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Abstract: A radar task priority assignment method based on interval type-2 fuzzy logic system (IT2FLS) was designed to solve
the problem of resource management for phased-array radar to detect hypersonic-glide vehicles (HGVs). The mathematical
model of the radar task and the motion and detection models of HGVs are described in detail. The target threat of an HGV is
divided into maneuver, speed, azimuth, and distance threats. In the radar task priority assignment method based on IT2FLS, the
maneuver factor, speed, azimuth difference, distance, and initial priority are input variables. The radar task priority is the output
variable. To reduce the number of fuzzy rules and avoid rule explosion, an IT2FLS with a hierarchical structure was designed.
Finally, the feasibility of the task priority assignment method was verified by simulations. Simulation results showed that the
method based on IT2FLS has a higher precise tracking rate, mean initial priority, and target threat degree, and a shorter offset
time.
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1 Introduction radar has high data rate, high response speed, and the

ability to switch between multiple radar tasks without

The hypersonic-glide vehicle (HGV) is a kind  delay. Although phased-array radar can perform a

of vehicle that glides at a speed greater than Ma5 at
an altitude of 20—-100 km. By gliding at hypersonic
speed in near space, it has the advantages of high
speed and low altitude. There is no evidence to show
that traditional ballistic missile defense systems can
effectively intercept HGV targets. Therefore, HGV
has become a strategic weapon developed by many
countries worldwide. In response to the threat of attack
from HGVs, ground-based phased-array radar is the
main early warning method in addition to early warning
satellites. As an electronic scanning radar, phased-array
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variety of radar tasks, its total resources are limited.
Radar resources consumed by radar tasks are different.
Therefore, effective management of radar resources is
a significant issue to ensure sufficient resource require-
ments to detect high-value and high-threat targets.
Fig. 1 is a structure diagram of phased-array radar
resource management. The dashed box in Fig. 1 is the
radar resource manager. The core content of the radar
resource manager includes task priority assignment
and task scheduling (Jiménez et al., 2012). Different
task priorities are assigned to radar tasks to ensure
that important tasks have high priority. Task schedul-
ing is based on the principle that high-priority tasks are
executed first, and low-priority tasks are executed later.
Task priority assignment is an important sub-problem
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Fig. 1 Radar resource management structure

of radar resource management, related not only to
the sequence of task scheduling, but also to the overall
resource allocation effect and the operational effec-
tiveness of phased-array radar (Wu et al., 2020).
Compared to ordinary aviation targets, HGVs have
the characteristics of high speed, low altitude, and
maneuverability, which make the battlefield situation
more volatile. When detecting HGV targets, if the
phased-array radar schedules radar tasks according to
a static priority, it cannot adapt to dynamic changes
in the battlefield situation. Specifically, in the case of
overload, radar resources cannot meet the scheduling
requirements of all radar tasks. If the radar task priority
does not fully reflect the target threat, it is likely that
high-threat targets will be missed due to insufficient
radar resources. Therefore, it is necessary to design a
radar task priority assignment method that can change in
real time to meet the needs of the battlefield situation.

Ding and Moo (2017) used an adaptive multifunc-
tional radar simulation tool to analyze the effective-
ness of task priority. By reducing the radar resources
assigned to low-priority tasks, more radar resources
are available for high-priority tasks. They pointed out
that when task priorities are divided, it is necessary
to make full use of the kinematic characteristics and
attributes of the targets, so as to improve the detection
and tracking accuracy of strong and weak maneuvering
targets at the small cost of losing low priority target
tracking accuracy. To improve the load adaptability of
the phased-array radar, a task priority assignment meth-
od was designed based on the weighted summation of
the initial priority and deadline of the task. The meth-
od can be well adapted to the situation of different

