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Abstract 

This paper considers an experimental study of the layout of an active-pulse television meas-
uring system in the problem of assessing the accuracy of measuring the distance to objects using 
the depth maps. The main technical characteristics and structure of the active-pulse television 
measuring system layout are described, the description of the multi-zone ranging method used in 
the experiment is given. The field tests were carried out using a system for terrain orthophoto-
maps construction by an unmanned aerial vehicle and a geodetic measuring instrument, which is 
a reference for building a terrain plan and fixing distances between objects on the ground. The 
technique of carrying out aerial work is described to obtain the necessary data array, on which a 
digital model and an orthophotomap of the area were subsequently built. Conclusions are drawn 
about the accuracy of digital terrain models built based on the results of aerial photography from 
an unmanned aerial vehicle with a geodetic receiver on board and the applicability of these data 
as reference data for testing a prototype of an active-pulse television measuring system. 
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Introduction 

Experimental assessment of the distance measurement 
accuracy using the active-pulse television measuring sys-
tem and a digital terrain model Currently, methods and 
tools for measuring the range to objects were widely used 
in various fields of human activity. Sonars, lidars, radars, 
and stereo cameras are used in autonomous unmanned 
vehicles and driver assistance systems to analyze the en-
vironment in order to prevent emergencies. On unmanned 
aerial vehicles (UAVs), such systems are used to measure 
distances to various obstacles during flight, which avoids 
collisions when flying at low altitudes. 

The class of devices using the active method of 
determining the distance to observation objects includes 
active-pulse television measuring systems (AP TMS) [1 –
 4]. Basically, such systems are used to detect and recog-
nize objects in difficult meteorological visibility conditions 
(with fog, smoke, dust, snowfall) and when observing ob-
jects underwater, due to the possibility of suppressing 
backscattering interference [5, 6]. The principle of AP 
TMS operation consists of illumination of observed space 
by optical pulses of a certain duration, as well as time gat-
ing of reflected optical pulses by the photodetector. To ob-
serve an object located at a certain distance from the 
AP TMS, it must be illuminated by optical space illumina-
tion pulses (SIP), and the amount of delay between the 
SIP's radiation and the moment of opening of the photode-
tector shutter should be the time required for radiation to 
propagate to the object and back. In this case, the operator 
of AP TMS will see the object of interest and some part of 

the space surrounding it. To describe this observed portion 
of space, the authors use the term active vision area 
(AVA). The depth of the AVA will be determined by both 
the exposure time of the photodetector and the duration of 
the optical SIP. AVA shape will generally be the convolu-
tion result of the optical SIP shape with the gating pulse 
shape of the photodetector [7 – 9]. A general principle of 
the active-pulse observation method is given in fig. 1 [10]. 

 
Fig. 1. Active-pulse observation method 

Fig. 1 shows that the photodetector will receive only 
photons reflected from objects located in the certain 
range of distances, which corresponds to the depth of the 
AVA. The photodetector gating delay (t = 2r0 / c0) defined 
by the distance r0, where the AVA will be formed, c0 - 

propagation speed of the optical radiation for the medium 
in which the observation is carried out. 

Since the AP TMS works according to the principle of 
the optical locator, this feature can be used to determine 
the range to objects found in the field of view of the sys-
tem, as well as to construct depth maps of the observed 
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space, where a pixel of a two-dimensional picture corre-
sponds to the range to the object. 

At the moment, there are several main methods and 
approaches for building a depth map using AP TMS. 

1. The scene scanning by the depth during the change 
of the time delay between SIP and photo camera 
strobe [1, 11]. 
2. Range-intensity correlation method. The principle 
of distance measurement is based on the use of two 
AVA shifted by the gating delay for the duration of 
the SIP [12, 13]. 
3. Photodetector gain modulation method. Since the 
introduction of this method, two types of gain modu-
lation have been developed, including linear modula-
tion and exponential modulation [14, 15]. 
4. Training of neural networks to build a depth map 
on the obtained AVA [16]. 
To assess the accuracy of the range measurement with 

an exponential model of AP TMS, field tests were carried 
out at the training ground. The layout of AP TMS was 
developed at the Department of Television and Control of 
Tomsk State University of Control Systems and Radio 
Electronics. Tests on polygon were carried out using 
UAV and geodesic equipment.  

The appearance of the AP TMS layout used during 
the tests is shown in fig. 2.  

