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Abstract: Multi-mobile robot systems (MMRSs) are widely used for transportation in industrial scenes such as
manufacturing and warehousing. In an MMRS, motion coordination is important as collisions and deadlocks may
lead to losses or system stagnation. However, in some scenarios, robot sizes are different when loaded and unloaded,
which means that the robots are variable-sized, making motion coordination more difficult. The methods based
on zone control need to first divide the environment into disjoint zones, and then allocate the zones statically or
dynamically for motion coordination. The zone-control-based methods are not accurate enough for variable-sized
multi-mobile robots and reduce the efficiency of the system. This paper describes a motion coordination method
based on glued nodes, which can dynamically avoid collisions and deadlocks according to the roadmap structure and
the real-time paths of robots. Dynamic features make this method directly applicable to various scenarios, instead
of dividing a roadmap into disjoint zones. The proposed method has been applied to many industrial projects, and
this study is based on some manufacturing projects for experiments. Theoretical analysis and experimental results
show that the proposed algorithm is effective and efficient.
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1 Introduction task allocation, positioning, path planning, and mo-

tion coordination (de Ryck et al., 2020). Motion

Enterprises are paying more and more attention
to production efficiency and production safety. As
a widely used automated material handling system,
the multi-mobile robot system (MMRS) plays an im-
portant role in manufacturing, warehousing (Krnjak
et al., 2015), container terminal (Zhong et al., 2020),
A stable and efficient MMRS
can reduce labor cost and improve production safety.
An MMRS involves multiple technologies, such as

and other scenarios.
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coordination includes collision and deadlock han-
dling, which is an overwhelmingly significant issue
in MMRSs.

The roads on which the robots can travel are
usually planned in advance in industrial environ-
ments. These roads form a roadmap, in which an
edge represents a road or part of a road, and a node
represents an intersection or a point on a road. Un-
like an abstract graph, a roadmap is a map of a real
robot environment whose edges can be unidirectional
or bidirectional and can be curved or straight. In
such a roadmap, the nodes are allocated to robots in
a certain way as resources to realize motion coordi-
nation among robots. However, the compact layout
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of some roadmaps results in two nodes not neces-
sarily being collision-free for two robots. In par-
ticular, whether two nodes are collision-free for two
robots depends on whether the robots are loaded.
As shown in Fig. 1a, R; and Ry are not loaded and
all nodes are collision-free. However, as can be seen
in Fig. 1b, when R; and R, are loaded, they can-
not pass through V5 and V5 at the same time, which
means that V5 and V5 are not collision-free for Ry
and Ry. Compact roadmaps present difficulties for
motion coordination of multi-mobile robots.

(b)

Fig. 1 Examples of the relationship between collision-

free nodes and robot loading: (a) all nodes are
collision-free for R1 and R2; (b) V2 and V5 are not
collision-free for R; and Ra

Motion coordination is focused mainly on col-
lision avoidance and deadlock handling. When it
comes to collision avoidance, there are generally two
methods: coupling and decoupling methods.

The coupling method statically or dynamically
plans collision-free paths or trajectories for robots.
There are many methods that have been studied,
such as graph theory (Yu and LaValle, 2016), recip-
rocal collision avoidance (Alonso-Mora et al., 2013),
state lattice (Draganjac et al., 2020), and cell decom-
position (Zhang et al., 2007).

The other is decoupling that decouples path
planning and motion coordination; that is, paths for
robots are first planned with a certain goal (such
as the shortest distance or shortest task time), and
then collisions are avoided based on existing paths.
This method is suitable for scenarios where the robot
paths are fixed or the roadmaps have been planned,
and it is necessary to ensure that only one robot can

pass through a physical space at a time. The de-
coupling method is more suitable for application in
industrial scenarios (de Ryck et al., 2020). Wang
et al. (2015) set different initial delays for different
robots to avoid collisions, but this kind of method is
time-sensitive and not robust. Some methods based
on zone control (Luo et al., 2020; Reveliotis, 2020;
Zhao et al., 2021) divide the environment into dis-
joint zones, and each zone can accommodate a robot,
thus avoiding collisions. Luo et al. (2020) designed
an optimal controller to prevent robots from any
They converted the
collision-free problem into admissible ones using an
algorithm to significantly reduce the computational

collision based on Petri nets.

overhead.

Deadlock handling was originally studied in
computer operating systems (Habermann, 1969;
Coffman et al., 1971). There are three major ap-
proaches for deadlock handling in MMRSs: dead-
lock detection and resolution, deadlock prevention,
and deadlock avoidance (Coffman et al., 1971).

For the method of deadlock detection and reso-
lution, robots are allowed to form deadlocks. Once
the system detects a deadlock, the deadlock resolu-
tion strategy is applied to unlock the deadlock (Jager
and Nebel, 2001; Wu and Zhou, 2007; Alonso-Mora
et al., 2018). In Jager and Nebel (2001), the trajec-
tory planner of each involved robot was successively
requested to plan an alternative trajectory until the
deadlock was resolved. This method is suitable for
systems where the number of robots is small and
deadlocks are rare.

Deadlock prevention is an offline method that
applies some simple rules or designs to the controller
before the system release to prevent the occurrence
of deadlock (Chen et al., 2016; Xing KY et al., 2018).
However, this method suffers from low efficiency and
high complexity (Chen et al., 2016).

