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application with navigation using laser scanners and ceiling
details and with pallet recognition. It navigates along static
paths, like traditional AGVs with beacons, but does not require
additional infrastructure like beacons or wires in the floor.
There is a very similar commercial autonomous forklift truck
system available from Siemens that also navigates using laser
scanner and ceiling details. It uses manual “teach-in”, i.e. a
driver guides the vehicle once and then the vehicle follows
this path. Another forklift AGV system is the warehouse
transportation system described in [1]. The system comprises
an automated forklift equipped with two laser scanners at
the front and the rear that allow for 360◦ range scanning
in 2D. The authors consider the problem of optimal location
assignment in dynamic warehouses and navigation along static
paths. The laser scanners are utilized for mobile robot self-
localization, pallet detection, and obstacle avoidance.

A recent project that, like the MALTA project, aims at going
well beyond the current Automated Guided Vehicle (AGV)
systems is the autonomous forklift project Robo-Forklift at
MIT [2]. The Robo-Forklift project, however, has a slightly
different focus than the MALTA project: it is directed at a
military application scenario (the project can be motivated by
saving lives in war and not by efficiency arguments); it looks
at voice communication; and it focuses on situation awareness
with image input, using a lot of computing power.

The MALTA project focus is on operating in dynamic
environments with both humans and other trucks, some manual
and some autonomous (see section II for a description of the
targeted working environment), and on research problems that
are essential to reach a civilian implementation in the near
future.

This paper is organized as follows. In section II, we give a
description of the working environment. Section III is devoted
to presenting the system. Next, section IV describes our
simulation tool. Section V summarizes our first test cases, and
section VI includes a discussion of the open research issues.

II. THE ENVIRONMENT

As stated above, one of the targeted application environ-
ments of the MALTA project are paper production facilities
and warehousing terminals. Figure 1 shows few pictures of the
targeted working environments. For instance, the first picture
is of a warehousing terminal where paper reels are temporarily
stored before they are transported to customer sites using cargo
trains and lorries. Please note the cylindrical shape of the pillar
support shown in the bottom picture, which can be mistakenly
detected as a paper reel. This is one of the challenges to the
onboard perceptual system.

The warehouse environment is characterized by the presence
of manually driven trucks fitted with clamps used to load and
unload paper reels. The handled paper reels can weigh up to
5000 kg and have a diameter in the range of 950 - 800mm
and a height in the range of 550 - 2800mm. They are covered
with a protection paper/plastic and have printed labels that can
be read with a bar code reader.

The environment includes also lorries used to transport
paper reels from the paper mill to the terminal. When lorries

arrive at the warehouse, clamp-fitted trucks are assigned to
unload their cargo in predefined areas of the terminal. The
paper reels are unloaded either on the floor or on top of other
reels. The clamp-fitted trucks are also assigned to loading
containers, lorry trailers, and wagons of cargo trains. The
activities of loading/unloading are performed in parallel, which
makes the environment highly dynamic.

III. SYSTEM DESCRIPTION

The autonomous system that we are currently developing is
based on a modified Linde H 50 D diesel forklift truck that has
a load capacity of 5000 kg (see figure 2). The standard version
of the truck was modified by shortening the mast and replacing
the forks with a clamp. The truck was retrofitted with an off-
the-shelf AGV control system developed by Danaher Motion.
The AGV control system comprises a set of hardware and
software components (PC, IO modules, field bus controller,
rotating laser ranger, etc.). The control system interfaces the
actuators and sensors of the truck through the already built-in
local CAN network. To detect paper reels and obstacles, two
extra SICK laser rangers were incorporated into the truck (see
figure 2).

The modules of the system are shown in figure 3, and they
are described in the following subsections.

A. The AGV Controller

The task of the AGV controller is to provide traditional
AGV functionalities. Basically, the controller comprises a
set of hardware components that include an onboard PC
running Linux and a set of Input/Output modules used as
interfaces to control the truck. Communication between the
different components of the controller is implemented using
the CanOpen protocol.

The main functionality of the AGV controller is to navigate
the truck from an initial location to a goal location. To do
so, an operator defines and uploads a layout of drivable paths
specified as collection of line segments and Bsplines. The con-
troller achieves navigation tasks by following an appropriate
path. The position of the truck can be tracked using a spinning
laser (installed on the top of the truck) and reflective markers
installed in the environment. To allow for dynamic navigation,
the system also accepts runtime trajectories specified as B-
splines.

B. External Module

The second module of the autonomous system includes two
main components: perception and navigation. The main aim
of the perception component is the detection and tracking of
paper reels, while the navigation component aims at generating
runtime trajectories needed to achieve tasks of loading and
unloading of paper reels. The trajectories are represented by
cubic Bsplines and they are executed by the AGV controller.
The navigation component will also be responsible for en-
suring safe motion, i.e., obstacle detection and avoidance. The
functionalities of both components are implemented as a set of
Player drivers [4] that run on an external PC. Communication
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Concrete pillar support

Paper reels

Fig. 1. A warehouse of paper reels. Top) Stacked paper reels waiting to be
loaded. Middle) A lorry to be uloaded in the warehouse terminal. Bottom) A
concrete pillar that has the same cylindrical appearance as a paper reel.

