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Abstract

Visual tracking based on pattern matching
is a very used computer vision technique in a
wide range of applications [3]. Updating the
template of reference is a crucial aspect for
a correct working of this kind of algorithms.
This work proposes a new approach to the up-
dating problem in order to achieve a better
performance and robustness of tracking. The
proposed technique has been compared experi-
mentally with other existing approaches with
excellent results. The most important impro-
vements of this approach is its parameter-free
working, therefore no parameters have to be set
up manually in order to tune the process. Be-
sides, objects to be tracked can be rigid or de-
formable, the system is adapted automatic and
robustly to any situation. An added memory of
patterns allows to improve the robustness.

1. Introduction

Visual tracking based on pattern matching
is a very used computer vision technique in a
wide range of applications [3]. Its working is
simple, a template of reference is searched in
the current image. Due to that the view of the
tracked object can modify its aspect through
the time, an update of the template is neces-
sary in order to keep the object.

Two problems can arise because of the in-
su�cient or excessive frequency of the number
of updates. In the �rst of them, the visual as-
pect of the object of interest can become too
di�erent from the pattern and, in this way, the
searching algorithm can �nd other part of the
searching window more similar to the current
pattern. This produces a jump in the object of
interest. The other problem is due to applying
too and unnecessary updates to the template
of reference. The digital nature of images and
patterns can cause drifting due to an accumu-
lative sub-pixel error in every update. Someti-
mes, the random movement of the object can
counteract the e�ect of the drift, but generally
the drift can be signi�cant and end up losing
the object. Every update causes a potential
drift.
This work proposes a new template upda-

ting approach within the framework of repre-
sentation spaces based on second order iso-
morphisms. Among its advantages are a pa-
rameter free working, no parameters have to
be set up manually prior working, and a bet-
ter performance than the traditional updating
methods.

2. Updating the template

A number of strategies have been propo-
sed to de�ne the template to be used during
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the tracking process. In [4, 5] there are good
surveys about these techniques. Strategies go
from no template updating at all, others with
very naive approaches and some of them using
similarity thresholds. Among them, template
update based on statistics [6] tries to overcome
the inherent problems of drifting and jumps
of interest seeking a balance in the number
of updates to perform. This updating sche-
ma takes into account that exceeding a simila-
rity threshold provides only local information
and does not provide information at all about
the rest of the image. However, the quality of
a maximum (or minimum) relies on the va-
lues that surround it. Therefore, this statisti-
cal method of updating considers the rest of
values of the similarity function, in such a way
that if the maximum (or minimum) is di�eren-
tiated enough from the rest of values then the
quality of the current pattern is good. This le-
vel of di�erentiation is calculated based on a
statistical function.
None of these mentioned methods o�er a re-

liable solution to the problem of jumps in the
object of interest. The following sections will
describe the proposed updating template algo-
rithm.

2.1. Second-Order Isomorphisms

The .objects.are located in the real world
and, according to Shepard [1], we will name to
this world Distal Space. Every object in this
space will have its own representation in an
inner space Φ, named Proximal Space. In this
work we de�ne Visual Object to any physical
entity in the real world which has associated
its own internal representation in Φ. The goal
of the visual system is to assign to every visual
object in the distal space a unique symbol in
a proximal space, and thereby to establish an
isomorphism between both spaces, [7].
Besides this correspondence, it is even mu-

ch more useful to establish relations among
objects in a distal space and their respective
representations in the proximal space. A se-
cond order isomorphism [1, 8] should accom-
plish that if similarity between two distal ob-
jects A and B is greater than between distal
objects B and C, then the distance between

their respective representations (A′, B′ and
C′) should verify that d(A′, B′) < d(B′, C′).
Therefore, the representation schema not only
stores information about the objects but also
information about their relationships.

