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Abstract. The concept of the competitive filter is reminded and its
ability to find changes in 1D data is extended by adding the robustness
feature. The use of two affine approximators, one at the left and one at
the right side of the considered data point, makes it possible to detect
the points in which the function and its derivative changes, by subtract-
ing the outputs from the approximators and analyzing their errors. The
features of the detector are demonstrated on artificial as well as real-life
data, with promising results.
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1 Introduction

The changes in the observable environment are for us the main source of infor-
mation. Our senses quickly get used to stable signals and tend to ignore them
after some time, while the change in light intensity, a new sound or smell attracts
our attention. A good indication that the changing signals are important is that
even when we observe static objects our eyes are constantly making saccadic
movements, which support the perception of interesting details of the scene.

The detector presented in this paper originated within the domain of image
processing, where the problem of change detection is primarily related to edge
detection [1], motion detection [11] and the detection of changes [10].

In 1991 Niedzwiecki, Sethares and Suchomski proposed a filter denoted as the
competitive filter [8,9]. As a method to overcome the phenomenon of blurring the
edges during image filtering, present in the methods based on averaging, they
proposed to use two competing filters working simultaneously from the two sides
of an edge in an image. As the output, the result from that filter was used in
which the approximation error was smaller.

In 1996 one of the authors of this paper proposed to use the competitive
filtering to detect edges [2]. The concept was successfully developed for one-
dimensional data, but the extension to two dimensions failed [3] and was aban-
doned. The reason for the failure was the variety and complexity of shapes of
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the image intensity function near the junctions of various kinds of edges. These
shapes made it difficult to define the notion of the two sides of an edge which
was basic in competitive filtering.

It can seem unexpected but to our best knowledge there were no other pub-
lications on the idea of the competitive filter or edge detector, similar to ours,
than the ones just cited. In 2003 Liang and Looney [7] proposed to use the
competition in edge detection. Pixels competed towards becoming edge pixels to
reduce the edge thickness. This approach was different from the ours.

At present we have decided to revive the concept of competitive edge detec-
tion, solely in the application to one-dimensional data. The detector behaved
well for such data; nevertheless, to improve its stability, it has been extended by
including a robust analysis mechanism to the fitting of the two filters. This paper
can be treated as the proof of concept of the robust version of the detector. The
concept of the detector comes from the domain of image processing, so some
image processing terminology will appear in this paper, although the relation of
the detector to images is only historical. In particular, we shall use the terms
change, edge and jump interchangeably.

The method proposed is well suited to be augmented by incorporating statis-
tical methods of verifying the significance of the detected changes (see eg. [4,5]).
The work in this direction is in progress. Moreover, the presented method does
not need any model of the phenomenon described by the analyzed function. No
assumptions are made on the form of the function. The function given as a series
of points is locally approximated, with polynomials of a chosen degree, without
the assumption of continuity in the point analyzed, which is a minimalistic ap-
proach as far as assumptions are considered. Therefore, we do believe that this
method could provide a valuable alternative tool for detecting changes in various
kinds of time series and other one-dimensional data.

This paper is organized as follows. In the next Section 2.1 the detector in its
introductory form is described and its operation is illustrated with the result for
a synthetic test image. The new feature of robustness is explained in Sect. 2.2.
Then, in Sect. 3 the results of the detection of changes in some real-life data are
presented. The question of efficiency is answered in Sect. 4. The discussion is in
Sect. 5 and the proposed directions of development close the paper in Sect. 6.

2 The method

2.1 General concept

According to [9] let us take a sequence of measurements z(z) = y(z) + n(z),
where n(z) is noise. The independent variable x is discrete. If = is understood
as time, the measurements are known starting from the past, up to the point
xo and further, to xg + D. The point xg is the point in which the filtering is
performed and can be called the central point. Two approximators, referred to
as the Left and the Right one, are used to find y(zy), the first one working at
the left side of xg, using z(x),x € [zg — s — A, x9 — A] to find §r(xg), and the
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second one working at the right side of xg, using z(z),z € [xg+ A, o+ s+ 4] to
find §r(xo). The parameter s is the scale of the filter, and A is the gap between
the central point xy and the estimators.

For each approximator its error is estimated: e, (zo) and eg(zo), respectively.
As the estimate of the result at the point of interest, (o), the output of the
filter which performs better, that is, gives a smaller error is used. This is the
competitiveness feature of the filter. In the literature, the extrapolations at xq
from the two filters were used. In the present implementation, the output at
xo — A from the left approximator, and for zg + A for the right one, is used,
to avoid using extrapolated values. This stabilizes the results, especially when
robust approximators are used, which will be described further.

