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The article is devoted to the developed method of infrared detection of group remote high-temperature
objects. The problem of searching for the extremum of the total infrared radiation of a group of non-identical
thermal objects carrying out a group flight is formulated and solved using the variational optimization
method. Examples of such objects include the flight of aircraft in a group, ground scenes involving a group
of objects of interest, temperature diagnostics of various points of buildings, control of automobile traffic
on highways, control of group flights of birds, drones, etc. A condition has been determined under which
the total value of the infrared radiation flux of thermal elements in the group reaches an extreme value.
The regression relationship function between the emission coefficient of the thermal elements of the group
and the atmospheric transmission coefficient has been calculated. The problem of optimal control of small
thermal objects randomly distributed in the atmosphere is practically solved using a ground-based multi-
radar system in which elements of a multi-radar system monitor flying objects with different values of the
radiation coefficient on the routes and different atmospheric transparencies. The proposed method can be
used for remote control of flight or the functioning of a group of flying thermal objects with different values
of the radiation coefficient with a special procedure for selecting a controlled aircraft for observation by an
element of a multi-radar system. The property of the extremum of the total IR radiation flux was found in
the inverse relationship between the radiation coefficients of all controlled flying objects and the transparency
of the atmosphere along the route between the multi-radar element and the controlled flying object.
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Introduction

It is well known that any object with a temperature
above zero Kelvin emits infrared radiation [1]. At the
same time, infrared (IR) radiation makes it possible to
study both moving and non-moving objects emitting in
the thermal range [2]. Infrared object detection is one
of the methods of remote sensing of the surrounding
world and is widely used for both civilian and military
purposes [3]. Infrared object detection can in princi-
ple be used to detect objects at both close and long
distances.

Infrared measurement at close distances is used in
medicine [4–7], veterinary medicine [8–11], in the study
of technological processes [12–14], in the construction
of buildings [15–17], etc. At the same time, objects of
interest often exist in the form of a certain group of
thermal emitters and a general qualitative characteri-
stic of the functioning of such groups can be given
using such an indicator as the total IR radiation of
elements of such groups. As examples of such objects,
it is possible to show flights of aircraft in a group.

For example, in [18], single-position and multi-
position methods for detecting small aerial objects
using computational methods to determine secondary
radiation fluxes emanating from these objects are
considered.

In [19], the advantages of IR radar systems such as
a wide range of radio frequencies and the ability to qui-
ckly process primary results compared with microwave
radars are noted. IR radars are also more resistant to
various atmospheric influences compared to microwave
radars.

According to [20], automatic detection and track-
ing of small flying objects with possible atmospheric
noise is possible by determining individual structural
elements according to set values of the signal-to-noise
ratio. Further application of genetic algorithms makes
it possible to increase the reliability of detecting such
objects.

As noted in [21], the IR detection of small fly-
ing objects in the marine environment encounters the
problem of a small signal-to-noise ratio of the extracted
useful signal. At the same time, both empirical models
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and statistical analysis methods should be used to take
into account the influence of marine environmental
factors.

The work [22] reports on the use of multi-radar,
multi-sensor systems consisting of a warning and
decision-making system and a system for generating
aviation weather information designed to detect and
predict a non-flight weather situation (the appearance
of tornadoes, lightning, etc.).

According to [23], the use of a “gray” morphological
filter will enhance the useful signal and weaken the
influence of the background during IR detection of
small flying objects. In this case, the desired small
objects can be redone according to the algorithm of the
maximum local sum. According to [24], drone detection
can be effectively implemented by combining the use of
IR radars, acoustic sensors and computer images.

Obviously, the detection of thermal sources must
be calibrated in one way or another, and the quality
of such operations is often determined by the signal-
to-noise ratio in the measuring result. Therefore, the
researcher is always interested in getting the best result
with low total noise. The specified property of remote
measurements actualizes the formation of various opti-
mization tasks related to remote thermal detection.

