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Abstract: With the continuous development of artificial intelligence, swarm control and other tech-
nologies, the application of Unmanned Aerial Vehicles (UAVs) in the battlefield is more and more
extensive, and the UAV swarm is increasingly playing a prominent role in the future of warfare.
How tasks are assigned in the dynamic and complex battlefield environment is very important. This
paper proposes a task assignment model and its objective function based on dynamic information
convergence. In order to resolve this multidimensional function, the Wolf Pack Algorithm (WPA)
is selected as the alternative optimization algorithm. This is because its functional optimization of
high-dimensional complex problems is better than other intelligent algorithms, and the fact that it is
more suitable for UAV swarm task allocation scenarios. Based on the traditional WPA algorithm, this
paper proposes a Multi-discrete Wolf Pack Algorithm (MDWPA) to solve the UAV task assignment
problem in a complex environment through the discretization of wandering, calling, sieging behavior,
and new individual supplement. Through Orthogonal Experiment Design (OED) and analysis of vari-
ance, the results show that MDWPA performs with better accuracy, robustness, and convergence rate
and can effectively solve the task assignment problem of UAVs in a complex dynamic environment.

Keywords: wolf pack algorithm; task allocation; UAV swarm; discrete

1. Introduction

Due to its high flexibility and wide adaptability, the UAV swarm has more and more
extensive application potential and has received great attention at home and abroad [1].
With the continuous development of technologies such as artificial intelligence, swarm
control, and collaborative interaction, the application of Unmanned Aerial Vehicles (UAVs)
in the battlefield is more and more extensive, and the UAV swarm is increasingly playing
a prominent role in the future of warfare [2]. Among them, the purpose of UAV task
assignment is to find a distribution plan that optimizes the overall target effect, which is
of great significance in the application scenario of UAV swarm combat. In general, it is a
sophisticated combinatorial optimization problem with complex constraints in terms of
task precedence and coordination, timing constraints, and flyable trajectories. In the real
environment, it is difficult to get the optimal solution to this problem, especially for the
uncertain complex dynamic environment [3]. In essence, the task allocation problem of the
UAYV swarm is also a large-scale, high-dimensional, and complex function optimization
problem. So it is important to work out how to optimize this complex combinatorial
optimization problem. At present, relevant scholars have done a lot of research on the task
allocation problem of the UAV swarm.

UAV task assignment methods are mainly divided into centralized task assignment and
distributed task assignment [1]. Among them, the distributed task assighment algorithm
has the characteristics of good fault tolerance and strong scalability. However, due to the
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limited grasp of the overall information of the battlefield by each decision maker, it is often
difficult to guarantee the quality of the solution. Given that, in the actual combat environment,
more precise assighment plans are often required to achieve the best results from battlefield
operations. Therefore, the distributed task allocation plan is not very applicable in the process
of optimizing the best combat plan. Corresponding to the distributed task assignment method,
is the centralized task assignment method. The control center has the global information
and makes the optimal allocation plan on behalf of the overall interests and then notifies
each UAV. The centralized task assignment method has the potential to generate the global
optimal solution [4], which mainly includes optimization methods [5-8] and heuristic methods.
The optimization algorithms can flexibly adjust the constraint conditions to solve the actual
problem and have the theoretical optimal solution; however, the scale should not be too large,
and it is generally used for the discrete task allocation of the UAV swarm.

The heuristic methods are independent of the mathematical performance of the prob-
lem, they do not have strict requirements on the initial value and can effectively deal with
high-dimensional complex optimization problems, including dynamic lists [9], cluster-
ing algorithms [10], and smart algorithms. Among them, the characteristics of biological
groups in decentralization, neighboring individual information interactions, and overall
self-organization are consistent with the pursuit of the UAV swarm. Therefore, the appli-
cation of intelligent algorithms in UAV swarm task assignment is relatively common. It
mainly includes intelligent algorithms such as the particle swarm algorithm (PSO) [11,12],
genetic algorithm (GA) [13,14], wolf pack algorithm (WPA) [15], and so on. PSO is easy
to implement and has fewer control parameters. However, its problems are low search
efficiency and fast premature birth [16], and as the dimensionality of the problem increases,
the convergence speed of the algorithm will inevitably be affected. In recent years, there has
been a lot of research on evolutionary algorithms to improve the search ability of the entire
search stage. Although it has a good search performance, it cannot avoid sticking into local
optima, thereby obtaining the inferior solutions [14]. Most of these algorithms have global
optimization capabilities, which are very helpful for the small-scale optimization of com-
plex functions. However, in the UAV swarm combat scenario with high real-time dynamics
and complexity, the above algorithms have certain shortcomings for the optimization of
high-dimensional complex functions.

Among them, the wolf pack algorithm is a new bionic intelligent algorithm proposed
by Wu et al. [17] in 2013. With clever division of labor, wolves can complete a series of
group activities such as complex cooperative hunting, feeding cubs, and territorial mainte-
nance [18], showing high efficiency, flexibility, and dynamic adaptation. Compared with
other algorithms, the wolf pack algorithm is a random probability search algorithm, which
can quickly find the optimal solution with a high probability. WPA also has parallelism,
which can search from multiple points at the same time without affecting each other, thus
improving the efficiency of the algorithm. WPA has better global convergence and com-
putational robustness and is especially suitable for solving complex functions with high
dimensions and multiple peaks [19]. Therefore, the processing and adaptability of WPA
has greater advantages in handling the task allocation of the UAV swarm in a dynamic and
complex battlefield environment. However, the wolf pack algorithm has disadvantages
such as slow convergence speed and the fact that it can easy to fall into local optimum.
Many scholars have done a lot of research on how to optimize the wolf pack algorithm.
The optimization of the wolf pack algorithm can be divided into three categories.

