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Abstract

For many real systems, several computer models may exist with different physics and predictive abilities.
To achieve more accurate simulations/predictions, it is desirable for these models to be properly combined
and calibrated. We propose the Bayesian calibration of computer model mixture method which relies on
the idea of representing the real system output as a mixture of the available computer model outputs with
unknown input dependent weight functions. The method builds a fully Bayesian predictive model as an
emulator for the real system output by combining, weighting, and calibrating the available models in the
Bayesian framework. Moreover, it fits a mixture of calibrated computer models that can be used by the
domain scientist as a mean to combine the available computer models, in a flexible and principled manner,
and perform reliable simulations. It can address realistic cases where one model may be more accurate than
the others at different input values because the mixture weights, indicating the contribution of each model,
are functions of the input. Inference on the calibration parameters can consider multiple computer models
associated with different physics. The method does not require knowledge of the fidelity order of the models.
We provide a technique able to mitigate the computational overhead due to the consideration of multiple
computer models that is suitable to the mixture model framework. We implement the proposed method in
a real world application involving the Weather Research and Forecasting large-scale climate model.

Keywords: Uncertainty quantification, computer experiments, Gaussian process, polynomial bases,

multinomial logistic model, MCMC

1. Introduction

Computer experiments often use computer models (simulators) to simulate the behavior of a complex
real system under consideration. These models are usually designed according to theories believed to govern
the real system. They usually include calibration parameters, that is unknown parameters that regulate the

behavior of the computer model; hence we wish to tune (calibrate) them in order for the computer model to
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represent the real system accurately. Often, calibration of a computer model is performed in the presence of
experimental data in order to find optimal values for the unknown calibration parameters. In cases that the
computer models are expensive to run, there is interest in building inexpensive predictive statistical models.

Kennedy and O’Hagan [1] proposed an effective Bayesian computer model calibration to address such
cases. Briefly, the experimental observations are represented as a sum of three functional terms: the computer
model output, a systematic discrepancy, and an observational error. These functional terms are modeled as
Gaussian processes [1, 2, 3, 4], because computer models are often computationally expensive, and available
training data are limited. Literature includes several variations of computer model calibration which can
handle different issues; e.g. discontinuity /non-stationarity in the outputs [5], discrete inputs [6], calibration in
the frequentest context [7], high-dimensional outputs [8], dynamic discrepancy [9], large number of inputs and
outputs [10], etc. However, these works are restricted in cases where a single computer model is available.
Nowadays, there is a plethora of computer models that aim at simulating the same real system. These
models may differ either in precision (multi-fidelity case) of the solvers involved, or in the theories based
on which they are designed (multi-physics case). Recently, Goh et al. [11] proposed a procedure to perform
Bayesian calibration of computer models available at different levels of fidelity. It combines the models in
a nested structure according to a given fidelity order. However, this approach is restricted to address only
multi-fidelity cases where the fidelity order of the computer models is known.

Often, there are available several computer models, based on different theories, that represent the same
real system. Each single computer model may have its own unique properties and predictive capabilities
in representing the real system. Therefore, there is not a commonly acceptable way to order such models.
Possible reasons for example can be: (i) incomplete knowledge of the complex real system, (ii) different
computational capabilities of research groups, (iii) different scientific theories or perspectives describing the
same real system, etc. In such cases, using only a single computer model may lead to misleading inferences
and predictions and ignore the physics considered by other computer models only. Furthermore, traditional
multi-fidelity calibration methods, such as [11], are not suitable to address such cases because the fidelity
order of the models is not available a priori, or because nesting one model to another could possibly impose
unrealistic relations among the models. Moreover, in the presence of moderately large number of models,
the direct implementation of standard multi-fidelity calibration method becomes very expensive. Here, the
question of interest is how to properly combine and calibrate such computer models in order to represent
the real system output accurately.

In this study, the motivation for addressing the aforesaid problem raises from the Weather Research and
Forecasting (WRF) regional climate model [12]. WRF allows for different configurations (sub-models), e.g.
different parametrization suits, physics schemes, or resolutions, which in principle can constitute different

models. Briefly, here the available computer models consist of different combinations of radiation schemes,



(the Rapid Radiative Transfer Model for General Circulation Models [13], and the Community Atmosphere
Model 3.0 [14]) that describe different physics, and different resolutions (25km and 50km grid spacing) that
describe different fidelity levels. It is uncertain which radiation scheme leads to better simulations. Moreover,
higher grid spacing does not necessarily lead to more accurate simulations because WRF is sensitive to
other physical parametrizations which is uncertain how they are affected by the grid spacing. Combination
of physics variability is expected to result better predictions in climate models [15]; hence interest lies in
combining suitably these computer models in order to integrate the associated physics and fidelity variations.
WREF is employed with the Kain Fritsch (KF) convective parametrization scheme (CPS) [16]. For climate
models, it is important to better understand and constrain the convective parametrization, and hence interest
lies in quantifying and reducing the uncertainties regarding of those parameters. The computational cost
of running WRF is prohibitively high, and an exhausted direct simulation study is not possible in practice;
hence there is interest in a predictive model.

In this article, we propose the Bayesian calibration of computer model mixture method, as an extension
to the traditional Bayesian (single) model calibration [1, 2]. Central to the proposed methodology is the
idea of (i) representing the output function of the complex real system as a mixture of output functions
of the available computer models with unknown input dependent weight functions, and (ii) specifying a
fully Bayesian model to quantify the associated uncertainties. The proposed method allows one to build a
predictive model (emulator) for the output of a real system by properly calibrating, weighting, and combining
the available computer models in the Bayesian framework. Additionally, it allows the design of a calibrated
mixture of computer models (simulators) by evaluating the associated weight functions and the calibration
parameters. The resulting computer model mixture, as well as the predictive model, aim at representing
the real system output more accurately than the single ones by aggregating the unique features of different
models. We introduce the concept of shared calibration parameters that allows inference on calibration
parameters to be based on multiple computer models (and hence different physics), however, the method
allows different models to have different calibration parameters. The Bayesian computations are performed
via Markov chain Monte Carlo methods. A computational highlight of the procedure is that it builds the
unknown mixture weight functions via a stochastic bases selection from a pool of basis functions in a data-
driven manner.

The method is suitable to address realistic problems that one model may be more accurate than the
other at different (unspecified) input sub-regions. In particular, through the weight functions, it allows the
determination of the input sub-region at which a individual computer model is more preferable to be used
than the rest individual ones. The method is particularly suitable to address applications where the outputs
of the available computer models tend to differ from the output of the real system at different directions.

This is because the weight functions can adjust the outputs of contributing models in the mixture, in a



manner that the overall discrepancy of the mixture will be less that the individual ones. Therefore, in such
cases, the resulting calibrated computer model mixture is able to produce more accurate simulations than
the single ones. This covers a large range of important real world applications [15], such as the WRF one
analyzed here.

The article is organized as follows. In Section 2, we present the proposed method. In Section 3.1, we
validate the proposed method with that of Goh et al. [11] in a validation example. In Section 3.2, we
assess the good performance of the method and compare it with that of Kennedy and O’Hagan [1| in a
more challenging benchmark example. In Section 3.3, we implement the method on a real world large-scale
climate modeling application that involves the WRF with the KF CPS. In Section 4, we conclude and propose
possible extensions. In AppendixB, we provide a technique that mitigates the computational overhead of

the procedure which is caused by the consideration of multiple computer models.

2. The method

The proposed method extends the standard Bayesian calibration of a single computer model [1, 2] to the

multiple computer model framework.

2.1. Basic formulation

Set-up. We assume there is available a set of K different computer models {#*); k e K} where K =
{1,..., K}. Each computer model .#*) aims at simulating the same real system 2.

We consider training data which consist of a collection of experimental data {(y;,z;); i = 1,...,n} gen-
ORSOIMOIN
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n+2j<k m) 41, .., n+2j<k m(j)} generated from the computer model .#%) after m®) runs for k = 1, ..., K.

erated from the real system 2 after n realizations, and K designs of simulated data {(n,’,x
Let 28K = (y7, nMT . nE)T) denotes the complete training data outputs, and n®% = n + Zle m®) de-
notes the size of 2®%. Here, y; € R, 2; € X, :cgk) € X, and tl(k) e O for any ik, where X is the input
domain, and ©*) is the calibration parameter domain of computer model .#*) .

Regarding the real system 2, the experimental observations y; := y(z;) are generated for a given z; via

yi = () + €y,

where the €, ; denotes the observation error, and {(x;) denotes the expected output of the real system at

input x; for i =1, ..., n.

