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Models: Types & Purposes

*Types of Models
» Knowledge-Driven Models

» Data-Driven Models (Machine Learning)
» Hybrid Models

artial Knowledge + Data

s Models Should Have a Purpose
Change the Purpose = Change the Model

dModels for Design, Optimization, Control ...
dConceptual, Physical (Pilot Plant), Mathematical, ...
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Plethora of Robotic Devices
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If You have One ... Million $

The Age of Big Data
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Data = Model: Which Waye

% DoE: Powertul Methodology (50 Yeors Youngl)
» Full Factorial Designs, !
» Fractional Factorial Designs,

» Center Composite Designs
> ...

Is DoE Sufficiente NO
DoE Can NOT Model Dynamics

How About Data Science?
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Two Generalizations of DoE/RSM

“* DoDE: Design of Dynamic Experiments
» [ime-Varying Inputs (Factors)

dReactor Temperate vs. Time
dBioreactor Nutrients (t)

dBioreactor pH(t)
 DREM: Modeling Time Resolved Data
From:y = By + Xisq BiXi + Xicy Z?=i+1 BiiXiX; + Xiq B X?

> TO: y(@) = Bo(t) + X1y Bi(OX; + X1 X711 Bij (X X; + BTty Bu (0 X7
dp,(t) = Polynomial of t

Georgakis, C., (2013) “Design of Dynamic Experiments: A Data-Driven Methodology for the
Optimization of Time-Varying Processes” Ind. Eng. Chem. Res. 52 (35):12369-12382

Klebanov, N., and C. Georgakis. 2016. "Dynamic Response Surface Models: A Data-Driven Approach
for the Analysis of Time-Varying Process Outputs”, Ind. & Eng. Chem. Res., 55: 4022-34.
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Part A

BODE:
Design of
Dynamic Experiments




DODE: Time-Varying Domain

L/

f' Define Domain: U, 4, (T), Ui (T), T =t/t,

+** Coded Dynamic Factor
» u(t) = uy(r) + Au(r)z(r)
» —1<z(t) < +1

uo(7) = O-S(umax )] A W (T))
Au(t) = 0.5 (umax(T) - umin(T))

Main Idea: z(7) = a;Py(7)+ a, Py (7)+ a3 P, (1) + -+

P:(t) i — th Shiffed Legendre Polynomial
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Tempratute Profile

Nine (?) Linear Time-Varying Inpufts

Linear DoDE Temperature Profiles
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Some Quadratic Profiles

Quadratic DoDE Temperature Profiles
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DoDE Example: Batch Reactor

Reversible Reaction in Batch: 4, = 4, (15<T<50°C)

r=kiAy — kpd; k= kgexp(— L) with E, > E

Model-based Optimum Conversion:
g 74.6%

Decreasing Temperature Profile
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Optimization via DoDE

» Two Factors: T Level & Linear Slope

The 9 Experiments of the 32 DoDE Design
1

» Nine DoDE Experiments
o0 dLlinearin Time Z: . ~ o 0
%48 Qpetween 15°C to 500C % :‘2‘_ = TN m>
“» Optimization: : X
> Max DOE Conversion=71.4% | ° N =
> Max DoDE Conversion 74.3% :: » — :
O T*(1): 500C > 28°C i

-1 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Dimensionless Time = Time / Batch Time

. 0 0
Conversion 71.4% 74.3 74.6% VERY Small
Difference from MBO 3.2 0.3 Difference
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DODE for Semi-Batch Reactor

Rxnl: A —+ B — C T'l = kchCB, kl = 2 l m()l_lh_l . .
Rxn2: 2B — D, 1, = k,C2, ky=11mol 1h™1 B In Semi-bafch Mode

Rxn3: C—E, 1 =k3Cc kz=1h"1 qg(t) =7

DoDE Runs: Feeding B Optimal Runs
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Part B

