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Development of Swarm Intelligence Technology for
Cooperative Operation of Multiple Unmanned Vehicles
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Unmanned vehicle products of Mitsubishi Heavy Industries, Ltd. (MHI)—including
unmanned forklifts, underwater vehicles, etc.—require route planning to bring the vehicle group to
a target position under complicated constraints such as maximizing carrying efficiency, avoiding
collisions between vehicles, maintaining a constant formation, etc. However, if all the information
is aggregated on the server that plans the route for all the vehicles and a server overload condition
or communication interruption occurs, the server cannot process the route plan and the entire
vehicle group stops. For this reason, it is necessary to reduce the server load by decentralizing the
process to each vehicle. We developed a swarm intelligence technology for upwards of 10 vehicles
based on model predictive route planning that decentralizes route planning under complicated
constraints to each vehicle through the joint research with Nagoya University, which is presented
in this report.

| 1. Introduction

Many forklifts are used at logistics sites, but there is concern that the number of forklift
operators will decrease due to the declining birthrate, aging population and other factors in recent
years. Therefore, with the aim of realizing a smart factory in which many unmanned vehicles
operate, partial automation through the introduction of automated guided forklifts (AGFs) will be
necessary in the future. However, the current operation of AGFs is based on the exclusive control
method where an AGF occupies its operating area and the other AGFs cannot enter it, so the
carrying efficiency when a large amount of goods is being carried by multiple AGFs toward the
same target position is low. To solve this problem, we have been working on the development of
swarm intelligence technology for the improvement of the carrying efficiency of multiple-AGF
operation. In the case of a conventional client-server method, the warehouse management system
server controls the behavior of the entire AGF group to enable the group's AGFs to carry a large
amount of goods while operating in a convoy without colliding with each other. However, this
method is not scalable with respect to the number of AGFs. For example, if a technique with a high
computational load such as model predictive control (MPC) is introduced into the AGF route
planning, the load on the server increases and the system may go down.

Therefore, in this research, we intended to reduce the load by decentralizing the MPC
process of AGF route planning to each AGF. Figure 1 illustrates the difference between
server-type (centralized) MPC and distributed-type (decentralized) MPC. When distributed-type
MPC is adopted, the dimensions of the variables (series of future control command values) to be
optimized are always the same even if the number of AGFs increases, so distributed-type MPC is
suitable for future smart factories. This report describes one of the methods for planning the route
of multiple AGFs using the distributed-type MPC and presents the results of a simulation with
fifteen AGF models.
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Figure 1 Difference between server-type MPC and distributed-type MPC

I 2. Setting an example problem and prerequisites

In this research, the improvement of AGF carrying efficiency [number of times/hour-unit] in
a logistics warehouse was set as an example problem, and it was assumed that multiple AGFs do
not move independently but head toward a target position while maintaining a constant formation
so that they do not collide with each other. Figure 2 presents the use case assumed in this research,
in which fifteen AGFs operate in an area of about one hundred square meters, and five AGFs
heading toward the same target position form one team (small group). In Figure 2, fifteen AGFs are
present and each of them belongs to either one of the three teams. Each team must have one leader
AGF and the leader can communicate vehicle-to-vehicle with the other team leaders. AGFs that are
not leaders are called followers. Followers can communicate only within the team they belong to.
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Figure 2 View of Carrying goods with multiple AGFs

This use case corresponds to the case where AGFs carry goods in a logistics warehouse from
trucks that have brought in different types of goods as shown in Figure 3. Figure 3 assumes that
goods from the same manufacturer (boxes shown in the same color in the figure) are stored close to
each other for easy inventory management and other reasons. In order to efficiently carry goods of
the same manufacturer from the receiving area to the same storage location, it is necessary for
multiple AGFs to form a team and move to the target position (storage location) while maintaining
a certain formation (e.g., moving in a convoy), so the use case given in Figure 2 and Figure 3 was
set as the example problem in this research. The trajectories of AGFs shown by the broken lines in
Figure 3 indicate their movement at the time of dispatching. At the time of dispatching, in contrast
to the time of receiving, AGFs need to collect goods from different storage locations into the
dispatching area and it may be difficult for them to form “teams”, so dispatching was excluded



