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Models: Types & Purposes
vTypes of  Models

ØKnowledge-Driven Models
ØData-Driven Models  (Machine Learning)
ØHybrid Models

qPartial Knowledge  +  Data

vModels Should Have a Purpose
ØChange the Purpose è Change the Model

qModels for Design, Optimization, Control …

qConceptual, Physical (Pilot Plant), Mathematical, …
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Plethora of Robotic Devices
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If You have One … Million $
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The Age of Big Data  



Data è Model: Which Way?

v DoE: Powerful Methodology (50 Years Young!)
Ø Full Factorial Designs, 
Ø Fractional Factorial Designs, 
Ø Center Composite Designs 
Ø …
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Is DoE Sufficient? NO

How About Data Science? 

DoE Can NOT Model Dynamics



Two Generalizations of DoE/RSM
vDoDE: Design of Dynamic Experiments

Ø Time-Varying Inputs (Factors)
qReactor Temperate vs. Time

qBioreactor Nutrients (t)

qBioreactor  pH(t)

vDRSM: Modeling Time Resolved Data
Ø From: 𝑦 = 𝛽! + ∑"#$% 𝛽"𝑋" + ∑"#$% ∑&#"'$% 𝛽"&𝑋"𝑋& + ∑"#$% 𝛽""𝑋"(

Ø TO: 𝑦 𝑡 = 𝛽! 𝑡 + ∑"#$% 𝛽" 𝑡 𝑋" + ∑"#$% ∑&#"'$% 𝛽"&(𝑡)𝑋"𝑋& + ∑"#$% 𝛽""(𝑡)𝑋"(

q𝛽) 𝑡 = Polynomial of 𝑡
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DoDE: 
Design of 

Dynamic Experiments

Part A
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DoDE: Time-Varying Domain
vDefine Domain: 𝑢!"# 𝜏 , 𝑢!$% 𝜏 , 𝜏 = ⁄𝑡 𝑡)

8

u0 (τ )
umax (τ )

umin (τ )

Main Idea: 𝑧 𝜏 = 𝑎*𝑃+ 𝜏 + 𝑎,𝑃* 𝜏 + 𝑎-𝑃, 𝜏 +⋯
𝑃. 𝜏 𝑖 − 𝑡ℎ Shifted Legendre Polynomial
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v Coded Dynamic Factor
Ø 𝑢 𝜏 = 𝑢! 𝜏 + Δ𝑢 𝜏 𝑧 𝜏

Ø −1 ≤ 𝑧 𝜏 ≤ +1

𝑢! 𝜏 = 0.5 𝑢*+, 𝜏 + 𝑢*"% 𝜏
𝛥𝑢 𝜏 = 0.5 𝑢*+, 𝜏 − 𝑢*"% 𝜏



Nine (9) Linear Time-Varying Inputs9
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Some Quadratic Profiles
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DoDE Example: Batch Reactor
Reversible Reaction in Batch: 𝐴$ ⇌ 𝐴( (15 < T < 50 oC)

𝒓 = 𝒌𝟏𝑨𝟏 − 𝒌𝟐𝑨𝟐 𝑘" = 𝑘"! exp − ,!
-.

𝑤𝑖𝑡ℎ 𝐸( > 𝐸$
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Model-based Optimum Conversion:
Decreasing Temperature Profile

TOpt

uOpt

A1opt, A2opt

74.6%



Optimization via DoDE
v Two Factors: T Level & Linear Slope

Ø Nine DoDE Experiments 
qLinear in Time 

qbetween 150C to 500C

vOptimization: 
Ø Max DoE Conversion=71.4%

Ø Max DoDE Conversion 74.3%

q T*(t): 500C à 280C
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DoDE Design

DoDE

DoE

DoE DoDE MBO

Conversion 71.4% 74.3 74.6%

Difference from MBO 3.2 0.3
VERY Small 
Difference

74.6%



DoDE  for Semi-Batch Reactor 
B in Semi-batch Mode 

𝑞- 𝑡 =?
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!