DRSM:
Dynamic Response Surface
Methodology




The DRSM |Idea

% From RSM:
» y = Bo+ Xie1 BiXi + X1 X1 BiiXiX; + X1 BuX?
¢ To DRSM:

[ > y(t) = Bo(6) + X1y B (D)X + J

i1 D=1 Bij X Xj + X1y B (D)X}
</ Paramieterization:
> q(t) > Vq,lPO(t) + yq,Zpl(t) a0 yq,RPR—l(t)
Qg =iijoriiwith i,j=1,2,..,n;j <i

R(parameters) < K(Data per Experiment)
< /DRSM-1: Parametrization with t &d Has Oscillations
“f DRSM-2: Parametrization with 6 = {1 — exp(— ti)}
0

> 0<t<owo =0<6<1

NO Oscillations - Excellent Model
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DRSM-2c for ALL Pfizer Data: C(t

‘*Species 5. R =5,t,

Species5 Experiment1

Species5 Experiment2

= 5.4

Species5 Experiment3

Species5 Experiment4

Species5 Experiment5

0.15 0.15 0.15 0.15 0.15
0.1 0.1 0.1 0.1 0.1
0.05 0.05 0.05 0.05 0.05
o
0 o€ > 0 06 ) 0
0 5 10 0 5 10 0 5 10 0 5 10 5 10
Species5 Experiment6 Species5 Experiment7 Species5 Experiment8 Species5 Experiment9 Species5 Experiment10
0.15 0.15 0.15 0.15 0.15
0.1 0.1 0.1 0.1 0.1
0.05 0.05 0.05 0.05 0.05
00 00 00 O 0 é 0 0 0
0 5 10 0 5 10 0 5 10 0 5 10 5 10
Species5 Experiment11 Species5 Experiment12 Species5 Experiment13 Species5 Experiment14 Species5 Experiment15
o
0.15 0.15 0.15 0.15 0.15
0.1 0.1 0.1 0.1 0.1
0.05 0.05 0.05 0.05 0.05
O
00 0 D 0 00 OO 0 g =
0 5 10 0 5 10 0 5 10 0 5 10 5 10
Species5 Experiment16 Species5 Experiment17
0.15 0.15
0.1 0.1
0.05 0.05
00 OO 00
0 5 10 0 5 10
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DRSM-2c: Missing Pfizer Data: Cs(t
eSpecies 5: R=3Tc=3.3

Species5 Experimentl

Species5 Experiment2

0.15 0.15
(]
0.1 0.1
0.05 5  0.05
0 0 >
0 1 2 3 4 5 0 5 10
Species5 Experiment6 Species5 Experiment7
o
0.15 0.15
0.1 0.1 D
o
0.05 0.05
D
0 00
0 2 4 6 0 1 2 3 4 5
Species5 Experiment11 Species5 Experiment12
0.15 0.15
0.1 0.1
0.05 0.05
D
00 0 D
0 2 4 6 0 5 10
Species5 Experiment16 Species5 Experiment17
0.15 0.15
0.1 0.1
0.05 0.05
0 ) 0 0000
0 5 10 0 5 10

Species5 Experiment3

Species5 Experiment4

0.15 0.15
0.1 0.1
0.05 0.05
0 0 O ¢
0 1 2 5
Species5 Experiment8 Species5 Experiment9
0.15 0.15
0.1 0.1
0.05 0.05
0 0
0 5 10 5 10
Species5 Experiment13 Species5 Experiment14
0.15 0.15
0.1 0.1
0.05 0.05
00 0
0 5 10 2 4
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Species E with Prediction Interval

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5

O  Experiment data

DRSM estimation Model is VERY ACCUFOTG

— — — DRSM prediction
interval
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Fractional Factorial Design

% 3 Species and 5 Factors: A, B, C, D, and E

% 2 Blocks: Robofic & Manuadl

* 6 Samples per Batch at Unequal Intervals
0, 20,40, 60, 120, 240 mins

* LC area converted to concentration
The 5 FACTORS
A: Methanol ratio, (% wt/wt solvent)

