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Abstract  
This publication gives an overview of simple digital filters, their characteristics and their 
specific applications in Botball robotic environments. There are many use cases for digital 
filters and filters in general. This publication focuses on their capabilities in noise reduction, 
the removal of distortions and general in signal enhancement.  
While there are many highly improved and mathematical complex digital filters, even very 
simple mathematical operations can be used to get sophisticating results. The introduction 
and analysis of these simple mathematical operations are the subject of this publication.  
 
The first part focuses on the characteristics of digital filters in general, what their advantages 
are, how they are implemented and where they are commonly used. The second part 
introduces four basic digital filters and explains both their mathematical attributes as well as 
how they affect the data passed through them. The experimental part shows how the filters 
were experimentally tested and explains the process of data analyzation whereas in the 
analyzation part the results of the analyzation for each filter are introduced. In the last section 
the overall results are briefly discussed and suggestions for further research on this topic are 
made.  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…Graphic 1. The robot that was used in the experimental 
assembly with the sensor-mount clearly visible
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Introduction 
Digital filters are an important part of signal processing. They allow the reduction or 
enhancement of certain aspects of a signal or the removal of so called artifacts [1]. Digital 
filters work with sampled, discrete-time signals which is one of the major differences 
compared to analogue filters. By definition a digital filter is a mathematical operation which 
takes one sequence of numbers as an input and produces one modified sequence of numbers 
as an output [2].  
 
When working with non repetitive signal sources like sensors in changing environments it’s 
often the case that there are distortions within the signal. These distortions can be caused by 
multiple things like voltage peaks in the sensor, fluctuations in light or temperature or just 
bad build quality of the sensors or other components [3].  
Even the most simple filter could enhance the signal quality by reducing noise. Especially in 
Botball robotics simple filters might be considered to improve the quality of the output 
signals from sensors. 

1. Characteristics of digital filters 
Generally a digital filter performs numerical calculations on sampled data values with a 
digital processor. Firstly, the analog input signal must be sampled and digitized using an 
analog to digital converter. Secondly, the resulting binary numbers, representing successive 
sampled data values of the input signal, are transferred to the processor. Thirdly, numerical 
calculations are carried out on the data values. 

1.1. Advantages of digital filters 

Digital filters feature a variety of advantages compared to analogue filters [1]: 

• They can be implemented on the software side. Hence, no special hardware is needed. 

• There is no drift due to the digital working principle. 

• They are adaptive and therefore can adapt to the signal that’s passed through them. 

1.2. Implementation of digital filters 

In contrast to analogue filters, digital filters can be implemented on both, the software and 
the hardware side. Both types of implementations depend on an analogue-to-digital-converter 
which can be found on almost any robotic controller since this is a critical part and is 
necessary to read data from sensors [4].  
Software implementations of digital filters are normally as simple as a function which is fed 
with the data from a sensor and performs different mathematical operations to alter and 
modify the given data and return the result which can be further used in the process [2].  
Hardware implementations usually consist of an circuit with logic chips to model the 
mathematical operation of the filter [4].  



 
1.3. Common use cases for digital filters 

Digital filters can be found in consumer products like digital sound recording applications, 
mobile phones, MP3-players, digital cameras or digital receivers as well as in high tech 
applications like robots, satellites, space probes and basically any application where signals 
are processed because of there flexibility [5]. 

2. Simple digital filters and their characteristics 
While there are some highly advanced, specialized and complex filters, when focusing on 
simple filters fundamental mathematical concepts like averages can be used as a filter which 
is easily implemented in a Botball robotics environment Especially when working with low 
end computers like the ones used in educational robotics and computer science programs 
these simple approaches are important to consider.   

There are 3 types of filters introduced here. The first type makes use of averages to filter the 
values. The second type uses a mathematical definition (the median) as a base while the third 
one makes use of polynomial functions.   

2.1. Arithmetic mean filter 

The arithmetic average in Eq. (1) is the most basic filter introduced here. It’s the sum of a set 
of given values xi divided by the number of values n within the set [6]. 

 
 

 
The resulting signal yn is smoothed out to a grade equal to the number of values within the 
given set. This can drastically decrease the reliability of the signal.  

2.2. Median filter 

In difference to the arithmetic mean filter, the median filter doesn’t make use of an global 
average. Instead the given set of n numbers gets sorted, afterwards the value at the position n/
2 is determined and returned as the result of the filtering process, if the number of values is 
even the arithmetical mean of the the two middle values is used [7]. 

The median filter results in a very smoothed output signal because distortions far off the 
norm are completely ignored in the process. One major problem with the median is the 
sorting process which can slow down the calculation process of the median based on the size 
of the set.  

 

(1)



2.3. Moving average filter 

The moving average is a very commonly used filter [9]. Although there are different variants 
like the weighted moving average or the cumulative moving average only the simple moving 
average will be presented and implemented for two infrared light reflection sensors.  

