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University of Michigan's Compliance with Deliverables 

The University of Michigan (UM) Robotics Group has completed all primary 
tasks defined in the 1994 workscope and has delivered the results in the requested 
form of four separate reports. 

Navigation Deliverables: 

At the end of the 1994 funding period UM will provide a comprehensive technical 
report. The report will have an Executive Summary with a brief overview of the most 
important analytical and experimental results, as well as UM's recommendations. Fol
lowing the Summary Section will be a comprehensive section with all analytical and 
experimental results. Another section of the Technical Report will be dedicated to per
formance projections, recommendations, and detailed justifications for both perfor
mance projections and recommendations. Based on UM's recommendations the last 
section of the Technical Report will identify and propose future UM Tasks for 1995. The 
Technical Report will be substantially more extensive than a journal paper and will pro
vide more in-depth research substance with emphasis on detailed descriptions of exper
imental procedures and data. 

The three reports, identified as Volume I, Volume n, and Volume HI, were submitted 
ahead of time on December 28,1995. The due date for these deliverables is June 30, 
1995, one year from the beginning of funding of this work at the University of Michi
gan (UM). In order to synchronize the UM work cycle with that of the ORNL D&D 
program, UM has made substantial efforts to complete the work before the interim due 
date of Dec. 31st, 1994. 

The three-volume format in which the UM report is submitted is the result of UM's 
efforts to create comprehensive "stand-alone" reports that may be of interest to a larger 
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University of Michigan's Compliance with Deliverables 

audience within the robotics research community. Wide dissemination of UM's surveys 
and experimental results is desirable because it will help hasten the development of 
mobile robot technologies, thereby ultimately benefiting the Department of Energy in 
general and the D&D program in particular. 

The three-volume deliverables were organized as follows: 

Volume I: (24 pages) This volume includes the Executive Summary, Performance 
Projections and Recommendations, and Proposed Future UM Tasks for 1995. Volume I 
also includes pointers to other deliverables that are included in the other two volumes. 

Volume II: (73 pages, 43 Figures) A comprehensive report on dead-reckoning, emi
tted "UMBmark A Method for Measuring, Comparing, and Correcting Dead-reckoning 
Errors in Mobile Robots." 

Volume III: (206 pages, -130 figures, -300 references) A comprehensive report on 
positioning methods, entitled: "Where am I? Sensors and Methods for autonomous 
Mobile Robot Positioning." 

UM's three-volume Technical Report has far exceeded — in breadth as well as in depth 
- the extent of the proposed deliverables. All primary MT/MM requirements are satis
fied. 

Radiation Imaging Deliverables 

The primary thrusts of the radiation imaging group were to: 
(1) determine design characteristics for existing D&D environmental fields for which a 
gamma camera would be a critical asset 

(2) build a pseudo-camera which could be tested with the completed SERS, and 

(3). design, build, and test a prototype for the next generation gamma camera. 

The imaging group accomplished all of these goals and is continuing its development 
work as described below. 

• (1). UM delivered its report "Imaging Requirements" in September 1994. This report 
was assembled with direct input from the EM field community. 

• (2). The pseudo-camera was constructed last summer, and is identical in construction 
to an existing gamma camera. It is currently awaiting the opportunity for testing with 
the SERS. 

• (3). The next generation prototype camera was designed, built, and tested in a labora
tory environment This camera demonstrated the highest energy and spatial resolution 
of any portable gamma ray imager built, and has elicited considerable commercial inter
est. 

Dissemination of Important In addition to the above three navigation reports, which were directly sent to the ORNL 
Results D&D team, UM has submitted one transactions paper and two conference papers about 
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University of Michigan's Compliance with Deliverables 

new methods developed in Volume n. Volume n and Volume III have also been pub
lished as University of Michigan Technical Reports and they have been posted on the 
Internet for public access. All of the above publications prominently acknowledge DOE 
support 

In response to a limited public notification about the availability of the "Where am I" 
Report (Volume ID) UM has received (and responded to) 70 requests for printed copies 
of the report. This is in addition to the potentially much larger (but unknown) number 
of Intemet users who downloaded the electronic version of the report directly. 

In addition to the report submitted directly to the D&D team, the radiation imaging 
work was disseminated through three journal articles, three focussed conference presen
tations on radiation imaging, and through several visits by DOE managers and scientists 
and commercial vendors. 