B: Starting material, wit% C: Base, wi%
D: Water wi% E: Temperature

- '/a Fractional factorial design: 2°~ 2 design
« 8 experiments
 Aliasing Structure: D = AB, and E=AC
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2Fl Model: Species C
LoF p-value = 0.06 = Good Model

Experiment 1
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Block Effect Insignificant: Robotic vs. Manual Operation
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DRSM Menu --- Top part

DRSM Tool

. Species that fix initial output
! Select file E.g. type "3; 5" for species 3 and 5
i @ | Can be left blank

&2

Initial levels for above species to fix to

# of species @ # of factors @

’ E.g. type “0; 0.1"
’ Must be the same dimension as above C)
Linear 2F o Quadratic 5 Force output to non-negative? O
| Yes O no 6
# of polynomials Time constant Tc
Min Min @ Current DRSM status:

not running

UNT-V E RS LF Y
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DRSM Menu — Bottom Part

@ Pl i i Contour master figures
# of columns # of ows
# of columns # of rows \
Column factor Row factor
Subplot X-axis presents?
CZ) Include confidence interval? ® Time Factor:
Yes ® No If time is not varied, specify:
Confidence level (default 0.95) Other settings
Y-axis factor # of lines
Fixed factors Fixed levels
E.g. "4,5" E.g."20;0.7"
3 Color scheme
Plot profiles
Jet Gray ® Hotness
Ensure all factors & time
B S i~ Plot contours

U NT-V ERSITTY
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REIT C

From DRSM
I'c
' Stoichiometry & Kinetics
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DRSM = from Data to ... Knowledge

, R2: 2B > D
» Five DRSMs for C4(t), ... , Cg(t),

R3: C - FE

% Simple Semi-Batch Reactor Example S {Rl: A+B-C

Va(t) = Bao(t) + z Bai(H)X; + z z Baij ()X X; + z Baii ()X}

11] i+1

ye() = Brot) + Z Bri(DX; + Z z Bty (X,X; + Z Bt (X7

i=1 j=i+1

/ Calculate Derivatives with Time for ALL Models

Y4(®) = Bao(®) + Z Bl (OX; + Z Z Bl (X:X; + Z B (X7

=1 j=i+1
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Rate Data = Stoichiometry

Rxnl: A+ B - C

% Rates of appearance for Each Species Rxn2:2B - D

Rxn3:C - E
Tar(t1)  1r(ty)  1ep(ty)  1pr(ty)  7Ter(ty)

> D, = | Tap(t;)  ree(t)  Ter(t)  Tor(ty) e (t;) i=1,..,ng

rAk(tTLK) er(tTlK) er(tnK) er(tTLK) rEk(tnK)
» Forng =100 mafrix D, is a 100x5

+*»' Data Matrix for Rates of ALL Species and ALL Experiments: R,

D,
R D, | D, = Data from k—th experiment
-4 : k=1,2,..,n,
D,,

» For n, =9 experiments R, is d 900x5 matrix

[ o Number of
4 SVD=Singular Value Decomposition of R, Signiftijco?mfs\gs .,
opb 0 O
> R=UXV' L= (0 = 0 ) UZVT sizes: 900X5,5X5 & 5X5
0 0 oy
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SVD: R, = UXV' & Projections

% # of Reactions < Significant g; Values= 3

> hmvny]  vi- () (%63 62 am o aso)

vg 0.60 -—-0.28 0.01 044 -—-0.61
<+ IS (-1,-1,1,0,0) a Linear Combination of the V} rows ?
< Proj&ction Matrix: P = ViV,
< Projection of Candidate Stoichiometry: n;,. = n;ViVs
* 51t TRUE that: n;,. =n; ¢
s Projection Score: PS = 100{1 — ||n; — n;||/||n;]|}
APS 2 90 is GOOD

Bonvin & Rippin (1998 JTarget Factor Analysis (TFA)
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ldentifying Pfizer Stoichiometries