(1) Enhance the global search ability;

Literature [20] aims to improve the optimization quality, stability and convergence
speed of the wolf pack algorithm. All wolves in the pack are allowed to compete as
the leading wolf to improve the probability of finding the global optimal solution, thus
enhancing the search ability; In order to promote information exchange between artificial
wolves, improve wolves’ grasp of global information and enhance their exploration ability,
reference [21] introduces drift operators and wave operators into wolves’ reconnaissance
behavior and summation behavior. An adaptive dynamic adjustment factor strategy is
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proposed for besieging behavior. Literature [22] discusses an optimization strategy of WPA
based on opposition learning, which not only enhances the local search ability of WPA
under normal conditions, but also increases the population diversity under catastrophic
conditions. In order to study the parameter optimization problem of complex nonlinear
functions, an adaptive variable step size chaotic wolf optimization algorithm (CWOA) is
proposed in literature [23]. Combining the adaptive variable step search strategy with the
chaos optimization strategy, gives the algorithm high robustness and global search ability.
In order to accelerate the convergence of WPA algorithm and enhance its search ability, the
differential evolution (DE) elite-set strategy is adopted in literature [24]. In literature [25],
on the premise of ensuring the solution accuracy, optimization time is reduced. A jump
raid strategy is proposed, which directly airlifts half of the wolves to the lead wolf, which
improves the performance of the raid process and speeds up the convergence speed of
the algorithm.

(2) The balance between local search ability and global search ability;

In order to solve the disadvantages of WPA, the strategy of opposition learning
is adopted to initialize the population in literature [26], so as to enhance the population
diversity in the process of global search. At the same time, genetic algorithm is used to select
the head wolf to avoid local optimization. This combined optimization strategy harmonizes
the global exploration capability and local development capability well. Literature [27]
proposes a quantum-excited wolf pack algorithm based on quantum coding: quantum
rotation and quantum collapse. The first step makes the population move to the global
optimal value, the second step helps to avoid individuals falling into the local optimal
value. The global search capability and local search capability can be balanced.

(3) Optimization of high-dimensional complex problems;

In order to study the parameter optimization problem of complex nonlinear functions,
an adaptive variable step size Chaotic Wolf Optimization Algorithm (CWOA) is proposed in
literature [23]. Combining the adaptive variable step search strategy with chaos optimization
strategy, the algorithm has high robustness and global search ability. For the optimization of
high-dimensional functions, a new wolf pack algorithm is proposed in literature [28], which
can accurately calculate the optimal value of high-dimensional functions. Firstly, the chaotic
inverse initialization is designed to improve the quality of the initial solution. Secondly,
interference factors are added in the search process to enhance the search ability of wolves,
and the adaptive step size is designed to enhance the global search ability of wolves, which
effectively prevents wolves from falling into local optimal. Literature [29] proposes a Multi-
population Parallel Wolf Algorithm (MPPWPA) in order to solve the problem of too long
convergence time of the wolf algorithm in the optimization of high-dimensional complex
problems. By dividing the wolf population into multiple sub-populations and independently
optimizing the sub-populations at the same time, the size of the wolf population is reduced.
Literature [30] proposes a combination of the principle of particle swarm optimization and
genetic algorithm to optimize the wolf pack algorithm and solve the task allocation problem of
the UAV swarm with a faster convergence speed. The improved algorithm shows good search
quality in high-dimensional space. Literature [31] applies the improved Wolf Pack Search
(WPS) algorithm to calculate the quasi-optimal trajectory of rotorcraft UAV in a complex
three-dimensional space (including real and false three-dimensional space) and to adopt a
multi-objective cost function. In the process of path planning, some concepts of the genetic
algorithm are applied to implement the WPS algorithm.

The optimization strategies can effectively improve the performance of WPA, but there
are few literature studies on the wolf pack algorithm dealing with complex discrete problems,
such as whether it could be better applied to discrete issues such as UAV task allocation.

In order to enable the wolf pack algorithm to better solve the discrete problem, this
paper proposes a multiple discretized wolf pack algorithm (MDWPA). The contributions of
this paper can be summarized as follows.
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(1) Inorder to solve the shortcomings of traditional WPA in solving discrete problems, a
multiple discrete optimization strategy is proposed to improve the traditional wolf
pack algorithm. The improved WPA is compared with other intelligent algorithms in
the simulation experiment, and its performance is far superior to other algorithms.

(2) Looking into the multi-UAV intelligence collection scenario in a dynamic battlefield
environment, a corresponding multi-UAV task allocation model is established and,
at the same time, resource consumption and mission revenue are considered. The
objective function is constructed to solve the complex dynamic task assignment
problem.

2. Task Assignment Model

In combat scenarios, in order to better attack enemy targets, UAVs are often required
to collect enemy information and other intelligence in the enemy area, and after mastering
comprehensive intelligence, they are required to perform tasks such as precision strikes
on the enemy area. At the initial moment, the UAV departs from the base, is required to
successfully detect the enemy target and obtain useful information, and execute the task
sequence in turn before returning to the base. All UAVs are not initially dispatched, some
UAVs will be kept at the base for emergencies.

2.1. UAV and Task Modeling

This article models the above actual combat scenarios, which can be expressed as a
four-tuple < U, T, M, C >, where U is the set of UAVs, T is the set of targets in the combat
area, and M is the set of tasks on the target. C is the set of constraints in the problem model.
Based on the literature [32], this paper further considers the problem of the cooperative task
allocation of UAVs in actual combat area scenarios, further considers multiple constraints
and optimization objectives, and constructs a cooperative multi-task assignment model for
UAVs in combat scenarios. Table 1 shows the attributes of three objects in the model.

Table 1. Object attributes and symbol interpretation.

Attributes

(For any UAV u;)

The total number of UAVs: N,
Initial position (the base) P; = (x;,y;) (i = 0)
Flying speed: v;
The maximum travel distance of UAV: d**¥

The maximum travel time of UAV: /"

The number of targets: N;

(For any target Tj) Position coordinates: P; = <x]-, yj)

Reconnaissance time required for completion of missions: I i

The definition of the UAV system has N, reconnaissance UAVs. In this paper, for any
UAV u;(i € [1,Ny]), given its constant flight speed v;, maximum navigation distance d}"**
and maximum flight time 7;"%*.

Due to the dynamic update of information in the battlefield environment, the intelli-
gence information of each target point may be updated after reconnaissance. Therefore,
each target point T; (j € [1, N¢]) involved in this article contains at least one reconnaissance
mission. Among them, define N; as the number of targets. I; is the reconnaissance time
required to complete the intelligence collection work at the target point T;.

On the premise of ensuring the validity of the model, in order to simplify the model
and reduce the difficulty of solving the model, this article puts forward the following
reasonable assumptions about the model:

(1) The number and approximate location coordinates of all targets are known to the
command center of UAV base;
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(2) The UAV flies at a constant speed, and the flying heights of the UAVs are not consistent
in order to prevent collisions between the UAVs;

(3) The same task can be completed by multiple UAVs, and it is assumed that the UAVs
working in coordination reach the target point at the same time, and there is no
waiting time for each other.