As an online method, deadlock avoidance has
been widely studied. To avoid deadlocks, it is neces-
sary to dynamically determine whether the robot’s
next move will cause a deadlock and, if so, terminate
the action of the robot. Moorthy et al. (2003) devel-
oped an efficient deadlock prediction and avoidance
algorithm for an automated container port, which
has a complex layout and involves close to 80 au-
tomated guided vehicles (AGVs). Yoo et al. (2005)
presented a deadlock avoidance algorithm that uses
the graph-theoretic approach for a robot system in
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flexible manufacturing. Fanti et al. (2015) proposed
a decentralized coordination protocol based on the
zone-control method; deadlocks and collisions can be
avoided with a decentralized coordination protocol.
Li et al. (2016) presented time-efficient traffic control
for MMRSs based on a discrete-event zone-control
model. All inter-vehicle collisions and system dead-
locks can be avoided. Zhou et al. (2020) modeled
robot motion through labeled transition systems and
proposed a distributed algorithm to avoid deadlocks
in such systems. Each robot has a predetermined
and closed path to execute persistent motion. The
method is based on fixed path scenarios, where all
robots’ paths are fixed. Zajac and Matopolski (2021)
distinguished unidirectional zones and deadlock-risk
zones, and introduced a structural online control pol-
icy to avoid deadlocks among robots. Matopolski
(2018) divided the layout of a transportation system
into squares and proposed a method of collision and
deadlock avoidance based on chains of reservations.

These collision and deadlock avoidance meth-
ods explicitly or implicitly divide the environment
into zones, each of which can accommodate only one
robot at a specific time. This allows an MMRS to
be considered as a discrete event system, and col-
lisions and deadlocks are regarded as resource con-
flicts. However, the division of zones increases the
difficulty of method application, and the static char-
acteristics of zones lead to imprecision and wasted
space.

In our previous work (Xing ZC et al., 2022), we
proposed the concept of glued nodes, based on which
a basic collision and deadlock avoidance algorithm
was proposed. Based on the concept of glued nodes,
the system can dynamically determine the mutual
influence between nodes based on the real-time sizes
and paths of the robots. Due to the dynamic fea-
tures, the glued nodes can be applied to a variety of
complex MMRSs. This work improves the definition
and properties of glued nodes and provides a more
detailed analysis of collision and deadlock avoidance
issues. The deadlock is divided into direct deadlock
and impending deadlock, and the corresponding col-
lision and deadlock avoidance algorithms are given.
In addition, we conduct experiments based on multi-
ple industrial scenarios to verify the performance of
the algorithms.

The main contributions of this paper are as fol-
lows: (1) A concept of glued nodes is introduced

and used to design a collision and deadlock avoid-
ance algorithm; (2) The proposed collision and dead-
lock avoidance algorithm can be directly applied to
an MMRS containing variable-sized robots and a
roadmap with various structures; (3) The difference
between direct deadlock and impending deadlock is
analyzed, and a unified method to avoid them is pro-
vided; (4) A hybrid architecture is proposed, where
the control center is responsible for allocating nodes,
and the robots apply for nodes on demand.

2 System modeling and problem state-
ment

This section discusses the MMRS model, gives
definitions and descriptions of the glued nodes, and
states the collision and deadlock avoidance problem.

2.1 Multi-mobile robot system

Let N = {1,2,..., N} be the indices of robots
and N be the number of robots. R; (i € N) denotes
a robot in the MMRS. The roadmap in the system
consists of a set of nodes and a set of edges, denoted
as G = (V,E). Let M = {1,2,..., M} be the indices
of nodes in G. V; (i € M) denotes a node in G. The
edges in the roadmap are denoted as E C (V, V'), and
Epn = (Vin, Vy,) denotes an edge from V;, to V.
There may be two edges between two nodes, which
means E,, , # E, .. A path of R; is denoted as
P,={V1, E19,..., Ex_1, Vi}, consisting of a series
of nodes and edges. As shown in Fig. 2, the path of
Ryis Pr = {Vy, Eg3, V3, E3 7, V7}.

vz
d
SO
Vi v, A A Vs

Fig. 2 An example of the path of robot R; (V4 and
V3 are authorized to R1)

There are many ways to generate paths for
robots (Willms and Yang, 2006; Guruji et al., 2016),
but this is not the focus of this study. Once the path
of a robot is planned, the robot will move along the
path to the end node. However, all nodes are man-
aged by the control center, and the robot can move
only along the path to the nodes that are authorized
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by the control center. Fig. 3 is the architecture of
the MMRS. Each robot sends its path and position
information to the control center in real time and
applies for the nodes ahead at a specific frequency
when it needs to move. The control center deter-
mines whether the nodes requested by a robot can
be authorized according to the collision and deadlock
avoidance algorithm. The control center ensures that
the nodes authorized to the robot are collision-free
and deadlock-free. Then, the robot can move along

the path to these authorized nodes.

Control center

« Paths and real-time
locations
» Apply for nodes

» Authorize nodes to
robots
« Paths of other robots

Fig. 3 Architecture of the multi-mobile robot system

To better explain the interaction process be-
tween the robot and the control center, we give the
definitions of occupied nodes and applying nodes:
Definition 1 (Occupied nodes) The nodes for
which a robot R; has obtained authorization from
the control center are called occupied nodes, denoted
as OV,.

Definition 2 (Applying nodes) The nodes for
which a robot R; applies to the control center are
called applying nodes, denoted as AV;.

The manner in which a robot R; applies for
nodes in this study is as follows: before R; reaches
the end node, once the distance from the robot to
the last occupied node is less than LA;, the robot
applies for new nodes within the length of LA; along
the path. Those authorized applying nodes will be-
come occupied nodes. The control law of LA; is
shown in Eq. (1), in which v; is the real-time speed
of R;, a; is the braking acceleration of R;, and ~; is
a fixed value. The first term of the right-hand side
of Eq. (1) is the braking distance of R;, and the sec-
ond term is used to reduce the number of times of
robot brakes. Once the robot reaches a new node,
the previous node on the path is released, and the

path information also changes at this time.

