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EzGP: Easy-to-Interpret Gaussian Process Models for Computer Experiments
with Both Quantitative and Qualitative Factors*
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Abstract. Computer experiments with both quantitative and qualitative inputs are commonly used in sci-
ence and engineering applications. Constructing desirable emulators for such computer experiments
remains a challenging problem. In this article, we propose an easy-to-interpret Gaussian process
(EzGP) model for computer experiments to reflect the change of the computer model under the
different level combinations of qualitative factors. The proposed modeling strategy, based on an
additive Gaussian process, is flexible to address the heterogeneity of computer models involving
multiple qualitative factors. We also develop two useful variants of the EzGP model to achieve com-
putational efficiency for data with high dimensionality and large sizes. The merits of these models
are illustrated by several numerical examples and a real data application.
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1. Introduction. Computer experiments are now ubiquitous in scientific research and
engineering. The computer models used in computer experiments are often very complex and
computationally expensive, thus requiring emulators in the analysis [6]. Gaussian process
(GP) models, a.k.a. kriging, have been used as a core tool for modeling computer experiments
[6, 26]. The conventional GP models often only consider quantitative inputs, while many
practical applications have both quantitative and qualitative (QQ) inputs, e.g., the data center
computer experiment [21], the epidemiology study [1], the bioengineering computer experiment
[8], the study of high-performance computing systems [32], and the finite element modeling
of full-scale embankment [4, 24].

For emulating computer experiments with qualitative factors, a naive approach would be
to conduct distinct GP models for data collected at the different level combinations of the
qualitative factors. Clearly, such an approach is unwise as there could be many level combina-
tions of the qualitative factors, and it could overlook possible dependency between responses
(or outputs) at the different level combinations of the qualitative factors [21]. Alternatively,
it would be natural to consider the use of indicator variables, often applied in linear models,
to address GP models with qualitative factors. However, a counterexample is given to show
that using indicator variables for qualitative factors in the multiplicative correlation function
is problematic [33]. We will further illustrate this problem in Example 3.7 of subsection 3.1.
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In this work, we propose an easy-to-interpret Gaussian process (EzGP) model to appropri-
ately use indicator functions in additive GP models for incorporating qualitative factors with
meaningful interpretations and accurate predictions.

For GP models of computer experiments with both QQ inputs, many existing works focus
on constructing correlations between the levels for each qualitative factor, and then use the
multiplicative structure to link them with the correlation functions for quantitative factors
[21, 35]. Such a multiplicative correlation function requires the “shape” of local variation as
a function of quantitative factors to be the same for all level combinations of the qualitative
factors; that is, the correlation parameters and process variances are the same for different
qualitative level combinations [33]. This is a strong assumption since computer models can be
quite different for distinct qualitative level combinations, especially when there are multiple
qualitative factors. Such a way to construct correlation functions for qualitative factors is
also applied to the additive GP models in [4]. Yet it may not be interpretable in practice.
As an illustration, consider a computer experiment with one quantitative factor x and two
qualitative factors z; and z3, each having two nominal values. For its four different qualitative
level combinations, the corresponding computer models are 3z, 4sin(1.5x), 23, and In(z),
which are shown in Figure 1. Here, it is not easy to interpret if one simply uses a scalar value,
i.e., the correlation between two levels for each qualitative factor, to quantify the complex
relationship between different functions of computer models [4, 21]. It would be more natural
to use indicator functions to reflect the GP being adjusted from a base GP under the different
level combinations of the qualitative factors.

y(x,z1=1,2,=1) =3x y(x,21=1,2,=2) =4sin(1.5 x) y(x,21=2,2,=1)=x3 y(x,21=1,2,=1) =In(x)
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Figure 1. The response curve with respect to the quantitative factor x under each level combination of the
two qualitative factors.

In this article, we first lay out a general additive GP structure, and then make several
reasonable assumptions to appropriately adopt indicator functions in developing the proposed
FEzGP model. The proposed method has a clear interpretation of its additive covariance struc-
ture to reflect the relationships between the responses and the quantitative factors and identify
how the qualitative factors affect such relations. It is suitable for dealing with discontinuities
in response surfaces due to qualitative factors in computer experiments. The key idea of the
proposed EzGP model is to start with a base GP accounting for only quantitative factors
and have GP components in an additive fashion to adjust the different level combinations of
the qualitative factors. It follows in a similar spirit the use of indicator functions in variance
decomposition, but at the scope of GP under each level of the qualitative factors. Compared
to existing models using scalars to quantify the correlations between levels in the qualita-
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tive factors [4, 21], the EzGP model does not explicitly construct the correlation functions
for the qualitative factors. Instead, it quantifies the relationships among different response
surfaces under the different level combinations of the qualitative factors through an additive
combination of several GPs, which leads to an easy-to-interpret covariance structure.

The EzGP model is proposed for computer experiments with QQ inputs where multiple
qualitative factors are involved. Specifically, we focus on complex computer experiments where
differences between the computer models for the distinct level combinations are large. In such
cases, the types of functions in computer models can be different, e.g., the toy example in
Figure 1, the simulation example in [33], and some real data in [5, 24]. Based on the EzGP
model, we further develop a variant, the efficient EzGP (EEzGP) model, suitable for computer
experiments with a large number of qualitative factors. We also develop another variant, the
localized EzGP (LEzGP) method, to efficiently deal with large sample sizes.

The remainder of this article is organized as follows. Section 2 provides a brief introduction
to GP models and reviews existing methods. Section 3 details the proposed EzGP, EEzGP,
and LEzGP methods. Section 4 presents several numerical examples, and section 5 reports
a real application of the proposed models. Section 6 concludes this work and discusses some
future work. All proofs and technical details are relegated to the appendices.

2. Notation and literature review. In this section, we introduce notation and review some
current literature. Throughout this paper, we consider an n-run computer experiment with p
quantitative factors and ¢ qualitative factors. We denote the ith quantitative factor as (%) (1=
1,...,p) and the jth qualitative factor as 2) (j = 1,...,q). There are m; levels ({1,...,m;})
of the qualitative factor z(/). Denote the kth (k = 1,...,n) data input as w;, = (xg,2z7)",
where xj, = (211, ..., 2kp)" € RP is the quantitative part and z, = (zx1,...,2kg)" € N7 is the
qualitative part (coded in levels) of the input. Denote Y (wy) as the output from the input
wy and the response (or output) vector y = (Y (wq),...,Y(wy))".