Based on the above symbolic interpretation and model assumptions, the scheme of
cooperative multi-task allocation for UAVs can be expressed as a vector, as shown in Table 2.
The vector has three rows, the first row represents the target sequence, the second row
represents the task sequence on the target (mainly multiple intelligence searches, taking
two searches as an example), and the third row represents the result of task assignment.

Table 2. The vector of cooperative task allocation for UAVs.

! T
2 Mg
3 x!

In Table 2, M represents the Kth mission of target T; and it is assigned to u;, so the

third row X{ (i€ [1,Ny])is1. Forother i (i’ #1i,i' € [1,Ny]), X{, is 0, which means that
T; is not assigned to u;.

2.2. Objective Function

In order to make the plan of task allocation more scientific and reasonable, this paper
constructs a task allocation model under multiple constraints such as limited resources. The
objective function of the constructed model mainly considers the minimization of resource
consumption and the optimization of the task completion effect. Therefore, we construct
a cost function and an evaluation function of task completion effect to quantify resource
consumption and task completion effects respectively.

2.2.1. Cost Function

Most studies only consider the traveled distance or time in the evaluation of resource
consumption, which makes the obtained task assignment result one-sided. To address this de-
fect, we jointly consider the impact of distance and time on resource consumption. Following
this idea, the distance cost and time cost of the UAV system is constructed as follows.

a. Distance Cost

The distance cost of the UAV system is denoted by d,;,;, which can be achieved by

Aiotal = ZzN:ul Z]N:tl (djkf(i)xijk> g

where d jkf(i) represents the flight distance of the UAV u; from the target point ¢; to the
target point ¢ ; where x;ji is a binary variable that represents the k execution of target ¢; by
UAV u;, and the specific expression is shown as follows.

1, if My on t; is assigned to u;
xiij{ f My on £ is assig i @)

0, others

If there are no obstacles in the flight path from the task point ¢; to the next task point
ty, the distance d jkj can be easily obtained according to the calculation Formula (3).

d4400) = ¢ (s )} + (o) ) ) ®
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where [x’t‘] (1), y’t‘j (u;)] and [xX (1), ¥ (u;)] represent the position coordinates of the UAV
j
u; in executing the task M; of the target f; and the task Mj, of the target ¢ i respectively.

b. Time Cost

In order to ensure that the tasks are completed as quickly as possible, the model also
considers the completion time of all tasks as another optimization index, where the shortest
completion time of all tasks can ensure that the entire task can be completed quickly. The
time cost of the UAV system to perform the task is represented by Tjy,;-

o = a5+ 7, @

where Ti‘;k and Tij;k represents the time that u; execute M on t; and the flight time of the
UAV u; from ¢; to the next target point t]e, respectively. The T,y is the maximum sum of
f

e foe . . . .
Tiik and T i Tk isa predetermined parameter, and the calculation formula of 7; ik 18 shown

in Formula (5).

~

d . ’.‘(i
f jk,j
T, = 5
=" )

This paper defines a cost function to quantify the resource consumption of the UAV
system. Distance and time are the main indicators to measure resource consumption. There-
fore, the distance cost and time cost of the UAV system should be the main components of
the cost function. However, the evaluation indicators of distance and time are in different
numerical dimensions, the direct addition of these two indicators affects the fairness of
the cost function. Therefore, these two indicators should be standardized to eliminate
dimensional effects. Based on the above analysis, the cost function of the UAV system can
be obtained as followed.

dtotal Ttotal
fCOSt o ZNu Jmax T max T ©)
i=1"i i€[1,Ny] '

The first and second terms of Formula (6) measure resource consumption in terms of
distance and time, respectively. In order to eliminate the dimensional influence between
distance and time indicators, divide the different indicators by their respective upper
bounds (the maximum flight distance of the UAV system ZZN

of the UAV system n[mx ]T["“" ) for normalization.
i€[1,Ny

2 d"™* and the endurance time

2.2.2. Task Revenue Function

In a battle scenario, mastering the enemy’s important intelligence is the key to victory.
Assuming that, at the initial moment, the UAV only knows the approximate location of the
target. When the UAV detects the target, the accurate location information of the target
P = (x]-,yj),j € [1, N¢] and the initial value of the target vulue(t]-) can be obtained. This
article uses the initial value of the target to express the importance of intelligence.

In actual scenarios, the initial value of the task tends to decrease as the waiting time
increases, so this paper considers that the effect of task execution will decrease with the
increase of time. That is to say, the function value is inversely proportional to the time.
To eliminate the dimensional influence between costs and benefits, we also normalize the
benefits by dividing the actual revenue by the sum of the initial values of all the tasks. The
specific operation is shown in Formula (7).

iy Sitt (i value (1) ¢ (1))

Z]N:’1 value(t;)

f rew — (7)
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where x;j; is a binary value, indicating whether UAV u; is assigned to a task ¢;. Only when
jtq is an attack task, the value of x;j, is 1; value(t;) is the importance of the target at the
initial moment, and ¢(t) € [0, 1] decreases with time, indicating that the value obtained by
destroying the target varies with time, and the calculation formula of ¢(t) is as follows.

p(t) =e (8)

where p represents the rate of decline in revenue, the larger the p, the faster the revenue
from destroying the target decreases over time, and vice versa.

However, in a real scenario, enemy information is dynamic and constantly updated.
UAVs may be required to perform repeated or multiple intelligence searches at the same
target point to ensure effectiveness and accuracy. But in a dynamic mission scenario, the
optimal solution is to cover as many target points as possible in a short time. Therefore,
UAV should try to select unsearched target points, rather than repeatedly search the same
mission point. Therefore, we adjust the function of task revenue according to the actual
situation. When UAVs conduct repeated searches of the same target, the information they
find will largely overlap, so the value of the mission should be halved.

The change of the function of task value is shown in Formula (9).

1 k—1
value(t;) = (E) x value(t;) 9)

where k is the number of UAV searches for intelligence on task point ¢;.