2
LA; = ~

a 2&1'

+ Vi (1)

An example of the interaction process between
the robots and the control center is shown in Fig. 2.
Because V; and Vs are already authorized to Ry,
ie., OV, = {V4, V3}, Ry can move the farthest to V5.
However, to prevent R; from slowing down, R; starts
to apply for V7 before it reaches V3 according to its
own kinematic model, i.e., AV; = {V7}. If V7 is not
authorized to Ry, then R; will stop after reaching V3
and wait for the new nodes to be authorized. Once V7
is authorized to Ry, denoted as OV; = {Vy, V3, V7}
(or OV; = {V5,V7}) and AV, = @&, R; can move
along the path to V7. When R; reaches V3, V4 will
be released and the path of R; changes to P, =
{V5, E37, Vz}. A node cannot be authorized to other
robots before it is released.

2.2 Glued nodes

A roadmap mentioned in this study is similar to
a roadmap in the traffic road network. Nodes can be
intersections of lanes, task points, or discrete points
in the lanes. For example, in an MMRS of quick re-
sponse (QR) code positioning, a straight road will be
paved with multiple QR codes, and each QR code can
be regarded as a node. The direction of the edge in
the roadmap can be unidirectional or bidirectional,
and the type can be a straight edge, a circular arc,
a Bézier curve, and so on. Fig. 4 is an example of a

A straight line
/

An arc line

roadmap.

i,

A Bézier curve1

&

A node

msf“

]

Fig. 4 An example of a roadmap

After a robot obtains the authorized nodes, the
process of the robot moving along the path to the au-
thorized nodes is no longer controlled by the control
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center. Therefore, it is necessary to ensure that the
robot can safely move to these nodes once the control
center authorizes the nodes to the robot. However,
the location of nodes and the types of edges in the
roadmap may be diverse, which may lead to collisions
among robots.

When two nodes are far enough apart, they are
collision-free for two robots. As shown in Fig. 5a,
the path nodes of the two robots are collision-free,
but that is not always the case. As shown in Fig. 5b,
robots Ry and Ry are moving on the way to V5 and
V4, respectively. The distance between E4 2 and E3 4
is too small, causing the risk of collision if the robots
continue to move. Similarly, in Fig. 5c¢, there may be
a collision when R; moves on E > and R, rotates on
V5. In Fig. 5d, when R; and Rs rotate on Vs and Vs
simultaneously, they will collide with each other. To
solve this kind of problem, we define the concept of
glued nodes:

Definition 3 (Node action) A node action of R; is
denoted as a quadruple, I'"™ = (*Ey,, af,, Vin, B5),
where the following concepts are defined:

(1) *E,, is the preceding edge of V,, in P;;

(2) i, is the angle when the robot reaches V;,
along ®*F,, or the angle of the robot if V,, is the first
node of P;;

(3) Vin, is a node in G;

(4) B¢ is the angle at which the robot leaves V.
If V,,, is the last node of P;, then 3! = «f,.

14
(O

(c) (d)

Fig. 5 Examples when two nodes are collision-free
or not collision-free: (a) any two nodes are collision-
free; (b) there is a risk of collision between two robots
in the moving process; (c) there is a risk of collision
when a robot rotates and a robot moves; (d) there is
a risk of collision between two robots during rotation

Definition 4 (Action path) An action path of
R; is a set of node actions, denoted as &, =
{rt, rz .., rm},ieN.

Node action describes the process of the robot
moving from one node to another. As shown
in Fig. 2, V, is the first node of the path and
has no preceding edge, such that *E; € @ and
It = (*E,180°,V4,180°). Ey3 is the preced-
ing edge of V3; after Ry moves along E43 to V3,
R; will rotate 90° clockwise to continue to V7.
So, I'Y = (F43,180°,V5,90°). Similarly, I7 =
(Es5,7,90°,V7,90°). The action path of Ry is & =
{It, I, IY}. A robot without a path can be con-
sidered to have an action path that contains only the
node where it is currently located. As an example,
when robot R; has no path and its current node is
Vin, it can be considered that &% = {I7"}. In this
way, idle and working robots have a unified way of
expression.

Definition 5 (Action area) When a robot R; per-
forms a node action I7", the area it sweeps is called
the action area, denoted as O".

Definition 6 (Glued nodes) Vm,n € M, Vi,j € N,
I'me 2, I7 e 2;,it0"NOT # &, then V,, and
V., are a pair of glued nodes for R; and R;.

If V,,, and V,, are a pair of glued nodes for R; and
R;, we define a flag GNf;f;n = 1; otherwise, GNf;f;n =
0. Obviously, when GN7;/ , =1, GNJ’, = 1.

The concept of glued nodes is dynamic; that is,
the glued relationship between two nodes varies with
different robot sizes and different paths. At first,
the concept of glued nodes is related to the real-time
robot paths. As shown in Figs. 6a and 6b, if V5 is
authorized to Ry, because ©F N O3 # @, GNy7 = 1.
However, as shown in Figs. 6¢ and 6d, although R,
still passes through node Va, ©3N65 = &, GN;:? =0.
Furthermore, the concept of glued nodes is related to
the robot sizes. As shown in Figs. 6¢ and 6d, if the
two robots are larger, there may be GN;:? =1 1In
other words, the concept of glued nodes is related to
the real-time sizes and paths of the robots, so it is
dynamic.

2.3 Problem statement

When robots move, potential collisions can re-
sult in damage to the robots, and deadlocks may lead
to system stagnation until the deadlock is resolved.
Therefore, a collision and deadlock avoidance algo-
rithm is necessary for MMRSs.
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Fig. 6 An example showing the characteristics of the
glued nodes: (a) paths of the two robots contain a
pair of glued nodes, GN;:? = 1; (b) areas swept by the
two robots when executing 1"12 and 1"25 corresponding
to (a); (c) paths of the two robots do not contain
glued nodes; (d) areas swept by the two robots when
executing I'? and I'} corresponding to (c)

The problem statement can be described as fol-
lows: Given an MMRS with a roadmap, find an ef-
fective controller to avoid collisions and deadlocks
during the movement of robots.

