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В связи с трудностями, возникающими при использовании систем спутниковой навигации на аэ-

родромах в настоящее время, и недостаточной точностью инерциальных навигационных систем, 

для проведения траекторных измерений вновь стали использоваться оптические измерительные 

комплексы. Однако существующие измерительные комплексы обладают рядом недостатков. Целью 

данной работы является описание способа повышения точности траекторных измерений, получен-

ных угломерным методом. В статье рассматриваются основные алгоритмы, применяющиеся при 

проведении траекторных измерений в настоящее время и их недостатки. Предлагается алгоритм 

покадровой послеполётной обработки записанного видео с камер оптико-электронного измеритель-

ного комплекса. Приводится описание реализации данного алгоритма с учётом особенностей графи-

ческих программных интерфейсов для обработки ввода пользователя алгоритма. Предложенный 

алгоритм позволяет после проведения траекторных измерений, без ограничений по времени, уточ-

нить углы поворота и наклона платформы в каждый момент времени. Предложенный алгоритм 

позволяет повысить точность как уже проведённых, так и проводимых в будущем траекторных 

измерений при испытаниях летательных аппаратов. Предложенный алгоритм также может ис-

пользоваться для получения потенциальных углов поворота и наклона камеры при реализации угло-

мерно-пеленгационного комплекса с применением неподвижных широкоугольных оптических камер. 

Например, при измерении диаграмм направленности бортовых антенн самолёта с помощью квадро-

коптера-измерителя для определения его положения в пространстве в каждый момент времени.  

В статье также приводятся основные достоинства и недостатки алгоритма, вносятся пред-

ложения по его усовершенствованию, предлагаются возможные области его применения. 
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ские измерения, послеполётная обработка, определение координат летательного аппарата, спут-

никовые навигационные системы. 
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Due to the difficulties that arise when using satellite navigation systems at airfields at present, and the 

insufficient accuracy of inertial navigation systems, optical measuring systems have again begun to be used 

to carry out trajectory measurements. However, existing measuring systems have a number of disadvan-

tages. The purpose of this work is to describe a method for increasing the accuracy of trajectory measure-

ments obtained by the goniometric method. The article reviews the main algorithms currently used in tra-

jectory measurements and their shortcomings. An algorithm for frame-by-frame post-flight processing of 

recorded video from cameras of an optical-electronic measuring complex is proposed. A description of the 

implementation of this algorithm is given, taking into account the specifics of graphical software interfaces 

for processing user of the algorithm’s input. The proposed algorithm allows, after carrying out trajectory 

measurements, without time restrictions, to correct pan and tilt of the platform at each moment in time. The 

proposed algorithm makes it possible to increase the accuracy of trajectory measurements when testing 

aircraft, both already carried out and future ones. The proposed algorithm can also be used to obtain 

would-be pan and tilt of the camera when implementing a goniometric direction-finding complex using 

fixed wide-angle optical cameras. For example, when measuring the radiation patterns of an aircraft's on-

board antennas using a quadcopter-meter to determine its position in space at each moment in time. The 

article also presents the main advantages and disadvantages of the algorithm, makes proposals for its im-

provement, and suggests possible areas of its application. 

 

Keywords: trajectory measurements, direction finding method, goniometric method, optical measure-

ments, post-flight processing, determination of aircraft coordinates, satellite navigation systems. 

 

Introduction 

The main method to determine the position of an aircraft in space is to use satellite navigation sys-

tems [1]. Currently their use to conduct trajectory measurements on the territory of airfields is impos-

sible due to a number of reasons [2]. Inertial navigation systems, currently used instead of satellite 

ones, accumulate significant errors during long flights [3]. In addition, carrying out this type of meas-

urement is necessary to install additional equipment directly on the aircraft, which is not always possi-

ble for legal or technical reasons, for example, when using small-sized unmanned aerial vehicles with 

limited payload [4].  

One of the options to solve this problem is the use of optical systems [5–7], such as cine-

theodolites [8], to calculate the position of the aircraft based on azimuth and elevation angles from two 

measuring points [9] (two-point direction finding method, shown in Fig. 1). 
 

 
 

Рис. 1. Суть угломерного или пеленгационного способа определения координат 
 

Fig. 1. Direction finding model 

 

However, accurately tracking the movement of an aircraft is practically impossible. When manu-

ally tracking a target, the tracking result is mainly under the impact of operator errors. For example, an 
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operator cannot perfectly keep a fast moving object in the center of the frame due to the relatively high 

human reaction time. Also, the operator may make mistakes due to human factor. 

