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Goals for this talk: 
• Review some of the history of predicting the future 
• Describe what well went, but also what we missed 
• Provide some ideas about possible futures of control 

Outline: 
• View from 1995 (RMM) and 2003 (CDS Panel) 
• What “decision and control” systems look like today 
• Some opportunities for the future (personal bias) 
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Control = Sensing, Actuation, Computation (in a loop)

Sense 
Vehicle Speed

Compute 
Control “Law”

Actuate 
Gas Pedal

What is “Control”?
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Traditional view 
• Use of feedback to provide stability, performance, robustness 

Emerging view 
• Collection of tools and techniques for analyzing, designing, 

implementing complex systems in presence of uncertainty 
• Combination of dynamics, interconnection (feedback/

feedforward), communications, computing and software 

Control = dynamics, uncertainty, feedforward, feedback 

Key principles for control systems (unchanged) 
• Principle #1: Feedback as a tool for managing uncertainty 

(system and environment) 
• Principle #2: Feedforward & feedback as tools for design of 

dynamics via integration of sensing, actuation & computation 

• Corollary: Feedback enables subsystem modularity and 
interoperatility ⇒ ability to manage complexity at scale
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Future Directions in Control, circa 1995
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May 1995 
• #10: experiments → theory 
• #3: writing good software 
• #1: transition to industry 

Aug 1995 
• #8: writing good software 
• #2: magnitude/rate saturation 
• #1: convince industry to invest 

Jan 1996 
• #9: convince industry to invest 

• #1: writing good software 

Fatal flaw: done in isolation
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2000-2003 Panel: Directions in Control, Dynamics, Systems
Motivation 
• Articulate challenges and 

opportunities for the field 

• Provide compelling view of 
the field that continues to 
attract top students, faculty  

• Identify areas for funding 

Why now [then]? 
• ~12 years since prior report 

(W. Fleming [ed], SIAM 88) 
• Changing nature of field: 

- New applications: UAVs, 
Internet, robotics, sys bio 

- Increasing importance of 
of complex systems
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Academia Industry Government

Organizing Committee 
Boyd   Brockett   Burns   Doyle   Murray   Stein

Biology & Medicine

Transportation & Aerospace

Information & Networks

Materials and Processes

Robotics and Intelligent Machines

Other Areas

Apr ’00  Formation 

Jun ’00  Workshop 

Jan ’01  Draft 1.0 

Oct ’01  Draft 2.0 

Jan ’02  Draft 3.0 

Apr ’02  Release +
    Workshop 

Jul ’03  Published 

Profit!

http://www.cds.caltech.edu/~murray/cdspanel
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1. Executive Summary 
2. Overview of the Field 

• What is Control? 
• Control System Examples 
• Increasing Role of 

Information-Based Systems 
• Opportunities and Challenges 

3. Applications, Opportunities & 
Challenges 
• Aerospace and Transportation 
• Information and Networks 
• Robotics and Intelligent 

Machines 
• Biology and Medicine 
• Materials and Processing 
• Other Applications 

4. Education and Outreach 
5. Recommendations

2003 CDS Panel Recommendations
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SIAM, 2003
1. Substantially increase research aimed at 

the integration of control, computer 
science, communications, and networking  

2. Substantially increase research in control 
at higher levels of decision making, 
moving toward enterprise level systems 

3. Explore high-risk, long-range applications 
of control to areas such as nanotechno-
logy, quantum mechanics, electromag-
netics, biology, and environmental science  

4. Maintain support for theory and interaction 
with mathematics, broadly interpreted 

5. Invest in new approaches to education 
and outreach for the dissemination of 
control concepts and tools to non-
traditional audiences

• IFAC NetSys TC 
• NSF CPS (2008) 
• IEEE TCNS 

• Formal methods 
• Smart X (grid, …) 
• CSS TC Smart X 

• Quantum control 
• Synthetic biology 
• Geoengineering 

• Support slipping? 
• Strong app focus 

• New textbooks 
- for Computing 

Systems 
- for Everyone 

• New report!

http://www.cds.caltech.edu/~murray/cdspanel

Control in an Information Rich World  
R. Murray (ed), SIAM, 2003 

Systems & 
Control for 

the Future of 
Humanity 

Francoise 
Lamnabhi-

Lagarrigue [ed]
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What We Missed (in 2003)
Cloud computing, big data and machine learning 
• Scale was present in “enterprise level systems” 
• Data as second order object → data as first order object 

Security and privacy 
• Stuxnet (2010) demonstrated need for security 

• Work on privacy just starting; may be important for IoT? 

Human interaction 
• Discussion of “human in/on the loop” in military applications 

• Major element in robotics; largely absent in control until recently 

Energy and sustainability 
• Some presence of “smart grid” in control of networks 
• Some notion of control of environment (“geoengineering”)
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Conclusion: Combined with ongoing advances,  
there is still a lot more to be done!

