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Abstract

In this study, we propose a novel multi-
objective Bayesian optimization (MOBO)
method to efficiently identify the Pareto front
(PF) defined by risk measures for black-
box functions under the presence of input
uncertainty (IU). Existing BO methods for
Pareto optimization in the presence of TU
are risk-specific or without theoretical guar-
antees, whereas our proposed method ad-
dresses general risk measures and has the-
oretical guarantees. The basic idea of the
proposed method is to assume a Gaussian
process (GP) model for the black-box func-
tion and to construct high-probability bound-
ing boxes for the risk measures using the
GP model. Furthermore, in order to reduce
the uncertainty of non-dominated bounding
boxes, we propose a method of selecting the
next evaluation point using a maximin dis-
tance defined by the maximum value of a
quasi distance based on bounding boxes. As
theoretical analysis, we prove that the algo-
rithm can return an arbitrary-accurate solu-
tion in a finite number of iterations with high
probability, for various risk measures such
as Bayes risk, worst-case risk, and value-at-
risk. We also give a theoretical analysis that
takes into account approximation errors be-
cause there exist non-negligible approxima-
tion errors (e.g., finite approximation of PFs
and sampling-based approximation of bound-
ing boxes) in practice. We confirm that the
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proposed method performs as well or better
than existing methods not only in the setting
with TU but also in the setting of ordinary
MOBO through numerical experiments.

1 INTRODUCTION

In this study, we treat a multi-objective Pareto op-
timization problem under input uncertainty (IU). In
many real-world applications such as engineering, in-
dustry and computer simulations, it is often desired
to simultaneously optimize an expensive-to-evaluate
multi-objective black-box function. Because there is
typically no point at which all functions are simul-
taneously optimal, the multi-objective optimization
problem is often formulated as a Pareto optimiza-
tion problem to identify the Pareto front (PF). The
black-box functions actually handled often have IU.
Our motivating example in this study is an expensive-
to-evaluate docking simulation for real-world chemi-
cal compounds. The purpose of this simulation is to
evaluate the inhibitory performance of candidate com-
pounds on specific sites of some target protein. Be-
cause each compound has uncertain isomers, this sim-
ulation is expressed as the Pareto optimization prob-
lem under IU.

We consider a multi-objective black-box function op-
timization problem with M objective functions under
IU with m € {1,2,..., M}. Let f")(z,w) be the m-
th objective function, where x € X and w € Q are
called design variables and environmental variables,
respectively. The variable  is an input that can be
completely controlled, whereas w is a random variable
that cannot be controlled and follows some probability
distribution. When considering a Pareto optimization
problem in the presence of IU, it is necessary to con-
sider optimization by taking into account the uncer-
tainty of w that cannot be controlled. A risk measure
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Table 1: Characteristics of the proposed method and the representative existing methods

Proposed | SABBa | BQ | MVA | MOBO without TU
IU setting Yes Yes Yes | Yes No
General risk setting Yes Yes No No No
Theoretical guarantees Yes No No | Yes Yes/No
Approximation error setting Yes No No No No

is the widely used function that is determined based on
only x while considering the uncertainty of w. Various
risk measures, for example, Bayes risk, worst-case risk
and value-at-risk, are used depending on the problem.
Given a risk measure F("™) (z) = p™) (f(™) (2, w)), the
problem that we treat in this study is formulated as

maximize (FM(z),..., FM () st.z e X. (1)

Bayesian optimization (BO) (Shahriari et al., 2015)
using Gaussian processes (GPs) (Rasmussen and
Williams, 2005) is a powerful tool for optimizing black-
box functions. Many BO methods have been proposed
for both single-objective and multi-objective black-
box functions without IU. In contrast, designing BO
methods for risk measures under the presence of 1U
is challenging. This is because risk measures cannot
be observed directly and do not generally follow GPs
even if black-box functions follow GPs. The main
way to solve this problem is to design a predicted re-
gion that may contain a black-box function, then com-
pute the risk measure on the region and use the lower
and upper bounds of this to construct a predicted in-
terval for the risk measure (Nguyen et al., 2021b,a;
Kirschner et al., 2020). As an exception, special
risk measures such as Bayes risk are known to follow
GP in practice, allowing Bayesian quadrature (BQ)-
based inference (Beland and Nair, 2017). Recently,
multi-objective Bayesian optimization (MOBO) meth-
ods under TU have been proposed, which apply the
BQ-based or predicted interval-based method (Qing
et al., 2023; Iwazaki et al., 2021b; Rivier and Congedo,
2022). However, the BQ-based method proposed by
Qing et al. (2023) and Mean-variance-analysis (MVA)-
based method proposed by Iwazaki et al. (2021b) can
only be applied to specific risk measures. On the other
hand, the surrogate-assisted bounding-box approach
(SABBa) proposed by Rivier and Congedo (2022) can
be applied to general risk measures, but this method
has no theoretical guarantees for constructing credible
intervals (CIs) and is consequently a heuristic.

In this study, we propose a novel MOBO method based
on high-probability bounding boxes (HPBBs) for risk
measures using GP surrogate models, which solves
the above problem. The basic idea of the proposed
method is to design a high-probability credible region

(HPCR) that contains a black-box function with high
probability. We use the fact that many risk measures
can be expressed as a composite of a tractable func-
tion and some monotonic function, and construct high-
probability CIs (HPCIs) of risk measures as a transfor-
mation of the lower and upper bounds of the tractable
function. We also propose a method for computing a
sampling-based CI of risk measures on the HPCR. Fur-
thermore, we provide theoretical guarantees for these
two methods in the case with/without various approx-
imation errors that may occur in the practical compu-
tation. Through these results, we can propose a the-
oretically guaranteed MOBO methods for general risk
measures. The characteristics of the proposed method
and the representative existing methods are given in
Table 1. Our contributions can be summarized as fol-
lows:

o We develop a general method for designing HPBB
that can be applied to various risk measures.

e We propose a novel acquisition function (AF) for
MOBO under IU, which effectively incorporates
the quantified uncertainty of Pareto optimal solu-
tions using HPBB.

e We provide theoretical guarantees of accuracy and
termination based on HPBB and the proposed
AF, as well as a theoretical error analysis that ac-
counts for various types of approximation errors
that can occur in the practical computation.

Related Work In the optimization of expensive-
to-evaluate black-box functions, BO has gained pop-
ularity and has been the subject of active research.
A variety of AFs for BO and MOBO settings have
been introduced (Mockus, 1975; Srinivas et al., 2010;
Wang and Jegelka, 2017; Emmerich and Klinkenberg,
2008; Svenson and Santner, 2010; Zuluaga et al., 2016;
Knowles, 2006; Suzuki et al., 2020). Moreover, multi-
objective optimization has also been extensively stud-
ied in the evolutionary computation community (Deb
et al., 2002). However, methodologies based on evo-
lutionary computation often necessitate several thou-
sand to tens of thousands of function evaluations (Deb
and Gupta, 2005; Zhou et al., 2018), which can be pro-
hibitively costly.
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Studies on Pareto optimization under IU have also
been gradually proposed in recent years, mainly in the
development of BO methods to efficiently identify the
PF defined by risk measures. Considered risk mea-
sures are, for example, Bayes risk (Qing et al., 2023),
mean and negative standard deviation (Iwazaki et al.,
2021b), and general risk measures (Rivier and Con-
gedo, 2022). However, as mentioned earlier, these are
methods that risk-specific or without theoretical guar-
antees. A BO method for a multivariate value-at-risk
(MVaR) has also been proposed (Daulton et al., 2022).
This method is similar to other MOBO methods, but
is very different in essence. In general, in Pareto opti-
mization, the PF is defined as the boundary defined by
the points satisfying Pareto optimality, i.e., the points
define the PF. On the other hand, MVaR is itself a
PF, and the PF considered in Daulton et al. (2022) is
defined as the boundary of the union of MVaR. There-
fore, in Daulton et al. (2022), although the problem
setup is Pareto optimization, the final PF is defined
by PFs (MVaR). Thus, we only introduce it here be-
cause it differs from Pareto optimization in the essen-
tial point.

2 PRELIMINARY

Let f(™ : X x Q@ — R be an expensive-to-evaluate
black-box function, where m € {1,2,...,M} = [M].
Assume that the set of design variables X and set of
environmental variables {2 are compact and convex.
For each (z,w) € X x Q, ") (z,w) is observed with
noise as 3™ = f")(x, w) + ™), where £(™ fol-
lows normal distribution with mean 0 and variance
2., and the sequence of noises (sgm))ieN’me[M] is in-
dependent. In this study, w € € follows some dis-
tribution P,, and (Egm))ieN,me[M] and (w;);en are
mutually independent. In the BO framework in-
cluding environment variables, two different settings
for w exist called the simulator setting and the un-
controllable setting (Kirschner et al., 2020; Iwazaki
et al., 2021b; Inatsu et al., 2022). In the simula-
tor setting, w is fully controllable during optimiza-
tion, whereas in the uncontrollable setting, w is not
controllable even during optimization. In the main
body, only the simulator setting is treated, and the un-
controllable setting is discussed in Appendix A. Let
P (f0) (2, w)) = F™(x) be a risk measure. For
example, the widely used Bayes and worst-case risks
are given by F(™ (x) = E[f(™) (x, w)] and F("™ (x) =
inf,eq ™) (x, w), respectively, where the expecta-
tion is taken with respect to w. The purpose of
this study is to efficiently identify the PF defined
based on F(™)(x). For any x € X and E C X, let
F(x) = (FO(x),...,FM)(z)) and F(E) = {F(z) |
x € E}. Then, for any B C RM, the dominated

region Dom(B) and PF Par(B) of B are defined as
Dom(B) = {s € RM |7 s/ € Bst. s < s'} and
Par(B) = 9(Dom(B)). Here, for any vector a =
(ai,...,ap), b= (b1,...,bpr) ERM and set C,a <b
represents a,, < by, for any m € [M], and 0(C) rep-
resents the boundary of C. Let Z* be our target PF.
Then, Z* can be expressed as Z* = Par(F(X)). Note
that although we nominally use the term “risk mea-
sure” for F("™)(x), we are requesting only the property
that F(™)(z) is a function based on only 2 by remov-
ing the uncertainty of w from f(™(z,w). That is,
it allows for both functions that should be minimized
and maximized. Since the minimization problem is
equivalent to the maximization problem by multiply-
ing minus one, it is formulated in a unified manner as
a maximization problem in this study, as in (1).

We introduce a regularity assumption for f(™). For
each m € [M], let k(™ : (X x Q) x (X x Q) — R be a
positive-definite kernel, where k(™ ((z, w), (x, w)) <
1 for any (x,w) € X x Q. Also let H(k(™)) be a repro-
ducing kernel Hilbert space corresponding to k(™). We
assume that f(™) is the element of H(k("™) and has
the bounded Hilbert norm Hf(m)Hﬂ(kUm) < B, < oo.

In this study, we use a GP model for the
black-box function f(™). We assume the GP
GP(0, k™ ((z, w), (x',w'))) as the prior of f(™). For
m € [M], given a dataset {(:ci,'wi,ygm)) t_,, where
t is the number of queried instances, the posterior of

f(™) is a GP. Then, its posterior mean ugm)(m, w) and

. . m)2
posterior variance Jt( ) (x, w) can be calculated ana-

lytically (Rasmussen and Williams, 2005).

3 PROPOSED METHOD

In this section, we propose a BO method to efficiently
identify Z*. 1In Section 3.1, we provide a method
for computing the CI of F(™)(z) using the CI of
™) (x,w). We also give a bounding box for F(z),
which is the direct product of Cls.

3.1 Credible Interval and Bounding Box

For each input (z,w) € X x Q and ¢t > 1, the
(m

CI of f(™(x,w) is denoted by QEL ))(ac,w) =

(F™)

[lif;nj)(w,w),ut_l (w,w)],( V;lhere lif(lm’))(@w) and
ugfl )(w,w) are given by(l%fl )(w,w) :uginz(:c,w)—
Bzt (@, w) and ull (@, w) = p")(@,w) +
6,1,1/’%0,@1)(3:,10). Here, B;ﬁ/ > 0 is a user-

specified tradeoff parameter. If we set 6;1/% appro-

priately, QE{(:L))(Q'_:7’w) becomes a HPCI which con-
tains f(™)(z, w) with high probability (details are de-



Bounding Box-based Multi-objective Bayesian Optimization of Risk Measures under Input Uncertainty

scribed in Section 4). For @ € X, ¢ > 1 and m € [M],
we define the set of functions GgT; () = {g(z,w) |”
(m) (m)
w € Q,g(x,w) € ngl )(w,w)}. Let lejl )(a:) =
[1cb§£ni (w),quET’% (x)] be a CI of F(™)(z). Also let
(F(l)) (F(M))
Bii(x)=Q,_; '(x) x---xQ;_; ’(x) be a bound-
ing box of F(x). Then, when ng(lw)(w,w) is HPCI
for all m € [M],t > 1, € X and w € , a sufficient

condition for Qg(lm))(w) to also be HPCI is given as
follows:

Yg(z,w) € G (),

1eb{™) () < p™ (g(x, w)) < ucb{™) (). 2

If (2) holds, then B;_i(x) is also a HPBB. Next,
we provide computation methods for lch’_ni (z) and
ucbng (x). First, we provide a generalized method for
1cb{™ () and uch!™ (z) to satisfy (2). The leb{™) ()
and ucbfff(az) by the generalized method are calcu-
lated with lcb{™) () = inf

and uchb!™ (z) SUD, (1) O™ () P (g(z, w)).
We emphasize that although the condition (2) holds
by using the generalized method, the inf and sup
calculations in the generalized method are not always
easy. Therefore, in this study, we give additional two

g(z,w)eG™ (z) Pl (g(z, w))

computation methods for lchTi (x) and ucbgini (x), (i)
decomposition method and (ii) sampling method. In
the decomposition method, 1cb§Ti () and ucbgiq(:c)
in (2) are calculated directly. Let p(-) be a risk
measure. In many cases, p(-) can be decomposed as
p(-) = poh(-), where p(-) and h(-) are respectively
monotonic and tractable functions. The basic idea of
the decomposition method is to compute the infimum
and supremum of h(g(x,w)) on G\™ (z), and then to
compute lcb{™)(x) and ucb{™)(x) by taking j(-) to
these. Calculated values for several risk measures are
given in Appendix A. Note that many widely used
risk measures such as the Bayes risk, value-at-risk
and standard deviation can be calculated by the

decomposition method. In the sampling method, we
(m)

generate S sample paths fl(m)(a:,w),..., 5 (x,w)
of ) (2, w) independently from the
GP  posterior and compute lchT;(w) =
MR (5 0™ (a,0) €G ™) () P (f;™ (2, w)) and

m
uebi"}(x) = A% (5),10™ (@) €G™ () P
However, in all cases of generalized, decomposition
and sampling methods, there is a case that (2) is not
satisfied due to approximation errors that may occur
in practice, e.g., approximation errors in the expected
value computation or insufficient approximation due
to a small number of sample paths. These problems

M (F™) (@, w)).

are discussed in Section 4.

