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Abstract—On current railway systems, it is becoming ever more
necessary to install safety elements to avoid accidents. One of
the causes that can provoke serious accidents is the existence of
obstacles on the tracks, either fixed or mobile. In this paper, a
multisensory system that can inform the monitoring system about
the existence of obstacles is proposed. The system for obstacle
detection consists of two emitting and receiving barriers, which
are placed on opposing sides of the railway, respectively, and
use infrared and ultrasonic sensors, thus establishing different
optical and acoustic links between them. The interruption of one
or several links should produce an alarm. However, even without
the existence of objects, degradation of links could occur due to
atmospheric attenuation, solar radiation, etc., also producing an
activation of the alarm system. Since detection is based on the lack
of radiation in the detectors, the use of complementary sensors for
the same task is justified. Since the minimum size of an object for
which an alarm is required to be generated is 50 × 50 × 50 cm,
in some situations, several links are interrupted; however, alarms
should not be generated. Typical cases are the flight of leaves or
the movement of small animals in the scanned area. To avoid alarm
activation in such situations, this paper proposes the combined use
of diverse techniques of data fusion, based on fuzzy logic and the
Dempster–Shafer theory of evidence, to validate the existence of
objects, providing a highly reliable detection system.

Index Terms—Data fusion, infrared (IR) and ultrasonic (US)
sensors, railway safety, sensor-emission encoding, validation of
obstacle detection.
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I. INTRODUCTION

IN ALL transport systems, particularly in the case of rail-
ways, safety and reliability are highly considered [1]. Be-

cause of the constant need to improve railway safety, several
European projects [2] are carrying out research into whatever
circumstances that exist that may pose a threat to railway safety.
One such circumstance has received particular attention in the
case of some of these projects [3]: the existence of objects on
the tracks.

On nonhigh-speed lines (standard lines), there exist critical
areas where it is necessary to detect the presence of obstacles:
the level or grade crossings. A comparatively high amount of
dedicated sensory systems has been installed in areas at or near
level crossings to prevent collisions between trains and vehicles
(in [4], there is recent analysis about the phenomena that may
cause collisions at level crossings). On high-speed lines, there
are no level crossings, but zones close to bridges or tunnels are
considered to be quite critical since objects can fall onto the
tracks. This can be caused by the fall of a vehicle, or a material
being transported by a vehicle, onto the line. Landslides can
also happen at the entrances and exits of tunnels. In these criti-
cal areas, if there is a system to detect the presence of obstacles
[5]–[8], railway traffic can be halted, and possible accidents can
be avoided. These systems sometimes generate false alarms,
thus creating financial losses whenever the system detects an
obstacle that does not actually exist. To avoid the generation of
false alarms, it has become necessary to increase the reliability
of the detection system. Reliability is highly influenced by the
design of the sensor used, the conditions in which the sensor
is working, and the signal processing that is carried out by the
system. This paper focuses on one of such systems to detect
obstacles on high-speed lines in a reliable way.

In some adverse conditions of a railway environment, there
are often marked differences in the performance of various
types of sensors, as each type used will have its own inherent
weaknesses and limitations. For example, weather conditions
(rain, fog, etc.) are a problem when using cameras; optical
sensors produce false alarms due to solar radiation or weather
conditions (in [9], a full study about the degradation of optical
signals can be found); the same problem is found using ul-
trasonic (US) sensors if the system is working in a turbulent
atmosphere [10], [11] (e.g., when wind speeds are high or
fluctuating).

Due to the fact that the ideal sensor does not exist [12]–[14],
in this paper, a multisensory system is proposed so that the

1524-9050/$26.00 © 2010 IEEE
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Fig. 1. Scheme of the multisensory barrier.

drawbacks of using any particular type of sensor are out-
weighed by the performance characteristics of the other types
of sensors that are used in certain given sets of circumstances.
In this particular case, the proposal is based on a multisensory
barrier consisting of IR and US sensors. The proposed system
meets the requirements of Spanish Railway Regulations for
obstacle detection on high-speed lines [15] (it is important
to point out that the requirements were specified only for
an IR barrier). Apart from the use of a multisensory barrier,
there are other reasons that will improve the reliability of the
detection system. First, a robust codification scheme based
on mutually orthogonal complementary sets of sequences is
proposed. It simultaneously provides multiple emissions and
multiple receptions, avoids interference among the emissions,
and can function with a low signal-to-noise ratio. Second, the
use of fuzzy logic to combine the information given by the
two sensors (IR and US) is proposed. Finally, the fusion of this
information by means of the Dempster–Shafer evidential theory
[16] is proposed to obtain a certainty value for the existence of
objects (greater than 50 × 50 × 50 cm), which may pose a risk
to railway traffic.

