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Abstract: The goal of this paper is to examine filtration possibilities of ultrasonically measured
height of unmanned aerial vehicle (UAV) for the suppression of terrain unevenness. The article
presents two basic methods of the filtration, namely moving average method and Kalman filter, and
it carries out performance comparison of the two methods with simulated data. The comparison
implies that the performance of the two methods depends on character of the observed terrain and
also on the accuracy of the initial ultrasound measurements before filtration.
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1. Introduction

The goal of the paper is to compare two methods used for suppression of an effect of terrain
unevenness on accuracy of height measurement in UAV with integrated ultrasound altimeter during
landing. Secure landing is one of the main requirements of current UAV operation. When the UAV
is controlled by an operator on direct visibility, the landing process is possible to control manually or
alternatively to use auxiliary system that informs about current height. However recently, the
development is focused on regimes without direct visibility between UAV and its operator or the
autonomous and semiautonomous modes of UAV flight [1]. The course of the whole flight itself is
possible to divide into three phases, take off, cruising and landing. Just autonomous landing is
usually the most safety critical of these phases. For this reason it is crucial to continually measure the
UAV height as accurately as possible and to monitor the landing area for potential obstacles [2]. The
obstacle detection can be performed in various ways, today most often with on-board camera [3]. For
height determination it is beneficial to use ultrasound. In this case it is necessary to compare
requested measurement accuracy with actually achievable. Measurement accuracy is dependent on
several factors caused by the altimeter itself and by outside conditions. Here it is possible to consider
two essential effects. These are transmission environment properties and the character of the terrain
from which the ultrasound signal is reflected during the height measurement. This article is focused
on the ways to suppress the impact of terrain unevenness on measured height.

2. Filtration Methods
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Two basic method were chosen for the terrain unevenness suppression. The first method is
moving average method. Moving average is a simple filtration technique which uses current
measured value together with fixed amount of previous measurements to compute the current
estimate [4]. The equation for moving average computation of height has the following shape:

he(t) = [hm(t) + hm(t-1) + - + hm(t-n)]/[n+1], (1)

where he(t) is the height estimate at time t, hm(t) is a height measurement at time t, hm(t-1) is a height
measurement at time t-1, hm(t-n) is a height measurement at time t-n and n is the amount of past
measurements used for the computation. In simulation in this paper the number n=9.

The second method used in this paper is Kalman filter. Kalman filter is a recursive filter used to
determine inner state of linear dynamic system from a series of noisy measurements [5]. In this paper,
simple Kalman filter with 1-D motion model with constant velocity was used. The prediction state
equations were used in this form:

Xtit1= AtXt11t1, ()

Pue1= APe1it1Ad+ Qg 3)

where x«ik-1is a state vector prediction at time t computed from state vector estimate from time t-1 (x:
11+1), Pue1 is a covariance matrix prediction at time t computed from covariance matrix of state at time
t-1 (Pe11e1), Qr is a process noise covariation matrix and At is a 2-by-2 transformation matrix defined
as:

Ait=[1At, 01], 4

where At is sampling period. The specific motion model was chosen based on assumptions of
constant altitude flight of the UAV and non-constant terrain profile [6].

3. Simulation Scenarios

The simulations were performed using to flight scenarios. In both of these scenarios, linear
movement of a UAV was simulated in constant altitude. The terrain profile was non-constant in both
scenarios which with constant altitude results in changing measured height during the simulations.
The height measurement was simulate to occur for 100 s with 10 measurements per second being
performed. Velocity of the UAV was set as 0.25 m/s, which results in total distance of 25 m.

