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ABSTRACT

The increasing need of a closer cooperation
between human and robots in industrial
environments requires the appropriate handling of
the danger situations that arise in the shared
working spaces. The authors present a system
which predicts and controls such situations, in
order to ensure the safety of the workers while
preserving the highest possible efficiency. The
system is based on the fusion of the information
from several sources, including stereo cameras used
for monitoring the whole working space, and
cameras used for controlling especially dangerous
areas (such as the surroundings of the gripper). The
information from the stereo cameras is processed in
order to build a 3D model of the scene, which is
then used to compute the distance and relative
velocity between the robot and humans. These data
are stored and used to predict future hazardous
situations, which are treated by an appropriate
reaction on the behaviour pattern of the robot.
Additionally, the authors present a tool that serves
to pre-select the most appropriate configuration of
the system, according to the needs and
characteristics of the use case to be applied. The
amount and type of cameras, as well as their
position and direction can be configured, and the
degree of visibility of each of the regions in the
working space is calculated, in terms of the number
of cameras which can view those regions.

Index Terms — Human-Robot cooperation, robot
safety system, danger control, sensor fusion, 3D
surveillance

1. INTRODUCTION
Nowadays, human-robot cooperation is an
inseparable part of industrial environments.

Humans are typically able to respond, adapt and
improvise according to the task and situation where
they are involved, however, they are slow, have
low power, and are not able to produce with a
constant quality. The human weaknesses typically
correspond to the strengths of robots, but in the
same way the robots weaknesses correspond to the
strengths of the humans. The synergy between them
allows producing with a higher flexibility in a semi-
automatic manner, sparing in the number of robots,

852

and being more flexible in the arrangement of the
robots in the working space, typically using less
space than in a working space where no
cooperation is allowed. However, some problems
derive of such shared working spaces. The next
section offers some insights on aspects, which need
to be considered in industrial environments.

2. IDENTIFIED PROBLEMS

Working environments where human and machines
cooperate, concern problematical aspects which
deal with the safety of the workers. The
environment needs to be compliant with standards
and specifications addressing human-machine
cooperation such as [2]. In addition, possible
collisions need to be handled automatically in an
appropriate way: collisions must be avoided, or
they are allowed only in some specific conditions
(e.g.: the worker could be allowed to touch certain
parts of the robot, if the velocity of the machine is
low).

The simplest solution to a collision problem is
the separation between the working areas with
lasers or optical fences, however, such systems
provide reduced reliability and flexibility. Thus, in
order to optimize the production, the human and
machine cooperating together should be able to
share their working space, as illustrated in Figure 1.

Shared
working
space

Robot
working
space

Human
working
space

Figure 1: Shared working space

This approach requires a high flexibility of the
monitoring system. Camera based systems have
been used to monitor shared working spaces, and to
calculate the distance between the human and
robot, serving as a basis to stop the machine [3]. By
now, different methods have been employed to
calculate the physical extent of the elements and to
infer the distance between them. Back-projection
has been used to precisely reconstruct objects in a
3D space [4], and also for performing image-based
collision tests as presented in [5]. More complex
systems consider the situation of the environment
(such as the behaviour of the human) to produce a



reaction in order to avoid the hazard without a need
to stop the machine, such as reducing the velocity,
or steering the movement of the robot in an
appropriate direction. [6,7,8,9]

A further identified problem deals with the
application of a monitoring system in a specific use
case. Thus, the selection of the most appropriate
configuration of the monitoring system needs to
meet the specific use case needs. The
characteristics of the working space, the type of
collaboration, the required degree of safety, and
budget constrains influence the selection of the
most appropriate configuration. Additionally, the
application in the use cases concerns an analysis of
the possible hazards in the environment where the
system will be integrated. The definition of the
hazardous situations and the proper reaction to
avoid the undesired collisions is thus dependent on
the application, and needs to be performed
purposefully.

All of the identified problems require sufficient
technological approach towards their resolution, as
presented in the following section.

3. TECHNOLOGICAL APPROACH

The approach followed by the authors to ensure the
safe cooperation between human and robots deals
with the use of a camera based monitoring system.

The design of the system involves aspects such
as hardware development, miniaturization of the
cameras and image processing. This paper focuses
on two further important aspects: (1) a runtime
subsystem for the analysis of the data, including the
prediction of the hazardous situations, and
execution of corrective actions to avoid the danger,
and (2) a pre-configuration subsystem for the
customization of the system towards the specific
needs and characteristics of the use cases.