task loads (Lu et al., 2006). Zhang et al. (2019) de-
signed a radar task scheduling model based on a hy-
brid adaptive genetic algorithm for the scheduling of
phased-array radar. Simulation results showed that the
designed model has good performance in terms of global
exploration ability, convergence, and robustness. Bao
et al. (2018) addressed the issue of radar task priority
assignment when passive radar detects radiation
sources. Radar task priorities are assigned adaptively
according to the threat of radiation sources, which
improves the ability to schedule radar tasks corre-
sponding to high threat radiation sources. Aiming at
the task priority assignment problem when phased-
array radar detects aviation targets and ballistic missile
targets (Zhang et al., 2017b, 2017c¢; Yang et al., 2020),
a two-dimensional priority table based assignment
method was designed to map the degree of threat and
the task deadline to a priority table, jointly determining
the priority of radar tasks. Li B et al. (2020) used a
dynamic three-way decision method for phased-array
radar task scheduling. The target domain was divided
into a threat domain, a non-threat domain, and a poten-
tial threat domain according to the degree of threat
posed by the target. An improved adaptive threshold
algorithm was proposed to improve the adaptive
capacity of the three-way decision. Miranda et al.
(2007) and Guo et al. (2013) designed an adaptive
priority assignment method based on fuzzy logic. The
method makes full use of the target information sensed
by radar or other sensors to assign radar task priori-
ties. Simulation results showed that compared with
hard logic and fixed priority assignment methods, the
method based on fuzzy logic can change the priority
more smoothly. Under high load conditions, the
proposed priority assignment method can fully perceive
changes in real time in the battlefield environment. It
ensures a certain search rate while improving the
tracking rate.

The existing radar task priority assignment meth-
ods include mainly fixed priority methods, compre-
hensive priority methods, and fuzzy logic priority
methods. The fixed priority assignment method cannot
make full use of the target information sensed by radar.
It cannot reflect the value or threat of the targets corre-
sponding to different radar tasks (Zhang et al., 2017a,
2018). For the comprehensive priority assignment
method, the weighting coefficient of each factor in the
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calculation process is manually designated, and the
weighting coefficients of the same factor in different
studies are not the same. In contrast, the fuzzy logic pri-
ority assignment method uses fuzzy reasoning to solve
the problem that the weight of each factor cannot be
specified accurately in priority assignment, but there
is uncertainty in the division of membership functions.
When the membership function is finely divided,
there is a problem of the explosion of fuzzy rules. For
example, the fuzzy logic priority assignment method
designed by Miranda et al. (2007) has up to 270 fuzzy
rules, which greatly increases the design complexity
of the fuzzy system.

Compared with the traditional type-1 fuzzy logic
system, the type-2 fuzzy logic system greatly improves
the ability to deal with uncertainty (Ontiveros et al.,
2020). The type-2 fuzzy logic system can model the
uncertainty not only within individuals, but also between
them. When realizing the same function, there are
fewer rules in a type-2 fuzzy logic system. Because
of its excellent characteristics, the type-2 fuzzy logic
system has become a focus of new research in the fields
of decision-making, control, and machine learning.

Cervantes and Castillo (2015) designed a multi-
variable control system based on generalized type-2
fuzzy logic integration, and verified the performance
of the proposed control system through aircraft flight
control problems. Castillo et al. (2016b) compared the
efficiency and performance of a generalized type-2
fuzzy logic control approach, interval type-2 fuzzy
logic control approach, and type-1 fuzzy logic control
approach by four different benchmarks. The experi-
mental results showed that the performance of the
generalized type-2 fuzzy logic controller and interval
type-2 fuzzy logic controller was obviously better than
the counterpart of the type-1 fuzzy logic controller.
Castillo et al. (2016a) designed an intelligent controller
based on generalized type-2 fuzzy logic, simplified
the control problem of complex nonlinear equipment
by granular calculation, and verified the performance
of the proposed controller using an aircraft control
problem. To clarify which type of controller is more
suitable for specific applications, Ontiveros-Robles
et al. (2018) proposed election criteria for fuzzy logic
controllers according to the performance and execution
time requirements of the controller. The robustness
of a generalized type-2 fuzzy logic controller and an

interval type-2 fuzzy logic controller was compared.
In the application of medical diagnosis, Ontiveros
et al. (2020) compared the performance of a type-1
fuzzy logic system, interval type-2 fuzzy logic system
(IT2FLS), and generalized type-2 fuzzy logic system.
Simulation results showed that the IT2FLS was the
most efficient among these systems.

Moreno et al. (2020) pointed out that the IT2FLS
effectively reduces the computational complexity of
the type-2 fuzzy logic system. When dealing with
problems with a high degree of uncertainty or noise,
the advantage of the IT2FLS is obvious. The system
effectively improves the ability to deal with uncer-
tainty. The execution time of the system is roughly
equivalent to that of the type-1 fuzzy logic system,
and significantly lower than that of the type-2 fuzzy
logic system (Ontiveros-Robles et al., 2018). Moreover,
the system is superior to the type-1 fuzzy logic system
in terms of robustness, model-free design, and nonlinear
modeling capabilities. Thus, the IT2FLS has been
widely used in many fields, such as time-series forecast-
ing, system identification, and control systems. In
this study, we design a radar task priority assignment
method based on the IT2FLS.

