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Abstract: A scheduling algorithm is presented aiming at the task
scheduling problem in the phased array radar. Rather than assum-
ing the scheduling interval (Sl) time, which is the update interval
of the radar invoking the scheduling algorithm, to be a fixed value,
it is modeled as a fuzzy set to improve the scheduling flexibility.
The scheduling algorithm exploits the fuzzy set model in order to
intelligently adjust the Sl time. The idle time in other Sls is pro-
vided for Sls which will be overload. Thereby more request tasks
can be accommodated. The simulation results show that the pro-
posed algorithm improves the successful scheduling ratio by 16%,
the threat ratio of execution by 16% and the time utilization ratio
by 15% compared with the highest task mode priority first (HPF)
algorithm.
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1. Introduction

The cycle over which a radar transmits (radiates) energy,
waits, and receives the reflected energy, is termed a radar
task. It is often the case that multiple radar tasks such as
search, confirmation and tracking should be performed si-
multaneously in the modern battlefield. In contrast to con-
ventional radar systems, where multiple sensors each per-
form a dedicate task, a phased array radar is capable of sup-
porting the multiple and simultaneous tasks (functions).
The efficient scheduling algorithm as such is the key of re-
leasing the multifunctional potential of phased array radar.

The radar task scheduling problem has been involving
in intensive research. Deb et al. [1,2] studied the schedul-
ing problem by the task mode priority. They preset the task
mode priority for each kind of task and prior schedule tasks
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with the highest priority. Butler et al. [3,4] proposed the
scheduling algorithm based on the time-balance, which
indicated the urgency of each task. The algorithm prior
scheduled the tasks with imminent deadline. However,
these algorithms only prioritize tasks by a single attribute.
Such a prioritization may lead to partial results. In contrast,
Huizing et al. [5,6] presented the queue-based schedul-
ing algorithm. The algorithm divided the tasks into sev-
eral queues by ordinations or the value of the task param-
eter, and the earliest deadline first (EDF) algorithm or the
first in first out (FIFO) algorithm was used in each queue.
Zhang et al. [7,8] set all request tasks into dynamic pri-
orities. The most important and urgent task can be prior
scheduled. The important case occurring in [5 — 8] was that
multiple attributes were considered. Such a prioritization
was more reasonable and effective. Additionally, Taner et
al. [9,10] developed heuristic scheduling algorithms for
the mechanically rotating radar. Chen et al. [11,12] took
the mission of imaging into account during scheduling,
extending the application scope of the scheduling algo-
rithm. To optimize the whole resource utility, Charlish et
al. [13,14] proposed the continuous double auction param-
eter selection (CDAPS) algorithm to select the multiple
task parameters. However, the radar task was regarded as a
whole dwell in [1 — 14] above. When a complete radar task
structure is modeled, the pulse interleaving technique can
be utilized to further enhance the time utility. However, the
pulse interleaving leads to a more complicated scheduling
mode. Gopalakrishnanietal et al. [15—17] tried to solve the
problem by the preset templates. They utilized the offline-
designed templates to schedule interleaved tasks as many
as possible. The major drawback is that the templates can-
not adapt to the dynamic workload of the radar system. As
such, Chen et al. [18-21] offered the online pulse inter-
leaving technology in the radar task scheduling. Different
workload situations are well matched. The works [22,23]
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put forward the notion of the variable dwell time, which
made it more flexible to schedule radar tasks. Abdelaziz
et al. [24—26] proposed the scheduling method based on
the swarm search. Abdelaziz et al. [24] offered the tabu
search scheduling algorithm, Zhang et al. provided the
chaos adaptively genetic algorithm [25] and Zhang et al.
proposed the hybrid genetic particle swarm algorithm [26].
They all enhanced the stability and the robustness of task
scheduling for the phased array radar.

