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Abstract-- At small, undergraduate institutions, resources are scarce and the educational challenges are great.  In the area of robotics, the need for physical experimentation to reinforce and validate theoretical concepts is particularly strong, yet the requirements of maintaining a robotics laboratory can be onerous to teaching faculty.  Experimental robotics often requires a software sophistication well beyond that which can be expected from undergraduate mechanical engineers, who are most often only required to write simple programs in manufacturer supplied languages.  This paper describes an effort to provide an undergraduate robotics research experience in the presence of these challenges.  For the past two years, we have teamed undergraduate mechanical engineers at Wilkes University with undergraduate computer scientists at University of Wisconsin - La Crosse in a collaborative experimental effort.  The goal of this project is to remotely control a PUMA 760 robot located at Wilkes University from an operator station located at UW-La Crosse.  This paper presents the results of this collaborative course from the Fall ’96 and Fall ’97 semesters.  Summaries of the projects, educational goals achieved and critical assessment of the collaborative approach will be presented.
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Figure 1. The Wilkes hardware configuration.

Introduction

Wilkes University and the University of Wisconsin - La Crosse are small, primarily undergraduate institutions with a common mission of providing the highest possible quality undergraduate education.  In addition to the recent emphasis nationwide on providing research experiences for undergraduate students1, there are significant educational benefits in involving students at this level in active research program vis-à-vis purely academic or contrived exercises.  With this in mind, a mechanical engineering faculty member at Wilkes University and a computer science faculty at UW - La Crosse have begun sharing resources via the Internet.  A PUMA 760 robot, located in the Computer Aided Engineering laboratory at Wilkes University is controlled via an operator station located in the Computer Science laboratory at UW - La Crosse.

The goal of this collaboration is to provide an undergraduate research experience in robotics.  One level of complexity is added to the project by the robot being physically distant from the UW- La Crosse students.  Even without real, physical contact with the robot, students encountered many of the problems associated with physical experimentation in robotics.  Uncertainties in the location of objects, inability to reach positions due to configuration limitations, inability of the end effector to grasp objects, even when properly positioned, and many other “real world” problems were present in this experiment.  This paper presents a summary of the faculty and student experiences over three years of collaboration with an emphasis on education issues.  Results from each year's experiment have been reported previously2,3,4.

I.  Experimental Setup

As shown in Figure 1, the Wilkes University Computer Aided Engineering laboratory is equipped with a PUMA 760 robot and two Sun computers, a Sun4 workstation and a Sparc20 server.  The Sun4 controls the PUMA robot using RCCL5 a package developed at McGill University that allows direct C language control of the robot by the Sun4 workstation.  To accomplish real-time control, a program communicating in real time using parallel port cards installed in the Unimation and Sun4 chassis replaces the manufacturer-supplied language VAL.  A special version of the Unix kernel is compiled for the Sun4 to allow real-time operation.

Installed in the Sparc20 is a Sun Microsystems VideoPix image acquisition card.  This card digitizes in color the signals of up to three video cameras placed by the students anywhere in the lab.  JPEG encoded files of images are transferred via ftp to La Crosse, while a software package developed at Wilkes allows network control of the robot through Internet sockets.
The UW - La Crosse Computer Science laboratory, serving approximately 150 majors, is equipped with 30 Pentium-based workstations running NeXTStep.  The robot at Wilkes University can be controlled from any of these workstations.  The user interface was developed as a NeXT application and written in Objective C.

II. The Educational Task

Each year the faculty collaborated closely in choosing an appropriate task.  This proved to be a critical decision determining the overall success of the course. Some of the factors effecting task selection are enumerated below:

1. The task must require collaboration. It must not be possible for either Wilkes or UW La - Crosse students to accomplish the task without the other - they will immediately choose to do so.  One way the faculty assured this was to choose tasks that required visual feedback to the operator.  The Wilkes mechanical engineers were unlikely to incorporate any form of vision processing, and thus, at a minimum, required the UW La - Crosse students for any vision processing.

2. The task must involve real-world interaction between the robot and an unstructured environment.  The robot must not be considered a "subroutine" of a program executed in La - Crosse.  The unstructured environment ensures that the interaction will not be automatic and must be monitored by the UW La - Crosse operators.

3. The task must be consistent and fit appropriately within the formal goals of the courses in which the students were enrolled.  The Wilkes students were enrolled in a Robotics course and the UW La Crosse students in a course (or independent study) entitled Artificial Intelligence.  The activities of the students must be consistent with the published goals of these courses.

4. The students must be able to complete the bulk of the work required in a four to five week period.  Each student was enrolled in a three credit course inside a fully loaded semester, and it is not appropriate to require more work than a typical (although challenging) three credit course.  Students learn fundamentals for the first half of the semester and typically do not get the project underway until about the midpoint of the semester.  