3.2 Pareto Front Estimation

For any input « € & and subset £ C X,
we define LCB_1(x) = (Icb\" (), ...,1cb™) (),
UCB,_i(z) = (ucb(@),...,uchb™ (x)) and
LCB;_1(FE) = {LCB;_i(x) | * € E}. The esti-
mated Pareto solution set fIt_l C X for the design
variables is then defined as follows: II,_; = {z €
X | LCB;_1(xz) € Par(LCB;_1(X))}. Figure 1
(a) shows a conceptual diagram of LCB;_;(x) and
UCB;_1(x), and (b) shows a conceptual diagram of
Par(LCB,_;(X)) and II,_;. Here, in order to actually
compute I, 1, we need to compute the PF defined by
LCB;_1(x). However, if X is an infinite set, then I,
may also be an infinite set. In this case, since the exact
calculation of ﬁt—l is difficult, it is necessary to make
a finite approximation using an approximation solver
such as NSGA-IT (Deb et al., 2002). The effects on
this finite approximation are discussed in Section 4.

3.3 Acquisition Function

We propose an AF for determining the next point
to be evaluated. First, for each point a € R™
and subset B C R™, we denote the quasi dis-
tance between them as dist(a, B) = mingep do(a, b),
where do(a,b) denotes the metric function given
by doo(a,b) = max{|as — b1|,...,|am — bm|}. Us-
ing this, we define AF agx)(m) for * € X as
o\ (z) = dist(UCB,(z), Dom(LCB,(11;))). Then,

the next design variable, x;;;, to be evalu-

ated is selected by x,11 = argmax,y aEX)(w).
Hence, the value of agx)(a:tﬂ) is equal to

the following maximin distance: agx)(wtﬂ) =
maXgex Milye oy 1L,oB, (1) doo (UCB(x),b). Fig-
ure 1 (c) shows a conceptual diagram of the AF
aEX)(a;). The value of agx)(:c) can be computed ana-
lytically using the following lemma when 1II; is finite:
Lemma 3.1. Let UCBy(xz) = (u1,...,upn) and
LCB,(IL,) = {(\”,....1%)y | 1 < i < k}. Then,

aEX) (z) can be computed by a,EX) (x) = max{a;(x), 0},
where a;(x) = ming <;<x max{u; — lll), UM — lg\?}

The proposed AF is based on the bounding box as well
as existing bounding box-based AFs (Iwazaki et al.,
2021b; Zuluaga et al., 2016; Belakaria et al., 2020), but
differs in the following points. Most of the existing
methods focus only on reducing the size of the non-
dominated bounding box ! (e.g., diagonal length and

'The bounding box Bi(z)
Dom(LCB;(I1;)).

with UCB(xz) ¢
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(a) FO@) % (b) F@(x)

A xZ x3 4

X5

(c) F®(x)

-

Figure 1: Conceptual diagrams of LCB;(x), UCB;(x), Par(LCB(X)), II; and AFs for seven input points
xi,...,2x7. At each point @ in the left figure (a), LCB;(x) and UCB; () indicate the lower left point and the
upper right point of the dashed rectangular region, respectively. In (b), the PF (red line) computed using each
LCB,(z) is Par(LCB,(X)), and because it is constructed by LCBy(z1), LCBy(x2), LCBy(x3), LCB,(x,), I,
is given by II; = {x1, @2, 3, x4}. In (c), the light red region indicates Dom(LCBy(Il;)), the region dominated

by the red points (LCBy(II;)), and a,EX)

(x) is the closeness between the light red region and UCB;(x) (purple

point). The furthest point is represented by the purple triangle, UCB,(x7). Thus, the next design variable to

be evaluated is x7.

hypervolume), and therefore do not aim to improve
the estimated PF (size-based AFs choose z5 in Fig. 1,
but the room for improvement is small). Hence, these
AFs focus on exploration. In contrast, the proposed
AF focuses on the non-dominated bounding box with
the largest maximin distance to the estimated PF. In
this sense, the proposed AF focuses on exploration,
but also exploitation.

Next, we consider the choice of the environment vari-
able wyy1. The variable w41 should be determined
based on the uncertainty of the chosen bounding box
Bi(xi41). We define the uncertainty of By(xi+1) by
the maximum length of each edge |[UCB;(wsy1) —
LCB¢(#t+1)]lco- In many risk measures including
Bayes risk, the following inequality holds:

|[UCB(i+1) — LCB(2i41)|loc < ¢(Cit1),  (3)

where ¢(-) : [0,00) — [0,00) is a strictly increasing
function defined by risk measures and satisfies ¢(0) =

M 1/2
0, and (41 = MaXwen D,y 26m/,t+10£m)(wt+law)-

Then, we choose w1 based on (3). The next envi-
ronmental variable, w;11, to be evaluated is selected
b _ () h () _
Y Wi41 = argmaX,co¢;  (w), where a; (w) =

M 1/2
Zm:l 26n1/,t+10t(m) (411, w).
3.4 Stopping Condition

We describe the stopping conditions of the proposed
algorithm. From Fig. 1 (c), AF agx)(:v) represents
the closeness of the pessimistic PF and the optimistic
predictive value of F'(x). That is, if this value is suf-

ficiently small, there is little room for improvement in
the PF'; therefore, it is reasonable to use it as the stop-
ping condition. Let € > 0 be a predetermined desired
accuracy parameter. Then the algorithm is terminated
if a,EX) (xi41) < € is satisfied. The pseudocode of the
proposed algorithm is described in Algorithm 1.

4 THEORETICAL ANALYSIS

In this section, we give the theorems for the ac-
curacy and termination of the proposed algorithm.
The details of the proofs are presented in Ap-
pendix B.  First, we quantify the goodness of
the estimated II,. If II, is a good estimate, the
following two indicators defined by II, should be
small: It(z) = maXyecz- dist(y, Par(F(IL,))), It(”) =
max, c g,y dist(y, Z*). Here, It(l) and It(”) have sim-
ilar meanings as recall and precision in the classifica-
tion problem, respectively. For example, if I1; is esti-
mated as ﬂt =X, f[t contains all of true Pareto opti-
mal design variables. In this case, since Par(F (1)) =
Par(F (X)) = Z*, It(z) = 0. Similarly, when I, is es-
timated as IT, = {x*}, where a7 is one of true Pareto
optimal design variables, ﬁt does not have unneces-
sary points, and It(”) = 0. As with recall and preci-
sion in ordinary classification problems, over (under)-
estimation makes It(“) (It(i)) larger. For this reason, we
define the inference discrepancy Iy = max{[t(i)Jt(m}
for f[t as the goodness measure. Next, in order to
show the theoretical validity of the proposed algo-
rithm, we introduce the maximum information gain



Bounding Box-based Multi-objective Bayesian Optimization of Risk Measures under Input Uncertainty

Algorithm 1 Bounding box-based MOBO of general
risk measures
Require: GP priors GP(0, kz(m)), tradeoff parameters
{Bm,t}t>0, m € [M], accuracy parameter € > 0
for t=0,1,2,... do
Compute ng(m})(a:,'w) for each (z,w) € X x
Compute QEF(M))(aS) for each & € X by the gen-
eralized, decomposition or sampling method
(F) (FMD)
Compute Bi(z) = Q; () x -+ x @Q ( )
for each x € X
Estimate II; by By(z)
Select the next evaluation point ;11 by aEX) (x)

if a,EX) (zt11) < € then
break
end if
Select the next evaluation point w1 by agm (w)

Observe yffl) = ) (zyy1,wip1) + EET{ at the

point (x;y1, weqq) for all m € [M]
Update GPs by adding observed points
end for
Ensure: Return I, as the estimated set of design
variables

mﬁm). This indicator is frequently used in theoretical

analysis in the context of GP-based BOs and can be ex-

pressed as Ii(m) =27 max (g, w,),...,(@ ) 10g det (I +

;L2Kt(m)), where I; is the ¢ x t identity matrix, and
I~{t(m) is the ¢ x ¢t matrix whose (j, k)-th element is
k) ((2;,%;), (Zx,wy,)). It is known that the order
of /@Em) with respect to commonly used kernels such as
linear, Gaussian and Matérn kernels is sublinear under

mild conditions (see, e.g., Theorem 5 in Srinivas et al.
(2010)). Then, the following theorem holds:

Lemma 4.1 (Theorem 3.11 in Abbasi-Yadkori
(2013)). Suppose that the regularity assumption
holds. Let 6 € (0,1), and define 83 = B+ (2(ry™ +
log(M/6)))*/2. Then, with probability at least 1 — &,
the following inequality holds for any ¢t > 1, m € [M]

and (z,w) € X x QO |f(™(x,w) — ,ug 1)(33 w)| <
Bl 21 ().

Using this, we give the following theorems for the in-
ference discrepancy, stopping condition and ¢(a):

Theorem 4.1. Suppose that the assumption of
Lemma 4.1 and the inequality ( ) hold. Let ¢ > 0,

m € [M], § € (0,1), and let Bmt+1 be defined as in
Lemma 4.1. In addition, let € > 0 be a predetermined
desired accuracy parameter. Then, with probability at
least 1—4¢, the inequality I; < aEX) (t41) holds for any
t > 0 and x441. Therefore, if the stopping condition

satisfies at T iterations, the inference discrepancy Ip

satisfies It < € with probability at least 1 — 4.

Theorem 4.2. Suppose that the assumption in The-
orem 4.1 holds. Let ¢ : [0,00) — [0,00) be a strictly
increasing function satisfying ¢(0) = 0 and (3). Also
let s; = (XM, C’mﬂm,tﬂngrf)l/z(t +1)"Y2 where
Cm = 8M(log(1l + ,2))~. Then, the inequality
agx)(wﬂl) < q(s¢) holds for any ¢ > 0 and some f < t.
Therefore, the algorithm terminates after at most T
iterations, where T is the smallest positive integer sat-
isfying q(sr) <e.

Theorem 4.3. Suppose that the assumption in The-
orem 4.1 holds. Also assume that there exist strictly
increasing functions ¢™) : [0,00) — [0,00) satisfy-
ing ¢(™(0) = 0 and \ucbgm)(a:tﬂ) - lcbgm)(wt+1)| <
q"™(3,) for any t > 0, m € [M], and x;,; € X,

where §; = maxyeq 2ﬁ;/i+1a§m)(mt+1,w). Then,
q(a) = maxpe ¢ (a) is the strictly increasing

function and satisfies ¢(0) = 0 and (3).

Specific forms of ¢™) (a) for commonly used risk mea-
sures are described in Appendix A.

4.1 Theoretical Error Analysis

In this subsection, we give an extension of Theorem
4.1 and 4.2 when approximation errors are included
in the algorithm. In practice, the algorithm includes
the following approximation errors: (i) Errors in

the computation of lcb(m)( ), ucb(m)( ), (ii) errors

in computing II,_; due to the finite approximation
of the estimated PF, and (iii) computational errors
in maximizing the AFs agi(i(a:) and aEQ) (w). Let
€lcbs €uch, EPF, €x, €q De non-negative error parameters
that represent the errors in these approximations,
respectively. We consider the case that the following

four error inequalities hold for any ¢t > 0, m € [M],
T, T4 € X, wipg € Q and g(x,w) € Ggm)(w):
lcbgm)(a:) — aep < p™(g(x,w)) < ucbgm)(a:) + €uchb
; max,cp. o, ) dst(y, Par(LCB (X)) <

X X
epp ; maxgeral (@) — al (@) < ens

MaXqyen aﬁ") (w) — agﬂ) (wir1) < €q. These in-
equalities imply that the difference between the
desired and actual calculated values is less than the
error parameter. In this case, a desirable property
is that these error parameters simply add to the
inequalities in Theorem 4.1 and 4.2. Here, we must
emphasize that it is not obvious whether the above is
true or not. This is because the inference discrepancy
is defined by the combination of operations such as
the computation of bounding box and the estimation
of f[t,l, and it is not obvious how the approximation
error affects the inequality. The next theorem shows
how these approximation errors affect the inequalities:
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Theorem 4.4. Suppose that the assumption in
Lemma 4.1 holds. Let t > 0, m € [M], § € (0,1),
and let Biﬁ 41 be defined as in Lemma 4.1. In addi-
tion, let € > 0 be a predetermined desired accuracy
parameter. Moreover, let €y, €uch, €PF, €x, € be non-
negative error parameters satisfying the error inequali-
ties. Then, with probability at least 1 — 9, the inequal-
ity I < aEX) (T11) + €cb + €uch + €x holds for any
t > 0 and @x;y1. Therefore, if the stopping condition
satisfies at T iterations, the inference discrepancy It
satisfies I < € + €1cp + €uch + €x with probability at
least 1 — 6.

Theorem 4.5. Suppose that the assumption in The-
orem 4.4 holds. Let ¢ : [0,00) — [0,00) be a strictly
increasing function satisfying ¢(0) = 0 and (3). Then,
the inequality aEX)(wEH) < epr + q(eq + s¢) holds for
any t > 0 and some t < t, where C,, and s; are given
by Theorem 4.2. Therefore, the algorithm terminates
after at most T iterations, where T is the smallest pos-
itive integer satisfying epr + q(eq + s7) < e.

Note that for Theorem 4.5, the integer T satisfying
the theorem’s last inequality does not always exist.
However, the left hand side in this inequality is merely

an upper bound of agx) (7,,). Thus, in some cases

the actual value of aEX)(a:iH) satisfies aEX)(:B,gH) <e

and the stopping condition is satisfied.

5 NUMERICAL EXPERIMENTS

In this section, we confirm the performance of the
proposed method using synthetic functions and real-
world docking simulations. For all experiments, we
used Gaussian kernels and GP models. Experimen-
tal details and additional experiments are described in
Appendix C.

5.1 Synthetic Function

We confirm the performance of the proposed method
through synthetic functions. Although the proposed
method is constructed under the presence of IU, the al-
gorithm itself can be applied even when there is no IU.
Therefore, in the synthetic function experiments, we
compared the proposed method with existing MOBO
methods without (with) IU.