While the existing body of work approaches the
scheduling problem from a variety of perspectives, they
share the common assumption of modeling the schedul-
ing interval (SI), which is the update interval of the radar
invoking the scheduling algorithm, as a fixed value. How-
ever, when the variability of SI is allowable, it may be ex-
ploited to increase the number of scheduled tasks. For ex-
ample, time of low time load SIs can be provided for over-
load SIs to accommodate more request tasks. However, the
inconformity of SI time will influence the real-time prop-
erty of radar system. The radar controller should decide on
the range of minimum/maximum acceptable SI time to the
regular (most desirable) SI time. This naturally leads to a
representation of the SI time based on a fuzzy set approach.
In a previous paper [8], the author introduced the threat
level of targets into scheduling and proposed the dynamic
priority based algorithm. The resources in the phased ar-
ray radar can be utilized efficiently. However, the SI time
in [8] was also regarded as fixed. On the basis of [8], the
scheduling analysis is extended to several SIs, and a heuris-
tic scheduling algorithm where SI time can be adjusted is
structured. It treats the SI time as a fuzzy set, thereby al-
lowing for greater flexibility when scheduling radar tasks.
The extensive simulations verify the efficiency of the pro-
posed algorithm.

2. Model structure
2.1 Radar task model

Typical tasks in the multifunction radar include periodical
tasks and non-periodical ones. The former type includes
the search task and the tracking task. The non-periodical
tasks include confirmation, tracking initialization, calibra-
tion task, etc. These tasks usually consume one or several
beam dwell time, which are far less than the search and
tracking tasks. The request task order in the radar is usually
as follows: search, confirmation, tracking initialization and
tracking.

2.1.1 Search task model

Based on the prior information, the radar will divide the
whole surveillance region into several parts by the op-
timal search theory. Different parameters are adopted in

each region so that the optimal search performance can be
achieved. Assume that there are I, regions in the surveil-
lance space, and the ¢th region includes J; search beams
(tasks). Then, the jth search task in the ith region can be
expressed as

TSJZ' = {Psia t;zm-, Txsis bwsis brsi> Prsis tdwsi> Wsis
thais Dtsi, Ini} 1)

where Py; stands for the search task mode, t-;si is the task
request time, tys; is the transmit interval, ¢y,; is the wait
interval, ¢,4; is the receive interval, P;g; is the power con-
sumption of the search task, tqws; is the task dwell time,

which satisfies
tawsi = txsi + twsi + trsi- (2)

wWg; 1S the time window, and tési is the task deadline. They
satisfy ‘ .

the =ty + wei. 3)
Atg; is the sample interval between two search tasks. The
tasks will arrive sequentially after the radar beginning to
search. Thus, the request time between two search tasks
satisfies

=t 4 Aty 4)
where tisi is the execution time of the former task. I, can

be described as
I, ={Ty,R,v,0,h,pwn} 5)

where Ty stands for the target type, R is the radial distance
from the target to the radar, v is the target velocity, 6 is the
heading angle of the target, h is the height of the target,
and pth is the threat level of the target. They all satisfy the
threat model of targets in [§].

2.1.2 Tracking task model

Assume that there are M, kinds of tracking tasks in the
radar, where the mth kind of tracking task contains N, tar-
gets. The tracking task of the nth target is

Te, = {Pem. Eatm bcoms Ewwtms Trems Petmo
twtms Wenms tatms Dt s Tnm 6)
The parameters in (6) are similar to the search task model.
2.1.3  Other task model

Due to the less relativity among the non-periodical tasks,
an individual model should be established for each kind
of task. Assume that there are H kinds of non-periodical
tasks, and the hth kind of task can be expressed as

Toh == {Poh7 taohv txohv twohv troha Ptohv

tawohs Woh, tdohs Atoh, Inh }- @)
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The parameters satisfy (2) to (5).
2.2 Resource constraint model

