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I. INTRODUCTION

The Bosch Research and Technology Cénieman active
participant in the PR2 Beta Program run by Willow Garagq
Inc?. This paper summarizes Bosch’s goals for the two-ye§
research program and the progress achieved during the f
of year.

Bosch’s research objective as part of the PR2 Beta Pr
gram is to accelerate the development of the robotics mark
by making robots cheaper, more capable, and $afex part
of this initiative, we examine a combination of hardware an
software solutions including: affordable sensing, shaxed
tonomy, and remote experimentation. We integrate advanc ‘
sensor technology, such as MEMS accelerometers and gy < p
in the PR2 to enable new applications and to accelerate th
wide-scale deployment of robot technology in new environFig- 1. Alan, the PR2 robot at Bosch Research and TechnolagyeC
ments. We also explore how human users can effectively

interact with a PR2 remotely and locally [1]. Our results ] ] ) ] )
demonstrate that including a human in the loop improve8R?2 i an ideal platform for this project because the high

the PR2’s performance and reliability. These improvemen{%reCiSion arms enable precise error characterization ®f th
may allow robots to be deployed earlier, at lower cost, angfat€ estimation techniques. o

in more complex environments. In order to give more people [N @ddition to our own research, we are providing Bosch
access to to quality robotics research platform such as tf8EMS sensors such as 3-axis accelerometers, gyros, and
PR2, we built thePR2 Remote Laboratory*. This laboratory Préssure sensors to the PR2 community to enable the devel-
is designed to allow a larger group of researchers to perforfiPment of additional applications.

research on a PR2 robot remotely.
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IIl. SHARED AUTONOMY

Il. AFFORDABLE SENSING Reliability and availability are major concerns for au-
Affordable sensing capabilities can enable new applionomous systems. A generalized household robot must solve
cations. For example, low-cost MEMS gyros enabled theomplex tasks, such as loading a dishwasher or folding
broad adoption of the electronic stability program (ESP) itaundry, with extremely high reliability in order to ach&v
automobile?, customer acceptance. On the other hand, very complex tasks
We identified and integrated suitable sensor technologiese difficult to automate robustly. Consequently, we strive
to enable new applications and to lower the cost of robotto improve the reliability of task performance by enabling
Sensors include accelerometers, gyros, force sensorgjiandrobots to accept help from a human operator.
pressure sensors. We have developed the required drivers t®ur work in shared autonomy aims to bridge the gap
integrate Bosch sensors into ROS and provided calibration detween full human control and full autonomy for tasks in
gorithms with a focus on automatic calibration. Maniputato the domain of personal robotics. Shared autonomy systems
make up a large portion of a robot’s production cost, whichequire balancing between two competing criteria: maxi-
is a limiting factor for mass market adoption. Currently wemizing the robot’s performance while minimizing human
are exploring inexpensive MEMS sensors for manipulatdnput. A teleoperated robot will perform poorly at complex
state estimation to replace the expensive encoders. Ttasks when there are long communication delays or when
the human needs to control more degrees of freedom than

B. Pitzer, S. Osentoski, P. Roan, C. Bersch, and J. BeckavitirdRobert are available as inputs. In such scenarios, a high level of

Bosch LLC at the Research and Technology Center North Amed005

Miranda Ave, Palo Alto, CA 94304, USA autonomy would be beneficial. We investigated intuitive
Lhitp://www.boschresearch.com interfaces that would allow a remote teleoperator to céntro
2http:/mww.willowgarage.com the PR2 to accomplish complex manipulation tasks such as

Shitp://www.willowgarage.com/blog/2011/07/18/makirmpots-cheaper- ; : :
more-capable-and-safer-bosch loading and unloading a dishwasher. Our shared autonomy

“hitp:/lwww. pr2-remotelab.com technologies enable_ an efficient and safe control of the PR2
Shttp://www.bosch-esperience.com over a web connection.



Fig. 2. New applications for the PR2 are explored throughweek project sprints or so calld@ckathons. From left to right: a drink serving application
using a PR2 and a TurtleB#, carving wooden nameplates using a DréBiglower tool, drawing on a whiteboard, and autonomous maivetgl

We also investigated scenarios where the human may fun&@AAl Conference, showcased advances in demonstration
tion as a limited resource for the robot, providing inforiroat learning systems. We provided the option to use the Bosch
that may be used to close planning, control, or perceptidPR2 robot to participating researchers through our Bosch
loops. In [1] we presented a system capable of solving tHeR2 Remote Lab facility. As a result, this was the first year
perceptual inference in combination with a human, such théte majority of participants were able to demonstrate their
a human operator functions as a resource for the robot anesults performing a common tasks on the same platform.
helps to compensate for limitations of its autonomy. Our
system asks a human operator to identify objects, which the . . . S
rgbot cannot recognize opr find, by drawinfz:]/ boJxes and strokesln addition to the research topics discussed in this alistrac

on a camera image. We experimentally demonstrated th £ explo_red new potential applications for the PR2 through
this shared autonomy system performs more robustly th ort project sprints called hackathons. Hackathons age on

the robot system alone and is capable of tasks which a¥\§eek’ agile development projects involving a larger team
0

difficult to accomplish by an autonomous agent. cusing on a single project. During the course of the Beta
program, we have investigated four applications: a drink

IV. PR2 REMOTE LAB serving application using a PR2 and a TurtleBot, carving

As illustrated by the large number of responses to the PRgooden nameplates using a Dremel power tool, drawing on
Beta program, the current demand for high quality researéh Whiteboard, and autonomous mail delivery (see Fig. 2).
platforms far outweighs the supply. The scarcity of sucfdhese projects both serve as a way to learn about new
platforms limits the productivity of the robotics researchPackages and advancements in the robotics community and
community. Additionally, these platforms often come expen@ means to rapidly prototype and test new potential use cases
sive making them difficult to obtain for smaller universitie for robotics.
and research groups. To address these problems, we proposed V1. CONCLUSION

ghe F:RZ Remote Iaab’ a reseaLch Ialb 'nhWh'Ch userls €an \ve found that the PR2 is a very suitable platform for our
elve Oplyl tht’ an co_r?]pgre ro (z} "?‘go”_t ms regqc_)lte Y- b research since it allowed us to focus on new capabilities. Th
n collaboration with Brown University, we built web- pps 404 ROS are great steps towards reproducible research.

based_ user mterfaceg to allow users to visualize the sesu owever, more efforts such as the 2011 LfD Challenge are
of their code and to interact with the robot remotely. NE\%

V. HACKATHONS

b technoloai h HTML5 and J . ~fequired to make robotics research more comparable. Finall
web techno ng'es suc_has bo an avgicrlpt ProVIqGe would like to thank Willow Garage for generously
nice user interfaces without requiring users with a Sqmmbrtgroviding and maintaining the PR2 robot and ROS.
web browser to download additional software or plugins. W
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