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Approximating the expected utilityMotivation 

Improving predictivity of a QOIIdentifying source locations in a fieldLearning unknown parameter values

Experimental data helps us improve our understanding of a problem

What experiment and/or test should we conduct that is most beneficial?

Decision making problem
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Approximating the expected utilityOptimal experimental design loop

Optimal experimental design

Conduct 
experiment at 

𝑑∗

𝑑∗

Update probabilities 
(Bayesian inference)

𝑦(𝑑∗)

𝑝(𝜃)

𝑝(𝜃|𝑦)
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Approximating the expected utilityOptimal experimental design loop

Optimal experimental design

Conduct 
experiment at 

𝑑∗

𝑑∗

Update probabilities 
(Bayesian inference)

𝑦(𝑑∗)

𝑝(𝜃)

𝑝(𝜃|𝑦)

Bayes’ theorem
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Approximating the expected utility

Objective: study the low-temperature oxidation of propane
• Measure the evolution of highly reactive intermediates and products

High-pressure photolysis reactor (HPR) experiment

• Premixed mixture flows into a constant pressure reactor
• Photolysis laser fires instantaneously irradiating the gas 

mixture 
• Chemical precursor breaks down initiating reactions

• Gas mixture exhausts out, sampled by a synchrotron 
tunable vacuum-ultraviolet (VUV) photoionization mass 
spectrometer
• Measurement of time-of-flight mass spectrum

Experimental overview

Time-of-flight mass spectrum at a fixed VUV 
energy (11.3 eV) and kinetic time (60 ms)L. Sheps, I. Antonov, K. Au. Sensitive mass spectrometer for time-resolved gas-phase chemistry studies at 

high pressures. The Journal of Physical Chemistry A 123.50 (2019) 10804-10814.
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Approximating the expected utilityMotivation 

Can we use a computational model to identify which experimental 
conditions are expected to be most informative? 

• Operation of the real experiment is costly and laborious
• Potential setup time for the apparatus 
• Calibration of the apparatus and instrumentation

• Limited time to run experiments
• Advanced Light Source, Lawrence Berkeley National Laboratory
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Approximating the expected utilityModeling the HPR experiment
Data model:

• Physics model
• Batch reactor model
• Photolysis laser and ionization model [1]

• Chemical model
• C0 - C3 chemical mechanism
• 173 species / 1146 reactions [2]

• Instrument model 
• Maps concentrations to ion counts
• Peaks idealized as Gaussian distributions Solid: 𝑓 𝜃!"# , 𝑑, 𝑥

Mesh: 𝑓 𝜃!"# , 𝑑, 𝑥 + 𝜇$(𝑥)
[1] Oreluk, et al. Combustion Theory and Modelling, 2022.
[2] Miller, et al. Progress in Energy and Combustion Science, 2021.

Predictions with model error provides additional fidelity to the
physics model while being more inline with the data
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y (d,x) = ⇠ (d,x) + ✏ (d,x)

y (d,x) = f (✓,d,x) + � (x) + ✏ (d,x)
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x = [⌧, t, E] ,✓ 2 R1151
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Objective
Find a set of experimental conditions that maximizes the expected utility 𝑈(𝑑)

– Utility function models and compares the desirability of outcomes
– Target experiments to learn specific chemical rate constant measurements

D.V. Lindley, On a measure of the information provided by an experiment, The Annals of Mathematical Statistics 27 (1956) 986–1005.
K. Chaloner and I. Verdinelli, Bayesian experimental design: A review. Statistical Science (1995) 273-304.

NotationNotation

Expected utility involves a double integral over data and model parameters.
Necessitates a model for the physical system and for the experimental instrument.
Uses Bayesian posterior on model parameters, and Bayesian model evidence on data.

Bayesian optimal experimental design
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Selecting a utility function, 𝑢(𝑦, 𝑑)
Utility function should reflect the goal or purpose of the experiment

1) Improve the estimate of a unknown model parameter
– Information gain of an experiment is closely related to minimizing the parameter uncertainty
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Utility function should reflect the goal or purpose of the experiment

1) Improve the estimate of a unknown model parameter
– Information gain of an experiment is closely related to minimizing the parameter uncertainty

2) Improve the predictivity of a quantity of interest, 𝑞
– Measure divergence between prior predictive and posterior predictive distributions

Selecting a utility function, 𝑢(𝑦, 𝑑)
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Utility function should reflect the goal or purpose of the experiment

1) Improve the estimate of a unknown model parameter
– Information gain of an experiment is closely related to minimizing the parameter uncertainty

Selecting a utility function, 𝑢(𝑦, 𝑑)
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Numerical approximation: 

T. Rainforth et al., On nesting Monte Carlo estimators, International Conference on Machine Learning. PMLR, 2018.
K.J. Ryan, Estimating expected information gains for experimental designs with application to the random fatigue-limit model, Journal of Computational and 
Graphical Statistics 12 (2003) 585–603.