Stable operation of MMRSs relies on various
technologies, such as a navigation algorithm, com-
munication technology, sensor technology, and mo-
tion control. This work focuses on motion coordi-
nation in MMRSs. For the convenience of study,
we make some additional assumptions, but these as-
sumptions do not detract from the contributions of
our work: (1) The communication between robots
and the control center is based on a wireless network,
and there is no delay, error, or packet loss in the com-
munication; (2) Each robot can always move along
the planned path within an accepted derivation; (3)
Taking into account the positioning accuracy, robots
can stop only at nodes, and the robots are fault-free;
(4) When an idle robot blocks a robot with a path,
the idle robot will automatically plan a path that
does not block the robot with a path.

3 Motion coordination
3.1 Collision avoidance

There is no doubt that whatever method is used
to avoid collisions among robots, the essence is that

multiple robots cannot appear in the same space
simultaneously. In this subsection, we present the
collision avoidance algorithm based on glued nodes.
The main idea is that the control center decides
whether to authorize a node to a robot according
to whether the robot will collide with other robots
during movement to the node.

Lemma 1 If 3V, € OV, and 3V,, € OV;,
such that GNJ/, = 1, then R; and R; are at risk of
collision during movement.

Proof GNj/, = 1 means that when R; and R;
execute I7" and I', O" N OF # ; i.e., the swept
areas will overlap. This may cause R; and R; to
collide with each other.

If IV, |Vin € OV, AV, € OV, R;
and R; are at risk of collision.

Proof
it means that the two robots can move to this node.

Lemma 2
Once a node is authorized to two robots,

Obviously, it is possible for the two robots to pass
through this node simultaneously; i.e., a collision
occurs.

Note that Lemmas 1 and 2 are about possible
collisions, not inevitable collisions. For example,
even if a node is authorized to two robots at the
same time, but if the robots do not pass the node
simultaneously, there is no risk of collision between
the robots.

ment, a robot’s movement process may be affected

However, in an actual industrial environ-

by human operations, faults, and so on, so the sys-
tem cannot accurately estimate when the robot will
arrive and leave a particular position. To ensure the
robustness of the system, this study does not con-
sider the time dimension.

Theorem 1 YV € OV; and VYV, € OV, if
OV;n OV, = @ and GN%J = 0, then R; and R; are
collision-free.

Proof If OV;Nn OV;
authorized to the two robots at the same time. R;
and R; will not collide with each other by passing
through the same node at the same time. According
to Definition 6, GN%7, = 0 means that the areas

swept by R; and R; when performing 7" and I']" do

= @, then a node is not

not overlap. In a word, regardless of whether OV;
and OV contain the same node, the robots will not
collide with each other during the movement to the
occupied nodes.

According to Theorem 1, the collision avoidance
algorithm can be stated as shown in Algorithm 1. Let
O,,, denote node V,,, to which the robot is authorized.
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O,, = R; means V,,, € OV;, and O,,, € @ means that
Vin is not authorized to any robots. As shown in Al-
gorithm 1, along the sequence of nodes in the path,
the control center determines whether the applying
nodes can be authorized to the robot one by one
(line 4). An applying node cannot be authorized to
the robot if the node has been authorized to another
robot (lines 5-7). In addition, if the applying node
and another node are a pair of glued nodes, and
another node has been authorized to other robots,
the applying node cannot be authorized to the robot
(lines 11-13).
other applying nodes no longer need to be calcu-
lated (lines 6 and 12). Line 19 returns the nodes
that can be authorized to R;. Let N be the number
of robots, and H and L denote the maximum num-
bers of the applying nodes and occupied nodes of the
robot, respectively. The complexity of the algorithm
is O(NHL).

Once a node cannot be authorized,

Algorithm 1 Collision avoidance: CA(R;, AV;)
1: Input: robot R; and its applying nodes AV,
: Output: AN

// nodes without collision

N

3. Initialization: AN= &

4: for V,, in AV, do

5. if On ¢ @ then

6: return AN

T end if

8: for R; in R do

9: if R; # R; then
10: for V,, in OV, do
11: if GNj7,, = 1 then
12: return AN
13: end if
14: end for
15: end if

16: end for

17:  add Vi, to AN
18: end for

19: return AN

In the example shown in Fig. 7, &, =
{Fllv F127 F137 F147 Fls}v Py = {F257 F247 F237 F27}7
OV, = {11, Va}, OVae = {V5}, AV, = {V5, Vy, Vs},
and AVy = {V,, V3, Vz}. AViN AVy # & means
that R; and Rs apply for the same nodes. However,
the robot to which the nodes are authorized can be
judged by factors such as task priority and road con-
gestion. This study uses a simple strategy which is
first-apply first-occupy. Assuming that Rs applies to

the control center for nodes earlier than Ry, accord-
ing to Algorithm 1, V; can be authorized to Rg, but
V3 cannot be authorized for the reason GN2 3 =1
Thus, the result is that only V} is authorized to Ra.
Note that this result will cause a deadlock between
Ry and Ry. The detection and avoidance of dead-
locks will be presented in Section 3.2.

Fig. 7 An example of collision avoidance

3.2 Collision and deadlock avoidance

This subsection presents the analysis of the
causes and categories of deadlocks, and designs col-
lision and deadlock avoidance algorithms.

