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Abstract 
The contribution of universities, companies, and the state in Colombia to confront home-made antipersonnel (AP) landmines has generated 
solutions and useful studies for many projects developed in the last 15 years, including for demining processes in Colombia. The 
construction of AP landmines has changed in the last 15 years, due to the intermittent nature of the internal conflict in Colombia. The office 
of the High Commissioner for Peace, Decontamina Colombia, shows that non-state armed groups have the strategy to cut the detonator of 
the home-made AP landmine to reduce its amount of metal. This document shows the aspects of the conflict that have affected humanitarian 
demining, which help the design and construction of technological devices. This article does not attempt to describe each technology used 
in humanitarian demining processes, but rather to show the characteristics considered in the design of two detection devices aimed at 
detecting home-made AP landmines. 
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Minas antipersona en el conflicto interno Colombiano: 
implicaciones para el desarrollo de tecnología 

 
Resumen 
El esfuerzo de universidades, empresas y el estado en Colombia para enfrentar las minas antipersona caseras ha generado soluciones y 
estudios útiles para muchos proyectos desarrollados en los últimos 15 años, incluso para procesos de desminado en Colombia. La 
construcción de minas terrestres antipersona ha cambiado en los últimos 15 años, debido a la intermitencia del conflicto interno en 
Colombia. Por ejemplo, como lo menciona la Dirección de Acción contra las Minas en su página web, los grupos armados no estatales 
recortan el detonador que contiene el explosivo primario para disminuir el metal en la mina. Este documento muestra los aspectos del 
conflicto que han afectado al desminado humanitario en Colombia, los cuales ayudan al diseño y construcción de dispositivos tecnológicos. 
Este artículo no pretende describir el funcionamiento de cada una de las tecnologías típicas utilizadas en procesos de desminado 
humanitario, sino mostrar las características que debe incluir el diseño de dos dispositivos de detección orientados a la detección de minas 
antipersona caseras. 
 
Palabras clave: desminado humanitario; conflicto interno; detector de metales; minas terrestres; radar de penetración terrestre. 

 
 
 

1.  Introduction 
 
Colombians still have in their minds the social and 

cultural changes generated by the country’s internal conflict 
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because we have experienced them at different times. State 
programs [1], publications [2-4], and the media [5-8] show 
the atrocities of this internal conflict in various rural regions 
of Colombia [1,2,9-11] as well as how home-made landmines 
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have affected more than three generations of Colombians. 
However, defining the exact date from which non-state 
armed groups started using these threatening devices is a 
difficult task because there are no reliable sources of 
information. Understanding the beginning of this conflict 
could help us to analyze the causes that led these non-state 
armed groups to use home-made landmines and to avoid 
similar problems in a post-conflict scenario in which many 
rural regions would be able to live together in peace. 

All actors in the Colombian conflict have used different 
types of landmines, but non-state armed groups constructed 
home-made AP landmines, such as improvised explosive 
devices (IEDs). These devices have greatly impacted the 
environment of rural communities because directly affect 
natural resources; therefore, this effect is the point of 
reference for developing state policies for humanitarian 
demining activities [1]. 

In Colombia, many rural communities, such as the 
Catatumbo region in the Department of Norte de Santander, 
even after the signing of the peace agreement, face social 
problems due to the presence of non-state armed groups and 
illicit crops and require technological developments that 
support all state programs. For this reason, the Colombian 
State requires mechanisms and tools to understand and 
confront all the situations that generate disturbances to these 
rural populations who wish for peace [12]. However, non-
state armed groups have created different strategies to 
construct these IEDs with non-traditional components such 
as non-metallic containers and syringes as fuse components, 
which are difficult to detect using commercial devices. 

Currently, many of the productive sectors in Colombia 
want to end the internal conflict so that rural communities can 
have more significant opportunities [13]. Therefore, 
following the complaint of several sectors in Colombia to end 
the internal conflict, the Colombian State and non-state 
armed groups signed a peace agreement in 2006. Despite this 
agreement, Colombia still has the presence of threatening 
IEDs because non-signing members of non-state armed 
groups have created criminal gangs (Bacrim in Spanish) that 
are using home-made landmines to protect illicit crops in 
regions such as the Catatumbo [14]. For these reasons, the 
clashes between these criminal gangs are due to their interest 
in dominating territories with illicit crops, which affects the 
later stage of post-conflict, including: respect for human 
rights, mobility between rural areas, creation of conditions 
that promote competitiveness between regions, creation of 
competitive agriculture, and expansion of access to education 
in rural areas. 

In addition to the effects of non-traditional IEDs 
components, an additional aspect is the influence of the 
environmental conditions of the affected region and the type 
of home-made landmine. These two factors are complex 
issues that affect the clearance process. However, the 
continuing changes in the internal conflict also affect the 
clearance of the regions affected by these devices. 

We found three characteristics that shape the problem 
caused by home-made AP landmines: 1) the impact 
generated by the use of these improvised explosive devices; 

2) the investigations aimed at their detection; and 3) the 
historical context of the activities carried out by the 
Colombian state for their detection and eradication from the 
affected territories. These characteristics show that the 
number of events by AP landmines and UXO (Unexploded 
Ordnance) decreased in two years within the conflict (2009 
and 2018), which coincide with the change of government in 
Colombia. However, due to the changing behavior of the 
internal conflict, the effect after these local minimums should 
be an increasing number of events. For the second minimum 
value of events, the subsequent increase is affected by the 
presence of illicit crops due to the presence of criminal gangs 
and other actors. 

The clearance of home-made AP landmines requires two 
complementary aspects that reduce accidents with this type 
of device: detection and education programs. However, in 
Colombia, the victims generated by these threatening 
artifacts is a current issue that involves both the Colombian 
government and international organizations, such as the 
United Nations (UNMAS) and the International Committee 
of the Red Cross (ICRC). This paper focuses on the detection 
process in demining activities and shows the effects of two 
typical detection systems (Metal Detector and Ground 
Penetrating Radar). We associated the detection and effects 
of home-made AP landmines with the historical context, 
scientific papers, and their impacts in order to show the 
present problem; for this reason, we built our metal detector 
prototype for objects with low metal content by comparing 
the results of other scientific papers showing signals very 
similar to those of our prototype, including scanning 
procedures followed in demining activities. 

This paper contains six sections showing home-made AP 
landmines' implications for any detection device. Section 2 
shows the characteristics of the Colombian internal conflict. 
Section 3 shows scientific papers following a chronological 
order within the last 15 years. Section 4 shows the methods 
and tools used to visualize the effects (section 5) of home-
made AP landmines on detection devices, and section 6 
shows our conclusions. 