5. It must be possible to perform the task by direct operator control using a vision-based move-and-wait strategy.  This forms the base line against which their systems are measured.  If the task is not meaningful in the context of  time-delayed teleoperation,  the students have no basis on which to recommend or implement improvements.

These factors combine to make appropriate task selection quite challenging.  The faculty chose the task of painting in one instance and the task of acquiring and sorting objects by color in the other.  Both tasks involved relatively complex interactions between the robot and the environment requiring, at the minimum, supervisory control by the UW - La Crosse operator. 

III. The Experiment

In the fall semesters of 1996 and 1997, mechanical engineering students enrolled in a senior Robotics course were teamed up with computer science students at UW-La Crosse.  La Crosse students were enrolled in an independent study in 1996 and a formal Artificial Intelligence course in 1997. Early in the semester, the existing teleoperation system was demonstrated to the students in a simultaneous joint session.  Using the existing system, Dr. Sutherland was able to perform the assigned task using visual feedback of two video cameras and a “move and wait”6 strategy.  The students witnessed directly that this was a slow and tedious process requiring multiple cycles of guarded motions followed by waiting for video feedback. With this introduction, students were asked to propose improvements to this system that could be realized in a one-semester course project.  The content of the proposal was not restricted in advance, other than it be a demonstrated improvement to the move and wait strategy that accomplishes the task.  Although a reduction in task completion time could be the most measurable means of improvement, systems that did not improve completion time but reduced operator fatigue or potential for error were also valid. 

Another goal of this initial joint meeting was to acquaint students with one another.  The live video cameras are used to pan the Wilkes students while they waved to UW La - Crosse students.  In response, La - Crosse students occasionally sent pictures of themselves to their Wilkes group members.  At the conclusion of this meeting the students often left with the impression that the project was as real as the students at the other university with whom they had to collaborate.

IV. Starting Point

Students can not be expected to attempt a task of this magnitude without a starting point.  The basic capability of Internet teleoperation between UW - La Crosse and Wilkes was established in 19952.  Figure 2 shows the initial Telerobot interface at UW - La Crosse.  This interface was used to perform initial experimentation with remote control of the robot.  The robot was directed to paint an American flag using red and blue paint.  The interface initially allowed only straight-line motion.  Curved motion was later implemented to allow for greater expression.
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Figure 3 shows the robot performing the painting task.  The robot held a paintbrush rigidly in the end effector.  At the robot site, the students programmed "macros" for dipping the paintbrush into paint jars.  These simple macros were activated by push buttons on the operator interface.  When receiving a macro command, the robot would record its current position, move over to the paint jar and dip the brush, and then return to the saved position.  Although effective, these motions also made a bit of a mess as paints often dripped off the brush and onto the floor. 

VI.  Benefits Of Collaboration
Sharing of resources using electronic networks has become a valuable model for course development and educational experience enhancement.  The primary benefit of sharing a resource, in this case a robot, between Wilkes and UW - La Crosse is that the energies of the Computer Science Department faculty may directed more towards the software issues associated with robot control.  The faculty is not burdened with the expense and effort of acquiring and maintaining a working robotics laboratory.  As is the case at many small universities, UW - La Crosse has no engineering program.  Thus, this opportunity to share resources on campus does not exist.

One benefit to Wilkes in this collaboration is the opportunity to work with students skilled in computer science.  As mechanical engineering curriculum does not emphasize software development, the students are functional but rarely proficient at developing complex software. Mechanical engineering students prefer to work with the physical robot, developing fixtures and end effectors and programming basic motions.  Students also gain experience in collaboration, a central and important career skill.  Mechanical engineers need to collaborate with computer scientists to accomplish robotics research, and will likely have to collaborate with computer scientists in their careers.  In this collaborative experience to date, the faculty has often been struck by the differences in outlook and approach between students in the two disciplines.
VII.  Results
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In 1996 students were required to paint on an easel in four ways: 1) acquire and operate two colored cans of spray paint 2) acquire and operate a paint roller and tray 3) acquire and dip brushes with four color paints 4) mix color paints with a brush and palette. Wilkes students constructed mechanical fixtures and programmed the robot to manipulate these fixtures.  Students bolted their fixtures directly onto a one-degree of freedom pneumatic gripper attached to the end of the robot.  In each project the student groups had to address the issue of repeatability.  In a typical usage scenario, the robot may be required to use and return an implement to its holder multiple times.  The project is successful only if the combination of programming and fixturing ensures that the painting tool is returned to a repeatable location each time.