3.2.1 Direct deadlock

In Section 3.1, we propose an algorithm to avoid
collisions among multiple robots. Each robot ap-
plies for nodes in the forward direction according to
its kinematic model. If multiple robots block each
other, deadlocks may occur. For example, in Fig. 8a,
GNy3 = 1, GNy} = 1, AV; = AV, = {V5,V5},
OV, = {V,}, and OV, = {V4}. However, V3 can-
not be authorized to Ry and Ry because GN;:% =1
and GN:l;:i = 1, meaning that R; and Ry wait for
each other (i.e., a deadlock occurs). In Fig. 8b,
AV, = OV, = {Wa}, AV, = OV3 = {V,}, AV =
OVy = {V3}, and AV, = OV; = {V;}. The four
robots cannot move because the next node in the
path of each robot is occupied by another robot, and
the circular wait leads to a deadlock.

Definition 7 (Direct deadlock)

deadlock in an MMRS if multiple robots are in a

There is a direct

circular wait.

Definition 8 (Block) R; and R; are two robots
in an MMRS, and V; is the last node in OV;. If V, is
not the last node of P; and V,,, is the next node of V,
in P, vV, € OV,, it V,,, =V, or GNf;{;n =1, then
R; is blocked by R;, denoted as (R; — R;).
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(b)

Fig. 8 Examples of deadlocks: (a) a deadlock of two
robots; (b) a deadlock of four robots

Definition 9 (Block circle) A block circle is
a sequence of blocks, like ((R; — Ra),(R2 —
Rg), ey (Rnfl — Rn), (Rn — R1)>

A block means that new nodes cannot be autho-
rized to a robot because the robot avoids collisions
with other robots. For example, as shown in Fig. 8a,
V3 is the next path node of the last node in OV,
and OV,. GN;:% =1 and G‘;Nzl,)f1 = 1; according to
Definition 8, there are two blocks (R; — Rp) and
(R2 — Rj), and the two blocks generate a block
circle <(R1 — RQ)(R2 — R1)>
Theorem 2 If there are no conflict circles in
the system, there will be no direct deadlocks in the
system.
Proof  According to the definitions of the block
and the block circle, if there is no block circle among
multiple robots, at least one robot can apply for a
new node because of other robots. Therefore, there
will be no circular wait among the robots; i.e., there
will be no direct deadlock among them. If there are
no block circles among any number of robots, there
are no direct deadlocks in the system.

Based on Theorem 2, the control center can de-
tect whether the authorization of some nodes to a
robot will cause a block circle, and prevent block
circles from forming to avoid deadlocks. The com-
bined collision and direct deadlock avoidance algo-
rithm is shown in Algorithm 2. Let C be all blocks
in the system, and C' will be updated once a robot
releases a node. ANs are those collision-free nodes
that are returned by Algorithm 1 (line 4). Lines 5-7
try to add the nodes in AN to the occupied nodes
of R;, and generate new blocks. If there are newly
generated blocks, then they are added to C (lines
8 and 9). If there are block circles in the system
(line 10), it means that authorizing this node may
lead to deadlock. The algorithm does not need to
continue the calculation. Lines 13 and 16 add nodes
that do not cause collisions and deadlocks to DAN
to be returned.

Algorithm 2 Collision and direct deadlock avoid-
ance: CDDA(R;, AV;)
1: Input: robot R; and its applying nodes AV;
2: Output: DAN

// nodes without collisions or deadlocks
3: Initialization: DAN= &
4: AN:CA(RZ', AVi)
5: for V,, in AN do
6: add V,, to OV;
7
8
9

generate new block CN
if CN¢ @ then

add CN to C
10: if there are block circles in C' then
11: break
12: else
13: add V,, to DAN
14: end if
15:  else
16: add V,, to DAN
17: end if
18: end for

19: return DAN

3.2.2 Impending deadlock

Algorithm 2 can avoid only direct deadlocks but
cannot avoid impending deadlocks. Let us take Fig. 7
as an example to illustrate the impending deadlock.
When Rs applies node Vj, V4 will be authorized to
Rs because it will not cause any collisions or direct
deadlocks. V3 cannot be authorized to R because
GN;:?,) = 1; i.e., Ry is blocked by R;. However, at
this point, R; is not blocked by Ro, and if V3 is
authorized to Ry, then Ry will move to V3, forming a
direct deadlock. Even if V3 is not authorized to Ry to
avoid the deadlock, the result is that neither R; nor
Ry can continue to move. Therefore, a new deadlock
occurs. In other words, when Vj is authorized to Ry,
R, and R, will inevitably form a deadlock.
Definition 10 (Impending deadlock)  There is
currently no deadlock among multiple robots, but
these robots will inevitably form a deadlock after
taking a few steps. This phenomenon is called an
impending deadlock.

Because there may be impending deadlocks in
the system, deadlock avoidance requires not only
avoiding direct deadlocks, but also avoiding impend-
ing deadlocks.

Definition 11 (Conflict node) Vi,j € N,Vm,n €
M, V,, is a conflict node for R; and R; if it meets
one of the following conditions:
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(1) V;, € P, and V,,, € Pj;

(2) GNLI, =1,V € Py and V, € P
Definition 12 (Conflict area) Vi,j € N, the
conflict area of R; and R; is the set of all their conflict
nodes, denoted as 9; ;.

In Fig. 7, V5, V3, and Vj are conflict nodes, and
they compose a conflict area @15 = {Va, V3, V4}.
Let us analyze the impending deadlock according to
the definition of the conflict area. Once two robots
occupy the same conflict area, a deadlock will in-
evitably occur because the two robots will stop in
this conflict area no matter how they move. There
are similar laws for multiple robots, which will be
discussed and proved below.

