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Chapter 15

Detecting Changes in Time Sequences
with the Competitive Detector

Leszek J Chmielewski and Arkadiusz Ortowski

Abstract The concept of the competitive edge detector is revisited and extended. In
the case of application to 1D signals it can be denoted as the detector of changes.
In the detector two approximators are used working one at the ‘past’ and one at
the ‘future’ side of the considered data point. The difference of their outputs makes
it possible to find the change of the value and the derivative of the signal. The new
features introduced consist in performing robust analysis and in adding the option to
use a quadratic function as an approximator. Weighted voting of elemental subsets
is used with weights related to the significance of a subset for the result. Weak
fuzzification is used to increase the robustness. Results of change detection on test
data as well as some real-life economic data are encouraging.

Key words: change detector, competitive, robust, fuzzy, weighted

15.1 Introduction

The most interesting phenomena which manifest themselves in the data collected
about the world are related to the changes. The change in the existing signal or the
emergence of a new one is something that invokes an accelerated cognitive process
of deciding whether it is necessary to react.
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The method to be presented here has its origin primarily in the domain of image
processing; therefore, we shall first review the approaches to change detection in im-
age processing setting, where the problem of change detection is incessantly one of
the main topics of research. If the changes in space are considered, then the problem
is related to the detection of edges. This comprises the detection of changes in image
intensity or color, but also finding the precise localization, directionality, continuity,
and finally the significance of the edges. The changes in time relate to the detection
of movement or lighting. The research in edge detection has been summarized in
the reviews [2, 3, 19, 21] and older surveys [12, 25, 36]. The research in motion
detection was recapitulated among others in the surveys [16, 28]. The motion is re-
lated to the movement of the objects viewed (cf. e.g. [18]) and is the necessary step
towards solving the problem of surveillance (e.g. [13]). A more general problem is
the detection of changes between multiple images, reviewed for example in [27].
One of the well-established applications is the detection of differences in medical
images (e.g. [34].

The change detection in general is broadly treated in the statistical meaning [30]
(see [26] for a state-of-the-art survey; see also e.g. [1, 15, 32] and an extensive list
of references in [33]). One of its main applications is the detection of faults and
damages. In simple words it can be formulated as testing the hypothesis that a new
sample comes from a different statistical distribution than the previous samples [14,
17]. The sample can consist of more than one measurement.

In this study we shall come back to the concept of fitting a model of the signal
to the data, present in the image processing domain from its early years. This con-
cept was used by so many authors that we can name just some of them. Blake and
Zisserman in [4] proposed to approximate the image intensity function with mod-
els based on mechanical analogies, which remove noise and simultaneously detect
edges in the simulated process of stretching and breaking a membrane. The filter
performed very well on two-dimensional noisy data but its speed was small [8]).
A roof edge detector proposed by Pajdla and Hlavac [24] consisted in fitting the
edge model to the image with the edge direction found beforehand to speed up the
process. NiedZwiecki, Sethares and Suchomski in [22, 23] proposed a filter denoted
as the competitive filter. It consisted of two filters working simultaneously from
the two sides of an edge. The filter in which the approximation error was smaller
won the competition and the output from that filter was used as the filtering result.
Each filter approximated the image intensity in 2D with the simple constant function
which was the reason why the algorithm was extremely effective.

In 1996 one of us proposed to use the concept of competitive filtering to detect
edges [6] (the idea went back to 1994 [5]). The concept was successfully developed
for one-dimensional data in the form of two linear filters. The extension to two
dimensions failed due to the due to the problematic definition of the two sides of
an edge in face of the complexity of shapes of the image intensity function near the
edge junctions, and was abandoned [7].

We have revisited the concept of the competitive edge detection in the applica-
tion to one-dimensional data in a pilot study [11] where we have added the fuzzy
weighted robust analysis mechanism to the fitting of the two filters. We have made
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preliminary analyzes of some real-life data The detector performed in a promising
way. In this paper we have implemented a second degree polynomial function as
an additional option of the approximators and we have tried to process economical
data.

The robustness is understood as immunity to outlying data and as such it will not
always be applicable to economic data. An outlying data point can appear as a result
of an erroneous measurement or observation and then it is a gross error and as such
it should be rejected form the analysis. However, if it appears as a result of a proper
observation it is the evidence of an unknown or unexpected phenomenon, and hence
it is a valuable piece of information which should be paid special attention in the
analysis.