 
2.  Main characteristics of Colombian conflict 

 
2.1.  Internal conflict effect 

 
The Colombian conflict is one of the 1,743 internal 

conflicts in the world. The conflict between the 
government of Russia (former the Soviet Union) and the 
Ukrainian Insurgent Army (UPA) is the oldest (1941-
1959), while the conflict between the government of 
Jordan and the Islamic State is the most recent [15]. 

Internal conflicts in four regions of the world (Europe, 
Middle East, Asia and Africa) are related to government-
territory and conflicts in the Americas are related to 
government. Some of the conflicts in the Americas (South 
and Central America) have lasted several years, even with 
intermittent periods with changes in the use of 
antipersonnel mines. The Colombian conflict has an 
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outstanding feature: non-state armed groups have used 
strategies and tools to neutralize government decisions 
oriented to end the conflict, especially those related to 
antipersonnel landmine activities. 

In Colombia, the effects of home-made mines are due 
to the way non-state armed groups use these IEDs to 
counter the offensive of the Colombian Army and to 
protect territories with illicit crops, which strengthens 
their political and economic strategies in rural 
communities. 

Demining in Colombia involves two periods that 
allowed the Colombian State to use technologies and 
generate norms to mitigate the effects of home-made 
mines. In the first period from 2000-2012, the Colombian 
State sought the technology to detect home-made mines 
that best suited the different regions and mine action [16], 
which generated a reliable information system [17]. In the 
second period beginning in 2013, Colombia created 
national mine action standards so that non-governmental 
organizations can work as humanitarian demining 
organizations [1]. 

The changing behavior of the internal conflict prevents 
the characterization of home-made mines buried in rural 
regions, as well as the selection of the most suitable metal 
detector. Metal detectors used in the first period are 
different from those used today, due to the non-metallic 
components of home-made mines. This change of 
components affected the performance of metal detectors, 
but this is not the only reason. First, homemade mines 
generated economic and social impacts in affected rural 
regions because non-state armed groups restricted the 
mobility of their inhabitants and created family 
displacements [18]. Second, in addition to protecting 
illicit crops [14], home-made mines have been used by 
non-state armed groups to generate a strategy to 
consolidate their illegal operations, to increase their 
economic power and to change the political intention of 
the communities [18]. 

 
2.2.  Home-made landmines in the internal conflict 

 
The classification of anti-personnel landmines depends 

on the type of activation and the way they are buried, among 
other aspects. The International Campaign to Ban Landmines 
(ICBL 2014) classifies mines based on the type of activation: 
victim-activated or remotely activated. The second type 
includes a two-way radio that increases the amount of metal 
and can be easily detected by a conventional metal detector, 
while the first type can have low metal content and is the 
concern of this paper. 

We classified home-made AP landmines according to 
container material, metal content, and type of activation. 
There are home-made AP landmines with low metal content 
and others that do not have metal; however, the containers 
can be plastic or glass and are shallow. The use of mines 
without metal parts increased false alarms in commercial 
detectors in the last decade. For this reason, a detector system 
must consider the landmine context and its physical 

characteristics. 
 

3.  Impacts, historical context and research 
 

3.1.  Impacts 
 
The impacts of landmines on rural communities are 

many, but the most important is associated with social, 
economic, and environmental aspects. Impacts reflect 
changes in the way of life of their inhabitants, in their 
customs, in their fears, and modifications in the environment 
of the affected area (soil, flora, and fauna). However, the 
impact is mainly social because the affected community 
isolates itself from other nearby communities and generates 
an effect on the fears of the child population due to the 
presence of these devices, that is, there is a psychological 
affectation since the mines threaten their daily activities. 
Additionally, the economic impact is evidenced by the 
reduction of a community's capacity to carry out commercial 
exchanges with other rural populations and, consequently, a 
reduction in employment opportunities. 

Certain characteristics of the soil surrounding the home-
made AP landmine affect the performance of commercial 
detectors, such as the property for draining water. For 
example, Takahashi showed the effects of soil heterogeneity 
on the performance of soil penetration radars and metal 
detectors by recreating real conditions [19,20]. Therefore, 
just as soil affects the performance of detector systems, 
characteristics such as soil compaction can also be affected 
by buried landmines, as well as soil erosion.  The impact 
generated by the neutralization of home-made AP landmines 
is one of the bases for building protocols for humanitarian 
demining in Colombia, especially the disposal of the different 
wastes generated during demining activities. Therefore, 
reproducing the physical properties of the soil surrounding a 
home-made AP landmine under laboratory conditions is quite 
a difficult task because the environmental conditions in the 
field and the texture of the soil affect its absorption and 
drainage of water. 
 

 
Figure 1. Front view of the sand box with humus soil, holes to collect soil 
samples, and soil moisture after to stir all soil content. A month before 
bringing the soil to the laboratory, it had a moisture level between 50% to 
60%. This humus soil was brought from a village calles Zipaquirá, two hours 
from Bogotá. 
Source: The Authors. 
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The environmental impact of landmines is associated 
with soil properties, such as its ability to drain water and 
heterogeneity because of change chemical and physical 
properties of soil. For this reason, laboratory tests included 
the effect of soil moisture and heterogeneity, while real-
world tests generate information in each detector system that 
is very relevant to the physical characteristics of the home-
made AP landmine and its location. Fig. 1 shows changes in 
soil moisture under laboratory conditions. This soil is from 
the región of Zipaquirá located near to Bogotá, with humus 
soil texture and water content between 50% and 60%. 

Soil texture is one of the most important properties for 
demining activities. Every region anywhere in the world has 
soils with specific physical characteristics [21]. Basic soil 
particles such as sand, silt, and clay affect its storage and 
water passage, which alters the performance of instruments 
designed for home-made AP landmine detection, as it allows 
the precipitation of some minerals that can change their 
magnetic properties, affecting soil penetration radars and 
metal detectors. 

Rainfall alters the magnetic properties of the soil in the 
affected regions [22] since its texture affects the 
accumulation of minerals. According to the United States 
Department of Agriculture (USDA), there are 12 basic soil 
textures divided into five subgroups (fine, moderately fine, 
coarse, moderately coarse, and medium). 

In Colombia, 50% of antipersonnel landmine victims are 
within five departments (Antioquia, Meta, Caquetá, Norte de 
Santander and Nariño) [1], but two departments are being 
affected by other types of illegal armed groups (Norte de 
Santander and Meta) and three types of textures: clay, clay 
loam, and loam. 

