
AccuRobAs: Accurate Robot Assistant 
 
Burgner, J. 
Mönnich, H. 
Stein, D. 
Wörn, H. 
 
Funded by the EC in the frame of the Sixth Framework Programme the STREP project 
Accurate Robot Assistant has the main goal of investigating and developing an innovative 
and versatile surgical robotic assistant. Focus is laid on light-weight robots. The different 
degrees of autonomy of robotic systems are in the scope of research, from 
telemanipulated minimally invasive interventions to autonomously performed surgical 
tasks. 
In the third and last project year 2009 the two demonstrators were realized and 
successfully presented during the final review in Munich at the German Aerospace Center 
to the representatives of the EC. This is on the one hand a minimally invasive robotic 
system consisting of three MIRO lightweight robots (developed at DLR) for interventions in 
the human abdomen. The robots are teleoperated with two haptic devices and occurring 
forces are reflected to the user. Furthermore motion compensation for beating heart 
surgery is integrated. Additionally a simulator was developed from the project partners at 
the University of Verona. 
At IPR world's first prototype for robot assisted laser bone cutting was developed and 
demonstrated in the scope of the project. Preoperatively planned cutting trajectories are 
transferred into a laser pulse distribution and after registration of the patient autonomously 
performed. With a conventional robot an overall accuracy of below 0.5mm could be 
achieved. For application of the KUKA LWR additional sensory was integrated and 
methods for motion compensation on the basis of optical tracking were developed. The 
project was coordinated by IPR and ended in October 2009. 
 

 
 

Final demonstrators of the AccuRobAs project.  
Minimali-invasive robotic surgery with the MIRO lightweight robots (left, DLR). 

Laser bone cutting with the Kuka LWR (right, IPR) 
 
 
 
 
 
 



Collision-free path and pose planning for a telemanipulator system in 
minimally invasive surgery (GRK 1126) 

 
Weede, O. 
Wörn, H. 
 
Main target of project T1 of Research Training Group 1126 is the development of methods 
and techniques to optimize the setup for a telemanipulator-assisted minimally invasive 
visceral intervention. The manipulators' pose and configuration as well as the positions of 
the trocars are to be optimized, so that all targets can be reached and no collisions 
between the manipulator arms may occur. Additional criteria are sufficient dexterity and an 
optimal view over the operation area for the surgeon during the intervention. 
To perform the optimization a simulation environment has been implemented which 
includes a patient model and a kinematic model of the telemanipulator. With the simulation 
the reachability of the target area and the risk of collisions can be evaluated. 
In 2009 the focus was to develop an optimization algorithm and to create and implement a 
concept for describing precisely the intervention of the surgeon. With the obtained 
representation of the workspace and information about the actual position of the 
manipulators tool-tip, it is possible to give the surgeon a navigational aid. 
 

 
 

Finding a setup configuration for robotic assisted                                               
minimally invasive surgery as optimization problem 

 
 
 
 
 
 
 
 
 
 
 



ROBOCAST - ROBOt and sensors integration for Computer Assisted 
Surgery and Therapy 

 
Raczkowsky, J. 
Riechmann, M. 
Wörn, H. 
 
The ROBOCAST project is a European Project the IPR is working on together with 
partners from Italy (Politecnico di Milano, Azienda Ospedaliera di Verona, Università di 
Siena), Israel (The Hebrew University of Jerusalem, Technion, Mazor Surgical 
Technologies Ltd), Germany (Technische Universität München) and Great Britain 
(Imperial College London, Prosurgics Ltd). It aims at developing technologies focusing on 
robot assisted keyhole neurosurgery. A modular system will be developed with two robots 
and one active probe cooperating among them. A gross positioning 3-axes robot will 
support a miniature Stewart platform holding the probe to be introduced into the skull of 
the patient to reach the surgical target. Optical trackers, electromagnetic position sensors 
and force sensors will extend the robot's perception by providing the control system with 
position and force feedback from the operating tools. The IPR is responsible of 
implementing the high level control, which will coordinate the components of the 
distributed robotic system. 
During the second year (2009) a middleware was established within the consortium in 
order to support the communication between the software components of remote partners. 
All software and hardware subsystems necessary for running the system as a whole were 
built and connected to the middleware. The high level control IPR is responsible of was 
successfully built including IPR's path planning library and integrated into the rest of the 
system. The project now has a working demonstrator sitting in Milano. 
 

