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3-D MOTION
ESTIMATION, UNDERSTANDING AND PREDICTION
FROM NOISY IMAGE SEQUENCES

Abstract

This paper presents an approach to understanding general 3-D motion of a rigid body from
image sequences. Based on dynamics, a locally constant angular momentum (LCAM) model is
introduced. The model is local in the sense that it is applied to a limited number of image frames at
a time. Specifically, the model constrains the motion, over a local frame subsequence, to be a super-
position of precession and translation. Thus, the instantaneous rotation axis of the object is allowed
to change through the subsequence. The trajectory of the rotation center is approximated by a vec-
tor polynomial. The parameters of the model evolve in time so that they can adapt to long term

changes in motion characteristics.

The nature and parameters of short term motion can be estimated continuously with the goal
of understanding motion through the image sequence. The estimation algorithm presented in this
paper is linear. Based on the assumption that the motion is smooth, object positions and motion in

the near future can be predicted, and short missing subsequences can be recovered.

Noise smoothing is achieved by overdetermination and a least squares criterion. The frame-
work is flexible in the sense that it allows both overdetermination in number of feature points and
the number of image frames. The number of frames from which the model is derived can be varied
according to the complexity of motion and the noise level so as to obtain stable and good estimates

of parameters over the entire image sequence.

Simulation results are given for noisy synthetic data, and images taken of a model airplane.



1. INTRODUCTION

Perception of three-dimensional motion from images is an integral part of vision. It involves
estimation of the nature and parameters of 3-D motion, and as a result, prediction of future posi-
tions of moving objects. Human vision is adept at using image sequences to understand and predict
motion [IS]- For example, after a football is kicked off, people can judge whether the football will
pass through uprights long before it actually reaches there. In computer vision, cameras must be
continuously reoriented to track a moving object for autonomous image acquisition. The motion of
a robot arm or a vehicle may have to be estimated and predicted to plan safe motion trajectories.
Retrieval and repair of satellites in space requires that the spacecraft rendezvous with the target,
which in turn, requires that the spin and the tumbling motion of the target be detected and
estimated first. An understanding of the 3-D motion makes it possible to make predictions about
future locations and configurations of the moving objects. Such prediction capability allows plan-

ning of manipulatory actions on moving objects, e.g., capturing a spacecraft.

We try to characterize quantitatively general 3-D motion from image sequences. The general-
ity of the problem refers to the lack of knowledge about the structure of the objects undergoing
motion as well as the type of motion they are undergoing. For example, it may not even be known
if the objects are translating, rotating or precessing, much less the motion parameters. Under special
restrictions, the problem may be easier to solve although the solution may be of restricted use. Res-
trictions on both allowed motion as well as object structure have been used to simplify the prob-
lem, often making the solution inapplicable to real images. Broida and Chellappa [4] discuss the
inference of 2-D motion from 1-D image sequences under the assumption that the object undergoes
constant translational and rotational 2-D motion and the structure of the object is known,
‘iasumoto and Medioni [21] also assume the motion to be constant through the sequence and esti-
mate, through a search in the solution space, the parameters of assumed constant motion from

image sequence. In the field of astrodynamics, the dynamic information about he object is required



to be known. For instance, the principal moments of inertia and structures of objects are required
[5, 11]. Because the Lagrange equations of rigid body motion are nonlinear [8,14], numerical

methods are necessary to solve the dynamics problem [5.11]. -

Our goal is to understand the motion with as little a priori knowledge as possible. The motion
of an object is determined by underlying dynamics. By the analysis of the image sequence under a
general dynamic model, the understanding and description of the motion can be derived. Further-
more. based on the motion parameters derived, we can make extrapolations and interpolations
through image sequences to predict and recover part of the motion. Clearly, we do not in general
know the forces acting on the object and the object structural response to the forces which would
otherwise enable us to derive object's 3-D motion from the principles of dynamics. However, it is

essential to impose a constraint on the object motion to make the inverse problem of 3-D inference

solvable.

In general, the moving objects exhibit a smooth motion, i.e., the motion parameters between
consecutive image pairs are correlated. From this assumption and given a sequence of images of a
moving rigid object, we determine what kind of local motion the object is undergoing. A Zocally
constant angular momentum model, or LCAM model for short, is introduced. The model assumes
short term conservation of angular momentum and a polynomial curve as the trajectory of rotation
center. This constraint is the precise statement of what we mean by smoothness of motion. How-
ever. we allow the angular momentum, and hence, the motion characteristics of the object to
change or evolve over long term. Thus, we do not constrain the object motion by some global model

of allowed dynamics.

As a result of the analysis presented in this paper, some of the questions that we can answer
are: whether there is precession or tumbling: what the precession is if it exists: how the rotation
center of the object (which may be an invisible point ') moves in space: what the future motion
would probably be; where a particular object point would be located in image frames or in 3-D at

the next several time instants: where the the object would be if it is missing from a image subse-



quence, and what the motion before the given sequence could be.

As a consequence of being able to predict future locations of feature points, only a neighbor-
hood of the predicted position may need to be searched to obtain matching points in successive

images.

The imposition of local smoothness of motion constraint helps combat the errors due to noise.
One way to combat the eifect of such noise would be to use a large number of feature points in the
images. However, a large number of feature points is not desirable, especially in the case where
very few feature points can be extracted from the objects. The use of image sequences containing a

large number of frames is a better way to combat the eifect of noise.

Our approach is based on the two-view motion analysis of image sequences consisting of
either monocular images, or binocular image pairs. The two-view motion estimation problem is as
follows. Given images of a moving object taken at two different time instants, the problem is to
estimate the 3-D position transformation of the object between the two time instants. The rotation
and translation components of such transformation are referred to as two-view rotation and two-
view translation. Generally, they do not represent actual continuous motion undergone by the
object between the two time instants. The physical location of the rotation axis is not determined
by such two-view position transformation. Two-view motion estimation has been discussed exten-
sively in the literature. Many researchers [6,13,15,16,17,24] have used point correspondences
between two image frames to solve this problem. Linear algorithms for two-view motion analysis
from point correspondences have been developed by Longuet-Higgins [13], and Tsai and Huang [17].
Line correspondences can also be used to solve the problem (Yen and Huang [22]). An alternative
approach is to compute the optical flow field and then estimate motion parameters from optical flow
[1,19,20,23]. Zhuang and Haralick [23] give a linear algorithm for such estimation using optical
flow. All these motion estimation techniques use monocular images, taken by a monocular sensor
such as a single video camera. With such an arrangement the 3-D translation and the range of the

object can be determined up to a scale factor. If binocular images are used, we can determine the



absolute translation velocities and ranges of object points. An algorithm to find the rotation and
translation given 3-D correspondences has been discussed in Huang and Blostein [10]. An algorithm
of Faugeras and Hebert [7] can be used to find the least squares solution of the motion parameters

in the presence of noise. A review of recent results in motion analysis is given in [9].

The approach presented in this paper can use either feature points or optical flow to solve
two-view motion parameters. We use feature points in the discussion here. We assume that there is
a single rigid object in motion, the correspondences of points between images are given, and the

motion does not exhibit any discontinuities such as those caused by collisions.

