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Abstract—This paper describes innovative sensing technolo-
gies and control techniques, that aim at improving the perfor-
mance of groups of Automated Guided Vehicles (AGVs) used
for logistics operations in industrial environments. We explicitly
consider the situation where the environment is shared among
AGVs, manually driven vehicles, and human operators. In this
situation, safety is a major issue, that needs always to be
guaranteed, while still maximizing the ef ciency of the system.
This paper describes some of the main achievements of the PAN-
Robots European project.

Fig. 1: Automated warehouse with AGVs

I. INTRODUCTION

Goods production ow in manufacturing plants have been

largely and deeply automated in the last decades, in order In this paper we analyz_e tephnologies developed with the
to mainly reduce costs and avoid unsafe work conditionPUrPose of enhancing the diffusion of AGV systems for factor

Manufacturing plants often need warehouses for raw mégeria'09iStics [2], [3]. AGV systems have been extensively stddi
n the literature: a comprehensive survey is presented [4],

and nal products at the beginning and at the end of the h h d ibe th X hnolodi q d f
production line. Despite the automation of productionjdigs ~ Wnere authors describe the main technologies adopted for
is still marginally automated and till now requires manual localization and guidance of AGVs in industrial environrtgen

operations performed by human workers and hand-operate-Bhe work in [5] describes the use of multiple AGVs for

forklifts. Therefore logistics which is not fully integed in  coOPerative transportation of huge and heavy loads.

manufacturing processes arouses inef ciencies togethitr w Generally speaking, AGV systems are used for autom-
high risky working conditions for workers [1]. Factory lafics  atizing the ‘movement of goods among different locations
is crucial for the overall production ow and its weaknessesin an industrial environment [6], [7]. Typically, an AGV is
affect the production ef ciency and the quality of goods de-exploited for picking up a pallet of goods from the end of an
livery, expecially in terms of product traceability. Bettiecks  5ytomated production line, and bring it to the warehouse, or
and problems in warehouse logistics heavily impact on fgcto from the warehouse to the shipment. Each movement operation
competitiveness on market. is generally referred to as mission The AGV system is
handled by a centralized controller, usually referred to as

Warehousing in factories of the future can rely on Auto- S
mated Guided Vehicles (AGVs) and integrated systems for th¥/arehouse Management System (WMS), that is in charge of
assigning each mission to be completed to a speci c AGV.

complete handling of logistic operations (Fig 1). Nowadays
these autonomous systems have a market share of about few when dealing with a single AGV, several strategies can

thousands vehicles sold every year and they are not stile exploited for single-robot path planning (see e.g. [8]).
ready to be widespread in manufacturing plants. In facttgafe Conversely, when multiple AGVs share the same environment,
efciency and plant installation costs are still open perbs  coordination strategies need to be adopted in order to ogetim
and technologies are not mature enough to fully support ghe trafc. Typically, the central controller is in chargef o
pervasive diffusion of AGVs. Therefore, innovations to eedb coordinating the motion of the AGVs [9]-[13]. In order to
weaknesses of AGVs and automated warehouse systems Wdimplify the coordination, and to enhance safety of operati
boost capabilities of these logistic solutions bringin@rth  AGVs are often constrained to move along a prede ned set of

toward a pervasive diffusion in modern factories. roads, referred to amadmap(Fig. 2).
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- instance, the frequent case of mono-directional roadshib t
case, if an alternative path can not be found on the roadmap,
the AGV gets stuck, until the obstacle has been removed.

|

T IU B Two main reasons can be found that prevent from applying
CL -~ , . % 7 . advanced control strategies, that would heavily increhse t
{ L T N7 Ge=e %ﬁ S8 performance of the system.

nkineny [T

NAAR I First of all, commonly adopted sensing devices are repre-
[ HH sented by laser scanners, mounted on board each AGV. While

these devices are very effective in guaranteeing safegy; th

_ 1% i are not suitable for obtaining a reliable classi cation bkt

: / Pttt acquired object. In particular, it is not possible to digtirsh
between humans and other kind of obstacles. This is very
; Y ] I relevant because humans act in an unpredictable manner:
Flad » - therefore, for safety reasons, it is not possible to assume a
knowledge about the intentions of the humans themselves.
Hence, if a human is within the sensing range of an AGYV,
the only safe procedure is to avoid any movement. Conversely
static obstacles could be easily overcome, without having a
negative impact on the overall safety of the system. However
the impossibility of reliably distinguishing between humsa
and other kind of obstacles prevents from the implementatio
of this kind of advanced control techniques.

f h h
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Fig. 2: Portion of the roadmap of a plant

The second aspects is related to the fact that sensor
systems installed on board each AGV are not able to ac-
quire global information about the surrounding environtnen
Roughly speaking, they can nlmiok around cornersHence,
when approaching an intersection, it is necessary for th& AG
to slow down, in order to ensure safety in the presence of
unexpected moving objects (or humans).