The Telegraph, Jan 2014
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Important Trends in Control in the Last Decade
(Online) Optimization-based control 
• Increased use of online optimization (MPC/RHC) 
• Use knowledge of (current) constraints & environment to allow 

performance and adaptability 

Layering, architectures, networked control systems 
• Command & control at multiple levels of abstraction 
• Modularity in product families via layers 

Formal methods for analysis, design and synthesis 
• Build on work in hybrid and discrete event systems 

• Formal methods from computer science, adapted for 
“cyberphysical” (computing + control) systems 

Components → Systems → Enterprise 
• Increased scale: supply chains, smart grid, IoT 

• Use of modeling, analysis and synthesis techniques  
at all levels.  Integration of “software” with “controls”
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Design of Modern (Networked) Control Systems
Examples 
• Aerospace systems 
• Self-driving cars 
• Factory automation/

process control 

• Smart buildings, grid, 
transportation 

Challenges 
• How do we define 

the layers/interfaces 
(vertical contracts) 

• How do we scale to 
many devices 
(horizontal contracts) 

• Stability, robustness, 
security, privacy
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Physical  
System ActuatorsSensors

External Environment

Sensor
Processing

 (KF)

Feedback  
Control
(PID)

Decision-Making 
(mode, contingency and constraint management)

System Model
(sys + env)

State
Estimation
(MHE, PF)

Online  
Optimization  
(MPC, RHC)

Online

design 
cycles
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Control = 
• Sensing 
• Actuation 
• Computation 

Control = dynamics, uncertainty, feedforward, feedback
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Rapprochement Between Formal Methods and Control

9

for all

P W1

Δ W2

d z

C

Δ

PC

n

dE

⇤�e

safe

^⇤⌃�e

prog

! ⇤�s

safe

^⇤⌃T�
s

prog

System Spec

Environment Spec

H∞ synthesis GR(1) synthesisControlling cyberphysical systems requires solving both problems

Getting more rigorous about 
control of reactive systems 
• Systems are too complex to 

be tested by trial and error 
• Systems are too safety-

critical to be tested by trial 
and error 

• Move from “design then 
verify” to 
- specify then synthesize 
- synthesis of contracts 

• Combine data-driven with 
formal methods to achieve 
safety, performance and 
“human-like” interactions 

• Incorporate security and 
privacy as guarantees
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Opportunities for the Future (“Traditional”)
Continue focus on rigorous design of complex systems 
• Hybrid (continuous + discrete) ≠ “cyberphysical” (CS + CDS) 
• Large scale systems (5G = 50B!), safety-critical systems 
• Don’t forget: data, security, privacy, humans 

Change how we teach: {Ae, ChE, EE, ME} → {CS, BE, Ec, Ph} 
• Req’d (all majors): feedback systems (key principles, state 

space + frequency domain, mainly SISO, analysis and design)  
• Req’d (CDS): optimization-based control (real-time traj- 

rectory generation, optimal control, MPC, Kalman filtering) 

• Req’d (CDS): automata theory, verification, (synthesis) 

• Rec’d: probabilistic systems or hybrid systems (to taste) 

Continue to get out of the “box” (linear, NL, hybrid) 
• Control = dynamics, uncertainty, feedforward, feedback 
• ODE, PID, LQG, MPC → CS, ML, AI, Syn Bio, Ec, Ph 
• Conferences to attend: CDC, HSCC, NIPS, POPL, ICML
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Explore high-risk, long-range applications of control to areas 
such as nanotechnology, quantum mechanics, electromag-
netics, biology, and environmental science 
• Requires new sensing, actuation, computation 

+ new architectures, tuned to application area 

Example: synthetic biology 
• Long term goal: genetically programmed artificial  

cells and multi-cellular machines 
- “Design a 1-2 micron long robot that can find a toxin  

and neutralize it (or assemble chemicals into food)” 

• Initial steps: proportional control using sequestration- 
based sensing and scaffold-based actuation 

• Advances in control design will be required for success 

Control architectures may need to be different 
• Continue to focus on dynamics, uncertainty,  

feedforward, feedback + key principles

Opportunities for the Future (“Non-Traditional”)
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Hsiao and de los Santos et al, ACS Synthetic Biology 2014

0 2 4 6 8 10 12
0

50

100

150

200

250

300

Time(hrs)

aT
c 

(n
M

)
20130905eVH38− No Induction

n=5

 

 
aTc Induction

0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

Time(hrs)

In
te

ns
ity

/T
ot

al
Ar

ea

Average Fluorescence / Pixel

 

 
RFP
YFP

0 2 4 6 8 10 12
0

50

100

150

200

250

300

Time(hrs)

aT
c 

(n
M

)

20130905eVH38− 1 Step Induction
n=5

 

 
aTc Induction

0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

Time(hrs)

In
te

ns
ity

/T
ot

al
Ar

ea

Average Fluorescence / Pixel

 

 
RFP
YFP

0 2 4 6 8 10 12
0

50

100

150

200

250

300

Time(hrs)

aT
c 

(n
M

)

20130905eVH38− Two Step Induction
n=5

 

 
aTc Induction

0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

Time(hrs)
In

te
ns

ity
/T

ot
al

Ar
ea

Average Fluorescence / Pixel

 

 
RFP
YFP

0 2 4 6 8 10 12
0

50

100

150

200

250

300

Time(hrs)

aT
c 

(n
M

)