 
 

Simulated setup of the neurosurgical robotic system 
 
 
 

 



CompuSurge/Craniostar - Hand-held mobile robot for Craniotomy 
 
Kane, G. 
Raczkowsky, J. 
Wörn, H. 
 
The aim of this project was the development of a new hand-held mobile robot for 
craniotomy.  The aim is to improve on current systems, by providing a system that is 
considerably smaller and easier to use for the surgeons, but is to maintain the accuracy 
levels achieved by the larger modified industrial robot systems.  Within the IPR we have 
developed a prototype robot together with the Clinic for Oral- and Maxillo-Facial Surgery 
of the University Hospital Heidelberg.  In 2009 this was tested on plastic phantoms and 
swine skulls.  The control theory was demonstrated to be capable of maintaining an 
accuracy of ±0.5mm. A further prototype has been designed and is currently being built 
that extends the degrees of freedom of the robot.  The new robot is again smaller, lighter 
and completely sterilisable, allowing the system development to continue into clinical 
trials. 
 

 
 

The hand-held robot is tested on a plastic skull 
 
 
 
 
 
 
 
 
 
 
 
 

 



Optimisation of the laser bone ablation processing speed 
 
Mehrwald, M. 
Raczkowsky, J. 
Wörn, H. 
 
Aim of this project is to increase the processing speed of laser bone ablation with a short 
pulsed CO2 laser. For the usage during an operation the processing speed of the laser 
cutting has to be fast enough. If this is not the case the benefits of the laser bone ablation 
will go down with the longer operation time. 
In the year 2009 different possibilities of increasing the processing speed were tried out. In 
cooperation with the institute for inorganic chemistry different acids and bases were used. 
With this chemicals the bone should get weak and therefore the removal volume 
increased. Additionally some other chemicals were used which have higher boiling points 
than water. This should increase the energy brought into the bone instead of vaporising 
the water. With some of the chemicals an enhancement of the ablation speed could be 
observed. Unfortunately it is still not high enough to legitimate the usage during an 
operation. 
 

 
 

3D reconstruction of a crater 
caused by a laser pulse 

 
 
 
 
 
 
 
 
 
 
 
 
 



ImRoNet: Internet-based multimodal/multimedia user interfaces for 
teleoperating robots 

 
Hein, B. 
Mende, M. 
Notheis, S. 
Steiger, A. 
Wörn, H. 
Zimmermann, S. 
 
The ImRoNet project aims at investigating and designing novel multimodal/multimedia 
user interfaces that allow for intuitive ways of human-robot interaction. The project is 
funded by the Bundesministerium für Wirtschaft und Technologie (BMWi) and supervised 
by the DLR. Project partners beside the IPR are Fraunhofer IPA, BECKHOFF Automation 
GmbH, metaio GmbH, GPS GmbH/Neobotix, and SCHUNK GmbH & Co. KG. 
In 2009 the development and integration of the software and hardware components 
continued. Further modalities were added to the multimodal handheld control panel 
designed and developed at the IPR, e.g. tactile feedback via vibration, visual feedback via 
LED arrays and audio output. Additionally, new hardware components like an inertial 
sensor, a compass, as well as a user and a scene view camera were integrated into the 
panel and the corresponding software framework. As for the direct interaction between a 
user and the robot, new projector-based AR technologies were developed and 
implemented that allow for projecting information or user interfaces correctly into the 
environment without any perspective distortion. As for the interaction with a remote user, a 
teleoperated grasping scenario was set up and evaluated. The main goal of this setup is 
the development of strategies to compensate the latency in the control loop between the 
robot, its environment and the remote user, in order to enable the system to promptly 
react to sudden changes in the environment and to provide the user with direct feedback 
regarding his command inputs. 
 

 
 

ImRoNet demonstrator II and handheld control panel 
 
 
 

 



GENESYS: Generic Unloading System 
 
Hein, B. 
Kaiser, B. 
Tauro, R. A. 
Wörn, H. 
 