According to the proposal, this paper is organized as follows:
Section II introduces the designed sensory system. Section III
deals with the process of validating the existence of obstacles,
based on data-fusion techniques. Section IV describes some
real tests. Finally, some conclusions are discussed in Section V.

II. DESIGNED SENSORY SYSTEM

A. Detection System

The designed sensory system is composed of two multisen-
sory barriers, i.e., one emitting and the other receiving, which
are placed at both sides of the railway, as shown in Fig. 1. The
most important features and performance characteristics of the
sensory system are detailed in [15] and [17]. In summary,
the minimum dimensions of the object to be detected are
50 × 50 × 50 cm, whereas the distance between contiguous
transducers is 25 cm. As a result, if an object with mini-
mum dimensions is in the scanned area, at least two links
are interrupted. The distance between emitters and receivers
is 14 m, given the width of the railway line, although the
distance between emitters and receivers may be sometimes
greater. According to Spanish Railway Regulations [15], the
required scan time is 500 ms, and if an obstacle is inside the
detection area for more than 3 s, an alarm must be generated.
Fig. 2 shows a proposal for an obstacle-detection system. It

Fig. 2. Block diagram of the proposed detection system.

Fig. 3. Emission aperture for an IR emitter.

Fig. 4. Links at a segment of 2.25 m.

is divided into three processing levels: 1) the sensory modules
(the multisensory barrier); 2) the individual process units; and
3) an integration module for obstacle detection and location.

Due to the aperture angle of the emitters that are either IR or
US, every emission reaches a group of receivers. This allows
multiple links to be established in the sensory system, apart
from those on the axial axis shown in Fig. 1. For example,
an IR emitter with an aperture angle of ±2◦, at a distance of
14 m from a receiving barrier, can send emissions to up to
five receivers, thus establishing five connections per emitter, as
depicted in Fig. 3. Furthermore, five separate emissions reach
every receiver. In the case of US emitters, the aperture angle is
higher; however, to have the same links and similar information
in both barriers, only five links are taken into account.

Fig. 4 shows the established links for a segment of ten emit-
ters (2.25 m). The proposed structure has several improvements,
taking into account the requirements. On one hand, if there
exists a minimum-dimension obstacle in the supervised area,
at least ten links are interrupted. In [15], only two interrupted
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Fig. 5. Block diagram of the detection process.

links are required to detect the obstacle. On the other hand,
due to the fact that the detection is based on link interruptions,
if a sensor is not working, it could be mistaken for obstacle
detection. Nevertheless, the number of interrupted links allows
the system to distinguish the presence of an obstacle from a
sensor that is out of order, this being of particular advantage for
maintenance tasks. Finally, using this structure, the system can
detect the location of obstacles [18] within two main zones: on
the tracks or outside of the tracks.

B. Emission Encoding

Since a multimode operation is carried out in the barrier [19]
(simultaneous multiemission and multireception), it is neces-
sary to encode every emission to avoid interferences among the
different emissions and to discriminate them at the receiving
block. For that reason, mutually orthogonal complementary sets
of sequences have been used [20]–[22]. More details about the
encoding scheme and the adaptation of the different sensors can
be found in [17].

In Fig. 4, every emitter uses a different code (shown by
different levels of gray in the diagram). The detection of the
different emissions is carried out by means of a correlation
process, where the output of every receiver (either IR or US)
provides five measurements, corresponding to the correlation
values obtained for every link, as Fig. 5 shows. Due to the fact
that the emitters transmit periodically, the correlation output
obtained for every link is a periodic signal as shown by

y
(j,x
k = G · θk ·

i=∞∑
i=0

δ[k − i · T ] + φη,k (1)

where G is the process gain, according to the encoding scheme
[17]; T is the emission period (around 100 ms); θk represents
atmospheric and lateral attenuation (lateral attenuation depends
on the sensor emission pattern [17]); φn,k is the noise compo-
nent after the correlation; x is the position of the receiver in the
barrier; and j ∈ {1, 2, 3, 4, 5} represents every link established
in a receiver, as shown in Fig. 5. The index k represents the time
instant when data are captured.

According to Fig. 5, the output of every receiver can be
represented as a vector y(x

k of five measurements, as shown by
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Fig. 6. Real correlation outputs obtained in an IR receiver when the links are
not interrupted.

where x is the position of the receiver in the barrier, and
k means the time instant. Every component of vector y(x

k is
represented in (1).

