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The Inverted Pendulum (The Cart-Pole Challenge) 
The setup was an inverted pendulum mounted onto a robotic vehicle (Figure 1 left). The challenge was 

to prevent the pendulum from falling. Two versions with the same physical properties were built. One had no 
motors and was used to record the learners> motions balancing the pendulum by hand (pushing the car back and 
forth on a track). The second was equipped with two DC motors and was controlled through the Logo 
programming environment. Note that the motions of the motorized pendulum can also be recorded.  
 

           
Figure 1. Students playing with the inverted pendulum (Left). The goal was to prevent the pendulum from 

falling. The balance beam (Right) being manipulated by a student. The goal of this challenge was to prevent the 
rolling car from falling off the beam. 

 

The Balance Beam 
The goal of this task was to balance a robotic vehicle that could travel back and forth on a pivoting 

beam (Figure 1, right). When the car was pushed away from the center, the learner had to control the beam to 
prevent the vehicle from falling off and also return it back to the beam>s center. Only one setup was built to 
serve both the required operational modes. The beam was motorized but the motor used was large enough to 
tolerate the reverse torque that was applied when the beam was controlled by hand. The vehicle>s position on the 
beam and the beam>s angle were sensed.  
 

Physio-Syntonicity: A Computational Means to Make Balance Control More 
Accessible to Children 

Programming was the primary expressive means for the learners. A special version of the Logo 
programming language called PyoLogo (Python-Open-Logo) was created. PyoLogo included added 
functionalities such as the ability to record and playback robot motions. Figure 2 shows a screenshot of the 
programming Environment. Logo was picked because of its well-established learning philosophy underlying its 
design. The epistemological goal of connecting robot balance to human balance was that it could transform a 
topic previously alien and unknown (control engineering) into a something more familiar and less intimidating 
(one>s own body actions). This approach resonated well to Logo>s popular turtle metaphor that allowed a learner 
to relate mathematical operations (geometry) to one>s own actions moving in a physical space. This 
connectedness or body-syntonic quality has been the main focus of Logo and their visionaries such as Seymour 
Papert since the early days of using programming as a learning tool for children (Papert, 1980).  

In the same spirit as Logo>s turtle, our work with students has led us to develop a computational means 
that allowed a number of previously abstract control techniques to become more accessible to younger learners. 
The case-studies will show how familiar properties of 2D on-screen objects were used to perform and analyze 
balancing actions. We named this approach the Spatial Computing Paradigm (SCP). The combination of SCP 
and using body motion has led to a framework for learning that is Uphysio-syntonicV. While body-syntonicity, as 
mediated through Logo>s turtle, has connected geometry to familiar body movement in space, physio-
syntonicity has opened up new pathways for children to access ideas in Balance Control through familiar actions 
both on and off the computer screen. 
 

 
Figure 2. A screenshot of the PyoLogo programming environment 

 
There have been examples of using people=s experiential knowledge as a basis for the learning and 

teaching of ideas in balance control. In the 1980s, balancing a bicycle was used as part of the control course at 
the Mechanical Engineering Department at the University of Illinois (Klein, 1989). Students were challenged to 
explain how a bicycle works. Different aspects of the bicycle were analyzed by custom building bicycles with 
rearranged characteristics. This approach was adopted by many other universities and newer iterations 
incorporated sensing devices that allow for computerized analysis (Astrom, 2005). These approaches, however, 
focused more on connecting experiential knowledge to the traditional approaches towards control. This work 
pays more attention to designing new learning trajectories and new computational approaches towards control 
that could be both practical and accessible by younger learners.  
 
Research Methodology 

We have conducted a design research. That is, we were not testing a finalized pre-constructed learning 
environment with children. Quite the contrary, we started with only a rough implementation of the tools. The 
direction of how the activities were to proceed was also not fixed. It was the experience of working with 
students that advanced the researchers= thinking and helped refine the tools to better support the activities. Thus, 
the research methodology needed to reflect this design nature where innovations come not only from the 
researcher but also from the learner and the interactions between the two. 

Much of the process in this work resembles the well known participatory design approach (Schuler, 
1993) where the researcher=s inquiries with students were highly contextualized and the students (or users) 
played a significant role in determining what aspects of the tools worked and what did not. But it has also put an 
emphasis on applied epistemological anthropology (Cavallo, 2000) as a means to identify learner=s common 
ways of thinking about the phenomenon. It then directs the design of the environment to make use of these ways 
of thinking in the learning process. 
 