In 2009, the GENESYS project was successfully completed. The focus of GENESYS was 
the development of a high flexible robotic cell for objects unloading, being their position, 
shape and weight unknown and they could also be jammed. 
The project was funded by the Federal Ministry of Education and Research (BMBF) within 
the framework concept "Research for the production of tomorrow" and supervised by 
Forschungszentrum Karlsruhe, Production and Manufacturing Technologies Area. 
The companies Grenzebach Automation GmbH, ifm electronic GmbH, KUKA Roboter 
GmbH and the University of Karlsruhe (TH) were the project partners. 
As part of GENESYS, novel methods and algorithms were developed for sensor 
calibration and processing, automatic determination of gripping points, automatic 
derivation of unloading strategies, and parallelisation of path planning tasks. In addition, 
concepts for time optimization of path planning tasks, and sensor-based and interactive 
on-line control of robots were designed. Within the project a total of 4 demonstrators were 
built. 
 

 
 

Generic Demonstrators 
 
 
 
 

 



AVILUS 
 
August, W. 
Hein, B. 
Wörn, H. 
 
The production environment becomes more and more complicated every year.  So too are 
the requirements for the operator who works in the robot-supported environment. To this 
extent we need to support the human robot cell fitter as much as possible in the initial start 
up and programming. 
In the AVILUS project an Augmented Reality System is being developed which provides 
additional information to the operator.  By wearing a Head Mounted Display (HMD) the 
operator's whole surrounding is viewed as a live image. Additionally he is able to interact 
with the production system using virtual MiniUserInterfaces (MiniUI) and other additional 
information overlaid onto the HMD. 
In 2009, the MiniUIs were developed. Complex GUIs were simplified to make them more 
user- and application-specific, easier for operation with the HMD. By using the marker 
recognition it is now possible to display the virtual MiniUIs in 3D-space within the HMD. A 
mobile phone is used to interact with the system and the MiniUIs.  Bluetooth was 
integrated to keep the communication between system components simple. The challenge 
was to develop a protocol for the description of the GUI and events, and parallel 
presentation of the data within QT on a computer, OSG in the HMD and Java ME on the 
mobile phone. 
 

 
 

A look through the HMD: a real (left side) and a virtual (right side)                        
robot interact with a real object (model of a car body) 

 
 
 
 



AutomationML: Automation Markup Language 
 
Hein, B. 
Steiger, A. 
Wörn, H. 
 
The aim of the consortium AutomationML is to develop and to define a manufacturer-
neutral XML exchange format for the digital factory. The data exchange between tools in 
the automation domain needs to be facilitated and should be possible in all phases of the 
construction process. 
The top level format is CAEX (Computer Aided Engineering Exchange) according to IEC 
62424. The format COLLADA 1.5 is used for geometry, kinematics and motion planning 
and PLCopenXML for logic and sequencing. The format is open and free of charge. Thus 
all the needed data in the construction process is available, no unnecessary 1-to-1 
conversion is required between engineering tools. This reduces engineering costs 
dramatically. 
The companies Daimler, ABB, KUKA, Rockwell, Siemens, NetAllied and Zühlke as well as 
the Karlsruhe Institute of Technology and University of Magdeburg initiate the project 
AutomationML. Since 2009 AutomationML e.V. is a registered association. Further 
companies e.g. INPRO GmbH, ISI Automation, logi.cals - kirchner SOFT, Phoenix 
Contact, Rücker AG and the research institutions Fraunhofer IOSB, ifak and the University 
of the Basque Country have joined AutomationML e.V. 
 
See http://www.automationml.org for more information about AutomationML. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Integrated Systems for Underwater Production of Hydrocarbons 
 
Braun, D. 
Reimann, G. 
Tchouchenkov, I. 
Wörn, H. 
 
The aim of the project funded in the context of the initiative "Go Subsea" by the 
Bundesministerium für Wirtschaft und Technologie (BMWi) is the development of 
innovative and future-proof components and subsystems for underwater production 
systems for hydrocarbons. In the context of the ISUP project the scope of the sub-project 
"ARPA" (Availability and Remote Control of Process Control and Automation Systems) of 
the IPR is to research and develop methods for the secured and reliable remote control, 
maintenance and diagnosis. The integration of the results into the project automation 
system was an additional objective. 
In December 2009 the research work in the scope of the project was successfully 
concluded and the results were validated in cooperation with the project partners on a 
demonstration system. The process simulation methods researched and developed at the 
IPR are based on physical process models. They allowed a synchronous operation of 
virtual and existing plant components. Based on these models and by involving a model 
supported availability calculation on basis of a previously conducted FMEA analysis the 
diagnosis system was able to monitor and ensure safe operation conditions. By using the 
remote access concepts the KIT experts could observe and control the demonstration 
system during operation in Hamburg harbour directly from Karlsruhe. 
In addition to the newly developed methods and systems the video conference and 
collaboration tools provided by KIT as well as a content management system were used 
for effective and successful cooperation among the project partners in science and 
industry. 
 