In the experiments under no IU, the input space X
was a set of grid points divided into [—5,5] x [—5, 5]
equally spaced at 50 x 50. For black-box functions,
we used Booth, Matyas, Himmelblau’s and McCormic
benchmark functions. We performed a two-objective
optimization using the first two and a four-objective
optimization using all four. As evaluation indicators,
we used the simple Pareto hypervolume (PHV) re-

gret, which is a commonly used indicator in the con-
text of MOBOs, and inference discrepancy. As AFs,
we considered the random sampling (Random), uncer-
tainty sampling (US), EHVI (Emmerich and Klinken-
berg, 2008), EMmI (Svenson and Santner, 2010), ePAL
(Zuluaga et al., 2016), ParEGO (Knowles, 2006),
PFES (Suzuki et al., 2020) and proposed AF (Pro-
posed). We also compared the commonly used evo-
lutionary computation-based method NSGA-II (Deb
et al., 2002). Under this setup, one initial point was
taken at random and the algorithm was run until the
number of iterations reached 300. This simulation re-
peated 100 times and the average simple PHV regret
and inference discrepancy at each iteration were calcu-
lated. From the top of Fig. 2, it can be confirmed that
the performance at the end of 300 iterations is com-
parable or better than the existing methods except for
the simple PHV regret in the four-objective setting. In
particular, the proposed method significantly outper-
forms other methods for inference discrepancy in the
four-objective setting after about 180 iterations.

In the experiment under IU, the input space X x 2
was a compact subset, and we considered infinite and
finite set settings. We set X x Q = [0.25,0.75] x
[-0.25,0.25] in the infinite set setting. In the finite
setting, X x Q was a set of grid points divided into
[-1,1]® x [~1,1]? equally spaced at 73 x 73 = 117649.
The black-box function in the infinite setting was used
the ZDT1 benchmark function ZDT1(a) € R? with a
two-dimensional input a, and the environmental vari-
able w was used as the input noise for . Thus,
our considered black-box function was defined by
ZDT1(x+w). We assumed w was the uniform distri-
bution on Q and used the Bayes risk E[ZDT1(x+w)].
On the other hand, the black-box function in the finite
setting was used the six-dimensional Rosenbrock func-
tion f(wy,ws, 1,22, 23, w3) € R. We assume that w
was a discretized normal distribution on Q. As risk
measures, we used the expectation and negative stan-
dard deviation. As comparison methods, we consid-
ered the BQ-based method (Qing et al., 2023), MVA-
based method (Iwazaki et al., 2021b) and SABBa-
based method (Rivier and Congedo, 2022). Further-
more, four naive methods, Naive-random, Naive-US,
Naive-EMmI and Naive-ePAL, were used for compari-
son. In the naive methods, w was generated five times
from the same @ in one iteration ¢, and the sample
mean and the negative square root of the sample vari-
ance of the black-box function values were calculated.
By using @ and these values, the experiments in naive
four methods were performed as a usual MOBO. The
name after “Naive-” means the name of the used AF.
We used the inference discrepancy as the evaluation in-
dicator. Under this setup, one initial point was taken
at random and the algorithm was run until the num-
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Figure 2: Comparison with MOBO methods. Solid (and dashed) lines are averages of the evaluation measures
(simple PHV regret and inference discrepancy) for each iteration in 100, 920 or 429 trials. Each error bar length
represents the six times the standard error. In the top row, the left two columns represent the two-objective
setup and the right two columns represent the four-objective setup. In the bottom row, the left two columns
respectively represent the ZDT1 and six-dimensional Rosenbrock setups in the synthetic experiment, and the
right two columns respectively represent WC and WCBR setups in the real-world docking simulation.

ber of iterations reached 150 and 500. This simulation
repeated 100 times and the average inference discrep-
ancy at each iteration were calculated. From the bot-
tom of Fig. 2, it can be confirmed that the proposed
method achieves the same or better performance as
the existing methods. In particular, the results are
comparable to those of BQ, which is a limited method
applicable only to the Bayes risk case.

5.2 Real-world Docking Simulation

In this subsection, we applied the proposed method
to docking simulations for real-world chemical com-
pounds. The purpose of this simulation is to eval-
uate the inhibitory performance of candidate com-
pounds on two specific sites of the target protein
“KAT1”, the structure of this protein is available at
https://pdbj.org/mine/summary/6vix, and to enu-
merate the Pareto optimal compounds in the presence
of structural uncertainty (isomers). We used the soft-
ware suite Schréodinger (Schrodinger LLC, 2021) to cal-
culate docking scores and explanatory variables in the
compounds. Each compound C; may have an isomer
Sij, and in this simulation the maximum number of
isomers was limited to 10. For each ¢, we computed
a 51-dimensional isomer-independent design variables
x; and a 51-dimensional environment variable w;; that
can vary with isomers, using explanatory variables of

(Cj, Sij). Thus, the black-box functions, the docking
scores in two sites, can be expressed as f(l)(sci,wij)
and f®(x;, w;; ), respectively. We emphasize that the
number of isomers N; was not same for all 7. As risk
measures for C;, we considered the worst-case (WC)
and worst-case Bayes risk (WCBR). For each com-
pound, WC is defined as the minimum docking scores,
and WCBR is defined as the minimum weighted aver-
age of docking scores in predefined candidate weights.
The total number of compounds was 429, and the total
number of data including isomers was 920. We com-
pared the SABBa, Proposed and naive four methods.
In the SABBa method, we considered two different ac-
curacy parameter settings, a high accuracy model and
a low accuracy model. In addition, in the naive four
methods, we calculated docking scores for all isomers
in the compound C; at iteration ¢ and determined the
exact risk values. In this experiment, the observation
noise was zero. Under this setup, one initial point was
taken from the data and the algorithm was run un-
til the number of iterations reached 500. In SABBa
and Proposed, by changing the initial point, this sim-
ulation repeated 920 times. Similarly, in naive meth-
ods, by changing the initial compound, this simulation
repeated 429 times. We calculated the average infer-
ence discrepancy at each iteration. From the bottom
in Fig.2, we can confirm that the proposed method is
superior to other methods. In addition, only the pro-



Yu Inatsu, Shion Takeno, Hiroyuki Hanada, Kazuki Iwata, Ichiro Takeuchi

Table 2: Computational time (second) for obtaining (@41, w+1) in the proposed method

Experimental setup

\ Average \ Standard deviation

Two-objective optimization without IU 0.93 0.60
Four-objective optimization without TU 2.03 1.26
ZDT1 with IU 5.60 2.25
6D-Rosenbrock with IU 0.73 0.16
Docking simulation (WC) 0.0161 0.0030
Docking simulation (WCBR) 0.0236 0.0089

posed method correctly identifies the true PF at the
end of 500 iterations for all risk measures at all 920 dif-
ferent initial points. Specifically, after 425 iterations
for WC and 465 iterations for WCBR, the true PF is
identified for all 920 different initial points. Therefore,
compared to the exhaustive search, the number of iter-
ations required to find the true PF can be reduced to
about half. Thus, the sample efficient decision making
was achieved in our motivating example.

5.3 Computational Time Experiments

Here, we measured the computational time required
to obtain (@41, w:y1) for each iteration ¢ in the pro-
posed method, where the time required for modeling
GP is not included in the measurement time because
all MOBO methods, including the comparison meth-
ods, perform GP modeling. We measured the com-
putational time for each iteration in a single trial and
calculated its average and standard deviation for the
iterations in the experiments performed in Section 5.1
and 5.2. From Table 2, the computational time for AF's
in the proposed method is acceptable even in a 6D-
Rosenbrock setting with more than 100,000 candidate
points. In contrast, the reason why the computational
time in the ZDT1 setting is larger than the others is
due to the finite approximation of PF by the NSGA-II
algorithm. Therefore, the computational time can be
reduced if the population size n, or number of gener-
ations ng is reduced. Nevertheless, the computational
time is acceptable even for our experimental setup,
n, = ng = 50.

6 CONCLUSION

In this study, we proposed the efficient MOBO method
for identifying the PF defined by general risk mea-
sures. The proposed method can work with (and with-
out) IU and has theoretical guarantees. In various risk
measures, we proved that the algorithm can return an
arbitrary-accurate solution with high probability in a
finite number of iterations. Through numerical exper-
iments, we confirmed that the proposed method out-
performs existing methods. Moreover, from the real-

world docking simulation that is our motivating exam-
ple, we confirmed that by using the proposed method,
the number of function evaluations required to iden-
tify the true PF has been successfully reduced to about
half that of the exhaustive search.

The proposed method has two limitations. First, al-
though we have given a theoretical analysis of how
approximation errors in the proposed method affect
the final results, we have not mentioned an estimate
of the degree of approximation errors in the first place.
Thus, as a practical matter, it is difficult to estimate
the final accuracy of the proposed method consider-
ing the approximation error in advance. Second, the
proposed method does not consider constraint condi-
tions. In actual applications, Pareto optimization un-
der some constraints is often considered. We can apply
the proposed method to this setting directly by design-
ing a HPBB for the constraint function. However, it is
not obvious whether theoretical results derived in this
study can be derived in the same way in such a case.
The above problems are left for future work.
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1. For all models and algorithms presented, check if
you include:

(a) A clear description of the mathematical set-
ting, assumptions, algorithm, and/or model.
[Yes. See Section 2 and 3.

(b) An analysis of the properties and complexity
(time, space, sample size) of any algorithm.
[Yes. Time and space complexities in GP
models are generally O(n3) and O(n?), and
theoretical results in sample complexity are
shown in Theorem 4.1 and 4.2.]

(¢) (Optional) Anonymized source code, with
specification of all dependencies, including
external libraries. [Yes. We will submit ex-
perimental codes as supplementary materi-
als.]

2. For any theoretical claim, check if you include:

(a) Statements of the full set of assumptions of
all theoretical results. [Yes. See, e.g., Theo-
rem 4.1.]

(b) Complete proofs of all theoretical results.
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(c) Clear explanations of any assumptions. [Yes.
See, e.g., Section 2 and theorems’ assump-
tions.]

3. For all figures and tables that present empirical
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(a) The code, data, and instructions needed to
reproduce the main experimental results (ei-
ther in the supplemental material or as a
URL). [Yes. We provide experimental details
and codes in Appendix C and supplemental
materials.]

(b) All the training details (e.g., data splits, hy-
perparameters, how they were chosen). [Yes.
See Appendix C.]

(c) A clear definition of the specific measure or
statistics and error bars (e.g., with respect to
the random seed after running experiments
multiple times). [Yes. See Section 5 and the
caption in Fig. 2.]

(d) A description of the computing infrastructure
used. (e.g., type of GPUs, internal cluster, or
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rial or as a URL, if applicable. [Not Applica-
ble]

(d) Information about consent from data
providers/curators. [Not Applicable]

(e) Discussion of sensible content if applicable,
e.g., personally identifiable information or of-
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Appendix
This appendix describes the extensions of the proposed method, proofs of all theoretical results, and details of

experiments and additional experiments. Note that the symbols used in this appendix are independent of the
main body.

A EXTENSION

In this section, we extend the proposed method. We consider the following four extensions:

e The number of black-box functions and the number of risk measures are different.
e The true noise distribution follows some heteroscedastic sub-Gaussian distribution.

e The distribution of w depends on the design variable .

We consider the uncontrollable setting, that is, w cannot be controlled even during optimization.

A.1 Extension of Problem Setup

Preliminary Let f(™) : X x Q@ — R be an expensive-to-evaluate black-box function, where m € [M ¢] and
My > 1. Assume that the set of design variables X and set of environmental variables §} are compact and
convex. For each design variable & € X, the environmental variable w follows some probability distribution
Py, (x), which depends on «, and takes values in a compact and convex subset 2, C Q. For each iteration
t, input (x4, w;) € X x Q, and m € [My], the value of the black-box function f(™ is observed with noise as
yt(m) = ) (zy, w,) + 7™ (x4, w;), where 7™ (x,, w,) is zero-mean noise independent across different iteration
t, m € [My] and w,. In this section, we assume that 7™ (x,, w,) is a sub-Gaussian heteroscedastic noise that
depends on (x, w,m).

Definition A.1. Let 7 be a zero-mean real-valued random variable. Then, 7 is 7-sub-Gaussian if there exists a
positive constant 72 such that

2.2
Va €R, E[e™] <exp (a; ) .

Commonly used distributions such as Gaussian, Bernoulli and uniform are sub-Gaussian (Vershynin, 2018). We
assume that the random variables {w;, n(™ (zx;, W¢) }1>1,me[n;] are mutually independent. For w, we consider

the both simulator and uncontrollable settings. Let p("™)(f(™) (z,w)) = F"™(z) be a risk measure, where
le{l,...,Ly}and Ly +---+ Ly, = L > 2. The purpose of this study is to efficiently identify the PF defined
based on F(™!(x). For any ¢ € X and E C X, let

F(z) = (FOY(x),... FOI) (@), FMeD (g, Mk ()

and F(E) = {F(z) | * € E}. Then, for any B C RL, the dominated region Dom(B) and PF Par(B) of B are
defined as

Dom(B) = {s € R* |7 s’ € B s.t. s < §'}, Par(B) = d(Dom(B)).
Let Z* be our target PF. Then, Z* can be expressed as

Z* = Par(F(X)).

Regularity Assumption We introduce a regularity assumption for (™. For each m e [My], let Em) .
(X x Q) x (X x Q) — R be a positive-definite kernel, where k(™ ((z,w), (z,w)) < 1 for any (z,w) € X x Q.
Also let H (k™) be a reproducing kernel Hilbert space (RKHS) corresponding to k(™). We assume that f(") is
the element of (k™)) and has the bounded Hilbert norm ||f(m)|\;_[(k(m>) < B,, < 00. Moreover, we assume that
the noise (™) (z,w) is 7(x,w, m)-sub-Gaussian, where 7(2,w,m) = Tpap,m satisfies Tp w.m € [1,7] for some
T>71>0.
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Gaussian Process Model We use a GP model for the black-box function f(™). Let Ai,..., An, be positive
numbers. We assume the GP GP(0, k((z, w), (&', w'))) as the prior of f™) where k((x, w), (z/,w’)) is given by

H(aw), (& w') = 2k (@, w), (' w').

m

Furthermore, we consider the zero-mean normal distribution with variance T2 as the error distribution in

,w m7
the GP model. For m € [M/], given a dataset {(ml,wl,yl( )) t_,, where t is the number of queried instances,
the posterior of f(™) is a GP. Then, its posterior mean ug )(w w) and posterior variance O'( m)2 (
calculated as follows:

i () = k" () (K 4+ 3y,

5™ (@, w) = B (2, w), (2, w)) — k™ (2,0) T (K™ + 20) 5™ (2, w),

x,w) can be

where I;:,Em)(az w) is the t-dimensional vector, whose j-th element is k(™ ((z,w), (z;,w;)), y,gm) =
(yim), e ,yt(m))T, EEm) is the ¢ x t diagonal matrix whose (j, j)-th element is 72, ., ., Kt(m) is the ¢ X ¢ matrix

whose (j, k)-th element is k(™) ((x;,w;), (@k, wy)), with a superscript T indicating the transpose of vectors or
matrices.