2 Interval type-2 fuzzy logic system

An IT2FLS is composed of a fuzzifier, rule base,
inference engine, type reducer, and defuzzifier. The hi-
erarchical structure is shown in Fig. 2 (Mendel, 2017).
In Eq. (1), the generalized type-2 fuzzy set is expressed
as A, and its membership function y; (x, u) is a bivar-
iate function on Xx[0, 1]—[0, 1], and 0z (x, u)<l1.

Fig. 2 Hierarchical structure of the interval type-2 fuzzy
logic system
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X is the universe of the primary variable of 4, x. U is
the universe of the secondary variable u.

A={((xa) g, (xa)) [xeXueU=[0.1]} . (1)

When ue[0, 1] and g, (x, u)=1 for all xeX, the
type-2 fuzzy set is called the interval type-2 fuzzy
set, which is completely described by its footprint of
uncertainty (FOU), and FOU(A) is shown in Eq. (2):

FOU (A) = {(xau)l e X,u e[ g (x),iz;(x) 1}, (2)

where ;_lg(x) and ji;(x) are the lower and upper

membership functions (LMF, UMF), respectively
(Castillo et al., 2019). In Fig. 3, taking the trapezoidal
FOU as an example, the LMF and UMF are shown
in Egs. (3) and (4), respectively.

A UMF

Fig. 3 The FOU of the interval type-2 fuzzy set
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In Eq. (5), [ f"(x"),/*(x")] is the firing interval
corresponding to the firing set. The membership func-
tion of the s" rule consequent is shown in Eq. (6). From
the meet operation of interval type-2 fuzzy sets, Eq. (7)
is derived, in which % represents the -norm. Eq. (8)
is the FOU of B'.

Fi(x) = /[Tf’ i, (x0T lﬁf;‘(x:)}
=V]renre].

R = /[gd,(y),ﬁ@(y)],

= V£ Gk )T GO (0] )

©)

(6)

b= Y/ [ 1, B2, |
= 1/FOU(B' (yix")).

The center-of-sets (COS) type-reduction method
is one of the most widely used methods. As shown in
Eq. (9), Y .s(x") is the set after COS type-reduction.
Y (x") and y% (x") can be calculated by Egs. (10)
and (11), where L and R are switch points. The values
of L and R can be obtained by the enhanced itera-
tive algorithm with the stopping condition algorithm
(Mendel, 2017). The output of the defuzzifier is shown
in Eq. (12), in which y..(x") is the crisp output.
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3 Mathematical model of the radar task

The radar task model is shown in Eq. (13) (Zhang
etal., 2019), in which T is the k" task in the i sched-
uling interval, y* is the task type, p* is the initial prior-
ity, ¢! is the task period, i¥ is the expected execution
time, w’ is the time window, d/ is the dwell time, ef
is the actual execution time, and np/ is the number of
times the task has been postponed.

T = {ylplclhiwidf el npl}. (13)

The conversion diagram of radar tasks is shown
in Fig. 4. The radar first generates a series of search
tasks to search the designated airspace. When the tar-
get echo is found, a confirmation task is generated to
confirm the target. If the confirmation is successful,
a periodic tracking task will be generated; otherwise,
the search task will continue to be generated. If the
target is found to be lost in the process of tracking, a
tracking loss task is generated. If the target is reac-
quired, a periodic tracking task will be generated;
otherwise, the reacquisition fails and a search task is
generated.

| .
Success | Normal tracking
| Search |—>| Confirmation l—N
A I| Precise tracking
|

Fail o —_———

_4—

Reacquisition fails

L —

Reacquisition
succeeds

Tracking loss

Fig. 4 Radar tasks conversion diagram

4 Radar task priority assignment

4.1 Hypersonic-glide vehicle model

4.1.1 Hypersonic-glide vehicle motion model

As shown in Fig. 5, the motion model is estab-
lished according to the force of the HGV in the glide
phase (Kumar et al., 2018). In Eq. (14), V' is the flight
speed, y is the flight path angle, y is the velocity

Fig. 5 Motion model of the hypersonic-glide vehicle

heading angle, (x, y, z) is the vehicle position in the
ground coordinate system, m is the vehicle mass, g,
is the gravity acceleration, L is the lift, and D is the
drag (Li GH et al., 2015).