In Section 2 we first present the LCAM model based on dynamics. Then the solutions of the
model parameters are discussed and the relationship between continuous motion and discrete two-
view motion is described. The approach to estimating these parameters in the presence of noise is
discussed in Section 3. Section 3 also deals with the local understanding, prediction and recovering
of the motion. Some particular properties of monocular vision are discussed in Section 4. Section 5

gives the results of simulations. Section 6 presents a summary.



2. THE LCAM MODEL

This section consists of four subsections. Subsection 2.1 deals with the general motion of a
rigid body in 3-D. Subsection 2.2 is devoted to the motion of the rotation center. The trajectory of
the rotation center is approximated by a vector polynomial as a function of time. Subsection 2.3
discusses the solution of these coefficient equations. The relationship between the continuous preces-

sion of the LCAM model and the discrete two-view motion is investigated in Subsection 2.4.

2.1 Motion of a Rigid Body in 3-D

All external forces acting on a body can be reduced to a total force F acting on a suitable point
Q. and a total applied torquer N about Q. For a body moving freely in space, the center of mass is
to be taken as the point Q. If the body is constrained to rotate about a fixed point, then that point is
to be taken as the point Q. This point may move with the supports. Let m be the mass of the body,

the motion of the center of mass is given by

F=>V) (1)

Let L be the angular momentum of the body. The torque N and the angular momentum L

satisfy [8,14] :

Nz dL

nr (2)

The rotation is about the point Q, which will be referred to as the rotation center. In the remainder
of this subsection, we concentrate on the rotation part of the motion. The motion of the center of

mass will be discussed in the next subsection.

In matrix notation, the angular momentum L can be represented by

L =/<o



or writing in components:

L x 1xx lyx 1lzx  tox
Ly = 1xy lyy 1zy
Lz Ixz lyz lzz toz

where
IX~fy2+z2)dm ly=J(z2+tx2)dm lzz-J (x2+y2)dm
Izx  Ixz Sdm lyx Ixy— —Ixy dm lzy—dyz— J*zy dm
and where ais angular velocity. The above integrals are over the mass of the body.

If the coordinate axes are the principal axes of the

diagonal form:

IX X 0 0
/=0 i, O
O 0 lzz

Referred to a coordinate system fixed on such a rotating body, (2) becomes

Nx Ixx™ toytoz (dZz dyy)

Ny=lywQy HQ (tix Uxx-1zz ) 3)

NZ lzz "z +°>x toy (lyy INx )

where (Nx,Ny,NZ)=N. These are known as Euler’s equations for the motion of a rigid body. These
equations are nonlinear and have generally no closed-form solutions. Numerical methods are

needed to solve them.

Clearly the motion of a rigid body under external forces is complicated. In fact even under
no external forces, the motion remains to be complex. Perspective projection adds further complex-
ity to the motion as observed in the image. However, in a short time interval, realistic
simplifications can be introduced. One simplification occurs if we ignore the impact of the external

torque over short time intervals. If there is no external torque over a short time, there is no change



in the angular momentum of the object. Thus, if we have a dense temporal sequence of images, we
can perform motion analysis over a small number of successive frames under the assumption of
locally constant angular momentum. Another simplification occurs if the body possesses an axis of
symmetry. The symmetry here means that at least two of Ixx, lyy. Iz are equal. Cylinders and

disks are such examples. Most satellites are also symmetrical or almost symmetrical in this sense.

Fig.l The precessional motion of a torque-free symmetrical rigid body

Under the above two simplifications, Euler’s equations are integrable [8,14]. The motion is
such that the body rotates about its axis of symmetry m, at the same time it rotates about a spa-
tially fixed axis 1 The motion can be represented by a rotating cone that rolls along the surface of a
fixed cone without slipping as shown in Fig.l, where the body is fixed on the rolling cone, the axis
of symmetry coincides with that of rolling cone, and the center of mass or the fixed point Q of the
body coincides with the apices of the cones. Then, the motion of the rolling cone is the same as the

motion of the body. Fig.l gives three possible configurations of the rolling cone and the fixed cone.



Let ot be the angular velocity at which the rolling cone rotates about 1. Let <, be the angu-
lar velocity at which the rolling cone rotates about its own axis of symmetry In. Then the instan-
taneous angular velocity a) is the vector sum of a/ and o)m as shown in Fig.l. The magnitudes of
a), and (o, are constant. So the magnitude of the instantaneous angular velocity is also constant.
This kind of motion about a point is called precession in the following sections and it represents the

restriction imposed by our model on the allowed object rotation.

A special case occurs when m is parallel to 1L Then o>is also parallel to 1 So the instantaneous
rotation axis does not change its orientation in motion. This type of motion is called motion

without precession.
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2.2 Motion of Rotation Center

In the rest of this paper column vectors and matrices will be used very often and will be gen-
erally denoted by italics. Column vectors will also denote column matrices. So dot and cross opera-

tions as well as matrix multiplications will be applied to column vectors. Ft will denote an image

frame taken at timei,.i =0. 1. —
The location of rotation center is changed with time. Assume the trajectory of the rotation
center is smooth, or specifically, it can be expanded into a Taylor series:
Q(f)=QUO)+~Q '(oXt-t 0)+ij-<2 "(0)(t -t 0)2+ - 4

If the time intervals between image frames are short, we can estimate the trajectory by the

first k terms. We get a polynomial of time t . The coefficients of the polynomial are 3-vectors. Let-

ting ,1=1,2,3.— we have

Qi bl+bti tO)+b3(ti i0)2+.....+bk (ti—t0* 1 5)

For simplicity, we assume the time intervals between image frames are constant c, je..

t, —i +t 0. From (5) we get
Q i 2+cDH3I2H Lk ik 1 (6)
Letting dj=cj~bj,j= 1.2. -, we get
Qi -a l+ad +<Z3°2+ “+aAik-1 (7)
Equation (7) is the model for the motion of rotation center. The basic assumption we made is

that the trajectory can be approximated by a polynomial. If the motion is smooth and the time

interval covered by the model is relatively short. Equation (7) is a good approximation of the tra-

jectory.

Together with the precession model presented in the previous subsection, we have the com-

plete LCAM model. Therefore, the model is characterized by locally constant angular momentum,
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i.e., the angular momentum of the moving object can be treated as constant over short time inter-
vals. Though we derive this model from the assumption of constant angular momentum and object
symmetry, the condition leading to such motion is not unique. In other words, the motion model
we derived applies to any moving objects whose rotation can be locally modeled by such motion:
the rotation about a fixed-on-body axis that rotates about a spatially fixed axis, and whose transla-

tion can be locally modeled by a vector polynomial.

Our goal here is to understand 3-D motion of an object over an extended time period using the
two-view motion analysis of images taken at consecutive time instants. Thus we would first esti-

mate the two-view motion parameters of the moving object.

The image sequence can be either monocular or binocular. In the binocular case, at each time
instant we take a pair of images using two cameras in certain configuration. From one such image
pair, we can find the 3-D coordinates of a point assuming its locations in the two images are known.
The 3-D coordinates of an object point at two time instants define a point correspondence. At least
three point correspondences are needed to uniquely determine the relative displacement of a rigid
body between these two time instants. The displacement can be represented by a rotation about an
axis located at the origin of a world coordinate system, and a translation [2], We will call this dis-
placement as two-view motion. In the monocular case, only one camera is used. At each time
instant, one image is taken which is a perspective projection of the object at that time instant. The
image coordinates of an object point at two time instants define a point correspondence in the
monocular case. At least eight point correspondences are needed to uniquely determine rotation and
translation direction of two-view motion using linear algorithms [17.24]. The magnitude of trans-
lation vector can not be determined generally from monocular images. More point correspondences

are needed to improve accuracy in the presence of noise.

