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In this paper, we quantify the impact of different formulations of model discrepancy
propagation in coupled multidisciplinary systems. Standard Gaussian process formulations
of model discrepancy leave room for interpretation when incorporated into coupled system
analyses. The objective of this work is to analyze resulting coupling variable distributions
under different assumptions regarding these model discrepancy interpretations. The goal
is to identify efficient, implementation independent, methods and rationale for the rigorous
propagation of uncertainty in coupled systems. We demonstrate our methodology on an
aerostructural wing analysis problem.

I. Introduction

The rise in complexity of engineering systems and the drive towards increasing performance has led to
new challenges associated with uncertainty quantification. These challenges are the result of using imperfect
models to analyze coupled systems in an effort to exploit interactions among disciplines. To ensure confidence
in results obtained by such coupled system models, uncertainty must be completely and rigorously quantified.
As described in Ref. 1, sources of uncertainty in such systems typically include parametric uncertainty, which
involves uncertainty associated with model input parameters, parametric variability, which generally refers
to variation that cannot be controlled (e.g., operating conditions), code uncertainty, which refers to the
uncertainty associated with interpolating between known system responses, and model discrepancy, which
is uncertainty associated with the fact that no model is perfect. It is this last form of uncertainty, model
discrepancy, that poses the most significant challenges in coupled systems.

Multidisciplinary systems, such as aerospace systems, are often composed by integrating pre-existing
disciplinary physics-based models. These complex, multi-physics systems also often exhibit feedback coupling
between disciplines. In these systems, each disciplinary model has associated uncertainty that can have a
substantial impact on system level uncertainty analysis results. A key challenge in these circumstances is
the rigorous propagation of uncertainty through such systems in a manner that is not dependent on the
implementation strategy chosen to resolve coupling variables (e.g., fixed point iteration in a deterministic
setting takes on different meaning under uncertainty that may not be physically relevant). In this paper,
the model discrepancy pertaining to each disciplinary model, which is the difference between the reality and
simulation, is formulated as Gaussian process. The objective of our work is to analyze the resulting coupling
distributions that arise given different assumptions regarding correlation in the model discrepancy terms. In
the extremes, model discrepancy can either be viewed as independent, identically distributed (i.i.d.) noise
that is passed back and forth in a coupled multidisciplinary system, or as a forcing term that is added
outside of a fixed point iteration. We identify compatible discipline level uncertainty information pertaining
to the individual models. By quantifying discipline level uncertainty, we study these extreme interpretations
of model discrepancy formulations, as well as every formulation “in-between” these extremes. By using
Gaussian process models of discrepancy, we accomplish this by varying the correlation length parameter for
given discrepancy terms. With infinite correlation length, we arrive at the forcing term extreme. With zero
correlation length, we arrive at the i.i.d. noise extreme.
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The rest of the paper is organized as follows. Section II presents background on related work. In Section
IV, the approach is described. In Section V, we present results. In Section VI we describe our future work
on this topic, and conclusions are drawn in Section VII.

II. Background

Approximate representations of uncertainty, such as using mean and variance information in place of a
full probability distribution have been used to avoid the need to propagate uncertainty between disciplines.
Such simplifications are commonly used in uncertainty-based multidisciplinary design optimization methods
as a way to avoid a system-level uncertainty analysis.2 These approaches include implicit uncertainty propa-
gation,3 reliability-based design optimization,4 robust moment matching,5–7 advanced mean value method,8

collaborative reliability analysis using most probable point estimation,9 and a multidisciplinary first-order
reliability method.10

Other recent work has focused on exploiting the structure of a given multidisciplinary system. Ref. 11
presents a likelihood-based approach to decouple feedback loops, thus reducing the problem to a feed-forward
system. Dimension reduction and measure transformation to reduce the dimensionality and propagate
the coupling variables between coupled components have been performed in a coupled feedback problem
with polynomial chaos expansions.12–14 Coupling disciplinary models by representing coupling variables
with truncated Karhunen-Loève expansions, has been studied for multi-physics systems.15 Refs. 16 and
17 have proposed a hybrid method that combines Monte Carlo sampling and spectral methods for solving
stochastic coupled problems. Refs. 18 and 19 dealt with the challenges of uncertainty analysis for feed-
forward multidisciplinary systems using a decomposition-based approach. Our earlier work20 developed
a compositional multidisciplinary uncertainty analysis methodology for systems with feedback couplings,
and model discrepancy by incorporating aspects of importance resampling, density estimation, and Gibbs
sampling.