DoDE Runs: Feeding B

!

Optimal  Runs

𝑚𝑎𝑥 𝐶"(𝑡#)

𝑚𝑎𝑥 ⁄𝐶"(𝑡#) 𝑡#

𝑅𝑥𝑛1: 𝐴 + 𝐵 ⟶ 𝐶 𝑟$ = 𝑘$𝐶/𝐶0, 𝑘$ = 2 𝑙 𝑚𝑜𝑙1$ℎ1$
𝑅𝑥𝑛2: 2𝐵 ⟶ 𝐷, 𝑟( = 𝑘(𝐶0(, 𝑘(= 1 𝑙 𝑚𝑜𝑙1$ℎ1$
𝑅𝑥𝑛3: 𝐶 ⟶ 𝐸, 𝑟$ = 𝑘2𝐶3 , 𝑘2= 1 ℎ1$



DRSM: 
Dynamic Response Surface 

Methodology

Part B
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The DRSM Idea
v From RSM: 

Ø 𝑦 = 𝛽! + ∑"#$% 𝛽"𝑋" + ∑"#$% ∑&#"'$% 𝛽"&𝑋"𝑋& + ∑"#$% 𝛽""𝑋"(

v To DRSM:
Ø 𝑦 𝑡 = 𝛽! 𝑡 + ∑"#$% 𝛽" 𝑡 𝑋" +

∑"#$
% ∑&#"'$

% 𝛽"&(𝑡)𝑋"𝑋& + ∑"#$
% 𝛽""(𝑡)𝑋"(

v Parameterization: 
Ø 𝛽6 𝑡 = 𝛾6,$𝑃! 𝑡 + 𝛾6,(𝑃$ 𝑡 + ⋯𝛾6,8𝑃89$ 𝑡

q 𝑞 = 𝑖, 𝑖𝑗, 𝑜𝑟 𝑖𝑖 with  𝑖, 𝑗 = 1, 2, … , 𝑛; 𝑗 < 𝑖

Ø 𝑅(parameters) < 𝐾(Data per Experiment)
v DRSM-1: Parametrization with t ➡ Has Oscillations
v DRSM-2: Parametrization with 𝜽 = 1 − exp(− !

!4
)

Ø 0 ≤ 𝑡 < ∞ ⟺ 0 ≤ 𝜃 < 1

15
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DRSM-2c for ALL Pfizer Data: C5(t)
vSpecies 5: 𝑅 = 5, 𝑡& = 5.4
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DRSM-2c: Missing Pfizer Data: C5(t)
vSpecies 5: R=3 Tc=3.3
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Species E  with Prediction Interval
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Model is VERY Accurate



v 3 Species and 5 Factors: A, B, C, D, and E 
v 2 Blocks: Robotic & Manual
v 6 Samples per Batch at Unequal Intervals

0, 20,40, 60,   120,         240 mins
v LC area converted to concentration

The 5 FACTORS 
A: Methanol ratio, (% wt/wt solvent) 
B: Starting material, wt%        C: Base, wt%           
D: Water wt%                           E: Temperature 

Fractional Factorial Design
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• ¼ Fractional factorial design:  25 − 2 design
• 8 experiments
• Aliasing Structure:  D = AB,  and  E = AC



2FI Model: Species B 
LoF p-value = 0.99 è Perfect model

20

8𝑦 𝑡 = 𝛽! 𝑡 + 𝛽: 𝑡 𝐴 + 𝛽- 𝑡 𝐵 + 𝛽; 𝑡 𝐶 + 𝛽< 𝑡 𝐷 + 𝛽= 𝑡 𝐸 +
+𝜷𝑩𝑪 𝒕 𝑩𝑪 + 𝜷𝑪𝑫 𝒕 𝑪𝑫
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2FI Model: Species C 
21