The method presented here will not deal with the change of the statistical nature
of the signal but rather with the detection of steps or jumps in the value and the
first derivative, or slope, of the signal. This could serve as a source of information
on the signal as well as a hint for a human observer to pay attention to the details
related to the signal. There exist a large number of stock exchange state indicators,
like the moving averages or the Relative Strength Index. Our detector can be viewed
in a similar way, although it is neither directly related to the market analysis nor has
emerged or was derived with such analysis in view. However, we deem it useful in
looking at time series of economy-related data in a more insightful way.

In fact, what we had in mind, was the detection of early signals of important
events to come in the near future [29]. This far-reaching goal by no means can be
attained with simple methods, but we hope our proposition can be an incentive in
the search.

The detector originated from the domain of image processing. Therefore, some
image processing terminology will still appear in places, although the relation of the
detector to images is only historical. In particular, the notions of change, step, jump
will be interchanged according to the context.

The software and the graphs were produced within the Matlab® environment.

The remaining part of this chapter will be organized as follows. In the next sec-
tion the detector in its previous form will be described and its new features will
be explained. The description will be illustrated with examples of detection in syn-
thetic images. Then, the results of the detection of changes in some real-life data
will be presented. The propositions of further development of the method and some
concluding remarks will come at the end.

15.2 Method

15.2.1 General Concept

According to [23] let us take a sequence of measurements z(¢) = y(¢) + n(t), where
n(t) is noise. Time 7 is discrete. The measurements are known up to the time 7o +
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At. Two predictors, or approximators, will be used to find y(fp), one running from
the past towards the future, using z(¢),t € [fp —s — 6,79 — 8] to find $_(to), and
one running towards the past, using z(¢),t € [to + 0,9 + s+ J] to find (7). The
approximators will be referred to as past and future, or left and right. The data used
in one approximation will form its support. For each prediction its error is estimated
yielding e_(fy) and e fy. As the estimate of the result at the point of interest, y(fo),
the output of the filter which has smaller error is used. The filter can work providing
enough measurements are known in advance. The parameter s can be understood as
the scale of the filter. Parameter 0 is the gap between the point of interest and each
of the estimators.

In [6] linear least square approximators were used as filters and their mean square
errors were used as their approximation errors. The idea of using least median of
squares as a robust approximator was mentioned, but not developed. The concept
of using the difference of values and their derivatives as the estimates of the step
and roof edge at point 7y was introduced. The conditions for the existence of the
step was that the graphs of the approximation errors crossed in such a way that
for increasing ¢ the error from the past increased and that for the future decreased.
These conditions were expressed in [6] in a complicated way but they can be simply
written down, respectively, as

er(to—€)>e_(to—€) N er(to+€) <e_(to+e€), (15.1)
er(to—€)>ep(to+€) N e_(tp—¢€)<e_(tp+e). (15.2)

If the steps should be found not at, but between the points, these conditions could
be reformulated accordingly. Here we shall not do so; instead, we can point out
that it seems reasonable that € should be as small as possible and € < §, and that
both can be equal to one. This was assumed in [6] and so it will be in the present
paper. Because the past error should be known for 7 + € then the measurements for
to+ At =ty + 6 + s+ 2€ = to + s+ 3 should be known for the detector to operate.

The process of error graphs crossing is illustrated in Fig. 15.1. Let us describe
it in a figurative rather than rigorous way. Let us imagine that both approximators
together with the analyzed point are moved along the data from left to right. When
a step is encountered, first the right approximator moves over it so the step enters
the right approximator’s support. Therefore, the error of the right approximator goes
up. As the analyzed point is moved forward, the step leaves the support of the right
approximator, so its error goes down, and enters that of the left one (this particular
moment is shown in the figure). Now, the error of the left approximator increases.

The result of formulating the condition for a step using the values in two points
distant by 2 is that a step can be detected in two points, like this at x = 29,3 in
Fig. 15.1. This is reasonable, because in fact the step is formed by data in both
points.

There is no separate step existence condition for steps of the function and of its
derivative. These two appear together, except the points where the value of one of
them is zero or small.
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Results [1:61] for scale=10, rank=1, mode=classic
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Fig. 15.1 Intermediate results for the two approximators up to point indexed 32; see the legend
(Edg 0 and 1 mean zeroth and first derivative, respectively). Graphs of errors cross between points
indexed 29, 30. See text for more details.