In [2], the linear least square approximators were used as filters, and their
mean square errors were used as their approximation errors. The concept of
using the difference of outputs from the two filters §r(xo), Jr(zo), and their
derivatives, as the estimates of the step and roof edge at point zy was intro-
duced. The conditions for the existence of the step was that the graphs of the
approximation errors crossed in such a way that for increasing x the error from
the past increased and for decreasing x the error for the future increased. In the
present paper it is assumed that at least one of the errors increases in this case.
These conditions were expressed in [2] in a complicated way but they can be
simply written down, respectively, as

er(zo —0) > ep(zo —0) AN er(zo+9) <er(xo+9),
er(xo—0) >er(ro+9) V ep(zog—0) <er(zo+9). (1)

Because the past error should be known for xy + ¢ then the measurements for
xo+ D =29+ A+ s+ 26 should be known. The parameter ¢ can be called the
neighborhood parameter. In [2] it was A = § = 1 and so it will be assumed in
this paper. Therefore, D = s + 3.

The process of error graphs crossing is illustrated in Fig. 1'. Let us describe
it in a figurative rather than in a rigorous way. Let us imagine that both ap-
proximators together with the central 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.

At the crossing point, the edge intensity values Ey for the jump of the func-
tion, and E; for the jump of its first derivative, respectively, are calculated as

Eo(zo) = gr(xo + A) — yr(x0 — 4),
Ei(x0) = Yr(zo + A) — i1 (z0 — 4), (2)

! The software and the graphs were developed in Matlab®.
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Results [1:20] for scale=4, mode=classic
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Fig. 1. Intermediate results for the two approximators up to xo = 13: Graphs of errors
(thin magenta and cyan lines) cross between points 10 and 12. The meaning of types and
colors of lines and marks partly explained in the legend: Err L: left error, Err R: right
error; Edg 0: jump of the function, Edg 1: jump of its first derivative — this type of
edge is marked at x = 11 with a blue star. The current central point zp marked with
a red circle on the axis as well as on the graph of the function. The left and right
approximators around the central point shown with thicker cyan and magenta lines.
The approximator with zero error has full marks, the other one has marks filled with
white. Angles shown in tens of degrees. Errors multiplied by 10 for better visibility.

where §/(+) can be found from the approximators due to that they are linear. In
the present application, not the filtered value but the values of the steps will be
of the primary interest.

In Fig. 2 the result is shown for data in which all the detectable changes are
present: a roof edge, a step edge and a combined step and roof edge. The data
are synthetic and clean. What is apparent is that the roof edge is detected in
a single point, like this at x = 1, while the step edge, like this at z = 20,21 is
found at two points. This is correct due to that the jump of a discrete function
appears between two points and can be assigned to both of them. It should also
be stressed that there are no separate conditions for the two edge types detected.
If one of the edge types is missing, then its intensity is zero.

2.2 Robustness

In [2] the use of the least median of squares [12] was mentioned as the possible
approximation criterion, but in that paper it was not developed. Here we propose
to use this criterion. We have used the algorithm from [6] with the correction
pointed out in the discussion on this algorithm in its web site (given in [6]), entry
of 06 Oct 2004. The issue of high time requirements of the algorithm does not
constitute an important problem here because the scale of the approximators is
not expected to be higher than 10 to 20.
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Results [1:49] for scale=4, mode=classic
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Fig. 2. Results for the classic version of the detector for synthetic data with all the
detectable changes represented: function jump at x = 20, 21, derivative jump at x = 10
and 39 and combined jumps at « = 30, 31. Angles shown in tens of degrees.

In Fig. 3 the results for data containing all the detectable changes can be
seen. Some outlying vales, or point noise-type artefacts, are added to illustrate
the functioning of the robust detector. With the robust version of the detector,
the influence of the outliers which are far from the edges, relatively to the scale,
was eliminated. However, the outlier at = 26 which is close to the step at 30
interfered with the detection of this step and prevented from finding one of its
points (at = 30). Also, the value of the function was slightly changed at « = 29.
The outlier inside the roof edge at x = 39 gave rise to a spurious step at z = 38.
The interferences would be greater if the scale were larger.

It is clear that the robust detector can not extinguish the influence of the
outliers located in the vicinity of the edges to be detected. It should also be
pointed out that it can be doubtful whether the extraneous value is an outlier
or constitutes a valid part of the signal. The data point can be considered an
outlier if it does not follow the trend, which is not an univocal statement. We
shall come back to this problem in the next Section.

3 Real-life example

As an example let us consider the graph of free memory of some web server in
100 intervals of one minute each, starting from 04 July 2016, 10:43:01 GMT. The
memory was averaged in each minute. The graph in Fig. 4 displays an uneven
load so the used memory requirement jumps are significant.

The general question which should be asked is which data should be treated
as valid and which should be dismissed as outliers or noise. The extraneous
values of such values as memory requirement are all measured precisely, but it
is probable that some of them do not follow the current trend. So, some of them
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Fig. 3. Results for the data of Fig. 2 with some outlying data added. Versions of the
detector: (a) classic; (b) robust. In (b) the influence of some outliers was eliminated
but some interfere in the detection — see text. Angles shown in tens of degrees.

may be considered as untypical, but such values are significant. The question on
the significance of single data items most probably can not be answered without
looking at other measures of the state of the observed object.