2.3. Task Allocation Model

Comprehensive consideration of the UAV body constraints, task requirements, cost
consumption, effects of task completion and other factors, a task allocation model under
multiple constraints is established.

maxf = wffezu (10)
fCOSt
Ny N, 3
s.t. Zi:l Zj:tl Zkzl Xijk = 3 (11)
Vie [1,N,],d; < d?mx/Ti < Tlmax (12)
Ny )
Z Tiejkxf 2 1 (13)
i=1

where o is the binary flag, which can be expressed as follows.
[ 1,if(9) ~ (14)are all satisfied
= { 0, others (14)

Formula (11) is used to ensure that each task must be completed; in Formula (12), d;
and T;, respectively, represent the total flight distance and total time consumed by the UAV
u; to complete all assigned tasks, neither of which can exceed the prescribed upper limit.

Formula (13) is to ensure that each task is successfully completed, and the resources
consumed by the UAV performing the task need to meet the conditions required for the
completion of the task.

In the formulated task allocation model, the cost function and the function of task benefit
evaluation are used as the numerator and denominator of the objective function, respectively.
By maximizing the objective function proposed, the contradictory variables of task revenue
and resource consumption are optimized at the same time. Meanwhile, constraints such as
limited resources and task priority are introduced to improve the applicability of the model.
The introduction of multiple constraints makes the established model more accurate and
further improves the mission execution efficiency of the UAV system.
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3. The Wolf Pack Algorithm
3.1. Traditional Wolf Pack Algorithm

The wolf pack algorithm is a relatively new swarm intelligence algorithm based on
the wolf pack behavior mechanism [17]. The entire wolf pack algorithm mainly contains
two mechanisms, namely, the head wolf generation mechanism, and the wolf pack update
mechanism, and three behaviors, namely, wandering behaviors, summoning behaviors, and
siege behaviors. The following gives a brief description of the two mechanisms and three
behaviors in the wolf pack algorithm to prepare for the specific analysis of the improved
wolf pack algorithm.

3.1.1. The Head Wolf Generation Mechanism

The head wolf generation mechanism means that, according to the “victor is king”
rule, when a more powerful leader appears in the wolves to prey on prey, a more capable
wolf will become a new head wolf. The prey odor concentration perceived by the artificial
wolfis Y = f(X), where Y is the value of the objective function. That is, when the fitness of
the ith wolf in the pack Y; (prey concentration at its location) is greater than the fitness Yj,,4
of the head wolf, this wolf becomes the new head wolf.

7

3.1.2. Wolf Pack Update Mechanism

The wolf pack update mechanism refers to removing the R wolf pack individuals
with the worst value of objective function, and then adding R wolf pack individuals at the
same time.

R = randi( [ZN,B' Zg}) (15)

among them, B is the population update scale factor; N is the number of wolves.

3.1.3. Wandering Behavior

Except for the head wolf, the most elite Snum wolves are called the detection wolf.

If « is the scale factor of the detection wolf, the number of the detection wolf Snum is a
random number between [%, %} . The detective wolf walks one step in the surrounding
h directions with its walking step step,, and respectively senses the odor concentration of
the location. Every time it travels in one direction, the odor concentration is sensed and
recorded, and then it returns to the original coordinates. If there is a direction where the
odor concentration is greater than the original coordinate, then it moves to the direction
with the largest odor concentration. After detective wolf i advances in the p(p = 1,2,...,h)

direction, its position in the dth dimension is shown as follows.
ZZZ =Zig+A- stepff (16)

among them, Z;; is the coordinates of the ith wolf in the d-dimensional space; A is a random
number in the range [—1,1]. Compare the updated fitness of the wolf detection with the
fitness of the head wolf. If Y; > Yj.,4, then update Y},; = Y;, and detective wolf i will
replace the head wolf and re-initiate the call; if Y; < Y},,4, continue the wandering behavior.

3.1.4. Summoning Behavior

As the wolves enter the summoning phase, the fierce wolves summoned by the head
wolf rush towards the coordinates of the head wolf with a larger step length step;, the
position change of the fierce wolf i in the d-dimensional space in the k + 1 iteration is shown
in Formula (17).

7k — 78, 4 stept - (z,md’; _ zjﬁd) / ‘szd’; — 7k,

(17)

among them, le.‘d is the current position of the wolf; Zlmds is the coordinate of the kth
generation wolf in the d-dimensional space. In the process of running, if the adaptability of
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the wolf i is greater than that of the head wolf, the wolf i becomes a new generation of the
head wolf, the position of the head wolf is updated, and the calling behavior is initiated; if
the adaptability of the wolf i is less than the wolf, and the distance d;; between wolf i and
the head wolf is less than d,e,r, they switch to siege behavior; supposing the value range of
the dth variable to be optimized is [ming, max,], then the judgment distance d;;sr can be
determined by the Formula (18).

dpear = 1/(D - w) -25=1|maxd — ming| (18)

among them, w is the distance determination factor, and its different values will affect the con-
vergence speed of the algorithm. max; and min; are the upper and lower bounds, respectively.

3.1.5. Sieging Behavior

When the wolves are close enough to the prey, the fierce wolves initiate a siege on the
prey. At this time, the updated position fo; 1 of the wolf can be expressed by Formula (19).

Zde — le-‘d +A- stepf . ’Zleads — Zf-‘d (19)

among them, A is a random number in the range [—1, 1]; step? is the siege step length. If the
fitness of the wolf i after the siege behavior is greater than the fitness of the original position,
its position will be updated; otherwise, the wolf will keep the original position unchanged.

Assuming that the value range of the dth variable to be optimized is [ming, max,),
then in the wolf pack algorithm process, three steps are involved: walking step size step,,
rush step size step;, siege step size step,, the step size in the d-dimensional space has the
following relationship.

stepg

stepd = — = 2 - step? = |maxy — ming|/ S (20)
where S is the step size factor and represents the fineness of the artificial wolf searching for
the optimal solution in the solution space.

The optimization process of the WPA algorithm is divided into wandering, calling,
and sieging. In the WPA, the exploring wolves select H directions and explore them. There
is no communication between them and so there will be repetition in exploring space, so
there is a lack of necessary information communication between artificial wolves, and the
algorithm is not global enough. At present, it is difficult to find the global optimal solution
for the wolf pack algorithm. Therefore, the continuous exploration of swarm intelligence
optimization algorithm has become a hot topic for many scholars.