A.2 Extension of Proposed Method

Credible Interval and Bounding Box For each input (z,w) € X x Q and ¢t > 1, the CI of f(™ (x, w) is

denoted by t 1 )(ar:,w) = [igf(;n))(:c,'w) uif(l )(ac,'w)], where ng(lm))(oc,w) and aif(;n))(ac,w) are given by

[(f””))( (m) 31/2 ~(m)

w>w)_/1't 1( w) ﬁmt t 1( 7w)7
(m) m m
Ay (@ w) = @) (w,w) + B350 (ww).

For x € X, t > 1 and m € [My], we define the set of functions GETi(m) as
~(m )
G"(@) = {g(@,w) [ w € Q,g(w,w) € Q) (@ w)).

Let Q") (@) = [1eb™P (@), uch{™ ()] be a CI of FO™D(x). Also let By_1(x) = [1V2, [1% 0% ()

m=1

be a bounding box of F'(z). Then, when Q(f( (m, w) is HPCI, a sufficient condition for Q,(f(lnl))(m) to also be
HPCI is given as follows:

Yg(z,w) € Gy (x), leby™ (x) < p™ D (g(x, w)) < ueh{"™(x). (4)

If (4) holds, then B,_; () is also a HPBB. Next, we provide computation methods for lcbginil) (x) and ucbginil)(w).
First, we provide a generalized method for lcb(m )( ) and ucb(m l)( ) to satisfy (4). The lchTil)(w) and
bngl)( ) by the generalized method are calculated with

eb™ @)= imf  pD(g(z,w)),
g(z,w)eG{™ (=)
uch{™ ()= sup  p"™0(g(z, w)).

g(z,w)eC™) (2)

The condition (4) holds by using the generalized method, the inf and sup calculations in the generalized method

are not always easy. Therefore, we give additional two computation methods for lcb(m )( ) and ucbg i )( ),

the decomposition method and sampling method. Let p(-) be a risk measure. In many cases, p(-) can be
decomposed as p(-) = poh(-), where p(-) and h(-) are respectively monotonic and tractable functions. The basic
idea of the decomposition method is to compute the infimum and supremum of h(g(z,w)) on ég’fi (z), and then

(ml)( )

to compute 1Cb§7_"il)( ) and ucb by taking p(-) to these. Calculated values for several risk measures are
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Table 3: The values of lcbgm)(a:) and ucbgm)(m) for commonly used risk measures

Risk measure H Definition ‘ 1eb{™ () ‘ uch!™ (z)
Bayes risk [f(m) E[ZEZ)W] Elu Y;‘jw]
Worst-case infyen fm.ui infy,en lf z infyen uﬁ I?W
Best-case SUPyeq 75m SUPyeq im SUPyen W
a-value-at-risk inf{be R |a < P(fI) < b)} inf{b e R | a <P, <b)} inf{b e R | < P(u{, <b)}
a-conditional value-at-risk E[f<"‘)\fm"{u < vpom (@5 )] L[ v (@50 )do! L U (z;0/)do’
Mean absolute deviation El£5 — B[N E[min{|l™, |, |4, |} — STR limm)WuE:)w)] ]E[max{\ly;)w [al™ 3]
Standard deviation \/IEZH £ B2 \/IE min{ i), 12, [i{0)  [2} — STR2(I,,, i) )] \/]E max{[[{7), 2, |24 |2}]
Variance B[ f'w — Efeu]’] Efmin{ [y . 5 wl*} ~ STR ({2, 1) Blmax{ gy 1w *}]
Distributionally robust infpe g F)(z; P) lnprA lcb(m) (z; P) infpea ucb(m) (x; P)
Monotonic Lipschitz map M(F) (z)) min{ M(Icb{™ (a)), M (ucb{™ (x))} max{M(lcb™ (x)), M(uch{™ (x))}
Weighted sum a1 FU™) (z) + ap F(M2) () arleb{™ (@) + asleb™ (a) ayuch!™ (@) + asuch™ (x)
Probabilistic threshold P(f5 > 0) P, > 6) P(i™,, > 0)
f}j’:g = ) (x, w), I,(T;)w = IU(m))(z w) , 71,§"2w = u,gf(m))(z,w), Ve (@5 0) = inf{b € R | IP( m) <b)>a}

v (@50) = inf{b € R | P, < b) > al, v,om (@;0) =inf{b € R | P (W, <b) >a},ac(01)
l;“?w = Zf(mm)w — Efu,; (m) wl s “(m) (m) w — Ell o 15m w » STR(a, b) = max{min{—a, b}, 0}
' Fm) (z; P): Rlbk measure F("‘)( x) deﬁned based on the distribution P
1cb{™ (z; P), uch{™ (a; P): 1cb™ (x) and uch{™ () for F™ (x; P)
¢\ (a; F™): a function ¢(™(a) for F™) (), does not depend on P
M(+): Monotonic Lipschitz continuous map with a Lipschitz constant K
ay,ag >0
a-value-at-risk is the same meaning as a-quantile

given in Table 3, where we omit the notation “and [ in the table for simplicity. Note that by combining several
risk measures such as the Bayes risk, standard deviation, monotonic Lipschitz map and weighted sum, we can
obtain the result for mixed risk measures such as 0.7F(")(x) — 0.3F("2)(x), where F(™)(x) and F(™2)(x)
are the Bayes risk and standard deviation, respectively. In the sampling method, we generate S sample paths
fl(m) (xz,w),..., ém)(a:, w) of 0™ (x,w) independently from the GP posterior and compute

leb{™" (@) = min = pmD (M (@, w)),
e[S/ (w)eG{™) ()
uch{™! (x) = max P (™ (2, w)).

FEISLE™ (2,w)eGL™) ()

Pareto Front Estimation For any input € X and subset E C X, we define LCB;_;(x), UCB;_;(z) and
LCB;_1(F) as

LCB,_ 1 (z) = (b (), ... 1eby 0 He)

LCB,_,(E) = {LCB,_,(z) | = € E}.

(My,Lng)

(x)), UCB;_1(x) = (ucb(1 1)(13) .,uch,_4 (x)),

The estimated Pareto solution set ﬂt_l C X for the design variables is then defined as follows:
I, ; = {x € X | LCB,_;(x) € Par(LCB,_,(X))}.

Here, in order to actually compute fIt_l, we need to compute the PF defined by LCB;_1(x). However, if X is
an infinite set, then II;_; may also be an infinite set. In this case, since the exact calculation of II;_ is difficult,
it is necessary to make a finite approximation using an approximation solver such as NSGA-II (Deb et al., 2002).

Acquisition Function We propose an AF for determining the next point to be evaluated. We define AF
aEX)(a:) forx € X as
al™ (x) = dist(UCB,(x), Dom(LCB,(I1,)))

Then, the next design variable, x,11, to be evaluated is selected by

Tyl = argmaxag )( ).
xeX
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Hence, the value of agx)(a:tﬂ) is equal to the following maximin distance:

o (1) =max  min  deo(UCBy(x),b).
ZEX pecDom(LCB,(11;))

The value of a,EX)(w) can be computed analytically using the following lemma when I1, is finite:
Lemma A.1. Let UCB,(z) = (ui,...,uz) and LCB,(II,) = {(lgi), . .,Z(Li)) | 1 <i < k}. Then, agx)(m) can
be computed by

(@)

aEX)(a:) = max{a:(x),0}, a;(x) = 11r<nii£1]C max{uy —1’,...,up — l(Li)}.

Next, we consider the simulator setting. In this case, we have to select the environment variable w; ;. Based
on the fact that many risk measures including Bayes risk satisfy

|UCB;(@141) ~ LCBy(141)||s0 < ¢ | max Zzﬂi{%m (@1,w) |, (5)

m“rl m=1
where ¢(-) : [0,00) — [0,00) is a strictly increasing function defined by risk measures and satisfies ¢(0) = 0, we
choose w; 1 as follows:

(me,+1) (€ m1+1) 1/2 -
Wi = argmax a, (w), a; E 26771 f+1‘7t (xt+17w)-
weQg,

On the other hand, in the uncontrollable setting, since we cannot control w, w1 is defined as the sample from
Q.

A.3 Stopping Condition

We describe the stopping conditions of the proposed algorithm. Let € > 0 be a predetermined desired accuracy
parameter. Then the algorithm is terminated if aﬁ)‘)(

algorithm is described in Algorithm 2.

@111) < € is satisfied. The pseudocode of the proposed

A.4 Theoretical Analysis

In this subsection, we give the theorems for the accuracy and termination of the proposed algorithm. First, we
quantify the goodness of the estimated II;. If II; is a good estimate, the following two indicators defined by II;
should be small:

[t(i) = max dist(y, Par(F(IL;))),
yez*

[t(ii) = max dist(y, Z%).
yeF(IL;)

Using these, we define the inference discrepancy I; = max{[t(i), It(ii)} for II; as the goodness measure. Next, in
order to show the theoretical validity of the proposed algorithm, we introduce the maximum information gain
/?;Em) The maximum information gain F;(Tm) under the heteroscedastic sub-Gaussian setting can be expressed as

follows (Makarova et al., 2021):

( )2
A = max = Zlog (1 + =2 (wt’wt)> .

(Z1,w1),..., (T, wr) wt,ﬂ)t,

The order of /%(Tm) with respect to widely used kernels such as linear and squared exponential kernels is derived
by Makarova et al. (2021). Then, the following theorem holds:
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Algorithm 2 Bounding box-based MOBO of general risk measures under extended problem setup

Require: GP priors GP(0, k™)), tradeoff parameters {Bm.+t}¢>0, accuracy parameter € > 0, My > 1, L,,, > 1,
L>2
for t=0,1,2,... do

Compute QE"C(M))(:E,UJ) for each (z,w) € X x

~ ((m,l)
Compute QEF )(as) for each x € X by the generalized, decomposition or sampling method

Compute By(x) = H%;l I (F(m ))( ) for each x € X

Estimate II; by By (z)

Select the next evaluation point ;11 by aﬁ") (x)

if agx) (zt11) < € then

break
end if
if simulator setting then

Qe
Select the next evaluation point w1 by ai t“)(

else {uncontrollable setting}
w; 1 is generated from Py, (xi41)
end if
Observe ym = f™) (@411, wii1) + 0" (@ps1, i) at the point (@11, wii1)
Update GPs by adding observed points
end for
Ensure: Return II; as the estimated set of design variables

w)

Lemma A.2 (Lemma 7 in Kirschner and Krause (2018)). Suppose that the regularity assumption holds. Let
§€(0,1), A1,..., Anr; > 0 and define

det( Ay, B + K ™)1/2
B2 = Bu/As + || 210g WAL KT,
Mt odet(A,3,™)1/2

Then, with probability at least 1 — 6, the following inequality holds for any ¢t > 1, m € [My] and (x,w) € X x

1f0 (@, w) — @™ (@, w)| < B2 (2, w).

Note that from the definition of the maximum information gain, when A,, =1, My = M > 2, L,, = 1 and

Tawm = Sm and the true noise distribution is Gaussian, the inequality ﬂl/ 2 ﬂl/ ® holds, where B ? is given

by Lemma 4.1. Using this, we give the theorems for the accuracy, termmatlon, g(a) and approx1mat10n errors
under both the simulator and uncontrollable settings.

Theorem A.1 (Simulator and uncontrollable settings). Suppose that the assumption of Lemma A.2 and the
inequality (4) hold. Let t > 0, m € [My], 6 € (0,1), and let B,ln/jﬂ be defined as in Lemma A.2. In addition,
let € > 0 be a predetermined desired accuracy parameter. Then, with probability at least 1 — §, the inequality
I; < agx)(mtﬂ) holds for any ¢ > 0 and x;41. Therefore, if the stopping condition satisfies at T iterations, the
inference discrepancy I satisfies It < e with probability at least 1 — 4.

Theorem A.2 (Simulator setting). Suppose that the assumption in Theorem A.1 holds. Let ¢ : [0,00) — [0, 00)
be a strictly increasing function satisfying ¢(0) = 0 and (5). Also let

\/Z mBm,tJrlf%)(gT%
St =

t+1

9

where C, = %. Then, the inequality agx)(wfﬂ) < q(s;) holds for any ¢t > 0 and some { < t.

Therefore, Algorithm 2 terminates after at most 7' iterations, where T is the smallest positive integer satisfying
q(st) < e
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Theorem A.3 (Simulator and uncontrollable settings). Suppose that the assumption in Theorem A.1 holds.
Also assume that there exist strictly increasing functions ¢ : [0, 00) — [0, 00) satisfying ¢ (0) = 0 and

luch{™ (@41) — 1eb™ (@,41)] < ¢ (3,)

for any t > 0, m € [My], I € [L,,] and x;41 € X, where

~ »1/2  ~(m)

t— m,t+1%t t+1, .

§ = max 23/ 4107 (g1, w)
wEth+1 ’

Then, g(a) = max,,c(n;,),1€[L,] q™Y(a) is the strictly increasing function and satisfies ¢(0) = 0 and (5).

Specific forms of ¢! (a) for commonly used risk measures are described in Table 4. For simplicity, we omitted
[ in the table. From Table 4, the probabilistic threshold measure does not satisfy the inequality in Theorem
A.3. For example, if f(™)(z,w) = 0, then with high probability ucbgm) (zt41) and lcbgm)(:ct_H) are respectively
close to one and zero even when §; is close to zero. Iwazaki et al. (2021a); Inatsu et al. (2021) proposed BO
methods for the (distributionally robust) probabilistic threshold measure and confronted the same problem.
They solved this problem by assuming the condition that the probability of a black-box function accumulating in
the neighborhood of the threshold is small, and derived ucbgm)(a:tﬂ) — ICbg’n)(th,_l) < q(8¢) + &, where G(a) =0
if a < ¢ and otherwise G(a) = 1, and ¢ is some positive constant.

Next, we consider the approximation error setting. Let €icp, €uch, €PF, €x, € be non-negative error parameters
that represent the errors in these approximations, respectively. We consider the case that the following four error

inequalities hold for any t > 0, m € [My], I € [Ly,], ¢, 111 € X, w1 € Q and g(x,w) € éﬁ’") (x):

T4l
1cb{™ (@) — €10 < p™ 0 (g(z, w)) < uch!™ (@) + €uen, (6)
max _ dist(y, Par(LCB(X))) < epr, (7)
yePar(LCB(11;))
maxa," (@) — 4" (@e11) < cx. (8)
max ay " (w) — ap " (wi) < eq. (9)
wGth+1

Theorem A.4 (Simulator setting). Suppose that the assumption in Lemma A.2 holds. Let ¢ > 0, m € [M/],
l € [Ln], 6 € (0,1), and let BTln/iﬂ be defined as in Lemma A.2. In addition, let ¢ > 0 be a predetermined
desired accuracy parameter. Moreover, let €jch, €uch, €PF, Ex, € be non-negative error parameters satisfying (6)—
(9). Then, with probability at least 1 — §, the inequality I; < a,EX)(wt+1) + €1¢b + €uch + €x holds for any ¢ > 0
and x;11. Therefore, if the stopping condition satisfies at T  iterations, the inference discrepancy Ip satisfies
It < €+ €1eh + €uch + €x with probability at least 1 — 6.

