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Abstract: Most mission planning algorithms solve multi-robot-multi-mission problems based on
mixed integer linear programming. In these algorithms, the rewards (or costs) of missions for
each robot are calculated according to the purpose of the user. Then, the (robot-mission) pair
that has maximum rewards (or minimum costs) is found in the rewards (or costs) table and the
mission is allocated to the robot. However, it is hard to design the reward for minimizing total
mission completion time because not only a robot, but also the whole robots” mission plans must be
considered to achieve the purpose. In this paper, we propose centralized mission planning for multi-
robot-multi-mission problems, minimizing total mission completion time. First, mission planning for
single-robot-multi-mission problems is proposed because it is easy to solve. Then, this method is
applied for multi-robot-multi-mission problems, adding a mission-plan-adjustment step. To show the
excellent performance of the suggested algorithm in diverse situations, we demonstrate simulations
for 3 representative cases: a simple case, which is composed of 3 robots and 8 missions, a medium
case, which is composed of 4 robots and 30 missions, and a huge case, which is composed of 6 robots
and 50 missions. The total mission completion time of the proposed algorithm for each case is lower
than the results of the existing algorithm.

Keywords: mission planning; task allocation; task alignment; task planning; multi-robot systems;
automation; robot control

1. Introduction

As automation technology highly advances, concepts of swarming, Manned and
Unmanned Teaming (MUM-T), etc., occurred [1-9]. These concepts focused on overcoming
a variety of missions which are hard for single robot by using multiple robots [10-14].
For example, multiple robots can complete surveillance and reconnaissance missions of
a specific area within a short time, while a single robot takes much more time. If there
are multiple missions to solve, making a mission plan for each robot considering the
purpose of the user is important for efficiency. Although there are various purposes, such
as conducting important missions first, minimizing fuel consumption (or minimizing total
moving distances), etc., most users want to complete whole missions as soon as possible,
which means minimizing total mission completion time.

Mission planning technologies have been developed in various ways [15-33]. One
of the general mission planning methods is Consensus-based Bundle Algorithm (CBBA)
which is based on scores, i.e., rewards or costs of missions for each robot [25]. The CBBA
algorithm is separated into two steps: the bundle construction step and conflict resolution
step. In the bundle construction step, each robot calculates the sequence of missions based
on the scores under the assumption that the robot accomplishes all missions. The scoring
scheme is designed using the expected start/finish time of tasks, distances between robots
and missions, etc., based on the user’s purpose. In the conflict resolution step, each robot
decides which missions it will do based on scores calculated in the bundle construction step.
Usually, the robot who has the highest score will take the mission that has the maximum
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score. CBBA is a deterministic allocation algorithm, so results are always same if the inputs,
the information of the robots and missions, are same. In addition, the computation cost of
CBBA is much lower than for other heuristic algorithms.

The modified task allocation that can handle some constraints based on CBBA is
Coupled-Constraint CBBA (CCBBA) [26]. The missions that have a constraint relationship
are grouped as ‘Activity” and each mission in the activity is set as ‘Element’. Such settings
enable easy judgement of whether a mission can be allocated to a robot or not. In addition,
it uses optimistic and pessimistic bidding strategies. Each robot bids to the missions based
on the strategy for obeying the constraints. However, there are some problems regarding
convergence and calculation time for mission planning. Hence, our previous work pro-
posed the Task Allocation and Alignment based on Constraint Table and Alignment Rules
(TACTAR), which is modified based on CBBA for centralized mission planning systems [33].
It handles some spatial and temporal constraints using a constraint table and four alignment
rules for mission planning. These methods commonly use only the robot’s own information
to score the missions, but the plans of all robots should be considered to minimize the total
task completion time. Hence, CBBA, CCBBA, and TACTAR cannot be used for mission
allocation, minimizing total mission completion time without any modification.

Qin et al. proposed path planning algorithms for multiple Unmanned Aerial Vehicles
(UAVs) to minimize mission completion time [24]. The problem in this paper is defined as
a collection of sparse multiple sensors. The sensor points which have distances less than
the communication distance of UAVs are grouped, and the center point of each group is
defined as hovering point. Then, an ant colony algorithm for solving Traveling Salesman
Problem (TSP) is used to visit whole hovering points by one UAV, and a cycle is made as
the result. The k-cycles algorithm is used for decomposing the cycle into the number of
UAVs. However, this algorithm is based on basic TSP, which means that UAVs must come
back to home, and the home positions for all UAVs must be the same. In addition, the ant
colony algorithm is used for solving TSP, so the calculation cost of the algorithm will be
fatal when the number of hovering points becomes larger.

