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Synopsis

In this paper, we analyse the motion of a camera having free intrinsic parameters.
We define a free parameter to be one that is unknown and may vary continuously.
A time-dependent epipolar equation is presented, followed by a formal definition of
the time-derivative of the fundamental matrix for the case of a mobile camera. Next,
differential formsof the epipolar equation are obtained. Thismay be seen asarecasting
of the recent work of Viéville and Faugeras[12] into an analytical framework. Critical
to the approach is the determination, to within a common scalar factor, of two special
matricesfrom optical flow data. The case of acamerawithfreefocal length undergoing
arbitrary motion is then considered in detail. Closed-form expressions are given, in
terms of the entries of the two matrices, for the ego-motion parameters, aswell asthe
focal length and its derivative.

Keywordsand phrases. Self-calibration, ego-motion, epipolar equation, fundamental matrix, intrinsic
parameters.



1 Introduction
The epipolar equation in stereo vision takes the form
m!Fm’ =0, (1)

where m and m’ represent corresponding points in the images obtained by left and
right cameras, respectively, expressed in terms of homogeneous coordinates, and F
is the fundamental matrix influenced by both extrinsic and intrinsic imaging factors,
henceforth termed the key parameters[8]. (Notethat aslightly non-standard notationis
used here, asdescribed in Appendix A.) Given sufficiently many corresponding points
in atypica non-degenerate configuration, it is sometimes possible, via a process of
self-calibration, to determine various of the key parameters [2,9]. It iswell known
that using corresponding points extracted from a single pair of images, at most 7
key parameters may be determined. These might, for example, comprise 5 relative
orientation parameters and 2 focal lengths (e.g. see [4, 10]).

Our aim in thiswork is to introduce into (1) a dependency on time and to derive
corresponding differential equations. In thisway, we hopeto carry out self-calibration
(determining camera motion and intrinsic parameter values) using only optical flow
information. Part of our work may be seen asarecasting of theresearch of Viévilleand
Faugeras [12] into an analytical framework. For related work dealing with ego-mation
of acalibrated camera, seefor example[3,5-7]. (Werecall that the ego-motion refers
to the motion of a camera described in terms of its own local coordinate system.)

Adding a dependency upon timeto (1), we have

m’ ()F(t)m'(1) = 0, (2)

which we may call the time dependent epipolar equation for stereo cameras. The
guestions now arise: What is being modelled by this equation, and to what use may
the equation be put?

Atagiventime, (2) issimply aninstanceof (1), enabling recovery of key parameters
given sufficiently many corresponding points. At alater time, (2) can once again be
used to recompute the key parameters. If these are unchanged, then so too will be the
fundamental matrix (althoughit can be estimated only up to ascalar factor). Therefore,
for a pair of cameras in a fixed relationship, with unchanged relative orientation and
intrinsic parameters, consideration of time will have no usefulness. This applies even
if the stereo cameras are in motion relative to some global frame (since each camera
remains stationary relative to the other).

Assume now that the cameras are not in afixed relationship, but that they are free
to move independently. Consideration of (2) then offers the possibility of computing
the instantaneous changes in both relative orientation and intrinsic parameters of the
cameras, expressed in terms of the location and movement of various image points.
Differentiating (2) with respect to time, we have

il (O)F()m'(1) + mT ()F(1)m'(t) + mT ()F (1) (1) = 0.
If, say, the left camera remains stationary, then m(¢) = m and m(¢) = 0, and so

m?F(1)m/(1) + mF(1)m/(t) = 0.
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There isnow the possibility of computing over timetherelative orientation of the right
camerawith respect to afixed left camera. Thusthe motion of the right camera may be
computed relative to afixed |eft camera's frame of reference, instead of motionrelative
to the (possibly moving) left camera. However, in order to achieve this, corresponding
pointswould have to be extracted from successive image pairs generated by the static
and moving cameras. We shall not pursue this awkward approach here.

Of greater interest is to envisage the time-varying nature of the epipolar equation
arising from views of a single mobile camera at successive time intervals. In order
to use an adaptation of (2) in this situation, we have to be very clear about the nature
of both the fundamental matrix and corresponding points. The discrete approach to
motion presented in [13] and [1] involved stereo pairs generated by a pair of cameras
at successive, discrete times. Of interest here is to contemplate the limiting case of
the time difference between images tending to zero (as in [12]), thereby permitting
computation of both the ego-mation and the intrinsic parameters of the camera.

