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1 Introduction

Collaborative mobile robots are being adopted widely in distribution centres and
factories to increase efficiency and reduce operating costs [1]. Models indicate
they are most beneficial to e-commerce pick-pack-and-ship warehouses where the
existing pick density is low [10]. In this situation, adding a number of automated
trolleys to ferry items back to the packing station can reduce the time pickers
spend walking backwards and forwards, freeing them up to pick more items.

A roadmap-based mobile robot system is frequently used in material han-
dling, although recently more advanced vehicles are able to take on more of the
decision making, and in some cases plan their motion without supervision mak-
ing them Autonomous Mobile Robots (AMR) [7]. The fleet operator is likely to
desire the most items transported in a set time, given a fixed amount of floor
space. This leads to a key objective of maximum throughput for the whole site
or equivalently minimum makespan [8].

A fully decentralized and complete solution for controlling a fleet of au-
tonomous mobile robots, not restricted to guide paths is given by Draganjac
et al [4]. Planning is divided into a topological layer and a more detailed private
zone, a dense lattice of smooth radial polynomial paths. Live-locks are avoided
as topological plans are fixed so AMR continue along the shortest topological
path. Conflicts are handled in the lower layer with prioritized local negotiations
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Fig. 1. Possible logical division of Fleet Control tasks

in private zones. The two layers address the Routing and Conflict Resolution
components of the overall fleet control problem shown in Figure 1. Deadlocks
are ruled out as each local zone contains an avoidance state reachable within one
move. There is also an explicit circular-wait detection procedure within the pub-
lished algorithm. Results for 50 vehicles in simulation demonstrate the scalability
of this approach, where a centralized algorithm might require many seconds to
compute a set of safe trajectories for 10 vehicles.

One drawback of decentralized methods comes from the time spent negotiat-
ing at each intersection. Experiments show an average negotiation time of several
seconds, and the number of conflicts increase with the number of vehicles [4]. Re-
ducing the number of negotiations is the motivation for the intersection control
based solution described by Digani et al [3]. The test environment used fixed
guide paths, but modern AMR resemble autonomous vehicles which may one
day operate on public roads, for which Autonomous Intersection Management
has been well studied.

With roadmap-reservation based collision avoidance, the following vehicle
must wait until the leader has completely vacated a private zone before the
follower may progress. This behaviour is convenient because it extends safely to
crossing traffic without modification. The concept is simple and offers flexibility
as the size of the private zone can be tuned to achieve closer spacing where
desired, for example in [11] there are two zone sizes depending on whether the
direction of travel is the same or not. This is a good approximation to car-
following, and notable for its decentralized design too. A follow up study to
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investigate the added messaging overhead and potential for negotiation delay,
notwithstanding, this solution could offer throughput advantages.

Autonomous Intersection Management (AIM) for near future Connected and
Autonomous Road Vehicles (CARVs) offers an alternative vision for multi-vehicle
collision avoidance, possibly suitable for recent AMR with a high level of auton-
omy. A recent review is given by Zhong et al [14]. Car-following conflicts are
sometimes explicitly excluded such as [13]. Here, CARVs are assumed to main-
tain a safe headway using their own sensors, perhaps in a similar way to the
Adaptive Cruise Control assistance feature available in many production vehi-
cles. This assumption may be prove correct for CARVs on future public roads,
but is an important issue for state-of-the-art AMR, where the impact of inter-
actions between vehicles must be considered to ensure safe motion across an
intersection. For example, even a smart AMR able to overtake on its own may
still take longer to arrive, traverse a different path as a result. In some cases
overtaking will be impossible due to opposing traffic or vary narrow aisles, so it
is a constraint on the AIM problem which needs to be taking into account.

Zhong et al [14] includes a summary table of AIM approaches, which indicates
that little attention has been given to the corridor coordination layer. One of the
few works addressing interactions between intersection zones is [6] which uses a
3-layer hierarchy where the manager of each intersection sends the average traffic
density to its neighbours, chooses speeds within its zone of influence to minimize
deviation from average road velocity, subject to the constraint that conflicts are
avoided in the single zone spanning the intersection. Another is Wang et al which
investigates six linked intersections in a grid [12].

A messaging interface for AIM which permits speed optimization is intro-
duced in [9] for an isolated intersection. The interface for quadratic program-
ming formulation for industrial robots described by Digani et al [3] is similar.
In this work multiple intersection zones are coupled to span the entire roadmap.
Every place where two lanes intersect in the roadmap is identified and nearby
elementary conflicts are collected into an conflict zone. The intersection man-
ager for one zone only has authority over approaching vehicles, those within the
intersection and departing can no longer be controlled, but their state is used as
a constraint on the following vehicles.

A vehicle departing one intersection is by definition approaching the next one,
and new speed instructions should be received as soon as communication with
the next Intersection Manager can be established. As the speed of a departing
vehicle is set by the next Intersection Manager, and the position of that vehicle
forms a constraint on the solution to the speed of approaching vehicles computed
by the previous intersection it could be argued that car-following behaviour is
the fundamental mechanism for coupling intersection zones. Car-following in [3]
is based on roadmap reservation, reflecting the state of practice in industrial
robotics. This leads to constraints that one vehicle cannot enter a roadmap
segment, until the preceding one has departed. Provided the segments chosen
are long enough, this provides guaranteed safe behaviour. In many cases it will be
overly conservative, especially when one vehicle is following another at a similar
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speed. As both are in motion, in the same direction they can follow each other
much closer than the braking distance either vehicle would need to stop for a
stationary obstacle.

Other works have investigated the car-following behaviour [2] using the RPA
model, which accounts for vehicle dynamic limitations. Only an isolated inter-
section is modelled, but if it were used for Corridor Co-ordination it should be
less conservative than roadmap reservation. The guarantees of correct behaviour
need to be considered carefully as they could break down in some situations,
such as those examined by [5].

Using AIM to guarantee intersection safety, there is an opportunity to im-
prove throughput by following more closely. The remaining research questions
of interest to improve decentralized control of mobile robot fleets are:
1. What are the performance implications of a conflict avoidance scheme based
on platooning and AIM?
2. What are the implications for Stability/Correctness if corridor coordination
is used to extend this across a whole site?
3. What is the impact on makespan in high traffic?

2 Method

As the conflict resolution is a safety critical function of an AGV fleet we need high
confidence that it will perform correctly in all foreseeable situations, in addition
to any performance improvement before it is worth testing with hardware in the
loop. The Robot Operating System library and associated Gazebo rigid body
dynamic simulator are open source tools specifically designed to reduce the gap
between numerical simulation and hardware tests. There is also a wide variety
of open source software components which represent the state of practice and
in some cases the state of the art. We have identified several combinations of
packages which would be sufficient to control a fleet of 50 AMR in a dynamic
simulation of a warehouse environment, to complete a list of 500 movement
tasks in a fixed order. There were several possible combinations as shown in
Figure 2. The tasks consist of a pick location and a drop location within the
roadmap, which is known a priori. Each task can be be completed by any AMR.
The load capacity is one unit, and all items take up one unit space, so there
is no opportunity for tour planning, carrying out multiple picks before a drop.
All AMR begin in random locations, in the empty state and never leave the
simulation at any time.

3 Concluding Remarks and Further Work
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