 
Fig. 2. AP TMS layout 

Basic technical characteristics of the AP TMS layout:  
 system vision range up to 100 m;  
 angle of the system field of view -12°;  
 optical illumination power in pulse - 320 W;  
 wavelength of the illuminated radiation - 842 nm; 
 frequency of illumination pulses repetition 5 kHz.  
The AP TMS layout consists of the following main 

components: input lens, image intensifier tube (IIT), 
matching lens, TV sensor, illumination device, power 
supplies, pulse generators, control and image processing 
units (Fig. 3.). 

The illumination device is a pulse laser semiconductor 
emitter (PLSE). The TV sensor is synchronized through 
the control unit with the IIT. The frame frequency of the 
TV sensor is 50 Hz, the frequency of IIT operation is up 
to 5 kHz. Thus, up to 100 frames generated on the IIT 
screen can be integrated into 1 frame in a TV sensor. 

The purpose of the studies was field trials of the 
AP TMS layout at the test area. The following tasks were 

solved: to evaluate the accuracy of measuring the 
AP TMS range to observation objects using the multi-
zone range measurement method (MZRM), to compare 
the results with geodetic measurement methods; create a 
digital model of the test area based on the results of aerial 
photography; consider using a digital terrain model as a 
reference for future AP TMS tests. 

 
Fig. 3. AP TMS layout Structure Diagram 

Experiment plan 

1. Placement of the reference points on the test area.  
2. Determination of the exact geographical coordi-
nates of reference points with a geodetic device. 
3. Drawing up a flight task for the UAV. 
4. Aviation work. 
5. Processing of the aerial photography results and 
building of the digital terrain model. 
6. Installation of the AP TMS layout and banners on 
reference points 
7. Distance measurement from the AP TMS to banners. 
8. Evaluation of the distance measuring accuracy of 
the AP TMS relative to the digital terrain model. 

Building a digital terrain model 

The testing area was an uneven piece of terrain on 
which identification marks (reference points) were locat-
ed. The location of the reference points was chosen so 
that after the aviation work in their place, it was possible 
to arrange numbered banners, the distance to which will 
be measured by the AP TMS layout. The geographical 
coordinates of these points were precisely determined us-
ing the Trimble R8 satellite geodetic receiver in Real-
Time Kinematic (RTK) mode. The geodetic base station 
was located at known coordinates and transmitted correc-
tions to the receiver. Reference points are used to check 
the accuracy of orthomosaic geographical reference and 
digital model of terrain, which were obtained as a result 
of photogrammetric processing of aerial photographs [17, 
18]. Also, with their help, the accuracy of distance meas-
urement done by the AP TMS layout was checked. 

As a UAV a DJI Phantom 4 Pro quadrocopter with an 
integrated two-frequency geodetic receiver on board was 
used. The geodetic receiver allows navigation in space 
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and recording of satellite observations data during flight 
(kinematics) [19, 20]. The UAV is equipped with a tele-
vision camera with a spatial resolution of 20 megapixels, 
which is installed on a gyro-stabilizing three-axis gimbal. 
This makes it possible to achieve centimeter accuracy for 
coordinates determination of photographing centers dur-
ing post-processing of satellite observation data from 
UAV board and base station installed at the point with 
known coordinates [21]. 

A flight task for the UAV was prepared. Main param-
eters of flight mission were: flight speed – 6 m / s; flight 
altitude – 80 m; longitudinal overlap – of 80 % aerial 
photograph; cross-section of aerial photograph – 60 %. 
On the quadcopter which was used, the exposure value of 
the photodetector was in the range from 1 / 500 s to 
1 / 1600 s. If the exposure value were less than 1 / 500 s, 
images became blurred. If the exposure value were more 
than 1 / 1600 s, the mechanical shutter of the camera 
stopped working, which led to a sharp increase in the er-
ror of determining geospatial data of the constructed ter-
rain model [22]. 

As a result of the flight mission, a video sequence of 
706 aerial photographs was formed.  