Wang et al. also proposed path planning algorithms for multiple fixed-wing UAVs
for minimizing mission completion time [34]. The algorithm focused on the path planning
of fixed-wing UAVs for UAV-to-UAV (U2U) communication with the aim of minimum
information transmission time in the presence of ground transmitters. The constraints
contain the communication throughput requirement, interference from ground transmitters,
the speed and acceleration range of each UAV, and the minimum communication distance
of UAVs. However, they only consider only one mission: communicating two UAVs
with each other. Hence, the algorithm calculates the local path planning for each UAV to
minimize information transmission time, not the sequence of missions for each UAV.

In this paper, we propose a centralized mission planning algorithm for multi-robot-
multi-mission problems, minimizing total mission completion time. The proposed algo-
rithm is designed based on CBBA to overcome some limitations such as computation
time and necessity to set the same home for all robots in the above algorithms. First,
we introduced the algorithm for single-robot-multi-mission problems, minimizing total
mission completion time based on the method using the bundle construction step in CBBA.
It focused on how to decide the sequence of missions that the robot has to work on. Then,
the algorithm was expanded for multi-robot-multi-mission problems. To overcome limita-
tions of CBBA, CCBBA, and TACTAR, we proposed bundle adjustment, which adjusts the
mission plan only if the total mission completion time could be lower by the adjustment.
In order to apply the status of each robot in real time, the proposed algorithm should be
run iteratively. However, if the positions of robots are changed, the mission plan could fall
into another local optimal solution, so the mission plan could be changed frequently. To
prevent this phenomenon, the initial bundle construction, which is based on the arrival
times to missions for robots, is performed only at the first run, and the previous mission
plan is used from the second iteration instead of the initial bundle construction. Then, some
simulation results using the proposed algorithm will be provided.
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2. Preliminaries

The mission planning problem for minimizing total mission completion time is to find
a sequence of missions for each robot that has the minimum total mission completion time
as seen below:

Min (Max (te(j, pi)xij)) W
subject to
N,
Yoxy <1 V€] @
i=1
NWI
Y % <Ly Viel ©
j=1
Ny N
Y. Y xij = Nyin @)
i=1j=1

where t,(j, p;) is finish time of mission j if robot i conduct mission j along the path p;; x;;
is the flag that is 1 if mission j is taken to robot i and 0, or otherwise, N, and Ny, are the
number of robots and missions, respectively, L;, is the maximum number of missions that
the robot can take, and N,,;,, is the minimum number between N, and N;L,. [ and | are
robot and task group, respectively, so the number of elements in I is N, and the number
of elements in | is Nj;. Note that one mission is taken to only one robot as described
in Equation (2).

The mission planning is composed of two parts: mission allocation and mission
alignment. The mission allocation is to decide which robot will take which mission. The
mission alignment is to calculate the start time and the finish time of each mission based
on the result of mission allocation. Some mission planning algorithms conduct mission
allocation at first for all missions; then, the mission alignment is performed once based
on the mission allocation result. The other mission planning algorithms conduct mission
allocation for one mission, and then the mission alignment is performed for one mission.
This procedure repeats for all missions. This sequence is used when the mission allocation
uses the start time or the finish time of each mission for the results of mission alignment.

3. Related Works

This section reviews the most common mission planning works related to the proposed
algorithm; one is CBBA and the other is TACTAR [25,33].

3.1. Consensus-Based Bundle Algorithm (CBBA)

CBBA is one of the mission planning algorithms for the multi-robot-multi-mission
problem. It is inspired by a decentralized auction process. CBBA is composed of two steps:
the bundle construction step and the conflict resolution phase. In bundle construction step,
robots make their mission lists, called a bundle, and decide their own sequence of missions
assuming that each robot takes all missions. For this step, each agent calculates the rewards
of the possible mission. The reward calculation scheme depends on the purpose of users.
The procedure of bundle construction is as in Algorithm 1.