Nested Monte Carlo

Approximating the expected utility

<latexit sha1_base64="rPyoslwQ5NzmxdC1xHdFU0+BEvk="></latexit>

d⇤ = argmax
d2D

U(d)

- Costly to evaluate 
-

<latexit sha1_base64="lRXkT0wki6qwtjY0lEPl21wLgBk=">AAACJ3icbVC7SgNBFJ31/TZqaeFgIsQm7AZ8lIKNnQ+MBpIQZmdvksHZ2WXmbkhYUvoxYqvfYSda+gn+gZNkC2M8cOFw7utw/FgKg6776czMzs0vLC4tr6yurW9s5ra270yUaA4VHslIV31mQAoFFRQooRprYKEv4d5/OB/277ugjYjULfZjaISsrURLcIZWaub2CrSO0MPRpfRSM9WGGwgGaaUYHA5ooZnLuyV3BDpNvIzkSYarZu67HkQ8CUEhl8yYmufG2EiZRsElDFbqiYGY8QfWhpqlioVgGuno/YAeWCWgrUjbUkhH6u+NlIXG9EPfToYMO+Zvbyj+16sl2DptpELFCYLi40etRFKM6DAVGggNHGXfEsa1sF4p7zDNONrsJi4FXRGbzHVvbNtm5P1NZJrclUvecenoupw/O83SWiK7ZJ8UiUdOyBm5IFekQjh5JM/khbw6T86b8+58jEdnnGxnh0zA+foBd/KmyA==</latexit>

U(d)
<latexit sha1_base64="A7tEdd4pHGNh1PrAVSZd4mRvWLk="></latexit>

dU
dd = ?
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Bayesian Optimization
• Construct a GP of the unknown objective function 

• Use acquisition function 𝛼 𝑑 to select new samples
• Gaussian Process upper confidence bound (UCB)

• Select next optimization iteration at:  
• Evaluate utility function at

N. Srinivas, A. Krause, S. Kakade, & M. Seeger. Gaussian process optimization in the bandit setting: No regret and experimental design. arXiv:0912.3995 (2009).

• Exploits regions with a high mean and explores regions 
of high uncertainty

Maximizing the expected utility, 𝑈(𝑑)
<latexit sha1_base64="rPyoslwQ5NzmxdC1xHdFU0+BEvk="></latexit>

d⇤ = argmax
d2D

U(d)

<latexit sha1_base64="HzhamNlCuOXH/TeKswM1DGMY354=">AAACD3icbVDLTgIxFL2DLxxfqEs3jWCCGzJDIrokceMSEwdIYEI6nQKVziNth0gm/IMu9UfcGbd+gv/hB1hgFgKepMnJOfe2p8eLOZPKsr6N3Mbm1vZOftfc2z84PCocnzRllAhCHRLxSLQ9LClnIXUUU5y2Y0Fx4HHa8ka3M781pkKyKHxQk5i6AR6ErM8IVlpqlpyyf1nqFYpWxZoDrRM7I0XI0OgVfrp+RJKAhopwLGXHtmLlplgoRjidmt1E0hiTER7QjqYhDqh003naKbrQio/6kdAnVGiu/t1IcSDlJPD0ZIDVUK56M/E/r5Oo/o2bsjBOFA3J4qF+wpGK0OzryGeCEsUnmmAimM6KyBALTJQuaOkmf8ximaV+WsQ2TVPXZK+Wsk6a1Ypdq1zdV4v1WlZYHs7gHMpgwzXU4Q4a4ACBR3iGV3gzXox348P4XIzmjGznFJZgfP0CK1Gb5A==</latexit>

U(d)
<latexit sha1_base64="lrNkbPFokXnzfLoEwVeeHbgQCMI="></latexit>

U(d) ⇠ N (µ (d) ,K (d, d0))

<latexit sha1_base64="RKw7bMqlvfLPj5AkHFBu7rnbD1k="></latexit>

dt = argmax
d2D

↵t (d)
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U(dt)