3.2. Proposed Algorithm

The wolf pack algorithm is mainly composed of three behavior mechanisms: wander-
ing, summoning and sieging. Through these three behaviors, the position of each wolf is
gradually optimized and the global optimum is finally found. The traditional wolf pack
algorithm has strong convergence and global search ability and is not easy to fall into
invalid search. WPA usually has good performance for continuous problems, but is not
good at discrete problem optimization. The task assignment problem of UAV is a discrete
problem, in which the variables of each dimension are integers belonging to a set. Therefore,
based on the WPA rules, it is necessary to improve the WPA to match the integer discrete
characteristics of task assignment. In order to improve solution accuracy and efficiency of
the algorithm, this paper uses the multi-step discrete optimization strategy to improve the
WPA, which mainly includes individual coding, wandering strategy, calling strategy, siege
strategy, and recruitment of new individuals. The details of the MDWPA are as follows
and the algorithm is shown in Algorithm 1.
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3.2.1. Individual Coding and Initialization

In the improved algorithm, a hybrid coding method based on task assignment and
path planning is adopted for mixed variables. The position vectors of individuals contain
discrete variables representing the results of task assignment. In order to generate a feasible
task allocation plan more effectively, according to the characteristics of UAV task allocation
problem, the algorithm adopts a mixed variable coding method based on task allocation
and path planning and designs an appropriate constraint processing method to initialize
the position vector of wolf individuals according to the coding method. At the same time,
new individuals are generated by a recombination method based on structure learning to
further improve the quality of the population. In addition, in the process of population
renewal, in order to obtain more excellent individuals, the improved algorithm adopts the
mechanism of coevolution, that is, a coevolutionary population and the original population
compete to generate new individuals.

At present, the existing coding methods can only describe the final assignment scheme
but cannot represent the executing sequence of tasks, that is, the path planning result of the
task performed by UAV. Therefore, in order to represent both the result of task assignment
and the result of UAV’s path planning during task execution, a hybrid variable coding
method based on task assignment and path planning is proposed in this paper. This method
codes according to the specific situation of the UAV in the execution of the task. The code of
each individual contains two parts, thatis, P = (MN, UN), where the first part MN is a
discrete variable, recording the task number, and the second part UN is a discrete variable,
which records the number of UAVs performing corresponding tasks.

Figure 1 shows the code of an individual corresponding to the model of Section 2. It
contains 6 targets, there are 3 UAVs, numbered 1-3. The two lines of the position vector
of the individual wolf are used to represent the task assignment result. For example, the
targets T1, T4 and T6 are assigned to the UAV U; for execution. At this time, this is the
corresponding task assignment plan vector: Xk =1 (k € {16} ).

7 = a ’ .\‘\
I T =
UN 1 3 7 S 1 2

Figure 1. The hybrid coding method.

In addition, in order to show the results of the UAV’s path planning, the order in
which the task numbers appear in the position vector represents the order in which the
UAV performs tasks. The blue curve in Figure 1 indicates that UAV U performs tasks in
sequence T7,Ts. The orange curve indicates that the execution tasks of the UAV U, are Tp,
T3. The green curve indicates that the execution tasks of the UAV Uj are T; and T5, in turn.
Because the coding method uses a hybrid variable coding method based on task allocation
and path planning, this variable can not only efficiently convert the position vector of the
individual wolf pack into a task allocation plan of the model, but can also fully consider
the path uncertainty during the execution of the UAV task and use the order of tasks in
the position vector to explicitly show the order in which UAVs perform tasks. This coding
method can generate a definite task allocation plan and the path planning results of the
UAYV when the individual is initialized.

In the actual initialization operation in the UAV task allocation, we first initialize the
task number in the first row. In order to provide a global orientation to the algorithm,
randomly scramble [0, 1, ..., W] and assign it to the first row (W is the last mission number),
and then the UAV number in the second line is initialized by random assignment.
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3.2.2. Improvement on Walking Behavior

The walking behavior of wolves is essentially an active exploration of the unknown
environment, which determines the global search capability of the algorithm. In the WPA,
each exploring wolf scouts the prey from h directions divided equally by 360 degrees,
which is represented by Formula (16), and adjusts the coverage of the scout by changing
the size of h. The bigger h is, the larger the coverage of the scout will be, but the speed of
the scout will be relatively slower.

In order to better solve the convergence speed of the optimal solution in discrete
problems, this paper proposes that the updating method of Formula (16) is no longer used
when each exploring wolf finds the optimal forward direction. Instead, it states that all
exploring wolves, in turn, select the position variables in each column, read the number
of the UAV performing that task, find all the task numbers assigned to that UAV, and
then randomly rank those task numbers and compare them to the original individual. If
the change is better, keep the updated plan, otherwise leave it unchanged. The specific
operation steps are shown in Figure 2.

| ne 12 3 | 5 6 7 |8
1 2 8 2 2 0 1 1
g
IS5 AR I 'R N N O P
1 2 B 2 2 0 1 1

-
IS FA I N I N O FN T
1 2 3 2 2 0 1 1

Figure 2. The walking strategy.

3.2.3. Improvement on Calling Behavior

The calling behavior is an essential process for fierce wolves to converge to the current
optimal solution which is the position of the leader wolf. This behavior determines the
convergence rate of the algorithm. The traditional wolf pack algorithm’s calling behavior,
when the fierce wolves approach the leader wolf in step length, will lead to the convergence
speed of the algorithm being too slow. Inspired by replication of gene fragment in genetic
algorithm, each of the fierce wolf copy part of the leader’s position to replace its own
position, so as to achieve fast proximity to the leader wolf and achieve fast convergence of
the algorithm.

The position of the fierce wolf should be updated by learning the position of the leader
wolf. The specific operations are as follows: Firstly, keep the order of the tasks in the first
line of the position variable of the fierce wolf unchanged; finally, update the UAV task
assignment scheme in the second line by learning the UAV task assignment scheme of the
leader wolf. The specific steps are shown in Figure 3.

Given that the calling step of the improved strategy is a direct learning of the head
wolf, the distance judgment operation of the traditional wolf pack algorithm is not used
here, and the elite strategy is used instead, that is, if the fierce wolf is worse than the
original, it will not be updated.



Appl. Sci. 2022,12,1331

12 of 21

| H e s la[7 ][5 _]3 1112 |
0 0 1 0 1 2 1

I N S N N R RN N C
1 2 3 2 2 0 1 1

IS N N N S CR CRN P O
2 1 1 1 0 0 0

Learning

Figure 3. The calling strategy.

3.2.4. Improvement on Sieging Behavior

The main purpose of the improved siege strategy is to enhance the algorithm’s global
search capabilities. The operations are as follows.

