
CPS: Medium: Information-Based Control of Cyber-Physical Systems Operating in Uncertain Environments

https://murpheylab.github.io/projects/CyberPhysicalSystems
Todd Murphey (PI) and Brenna Argall (Co-PI), Northwestern University

Add Your Logo and/or project info here Award ID#: 1837515

Challenge
How should autonomy use control to not just reduce uncertainty, but to manage the complexity of decision-making 
in the context of uncertainty?
• We are creating control synthesis techniques for acquiring data to help support decision-making.  
• We use distributions for specification, enabling the user to specify what they want the autonomy to do without worrying about

the type or number of agents available. Moreover, if the user is unable to engage, these techniques enable the autonomy to 
provide environmental feedback without requiring the user to provide commands.

• The key outcomes of this work include improving machine learning techniques by automating high quality data collection and 
combining policy-based and model-based learning using tools from hybrid control. 

Scientific Impact
• These techniques will impact human-CPS systems that rely on 

learning, particularly in novel environments. In the diagram 
shown below, the user may need to know information that is 
unmodeled. In the case of this example, the robot knows neither
about the sensor (in this case a camera) or the object (in this
case a rubber duck) and must collect data to build a deep neural
network model of the camera-duck pair.

• These structural uncertainties are common in high pressure 
scenarios (e.g., searching for survivors in collapsed structures) 
where opportunities for data collection are rare. 

Impact on Society

Shared control in human-machine systems are increasingly common; 
these techniques seamlessly integrate people and machines. However, 
shared control is nearly always parameterized, assuming that both the 
task and the interaction are modeled ahead of time.  This active learning 
strategy will allow a robot to use its perception system to generate a 
model based on general neural network representations of a task, the 
person, and the environment, to maintain situational awareness in the 
face of novel circumstances.

Quantitative Impact
• This method for learning novel features is well posed for 

multiple sensor modalities (vision, touch, electrosense) 
without modification.  Moreover, it significantly outperforms 
other active learning techniques that use entropy and 
entropy-like terms as the basis for exploration.

• A. Prabhakar and T. D. Murphey, “Mechanical intelligence for 
learning embodied sensor-object relationships,” Nature 
Communications, vol. 13, p. 4108, 2022. 

Figure 10: (left) The PIs’ robots at the Chicago Museum of Science and Industry were immensely popular
in April of 2012-2016. Large crowds—more than 10,000 people each year—were able to interact with the
robotic systems with the help of graduate students in our laboratories. The Baxter robot—shown drawing
the Eiffel tower—draws pictures and portraits using the ergodic control techniques discussed in 1.4 [82].
(right) Our MICO arm demoing for Museum of Science & Industry visitors during National Robotics Week.

4.1 Museum of Science and Industry

The Museum of Science and Industry in Chicago’s south side is one of the great museums in the
world3 and is generally considered to be one of the best science and technology museums. Over
one million people come through the museum in any given year, making it a perfect opportunity
to highlight to the public robotic technologies and their impact on the economy and education.
Both PIs have already been working with the museum on how to communicate the importance of
algorithm design, control system analysis, and software design for robotics and other embedded
systems; this includes several talks PI Murphey gave at the museum on robotic systems and five
consecutive years of having robots (from the PIs’ laboratories) featured in the main rotunda of the
museum during National Robotics Week.

If funded, the museum will feature the resulting work in the main rotunda of the museum
during National Robotics Week. The exhibit will include the robotic systems from Section 2.4—
both experiments have already appeared at the MSI in previous years. The estimated number of
people—largely secondary school students—will be roughly ten thousand and with media coverage—
arranged by the museum—even more people will be reached.

Assessment: Fortunately, MSI already engages in a significant amount of expertise in assess-
ment and has been helping evaluate the effectiveness of the exhibits from previous years; this will
continue in future years. Moreover, we will know the numbers of people reached through a com-
bination of ticket sale information and media coverage. This assessment will be reportable to the
NSF by the end of the funding period.

4.2 trep, Software Availability, and Rehabilitation Research

PI Murphey and his lab have been developing software, called trep [52], for optimal control of
mechanical systems with arbitrary mechanical topologies. This is what allows us to compute closed-
loop feedback laws for complex mechanical systems, including rehabilitation applications at the
Rehabilitation Institute of Chicago and the Northwestern Feinberg School of Medicine. If funded,
the algorithms for ergodic control will be included in trep and will be distributed through the Robot

3
It was, for instance, rated among the top fifteen museums of any type in the world by Life magazine in its

millennium edition.

13

Our outreach efforts have included exhibits at the Museum of 
Science and Industry in Chicago.  Moreover, we created online 
content for middle school students during the pandemic.
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