Let the column vector PO be the 3-D coordinates of an object point at time i0. P\ be that of
the same point at timet R 2be the rotation matrix from time 10to 11, and T | be the corresponding

translation vector. Then. POand P are related by
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Pi~R \Po+T, (8)
where R xrepresents a rotation about an axis through the origin.

Given a set of point correspondences, Rj and Tj can be determined by two-view motion
analysis. In the case of monocular vision, the translation vector can only be determined up to a

positive scale factor, i.e. only the direction of T, T—T/IT Il, can be determined from the perspec-

tive projection.

In equation (8) letting PO be at the origin, it is clear that T xis just the translation of the point
at origin. For any point Q0. we can translate the rotation axis so that it goes through QO and rotate

Poabout the axis at the new location. Mathematically, from (8) we have

P\=R ¢(P0-Q 0)+(RiQ0o+TX 9

Compared with (8), (9) tells us that the same motion can be represented by rotating P0about

Qo by R, and then translating by RiQo+P i- Because Q) is arbitrarily chosen, there are infinitely
many ways to select the location of the rotation axis. This is an ambiguity problem in motion
understanding from image sequences. If we let the rotation axis always be located at origin, the tra-
jectory described by Rj and Tt i=1,2,3"* would be like what is showed in Fig.2, which is very

unnatural.

In Fig.2 the real trajectory of the center of the body is the dashed line. However, neither the
rotation nor the translation components show this trajectory. As we discussed in Subsection 2.1.
the center of mass of a body in free motion satisfies Newton s equation of motion of a particle (1).
Rotation is about the center of mass (or fixed point if it exists). So motion should be expressed in

two parts, the motion of the rotation center (the center of mass or the fixed point), and the rotation

about the rotation center.



Fig.2 Trajectory described by Ri and T,
if rotation axis is always located at origin

Let Qi be the position vector of the rotation center at time t,. Pt be another point at time f, .

Rj be the rotation matrix from t, to t-,, Tt be the translation vector from ti,,1to tt. From (8) we

have
Qi~RiQotNi (10)
Substituting (10) into (9) we get
PXR ¢ P0-Qo0)+Qi (11)
From (10) we have
RiQoH2i—Ti
Similarly we get equations for motion fromr,to t,.i=1.2.—/

\Q(&Q\-T!
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~A2Q 1+Q2—1*%2 (12)

—Rf Qf -1+0/ -Tf

Equations (12) give the relationship among locations of rotation center, the two-view rotation
matrices and two-view translation vectors. The equations (12) will be referred to as center motion

equations.
Substituting (7) into (12), we get

(7 ~R )ai+a2+a3+---+czE —T j

(/-R 2aj+(27-R 2)a2+(47 -R 2)a3+-+(2A-ll - R2)ak=T2 (13)

U-Rf)al+(/7—/ -1)*, Ya2+ (127 -(/ -1)2° a3+ -+ (/A17-(/ -1)k~IRf )ak =Tf

Vector equations (13) are referred to as the coefficient equations. Both sides of the equations
are 3-vectors. There are / equations in k unknown 3-vectors. Let A =(alta2, =, ak),
T=(r T2 —, Tf y, D be the coefficient matrix of the unknowns in (13). The element of D at i-

th row and j-th column isd,j ,i.e.. D =[diji |f Xk . We have

We can rewrite the coefficient equations (13) as

DA =t (14)

D and T are determined by two-view motion analysis. The problem here is to find A , the

coefficients of the polynomial in (7).



2.3 Solutions of Coefficient Equation

Let / —k . then the matrix 2) is a square matrix. We wish to know whether the linear equa-

tions (14) have a solution. If a solution exists, is it unique ? If it is not unique, what is the general

solution ?

The solution of the coefficient equations depends on the types of motion, or the rotation
matrices and the translation vectors Tt. Let us first consider a simpler case, where k =2. This
means that the trajectory of the rotation center is locally approximated by a motion of constant

velocity. Three frames are used in this case. The coefficient equations become

U—R\)ai+a2=T1 (15.1)

(/ —FE2ai+(2/—kR2a2-T2 (15.2)
Solving for a2in (15.1) and substituting it into (15.2), we get
(I-2RI+RR DHal=(21-R2)TL: T2 (16)
If | 2R i+R2R lis nonsingular, aj can be uniquely determined from (16) :
al=(/-2R #RR 1) _1((27-R )TxT 2 (17)
Then a 2 is determined from (15.1) :
a—Tj (/ Rj)Q|
Appendix 3 shows that (/ —2R XR2R 2) is nonsingular if and only if the following two condi-
tions are both satisfied: 1) the axes of rotations, represented by R x and R 2, respectively, are not
parallel. 2) Neither rotation angle is zero. Condition 2) is usually satisfied if the motion is not pure
translation. If condition 1) is not satisfied, the solution of equations (15) is not unique and have
some structure. To show this, assume the rotation axes of R{and R 2 are parallel. Let w be any

vector parallel to these axes. Because any point on the rotation axis remains unchanged after rota-

tion, we have R jw=w , R2w —w . For any solution a~and a2, a*+cw and a2 is another solution,
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where

c is an arbitrary real constant. So there exist infinitely many solutions.

The following theorem presents the results for the general case.

THEOREM 1. In coefficient equations, let f=k. Define Sj to be a 3 by 3 matrix

k-] K
V= -0 £ * Rk 0.1.2. Kk
o =
Define number u,
Uj = j—i+1,i+2. =Kk
m=1
Then
Sfan-ZSIT,
-1
“=Ve=rj\( Lsr-+stv )
ANl O )N (X BV -2al+u*-2*at )
*-3
~2~ OF--3)! ~~ +Sx°321+"%x_3 < +W* -3 k-1ak-1)
-1 _
a 3—-~2I (é=1 +n72°a l+w2i +W2*-la*-H - 24N 4)
1 1
a2=’\g—( Zi\T i+5 faituu a*+!/n-1g - I+-+al3ay)
m=

Proof. See Appendix 1.

If S,° is not singular, the first equation given by Theorem 1 uniquely determines a 3 Then ak,

ak-i. "2 can be determined, sequentially, by the second, third.....and last equations in Theorem

1. So if St° is not singular, solution is unique.
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THEOREM 2. In the case of rotation without precession, let w be any column vector parallel

to the rotation axes. Then.

S*°w=0 " (18)
and for any vector a
(Ska)-w =0 (19)
Proof. See Appendix 2.

From Theorem 1. we have

SfrA-tsiT,(20)
/=1

In the case of rotation without precession, equation (18) implies SK is singular. From (19). the
left-hand side of (20) is orthogonal to w. However if the real trajectory of the rotation center is
not exactly a y-th degree polynomial with j ~k -1 in (7), the right-hand side of (20) can be any
vector, which may not be orthogonal to w. This means that no solution exists for equation (20). If
the real trajectory is a j-th degree polynomial with j » k - 1, then equation (20) has a solution by
our derivation of (20). Since equation (7) is usually only an approximation of the real trajectory,
a least squares solution of (20) can serve our purpose. Let a2 be the least squares solution of (20)
which is solved by using independent columns of SK°. If the rank of Sk° is 2, which is generally true
for motion without precession, the general solution is then aj=f4+cw, where ¢ is any real
number. All general solutions [aj+cw } form a straight line in 3-D space. From equation (7), this
line gives the location and direction of the two-view rotation axis of the motion between time
instants t0and t x. From Theorem 2 we have =0, S0 2w =0, 5fw =0. Then Sk?a x=Si la
Sk°-2a i=Sk-2? » 5fa fa i. By the equations given by Theorem 1, the unknowns ak, ak  se,

a2 are determined without knowing the undetermined scale c .