As a motivating example, consider the scenario of Fig. 4,
where, in the presence of multiple objects, as well as padest
ans, an AGV is traveling on the path represented by the green
dashed line. Based only on local sensing, the AGV is able of

to guarantee a safe behavior in response to unpredictab T ] 3
situations. L - y
Fig. 4: Multiple-objects scenario with an AGV ready to fallo

On the same lines, while roadmaps are a very effectivéhe prede ned road represented by the green dashed line
manner of reducing the computational resources needed for

traf c management, constraining the motion of the AGVs on

a nite set of roads severely reduces the exibility of the identifying a limited portion of the objects in its neighboiod
system. In particular, this reduced exibility clearly affts (yellow area in Fig. 5). Therefore, the computation of local
the performance of the system in the presence of unforeseateviation from the roadmap (blue line in Figs. 6 and 7)
obstacles. In fact, if an obstacle suddenly appears in fobnt relies only on the list of obstacles detected by the on-board
an AGV, it is necessary to re-plan the AGV's path, in orderperception system. As represented in Fig. 8, local sensing
to avoid collisions with the obstacle. If AGVs are constemin  does not provide a suf cient amount of information to safely
on the roadmap, re-planning means nding an alternativé patperform local deviation maneuvers: following the obtained
on the roadmap, which is not always feasible: consider, fomaneuver, without considering the presence of safety sgnso
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Fig. 5: Local sensing capabilities: the on-board percepiso  Fig. 7: Computation of local deviation (blue line) from the
limited to the vehicle surrounding area (yellow region) predetermined roadmap (green dashed line) relying only on

local sensing capabilities
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Fig. 6: Computation of local deviation (blue line) from the - — -
predeterm_ined road_rr):_:\p (green dashed line) relying only ofig. 8: Obstacle collision in the computation of local déigia
local sensing capabilities exploiting local sensing

the AGV crashes with a previously occluded obstacle, nofnounted on the top of the AGV. Implementation details can
directly visible by the on-board perception system duringpe found in [14].

the computation of the local deviation (Fig. 5). Conversely

exploiting a centralized cloud service that provides globa On board sensors are complemented by additional sensing
information about the environment (Fig. 9), obtained intégs ~ Systems installed on the infrastructure. The idea is smtda
data acquired by different perception systems, as well as ththe use of hemispherical mirrors mounted above the intersec
on-board and the infrastructure ones, local deviation mane tions, that are used by the workerslémk around the corners
vers can be performed in a safe and ef cient manner.

IIl. A DVANCED SENSING SYSTEMS AND CENTRALIZED
DATA FUSION

In order to overcome the criticalities highlighted in Sec
tion I, an advanced sensing system is proposed to enhan
the performance of the AGV system.

The sensing system is composed of two main elements: ¢
board sensors, and infrastructure sensors.

In order to complement safety laser scanners, it is useft g g
to equip each AGV with a reliable environment perception : = ‘ g
system, capable of monitor the entiB60 region around . L “
the vehicle. In particular, the on board perception system i. T ] _ \\ /
composed by multiple laser scanner, positioned around th - ; ’ B
AGV, together with an omnidirectional stereo vision system Fig. 9: Global Live View perception capabilities
consisting of two omnidirectional lenses and two cameras



(Fig. 10). Therefore, an effective solution for monitorin§f  generated. This output is shared with the AGV eet in order
to improve their local on-board navigation capabilitiesdan
support safe operation.

It is important to guarantee consistency with respect to
the real world: each virtual object represented in the map
must have a correspondence to a real object of the world.
Therefore, the Global Live View performs data fusion to neerg
data acquired from the different sensors, reducing inftiona
redundancy and verifying the presence of data inconsigtenc
and ambiguity.