In the standard GP model [14, 23, 25], the inputs are all quantitative and the outputs
can be viewed as realizations of a GP. The correlation between outputs is determined by
a stationary correlation function, e.g., Gaussian, power-exponential, and Matérn correlation
functions. To model the relationship between outputs Y (x) and inputs x, one popular GP
model, known as an ordinary GP (kriging) model, assumes

(2.1) Y(x) = p+G(x),

where p is the constant mean, G(x) is a GP with zero mean, and the covariance function
#(-) = 02R(-|@). A popular choice for R(-|0) is the Gaussian correlation function

(2.2) R(xi,x;|6) = exp {— > k(i — $jk)2} ;
k=1

with two inputs x; = (z41,...,24p)" and x; = (zj1,...,2;p)" and the correlation parameters
0= (61,...,0p)" withall 0, >0(k=1,...,p).

To deal with QQ inputs, a popular GP-based model [21, 35] was introduced among many
others [8, 27, 33, 34], where an ordinary GP model with a multiplicative covariance function
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is considered (for any two inputs w; and wy):
q
(2.3) Cov(Y (w1),Y H ), R(x1,%2]6),

where the parameter Tz(fJ)ZQ , represents the correlation between two levels (z1; and z;) in the

jth qualitative factor z0), and R(x1,x3|0) is defined as in (2.2). Denote T; = (T,Z(f222j)mjxmj

as the correlation matrix for 2) (j = 1,...,q). Three different functions of TZ(QZQJ, can be
used:
1. the exchangeable correlation (EC) function [12]: TZ(IJ)ZQJ = (0 < ¢ < 1) when 2z # 25;
otherwise, Tz(f]).sz =1

2. the multiplicative correlation (MC) function [19]: Téf])zQ ; = exp{—(0.,, +0.,,)} when
21j # #2j; otherwise, ngf;z% =1, where 0,,,,0.,, > 0;

3. the unrestrictive correlation (UC) function [21, 35]: define T; = L;L7, where L;
is a lower triangular matrix; for the rth row (lr(,{), .. .,l,(ﬂ;)) in Lj, lﬁ) = 1, and for
r=2,...,mj,

lS"]I) = COS(¢J7T71)7
19 = sin(@jr1)-..sin(@jrs—1)cos(@jrs) fors=2,...,r—1,
l,(i) = sin(gpjml) . sin(gojm,r,l),
where ;. € (0,7) fors=1,...,7r— 1.
We denote these three multiplicative GP models as the EC, MC, and UC models, respectively.
An additive GP model was proposed in [4], which adopts an additive covariance function:

(2.4) Cov(Y (w1 2‘727',2({]22 R(x1,x2|01)),

where O'JQ and 1) (j = 1,...,q) are the process variance parameters and the correlation

parameters corresponding to z\9), respectively. As above, three different choices of T(f])ZQ ;> the
exchangeable, multiplicative, and unrestrictive correlation functions, can be adopted in (2.4).

We denote them as the AD_EC, AD_MC, and AD_UC models, respectively. Note that if any
()

Tz1jz; has a zero (or near zero) value, the overall covariance in (2.3) will be zero (or near
zero). Such problems are avoided in the additive model structure in (2.4).

3. Easy-to-interpret Gaussian process (EzGP) models. In this section, we first lay out
a general additive GP structure and describe in details the proposed EzGP model. Then
we illustrate the efficient EzGP (EEzGP) model for data with many qualitative factors and
discuss the localized EzGP (LEzGP) method for data of large run sizes.

3.1. The EzGP model. For an n-run computer experiment with p quantitative factors
and ¢ qualitative factors, we model the output at w = (x*,z")" as

(3.1) Y (W) = i+ Ga(x).
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This means that for any level combination of z, Y(w) is a GP. Specifically, we consider
(3.2) GZ(X) = GO(X) + Gz(l) (X) + -+ Gz(q) (X),

where Gop and G, (h = 1,...,q) are independent GPs with mean zero and covariance
functions ¢o and ¢p (h = 1,...,q), respectively. Here, Gy is a standard GP taking only
quantitative inputs x, which can be viewed as the base GP reflecting the intrinsic relation
between y and x. The standard Gaussian covariance function is adopted for Gg, which is

p
(3.3) bo(x4,%;160) = ogexp { > 0\ (s, — 96jk)2} :
k=1

where the correlation parameters in 6y = («950), ey 0},0))T are all positive.

The G 1) can be viewed as an adjustment to the base GP by the impact of the qualitative
factor z(M) (h=1,...,q). It is a GP component concerning the hth qualitative factor coupled
with all quantitative factors. A general covariance function could be

p
h
(3.4) (X7, 2n)", (K], 2n)") = ofexp {—} o (s — xm?} T
k=1

W k=1,

where the correlation parameters szih in = ..,p) are specific to the pair of levels

(zin, zjn) in 2 and TZ(ZL)Zjh and a,% are defined in (2.3) and (2.4), respectively. Clearly, such

a general form involves too many parameters and thus is hard to interpret. Note that the

additive model in [4] can be viewed as a special case of the general model in (3.1) when
o,
(3.2). As discussed in section 1, such a simplification may not be reasonable in some practical
cases. Below, we will introduce the EzGP model which simplifies (3.4) in a more meaningful
way. When there are at least two qualitative factors, its structural formulation will be different
from the additive model in [4] regardless of the choice of nfi’;)zjh.