Block Effect Insignificant: Robotic vs. Manual Operation
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8𝑦 𝑡 = 𝛽! 𝑡 + 𝛽: 𝑡 𝐴 + 𝛽- 𝑡 𝐵 + 𝛽; 𝑡 𝐶 + 𝛽< 𝑡 𝐷 + 𝛽= 𝑡 𝐸 +
+𝜷𝑩𝑪 𝒕 𝑩𝑪 + 𝜷𝑪𝑫 𝒕 𝑪𝑫

LoF p-value = 0.06 è Good Model



DRSM Menu --- Top part
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DRSM Menu – Bottom Part
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From DRSM 
To 

Stoichiometry & Kinetics

Part C
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DRSM ⟹ from Data to … Knowledge25

v Simple Semi-Batch Reactor Example
Ø Five DRSMs for 𝐶/ 𝑡 , … , 𝐶, 𝑡 ,

è N
𝑅1: 𝐴 + 𝐵 → 𝐶
𝑅2: 2𝐵 → 𝐷
𝑅3: 𝐶 → 𝐸
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DISCOVER Stoichiometry and Kinetics

𝑦/ 𝑡 = 𝛽/! 𝑡 +P
"#$

%

𝛽/" 𝑡 𝑋" +P
"#$

%

P
&#"'$

%

𝛽/"&(𝑡)𝑋"𝑋& +P
"#$

%

𝛽/""(𝑡)𝑋"(

⋮
⋮

𝑦, 𝑡 = 𝛽,! 𝑡 +P
"#$

%

𝛽," 𝑡 𝑋" +P
"#$

%

P
&#"'$

%

𝛽,"&(𝑡)𝑋"𝑋& +P
"#$

%

𝛽,""(𝑡)𝑋"(

� Calculate Derivatives with Time for ALL Models

𝑦/5 𝑡 = 𝛽/!5 𝑡 +P
"#$

%

𝛽/"5 𝑡 𝑋" +P
"#$

%

P
&#"'$

%

𝛽/"&5 (𝑡)𝑋"𝑋& +P
"#$

%

𝛽/""5 (𝑡)𝑋"(



Rate Data  ⟹ Stoichiometry
v Rates of appearance for Each Species

Ø 𝑫! =

𝑟"!(𝑡#) 𝑟$!(𝑡#) 𝑟%!(𝑡#) 𝑟&!(𝑡#) 𝑟'!(𝑡#)
⋮ ⋮ ⋮ ⋮ ⋮

𝑟"!(𝑡() 𝑟$!(𝑡() 𝑟%!(𝑡() 𝑟&!(𝑡() 𝑟'!(𝑡()
⋮ ⋮ ⋮ ⋮ ⋮

𝑟"!(𝑡)!) 𝑟$!(𝑡)!) 𝑟%!(𝑡)!) 𝑟&!(𝑡)!) 𝑟'!(𝑡)!)

𝑡( = 𝑖∆𝑡
𝑖 = 1,… , 𝑛*
∆𝑡 = 1/𝑛*

Ø For 𝑛* = 100 matrix 𝐷! is a 100×5

v Data Matrix for Rates of ALL Species and ALL Experiments: 𝑅A

Ø 𝑹+ =

𝑫#
𝑫,
⋮

𝑫)-

𝐷! = Data from 𝑘−th experiment
𝑘 = 1, 2, … , 𝑛-

Ø For  𝑛- = 9 experiments 𝑅+ is a 900×5 matrix 

v SVD=Singular Value Decomposition of 𝑹A

Ø 𝑹+= 𝑼𝜮𝑽. , Σ =
𝜎# 0 0
0 ⋱ 0
0 0 𝜎/

, 𝑼𝜮𝑽. 𝑠𝑖𝑧𝑒𝑠: 900𝑋5, 5𝑋5 & 5𝑋5
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è B
𝑅𝑥𝑛1: 𝐴 + 𝐵 → 𝐶
𝑅𝑥𝑛2: 2𝐵 → 𝐷
𝑅𝑥𝑛3: 𝐶 → 𝐸

Number of 
Significant SVs = ?