. D .
V= —E—go siny,

. Lcose go,cosy
omv oV
Lsing
mVcosy’

(14)

X = Vcosycosy,
y = Vcosysiny,

z=-Vsiny.

4.1.2 Hypersonic-glide vehicle detection model

The probability of detecting the target can be
calculated by Eq. (15), in which V7, is the detection
threshold and 7, is the number of accumulated pulses.

_VT 2 np—Z
1+
1 +n,SNR/2 n,SNR

exp
v o202
1+n,SNR2 n,SNR |
V np—le—V.r
P, = T . 1) (5
* | (1 +n,SNR/2) (n,-2)! LTy (Ve 1) (19)
Jis Ve 2(n,-2)
1+n,SNR/2  n,SNR

o
1+2/(n,SNR) "™

—1),np >2,
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In Eq. (16), the signal-to-noise ratio (SNR) of
target detection can be obtained from the radar equation
(Xiao et al., 2015). SNR, is the radar receiver output
SNR, P, is the radar peak power, G is the radar antenna
gain, 4 is the radar signal wavelength, ¢ is the radar
cross section (RCS) of the target, K is the Boltzmann
constant, 7,

e

is the effective noise temperature, B is
the radar signal bandwidth, F is the noise coefficient,
L is the radar loss, and R is the distance between the
target and the radar.

PG* Vo

SNR, = : .
(4n)'KT.BFLR*

(16)

4.2 Target threat

4.2.1 Maneuver threat

An HGV in near space can maneuver in the lon-
gitudinal and lateral planes to enhance survivability.
According to Meng et al. (2020), the typical trajecto-
ries of HGVs in near space can be divided into a lon-
gitudinal equilibrium glide trajectory, longitudinal
skip glide trajectory, lateral no maneuver trajectory,
lateral weak maneuver trajectory, and lateral strong
maneuver trajectory. The maneuvering threat 7,(M)
can be determined by experts according to ballistic
trajectories.

4.2.2 Speed threat

The greater the flight speed, the greater the speed
threat. A standard 0—1 transformation is used to pro-
cess the vehicle speed in a dimensionless manner. The
speed threat function 7,(V) is shown in Eq. (17),
where V, and V,  are the two boundary values of
the flight speed.

0: V< Vmim
V_Vmin
Td(V) = ﬁ) Vmin < V< Vmax) (17)
1, V. <V

max

4.2.3 Azimuth threat

The azimuth difference between the vehicle and
the radar is shown in Eq. (18). When the velocity
heading angle is on the left side of the vehicle-radar

line of sight, it is positive. (x,, y,, z,) is the radar posi-
tion. When the vehicle flies toward the radar, the azi-
muth threat is great; when it flies away from the ra-
dar, the azimuth threat is small. The azimuth threat
function T,(Ay) is shown in Eq. (19), where Ay,
and Ay,,. are the two boundary values of the azimuth

difference.
Y=y X, —X
arccos —Xs

Ay = ‘yr—y‘ J(x=x) + (yy) (18)
yr_y * 09
X yy =0,
AXmalx 7| AX|

Ty(Ay) = ‘ : (19)
‘AXmax _’ AXmin

4.2.4 Distance threat

The distance threat function 7,(R) is shown in
Eq. (20). R is the distance between the vehicle and
the radar. R, and R

min max

the distance. R, is determined by the combat radius

are the two boundary values of

of the terminal air defense interceptor weapon. R, is
determined by the radar’s maximum visual range to
the HGV in near space.

17 R < Rmim
Rmax_
Td(R) = ﬁ’ Rmin < R < Rmax’ (20)
09 Rmax < R

4.3 Task priority

4.3.1 IT2FLS with a hierarchical structure

Fig. 6 is a decision tree of radar task priority
assignment. Wang (1999) pointed out that a fuzzy
logic system with a hierarchical structure can effec-
tively reduce the number of fuzzy rules. Assume that
a fuzzy logic system has n input variables, and that
each input variable has m fuzzy values. When the
hierarchical structure is not adopted, the number of
fuzzy rules is m". When using a hierarchical structure,
the number of fuzzy rules is (n—1)m’. The number of
fuzzy rules changes from an exponential function of
the input variable to a linear function of the input
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variable, so that the rule explosion problem can be

Radar task
priority
Target threat Initial
degree priority
Threat
degree 1
Maneuver
factor

Fig. 6 Decision tree of priority assignment

effectively solved.