For the formulation in (3.2), the base GP Gy is adjusted by GP component G,x) to
account for the effects of different levels in z(®. This is analogous to using indicator functions
in variance decomposition. To enable an easy-to-interpret model, we consider the covariance

function of G,n),h =1,...,q, as

simplifying all 6 = Gl(gh) for any (2, 2;n) in (3.4) and not considering the base Gy in

p
(35)  dn((xF,zin)™, (xT, i) 1@ = oFexp {— ST o0 (@ — WV} I(zin = 25 = In),
k=1

where z;, and zj, are the levels of 2" in the ith and jth inputs, respectively; 0,2L is the

variance parameter for z("); [, takes values in {1,...,my} and my is the number of levels

in zM; @ = (91(672)pxmh is the matrix for correlation parameters; the indicator function
I(zin, = zjn = lp) = 1 for 2y, = zj, = Iy, otherwise 0. Without any prior information, we
can assume that different levels in z(" will result in different and independent GPs, and thus
on((x], zin) ", (x},zjh)T\G(h)) = 0 when z;, # z;,. For distinct levels [}, in 2" parameters
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6,&?}3 are different, and thus we have different GPs to depict different computer models associ-
ated with the different levels of the qualitative factors. Such a strategy makes the GP model
structure parsimonious and easy to interpret, which avoids directly modeling the correlation
functions of qualitative factors.

Based on (3.2), (3.3), and (3.5), for any two inputs w; and w;, the covariance function
for the model in (3.1) can be specified by

¢(wi, wj) = Cov(Y (w;), Y (w;))

q
= Go(xi,%j100) + > ¢n(xi,%;|0™)

h=1
"o
= ggexp {— Z 9,53 )(:L‘l'k — xjk)2}
k=1
p
(3.6) + Z Z Zih = Zjn = lp)ohexp { Z ) (@ — fﬂjk)Z} :
h=11,=1 k=1

This aggregated covariance function has (14+p+q+p Y7 _, myp) parameters which are estimated
simultaneously via the maximum likelihood estimation. The following example illustrates the
formulation of the EzGP model and its implication.

Example 3.1. Consider a computer experiment with two quantitative factors ) and z(?
and two qualitative factors 2V and 2, each having two levels. Suppose that three inputs are
w = (1’11 = a,r12 = b, zZ11 = 1,2’12 = 2)T, wy = (.Tgl = C,T29 = d, Z21 = 1,222 = 2)T, and
w3 = (31 = ¢, w32 = d,z31 = 2,230 = 1)7, where a, b, ¢, and d are arbitrary real numbers.
Here z;; and z;; represent the jth entry in z; and z;, respectively. According to the covariance
function in (3.6), we have

2 2
= agexp {— Z 9,20)(x1k — Tok) } + Z Ulexp { Z ol «le — xgk) }

I1=1 k=1

2 2
X I(z11 = 221 = l1) + Z T3exp {— 29;(52@11@ - l“zk)2} I(z12 = 202 = I2)

lo=1

= ofexp {—950)((1 c)? 0(0) b—d) 2} + olexp { 511)(6‘ —¢)? 0(1)(17 - d)2}
+ o2exp {495?(@ —c)? - 222) b—d) 2}
Similarly, we have
(wr, w3) = o2exp {—9?) (a—c)?— 00 - d)2} .

Clearly, Cov(Y (wy),Y (wg)) > Cov(Y(wy),Y (ws)). In the EzGP model, it is straightfor-

ward to derive that all variances are equal; that is, Var(w;) = ;1 0 2. Thus, we have
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Cor(Y (wy),Y (wz)) = Cor(Y (wy),Y (ws)), which is meaningful for interpretation. Given the
inputs wy and ws having the same quantitative part, it is straightforward that (wy, we) should
be more similar compared to (wy, ws), since w; and we have the same qualitative part but
wy and ws do not. Thus, the correlation between (wy,ws) should be larger than that between
(wy, w3), when at least one of the qualitative factors is significant (i.e., one of the o3 and o3
is not 0). Refer to Example 3.7 for an opposite case.

Lemma 3.2. Let Ay = (03 R(z;, z;|00))nxn and Ap, = (07 R(x;, xj\el(:)))nm, where R(+|0)

is defined as in (2.2) and Hl(:) = (Qé?g)pxl. The covariance matriz of the output vector y

induced by the covariance function in (3.6) can be written as

q mp

(3.7) Cov(y) = ($(wi, w))xn = Ao+ 3 S (Bu, Biy,) © A,
h=11,=1

where o is the Schur product (or Hadamard product). Here By, = Ep(Ip, )1, , where (I, ),
is the lpth column of the identity matriz I, , mpy, is the number of levels in 20 and Ey, is an
n X my, expansion matriz of which each row is the dummy coding for the corresponding level
in 2"
in 2\,

Example 3.3. To illustrate matrices By, and Ej, in Lemma 3.2, consider the column for
2 in a computer experiment with 4 runs. In Ey, we use dummy coding (1,0,0), (0,1,0),
and (0,0,1) to code levels 1, 2, and 3, respectively. For h =1 and l; = 2, we have

, Bia = Ei(Iz), = , BiaBly =

_— o = O

0 0
0
1| =
1 0
0

D W N
o O O =
— O = O
o O oo
_ o = O
o O oo
— O = O

Lemma 3.2 provides insights into the covariance structure of the EzGP model. In (3.7),
matrix Ay serves as the base which corresponds to all quantitative inputs, matrix BhlhBElh
selects all pairs of data that satisfy z;, = 2, = [j, and matrix Ay, measures the adjustment
due to the level I, in qualitative factor z®) (h =1,...,q). Based on Lemma 3.2, we can prove
Lemma 3.4 below.

Lemma 3.4. Given n inputs w; = (], 2")" (i = 1,...,n), the covariance matriz of the
output vector y = (Y (wn),...,Y (wy,))" induced by the covariance function in (3.6) is positive

semidefinite, i.e., Cov(y) in (3.7) is positive semidefinite.

Lemma 3.4 holds for any wy, ..., w,, including duplicated inputs. For appropriate model
inference, Cov(y) needs to be positive definite, and Lemma 3.5 and Corollary 3.6 below shed
some light on this aspect.