2.2.1 Time resource constraint

The scheduling procedure in the radar is based on the SI. It
is the update interval of the radar invoking the scheduling
algorithm. During an SI, the radar processes the returning
signals in the former SI and determines the scheduling se-
quences in the next SI [8]. Thus, all the tasks to be executed
in an SI must satisfy

Nex
> tawi < tsi. ®)
i=1

At the same time, they should satisfy the time window con-
straint:
max(tstarta tai - wz) < tei <

min(t;, tstart + £S1 — tdwi) 9)

where Ny is the number of tasks to be executed, tgy is
the scheduling interval time, and tsa,¢ 1S the start time
of the SI. If the task cannot be executed in the SI, it will
be delayed to the latter SIs or be deleted. In this paper,
radar tasks are regarded as non-preemptive ones. It means a
task cannot be interrupted once beginning to execute. Thus,
Ny tasks also should satisfy

Nex
[V (tei) + i + i = 2. (10)

=1

2.2.2 Energy resource constraint

Many algorithms [1-6,9-14,22,23] neglect the energy
constraint during scheduling radar tasks. Due to the restric-
tion of its heat dissipation performance, the radar transmit-
ter must satisfy the transient energy constraint all the time
[8,21,27]:

Pr(t) < P inax (11)

where Py .« is the power threshold and P (¢) is the power
consumed by the radar in time ¢. P, (t) can be expressed as

t

P(t) = lj p(z)e /T dz (12)
T Jo

where p(x) is the instantaneous power dissipation in the

radar, and 7 is the look-back period. 7 characterizes the

heat dissipation performance of the radar. Assume that

P.(t + tc + tx) = Prmax, the cool duration ¢, can be

calculated as

ﬁT max ~ Pt(l - e_tx/T)
P (t)etx/T

te = —7ln (13)

Equation (13) shows that the energy constraint can be con-
verted into the time constraint, which simplifies the calcu-
lation of the radar’s time load in the following parts.

2.3 Time load model in the extending interval

To analyze the time load in several SIs, let a 1 X Sex row
vector T, denote the request condition of the ith periodi-
cal tasks in each SI. S¢y is the number of the SIs. The Sqy
SIs are called the extending intervals. The request condi-
tion of these tasks is not unique. For example, suppose that
there are three periodical tasks 77, 15, and T3 in the first
SI. Their update intervals are Aty = tgy, At = 2tgy, and
Atg = 4tgr. If Sox = 4, the request conditions of the three

tasks are
Tior = [tawr tawr tawr taw]
T = [tawz 0 tawa 0] (14)
TP. = [taws 0 0 0]

where each element is either the task dwell time if it is the

task request time, or zero if it is not request time. Thus, the
kth element in T\, can be expressed as

rev
At;
ts1

TP

Py = { i B {

0, otherwise

-‘; ceZ' (15)

On the basis of the above models, the radar time load in
the extending interval is

NEP H
§= TG+ T +T. (16)
=1 h=1

where £ is a 1 X Sex row vector, erz is the number of pe-
riodical request tasks in the first SI, T2, is the time load
vector of the hth kind of non-periodical task in the extend-
ing interval. T is a 1 x Sex vector, whose element is the
cool duration needed if all request tasks are to be executed

in an SI. The kth element can be expressed as

Nre(k)

To(k)= > tei (17)
=1

where Ny (k) is the number of request tasks in the kth SI.
Equation (16) denotes that the total time load includes two
parts: the time load of request tasks and the cool duration
needed to execute all request tasks. It provides the basis of
scheduling analysis for the extending interval. £(k) > tgr
denotes that the radar will be overload in the kth SI, and
some actions should be taken to balance the radar time
load. Though the update intervals in tracking tasks or in
search tasks may be adjusted due to the change of the in-
formation of targets, the scheduling analysis for the ex-
tending interval is updated by the SI (which will be shown
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in the next section). Thus, the time load model can be well
matched.

3. Heuristic scheduling algorithm
3.1 Performance evaluation metrics

The following metrics are chosen to evaluate the algorithm
performance.