 
3.2.  Historical Context 

 
Education activities are risk reduction strategies designed 

to understand the risk of these threatening devices and reduce 
harm to the population. These educational programs illustrate 
and show the consequences to communities affected by 
landmines, and their effect is the reduction of accidents. 

Another aspect of the historical situation of AP landmines 
is related to the use of technological tools for humanitarian 
demining, although if a country affected by these devices 
develops these tools, two aspects will develop its capacity to 
deal with this problem. First, there is no other way to 
understand and diminish the problem. Second, these 
technological tools built as prototypes can be considered and 
adapted to the problem, such as the difficulty in 
discriminating audio signals or the difficulty in recognizing 
visual signals because small metallic pieces buried in the soil 
are comparable to metallic components located in a home-
made AP landmine. 

History has shown that state support for research and 
development activities is important to design and build 
technological devices for demining. In 2000, Europe 
supported companies that were engaged in the construction 
of AP landmine detection systems through the creation of 
networks of excellence made up of companies and 

universities, which boosted company innovation, knowledge 
development, and increased the safety and efficiency of 
technology-based mine action programs. The results of many 
of these projects have one thing in common, the necessary 
inclusion of others in both the construction and actual testing 
of demining technologies. In 2002, Colombia determined the 
metal detector that best suited three rural regions (Niquia-
Antioquia department, Larandia-Caquetá department, and 
the Military Base at Apiay-Meta department) based on tests 
on the metal detectors of three manufacturers that also 
participated in the networks of excellence formed in Europe. 
This study showed the existence of false alarms due to the 
type of soil, the type of object, and the environment 
surrounding the object under test; besides, in order to 
determine the metal detector that best fits Colombia's soils, 
as in other studies conducted in other countries affected by 
anti-personnel mines [23], we must take into account the 
application, as well as the type of soil in the affected region. 

The cost required for the clearance of affected regions in 
Colombia has played a fundamental role in the search for 
strategies by the Colombian state. In Colombia, all groups or 
organizations engaged in demining activities obtain support 
funds from different sponsors because obtaining funds from 
international organizations is difficult because the internal 
conflict has not ended. Colombia is currently within an 
extension of time given by the United Nations to demine all 
of its affected regions [24], although in this extension period 
Colombia has evolved in the management of its mine action 
activities. Therefore, seeking funds and requesting 
extensions of time to carry out demining activities is part of 
the economic impacts generated by the demining activities 
needed to detect and deactivate home-made AP landmines. 

Colombian Army deminers have mainly used metal 
detectors, although in some regions they have already started 
using dual detectors (Ground-penetrating radar + Metal 
detector) due to the presence of home-made landmines 
without metal components [25]. These home-made landmine 
components make it difficult to discriminate between buried 
objects using the audio signals or images generated by the 
detector system, as the deminer always has in mind that he 
will experience false alarms caused by the presence of the 
glass container. Radar-based detector systems have a high 
cost and are only used by deminers in regions affected by 
chemically activated mines [25]. For this reason, when a 
deminer uses a dual detector, he always operates it separately 
to observe the information generated by each detection 
system. 

Both private and state-owned companies and universities 
(in Colombia and Europe) interested in generating 
knowledge for humanitarian demining, and with the support 
of Colciencias, have developed research projects to create 
tools for humanitarian demining [26]. Universities in 
Colombia such as Los Andes, Antioquia, Javeriana, and 
Nacional have carried out research projects to detect 
improvised explosive devices based on metal detectors and 
simulators [27], monostatic and polarimetric ground 
penetration radar [30], artificial vision systems [28], and 
nuclear quadrupole resonance [29]. 
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3.3.  Research and tools 
 
The research and scientific documents generated by 

research groups focused on technologies for demining [31] 
and showing research gaps [11] are related to the detection 
and identification of anti-personnel mines based on exciting 
technological products, such as technological tools and signal 
processing techniques. However, they are for AP landmines 
other than home-made AP landmines. 

Investigations involving home-made AP landmines must 
take into account three aspects: mines superficially buried in 
the ground, mines with only one detonator as the most 
unfavorable case for a metal detector, and mines with glass 
or plastic containers. However, we found other landmines 
such as deep-buried mines and located on the ground surface. 
The difference is the activation mechanism because the 
activation pressure can be reached by the weight of a vehicle 
or by traction cables located at distances greater than 15 cm. 

With the experience of the demining teams in Colombia, 
this investigation was able to determine that the detection of 
mines with a size, shape, and structure different from those 
known as AP landmines requires other types of sensors and 
technology, probably technology that responds very well to 
both the size and the metallic content of some of its 
components. Fig. 2 shows a home-made AP landmine that 
members of the Colombian Army's demining team have 
encountered throughout their years of operation. Considering 
all types of mines can significantly change the design of the 
metal detector prototype of this project. 

The detection of home-made AP landmines in Colombia 
must consider the physical properties of their components, 
the configuration used to locate them, both depth and relative 
position in groups of three, and algorithms for their detection 
and discrimination. These characteristics require adjusting 
the technology to obtain information from the buried object, 
such as the design of electronic systems that respond to its 
metallic component in the mine and algorithms to improve 
the detection and identification processes. 

 

 
Figure 2. Mines in the mine museum at the Tolemaida Military Base. 
Source: The Authors. 

In the scientific literature, two authors show the two 
options mentioned, Tantum [32] and Kim [33]. Tantum 
showed signal processing in the time domain, which is the 
original domain of the metal detector used in its 
investigation, including the time interval with decaying 
signal values that provide better identification of the object 
near the search head. In Kim's paper, reducing the time 
interval with saturation in a metal detector by pulse induction 
increases the depth of detection by adding another circuit to 
the metal detector circuit to improve the penetration depth of 
the secondary magnetic field. These two aspects show that a 
metal detector without saturation in its response signal 
significantly increases the identification of the buried object 
and, besides, the cylindrical shape of the metallic object used 
by Tantum is similar to the shape of the detonator identified 
as the minimum metal in a home-made AP landmine. 

 
3.3.1.  Sensor-based tools for metal detectors 

 
Signal processing techniques consider two basic 

operating principles in metal detectors: continuous wave and 
pulse induction [34]. We will focus on pulse induction metal 
detectors since 2000, because our prototype is a pulse 
induction detector. This type of detectors has raw signals 
with exponential decay, which is different at each metal 
detector because it depends on hardware designed by each 
manufacturer (see Fig. 3). 