2 Additive error = 0.005 on Concenftrations 0.005 < C;(t;) < 0.9
Scores of Scores of
True reactions Untrue reactions
A+BSC+D 965 A= | —_
coDTE c—=J 38.8

E-F 92.3
B+DS G 99.1

]
2
3
2A+B — ) 72.5
4
5 G—-D+H 96.3
6
/
8

J— 2D + | 65.0

A+F o 82.4 B+J—E+]I 21.2

o U b W N B

A — | 77.4 B+J— D+l 51.2

B+ J— 2E+| 24.8

Scorei=100(1 — [In; — n;ll/lIm; D)

n;= Candidate Stoichiometry
n;.= Response Vector

Blind Test: Excellent Result

Seven (7) Significant SVs via an F-test

o, =81,9.7,63,1.5,1.0,0.92,0.22, 0.18, 0.15, 0.09 m
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ldentifying Pfizer Stoichiometries

NO Measurement error

Scores of True reactions Scores of Untrue reactions
(Without Measurements Error) (Without Measurement error)

1 A+BSC+D 99.5 1 A— ) 74.6
2 C—D+E 99.0 2 c—)J 57.3
3 E-F 99.5 3 2A +B — 81.9
4 B+DSG 99.9 4 J—= 2D+ 82.0
5 G—D+H 99.5 5 B+J—E+I 85.8
6 A+F—| 99.9 6 B+J— D+l 88.6
7 2A — 97.9

8

B+J— 2F +| 92.7 Confirmation of Method

Eight (8) Significant SVs

o, =81,9.7,63,1.5,1.0,0.91,0.19, 0.10, 0.04, 0.02 m

SYSTEMS RESEARCH INSTITUTE
The DoDE & DRSM Methodologies, AbbVie Presentation, March 2020 T“ftls for Chemical & Biological Processes




Process Optimization via DRSM

% Calculate Operating Window (OW):

» Concentrations of Impurities Below Specs

U Reactants, Infermediates, by-products
¢ Maximize OW
> Select Operating Conditions \

Reactant

Intermediafe:

count for Uncertainties

» Cdan also Use
Peak Area of HPLC Data

: ~ by-product

The DoDE & DRSM Methodologies, AbbVie Presentation, March 2020



Maximize Operating Window

s Optimization Results
» When §; = 0.1 for all species,

dwindow does not exist.

Species1

> Study different specifications

Factorl | Factor?2 | Factor3 Optimal
window (hr)

: ' ' ' T
0.14 Infeasible 4—+—>|
0.15 90 1.02 0 3.07 e I '
0.16 90 1.03 0.06 4.35 ‘”"""" uihinh
0.17 90 1.03 0.17 4.59 l '
0.18 90 1.03 0.28 48] o1} 2,
0.19 90 1.03 0.39 5.01 005 | :
0.2 90 1.03 0.50 5.20 : '

Operating
Window
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BT D

DoDE & DRSM
for
CELL Culture Processes




Some Temperature Profiles
6 Factors (T, pH, nutrients) + Quadratic DRSM = 34 Experiments

UsNE- VB REST LT Y
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DRSM Model for One (of 10) Output

Species10 Experiment3 Specles10 Experimentd Species10 Experiment5 Species10 Experiment6
{ Prg ]
6000 L
4000 |
’
’
2000 | -

-

-
’

509" s
5 10

&nd«_i [\ Expcrimgnﬂ.’l

Species10 Experiment15

-
6000 L0

Species10 Experiment22
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OpTlm(:Il Values of Product (extrapolation)