(1) The successful scheduling ratio (SSR), which is the
ratio between the number of all successfully scheduled
tasks Ngyc and that of all request tasks Niota). The SSR
[7,11,12,18,20,21,25,26] can be expressed as

SSR = Nsuc/Ntotal' (18)

Under the finite resources constraints, the more tasks can
be scheduled successfully, the better the algorithm per-
forms.

(i1) The time utilization ratio (TUR), which is defined as
the ratio between the time consumption of the successfully
scheduled tasks and the totally available time resource
Tiotal- The TUR [1-8,11,12,15—-27] can be expressed as

Nguc

TUR = Z tdwi/Ttotal~
=1

19)

During scheduling tasks, the algorithms should use the
time resource efficiently to schedule as many tasks as pos-
sible.

(iii) The threat ratio of execution (TRE) [8]. The im-
portance of the task ranges along with the threat level of
the target, and it cannot be determined by the subjectiv-
ity. Therefore, the TRE is introduced to replace the high
value ratio (HVR) [18,19]. TRE is the ratio between the
total threat level of targets in successfully scheduled tasks
and that in all request tasks. It can be expressed as

Nsuc Niotal

Trg = Z Pthi/ Z Dhi-
=1 =1

It can be seen from (20) that the higher TRE means the
better performance.

(20)

3.2 Scheduling algorithm for extending interval

Since the task scheduling problem in the phased array
radar is NP-hard, heuristic algorithms are usually adopted
to solve the problem. This section develops an efficient
heuristic algorithm, which incorporates two parts: the time
adjustment for SIs and the scheduling algorithm for indi-
vidual SI.

On the basis of Section 1.3, the radar time load in the
extending interval can be got ahead of scheduling. If there
are situations where little tasks request time in some Sls

but radar is overload in other Sls, the SI time can be ad-
justed in advance. By shortening the former SI time and
lengthening the overload SI time, the time resource can be
utilized more efficiently and the radar time load in each SI
can be well balanced.

Though the SIs time can be adjusted, its adjustment
must be in some bound [19]. In addition, the inconformity
of several SIs time will influence the real-time demand of
the radar system. The desirability of the adjusted SI time
(Atgp) lying in a certain range leads to the treatment of
Atgr as a fuzzy set. Each acceptable value that Atg; may
take on is associated with a particular value of the desir-
ability function of an SI.

(g Atgr < tSImin
ts1 — SImi
——— = tsimin < Atgr < tg
ts1 — tSImin

M(AtSI) - tSImax — AtSI

; tsr < AtSI < tSImax
ST max — tSI
07 AtSI > TSI max

21

where tg1min 1S the lower bound and tgymax 1S the upper
bound of Atgy. When Atgy = tgj, the desirability function
achieves the maximum value 1. Values of Atgy that exceed
tsT max Or are less than ¢s1 i, are not desirable. To measure
the desirability of adjusted SIs in the extending intervals,
the Zadeh operator is introduced:

n= min pu(Ats)k 22)

ke{aaa}

where 7 is the desirability function of the extending inter-
val. {aaq} is the set of SIs whose time has been adjusted.
The drawback of (22) is that it provides the same result
whether the time of one or of multiple SIs has been ad-
justed. This warrants the definition of an alternative desir-
ability function that reflects the number of SIs which has
been adjusted. In this paper, such a function is defined as
the average value of the sum of the desirability function of
the individual SI:

‘O‘ad‘

n= Z p(Atsi)k + (Sex — |@aal) p /Sex-
=1

(23)

Equation (23) reflects that a higher value is more desirable.
Therefore, when adjusting SI time to meet the requirement
of radar task scheduling, a higher desirability value should
be taken into consideration.