Tantum and Collins [32] acquired signals with the PSS-
12 metal detector manufactured by Schiebel Corporation, 
which is a pulse induction metal detector with two concentric 
coils. One of these (external) is the transmitting coil, and the 
another one works as receiver. They conducted tests at the 
Joint Coordination Office of Unexploded Ordnance in Fort 
 

 
Figure 3. Signal shapes of some metal detectors developed in the last 15 
years. 
Source: The Authors. 
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Belvoir - Virginia, United States. The detector response was 
represented as a weighted sum of signals with exponential 
decay since the characteristics of the exponential decay 
depend on the composition and geometry of the buried 
metallic object. Besides, these exponential signals showed a 
decrease in magnitude related to the type of metal 
approaching the detector coil. Signal processing techniques 
considered the estimation of the exponential decay time 
interval to determine object identification using Bayesian 
principles. For this reason, this is a function-oriented 
algorithm. 

Tian et al. [35] acquired signals by using a pulse induction 
metal detector. These signals allowed classifying and 
quantifying defects on the surface of metallic objects 
approaching the coils; besides, each signal shape has a time 
interval with a pulse. Authors used the peak value of this 
pulse and its location in the time axis for classifying the 
defects. The designed algorithm is oriented to type of object 
since the authors used a combination of Wavelet transform 
and principal component analysis (PCA) for extracting 
features and quantifying the depth of defects on the object 
surface. 

Finally, Kim et al. [33] added a circuit known as Bucking 
Circuit to decrease the time interval with saturation and thus 
increase the depth of detection. They did not design 
algorithms for the signals acquired with the detector since the 
addition of the bucking circuit directly increases the 
penetration depth of the secondary magnetic field. Reducing 
the saturation time transforms the detector into a function-
oriented system. 

 
3.3.2.  Ground Penetrating Radars 

 
There are scientific papers showing that ground 

penetrating radar is a tool used in various applications [30,36-
38,40], as well as a promising technology in the detection of 
landmines AP when we include detection algorithms [41-44]. 
Regardless of the application, Ground Penetrating Radars are 
designed under two operating principles [45,46], impulse or 
continuous wave. For this reason, there are different signal 
processing techniques, some of these are related to 
fundamentals [46-48]; besides, there are scientific papers 
dedicated to detection and discrimination of buried objects 
according to the domain, time, frequency, or time-frequency. 
We used a GPR based on Vector Network Analyzer in the 
frequency-domain called Stepped Frequency Continuous 
Wave (SFCW radar), which has some advantages over 
impulse radar such as accuracy, dynamic range, low noise, 
and frequency steps that can be randomly selected [45,49]. 

Some of the GPR designs reduce the acquisition time of 
their signals, while the algorithms are part of a set of tools 
that can be useful to different applications that seek the 
detection and identification of AP mines. The vast majority 
of these algorithms are applied to signal in time-domain 
leaving very few algorithms for signals in the frequency 
domain since in frequency-domain is impossible to visualize 
buried objects. 

 

4.  Methods and materials 
 
We designed two wooden structures, one for laboratory 

conditions and one for field tests, and several surrogate 
home-made landmines with electrical and chemical 
activation, in order to investigate the effect of the 
environmental conditions surrounding a home-made AP 
landmine, to determine the effect of the components of a 
home-made landmine on the performance of two detector 
systems, and to consider the effect of the measuring 
instrument. 

Laboratory tests used soil samples in containers with a 
capacity of less than 1m3 and under temperature-controlled 
conditions. We conducted field tests on the test tracks of the 
Tolemaida Military Base with the support of the Colombian 
Army Demining Battalion. Because Tolemaida Military Base 
has four types of soils to test the performance of our detection 
systems (clay, loam, humus, and sand), the Field tests 
considered two of these textures (clay and humus). These 
textures correspond to the soils of the regions of Colombia 
currently affected by antipersonnel landmines, e.g., the 
Catatumbo Region; therefore, some manufacturers of 
commercial mine detectors have used soil samples to adjust 
their devices to the soil conditions in Colombia. The 
laboratory tests allowed us to adjust the design of the metal 
detector to the most unfavorable condition of a home-made 
AP landmine with electrical activation, as well as to adjust 
the operating parameters of the Ground Penetrating Radar, 
such as operating bandwidth and center frequency. Field tests 
allowed us to observe the performance of detector systems in 
the real environmental conditions affecting a landmine. 

We used objects under test conditions with components 
that had similar characteristics to those found in affected 
regions. We built surrogate home-made landmines to 
simulate their effect on measuring instruments based on the 
experience of the Army Demining Battalion. Surrogate 
landmines have five characteristics of real home-made 
landmines: the size of the home-made mine; the electrical 
circuit used to activate the primary explosive; the fuse; the 
secondary explosive; and the material of its container. These 
characteristics created the same effect on detection systems, 
except for the secondary explosive, we used ammonium 
nitrate without motor oil to have a texture like ANFO 
(Ammonium Nitrate + Fuel Oil). 

The home-made landmine with electrical activation has a 
detonator with its electrical power source located away from 
the mine, which is the most unfavorable condition for a metal 
detector. These components are connected by electrical wires 
that do not affect the response of the metal detector. Fig. 4 
shows the characteristics of temperature, wood structures, 
soil texture, soil volume, and home-made landmines in 
laboratory and field tests. 

In addition to the characteristics shown in Fig. 4, the 
domain of each signal produced by each of the sensor 
systems generates a system with two different signals, 
according to their domain (time or frequency domain). 
Although scientists usually take the signals to a common 
domain for further analysis, having different domains can be 
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a. Characteristics of laboratory conditions. 

 
b. Characteristics of field tests. 

Figure 4 Characteristics of temperature, wood structures, soil texture, soil 
volume, and home-made landmines in laboratory and field tests. 
Source: The Authors. 
 
 
an advantage for a feature extraction procedure based on 
algorithms designed for each domain and each sensor. 

 
5.  Implications for technology developments. 

 
Some authors have shown that a single sensor as a simple 

tool to detect AP mines generates false alarms with objects 
that have minimal metal [50]. Identifying the amount of 
metal in an object buried in the soil is a difficult task because 
metal information confuses with soil information and other 
objects. For this reason, discriminating metal in a home-made 
AP landmine from metal in other buried objects involves 
adjusting the detector model to the amount of metal in the 
detonator, using the information collected to extract 
characteristics related to all the components of a home-made 
AP landmine, including soil, and constructing a strategy that 
combines these characteristics with the information collected 
with another detection system. 