Lemma 3.5. Given n inputs w; = (], 2")" (i =1,...,n), if there existsanh (h=1,...,q)
such that any two inputs w; and w; (i # j) have distinct quantitative parts (x; # ;) whenever

they have the same level in zW, the covariance matriz Cov(y) induced by the covariance
function in (3.6) is positive definite.
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Corollary 3.6. If there are no duplicated runs in the quantitative part of the design matrix,
that is, @; # x; for i # j, the covariance matriz Cov(y) induced by the covariance function in
(3.6) is positive definite.

Corollary 3.6 is a special case of Lemma 3.5, and its assumption is standard in computer
experiments. If Latin hypercube designs or space-filling designs [2] are used for quantitative
factors, it is clear that Cov(y) is positive definite by Corollary 3.6. When the conditions in
Lemma 3.5 are not satisfied, one can simply add a nugget term to make the covariance matrix
positive definite, which is a standard technique in kriging [14, 23, 22].

Besides the additive covariance function in (3.6), one could think of using indicator func-
tions under a multiplicative covariance structure as

¢* (Wi, w;) = Cov(Y (i), Y (w))) = 0* R(xi, x;160) [ [ R(xi, ;@)

h=1
= o2exp { Z 9,&0) (T3 — xjk)2}
k=1
q my p I(zin=2n=ln)
h
(3.8) X H H [exp {— Z Gl(dz (zik — xjk)2}] .
h=11,=1 k=1

However, such a covariance function may not properly quantify the correlation for two inputs,
as illustrated in the following example.

Example 3.7. For the three inputs wy, wo, and ws in Frxample 3.1, under the multiplicative
covariance function in (3.8), we have

2

2
¢* (w1, wy) = o?exp { Z 9;20) (x1 — $2k)2} exp { Z ‘9;(611) (z1 — $2k)2}
k=1 k=1
2
X exp {— Z 9](32)(.@1]{ - 1'2]@)2}
=1

— o2exp{—(0\ + 0 + 0)(a— )2 — (6 + 65) + 65 (b — d)?},

2
¢*(wy, ws) = ozexp{ — Z 0,20) (1% — :z%)z} = o%exp{ — 950)(a O 0;0)(17 —d)*}.
k=1

It is easy to derive that Cor(Y (wy),Y (we)) < Cor(Y (wy),Y (ws)), which is counterintuitive
and not interpretable. As shown in Ezample 3.1, Cor(Y (wy),Y (we)) should be no less than
Cor(Y (wy),Y (ws)), since (wy, we) are more similar compared to (wy, ws).

3.2. The efficient EzGP (EEzGP) model. The EzGP model with the covariance function
in (3.6) has (2+p+q+pY_}_, ms) parameters. For data with many qualitative factors, this
number can be quite large, which may result in high prediction variance. In this part, we
propose a so-called efficient EzGP (EEzGP) model for data with many qualitative factors.
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The EEzGP model follows the same (3.1)—(3.3) as the EzGP, but simplifies the correlation
parameter 9,&?}3 in (3.5) to 91(:). It considers G, (x) (h = 1,...,q) to be a GP with the
covariance function:

(3.9) (x5 2in) "5 (X, 2in)") = Uhexp{ Zﬁlh Tik — x]k)Q} I(zin = zjn = ln).

Compared to the covariance function in (3.5) which adopts distinct correlation parame-

h)

ters (9,(61 to scale each quantitative factor separately, the covariance function in (3.9) adopts
h

a single correlation parameter HI(h) to scale all quantitative factors together. As the EEzGP
model includes a base GP component GGy where distinct correlation parameters have been used
for different quantitative factors, it may not be necessary to scale each quantitative dimen-
sion again when considering the coupled quantitative effects in the adjustment part G ) (x).
Thus, such a simplification may not sacrifice much in model prediction accuracy. Examples
in sections 4 and 5 will illustrate this point. When using the EEzGP model, we should al-
ways normalize the quantitative factors to the [0, 1] range. To avoid overparameterization in

(3.9), we fix Qgh) =1 for the first level in 2", which can be viewed as a benchmark for the
adjustment.
For two inputs w; = (x,2z; )" and w; = (x7,z})", the covariance function ¢(w;, w;) (for

i0 % 7%
any 4,5 = 1,...,n) in the EEzGP model is

d(wi, wj) = Cov(Y (w;), Y (w;))

(3.10) + Z Z (zih = zjn = 1) ahexp { ZG (T — xjk)Q} )

h=11,=1

Lemmas 3.4 and 3.5 and Corollary 3.6 in subsection 3.1 also apply to the EEzGP model, since
it is a special case of the EzGP. When Latin hypercube designs or space-filling designs are
used for quantitative factors, the covariance matrix of observed responses Cov(y) induced by
(3.10) is positive definite.

In the EEzGP model, the number of parameters is 2+p+»_¢_, my,, which is much smaller
than that in the EzGP model. A rule of thumb for run-size in computer experiments is at
least 10(p + @), ten times the dimensions [17]. Taking m; = --- = my = m for illustration, it
is easy to show that when the number of levels in qualitative factors m < 10, the number of
parameters in the EEzGP model will be less than 10(p + q).

3.3. The localized EzGP (LEzGP) method. For the EzGP and EEzGP models, the
computational complexity and memory space complexity are O(n3) and O(n?), respectively,
where n is the size of training data. To facilitate the analysis of data with large-size n,
we propose the localized EzGP (LEzGP) method. Its key idea is to select a proper subset
of training data to fit the EEzGP (or EzGP) model given a target input. For an input
w = (x7,2")" and a target input w* = ((x*)7,(z")")", we denote N,(w,w*) to be the
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number of same levels in their qualitative parts (between z and z*). For example, when

z = (1,2,3)" and z* = (3,2,1)", there is only one same level at the corresponding positions,

and thus N,(w,w*) = 1. The LEzGP method includes the following three steps:

Step 1. Select an appropriate tuning parameter ng.

Step 2. For a chosen target input w*, select the training data w; (i € {1,...,n}) satisfying
N, (w;, w*) > ng to form the key subset, denoted as Kj.

Step 3. Use K as the new training set and fit it with the EEzGP (or EzGP) model to make
prediction at the target input w* in Step 2.