Summary of Important In accordance with work proposed to the ORNL D&D Program, UM navigation 
Results group has conducted research in two areas: (1) Theoretical and experimental work for 

the improvement of dead-reckoning accuracy in mobile robots and (2) a comprehen
sive literature survey on positioning methods for mobile robots. The radiation imaging 
group has conducted research in: (1) assessing the existing requirements for gamma ray 
imagers, (2) "hot" testing of existing gamma ray imagers, and (3) design and testing of a 
prototype rotating aperture camera for improved signal/noise ratios and sensitivity. 

Dead-reckoning Accuracy 

UM has introduced a new method for measuring dead-reckoning errors in mobile 
robots, and for expressing these errors quantitatively. When measuring dead-reckoning 
errors, one must distinguish between (1) systematic errors, which are caused by kine
matic imperfections of the mobile robot (for example, unequal wheel-diameters), and 
(2) non-systematic errors, which may be caused by wheel-slippage or irregularities of 
the floor. Systematic errors are a property of the robot itself, and they stay almost con
stant over prolonged periods of time, while non-systematic errors are a function of the 
properties of the floor. 

UM has developed a benchmark test for mobile robots, called the University of 
Michigan Benchmark test (UMBmark). This test is especially designed to uncover cer
tain systematic errors that are likely to compensate for each other (and thus, remain 
undetected) in less rigorous tests. Six kinematically different mobile robot systems 
were tested, the results of these tests can serve as indicators for the accuracy that can 
be obtained in each one of these categories. Among the many important results 
obtained from these tests is that the UM's "CLAPPER" vehicle, which is especially 
designed to reduce dead-reckoning errors, was at least one order of magnitude more 
accurate than the Cybermotion K2A. Another interesting result is that the Cybermotion 
platform appears to be subject to systematic errors that may be correctable in software. 
UM has also developed and demonstrated such an approach for the TRC LabMate 
robot For the LabMate robot the result of software corrections based on UM's method 
was consistently a 10 to 20-fold improvement in accuracy. 
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University of Michigan's Compliance with Deliverables 

Mobile Robot Positioning 

UM has conducted a comprehensive literature survey on Mobile Robot Positioning. 
The survey discusses basic sensors used for positioning, complex sensor systems, and 
methods for positioning. Commercially available systems as well as laboratory proto
types were investigated. The survey is published as a 200 page report with 130 illustra
tions. Nearly 300 references point the reader toward other relevant work, for further in-
depth studies. 

Perhaps the most important conclusion from this report is that no single position
ing system exists that is particularly elegant. Nonetheless, some systems are better 
suited to certain applications than others. Based on this survey, UM focused on those 
systems that are particularly useful for D&D applications. UM found that all four of the 
best-suited systems were of the Beacon Navigation type. One of these systems, the 
TRC Beacon Positioning System, was selected (independently from the UM survey) by 
the ORNL D&D team for use in their Mobile Automated Characterization System 
(MACS). 

Based on that survey UM has identified possible ways of enhancing the perfor
mance of the TRC Beacon System in cluttered environments. 

Radiation Imaging 

The radiation imaging group completed "hot tests" of two mature imagers. The tests 
were conducted in its hot caves and reactor equipment rooms, and provided a wide 
range of harsh environments. UM also tested a commercial camera which was an early 
technology spin-off. This camera failed to meet expectations and our commercial part
ner is re-engineering the electronics for further testing. [DOE-EM has requested a com
mercially-available imager for field operations]. 

An imaging camera which uses Csl, individual readouts, and a rotating collimator was 
designed, built, and successfully tested. The result was a camera with the highest sensi
tivity, spatial resolution, and energy resolution. It is, however, considerably more 
expensive than two of our existing devices. 

UM continues to be the international center of this technology. We hosted demonstra
tions for personnel from several DOE offices, including EM-42 and EM-53, DOE labo
ratories (EGG-STL, INEL, ANL, SRTC), industry, and international laboratories. 

Additional Work in Progress UM has solicited input for the environmental assessment report being assembled. In 
this work, we have solicited input for the range of clutter and obstacles which might be 
expected for various environments. This will enable UM to define a parameter space in 
which we shall design future navigation platforms and subsidiary aids to operate. 

In anticipation of enhanced support for MACS, UM has renovated its Cybermotion 
K2A platform, and ordered the TRC Lidar. 

UM is currently assembling an advanced "smart encoder trailer" to be ready for demon
stration at the upcoming May-June Tech Demonstration at ORNL. 
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University of Michigan's Compliance with Deliverables 

UM is currently putting the final touches on a journal article which compares industrial 
radiation imaging technology. The article quantitatively compares the four types of 
radiation imaging cameras. The article is intended to educate the potential users of this 
technology. 