Definition 13 (Conflict occupation)  If OV, N
®; ; # I, there is a conflict occupation of R;, denoted
as Rz — ¢i,j-

Definition 14 (Conflict circle)
cle is a sequence of conflict occupation, like (R; —
@1)2, Ry — Q-52)37 ...7Rn_1 — ¢n—1,n7Rn — ¢n,1>-

As shown in Fig. 7, because V5 has been autho-
rized to Ry, there is a conflict occupation Ry — @1 ».
If V}, is authorized to Ry at the same time, there will
be another conflict occupation Ry — P21, and a
conflict circle (Rq — @12, Re — P2 1) occurs.

A conflict cir-

Lemma 3 A block circle is a type of conflict
circle.
Proof Based on the definition of the block,

(R; — R;) means V,,, = V,, or GN;/,, =1, V,,, € P;
and V,, € P;. If V,;, = V,, then V;;, € P; and
Vin € Pj, which meets the first condition of Def-
inition 11. GNf;jm = 1 meets the second condi-
tions of Definition 11. Therefore, V,, is a conflict
node, and V,,, € &; ;. Then (R; — R;) can be
transformed to R; — &;;. So, the block circle
<(R1 — RQ),(RQ — R3),...,(Rn_1 — Rn>,(Rn —
Ry)) can be transformed to (R — P12,R2 —
@2)3, ey Rn—l — ¢n—1,n7Rn — @n,1>-

Note that the conflict circle is generated based
on the conflict areas formed by the remaining unfin-
ished paths of robots instead of the complete static
paths. The reason is that the nodes that a robot
has gone through will be released. It will not cause
any collisions or deadlocks, except for those glued
nodes. Furthermore, based on the above definitions
and theorems, this study describes the relationship
between conflict circles and deadlocks, as stated in
Theorem 3:

Theorem 3 If there are no conflict circles in the

system, there will be no deadlocks in the system.

Proof  According to Lemma 3, there is no block
circle if there is no conflict circle in the system. Fur-
thermore, based on Theorem 2, there will be no di-
rect deadlock without a block circle. Therefore, we
can conclude that there will be no direct deadlock
without a conflict circle.
ing deadlock, according to the definitions of conflict
occupation and conflict circle, a conflict area is ac-
tually a common space swept by two robots when
they move along their paths. Once a robot occu-
pies the conflict area, it may induce another robot
to avoid collisions and stop in the future. If multi-
ple robots do not form a conflict circle, then at least
one of these robots can move without being blocked
by other robots. There will be no direct deadlocks
among the robots in the future. Therefore, there are
no impending deadlocks among the robots. The ab-
sence of a conflict circle means that no deadlock can

In addition, for impend-

be formed among any number of robots; that is, the
system is free of deadlocks.

Now that the conditions for avoiding deadlock
have been proved, we present the collision and dead-
lock avoidance algorithm as shown in Algorithm 3.
Line 4 calls Algorithm 1 to obtain collision-free
nodes, and then the algorithm judges whether these
nodes are deadlock-free. Lines 5-20 search for the
farthest node among these nodes that is not in con-
flict areas, and the robot can move to this node with-
out deadlock, because if a node is not in a conflict
area, a conflict occupation cannot be formed and
there will be no conflict circle. Lines 21-30 judge
whether the authorized nodes form a conflict circle,
and only those nodes that do not form a conflict
circle can be occupied by the robot.

In the worst case, all nodes are in conflict areas.
Therefore, in lines 8 and 22, the complexity of judg-
ing whether a node is in a conflict area is O(M),
in which M is the number of nodes in G. The oc-
cupation relationship of the conflict areas among
robots can form a directed graph, and the com-
plexity of finding the circles in the directed graph
is O(V + E) (Tarjan, 1971). V and E are the
numbers of nodes and edges in the graph, respec-
tively (line 23). The complexity of the algorithm is
O(HM(V + E)), where H is the number of nodes in
AN.

Fig. 9
avoidance process of four robots. Initially, as shown

shows the collision and deadlock
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Algorithm 3 Collision and deadlock avoidance:
CDA(R;, AV;)

1: Input: robot R; and its applying nodes AV,

2: Output: DAN

// nodes without collisions or deadlocks
: Initialization: DAN= @
: AN= CA(R;, AV,)
Vieo
flag=true
for Vi, in AN do

if Vi, not in any conflict areas then
Ve ="Vn

10: flag=false
11:  end if
12: end for
13: for V,, in AN do
14:  if flag—=false then

© PTG w

15: if Vi, = V5 then
16: flag=true

17: end if

18: add Vi, to DAN
19: continue

20:  end if

21: add Vi, to OV;
22: if R; — Qsi,j then

23: if a conflict circle containing R; — ®;; is
generated then

24: break

25: else

26: add Vi, to OV,

27: end if

28:  else

29: add Vi, to DAN
// Vm not in any conflict areas

30: end if

31: end for

32: return DAN

in Fig. 9a, there are four conflict areas: @, =
{Va,Vs}, P23 = {Va}, @34 = {Vi,V5,Vo}, and
&4 = {V3}. Suppose that Rs first applies for
node V3 and receives authorization. Subsequently,
the application of Ry for node Vi will not succeed,
because once Vs is authorized to Rg, a conflict circle
<R1 — @174,R4 — @473,R3 — @3727R2 — @2)1> will
be generated. Therefore, Algorithm 3 will prevent
Vs from being authorized to Ra, as shown in Fig. 9b.
Then, as shown in Figs. 9c and 9d, Rs continues
to move forward, and the four robots will eventually
reach their respective destinations.