 
 

Structure and control room of the ARPA demonstration system 
 



Lynkeus 
 
Graf, J. 
Safronov, K. 
Wörn, H. 
 
Lynkeus is a project granted by the Federal Ministry of Education and Research 
(16SV2307). The goal of this project is to demonstrate the capability of a new sensor 
technology. The sensor is a photonic-mixture device (PMD) based on time-of-flight 
principle. Two main fields of robotics research within Lynkeus are human-robot 
cooperation (HRC) and bin picking (BP). Therefore a demonstrator was built up 
successfully in our laboratory to demonstrate the capabilities of our efficient algorithms for 
both applications. 
The main focus of research within HRC is to analyse human movements for tracking and 
collision avoidance by evaluation of depth image sequences obtained from a PMD sensor. 
Several algorithms were developed that allow analysis of human motion and mapping the 
results to kinematic chain of a human model in real-time. A PMD sensor mounted on top 
of a robot cell was used for this task. Another challenging and successfully accomplished 
task in Lynkeus was highly accurate segmentation of human body and reconstruction of 
the estimated kinematical chain.  A path planning method is also applied which is 
grounded on the estimated risk. The whole HRC system runs in real time.  
Bin picking is a classical research field in robotics. It was demonstrated that better 
solutions with maximal flexibility and minimal necessity of human intervention into the bin-
picking process could be achieved by combining the PMD technology with novel 
algorithms for scene analysis and pattern recognition than by using the other existing 
methods based on classical sensor technologies. 
In combination with HRC a robot cell was built up and two frameworks for solving the 
described tasks were implemented and successfully demonstrated at the final project 
meeting which was held on December, 8, 2009 at the IPR. 
 

 
  

Efficient Human-Robot Cooperation 
 
 

 



CADaVISION 
 
Irgenfried, S. 
Tchouchenkov, I. 
Wörn, H. 
 
The aim of the project CADaVISION is to use the power of state of the art image synthesis 
computer graphics systems to improve and shorten project planning and implementation 
time of image processing systems. Together with an industry project partner and funded 
by the BMBF program "KMU-innovativ" the project started in October 2009. 
The image acquisition process is simulated based on the CAD data of the workpieces. 
One of the main goals of the project is the efficient creation of photorealistic images of the 
workpieces taking account of illumination and camera models as well as surface 
properties and finishing marks. The results of the comparison between processing the 
synthesised images and images of the real workpiece are stored in a knowledge 
database. This information is used to optimize the process of image synthesis. In 2009 a 
prototype software was implemented to demonstrate the targeted workflow and a test 
setup was designed to compare simulated and real-world image acquisition. 
 

 
 

CADaVISION: Photorealistic image synthesis based on CAD data) 
 

 
 
 
 
 
 
 
 
 
 
 



QuaGuss 
 
Safronov, K. 
Tchouchenkov, I. 
Wörn, H. 
 
The project is funded by the program of the BMWi "Förderung der Erhöhung der 
Innovationskompetenz mittelständischer Unternehmen" Pro Inno II. 
The research point of the project "Quaguss" is development of a depth-image-based 3D 
surface measurement method that in contrast to known methods and measurement 
devices is not sensible to surface features (i.e. roughness, fouling, toolmarks, etc.). 
In cooperation with the industry partners "Vision Tools" and "Büchner" a system for rapid 
and robust 3D surface measurement is being developed. The developed system works 
with 2 cameras as a stereo-camera system. Each camera captures several images with 
different stripe patterns. The image correspondence analysis is carried out with the help of 
ratio-image based approach. 
The 3D surface measurements of the moving objects are also being researched at the 
IPR, which allows avoiding the production line downtime. 
 

