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Abstract

The paper addresses the multi-agent path planning (MPP) of mobile agents with multiple goals taking into consideration the
kinematic constraints of each agent. The “Swing and Dock” (SaD) robotic system being discussed uses discrete locomotion, where
agents swing around fixed pins and dock with their mounting legs to realize displacement from one point to another. The system
was developed as a subsystem for mobile robotic fixture (SwarmlItFix). Previous work dealt with MPP for SaD agents using the
concept of extended temporal graph with Integer Linear Programming (ILP) based formulations. The approach discretized time
into unit steps, whereas in reality, the agents are constrained by velocity limits. Hence, a real-time schedule is required to accurately
plan the agent movement in a working scenario. We utilize the concept of simple temporal network and extend our ILP formulations
to model the velocity kinematic constraints. The mathematical formulations are implemented and tested using a GUROBI solver.
Computational results display the effectiveness of the approach.
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1. Introduction

Multi-robot path planning is a very widely studied research problem with applications in warehousing, mining,
computer games and manufacturing. A special case of MPP involves planning of robots on a search graph, the dis-
cretized environment aids the use of many classic graph techniques and algorithms for producing a feasible plan.

Various techniques in Discrete MPP such as decomposing roadmaps into subgraphs (stacks and cliques) [13], net-
work flow algorithms on graphs (roadmaps) [17], Push and Swap approach [10], M* [16], Tree based agent swapping
strategy [7], and other such techniques can be found in literature. In the current article, we discuss about robotic
agents with "Swing and Dock" (SaD) locomotion. The SaD locomotion was proposed for a reconfigurable fixturing
agents in an aerospace application (EU FP7 SwarmltFix) [19, 8, 9]. The SaD agents swing around discrete mounting
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Fig. 1: Swing and Dock agent

pins to realize displacements to reach adjacent positions. Hence, the SaD is inherently discrete. In previous work, we
implemented a planner based on temporal graph, where the agents’ centroids were abstracted to represent the nodes of
a graph, and all reachable adjacent centroids with respective pins from the current centroid as edges [14]. The edges
of the temporal graph were considered to be of unit weight, i.e. it takes unit time to rotate around a mounting pin
and dock in adjacent pin. Integer Linear Programming (ILP) formulations are used to model the temporal graph. The
planning model assumes all agents are homogeneous and execute synchronous motions. These assumptions do not
translate directly to an actual operational motion plan. SaD agents are constrained by the velocity with which agent
rotate, hence, we need to take into account the velocities to produce an accurate schedule and realistic time planner
for the agents.

In MPP literature, many researchers have addressed the planning based on velocities of the agents as a kinematic
constraint such as: generating continuous velocity profiles for multiple agents, identifying collision segments along in-
dividual paths of agents and then optimizing their velocities along the collision-free segments [11]; motion primitives
to obtain kinodynamic motion planning, where pre-computed primitives capture mobility constraints of the robot and
to establish a state sampling policy that is conducive to efficient search [12]; concept of Reciprocal Velocity Obstacle
for real-time multi-agent navigation [1]; MAPF-POST [4], a simple temporal network to postprocess the path plan of
a Multi-agent path finding solver; and many similar techniques are studied.

We adopt the methodologies proposed in [4], since before the postprocess technique, our prior ILP formulations
[14] produced very similar output to the path plan generated in [4]. Hence, we extend our ILP formulations to take
into account the velocity constraints of the SaD agents.

2. SWING AND DOCK

The SaD agents were developed to perform the role of mobile manipulators and to position themselves at discrete
points on a static bench. The locomotion was invented and patented [19] for a robotic fixture project (EU FP7 Swar-
mltFix). A detailed description regarding the design architecture is presented in [8] and its application in the domain
of material handling is discussed [15]. The discrete locomotion enables precise localization of the agents without the
need of extensive sensor networks. We provide a brief description of the characteristics of the locomotion to aid the
reader in comprehending the planning problem being tackled.