Note, immediately, that the following equation holdslittle value:

m?’ ()F(t)m(t) = 0.

This deals merely with identical left and right images and points. In thissituation, we
clearly have F(t) = 0. Here there is a failure to recognise that a fundamental matrix
dealing with single camera should relate a pair of images captured at different times.

In order to clarify matters, it proves useful to consider arelatively general formu-
lation of the time-dependent epipolar equation. Consider the following:

m?” (I(11)) F (I(11),I'(t2)) m’ (I'(t2)) = 0. (3)

Thiswe call the general time-dependent epipolar equation. Here, I and I’ are image
streams obtained from left and right cameras, respectively, and ¢; and ¢, are specific
times. The points m and m’ are images of a fixed 3D point in space. This equation
makes explicit the dependencies of the fundamental matrix F. Of critical importance
here is to note that the fundamental matrix associated with images obtained from a
single camera (in contrast with that associated with a pair of cameras) is dependent
upon two times. It isthisrealisation that will shortly enable a precise time-derivative
of F to be defined, and anovel analytical derivation of adifferential epipolar equation.

Observe that when 1 = t, = ¢, (3) reduces to (2). Suppose now that we have a
single mobile camera, sothat 7 = I’, and that successive images are captured at times
t; and t,. Equation (3) then becomes

m” (I(t1)) F (I(t1), 1(t2)) m (I(t2)) = 0.

Dropping the now superfluous image notation 7, we obtain

mT(tl)F(tl,tz)m(tz) =0. (4)

This we may term the time-dependent epipolar equation for a single camera, and it
forms the basis for our subsequent considerations.



2 Differential forms of the time-dependent epipolar equation

Wenow confineour attentionto (4), seeking differential formsthat enableinstantaneous
changes in the key parameters to be related to instantaneous changes in the positions
of corresponding points.

Assume that a camera undergoes a smooth motion over a period of time, thereby
generating an image stream. At times ¢; and ¢, with ¢1 # 5, (4) will constrain the
rel ationship between the uncalibrated coordinates of the corresponding points and the
image formation parameters bound up in F. Clearly, as ¢, and ¢, vary, F(t1,12) will
aso vary, with F(#1, t2) tendingto 0 ast, — ¢1. Moreover, the derivative of F(#1, t2)
will at al times be defined, including at time ¢; = ¢,. The time-derivatives of F at
t1 = to = ¢ will be of particular interest, for these will be central to the consideration
of ego-motion of a single, moving camera.

We adopt the following convention: Given a function that maps (¢1,%2) into
X(t1,t2), wewritefor each ¢

° 0X 00 0?X
X(t)=X(t, 1), X(t)= z—(t1,12) ;o X(t) = 55 (T, 12) . (5)
8152 t1=to=t 8t2 l=tr=1
With this notation, we clearly have (e.g. see (8) and (12) from the next section) that
F(t)=o0. (6)

Differentiating (4) with respect to ¢,, we obtain

oF .
mT(tl)a—tz(tl, tz)m(tz) + mT(tl)F(tl, tz)m(tz) =0,
whence, on letting ¢, = 15 = t,

o

m? ()F(t)m(t) + m? (1)F(¢)ra(t) = 0.

Omitting the notational dependency on time, and using (6), we may rewrite the latter
equation as

m?Fm = 0.

This we term the first differential form of the epipolar equation, as it has arisen by
once differentiating (4).

We may now follow a similar path to obtain the second form. Differentiating (4)
twice with respect to ¢,, we obtain

2 OF
—_ T —_
815% (tl, tz)m(tz) + 2m (tl) o,

+ mT(tl)F(tl,tz)ffl(tz) =0,

m” (t1) (11, t2)1(12)

whence, on letting ¢, = 15 = t,

00

m? (1) F(t)m(t) + 2m? (1)F(t)in(t) + m? ()F(¢)in(t) = O,
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and further, in view of (6),

m”Fm + 2m”Fra = 0. (7)

This we term the second differential form of the epipolar equation. Note that this
equation contains both location and vel ocity of an image point, but not itsacceleration,
m having fallen away in the derivation.

3 Elaborating the second differential form

In this section, we describe how f‘(t) and C]>§C‘>(1t) may be represented in terms of the
component matrices of F. This will enable the differential epipolar equation to be
transformed into aform that facilitates self-calibration.