Photogrammetric processing of aerial photographs 
was carried out under laboratory conditions according to 
the procedure described in [23]. Agisoft Metashape was 
used as the main software to build a digital terrain model. 
Satellite observation data were processed, and photog-
raphy centers were calculated for each image, which are 
elements of the external orientation of the image (coordi-
nates of the projection center in the object coordinate sys-
tem, angles of rotation of the image coordinate system 
relative to the object system) [24 – 26]. According to 
these data, using the collinearity equation, the coordinates 
of points of objects on the ground are calculated. As a re-
sult of the aerial photographs alignment and photo-
graphing centers optimization the following differences 
of control points coordinates determination on the ground 
using aerial photographs and results of full-scale meas-
urements using a geodetic receiver in RTK mode (tab. 2) 
are obtained. The result of full-scale measurements in this 
work is considered a reference. 

Tab. 1. MSE for reference points 

Name of the reference 
point 

Error 
X, cm 

Error 
Y, cm 

Error 
Z, cm 

R1 – 4 6 – 2.5 
R2 – 5.1 4.3 – 2 
R3 – 2.8 5.1 – 4 
R4 – 2.9 4.9 1.4 
R5 – 2 6.7 – 1 

Table 1 show that the difference in determining the 
coordinates of objects between the digital model and nat-
ural measurements using a geodetic instrument is not 
more than 7 cm. This fact indicates that the final digital 
terrain model will have a high accuracy of geospatial data 

and correspond to a scale of 1:500. This technique can be 
used to create digital terrain models for testing AP TMS. 

A situation was modeled when aviation operations 
were carried out on UAVs without a geodetic receiver on 
board. In this case, the processing was carried out without 
the exact values of the elements of the internal and exter-
nal orientation of the aerial photographs, and their calcu-
lation took place from control points that were used as 
reference points. Tab. 2 shows an influence assessment of 
the points number for plan-altitude justification (control 
points) on the spatial error of the model during the pro-
cessing of materials without accurate values of internal 
and external values of aerial photographs. 

Tab. 2. Dependence of MSE in control points on their quantity 

Number of 
the refer-

ence points 

MSE on  
reference 

points X, cm 

MSE on  
reference 

points Y, cm 

MSE on  
reference 

points Z, cm 

3 1 1 1.5 

2 57.7 246 117.7 

1 424.6 463.5 595.4 

0 558.4 513.9 928.3 

From tab. 3, it follows that SD at control points in-
creases dramatically with a decrease in the number of SD 
involved in processing. A minimum number of reference 
points shall be at least three per small area (up to 10 Ha). 
Thus, the use of a UAV without a geodetic receiver 
onboard entails additional labor on the need to use refer-
ence points. This is especially true in large areas and in 
the territory with complex relief. 

At the next stage of data processing, a dense cloud of 
points was built according to the method described in [23]. 
A dense cloud of points with known coordinates (in the 
coordinate system of the object) and brightness values 
took on the original image. A fragment of the constructed 
dense point cloud is represented in fig. 4.  

 
Fig. 4. Dense point cloud 

A dense cloud of points is a digital model of terrain 
on which it is possible to measure distances between ob-
jects with centimeter accuracy. Accordingly, such a mod-
el can be used to test the AP TMS. As an additional 
source of geospatial data, an orthomosaic of the area was 
built and then depicted in fig. 5. 
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Fig. 5. Local orthomosaic fragment 

Then, the distances between the reference points at 
which the banners were located was measured (fig. 6). 

 
Fig. 6. Measuring distances using dense point cloud 

Testing of the AP TMS layout 

After aviation work, the AP TMS layout was installed 
on one of the identification marks. The layout was in-
stalled on the polygon in such a way as to cover all ban-
ners located on the ground without the need to move the 
system, but only rotating the layout around its axis on the 
rack to maintain a geographical reference to the place of 
its installation. Banners were installed at the location of 
the identification marks. The location of the banners in 
the test area is shown in fig. 7. 

Distance measurement with APTMS was carried out 
using MZRM developed by the authors [23]. MZRM is 
implemented in the AP TMS layout as follows. The sys-
tem forms two consecutive video frames. The first video 
frame contains a certain number of extended (per the de-
sired range of measurement) AVAs with some constant 
initial gating delay, wherein AVAs are formed due to a 

long duration photodetector gating pulse (PGP) and a 
short SIP duration. 

 
Fig. 7. The location of the banners 

The brightness value of pixel I1 with coordinates (x, 
y) in the first video frame can be represented in the fol-
lowing form: 

1( , ) ( , , ) ,
0dI x y I x y N  

 (1) 

I (x, y, τd0) is the pixel brightness with coordinates (x, y) in 
AVA with a gating delay τd0; N is the number of local 
AVAs in the video frame.  