The terrain profile in the first scenario had three sections with constant height (5 m, 7 m and
again 5 m) and two sections of linear height change set between the constant sections. The flight
above each of the sections took 20 s. The second scenario used terrain profile with fluently changing
height and was down sloped for the most of its duration. The simulated height was between 4.8 and
6.1 m in this scenario. Two variants of terrain unevenness were also applied in both of the scenarios.
The small unevenness uses maximal difference from the original terrain of 0.05 m and the large
unevenness uses maximal difference from the original terrain of 0.15 m. All of the resulting terrain
situations are presented in Figure 1. The figure uses negative height to illustrate the actual terrain
character as would be visible by outside observer. The same is true for all following figures.
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Figure 1. Depiction of (a) Scenario 1 and (b) Scenario 2, both including unevenness'’s.
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Apart from that, two versions of measurement noise were also applied on all the terrain
situations. The first version consisted of Gaussian noise with standard deviation of 50 mm, which
simulates ultrasonic measurement with threshold detector. The second version also consisted of
Gaussian noise, this time with standard deviation of 10 mm, which simulates ultrasonic measurement
with intra-pulse modulation technique [7].

4, Evaluation of Simulation Results

The simulations were performed according to the scenarios mentioned above using both
filtration algorithms. Six series of waveforms were plotted and individual algorithms were analyzed.
Figure 2 shows curves of the profile mapping of the surface 1 for no unevenness. In Figure 2a
maximum error of Kalman filter is 82 mm and maximum error of moving average is 77 mm and in

Figure 2b maximum error of Kalman filter is 46 mm and maximum error of moving average is 50
mm.
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Figure 2. Simulation results of surface approximation by Kalman filter and moving average algorithm
for defined surface profile 1 with no unevenness: (a) using threshold detector; (b) using intra-pulse
phase signal modulation.

The blue curve represents the real surface profile, the yellow curve represents the use of moving
average algorithm for its approximation, and the red curve shows the implementation of Kalman
filter. As is seen from the figures, using intra-pulse phase modulation and moving average algorithm,
very accurate approximations of the defined surface profile is possible to obtain, the yellow and blue
curves are almost identical. When using the Kalman filter algorithm, undesirable overshoots occur
in two areas. If the threshold detector is used, the overshoots with the Kalman filter algorithm is
possible to see again. The implementation of the moving average again ensures better mapping of
the defined surface profile. Figure 3 shows curves of the profile mapping of the surface 1 for small
unevenness. In Figure 3a maximum error of Kalman filter is 85 mm and maximum error of moving
average is 68 mm and in Figure 3b maximum error of Kalman filter is 51 mm and maximum error of
moving average is 65 mm.

4.5 7 4.5 al
-5 bt AT -5 AR RASATISAAY
£8 E55
£ 5 Z 6
2 o
) )
I 6.5 T -65
/ —Distorted terrain —Distorted terrain
-7 7 ‘.:.‘;-;e/ —Kalman filter -7 N A —Kalman filter
Moving average Moving average
-7.5- - 7.50 J
0 5 10 15 20 25 0 5 10 15 20 25
Distance [m] Distance [m]
(a) (b)

Figure 3. Simulation results of surface approximation by Kalman filter and moving average algorithm
for defined surface profile 1 with small unevenness: (a) using threshold detector; (b) using intra-pulse
phase signal modulation.
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In this case, it is again possible to conclude that the implementation of the moving average
algorithm more accurately approximates shape of the defined surface. The application of the Kalman
filter algorithm here again represents undesirable overshoots in the above-mentioned two areas.
Figure 4 shows curves of the profile mapping of the surface 1 for large unevenness. In Figure 4a
maximum error of Kalman filter is 110 mm and maximum error of moving average is 140 mm and in
Figure 4b maximum error of Kalman filter is 82 mm and maximum error of moving average is 133
mm.
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Figure 4. Simulation results of surface approximation by Kalman filter and moving average algorithm
for defined surface profile 1 with large unevenness: (a) using threshold detector; (b) using intra-pulse
phase signal modulation.