Using computer vision algorithms simplifies the task somewhat, but does not solve the problem 

completely. Brightness-contrast algorithms of computer vision are extremely sensitive to weather con-

ditions and extraneous objects in the frame [10]. More advanced algorithms based on machine learn-

ing can solve this problem quite effectively, but they require more computing power and a large train-

ing sample for each individual aircraft model to be tracked. Therefore, the development of such algo-

rithms to conduct small-scale tests is economically unprofitable. 

In addition, even with an error-free computer vision algorithm, it is fundamentally impossible to 

solve the problem of the pan-tilt mechanism having a limited rotation speed. Moreover, using the max-

imum rotation speed cannot be always realized, even if the pan-tilt mechanism allows it. The camera 

installed on it can be quite heavy [11], and if the speed changes abruptly, the pan-tilt mechanism can 

fail. 

A solution could be a frame-by-frame post-flight processing algorithm, where the operator, not lim-

ited by time frames and physical characteristics of the measuring complex, can indicate the position of 

the aircraft with pixel accuracy [12] and specify the angles of rotation and tilt of the camera relative to 

the center of the frame [13]. 

 

Algorithm description 

The essence of post-flight processing is as follows. 

A post-flight processing operator reviews the recorded flight video footage. The operator moves to 

the frame (Fig. 2) corresponding to the required moment in time, points the cursor at a specific point 

on the aircraft, along which it was decided to conduct trajectory measurements, and by pressing the 

mouse button starts the operation of the algorithm, which will correct the aircraft sight angles. 

 

 
 

Рис. 2. Примерная схема кадра при послеполётной обработке 
 

Fig. 2. Frame structure during post-flight processing 

 

 

Since the operator's monitor resolution, frame display area size and aspect ratio may change during 

the post-flight processing, unlike the original video, it is necessary to take this fact into account and 

not be tied to the pixel resolution, but to work relative to the horizontal and vertical viewing angles. 

The APIs that provide the current position of the mouse cursor return it relative to the upper-left 

corner of the display area [14]. But since the target sighting angles for each frame are set relative to its 

center, it is necessary to transform the coordinates of the mouse cursor. The position of the mouse cur-

sor relative to the center of the frame can be calculated using the following formula: 
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where topleftx  and toplefty  – the position of the mouse pointer relative to the upper left corner of the 

frame; w  and h  – the total number of pixels in the frame in width and height respectively. 

Now we need to move from a linear representation in pixels to an angular representation in degrees 

or radians. To do this, we divide the frame into quadrants. We will take the axes denoting the width 

and height of the frame to be equal to one angle of the solution horizontally and vertically, respec-

tively. Consequently, points along these axes will have coordinates in the range from –0.5 to +0.5. 

Therefore, we eliminate the need to know the resolution of the original video to calculate the pixel 

value in angular measure. The coefficients of linear displacement of the target relative to the frame 

center can be calculated using the following formula: 
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The angular displacement of the target relative to the center of the frame can be obtained by multi-

plying the lens aperture angles by the corresponding coefficients obtained earlier: 
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where FOVh  and FOVv  – horizontal and vertical lens aperture angles, respectively.  

Now, to obtain the more accurate angles of pan and tilt of the camera on the aircraft, it is necessary 

to add the obtained angular offset to the angles of the frame center. 
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Conclusion 

The considered algorithm can be used when conducting trajectory measurements to improve the 

accuracy [15] of aircraft position calculations. Figure 3 presents an example of a post-flight processing 

program that uses this algorithm. Moreover, this algorithm can be used in systems with fixed wide-

angle cameras as the main method to determine the viewing angles of an aircraft. Such a system can be 

used to measure the radiation patterns of aircraft onboard antennas. However, when using wide-angle 

cameras, lens distortion is necessarily taken into account. 

The main disadvantage of this algorithm is the need to manually specify the position of an aircraft 

for each frame, which makes its use for long flights labor-intensive. A way to solve this problem may 

be to sample only key frames at a certain time interval (for example, 2 times per second) depending on 

the requirements indicated in the technical specifications. Alternatively, more resource-intensive com-

puter vision algorithms can also be used to automate the frame-by-frame processing process. They 

cannot be used in real time, but are suitable when there are no time constraints on processing a single 

frame, since we are talking about post-flight processing of the recorded video. 
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Рис. 3. Послеполётная обработка траекторных измерений МС-21 
 

Fig. 3. Post-flight processing of Yakovlev MC-21 

 

The main advantage of this algorithm is the ability to obtain the highest possible accuracy when 

conducting trajectory measurements with cine-theodolites, since frame-by-frame processing makes it 

possible to consistently obtain angles of the same point on the aircraft. 
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