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Abstract

The map-seeking circuit (MSC) is an explicit biologically-motivated computational mechanism which
provides practical solution of problems in object recognition, image registration and stabilization, limb
inverse-kinematics and other inverse problems which involve transformation discovery. We formulate this
algorithm as discrete dynamical system on a set A = HZLZIA(Z), where each A® is a compact subset
of a nonnegative orthant of IR", and show that for an open and dense set of initial conditions in A the
corresponding solutions converge to either a vector with unique nonzero element in each A® or to a
zero vector. The first result implies that the circuit finds a unique best mapping which relates reference
pattern to a target pattern; the second result is interpreted as "no match found”. These results verify
numerically observed behaviour in numerous practical applications.
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1 Introduction

This paper studies the behavior of an algorithm using ideas and methods from dynamical systems theory.
The algorithm, called a Map-Seeking Circuit (MSC), was developed by D.Arathorn [1] and has been applied
by him to a variety of theoretical and practical problems in biological vision [2, 3, 4] and machine vision [5, 6],
inverse kinematics and route planning [2, 7], and in cooperation with other investigators to dynamic image
processing [12, 13], and high degree-of-freedom robotic motion control [14]. The MSC algorithm is applicable
to a variety of inverse problems that can be posed as transformation-discovery problems, where the goal is
to find the best transformation that maps a reference pattern to a target pattern.

The MSC algorithm was motivated by the structure and function of the cortical visual processing streams.
A number of visual tasks such as stereo vision, determining shape from motion and recognition of rigid and
articulated objects can be posed as transformation-discovery problems and can be readily solved by the
MSC algorithm. The solution of more complex problems like object recognition involves a decomposition of
an aggregate transformation into a sequence of component transformations. For example, the recognition
of a known 3D object in an image which contains other objects (see Figure 1), involves discovering the
transformations involved in image formation: the location of the projection of the object in the scene, the
magnification of that projection and the orientation angles which produced the particular 2D projection of
physical 3D object. For objects whose recognition requires determining interior surface shape rather than just
occluding contour, lighting direction becomes an additional factor in the image formation transformations.



For objects which are not rigid, physical articulation or morphing transformations are composed with the
image formation transformations and must be discovered in the process of recognition [4, 6].

The composition of transformations applies readily to inverse kinematics, in which the unknown transfor-
mations consist of a sequence of projections from the limb root via each limb segment to the target location
for the end effector [2, 7, 14]. Similarly, for route finding and/or motion planning, the transformations to be
discovered are the sequence of movements which will take the animal or robot from its current location and
velocity to the target location and velocity [7, 14].

We illustrate the algorithm on a problem of recognition of a rigid 3D object in Figure 1. The problem,
often referred to in machine and biological vision circles as the correspondence problem, is to identify the
transformation which maps the model to the projection of the object in the scene, ignoring all the distracting
objects in the scene. The model, or a target pattern, in this case is a 3D model of the surface of the pig defined
by normal vectors located in space, Figure 1lc. The 2D projection of the pig (reference pattern) appears in
the input image Figure 1la. The MSC algorithm solves the inverse problem of finding the transformation that
takes 2D image to the 3D model. It seeks the unknown transformation as a composition of (1) translation in
the image plane, (2) rotation in the image plane, (3) scaling in the image plane, and (4) projections between
2D and 3D parameterized by azimuth and elevation. MSC arrives at a solution by a process of convergence
which involves competitive culling of linear combinations (superpositions) of all the possible transformations.
A graphical presentation of this process on the inverse of 3D-2D projections is seen in Figure 1d-f. This
example ignores occlusion, background noise and image degradation, all of which are dealt with in [4, 5, 6].

The behavior of the convergence of MSC in discovering these transformations, regardless of the applica-
tion, is the subject of this paper.

2 Results

We now describe the problem in more detail where we follow the exposition in [9]. Denote the reference
(input) pattern by I, denote the target (memory) pattern by M, and let I, M lie in IR”. In order to simplify
the exposition we consider I and M of the same dimension, but our results extend to the case where I and
M have different dimensions. For a particular transformation 7" in a given class of transformations 7 we
define the correspondence associated with T' to be

C(T) = <T(I)7M>7 (1)

where (-, -) denotes the inner product on IR?.
We assume that each T' € 7 is a composition of L maps
L 2 1
T:Ti(L)o...oﬂZ’i(z)oﬂ(l). (2)
For each index £ between 1 and L, the maps Ti(f), ig = 1,...,ny, are taken from a collection of transformation
termed a layer. The layer terminology reflects the data flow organization of the algorithm and is not in-

tended as an analogy of anatomical ”layers” in the visual cortex, but is more likely to correspond to cortical
anatomical areas (e.g. V1, V2, etc) in which are believed to implement stages of transformation to the visual

signal. We also require each component transformation for layer ¢, T, Z-(f), to be linear and to be discretely
indexed so that 1 <1y < ny. While linearity may seem to be a severe restriction, it holds in many important
applications. For example, the component transformations in visual pattern recognition—translations, rota-
tions, and rescalings—are each linear. The number of layers L and the number of transformations ny in each
layer are problem specific and are determined by the user of the algorithm. Large number of transformations
will potentially provide a better solution, but the computational cost will increase.

The task of maximizing the correspondence then reduces to selecting a particular transformation of
the form (2) to maximize (1). Equivalently, one can select the indices (i%,43,...,4}) which maximize the
correspondence array,

cliryin, .. yip) == (TP o o TP o TV (1), M). (3)
Hence one can solve the correspondence problem simply by constructing the NV :=nj-ny-...-ny components

of the L-dimensional array in (3) and then finding its maximum entry. For most of the interesting applications
the number of components NN is extremely large, so this approach is impractical.
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Figure 1: MSC algorithm in image recognition. (a) input image; (b) edge filtered signal into layer 1 forward;
(¢) 3D surface normal model in memory; (d - ) convergence of superpositions of transformations, iterations
1, 8, and 25. (Figure taken from [3];3D models courtesy www.3DCafe.com).