 
 

I3D object surface profile 
 
 
 
 
 
 
 
 
 
 
 

 



Touching and Grasping (SFB 588) 
 
Gorges, N. 
Wörn, H. 
 
The goal of the project is to investigate anthropomorphic robot hands for humanoid robots 
within the SFB 588. At the IPR, in particular the control and the grasp planning system of 
the robot hands are developed. The work aims at grasping and handling of everyday 
objects within a kitchen scenario. 
In 2009, a number of approaches for grasping and for sensing by touch were explored. 
Particular attention was paid to the haptic object recognition where an object is perceived 
and classified through a palpation sequence. A novel approach was presented which 
classifies an object directly on the sensor data without building a 3D model. Furthermore, 
the tactile sensor system of the robot hand was enhanced by equipping each fingertip with 
two additional passive degrees of freedom. They allow the tactile sensor planes to adjust 
themselves according to the object's surface and to collect additional information about 
the object shape. Finally, visual-guided grasping of unknown objects was further 
investigated. The key points of a scene are assigned either to the foreground or the 
background. In clusters of foreground points graspable objects are identified. 
 

 
 

Tactile perception for a robot hand 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Development of a tactile proximity sensor for safe human-robot cooperation 
 
Göger, D. 
Wörn, H. 
 
The aim of the project is to develop a tactile proximity sensor for use in robotics. This 
sensor will allow the robot to perceive its environment, both touching and even before the 
contact. Gripping tools and robots surfaces will be equipped in the course of the project 
with these new sensors.  
Using this new sensor type, objects in the workspace of the robot gripper can be localized 
before a mechanical contact between the sensor and the object to be manipulated 
happens. Based on this proximity data, the path planning for the gripper fingers can be 
calculated. In the case of contact the tactile sensor part allows to gather contact data 
between the manipulated object and the robot gripper. 
By equipping the surface of the robot with this sensor, the robot can sense his work space 
and react to unexpected objects in its environment.  
In 2009 a first prototype sensor and the necessary analogue and digital signal processing 
hardware have been simulated and constructed. Based on this sensor system, various 
signal processing algorithms were developed and evaluated. This first sensor is capable 
of acquiring a 4x4 matrix of tactile sensors and to detect the approach of object to the 
sensor.  
Furthermore, for the characterization of the sensors two test beds were built. They are the 
basis for further investigations of the sensor behaviour and will be used for modelling of 
the sensor modalities. 
 

 
 

Sensor prototype without signal processing hardware 
 
 
 
 
 
 



The concept of a new assembling technology with human-robot 
cooperation on an example of a partition wall 

 
Schmid, A. 
Tchouchenkov, I. 
Wörn, H. 
 
The goal of the project was the elaboration of the concept of a human-robot cooperation 
based on sensors for assembling of large and heavy parts and the analysis of its practical 
feasibility. 
This cooperation is ought to be done through a force based robot control. As long as the 
worker applies force to the part, the robot moves it. The force is measured by help of an 
appropriate sensor and then sent to robot control for processing, thus the robot moves to 
the desired direction through a force control of the part. The other important problem is 
safety of workers within this cooperation. 
The realization of the new technological approach is carried out on an example of the 
partition wall assembly inside a commercial vehicle. At first a static test bench with 
required sensors and a holder instead of robot was constructed. Using this construction it 
was possible to analyze basic sensor and system properties. Furthermore the control 
concept was designed and the sample program for robot control was created. In addition 
basic aspects of human safety for such systems were inspected and solutions proposed. 
The project was successfully completed in 2009. 
 

 
Control system for the robot assisted assembly 

 
 
 
 
 
 
 
 
 
 
 
 
 



Intelligent control systems and reactive grasping skills for industrial 
Multi-fingered gripper SDH2 

 
Haase, T. 
Tchouchenkov, I. 
Wörn, H. 
 