The monitoring system as illustrated in Figure 2
reflects that the images gathered by a set of stereo
cameras are processed in order to create a 3D
representation of the scene. Human and robots are
represented by simple models, such as ellipsoids, or
more complex models, depending on the needs and
characteristics of the application. In the runtime
subsystem, elementary features are extracted, stored
and combined with historical data to calculate the
velocity and trajectory of the elements of the scene,
and thus predict the future state of the scene. The
scene is represented by a set of features, which are
used for the definition and classification of the
danger situations. After the evaluation of the
potential danger, if necessary, a reaction is
executed according to a set of rules, specified by
each use case. Additionally, further sensors can be
used for the definition and classification of the
danger situations, such as sensors in the gripper
area, which provide information about the state of
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the gripper (open or closed), and very precise
information about the presence of a human in this
dangerous area.

In order to optimize the applicability and
efficiency of the monitoring system, a software tool
has been developed which allows for the pre-
configuration of the monitoring system according
to the needs and characteristics of the environment
where it will be used, in terms of the type, number,
position and orientation of cameras, as well as the
use of additional sensors. Additionally this tool
provides a visual interface for the easy and intuitive
creation of the rules which define the danger
situations and the actions to be performed in such
case.

3.1. Pre-configuration subsystem

The main purpose of the pre-configuration
subsystem is to provide the possibility for
customizing the monitoring system according to the
particular use case needs. Two objectives can be
distinguished: a) the support to perform the pre-
selection of the most appropriate configuration of
the monitoring system, according to the size and
arrangement of the working space, the
characteristics of the robots, as well as to budget
constrains, and moreover, implications to the
degree of safety, and b) the creation of the rules,
which includes both the definitions of dangerous
situations, and the corresponding actions to be
performed to avoid the hazard.

A visualization tool has been developed in order
to accomplish the introduced objectives. The first
objective refers to the calculation of the degree of
visibility of the working space corresponding to the
selected configuration. The degree of visibility of a
point can be defined as the number of cameras
which include the point in their viewing angle. A
higher degree of visibility corresponds to a higher
level of accuracy in the creation of the 3D
representation of the scene, which is the basis for
the classification of the hazardous situation.
Additionally, the occlusions which may occur in
the working space affect the creation of the 3D
representation. A higher degree of visibility would
reduce their impact, since information of several
cameras is available. In order to allow the pre-
configuration of the monitoring system, various
cameras can be selected from a database that holds
their characteristics and specifications. The tool
also allows the configuration of the sizes of the
working space, positions of the cameras, as well as
their directions. The tool performs an analysis of
the degree of visibility of the points of the working
space, with a resolution (distance between points)
which can be specified by the user. The output of
the calculation is the percentage of points which are
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Figure 2: Joint view of the monitoring system, using a set of cameras and additional sensors

in the field of view of a determined amount of
cameras. Additionally, the user is able to calculate
and visualize the points with certain characteristics,
such as those with a degree of visibility higher than
three, as shown in Figure 3. Finally, a visual
representation of the space is used to easily identify
the effect of changes in the input parameters, or in
the type or amount of cameras used.

Figure 3: Visual representation of the points with a
certain degree of visibility

The second objective of the configuration tool
deals with the creation of the rules for the danger
estimation and hazard avoidance. Each rule is
formed by at least one condition, and an action to
be performed in case all associated conditions are
met. Each action has an associated degree of
priority, so that only the action with the highest
rank is executed in case the conditions of several
rules are met. The definition of the conditions is
based on the location of the human and the robot,
their velocities, and derived features, as described
in the following subsection. A further possibility is
to use the state of the elements of the scene as a
basis for the definition of the conditions. For
instance, it is possible to include the state of the
gripper of the robot as an element to be considered
in the creation of the rules. Furthermore, additional
sensors provide further possibilities for the creation
of the rules, such as the consideration of the state of
the gripper, or the distribution of the elements of
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the scene around the gripper. For instance, a camera
in the gripper could be used as an additional sensor,
providing information about the presence of a
human in this particular area. The definition of the
rules can be visually performed with the tool
introduced, as shown in Figure 4.

Selact rule

Active

Object visible
Worker visible
Gripper state

Worker in subarea
Subarea X-Position
Subarea Z-Position 0.
Subarea width

Subarea depth
Subarea height

Robot Action

Figure 4: Definition of rules, based on the
conditions and actions to be executed

Moreover, the tool allows the real time
visualization of the 3D model of the elements of the
scene, as well as their velocity and trajectory, along
with the conditions of the rules. This is useful for
the user dealing with the configuration of the
system, in order to verify the correct definition of
the rules. Figure 5 illustrates the simplified models
of a robot and two humans, along with their
velocities, and trajectories, and the definition of the
areas which are used as a basis for the condition of
arule

The following subsection presents the runtime
subsystem, including the application of the rules



and a detailed explanation of the features used to
characterize the hazardous situations.

Figure 5: Real time scene visualisation

3.2. Runtime subsystem

The runtime subsystem involves the detection and
prediction of hazardous situations, and the
execution of a proper reaction, in order to avoid the
danger.