Clearly, the value of ns; determines the size of the key subset K. This means that the data

points in K have at least ng number of the same levels as the target input in their qualitative

parts. The following example illustrates the first two steps in the LEzGP method.

Example 3.8. Consider a computer experiment with five runs, one quantitative and four
qualitative factors. Its design matrix D is shown as below. Suppose that the chosen target
input w* = (0.3,1,2,3,1)" and the tuning parameter ng = 3. Then the key subset Ky will only
include those runs that have at least 3 same levels as w* in their qualitative parts z.

L) L1 L@ LB L@

w1 0.1 1 3 3 1 zD () @ B3 M)
wa 03 1 2 1 3 wy 0.1 1 3 3 1

D= ws 02 2 2 3 1 , Ks= ws 0.2 2 2 3 1
wy 09 2 2 3 2 ws 0.5 1 2 3 1
ws 05 1 2 3 1

One primary rationale of the LEzGP method is that predictions from the GP model fitted
by a relevant subset of data can be more accurate than those from the GP model fitted
by the entire training set of large data. As shown in [10], the predicted response at target
input (a.k.a. target response) will be less accurate if its training set contains certain responses
following significantly different GPs compared to that followed by the target response. In
computer experiments with qualitative factors, when an observed input has no or few common
qualitative levels compared to the target input, their responses may follow different GPs. Thus,
for large-size data, it would be appropriate to exclude such irrelevant data points in predicting
the target input.

Generally speaking, in the LEzGP method, a larger n; chosen in Step 1 would lead to
a smaller key subset K in Step 2 and less computation required in Step 3. A larger ng
and smaller K, will not necessarily reduce the prediction accuracy. Choosing a proper value
of ng reduces the computational cost and could improve the prediction accuracy in certain
situations; see Example 4.3 in section 4. The proper selection of ng often depends on the
budget (e.g., available computing resources), the design matrix of the training data, and the
target input to be predicted. In practice, budget is often the key constraint. In most cases,
one can easily choose an appropriate ng, because a small difference in ng will lead to a big
difference in the run-size of Kj; see Example 4.3.

For a large-size computer experiment with QQ inputs, one general suggestion on ng is to
choose ¢/2 < ng < nyp, where n,,;, is the largest integer such that the size of its key subset
K is larger than the number of parameters in the model. A rule of thumb for the choice of
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ns would be ¢/2 < ng < Nyp, Where ny, is the integer such that the size of its corresponding
key subset is closest to 10(p+¢q) [17]. A too small ng will not be desirable since it will require
more computing resources. We suggest using ns > ¢/2 here, which can guarantee that every
pair of data points in K will have at least one common level in the same qualitative factor.

We would like to note that it is possible for the LEzGP method to use other models in its
Step 3. But adopting the EEzGP (or EzGP) model appears to provide better justifications.
The underlying assumption of the LEzGP method is that when two inputs have an increased
number of common levels in qualitative factors, these two inputs are more relevant and thus
their correlation should increase. In the covariance function (3.10) (or (3.6)), more positive
covariance components due to the same qualitative levels are added when two inputs have
more common levels I, in z (h = 1,...,q), which exactly matches the assumption of the
LEzGP method.

3.4. Parameter estimation. The EzGP model with the covariance function in (3.6) con-

tains the parameters u, ag, 9,20), U,%, and 9,&72, where h = 1,...,q, k= 1,...,p, and [}, =

1,...,myp. Denote vector o2 = (03,02, ..., ag)T and matrix © = (0(0), o .. C-)(q)), where

00 = (0](60))1,“ and @) = (01(6?2)pxmh. Denote the covariance matrix by ® = ®(0?,0) =
(¢(Wi, W;))nxn, which follows the covariance function in (3.6). Under the GP model in (3.1)
and after dropping some constants, maximizing the log-likelihood function I(u, o2, ®) is equiv-
alent to minimizing log|®| + (y — p1)"® 1(y — p1). For given 0% and ©, the maximum
likelihood estimator (MLE) of p is i = (1"®11)7'1"®'y. Thus we can obtain the profile
likelihood for the MLE of o2 and © :

(3.11) [02,©] = argmin {log |®| + (yT<I)_1y) — (IT@_II)_I(lT@_Iy)Q} .

This minimization problem can be solved via some standard global optimization algorithms
in R or MATLAB, such as genetic algorithms [22, 18]. In this work, we adopt the R package
“rgenoud” [20], which combines evolutionary search algorithms [15] with the derivative-based
quasi-Newton methods to solve difficult optimization problems. In particular, to facilitate the
computation we have derived all of the parameters’ analytical gradients, which are reported
in Appendix B.

Given parameters u, %, and ©, the prediction at a new location w* is the condition
mean:

(3.12) Y(w) = E(Y(W)y1,...,yn) = i + 4 @ (y — i),

where ~ is the covariance vector (¢(w*, w;))nx1 for i = 1,...,n. As Y(w*) is unbiased, we
~ ~ —1

obtain MSE(Y (w*)) = Var(Y (w*)), which is expressed as > 7,02 —yT® 1y + %

For the interpolation property, when w* is the ith observed input w;, 4" is the ith row in
®: thus, v"® ! is the ith row of ®®~ !, which is a row vector with its ith entry being 1 and
otherwise 0. Therefore, it is straightforward to show }/}(w*) = Y (w;) = y; by (3.12). Similar
parameter estimations apply for the EEzGP model, which is a special case of the EzGP model.
More details on the derivations for the general GP model can be found in [14, 23].
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4. Simulation study. In this section, we use three numerical examples to examine the
performance of our proposed models. We measure the performance via the root mean square
error (RMSE) for predictions:

n

where n; is the number of data points in the test set, and Y(WZ) and Y (w;) are the predicted
and actual responses of the input w; in the test set. In addition, we use the Nash—Sutcliffe
efficiency (NSE) [13] to describe the model’s goodness-of-fit, which is defined as

NSE=1- Sy (V(wi) = Y (wy))?