The fundamental matrix F'(¢1, t2) for asingle camera may be expressed as

F(tl, tz) = AT(tl)E(tl, tz)A(tz), (8)

where the matrix A(t) describes the intrinsic parameters of the camera at instant ¢,
and E(t1, t2) isthe essential matrix defined as

E(tl,tz) = T(tl,tz)R(tl,tz), (9)

where the matrices T(t1, t2) and R(t1, t2) describe, respectively, the trandlational and
rotational components of the camera's movement from the position at time ¢; to the
position at time ¢, (e.g. see [8]). The intrinsic parameters within A(¢) may vary
continuously with time. An explicit form of the matrix function A will be givenin a
subsequent section. The translation matrix T(¢1, ¢) takesthe form

0 —z(t1,12)  y(t1,12)
T(tl,tz) = Z(tl,tz) 0 —X(tl,tz) ,
_Y(tlth) X(tlth) 0

where (x(t1,12), ¥(t1, t2), z(t1,12))" is the baseline vector that connects the optical
centres of images captured at timest; and ¢,. Therotation matrix R(t1,t2) isgiven by

R(i1,12) = Ra(a)Ra(3)Rs3(7),
where the component matrices

1 0 0
Ri(a)=| 0O cosa sna |,
0 —sna cosa

cosp 0 —sng

Ro(8) = 0o 1 0 :
sng 0 cosp
cosy siny O
Rs(y)=| —siny cosy O
0 0 1



correspond to counter clockwise rotations about the camera-centered coordinate axes
z, y, and z by the angles «, 5 and v, respectively. For convenience, the dependency
of a, 5 and v upon (#1, t2) isleft implicit.
In notation from the previous section, we have x(t) = y(t) = z(t) = a(t) =
B(t) = ~(t) = 0, so that
T(t) =0, (10a)

R(!) = L. (10b)

A straightforward computation then reveal s that

Tt)=| 2¢) 0 —x(t) |. (118)
-y x() 0

) JEETOR ()

Rt)=| -3y o a@ |- (11b)

o

The vectors (X(1), 3/(), 2(t))T and (&(t). 3(1),5(1))T associated with T(¢) and R(t)
capture the instantaneoustranslational and angular velocities of camera ego-motion,

respectively. Observe that both T and R are antisymmetric. Additionally, matrix Tis
readily shown to be antisymmetric.
Inview of (9) and (10a), we have

E(t) = 0. (12)

Differentiating (9) with respect to ¢,, we obtain

OE JT IR
8_152(t1’ t2) = a—tz(tl, t2)R(t1,12) + T(t1, tz)é?—tz(tl’ t2),
whence, on letting ¢, = ¢, = t and using (10a),
E(1) = T()R(t) + T(t)R(t) = T(1). (13)

Differentiating (8) with respect to ¢,, we find that

OF _r, OE
a_tz(tl’tz)_A (lﬁl)at2

whence, on letting ¢, = ¢, = t and taking into account (12) and (13),

(t1,12)A(t2) + AT (11)E(t1, 12)A(to),

F(1) = AT(OE(DA(1) = AT()T(1)A(1). (14)
Differentiating (8) twice with respect to ¢,, we conclude that

9°F O°E OE . .
——(t1.12) = AT(t1) | 77 (11, 12) A(t2) + 22— (11, 12) A(t2) + E(t1,12) A(t2) | ,
8152 8152 Oto



whence, on letting ¢, = ¢, = t and taking into account (12),

00 00

F(t) = AT(OE()A(t) + 2AT (E(1)A(1). (15)

Dropping henceforth the dependency on ¢, we may now apply a similar procedure to
(9), obtaining

E = TR + 2TR + TR = T + 2TR. (16)
In view of (14),
m! Fin = mATTAm. (17)

By (13), (15), and (16),
m”Fm = m"ATTAm + 2mTATTRAm + 2mTATTAm. (18)
Since’olc‘> is antisymmetric, it follows that
mTAT’C;[C‘)Am =0.
Therefore (18) can be rewritten as
mTciF?m = 2rnTAT’i‘IO{Am + 2mTAT’i‘Am.

Thisequation along with (7) and (17) leadsto the second differential epipolar equation
in the following form:

m7ATTRAm + m? ATTAm + m”ATT A = 0. (19)

Observe that even though this equation incorporates the first and second derivatives of
the fundamental matrix, no second derivatives of its component matrices survive the
elaboration.