In lines 14, the results of the previous iteration are copied into the results of the
current iteration. y;, z;, b;, and p; are winning bids (the highest rewards of each mission)
that robot i knows, winning robots (who take each mission) that robot i knows, the bundle
(which mission that robot to do) of robot i, and the sequence of the missions of the robot i,
respectively. Note that t is the number of iterations (maybe L;; or N;, times), not time. If
the number of bundles for robot i is lower than L,,, the rewards of missions that are not
included in the bundle is calculated. S’; " means the total reward of robot i if it completes
along the sequence p;. p;(+),{j} means adding mission j into the nth position of sequence
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p;, so the reward of the mission is the highest score difference Sf i(alit _ Sf  when the
mission is added to the sequence. In line 7, the reward of the mission is compared to
the winning bid of the mission. h;; is 1 if the reward is higher than the winning bid, and
0 otherwise. If the rewards of all possible missions are calculated, then the robot i chooses
the mission that has the highest rewards. Finally, the chosen mission is added to the results
of the current iteration.

Algorithm 1 CBBA Phase 1: Bundle construction

Loy(t) =y(t-1)

2: Zi(t) :Zi(f—l)

3 bi(t)=bi(t—1)

4 pi(t) =pi(t=1)

5.  while ‘b,| < L, do

6: cij = m/zx”§|pi‘5fi(+)”{j} — Sf”, VieJ\b;
7: hij = H(Cij > ]/ij)r V] 6]
8: J]i = argmax;cij-h;j

90 myyy, = argmaxy Sf”‘HhUL}
10: b =bi(+)ea{lJi}

1 py=pi(4)y,, Ui}

120y (8) = cigy,

13: Zi,]]i(t) =1
14: end while

The next step of CBBA is the conflict resolution step, which is making a decision on
who will take the mission by comparing the rewards of each robot. Basically, CBBA is for a
decentralized mission planning system, so two communicable robots decide the owner of
missions following the rules described in Table 1.

Table 1. Conlflict resolution rules for mission j of robot i which communicates with robot k.

Robot k’s Robot k’s
(Sender) z4; Is (Sender) z; Is

Receiver’s Action
(Default: Leave)

i

update if (yx; > yij)

P k update
m ¢ {i, k} update if (sg;, > Sim) |1 (Ykj > vij)
none update
i leave
. k reset
! m ¢ {i, k} reset if (g > Sim)
none leave
i update if (sg;; > Sim) & (Vkj > Yij)
k update if (sg,, > sj;,), reset else
m & {i, k} m update if (g, > Sipy)
update if (sg,, > sip) &
n ¢ {i, k, m} ((skn > sin) 11 (yxj > i)
reset if (Sk; > Sin) & (Sim > Skm)
none update if (sg;; > sim)
i leave
none k update
m ¢ {i, k} update if (g, > Siyy)
none leave

If CBBA is used in centralized mission planning, the conflict resolution step based
on the rules in Table 1 is replaced into the Sequential Greedy Algorithm (SGA). When the
bundle construction step is performed, the rewards of missions for each robot are calculated
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and the central computer makes a reward table based on the rewards of each robot. Then,
the SGA just finds the (robot-mission) pair that has the maximum reward and conducts
mission allocation and alignment.

3.2. Centralized Task Allocation and Alignment Based on Constraint Tnble and Alignment
Rules (TACTAR)

CBBA cannot solve the problem with several constraints. The constraints are separated
into two types: temporal and spatial constraints. The temporal constraints are constraints
about the start/finish time of missions. For instance, ‘mission A ends before mission B
starts’, ‘mission A starts simultaneously with mission B’, etc., are temporal constraints. The
spatial constraints are constraints about mission allocation. For example, ‘mission A is
local MUTEX with mission B’ means mission A cannot be allocated to the robot who takes
mission B and vice versa. TACTAR is a centralized mission planning algorithm that can
handle spatial and temporal constraints based on CBBA. Supported constraints in TACTAR
are depicted in Table 2.

Table 2. Supported type of constraints in TACTAR.

Name Description
Simultaneous Mission A and B must start at the same time
After Mission A must start after mission B’s finish time
Start During Mission A must start between mission B’s start time and finish time
End During Mission A must end between mission B’s start time and finish time
Local MUTEX Mission A and B are locally mutually exclusive
Global MUTEX Mission A and B are globally mutually exclusive

The purpose of TACTAR is to calculate the mission plan considering spatial and
temporal constraints quickly. TACTAR does not do as described in line 6 of Algorithm 1,
just calculate rewards of missions, assuming missions are performed right after the robot’s
last mission. The optimization performance may suffer slightly, but calculation speed is
boosted much faster than CBBA. In addition, some filtering process is added to TACTAR
before the beginning of the mission allocation and alignment to not violate constraints. In
the mission alignment of TACTAR, some delay or renewal of the mission time (arrival time
to mission area, start/finish time of mission) are performed based on constraint table and
alignment rules. Further details can be found in [33].