Despite the extensive work on multidisciplinary uncertainty analysis, the formulation of the model dis-
crepancy function is still a challenging issue. Different prior formulations have been assumed for model
discrepancy in previous work. These formulations include constant bias,21 physics-based deterministic func-
tion,22 Gaussian random variable20,23 which can be with fixed or input-dependent mean and variance, uncor-
related random vector,24 random walk,21 and Gaussian random process.25–27 Ref. 28 investigates Bayesian
calibration with different prior formulations of model discrepancy function and derives the corresponding
likelihood functions.

II.A. Model Uncertainty Characterization

Following Ref. 1, a significant source of uncertainty is model discrepancy, which arises because mathematical
models of reality are not perfect, and thus, some aspects of reality may have been improperly modeled,
ignored, or contain unrealistic assumptions. Typically, experimental data of reality which contain experi-
mental variability, are available which can be used to create a stochastic process representation for model
discrepancy. We represent model discrepancy as an additive stochastic process as

Y (x) = f(x) + δ(x), (1)

where x is an input vector to the model with function f(x), δ(x) is the model discrepancy and Y (x) is the
estimate of reality with quantified model discrepancy. As discussed in Section II, model discrepancy can be
formulated in different ways, and we will consider the implications of choosing representations different from
Eq. 1 on our results. A key point to note here is that by assuming Eq. 1 for any given disciplinary model,
we are assuming Y is a random variable. For a coupled system then, there is a question of whether δ should
be sampled once, or resampled every time Y is sampled. This is the crux of our analysis, and leads to either
infinite correlation length discrepancy or i.i.d. discrepancy respectively.

III. Motivation

Here we will discuss our motivation for enforcing the detailed balance when analyzing model uncertainty in
a coupled system, regardless of the method used to implement uncertainty in the system. Figure 1 represents
a two-discipline system where each discipline takes as input, an output from the other discipline which results
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in the coupling between disciplines. The output of each discipline has additive model uncertainty associated
with it, denoted by δ1 and δ2 for discipline 1 and 2 respectively.

Figure 1: A two-discipline system with model discrepancy and feedback coupling. Here, f1 and f2 are the model functions,
Y1, Y2 are the outputs of the respective disciplines which are the coupling variables, and δ1 and δ2 are the additive model
discrepancies associated with the outputs.

One method to solve the coupled system under uncertainty is to take a single random sample from
each model uncertainty distribution δ1 and δ2 and to treat those samples as constants in a fixed point
iteration (FPI). The uncertainty sampling occurs “outside-the-loop“ of the coupled system, before the system
disciplines themselves are evaluated until the coupling variables converge. To obtain a conditional value,
we simply perform an extra half iteration in the loop to get Y2 | Y1 = y. This procedure can be performed
many times to obtain joint and conditional distributions of the coupling variables, which we then treat as our
solution to the system under uncertainty. However, this outside-the-loop approach is closer to implementing
parametric uncertainty into each of our disciplines rather than true model uncertainty as defined by Kennedy
and O’Hagan.1

Model uncertainty defined by Kennedy and O’Hagan requires us to draw a new random sample from
δ1 and δ2 each time we evaluate f1 and f2 during each iteration through the loop. In other words, model
uncertainty is implemented “inside-the-loop“. This implementation strategy can also be represented in
the context of a Markov chain, where each event in the chain is a function output plus its related model
uncertainty. Without loss of generality, we can pick either f1 or f2 as the point to start the chain and
consequently stop the chain once the coupling variables have converged.