Theorem A.5 (Simulator setting). Suppose that the assumption in Theorem A.4 holds. Let ¢ : [0,00) — [0, 00)

x

(@,,) < epr + qleq + 5t)
holds for any ¢ > 0 and some ¢ < ¢, where s, is given by Theorem A.2. Therefore, Algorithm 2 terminates after
at most T iterations, where T is the smallest positive integer satisfying epr + ¢(eq + s7) < e.

be a strictly increasing function satisfying ¢(0) = 0 and (5). Then, the inequality a

Note that for Theorem A.5, the integer T satisfying the theorem’s last inequality does not always exist. However,

the left hand side in this inequality is merely an upper bound of al™

&
value of aéx)(wﬂl) satisfies agx)(warl) < € and the stopping condition is satisfied.

(7,,). Thus, in some cases the actual

Uncontrollable Setting We provide theoretical results for the uncontrollable setting. First, we define the
following two additional conditions:

Condition A.1. Let Nei(a;r) be an open ball with center a and radius r > 0, where the distance is taken with
respect to Li-distance. Then, for any & € X', w € Q, and ¢ > 0, P, (x) satisfies

Pp, (@)[w € Nei(w; ()] > 0,

where Pp, ()['] is the probability measure with respect to Py, ().
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Condition A.2. Let L, be a positive number. Then, &,Em)(w, w) is an L,-data-independent-Lipschitz continu-

ous, that is, the following inequality holds for any ¢ > 1, m € [M/] and {(@;, w;)}!_;:

(@, w), (&) € X x Q, (5" (z, w) — 5, (& ®)| < Lo|(zT,w)T — (@, 7|

Condition A.1 implies that the support of Py (x) is equal to ,,. The assumption that the support of the
distribution of w and the the set of w are the same is also used in existing studies that conduct theoretical
analysis of BOs for risk measures under IU (Nguyen et al., 2021b; Inatsu et al., 2022). Similarly, Condition
A.2 is introduced by Kusakawa et al. (2022), and they proved that Condition A.2 holds if the linear, Gaussian
or Matérn (with parameter v > 1) is used. Their proof is given under constant variance of the normal error
distribution for GP models, but similar arguments can be derived in the setting considered in this section. We
also define a maximal (-separated subset of {2:

Definition A.2. Let ¢ be a positive number. Then, a subset S C €, is called the maximal (-separated subset
of Q, if the following holds:

1. For any w,w’ € S, w # w' = ||lw —w'||;1 > (.

2. For any w € ), there exists w’ € S such that ||Jw — w’'||; <.

Note that a compact set A has a maximal (-separated subset. Let S({25; () be a maximal (-separated subset of
Q. From Condition A.1 and compactness of ), for any ¢ > 0 and « € X, the following holds:
min  Pp () |w € Nei(w;; (/2)] = pe.c > 0. 10
ol Pr (o[t € Nei(t:/2)] = pac (10)
In contrast, (10) does not necessarily guarantee infgzecx py,c > 0. However, infzcx pe ¢ = 0 implies that given
¢ > 0 and for any v > 0, there exist an open ball Nei(w; (/2) and € & such that Pp, (z)[w € Nei(w; (/2)] < v.
This means that the probability of w realizes to the open ball with radius ¢ can be as small as desired. Thus,
to avoid this extreme case, we assume
ig&pm,c =p¢ > 0. (11)

Then, the following theorems hold:

Theorem A.6 (Uncontrollable setting). Suppose that the assumption in Theorem A.1 holds. Let ¢ : [0,00) —
[0,00) be a strictly increasing function satisfying ¢(0) = 0 and (5). Assume that Condition A.1 and A.2 hold.
Let Ci,..., ¢ be positive numbers and pe, , ..., p¢, be numbers defined by (11). Let P¢; = Mini<j<ipe;s ,5’2/2 =

1/2 - ~(m)
maxi<m<M; By gy Ft = MaxXi<m<n, Ky -~ and define

b

ML B T+ e, ) B 16 10g(8/0)B, Apc,, \/épgm%tﬂgm
"= t+1 ;Cﬁ t+1 t+1
—1 —1 A A A 32M
where J = My max{1, A\ ,...,)\Mf}, C = My maxi<m<nm; Cm and Cp, = m
at least 1 —9, the inequality aEX) (x741) < q(3;) holds for any ¢ > 0 and some t < t. Therefore, with probability at
least 1 — 4, Algorithm 2 terminates after at most T iterations, where 7" is the smallest positive integer satisfying
q(é7) <e.

. Then, with probability

In Theorem A.6, the choice of (3,...,{; is important and must be chosen that §; converges to 0. The simplest
example is the case where (), is a finite set and equal to 2 for all x € X. In this case, noting that lim¢ o pe > 0

and > 2, ¢ = t72 = 72/6, § converges to 0 when Btl/Q and B, are sublinear. Inatsu et al. (2022) used the
finiteness assumption for set of the environmental variables in theoretical analysis for uncontrollable settings
under IU. On the other hand, Iwazaki et al. (2021b) considered the Bayes risk and standard deviation risk under
the uncontrollable setting, and they derived the similar theoretical result without the finiteness assumption.
Their approach can be used for moment-based risk measures such as Bayes risk, but not for quantile-based
methods such as the worst-case risk. As another example, when Q, = Q = [0,1] and P,, follows the uniform
distribution on €, the orders of ¢, and 22:1 ¢; are respectively logt and t/logt if {; = 1/(logi). Then, the
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Table 4: Specific forms of ¢(")(a) for commonly used risk measures

Risk measure H Definition q("”)(a)
Bayes risk E|[ (m)] a
Worst-case infweq fo,w m) a
Best-case SUDc f(m) a

a-value-at-risk inf{lbeR|a< P(fén;ﬂz <b)} a

a-conditional value-at-risk || E[f. (m)|f(m) < Vpom (5 )] a
Mean absolute deviation E[ fe w m) _ E[ ("LZ]H 2a
Standard deviation \/]E |fw W — 5712”2] V8B,,a + 5a?
Variance [|f(m) [ (”ZB] 1] 8Bmna + 5a?
Distributionally robust inf pe 4 F™) (x; P) q™ (a; F0™)
Monotonic Lipschitz map M(F)(z)) Kq™)(a)
Weighted sum a F) () + ap F™2) () | arq"™(a) + azq™?) (a)
Probabilistic threshold P > 0) -

:f:"fl), = f")(x, w), viom (z;a) = inf{b € R | P(fénzl), <b)>a},aec(0,1)
F(™)(x; P): Risk measure F(™ () defined based on the distribution P
q™ (a; F™): a function ¢\ (a) for F(™)(x), does not depend on P
M(+): Monotonic Lipschitz continuous map with a Lipschitz constant K
ai,ap >0
a-value-at-risk is the same meaning as a-quantile

dominant term of §; is the first term and its order is Bt Recently, Takeno et al. (2023) has proposed a method
in which 8, does not diverge to infinity by stochastically samphng B, under the assumption that the true black-
box function follows GP. Since their method is not an RKHS setting, nor is it a multi-objective optimization
setting, it is not clear whether it is applicable to our setting, but it is one direction to consider.

Theorem A.7 (Uncontrollable setting). Suppose that the assumption in Lemma A.2 holds. Let ¢t > 0, m € [Mjy],
l € [Ly], 6 € (0,1), and let Bm ++1 be defined as in Lemma A.2. In addition, let ¢ > 0 be a predetermined
desired accuracy parameter. Moreover, let €jch, €uch, €PF, € be non-negative error parameters satisfying (6)—(8).
Then, with probability at least 1 — §, the inequality I; < ag“")(th) ~+ €1cb + €uch + €x holds for any t > 0
and x;11. Therefore, if the stopping condition satisfies at T iterations, the inference discrepancy Ip satisfies
It < €4 €1ep + €uch + €x with probability at least 1 — 4.

Theorem A.8 (Uncontrollable setting). Suppose that the assumptions in Theorem A.6 and Theorem A.7 holds.
Let ¢ : [0,00) — [0,00) be a strictly increasing function satisfying ¢(0) = 0 and (5). Then, with probability
at least 1 — 4, the inequality agx)(mgﬂ) < epr + q(5;) holds for any t > 0 and some # < ¢, where §; is given
by Theorem A.6. Therefore, with probability at least 1 — §, Algorithm 2 terminates after at most T iterations,
where T is the smallest positive integer satisfying epp + ¢($7) < e.

B PROOFS

In this section, we prove all theorems, lemmas and the results in Table 3 and 4.

B.1 Proof of Table 3 and 4

In this proof, we omit the notation ~and (m) for simplicity. Let « € X', w € Q, t > 0 and ﬂtlﬁ > 0. Assume

that It g < f(@, W) < Ut g, Where Iy g = pe(z, w) — Btlﬁat(w,w) and Uy g = (T, w) + Btlﬁat(w,w).

Bayes Risk Since w is a random variable, It g w, Utzw and f(x,w) are also random variables. Hence, from
the monotonicity of expectation and Iy zw < f(2, w) < Ut x40, We have

1Cbt(m) = E[lt,m,w] < E[f(mv w)] < ]E[ut,m,w} = qut(x)'
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In addition, from the definition of l; 5 , and u; g .0, We get

0 < uch; (@) — leby () = Elurgw — law) = E[26; 3 0/(@,w)] < max 26,120 (a, w).

Worst-case From the definition of infimum, noting that l; 4 «» < f(z, w) < Ut x40, We obtain

Ieby(x) = inf L gw < inf f(x,w) < inf

Ut = uchy(x).
wWEN, wWEN, weQ, Y (@)

Moreover, from the property of infimum, for any € > 0, there exists w € Qg such that l; z 4 < lcbi(z) + €
Therefore, noting that uch;(x) < w5, we get

uchy(z) —leby(z) < U pw — leww + €= 26,514210,5(:16,12)) +e< max Qﬁtlﬁat(:c,w) + €.

Since € is an arbitrary positive number, we have

0 < ucb(x) — leby(x) < max 26;/_210}/(w,’w).

Best-case From the definition of supremum, noting that ;7w < f(@, w) < Uy 2w, We obtain

leby(x) = sup ligw < sup f(x,w) < SUP Upqw = ucb(x).
weQ, weQ, weEQ,

Moreover, from the property of supremum, for any € > 0, there exists w € 2, such that uchi(x) — € < Uy z 5.
Therefore, noting that lcby () > Iy 4w, We get

uchy(z) — leby(z) < U pw — leww + €= 2ﬂt1flot(:c,u3) +e< max 26:_‘/_21@(:13,10) + €.
welly

Since € is an arbitrary positive number, we have

0 < ucb¢(z) — leby () < max 25,514210,5(13,10).
WEN

a-value-at-risk Let oo € (0,1). For any b € R, f(x,w) < w54 implies that P(u; 5. < b) < P(f(x, w) < b).
Thus, letting ucb;(x) = inf{b € R | o < P(uy 54 < b)}, we obtain

o <Pty g0 < uchy(x)) < P(f(z,w) < uch(x)).

This implies that
inf{b e R | a <P(f(x,w) <b)} < uch(x).

By using the same argument, we get
leby(z) =inf{b e R | a <P(ljzw <b)} <inf{b e R | a <P(f(x,w) <b)}.
Furthermore, noting that the definition of l; 5 «, and u; g ., We get
Utww < low+ wmeasi 26:421075(:3,111).

Therefore, we have

0 <ucb¢(x) —lcby(x) =inf{b e R | @ < P(ut g <b)} —inf{b e R | a < P(lt,gw < b)}
<inf{b € R | < Pl + max 28! %0,(@,w) < b)} —inf{b € R | @ < Pl 50 < b)}
welly

1/2 1/2
=lcb(x) + Inax QBtJ/rlat(:c, w) — leby(x) = Inax Qﬂtilat(m,w).
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a-conditional value-at-risk Let o € (0,1). From Nguyen et al. (2021a), a-conditional value-at-risk for

f(x,w) can be written as follows:

1 a
—/ vy(x;a)da'.
0

(%

Thus, we have

1

1 «@ 1 «@ «
Ichy(z) = E/ vy, (z; 0 )da’ < a/ vp(z;a’)da < a/ v, (z; 0" )da’ = uch(x).
0 0 0

In addition, noting that vy, (z;a’) — vy, (x; ') < maxyeq, 25751421@(33, w), we get

L/ L/ 1/2 1/2
0 < uchy(z) —lcby(x) = &/0 (v, (T50) — vy, (25 07))de’ < a/o Inax ZBtilat(a:,'w)da’ = Inax 2Btilat(m,'w).

Mean Absolute Deviation, Standard Deviation and Variance From l; 4. < f(2, w) < Ut 2w, We get
—E[Ut,w,w] < —Elf(z, w)] < _E[Ztmw]-
Hence, we have
Zt,a:,'w =lzw — Eluew < flz,w) - E[f(z,w)] <uwzw— Elizw] =t zw-

Therefore, we obtain .
[f(z, w) = E[f (z, w)]| < max{|lt 2wl |t z,w]}-

Similarly, if Iy 4w < 0 and ¢z > 0, then we have
[f (@, w) — E[f(z, w)]| > 0.
On the other hand, if lvt%w >0 or Ut z,w < 0, then we get
|f (@, w) — Elf(z, w)]| > min{[li.e.wl|, |@euw]}-
Thus, by combining these, for any Zt7w,w and U gz ., We obtain

|f(x, w) — E[f(x, w)]| > min{|lvt,m,w|a |t 00|} — max{min{—lvt@’w, U}, 0}

= min{|it,w,w|a |, 2w} — STR(Zt,aawa Ut )
Hence, we have

[1f (2, w) — E[f (@, w)]]

ICbt(IB) = E[min{|lvt}m7w|, |’lvj/t7m’w|} — STR(Zt@)w, at,m,w)] S E
< II*][max{|lvt,m,w|7 [T, 0| }] = uche ().

Moreover, noting that

max{ﬂt,w,w‘v Wt,w,wu - (min{|lvt,w7w|a |ﬂt7w,w|} - STR(Zt,w,wv at,w,w))
< ﬂt,m,w - Zt,m,w = (ut,w,w - lt,m,w) + E[ut,w,w - lt,a:,w]
— 2ﬁtlﬁat(m, w) + E[2ﬁtlflat(w, w)] < 2315%2)( 2ﬁt1ﬁot(:c, w),

we obtain 1o 1o
0 < uchy(x) —lcb(x) < E[2 Inax 26,410 (x, w)] = 25)%%); 283, 0¢(x, w).