Mitsubishi Heavy Industries Technical Review Vol. 58 No. 1 (March 2021)

from the use case assumed in this research, and remains an issue to be addressed in the future. The
prerequisites for the use case presented in Figure 2 and Figure 3 were set as listed in Table 1.
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Figure 3 View of receiving goods with multiple AGFs
Table 1 Prerequisites
No. Prerequisite Note

| A group of AGFs with the same goal (target | The target position of each team is known
position, etc.) is regarded as a team. information (given by the management system).

2 | AGFs are given a team formation for operation. | —

4 A leader can always communicate with the other | A leader does not communicate with the
leaders and its team followers. followers of the other teams.

5 A follower can always communicate with the | A follower does not communicate with the
leader and the other followers in the team. leader or the followers of the other teams.
Information on the position, posture and speed of

6 AGFs is known, and there is no measurement | —
error.

7 | There is no communication delay between AGFs. | —

AGFs have map information of the layout in the The prohibited arcas include walls, storage

8 | warehouse and know the true values of the

. o areas, fences, etc.
coordinates of prohibited areas such as walls.

9 | An AGF must not collide with another AGF. —

10 AGFs are nonholonomic systems and cannot | The drive wheel is the one front wheel and the
move to the side. two rear wheels are passive.

Both the turning radius and speed of AGFs are o . .
11 | limited and they cannot operate beyond the upper The Timit of turning radius corresponds to the

and lower limits.

limit of the steering angle of the driving wheel.

The definitions of the variables used in this paper are shown below.

k € R : Discrete time
I € R : Number of teams

i=1,2,..,1 : Team index

J € R : Number of AGF's in the team

j=1,2,..,] “AGF index
L € R : AGF wheelbase
; * Movement model of AGF (i, /)

C;j * Swarm intelligence system (system described in this report) of AGF

and posture of AGF (i,j) on

: Steering angle and speed of AGF (i, )

(%))

pij = [Xij Yij Oi]" Position
two-dimensional plane

Uijj = [¢ij vi}']T

Z;€ER,i=1,2,..,1 : Route distance of team i

w; € RZX1i=1,2,..,
N : Route distance of AGF
pij(k+n) € R n=1,2,..,
of AGF (i,))

I : Route number (node) of team i

In this report, the index i of the leader of each team is 1.

a

N : Target position and posture (route details)
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| 3. Developed method

3.1 Development policy

In order to realize the use case in Figure 2 and Figure 3, it is necessary to clear up the
following two issues.

Issue 1: Avoiding the deadlock that occurs when the route planning processing is

decentralized

Issue 2: Speeding up individual decentralized route planning processing under complicated

constraints

In order to clear up Issue 1, the teams are allowed to exchange information on their route
candidates so that a team does not enter areas in which the other teams might operate, and the
information was reflected in the constraints at the time of route planning. In order to clear up Issue
2, the Continuous/Generalized Minimal Residual (C/GMRES) algorithm'", which speeds up model
predictive route planning was applied to improve the route planning process speed in individual
decentralized processing.

In an architecture that realizes swarm intelligence technology, a method where each follower
plans its route at the same time is used. In the case of this method, a leader creates a route candidate
to the target position without considering the existence of the followers. However, the leader may
obstruct the route of the followers if no action is taken, so it sends its planned route to the followers
together with its position and posture. On the other hand, the followers follow the leader according
to the route received from the leader with an offset so as to maintain the predetermined formation
without obstructing the route of the leader. We focused on the fact that the route of the leader can
be considered as the route of the entire team and developed a route planning technology that does
not require individual route planning of each follower and communication-based route adjustment
between followers within the same team as long as the leader exists.