In our previous work, we explored the Markov chain concept of detailed balance and how it enforces that
our coupled system will converge to a unique stationary joint distribution regardless of where we start and
stop the chain.29 In the context of probability distributions of two random variables, the detailed balance
requirement is equivalent to finding the same joint distribution between variables obtained by using either
conditional distribution,30 seen in the relation

pY1,Y2 = pY2,Y1 =⇒ pY1|Y2
pY2 = pY2|Y1

pY1 (2)

This relationship between the marginal and conditional distributions of the coupling variables is also
known as compatibility. We have previously shown how, when model uncertainty is sampled inside-the-loop,
the uncertainty distributions should be chosen such that detailed balance is enforced. On the contrary,
since the FPI implementation is deterministic for each individual sample, there is no difference between
the coupling variables’ marginal and conditional distributions, so detailed balance is enforced automatically.
However, when joint distributions obtained via FPI are then fed through system operating in an inside-
the-loop scheme where new samples are drawn from the uncertainty distributions, the joint distribution of
the coupling variables begin to shift toward those obtained in an inside-the-loop manner in which detailed
balance is significant.

To demonstrate the importance of considering detailed balance even when using FPI, the linear example
demonstrated in Ref. 29 is re-examined here, where the solution obtained though FPI is fed through one
iteration of a Gibbs sampler to get a completely different joint distribution for our coupling variables. Using
Fig. 1 as a template, the coupled system is f1(y2) = ay2 + b and f2(y1) = cy1 + d with a = 1/4, b = 1, c = 1,
and d = −2. The uncertainty terms were unbiased normal distributions δ1 ∼ N (0, σ2

1) and δ2 ∼ N (0, σ2
2).

For the case without detailed balance, σ2
1 = 1 and σ2

2 = 1/2. For the case with detailed balance, σ2
1 = 1/4
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and σ2
2 = 1. Samples from the conditional distributions pY1|Y2

and pY2|Y1
were calculated using Markov chain

Monte Carlo (MCMC) with Gibbs sampling.
Note that all six pairs of joint distribution plots shown in Fig. 2-4 are calculated from the same coupled

system, with only the uncertainty distributions and implementation of that uncertainty changing. This
problem has only two linear disciplines coupled together with scalar coupling variables connecting them. Yet
a solution resulting in a stationary joint distribution of coupling variables is elusive without the consideration
of detailed balance. More applied problems, like the aerostructural example discussed in Sec. IV, have
nonlinear disciplines that pass high dimensional field coupling variables between them. We wish to view
these problems through the same lens as this simple example, where we focus on model uncertainty sampled
directly inside the coupled system loop and restricting the uncertainty functions such that detailed balance
is enforced in order to maintain a stationary distribution for our coupled system.

(a) Without Detailed Balance (b) With Detailed Balance

Figure 2: Parametric uncertainty evaluated outside-the-loop via 100,000 samples of fixed point iteration.

(a) Without Detailed Balance (b) With Detailed Balance

Figure 3: Joint distributions shown in Fig. 2 passed through one iteration of the coupled system under model uncertainty.

IV. Approach

In this section, we first present our aerostructural model with high dimensional coupling field variables,
followed by our characterization of model discrepancy in those variables, and finally our methodology to
propagate this uncertainty when solving the system.
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(a) Without Detailed Balance (b) With Detailed Balance

Figure 4: Model uncertainty evaluated inside-the-loop via Markov chain Monte Carlo with 100,000 Gibbs samples.

IV.A. Aerostructural Example

The aerostructural model of the wing is based on the NASA Common Research Model (CRM)31 implemen-
tation of Ref. 32. The advantage to using the CRM in our model is that it is a commonly used representation
of a long-range commercial airliner wing operating in transonic flight, with many benchmarking CFD and
wind tunnel test results available for validation.33

The aerostructural model is made of three main components: a wing geometry module which takes
the CRM geometric parameters and creates the mesh to be analyzed, the aerodynamics module that takes
that mesh and the flight parameters and calculates the loads produced by aerodynamic lift based on that
geometry, and the structures module that calculates the deformations on the wing based upon those applied
loads. A general overview of the system is seen in Fig. 5. The model geometry generates a mesh for wing
based on a user-specified number of spanwise inboard and outboard points. The coupled variable loads
shown in Fig. 5 is a matrix of the point load vectors and moments due to aerodynamic lift applied to each
wing section in the wing mesh geometry. The coupled variable deformed mesh shown in the same figure is
a matrix of node position coordinates for the deformed mesh that result from the displacement and rotation
of each section of the wing caused by the applied aerodynamic forces and moments. The deformed mesh is
then provided to the aerodynamics discipline to calculate updated load forces and moments.