At present, as it was in [6], as the measure of error the mean square error is used.
This is not the best solution if the approximators are found with the robust analysis.
In the application of our present interest not the filtered value but the detection of
changes is important. The error measure do not influence the value of the step, but
only its location. The question of error measure in relation to detectability and loca-
tion of change points will be commented on further in the end of the next section,
as soon as some more images will be shown.

15.2.2 Extensions and Changes

The new extension is the quadratic approximator, so it will be described first. The ex-
tensions are applied to the detector in pairs, triples etc. In the following, the detector
without the robustness feature will be denoted as the classic one. The independent
variable will be denoted by x instead of 7.

Quadratic Approximator

The least square approximation can be easily applied to the quadratic function. The
formulas are so well known that we shall refrain from showing them here. However,
this approximation was not used before in the context of the competitive filter or
detector. The result of applying the quadratic detector to the data representing the
combined step and roof jump is shown in Fig. 15.2. In Fig. 15.3 the location of the
approximators at a selected point can be seen.
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Results [1:61] for scale=10, degree=2, mode=classic, weighting=no
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Fig. 15.2 Step and roof edge like in Fig. 15.4a with some noise added, analyzed with the classic
quadratic detector.
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Robustness

Let us recall the Hough transform for lines with two point voting subsets (e.g. [20,
31]). Such a subset defines the two parameters of a straight line univocally so it
votes for one point in the 2D parameter space. This space is represented approxi-
mately by the accumulator array. In the present implementation the votes from each
subset formed from the points of the approximator are calculated and collected. The
ranges of the parameters serve to calculate the dimensions of the accumulator so that
a change in a parameter by a unit is represented by 100 elements, but the dimensions
of the accumulator are limited to 1001 x 1001. The votes are stored in the accumu-
lator which is then fuzzified by convolution with the array containing the inverted
quadratic function, clipped to nonnegative values. Each dimension of the window
containing the fuzzifying function is chosen as 0.1 of the respective dimension of
the accumulator, so the conditions of weak fuzzification is fulfilled [9, 10]. Accumu-
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Results [1:61] for scale=10, rank=1, mode=robust, weighting=yes
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Fig. 15.4 Results for the image of Fig. 15.1 found with the robust version: (a) illustration of graphs
of errors cross between points 29,30 (approximators for x = 32 shown with larger triangles, empty
in general but filled-in if approximation error is zero); (b) accumulators for robust filters at x = 30,
left and right, respectively. See text for more details.

lator for each approximator is searched for maxima which indicate the solutions for
them.

The results of using the robust method can be seen in Fig. 15.4 Approximators
for a point near to the step are displayed to show how some point were not taken into
account in the analysis due to that they could be treated as outlying from the major
part of the data. In the left accumulator shown in subfigure b some local maxima
corresponding to the voting pairs which contain outliers were postponed, and the
global maximum formed by votes coming from inliers was chosen. Quadratic shape
of the fuzzifying function can be seen. The right accumulator is degenerated to
a single value (fuzzified) due to all points lie on a common line.

The similar image but with some noise added is analyzed in Fig. 15.5. The robust
approximators omit some extraneous data points.
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Results [1:61] for scale=10, degree=1, mode=robust, weighting=yes
T T

T T
250~ —O—Data | |
—o— Filter
——EnL
—— R
200 — - Edg 0|
*Edg 1]
150 — -
o
8
3 o,
3 = 7 N
100~ + % g T
s A d £
5 /o
> 7 +
= b A .
= 50~ By - /X b
00" N \
£ ,_—/r\—w///\ /NN *
o0~ *.
o * . Y -
ok o/ P e I == P
A/y‘ o4 Y
a *
50 [— —
¥ .
«
| | | t | | |
o 10 20 30 40 50 60
x
Accum L 201120) Results [1:61] for scale=10, degree=1, mode=robust, weighting=yes
T T T T T
12 250 Data
Filter
w0 et
——EnR
5 200 — *-Edg 0|~
2 *-Edg 1]
150 — -
100 ”
8
3
3
1200 o
w0 a0 @0 w0 w0 200 g 100|- ot 4
b=22727 5 it
Accum R (20141201 5
|
= = oy
20 BY ) ]
50 =
P
<
Pl
§ , of = W q
b° .
N 50 4
I I . . . | I
o
200 400 800 800 1000 1200 o 10 20 30 40 50 60
b=63.3407 x:15 index: 16/51

Fig. 15.5 Step and roof edge like in Fig. 15.4a with some noise added, analyzed with the robust
detector. (a) result for all the data; (b) details for the step at x = 15 (some colors desaturated to
enhance the view of approximators).