1 Materials and methods

Next, we will specifically focus on conducting group
thermal detection of objects and for this reason we will
provide some basic information about the radiation
and re-radiation of remote celestial objects borrowed
from the source [25]. When considering the case of the
infrared radiation flux of one object using an infrared
camera (Fig. 1), the total radiation at the camera input
can be estimated using the following expression:

𝑊𝑡𝑜𝑡 = 𝐸𝑜𝑏𝑗 + 𝐸𝑟𝑒𝑓𝑙 + 𝐸𝑎𝑡𝑚 + 𝐸𝑝ℎ, (1)

where 𝐸𝑜𝑏𝑗 is the radiation of the object of interest
to us; 𝐸𝑟𝑒𝑓𝑙 is the re-reflected radiation of the envi-
ronment; 𝐸𝑎𝑡𝑚 is the radiation of the atmosphere; 𝐸𝑝ℎ

is background radiation.
These components are determined by the following

expressions:

𝐸𝑜𝑏𝑗 = 𝜀𝑜𝑏𝑗 · 𝜏𝑎𝑡𝑚 · 𝜎(𝑇𝑜𝑏𝑗)
4, (2)

where 𝜀𝑜𝑏𝑗 is the radiation coefficient of the object; 𝜎 is
the Stefan-Boltzmann constant; 𝜏𝑎𝑡𝑚 is the transmissi-
on of the atmosphere; 𝑇𝑜𝑏𝑗 is the temperature of the
atmosphere;

𝐸𝑟𝑒𝑓𝑙 = 𝜌𝑜𝑏𝑗 ·𝜏𝑎𝑡𝑚·𝜎(𝑇𝑟𝑒𝑓𝑙)
4 = (1−𝜀𝑜𝑏𝑗)·𝜏𝑎𝑡𝑚·𝜎(𝑇𝑟𝑒𝑓𝑙)

4,
(3)

where 𝜌𝑜𝑏𝑗 is the spectral reflection coefficient; 𝑇𝑟𝑒𝑓𝑙 is
the reflected temperature;

𝐸𝑎𝑡𝑚 = 𝜀𝑎𝑡𝑚 · 𝜎(𝑇𝑎𝑡𝑚)4 = (1−𝜏𝑎𝑡𝑚) · 𝜎(𝑇𝑎𝑡𝑚)4, (4)

where 𝜀𝑎𝑡𝑚 is the radiation coefficient of the
atmosphere; 𝑇𝑎𝑡𝑚 is the temperature of the
atmosphere;

𝐸𝑝ℎ = 𝜎(𝑇𝑝ℎ)
4, (5)

where 𝑇𝑝ℎ is the background temperature.
Taking into account the expressions (2)-(5) we

obtain the following expression for the total heat flow

𝑊𝑡𝑜𝑡 = 𝜀𝑜𝑏𝑗𝜏𝑎𝑡𝑚𝜎(𝑇𝑜𝑏𝑗)
4+(1−𝜀𝑜𝑏𝑗)𝜏𝑎𝑡𝑚𝜎(𝑇𝑟𝑒𝑙𝑓 )

4+

+ (1−𝜏𝑎𝑡𝑚)𝜎(𝑇𝑎𝑡𝑚)4 + 𝜎(𝑇𝑝ℎ)
4. (6)

Next, we introduce the following interrelation
function:

𝜀𝑜𝑏𝑗 = 𝜀(𝜏𝑎𝑡𝑚)

and the ordered set

𝑇 = {𝜏𝑎𝑡𝑚.𝑖}; 𝑖 = 1, 𝑛,

where (𝜏𝑎𝑡𝑚.𝑖 − 𝜏𝑎𝑡𝑚.𝑖−1) = ∆𝜏𝑎𝑡𝑚; ∆𝜏𝑎𝑡𝑚 = 𝑐𝑜𝑛𝑠𝑡.