A key idea in [2], which Arathorn refers to as ordering property of superpositions, allows the MSC
algorithm to perform correspondence maximization iteratively with a cost per iteration that is proportional
to the Zngl ng. The idea is to embed the discretely parameterized linear transformations (2) in a family of
continuously parameterized transformations. For each layer ¢, take

ng
Tan = o T, (4)

ip=1

Ef) < 1 are gain coefficients. If we replace the individual maps Ti(f) in the right hand side of (3) by

the linear combinations (4) we obtain the correspondence function

where

O x® L xB) = (1) oo TE) o T (1), M) (5)
ni nr
= Z Z c(il,...,iL)xl(-ll) xELL)
11=1 i, =1

The goal is to maximize the function f on the set where xl(-e) <1 for all 4.



We now describe the Map Seeking Circuit (MSC) algorithm [2]. We set

19 =71 and 19 . —T 1) Z <e> (1),

where 1 is a linear combination (superposition) of maps T, i(f) applied to the input to the ¢-th layer 1¢—1),
Similarly, we set

ME) .= M and MED =T MOy Zx T (M),

where M) is the backward input to the ¢-th layer and Ti(/z )* are Hermitian conjugates of maps Ti(f). Therefore

19 = 19 ... (1), ¢=12..,1L, (6)
MY = OB, e=L,21 (7)

Using (6) and (7), the objective function (5) can be expressed for any £ =1,..., L, as

2

, MOy =3 af (@i, MY, (8)
i=1

The first equality follows by taking adjoints in (5) and substituting (6) and (7). The second equality follows

from (4) and the bilinearity of the inner product. Since (8) holds for at every layer £ we can dynamically

0

update the coeflicients ;”” synchronously on all layers. First a vector of matches

4 — 4 — _
LO = (), M) (1 (1), MO, (T (), ) (9)

is computed, where (-,-) is a dot product. The greatest entry in this vector represents the best match

between transformed input and the transformed memory. The weight x ) of the map T( ) that produced the
best match should be retained while other weights should be Suppressed Therefore we update the vector of
gating coefficients x(© using a competition function C(")

xO(n4+1) =Y (n), L),

where the i-th component of C'©) is defined by

max(0,u; — kO (1 - ma‘)’:(v))) if max(v) > e

10
0 if max(v) < e® (10)

v~

and max(v) is the maximal component of the vector v, see Figure 2. The functions C“) for different £ may
differ in the choice of the constants x*) and ¢*). However, the different choices of €®) do not significantly
affect our argument and thus we simplify our bookkeeping by assuming e = ¢ for all £ =1, L Observe,
that the function C'¥) preserves the value of the maximal weight mg) and lowers other Welghts z¢ Je 2Jeey # i
towards zero. If these weights are driven below the threshold e without convergence, they are all set to zero

With the updated gating constants x(*) (n + 1) we compute updated values of 1) and M®) in (6) and
(7) and iterate the whole process. We take the initial gating constants :L"Z(f) to be equal to a small random
perturbation of the value 1.

We now formulate the updates of the algorithm as iterations of a map on a space of all feasible weights

7O Let A© = {xO e R | $22 < ng} and let
A=AD x  x AL,
The dynamics of each layer is described by

xOk+1) := OO (n), LOD k), xP(k),...,x P (k))), (11)



Figure 2: The function C’Z-(l) (u,v) for a fixed value of u;. The function is linear and intersects the positive v
axis when u; < ON

where k denotes the iteration number and where L : IR™" — IR™™" is the (-th layer transfer function (see
(9)), defined by

LM, By = (O 11, M. (12)

Letx = (x(l), . ,X(L)) be the concatenation of vectors x(©) € IR™™, let C' be a concatenation of functions
C® and let L(x) denote the collection of layer transfer functions L*)(x). The dynamics of the whole circuit
can be then expressed as

x(k+ 1) := C(x(k),L(x(k))) = C(x(k)), (13)

where C,L : R"" — IR"" and n := Zngl nyg is the total number of linear transformations in all L layers..
Let e;, € IR™™ be a vector whose i(f)-th coordinate is 1 and other coordinates are zero. We formulate our
main result.

Theorem 2.1 Consider a discrete dynamical system generated on A by (13). Assume that c(i1,...,i5) >0

and set Cpin = ming(.)£g c(i1y ... ,iL); Cmax = maxc(iy,...,ir). Fix a set of constants Kj(l), .. .,K(L) m
competition functions CV ... CL) with the property k© < (Z::Z )2 for all £.
Then for a generic correspondence array {c(i1,...,ir)} there is an open and dense set G C A with the

following property. If initial condition x(0) € G then iterations x(n) of (13) converge either to the zero
m ) (L)

vector or to a vector (cLlei1 ,02€; 7, ...,0L€; ), for some positive numbers aq,...,ar.

The expression “generic correspondence array c(i1, .. .,47)” means that there is an open and dense set in the

space of all collections for which our results are true. The necessary condition for being in the generic set is
that all elements of the collections are distinct, see Lemma 3.8 and Lemma 3.9, but it may not be sufficient
(Lemma 3.10).

The assumptions for the main result are mild and are satisfied in all (known to us) implementations. The
condition ¢(iy,...,i,) > 0 is not very restrictive. Starting with an arbitrary set of coefficients ¢(i1,...,4r)
we can satisfy the positivity condition by adding a constant to the nonzero coeflicients.

The condition x(*) < (g:az)2 is relates the step size of the algorithm () to the set of coefficients
C(il, ce ,iL).

Note that the set A is a closed subset of IR"" with a non-empty boundary. As the algorithm eliminates

weights a:l@) by setting them to zero, it enters the boundary of A. We can strengthen the result of Theorem 2.1

to state that the set G is actually open and dense in majority of the boundary subsets of A. Since the
formulation of this results requires an additional notation, we have delegated its formulation to the section 3
(see Theorem 3.1).