Illustration of an iteration of Bayesian 
optimization, unknown objective function 

(top), acquisition function (bottom)

<latexit sha1_base64="iL56FoyRckZyT6N7cPzHawD2ab8="></latexit>

�t�1 (d) =
p
K (d, d)

<latexit sha1_base64="MVi/BMURNs6FTU2ZoGMgDxIyt6g="></latexit>

↵t (d) = µt�1 (d) +
p

�t�t�1 (d)
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High-dimensional model output

• High-fidelity physics-based simulations are be expensive to evaluate

• Evaluating                              forward solves

• Constructing a surrogate model addresses the costly run-time

• Total number of outputs remains problematic

Challenges

<latexit sha1_base64="04qrwe/m22I3IjsyLMNUx6eX3Rc="></latexit>

U(d) ⇠ O (NM)

<latexit sha1_base64="0heAne7lXUtQCp8qvGn+mSFyyq8="></latexit>

f (✓,d, xi) ⇡ g (✓,d, xi) =
PX

p=1

cp p(⇠)
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High-dimensional model output

• High-fidelity physics-based simulations are be expensive to evaluate

• Evaluating                              forward solves

• Constructing a surrogate model addresses the costly run-time

Challenges

<latexit sha1_base64="04qrwe/m22I3IjsyLMNUx6eX3Rc="></latexit>

U(d) ⇠ O (NM)

Can we find low-dimensional representations of 
the high-dimensional output?

<latexit sha1_base64="0heAne7lXUtQCp8qvGn+mSFyyq8="></latexit>

f (✓,d, xi) ⇡ g (✓,d, xi) =
PX

p=1

cp p(⇠)
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Goal: Map high-dimensional model output to a lower-dimensional space while 
minimizing loss of information

Truncated SVD

Transformation: 

Reducing output dimensionality

93% of the total variance is explained by a small
number ( 𝐾 = 10 ) components at 620 K, 2 bar,
𝑛!"#$ = 2e14, 𝑛%& = 8e18, 𝑛!' = 1e13.

<latexit sha1_base64="i1dh+MT3Uj9qPym9/3Eqyc3YfXQ="></latexit>

• Draw n samples, where ✓(i) ⇠ p(✓)

• Evaluate the model f (✓,d,x) + � (�ML,x) + ✏ (x)

• Construct output matrix Y = USV T , where Y 2 Rn⇥J , J = 5.1⇥ 108

• Retain only top K singular values of S

• Low-rank approximation: Y K = UKSKV T
K

<latexit sha1_base64="vPIt4I4snQNQ1AO6MuHKEuat0tM="></latexit>

q (✓,d,x) = y (✓,d,x)V K

q (✓,d,x)| {z }
(1⇥K)

= [f (✓,d,x) + � (�ML,x) + ✏(x)]| {z }
(1⇥J)

V K|{z}
(J⇥K)
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Challenges: Target specific model parameters
Expected utility measures difference between 𝑝 𝜃 and 𝑝 𝜃 𝑦 , in 
other words, difference in all uncertain parameters

• Only interested in designs that improve particular chemical rates
• chemical model contains 1146 uncertain chemical rates 

Set of targeted reaction rates
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Challenges: Target specific model parameters
Expected utility measures difference between 𝑝 𝜃 and 𝑝 𝜃 𝑦 , in 
other words, difference in all uncertain parameters

• Only interested in designs that improve particular chemical rates
• chemical model contains 1146 uncertain chemical rates 

Solution: Reformulate utility to marginalize over nuisance parameters

Additional loop in likelihood to marginalize over nuisance parameters

Set of targeted reaction rates

Feng, Chi, and Youssef M. Marzouk. "A layered multiple importance sampling scheme for focused optimal Bayesian experimental 
design." arXiv preprint arXiv:1903.11187 (2019).
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Targeted OED workflow
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Targeted OED workflow
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Targeted OED workflow
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Original data model, 

Results
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y (d,x) = ⇠ (d,x) + ✏ (d,x)

y (d,x) = f (✓,d,x) + � (x) + ✏ (d,x)
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d = [T, p, nCl, nO2]Design space: 

Assumptions: 
• Model error 𝜹 𝒙 independent of 𝒅
• Local GPs constructed independently for each kinetic time
• Considering all 1151 model parameters as uncertain 

• Designs are constructed to target specific sets of the model parameters 
• Prior parameter uncertainty is specified by literature
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Original data model, 

Results
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d = [T, p, nCl, nO2]Design space: 

Assumptions: 
• Model error 𝛿 𝑥 independent of 𝑑
• Local GPs constructed independently for each kinetic time
• Considering all 1151 model parameters as uncertain 

• Designs are constructed to target specific sets of the model parameters 
• Prior parameter uncertainty is specified by literature
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Results

Parallel coordinate plot shows the range of design 
variables associated with high 𝑈 𝑑 in red. 
Trajectory of optimal design is highlighted in blue. 