(Y (wi) = V)2

where Y is the average of the predicted responses. The NSE represents an estimate of the
proportion of the response variability explained by the model, which is analogous to the R? in
linear regression. Generally speaking, a method with a lower RMSE will yield a higher NSE.

i

Example 4.1. Consider a computer experiment with p = 3 quantitative factors and ¢ = 3
qualitative factors, each having 3 levels, and its computer model has the following form (x =
(1'1, 9, .%'3)).’

y = fi(z) x (g;() + he(2)),

where i, j, k are the levels for the first, second, and third qualitative factors, 0 < x; < 1 for
i =1,2,3, and we list functions f;, gj, and hy as below:

hi(@) =21+ a5+ a3, fo(w) =21 + 22 + a3,

f3(x) = 23 + 22 + 3, g1(x) = cos(z1) + cos(2x2) + cos(3x3),

g2(x) = cos(3x1) + cos(2x2) + cos(z3), gs3(x) = cos(2x1) + cos(we) + cos(3x3),
hi(z) = sin(x1) + sin(2x2) + sin(3z3), ha(x) = sin(3z1) + sin(2z2) + sin(xs),
hs(x) = sin(2z1) + sin(x2) + sin(3z3).

In Example 4.1, the computer model includes both multiplicative and additive structures,
which leads to a fair comparison of different multiplicative and additive GP models. In
Figure 2, we show the boxplots of RMSEs for the EzGP, EEzGP, EC, MC, UC, AD_EC,
AD_MC, and AD_UC models over 50 simulations. In each simulation, a 81-run design is
used where three replicates of a 33 full factorial design are adopted for qualitative factors
and a random Latin hypercube design is adopted for quantitative factors. The RMSEs are
computed based on a 1215-run test set consisting of 45 replicates of a 32 full factorial design
for qualitative factors and a random Latin hypercube design for quantitative factors.

Figure 2 clearly shows that the EzGP and EEzGP models perform better than other
models with smaller RMSEs. Here, the EzGP model performs the best, and it has more
parameters than the EEzGP model. For experiments with a relatively small number of quan-
titative and qualitative factors, the EzGP model is usually preferred due to its flexibility.
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Figure 2. The boxplots of RMSEs for different models in Example 4.1.

The median NSE value for the EzGP model here is as high as 0.92, which is analogous to
achieving an R? = 0.92 in linear regression. Thus, the EzGP model fits the data well. It
should be noted that the multiplicative models EC, MC, and UC perform better than the
additive models, AD_EC, AD_MC, and AD_UC here. Thus, the success of the EzGP and
EEzGP methods is not because this simulation setting is in favor of additive models. In this
example, the computer models are of different expressions for the distinct level combinations
of the qualitative factors. The key idea of the proposed models is using the indicator functions
appropriately in the GP covariance function to make the response surface different under the
different level combinations of the qualitative factors. Thus, the superior performances of
the EzGP and EEzGP methods here could be explained by using the meaningful additive
covariance structures via the indicator functions.

Example 4.2. Consider a computer experiment with p = 9 quantitative factors and ¢ = 9

qualitative factors each having 3 levels, and the computer model has the following form:

y= fi(ll)(ml,ﬂﬂz,1?3)9](11)(171,932@3) + fi(f)(m,%,1‘6)9](3)(9347935@6)
+ fi(f) (z7, 28, 339)9](2) (z7,28,9) + fi(ll)(wn s, 339)%2?(?67, T8, T9)
+ fi(j) (x4, x5, xﬁ)h;i) (24, x5, 26) + fi(f) (w1, 22, $3)h;(i) (w1, 22, 23),
where 0 < x; < 1 for v = 1,...,9. Here, the nine qualitative factors 220 cor-
respond to functions fO, f@& fG  ¢M) g2 6B pM) h@ gnd KO, respectively, and
i1,12,13, J1,J2, J3, k1, ko, ks € {1,2,3} are the levels for these nine qualitative factors. We list
functions f, g, and h below:

W (a,b,¢) = a4 plra+l) o plratl),
ggl)(a, b,c) = cos((ra + 1)a) + cos((ry + 1)b) + cos((rs + 1)c),
h(a,b,c) = sin((rs + 1)a) + sin((ro + 1)b) + sin((r1 + 1)c),
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where parameters ry = s+ 1+ 1 (mod 3), ro = s+ 1+ 2 (mod 3), and r3 = s+ 1 (mod 3) for
1=1,2,3 and s =1,2,3.

In Example 4.2, the computer experiment has many factors and very complex computer
models, which is suitable to test an emulator’s prediction power and robustness. In Figure 3,
we display the boxplots of the RMSEs for each model over 50 simulations. In each simulation,
a 243-run design is adopted, where a space-filling 3-level orthogonal array [31] is used for
the qualitative factors and a random Latin hypercube design is used for the quantitative
factors. The RMSEs are computed based on a 1215-run test set consisting of a random 3-level
fractional factorial design for the qualitative factors and a random Latin hypercube design
for the quantitative factors. From Figure 3, we can see that the EEzGP model outperforms
all others in terms of the median RMSE. It is also the most stable model if we look at the
worst case scenario. The median NSE for the EEzGP model is 0.76, which is good in practice.
As illustrated in subsection 3.2, it is not recommended to use the EzGP model for computer
experiments with many factors, and thus we do not include it in our comparisons.

[s2} -
- 7] ' .
° : 3 .
N
- 7 H
w I _
0 - ' ; '
= _ | ' ' ;
xr 4 ' ' ' '
R e R 4
— | '
o | o
o
EEzGP EC mMC uc AD_EC AD_MC AD_UC
Models

Figure 3. The boxplots of RMSEs for different models in Example 4.2.

Example 4.3. This example erxamines the performance of the proposed LEzGP method.
Consider a computer experiment with n = 19,683 runs, p = 9 quantitative factors, and ¢ =9
qualitative factors, each having 3 levels. The computer models are the same as those in
Example 4.2. A 19,683-run design is used with a random Latin hypercube design for the
quantitative factors and a 3° full factorial for the qualitative factors. The RMSEs are computed
based on a test set consisting of m = 100 data points where a random Latin hypercube design
1s used for the quantitative factors and a single random level combination is used for the
qualitative factors. We replicate this simulation 50 times and display the boxplots of RMSFEs
. Figure 4.