Fig. 1. The total optical radiation at the input of the infrared camera, formed as the sum of four components (1)
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From expression (6) we get

𝑊𝑡𝑜𝑡

𝜎𝜀𝑜𝑏𝑗𝜏𝑎𝑡𝑚
= 𝑎1 +

𝑎2
𝜀𝑜𝑏𝑗𝜏𝑎𝑡𝑚

+
𝑎3
𝜀𝑜𝑏𝑗

, (7)

where
𝑎1 =

(︀
𝑇 4
𝑜𝑏𝑗 − 𝑇 4

𝑟𝑒𝑙𝑓

)︀
𝑎2 =

(︀
𝑇 4
𝑎𝑡𝑚 + 𝑇 4

𝑝ℎ

)︀
𝑎3 =

(︀
𝑇 4
𝑟𝑒𝑙𝑓 − 𝑇 4

𝑎𝑡𝑚

)︀
⎫⎪⎬⎪⎭ (8)

based on the expression (7), we will make the
corresponding sum for all 𝑖 = (1, 𝑛).

1

𝜎

𝑛∑︁
𝑖=1

𝑊𝑡𝑜𝑡

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚,𝑖)𝜏𝑎𝑡𝑚,𝑖
=

=

𝑛∑︁
𝑖=1

[︂
𝑎1 +

𝑎2
𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚,𝑖)𝜏𝑎𝑡𝑚,𝑖

+
𝑎3

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚,𝑖)

]︂
. (9)

In this case, we have 𝑊𝑡𝑜𝑡 = 𝑊𝑡𝑜𝑡(𝜀(𝜏𝑎𝑡𝑚,𝑖)), i.e.
the total measured signal depends on the choice of the
type of function 𝜀(𝜏𝑎𝑡𝑚,𝑖). Turning to the continuous
form of writing, we write expression (9) as

1

𝜎

∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

𝑊𝑡𝑜𝑡(𝜀(𝜏𝑎𝑡𝑚))

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)𝜏𝑎𝑡𝑚
𝑑𝜏𝑎𝑡𝑚 =

=

∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

[︂
𝑎1+

𝑎2
𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)𝜏𝑎𝑡𝑚

+
𝑎3

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)

]︂
𝑑𝜏𝑎𝑡𝑚.

(10)

Let’s impose the following restriction on the
interrelation function (9)∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

𝜀(𝜏𝑎𝑡𝑚)𝑑𝜏𝑎𝑡𝑚 = 𝐶; 𝐶 = 𝑐𝑜𝑛𝑠𝑡. (11)

Taking into account expressions (10) and (11),
two target functions 𝐹1 and 𝐹2 can be formed using
the method of unconditional variational optimization,
where

𝐹1 =
1

𝜎

∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

𝑊𝑡𝑜𝑡(𝜀(𝜏𝑎𝑡𝑚))

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)𝜏𝑎𝑡𝑚
𝑑𝜏𝑎𝑡𝑚+

+ 𝜆1

[︂∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)𝑑𝜏𝑎𝑡𝑚 − 𝐶

]︂
, (12)

where 𝜆1 is the Lagrange multiplier;

𝐹2 =

=

∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

[︂
𝑎1+

𝑎2
𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)𝜏𝑎𝑡𝑚

+
𝑎3

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)

]︂
×

× 𝑑𝜏𝑎𝑡𝑚 + 𝜆2

[︂∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

𝜀(𝜏𝑎𝑡𝑚)𝑑𝜏𝑎𝑡𝑚 − 𝐶

]︂
, (13)

where 𝜆2 is the Lagrange multiplier.
Because of the implicit form of the function

𝑊𝑡𝑜𝑡(𝜀(𝜏𝑎𝑡𝑚)) next, we consider the solution of the
optimization problem (13).

It is known from the theory of calculus of variations
that the optimal function leading to the extremum 𝐹2

must correspond to the condition

𝑑
{︁
𝑎1+

𝑎2

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)𝜏𝑎𝑡𝑚
+ 𝑎3

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)+𝜆2𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)
}︁

𝑑𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)
= 0.

(14)
From the condition (14) we get

− 𝑎2
𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)2𝜏𝑎𝑡𝑚

− 𝑎3
𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)2

+ 𝜆2 = 0. (15)

From expression (15) we get

− 1

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚)2

[︂
𝑎2
𝜏𝑎𝑡𝑚

+ 𝑎3

]︂
= −𝜆2. (16)

From expression (16) we find:

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚) =

√︃
𝑎2

𝜏𝑎𝑡𝑚
+ 𝑎3

𝜆2
. (17)

Thus, when solving (17), the functional (13) reaches
an extremum.