3. View-based Representation Spa-

ces

View-based approaches have experienced a
renewed interest in the computer vision com-
munity in the last decade. After Bergen and
Adelson [2], the appearance of a visual object
in terms of images is described by the plenop-
tic function. That is, if the plenoptic function
V of a visual object is known, then every possi-
ble view of that object can be generated. This
function depends on a set of parameters ~x, like
viewing position and lighting conditions, who-
se variability de�nes the appearances subspa-
ce corresponding to the visual object [9] in the
views space.
If time varying parameters ~ρ(t) are inclu-

ded, the plenoptic function V (~x, ~ρ(t)) will be
able of dealing with non-rigid visual objects.
Unfortunately, �nding the plenoptic function
corresponding to an object in a certain scene
is a very complex problem.
In order to overcome this drawback much

e�ort has been done in the study of the views
space. To characterize precisely the variability
of images and other perceptual stimuli, a mat-
hematical approach can be taken.
The views space can be modeled in image

coordinates, based on considering the set of
n×m pixels corresponding to each image as a
Rm×n vector. We can consider each image as
a vector with dimension m× n. The set of all
possible images of any distal object is a con-
tinuous subset of the views space [10]. This
continuity is related to the smooth variation
of visual aspect with respect to the plenoptic
parameters. This can be stated as a continuity
principle in the following manner: given arbi-
trarily small τ and δd, the following condition
will met:

d[V (~x; ~ρ(t)), V (~x; ~ρ(t + τ))] ≤ δd, ∀~x ∈ S (1)

Where S corresponds to the support set of V
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and d is a de�ned distance function. Varying t,
in the generalized case, the set of points corres-
ponding to the images of a distal object are in
a manifold [10] Mx of the Views Space. The
manifold MO

~x of a certain object O is a lo-
wer dimensional subspace embedded [11, 9] in
the views space with the l parameters of the
plenoptic function as intrinsic dimensions:

MO
~x = {V (~x; ~ρ(t)) | ~ρ ∈ Rl} (2)

During a tracking process of an object, this
does not show all possible views of itself inclu-
ded in its manifold but just a subset of them.
This manifold subset, I(~x; t) ⊂MO

~x , will sha-
pe as a parametric curve of the time. We name
this curve Visual Transformation Curve of the
Object.
The tracking process tries to follow the vi-

sual object through this curve obtaining the
values α0 corresponding to the location of the
best match at time t, as the following minimi-
zation:

~α0(t) = arg mı́n
α

∑
~x

d(W (I(~x; t); ~α), T (~x; t))

(3)
Where I(.; .) is the image where looking for
the template T (.; .) by means of a windowing
function W (.; .), which extracts an area of the
same size than T (.; .) at position ~α. ~α0(t) will
be the minimum of the matching function, va-
lued over all possible values of ~α, that is, the
position of the window W over the image V .
The template tracking depends on the de-

�nition of several elements. Once de�ned the
matching strategy and distance function to be
used, the fundamental element to be de�ned
is the template update strategy or, in other
words, the steps in which the visual transfor-
mation curve is sampled.

4. Proposed Template Matching

Updating Technique

In order to describe the procedure proposed
in this paper, we will denote as ~p to a point
corresponding to the representation of a visual
object in the proximal space Φ at a certain
time, i.e. ~p will correspond with the template

Figura 1: The �gure depicts the points correspon-
ding to the symbolic representations of the di�e-
rent searches over an image in a tracking process.
The dotted line illustrates the consequences of a
lack of required updating.

T (see expression 3) in the space de�ned by
Rm×n. A distance d can be established inΦ. In
this work, the distance d between two points ~p1

and ~p2 is based on the L2 norm. This distance
will be used between input image and template
in order to obtain the best match.

After applying the distance function bet-
ween image and pattern sliding the templa-
te over the searching window according to ex-
pression 3, a variable number of local minima
will show up, among them, the absolute one. In
Φ, see �gure 1, the vector ~p corresponds to the
pattern of reference, i. e. the view of the object
of interest to look for. The vector ~m1 will be
the absolute minimum since it is the visual ob-
ject most similar to the object of interest. The
existence of more local minima, ~m2 and ~m3,
implies that there are other similar objects in
a certain degree to the object of interest. We
name them objects of the context. These ob-
jects, like the object of interest, have also their
own curve of visual transformation included
in their manifolds of the proximal space. Alt-
hough for the sake of simplicity these objects
of the context will remain static. The Visual
Transformation Curve of the object of interest
is the loci of the points corresponding to the
di�erent minima after the matching process
on input images during a certain time. This
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curve will be composed by the nearest vectors
(~m1, ~m′

1, ~m′′
1 , ...) to the pattern of reference ~p.