Landmine detection systems collect information from all 
components of the home-made AP landmine and other 

 
Figure 5. Image 1 shows images of three soils (Clay, Humus, and Silty clay) 
of the Tolemaida test lanes built with signals collected with a stepped-
frequency GPR. These images show slight differences between 4 and 7 GHz. 
Source: The Authors. 
 
 
objects near the home-made AP landmine, including 
information from the surrounding environment; therefore, 
the soil is a component that affects any detection system and 
that, in a home-made AP landmine in Colombia, is not in 
direct contact with the detonator. For a metal detector, the 
soil generates an additive deviation on the collected signal 
when there are no other buried metal objects; therefore, the 
soil generates an effect similar to the effect of a DC 
component on the signal of a metal detector. For a GPR, the 
soil is the medium that affects the electromagnetic waves 
emitted by the antenna, without which, the collected signals 
would only have the effect of the existing connections 
between the antenna and the signal generator. 

Fig. 5 shows images (logarithmic magnitude) of three soils 
(Clay, Humus, and Silty Clay) in the signals collected by a step 
frequency GPR, constructed as a surface with consecutive 
signals acquired at each of the spatial positions on three 
different tracks in Tolemaida. These images show small 
differences between 4 and 7 GHz, although there may be 
variability between consecutive signals. 

These types of results show the bandwidth that algorithms 
designed to extract characteristics related to the mine and the 
soil must use. For a GPR, mine discrimination is the main 
problem in humanitarian demining activities, as the collected 
signals contain information of any object with sufficient 
dielectric contrast [46]. However, the variability between 
consecutively acquired signals (A-Scan) can be a useful tool to 
detect objects close to the surface and. Besides, if we use 
relatively high frequencies [51], the GPR will be more 
sensitive to the heterogeneity of the environment surrounding 
the home-made AP landmine. Therefore, soil heterogeneity 
can be attenuated by using relatively high-frequency signals 
and analyzing the variability between consecutive A-Scan 
signals. 

Fig. 6 shows signals for three objects with different 
material (carbon steel sphere, aluminum can, N8 detonator), 
including a detonator inside a home-made landmine (lower 
set of signals); saturation as a value that could help 
differentiate the size of the detonator from other objects 
(aluminum can); and differences between consecutive 
positions of the metallic object within a time interval. 
Therefore, we cannot determine the size of the buried 
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Figure 6. Metal Detector Prototype. Objects: Sphere, Aluminum Can, and 
Home-made landmine with detonator (Up to down). Las señales están dentro 
de medio período (periodo: 1 kHz, and 71sg/sample) 
Source: The Authors. 

 
 

metallic object and discriminate against the home-made 
antipersonnel landmine from a sphere object, because the 
variations are very similar for these two cases. 

The discrimination of a home-made AP landmine cannot 
depend on the characteristics extracted from the signals 
acquired with each of the detection systems. There is a 
detection, but discrimination can be achieved based on the 
combination of the results of various detection algorithms. 

The peace agreement signed in 2016 is a point of 
reference for future humanitarian demining processes in 
Colombia since it generates changes in the way in which 
home-made antipersonnel landmines are buried and, in their 
components, because of the Colombian conflict is now a 
conflict over territory. For this reason, the analysis and 
observation of accidents caused by home-made AP 
landmines, after the signing of the agreement, are tools for 
the Colombian state to determine whether the components of 
home-made AP landmines changed and, above all, to use 
these changes to adjust existing technology or support new 
technological developments. The areas affected by landmines 
are smaller because these objects are in strategic points close 
to illicit crops, but the problem is unknown because we don´t 
know the type of improvised explosive device. 

Due to changes in the internal conflict, the Colombian state 
must request a second extension to clear possible territories 
still affected by home-made AP landmines. The percentage of 
municipalities declared mine-free by 2019 is about 45% [1], 
but territories that remain affected, such as the Catatumbo 
region in the department of Norte de Santander, have problems 
that require more detailed analysis, although with IEDs that 
may have components different from those commonly used. 
Colombia does not have companies dedicated to the 
development of technologies for humanitarian demining to 
empower through research strategies, which creates additional 
difficulties when implementing useful technological 
innovations in field activities. However, there are two very 
different situations, reinforcing current technology and 
proposing a technological innovation. 

According to the characteristics of our conflict, home-
made AP landmines protect areas with illicit crops; for this 
reason, there has been great interest in using autonomous 
devices such as UAVs with sensors. These autonomous 
devices must operate with the existing vegetation around the 
illicit crops and generates two stages in the design of new 
technologies. First, adjust the model of the detector system and 
its sensors to the characteristics of the components of a home-
made AP landmine. Second, adjust the design and algorithms 
to the environmental conditions of an area affected by home-
made AP landmines. 

 
6. Conclusions 

 
The relevance of a method or technique in humanitarian 

demining may change due to the emergence of new 
conditions, e.g., in Colombia home-made AP landmines have 
different components than AP mine components used in 
other countries. Container material and the detonator are 
some of the components that produce false alarms in 
commercial detectors. For this reason, we propose to use 
geostatistical techniques in acquired signals with commonly 
used sensors, such as metal detectors and ground penetrating 
radars, to detect changes in soil characteristics around the 
mine; moreover, we also propose to analyze the shape of the 
pulse signal generated by the metal detector prototype related 
to the information contained in the secondary magnetic field, 
according to the induction process [34]. 

Prada [11] shows four technologies for mine casing 
detection based on electromagnetic methods, including metal 
detection. However, as home-made AP landmines have no 
metal container and minimal metal content, any metal 
detector we wish to use for home-made AP landmines must 
be adjusted to small metal objects including the size of the 
object. For this reason, the detection of the container of a 
home-made AP landmine must be supported by technologies 
that allow detecting changes of the medium such as GPR; in 
other words, the material of each component allows us to use 
a different technology to perform the detection and identification 
of home-made AP landmines. 

Our metal detector system will be designed using one of the 
variables of the induction process, in which the variable of 
interest is the information contained in the secondary magnetic 



79271 et al / Revista DYNA, 87(212), pp. 144-154, January - March, 2020. 

152 

field, while the energy used to create the primary magnetic field 
remains constant during the time interval in which the induction 
process occurs. Therefore, we focused on extracting the most 
information from the secondary magnetic field without 
increasing the energy required to create the primary magnetic 
field. 

