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George loves to discuss the future

My salad days,
When | was green in judgment, cold in blood

—Anthony and Cleopatra (1.v.607)
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George loves to discuss the future

My salad days,
When | was green in judgment, cold in blood

—Anthony and Cleopatra (1.v.607)

An early experience with George

o George visited and gave the Pirkey lecture at
UT-Austin, 1991

@ We had an entire afternoon to discuss my
research agenda

o George gave me invaluable and insightful advice

v

Rawlings PSE in the information age 3/25



Everything is exponential. .. until it isn't
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The master of futurologists: Ray Kurzweil
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Some trends outside of science and technology. Do we see
a straight line from this . ..
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GM on the verge of extinction
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And the empire strikes back . ..

(&) 12 PHOTOS

CHEVROLET BOLT EV IS THE 2017 MOTOR TREND
CAR OF THE YEAR

Angus MacKenzle Words, Brian Brantley Photos - Novenber 14, 2016

Chevy changes the game. Again.

wrmao  THE GROUNDBREAKING CHEVROLET BOLT EV IS THE CAR OF TOMORROW.
Q) REAL TODAY.
) MPG That sound? It's almost imperceptible, but it's there. The soft rustle of
air over steel and glass, the muted hum of rubber on tarmac, the faint whirr of spinning
metals. It's the sound of electrons at work, the sound of electrical energy being
converted into motion, the sound of the automotive warld shifting on its axis. it's the
sound of the 2017 Motor Trend Car of the Year, the Chevrolet Bolt EV.
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Difficulty of long-range prediction
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Culture Speeds Up Human Evelution
Analysis of common patterns of genetic variation reveals that humans have been evolving faster IND | B
in recent history a

By David Biello | December 10, 2007

Homo sapiens sapiens has spread actoss

the globe and increased vastly in numbers
over the past 50,000 years or so—from an
estimated five million in 0000 B.C. to
roughly 6.5 billion today. More people
means more opportunity for mutations to
creep into the basic human genome and
new research confirms that in the past

ey &mE

10,000 years a host of changes to everything
from digestion to bones has been taking
place.

"We found very many human genes
undergoing selection,” says anthropologist

Gregory Cochran of the University of Utah,

amember of the team that analyzed the 3.9

million DNA sequences* showing the most variation. "Most are very recent, so much
so that the rate of human evolution over the past few thousand years is far greater
than it has been over the past few million years."
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Dynamic time warping

RATE OF EVOLUTION FOR
THE LAST 1,000 YEARS GREATER
THAN THE LAST 1,000,000
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Dynamic time warping

RATE OF EVOLUTION FOR
THE LAST 1,000 YEARS GREATER
THAN THE LAST 1,000,000

Let's refer to this effect as dynamic time warping (statisticians, forgive us)
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George doesn’'t mind being wrong if we learn something
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George doesn’'t mind being wrong if we learn something

A vision from 1969

ARCHITECT
HANS HOLLEIN
DESIGNS A

MOBILE OFFICE

IT'S INFLATABLE



George doesn’'t mind being wrong if we learn something

A vision from 1969

ARCHITECT
HANS HOLLEIN
DESIGNS A
MOBILE OFFICE

IT'S INFLATABLE

I i

Instead the mobile office turned out to be something slightly less bizarre:



George doesn’'t mind being wrong if we learn something

A vision from 1969

ARCHITECT
HANS HOLLEIN
DESIGNS A
MOBILE OFFICE

IT'S INFLATABLE

M 18
Instead the mobile office turned out to be something slightly less bizarre:
Starbucks and a laptop



Process Systems Engineering in 2040

Complete this analogy

2017 is to 2040
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Process Systems Engineering in 2040

Complete this analogy
2017 is to 2040
1994 is to 2017
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Process Systems Engineering in 2040

Complete this analogy
2017 is to 2040
1994 is to 2017 (neglecting the dynamic time warping)
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Process Systems Engineering in 2040

Complete this analogy
2017 is to 2040
1994 is to 2017 (neglecting the dynamic time warping)

Q: How difficult would it have been to predict the PSE of today
in 19947
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Process Systems Engineering in 2040

Complete this analogy
2017 is to 2040
1994 is to 2017 (neglecting the dynamic time warping)

Q: How difficult would it have been to predict the PSE of today
in 19947
A: Easy!
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One researcher’s agenda in 1994

[148] Eaton, J. W. and J. B. Rawlings. Octave—a high level interactive language for numerical computa-
tions. CACHE News, 40:11-18, Spring 1995.