Fig. 6 shows the multidetection carried out in an IR receiver
in the absence of obstacles. The amplitude differences depend
on the lateral deviations between emitters and the receiver (see
Figs. 3 and 4); therefore, the maximum correlation output is
provided by the emitter that is placed in the axial axis (note the
axis scales).

In the following, the matrix Yk contains the correlation
output of all the links in one of the barriers (IR or US):

Yk =
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. (3)

Every column of matrix Yk is the vector shown in (2), with X
as the number of receivers in the barrier.

To evaluate if an established link j in the receiver x is
interrupted, the correlation value y

(j,x
k should be less than a

determined detection threshold TH . However, even when the
tracks are free of obstacles, the correlation value could be lower
than the threshold due to the channel degradation (produced
by weather conditions or solar radiation [23], [24]), and conse-
quently, false alarms would be produced. As was shown in [18],
false alarms can be reduced using a dynamic threshold T

(j,x
H,k

that it is dynamically adapted by considering meteorology and
solar interference.

The generation of the dynamic threshold is based on the
optimal estimation of the correlation output. Several optimal
estimation techniques have been evaluated to generate the
dynamic threshold: polynomial interpolation of degree 1 [18],
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the Kalman filter (KF), and the H∞ filter [19]. Polynomial
interpolation did not completely reduce false alarms, and some
limitations were found with the KF: It assumes that the sta-
tistical noise of the channel is known, and it minimizes the
average estimation error. In [19], false alarms were generated
when the noise was not zero mean, and its covariance matrix
was unknown. To avoid this situation, the use of the H∞ filter
(also known as the minimax filter [25], [26]) was proposed for
two main reasons: The detection system is based on US and IR
technology, and it is difficult to characterize the channel noise;
furthermore, the minimax filter minimizes the worst case of the
estimation error (and not only the average as KF does; in [27],
some examples are shown that demonstrate the advantages of
H∞ estimators in comparison with l2 solutions). The second
reason is very important considering the relationship between
the transport safety and the correct detection of obstacles on
the tracks. In [19], it was shown that the H∞ filter properly
works (without generating false alarms) with low signal-to-
noise ratios (−6 dB) and even under bad weather conditions.

In this paper, the H∞ filter gives an estimate ŷ
(j,x
k of the

correlation value y
(j,x
k for every link j in every receiver x at

every time instant, establishing the threshold at time instant
k. The threshold at time instant k is determined to be half of
the estimation at time instant k − 1 because it is not expected
that the correlation value can decrease 50% due to channel
degradation during a sampling time. However, to avoid false
alarms, it is necessary to set a minimum threshold TH−min

according to the encoding scheme and the expected noise.
As shown in Section IV, the minimum threshold has been
determined experimentally, fixing it at 10% of the maximum
expected correlation output G. The following equation shows
how the dynamic threshold is generated:

T
(j,x
H,k = max

(
ŷ
(j,x
k−1

2
, TH−min

)
. (4)

Finally, an output z
(j,x
k corresponding to its state, i.e., on or off,

is generated for every link, as shown in the following:

z
(j,x
k =

{
1 if ŷ

(j,x
k ≥ T

(j,x
H,k

0 if ŷ
(j,x
k T

(j,x
H,k .

(5)

As in (3), two matrices Zk are obtained (one per barrier),
representing the state of all the links (1, on; 0, off). Fig. 7 depicts
the diagram block of a receiver that is tuned to a generic code
considering the described process.

As concluded in (4), the threshold will be adapted to the
slow changes of the channel produced by weather conditions
or solar radiation. In contrast, an obstacle will generate a fast
change of the channel, causing a lack of signal in the receiver,
and, consequently, a low correlation value. As shown in [18]
and [19], this strategy reduces false alarms due to the channel
degradation.

III. OBJECT VALIDATION

In a railway environment, typical situations that can generate
a false alarm must be identified. Although the occurrence of

Fig. 7. Block diagram of a receiver Rx tuned to a generic code C.

false alarms has been notably reduced by using the dynamic
threshold in the detection stage, it is still possible for some re-
ceivers not to detect emissions because a small object (moving
leaves, small animals, etc.) has temporarily interrupted the link,
or because weather conditions are severe, or simply because the
corresponding emitter is damaged. These situations should not
cause alarm activations.