4 An alternative second differential form

We now derive an alternative form of (19) that is more amenable to numerical solution.
Introducing )
B=AA1 (20)

we first rewrite (19) as

m?ATT(R + B)Am + m” ATT A = 0. (21)
Given amatrix X, denote by Xgm and Xagm the symmetric and antisymmetric parts
of X defined, respectively, by

1 1
Xoym = §(X+XT)7 Xaym = E(X—XT)-



Evidently

mTXsymm = m’ Xm, (22a)

m” X pgymm = 0. (22b)

Since IO{ and ’i‘ are antisymmetric, we have
o o o o o o o 1 o o
(TR)ym = 5(TR + RT),  (TB)ym = 5(TB - BTT). (23)
Denote by C the symmetric part of AT’i‘(IO{ + B)A. Inview of (23), we have
1 T o o o o o To
C =AY (TR +RT + TB - B'T)A. (24)

Let .
V = ATTA. (25)

On account of (21), (224) and (24), we can write

m?’Cm + m’ Vi = 0. (26)

A constraint similar to that of (26), termed the first-order expansion of the fundamental
motion equation, is derived by Viéville and Faugeras [12]. In contrast with the above,
however, it takes the form of an approximative equality rather than a strict equality.

In view of (25) and the antisymmetry of T, V isantisymmetric. Hence, for some
vector v = (v, v2,v3)7, V can be written as

0 —wv3 v
V = v3 0 —-mum
—vo N 0

C issymmetric, and hence it is uniquely determined by the entries ¢11, ¢12, ¢13,

€22, €23, c33. Let w(C, V) bethejoint projectivisation of C and V, that is, the point in
the 8-dimensional real projective space whose homogeneous coordinates are formed
by all the independent entries of C and V. More specifically,

W(C,V) = (Cll €12 1C13:C22:1C23:€33.01 .02 vg).

Clearly, #(AC,AV) = «(C, V) for any non-zero scalar A. Thus knowing =(C, V)
amountsto knowing C and V to within a common scalar factor.

It is important to realise that, by applying (26), =(C, V) can be determined
directly from image data. Namely, if, at any given instant ¢, we supply sufficiently
many independent m;(¢) and 1, (¢), then C(¢) and V (¢) can be determined, up to a
common scalar factor, from the following system of equations:

m; ()T C(t)ymy(t) + m;(t)T V()m,(t) = 0. (27)



These equationsare linear inthe entries of C(¢) and V (¢). Notethat, in view of (22b),

the antisymmetric part of A(t)T’i‘(t)(IO{(t) + B(t))A(t) cannot befound along similar
lines.

Since w(C, V) is a member of the 8-dimensional projective space, we see that
at most 8 key parameters may be determined from #(C, V). In fact, only 7 key
parameters can be inferred on the basis of «(C, V). Thisis a consequence of C and
V not being independent. To see this, note first that, by (24) and (25), we have

C= % [VA{(R + B)A + AT(R - B")(AT) V], (28)

Denote by ||v|| thelength of v, that is||v|| = /v + v2 + v, and set
P=1I+|v||?V2
Itisreadily verified that
IVIZP = [[VIPT+ V2 = (0gv | vpv | vav).
A straightforward computation employing thisidentity shows that
PV =VP=0.

Now, using the latter equation and (28), we immediately find that C and V are
interrelated by means of the identity

PCP = 0.

5 Special case: freefocal length

We now introduce some intrinsic parameters into our analysis. This will amount to
deciding which camera parameters will be known or free, or equivalently to adopting
a particular form of the intrinsic-parameter matrix A. We define a free parameter to
be one that is unknown and which may vary continuously with time.

Assumethat the focal length isfree and the principal point isfixed and known. In
thissituation, for each timeinstant ¢, A(t) isgiven by

1 0 —ug
A(t) = 0 1 —u ,
00 —f(t)

where ug and vg are the coordinates of the known principal point, and f(¢) isthefocal
length at time¢. Omittingin notation the dependence on time, observefirst that A can
be represented as

A= AjA;,
where
10 O 1 0 —ug
Aj=]1] 01 O , A,=| 0 1 -—vg
0 0 —f 00 1
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Let
C1= (A HTcAY Vi =(A7hHTvast

Letting B, be the matrix function obtained from (20) by substituting A for A, and
taking into account that A, = 0, we find that

B=AA"=AjA(A1A;,)7 ! = By

Using thisidentity, itiseasy to verify that C, and V; satisfy (24) and (25), respectively,
provided A and B in these equations are replaced by A; and B;. Therefore, passing
to Ay, Ciand Vyinlieuof A, C and V, respectively, we may always assume that
ug = vg = 0. Henceforth we shall assume that such an initial reduction has been
made, letting effectively A1, C; and V1 beequal to A, C and V, respectively. We
then have