We now outline the argument of the proof. We first characterize the fixed points of the map C' and then
show that for each £ the function Y 7' | z;, is a Lyapunov function for the map C (©) (Lemma 3.6). Hence the

function Zngl Z?f:l x;, is a Lyapunov function for the map C. By LaSalle invariance principle [11] existence



of a Lyapunov function in a continuous time dynamical system (i.e a set ordinary differential equations) has
strong implications for the character of the omega limit sets of a system. With mild regularity assumptions
on the Lyapunov function the omega limit set of each point is in the set of equilibria. For discrete dynamical
system, such as studied in this paper, the existence of the Lyapunov function does not apriori rule out
periodic points as omega limit sets, provided that the value of the Lyapunov function is constant along such
periodic orbit. However, as we show in Corollary 3.7 in our system all omega limit sets lie in the set of
fixed points of the map C. Furthermore, each fixed point is either of the form (alez(-ll), ceey aLeELL)) for some
collection ay > 0, or it is a zero solution, or it is an internal fized point. Next we show that for a generic
¢(i1,...,ir) the set of initial conditions that converge to internal fixed points is nowhere dense. The primary
mathematical difficulties in proving the last result stem from two facts. The first is that the correspondence
function (5) is multi-linear and thus the fixed points of the map are not isolated, but form L dimensional
families. Further, the map itself is not invertible. The key results addressing these issues are Lemma 3.10
and Theorem 3.14, respectively.

Finally we comment on the relationship of the nonzero solution to which MSC algorithm converges and
solution of the maximization problem (5). By Theorem 4.1 [9] all the local maxima of (5) on the smaller

. (0 I %)

space > .° , x;) =1 for all £, are solutions of the form (e; ;... -/ 1s a unit vector in direction
1p=1"1 ’ 71 "L i

(7)

vj

) where e

1; in the j-th layer. In other words, in each layer there is precisely one weight x;-” = 1 and the others are

1) (L)

zero. The MSC algorithm generically converges to a point (aie;’,...,are; ") for some collection a; > 0,

or to a zero solution. There is an obvious one-to-one correspondence between the vectors of this form and
(1) e(-L)). The advantage of setting up the problem on a space Zi,_; xt <1 for all i rather then

vectors (e; ..., e; i <
on ZZ—[ $§f) =1 for all £, is the possibility of the “no match found” outcome.

We close this section by providing details about the application of the map-seeking circuit algorithm
illustrated in Figure 1. The memory in this test consists of a 3 dimensional surface normal model of one
of the objects presented in the image. The implementation uses L = 4 layers. These layers, in sequential
order along the forward pathway, comprise a full set (120 x 120) of translations in increments of one pixel
(n1 = 14,400), a set of scalings spanning ratios from 0.7 to 1.4 times the linear dimensions of the input
image in steps of factor 1.025 (ny = 29), rotations in the viewing plane from —30° to 30° by increments
of 1 degree (n3 = 61). In the fourth layer the forward transformations are line-of-view projections of the
2D space into the 3D space of the model and in the backward pathway orthographic 3D projections of the
model into 2D corresponding to all viewpoints from —90° to +90° in azimuth and 0° to 90° of elevation
in 5° degree increments (n4 = 703). The input image is converted into an edge filtered representation and
the data on the forward path remains in the 2D image domain until layer 4 where it is projected into the
3D model space in order to locate corresponding normals perpendicular to the projected line of view. On
the backward path the model normals perpendicular to each line of view are projected to form a collection
of edge rendered 2D views from different angles, and these form the superposition on the backward path.
Hidden edges are suppressed where normals are not perpendicular to the line of view. In this way, proximal
non-tangent surfaces suppress distal tangent surfaces which otherwise would have produced edges in the 2D
projection. The total number of transformations (n1 + na + ng + ng) implemented are 15,193. These in
composition (nijngnzng) comprise 1.79 x 1019 possible aggregate transformations.

The circuit converges very quickly as can be seen in Figure 1, having found an approximate solution by
iteration 8 and fully converged by iteration 25.

3 Proof of the main result

The section is organized as follows. We first carefully define boundary subsets of A and formulate a stronger
version of Theorem 2.1. In section 4.1 we characterize the fixed points of the map C and in section 4.2 we
find a Lyapunov function for the system. The key result of this section is Corollary 3.7, which shows that
all solutions either converge to a point (alel(-ll), cee aLeELL)) for some collection ay > 0, to a zero solution, or
to an internal fized point. The sections 4.3 and 4.4 are devoted to an argument showing that for a generic
MSC the set of initial conditions that converge to internal fixed points is nowhere dense.

The set A is a closed subset of IR™" with a non-empty boundary. As the algorithm eliminates weights

xgl) by setting them to zero, it enters the boundary of A, which we now describe. We define for each layer



¢ a non-empty collection of integers w® = (iy,... vigy), q(€) > 1,4; € {1,...,ng}. For any such w® we
denote by IR*, the boundary part of IR™** consisting of vectors of the form (0,u,0,... ,Uqg(e), 0), where
the nonzero elements are in positions i1, ..., i4s). We set

AY =R NAO,

Similarly, for Q = (w®, ..., w®)) we denote IR3T the boundary part of IR" T consisting of vectors of the form

(u® ..., u™) such that u® = (0, ugl), 0,..., ug?é), 0), where the nonzero elements of u(® are in positions
. (¢ (¢

specified by w® = (zg ). ,zé()é)). We set

Ag:=RE nA =11k, AY.

w

Let ¢ = Ele q(£) be the total sum of nonzero components in IR$,". We define the set
Z:={Q=(wW,...,0®)| there are at least two layers ¢, with || > 2, |w™)] > 2}. (14)

Note that the space IR5+ with ) € = is a product of half-lines and at most one set isomorphic to the positive
cone of IR?. We now formulate an extension of Theorem 2.1

Theorem 3.1 Assume all assumptions of Theorem 2.1.

Then for a generic correspondence array {c(i1,...,i5)} there is an open and dense set G C A, which
is also open and dense in every boundary set Aq for all Q € =, with the following property. If ini-
tial condition x(0) € G then iterations x(n) of (13) converge either to the zero vector or to a wvector
@D e (L)

(are;”’, as iy e OL€;

iy iL ), for some positive numbers aq,...,ay.