The use of the two barriers to sense the same variable is
justified to avoid some of the aforementioned problems so that
the disadvantages of using any particular type of sensor are out-
weighed by the performance characteristics of the other types
of sensors that are used in some circumstances. For example,
solar radiation affects the IR barrier but not the US barrier, and
US sensors have difficulties in a turbulent atmosphere, which is
not the case for IR sensors over short distances. The objective
then becomes how to integrate information received from the
two barriers to detect the existence of objects larger than
50 × 50 × 50 cm.

In the detection, two pieces of information must be present in
every sensor output [28]: 1) the detection itself, i.e., the barriers
provide this information in matrices Yk and Zk; and 2) how
well or with what confidence the sensor has been able to detect
an object. For the latter, it is necessary to combine data from
different sources, taking into account external variables such as
weather conditions or sensor degradation. For the IR barrier,
weather conditions can be modeled by considering visibility
[23], [24]. There is a direct relation between visibility and
atmospheric attenuation. For the US barrier, the main factor that
can influence its performance is the level of turbulence, and to
assess the effect of such turbulence, it is necessary to measure
the wind speed [10]. It is also worth noting that the failure of
just one individual link may be considered insignificant since
if a dangerous object exists, at least ten links from each barrier
will be interrupted, as was described in Section II. In summary,
it is necessary to consider the two sensory barriers and the
spatial redundancy existing at each barrier.

Considering the above remarks, the data fusion has been car-
ried out at three levels. First, the detection area for each barrier
has been divided into 25-cm-wide influence areas according
to the receivers; therefore, if a dangerous object exists, it is
detected in two consecutive influence areas. The result of this
level is a measurement of the certainty of existence of objects
in every influence area. Second, a fuzzy controller (the fuzzy
controller theory can be found in [29]) has been included to
weigh up the certainty of existence of objects in every influence
area, taking into account the information given by the two
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Fig. 8. Data-fusion architecture for two consecutive influence areas.

barriers and the visibility and wind-speed values. As a result,
by fusing the information from the two barriers, a final value for
the certainty of existence of objects in every influence area can
be obtained. Finally, values for the certainty of the existence
of objects belonging to two consecutive influence areas have
been fused by means of the Dempster–Shafer evidential theory
[28], [30] to obtain a final value for the certainty of existence of
objects larger than 50 × 50 × 50 cm. Fig. 8 shows the data
fusion architecture carried out for two consecutive influence
areas.

A. First Level. The Certainty of Existence of Objects in the
Influence Area A(x)

Fig. 9 shows the division of the detection area into influence
areas (similar for both barriers). The influence area of the
receiver Rx is represented by A(x). After the analysis of the
influence area, a value for the certainty of existence of objects
is obtained and is represented by cA(x) ∈ [0, 1].

As Fig. 9 shows, which is more detailed in Fig. 10, there
exist 11 links for every influence area that have been established
between five emitters and five receivers. Note that these links
cross several areas, except for the link between the emitter x and
the receiver x, which only exists inside the area A(x). Assuming
that a link belonging to area A(x) is interrupted by an object, the
probability of the object to be in the area A(x) depends on the
percentage of the range of the link that is placed in such an area.
For the link between emitter x and receiver x (link lx,x), the
probability is 1; however, for the rest, it is 0.5 or 0.25. Table I
shows the probability ρe,r for every link inside a detection area.
Subindexes e and r denote the x position of the emitter and the
receiver, respectively.

To determine if a link is interrupted, it is only necessary to
evaluate the state (on, off) of the corresponding element in the
matrix Zk. Due to the fact that the channel degradation can
generate a lack of signal in the detector, this situation can be
mistaken for the existence of an object. For this reason, if, at
any k instant, z

(j,x
k was zero—existence of an obstacle—but a

high-level channel degradation occurred at the k − 1 instant, it
would be very unlikely that the lack of signal was produced by
an object. Therefore, to conclude if a link is interrupted by an
object, in addition to the correlation value, it is necessary to
consider the link degradation.

Fig. 9. Influence areas.

Fig. 10. Links for the influence area.

TABLE I
PROBABILITY OF AN OBJECT INTERRUPTING A LINK IN THE AREA A(x)

Regarding this, assuming that a link is interrupted (z(j,x
k =0),

the certainty of interruption of a link (le,r) by an object between
the emitter e and the receiver r is given as follows:

σe,r =αe,r · ρe,r if the link le,r is interrupted (off)
σe,r = 0 if the link le,r is not interrupted (on) (6)
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Fig. 11. Calculation of αe,r .

where αe,r is the channel degradation before the interruption of
the link le,r, and ρe,r is the probability that the object is inside
the area A(x). The certainty σe,r gives a measure about the
degree of confidence about the state of the link that is provided
by the sensory system. Due to the fact that the parameter σe,r is
considered only if the link le,r is interrupted, in the case when

the link is not interrupted (the corresponding z
(j,x
k = 1), σe,r is

fixed at 0. The value of αe,r is empirically computed according
to Fig. 11.