For such a computer experiment with a large run-size n, it is difficult to directly apply
existing GP models (EzGP, EEzGP, EC, MC, UC, AD_EC, AD_MC, and AD_UC models).
Thus, the proposed LEzGP method is in a better position for evaluation. For the LEzGP,
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Figure 4. The boxplots of RMSEs for the LEzGP in Example 4.3 and the EEzGP in Example 4.2.

it is straightforward to show that the number of data points in the key subset K is m?[1 —
Z?;al (9)(1/m)*(1 — 1/m)?"] with the tuning parameter n,. We set the tuning parameter
ng = 7 according to the rule of thumb in subsection 3.3, and consequently the LEzGP method
selects a K5 of 163 training data from the overall 19,683 ones. The LEzGP method significantly
reduces the computation and memory space required in model estimation.

In Figure 4, we compare the performance of the LEzGP method with that of the EEzGP
model in Example 4.2, since both examples use the same computer model. From Figure 4, the
LEzGP method can provide more accurate predictions using only 163 training data, compared
with the EEzGP model using 243 training data. The median NSE for the LEzGP method here
is 0.87, larger than that of 0.76 for the EEzGP model. Moreover, the success of the LEzGP
method also provides some justifications on the assumptions of our proposed models: a data
point will not contribute much to the prediction of the target input if it has no same level as
the target in their qualitative parts. Note that when the tuning parameter ng is 5, 6, 7, 8,
or 9 (ns must be an integer), the corresponding training set K will include 2851, 835, 163,
19, and 1 runs, respectively. Clearly, a K with 1 or 19 runs is too small and a K with 2851
runs can be too big for the LEzGP model with 38 parameters in this example. Additional
results have shown that using ns = 6 (with 835 runs) and ns = 7 (with 163 runs) will lead to
very similar performances on predictions. Thus, the rule of thumb ns = 7 is preferred, which
requires much less computation.

5. Real data analysis. In this section, we apply the proposed models to a real computer
experiment with p = 1 quantitative factor and ¢ = 3 qualitative factors. A fully 3D coupled
finite element model has been calibrated and verified by successfully modeling the performance
of a full-scale embankment constructed on soft soil [24]. Figure 4 in [4] illustrates the structure
of this full-scale embankment where subfigure (a) is the finite element mesh and subfigure (b)
is the schematic view of embankment constructed on foundation soil. The finite element
discretization here had 36,802 elements and 69,667 nodes. The average run-time for one case
of this size is approximately 9 hours via a 12-node super-computer at the High Performance
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Figure 5. The boxplots of log( RMSE) for different models.

Table 1
Comparison between methods in terms of log(RMSE).

Mean Median SD
EzGP —-3.026  —3.026  0.0005
EEzGP | —3.025 —3.025 0.0040
AD_UC | —=3.021 —3.021 0.0056

Computing Virtual Laboratory (HPCVL). In this computer experiment, the three qualitative
factors are “embankment construction rate” (z() =1,5,10 m/month), “Young’s modulus of
columns” (2(2) = 50,100,200 MPa), and “reinforcement stiffness” (2(®) = 1578,4800, 8000
kN/m). The single quantitative factor z(!) is the distance from the embankment shoulder
to the embankment center line. The response here is the final embankment crest settlement,
which is an important embankment working indicator. The training set of this computer
experiment has 261 runs. The quantitative factor z(!) takes the 29 values uniformly from the
interval [0, 14]. For each distinct value of M), a 9-run, 3-factor, and 3-level fractional factorial
design is used for the qualitative factors. The test set has 29 runs where z() takes the 29
values uniformly from the interval [0, 14] and (2™, 2(2), 2()) = (5,100, 4800). Note that such
a setting of qualitative factors is not used in the training set.

To evaluate the proposed methods, we compare the EzGP and EEzGP models with the
EC, MC, UC, and AD_UC models as in [4]. We repeat each model estimation 100 times as in
[4]. Figure 5(a) shows the boxplots of log(RMSE) for different models, and it clearly shows
that the EzGP, EEzGP, and AD_UC models perform much better than the EC, MC, and UC
models. Then we further compare the EzGP, EEzGP, and AD_UC models in Figure 5(b) and
Table 1. For the AD_UC method, we exclude outliers in Figure 5(b). From the figure and
table, it is clear that the EzGP model performs the best in terms of both mean and median
log(RMSE), and it is also the most robust one with the smallest standard deviation. Note
that there is only one quantitative factor and three qualitative factors here. For cases with
only a few factors, the EzGP model is usually preferred due to its flexibility. The average NSE
for the EzGP model is 0.77, which is viewed to be high in practice. In the EzGP model, the
estimate of 0(2) appears to be the largest among those for o2, 03, and cr§ in each replication.
This indicates a significant base GP between the output and the quantitative inputs. It makes
practical sense that the distance from the embankment shoulder to the embankment center
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line has significant impact on the final embankment crest settlement [24]. In addition, the
estimate of variance parameter o7 is larger than that of 03 and o3, which suggests that the
embankment construction rate (z(l)) may have stronger impact on the output compared with
the other two qualitative factors.

6. Discussion. In this work, we propose the EzGP model for computer experiments with
both quantitative and qualitative factors, and we develop its two useful variants, EEzGP for
data with many factors and LEzGP for data with many runs. The proposed models have easy-
to-interpret covariance structures and can provide desirable prediction performance. Specif-
ically, the proposed models are suitable for handling complex computer experiments with
quantitative factors and multiple qualitative factors, where the computer models are very
different for the distinct level combinations of the qualitative factors. Note that the proposed
methods quantify the underlying response surfaces of the quantitative factors differently un-
der the different level combinations of the qualitative factors via the additive GP structure.
Hence, it is more flexible in terms of quantifying the variance and correlation structure of
the quantitative factors compared to [21], while it could be a bit more restrictive in terms of
quantifying the correlation of the qualitative factors due to the use of indicator functions.