The aim of the IPR cooperation treaty, which started in November 2008, is the 
development of software modules to facilitate the integration of a Multi-fingered gripper in 
real industrial applications. Therefore, reactive grasping modules as well as intelligent 
control systems have to be developed to simplify the use of such a complex system. Small 
setup times have to be achieved to fulfil industrial needs. Furthermore, the intrinsic safety 
of the SCHUNK Dextrous Hand 2.0 is one of the main goals of the project. The uppermost 
development objective in 2009 was the construction of an adapted application 
development system that is working on Windows as well as on Linux based systems and 
is able to fulfil Real-Time constraints. Therefore, the Real-Time Windows target 
respectively RTAI Simulink was chosen as programming environment. Some additional 
SDH2 simulations are fully integrated into the development system. A Real-Time collision 
detection algorithm that achieves the intrinsic safety of the Multi-fingered SDH2 was 
developed and is already working.  The key aspects of the further development work are 
the integration of the developed software modules into the inner SDH2 electronics and the 
calibration of all tactile sensors. The research work was presented at SCHUNK in October 
2009 and the continuation of the work was decided. 
 

 
  

Application Development System SDH2 
 
 
 
 
 
 
 

 



Symbrion and Replicator 
 
Liedke, J. 
Matthias, R. 
Szymanski, M. 
Winkler, L. 
Wörn, H. 
 
In the year 2009 the Collective and Micro Robotics group (CoMiRo) of the IPR took part in 
two integrated projects within the 7th framework program of the European Commission as 
well as in the GRK1194 „Self-organizing sensor-actor-networks“. Furthermore the KIT 
Collective Robotics Lab (KITCoRoL) was founded together with the group of professor 
Schmeck from the AIFB.  
The aim of the SYMBRION project is to research the evolution of multi-cellular organisms 
by means of robots. The robots therefore have to be able to dock to each other so that the 
single individuals create a common physical entity. It will thereby be possible to enable the 
robot cells to share a common data bus and energy bus. The aim of the REPLICATOR 
project is a different one but by means of the identical robots. REPLICATOR aims at using 
the robots for entering areas that are not reachable for human beings or reachable by 
exposing them to severe danger only. For achieving this aim the adaptability of the robots 
to unforeseen events is very important. Therefore the design of the software and hardware 
are well focus on the adaptability. 
In 2009 the CoMiRo group in both projects had a leading position in three core areas. The 
group was responsible for the general hardware design in terms of mechanics, the 
simulation of the robots and the middleware. Furthermore the CoMiRo group heavily 
influenced parts of the electronic design, which in turn accounted for great improvements 
of the electronics. Outstanding results in 2009 were the completion of a simulation that 
correctly mimics the dynamics of the robot being developed by the CoMiRo group and the 
finishing of important parts of its mechanic design. Additionally the bus system being used 
for data transmission was replaced by Ethernet, which caused a considerable increase of 
the available bandwidth. Aside from that the modularisation of the electronics allows for a 
better integration into the docking elements used. Moreover, by pushing these changes 
within the electronics design, essential progress was made in the conceptual design of the 
middleware. The general software architecture as well as the according interfaces thereby 
experienced a considerable simplification. 
 

 
 

Different prototypes of the self-reconfigurable Replicator/Symbrion robots (with 
docking unit, electronics partially installed)  



Model-based Design of Algorithms for Decentral Task Processing in 
Sensor-Actuator-Networks (GRK 1194) 

 
Kettler, A. 
Wörn, H. 
 
The aim of this project is to develop methods and tools that ease the design of control 
algorithms for swarms of collaborating robots. Therefore a mathematical model is 
developed that has to quickly provide predictions of the global behaviour of the swarm 
based on the locally executed control algorithm. Special focus lies on the ability of the 
model to correctly describe scenarios where the explicit modelling of the speed of each 
single robot is necessary. The model is based on the Boltzmann-equation which describes 
the macroscopic, temporal development of an ensemble of particles within phase space. 
The knowledge achieved is to be evaluated by means of data gained from simulations and 
from real hardware. Therefore an autonomous micro robot for research and educational 
purposes was designed in collaboration with the newly founded KITCoRoL. The robot 
developed, called Wanda, is a compact embedded system which is equipped with a real-
time operating system, a multitude of sensors and a differential drive. It seamlessly 
integrates into the subject of the GRK 1194 as a mobile sensor-actuator-node. In 2009 
with the help of the KITCoRoL and the GRK 1194 it was possible to order a total of 145 
robots. The Schülerforschungsgemeinschaft Süd-Württemberg received 20 of those 
robots. Another 5 of them will be given to participants of the GRK. The remaining 120 
robots will stay at the KITCoRoL. 
 

 
 

Temporal development of the spatial probability distribution of a robotic swarm 
 