3.1 Fixed points of C

We start with a technical Lemma that provides the bridge between the MSC algorithm and the correspon-
dence function f in (5). Fix Q € E and let Lg and fq be restrictions of the functions L and f to the set
REE

(@)

Lemma 3.2 ([9, 8]) The function Lq is the gradient of the cost function fq

261, x ) = [V fol; (15)
= Z . Z Z . Z (i1, e yipg—1,0, 0041 - - zL):cgll) .. -Il(fff)ngff) .. .:E(LL)
i1 Ewl tp_1€wf—1 g€ttt i €wl
Further,
[Lg)(x)}i >0 if iew® and [Lg)(x)L =0 if iguw®.
Proof. Differentiating (8) we obtain the components of the gradient:
0
9 Lo (mOuY), MO) = [LO)O,... xP). (16)
o

3

Restriction to the subset € finishes the first result. To show the second part we observe that the right hand
side of (15) is positive since all 2\ > 0 and the coefficients c(i1,...,ir) > 0. The result follows. O

17

Lemma 3.3 A point x € ]R?f', x # 0 is a fized point of the map (13), if, and only if,
L(x) = (1Y, ..., (a1, .. ar1lD)),

where 1ff) = ez(-f) + e(z) + ...+ ez(-f) 1; € w(é), be the vector of 1’s in all directions in w®,

i2
In particular, every point of the form e = (ale(l) ageg), ceey aLeELL)

i ) for any positive constants a;, is a
fized point of the map C.



Proof. Take x € IR;;T with x # 0. Then x is a fixed point if it satisfies x = C(x, L(x)). From the form
of the competition functions C®) follows that for all £ we must have LZ(-E) (x) = max L) (x) =: K for all i
where Lgl)(x) > 0. Thus L¥)(x) has the form above with a, = K©).

To show the second part take Q = (w™), .. h,)w(L)) and(Le)ach w® = {m,} contains exactly one element.

Then a nonzero x € IR has the form e = (alei1 NG

). Applying (15) to such e we get
[Lgf)]i(e) = (Iljz¢a;)c(ma,...,mg) for i=m; and [Lgf)]i(e) =0 if i# my.

Since for each ¢ the vector Lg ) has a single non-zero element, its maximum is achieved at such element and
K® = (IL;zea;)c(ma, ... ,mz). By the part one of this Lemma e is a fixed point of C. O

Lemma 3.4 Let u = C(x). Let (V)(x) := {i] ng) # 0} be the set of indices of nonzero elements of x*) and
let n0) (x) := {i| Ci(l) (x) # 0} be the set of indices of nonzero elements of C\9)(x). Then for all £ =1,...,L

9 (x) € ¢V (x)

Proof. We will consider each part of the function C' separately. Recall that K*) = max L®)(x). Fix ¢
and rewrite the i-th component of the function C'¥) as

LO(x)];
COXD, LOx) = max(0,2) - x0(1 — L0 Kfif)] )
0 if {9 < kO(1 - %) (17)
:Z?Z(é) _ Ii(l)(l _ [L(;()((e})()]i) if :Cz(’g) > H(e)(l _ [LK((Z;)L') )

Assume that xg) = 0. Then (1 — %) > 0, since K = max L()(x). Since 29 = 0, this implies

i

xgl) <kO(1 - %) Therefore by (17) we have ugl) = Cl-(e) (x) =0. O

We can rewrite the previous result as (9 (Cx) C ¢ (x) which is equivalent to the statement zl@) =0
implies C'*)(x) = 0 for all ¢ =1,..., L. This yiclds the following Corollary.

Corollary 3.5 For any Q) the boundary set IRg‘F is positively invariant under the map C.

3.2 The Lyapunov function

The key result is a construction of a Lyapunov function [10, 11]. The following Lemma establishes that the
Iy norm |x| := Y7 M xl(.f) of the vector x is a Lyapunov function for the map C.

Lemma 3.6 I[fu= (u®,... u®)ecR"" then
1. |C(u,L(u))| < |u|, where |v| =, v; denotes the sum of the elements of the vector v;

2. The previous inequality is strict, unless u is a fixed point of C.

Proof. Observe that by (17) the set (¥)(x) is the set of indices where gcl(-é) > rO(1 - W;:#)

We compute the sum of elements of the vector C)(x):

COO, LO) = Y a2l - s -
i€n(® (x)

IN IN
1 =1
8 &

ie¢(® (x)
= |x.



@)
LK(S‘) is 1. The second inequality

follows from Lemma 3.4. Since X is a concatenation of vectors x(©) and |x| = [x(M|+... x| by the definition
of | - |, this proves the first part of the Lemma.

The equality |C(x, L(x)| = |x| happens when for all £ = 1,..., L, both of the inequalities above are in
fact equalities. For a fixed ¢ the equality |C ) (x, L()(x))| = |x(¥)| implies that, first, for all i € n*) (x(©)) we
have [L)(x)]; = K®), and, second, that

(O(x) = 7 (x).

Since this holds for every £ =1,..., L, x is a fixed point of C' by Lemma 3.3. O

Here the first inequality holds because the maximum of rescaled vector

Corollary 3.7 1. For all Q the set Aq is positively invariant (i.e. C(Aq) C Aq) under the map (13).
2. There is an integer N such that for any initial condition x(0) € A, the N-th iterate x(N) is either
(a) x(N)=0; or

(b) x(N)=e= (alel(-ll)7 s aLeEf)) for some collection of a; > 0; or

(c) the trajectory {x(k)}32, — u where L(u) = (allg}), ey ang})) is a fixed point with at least one
¢ with |w®| > 2.

Proof. The first statement is a corollary of Lemma 3.6 and Corollary 3.5.

