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Outline of Presentation

@ Introduction to data assimilation
@ Decision making in the presence of uncertainty

@ Challenges and new opportunities

— Algorithms for uncertainty propagation

— Data architectures and management
— Standards for data exchange

— Need for an interdisciplinary approach

@ Future directions and conclusions

There is a critical need for a new

approach to merging models / data




What is the Chemical Industry?

Traditional Processes

Semiconductor Manufacturing

“...Chemistry is the important and common
ingredient...”




Models are Crucial in Chemical Engineering

1. Technical 2. Operational 3. Performance
Feasibility Feasibility Improvements

— Synthesis routes — Safety — Yield
— By-products — Robustness — Throughput
— Separation issues — Consistency — Quality
\
Modelin
g Models serve
Laboratory Studies as the basic
> framework for
Pilot Plant(s) knowledge
Plant Startup management

Operations
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Data Need: Model Verification / Discrimination

Predictions of Model
- Uncertainties in
Data & Structure

Variable

Measurements
of Interest

- - Accuracy, Bias
- Averaging Variance

Meaningiul companseRsiequires estimates of
uncertainties Infprediclionand ehservations




Other Dimensions of the Need for Data

@ Model discrimination — Model A vs. B
o Hypothesis testing — Which parameter is “best”

@ Model verification — \What are the “stopping”

rules
@ Experimental design — Where to measure
o Optimization objectives — Fail-Safe vs. Safe-Fail
@ Resource allocation — Where to spend the money

@ elfc.




High Bandwidth Data Assimilation -- Mixing

X-Ray Tomography

Calibration' Rod

L
o]

Radioactive Particle

Reynolds Shear Stress

=

Counterrotating
trailing Vortices

-40
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Measurements are Vital — Historical View

“...When you can measure what you are speaking
about, and express it in numbers, you know
something about it; but when you cannot ... your
knowledge is of a meager and unsatisfactory kind: it
may be the beginning of knowledge, but you have
scarcely in your thoughts, advanced the state of
science...”

Willlam Thompson, Lord Kelvin




SUCCESS WILL DEPEND ON:

1. NEVW ALGORINRIVISHIRA

CAN JTACKLE NONLINEAR,
CONMPLEXAND LARGIE-
OCALE PROBLEIVMS




Opportunities for New Algorithms/Theory

o Statistics (Bayesian based approaches)
— Model discrimination

— Experimental design

mm) - Parameter and state estimation for ODE/
PDE s

@ Numerical Algorithms

— Inverse problems for DAE/PDE s

— Data assimilation of n-dimensional data

— Solution of large scale optimization problems
— Uncertainty propagation

— Multiscale integration

o Data anaIyS|s and V|suaI|zat|on

| -y [ A - - B -




Overall Goal — From Bench to Plant Scales

Laboratory Experiment

Model based =i
design/analysis ,
of experiments

Data from plant




A Simple Example — Linear Balance Equations

Abstraction

(Mass & Energy
Balances)

f

Error in modeling

Measurements

t

Error in
measurement

‘ Given A,C,w,e and y find
best estimate of state x




Solution to State Estimation Problem

1 Setup the constrained optimization problem (No model error)
min (y - Cx)"W 'y - Cx)

st. Ax=0
2 Solve for the estimates of the state.
X=X, —(C'"W™'C)"'A"[A(C'W'C)'A" ] Ax,
X, =(C'W'C)'C'W'y  (OLS —No constraint)
3 Determine the variance in the estimates

V=V,—(C'W'C)"'AT[AC’W'C)'A’T'AC’W'C)"!
N

T'he use of model-based constraints
reduces variance in estimates ... BUI g~




Assumptions underlying Solution

a &~ w0 b

Model is linear

Normally distributed errors in data and solution

Data are uncorrelated in time

No errors in the model of the process!!

Etc.

-

There is a critical need for a
more realistic approach that
deals with model uncertainty




Simple Problem: Kinetics of SiH,—>(SI) + 2H,

dy(t .
ka0 =30 O =[SiHa(0)
Y1) =ype
Sensitivity terparameter variations
S:é)y(t) :_tyoe—Et
ok |7

ﬂ But, what if k is uncertain?




Solution in Presence of Uncertainty

Uncertain Rate Constant Uncertain Output

P(k) Cnlaile Vleels)]

Normalf@isthbution
for raterconstant (k)




Key Message — Outcomes are Important

“... While there are always
lots of uncertainties, the key
challenge in engineering is
to find those problem
components that contribute

most to uncertainties in
outcomes...”




Example: Where to Allocate Resources

| Uncertain Inputs

Physical_, _chemica _ Literature
and decision ‘ - Experiments
process models - Other models

- elc.

Which
parameters
control
outcomes?