Completion of the assignment required performance of the painting task under control from UW - La Crosse, however Wilkes students first tested and debugged the programs locally.  Then, these programs were converted to macros that could be invoked from the operator interface at UW - La Crosse.  For example, a group developed robot motions to acquire and release a painting implement.  These motions were tested using stand-alone programs written by the students.  The operator at UW - La Crosse invoked the motions as “macros” at the touch of a button.  In the video image, the operator could see the robot arm depart from the field of view of the camera and return holding the painting implement.  The UW - La Crosse student then used the designed interface to specify robot motions that used the painting implement to paint on the canvas.

The group attempting spray painting made the most successful effort.  The mechanical fixture developed by the students is shown in Figure 4.  A chamfered mechanical design combined with good programming of robot motions worked to make this design reliable for multiple iterations of picking up and returning spray paint cans to a flat table surface.  The paint can is acquired from programmed motion of the robot arm while the one-degree of freedom end effector is used to depress the spray valve of the can. The collaboration between students was also most successful in this effort.  The UW - La Crosse student was able to repeatedly acquire the cans of spray paint and spray the canvas at Wilkes while moving the robot arm.
[image: image3.jpg]Group 1

Group 3 Group 4



In 1997 the task was to sort the randomly located objects shown in Figure 5 into four bins by color. The students were divided into four groups of four to five students each, two from Wilkes and two to three from UW - La Crosse.  Collaborating via the Internet, the groups devised a strategy for performing the task.  Typically, Wilkes students constructed mechanical end effectors and programmed the robot to manipulate these fixtures while UW - La Crosse students implemented algorithms with the intention of simplifying the task for the operator. Completion of the assignment required performance of the task under control from UW - La Crosse.  In the next few paragraphs we will briefly present the solutions attempted by three of the four groups before summarizing. The end effectors constructed by all four groups are shown in Figure 6.

Group one proposed building an end effector for the robot capable of picking up most objects in any orientation.  This end effector (resembling to some degree a “skill crane”) used two plates free to rotate about a pivot at one end. When the end effector was brought to a fixed height above the table, the pneumatic actuator was closed, locking the plates together and enclosing any object contained by the plates. This mechanical design was tested locally on all the objects and found to be reliable for any orientation of about 80% of the objects.  The remaining 20% of the objects could only be picked up in a certain orientation with respect to the end effector.  The Wilkes students provided macros to move the end effector above each box and release the object. 
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The UW - La Crosse operators were responsible for recognizing the identity, color, position and orientation (if required) of the objects.  For orientation neutral objects, the UW - La Crosse operators needed to position the end effector above the object and then move horizontally downward to enclose the object. For objects identified as requiring specific orientation, the operator had to provide the correct orientation.  The UW - La Crosse students attempted to assist the operator by developing an automated object recognition program to analyze an image of the remote site taken by a camera located vertically above the table top.  The program first attempted to recognize the object’s color and later identify the location of the recognized object.  This approach would save time over manual operations because acquiring and delivering objects would be a series of automatic commands requiring no operator intervention. 

The second group constructed a more complex mechanical end effector that used a scissors-like mechanism to extend the range of travel of the pneumatic actuator. The end effector could successfully pick up all objects but required specific orientation for about 50% of the objects.  One problem with this end effector is the pneumatically actuated closing tended to be rather quick and forceful, and this would occasionally fling the objects out of grasp (and across the room).  This group programmed over 20 macros for moving to a variety of pre-defined positions.
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The UW - La Crosse students also attempted automated object and location recognition using an image from the camera located near vertically above the table. Using a scheme of finding the predominant color of objects in the field of view, they also attempted to automatically develop a strategy for block retrieval which combined the size and color attributes of an object to determine how to grasp it and where to put it. 

The third group constructed an end effector that had two parallel fingers to be positioned by the operator on opposite sides of an object. This group anticipated that the operator might have problems with precise positioning and concentrated on accommodating this through mechanical compliance and visual aids.  The parallel fingers were spring loaded so that even if accidentally brought down on top of the object (instead of beside it) the collision not trip the contact switches of the table. To aid the operator, this group fastened a laser pointer to the robot pointing down onto the tabletop. The laser light would illuminate an object directly below the end effector with light that was clearly visible using the video camera mounted above the table. 

The UW - La Crosse members concentrated on developing algorithms that would provide an optimum removal strategy once the position of the objects was determined. The potential improvement over the move and wait strategy occurs not in object recognition but in task performance.  The interface used by the UW La - Crosse students is shown in Figure 7, note the addition of buttons for executing macros at the remote site.