To show the second part, observe that the number of nonzero components ¢“)(x(k)) is a non-increasing
function of the iteration number k by Corollary 3.5. Since this function has also discrete set of values, it must
be eventually constant. Let N(x) be such that for all k£ > N the number of nonzero components ¢ (x(k))
of x(k) is constant. Since N(x) depends continuously on x and A is compact, there exists a uniform N valid
for all x € A. If () (x(N)) has a single component for all £ then by Corollary 3.5 x(N) = e, which satisfies
(b). Tt follows from the form of f (see 5) and Lemma 3.2 that if there is an £ such that |¢(©)(x(N))| = 0 then
x(N) =0.

Finally, assume there is an ¢ such that |[¢Y(x(N))| = s > 2 and [¢(()(x(N))| > 1 for i # £. Then
by construction of the number N we have |¢(¥)(x(k))| = s for all K > N. Since the Lyapunov function is
bounded below by zero, we must have that x(k) — u and |C'(u, L(u)| = |u|. Further, by continuity we have
I¢®(u)| = s > 2. By Lemma 3.6.2 x(n) converges to a fixed point which by Lemma 3.3 has the advertised
form. g

3.3 The outline of the argument

In this brief section we outline the rest of the argument.

As a first step we precisely characterize the set of the internal fixed points Fiiz (see (21) below). Because
the correspondence function is multi-linear internal fixed points are not isolated. However we show in
Lemma 3.9) that set Fiz is nowhere dense in each IR;T with € =.

The next step is to show that the set of all points that converge to Fiz is also nowhere dense. The main
obstacle is that the map C' is not one-to-one: in the neighbourhood of the boundary it maps multiple points
to the same point on the boundary, see (17). Therefore we divide the argument into two parts, see Figure 3.
We first define the set W which is the set of all points in a particular IR;T that converge to the internal
fixed points in the same ]R?fr. Restriction of C' to such IRgJr is invertible and we show that generically there
is an eigenvalue of the linearization at every internal fixed point with modulus larger then 1. Using the
stable manifold theory we conclude that W, is nowhere dense in IR¢," (Lemma 3.10).

To start the second part of the argument we set

W= | W, (18)
Qe=

be the collection of all stable manifolds W, of all internal fixed points u € Agq, and define for £k = 1,2,...

X = {xeR"" | C*(x) e W} (19)



be the set of points which map after k iterates to some stable manifold of an internal fixed point. Here we
have to face the non-uniqueness of the map C' since it collapses entire intervals in X; onto points in W. In
spite of this we show in Theorem 3.14 that given an arbitrary nowhere dense set D in IR™" the (generalized)
inverse C~1(D) is also nowhere dense IR™ ™.
In the final section 3.6 we use the Theorem 3.14 inductively to show that X} is a nowhere dense set for
each k and thus the set
Uk = ]RnJr \ Xk

is open and dense for each k. Therefore for N specified by Lemma 3.7 the set

N
G=[)UnnA
k=1

is an open and dense set of initial conditions, which converge to either to 0 or to a vector e. This will
conclude the proof of Theorem 3.1

Figure 3: The function C is invertible on IR?;' and the stable manifold Wq can be constructed. On the
other hand C' maps the dashed set onto Wq in one iteration. This set is part of X7.

3.4 Internal fixed points and their stable sets

As a consequence of Corollary 3.7, to prove Theorem 2.1 we need to show that there is an open and dense
set W of initial conditions x(0), such that the iterations x(n) do not converge to a fixed point x satisfying
(c) of the Corollary 3.7. Then the proof of Theorem 2.1 will follow from Lemma 3.6 and Corollary 3.7.
The fixed points u of C which satisfy condition (c¢) above will be called internal fized points, since there
must be at least one layer £ where u(®) is in the interior of A_ ). We now look more closely at these internal

fixed points. Recall that w® = (iy,... vige))s 5 € {1,...,ny} is a non-empty collection of integers and
Q= (wW,...,;w") is a collection of w¥. Let

Zo:={x e Ry | x = (a11,0),a2l,02,...,arl w),a1,...,ar >0}
and

Bq = {X S IRnJr | L(X) S ZQ}.

In view of Lemma 3.3, Bq is the set of fixed points of C. The next Lemma justifies the definition of the
class 2 of s (see 14), since only the boundary sets Ag with 2 € Z may contain internal fixed points.
Lemma 3.8 Assume that the collection c(i1, ..., i) has distinct elements. If Q@ = (W™, ... 0w has a
unique w' such that |w | =2 and |w®| =1 for all i # ¢, then Bg = 0.

*
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Proof. By assumption there is a unique layer ¢ such that \w(€)| = 2. Assume without loss that w® =
{1,2}. Since L(x) € Zg implies L (x) = a; = L (x), by (15) we get

¢ .
Lg )(x) = c¢(my,ma,...,1,.. ,mﬂx%ix%l LxB :C%L)
. ‘
= c¢(my,ma,...,2,.. ,mﬂx%ix%l %O :Cg,fL) = Lé )(x)
where notation X(©) indicates that there are no xl@) in the expression. This implies ¢(mq,ma,...,1,...,mp) =
c(my,ma,...,2,...,mp), contradicting our assumption. O

Let
Z = | Za, (20)

Qec=

where the union is over the collection of all 2 € =. By Lemma 3.3 and Corollary 3.7 the set
Fir:={x € R"" | L(x) € Z} (21)
is the set of internal fixed points of the map C.

Lemma 3.9 If the collection c(i1,...,ir) has distinct elements, then the set Fix is closed and nowhere
dense in R™" and the intersection Fixz N ]RgJr is closed, nowhere dense subset of ]R?fr, for every 2 € =.

Proof. We first observe that since the function L is continuous and Z and IR¢,' are closed, the set
Fiz NIRGT is closed for each €.

We now prove the density of the complement of Fix in every ]Rg+ with Q € 2. Fix Q and assume,
contrary to our assertion, that there is an open set D C IR such that L(D) C Z. By definition of Z this
means that there exists ' with Q' € = such that L(D) C Zg/, that is, forall £ =1,..., L,

¢ (©)
LYD)c Z,.
Choose £ with |w(®'| > 2. Then there must exist two coordinates 4, j € {1,...,n¢} such that

4 4
L(D) =LY (D).