geometry
parameters

flight
parameters

Wing Geometry initial mesh initial mesh

Aerodynamics loads

deformed
mesh

Structures

Figure 5: Aerostructural Model Diagram34

The aerodynamics discipline uses a modified vortex lattice method (VLM) approach by modeling the
velocity potential distribution as a single row of infinite, discrete horseshoe vortices along the quarter-chord
line of the wing.35 Lifting forces are computed using the VLM at the collocation points located at the
three-quarter-chord line. The matrix of section forces is then converted to a mesh of applied loads to be
used in the finite element model in the structures discipline.
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The structures discipline applies those sectional forces to the wing via a 6-degree of freedom Euler-
Bernoulli beam finite element method (FEM). For the finite element model, the wing is modeled as a mesh
of connected aluminum tubes based upon the original wing geometry mesh defined earlier. When the FEM
converges, the resulting section displacements and rotations are added to the current wing mesh to create a
deformation mesh, which is then fed back into the aerodynamics discipline.

IV.B. Uncertainty Propagation in High Dimensional Coupled Variables

To propagate the uncertainty in coupled multidisciplinary systems, we need to formulate the model discrep-
ancy and function model corresponding to each discipline.

In this work, we assume that disciplinary model discrepancy functions depend on input, and also there
may be a correlation between the model discrepancies at different points in the input space. This correlation
implies that when there is a high discrepancy from the model at one input point, the model is not well
predicted at a nearby input point too. Based on these assumptions, we formulate the model discrepancy as
a Gaussian process with mean function m(x) and covariance function K(x, x′) as

δ(x) ∼ GP(m(x),K(x,x′)). (3)

Here, we assume the model discrepancies to be unbiased, i.e. zero mean function, and the covariance function
is considered to be squared exponential function which is the most widely used covariance function in the
machine learning literature, due to the fact that it is infinitely differentiable.36 The squared exponential
covariance function with noise-free observations can be written as

K(x,x′) = σ2
f exp(−

d∑
i=1

(xi − x′i)2

2l2i
), (4)

where d is the dimension of the inputs, σ2
f is the variance of the Gaussian process, and li is the characteristic

length-scale of the process associated with the input variable xi which specifies the degree of correlation be-
tween the input points. For very large values of the length-scale, the covariance becomes almost independent
of that input, and for very small values of the length-scale, the points get quite uncorrelated and the sample
function varies more rapidly.

We also draw a posterior sample from the Gaussian process model discrepancy terms, which is a function
of the variable’s defined variance, correlation length, and is evaluated at the spanwise mesh points along the
airplane wing. The discrepancy drawn from the Gaussian process at a point along the wing span is applied
to each variable located at that span length.

V. Results

In this section, we present the preliminary results of our approach applied to the aerostructural system.
The aerostructural system was run through a Gibbs sampler with 750 samples. The wing mesh was generated
using 3 inboard points and 5 outboard points across the span of one side of the airplane wing and then
mirrored to create the full mesh. This mesh produced coupling field variables with 78 dimensions each. A
design of experiments was performed using the Gaussian process uncertainty function parameters σ2

L, lL, σ2
M ,

and lM as design variables. The uncertainty terms were drawn from a posterior sample from the Gaussian
process evaluated at the spanwise mesh coordinates of the wing. Those discrepancies were equally added to
all variable dimensions physically located at that spanwise coordinate on the wing.