Therefore, ~m1 corresponds to the closest point
to ~p in the moment t = 0, ~m′

1 corresponds to
the closest point to ~p in the time t = 1 and so
on. However, if there exist, at least, one object
of the context, ~m2, and the pattern of referen-
ce ~p is not updated, it may occur that, after a
number of frames, the absolute minimum does
not correspond to the real object of interest
but to the most similar object of the context,
as �gure 1 shows. Thus, the area of the sear-
ching window corresponding to the point ~m2

will be taken as the object of interest, resul-
ting in an error of the tracking process, that
is an interest jump error, which is a very com-
mon error of updating techniques that do not
update the pattern just in time.

The origin of the problem is caused by the
lack of updating or an inappropriate updating
rate of the pattern of reference. It can be seen
in �gure 1, c) that d(~p, ~m1) < d(~p, ~m2) and
d(~p, ~m′

1) < d(~p, ~m2) but d(~p, ~m′′
1 ) > d(~p, ~m2).

For the sake of clarity the most similar object
of the context, ~m2, does not move and conse-
quently does not draw any visual transforma-
tion curve.

It is clear that the pattern should be upda-
ted before any object of the context can be
more similar to the pattern of reference than
the current view of the object of interest. To
accomplish this an updating threshold must
be set up taking into account the closeness of
the objects of the context. Therefore, when a
new view of the object of interest is taken as
current pattern a new updating threshold is
also computed automatically. The assigned va-
lue can be obtained by the rule of dividing by
two the distance to the closest object of the
context to the new pattern.

5. Realigning the template

Drifting is always possible as long as upda-
ting takes place, therefore realignment is re-
commended. Some works have been done re-
cently to deal with this matter [4]. A used way
for realigning the current template is by taking
the �rst or previous templates with some mo-

di�cations.

In real situations many objects have a cyclic
behavior showing views repeatedly of itself to
an observer. For example, in �gure 4 can be
seen how a person moves his head on both si-
des o�ering di�erent views of his face again
and again.

This work proposes a realignment of the
template based on previous views of the object
of interest corresponding to templates selec-
ted by the context based updating algorithm
as current templates. Therefore, the di�erent
current templates are always signi�cant views
of the object of interest in function of its con-
text. A bank of templates is used to store views
of the object of interest acting as a short term
memory.

A heuristic meaning drives this process on
the basis that previous templates will have
greater probabilities than the current one of
being correctly aligned. Experimentally, this
conception has given good results.

This proposal has further consideration sin-
ce the process of views extraction can be un-
derstood as a manifold sampling of an object
in its proximal representation according to a
distinguishable criteria in its context. These
views will be representative enough in relation
to its visual context, instead of simple constant
sampling criteria. (perceptual grounding)

5.1. Renewing the bank

Once the bank of patterns is full, it is requi-
red a strategy in order to extract and insert
the appropriate patterns. It must be taken in-
to account an algorithm that assigns an index
of utility to every pattern in the bank. The
patterns with less index, i.e. a pattern with
the less probability to be used, are replaced
by new ones. The index of utility proposed is
calculated with a formula that uses the con-
cepts of persistence and obsolescence. Persis-
tence and obsolescence in every pattern are
updated every cycle. Therefore, every pattern
in the bank owns an utility index that adjusts
its relevance or importance. This index is de-
�ned as:
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U(t, i) =
tp(i)

1 + t− ts(i)
(4)

In (4) U corresponds to the index of utility
for an index pattern in the bank i and a time
(or frame) t, tp and ts correspond to persisten-
ce and obsolescence respectively.
We name persistence of a pattern to the

amount of time or number of consecutive fra-
mes that this pattern is taken as current pat-
tern, i.e. the continuous interval of time or
working cycles that a pattern has been used
to carry out the tracking. Persistence shows
clearly when a certain pattern belonging to the
object of interest is a common view of it.
Obsolescence of a pattern is de�ned as the

time elapsed since the last time it was taken as
current pattern. It is assumed that a pattern
with high obsolescence implies a low probabi-
lity of that pattern to be reused.

6. Experiments

Pattern updating is necessary if the view of
the object of interest changes through the ti-
me. Besides, this updating must be done at the
right moment in order to avoid the two most
signi�cant errors in a tracking process: drifts
and interest jumps. These two kinds of error
will mark experimentally the goodness of the
di�erent updating approaches.
Several experiments have been done in order

to evaluate the performance of the proposed
solution. Among them, two critical sequences,
described in this paper, demonstrate the hig-
her level of robustness of the new approach in
comparison with the existing updating met-
hods. Actually, only statistics updating based
method [6] is used as the other methods are
too simple and their limitations are obvious.
A complete tracking module has been deve-

loped to carry out the presented experiments.
To obtain the results only the updating sche-
ma of this algorithm has been changed. In or-
der to evaluate the updating approaches, the
best method will be the one that carries out
a correct tracking (without interest jump nor
drifting errors) with the smallest number of
updates.