Despite some sound approaches and considerable local experimentation by groups at both sites, not one group succeeded in this task.  In fact, not one group even placed a single object in the appropriate bin during the final demonstration.  Some groups were more successful than others in testing their systems prior to final demonstration. Communication between the Wilkes members and UW - La Crosse members broke down almost completely in more than one group, with the result that each side proceeded independently in an attempt to gain partial credit.
Uncertainty concerning camera location caused significant problems for more than one group as well. The student groups had prepared for the objects being in different locations, but their expectation was that the relative positions and orientations of the camera and the surface on which the objects were placed would remain the same. They quickly learned how even a slight change in this relationship can turn success into failure.  Groups had ample opportunity to verify working assumptions about the camera location, operator roles or the function of macros, but frequently failed to communicate this vital information.
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In a broader sense, these experiments can be considered a bit more successful. In most cases the groups did develop a well reasoned approach and a division of tasks that had the potential of improving the system.  The students seemed to understand the difficulties of the visual feedback based move and wait strategy and in all cases devised strategies for reducing the burden on the operator.  All groups reduced the complexity of the task by requiring operator motions in only two dimensions, and locating the camera to allow the best view of these dimensions.  Thus, all groups attempted to eliminate the requirement for depth perception from a single camera by automating motion in the depth dimension. Three groups attempted some form of vision processing to eliminate the need for the operator to make numeric estimates of position from camera image, and one group introduced structured light to assist in locating objects. All groups also immediately saw that repeated motions, such as the delivery of acquired object to bins could be implemented as macros to save time. In summary, each group developed some kind of supervisory control scheme where the operator was responsible for higher level decision making and routine motions were performed under local autonomy.

IX.  Conclusions

Many benefits of this collaboration have been realized. It has been possible to give computer science students at UW - La Crosse a real world robot control task without purchasing and maintaining a robot.  It has also been possible for Wilkes University students to concentrate on the robot control tasks while still gaining an appreciation of the complexity of software required to implement a system that must function in the real world.

The results of requiring collaboration between students of different universities continue to be somewhat surprising. Most groups found it burdensome and frustrating to be required to cooperate with someone outside their own university.  One sentiment, perhaps responsible, was student discomfort with their course grade depending on something or someone outside their control.  Often, the students at both universities would blame their counterparts for lack of communication or scheduling problems.  Students were instructed to save their e-mail messages and seek faculty intervention if a communication impasse develops.  It was rather remarkable how often this occurred.  Drs. Stein and Sutherland were frequently required to intervene in disagreements, and in some cases having all group members present for a conference call was necessary.  Despite these attempts, communication still broke down frequently.

Perhaps the most surprising aspect of this approach was the apparent student distaste for it. Drs. Stein and Sutherland thought, at least initially, that the students would be eager to meet each other, especially since they were about the same age but quite distant geographically. Although initially somewhat enthusiastic, most students became frustrated and suspicious of their counterparts almost immediately.  In both years the first two to three weeks of the project were spent convincing the students that the lack of response to their messages was not due to technical difficulty, in other words that the e-mail system works.  

Probably the most successful aspect of this approach to learning robotics was the student gaining appreciation for the variability and uncertainly of the robot’s environment.  The programming of rote motions tends to produce a mistaken belief in students that the robot and its environment are predictable and controllable.  The teleoperation context of the assignment, in contrast, introduces the concept of unknown environment and limited feedback information.  This context is a fertile environment allowing student consideration of the true challenges to robot operation.

The difficulties of running this course, however, have given us pause when considering radically new ideas (such as this one) for courses.  It seems despite students spoken interest in forefront technology and hands-on activities, they are apparently more comfortable with a traditional format of lectures-homework-exams.  At least with respect to the Wilkes students, there were overriding concerns for how they would be evaluated and how the performance of others would effect their final course grade.  The activity is too challenging to expect students to participate without this participation effecting their final grade. However, students felt their grade depending on another student not even in the same university was hopelessly unfair.  As a result students spent more time acting defensively to "prove they did their share of the project" than they did concentrating on the problem at hand.

Difficult experiences can still be educational, and one of the most interesting lessons learned by the students (and the faculty) is that the outlook, perspective and even the basic approach to problems differ greatly between mechanical engineers and computer scientists.  It would be hard for these students to understand each other even if you put them all in the same room. Distance and the limitations of e-mail as a primary form of communication merely compound the problem.  As a result, this proved to be amongst the most difficult experiences for the Wilkes mechanical engineers, and perhaps the most educational.
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Figure 6. End effectors for object sorting task.





Figure 4. End effector attachment for spray painting.





Figure 7.  Interface used by La Crosse Students





Figure 2. Starting version of the robot interface.





Figure 3.  Robot performing the painting task.





Figure 5. Set of objects to be sorted by color.
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