Fig. 9 An example of collision and deadlock avoid-
ance for four robots: (a) conflict occupations (R3
— ®3,4), blocks (R3 — R4), glued nodes (GN?:;:I,
GN?:;:I, GNi:g:l); (b) conflict occupations (R3
— @3,4, R4 — 454,1, R2 — 452,3), blocks (R3 — R4,
R4 — R1), glued nodes (GN?:?:I, GNi:g =1); (c)
conflict occupations (R; — ®1,2), blocks (R1 — Ri);
(d) no conflict occupations, no blocks, and no glued
nodes

4 Experiment and

results

implementation

In this section, we describe multiple experiments
to verify the effect of the proposed collision and dead-
lock avoidance algorithm. All experiments are real-
ized with robot scheduling software and robot sim-
ulation software. The robot scheduling software has
been applied in many real projects, with functions of
task dispatch, path planning, collision and deadlock
avoidance, and deadlock unlocking. All simulations
run on a desktop running Windows 10, equipped
with an Intel® Xeon® Platinum 8280L 2.6 GHz CPU
and 64 GB of RAM.

4.1 Comparison of different collision and
deadlock avoidance algorithms

To compare the performance of different colli-
sion and deadlock avoidance methods, we compare
Algorithm 2 (collision and direct deadlock avoid-
ance, CDDA) and Algorithm 3 (collision and dead-
lock avoidance, CDA) based on a simulation of a real
industrial scene.

The experiments are based on an actual air
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conditioning production line containing eight mobile
robots and 38 workstations, as shown in Fig. 10. This
scene contains two production lines, where the edges
in the roadmap are all bidirectional, and the robots
are constantly carrying out transportation tasks be-
tween workstations. Once a task is generated, the
idle robot with the closest distance will be assigned
to perform the task.

The parameters of robots in the simulation are
shown in Table 1, where v denotes the maximum
moving speed of robots, § denotes the acceleration,
0 denotes the braking deceleration, el and ew denote
the length and width of the robots when they are
not loaded respectively, and fl and fw denote the
length and width of the robots when they are loaded
respectively. ~ takes a fixed value of 4 m. Because
CDDA cannot avoid the impending deadlock, once a
deadlock occurs, the software will call the deadlock
unlocking method to resolve the deadlock.

The number of deadlock avoidances, the num-
ber of deadlock unlockings, and the average task
time of these two algorithms are counted. Let
K = {1,2,..., K} be the indices of tasks, and K be
the number of tasks. TK; (i € K) denotes a task in
the system. The average task time is calculated as

K

Ti—T¢
Z %’ (2)

i=1

Table 1 Experimental parameters of robots in the
scene shown in Fig. 10

Parameter Value

v 1.5 m/s

0 0.8 m/s?

0 0.7 m/s?
elxew 2.0 mx1.4 m
flx fw 3.2 mx2.0 m

¥ 4 m

where T? and T? denote the start time and end time
of TK;, respectively.

The experiments randomly generate 300 trans-
portation tasks among the workstations, and the ex-
perimental results are shown in Table 2. Although
the number of deadlock avoidances of CDDA is not
much different from that of CDA, 29 deadlocks are
not successfully avoided. These deadlocks are caused
by the existence of bidirectional roads, which causes
the robots’ running paths to overlap, resulting in
impending deadlocks. In addition, because CDDA
cannot avoid impending deadlocks, even if direct
deadlocks are avoided, the robots still cannot move
forward. The process of unlocking the deadlock in-
creases the time the robot takes to perform the task.
It also proves that deadlock avoidance is more effi-
cient than deadlock detection and resolution.

CDDA spends >22.43% of the average task time
compared to CDA, which is caused by numerous
deadlocks being unlocked. Similar results can be
drawn from Fig. 11. Regardless of the number of
tasks, the total task time of CDDA is much higher
than that of CDA. So, CDA has better performance.

To study the relationship between the number
of deadlocks and the number of robots, we initially
set up 300 tasks and count the number of dead-
lock avoidances with different numbers of robots.
Using CDA, the experimental results are shown in
Fig. 12.
robots increases, the number of deadlock avoidances

It can be seen that when the number of

Table 2 Experimental results of CDDA and CDA

Number of Number of Average
Algorithm deadlock deadlock task
avoidances unlocks time (s)
CDDA 34 29 43.11
CDA 32 0 35.21

i Robot station Robots .. Workstation

——Line ©ONode

Path of robot

7 Charge station

Fig. 10 An experimental scene of an air conditioning production line with eight mobile robots
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also gradually increases. The increase in the number
of robots leads to a rise in the possibility of over-
lapping paths, making it easier to trigger deadlock
avoidance. In addition, there is no collision in all ex-
periments, which means that the collision avoidance
algorithm is effective.

—+—CDDA -=-CDA

N W W

- o N
[=2N¢, BN« RN, B alNe) BN )]

Total task time (min)

L L L L L J

50 100 150 200 250 300
Number of tasks

Fig. 11 Relationship between the total task time and
the number of tasks with the collision and deadlock
avoidance (CDA) algorithm and collision and direct
deadlock avoidance (CDDA) algorithm

140
120
100
80
60
40
20
0

Number of deadlock avoidances

4 6 8 10 12 14 16
Number of robots

Fig. 12 Simulation results of the number of deadlock
avoidances under different numbers of robots with the
collision and deadlock avoidance (CDA) algorithm

4.2 Comparison with other methods

Methods based on zone control are classic and
effective for motion coordination in MMRSs. The
map of robots is composed of disjoint zones. Each
robot has its own zone at every moment, so there
will be no collisions among the robots. Deadlock
avoidance is achieved by analyzing the sequence of
zones that the robots’ paths contain. However, this
method is a bit conservative.