In Fig. 11, αmax = 0.5, TH−min is the minimum threshold, G
is the process gain [see (2)], and ŷ

(j,x
k−1 is the estimate of the cor-

relation carried out by the H∞ filter at the k − 1 instant (before
the interruption of the link). This estimate can be considered
as a channel-degradation measurement, and it corresponds to
the link between the emitter e and the receiver r (the lower the
estimate of the correlation before the interruption of the link,
the more degraded the channel). Experimental results show that
if weather conditions are good, the correlation values obtained
are always higher than 3 · TH−min. Note that the maximum
value of σe,r has been fixed at 0.5.

After obtaining σe,r, the value for the certainty of the exis-
tence of obstacles in the area A(x) is computed by considering
the 11 links. If it is assumed that the probability of the link
le,r being interrupted by an object inside the area A(x) is σe,r,
then cA(x) is obtained as the union probability of independent
events, as shown by the following:

P (l) = 0
for i = − 5i ≤ 5i + P (li ∪ l)

= P (li) + P (l) − P (li) · P (l)P (l) = P (li ∪ l)
endfor

cA(x) = P (l). (7)

In (7), for convenience, the probability of every link is rep-
resented by P (li), and i defines every link according to the
assignment done in Table I.

Due to the fact that the maximum value of σe,r is 0.5, it is
important to remark that if the number of interrupted links in a
barrier provides a value for the corresponding CA(x) > 0.5 (it
means that several links are interrupted), then it is possible that
an object exists in the area A(x).

B. Second Level. Fuzzy Controller

After the certainties of existence of objects for every zone
and each barrier are available, it is necessary to combine them
to have only one certainty value for every zone.

Fuzzy systems allow complex semantic reasoning to be
easily included into the fusion system. Fuzzy logic introduces
a concept of partial truth values that lie in between “completely
true” and “completely false.” The central concept of fuzzy logic
is the membership function, which numerically represents the
degree of belonging of an element to a set. An element can
be a member of a set at a certain degree and be a member of
a different set at the same time. Therefore, the common-sense
expression (e.g., give less confidence to US when the wind is
fast) is naturally included in the fuzzy system as a knowledge
rule over fuzzy sets.

To fairly combine the information of both barriers, it is
strictly necessary to include weather conditions that affect the
confidence level given by any of the barriers. As a result, the
fuzzy reasoning has to be able to distinguish the situations of
the presence of an obstacle from those of the degradation of the
link due to environmental causes. These two situations cannot
be detected by the barriers themselves in the previous steps.
The proposal is to use a Mamdani fuzzy controller [31], which
models the outputs using fuzzy sets that are easy to design. The
final result is a weighted-up value for the certainty of existence
of objects, which is called cAF (x). The following paragraphs
describe how the fuzzy controller has been designed.

1) Data Inputs: The fuzzy controller data inputs consist of
the following sources of information.

Certainty of the existence of objects for each barrier. The
certainty of the existence of an object is given by the
previously calculated value (the first level of the data fusion
architecture) for both US and IR barriers. In both cases,
they represent the degree of confidence about the existence
of object, taking values from zero (tracks free of objects)
to one (an obstacle exists). Two fuzzy sets (F “Free” and
O “Obstacle detection”) are defined to indicate the state of
the link [see Fig. 12(a)].

Wind-speed measurement. Wind speed has been considered
from 0 to 10.5 m/s, as shown in Fig. 12(b). A wind
speed that is higher than 10.5 m/s produces turbulences,
causing the coherence time to be under the emission time;
therefore, the emission becomes unrecognizable for the
receiver [10]. Three fuzzy sets (L, M, and H) are defined,
and their limits are set in function of the above-commented
turbulence influence on the US barrier.

Visibility conditions. The confidence level of the IR barrier is
adjusted according to the visibility conditions. Visibility
takes values from 50 km (for very clear days) to 50 m
(dense fog). Three fuzzy sets are defined (DF, C, and VC),
and their limits are experimentally adjusted by using the IR
barrier performance [see Fig. 12(c)] [23].