Fig. 10: Hemispherical mirror mounted above an intersectio  Data fusion is a very well known problem, that has been
extensively studied in the literature. However, it is wantting
that typical solutions consist in the fusion fw level data
the black spots consists in the installation of laser scanoe (images, 3D point clouds, laser raw data). This is howevér no
speci ¢ locations in the environment, as detailed in [15].  practical for the application we are considering: in fact; f
ach obstacle candidate, we assume to process medium level

Thus, different sensing systems simultaneously acquir " . ; ; ;
data, that need to be made available to the AGV contro eatures (ID, age, position, orientation, velocity andspiand

system, that will include sensing data into the planning ang"9" |evel features (class and classi cation quality) irder
control strategy. A centralized System is then introducegt© optimize the data transmission time and reduce the n&twor
that is in charge of receiving data from different Sourcespverhead.Therefore, We propose a two level mgthodology, th
opportunely merging them, and making them available foHmplements, separately, medium level and decision level da
the AGV control system. This centralized system de nes afusmn.

Global Live Viewof the environment, that contains constantly

updated information regarding all the entities that pofguthe  A. Medium level

industrial environment [16]. The described system archite

is represented in Fig. 11. In particular, tp&ant exploration
systenprovides a static three-dimensional map of the environ
ment, that describe all the static infrastructural elemédatg. .
rack, walls, doors, etc.) [L7]. Converselyfrastructureandon by the on-board and infrastructure systems, as well as the

board sensorperceive dynamic objects: in particular, those €/€ments inside the static map of the environment.
systems provide object detection, tracking and classiorat Thus, from a medium level point of view we introduce a
capabilities. Thus, in the proposed architecture, thermédion  heuristic based on the evaluation of the obstacles ocayti
about the obstacles in the scene may be provided by severglea: the principal steps of this solution are represemnted i
sources, involving the possibility of data redundancyomc  Fig. 12. Starting from the bounding boxes delimiting the ob-
sistency, ambiguity, noise, and incompleteness. To oveeco stacles detected by the source sensors, the algorithmdeossi
this problem, the Global Live View is introduced, as a modulegneir positions, orientations and occupational overlagjn or-
that collects all data acquired by the sensors and combingser to reconstruct a 2D/3D map containing the set of blobs cor
them in a unique and complete representation of the overafasponding to the region covered by each candidate. Irttegra
system, including the static and dynamic entities thatregitle  the information about the velocities and directions estida
it. In particular, the Global Live View allows to achieving for each tracked obstacle, it is possible to discriminateragn
higher quality information, providing a global updated mapstatic and dynamic obstacles. Then, split and merge tegbsig
representing the static entities (the 3D map of the plantj1g] are utilized to resolve conicts in the discrimination
the roadmap), the dynamic entities (the current positioh anpetween blobs that may represent different views of the same
velocity of the AGVs, the position and velocity of currently opject or, alternatively, separated elements. The inftiona
identi ed objects), the congestion zones and the statufi®f t representing the fused obstacles is then integrated inca gri
monitored intersections. map on which free space and unknown regions are modeled,
Generally speaking, the information acquired by the infras SUPPOrting the implementation of path planning and naiagat
tructure and on-board perception systems consists ofedack functions (details will be provided in Section IV).
and classi ed objects, identi ed with a unique ID. In detalil
data regarding each object are: B. High level

In the described architecture, dealing data fusion at rmediu
level means processing the object measurements (ID, agie, po
tion, orientation, velocity and size) estimated with utaieity

Position, orientation, velocity, size. The choice of the data fusion strategies for the implemen-
L . tation of the Global Live View can be considered, from an
Class of the_ Obje.CtS' h“”_‘a”- _manual forklift, AGV, high level point of view, as a classi er combination problem
other dynamic object, static object. According to this problem formulation, the static 3D map
An assessment regarding the quality and reliability ofof the environment, the on-board sensor systems and the
the classi cation. infrastructure perception systems represent a set ofi €ess
that, given an input pattern, provide an output score foheac
The Global Live View is then updated with the information possible class of the system (human, manual forklift, AGYV,
acquired during the operation ardreal-time global mags  other dynamic object, static object). This value represent
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Fig. 11: The general system architecture, designed foraolestlata detection, tracking, classi cation and fusion.

con dence measure for the class to be the correct class éor threpresented bAGVs It is worth remarking that the objective
input pattern. is that of increasing the overall efciency of the system:
therefore, this implies reducing the overall completioméi