20130905eVH38− Three Step Induction
n=5

 

 
aTc Induction

0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

Time(hrs)

In
te

ns
ity

/T
ot

al
Ar

ea

Average Fluorescence / Pixel

 

 
RFP
YFP

P
ro

te
in

 fl
uo

re
sc

en
ce

Time (hours)

Ratiometric  (4:1) 
control using 
scaffold-based 
proportional 
control



Richard M. Murray, Caltech CDS2016 Bode Lecture

Summary
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Control = dynamics, uncertainty, feedforward, feedback

Future directions in control 
• Karl Åström, Siva Banda, Stephen Boyd, Roger Brockett, John 

Burns, John Doyle, Marc Jacobs, Gunter Stein 
Collaborators (joint students, papers, projects) 
• Caltech: Harry Atwater, Kaushik Bhattacharya, David Baltimore, 

Pamela Bjorkman, Joel Burdick, Mani Chandy, Tim Colonius,  
Fred Culick, Michael Dickinson, John Doyle, Michelle Effros, 
Michael Elowitz, Dave Goodwin, Steven Low, Jerry Marsden,  
Hideo Mabuchi, Doug MacMartin, Steve Mayo, Manfred Morari, 
Niles Pierce, Paul Rothemund, Steve Wiggins, Erik Winfree 

• JPL: Tara Estlin, Gerard Holzmann, Andrew Howard, Mitch  
Ingham, Larry Matthies, Hiro Ono, Bob Rasmussen 

• Academia: Adam Abate, Gary Balas, Tony Bloch, Drew Endy, Ed 
Greitzer, Petar Kokotovic, P. S. Krishnaprasad, Miroslav Krstic, 
Jean-Paul Laumond, Edward Lee, Sebastian Maerkl, Vincent 
Noireaux, Gabor Orosz, Jim Paduano, Pablo Parrilo, Alberto 
Sangiovanni-Vincentelli, Sanjit Seshia, Jeff Shamma, Eduardo 
Sontag, Jason Speyer, Claire Tomlin, Brian Williams 

• Industry: Andrzej Banaszuk, Ching Chen, Clas Jacobson,  
Eugene Lavretsky, Carl Nett, Gonzalo Rey, Kevin Wise 

Mentors, teachers and co-conspirators 
• Shankar Sastry 
• Linda Bushnell, Curt Deno, John Hauser, Paul Jacobs, Zexiang  

Li, Kris Pister, Andy Teel, Dawn TIlbury, Greg Walsh

Caltech PhD students and postdocs 
George Artavanis, Julia Badger, Ania Baetica, Dionysios Barmpoutis, 
Robert Behnken, Raktim Bhattacharya, Robert Bodenheimer, Francesco 
Bullo, Karena Cai, John Carson, Andrea Censi, Richard Cheng, Benson 
Christalin, Tim Chung, Samuel Clamons, Brianno Coller, Lars Cremean, 
RAff D'Andrea, Nadine Dabby, Sumanth Dathathri, Domitilla Del Vecchio, 
Emzo de los Santos, William Dunbar, Mary Dunlop, Noel du Toit, Michael 
Epstein, Samira Farahani, Alex Fax, Ioannis Filippidis, Melvin Flores, 
Anthony Fragoso, Elisa Franco, Sawyer Fuller, Jimmy Fung, Sonja 
Glavaski, Marcella Gomez, Martha Grover, Shaobin Guo, Vijay Gupta, 
Shuo Han, Adam Hayes, Yutaka Hori, Victoria Hsiao, Sean Humbert, 
Tamer Inanc, Ali Jadbabaie, Zhipu Jin, Scott Kelly, Jongmin Kim, Eric 
Klavins, Javad Lavaei, Andrew Lewis, Feng Li Lian, Jun Liu, Scott 
Livingston, Robert M'Closkey, Reed McCardell, Catherine McGhan, Mark 
Milam, Yilin Mo, Andrew Montequin†, Kristi Morgansen, Pascal Morin, 
Yasamin Mostofi, Reza Olfati-Saber, Yizhar Or, Necmiye Ozay, Ivan 
Papusha, James Parkin, Nicolas Petit, Tung Phan, William Poole, 
Pavithra Prabhakar, Vasu Raman, Muruhan Rathinam, Cindy Ren, Clancy 
Rowley, Henrik Sandberg, Shaunak Sen, Ben Shapiro, B. N. Shashikanth, 
Ling Shi, Andrey Shur, Dan Siegal, Vipul Singhal, Willem Sluis, Demetri 
Spanos, Andrew Straw, Herbert Streumper, Zachary Sun, Sudipto Sur, 
Anandh Swaminathan, Anu Thubagere, Jorge Tierno, Abhishek Tiwari, 
Ufuk Topcu, Pete Trautman, Ophelia Venturelli, Michiel van Nieuwstadt, 
Jonsson Vanessa , Yong Wang, Steve Waydo, Eric Wolff, Nok 
Wongpiromsarn, Yong Wu, Mumu Xu, Enoch Yeung, Simon Yeung 

Caltech SURF students (~150)         Visiting students/faculty (~40)