Regarding the computer model . %), the simulated data ngk) = n(’“)(m(-k) tz(-k)) are generated for a given

i
xgk), and calibration parameters tgk) via

m_(k) — S(k)(xgk),tl(-k)) + 6;’1_)7



where 6?(712) denotes the random error, and S (k)(xl(k), tgk)) denotes the expected output of the computer model
LK) at (chk), tgk)), fori =n+ Zj<k mW +1,..,n+ ngk m(9). The inclusion of term eg,k) as random error
is necessary when .(%) is stochastic, as well as beneficial, in terms of the stability of the statistical model,

when .7 (%) is deterministic as discussed by Gramacy and Lee [17].

Computer model mizture. Although each computer model aims at simulating the same real system, it may
be designed based on different theoretical background and present different properties. In order to aggregate
different properties associated with different computer models, we model the output function of the real
system % as a mixture of the output functions of the available computer models plus a discrepancy. He
define the computer model mixture representation of the real system, as

SOK(,09K) = i JSB( 00 () = 5,07 + 5(), (2.1)

Note that in our framework, the components of mixture (2.1) are computer models (simulators), unlike other
works [18, 19, 20] in the literature where the components are different statistical models referring to the same
computer model.

The main role of the weight functions {cy(-)} is to adjust the contribution of the corresponding computer
models {S*)} in the mixture {S®X} as functions of the input in a principled manner; for this reason we
consider them as a probability vector that depends on the inputs. Precisely, w(-) := (wi(:); k € 1, ..., K) is the
unknown vector of weight functions such that {wi(-) : X — (0,1); k =1,..., K — 1}, and wg(-) : X — (0,1)
with wi () = 1— 21_11 wp(-). This allows differently weighted combinations of the computer models to
represent the real system at different inputs. Hence, (2.1) is suitable to model realistic problems where
the unknown fidelity order of the computer models may change over the input space X. Moreover, 4(-)
is a discrepancy function, and it refers to a potential systematic disagreement between the real system
output ¢(-) and the computer model mixture output S®X (-, #®X), e.g. due to ‘missed’ or ‘missrepresented’
physical properties. We highlight that different computer models {. (k)} may have calibration parameters
different in value, or dimensionality. As a result, there is need to evaluate the set of calibration parameters
{0 e ©F); ke K}, (or 48K = (), ..., 0(5))).

The computer model mixture calibration problem can be summarized as

yla;) = 2211 @ (2)S®) (25, 0F)) + 5(x;) + €, t=1,..,n
1) _ o)1) (1) (1) - (1)
n, =8 (x; ;) e, i=n+1,...,n+m
oK . ( )+ . (2.2)
ngK) = S(K)(xEK),tEK)) + 655), i=n+Y_x mF) +1,... n®K




Weight functions parametrization . The unknown weight functions {wwy(-)} are modeled a polynomial ex-

pansion in the multivariate logistic space, as

tog( L))  g.(.); (2.3
ore()
PROTEIED YR G W (2.4
aEAPw~dz

for k =1,..,K — 1, where wg(-) = 1— Zk 1 '@ (), and gx(-) is a polynomial expansion of degree p.
Specifically, { h-(x]f,)a (1)} are multi-dimensional basis functions properly specified, for example from Askey family
[21], {wk,q } are unknown coefficients, and A,,_ 4, is a set of multi-indices indicating the available bases up to a
degree p,. The rational in (2.3) is that the additive logistic transformation is suitable to provide a monotonic
mapping between RX~1 and the simplex of K-dimensional probability vector. Moreover, regarding (2.4), the
polynomial expansions are able to accurately represent unknown functions under certain regularity conditions
[22].

Often, only a subset Z, € A, 4, of bases significantly contributes to the expansion (2.4), while the rest
bases can be omitted without serious loss of accuracy [23]. Here, we consider that given a set of available
bases Ay 4,, there is an unknown subset of significant bases with indices 7, < Apq,, for £ = 1,..., K.
Therefore, given (2.4) using only the subset of bases with indices Z, € A, q,, the unknown weight functions
result from the inversion of (2.3) as

exp(h;g( VTwr.z,)

k. 9
1+ 25 exp(h ()Twiz,)

wk() (2.5)

where h;)Ik() = (hg?a(-);a € Ii) and wiz, = (Wka;a € Iy) for k£ = 1,..,K — 1, and wg(-) =
1- Zk:l wi (). The consideration of smaller sets of bases {hg?a(~);a € 7} may have computational
benefits as it reduces the number of the unknown coeflicients {wy o;a € I} to be estimated [23, 24, 25, 26].
Parametrization (2.5) leads to convenient computations, as well as reliable inferences and predictions. In
the current framework, the use of Gaussian process priors [20] or an allocation model [27] for the repre-
sentation of the weight functions would lead to expensive computations due to the introduction of many
extra latent/nuisance variables. The special case where the weights are assumed to be constant values

{hw Ik( ) = 1} implies that the fidelity of the computer models is constant across the input space, and hence

it can be too restrictive in real world problems.

Surrogate modeling. We consider the realistic scenario where the available computer models {. (k)} are
computationally expensive, and hence they cannot be used directly in Bayesian computations that require a
vast number of direct computer runs. The ‘uncertain’ functions {S*)(-,-)} and §(-) are modeled as Gaussian
processes (GP) [1, 4], that allow the design of an emulator for the output function in a mathematically

convenient manner. For k € K, we assign independent Gaussian processes priors on the functions S (k)(-, 3



and 6(-) as S®) (-, ) ~ GP(u& (), ¥ (), (), and 8() ~ GP(us(-), cs(-, ), where uf - Xx0®) > R,
s » X — R are the mean functions of the GPs, and cg“) X xOF) x ¥ x Ok SR ¢5: X x X - RT are
the covariance functions of the GPs. For presentation purpose, we consider a traditional parametrization
for ,ugk)(~, s s (), c(Sk)((', ), (-,+)), and ¢s(, -), however more intricate ones can be used in our framework.
The mean functions are specified as linear expansions us(-) = hs(-)7fs and ugk)(~7 ) = h(sk)(-, -)ﬁék) where
hs : X — R%.5 and h(Sk) (X x Ok Rdg% are vectors of basis functions, such as polynomial bases [21], or
wavelets [28], and Ss, ﬁ(Sk) are vectors of unknown coefficients with ﬂgk) € Rdﬁal%’ Bs € R%.5. The covariance

functions can be specified according to the separable covariance function family [29, 30] as

k k T —x k —t'ND?
(1), (@' 1) = 7 T (65 ) @lor=aiD® ngzl)@'“ ub*y; (2.6)

=1 =1

q
n Go.0.1 2\961*96“)27 (2.7)

q p*)

where Ték) > 0, 75 > 0 control the marginal variances; {gbsxl e (0,1)}, {ngtl € (0,1);}, {¢s52, € (0,1)}

control the dependence strength in each of the component directions of z and ¢. More intricate covariance
functions, such as the stationary ones from the Matérn family [31, 4], the non-stationary ones of Paciorek
and Schervish [32], or the compact support (combined via tapering) ones [33, Chapter 9] can also be used in

. k . . . k),2
this set-up. Here, €, and 67(7 ) are modeled as random noises with unknown variances 05 > 0 and 0'7(] )

>0
respectively. We caution that some applications may require €,(-) and {e,(f)(-, -)} to be treated as functions;

such a case is out of the scope of this article.

2.2. The Bayesian model
To facilitate the presentation we make the notation more compact, and define unknown random param-
eters: 09K = () ..., 05)) on space O®K BOK .= ( 591),.. ,66k)) on space BEK = R¥i=1 ﬁ5+d‘”

Ko (09, 69078, 0%k = 1,0 K), 85,0, 75, 02) on space $8K, and T = (T, ..., Ti).