If the motion is pure translation without rotation, all the rotation matrices R, .i=1,2, = k ,
are unit matrix /. Sk° is zero matrix. The first three columns of D are zero, aj can not be deter-

mined by coefficient equations. From Theorem 1,a2 a3 .ok >can still be determined bv coefficient
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equations. Because no rotation exists, any point can be considered as a rotation center. Equation (7)

can be used to approximate the trajectory of any object points.
Thus the solutions of the coefficient equations can be summarized as follows. ~

1. In the case of rotation with precession, the solution of the coefficient equations is generally

unique. The trajectory of the rotation center is described by (7).

2. In the case of rotation without precession, the general solution of aj gives the two-view
rotation axis of the first two-view motion. All other coefficients a2. a3. — ak are generally deter-
mined uniquely by Theorem 1. So the two-view rotation axes of all two-view motions are deter-
mined by (7). Because no precession exists, any point on the rotation axis can be considered as the
rotation center. This is the meaning of the general solution Oj. Once a particular point on the rota-
tion axis is chosen as the rotation center, its trajectory is described by equation (7). Fig.3 shows the

possible parallel trajectories of the rotation center depending on which point on the axis is chosen

as the rotation center.

Fig.3 The possible trajectories of rotation centers
when rotation axes are parallel.
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3. In the case of pure translation without rotation, d2 Aj, ,c 1can still be determined by
coefficient equations. However a 1can not be determined by coefficient equations, ax can be chosen

to be the position of any object point at time 10. Then equation (7) describes the trajectory of this

point.

In the presence of noise, both a large number of point correspondences and a large number of
image frames provide overdetermination. Faugeras and Hebert [7] present an algorithm which can
be used for the least squares estimation of two-view motion parameters. To use overdetermination
based on a large number of frames, we let / >k in the coefficient equations (13). In fact, the
coefficient matrix St° is essentially a high order deference. This is shown in Lemma 1 of Appendix
1 S£ tends to be ill-conditioned when k gets large. This means f >k is more important when k is

large. If / >k , equation (14) can be solved by a least squares method. We find a solution A such

that

IDA —T I—min (21)

In the case of motion with precession, all the columns of D are generally independent. The

least squares solution is

A —{DID)~DT (22)

In the case of motion without precession, the column vectors of D are linearly dependent.
This can be shown by letting alin equation (13) be a non-zero vector parallel to the two-view
rotation axes. Then the first three columns of D linearly combined by a x is zero vector. To get the
least squares solution of the coefficient equations (13), the largest set of independent columns of D
should be found or tolerance-based column pivoting should be made [12]. Theorem 1 solves
az.a2. eak *This means the last 3£ —3 columns of D are always independent. In the presence of
noise the columns of D are very unlikely to be exactly linearly dependent even in the case of

motion without precession.
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2.4 Continuous Precession and Discrete Two-View Motion

The LCAM model we discussed is based on continuous precessional motion. We must find the
relationship between continuous precession and two-view motion, before we can estimate the pre-

cession parameters of our model based on discrete two-view motions.

As we discussed in Subsection 2.1, a precession can be considered as a rolling cone which rolls
without slipping upon a fixed cone. The angular frequency at which the symmetrical axis of the

rolling cone rotates about the fixed cone is constant.

Assuming at time t It an edge point A 'on the rolling cone touches an edge point A on the fixed
cone as shown in Fig 4 . After a certain amount of rolling, the touching points become B' on the
rolling cone and B on the fixed cone. Let 0 be the central angle of points A "*and B ', and 0 be that
of A and B. Letr and r' be the radii of circles O and O, respectively. The arc length between A
and B is equal to that between A "and B So Or —9r' or Osina=0sin|3, where a and $ are generat-

ing angles of the fixed cone and the rolling cone respectively. We get

9 sina
0 sin(8 (23)
The precession consists of two rotational components. One is the rotation of the rolling cone
about its own symmetrical axis. The other is the rotation of the rolling cone about the fixed cone.
From Fig.4 it can be readily seen that the relative position of the rolling cone and the fixed cone is
uniquely determined if the touching points of the two cones are determined. Or alternatively,
starting from the previous position, the new posit.i’%n pf the rolling cone is determined if the two
angles 0 and 9 are determined. So no matter how we order these two rotational components, the
final positions are identical as long as the angle 0 and 9 are kept unchanged. We can first rotate the

rolling cone about its axis m and then rotate the rolling cone about I , or vice versa.
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time t

Fig.4 The relation between rotation angles 9 and 0

We hope to find the equivalent two-view rotation axis of this continuous motion between two
frames at time 11and time 12. respectively in Fig.4. If we can find two fixed points which stay in
the same positions before and after the motion, then the two-view rotation axis must go through
these points. One trivial fixed point is the apex Q of the cones. Another fixed point can be founded
as follows: In Fig.5 let the midpoint of arc AB touch the rolling cone (at time (il+i2)/2). Extend
line OB so that it intersects the plane containing Q.0O' and B' at a point P Extend line OA so
that it intersects the plane containing Q, 0 and A at a point P2 Draw a circle centered at O and
passing through Pj and P2 Then the midpoint P of arc PjP2 is a fixed point. This can be seen by
noting that the rolling cone can also reach its position at next time instant i 2 in an alternative
manner as follows. First, rotate the rolling cone with slipping about | by angle 0/2, thus rotating
P to its new position at P and axis m reaches the position shown in Fig.5. Then rotate the rolling
cone with slipping about its own axis m by angle 9. Point P now reaches position P 2. Finally,
rotate the rolling cone with slipping about | again by angle 0/2, taking the rolling cone to the posi-

tion at time instant t2 This takes the point P back to its starting position. So the two-view
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rotation axis w found by two-view motion analysis from two image frames, goes through Q and
P . Notice that the angular frequency, at which the symmetrical axis of the rolling cone rotates
about the fixed cone is constant. From the way of finding P, it is clear that the two-view rotation
axis also rotates about | by a constant angle between consecutive frames. So we have the following
theorem:

THEOREM 3. For a body undergoing the precessional motion of the LCAM model, the two-view

rotation axis between constant time intervals changes by rotating about the precession vector by a

constant angle.

Fig.5 Finding fixed points for two-view rotation

Without loss of generality, we assume the time intervals between consecutive image frames
are of unit length. We define the precession vector to be a unit vector | parallel to the symmetrical

axis oi the fixed cone, define the precession angular frequence {to be the angular frequency at
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which the symmetrical axis of rolling cone rotates about precession axis, define the i-th body vector
m, to be a unit vector parallel to the symmetrical axis of the rolling cone at time tt, and define the
body rotation angular frequency 9 to be the angular frequency at which the rolling cone rotates

about its symmetrical axis.