By (15) this is equivalent to

Z c(il,...,i,...,iL):vl(-ll)...:vl(-f): Z c(il,...,j7...7iL)x511)...:El(-f)

W) £ (©) Wk £ ()
for all x € D. Since D is open, we have c(i1,...,i,...,i5) = c(i1,...,J,...,iz) for all i, € w® with
w®) £ w® This contradicts our assumption and finishes the proof of the Lemma. O

Now we show that every internal fixed point x € Fiiz is unstable, i.e. it has at least one eigenvalue with
modulus greater then 1. Notice, that since the function L has the form described in (15), it has the following
scaling property. If x = (x(M, ... x()) and y = (byxM), ... brx(F)) then

L (y) = (T 2eb5) L1 (x)

for all £. We call X := (b1,...,br), where all b; > 0, a multi-scaling factor and write y = Ax. With this
notation, if x is an internal fixed point that satisfies L(x) = (a11,0),...,ar1,@)) then

L(Ax) = (a1 (Hj;ﬂbj)lwu), ...,ar (Hj#Lbj)lw(L))
and hence it is again an internal fixed point. Let

u:={v € A| v = Au for some multi-scaling factor A}

11



be the set of all fixed points related to u by scaling. We see that each internal fixed point belongs to an
L dimensional cone-like space of fixed points. Therefore a linearization at each internal fixed point has
eigenvalue 1 with a multiplicity at least L. However, for any Q € = the set Aq C IR has dimension
q > L+ 2. Therefore for a generic c(iy,...,ir) the set Fiz N IRG" should have codimension 2. The proof
of the next Lemma is based on the fact that for a generic collection {c(i1,..., 1)} there is always at least
one eigenvalue of the linearization of C' at an internal fixed point with the modulus greater then 1, and one
eigenvalue with the modulus smaller then 1.

Lemma 3.10 There exists an open and dense set of coefficients c(i1,...,i1) such that for all Q € E and all
internal fived points u € Fiz NIREY, satisfying L(u) = (a11,0), ... arlyw) with @ = (WM, ... w®), the
set

Wo(a) == {x € Rg" | klim C*(x) = Au for some \} (22)
is closed and nowhere dense in Aq.
Proof. Take a point u € Fiz with L(u) (110, .- arlyw), set @ = (WM. w)) and assume a
sequence of iterates {x(n)}32, € Rg" % x(k+1) = C(x(k)) = C*(x), converges to u. We assume without
loss of generality that Q = (W™, .. L)y where w® = (1,2,3,...,q(¢)) for all £ =1,..., L. To each point
x(k) we can assign a collection a( ) (m1(k), ma(k), .. .,mL(k)), me(k) € w®, with the property that

Ll@)(x(n)) has the maximal element L%zZ (x(m)). Since the number of distinct collections « is finite, there is
a subsequence x(ky) with k, — oo such that a(x(k,)) is constant. We rename the subsequence to be again
{x(k)}-

By Corollary 3.5 the space IR¢," is positively invariant. Let Cgp : IRGT — IRGT be the restriction of the
map C to IR defined by

@ (x)1.
0 a0 _ @ o VX
- CQ,i(X) - Xz' + K ( K(g) 1)7
where X = (X(l)7 . ',X(L)), X = (gcgl), . ,x;‘&),ao, ...,0), and K® is the maximal element of the

vector LY (x). Similarly, we will denote by ng ) the restriction of £ to R3T.
Since x(n) — u the sequence of unit vectors

Cx(n+1))—C(x(n))
|C(x(n +1)) = C(x(n))|

converges to an eigenvector v of the derivative matrix dc—z"( ) with the corresponding eigenvalue with the

v(n) =

modulus less or equal to 1. The derivative matrix ‘f—wﬂ( ) is a ¢ X g matrix of the form I + A, where I is the
g X q identity matrix and A is a block matrix with [ x [ blocks, where (¢, s)-block, £ =1,..., L, s=1,...,L,
has the size q(£) x q(s). The (i,t) element of the (¢, s) block of A is

(0) © ()
Iié 8;618 E%)Z - 8£me£ (23)
(ﬁ( )) O3 o3

for all 1 <i < ¢(f) and 1 <t < ¢(s). Notice that this is well defined since the sequence of vectors L) (x(n))
has the same maximal element L%l (x(n)) for all £. By (15) each (¢, ¢) block of the matrix A is zero. The
trace of I + A is therefore ¢ = EeL:1 qe, which is the sum of all eigenvalues. Since there are g eigenvalues,
either all eigenvalues are equal to 1, or there is a pair of eigenvalues A1, A2 with [A1] > 1 and |A2| < 1. Thus
all we need to show is that for all {2 € =, not all eigenvalues of Cf—;(x) are equal to 1. Assume to the contrary,
that all eigenvalues of I + A are equal to 1. Then by the Jordan normal form it follows that A is nilpotent,
i.e. there exists a power N such that A" is the zero matrix. For any Q € = consider the corresponding
matrix A = Aq(u), where we emphasize the dependence of the matrix A on both Q and the internal fixed
point u. The proof of the Lemma will be complete if we prove the following claim, since it implies that the
matrix Aq(u) is not nilpotent and thus not all eigenvalues of I + A are on the unit circle.

[A(w){) ) =

Claim 3.11 For an open and dense set of coefficients c(i1, ... i) there is a nonzero diagonal element afi(u)
of the matriz A% (u).

12



Before we prove the claim, observe that
1. each diagonal (¢, ¢) block of Agq is zero; and
2. for each ¢ the m(¢)-th row is zero by the formula (23).

This second fact implies that for each ¢ with |ws| = 1, all corresponding blocks (¢, s) for all s are zero.
Observe, that this implies that I + A has at least L eigenvalues 1. These correspond to the directions along
the family of internal fixed points related by a multi-factor scaling. This opens a real possibility that the
matrix Ag may be nilpotent. Define Ag to be the matrix which has 1 in each position of A, that is different
then positions forced to be zero by (1) and (2) above. The following result shows that the form of the matrix
Agq for Q € = is compatible with Ag being not nilpotent.