 
 
 
 
In difference to the arithmetic mean, where the average of a set of n numbers is calculated, 
the moving average in Eq. (2) takes the last result yn-1, adds the new incoming value xn and 
divides them by two [8].  
This leads to an improvement of the smoothing over time and works almost without delay. 
Most distortions will be filtered out this way but on pulsed signals this filter technique is 
non-sensitive [9]. 

2.4. Savitzky-Golay filter (SG filter) 

The most advanced and CPU-intensive filter introduced in this publication is the Savitzky-
Golay filter. Originally used in spectroscopy, the filter works by using an polynomial 
function of the n-th grade [10]. The grade chosen has high influence on the actual outcome 
and can be chosen based on the requirements [11]. For example, in Eq. (3) a 5-point 
polynomial was selected.  
 

 
 
The signal passed through an Savitzky-Golay  filter will almost remain it’s basic form with 
strong reduction in noise but not as strong as with the moving average for example. The 
major difference is that impulse like signals won’t decay over time. The SG-filter has a delay 
equal to the time it needs to get a number of data points equal to the chosen grade. In the 
implementations used to analyze the data, a subset 5 data points where used as the input for 
Savitzky-Golay filter, Arithmetic mean filter and Median filter functions. 

3. Experimental analysis of filter capabilities in robotic 
environments 
3.1. Experimental assembly 

To analyze the introduced filters a large set of real sensor data had to be gathered. An 
assembly consisting of an KIPR Link robotics controller, an iRobot Create and two infrared 
light reflection sensors to measure the  reflectiveness of an rough PVC surface was used. The 
surface was chosen in order to get differentiating data so that the effects of the filters to 
fluctuating data sets could be determined.  
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For the first set of data the room was darkened and external sources of infrared light were 
removed from the assembly so that they could not interfere with the sensors. The subsequent 
tests were done under more realistic conditions with ambient light and possible infrared light 
emitters. Overall 10 different data sets on different parts of the surface and under different 
light conditions were collected to get a comprehensive overview of the filters on both, 
signals gathered in controlled environments as well as signals gathered in uncontrolled 
environments as they would be expected in robotics scenarios.  

3.2. Analyzation process 

The constructed robot drove with a speed of 5cm/s for 10s covering a distance of 50cm while 
gathering a point of data every 10ms. The collected 1000 data points of each test run were 
analyzed.  
For the analyzation the introduced filters were implemented in Python using the NumPy and 
SciPy libraries. By passing the data through the introduced filters and visualizing the results 
using MatPlotLib, observations on the effects of the filters on the data could be made. 

4. Data analysis 
4.1. Visualized Data 

The graphical visualizations represent parts of the data gathered with non-dimmed ambient 
light and on a plain part of the surface. The selected part was chosen because the input signal 
in this part has attributes  that  highlights  the capabilities of each filter in an optimal way.  

…Figure 3. Input data (green dots) and Moving 
Average filter of the input data (yellow)

…Figure 1. Input data (green dots) and 
Arithmetic Mean filter of the input data (red)

…Figure 2. Input data (green dots) and Median 
filter of the input data (blue)

…Figure 4. Input data (green dots) and 
Savitzky-Golay filter of the input data (cyan)



 
4.2. Effects on the data 

One result which covers all filters is that the range between 15 ms and 25 ms which seems to 
be undesired fluctuations is smoothed out. They all do a pretty good job in eliminating these 
noises which can be seen in Fig.5.  

Another observation that can be made is that all the filters except for the moving average add 
a delay to some extent. One reason can be that these filters need, in the implementation used, 
a subset of 5 values before being able to perform any filtering .  
It is noticeable that in practical use both, arithmetical-mean filter and median filter, have a 
similar effect on the signal passed through. Because of this the arithmetical mean should be 
preferred, as it requires less computational power and therefore is faster.  
When comparing the moving average and the Savitzky-Golay filter to the arithmetical 
average, it can be noticed that, as expected, the results aren’t as smooth.  
For Savitzky-Golay it can be said that it’s shape has more in common with the original signal 
except for the removal of noise while the moving average has a bigger impact on the shape. 
As a result of these comprehensive study the moving average was preferred and implemented 
for the Botball competition. 

Results 
The results of the analysis give a big insight in the way the introduced simple digital filters 
modify an input signal to reduce noise. It shows that the most basic digital filters can 
enhance signal quality overall and therefore make operations that depend on this data much 
more reliable. They also show that the filter applied should be carefully chosen based on the 
specific use case.  
In future the effects of the introduced filters on other signal sources can be analyzed as well 
as hybrid filters which make use of more than one filter or additional mathematical 
operations on the input signal. What also can be done is to analyze which filters fit best to the 
specific application. 

…Figure 5. Input data (green dots) and all filters in the range of 15 ms to 25 ms
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