Several methods can be found in the literature for solvingfor all the missions

the problem of classi er combination at measurement legel (

type Il [19]). Among these methods, we propose to exploit  Therefore, the cost for assigning each AGV to a particular
simple aggregation scheme$ measurement level, like sum- mission should be proportional to the time spent by that AGV
rule, product-rule, average-rule and max rule: despitér the to complete that mission. Currently utilized solutionssiate
simplicity, these elementary combination rules competéh wi this idea de ning the cost as a quantity that is proporticiaal
the more sophisticated combination methods, as highlightethe distance between each AGV and each mission location. In
in [20]. Moreover, these methodologies are well suited forfact, assuming constant speed, travel distance is propattto

real time implementation, which is mandatory in this kind of completion time. However, this assumption is unrealidic,

application. multi AGV systems in shared industrial environments. Irt,fac
the presence of unforeseen obstacles, as well as the peesenc
IV. ADVANCED NAVIGATION STRATEGIES of traf ¢ jams, can signi cantly slow down AGVs: this leads

to the fact that the completion time is no longer proportiona

The presence of a constantly updated centralized systefq ihe travel distance.

that collects information about all the objects in the indus

trial environment, makes it possible to implement advanced The coordination of the AGVs along the roadmap can
techniques for optimizing the navigation performance & th be performed exploiting the strategy presented in [21]. In
AGVs. particular, this coordination strategy consists of a highizal
control architecture composed by two layers. The highezllev

h AGV. and sub v ol i1 th th 1o be t | erforms the coordination over macro-areas of the environ-
eac » and subsequently planning the path 1o be travele ent, calledsectors while the lower level considers the

for mission completion, in an optimized manner. The propose ., jination within each sector. A portion of the roadmap

mission assignment methodology consists in exploiting thedivided into sectors is depicted in Fig. 13
Hungarian Algorithm that, as is well known, represents the T

optimal algorithm for solving the assignment problem. Gen- Based on the hierarchical division of the roadmap, it is
erally speaking, the Hungarian Algorithm solves the proble possible to introduce a de nition of traf c model that takes
of assigning a certain number attivitiesto a certain number into account both the number of vehicles and the presence of
of agents This assignment is based on a matrix of weights,obstacles within each sector. Mission assignment and motio
whose elemen(i;j ) corresponds to the cost of assigning thecoordination is then performed taking into account an oppor

j -th activity to thei-th agent. The optimal assignment obtainedtunely weighted roadmap.

after applying the Hungarian Algorithm has the minimum kota
cost among all possible choices.

In particular, the problem is that of assigning missions to

Global knowledge of the obstacles in the environment
makes it possible to implement, in a safe manner, obstacle
In the scenario considered in this papextivities are  avoidance maneuvers. In particular, exploiting the sipate

represented bynissionsto be accomplished, anagentsare introduced in [22], it is possible to compute local deviato



Fig. 13: Portion of a roadmap divided into sectors

Guarantees that, once the obstacle has been passed,
the AGV returns on the roadmap, thus carrying on
the original path plan and ful lling its objective.

A simple but insightful example is represented in Fig. 14. In
particular, Fig. 14a represents a ring-like portion of roagp,
where some obstacles (blue rectangles in the picture) are
placed to interfere with the motion of the AGVs (an AGV
is represented in the picture with a red rectangle).

Based on the obstacles' positions, and on the charactaristi
of the roadmap, opportune deviations are computed, based on
the proposed algorithm. Fig. 14b shows the results obtdimed
the proposed example: red lines represent the local dewiati
paths. As expected, feasible paths are computed, since a
suf cient amount of free space is always available.

V. CONCLUSIONS

Advanced sensing technologies, together with centralized
data fusion systems, represent a very effective tool for im-
proving the ef ciency of multi AGV systems that share the
environment with human operators, where safety is a primary
issue. Despite the availability of several technologicédlitons
that exhibit good performance in laboratory environment, a
signi cant effort is necessary to bring those technologies
to real working environments. The results obtained within
PAN-Robots project represent a signi cant step towards thi
direction, bringing together researchers from the academd
from the industries, to develop reliable solutions anddatk
them in real factory environments.

Fig. 12: Principal steps of the heuristic for the Global Live
View implementation.

from the roadmap. These deviations are computed locally Real world implementation and validation, performed in
by each AGV, relying on information acquired by means ofcooperation with industries, represents a fundamentag-mil
on board sensors, complemented by the a global centralizestone towards the de nition of new safety and technological
knowledge of the environment. Local deviations from theregulations and standards, that take into account statieeef
roadmap are exploited by the AGVs for avoiding collisiontwit art technologies. The de nition of regulations and staddar
obstacles, while still moving towards their goal. In partar,  will lead to the possibility of massive deployment of advedic
the proposed algorithm: sensing solutions in industrial environments.
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