How do Uncertain Inputs effect the Outputs?

P(k,) Uncertain Inputs Uncertain Output

P(y)

//\

y(k)

Measures of Uncertainty (Expected value, variance, pdf, etc.)
e.g. E[y(k)]= [, y(k)Ply(k)]dy(k)
=] ];-I y(k)Plk]dky---dky,

| Multi-dimensional integrals are
computationally very expensive




Attributes of an Uncertainty Analysis System

@ Compatible with existing modeling systems

o At least four orders of magnitude faster than
Monte Carlo

@ An ability to get the probability density function of
outputs

@ Be able to identify the key contributions to
uncertainties in outcomes

<. By rethinking conventionalmethods
How? ‘> ana. airectly:empedaing uneceraliiy inie
the rmoedeling processiitselfi.:



Incorporating Uncertainty at the Beginning

Fourier Series Representation of f(x)

f(x)=ag+ X a;sin(w;x)+b; cos(w;x)
i=1
What happens if x is
a random variable?

Polynomial Chaos Representation of f(w) (Wiener, 1947)

f(@)= Sa; H{E(@),+ (@)

i=1 N
/ [ Known probability distributions
Coefficients of (e.g. unit Normal N[0,1])

expansion
P Functional (e.g. Hermite Polynomial)




Curse of Dimensionality

Measures of Uncertainty (expected value, variance, etc.)

E{y@)}= 101,00 @)H@)

) URKNOWR ==
Statistically equivalent E{y(g)} — J jy(g)f (9)0’9 . Cl’H
integral definition = =7/ @A=""1 n
n
Multi-dimensional integrals are
computationally very expensive ¥

Projection into 1-D by
orthogonal polynomials




Example of Uncertainty Analysis

dy(t) _
@ e

SCEIEIERION ¥ = X v HIG (@) = yo(0) + (DG + 2 (82 =D+

Residual R(t,{) = dy(t ‘) —k(S)y(t,5)

—+ oo
Residual Minimization jR(t,f)wj (&)dE=0 ;j=0,,---,n

(Galerkin or Collocation)

Uncertain coefficients d)’(t )
(Galerkinw; = x; ) At +By()=0




Simple Reaction Sequence

A-->B k,=0.5+0.1
B-->C k,=2.0+05

100 i i —— C____
/
80 // _
60 / \ _
Standard

40 Deviation

Concentration

20




Effect of Parameter Uncertainty on Variance

Variance of B




AMAT Centura Chemical Vapor Deposition Reactor

SiCl,H {¥] HCI + SiCl,

SiCL,H, [¥]} SiCl, + H,

SiCLH, ] HSiCl + HCI
H,CISiSiCl, ] SiCl, + SiH,
H,CISiSiC, [#] SiCLH + HSiCl
H,CISiSiCl, ] SiCLH, + SiCl,
S1,CLH {¥]

Si,CLILH [¥} SiCl;H + SiCl,
Si,Cl, {¥] SiCl, + SiCl,

(EaS PhaserReacions

Operating Conditions

Reactor Pressure 1 atm
Inlet Gas Temperature 698 K
Surface Temperature 1173 K

SUHECENREACHONS

SiCL,H + 4s [¥] Si(B) + sH + 3sCl
SiCLLH, + 4s {¥] Si(B) + 2sH + 2sCl

SiCl, + 4s {¥] Si(B) + 4sCl
HSiCl + 2s {¥] Si(B) + sH + sCl
SiCl, + 2s [¥] Si(B) + 2sCl
2sCl1 + Si(B) [¥] SiCl, + 2s
H,+ 2s

2sH

] 2s +H,
HC1 + 2s W] sH + sCl
sH + sCl1 {¥] 2s + HCI

Inlet Gas-Phase Velocity 46.6 cm/sec

MIT
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TCS Lower Wall Deposition Rate (ANOVA)

0.57
0.4 - Adsorption/
Desorption
0.3 Processes
are critical
0.2
0.1
0.0
Sie, Sin, Sin, K, Sy Ko, s, Ao, S
043,9 CZ?,S, C<4,< > L% C<9$SO< Se*? \SA/ N5 L * &* (
*48\ 2"4 qSQA QS‘\\A QS\ /@ AQ S%& \\A
S, NN S S/fG S‘//@ S/@ AN S/Y S’S’)( S~ S¥
@"S,S,/@»c 9/ 5o Z Ay *} s C(< R
% S
380< 6’7{28 <




Research Opportunities in Uncertainty

@ Uncertainty analysis is a fertile and much needed area
for inter-disciplinary research