A fixed bench is mounted with electrical pins placed in an equilateral triangle lattice pattern, on which mobile
agents can dock as shown in Fig. 1a. The fixed base (Fig. 1b) acts as a passive sub-system by housing all the electrical
and pneumatic power sources. A SaD mobile agent is equipped with legs which enable the agent to dock on the
mounting pins (bench). The agents are connected to the base with at least one engaged pin. The current design [9] has
three mounting legs. The agents rotate around the mounting pins using a central harmonic drive as shown in Fig. 2b
with a central gear and a spur gear mechanism. To translocate from one position to another, the agent needs to retract
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Fig. 3: Locomotion methodology [8]

two legs from the mounting pins (using pneumatic drives), and rotate around the docked pin. The leg around which
rotation is made is clamped rigidly with the mounting pin.

The mounting pin, apart from acting as a clamp, provides the necessary electrical and pneumatic power to the
mobile agent. Every SaD agent is equipped with hardware such as pneumatic accumulators and actuators, and on-
board controllers to accurately control the mobile agents through Controller Area Networks (CAN) networks.

Agents are controlled through a central host which provides the higher level plan for all the agents, and is wire-
lessly communicated to the on-board computer. Hence, the mobile SaD agents operate in a cable free environment,
resembling a plug and play system.

3. Problem Definition

Prior work dealt with multi-agent path planning with multiple goals. Agents were required to visit their assigned
task goals in an ordered fashion by avoiding agent collision [14]. An extended temporal graph based apporach was
used, where Integer linear programming (ILP) formulations were used to generate the planning for the agents. The
objective of the formulations were to minimize the makespan, i.e., the total number of steps (individual rotations)
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Fig. 4: Graph G

required until the last robot reaches its goal [18] and also to minimize the number of moves made by each agent. The
ILP formulations were based on discretizing the planning time horizon, where each time step represented the amount
of time required by each agent to reach its adjacent position.

Thus, the MPP problem herein involves R > 1 agents, each with N, labelled goals, r = 1,...,R. We take into
account the following assumptions: task allocation is already done for all agents and hence an assignment of ordered
goals is available for each agent. This eases the planning as finding an optimal task allocation for the agents is NP-hard
[3]. Task locations for different agents are not necessarily distinct. This constraint arises within a practical material
handling scenario.

Finding even a feasible solution for the MPP is PSPACE-hard [5] even for a simplified two-dimensional case of
the problem. Hence, the objective of the formulations is obtaining only a near-optimal solution. In the current article,
we aim to address the kinematic constraints for the SaD agents. The kinematic constraints include provision of a
maximum and minimum velocity limits for each agent to rotate around its docked pin to reach adjacent docking pins.
To implement the kinematic constraints, we adapt the concept of applying a simple temporal network (STN) proposed
by [4] to extend the abstract plan generated by discrete MPP to a real world schedule plan for the multi-agents.

4. Problem Formulation

The bench has p pins in an equilateral triangular lattice with coordinates B = {By, By, -+, B}, B; = (xi, ). A
graph G = (V, E) is defined with nodes, V = {v;|i = 1,...,|V]|}, identifying the centroids of the triangles of the lattice,
i.e., the possible agent positions. A connecting edge, (v;,v;) € E, indicates the possibility to move between nodes
v; and v; using only one pivot, i.e., their triangles are adjacent (share a side or a vertex). The representation of SaD
agent on an equilateral triangle lattice bench is depicted in Fig. 1 & 4. Agents can reach adjacent positions by rotating
{60°,120°, 180°} clockwise and counter-clockwise around each docked leg. Hence, a 3-legged agent can have at-most
13 adjacent reachable positions including itself as shown in Fig. 4. All edges are considered to be of unit weight, this
is a valid assumption as undocking, rotating and docking are considered as an unit valid step in the graph G.

The adjacency list of the vertex v is Adj(v) C V, where v € V and w € Adj(v) iff connecting edge e = {(v, w)} € E.
Some adjacent nodes have two pins that can be used as pivots. One pin is selected at random during the decision to
pivot. The initial locations of SaD agents is an injective map a;: {1,--- ,R} — V, where R < |V|. Multiple task goals
are assumed for each agent. The network is based on a fixed discrete time horizon, T, creating T copies of the vertices
of G [18]. Fig. 5 shows a representation of the temporal graph. To achieve sequential visiting of destinations, the goal
set should be a unique list of nodes. The ordered list of tasks to be visited by agent ris W, = {w;, wy,--- ,wy }, w; € V.
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Fig. 5: Temporal graph

Obstacles are modeled as convex shaped objects and with a point in polygon test [6], we identify the nodes/centroids
inside the obstacles.