[149] Meadows, E. S. and J. B. Rawlings. Topics in model predictive control. In Berber, R., editor, Methods
of Model Based Process Control, pages 331-347. Kluwer, 1995.

[150] Muske, K. R. and J. B. Rawlings. Nonlinear moving horizon state estimation. In Berber, R., editor,
Methods of Model Based Process Control, pages 349-365. Kluwer, 1995.

[151] Miller, S. M. and J. B. Rawlings. Model identification and control strategies for batch cooling
crystallizers. AIChE J., 40(8):1312-1327, August 1994.

[152] Rawlings, J. B., E. S. Meadows, and K. R. Muske. Nonlinear model predictive control: a tutorial
and survey. In ADCHEM 94, Kyoto, Japan, pages 185-197, 1994.

[153] Eaton, J. W., J. B. Rawlings, and L. H. Ungar. Stability of neural net based model predictive control.
In American Control Conference, pages 2481-2485, 1994.

[154] Muske, K. R, E. S. Meadows, and J. B. Rawlings. The stability of constrained receding horizon
control with state estimation. In American Control Conference, pages 2837-2841, 1994.

[155] Rawlings, J. B. and I.-L. Chien. Gage control of film and sheet forming processes. DuPont Accession
Report 17944, August 27, 1993.

[156] Rawlings, J. B. and K. R. Muske. Stability of constrained receding horizon control. IEEE Trans.
Auto. Cont., 38(10):1512-1516, October 1993.

[157] Meadows, E. S., K. R. Muske, and J. B. Rawlings. Constrained state estimation and discontinuous
feedback in model predictive control. In European Control Conference, pages 2308-2312, 1993.

[158] Muske, K. R., J. B. Rawlings, and J. H. Lee. Receding horizon recursive state estimation. In
American Control Conference, pages 900-904, 1993.
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That researcher’s agenda in 2017

PUBLICATIONS

[1] Andersson, J. A. E., J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl. CasADi—a software frame-
work for nonlinear optimization and optimal control. Submitted for publication in Mathematical
Programming, 2017.

[2] Allan, D. A, C. N. Bates, M. J. Risbeck, and J. B. Rawlings. On the inherent robustness of optimal
and suboptimal MPC. Accepted for publication in Systems and Control Letters, 2017.

[3] Risbeck, M. J., C. T. Maravelias, J. B. Rawlings, and R. D. Turney. A mixed-integer linear program-
ming model for real-time cost optimization of building heating, ventilation, and air conditioning
equipment. Accepted for publication in Energy and Buildings, 2017.

[4] Rawlings, J. B. and M. J. Risbeck. Model predictive control with discrete actuators: Theory and
application. Automatica, 78:258-265, 2017.

[5] Ji, L., J. B. Rawlings, W. Hu, A. Wynn, and M. Diehl. Robust stability of moving horizon estimation
under bounded disturbances. IEEE Trans. Auto. Cont., 61(11):3509-3514, November 2016.

[6] Wu, F., T. Tian, J. B. Rawlings, and G. Yin. Approximate method for stochastic chemical kinetics
with two-time scales by chemical Langevin equations. J. Chem. Phys., 144:174112, 2016.

[7] Allan, D. A., M. J. Risbeck, and J. B. Rawlings. Stability and robustness of model predictive control
with discrete actuators. In American Control Conference, pages 32-37, Boston, MA, July 6-8, 2016.

[8] Patel, N. R., M. J. Risbeck, J. B. Rawlings, M. J. Wenzel, and R. D. Turney. Distributed economic
model predictive control for large-scale building temperature regulation. In American Control
Conference, pages 895-900, Boston, MA, July 6-8 2016.

[9] Ji, L. and J. B. Rawlings. Application of MHE to large-scale nonlinear processes with delayed lab
measurements. Comput. Chem. Eng., 80:63-72, 2015.




That researcher’s agenda in 2017

PUBLICATIONS

[1] Andersson, J. A. E., J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl. CasADi—a software frame-
work for nonlinear optimization and optimal control. Submitted for publication in Mathematical
Programming, 2017.