4. Mission Planning Scheme

In this section, we propose a centralized mission planning algorithm for minimizing
the total mission completion time. It is based on minimizing total mission completion time
for a single-robot-multi-mission problem, modified from the bundle construction in CBBA.
So, the algorithm for single-robot is introduced first, and it expands to the algorithm for the
multi-robot problems. Note that only mission alignment is needed in single-robot-single-
mission problems. In addition, note that this section is focused on the mission planning,
not path planning, for minimizing total mission completion time.

4.1. Single-Robot-Multi-Mission Problem

In Single-Robot-Multi-Mission (SRMM) problem, one robot has to conduct all missions,
so there is no need to select missions to conduct. All the mission planning has to achieve is
to decide the sequence of missions and to calculate start/finish time of each mission. To
find the optimal sequence of missions, we propose a process similar to line 6 of Algorithm 1
as described in Algorithm 2.
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Algorithm 2 Mission planning: SRMM

1:  while |p;| < Ly, do

20 b= ming < (P (4),{7}), Vi € \p;
3 JJ; = argmin; (ti]-

& ny,yy = argming (8 (pi(+),{/]i}))

5 pi=pi(4)y, , Ui}

6

end while

In line 2, the total mission completion time is calculated when a mission is added to
nth space of sequence using the speed of the robot, the distances between the robot and
mission areas, and duration of missions. It repeats for all missions and lengths of sequence.
Then, it finds the (mission-space) pair that has the minimum total mission completion time.
Finally, the found mission is added to the found space of sequence. Lines 2-5 of Algorithm
2 repeat until all missions (or L,, missions) are allocated. After the final mission is allocated,
the start/finish times of each mission are calculated.

4.2. Multi-Robot-Multi-Mission Problem

Unlike the SRMM problems, each robot must select which missions it will perform
in Multi-Robot-Multi-Mission (MRMM) problems, considering the equipment status of
robots. For example, the robot that does not have camera cannot conduct surveillance and
reconnaissance missions. However, it is hard to conduct a mission allocation because not
only a robot but also the whole robots” planning results must be considered to achieve total
mission completion time minimization. So, we propose initial bundle construction and
bundle adjustment methods as described in Algorithm 3.

Algorithm 3 Mission planning: MRMM

1. if first time

2 Construct initial bundle

3: else

4: bundle = result of adjustment
5: end if

6: Adjust bundle

If it is first time for the mission planning, initial bundle construction step runs. If
not, the result of the previous adjustment is copied into the bundle for preventing to fall
into local optimization solutions during mission planning iterations. Then, the bundle
adjustment for total mission completion time minimization is run.

In initial bundle construction, as described in Algorithm 4, each robot calculates the
expected finish time of missions based on the positions of the robot and missions, the speed
of the robot, and the duration of each mission for the robot. Then, the table of finish time of
missions for robots will be made. The (robot-mission) pair that has the minimum finish
time of the mission is found in the table. If the pair has an infinity finish time of mission
(initial value of the table), all possible missions are already added to the bundles, so it
breaks out of the iterations. If not, it checks the selected robot that can conduct the selected
mission. If the robot cannot conduct the mission, t;_,; , in the table is set to infinity (or
initial value) and another pair in the table is found. If the robot can conduct the mission,
the mission is added to the bundle of the robot. The column (or row) about the mission is
set to infinity (or initial value) in the table, and the procedure is repeated until all missions
are added to the bundle.
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Algorithm 4 Construct initial bundle

1: tij = di]-/vi + durij,Vi el V] eJ
2: whilel

3: ige] = argmin; ti]-)