Including a set of technologies developed through 
independent research projects is an option that must be 
considered in the future, especially, if we want to destroy this 
type of threatening artifacts from our regions and move 
knowledge forward. In the first place, the researchers of each 
project must adjust their technologies to the characteristics of the 
home-made AP landmines considering their components and 
other elements that affect them. For a second instance, the main 
objective is not to readjust each technology again but to adjust 
its parameters to extract as much information about the object 
and relationships between it and other elements that affect a 
sensor such as the soil. Each independent project will adjust all 
its parameters to obtain different performance conditions, with 
this the combination will guarantee that the information 
provided by each technology is directly related to home-made 
AP landmines used in the Colombian context. However, 
confidentiality conflicts can arise as in many cases these projects 
can be financed with different sponsors. 

This paper showed that home-made AP landmines create a 
new problem to researchers interested in designing metal 
detector technologies since we explained that our current 
problem depends on physical characteristics of a mine, the 
findings of other researchers, and the historical context. The 
latter takes into account the activities carried out by the 
Colombian state to mitigate the problem and the fact that the use 
of these devices has been reported mainly through the media, as 
there is no truthful information about the moment in which its 
use began. These factors generate false alarms in commercial 
detectors. Therefore, researchers must take into account 
variables other than the depth of penetration of the magnetic 
field and the location of the metallic object, such as the duration 
and level of saturation, the detection of the secondary magnetic 
field, and coils configuration. 
 
References 
 

[1] Departamento Administrativo de la Presidencia de la República and 
Despacho del Alto Consejero Presidencial para el Pos-conflicto. 
Dirección para la Acción Integral contra Minas Antipersonal. [Online]. 
[Accessed: 12-Jun-2018]. Available at: 
http://www.accioncontraminas. 
gov.co/Paginas/aicma.aspx.  

[2] Percipiano, Y.L. y Altamar, I.M., La erradicación de las minas 
antipersonal sembradas en Colombia: implicaciones y costos. Archivos 
de Economía, República de Colombia, Departamento Nacional de 
Planeación, Dirección de Estudios Económicos, [online]. 2002. 
[Accessed: 12-Jun-2018]. Available at: https://colaboracion.dnp. 
gov.co/CDT/Estudios%20Econmicos/178.pdf. 

[3] Hudson, R.A., Colombia a country study. Federal Research Division, 
Library of Congress, [online]. 2010. [Accessed: 12-Jun-2018]. 
Available at: https://www.loc.gov/rr/frd/cs/pdf/CS_Colombia.pdf 

[4] Hernández, E., Minas antipersona, su relación con el conflicto armado 
y la producción de narcóticos en Colombia, OPERA, [online]. (10), pp. 
263-279, 2010. [Accessed: 12-Jun-2018]. Available at: 
https://revistas.uexternado.edu.co/index.php/opera/article/view/3109 

[5] Ibañez, A.M., Rodriguez, C., Camacho, A. and Mejia, D., The 

economic and social consequences of armed conflict in Colombia: 
evidence for designing effective policies in conflict and post-conflict 
regions. The Impact Initiative for International Development Research. 
Universidad de los Andes, Colombia, [Online]. 2012. [Accessed: 12-
Jun-2018]. Available at: 
http://www.theimpactinitiative.net/project/economic-and-social-
consequences-armed-conflict-colombia-evidence-designing-effective.  

[6] International Commitee of the Red Cross. What is the impact of the 
Colombian armed conflict on the population? - ICRC, 2010. [Online]. 
Available at: https://www.icrc.org/eng/resources/documents/report/ 
colombia-report-intro-220410.htm. [Accessed: 12-Jun-2018]. 

[7] BBC, Colombia’s Farc admits conflict ‘impact’ on civilians - BBC 
News, News - Latin America, 2014. [Online]. [Accessed: 12-Jun-
2018]. Available at: https://www.bbc.com/news/world-latin-america-
29841981.  

[8] France 24 News, The challenge of clearing Colombia of landmines. 
[Online]. [Accessed: 12-Jun-2018]. Available at: 
https://www.france24.com/en/20180119-focus-colombia-demining-
landmines-after-farc-peace-eln-anti-personnel-mines 

[9] Landmine and Cluster Munition Monitor 2013, Landmine Monitor 
2013, 2013. [Online]. [Accessed: 01-Jan-2015]. Available at: 
http://www.the-
monitor.org/index.php/publications/display?act=submit&pqs_year=2
013&pqs_type=lm&pqs_report=&pqs_section=.  

[10] Padilla-de León, F. y Martínez-P., A.L., Testigos fieles: víctimas del 
horror de las minas antipersonal. Fuerzas Militares, Comando General, 
2008.  

[11] Prada, P.A. and Chávez-Rodríguez, M., Demining dogs in Colombia - 
A review of operational challenges, Chemical Perspectives, and 
Practical Implications, Sci. Justice, 56(4), pp. 269-277, 2016. DOI: 
10.1016/j.scijus.2016.03.002. 

[12] United Nations High Commissioner., Situation of human rights in 
Colombia. Report of the United Nations High Commissioner for 
Human Rights, [Online]. 2019. [Accessed: 12-Jun-2018]. Available at: 
https://reliefweb.int/sites/reliefweb.int/files/resources/G1902543.pdf 

[13] UNESCO. Armed conflict and education - Report 2011, EFA Global 
Monitoring Report, [Online]. 2011. [Accessed: 12-Jun-2018]. 
Available at: https://unesdoc.unesco.org/ark:/48223/pf0000190743 

[14] UNODC and Government of Colombia. Survey of crops affected with 
illicit crops, [Online]. 2017. [Accessed: 12-Jun_2018]. Available at: 
https://www.unodc.org/documents/colombia/2017/Julio/Coca_survey
_2016.pdf 

[15] Department of Peace and Conflict Research. Peace and Conflict 
Research and Uppsala Universitet, UCDP - Uppsala Conflict Data 
Program. [Online]. [Accessed: 13-Jun-2018]. Available at: 
http://ucdp.uu.se/.  

[16] Toews, J.D. and Sirovyak, W., Metal detector trial - Colombia Defence 
Canada R&D - Suffield, 2002. 