@ There are many research opportunities

» Database design for representation of uncertainties

= New algorithms for uncertainty propagation

= Decision making metrics in the presence of
uncertainties

» Treatment of structural uncertainties

= Valuation of cost of “safety factors™

o Estimates of uncertainties in model inputs are
desperately needed

Uncertainty [¥] Ignorance




SUCCESS WILL DEPEND ON:

. INTEGRATED APPROACHES

EOR DATAIVIANAGENV ENI;
VIODELING; SOLUNIOIN;
ANALYSISIAND VISUALIZATION




Opportunities in Computational Systems

o Data Modeling and Management
— Data exchange standards
— Enterprise integration
— Risk management
— Intellectual capital (e.qg. corporate knowledge)

@ Computing Environments

=)  _ Interoperability of commercial systems
— Collaborative environments
— Uncertainty propagation
— Sensor technology

mm) o Visualization and Interpretation
— Immersive data analysis




Role of Computing in Data Assimilation

Zafirod

Zafirob
Zafirol

Zafiro3 Zafiro2

WinjZ
Zaflrell P

Topacio3
lopaciod
afiro11 | Topaciol

W ija

Topacio2
Topacio5

Resolution

Integration —

. MIT
Mobil
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Visions for Software Architecture

A Computational System that is:

@ An integrated web-based environment for
chemical process modeling, control and
optimization

@ Able to link molecular, reactor and plant scale
models for whole plant simulation

@ Integration of corporate information
repositories with experimental design




Chemical Engineer’' s Workbench

Quantum Chemist Experimental Data on
Molecular Computations of

. Mechanisms
Modeling Thermochemistry / and Rates

Uncertainty
Analysis

Transition State Theo /v \A Chemical Mechanism

Estimates of Rates Formulation

Reaction
Modeling

File Transfer Algorithmic Scale Matching

Reactor Design Macroscopic Chemical Predicted
Process Models

Specifications Performance

CFD Momentum, Experimental Process

: : Energy and Mass Uncertainty e . :
Simulation e Aot i Analysis b Data & Validation Simulation

MIT
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Need for Multi-scale Models and their Integration

Thermocouples

Wafer  —
stack

Insulation —\
Heaters “
Quartz N

Support p_g%
Gas injent{

)

Filling a submicron Morphological requirements,
trench by CVD crystal structure and doping

Low-Pressure Chemical
Vapor Deposition Furnace

Macroscopic uniformity Microscopic features Atomic-scale features
(at the wafer scale) (at the device scale) (at the surface scale)

MIT

Chemical Engineering



Multi-Scale Integration of Software Systems

XML As a standard for data exchange

Experimental Data CED Voedel of

(STARCD,
CFDRC,..)

GHETISUY
(Gaussian, DFT)

E;%‘;;ﬁmrﬁc e
1 tH = =

RD reactor

/OX
e
\ e

Jensen - MIT



Data Structures and XML Representations

eXtended Markup Language (XML)

/

\

<Thermodynamic Data>

<Species>
<Chemical Description>
{ <Formula> (CH20)3 </Formula> <Atoms> C H O </Atoms> <Phase> G </Phase>
</Chemical Description> - (—

<Day> b5 </Day> <Month> 7 </Month> <Year> 1990 </Year>
</Date_Entered Database>

r <Polynomial Coefficients>

{<Date_Entered_Database>

<Low_T_Range>

<al> 0.01913678E+03 </al>

Mechanism Library

<a7> -0.08432507E+03 </a7>
</Low_T_Range>

Name
Creation date
Documentation

‘< /Polynomial Coefficients>
</Species>
--- Additional species would be added in a similar manner---
</Thermodynamic Data>

Thermodynamics

Species name —

‘ Entropy
Species Enthalpy
Name IUPAC name Specific heat
Species — | CAST number
Reactions Formula
Stoichiometry Molecular weight
Thermodynamics |—
Properties
Structure
Charge Species
Substructures
Spectra

Rate constant

Pressure effects
Arrhenius terms
Forward rate

Reaction

Type
Rate constant
Third body effects

Reverse

Data Structures

MIT
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Reaction Mechanism Manager

Sample Reports
Data Base Structure

E2 Miciosoft Acces: ationships]

GRI-Mech Version 2.11
20H + M <=>H202 + M

Rate Coefficients
Type: Arrhenius

s Detail Form Page - Microsoft Intern

! This repo

1
! Mechanism|
! Comment:
! Units: Al
ELEMENTS A (5D Name: HYDROGEN PEROXIDE
B Formula: H202
E CAS Number: 7722841
a Charge: 0
okt Activation State: Ground State
Phase: GAS
Molecular Weight: 34.01474
Specific Heat(298K): 33.59752 J/K-mole
Enthalpy(298K): -241835.2 J/mole
Entropy(298K): 188.7402 J/K-mole
Geometry: Nonlinear Molecule
Lennard-Jones Potential Well Depth: 1074 K
Lennard-Jones Collision Diameter: 3.458 A
Dipole Moment: 0.0 Debye