Azimuth
difference

Fig. 7 shows the number of fuzzy rules with
different structures. When the fuzzy logic system has
five input variables and each input variable has three
fuzzy values, compared with a fuzzy logic system
without a hierarchical structure, the use of the fuzzy
logic system designed in this study reduces the number
of fuzzy rules by 207 (about 85.2%). When the fuzzy
logic system has five input variables and each input
variable has five fuzzy values, compared with a fuzzy
logic system without a hierarchical structure, the use
of the fuzzy logic system designed here reduces the
number of fuzzy rules by 3025 (about 96.8%).
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Fig. 7 Number of fuzzy rules

4.3.2 IT2FLS of radar task priority

Take a fuzzy subsystem composed of target threat
degree, initial priority, and radar task priority as an
example. The target threat degree and initial priority
are the inputs of the fuzzy subsystem and the radar
task priority is the output. Table 1 shows the fuzzy
variables and fuzzy values of the fuzzy subsystem.
The target threat degree is the input x,, the initial
priority is the input x,, and the radar task priority is
the output y. The fuzzy values of x, are X,,, X,,, and
)?,3. The fuzzy values of x, are /\721, )2'22, and )223. The
fuzzy values of y are G', G>, G°, G*, and G°. The rule
base is shown in Table 2. As shown in Fig. 8, the
FOUs of X,,, X,,, and )?13 are represented by nine-
point vectors, which are (0.0, 0.0, 0.2, 0.5, 0.0, 0.0,
0.0, 0.3, 1.0), (0.2, 0.4, 0.6, 0.8, 0.3, 0.5, 0.5, 0.7,
1.0), and (0.5, 0.8, 1.0, 1.0, 0.7, 1.0, 1.0, 1.0, 1.0). As
shown in Fig. 9, the FOUs of X,, X,,, and X,, are
represented by nine-point vectors: (0.0, 0.0, 1.0,
2.5, 0.0, 0.0, 0.0, 1.5, 1.0), (1.0, 2.0, 3.0, 4.0, 1.5,
2.5,2.5,3.5,1.0), and (2.5, 4.0, 5.0, 5.0, 3.5, 5.0, 5.0,
5.0, 1.0). The membership functions of consequents
of rules are g =1/[0,02], us  =1/[0.2,0.4],

fg,, = 1/[0.4,06],p5 ,=1/[0.6,08andp, =
1/ [ 0.8, 1] Fig. 10 is the crisp output of radar task priority.

5 Simulation verification and analysis

5.1 Experiment parameter settings

To verify the performance of the proposed priority
assignment method, the following experiments were
designed. The priority assignment methods of Lu et al.
(2006) and Guo et al. (2013) were selected and marked
as method 1 and method 2, respectively, for comparison
with our proposed method. The simulation parameters
were set as follows: Taking the hypersonic common
aero vehicle (CAV-H) as an example (Duan et al.,
2010), 100 batches of targets with random initial speeds
and initial positions were generated (Li GH et al.,

Table 1 Fuzzy variables and fuzzy values

Fuzzy variable

Fuzzy value

Target threat degree (x,)
Initial priority (x,)
Radar task priority ()

X, (weak), X ,(medium), X, ,(strong)
)?2 1(low), Xzz(medium)a Xzs(high)

G'(low), G¥(medium-low), G*(medium), G*(medium-high), G*(high)
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Table 2 Fuzzy rule base 2017). The radar position was (1500, 0, —0.1) km,
IF THEN the radar operating frequency was =433 MHz, the
Rule No. ¥ X, B transmit and receive gain was G=41 dB, the radar
7 ¥ i o transmit peak power was P=1164 kW, and the radar
~f J ! - duty cycle was 25%. The RCS of the target was RCS=
R; X, X5 G 5 . .
N N - ~ 0.1 m", the target detection probability was P,=0.9,
R} X X G’
z 11 23 _ 6
P n h & and the false alarm rate was P,=1x10"".
g 2 2 - The trajectories of the partial targets are shown
ISE )f'z ){22 (34 in Fig. 11. Fig. 12 shows the flight speeds of the
Ifz )f” )f” GN HGVs. Fig. 13 shows the azimuth difference between
7 3
ISZ )f'l ){2' (f the HGVs and the radar. Fig. 14 shows the distance
Ifg )f 13 )fzz GNA between the HGVs and the radar.
R} 13 23 G Table 3 shows the initial priority, dwell time,
time window, and period of the radar tasks. The length
7 of the scheduling interval was SI=50 ms, and the
10 L Wesk Medium Strong total number of scheduling intervals was M=200. V,_ =