Claim 3.12 For all Q € Z, there is a diagonal element of the matriz A% that is non-zero.

Proof. Since €2 € =, there are ¢ and s such that wy and w, have at least two elements. Recall that my,
denotes the index of the maximal element of £, that is

ES,?Z = max Egl).

Take i # my and j # m, and consider [a{y]“)(“) the (i, i)-th element of the matrix A2 in the (¢, ¢) block. Since
both the (i,5) element of the (¢, s) block and the (j,7) element of the (s,¢) block of A are 1, [aZ]-(©) £ 0.
O

Proof of Claim 3.11 We consider the term [a%](*)-(¥) at the same position as the non-zero term [aid]®-()
in the previous Claim. To simplify notation we will use a¢; to denote this term. We start with a formula for
a¥ which follows from (23):

. K0 k() oL orto oLt or's
i — i 0 _ mp (Z) t (s) _ ms (s)
W) = 2 Tma ey \ o o am & ) \ T

- oy oL oLw, \ (oL oLy (24)
- sAOt Lsﬁ)e ESS) Oz} dxg Ot Ot

where the second equality follows from the assumption that L(u) = (a11,0),...,arl,w)) and thus ﬁgf;),_, =

Egl) and ESﬁZ = EES), whenever these values are nonzero. We compute the functions in (24) using (15)

LO) = 3 eling... i me gzl o xO (25)
W) w0
oLl . S . . . (D) (s
&;S (x) = Z C(’Ll,...,’L[,l,l,lg+1,...,25,1,t715+1,...,ZL)IZ(-ll)...X(E)X( )...:rz(-f),
¢ W A{w® W}
L) = > clin.ieivigpr i)zl xO D),
W@ £ (®
aLY, . . . . . . (D)
8175[ (x) = Z i1y ey ety Mgy Gpg1 « v bs—1, by Bsg1 - - .zL):vl(-ll) xOx6) :vgf)
t W@ A{w® W)}

where we use notation %) to denote the fact that the variables x(*) are missing in a given expression.

We multiply all elements c(i1, ..., ce,...,i5) with ¢, # my by a constant b and observe how the function
a¥(u,b) behaves under such scaling. Since afi(u,b) is an analytic function of b, it is either identically zero,
or, except for a finite number of exceptional values of b, we have afi(u,b) # 0. Observe that the functions
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oL
E%i and —<* do not contain c(iy,..., ¢, ... i) wWith ¢, # my. On the other hand every summand in
t

8[:(5) BL(S)
(s) t_ and

functions L, 5t o~ s being scaled by b. We write (24) as
£ s s
o oLy aﬁ%)__BL%L
aii(u b) — Ii(g)li(s) Oxi Oz} Ox; o
Qi E(f) E(S)
s#Lt my ms

Under the above scaling, the second term remains unchanged since both the numerator and the denominator
are scaled by b, while in the first term only one term in the numerator is scaled

ar® 3£ﬁb
ox; Oz
i)
© g
Since 6(;;5 # 0 by the same argument as in Lemma 3.2, for b >> 1 we get that a(u, b) # 0. Therefore there
t

is an open and dense set of values of b for which for which a&(u,b) # 0. Since the function L is multi-linear,
we also have alt(Au,b) # 0 for any multi-scaling factor A and the same b. Furthermore by continuity and
for a fixed b, there is an open set of y in a neighbourhood N(u) of u such that af(y,b) # 0. Since Ag is
compact, there is a finite cover by such neighbourhoods and thus there is an open and dense set Vi of b such
that if b € Vo then af(u,b) # 0 for all u internal fixed points in Ag. If we repeat the same argument for all

Q € = we get a set
V=] Vo

Qc=E

with the property that if {c(i1,...,ir)} € V then ali(u,b) # 0 for all Q € = and all internal fixed points
u € Ag. Since the collection Z is finite, the set V' is open and dense. O

The Claim 3.11 implies that the matrix Ag(u) is not nilpotent and thus not all eigenvalues of T + A are
equal to 1 for all ¢(i1,...,41) in an open and dense set U. This finishes the proof of Lemma 3.10. O

3.5 The competition map C(x) and its inverse

As outlined in the section 3.3 the next step is to show that the sets X (see (19)) are nowhere dense. The
major problem is that the map C' is not one-to-one: in the neighbourhood of the boundary it maps multiple
points to the same point on the boundary, see (17). Thus we need to closely investigate the map C(x) and
its inverse.

We first investigate the inverse of the map C' on ]Rng. We assume without loss of generality that
Q= (wW,...,w®)) where w® = (1,2,3,...,q(¢)) for all £ = 1,..., L. We fix u = (u¥,... u?) € Ry,

where u®) = (ug), e ,uff&), 0,...,0) with ul@) > 0. In order to solve for (the set of) x such that u = C(x)
we have to solve
0 .
© _ 0 0q_ LU
u = k(1 IR0 ) fori=1,...,q(¢)
(0)
© @ L) B
0 > uz; KY(1 %® ) fori=q(0)+1,...,n
forall ¢ =1,..., L. This can be rewritten
0
(6) © _ Ok ) L
u, + K = z; K(é)[L (x)]; fori=1,...,q(¢) (26)
@)
® @ 5o | =
R Z ‘rz K(g) [L (X ]Z fOI' ? q(é) + 1? 7”5
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The second set of equations in (26) demonstrate clearly that the map C(x) is not one-to-one. If the first set
of the equations in (26) can be inverted by

x = gog)(u(é)) forall/=1,...,L,
then all solutions of (26) lie in the set
S(u) = {y e R"" | ygé) = cpg)(u(l)) for i w(l),yy) < kY fori ¢ w®}. (27)
The key observation is that if u € D, an arbitrary set that is nowhere dense in IR5+ for all Q2 € =, then the
set
S(D):= J S(w) (28)

ueD

is also nowhere dense in IRg;" for all Q € =.
To show this we first turn our attention to invertibility of the first set of equations in (26)

®
@”+M@:@”+%mﬂﬂkgh fori=1,...,q(¢), £=1,...,L. (29)

We note that in (29) the expression L) (x) involves mg? . ,ZC%LL). If we restrict our search to x € R{;T,

0+10°°
i.e. to those x with xl(-é) = 0 for all i > ¢(¢), then the set of equations (29) defines a function

Co:IRET — RGT (30)
by
W= e = X1+ sy
where X := (XM, ..., X)) and X = (wgl), ... ,16512),070, ...,0).