The robust quadratic approximator is designed in an analogous way as the linear
one, with the following changes. The voting subsets now contain three points, so
triples are formed from the data points within an approximator. The parameters
of the approximating quadratic function are calculated by solving the set of three
equations, the structure of which does not have to be explained. The accumulator is
now three dimensional, and so is the fuzzifying function.

The ability to omit some data points can sometimes have a negative influence
on the result. This frequently appears with the robust quadratic approximator. An
example can be seen in 15.6. The approximated line passes with precision through
some points and omits the points which are the nearest to the central point of the
detector located at x = 18. In the case shown, this leads to an un acceptable re-
sult. This phenomenon can be treated by proper weighting the influence of the data
points. The weighting will be the subject of the next paragraph.
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Results [1:31] for scale=10, degree=2, mode=robust, weighting=yes
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Weighting

It is not reasonable to treat votes equally important. Note that the noise in pairs
with data points which are close to each other have larger impact on the parameters
of the approximation than those which contain distant points. Therefore, the pairs
with distance equal to one were dismissed. Attention should be paid to weighting
the remaining votes. Let us concentrate upon the linear approximator. If the votes
were weighted with the distance of points in their pairs, then it is very probable
that the voting pair consisting in the endpoints of the support would always win.
Therefore, not to promote the most elongated pairs excessively, at present the votes
are weighted with the support length to the power of 0.25. The pairs which contain
data points for which the x coordinates differ by one are dismissed.

The problem of weighting is complex and at present it was only partly solved.
As shown in the previous paragraph, it is necessary to promote those data which
come from points closer to the central point of the detector. This means that there
are at least two criteria for finding the weights, which makes it necessary to find
some optimum between them. This will be the subject of further studies. At present
the robust quadratic detector is too vulnerable to omitting important data and will
not be used in the examples which follow.

Output without extrapolation

In the present implementation, as the filtered value the output at fo — 8 from the left
approximator, and for #p + 6 for the right one, is used, to avoid using extrapolated
values. This additionally stabilizes the results, especially when robust approximators
are used. Due to the requirements of the step detector, the analysis of a point #g is
finished when the approximators are placed around #y + 2, so the necessary outputs
and their errors are already known. As said before, in the present application the
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Results [1:71] for scale=5, rank=1, mode=classic
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Fig. 15.7 Results for the classic and robust version of the detector for data with all the detectable
changes and some outlying data represented. (a) Classic; (b) robust. Angles shown in tens of
degrees.

filtering functionality of the algorithm is of secondary importance, however it is
always reasonable to use the best approximation available.

In Fig. 15.7 the results for data containing all the detectable changes can be seen.
Some point noise or outlying values are added, mainly to illustrate the advantageous
functioning of the robust detector. It should be pointed out that if the outlying point
at x = 42 were moved towards the slope between x = 36 and 37, for example to
point 39, it would be doubtful whether this is an outlier or a part of the slope at 36,
37, interrupted at 38 and continued at 39. The data element is an outlier if it does
not follow the trend, which is not always univocal.

The graph in Fig. 15.7 was drawn so that the scale s of the detector were smaller
than the distance between the changes to be detected. Let us now look closely at sub-
figure b, point x = 37. At this point the error of the right approximator is zero (dark
magenta line with small triangles pointing to the right). What would happen if the
already mentioned outlier at x = 42 were moved left by one, so that this error went
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up instead of falling down to zero? graphs would not cross and the jump would not
be detected. In this way it can be seen that the jumps which are closer to each other
than the scale, do interfere, and this can make them undetectable. It is expected that
the formulation of the error measure in a better way than as the mean square error,
for example with the use of information coming from the robust approximators on
which points are treated as extraneous, would limit the detrimental mutual influence
of the close jumps. This will be studied in the future research.

15.3 Real-life Examples

Let us consider daily closing values of WIG, the main index of the Warsaw Stock
Exchange ([35]—Market Data—Market Indices—WIG), between the days Febru-
ary 1 and October 30, 2007. Near the middle of this period WIG at closing attained
its global maximum of 67735.30, on July 6, 2007. The lowest value in this period
was 50782.08 on March 5, day 23 of the period. The results of processing these val-
ues with the change detector is shown in Fig. 15.8. Scale was set to s = 10 to observe
the changes in two-week trends. It can be seen that all the versions of the detector
had problems with precisely pointing at the maximum. The majority of important
jumps up and down and the deep minima were indicated well.