Above all, the scheduling algorithm is structured aiming
at the following two points: adjusting SI time to accommo-
date more tasks and well balancing the radar time load. At
the same time, achieve the maximum of 7. The scheduling
algorithm is described as follows.
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3.2.1 Time adjustment for SIs

Step 1  After analyzing the request tasks in the first
SI, initialize the next Sex — 1 SIs as the extending interval
(including the first SI). Set the extending interval pointer
jcx =1

Step 2 Calculate the time load of each SI in the extend-
ing interval according to Section 1.3. Test whether there
are overload SIs.

&(k) > ts (24)

If there is no overload SI, turn to Step 6. If there are some
overload SIs, test whether the overload SIs can be balanced
by adjusting SIs time.

Sex
Sextst — »_ &(k) =0 (25)
k=1

If the overload SIs cannot be balanced, turn to Step 6. Oth-
erwise, turn to Step 3.

Step 3 Assume that there are S, overload SIs. Calcu-
late the sum of synthetic priorities of request tasks in each
ST according to [8]. Assume that Psp(k) is the sum of pri-
orities of request tasks in the kth SI. Then, sort the S, SIs
diminishingly by their Psy(k). Sign the SI which has the
highest P (k) as S(kov ), and set ko, = 1.

Step 4 Seek the SIs which are next to S (ko) and not
overload sequentially in the extending interval. Sign them
as SI1 and SI2. If SI1=@ and SI2=0, set koy = kov + 1,
and turn to Step 5. Otherwise, calculate if

N
(N+1)tsi— Y min Atgi(k) > &(kov), N =1,2 (26)
k=1

where min Atgy(k) is the minimum time that the SI can
be shortened when its time can accommodate all request
tasks. It satisfies

min Atgy(k) = max{tsrmin, £(k)} 27

when (26) gets the equal sign, adjust time of S(kov)
and SI1 (and SI2) to their fit values. It is noticeable that
when N = 2, time of SIl should be prior shortened to
min Atgr(1). Then, set koy = kov + 1, and turn to Step 5.

Step 5 When ko, > S, the time adjustment for Sls
ends. Otherwise, return to Step 4.

Step 6 Schedule tasks in each SI using the scheduling
algorithm for individual SI. Then, set jox = jex + 1 to get
a new extending interval, and return to Step 2.

The flow chart of the algorithm is shown in Fig. 1.

Extending interval
initialization, set j.,=1
Are there
overload SIs?

Can the overload SIs
be balanced by adjusting

Calculate the sum of priorities of
request tasks in overload Sls, choose
the SI which has the highest priority,

sign it as S(k,, ) set k=1

Are there Sls next to
S(k,,) and not overload?

The scheduling algorithm
for individual SI, set

1 CX:j SX+ 1

Fig.1 Flow chart of time adjustment for SIs

3.2.2  Scheduling algorithm for individual SI

Step 1 Initialize the SI pointer ks; = 0.

Step 2 Set kg1 = kg1 + 1, and the task pointer i, = 0.
Get the number of the request tasks V,¢, the time pointer
tp, the initial power consumption Py and the end time of
the SI tend.-

Step 3 Delete the My, tasks whose deadline are over
tp, and set iy = t4a + Mia.

Step 4 Select all the tasks that can be executed earlier
than ¢, sort the tasks by their synthetic priorities dimini-
shingly and choose task 7; which has the highest priority.
Setl = 1.

Step 5 Test whether task 7; satisfies the time constraint.
If it does not satisfy the time constraint, set [ = [ + 1,
Tta = ita + 1, and turn to Step 6. If it satisfies the time
constraint, test whether 7} satisfies the energy constraint.
If it satisfies the constraint, update the parameters as

tp = tp + tawi
Py = [P/ 4 Py(1 — embt/T)Jem (bwitte) /7 -
(28)
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Then, send it to the execution queue and set ¢, = 745 + 1.
If it does not, calculate ¢. and update the parameters as

{tp:tp+tc+tdwl

Py = PTmaxe_(twl+trl)/T : 29

Then, send it to the execution queue and set [ = [ + 1,
Tta = lta + 1.