For example, in a compact roadmap shown in
Fig. 13a, using the method in this study, when nei-
ther robot is loaded, there are no glued nodes, and
both robots can pass normally. Only when the two
robots are loaded, do the glued nodes make it im-
possible for the two robots to pass through at the
same time (Fig. 13b). However, based on the prin-
ciple of zone control, there are three zones shown in
Fig. 13c. This means that the two robots cannot

R
12
v,
R, -- o= 1
m v, v, A ,
r (Y -- IR,
Y QV“ )
V10
(b)
G
" O OO
v, Ve V, v,

L) 0
@@ 7 O
\] Zone 1 ﬁ Zone 2\1 Zone 3

Vi

()

Fig. 13 Experimental scene with a compact roadmap:
(a) there are no glued nodes when the two robots are
not loaded; (b) when the two robots are loaded, there
are three pairs of glued nodes GN;:S:I, GN;:g =1,

and GNZ:?:I; (c) based on the principle of zone con-

trol, Va2, V3, V4, V7, Vg, and Vg belong to three
zones

pass through this channel at the same time under
any circumstance.

This study verifies the efficiency of CDA based
on a casting production line scenario, where all
robots are based on QR code positioning and navi-
gation. Each QR code can be regarded as a node in
the roadmap and all edges in the roadmap are bidi-
rectional. As shown in Fig. 14, there are 22 worksta-
tions, among which robots transport materials. The
task of the robot is always to transport materials
from one workstation to another. Each task consists
of four subtasks: (1) move to a workstation, (2) load
cargo, (3) move to another workstation with cargo,
and (4) unload the cargo. Robots with no tasks will
move to the robot stations and wait for new tasks.
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Whenever the battery level of a robot drops below
a set value (15% in the experiments), the robot will
move to a charge station to charge. The parameters
of the robots are shown in Table 3.

Each set of experiments is set up with 100 tasks,
and each task is always assigned to the closest idle
robot. The paths of the robots are generated us-
ing the A* algorithm with the shortest distance as
the goal. We compare the CDA method with the
methods in Malopolski (2018) (chains of reserva-
tions, COR) and Zajac and Malopolski (2021) (struc-
tural on-line control policy, SOCP). We use the aver-
age task time, average robot waiting time, and total
mileage of robots to evaluate the performance of dif-
ferent methods. The average task time is calculated
using expression (2). The average waiting time is
calculated as

K N mij
I (3)

i=1 j=1

where T%7 denotes the time at which R; stops and
waits while executing TK; to avoid collisions and
deadlocks. When TK; is not executed by R;, T/ =
0. The total mileage is calculated as

T™M =) > M. (4)

Robots — Line

Workstation

Robot station °Node & Charge station

Fig. 14 An experimental scene of a casting production

line

Table 3 Experimental parameters of robots in the
scene shown in Fig. 14

Parameter Value

v 1.2 m/s

0 0.6 m/s?

0 0.5 m/s?
elxew 1.5 mx1.2 m
flx fw 1.7 mx1.2 m

¥ 4 m

it executes TK;. When TK; is not executed by R;,
M; ; =0.

Because the number of tasks remains unchanged
in each experiment, the average task time reflects the
efficiency of different methods. The total mileage
represents the energy consumption of the robots.
The experimental results with different numbers of
robots are shown in Table 4.

The experimental results are similar to those in
Zajac and Malopolski (2021), and COR and SOCP
perform poorly in roadmaps where all edges are bidi-
rectional. CDA is based on the real-time paths of
robots to avoid deadlocks and is not affected by bidi-
rectional edges. In terms of the average task time,
as the number of robots increases, the advantages
of CDA become more and more obvious, as shown
in Fig. 15. When the number of robots is 6, CDA
consumes 34.09% and 41.01% less time than SOCP
and COR, respectively. In terms of the total mileage,
when using GN, the robot travels fewer miles (less
energy consumption) than other methods. As shown
in Figs. 15 and 16, both the average task time and
the average waiting time increase with the increase
of the number of robots.
robots there are in the system, the more traffic con-
gestion is created; thus, the robots are more likely to
stop and wait to avoid collisions and deadlocks.

This is because the more

5 Conclusions and future work

This paper begins by describing the concept of
glued nodes based on the roadmap. The concept of

)
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Average task time (s
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o o
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2 3 5 6
Number of robots

Fig. 15 Experimental results of the average task time
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Fig. 16 Experimental results of the average waiting
time
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Table 4 Experimental results of different methods

Number of Average task time (s)

Average waiting time (s)

Total mileage (m)

robots CDA COR SOCP CDA COR SOCP CDA COR SOCP
2 44.64 54.32 52.87 2.92 9.35 8.51 3998.42 4803.14 4822.61
3 46.33 60.71 57.19 3.57 18.67 13.66 3785.81 4523.50 4510.94
4 51.86 71.53 63.77 9.87 26.58 21.26 3624.12 4342.62 4328.61
5 63.87 97.99 87.12 19.39 53.93 41.24 3562.41 4261.56 4248.36
6 80.56 136.58 122.24 36.25 91.89 77.52 3521.86 4207.23 4196.52

glued nodes is related to the real-time paths and sizes
of robots, and is dynamic and more precise compared
to zone-control method.

Then, we propose a hybrid control architec-
ture, by which the robots and the control center
interact using the application and authorization of
nodes. Theories and methods of collision and dead-
lock avoidance are proposed based on the concept of
glued nodes. We analyze the difference between di-
rect deadlock and impending deadlock, and present
collision and deadlock avoidance algorithms.

Finally, we verify the effectiveness of the pro-
posed algorithms in several experiments based on
multiple industrial scenarios. Compared with
CDDA, CDA can effectively avoid deadlock and im-
prove the efficiency of the system. Compared with
the other zone-control methods, CDA shows superi-
ority in terms of average task time, average waiting
time, and total mileage.

The proposed method has some limitations,
however. It must be calculated based on a roadmap,
and it can be applied only online based on real-time
robot data.

In the future, we will further study path plan-
ning and deadlock unlocking based on the concept of
glued nodes.
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