Next, we prove the case of the standard deviation. By using the same argument as in the mean absolute deviation,
we get

min{|zt,w,w|27 |at,w,w|2} - STRZ([t,w,wv ﬂt,m,w) < |f(z,w) — E[f(z, w)]|2 < maX{|[t,m,w|2a |ﬂt,m,w|2}-
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Therefore, we have

leby (@) = \/Emin iz w2, 0.0/} = STR? Ut .0 tt.00)]

< VE[|f (2, w) — E[f (z, w)]]?] < \/E[max{|ft,w,w|27 |t 0,0 |? }] = uch ().

In addition, noting that \/u — /v < v/u — v for any u > v > 0, we obtain

0 < ucbg(x) — lebi(x) < \/E[max{|lvt7w,w|2, |t |2} — Bmin{|l; z.a0]2; U202} — STR?(I; .00, Ut 220 -

From Equation (17) of Appendix A.2 in Iwazaki et al. (2021b), we have

E[maX{IZt,m,wa |at,w,w‘2}] - E[min{|zt,ac,w|2> |at,m,w|2} - STRQ(Zt,:c,wv at,:c,'w)]

< 16 BB 2Elos(z, w)] + 208111 E[o? (z, w)]
/ / / ’
1/2 2 1/2 1/2

< 16Bj, max oy (@, w) + 20811 Insx o (z,w) =8B Inax 26,4 10¢(T, w) +5 (Tiréegi 26t+10t($,w)) .

Hence, we get

2
1/2 1/2
0 < ucbg(x) —leby(x) < \/SB nax 2641(”(:13710) +5 (5»15%2}; 25141015(56,117)) .

Finally, we prove the case of the variance. By using the same argument as in the standard deviation, we get

ICbt(IlZ) = E[min{\lvt’m,w|2, |ﬁt,m,w|2} — STRz([t’myw, at,z,w)]
< E[|f(z, w) - E[f (2, w)]|*] < Emax{|lz,uw|* [@zw[*}] = uch(z).

Furthermore, we obtain

0 < uchy(x) — leby(x) = E[max{|lvt,w,w|2, |11t’w,w|2}] — E[min{ lvt,m,w\Q, |ﬂt’w,w|2} — STRz(th}m’w, Ut w)]

< 16 B2 Elo(z, w)] + 208,11 Elo? (@, w)]

< 16BB2 2 2
< 16BpB,1] Inax ot(x,w) + 20841 nax o} (z,w)
2
_ 1/2 1/2
=8B Inax 28, 10¢(x, w) +5 (1%:& 283, 104(x, w)) .

Distributionally Robust Let P be a candidate distribution of P, (x), and let A be a family of candidate
distributions. Also let F'(x; P), lcby(x; P) and ucbi(x; P) be respectively risk measure, and its lower and upper
with respect to P. Define

F(x) = I;Ié&F(:E;P), lebs(x) = I%reli\lcbt(a:;P), uchy(x) = J;I»elfL\UCbt(w;P>'

From the property of infimum, for any € > 0, there exists a distribution P such that
uchy (; P) < uchy(x) + €.

Hence, we get A A
F(x) < F(x; P) < ucbi(x; P) < uchi(x) +e.

Since € is an arbitrary positive number, we obtain
F(x) < ucbe(x).

Similarly, we also get
leby(z) < F(x).



Bounding Box-based Multi-objective Bayesian Optimization of Risk Measures under Input Uncertainty

Furthermore, for any n > 0, there exists a distribution P such that
Ichy (2; P) < lcby(x) 4 1.

Thus, we get

weN

uchy () — leby () < uchy(x; P) — Ieby(z; P) +1 < ¢ (max 2Bt1flot(w,w); F) + 7.
Since 7 is an arbitrary positive number, we have
ucb(x) — leby(x) < ¢ <ng)x 2Bt1ﬁo-t(m, w); F> )
Monotone Lipschitz Map Let M be a K-Lipschitz map, and let F(x), lcb(x) and ucb;(x) be respectively
risk measure, and its lower and upper. Then, from the monotonicity of M, we have
min{M(Icb:(x)), M(ucbs(x))} < M(F(x)) < max{M/(lcbs(x)), M(uch:(x))}.
In addition, using the Lipschitz continuity of M we get
0 < max{M(cb:(x)), M(ucbs(x))} — min{ M (lcb:(x)), M(ucb:(x))}
< [IM(leby(x)) — M(uchy(z))| < K|uch, () — leby ()] < Kq (Q%X 2820, (x, w)) .
Weighted Sum Let aj,as > 0, and let Fj(x), Icb, ;(2) and ucb; ;(x) be respectively risk measure, and its
lower and upper with ¢ = 1,2. Then, noting that a1, as > 0, we obtain
leby(x) = aqleby i (x) + asleby o() < a1 Fi(x) + asFo(x) < aquchy () + aguch, o(x) = uch,(x).
Moreover, we get
0 <uchy(z) — leby(x) = aq(uchy 1 () — by 1 () + az(uchy 2(x) — leby 2(x))

<oiqm (iﬂea(i 25,51421%(37710)) + asqe (gé%xm 25;/301‘,(3371”)) .

Probabilistic Threshold Let § € R be a threshold. Then, l; . < f(2, w) < w4z implies that

leby() =P(ligw > 0) < P(f(x, w) > 6) < P(uy g0 > 0) = ucb, ().

B.2 Extension of Theorem E.4 in Kusakawa et al. (2022)

We show the extension of Theorem E.4 in Kusakawa et al. (2022). In this subsection, we use  and X" as the input
variable and set of all input variables, respectively. In Theorem E.4 in Kusakawa et al. (2022), they proved that if
linear, Gaussian or Matérn (with parameter v > 1) kernel is used, then the posterior standard deviation satisfies
the L,-data-independent-Lipschitz continuity. They have assumed that the variance of an error distribution for
GP models is 02 > 0 for any input . We show that this assumption can be relaxed to the assumption that the
noise variance is positive and depends on . Since the relaxation of noise variance to the heteroscedastic setting
does not affect any essential part of their proof, only the sketch of the proof is given here. Let X; be a t x d
matrix. Then, in their proof, 0% appears only within the formula given below:

I, — X (XX, +a20°L) ' Xy,
where a is some positive constant. They considered the singular value decomposition X; = H'AH and calculated

I, - X/ (XX +a%°L)"' X, = HOH,
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where @ is the diagonal matrix whose (j,j)-th element §; satisfies 0 < 6; < 1. In their proof, only the fact that
H is an orthogonal matrix and 0 < §; < 1. On the other hand, when the noise variance is heteroscedastic, that
is, the variance is expressed as s? at iteration ¢, we have to consider the following:

I - X (X, X +a728)71 Xy,
where S is the diagonal matrix whose (j, j)-th element is s? Also in this case, noting that
I— X[ (XX +a728) ' X, =1, — X, (S}2{8;"?x, X 8, * + a21,}S}*) ' X,
=I,- X, 8,287 x, xS, 2+ a1 S X,
=I,—- X, (X, X, +a7L,)"' X,
using the singular value decomposition X; = H’ AH we have
L— X7 (XX +a2L)"' X, - HOH",
where H is an orthogonal matrix and the (j,7)-th element éj of the diagonal matrix O satisfies 0 < éj < 1.
Therefore, also in the heteroscedastic setting, L,-data-independent-Lipschitz continuity holds.

B.3 Proof of Lemma A.1

Let UCBy(x) = (u1,...,ur) = w and LCB,(IT;) = {(lgi), . .,l(Li)) |1 <i<k}=L Here, if u € Dom(L), then
the following holds from the definition of dist(a, B):

(X) = 1 D = 1 f = =
a;” "’ (x) = dist(u, Dom(L)) bechr)lm(L)doo(mb) doo(u,u) = 0.

In addition, since u € Dom(L), there exists (z§”, . .JE-j)) such that u; < ly) for any j € [L]. Thus, we have
max{u; — l%i), co,Up — l(Li)} < 0. This implies that

a(x) = 1§z‘i£k max{u; — lgl), co UL — l%)} <0
and max{a;(xz),0} = 0. Therefore, we get a,EX)(w) = max{a;(x),0}. Next, we consider the case where u ¢

Dom(L). Let agx)(a:) =7. Then, noting that u ¢ Dom(L), for any i € {1,...,k}, there exists j € [L] such that

u; > lj(-i). This implies that

a(x) = lréliigkmax{ul - l:(Li), SouL — Z(Li)} =71>0

and max{a:(x),0} = a;(x) = 7. For this 7, there exists ¢ such that
uj — 11 < VjelL).

(ur — 7, ...,ur, — 1) € Dom(L) because u; — 7 < l§i) for any j € [L]. Thus, from the

Hence, we have u =
definition of aEX)(a:), the following holds:

n=a\"(x) = dist(u,Dom(L)) = inf  deo(u,b) < doo(u, @) = 7.
beDom(L)

Here, we assume 7 < 7. Then, noting that Dom(£) is the closed set, there exists l= (il, cee [L) € Dom(L) such
that doo(u,i) = 1. Therefore, I can be expressed as [ = (u1 — s1,...,ur — sr), where 0 < |s;| < n and at least
one of s1,...,sy is . Thus, since (uy —1n,...,ur, —n) < I, noting that (u; —7,...,ur —n) € Dom(L) there
exists ¢ such that

uj —n < ly) Vi e L)
This implies that max{u; — l;i)7 S U — Z(Li)} < 7. Hence, it follows that
(1)

7= mi 9w =1 <,
7 lrgnilélkmax{ul 1 un =1 <y

However, this is a contradiction with n < 7. Consequently, we obtain a,gX)(:c) = max{a;(x),0}.
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B.4 Proof of Theorem A.1

From the theorem’s assumption, the bounding box Bt(:l;) is HPBB. Therefore, with probability at least 1 — ¢,
the following holds for any t > 0:

Dom(LCB,(I1;)) ¢ Dom(F(II;)) € Dom(Z*) C Dom(UCB,(X)).
Hence, using this, noting that the definition of du(+, ), we get

I = max min deo(y,y') < max min doo(y,y’
k YEZ* y/cPar(F(11,)) (v.9) < y€EPar(UCB¢(X)) y/ cPar(LCB; (I1;)) (v.9)
= max min doo(y, Yy’
y€Par(UCB¢ (X)) y/ cDom(LCB, (1)) (.9
= max min deo (UCB,(z),y') = maxa'™ (z).
D e Dorg i) ( +(®),y') = maxa;”(x)

Similarly, we get

I = max min doo(y,y) < max min do(y'sy
k yEF(I,) ¥'€2* ( ) y'€Par(UCB¢(X)) ycDom(LCB, (I1)) ( )
= max min deo(UCBy(z),y) = maxa(x)( )-
X yEDom(LCBt(ﬁt)) zeX

Thus, we have I; = max{It(i),It(“)} < maxgey agx)(ac) = agx)(wtﬂ). Hence, if ang)(wT_H) <'e, then IT <.

B.5 Proof of Theorem A.2

From the definition of agx)(m), @11 and wy, 1, noting that LCB,(x,11) € Dom(LCB, (1)) we get

My

af (2141) < [UCBy(@141) — LOBy(2111) o < ¢ wiax Z 263,716 (@141, w)
T4l o q
My
=4q Z 257ln/?+15t )(wt+17wt+1)
m=1
Let { = argming ;< Z Tln/%ﬂ&t )(a:tH, wy+1). Then, the following inequality holds:
ol 51/2 ) H & 31/2 ~(m)
Z 26, t+15tm (Tiy, wiyq) < 11 Z Z 26,0 &, (i, wi)
m=1 i=1 m=1
1 t+1 My
~(7rL)2
< —— 4|+ 1) AMy B i0 i, Wi
T\ LRRD 3p S
1 My t+1 )
(m 2(
Sm t+]- 2_24Mfﬂmt+1;0— wzawz)
]\/[f Pl ~(m)
1 > 2 ~(m Zm 1 mﬂmt+l"5t+1
<—— | (41 AM ¢ B, . ,
S\ )mz::l T e ) o1+ Amlz-2) 117 \/ t+1

where the second inequality is derived by Cauchy-Schwarz inequality and (a1 +- - -+ans, )2 < My(a3+--+ a?wf),
the third inequality is derived by monotonicity of Bm,u and the fourth inequality is derived by the definition of

the maximum information gain, s* < (¢72/log(1+¢~?))log(1+s?) for s* € [0,¢7?], and 7, w“mﬁfmlp(wi, w;) <
T, ?uu mAml. Therefore, we obtain
My My =(m)
X X 1/2 ~(m Z C 5m,t+1/{t+1
I;lea/%(ag )(l‘):ag )(CL'HI)SQ Z2Bm/t+1 )(wt+17wt+1 <gq \/ —— = q(st).

m=1



Yu Inatsu, Shion Takeno, Hiroyuki Hanada, Kazuki Iwata, Ichiro Takeuchi

Thus, for some T > 0 satisfying q(st) < €, there exists T < T such that a(TX)(wT+1) < q(st) < e. Noting that
0 <T <T, the algorithm terminates after at most T iterations.

B.6 Proof of Theorem A.3

From the definition of ¢(a), since ¢(™"(a) is a strictly increasing function satisfying ¢ (0) = 0, ¢(a) is a
strictly increasing function and satisfies ¢(0) = 0. Furthermore, noting that maxweq,, 2671,{%4_155( (g1, w) <

MAXweQ,, Z 25},{2“5} )($t+1, w), since ¢ (a) is a strictly increasing function, we get
[UCBy(@111) - LCBy(@pin)lloo = max  Juchi™ " (@y41) — 1™ (1)

me[M¢],l€[ L]

< max (m,1) max 2 1/2 0.( m) Epo1, W

N mG[Mf],le[Lm]q WEQ, 6 17t (@41, w)

< ma; (m,1) ma 9 51/2  ~ - w

= ey te(nn] | wEa,, 2_:1 Bol 210! (@es1,w)

1/2 .
- Coax Z 25m/t+10't (Tt41, w)
R |

B.7 Proof of Theorem A.4
Let 7 be a number. For any vector @ = (ay,...,a,) and subset B C R, we define r +a = (r + ay,...,r + as)

and r+ B = {r+b| b € B}. Then, from the theorem’s assumption, with probability at least 1 — ¢, the following
holds for any ¢ > 0:

Dom (LCB;(Ily) — e1c) € Dom(F(I1;)) € Dom(Z*) € Dom(UCB(X) + €yep)-

Hence, using this, noting that the definition of d(+, ), we get
I() = max min doo (Y, y max min deo(y,y’
YEZ* y' cPar(F(I1;)) ( ) y€Par(UCB¢ (X)+euch) y/ €Par(LCB, (I1;) —e€jep) ( )

= max min doo (1, y")
yGPar(UCBt( )+€uch) y’€Dom(LCBy (II;) —€icb)

= max min doo (UCBy(2) + €uch, y')
zeX y/GDOIn(LCBt (Ht)*flcb)

< €uch + max min dso (UCBy(z),y')
TEX y'EDom(LCBt(fIt)—ele)

< €uch + €1cb + max min R doo (UCBt (.’I)), yl)
ZEX 4/ cDom(LCB, (11;))

X
= €yucb T €lcb + Max CLE )(ZB)
reX

= €ycb 1 €lcb t+ GEX) (T41) + glea§ agx)(ﬂf) - GEX)(th)

X
< €uch + €lcb + €x + ag N(441).