Statistical model. The (marginal) likelihood function of 2®%, marginalized with respect to the GP priors
of {S®) ()} and 4(-), is a multivariate Normal distribution with n®%-dimensional mean vector u®% :=

uSE (T, w, BoK 99K and covariance matrix LK 1= NOK(T o o®K 9K of size n®K x n®X such that

H®K = BOK
[ 1 2 K 1T ] B 1 2 K N
Hf(_-} ) Hf(_-} ) Hé‘ ) H; gl) Y, Z(z )sT E,(Z )T E(Z )T
gY o - 0 o ||pY IS ) P
p = 0 HY . S ) I N I 'S
0 o ||8" : L 0
o - 0 HI o] 8 | x o .. o xEE)




respectively. Here, {[Hék)]i’: = wk(xi)hgk)’T(xi,G(k));i = 1,.,nk = 1,.., K}, {[Hsli; = hi(z);i =
1,...,n}, {[Hék)]l = hgk)’T(xi7t§k));i =n+3 mU) +1,... n+ i<k m@) k=1,.,K}, and

K
[S:dis = Y. wa(@i)@n(@;)es (@, 00), (27,00)) + c5(xi, 25) + 0210 (i — ),
k=1

i = 1,...,71; ] = 1,...,71;
(205 = (o)l (e ), (a7,60)),

z

1=mn+ Z mU) + 1,...n+ Z m(j/); j=1..n;
<k j'<k
k k k . .
(2095 = (@ 61, (5, 65)) + o210 - ),

i

t=n-+ Z m") 4 1,...n+ Z m(j'); j=n+ Z mb") +1,..,n+ Z m(j’),

i<k i<k i<k =
according to (2.6) and (2.7).

The proposed framework allows the introduction of shared calibration parameters, namely calibration
parameters which are common to different computer models, have the same interpretation, and have the
same values across different models. Different computer models, e.g. .#*) and .¥ (k). may share a set of
common calibration parameters, e.g. Hj(-k) and 9;{6/), that describe the same quantity. In many cases, it is
desirable for some calibration parameters to be calibrated jointly across different models. Technically, this
can be achieved by setting appropriate constrains on the space O®% e.g. 0§k) = 95—5/). This allows inference
on those parameters to be based on multiple computer models and hence possibly different physics. In the
context of computer model mixture (2.2), the weight functions control the ‘contribution’ of each computer
model in the calibration procedure through (2.1). Therefore, the training of shared calibration parameters
is primary influenced by computer models with larger weights and hence those which represent the system

output more accurately.

Prior model. We specify a prior model for the unknown parameters 7(Z,w, 38K, @K oK),

Regarding the weight functions, we assign priors on Z ~ Pr(Zy) in order to account uncertainty about
the unknown set of the significant bases functions, and Normal priors on wy, ~ N(b,,, £, 1) in order to account
uncertainty about the unknown coefficients, for £k = 1,..., K — 1. A priori information, for example related
to the fidelity of the computer models, can be included in the prior model by adjusting the prior hyper-
parameters. Otherwise, weakly informative priors of the weight functions parameters can be used; e.g.

b, =0, &, small, and Pr(Zy)ocl for k =1,..., K — 1.



A priori independent priors can be assigned on {3®% p®K} such that

Esk;z ~ Be(ag,5,2,04,52), L =1,...,q; BE < N(b(sk),fgfgfg);
gkzz ~ Be(ag,s,0,b6,52), L =1,...p"; Bs ~ N(0,6515.6);
G521 ~Be(apsz:0p062), L=1,..,¢ (2.8)
Ték) ~ 1G(ar,s,br,5); ol ~1G(agy, boy);
Ts ~1G(ars,br5); 07(71@),2 ~ 1G(agy, b,

for k = 1,..., K, where Be and IG denote the Beta and inverse Gamma distributions. The fixed hyper-
parameters in (2.8) are defined by the researcher. If no a priori information for {ng)} and f; is available,
one can let £g — 0, so that ultimately {ng)} and (s are a priori completely unknown [3]. This limiting prior
‘distribution’ is improper, non-informative, and independent of the values of {b k)} {E(k) }, bs, and Xg 6.
The priors assigned on (bs vl ¢ Sl and qS(Skg , ~ are standard choices and suggested in [30]. The proposed
methodology can be used even if different priors for the parameters of the covariance are specified.

Prior distribution on the calibration parameters m(0®X) is specified according to the available a priori
information. Available prior information about the dependency of calibration parameters, e.g. %) and
G(k/), between different computer models, e.g. .#*) and .7 (kl)7 can be included in the priors. Usually, the
researcher is confident that the ideal values of the calibration parameters lie in a specific range, and hence
the associated priors have positive mass over a bounded region of ©®% . In such cases, if a priori information

is available about a calibration parameter, one can assign truncated multivariate Normal prior distributions,

otherwise one can assign uniform prior distributions.

Posterior model. The joint posterior distribution 7(Z,w, B&Kp®K K| ,8K) according to the Bayes theo-

rem admits density
(T, w, 0975, BEK, o®F |22 ) o f (25 |w, BEK, @K 095) Pr(T) 7 (w|T)m (B2 ) m(o®F ) (095).  (2.9)
It can be factorized as

(T, w, BOF, B, 495 [8F) = n(BEK 28K T, w, p®F, 0%5) (T, w, p®F, 92K |28%) (2.10)

where, on the right hand side of (2.10), the first distribution is a multivariate normal distribution

BOK| 8K T w, @K 99K ~ N(B®K WOK) with mean and covariance matrix

BOK — oK (gOKTR8K.~1,0K | fﬁEglb;a); (2.11)

WK — (HPFTS@O T HOR 4 gomah) ™, (2.12)



Algorithm 1 MCMC sweep.
[BL-1] Update (Z,w): Simulate from (T, wi|2®K, o®K 9K via RJ algorithm, for k = 1,..., K — 1.

[BL-2] Update w: Simulate from 7(wy|2®K, o®K §2K) via HRMH algorithm, for k = 1,..., K — 1.
[BL-3] Update 0®X: Simulate from (095 |2®K o p®K) via a mixture of HRMH kernels.

[BL-4] Update ¢®¥: Simulate from 7(0®X|2®% o §®K) via a mixture of MH kernels.

respectively and E?K = diag(diag(Zékg; k=1,..,K),X35), while the second one admits density

(T, w, @K, 0FK 285 ) o (28K |T, w, B 95 Pr(T)m(w|T)m(0®F ) m (02K, (2.13)
F(PH|T,w, 0% 0% ) oc| det(WOK)| 2| det (REK)| =

1 1 o ors .
x exp(—5 2@ TR B 4 O ORI OR GO, (2.14)

The joint posterior density (2.9) is intractable and known up to a normalizing constant in realistic scenarios;

hence one can resort to Markov chain Monte Carlo (MCMC) in order to perform the computations.

2.83. Computations

We consider MCMC methods in order to facilitate the Bayesian computations. This requires to generate
sample from joint posterior (2.10), which can be performed in two steps: (i.) simulate 7(Z,w, p®& 99K |,©K),
and (ii.) sample from 7(B®K 29K T w, p®K §2K) given the values drawn at step (i.).

The conditional distribution (3% 28K T, w, o®K 0®K) is a multivariate normal N(®X W&K) and
can be sampled directly. To simulate from distribution 7(Z,w, o®%, 09K |2®K) we design a MCMC sampler
with four blocks updating 7(Z, w|2®K, p@K 99K) 7(w|:®K T, @K 9K 799K [:8K T o o®K) and
7(p®K 28K T o, %K), The MCMC sweep is presented in Algorithm 1 as a pseudo-code, and the associated
blocks are discussed briefly in what follows.

Block BL-1 performs structural changes in the parametrization of the weight functions by changing the
bases composition of the expansion in (2.5). Because it proposes changes in the dimensionality of the sampling
space, it can be performed through the reversible jump (RJ) algorithm [34]. Here, we design local birth &
death RJ moves. Briefly, we randomly select to perform a Birth move with probability Ppi.tn, or a Death
move with probability Pyeatn. According to the Birth move, a currently non-significant base is randomly
proposed to be included in the weight function wg(-). According to the Death move: a significant base is
randomly proposed to be removed from the weight function wy(-). The RJ transitions are presented as a
pseudo-code in Algorithm 2. The specification of probabilities Ppirtn, Pieath 18 problem dependent. A random
choice between the two moves usually leads to acceptable mixing. Here, we use: (Poith = 1, Pieath = 0) if

only one basis is currently used for the weight function; (Ppirth = 0, Pgeath = 1) if all the available bases are
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Algorithm 2 RJ moves proposing changes to the parameters (Z, wy) .
Notation: cj denotes the size of Z, ¢ denotes the carnality of A,_ 4., ® denotes adding an element to a

vector, © denotes removing an element from a vector, and N(+|-, ) denotes the normal density.

Randomly choose to perform either a birth or a death move with probabilities Ppiyth, Pdeath, respectfully.
Birth move: (Z,w,p®% 09K) - (ITF, wt, o®K 9®K)

1. randomly select a currently non-significant base with index jo € Apq, — Zx to include in the
expansion.