A pattern search optimization is proposed to return the Gaussian process uncertainty arguments that
minimize the difference between each variable’s marginal and conditional distribution in order to satisfy
detailed balance, thereby finding a stationary joint distribution of the multivariate coupling variables. Lim-
itations to this approach include the high computational expense to evaluating the aerostructural model
for many thousands of Gibbs samples. Evaluating the coupled system with our uncertainty analysis shows
that the statistics of the marginal and conditional multivariate coupling variables are similar. Data for one
of these analyses is shown in Table 1 and Figs 6 and 7. This similarity implies that compatibility for the
coupled system may be satisfied. Further analysis of the difference or divergence between two multivariate
distributions can confirm if the uncertainty in the system has indeed satisfied detailed balance.
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(a) Mesh Deformation (b) Force Load

Figure 6: Marginal distributions of the loads and deformed mesh coupling variables of the aerostructural model under
uncertainty. Uncertainty calculated via Gaussian process with σ2

L = 100, lL = 15, σ2
M = 1e− 8, lM = 15. Evaluated using 750

Gibbs samples.

(a) Mesh Deformation (b) Force Load

Figure 7: Conditional distributions of the loads and deformed mesh coupling variables of the aerostructural model under
uncertainty. Uncertainty calculated via Gaussian process with σ2

L = 100, lL = 15, σ2
M = 1e− 8, lM = 15. Evaluated using 750

Gibbs samples.

VI. Future Work

Our future work will adapt our Gibbs sampling algorithm to take advantage of parallel processing to
reduce computation time such that optimization can be reasonably run with additional Gibbs samples and
over additional Gibbs iterations. We will look to alternative methods to quantify model uncertainty, including
copulas, without adding a high number of design variables to the optimization problem. We will also explore
ways to incorporate this type of analysis into more complex aerostructural systems, such as CFD analyses
with full finite element meshes of the wing structure. Surrogate models will most likely need to be used to
further reduce computation time.
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Table 1: Statistics of the joint distribution of loads (L) and deformed mesh (M) coupled variables under
uncertainty shown in Figs. 6 and 7. Gaussian processes calculated from σ2

L = 100, lL = 15, σ2
M = 1e− 8,

lM = 15.

Statistic L L |M M M | L
‖µ‖ 4.4594e+5 4.4594e+5 2.1996e+2 2.1996e+2

‖cov(Σ)‖ 3.6269e+9 3.9855e+9 2.1543e–5 2.1583e–5

‖var(Σ)‖ 8.5447e+8 9.4606e+8 7.3094e–6 7.3119e–6

VII. Conclusion

This paper has presented an uncertainty analysis methodology for multidisciplinary systems with feed-
back couplings. The distinction between sampling from uncertainty distributions outside and inside the
coupled system loop was made. The goal is to identify efficient, implementation independent methods and
rationale for the rigorous propagation of uncertainty in these systems. The proposed method uses Gaussian
processes for model discrepancy functions of disciplines, and identifies the desired discipline level uncertainty
information pertaining to the individual models that will satisfy compatibility. This method propagates
the model discrepancy through the system. The coupling distributions that result from different model dis-
crepancy assumptions are the focus of this paper. We demonstrated the results on an aerostructural wing
analysis problem.

Acknowledgments

This work was supported by the AFOSR MURI on multi-information sources of multi-physics systems
under Award Number FA9550-15-1-0038, program manager Jean-Luc Cambier. The authors acknowledge
the assistance of John Hwang, John Jasa, and Joaquim Martins at the University of Michigan in developing
the aerostructural computer model.

References

1Kennedy, M. C. and O’Hagan, A., “Bayesian calibration of computer models,” Journal of the Royal Statistical Society:
Series B (Statistical Methodology), Vol. 63, No. 3, 2001, pp. 425–464.

2Yao, W., Chen, X., Luo, W., van Tooren, M., and Guo, J., “Review of uncertainty-based multidisciplinary design
optimization methods for aerospace vehicles,” Progress in Aerospace Sciences, Vol. 47, No. 6, 2011, pp. 450–479.

3Gu, X. S., Renaud, J., and Penninger, C., “Implicit uncertainty propagation for robust collaborative optimization,”
Journal of Mechanical Design, Vol. 128, No. 4, 2006, pp. 1001–1013.