Product Values for Different Domain Extrapolations

| | === NOminal Estimate |
== = Upper Uncertainty |

12 [lomii - e
| Lower Uncertainty - |

=
———
— | [
===
L __

1 1.25 1.5 1:./9 2
A values (Extrapolation)
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Optimal pH Profiles

pH Profiles for Optimal Runs

7.6 | | |
' — — Upper Boundary Gnitially) et
7.4 - — — Lower Boundary (Initially) | =~ NS L. ‘ el | ‘
;—A=1 : bt ] D2 B | ; ; )
| i i z " |

| —A=1.25

6.4 L pdigy EREEIEIRG) AR5 EEISE10 0 EEERS
0 01 02 03 04 05 06 07 08 09 1

Dimensional Time (1-14 days)
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Part E

The
FUTURE Challenges




Challenges: Stoichiometry & Kinetics

* |denftify ALL Candidate Stoichiometries

» Postulate All Reactions with
O 1 or 2 Reactants or Products
L Stoichiometric Coefficients: -2, -1, 1, 2

» Impose Mass Balance
» Project to DRSM Models (TFA)

¢ Congtraints For Rxn Stoichiometries
» Monotonic Extents of Reaction

Estimate Kinetic Models
> Which Fits Data Beste

3 Additional Complications
> Reversible Reactions
» Form of Kinetic Models
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Challenges (Cont'd)

** Mass Balances of Candidate Stoichiometries
» Know MW Accurately OR +1 ¢

» Unmeasured Species

dHow Many and Whiche
hen Methodology Breaks Down¢

o Atom Balances@e

“ Zhallenges with Reaction Orders
dElementary Step@

®

L General Power Law - to be Estimated

dDenominator Terms — Which Ones
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Useful Toy Example

% Simulation of A » B —» C, 15" Order Kinetics
» DoE, Collect A(ty), B(t;,), C(t,) Data

¢ Estimate DRSM,, DRSMg, DRSM
» Rank of Data = 2 = 2 Reactions

“* Reactions with Mass Balance & Projection
AsSB, BsC, AsC,
A+CsS2B, A+Bs2C 2AsB+C

2 Possible Stoichiometries with 2 Rxns: (g)=1 5

» Group of 2 that are Linearly Independent
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Screening Stoichiometries

/ s Monotonic Extent of Reactions: 6 of 15

Rxn-1 A-B A—- B A—- B A+C - 2B A+C - 2B A+ B - 2C
Rxn-2 B—-C 2B->A+C A+ B - 2C B—-C A+ B - 2C C - B

% Starting Material Restriction (Only A)

Rxn-1 A- B A—- B A—- B
Rxn-2 B - C 2B->A+C A+ B - 2C

o Fstimate Kinetics
> Fit 3 Models with 2 Reactions Each

dAssume Elementary Reactions

= Stoichiometry = Kinetic Order
AFit Each Reaction Rate Separately
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Fitti

D

g of Reaction Kinetics

Group 2 I

Each reaction

Group 1 (True) I

Group 3

e A>3 Boc | 408 2-4+c|] 4B  4a+B-2C
028 26 3.8 46 B 18 44
007 023 0.24 0.83 0.52 0.81

0.98 0.77 0.78 0.53

Overall group*
249  (+1629%) B 31 (+2053%)

0535  (+257%) B 0665  (+343%)
B o655  (25%) [ 0355 (-59%)

0.13 0.58

1.44
0.15
0.875

*Values of SSE, RMSE and R? are averaged over those reactions in the group

Correct Model Fits the Data the Best

How Can we Do this for Complex Mixtures?
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Should Remember Tomorrow

% Novelty of DoDE & DRSM

» DoDE: Time Varying Inputs

» DRSM: Modeling Time-Varying Outputs
% Stoichiometric |dentification

» DoODE/DRSM =» Process Knowledge
% Optimjzation Using DoDE/DRSM

» R&sults Close to Model-Based Optimization
% DODE & DRSM Applicable to:

Batch & Continuous Processes &

» Chemical & Biological Processes
*»/ Future Challenges

» Implications of Unmeasured Species

» Automatic List of Stoichiometries

» Comprehensive Kinetic Modeling
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ou for Your Attention

Will You JOIN Us
IN this Exiting Tripe