The current paper focuses on the “first-order” GP components G, (h=1,...,q) in the
EzGP framework, which is analogous to the main-effect under the context of GPs. Further
research can include the “second-order” GP components G ), (h,s =1,...,q and h # s),
which can be viewed as the adjustment by the interaction of z(® and z(*). One can consider
its covariance function as ¢ns((X], zin, 2is) ", (Xr;,zjh,zjs)T) = I(zin = zjn = )1 (2is = zjs =
ls)os exp{— > h_, 91(9751)5 (zik—z;5)?}. However, such an EzGP (or EEzGP) model may contain
too many parameters, and thus may overfit the data in practice.

Here, we would like to remark that the proposed EzGP framework can provide good
interpretations on the importance of qualitative factors via the variance parameters. To get
robust variance parameter estimations and alleviate too complex model structures, one could
add a penalty term of the variance parameters to the likelihood function in the proposed
models. Adding a penalty term for GP modeling is used in the literature [11], and variable
screening for computer experiments with QQ inputs could be another topic of future research.

It will be an interesting investigation to further enhance the LEzGP method. Better
strategies for selecting the tuning parameter ns; need to be investigated. Other methods in
selecting subsets may also be useful in the LEzGP method, e.g., the localization method in
[7]. In addition, one issue of the current LEzGP method is that when there are many different
level combinations of qualitative factors in the target inputs, the model estimation can still
be computationally cumbersome if the goal is to predict the whole response surface. One
possible solution is to arrange the target inputs into a few groups according to their level
combinations, and then apply a more flexible LEzGP method to each of these groups.

Good experimental designs usually have significant impacts on both computer and physical
experiments [6, 26, 29]. For the standard GP models, space-filling designs are usually preferred
[30, 16, 28]. The marginally coupled designs were proposed for computer experiments with
QQ inputs [3], but their run and factor sizes are not flexible. Construction of good designs
having flexible sizes for QQ inputs remains a challenging problem.
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Appendix A. Proofs for theoretical results.

Proof of Lemma 3.4. By Lemma 3.2, we have

q mp

Cov(y) = ($(Wi, Wj)nxn = Ao+ D > (Bu, Bl ) 0 Apy,.
h=11,=1

Since Ay = (03 R(Xi,%;|00))nxn and Ay, = (U%R(Xi,ijl(:)))an with the Gaussian cor-
relation function R(-|@), it is straightforward that matrices Ay and Ay, (h =1,...,q and
ln = 1,...,my) are all positive semidefinite [23]. By definition, it is clear that matrices
BhlhBZlh (h =1,...,q and I, = 1,...,my) are also positive semidefinite. According to
Theorem 7.5.3 in [9], we have the following result.

Lemma A.1 (Schur Product Theorem). Let A and B be n xn positive semidefinite matrices;
their Schur product A o B is positive semidefinite.

By Lemma A.1, all (BhlhBrfllh) o Ay, are positive semidefinite. As the sum of positive
semidefinite matrices is still positive semidefinite, the covariance matrix Cov(y) is positive
semidefinite. |

Proof of Lemma 3.5. In the EzGP model with the covariance function in (3.6), the co-
variance matrix of y can be written as Cov(y) = (¢(Wi, W;))nxn = o+ ®1+... + Py, where
@) = (03 R(xi,%j]00))nxn with the Gaussian correlation function R(-|@) being positive semi-
definite. Let z(") be the nx 1 column vector of the hth qualitative factor. There exists an nxn
permutation matrix P such that Pz is the sorted vector (1,...,1,2,...,2,mp,...,mp)".
Let ®; be the covariance matrix corresponding to the permuted data by P, and ®; = P®,P".
By (3.5), we have ¢y ((xi, zin), (X, zjh)|®(h)) = 0 when z;;, # z;p,, and thus ®; is block diag-
onal, where

B

For I = 1,...,my, let n; be the number of level I in z(); Bl(h) = (J%R(xi,xjwl(h)))mxnl and
R(x;,x; ]0l(h)) = exp{—> 1_; 9,2];) (zik—x;1)?}, which is a Gaussian correlation function. Thus,
Bl(h) is positive semidefinite for [ = 1,...,my, and then ®; is positive semidefinite. Since

» = P®,P", it is straightforward to prove that ®;, is also positive semidefinite. If there
exists an h (h = 1,...,q) such that x; # x; whenever z;;, = zj;,, all diagonal matrices Bl(h)
(I =1,...,mp) in ®; are positive definite, and thus ®; and then ®; are positive definite.
Finally, we have ® = ®q + ®1 + - - - + ®, is positive definite. |
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Appendix B. Expressions of likelihoods and analytical gradients. Under the notation in
section 3, the likelihood is

1 1 _
(B.1) L= WGXP <—2(y —pl,)" @ (y - Mln)> ;

where the covariance matrix ® depends on the parameters o2 and ®. Writing the first-order
conditions results in analytical expressions for i as a function of o2 and @:

i=1"® 1) 1Ty,

Therefore maximizing the likelihood in (B.1) is equivalent to maximizing the “concentrated”
log-likelihood obtained by plugging in the expression of y (over the parameters o2 and ©):

~21(0?,©) = nlog(2r) + log|®| + (y — )" & (y — fi.

For any parameters inside ®, the expression of the analytical gradient given i is

ol — *18(1) AT 716‘1’ -1 ~
—23.—U<‘1’ a.)—(y—ﬂ) e S e v-n)
Specifically, for the EzGP model with the covariance function in (3.6), for any i,7 = 1,...,n,
we have ,
0P
o2 (eXp {_ >0 (i ijk)2}> ,
0 k=1 nxn
od Lh L.
do2 - Z I(zin = zjn = lp)exp{— Zeklh(iﬂik - $jk)2} fori=1,...,q,
o =t k=1 nxn
o2 > 2 ~ (0) )
0 — —0(Tik — Tjk-) eXP{—ZQk (zik — k)" } ;
aek* k=1 nxn

0P P .
20 <—Uf21* (ke — zjk+) exp {_ > O (i - fﬂjk)Z} I(zine = 2jhe = lZ))
8916*1;; k=1 nxn

The above expressions of likelihoods and analytical gradients also apply to the EEzGP model,
since it is a special case of the EzGP model.
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