In order to make the algorithm have better convergence effect and optimization ability
in the later stage of the iteration, this article will adopt two strategies to improve the siege
behavior. First, traverse all individuals with a probability of 0.5, randomly select a column
of random integers between [1/(2 x @), n/9| for each individual, ¢ is a scale factor, and re-
assign the UAVs number under these columns randomly. Or perform a mutation operation
with a probability of 0.5. That is, an individual with a higher fitness value in the population
is randomly selected, a few columns are randomly selected from the position information
of the individual variable, and the two elements of the column are randomly allocated to
obtain a new individual. After improvement, if the effect is better, update it, otherwise it
will remain unchanged. The specific steps are shown in the Figures 4 and 5, respectively.

I35 N AN F N T OO NEIN  Random selection
1 2 3 2 2 0 1 1

I S PR N N R B N
1 2 3 3 2 1 2 1

¥

Random assignment

Figure 4. The siege strategy using random assignment.
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Mutation operation

Figure 5. The siege strategy using mutation operations.

3.2.5. Replenishment of New Individual

The diversity of the wolf population algorithm in the later stage of the population is
maintained by the “survival of the strong” mechanism, which is not effective for complex
problems. The reason is that it only relies on the initialization mechanism to supplement
new individuals, and it is not competitive with other individuals that have been screened
later. However, the traditional optimization strategy only uses the position information of
the copy of the wolf, and only a slight exchange strategy. In the later stage of the algorithm
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iteration, the new individuals generated by this method do not have enough diversity,
which can easily cause the algorithm to enter local convergence. Therefore, this article
proposes a new individual generation strategy.

Among them, individual wolves perform exchange operations with a probability of
0.5, that is, they randomly find two tasks performed by different UAVs in the position
variables of the head wolves, and then exchange the numbers of the UAV that perform
these two tasks. Or they perform mutation operations with a probability of 0.5. That is,
an individual with a higher fitness value in the population is randomly selected, a few
columns are randomly selected from the position information of the individual variable,
and the two elements of the column are randomly allocated to obtain a new individual.
The specific steps are shown in Figures 6 and 7, respectively. If the mutant individuals of
the head wolf are used for individual supplementation, in the later stage of the iteration,
the similarity between each individual and the head wolf becomes high, which makes
it easy for the population to fall into the local optimum. Therefore, this paper adopts
the probability of 0.5 to use mutant individuals with higher fitness values to supplement
new individuals. This method maintains the diversity of the population and prevents the
algorithm from falling into a local optimum.

Algorithm 1: MDWPA

Input: initial position of UAVs: posV, position of targets: posT, iterations, population size: N, Tmax
Output: solution xbest
Generate initial solution X;
for iterations do

Select the leader wolf Lx;

/* walking behavior (See Section 3.2.2) */
Select S exploring wolves;
walking times = 0

while walking times < Tyqx do:

for exploring wolves Xep do

[

individual variation according to Section 3.2.2 and Figure 2;

if F(Xew") >F(Xew) then
update position: Xey < Xew’
end
if F(Xew") >F(Xjeqger) then
update position: Xjs4er < Xew”
break;
end
end
/* calling behavior (See Section 3.2.3) */
Select M fierce wolves;
for fierce wolves Xz, do

[

get close to the leader wolf according to Section 3.2.3;
]
if F(Xpy") >F(Xg,) then
update position: X, < Xg,”
end
if F(Xfw’) >F(Xjeader) then
replace leader wolf: Xjpnger <+ Xp”
break;
end
end
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Algorithm 1: Cont.

/* sieging behavior (See Section 3.2.4) */
for all wolves except the leader wolf Xy, do
[
r=rand (0,1)
if r < 0.5 then
individual variation according to Section 3.2.4 and Figure 4;
else
get close to the wolf with better fitness according to Section 3.2.4 and Figure 5;

end

if F(Xw") >F(Xw) then
update position: Xy < Xy’
end
end
/* generating new individuals (See Section 3.2.5) */
Select R weakest wolves Xy
for Xy do
[
r=rand (0,1)
if r < 0.5 then
get close to the leader wolf according to Section 3.2.5 and Figure 6;
else
get close to the wolf with better fitness according to Section 3.2.5 and Figure 7;

end

if F(XN') >F(Xy) then
update position: Xy < Xy’

end
end
Select optimal individual xbest in the population.
end

[ v o | 4 ]7 15 13 1|2 [N
0 0 1 3 0 2 1

The new individual

NP R N S N S XN PO F )
0 1 3 0 0 2 1
Figure 6. Create new individuals by replicating the head wolf.
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Figure 7. Generate new individuals in a mutated way.

4. Simulation
4.1. Simulation Setup
The simulation is performed on a 2.30 GHz Intel i5 processor and Python 3.8.0 on a

computer with 4 GB memory.
Experimental setting parameters are shown in Table 3.
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Table 3. Experimental parameter settings.

Parameter Value
Number of wolves: N 100
Dimension of the search space: 50/100/150
The maximum number of iterations: kay 200/400/600
Distance judgement factor: w 800
Step factor: S 1000
Detective Wolf Ratio Factor: « 4
Update scale factor: 6
Maximum number of walks: Tjy,x 10

The setting of related parameters of the wolf pack algorithm has been analyzed in
the literature [17], and the parameter settings in Table 3 can optimize the performance of
the algorithm.

4.2. Parameter Analysis of MDWPA

In order to obtain the best performance of MDWPA, the optimization strategy of each
stage is worth further study. There are four optimization steps in MDWPA, namely, discrete
optimization of wandering behavior, discrete optimization of calling behavior, discrete
optimization of besieging behavior, and discrete optimization strategy of new individual
supplement. In order to verify the effect of the above four optimization steps and optimal
performance, this paper uses the orthogonal experimental design (OED) method [33],
with the objective function value and the average distances as the evaluation index, 16
kinds of algorithm have been designed, which run independently under the UAV task
assignment model 200 times in order to verify which combination of discrete optimization
operations would achieve the best optimization performance of MDWPA. In order to avoid
contingency, we conduct 30 independent repeated experiments for each scheme, and record
the mean, max, and variance of the objective function optimization. The settings of each
parameter in the algorithm are shown in Table 3, and the relevant parameter settings of
the algorithm are set according to literature [17], in which a large number of experiments
prove that the data in Table 3 is the optimal parameter combination.