4: Jsel = argmin; tisezj>

5: lf tiseljsel = o0

6: break

7: else

8: if ig; cannot do jg

91 tiscljsel =

10: else

11 b, = Yiy (+)ena{iser}
12: tjsfl = o0

13: end if

14:  endif

15: end while

In the bundle adjustment, line 6 of Algorithm 3, the robot that has the maximum total
mission completion time is found. Then, one of the missions in the bundle of that robot
is moved to the bundles of the others who can conduct the mission. The total mission
completion time for each robot can be calculated based on the bundles following Algorithm
2, because fixing the bundles of each robot means MRMM problems are simplified into
SRMM problems for each robot. The (is, js) pair that has the minimum total mission
completion time is searched. If there are multiple (is, js) pairs that have the same minimum
total completion time, a (i;, js) pair in which the larger value is the smallest among the
total mission completion time of i,y and s is selected. Finally, the total mission completion
times for the results of previous and current iterations are compared. If the current one
is lower than the previous one, the current bundle and total mission completion time are
copied into the previous results. Then, it goes to line 4 of Algorithm 5 and the procedures are
repeated. If not, it means the previous results are the optimal mission plans for minimizing
the total mission completion time, so it outputs the previous results.

Algorithm 5 Adjust bundle

1: tinux,prev = max(te)
2: prev =
3: whilel
4: Imax = argmux,-(tf)
5: forn =1:size(b;, )
6: bi,,m = Ui\ar,prev
g: jsel(n) = bimax (”)
: Imax ~— 7 lmax n
9: bi = bi(+)epa{jser(n)}, Vi € Nipax if i can do jser (1)
10: calculate max (t,) for b
11:  end for

12: 8, = min(max(£,))

13: i = argmin;(max(&,)), Vi € N\imax
14: js = jser (argming (max(£,))

15:  if multiple (is, js) that has same 5,

16: choose that has min (max (tfm, tfg) )
17: end if

]‘8: if tfnax,prev > temax

19: tfenax,prev = thax

20: Pprev =P

21:  else

22: break

23:  endif

24: end while
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5. Result and Discussion

In this section, some simulation results are shown to assess the algorithm that we
have proposed. We simulated three cases, a simple case, medium case, and huge case, to
prove the performance of proposed algorithm. The simple case is composed of 3 robots
and 8 missions, the medium case is composed of 4 robots and 30 missions, and the huge
case is composed of 6 robots and 50 missions. The speed of all robots and the duration of
all missions are equally set to 2 m/s and 5 s, respectively, to simplify the problem in the
simple case. In the medium and huge cases, the speed of each robot and the duration time
of each mission are set differently to represent the general situations. The detailed scenarios
of simulations are described in Table 3.

Table 3. The scenarios of simulations.

C Specification
ontents Simple Medium Huge
# of robots 3 4 6
# of missions 8 30 50
[1,0],[1,1]
Pos. of robots [1,0],[2,0],[3,0] [[é' g]]’ [[é' 1]]' [2,0],[2,1]
T [3,0],[3,1]

[—2,3], [-4, 3]
[—4,5.1],[~2,5.2]

(7,71 19, 7] 20-rand(30, 2)-10 20-rand(50, 2)-10

Pos. of missions

[9,9.1], [7, 9.2]
2.0 [m/s], 1.8 [m/s],
Spd. of robots 2 [m/s] for all 20[m/sL 15 [m/sl 4 gy 14 [m/s],
1.0 [m/s], 0.5 [m/s] 12 [m/s], 1.0 [m/s]
Dur. of missions 5 [s] for all 2.1:0.1:5 [s] 2.1:0.1:7 [s]

CBBA and TACTAR are used to show that the proposed algorithm is improved over
the existing algorithm. The total mission completion time and computational cost are set as
performance indicators. We used OpenMP parallel computing to run each algorithm, and
the computational cost of each algorithm is measured based on the result of the parallel
computation. The environment of simulations is described in Table 4.

Table 4. The environment of simulations.

Contents Specification
CPU Intel® Core™ i5-10500 3.10 GHz
(6 cores, 12 threads)
GPU Intel® UHD Graphics 630
RAM 16 GB
Storage 256 GB SSD
Program Calculation Visual Studio Professional 2013 C++
Plotting MATLAB 2018b

5.1. The Simple Case

The results of the simple case are shown in Figures 1-3. Figure 1 depicts the results
of CBBA, Figure 2 depicts the results of TACTAR, and Figure 3 depicts the results of the
proposed algorithm. Panel (a) in Figures 1-3 shows the 2D situation map to easily check
the mission plan result of each algorithm. The ‘R” and ‘M’ means robot and mission,
respectively. The following number means the index of robots and missions. The red lines
mean the sequence of missions for each robot. For example, R01 will conduct M01, M03,
and MO07 sequentially, as seen in Figure la. As seen in Figures 1 and 2, the mission plan
result of CBBA is absolutely the same as with the result of TACTAR. However, the mission
plan result of the proposed algorithm is totally different to them. R01 and R03 will conduct
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(M01-M02-M03) and (M05-M06-M07), which are the closest missions to the R01 and R03,
respectively. R02 will conduct M04 and M08, which were the last missions for R01 and R03,
so the total mission completion time is minimized.