The observation of approximators reveals their disadvantageous behavior,
which could be expected solely on the basis of the design of the approximators.
It consists in that the intensity of the tendency to minimize the approximation
errors does not depend on which end of the support of the approximator is
considered: the one closer to or farther from the central point xy. However, it is
more important to minimize the error at points closer to xy. The adverse case
is shown and explained in Fig. 6. Therefore, the weighting of the minimized
errors would be a preferable feature of the algorithm. This is more important
in the robust approximators than in the classic ones, because in the robust
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Results [1:100] for scale=5, mode=classic
I
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Fig.4. Analysis of free memory of a web server averaged for 1min intervals in
100 minutes (starting at 04 July 2016, 10:43:01 GMT) in GB, at scale s = 5 (an-
gles shown in tens of degrees). Detectors: (a) classic; (b) robust. Some parts of the
signal are deformed, for example, the vertices at the jumps are protruded in the classic
as well as robust versions. The scale seems to be too large for the signal variability.

approximators some data points are postponed. It is vital that the points close
to the central point were postponed more rarely than the other ones.

4 Efficiency

It can be safely stated that the time complexity of the algorithm is linear with 1 the Proceedings

respect to the number n of data points to be processed: O(n), because the same
analyzes are repeated for every part of the data (data for two approximators),
and the size of this part does not depend on the data size. The complexity
depends on the scale s in the same way as the approximation algorithm does. It
would not be practical to set the scale to large values so the algorithm can be

this section was
erroneously
numbered as

a subsection of
Sect. 3. Further
sections are
renumbered here,
accordingly.
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2 Results [1:100] for scale=3, mode=classic
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Fig. 5. Analysis of data of Fig. 4 at scale s = 3. The important effects — step and
above all roof jumps positively detected in the majority of cases. The robust detector
seems to better stick to small jumps at * = 55 — 57 but treats some peak points as
noise at x = 84, 85. Detectors: (a) classic; (b) robust.

considered efficient. In the case of the least squares algorithm this is also linear:
O(s). With the least median of squares used at present it is O(s*log(s)), but s is
small and constant. Also, faster least median of square algorithms are available
now. At the level of the proof of concept, and for linear complexity with respect
to the data size, the time requirements are not the crucial factor.

In the case of least squares methods, the approximators could be implemented
incrementally, so the dependence on the scale would be reduced. Moreover, in
the basic implementation, one approximator performs the same operations as
the other one, at the different locations of the central point, so the repeated
calculations could be avoided.
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5 Discussion

The proposed algorithm has a number of positive and negative features. In each
of these groups of features some improvements are possible. The advantages,
drawbacks and possible improvements will be summarized separately.

Advantages

— Detection is performed together with the filtering process.

— Higher order approximators can be developed to fit the data more accurately.
Higher order derivatives can be estimated according to the order of the
approximating functions.

— The complexity of the algorithm with respect to the size of the data is linear.

Drawbacks

— A considerable part of data on the future must be known before the detection
can be made.

— Besides the scale s of the detector, which is a meaningful and useful param-
eter, there are other parameters to be tuned: gap A and neighborhood 4.

Possible improvements

— The algorithm should minimize the errors at those ends of the supports of the
approximators, which are closer to the central point, to a larger extent than
at the opposite ones. Weighting of the errors would be a desirable solution.

— The gap A and neighborhood ¢ are the parameters which could be optimized.
At present they are both assumed to be equal to 1.

— The design of the error function can be improved, especially in the case
of robust approximators. One of the possible measures of error could be
the prediction accuracy of the approximators, for example estimated by the
difference |y(-) — 4.(+)|-

— The existence of edges can be verified with statistical methods.

— Efficiency can be improved by incremental calculations and data reuse.

Fig. 6. Detail of Fig. 5 at x = 31. The left robust approximator
omits the point z = 30 located at its end close to the central
point xop = 31. This will cause the filtered value to be located
far from the point z = 30,y = 14 and the edge value to be over-
estimated. This could be avoided if the approximator minimizes e

the error at its end close to the central point rather than at the P P P
other end.

Section renumbered
see Sect. 4.
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6 Summary and prospects

The concept of the competitive filter was recapitulated and developed further
by adding the robustness feature to the existing algorithm. This feature requires
some care but can be profitable in the presence of impulsive noise. The filter
was used as a detector of changes in the value and first derivative of the signal
analyzed. The changes were detected with the set of conditions for the measures
of errors made by the approximators, while the intensity of the jumps were
found as differences of the values at the output of the approximators. Some
positive results were obtained for data representing a strongly changing signal.
The detector has a potential of being further developed and improved. It seems
reasonable to work on higher degrees of approximating functions, on weighted
error minimization and on statistical verification of changes.
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