Optimization iterations for maximizing the expected utility. A 
number of random samples (black points) are evaluated in 
parallel prior to Bayesian Optimization (blue points) , which 
quickly improves on the previous maxima. 
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𝑑∗

Results

Parallel coordinate plot shows the range of design 
variables associated with high 𝑈 𝑑 in red. 
Trajectory of optimal design is highlighted in blue. 

Cross-section of 𝑈(𝑑) for a fixed temperature and pressure.

Heatmap enables selection of a suboptimal design which can be 
desirable if resources are scarce or there are safety concerns
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What does the posterior distribution look like after 
measuring data at 𝒅∗?

• Generate datasets using the probabilistic model at 𝑑∗
• Plausible posterior distributions are aggregated using 

logarithmic pooling: 

𝑑∗

Results

Cross-section of 𝑈(𝑑) for a fixed temperature and pressure.

Heatmap enables selection of a suboptimal design which can be 
desirable if resources are scarce or there are safety concerns
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Estimated posterior after log pooling with 𝐾 = 103
plausible datasets generated at 𝑑∗. Prior distributions 
are a standard normal. 

Results

Visualization of the range of plausible datasets generated by the 
probabilistic model at 𝑑∗ both time and VUV energy are fixed at 
60ms and 11.3 eV, respectively.  New species appear with significant 
changes to the peak magnitudes. 
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Estimated posterior after log pooling with 𝐾 = 103
plausible datasets generated at 𝑑∗. Prior distributions 
are a standard normal. 

Results
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Estimated posterior after log pooling with 𝐾 = 103
plausible datasets generated at 𝑑∗. Prior distributions 
are a standard normal. 

Results

Posterior distribution provides correlations between two of 
the sensitive reaction rates, both sharing propylene oxide as 
a product. 
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Future Work
• Demonstrate improvement in the posterior density using measurements at optimal 

design compared to random designs
• Update initial prior estimates utilizing available measurement data

• Demonstrated feasibility and workflow for applying OED for high-dimensional 
physics-based models

• Bayesian optimization enables efficient exploration of noisy utility functions
• Low-dimensional surrogates of model output provide necessary 

computational savings for assessing complex models

Conclusion & Future Work
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Approximating the expected utility
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Large number of uncertain model parameters

• Physics and instrument model contain 1151 
uncertain model parameters

• Only a small fraction have a significant impact on 
the spectrum at each design

Variance-based Global Sensitivity Analysis

• ℓ1 regularization of the polynomial chaos 
expansion coefficients

Challenges

<latexit sha1_base64="gOb4n8NAgX4Rt+uNshQKYkkzoco="></latexit>

cCS = argmin
c

||y � c ||2 + �||c||1

Only a small number of nonzero total Sobol indices for
design conditions 620 K, 2 bar, 𝑛%&'( = 2e14,
𝑛)* = 8e18, 𝑛%+ = 1e13.

<latexit sha1_base64="68R+kGqyKKJykjU9wgLjdZcQwts="></latexit>

ST
i = 1� Var✓⇠i [E✓i (f (✓) |✓⇠i)]

Var✓ [f(✓)]

Bruno Sudret. Global sensitivity analysis using polynomial chaos expansions. Reliability engineering & 
system safety 93, no. 7 (2008): 964-979
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Autoencoder

Minimize reconstruction loss

Goal: Map high-dimensional model output to a lower-dimensional space while 
minimizing loss of information