Lemma 3.13 If ¥ < zg"—" for all £, then the maps Cq(x) are invertible as functions from R¢;" to R
for all Q2 € =.

Proof. We fix 2 € E. We have computed the derivative matrix ‘f—f(x) in (23) and its components in
)

) <1 we can estimate

(25). Since all values of XE

AGOI < rO5pee <1,
Therefore &
@ﬂsznzdaU+A@D¢o

O

Let ¢q : IR?ZJF — IR?ZJF denote the inverse of Cn. The following Theorem addresses the non-uniqueness
of the inverse to C(x).

Theorem 3.14 Let D C R™" be a nowhere dense closed set in ]R?fr such that D N ]R?fr 1s nowhere dense
and closed in ¢ for all @ € . Then the set

C7YD):={xeR""|C(x) € D}

is nowhere dense and closed in R™* and C~1(D)NIRYY is nowhere dense and closed in Ry" for all Q € =.
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Proof. Observe that the set C~1(D) = Jyep S(u) (compare (28), where S(u) has the form (27). There-
fore C~'(D) is homotopic to (D) x L [0,x®)]. Since pq is a continuous function and D is closed,
C~1(D) is closed. Now IR¢;" is closed for every  and so C~1(D) is closed in RS,

Now we show that the complement of C~*(D) in IRGT is dense in IRG". Select an arbitrary point
xg € C7H(D) in Ry for some Q. We allow Q = (w?,...,w!) with w® = {1,...,n,} for all m, in which
case all components of xq are nonzero. Take an e-neighbourhood N, C IR of xo. To show that C~1(D) is
nowhere dense in IR{;" we need to find a point x € N, which does not belong to C~1(D). Since we restrict
to x € R3T we have

CHD) NIRRT = pa(D).

Take y € ¢qo(D) N N, and choose § such that a Ns neighbourhood of y lies in N.. Since pq is a C*
function with non-singular derivative at z := C(y) by the Inverse Mapping Theorem, @gl(N(;) is an open
neighbourhood of the point z := C(y),z € D. Since D is nowhere dense in IR;;", there is a point w € IRy"
in this image with w ¢ D. Then there is x := pq(w) € N5 C N, for which we have x ¢ C’él(D) N N.. Since
¢ was arbitrary, the complement of Ci;*(D) is dense in IR".

If Q C Q and C~Y(D) is nowhere dense in IR," then clearly C~!(D) is nowhere dense in IR¢,/ .

O

3.6 Proof of Theorem 3.1.

Recall from (19) that
X, ={xeR"" | Ck(x) e W}, k=1,2,...

and from (18) that W = (Jo.= Wa is the set of points that converge to a set of internal fixed points Fix.

By Lemma 3.10 the set W is closed and nowhere dense in IR"* and W NIR" is nowhere dense closed
in RgT for all Q € =.

By Theorem 3.14 with D := W the set X, is also a closed and nowhere dense set in IR"" such that
Xin ]Rg+ is nowhere dense closed in If{g+ for Q € =.

We proceed by induction on iteration step k, where Theorem 3.14 provides the induction step. Assume
X, is closed and nowhere dense set in IR" such that X; N IRg+ is nowhere dense closed in ]R?f' for Q € Z.
Then by Theorem 3.14 Xy, is closed and nowhere dense in ]R"Jr, and Xg41 N ]Rg+ is closed and nowhere
dense for all (2 € =.

By induction we conclude that X} is closed and nowhere dense in R"" and X; N IRg+ is closed and
nowhere dense in IRg+ for all Q € E. Therefore the set U, = R"" \ X} is open and dense for all k. The
set G = ﬂ]kvzl Un N'A where N is selected by Lemma 3.7 is an open and dense set in A and G N Agq is
open and dense in in Ag for any 2 € =. The set G represents a set of initial conditions whose iterations
will never enter the set W, and therefore do not converge to any fixed point in the set of internal fixed
points Fiz. By Lemma 3.7 the corresponding trajectory then converges to either 0 vector or to a vector

e= (alel(-ll), ce aLeEf)) for some positive collection of a; and for some choice of vectors egf).

O
4 Discussion
The main result of this paper shows that for a generic correspondence array c(iy,...,iy) there is an open

and dense set G of initial gating constants a:z(-f)
O]

g

such the map-seeking circuit always converge to a either a

= 0 for all layers ¢ and all mappings i) or it converges to a solution where on each

layer ¢ there exists precisely one weight xz(-f) which is nonzero and all other weights are equal to zero. The

first result is interpreted as ”no match found”, while the second implies that circuit finds unique composition
map

zero solution (i.e. x

TZZ(LL)O...OTi(f)0...0T-(1)
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This confirms numerical observations of the behavior of the algorithm. Our result is independent of
the choice of mappings and of input and reference images or models. In practice thresholds or sigmoid-like
non-linearities are used to separate what is considered to be a useful match from what is not. This is a
problem encountered in all recognition problems and is independent of the algorithm used to discover the
transformations that map the input image to the model or memory template. In real vision problems part
of the target is often occluded so the matching threshold must be set to accommodate the fact that only
part of the template is matched. On the other hand, the threshold cannot be set so low that trivial matches
(e.g. random straight lines in the input image) will be judged a successful match. From the discussion
above it is apparent that the MSC algorithm will find the best match in the image, so that even with low
thresholds trivial matches will only be reported if a more substantial potential match is absent anywhere in
the image. In difficult problems which include high degrees of occlusion, either by solid or scattered (e.g.
foliage) occluders it is necessary to use sophisticated, non-linear criteria to distinguish between meaningful
and non-meaningful matches when the thresholds are low and low correlation matches are encountered [6].
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