Participants 

Two groups of students were involved in this research. All are volunteers from a local school in 
Cambridge, MA, USA. The first group consisted of Albert, 12, and Anderson, 13. Both students participated in 
eight sessions throughout a seven week period. The second group consisted of Greg, 15 and Joe, 14. Joe 
participated for the first six weeks (seven sessions) before he had to move to another country. Greg was the 
longest participant with twenty four sessions throughout a twelve-month period. Three out of the four students 
had no prior programming experiences. Greg had done some work with Logo. However, all of them used a 
computer on a daily basis for general purposes such as e-mail, instant messaging, web browsing, gaming, etc. 
 
Some Results 
Evolution of the Approach: Negotiating Meaning When the Body Meets the Mind 

This section describes the evolution of the programming environment. The researchers had made initial 
assumptions about possible approaches and means that could allow the learners to accomplish the balancing 

approach had serious limitations. This was when the development of the graphical representation of states (as 
described earlier) was created. For the inverted pendulum project, the learners (with the help of the researchers) 
created a 2D space where the horizontal axis represented the pendulumAs angle and the vertical axis was the 
pendulumAs tip speed (Figure 7, right). This arrangement resulted in a combination of four states (positive 
position with positive speed, negative position with positive speed, and so on). The learners were able to draw 
rectangular shapes in these regions to specify how the robot should react. A turtle was programmed to move in 
this 2D space indicating the current angle/speed combination. It gave the students a comprehensible view of 
what was going on during program execution. This method allowed the inverted pendulum to stay up-right for a 
short time (roughly eight seconds) but it worked extremely well for the second project, the balance beam. The 
beam was able to successfully return the car back to its center.  

The researchers later discovered that this latest approach was significantly similar to a well-established 
engineering method called Phase-Plane Logic Control  (Wie, 1998). Phase-Planes have been most notably used 
in the space shuttle orbital control in the early 1980s as shown in Figure 8. This numerical method utilizes a 
graphical means that defines regions on a 2D space that are remarkably similar to the regions created by the 
learners. The main difference was that Phase-Planes are typically translated and implemented as look-up tables 
while our approach utilized the actual graphical components themselves to carryout the operation. 
 

  
Figure 8. (Left) the space shuttleAs on-orbit reaction control system (RCS) utilizes multiple thrusters distributed 
throughout the head and tail sections. They are controlled through a Phase-Plane diagram (right) which was used 

to determine when to fire the appropriate thrusters 
 

Conclusions 
By connecting body motion to Balance Control, we do not imply that learners would discover the 

underlying principle purely through observation. We have showed that using body motion connects the learning 
activity to something familiar and personal. Programming a robot to perform a balancing task that learners can 
perform manually with their body creates a context, stimulates curiosity, and provides motivation for learners to 
reflect on their body movement and create hypotheses. The computational tools then allow learners to express 
their ideas in programmatic terms, test them, debug them, and evaluate them. For a teacher, these concrete 
expressions allow for better understanding of the learnerAs thinking, which helps the teacher to provide new 
ideas and insights in ways that fit the current situation and are meaningful to the learner. 

The discovery of the Phase-Plane Control Logic has provided good evidence that the design process 
was both valid and functional. It would have been difficult, if not impossible, for anyone to foresee that a Phase-
Plane Controller would work well with children without spending time learning about how children think. The 
implementation of these representational forms and methods has a long way to go. There is no doubt that much 
more can be done and many other Balance Control topics can be introduced to learners by expanding the 
methods presented in this work. But whatever the possibilities are, involving students in the design process will 
remain the key aspect.  

The reason we should care about such new representational forms is because of the quality they have 
that promotes learning in ways that cannot be done with paper and pencil. For example, the graphical 
component of the Phase-Plane approach allowed the method that resonated with learnersA thinking to become 
practical by doing it repeatedly and accurately. Traditional abstract mathematical methods such as lookup tables, 
though would have worked, would have taken away the graspable quality that has been key to the success of this 
research. It is this characteristic that makes computational forms worth paying serious attention. It opens up new 
learning pathways that highlight human comprehension. 
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