UM is designing two new cameras based upon the lessons learned in the development of 
the cameras. One camera employs active coincident techniques to enhance the poor sig
nal/noise ratio predicted by DOE officials for some candidate environments [Dr. Clay
ton Gist, Oak Ridge Operations Office, for K-25 and MSRE applications]. Another 
approach [based upon the problems described by Dr. Bill Murphy, EM-42] uses coded 
apertures to improve the sensitivity of the camera to weak fields. 

Anticipated UM Tasks for UM has begun work on the following tasks, most of which will be carried out 
1995-6 throughout 1995 and some will extend into 1996. 

1. UM will create a "National Knowledge-base on Mobile Robot Positioning." This 
task entails the continuous updating and maintenance of UM's report on mobile robot 
positioning. The current report would be the basis of this knowledge-base, but it will 
grow over time as UM updates and maintains the document continuously. UM will 
solicit from other researchers in the field product or research information. Conversely, 
UM will make the bi-annually updated report available to anyone who requests it. A.K. 
Peters, a publisher of scientific books (including Anita Flynn's recent mobile robotics 
book and Bart Everett's upcoming book "Sensors for Mobile Robots") has expressed 
strong interest in publishing a book based on the "Where am I" Report. A.K. Peters has 
also proposed to inexpensively print and distribute intermediate version of the "Where 
am I" Report. 

2. UM has ordered TRC's LightRanger LLOAR-based map-building sensor. In UM's 
opinion, it will be especially important to develop map-based navigation algorithms 
that would allow localization of the robot based on pre-stored maps. Such an approach, 
combined with occasional use of a beacon navigation system, appears to be especially 
well suited to the MACS application. UM will develop map-based navigation tech
niques specifically optimized for the MACS application. 

3. UM will continue work on its Smart Encoder Trailer (SET). UM has already built 
the system and will soon be able to implement dead-reckoning correction algorithms. 
UM will perform extensive experiments with this system and will provide final results 
and suggestions to the ORNL D&D team. A commercial vendor has expressed a desire 
to commercialize this as a product 

4. In collaboration with RedZone Robotics: UM will be responsible for the obstacle 
avoidance for Rosie, providing a range of increasing assistance to the operator - from 
purely reactionary platform protection to semi-autonomous operation. UM has already 
begun the development of an easy-to-interface stand-alone ultrasonic sensor system. 
This system will be developed such that it will be possible to allow combination with 
the LIDAR system (see task 2, above) for sensor fusion. 

5. In collaboration with RedZone Robotics, UM will investigate possibilities for 
improving dead-reckoning capability of RedZone's Rosie locomotor. Detection and 
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partial correction of dead-reckoning errors may be possible using Michigan's new Inter
nal Position Error Correction (IPEQ method, which has been demonstrated success
fully on UMs CLAPPER. At this time it is not clear whether UM's method can be 
applied to the kinematic design of Rosie. UM will investigate the applicability of IPEC, 
and, if applicable, develop and implement a Rosie-IPEC system. 

6. Brad Richardson (ORNL, MACS) has expressed an interest in incorporating UM 
navigation packages into the MACS system. Michigan will work to identify and 
develop the specific modules which can augment the primary algorithms to enhance 
MACS performance in field environments. 

7. Continue development of the radiation imaging systems. We have surveyed a set of 
candidate environments, and designed and tested prototype cameras. The next step is to 
build a full-scale camera for "hot tests" in our hot caves and reactor equipment room. 
An improved operator interface is also required to move this technology out of the labo
ratory setting. A full scale demonstration at K-25 is being planned currently. The cam
era will have sufficient portability for the SERS manipulators. 

Depending on the level of funding available, UM may be able to pursue all of the 
recommended workscope items. Michigan will interface with the ORNL and D&D pro
gram managers to prioritize the most important tasks for the D&D program within the 
constraints of available funding. 
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University of Michigan First Year 
Deliverables for the MWO Program 

D. K. WEHE 

Prepared by the University of Michigan for the Mixed Waste Operations efforts of the 
United States Department of Energy's Robotics Technology Development Program 
within the Environmental Restoration Office of Technology Development 

Executive Summary 

The University of Michigan (UM) has completed all tasks defined in the FY-94 
Workscope) and in the UM MT/MM-FY94. UM has delivered all required sys
tems, parts, drawings, and documentation, and UM has completed each task 
before the milestone dates. 