[2] Allan, D. A., C. N. Bates, M. J. Risbeck, and J. B. Rawlings. On the inherent robustness of optimal
and suboptimal . Accepted for publication in Systems and Control Letters, .
MPC d suboptimal MPC. Ac d fi blication in S d Ci I L 2017,

[3] Risbeck, M. J., C. T. Maravelias, J. B. Rawlings, and R. D. Turney. A mixed-integer linear program-
ming model for real-time cost optimization of building heating, ventilation, and air conditioning
equipment. Accepted for publication in Energy and Buildings, 2017.

Rawlings, J. B. and M. J. Risbeck. Model predictive control with discrete actuators: Theory and

[4]
MPC ’ application. Automatica, 78:258-265, 2017.

[5] Ji, L., J. B. Rawlings, W. Hu, A. Wynn, and M. Diehl. Robust stability of moving horizon estimation
under bounded disturbances. IEEE Trans. Auto. Cont., 61(11):3509-3514, November 2016.

[6] Wu, F., T. Tian, J. B. Rawlings, and G. Yin. Approximate method for stochastic chemical kinetics
with two-time scales by chemical Langevin equations. J. Chem. Phys., 144:174112, 2016.

[7] Allan, D. A., M. J. Risbeck, and J. B. Rawlings. Stability and robustness of model predictive control
with discrete actuators. In American Control Conference, pages 32-37, Boston, MA, July 6-8, 2016.

[8] Patel, N. R., M. J. Risbeck, J. B. Rawlings, M. J. Wenzel, and R. D. Turney. Distributed economic
model predictive control for large-scale building temperature regulation. In American Control
Conference, pages 895-900, Boston, MA, July 6-8 2016.

[9] Ji, L. and J. B. Rawlings. Application of MHE to large-scale nonlinear processes with delayed lab
measurements. Comput. Chem. Eng., 80:63-72, 2015.




That researcher’s agenda in 2017

PUBLICATIONS

[1] Andersson, J. A. E., J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl. CasADi—a software frame-
work for nonlinear optimization and optimal control. Submitted for publication in Mathematical
Programming, 2017.

[2] Allan, D. A., C. N. Bates, M. J. Risbeck, and J. B. Rawlings. On the inherent robustness of optimal
MPC and suboptimal MPC. Accepted for publication in Systems and Control Letters, 2017.

[3] Risbeck, M. J., C. T. Maravelias, J. B. Rawlings, and R. D. Turney. A mixed-integer linear program-
ming model for real-time cost optimization of building heating, ventilation, and air conditioning
equipment. Accepted for publication in Energy and Buildings, 2017.

Rawlings, J. B. and M. J. Risbeck. Model predictive control with discrete actuators: Theory and

[4]
MPC application. Automatica, 78:258-265, 2017.

[5] Ji, L., J. B. Rawlings, W. Hu, A. Wynn, and M. Diehl. Robust stability of moving horizon estimation
MHE under bounded disturbances. IEEE Trans. Auto. Cont., 61(11):3509-3514, November 2016.

[6] Wu, F., T. Tian, J. B. Rawlings, and G. Yin. Approximate method for stochastic chemical kinetics
with two-time scales by chemical Langevin equations. J. Chem. Phys., 144:174112, 2016.

[7] Allan, D. A., M. J. Risbeck, and J. B. Rawlings. Stability and robustness of model predictive control
with discrete actuators. In American Control Conference, pages 32-37, Boston, MA, July 6-8, 2016.

[8] Patel, N. R., M. J. Risbeck, J. B. Rawlings, M. J. Wenzel, and R. D. Turney. Distributed economic
model predictive control for large-scale building temperature regulation. In American Control
Conference, pages 895-900, Boston, MA, July 6-8 2016.

[9] Ji, L. and J. B. Rawlings. Application of MHE to large-scale nonlinear processes with delayed lab
measurements. Comput. Chem. Eng., 80:63-72, 2015.

MHE




That researcher’s agenda in 2017

PUBLICATIONS

Free [1] Andersson, J. A. E., J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl. CasADi—a software frame-
work for nonlinear optimization and optimal control. Submitted for publication in Mathematical

Source Programming, 2017.

[2] Allan, D. A., C. N. Bates, M. J. Risbeck, and J. B. Rawlings. On the inherent robustness of optimal
MPC and suboptimal MPC. Accepted for publication in Systems and Control Letters, 2017.

[3] Risbeck, M. J., C. T. Maravelias, J. B. Rawlings, and R. D. Turney. A mixed-integer linear program-
ming model for real-time cost optimization of building heating, ventilation, and air conditioning
equipment. Accepted for publication in Energy and Buildings, 2017.