From image sequences we find estimates of two-view motion parameters. They are the i-th
two-view rotation axis vector, n,, a unit vector parallel to the two-view rotation axis between time
instants i,_i and tt; the corresponding i-th rotation angle ~ and i-th translation vector T,. Fig.6

shows the parameters of continuous motion and discrete two-view motion.

Fig.6 Parameters of continuous precession and discrete two-view motion

Let R(n,9)—r"] denote the rotation matrix representing a rotation with axis unit vector
n —{nx, ny,nz) and rotation angle 9. i.e. [2] :
() (I—os 9)+1  nxny(1—eos 9)—nzsin0 nxnz (1—eos 9)+nysin0
! R(n .9)= nynx(1—eos 9)+nzsin0 (n}2~T)(l—eos 0)+l  nYnz (l—eos 9)—nxsin0 (24)

nznx (1—eos 9)—nysin0 nzny (1—eos 9)+nxsin# (nz2—1)(1—eos 0)-Fl

THEOREM 4. The continuous precession parameters and discrete two-view motion parameters are
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related by
R Z,99R(mi*19)=R (n;,0,) (25)
R (m, ,0)7? (Z,0)=i? (n, .0,) (26)
Proof. From time to time Z,. the body moves from its previous position to a new position.

From Fig. 6 the new position of the rolling cone ( or the body ) can be reached in the following
way! First, the rolling cone rotates about its body vector m(_i by angle 0. Then, the rolling cone
rotates about the precession vector Z by angle 0. The two-view motion combines these two motions
into one. which is the rotation about the two-view rotation axis vector n, by angle 0,. We get

equation (25). Similarly if we change the order of these two rotational components we get equation

(26).

From Theorem 3, the two-view rotation axis rotates about the precession vector. So the pre-

cession vector Z is perpendicular to nt—n, _j and nt-2- The sign of Z is arbitrary. So Z can be

determined by

U, —A/_Dx(ni_tn, 2)1 27
The precession angular frequency 0 can be determined by finding the angle by which n
rotates about Z to reach n,. The projections of and n, onto a plane that is perpendicular to Z

are “¢-i” (n.j_12)Z and n, —(n; Z)Z, respectively. The angle between these two projections gives the

absolute value of 0:

s (-r-04~-Z )2 -« U; -(rt; Z)7)
9 1=cos™1 I/ij—i—gw.;_IZ)Zl Int—n, ZjZ1 (28)

The sign of 0 is the same as the sign
(29)

After Zand 0 are found by equations (27), (28) and (29), R (Z,0) can be calculated by (24).

R (m,-].") and R (m, ,0) can be determined by (25) and (26):
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A(m, _10)5j? ¢/, DR, , ) (30)

R(Mi,e)=R(ni F)RKI.<F) (31)

We can determine mi_i, mt and 9 by (30) and (31), because n and 9 can be determined from

R(n.0O) [2]:

(32)

N (r32 r23*r13 r3l*r21 12n
(33)
N(r 32~r 23*r 13 r 31*r 21“r 128~

So we get the following
THEOREM 5. The precession vector, precession angular frequency, body axes and body rotation

angular frequency which define the precession part of the LCAM model can all be determined from

three consecutive two-view motions, or four consecutive image frames.

In addition to these basic parameters which uniquely determine the motion of the model,
some other parameters can also be determined from these basic parameters. For example, the gen-
erating angles a and ft of the fixed cone and the rolling cone, respectively, in Fig.4 can also be deter-

mined from |, $m,, 9 and equation (23).
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3. ESTIMATION, UNDERSTANDING AND PREDICTION

The LCAM model is applied to subsequences recursively. The parameters of the model
describe the current local motion. The following questions can be answered. Is there precession? If
so, what are the precession parameters? What are the current or previous body vectors? What is the
body rotation angular frequency? What is the probable motion for the next several time intervals?
What are the probable locations of the feature points at the next several time instants? If the mov-
ing object were occluded in some of the previous image frames, what are the motion and the loca-

tions of these feature points during that time period?

The number of frames covered by a LCAM model can be made adaptive to the current
motion. The number can be changed continuously to cover as many frames as possible so long as
the constant angular momentum assumption is approximately true during the time period to be
covered. The value of the number of frames chosen can be based on the accuracy with which the
model describes the current set of consecutive frames. The residuals of least squares solutions and
the variances of the model parameter samples indicate the accuracy. The noise level also aifects the
residuals and the variances of parameter samples. However, the noise level is relatively constant or
can be measured. The resolution of cameras and the viewing angle covering the object generally
determine the noise level. The noise can be smoothed by determining the best time intervals and the
number of frames covered by the model, according to the current motion. Because the LCAM

model is relatively general, the time interval a LCAM model can cover is expected to be relatively

long in most cases.

The following part deals with the estimation of model parameters using overdetermination.

After finding two-view rotation axis vectors n n2, — rif , precession vector | should be
orthogonal to n2—+nx n3-n2 " nj —tf _3 However, because of noise, this may not be true. So we
find | such that the sum of squares of the projections of | onto n2—nj, n3—n2, —nf —nf _j is the

smallest. Let
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(n2-n Hr
A = (n3n2r (34)
(nf —nf _I>
We are to find unit vector | , such that
Al 1= min (35)
Or equivalently,
V A 1Al - min (36)

The solution | of (36) is the unit eigenvector corresponding to the smallest eigenvalue of

A'A 3]
Let the precession angular frequency determined from (28) and (29) be §t. The precession
angular frequency of the model $>can be estimated by the mean

J 142 (37)

Let the body rotation angular frequency determined by (31) be 0,. Body rotation angular
frequency of the model can be estimated by mean

J & (38)

Body vectors are estimated by averaging two consecutive two-view motion using (30) and

(31), respectively.

Two-view angular frequency can also be estimated by mean

j =i (39)
According to the motion model, the f+Ist two-view rotation axis vector nj +L is
(f +1)<p)nt for any 170~/ . In the presence of noise, we use the weighted sum over all

previous two-view motions to predict the next two-view rotation axis vector:
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(40)
<i
From (11) the next position of point Xf in frame Ff is predicted by
Xf +i~F (nf +L \f/XXf —Qf )+Qf + (41)

where Qf and <2/ +i are determined by (7). The prediction can be made for more than p *2 frames

by using the following equations recursively

nf 4 R U*0)*V +p— (42)
Xf 4p=R (nf +p, if)(Xf +p-i-QF +p-i)+QF +p (43)

The variances of samples in the summations of (37). (38) and (39) as well as the residuals in

(35) and (14) indicate the accuracy of the model for the current set of frames. They also depend on

the noise level.

If the object was occluded in parts of image sequences, the positions and the orientations of
the object as well as the locations of the feature points on the object can be recovered by interpola-
tion similar to the prediction procedure discussed above. For the motion of the rotation center,
occlusion just means that some rows in the coefficient equations are missing. The solution can still
be found if we have enough rows. For the precession part of the motion, the interpolation can be
made in a way similar to prediction or extrapolation. When making interpolation we use both the

history and the “future” of the missing part. For prediction, only the "history” is available.
Furthermore, we can also extrapolate backwards to find history”, i.e., to recall what has not been

seen before. The essential assumption is that the motion is smooth.
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4. MONOCULAR VISION

For the monocular case, 3-D positions can be predicted only up to a scale factor. However the

image coordinates of a point can be predicted without knowing the scale factor.