Two ILP formulations based on edges of a graph and vertices of a graph were proposed in [14] to solve the path
planning for the SaD multi-agents. It was observed that a vertex based formulation resulted in faster computation and
fewer failures in producing a feasible solution. In the vertex based formulations, x;, , binary variables are created with
size of O(|V|TR), where V is the number of centroids, 7 is the time horizon and R is the number of SaD agents in the
planning graph. Binary decision variable x;,, = 1, indicates the presence of agent » in node/centroid i at time step ¢.
The objective function is to minimize the makespan, where makespan is the number of steps required until last agent
reaches its goal. Based on [14], the objective function is defined by the Eq. 1.

Minimize fi = ) zT: Xisr (1)

i€V t=0

for some arbitrary agentr, 1 <r <R

We generate the near optimal solution for the path planning agents. The path plan generated for each agents r is
enlisted in 6,, where 6, = (i, j,- - , k), X5.00.r = 1,1 <r < R,0 <t < T. Following the methodologies developed in
[4] we construct the Temporal Plan graph (TPG).

We model the constraint equations to incorporate the velocities for the agents, we can take into account for each
agent r both its maximum velocity v (7) and minimum v,;,(7) rotational velocity. Since all agents were considered
to be point objects in [4], all vertices in TPG were elements of the original discretized graph. Whereas, in our scenario,
this assumption may lead to collision when two distinct centroids share the same mounting pin. Two different TPG
were constructed for our problem, one based on adjacent vertices and other based on mounting pins. TPG based on
adjacent vertices: we have a bijective map, Adj:0, <= J, and the other based on mounting pins: f : v < §., for some
v € V and ¢, is a tuple representing the unique list of mounting pins for each centroid. Hence, we model a modified
TPG, where G’ = (V’,E’) , where V' € V' and V' € §,.

Two edges are defined: Edge type I indicating movement of agents from one node to another ((6.(¢), 0,.(t+1)) € E)
and edge type II indicating precedence of agents to occupy specific nodes ((67,(') N 6.(1)) = 0 — (6,(),0-(t)) €
E’,where :r # r',t € [0,1len(d,)], " € [t + 1,1en(d,)],r € [1,R], " € [1,R]).

An illustrative example is shown in Fig. 6, where two agents move from their initial state to their goal state. Fig.
6 depicts the respective position of the agents and their occupied mounting pins on the graph G. Table. 1 shows the
centroids occupied by each agent during each time step. The TPG for this particular scenario is depicted in Fig. 7,
where the centroids are inside the red circle and their corresponding mounting pins are inside the bigger black circle.
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Fig. 6: Illustrative example of SaD agents’ movement. Red circle represents Agent I, black circle represents Agent II, dotted circle represents
intermediate positions of the agents, and solid circle represents initial and goal positions. Centroids and pins are numbered for depicting the nodes
in a TPG for this example

Table 1: Agent time plan sequence for illustrative example

Initial | Goal Sequence
Agent I 2 3 2-51->1-3
Agent II 11 4 11545556

Fig. 7: Temporal Plan graph (TPG) for illustrative example

It is very clear by observation, that edge type I are the horizontal arrows among nodes and other configuration arrows
depict edge type II. In Fig. 7, we establish relationship between which pins are available to be occupied by different
agents, hence mapping the centroid to its corresponding mounting pins. A similar TPG constructed based on mapping
centroids to their corresponding adjacency list resulted in far more edge type II. Hence, we map the centroids to their
respective docking pins rather than the adjacency based list to produce a feasible plan. In the centroid graph G in Fig.
4, it is observed that all edges have unit weight. In the TPG, we can model a more accurate constraint, where the
centroids based on the rotations require @ = {60°, 120°, 180°}. Therefore, the angle each agent has to rotate to move
from centroid i to j can be represented as Ang(i, j), where i, j € V. Apart from rotation, the agent has to engage its
pneumatically retractable legs onto the docking pins. We represent the time taken by agent r for this particular action
as te(r). All these assumptions enables us to compute a very precise time planner for the agents.