10 0 00 O
Al=[01 o0 , A=|00 0 [,
0 0 -1/f 0 0 —f
and further
. 00 O
AT'B=A"tAA'=] 00 O
0 —f/f?
Moreover, in view of (11b),
o 7 -5
A7'R=| -5 o a |,
-B/f a/f 0
and so .
o 3 -5
AMR+B)=| -5 0 &
-B/f a/f —f/f?
Letting
S=A"YR+B)A,
we clearly have
0 5 +/B
S = _f})/ 0 —f& . (29)
—B/f alf f/f
Now (28) can be rewritten as
C= %(VS - sTv). (30)



Since C is symmetric, with six independent entries, the above matrix equation can be
seen as a system of six inhomogeneous linear equationsfor the entries of S treated as
unknowns. Of these only five equations are independent, as C and V are interrel ated.
As we shall see shortly, we can use (30) to express o, 3, 7, f and f in terms of
w(C, V). Once f is determined, A becomes known, and T can next be found by
using the equality

T =(A")"lva (31)
whichimmediately followsfrom (25). Obviously, theresultingformulaefor theentries
of T, or equivalently, in view of (11a), for the trandlational velocity (x, v, z)? will be

linear inthe entries of V. Therefore the projectivised translational velocity (x : v : z),
or equivalently the direction of the trandational part of the camera’s ego-motion, will
be uniquely expressed intermsof 7 (C, V). Inthisway, we shall be able to determine

7 key parameters &, 3, 3, f, f and (x:y:z). (Notethat (X : v : z) accounts for
2 parameters, being a member of the 2-dimensional real projective space.) Explicit

formulaefor , 3, 7, f, f and (x : y : ) are deferred to the next section.

6 Explicit formulae computation

Set
o
f’

In view of (29) and (30), we have

8y =

c11 = —v202 + v303,

2c12 = v201 + v162,

€2 = —v161 + v303.
Hence
5= 2c12v2 — (€22 — c11)v1
1= 2 2 ”
v+ 5
5 = 2c10v1 + (€22 — c11)v2
2= 2 2 ’ (33)
vy + v)
2 2 2
55 = €1191 + 2c120102 + €205

v3(vf + v3)
Note that the expressions on the right-hand side of the above equalities are homoge-
neous of degree Oin the (essential) entries of C and V', meaning that these expressions
are uniquely representable in terms of #(C, V). Assuming—as we now may—that
81, 67, 63 are known, we again use (29) and (30) to derive the following formulae for
64 and ds:

2c13 = 130104 + v205 — V103,

2c23 = 130204 — V165 — V283, (34)

c33 = —(v101 + v202)da.
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Thesethree equationsin 64 and é5 are not linearly independent. To determine 64 and 65
in an efficient way, we proceed asfollows. Let 6 = (¢é,65)7, andletd = (dy, da, d3)”
be such that

dq = 2c13 + v163, dy = 2c23 + v203, d3 = c33,
and let
v301 V9
D= ?]3(52 —v1

—v161 — 202 O
With this notation, (34) can be rewritten as
Dé =d,
whence
6§ = (D'D)~'DTa.
More explicitly, we have the following formul ae:

1
04 = T (vlvsdl + vpvady — (v + v%)ds) )

1
65 = = ((v1v281 + (v3 + v3)82)ds — (v + v§)or + vavabo)dz  (39)

+ (vav361 — 010352)(13)7

whereT' = (v2 + v3 + v3)(v161 + v262). Again the expressions on the right-hand side
of the above formulae are homogeneous of degree 0 in the entries of C and V, and
S0 these expressions are univalent functions of #(C, V'). With formulae (33) and (35)

at hand, the parameters &, 3, 5, f and / can now be determined by employing the
following equalitiesresulting from (32):

8‘ = 61\/&7 B = 62\/&7 f))/ = ¢3, /= \/av f = 65\/5

Having found f, we now use (11a) and (31) to express the trandational velocities as
1 V2

77 y:_fv

N o

o
Tr = — = 3.

Hence, we finally obtain

(x:y:2)=(—vy:—v2: fo3).