2. compute the candidate (Z*,w™) by appending as Iz — Ti @ jo and w,j — Wi ® wjg,
where wj, is generated from distribution Q(d-)

3. accept the move, and the proposed values (Z,w™, @K 0®K) with probability

FEEEITT wh, o®K 695 Pr(T)) N(wj,|bo, §,1) Paeatn 1/(ck + 1)
J(z®K|T,w, p®K 9K Pr(Iy) Poiren 1/(c — cx) Q(wj,)

).

min(1,

Death move: (Z,w, p®K %K) - (T= w=, p®K §2K)

1. randomly select a currently significant base with index jy € Zj, to remove from the expansion
2. compute the candidate (Z7,w™) by removing Z,; < Zj © jo and w, «— wi © wj,
3. accept the move, and the proposed value (Z=,w™, p®K §®K) with probability

FOE|T= w™, ®K 09K) Pr(Z,)) Puwen 1/(c —cx + 1) Q(wj,)
f(Z®K‘IuW7§0®K>9®K> PY(Ik) N(wj0|bw>§;1) Pdeath l/ck .

min(1,

currently used for the weight function; and (Phirtn = 0.5, Pgeath = 0.5) otherwise. A particular choice of the
proposal distribution Q(d-) that leads to simpler acceptance probability ratio is the prior, i.e. the Normal
distribution with mean b, and variance &, however other distributions can be used.

In block BL-2, parameters {wy} can be updated via Metropolis-Hastings (MH) algorithm [35] targeting
7(wi|2®K, ®K §®K) In block BL-3, the calibration parameters % can be updated via a hit-and-run MH
(HRMH) algorithms [36, 37] targeting the conditional distributions of w(§®%|2®K o ®K). HRMH can
be useful to facilitate the MCMC updates in this block, because §®% may have dimensions with different
ranges, or sharply constraint parameter space. In Block BL-4, the parameters p®¥ are updated via random
walk Metropolis (RWM) algorithm targeting the full conditional distributions of {{qﬁgk;, (;S(Slfg, Ték)7 07(7k)72; k=
1., K}, 5,2, Ts, 02}. The conditional posterior distributions required in Algorithm 1 can be easily derived
from (2.13).

The proposed MCMC sampler is valid, i.e. irreducible, aperiodic, and reversible. The Metropolis-Hastings

updates in blocks BL-2, 3, and 4 can be tuned via an adaptive scheme [38]; these updates are presented
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briefly in AppendixA. In the presence of moderately large number of computer models, the computational
overhead can be mitigated by using a convenient technique we provide in AppendixB.

At each iteration, the MCMC sampler requires the evaluation of the likelihood (2.14) involving the
inversion of 9. Because of the consideration of multiple computer models the size of X®% may become
large, and hence the direct inversion of Y®X via Cholesky decomposition (which scales O(-*) with the
matrix size) is computationally prohibitive. In AppendixB, we suggest a tailored technique to invert L&
via Cholesky which can mitigate the computational overhead caused by the consideration of multiple models.

It takes advantage of the block-sparse structure of XK.

2.4. Inference, calibration, and prediction

The specification of the Bayesian model and design of the MCMC sampler allows one to perform in-
ference, calibration, and prediction based on the proposed computer model calibration framework. Let
Sy = {(Ty, wy, BEE &K 92K). t = 1,..., N} be a MCMC sample generated according to Algorithm 1.

The posterior distributions of the statistical parameters (Z,w, BOK  p®K ), calibration parameters O®K
and their functions can be recovered from Sy via standard MCMC methods [39]. Inference on the weight
functions provides a mean to ‘rank’ the available computer models at different input values in cases that the
fidelity order is a priori unknown. This is because they indicate the contribution of each individual model
in the mixture for the representation of the real system output. Posterior estimates for the weight functions

{wk(-)} can be computed as

exp(h®; (VTwrz,)

K— k ’
S exp(hE) ()Twjiz,)

. IS
ORE DI (2.15)
along with the associated standard errors according to the Markov chain CLT [40]. Moreover, the weight
functions allow the determination of a reasonable input space partition {Xk}le where each sub-region
Xy, = {z € X|wy(z) = max(w (2), ..., i (x))} includes the input values that model .#*) is more preferable
to be used than the rest. Let as define the integrated posterior weight over input sub-region A < X as
{wi(A) = §; wr(z)de}. Then {wy(A)} can be used as an indicator of the total contribution of computer
model {7} to the representation of 2 throughout an input sub-region A. The estimation of {z(A)}
can be performed numerically by using (2.15). Bayesian point estimates of the calibration parameter 6%
can be computed, for example, such as as the maximum a posteriori (MAP) estimate or the posterior mean.
For €®X the full conditional predictive distribution of ((z)|z®% T, w, 38K p@K 9K integrated out

with respect to 7(B®K|2®K T, w, p®K 09K) is denoted as f({(+)|z®K, T, w, p®K 09K). Tt is a Gaussian
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process, with mean and covariance functions
;LZ@K(.T|Z®K,I, w, <,0®K, 9®K) =h®K(x 9®K)B®K + U®K(x, 0®K)TE;®K,71(Z®K _ H®KB®K); (2.16)

& (, 2! 225 T, w, 0¥, 695) = Z )l (2,080, (2, 6

+e ( /) _,U®K(:L,70®K)TE;®K,7IU®K(CC/79®K)
+ [h®K(x 9®K) H;XJK,TE?K,flv@K(I,0®K)]TW®K

x (WK (o, 655) — HEKTSBROK (of, 9K (2.17)

correspondingly, where
h8K (2, 09K) = [y (2)h§) (2, 00), ..., wr (£)h S (2, 05)), hs()]T; and

(Z,ﬁil wi(x )wk(xl)cs ((z, ok ) (a:i,ﬁ(k))) +es(zyxy); i=1:n)7
VK (1, 9K = (@1 (@)l (@, 00), (@i, t8)); i = n+ 11+ mD)T

(@ ()5 (2,009, (20, t5N); i = 0+ 3, e m®) 4 1: n®K)T

2

The marginal predictive distribution density, needed to perform predictions,
FG()]2%7) = ZJf(C(w)IZW{,I,w, @& 02T (T, w0, 2, 02K [22K) d(w, p®F, %K) (2.18)

is not available in closed form, however it can be approximated via MCMC integration as

N
FE@)=25) = & % FC@)]5 T, 075 6759). (219)
t=1

A common choice that leads to reliable, as well as mathematically convenient, surrogate models for ((x)
is based on the expectation u?’K(:z:|z®K,I,w, ©®K 9®K) with respect to the joint posterior, which can be

approximated in a v/ N-CLT fashion as

g™ (2]22%) Z pE (|25, Ty, wr, KL 0P5), (2.20)
for a given x € X. Note that for the computation of (2.19) and (2.20) we do not need to generate values
{ﬂ?K } and hence the associated sampling step can be omitted.

Suppose we wish to predict the real system output in the context that one or more of the inputs is subject
to parametric variability. Here, uncertainty analysis can be performed along the same lines of [1, 41, 42] by

using the surrogate model estimate (2.20) and marginal predictive density estimate (2.19).

Remark 1. The procedure builds the unknown weight functions by selecting significant bases and evaluating
the corresponding coefficients in a stochastic data-driven manner. This bases selection mechanism can

provide parsimonious bases representations for the weight functions.
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3. Numerical examples

We provide a validation study of the proposed method with that of Goh et al. [11] in a simple benchmark
example (Sec. 3.1). We demonstrate the performance of the method and compare it with that of Kennedy
and O’Hagan [1] in a more challenging example with PDEs where the fidelity order of the models is unknown
and changes over the spatial space (Sec. 3.2). We use the proposed method to address a challenging real

world large-scale climate application involving multiple computer models with different physics (Sec. 3.3).

3.1. Validation example: a simple multi-fidelity case

We consider there are available two computer models .# (1), .#(?) that aim at simulating the real system
Z with different levels of fidelity, and there is interest in designing a predictive model for 2. To validate
the performance of our method, we pretend that we do not know which model is more accurate; although
@ has higher fidelity than .V by construction. Moreover, we validate our method with respect to the
multi-fidelity method of Goh et al. [11] which is exclusively designed to address only cases with known fidelity
order; hence for method of Goh et al. [11] we use the extra information that .#(?) is of higher fidelity than
AN

Let us consider 2D elliptic PDEs

~V (e, (01,02)VuD (2, (91,92) = fla), zeX —aXx | )
uW(z, (91,95)) = O, zedx |’ '
=V - (c(z, (0, 92))Vu? (z, (91, 9, 73))
+a(z, 93)u® (z, (91,02,93)) = f(z), zeX —dX , (3.2)

u® (z, (91,92,93)) = 0, x € OX

where z = (z1,22), X = [0,1]%, 91 € (0,1), 92 € (0,1), and 93 € (0,1). Let f(z) = —100cos(5 (1 —z1 + x2)),
ez, (%,92)) = exp(Z?zl(%)2 sin(2jmz1) cos(2(3 — j)ma2)V;), and a(z,¥3) = Sexp(Vszz1 + (1 — V3)x2).