Time assignments are made on the vertices in the TPG which satisfy constraints of the edges. Continuous variables
vir € R with size of O(|T||R|) are created. During initial positions all agents are in a collision free state. The time
assignment is initiated for each agent as: yg, = 0,1 <r <R.
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The temporal plan graph is then converted into a simple temporal network (STN) based on the following constraints
on the TPG edges:

YL+, = Yo 2 Ang(é;(t +1), 5;(t))/vmin(r) + Lrew(7) 2

0<t<len(s,),1 <r<R

Yo+ — Yoo < Ang(o,(f + 1), 67.(1)) /Vinax(r) (3)

0<r<len(d,),1 <r<R

Yo, @) = Yoo 2 7 Vmin(r) + frete(r) Yr' £, (6.,()N6.() # 0 “)
0<t<len(s,),t+1<¢ <len(6),1 <r<R,1<r <R

Initial starting position of all agents are collision free. Number of idle moves have already been maximized by
declaring a separate objective function for the ILP formulations. We test the feasibility of the formulations via simu-
lation experiments in the following section.

5. SIMULATIONS

Simulations are performed on an Intel Xeon Dual Core Processor 2.0 Ghz 64-bit OS with 16.0 GB RAM, Windows
10. Mathematical models are implemented on Gurobi 8.0.0 with Python 2.7 as interface.

There are 52 pins in the actual SaD bench in the SwarmItFix prototype. To have a symmetrical grid for computation,
36 pins are considered, where the graph G has |V| = 36 vertices and |E| = 461 edges. For the given graph G, the
centroid graph G’ has |V’| = 49 and |E’| = 491 edges. Similar to the previous work, we generate the path plan for
SaD agents with the following combination: 5 agents and 1 goal state each, 4 agents and 2 goal states each, 3 agents
and 3 goal states each, and 2 agents and 4 goal states each. Agents are randomly initiated on the graphs with random
obstacles. Connectivity between initial and goal states is verified with the All Pair Shortest Path (APSP) matrix. If the
nodes are disconnected, the agents and obstacles are re-initiated until a connected graph is obtained. Makespan and
total distance moved by each agent is minimized with the formulations. By minimizing the total distance, we increase
the idling of agents in a particular configuration. Agent idling in the same configuration leads to lesser number of
vertices in the TPG graph.

Based on the formulation described in the earlier section we create the TPG and STN. The STN is then converted
to an equivalent distance graph. We detect negative cycles in the distance graph, since absence of negative cost cycles
in the distance graph is equivalent to the existence of a schedule that satisfies all simple temporal constraints [2].

R len(d,)
Minimize f; = Z Z VoL (®)]
r=1 =0

We detect negative cycles in the graph using Bellman-Ford algorithm. The constraints are implemented in GUROBI
solver. Similar to our prior work, we minimize the makespan time for the STN using Eq. 5. The constraints defined in
the previous section aids to convert the STN to a Linear Programming problem.

Since, the number of agents for a practical working scenario is small and the time horizon is in the size of 10
time steps to 15 time steps, the time plan converged to a feasible solution on an average of 15-30 seconds for the
experiments. This observation also suggests that for a bigger bench size, the computation time required may not
exceed a few minutes. The plan obtained can be conveniently transfered to the controller for real time execution of
the SaD agents.
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6. Conclusion and Future Work

A multi-agent system with Swing and Dock locomotion required a more efficient time planner to be applicable with
the hardware systems. We extend the discrete path plan generated by the Integer Linear Programming formulations to
include velocity constraints of the agents. We utilize the concept of Simple Temporal Network to model the required
constraints. We minimize the makespan of all agents before they reach their respective goals. We run simulation
experiments in an ILP solver to test the effectiveness of the formulations. We observed the ILP solver was able to
produce optimal solutions within seconds of initiation. These experiments can avoid expensive reformulation of the
path plan, when feasible planning is not obtained during execution of the SaD agents in the real world scenario.
Experimental results of the implementation of the formulations on the test workbench will be reported in future
communications.
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