For simplicity, we assume the model covers four frames. Let (X" Y, ) be the image coordinates
of a 3-D point Pt—x;,yt, z-)f, at time instant i ;i =0, 1, 2, 3. Without loss of generality, assume

that the focal length of the camera is unity. The image coordinates and 3-D coordinates are related

by
(44)
Let P and Pt be the corresponding points at time tt_xand t, , respectively. From (11) we have.

A-t+r, (45)

where R, —rjy 0, T, =(Ax- Ay, ,Az )r. Let T, =(Ax, Ay- ,Azty —T,/ IT, Il. In the monocular case, R,

snd T\ can be determined from image frames and Ft. The range z,-_j is given by [17] r
A-- X, Az-
z' X, fi O+r&% _,+rU»M rjj% _,+r E,+r p)
il i

Xi(ro >X,-i+r ty, j+r&>Mr >X_,+r 3, _ +r}$)
=1 THAI
where A, are function of X, It .Yj”», RtandT,.

zi-rii-i+r &V;-itrU) !+Az;

=2, Ar3@)X,_1+r3™r, _1+r3)+Az-JA)) 47
~z>3 n 2(r i Kj-i+rii j _'+ry }H+Az; M-)

j=i-

where G, is function of X,_3"X, A<.3"1; «Rij-2"Rij «Ti-2--TI. It can be determined from F* 3to

F,.So

(46)



Xi ziXj—zt_3G, Xj
WH~ziY,-z1_3GzY, (48)

z i Zi%l

From equations (48) it is clear that the 3-D coordinates of a point in image frame F, can be
determined up to a scale factor z,_3. This is also true for points in Fi_3-.F,_1 From (45), all
translation vector Tk can be determined up to a scale factor z,_3. From (13) all coefficient vectors
can be determined up to the same scale factor z,_3. So the rotation center can be predicted up to the
same scale factor. There is no ambiguity about predicted rotation. Finally, from (44), in the
predicted image coordinates, this unknown scale factor is canceled out. In other words, we can

assume z, _3to be any arbitrary non-zero number, in particular. 1. to predict the image coordinates

of points.

One point should be mentioned here. In the binocular case the set of corresponding points may
be different for different consecutive image frame pairs. This means that the point set used in point
correspondences in some images are allowed to be invisible in other images. The same is still true
for the monocular case. In (47), we are tracing the same point all the way back to Ft*. This is
only for simplicity. If we choose a point Pc whose range is c. Applying this point to (46) and let-
ting z, ! to be c. Equations (47) mean the length of translation BTt I is proportional to ¢. Using

image coordinates to rewrite (45), we have

Xi * -
Yi Z-R, vi-1
1 1

The above equation means the ranges (z, and Z;_j) of other points are proportional to the
length of translation vector HZ, I which is proportional to c. So, the range of the other points can

communicate the constant c to other image frames to determine the ranges of the points in those

frames as zi_| does in equations (47).
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5. SIMULATIONS

Two simulation experiments to test the analysis were performed on a VAX 11/780. In the
first case the image data were computer generated. In the second case, binocular image sequences of

a model airplane undergoing a smooth motion were recorded using video cameras.

In the first experiment, a sequence of 3-D coordinates of points on a moving cube were gen-
erated by a program. The motion of the rotation center is characterized by coefficient vectors a, in
(7). By Theorem 3, the rotation of the body is about the two-view rotation axis n by angle 9
between consecutive frames. The two-view rotation axis rotates about a fixed precession vector |
by angle €= The object is assumed to be a transparent cube of side length 10cm. Simulated cameras
are 100cm away from the object. The viewing lines from the two cameras to the object form an
angle of 45°. The cube covered about half of the image. The feature points used for point
correspondences are the vertices of the cube. As the object is undergoing motion, these points gen-
erate a sequence of 3-D coordinates. These 3-D coordinates are digitized by simulated cameras of
resolution from 64 by 64 up to 512 by 512. Because of digitization errors, the set of points no
longer satisfy the rigid body constraint. To find the best two-view motion parameters, a least

squares solution is obtained [7].

In the experiments presented, the following motion parameters are used. Precession vector:

Z=(0, 0, )f; Precession angular frequency: 0=0.4; Two-view rotation axis of first two-view

motion: n1=-"L _-(1,0,4)". Coefficient vectors: ai=(-2,—3,-1)'. a2=(0.5.0.5, 0.25)".

a3 (5~35“32.5~3)". The results given are the mean values from 20 trials, each of which randomly

chooses the original orientation of the cube.

Fig.7 describes the estimation errors of | and <= The errors of | are defined as the length of
the difference of the estimated and the real unit vectors. The errors approach zero very fast as the
number of two-view motions / increases. Based on the estimated model parameters, the predic-

tions of the 3-D coordinates of each point at the next several time instants are made. The predicted



32

and the actual digitized positions are compared. Their distances are considered as prediction errors.
The relative errors are defined as the prediction errors divided by the length of the diagonal of the
cube. The results of predicting more frames are presented in Fig.8. Fig.9 shows the mean relative
prediction errors at time 15as a function of image resolution. Fig.9 indicates also the errors as the
function of the number of point correspondences. Fig.10 shows the mean relative prediction errors
as function of image resolution and the number of two-view motions covered. Fig.11 gives the
mean relative prediction errors as the function of the number of point correspondences and the

number of two-view motions covered.

Data for the second experiments were taken from a model airplane. The setup of the real cam-
eras is the same as that in the simulation experiment discussed above. Without translation, the
model airplane rotates about a vertical line by about 15° per frame. Simultaneously it also rotates
about its head-tail central line by about 8° per frame as shown in Fig.12. The feature points used
for point correspondences are at the tip of the wings. The feature points and their correspondences
are determined manually. The number of point correspondences is 4. Starting from the fourth
frame, the prediction is made for the 3-D coordinates of the feature points at the next time instant.
The relative maximum prediction errors are shown in Fig.12. The relative errors are defined by the
error divided by the maximum distance between feature points. The camera resolution is 512 by
512. Comparing with the synthetic data case, the additional error source is lens distortion. The

relative errors in this experiment are close to the synthetic data case.



ERRORS CF PRECESSION PARRVETERS

Fig.7 Errors of 1 ( precession vector ) and ¢ ( precession angular angular frequency )
as function of number of two-view motions covered

number of point correspondences : 3
frame predicted : next
image resolution : 256 by 256
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MAXIMUM RELATIVE PREDICTION ERRORS 7

Fig.8 Maximum relative prediction errors (%) as function of

number of two-view motions covered and number of frames predicted (p).

frame predicted : next p-th frame
number of point correspondences : 3
image resolution :512 by 512
degree of polynomial k-1 in equation (7): 2
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MEAN RELATIVE PREDICTION ERRCRS %

N ( IMACE RESOLUTION N BY N )

Fig.9 Mean relative prediction errors (%) as function of
image resolution (n by n) and number of point correspondences (npts)

frame predicted: next frame
number of two-view motions covered: 5
degree of polynomial k-1 in equation (7): 2



MEAN RELATIVE PREDICTION ERRCRS |

Fig.10 Mean relative prediction errors (») as function of
image resolution (n by n) and number of two-view motions covered (mt)

frame predicted: next frame
number of point correspondences: 3
degree of polynomial k-1 in equation (7): 2



MEAN RELATIVE PREDICTION ERRORS

Fig.11 Mean relative prediction errors (%) as function of
number of point correspondences (npts) and number of two-view motions covered

frame predicted: next frame
image resolution: 128 by 128
degree of polynomial k-1 in equation (7): 3