Compliance with Deliverables 

1.1 Introduction 
UM has performed work in the area of radiation imaging and navigation in 
support of the MWO program. The following sections detail how Michigan 
has met its MT/MM and workscope commitments. 

1.2 Technical quality 
The technical quality of UM's work was outstanding and exceeded our 
expectations and formal specifications. UM's main technical contributions 
were: (1) safe entry into - and safe travel within narrow aisles, and(2) the 
design and testing of a smaller radiation imager, MCC3. 

Navigation: 

1 



2. Demos, Reports, and Documentation 

The mutually agreed benchmark test for "safe" was the flawless performance 
of 10 consecutive entries and 10 in-aisle runs demonstrations. In excess of 
this requirement UM demonstrated dozens of successful consecutive runs, 
even when drums were sticking out into the aisle. Furthermore, the required 
specifications called for a maximum travel speed of 6 inches/sec. UM 
demonstrated safe performance in multiple runs at speeds in excess of 12 
inches/sec. Safe performance at excessive speeds is a good measure for the 
safety *margin* of a system. 

Radiation Imaging: 

The goal of this work was to design a radiation imager which could be useful 
for "identifying) the radiation emanating from mixed waste after it is 
removed from a container." Specifications for sensitivity and resolution were 
obtained from EM-40 field offices. The prototype camera exceeded these 
specifications in all respects (including cost). 

2. Demos, Reports, and Documentation 

UM demonstrated the capabilities of their narrow-aisle navigation system on 
UM's SWAMI Jr. robot on June 30,1994 to Clyde Ward and Randy Singer 
from SRTC. This demonstration was successful and met or exceeded all 
requirements outlined in the Detailed Workscope. 

At the time of the June 1994 Demo UM provided a Technical Report 
describing the function of UM's Navigation Module. This report has 16 
pages, 10 illustrations and 18 references. 

After SRTC approved the demo results, UM provided a detailed list of 
components, parts, and assembly instructions for a duplicate system to be 
built at SRTC. UM and SRTC collaborated on the development of a self-
recovering communication protocol for the serial connection between the 
SWAMI JJ controller and the UM navigation module. 

2.1 June 1994 Navigation 
Demo 
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2. Demos, Reports, and Documentation 

UM demonstrated their narrow-aisle navigation system installed on SWAMI 
U on January 10,1995. No SRTC representatives were present but the demo 
was video taped. This demonstration proved the successful integration of 
UM's navigation module with SWAMI U in full accordance with the Detailed 
Workscope. As a further enhancement over the June 1994 Demo, UM 
demonstrated reliable detection of unexpected obstacles (e.g., people) in the 
robot's path. 

After the January 1995 Demo UM shipped SWAMI U and the UM Narrow 
Aisle Navigation System to SRTC. At that time UM submitted a Technical 
Manual explaining the assembly, testing, and operation of the Navigation 
System. The Technical Manual has 27 pages and four functional diagrams 
that illustrate the assembly and usage of the system. "C" source code for all 
UM programs, including extensive in-line documentation, was also provided. 

UM accommodated programmatic needs beyond the original workscope as 
follows: 

a. UM assembled and installed onboard SWAMI II the navigation computer, 
the sonars, and other electronic devised required for integration of the 
navigation system. An SRTC engineer collaborated with UM personnel in 
designing and integrating the systems. 

b. UM built into the Navigation System a fully functional Radio Control 
Joystick system that allowed wireless control of SWAMI U. UM shipped all 
hardware components and documentation for operation of this system to 
SRTC. 

2.3 January 1995 Radiation 
Imaging Demo UM demonstrated the new prototype radiation imager MCC3 for the first 

time to SRTC, DOE (EM-42), and industrial interests (UM had displayed 
existing imagers to SRTC during the June 94 Demo above). This was well in 
advance of the fourth quarter milestone date. Four different imaging 
cameras were demonstrated and compared for the attendees. The prototype 
imager was shown to exhibit superior energy and spatial resolution compared 
to all previous mechanically collimated cameras. Dr. Bill Murphy (EM-42) 
has since requested the camera be demonstrated to field personnel at an EM 
site (K-25) to begin actual preparations for waste remediation. 
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3. Summary of Important Results 

2.4 Dissemination of Work 
UM presented four papers at national conferences: 

a. "Autonomous Navigation of Mobile Platforms in Hazardous 
Environments." at the 5th International Symposium on Robotics and 
Manufacturing (ISRAM), Maui, Hawaii, August 14-17,1994. 

b. "Mobile Robot Navigation in Narrow Aisles with Ultrasonic Sensors." 
ANS 6th Topical Meeting on Robotics and Remote Systems," Monterey, 
California, February 5-10,1995. 

c. "Radiation Imaging using Multihole Collimators", at the IEEE Nuclear 
Science Symposium, Norfolk, VA, October 1995. 

d. "An Antisymmetric Modulation Imager", at the IEEE Nuclear Science 
Symposium, Norfolk, VA, October 1995. 