[17] Filippino E., Colombia: mine action and armed conflict, Journal of 
Mine Action, [Online]. 8(2), article 7, 2004. Available at: 
https://commons.lib.jmu.edu/cisr-journal/vol8/iss2/7 

[18] Salas-Salazar, G., El conflicto armado y su incidencia en la 
configuración territorial: reflexiones desde la ciencia geográfica para 
la consolidación de un periodo de pos-negociación del conflicto 
armado en Colombia., Bitácora Urbano Territ., 26(2), pp. 45, 2016. 
DOI: 10.15446/bitacora.v26n2.57605 

[19] Takahashi, K., Igel, J. and Preetz, H., Influence of soil inhomogeneity 
on GPR for landmine detection, in Ground Penetrating Radar (GPR), 
2010 13th International Conference, 2010, pp. 2-7. DOI: 
10.1109/icgpr.2010.5550150 

[20] Takahashi, K., Preetz, H. and Igel, J., Soil properties and performance 
of landmine detection by metal detector and ground-penetrating radar 
- Soil characterisation and its verification by a field test, J. Appl. 
Geophys., 73(4), pp. 368-377, 2011. DOI: 
10.1016/j.jappgeo.2011.02.008 

[21] United Nations, Physical properties | FAO | Food and Agriculture 
Organization of the United Nations. [Online]. Available at: 
http://www.fao.org/soils-portal/soil-survey/soil-properties/physical-
properties/en/. [Accessed: 01-Mar-2016]. 

[22] Maier, G., Scholger, R. and Schon, J., The influence of soil moisture 
on magnetic susceptibility measurements, J. Appl. Geophys., 59(2), 
pp. 162-175, 2006. DOI: 10.1016/j.jappgeo.2005.10.001 



79271 et al / Revista DYNA, 87(212), pp. 144-154, January - March, 2020. 

153 

[23] Guelle, D.M., Lewis, A.M. and Ripka, P., Metal detector trials - 
Detector test results and their interpretation, 2006. 

[24] C. Mines Action Canada, Human International, and Human Rigths 
Watch, Landmine monitor 2010. Mines Action Canada, Canada, 2010. 

[25] Aguado-Álvarez, J.L., Observaciones a los trabajos de formación de 
los desminadores humanitarios (Ejército - Colombia), Memorial del 
arma de ingenieros, Madrid, España, Dec-2017, 166 P. 

[26] Universidad Nacional de Colombia, 3er Encuentro Tecnología e 
Innovación que descontamina: extensión UN Bogotá. [Online]. 
[Accessed: 07-Apr-2019]. Available at: 
http://extension.bogota.unal.edu.co/eventos/desminado-
humanitario/3er-encuentro-tecnologia-e-innovacion-que-
descontamina/. 

[27] Buitrago, J.F.V., Moreno, Y. and Miller, R.B., Design proposal of a 
metal detector for humanitarian demining, Int. J. Eng. Technol., 9(2), 
pp. 576-588, 2017. DOI: 10.21817/ijet/2017/v9i2/170902047 

[28] Coronado-Vergara, J., Aviña-Cervantes, G., Devy, M. and Parra C., 
Towards landmine detection using artificial vision, 2005 IEEE/RSJ, 
Int. Conf. Intell. Robot. Syst. IROS, 40, 2005, pp. 1873-1878. DOI: 
10.1109/iros.2005.1545250 

[29] Cardona, L., Jiménez, J. and Vanegas, N., Nuclear quadrupole 
resonance for explosive detection, Ingeniare. Rev. Chil. Ing., 23, pp. 
458-472, 2015. DOI: 10.4067/s0718-33052015000300015 

[30] Baer, C., Schulz, C., Just, T., Gutierrez, S., Orend, K., Barowski, J., 
Martinez, D., Hattenhorst, B., Jebramcik, J., Pantoja, J., Much, T., 
Rolfes, I., Sachs, J. and Vega, F., Humanitarian microwave detection 
of improvised explosive devices in Colombia, Proc. 2018 20th Int. 
Conf. Electromagn. Adv. Appl. ICEAA 2018, December, 2018, pp. 
372-375. DOI: 10.1109/iceaa.2018.8520508 

[31] Robledo, L., Carrasco, M. and Mery, D., A survey of land mine 
detection technology, Int. J. Remote Sens., 30(9), pp. 2399-2410, 2009. 
DOI: 10.1080/01431160802549435 

[32] Tantum, S.L. and Collins, L.M., A comparison of algorithms for 
subsurface target detection and identification using time-domain 
electromagnetic induction data, IEEE Trans. Geosci. Remote Sens., 
39(6), pp. 1299-1306, 2001. DOI: 10.1109/36.927453 

[33] Kim, B., Yoon, J.W., Lee, S., Han, S.-H. and Kim, K., Pulse-induction 
metal detector with time-domain bucking circuit for landmine 
detection, Electron. Lett., 51(2), pp. 159-161, 2015. DOI: 
10.1049/el.2014.3895 

[34] Bruschini, C., A multidisciplinary analysis of frequency domain metal 
detectors for humanitarian demining, Thesis, Vrije Universiteit 
Brussel, Ixelles, Bélgica, 2002. 

[35] Tian, G.Y., Sophian, A., Taylor, D. and Rudlin, J., Wavelet-based PCA 
defect classification and quantification for pulsed eddy current NDT, 
IEE Proc.-Sci. Meas. Technol, 152(4), pp. 141-148, 2005. DOI: 
10.1049/ip-smt:20045011 

[36] Villain, G., Plooy, R., Ihamouten, A., Palma-lopes, S., Thauvin, B. and 
Dérobert, X., Use of electromagnetic non-destructive techniques for 
monitoring the chloride ingress into concrete, in: Advanced Ground 
Penetrating Radar (IWAGPR), 2013 7th International Workshop on, 
2013, 6 P. DOI: 10.1109/iwagpr.2013.6601542 

[37] Mahmoudzadeh, M.R., Got, J.B., Lambot, S. and Gregoire, C., Road 
inspection using full-wave inversion of far-field ground-penetrating 
radar data, in: 2013 7th International Workshop on Advanced Ground 
Penetrating Radar, 2013, pp. 1-6. DOI: 10.1109/iwagpr.2013.6601522 

[38] Barone, P.M., Mattei, E., Proietti, C., Pettinelli, E., Ferrara, C., Lauro, 
S. E. and Viccaro, M., Ground-Penetrating Radar technique to 
investigate historic eruptions on the Mt. Etna volcano (Sicily, Italy), 
in: 2013 7th International Workshop on Advanced Ground Penetrating 
Radar, 2013, pp. 1-6. DOI: 10.1109/iwagpr.2013.6601549 

[39] Pajewski, L., Benedetto, A., Derobert, X., Giannopoulos, A., Loizos, 
A., Manacorda, G., Marciniak, M., Plati, C., Schettini, G. and Trinks, 
I., Applications of ground penetrating radar in civil engineering - 
COST action TU1208, in: 2013 7th International Workshop on 
Advanced Ground Penetrating Radar, 2013, pp. 1-6. DOI: 
10.1109/iwagpr.2013.6601528 