Encoders SICK S3000

SICK S300AGV Controller

Reflector based Localization Laser

Fig. 2. The industrial truck used in the MALTA project. The truck is
retrofitted with an AGV controller and a reflector-based localization laser
for guidance purposes. Two Sick lasers are also added to the truck for the
purposes of reel detection and safe navigation.
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Fig. 3. The modules of the MALTA autonomous system organized into
two separate modules that are connected through WLAN. The first module
includes the AGV controller that implements a traditional AGV functionalities
(navigation using reflective markers). The AGV controller is connected to
the CAN network of the vehicle. The second module includes two main
components: perception and Navigation. The aim of these two components is
to provide autonomous functionalities for detecting paper reels and genearting
dynamic navigation paths.

between the onboard PC of the AGV controller and the
external PC is implemented by a set of TCP/IP protocols using
a wireless radio network.

Paper reel detection: Laser range data (coming from the
SICK S300 laser) was used for finding the position and diam-
eter of the paper reels as circles. The reels in the warehouse
are always standing up. The method used to detect paper reels
is based on Taubins work for fitting a circle to data points [13].
To extract the data points, laser range scans are processed as
follows. First, range scans are divided into segments, if the
distance between two consecutive scan points is larger than a
predefined threshold. The circle fitting algorithm is applied for
each extracted segment to obtain reel position and diameter.
Finally, all paper reels that have a diameter falling outside a
predefined interval of acceptable reel diameters
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Fig. 4. Paper reels detected by Taubins circle fit method (black). True paper
reel positions from AGV control system (red). The range laser also detect the
truck paper reel clamps (left bottom).

are rejected.
Figure 4 shows an example situation where paper reels

are detected by the perception system. Black circles represent
estimated reels from the laser data, while red circles represent
ground truth reels that have different vertical positions. For
instance, reel number two, from the right, is placed on a high
stack of pallets, which resulted in the laser scanner to see the
pallets instead of the reel. On the other hand, reel number
four, from the right, is not detected, because the clamp was
obstruction the laser ranger from getting a sufficient number of
scan points of the reel. The laser readings shown in the bottom
left corner of the figure represent the obstructing clamp.

Paper reel tracking: To estimate the reel position in a global
coordinate frame, the global pose estimate of the truck, which
is provided with the reflector-based laser localization system,
is combined with the paper reel detection method. Essentially,
the tracker keeps a global map of detected paper reels, such
that the global position of each paper reel is updated using a
Kalman Filter.

The data association process, i.e., establishing the corre-
spondence between sensed reels and the reels in the global
map, is performed using the Euclidean distance to associate
the closest reel in the map with the sensed one unless the
distance is greater than a threshold. If no corresponding reel
in the global map is found, a new paper reel is added to the
map. To improve the position estimate of the reels, especially
when the truck is turning quickly, the truck pose estimate is
interpolated using the time stamp of both the laser and the
localization readings. To avoid to track/update reels that are
outside of the loading/unloading area, reels that fall outside
this region are simply neglected.

IV. SIMULATOR/VISUALIZATION TOOLS

For development and debugging purposes of the au-
tonomous vehicle system, without the necessity of using a
six ton truck, a 3D simulator has been developed (see figure

Fig. 5. A snapshot of a simulation of a Linde truck picking up a paper reel
in the context of the MALTA project settings.

5). The simulator is based on the Gazebo, which is part of
the Player project [4]. To replicate the navigation interface
of the onboard AGV control system, we have implemented
a driver to follow trajectories specified as B-splines. The
simulated truck is also equipped with a clamp that can be used
programmatically to load and unload simulated paper reels.
We also developed a client interface to visualize the working
environment of the vehicle as well as the raw and processed
data (perception information).

V. TEST CASES

The autonomous vehicle system described in this paper
builds upon different commercially-available subsystems. The
first conducted step was the integration of a modified forklift
truck and an AGV control system to create an automated
vehicle. Therefore, the first tests were aimed at verifying
the correct and reliable operation of the integrated AGV
system. The second series of tests aimed at the evaluation
of the perception component using off-line data, while the
objective of the last series of tests was the verification of the
functionalities of the entire system.

AGV Verification Tests

The integrated AGV system performs navigation by follow-
ing predefined static paths. This means that to pick up a paper
reel, the position of the reel and its size together with a path
segment leading to it have to be known in advance. In this
tests, paper reels were successfully loaded and unloaded from
10 different fixed positions with different elevations. The tests
were repeated several times over a period of 4 months.