Rawlings, J. B. and M. J. Risbeck. Model predictive control with discrete actuators: Theory and

[4]
MPC application. Automatica, 78:258-265, 2017.

[5] Ji, L., J. B. Rawlings, W. Hu, A. Wynn, and M. Diehl. Robust stability of moving horizon estimation
MHE under bounded disturbances. IEEE Trans. Auto. Cont., 61(11):3509-3514, November 2016.

[6] Wu, F., T. Tian, J. B. Rawlings, and G. Yin. Approximate method for stochastic chemical kinetics
with two-time scales by chemical Langevin equations. J. Chem. Phys., 144:174112, 2016.

[7] Allan, D. A., M. J. Risbeck, and J. B. Rawlings. Stability and robustness of model predictive control
with discrete actuators. In American Control Conference, pages 32-37, Boston, MA, July 6-8, 2016.

[8] Patel, N. R., M. J. Risbeck, J. B. Rawlings, M. J. Wenzel, and R. D. Turney. Distributed economic
model predictive control for large-scale building temperature regulation. In American Control
Conference, pages 895-900, Boston, MA, July 6-8 2016.

[9] Ji, L. and J. B. Rawlings. Application of MHE to large-scale nonlinear processes with delayed lab
measurements. Comput. Chem. Eng., 80:63-72, 2015.

MHE




That researcher’s agenda in 2017

PUBLICATIONS

Free [1] Andersson, J. A. E., J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl. CasADi—a software frame-
work for nonlinear optimization and optimal control. Submitted for publication in Mathematical

Source Programming, 2017.

[2] Allan, D. A,, C. N. Bates, M. J. Risbeck, and J. B. Rawlings. On the inherent robustness of optimal
MPC and suboptimal MPC. Accepted for publication in Systems and Control Letters, 2017.

[3] Risbeck, M. J., C. T. Maravelias, J. B. Rawlings, and R. D. Turney. A mixed-integer linear program-
ming model for real-time cost optimization of building heating, ventilation, and air conditioning
equipment. Accepted for publication in Energy and Buildings, 2017.

Rawlings, J. B. and M. J. Risbeck. Model predictive control with discrete actuators: Theory and
application. Automatica, 78:258-265, 2017.

mpc| ™

[5] Ji, L., J. B. Rawlings, W. Hu, A. Wynn, and M. Diehl. Robust stability of moving horizon estimation
MHE under bounded disturbances. IEEE Trans. Auto. Cont., 61(11):3509-3514, November 2016.

[6] Wu, F., T. Tian, J. B. Rawlings, and G. Yin. Approximate method for stochastic chemical kinetics
with two-time scales by chemical Langevin equations. J. Chem. Phys., 144:174112, 2016.

[7] Allan, D. A., M. J. Risbeck, and J. B. Rawlings. Stability and robustness of model predictive control
with discrete actuators. In American Control Conference, pages 32-37, Boston, MA, July 6-8, 2016.

[8] Patel, N. R., M. J. Risbeck, J. B. Rawlings, M. J. Wenzel, and R. D. Turney. Distributed economic
model predictive control for large-scale building temperature regulation. In American Control
Conference, pages 895-900, Boston, MA, July 6-8 2016.

[9] Ji, L. and J. B. Rawlings. Application of MHE to large-scale nonlinear processes with delayed lab
measurements. Comput. Chem. Eng., 80:63-72, 2015.

MHE

Neural networks have not (yet) reappeared




Whither process systems engineering?

A '"Whom Do You Hang With?' Map Of America

APRIL 17,2013 1155 AM ET

ROBERT KRULWICH

Look at the center of this map, at the little red dot that marks Kansas City. Technically,
Kansas City is at the edge of Missouri, but here on this map it's in the upper middle
section of a bigger space with strong blue borders. We don't have a name for this
bigger space yet, but soon we will.

Dirk BrockmannAortwestern Universty
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Creativity

Creativity is just connecting things. When you ask creative people how they did
something, they feel a little guilty because they didn't really do it, they just saw
something. It seemed obvious to them after a while. That's because they were able
to connect experiences they've had and synthesize new things. And the reason they
were able to do that was that they've had more experiences or they have thought
more about their experiences than other people. Unfortunately, that's too rare a
commodity. A lot of people in our industry haven't had very diverse experiences. So
they don't have enough dots to connect, andithey end up with very linear solutions
without a broad perspectiveson the problem. The broader one’s understanding of
the human experience, the better design we will have.