Panel (b) in Figures 1-3 shows a timetable of each algorithm to easily check the mission
completion time of each robot. The blue boxes mean the duration times of missions. The
‘R’, ‘M, and the number after them have the same meanings as in the panel (a). In the
panel (b) of Figures 1 and 2, R01 will complete the last mission, M07, at 25.37 s. So, the total
mission completion times of CBBA and TACTAR are 25.37 s. In the panel (b) of Figure 3,
RO3 will complete the last mission, M07, at 21.08 s, which is about 4.3 s lower than the
results of CBBA and TACTAR.

The calculation times of CBBA, TACTAR, and the proposed algorithm for the simple
case are 0.0055 s, 0.0068 s, and 0.0155 s, respectively. The computational cost of the
proposed algorithm is about 2~3 times larger than the others, but it is still fast enough to
run it in real-time.

ol M1 M3 Mo7
zr [
8 . . .
0 5 10 15 20 25
Al : : : :
~ Mo4 MO5 M6
E,| 2 I N
ol 0 5 10 15 20 25
- Mo2 M08
ol
2 I I
6 -4 2 4 6 8 10 0 5 10 15 20 25
[m Time [sec]
(a) (b)
Figure 1. The results for simple case using CBBA: (a) 2D situation map; (b) timetable.
il M1 M3 Mo7
w0y zr [
8t : . . . . |
0§ 0 5 10 15 20 25
6l T T T T
Moz~ 04— ~ Mo4 M05 MO6
E X g [ I N
4 3
M MOT N
Al e 0 5 10 15 20 25
N - M02 M08
°f o fts g I I
-6 -4 2 4 6 8 10 0 5 10 15 20 25
[m] Time [sec]

(a) (b)

Figure 2. The results for simple case using TACTAR: (a) 2D situation map; (b) timetable.
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[m]
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o | v 1 I
/ 5105 15 0 5 10 15 20 25
M03 104 / Mo4 Moa
N o
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I . / 2 . I
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N 0 5 10 15 20 25
W
\\\ T T T T
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01 R02 R0O3 X
2 4 6 8 10 0 5 10 15 20 25
[m] Time [sec]
(a) (b)

Figure 3. The results for simple case using proposed algorithm: (a) 2D situation map; (b) timetable.

5.2. The Medium Case

The results of the medium case are shown in Figures 4-6. Figure 4 depicts the results
of CBBA, Figure 5 depicts the results of TACTAR, and Figure 6 depicts the results of the
proposed algorithm. Unlike the simple case, the mission plan result of CBBA is different
to the result of TACTAR, as seen in Figures 4 and 5. R01 will conduct M13 and go to M08
in Figure 4a, while it will conduct M13 and go to M02 in Figure 5a. In Figure 6a, R01 will
initially conduct the same mission as the result of CBBA, M13-M08-M10. However, R01
will conduct MO01 after finishing M10 in Figure 6a, while it will conduct M26 in Figure 4a.
The mission plans of R02~04 calculated by the algorithms are very different.

Panel (b) in Figures 4-6 shows a timetable of each algorithm for the medium case. In
the panel (b) of Figure 4, R02 will complete the last mission, M24, at 67.30 s. In the panel
(b) of Figure 5, R01 will complete the last mission, M22, at 47.07 s, which is about 20.3 s
lower than the results of CBBA. In the panel (b) of Figure 6, RO1 will complete the last
mission, M04, at 44.59 s, which is about 22.8 and 2.5 s lower than the results of CBBA and
TACTAR, respectively. The main reason is the bundle adjustment step in the proposed
algorithm. The number of missions each robot should conduct in Figure 4b are 11, 11, 5,
and 3. However, in the number of missions each robot should conduct in Figure 6b are 8, 6,
7, and 9. It means that the missions of the robots that need to conduct more missions are
distributed to the robots that have fewer missions by the bundle adjustment step.