2 Discussion

To find out the type of extremum of the functional
𝐹2, it is enough to take the derivative of expression
(15) for the desired function and make sure that the
result is always a positive value. Therefore, when solv-
ing (17), both functional (13) and functional (12) reach
a minimum.

To calculate the Lagrange multiplier 𝜆2, you can
use expressions (11) and (17). Inserting expression (17)
into (11) we get

1√
𝜆2

∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

√︂
𝑎2
𝜏𝑎𝑡𝑚

+ 𝑎3 𝑑𝜏𝑎𝑡𝑚 = 𝐶. (18)

Taking into account the expression (18), we find

𝜆2 =

[︂
1

𝐶

∫︁ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

√︂
𝑎2
𝜏𝑎𝑡𝑚

+ 𝑎3 𝑑𝜏𝑎𝑡𝑚

]︂2
. (19)

Taking into account expressions (17) and (19), we
finally obtain:

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚) =
𝐶
√︁

𝑎2

𝜏𝑎𝑡𝑚
+ 𝑎3∫︀ 𝜏𝑎𝑡𝑚,𝑚𝑎𝑥

0

√︁
𝑎2

𝜏𝑎𝑡𝑚
+ 𝑎3 𝑑𝜏𝑎𝑡𝑚

. (20)

Based on the above, we can propose the following
multi-radar technique for confirming the appearance
in the field of view of an IR radar of the same type
of thermal objects with a radiation coefficient 𝜀𝑜𝑏𝑗(𝑖)
at a distance 𝐿(𝑖) equivalent to the optical thickness
𝜏𝑎𝑡𝑚(𝑖), where 𝑖 is the ordinal object number.

To implement the proposed method for detecting
a group of flying thermal objects in a controlled area
of the celestial sphere, a multi-radar system should be
used, automatically rebuilt using guidance systems in
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such a way that the ratio (17) between 𝜀𝑜𝑏𝑗 and 𝜏𝑎𝑡𝑚
are ensured.

The measuring and computing unit of the multi-
radar system, with which the values of 𝐹1𝑔 and 𝐹2𝑔

are calculated, must track the changes in the following
discrete sum

𝐹1𝑔 =
1

𝜎

𝑛∑︁
𝑖=1

𝑊𝑡𝑜𝑡(𝑖)

𝜀𝑜𝑏𝑗(𝜏𝑎𝑡𝑚,𝑖)𝜏𝑎𝑡𝑚,𝑖
. (21)

The extremum detection unit, with some kind of
communication function, should provide detection of
the minimum 𝐹1𝑔, which is equivalent to detecting a
group of flying objects.

The block diagram of such a multi-radar system is
conventionally shown in Fig. 2.

Fig. 2. The block diagram of the proposed multi-radar system for detecting groups of flying objects: 1 – group
of detectable objects; 2 – group of IR radars; 3 – radar signals adder; 4 – minimum detector

3 Model researches

Taking into account the obtained solutions (17)
and (20), we will conduct model studies, approximati-
ng the obtained solutions in the first approximation
by the following functions satisfying the restrictive
condition (11)

𝜀𝑜𝑏𝑗,1 = 𝜀0 − 𝑘𝜏𝑎𝑡𝑚, (22)

𝜀𝑜𝑏𝑗,2 = 𝑘𝜏𝑎𝑡𝑚. (23)

The graphical representation of the function (22)
and (23) are shown in Fig. 3.

Since the model function (22) is more similar in
nature to the obtained solutions (17) and (20), the
value of the integrand in the first integral of expression
(13) for function (22) should be less than for the model
function (23).