2) Data Outputs: The fuzzy controller output is the mod-
ified certainty of existence of an object in the area under
supervision, including the environmental effects CAF (x). As
Fig. 13 depicts, three fuzzy sets are defined (F, O, and I). Its
range takes values from zero (free of obstacles) to one (obstacle
detection). The I fuzzy set is added to model the situation
when the correlation values are very low (which means that
obstacles can exist); however, the weather conditions invalidate
the measurements (high wind speed or very low visibility).
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Fig. 12. Input fuzzy set membership functions. (a) Certainty of existence of objects CA(x) obtained in the previous stage. (b) Wind speed: L, low; M , medium;
H high. (c) Visibility: DF , dense fog; C, clear; V C, very clear.

Fig. 13. Output fuzzy set membership functions.

3) Rule definition and the defuzzification process: Finally,
a set of rules is necessary to transform the variables into a
fuzzy result. The knowledge is typically represented in terms
of if–then rules. An example is as follows: If A and B, then
C. The if-part of the rule is called the premise, and the then-
part is called the consequent. The truth value of the rule’s
premise describes to what degree the rule applies in a given
situation. The so-called fuzzy inference mechanism is used to
determine the consequent fuzzy set based on the truth value
of the premise (this is often called the degree of fulfillment).
Consequent fuzzy sets of individual rules are then combined
(aggregated) into a single fuzzy set. The resulting fuzzy set
is converted (defuzzified) into a real (crisp) value, in this case
indicating the fuzzy certainty of existence of objects CAF (x).
Due to the fact that the source of false alarms in the proposed
obstacle-detection scheme is mainly because of weather in-
fluence in the sensors, the objective of the fuzzy rules is to
establish the logical relation between weather conditions and
sensor measurements to decrease false alarms. The following
premises should be considered to define the controller rules that
fuse the information from both barriers.

1) If any barrier does not detect an object (the corresponding
CA(x) is very low), the tracks are considered to be free of
objects, independently of the other variables. This comes
from the fact that the detection is based on the lack of a
signal, which can be caused by several reasons: presence
of an object (the one that causes alarm), a damaged
sensor (emitter and/or receiver), weather conditions, etc.
Nevertheless, the presence of a signal cannot be explained
by any other factor apart from the obvious lack of objects.

TABLE II
APPLIED RULES WHEN AN OBJECT IS DETECTED BY BOTH BARRIERS

(‘O’ = OBSTACLE DETECTION ‘I’ = INDEFINITE)

With this premise, if a sensor is off, the system can
continue working but with less reliability.

2) If an object is detected by both barriers (CA(x) > 0.5)
and the weather conditions are favorable, the fusion con-
cludes that an object exists.

3) If an object is detected but there is dense fog, or it
is windy, the lack of a signal can be caused by other
circumstances as explained before and not only by the
object; therefore, in this case, the output is undefined.

This reasoning produces a large set of rules that are sum-
marized by applying the first premise. Table II only shows
the applied rules when both barriers detect the existence of an
object (second premise). According to Table II, if both barriers
detect the presence of an obstacle and weather conditions are
really bad (dense fog and high wind speed), it is impossible to
conclude that an object exists. In this case, the fuzzy output is
indefinite (“I”).

The operators that have to be defined in a fuzzy controller
describe the operations between rules, in other words, the “and”
connector, which is defined as the “minimum” operation, the
“or” connector, which is defined as the “maximum” operation,
and the “aggregation” of the different rules that are involved in
the fusion process that is defined as the “maximum” operation.
As was previously mentioned, since the controller is modeled as
a Mamdani controller, a defuzzification process is necessary to
obtain a quantifiable result in the fuzzy logic, as opposed to the
Sugeno controller that uses numeric rules to obtain the output.
There are several methods to transform the fuzzy outputs into
a numerical value, which can be used by the next fusion step.
The one used in this paper is the center-of-area (CoA) method
[32], [33]. The CoA method calculates the center of gravity of
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the final fuzzy control space, producing a result that is sensitive
to all rules. The CoA is given by

CAF (x) =

s∑
i=1

civi

s∑
i=1

vi

(8)

where ci is the quantized value corresponding to the center of
the output fuzzy sets, vi is the membership value of the output
fuzzy set, i is the index of the rule that is satisfied, s is the
number of satisfied fuzzy rules, and CAF (x) is the crisp value
of the output variable.