Similarly, we get

(i1) . , /
I}’ = max min d , min d ,
t yeF (i) ¥'eZ” ={:¥) £ ¥/ €Par(UCB, () +euct) yeDom(LCB, () —cten) (YY)

< €ucb T+ €1cb + €x + CLg )(ﬂ?t+1).

Thus, we have I; = max{[t(i),lt(ii)} < €uch + €1eb + €x + agx)(mtﬂ). Hence, if a(TX)(scTH) < ¢, then I <
€ + €uch + €icb + €x.
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B.8 Proof of Theorem A.5
From the definition of a,gX) (z), 141 and wy4q, noting that —epp + LCB (x4 41) € Dom(LCBt(f[t)) we get

o\ (2411) < |[UCBy(@411) — (LCBy(%111) — epp)loo < epr + [UCBy(2441) — LCBy(2441)] 0

My
/2 -
<eépr+q| max Z 25m/t+10§ )(th,'w)
wea s m=1
My
/2 -
<epr+q|eq+ Z 257,1/,5+10t( )(-’Bt+17wt+1)
m=1
Thus, by letting ¢ = argming; <, Z 71n/§+1&t )(thrl, We41), using the same argument as in the proof of

Theorem A.2, we have the desired result

B.9 Proof of Theorem A.6

From the definition of agx) (), 411 and wyy 1, noting that LCBy(z441) € Dom(LCB,(IL;)) we get

a{® (@411) < [[UCB(2111) — LOBy(21+1) |0 < wiax Z 2»3;@/;1@ (41, W)

Wt+1 m=1
My
_ E p1/2  ~(m) *
=4q 2ﬁm t+lo-t (wt+17 wt+1)
m=1

Let S(Qz,,,:Ct+1) be a maximal (;41-separated subset of Qg, . Then, from the definition of S(Qg,, ;Ci41),
there exists a point w € S(Qq,, ,;+1) such that ||w;,; —w||; < {41. Hence, from the L,-data-independent
Lipschitz continuity, we obtain
My My
/2 - ¥ /2 - /2 - x - .
Z 25m/t+10§ )(wt-‘rlth-i-l) = Z 25m/t+1‘7t (Tr41, W) + Z 26m/t+1{0t(m)(33t+lth+1) - Ut(m) (Te1, W)}

m=1 m=1

My
/2 - y
< Z Qﬁm tr1loCir1 + Z Zﬁm/t-uat N(@p41,0)
m=1 m=1
My
/2 .
< 2Mfﬂt+l oCt+1 + Z 2Bm/t+1‘7t )(:ct+1,w).
m=1

In addition, we get

My

/2 - . /2 - .
Z 2Bm/t+1gt (@141, @) < Z Z Qﬂm/t-ugt (Te41, W)

'lDES(th+1 )Ct+l) m=1

_ 1/2 ~ . o
< Péiys ! Z Z Qﬂm/t-ﬁ-lo-t wt+17 w)PPw(mt+1)[w € Nel(w; Ct+1/2)}

WES(Qay 4 iCe41) M=1

<26 3pc s Epy(wesn) > Z 5™ (2141, @) W[w € Nei(w; G41/2)]

wES(th+l;Ct+1)m 1
1/2 _
= 26,1306 'Epy (140 [S(@is1, w)],

where 1[-] represents the indicator function. Thus, we have
My
12 - « 51/2 51/2 -
Z 2/87rz/t+1gt )($t+1th+1) < 2Mf/8t-s/-1LoCt+1 + Q/Bt-s/-1pct+1 1]EPw(:ct+1)[S($t+1a w)].

m=1
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Therefore, we get

t

1/2 ~ 1/2
E : § : TrL/z+la( )(mH‘l’ H—l < § 2Mf/61+1 UCH‘l + § zﬁh{lp@¢+l EPw(mi+1)[S(mi+1’w)]
i=0 m=1 1=0 1=0

t t
~1/2 ~ —
< 2M;L.3[} Z Gir1 + 28 3Pcs Y Epy (i) [S(@is1, w)].

Here, S(x;+1,w) is the non-negative random variable satisfying S(x;1+1,w) < My max{1,A7*,..., A\ 1 = J.
Hence, from Lemma 3 in Kirschner and Krause (2018), with probability at least 1 — §, the following holds for
any % > O:

8J
ZEPw(wH»l)[S(wi-‘rl?w)] < 4J10g 3 +8Jlog(4J) + 1 + QZS Tiy1, wip1) < 8J log —+ 22 S(xiy1, wig1).
= i=0 =

Furthermore, from the definition of S(x;41,w;+1), we have

My
S(@iy1, wip1) = Z Z 53" (@41, @) Wwi 1 € Nei(wb; Ciir/2)].

m=1wWeS(Qa; | iCi+1)
Noting that w; # Wy = Nei(wi; (i4+1/2) N Nei(wa; i41/2) = 0, if there exists w € S(Q,,,; i41) such that
w;+1 € Nei(w; (;4+1/2), then we obtain

= (m)

5™ (i1, ) = 6" (@ig1, wis1) + 6, 5"

(iy1, W) — 5'1(m)(33i+17'wi+1> <o )(931'+17 Wit1) + LoGiy1/2.
Similarly, if w;1 ¢ Nei(w; (i41/2) for any w € S(Qg,,,;Ci+1), the we get

5" (@i, @) = 0 < 6" (@141, Wit1) + LoCig/2.

Therefore, we have

t
QZS(IL’H_l,’wH_l < MfL ZCH—l + QZ Z 0' wi+1,wi+1).
i=

i=0 m=1

By combining previous results, we obtain

Z Z 26%34—15 (Tit1, f+1)

=0 m=1

t t

N e 8J

< 2MfLaﬁt1ﬁ E Gi+1 + 2,5’tlﬁp<t+1 ! <8J10g 5 T 2 E S(wi+17wi+1)>
1=0 =0

t
2172 /2.
< 2M;L, B3 > (i +283pc,, 8J10g* + MLy E Git1+2 g E 5" (@11, wi41)
=0 i=0 m=1

t
~1/2 ~ — 1/2 ~ — — 1/2
= QMfLUﬂH/»l(l + D¢iia 1) ZCZ’+1 + 16J10g Bt{»lp@-u ! + 2p<f+1 ! Z Z 26tJ/rlO—(m) wi+1’wi+1)'

=0 i=0 m=1

Finally, let ¢ = argming<; < Z Tln/erl&( )(azi_,_l, wj, ;). Then, the following inequality holds:

»1/2 ~(m) *
Z 2Bm 1% CCt+1’ wi+1)

< 2MfLUBt+1(1 +]5§t+1_1)
- t+1

t 16J log &/ tlJ/rleC L 2p< P
E i t ¢ 9j1/2 (m) 1‘ .
Z-:()CHJF t+1 t+1 ;7; 1 5z+10 (Tit1, wit1)
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In addition, by using the same argument as in the proof of Theorem A.2, we get

»1/2 ~(m *
Z Bmt-s-l i wtﬂ’wi—i-l)

~ — 1/2 ~ — ~ ~
2MfLaBt+1(1 +pCt+1 1) i 16J10g t«{lpCt+1 ! - _9 Z%LI Cm5t+1/~‘7t+l
< 1 Z i+1 T+ 4p€f+1

£ 11 t+1
~1/2 ~ — 1/2 ~ _
B 2MfLo'5t-§/—1(1 +p<t+1 1) i C n 16J10g t-&/-lpCt+1 N B - T]\fil -
- 1 i+l 1 Pevr Pt =7

=0

- t+1 = t+1 t+1

t+1 Btﬁ»l’%#‘rl
t+1

2M; Lo B3 (1 + ey ) 16 log & 3,3 pc,., !

t+1 Z;Q+“+ t+1 *

21/2 ~ — 1/2 ~ — ~ ~
QMfLO'Bf—‘,/-l(]‘ +pct+1 1) ¢ 16J10g t—"/-lp(H»l _ Mf maX{Cl, ey CMf}
< Z i+l + + Pliy1 ﬁt+1"€t+1

St.

Therefore, we obtain

X N
o™ (x;,1) < ql8).

Thus, for some T > 0 satisfying ¢(87) < ¢, there exists T < T such that a(TX)(wT+1) < ¢q(87) < e. Noting that
0 <T < T, the algorithm terminates after at most T iterations.

B.10 Proof of Theorem A.7
The proof of Theorem A.7 is same as in the proof of Theorem A.4.
B.11 Proof of Theorem A.8

From the definition of aff‘) (x) and x;, 1, noting that —epp + LCB,(;11) € Dom(LCB,(I;)) we get

a0\ (®441) < |[UCB(@111) — (LCB(@111) — epr)|loo < epr + [UCB(2441) — LCB(2111) oo

My
12
<epr+q| max Z 25m/t+10t (@pp1,w)
wEthJrl 1
My
/2 - X
=€pr + ¢ Z 25m/t+1‘7t )(wt-l-lawt—i-l)
m=1
Thus, by letting ¢ = argming; <, Z 3,{3+1&( )(a:i+1,w;-*+1), using the same argument as in the proof of

Theorem A.6, we have the desired result

C EXPERIMENTAL DETAILS AND ADDITIONAL EXPERIMENTS

In this section, we give experimental details and additional experiments. All experiments were performed using
R software version 3.6.3. For all experiments except for additional experiments, we set the tradeoff parameter

61/2 to 3.

C.1 Details of Synthetic Function Experiments without Input Uncertainty

In the synthetic function experiments without IU, the input space X was a set of grid points divided into
[—5,5] x [=5, 5] equally spaced at 50 x 50. For black-box functions, we used Booth, Matyas, Himmelblau’s and
McCormic benchmark functions. We standardized these functions and further multiplied by minus one. The
functional forms we actually used in our experiments are given as follows:
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Booth function:

—(1‘1 + 2z — 7)2 — (2.%‘1 + X0 — 5)2 + 157.35

T1,T2) =
far,2) V/28896.11
e Matyas function:
iy, ) = —0.26(2% + 23) + 0.48z1 22 + 4.3342
b V/23.52052 '
e Himmelblau’s function:
Flan, ) —(22 + 29 — 11)2 + (21 + 22 — 7)? +136.71
1,%2) = .

v/ 12503.63

McCormic function:

—sin(xy + x2) — (21 — 22)? + 1.5z1 — 2.529 — 117.67

f(xlva) - \/m

We performed the following two cases: (i) Two-objective Pareto optimization problem using first two benchmark
functions, (ii) four-objective Pareto optimization problem using all benchmark functions. For each black-box
function, we used the independent GP model GP(0, k(x,x’)), where the kernel function k(x,x’) is given by

a2
k(x,z') = 2exp (—M) .

We used the zero-mean independent Gaussian noise with variance 1075 for all black-box functions. As evaluation
indicators, we used the simple Pareto hypervolume (PHV) regret, which is a commonly used indicator in the
context of MOBOs, and inference discrepancy. Let Xy = {@1,...,2;} and Yy = {y1,...,y:} be the set of input
variables and observed values, respectively. Also let r be a reference point of a multi-objective black-box function
f(x) = (fD(x),..., f™(x)). Then, the simple PHV that we used in the experiments is given by

Vol(f(&X);r) = Vol(f(&:);7),

where f(A) = {f(a) | a € A} and Vol(f(A);r) is the Lebesgue measure for {b | r < b and b < f(a),a € A}.
For a multi-objective black-box function f(x), we used r; = mingex Y (x) as the j-th reference point. As AFs,
we considered the random sampling (Random), uncertainty sampling (US), EHVI (Emmerich and Klinkenberg,
2008), EMmI (Svenson and Santner, 2010), ePAL (Zuluaga et al., 2016), ParEGO (Knowles, 2006), PFES (Suzuki
et al., 2020) and proposed AF (Proposed). The next evaluation point was selected at random in Random. We used
the AF a;(x) = agl)Q(:c) + Ut(m)Q
improvement given by

(z) for US. In EHVI, we calculated sampling-based expected hypervolume

S
& O VOl U fys () ) — Vol (s}

where y,(x) is generated from the posterior distribution of f(x) and we set S = 20. In EMmI, we calculated
sampling-based expected maximin distance improvement given by

S
% > dist(ys(x), Dom(),)),
s=1

where S and ys(x) are the same definition in EHVI. In ePAL, we performed the e-PAL algorithm with parameter
€= (e1,...,6m) = (0,...,0). In ParEGO, for each iteration ¢, we uniformly generated the vector of coefficients
A= O AT with 0 < AP < Tand 37, A = 1, and calculated the scalarization §, ; = 0.05X\] y; +
mMaxi<;<m /\,Ei)y,gi) for all { < t. We constructed the GP model for Ut,15---, Yt using X, where the kernel
function was used the same kernel for f(z) but the noise variance was set to 1078. We calculated the expected
improvement (EI) (Mockus, 1975) and the next point was selected by maximizing EI. In PFES, we used the
random feature map (Rahimi and Recht, 2007) to obtain posterior sample path. We generated a 500-dimensional
random feature vector before BO, and used it for all iterations. The posterior sample path was generated 10
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times for each iteration, and we calculated the PFES AF. In the four-objective Pareto optimization setting,
the maximum number of Pareto optimal input points defined based on the sample path was restricted to 50
due to the computational cost. We also compared the commonly used evolutionary computation-based method
NSGA-II (Deb et al., 2002). The NSGA-II method was performed using nsga2R version 1.1 in R. In nsga2R, we
set the tournament size, crossover probability, crossover distribution index, mutation probability and mutation
distribution index to 2, 0.9, 20, 0.1 and 3, respectively. We considered the population size p to 5, 10, 15, 20,
30, 50, 100, 150 and 300. For each p, we set the number of generations to 300/p. In NSGA-II, we used 11, as
the set of input variables reported by the algorithm. Under this setup, one initial point was taken at random
and the algorithm was run until the number of iterations reached 300. This simulation repeated 100 times and
the average simple PHV regret and inference discrepancy at each iteration were calculated. In NSGA-II, only
results with the highest average performance at the end of the 300 iterations are shown (p = 30,150 in the two
and four-objective settings, respectively).

C.2 Details of Synthetic Function Experiments with Input Uncertainty

Here, the input space X x ) was a compact subset. For X x ), we considered infinite and finite set settings. We
set X x = [0.25,0.75]2 x [~0.25,0.25]? in the infinite set setting. In the finite setting, X x Q was a set of grid
points divided into [—1,1]% x [—1,1]* equally spaced at 73 x 73 = 117649.