The above integrand 𝛾 has the form

𝛾 = 𝑎1 +
𝑎2

𝜀(𝜏𝑎𝑡𝑚)𝜏𝑎𝑡𝑚
+

𝑎3
𝜀(𝜏𝑎𝑡𝑚)

. (24)

Fig. 3. Graphical representation of the model range
(22) and (23), where 𝑘 = arctg𝛼

Taking into account the expressions (22)-(24) let’s
show that

𝛾2 > 𝛾1, (25)

where

𝛾1 = 𝑎1 +
𝑎2

(𝜀0 − 𝑘𝜏𝑎𝑡𝑚)𝜏𝑎𝑡𝑚
+

𝑎3
(𝜀0 − 𝑘𝜏𝑎𝑡𝑚)

, (26)

𝛾2 = 𝑎1 +
𝑎2

𝑘𝜏𝑎𝑡𝑚𝜏𝑎𝑡𝑚
+

𝑎3
𝑘𝜏𝑎𝑡𝑚

. (27)
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Basic mathematical models (26) and (27) obtained
at the model value 𝑎2 = 𝑎3 = 1; at 𝜏𝑎𝑡𝑚 = (0.2− 0.8).
As can be seen from the graphs of the functions 𝛾1 and
𝛾2 (Fig. 4), the area under the curve of the function 𝛾2
is significantly larger than the curve under the graph of
the function (1). This circumstance indirectly confirms
the obtained result on the minimum of the objective
function (13) in solutions (17) and (20).

Fig. 4. Model graphs of functions 𝛾1 (26) and 𝛾2 (27)

Conclusions

A multi-radar extreme method for detecting a
group of thermal flying objects using a group of ground-
based IR radars is proposed.

It is shown that with a certain type of communi-
cation function between the emission coefficients of
elements of a group of flying objects and the opti-
cal density of the atmosphere along the “object-radar”
route, when a certain restrictive condition is imposed
on this function, the total signal of the multi-radar
complex reaches a minimum.

An approximate model confirmation of the work-
ability of the proposed method has been obtained.
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Метод виявлення малих повiтряних
об’єктiв, що з’являються в полi зору в
контрольованiй частинi небесної сфе-
ри в iнфрачервоному дiапазонi

Агаєв Ф. Г., Асадов Х. Г., Алiєва Г. В.

Стаття присвячена розробленому методу iнфрачер-
воного виявлення групових вiддалених високотемпера-
турних об’єктiв. Методом варiацiйної оптимiзацiї сфор-
мульовано та розв’язано задачу пошуку екстремуму
сумарного iнфрачервоного випромiнювання групи неi-
дентичних теплових об’єктiв, якi здiйснюють груповий
полiт. Прикладами таких об’єктiв є груповий полiт лi-
такiв, наземнi сцени з групою об’єктiв, температурна
дiагностика рiзних точок будiвель, контроль автомо-
бiльного руху на магiстралях, контроль групових по-
льотiв птахiв, дронiв тощо. Визначено умову, за якої
сумарне значення потоку iнфрачервоного випромiнюва-
ння теплових елементiв у групi досягає екстремального
значення. Pозраховано функцiю регресiйної залежностi
мiж коефiцiєнтом випромiнювання теплових елементiв
групи та коефiцiєнтом пропускання атмосфери. Зада-
ча оптимального керування хаотично розподiленими в
атмосферi малими тепловими об’єктами практично ви-
рiшується за допомогою наземної мультирадiолокацiй-
ної системи, в якiй елементи мультирадiолокацiйної си-
стеми спостерiгають лiтаючi об’єкти з рiзними значення-
ми коефiцiєнта випромiнювання на маршрутах i рiзною
прозорiстю атмосфери. Запропонований спосiб може бу-
ти використаний для дистанцiйного керування польотом
або функцiонуванням групи лiтаючих теплових об’єктiв
з рiзними значеннями коефiцiєнта випромiнювання зi
спецiальною процедурою вибору керованого лiтака для
спостереження елементом мультирадiолокацiйної систе-
ми. Виявлено властивiсть екстремуму сумарного потоку
IЧ-випромiнювання в оберненiй залежностi мiж кое-
фiцiєнтами випромiнювання всiх керованих лiтаючих
об’єктiв i прозорiстю атмосфери по маршруту мiж муль-
тирадiолокацiйним елементом i керованим лiтальним
об’єктом.

Ключовi слова: вимiрювання температури; груповий
полiт; атмосфера; прозорiсть атмосфери
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