Step 6 When t;, > tend OF ta = Nye, turn to Step 7;
otherwise, turn to Step 3.

Step 7 Test whether the remaining tasks can be de-
layed. If they do, update their parameters as t,; = tend,
twi = twi — (tend — tai), and send them to the delayed
queue. Otherwise, send them to the deleted queue.

Step 8 The analysis of the SI ends, get the execution
tasks, delayed tasks, deleted tasks, ¢, and FP;o. Then, turn
to Step 2.

The flow chart of the algorithm is shown in Fig. 2.

end>

Parameters initialization.
Get ¢, lps Pyo- Set kg=0

itazo’ kSI:kSI+1

Delete the M,, task whose deadline is
over f,, seti,=i,tM,,

i

Sort the tasks by their priorities
diminishingly and select the task 7
with the highest priority, set /=1

Send the task to the

Satisfy the time
constraint?

Satisfy the energy
constraint?

=141, =it

Calculate cool

execution queue and
update parameters

1y Zlend OF iy =N, ?

duration

Analyze the
remaining tasks

Fig. 2 Flow chart of scheduling algorithm for individual SI

4. Computational results and analysis

The whole simulation frame is established based on refer-
ences [8,20,21]. In simulations, set ts1 = 50 ms, P; jnax =
1.25 kW, 7 = 200 ms, tS1 min = 25 mS, ts1max = 100 ms,
Sex = 4. The task parameters are shown in Table 1. The
dynamic algorithm [8], the HPF algorithm [2] and the SI
adjustment based algorithm (SI adjustment algorithm) [28]
are used as the baseline to compare against the perfor-
mance of the proposed algorithm. Note that the SI time
also can be adjusted in the last algorithm. However, the al-
gorithm does not treat the SI time as a fuzzy set, just tweaks
it according to the sample intervals and dwell time of tasks.

Table 1 Parameters of tasks
Task P iy, tw,ty/ms Py/kW w/ms At/ms
Confirmation 6 1, -,1 5 50 150
High precision tracking 5 0.5, —, 0.5 4 50 100-200
Tracking loss 4 1, -,1 5 100 -
Precision tracking 3 05 -,05 3 200 250-500
Normal tracking 2 05, -,05 3 500 1 000
Search 1 1, -,1 5 - 10

4.1 Illustrative example

At first, an illustrative example is presented to show the
procedure and the performance of the proposed schedul-
ing method. The request tasks and the scheduling results
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are shown in Fig. 3 and Fig. 4, where the vertical axis is
the task mode, the horizontal axis is the timeline, and each
rectangle represents a radar task. It is a scene that many
tasks are generated randomly in an extending interval
(4 SIs). The radar time load & = [24, 82,24, 66]. It is ob-
vious that the second SI (SI 2) and the fourth SI (ST 4) are
overload. The sum of priorities of request tasks in the two
SIs are calculated as Psy(2) > Psr(4). Thus, time of SI 1
and SI 3 is firstly shortened for SI 2. SI 1 is shortened to
25 ms (min Atgy(1)), and SI 3 is shortened by 7 ms. Then,
SI3 is shortened by another 16 ms to accommodate request
tasks in SI 4. After the adjustment, time of SI 1 to SI 4 is
25 ms, 82 ms, 27 ms and 66 ms respectively, and n = 0.28.
The scheduled tasks by the proposed method are shown in
Fig. 3(b) and Fig. 4(b). As a comparison, the scheduling re-
sults by the other three algorithms are also presented. It can
be seen that though the dynamic algorithm uses time effi-
ciently in each SI, the idle time in SI 1 and SI 3 is wasted.
Due to the restriction of the fixed SI time, many tasks in
SI 2 and SI 4 are dropped. Similar to the dynamic algo-
rithm, the HPF algorithm wastefully ignores the utilization
of the idle time in SIs which are not overload. In addition,
the HPF algorithm leaves some unnecessary time between
tasks. It will cause more tasks being dropped especially
in overload situations. Additionally, the SI adjustment al-
gorithm does adjust SI time to accommodate more tasks.
However, the following two points should be highlighted.
Firstly, much idle time is left between radar tasks, and time
is not fully utilized in each SI. Secondly, the SI adjustment
is arbitrary. Though more request tasks are successfully
scheduled (note that not all tasks are successfully schedu-
led by the SI adjustment algorithm), the lopsidedness of
radar time load in each SI still exists, or even worse.
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Fig. 4 Scheduling results by the proposed method vs SI adjustment
algorithm