[40] Sato, M., Doi, K. and Takahashi, K., Advanced GPR for archaeological 
survey, in: Geoscience and Remote Sensing Symposium (IGARSS), 
2013 IEEE International, 2013, pp. 1395-1398. DOI: 
10.1109/igarss.2013.6723044 

[41] Ratto, C.R., Morton, K.D., Collins, L.M. and Torrione, P.A., Analysis 

of linear prediction for soil characterization in GPR data for 
countermine applications, Sens. Imaging, 15(1), art. 86, 2014. DOI: 
10.1007/s11220-014-0086-8 

[42] Phelan, B.R., Gallagher, K.K., Sherbondy, D., Ranney, K.I. and 
Narayanan, R.M., Development and performance of an ultrawideband 
stepped-frequency radar for landmine and improvised explosive device 
(IED) detection, sens. Imaging, 15(1), art. 90, 2014. DOI: 
10.1007/s11220-014-0090-z 

[43] Xiujun, G., Shuqiang, W. and Xianli, W., Detecting three types of 
contaminated soil with Ground penetrating radar, in: 2012 14th 
International Conference on Ground Penetrating Radar (GPR), 2012, 
pp. 976-980. DOI: 10.1109/icgpr.2012.6255005 

[44] Nishimoto, M. and Yoshida, D., Signal processing for extraction of 
target response from distorted GPR data, in: Electromagnetic Theory 
(EMTS), Proceedings of 2013, URSI International Symposium on, 
2013, pp. 1109-1112. 

[45] Gurbuz, C., McClellan, J.H. and Scott, W.R., A compressive sensing 
data acquisition and imaging method for stepped frequency GPRs, 
IEEE Trans. Signal Process., 57(7), pp. 2640-2650, 2009. DOI: 
10.1109/tsp.2009.2016270 

[46] Van Kempen, L., Ground penetrating radar for anti- personnel 
landmine detection, Thesis, Vrije Universitiett Brussels, Ixelles, 
Bélgica, 2006. 

[47] Sato, M. and Yarovoy, A., GPR (Ground Penetrating Radar) into Real 
World 2. Fundamentals of GPR 3. New Technologies in GPR, in Proc. 
39th URSI Gen. Assem (2008), 2008, 4 P. 

[48] Jol, H.M., Ground penetrating radar: theory and applications. 2009. 
DOI: 10.1016/b978-0-444-53348-7.x0001-4 

[49] Parrini, F., Persico, R., Pieraccini, M., Spinetti, A., Macaluso, G., 
Fratini, M., Dei, D. and Manacorda, G., A reconfigurable stepped 
frequency GPR (GPR-R), in: Geoscience and Remote Sensing 
Symposium (IGARSS), 2011 IEEE International, 2011, pp. 67-70. 
DOI: 10.1109/igarss.2011.6048899 

[50] Schneider, W., Integral formulation for migration in two and three 
dimensions, GEOPHYSICS, 43(1), pp. 49-76, 1978. DOI: 
10.1190/1.1440828 

[51] Takahashi, K., Igel, J. and Preetz, H., Clutter modeling for ground-
penetrating radar measurements in heterogeneous soils, IEEE J. Sel. 
Top. Appl. Earth Obs. Remote Sens., 4(4), pp. 739-747, 2011. DOI: 
10.1109/jstars.2011.2106481 

 
 
J.A. Vega-Uribe, received the BSc. Eng in Electrical Engineering in 1998 
from the Universidad Industrial de Santander, Bucaramanga, Colombia, and 
the MSc. in Electrical Engineering in 2002 from the Universidad de los 
Andes, Bogotá, Colombia. Actually, he is PhD. candidate from Universidad 
de los Andes and Vrije Universitieit Brussel. From 2003 to 2010, he worked 
as a full professor in the Electronic Engineering Faculty, Universidad 
Pontificia Bolivariana, seccional Bucaramanga. Since 2019 he is working as 
adjoint professor in the Applied Mathematics and Computer Science 
Department, Universidad del Rosario, Bogotá, Colombia. His research 
interests include: design and construction of technologies oriented to AP 
landmine detection and data analysis using statistical techniques for feature 
extraction, as well as the implementation of methodologies for real-data 
acquisition in the field. 
ORCID: 0000-0002-6483-355X. 
 
H. Sahli, is BSc. in Mathematics and Computer Science, DEA in computer 
vision, a PhD degree in computer sciences from the Ecole Nationale Sup. De 
Physique Strasbourg - France. He was affiliated as a 'Charger de Recherche' 
at the CAD and Robotics Dept. of the Ecole des Mines de Paris. Since 1999 
he is professor at the Dept. of Electronics and Informatics (ETRO) of the 
Vrije Universiteit Brussel, and since 2000 and team-coordinator at the 
Interuniversitair Micro-Elektronica Centrum vzw (IMEC). He coordinates 
the research team in computer vision. Since 2005 he is leading a research 
group in Audio Visual Signal Processing (AVSP) comprising 2 Professors, 
3 Post Doctors and 9 PhD Students. He is co-coordinating a joint research 
laboratory (AVSP) with the Northwestern Polytechnical University Xi’an - 
China, with 2 joint PhD students. In the last 7 years he led research projects 
and coordinated 4 European projects. He is in the editorial board of the 
Journal of Subsurface Imaging. 
ORCID: 0000-0002-1774-2970. 



79271 et al / Revista DYNA, 87(212), pp. 144-154, January - March, 2020. 

154 

A. Gauthier, is BSc. in Electrical Engineer, MSc. and PhD. in Automation 
from the Institut National Polytechnique in Grenoble, France, he worked as 
a researcher at the Brown Boveri Group Research Center in Paris and Lyon. 
He participated in the development of controllers for nuclear power 
generation systems and the modeling and control of synchronous machines. 
He was coordinator of the scientific and technical cooperation programs with 
the French Government (1985-2003), national coordinator of the PCP 
program in industrial automation (1994-2003), coordinator for Latin 
America of the Alfa Air network with the European Union (1997-1999) and 
vice president, founding member and honorary member of the Colombian 
Association of Automation. The Academic Council, in its session of 23 July 
2014, appointed Alain Gauthier Sellier as Professor Emeritus of the 
Universidad de Los Andes. 
ORCID: 0000-0001-5739-781X. 
 
 
 
 


	1.  Introduction


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 1200

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages false

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 1200

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages false

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages false

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /ESP <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [4000 4000]

  /PageSize [612.000 792.000]

>> setpagedevice