Steve Jobs - Wired 1999
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Whither PSE?

The two basic issues

With whom do we hang?

Chemical Engineering
Mathematics
Computer Science
Electrical and Computer
Engineering

Industrial and Systems
Engineering

Physics

Chemistry

Biology

Process industries
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Whither PSE?

The two basic issues

With whom do we hang?
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Chemical Engineering
Mathematics
Computer Science
Electrical and Computer
Engineering

Industrial and Systems
Engineering

Physics

Chemistry

Biology

Process industries

What are our new dots?

e 6 6 6 o o

Machine learning
Deep neural networks
Big data

Complexity

Scale

Optimization?!

Grand societal challenges

PSE in the information age

18 /25




Education

Undergraduate education
@ The change will likely not be revolutionary.
@ An 18 year-old person will remain an 18 year-old person.

@ This audience requires a lot of structure and human interaction to be
able to integrate an entire adult education in only four years.

@ We can certainly be more efficient and effective, but | doubt we can
transform how we educate at this level.
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Education

Undergraduate education
@ The change will likely not be revolutionary.
@ An 18 year-old person will remain an 18 year-old person.

@ This audience requires a lot of structure and human interaction to be
able to integrate an entire adult education in only four years.

@ We can certainly be more efficient and effective, but | doubt we can
transform how we educate at this level.

Graduate education
@ There is a lot more room to innovate at this level.
o | would anticipate PhD learning on demand.
@ This audience is more mature, highly motivated, and knows what and
why they want to learn.

@ Fewer semester-long courses, and many short 2-3 week bursts on
subjects of interest.
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Why does connecting the dots work?

If you have an apple and | have an apple and we exchange these
apples then you and I will still each have one apple.
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Why does connecting the dots work?

If you have an apple and | have an apple and we exchange these
apples then you and I will still each have one apple. But if you
have an idea and | have an idea and we exchange these ideas,
then each of us will have two ideas.

George Bernard Shaw
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George loves to discuss the future

A more recent experience with George

@ Aspentech bought many smaller
PSE companies and hired many of
our PhD graduates

@ Then they nearly imploded
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@ Then they nearly imploded

@ George renewed Aspentech’s focus
on research and innovation through
his founding of the Aspentech
Academy
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A more recent experience with George
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our PhD graduates

@ Then they nearly imploded

@ George renewed Aspentech’s focus
on research and innovation through
his founding of the Aspentech
Academy

@ A big benefit to the PSE community
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A lesson from the humanities

As an undergraduate, while our class was struggling with the interpretation
of some complex 500-page novel, the professor told us,
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A lesson from the humanities

As an undergraduate, while our class was struggling with the interpretation
of some complex 500-page novel, the professor told us,

You're thinking about it all wrong. Think about it this way
instead:
One book, one idea!
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Testing the idea

If we apply the “one book, one idea” principle to Kurzweil's book(s), the
summary is:
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Testing the idea

If we apply the “one book, one idea” principle to Kurzweil's book(s), the
summary is:

It's exponential, baby!

You can't stop it!
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An extension

Let's take it one step further.
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Some PSE examples; think of these people at age 35
@ Ignacio Grossmann: We can solve a mixed-integer nonlinear program.
And MINLP best captures the process design problem.
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An extension

Let's take it one step further. One career, one idea

Some PSE examples; think of these people at age 35
@ Ignacio Grossmann: We can solve a mixed-integer nonlinear program.
And MINLP best captures the process design problem.
o Jim Rawlings: We can solve an optimal control problem in real time.
And that enables feedback control.
o Larry Biegler: Damn right! And | can produce an algorithm that will
do it.

PSE in the information age W



Conclusion: | cannot answer George's question

| cannot answer George's question of what PSE will look like in
2040, but | know who can.
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Conclusion: | cannot answer George's question

| cannot answer George's question of what PSE will look like in
2040, but | know who can.

If you poll ten top senior investigators what their field will be like
in twenty years, you will likely get zero correct answers.

If you poll ten top junior investigators what their field will be like
in twenty years, you will likely get two correct answers.
Because they will create the change!

The only remaining issue is to determine which two are correct.

PSE in the information age 5
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