Meanwhile, such an adjustment naturally leads to more
additionally computational burden (It can be seen in the
next section). However, the proposed scheduling algorithm
elegantly adjusts SI time and utilizes idle time in the ex-
tending interval. Thus, all request tasks are scheduled suc-
cessfully and the radar time load is well balanced.

4.2 Performance assessment

In assessing the performance of the proposed scheduling
method, the total simulation time is 50 s (1 000 SIs). The
results are shown from Fig. 5 to Fig. 7.

0.50 L L L L L
10 20 30 40 50 60 70 80 90 100

Number of targets
—© - Proposed algorithm; — A= : Dynamic algorithm;
—+ - : HPF algorithm; —8 - : SI adjustment algorithm.

Fig.5 Comparison of SSR

Fig. 5 shows the SSR comparison as a function of the
number of targets. It can be seen that when the number
of targets is 10, all request tasks can be scheduled suc-
cessfully by all the algorithms except the HPF algorithm.
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When the number of targets is over 10, the dynamic al-
gorithm, the SI adjustment algorithm and the proposed al-
gorithm start to drop tasks successively. However, the de-
creasing speed of the proposed algorithm is much smaller
than the other three algorithms. This is because the mo-
deling of the SI time as a fuzzy set allows the proposed
scheduling method to adjust SIs time, rather than simply
dropping tasks as in the dynamic algorithm and the HPF
algorithm. The idle time in other SIs is provided for SIs
which are overload. Thus, more request tasks can be ac-
commodated. Though the SI adjustment algorithm also ad-
justs SIs for this purpose, it provides inferior performance
compared with the proposed algorithm. Additionally, the
SI adjustment algorithm provides lower SSR than the dy-
namic algorithm when the number of targets is more than
60. That is because when the number of request tasks is
in lower level, the ST adjustment dominates the whole per-
formance. However, when the number of targets is sizable,
the scheduling algorithm in each SI leads the main perfor-
mance. However, time in each SI cannot be fully utilized
by the SI adjustment algorithm. As such, its SSR decreases
more quickly than the dynamic algorithm.

Fig. 6 compares the TRE of the four algorithms. Si-
milar to the SSR, the proposed algorithm gets the highest
TRE. In the HPF algorithm and the SI adjustment algo-
rithm, the task synthetic priority is preset by the subjecti-
vity. However, the proposed algorithm and the dynamic al-
gorithm set all request tasks into dynamic priorities, which
are calculated by the threat level of targets and deadline of
tasks. The most important and urgent task thus can be prior
scheduled. With the ST adjustment, the proposed algorithm
further utilizes the idle time resource on the basis of the

dynamic algorithm. The proposed algorithm as such gets
the highest TRE.
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Fig. 6 Comparison of TRE