Figure 4 shows block diagrams of the route planning system we developed. Items (a) and (b)
in the figure represent block diagrams of the leader and followers, respectively. In the figure, P;;
represents the movement model of an actual AGF and is assumed as the following nonholonomic
model in this research.

x5 (k) = vy (k) cos 0;; (k)
P;j: 4 Vij(k) = v;;(k) sin 6;; (k) i=1,2,.,1j=1,2,..,]
6;;(k) = (vi;(k)/L) tan ¢y (k)

Here, x represents the time differential of x. "ref" in the figure represents the control
command value. The input of the leader's system C;; includes, in addition to its position and
posture p;; (k), another team's route number (node) w;, [ # i to avoid approaching that team. The
route numbers of other teams are received from the warehouse management system and a leader
sends the route number of its team to the warechouse management system. On the other hand, the
input of a follower's system C;;,j = 2,3,...,] includes, in addition to its position and posture
p;j(k), the position and posture p;,, (k) of another vehicle m # j in the team and the planned
route p;;(k+n),n=1,2,..,N for the entire team output by the leader.

' (k) ufF (k)
W plm(k)tm # }
I ;I- Ciy Py pulk+n), —» G Pij
i I n=12..N 4 I
pi (k) pij (k)
(a) Leader (j=1) (b) Follower (j #1)

Figure 4 Block diagrams of developed method

3.2 Method to avoid collisions between teams

Since route adjustment between all vehicles for collision avoidance is not scalable, an
approach using an undirected graph to avoid collisions between teams was adopted. First, it is
assumed that the representative points of areas where AGFs can pass are defined as the nodes of the
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graph based on the map information of the warehouse layout in which the AGFs operate. Similarly,
it is assumed that the passable route between nodes is defined as the edges of the graph.
Hereinafter, collision avoidance between teams is described with reference to Figure 5. It is
assumed that Team 1 exists in the area of Node #1 and Team 2 exists in the area of Node #2 in the
figure. Initially both Team 1 and Team 2 have the graph G, shown on the left side of the figure.
When a target position node number (Node #4 in the figure) is given to Team 1 at a certain time,
the leader of Team 1 searches for the shortest route to Node #4 using a graph search algorithm such
as Dijkstra's algorithm and obtains the node sequence of #1, #3 and #4 as given in Figure 5. This
node number sequence (waypoints) is w; shown in Figure 4. After finding the shortest route, the
leader of Team 1 sends the waypoints that the team will pass to the leaders of all other teams and
then starts moving. Then, the leaders of the other teams delete all the edges connected to the nodes
sent from Team 1 (edges indicated by the broken lines in Figure 5) and obtain a new graph G;. As
a result, the other teams cannot pass the nodes that Team 1 will pass and teams approaching each
other becomes unlikely to occur. After that, when a target position Node #6 is given to Team 2, the
team searches for the shortest route using the graph G; and obtains waypoints #2, #5, #8, #7 and
#6 as delineated by the red lines on the right side of the figure. The issue with this method is that
the route that a team will pass becomes always closed to the other teams. As an example of
countermeasures for this issue, deleting the edges from the graph of the other teams only during the
time when the team passes in consideration of the moving speed allows the other teams to pass that
route with a time difference.

Route planning of Team 1: Graph Gy Route planning of team 2: Graph G
Team 1 O : Node
initial position @ Team 2

—— : Edge initial position

Team 2
target position

Figure 5 Undirected graph for avoidance of collisions between teams

3.3 Route planning within a team
Since AGFs—both leaders and followers—need to avoid colliding with each other or
entering into prohibited areas, we adopted the MPC approach and defined the following.