The second video frame is formed from a certain 
number of local AVAs shifted relative to each other, 
which is achieved by a discrete change of delay values of 
the FSI during one frame. The brightness value of pixel 
I2 with coordinates (x, y) in the second video frame can 
be represented as follows: 
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         (2)
 

M is the number of different gating time delays; Δτd is the 
step of gating time delay. 

To obtain a linear measuring section (dependence of 
the object image brightness in the system’s field of view 
from the distance to them) it is necessary to perform 
normalization of total AVA. Normalization is performed 
by dividing pixel brightness values I2 in the video frame 
containing the total AVA by pixel brightness values I1 in 
the video frame containing the first AVA. To obtain a 
depth map containing a range value in each pixel, the 
normalized frame is multiplied by calibration 
coefficients. The MZRM parameters that measured the 
distance to lead objects are presented in tab. 3. 

Tab. 3. MZRM parameters 

Parameter Value 
Duration of photodetector gating, ns 200 

Duration of SIP, ns 30 
Number of local AVA 100 

Step between local AVA, ns 1.4 

According to the timing of the video frames in the 
MZRM, a first AVA is generated in each odd frame and a 
total AVA is generated in each even frame. At the same 
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time, the resulting sequence of video frames containing 
depth maps will have half the frequency. 

Due to the small angle of view of the AP TMS lay-
out, range measurement and "depth maps" were made 
for fragments of observed objects that fall into the field 
of view of the AP TMS layout. Depending on the range 
of the observation objects, the initial gating delay was 
established, at which the observed objects were in posi-
tive contrast in the images in the frames with the first 
and total AVA. Fig. 8 and 9 show the frames of the first 
and total AVA for the area with banners No. 2, 3, and 4, 
respectively.  

 
Fig. 8. Frame of the first AVA 

 
Fig. 9. Frame of the total AVA 

Fig. 10 shows the resulting pseudo-color depth map 
with a distance-color scale, where the values on the 
scale are given in meters (right, fig. 10).g. 10 shows 
the resulting pseudo-color depth map with a distance-
color scale, where the values on the scale are given in 
meters (right, fig. 10). 

 
Fig. 10. Depth map of the area with banners 

Table. 4 shows the results of measuring distances to 
objects in a test facility. 

Tab. 4. The result of measuring distances to objects 
in a test facility 

Object of  
interest 

Measuring tool 

AP TMS, 
m 

Geodetic in-
strument, m 

Dense 
point 

cloud, m 

Banner 1 11.12 11 10.98 

Banner 2 18.5 19.06 19.05 

Banner 3 34.78 34.97 34.89 

Banner 4 39.62 39.95 39.9 

Tab. 5 shows the difference in the results of measur-
ing distances to objects at the polygon using AP TMS, a 
geodetic instrument, and a digital terrain model. 

Conclusions 

Tests showed that the accuracy of prospecting data of 
digital terrain model has centimeter error of measurement of 
distances to objects (0.01 m – 0.08 m) on the considered 
route [27]. The method of measuring the range to objects us-
ing AP TMS has a decimeter error of measuring distances 
(0.05 m – 0.56 m), compared to an exemplary geodetic in-
strument that has valid metrological verification and was 
considered a reference measuring tool. The obtained errors 
in measuring the range to objects using the AP TMS layout 
are presumably associated with non-stationary conditions 
during testing (significant changes in temperature and hu-
midity) and due to the fact that in practice, after normalizing 
the total AVA, the obtained measuring area has some non-
linearity, which requires the use of a more complex prelimi-
nary calibration of the layout AP TMS.  

Tab. 5. Distance measurement difference at the test facility 

Object of  
interest 

AP TMS and geodetic 
instrument measurement 

difference, m 

AP TMS and dense point 
cloud measurement differ-

ence, m 

Measurement difference of 
dense points cloud and ge-

odetic instrument, m 

Banner 1 +0.12 +0.14 – 0.02 

Banner 2 – 0.56 – 0.55 – 0.01 

Banner 3 – 0.19 – 0.11 – 0.08 

Banner 4 – 0.33 – 0.28 – 0.05 
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The high geospatial accuracy of the obtained digital 
terrain model gives the right to claim that it is applica-
ble for testing the accuracy of distance measurements 
using AP TMS. 
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