We assume that the real system 2 under study has output function ¢(z) = u®(z, (61,62,63)) + d(z),
where §(z) = 2(z1—0.5)?(22—0.5)2, and noise scale o, = 0.01. The computer model .#*) has output function
SO (z,tM) = oM (x, (tgl),tgl))), where t(1) = (tgl),tél)) € [0,1]?, and uses a FEM solver with the domain
X discretized in 177 nodes and 317 triangles by the Delaunay triangulation algorithm. Computer model
) has output function S@ (z,t?) = u® (z, (t?),ﬁg,téz))), where t(2) = (t§2),té2)) € [0,1]?, and uses a
FEM solver with the domain & discretized in 665 nodes and 1248 triangles by the Delaunay triangulation
algorithm. Due to the more accurate PDE solver involved, it is clear to see that computer model .(?) has
higher fidelity level than .#(®) with respect to 2, by contraction. For the calibration parameters of .(!) and
) we consider ideal values (1) = (61,05)T and 02 = (6,,05)T respectively, with 6; = 0.3, 6, = 0.6, and
03 = 0.5. Here, the calibration parameters 951) and 0%2) are assumed to have the same physical meaning, and

hence are treated as shared calibration parameters; therefore 9%1) = 9§2). Calibration parameters 951) and
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952) belong to models .# (") and .7 correspondingly, and affect different parts of the corresponding PDEs;
hence they are treated as separate parameters. We use the Bayesian calibration mixture model set-up. The
means of the Gaussian process priors were modeled as constants. On the free calibration parameters, i.e. 61,
0>, and 63, we assigned independent uniform priors. To make the challenge bigger, we pretend that we do
not know a priori the fidelity order of the models, and we assign weakly-informative priors on the weights;
ie. b, =0, &, =102, On the rest statistical parameters, we assign weakly-informative priors; specifically
ars =brs = 1073, ars =br5 = 1073, Qgy = boy = 1073, and Aoy = boy = 1073,

We assume there are available 10 experimental data, which in reality are generated by drawing randomly
the input values, and computing the corresponding output contaminated with noise. The involved PDE
was solved by using an acceptably accurate FEM solver with the domain X discretized in 2577 nodes and
4992 triangles by the Delaunay triangulation algorithm. For the computer models .1 and .7, we use a
40-run, and 25-run LHS to generate the input values and compute the corresponding outputs. We generate
a validation data set at 150 randomly selected input points. The join posterior distribution is simulated via
MCMC sampler with 11000 iterations where the first 1000 where discarded as burn in.

Regarding the weights, in Figures 3.1a and 3.1b, the trace plots of the generated weights suggest that the
MCMC mixing was adequate, and that the ergodic average (and hence the MCMC estimate) of the weights
converges. Precisely, the MCMC estimates (posterior expectations) of the weights oy and w9 are 0.11 and
0.89 with standard errors 3-10~* and 3-10~* correspondingly, (Figure 3.1c). The estimates of the associate
marginal posterior densities, provided as histograms in Figures 3.1a and 3.1b, have the main mass around
the posterior expectation estimate which indicates a clear evidence that the weights associated with .#(?) are
more likely to have higher values than those of .#(!). This result is consistent with the fact that .7 is more
accurate than .7 (1) with respect to 2, and hence it suggests that the mixture weights can give an indication
about the fidelity order of the computer models. Regarding inference on the calibration parameters, Figure
3.2 presents the estimated posterior densities of the calibration parameters. The MAP estimates of the
calibration parameters are é%/IAP = (.36, éIQ\/IAP = 041, and ég/IAP = 0.43. We observe that our method
produced unimodal posterior densities for the ‘ideal’ calibration parameters ¢; and 63, while the main mass
is above the area around the corresponding ideal calibration values. Regarding 65, our method produces a
rather uniform marginal posterior density which suggests that this parameter might not significantly affect
the response of .72,

We compare our method with the Bayesian multi-fidelity calibration (BMFC) procedure of Goh et al. [11]
in terms of predictive ability (Figure 3.3). For BMFC, we use the default Gaussian processes and prior model
specifications suggested in [11], which actually resemble to those specified for our method. Additionally, for

BMFC, we consider the extra information that the fidelity order is a priori known (i.e., .# () more accurate
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Figure 3.1: (a-b): Histograms and trace-plots of the MCMC sample of weights {wg; k = 1,2}. (c¢): The estimated

posterior expectation is w = (0.11,0.89) (Section 3.1)

Figure 3.2: Estimated marginal posterior distribution densities of the calibration parameters. The ‘ideal’ values of

the parameters are pointed by red arrows and red crosses. (Section 3.1)
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than .#(1)). As performance measures, we consider the root mean squared predictive error (RMSPE)!, and
the integrated RMSPE (IRMSPE)?2. Figures 3.3a and 3.3d suggest that both procedures present adequate
predictive ability. Figures 3.3c, 3.3f, 3.3c, 3.3f were produced based on 32 realizations of the training
data sets. We observe that our method has successfully managed to produce predictions as accurate as
those produced by the problem specific BMFC procedure, throughout the input domain (Figures 3.3¢ and
3.3f). In Figures 3.3c and 3.3f, we observe that both methods produced comparable IRMSPE. It is quite
encouraging to observe that our method, which has a more general scope, can present comparable predictive
ability with the problem specific BMFC procedure. This is because our method can address problems that
the fidelity order is unknown and hence has a more general scope. Hence, this validation study suggests that

the proposed method can be a reliable counterpart to the BMFC.

3.2. Numerical example: a case of computer models with unknown fidelity order

A simulation study is conducted to assess the performance of the proposed method, and compare it with
that of the standard Bayesian single model calibration (BSMC) method of Kennedy and O’Hagan [1]. We
consider there are available computer models .1, .(?) aiming at simulating the real system 2, with
unknown fidelity order that changes across the input. Here, 71, .#() have their own unique abilities to
represent 2 and hence combining them can lead to better predictions and simulations.

Let us consider two 2D elliptic PDEs, differing on the diffusion coefficients and source terms,

—V - () (2,9 Vu®) (2, 90)) = fB)(2); ze X — 0,

(3.3)
") (z,9®)) =0; zeodX,

for k = 1,2, where f()(z) = 102, f®(z) = —102,

2
1
¢ (z,9M) =2exp Z B sin(2mx11) cos(2ma(3 fz))ﬂ( ))(]l( 0,0.5)(71) + exp(4x1) L (0.5,400)(T1));

—_

3
¢ (z,0?) =2exp Z 78 sin(2m(xy — x2)i) cos(2m(x1 — x2)(4 — i))ﬁgz))(]l(_oo,o.@ (72) + exp(421)1(0.5,400)(2))

with z € X, X = (0,1)2, 9 € (0,1)?, and 93 € (0,1)%.

We assume that the real system 2 under study has output function (z) = Zizl wp(x)u® (z,0) +5(z),
with @1 (z) = (1 + exp(—1 + 222)) 7}, wa2(z) = 1 — w1 (), §(x) = 0.1(x1 — 0.5)(z2 — 0.5), and noise scale
o, = 0.01. The ideal values of the calibration parameters are: () = (0.8,0.5)7, and #®® = (0.6,0.7,0.1)T.
The computer models {.#*);k = 1,2}, have output functions {Sy(z,t®*)) = u®) (z,t®));k = 1,2}, where
tM) e [0,1]%, and ¢t € [0,1]3, and use finite element method (FEM) solvers [43] with the domain X is

IRMSPE(z \/N i\l 1 ( CZ y(x))2 computed based on N generated training data-sets
2IRMSPE m Zze?{gnd RMSPE(z), where Xgiq is a set of gridded points in the input domain X
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Figure 3.3: (a, d): The Q-Q plots present the predicted output of the surrogate against the real output of the
real system. (b, €): The contour plots present the RMSPEs as functions of the input parameter z € X, and (c,
f): the histograms represent the distribution of the IRMSPEs, generated based on 32 realisations of the training
data and fitting the predictive model. Procedures under comparison: the proposed method (Mixture), and Bayesian

multi-fidelity calibration method (BMFC). (Section 3.1)

discretized in 665 nodes and 1248 triangles according to the Delaunay triangulation algorithm. We observe
that the real system 2 can be represented by the computer models .7, .#(2) in a combination; i.e.
C(@) = Xary @k (@) Sk(x, t0) = 60) + 6(x).