Evaluation of the Perception Component

While performing the previous AGV verification tests,
data from the laser range-finder and AGV reflector-based
localization was logged for the purpose of evaluating the
reel detection and tracking component. Using the predefined
positions as ground truth, the obtained results on the logged
data showed that the estimated absolute reel-position error
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(for the 10 different positions) was 0.027m with a standard
deviation σ = 0.013m. This was achieved by combining
measurements using a Kalman filter for each of the ten reel
poses. Only measurements performed at a distance less than
8m were considered. It is worth mentioning that the results
are dependent on the AGV’s positioning accuracy. Please note
that the error in reel position (which, in our case, is less than
2% of reel diameter) is taken care of when opening the clamp
to pick up reels.

Evaluation of the Entire System

The goal of these tests was to evaluate the extended capa-
bilities of the original AGV system with runtime perception
and navigation capabilities. The tests consisted in placing a
set of reels by a manually-driven truck inside a loading zone.
This means that the positions of those reels were not known
to the system. This scenario was one of the first requirements
that the system should be able to fulfill.

After the reels were placed in the loading zone, the truck
was asked to pick them up and place them in a container
(see figure 6). To achieve the assigned task, the truck started
driving towards a predefined point (point A in the figure)
where online-computed paths (Bplines) can be started from.
While approaching point A, the perception component was
busy acquiring and tracking paper reels inside the loading area.
Once at point A, the closest reel was selected as target to
approach and pick up. To do so, the online navigation module
requested the position of the selected reel and generated and
sent a Bspline to the AGV controller, which in turn ordered
the truck to follow the generated trajectory. When the truck
reached the target reel, the AGV controller proceeded with
the loading operation of the reel. Similarly, the transportation
of the reel in the container was carried out by following
a path including a return spline (to point A) and a set of
predefined segments. To ensure that the target reel was picked
up appropriately, i.e., avoid the situation of the clamps hitting
the reel when turning, the truck was forced to drive straight
at the final part of the spline.

VI. DISCUSSION AND CONCLUSION

We have provided an overview of our ongoing work with
developing an autonomous robotic material-transportation sys-
tem. The intended goal is to have a fleet of autonomous forklift
trucks operating in dynamic production environments with
intermediate storage, loading of containers and train wagons.
The system is also intended to work in close cooperation with
manual trucks as well as other autonomous trucks. The system
is built on top of a retrofitted forklift truck with an “off-
the-shelf” AGV control system together with extra sensors.
The AGV navigation system works very reliably under normal
conditions and is able to navigate the truck with an accuracy
of approximately 1cm.

However, there are two main evident limits in the “off-
the-shelf” AGV system that need to be addressed. First,
the infrastructure used for the reflector-based localization is
difficult to setup in an efficient way, due to the high stacks
of paper reels that will obscure the reflectors, see figure 1.

Loading / unloading zone

Container

Paper reels

A

Fig. 6. Loading paper reels from unknown positions inside a loading zone
and unloading them in a container. Lines with bullet ends are predefined path
segments used by the AGV control system to navigate. The online generated
Bspline starts at the first point of the dashed line (i.e., point A).

Therefore, the indoor localization has to be addressed in a
different manner, e.g., by laser scanners or cameras pointing to
the ceiling. One observation is that paper reels are rather easily
detected in 2D laser scans and could therefore be suitable as
landmarks in the context of SLAM. Figure 7 shows initial
results of using reels as landmarks. The positions of the reels
are anyway required in terms of loading/unloading operations.
The major problem is that the locations of the reels are in
constant change, which would make data association difficult.
One possible solution to the data association issue is to use
the unique bar-code tag of each reel to identify it. However,
we do not have the possibility to read it on the fly while
passing by. Yet, another motivation for using reels for SLAM
is that the 2D laser range-finders (both in the front and the
back), required for safety regulations, can be used to extract
reel landmarks.

The second limitation of the “off-the-shelf” AGV control
system is it use of predefined paths, which means that the
truck is not allowed to change path at runtime. Driving safely
the truck with an online generated path is a main issue as there
are many unsafe and dangerous locations around the working
site that are impossible to detect using a 2D laser scanner
alone, e.g., a one meter drop down to the train tracks. This is
currently addressed by providing predefined locations where
on-line path generation is allowed. Up to now reels have been
detected using only 2D laser data. Other sensing approaches
will be required when stacked reels are handled. One open
issue is to detect and handle stacks that contain reels which
are slightly shifted horizontally and that could also be sitting
on another stack. This is a very dangerous situation, since the
connected stack might overturn when lifted. Our intention is
to use advanced 3D sensing modalities to detect and handle
such situations, e.g., 3D laser scanning and stereo vision.
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Fig. 7. Results of a landmark-based SLAM using paper reels (triangles)
as landmarks of the environment. The raw odometry and the current pose
estimate are also shown.
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