4Chiralaksanakul, A. and Mahadevan, S., “Decoupled approach to multidisciplinary design optimization under uncer-
tainty,” Optimization and Engineering, Vol. 8, No. 1, 2007, pp. 21–42.

5McDonald, M., Zaman, K., and Mahadevan, S., “Uncertainty quantification and propagation for multidisciplinary system
analysis,” 12th AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference, Paper 2008-6038 , 2008.

6Du, X. and Chen, W., “An efficient approach to probabilistic uncertainty analysis in simulation-based multidisciplinary
design,” Proceedings of the 8th AIAA Symposium on Multidisciplinary Analysis and Optimization, 2000.

7Jiang, Z., Li, W., Apley, D. W., and Chen, W., “A System Uncertainty Propagation Approach With Model Uncer-
tainty Quantification in Multidisciplinary Design,” ASME 2014 International Design Engineering Technical Conferences and
Computers and Information in Engineering Conference, American Society of Mechanical Engineers, 2014, pp. V02BT03A029–
V02BT03A029.

8Kokkolaras, M., Mourelatos, Z. P., and Papalambros, P. Y., “Design optimization of hierarchically decomposed multilevel
systems under uncertainty,” Journal of Mechanical Design, Vol. 128, No. 2, 2006, pp. 503–508.

9Du, X. and Chen, W., “Collaborative reliability analysis under the framework of multidisciplinary systems design,”
Optimization and Engineering, Vol. 6, No. 1, 2005, pp. 63–84.

10Mahadevan, S. and Smith, N., “Efficient first-order reliability analysis of multidisciplinary systems,” International Journal
of Reliability and Safety, Vol. 1, No. 1, 2006, pp. 137–154.

11Sankararaman, S. and Mahadevan, S., “Likelihood-Based Approach to Multidisciplinary Analysis Under Uncertainty,”
Journal of Mechanical Design, Vol. 134, No. 3, 2012, pp. 031008, 1–12.

12Arnst, M., Ghanem, R., Phipps, E., and Red-Horse, J., “Dimension reduction in stochastic modeling of coupled problems,”
International Journal for Numerical Methods in Engineering, Vol. 92, No. 11, 2012, pp. 940–968.

13Arnst, M., Ghanem, R., Phipps, E., and Red-Horse, J., “Measure transformation and efficient quadrature in reduced-

8 of 9

American Institute of Aeronautics and Astronautics



dimensional stochastic modeling of coupled problems,” International Journal for Numerical Methods in Engineering, Vol. 92,
No. 12, 2012, pp. 1044–1080.

14Arnst, M., Ghanem, R., Phipps, E., and Red-Horse, J., “Reduced chaos expansions with random coefficientsin reduced-
dimensional stochastic modeling of coupled problems,” International Journal for Numerical Methods in Engineering, Vol. 97,
No. 5, 2014, pp. 352–376.

15Constantine, P. G., Phipps, E. T., and Wildey, T. M., “Efficient uncertainty propagation for network multiphysics
systems,” International Journal for Numerical Methods in Engineering, Vol. 99, No. 3, 2014, pp. 183–202.

16Arnst, M., Craig, S., and Ghanem, R., “Hybrid sampling/spectral method for solving stochastic coupled problems,”
SIAM/ASA Journal on Uncertainty Quantification, Vol. 1, No. 1, 2013, pp. 218–243.

17Chen, X., Ng, B., Sun, Y., and Tong, C., “A flexible uncertainty quantification method for linearly coupled multi-physics
systems,” Journal of Computational Physics, Vol. 248, No. 1, 2013, pp. 383–401.

18Amaral, S., Allaire, D., and Willcox, K., “A decomposition approach to uncertainty analysis of multidisciplinary systems,”
12th AIAA Aviation Technology, Integration, and Operations (ATIO) Conference and 14th AIAA/ISSMO Multidisciplinary
Analysis and Optimization Conference, 2012.

19Amaral, S., Allaire, D., and Willcox, K., “A decomposition-based approach to uncertainty analysis of feed-forward
multicomponent systems,” International Journal for Numerical Methods in Engineering, Vol. 100, No. 13, 2014, pp. 982–1005.