2.65%

1.30%

2.32%

3.97%

2.92%

Fig.12 Image Sequence of a model
airplane

left column: left view; right
column: right view. (From the
fifth frame, the maximum relative
prediction errors are shown to the
left of the corresponding frame
pairs.)
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6. SUMMARY

We have described an approach to modeling and estimating general 3-D motion of an object
from image sequences. The dynamics of the moving object is modeled by two components. First,
the rotation of the object is assumed to be a precession which can be modeled by such motion: the
rotation about a fixed-on-body axis that rotates about a spatially fixed axis. One of the conditions
of object dynamics leading to such motion is that the object under motion is symmetric and its
angular momentum is constant. Second, the object is assumed to undergo a smooth translational
motion. In particular, we assume that the location of the rotation center of the object can be
represented by a vector polynomial in time. The motion of any points on the object can be
expressed by the superposition of these two components. The problem of modeling motion then
amounts to estimating the parameters of precession with respect to the rotation center, and the
parameters of translation of the rotation center. This estimation can be performed from either point
correspondences or optical flow over a sequence of image frames. We use the former to discuss.
Using the technique of two-view motion analysis, estimates of two-view rotational and transla-
tional parameters can be derived. To reduce the sensitivity to noise, least squares estimates are
obtained from multiple features in two-view motion analysis. Based on the parameters of two-
view motion, the parameters of LCAM model are estimated so as to understand the local motion
and predict the future motion. Again, least squares method is used for model parameter estimation

from multiple image frames to combat noise.

We have presented a linear algorithm that implements our approach. The experiments have
been performed on image sequences obtained from simulated as well as actual moving objects. To
test the accuracy of the model, the predictions of the locations of object points were obtained and
the errors between the predicted and actual locations were measured. The errors of estimated model
parameters have been presented for different numbers of image frames. The prediction errors have
been shown for different image resolutions, different numbers of object points, different numbers of

image frames covered, and different numbers of frames predicted.



APPENDICES

APPENDIX 1.

THEOREM 1. Let f=k. Define S/ to be a 3 by 3 matrix :

Sd - -i-\""Rj+\I =0. 1.2. —Kk
10 J J
Define number utj :
ui) = ¢ (-1 j-i +1 i+ 2, -t
AN=L
Then
V «,=-Zs(r(
/=i
=77jr( +stV )
a<- 1=XF=27T( +A°2a i+“*-21°t)
“1  *“3
~2~ [ n ~3a -3 -3 k-lat-1)
2
&13=—"j-(WZ_i +S2ai+w2i-a* +u2k _ia| _X4— hu24u4)

i
a2=~n-( Z 51X, +5la!l+ult ak+u l k_»xak_l+-+u Y3a3)
m=1
10 prove Theorem 1. we first prove some lemmas.
LEMMA 1. Define

LAy (i - H e Sk—1
1=0

Then.

40
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§ 0K -V A
Proof.
/=0 /=0 L
S(Eo e MR I D [y (Mow T 20N Ty () IJIW e [ e (Y )y
/=i /=0 L *
=kn X)Ri+i (12Nt (-dy (> et N
/=1 1
- i I -1 |

+mZ:1(| H Wi/ -y HEL S (A.D)
Using (M)+(® A ). (A1) becomes

(* o teo. Thgo-lyor e ) owti e w2« [yt )

=z’(-D "(*f)Mw+l -~27 )/
/=0

=fin
O
LEMMA 2.
S sy=s/4
Proof.
n_ — . = ) AN _ . _ 1 _'| ) A
s/"-v=v-, 12:(-)i-1(1y(,) + R,+,/1Z:O( ) | <-Ri
=(O)Rt+ I-RI+li+ £ (~iy (K)Rt+ | mmRjHi + ~EE)mEmioy )RE-ME

Using (M) + (MD)=(" (A.2) becomes

J 1N +1- +/ + /glv (DA +1-/ - Rj +l/
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= z"'(-i Y*t_(+1 - rj+li

="

LEMMA 3. Letk 2, 1~k —L Then
¢ (-1)*-; ym(*)=0
& 7

(-1)*-" jk(R)=H
= 7

]

Proof. From the binomial equation

(14x)'= £

J:(0 7) (A.3)

By differentiating both sides, then multiplying by x, we have

@A+x)*-1:x=£ ; (MN)X]
j=i 7

Differentiating both sides and then multiplying by x again, we get

(I+x)*-2U (* -1 )x2+k (L+x )x)=£ j 2k)xj
=i 7
Generally, doing this m times. 1 . we get
(T+%y [ (51 )t -m +L)xm+ (14X )>(x )= 2 (k) x3 (A.4)
i =i
where /*(x:) isan (m 1) th degree polynomial. This can be readily proved by induction on m . Let

x~ 1 For 1"m —1, (A.4) gives

o=z v =z cD* r )
3= 7 i=1 7

Let m —k . (A.4) gives



*-D*=£(-1y jmk)
i=1 1
Multiplying both sides by (-1)* . Lemma 3 is proved.

LEMMA 4. From equation (14). let D =[<y ].

dfj
Define
dij 1)*-% .,
Then
Lsjdj I +l=k\i
7=1
hs/d)t+1=ku
i=l

Proof. We need only prove the first equation. The difference between the first equation and the

second one is that the subscripts of rotation matrices R, are all incremented by 1 in the second

equation.

LAdj , =
j=

By kSi-2fj-1YsiR]
:gtv-g:}’rtSf-liﬂFﬂ

T g e

=k*j+22y 5/- £ y s/+ £ c—y 'y (*)/
7=1 7=1 7=1 1



=(-D* * (*)+z'c-iy >/ (*.)/
il J
=E£(-1)*"  (™M)7
=l J - -
By Lemma 3 the above equation is equal to k \1

Now we are ready to prove Theorem 1
Proof of Theorem 1. We first prove

B i= -.Z (A5)

j=1
by induction on k .

Let k =1.
Seo=*,-/
-_Z:lsir, =-Sit,=-Ir,=-r,
Equation
sia,=-Zsir,
y=I

means (22i~/)ai=—TV This is 2A =T when k «1. So, the equation (A.5) is true when k =1.

Assume (A.5) is true up to k. Let D be k +1 by k +1 matrix (whose elements are : by 3

matrices ). From first k equations of DA =T. we have

dnaj+d12a2+-+d u ak~Txd xXk+Hak+

d 2ax+d22a2+-+d Xkak-T 2-d 2k+Hak+L

dk\a i+dk2a 2+--+dkk ak =Tk - d k k +lak +1

By induction hypothesis, we have
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. (A.6)
i=l
From (7), let
() Qi+02 + " +zik +Hli k (A.7)
Consider another polynomial P(i ) with 11 as initial starting time. i.e.
P{i)=P(i+l) (A.8)
Q(i)=(2\+a2 + "m+akik~l+ak+lik (A.9)
We have
ci+ad +a3i2+ = +akHik
—a2+a(i +1)+a i +1)2+ = +a; H1(i +1)*
From (A.7), (A.8) and (A.9), the coefficient of variable i should be equal. We have
almalta2+ e +a*+l <HH=a* 41 (A.10)

For the Polynomial in (A.9). we get the coefficient equations :
DA =f
where
D ~[dfj P*Xk+1)
I/ (i 1V KRi+H Ki
A =(aj. —, aky
T=iT2  rk+ly
The equation DA =f can be derived directly from DA -T . The difference of DA -f from DA =T

is that the unknowns have hat. and other subscriptions are incremented. Using the induction

hypothesis on DA - T . we have



AN Z (T H dj HLk+Hak +1) (A1)
;=
From (A.I0) and theé first equations in (13), we get
axsajta2+ —+tak+l=R la 1+7’1

So.

