Figure 6: The generated human walking at any viewpoint
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