7900 m/s, V,,=1700 m/s, R_,=1200 km, R =200 km,
Ax=180°, Ay,.=—180°. Figs. 15 and 16 show the

B £10.0 ;
555 5 80 Vi
X501 - % 691\ w1\
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' Y20 5, 30 ' 020, —""1.0720
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Fig. 8 The FOU of the fuzzy value for target threat degree
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Fig. 10 The crisp output of radar task priority Fig. 12 The flight speeds of the HGVs
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Fig. 14 The distance between the HGVs and the radar

Table 3 Radar task parameters
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Fig. 16 The FOU of the fuzzy value for speed
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FOUs of the fuzzy values for the maneuver factor
and flight speed, respectively. Fig. 17 shows the crisp
output of threat degree 1. Figs. 18 and 19 show the
FOUs of the fuzzy values for the distance and the
azimuth difference between the HGV and the radar,
respectively. Fig. 20 shows the crisp output of threat

degree 2.
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Fig. 20 The crisp output of threat degree 2

5.2 Analysis of experimental results

Fig. 21 shows the length of the remaining time
slices in each scheduling interval of the three meth-
ods under the condition of 96 batches of targets. The
remaining time slices were all less than 2.8 ms, and
it was no longer possible to schedule more radar
tasks in each scheduling interval. The three methods
made full use of the time resources of each scheduling
interval.
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Fig. 21 The length of the remaining time slices in each sched-

uling interval

References to color refer to the online version of this figure

Fig. 22 shows part of the task scheduling results
of the three methods under the condition of 96 batches
of targets. When radar task priority assignment was
carried out using our proposed method, the number
of high initial priority tasks successfully scheduled
was obviously greater than those scheduled by methods
1 and 2.

_>°
8=
=0
<
20
52 °
=20
c=
- Qa
0
—_>5
© =
=06
==
L ] A oIl
159.0 159.2 159.4 159.6 159.8 160.0
Time (s)

Fig. 22 The task scheduling results of method 1 (a), method 2
(b), and our proposed method (c)

5.2.1 Initial priority

Fig. 23 shows the mean initial priority of radar
tasks in the execution queue. As the number of targets
increased, the mean initial priority of the radar tasks
in the execution queue of the three methods showed
an increasing trend. When the radar task priority was
assigned by our proposed method, the mean initial
priority of the radar task in the execution queue was the
highest. When there were more than 50 batches of
targets, the mean initial priority of our proposed method
was about 21.3% higher than that of method 1, and
about 16.5% higher than that of method 2.
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Fig. 23 The mean initial priority of radar tasks in the execu-
tion queue

Fig. 24 shows the mean initial priority of radar
tasks in the deleted queue. With the increase in the
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number of targets, the mean initial priority of the
radar tasks in the deleted queue showed an increas-
ing trend. When using our proposed method to assign
the radar task priorities, the mean initial priority of
the radar task in the deleted queue was the lowest.
When there were more than 70 batches of targets, the
mean initial priority of radar tasks in the deleted queue
of our proposed method was significantly lower than
that of methods 1 and 2.
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Fig. 24 The mean initial priority of radar tasks in the deleted
queue

5.2.2 Target threat degree

Fig. 25 shows the maneuver threat of radar tasks
in the execution queue. As the number of targets
increased, the maneuver threat of the three methods
also increased. When the radar task priority was
assigned by our proposed method, the radar tasks
had the greatest maneuver threat. When there were
more than 50 batches of targets, the maneuver threat
of our proposed method was about 40.3% higher
than that of method 1, and 28.8% higher than that of
method 2.
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Fig. 25 Maneuver threat of the radar tasks

Fig. 26 shows the speed threat of radar tasks
in the execution queue. As the number of targets
increased, the speed threat of the three methods all
showed an upward trend. When the radar task priority
was assigned by our proposed method, the speed
threat of the radar tasks was the highest. When there
were more than 50 batches of targets, the speed threat
of our proposed method was about 39.6% higher
than that of method 1, and 27.4% higher than that of
method 2.
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Fig. 26 Speed threat of the radar tasks