RiaxaXxT2 (A.12)

We get

SKRia~St\a + T 1)=St’a SKTx (A.13)

From (A.10) and (A.Il). (A.13) becomes

£1Z— 22 +i+ Z sidj k+lak+!-SKT|
j=i j=i

— Z 5Ay +i+ Z * +iak +1
y=0 i=l

From Lemma 4, we have

(A.14)
From (A.6), we get
~ai Z SIF; +Z Sf[dj k+lak+1
i= y=l
By Lemma 4. we have
Vai=-ZS/r;+*lai+l (A.15)
y

Using Lemma 1. (A.14) and (A.15), we get

SIM la x={StaR I-Sit)al

=St Ri V°i



-tAT JH+ZSAT]

] =0 j=l
|t+lA/7,

=“ Z N

1=1

Tt+ZsjTj
7=1

. A+l
J=1
X +1

=-ZSAiTj

J=1

(A.16)
So, equation (A.5) is true for &+1, Thus, (A.5) is proved for all £ 1.

Then let us prove the rest of the equations. Let 2”~i ~ k —L Considering the first i equations

in (13), we move a, +i. = a‘ to the right side. Using (A.5) to solving aj, we get

s*al=~ Z

~7:Z|o|miau'):-§l - Z (éSirdrrj)q (A.17)
Evaluate the term
£ = £ 8/ (m**/-(m -1y ~'Rm)
;-1
=(JL mi~lsr- Z -1v-X #'-1
»=] m—2
i~1 i—n : j j
=Z 717 (IHoRw - Awi/-/é(m-iy-izzobiy(S)i?iw - AN+ A~ 1
='f£'-"*F(-iyc")/ﬁv\/-i?my-zgv-i)i-i £ (-iydxRVe
»=1 /=0 V= /=0 6
+2Z R VAR [
/-1
m=1
{Z EHmey
=W/77

So, (A. 17) becomes

a7
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- L ua°j
m =1 j=i+l

Or,

ui itiai+tl— (52 s["Tm+sical+ £ wutja})
m=1 j=i+2

By Lemma 3, j j+i=il. So we have

B:sa 1-']:,£+2UU ag > (A18)

Lettingi—%k 1,k —=2, —,2,1, we get the equations in Theorem 1.
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APPENDIX 2

THEOREM 2. In the case of rotation without precession, let w be any vector parallel to the rota-

tion axes. Then,

Skew=0 (A.19)

and for any vector a
(Sk’a) sw =0 (A.20)

Proof. We prove (A.20). The proof of equation (A.19) is very similar. We are to prove another

equation at the same time: Under the same condition, for any vector b the following equation holds
{Skb) ew =0 (A.21)
We use induction on k.

Let k=1. (Sia) ew=((/—R x)a) w=(@a—R ¥a) *w. R | is rotation matrix with rotation axis
w . So the difference of the original vector a and the rotated vector Rxa is orthogonal to the rota-

tion axis, i.e., (a—R jz) *w=0. Similarly (576 ) ew =0.

Assuming (Ska) mv=0 (Skb)ew=0 for k >n. Let From Lemma 1,

Sr+Ha =SnRiS . We have

w ~(SrfRid —srfa ) *w =(SrfR>»a ) mw ~(S,,’a ) *w =0+0=0
Similarly (A.21) holds for k =n +1.
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APPENDIX 3

Let /?! and R 2 be rotation matrices with rotation axes nyand n 2, rotation angle 9Xand 02,
respectively. R2R X2R x+7 is nonsingular if and only if ny*n2and 0”20, @"0.
Proof. Let R2R {-2R j+7 -A . A is nonsingular if and only if there exist three vectors U0. V0. W0

such that AUO. AV0O AWOare independent. Notice that
AUO=(RR iU0—R yuO)—R XJ0-U0)
Let R\ Ug-U i, RZR\UO=U2 i.e.: Uyis a vector rotated by R xfrom UQ. U2is a vector rotated
from U j by rotation matrix R 2. Let S 1be the plane perpendicular to n j. S 2 be the plane perpendic-

ular to n 2 The two planes intersect each other at an angle $>as shown in Fig.13. Construct a Carte-

sian coordinate system as shown in Fig.13.

Fig.13 Two rotation planes and coordinate systems
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The X-axis lies in the intersection line of Sj with S2. The Z-axis is in the same direction asn S*

then lies in X-Y plane. Let

i?24/0=(1,0.0)r.  i?2V0=(0,1,0)r.  R>XW0=(0.0.1)'

Fig.14 Vectors rotated from v 0

As shown in Fig.14, the vector Ux-UQO lies in the X-Y plane. The angle from V XU 0to the
Y-axis is — . The length of Uj—UO0 is 2sin— . Similarly, in plane S2. let Y’ be the axis correspond-
ing to projection of Y axis on to the plane S2 U2{J R U iU i lies in S2. The angle from Y’ axis
to U2 U xis 022. The length of U2U x is Zsin(J?i. Let the italics X ,Y,Y' be unit vectors on the
coordinate axes. We have

U |—UO—2$|n2—2|-X +23|n7 COSE Y (A.22)

: .0 . 0, 0,
U2~U i~—2sin2—X +2sin—cos— Y (A.23)

Similarly we have
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. . 01 ]
Ui~Uo— 2sin— cos—2-X +25|n23 Y (A.24)
i=-2 0'6? 90X2 0'20~Y'
V 2~V i=-2C0S sm7cosz—- -2c0s0 sin > (A.25)
AV 0=(V2—Vi)—V 1-V0) (A.26)
W j-W 0=0 (A.27)
. . 0, 0 . . A
WE2-W 1=—2sin0 sin—cos”™-X -2sin0 sin2_1iy' (A.28)
AWO=(W2-W D)-(.WI- (A.29)
Using (A.22)-(A.29) we have
8 201, M2 . 0Oi LR W
N st > sthe > sm7 cos—2 -sm_2 cos; -
0 - -
02 02 Oi 0Oi - X
AV0 =2 N— COS— —Sin— cos—  s20l cosfsm? 02y
AWO 2 2 2 2 2 Y
. . e, 9,
sin0 sme— CO0S— 0 sin<f>sin2/\2
X
—2M Y
YI
o fli L R L, 01 (02207
sin2— +sin2 == Cc0S— N~ cost
T sin > 0052 —sin 5 cos2
i 024 (0% 01} o . . i 2
IM I=sin0 03 =-sin— ] j ? 02
> 5 sin 2cos 5 sin2 2I
N (AN § 7/ .
Sln-Z—CCST 0 sim 02

Multiplying the third row by cosO and adding the result to the second row. we get
. .0 0
IM 1=2sin0 sin2— sin2—
2 2
Assume 07°91<2rr. 0"02<27t.

If M is singular, 0=0 or 0XO or 02=0.

If0~0, 0j~0, 0200, X ,Y ,and Y “are independent. So A is not singular.
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