SVD: 𝑹! = 𝑼𝜮𝑽" & Projections

v # of Reactions ⟺ Significant 𝜎. Values= 3

Ø 𝑹+ = 𝑼𝟑𝜮1𝑽12 𝑽12 =
𝒗#2

𝒗,2

𝒗12
=

0.41 0.84 −0.26 −0.21 −0.15
−0.26 0.21 0.79 −0.23 0.50
0.60 −0.28 0.01 0.44 −0.61

v IS (-1,-1,1,0,0) a Linear Combination of the 𝑽𝟑𝑻 rows ?
v Projection Matrix: 𝑃 = 𝑽-T𝑽-
v Projection of Candidate Stoichiometry: 𝒏.U = 𝒏.𝑽-T𝑽-
v Is it TRUE that: 𝒏.U ≅ 𝒏. ?
v Projection Score: 𝑃𝑆 = 100 1 − ⁄𝒏.U −𝒏. 𝒏.

qPS ≥ 90 is GOOD
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Bonvin & Rippin (1998 )Target Factor Analysis (TFA)



Identifying Pfizer Stoichiometries 
Additive error = 0.005 on Concentrations 0.005 < 𝐶" 𝑡6 < 0.928

Scores of 
True reactions

1 A + BD C + D 96.5
2 C " D + E 90.8
3 E " F 92.3
4 B + D D G 99.1
5 G " D + H 96.3
6 A + F " I 82.4
7 2A " J 77.4
8 B + J " 2E + I 24.8

Scores of 
Untrue reactions 

1 A " J 57.6
2 C " J 38.8
3 2A + B " J 72.5
4 J " 2D + I 65.0
5 B + J " E + I 21.2
6 B + J " D + I 51.2

Blind Test: Excellent Result

Seven (7) Significant SVs via an F-test
𝜎" = 81, 9.7, 6.3, 1.5, 1.0, 0.92, 0.22, 0.18, 0.15, 0.09
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Scorei=100 1 − ⁄𝒏"O − 𝑛" 𝒏"
𝒏"= Candidate Stoichiometry

𝒏"O= Response Vector

Dw



Identifying Pfizer Stoichiometries 29

Scores of Untrue reactions
(Without Measurement error)

1 A " J 74.6
2 C " J 57.3
3 2A + B " J 81.9
4 J " 2D + I 82.0
5 B + J " E + I 85.8
6 B + J " D + I 88.6

Scores of True reactions
(Without Measurements Error)

1 A + BD C + D 99.5
2 C " D + E 99.0
3 E " F 99.5
4 B + D D G 99.9
5 G " D + H 99.5
6 A + F " I 99.9
7 2A " J 97.9
8 B + J " 2E + I 92.7 Confirmation of Method

NO Measurement error

Eight (8) Significant SVs
𝜎" = 81, 9.7, 6.3, 1.5, 1.0, 0.91, 0.19, 0.10, 0.04, 0.02
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Process Optimization via DRSM
v Calculate Operating Window (OW): 

Ø Concentrations of Impurities Below Specs
qReactants, Intermediates, by-products

v Maximize OW
Ø Select Operating Conditions

Ø Account for Uncertainties

v Can also Use
Ø Peak Area of HPLC Data

30
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Maximize Operating Window
vOptimization Results

ØWhen 𝛿\ = 0.1 for all species, 
qwindow does not exist.

ØStudy different specifications

31

𝛿3 Factor1 Factor2 Factor3 Optimal 
window (hr)

0.14 Infeasible ---
0.15 90 1.02 0 3.07
0.16 90 1.03 0.06 4.35
0.17 90 1.03 0.17 4.59
0.18 90 1.03 0.28 4.81
0.19 90 1.03 0.39 5.01
0.2 90 1.03 0.50 5.20

𝑡"

𝑡#
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DoDE & DRSM 
for

CELL Culture Processes

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



DRSM Model for One (of 10) Output
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Optimal Values of Product (extrapolation)
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Optimal pH Profiles

The DoDE & DRSM Methodologies, AbbVie Presentation, March 2020 

36



The  
FUTURE Challenges 

Part E
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Challenges: Stoichiometry & Kinetics 
v Identify ALL Candidate Stoichiometries