Fig. 27 shows the azimuth threat of radar tasks
in the execution queue. As the number of targets
increased, the azimuth threat of the three methods all
showed an upward trend. When the radar task priority
was assigned by our proposed method, the azimuth
threat of the radar task was the highest. When there
were more than 50 batches of targets, the azimuth
threat of our proposed method was about 38.2%
higher than that of method 1, and 26.1% higher than
that of method 2.
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Fig. 27 Azimuth threat of the radar tasks

Fig. 28 shows the distance threat of radar tasks
in the execution queue. As the number of targets
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increased, the distance threat of the three methods all
showed an upward trend. When using our proposed
method to assign the priority of radar tasks, the dis-
tance threat of radar tasks was the highest. When
there were more than 50 batches of targets,the dis-
tance threat of our proposed method was about 42.3%
higher than that of method 1, and 30.2% higher than
that of method 2.

0.40 T T I I -
et Method 1 L=
0.35 | —>— Method 2 B
- % - Proposed method -~ .
0.30}
g 0.25}
~"0.20 }
0.15}
0.10}
0.05 : ' ' |
0 20 40 60 80 100

Target number

Fig. 28 Distance threat of the radar tasks

5.2.3 Search rate and precise tracking rate

Fig. 29 shows the search rate of the radar tasks.
As the number of targets increased, the radar task
search rates of the three methods all showed a
downward trend. When the radar task priority was
assigned by our proposed method, the search rate
was the lowest. When the targets were fewer than
48 batches, the search rates of the three methods were
all higher than 0.5. When the targets were greater
than 60 batches, the search rate of our proposed
method dropped to below 0.5, about 14.3% lower
than that of method 1, and about 11.1% lower than
that of method 2.
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Fig. 29 Search rate of the radar tasks

Fig. 30 shows the precise tracking rate of the
radar tasks. As the number of targets increased, the
precise tracking rates of the three methods showed
an upward trend. When the radar task priority was
assigned by our proposed method, the precise track-
ing rate of the radar tasks was the highest. When the
targets were fewer than 36 batches, the precise track-
ing rates of the three methods were less than 0.4.
When the targets were larger than 48 batches, the
precise tracking rate of our proposed method in-
creased to more than 0.4, about 14.8% higher than
that of of method 1, and about 10.8% higher than
that of method 2.
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Fig. 30 Precise tracking rate of the radar tasks

5.2.4 Offset time and scheduling success rate

Fig. 31 shows the offset between the actual and
expected execution time of the radar tasks. As the
number of targets gradually increased, the offset time
of the three methods all showed a downward trend.
As the number of targets increased, the number of
precise tracking radar tasks increased accordingly.
The dwell time and time window of precise tracking
tasks were the shortest among all radar tasks, so the
offset time of radar tasks showed a gradual decline.
When the targets were greater than 60 batches, the
offset time of our proposed method was about 22.8%
lower than that of method 1, and about 10.5% lower
than that of method 2.

Fig. 32 shows the scheduling success rate of
radar tasks. The scheduling success rates of the
three methods did not show a significant upward or
downward trend with the increase in the number of
incoming targets, and remained stable in the range
of 0.83-0.85.
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Fig. 31 Offset time of the radar tasks
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Fig. 32 Scheduling success rate of the radar tasks

6 Conclusions

In this research we designed a task priority
assignment method based on IT2FLS with the aim of
alleviating the radar resource management problem
when ground-based phased-array radar detects HGVs
in near space. Compared with the methods proposed
by Lu et al. (2006) and Guo et al. (2013), the method
proposed in this study has stronger information percep-
tion ability and can effectively screen radar tasks with
high threat and high initial priority. When the targets
were greater than 50 batches, the mean initial priority,
target threat degree, and precise tracking rate of our
proposed method were significantly higher. While
maintaining an equivalent scheduling success rate, the
task offset time of our proposed method was signifi-
cantly lower.

In future work, it is necessary to study the robust-
ness of IT2FLS and analyze the influence of the FOU
of the fuzzy value on the performance of IT2FLS. It

will also be necessary to analyze the influence of the
number of fuzzy rules on the performance of IT2FLS,
and to study how to reduce the number of fuzzy rules
while ensuring that the system performance does not
decrease, thereby reducing the complexity of system
design.
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