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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, dromnes, 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 + Epha (]_)

object

atmosphere

Babj " T * {Tﬂbl}"

(1- E’Db[] @ (Treﬂ]
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where E,p; is the radiation of the object of interest
to us; Eeg is the re-reflected radiation of the envi-
ronment; Eg¢p, is the radiation of the atmosphere; Ey,
is background radiation.

These components are determined by the following
expressions:

(2)

where €, is the radiation coefficient of the object; o is
the Stefan-Boltzmann constant; 744, is the transmissi-
on of the atmosphere; Typ; is the temperature of the
atmosphere;

Eobj = Eobj " Tatm * U(Tobj)47

(Trep1)*,

(3)
where pop; is the spectral reflection coeflicient; T’z is
the reflected temperature;

Erefl = pobj'Tatm'U(Trefl)4 = (lfgobj)'Tatm'O—

(1*Tatm) : U(Tatm)47 (4)

Eatm = Eatm * U(Tatm)4 =

where €44, 1s the radiation coefficient of the
atmosphere; T, is the temperature of the
atmosphere;

Eph = U(Tph)47 (5)

where T}, is the background temperature.

Taking into account the expressions (2)-(5) we
obtain the following expression for the total heat flow
+ (]- _5obj)7ath(Trelf)4+
) +o(Tpn)'. (6)

we introduce the following interrelation

Wiot = EobjTatmg(Tobj)4
+ (1 _Tatm)U(Tatm

Next,
function:

Eobj = £':(7—atm)

and the ordered set

T= {Tatm.i}; {

1,7’l,

AToim; ATasm = const.

where (Tutm.i — Tatm.i—1) =
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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

Wiot az as
LT R RN
OEobjTatm EobjTatm Eobj

where . .
ay = (Tobj - Trelf)

az = (T(ftm + T;)Lh)
as = (valelf - T;tm)

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

(8)

1 - Wtot
DB =

obj (Tatm,i)Tatm,i

- Z [al + 2 y . (9)

5obj (Tatm,i)Tatm,i Eobj (Tatm,i)

In this case, we have Wiy = Wiot(e(Tatm,i)), i-e.
the total measured signal depends on the choice of the
type of function &(74¢m, ;). Turning to the continuous
form of writing, we write expression (9) as

dTatm -

l /Tat'rn,'rna:c w
0

g Eobj (Tatm)Tat'm
dTatm .

(10)

Tatm,maz as as
= a1+ +
0 Eobj (Tatm)Tatm €obj (Tatm)

Let’s impose the following restriction on the
interrelation function (9)

Tatm,maz
/ s(Tatm)dTatm = C; C = const. (1]_)
0

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

Fy = l /Tatm’maz Wiot(€(Tatm))
0

dTatm~+
g <C:obj (Tatm)Tatm

+ )\1 |:/ o eobj(Tatm)dTatm - C:l ) (12)
0
where \; is the Lagrange multiplier;

=

Tatm,mazx as as
= a1+ + - X
0 Eobj (Tatm)Tatm gob] (Tatm)

Tatm,max
X dTatm + A2 [/ e(Tatm)dTatm — C} , (13)
0

where )\, is the Lagrange multiplier.

Because of the implicit form of the function
Wiot (€(Tatm)) 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 F3
must correspond to the condition

d{al + Eobj (Taifn)'ratm + Eobj ?jatm) +)\2€Obj (Tatm)}
=0.
deobj (Tatm)
(14)
From the condition (14) we get
as as
- - + A2 =0. 15
Eobj (Tatm)QTatm Eobj (Tatm)2 2 ( )
From expression (15) we get
1 a2 :|
— +az| = —Xo. 16
Eobj (Tatm)2 [Tatm s 2 ( )
From expression (16) we find:
Ta2 + as
Eobj (Tatm) = atm)\ . (17)
2

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

2 Discussion

To find out the type of extremum of the functional
Fy, 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 A2, you can
use expressions (11) and (17). Inserting expression (17)
into (11) we get

1 Tatm,max as
— + az drgem = C.
vV )\2 0 Tatm

Taking into account the expression (18), we find

2
1 [retmmer gy
A= | = dTatm | - 19
2 [CA Tatm+a3 Tat :| ( )

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

(18)

az
C Tatm + as

Tatm,maz as ’

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 coeflicient eqp; (%)
at a distance L(¢) equivalent to the optical thickness
Tatm(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

Eobj (Tatm> = (20)
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such a way that the ratio (17) between eop; and Taem,
are ensured.

The measuring and computing unit of the multi-
radar system, with which the values of Fi, and Fj,
are calculated, must track the changes in the following
discrete sum

1 Wiot (4)

The extremum detection unit, with some kind of
communication function, should provide detection of
the minimum Fyg4, 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.