3. Summary of Important Results 

UM developed a unique sonar-based system for narrow aisle navigation. 
Unlike most other sonar-based navigation systems the UM design utilizes 
recessed, sideways-mounted sonars for millimeter-accuracy real-time 
trajectory planning in narrow aisles. Numerous unique features were designed 
into this system to guarantee absolutely fail-safe operation. Extensive testing 
validated the UM method. 

UM designed and built a unique prototype radiation imager for energy and 
spatial gamma radiation measurements. The device exhibited excellent 
spatial resolution using the Maximum Likelihood reconstruction algorithm 
developed for the camera. The work has attracted international attention. 

4. UM Thoughts on Tasks for FY-95 

Some of the FY-94 work will be continued in FY-95, and new tasks will be 
added, depending upon the level of continued funding. The following list is 
not in order of priority. 
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4. UM Thought* on Tasks for FY-95 

1. UM wishes to provide highly responsive technical support for SWAMI ITs 
ongoing testing and deployment. UM will maintain and update SWAMI Jr., a 
mobile robot that is functionally identical to SWAMI U (with respect to sonar 
navigation). Using SWAMI Jr., UM will immediately test and debug 
potential problems as they become apparent during testing of SWAMI II. 
Expected modifications to SWAMI U's sonar layout will be duplicated on 
SWAMI Jr. and software modifications will be developed. 

2. UM will assist, as needed, on-site with the installation and testing of 
SWAMI H at Fernald. 

3. UM will develop unique obstacle avoidance systems for SRTC's Little 
Mort robot. This obstacle avoidance system will be highly modular and it will 
include UM's patented Error Eliminating Rapid Ultrasonic Firing (EERUF) 
method for substantially improved noise resistance, even in the presence of 
multiple mobile robots using ultrasonic sensors. EERUF has been shown to 
eliminate 97% of all erroneous sonar readings due to crosstalk or other noise 
sources. UM will study the advantages of adapting one of its remote electric 
vehicles to simulate Little Mort and using this as the benchmarking vehicle 
for Little Mort obstacle avoidance algorithms and dynamics modelling. 

4. UM will continue the development of the prototype imager with the goal 
of providing a small and portable system for on-board transport. The existing 
prototype will be populated to full-scale and tested. UM will continue close 
collaboration with EM-40 to ensure the developed imager will exceed field 
requirements on a mobile platform. 

5. UM will review the existing radiation sensors being employed on 
SIMON, MACS, and SWAMI-U. These sensors use large Nal crystals, 
which have a good response to gamma rays, but do not offer position or 
accurate energy resolution. New technology is available, using gas 
microstrip detectors for example, which permit charged particle imaging. 
Since the detector trays are close to the floor, it may be possible to obtain a 
direct measurement of heavy metals alpha and beta emissions. Similarly, 
newer technology is available to produce position measurements of the 
radiation source to an accuracy of better than the detector tray dimensions. 
Other scintillators, such as Csl coupled with photodiodes could offer better 
sensitivity. We propose that this off-the-shelf, newer technology be 
examined for robotic applications. 

6. UM would like to explore the desirability of setting up a Robotics Hot 
Test Facility. This facility would utilize the hot cells, radioactive waste 
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4. UM Thoughts on Tasks for FY-95 

storage site, and reactor equipment rooms. These facilities contain a full 
range of harsh radioactive environments and geometry constraints for testing 
of robotic components in realistic environments. The permanent presence of 
NIST, ORNL, ANL, and other laboratories at our facilities can be attributed 
to the relative freedom from bureaucratic restrictions which permits 
experiments to be carried out expeditiously and flexibly with very minimal 
leadtimes. Permanent staff are available to provide mechanical, electronic, 
and experimental support. UM is prepared to offer the same advantages to 
the RTDP MWO and D&D programs for realistic testing and demonstrations. 
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