Let us concentrate at the day of the nearest maximum at day x = 18 before the
lowest value at day 23. After this day the fall started. The locations of the predictors
around this day are shown in Fig. 15.9. It can be seen that each pair of approximators
has a different location and underlines different aspects of the values analyzed. The
classic linear approximators indicate the typical trends within their support. The
robust linear approximators are positioned according to the trends established by the
majority of data points, but the most extraneous points, for example, days 13 and 23
are omitted. The quadratic approximators bend to show the more detailed changes,
so the estimated values of the jump can be more precisely fitted to the data. Each
detector finds the jump, but its values differ according to the characteristics of the
detectors.

The scale of the images and lack of access to the intermediate data in the paper
edition of this study makes it impossible to notice, but as previously, it can be said
also now that the difficulties with detecting the locations of the change points is
related to the existence of many small jumps in the data which interfere within the
supports of the approximators and make it impossible for the approximation errors
to go down to the extent which would make it possible for the error graphs to cross.
This problem will be studied further.
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Results [1:189] for scale=10, degree=1, mode=classic, weighting=no
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Fig. 15.8 Main index of the Warsaw Stock market WIG from February 1 to October 30, 2007, and
the results of its processing with the detectors: (a) classic, linear; (b) classic, quadratic; (¢) robust.
Scale s = 10. For better visibility of error and edge graphs it is y = WIG/1000 — 40.
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Results [1:30] for scale=10, degree=1, mode=classic, weighting=no
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Fig. 15.9 Close view of the closest maximum at x = 18 before the minimum at day 23 of Fig. 15.8.
Two approximators are located at the day after which the fall started (some colors desaturated to
enhance the view of approximators). Graphs of edges (dotted lines) are visible but edge points
could not ba marked at this time point due to the structure of (15.1), (15.2). Detectors: (a) classic,
linear; (b) classic, quadratic; (c) robust, linear.
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15.4 Discussion

At present we see two problems needing further studies. As already mentioned,
these are: the interference between nearby changes and the question of optimal
weighting the votes in the robust detector. The question of weighted voting and
the question of choosing the right error measure needs further work.

It should be reminded that it is easy to introduce weighting also in the classic
least squares detector so the experience gained will be used also in it.

The calculations in the detection for each point are performed for small sets of
data so they are effective. The only operation which need longer time is the process-
ing of the 3D accumulator in the quadratic robust version. It should be considered to
use another method to eliminate outstanding sets of parameters, for example some
of the unsupervised clustering methods. This should be easy due to that the number
of objects (set of parameters) is small and distance measures between the sets seem
to be easy to design.

The features of the proposed detector can be summarized as follows.

Advantages

Detection is performed together with the filtering process.
The classic version in the linear as well as quadratic form has only one parameter:
the scale.

e Higher order derivatives can be estimated according to the order of the approxi-
mating function.

e The processes in some versions of the detector are relatively effective.

Drawbacks

e A considerable part of data about the future must be known before the detection
can be made. It can be too late for reaction.

e The interference between changes which are closer to each other than the scale
is the source of problems with jump localization.

e The detector in its weighted version has many parameters and their tuning needs
optimization.

e The robust procedure by fuzzy voting is time-consuming. This can be overcome
by using a different data clustering technique than the accumulation.

15.5 Summary and Prospects

The concept of the competitive edge detector was recalled, extended and used to an-
alyze some sets of data. In the proposed detector of changes two approximators are
used. One of them works at the ‘past’ of ‘left’ and one at the ‘future’ or ‘right’ side
of the considered data point. The outputs from the approximators are used to calcu-
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late the change of the value and the derivative of the data. The detector can perform
robust analysis with weak fuzzification which make it possible to postpone extra-
neous data points. In the present study the option to use a quadratic function as an
approximator was added. Weighted voting of elemental subsets is used with weights
related to the significance of a subset for the result. Results of change detection on
test data as well as some real-life economic data are encouraging.

As the directions of future work the optimization of the weighting process, the
question of reducing the interference of neighboring jumps in data, and the choice
of an effective clustering method for votes in the robust algorithm were indicated.
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