C. Third Level. The Dempster–Shafer Theory Application

After the values for the certainty of existence of objects
are available for every area, they can be combined between
consecutive areas A(x) and A(x+1) to obtain the certainty of
existence of objects larger than 50 × 50 × 50 cm. For this
task, it is proposed to use the Dempster–Shafer evidential
theory [30]. This probability-based data fusion classification
algorithm is useful when the information sources contributing
data cannot associate a 100% probability of certainty to their
output decisions. In this theory, each information source as-
sociates a declaration or hypothesis with a probability mass,
expressing the amount of support or belief directly attributed
to the declaration, in other words, the certainty of the declara-
tion. The probability masses for the decisions made by each
information source are then combined by using Dempster’s
rule of combination [28]. The hypothesis favored by the largest
accumulation of evidence from all the information sources is
selected as the most probable outcome of the fusion process.
The Dempster–Shafer theory estimates how close the evidence
is to forcing the truth of a hypothesis, rather than estimating
how close the hypothesis is to being true [34].

In the application described in this paper, each area pro-
vides a number indicating the certainty of existence of ob-
jects cAF(x) ∈ [0, 1] obtained after the application of the fuzzy
controller. If cAF(x) is considered as the probability mass of
the certainty of existence of objects in the area A(x), a value
co,x ∈ [0, 1] can be obtained by applying directly Dempster’s
rule [28], as shown in the following, representing the result of
the fusion between the areas A(x) and A(x+1):

co,x =
cAF (x) ·cAF (x+1)

1−
(
1−cAF (x)

)
·cAF (x+1)−

(
1−cAF (x+1)

)
·cAF (x)

.

(9)

co,x represents the accumulation of evidence from two con-
secutive areas: The higher the value of co,x, the higher the
certainty of existence of objects larger than 50 × 50 × 50 cm.
However, if co,x takes a value of 0.5, it means that there is a
situation of uncertainty (it cannot be concluded if there exists a
dangerous object). Values of co,x lower than 0.5 mean that there
is a certainty of absence of an object.

All the components co,x can be arranged in a vector CO as
shown in the following, with NZ as the number of influence
areas:

CO =
[
co,1 · · · co,x · · · co,(NZ−1)

]
. (10)

Fig. 14. Prototype of the multisensory barrier. (a) Emitting barrier. (b) Detail
of US and IR receivers.

According to the number of consecutive components of vector
CO higher than 0.5, it can be concluded how large the object is.

IV. RESULTS

To evaluate the feasibility of the proposed system and algo-
rithms, a prototype of the multisensory barrier has been imple-
mented (see Fig. 14), carrying out the encoding schemes for
each sensor technology [17] and the validation of the existence
of objects, as has been explained in Section III.

In Fig. 6, the real correlation outputs for an IR receiver are
shown. Now, Fig. 15 shows the real correlation outputs but for
a US receiver. In this case, there is a temporary object in front
of emitter 3. As is shown, the detection of the object is carried
out because of the lack of signal of emission 3 in the receiver
(the correlation output for emission 3 is smaller than that for
the fixed threshold). Simulated results have concluded that the
encoding scheme can cope with signal-to-noise ratios that are
lower than −10 dB [18].

Fig. 16 shows the scheme of a real example of detection,
where there exist two objects: a small object and a dangerous
one (larger than 50 × 50 × 50 cm). For this test, the day was
clear (1 km < visibility < 20 km), and the wind speed was
low (< 0.8 m/s). The validation of the existence of objects
previously described has been carried out. First, the certainties
of existence of objects in areas (cA(x)) are computed for each
barrier (first and second rows of the table in Fig. 16). Second, a
certainty cAF (x) has been obtained after the application of the
fuzzy controller (the third row of the table in Fig. 16). Finally,
consecutive areas have been combined by using (10) to obtain
the vector Co, containing the certainty of existence of objects
that are larger than 50 × 50 × 50 cm. In this case, five influence
areas have been considered, where the result is [0.97 0.94 0.25
0.22]. As the result shows, there is an object occupying three
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Fig. 15. Real correlation outputs obtained in a US receiver.

Fig. 16. Real test of the sensor data fusion.

consecutive areas, whereas the small object is filtered since
only two links are interrupted. As an example, Table III shows
the data obtained from the two barriers in the first influence
area A(1). All the parameters that appear in Table III have
been previously described in Section III-A. In this test, for both
barriers, the minimum threshold TH−min is fixed at 100, and
the process gain G is 1024. The parameter G depends on the
correlation scheme, and it represents the maximum correlation
output that can be obtained in an ideal situation. The minimum

TABLE III
REAL DATA FOR THE INFLUENCE AREA 1 A(1)

threshold has been empirically fixed by taking into account the
value of G and the expected noise (TH−min ≈ 0, 1 · G).

The situation shown in Fig. 16 has been tested under different
weather conditions. Due to the fact that some of them are
difficult to obtain, they have been artificially forced. To assess
the influence of wind, in addition to the use of fans, windy
days were chosen for testing. For the reduction of visibility,
according to the weather conditions [19], optical filters have
been used to reduce the level of the signal in the IR receivers.