The training data-set comprises a set of experimental observations at 14 randomly selected points; and
two simulated data-sets for .71 and .#® at 30 and 35 input points selected through Latin hypercube
sampling (LHS) [44]. For the generation of the training data, the PDEs in (3.3) were solved by using FEM
solver where the domain & was discretized in 665 nodes and 1248 triangles according to the Delaunay
triangulation algorithm. The validation data-set is generated at 150 randomly selected input points. We
consider the Bayesian calibration of computer mixture set-up in Section 2. The mean of the Gaussian
process priors of the output function of computer models and the discrepancy were modeled as Legendre

polynomial expansion of 2nd degree and Oth degree correspondingly. For the representation of the weight
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functions, we considered a pool of 1st degree multivariate Legendre polynomial bases. We assign non- or
weakly- informative priors on the statistical parameters; specifically a, s = b, 5 = 1073, ar5=br5= 1073,
Aoy = bsy =107, and a,,,, = by, = 1073. We assign a priori independent uniform priors on the calibration
parameters. The join posterior distribution was sampled via the proposed MCMC sampler (Algorithm 1)
with 11000 iterations where the first 1000 where discarded as burn in.

We examine inference on the weight functions in Figure 3.4. We observe that the exact ws(-) in Figure
3.4a is close to the estimated one in Figure 3.4b and inside the 95% credible intervals produced by the
proposed method. In Figure 3.4c, the histogram of the bias of the estimated wq(X), i.e. bias(wa(X)) =
wa(X) — wa(X), has the main mass over a narrow area around zero (£0.05), the associated ergodic average
converges to zero, and the trace plot indicates that the chain has a good mixing. In Figure 3.4d, we observe
that the procedure has successfully determined a sparse representation for the weight functions. Precisely,
it has discovered that @ (-), (and hence ws(+)), can be represented by only one Legendre basis function; i.e.,
hg?g, (z2) = (—1+ 2x5). This is because the frequency of the bases in the MCMC sample (posterior inclusion
probability estimate) is 0.98 for hg?g(l'g), and smaller than 0.07 for hg)l (z2) and hg?Q(:rg). Furthermore,
we assess inference on the calibration parameters. In Figure 3.5, we observe that in most of the cases, the
marginal posterior distribution densities of the calibration parameters are unimodal and mainly concentrated
above areas around the corresponding ideal values. In Figure 3.6, we plot the output of the computer
model mixture (weighted and calibrated according to the proposed method), the output of single computer
models (calibrated by the BSMC method), and the output of the real system without noise. We used MAP
estimates for the calibration parameters. We observe that the calibrated computer model mixture, fitted
by the proposed method, successfully represents the real system, while the single models calibrated by the
BSMC method fail. Therefore, the proposed method can successfully address problems where there are
available multiple computer models with unknown fidelity order and there is need to accurately simulate the
real system.

We examine the predictive ability of the proposed method. As performance measures, we consider the
root mean squared predictive error (RMSPE)?, and the integrated RMSPE (IRMSPE)*. In Figure 3.7a, we
observe that the predictions produced by the proposed method are close to the output values generated
by the real system at the same input points. Moreover, we observe that the produced RMSPE in Figure
3.7b has small values throughout the input space. Hence, the proposed method can predict the output of
the real system adequately. We compare the predictive ability of the proposed method with that of the
standard Bayesian single model calibration (BSMC) procedure of Kennedy and O’Hagan [1] with respect
to the IRMSPE. In Figures 3.7c-3.7e, the histograms of the IRMSPE values were generated based on 32

SRMSPE(z) = \/% f\;l(g:, (z) — y(z))? computed based on N generated training data-sets

4IRMSPE = W"grid) erxgrid RMSPE(x), where Xgiq is a set of gridded points in the input domain X
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Figure 3.4: (a): Exact weight function ws(z) = (1 + exp(1 — 2x2)) ™! presented by colored surface. (b): Estimated
weight function @2(-) = 1 — @1 () presented by colored surface and 95% credible intervals presented by red bars. (c):
Ergodic estimate of bias of integrated wa(-) bias(wz (X)) = w2(X) — w2(X). (d): Frequency that each basis was

included in the weight function w(-) as significant. (Section 3.2)

realizations of the training data and fitting the predictive model. In Figure 3.7c-3.7e, we observe that it is
more likely for the proposed method to produce smaller IRMSPE than the BSMC method. This suggests
that, the proposed method provides more accurate predictions than the BSMC, when multiple computer

models with unknown fidelity order are available.

3.8. Application to large-scale climate modeling

Set-up of the application and computer models . We consider the Advanced Research Weather Research and
Forecasting Version 3.2.1 (WRF Version 3.2.1) climate model [12] constrained in the geographical domain
25°—44°N and 112°-90°W over the Southern Great Plains (SGP) region, and we concentrate on the average
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Figure 3.5: Estimated marginal posterior distribution densities of the calibration parameters. The ‘ideal’ values of

the parameters are pointed by red arrows and red crosses. (Section 3.2)

monthly precipitation response. WRF is employed with the Kain-Fritsch convective parametrisation scheme
(KF CPS) [16] as in [45]. The KF CPS is a simple 1D mass flux cloud model specifically designed for
mesoscale models [16], including WRF, with a moderate grid spacing 10km-100km. The 5 most critical
parameters [45] of the KF scheme are: the coefficient related to downdraft mass flux rate Py that takes values
in range [—1, 1]; the coefficient related to entrainment mass flux rate P, that takes values in range [—1,1];
the maximum turbulent kinetic energy in sub-cloud layer (m?s=2) P, that takes values in range [3,12]; the
starting height of downdraft above updraft source layer (hPa) P, that takes values in range [50, 350]; and the
average consumption time of convective available potential energy P, that takes values in range [900, 7200].
The ranges of the KF CPS parameters are quite wide and hence cause higher uncertainties in climate
simulations due to the non linear interactions and compensating errors of the parameters [46, 47, 45]. Other
specifications used are the Morrison 2-moment cloud microphysics scheme [48], the Noah land surface model
[49], and the Mellor-Yamada-Janjic [50] planetary boundary layer turbulence scheme. Here, we consider two
different radiation schemes, the Rapid Radiative Transfer Model (RRTMG) for General Circulation Models
[51], and the Community Atmosphere Model 3.0 (CAM) [14]. Moreover, we consider two grid spacing, 25km

and 50km spacing, referring to the horizontal resolutions. Here, higher grid spacing does not necessarily
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Figure 3.6: Output functions of the: (a) real system, (b) the computer mixture model weighted and calibrated with

the proposed method, (c) the .#() calibrated by BSMC, and (d) the .#? calibrated by BSMC. (Section 3.2)

lead to more accurate simulations with respect to the precipitation because WRF performance is sensitive
to other physical parametrizations which is uncertain how they are affected to the grid spacing.

The available computer models are three different sub-models of the WRF with physics and fidelity
variations. The first model involves the RRTMG radiation scheme with 25km horizontal grid spacing and
36 sigma levels from the surface to 1000 hPa, and is labeled as RRTMG25; the second model involves the
RRTMG radiation scheme with 50km grid spacing, and is labeled as RRTMG50; and the third one involves
the CAM 3.0 radiation scheme with 25km grid spacing, and is labeled as CAM25. The output is the monthly
average precipitation, the calibration parameters are the parameters of KF CPS, and the input are the
coordinates in SGP.

Interest lies in combining properly the above computer models and hence their unique features; which
allows to integrate both physics and fidelity variations. The reason is that aggregation of physics variability
is expected to result in better prediction in climate models [15]. E.g., Yang et al. [45] observed that RRTMG
radiation scheme tends to overestimate precipitation, while CAM tends to underestimate precipitation, given
the default calibration values. An inexpensive but accurate surrogate model is of great interest because WRF

requires several days to run. Also, it is of great interest to quantify the uncertainty ranges and identify the
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Figure 3.7: (a): The Q-Q plot presents the predicted output of the surrogate model against the real output of the
real system. (b): The contour plots present the RMSPEs as functions of the input parameter x € X, and (c-e): the
histograms represent the distribution of the IRMSPEs, generated based on 32 realizations of the training data and
fitting the predictive model. Procedures under comparison: the proposed method (Mixture), and BSMC method.
(Section 3.2)

optimal values of the five key calibration parameters in the KF CPS used in WRF. Here, the calibration
parameters have the same physical interpretation, however they may depend on the grid spacing. Therefore,
it is of interest to conduct joint inference on these parameters across the models RRTMG25 and CAM25, and

separately by the model RRTMG50.