Cij: Ul](k) = ar%minfij (Ulj,pl](k)), Subject to g” (Ul]:pl](k)) <0
ij

Here, U;;(k) £ [uj(k) w;(k+1) - wj(k+ N —1)]T represents a sequence of AGF
control command values corresponding to the planned route. The movement model that associates
the control command values with the planned route is P;j. Since leaders and followers have
different roles, the optimization evaluation function f;; and the constraint g;; differ between
leaders and followers. For leaders, which have the role of deciding the route for the entire team, an
evaluation function that minimizes the deviation between the next node position and the route was
adopted in order to allow the entire team to reach the next node, and constraints were set so as not
to allow the team to enter prohibited areas. On the other hand, followers create their route based on
the information of the planned route and the desired formation received from the leader. The
desired formation is determined based on the relative distance and relative bearing with respect to
the leader. Since each AGF needs to continue to solve this optimization problem in response to the
ever-changing situation, C/GMRES was adopted to improve the processing speed.

3.4 Overview of the developed method
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Figure 6 gives the route planning algorithm that summarizes the above. When a target
position is given to the leader by the warehouse management system, the leader searches for the
shortest route to the position using graph searching and obtains the route details to the next node
position on that route using C/GMRES. The leader sends information about the node edges that the
team occupies to the warehouse management system or the leaders of the other teams to avoid
collisions with the other teams. On the other hand, upon receiving a route created by the leader, all
the followers plan their route at the same time based on the route information and set the target
position and posture on the route based on the predetermined formation and the position of the
leader. Then, the speed and steering commands that allow the vehicles to reach the target position
and posture while avoiding collisions between vehicles are obtained.

Warehouse Leader (one per team) Follower
management (other than leader)
system
Sends Target position | Calculates the shortest
a team target f--------=---------3route by graph searching iﬂeagzirt?jn
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Figure 6 Process flow of developed method

I 4. Result of simulation using ROS/Gazebo

We incorporated the swarm intelligence technology described in chapter 3 into ROS (Robot
Operating System)'® and evaluated the effectiveness of the developed technology using simulation
with Gazebo®. Table 2 lists the simulation conditions. Assuming a future smart system in which
upwards of 10 vehicles (AGFs) operate, the number of AGFs per team and the number of teams
were set to five and three, respectively (fifteen AGFs in total). These teams were named Team A,
Team B and Team C. Using Gazebo, AGF models were created with the parameters of the speed
upper limit, steering angle upper limit, wheelbase and vehicle width set to the same values as the
actual equipment. By assigning one ROS node (control device) to each AGF to allow processing a
route plan therein, incorporation into each actual piece of equipment was expressed and the same
environment as the actual equipment was simulated.

Table 2 Simulation conditions

Item Value Unit
Number of vehicles per team 5 Units
Number of teams 3 Teams
AGF wheelbase 1.8 Meters
AGF width 1.0 Meters
Team formation Convoy —

Figure 7 presents snapshots of the simulation results. Goals A, B and C in the figure
represent the target position for the leaders of Teams A, B and C respectively (a leader is an AGF
that leads the team). Snapshot (a) in this figure shows the initial state. In the next snapshot (b),
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Teams B and C were close to each other but did not collide with each other. In the snapshot (c),
Team B entered a narrow area while heading toward the target position and each AGF could
operate without colliding with any wall or another AGF. In the final snapshot (d), all teams reached
their target position.

(a) Initial state (b) Teams B and C
were close to
each other

(c) Team B entered (d) All teams reached
a narrow area their target position

Figure 7 Snapshots of Gazebo simulation

| 5. Conclusion

We developed a swarm intelligence technology for unmanned vehicle products. This
technology is premised on the existence of a leader. By quickly executing model predictive route
planning using C/GMRES, the leader updates the route of the entire team (one leader and four
followers) at high speed. Since route planning alone based on model predictive control cannot solve
the problem of operating in intricate areas, we combined it with graph searching to allow for the
selection of the shortest route, avoiding collisions with walls and avoiding collisions between
vehicles. The followers create a route according to the desired formation by adding an offset to the
route created by the leader, which resultantly enables the formation to be maintained, collisions to
be avoided and turns to be smooth. We evaluated the effectiveness of this technology using
ROS/Gazebo simulation and confirmed as a result that all teams could reach their distant target
position while maintaining their formation. In the future, we will proceed with development for the
practical application of swarm intelligence technology toward the realization of smart factories.
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