In this case, it is possible to conclude from the waveforms that the intra-pulse phase signal
modulation does not significantly affect the mapping quality of the defined surface. The curves are
similar. From the comparison of moving average algorithm and the Kalman filter implementation, it
is also possible to conclude that the method of approximation of the defined surface does not differ
significantly. Figure 5 shows curves of the profile mapping of the surface 2 for no unevenness. In
Figure 5a maximum error of Kalman filter is 54 mm and maximum error of moving average is 53 mm
and in Figure 5b maximum error of Kalman filter is 11 mm and maximum error of moving average
is 9 mm.
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Figure 5. Simulation results of surface approximation by Kalman filter and moving average algorithm
for defined surface profile 2 with no unevenness: (a) using threshold detector; (b) using intra-pulse
phase signal modulation.

It is possible to see from the graphs that in the case of using the threshold detector and the profile
without step changes, the implementation of the Kalman filter will ensure a better approximation of
the surface. Thus, this algorithm here reduces the need to use intra-pulse phase modulation. In the
case of the moving average, there is more noise. In the case of the application of the intra-pulse phase
modulation, all curves are significantly similar, so it is not possible to unambiguously give priority
to the use of one specific algorithm. Figure 6 shows curves of the profile mapping of the surface 2 for
small unevenness. In Figure 6a maximum error of Kalman filter is 40 mm and maximum error of
moving average is 49 mm and in Figure 6b maximum error of Kalman filter is 25 mm and maximum
error of moving average is 19 mm.
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Figure 6. Simulation results of surface approximation by Kalman filter and moving average algorithm
for defined surface profile 2 with small unevenness: (a) using threshold detector; (b) using intra-pulse
phase signal modulation.

In this case, again using the threshold detector, the Kalman filter algorithm shows more accurate
approximation of the given surface profile. Here again, it would be possible to disable intra-pulse
phase signal modulation. In the case of the use of the intra-pulse phase modulation, no significant
difference between two mentioned algorithms is observed. Figure 7 shows curves of the profile
mapping of the surface 2 for large unevenness. In Figure 7a maximum error of Kalman filter is 87
mm and maximum error of moving average is 111 mm and in Figure 7b maximum error of Kalman
filter is 79 mm and maximum error of moving average is 92 mm.
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Figure 7. Simulation results of surface approximation by Kalman filter and moving average algorithm
for defined surface profile 2 with large unevenness: (a) using threshold detector; (b) using intra-pulse
phase signal modulation.

In the case of the large unevenness of the defined surface, here, it is not possible to recognize
significant difference between the simulation waveforms using the threshold detector and the signal
with intra-pulse phase modulation. The curves are considerably similar. Also, the implementation of
the moving average algorithm or the Kalman filter cannot be unambiguously preferred. In this case,
the algorithm with lower computational complexity is possible to use.

5. Conclusion

The paper was devoted to the analysis of two methods for the elimination of surface unevenness
when measuring height using ultrasound in the landing phase of an unmanned aerial vehicle. These
methods were the moving average and the Kalman filter. One particular algorithm cannot be clearly
preferred. Each algorithm has its specifics for particular surface profile and for different types of its
unevenness’s, which is possible to evaluate from the performed simulations. For a step-changing
surface profile and very small unevenness’s, the moving average shows better results. The Kalman
filter algorithm represents more different values at the moment of the step change of the profile. In
the case of large unevenness’s, the waveforms represent similar character. It is possible to use the
algorithm with lower computational complexity. In the case of continuous changes of the profile of
given surface and very small unevenness’s, the Kalman filter algorithm is possible to prefer when
exciting the ultrasonic transducer with a signal without intra-pulse modulation. It eliminates surface
unevenness’s significantly better. This could be confusing according to the values of maximal errors.
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Here the errors are calculated in relation to the ideal surface profile. So, in the case of moving average,
there is a delay, especially in the first scenario. Therefore, the character of the curve seems to be better,
but the values of the maximum errors show a discrepancy in some cases.

The aim of further work in this area is to define more surface profiles with different
unevenness'’s, to perform a simulation with the implementation of the mentioned algorithms and to
analyse these results. This will be followed by experimental verification of height measurements with
specific transducers on an unmanned aerial vehicle, and thus verification of the results of simulations
in practice.
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