7 Conclusion

In this paper, we have considered, from an analytical perspective, the problem of
determining the ego-motion of a camera having free intrinsic parameters. We have
presented a solution based on a differential form of the time-dependent epipolar equa-
tion. This latter form was derived by using a variant of the time-derivative of the
fundamental matrix for a single mobile camera. Starting from the differential time-
dependent epipolar equation, closed-form expressions for the ego-motion parameters,
aswell asthefocal length and its derivative, were obtained.
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A Notation semantics

The notation employed in thiswork differs from the standard notation of Faugeras et
al. [2] (henceforth termed the Faugeras notation). Recall that F', E, T, R and A denote
in this work the fundamental, essential, trandation, rotation and intrinsic-parameter
matrices, respectively. Let the corresponding matrices of Faugeras be denoted F', F,
T, Rand A.

Herein, the epipolar equation (already givenin (1)) hasthe form

m!Fm’ =0, (36)
where
F=ATTRA'

This contrasts with Faugeras, where
T
m’” F'm =0, (37)

and
F=A"TrRa,

We note that the epipolar relationship in (36) and (37) is expressed with respect to
the left and right camera coordinate systems, respectively. In thissense, TR and T R
act in opposite directions from different coordinate systems. We also observe that the
intrinsic parameter matrix A takes a more convenient form than A. However, this
is at the cost of itsless convenient role in the process of image projection. A point
(X,Y, Z)T in 3D-space maps to an image point («, v) according to the equation

Zm = det(A)A~M,

wherem = (u,v,1)" and M = (X,Y, Z)7, this contrasting with the more natural
relation
Zm = AM.

The full list of notational relationshipsis asfollows:

F = \/det(A)det(A")FT

E=krT
R =R"
T=-RTTR

A = £./det(A)A?
A’ = +./det(A) AT

or, aternatively,



E=E"

R=RT
T = -R'TR
A = det(A)A~?

A" = det(AA'7L

References

[1]

(2]

(3]

[4]

[5]

6]

[7]

(8]

[9]

[10]

[11]

M. J. Brooks, L. de Agapito, D. Q. Huynh, and L. Baumela, Direct methods for
self-calibration of a moving stereo head, Computer Vision—ECCV ' 96 (Fourth
European Conference on Computer Vision, Cambridge, UK, April 14-18, 1996)
(B. Buxton and R. Cipolla, eds.), Lecture Notesin Computer Science, vol. 1065,
Springer, Berlin, 1996, pp. 415-426.

O.D. Faugeras, Q. T.Luong, andS. J. Maybank, Camera self-calibration: Theory
and experiments, In Sandini [11], pp. 321-334.

N. C. Guptaand L. N. Kanal, 3-D motion estimation from motion field, Artificial
Intelligence 78 (1995), no. 1-2, 45-86.

R. |. Hartley, Estimation of relative camera positions for uncalibrated cameras,
In Sandini [11], pp. 579-587.

D. J. Heeger and A. D. Jepson, Subspace methods for recovering rigid motion
I: algorithm and implementation, International Journal of Computer Vision 7
(1992), no. 2, 95-117.

K. Kanatani, 3-D interpretation of optical flow by renormalization, International
Journal of Computer Vision 11 (1993), no. 3, 267-282.

, Geometric Computation for Machine Vision, Clarendon Press, Oxford,
1993.

Q.-T. Luong, R. Deriche, O. D. Faugeras, and T. Papadopoulo, On determining
the fundamental matrix: analysis of different methods and experimental results,
Tech. Report 1894, INRIA, April 1993.

S. J. Maybank and O. D. Faugeras, A theory of self-calibration of a moving
camera, International Journal of Computer Vision 8 (1992), no. 2, 123-151.

H.-P. Pan, M. J. Brooks, and G. N. Newsam, Image resituation: initial theory,
Videometrics IV (Philadelphia, Pennsylvania, USA, Oct. 25-26, 1995) (S. F.
El-Hakim, ed.), Proceedings SPIE — The International Society for Optical Engi-
neering, vol. 2598, 1995, pp. 162-173.

G. Sandini (ed.), Computer Vision—ECCV ' 92, Second European Conference on
Computer Vision, Santa Margherita Ligure, Italy, May 19-22, 1992, Springer,
Berlin, 1992.

13



[12] T. Viéville and O. D. Faugeras, Motion analysis with a camera with unknown,
and possibly varying intrinsic parameters, Proceedings of the Fifth International
Conference on Computer Vision (Cambridge, MA, June 1995), IEEE Computer
Society Press, Los Alamitos, CA, 1995, pp. 750-756.

[13] Z. Zhang, Q. T. Luong, and O. D. Faugeras, Motion of an uncalibrated stereo

rig: self-calibrationand metric reconstruction., Tech. Report 2079, INRIA, June
1994.

14