Training data. Experimental data consist of 404 measurements from stations in the geographical domain
25°-44°N and 112°-90°W over the SGP region, and represent monthly average precipitation (in mm) in
June 2007. The dataset is available from the U.S. Historical Climatological Network repository® [52].
Computer simulations were conducted over the same region by running the computer models: RRTMG25,
CAM25, and RRTMG50 with specific configurations. The designs of RRTMG25, CAM25, and RRTMG50,

consist of 50 simulations at different sets of calibration parameter values for each model, as well as at

Shttp://www.ncdc.noaa.gov/oa/climate/research /ushcn/
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4848, 4848, and 1211 coordinates on 25km, 25km, and 50km grid spacing correspondingly. Briefly, WRF
simulations for each computer model were driven by the 32km North American Regional Reanalysis (NARR),
and lateral boundary conditions were updated every 3 hours. The first simulation was initialized on May
1st, 2007 and run for 1 month with the standard KF scheme until June 1st. Afterwords, all generated
ensembles ran for another month through June 2007, using identical initial land surface conditions from the
first simulation on June 1st. Atmospheric conditions were reinitialized by using the NARR data every 2 days
in all simulations in order to minimize the potential effects of error in the simulated large-scale circulation
and isolate the impact of convective parametrisation scheme on precipitation. Each simulation was run for 3
days, but the first day was discarded as model spin-up. Since we are interested in the averaged precipitation,
all the ensembles were averaged out with respect to the time. Therefore our analysis represents an average
of 15 two-day ensembles (totaling 1 month).

The validation data-set in order for us to assess the performance of the method consist of the post-

processed University of Washington 1/8 gridded precipitation data [53] which are very accurate.

Uncertainty quantification analysis. We consider the proposed Bayesian calibration computer model mixture
set-up with non informative priors. We transformed the precipitation values to the log scale to compensate
for the positive values. The means of the Gaussian process priors assigned on the computer models output
functions are modeled as 2nd degree multivariate Legendre polynomial bases expansions, while that of the dis-
crepancy function is modeled as a constant. Because the application involves a large data-set, we tapered the
covariance functions by using the Wendland-1 tapering function [54, 33, Chapter 9]. Through try-and-error
runs, we found that an acceptable value for the tapering parameter ~yw is 0.1 of the range, that do not cause
significant loss in the explanation of the variability. The reason is because small scale variabilities can be
modeled by the compactly supported covariance function, while the larger scale variabilities can be explained
by the bases expansion in the linear term of the Gaussian process [55, 56]. Regarding the weight functions,
we considered a pool of 2nd degree multivariate Legendre polynomial bases. We consider shared calibration
parameters for computer models RRTMG25 and CAM25 as (ch%km)7 pL2okm) Pt(%km), P}E%km), Pc(zskm)), and
separate ones for computer models RRTMG50 as (P(ga)km)7 pLokm), Pt(50km), P}E5Okm), PC(SOkm)). On the cali-
bration parameters, we assign independent truncated normal prior distributions whose hyper-parameters
are specified through moment matching; and precisely by setting the prior means equal to the empir-
ical values of the KF CPS scheme [45], and variances equal to the squared ranges. Namely, Py) ~
trN(5.5-1079,122.372), P\ ~ trN(5.5-1079,122.372), P{*) ~ trN(6.25,507.682), P\ ~ trN(175,1.432-10'2),
and PC(E) ~ trN(3.37e + 3,7.232 - 10'2), for £ = 25km, 50km. For comparison reasons, we consider the tra-
ditional Bayesian single model calibration of Higdon et al. [2] using the same specifications. The MCMC
samplers ran for 20000 iterations where the first 10000 where discarded as burn in.

We perform Bayesian inference on the mixture weight function and present the results in Figure 3.8. In
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Figure 3.8: (a-c): Estimate of the posterior weight function {wg(-);k = RRTMG25, RRTMG50, CAM25}. (d-f):
Histograms and trace plots of the integrated posterior weights {coi(Xa5km) computer on a 25km space grid Xasim.

Samples are generated by Algorithm 1. (Section 3.3)

Figures 3.8a, 3.8b, 3.8c, we observe that the RRTMG25 model tends to outperform the other two models
in most of the regions while CAM25 tends to outperform the other two models around the areas of South
Dakota and Nebraska, in terms of the representation of the precipitation. The overall contribution of the
computer models in the mixture is indicated by the a posteriori integrated weight functions (Figures 3.8d,
3.8e, 3.8f). We observe that the posterior density of wrrTMmaG25(X) is over larger values than the others and
without any significant overlapping, which indicates that, overally, RRTMG25 outperforms the other two.
The associated trace plots suggest that the MCMC mixing was acceptable.

It is important to better understand the parameters of KF-CPS and constraint their ranges for future
studies. Figure 3.9 presents histogram estimates of marginal calibration parameter posterior densities, and
scatter plots of the generated calibration parameter values. We observe that the calibration parameter
posteriors, in the two grid spacing cases 25km and 50km, do not differ significantly, with the only exception

of P;. Moreover, we observe that the posterior densities of KF-CPS parameters are concentrated around
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Calibration Posterior average est. MAP est.

parameter { = 25km ¢ =50km | ¢ = 25km | = 50km
P 0.8005 (1.28-107°) |  0.7560 (1.27-1075) 0.8875 0.9430
pY —0.7620 (1.41-107%) | —0.7746 (1.28-107°) || —0.8120 | —0.9504
pY 5.1525 (8.61-107°) | 6.5938 (8.11-1079) 4.1234 9.1657
pY 274.53 (2.87-1073) | 297.18 (2.81-1073) 337.97 300.76
P 3605.00 (3.60 - 1072) | 3848.15 (4.58-1072) || 3433.75 | 3887.49

Table 1: Monte Carlo MAP and posterior mean estimates (with MC standard errors) of the 5 calibration parameters

in the KF-CPS. The estimates are computed based on the MCMC sample generated. (Section 3.3)

narrower ranges than the default ones. In Table 1, we report the Monte Carlo average estimates, their

standard errors and the MAP estimates of the calibration parameters as produced by the proposed method.

We examine the predictive ability of the proposed method and compare it with those of the standard
Bayesian single model calibration (BSMC) method of Kennedy and O’Hagan [1] (Figure 3.10). Figure 3.10a
presents the predicted precipitation computed according to the proposed method. Figure 3.10b presents the
relative absolute error computed as RAE(z) = |1 — é (@) /Yvatia.(@)], © € Xaskm, against the validation data
{Yvalia.}- We observe that the proposed procedure can provide reliable surrogate models for quick prediction
of the precipitation since the RAE is acceptably low throughout the input domain. In Figure 3.10c, we
provide comparisons with respect to Nash—Sutcliffe model efficiency (NSE)®, against the validation data,
and for a set of different values of the tapering parameter yw. NSE is the average of the NSE produced from
4 independent realizations for each approach. We observe that the proposed method has better predictive
ability compared to the BSMC method that uses only single models, for any value of vy considered, and
that the associated NSE increases with ~w. The observed difference in the performance appears to be more
significant for more aggressive tapering (lower values of yw), and in favor of the proposed method.

Figure 3.11 shows the discrepancy function of the calibrated computer model mixture produced by the
proposed method, and those of the single models (RRTM25, RRTM50, and CAM25) produced by the BSMC
method. The discrepancy functions were computed by approximating the computer model output functions
through Kriging. We observe that the discrepancy function associated to the proposed method is smaller
than that of RRTM25 and RRTMb50 produced by BSMC, in regions northward 40°N. This is possibly because
CAM25, which appears to be more accurate in sub-region northward 40°N, dominates RRTM25 and RRTM50

ONSE = 1Y, (Gi(@) =9(2))?/ Lpex

grid

(y(z) —9)? where § = Zwexgrid y(x)/Card(Xgriq), and Xgriq is a set of gridded

points in the input domain &X'. Larger values imply better prediction.
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Figure 3.9: Calibration parameters of the KF-CPS. Estimated posterior densities, and generated MCMC samples of

calibration parameters. (Section 3.3)
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Figure 3.10: (a-b): Response surface of the predicted precipitation, and associate RAE, produced by the proposed
method, against the validation data. (c): NSE of the proposed method (Mixture), and the BSMC on single models
(RRTM25, RRTM50, and CAM25), with respect to the tapering parameter yw. (Section 3.3)

in the mixture in this sub-region. The mean absolute discrepancies, averaged out on the 25km grid, are 1.16
for the computer model mixture (calibrated by our method), 1.18 for RRTM25 (calibrated by BSMC), 1.27
for RRTM50 (calibrated by BSMC), 1.51 for CAM25 (calibrated by BSMC). Therefore, the discrepancy of the
mixture of computer models calibrated by our method is smaller than those of the single computer models
calibrated by BSMC in most of the spatial space. This suggests that the computer model mixture can lead
to more accurate simulations. In WREF application, an important reason that the computer model mixture
outperforms the single models is because outputs from single models tend to differ from the real perspiration
values at different directions. The weighting mechanism of the computer model mixture eliminates such

discrepancies, and allows the mixture to have better predictive performance than the single ones.