Fig. 7 is the comparison of TUR of the four algorithms.
It is clear that the HPF algorithm has the worst TUR. As
is shown in Fig. 3, the HPF algorithm leaves some unne-
cessary idle time between tasks. The time resource is not
fully utilized. As the number of targets increases, the radar
timeline will be overload gradually. The SI time in the pro-
posed algorithm is elegantly adjusted to accommodate the
increasing tasks. Thus, the TUR of the proposed algorithm
approaches to 1. Though the SI adjustment algorithm also
exploits the SI adjustment technique, it provides inferior
performance than the proposed algorithm. Additionally, its
TUR is even lower than the dynamic algorithm when the
number of targets is over 70. That is because the schedul-
ing algorithm in each SI affects most when faced with
large-scale of request tasks, and the SI adjustment provides
less contribution to the performance. However, as shown in
Fig. 4, time in each SI cannot be utilized efficiently by the
SI adjustment algorithm. Due to the restriction of the fixed
SI time, the idle time in SIs cannot be utilized in the dy-
namic algorithm and its TUR is less than the proposed al-
gorithm.
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Fig.7 Comparison of TUR

Fig. 8 shows the desirability function value of the ex-
tending interval when using the four scheduling methods.
Due to the fixed SI time in the dynamic algorithm and the
HPF algorithm, the function values of the two algorithms
are both 1. However, the function value of the proposed al-
gorithm and the SI adjustment algorithm both vary along
with the number of targets. When the number of targets is
less than 10, the scheduling algorithm for individual ST is
able to handle all request tasks and the desirability func-
tion value is 1. When the number of targets is over 10,
the time adjustment for SIs becomes increasingly active.
SI time is adjusted to accommodate the increasing request
tasks, leading to the decrease of the desirability function
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value. When the target number is over 30, the radar time-
line is approximately saturated. The SI time is gradually
unable to be adjusted to accommodate more request tasks.
The time adjustment for SIs becomes less active and the
desirability function value thus returns to a higher level.
However, the desirability function value of the proposed
method is much higher than the SI adjustment method, in-
dicating a more regular SI adjustment result and a more
balanced time load.
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That is because the optimization model is established in
the proposed method, and the aim is to achieve the smallest
change and the balance of time load in each SI. By contrast,
the SI adjustment method arbitrarily adjusts SIs and lacks
an overall consideration to the extending interval.

Table 2 compares the average runtime of the four algo-
rithms. It can be seen that all the algorithms can respond
to radar system in the real-time manner. Though the HPF
algorithm provides the fastest runtime, it also provides the
worst performance. Due to the SI adjustment, the proposed
algorithm and the SI adjustment algorithm need more time
to schedule radar tasks. However, it can be seen that the
proposed algorithm is more efficient than the SI adjustment
algorithm. As mentioned before, the inconformity of SI
time will bring additional computational burden. Since the
proposed method elegantly achieves the minimum change
of SI time and the time load balance, less computational
burden is added to the radar system. By contrast, the SI
adjustment algorithm lacks an overall consideration when
adjusting SI time. That leads to much inconformity of SI
time. Meanwhile, the inconformity encumbers the radar re-
sponse and retroacts to the algorithm, further delaying its
runtime. As such, the SI adjustment algorithm provides the
longest runtime.

Table 2 Average runtime in an SI ms

Number of targets

Algorithm

10 20 30 40 50 60 70 80 90 100

HPF 1.3 1.9 23 2.6 3.0 32 3.7 4.1 4.4 4.5
Dynamic priority 2.1 2.7 32 3.6 4.1 4.5 4.9 5.4 59 6.3
Proposed 4.6 6.1 8.2 9.5 10.7 12.1 13.4 14.0 14.5 14.8

SI adjustment 8.2 12.9 17.2 20.8 22.5 24.6 27.1 28.9 30.2 31.6

5. Conclusions

The efficient tasks scheduling algorithm is the key of re-
leasing the multifunctional potential of the phased array
radar. This paper develops a scheduling algorithm based on
treating the scheduling interval time as a fuzzy set. By ad-
justing SIs time, the proposed algorithm intelligently pro-
vides idle time for overload SIs to accommodate more re-
quest tasks. The simulation results show that the proposed
algorithm improves the SSR by 16%, the TRE by 16% and
the TUR by 15% compared with the HPF algorithm. The
fuzzy set notion presented in this paper can be also applied
to areas such as job shop scheduling and manufacturing.
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