Table IV shows the results with dense fog (visibility
< 100 m) and low wind speed (< 0.8 m/s), and Table V
shows those in a clear day (visibility > 1 km) and high wind
speed (> 5 m/s). As the results show, the system is working
correctly if there is only one adverse situation: dense fog or
high wind speed. The system has also been evaluated under
extreme weather conditions (dense fog and high wind speed at
the same time). The results are shown in Table VI. In this case,
each barrier correctly detects the presence of objects; however,
the fuzzy controller provides a result of the existence of objects
(CAF (x)) close to 0.5 (but lower than 0.5) in the areas where
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TABLE IV
RESULTS OF THE REAL TEST WITH DENSE FOG (VISIBILITY < 100 m)

AND LOW WIND SPEED (< 0.8 m/s)

TABLE V
RESULTS OF THE REAL TEST IN A CLEAR DAY (VISIBILITY > 1 km)

AND HIGH WIND SPEED (> 5 m/s)

TABLE VI
RESULTS OF THE REAL TEST WITH DENSE FOG (VISIBILITY < 100 m)

AND HIGH WIND SPEED (> 5 m/s)

objects exist. The reason is that weather conditions are so bad
that the level of confidence of the data provided by the barriers
is very low. In such situations, it is complicated to reliably
conclude if objects exist. It is important to consider that this
situation (high wind speed and dense fog at the same time) is
difficult to find in real life.

Fig. 17 shows another real test. Only IR barrier links are
represented. In this case, there are four small objects that
are randomly interrupting several links in both barriers—links
(2, 1), (1, 3), (3, 3), (3, 5), and (5, 6); IR emitter 4 is
not working (simulating that it is damaged); the day was
clear (visibility > 1 km), and the wind speed was medium
(0.2 m/s < wind speed < 5 m/s). Table VII shows the results
obtained after applying the algorithms.

As the results show, for the IR barrier, there exist objects
(mainly because one emitter is not working). However, the

Fig. 17. Real test with small objects and a damaged emitter.

TABLE VII
RESULTS OF THE REAL TEST SHOWN IN FIG. 17

algorithm filters those situations where there are several small
objects, or a sensor in a barrier is off due to the fact that the
corresponding sensor in the other barrier is working properly.
If two sensors, i.e., one in each barrier, occupying the same
position are simultaneously off, the algorithm considers that
there is a small object since only one influence area is affected,
but the alarm is not generated.

It is important to consider that the results shown correspond
to one time instant. According to the encoding scheme, every
102.4 ms, the barriers provide a set of data. Railway Regula-
tions required a scan time of 500 ms, and if an obstacle is inside
the detection area for more than 3 s, an alarm must be generated.
In that time, this system can give almost 30 measurements
about the state of the tracks using two different technologies.
Therefore, reliable information can be provided for safe train
circulation.

V. CONCLUSION

A proposal of a multisensory system for obstacle detection
on railways has been proposed, based on the complementary
use of IR and US barriers, achieving high reliability. In this
paper, apart from the use of two different sensor technologies,
the reliability of the detection system has been increased due to
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the following reasons. First, a robust encoding scheme based on
mutually orthogonal complementary sets of sequences has been
implemented. It provides multiemission and multireception,
avoids interferences among the emissions, and can cope with
low signal-to-noise ratios. Second, a fuzzy controller has been
included to combine the information given by the two sensors
(IR and US). It generates a value for the certainty of the
existence of objects considering some external agents, such as
visibility and wind speed that can affect the sensor measure-
ments. This controller distinguishes situations where a barrier
is not properly working from the existence of objects. Finally,
the fusion of this information by means of the Dempster–Shafer
evidential theory has been proposed to obtain a certainty value
for the existence of objects posing a risk to railway traffic
(larger than 50 × 50 × 50 cm).

Another important aspect of the multisensory system pre-
sented here is its spatial redundancy. The detection area is a
net of links for each barrier, and if an object that is greater than
50 × 50 × 50 cm is detected, at least ten links are simulta-
neously interrupted (in each barrier). To distinguish situations
where random interruptions of the links happen (such as in the
case of small animals, flying leaves, an out-of-order sensor,
etc.) from the existence of objects, the detection area has been
divided into influence areas, fusing the information by means
of the evidential theory to finally obtain a reliable value for the
existence of objects.

A prototype of the multisensory barrier has been developed
to show the feasibility of the proposal, and the experimental
results demonstrate its reliability.
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