20Ghoreishi, S. F. and Allaire, D. L., “Compositional Uncertainty Analysis via Importance Weighted Gibbs Sampling for
Coupled Multidisciplinary Systems,” 18th AIAA Non-Deterministic Approaches Conference, 2016, p. 1443.

21Arhonditsis, G. B., Papantou, D., Zhang, W., Perhar, G., Massos, E., and Shi, M., “Bayesian calibration of mechanistic
aquatic biogeochemical models and benefits for environmental management,” Journal of Marine Systems, Vol. 73, No. 1, 2008,
pp. 8–30.

22DeCarlo, E. C., Mahadevan, S., and Smarslok, B. P., “Bayesian calibration of aerothermal models for hypersonic air
vehicles,” Proc., 15th AIAA Non-Deterministic Approaches Conf , 2013, pp. 2013–1683.

23Sankararaman, S., Ling, Y., Shantz, C., and Mahadevan, S., “Inference of equivalent initial flaw size under multiple
sources of uncertainty,” International Journal of Fatigue, Vol. 33, No. 2, 2011, pp. 75–89.

24Bower, R., Vernon, I., Goldstein, M., Benson, A., Lacey, C. G., Baugh, C., Cole, S., and Frenk, C., “The parameter space
of galaxy formation,” Monthly Notices of the Royal Astronomical Society, Vol. 407, No. 4, 2010, pp. 2017–2045.

25Higdon, D., Gattiker, J., Williams, B., and Rightley, M., “Computer model calibration using high-dimensional output,”
Journal of the American Statistical Association, 2012.

26Arendt, P. D., Apley, D. W., and Chen, W., “Quantification of model uncertainty: Calibration, model discrepancy, and
identifiability,” Journal of Mechanical Design, Vol. 134, No. 10, 2012, pp. 100908.

27McFarland, J. and Mahadevan, S., “Multivariate significance testing and model calibration under uncertainty,” Computer
methods in applied mechanics and engineering, Vol. 197, No. 29, 2008, pp. 2467–2479.

28Ling, Y., Mullins, J., and Mahadevan, S., “Selection of model discrepancy priors in Bayesian calibration,” Journal of
Computational Physics, Vol. 276, 2014, pp. 665–680.

29Friedman, S. and Allaire, D., “Quantifying Model Discrepancy in Coupled Multi-Physics Systems,” ASME 2016 Inter-
national Design Engineering Technical Conferences and Computers and Information in Engineering Conference, American
Society of Mechanical Engineers, 2016.

30Geman, S. and Geman, D., “Stochastic relaxation, Gibbs distributions, and the Bayesian restoration of images,” Pattern
Analysis and Machine Intelligence, IEEE Transactions on, , No. 6, 1984, pp. 721–741.

31Vassberg, J., Dehaan, M., Rivers, M., and Wahls, R., “Development of a Common Research Model for Applied CFD Val-
idation Studies,” 26th AIAA Applied Aerodynamics Conference, American Institute of Aeronautics and Astronautics (AIAA),
aug 2008.

32Hwang, J. T., “OpenAeroStruct,” https://github.com/hwangjt/OpenAeroStruct, 2016, GitHub repository.
33Kenway, G. K. W., Kennedy, G. J., and Martins, J. R. R. A., “Aerostructural optimization of the Common Research

Model configuration,” 15th AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference, Atlanta, GA, June 2014.
34Lambe, A. B. and Martins, J. R. R. A., “Extensions to the Design Structure Matrix for the Description of Multidisciplinary

Design, Analysis, and Optimization Processes,” Structural and Multidisciplinary Optimization, Vol. 46, No. 2, 2012, pp. 273–
284.

35Phillips, W. and Snyder, D., “Modern adaptation of Prandtl’s classic lifting-line theory.” Journal of Aircract , Vol. 37,
No. 4, 2000, pp. 662 – 670.

36Williams, C. K. and Rasmussen, C. E., “Gaussian processes for machine learning,” the MIT Press, Vol. 2, No. 3, 2006,
pp. 4.

9 of 9

American Institute of Aeronautics and Astronautics