In the �rst experimental sequence, see �gu-
re 2, a person walks and her face is tracked.
At �rst sight, it seems a not problematic task.
However, an error happens due to the existen-
ce of local minimums near the absolute one,
and all of them surrounded by a very di�erent
environment. Such a situation drives to a not
pattern updating, and a consequent interest
jump error, when the constant threshold and
statistic based update algorithms are used.

Things that we perceive or think as quite
di�erent may not result be so to a certain simi-
larity function. Figure 2 illustrates such error.
Every frame is shown beside its corresponding
similarity function. To �x the problem, using
the statistic based update method, it is neces-
sary to increase the level of certainty and so
the number of updates. Table 1 shows the re-
sulting values of the two compared algorithms.
Carrying out both of them a correct tracking
process the di�erence raises in the number of
updates needed. The less number of updates
the less probability of drifting. The second

Statistical approach

Reliability Number Jump
threshold of updates errors

0,75 - Yes
0,80 - Yes
0,85 - Yes
0,90 468 No

Context based approach

Reliability Number Jump
threshold of updates errors

− 106 No

Cuadro 1: Above, number of updates based
on statistical pattern updating and errors of
jumps for di�erent reliability threshold. Below,
number of updates in the same sequence using
context based pattern updating approach

experiment shows how the proposed updating
method can adapt the rate of updates accor-
ding to the proximity of very similar objects.
In �gure 3 can be seen a frame of a four se-
conds sequence where the object of interest is a
�sh that swims into a shoal, so it is surrounded
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Figura 2: Di�erent frames of a sequence where a
face is tracked. Sometimes, at �rst sight and if si-
milarity function is not displayed, it does not look
that the minimum of the similarity function can
be so confused.

Figura 3: The �gure shows a frame of a sequence
where the object of interest is surrounded by very
similar others. The right function depicts the sha-
pe of the scene in the representation space. The
absolute minimum corresponds to the object of
interest and the local minima are objects of the
context.

by other very similar �shes. In order to avoid
the loss of the object, the frequency of upda-
tes should be high due to the current pattern
can be rapidly confused with objects of the
context. The function next to the frame shows
graphically the object of interest, as the abso-
lute minimum, and the objects of the context
(two �shes) as local minima nearest to the ab-
solute minimum.

Statistical approach

Reliability Number Jump
threshold of updates errors

0,75 - Yes
0,80 - Yes
0,85 28 No

Context based approach

Reliability Number Jump
threshold of updates errors

− 26 No

Cuadro 2: Number of updates needed by the
two methods in order to achieve a correct trac-
king.

6.1. Experimental results adding a bank of

patterns

Several experiments have been carried out
over a number of sequences with certain grade
of repetitiveness in the behavior of its object
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Figura 4: The �gure shows the process of tracking
over one eye. The white squares depict the tracking
using template bank based realignment. The black
square shows the result due to the drifting when
the bank is not used. The eight patterns below are
the templates stored in the bank of patterns.

of interest. All of them show a qualitative com-
mon trend, the bigger the size of the bank the
smaller number of updates, a bigger number of
recoveries and a smaller drifting risk. One of
these sequences is shown in �gure 4. The �gure
shows four frames and the object of interest,
the right eye, is pointed out with a black rec-
tangle. The table 3 contains in each row the
number of templates in the bank with their
corresponding number of updates and recove-
ries obtained. Table 3 shows how the number
of updates decreases as long as the amount of
previous templates in the bank increases.

Templates # Updates # Recoveries # Drifting

1 80 - Yes

4 57 80 No

8 53 101 No

Cuadro 3: Number of updating and recovering
with an incremental bank size

7. Summary and Conclusions

As conclusions from the experiments carried
out in a wide range of environments and con-

ditions we can state three major ones:

• Minimization of the required number of
updates achieving a correct tracking pro-
cess, and minimizing the drift risk.

• Achievement of an automatic template
updating method for any environmental
condition.

• Improvement the accurateness of the trac-
king process reducing the drift error by
using a bank of patterns.

• Obtaining a computationally light upda-
te algorithm in low cost general purpose
computers.
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