4. Conclusions and extensions

We proposed the Bayesian calibration of computer model mixture framework that extends the traditional
Bayesian (single) model calibration. It builds a predictive model for the output of a real system by weighting,
combining, and properly calibrating all the available computer models. The method allows to fit a calibrated
mixture of computer models able to represent the real system more accurately since it aggregates unique
features from different models. This allows the domain scientist to combine and weight the available computer
models (simulators) to generate more accurate simulations. The method is suitable to address realistic
problems that one model may be more accurate than the others at different input regions, due to the input

dependent mixture weights. It is a suitable choice for a large number of real applications where the outputs
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(a) Mixture (b) BSMC, RRTM25 (c) BSMC, RRTM50 (d) BSMC, CAM25

Figure 3.11: Discrepancy functions of the mixture model calibrated by the proposed method, and the single models
RRTM25, RRTM50, and CAM25 calibrated by BSMC. The average absolute discrepancy are: 1.16 for Mixture, 1.18
for RRTM25, 1.27 for RRTM50, 1.51 for CAM25 (Section 3.3)

of the available computer models fluctuate around the output of the real system. The procedure recovers the
unknown weight functions by stochastically selecting significant bases from a pool of given bases functions
in a data-driven manner. The estimated weight functions can provide a mean to rank the models at different
inputs. Inference on the calibration parameters can be based on multiple computer models (and hence
different physics) properly weighted. The proposed method does not require any knowledge of the fidelity
order of the available models, however any available information can be taken into account through the prior
model. It allows the use of a simple technique (presented in AppendixB) that mitigates the computational
overhead to invert Y®X which is caused by the consideration of multiple computer models.

The proposed method was applied to a large-scale climate modeling application of the Weather Research
and Forecasting with the Kain-Fritsch convective parametrisation scheme that involved multiple computer
models, based on different physical theories and levels of fidelity. Our UQ analysis produced a calibrated
computer mixture model which was observed to lead to more reliable simulations than the single models
calibrated via the traditional Bayesian model calibration of Kennedy and O’Hagan [1]. Yet, it produced an
efficient surrogate model for the average monthly precipitation which outperforms those produced by the
traditional single model calibration method. We observed that the WRF with the RRTMG radiation scheme
and 25km grid spacing outperforms the others in the representation of the real system output in the largest
part of the spatial domain. Our analysis produced valuable information about KF-CPS for future studies,
because the resulted posterior densities for the KF-CPS parameters concentrated on narrower ranges than
the original. Our comparison study showed that the proposed method outperforms the standard Bayesian
model calibration method of Kennedy and O’Hagan [1] if multiple models are available. Moreover, in the

special case that the fidelity order is known, the proposed method can be a reliable counterpart of the
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multi-fidelity method of Goh et al. [11].

The method can be extended towards the sequential design of experiments with multiple models to
allow the adaptive selection of designs by using the mixture weights as a guide. An interesting extension
would be to consider multi-output computer models by coupling the method with that of Bilionis et al. [57].
Another important extension would be towards the Bayesian optimization by using ideas of Perdikaris and

Karniadakis [58].
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AppendixA. Adaptive Metropolis Hastings transitions

The adaptive RWM and the HRMH algorithms that simulate from distribution n(z), z € RY, are given
as a pseudo-codes in Algorithms 3 and 4. The Sampling step simulates a Metropolis transition probability
targeting m(x). The Adaptive step adjusts the unknown scale parameter of the proposal so that the expected
acceptance probability to be equal to agp. RWM and HRMH perform well in terms of integrated autocor-
relation time for aopt &~ 0.234 [59]. Here, we use v, = (1/t)°, ¢ = 0.6 which satisfies the required conditions
for the generated Markov chain to be ergodic [38]. In Algorithm 1, we used log and logit transformations, to

simulate from the full conditional distributions defined on the constrained spaces z € (0, ), and x € (L, U).

Algorithm 3 Random walk Metropolis transition,
with an adaptive scheme

Algorithm 4 Hit & run Metropolis Hastings tran-
sition, with an adaptive scheme

Given that the current state of the Markov chain is
at xy, and the scale of the proposal has value oy:

Sampling step
1. Compute proposed value z’

as ¢’ = x; + 04z, where z ~ N(0,1;) .

2. Accept 7’ as the next state of the Markov
(') )

(T

chain with prob. a = min(1,

Adaptive step

Adjust the scale of the proposal such as
log(oy41) = log(o¢) + v (o — aopt)-

Given that the current state of the Markov chain is
at xy, and the scale of the proposal has value oy:

Sampling step

1. Compute proposed value z’
as ¥’ = x; + oyze, where z ~ N(0, 1), and
e is draw from a unit d-dimensional space.
2. Accept 7’ as the next state of the Markov
m(a’) ).

(T

chain with prob. a = min(1,

Adaptive step

Adjust the scale of the proposal such as
log(os41) = log(o¢) + V(o — aopt)-

AppendixB. A numerical technique to perform computations under the presence of large
number of computer models

We present a convenient technique, suitable for the proposed mixture model framework, that mitigates the
computational cost caused by the consideration of multiple computer models, when the Cholesky factorization
of L®K is required in order to evaluate the likelihood. Because of the consideration of multiple computer
models the size of X¥% may increase so that matrix operations requiring Cholesky decomposition of L&
become prohibitively expensive; this is because Cholesky decomposition scales as O(-?) with the matrix size.
The suggested technique takes advantage of the block-sparse structure of 2% in order to perform these
computations faster; hence it is tailored to the proposed method. It is particularly useful in the cases that
the researcher has access only to standard linear algebra libraries.

Inverting a matrix, such as X®X  directly can be unstable or too expensive, and hence solvers of linear
systems (e.g. $8Ky = @K 9Ky — FOK) may be used instead. A typical approach to solve 28Xz = b is

to find an appropriate permutation matrix P and:
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1. compute the lower matrix L of the Cholesky decomposition of PY®KpT,
solve Ly = Pb for v,

solve Lz = y for z,

=~ W N

compute x = PTz to obtain the solution.

Moreover, det(X8%) = det(L®X)2. Interest lies in finding P that leads to computational savings.
Let P = antidiag(L,,, I, , ..., I, ) be the permutation matrix”, 8K = PX®K PT be the rotated covari-
ance matrix, and L& be the lower matrix of the Cholesky decomposition of X®X. Then 8K = pn®K p1

is a symmetric and sparse arrowhead matrix such that

ZgK,K) ZgK)’T

Egl,l) Egl),-r

AV NOR )€Y 5,

According to the block Cholesky decomposition, the lower matrix Ii;@K is

LEK’K)

o oL

where {Lgk’k)} are the lower matrices of the Cholesky decomposition of {ng’k)}, L, is the lower matrix of
the Cholesky decomposition of 3, — Zszl LPTLE and (L) = 2B kRl

This technique allows the faster computation of Eq. 2.11, 2.12, and 2.14, because computing E?K
as above can be faster than performing standard Cholesky decomposition directly on L when K is
large enough. This is because the complexity of the former procedure is O(2 - (K + 1) - n3,.), where
Nmax = max(n, m™, ..., m)) while that of the latter one is O(n®%+?). This can be shown by considering
that the procedure requires K + 1 Cholesky decompositions with complexity O(-®), K forward substitutions
with O(-?), and K + 1 multiplications with O(-3). If faster decomposition or multiplication algorithms
are applied, the complexity will be reduced accordingly. Further computational savings can be achieved if
parallel computing environment is available because pairs of sub-matrices {(Lgk), Lgk’k)); kE=1,..,K} can

be computed in parallel for all k.

7As antidiag(In, Iy, - Im ), we denote the matrix with blocks {I, Iy, ..., Im } in the anti-diagonal (row-wise) and zeros
elsewhere.
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