The calculation times of CBBA, TACTAR, and the proposed algorithm for the simple
case are 0.0436 s, 0.0199 s, and 0.0342 s, respectively. Unlike the results for the simple case,
the proposed algorithm has a lower computational cost than CBBA for the medium case.
The computational cost is slightly increased, but it is still fast to run it in real-time.

5.3. The Huge Case

The results of the huge case are shown in Figures 7-9. Figure 7 depicts the results
of CBBA, Figure 8 depicts the results of TACTAR, and Figure 9 depicts the results of the
proposed algorithm. Like the medium case, the mission plan results of CBBA, TACTAC,
and the proposed algorithm are totally different from each other. R01 will conduct M46,
M27, M37, M12, M47, M20, M29, M01, M05, and M39 sequentially in Figure 7a. However,
it will conduct M07-M13-M09-M35-M19-M45-M38-M46 and M06-M12-M28-M05-M21-M20-
MO01-M26-M29-M27 in Figures 8a and 9a, respectively.
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Figure 5. The results for medium case using TACTAR: (a) 2D situation map; (b) timetable.

Panel (b) in Figures 7-9 shows a timetable of each algorithm for the huge case. In the

panel (b) of Figure 7, R06 will complete the last mission, M22, at 63.83 s. In the panel (b)
of Figure 8, R05 will complete the last mission, M48, at 59.27 s, which is about 4.6 s lower
than the results of CBBA. In the panel (b) of Figure 9, R05 will complete the last mission,
M49, at 56.76 s, which is about 7.1 and 2.5 s lower than the results of CBBA and TACTAR,
respectively. The performance of the bundle adjustment step in the proposed algorithm can
also be seen in the huge case. However, unlike the medium case, the number of missions
each robot should conduct in Figures 7b and 9b are (10, 8, 8, 10, 7, 7) and (10, 10, 7, 7, §,
8), respectively, which are similar to each other. It means that the bundle adjustment step
in the proposed algorithm considers not only the number of missions but also the total

mission time of each robot.
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Figure 6. The results for medium case using proposed algorithm: (a) 2D situation map; (b) timetable.
The calculation times of CBBA, TACTAR, and the proposed algorithm for the simple
case are 0.1815 s, 0.0754 s, and 0.1636 s, respectively. Like the results for medium, the
proposed algorithm has a lower computational cost than CBBA for the huge case. The
computational cost is highly increased compared to the simple case, but it is still fast to run
it in real-time.
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Figure 7. The results for huge case using CBBA: (a) 2D situation map; (b) timetable.
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Figure 9. The results for huge case using proposed algorithm: (a) 2D situation map; (b) timetable.
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6. Conclusions

In this paper, we suggested a centralized mission planning algorithm of single/multiple
robots for minimizing total mission completion time. First, we introduced the algorithm for
single-robot-multi-mission (SRMM) problems, minimizing total mission completion time
based on the bundle construction step in CBBA. In SRMM problems, which robot will take
the mission was already decided, so it focused on how to decide the sequence of missions
that the robot has to work on. Then, the algorithm was expanded for multi-robot-multi-
mission (MRMM) problems. Unlike SRMM problems, it had to decide which robot will
take the mission. However, it is hard to decide at once because the whole situation needs
to be considered to minimize the total mission completion time. So, the initial bundles
were constructed based on the expected finish time of each mission for robots and bundles
and were adjusted iteratively. Finally, we demonstrated simulation results comparing
them with CBBA and TACTAR, the existing mission planning algorithm, and the proposed
algorithm. To verify the performance of these algorithms for various situations, we selected
3 cases: the simple case, which was composed of 3 robots and 8 missions, the medium
case, which was composed of 4 robots and 30 missions, and the huge case, which was
composed of 6 robots and 50 missions. The results showed that the proposed algorithm
always outputs the mission plan that has the minimum total mission completion time. In
addition, the computational cost of the proposed algorithm is lower than CBBA, and larger
than TACTAR. However, the calculation time of our algorithm is fast enough to use in
real-time applications.

One of the limitations in our algorithm is that it cannot handle constraints like TACTAR.
It is important because most users want to set constraints for various applications. The
constraints are separated into two types: the spatial ones and the temporal ones. The
spatial constraints are related to mission allocation. A typical spatial constraint is MUTual
Exclusive (MUTEX). The temporal constraints are related to the mission alignment, e.g.,
mission time. The typical spatial constraints are ‘Before’, ‘After’, ‘Simultaneous’, etc. The
modification of our algorithm to handle those constraints is the focus of our next work.
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