Fiy = . (21)
g g i—1 Eobj(Tatm,i)Tatm,i

1 = £y £q £y, F e o g
e . i 7 — —
—_ — = Fi 5 e

2 21 22 23 24 25 26 27 28
h 4 h 4 Y Y Y h 4 Y Y

3 =
» 4

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)

Eobj,1 = €0 — KTatm, (22)

(23)

€obj,2 = kTatm-

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 ~ has the form

a2

Z5‘(7’(1,tm)7-atm

as

€(Tatm) ’

y=a + (24)

Tagm

Fig. 3. Graphical representation of the model range

(22) and (23), where k = arctga

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

show that

Y2 > 71, (25)
where
a9 as
— . (26
n “ * (60 - kTatm)Tatm (50 - kTatm) ( )
as as

= . 27
2 @ kTatmTatm kTatm ( )
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Basic mathematical models (26) and (27) obtained

at the model value ay = az = 1; at 744, = (0.2 — 0.8).
As can be seen from the graphs of the functions v; and
vz (Fig. 4), the area under the curve of the function 2
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).

Fuv¥e
-

20

153

10—

Fig. 4. Model graphs of functions v; (26) and ~, (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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MeTon BUYBJIEHHS MaJUX MNOBITPAHUX
00’€KTiB, 110 3 gBJIAIOTHCS B MOJIi 30py B
KOHTPOJIbOBaHIill dYacTuHi HebecHOI cde-
pu B indpadepBoHOMY aiama3oHi

Azaes @. I'., Acados X. I., Aniecea I'. B.

Crarrsa npucBsiuena pos3pobsienomy meromay indpadep-
BOHOTO BHSIBJIEHHSI TPYTIOBUX BiJJAJIEHNX BUCOKOTEMIIEPA-
TypHux 00’e¢kTiB. MeTomom Bapiamiiinol onTumizarii cdop-
MYJIBOBAHO Ta PO3B’S33aHO 3334y IOMYKY €KCTPEMYMY
CyMapHOTo iH(PAYEPBOHOTO BHUITPOMIHIOBAHHS TDYMN Hei-
JEeHTUYHAX TeILUIOBUX 00’€KTiB, fKi 3MifCHIOIOTH IPYIOBUI
nostit. Ilpukmagamu Takux 06’€KTiB € TpymnoBmil mOMT JIi-
TakiB, Ha3eMHI CIIEHW 3 TPYyIOI0 00'€KTIiB, TeMmepaTypHa
MIarHOCTUKA PI3HUX TOYOK OymiBesb, KOHTPOJIb aBTOMO-
0lIPHOTO PyXy HA MaricTpajsgx, KOHTPOJb TI'DYIOBHUX IIO-
JIBOTIB TTaxiB, JpOHIB TOIO. Bu3HawueHo yMoBy, 3a aKOL
CyMapHe 3HaYeHHs IIOTOKY iH(PaIepBOHOr0 BUIIPOMIHIOBA-
HHS TEIUIOBUX €JIEMEHTIB y I'PYIi JOCATAE€ eKCTPEeMAJIbHOTO
3HaveHHs. Po3paxoBaHo (YHKINIO PErpeciitHol 3a/1e3KHOCTI
MiXK KOe(IiI[ieHTOM BUIIPOMIHIOBAHHS TEIJIOBUX €JIEMEHTIB
rpymu Ta kKoedinienroMm npomyckanHHsa armocdepu. 3ajia-
Y3 ONTHMAJIBHOTO KEPYBAHHS XaOTUYHO PO3IO/IIIEHUMI B
aTMocdepl MaJIMMU TEIJIOBUMU 00’€KTaMM TMTPAKTUIHO BU-
pimIyeThCs 32 IOIIOMOrOI0 HA3€MHOI MYJIbTUPAII0IOKAIH-
HOI CHCTeMH, B fAKiil eJIeMEHTH MYJIHTUPATIOIOKAIINHOL CH-
CTeMH CIIOCTEPITaloTh T Taotui 00’ €KTH 3 PI3HNMY 3HATEHHSI-
Mu Koedilli€eHTa BUIIPOMIHIOBAHHS HA MAaPHIPyTaX 1 Pi3HOIO
npo3opicTio armocdepn. 3anponoHoBanmii crocié Moxke 0y-
TH BUKOPUCTAHUM I AUCTAHIIHHOIO KePYBAHHS IIOJIbOTOM
260 GpyHKIIOHYBAHHAM IPYIX JITAIOYNX TEIIOBUX 00’€KTIiB
3 pIi3HMMH 3HaYeHHAMN KoediI[ieHTa BUIIPOMIHIOBAHHS 3i
CITeIiaIbHOIO TIPOIEIYPOI0 BUOOPY KEPOBAHOTO JIiTaKa LISt
CIIOCTEPEKEHHS €JIEMEHTOM MYJIbTUPAII0IOKAIIHHOI crucTe-
Mu. BusiBJIeHO BIIACTHBICTH €KCTPEMYMY CYMapHOIO IIOTOKY
IY-BunpomiHioBaHHS B OOEpHEHIM 3a/I€XKHOCTI MiXK Koe-
dinieHTaMy BUIIPOMIHIOBAaHHS BCIX KEPOBAHUX JHTAIOYUX
006’€KTiB i mPO30picTIO aTMOChEPH 10 MAPIIPYTY MiXK MYJIb-
TUPAIIOIOKAIIAHAM €JIEMEHTOM 1 KEePOBAHHM JIiTaIbHUM
00’€KTOM.

Karov061 cr06a: BUMIPIOBAHHS TEMIIEPATYPH; IPYHIOBUI
moJtiT; armocdepa; mpo30picTh arMocdepu
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