In Table 4, P1 represents the discrete optimization strategy of wandering behavior. P2
represents the discrete optimization strategy of calling behavior. P3 represents the discrete
optimization strategy of siege behavior. P4 represents the new individual recruitment
strategy. Through the above 16 different algorithm combinations, simulation experiments
are conducted to determine which phase of the optimization strategy has the greatest impact
on the algorithm performance. As can be seen from the results in Table 4, the combined
optimization strategy in the first and fourth stages has the greatest impact on algorithm
performance. It can be seen from the results that MDWPA has certain advantages over the
other 15 algorithms in terms of optimal value and average value of objective function.

4.3. Performance of MDWPA

In order to fully analyze the performance and advantages of MDWPA, this paper takes
the objective function in Section 2 as the optimization object. By comparing and analyzing
the experimental data, the performance of MDWPA algorithm is evaluated from efficiency
and stability.

4.3.1. Efficiency

In the UAV task allocation model described in Section 2, for each target’s military mission,
the UAV needs to start from the base and rush to the coordinates of the target in turn, the
coordinate’s unit is kilometers. The UAV needs to spend a certain period of time at the target
to complete the intelligence search task (the unit of time is seconds). Each instance contains
five UAVs and 25 military mission targets, which are randomly set in a fixed position. The
attributes of each UAV include flight speed and initial coordinates. The attributes of each
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target are the starting coordinates, initial value, and the execution time. Table 5 is the attributes

of targets in Example 1; Table 6 is the attributes of UAVs in Example 1.

Table 4. The design scheme of orthogonal experiment design.

No. Algorithm Average Max Std
1 WPA 0.094311828 0.098515562 0.003123479
2 WPA + P1 0.094406883 0.099737827 0.003602062
3 WPA + P2 0.100099429 0.104996064 0.003406232
4 WPA + P3 0.255877633 0.277344851 0.012403991
5 WPA + P4 0.089991202 0.099891448 0.003966736
6 WPA +P1 + P2 0.101346873 0.104414414 0.002610191
7 WPA + P1 + P3 0.128543916 0.133154261 0.002759905
8 WPA + P1 + P4 0.266737265 0.292252801 0.017772005
9 WPA + P2 +P3 0.259615261 0.291802999 0.012754875
10 WPA + P2 + P4 0.091592871 0.099638071 0.003605891
11 WPA + P3 + P4 0.252197181 0.270349845 0.011637504
12 WPA +P1+ P2 +P3 0.263325287 0.295271752 0.013132305
13 WPA + P1 + P2 + P4 0.121476444 0.125332704 0.003436636
14 WPA + P1 + P3 + P4 0.263325611 0.294600559 0.018923418
15 WPA + P2 + P3 + P4 0.255140928 0.276746983 0.016519906
16 WPA + P1 + P2 + P3 + P4 0.275775987 0.315469438 0.011828138

Table 5. The attributes of targets in Example 1.

No. Coordinate Initial Value Execution Time (s) No. Coordinates  Initial Value Execution Time (s)
0 (13,41) 80 8 13 (90,22) 92 15
1 (61,83) 90 11 14 (95,20) 95 12
2 (79,12) 40 3 15 (81,86) 93 12
3 (41,98) 920 14 16 (16,65) 68 7
4 (23,65) 95 22 17 (85,51) 82 9
5 (12,91) 79 12 18 (23,72) 62 16
6 (68,54) 73 17 19 (70,83) 60 18
7 (82,50) 84 18 20 (23,30) 90 4
8 (20,50) 81 3 21 (65,30) 60 16
9 (92,48) 69 18 22 (87,77) 94 11
10 (69,59) 71 10 23 (93,18) 83 12
11 (59,10) 70 15 24 (19,19) 90 8
12 (12,51) 62 20

Table 6. The attributes of UAVs in Example 1.
No. Initial Coordinate Velocity (km/s)
0 (0,0) 0.1
1 (0,0) 0.12
2 (0,0) 0.16
3 (0,0) 0.11
4 (0,0) 0.1

In order to prove the efficiency of the MDWPA algorithm in solving the UAV task
allocation model, a variety of optimization algorithms are selected to compare with the
MDWPA. Some of the algorithms involved are for continuous problems and others are
for discrete problems. Therefore, it is difficult to use continuous benchmark functions for
unified performance evaluations. In this paper, we select the most widely used intelligent
algorithms, PSO [34], GA [35], WPA, PSO-GA-WPA [31] (For brevity, PSO-GA-WPA is
abbreviated as GPWPA), CJADE [36] and EBOCMAR [37].
For the fairness of the experiment, the population size is set to 100. In addition, the
learning factors cl and c2 in the particle swarm algorithm are set to 1; the crossover
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probability in the genetic algorithm is set to 0.8, and the mutation probability is set to 0.2.
In order to ensure the accuracy of the results of the simulation experiment, each algorithm
will be run 200 times on each instance individually, and the iterative effect analysis curve of
each algorithm will be obtained. Figure 6 is the comparison of iterative curves of algorithms
on test cases 1.

In Figure 8, the blue, red, orange, purple, green, pink, and brown curves represent the
iterative curves of MDWPA, GA, GPWPA, PSO, WPA, CJADE and EBOCMAR, respectively.
The purpose of the comparison with the traditional WPA and PSO is to illustrate our ef-
forts on solving discrete problems with traditional biological optimization algorithms. But
unfortunately, direct reference to these continuous algorithms is not ideal for simulation
results. Comparing MDWPA with the three algorithms for discrete problems, GA, CJADE
and EBOCMAR, our proposed MDWPA has advantages on convergence speed and accu-
racy. GA is a traditional optimization algorithm for discrete problems, and the improved
optimization algorithm CJADE and EBOCMAR are newer and can solve discrete problems
very well. It is clear from the figure that the GPWPA algorithm has a fast convergence rate
in the initial stage, but with the increase of the number of iterations, the algorithm falls into
a local convergence state. Although the genetic algorithm has good optimization ability, the
convergence speed of genetic algorithm becomes slow after 75 iterations, resulting in local
convergence problem. Among them, CJADE can only solve discrete problems, into both
continuous and discrete processing. However, the results are not as good as the improved
wolf pack algorithm in dealing with the high-dimensional complex task assignment of UAV.
As other algorithms deal with continuous problems, they are not effective in dealing with
the discrete problem of task allocation for UAVs. Obviously, the MDWPA algorithm has a
better convergence speed and assignment effect than other algorithms when dealing with
the UAV task assignment model. This is mainly related to the new individual recruitment
strategy. With a probability of 0.5, the mutation of the head wolf individual is used for the
recruitment of new individuals, and the mutation of the individual with a higher fitness
value is used for the recruitment of new individuals. In this way, the diversity of population
is kept and the algorithm is prevented from falling into local optimum.