MIT
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Benefits of Model Based Process Controllers

Economic Benefits

Cost per deposition reduced by 25%
Process cycle time cut by 20%.
Stable operations 3 times faster

3s uniformity < 4% goal

Embedded on-board computer

Controller

Estimated wafer
temps. and
oxidation rates

Process model

Measured Process Improvement
(SVG-Thermco AVP)
. G | | | | | | | |
Syl Moels 5 10—t
; . B Model-Based Control
=ell]]e appr > g T
:{J]’: 'EJ:’“' 8 I B Standard Control
J./.r‘-&.l":..l\ﬁ 5
OVENI) 5
(7]
©
£
=
P
™
10 15 20 25 30 35 40 45 50
Stabilization time (min.)

* Controller design and implementation by Relman, Inc.
* Cray test and evaluation by SEMATECH

MIT
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Interacting with “Black Box™ Models

UNCERTAINITYANALYSISITENVIRONMENT
(‘Standardizediinterfaces)

Uncertainty Description Uncertainty Analysis

* Input distributions + Output density functions
« Analysis variables <:| Integrated Database

M t Svst * Analysis of variance
« Computer environment anagement system * Local sensitivity analysis
* Input/output files

+ Key parameters

Problem Problem
Specific Specific
Compilers | OLE, Corba =]W-\oi ¢:1e) @l OLE, Corba 'gUtPUt
arsers
SYSTEMS

* Process Modeling Tools
« Chemical Modeling Tools
« Mathematical Modeling Tools




Example -- Aspen Process Simulation

Process Flow'Sheet

H, Recycle
Purge

H, Feed ﬂ
[
Toluene — Flue Gas

cooter Reactor Flash 2 - -

VarancerAnalysis
Benzene
Furnace i
100

- Eeediate 804
- Conversionuntreactor: Diphenyl

aungpressure 60-
40-

Uncertainty Analysis 201

0,

Fractional Feed rate Pressure
conversion of toluene of flash
of reaction 1

‘ |dentification of key parameters for further work

MIT
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Hierarchical Information — Physical Properties

Alternative paths for producing
the data needed for simulation

Molecular X’ Chemical
Plant

Structure Model

p-cresol

T o-cresol
500 | \
450 | \

400 {

Calculated Boiling Point

350 | '\
300 1 pr_S
ol H 0 p-cresol

200

200 25IO 3(;0 35'0 40IO 45'0 SOIO 55'0 600
Measured Boiling Point

MIT
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Environments to help Build Models

Model of plant

File Edit View Go Bookmarks Options Directory Window Help

2]

Netsite: [ http://sg135/gprons/hypermain. htn1 2nane=/T3 |

st s s s o]
gﬂ# W Eu REVEW | Nawigae o | [Find from REVIEW

EQUIPMENT /T3

NOZZ /T3-N5 Reactant Product

Concentration Concentration

Level Temp
Connected to 28-CW-2/B1

CODE T -100 120 o015 o014

80 _100 0012 0011
SERIAL 3 &0 i 0009 0008
FRpRCICIEAN > B o) o

20 - b

POSIN g 15751 1500 U 3850 o i o o
WORLD Olitres 0DegC kgl kgl
TEMP 0 J | |
PRESSURE 0 History  History History History
CATREF /ANSI-FLANGED/AAZF] || copg T

SERIAL 3
POS IN WORLD E 14000 N 1500 U 3500
FUNCTION unset

CREF 138-CW-2/B1

NOZZ /T3-Né
Connected to 25-CW-7/B
CODE it

SERIAL 3

PSPEC A300

POS IN

WORLD E1S475N1500U 2450

TEMP 0

PRESSURE 0

CATREF /ANSI-FLANGED/AAZF!
CREF 125-CW-7/B1

Data from plant

MIT

Chemical Engineering




Virtual Plant Walkthrough

e e

SGlI, PSE, Adapco

MIT
Chemical Engineering




Opportunities from Computational Systems

o Reducing the elapsed time for a “solution™

@ Hierarchical / linked data bases
— Community standards for data exchange
— Corporate knowledge repositories

@ Model based approaches to:

— Experimental design and optimization
— Process controllers

@ Immersive data analysis and visualization for:

— Data mining and analysis
— Immersive graphical interfaces




Conclusions

“...While it is hard to predict the
future, creating it is much
easier...

We have an exciting opportunity
to shape an integrated approach
to merging models and data




John von Neumann

Contributions

- Algorithms

- Software

- Hardware architecture
- Practical problems

B.S. Chemical Engineering
ETH Zurich