Reducing output dimensionality

<latexit sha1_base64="Rjf7uged//t683yHKPKrTc97IKo=">AAACD3icbVDLSsNAFL2pr1pfUZdugq3iqiQFq7gquBHdVLEPaGOZTCft0MkkzEyEEvoHbvwVNy4UcevWnX/jpO2ith4YOHPOvdx7jxcxKpVt/xiZpeWV1bXsem5jc2t7x9zdq8swFpjUcMhC0fSQJIxyUlNUMdKMBEGBx0jDG1ymfuORCElDfq+GEXED1OPUpxgpLXXM40LvwmoHSPU9L7kbPVynn0iqcFa8KXTMvF20x7AWiTMleZii2jG/290QxwHhCjMkZcuxI+UmSCiKGRnl2rEkEcID1CMtTTkKiHST8T0j60grXcsPhX5cWWN1tiNBgZTDwNOV6ZJy3kvF/7xWrPxzN6E8ihXheDLIj5mlz03DsbpUEKzYUBOEBdW7WriPBMJKR5jTITjzJy+SeqnolIunt6V8pTyNIwsHcAgn4MAZVOAKqlADDE/wAm/wbjwbr8aH8TkpzRjTnn34A+PrF78Im9U=</latexit>

g : RJ 7! RK

<latexit sha1_base64="Ss/W+ignn+CNITCEN4/Eh2HukEc=">AAAB73icdVBNS8NAEJ34WetX1aOXxVbwFJJINceCF48V7Ae0oWy2m3bpZhN3N0IJ/RNePCji1b/jzX/jto2gog8GHu/NMDMvTDlT2nE+rJXVtfWNzdJWeXtnd2+/cnDYVkkmCW2RhCeyG2JFORO0pZnmtJtKiuOQ0044uZr7nXsqFUvErZ6mNIjxSLCIEayN1K2NB/10zGqDStWxfcfxfB85trOAIV7d9c7ryC2UKhRoDirv/WFCspgKTThWquc6qQ5yLDUjnM7K/UzRFJMJHtGeoQLHVAX54t4ZOjXKEEWJNCU0WqjfJ3IcKzWNQ9MZYz1Wv725+JfXy3TkBzkTaaapIMtFUcaRTtD8eTRkkhLNp4ZgIpm5FZExlphoE1HZhPD1KfqftD3bvbDrN1614RdxlOAYTuAMXLiEBlxDE1pAgMMDPMGzdWc9Wi/W67J1xSpmjuAHrLdPiHyPoA==</latexit>

h�
<latexit sha1_base64="DY9upMX88vPoU9a5NONUJlB2W1U=">AAAB73icdVDJSgNBEK1xjXGLevTSmAiehp4JiXMMePEYwSyQDKGn05M06Vns7hHCkJ/w4kERr/6ON//GziKo6IOCx3tVVNULUsGVxvjDWlvf2NzaLuwUd/f2Dw5LR8dtlWSSshZNRCK7AVFM8Ji1NNeCdVPJSBQI1gkmV3O/c8+k4kl8q6cp8yMyinnIKdFG6lZGg36qeGVQKmMbVz2vXkPYrrou9jxDah52MEaOjRcowwrNQem9P0xoFrFYU0GU6jk41X5OpOZUsFmxnymWEjohI9YzNCYRU36+uHeGzo0yRGEiTcUaLdTvEzmJlJpGgemMiB6r395c/MvrZTr0/JzHaaZZTJeLwkwgnaD582jIJaNaTA0hVHJzK6JjIgnVJqKiCeHrU/Q/abu2U7drN2654a3iKMApnMEFOHAJDbiGJrSAgoAHeIJn6856tF6s12XrmrWaOYEfsN4+AblKj8E=</latexit>g 

<latexit sha1_base64="ZZz85t2Qhkoz2pdVM3wDypKM/CM="></latexit>

L (�, ) = min
�, 

||y � h� (g (y)) ||22
Illustration of an autoencoder architecture

<latexit sha1_base64="LuUiN8sSWWuO0vNkzOqVtN6yov4="></latexit>

q = g (y)

by = h� (g (y))

<latexit sha1_base64="S93e+TwBLOrv0a0Dn5D/3CCRcwI="></latexit>

q 2 RK

y 2 RJ

K ⌧ J

Encoder network: 
Decoder network: 
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Experiment conducted at 𝑇 = 700 K, p = 10 bar, 𝜒"#$% = 9.7 ×10&', 𝜒(, = 2.9 ×10&), 𝜒*+, = 2.2 ×10&- with a helium bath gas
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Approximating the expected utility
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Modeling the HPR experiment

Solid surface is the prediction of 𝑓 𝜃./0, 𝑑, 𝑥 for one of
the peaks in the time-of-flight spectrum (H2O2).
Mesh surface shows the prediction with model error,
𝑓 𝜃./0, 𝑑, 𝑥 + 𝜇1(𝑥) which increases the fidelity of the
predictive model.



APRIL 26, 2023ORELUK – SNL

Numerical approximation