Ø Postulate All Reactions with 
q 1 or 2  Reactants  or Products
q Stoichiometric Coefficients: -2, -1, 1 , 2 

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

v Constraints For Rxn Stoichiometries 
Ø Monotonic Extents of Reaction
Ø Estimate Kinetic Models
Ø Which Fits Data Best?

v Additional Complications 
Ø Reversible Reactions
Ø Form of Kinetic Models
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Challenges (Cont’d)
vMass Balances of Candidate Stoichiometries 

ØKnow MW Accurately OR ±1 ?
ØUnmeasured Species

qHow Many and Which? 

qWhen Methodology Breaks Down? 

vAtom Balances? 
vChallenges with Reaction Orders

qElementary Step?

qGeneral Power Law – to be Estimated

qDenominator Terms – Which Ones

The DoDE & DRSM Methodologies, AbbVie Presentation, March 2020 
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Useful Toy Example 
vSimulation of 𝐴 → 𝐵 → 𝐶, 1st Order Kinetics

ØDoE, Collect 𝐴 𝑡^ , 𝐵 𝑡^ , C 𝑡^ Data

vEstimate DRSMA, DRSMB, DRSMC

ØRank of Data = 2 è 2 Reactions

vReactions with Mass Balance & Projection 
Ø𝐴 ⇋ 𝐵, 𝐵 ⇋ 𝐶, A ⇋ C,
ØA + C ⇋ 2B, A + B ⇋ 2C 2A ⇋ B+ C

vPossible Stoichiometries with 2 Rxns: 62 =15

ØGroup of 2 that are Linearly Independent
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Screening Stoichiometries
v Monotonic Extent of Reactions: 6 of 15

v Starting Material Restriction (Only A)

v Estimate Kinetics
ØFit 3 Models with 2 Reactions Each

qAssume Elementary Reactions
§ Stoichiometry è Kinetic Order

qFit Each Reaction Rate Separately
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Group G1 G2 G3 G4 G5 G6
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

Group G1 G2 G3
Rxn-1 𝐴 → 𝐵 𝐴 → 𝐵 𝐴 → 𝐵

Rxn-2 𝐵 → 𝐶 2𝐵 → 𝐴 + 𝐶 𝐴 + 𝐵 → 2𝐶



Fitting of Reaction Kinetics

Correct Model Fits the Data the Best
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Group 1 (True) Group 2 Group 3

Each reaction

Reactions 𝐴 → 𝐵 𝐵 → 𝐶 𝐴 → 𝐵 2𝐵 → 𝐴 + 𝐶 𝐴 → 𝐵 𝐴 + 𝐵 → 2𝐶
SSE 0.28 2.6 3.8 46 18 44

RMSE 0.07 0.23 0.24 0.83 0.52 0.81
R2 0.98 0.77 0.78 0.53 0.13 0.58

Overall group*

SSE 1.44 24.9 (+1629%) 31 (+2053%)
RMSE 0.15 0.535 (+257%) 0.665 (+343%)

R2 0.875 0.655 (-25%) 0.355 (-59%)

*Values of SSE, RMSE and R2 are averaged over those reactions in the group

How Can we Do this for Complex Mixtures? 



v Novelty of DoDE & DRSM
Ø DoDE: Time Varying Inputs
Ø DRSM: Modeling Time-Varying Outputs

v Stoichiometric Identification
Ø DoDE/DRSM è Process Knowledge 

v Optimization Using DoDE/DRSM
Ø Results Close to Model-Based Optimization

v DoDE & DRSM Applicable to: 
Ø Batch & Continuous Processes & 
Ø Chemical & Biological Processes

v Future Challenges
Ø Implications of Unmeasured Species
Ø Automatic List of Stoichiometries
Ø Comprehensive Kinetic Modeling

Should Remember Tomorrow43

The DoDE & DRSM Methodologies, AbbVie Presentation, March 2020 



Will You JOIN Us 
in this Exiting Trip? 

Thank You for Your Attention 
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