The input of the runtime subsystem is a 3D
representation of the scene. The humans and robots
are represented by a model, created by analyzing
the images coming from the set of cameras. This
representation is initially simple (using basic
elements such as ellipsoids), and can be refined.
Further input from additional sensors can be
considered for the danger estimation, depending on
the needs of the use cases.

The 3D models of humans and robots are used
as a basis to extract the basic features of the single
elements in the working space. These features
depend on the complexity of the model used in the
3D representation. In the case of ellipsoids, they are
the centre, the radii and the orientation of the axes.

The features are stored, and used in a module,
which deals with the prediction of the following
state of the scene. Derived features, such as the
velocities, trajectories, and relative velocities of
each of the elements are computed by considering
the basic parameters from the elements in the scene
in the current state, and those of the previous states.
The derived features are then used to predict the
future state of the elements in the scene, and to
calculate: the distance between them, the time
remaining before a collision occurs, and the
elements (or part of the elements) which would
collide.

A further module deals with the danger
estimation, and is used to react to the situation, in
case it is regarded as a dangerous one, according to
the specifications and characteristics of the use case
where the monitoring system is implemented. The
situation of the working space is classified
according to its associated degree of danger as
defined in the set of rules. The previously

855

introduced features, such as the location of the
elements of the scene, the distance between them,
their velocities, relative velocities, the time before a
collision takes place, and the predicted collision
points are used as a basis to create the conditions. If
the values of the features representing the current
state of the scene meet the conditions of any of the
rules, the situation is then classified as dangerous,
and the corrective action associated to the rule is to
avoid the danger. In case that the conditions of
several rules are met, the action with the highest
priority is selected. If the features do not fulfill the
conditions of any rule, the situation does not
represent any hazard, and no action is selected. As
previously introduced, additional sensors can be
integrated in the system, and the information they
provide can thus be considered for the danger
classification.

The last module deals with the execution of the
selected action. In the simplest case, the action is
sent via an interface to the controller of the robot.
In case of more complex actions, various interfaces
could be used to address different machines.

4. CONCLUSIONS AND FUTURE WORK

This paper presented the safety problems derived of
a human robot interaction, and the approach
followed by the authors to avoid and solve them.

The introduced system solves the problematic
aspects that industry faces when dealing with
collaborative environments, by providing the
possibility to customize the hazardous situations,
and the monitoring system according to the
characteristics of the application. This pre-
configuration subsystem is based on a tool which
provides a user-friendly and effective visual
interface to the user dealing with the configuration
of the system — there is no need of deep knowledge
in cameras, since the purpose of the included
visualization tool is to show the implications of the
selection of each configuration in terms of the
degree of visibility of the working space. This has
implications on the level of safety of the system.
Further work is related to the consideration of the
models of a robot and man to address the
occlusions in the calculation of the degree of
visibility of the working space.

5. ACKNOWLEDGEMENT

This research has been partially supported by the
BildROBO project, Project Number 2008 VF 0020,
funded by the Thiiringer Aufbaubank (Thuringian
Bank for Development).



6. REFERENCES

[1] World Robotics 2007, International Federation
of Robotics, 2007

[2] ISO 10218, EN 775: "Manipulating industrial
robots — Safety”. (ISO 10218 modified), 1992.

[3] Hamajima, K., Lu, J. and Ishihara, K., Object
Zone Detection Method with Omni-directional
Vision Sensors, Specific Research Reports of the
National Institute of Industrial Safety, 2005, NIIS-
SRR-NO.33.

[4] Eckert, G.: “Automatic Shape Reconstruction of
Rigid 3-D Objects from Multiple Calibrated
Images”, In: Eusipco 2000 Proceedings, Tampere,
Finland , 2000.

[5] Ebert D., Henrich D.: "Safe Human-Robot-
Cooperation: Problem Analysis, System Concept
and Fast Sensor Fusion". In: IEEE Conference on
Multisensor Fusion and Integration for Intelligent
Systems, Baden-Baden, Germany, August 20 - 22,
2001.

[6] Lu, J., Hamajima, K. and Jiang, W.,
Monitoring a  Wide  Manufacture  Field
Automatically by Multiple Sensors, Acta
Automatica Sinica 32, 2006, pp. 956-967.

[7] Kruger, J., Nickolay, V. and Schulz, O., Image-
based 3D-surveillance in man-robot cooperation,
2nd IEEE International Conference on Industrial
Informatics, Berlin, 2004, pp. 411-420.

[8] Koch, B., Human and robots - a great team,
Fraunhofer magazine 2, 2002, pp. 40—41.

[9] Hagele, M., Schaaf, W. and Helms, E., Robot
Assistants at Manual Workplaces: Effective Co-
operation and Safety Aspects, Proceedings of the
33rd ISR (International Symposium on Robotics),
2002.

856




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