This paper uses variance analysis and crunches other data to compare and analyze
the performance of MDWPA and six other algorithms. We carried out the experiments in
the first scenario of the model, and the parameters of each algorithm were set as they were
in Table 3. A total of 30 independent repeated experimental samples were taken for each
algorithm. The algorithm performance was analyzed by function mean, function standard
deviation, function maximum, and mean time of each algorithm. The experimental results
are shown in Table 7.
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Figure 8. Comparison of iterative curves of algorithms on test cases 1.
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Table 7. The experimental results of variance analysis.

Algorithm Average Std Max Time (Avg)
GPWPA 0.162847772 0.007316736 0.178401271 5900.154593
CJADE 0.101951109 0.006901708 0.115765696 649.6378847

EBOCMAR 0.11767223 0.006358509 0.138806691 161.0406503

GA 0.218305764 0.024635596 0.282582955 61.89460519
MDWPA 0.263548569 0.01590524 0.290838572 2827.711819
PSO 0.122822677 0.007341032 0.146461445 72.66523946
WPA 0.093725006 0.003100226 0.101597478 397.2063249

By analyzing the data in Table 7, we can see that CJADE, EBOCMAR, PSO and WPA
do not have good effects when processing the model in this paper. The function values
generally converge at a low level and fall into the local optimal solution. GPWPA improves
the function search accuracy in a huge cost of running time, but it is still not ideal. GA has
good search accuracy and short running time, but the search accuracy is not good compared
with MDWPA proposed in this paper, and it is still locally optimal. In addition, although
the MDWPA in this paper has a longer running time, it is also within a reasonable range,
and the time complexity does not increase compared with the original WPA, especially for
the task assignment scenarios with low real-time requirements.

In summary, the MDWPA has better results in dealing with the model of UAV task
assignment, whether it is compared with other intelligent algorithms or compared with the
existing improved wolf pack algorithm.

4.3.2. Stability

In order to further verify the stability of the proposed algorithm in complex scenar-
ios. We redesigned two examples to increase the number of UAVs and military targets,
respectively. And further compare and analyze with other algorithms.

Example 2 includes 10 UAVs and 50 military targets; each time it runs, the maximum
number of iterations is set to 400; the search space dimension is set to 100; Example 3
includes 15 UAVs and 75 military targets; the maximum number of iterations is set to
600; the search space dimension is set to 150; Figure 9a,b show the experimental results of
Example 2 and Example 3, respectively.

In the Figure 9, the blue, red, orange, purple, green, pink, and brown curves repre-
sent the iterative curves of MDWPA, GA, GPWPA, PSO, WPA, CJADE, and EBOCMAR,
respectively. It can be clearly seen from the Figure 9a,b that, with the increase of iterations
and task complexity, GPWPA performs better than the genetic algorithm compared with
Example 1, which also proves the advantage of the wolf pack algorithm in dealing with
complex problems. At the end of iteration, GPWPA still fell into local convergence, but it is
obvious from the figure that MDWPA not only has good optimization effect, but also still
has high search ability at the end of iteration.

It is worth noting that as the number of UAVs and targets increases, the complexity
and dimension of the problem also increase. Therefore, GA is inferior to the original
WPA algorithm in Figure 9, which also confirms that the wolf pack algorithm has more
advantages when it comes to solving high-dimensional complex problems than other
optimization algorithms.

4.3.3. Comprehensive Analysis of MDWPA Performance

In the previous two subsections, the efficiency and stability of the proposed algorithm
are compared, and it can be seen that MDWPA has obvious performance advantages in the
UAV task assignment model. However, in order to more fully prove the practicability of the
algorithm, the average flight distance is further used as an evaluation index, and the MDWPA
algorithm is compared and analyzed with other intelligent algorithms. Figure 10 shows the
average flight distance of the UAV of each algorithm in the three example scenarios.
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Figure 9. Comparison of iterative curves of algorithms on test cases. (a) is the comparison of iterative
curves of algorithms on Example 2; (b) is the comparison of iterative curves of algorithms on Example 3.

In Figure 10, the abscissa is the five intelligent algorithms, and the ordinate is the
average flight distance of the UAV. The red (setl), blue (set2), and green rectangles (set3)
represent the aforementioned Example 1, Example 2, and Example 3, respectively. Each
intelligent algorithm has three bar graphs to represent the average flight distance of the UAV
under the three mission scenarios. It can be clearly seen from Figure 10 that the MDWPA
has obvious advantages compared to the other four intelligent algorithms. Regardless of
the mission scenario, its average flying distance is the shortest, which proves that in the
actual scenario, it can always find the best and shortest flight path for the UAV.

The above experimental results show that the efficiency and stability of the MDWPA
in solving the UAV task allocation problem has considerable advantages compared with
other algorithms. And it solves the shortcomings of the traditional wolf pack algorithm
that can easily fall into the local optimum. Therefore, the improved wolf pack algorithm
is suitable for large-scale and complex UAV task assignment and has relatively large
performance advantages.
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Figure 10. The average flight distance of the UAV in the three example scenarios.

5. Conclusions

This paper mainly studies the swarm intelligence algorithm based on the behavior
mechanism of wolves and its application in the task assignment problem of UAV swarms.
Firstly, a UAV task allocation model under the actual battlefield environment is established,
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and two evaluation indicators of resource consumption and task execution effect will be
considered at the same time. The paper then summarizes and analyzes the principles and
steps of the original WPA. After gaining a full understanding of the theoretical basis of
the WPA, by analyzing the shortcomings of the wolf pack algorithm, in order to better
solve the discrete problem of task allocation, a better performance multi-discrete wolf pack
algorithm is proposed: MDWPA.

Through the simulation experiments, it was found that compared with WPA, PSO, GA
GPWPA, and other algorithms, MDWPA has a greater performance advantage in terms of
solving the problem of complex UAV task allocation.

In the future, more practical situations will be considered to further improve the
existing model, such as building a model for a situation where too many tasks cause UAVs
to complete all tasks due to limited resources. The next step of the research work will
combine these new technical theoretical methods to improve existing algorithms to further
improve the solution performance of the UAV cooperative multi-task assignment.
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