ZDT1 Function The black-box function in the infinite setting was used the ZDT1 benchmark function
ZDT1(a) € R? with a two-dimensional input a, and the environmental variable w was used as the input
noise for . We standardized the ZDT1 function and further multiplied by minus one. The functional form we
actually used is given as follows:

9(1)((11,(12) =az,
h(al, CLQ) =1+ 9ao,

9P (a1, a2) = h(ar,az) — \/9(1)(a1,a2)h(a17a2),

J(ar,a2) = 0.5 g (ay,a) — 3.9085)
v/0.042 ’ V2.5615 '

Thus, our considered black-box function was defined by ZDT1(x + w). We assumed w was the uniform
distribution on €2 and used the Bayes risk E[ZDT1(x+ w)]. We used the independent zero-mean Gaussian noise
distribution with variance 1076 for f()(a1, az). We constructed the independent GP model GP(0,k(8,8")) for
@ where 6 = (21, 22, w1, ws) and

Loy,

ZDTl(a) = (f(l) (a’lv a2)a .f(2) (a1>a2)) = (g(l

k(@,@’)zexp( 03

In order to calculate the true PF Z*, we performed nsga2R with population size 500 and the number of generations
is 100. As comparison methods, we considered the Bayesian quadrature-based method (BQ) (Qing et al., 2023)
and surrogate-assisted bounding box approach (SABBa) (Rivier and Congedo, 2022). Furthermore, four naive
methods, Naive-random, Naive-US, Naive-EMmI and Naive-ePAL, were used for comparison. In BQ, Bayes
risk E[ZDT1(x + w)] was modeled by the Bayesian quadrature, and its posterior distribution is again a GP.
In this experiment, we can compute the exact posterior mean and variance, and we used them. Let MEBQ) (x)
be a posterior mean for E[ZDT1(z + w)]. Then, we used II; to the set of Pareto optimal inputs calculated

by ugBQ) (x1),.. .,uEBQ)(wt). The AF for x, we used sampling-based approximation with sample size 20. In

Proposed, we computed the sample average for /Lgm)(:uw) - BUt(m) (z,w) and ugm)(m,'w) + 3Ut(m)

generating only two sample w; and ws, and used them to lcbgm) (x) and ucbgm)(a:). In order to calculate II;, we
used nsga2R with population size 50 and the number of generations is 50. In SABBa, we set the number of new
design set Xj,eq, to be read to 10. The elements in X,,.,, were selected uniformly at random. We omitted the first
approximation and then set Ny = 0. The number of initial design set was set to 1, and for each iteration.

Similarly, the number of function evaluation was also set to 1. In the GP model for E[ZDT1(x + w)], we used

]2
k(x,z’) = exp (_x sc |2> .

(z, w) by

0.1
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In the AF for x, we calculated the sampling-based AF calculation with sample size 20. For the threshold s; and
89, we set 81 = 89 = (hq7¢, hary), where hy = maxgexy FU)(x) — mingey FU)(x) and hy = maxgey FP(x) —
mingey F® (x). Here, F) () is the i-th element of E[ZDT1(x 4+ w)]. Furthermore, the initial value of r; was
set to 0.5 and multiplied by 0.9 each time a new X,.,, was read, and if r; < 0.001, then we fixed r = 0.001. The
I1, was set to the Pareto-optimal points defined based on pg4(x) and p(x) (see, Rivier and Congedo (2022) for
details) with respect to the inputs read so far. In the naive methods, w was generated five times from the same
x in one iteration ¢, and the sample mean of the black-box function values were calculated. By using & and these
values, the experiments in naive four methods were performed as a usual MOBO. We used the following kernel

function: I 2
T —x
k N = I =02
(z,x) exp< 01 >

The same calculation (approximation) method as in the without IU setting was used for calculating AFs. For
all methods, the maximization of AFs was performed using optim function with the L-BFGS-B method in R.

6D-Rosenbrock Function The black-box function in the finite setting was used the six-dimensional Rosen-
brock function f(wy,ws, x1, z2, 3, ws) € R. The functional form that we used is given as follows:

273.45 — 327 {100(a;41 — a2) + (1 — a;)?
flai,az,a3,a4,as5,a6) = iz 10000111 )+ ) }-
V/28153.22

We assume that w was a discretized normal distribution on = 1 x Q5 x Q3. For each w € ;, the probability
math function of w is given by
p(w)

Ywen, H(W)’

where ¢(x) is the probability density function of standard normal distribution. As risk measures, we used
the expectation E[f (w1, ws, x1, T, 3, ws)] and negative standard deviation *\/V[f('lUl,U}27x1,I’2, x3,ws3)]. As
comparison methods, we considered the Mean-variance-based method (MVA) (Iwazaki et al., 2021b), SABBa,
Naive-random, Naive-US, Naive-EMmI and Naive-ePAL. We used the independent zero-mean Gaussian noise
distribution with variance 10~ for f(wy, ws, 21, 9, x3,ws). We constructed the GP model GP(0, k(0,0")) for f,
where 0 = (z1, 22, x3, w1, we, w3) and

p(w) =

)

k(0,0") = exp ( 1

This experiment is the setting that the number of black-box functions and risk measures are different. Thus, in
Proposed, the algorithm was performed using Algorithm 2. In SABBa, we set the number of new design set Xeq
to be read to 10. The elements in X,.,, were selected uniformly at random. We omitted the first approximation
and then set Ny;.s; = 0. The number of initial design set was set to 1, and for each iteration. Similarly, the
number of function evaluation was also set to 1. In the GP model for Bayes risk and negative standard deviation,

we used the following kernel:
/ e — 2|13
k(x,xz") = exp - )

In the AF for @, we calculated the sampling-based AF calculation with sample size 20. For the thresh-
old s; and sy, we set s, = sy = (hyrs, hory), where hy = maxgey F(x) — mingey FV(x) and hy =
maxgey F®(x) — mingey F(x). Here, FU(x) and F®)(x) are Bayes risk and negative standard devia-
tion, respectively. Furthermore, the initial value of r; was set to 2 and multiplied by 0.9 each time a new Xy,
was read, and if r; < 0.001, then we fixed r, = 0.001. The IT, was set to the Pareto-optimal points defined based
on psa(x) and p(x) with respect to the inputs read so far. In the naive methods, w was generated five times
from the same « in one iteration ¢, and the sample mean and the negative square root of the sample variance
of the black-box function values were calculated. By using & and these values, the experiments in naive four
methods were performed as a usual MOBO. We used the following kernel function:

]2
k(x,z’) = exp (_:c ;c |2) .

The same calculation (approximation) method as in the without IU setting was used for calculating AF's.
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C.3 Details of Real-world Simulation Model

We applied the proposed method to docking simulations for real-world chemical compounds. As a dataset for
compounds, we used the software suite Schridinger (Schrodinger LLC, 2021). Given a set of compounds, we
applied the software “QikProp” in the suite, a software to compute various chemical properties, for explana-
tory variables. We also applied the software “Glide” in the suite, a software for calculating docking scores.
We took the black-box function as the original docking score plus 5 and then multiplied by -1. When per-
forming docking simulations, it is necessary to specify both the protein of interest and the specific site on the
protein where compounds are expected to dock. We used the protein “KAT1”, whose structure is available at
https://pdbj.org/mine/summary/6vix, and the 16th and 18th sites computed by the software “SiteMap” in
the suite. Each chemical compound C; may have an isomer .S;;, and in this experiment the maximum number of
isomers was limited to 10. For each i, we computed a 51-dimensional isomer-independent vector of explanatory
variables x; and a 51-dimensional environment variable w;; that can vary with isomers, using physicochemi-
cal features of (C;, S;;) computed using QikProp. Specifically, the 51-dimensional physicochemical features of
(C;,S;5) calculated by QikProp were used as w;;. In addition, we defined x; as x; = NL Zj\;l w;;. Thus,
the black-box functions, the docking scores in the 16th and 18th sites, can be expressed as f(l)(:l:i,wij) and
@ (x;,w;;), respectively. As risk measures for C;, we considered the following measures:

Worst-case (WC): F(™)(x;) = min;e(n,] ) (@, wij).

Worst-case Bayes risk (WCBR): Define the Bayes risk under the worst-case candidate distribution, that is,

N;
FU(z;) = min Y g f™ (@i, wi;).
a;€EA; 4
7j=1
The A; is the set of a; € RVi satisfying
N;
0<a <1, Zaij =1,|lo; — &1 <0.25,
j=1

where &;; = N;' . The total number of compounds was 429, and the total number of data including isomers
was 920. We compared Proposed, SABba and naive four methods. In this experiment, we used the independent
GP model for f") where the kernel function is given by

_ 0’2
k(0,0") = 25exp (—H0l0H2> .

The length scale parameter was computed using the median heuristic I = 0.5Median{||@; — 6] | 1 <i < j <
920}. In this experiment, there was no observation noise. Nevertheless, we added 1073I; to the kernel matrix
K, to stabilize the inverse matrix calculation. In SABBa, we set the number of new design set X,,., to be read
to 10. The elements in X, were selected uniformly at random. We omitted the first approximation and then
set Nyirse = 0. The number of initial design set was set to 1, and for each iteration. Similarly, the number of
function evaluation was also set to 1. In the GP model for risk measures, we used the following kernel:

]2
k(z,z') = 25exp (_||a: lw |2) ,

where the length scale parameter was computed using the median heuristic | = 0.5Median{||z; — =;[|? | 1 <
i < j < 429}. In the AF for x, we calculated the sampling-based AF calculation with sample size 20. For
the threshold s; and so, we set 8, = 8o = (hyry, hory), where by = maxgex F(x) — mingey FM) () and
hy = maxgex F® () — mingex F(z)(w). Furthermore, the initial value of r; was set to 0.5 and multiplied by
0.9 each time a new X, was read, and if r; < 0.01, then we fixed r; = 0.01. We regarded this as a high
accurate setting. As a low accurate setting, we considered that the initial value of r; was set to 2 and multiplied
by 0.99 each time a new X, was read, and if r, < 0.01, then we fixed r; = 0.01. In the original SABBa
method, Rivier and Congedo (2022) does not provide the worst-case Bayes risk setting. Hence, we modified
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Figure 3: Comparison with MOBO methods. Solid (and dashed) lines are averages of the inference discrepancy
for each iteration in 100 trials. Each error bar length represents the six times the standard error. The left and
right columns respectively represent the ZDT1 and six-dimensional Rosenbrock setups under the uncontrollable
setting.

the first formula of Equation (6) in Rivier and Congedo (2022) to infee 4 Ee[g,, (€)]. The II, was set to the
Pareto-optimal points defined based on pga(x) and p(x) with respect to the inputs read so far. In the naive
four methods, we calculated docking scores for all isomers in the compound C; at iteration ¢ and determined the

exact risk values. By using « and these values, the experiments in naive four methods were performed as a usual
MOBO. We used the following kernel function:

]2
k(x,z') = 25exp (—lexb) ,

where the length scale parameter was computed using the median heuristic I = 0.5Median{||z; — z;||* | 1 <i <
J < 429}. The same calculation (approximation) method as in the without IU setting was used for calculating
AFs.

C.4 Additional Experiments

Uncontrollable Setting for Synthetic Experiments Here, we give the results of synthetic experiments
(ZDT1 and 6D-Rosenbrock) under the uncontrollable setting. We performed the same experiments except for
the selection of w. Figure 3 shows the similar results as in the simulator setting.

Docking Simulation Experiments Using Bayes Risk In the docking simulation experiments, we also
considered Bayes risk (BR) F(™)(x;) = & f(™)(x;, w;;). In this experiment, we also considered the BQ method.

In BQ, f(™ (@i, w;;) was modeled in the same way as in Proposed. The AF for x was calculated using sampling-
based approximation with sample size 20. Figure 4 shows the similar results as in the WC and WCBR settings.
Also in the BR setting, only the proposed method correctly identifies the true PF at the end of 500 iterations
at all 920 different initial points. Specifically, after 481 iterations, the true PF is identified for all 920 different
initial points.

Hyperparameter Sensitivity In this section, we confirm the sensitivity for hyperparameters. In this ex-
periment, the input space X x  C R? x R was a set of grid points divided into [-2,2]? equally spaced at
16 x 16 x 16 = 4096. The true black-box functions f™)(zy,ze,w;) and f®(z1, 22, w;) were defined as the
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independent sample path from the GP GP(0,k*(-,-,)), where k*(-,-,) is given by

(21— 21)? + (w2 — 25)* + (w1 — wi)Q)
. :

K (21, 22, wr), (2], 25, w))) = exp (—

We used the zero-mean independent Gaussian noise with variance 1075. As the distribution of w € €, we used
the discretized normal distribution p(w) given by

$(w)
Dweq dW')

We considered Bayes risk in this experiment. As the GP surrogate model, we used independent GP model for
fM and f®@, and the kernel function that we used is given by

p(w) =

(z1 = 21)? + (w2 — 25)* + (w1 — wi)2>
7 .

E((z1, 20, wy), (2], b, w))) = 0% exp (—
We considered six cases for (L, o?),
(L,0?) = (1,1), (L,0?) =(1,2), (L,0%) = (0.5,1), (L,0%) = (1,0.5), (L,0?) = (2,1), (L,0?) = (1,0.1).
Similarly, we considered seven cases for ﬂtl / 2,

B =187 =25"=3 5" =45"=5
/2 = /21og(2 x 4096/2) + 14, 8% = \/21og(2 x 4096722/(6 x 0.1)),

where 7; is a realized value from the exponential distribution with mean 0.5. The last two definitions of Btl /2

are proposed by Takeno et al. (2023) and Srinivas et al. (2010), respectively. We regarded them as Sampled and
Theoretical values, respectively. Under this setup, one initial point was taken at random and the algorithm was
run until the number of iterations reached 500. This simulation repeated 100 times and the average inference

discrepancy at each iteration was calculated. From the top of Fig. 5, it can be confirmed that Btl 12— 9 s

sufficient if the correct kernel is used, and Btl /2 = 1 is sufficient for the right two columns of the top row that the
posterior variance is predicted larger. On the other hand, if the cases the posterior variance is predicted smaller,

/2 = 3 is still insufficient in the case of L = 1,02 = 0.1.
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Figure 4: Comparison with MOBO methods. Solid (and dashed) lines are averages of the inference discrepancy
of Bayes risk setting for each iteration in 920 or 429 trials. Each error bar length represents the six times the
standard error.
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Figure 5: Comparison with different hyperparameters. Solid lines are averages of the inference discrepancy for
each iteration in 100 trials. Each error bar length represents the six times the standard error. In the top row, the
left column represents the case that the kernel of the surrogate model is equal to the true kernel. The right two
columns represent the cases that the posterior variance is predicted larger. In the bottom row, the left, center
and right columns represent the cases that the posterior variance is predicted smaller.



